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Scientific biography of Academician lvan Juchnovski

Ivan Nikolov Juchnovski was born on 12 August
1937 in Sofia. In 1945 his family was exiled in the
town of Sevlievo where he finished secondary
school in 1955. In 1961 he graduated from the
Higher Institute of Chemical Technology which is
currently named  University of Chemical
Technology and Metallurgy (UCTM) in Sofia, as a
chemical engineer with a major in Organic
synthesis, pharmaceutical drugs and high-molecular
compounds. From 1961 to 1963 Juchnovski worked
in UCTM as an assistant professor in the
Department of Organic Chemistry.

In 1963 Ivan Juchnovski began his work as a
Junior scientist at the Institute of Organic
Chemistry with Centre of Phytochemistry (IOCP)
at the Bulgarian Academy of Sciences (BAS), Sofia
where he defended his PhD in 1968. There
Juchnovski acquired the academic rank associate
professor in 1972. In 1982 he defended his doctor
of sciences dissertation and became full professor
in physical methods in organic chemistry in 1984.
In 1989 Professor Juchnovski was elected a
Corresponding Member of the Bulgarian Academy
of Sciences, and in 1997 he became an
Academician (Full Member).

In 1979 Professor Juchnovski established the
Laboratory for Structural Organic Chemistry at
IOCP and in 1989 he was elected Director of IOCP.
From 1990 to 1996 he served as a Vice President of
BAS. Between 1996 and 2008 Academician Ivan
Juchnovski was elected three times President of the
Bulgarian Academy of Sciences.

The scientific activity of lvan Juchnovski began
at a time when Bulgarian science was isolated from
the free world: communication between scientists
was limited, and publications of science papers
needed permission from a special public institution.
In a situation like this and despite the fact that
throughout his career Prof. Juchnovski has never
been on a specialization abroad, his ability to assign
himself research tasks and find subject fields of
high scientific significance was remarkable. Even
during the time of his student’s studies in the
UCTM Juchnovski developed and issued research
articles, and his PhD thesis was worked out without
a scientific advisor. The scientific activity of
Academician Ivan Juchnovski is extensively
devoted to the study of electronic structure of
conjugated organic compounds and the genetically
related negative ions, which are intermediates in
important organic reactions, by means of the
combined application of infrared spectroscopy,
quantum chemical methods, the correlation analysis
and isotop labelled compounds.

There were established fundamental patterns in
the transmission of polar effects of substituents
through the systems of conjugated bonds on the
characteristic frequencies and intensities, and
particularly the exponential decrease of the polar
effect of the substituents with the increase of the
number of the double bonds in the polyen system.
Later these patterns were approved by other
authors. Juchnovski and co-workers proved that a
number of considerable deviations of the
correlations of characteristic frequencies are due to
specific electronic effects of substituents (metha
effect), incorrect assignment of frequencies, or
vibrational interaction in molecules.

A new approach in modelling the derivative of
the molecular dipol moment in nitrile group
vibration was applied. By means of these model
calculations on the basis of empiric and semi-
empiric quantum chemical methods all fundamental
relations of infrared band intensity in the spectra of
the main types of conjugated compounds were
explained. It was found that the integral intensity of
the nitrile group band depends considerably on the
topology of the conjugated system. The application
of these model calculations enables the
determination of the angles of deviation of aryl
substituents in big conjugated molecules on the
basis of infrared spectral data.
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A considerable part of Prof. Juchnovski and co-
workers’ research activity has been devoted to
studying the electronic structure and reactions of a
wide range of negative ions of conjugated organic
compounds: carbanions, azanions, anion-radicals,
and dianions by means of their infrared spectra and
guantum chemical calculations. The interest of
these negative ions is due both to their high
reactivity and instability, and to the fact that they
are inetrmediates in important chemical reactions.
For the most part the research was innovative.

In the course of studying carbanions which
contain characteristic groups were established the
major electronic ineractions, determining the
character of vibrational spectra of carbanion
systems: i) strong interaction between carbanionic
centre and characteristic groups, leading to a
considerable lowering of infrared frequencies and
force constants; ii) competition for conjugation
with carbanionic centre, leading to strong
vibrational coupling between the groups connected
to this centre.

In a dispute emerged in the society of chemistry
about the presence of prototropic and metalotropic
forms of metalated acetonitrile Juchnovski and co-
authors demonstrated that this concept is wrong.
Studying the infrared spectra of izotopically
labelled acetonitrile they determined
unconditionally that the observed infrared bands
served as proof for by-products of chemical
reactions, and not for the corresponding carbanion.

Spectral data for the carbanionic centre of
saturated nitriles were obtained by means of
infrared spectra: deviation from the planare
structure was ascertained only for the anion of
cyclopropylcianide; it was determined that the bond
of studied carbanions with the corresponding
counterions (Li+,Na+,K+) has an ion character.

On the basis of studying a large number of
carbanionic systems fundamental patterns in the
influence of conjugation and polar effects of the
substituents over characteristic group frequencies
and some skeletal vibrations of the carbanions were
found and explained. It was established that the
carbanion centre enhances the polar effects of
substituents to a greater extent compared to all
other groups with positive bridge effect. By means
of the correlations of infrared frequencies and
intensities sigma+ constants of series of carbanions
and other anions with N- and O- substituents were
determined. The latter were successfully applied for
prediction of frequencies and intensities in series of
various conjugated compounds.

The developed potential of infrared spectroscopy
for studying instable and inseparable anion-radicals
and carbanions and their transformations was
demonstrated through the establishment of the
convertability of dimerization of a number of anion-
radicals to dimeric dianions and izomerisation of
metoxide aducts of cyanobutadiens. In the course of
this study there was proposed a new mechanism of
disproporcionalization in Michler additions, whose
general significance was later presented by other
scientists.

Based on the infrared spectral study of
representative groups of aromatic nitrile compound
anion-radicals a number of important relations
between the frequencies and intensities of nitrile
groups were established. It was demonstrated that
the particularly high sensitivity of the characteristic
infrared frequencies is due to the intense mobility
of the antibonding molecular orbital. An abnormal
increase of nitrile group band intensity in the anion-
radicals was found, which was explained by the
electron charge mobility in the conjugated systems
of these anion-radicals. It was demonstrated for the
first time that this peculiarity of the antibonding
orbital caused the strong vibroelectronic interaction
in these systems.

A new infrared cell for electrochemical
generation and spectral investigation of electron
transfer products was invented, which helped the
creation and study of infrared spectra of a variety of
electrochemically generated anion-radicals and
carbanions. The infrared spectra of anion-radicals
of aromatic ketones (kethyles) were interpreted
correctly for the first time by means of isotop
labelled compounds, which led to the correction of
a number of mistakes in band assignment and some
corresponding findings concerning the influence of
the structure over infrared spectra of these anion-
radicals. It was shown that infrared spectroscopy
could give information about the form of the orbital
of the unpaired electron, as well as about the
presence of separate, weak interactions between
molecular fragments, which are due to the peculiar
symmetry of this orbital.

Following the example of aromatic nitriles,
infrared band spectral characteristics of extremely
reactive dianions of aromatic nitriles were
generated and studied for the first time. The
observed experimental strong decrease of
charcteristic frequencies of dianions in comparison
with that of anion-radicals was theoretically
explained. A number of significant capabilities of
infrared spectroscopy for studying the electronic
transfer Dbetween anion-radicals and dimeric



dianions were indicated. These capabilities of
infrared spectroscopy were applied for studying the
mechanism of the initiation and polymerization of
several important monomers. Moreover, it was
established that the initiation passes mainly from
anion-radicals or dianions onto the monomer by
means of electronic transfer, and the initiation
ability depends on the electronic structure of the
initiating agent.

During his career Prof. Juchnovski has published
over 150 scientific papers, including (in co-
authorship with lvan Binev) the chapter IR Spectra
of Cyano and lIsocyano Group, |. Juchnovski, I.
Binev in The Chemistry of Functional Group,
Suppl. C., S. Patai and Z. Rappoport (Eds), John
Wiley, New York, 1983, Chapt. 4, pp. 107-135.
Supplement C 1983, Hohn Wiley Ed. Z. Rappoport.

Ivan Juchnovski started his teaching activity as
an assistant professor at the UCTM. In 1963,
together with Prof. A. Trifonov he began the first
lecture course in Bulgaria in physical methods in
organic chemistry, where he himself taught
molecular spectroscopy to four-year students in the
Faculty of Chemistry at Sofia University. He kept
on delivering this lecture course for more than 20
years. In 1970 Juchnovski and Trifonov published
the first textbook in Bulgaria on the discipline
physical methods in organic chemistry.

Academician |. Juchnovski was the supervisor of
14 successful PhD students and a considerable
number of Master’s degree students. Some of his
former associates from 10C in BAS have successful
careers as researchers and teachers. Five of them
became full professors, including two in Plovdiv
University, and four became associate professors,
one of whom acquired this academic rank at the
University of Mining and Geology of Sofia.

For his teaching and scientific activity
Academician 1. Juchnovski was awarded the
Honorary Sign with a Blue Band of Sofia
University ”St. Kliment Ohridski (1997), Doctor
Honoris Causa honorary degree of Plovdiv
University “Paisii Hilendarski“ (2001), Varna Free
University  “Chernorizets  Hrabar*  (2004),
University of Chemical Technology and Metallurgy
of Sofia (2005), University of Kharkov, Republic of
Ukraine (2006). I. Juchnovski is a regular member
of the European Academy of Sciences and Arts,
Paris (2003) and member of the Leibnitz Society,
Berlin. He is also an honorary citizen of the town of
Sevlievo.

Academician 1. Juchnovski is not only a
distinguished specialist in the field of physical
organic chemistry and a charismatic university

lecturer. He has made many efforts and spent a lot
of time in the applied science since the end of
1960s. This activity is connected mainly with the
creation of many highly efficient and ecological
technologies for the general and special galvanics,
microelectronics, as well as with methods of
preparing metal surfaces. These achievements were
accomplished by the combined application of
physical methods of analysis together with his
fundamental study of organic synthesis, and
electrochemical and other functional studies. In
these explorative studies Prof. Juchnovski has been
either the leader or one of the leaders in creating the
fundamentals of galvanic additives production
industry in Bulgaria. He is the author of 18
inventions (one patent recognized in the former
USSR), in 14 of which he was the leading author;
15 of these inventions were introduced in tenths of
plants in Bulgaria and in the former USSR, DDR
and Czechoslovakia. These developments were
introduced to the production of semi-products used
in the additives BC-1, BC-2, in the production
technology of the galvanic additives B7211 in
Bulgaria, and in the automobile industry in the
former USSR.

Another important contribution of  Prof.
Juchnovski and his team was the introduction in
over 30 Bulgarian plants, and also in one plant
abroad, of environmental technologies for bright
acidic zinc electroplating with sulphate and
chloride electrolytes. These technologies have
replaced the usage of non-ecological and highly
dangerous cyanide electrolytes for zinc coating in
Bulgaria forever.

In 1974, for the invention of the technology of
bright acidic copper electroplating, Prof.
Juchnovski, together with two other scientists, was
awarded the ‘Dimitrov’ prize - the most prestigious
for the time prize for technical achievements. In
1980 Juchnovski was awarded the title ”Honorary
Inventor” for his activity in applied science, and in
1970 and 1972 he was awarded twice the prize ”For
contribution to technological progress”. His name
entered the ,,Golden Book” of inventors in Bulgaria
in 1998. Academician 1. Juchnovski received Prof.
Asen Zlatarov Honorary Medal of the Union of
Chemists in Bulgaria in 2001, the Honorary Sign of
the Union of Bulgarian Scientists in 2004, and the
Order of Stara Planina - first grade of the Republic
of Bulgaria in 2004.

Prof. G. Andreev,
Plovdiv University “Paisii Hilendarski”
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Theoretical parameters characterizing the electrostatic forces at individual atoms were applied in quantifying the
hydrogen bonding reactivities of atomic sites in the five primary nucleobases. To avoid ambiguities associated with the
usual formation of bidentate hydrogen bonds in the nucleobases, DFT M06-2X/6-311+G(2d,2p) computations were
employed in deriving electrostatic potentials at nuclei (EPN), NBO, and Hirshfeld atomic charges for a set of 64 model
molecules. For comparison, proton affinities for the proton-accepting sites and deprotonation energies for proton-
donating sites also were evaluated. The functional groups in the selected model molecules are able to form single
hydrogen bonds. The obtained correlation equations linking computed interaction energies and electrostatics-related
parameters were applied in deriving reactivity descriptors for individual atomic sites in the nucleobases. Among the
tested theoretical parameters, the EPN values provide the best correlations with hydrogen bonding energies. The
derived relationships were employed in defining a hydrogen bond reactivity descriptor for the atomic sites in the
nucleobases. The effects of base pairing on site reactivities also were assessed.

Key words: hydrogen bonding, nucleic acid bases, electrostatic potential, atomic charges, reactivity descriptors.

INTRODUCTION

The ability of different atomic sites in the purine
and pyrimidine nucleic acid bases to form hydrogen
bonds determines a number of key properties of
DNA and RNA. These include the formation of
double helix structure, the replication mechanisms,
and the interactions with proteins and biologically
active ligands [1-10]. In the present research we
present an efficient computational method for
evaluating hydrogen bonding reactivities of
individual atomic sites in the nucleobases. The
effects of base pairing on hydrogen bonding
abilities are also considered.

Numerous theoretical studies have focused on
guantifying the proton-accepting and proton-
donating abilities of the purine and pyrimidine
nucleobases [11-20]. Zeegers-Huiskens et al.[17-
20] analysed using DFT computations the
effectiveness of intrinsic basicities and acidities of
the hydrogen bonding sites in the nucleobases in
describing the interactions with a single water
molecule. In a computational study Medhi et al.
[21] characterized the reactivities of nucleobases by
determining proton and metal ion affinities of the
nucleobases accepting sites. In several theoretical
studies Wetmore et al. [11-14] examined the
hydrogen bonding abilities of the nucleobases in

* To whom all correspondence should be sent:
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their interactions with small hydrogen bond
forming molecules: HF, H.O and NHs. A barrier in
quantifying the hydrogen bonding abilities of
individual atomic sites arises from the particular
structure of nucleobases. The interactions of
molecules with proton accepting or donating sites
in the bases involve in most cases the formation of
cooperative bidentate hydrogen bonds with
participation of neighbouring atoms. Thus, energy
differentiations between these two simultaneous
interactions cannot be evaluated from suitable
experiments or from theoretical modelling.
Information on site reactivities is particularly useful
for QSAR and docking studies as well as in
understanding fine mechanisms of interactions
involving nucleic acid fragments.

Electrostatic forces have been shown to play a
major role in defining the structure and properties
of  biopolymers  [1-10,25,26].  Electrostatic
interactions are also among the key factor in
hydrogen bonding in general [1,8, 9, 27, 28]. It was
of interest to follow how quantities, reflecting the
electrostatics at different sites in the nucleobases,
would be linked with their hydrogen bonding
reactivities. In the present research, we evaluate
three types of molecular parameters that are
intrinsically related to site electrostatics: NBO
atomic charges [29], Hirshfeld charges [30], and
electrostatic potentials at nuclei (EPN) [22]. In
addition, following the already established
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methodology [17-20], we also determined the
proton affinities (PAs) and deprotonation energies
(DEs) for the proton accepting and donating sites in
the primary nucleobases at the level of theory
employed in the present investigation. It thus
became possible to assess how well all five
theoretical parameters considered correlate with
hydrogen bonding energies.

Earlier studies from this laboratory [31-36]
revealed the accuracy of electrostatic potential at
nuclei (EPN) in characterizing the site reactivities
in hydrogen bonding. In a recent investigation [37]
on substituted benzenes, we showed that molecular
electrostatic potential (MEP) values, evaluated for
points in molecular space in close proximity to the
ring carbon nuclei, describe quantitatively site
reactivities of the respective positions. Using
Morokuma energy decomposition analysis [38,39]
for selected series of hydrogen bonded molecules
we also showed [35] that the different terms
contributing to interaction energies (polarization
interaction, exchange repulsion, charge transfer) are
linearly correlated with the electrostatic energy
term. These results emphasize the importance of
molecular ~ parameters  characterizing  site
electrostatics in quantifying hydrogen bonding
reactivities.

To avoid the difficulty of multiple hydrogen
bonding of model proton donor and acceptor
molecules (such as HF, H.O and NHs) with
neighbouring atoms in the nucleobases, we
conducted computations for series of molecules
containing functional groups in environments that
resemble the structural arrangements in the
nucleobases. The functional groups in the selected
model molecules are able to form single hydrogen
bonds. The established correlations between
reactivity descriptors and interaction energies were
than employed in characterizing quantitatively the
reactivity of individual proton-accepting and
proton-donating centers in the nucleic acid bases.

COMPUTATIONAL METHODS

DFT computations employing the MO6-2X
functional [40] combined with the 6-311+G(2d,2p)
basis set [41] were applied in evaluating hydrogen
bonding energies and a set of molecular parameters
characterizing local properties of atomic sites in the
investigated systems. Both DFT method and basis
set employed have been shown to provide reliable
results for the energies of hydrogen bonding [42].
Harmonic vibrational frequency computations
showed that the optimized structures are true
minima in the potential energy surfaces. Zero point

vibrational energies (ZPE) and bases set
superposition error (BSSE) corrections [43] were
applied in evaluating the energies of complex
formation. The Gaussian09 program [44] was
employed for all computations. Site electrostatics at
the proton accepting and donating centers in the
nucleobases was characterized by EPN values,
NBO and Hirshfeld charges. The electrostatic
potential at nuclei was first introduced by Wilson
[45]. Politzer and Thruhlar [22] defined the
electrostatic potential at nuclei Y (Vv) by egn (1):

B 7 (r)
VY = V(Ry) = ZA:/:Y |RA—ARy| - f |rp—;y| (l)

In this relationship, the singular term for nucleus
Y is excluded. Za is the charge of nucleus A at
position Ra, and p(r) is the electron density
function. As mentioned, following the original
findings [31-34] that EPN values define
guantitatively the ability of molecules to form
hydrogen bonds, the EPN index was extensively
applied in describing both hydrogen bonding and
chemical reactivity of various molecular systems
[35,36,44-51]. In contrast to other theoretical
parameters that characterize site properties, the
electrostatic potential at nuclei is a rigorously
defined quantum mechanical quantity. The 1/r
dependence of EPN (Egn 1) determines
considerably greater contributions to Vy of negative
and positive charges in close vicinity of nucleus Y.

To have a clearer physical interpretation of the
variations of EPN (Vvy), we employed the shifts of
EPN in the studied derivatives (X) with respect the
values in selected small molecules, containing the
same atoms in the respective hybridization state.
For this purpose, we selected ammonia (sp*-
nitrogen), methanimine (sp?-nitrogen),
formaldehyde (sp?-oxygen), and hydrogen molecule
(for H atoms). The following relations were
employed:

For N(sp3): AV = Vn(X)-Vn(NH3) )
For N(sp2): AV = Vn(X)-Vn(H2C=NH) (3)
For O(sp2): AVo = Vo(X)-Vo(H.C=0) 4
For H: AV = Vi(X)-Vh(Hz) ®)

In the tables, we present the shifts of EPN
values as defined in Egns. (2-5). The proton
affinities (PA) of all nitrogen and oxygen atomic
centers for the series of model nitrogen and oxygen
containing compounds as well as for the
nucleobases were evaluated as the difference of the
ZPE corrected energies of protonated and neutral
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molecules. Deprotonation energies were also
determined for the proton donating N-H sites.

METHODOLOGICAL APPROACH

Nitrogen and oxygen atomic centers are the
principal proton accepting centers in the
nucleobases able to form hydrogen bonds, while the
N-H bonds may act as proton donors. As
emphasized, it is not possible to evaluate
theoretically the hydrogen bonding reactivities of
individual atomic centers in the nucleobases by
analyzing simply the energies of complex
formation with model molecules. In most cases,
proton donating or accepting molecules interact
cooperatively with two atoms in the nucleobases
[11-20]. These processes are illustrated in Fig. 1 for
the interaction of thymine with HF, H,O and C;H..
It is seen that two cooperative H- bonds are
simultaneously formed. Even if a weaker proton
donor such as C;H; is employed in modeling the
hydrogen bonding with a basic center, the
neighboring proton donating groups contribute to
the overall complexation energy by forming a m-
hydrogen bond (Fig. 1C). Our approach involves
four steps:

(1) The basic assumptions is that correlations
between hydrogen bonding energies and molecular
parameters established for model systems may be
also applied for the respective functionalities in the
nucleobases, following a verification. In general,
similarities of the molecular environment of proton
accepting and donating groups in the model
compounds and in the nucleobases suggest that this
is a well-based hypothesis. Nonetheless, to verify
further its validity we analyzed the relationships
between the employed molecular parameters
(atomic charges, EPN values) with computed
chemical properties of the respective atomic sites:
proton affinities and deprotonation energies.

10
NH,
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kot o
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Thymine Uracil Cytosine
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Scheme 1. Structure and numbering of atomic positions
in the primary nucleobases.

A

Fig. 1. Bidentate hydrogen bonding in thymine
complexes with HF, H,O and C;H; from MO06-2X/6-
311+G(2d,2p) computations.

These correlations include both the model
compounds and the nucleobases. Based on the
obtained results, the most appropriate molecular
parameter for the further analyses was selected. The
criterion employed was how accurately the
respective quantity (NBO and Hirshfeld charges,
EPN) describes the local chemical reactivity of
atomic sites.

(2) In the second step, we studied in detail the
relationships between energies of hydrogen
bonding and molecular parameters for the sets of
model compounds, containing the same functional
groups as the nucleobases. We considered
correlations of interaction energies with the already
selected site-related parameter as well as with
proton affinities and deprotonation energies. Series
of substituted pyridine, pyrimidine, purine, aniline,
pyridine-2(1H)-one, and imide derivatives (Scheme
2) were investigated computationally to
characterize the hydrogen bonding abilities of
nitrogen atoms in varying molecular environment.

@@ ﬁfo @ é

pyridine  pyrimidines purines anilines p|r|d|ne21H -ones

X = H, CHy, CHO, CN, F, NH,, NO,

H,C HA/CH FH,C CHF
2 2
T Tf T
/O 0]
Imide 1 Imide 2

Scheme 2. Structures of model sets of molecules
containing nitrogen atoms in varying molecular
environment.

Computations for unsaturated cyclic amides and
cyclodienones (Scheme 3) were conducted in
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characterizing the reactivities of carbonyl oxygen
atoms. The proton affinities for the C=0 oxygens
were also evaluated. Finally, a suitable set of
derivatives (Scheme 4) was selected for analogous
computations, aimed at characterizing the proton-
donating properties of N-H groups in hydrogen
bonding. The arrows also indicate the chosen
direction of hydrogen bond formation. We
employed hydrogen fluoride as a model proton
donor/proton acceptor in these computations. The
established  relationships  between  molecular
quantities and interaction energies were than
employed in characterizing the ability of individual
atomic sites in the nucleic acid bases to form
hydrogen bonds. The accuracy of theoretical
predictions of hydrogen bonding energies by the
different theoretical parameters was assessed.

(3) In the third step of our approach, we applied
scaling procedures, aimed at generalizing the
relationships between theoretical parameters and
hydrogen bonding reactivities. The scaling was
necessary because of different slopes and segments
in the plots of interaction energies vs. theoretical
parameters for the different types of functional
groups considered in the present research. The
generalized plots between hydrogen bonding
energies and scaled parameters revealed the
accuracy of the adopted approach.

éi ¢

cyclohexa-2,4-dienone pyridin-2(1H)-one

X =H, CH3, NH,, F, Cl, Br, CHO,CN, NO, NO,

Scheme 3. Series of model compounds containing 0Xygen
proton accepting centers. The arrows point the atoms, for
which electrostatic potential at nuclei (Vo), atomic
charges (Onso, Quirsh), and proton affinities were
calculated. The arrows also indicate the chosen direction
of hydrogen bond formation.

/

H H ,H/
N
CHZ
% ( xj
1,6-dihydropyrimidines  anilines
X =H,0CH3;, NH,, F, Cl, Br,CHO,CN, NO,,

Scheme 4. Model compounds containing nitrogen
proton-donating centers. The arrows point the atoms, for
which electrostatic potential at nuclei (Vw), atomic

charges (qneo, Qnirsh), and deprotonation energies were
calculated. The arrows also indicate the chosen direction
of hydrogen bond formation.

(4) In the fourth step, we define a suitable
hydrogen bonding reactivity descriptor, based on
the derived relationships between interactions
energies and scaled molecular parameters.

RESULTS AND DISCUSSION

Correlations between site electrostatic
parameters and proton affinities

Proton affinity (PA) and deprotonation energies
(Egep) are quantities that reflects well local
properties of atomic sites in molecules. It was of
special interest to examine how well molecular
parameters associated with site electrostatics would
correlate with quantities (PA, Eqep) reflecting purely
chemical properties. Subsequent analyses of
relationships between hydrogen bonding energies
and molecular parameters may provide a clue for
selecting the quantity describing most accurately
the hydrogen bonding interactions. We evaluated
by theoretical computations the proton affinities
and electrostatics-related parameters (EPNs, NBO
and Hirshfeld atomic charges), for sets of
molecules containing nitrogen and oxygen proton
accepting sites.

Tables S1 and S2 present these theoretically
estimated quantities for the nitrogen and oxygen
atomic sites in the selected model molecules and
the five primary nucleobases. The last rows in
Tables S1 and S2 show the correlation coefficients
for the relationships between proton affinities and
the three local parameters. A very good correlation
between PAs and EPN (V) values for all
considered 54 nitrogen proton accepting sites is
established (correlation coefficient r = 0.986, n=
54). The plot is illustrated in Fig. S1. The
correlation covers the model compounds (Scheme
2) and the respective nitrogen centers in the
nucleobases. In contrast, the results reveal that the
evaluated NBO and Hirshfeld charges for the
nitrogen atoms do not correlate well with proton
affinities (Table S1).

Table S2 presents the theoretically evaluated
shifts of EPN values (AVo) and atomic charges for
the oxygen proton accepting centers for the series
of model compounds (Scheme 3). A good
correlation between PAs and EPN values (Vo) (r =
0.985, n = 24) characterizes the relationship
between these two molecular quantities (Fig. S2).
Again, the NBO and Hirshfeld charges for the
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oxygen atoms do not correlate satisfactorily with
proton affinities.

Table 1. Hydrogen bonding energies and reactivity
descriptors for nitrogen proton accepting centers in
model molecules (Scheme 2) from MO06-2X/6-
311+G(2d,2p) computations.

discussed so far. Still, the correlation between AVy
and Egep is superior than the correlations of Egep
with g4(NBO) and gw(Hirsh) (Table S3).

Table 2. Hydrogen bonding energies and reactivity
descriptors for oxygen proton accepting centers in
model molecules (Scheme 3) from MO06-2X/6-
311+G(2d,2p) computations.

AEcorr AVNa PA AEcorr A\]Ob PA
Molecule 1\ calimol 1] [keal/mol I [kealimol I] Molecule v cal/mol]  [kcal/mol]  [keal/mol]
sp? Cyclohexa-2,4-dienones
Pyridine -9.43 2.64 219.0 H 9.72 -22.41 209.0
Pyrimidines 4-CHs -10.11 -23.54 2111
H -8.27 10.47 208.6 4-NH. -10.00 -23.10 2118
4-CHs -8.78 6.14 214.6 4-F -9.14 -15.26 202.5
4-NH. -9.66 -2.18 224.0 4-Cl -8.91 -14.69 203.6
4-F -7.82 15.71 204.2 4-Br 9.21 -14.88 203.3
4-CHO -7.33 20.17 203.4 4-CHO -8.48 -13.63 202.0
4-CN -6.91 27.08 197.1 4-CN -8.56 -8.36 196.8
4-NO; -6.57 30.09 193.9 4-NO -8.81 -11.87 200.2
4-NO; -8.34 -6.91 195.6
Purines Benzoquinone
H -8.31 10.31 210.9 -6.92 1.31 188.6
2-CHs -8.57 7.71 214.3 Pyridin-2(1H)-ones
2-NH. -8.99 4.16 219.2 H -11.38 -36.91 217.4
2-F -7.83 15.44 206.5 5-CHs -11.61 -39.42 220.9
2-CHO -7.52 17.42 206.0 5-NH: -12.18 -41.99 224.7
2-CN -7.14 22.69 201.1 5-F -10.80 -30.38 213.3
2-NO; -7.16 24.78 199.1 5-Cl -11.15 -32.83 2135
Correlation 5-CN -9.53 -18.46 203.9
coefficientsd 0.991 0.985 5-NO; -9.22 -15.01 201.8
sp3 Correlation
Anilines coefficients @ 0.991 0.979
H -6.83 24.20 207.3 2Correlation coefficients for the relationships between AEy, an
4-CHs -6.90 18.96 210.0 molecular parameters. ® AV, is defined in egn 4.
4-OCHs -7.92 17.61 212.0
4-NH; -7.47 15.30 214.9 The relationships discussed above reveal good
j‘él 'g-g gg-gg ggg-g correspondence  between chemical properties
4:Br :6'06 2779 2031 (proton affinities, deprotonation energies) and a
4-CHO 4.93 3454 199.0 theoretical parameter (EPN) describing the
4-CN -4.84 37.74 195.0 electrostatic forces acting at individual atomic sites.
In the following discussion of hydrogen bonding
5-Amino-pyrimidines ; ; ; ; ;
interactions we will focus on the relationships
H -5.15 35.71 193.1 .
2-CHs 536 3250 1973 employing EPN, PAs, and Egp Values. The
2-NH> 6.31 26.90 204.7 computations showed that NBO and Hirshfeld
2-F -4.90 39.23 189.9 atomic charges are less successful in describing
g'g:::o ggg ‘5“15-‘2% 186.8 small variations in site reactivities for the
2:N02 :3'16 5360 considered extended series of molecules. The
Correlation results obtained also revealed the presence of
0.987 0.958

coefficients?

Table S3 present the theoretically evaluated
deprotonation energies and molecular parameters
for N-H proton donating sites in series of model
compounds (Scheme 4) and in the nucleobases. The
shifts in EPN values for the N-H hydrogen
correlates with Egep, though the correlation
coefficients (r = 0.956) is lower compared to the
plots between proton affinities and AVvy values
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outliers in the PA/EPN and Ege,/EPN relationships.
Most critical for the purposes of the present
investigation is the assessment of how well these
molecular guantities would describe the abilities of
atomic centers to form hydrogen bonds.

Zeegers et al. [17-20] have applied PAs and Egep
in characterizing the hydrogen bonding reactivities
of the nucleobases. The derived by these authors
relationships are based on analyzing the interaction
energies of nucleobase functionalities with water
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molecule. As discussed, bidentate hydrogen bonds
with neighboring polar groups in the bases form in
almost all cases.

Table 3. Hydrogen bonding energies,
electrostatic ~ potential at  nuclei, and
deprotonation energies for N-H hydrogen in
1,6-dihydropyrimidine and aniline derivatives
from M06-2X/6-311+G(2d,2p).

. . AEcorr AVHb Edep
Derivative  ncomol]  [keal/mol]  [kcal/mol]
1,6-Dihydro-pyrimidines
H -4,57 31.89 -363.50
4-OCHs -4.69 33.33 -361.05
4-NH> -4.72 31.32 -363.05
4-F -5.25 41.67 -354.94
4-Cl -5.33 41.99 -352.15
4-Br -5.41 41.67 -350.29
4-CHO -5.42 41.24 -353.23
4-CN -5.77 41.57 -347.53
4-NO2 -5.85 50.27 -345.29
Anilines
H -3.64 17.14 -374.40
4-OCHs -3.54 13.31 -377.40
4-NH> -3.38 11.05 -377.89
4-F -3.94 19.77 -372.49
4-Cl -4.05 22.91 -367.67
4-Br -4.04 27.37 -366.35
4-CHO -4.49 30.57 -355.47
4-CN -4.84 33.77 -354.91
4-NO2 -5.18 36.91 -348.79
Correlation 0979 0.964

coefficient 2

Correlation coefficients for the relationships between AEcor
and AVy ® AVy is defined in egn (5).

The specific structure of H,O, however, may be
a factor influencing the nature of such cooperative
bonding. In the present work, we aim at
establishing relations that are free of such effects

Relationships between hydrogen bonding
energies and molecular parameters

Based on the above results it is possible to
explore dependences between hydrogen bonding
energies and molecular parameters for the sets of
model molecules. As discussed, the selected model
molecules (Schemes 2-4) possess atomic centers
that are able to form single hydrogen bonds,
without the complications of cooperative bonding.
Our study focuses at analyzing how well proton
affinities, deprotonation energies, and electrostatic
potentials at atomic sites correlate (and predict) the
hydrogen bonding energies for the sets of model
molecules.

Interaction energies are, certainly, the most
accurate descriptor of the ability of individual
atomic centers to form hydrogen bonds. For the

model derivatives, hydrogen bonding energies,
associated with individual atomic sites, were
theoretically evaluated. As mentioned, hydrogen
fluoride was employed as a model proton donor or
acceptor molecule. The established good
correlations for the PAJ/EPN and Ege/EPN
relationships show that a molecular parameter,
representing the electrostatic forces acting at
particular atomic sites, may well predict site
chemical properties for both model systems and the
nucleobases (Table S1-S3). We explored the
relationships between interaction energies and EPN
values and proton affinities for the molecules
shown in Schemes 2 and 3. Deprotonation energies
were evaluated for proton-donating N-H bonds
(Schemes 4). These model systems possess
hydrogen bonding functional groups with sp? and
sp® nitrogens, sp? oxygen, and N-H bonds in
structural environments similar to those in the
nucleobases. As shown, NBO and Hirshfeld
charges were found to be less successful in
describing site reactivities in the selected model
systems.  Nonetheless, in the  Supporting
Information we provide comparative tables (Tables
S4-S6) that contain data for these two types of
atomic charges.

Table 1 shows the computed hydrogen bonding
energies (AEcor) for the nitrogen centers (proton
acceptors) for the series of model pyrimidine,
purine, and aniline derivatives (Scheme 2). These
values are juxtaposed to theoretically derived
molecular parameters: AVn and proton affinities.
The results obtained reveal that no common
relationship between AEcor and any of these
molecular parameters is found when molecules
containing both sp?> and sp® nitrogens are
simultaneously considered. The data obtained
demonstrate that the pyridine type nitrogens form
distinctly stronger hydrogen bonds than the aniline
type nitrogen atoms (Table 1). It was thus
necessary to investigate separately these two sets of
complexes. An excellent correlation between
interaction energies and AVy (sp? N) (r =0.991, n =
15) for the entire set of substituted pyrimidines and
purines was found (Table 1). A good correlation,
though with lower correlation coefficient (r =
0.985, n = 15), was established between proton
affinities and AEcor (Table 1).

The correlation between AEcor and Vy values for
the series of aniline derivatives is also quite
satisfactory with correlation coefficient r = 0.987.
Again, this correlation is superior to the correlation
between AEc and proton affinities for molecules
containing sp® nitrogen centers (r = 0.958).

13
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The equations reflecting the above relationships
are as follows:

AEcor = 0.097AVy (sp? N) -9.390 (6)
n=15, r=0.991
AEcorr = 0.121AVn(sp® N) -9.511 @)
n=16, r =0.987

The differences in slopes and intercepts in Eqns.
6 and 7 reflect the lower hydrogen bonding ability
for the sp® nitrogen atoms in amino group
environment. An appropriate scaling of Vn(sp® N)
to reflect these difference results in the relation:

AVN(Sp3 N)scated = 1.24 AVN(Sp3 N) (8)

The segments in egns. (6) and (7) are very close in
value and, thus, the simplified relation 8 holds to a
good approximation. Using the AVn(sp® N)scared the
following relation covering all nitrogen proton
accepting sites is derived:

AEcor = 0.096AVNscaled -9.40 (9)
r=0.99%4,n=31

AV comprises AVy for the sp? nitrogens
(scaling factor = 1) and AVn(Sp® N)scaiea Obtained
from egn (8). Using eqn (9) it becomes possible to
prepare a reactivity scale for all nitrogen proton
accepting centers in the model molecules.

To derive analogous relationships between
structural variation in carbonyl compounds and
molecular parameters (EPN, PAs), associated with
oxygen proton accepting sites, a series of 18
carbonyl containing derivatives of cyclohexa-2,4-
dienone and pyridin-2(1H)-one (Scheme 3) were
considered.

To avoid cooperative bidentate hydrogen
bonding of the model proton donor in the case of
the aza heterocyclic molecules the hydrogen bond
at the carbonyl oxygen was modeled at the side of
the C=C double bond adjacent to the carbonyl
moiety (Scheme 3). The computed corrected
energies of hydrogen bonding (AEcor), electrostatic
potentials at nuclei (Vo), and proton affinities (PA)
for the carbonyl oxygen sites are given in Table 2.
The excellent correlation coefficient (r = 0.991)
between the computed EPN values and energies of
hydrogen bonding (ZPE and BSSE corrected)
shows the near linear relationship between these
guantities. A good correlation coefficient (r=0.979)
characterizes the dependence between AEc, and
proton affinities. As in the case of nitrogen proton-
accepting centers (Table 1), the electrostatic
potential at nuclei values provide superior
correlations with interaction energies compared to
proton affinities for the series of carbonyl
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derivatives. This result reflects the strong
dependence of hydrogen bonding on the
electrostatic interaction between proton donor and
acceptor molecules. The relationship between AVo

values and AEcn results in the following
expression:

AEcorr(C:O) =0.1 12AVO - 7382 (10)
n=18,r=0.991

Equation 10 holds for two different series of
cyclic compounds containing C=0O functionality.
This result shows that in spite of different
molecular environment (ketone C=0 group in the
first set and amide C=0 group in the second set) the
same relationship between interaction energies and
EPN values holds. Successful applications of EPN
in quantifying hydrogen bonding reactivities of
carbonyl derivatives belonging to different classes
2527 gre in harmony with the present results.

Considerations of the slopes and segments of
egns. (9) and (10) results in the following
expression for the scaling of AVo:

AVo(sp? O)scated = 1.167AVo(sp?0) - 18.01 (1)

Considering eqns (9-11) we arrive at a general
relation quantifying the hydrogen bonding
reactivities of all proton-accepting sites. Scaling of
AVo eqgn. (11) is necessary to obtain such an
equation. The derived general relation is:

AEcor = -0.106 AVy**d - 9.22 (Y=N,0) (12)
n=49,r=0.995

Egn (12) provides a general scale for the
hydrogen bonding abilities of all proton accepting
site. It is based on the scaled values of the
respective AVy values. AV, are presented in
Table 6. The plot between hydrogen bonding
energies and AV,*%* js shown in Fig. 2.

[kcal/mol]
3
1

corr

AE

304

r=0.995,n=49
-304

T T T T

-12 -8 -4
AV, ***! [kcal/mol]

Fig. 2. Plot of hydrogen bonding energies vs. scaled
electrostatic potentials at nuclei (Vv in in model
pyrimidines, purines and carbonyl derivatives
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Following the same approach we derived
relationships between interaction energies and
molecular parameters for the N-H proton-donating
groups in the series of model 1,6-
dihydropirimidines and anilines shown in Scheme
4. Table 3 presents the computed energies of
hydrogen bonding and molecular parameters. A
good correlation (r = 0.979) is established between
AVy and interactions energies (Fig. 3), while the
respective relationship with Egep is characterized
with lower correlation coefficient (r = 0. 964).
These results confirm that the shifts of EPN provide
superior correlations with the hydrogen bonding
energies compared to proton  affinities/
deprotonation energies. . No scaling of EPN values
is necessary in this case since the correlation
involves only N-H group hydrogens. Eqn (13)
shows that more negative AV values correspond to
higher interaction energies.

[kecal/mol]

AE
corr
B
1

r=0.979,n=18 bt

T T T T T
10 20 30 40 50
4V, [keal/imol]

Fig. 3. Energies of hydrogen bonding (AEcor) vs. shifts of
electrostatic potentials at of proton-donating groups
(AVy) in substituted aniline and 1,6-dihydropyrimidine
derivatives.

Thus, AVy can directly be employed in deriving
suitable hydrogen bonding reactivity descriptor for
N-H proton-donating groups. The following
equation applies:

AEcorr = '0068AVH = 252 (13)
n=18,r=0.979

Hydrogen bonding reactivity descriptors for
nucleobases

AVy may be employed in characterizing the
hydrogen bonding reactivities in the nucleobases
and their polymeric derivatives. It is only necessary
to compute the respective scaled electrostatic
potential values for the proton accepting centers
(AV*ed), Even easer assessment of bonding
abilities comes by comparing the predicted
hydrogen bonding energies using Egn. 12.

It is appropriate to introduce a special hydrogen
bond descriptor (HBgescr) for reactivities of atomic
sites in nucleobases. We define this descriptor as
the absolute values of the predicted energies of
hydrogen bonding for particular sites in the bases
using Egns (12) and (13):

HBgescr = |AEprdicted| (14)

The HBugeser Values are given in the last columns
of Tables 4 and 5. Table 4 shows the order of
reactivities of all proton-accepting sites in the
nucleobases. Inspection shows that the most
reactive center for hydrogen bonding is the N3
nitrogen in uracil (HBgeser=18.17).

Table 4. Scaled EPN values, predicted energies of
hydrogen bonding (AEpredicted, in kcal/mol), and
hydrogen bond descriptor (HBdescr) values for proton-
accepting centers in the primary nucleobases.

’l;l:scelseo- AVy séAaXi\,{a AEP":b HBdescr
Adenine
N1(sp?) -1.84 -1.84 -9.02 9.02
N3(sp?) 1.86 1.86 -9.42 9.42
N7(sp?) 6.88 6.88 -9.95 9.95
NO(sp®) 61.81 76.64 -17.34 17.34
N10(sp®) 339 420 -13.68 13.68
Guanine
N1(sp%) 56.85 7049 -16.69 16.69
N3(sp?) 9.76 9.76 -10.25 10.25
N7(sp?) 0.81 0.81 -9.31 9.31
N9(sp%) 60.94 7556  -17.23 17.23
N11(sp%) 45.07 55.89 -15.14 15.14
010 -29.58  -3452  -556 5.56
Thymine
N1(sp3) 54.49 67.57 -16.58 16.58
N3(sp3) 64.47 79.95 -17.69 17.69
o7 -20.16  -2353  -6.73 6.73
08 -19.94 2327 -6.75 6.75
Uracil
N1(sp3) 55.98 6941 -16.58 16.58
N3(sp3) 68.12 84.47 -18.17 18.17
o7 -19.75  -23.04 -6.78 6.78
08 -16.69  -1948  -7.16 7.16
Cytosine
N1(sp3) 53.87 66.81 -16.30 16.30
N3(sp2) -6.74 -6.74 -8.51 8.51
N7(sp3) 38.77 48.07 -14.32 14.32
08 -41.87 -48.86 -4.04 4.04

2 Obtained from egn (8) and eqn (11) ® Predicted values using eqn (12).

Among the oxygen atomic sites, the O8 atom in
uracil (HBgeser= 7.16) is predicted to possess highest
reactivity. Table 5 compares the relative reactivities
of proton-donating atomic sites in the nucleobases.
The values of reactivity descriptors are obtained
using relation 14. The effects of base pairing on
hydrogen bond reactivities are illustrated in Table
6. The last column contains HBgeser Values for the
atomic sites in base pairs. The numbering of atomic

15
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sites is shown in Scheme 5. Comparison of Tables
4 and 6 reveals the effects of pairing on hydrogen
bonding reactivities.
Table 5. Shifts of EPN values, predicted energies of
hydrogen bonding (AEP®dced jn kcal/mol), and
hydrogen bond descriptor (HBqeser) Values for proton-
donating centers in the primary nucleobases.

5.74. Distinct shifts are also found for the other
base pairs (Tables 3 and 6).

Table 6. Scaled EPN values, predicted values of hydro
gen bonding energies (AEP®dced in kcal/mol), and
hydrogen bond descriptor (HBgescr) for proton-accepting
centers in Adenine-Thymine, Adenine-Uracil, and

Nucleo-bases AVi? AEPF b HBgescr Guanine-Citosine base pairs.

Adenine Base pair AVy AVyseled — AEPT HBgescr.

N9-H 57.56 -6.44 6.44 Adenine (A-U)

N10-H 31.44 -4.66 4.66 N1(sp?) 3.53 3.53 -9.59 9.59

Guanine N10(sp?) 28.02 34.75 -12.90 12.90

N1-H 50.95 -5.99 5.99 Adenine (A-T)

N9-H 56.85 -6.39 6.39 N1(sp2) 2.98 2.98 -9.54 9.54

N11-H 40.91 -5.30 5.30 N10(sp3) 27.73 34.38 -12.86 12.86

Tymine Guanine (G-C)
N1-H 56.43 -6.36 6.36 N1(sp?) 4456 55.26 -15.08 15.08
N3-H 47.82 -5.77 5.77 N11(sp?) 28.11 34.85 -12.91 12091
Uracil 010 -28.16 -32.86 -5.74 5.74
N1-H 59.86 -6.59 6.59 Thymine (A-T)
N3-H 49.32 -5.88 5.88 N3(sp3) 39.19 48.60 -14.37 1437
Cytosine o7 -21.99 -25.66 -6.50 6.5

N1-H 44.93 -5.58 5.58 Uracil (A-U)

N7-H 39.22 -5.19 5.19 N3(sp3) 40.31 49.99 -1452 1452
2 AVy is defined in egn (5).  Predicted values for interaction energies o7 -21.88 -25.53 -6.51 6.51
using eqn (13). Cytosine (G-C)

N3(sp?) 36.15 36.15 -13.05 13.05
N7(sp3) 45.46 56.37 -15.20 15.20
7 7 08 -13.14 -15.33 -7.59 7.59
H, Heeeee-- 0 CH; H o He------ 0
10 N 7 10 \> \:

7 N \
<{ | \N1__H_r,g \ <, | j1 H=-N

N % e o

H N:s 0& H Oa

Adenine Thymine Adenine Uracil
0o M
L
HN; / N—H- ..,g;_\
N— #—N,
4 "N,H ----- o, 1H
H

Guanine Cytosine

Scheme 5. Structure and numbering of atom position in
base pairs Adenine-Thymine, Adenine-Uracil and
Guanine-Cy tosine.

In the A-U base pair, the HBgeser for the N1 atom
in adenine shifts from 9.02 to 9.59. For the N10
atom, the shift is from 13.68 to 12.90. Similar
HBueser Shifts are also found for the A-T base pair.
The HBuescr for the N1 atom in adenine changes
from 9.02 to 9.54, while for the N10 from
13.68 to 12.86. The respective HBgescr Values
for guanine in the G-C pair change also upon
base-paring. . The HBgescr Value for the N1 atom in
guanine shifts from 16.69 to 15.08, for the N11
atom from 15.14 to 12.91, and for O7 from 5.56 to

16

2 Obtained from eqns (8) and (11). ® Predicted values using eqn (12).

The shifts in HBgeser resulting from base pairing
may be distinct, though not large. This is in
harmony with the relatively small perturbations
caused by hydrogen bonding between the
nucleobases.

CONCLUSION

Hydrogen bonding reactivities of individual
atomic sites in the primary nucleobases were
characterized by applying theoretically derived
electrostatic-related theoretical parameters. Several
alternative quantities — electrostatic potentials at
nuclei (EPN), NBO and Hirshfeld atomic charges
as well as proton affinities and deprotonation
energies — were employed in the analysis. For all
studied systems, the EPN values provided the best
correlations with interaction energies. A new
reactivity descriptors (HBgescr) for the hydrogen
bonding reactivities of atomic sites in the
nucleobases is introduced based on predicted
interaction energies. Using the derived equations,
site reactivities for the primary nucleobases were
evaluated. The effect of base pairing was also
analyzed.
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PEAKTHMBOCIIOCOBHOCT KbM BOAOPOAHO CBBbP3BAHE HA ATOMHUTE LIEHTPOBE B
A30THUTE BA31 HA HYKJIEMHOBUTE KUCEJIMHU

B. Hukomnosa, /. Yemmvemkuera, C. Mnnea, b. I'brs00B8*

Daxynmem no xumus u papmayus, Couiicku ynusepcumem ,, Ce. Knumenm Oxpuocku”, 6yn. Joc. bayuep 1,
1164 Cogus, Pvreapus

Iocrenuna va 27 mapt 2017 r.; Kopurupana na 10 ampun 2017 ¢
(Pesrome)

[punoxxeHn ca TEOPETHYHU MAapaMeTPH, XapaKTePU3HPAIIU eNEKTPOCTATHYHUTE CHIIM IPH OTICIHUTE aTOMH, 3a
KOJIMUECTBEHO OIMCAaHHE Ha pPEaKIHMOHHA CIOCOOHOCT KBbM BOJOPOJHO CBBP3BAaHE Ha ATOMHHTE LIEHTPOBE B IIETTE
OCHOBHU 0a3u Ha HykienHoBuTe KucenuHu. C el Jga ce H30erHaT HESACHOTHTE, CBBP3aHU C (DOPMHUPAHETO Ha
OuIeHTaTHH BOMOJPOAHH BPB3KU B HyKIenHOBHTE 0a3u, Gsixa nposenenn DFT MO06-2X/6-311+G(2d,2p) uzuncieHust
Ha aTOMHUs enekTpocratuyeH moteniman (electrostatic potential at nuclei, EPN), NBO u Xuprudenn aTOMHH 3apsau
3a cepust OT 64 MOJIENTHHU CUCTEMH. 3a CpaBHEHUE 0siXa ONpeAeeH: NPOTOHHNUTE ahUHUTETH Ha ITPOTOH-AKLEITOPHUTE
Ipyn¥ ¥ €HEpruuTe Ha NENPOTOHMPAaHE Ha MPOTOH-JOHOPDHUTE TIpynu B Oasure. MOJENHHTE CHCTEMH ca Taka
noxOpaHy, 4e na Morar na (GopMHpaT eIMHUYHH BOJOPOJHM BpPB3KH. IlonydeHHTe KOpENAlMOHHH ypaBHEHWUS,
CBBP3Balll{l H3YUCICHUTE CHEPTUH Ha B3aUMOJCHCTBHE C MapaMeTPH, XapaKTePH3UPAIIH ISKTPOCTATUYHUTE CHIIH IPH
aTOMHUTE, ca IPHJIOKECHH 32 H3BSXKIAHETO Ha JECKPUIITOPH Ha PEaKTUBOCIIOCOOHOCTTA 32 OTJCITHUTE ATOMHHU ITO3HIMH B
HyKJIeHHOBUTEe 0a3u. Cpex m3clienBaHUTe TeopeTHYHH mapamerpu EPN naBa Hai-moOpa kopenanus ¢ eHEprumurTe Ha
BOJOPOJHO CBBp3BaHe. M3BeqeHHTE 3aBHCUMOCTH OsXa H3ION3BAaHUM 3a JAe(UHUPAHETO HA JECKPUOTOP Ha
pHAKIMOHHATa CIIOCOOHOCT KbM BOAOPOJHO CBBP3BaHE 3a OTACIHUTE AaTOMHHM IIO3UIMK B HYKJIEHHOBHTE 0a3u.
Edexrute Ha popMupaHe Ha ABOIKH 0a3u BEPXY PEaKTHBOCIOCOOHOCTTA 0sXa CHIIO OIIEHEHH KOJINYECTBEHO.
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A procedure for mixture analysis by searching in infrared and Raman spectral libraries is proposed and tested with
more than 60 binary mixtures of organic compounds. The procedure uses a combination of spectra subtraction and
multiple linear regression. The infrared spectra appeared to be more informative and suited for that purpose than Raman
spectra. The procedure is implemented into a Windows-based program developed earlier for a library search of

vibrational spectra.

Key words: Raman spectra; infrared spectra; library search; mixture analysis

INTRODUCTION

Separation of mixture components and their
identification and quantification is the main task of
various chromatographic techniques [1] by using
reference standards or by hyphenated techniques
(usually GC-MS and LC-MS) that provide spectra
of the separated components. Nevertheless, the
number of reference standards in a lab is limited to
several hundreds and smaller than a typical number
of several thousands of library spectra.
Furthermore, the hyphenated  techniques
instrumentation is much expensive and missing in
most organic labs. On the other hand, the infrared
(IR) and Raman spectra are well suited for the
identification of organic compounds via library
search [2-4]. As the mixture spectrum can be
approximated by a linear combination of
components spectra, it can be resolved if the
reference spectra of the components are available
[5]. An extensive review of the application of IR
and Raman spectroscopy to mixture analysis is
given in [3, 6]. No matter how the mixture analysis
is applied, its math is based on multiple linear
regression that evaluates the coefficients of the
linear combination [6]. Even the successive
subtraction (so called spectrum stripping) of the
reference  spectra—multiplied by  appropriate
concentration factors—from that of the mixture [5-6]
is a kind of regression procedure. The last is
controlled by the user who monitors and sets (or
minimizes) the residuals between both spectra.

* To whom all correspondence should be sent:
E-mail: plamen@uni-plovdiv.net

All proposed procedures are plagued by one or
both of two main shortcomings: (1) the component
spectra do not appear among the first hits (if the hit
list but not the whole library is processed), and (2)
some of the calculated regression coefficients are
not statistically significant-both happen usually for
the component with a low concentration. That is
why, in the present paper the combination of
spectra subtraction and regression is studied and the
obtained results are evaluated with two objectives
in mind: first, proposing a robust routine procedure
and second, comparison of the performance of IR
and Raman spectra. Moreover, the application of
Raman spectroscopy for mixture analysis is still
underdeveloped and scanty described in papers
dealing with library search in general [7-8].

EXPERIMENTAL

The IR spectra were registered on a Perkin-
Elmer 1750 FT-IR Spectrometer from 4000 cm'* to
450 cm'* at resolution 4 cm™ with 16 scans and on a
VERTEX 70 Spectrometer (Bruker, Germany)
from 4000 cm™ to 400 cm? at resolution 2 cm™
with 25 scans. The Raman spectra were measured
on RAM II (Bruker, Germany) with a focused laser
beam of Nd:YAG laser (1064 nm). All spectra were
subjected to curvilinear baseline correction by the
instrument software (CDS-2 or OPUS v. 6.5).
When loaded in our software IRIS, the original
spectral data were converted by a smoothing
procedure based on weights from a normal
distribution. In the present work the library and
mixture spectra of organic compounds were solely
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used. Six IR libraries were composed of 911 entries
altogether and Raman one of 330 entries with most
of the spectra measured in our lab [6].

The Windows-based program, IRSS, for
searching in libraries of IR and Raman spectra was
programmed in Delphi 1 by one of the authors
(P.N.P.) and described elsewhere [6,9]. Seven
different measures for comparison of IR spectra
were implemented: three for peak matching and
four for comparing full spectral curves. IRSS uses
the spectral range from 3700 to 500 cm?, with a
sampling interval of 4 cm™. All IR and Raman
spectra, when loaded into IRSS, are normalized in
the 0.0-1.0 interval in ordinate; here has to be
mentioned that the ordinate of Raman spectra is not
in absorbance units but in normalized intensity of
the scattered light and future references to the
ordinate will be given as dimensionless values.
Furthermore, IRSS provides software tools for the
import of IR spectra in JCAMP-DX format, for
peak picking, and for an analysis of IR spectra of
mixtures with a graphical user interface.

Methods

Peak search algorithms described in the
literature [2, 6] can be generally divided into two
types: (1) forward one used for identification of
pure compounds, and (2) reverse one applied for
identification of the components of organic
mixtures. The corresponding spectra similarity
measures (hit quality indices, HQIs) were
implemented in IRSS and described in details in
our previous paper [10].

The main requirement for the application of the
mixture analysis is that all mixture components
have spectra in the used libraries and there are no
strong intermolecular interactions between mixture
components [5]. Thus, the mixture spectrum (row
vector M1k) can be represented as a linear
combination of all hit list spectra (matrix Snx) by
Eqn. 1.

Mk = CinSnk, Q)

where the subscripts show the matrix dimensions,
i.e. K is the number of used wavenumbers, N is the
number of used hits, and the M’s and S’s elements
represent the corresponding absorbance values. In
reality, only the component spectra participate in
this linear combination but Eqgn. 1 includes all hits
as the user does not know in advance which hits are
the components.

The mixture analysis procedure is the following.
At the beginning, the mixture spectrum is searched
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in the libraries by reverse peak search algorithm. A
multiple linear regression is performed [11] with
the mixture spectrum and hit list spectra by Eqn. 2.

Cin =Mk Skn" (SnkSkn')? 2)

where the superscripts T and -1 designate a
transposed and inverse matrix, respectively.

The calculated row vector Cin (obviously
dimensionless) does not represent concentration of
hit list compounds in the mixture because all
spectra in IRSS are normalized in ordinate in the
0.0-1.0 range and there is no quantitative sample
information recorded in the spectral libraries. That
is why, Cin represent coefficients of linear
combination of hit list spectra and are called
pseudo-concentration by us. The statistically
significant values of Cyn can be used as a decision
criterion, revealing which hits are plausible
components. In our software IRSS the 95% and
99% confidence limits of the pseudo-concentrations
are estimated according to the cited above Massart
et al. book [11].

The first of these hits (with number F) with a
statistically significant pseudo-concentration is
assumed as one of the mixture components and its
spectrum is subtracted from the mixture spectrum
as designated by Eqn. 3.

Rik =Mk - T Sek, (3)

where Sgk is the F row of matrix Snk, f is a real
number such that ‘f Sgk’ removes the spectral
bands of this component from the mixture spectrum
giving the remainder spectrum R k. The coefficient
f can be set to 1.0 as it is done in [5] because the
spectral bands of the component with a higher
concentration prevail over the other components’
spectral bands and usually the main component is at
the foremost beginning of the hit list. The
coefficient f can also be obtained by the user when
he/she is monitoring the remainder spectrum
acquired by subtraction procedure and decides that
the component spectral bands no longer appear in
the remainder spectrum. The results with this
scheme were published earlier by us [10] and the
obtained f’s had values close to 1.0. The software
IRSS has a user-friendly interface that facilitates
the spectra subtraction. Another option is to set f to
a value of cir obtained from the multiple linear
regression performed initially. These three options
are thoroughly studied in the present paper.

Further, the negative values of the remainder
spectrum are truncated, the spectrum is normalized
and then its peaks are searched in the libraries. A
multiple regression is again performed with the
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remainder spectrum and the newly obtained hits.
The first hit with a statistically significant values of
Cys IS chosen as the second component. The cycle
can be repeated for the third component and so on
but our experience shows that more than three
components are hard to be identified.

Described in this way, the mixture analysis
looks pretty straightforward, but even for a mixture
of components with quite different spectra it could
fail and give erroneous results. Recommendations
are not given in the literature to what extent the
subtraction is performed, except that one or more
selected spectral bands of the mixture spectrum
have to be nullified. Another complication can arise
if the mixture components have similar spectra with
nearly all bands overlapping (because of their
similar structures) thus leading to an over-
subtraction—and as a result of it-the second
component might not be among the first hits that
are obtained from the second library search.

Our experience shows that to propose a
procedure for mixture analysis means not only
to give its steps (an algorithm) and the optimal
values of its various parameters but also to
elucidate all creative ways of solving the
problem. Without doubt, the educated user
would use a kind of versatile library search
beyond any prescriptions. He/she would select
various spectral intervals, probably starting
with finger print region. He/she would monitor
that the plausible components’ spectral bands
are subset of those of the mixture. He/she
would vary both search tolerances (in
wavenumber and absorbance) as well as would
set various threshold values used by peak-
picking (probably he/she would select different
ones for the mixture, remainder and library
spectra). The spectral match algorithms and the
number of hits to be processed is also a
variable that most influences the results. All
these options cannot be systematically studied
in the proposed procedure as it is usually done
in analytical chemistry when one performs a
consecutive optimization upon two or three
parameters. That is why, the following
parameters are set rigid to the recommended
values derived by our previous experience with
the library search.

(1) The threshold for peak-picking of library
spectra was set to 0.03. Threshold for peak-picking
of mixture spectra was set to 0.01 with the idea in
mind that there could be a component with a way

lower concentration. Some IR mixture spectra
showed water vapor rotational bands and some
Raman spectra were very noisy so a higher
threshold (0.02-0.04) was used.

(2) The remainder spectrum is with a lower
signal to noise ratio that is why a higher threshold
(0.02-0.09) was used. Raman spectra are in
principle with a poor signal to noise ratio thus the
threshold value is quite higher than that used with
IR spectra.

(3) Our experience showed that the optimal
wavenumber tolerance for mixture peak search, Av,
is higher than that used for single compound
identification, that is why a values of Av = 12 cm’?
was selected.

(4) The search tolerance in ordinate, AA, was set
to 1.0 (maximum value, i.e. the band intensity was
not accounted by peak match). Such was done in
our previous studies so that all component spectra
were in the hit list what is not a requirement for the
present study. Despite that difference, the optimal
values of AA was not searched upon.

(5) Only the first 40 hits were used for
regression calculations but the user is advised to
review the hit list entries and use lesser or bigger
number.

(6) Despite that the search uses peaks in the
whole spectral interval (3700 - 500 cm?), the
starting regression interval was set to 1300 - 600
cm™. If no component identification was achieved,
the other intervals recommended by us (and tried in
this order) were 1800 - 600 cm, 1800 - 500 cm*
and 3700 - 500 cm™.

(7) The reverse peak search is specially
designed for mixture analysis [10] but if the
remainder spectrum is with a low signal to noise
ratio (this is the case for most Raman spectra), the
user can apply one of the four full-spectrum search
algorithms [9,13]: for binary mixtures the
remainder, that is properly calculated, is a spectrum
of one component.

RESULTS AND DISCUSSION

The test of the proposed mixture analysis
procedure was performed with 35 IR and 60 Raman
spectra of mixtures of organic compounds: all
spectra were measured by two of the authors —
P.N.P and S.H.T. The spectral files were ordered
randomly with a separate numbering for the IR and
Raman spectra. Three series of search results were
produced. First, the used subtraction procedure was
governed only by the first three heuristics derived
earlier [10], i.e. without setting the coefficient f in
Egn. 3 close to 1.0. The random IR and Raman
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spectra were searched and analyzed by one of the
authors (S.R.N.) who knew neither the components
nor the composition of the mixtures, i.e. the
mixture analysis was performed as close as possible
to the so called blind experiment. Second, the
mixture analysis using all four heuristics [10] (i.e.
with additionally f = 1.00) was applied, and third, f
equal to the corresponding regression coefficient
from Eqn. 2 was used for spectra subtraction. The
last two series of mixture analysis were performed
also on the randomly numbered spectra but setting
a priori f to 1.00 or to the regression coefficient did
not necessitate a kind of blind experiment. Only 20
of the mixtures, Table 1, were used to evaluate the
results: the remaining spectra were some sort of
‘padding’ (ballast) in the present study in order to
complicate the blind experiment. Those were IR

and Raman spectra of the mixtures of hexane and
cyclohexane, benzene and pyridine, and the Raman
spectra of the mixtures of 1-octanol and 1-decanol,
1-nonanol and 1-decanol, 2-methyl-1-
phenylpropan-1-one and 4’-methylpropiophenone,
benzylacetone and butyrophenone, 2-ethylhexane-
1-ol and 2-ethylhexane-1,3-diol, cyclopentanone
and benzylacetone.

The first and third series produced comparable
results that were substantially better than those
produced in the second series. It appeared that the f
value set by a spectroscopist, Eqn. 3, (i.e. first
series of mixture analysis) had been less than the
corresponding regression coefficient and the bands
of the first-found component retained in the
remainder spectrum.

Table 1. The identification of mixture components. The mixture concentration (in volume ratio) is given in the first
column and the regression coefficients are designated with f; and f2; (error) another compound was found as a

component of the mixture

(a) 2°-methylacetophenone (A) and 3’-methylacetophenone (B)

AB IR Raman
v/v 15t found 2" found f1 f, 1t found 2" found f1 f,
11 B A 0.50 1.07 A B 0.50 0.94
1:4 B A 0.81 0.77 B A 0.91 0.81
1:9 B A 0.88 0.48 B A 0.85 0.35
4:1 A B 0.71 0.66 A B 0.78 0.86
9:1 A B 0.83 0.77 A B 0.84 0.47
(b) 1,4-dioxane (A) and tetrahydrofuran (B)
AB IR Raman
v/v 1t found 2" found f1 f, 1t found 2" found f1 f,
11 A B 1.05 0.73 A B 0.65 0.97
1:4 A B 0.92 1.02 B A 0.77 0.91
1.9 B A 1.00 0.84 B A 0.40 0.58
4:1 A BY 1.08 0.74 A B 0.85 0.37
9:1 A -2) 0.99 - A B 0.90 0.46
(c) 3-heptanone (A) and 4-heptanone (B)
AB IR Raman
v/v 15t found 2" found f1 fa 1%t found 2" found f1 fa
1:1 B A 0.35 0.40 B A 0.38 0.93
1:4 B A 0.59 0.31 B A 0.77 1.44
1:9 B A 0.71 0.38 B AD 0.98 4.04
4:1 A B 0.49 0.36 A BY 0.95 1.67
9:1 A error 0.63 1.61 A BY 0.92 1.30
(d) 1-nonanol (A) and 5-nonanol (B)
A:B IR Raman
v/v 1t found 2" found f1 f, 1t found 2" found f1 f,
1:1 A B 0.16 0.36 -1 - - -
1:4 B errord 0.47 0.74 B error? 0.43 -
1:9 B errord 0.57 0.72 BY error? 0.44 1.12
4:1 A B 0.23 0.09 BY - 0.15 -
9:1 A errord 0.22 0.60 error? error? 0.62 0.48

1 The original spectral interval for regression calculations was widened (see text).

2 The component was not found, i.e. its regression coefficient is not statistically significant.
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Despite that, the correct identification of the
second component took place in most cases: the
usage of reverse search of the remainder spectrum
assisted the appearance of the second component in
the second hit list. On the other side, the analysis of
the failures in the second series showed that when
both components have common spectral bands with
high intensity, these bands sum together and the
normalized mixture spectrum is a linear
combination of the component spectra with
coefficients quite less than 1.0.

In Table 1 are given the third series results, i.e. f
is set to the regression coefficient. As can be seen,
even the very structurally similar components as 3-
heptanone and 4-heptanone can be identified from
their mixture spectra. As expected, problems appear
with some of the 1:9 or 9:1 v/v mixtures. On the
other side, the worst results are for the mixtures of
1-nonanol and 5-nonanol and they could be
explained with the presence of 1-decanol spectrum
in the IR and Raman libraries: there is a very subtle
difference between 1-nonanol and 1-decanol IR as
well as Raman spectra. Also several other primary
alcohols appeared in the hit list and their spectra are
very similar to that of 1-nonanol.

Here has to be mentioned that O-H stretching
band is completely missing in Raman spectra of
saturated alcohols and these spectra are very close
to those of the compounds with nearly the same
aliphatic part. The C=0 stretching band in Raman
spectra is of very low intensity, and these both
spectral peculiarities are the reason for several of

0.50
|

Absorbance

0.00

the errors when the spectral interval used by
regression is widened. The other mixtures (not
presented in Table 1) showed similar results. As a
whole the IR spectra gave better results than the
corresponding Raman spectra.

Several particularities can be illustrated with the
analysis of the mixture (1:1 v/v) of structurally
similar compounds as 1-nonanol and 5-nonanol are.
Peak search of the IR mixture spectrum resulted in
1-nonanol as a sixth hit and 5-nonanol as a tenth
hit; first five hits are 1-hexanol, 1-decanol twice (a
repetition in these libraries), dodecane and
octacosane. The remainder spectrum is calculated
with the coefficient in Eqn. 3 taken from the
performed regression, f = 0.16. Fig. 1 shows the
mixture and component spectra in the 1500 - 600
cmtinterval, as well as the remainder spectrum. As
can be seen, (1) the concentration ratio of 1:1 v/v
does not mean equal pseudo-concentrations, (2) in
the 1300-600 cm™ interval the components spectra
are most different, (3) the components have
overlapped bands at 1465 and 1380 cm? as
consequence of their common substructures, CH3
and CH: groups, (4) the main difference between
the component spectra is in C-OH stretching bands
(primary and secondary alcohol, respectively) and
p(CHz), 724 and 732 c¢cm, and (5) the spectral
bands of 1-nonanol, v(C-OH) = 1058 cm™ and
p(CHz) = 724 cm?, were vastly removed by
subtraction, i.e. they are not present in the
remainder spectrum.

1500 1200

Fig. 1. Spectra of (A) the mixture (1:1 v/v) of 1-nonanol and 5-nonanol, (B) the remainder spectrum (see text), (C) 1-

nonanol, (D) 5-nonanol.
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[IpennoxkeHa e mpoueaypa 3a aHaTU3 HAa CMECH 4pe3 ThpceHe B OMOIMOTEKH OT WHppauepBeHN U PaMaH CIIeKTpH.
IIpouenypata e TecTBana ¢ mosede ot 60 cMecH OT JIBe OPTAHWYHY ChEJIMHEHUs. 3a aHAIM3a Ce Mpuiiara KOMOWHAIHS
OT MHOTOIIPOMEHJIMBA PETPECHUs W U3BaXKJaHEe Ha CIEeKTpH. V3mons3BaHeTo Ha MH(ppavepBEHN CIIEKTPH AaBa MO-100pu
pe3yaTatu OT Te3W, momydeHu ¢ Paman cmektpu. Ilpomenypara e peanusupaHa B mporpama, paboTemia B cpea Ha
Windows.
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The information on composition of lignite water-soluble fractions, the so-called leachates, formed during coal
mining, storage and exploration is scarce. The aim of the present study is to characterize by wet chemical and spectral
methods leachates from some Bulgarian lignites and to estimate their role as potential organic pollutants in
groundwaters. In this study, lignites from Thrace- and Sofia- coal basins, i.e. Maritza-East and Stanjanci mines, were
subjected to water sequential extraction by distilled water at 25 °C for 10 weeks. The freeze-dried extracts (leachates)
were characterized by yields (1.4% for Stanjanci lignites and 1.7% for Maritza-East lignites), technical and elemental
analysis. Soluble in dichlormethane portions of leachates, 330 mg/kg Maritsa East (ME) lignites and 75 mg/kg
Stanjanci (Stan) lignites, were analyzed by GC-MS. Two groups of components were identified: ketophenols, 12 mg/kg
ME lignite and 1.2 mg/kg Stan lignite, were 5,6-dehydroferruginol, hinokione, 7-ketototarol and sugiol were the main
extracted polar diterpenoids. Oxygenated polar diterpenes of abietane-type are widely distributed in the plant realm.
They are not harmful for the environment. Keto- and unsaturated steranes were the other group of compounds in
leachates. They are not harmful to human health as well. The study will continue with application of instrumental
technique capable to analyze at molecular level essential portion of leachates organic matter. Data from the various
approaches will be compared and their joint interpretation will allow making reasonable conclusions for potentially

harmful/harmless components in coal leachates.

Key words: lignites, leachate, organic matter, ketophenols, ketosteranes

INTRODUCTION

Currently there is a little information about
harmful to human health persistent organic
compounds that are leached from coals in the
environment. The amounts of leached inorganic
substances are under regulation and some organic
impurities in  surface waters, i.e. industrial
pollutants like phthalates, chlorinated products,
PAHs, etc., are under control [1]. In order to assess
the potential impact of interactions between coal
and water that might occur in the environment it is
necessary to have more information on the
composition of lignite water-soluble fractions, the
so-called leachates. They could be formed during
coal washing processes, dump storage piles
exposed to rain and/or water spray, transport in coal
water slurry, disposal of coal, and deposition of
waste materials from energy production in thermal
power plants, etc. [2-4]. It is proved that during
secondary transformations of organic matter
proceeding in dumps, mainly oxidation, the content
of polar constituent increases, and susceptibility to
water run-off arises [5]. It is of utmost importance

* To whom all correspondence should be sent:
E-mail: ani_popova@orgchm.bas.bg

to know the type and amount of leachates infiltrated
in the environment during coal storage and
maintenance.

Coals themselves are not mutagenic, but water-
soluble organic matter from lignite produced an
appreciable mutagenicity [6-8]. Some studies have
reported that groundwater can leach organic matter
from Pliocene lignite and they can be hazardous to

human health (e.g., wurinary tract cancer,
tubulointerstitial nephropathies). Long-term
exposure to low concentrations of organic

compounds leached from Pliocene lignite is
probably one of factors in the etiology of the
disease so-called Balkan endemic nephropathy
(BEN) [9].

In order to appreciate the potential impact of
interactions between coal and water that might
occur in the environment it is necessary to have
information on the composition of lignite water-
soluble fractions. The aim of the present study is
comparative characterization of organic soluble
portions in dichloromethane of leachates from two
Bulgarian  lignites in  view to  depict
presence/absence of harmful components.
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EXPERIMENTAL

Lignite samples from Thrace- and Sofia-coal
basins, i.e. “Maritsa-East” (ME) and “Stanjanci”
(Stan) mines were subjected to water sequential
extraction at 25 °C for 10 weeks. The protocol at
certain extent was adopted from Doskocil et al.
[10]. Briefly, 10 g of grounded lignite samples at <
0.2 mm and 150 ml of distilled water were placed
into a 200 ml Erlenmeyer flask. The slurry was
regularly agitated by magnetic stirrer. Each 7 days,
the leachate was separated from lignite by
centrifugation for 10 min at 4000 rpm at 25° C.
Experiments were performed in duplicate.
Subsequently the supernatant was filtered to
remove the finest particles eventually penetrated
during manipulations. Leachates were freeze-dried
and subjected to characterization by chemical and
instrumental methods [11].

For isolation of material soluble in organic
solvents, freeze-dried leachates were refluxed 3x50
ml for half an hour with dichloromethane (DCM).
Soluble portions were combined, dried over CaSQa,
filtrated, concentrated at reduced pressure and
studied by GC-MS. Scheme of isolation is
illustrated in Fig. 1.

LIGNITE

leaching by
distilled H,0 at 25 °C, 10 weeks

residue
DCM

_GC-MS_

Fig.1. Scheme of extraction and leachate analyses
GC-MS analyses was carried out on a Hewlett-
Packard 6890 GC system plus HP 5973 MSD
equipped with a HP-5 MS  column
(0.25mmx>30mx0.25u film thickness) with flame
ionization detector (300°C). A split/splitless
capillary injector (300°C) is used in the splitless
mode (valve reopened 1 min after injection). After
0.5 min isothermal period at 85°C the oven
temperature was increased to 200°C at 20°/min and
then to 320°C at 5%min. The MSD was operated in
the electron impact (EI) mode with energy of 70 eV
and scan range from 50 to 650 Daltons. The data
were acquired and processed with the HP software.
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Individual compounds were determined by
comparison of mass spectra (MS) with literature
and library data, comparison of MS and GC
retention times with those of authentic standards or
interpretation of mass spectra. For MS spectra
tracking Xcalibur software was used. MS were
quantitatively interpreted by internal standard
application, deuterated nC,s. Amounts were
normalized in mg/kg..

RESULTS AND DISCUSSION

Leachates  conductivity  (2000-4000  uS)
demonstrated that extracts from the first two weeks
were characterized by high amount of salts, 60-70%
ash [11]. Data are in accordance with results for
leaching of South Moravian lignites where
leachates conductivity from the first weeks was
very high [10]. Later on conductivity gradually
decreased from 60 to 15 uS and measured total
organic carbons, (TOCs 316-380 g/kg) were
comparable. Therefore, based on conductivity in
our experiment [11] and literature data [10], only
leachates enriched in TOCs were further studied by
GC-MS. Respectively, leachates from 3 to 10
weeks were combined, freeze-dried and analyzed.
Relatively lower residue amounts, 33-36 %
(comparing to the first two leachates with ashes 63-
70 %,) and high oxygen content, 31-43 %, were
determined for the combined leachates.

In Table 1 are shown yields of leachates, in %.
Data were recalculated on “dry, ash free basis” and
amounts of organic matter in leachates, in % daf,
were obtained. Extractability of leachates in DCM
were 330 mg/kg for ME lignites and 75 mg/kg for
Stan lignites.

Table 1. Yields of leachates and amounts of organic
matter, in %

Lignite Leachate W2 Residue LOM
yield (%%

Maritsa- 1.7 15.93 35.9 0.82

East

Stanjanci 1.4 11.45 32.8 0.78

LOM= Leachate organic matter

In Figure 2 is illustrated GC-MS separation of
DCM extractable organic matter in ME leachate.
Identified structures are given in Table 2. In both
extracts GC-MS study of DCM extracts has
depicted two groups of organic compounds: (i)
polar diterpenoids, (ii) and, ketosteranes. Structures
of identified compounds are illustrated in Appendix
(Fig.3). GC-MS data for polar diterpenoids were
quantitatively interpreted and their amounts are
given in Table 2.
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POLAR DITERPENOIDS

' KETO STERANES
Vi
|

Iy LA % x

Fig. 2. GC-MS separation of DCM soluble portion of
Maritsa East lignite leachate (Structures in Table 2 and
Appendix)

Both DCM extracts compositions were
comparable. There were differences only in
compounds proportions: (i) tenfold higher amount
of polar diterpenoids (Polar-Di) for ME lignites, 12
mg/kg, comparing to 1.2 mg/kg for Stan lignites;
(if) and, higher amount of ketosteranes for Stan
lignite, 2.6 mg/kg coal, comparing to 1.5 mg/kg
coal for ME lignite (Table 2).

A specific flora was growing on our territory
during the Tertiary, in a subtropical, warm and
humid climate, as proved our studies on biomarker
compositions  [12-14]. Marshland  vegetation
including water grass and species of plants and
trees (Taxodium, Sequoia, Glyptostrobus, etc.) were
presented at the edges of shallow lakes and lagoons.
The dead vegetation was buried by sediment and
decayed mainly under anaerobic conditions. A
systematic study of Pliocene aged lignites in Balkan
Peninsula as a reason for the kidney disease
abundant only in the territories of Serbia, Romania,
Bulgaria, Croatia, has been performed [6-9].
Leachates from the endemic area lignites include
aliphatic (mainly cycloalkanes/alkenes and steranic
structures) and aromatic (mono- and polyaromatic
terpanes, polycyclic aromatic  hydrocarbons)
structures. By spectral methods, i.e. *C NMR, GC-
MS, was proven that many of these compounds
have attached O- functional groups, i.e. phenolic
OH, keto groups, OCHs, etc., and some of them
contain heterocyclic N or NH; groups, structural
features that could make them nephrotoxic and
carcinogenic.

The preservation potential of terpenoids as
phenols or ketones is appreciable. In particular
diterpenoids were used as (palaeo)chemosystematic
indicators for the systematics and phylogeny of
conifers. Polar diterpenoids, i.e. ferruginol and its

dehydrogenated analogue, are common constituents
of modern species of Cupressaceae/Taxodiaceae
and Podocarpaceae. Their chemotaxonomic value
has already been discussed in studies of Bulgarian
Neogene lignites where the vegetation in the
palaeoswamps was dominated by such conifers [12-
15].

Oxygenated polar diterpenes of abietane-type
are widely distributed in the plant realm. Potential
cytotoxic, antifungal, and antibacterial activities for
them have been reported by Kusumoto et al.
[16,17]. In a suite of studies the authors have
enhanced the pharmacological prospects of the
natural abietane-type diterpenoids extracted from
conifer cones. According to these finding polar
diterpenoids of abiatane type were not harmful for
the environment and possess pharmacological
properties with well expressed antioxidant activity,
anti-fungal, anti-termitic, anti-ulcerogenic
properties, etc.

Among the steroid ketones (ketosteranes) the
most abundant are stigmastan-3,5-diene-7-one
(V1) 24-ethylcholest-4-en-3-one (stigmast-4-en-3-
one) (IX), with lower contributions of 24-
methylcholest-4-en-3-one (ergost-4-en-3-one), 24-
methylcholestan-3-one  (ergostanone), and 24-
ethylcholestan-3,5-dien-7-one  (not indicated in
Fig.2 and not quantified in Table 2). One diketo
sterane, stigmastan-3,6-dione (X), was identified as
well. There were some negligible amounts of di-
and tri- unsaturated steranes, i.e. stigmastan-3,5-
diene, M*396, m/z 147 (100%) and stigmastan-
3,5,22-triene, M*394, m/z 255 (100%). All keto-
and unsaturated steranes are typical for coal
extractable matter and denote terrigenous input
[12]. They are not harmful to human health as well.

CONCLUSION

This study was inspired by the necessity of
information on the organic matter composition of
coal leachates. Two Bulgarian lignites were leached
by distilled water at 25°C for 10 weeks. GC-MS
study of organic extractable matter in leachates has
revealed the presence of two groups of polar
organic compounds: (i) polar diterpenoids, 1.2-12
mg/kg coal, i.e. 5,6-dehydroferruginol, hinokione,
7-ketototarol, sugiol; (ii) and, ketosteranes of
terrigenous origin, 1.5-2.6 mg/kg coal. Both groups
of compounds are not harmful for human health.
The study will continue with application of other
instrumental technique capable to analyse leachates
essential portions at molecular level.
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N m/z Leachate
Compound Formula M (100%) ME Stan
Polar diterpenoids*, i.e.
6,7-Dehydroferruginol (1) Ca0H250 284 202 2.3 0.3
Ferruginol (I1) CooH300 286 271 1.3 0.2
Hinokione (I11) C20H3002 300 189 3.0 0.2
7-Ketototarol (1V) C2oH2502 300 285 15 0.2
Sugiol (V) C2oH2602 300 285 2.3 0.2
Salvinolone (V1) Ca0H2603 314 244 0.6 -
5,6-Dihydrosugiol (VI1) Ca0H2602 298 213 1.0 0.1
ToTAL 12.0 1.2
Keto steroids*, i.e.
Stigmastan-3,5-diene-7-one (V1)  CxHa0 410 174
Stigmastan-4-en-3-one (1X) CaoH450 412 124
Stigmastan-3,6-diene-dione (X) Ca9H150- 428 245
TOTAL 1.5 2.6

*- structures in Appendix

OH

K2

l. 6,7-Dehydroferruginol I1. Ferruginol
OH

£

V. Sugiol VI. Salvinolone

IX. Stigmastan-4-en-3-one

I11. Hinokione

VI11.5,6-Dehydrosugiol

Y

VIII. Stigmastan-3,5-
diene-7-one

X. Stigmastan-3,6-dione

Fig. 3. Appendix: Chemical structures cited in the text
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OPI'AHMYHU BEHIECTBA OT U3JIYI'BAHE HA HAKOU BBJI'APCKU JIMTTHUTU

Al Kocaresa'*, M. CTeq)aHOBal, C.IL MapI/IHOBl, JI. ToncanBem?
Y Unemumym no opeanuuna xumus ¢ Llenmwp no gpumoxumus, Bvrzapcka axademus na naykume, yi. Axao. I. Bonues,
on. 9, 1113 Cogpus, bvreapus
2 Bypaacku ynusepcumem “Ilpogp. 0-p Acen 3namapos”, Bypeac 8010, Bvreapus

IMoctrenuna Ha 21 maif 2017 r.; Kopurnpana va 14 anpun 2017 r.

(Pesrome)

INonacrosmem uHpOpManMATa 3a ChCTaBa Ha JUTHUTHHUTE BOJOPA3TBOPHMH (pakumu oOpazyBaHH IO BpeMe Ha
J0OMB HA BBIJIMIIA, CHXPAHABAHETO WM M TAXHATA EKCIUIOATalmus, T. H. MHQHUITPATH, € orpaHudeHa. llen Ha
HACTOSAIIOTO U3CIIEABAHE € OXAPAKTEPU3UPAHETO UPE3 XMMHUUECKH U CIIEKTPAIHI METOIN Ha MHMWITPATH OT OBJITapCcKu
JIMTHUTH M OLIEHKaTa UM KaTO MOTEHLUAIHN OPTaHUYHU 3aMBbPCUTENH Ha MOJIOYBeHH Boau. JIurautu ot Tpakuiickus
u Coduiickust BBITIMIIHE OaceiHu, B T.4. MUHH ,,Mapuna M3tok” u ,,Cransuim’, 0sxa MOJI0KESHN Ha MOC/IeA0BaTeIHA
eKkcTpakius ¢ jaectunupana Boja npu 25 °C, B npoawsmxenue Ha 10 ceamumy. JIMOGUIM3HpaHUTE €KCTPAKTU
(uadunTparu) ca oxapakrepuszupanu ¢ n1o6muB 1.4% 3a CraHsHCkM JUrHUTH U 1.7% 3a aurauta or Mapuua-H3Tok,
TEXHUYECKH M eJIEMEHTHH aHalIM3M. Pa3TBOpUMHUTE B ITUXJIOpPMETaH NOPLUUHU Ha MHQHUATpaTuTe, ChoTBeTHO 330 mg/kg
3a Mapuna Mztok (ME) u 75 mg/kg 3a Cramsamu (Stan) 0Osixa aHanu3upaHu  4pe3  ras
xpomarorpacdust/maccrekrpomerpust (GC-MS). Onpenenenu ca 1Be rpynu chequHeHus - kerodeHonu, 12 mg/kg 3a ME
muraATH 1 1.2 mg/kg 3a Stan-nurantan Berauma. OCHOBHUTE NMOJSPHH AWTEPIIEHOWAN TPUCHCTBAIIM B €KCTPAKTUTE
ca 5,6-nexunpodepyknuHo, XHHOKHOH, 7-KETOTOTapoJ M CYKHOJI. Kuciopoa chIbpkaliuTe MOISAPHUA AUTEPIEHH OT
abueTaHoOB THUII ca MIMPOKO PA3NPOCTPAHEHH B PACTUTEIHUS CBAT U € JIOKAa3aHO, Ye He ca BPEIHU 3a OKOJIHATa Cpeja.
Jpyrata Tpyna cheIMHEHHMsS Ca KETO- W HEHACUTEHH cTepaHH. Te chIlo ca Oe3BpeAHH 3a YOBEIIKOTO 3/paBe.
W3cnenBaHeTo 1ie MpoOABIDKM C ThPCEHE M IMPUIAraHEeTO HAa MHCTPYMEHTAIHU TEXHUKH, MOJIXOJSIIHN /1a Ce M3YYH Ha
MOJIEKYJTHO HHMBO IIPEICTABHTEIHA YacT OT OPTaHWYHHTE BEIIeCTBA B H3cieaBaHUTEe HHGwWiITparu. JlaHHHTE OT
pa3IMYHHUTE MOIXOAM e OBJAT CpPaBHEHH, a TAXHOTO CHBMECTHO HHTEPIPETHPAHE IIe IMMO3BOJH Ja Ce HAIpaBAT
3aKJIFOUEHHS] OTHOCHO TPUCHCTBHETO Ha TIOTCHIWAIHO BpeaHu/0e3BpeIHH KOMIIOHCHTH B KAMEHOBBIJICHHUTE
UHUITPATH, TTOJyYESHH MIPU M3ITyrBaHe HA JIUTHUTHH BBIUIMINA.
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The NiMnOs/Mn;03; and NiOgsZn0o2/ZnO materials were synthesized by precipitation technique (using different
precursors — nitrates or chlorides and sodium hydroxide or sodium bicarbonate as precipitant) followed by calcination at
450°C. The existence of NiMnQOs, Mn;O3 and NiOsZn0o.2, ZnO phases were established in the investigated samples by
the powder X-ray diffraction analysis and FT-IR spectroscopy. The photocatalytic activity of prepared NiMnO3z/Mn,03
and NiOgsZnOg2/ZnO samples was tested and compared in the degradation of Malachite Green dye (MG) as model
contaminant in aqueous solution under UV-irradiation. The photocatalytic tests determined that the degree of
degradation of Malachite Green dye after 120 minutes over the NiOogZnOg2/ZnO and NiMnO3/Mn,0z samples (99%
and 91%) synthesized using nitrates as starting materials is higher compared with that over materials prepared by
chlorides (89% and 83%). The results show that synthesized NiOggZn0g2/ZnO and NiMnOs/Mn,03; materials in this
study are promising photocatalysts for removal of MG dye as model pollutant from aqueous solution under UV

illumination.

Key words: preparation, material, photocatalytic efficiency, degradation, Malachite Green, dye.

INTRODUCTION

Synthetic dyes find application in industries
such as the leather tanning, textile, food
technology, paper production, hair colorings, etc.
The wastewaters released from these industries are
usually contaminated with dyes. Malachite Green is
used for the dyeing of cotton, silk, leather, paper as
well as in manufacturing of printing and paints
inks. Malachite Green is broadly used in distilleries
for coloring purposes [1]. Malachite Green has
strong effects on the reproductive and immune
systems and possesses potential genotoxic and
carcinogenic effects. The use of photocatalysts to
degrade organic compounds in polluted water or air
or to convert them into harmless substances has
been widely investigated to decrease the damage
breded by organic dye contamination to the people
and environment [2]. For example ZnxNixO thin
films were tested in photodegradation of Methylene

* To whom all correspondence should be sent:
E-mail: zaharieva@ic.bas.bg

Blue [3]. V. Eskizeybek et al. [4] have studied the
photocatalytic properties of PANI homopolymer
and PANI/ZnO nanocomposites in the degradation
of Methylene Blue and Malachite Green dyes in
aqueous medium under natural sunlight and UV
light irradiation [4]. L. Saikia et al. [5] have
established that the photocatalytic degradation of
MG dye by ZnO samples in the form of
nanoparticles and flowers were very effective in
removal of this dye from aqueous solution [5].
Several research groups have investigated the
photocatalytic properties of Mn,O3z composites. The
photocatalytic activities of Mn,Os/TiO, material
were studied by photooxidation of Rhodamine B,
Thymol Blue, Methyl Orange and Bromocresol
Green dyes under visible light [6]. R. Talebi [7]
tested the photocatalytic ability of Mn,Os-TiO,
nanocomposites about the degradation of Methyl
Orange under ultraviolet light irradiation [7]. The
photocatalytic activity of a-Mn,Os particles were
investigated for photodegradation of the Remazol
Red B dye, using a multilamp photo reactor [8]. M.
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Pudukudy and et al. [9] are shown that the Mn,O;
microstructures have a moderate photocatalytic
efficiency for the degradation of Methylene Blue
dye under UV light irradiation [9]. In [10] the
photocatalytic ~ activity of  graphene-Mn,0;
nanocomposite about photocatalytic degradation of
eosin, methylene blue and rhodamine B was tested
[10]. G. Panthi et al. [11] determined that the
photocatalytic  activity of the MnyOs/TiO;
nanofibers was higher than that of TiO, nanofibers
for the photodegradation of Methylene Blue dye
[11]. D. Mehandjiev et al. [12] were prepared and
compared the catalytic activity of the ilmenite-type
and spinel-type nickel-manganese oxide materials
in the reactions of complete oxidation of
hydrocarbons [12].

The present study deals with the synthesis,
physicochemical characterization and comparative
photocatalytic investigations of NiOgsZnOo2/ZnO
and NiMnOs/Mn,Os materials. For that the
investigated samples were prepared by precipitation
procedure using different starting materials —
nitrates or chlorides and NaOH or NaHCOs as
precipitating agent. The physicochemical properties
of prepared materials were investigated by powder
X-ray diffraction analysis (PXRD) and infrared
(FT-IR)  spectroscopy. The  photocatalytic
efficiency of synthesized NiOgsZnO2/Zn0O and
NiMnO3s/Mn,0; samples was tested and compared
in the reaction of degradation of Malachite Green
dye in aqueous solution under UV illumination.
The aim of this study was to investigate the effect
of the type of precursors and precipitant on the
photocatalytic activity of prepared
NiOo8Zn0o2/ZnO and NiMnOs/Mn,O3; materials.

EXPERIMENTAL

Synthesis and physicochemical characterization of
the materials

The NiOgsZn0Og2/ZNO samples named as
Sample 1 and Sample 2 were prepared by
precipitation technique. The Sample 1 and Sample
2 was synthesized using aqueous solutions of
0.25M Ni(NO3)2»6H,O (VWR Prolabo BDH
chemicals); 0.25M Zn(NOz3)2*6H,O (Valerus Co.)
(sample 1) and 0.25M NiCl*6H,O (Valerus Co.);
0.25M ZnCl; (Valerus Co.), (sample 2) mixed in
ratio 1:2. The aqueous solutions of used starting
materials (nitrates or chlorides) were prepared
separately and then mixed. The mixture was stirred
for 15 minutes. After that the precipitant - aqueous
solution of 0.75M NaOH (Valerus Co.) was added
drop by drop in the mixture until pH reached 12 at

continuous stirring. The NiMnOs/Mn,O3; materials
labeled as Sample 3 and Sample 4 were synthesized
by the similar precipitation procedure. Sample 3
was prepared from 0.25M Ni(NO3),*6H.O (VWR
Prolabo BDH chemicals); 0.25M Mn(NO3)2+4H,0
(Alfa Aesar); 0.75M NaHCO3 (Valerus Co.), while
the sample 4 was prepared using 0.25M NiCl,e
6H.O (Valerus Co.); 0.25M MnCl»*4H.0 (Valerus
Co.); 0.75M NaOH (Valerus Co.). The precipitants
NaHCOz and NaOH were added in the mixtures of
aqueous solutions of nitrate and chloride precursors
until pH became 7 and 12 respectively. After
precipitation the suspension was stirred for one
hour. The precipitates was filtered and washed with
distilled water several times to remove the traces of
NaOH or NaHCO; respectively. The obtained
materials were dried at 35 °C. The precipitates were
calcined at 450 °C for 3 hours and 30 minutes in air
atmosphere. The Powder X-ray diffraction analysis
(PXRD) and FT-IR spectroscopy were used to
study the phase composition and structure of the
synthesized materials. The PXRD analysis of the
samples was performed using Philips PW 1050
with Cu K,-radiation. The phases were established
using the ICDD database. FT-IR spectra of the
samples were collected on a Fourier infrared
spectrometer Bruker-Vector 22. The prepared
materials using KBr tablets were investigated in the
400-4000 cm™ range.

Photocatalytic tests

The photocatalytic experiment of degradation of
Malachite Green (MG) with initial concentration of
aqueous solution of the dye - 5 ppm was carried out
under UV-A illumination (18 W). The
photocatalytic test was performed in semi-batch
slurry reactor using 0.15 g photocatalyst and 150
ml of dye solution under constant stirring and air
flowing. To reach  adsorption-desorption
equilibrium state the studied systems were left in
the dark for about 30 min before switching on the
UV irradiation for 2 hours. The powder was
separated from the aliquot solution by
centrifugation (4ml of the suspension). After that
the change of absorbance during the photocatalytic
tests was monitored by UV-Vis absorbance
spectrophotometer UV-1600PC in the wavelength
range from 200 to 800 nm (Amax = 615 nm).

The degree of dye degradation was calculated
using the dependence: (Co-C/Co) x100, where Co
and C were initial concentration of the dye solution
before turning on the illumination and residual
concentration of the dye solution after illumination
for the selected time interval.
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RESULTS AND DISCUSSION

On the Figures 1 and 2 are illustrated the results of
the studied samples recorded by powder X-ray
diffraction (PXRD) analysis. The presence of
NiOosZnOg, (PDF-750271) and 2ZnO (PDF
897130) phases are registered in the powder X-ray
diffraction spectra of the Sample 1 and Sample 2.
The PXRD patterns of the Sample 3 and Sample 4
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Fig. 1. PXRD patterns of NiOggZnQOg2/Zn0O materials.
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Fig. 3. FT-IR spectra of NiOg sZnQg 2/ZnO materials.
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show the existence of the NiMnO3; (PDF-653695)
and Mn;0O; (PDF-721427) phases. Figures 3 and 4
presented FT-IR  spectra of  synthesized
NiO0sZn0Og2/ZnO and NiMnOs/Mn,0s; materials.
The absorption bands at around 3440 and 3444 cm
can be ascribed to the hydroxyl groups bonded
through hydrogen bonds. The peak at wave
numbers about 1630 cm™ corresponds to the
adsorbed molecular H2O [8].

Sample 4
= Mn,O,
+ NiMnO,
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Fig. 2. PXRD patterns of NiMnO3z/Mn,0s materials.
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Fig. 4. FT-IR spectra of NiMnO3/Mn,03 materials.
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The results indicate that catalysts are hydrated.
In the region 400-800 cm™ are usually the vibration
of metallic ion in the crystal lattice. Two main
broad M-O bands are seen in the spectra of normal
spinels. The highest peak at around 550 cm
attributed to the stretching vibration of the metal
ion at the tetrahedral site (v(M-O)) [13]. In the
infrared spectra of Sample 3 and 4 are seen the
lowest band observed in the range 450-490 cm
(NiMnO3s/Mn;05) is octahedral metal ion stretching
[13]. The appearance of the two bands in the range
of 400-1000 cm? shows the presence of mixed
oxides. The peaks at about 1191, 1200 and 1051
cm® could be assigned to the others admixtures in
the studied samples [14-16]. The data obtained by
FT-IR spectroscopy are in agreement with the
results established by PXRD.

In presented study is discussed the degradation
of Malachite Green dye as model pollutant under
UV irradiation using synthesized NiOosZnQo./Zn0O
and NiMnOs/Mn;O3 as photocatalysts.

The equation (1) was used to calculate the
adsorption capacities of investigated samples:

Q — (CO _C)V

m (1)
where Co and C are the initial and after 30 minutes
in the dark concentrations of the dye, V is the
volume of the solution and m is the weight of the
photocatalyst.

The adsorption capacities give the following
order: Sample 4 (0.004 mg/g) < Sample 3
(0.041mg/g) < Sample 2 (0.044mg/g) < Sample 1
(0.051mg/g). As can be seen the NiOgsZnOo2/ZnO
material prepared by nitrate precursors shows the
highest adsorption capacity in comparison with
these of the others samples.

The degradation of Malachite Green dye with
time of UV-A illumination is presented on Figure
5.
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Fig. 5. Degree of degradation of MG dye as a function

of the time of UV illumination.

The degree of degradation on Sample 1 (99%)
and Sample 2 (89%) was higher in comparison with
Sample 3 (91%) and Sample 4 (83%). The catalysts
prepared  from nitrates  possessed  better
photocatalytic activity than those from chloride
precursors. The highest photocatalytic efficiency
about degradation of Malachite Green dye is
determined for NiQOgsZnO2/ZNO obtained by
nitrate precursors.

The apparent rate constants of investigated
photocatalysts (Figure 6) were calculated using
logarithmic linear dependence -In(C/Cy) = Kkt.
They followed the pseudo first-order Kinetics.
NiMnO3s/Mn,0; samples have demonstrated almost
equally rate constants values, no matter of used

precursors.
2 4 3 1

Photocatalysts

Fig. 6. Comparison data of apparent rate constants of
NiO0.8Zn0p2/ZN0O and NiMnOs/Mn,03 photocatalysts in
degradation of MG dye.
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Unlike apparent rate constant of
NiOosZn0o2/ZnO prepared by nitrates increased
twice in comparison of this of NiOgsZnOg2/Zn0O
obtained by chlorides.

CONCLUSION

The precipitation technique followed by
calcination in air media at 450°C for 3 hours and 30
minutes was successfully used for the synthesis of
NiMnO3/Mn,0s; and NiOpsZn0Og2/ZnO samples.
The NiMnOgz, Mn;O3 and NiOgsZn0q >, ZnO phases
were determined in the prepared materials using
PXRD analysis and FT-IR spectroscopy. The
impact of the different precursors on the
photocatalytic properties of the prepared samples
was found. The photocatalytic activity of
NiOosZn0g2/ZnO and NiMnOs/Mn,Oz; materials
prepared using nitrates as starting materials is
higher than that of the samples synthesized by
chlorides. The synthesized NiMnO3/Mn;O3 and
NiOo.sZn0o2/ZnO powdery materials exhibit high
degree of degradation of the MG dye (83%-99%)
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ITOJIYHABAHE U CPABHUTEJIHO ®OTOKATAJIMTUYHO U3CJIIEABAHE HA
NiMnOs/Mn203 1 NiOo.8Zn0Og.2/ZnO MATEPUAJIN 3A TIPEMAXBAHE HA MAJIAXWUTOBO
3EJIEHO BAI'PMJIO OT BOJAEH PA3TBOP

K. JI. 3axapuesal”, K. . Munenosal, C. B. Bacunes?, C. C. Jlumosa®, U. JI. Ctam6onosa*, B. H. Biabckos?

1P[Hcmumym no kamanus, bvreapcka akademus na naykume, ya. ,, Axkao. I'. Bonueg*, 6a. 11, 1113 Cogus, Bvaeapus
2Uncmumym no enexmpoxumus u enepauiinu cucmemu, Bvieapcka axademus na naykume, yn. ,, Axao. I'. Bonues, 611.
10, 1113 Cogus, Bvacapus
SUncmumym no nonumepu, Bvnzapcka akademus na naykume, ya. ,, Axao. I Bonues*, 6. 103A, 1113 Cogus,
bvreapus
‘Uncmumym no obwa u neopeanuuna xumus, bvnzapcka akademus na naykume, yi. ,, Axao. I'. Bonues*, 6a. 11, 1113
Cogus, Poreapus

Hocrermna va 14 mapt 2017 r.; Kopurupana Ha 16 anpun 2017 r.
(Pestome)

NiMnO3/Mn20s u NiOgsZnOo/ZnO wmartepuanu Osxa CHHTE3WPAHW dUpe3 yTasBaHe (M3MOJI3BAMKH pa3TMIHA
NPEeKypcopyd — HUTPATH WM XJOPWAW M HATPUEB XHUIPOKCHJ WIIM HATPHEB XHUAPOTeHKAapOOHAT KAaTO YTauWTel)
nocnenBaHo ot HakamsiBaHe npu 450°C. CeiectByBanero Ha NiMnOs, MnyOs u NiOosZnOg2, ZnO ¢asu Oere
YCTaHOBEHO B M3CJIEABAHUTE MPOOH MOCPEICTBOM PEHTreHO(a30B aHAINM3 U MH(padepBeHa CIEKTPOCKONus ¢ dypue
Tpanchopmanus. PoTokaTanUTHYHATA aKTUBHOCT Ha nonydeHute NiMnO3/Mn;Oz 1 NiOgsZnOo2/ZnO mnpodu Oeie
TECTBAaHA M CpaBHEHa B pasrpakaaHero Ha ManaxuTtoBo 3eneHo Oarpwio (M3) kato MOJEIeH 3aMbpPCHUTEN BBB BOACH
pa3TBOp MoJ JAeHcTBHETO Ha YB oOnbuBane. POTOKATAIMTUYHUTE TECTOBE YCTAHOBHUXA, Y€ CTEIICHTA Ha pasrpakiaHe
Ha ManaxutoBo 3eneno Oarpmino cien 120 munytd ¢ NiOgsZnOg2/ZnO u NiMnOs/MnO3 npobu (99% u 91%)
CHUHTE3MpAHU M3IMOJI3BAliK HUTPATH KAaTO H3XOJHH MaTepHAd € MO-BUCOKAa CPaBHEHA C Ta3u INPH MaTepualiuTe
nojyuern ot xjaopunu (89% u 83%). Pesynrarure nokasear, ye cuntesupanure NiOosgZnOg2/ZnO u NiMnO3/Mn;03
MaTepuaiy B TOBa M3CleABaHe ca oOemaBaniy (HOToKaTaIM3aTOpH 3a MpeMaxBaHe Ha MajgaxuToBo 3eleHo Oarpuio
KaTO MOJIEJIeH 3aMbPCUTEN BbB BOJICH Pa3TBOp IO JieiicTBHeTo Ha Y B cBeTimHa.
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PdO-CeO2/Al,03 and PdO-CeO,/ZSM5 powder samples were prepared by impregnation and applied for
photodegradation of aqueous solution of Malachite Green (MG) and Methyl Orange (MO) dyes under UV light.
Physicochemical characterization of the samples was done by the following methods - AAA, BET, XRD, SEM and
XPS. The palladium and cerium content in both investigated photocatalysts is found to be around 4.3 and 3 wt. %, the
specific surface area for PdO-CeO,/Al,O; is 133 m?/g while this one for PdO-Ce0,/ZSM5 samples is 188 m?/g. The
apparent rate constants of investigated dyes were in the following order: MO, PdO-CeO/Al;03 (21.0 x10*min) > MG,
PdO-CeO/Al;03 (13.9 x103mint) > MO, PdO-CeOQ/ZSM5 (6.6 x10-3mint) > MG, PdO-CeO/ZSM5 (5.8 x10-°mint).

Key words: CeO,, PdO, photocatalysis, dyes, waste waters.

INTRODUCTION

In textile industries, dyes are heavily used for
coloring. Dye effluents discharged into waters may
cause detremental effects of the environment and as
consequence to the human health. Most desired
way to reduce polution of waters is using clean
technology such as photocatalytic treatment [1].
Heterogeneous photocatalysis has been considered
as an inexpensive and efficient [2] way for the
degradation of toxic organic compounds [3].
Recently there is an increase in the interest to
semiconductor oxide photocatalysts due to their
ability to convert photon energy into chemical
energy [4].

It is urgent to create new catalysts, developing
synergistic effect between the carrier and supported
semiconductor oxides. It is aiming improvement of
photocatalytic performance through optimization of
processes of charge carrier transfer on
semiconductor surfaces [5].

Mesoporous y-Al,O3; support is reported as an
electron acceptor with high surface area and
ultraviolet-light-response ability [6]. Great attention
of researchers have attracted to the supported noble
metal catalysts, which may increase -catalytic
activity by suppressing the recombination of
photoinduced carriers [7, 8].

Cerium together with its oxide is the most

* To whom all correspondence should be sent:
E-mail: kmilenova@ic.bas.bg

intriguing rare earth element and can be photo
excited by absorbing photo energy [9]. Band gap of
CeOzis 3.2 eV. The combinations with other oxides
will lower the band gap and increase its reactivity
[2]. The use of rare earth oxides has been described
as a good opportunity for stabilization of the
support and the active phase on it. In that respect,
CeO; is an excellent choice to stabilize PdO [10].

PdO/Ce0,-Al,O3; and Pd/CeO./Al,0O; catalysts
were tested for methane combustion and Water-
Gas-Shift Reaction [7, 11]. Yuliati et al. found that
cerium oxide supported on SiO; or Al.Os, promote
photocatalytic  non-oxidative  direct methane
coupling [9]. Photocatalysts containing Al.O;
modified with rare earth and noble metal oxides
have been studed for degradation of pesticides [12].

Cr/ZSM-5 and CeO,/MCM-48 were
investigated for the photocatalytic oxidation of
propane and Acid Orange 7 accordingly [13, 14].

Photodegradation of oxalic acids and bisphenol
A on Fes04/Si0y/CeO; and Al,O3 — FesO4 catalysts
have been investigated in [15, 16].

In the present work we compare the catalytic
behaviour of mixed PdO-CeO; oxides supported on
Al;O3 and ZSM5 carriers. The process of photo-
degradation under UV-light in aqueous solutions of
two different dyes (Malachite Green and Methyl
Orange) were also investigated and discussed.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 35
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EXPERIMENTAL

Sample preparation procedure

Carrier materials of both catalysts — H-ZSM-5
and y-Al;O3 (Rhone Poulenc) were dried overnight
at 120 °C, dispersed in water and impregnated for
16 h in prepared aqueous solution containing 5%
Ce(IV) obtained from source (NH4).Ce(NOs)s and
1% Pd(ll) obtained from source Pd(NHs).Cl,. The
mixture was left until decolorization occurred. Then
the zeolite and silica were filtrated, dried and
calcined at 600 °C for 6 h [17].

Sample characterization

The X-ray diffraction (XRD) analysis was
carried out on a Bruker-AXS, D8 Advance using
CuKoa radiation within a 26 angle of diffraction
interval of 10 + 80 degrees.

PYE UNICAM SP 1950 spectrometer was used
for determination of palladium content, after
extraction with HCI by AAA method. Titrimetrical
method was applied for determination of cerium
loading.

The specific surface area was established by the
BET method using low temperature (77 K) nitrogen
adsorption. JSM — 5510 JEOL scanning electron
microscope was used for SEM investigations.

XPS investigations were carried out by means of
a VG ESCALAB MKk Il spectrometer using an Al
Ko excitation source (1486.6 eV) with a total
instrumental resolution of ~1 eV, under base
pressure of 1x10® Pa. The Cls, Ols, Pd 3d, Ce3d,
Al2p and Si2p photoelectron lines were recorded.
The charging effects were corrected by using the
Cls peak as reference at 285eV. The atomic
concentrations of the constituent elements have
been calculated using a peak area and Scofild’s
photoinization cross-sections.

The photocatalytic activity of PdO-CeO,/Al,O;
and PdO-CeO,/ZSM5 for the oxidative degradation
of 5 ppm aqueous solution of Malachite Green or
Methyl Orange dyes was evaluated. The 0.15g
photocatalyst samples in 150 ml of dye solution
were investigated in a semi-batch reactor under
constant stirring, at room temperature. In order to
obtain adsorption-desorption characteristics 30
minutes tests were carried out in the dark first,
followed by 120 minutes period of UV illumination
(power 18 W, Amax = 365 nm). The separation of the
powder from the suspension was carried out by
centrifugation before the UV-Vis
spectrophotometrical measurements (UV-1600PC
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Spectrophotometer). The degree of dye degradation
was calculated using the formula:
Degradation = M100%
C0

where Co and C were initial concentration before
turning on the illumination and residual
concentration of the dye solution after illumination
for selected time interval. The adsorption capacities
of samples after 30 minutes dark period were
determined by the equation:

Q — (CO _C)V
m

where Co and C are the initial and after half an hour
in the dark concentrations of the dye, V is the
volume of the solution and m is the weight of the
photocatalyst.

RESULTS AND DISCUSSION

The palladium and cerium contents in both
investigated samples were evaluated as about 4.3
wt. % and 3.0 wt. %, respectively. The specific
surface area of PdO-CeO./Al,O3 sample is lower
(133 m?/g) than this of PdO-CeO./ZSM5 sample
(188 m?/g) [17]. The obtained XRD patterns of
PdO-Ce02/ZSM5 and PdO-CeO2/Al;,05
photocatalysts are shown in Figure la and 1b
respectively. In this Figure 1 it is seen that
palladium exist mainly as PdO (PDF-75-584) and
cerium as CeO, (PDF-34-0394). Simultaneously on
the diffractograms are present some low
temperature form of alumina: y-Al,Os; (PDF-50-
0741) and MFI structure [17].

Intensity, cps

Two theta, degree

Fig. 1. XRD patterns of: (a) PdO-CeO,/ZSM5, (b) PdO-
Ce0,/Al,0:s.
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The morphology of both catalyst samples was
studied by SEM. Figures 2 and 3 represent SEM
images of PdO-CeO,/ZSM5 and PdO-CeO./Al;,O3
samples at magnification x 5,000 um. The SEM
image of PdO-CeQO,/ZSM5 shows porous structure.
In the picture are visible round particles of irregular
shape with different sizes around (0.3+1.5 pm),
some of them united in aggregates bigger than
Sum. The SEM image of PdO-CeO,/Al,O3 shows
big aggregates with cracks on them. Some particles
and flakes in the range of 0.1+2.5pm were alighted
on the aggregates. From the SEM pictures of the
both samples we can conclude that the sintering
processes flow more intense in PdO-CeO./Al,O3
sample comparing with PdO-CeO,/ZSM5 one.

g "
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Fig. 3. SEM picture of PdO-CeO/Al;03 sample.

The surface composition and the oxidation states
of the constituent element in the studied
photocatalysts were proved by XPS.

The concentrations of the elements on the
surface of the both catalysts are shown in Table 1.

The Ols, Ce3d and Pd3d photoelectron spectra
of PdO-CeO,/Al,0; and PdO-CeO,/ZSM5 are
presented in Fig. 4. In the Ols photoelectron
spectrum of PdO-CeO./ZSM5 photocatalyst is
distinguished, low binding energy wide shoulder
with a maximum at around 529.4 eV, a main peak
at 532.5 eV and additionally to the main and low
binding energy peaks a peak at ~534 eV is
observed.

Table 1. Concentrations of the elements (at.%) on the
surface of the photocatalysts.

Sample C (0] Ce Si Al Pd

PdO-CeO/
oY 1330 5657 227 2059 161 565
PAO-CeO/ ,y67 4688 092 - 2940 213
Al203

The first two mentioned peaks are associated to
CeO; and SiO, respectivelly [18,19,20]. The higher
binding energy peak is due to the absorbed water
species on the catalyst surface. In region of Ols
photoelectron line for the second studied catalyst
PdO-CeO/Al,O3, we detect (only) one peak having
binding energy around 531.4 eV, typical for the
Al,Os;. The Pd3d photoelectron spectra are
characteristic of presence of PdO on the catalysts
surfaces. The visible differences are observed for
the recorded Ce3d spectra. It is well known that the
Ce3d region has well separated spin-orbit
components (A=18.6 eV). After deconvolution of
the Ce3d complex structure ten peaks are
distinguishable that are referenced to the 3ds, and
3ds, spin orbital spliting and are signed according
the Burroughs et al. [21] to the existance of both
Ce** and Ce** states. The amount of Ce(IV) in the
studied catalysts samples could be evaluated as a
percentage of the area of the u'" peak at 916.8 eV to
the total Ce3d area. Thus, the percentage of the u'"
peak with respect to the total Ce3d peak area varies
from 0 to 14%, when the Ce(IV) percentage to total
amount of Ce varies from 0 to 100%. The
calculated area ratio are 11.57% for PdO-
Ce0y/ZSM5 and 5.53% for PdO-CeO./Al,O3,
respectively.

O1s Ce3d Pd3d

o Al 2 TN I NP P | PR EPUR NPU R
528 531 534 537 540 880 890 900 910 920 333 336 339 342 345

Binding energy, eV

Fig. 4. Ols, Ce3d and Pd3d spectra of PdO-CeO,/ZSM5
(blue line) and PdO-CeO,/Al,O3 (black line) samples.
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The photocatalytic performances of PdO-
Ce0./Al;03 and PdO-CeO2/ZSM5 samples tested
for degradation of two dyes-Malachite Green and
Methyl Orange is presented in Fig. 5. The degree of
dye degradation of investigated dyes on the two
studied photocatalytic systems decrease in the
following order: MO, PdO-CeO/Al;O3 (97%) >
MG, PdO-CeO/Al.0s (90%) > MO, PdO-
CeO/ZSM5 (73%) > MG, PdO-CeO/ZSM5 (68%).
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Fig. 5. Photocatalytic degradation of MO (Amx = 464
nm) and MG (Amax = 615 nm) dyes on investigated
catalysts.

In Table 2 are presented the adsorption
capacities and apparent rate constants of
investigated photocatalytic systems. It is obvious
the existed correlation between the adsorption
capacities, degree of degradation and apparent rate
constants for investigated dye solutions on PdO-
Ce04/Al;03 and PdO-Ce0,/ZSM5 photocatalysts.

Table 2. Calculated adsorption capacities and
apparent  rate  constants  of  investigated
photocatalytic systems.

sample AdS(_)rption k _
capacity, mg/g (10 min®)

MG, PdO-CeO/ZSM5 0.065 5.8

MO, PdO-CeQ/ZSM5 0.080 6.6

MG, PdO-CeO/Al203 0.090 13.9

MO, PdO-CeO/Al203 0.103 21.0

The apparent rate constants (pseudo first order
kinetics) have been calculated using logarithmic
linear dependence of the concentrations ratio on the
time:

— In(gj =kt
CO

and the results are shown on Fig. 6. PdO-
CeO/Al;03 sample exhibits better photocatalytic
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properties in comparison with PdO-CeO./ZSM5
one. Existing synergism between supported active
phases PdO, CeO, and the carrier AlOs; is a
possible  explanation of registered higher
photocatalytic activity. The role of y-Al,O3 support
is important, because of its unique surface
properties - Bronsted and Lewis acid and base sites
[22] which can promote photocatalytic activity of
supported materials [23, 24].

The presence of particles of PdO as the

photoelectron trapping centers reduces the e-/h+
pair recombination rate and increases the lifetime of
charge carrier [25, 26]. In article [27] was described
mechanism of photodegradation of MO on CeO;
under UV light irradiation. It was discovered that
low-coordinate surface cerium cations played
important role in the photocatalytic reaction.
From the XPS results we can conclude that the
more Ce®" states exist on the surface of PdO-
Ce0/Al,03 catalysts which explains its higher
photocatalytic activity. We can suppose that during
photocatalytic reaction, electrons in the valence
band of Ce,O3 are excited. At the same time, the
transfer of electrons from CeO, to Ce,Os; occurs,
also. Then the electrons react with the adsorbed
oxygen molecules to form superoxide radicals,
which are responsible for the degradation/oxidation
of organic pollutants [28].

4
3.5 MO, PdO-Ce0y/AL 02
3
2.5 MG, PdO-Ce0,/ALO;
2
15 MO, PdO-Ce0,/ZSM5
1
0.5 MG, PdO-Ce0y/ZSM5
0 |
0 50 100 150

Time, min

Fig.6. Dependence of —In{cg] versus illumination
0

time on investigated photocatalysts.

CONCLUSION

Impregnation method was used for synthesis of
PdO-CeO:/Al;03 and PdO-CeO./ZSM5 powders.
Photocatalytic behaviour of the catalysts was
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compared for degradation of two organic dyes
under UV-light. As model pollutants were used
textile dyes: Malachite Green and Methyl Orange.

The XRD and XPS confirmed existence of PdO
and CeO>. It was established correlation between
the adsorption capacities, degree of degradation and
apparent rate constants of investigated dyes on
PdO-CeO2/Al;03 and PdO-CeO./ZSM5 samples.
The higher photocatalytic activity was shown by
PdO-CeOy/Al;03; sample in comparison with PdO-
Ce02/ZSM5. The possible reasons were synergism
between mixed oxides PdO-CeQO; and the support
Al,O; and existence of higher amount of Ce3* states
on the surface of PdO-CeO,/Al,O; catalysts.

Acknowledgements: The financial support of the
National Science Fund, Ministry of Education and
Sciences of Bulgaria by Contracts DFNI- T-02 16
is gratefully acknowledged.

REFERENCES

1. R. Saravanan, N. Karthikeyan, S. Govindan, V.
Narayanan, A. Stephen, Adv. Mater. Res., 584, 381
(2012).

2. L. Zou, X. Shen, Q. Wang, Z. Wang, X. Yang, M.
Jing, J. Mater. Res., 30, 2763 (2015).

3. C. Hu, T. Peng, X. Hu, Y. Nie, X. Zhou, J. Qu, H.
He, J. Am. Chem. Soc., 132, 857 (2010).

4. A. Pradhan, S. Martha, S. Mahanta, K.M. Parida,
Int. J. Hydrogen Energ., 36, 12753 (2011).

5. Y. Zhang, N. Zhang, Zi-R. Tang, Yi-J. Xu, ACS
Sustainable Chem. Eng., 1, 1258 (2013).

6. F.Li,S. Liu, Y. Xue, X. Wang, Y. Hao, J. Zhao, R.
Liu, D. Zhao, Chem. Eur. J., 21, 10149 (2015).

7. X. Liu, J. Liu, F. Geng, Z. Li, P. Li, W. Gong,
Front. Chem. Sci. Eng., 6, 34 (2012).

8. X.Fu, W. Tang, L. Ji, S. Chen, Chem. Eng. J., 180,
170 (2012).

9. L. Yuliati, T. Hamajima, T. Hattori, H.Yoshida,
Chem. Commun., 38, 4824 (2005).

10. L. M. T. Simplicio, S. T. Brandao, D. Domingos, F.
Bozon-Verduraz, E. A. Sales, Appl. Catal. Gen.,
360, 2 (2009).

11. N. Wieder, M. Cargnello, K. Bakhmutsky, T.
Montini, P. Fornasiero, R. Gorte, J. Phys. Chem. C,
115, 915 (2011).

12. A. Barrera, F. Tzompantzi, J. M. Padilla, J. E.
Casillas, G. Jacome-Acatitla, M. E. Cano, R.
Gomez, Appl. Catal. B. Environ., 144, 362 (2014).

13. H. Yamashita, S. Ohshiro, K. Kida, K. Yoshizawa,
M. Anpo, Res. Chem. Intermed., 29, 881 (2003).

14. P.Ji,J. Zhang, F. Chen, M. Anpo, J. Phys. Chem. C,
112, 17809 (2008).

15. D. Channei, B. Inceesungvorn, N. Wetchakun, S.
Phanichphant, Int. Sci. J. Environ. Sci., 3, 22 (2014).

16. F. Li, X. Li, C. Liu, T. Liu, J. Hazard. Mater., 149,
199 (2007).

17. P. Nikolov, K. Genov, B. Ivanov, K. Milenova, .
Avramova, C. R. Acad. Bulg. Sci., 62, 1515 (2009).

18. F. Pagliuca, P. Luches, S. Valeri, Surf. Sci., 607, 164
(2013).

19. B. Hirschauer, M. Goéthelid, E. Janin, H. Lu, U.O.
Karlsson, Appl. Surf. Sci., 148, 164 (1999).

20. C. G. Kim, J. Vac. Sci. Technol. B, 18, 2650 (2000).

21. P. Burroughs, A. Hamnett, A. F. Orchard, G.
Thornton, J. Chem. Soc., Dalton Trans., 17, 1686
(1976).

22. W. Leow, W. H. Ng, T. Peng, X. Liu, B. Li, W. Shi,
Y. Lum, X. Wang, X. Lang, S. Li, N. Mathews, J.
Ager, T. Sum, H. Hirao, X. Chen, J. Am. Chem.
Soc., 139, 269 (2017).

23. F. Tzompantzi, Y. Pina, A. Mantilla, O. Aguilar-
Martinez, F. Galindo-Hernandez, X. Bokhimi, A.
Barrera, Catal. Today, 220-222, 49 (2014).

24. C.-Y. Kuo, React. Kinet. Catal. Lett., 92, 337
(2007).

25. X. Wang, J. Zhang, W. Sun, W. Yang, J. Cao, Q. Li,
Y. Peng, J. K. Shang, Chem. Eng. J., 264, 437
(2015).

26. A. Barrera, F. Tzompantzi, V. Lara, R. Gémez, J.
Photochem. Photobiol. Chem., 227, 45 (2012).

27. W. Lei, T. Zhang, L. Gu, P. Liu, J. A. Rodriguez, G.
Liu, M. Liu, ACS Catal., 5, 4385 (2015).

28. M. M. Khan, et al., Ind. Eng. Chem. Res., 53, 9754
(2014).

37


https://www.cambridge.org/core/journals/journal-of-materials-research/volume/journal-jmr-volume-30/D640A52E3351E8DDD93075DE7A18673C
http://scholar.google.bg/scholar?q=Int..+Sci.+J.+Environ.+Sci.&hl=bg&as_sdt=0&as_vis=1&oi=scholart&sa=X&ved=0ahUKEwiTzr2FpJXUAhUJFSwKHXxDC4kQgQMIHjAA
http://pubs.acs.org/author/Lei%2C+Wanying
http://pubs.acs.org/author/Zhang%2C+Tingting
http://pubs.acs.org/author/Gu%2C+Lin
http://pubs.acs.org/author/Liu%2C+Ping
http://pubs.acs.org/author/Rodriguez%2C+Jos%C3%A9+A
http://pubs.acs.org/author/Liu%2C+Gang
http://pubs.acs.org/author/Liu%2C+Gang
http://pubs.acs.org/author/Liu%2C+Minghua

K. I. Milenova et al.: Comparison of photocatalytic behaviour under UV-light of PdO-CeO2/Al.0z and PdO-CeO2/ZSM5 ...

CPABHEHUE HA ®OTOKATAJIMTUYHOTO ITIOBEJEHUETO 110/ YB-CBETJIMHA HA
PdO-Ce0./Al203 1 PdO-Ce02/ZSM5 3A PA3SI'PAXJIAHE HA OPTAHWYHU BATPUJTA

K. 1. Munenosal”, 1. A. ABpaMOBaZ, I1. M. Huxkosogs®

1H)L:cmumym no kamanus, bvieapcka akademus na naykume, yi. ,,Axkao. I'. Bonues®, 6a. 11, 1113 Cogus, Pvacapus
2H)Ltcmumym no obwa u Heopeanuyna xumus, bvreapcka akademusa na nayxume, ya. ,,Axao. I'. bonues ™, 6n. 11, 1113
Cogus, Bvreapus
SXumuxomexuonozuuen u memanypeusen ynusepcumem, 6yn. ,, Kn.Oxpuocku 8, 1756 Cogpus, Bvaeapus

IMoctenmna Ha 14 mapt 2017 r.; Kopurupana na 21 anpnr 2017 .
(Pesrome)

Ipaxoo6pasuu obpasiu ot PAdO-CeO,/Al,03 1 PAO-Ce02/ZSM5 6sixa IpUroTBeHH Ype3 METo/[a Ha UMIIPErHUpaHe
M TIPWJIOKEHH 3a (OTOpas3IaraHeTo Ha BOJHHU pasTBOpH Ha Garpuia oT ManaxuroBo 3eneno u Metwn Opamk mon VB
cBETIMHA. 38 QM3UKOXUMHYHOTO OXapakTepU3MpaHe Ha mpobute Osxa M3MON3BaHM cienanute mMetoad - AAA, BET,
XRD, SEM u XPS. YcraHOBEHO €, 4e ChAbPKAHHETO Ha MaNajuii ¥ [EpUil B ABaTa M3CIeABaHU (poTOKaTaIM3aTOpa €
okono 4.3 u 3 Ttern. %, cnenuduunata nopbpxuoct 3a PdO-CeO,/Al,03 e 133 m?/g noxato Tasu npu obpasen PdO-
Ce0,/ZSM5 e 188 m?/g. CkopocTHHTE KOHCTaHTH Ha U3CleBaHuTe Oarpuia ca B cieauus pea: MO, PdO-CeO/Al,O3
(21.0 x10°mint) > MG, PdO-CeO/Al,03 (13.9 x10°min?) > MO, PdO-CeO/ZSM5 (6.6 x10°mint) > MG, PdO-
Ce0/ZSM5 (5.8 x10*mint).
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Agriculture wastes, such as peach and apricot stones and grape seeds, were used for the preparation of high quality
activated carbons. Thus obtained carbon materials were modified by incipient wetness impregnation with methanol
solution of copper and manganese nitrates in different proportion, followed by precursor decomposition in nitrogen.
The parent and modified materials were characterized by different physicochemical techniques such as XRD, Nitrogen
physisorption, FTIR, UV-Vis, TPR with hydrogen and Boehm method. The catalytic properties of the obtained
composites were tested in methanol decomposition with a potential as hydrogen carrier. It was demonstrated that the
carbon host matrix promoted the formation of complex mixture of copper and manganese species in different oxidative
states. The proportion of various components and the related with them catalytic activity could be easily controlled by
Cu/Mn ratio as well as by the texture and surface properties of the activated carbon support, the latter being easily tuned

by the agriculture waste precursor used.

Key words: activated carbons from biomass; copper-manganese modifications; methanol decomposition

INTRODUCTION

Nowadays, the greenhouse effect and the ozone
layer depletion have considered as the main risks
from the transport, industrial and human activity
and they demand strong monitoring and control of
air emissions [1 and refs therein]. Nevertheless the
increasing need of energy and the fluctuation in the
energy prices provides the development of new
generation of energy devices, such as fuel cells, that
are efficient and have minimal environmental
impact [2]. Methanol is considered as the most
attractive source and carrier of hydrogen for fuel
cells supply due to its 5-7 times higher energy
density than compressed hydrogen, low sulfur
content and availability. It can be produced from
variety sources including fossil fuels, agriculture
and municipal waste as well as by recycling of
carbon dioxide [3-6]. Methanol decomposition has
been demonstrated as one of the simplest
procedures for hydrogen release but the synthesis of
low cost and effective catalysts is still a matter of
challenge, especially in case of the application for
portable and mobile fuel processors [7]. Copper
manganese spinel oxides have been found to be
superior catalysts for number of catalytic reactions,
including methanol steam reforming [8-10 and ref.

* To whom all correspondence should be sent:
E-mail: tsoncheva@orgchm.bas.bg

therein]. Morales et al. [11] considered that small
quantity of copper prevented manganese oxide
crystallization, while segregation of CuO was
detected in the excess of copper. The high activity
of CuxMns.xO4 phase was generally attributed to the
presence of two Jahn-Teller ions, Mn®*" and Cu?'.
The solid state redox exchange between them
provides the existence of copper and manganese
ions in different oxidative state [2]. In our previous
study we demonstrated that activated carbon could
be suitable host matrix for the stabilization of
transition metal particles in the nanoscale due to its
high surface area and well developed porous
structure [12-14]. The most attractive feature of the
activated carbons (AC) is related to the decrease of
their price using renewable and inexpensive sources
such as biomass and industrial wastes [15]. We
demonstrated that the active phase in
monocomponent copper [16] and manganese [17]
AC modifications represents a complex mixture of
metal and/or metal oxides due to the reduction
activity of carbon support during the preparation
procedure. Nevertheless the state of manganese on
activated carbon has been a question of intensive
debates in the literature [18], and to the best of our
knowledge, no data for the effect of AC on the
formation of binary copper and manganese oxides
has been published yet. This investigation is aimed

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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at the application of AC from different agriculture
residues, such as peach and apricot stones and
grape seeds, as catalyst support for CuxMnz,QOs
(x=1 or 2) binary oxides for methanol
decomposition. The effect of AC texture and
surface characteristics on the formation of active
phase was in the focus of the investigation. KIT-6
mesoporous silica was used as reference support.

EXPERIMENTAL
Materials

Apricot stones and grape seeds based activated
carbons, denoted as ACA and ACG, respectively,
were produced by hydropyrolysis at 1023 K for 1 h.
This is a one step process involving pyrolysis of the
precursor in the presence of steam and activation at
the final temperature. Peach stones based activated
carbon, denoted as ACP was produced by two-step
process, including carbonization at 823 K for 1 h
and subsequent activation of the carbonizate with
water vapor at 1123 K for 45 min. Mesoporous
silica KIT-6 was obtained by procedure described
in [19]. The ACs and KIT-6 were modified with
copper and manganese (Cu/Mn=1 or 2 mol ratio)
by incipient wetness impregnation with methanol
solution of the corresponding nitrate precursors.
The nitrates decomposition was carried out in a
flow of N, at 773 K for 2 h (5 K/min). Metal
loading in all samples was 8 wt%. The samples
were denoted as xCu(3-x)Mn/S, where x was 1 or 2
mol ratio and S was the ACP, ACA, ACG or KIT-6
support.

Methods of characterization

The texture characteristics were determined by
N, physisorption at 77 K by a Quantachrome
NOVA 1200 apparatus. The N, adsorption—
desorption isotherms were analyzed to evaluate the
following parameters: specific surface areas (Sger)
was determined on the basis of BET equation,; total
pore volume (V:) was estimated in accordance with
the Gurvich rule at a relative pressure close to 0.99.
The amount of various acidic oxygen-containing
functional groups was determined by Boehm’s
method using aqueous solutions of NaHCOs;,
Na,COs, NaOH, and C;HsONa [21]. The amount of
basic sites was determined with 0.05 N HCI [22].
The pH values were determined after boiling for 5
min in 100 ml H,O, decantation and cooling of the
solution to ambient temperature. Powder X-ray
diffraction patterns were collected within the range
of 53 to 80° on a Bruker D8 Advance
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diffractometer with Cu K, radiation and LynxEye
detector. Mean crystallite size were determined by
the Topas-4.2 software package using the
fundamental parameters peak shape description
including  appropriate  corrections for the
instrumental  broadening and  diffractometer
geometry. The UV-Vis spectra were recorded using
a Jasco V-650 spectrophotometer, equipped with a
diffuse reflectance unit. The FTIR spectra (KBr
pellets) were recorded on a Bruker Vector 22
spectrometer with resolution 1 cm™' using 64 scans.
The TPRITG (temperature-programmed
reduction/thermo-gravimetric) analysis was
performed with a Setaram TG92 instrument in a
flow of 50 vol% H, in Ar (100 cm® min?) and
heating rate of 5 K min™.

Catalytic tests

The catalytic tests were carried out in a flow
type fixed bed reactor (0.055 g of catalyst).
Methanol (1.57 kPa) was introduced into the
reactor from a saturator, thermostated at 273 K
using argon as a carrier gas (50 cm® min?). The
catalysts were tested under conditions of a
temperature-programmed regime within the range
of 350-770 K with heating rate of 1 K min™.
Before the catalytic test the samples were treated
under Ar flow at 373 K for 1 h and methanol
amount was registered using by-pass of the reactor.
On-line gas chromatographic analyses were
performed on HP apparatus equipped with flame
ionization and thermo-conductivity detectors, on a
PLOT Q column. Absolute calibration method and
a carbon based material balance were used for the
calculation of methanol conversion and the yields
of various products. The product selectivity at
selected temperature was calculated as Yi/X*100,
where Yi was the yield of the i product (calculated
as detected amount of i product/initial amount of
methanol, before the introduction in the catalytic
reactor) and X was the methanol conversion at this
temperature.

RESULTS AND DISCUSSION

The temperature dependencies of methanol
decomposition at 550-750 K (Fig. la) and the
conversion at the final temperature (750 K) for
various copper and manganese modifications are
presented in Fig. 1. The carbon based materials
exhibited catalytic activity just above 650-700 K,
while it was registered at about 80-120 K lower
temperature for their KIT-6 analogues (Fig. 1a).
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Fig. 1. Temperature dependencies of methanol decomposition (a) and conversion at 750 K (b) for various copper and

manganese modifications.

The selectivity to CO, which formation is
strongly related to the ability of the samples to
release hydrogen from methanol, represented about
80 % at 750 K. Methane and CO, were also
detected as by-products.On the base of the shift of
the conversion curves with the temperature (Fig.1a)
and the conversion achieved at the final
temperature (Fig. 1b) the samples with given
composition CuxMniE0s (X=1 or 2) could be
arranged as follows: xCu(3-x)Mn/KIT-6 > xCu(3-
X)Mn/ACP > xCu(3-x)Mn/ACA > xCu(3-
X)Mn/ACG. A well defined tendency for a decrease
in the catalytic activity with copper content increase
was observed for all carbon modifications. Note
that this trend was the opposite for the silica based
materials. Obviously, a strong effect of the support
on the formation of the catalytic active phase could
be expected. In order to understand this in detail,
complex characterization of the samples by
different physicochemical techniques was carried
out.

Nitrogen physisorption isotherms (not shown)
for the parent and modified activated carbons and
KIT-6 were analyzed and the obtained
characteristics are listed in Table 1. The parent AC
materials characterized with mixed micro-
mesoporous texture which ensured significantly
high BET surface area. According to the increase in
the BET surface area, pore volume and the relative
part of mesopores (Vmes/Vmic) the carbon supports
arranged in the following order ACG < ACA <
ACP, which is similar to the increase in the
catalytic activity of their modifications (see section
3.1). Note that the modification procedure
decreased the BET surface area and pore volume
and these effects were more pronounced for the

ACP and ACA based samples. This could be
attributed to pore blocking due to the deposition of
metal containing particles in them. The observed
change in the Vmes/Vmic ratio after the modification
suggests predominant location of metal species in
the mesopores of ACP, while blocking of
micropores in higher extent could be assumed for
ACA. The significant increase in the Vmes/Vmic ratio
combined with negligible and even absence of
changes in the BET surface area for ACG
modifications (Table 1) do not exclude structure
collapse with the carbon support during the
modification procedure as well as deposition of
metal particles on the external surface. KIT-6
represented similar BET surface area and more than
twice higher pore volume as compared to ACA due
to the presence of high amount of mesopores. The
decrease in the BET surface area and pore volume
and the slight changes in the Vmes/Vmic ratio reveal
almost random distribution of metal particles into
the micro- and mesopores of the silica support.
Taking into account the highest activity of KIT-6
modifications (Fig. 1) one could be assumed that
the texture characteristics of the support seem to be
important, but not the dominant factor for the
formation of active phase.

FTIR spectra of parent and modified activated
carbons are presented in Fig. 2. The bands at
around 3028 cm* were attributed to C-H stretching
vibrations in CHs; groups. The band at about 1715
cmt corresponded to C=0 stretching vibrations in
lactonic, carbonyl or anhydride groups. The bands
at 1535 and 1036 cm™ were assigned to ring
vibration in aromatic skeleton, typical of carbon
materials [23].
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Table 1. Nitrogen physisorption data for parent and modified activated carbons and KIT-6 materials: (Sger-BET
surface area, Smi- surface area of micropores, Vi-total pore volume, Vmi-micropores pore volume, Day-average pore

diameter).
Sample SBET, Smi, Vi, Vmi Dav AS AV Vmes/
m2/g m2/g cm3/g cm3/g nm % % Vmic
ACP 1258 1116 0.61 0.45 1.94 0.35
2CulMn/ACP 1006 956 0.49 0.40 1.97 20 20 0.22
1Cu2Mn/ACP 1080 1024 0.53 0.43 1.97 14 13 0.23
ACA 921 874 0.46 0.37 2.0 0.24
2CulMn/ACA 743 625 0.38 0.28 2.0 19 17 0.36
1Cu2Mn/ACA 794 676 0.39 0.28 19 14 15 0.39
ACG 603 577 0.28 0.24 19 0.17
2CulMn/ACG 603 522 0.25 0.18 2.0 0 10 0.39
1Cu2Mn/ACG 548 456 0.26 0.17 19 9 7 0.53
KIT-6 872 278 1.23 0.14 8.1 7.78
2CulMn/KIT-6 748 220 1.09 0.11 5.8 14 11 8.91
1Cu2Mn/KIT-6 722 189 1.05 0.09 5.8 17 18 10.67

The band at c.a. 1094 cm? could be due to
vibrations in ether C-O-C groups. The broad band
in the 800-600 cm™ region could be assigned to
C=C bending vibrations in aromatic and non-
aromatic structures. The change in the intensity and
the position of the FTIR bands after the AC
modification (Fig.2b) revealed interaction of metal
species both with the surface functional groups and
carbon basal planes. The additional bands in the
700-400 cm™ region for the modified materials
could be due to Mn-O and Cu-O vibrations in
different coordination and oxidative state of the
metal ion [24, 25]. More precise characterization of
surface functional groups of AC was carried out by
Boehm method [21] and titration with HCI [22] and
the data are shown in Table 2. Presence of surface
hydroxyl and carbonyl acidic groups as well as
basic functional groups was detected for all
activated carbons. Their amount was lowest for
ACP, followed by ACG and ACA. The pH values
and the relatively low acidic/basic groups ratio for
ACP indicated higher basicity which was provoked
by the presence of relatively high amount of surface
basic groups.

XRD patterns of parent and modified carbon and
silica supports are presented in Fig. 3 and data for
the phase composition, unit cell parameters and
average crystallite size are listed in Table 3. XRD
patterns of activated carbons represented reflections
at 26= 25-26° and 45° which could be assigned to
carbon turbostratic structure [15]. The reflections
were narrower for ACP and ACA indicating
relatively high carbon crystallinity. Just the
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opposite, the broader reflections for ACG
evidenced presence of amorphous carbon phase.
The additional narrow reflections at 26=43.4°, 50.8°
and 74.4° which appeared in the XRD patterns of
all carbon based modifications could be ascribed to
(111), (200) and (220) planes respectively of face
centered cubic metallic copper (pdf 85-1326). The
average particles size varied in the 20-50 nm range.
The reflections became more intensive for the
samples with higher copper content (2CulMn/AC)
which was in accordance with the data reported in
the literature [2]. In addition, slight reflections at
20= 29.5°, 36.2°, 425° 61.4° and 73.4°
corresponding to (110), (111), (200), (220) and
(311) planes of Cu,O (primitive cubic Pn-3m, pdf
071- 3645) with average particle size of 3-20 nm
(Table 3) were observed.

Table 2. Data for the pH and surface acidic and basic
groups for the activated carbon supports.

sample pH acidic surface functional groups basic
groups
carb. lact.  hydr. carb.
ACP 9.4 BDL BDL* 0.29 1.07 1.04
ACA 87 BDL BDL 2.05 3.27 1.34
ACG 8.9 BDL BDL 1.59 2.98 1.24

*BDL-bellow detection limit

Single manganese phases such as MnO (pdf
075-1090) and Mn3Os (pdf 080-0382) were
detected for both ACG based materials and
1Cu2Mn/ACA, respectively. Single manganese
phases such as MnO (pdf 075-1090) and Mn3O4
(pdf 080-0382) were detected for both ACG based
materials and 1Cu2Mn/ACA, respectively.
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Fig 2. FTIR spectra of parent activated carbons (a) and their copper-manganese modifications (b).

The appearance of well defined, but low
intensive reflections at 26=36.6°, 44° and 58° in the
patterns of both ACP modifications and
1Cu2Mn/ACA indicated formation of small amount
of finely dispersed face centered cubic Fd-3m non-
stoihiometric Cu1sMn1s04 spinel phase (pdf 070-
0262).Thus, carbon support renders difficult the
formation of spinel copper-manganese phase. Due
to the reduction activity it readily provokes the
segregation of reduced copper (Cu, Cu,O) and
manganese (MnO, Mn30,) phases during the metal
precursor decomposition. This effect seems to be
slightly suppressed for ACP. Taking into account
the texture and surface characterization of AC
supports (see above) can be concluded that the low
concentration of surface functional groups and the
better developed mesoporous structure of activated
carbon provoke the stabilization and intimate
contact between highly dispersed metal oxide
entities and facilitate the formation of binary
oxides. The assumption for the role of A C support

Intensity, au

Intensity, a.u.
Intensity, a.u.

1Cu2Mn/ACP

1Cu2Mn/ACA

1Cu2Mn/ACG

1Cu2Mn/KIT-6

on the formation of copper-manganese phase was
confirmed by the reference KIT-6 based samples
(Table3, Fig.3). Here absence (1Cu2Mn/KIT-6) or
slight (2CulMn/KIT-6) reflections of face-centered
cubic Fd-3m Cu1.4Mn1604 phase (pdf 071-1145)
were observed indicating that the inert mesoporous
matrix promoted the formation of highly dispersed
spinel mixed oxide. UV-Vis spectra of selected
carbon materials (ACG) and reference KIT-6 based
samples are presented in Fig.4. The intense
absorption feature at ca. 325 nm in the spectra of
the latter materials could due to the excitation of
surface plasmon in the spinel, in consistence with
the XRD data (Fig. 3, Table 3). The additional
absorption peak at 688 nm in the spectrum of
2CulMn/KIT6 could be due to the segregation of
the excess of CuO in the sample with high Cu/Mn
ratio [2]. At the same time, the absorption in the
visible region of UV-Vis spectrum of Mn/ACG
falls down

2CulMn/ACP

2CulMn/ACA

Intensity, a.u.

2CulMn/ACG

2CulMn/KIT-6

10 20 30 40 50 60 70 80
2 Theta, deg

10 20 30 40 50 60 70 80
2 Theta, deg

10 20 30 40 50 60 70 80
2 Theta, deg

Fig 3. XRD patterns of parent activated carbons (a) and KIT-6 (a,inset) and their 1Cu2Mn/S (b) and 2CulMn/S (c)

modifications.
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Fig. 4. UV-Vis spectra of ACG (a) and KIT-6 (b) modifications.

This could be due to the non-allowed d-d crystal
field transitions of Mn?* ion, which dominated in
this sample, in consistence with the XRD analysis
[26]. The peaks at 320, 470 and 730 nm could be
assigned to O*—Mn?* charge transfer and d-d
crystal field transitions in octahedral Mn®" species
in hausmannite (MnsO4) phase [26].

In order to characterize the state of copper-
manganese active phase more precisely under the
conditions that are close to the catalytic experiment,
the samples were studied by temperature-
programmed reduction with hydrogen. The TPR-
TG profiles for carbon and KIT-6 modifications are
presented in Fig. 5.

Table 3. Phase composition, unit cell parameters and
average crystalline size for various copper-manganese
modifications

Sample Phase Unit cell, Particles
composition A size, nm

1Cu2Mn/A  Cu° .62 50

CP Cu20 4.28 3
Cu15Mn1504 8.290

1Cu2Mn/A  Cu° 3.62 27

CA Cu20 4.28 7
Mn30a4 a=5.765

€=9.442

Cu1.5Mn1504 8.290

1Cu2Mn/A  Cu0 3.62 43

CG Cu20 4.268 10
MnO 4.446

1Cu2Mn/ amorphous

KIT-6

2CulMn/A  Cu0 3.620(1) 24

CP Cu20 4.287(3) 6
Cul.5Mn1.504 8.290

2CulMn/A  Cu0 3.616(1) 40

CA Cu20 4.269(2) 8

2CulMn/A  Cu0 3.619(1) 20

cG Cu20 4.275(1) 25
MnO 4.446

2CulMn/ Cul.4Mnl1.604 8.30

KIT-6
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The main TPR effects for reference
1Cu2Mn/KIT-6 and 2CulMn/KIT-6 modifications
were centered at 535 and 460 K, respectively,
which according to the XRD and UV-Vis spectra,
could be assigned to the reduction of spinel like
CuxMnz.xO4 particles. These features are shifted to
lower temperatures in comparison with the reported
in the literature data for the MnxOy reduction which
confirms the facilitated effect of copper addition [2
and refs therein]. The shift of the main TPR effect
for the Cu-rich modification to lower temperature
(Fig. 5) could be due to the reduction of segregated
excess of CuO, which was in consistence with the
UV-Vis data (Fig.4). The main reduction effect in
the TPR-profiles of AC based binary modifications
was broader, less intensive and temperature shifted
as compared to their reference analogues. In
accordance with the XRD data (Table 3, Fig. 3) it
could be due to the superposition of the reduction
effects for a mixture of spinel phase and partially
reduced copper and manganese oxides (Cu.0O,
Mnz0,) in different proportion (Table 3). Thus, the
extremely low reduction effect for 1Cu2Mn/ACG
could be related to domination of metallic Cu and
MnO in it (Table 3). In contrast to the silica based
samples, strong effect of weight loss above 650 K
was also observed for all AC modifications. It
overcame the expected weight loss for the reduction
of the loaded active phase, which indicates changes
with the carbon support under the reduction
medium. So, we can expect that under the reduction
reaction  medium  during the  methanol
decomposition spinel oxides decompose with the
formation of metallic Cu and MnQ [27]. Although
the mechanism of methanol decomposition on
copper containing catalysts has been widely
studied, the interaction of copper with second metal
oxide makes the prediction of its behaviour rather
complicated [28].
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Fig 5. TPR-DTG profiles of AC and KIT-6 odifications

Restoration of OH groups on metal oxide by
spillover of hydrogen from copper was proposed
for the increase formation of surface intermediate
methoxy groups by Bianchi et al. [29], Fisher and
Bell [30] assumed reverse spillover of hydrogen
from metal oxide to Cu, while Manzoli [31]
suggested change in the oxygen vacancy
equilibrium between Cu and metal oxide as more
appropriate reason for the synergistic effect
between them. Nevertheless the type of realized
mechanism the dispersion of various metal oxide
particles and the close contact between them should
be of primary importance for the formation of
spinel phase. Obviously the ordered mesoporous
structure of silica support facilitates the formation
of highly dispersed spinel oxide phase or a mixture
of spinel and CuO in the excess of copper (Figs.
3,5, Table 3). Moreover, the stabilization of spinel
particles in the ordered mesopores suppresses the
aggregation of metallic copper particles, formed
during the catalytic process, facilitates the intimate
contact with the manganese oxide and maintains the
accessibility of the reactant particles to the active
sites. This provides high catalytic activity in
methanol decomposition which increases with the
increase of copper content in the samples (Fig. 1).
The XRD, UV-Vis and TPR results clearly
demonstrate that this is strongly suppressed on the
carbon support. Here, due to the reduction ability of
AC, metallic copper aggregates and reduced
manganese oxide species are formed even during
the modification procedure, which renders difficult
the formation of active spinel phase and this is
more pronounced with the increase of copper
content (Fig. 1). The nitrogen physisorption data

(section 3.2.1) and surface analyses (section 3.2.2)
clearly indicate that the texture characteristics and
surface functionality of AC regulate the type and
proportion between different copper-manganese
species. It seems that the relatively small amount of
surface acidic groups (Table 2) and higher
mesoporosity (Table 1) of ACP promotes the
stabilization of more finely dispersed and highly
active spinel species. Just the opposite, the
relatively high surface functionality (Table 2) and
predominantly microprous structure of ACG (Table
1) suppress the formation of spinel phase due to the
facile segregation of metallic Cu and MnO phases
(Table 3, Figs. 3,5)

CONCLUSION

Activated carbon from different agriculture
residues could be suitable support for copper-
manganese catalysts for methanol decomposition. It
provokes formation of complex mixture of metallic
copper, Cu0, MnOx and spinel CuxMn;.xO4
particles in different proportion. The lower surface
functionality and higher degree of mesoporosity of
activated carbon, which can be readily tuned by the
agriculture precursor used, as well as the lower
Cu/Mn ratio promote the formation of more active
catalysts for methanol decomposition.
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AKTHUBEH BBIJIEH, ITOJIYUEH OT OTIIAJHA BMOMACA, KATO HOCUTEJI HA
CMECEHU MEJI-MAHI'"AHOBU OKCHU/IHU KATAJIM3ATOPHU 3A PA3JIAI'AHE HA
METAHOJI

T. C. Llonuea'*, I'. C. Uccal, P. H. Banosa®, M. J]. I[I/IMI/ITpOBl, N. I1. Cnacosa?®, JI. T..
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Y Uncmumym no opeanuuna xumus ¢ Llenmvp no pumoxumus, Bvreapcka akademus na naykume, 1113 Cogus,
bvreapus,
2 Hucmumym no obwa u neopzanuuna xumus, bvieapcka axademus na naykume, 1113 Cogpus, Bvrneapus

[ocrermna va 11 anpun 2017 1.; Kopurupana sa 25 anpur 2017 ¢

(Pesrome)

Honyqu € BHUCOKOKAYCCTBCH AKTHUBEH BBIJICH OT PA3JIMYHHU CCICKOCTOIAHCKHW OTHAaAbIH, KAaTO KOCTHUJIKH OT

MIPAacKOBH M KalCHM M CEMKH OT rpo3ze. BeriepoaanTte Marepranu 6s5xa MOAUGHUIIMPAHA Ype3 OMOKPSIHE C METAHOJIOB
pa3TBOp Ha MEJEH U MAaHTaHOB HUTPAT B PA3JIMUYHU CHOTHOIICHUS U CIEIBALIO pa3jaraHe Ha MPEKYypCOPUTE B a30T.
W3xonHuTe ¥ MOIM(HUIMPAHN BBITIEPOIHN MaTepHaIn 0sXa XapaKTepU3UPaHH C PA3IMYHU (PU3MKOXMMUYHU TEXHUKH
KaTo pEHTITeHOCTpYKTypeH aHanu3, YB, ®THP, TIIP ¢ Bomopon u Meton Ha brom. Katamutuunure cBolicTBa Ha
MOJTyYEHUTE KOMIIO3UTH OsXa M3NHWTaHM B pa3jaraHe Ha METAHOJ, C MOTCHLIMAIHO NPHJIOKEHHE KaTO W3TOYHHK U
IpeHocuTelN Ha Bojopo. IlokasaHo e, 4e BBIVICPOJHHUAT HOCUTEN OJaronpusaTcTBa (POPMUPAHETO HA CIIOXKHA CMEC OT
MEIHU U MaHTaHOBU YaCTHUIM B Pa3IMYHO OKHCIUTEIHO ChCTOAHUE. CHOTHOILEHHETO MEXKAY Pa3IUUYHUTE KOMIIOHEHTH
M CBBp3aHaTa C TAX KATAJMTHYHA AKTHBHOCT MOJeE JIECHO Jla Ce KOHTposmpa upe3 oTHomreHuero CU/MN, kakto u
ITOCPEICTBOM TEKCTYPHUTE W MOBBPXHOCTHHM CBOMCTBA HAa aKTHUBHHS BBIJICH, KaTO IMOCIEIHHUTE MOTaT JIECHO Ja Ce

IIPOMCHST YPE3 U3MOJI3BAHUA CECJICKOCTOIMAHCKH OTIIAABK.
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The present investigation is focused on the effect of preparation procedure on the formation of catalytic active sites
on silica supported copper and cobalt binary oxides. Samples with different Cu/Co ratio were obtained by
unconventional "chemisorption-hydrolysis” technique consisted of deposition of Cu and Co ammonia complexes,
followed by their hydrolysis and thermal decomposition. A conventional wetness impregnation with aqueous solution
of the corresponding nitrate precursors was also used for the preparation of similar reference materials. The obtained
samples were characterized by a complex of different physicochemical techniques, such as XRD, UV-Vis, FTIR
spectroscopy and temperature-programmed reduction with hydrogen. Methanol decomposition to hydrogen and CO was
used as a catalytic test in a view of its application as alternative fuel. The preparation techniques strongly affected the
dispersion and oxidative state of copper and cobalt species which is easy approach to control their catalytic behaviour.

Key words: copper-cobalt mixed oxide; chemisorption-hydrolyses” technique; methanol decomposition

INTRODUCTION

Transition metal oxides, in particular copper
oxides, are known to catalyse many reactions such
as  Fischer—Tropsch  synthesis (FTS), CO:
hydrogenation, steam reforming of methanol,
methane, synthesis of methanol, CO preferential
oxidation, and etc. [1 and ref. therein]. It was
reported that the activity of such catalysts can be
increased by mixing with another oxides [2]. In
case of copper-cobalt spinel oxides the increased
catalytic activity is usually assigned to the
appearance of synergistic and/or cooperative effects
between Cu and Co ions. Recently, Subramanian et
al. [3] reported that the catalytic performance of
mixed Cu and Co nanoparticles is higher that the
Co—Cu core-shell nanoparticles. It was also
reported that the decomposition of CuCo,0. spinel
provides formation of extremely active species for
higher alcohols synthesis (HAS) due to the
enhanced reduction of Co304 in the presence of Cu
[4]. Obviously, the knowledge for the interaction
between different components in binary Cu-Co
oxides is a key factor for the optimization of
catalytic formula of these materials and could be
affected by the preparation method and Cu/Co ratio
used. Besides, the catalytic support could be also an
important parameter for the design of efficient
catalysts by regulation of loaded particles
dispersion, location and possibility for the

* To whom all correspondence should be sent:
E-mail: izabela_genova@abv.bg

appearance of strong metal-support interaction.
Various supports, such as SiOz, Al.0s;, MgO, TiOg,
CeO; and ZrO,, have been used to prepare cobalt
and copper based catalysts [4-11]. It was
established that the weaker interaction with SiO»
support favors the reducibility of metal oxide
particles, but  promotes  metal species
agglomeration, especially with the increase of metal
loading.

The aim of present study is to study the effect of
preparation procedure on the formation of catalytic
active sites on supported on SiO, bi-component
copper and cobalt oxides with different Cu/Co
ratio. “Chemisorption-hydrolysis" and conventional
incipient wetness impregnation techniques were
used for the samples preparation. The obtained
materials were characterized by different
physicochemical techniques, such as XRD, UV-
Vis, FTIR and temperature-programmed reduction
with hydrogen and tested as catalysts in methanol
decomposition to hydrogen and CO as alternative
clean and efficient fuel [12 and refs. therein].

EXPERIMENTAL

Materials

Conventional mesoporous SiO, (ID 2556,
specific surface area of 400 m?/g) was modified
with cobalt and/or copper by novel “chemisorption-
hydrolyses” technique (CH) as described in [13].

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The samples were obtained as follows: (i)
impregnation (20 min. at room temperature) of 0.6
g SiO2 with aqueous solutions (4 ml) containing the
corresponding amounts of  [Cu(NH3)4](OH)2
(pH=9) and/or [Co(NH3)4](OH). (pH=9) for the
obtaining of 8 wt. % of metal; (ii) hydrolysis of the
obtained product with distilled water (1 L) at 273 K
for 30 min; (iii) filtration and drying at 373 K
overnight. Similar modifications were prepared by
conventional wetness impregnation technique (WI)
from aqueous solution of the corresponding nitrate
precursors. The obtained CH and WI samples were
calcined in air at 623 K and 673 K for 4 h,
respectively. All catalysts were denoted as
XCoyCu/SiO,, where x and y represent the weight
content of each element.

Methods of characterization

Cobalt content in the samples was determined
by Atomic Absorption Spectroscopy on Atomic
Absorption  Spectrometer 3100-Perkin  Elmer;
flame: acetylene/air. Powder X-ray diffraction
patterns were collected within the range of 5.3 to
80° 20 on a Bruker D8 Advance diffractometer with
Cu Ko radiation and LynxEye detector. The
average crystallite size was evaluated according to
Scherrer equation. The UV-Vis spectra were
recorded on the powder samples using a Jasco V-
650 apparatus. The IR spectra (KBr pellets) were
recorded on a Bruker Vector 22 FTIR spectrometer
at a resolution of 1cm™, accumulating 64 scans.
The TPR/TG analyses were performed in a
Setaram TG92 instrument in a flow of 50 vol% H»
in Ar (100 cm® min) and heating rate of 5 K min.

Catalytic tests

Methanol conversion was carried out in a fixed
bed flow reactor (0.055 g of catalyst), argon being
used as a carrier gas (50 cm® mint). The methanol
partial pressure was 1.57 kPa. The catalysts were
tested under conditions of a temperature-
programmed regime within the range of 350-770 K
with heating rate of 1 K.minl. On-line gas
chromatographic analyses were performed on HP
apparatus equipped with flame ionization and
thermo-conductivity detectors, on a PLOT Q
column, using an absolute calibration method and a
carbon based material balance.
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RESULTS AND DISCUSSION

XRD patterns of the samples prepared by
different procedures are shown in Fig. 1. The
absence of any diffraction peaks in the patterns
of all CH samples indicates the formation of
finely dispersed metal oxide phase despite the
samples composition. Just the opposite, well
defined reflections are visible in the patterns of
all materials prepared by WI procedure. The
reflections (Fig. 1) at 31.2°, 36.8°, 44.8°, 59.4° and
65.3° 20 in the XRD pattern of Co/SiO, could be
assigned to centered cubic (fcc) spinel structure
(space group Fd3m) of Cos0. [14]. The reflections
at 35.5° 38.7° and 48.6° 20 in the pattern of
Cu/SiO, are typical of pure monoclinic CuO
(Tenorite, space group C2/c) [15]. The reflections
in XRD patterns of bi-component materials are
wider and less intensive which indicate formation
of more finely dispersed metal oxide phase. The
slightly changes in the lattice parameters of Co304
reveal insertion of metal ions into the spinel
structure with the formation of CuCo,0, (Table 1)
[16]. Reflections typical of CuO could be detected
with the increase of Cu loading in the samples.
More information for the state of loaded metal
oxide phases was obtained by UV-Vis (Fig. 2a) and
FTIR spectroscopy (Fig. 2b).

Table 1. Phase composition, unit cell parameters
and average crystallite size for WI samples.

Sample Space Group Unit Particles
cell, A size, nm
Cu/SiOz_WI CuO-C2/c 4.682(2) 42
3.424(1)
5.128(1)
99.49(1)
Co/Si0z_WI C0304 8.086(5) 1
1Cu2Co/SiO2,_WI  Co304 8.124(7) 10
1CulCo/SiO2,_ WI  CuO - C2/c 4.64(1) 38
3.430(5)
5.167(8)
99.74(8)
C0304 8.118(8) 9
2CulCo/SiO, WI  CuO - C2/c 4.686(6) 36
3.428(5)
5.134(4)
99.57(4)
C0304 8.116(9) 10
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Fig. 1. XRD patterns of CH (a) and WI (b) modifications.

UV-Vis spectra of mono-component copper
materials represent absorption band at about 240
nm and a broad band in a 600-800 nm region
which could be assigned to the absorption of Cu?*
ions in CuO crystallites [11]. The absorption in the
300-400 nm region indicates presence of small Cu-
O-Cu oligomeric species. The broad absorption
band at 400-550 nm and 650-800 nm in UV-Vis
spectra of Co/SiO, WI are typical of
AT1(F)—4T1(P) transitions of octahedrally
coordinated Co** and electronic ligand-field 4A2
(F)—4T1 (p) transition in tetrahedrally coordinated
Co?*, respectively which is in accordance with the
XRD data (Fig. 1) for the presence of well
crystallized Cos04 phase [13]. The slight absorption
at 453, 525, 585 and 650 nm in the spectrum of
Co/SiO2_CH could be assigned to the formation of
amorphous Co304 phase, where tetrahedrally
coordinated Co?" ions in CoO4 units are mainly
surrounded by oxygen ligands from the silica
matrix [17].

Note, the changes in the position and relative
part of the main absorption peaks for Co304 in the
UV-Vis spectra of bi-component materials,
prepared by WI technique. Taking into account
XRD data, this observation could be assigned to the
formation of CoxO3xO4 spinel phase. The UV-Vis
spectra of bi-component CH materials seem to be
superposition of the spectra of mono-component
Cu/SiO;_CH and Co/SiO,_CH materials, but the
observed small changes in the position and
intensity of the main peaks do not excluded slight
interaction between individual oxides.

Additional information for the state of loaded
active phase was obtained by FTIR spectroscopy.
The broad band at around 590 cm™ in the FTIR
spectrum of Cu/SiO,_WI is due to Cu-O stretching
vibrations in the CuO particles, which is in
consistence with XRD and UV-Vis data. This band
is broader and shifted to lower frequency for the

Cu/SiO,_CH sample, which according to [18] is
due to the strong interaction of CuO oligomers
species with the silica support. The bands at 570
and 650 cm™ in the FTIR spectra of all cobalt
containing WI materials (Fig. 2b) could be assigned
to Co-O stretching vibrations of Co®*" and Co?* ions
in octahedral and tetrahedral coordination,
respectively, which is typical of well crystallized
spinel Cos04 phase [19]. They are slightly shifted
to higher frequency for Co/SiO2_WI, indicating
formation of cobalt oxide species with higher bond
order [20] for this sample. A continuous increase of
the absorption in the 600-500 cm™ region for all
CH modified materials (Fig. 2b) is observed.
According to [19] and taking into account XRD and
UV-Vis data, this could be assigned to the presence
of different Co-containing phases (CoO, CoO(OH),
etc.) and absence of well crystallized spinel Co304
phase.
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2 CH-solid line

Absorption, a.u.
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o
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Fig. 2. UV-Vis (a) and FTIR (b) spectra of CH (solid
line) and WI (dash line) modifications.
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Further information for the metal ions
environment in different materials is obtained by
the TPR-TG and TPR-DTG profiles of the samples
(Fig. 3). For both mono-component copper
modifications, TPR-DTG effects in the 410- 530 K
region are registered. For Cu/SiO,_CH, this effect
is shifted to about 40 K lower temperature, which
could be due to the reduction of more finely
dispersed phase in this sample. The observed
weight loss (Table 2) corresponds to 80 %
reduction of CuO to Cu° for the WI modification
and to about 60 % for its CH analogue,
respectively. This indicates that CH technique
favours the formation of more easily reducible and
highly dispersed copper phase than WI method,
which is in accordance with our previous data [13,
21].

400 600 800

Temperature, K
b
______ Cu/sio,
v 2Cu1Co/SiO,
N SRR
S
©
o ‘ 1Cu1ColSiO,
D """" \ PRl TTTT e
1Cu2Co/Si0,
v ColSiO,
STeTeTeTeT - .'.,»4“"""""
400 600 800

Temperature, K

Fig. 3. TPR-TG (a) and TPR- DTG (b) profiles of CH
(solid line) and WI (dash line) modifications.
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At the same time the observed weight loss for
mono-component cobalt materials corresponds to
67 % reduction of CosO4 to metallic Co for the WI
modification and below 30 % for its CH analogue.
This could be assigned to the reduction of cobalt
ions in lower oxidative state and/or strongly
interacted with the silica support. Indeed, according
to the UV-Vis and FTIR spectra, predominantly
presence of Co?* could be assumed for the later
material (Fig. 4, Table 2). Taking into account our
previous study [13], we could not also fully exclude
the formation of finely dispersed cobalt silicate
species [22, 23]. Single effect, which is slightly
shifted to lower temperature as compared to
Cu/SiO2_WI, is observed for all bi-component WI
materials.

Table 2. Samples composition and reduction degree,
determined by TPR-TG analyses

Sample Cu, Co, Tini, Tmax, Reduction
wt%  wWt% K K degree, %
Cu/SiOz2_CH 8.2 416 454 80
2CulCo/SiO2_CH 48 23 455 502 55
1CulCo/SiO2_ CH 35 3.6 455 500 33
1Cu2Co/Si02_ CH 2.4 42 470 520 31
. 10. 472,
Co/SiO,_CH 5 458 612, 27
760
Cu/SiOz_WI 8.2 455 486 60
2CulCo/SiO2_WI 48 23 451 474 91
1CulCo/SiO2_ WI 3.5 36 456 483 42
1Cu2CofSi02_WI 2.4 42 446 472 85
Co/SiOz_WI éo 523 56‘;%’ 67

In accordance with XRD and spectroscopic data
this could be assigned to the reduction of CuxCos-
xOs spinel phase. The variations in the reduction
behaviour of all bi-component CH modifications
(Fig. 4, Table 2) indicate that the strong interaction
of different metal oxide species with the silica
matrix renders difficult the interaction between
them. In Figure 4 are presented data for the
catalytic activity of the samples in methanol
decomposition.

Higher catalytic activity is observed for all bi-
component materials as compared to mono-
component ones, when WI technique was used for
their preparation. Here the selectivity to CO was
about 90-100%. Relatively lower catalytic activity
and selectivity to CO due to formation of CHa, Cy-
Cs hydrocarbons, DME and CO; (up to 20 %) as
by-products was observed for their CH analogues.
The changes in the specific catalytic activity (SA),
calculated per unit metal at selected temperature is
presented in Fig. 4 c.
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Fig. 4. Methanol conversion vs temperature of CH (a) and WI (b) samples and specific catalytic activity

calculated per unit metal (wt. %) at 650 K (c).

With the exception of pure copper materials, the
SA values are significantly lower for all cobalt-
containing samples, obtained by CH technique.
Taking into account the data from the
physicochemical analyses (see above) this could be
assigned to the facile formation of cobalt species in
lower oxidation state and/ or strongly interacted
with the silica support. The observed relatively low
selectivity to CO on these materials could be due to
the formation of additional surface acidic sites. Just
the opposite, WI method promotes the formation of
finely dispersed, but well crystallized CuxC03xO4
spinel particles. Obviously, the located on the
octahedral sites Cu?* ions share the oxygen with
adjacent Co?*, leading to the formation of highly
active  Cu-O-Co species, in higher for
1CulCoSiO;_WI [13]. This leads to an increase in
redox activity and Lewis acidity and facilitates
methanol decomposition to CO and hydrogen in
synergistic way.

CONCLUSION

The applied preparation techniques allow
stabilization of metal oxide particles in different
oxidation state and dispersion, which reveals the
possibility to fine control of the surface and
catalytic properties of Cu and Co bi-component
system.  “Chemisorption-hydrolysis” technique
ensures formation of finely dispersed and strongly
bonded to the silica support Co?* containing
species. This renders difficult the formation of well
crystallized spinel phase and leads to the formation
of less active catalysts in comparison with the
conventional incipient wetness impregnation
technique.
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bN-KOMIIOHEHTHU KATAJIM3ATOPU 3A PA3ITAJJAHE HA METAHOJI HA OCHOBATA
HA MOAN®ULNPAH C OKCUJIU HA MEJITA 1 KOBAJITA CUJIMOUEB IMOKCHU/I:
BJIMAHUE HA METOJIA HA HAHACSHE

N.T.T'enoBa*, T. C. [lonueBa

Huemumym no opeanuuna xumus ¢ Llenmwvp no pumoxumus, bvieapcka axademus na naykume, 1113 Cogus,
bvreapus,

Mocrenuna va 12 anpun 2017 r.; Kopurupana ua 26 anpun 2017 r.
(Pestome)

HacTosmoro u3cienBaHe € HACOUCHO KbM H3SICHSIBAHE Ha BIMSHUETO Ha MpoleaypaTa Ha MoauuIpaHe Ha
SiO2 BBPXy CHCTOSHHMETO Ha HaHECeHATa OM-KOMITIOHEHTHA MeI- M KoOaiaT- okcuaHa (asza. [lomydeHnu ca obpasiu ¢
pasnuuHo choTHommeHre CU/CO upe3 U3MoI3BaHe Ha METO/IA Ha ,,XeMOCOPOLUS-XHPOJIHM3a”, ChCTOSII CE B OTJIaraHe Ha
AMOHSYHH KOMIUICKCH Ha MeJTa M KoOajta U CJIEBAIIOTO UM XUAPOJIH3UPAHE U pa3jaraHe. AHAJOTHYHHU pedepeHTHH
00pasiy ca MoJydeHH upe3 MPUIIaraHeTo Ha TPAJAUIMOHHUS METOJ Ha OMOKPSIHE C BOJIHH Pa3TBOPH HA ChOTBETHUTE
uutpary. [loyueHnTe MaTepHaiy ca u3CciieIBaHN OCPEACTBOM peauia GusukoxumudHu Metoau, kato XRD, UV-Vis,
FTIR u TemneparypHo mporpaMupaHa peayKius ¢ BoAopoja. KaTo karaiuTH4eH TecT € W3MOJ3BaH paslajiaHe Ha
MetaHou 10 Bogopoa u CO ¢ orieq Bb3MOXKHOCTTA 32 U3MOJI3BAHETO MY KAaTO alTepPHATHBHO ropuBo. M3mnon3BaHuTe B
HACTOSIIETO H3CJIEABaHE TEXHUKM Ha MOJU(UIMpaHe BOIAT JO CTa0WIM3UpaHE HA METATOOKCHUIHM YaCTHIHU B
PA3JIMYHO OKUCIIUTEIIHO ChCTOSIHUE M JUCIIEPCHOCT, KOETO Pa3KpUBa BH3MOXKHOCT 32 ()MH KOHTPOJ HA KATATUTHUYHUTE
CBO¥CTBA HAa OM-KOMIIOHCHTHUTE MaTePHAIH.
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Mesoporous ceria-titania binary materials were used as a host matrix of nanosized copper oxide species. The
obtained materials were characterized by XRD, nitrogen physisorption, UV-Vis, Raman, FTIR and temperature-
programmed reduction with hydrogen. Their catalytic activity was tested in total oxidation of ethyl acetate and
methanol decomposition to CO and hydrogen with a potential application in VOCs elimination and alternative fuels,
respectively. The variations in the ceria-titania support composition affected the dispersion and the oxidative state of
loaded copper species. The facilitated electron transfer between the copper species and ceria-titania support improved
the catalytic activity in both catalytic processes and this effect could be successfully controlled by the Ti/Ce ratio in the
samples.

Key words: Mesoporous nanostructured ceria-titania doped with copper, template—assisted hydrothermal synthesis,

ethyl acetate oxidation, methanol decomposition.

INTRODUCTION

In the last decade methanol has been considered
as suitable clean and efficient alternative fuel
because it can be synthesized from biomass and
other waste products by well-known technologies
and easily converted to hydrogen or synthesis gas
in case of needs [1]. On the other hand, volatile
organic compounds (VOCs) emitted from various
industrial processes and transport activities are
considered as an important class of air pollutants,
and catalytic combustion is one of the most
promising strategies for their elimination at
relatively low temperatures [2]. An important step
in the control of these catalytic processes is the
development of highly efficient catalysts with
controlled properties. Transition metal oxides are
considered as appropriate alternative of noble
metals and recently the main efforts are focused on
the improvement of their electronic, surface and
texture properties by the preparation of nanosized
multi-component materials with well developed
porous structure. The knowledge of the specific
effects within the multi-component nanostructured
metal oxides is prerequisite for the optimization of
their properties. Recently, titanium oxide has
received much attention due to its superior optical,

* To whom all correspondence should be sent:
E-mail: issa@abv.bg

electrical, mechanical and catalytic properties
combined with non-toxicity and cost effectiveness
[3]. The introduction of dopant into TiO; lattice
may significantly affect the electronic band edges
or introduce impurity states in the band gap [3]. It
has been reported that the addition of ceria to titania
decreases its particle size, increases the specific
surface area and thermal stability, stabilizes the
anatase phase, reduces the bandgap energy and
improves the oxygen storage capacity via formation
of oxygen vacancies. A lot of data in the literature
demonstrates that the modification of TiO»-CeO>
mixed oxides with CuO increases the catalytic
activity in oxidation processes due to improved
dispersion of the supported nanoparticles and the
textural characteristics of the composite materials
[4-6]. It is known that factors such as the chemical
nature of the support, the acid-base functionality,
and the location of copper particles in mesoporous
oxide matrix significantly affect the catalytic
properties of the composite material [5].
CuQ/CeO,-TiO; has been reported as an active
catalyst for SCR of NO by CO, in which ceria was
incorporated into TiO, by using the conventional
impregnation method [7]. Other authors reported
that the catalytic performances of copper based
catalysts for NH3-SCR reaction are closely related
to the texture and dispersion of copper oxide
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species, which are significantly influenced by the
supports [8, 9].

The aim of current investigation is to study the
effect of copper modification of mesoporous
titania-ceria binary oxides. The effect of support
composition on their catalytic behaviour in total
oxidation of ethyl acetate as a representative VOCs
and methanol decomposition as a carrier of
hydrogen was studied by complex characterization
of the samples with different physicochemical
techniques.

EXPERIMENTAL

Materials

The titania-ceria samples were synthesized by
template-assisted technique using Hexadecyl-
N,N,N-trimethyl ammoniumbromide (CTAB) as a
template, hydrothermal treatment at 373 K and
calcination at 773 K according to procedure
described in [10]. The samples were denoted as
xTiyCe, where x:y was the metal mol ratio, which
in the bi-component samples was 2:8, 5:5 or 8:2.
All initial titania-ceria materials were modified
with  copper by simple incipient wetness
impregnation ~ with  aqueous  solution  of
Cu(NO:s)2.9H,0 in an appropriate amount to obtain
8 wt.% of copper. Then the samples were dried at
ambient temperature and calcined with a heating
step of 1 °C/min up to 773 K and dwelling time of
2h.

Methods of characterization

Specific surface area and pore volume data were
collected from nitrogen adsorption-desorption
isotherms measured at 77 K using a Quantachrome
NOVA 1200 apparatus. Powder X-ray diffraction
patterns were collected on a Bruker D8 Advance
diffractometer with Cu Ko radiation using a
LynxEye detector. FTIR spectra in the region of
skeletal vibrations were recorded on a Bruker
Vector 22 spectrometer at a resolution of 1-2 cm™,
accumulating 64-128 scans and KBr pellets
technique. The UV-Vis spectra were recorded on a
Jasco V-650 UV-Vis spectrophotometer equipped
with a diffuse reflectance unit. Raman spectra were
acquired with a DXR Raman microscope using a
780 nm laser.

Catalytic tests
The catalytic oxidation of ethyl acetate was

performed in a fixed bed flow reactor (0.030 g of
catalyst) with a mixture of ethyl acetate in air (1.21
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mol %) and WHSV of 100 h?. Methanol
conversion was carried out in a fixed bed flow
reactor (0.055 g of catalyst), argon being used as a
carrier gas and methanol partial pressure of 1.57
kPa. On-line gas chromatographic analyses were
performed for both reactions using an absolute
calibration method and carbon based material
balance.

RESULTS AND DISCUSSION

In order to obtain information for the textural
characteristics of the studied materials, nitrogen
physisorption measurements are done (Table 1). All
materials were characterized with well-developed
mesoporous structure and high specific surface area
and pore volume. The addition of ceria to titania
leads to an increase in the specific surface area and
pore volume in comparison with the mono-
component systems. Note, that the BET surface
area of all CeO,-TiO, samples overcomes that one
if the samples were considered as a mechanical
mixture of the individual oxides. This suggests for
the existence of interaction between the studied
metal oxides. The copper addition decreases the
surface area and pore volume of titania-ceria
supports, probably due to the incorporation of small
CuO particles within the support pores.

XRD patterns of all ceria-titania samples are
presented in Fig. la and the data for phase
composition, unit cell parameters and average
crystallite size are listed in Table 1. For the pure
TiO,, only reflections of anatase (26=25.6°, 38.3°,
47.8° and 62.5°) were detected [11] (Fig. la, Table
1). For pure CeO, the strong reflections are
attributed to cubic fluorite-like structure (20 =
28.5°, 33.1°, 47.5°, 56.3° and 69.4°) with average
crystallite sizes of 22 nm. Anatase phase was only
registered when titania was doped with small
amount of ceria (2Ce8Ti). However, the reflections
were broader as compared to pure TiO,, which
evidences higher dispersion of TiO,. With further
increase of Ce content the reflections become
weaker and wider, which indicates a decrease in the
crystal size of TiO, (Table 1). For the Ce-rich
samples (Fig. 1a) only reflections characteristic of
cerianite CeO; could be detected. These reflections
are slightly shifted to higher Bragg angles, which is
due to a slight decrease of ceria unit cell parameter
(Table 1). Taking into account that the radius of
Ti*-ion is 0.74 A, CN=6 and that one for Ce**-ion
is 0.97 A, CN=6, the latter observation could be
assigned to the incorporation of smaller Ti**-ions
into the ceria lattice [12,13]. XRD patterns of
copper modified Ce-Ti materials are presented in



Gloria Issa et al.: Copper supported on nanostructured mesoporous ceria-titania composites as catalysts for sustainable...

Fig. 1b. Typical anatase and fluorite phases were monoclinic tenorite structure [5], probably located
observed on Cu/TiO, and Cu/CeO, samples, on the outer surface of mesoporous oxide support
respectively. The diffraction peaks in there samples because of their relatively large crystal size (Table
at 20 = 35.5°, 38.5° and 48.5° are due to the 1).

presence of well crystallized CuO phase with

Table 1. Nitrogen physisorption and XRD data of CeTi and Cu/CeTi materials.

Sample Space Group Unit cell Particles BET m?/g Total Pore
size, nm Volume, ml/g
TiO2 Anatase, syn 3.786 17.4 85 0.29
Tetragonal — Body-centered 141/amd 9.493
Cu/TiO2 Anatase, syn 3.786 20.8 40 0.24
Tetragonal — Body-centered 141/amd 9.488
Tenorite 4.691 36.4
3.419
5.138
99.594
5Ce5Ti Cerium oxide 5.403 12.0 99 0.45

Cubic - Face center - Fm-3m
Cu/5Ce5Ti Cerium oxide 5.405 12.5 69 0.39
Cubic - Face center - Fm-3m

Tenorite 4716 45.8
3.431
5.126
99.578
2Ce8Ti Anatase, syn 3.784 5 166 0.62
Tetragonal — Primitive P42/mnm 9.49
Cu/2Ce8Ti Anatase, syn 3.793 7 102 0.49
Tetragonal — Primitive P42/mnm 9.49
8Ce2Ti Cerium oxide 5.409 17.0 55 0.30
Cubic - Face center - Fm-3m
Cu/8Ce2Ti Cerium oxide 5.407 16.8 38 0.28
Cubic - Face center - Fm-3m
Tenorite 4.688 40.1
3.432
5.127
99.323
CeO2 Cerium oxide 5.413 21.8 46 0.26
Cubic — Face center — Fm-3m
Cu/CeO2 Cerium oxide 5.413 22.0 24 0.20
Cubic — Face center — Fm-3m
Tenorite 4,679 29.3
3.440
5.130
99.44
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Fig. 1. XRD patterns of CeTi (a) and Cu/CeTi (b) materials.

In the case of Cu/2Ce8Ti, the main reflections
belonging to anatase phase appeared with low
intensity and no reflections corresponding to CeO;
and CuO were observed. This observation indicates
formation of highly dispersed metal oxide particles.
Strong reflections attributable to cubic fluorite-like
structure of CuO with average crystallite size of 40
and 45 nm, respectively (Table 1), were detected in
the patterns of Cu/8Ce2Ti and Cu/5Ce5Ti. The
observed decrease of the unit cell parameter for
ceria components in copper containing samples
(Table 1) as compared to pure CeO, does not
exclude partial substitution of Ce** ions by smaller
Cu?* ion (0.73 nm). According to [14] it is likely
that part of Cu?* ions entered into the CeO lattice
to form a solid solution and the rest of Cu?* formed
CuO particles on the surface of CeOs.

FTIR analysis was conducted (not shown) in
order to get more information for the studied
materials. The spectrum of pure TiO, sample
consists of peaks at 460, 620 and the shoulder at
910 cm?, typical of anatase titania [12]. The broad
and intensive band below 700 cm™' observed for the
pure CeO, sample is related to the Ce-O bond
vibrations. The band around 1600 cm™ is due to
adsorbed water molecules. The broad band in the
interval 3100-3700 cm™' is assigned to O-H
stretching vibrations. The broad and intensive band
below 700 cm™' observed for the Cu/CeO, sample
is assigned generally to Ce-O stretching vibrations
in defect Ce-O-Cu structures [6]. This feature
decreases for the mixed oxide materials, probably
due to the creation of new contact between the
different metal oxide nanoparticles. The registered
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variation in the intensity of the band in the 3100—
3700 cm™! interval in the FTIR spectra of copper
CeTi samples implies that the possible interaction
between different oxides results in differences in
the surface defects, which reflects on the amount of
surface hydroxyl groups and adsorbed water (not
shown).

UV-vis diffuse reflectance spectra of individual
TiO, and CeO, oxides and their composites are
presented in Fig. 2a. Only one adsorption edge
which corresponds to the band transition at about
355 and 314 nm was detected in the spectra of TiO,
and CeO-, respectively. It is clearly seen, that ceria
doping of titania results in shift of the adsorption
edge to the visible region. The observed red shift
was most pronounced for 2Ce8Ti sample and
decreased with the increase of ceria content. In
accordance with [15] this could be due to the
formation of new energy level within the band gap
of TiO,. The absorption in the range of 240-320
nm and 600-800 nm regions for all copper
modification is related to 0> —Cu?* CT and d-d
transitions, respectively, of crystalline CuO [6]
(Fig. 2b). In accordance with the XRD and nitrogen
physisorption data, the observed changes in the
350-500 nm region for all copper modifications
confirm the assumption done above for the
existence of strong interaction between the different
metal ions and/or the increase in the metal oxides
dispersion.

In order to obtain more information for the type
of interaction between metal oxide nanoparticles,
Raman spectra were recorded (Fig. 3a).
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Fig. 2. UV-Vis patterns of CeTi (a) and Cu/CeTi (b) materials
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Fig. 3. Raman patterns of CeTi (a) and Cu/CeTi (b) materials

The Raman spectrum of TiO, consisted of well
defined Raman shifts at 143 cm™! (Elg), 195 cm™!
(E2g), 396 cm™!' (Blg), 514 cm™! (Alg) and 637
cm™! (E3g), which are typical of pure anatase
structure [16]. In case of mixed CeTi samples, the
observed decrease in the intensity of the main peak,
typical of titanium oxide accompanied with its
slight broadening could be due to particle size
decrease, which is in accordance with the XRD data
(Fig. 1a, Table 1). The spectrum of CeO;, showed
the main Raman shift at 463 cm™' (E2g) typical of
CeO; [12]. The additional band at 600 cm™' was
generally assigned to the presence of oxygen
defects in the ceria lattice. For the bi-component
CeTi materials, a slight shifting and broadening of
the main Raman-active mode accompanied with a
decrease in its intensity is detected (Fig. 3a). This
could be assigned to partial replacement of Ce ions
with Ti ones, resulting in Ce-O bonds shortening
and formation of smaller crystallites with defect

structure. In the case of 2Ce8Ti sample, no peaks of
CeO, are observed. The Raman bands
corresponding to CuO was absent for all copper
catalysts, indicating that CuO was in highly
dispersed state, consistent with the XRD results.
The observed slight blue shift of the Raman Elg
mode to 150 cm™! for copper modifications could
be an indication for the changes in the environment
of titanium ions in anatase lattice (Fig. 3b). The
appearance of such a non-stoichiometric structure
of titania could be due to the formation of distinct
atomic defects like Ti*, interstitial Ti**, or oxygen
vacancies [15]. A slight red shift of the position of
the band at 463 cm™!, combined with significant
decrease in the intensity and increase of the half-
width is observed for all Cu/CeTi materials,
suggesting strong interaction between CuO and
CeO; (Fig. 3b). At the same time the disappearance
of the main CuO peaks and a significant increase of
the relative intensity of the peak at 600 cm™ is
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observed. Generally, the latter feature is assigned to
the formation of oxygen vacancies due to the
replacement of Ce*" by metal ion with different
valence.

In Fig. 4 are presented data from the TPR
analyses. The reduction of pure CeO was initiated
just above 657 K. The observed weight loss with
further temperature increase up to 773K
corresponded to about 10% reduction of Ce** to
Ce®" ions, probably from the surface [12] (Fig. 4a).

The reduction effect for the bi-components
samples is larger in comparison with pure CeO- and
starts at lower temperature. For 5Ce5Ti higher
reduction ability as compared to 8Ce2Ti is
detected, which could be assigned to the increase of
the number of titanium ions, incorporated in ceria
lattice. However, the reduction became more
difficult with further increase of titania content
(2Ce8Ti), but it remains still easier as compared to
the pure CeO..

Thus, TPR results clearly demonstrate the
existence of interaction between different metal
oxide species in bi-component materials, which
results in the presence of more readily reducible
ceria crystallites, interacting with titania. In Fig. 4b
are presented data from the TPR analyses of the
copper modifications. Cu/TiO, exhibits reduction
peak with a maximum at about 470 K, which
corresponds to one step reduction of Cu?* to
metallic copper [4].

The appearance of two reduction peaks for
Cu/CeO, centered at 385 and 439K could be
assigned to the reduction of Cu?* ions in different
environment and/or differently dispersed CuO
particles (Fig. 4b). Two reduction effects are
observed also for all mixed copper samples,
indicating the existence of at least two types of
copper species (Fig. 4b). Note that the ratio
between them changes with Ce/Ti ratio with a
tendency to an increase in the relative part of the
low-temperature effect with ceria amount decrease.
In accordance with the XRD data, this could be due
to the improved dispersion of ceria in the vicinity of
titania.

In Fig. 5 are presented temperature dependencies
of total oxidation of EA. Beside CO,, which is the
most important product of EA oxidation, ethanol
(EtOH), acetaldehyde (AA), acetic acid (AcAc) and
ethene are also registered as by-products. For CeTi
samples the ethyl acetate oxidation is initiated
above 500 K and 80-100% conversion is achieved
at 650 K. Among all materials, pure ceria exhibits
the highest catalytic activity. Besides, on this
material high selectivity to EtOH (47%) is
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observed. The lowest catalytic activity combined
with high selectivity to AA (25%), EtOH (22%)
and ethene (18%) is registered for TiO, sample.
The improvement of the selectivity to CO; for all
binary materials clearly indicates dominant effect
of redox over the acid-base properties for these
materials [2]. With the exception of Cu/CeO., all
copper modifications exhibited improved catalytic
activity in total oxidation of ethyl acetate to CO; in
comparison with the corresponding supports (Fig.
5b).
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Fig. 4. TPR-DTG patterns of CeTi (a) and Cu/CeTi (b)
materials.

XRD, UV-Vis, and Raman analyses
demonstrate that the close contact between different
metal oxide particles creates an interface layer,
where copper ions are penetrated into the support
lattice with simultaneous formation of oxygen
defects. The formation of this interface seems to
facilitate the stabilization of finely dispersed, easily
reducible, and highly active CuO nanoparticles.
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Fig. 5. Ethyl acetate conversion of CeTi (a) and Cu/CeTi (b) materials.

Note the decrease in the catalytic activity with
the increase in Ce/Ti ratio in the support. Taking
into account the nitrogen  physisorption
measurements this could be due to a decrease in the
BET surface area (Table 1).

The temperature dependencies of methanol
conversion and selectivity to CO and hydrogen for
titania and ceria samples are presented in Fig. 6a.
Besides CO, which formation is directly related to
hydrogen production from methanol, CO;, CHy,
dimethyl ether (DME) and C,-Cs hydrocarbons are
registered as by-products. All materials exhibit
catalytic activity above 500-550 K. The mono-
component CeO, sample possesses extremely low
catalytic activity and about 50% selectivity to CO
due to the formation of CH, (Fig. 6a).

The main by-products during the methanol
decomposition on TiO, materials are DME (about
50%) and hydrocarbons (about 17%) which clearly
indicates existence of high acidic functionality.
Here, well pronounced trend to deactivation with
the temperature increase for this material is
detected, which could be due to the deposition of
non-desorbable products. The binary CeTi
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materials demonstrate improved catalytic activity
and stability at higher temperatures as compared to
the individual oxides (Fig. 6a).

Their relatively low selectivity to CO is due to
the contribution of methane (about 30%) and DME
(30-40%) as by-products. Copper modifications
demonstrated improved catalytic activity in
methanol decomposition as compared to ceria-
titania supports only in case of relatively low Ce/Ti
ratio of the support (Fig. 6b). The complex
temperature dependency of their catalytic activity
indicates changes in the catalytic active sites under
the reaction medium.

CONCLUSION

High surface area mesoporous ceria-titania
binary materials can be successfully synthesized
using template assisted hydrothermal technique.
Binary oxide supports exhibit improved dispersion,
high surface area and pore volume combined with
excellent oxygen mobility. As a result, a significant
increase in the catalytic activity and selectivity in
total oxidation of ethyl acetate to CO, and methanol
decomposition to syngas is achieved.
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Fig. 6. Mehtanol conversion of CeTi (a) and Cu/CeTi materials (b).
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Small additives of copper to ceria and/or titania
oxides promotes their catalytic activity in total
oxidation of ethyl acetate and methanol
decomposition to syngas, but this effect is strongly
influenced by support composition. The lower
Ce/Ti ratio promotes the catalytic activity both in
ethyl acetate oxidation and methanol decomposition
in a higher extent.
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Me3onopecTn HEepUH-TUTaH CMECCHOOKCHIHHM MaTepuayii OsfXa H3MOJI3BaHM KAaTO MaTpHLM 3a HaHAacsiHEe Ha
HaHOpa3MEPHNU MEIHOOKCHIHM 4acTHiy. [lonmyueHute Marepuanu Osxa XapakTepH3HpaHW Upe3 NpaxoBa PEHIeHOBa
madpakous, Qu3nyHa ancoOnus Ha a3oT, IU(Y3MOHHO-OTpaKaTelHa yITpaBoJeTOBa, HMH(pauyepBeHa W Paman
CHEKTPOCKOIMH, KaKTO M TeMIlepaTypHO-TIpOrpaMupaHa peayKius ¢ Bogopox. Karamuruynata MM akTHBHOCT Oeine
TECTBAHA B PEaKNyus Ha IIBJIHO OKHMCJICHHWE Ha €THJIAIlETaT C MOTEHIMATHO NPUIOXKEHHE ChOTBETHO 32 €IMMHHUpPAHE Ha
JIOC cpenunenus n pasnagane Ha MetaHoia 1o CO u Bogopox KaTo anTepHAaTHBHO ropuBo. BapupaHero Ha chcTaBa Ha
LEpUH-TUTaH CMECEHOOKCHIHUTE HOCUTENH BIIUSAEC BBPXY TUCIIEPCHOCTTA U OKHUCIUTEITHOTO ChCTOSHIE Ha HAHECCHHUTE
MEIHH YaCTHUIH. YJIECHCHHAT EIIEKTPOHEH TpaHC(ep MEeXITy METHHWTE YaCTHIH W IEepUil-THTAaH CMECCHOOKCHIHHTE
HOCHTENI! BOAW 10 MOJOOpaBsHE Ha KaTalIWTHIHATa aKTUBHOCT B IBaTa KAaTANUTHYHM TIpoIeca W TO3M €PEeKT MOXKE
VCIIEITHO J1a ce KOHTpompa upe3 chotHomenneTo Ce/Ti B Tesun oOpasirm.
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Four novel diamides of squaric acid were synthesized in high yields using a condensation reaction of
methioninamide esteramide of squaric acid with different amides of amino acids. Newly synthesized compounds were
investigated by elemental analyses, IR and NMR. The molecular structures of the compounds were elucidated by a DFT
method. The theoretical analysis showed that squaric fragment and NH-groups lied in one plane which was almost

perpendicularly oriented to the plane of asymmetric C-atom.

Key words: diamide of squaric acid; methioninamide; IR; DFT calculations

INTRODUCTION

Methionine, one of the two sulfur-containing
amino acids, is found in all living cells [1] and is
critical for the synthesis of many proteins. It plays
an important role in many biochemical processes
involved in producing substances necessary for
normal functioning of the cardiovascular, bone and
nervous system [2]. Methionine is a major source of
methyl groups in the body.

On the other hand, mono and diamides of
squaric acid (H2Sq) received much attention in the
recent years. Their unique structural features:
strained ring, two carbonyl groups and a C=C bond,
two carbonyl acceptor and two NH donor groups
are able to form hydrogen bonds [3] determined
their specific reactivity and properties. These
derivates are important from pharmacological point
of view due to the broad range of their biological
activity. Many amides of H,Sq are used as
phosphates, carboxylate and amino acids isosters
due to the similar structure [4-6], metal chelators
for the inhibition of matrix metalloprotease
enzymes [7,8] and ion receptors [3,9] in medicinal
chemistry. Squaramide fragment is used as binding
unit in bioconjugate chemistry [10,11]. Also
squaramides have application as chiral ligands and
catalyst in organometallic  chemistry and
organocatalysis [12,13]. For this reason, the
synthesis of new mono- and diamides of squaric
acid and the investigation of their properties are
important for several chemistry fields.

* To whom all correspondence should be sent:
E-mail: e.d.cherneva@gmail.com

Herein is presented the synthesis and spectral
investigation of four novel methioninamide
containing diamides of squaric acid. In order to get
more information about their molecular structure
the newly synthesized compounds were studied by
theoretical methods.

MATERIALS AND METHODS

Amide of amino acids hydrochlorides were
purchased from Bachem AG. Diethyl ester of
squaric acid ethanol and triethylamine were
purchased from Sigma-Aldrich.

The IR spectra were measured on a Bruker
Tensor 27 FTIR spectrometer. In all cases the
spectra were recorded at a resolution of 2 cm * (64
scans). The NMR spectra were recorded on a
Bruker DRX250 spectrometer in solvent DMSO-ds
using TMS as internal standard. Standard Bruker
pulse sequences and software were used to record
and process the spectra. The elemental analyses
were carried out according to the standard
procedures for C and H (as CO,, and H,0) and N
(by the Dumas method). The molecular structure
and vibrational spectra of the compounds were
studied by computational method. Thin layer
chromatography (TLC) was performed on
aluminum sheets pre-coated with Merck Kieselgel
60 F254 0.25 mm (Merck). All density functional
theory (DFT) computations were performed with
the Gaussian 09 program package [14] employing
the B3LYP (Becke’s three-parameter non-local
exchange) [15,16] correlation functional and 6-
311++G** basis set

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 63


mailto:e.d.cherneva@gmail.com

E. Cherneva, Ts. Kolev: Diamides of squaric acid containing methioninamide fragment — synthesis, spectral...

Synthesis of methionine containing diamides of
squaric acid (5a-d)

Aqueous  ethanolic  solution  (1:4) of
corresponding amide of amino acids hydrochlorides
(Immol) was mixed with exess of EtsN (5mmol)
and the mixture was stirred for 10 minutes at room
temperature. After that ethanol solution of
methioninamide esteramide of H.Sqg (1 mmol) was
added. The mixture was stirred at room temperature
to complete the reaction. The products were
isolated by precipitation and purified by
recrystallization.

Spectral data of methionine containing diamides
of H,Sq 5a-d:
5a: 2-[2-(1-Carbamoyl-3-methylsulfanyl-
propylamino)-3,4-dioxo-cyclobut-1-enylamino]-3-
methyl-butyramide
M= 342.41; Elemental analysis: CisH22N4OsS
(Met/Val) (%),Calcd. C 49.1, H 6.4, N 16.3, S 9.3;
Found C49.0,H 6.4, N 16.4, S 9.3;

'H NMR (DMSO- dg, 250 MHz), & (ppm): 8.00
(dd, J=9.0, 14.5 Hz, 2H, 2NH), 7.74 (d, J=5.9, 2H,
NH2), 7.28(d, J=16.9 Hz, 2H, NHy), 4.65 (dd, J=
7.2,13.1 Hz, 1H, CH), 4.53 (dd, J=5.1, 9.4 Hz, 1H,
CH), 2.43 (m, 2H, CHy), 2.05 (s, 3H, SCH3), 1.89
(m, 2H, CH>), 0.86 (dd, J=6.8, 11.4 Hz, 6H, 2CH3);
3C NMR (DMSO - dg, 250 MHz), & (ppm):
182.41, 182.36, 172.06, 167.67, 166.75, 60.67,
55.26, 34.58, 32.08, 28.69, 18.80, 16.78, 14.66

+ MS, m/e (relative intensity): 343.22 (M+);
5b:2-[2-(1-Carbamoyl-3-methylsulfanyl-
propylamino)-3,4-dioxo-cyclobut-1-enylamino]-3-
methyl-pentanoic acid amide

M= 356.44; Elemental analysis CisH2aN4O4S
(Met/lle) (%), Calcd. C 50.5, H 6.7, N 15.7, S 9.0;
Found C 50.4, H 6.8, N 8.8; S9.0

'H NMR (DMSO- ds, 250 MHz), § (ppm): 7.98
(dd, J=9.0, 13.0 Hz, 2H, 2NH), 7.73 (d, J=8.7 Hz,
2H, NHy), 7.28 (d, J=16.8 Hz, 2H, NH>), 4.65 (dd,
J= 6.3, 11.2 Hz, 1H, CH), 4.53 (dd, J= 5.3, 9.0 Hz,
1H, CH), 2.44 (m, 2H, CH>), 2.03 (s, 3H, SCHs),
1.85 (m, 2H, CH,), 1.04 (m, 2H, CH), 0.85 (dd,
J=6.8, 11.4 Hz, 6H, 2CH3)

¥C NMR (DMSO- d6, 250 MHz), & (ppm):
182.40, 182.32, 172.14, 172.06, 167.56, 166.77,
60.47, 55.27, 34.58, 28.70, 23.50, 15.13, 14.67,
11.46

+ MS, m/e (relative intensity): 357.18 (M+);
5¢:2-[2-(1-Carbamoyl-2-hydroxy-ethylamino)-3,4-
dioxo-cyclobut-1-enylamino]-4-methylsulfanyl-
butyramide

M = 330.36; Elemental analyses: Ci,H1sN4OsS
(Met/Ser) (%),Calcd. C 43.6, H 5.4, N 16.9, S 9.7;
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Found C 43.6,H6.2, N 16.7, S 9.6

13C NMR (DMSO- dg, 250 MHz), & (ppm): 182.49,
182.30, 172.20, 172.11, 167.30, 166.42, 60.01,
55.80, 55.53, 33.24, 28.72, 14.48

+ MS, m/e (relative intensity): 331.66 (M+);

5d: 2-{2-[1-Carbamoyl-2-(4-hydroxy-phenyl)-
ethylamino]-3,4-dioxo-cyclobut-1-enylamino}-4-
methylsulfanyl-butyramide

M = 406.5; Elemental analyses CigH2:N4OsS
(Met/Tyr) (%),Calcd. C 53.1, H 5.4, N 13.7, S 7.8;
Found C 52.7, H4.9,N 13.5,S 7.9;

'H NMR (DMSO- dg, 250 MHz), & (ppm): 9.20 (s,
1H, OH), 7.95 (m, 2H, NH), 7.70 (s, 2H, NH,),
7.27 (d, J=12.0 Hz, 2H, NHy), 6.96 (d, J=8.4, 2H,
Ar), 6.63 (d, J=8.4, 2H, Ar), 4.76 (d, J= 7.1, 1H,
CH), 4.63 (d, J= 5.7, 1H, CH), 2.78-2.98 (m, 2H,
CHy), 2.40 (m, 2H, CH ), 2.02 (s, 3H, SCHa), 1.86
(m, 2H, CHy)

13C NMR (DMSO- dg, 250 MHz), & (ppm): 182.42,
172.02, 167.20, 166.93, 162.38, 156.01, 130.42,
126.65, 114.98, 57.32, 55.24, 35.85, 34.58, 30.83,
28.72, 14.69

+ MS, m/e (relative intensity): 407.46 (M+).

RESULTS AND DISCUSSION
Synthesis

Nonsymmetric diamides of H,Sq 5a-d were
prepared in two steps via condensation of amino
acid amides and diethyl squarate (1), using as a
catalyst EtsN in ethanol at room temperature to
methioninamide esteramide of H.Sg (3) and
condensation of monoamide to diamides. Synthetic
pathway to obtain the new derivatives is illustrated
on the Schemel. The synthesis and properties of
methioninamide esteramide of squaric acid were
described in our previously published work [17].

The products were isolated by precipitation from
the corresponding reaction mixture in good to
excellent yields and high purity (Table 1).

Vibrational analysis

For the investigated diamides of squaric acid the
most important vibrational frequencies were
stretching vibrations of amide NH; groups,
secondary amino groups, v®c=osq), Vc=0(sq) Vc=C(sq),
Amide I(vc=0), amide 1l(dnHz) and deformation
vibrations of NH groups(dnw).

The accurate assignment of the main
experimental frequencies of compounds 5a-d to the
corresponding normal modes was supported by
B3LYP/6-311++G ** calculations.
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Scheme 1. Synthesis of methionine containing diamides of squaric acid (5a-d).

Table 1. Diamides of squaric acid obtained according to the Scheme 1.

5 R Reaction conditions* Yield (%) M.p. (°C)
a  —CH(CHa), (Val)  rt, 17 h., EtOH/H,0 75 325-334
b —CH(CHs)CH.CH (lle)  rt, 20 h., EtOH/H,0 86 330-349
¢ —CH)OH (Ser)  r.t., 24 h, EtOH/H,0 80 330-351
d —CHxCeHsOH  (Tyr)  r.t 24 h., EtOH/H,0 85 210-266

* - -
Temperature, reaction time, solvent

Selected experimental and calculated vibrations
are summarized in Tables 2 and 3. Predicted
frequency of the stretching vibrations of the amide
groups and secondary amino groups occur at higher
frequencies in comparison with the experimental
data. This discrepancy is due to the fact that the
calculations were performed in the gas phase,
where there are no intramolecular hydrogen bonds,
while IR spectra were measured in the solid state,
where in the formation of hydrogen bonds is
possible.

The vibrations of cyclobutene fragment appear
as a two bands for the C=O bonds (weak
symmetric, strong asymmetric) and a very intensive
band for C=C bond. The band for the stretching
vibration of double bond in diamides of H,Sq was
shifted to lower frequency, while the bending
vibrations of the amino groups were shifted to high

frequency in comparison with esteramides.

As should be expected, in the case of 5¢ and 5d
the vou vibration was influenced by hydrogen
bonding and its assignment to a separate band in the
spectrum was difficult. The bands for vonand v¥nh2
were overlapped, the first one appeared as a
shoulder of the second one.

NMR analysis

The NMR spectra of compounds showed
protons signals for the secondary amino groups
around 8.02-7.94 ppm. The protons of primary
amino groups were observed as a doublet in the
7.32-7.25 ppm and 7.76-7.72 ppm. In the case of
the compound 5d signals appeared as a singlet at
7.71 ppm and a doublet at 7.27 ppm (J=12.0 Hz).
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Table 2. Selected theoretical and experimental vibrational frequencies (v in cm™) of 5a and 5b.

Assignment® 5a 5b

B3LYPP IR B3LYPP IR
VENH2 3544; 3541 3353, 3333 3544,3542 3356; 3332
VNH 3465; 3458 3272,3248 3466, 3455 3278; 3250
VSNH2 33973379 3201,3166 3401, 3378 3170; 3141
VSc=0 (sq) 1785 1805 1785 1803
V¥c=0 (sq) 1693 1702 1692 1700
ve=o (Amide I) 1711; 1706 1670, 1660 1711; 1706 1670; 1658
Snmz (Amide 11) 1588; 1587 1647, 1636 1587; 1585 1648sh; 1638
Ve=C (sq) 1597 1590 1596 1595
SNH 1476 1538,1527 1475 1538;1529
VC-S(CH3) 683 721 684 721

aVibrational modes: v, stretching; 8, bending

bScaled by 0.9686 [18]

Table 3. Selected theoretical and experimental vibrational frequencies (v in cm™) of 5¢ and 5d.

Assignment® 5¢c 5d

B3LYP® IR B3LYP® IR
VoH 3701 3471sh 3714 3438sh
VENH2 3554;3543 3374sh; 3340 3549; 3543 3400sh
VNH 3466;3450 3273; 3250sh 3466; 3464 3272; 3167
VNH2 3419; 3384 3172; 3140 3395;3381 3370; 3325
Vic=0 (sq) 1787 1809 1786 1809
V&¢=0 (sq) 1697 1705 1693 1700
ve=o (Amide 1) 1717; 1710 1676; 1666 1712; 1705 1673; 1653
SnmHz (Amide 11) 1587;1586 1646sh; 1623 1588; 1586 1612; 1606
Ve=c (sq) 1598 1593 1598 1597
SNH 1476 1539; 1520 1475 1533; 1521
VC-S(CH3) 684 721 683 721

aVibrational modes: v, stretching; 8, bending
bScaled by 0.9686 [18]

In the experimental *C NMR spectra the signals
of the carbon atoms of the cyclobutene moiety
appeared at a slightly higher field (167 ppm and
182 ppm) than that of the methioninamide
esteramide of squaric acids (170 ppm and 188
ppm). The amide carbons were detected at 172-173
ppm in the ®CNMR spectra. The carbon atoms
from C=C bond in diamides are shifted to higher
fields than those of esteramides.

Computational analysis

Due to the difficulties to obtained crystals suitable
for X-ray analysis we studied the structure of the
diamides of H,Sq mainly by theoretical methods.
All the structures were optimized at the DFT level/
B3LYP functional and the 6-311++G™ basis set.
The calculations were used to obtain important
information about the structural characteristics and
spectroscopic properties of synthesized compounds
(5a-d). The optimized structures of the compounds
(5a-d) are presented in Figure 1.
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Since all investigated compounds contain Sq
fragment and methioninamide residue, the
theoretically found structural parameters for this
part of the molecule were compared with the
corresponding experimental data from the X-ray
analysis for methioninamide and valinamide
esteramides of HSq [17,19]. Squaric fragment and
NH-groups lied in one plane which was almost
perpendicularly oriented to the plane of asymmetric
C-atom and amides groups (76—77°). By comparing
the theoretical data of the studied methioninamide
containing diamides of H.Sq with experimental
data of the methioninamide esteramide, it becomes
apparent that the theoretical method predicts with
particularly good accuracy the lengths of the C=0
(theor. 1.21 A, exp. 1.21 A) and C=C (theor. 1.40
A, exp. 1.39 A) bonds in the cyclobutene ring. In
contrast to methioninamide esteramide, due to the
presence of two structurally analogous substituents
on the cyclobutanedione ring, the lengths of the
carbonyl bonds of the diamides H.Sq were the
identical.
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5a

5b

5d

Fig. 1. Optimized structure of methioninamide
containing diamides of H.Sq, performed at DFT/
B3LYP/6-311++G** level.

The C1-N7 and C4-N7 bonds that connect the Sq
fragment with the amino acid residue were also
similar and were in the range of 1.341-1.346 A,
independently of the side chains. In alkyl side
chains, as in the experimentally studied
squamarides, these bonds were shorter with 0.027-
0.021 A [20].

CONCLUSION

In summary, an efficient and simple method was
used to prepare a novel methioninamide containing
diamides of squaric acid. The structures of the
synthesized compounds were confirmed by IR, *H
NMR, C NMR spectra and elemental analyses.
We determined the frequency range of the most
characteristic vibrations - v®c-o(sq), V’c=0(sq), Ve=c(sq),
Amide I(vc=o), Amide H(6nn2) and Oww. The
molecular optimization showed that the NH-groups
lie in plane of squaric fragment which was almost
perpendicularly oriented to the plane of asymmetric
C-atom and amides groups.
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JMAMUN HA KBAJIPATHATA KUCEJIMHA, CbABPXXKAILIU METUOHUHAMHWIOB
OCTATDBK — CMHTE3, CIIEKTPAJIHO 1 TEOPETUYHO U3CJIEABAHE

E. Yepnesa®”, 11. Kones?

1 Karempa ,, Xumus*, ®apmanesTnder Gpaxynret, Meaumuncku yausepceuteT-Codust, yir. Jynas Ne 2, Codpus 1000
2 PMuctuTyT 110 MoneKyspHa Ouonorus "Akan. Pymen I{anes", Bbarapcka akajgeMus Ha HAyKUTe,
yi. Akan. I'. Bonues, 61. 21, Codus 1113, bearapus

IMoctermna Ha 02 maii 2017 r.; Kopurupana Ha 25 maif 2017 r.

(Pesrome)

CuHTe3MpaHy ca YETUPH HOBH JHaMHKJa HAa KBapaTHATa KHCEINHA C BHCOK 10OHB, KOHICH3UPANKH METHOHHHAMHUT
ecTepaMHy]] Ha KBaJIpaTHATa KUCEIWHA C Pa3IMYHM aMUIW Ha aMUHOKUCENWHH. HOBOCHHTE3MpaHWTE ChEAMHEHHs ca
oxapakTepu3upaHu upe3 enemeHTeH aHanus, U9 u SIMP cnexrpockonus. MosekyiiHaTa CTpyKTypa Ha ChEAUHEHUATA
Oerre n3cnenBana upe3 DFT meron. TeopeTnyHusAT aHanu3 mokasa, 4e ckBapaTHata yact 1 HN-rpymure nexar B eaHa
paBHHHA, KOATO C€ MpecHuda OT paBHUHUTE Ha acuMeTpuyHuTE C-aTOMHU.
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The Lemon balm (Melissa officinalis L.) is an important aromatic and medicinal plant from Lamiaceae family. Its
leaves and essentials oils are used in folk medicine for the treatment of fevers and colds, hyperthyroidism, headaches
and toothaches. Melissa officinalis is a rich source of volatile oil, flavonoid glycosides and derivatives of caffeic acid
(rosmarinic acid). The aim of current study was to evaluate and compare the polyphenol content and antioxidant activity
of infusions prepared from commercially available lemon balm brands on Bulgarian market. The total polyphenol
content was established to be in range from 18.17 + 0.04 to 64.17 = 0.52 mg GAE/g dw, the total derivatives of caffeic
acid from 3.80 £ 0.05 to 21.66 + 0.10 mg CAE/g dw, caffeic acid content from 0.16 + 0.01 to 0.97 + 0.03 mg/g dw and
rosmarinic acid between 2.4 = 0.02 and 23.1 + 0.5 mg/g dw, respectively. In vitro radical scavenging activity was
evaluated by DPPH method (106.31 = 9.87 - 553.51 + 46.04 mM TE/g dw) and the metal reducing antioxidant potential
was established by CUPRAC method (321.32 + 14.39 - 1476.63 £ 11.32 mM TE/g dw). As a result the consumption of
M. officinalis infusions could be recommended as a good preventive and therapeutic source of biologically active
substances with potential benefit effects.

Key words: lemon balm, infusion, phenolic compounds, antioxidant activity.

INTRODUCTION derivatives  (rosmarinic  acid),  flavonoids
(cynaroside, cosmosin, rhamnocitrin, isoquercitrin),
phenolic acid (carnosic acid), and triterpene acids
(ursolic and oleanolic acid) [16].

Rosmarinic acid is originally identified in
rosemary (Rosmarinus officinalis L.) and the
structure was elucidated as an ester of caffeic acid
and 3-(3,4-dihydroxyphenyl)lactic acid [17]. Since
rosmarinic acid was identified to be the main
compound responsible for the antiviral activity of
lemon balm in treating Herpes simplex it content
has attracted much attention [7, 12, 13]. In addition,
caffeic acid has been proposed to act as a
multipurpose active polyphenolic compound and its
derivatives have also been subjected to
considerable study [18]. Furthermore, it is known
that the phenolic content in plants contribute to
their antioxidant potential [19].

Due to the great variety of commercial available
products on the market containing lemon balm, for
consumers is difficult to choose a particular
product. Therefore, the aim of the present research
was to evaluate the polyphenolic compounds
content and antioxidant capacity of M. officinalis L.
infusions in respect to define the most appropriate
product to be recommended for daily use.

An increasing attention is paid in recent years to
the role of diet in human health. Nutraceuticals are
widely accepted as an adjunct to conventional
therapies for enhancing general well being of
human body in addition to the resistance against
diseases. Many researchers recognized as
"alternative" therapy the use of traditional remedies
to help curing diseases [1, 2].

Epidemiological  studies have indicated
correlation between the high intake of natural
products and the reduced risk of various chronic
diseases like atherosclerosis and cancer [3-5].
Medicinal plants are the main sources of natural
antioxidants and in this respect are widely used in
human nutrition. Melissa officinalis L. (lemon
balm) belongs to the family of Lamiaceae. The
most commonly known therapeutic properties of
lemon balm are  sedative, carminative,
antispasmodic, antibacterial, antiviral, anti-
inflammatory and antioxidative [6-14]. Leaves of
M. officinalis L. have been frequently used in folk
medicine and in the everyday life of the population
as well [15]. The plant contains caffeic acid
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MATERIAL AND METHODS
Samples

Eight commercially available  Melissa
officinalis L. dry leaves tea bags of different
Bulgarian brands (A-H) were purchased from the
local market in Plovdiv (Bulgaria) and one sample
() was harvested from a herbal garden (Kostievo
village, Plovdiv region) and used in fresh state for
analysis (Table 1). Two of the samples consisted
mainly of leaves (I and E), two other of leaves and
some stems (C and D), while in another four (B, F,
G and H) both leaves and stems were presented and
one consisted of leaves, stems and fruits (A).
Brands A and B had both brown color, while the
other samples were green. For each commercial
lemon balm sample studied, three randomly chosen
bags were used for analysis.

Infusion preparation

The aqueous extracts were obtained according to
Piston et al. [20]. In brief, infusions were prepared
by adding 100 ml of hot water at 95 °C to 1 g of
dried samples. The mixture was left to stand for 20
min and then it was filtered through filter paper.

Total caffeic acid derivates

The lemon balm extract (1 ml) was added to 2
ml 0.5 M HCI, 2 ml Arnow’s reagent, 2 ml NaOH
(2.125 M) and 3 ml of water. Each solution was
compared with the same mixture without Arnow’s
reagent. Absorbance was read at 525 nm. Total
dihydroxycinnamic acid content (including caffeoyl
derivatives) was expressed as mg chlorogenic acid
derivates (CAE) per g dw as previously described
by Ivanov et al. [22].

Antioxidant activity assays

DPPH radical scavenging activity: Each lemon
balm extract (150 ul) was added to 2850 pl freshly

prepared DPPH solution (0.1 mM in methanol).
The mixtures were incubated for 15 min at 37 °C in
darkness and the reduction of absorbance was
measured at 517 nm. A calibration curve was
created using Trolox as standard (0.005 - 1.0 mM)
and the results were expressed in mM TE per g dw
[21].

CUPRAC assay: The assay was performed
according to Apak et al. [23] with some
modifications. In brief, 1.0 ml 10 mM CuCl,.2H,0
was mixed with 1.0 ml 7.5 mM Neocuproine in
methanol, 1.0 ml 0.1 M ammonium acetate buffer
(pH 7.0), 0.1 ml of the investigated infusion and 1.0
ml dd H2O. The reaction was carried out for 20 min
at 50 °C in darkness and the sample absorption at
450 nm was recorded against blank. Antioxidant
activity was expressed as mM (TE)/g dw by using
calibration curve, build in range of 0.05-0.5 mM
Trolox.

Rosmarinic and caffeic acids content

The HPLC analyses were performed on HPLC
system- Agilent 1220 Infinity LC system in order to
establish both the rosmarinic and caffeic acids
content. The mobile phase used for separation
consisted of methanol : phosphoric acid (83 %) :
water = 50 : 0.3 : 49.7 (v/v). UV-VIS detector
operating at 327 nm and 26 °C, was used for
detection. The flow rate was 1 ml/min and the
duration of method was 15 min. The injection
volume was 20 pl.

Statistical analysis

All measurements were carried out in
triplicates. The results were expressed as mean +
SD and statistically analyzed using MS-Excel
software.

Table 1. Commercial available tea products of Melissa officinalis L. explored

Brand name Producer

Content in bags Samples

Herbal tea Melissa

Melissa Herbal tea

Melissa Bioprograma
Herbal Melissa

biVital Melissa

Bioselect herbal tea Melissa
Bioset Melissa

Tonika herb tea Melissa
Plant from herbal garden

Bulgarian herb 1893, Ltd.

Eko Herb Pirin Ltd.
Eurostok Ltd, Sofia

Bioset Ltd
ET Ve Pe Pi —Veso Pipev
Kostievo, Plovdiv region

Bulgarian Herb Ltd., Plovdiv

Bioprograma Ltd, Dobroslavchi

Mercuriy P&P, AD, Gabrovo

dark brown leaves, A
fruits and stalks

dark brown leaves and stalks
dark green leaves and stem
dark green leaves and stem
Green leaves

Green leaves and stem
Green leaves and stem
Green leaves and stem
Green leaves

— IOTMMmMUO®m
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RESULTS AND DISCUSSION

Total phenolic content and total caffeic acid
derivates

In the present work, the total polyphenol content
and total caffeic acid derivates of nine M. officinalis
samples were analyzed. Eight samples (A-H) were
commercially available brands and the last sample
(1) was harvested from a herbal garden in order to
compare the different manner of harvesting and
handling.

The total polyphenol content (TPC) in lemon
balm was found to vary from 18.17 = 0.04 in
sample A to 64.17 £ 0.52 mg GAE/g dw in sample
| (Table 2). It has to be noted that the highest value
was established in the non-commercial sample. The
values for brands C, E and F were relatively
similar. As seen from the results, the polyphenolic
content of the investigated M. officinalis samples
varied depending on brands and on different
content of the tea bags, respectively.

Table 2. Total phenolics and total caffeic acid
derivates content in Melissa officinalis
infusions

Samples  Total phenolics,  Total caffeic acid
mg GAEYg dw derivatives,
mg CAE?/g dw
A 18.17+0.04 3.80+0.05
B 27.45 +£0.09 6.75+0.12
C 49.49 +0.34 18.92+0.44
D 41.97 £0.42 21.66+0.10
E 54.36 +1.08 16.04+0.20
F 49.25 +£0.81 10.31+0.08
G 42.97+0.04 16.12+0.12
H 27.07 £0.40 7.86+0.12
| 64.17+£0.52 20.27+0.30

1GAE- gallic acid equivalents; 2CAE- caffeic acid equivalents

Rusaczonek et al. [24] reported for lemon balm
infusions TPC of 209 + 36.9 mg GA/g in addition
to the established by Kratchanova et al. [25] total
phenolic content in water and 80 % acetone extracts
— 8240 + 207 and 11885 = 109 mg GAE/100g,
respectively. On the other hand, Popova et al. [26]
reported for infusion of M. officinalis TPC - 27.17
+ 0.51 mg GAE/g dw. Tusevski et al. [27]
established that the total phenolic content in
methanol ultrasound extract of Macedonian lemon
balm was 70.86 + 1.01 mg GAE/g dw.

As shown in Table 2, the total caffeic acid derivates
in M. officinalis infusions ranged from 3.80 + 0.05
to 21.66 £ 0.10 mg CAE/g dw. The highest values

were established in sample D and non commercial
sample 1, confirming the reported for the total
phenolic content. The wide variation of the caffeic
acid derivates content among the investigated
samples should be noted. The brown colored herbal
materials (A and B samples) were evaluated with
the lowest content of both total phenolics and
caffeic acids derivates. Despite of its green color
sample H shows relatively low values as well. The
differences established could be due to a
maturation, drying and type of the predominant
plant parts as suggested by Gheisari and Abhari
[28].

Caffeic and rosmarinic acids content

The caffeic acid content in the studied samples
varied from 0.16 = 0.01 to 0.97 = 0.03 mg/g dw
(Table 3). The highest values were detected in
samples E and D. Regarding the rosmarinic acid
content the highest values were established in
samples D and I. However, the rosmarinic acid
content in the samples varied considerably - from
24 £ 0.02 to 23.1 = 0.5 mg/g dw. The lowest
values were established in sample A. Ibragi¢ et al.
[29] examined lemon balm from Bosnia and
Herzegovina and Turkey and established 0.14 and
0.71 mg caffeic acid/g of fresh weight and 5.10 and
0.24 mg rosmarinic acid/g of fresh weight,
respectively. Dastmalchi et al. [30] identified
rosmarinic acid as a major compound in the lemon
balm by medium pressure liquid—solid extraction
with agueous ethanol.

Other authors reported dependence between the
maximal vyield of rosmarinic acid and the
maturation stage. The highest results were
established in the plant development phase of full
flowering (3.91 %) [31]. Comparing the results, a
difference among the various research papers had to
be noted.

Table 3. Caffeic and rosmarinic acids content
in Melissa officinalis infusions, mg/g dw
Sample/ Caffeic acid Rosmarinic acid

Assay content content

A 0.16 £0.01 2.40+£0.02
B 0.31+0.01 3.70 £0.03
C 0.57+0.02 16.30 £ 0.43
D 0.96 £ 0.02 23.10+0.5
E 0.97+0.03 17.00 = 0.21
F 0.44 £0.01 9.30 £0.08
G 0.63 +0.01 14.90 £ 0.08
H 0.40+0.01 5.30+£0.03

| 0.84 £0.02 20.90 + 0.56
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This could be explained with the application of
different extraction solvents and various plant parts
as material for analysis. Several factors, including
soil and climatic conditions, plant ontogenesis
phases, harvest and plant storage [32-34] could
affect the composition and may mislead the
consumers. In addition, Rusaczonek et al. [24] have
previously concluded difficulties for comparing
results obtained by different studies due to the
different approaches in extraction procedures,
analytical methods and mathematical calculations.

Antioxidant activity

The antioxidant activity of M. officinalis
samples was evaluated using two reliable methods-
DPPH and CUPRAC assays. Comparing the results
of both methods applied the objective evaluation of
the antioxidant potential of the plant was possible.
As shown on Table 4 the antioxidant potential
toward the synthetic radical DPPH was in range
from 106.31 £ 9.87 to 553.51 = 46.04 mM TE/g
dw, as the highest value was determined in sample
I. The results regarding the CUPRAC assay showed
the same tendency, the highest value was detected
in sample I and the results varied from 321.32 +
14.39 to 1476.63 + 11.32 mM TE/g dw.

The conducted antioxidant activity assays
revealed the higher potential of the harvested from
a herbal garden M. officinalis - sample I. The same
tendency was observed by the total phenolic
content assay. This could be due to the more careful
handling of the plant material when home grown.

Table 4. Antioxidant activity in Melissa
officinalis infusions, mM TE/g dw

Sample DPPH CUPRAC
/Assay

A 106.31 £9.87 321.32 £ 14.49
B 196.85+14.98 54571 £31.12
C 422.46 +4.19 1137.71 £ 41.55
D 310.87+10.41 906.82 +16.2
E 44175 +14.42  1165.05+17.60
F 383.32+£9.47 1101.21 £ 11.13
G 337.08 £9.47 947.49 £5.56

H 176.38 +4.37 537.12 £8.67

|

553.51 +£46.04

1476.63 £ 11.32

Popova et al. [26] reported for infusion of M.
officinalis TEACppeH - 389.52 = 3.11 uM TE/g dw
and TEACcuprac- 715.54 + 4.79. uM TE/g dw,
respectively. Tusevski et al. [27] established for
methanol extract of Macedonian lemon balm
542.28 + 0.54 uM TE/g dw according to CUPRAC
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assay and 406.03 + 13.57 uM TE/g dw according to
DPPH ones. In another study, Ivanova et al. [15]
considered Bulgarian M. officinalis as plant with
high antioxidative potential.

The present research  concerned both
polyphenolic constituents content and antioxidant
properties and is carried out based on the lack of
information and uniform methodology for M.
officinalis infusions in the available
literature.Authors used various methods of
extraction (temperature, time, solvent) while
preparing solutions for research and expressed the
final results considering different calculations [15,
35-38]. This makes it difficult to compare results
obtained in the present research with previously
reported by other authors. In spite of this, great
consistency was observed between the results
obtained and previously published data. The
differences in the antioxidant activity presented in
previous studies may be due to implementation of
different analytical methods and methods for
infusions  preparation  (infusion concentration,
temperature, brewing time). The antioxidant
properties of plants and polyphenol content depend
on many factors, i.e. soil and climate conditions in
which plant was cultivated, harvest seasons,
methods of processing and storage [39], parts of
plant which the infusion was made of [15, 36, 40]
and plant species [15]. Hence, the antioxidant
properties of plant can be different in water
infusions. That indicates the necessity of
controlling and monitoring these parameters for
each particular raw material.

CONCLUSION

The present study represents a detailed
characteristic of different lemon balm (Melissa
officinalis L.) brands commercially available on
Bulgarian market compared to the harvested from a
local herbal garden. The results obtained revealed
lemon balm as good source of polyphenolic
compounds especially rosmarinic acid resulted in
antioxidant activity potential. The investigated
samples consist of bioactive compounds in varying
amounts, which could be possible due to the
influence of different factors such as conditions of
storage and drying, plant parts used, as well as the
geographic and climatic growing conditions. The
reported data provide to the consumer’s valuable
information for the quality of products as well as
their beneficial health effects.
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CHABPXXAHUE HA ®EHOJIHU KMCEJIMHU U AHTUOKCUJIAHTEH KAITALIMTET HA YAMOBE
Melissa officinalis L., JOCTBITHU B ThPTOBCKATA MPEXA HA BbJII' APUS

Hanexna Ietkoal, Man MBanos!, JlJama Muxaiinosa?, An6ept KpbcTanos?

! Kamedpa Opeanuuna xumus u Heopeanuuna xumus, Yuueepcumem no xpanumennu mexnonoauu, 6yi. ,, Mapuya * 26,
IInosous, bvreapus
2 Kameopa Buomexnonozus, Yuueepcumenm no xpanumennu mexnonozauu, 6yi. ,, Mapuya 26, ITnosous, Bvnzapus

Ioctenuna Ha 12 anpun 2017 r.; Kopurupana Ha 10 maii 2017 1.
(Pesrome)

Martounnara (Melissa officinalis L.) e Baxxno apoMaTHO U jieduebHO pacTeHue oT cemeiictBo Lamiaceae. Jlucrara u
€TepUYHHU Macja OT Hes ce M3IOJ3BaT B HApPOJAHATa MEIUIMHA 32 JICYCHUE Ha TPEeCKa U HACTUHKH, XHIIEPTHPOUIU3bM,
rnaBobonne u 3p00601. Melissa officinalis e Gorar w3TOYHHMK Ha JETIHUBO Maciio, (IABOHOWAHH TIHKO3HIH H
NPOM3BOJIHY Ha KadeeHa KrcennHa (po3MaprHOBa KucelnHa). LlenTa Ha HACTOAIIOTO MPOYUYBaHe € Jla ce YCTAaHOBH U Jia
ce CpaBHH ChIBPKAHHETO Ha MOJU(EHOIN U AaHTUOKCHIAHTHA aKTHBHOCT Ha MH(Y3HUH, IPUTOTBEHU OT JOCTBHIIHU HA
OBJITapckus Ma3ap MapKu MaTOYMHA. Y CTAHOBEHO € OOIOTO ChIbpiKaHue Ha nojudeHonu B auanazox ot 18,17 + 0,04
1o 64,17 £ 0,52 mg GAE/g dw, na obiure aepuBatu Ha kadeena kucenuna ot 3,80 + 0,05 mo 21,66 + 0,10 mg CAE/g
dw, ceappkanue Ha kadeeHa kucennHa ot 0.16 £ 0.01 mo 0.97 £ 0.03 mg/g dw 1 Ha po3MapHUHOBA KUCETMHA MEKIY
2.4 +0.02 u 23.1 £ 0.5 mg/g dw, ceorBeTHO. N Vitro pagukan ynassiaTa akTHBHOCT € ouieHeHa upe3 DPPH meron
(106.31 £9.87 - 553,51 + 46,04 mM TE/g dw), a MeTan peayuupaiins aHTHOKCHIAHTEH MOTEHIIMAI € YCTAHOBEH upe3
CUPRAC wmeton (321.32 £ 14.39 - 1476,63 + 11.32 mM TE/g dw). B pe3ynrat Ha ToBa KOHCyMaIisita Ha HH(Y3HH OT
M. officinalis Moxe na ce mpenoppya KaTo JOOBP MPEBAHTHBEH M TEPANEBTHUCH M3TOYHUK Ha OMOJIOTMYHO aKTUBHU
BEIIECTBA C NOTCHI[HAIHUTE TOJI3H eheKTH.
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The valorisation of waste tyres into adsorbents, i.e. technical and activated carbons, is considered in the current
research. The technical carbons (TCs) are prepared through treatments with conc. HNO3, conc. HNOs + conc. H3PO4 or
conc. HNOs + C2H4Cl; and subsequent Soxhlet extraction with acetone, while activated carbon (AC) is obtained though
physical activation of TCs in a stream of water vapour, Using low temperature N adsorption and Surfer apparatus of
Thermo Scientific, the adsorption isotherms of samples under consideration are measured and used for assessment of
porous structure. It has been revealed that TCs are mesoporous material characterized by "poor" porous structure since
calculated Sget and Vo s are rather low, i.e. up to 63 m? g** and 0.205 cm?® g2, respectively. Thus further processing as
physical activation is required in order to improve their porous texture characteristics and respectively their adsorption
abilities. The obtained AC exhibits much better developed porous structure represented by micro- and the mesopores.
The calculated Sger and Vo gs are 527 m? gt and 0.489 cm?® g%, respectively. This determines the promising features of

prepared AC to be used as an adsorbent.

Key words: ,,end of life” tyres, technical and activated carbons, N, adsorption isotherms, porous structure

INTRODUCTION

The outstanding increase in the number of
vehicles worldwide and the lack of adequate
processing of the "end of life" (waste tyres), define
the last as a serious ecological problem in terms of
waste disposal. Consequently, the increased
ecological concern has leaded to environmental
legislation norms that limits the landfill of "end of
life" tyres [1] and policies that encourage the
valorisation of this waste stream and has driven the
tyre sector towards recovery and recycling [2].
However, since tyres are complex materials
designed to be resistant to severe mechanical stress
and different weather conditions their recycling and
further processing is not an easy task.

Tyres are a mixture of constituent components
such as rubbers (60-65 wt.%, in the form of natural
rubber and synthetic rubber, i.e. butyl rubber and
styrene—butadiene rubber), carbon black (25-35
wt.%), steel, textiles and some inorganics acting as
accelerators and fillers [2-4]. The tyre
manufacturing process involves vulcanization
during which irreversible reactions between
elastomers, sulphur and other reagent take place
and creates a three-dimensional chemical network

* To whom all correspondence should be sent:
E-mail: lenia_gonsalvesh@abv.bg

through formation of crosslinks between the
elastomer molecular chains [4]. Thus created cross-
linked elastomers are solid, insoluble and infusible
thermoset materials that define high strength and
elasticity properties to tyres and hinder their
decomposition.

Recently, the European tyre industry has been
trying to move towards a zero-waste scenario and
increased valorisation of "end of life" tyres through
their recycling or usage for energy recovery [2].
From recycling point of view, the tyres recovered
rubber can be incorporated in asphalt and concrete
and thus lighten material with high durability and
increased resistance to cracking, deformation, and
aggressive reagents can be obtained [2]. The steel
elements recovered from tyres can be reused for
production of new steel and reinforced concrete.
However, the level of contamination of recovered
components, i.e. rubber or steel, is a critical factor
affecting the quality of the obtained end product.

The energetic valorisation is a valuable use of
"end of life" tyres [5]. In this sense, the
thermochemical methods as  combustion,
gasification and pyrolysis have been studied [4-6].
The incineration or combustion are considered as
the easiest and cheapest processes for production of
energy from tyres [6]. However both are rather not
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advisable due to the release of serious poisonous
emissions as NOy, CO/COz, SOz, PAH, which are
higher even in comparison to combustion of fossil
fuels. Gasification and pyrolysis are more attractive
approaches to tackle the waste tyres valorisation
due to the less environmental impact. Additionally,
value added products are produced. Pyrolysis
results in high-energy-density volatile gases
(condensable and non-condensable) that can be
used as a fuel or chemical feedstock and solid
carbonaceous fraction, named char or pyrolytic
carbon black, that can be used as a fuel, carbon
black or adsorbent. However, the use of pyrolytic
char as a fuel and carbon black is limited. The
combustion of tyre char is rarely applied due to
required long residence times at elevated
temperature and high rate of unburned particle [4].
The char is not often reused as carbon black as well
due to the presence of organic impurities, high ash
content, low surface area, large particle size, and
due to the fact that it does not seem to have the
particle structure desired for rubber compounding
[7]. The most proper application of pyrolytic char
seems to be as adsorbent after its upgrade at higher
temperature by means of physical [8-11] or
chemical treatment [12-15] into activated carbon
(AC). Thus prepared ACs can be used as cheap
adsorbents  with  broad  applications, i.e
environmental protection and recovery of chemicals
with added value. However, the specific application
of tyre based ACs depends on their characteristics,
i.e. porous texture and surface chemistry,
determined by the composition and peculiarities of
the initial precursor, nature of activating agent and
process parameters [3,4,16].

It has been found that immediate reaction of tyre
wastes with concentrated nitric acid undergoes
through nitration, oxidation and destruction
processes that leads to formation of polyfunctional
products (PFPs), low-molecular carboxylic acids
and carbonaceous solid residue (technical carbon,
TC) after subsequent extraction with a suitable
organic solvent [17]. PFPs have been reported to be
used as a growth stimulators and as an incubation
medium for microorganisms, while the TC has been
tested as an adsorbent for removal Cu?* ions from
aqueous solution [17-19].

The objective of the current research is to
characterize the porous structure of carbonaceous
solid residues produced by oxidative destruction of
waste tyres and an activated carbon obtained on
their basis and to assess the possibility of their
usage as adsorbents.
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MATERIALS AND METHODS
Precursor and applied treatments

"End of life" tyres (with an average particle
sizes of 0.2-0.4 mm) supplied by A Factory of
Rubber Productivities-LTD, Yambol, Bulgaria
were used as a carbon precursor feedstock. The tyre
particles (10 g) were gradually added with an
average rate of 0.2 g min to 30 ml 65% HNOs
(p.a., Merck) (treatment A) or its mixture with 20
ml 85% HsPO4 (p.a., Merck) (treatment B) or with
20 ml CyH4Cl, (p.a., Merck) (treatment C) as
described in Fig. 1. The treatments were conducted
at 60 °C and continuous stirring for 2h. The reaction
products were cooled down and subjected to
filtration. Low-molecular dicarboxylic acids were
leached in the filtrate, while the solid residue is an
oxygenated wvulcanized rubber, comprising the
mixture of PFP and TC [18]. The obtained solid
residue was extensively rinsed up to neutral
reaction and dried at 60 °C up to constant weight.
For separation of PFP and TC, the solid residues
were placed in a Soxhlet thimble and extracted by
aceton (~300ml), with a reflux process continuing
for about 24 h. The concentrated after vacuum
distillation acetone extracts were poured into water
and PFP precipitates were formed. The TC
residues, i.e. TC-A (obtained after treatment A,
Fig.1), TC-B (obtained after treatment B, Fig.1) and
TC-C (obtained after treatment C, Fig.1), left in the
Soxhlet thimble were dried and subjected to porous
structure characterization and further processing in
the current study.

"End of life" tyres
(10g)
Treatments:
A) 30ml ¢. HNO;
or
B) 30ml c. HNO; and 20 ml H; PO,
or
’ C) 30l c. HNO;and 20mil C3H,Cl,

Oxvgenated vulcanized tubber

Soxhlet extraction with acetone

PFP-4 «—YXY > T4 —————p AC-A

Steam

oL or e
PFP-B TC-B dactivation
or or

PFP-C TC-C

Fig. 1. Experimental strategy
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Preparation of activated carbon (AC) through
physical activation typically comprises a two-stage
pyrolytic process. Carbonization of the precursor is
carried out in the first stage, while in the second
step the physical activation of the resulting char is
performed in the presence of suitable oxidizing
gases such as water vapour, CO and others. In the
present study a relatively new, one-stage pyrolysis
process in the presence of water vapour is applied
[20]. The technical carbons (particle size <0.2 mm)
were pyrolysed in a stainless steel reactor at the
following experimental conditions: heating rate of
10 °C min? in an inert atmosphere up to 400 °C,
kept isothermal for 15 min, then heating continued
up to activation temperature of 800 °C, kept
isothermal for 30 min. When the activation
temperature was reached, the inert atmosphere was
switched to steam with a constant water vapour
flow of 2 ml min. The process was ended with the
cooling of the reactor in an inert atmosphere and
drying of the resultant AC at 110 °C.

Characterization of the samples under study

The TC and AC samples were subjected to
thermogravimetrical analysis (TGA) for obtaining
data of proximate analysis (i.e. moisture (W),
volatile matter (VM), fixed carbon (Crix) and ash (A)
contents) using a Netzsch STA 449 F3 Jupiter
thermogravimetrical analyser as described in
Gonsalvesh et. al. [21,22]. A porous textural
characterization was carried out by measuring
nitrogen adsorption isotherms at -196 °C on an
automatic apparatus Surfer sorption analyzer
(Thermo Scientific). The surface area of the TCs
and AC is determined by the BET method (Sger)
using data from the adsorption isotherms in the
range of relative pressures up to 8.3.1072 (for hybrid
type isotherms I-1V) or from 0.05 to 0.28 (for
isotherms type 1V) [23,24]. The total pore volume,
known as volume of Gurvich, is determined based
on the volume of adsorbate Vogs, recorded on the
desorption branch of the adsorption isotherm at a
relative pressure Pi/Po = 0.95. The micropore
volume (Vprmicro) IS calculated by using the
Dubinin-Radushkevich equation up to Pi/Po < 0.15
[25]. The pore size distribution and pore diameters
Lo are obtained by applying the Non Local Density
Functional Theory (NLDFT) on N adsorption data
[26].

RESULTS AND DISCUSSION

The proximate analysis and vyields of TC
samples are gathered in Table 1. Apparently the
obtained TCs are carbon-enriched products as Crix

Table 1. Proximate analysis and recoveries of samples
under consideration in wt.%

Sample W Ash® VM Cgqdaf Re

TC-A 3.5 9.2 7.4 83.4 35.6
TC-B 4.3 135 11.7 74.8 32.0
TC-C 51 3.4 7.1 89.5 31.0
AC-A 12.0 55 7.5 87.0  49.0*

db_dry basis; “f-dry ash free basis; *calculated based on
TC-A sample.

content varies in the range of 74.8 to 89.5 wt.%.
The highest Crix content and lowest VM and Ash
contents are registered for TC-C sample, while TC-
B sample is characterized by the highest VM and
ash contents and lowest Crix content. Consequently
it can be assumed that applied treatments for
production of TC samples somewhat influence their
proximate characteristics. The recoveries of
obtained TCs are in the range of 31.0 - 35.6 wt.%.
It should also be mentioned that both proximate
characteristics and recoveries of studied TCs are
comparable to that of pyrolytic carbon black
[3,4,27,28]. This largely means that TCs obtained
by applying our experimental strategy have
relevance and applications commensurable with
that of pyrolytic carbon black.

The N2 adsorption isotherms of TC samples are
shown on Fig. 2.

—» —TC-A, adsorption branch
ea_ 400 - — e —TC-A, desorption branch
— = — TC-B, adsorption branch
— = — TC-B, desorption branch
300 L —+—TC-C, adsorption branch
—»—TC-C, desorption branch

o

¥, em

200 |

100 |

0 ﬁﬁ‘ﬂm{i‘ T N 1 . 1 .
0.0 02 0.4 0.6 0.8 1.0

PP,

Fig. 2. N adsorption isotherms of TCs obtained from
"end of life" tyres

It can be seen that TC samples are characterized
by adsorption isotherms of type IV according to
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classification of IUPAC, which are typical for
mesoporous  materials. The  existence of
discrepancy between the adsorption and desorption
branches of the isotherms, i.e. hysteresis loop, is an
indication for differences in the mechanisms of
pore filling with an adsorbate and its evaporation
and the presence of mesoporous structure in which
a capillary condensation of the adsorbate occurs.
The type of hysteresis loop for various mesoporous
materials can be different, depending on the nature
of mesoporous material and the shape and size of
its pores. In our study hysteresis loops of type H-1
according to classification of IUPAC are observed
in the course of all isotherms of TC samples. This
can be related to cylindrical geometry of the
mesopores and the high degree of uniformity of the
pore sizes. Inasmuch as registered hysteresis loops
are pulled to the high relative pressures it can be
assumed that the size of the mesopores is rather
large.

Pore size distribution of investigated TCs is
assessed as well by applying NLDFT theory.
Inasmuch as cylindrical geometry of mesopores is
supposed, the n2c77_cyl kernel developed for
carbon materials with cylindrical pores is used for
NLDFT computation. The theoretical adsorption
isotherms described by using this kernel is in best
agreement with the registered experimental
adsorption isotherms of the TCs. The obtained pore
size distribution of TCs is presented in Fig. 3. The
maximums in the pore size distribution curve
correspond to the prevailing pore sizes of the
investigated samples. It can be clearly seen that
pore size distribution curves, built according to
NLDFT computational procedure exhibit a bimodal
distribution of the pore volumes with a predominant
Lo about 32.34 and 43.36 nm.

The monolayer capacities am of the TC samples,
on the basis of which the specific surface areas and
physicochemical constants C are calculated, are
determined using the linear form of the BET
adsorption isotherm (Fig. 4). The obtained results
together with the total pore volume of Gurvich and
micro- and mesoporore volumes of investigated
TCs are summarized in Table 2.

Analysis of the obtained data confirms
aforementioned peculiarities: i) porous texture
characteristics of prepared TCs do not differ
considerably; ii) indeed the prepared TCs are
mesoporous materials since Vmeso (about 90%)
significantly prevails over Vprmico. However, the
calculated Sger and Vogs are rather low, which
hinder adsorption abilities of prepared TCs and thus
further processing is required in order to improve
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their porous characteristics. Sger and Vo.gs varied in
the range of 36 -63 m? g and 0.121 - 0.205 cm®g?,
respectively, as both parameters maximizing in the
case of TC-A sample. This is an indication that
among  applied  treatments, ie. HNOsg;,
HNOs+H3PO, and HNO3z+C2H4Cl2 (see Fig.1), the
one using only HNO;3 leads to better development
of mesoporous structure. Therefore exactly TC-A
samples is subjected to further processing into AC.

T —+—TC-A
o 0104 . 1cp
= & TC-C
& 0.081
&)
= 0.06
=
0.04
0.02
0.00 -mmmmma?aﬂa444/ﬂ|%7¢- : |
0 10 20 30 40 50

Pore diameter, nm

Fig. 3. Pore size distribution of TCs obtained from "end
of life" tyres

0.030

3
&= R=0.9998 ©
= | & “R=0.9999
&1 0025 F a _
= .
0.020 R=0.9998
g o
0.015 | &
a o
oy
0.010 |- A o
a o TC-A
a o TC-B
0.005 | o & TC-C
1 1 1
0.0 0.1 0.2 0.3 04

Fig. 4. The linear form of the BET equation for TCs.

The proximate analysis and the yield of AC-A
sample are presented in Table 1. Clearly, a good
yield of AC (49.0 wt.%) with relatively low ash
content (5.5 wt.%) is obtained. However, of
outmost importance is the porous structure. The N
adsorption isotherms of AC-A sample is visualized
on Fig. 5 together with N adsorption isotherms of
TC-A sample for better comparison and clearness
of presentation.
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Table 2. Textural properties of prepared TCs and AC

Vo.95 SgeT VDR, micro Vineso Lo
Sample ViezofVo.95
cm*gh)  (m*g?) (cm*g™) (cm®g™) (nm)
32.34
TC-A 0.205 63 56.1 0.021 0.184 0.90
43.36
32.34
TC-B 0.121 36 47.3 0.012 0.109 0.90
43.36
32.34
TC-C 0.148 48 55.6 0.015 0.133 0.90
43.36
1.68
211
AC-A 0.489 527 2240.8 0.207 0.282 0.58 289
43.36
Vmeso*:V0.95-VDR,micr0
T, S0 : (hysteresis loop of H-1 type is observed in the
- " TC-A. adsorption branch A isotherms of AC-A and TC-A samples).
g — o — TC-A, desorption branch . . . .
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PP, dsorbent blematic due t

Fig. 5. Ny adsorption isotherms of AC-A and TC-A
samples

According to IUPAC classification N isotherm
of AC-A sample represents a hybrid type I-1V. The
adsorption isotherm manifest a steep rise at low
relative pressures, sharp shoulder/knee in the
relative pressure Pi/Po about 0.01 and almost
parallel to the abscissa course at medium and high
relative pressures. In the course of the isotherm a
hysteresis loop of the type H-1 is also observed.

This behaviour of the adsorption isotherm
reveals that the porous structure of AC-A is
represented by both micro- and the mesopores. The
isotherm of AC-A sample compared to that of TC-
A sample displays an increase of the adsorbed N
which is caused by the appearance and
development of microporosity, and an increase in
mesoporosity with preserved cylindrical geometry

difficulties to distinguish mono- and polylayer
adsorption of micropores volumetric filling, which
generally ends at relative pressures less than 0.1
[29]. Therefore, the specific surface area of
microporous materials obtained by the BET method
does not reflect the true internal surface area, and
should be regarded only as a reference, or a kind of
equivalent BET surface. In this case, it is obligatory
to note the range of relative pressures in which
linear BET dependence occur. In general, linear
BET dependence for microporous materials is
shifted to a significantly low relative pressures
compared to mesoporous material and can be
determined by applying Rouquerol criteria [30].
The linear form of BET equation and criteria of
Rouquerol for AC-A sample are shown on Fig. 6.
Based on them Sger of 527 m? g? is calculated,
which is significantly higher compared to TC-A
precursor characterized by Sger of about 63 m? gt
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Total pore volume, Vogs, is also higher (double) for
the activated carbon, which is mainly due to the
development of microporous structure (micropores
with diameters Lo of 1.68, 2.11 and 2.82 nm are
registered, Fig. 7) and to a lesser extent due to
widening of mesoporous structure (mesopores
diameter Lo is 43.36 nm, Fig. 7).

~ 0.0015
< & Criteria of Rouguerol
;1;; QI'“ ‘ } ¥ PP=8.3x10°
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Fig. 6. The linear form of the BET equation for AC-A by
applying criteria of Rouquerol.
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Fig. 7. Pore size distribution of TC-A and AC-A
samples.

However, the contribution of the mesopores to
Vs is still prevailing as about 60% of AC-A pores
are presented by mesopores. Thus, as a result of the
detailed  description  of  porous  texture
characteristics of prepared AC, it can be concluded
that porous structure of AC-A is rather different to
that of commercial activated carbons which are
mainly microporous, but similar and comparable to
that of other activated carbons derived from “end of
life" tyre wastes [11,15,16,31].
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CONCLUSION

The current study, focusing on valorisation of
"end of life" tyres, reveals that these wastes can be
successfully used for production of adsorbents. The
technical carbons, prepared by treatments tyre
wastes  with HNOs, HNO3z+H3PO4 or
HNO;+C,H4Cl; and subsequent Soxhlet extraction
with  acetone, are  mesoporous  material
characterized by "poor" porous structure since
calculated Sger (varying in the range of 36 - 63 m?
g?), and Voes (varying in the range of 0.121 - 0.205
cm? g1, are rather low. This hinder their adsorption
abilities and thus further processing as physical
activation is required in order to improve their
porous texture characteristics. The obtained AC
through activation of TC-A sample in a stream of
water vapour exhibits promising porous texture
features and demonstrates promising abilities to be
used as an adsorbent. The AC-A sample is
characterized by porous structure represented by
both micro- and mesopores. The calculated Sgerand
Vogs are 527 m? g and 0.489 cm® g2, respectively.
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I[MPOM3BOACTBO HA AJCOPBEHTHU OT OTIHAAHU 'YMU N OXAPAKTEPU3MPAHE HA
TAXHATA IIOPUCTA CTPYKTYPA

JI. Toncansem?’, M. lumos?, C. Mapunos®

Y Henmpanna nayuno-uszcreoosamencka nabopamopus, Ynusepcumem "Ipog. 0-p Acen 3namapos”, Bypzac 8000,
bvreapus
2 Kameopa no gusuxoxumus u opzanuuna xumus, Yuueepcumem "IIpogh. 0-p Acen 3namapoe”, Bypzac 8000, Bvieapus
3 Uncmumym no opzanuuna xumus ¢ Lenmvp no gumoxumus, Bvneapcka axademus na naykume, Cogus 1113,
bwaeapus

IMoctenuna Ha 11 anpun 2017 r.; Kopurupana na 15 mait 2017 v

(Pesrome)

@DOoKyChT Ha HACTOSIIOTO H3CIIEABAHE € BBPXY OMOI30TBOPSIBAHETO HA OTMAJHU TYMHU KaTO aJCOPOEHTH, B T..
TEXHHUYECKH M aKTHBHU BhIUICHU. TEXHUYECKUTE BHIJICHH Ca MOJYy4YeHH Ype3 TpeThpane Ha oTnaanu rymu ¢ k. HNOs, k.
HNOs + k. H3PO4 miit k. HNO3 + CoHiCl, u mocnenBaiiia cokclieT eKCTpakiiys ¢ alleTOH, JJOKATO aKTHBHUST BBIJICH €
nojyueH upe3 (u3MuUecka aKTHUBALUS HA €IMH OT TEXHUYECKHTE BBIJICHH B MOTOK HAa BOJHA mapa. [lopucrara
CTPYKTypa Ha MOJYYEHHTE MaTepHald € OXapakTepu3upaHa Bb3 OCHOBa Ha Ny ajcOpOIMOHHU M30TEPMU, CHETH Upe3
asotHa (usucopbums mpu -196 °C Ha amapar Surfer (Thermo Scientific). Ycranoseno e, e mojay4eHUTe TEXHUIECKH
BBIVIEHH Ca ME3OMOPECTH MaTepually, XapakKTePH3MpPalld ce ChC ¢1a00 pa3BHTa IOPUCTA CTPYKTYypa U CPABHHUTEIHO
HUCKH cToiHOCTH Ha SperT M Vogs, T.u. 10 63 m? g u 0.205 cm® g2, crorBerno. ToBa Hanmara npuiara€eTo Ha
JOTBTHUTENTHA 00paboTKa Ha TEXHUYECKUTE BBIIICHH, KaTo (U3NIECKO aKTHBHUpaHE C BOAHA Tapa, ¢ mell MoJao0psBaHe
Ha TAXHAaTa IMOpUCTa CTPYKTYypa U TEXHUTE KAa4CCTBA KaTO aHCOp6eHTI/I. HOqueHHﬂT AKTHUBCH BBIJICH CC XapaKTEpU3Upa
¢ MHOTO 0-100pe pa3BHTa MOPUCTa CTPYKTYpa, NPEICTABEHA OT MUKPO- U ME30MOpH. M3unCIeHnTe CTOMHOCTH Ha SgeT
1 Vogs ca 527 m? gt m 0.489 cm® gL
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Structural destabilization and enhanced cytotoxicity on murine fibroblasts of Helix
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Four complexes of B-hemocyanin from Helix pomatia (3-HpH) with ionic liquids (ILs) based on cholinium cation
and amino acid anion were prepared. Using FTIR spectroscopy we observed that the tested ILs were able to induce
conformational changes in the protein molecule. In the presence of cholinium methionate we detected the most
significant changes in B-HpH secondary structure, which is expressed in a 2-fold increase of the intensity of the
absorption band that is assigned to the side-chain amino acid residues and a complete loss of the a-helical structures at
expense of the B-structures. Interestingly, the aggregation in this case seemed to be suppressed. In an experiment in vivo
using 3T3 cells (fibroblasts), we found that the destabilization of the protein structure resulted in an enhanced
cytotoxicity of the B-HpH-IL complexes in respect to the native B-HpH. The effect is stronger, both concentration- and
time-dependent for the complex of B-HpH with cholinium tryptophanate.

Key words: Helix pomatia hemocyanin; cholinium amino acids; protein secondary structure; cytotoxicity assay

INTRODUCTION

Hemocyanins (Hcs) are large copper-containing
oxygen-transporting proteins that are freely
dissolved in the hemolymph of many mollusks and
arthropods [1]. The interest of these proteins has
increased markedly over the last decades due to
their great potential for application in medicine.
Many authors reported on immunostimulatory, anti-
cancer and antibacterial properties of Hcs isolated
from various sources [2-6]. Many studies have
been focused on the elucidation of structure and
factors that contribute or affect the stability of Hcs
[1,7,8].

The hemocyanin isolated from the hemolymph
of terrestrial snail Helix pomatia (HpH) consists of
two alpha components (ap-HpH and on-HpH) and
one beta component (3-HpH). Beta-hemocyanin is
characterized with subunit homogeneity, and
therefore in comparison to ap-HpH and an-HpH,
has been more frequently used for structural studies
[9, 10]. HpH characterizes with relatively high
carbohydrate content (ca 9%), which probably
correlates with the protein immunogenicity tested
in animal models but did not have an effect on the

* To whom all correspondence should be sent:
E-mail: maiag@orgchm.bas.bg

protein thermal stability [5,8,11]. The therapeutic
effect of B-HpH was shown in murine model of
colon carcinoma as well as its adjuvant potential for
microbial and viral antigens [5,12]. In addition, B-
HpH exhibits a phenoloxidase activity, which can
be enhanced by detergent treatment and
lyophylisation which results in conformational
changes of the protein [13].

lonic liquids (ILs) are salts that consist of an
organic cation and/or organic anion that are
characterized with melting temperatures below
100°C, low vapor pressure and tunable physic-
chemical characteristics [14]. Biodegradable and
biocompatible ILs are of great interest in view of
their biotechnological application as reaction media
for biocatalysis or isolation of proteins or plant
metabolites, as additives aiming to enhance thermal
or storage stability of proteins [15-18].

The aim of this paper is to follow the changes of
the secondary structure of B-HpH induced by four
ILs containing cholinium cation and amino acid
anion. All anions that are in the focus of the study
are non polar amino acids, however their side-
chains differ substantially in size and structure;
therefore, we suppose that possibly differences in
their interactions with proteins can be observed. In
addition, we evaluated the cytotoxic effect of the
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modified B-HpH on murine fibroblasts in respect to
changes in its structure. Results are discussed in
comparison to those obtained for the native 3-HpH.

EXPERIMENTAL
Materials

Beta-hemocyanin from Helix pomatia (B-HpH)
was isolated as described in previous study [10].

Cholinium  glycinate [Chol][Gly], cholinium
valinate  [Chol][Val], cholinium  methionate
[Chol][Met] and  cholinium  tryptophanate

[Chol][Trp] were synthesized as given in [19].
Murine embryotic fibroblast (3T3) cell line was
purchased from American Type Culture Collection
(ATCC). Thiazolyl Blue Tetrazolium Bromide
(MTT) (98%) was obtained from Sigma. DMEM
high glucose media, L-glutamine and sodium
bicarbonate were purchased from PAN-Biotech
GmbH, Aidenbach, Germany.

Fourier transform infrared spectroscopy (FTIR)

Prior to the measurements, 0.08 mL B-HpH
(16.4 mg/mL) were incubated for 60 min at room
temperature with 0.02 mL of 1M solution of the
corresponding [Chol][AA] dissolved in sodium
phosphate buffer (pH 7.2, 5mM). FTIR spectra of
the B-HpH-[Chol][AA] complexes were recorded
on Bruker Tensor 27 spectrometer, equipped with a
detector of deuterated triglycine sulphate (DTGS).
The FTIR spectra were collected by direct
deposition of the samples on attenuated total
reflectance (ATR) element, a diamond crystal, in
the frequency region 4000 — 600 cm™ with 128
scanning and at resolution of 1 cm? The
absorptions of the medium and ILs were taken into
account. For each sample, the protein secondary
structure content was estimated in few steps:
1) Fourier deconvolution using Opus software
version 5.5 at band width of 14 cm, 2.9 resolution
enhancement factor, and Lorentzian lineshape; 2)
obtaining the second derivative spectra by the
Savitzky-Golay algorithm based on 25 smoothing
points; 3) curve fitting according to the Local Least
Squares algorithm as the initial bandwidth of all
components was set to 14 cm™ and the components
were approximated by mixed Lorentzian/Gaussian
functions and setting [20].

Cytotoxicity assay

Murine fibroblasts (3T3) were cultured in
DMEM high glucose medium containing L-
Glutamine, Penicillin-Streptomycin-Amphotericin

B and 10% fetal bovine serum at humidified
atmosphere, 37°C and 5% CO2. Then, the cells
were seeded in a sterile 96-well plate at 1x 10* cells
per well and incubated for 24 hrs at 37°C and 5%
CO; for obtaining adherent cell cultures and good
cell spreading. Next, the cells were incubated for
additional 24 or 48 hrs with 3-HpH or (-HpH -
[Chol][AA] complexes, at concentrations ranging
from 100-700 pg/mL. The B-HpH-[Chol][AA]
complexes were obtained as described above.
Cytotoxicity assay was performed as described in
the literature using tetrazolium dye, (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) [21]. For each well, the conversion
of MTT into formazan was monitored
spectrophotometrically at 570 nm and was used to
be estimated the percentage of the viable cells in
respect to control experiment without added B-HpH
or B-HpH-IL-complexes. Blank experiments
containing only reaction medium were also
performed. All experiments were performed in
duplicate.

RESULTS AND DISCUSSION
IL-induced structural changes

The effect of the four selected for this study
choline amino acids on B-HpH secondary were
followed using ATR-FTIR spectroscopy. Analysis
of the amide | adsorption band was done in order to
be determined the secondary structure content for
each sample. The observed peak positions in the
spectral region 1700-1600 cm™ are: a-helix (1660-
1652 cm), unordered structures or random coils
(1951-1942 cm), B-sheets (1640-1624 cm™), B-
turns (1679-1668 cm™), anti-parallel B-sheets
(1693-1681 cm™) and side chains of the amino acid
residues (1609-16003 cm™). The band area of each
structural element was presented as a percentage of
the total area and the changes of the conformation
of the native 3-HpH in presence of [Chol][AA] can
be seen in Fig.1. The most significant changes in
the secondary structure were observed in presence
of [Chol][Met]. For example, for this B-HpH-IL
complex we detected a complete loss of the a-
helical structures at expense of the B-structures. The
2-fold increase of the intensity of the absorption
band that is assigned to the side-chain amino acid
residues implies a denaturation of the protein in
presence of the methionate, however, it seems that
in this medium the protein aggregation is
suppressed. In presence of the glycinate an increase
in the a-helices is observed implying that 3-HpH
occupies more folded conformation in this solution.
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WR-HpH OR-HpH-[Chol][Gly] © R-HpH-[Chol][Val] @ R-HpH-[Chol][Met] & R-HpH-[Chol][Trp]
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Fig. 1. Elements of the protein secondary structure (%) determined form deconvoluted ATR-FTIR spectra for native -
HpH and its complexes with choline amino acids.
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Fig. 2. Percentage of viable fibroblasts after incubation with B-HpH and its complexes for 24 h (A) and 48 h (B).
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In comparison to the native protein, B-HpH-
[Chol][Val] characterizes with an increase of
the coil and unordered structures mostly at
expenses of the B-structures. Rearrangement in
the protein molecule, but still close to the
native conformation, was also observed in
presence of the tryptophan-based IL.

3T3 cytotoxicity assay

Murine fibroblasts (3T3 cells) cytotoxicity assay
is used as supporting identification or screening of
substances with potential acute oral toxicity or skin
irritation [22]. Viability of 3T3 cells in presence of
B-HpH and B-HpH-IL was assessed at 24 and 48h
after incubation. The native protein and its
complexes were tested in a concentration range
from 100 to 700 pg/mL. The exposure of 3T3 cells
to a high concentration (> 500 pug/mL) of native B-
HpH for 48 h resulted to a moderate cell growth
stimulation. However, tested at lower
concentrations or after a short-tem incubation (24h)
B-HpH did not affect the viability of the fibroblasts.
As can be seen in Fig. 2, 3-HpH became more
cytotoxic to 3T3 cells after being modified with the
four choline amino acids. The strongest negative
effect which is both concentration- and time-
dependent was observed for B-HpH-[Chol][Trp]. A
24-hour exposure of fibroblasts to B-HpH-
[Chol][Met] do not reduce cell growth. However,
longer exposure to this complex resulted in a
decrease in cell viability by 40% which was
observed for the whole concentration range (Fig.
2B). The effect of B-HpH-[Chol][Gly] was
concentration independent. For this complex, we
observed a moderate (15-18%) to high (40%)
decrease in cell viability after 24 and 48 h
incubation,  respectively.  B-HpH-[Chol][Val]
exhibited stronger inhibitory effect on the 3T3 cell
growth in comparison to that found for the
glycinate complex, however it was also only time
dependent.

CONCLUSION

Even added in low concentration to the reaction
mixture, the four tested [Chol][AA] induce
significant changes in the secondary structure of §3-
HpH. The structural destabilization of the
hemocyanin results in its enhanced cytotoxicity on
fibroblasts. The observed effect is time-dependent
for the whole series of the tested compounds.
However, concentration dependence is found only
for B-HpH-[Chol][Trp].

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

REFERENCES
J. Markl, BBA PROTEINS PROTEOM., 1834 (9),
1840 (2013).
D. W. McFadden, D. R. Riggs, B. J. Jackson, L.

Vona-Davis, Am. J. Surg., 186, 552 (2003).

C .J. Coates, J. Nairn, Dev. Comp. Immunol., 45, 43
(2014).

S. Arancibia, C. Espinoza, F. Salazar, M. Del
Campo, R. Tampe, T.-.Y. Zhong, P. De loannes, B.
Moltedo, J. Ferreira, E. C. Lavelle, A. Manubens, A.
E. De loannes, M. |. Becker, PLoS ONE, 9 (1),
€87240 (2014).

V. Gesheva, S. Chausheva, N. Mihaylova, I.
Manoylov, L. Doumanova, K. Idakieva, A.
Tchorbanov, BMC Immunol., 15, 34 (2014).

J. Zhuang, C. J. Coates, H. Zhud, P. Zhud, Z. Wua,
L. Xie, Dev. Comp. Immunol., 49 (1), 96 (2015).

H. Decker, N. Hellmann, E. Jaenicke, B. Lieb, U.
Meissner, J. Markl, Integr. Comp. Biol., 47 (4), 631
(2007).

J. R. Harris, J. Markl, Micron, 30, 597 (1999).

C. Gielens, L. J. Verschueren, G. Préaux, R. Lontie,
Comp. Biochem. Physiol. Part B: Comp. Biochem.,
69, 455 (1981).

K. Idakieva, C. Gielens, N. Siddiqui, L.
Doumanova, B. Vasseva, G. Kostov, V. L. Shnyrov,
Z. Naturforsch., 62a, 499 (2007).

B. T. Yesilyurt, C. Gielens, F. Meersman, FEBS J.,
275, 3625 (2008).

V. Gesheva, S. Chausheva, N. Stefanova, N.

Mihaylova, L. Doumanova, K. Idakieva, A.
Tchorbanov, Int Immunopharmacol., 26, 162
(2015).

K. Idakieva, N. I. Siddiqui, F. Meersman, M. De
Maeyer, |. Chakarska, C. Gielens, Int. J. Biol.
Macromol., 45, 181 (2009).

G. Liu, R. Zhong, R. Hu, F. Zhang, Biophys. Rev.
Lett., 7 (3-4), 121 (2012).

F. van Rantwijk, R. Madeira Lau, R.A. Sheldon,
TRENDS Biotechnol., 21 (3), 131 (2003).

Z. Pietralik, A. Skrzypczak, M. Kozak, Z. Pietralik,
A. Skrzypczak, M. Kozak, Chem. Phys. Chem.,
17(15), 2424 (2016).

M. M. Pereira, S. N. Pedro, M. V. Quental, A. S.
Lima, J. A. P. Coutinho, M. G. Freire, J.
Biotechnol., 206, 17 (2015).

R. M. Vrikkis, K. J. Fraser, K. Fujita, D. R.
Macfarlane, G.D. Elliott, J. Biomech. Eng. 131,
074514-1 074514-4 (2009).

M. Guncheva, K. Paunova, P. Ossowicz, Z.
Rozwadowski, E. Janus, K. Idakieva, S. Todinova,
Y. Raynova, V. Uzunova, S. Apostolova, R.
Tzoneva, D. Yancheva, RSC Adv., 5, 63345 (2015).
A. Barth, C. Zscherp, Q. Rev. Biophys., 35, 369
(2002).

T. Mosmann, J. Immunol. Meth., 65, 55 (1983).

A. V. King, P. A. Jones, Toxicol. in Vitro, 17, 717
(2003).

85



M. Guncheva et al.: Structural destabilization and enhanced cytotoxicity on murine fibroblasts of Helix pomatia 3-hemocyanin...

JECTABMIIM3ALNA N IIOBUIIEHA IUTOTOKCUYHOCT BHPXY ®ULPOBJIIACTU HA
BETA-XEMOILMAHUH OT HELIX POMATIA B ITPUCBCTBUE HA YETHUPU OPTAHMYHU
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(Pestome)

TosyyeHy ca yeTHpH KOMILIEKca Ha Geta xemoumanus ot Helix pomatia (B-HpH) ¢ itonnn teunoctu (MT) Ha
OCHOBAaTa Ha XOJHMHOB KaTHOH M aHWOHH, OCTATBIU OT aMHHOKHCEIHHU. [I[poMeHHTE BHB BTOPHUYHATA CTPYKTYypa Ha
npotenHa mHAynupanu oT WMT ca npocnenenn ¢ momomra Ha MU CHEKTPOCKOMHA. YCTaHOBEHO €, e XOIMHHI
METHOHAaTa OKa3Ba Hal-TOIsIM eeKT BbpXy cTpykrypatra Ha B-HpH. B MY cmektpure Ha TO3M KOMIUIEKC HE ce
HabmromaBa abcopOIIMOHHATA UBHIA XapaKTepHa 3a O-CIIHPATHU CTPYKTYPH, a MHTCH3WBHOCTTA Ha MBHUIIATA, OTHACSIIA
ce 3a CTpaHMYHUTE BEPUTH Ha AMHHOKHCEIMHHHUTE OCTATBhIM HAa NMPOTEHHA € YBEJIWYCHa 0 JBa IIBTH. BBIpexu
HaOroaBaHaTa 3HAYMTENHA AeHaTypanus Ha B-HpPH B mpuchcTBHE HA XONMHWI METHOHAT, CE BIDKIA, Ue arperausira
Ha IIPOTEHHA B TO3H PA3TBOD € MOATHUCHATA. B momrbiiHeHMe, Oelie ycTaHOBEHO, e CTPYKTYpHATa AecTabmim3anns Ha f3-
HpH Boam mo moBuIaBaHe Ha MUTOTOKCHYHOCTTa HA KOMIUICKCHUTE Ha B-HpH-ﬁT cupssMo (pUOPOOITACTHH KIIETKH.
EdexThT e Hali-3HaunTeNIeH 32 KoMIuiekca Ha B-HpPH ¢ xonuam TpunTodaHat u 3aBUCH OT KOHICHTpALUATA HA UT u
BPEMETO 33 TPETHPAHE.
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Hemocyanins (Hcs) are large glycoproteins present in the blood of some mollusks and arthropods. In addition to
their biological function, molluscan Hcs have shown promising properties in the development of various medicinal
products. In the present study, the carbohydrate moieties of two representatives of Hcs from molluscan species, namely
those isolated from the marine shails Rapana thomasiana and terrestrial snails Helix pomatia, were oxidized with
sodium periodate. This chemical modification led to increased structural and thermal stability of oxygen-transport

proteins.

Key words: hemocyanin; periodate oxidation; thermal stability

INTRODUCTION

Hemocyanins (Hcs) are large oligomeric
proteins present in the blood of some mollusks and
arthropods, whose biological function is mainly
related with the oxygen transport to the tissues [1].
Hcs are multifunctional proteins. It has been shown
that the oxygen-binding function of Hc can be
converted to phenoloxidase (PO) activity and
furthermore that PO activity can be induced in Hcs
by in vivo and in vitro activation [2, 3]. In addition,
molluscan Hcs have indicated promising properties
in the development of various medicinal products
including antiviral agents, conjugate vaccines and
immunotherapy of cancer [4-6]. Thus, it was
revealed that the Hcs isolated from marine snail
Rapana thomasiana (RtH) and from terrestrial snail
Helix pomatia (HpH) were able to elicit strong
antiviral or antibacterial immune response in mouse
models when combined with bacterial and viral
antigens [7,8]. Moreover, it was demonstrated that
these Hcs expressed strong in vivo anti-cancer and
anti-proliferative effects in murine model of colon
carcinoma [9].

Achieving structural stabilization in proteins
having therapeutic application is an important task.
Chemical modification is one approach to improve
the protein’s stability. It has been reported that the
periodate oxidation of the carbohydrate moieties of

* To whom all correspondence should be sent:
E-mail: idakieva@orgchm.bas.bg

proteins with sodium periodate has induced
structural ~ stabilization and enhanced their
immunogenicity [10, 11].

Hcs, isolated from various gastropodan
organisms, have a carbohydrate content of 2 - 9%
w/w, with  mannose being the major
monosaccharide found in these structures [12]. The
aim of the present study is to enhance the structural
stability of two representatives of gastropodan Hcs,
namely RtH and HpH, by chemical oxidation of
their sugar moieties.

EXPERIMENTAL

Reagents
Sodium  periodate, ethylene glycol and
phenylmethylsulfonyl  fluoride (PMSF) were

purchased from Merck, Darmstadt, Germany.
Trypsin and proteinase K were supplied by Sigma-—
Aldrich Chemie GmbH. All other chemicals used
were of analytical grade.

Isolation and purification of Hcs

RtH was purified from the hemolymph,
collected from marine snails R. thomasiana,
according to the procedure described in [13]. The -
isoform of HpH was isolated from the hemolymph
of terrestrial snails H. pomatia as described
elsewhere [14,15].
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Absorption spectroscopy

Absorption spectra of Hcs were recorded using
Evolution™ 300 UV-Vis spectrophotometer
(Thermo Electron Corporation). The concentration
of protein solutions was determined
spectrophotometrically using specific absorption
coefficient A7 = 1.36 ml.mgt.cm? for RtH
[13] and Ax** = 1.416 ml.mgt.cm? for B-HpH
[16], respectively.

Chemical modification of Hcs

The chemical oxidation with sodium periodate
method was performed to modify RtH and B-HpH
as described in [11]. Briefly, each Hc (protein
concentration 2 mg/ml) was dissolved in 0.1 M
sodium acetate buffer, pH 5.5, containing 15 mM
sodium periodate and incubated for 1 h in the dark
at room temperature. Next, 25 ul of a solution of
ethylene glycol was added to each 2 ml of protein
and incubated overnight at 4 °C. At the last step, the
protein  samples  were  concentrated by
ultrafiltration, dialyzed against buffer 50 mM Tris-
HCI, pH 8.0, and filtered through 0.22-um
membrane filter.

Protease digestion of Hcs

Modified Hcs and their respective native forms
were digested with trypsin and proteinase K at a
concentration of 0.2 % (w/w). The enzymatic
reactions were performed at 37 “C for 30 min in a
buffer 50 mM Tris-HCI, pH 8.6, and stopped with
an addition of 1 % PMSF.

Differential scanning calorimetry (DSC)

Calorimetric measurements were performed on a
high-sensitivity differential scanning
microcalorimeter DASM-4 (Biopribor, Pushchino,
Russia), with sensitivity greater than 0.017 mJ/K
and a noise level less than £0.05 uW. A constant
pressure of 2 atm was maintained during all
experiments to prevent possible degassing of the
solution on heating. The protein solution in the
calorimetric cell was reheated after the cooling
from the first run to estimate the reversibility of the
thermally induced transitions. The calorimetric data
were evaluated using the ORIGIN (MicroCal
Software) program package. Molecular mass of 9
000 000 Da for Hc was used in the calculation of
molar quantities.
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SDS-PAGE

Hc samples were analyzed by SDS-PAGE on
10% separating gel, as described by Laemmli [17].
Electrophoresis was performed using a Mini
Protean electrophoresis system (Bio-Rad). Sensitive
silver staining was used to detect the proteins after
electrophoretic separation on polyacrylamide gels.

RESULTS AND DISCUSSION

Carbohydrate content of 2.6 % (w/w) has been
determined for RtH [12], while B-HpH contains 7
% (w/w) carbohydrates [16]. These Hcs contain,
besides the commonly occurring sugars D-
mannose, D-galactose, L-fucose, N-acetyl-D-
glucosamine and N-acetyl-D-galactosamine also D-
xylose and 3-O-methyl-D-galactose, unusual
carbohydrates for animal glycoproteins. To
stabilize the structure of investigated Hcs, the
carbohydrate chains from the surface of molecules
were oxidized with sodium periodate to generate
Schiff bases between the free amine groups from
proteins and the reactive aldehydes, formed by the
oxidation procedure (Fig. 1).

CHzOH CHzOH CHOH
|
H H _ H H H H
9 NalO; | ° R-NH, | o
H , - ) - Y
/ HH /
OH Ho, ;oS WK
—ot—"To— —0 ¢ Cg —o0€C Cg
HoH Il |
o o N N
o
R R

o-D-mannose Schiff 's bases

Fig. 1. Chemical strategy for oxidation of carbohydrates
with sodium periodate and Shiff's base formation.

SDS-PAGE analysis showed differences in the
mobility pattern between the native and modified
Hcs. Oxidized Hcs (Ox-Hcs) did not enter the
resolving portion of the gel (Fig. 2, lane 4). This
effect was attributed to the internal cross-linking
within Hc molecules as a result of periodate
treatment [11].

Digestion of investigated Hcs with trypsin and
proteinase K were used to assess whether Schiff
bases were formed in Ox-Hcs. Both proteolytic
enzymes possess different specificity.

Trypsin cleaves polypeptide chains mainly at the
carboxyl side of the amino acids Lys or Arg.
Proteinase K has broad specificity — it preferentially
cleaves peptide bonds adjacent to the carboxyl
group of aliphatic and aromatic amino acids.
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1 2 3 4 5 6

Fig. 2. 10 % SDS-PAGE: lane 1, native RtH; lane 2 and
3, native RtH digested with trypsin (0.2 % w/w) and
proteinase K (0.2 % w/w) for 10 min at 37 °C,
respectively; lane 4, oxy-RtH; lane 5 and 6, oxy-RtH
digested with (0.2 % w/w) and proteinase K (0.2 % w/w)
for 10 min at 37 °C, respectively.

We assumed that trypsin would not be able to
digest Ox-Hcs because the g-amino groups of Lys
were involved in formation of Schiff bases. Indeed,
the results showed that the native Hc molecules
were rapidly degraded after incubation with trypsin
(0.2% wi/w) for 30 min (Fig. 2, lane 2). By contrast,
Ox-Hcs were only partially degraded and retained
in the stacking portion of the gel (Fig. 2, lane 5).
Proteinase K (0.2% w/w) equally cleaved native
and Ox-Hcs, confirming the conclusion made above
(Fig. 2, lane 3 and 6).

Absorption spectra taken for native and Ox-Hcs
showed that the intensity of the characteristic
copper-dioxygen band at 345 nm slightly decreased
as a result of modification with sodium periodate
(Fig. 3). Therefore, induced local conformational
changes did not affect the integrity of copper active
sites in Hc molecules.

oD

0,00 I I L L I I
260 280 300 320 340 360 380 400

Wavelength (nm)

Fig. 3. Absorption spectra of native B-HpH (black line)
and Ox-B-HpH (red line) in buffer 50 mM Tris-HCI, pH 8.

Intramolecular cross-linking has shown to
increase thermal stability of different proteins [18,
19]. Differential scanning calorimetry (DSC) is the

most useful technique for characterizing thermal
stability of proteins in terms of their
thermodynamic  characteristics  [20]. DSC
measurements of the native and modified Hcs were
performed in buffer 50 mM Tris-HCI, pH 8.0, at a
heating rate of 1 °C/min. In all cases the thermal
unfolding was found to be calorimetrically
irreversible, as no thermal effect was observed in a
second heating of the protein solutions. Consistent
with our previous study [21], one main transition
and a shoulder with apparent transition
temperatures (Tm) at 77.49 °C and 88.6 °C, were
detected in the thermogram of native RtH (Fig. 4).
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o e L] -]
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Fig. 4. Experimental C, transition curves of native RtH
(black line) and Ox-RtH (blue line) in buffer 50 mM
Tris-HCI, pH 8.0, recorded at a heating rate of 1 °C/min.
Protein concentration was 2.8 mg/ml.

The thermal stability of Ox-RtH is higher
compared with native Hc. The T, value for the
main transition increased to 81.61°C. Moreover, the
thermogram of Ox-RtH has more cooperative
character with Ty, 0f 5.13 °C (Table 1).

Table 1. Parameters for the thermal denaturation of
native and modified Hcs from R. thomasiana and H.
pomatia, obtained by DSC, at a heating rate of 1
°C/min.

- AHcaI CPEX Tm, Tl/2
Hemocyanin o) (Mamolik®]  [c]  [°C)
Native RtH 1731 17.22 7749 767
Ox-RtH 102.2 17.21 8161 5.3
Native p-HpH  110.6 20.1 824 464
Ox-f-HpH 96.3 14.7 842 546

* Main transition

Integration of the heat capacity (C,) of the
protein sample vs. temperature yields the enthalpy
(AH) of the unfolding process, which is due to
endothermic events such as the breaking of
hydrogen bonds, and exothermic processes such as
the disruption of hydrophobic interactions [22]. The
AHc value for native RtH is 70.9 MJ mol* higher
than that determined for Ox-RtH. This effect is
probably related to the induced cross-linking in the
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protein molecule as a result of modification. One
transition with Tr, value of 82.4 °C was detected in
the thermogram of native B-HpH [23]. The Tr, value
obtained for Ox-fB-HpH also was shifted towards
the higher temperature of 84.2 °C (Fig. 5).
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o H
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(=]
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Fig. 5. Experimental Cp transition curves of native p-
HpH (black line) and Ox-B-HpH (red line) in buffer 50
mM Tris-HCI, pH 8.0, recorded at a heating rate of 1
°C/min. protein concentration was 2.35 mg/ml.

The AHca value for modified B-HpH decreases
with 14.3 MJ mol™. It seems structural differences
between both Hcs in terms of reactive functional
groups have determined the effect of modification.
Table 1 summarizes DSC data for the process of
thermal denaturation of native and modified Hcs.

CONCLUSION

In conclusion, the results of the present
investigation reveal that the oxidation of
carbohydrate moieties in Hcs with sodium
periodate leads to enhance of the structural
stability, in particular the resistance to
proteolytic cleavage, as well as the thermal
stability of these oxygen-transport proteins.
Further evaluation the influence of the
increased structural stability of modified Hcs
on their immunological properties would be of
interest.

Acknowledgements: This work was supported by
research grant DFNP-152/ 12.05.2016 from
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MOJJU®UKALINA C HATPUEB IIEPHOJAT YBEJIMUABA CTPYKTYPHATA CTABMJIHOCT HA
XEMOLIMAHMH OT MOJIFOCKOBH OPT'AHN3MU
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Y Unemumym no opeanuuna xumus ¢ Ilenmop no grumoxumus, Bvieapcka axademus na naykume, yi. ,, Axao. I
bonues ™, 6n. 9, 1113 Cogus, Bvreapus

2 Unemumym no 6uogusuxa u buomeduyuncko undcenepcmeo, bvneapeka axademus na naykume, yn. ,,Axao. I
bonues ™, 6n. 21, 1113 Cogpus, bvreapus

IMoctrenmna va 09 anpun 2017 r.; Kopurupana Ha 17 mait 2017 .

(Pestome)

XeMOIMaHUHHUTE Ca OJIMTOMEPHH TIIUKOMPOTEHHH PUCHCTBAIIM B KPBBTA Ha HAKOW MEKOTEIH M WICHECTOHOTH. B
JOMBJIHCHHE KbM TSAXHATA Ba)kKHA OWONOTMYHA (QYHKIHS, XCMOIHWAHHHHTE OT MOJIFOCKOBH OPTaHH3MH IIOKa3BaT
obemaBaniu CcBOMCTBa B pa3pabOTBAHETO HA pa3dMYHH JICKAPCTBEHH MPOLYKTH. B HACTOSIIOTO H3CIEABAHE,
BBIJICXUIPATHATE BEPUTH HA ABA MPEICTABUTENS HA MOJIOCKOBHTEC XEMOLHMAHWHH, & WUMEHHO TE3H, M30JUPAHH OT
Mopcku oximoBu Rapana thomasiana u rpaguncku oxmroBu Helix pomatia, 6sixa okucnenu ¢ Hatpues nepioaar. Tazu

XUMHYHa MOI[I/I(I)I/IKaL[I/ISI JAOBCAC N0 IIOBHIICHA CTPYKTYpHa W TCPMHUYHA CTaOMIHOCT Ha H3CJICABAHUTEC KHUCJIOPOX-
npeHacAly MPpOTCUHU.
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By using an original approach combining the utilization of urea as a precipitator followed by hydrothermal
treatment were obtained nanostructured Ce-Zr mixed oxides (Ce/Zr = 3:7 or 5:5). The obtained oxides were modified
with copper and/or cobalt via incipient wetness impregnation from the corresponding metal nitrates. The obtained
materials were characterized by X-ray diffraction, nitrogen physisorption, UV-Vis spectroscopy, temperature-
programmed reduction (TPR) with hydrogen and their catalytic activity and selectivity in ethyl acetate oxidation was
studied as well. The introduction of transition metal oxide within the parent Ce-Zr oxides decreases the start of the
conversion with up to 50 K, increases substantially of the catalytic activity within the 550-650 K range and facilitates
the selectivity to total oxidation of ethyl acetate. The influence of the type of modifying transition metal is better
distinguished for the 3Ce7Zr support, especially within 550-600 K range, showing that the addition of copper only is
sufficient for achieving the best catalytic results. At the same time, the support with higher ceria amount (5Ce5Zr)

favors the catalytic behavior of the cobalt-containing modifications as well due to enhanced Co-Ce interaction.

Key words: CeO,-ZrO, mixed oxides; cobalt and copper oxide modification; ethyl acetate total oxidation

INTRODUCTION

Ceria-zirconia mixed oxides are widely studied
due to their excellent redox properties provoked by
the formation of Ce;xZr«O, solid solution [1-3]. In
our previous studies we have shown the potential of
ceria-zirconia mixed oxides in ethyl acetate total
oxidation [4,5]. The ethyl acetate oxidation is
known as two-step process including dehydration to
ethanol and acetic acid on acidic sites and their
further oxidation with lattice oxygen following
Mars-van-Krevelen mechanism [6,7]. Depending
on the efficiency of the catalysts, several by-
products, such as ethanol, acetaldehyde and acetic
acid could be produced. We demonstrated that the
selectivity to CO; on ceria-zirconia oxides was not
satisfactory below 600-650 K, nevertheless the
variations in the samples composition and the
preparation procedure used [4,5]. The formation of
ceria-zirconia solid solution in the nanoscale could
provide more active oxygen species and further
enhance the overall redox capability [8]. Another
important advantage of the nanostructured metal
oxides due to their well developed specific surface
area is the facilitated introduction within them of
another metal/metal oxide component in highly

* To whom all correspondence should be sent:
E-mail: radostinaiv@abv.bg

dispersed state [9]. The introduction of readily
reducible transition metal oxide could further
improve the catalyst redox function. Copper and
cobalt have favorable effect on the redox properties
of both ceria and zirconia not only as
monocomponent- [10-13] but as bicomponent [14-
18] support systems as well. The aim of the present
paper is to show the perspective of using
nanostructured transition metal oxides in the design
of multicomponent nanocomposite materials with
potential application as efficient catalytic systems
for total oxidation of ethyl acetate as representative
of volatile organic compounds. For this purpose, on
the basis of previously optimized synthesis
procedure in the absence of long-chain organic
template [4], Ce-Zr  mesoporous oxides with
optimal Ce/Zr ratio (Ce/Zr=5:5 or 3:7) were used as
supports for the introduction and stabilization of
copper and/or cobalt oxides nanoparticles.

EXPERIMENTAL

Materials

Two nanostructured Ce-Zr mixed oxides with
various metal ratio (3:7 and 5:5) were synthesized
using  precipitation  technique  from  the
corresponding metal chlorides and in absence of
long-chain surfactant followed by hydrothermal

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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treatment step at 373 K according to a procedure
reported previously [4]. The obtained Ce-Zr
samples are calcined at 573 K and afterwards were
modified with copper and/or cobalt by incipient
wetness  impregnation  technique  from  the
corresponding metal nitrates aqueous solutions. The
total amount of copper and/or cobalt in the obtained
multicomponent nanocomposites is 8 wt. %. The
samples are designated as follows: xCuyCo/zCewZr
where x and y correspond to the amount of metal in
weight percents, while z/w represents the mol ratio
between Ce and Zr. For comparison data for the
analogous pure ceria-zirconia nanocomposites
calcined either at 573 K (samples 3Ce7Zr and
5Ce5Zr) or at 773 K (samples 3Ce7Zr(773) and
5Ceb5Zr(773)) are presented as well.

Methods of characterization

Nitrogen sorption measurements were recorded
on a Quantachrome NOVA 1200e instrument at 77
K. Before the measurements the samples were
evacuated at 423 K overnight under vacuum. The
pore size distribution was calculated using a
microscopic model, i.e. the non-local density
functional theory NLDFT. The crystallinity of the
samples was investigated by powder X-ray
diffraction (PXRD) measurements performed on
Bruker D8 Advance diffractometer equipped with
Cu Ko radiation and LynxEye detector. The size of
the crystalline domains in the samples was
determined using Topas 4.2 software with Rietveld
guantification refinement. The UV-Vis spectra
were recorded on a Jasco V-650 UV-Vis
spectrophotometer equipped with a diffuse
reflectance unit. The TPR/TG (temperature-
programmed reduction/ thermogravimetric)
analyses were performed in a Setaram TG92
instrument. Typically, 40 mg of the sample were
placed in a microbalance crucible and heated in a

ads des
—A—  3Ce7zr I
—=— 8Cu/3Ce7Zr ——
—e— 8Co/3Ce7zZr —O—
—k— 4Cu4Co/3Ce7Zr —fe—

o
o
g

120

o
Q
N

100

dV(logd), cc/nm/g

0.00

80 +

Volume, cclg

0.0 Ot2 014 Ot6 0t8 ltO
relative pressure, p/p,

flow of 50 vol. % H; in Ar (100 cm®min) up to
773 K at 5 Kmin? and a final hold-up of 1 h. The
catalytic experiments were performed in a flow
type reactor (0.030 g of catalyst) with a mixture of
ethyl acetate (1.21 mol %) in air with WHSV —
335 h. Gas chromatographic (GC) analyses were
carried out on HP5850 apparatus using carbon-
based calibration. The samples were pretreated in
Ar at 423 K for 1 h and then the temperature was
raised with a rate of 2 K/min in the range of 423—
773 K.

RESULTS AND DISCUSSION

Some physicochemical characteristics of the
obtained samples are presented in Table 1. Nitrogen
physisorption measurements were conducted in
order to elucidate the textural properties of the
studied samples (Fig. 1, Table 1). All isotherms are
of type IV characteristic of mesoporous materials.
Two effects are worth to be mentioned here. First,
the modification with copper only leads to a
complete loss of microporosity, nevertheless of the
support used, which could be a result of preferred
copper deposition within the present micropores of
the Ce-Zr host leading to its closer contact with the
host structure. On the other hand, the extent of
microporosity  registered  within  the  other
modifications is preserved, and even increases in
case of 5Ce5Zr host material while in case of
3Ce7Zr support only 6.3 % microporosity is found
after its modification within 8Co/Ce3Zr7 sample
(Table 1). Besides, almost complete lost of support
mesopores with sizes in 2-4 nm range is registered
for the bicomponent and pure cobalt modifications
(Fig 1, insets). More information about the phase
composition and crystallinity of the obtained Ce-Zr
hosts and their copper and/or cobalt modifications
is found by PXRD technique (Fig. 2).
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Fig. 1. Nitrogen physisorption isotherms with pore size distributions as insets for the studied pure and mixed metal
oxide samples.
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Table 1. Some physicochemical characteristics of the studied samples.

s SgET, Viotal, Smicro,  Vmicros Space Unitcell, Crystallite size,
ample 2 2
m?/g cclg m?/g cclg Group nm
3Ce7Zr 154.3 0.11 24.1 0.01 Fm-3m 5.424(3) 6
(15.6 %) P4,inm  a=3.625(3) 9
¢=5.196(6)
8Cu/3Ce7Zr 74.0 0.073 - - Fm-3m 5.411(2) 8
P4o/nm  a=3.615(2) 12
c=5.172(4)
4Cu4Co/3Ce7Zr 76.3 0.079 - - Fm-3m 5.409(2) 8
P4do/nm  a=3.617(2) 12
¢=5.185(4)
8Co/3Ce7Zr 65.2 0.076 4.1 0.002  Fm-3m 5.407(2) 9
(6.3 %)* P4,/nm  a=3.617(2) 13
¢=5.191(4)
Fd-3m 8.088(5) 16
5CebZr 175.9 0.13 72.8 0.031  Fm-3m 5.419(2) 7
(41.4 %) P4dinm  a=3.603(4) 6
¢=5.199(7)
8Cu/5Ce5Zr 72.5 0.082 - - Fm-3m 5.415(2) 8
Pdo/nm  a=3.614(1) 14
c=5.157(4)
4Cu4Co/5Ce5Zr 59.9 0.044 44.1 0.018 Fm-3m 5.409(2) 9
(73.6 %) P4,inm  a=3.614(2) 15
¢=5.160(4)
8Co/5Ce5Zr 75.3 0.066 33.8 0.014  Fm-3m 5.402(2) 9
(44.9 %) P4,/nm  a=3.610(2) 14
¢=5.180(4)
Fd-3m 8.073(5) 13

Seer — BET specific surface area; Vil — total pore volume; Smico — micropore specific surface area defined by t-plot method;
Vmicro — micropore volume.by t-plot method;* in brackets is presented the microporosity of the sample as percentage of Sger.

Both initial supports (5Ce5Zr and 3Ce7Zr) show
well-defined reflections of both ceria crystallites
with cubic fluorite-like Fm-3m structure and
zirconia crystallites with tetragonal P4,/nm
structure and sizes within 6-9 nm range (Fig. 2,
Table 1). After the modification, these two phases
are preserved, however, the crystallite size
increases up to 14-16 nm (Table 1). Besides, only
in case of pure cobalt modifications, a new C0304
spinel phase with cubic Fd-3m structure is

4Cu4Col3Ce7Zr

8Co/3Ce7Zr

Intensity, a.u

8Cu/3Ce7Zr

3Ce7zr

10 20 30 40

20, degrees

50 60 70 80

Intensity, cps

registered as well (Fig. 1) with 13-17 nm crystallite
sizes (Table 1). In all other modifications no
additional reflections were observed and this is an
indication that the copper presence increases the
dispersion of the loaded phases nevertheless of the
support used.

Uv-Vis analysis has been used to obtain
information for the coordination and oxidative state
of the present metal ions (Fig. 3).

4Cu4Co/5Ce5Zr

8Co/5Ce5Zr

8Cu/5Ceb5Zr

5Ce5Zr

10 20 30 40

20, degrees

50 60 70 80

Fig. 2. XRD patterns of the initial and modified Ce-Zr samples.
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Fig. 3. UV-Vis spectra for the pure ceria-zirconia
samples and their modifications

The spectra of both Ce-Zr supports consist of
absorption bands characteristic of tetragonal
zirconia by the broad feature in their spectra
positioned at around 320 nm, while the strong
absorption with maximum at about 350-360 nm is
ascribed to O%*—Ce* charge transfer (CT)
transitions, while that one at about 250 nm — to O%
—Ce¥ CT transitions (Fig. 3). After the
modification these bands are preserved, however,
the high absorption registered above 400 nm could
be ascribed to the presence of various copper and
cobalt oxide species in highly dispersed state. The
observed absorption features in the 400-550 and
650-800 nm ranges could be ascribed to either Cu?*
ions in finely dispersed CuO crystallites in case of
pure copper modifications or to the presence of
Co030, particles within  the pure cobalt
modifications  because of 4TI1(F)—4TI1(P)
transitions of octahedrally coordinated Co** that
occur in the former range and the electronic ligand-
field 4A2 (F)—4T1(P) transitions in tetrahedrally
coordinated Co?" that occur above 650 nm [19].
This is in agreement with the XRD results where
Co030:4 spinel phase was found for both 8Co/5Ce5Zr
and 8Co/3Ce7Zr samples. In case of the
bicomponent  modifications, the  observed
absorption spectra could be interpreted as
superposition of the spectra of both pure copper and
cobalt modifications, however, the registered very
broad bands (Fig. 3) with not well defined maxima
do not exclude also the existence of interaction
between the individual copper and cobalt oxides.

Additional information for the redox properties
of the obtained modifications was obtained by
temperature-programmed reduction (TPR) with
hydrogen (Fig. 4, Table 2). Here, data for the initial

supports is not presented, however, our previous
investigation showed that the increasing of Zr
content within Ce-Zr mixed oxides leads to an
increase in the reducibility of these materials with
reduction starting just above 550 K [4]. In case of
both pure copper modifications the main reduction
effect starts at very low temperatures (below
400 K) which could be ascribed to the reduction of
very finely and narrowly dispersed CuO particles
(Fig. 4, Table 2) because they undergo a complete
reduction within relatively narrow temperature
interval (380 — 450 K).
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Fig. 4. TG (a) and DTG (b) data for the studied Cu
and/or Co modifications.

The observed effects above 450 K could be
ascribed to the reduction of Ce-Zr support which is
facilitated by the reduced copper phase. In case of
pure cobalt modifications, the reduction initiates at
460-470 K and stepwise reduction of Co®" first to
Co?°" then to Co?* and finally to Co° occurs
(Fig. 4b). The observed overall weight loss
corresponds to slightly less than 100 % reduction.
In accordance with the XRD and UV-Vis data, this
could be due to the reduction of a mixture of C0,0;
and Coz04 phase. It should be noted the certain
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shift of the reduction effects to lower temperatures
in case of 5Ce5Zr cobalt modification, which could
be a result of enhanced Co-Ce interactions due to
higher cerium amount in this sample.

Table 2. TPR data for the obtained copper and/or cobalt
modifications.

Sample Tini, Tmax, Total weight Reduction
K K loss, mg degree,*%

8Cu/3Ce7Zr 395 417 1.08 134
8Cu/5Ce5Zr 380 412 1.06 132
4Cu4Co/3Ce7Zr 388 420 1.16 110
4Cu4Co/5Ce5Zr 430 446 1.17 111
8Co/3Ce7Zr 470 525; 1.22 94

557;

756
8Co/5Ce5Zr 462 513; 1.24 95

556;

716

*The reduction degree is calculated on the basis of theoretic
calculations for Cu**—Cu® reduction in the case of copper
modifications, Co%— Co° reduction for the cobalt
modifications and both Cu?*—Cu® and Co%*— Co° reduction
transitions for Cu-Co bicomponent modifications.

According to the literature [20] cobalt cations
modify the surface oxygen vacancy of ceria at the
atomic level and well defined reactive faces are
exposed between the interface of ceria host and the
cobalt oxide. The mixed Cu-Co modifications show
only one well defined effect at lower temperatures
(Fig. 4, Table 2) followed by a broad tail that could
be ascribed to the reduction of copper-cobalt spinel
phase. The found higher than the theoretical
degrees of reduction for both samples (Table 2) are
an indication of facilitated reduction of the Ce-Zr
supports as in the case of the pure copper
modifications. The catalytic properties of the
modified samples were studied in temperature-

1004
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500 SéO 6(I)O GéO 7(I)0 750
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programmed regime within the range of 423-773 K
(Fig. 5). For comparison are presented data for the
pure Ce-Zr mixed oxide supports calcined at 773 K
as the obtained modifications. The results clearly
show that the introduction of copper and/or cobalt
(8wt.% in total) within the parent Ce-Zr
nanomaterial could decrease the start of the
conversion with up to 50 K, leads to a substantial
increase in the catalytic activity within the 550-
650 K range and to almost complete selectivity to
total oxidation of ethyl acetate in the whole studied
temperature interval in comparison with the pure
Ce-Zr supports (Figure 5a, and b). We ascribe these
findings to the significantly improved redox
function of the catalysts, especially at low
conversion temperatures. The influence of the type
of modifying transition metal is better distinguished
for the 3Ce7Zr support, especially within 550-
600 K range, and the results show that the presence
of copper has a higher beneficial effect on the
catalytic activity than cobalt (Fig. 5). At the same
time, in case of all 5Ce5Zr modifications the
conversion curves are very similar and close to the
best results found for 8Cu/3Ce7Zr (Fig. 5a) most
probably due to the higher ceria content within
them, which in case of cobalt containing
modifications is very beneficial as Co-Ce
interactions induce the exposure of well-defined
reactive faces between ceria and cobalt oxide
interface [20]. On the basis of the latter results we
could conclude that the presence of copper oxide
particles in very highly dispersed state is of primary
significance for the studied reaction. Similar
findings we have already observed for
nanocomposite catalysts containing nanosized
Cu-Ce oxides supported on various porous
silica materials [21].
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Fig 5. Temperature dependency of ethyl acetate oxidation for the studied samples.
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CONCLUSION

By using a simple incipient wetness
impregnation technique we could introduce and
stabilize wvery finely dispersed copper oxide
particles preferably within the micropores of
nanosized mixed Ce-Zr oxides with micro-
/mesoporous structure. The close contact of the
obtained copper oxide species with the support
structure improves substantially the overall redox
properties of the obtained nanocompoites,
especially at low temperatures (below 550 K),
which is of primary importance for their ability to
decrease the start of the conversion with about 50 K
and to almost completely oxidize ethyl acetate to
CO; even at low conversion rates and temperatures
in comparison with the pure Ce-Zr nanomaterials.
On the other hand, the introduction of cobalt- or
copper-cobalt oxide phase leads to its deposition
preferably within the smaller support mesopores (2-
4 nm) and/or on the outer surface (in the case of
pure cobalt modifications) which leads to a
decrease in the catalytic activity for
4Cu4Co/3Ce7Zr and 8Co/3Ce7Zr modifications in
comparison with 8Cu/3Ce7Zr. At the same time all
5Ce5Zr modifications show very close catalytic
behavior similar to that of 8Cu/3Ce7Zr, which
make these materials very perspective as catalysts
for the total oxidation of ethylacetate and also other
volatile organic compounds.
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MOANDOULIMPAHN C MEJl W/WJIN KOBAJIT HAHOCTPYKTYPUPAHU Ce-Zr CMECEHU OKCUIA
KATO E®EKTUBHU KATAJIM3ATOPU 3A ITbJIHO OKUCJIEHUE HA ETUJIALIETAT

P. H. Usanosa'*, M. JI. Jlumurpos!, JI. I'. Kosauesa?, T. C. Llonuena®

Y Huemumym no opeanuuna xumus ¢ Llenmop no pumoxumusi, Bvaeapcka axademus na naykume, 1113 Cogpus,
bvacapus,
2 Hucmumym no obwa u neopeanuuna xumus, Bvieapeka axademus na naykume, 1113 Cogpus, Bvreapus

Ioctenuna Ha 13 anpun 2017 r.; Kopurupana Ha 15 maii 2017 ¢
(Pesrome)

Upe3 H3IMOI3BAaHETO HA OPUTHMHAICH IOAXOA, BKJIIOYBAIl yJYacTHETO Ha ypea KaTo YTauTel W IocieqBalia
XuJpoTepMaiHa o0paboTKa, 0siXxa MOIyYeHU JBa HAHOCTPYKTypupaHu Ce-ZI cMeceHU OKCHJH C Pa3IMuHO OTHOLICHUE
Ha MeTasa B TAX (3:7 1 5:5), kouTo BHociencTBue Osxa MOIUGBUIIMPAHH C MEI /WM KOOAIT MOCPEACTBOM METOJ Ha
OMOKpSIHE C BOJCH pa3TBOp Ha CHOTBETHUTE METaTHHM HUTpaTH. [lonmydyeHnTe marepuaiu Osixa XapaKTEpU3UpPaHH C
MOMOIITa Ha MPaxoBa PEHTreHoBa Audpakuus, Gpusmnyna agcopouus Ha a3ot, UV-Vis cnekTpockomus, TeMieparypHo-
nporpamMupaHa peIyKUus C BOAOPOJ, a TIXHATa KaTalWTHYHA aKTUBHOCT M CEJIEKTHMBHOCT Oelle H3cieaBaHa B
peaknusITa Ha OKCHIICHNE Ha eTHianeTaT. BrBe)XIaHeTo Ha JOBIHUTEICH NPEXOJeH MEeTaleH OKcua B n3xoanure Ce-
Zr HaHOMaTepuaad BOAM A0 HaMaJeHHE Ha HavajHaTa TEMIEpaTypa Ha INpeBpbinaHe Ha erwianerar ¢ go 50 K,
yBENIMYaBa CHIECTBEHO KaTalIWTHYHATa aKTUBHOCT B mHTepBana 550-650 K u ngaBa mouTH IBIIHO OKHCICHHE Ha
eTWIIAIeTaT B IpIaTa W3CJIeABaHa TeMIepaTypHa o0nacT. BausHuero Ha Buaa Ha W3MON3BAHUS MIPEXOJICH METall MOXeE
na 0p1e mo-nobpe pasrpanndeHa npu 3Ce7Zr Hocurens, ocobeHo B mHTepBana 550-600 K, xaTo pesynraTure mokaspar,
4ye m00aBsHETO EIWHCTBEHO Ha MEA € JOCTaThYHO 32 IIOCTHTaHe Ha Hal-T0OpHTE KAaTAIUTHYHU pPE3yNTaTH.
ChbIieBpeMEHHO, HOCUTEIISIT C MO-BUCOKO ChAbpikanue Ha uepuit (5Ce5Zr) GnaromnpusTcTBa KaTAIUTUYHOTO MTOBEACHHE
n Ha Co-chabpikainTe 00pasiu, nopaay noaoopeHo Bzaumoseiicreue Co-Ce.
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Structure and radical scavenging activity of isoxazolo- and thiazolohydrazinylidene-
chroman-2,4-diones
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Quantum chemical calculations based on the density functional theory and NMR spectroscopy have been employed
to perform structural analysis of four thiazolo- and three isoxazolohydrazinylidene-chroman-2,4-diones and to predict
their relevant structural isomers. The scavenging capacities of the studied molecules towards nitric oxide (NO),
superoxide anion radical (O2") and DPPH" radicals were estimated. The compounds possessing a thiazolidine ring were
10-fold more active in the test with nitric oxide (NO") than the rest of coumarins with isoxazolidine ring. A radical
scavenging mechanism in agueous medium was proposed to explain this activity.

Key words: hydrazinyldiene-chroman-2,4-diones, radical scavenging activity, structure, DFT, NMR

INTRODUCTION

Coumarins and related compounds are of
remarkable interest to medicinal chemists due to
their multiple pharmacological effects based on the
antioxidative activity and modification of immune
responses, cell proliferation and differentiation [1].
Coumarins and their derivatives are proved
precursors in synthesis of a number of medical
compounds and the heterocycles obtained from
them are examined for their anticoagulant [2,3],
anti-inflammatory and analgesic [4-6], antibacterial
and antifungal [7-9], antiviral [10], antioxidant [11]
and anticancer effect [12-18]. In a previous study
[19], isoxazolo- and thiazolohydrazinylidene-
chroman-2,4-diones that combine the coumarin
core with five membered heterocycles (Scheme 1)
have  been  synthesized and  structurally
characterized. In addition, their anticancer activity
in vitro on different (metastatic) cancer cell lines
was evaluated, when administered alone or in
synergy with tamoxifen and doxorubicin [19-22]. In
general, all synthesized compounds showed dose-
and time-dependent effects, highlighting as the

* To whom all correspondence should be sent:
E-mail: bs@orgchm.bas.bg

most potent the molecules containing a thiazole
entity, with or without additional methyl groups
bound to the carbons at positions 5 and/or 4 of the
thiazole ring.
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Scheme 1. Studied thiazolo- (1-4) and isoxazolo-
hydrazinylidene-chroman-2,4-diones (5-7).

In continuation of the studies, here we present
the RSA of isoxazolo- and thiazolohydrazinylidene-
chroman-2,4-diones. Since the characterization of
the most stable geometrical isomers of the studied
molecules and the factors that contributed to their
relative stability are essential to a complete
understanding of their biological properties, we
used Density Functional Theory (DFT) to perform
structural analysis of the studied molecules and to
predict the NMR spectra of their relevant structural
isomers. The main goal of the present contribution
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is to evaluate the potential antioxidant activity of
the synthesized compounds as well as to determine
the preferred mechanism of this activity in polar
environment, as a description of the processes
taking place in the living organism.

EXPERIMENTAL
Synthesis and NMR spectroscopy

The compounds were prepared by derivatization
of the appropriate heterocyclic amines which were
used as electrophiles to attack the coumarine ring
[19]. The NMR spectra were run on a Bruker-250
DRX Spectrometer in DMSO-ds, as solvent using
standard Bruker Topspin software. The chemical
shifts were referenced to the residual solvent signal
(2.5 ppm for the 'H and 39.5 ppm for the *C
spectra).

Nitric oxide radical scavenging micro-assay

For nitric oxide radical scavenging assay, the
method of Harput et al. [23] was employed. Briefly,
a strip plate, containing 100 pl of serial diluted
compounds and 100 pl of freshly prepared 10 mM
sodium nitroprusside in phosphate buffer (0.1 mM,
pH 7.4), was irradiated with fluorescent light (36
W) for 15 minutes. Then, 100 pl of fresh Griess
reagent were added and the absorption of the
resulting mixture was measured at 560 nm.

Superoxide anion radical (O") scavenging assay

The superoxide anion radical scavenging
capacity of the compounds was estimated in a
riboflavin-light-NBT system, as described by
Leelaprakash et al. [24]. The reaction mixture
contained 75 pL riboflavin (0.04 mM), 75 pL
phenazine methosulphate (1.0 mM) and 75 pL
nitroblue tetrazolium (0.1 mM), prior to the
addition of 75 pL sample. The reaction was started
by illuminating the reaction mixture with the
sample using a fluorescent lamp. After 20 min of
incubation, the absorbance was measured at 560 nm.

DPPH radical micro-assay

The DPPH assay was performed using the
method described by Nenadis and Tsimidou [25].
Briefly, an aliquot (296 pL) of a 0.1 mM ethanolic
DPPH’ solution was mixed with 4 puL of each of the
ethanolic sample solutions. The decrease of the
absorption at 516 nm of the DPPH" solution was
measured 30 min after addition of each sample.
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DFT calculations

The quantum chemical calculations were
performed using the Gaussian 09 package [26]. The
geometry  optimizations of the  structures
investigated were done without symmetry
restrictions, using DFT. We employed the B3LYP
hybrid functional, which combines Becke’s three-
parameter nonlocal exchange with the correlation
functional of Lee et al. [27,28], adopting 6-
311++G**, The stationary points found on the
molecular potential energy hypersurfaces were
characterized using standard harmonic vibrational
analysis. *H and *C-NMR chemical shifts of the
studied compounds and of the solvent DMSO-ds
were calculated by using the GIAO method [29] at
the same level of theory (reference compound TMS
was calculated at the same level).

The equations wused for calculation of
dissociation enthalpy (BDE) and ionization
potential (IP) of the studied compounds are given
below:

BDE = H(A) + H(H) — H(AH)
IP = H(AH") + H(e") — H(AH)

The enthalpy of the hydrogen atom, H(H) was
obtained by the same method and basis set. All
reaction enthalpies were calculated at 298 K. The
enthalpies of proton H(H+), and electron, H(e),
were taken from the literature — 6.197 kJ mol?
and 3.145 kJ mol?, respectively [30]. Solvation
enthalpies of proton H(H+), electron, H(e), in
water, determined using IEF-PCM DFT/B3LYP/6-
311++G** calculations, were used as reported [31].

RESULTS AND DISCUSSION

All of thiazolo- and isoxazolohydrazinylidene-
chroman-2,4-diones studied (1-7) can exist in three
different tautomeric forms (A, B and C; Scheme 2).
The possible tautomeric forms of the thiazolo- and
isoxazolohydrazinylidene-chroman-2,4-diones  (1-
7) were studied by quantum chemical calculations
(B3LYP/6-311++G**).  According to  our
calculations in gaseous phase the most stable is the
diketo form A. The hydroxyl imines tautomeric
forms B and C were found to be of no practical
interest, because their energies are higher more
than 20 kJ mol* for B and more than 40 kJ mol*
for C. According to Minkin et al. [32], prototropic
conversions are probable in case when the energy
differences between the initial and the final
structure do not exceed 20 kJ mol* with activation
barrier not higher than105 kJ mol™.
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Scheme 2. Geometry of the most stable forms of compounds 1-7.

As it could be seen in Table 1, the energy
differences are larger in the present case, and
convince that only A should be expected to exist in
real system. Different conformations resulting from
internal rotation around the C3-N and N-R bonds
are possible and should be taken into account. The
energy differences of the respective conformations
of tautomer A resulting from the rotation around
C3-N fall in the interval between 1.0 and 1.5
kJmol . The internal rotation around the N-R bond
leads to energy differences from 4.5 to 5.4 kJ mol

! The most stable conformers for each studied
compound (1-7) are represented in Scheme 2.

The most stable conformer for compound 7
corresponds to the structure which we have
established by crystallographic analysis [33]. The
calculated *C chemical shifts for the compounds 1-
7 are in a good agreement with the experimental
NMR data (Table 1). The only substantial
difference between the experimental and calculated
chemical shifts for C4' in compound 4 may be
attributed to relativistic effects [34].
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Table 1. Calculated and experimental *C chemical sifts (DMSO-ds) for compounds 1 — 7.

1 2 3 4 5 6

calc. exp. calc. exp. calc. exp. calc. exp. calc. exp. calc. exp. calc. exp.

2 155.0 157.3 155.1 157.3 155.2 1573 154.8 1572 1555 157.6 1555 157.6 159.4 157.6

1235 125.0 1233 1246 1232 1240 1240 1253 1246 1260 1242 1257 1227 1257

4 1799 1779 1798 1776 1793 1772 180.6 1773 1797 1786 179.7 1784 1743 1783

4a 1205 1204 1204 1204 1204 1206 120.2 120.7 1205 1204 1204 1204 1221 1204

129.6 126.7 1295 126.6 129.2 126.7 129.7 126.8 1296 1268 129.7 1268 130.1 126.8

1233 1247 1232 1247 123.0 1247 1238 1247 1234 1249 1233 1248 1244 1249

137.3 136.8 1370 136.7 1369 1365 1376 1366 1375 137.0 1372 1369 1355 1370

8 1177 1173 1176 1173 1176 1173 1178 1173 1177 1174 1176 1177 1174 1174

8a 158.7 1541 1582 1539 159.0 1539 1575 1540 159.2 1541 1586 154.1 1570 154.1

1 170.8 166.3 169.3 1645 166.7 1639 169.7 163.1 166.2 1622 166.6 162.7 166.4 1624
3’ 140.3 1404 137.8 1375 1475 1445 1420 1423

4’ 122.7 1176 143.0 1317 1359 1240 1369 1053 161.3 1624 1750 172 187.1 1820

5 96.0 97.3 93.1 941 896 912

C4-Me 9.2 11.9 9.5 11.2 8.6 12.3 34.8 329

C3-Me 12.8 14.0

Me 23.7 28.2

Me 25.2 28.2

Me 25.2 28.2

The °C chemical shift of C4 is characteristic for
C=0 rather than C-OH and supports the predicted
structure. No signals for OH and NH were observed
in the H spectrum [19] and this fact is also in
accordance with the structure proposed by the
quantum chemical calculations. The similarity of
!H and 3C chemical shifts of the coumarine moiety
of compounds 1-7 reveals a similar electronic
distribution. The different substituents do not
influence it.

Having in mind the good NMR spectral
descriptions obtained in this work and the relevance
to the X-ray structural data of the compound 7 [33],
we consider that the predictions of the structures of
all studied compounds are reliable and the
molecular structures of the compounds in solution
are similar to their crystal structures. The
scavenging capacities of the synthesized coumarin
derivatives were estimated towards nitric oxide
(NO™), superoxide anion radical (O;") and 1,1-
diphenyl-2-picryl-hydrazyl (DPPH) radicals by
classical methods adapted for a micro-scale on
Elisa strip reader STATFAX 303+. Caffeic acid
was used as a positive control. The absorbance of
the negative control (A of control) was determined
by replacing the sample with methanol. Seven
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concentrations of each compound (n = 3) were
analyzed. The radical scavenging activities of the
compounds (RSA) were calculated using the
following formula:

RSA (%) = (A of control — A\ of sample) /A of control X 100

The SCso values (ug/mL) for each compound
were calculated from the RSA = f(concentration)
curves and were used in the structure—activity
relationship study.

The seven compounds were less active than the
caffeic acid (Table 2). The superoxide anion
radical (O>") and DPPH assays showed that the
synthesized compounds were inactive in the
concentration region between 0.5 and 7.2 mM.
Under the same experimental conditions, the
positive control caffeic acid was a strong
scavenger, with concentration providing 50%
inhibition (ICsp) of 61.1 uM (DPPH). However,
some interesting correlations were observed
between the title compounds and their RSA
towards nitric oxide. The compounds were divided
in two sets. The first one contained the most active
compounds (1-4) with 1Cso of 0.5 mM. All of them
possess a thiazolidine ring and are 10-fold more
active than the rest of coumarins, which form the
second group.
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Table 2. Radical scavenging capacities of compounds 1-7
towards nitric oxide (NO?) and calculated reaction
enthalpies

ICsp BDE(Gas) IP(Gas) BDE(H;0) IP(H:0)

uM kImol! kJImol? kImol! kJmol?

1 4544 370.8 773.9 359.6 370.2
2 525.2 367.4 749.0 354.6 353.5
3 4922 366.6 724.6 350.9 339.3
4 4886 368.2  764.3 360.2 366.7
5 54895 382.0 823.7 373.3 430.6
6 52762 3814  806.1 372.4 422.5
7 3948.3 380.9 799.6 372.0 418.6
One possible mechanism by which the

antioxidants can deactivate a free radical is H-atom
abstraction (HAT mechanism) [30]:

A-H = A+ H' (HAT)

The efficacy of the antioxidant to react via HAT
is characterized by the bond dissociation enthalpy
(BDE). Higher stability of A i.e. lower BDE values
correspond to good antioxidant capacity of A-H.
Another possible mechanism is electron transfer
(SET mechanism), in which the radical cation is
first formed followed by deprotonation [31]:

A-H — AH" + ¢ (SET)
AH" > A"+ H*

For evaluation of reactivity via SET, the
ionization potential (IP) is used. A lower IP implies
an easier extraction of the electron. Based on
calculation of the reaction enthalpies for each of the
mechanisms, it is possible to suggest the most
probable mechanism of action of a particular group
of compounds [31].

The calculated reaction enthalpies, involved in
the two mechanisms of antiradical activity of 1-7,
are presented in Table 2. We performed
calculations of the respective values in nonpolar
conditions (gas) and in polar medium (water). In
the Table 2, the calculated reaction enthalpies are
listed together with the experimentally found
scavenging capacities of the coumarin derivatives
towards nitric oxide (NO").

As can be seen, in gas phase the BDEs of all
studied compounds are almost the same and are
considerably lower that the respective IPs, which
indicates the HAT mechanism as the most favorable.
BDEs are similar in water i.e. the energy
requirements for HAT do not change much with the
environment polarity. On the other hand, as a result

of the greater stabilization in polar environment
(water) the corresponding IPs are significantly lower
than in gas phase. The calculated IP values in polar
medium are substantially reduced compared to gas
phase due to the fact that the electron and the radical
cations are solvated and stabilized in polar medium.
Furthermore, the IPs of the compounds possessing a
thiazolidine ring are comparable or lower than their
BDE values. The BDE values of the coumarins that
do not possess a thiazolidine ring are still higher
than the BDE values in all studied media. Therefore,
it could be concluded that the SET mechanism
would be competitive to the HAT one for
compounds 1-4, possessing a thiazolidine ring, in
water. In this way, the superior activity of
compounds 1-4 most probably could be explained
by their capacity to deactivate free radicals
simultaneously by two mechanisms (HAT and SET)
in water.

The observed radical scavenging capacity
towards nitric oxide (NO°) correlates with the
results of a previous study about anticancer activity
of the reported compounds [19-22]. The derivatives
having sulphur in the five membered heterocycle
showed a more potent effect on cancer cell
viability. Nitric oxide (NO") is a ubiquitous, water
soluble, free radical gas, which plays key role in
various physiological as well as pathological
processes. Over the past decades, NO* has emerged
as a 'Doubled-Edged Sword' in cancer. It is said to
have both tumoracidal as well as tumor promoting
effects which depends on its timing, location, and
concentration.  Interestingly, a  statistically
significant correlation was found between the
measured in this study ability of the synthesized
coumarin derivatives to scavenge NO® and their
previously estimated growth-inhibition activity
towards some cancer cell lines [35, 36]. This fact
may be interpreted as a probable key role of the
NO* molecule in the anticancer activity of the
studied compounds.

CONCLUSION

The ability of four thiazolo- and three
isoxazolohydrazinylidene-chroman-2,4-diones  to
scavenge superoxide (O2™) anion, nitric
monooxide (NO°) radicals and 2,2-diphenyl-1-
picrylhydrazyl free radical (DPPH") was evaluated.
The possible tautomeric forms of the thiazolo- and
isoxazolo-hydrazinylidene-chroman-2,4-diones (1-
7) were studied by guantum chemical calculations
(B3LYP/6-311++G**) and in gaseous phase the
most stable was the enamine structure A in
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accordance with the crystallographic analysis and
the NMR spectra. The compounds possessing a
thiazolidine ring were 10-fold more active than the
rest of coumarins possessing isoxazolidine ring
towards nitric oxide (NO"). The observed radical
scavenging capacity correlates with the results of a
previous study about anticancer activity of the
reported compounds. This superior activity could
be explained by the ability of the thiazolo-
derivatives to  deactivate  free  radicals
simultaneously by two mechanisms (HAT and
SET) in water. The presented study is a
complementation of the thorough investigation on
various aspects of biological activities of this
perspective class of compounds.
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CTPYKTVYPA U PAJIUKAJI - VIIABAIIA AKTUBHOCT HA THUA30JIO- U
N30KCA30JIOXUAPA3ZUHWINJIEH-XPOMAH-2,4-ITMOHU

B. Crambonuiickal”, A. ﬂmapnz, J1. Suuesal, b. Muxosal, J1. Bboerosckal, E. [Tonmoscku®, K.

MuaneHoscka™®

Y Unemumym no opaanuuna xumus ¢ Lenmop no gpumoxumus, Bvneapcka akademus na naykume, yi. “Axao. I
bonues, 61.9, 1113 Coghua
2 @axynmem no ecmecmeenu nayku u mamemamuxa, Jopocasen ynusepcumem Temoso, 1200 Temoso, Maxedonus
8 Uncmumym no xumus, daxyimem no ecmecmeenu nayku u mamemamuxa, Ynusepcumem ,,Ce. Ce.Kupun u
Memoouii ““, Ckonue, Maxeoonus
4 Uzcnedosamencku yenmuvp no okoana cpeda u mamepuanu, Makedoncka akademus Ha HAyKUmMe u u3Kycmeamd, yi.
., Kpvcme Mucupkos 2, Cxonue, Maxedonus

X

5> @axynmem no papmayus, Ynusepcumem ,,Cs. Cé.Kupun u Memoouii “, Cxonue, Maxedonus

IMoctenuna Ha 20 anpun 2017 r.; Kopurupana na 18 mait 2017 1.

(Pe3rome)

KBaHTOBO-XUMHUYHM HW3YKCIICHHs Ha 0Oa3ara Ha TeopusTta Ha MurbTHOCTHUS (yHkuuonan (DFT/B3LYP/6-
311++G**), xakto u SIMP cnektpockomnus 6s1xa MPUIIOKEHU 32 CTPYKTYPEH aHAIIU3 U MPEJCKa3BaHE HA €HEPreTUYHO
W3rOIHUTE U30MEPH Ha YETHUPU THA30JI0- U TPH H30KCA30JI0-XHIpasHHWINACH-XpoMaH-2,4-nnonu. beme nscnensana
paJHKal — ylaBsiaTa akTHBHOCT crpsiMo asoTeH okeunt (NO°), cynepokcuneH anuoH paaukan (O27) u 1,1,-mudennn-2-
muKpuiI-xuapasn pamukaix (DPPHY). Yeranosero Gerire, ue KyMapuHHTE C THA30JI0B MPBCTEH ca 10 MbTH MO-aKTHBHU
crpsimo azoteH okcun (NO') B cpaBHeHne ¢ m3okcaszosnoBure npousBoaHH. C 1en o0siCHEHHE HAa Ta3H aKTHBHOCT €
IpeUIoAKEH MEXaHU3bM Ha IIpolieca B MOJIAPHA Cpesia.
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Bidentate atropisomeric 3-(2-(diphenylphosphorothioyl)phenyl)-1-phenyl 3,4-dihydroquinazolinium salts as N-
heterocyclic carbene (NHC) precursors were prepared using N-(2-(diphenylphosphorothioyl)phenyl)-2-(N-

phenylformamido)benzamide as starting material.

Key words: organophosphorous compounds; N-heterocyclic carbenes; homogeneous catalysis; atropisomerism; ligand

INTRODUCTION

N-heterocyclic carbenes (NHCs) in their o-
donor abilities towards transition metals as ligands
surpass phosphanes and form more stable
complexes which are not prone to ligand
dissociation and are excellent catalysts for
hydrogenation and cross-coupling reactions [1].
One area in which NHCs still lack (due to the
intristic distance between the metal center and the
substituents on the N-atoms) is asymmetric
catalytic transformations, where phosphanes are
still indispensable. Only scarce examples of
successful asymmetric induction by NHC ligands
can be found in the literature [2-6]. Hereign we
present our first efforts towards an atropisomeric
3,4-dihydroquinazolin concept in which
dessymetrization of the quinazoline plane is
achieved by an angular 3-2-(diphenylphosphoro-
thioyl)phenyl or 3-2-(diphenylphosphanyl)phenyl
substituent at N3 - these bidentate ligand precursors
contain two (protected) donor centers - a
phosphorus atom and a carbene at C2.

EXPERIMENTAL
Synthesis

All solvents and chemicals were purchased from
commercial suppliers. Petroleum ether and
methanol were used as received. Raney Ni was
obtained immediately before use by treating 0.603

* To whom all correspondence should be sent:
E-mail: ppetrov@chem.uni-sofia.bg

g of nickel-aluminum alloy (NiAl2) with a twofold
excess of degassed 15% aqueous solution of NaOH
for 40 min at room temperature and subsequent
washing with degassed methanol.

Dichloromethane was dried over anhydrous
CaCl, and distilled. THF was distilled from
sodium/benzophenone. Silica gel 0.035-0.070 mm,
60 A was used for flash chromatography. TLC on
silica gel 60 Fzs4 on aluminum sheets was used for
monitoring of the reactions.

The NMR spectra were recorded on a Bruker
Avance 1+ 600 (600.13 for *H NMR, 150.92 MHz
for 3C NMR and 242.92 MHz for 3P NMR)
spectrometer with a reference TMS (85% H3PO4
for 3'P) as internal standard or chemical shifts of
residue solvent peaks (8, ppm). H and C NMR
data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g =
quartet, br = broad, m = multiplet), coupling
constants J (Hz), integration and identification.

N-(2-(diphenylphosphorothioyl)phenyl)-2-(N-
phenylformamido)benzamide (2): 0.400 g (7.93 x
10 mol) of compound 1 were suspended in 9.5 ml
THF. The reaction mixture was cooled in an ice
bath, and dropwise for about 10 min were added 16
ml of mixture of equal volumes of formic acid and
acetic anhydride, which had been stirred at room
temperature for 2 hours. After 24 hours, another 5
ml of Ac;O/HCOOH mixture were added. 3 hours
later the acidic solution was neutralized with
KoCOs, extracted with ethyl acetate, dried
(Na,COg3) and purified by column chromatography
on silica gel. Yield: 0.330 g (2) (78%) of slowly
solidifying colorless oil.
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'H NMR (600 MHz, CDCls, two conformers in
ratio 1:0.7 at 293K) Major & = 10.03 (s, 1H, NH),
8.64 (s, 1H, CHO), 7.92 (dd, J = 4.8, 8.0 Hz, 1H,
Hé6’), 7.74 (ddd, J = 1.2, 8.4, 13.8 Hz, 4H, 0-Ar-P),
7.58-7.53 (m, 2H, p-Ar-P), 7.51-7.47 (m, 5H, m-
Ar-P, H5”), 7.41 (dt, J = 1.5, 7.7 Hz, 1H, H6), 7.34
(dd, J = 7.5, 8.3 Hz, 1H, p-Ar-N), 7.24-7.21 (m,
2H, m-Ar-N), 7.20-7.19 (m, 3H, H8 and 0-Ar-N),
7.16-7.13 (m, 1H, H7), 7.07-7.04 (m, 1H, H4’),
6.98 (dd, J = 1.3, 7.7 Hz, 1H, H5), 6.77-6.72 (m,
1H, H3’); Minor & = 10.29 (s, 1H, NH), 8.36 (s,
1H, CHO), 7.78 (dd, J = 4.8, 8.0 Hz, 1H, Hé’),
7.69 (ddd, J =1.2, 8.4, 13.8 Hz, 4H, 0-Ar-P), 7.58-
7.53 (m, 2H, p-Ar-P), 7.51-7.47 (m, 6H, m-Ar-P,
H5’ and H6), 7.34 (dd, J = 7.5, 8.3 Hz, 1H, p-Ar-
N), 7.27-7.25 (m, 1H, H8), 7.24-7.21 (m, 2H, m-
Ar-N), 7.22-7.21 (m, 1H, H7), 7.20-7.19 (m, 2H, o-
Ar-N), 7.07-7.04 (m, 1H, H4’), 6.91 (dd, J = 1.3,
7.7 Hz, 1H, H5), 6.77-6.72 (m, 1H, H3°); 3C NMR
(151 MHz, CDCls, two conformers in ratio 1:0.7 at
293K) Major & = 165.00 (*Cecarbonyt), 162.09 (CHO),
141.94 (*C-Ar), 140.97 (d, J = 4.4 Hz, CI’), 133.46
(“C-Ar), 132.95 (d, J = 2.3 Hz, C5”), 132.48-132.29
(o-Ar-P, p-Ar-P, C3), 131.57 (C6), 130.98 (d, J =
86.1 Hz, ipso-Ar-P), 129.54 (p-Ar-N), 129.13-
128.88 (m-Ar-P, C7), 127.89 (C8), 127.71 (C5),
126.27 (d, J=8.0 Hz, C6’), 12559 (m-Ar-N),
124.64 (d, J=12.1 Hz, C4’), 12453 (0-Ar-N),
123.14 (d, J = 85.2 Hz, ipso-Ar-P); Minor § =
164.58 (*Cearbonyt), 161.71 (CHO), 140.64 (d, J = 4.4
Hz, CI1°), 139.88 (“C-Ar), 139.39 (“C-Ar), 137.56
(“C-Ar), 133.73 (*C-Ar), 133.08 (d, J = 2.2 Hz,
C57), 132.48-132.29 (o-Ar-P, p-Ar-P, C3°), 131.78
(C6), 130.68 (d, J = 86.1 Hz, ipso-Ar-P), 129.54 (p-
Ar-N), 128.88 (m-Ar-P, C7), 128.71 (C5), 128.03
(C8), 125.62 (d, J=8.0 Hz, C6°), 125.59 (m-Ar-N),
124.67 (d, J=12.1 Hz, C4’), 12453 (0-Ar-N),
122.35 (d, J = 85.2 Hz, ipso-Ar-P); *P{*H} NMR
(243 MHz, CDCls, two conformers in ratio 1:0.7 at
293K) Major 6 = 40.20 (bs); Minor & = 40.19 (bs).
Cs2H2sN204PS: caled. C, 72.17; H, 4.73; N, 5.26; S,
6.02; found: C, 72.34; H, 4.60; N, 5.38; S, 5.89.

3-(2-(diphenylphosphorothioyl)phenyl)-4-oxo-1-
phenyl-3,4-dihydroquinazolin-1-ium  perchlorate
(3): 0.089 g (1.67 x 10** mol) of the formamide (2)
were dissolved in 1 ml of methanol. The resulting
solution was heated to reflux and 14,3 pl of 70%
perchloric acid were added. Heating was continued
for 3 hours. The reaction mixture was filtered. The
white precipitate was washed with methanol and
DCM, and then recrystallized from methanol.
Crystal suitable for X-ray analysis was obtained
from methanol solution by slow evaporation of the
solvent. Yield - 24 mg (3) (23%).

'H NMR (600 MHz, DMSO-ds) & = 10.48 (s,
1H, H2), 8.01 (t, J = 7.9 Hz, 1H, H6), 7.96 (t, J =
7.7 Hz, 1H, H5’), 7.90 (d, J = 7.7 Hz, 1H, H5),
7.88-7.75 (m, 9H, H6°(7.84), H4°(7.77), H7(7.76),
0-Ar-N, m-Ar-N, m-Ar-P), 7.69 (m, J =5.7 Hz, 3H,
m-Ar-P and p-Ar-P), 7.64-7.59 (m, 3H, o-Ar-P and
p-Ar-N), 7.46 (t, J = 7.1 Hz, 1H, p-Ar-P), 7.34 (dt,
J=27,7.6Hz, 2H, 0-Ar-P), 7.27 (dd, J = 7.9, 13.8
Hz, 1H, H3”), 7.15 (d, J = 8.5 Hz, 1H, H8); 13C
NMR (151 MHz, DMSO-dg) & = 157.26 (‘C4),
156.05 (C2), 138.80 (“C-Ar), 137.84 (C6), 137.67
(d, J = 4.1 Hz, “C-Ar-N), 136.01 (*C-Ar), 134.40
(C5), 133.93 (d, J = 8.8 Hz, C3), 133.25 (d, J =
13.2 Hz, m-Ar-P), 133.23 (d, J = 13.3 Hz, p-Ar-P),
132.64 (d, J = 11.2 Hz, m-Ar-P), 132,56 (d, J =
12.2 Hz, p-Ar-P), 132.25 (C7), 131.82 (d, J = 10.7
Hz, C4°), 131.21 (d, J = 24.8 Hz, C6’), 130.58 (m-
Ar-N), 130.23 (d, J = 81.7 Hz, “C-Ar-P), 130.09 (d,
J=86.7, “C-Ar-P), 129.70 (d, J = 12.5 Hz, 0-Ar-P),
128.94 (, J = 84.7 Hz, *C-Ar-P), 129.13 (d, J = 12.0
Hz, 0-Ar-P), 128.70 (C5), 127.77 (0-Ar-N), 127.25
(p-Ar-N), 120.04 (*C-Ar), 119.53 (C8); 3P{*H}
NMR (243 MHz, DMSO-ds) & = 38.54 (s).
Cs2H24CIN2OsPS: caled. C, 62.49; H, 3.93; N, 4.55;
S, 5.21; found: C, 62.62; H, 3.83; N, 4.59; S, 5.01.

3-(2-(diphenylphosphorothioyl)phenyl)-4-oxo-1-
phenyl-3,4-dihydroquinazolin-1-ium tetrafluoro-
borate (4): 0.500 g (9.9 x 10 mol) of 1 and 12 ml
trimethylorthoformate were heated to 80°C under
argon. 0.114 g (1.09 x 10° mol) NH4BF; were
added in four portions for 9 hours. Heating was
continued for 52 hours, then another 0.030 g
(2.86x10* mol) of NH4BF; were added and the
heating was continued for 17 hours. The volatiles
were evaporated under reduced pressure. The
residue was dissolved in a minimal amount of
DCM, filtered and equal volume of Et,O was added
to the solution. One half of the volume of the
solution was evaporated and the resulting white
crystalline precipitate was filtered, washed with
ether and dried. Yield - 0.575 g (96%) white
powder which can be recrystallized from
acetonitrile or methanol.

IH NMR (600 MHz, DMSO-ds) & = 10.48 (s,
1H, H2), 8.01 (tddd, J=1.4, 7.3, 8.6 Hz, H6), 7.96
(t, J =77 Hz, 1H, H5”), 7.90 (d, J = 7.7 Hz, 1H,
H5), 7.88-7.75 (m, 9H, H6’(7.84), H4’(7.77),
H7(7.76), o-Ar-N, m-Ar-N, m-Ar-P), 7.69 (m, J =
5.7 Hz, 3H, m-Ar-P and p-Ar-P), 7.64-7.59 (m, 3H,
0-Ar-P and p-Ar-N), 7.46 (t, J = 7.1 Hz, 1H, p-Ar-
P), 7.34 (dt, J = 2.7, 7.6 Hz, 2H, 0-Ar-P), 7.27 (dd,
J=79, 13.8 Hz, 1H, H3), 7.15 (d, J = 8.5 Hz, 1H,
H8); C NMR (151 MHz, DMSO-dg) & = 157.26
(“C4), 156.05 (C2), 138.80 (“C-Ar), 137.84 (C6),
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137.67 (d, J = 4.1 Hz, “C-Ar-N), 136.01 (“C-Ar),
134.40 (C5°), 133.93 (d, J = 8.8 Hz, C3°), 133.25
(d, J=13.2 Hz, m-Ar-P), 133.23 (d, J = 13.3 Hz, p-
Ar-P), 132.64 (d, J = 11.2 Hz, m-Ar-P), 132.56 (d,
J = 12.2 Hz, p-Ar-P), 132.25 (C7), 131.82 (d, J =
10.7 Hz, C4’), 131.21 (d, J = 24.8 Hz, C6°), 130.58
(m-Ar-N), 130.23 (d, J = 81.7 Hz, *C-Ar-P), 130.09
(d, J = 86.7, “C-Ar-P), 129.70 (d, J = 12.5 Hz, o-
Ar-P), 128.94 (, J = 84.7 Hz, “C-Ar-P), 129.13 (d, J
= 12.0 Hz, 0-Ar-P), 128.70 (C5), 127.77 (0-Ar-N),
127.25 (p-Ar-N), 120.04 (‘C-Ar), 119.53 (C8);
31P{*H} NMR (243 MHz, DMSO-ds) & = 38.54 (s).
The spectra completely match with the reported
spectra of 3. Cs2H24BF4N,OPS: calcd. C, 63.80; H,
4.02; N, 4.65; S, 5.32; found: C, 63.67; H, 4.16; N,
4.56; S, 5.46.
2-(diphenylphosphanyl)-N-(2-(phenylamino)

benzyl)aniline (5): 0.650 g (1.29 x 10 mol) of 1
and 0.147 g (3.86 x 10 mol) LiAIH, were flushed
with argon in a flask and 19.5 ml dry THF were
added. The suspension was stirred at room
temperature until hydrogen evolution ceases (about
40 minutes), then was heated for 1 hour at 83°C.
0.65 ml H,O were added and the aqueous layer was
extracted with Et;O. The combined ether extracts
were dried (Na:SOs) and the solvent was
evaporated under reduced pressure, leaving white
crystals (quantitative yield).

'H NMR (600 MHz, CDCls) & 7.49 (bs, 1H,
NH), 7.40-7.27 (m, 13H), 7.21-7.19 (m, 2H), 7.13
(dd, J = 7.4, 8.4 Hz, 2H), 6.96 (bs, 1H, NH), 6.87
(dt,J=1.1, 7.4 Hz, 1H), 6.86-6.83 (m, 2H), 6.81 (t,
J = 7.3 Hz, 1H), 6.59 (d, J = 8.0 Hz, 2H), 4.29 (s,
2H, CH,); 3C NMR (151 MHz, CDCls) § 143.18
(d, J =32.5 Hz), 135.26 (d, J = 6.9 Hz), 134.67 (s),
133.82 (d, J = 19.0 Hz), 132.23 (d, J = 10.2 Hz),
130.95 (s), 130.73 (s), 129.20 (s), 129.13 (s),
128.89 (d, J = 7.0 Hz), 126.23 (s), 120.73 (d, J =
13.7 Hz), 118.27 (s), 117.20 (s), 53.58 (s);*'P{*H}
NMR (243 MHz, CDCls) § (-23.32). CsiH27N2P:
calcd. C, 81.20; H, 5.94; N, 6.11; found: C, 80.99;
H,5.77; N, 6.20.

Diphenyl(2-((2-(phenylamino)benzyl)amino)
phenyl)phosphine sulfide (7): 0.591 g (1.29 x 103
mol) of 5 were dissolved in 20 ml DCM and 0.050
g (1.55 x 10 mol) of finely powdered sulfur were
added. The suspension was stirred for 24 hours at
room temperature, then the solvent was removed
under reduced pressure and the crude product was
purified by flash chromatography (hexanes:DCM=
2:1). Yield 0.583 g (92%) of white powder.

IH NMR (600 MHz, DMSO-ds) & 7.70-7.64 (m,
6H), 7.60-7.58 (m, 4H), 7.42 (bs, 1H, NH), 7.32-
7.29 (m, 1H), 7.18 (dd, J = 7.5, 8.4 Hz, 2H), 7.15
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(bs, 1H), 7.11 (ddd, J = 2.0, 6.3, 8.2 Hz, 1H), 6.84-
6.80 (m, 3H), 6.78-6.75 (m, 3H), 6.62-6.59 (m,
2H), 6.57 (dt, J = 1.8, 7.5 Hz, 1H), 4.25 (d, J = 5.5
Hz, 2H, CH,); **C NMR (151 MHz, DMSO-dg) &
150.45 (d, J = 5.6 Hz), 144.88 (s), 140.69 (s),
133.59 (s), 132.52 (d, J = 9.4 Hz), 132.19 (d, J =
2.2 Hz), 131.90 (d, J = 10.7 Hz), 130.97 (d, J =
85.1 Hz), 129.84 (s), 129.12 (s), 128.97 (d, J =124
Hz), 127.44 (s), 127.16 (s), 122.04 (s), 120.14 (s),
119.13 (s), 116.20 (s), 116.01 (d, J = 12.5 Hz),
112.04 (d, J = 7.4 Hz), 42.50 (s); *'P{*H} NMR
(243 MHz, DMSO-de) & (38.61). CaiH2rN2PS:
calcd. C, 75.89; H, 5.55; N, 5.71; S, 6.53; found: C,
75.97; H,5.38; N, 5.62; S, 6.71.
3-(2-(diphenylphosphorothioyl)phenyl)-1-

phenyl-3,4-dihydroquinazolin-1-ium tetrafluoro-
borate (8): 0.100 g (2.04 x 10 mol) of 7, 0.024 ¢
(224 x 10* mol) NH.BFs and 4 ml
trimethylorthoformate were heated under argon for
5 hours at 80°C. The volatile components were
removed under reduced pressure. The residue was
dissolved in a minimal amount of DCM, filtered
and precipitated with Et,O as described for 4. Yield
- 0.113 g (94%) of white powder.

'H NMR (600 MHz, DMSO-ds) & 8.93 (s, 1H),
8.01 (ddd, J = 1.1, 4.9, 7.9 Hz, 1H), 87.93 (tt, J =
1.4, 7.7 Hz, 1H), 7.87-7.84 (m, 4H), 7.70-7.64 (m,
5H), 7.57 (bs, 1H), 7.50-7.48 (m, 3H), 7.46 (bs,
1H), 7.28-7.24 (m, 2H), 7.19 (ddd, J = 1.4, 7.9,
14.3 Hz, 1H), 6.93-6.91 (m, 1H), 6.49-6.46 (m,
1H), 5.30 (d, J = 14.5 Hz, 1H), 4.56 (d, J = 14.5
Hz, 1H); **C NMR (151 MHz, DMSO-ds) § 155.68
(s), 142.22 (d, J = 3.6 Hz), 136.18 (s), 134.43 (s),
133.87 (d, J = 9.3 Hz), 132.77 (d, J = 35.1 Hz),
131.95 (s), 131.83 (d, J = 77.1 Hz), 130.78 (d, J =
11.0 Hz), 130.56 (s), 130.46 (s), 130.19 (d, J = 6.3
Hz), 129.65 (s), 129.23 (s), 128.24 (s), 127.18 (d, J
= 11.6 Hz), 118.64 (s), 116.32 (s), 51.11 (s);
$Ip{1H} NMR (243 MHz, DMSO-ds) & (38.36).
Ca2H26BF4N2PS: caled. C, 65.32; H, 4.45; N, 4.76;
S, 5.45; found: C, 65.55; H, 4.26; N, 4.67; S, 5.59.

3-(2-(diphenylphosphanyl)phenyl)-1-phenyl-3,4-
dihydroquinazolin-1-ium tetrafluoroborate (6):
0.200 g (4.36 x 10 mol) of 5, 0.055 g (5.23 x 10*
mol) NH4BF4 and 4 ml trimethylorthoformate were
heated at 85°C for 15 hours under argon. The
volatile components of the mixture were removed
under reduced pressure. The residue was dissolved
in 5 ml of DCM, 35 ml of Et,O were added and
after 20 minutes of stirring the resulting white
precipitate was filtered and washed with ether.
Yield: 0.192 g (79%) white powder.

'H NMR (600 MHz, DMSO-ds) & 9.03 (d, J =
2.3 Hz, 1H), 7.84 (ddd, J = 0.8, 4.2, 8.0 Hz, 1H),
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7.69 (dt, J=1.3,7.7 Hz, 1H), 7.67-7.64 (m, J = 2.8
Hz, 3H), 7.57 (dt, J = 0.8, 7.6 Hz, 1H), 7.46-
7.27(m, J = 7.9 Hz, 14H), 7.17 (dd, J = 0.9, 7.5 Hz,
1H), 6.96 (ddd, J = 1.2, 3.7, 7.7 Hz, 1H), 6.51 (dd,
J=0.7, 8.1 Hz, 1H), 5.30-4.93 (bs, 2H). *C NMR
(151 MHz, DMSO-ds) & 154.56 (s), 143.00 (d, J =
19.9 Hz), 136.01 (s), 134.66 (d, J = 16.8 Hz),
133.87 (d, J = 20.8 Hz), 133.67 (s), 133.46 (d, J =
8.7 Hz), 132.20 (s), 131.17 (s), 130.69 (d, J = 26.4
Hz), 130.55 (s), 130.02 (s), 129.37 (s), 129.24 (d, J
= 7.5 Hz), 128.45 (s), 127.35 (s), 127.26 (s), 50.70
(d, J = 5.6 Hz). 3P{*H} NMR (243 MHz, DMSO-
de) 0 (-16.52).C32H268F4N2P2 calcd. C, 69.08; H,
4.71; N, 5.04; found: C, 68.97; H, 4.81; N, 5.11.

Synthesis of 6 from 8: 0.070 g (1.19x10* mol) of
8, freshly prepared Raney nickel and 3 ml of
methanol were stirred for 24 hours at room
temperature. The reaction mixture was diluted with
DCM, filtered through celite and the solvents were
removed under reduced pressure. The residue is
washed with Et;O and dried. Yield 0.023 g (35%)
of white powder.

X-ray crystallography

A colorless plate crystal of 3 with the size 0.07 x
0.22 x 0.45 was selected for geometry and intensity
data collection with a Bruker SMART X2S
diffractometer using a monochromatic Mo-Ka
(k=0.71073 A) microfocus source with a Bruker
APEX-1l CCD detector at 300.15 K. A Bruker
SMART APEX Il system was applied for data
collection, cell refinement and data reduction [7].
The intensities were measured by ® scan mode for
0 ranges 2.30 to 22.44°. 2480 reflections were
treated as observed (I> 2o(I)). Data were corrected
for Lorentz, polarisation and absorption factors.
The structure was solved by direct method using
SHELXS97 [8, 9]. All non-hydrogen atoms of the
molecule were located in the best electron-density
map. To refine the structure the program
SHELXL97, version 2014/7 implemented in
program OLEX2 was used [9, 10]. Full-matrix
least-squares refinement was carried out until the
final refinement cycles converged to an R = 0.0564
and WR(F?) = 0.0933 for the observed data.
Residual  electron  densities ranged from
—0.334<Ap< 0.439 eA3. The OLEX software was
applied to prepare the materials for publication. The
crystallographic data are summarized in Table S1,
and the respective bond lengths and angles are
shown in Table S2 and S3. ORTEP diagram and
crystal packing for compound 3 are shown in Fig. 1

and Fig. 2. CCDC-1403455 contains the
supplementary crystallographic data for the
compound 3 [11]. The diagrams were prepared
using Mercury version 3.3 [12].

RESULTS AND DISCUSSION

It is known that for asymmetric induction in a
reaction to occur, there must be an intermediate or a
transition state in which a possible creation of a
bond (be it on a face, a side or on/in a
conformation) must be favored. Most transition
metal catalyzed reactions proceed through cis-
arranged  reactive  ligands/species, therefore
bidentate cis-binding spectactor ligands that are
chiral, are desirable in the field of asymmetric
homogeneous catalysis. Guided by these
fundamental principles we designed a concept
bidentate ligand structure that have the potential for
atropisomerism, combined with the beneficial
properties of both an NHC and a phosphane donors.

Hereign we present the synthesis and structures
of 3-(2-(diphenylphosphorothioyl)phenyl)-1-phenyl
3,4-dihydroquinazolinium and 3-(2-(diphenylphos-
phanyl)phenyl)-1-phenyl 3,4-dihydroquinazolinium
salts (Fig. 1).

C15
cl4 c16
[N}
[N}
[N}
c17
n2 N C17
C2
N1 /J .~ PPhy
N e

Fig. 1. General structure of target compounds.

These NHC precursors possess atropisomerism
due to the chiral N2-C14' axis that connects the
quinazoline plane with the CgHs (C14'-C17') one.
The 4-oxo substituent on the quinazoline combined
with the bulky PPh, provide steric hindrance to
prevent easy rotation around the chiral axis and
therefore - interconversion of the rotamers.

Synthesis
Starting from N-(2-(diphenylphosphorothioyl)
phenyl)-2-(phenylamino)benzamide 1, which we

have reported in a previous communication [13],
two types of 1-phenyl-3,4-dihydroquinazolinium
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salts - 4-oxo (3 and 4 on Scheme 1) and 4-H (6 and
8 on Scheme 2) were synthesized.

SPPn

/\ s
1 2 3
l ii
o
Reagents and contitions:
N
N/) <PPh, i- HCOOH, Ac,0, THF
N ii- HCIO,, MeOH
BFT iii- NH4BF 4, HC(OMe),

4

Scheme 1. Synthesis of 3 and 4.

(€]
BF, 6
5 Reagents and contitions:

i- LiAIH,, THF
ii- NH4BF ,, HC(OMe),
ii iii- S, DCM iv
iv- Raney Ni, MeOH

@N/) S//Pth

°
7 BFs 8

Scheme 2. Synthesis of 5 - 8.

Compound 1 was cleanly converted to the
respective formamide 2 using HCOOH/ACc0
mixture[14]. This product was cyclized in boiling
methanol in the presence of excess HCIO, [15] to
the desired 3-(2-(diphenylphosphorothioyl)phenyl)-
4-0xo0-1-phenyl-3,4-dihydroquinazolinium perchlo-
rate (3). An alternative simpler approach to 3,4-
dihydroquinazolinium salts was also tested, by
reacting 1 with trimethyl orthoformate and
ammonium tetrafluoroborate [16] in one step, thus
eliminating the steps of synthesis and purification
of the formamide 2. This reaction, although time
consuming, proved to be more straightforward and
high yielding and was adopted as a standard
method in the following synthetic steps.

The amido group in 1 opens opportunities for
the synthesis of 1-phenyl-3,4-dihydroquinazolinium
salts that have different than in 3 and 4 rotation
barriers. To remove the oxo-group, 1 was reacted
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with LAH to the diamine 5. This reaction also led
to deprotection of the phosphorus atom. The
resulting 5 was either directly cyclized to 6 or the
phosphorus atom in it was protected, then the
resulting phosphorothioate 7 was converted to 8.
Alternatively, 6 could be prepared from 8 by
deprotecting the phosphane moiety with the aid of
Raney Ni.

X-ray crystallography

Crystal data collection and refinement
parameters are presented in Table S1. The crystal
structure of the compound 3 consists of a 3-(2-
diphenylphosphorothioyl)-4-dihydro-quinazolin-1-
ium) cation neutralized with a perchlorate anion.
An ORTEP view of the compound with atomic
labeling is shown in Fig. 2. The overall molecular
geometry of the compound, including bond
distances and angles has a normal range [17]. The
deviation from the least-squares aromatic plane of
the fused rings in the 4-quinazolinone moiety is
~2,3°. The bond lengths C4-N2 (1.433(4) A), C2-
N1 (1.319(4)A) and N1-C8’ (1.425(4)A) prove the
electronic  density  delocalization in  the
dihydroquinazolin-1-ium ring and the C-O distance
of 1.205(5) A are consistent with a double bond. In
the tertiary phosphine oxide residue, the
phosphorus atoms possess distorted tetrahedral
arrangement with bond angles range between
105.80(1) — 113.21 (1)° and relatively delocalized
P=S double bonds (1.955(1)A. The aromatic rings
of this part of the molecule are inclined towards
each other with 107.49° and 100.28°.

Fig. 2. ORTEP drawing of molecular structure of the
compound 3. The thermal displacement ellipsoids are
drawn at the 50% probability.
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Some groups in chemical compounds exhibit
disorder problems very often and the perchlorate
anions are amongst them. In this structure, the all
four oxygen atoms in the perchlorate anion are
found disordered over two set of sites with
occupancy ratio 0.545:0.455.

Packing view of the molecule in the unit cell
viewed down the b-axis is shown in Fig. 3. The unit
cell consists of two enantiomeric molecules located
opposite with parallel 4-quinazolinone moieties.

Compound 3 crystallizes in the centrosymmetric
triclinic P-1 space group. The bond lengths and
angles are shown in Tables S2 and S3.

CONCLUSION

Atropisomeric  3-(2-(diphenylphosphorothioyl)
phenyl)-1-phenyl 3,4-dihydroquinazolinium (3, 4
and 8) and 3-(2-(diphenylphosphanyl)phenyl)-1-
phenyl 3,4-dihydroquinazolinium (6) salts were
designed and successfully synthesized by means of
straightforward synthetic procedures. Structure
studies of 3 reveals the existence of two well
defined expected axial enantiomers. Fine tuning of
the rotational barriers is possible by modifying the
fourth position of the dihydroquinazolinium ring
system. The synthesized compounds are precursors
to chiral NHC and P-NHC ligands. Undergoing
studies will reveal the exact interconversion
barriers of the newly synthesized compounds and
test their properties as ligands for transition metals.
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ATPOIIM30OMEPHU ®OCPOP 3AMECTEHU 1-GEHNJI-3,4-ANXNAPOXNHA3OJINH-1-
NEBU NHC I[TPEKYPCOPU

P. Xp. JIsrmuest, M. T. anranos?, I'. T'. Tenuesal, H. T'. Bacuues?, I1. . HeTpOBl*

! Kameopa “Opeanuuna xumus u papmaxoenoszus”, @axynimem no xumus u papmayus, Coghuticku ynusepcumem ,, Cs.
Knumenm Oxpuocku”, 6yn. ,,[Joceime bayuep” 1, Cogpus 1164, Boreapus
2 Uncmumym no opeanuuna xumus ¢ Llenmwp no gumoxumus, Bvizapcka akademust na naykume,
yi. Akao. I'. bownues, 6n. 9, 1113 Coghus, bvrcapus

[ocrpnuna va 03 maii 2017 r.; Kopurnpana na 22 mait 2017 r.

(Pestome)

Bunenrtatau arponusomepuu 3-(2-(nudenundocoporronn)denni)-1-hernn 3,4-TUXUAPOXHUHAZOIHHUCBU COITH
KaTo mpekypcopu Ha N-xeTepounukieHn KapOeHH ca CHHTE3WpaHd ¢ usnonsBane Ha N-(2-(mudenunn-
bochopoTrown)dennn)-2-(heHnnaMuHo JOeH3aAMHII.
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Activated carbons (ACs) from swine manure (SM), i.e. preliminary de-watered SM cake (Mc) and solid digestate
(Md) were prepared by pyrolysis and water vapour activation. Demineralisation on obtained chars after carbonization
was applied as well. Additionally, the adsorption capacity of demineralised ACs towards chromium in aqueous
solutions was investigated and compared to non-demineralised ACs. Demineralisation caused a decrease in mineral
matter content with more than 50% and affected characteristics and adsorption behaviour of these ACs. As a result,
ACs with better developed porous texture were produced. Prepared ACs with reduced ash content demonstrated higher
adsorption capacity toward Cr compared to non-demineralised ACs. The adsorption kinetics were investigated by
applying two kinetic models, i.e. Lagergren pseudo-first order and pseudo-second order. The pseudo-second order
kinetic model provided a better fit. Better fits are obtained for the Langmuir isotherm model and therefore a monolayer
coverage chemisorption of the Cr(\V1) on the ACs surface is suggested.

Key words: swine manure; activated carbons; demineralisation; adsorption; chromium ions

INTRODUCTION

Increasing awareness and environmental
concern towards manure wastes impact on
environmental contamination, reflecting in public
health and biosystems life quality, determine the
focus of scientific interest on minimization, re-use
and recycling of these wastes into value added
products. In this regard, thermochemical conversion
technologies, i.e. pyrolysis, have been widely
applied for successful manure valorisation.
Pyrolysis results in high-energy-density volatile
gases (condensable and non-condensable) that can
be used as a fuel or chemical feedstock and a solid
fraction (char) that could be applied as soil
amendments [1,2]. Additionally, a profitable
method for manure char utilization is the
preparation of activated carbons (ACs) after char
upgrade at higher temperature by means of physical
or chemical treatment. Several studies on ACs
preparation from manures and their usage for heavy
metals remediation in aqueous solution have been
reported. Recently, Lima and Marshall have
prepared ACs from turkey manure by steam
activation and used them for copper removal from
aqueous solution [3]. They found that physical,

* To whom all correspondence should be sent:
E-mail: lenia_gonsalvesh@abv.bg

chemical and adsorptive properties were all
dependent on the activation conditions, i.e. steam
flow rate and activation time. Yields, surface area
and Cu?* adsorption up to 37 wt.%, 472 m? g* and
1.86 mmol g, respectively, are achieved. Studied
ACs were considered to have substantial potential
in Cu?* removal from water. Similar results were
obtained for ACs prepared from broiler manure [4].
Poultry manure based ACs have shown excellent
adsorption properties towards Cd and Zn as well
[5]. Actually, their metal ion sequestering ability
greatly exceeded characteristics of carbons made
from conventional feedstocks, i.e. coal, coconut
shell and wood, and of commercial ACs. Cattle-
manure compost has been also efficiently converted
to ACs [6,7]. Relatively high yields up to 47.5 wt.%
and large surface area up to 2170 m2 g were
obtained as a result of chemical activation by
ZnCl,. Cattle-manure compost based ACs have
been successfully applied for removal of metal ions
[8] and organic pollutants [9]. Swine manures have
been also tested for activated carbons preparation
[10,11]. Swine manure-based carbons demonstrated
excellent adsorption abilities and a preference
towards ions of copper, followed by zinc and
cadmium. It is assumed that negatively charged
phosphate groups attached to the carbon skeleton
are responsible for their affinity towards positively
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charged metal ions. In several investigations the
effect of mineral matter removal on the
characteristics of ACs has been examined. The
removal of inorganic matter decreases char
reactivity [12,13] and changes the surface area
development of the carbons [14]. Similar behaviour
has been observed for chars produced from six
different lignites [15]. Fernandez-Morales and co-
workers concluded that the demineralization
process resulted in lowering the char reactivity and
in an activation energy increase. For different rank
coals, i.e. from lignite to anthracite, the effect of
inorganic matter removal on surface area
development, respectively adsorption behaviour,
has been verified by Mahajan and Walker [16].
They found that inorganic matter removal by acid
treatment resulted in random but significant
changes in surface areas. It has been assumed that
coal inorganic matter removal prior to
carbonization affects the subsequent heating
process and, hence, the surface area of the resultant
material. The author admitted that surface area
changes could be related to the inorganic matter
removal from the orifice and to the displacement of
insoluble inorganic species from the cavities, as
well as to acid retention in the coal porous
structure.

The aim of the present study is to elucidate the
effect of demineralisation on the characteristics and
adsorption properties of ACs produced from swine
manures. Additionally, the adsorption capacity of
prepared demineralised ACs towards chromium in
aqueous solutions will be studied and compared to
the non-demineralised ACs.

MATERIALS AND METHODS
Samples and treatments

In current research grounded, sieved (< 2 mm)
and oven-dried at 110 °C swine manure (SM)
samples, preliminary de-watered SM cake (Mc) and
solid digestate (Md), are under consideration. For
activated carbon preparation, a two-steps process,
comprising carbonization and physical activation in
a stream of water vapour, is carried out. The
carbonization of SM samples is performed in an
inert atmosphere in a lab-scale pyrolysis reactor,
described in a preliminary study [17]. The
treatment has been performed by applying heating
at a rate of 10 °C min® up to a desired pyrolysis
temperature of 500 °C and kept isothermal for 1h.
The obtained SM chars (20 g) were treated with
500ml of 5% HCI for 1h at 60°C in order to reduce
ash content. Subsequently, the acid-washed char
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was extensively washed with hot distilled water till
the lack of chloride ions and then dried. The
demineralised chars are labelled as dc-Mc and dc-
Md, while non-demineralised chars are marked as
¢-Mc and ¢-Md. Demineralised (dc-Mc and dc-Md)
and non-demineralised (c-Mc and c-Md) chars were
further subjected to activation by steam in a
horizontal tubular reactor by applying the following
experimental conditions: i) ~8g precursor materials;
ii) heating rate of 35 °C min? in an inert N;
atmosphere (60 ml min®) up to activation
temperature of 800 °C; iii) isothermal period at 800
°C for 30 min; and iv) when the activation
temperature is reached the inert atmosphere is
replaced by a constant steam flow of 330 pL min™.
Activated carbons obtained from demineralised
chars are labelled as AC-dc-Mc and AC-dc-Md,
while those obtained from non-demineralised chars
are marked as AC-Mc and AC-Md.

Analyses

Determinations of proximate analysis (i.e
moisture (W), volatile matter (VM), fixed carbon
(Crix) and ash contents) using DuPont Instrument
951 thermogravimetrical analyser and elemental
analysis, i.e. C, H, N, S and O by difference using a
Thermo Electron Flash EA1113 elemental analyzer
are performed as described in Stals et al. [18]. In
our study, pHpzc value of ACs is determined
following the experimental procedure described by
Moreno-Castilla et al. [19]. Porous texture
characteristics of ACs are estimated by measuring
nitrogen adsorption isotherms at -196 °C on an
automatic sorption apparatus Surfer (Thermo
Scientific). The surface area Sger is determined by
the BET method using data from the adsorption
isotherms in the range of relative pressures
determined by the criteria of Rouquerol [20-21].
Total pore volume Vogs is determined based on the
volume of adsorbate, recorded on the desorption
branch of the adsorption isotherm at a relative
pressure Pi/P, = 0,95. The micropore volume
(Vormicro) is calculated by using the Dubinin-
Radushkevich equation up to Pi/P, < 0.15 [22]. The
pore size distribution and pore diameters Lo are
obtained by applying the Non Local Density
Functional Theory (NLDFT) on N adsorption data
[23].

Adsorption experiments and modelling

The chromium adsorption experiments are

performed in thermostatic water bath (25 °C) using

100 ml Erlenmeyer flasks containing 0.030 g of
ACs and 50ml of Cr(VI) solutions with
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concentrations varying in the range of 10 to 200 mg
L. The initial chromium solutions are prepared by
dissolving K,Cr,07 (oven dried at 105 °C for 1h) in
Milli-Q water. The effect of pH of initial solution
on Cr adsorption was studied by varying the pH in
the range of 1 to 4. The initial pH of solutions is
adjusted by adding 0.1N HCI or 0.1N NaOH and is
not further altered during the adsorption
experimental run. The exact total chromium (Cro)
concentrations of initial and equilibrium solutions
are determined by Perkin Elmer Optima 3000 DV
ICP AES device, while Cr(VI) concentrations are
determined spectrophotometrically after
complexing  Cr(VI) with 1,5-diphenylcarbo-
hydrazide according to the standard method ASTM
D1687-92, Test Method A. The chromium
adsorption capacities are calculated using the
following equation:

CIe _ (CO - Ce)V 1
m
where Qe is the adsorption capacity at

equilibrium (mg g*), C, and C. are the Cr initial
and equilibrium  concentrations (mg L%),
respectively, V is the volume of Cr solutions (L)
and m is the weight of AC (Q).

Two isotherm models, i.e. Freundlich and
Langmuir, are applied to equilibrium adsorption
data in order to clarify the mechanism of adsorption
and to calculate estimates of adsorbent efficiency.
The equilibrium data (experimental values) are
fitted with linear forms of the Freundlich (Eqg. 2)
and Langmuir (Eg. 3) equations in order to
determine the model parameters:

logg, =iIDgCE +log K; 2

where Keg and n are indicators of adsorption
capacity and adsorption intensity, respectively;
Ce 1 1 3
e dm - EKLdm

where K. (L mg?) and gm (mg g?) are the
Langmuir constants. K is the sorption equilibrium
constant for distribution of adsorbate, while gm is
the maximum adsorption capacity which represents
the mass of adsorbate adsorbed in a complete
monolayer having one molecule thickness per mass
of adsorbent. The adsorption kinetics are
investigated by varying the contact time up to 72 h
in the batch adsorption mode. In order to analyze
the adsorption kinetics, two different models, i.e.
Lagergren pseudo-first order and pseudo-second
order are applied to the experimental data.

The pseudo-first order rate equation of
Lagergren in its linear form is presented as follows:

k

log(q, — ;) =logq, — o —t 4

where g. and g: (mg g*') are the adsorption
capacities at the equilibrium and at time t (min),
respectively, and ki (min?) is the rate constant of
the pseudo-first order adsorption. The plot of
log(ge-qr) vs t should give a linear relationship in
which the value of ki can be determined from the
slope of the plot.

The pseudo-second order kinetic model can be
expressed by the following linear equation:

t _ 1 + t
q. kK qs qq
where k2 (g mg?* min?) is the equilibrium rate
constant for the pseudo-second order adsorption.
The value of k; and adsorption capacity, ge, can be
obtained from the intercept and the slope of the plot

of t/q: vs. t, respectively. The initial adsorption rate,
h, of pseudo-second order kinetic can be defined as:

h =k,q; 6

Beside the correlation coefficient, a real measure
of the validity of pseudo-first (eq. (4)) and pseudo-
second order (eq. (5)) kinetic models is the
comparison between the experimentally determined
ge values and those obtained from the plots of
l0g(Qge-qr) vs. t and t/qg: vs. t, respectively

5

RESULTS AND DISCUSSION

The proximate and ultimate analyses as well as
the char yields after demineralisation and ACs
yields are summarised in Table 1. It is obvious that
demineralisation with HCI acid results in a product
yield of 66.4 wt.% and 69.6 wt.% for dc-Mc and
dc-Md samples, respectively. Both samples are
characterised by a high Crix content of ~70 wt.%,
and an ash content of ~18 wt. %. In general, the ash
in swine manures is associated with the pigs
bedding material such as shredded corn stalks,
different types of straw, wood chips and(or)
shredded paper scattered on the floor which could
be even not cemented but sandy. All these materials
cannot effectively be separated from swine manures
and contribute to the mineral matter content of
manures. It is revealed that demineralisation
treatment results in char’s ash content decrease with
about 65.5 wt.% for dc-Mc and 55.7 wt.% for dc-
Md in comparison to not demineralised chars, c-Mc
and c-Md, respectively. The decrease in ash content
is mainly related to the removal of carbonates,
sulphates, etc., while the remained ash is attributed
to HCI acid insoluble inorganics, mainly silicates.
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Table 1. Characteristics of samples under consideration.

. Samples
Analysis
dc-Mc AC-dc-Mc dc-Md AC-dc-MD
Yield (wt. %) 64.6* 48.0** 69.6* 50.0**
Proximate (wt.%)
Wad 1.7 1.0 1.7 0.7
Ash® 17.7 26.9 175 25.1
VM 12.6 13.3 12.3 4.2
Crix® 69.7 59.8 70.2 70.7
Ultimate Analysis wt.%)®
C 66.0 65.2 70.5 62.6
H 2.1 0.3 1.6 0.6
N 3.6 2.0 1.6 0.6
S 0.9 0.8 1.3 1.0
Qdif 9.7 4.8 75 10.1
PHpzc - 8.6 - 8.2
Porous texture characteristics
SBET (m2 gl) - 362 - 436
Vo.gs (cmig?) - 0.260 - 0.276
VbR micro (M3 g1) - 0.141 - 0.169
Vimeso (M g1) - 0.119 - 0.106
Lo (nm) - 1.58 - 1.68

ad_ air dried; ®-dry basis; *-product yield as a result of demineralisation procedure; **-activated carbon yield calculated based on

demineralised char counterpart.

As a result of physical activation of demineralised
chars with water vapour, ACs with product yield of
about 50 wt.% are prepared. Although the yields of
demineralised char based ACs are lowered with
about 20 wt.% in comparison with the yield of non-
demineralised char based ACs, the former possess
lower ash content (> 50 % decrease) and higher Crix
content, hence, improved AC characteristics are
expected. The removal of mineral matter is
reflected in a change of pHp.c value of AC-dc-Mc
and AC-dc-Md samples as well. The pHp,c value of
AC-dc-Mc and AC-dc-Md samples are 8.6 and 8.2,
respectively, while for non-demineralised char
based ACs a pHy.c of about 11 is found. Porous
texture characteristics are also affected due to
demineralization. N, adsorption isotherms of AC-
dc-Mc and AC-dc-Md (Fig.1) similar to those of
AC-Mc and AC-Md (not shown) represent a type |-
IV hybrid shapes, according to the IUPAC
classification [26]. This behaviour of the adsorption
isotherms reveals that the porous structure of
investigated carbons is characterized by both
micro- and mesopores. However, the isotherms of
AC-dc-Mc and AC-dc-Md compared to AC-Mc
and AC-Md, respectively, display an increase in the
adsorbed N2. Consequently, higher Sger and Vo.gs,
especially in the case of AC-dc-Mc, are calculated,
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mainly related to the development of microporosity
and to a lesser extent of mesoporosity increase.
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Fig. 1. N adsorption isotherms of AC-dc-Mc and AC-
dc-Md samples. Inset: Pore size distribution.

Apparently, physical activation of dc-Mc char by
water vapour demonstrates a stronger gasification
effect on carbons compared to the physical
activation of c-Mc char, evoking a better developed
porosity of AC-dc-Mc in comparison to AC-Mc.
Nevertheless, from N adsorption-desorption
isotherms it can be revealed that dc-Md based AC
demonstrates higher N adsorption capacity,
respectively larger surface area, than dc-Mc based
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AC. This behaviour is again in accordance with
ACs produced from not demineralised chars. Sger
values calculated for AC-dc-Mc and AC-dc-Md are
362 m? g and 436 m? g, respectively, while for
AC-Mc and AC-Md 267 m? g* and 428 m? g are
noticed, respectively.

A

100% . Ce of Cr{IIT)
90% + 1 Ceof CriVI)
80% 17 -- A dsorbed Cr
70% 7
60% 1
sot
a0%
30% 4
20% 17
10%
1 2 3 4 PH

0%

B

100% o . Ceof Cr(IID)
90% + B Ceof Ci(VT)
80% 17 -- ® Adsorbed Cr
70% 7
60% ,-'__
50% 17
0%
30% 4
20% 7
10%
1 2 3 F pH

0%

Fig. 2. Chromium distribution as a result of adsorption
experiments on AC-dc-Mc (A) and AC-dc-Md (B) at
different pH. Different colors of the columns represent
adsorbed Cry (black), Ce of Cr(11) in the solution (light
grey) and C. of Cr(VI) in the solution (dark grey).
Experimental conditions: m= 0.030 g, V=50 ml, C,=40
mg L, T=25°C, 48 h

The two oxidation states of chromium present in
the environment are Cr(lll) and Cr(VI). Trivalent
chromium is considered to be less toxic than the
hexavalent chromium, which is recognized as a
carcinogenic and mutagenic agent. However, due to
the possible oxidation of Cr(lll) to Cr(VI),
environmental legislation limits both, total and
hexavalent chromium concentration in water [24].
It is well documented that Cr(VI) adsorption from
aqueous solution by AC is favoured at low pH
[25,26]. Therefore, the effect of pH on the removal
of Cr(VI) by AC-dc-Mc and AC-dc-Md is
investigated in a pH range of 1.0 to 4.0. Among
existing Cr(VI) species, i.e. H2CrOs, HCrOu,
CrO4?, HCr,0; and Cr,0+*, the dominant form of
Cr(VI) in this pH range is HCrO4". Its adsorption by
ACs can be explained by the following mechanisms

[24,26]: i) an electrostatic attraction with
protonated acidic groups or protonated basic
surface sites; and ii) AC oxidation by HCrO4 in
which Cr(VI) is reduced to Cr(lll) and thus
eventually adsorbed on AC external surface. The
chromium distribution during Cr(VI) adsorption
experiments on AC-dc-Mc and AC-dc-Md at
different pH is assessed and is shown in Figure 2.

It is obvious that beside adsorption, reduction of
Cr(VI) to Cr(lll) takes place. The following
peculiarities in Cr(\VI1) removal process by AC-dc-
Mc and AC-dc-Md is depicted: i) the maximal Cr
adsorption occurred at pH 2; and ii) the maximal
reduction of Cr(VI) to Cr(lll) appeared at pH 1.
However, of utmost importance is the extent of
total chromium (Cry) removal. As mentioned
earlier, Cr(lI1) is less toxic but in the environment
oxidation of Cr(lll) to Cr(VI) can occur.
Consequently, it is advisable both Cr(VI) and
Cr(lll) to be removed by ACs. Therefore, the
influence of initial solution pH on Cr: adsorption
is assessed (Fig. 3). The results demonstrate that the
optimal initial solution pH for Cry: adsorption by
AC-dc-Mc and AC-dc-Md is pH 2. Similar results
are observed for AC-Mc and AC-Md as well.

— 50
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g a4t + AC-de-Md
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40
35
30 |
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Fig. 3. Influence of initial solution pH on Cri
adsorption. Experimental conditions: m = 0.030 g, V =
50 ml, Co=40 mg L%, T=25 °C, 48 h.

Freundlich and Langmuir isotherm models have
been applied to Cri: equilibrium adsorption data
obtained for AC-dc-Mc and AC-dc-Md at initial
solution pH 2 (Fig. 4). Estimated parameters and
correlation coefficients of isotherm modelling are
presented in Table 2. In order to distinguish the
influence of mineral matter content of studied ACs
on Cr adsorption behaviour, data of isotherm
modelling for AC-Mc and AC-Md are included as
well. For all samples the Langmuir model describes
better Cri: adsorption data at the studied
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experimental ~ conditions.  Consequently, the
applicability of a  monolayer  coverage
chemisorption of Cr on the ACs surface could be
considered. Calculated Langmuir  monolayer
adsorption capacity gqm demonstrates that higher
Crit adsorption is determined for AC-Md and AC-
dc-Md. The observation could be explained by the
higher surface of these ACs. Apparently applied
demineralisation treatment also affects Cri
adsorption. Demineralised char based ACs reveal
higher Crw: adsorption capacities. This is especially
pronounced for AC-dc-Mc characterised by highly
developed porous texture comparing to the non-
demineralised counterpart.

- 100

AC-dc-Mc, Experimental
——————— AC-dc-Mc, Langmuir fit
804 + AC-dc-Md, Experimental
AC-dc-Md, Langmuir fit

gomgg

60 4

40 4

20 4

’ 0 2|5 SIO 7|5 I(I)O 155 15|0 17|5 200

Ce, mg Lt
Fig. 4. Equilibrium Cry adsorption isotherm for AC-dc-
Mc and AC-dc-Md samples, i.e. experimental data and
Langmuir fitting. Experimental conditions: initial Crtot
solution pH =2, m = 0.030 g, V = 50 ml, Co = 10-200
mg L-1, T=25°C, 48 h.

The adsorption of Cry: by the best ACs for Cr
removal, i.e. AC-Md and AC-dc-Md, is studied as a
function of contact time at the optimal initial
solution pH as well (Fig. 5).

D 100

AC-dc-Md, Experimental
AC-dc-Md, PSO fit
AC-Md

-~ AC-Md, PSO fit

qp Mg g

804 ¢
60 -
a0 e

208

0 . ; . . . ; .
0 20 40 60 80

Time, h
Fig. 5. Effect of contact time on adsorption of Cry: by
AC-dc-Md and AC-Md. Experimental conditions: initial
Crior solution pH=2, m=0.030 g, Co¢=40 mg L%, V=50 ml,
T=25 °C.

In the first 3h adsorption for both samples
increases  rapidly, approaching slowly the
equilibrium within 48 hour. Two reaction based
kinetic models, i.e. pseudo-first and pseudo-second
order (PSO) models, were applied to the
experimental adsorption data. Calculated kinetic
parameters as well as correlation coefficients of the
models are presented in Table 3. Obviously, the
PSO kinetic model provided a better fit, approved
by the high correlation coefficient and better match
for the experimental Qeexp) and the calculated one.
This supports the assumption that the overall rate of
Cryt adsorption might be controlled by a chemical
process through sharing electrons or by
oxidation/reduction reactions through exchanging
of electrons between adsorbent and adsorbate.
Calculated equilibrium rate constant for the pseudo-
second order and the initial adsorption rate, h, are
higher for AC-Md.

Table 2. Parameters and correlation coefficients of isotherm modelling

Langmuir Freundlich
Sample
KL Om R? Kr N R
L mg* mg g mg g (mg L)"
AC-Mc 0.137 23.1 0.980 10.733 6.550 0.596
AC-dc-Mc 0.145 37.9 0.998 12.001 4.070 0.765
AC-Md 0.263 52.1 0.986 18.854 4.352 0.791
AC-dc-Md 0.099 58.5 0.991 14.649 3.510 0.890
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Table 3. Parameters and correlation coefficients of kinetic modelling

Parameter AC-Md AC-dc-Md
Qe (exp) (mg gl) 43.9 46.1
Qe (cal) (mg gl) 13.8 21.0
Pseudo-first order ke (min) 0.6 x 1078 0.7 x 107
R? 0.8345 0.8755
(e (cal) (mg g'l) 44 .4 47.2
k mg* min* 0.4 x 10 0.1 x 10
Pseudo-second order 2 (@mg )
0.79 0.22
R? 0.9993 0.9933
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AxrtuHE BbriacHd (AB™) ot npobu cBuHCKH Top (CT) Osxa modydeHn upe3 MHPOJIN3 U aKTUBAIMS C BOJHA Iapa.
[Mpunosxkena cpiio Oe ¥ JeMUHEpaIu3alusl Ha ONTyYeHNTEe ciiell KapOOHU3alus BbrleHH. J[ombHUTETHO O¢ u3cieBaH
asicOpOIMOHHUSI KanaluTeT Ha JeMHuHepanusupaHnuTe AB™ 1o oTHOIIEHHE Ha ChABPKAHUETO Ha XPOM BBB BOJHHU
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KalanuTeT 110 OTHOIICHHE Ha XpoMa B CpaBHEHHE ¢ HeJleMuHepanu3upanure AB™

120



Bulgarian Chemical Communications, Volume 49, Special Issue D (pp. 121 — 128) 2017

Metallodendrimers for catalytic epoxidation — theoretical insights into structure of
Mo(V1) complexes of poly(propylene imine) dendrimers

V. Trifonoval, K. Vassilev?, A. Ahmedova®*

! Department of Analytical and Inorganic Chemistry, University "Prof. Assen Zlatarov", 1, Prof. Yakimov str.,
8010 Burgas, Bulgaria
2 Department of Biotechnology, University "Prof. Assen Zlatarov", 1, Prof. Yakimov str., 8010 Burgas, Bulgaria
3 Faculty of Chemistry and Pharmacy, University of Sofia, 1, J. Bourchier av., 1164 Sofia, Bulgaria

Received May 01, 2017; Revised May 19, 2017,

Dedicated to Acad. Ivan Juchnovski on the occasion of his 80" birthday

The present theoretical study is focused on detailed structural description of Mo(V1) complex of a second generation
poly(propylene imine) dendrimer DAB-G2-PPI-(NH,)s that has previously been synthesized and evaluated as catalyst
for alkenes epoxidation with organic hydroperoxides. In order to verify the suggested geometry with five-coordinate
metal centers, which is rare case for Mo(VI), we performed structural description of possible complexes by quantum
chemical (DFT) calculations. This was achieved through modeling and geometry optimization of the MoO,?* complex
with the smallest triamine fragment of the dendrimer. Different compositions of model complexes were taken into
account and numerous combinations of DFT functionals (B3LYP, B2LYP, O3LYP, M05 and M06) and basis sets were
used for optimizations. The M06/6-31G(d,p)-(LanL2DZ; Mo) calculations gave the best agreement with available
crystallographic data for similar cis-dioxo Mo(V1) complexes. Therefore, this method was used to optimize the structure
of the tetrameric Mo(VI) complex of DAB-G2-PPI-(NHz)s. The results pointed out that M06/6-31G(d,p) optimized
structure of the five-coordinate cis-dioxo Mo(VI) complex with the tridentate dendrimer fragments is possible and
confirms the feasibility of the experimentally suggested coordination mode of DAB-G,-PPI-(NH,)s. Calculations on a
complex with additionally coordinated water molecule indicated that the five-coordinate Mo(VI) complexes of PPI
dendrimer preserve the potential to coordinate one O-donor solvent molecule. These structural characteristics can
explain the ability of the Mo-centers of the modeled metallodendrimer to coordinate also hydroperoxides, used as
oxygen sources for the catalytic epoxidation of alkenes, and thus, ensure the realization of a crucial catalytic step in the
olefin epoxidation reactions.

Key words: DFT calculations; cis-dioxo Mo(VI) complexes; PPI dendrimers; alkene epoxidation

peroxide oxygens, which makes them more
susceptible to nucleophilic attack by olefins.
Despite the significant progress that has been
achieved in this field [4-6], there is still intense
research attempting to improve the catalyst
stability, the rate and yield of substrate conversion
under mild conditions preserving the high

INTRODUCTION

The metal-catalyzed, partial and selective
oxidation of alkenes has been of practical
importance for more than 50 years due to the broad
variety of possible transformations of the formed
epoxides [1]. The most selective catalytic reactions

for epoxidation of alkenes are those that employ
alkyl hydroperoxides and metal complexes of d°
transition metal ions in their highest oxidation state,
e.g. Mo(VIl), W(VI), Ti(lV), V(V) [2]. The
mechanistic aspects of these catalytic processes
have been thoroughly studied and indicated that the
cis-dioxomolybdenum(VI) complexes are the
catalyst of choice for highly selective epoxidation
of cycloalkenes with tert-butyl hydroperoxide
(TBHP, t-BuOOH) [3]. This could be explained
with the high Lewis acidity of the Mo(VI) ion and
its ability to withdraw electron density from the

* To whom all correspondence should be sent:
E-mail: Ahmedova@chem.uni-sofia.bg

selectivity, and their implementation as recyclable
(heterogeneous) catalysts [7-13]. In our research
dedicated to the use of various metal complexes for
catalytic ~ applications  [14-16] we  have
demonstrated the high potential of
metallodendrimers in this field [13] which was later
employed by other authors [17,18]. In view of
future implementation of chelating fragments from
dendritic macromolecules for formation of
polymeric metal complexes as highly efficient
catalysts, we focus the current theoretical study on
detailed structural description of the Mo(VI)
complex of second generation (G») dendrimer based
on poly(propylene imine), PPIl. The complexes of
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second- (Gz) and forth- (Gs) generation
poly(propylene imine) dendrimers with various
metal ions have previously been synthesized and
experimentally tested for their catalytic activity for
epoxidation of alkenes with different organic
hydroperoxides [13]. The highest activity showed
the Mo(VI) complex with the G4 PPI dendrimer
having 32 amino end-groups, DAB-Gs-PPI-
(NHa)s2, and using the TBHP. The structure of the
Mo(VI) complexes have been proposed based on
FT-IR spectroscopy and titration data only.
However, the suggested five-coordinate metal
centers is rare case for Mo(VI1), especially with N-
donor ligands, and needed further confirmation.
Therefore, we subjected the structural description
on quantum chemical (DFT) calculations of various
possible geometries of the metal centers in order to
verify the most probable structure of the formed
metallodendrimers. For that purpose we modeled
the coordination of the MoO,** ion with the
smallest tridentate fragment of the dendrimer,
namely bis(propyleneamine)-methylamine (denoted
as L-N3, Fig.1), and taking into account different
compositions and coordination modes. The best
computational method was selected out of
numerous combinations of DFT functionals
(B3LYP, B2LYP, O3LYP, M05 and MO06) with
different basis sets (6-31G(d,p), 6-311G, 6-
311G(d,p), D95 and D95V for all non-metals and
LanL2DZ for Mo) based on the agreement of the
calculated results with available crystallographic

N
o™

~

HoN

data on similar structures. The closest agreement
with experimental bond lengths for cis-dioxo
Mo(VI) complexes was obtained with the MO06/6-
31G(d,p)-(LanL2DZ; Mo) method, which was used
further on to optimize the structure of various
complexes with different compositions as well as
the tetrameric cis-dioxo Mo(VI) complex of the
second generation poly(propylene imine) dendrimer
DAB-G2-PPI-(NH,)s. (Fig. 1). Thereby, we could
confirm the feasibility of the five-coordinate cis-
dioxo Mo(VI) centers with the tridentate
alkylamine ligands and provide additional details
on the geometry and electronic structures of the
modeled complexes and the corresponding
spectroscopic (IR) characteristics.

COMPUTATIONAL DETAILS

All  quantum chemical calculations were
performed using the Gaussian 09 suite of programs
[19]. Various DFT methods were applied for
geometry  optimizations  including  hybrid
functionals that combine the Becke exchange [20]
and LYP correlation functionals [21, 22], such as
B3LYP and B2LYP, or the O3LYP functional [23,
24], as well as the pure functionals of Truhlar and
Zhao, MO06 [25] and MO5 [26]. All listed
functionals were combined with the split-valence
basis set of double-zeta quality including
polarization functions 6-31G(d,p) [27,28] for all
light elements.

/NHZ

—N

L-N3 \NH

2

NH,

/\/\/
P

DAB-G,-PPI-(NH,)g NHz

Fig. 1. Chemical formula of the smallest dendrimer fragment L.-N3 and the second generation poly(propylene imine) dendrimer
DAB-G2-PPI-(NH2)s.
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To test the basis sets performance, the B3LYP
functional was combined with the 6-31G(d,p), 6-
311G and 6-311G(d,p) basis sets, and the
Dunning/Huzinaga full or valence double-zeta basis
sets D95 and D95V [29]. In all cases the
molybdenum orbitals were calculated using the
LanL2DZ basis set including the Los Alamos
effective core potentials (ECP) [30]. The geometry
optimizations, employing all described DFT
methods, were performed on the MoO>?* unit
coordinated to the smallest tridentate fragment of
the dendrimer, L-N3, with the composition
[MoO2(L-N3)]?*. All geometry optimizations were
followed by calculation of the vibrational
frequencies and intensities at the same level of
theory and proved that local minima have been
attained. Based on critical evaluation of the
calculated  geometrical  parameters  through
comparison with available experimental data, the
best performing DFT method has been selected and
employed in the additional calculations of
complexes  with  different  structure  and
compositions. The MO06/6-31G(d,p)-(LanL2DZ;
Mo) method was used to calculate complexes of the
following compositions [MoO,(L-N3)]?*, [M0oOz(L-
N3)CI]*, MoO2(L-N3)Cl, and [(M0O,)(DAB-
G2)]¥, where DAB-G; is a short-hand notation for
the DAB-G2-PPI1-(NH2)s dendrimer. Due to better
convergence with the B3LYP functional that was
obtained in the case of water coordinated Mo(V1)
complexes, it was used to calculate the structures
with compositions [MoO2(L-N3)(H.0)]?*, using the
6-31G(d,p) or 6-311G(d,p) basis sets for all non-
metals.

RESULTS AND DISCUSSION

Currently, we modeled and optimized all probable
structures of cis-dioxo Mo(VI) complexes of a
poly(propylene imine) dendrimer using the smallest
dendritic fragment L-N3 to form complexes with
different compositions and charge. The aim was to
evaluate the feasibility of the spectroscopically
suggested five-coordinate Mo(VI) complexes of
DAB-G2-PPI-(NH2)s and DAB-Gs-PPI-(NH>)s.
dendrimers, used as catalyst for alkenes epoxidation
[13]. Compulsory starting step was to select the
most suitable theoretical model for the studied
systems. Therefore, we compared the structural
parameters calculated by five different DFT
functionals (B3LYP, B2LYP, O3LYP, MO05 and
MO06) and five different basis sets (6-31G(d,p), 6-
311G, 6-311G(d,p), D95 and D95V for all non-

metals) with available crystallographic data on
similar cis-dioxo Mo(VI) complexes. It should be
noted that there are no reports on crystal structures
of MoO2?* complexes of dendrimers. That is why
we mostly compared our calculated results with
reported crystallographic data on cis-dioxo Mo(VI)
complexes of three- or tetra- dentate Schiff bases or
hydrazones that coordinate by at least one or two
N-donor atoms [31-36]. In most of these cases the
sixth coordination site of Mo(V1) is occupied by an
weakly bound solvent molecule (e.g. alcohol).
However, there are also recent data on five-
coordinate  Mo(VI) complexes that have been
isolated and their crystal structures were solved
[37]. The basic finding of our calculations
suggested that the most suitable method is M06/6-
31G(d,p)-(LanL2DZ; Mo) giving acceptable Mo-N
distances. Only this method gave lengths of the
Mo-N bonds shorter than 2.230 A (for the terminal
amino groups) and Mo-Nm bond (with the tertiary
amino group) shorter than 2.270 A (Table 1 and
Fig. 2). Although these bond lengths are longer
than 2.180 A, they are fairly acceptable if compared
with the crystallographic data for Mo(VI)
complexes with tridentate ligands that coordinate
with three [38] or two N-donor atoms [32] in which
the longest Mo-N bonds range from 2.31 to 2.42 A.
These data let us conclude that M06/6-31G(d,p)
optimized structure of the five-coordinate cis-dioxo
Mo(VI) complex with the tridentate dendrite
fragment L-N3 is possible and confirms the
feasibility of the experimentally suggested
coordination mode of the DAB-G2-PPI-(NH,)s and
DAB-G4-PPI-(NH2)32 dendrimers [13]. All other
functionals, we have tested, predicted Mo-N bonds
shorter or equal to 2.310 A for the five-coordinate
cis-dioxo Mo(VI) complexes [MoO2(L-N3)]*.
However, these values are larger by ca. 1% than the
Mo-N bonds calculated with the MO06 functional
and the same holds for the Mo-O bonds. Therefore,
we selected the M06/6-31G(d,p)-(LanL2DZ; Mo)
method for geometry optimization of other possible
complex structures. The model of a six-coordinate
cis-dioxo Mo(VI) complex with one chloride ligand
added, [MoO2(L-N3)CI]*, resulted in strong
elongation of the M-Nm bond to 2.592 A and
elongation of the Mo-O bonds by 0.02 A (Table 1
and Fig. 2). These results indicate that the supposed
Cl-bound six-coordinate Mo(VI) complex is less
probable.

To further elaborate the expected high
possibility for six-coordinate Mo(V1) complexes we
made a model with coordinated water molecule
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[MoO,(L-N3)(H20)]**. In this case successful
convergence was achieved using the B3LYP
functional, and therefore, it was the method of
choice for the water-bound complex. For the sake
of comparison the results obtained with the
B3LYP/6-31G(d,p) and  B3LYP/6-311G(d,p)
methods for five- and six- coordinate Mo(VI)
complexes are listed in Table 1 and the optimized
geometries are depicted in Fig. 3. It can be noted
that appreciable elongation resulted only for the
Mo-Nm bond (by ca. 0.13 A). Despite the
elongation, calculated bond lengths for the water-
bound complex remain in the range of
experimentally reported ones for cis-dioxo Mo(VI)
complexes coordinated with a tridentate ligand and
a solvent molecule (with Mo-O distances within the
2.319 — 2.385 A range) [33-37]. This let us propose

that the optimized five-coordinate Mo(VI)
complexes of the studied PPI dendrimer, although
probable, preserves the potential to coordinate
additional O-donor solvent molecule. Similarly, it
can be supposed that the Mo-centers of the modeled
metallodendrimer are available for coordination
with a hydroperoxide that is used as an oxygen
source for the catalytic epoxidation of alkenes. This
possibility is yet to be confirmed by our ongoing
theoretical studies on the catalytic steps of olefin
epoxidation by metallodendrimers and TBPH.
Attempts to model a neutral complex of bidentately
coordinating L-N3 fragment with MoOCl; core,
and complex composition MoOz(L-N3)Cl,, proved
that such coordination mode of the PPI dendrimer
is sterically hindered.

Table 1. Calculated (M06 and B3LYP) bond lengths (in A) of the cis-dioxo Mo(VI) complexes with the PPI dendrimer
DAB-G2-PPI-(NH2)s, [(M002)sDAB-G,]?*, or with its smallest tridentate fragment (L-N3) and having the following
compositions: [MoO,(L-N3)]?*, [MoO2(L-N3)CI]* or [MoO,(L-N3)(H20)]?*. The ECP basis set LanL2DZ is used for
Mo. In the six-coordinate complexes the axial ligand is either water (Ow) or a chloride (Cl). The Nm notation is used

for the tertiary amine from the tridentate fragment of the dendrimer.

Comput. MO6 optimized structures B3LYP optimized structures
method 6-31G(d,p) 6-31G(d,p)/ 6-311G(d,p)/
tructure  [MoO; [MoO, [(MoO2)4 [MoO; [MoO; (L- [MoO; [MoO; (L-
Bon (L-N3)]?* (L-N3)CI]* DAB-GJ*  (L-N3)]** N3)(H.0)]* (L-N3)]*  N3)(H0)]*
distances
Mo-0O1 1.686 1.705 1.674 + 1.694 1.700 1.697 1.703
1.681
Mo-02 1.678 1.691 1.675 + 1.688 1.689 1.691 1.691
1.680
Mo-N 2.229 2.227 2217+ 2.244 2.249 2.245 2.248
2.229
Mo-Nm 2.267 2.592 2.366 + 2.293 2.430 2.289 2.416
2.373
Mo-Ow 2.396 2.407
Mo-ClI 2.451

Fig. 2. Optimized (M06/6-31G(d,p)-(LanL2DZ; Mo)) structures of the five- and six- coordinate cis-dioxo Mo(VI)
complexes having the compositions: A) [MoO2(L-N3)]?* and B) [MoO,(L-N3)CI]*. The dotted lines represent the
coordination bonds Mo-N or Mo-Cl, and the numbers give the corresponding distances, listed also in Table 1.
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Using the selected superior method for our
system, MO06/6-31G(d,p)-(LanL2DZ; Mo), we
optimized the structure of the Mo(VI) complex of
the DAB-G2-PPI-(NH,)s dendrimer, referred to as
[(M00O.)4sDAB-G;]®*. Two views of the optimized
structure are depicted in Fig. 4 and selected bond
lengths are given in Table 1. The four metal centers
exhibit virtually the same geometry. The slight
variations in the lengths of the molybdenum bonds
are indicated with the given range (Table 1). All
optimized bond distances are virtually equal to the
ones obtained for the similar monomeric complex
with the L-N3 fragment, except for the Mo-Nm
(with the tertiary amine) which elongates by ca.
0.10 A in the tetrameric complex. Thus, the longest
calculated Mo-N distances approach 2.37 A but still
remain within the range of experimentally reported
ones for a complex with sterically crowded
tetradentate ligand coordinating with two tertiary

.':am‘.

- @
4

4

C

amine groups to cis-dioxo Mo(VI) [32], where the
Mo-N bonds are estimated to 2.260 - 2.423 A.

The calculated vibrational frequencies of the
five-coordinate monomeric  and  tetrameric
complexes, [MoO,(L-N3)]?* and [(M0O2)4(DAB-
G2)]¥, agree with the experimentally reported ones
for the stretching modes involving the metal center.
The  MO06/6-31G(d,p) calculated stretching
vibrations of Mo-N in [MoO,(L-N3)]?* are 423 and
431 cm, which are very close to the experimental
data of 405 to 430 cm? [13]. The most intense
vibrations of the Mo=0 bonds appear at 1016 and
1049 cm? in the calculated [MoO,(L-N3)]** model
structure and at 1013 and 1021 - 1024 cm™ for
[(M0O2)4(DAB-G,)]®". These unscaled values
would become closer to the experimental data (of
900 - 950 cm?) if a scaling factor of ca. 0.90 is
used.

Fig. 3. Comparison of the B3LYP optimized geometries of five- and six- coordinate cis-dioxo Mo(VI) complexes with
compositions [MoO,(L-N3)]?* (in A and B) and [MoO,(L-N3)(H.0)]?** (in C and D), and using different basis sets for
the light elements - the 6-31G(d,p) in A and C or 6-311G(d,p) in B and D. The dotted lines represent the coordination
bonds Mo-N and Mo-OHy, and the numbers giving the corresponding distances are listed in Table 1. The same color
code for all heteroatoms is used as in Fig. 2.
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Fig. 4. Two different views of the M06/6-31G(d,p)-(LanL2DZ; Mo) optimized structure of the tetrameric cis-dioxo
Mo(VI) complex of the second generation PPI dendrimer DAB-G2-PPI-(NH2)s with composition [(M00O.)4(DAB-
G2)]®*. Top view is oriented normal to the core diaminobutane chain and the bottom view depicts the structure along
that chain. The dotted lines represent the Mo-N coordination bonds and the corresponding distances are listed in Table
1. The same color code for all heteroatoms is used as in Fig. 2.

In conclusion, the investigated rare case of five-
coordinate Mo(VI) complexes appeared as the most
plausible structure for the PPl dendrimers, which
we confirmed by the current detailed computational
study. Moreover, the suggested structure agrees
with available crystallographic data on similar
system of cis-dioxo Mo(VI1) complexes with two-
or three- N-donor atoms. The obtained optimized
structure of [(M00O2)s(DAB-G,)]®" can be further
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elaborated to evaluate the catalytic steps of the
cyclohexene epoxidation, in which the studied
system performed as an excellent catalyst.
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METAJIOAEHAUMEPU 3A KATAJIMTUYHO EITOKCUIMPAHE -
TEOPETUYHU ITO3HAHUNA 3A CTPYKTYPATA HA Mo (VI) KOMIUIEKCHU
HA I1OJIN (ITPOITMJIEH UMUH) AEHAPUMEPU

B. TpI/I(bOHOBal, K. Bacuses?, A. AxmenoBa®*,

! Kameopa Ananumuuna u neopeanuuna xumus, Yuueepcumem "I[Ipoch. Acen 3namapos”, yn. "Ipogh. Axumos” 1, 8010
bypaac, bvreapusa
2 Kameopa “Buomexnonozus’”’, Yuusepcumem "Ilpogh. Acen 3namapos”, yn. "Ipog. Axumos" 1, 8010 Bypaac,
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3 @axynmem no xumus u gpapmayus, Cogpuiicku ynueepcumem "Cs. Knumenm Oxpudcku”, yn. "Iuc. Byuvp™ 1, 1164
Cogus, Boreapus

IMoctrenuna Ha 1 maii 2017 r.; Kopurupana Ha 19 maii 2017 r.

(Pestome)

Hacrosioro TeopetnuHo u3ciienBaHe € (HOKYCHPaHO BBPXY IMOAPOOHOTO CTPYKTYPHO ONHMCaHHE HAa KOMILJIEKC Ha
Mo (VI) ¢ nonunpornuieH-uMUHOB JeHapumep oT Btopo mokosieHne, DAB-G»-PPI-(NH3)s, koiito mo-pano Oe
CHHTE3MpaH M OLEHEH KaTO KaTaJu3aTop 3a EMOKCHAMpAaHE Ha alKeHW C OPTaHWYHH XHIPONEPOKCHAM. 3a Ja ce
MIPOBEPH TPEUIOKEHATA TEOMETPHS € MET KOOPAMHUPAHN METaTHU LIEHTPOBE, KOETO € psiIbK ciydaid 3a Mo (VI), Hue
U3BBPIINXME CTPYKTYPHO ONMCAHUE HA BB3MOXKHUTE KOMIUIEKCH 4pe3 KBaHTOBO-xuMu4uHM (DFT) m3umcnenus. Tosa
Oellle MOCTHTHATO Ype3 MOJENMPAHE U 'EOMETPHYHA ONTHUMHU3aius Ha MoO2?" KOMIUIEKC ¢ Hali-MaJKusi TPUAMHHOB
¢dparmenT Ha neHapuMepa. bsxa B3eTH 1MoJ BHUMaHHE MOJEIHH KOMIUICKCH C Pa3iIM4YeH ChCTaB M OsiXa M3IOJI3BAHH
MHOecTBO KomOuHaimu ot DFT ¢ynkumonann (B3LYP, B2LYP, O3LYP, M05 u M06) u Ga3ucHu (yHKIHH.
Wzuncnennsata ¢ wmerogqa MO06/6-31G(d,p)-(LanL2DZ; Mo) magoxa Hai-100po ChIylacCHE€ C  HAJUYHHUTE
KpucTanorpadcku JaHHH 3a 0A00HH KoMIUIekcH Ha muc-auokco Mo(VI). Iopaau ToBa, To3u MeTon Oe M3MOJI3BaH 3a
ONTHMHU3UPAHE HA CTpyKTyparta Ha Terpamepuus Mo(VI) kommiekc Ha DAB-G2-PPI-(NH2)s. Pesynrarute couar, ue
onrtuMusupanara ¢ M06/6-31G (d,p) mMeTona CTpyKTypa Ha IeT-KOOpAMHHMpaHus 1wmc-nuokco Mo(VI) komiieke ¢
TPUAEHTATHUTE JCHAPUMEPHHU (PparMeHTH € Bb3MOXHA, MOTBBP)KIAABANKN €KCIIEPUMEHTAIHO TPEUIOKEHNST HAYMH Ha
koopauHatuss Ha DAB-G2-PPI-(NH2)s. M3uucnenusta BbpXYy KOMIUIEKC C JIONBJIHUTENHO KOOPAWHHMPAaHA BOJHA
MOJIEKyJIa TIOKa3BaT, 4e IeT-KoopanHnpanure komiuiekc Ha Mo(VI) ¢ PPI nenapumMep chxpaHsBaT Bb3MOXKHOCTTA Jla
KOOpJMHHUpAT W €JHa MoJIeKyJa pa3rBopures ¢ O-moHop. Te3u CTPYKTYpPHHM XapakTEPHCTHKH MOTraT ja OOSICHSAT
CHOCOOHOCTTa Ha MOJIMO/ICHOBHUTE IICHTPOBE B MOAEIMPAHUS METATIOACHANMED Jla KOOPAWHHUPAT U XUJIPOTIEPOKCHIIHTE,
W3MOJI3BaHU KaTO M3TOYHMIM HAa KUCJIOPOJ 32 KaTAJMTUYHO €MOKCHAMpPAHE Ha aJIKeHH, U 110 TO3M HAYMH Jia OCUTYpAT
OCBILECTBSIBAHETO HA PellIaBall] KaTaJIUTUUEH eTall B PEaKI[MHUTE HA SIOKCHIUpaHe Ha OJe(hUHH.

128



Bulgarian Chemical Communications, Volume 49, Special Issue D (pp. 129 — 136) 2017

Aluminium-scandium tungstates solid solutions Al,«Scx(WO,)s: Al and Sc
distribution on a local scale

A. Yordanoval, S. Simova?, I. Koseva', R. Nikolova®, V. Nikolov!, R. Stoyanoval*

YInstitute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, Acad. G. Bonchev Str., Bldg. 11, Sofia
1113, Bulgaria
Znstitute of Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of Sciences, Acad. G. Bonchev
street, bl. 9, 1113 Sofia, Bulgaria
3 Institute of Mineralogy and Crystallography “Acad. Ivan Kostov”, Bulgarian Academy of Sciences, Acad. G.
Bonchev street, bl. 107, 1113 Sofia, Bulgaria

Received April 27, 2017; Revised May 23, 2017

Dedicated to Acad. Ivan Juchnovski on the occasion of his 80" birthday

Multinuclear and multiple-quantum magic angle spinning (MQMAS) #’Al and “*Sc NMR spectroscopy and single
crystal X-ray diffraction have been combined to assess and to quantify the distribution of Al and Sc on a local scale in
mixed aluminium-scandium tungstates, which are of interest as materials with negative thermal expansion. The specific
features of local cationic distribution have been studied by using Al>.xScx(WO4)3 solid solutions (0<x<2) in the form of
single crystals and nano-powders. The 2’Al MAS and MQMAS NMR spectra indicate that Al atoms have two distinctly
different coordination types in Al,.xScx(WOs)s. On the contrary, “°Sc MAS and MQMAS NMR spectra display single
coordination for Sc only. The crystal structure of Al,xScx(WO4)s is revised to the orthorhombic space group P2:12:2, a
non-isomorphic subgroup of Pbcn. In this structural model, there are two distinct non-equivalent Al/Sc positions: one of
them is preferentially occupied by Al ions, while Sc ions reside at both positions. The coordination of Al and Sc in Al.

xSCx(WO4)s is an intrinsic property, not depending on the form of Al..xScx(WQa)s - single crystal or nano-powder.

Key words: Solid State NMR; Single Crystal X-ray Diffraction; Tungstates

INTRODUCTION

Aluminium and scandium tungstates belong to a
class of materials, which have a variety of
functional properties that can easily be rationalized
on the basis of their crystal structure. All members
of the family Me(WOQOs)3 crystallize in an
orthorhombic space group [1—8]. The structure is
composed of a three dimensional framework of
corner-shared MeOs octahedra and WO, tetrahedra
[9]. This type of linkage between cations ensures
the structural flexibility, leading to the
accommodation of metal ions with different sizes in
the octahedral positions: the ionic radii of AI** and
Sc** are 0.535 A and 0.745 A, respectively. The
Me2(WOs)s undergo a structure phase transition at
temperatures, depending on the nature of the metal
ion: -6 °C and -263 °C for Alx(WOQ,)s; and for
Sco(WO.)s, respectively [10, 11]. The orthorhombic
structure is easily transformed into a more dense
monoclinic structure [12].

One approach to design the functional properties
of tungstates comprises modelling of the structure
by appropriate cationic substitution. This approach

* To whom all correspondence should be sent:
E-mail: radstoy@svr.igic.bas.bg

is effective for improvement of the thermal
expansion and optical properties of Al,xScx(WO4)3
solid solutions [7, 13—15]. Based on diffraction
methods, it has been demonstrated that Al(WQ4)3
reacts with Sc(WOs)s forming solid solutions
within the whole concentration range, the crystal
structure being orthorhombic [16—18]. The solid
solutions of Al,xScx(WO.); have been prepared in
the form of single crystals and powders [16—18]. It
is worth mentioning that growing of tungstate
single crystals with defined compositions represents
a difficult task by the Czochralski and the flux
methods due to the volatility of WOs;, in the case of
the first method and low growth rates and
anisometric growth in the case of the flux method
[16, 18]. Recently we have reported a new and
facile method for the preparation of nano-powders
AlxxScx(WO.)s with defined composition varying
from x=0 to x=2 [17]. The method consists in co-
precipitation, followed by thermal treatment at
600°C using short heating time.

Although the properties of the individual
compounds Al(WO4)s; and AlScy(WO4); have
been validated by many research groups, the
properties of Al,..Scy(WO4)s solid solutions are still
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under debate [19]. These discrepancies could be
explained with structural peculiarities of solid
solutions Al2«Scx(WQ4)3 occurring on a local scale
level due to the big mismatch between the ionic
radii of AI** and Sc®" (more than 10%). To the best
of our knowledge, the cationic substitution on a
local scale has not been explored yet, despite the
long-range structure of solid solutions has been
determined both by single crystal and powder X-ray
diffraction techniques [19, 20]. The desired method
of choice to probe the local structure of Al..
xSCx(WQ4)3 is solid state NMR spectroscopy. The
mechanism of ionic conductivity of Sc2(WOQO4)s and
Scy(Mo04); and their solid solutions has been
examined in terms of Sc MAS NMR spectroscopy
[21]. The formation of Alx(WQ,)s during the co-
precipitation reaction is monitored by us using 2’Al
MAS NMR [22].

This contribution aims to assess the cationic
distribution in Al2xScx(WOQ4)s solid solutions on a
local scale by means of solid state 2’Al and “*Sc
MQMAS NMR spectroscopy and single crystal X-
ray diffraction analysis. Tungstates are investigated
in form of both single crystals and nano-powders.
These series are already characterized as solid
solutions AlxScx(WO4); by means of powder X-
ray diffraction. The single crystal X-ray diffraction
is used to refine the crystal structure of Al,.
xSCx(WQ4)3. The complementary application of
both multinuclear solid state NMR and single
crystal X-ray diffraction represents a new approach
for structural characterization of tungstates
Mez(WO,); on a local scale.

EXPERIMENTAL

The nano-sized powders of Al,xScx(WO4)s (x =
0.5, 1.0, 1.5 were obtained using the co-
precipitation method. Each of the solid solutions
was synthesized using two separate aqueous
solutions: sodium tungstate, obtained by dissolving
Na,W04.2H.,O (p.a.) reagent, and mixed
aluminium-scandium solution containing
AI(N03)3.9H20 and SC(NO3)3.4H20 (14.4 wt.%
Sc). The ratio between the two solutions, as well as
the Al-to-Sc ratio, corresponds to the stoichiometric
composition. The details of synthesis procedure
have been given elsewhere [17]. Well crystallized
AlxScx(W0Oa)s as solid solutions with particle sizes
varying between 10 and 70 nm are obtained by this
method [17, 23].

Single crystals of pure tungstates and their solid
solutions (used as references) were obtained in the
present investigation by the high-temperature

130

method using top-seeded solution growth and slow
cooling down. The solvent used in all experiments
was 27.5Na,0-72.5WO3z mol %. The initial solute
concentration and Al-to-Sc ratio were chosen on the
basis of our previous investigation on the solubility
of the solute into the above-mentioned solvent and
in view of the distribution coefficient of Sc and Al
[18].

For the sake of simplicity, AlxScx(WOQO4)s3
compositions will be further on denoted as N-ASW
and SC-ASW, where N and SC symbols identify
nano-powders and single crystals. Fig. 1 shows the
images of N-ASW and SC-ASW samples.

AISCWO,);

o jao s o : 1255
xf;‘ [S5u7 fasa sews.
D fusze veass

3 iuass 1‘* Eseaiaae
Fig. 1. TEM image of N-ASW (a) and optical image
of SC-ASW (b).

Solid-state MAS #’Al and “*Sc NMR spectra
were recorded at 156.4 MHz and 145.8 MHz on a
Bruker AVII+ 600SB NMR spectrometer (magnetic
field of 14.1 T). Single pulse excitation of 1 ps, 0.2
s recycle delay and total number of scans of 1-2k
were used. The samples were loaded into 4 mm
zirconia rotors and spun at 9 and 14 kHz. Chemical
shifts are quoted in parts per million, from external
DSS (sodium 3-(trimethylsilyl)propane-1-sulfonate,
= scale).

3Q MQMAS #Al and “*Sc NMR spectra were
recorded at 130.3 MHz and 121.5 MHz on a Bruker
HD 500SB NMR spectrometer (magnetic field of
11.7 T), using a 2.5 mm MAS probe. Samples were
spun at 5 and 15 kHz using the 3- and 4-pulse z-
filter pulse programs and the optimization
procedure according to the Solids manual [24].
Experiments were obtained using rf-field strengths
of 62.5 kHz for ?’Al and 73.5 kHz for #°Sc with
excitation and conversion pulses with lengths 4.0
(3.4) us and 1.2 (0.9) us and selective pulses of 18
(14) us at 28 db lower intensity, respectively.
Relaxation interval of 4-5 s, F2 spectral width of
105.6 ppm for both nuclei, 64 (80) time increments
for F1 set to the rotor period and States-TPPI sign
discrimination were used.

Structural characterization of nanopowders was
carried out by powder X-ray diffraction using a
Bruker D8 Advance powder diffractometer with Cu
Ko radiation. Data were collected in the 26 range
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from 10 to 80 ° with a step of 0.04° and 1 s/step
counting time. Concerning single crystal structure
characterization, the intensity data were collected at
room temperature by the w-scan technique on the
Agilent Diffraction SuperNova Dual four-circle
diffractometer, equipped with Atlas CCD detector,
using mirror-monochromatized Mo-Ka radiation
from micro-focus source (A=0.7107 A). The
determination of cell parameters and the data
processing procedure were performed by using the
CrysAlis Pro program package [25]. The structure
was solved by direct methods (SHELXS-97) and
refined by full-matrix least-square procedures on F?
(SHELXL-97) [26]. The structure visualization was
performed by Crystal Maker (version 2.6.2,
SN2080) [27]. The occupancies of Al and Sc in the
mixed positions were refined simultaneously with
the atomic coordinates and the atomic displacement
parameters. The same isotropic or anisotropic
displacement parameters are used for the atoms
occupying the same position. Further details about
the structure investigation may be obtained from
Fachinformationszentrum (FIZ) Karlsruhe, under
the CSD 429327 for Pbcn space group and CSD
429328 for P212,2 space group.

RESULTS AND DISCUSSION

ZTAl and *Sc MQMAS NMR of AlxxScx(WO.)s solid
solutions

Solid state 2’Al NMR spectroscopy was used
aiming at the analysis of the structure of both single
crystals and nano-powders Al.Scx(WO4); solid
solutions by probing the Al local environment. Fig.
2 compares the 2 Al MAS NMR spectra for SC-
ASW and N-ASW, where the amount of Al is
varied from x=0 to x=1.5. For the individual
aluminium analogue, the 2’Al MAS NMR spectrum
consists of a single resonance centred at about -4
ppm, the resonance position being the same for
Al (WOQO4)3 both in single crystals and nano-
powders. The difference arises from the line width:
the resonance of the single crystal is narrower than
that of the nano-powder: 224 vs 294 Hz. This
feature reveals the lower variation in the local
coordination of Al in the case of the single crystal.
Upon increasing the Sc content, a new resonance at
-1 ppm, which is superimposed on the main
resonance, grows up in its intensity. The resonance
positions and line widths for the two signals are
summarized in Table 1. The resonance positions of
the two signals are independent of the Al-to-Sc
ratio. The line widths of the intermediate
compositions are similar and they are higher in

comparison with that of the individual composition.
The only parameter, that is changing systematically
with the Al-to-Sc ratio, is the resonance intensity
(Table 1). Upon increasing the Sc content there is
an increase in intensity of the signal centered at -1
ppm at the expense of the resonance at -4 ppm. This
trend is observed for Al..Scx(WOQOs4)s both in the
form of single crystals and nano-powders, thus
indicating that the Al coordination in solid solutions
of Al Scx(WO4)s is an intrinsic property.

A i B
f
LI ) 4\
d JI : -~
I L f/\ L
|II ® ;
b \ I|I
i i i : i i b l.\_
| ......... — ——
| || I||
a \ a | I|

b 19 Cpm 0w -0 Pl L] o pum- 10 T
Fig. 2. Al MAS NMR spectra of SC-Alx
xSCx(WO4)s (A) and N-AlxxScx(WO4)s (B): x=0 (a);
x=0.5 (b); x=1.0 (c) and x=1.5 (d).

Because of the quadruple moment of Al,
MQMAS NMR experiments were undertaken in
order to increase the resolution of the 2’Al spectra.
Fig. 3a shows the Al MQMAS NMR spectrum.
As one can see, there are two well separated
signals. This means that MQMAS experiments
confirm unambiguously the occurrence of two well
defined coordinations of Al in Al>xScx(WO,)s solid
solutions.

Due to the larger quadrupole constant, the “°Sc
NMR spectra are usually broader and less resolved
in comparison with that of 2’Al. However, the
second order perturbation quadrupolar effects on
the “Sc resonance line become negligible, when
Sc NMR spectra are registered at a stronger
magnetic field (i.e. 11.7 T) [28]. That is why, the
MAS NMR spectra are registered at a magnetic
field of 14.1 T (Fig. 4). The *°*Sc NMR spectra of
AlxxScx(W0O.)s solid  solutions show  broad
resonance lines with centre of gravity at about 20
ppm (Fig. 4), in accordance with literature values
for octahedrally coordinated Sc in Sco(WOQO4)s: 15.6
ppm and 9.3 ppm [21, 28]. The line widths of more
than 1400 Hz are higher in comparison with these
of 2’Al, which vary between 220 and 500 Hz.
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Table 1. Chemical shifts (8, ppm), line widths (A8, Hz) and relative intensities of Al and “°Sc NMR signals in N-ASW

and SC-ASW.
Relative part of
Samples ZAl - Sil ZAl - Si2 Al Si1
6 +0.04, ppm A, Hz 6+ 0.04, ppm A, Hz

N-ASW, x=0 -3.92 297 1.00

N-ASW, x =0.5 -4.02 403 -0.62 389 0.73

N-ASW, x = 1.0 -4.48 494 -1.27 357 0.63

N-ASW, x = 1.5 -4.07 446 -1.0 288 0.37

SC-ASW, x=0 -3.15 224 1.00

SC-ASW, x=0.5 -3.77 406 -0.45 333 0.78

SC-ASW, x=1.5 -4.02 452 -1.10 317 0.44
17A1 5kHz indicates that Sc atoms do not have distinct
iz S coordinations in solid solutions of AlxxScx(WQ4)s.

0 -5 m
a) PP
45Sc 5kHz
mp3qzfil
Ppm
20
30
b) 30 20 10 ppm

Fig. 3. MQMAS spectra of 2’Al (a) and *Sc (b) in
Alg5Sc1.5(WO4)s.

The relatively weak quadrupolar moment of “°Sc
allows acquisition of the spectra also at a magnetic
field of 11.71 T, shown on the same figure. A broad
line is also visible, which does not permit
discrimination of the “Sc atoms in different co-
ordinations. Moreover, the center of gravity seems
not to be dependent on the Sc content. The 4-pulse
z-filter Sc 3Q MQMAS NMR experiment was
acquired for AlgsSc15(W0Os)s (Fig. 3b). Contrary to
the 2’Al case, the ©°Sc MQMAS spectrum displays
only one signal with a dispersed shape. This
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This means that the main factor for the large line
width is the distribution of “*Sc chemical shifts.

45
Sc
11.75T, 15 kHz
A|0.5SCIA5(WO4)3
* *
14.1T, 14 kHz | Alg S¢, 4(WO,),
* | I
d___‘/\ —— p - ._A_.._.,_.._—/\ ——
140 120 100 80 60 40 20 O -20 -40 -60 -80 -100

ppm
Fig. 4. Sc MAS NMR spectra of N-ASW:
A|1_5SCO,5(WO4)3 (green Iines) and A|o,5SC1,5(WO4)3
(black lines) registered at 14.1 T; AlosSc15(W0Oa4)s3 (blue
lines) collected at 11.7 T.

The occurrence of dispersed MQMAS signals
and broad MAS NMR signals can be related with
smooth changes in the local coordination of Sc
when Al is substituted for Sc, which is in
agreement with a homogeneous distribution of “°Sc
in AloScx(WQOa4)s solid solutions.

The 2?Al MAS NMR spectra clearly show that
Al atoms have two distinctly different
coordinations in Al>,Scx(WO,)s solid solutions,
which is opposite to that for Sc. Taking into
account that Al and Sc occupy only one
crystallographic site in the orthorhombic crystal
structure, the most obvious explanation is to
associate the splitting of Al coordination with the
effect of the neighbouring metal ions on the
chemical shift. In the orthorhombic structure, every
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Al/ScOg-octhaedron shares common vertices with
six WOy tetrahedra, which, in their turn, are corner-
connected with 18 Al/Sc ions. The small effect of
the first W neighbours on the chemical shift of *Sc
has already been demonstrated for solid solutions of
Sca(WO4)s-Sc2(M0oQ4)s, where a shift of about 5
ppm has been found during replacement of W by
Mo [21, 28]. For the Al2xScx(WOa4)3 solid solutions
studied by us, we can expect a smaller effect of
second Al/Sc neighbours on the chemical shifts of
both 2’Al and **Sc. Although the W®* and Mo®* ions
have similar ionic radii, the ionic mismatch for AI®*
and Sc®* ions will create a more significant local
distortion around the central Al/Sc nucleus, as a
result of which a high variation in the chemical
shift can be expected. On the other hand, AI** and
Sc* neighbours are separated from the central
Al/Sc nucleus at longer distances in comparison
with that of W/Mo ions, which would create an
opposite effect. Thus, the resonance at -4 ppm is
attributed to Al nucleus having only Al ions as
first neighbours, while the resonance at -1 ppm
originates from the Al nucleus surrounded mainly
by Sc® ions. The negative shift of the resonance
due to Al in APP* environment reveals that Al
neighbours create a stronger crystal field in
comparison with that created by the Sc3* ion
neighbours. This is in agreement with the mean
bond length Al/Sc-O in the two final compositions
Alz(WO4)3 and SCz(WO4)3: 1.88 A and 2.08 A for
Al-O and Sc-O, respectively [8]. Contrary to Al, the
one “5Sc resonance can be attributed to Sc nucleus,
whose metal surrounding is smoothly changed
during progressive replacement of Al by Sc.

The next important feature is related with the
type of Al/Sc distribution in AlxxScx(WO.)s solid
solutions. In accordance with our previous studies
[17], all AlxxScx(WOs)s crystallized in an
orthorhombic space group, the lattice parameters
being increased linearly with the Sc content. The
Vegard dependence is also obeyed for tungstates
Al>,Sc(WO4); in the form of the single crystals
[17]. The detection of two distinctly different
coordinations of Al and only one coordination for
Sc in the orthorhombic structure of AlyxScx(WO4)s,
ensuring only one crystallographic metal ion site,
means that Al ions are not homogeneously
distributed on a local scale in respect of Sc ions. On
the other hand, the distances between Al/Sc nucleus
and the AI®*/Sc®* neighbours are large (varying
between 5.165 and 6.705 A), which implies that
non-homogeneous Al/Sc distribution is not a local
phenomenon and it will cover domains with long
sizes. At a first glance, it appears that NMR data

are in contradiction with the well described
crystalline structure of  AlxScx(WO.)s solid
solutions [8, 17, 18].

Single crystal X-ray diffraction of Alo,Scx(WO4)s

In order to make NMR and crystalline structure
data self-consistent, we reinvestigated the
crystalline structure of Al2.,Scx(WO4); solid
solutions in the form of single crystals. In the first
approximation, the structure refinement is carried
out within the framework of the structural model
based on Pbcn space group. The refinement
revealed that the chemical composition of the
measured single-crystal sample is
Alg.42Sc158(WO.)3, which is well consistent with the
chemical analysis: Alg.40Sc160(WO4)3 in accordance
with EDAX analysis. At room temperature the
studied compound is orthorhombic with lattice
parameters and volume values quite similar to those
observed for AISc(WOQO.); [4]. As it is expected the
unit cell volume of the studied compound is larger
than that of AISc(WO.)s because of the higher
Sc:Al  ratio (V=1171A% versus 1134 A3
respectively). This is in agreement with data
reported previously on the concentration
dependence of the lattice parameters for Al..
xSCx(WQ4)3 single crystals [16]. In addition, the
lattice parameters for single crystal and
nanopowder  Al,Scy(WO4); with the same
composition (i.e. x~1.5) are V=1171 A% and
V=1190 A3, respectively.

Analyses of the structural similarity between
each one of the end members and the studied solid
solution have been performed by the program
COMPSTRU at Bilbao Crystallographic Server.
The measure of similarity (A) is defined as a
function of the differences in atomic positions and
the ratios between the corresponding lattice
parameters of the structures [29, 30]. The calculated
A-value indicates that the crystalline structure of
Alo4,SC155(WQs); is quite similar to that of
Sc2(WOs)s with A = 0.004, while for the structure
of Aly(WOQy)s3 this parameter is 0.014. The bond
lengths Sc/Al — O vary in a slightly narrower range
(from 1.999(5) to 2.050(4) A) comparing with that
in AISc(WOu); (1.997 — 2.055A).

Taking into account that the crystalline structure
of the solid solution is described in the Pbcn space
group a statistical distribution of AI** and Sc®*
among one crystallographic site should be assumed.
This also means that the W ions as first metal
neighbours will only form one type of surrounding
of Al (Sc) position. However, the NMR
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spectroscopy proves clearly that Al and Sc ions
occupy two distinctly different sites. Therefore, the
next level of structure refinement is based on a
model, where the structure of the solid solution is
described in one of the maximal non-isomorphic
subgroups of Pbcn space group where the M atomic
position will be split into two symmetrically non-
equivalent ones. There are four orthorhombic
subgroups of space group Pbcn (60): P2:2:2 (18),
Pca2; (29), Pnc2 (30) and Pna2; (33), respectively.
Structure refinements in P2:2:2 (18), Pca2: (29),
Pnc2(30) and Pna2; (33) space groups have been
tested using the experimental data obtained for the
studied sample and the results are presented in
Table 2. The refinement indicators are similar,

which makes difficult the assignment of the right
space group. The values of the Flack parameter
vary between 0.15 — 0.35, but only for P2,2,2 and
Pca2; space groups the uncertainty is relatively
small. At first glance, this may indicate that the
centrosymmetric space group is the correct one.
However, it is worth mentioning that the value
obtained for the Flack parameter is dependent on
the Friedel coverage of the intensity data,
approaching 0.5 for coverage of 100% and sticking
near the starting value for coverage of 0%. For
pseudo-centrosymmetric  structures with heavy
atoms in a centrosymmetric arrangement such as
W, the obtained values of the Flack parameter are
not strictly indicative (Table 2).

Table 2. Crystal data and structure refinement indicators for the studied composition, obtained for different space

groups.
Space group P2:2,2 (18) Pca2; (29) Pnc2 (30) Pna2; (33)
Data/parameters 2861 /158 28187142 2757 /158 2554/ 157
Gog%ness-of—flt 1.025 0.970 1.136 1.136

on

Final Rindices[I R =0.0239 R =0.0248 R =0.0242, R =0.0242,
>20 ()] Rw = 0.047 Rw = 0.054 Rw = 0.050 Ry = 0.053
Final R indices R =0.0337 R=0.0325 R=0.0316 R=10.0305

(all data) Ry =0.051 Rw = 0.059 Rw = 0.054 Rw = 0.057
Largest difference  1.21 and 1.308 and 1.390 and 1.107 and

peak and hole -1.562 eA® -1.322 eA® -1.473 eA3 -1.982 eA®
Flack x * 0.33(5) 0.35(5) 0.14(7) 0.26(8)
Displacement Anisotropic Two atoms non Two atoms non Two atoms non
parameters for all atom positive defined positive defined positive defined

Table 3. Atomic coordinates, Wyckoff positions and equivalent isotropic displacement parameters for
A|o,4zsCl_5g(WO4)3, refined in P2:212.

Wyckoff

e SOF X y z U(eq)
positions
M1(Scl) 4c 0.72(3) 0. 2824(5) 0.3803(4) 0.5005(6) 0.0126(14)
M1(AlL) 4c 0.28(3) 0. 2824(5) 0.3803(4) 0.5005(6) 0.0126(14)
M2(Sc2) 4c 0.94(3) 0.2157(4) 0.6192(3) 0.9984(6) 0.0113(12)
M2(AI2) 4c 0.06(3) 0.2157(4) 0.6192(3) 0.9984(6) 0.0113(12)
W11 4c 1 0.36743(11) 0.64432(9) 0.35520(15) 0.0178(3)
W12 4c 1 0.13216(11) 0.35573(9) 0.14571(15) 0.0179(3)
w21 2b 1 0 0.5 0.7230(2) 0.0173(4)
W22 2a 1 0.5 0.5 0.7773(2) 0.0170(4)
011 4c 1 0.3219(18) 0.5255(11) 0.4320(2) 0.0370(5)
012 4c 1 0.1780(14) 0.4743(10) 1.0740(2) 0.0290(5)
021 4c 1 0.3367(16) 0.6457(12) 1.1718(19) 0.0370(5)
022 4c 1 0.1549(15) 0.3624(12) 0.3300(17) 0.0260(4)
031 4c 1 0.2430(2) 0.2368(12) 0.5680(2) 0.0350(5)
032 4c 1 0.2640(2) 0.7581(11) 0.9290(3) 0.0390(5)
041 4c 1 0.4520(12) 0.3298(11) 0.3890(2) 0.0280(4)
042 4c 1 0.0434(14) 0.6668(13) 1.1110(2) 0.0410(5)
051 4c 1 0.0819(16) 0.5922(11) 0.8340(2) 0.0280(4)
052 4c 1 0.4095(16) 0.4136(13) 0.6720(2) 0.0340(4)
061 4c 1 0.1273(16) 0.4374(14) 0.6120(3) 0.0450(5)
062 4c 1 0.3837(15) 0.5653(14) 0.8810(3) 0.0450(5)
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Among several proposed space groups, we
choose the structural model based on P2;2,2 space
group since only refinement in this space group
allows anisotropic description of the displacement
parameters for all atoms. The atomic parameters of
the studied compound in P2:2;2 are represented in
Table 3. In this model, there are two metal ions
positions, which ensure different geometry for the
metal ions (Table 4, Fig. 5). The refinement shows
that Al atoms occupy preferentially one of the
positions (marked with M1, Table 3 and 4), while
Sc atoms reside in both positions (marked with M1
and M2, Table 3 and 4).

Table 4. Selected bond lengths (A) of Alo42SC158(WO4)3
refined in P2,2,2.

M1-061  1.956(17) M2-032 1.986(15)
M1-031  2.017(16) M2-021 2.026(15)
M1-022  2.025(17) M2 - 051 2.034(17)
M1-041  2.032(15) M2 - 042  2.046(16)
M1-011  2.040(16) M2-012 2.056(15)
M1-052  2.062(18) M2 - 062 2.066(17)

The preferential distribution of Al** among the
two positions is consistent with the NMR data with
splitting of Al lines in solid solutions of Al..
xSCx(WQ4)s. Due to the larger distance between
Al/Sc ions, the effect of second metal neighbours
can be neglected. This is supported by the
experimental observations of the small effect of the
first W and Mo neighbours on the chemical shift of
#Sc, as was observed previously [21, 28]. In
addition, both ?’Al and “*Sc NMR parameters are
more sensitive towards the local coordination
environment in comparison with the effect of metal
neighbours. The resonance at -4 ppm can be
attributed to Al occupying the second position,
while Al in the first position causes the resonance
shift at -1 ppm. In addition, the newly found refined
structure can also answer the question why the only
parameter that is systematically changing with the
Al-to-Sc ratio is the Al NMR resonance intensity
(relative intensities, Table 1). For Alx.Scx(WOQs4)3
with x=1.5, the relative part of the NMR signal of
ZIAl at -4 ppm is 0.44 (Table 1), which is
comparable with the relative part of Al in the M2-
position determined from the crystal structure
refinement: 0.06 (Table 3). The observation of one
resonance signal for “Sc is consistent with
homogeneous distribution of Sc over two positions.
These results demonstrate that 2’Al MAS NMR

spectra allow quantification the distribution of Al
over two crystallographic positions, established by
single crystal X-ray diffraction (Table 1, Table 3).

Fig. 5 Detailed view of M1 and M2 positions in the
in P2,2,2 space group.

CONCLUSION

The crystalline structure of Al,xScx(WOs)s solid
solutions is being reconsidered. Single crystal X-
ray diffraction shows that Alx,Sc(WOs)s solid
solutions crystallize in an orthorhombic space
group P2:2:2, which is a non-isomorphic subgroup
of Pbcn. In this structural model, there are two
symmetrically non-equivalent positions: one of
them is preferentially occupied by Al, while Sc
resides homogeneously both positions. The
distribution of Al and Sc over crystallographic
positions is monitored by multinuclear #’Al and
%S¢ MAS and MQMAS NMR spectroscopy. The
coordination of Al and Sc in Al2xScx(WO4)3 is an
intrinsic property, which does not depend on the
form of Al.«Scx(WOQ4)s whether it is single crystal
or nano-powder. The local cationic distribution in
Al>,Scx(WO,)s solid solutions can serve as a basis
for reinterpretation of their thermal, conductive and
optical properties.
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TBBPI1 PASTBOPU HA ATYMUEBO-CKAH/IUEBU BOJI®PAMATU Al2-xScx(WO4)s:
PABIIPEJEJIEHUE HA Al 1 Sc HA JIOKAJIHO HUBO

A. I/IOpI[aHOBal, C. CumoBa?, 1. Kocesal, P. Hukonosa®, B. Hukosos?!, P. CrostHoBal*
Y Unemumym no obwa u neopeanuuna xumus, bvreapcka axademus na naykume, 1113 Cous, Bvreapus
2 Unucmumym no opeanuuna xumus ¢ Llenmuvp no gpumoxumus, Bvneapcka axademus na Haykume, yi. Axao. I'. Bonues,
on. 9, 1113 Cogus, bvreapus
8 Unemumym no munepanoaus u kpucmanozpapus ,, Axao. Hean Kocmos *“, Bvneapcka axademus Ha HayKume, L.
Axao. I'. bonues, 1. 107, 1113 Cogus, Bvreapus

Ioctenuna Ha 27 anpun 2017 r.; Kopurupana Ha 23 maii 2017 .
(Pesrome)

3a olleHKa Ha JIOKATHOTO pasnpenenieHneTo Ha Al 1 Sc B cMeceHn allyMHHHEBO-CKaHINeBH BoyppamaTH,
WHTEPECHU KAaTO MaTepHaIl C OTPHUIATEITHO TEPMUIHO Pa3IIUPEHHE ca U3MOI3BaHu chBMecTHO SIMP meTona
,,MHOT'OKBAHTOBO BBL30YK/IaHe IIPH BbPTEHE OKOIO Maruueckus brua (MQMAS) na anpara Al u “*Sc u
MOHOKpHUCTaJTHA PEHTreHOBa Audpaknus. V3ydyaBaHeTo Ha cnienmu(UIHUTE XapaKTEPUCTUKH HA JIOKAITHOTO
KaTHOHHO pa3NpelelieHHe € M3BBPIICHO Ha TBHPAU pas3tBopu AlxxSCx(WO4)s (0<x<2) mox ¢dopmara Ha
MOHOKpHUCTaIM M HaHo-mipaxose. SIMP cnekrpure Ha ’A1 MAS u MQMAS noxkasar, 4ye Al aromu B
TBBpaUTe pa3tBopu Ha Alr.,SCy(WO4); mpuemar nBe sACHO pa3MyaBallli Cce ¢lHa OT JpPyra KOOPMHAIIHH.
O6patHo Ha Al aromu, SIMP cnekrpure Ha “Sc MAS m MQMAS naBar ykaszaHue caMo 3a €jHa
koopauHanus Ha Sc aromu. Kpucrangnara ctpykrypa Ha AlpxSCx(WO4)s e padunnpana B opropoMOHUHA
CUMETpHsl C mpOCTpaHCTBeHa rpyna P2:2:2, ne-uzomopdua monrpyma Pben. B To3u cTpykTypeH mopaen ce
pasnuuaBat JABe HECEKBUBAICHTHHU Al/Sc mo3unuu: efHarta oT TAX € MpPEeAnoYnTaHo 3aeta oT Al foHu, 1okaTo
Sc o MoraT Jia 3aeMar u jBere nosuiun. [lokazaHo e, 4e koopauHarmsara Ha Al U Sc BbB Boj(pamarute
€ TIPUCHIIO CBOMCTBO 3a 00pa3IuTe, KOETO HE 3aBUCH OT (hopMaTa UM - MOHOKPHUCTAJI WITH HAHOTIPaX.
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The spectral and structural changes taking place during the course of the conversion of 4-acetamidobenzoic acid,
HOOC-CgHs-NH-COCHg, into the corresponding oxyanion, -OOC-CgHs-NH-COCHs, and dianion, -OOC-CsH4-N-
COCHs, have been followed by both infrared spectra in DMSO solution and DFT/B3LYP/6-311+G(2df,p) calculation.
The solvent effect was simulated by using self-consistent integral equation formalism variant (IEFPCM) model. The
trans conformers (with respect to phenylene and methyl groups) have been calculated to be more stable than the cis
ones in all species studied. The changes accompanying the first deprotonation concern mainly the carboxylato fragment;
those resulting from the second one are spread over the whole dianion. Analysis of the atomic charge changes shows
that over 70% of the first (oxyanionic) charge remains localized within the carboxylato fragment. The second
(nitranionic) charge delocalizes over the acetyl (0.42 e-) and phenylene (0.19 e-) groups, nitranionic center (0.34 e-) and

(0.05e-) carboxylate group.

Key words: IR; DFT; 4-acetamidobenzoic acid (acedoben); oxyanion; dianion

INTRODUCTION

4-Acetamidobenzoic acid (acedoben) molecule,
simultaneously a carboxamide and a carboxylic
acid, is an important conjugated compound of
biological and medicinal interest. Acedoben (or its
sodium or potassium salts) is contained in a number
of pharmaceutical products as antiviral drug
Isoprinosine, Deanol acetamidobenzoate,
Fibroderm, Perlinsol Cutaneo. In a human body
acedoben is a metabolite of p-aminobenzoic acid
[1], benzocaine [2], etc., so its biological properties
and metabolic transformations have been
extensively investigated during the last few decades
[3]. Acedoben has multifunctional coordination
sites with chelating and bridging ability and it has
been widely used in coordination chemistry and
crystal engineering [4,5].

Acedoben was first prepared by Hofmann in
1876 [6]. The solid-state IR and Raman spectra of
acedoben are accessible on-line [7]. Only the
frequencies of the amide carbonyl (C=0) and
amino (N-H) stretching bans in solutions of the
title molecule have been reported, included in series
of substituted acetanilides, and were found to
correlate with both Hammett’s substituent constants
[8,9] and certain indices computed within DFT
method [9].

* To whom all correspondence should be sent:
E-mail: ev@orgchm.bas.bg

ATR FTIR spectroscopy has recently been used
to detection p-acetamidobenzoic acid and p-
aminobenzoic acid in human skin treated with
essential  oil formulations [10]. Lanthanide
complexes with 4-acetamidobenzoate have been
characterized by their IR spectra [6]. No detailed
interpretations of IR spectra of 4-acetamidobenzoic
acid and of its carboxylate anion has been
performed.

The conversions of neutral molecule into anions,
radical-anions, carbanions, azanion, etc. are
accompanied by essential changes in the vibration
spectra. So, these changes are very informative for
the structural variations caused by the same
convertions [11]. The title compound is an
interesting and convenient object of the molecule
— anion— dianion conversions investigations, as it
contains the (-COOH) and (-CO-NH-)
characteristic groups and can be easily converted
into a carboxylate anion and dianion, stable in
dimethyl sulfoxyde (DMSO). In the literature we
have found neither IR spectra, nor theoretically
calculations for the title anionic species. The
structure of large series of organic molecules and
their anions have been successfully studied recently
on the basis of experimental IR spectra combined
with DFT computations ([12-16] and references
therein). The purpose of the present investigation is
to follow the spectral and structural changes,
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caused by the conversion of 4-acetamidobenzoic
acid molecule into the corresponding carboxylate
anion and dianion, by means of both DFT
computations and spectroscopic experiments.

EXPERIMENTAL AND COMPUTATIONS

Commercial 4-acetamidobenzoic acid (Aldrich,
98%) was used without further purification. The 4-
acetamidobenzoate anion was prepared by adding
solutions of the parent compound in dimethyl
sulfoxide (DMSQO) and DMSO-ds (Fluka) to an
excess of dry sodium or potassium carbonate. The
suspensions obtained were stirred for 1 min and
then filtered through a siringe-filter. The conversion
was practically complete (Fig. 1(A) and Fig. 1(B)).
The dianion of 4-acetamidobenzoic acid was
prepared by reacting DMSO and DMSO-ds
solutions of the parent compound with an excess of
dry alkali-metal methoxides and methoxides-ds.
The conversion was also practically complete: in
the spectra we found neither the bands of 4-
acetamidobenzoic acid nor those of its anion (cf.
Fig. 2(A-C)).

The IR spectra were recorded at a resolution of 1
cm?, by 50 scans on a Bruker Vector 22 FTIR
spectrophotometer in a CaF; cell of 0.13 mm path
length.

The quantum chemical calculations were
performed using the Gaussian 09 package [17]. The
geometry  optimizations of the  structures
investigated were done without symmetry
restrictions, using density functional theory (DFT).
We employed B3LYP hybrid functional, which
combines Becke’s three-parameter  nonlocal
exchange with the correlation functional of Lee et
al. [18,19], adopting 6-311+G(2df,p) basis sets. To
estimate the effect of the solvent (DMSO) on the
infrared spectra of studied species, we applied the
integral equation formalism of polarizable
continuum model (IEFPCM), proposed by Tomasi
and coworkers [20,21].

The stationary points found on the molecular
potential energy hypersurfaces were characterized
using standard harmonic vibrational analysis. The
theoretical vibrational spectra were interpreted by
means of potential energy distributions (PEDSs)
using VEDA 4 program [22]. For a Dbetter
correspondence  between  experimental and
calculated values, we modified the results using the
empirical scaling factors.
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RESULTS AND DISCUSSION
Energy analysis

The structures of the most stable conformers of
the three species studied are shown in Scheme 1.
All structures with a subscript 1 in Scheme 1
correspond to the trans-type conformers (with
respect to phenylene and methyl groups).
According to the  B3LYP/6-311+G(2df,p)
calculations the cis conformers of molecule are less
stable than the trans form by 11.6 kJ mol?. The
energy difference between two trans conformers of
molecule (A1 and Ay.), differing by the direction of
the carboxyl group, is 0.7 kJ mol* and they seem to
be present simultaneously in solutions. The
presence of the conformer A; in solid state was
established by crystallographic analysis [23].
According to both experimental and theoretical [24]
data, the trans conformer of the unsubstituted
acetanilide is also the more stable one. Our
calculations predict the both trans conformers of
the oxyanion and dianion are the more stable
(Scheme 1).

The calculated total energies of the studied species
are as follow:

Ew= -629.063365971 H for the 4-acetamido-

benzoic acid molecule (A1 in Scheme 1);

Ew= -628.511829360 H for the 4-acetamido-
benzoic acid oxyanion (B in Scheme 1);

Ew= -627.851335706H for the 4-acetamido-
benzoic acid dianion (Cyin Scheme 1).

The  following  deprotonation  energies
correspond to the above values (see Scheme 1):

EY = Etot(B1) - Etot (A1) = 1448.05948249 k] mol*;
El= Etot (Cl) - Etot(B1) =1734.12622068 kJ mol.

The energy differences E? is related to the gas-
phase Broensted acidities, and can be used as
approximate measure of these acidities in polar
aprotic solvents [25]: low E¢ — high acidities —
low pKa values. For comparison, the first
deprotonation energy is lower than E¢ of
paracetamol (1537.9 kJ mol* [24]) and higher than
EY of stronger acid acesulfame (1324.31 kJ mol*
[12]. The second deprotonation energy is
essentially higher, and can be compared with the
second deprotonation energy of paracetamol
(1880.2 kJ mol [26]). This result is not surprising,
having in mind that the products of the second
deprotonation are in fact dianions.
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Scheme 1. Conformers of the 4-acetamidobenzoic acid molecule, oxyanion and dianion. The values the arrows are the
means energy differences in kJ mol.

Infrared analysis

A fragment of the infrared spectrum of 4-
acetamidobenzoic acid in DMSO-ds solution is
shown in Fig. 1(A). The numeric data for the
frequencies of the bands are listed in Table 1
together with the corresponding theoretical values
for the most stable conformers of molecules. As
can be seen, there is a good agreement between the
scaled theoretical and experimental IR frequencies.
The mean deviation between them is 11.1 cm™. No
experimental data for the v(OH) and v(NH) bands
were given in Table 1, as they are very broad
because of the formation of hydrogen bonds mainly
with solvent, like other carboxamides in DMSO
[18,20]. The assignment of the experimental bands
to the calculated normal modes in the C-H
stretching region (3100-2800 cm™) is not obvious

because there are fewer bands in the experimental
spectrum than predicted by the calculations.

The highest frequency experimental bands
observed in the IR spectrum (3200-3000 cm™?) are
assigned to the aromatic C-H stretches, while the
lower frequency bands are attributed to the methyl
group motions. The v(C-H) bands are of low
intensity in both the experimental and theoretical
spectra.

The calculations resolved and located well the
two carbonyl stretching vibrations, those of the
carboxy and the amido group, at 1693 cm? and
1683 cm™, respectively. The shifting expected in
this case should amount to a 10 cm™? and it is in
agreement with the experimental measured after
having decomposed the complex band into
components (1702 cm?, 1691 cm™, Table 1).
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Fig. 1. Infrared spectra of : (A) 4-acetamidobenzoic acid, (B) its anion (with counter ion Na*) and (C) its dianion (with
counter ions Na*), 0.09 mol I"! in DMSO-ds.

Table 1. Theoretical (B3 LYP/6-311+G(2df,p) and experimental (solvent DMSO-ds) vibrational frequencies (in cm™) and
IR integrated intensities (A in km.mol™) of 4-acetamidobenzoic acid.

No. Vealc.® Acalc Approximative description® Vexp.®
1. 3667 175.8 100 v(OH)
2. 3530 62.9 100 v(NH)
3. 3176 45 97 v(PhH)
4, 3134 16 97 v(PhH)
5. 3130 3.8 97 v(PhH) 3048 w
6. 3098 10.7 97 v(PhH) 3006 w
7. 3063 20.1 100 v(CHs)
8. 3044 4.7 100 v(CHs) 2934 w
9. 2983 5.8 100 v(CH3) 2856 w
10. 1693 645.8 78 v(C=0)(carboxy) 17024 s
11. 1683 558.9 61 v(C=0)(amid) 16919 Vs
2. 1609 209.0 52 v(CC) 1599 s
13. 1589 179.7 52 v(CC), 10 §(PhH)
14. 1516 256.7 54 (HNC), 10 v(NC) 1537 s
15. 1503 338.1 78 3(PhH), 10 3(CCC) 1512
16. 1453 39.9 72 §(CHs), 12 v(PhH)
17. 1434 12.7 93 5(CHs)
18. 1408 88.5 30 v(CC), 26 5(PhH) 1409 m
19. 1370 65.9 90 6(CHs)
20. 1337 188.7 28 v(C-0), 25 §(HOC), 13 v(C-COOH) 1373 m
21. 1318 303.1 37 v(NC), 15 3(HNC), 13 v(CC) 1318 m
22. 1308 169.3 69 5(PhH) 1307 m
23. 1247 311.3 36 5(PhH), 20 v(Ph-C), 12 §(HNC), 1261 s
24, 1217 118.6 23 v(Ph-N), 22v(NC), 19 v(C-CH3)
25. 1188 42.7 32 5(PhH), 225(HOC), 12 v(CC) 1173 m
26. 1149 503.9 34 5(CCC), 28 5(PhH) 1119 w
27. 1119 21.0 78 5(PhH), 15 v(CC) 1108
28. 1099 398.4 55 v(C-0), 13 v(CC), 12 §(HOC)
29. 1055 12.6 67 5(CH3), 19 §(NC=0)

3Scaled by 0.98. "Vibrational modes: v, stretching; 8, bendings. The numbers before the mode symbols indicate % contribution (10
or more) of a given mode to the corresponding normal vibration, according to the potential energy distribution. °Relative intensity:s,
strong; m, moderate, w, weak; v, very. 9Measured after having decomposed the complex hands into components.
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The theory reproduce qualitatively well the high
integral intensities for the bands in the experimental
spectrum, namely v(C=0) (carboxy) and v(C=0)
(amid-1). DFT calculations predicted well also the
IR frequencies measured in DMSO of the amide-II
and amide-1l11 vibrations. The amide-Il mode
8(HNC) is predicted to appear at 1516 cm™ as a

band was detected at 1537 cm? in DMSO. The
stretching v(N-C) coupled with S(HNC) and v(CC),
denoted as amide-Il1 was predicted and measured
as an intensity band at 1318 cm™.

The experimental spectrum of anion is shown on
Fig. 1(B) and its numerical data are compared with
theoretical values in Table 2.

very intense band. Experimentally, a very strong

Table 2. Theoretical (B3 LYP/6-311+G(2df,p) and experimental (solvent DMSO-dg) vibrational frequencies (in cm™) and
IR integrated intensities (A in km.mol™) of 4-acetamidobenzoic acid.

No. Veal.? Acalc Approximative description® Vexp®
1. 3538 55.8 100 v(NH)
2. 3172 1.2 97 v(PhH)
3. 3129 8.6 97 v(PhH)
4, 3122 7.2 97 v(PhH)
5. 3089 21.7 97 v(PhH) 3049w
6. 3064 23.4 100 v(CHs) 2972w
7. 3048 6.5 100 v(CHs)
8. 2987 8.8 100 v(CHs) 2930 w
9. 1675 432.7 73 v(C=0), 10 5(HNC) 2910 w
10. 1605 43.3 63 v(CC) 1684 s
11. 1593 617.2 72 v¥(0CO) 1604 vs
12. 1545 405.1 39 v(CC), 14 3(PhH) 1580 s
13. 1507 656.5 38 3(HNC),12 v(NC), 10 3(PhH)
14. 1497 98.7 68 3(PhH), 14 §(CCC) 1531 s
15. 1451 31.9 89 8(CHs) 1512w
16. 1433 12.4 92  (CHa)
17. 1391 62.3 44 v(CC), 14 8(PhH) 1435w
18. 1369 680.0 72 v$(OCO)
19. 1333 54.5 90 3(CHas) 1375 vs
20. 1309 419.2 58 v(CC), 18 v(Ph-N)
21. 1293 40.0 83 3(PhH) 1313 m
22, 1244 273.1 37 v(NC), 15 8 (HNC), 13 v(CC)
23. 1211 3.2 36 v(Ph-N) 1261 m
24, 1166 47.8 54 3(PhH), 14 v(CC)
25. 1115 33.3 44 3(CCC), 28 5(PhH) 1170w
26. 1100 193 76 3(PhH), 14 v(CC) 1131w
27. 1033 11.9 40 5(NCC), 33 5(CHs)
28. 1009 18.0 54 3(CCC)

aScaled by 0.98. PVibrational modes: v, stretching; 8, bendings; superscripts: s, symmetrical; as, asymmetrical.. The numbers before
the mode symbols indicate % contribution (10 or more) of a given mode to the corresponding normal vibration, according to the
potential energy distribution. °Relative intensity:s, strong; m, moderate, w, weak; v, very. IMeasured after having decomposed the
complex hands into components.

141



E. Velcheva et al.: Experimental and DFT studies on the IR spectra and structure of 4-acetamidobenzoic acid ...

As above we can find there a good agreement
between experimental and scaled theoretical
frequencies. The mean deviation between them is
10.2 cm? within the corresponding interval of 9-25
cm?, typical for DFT calculations of frequencies
for series of anions [12-16] (and references
therein). Removing the proton after the conversion
of the carboxy group into the carboxylate anion
leads to equalization of the two CO bonds in the
anion (and hence the disappearance of bands 10,
Table 1). Two strong bands at 1583 and 1338 cm?,
corresponding to the v¥*(OCO) and v(OCO)
vibrations appear instead of the v (C=0) (carboxy)

band at 1702 cm* and the formaly v (C-O) band at
1373 cm™. In full agreement between theory and
experiment, conversion of the studied molecule into
the oxyanion has only a weak effect on the v(C=0)
(amid-1) frequency: predicted decrease 8 cm?,
measured 7 cm™. The conversion causes also a
decrease in the S(HNC) (amide-Il) frequency:
predicted 13 cm™, measured 6 cm™ (Tables 1 and
2). The v(C-N) (amide-Ill) band also undergoes a
frequency decrease: predicted 9 cm™, measured 6
cm? (Tables 1 and 2). Theoretical and experimental
IR data for the 4-acetamidobenzoic acid dianion are
compared in Table 3.

Table 3. Theoretical (B3 LYP/6-311+G(2df,p) and experimental (solvent DMSO-ds) vibrational frequencies (in cm™)
and IR integrated intensities (A in km.mol?) of 4-acetamidobenzoic acid dianion.

No. Veale? Acalc Approximative description® Vexp.:
1. 3153 33 97 v(PhH)
2. 3107 27.2 97 v(PhH)
3. 3095 19.0 97 v(PhH) 3052 w
4, 3077 32.9 97 v(PhH) 3026w
5. 3042 47.8 100 v(CHs)
6. 2998 39.0 100 v(CHs) 2936 w
7. 2951 68.1 100 v(CHz) 2902 w
8. 1610 98.0 63 v(CC) 1598 vs
9. 1567 528.6 42 v¥5(0-C-0),16 v(CC) 1583  vs
10. 1522 409.8 41 v¥(0-C-0), 21 v(CC) 1535¢
11. 1519 1054.2 40 v(C=0), 16 v(Ph-N) 1528 s
12. 1496 703.9 688(PhH) 1496  sh
13. 1455 8.5 80 8(CHs) 1469  vw
14. 1440 202.2 98 5 (CHzs) 1429 w
15. 1411 32.7 39 §(CCC),225(PhH)
16. 1378 356.3 30 v(C-N), 17 v(C=0) 1376 vs
17. 1351 55.2 90 5 (CHs)
18. 1332 2115.0 71 v¥(O-C-0) 1338 m
19. 1297 46.2 75 o(PhH)
20. 1284 5.9 73 v(CC) 1266 m
21. 1214 39.6 30 v(Ph-N), 20 3(CCC) 1230 w
22. 1163 111.4 55 8(PhH), 24 v(CC) 1164 w
23. 1124 192.4 55 §(PhH), 24 v(CC) 1132w
24. 1099 21.4 76 8(PhH)
25. 1027 4.2 55 3(NCC), 20 5(CHa)
26. 997 1.9 778(CCC)

aScaled by 0.98. PVibrational modes: v, stretching; 3, bendings; superscripts: s, symmetrical; as, asymmetrical. The numbers before
the mode symbols indicate % contribution (10 or more) of a given mode to the corresponding normal vibration, according to the
potential energy distribution. °Relative intensity:s, strong; m, moderate, w, weak; v, very. 9Measured after having decomposed the

complex hands into components.
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Again there is good agreement between
experimental and scaled theoretical frequencies.
The mean deviation between them is 9.1 cm?, this
value being lower that these in case of the dianion
of paracetamol [20]. The experimental spectrum of
the dianion studied is shown in Fig. 2(C).
Comparison with the other spectra of Fig. 2 shows
that fundamental spectral changes accompany the
second deprotonation of 4-acetamidobenzoic acid.
There is no longer carbonyl band v(C=0) at the
usual place. The theory predicts two new bands
characterizing the carboxamido group in the
dianion: very strong bands at 1519 cm™? and 1378
cm®, These very strong bands are actually present
in the experimental spectrum (Fig. 2(C)): i.e., at
1531 cm?® and 1376 cm®. The approximate
description of the corresponding normal vibrations
(Table 3, nos. 11 and 16) are in agreement with the
literature data. For the nitranions of acetanilide and
of a series of ring-substituted acetanilides,
Ognyanova et al. have assigned the very strong
bands in the 1518-1533 c¢cm™ spectral region as v
(C=0) (amide-I) and the medium-to-strong bands at
1373-1382 cm™ v(C-N) (amide-I11). In agreement

between theory and experiment, the second
deprotonation of 4-acetamidobenzoic acid causes
an increase in C-N stretching frequency v(C-N) and
essential increase in the corresponding intensity
A(C-N). The shift of this coordinate to higher
frequency is obviously due to the significant
shortening of the C-N bond, caused by the
conversion of the acetanilide molecule into the
azanion.

Structural analysis

According to X-ray diffraction the plane of the
acetamide group is oriented at 40.4° with respect to
the benzene ring, whereas the plane of the
carboxylic acid group is essentially coplanar with
the benzene ring [21]. According to the calculations
in the most stable conformers of the isolated
molecule these groups are planar. The same groups
in the isolated oxyanion and dianion have been
predicted to be again planar. The theoretical and
experimental bond lengths and angles in the 4-
acetamidobenzoic acid and its oxyanion and
dianion are listed in Table 4.

Table 4. Theoretical (B3LYP/6-311+G(2df,p)) and experimental bond lengths R (A) and bond angles A (°) in the 4-

acetamidobenzoic acid molecule, its oxyanion and dianion.

Molecule Anion Dianion
Experimental? Theoretical Theoretical A° Theoretical A

Bond lengths

R(C*C%) 1.383(3) 1.400 0.017 1.398 -0.002 1.414 0.016
R(C?®,CH) 1.379(2) 1.379 -0.001 1.385 0.007 1.387 0.002
R(C%,CH) 1.382(3) 1.398 0.016 1.394 -0.004 1.399 0.005
R(CL,C?) 1.392(3) 1.396 0.004 1.392 -0.004 1.396 0.004
R(C?,C?) 1.384(3) 1.386 0.002 1.392 0.006 1.394 0.002
R(C*N7) 1.420(3) 1.400 -0.020 1.420 0.02 1.394 -0.026
R(N7,C?) 1.350(2) 1.372 0.022 1.361 -0.011 1.326 -0.035
R(C8,09) 1.219(2) 1.220 0.001 1.221 0.001 1.259 0.038
R(C8,C19 1.505(3) 1.511 0.006 1.524 0.013 1.543 0.019
R(CLCY 1.481(3) 1.477 -0.004 1.549 0.072 1.539 -0.010
R(C,0%) 1.254(2) 1.214 -0.040 1.251 0.037 1.260 0.009
R(C1,0%) 1.279(2) 1.349 0.070 1.250 -0.099 1.259 0.009
Bond angles 0
A(C*,C°,CH) 119.6(2) 120.5 0.9 120.4 -0.1 122.5 2.1
A(CS,CLC?) 119.4(2) 118.7 -0.7 117.7 -1 116.3 -1.4
A(CY,C?%,CH) 120.4(2) 121.2 0.8 122.2 1 122.7 0.5
A(CS,CLClY 120.2(2) 119.7 -0.5 120.6 0.9 121.4 0.8
A(N7,CLC?) 118.6(2) 116.9 -1.7 116.5 -0.4 116.3 -0.2
A(CEN",CYH 127.6(2) 129.7 2.1 130.8 1.1 1235 -7.3
A(N7,C8,09 123.3(2) 123.5 0.2 125.2 1.7 131.5 6.3
A(N7,C8,C19 115.0(2) 114.8 -0.2 114.4 -0.4 113.0 -1.4
A(CL,C1,0%) 119.7(2) 124.8 5.1 115.1 -9.7 116.4 1.3
A(C4C10%) 117.2(2) 113.4 -3.8 115.3 1.9 116.4 1.1
A (0%,C11,0%) 121.7 126.2 -5.5 125.2 1.0

aSee Ref. [23]. P Algebraic deviations between experimental and theoretical values.© Algebraic deviations between theoretical values
of the anion and molecule. 9Algebraic deviations between theoretical values of the dianion and anion.

143



E. Velcheva et al.: Experimental and DFT studies on the IR spectra and structure of 4-acetamidobenzoic acid ...

As seen, there is a good agreement between the
experimental and the theoretical values. Exceptions
(deviations of 0.04 A or more) are typical only for
the carboxy group itself, whose atoms participate
directly in hydrogen bond formation. The data in
the Table 4 make it possible to conclude that the
conversion of the molecule studied into
corresponding anion are localized within the
corboxy/carboxylate groups and the adjacent C-Ph
bond. As in the carboxylate anion has two equal C-
O bonds, the C=0 bond undergo a lengthening of
0.037A and the C-O one undergo shortening of
0.099 A. The C-Ph bond in the anion is with 0.072
longer that the same bonds in the molecule, as the
carboxylate group is much less conjugated with the
aromatic ring that the carboxy group. The OCO
bond angel in the anion is with 7.8° larger than
those in the molecule, because of the repulsion of
the electronic densities in the carboxylate groups.
The bond length changes that accompany the
conversion of the oxyanion into the dianion are take
place both at the azanionic center and next to it -
shortening of the Ph-N and N-C and bonds and
lengthening of the C=0O and C-CHs bonds (Table
4). The net electric charges of certain fragments of
the species studied are shown in Scheme 2.

0.07

Q )—CHa
N
HO \H
-0.19
0 )—CHa
© N
o \H
-0.61

0 )—CH:,
e N

©
d

-0.72 -0.33 -0.34
Scheme 2. Mulliken net electric charges over fragments
of 4-acetamidobenzoic acid molecule, its anion and
dianion.
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The corresponding charge changes
accompanying the conversion molecule - oxyanion
- dianion (Table 5) are also quite informative, and
show that:

1. The first (oxyanionic) charge remains
localized mainly within the carboxylato group
while.

2. The second (nitranionic) charge spreads over
the whole species.

Table 5. Electric charge changes accompanying the
conversion of the 4-acetamidobenzoic acid molecule into

the oxyanion and of the oxyanion into the dianion.

Charge changes  -COOH/ Ph NH/N- COCHs3
of the fragments COO

Qoxyanion— Qmolecute ~ -0.71 -0.16 -0.01 -0.12
qdianion — qoxyanion -0.05 -0.18 -0.35 -0.42

CONCLUSION

The spectral and structural changes, caused by
the conversion of the 4-acetamidobenzoic acid into
the corresponding anion and dianion have been
studied by IR spectra and calculations at B3LYP/6-
311+G(2df,p) level of theory. A comparison of
calculated with measured infrared data can be used
as a test for the reliability of the structural
predictions for various molecules and anions of this
and similar types. These predictions can be very
useful in cases of molecules and ions for which
experimental structural parameters are inaccessible
or unknown. IR spectral changes, which take place
as a result of the conversion of molecule into
anions, were adequate predicted by same theoretical
method.
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EKCIIEPUMEHTAJIHO 1 TEOPETUYHO M3CJIEIBAHE HA U4 CIIEKTPU U
CTPYKTVYPA HA 4-AHETAMUJIOBEH30EHA KNCEJIMHA (ALLEJOBEH), HEUHUTE
OKCHUAHHNOH 1 INMAHNOH

E. BemueBa*, b. Cram6omauiicka, C. CTosHOB

Hucmumym no opeanuyna xumus ¢ Llenmvp no cpumoxumus, bvrneapcka axademus Ha naykume, yi. ,,Akad. I". Bonueg”, 61.9,

1713 Cogusn

[ocremuna va 01 mait 2017 r.; Kopurupana Ha 26 mait 2017 .

(Pesrome)

CrexTpaltHUTe W CTPYKTYpHH IPOMEHH,

MPO3THYAIIM OT NPEBPBINAHETO Ha 4-aneTaMHI00CH30€Ha KHCEIINHa,

HOOC-CgH4-NH-COCH3, B crorBetHus oxkcranuoH, ‘O0C-CsHy-NH-COCH3 u quannon, "OOC-CgHs-N-COCH3 ca
npocienenn nocpeacrsom UMY cnexrpu 8 IMCO pasreopuren u DFT/B3LYP/6-311+G (2df,p) n3uncnenns. EdexTsT
Ha pastBoputrenss ¢ ordereH no |IEFPCM wmopena. YcranoBemo e, ue mpanc-popmure (IO OTHOLIEHHE Ha
(beHMIICHOBUTE ¥ METHJIOBHUTE TPYIIH) ca NO-CTaOMIIHU OT yuc-hOPMHUTE IIPU BCHUKH H3CieABaHH YacThiu. [Ipomenure,
NIPUPY’KaBaIl BPBOTO JIEIPOTOHHMPAHE, 3aciraT IJIAaBHO KapOOKCWIATHUS (parMeHT, JOKaTo Te3H, KOWTO
MIPOM3THYAT OT BTOPOTO JENPOTOHHMpPAHE, Ca pa3NpeAeNeHH BBPXY LEIHs JUAHUOH. AHAaJU3bT Ha INPOMEHHUTE B
aTOMHUTE 3apsiaiu Tokas3Ba, ye Han 70% oT mbpBHsS (OKCHAHHOHEH) 3aps] OcTaBa JOKIM3UpPaH B KapOOKCHIATHUS
¢bparment. BropusaT (a3aHHOHEH) 3apsg ce Ieloku3upa Bbpxy auerunHata (0.42 ¢7), ¢enwntnara (0.19 ) u

kapbOokcunarHata (0.05 e°) rpynu u a3anuoHeHus ueHtsp (0.34 ¢).
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Synthesis of new heterocyclic compounds by reaction of alrestatin with 3-aminocyclopentanespiro-5-hydantoin and
3-aminocyclohexanespiro-5-hydantoin is presented. The structures of the products obtained are verified via IR, H and
13C NMR spectroscopy. Conformational analysis of the newly synthesized compounds is performed at the B3LYP/6-
31G(d,p) level both in the gas phase and in solution (DMSO) in order to find the most stable conformers about all single
bonds. We find that rotation about the torsion angles O=C-CH; and C=0-NH is important in the conformational search.
The most stable structure has the all trans-conformation. Two more rotamers of comparable energy are located upon
rotation about angle O=C-CH,. Calculated energy differences and rotation barriers between the three most stable
rotamers in DMSO show that they all should be present in gas phase and solution in fast equilibrium, their population
being strongly dependent on solvent polarity. The theoretically predicted IR, ‘H and *C NMR spectra of the two
compounds are close to experiment.

Key words: Conformational analysis; GIAO NMR computational; synthesis; alrestatin, 3-aminocycloalkanespiro-5-

hydantoins

INTRODUCTION

Alrestatin /(1,3-dioxo-1H-benzo[de]isoquinolin-
2(3H)-yl)acetic acid/ is the first orally effective
aldose  reductase inhibitor [1].  Different
spirohydantoins are also known as compounds with
a similar type of activity. Substituted indan, tetralin,
chroman and thiochroman hydantoins [2] as well as
(9'-fluorene)-spiro-5-hydantoin ~ (spiro-(fluorene-
9,4'-imidazolidine)-2',5'-dione) and its derivatives
[3-5] should be mentioned in this regard.

The crystal structure and DFT calculations of the
3-aminocycloheptanespiro-5-hydantoin  and  3-
aminocyclooctanespiro-5-hydantoin [6] shows that
two symmetrically nonequivalent molecules exist in
the hydrogen bonding of the crystal lattice
molecular packing due to the two different
conformations of cycloheptane ring.

The aim of the current research is to elucidate
the structure and conformational properties of two
newly synthesized heterocyclic compounds with
potential biological activity. The reaction of 3-
aminocycloalkanespiro-5-hydantoins with alrestatin
was studied for this purpose.

* To whom all correspondence should be sent:
E-mail: nadya@orgchm.bas.bg

COMPUTATIONAL AND EXPERIMENTAL
DETAILS

Quantum-chemical calculations

All calculations have been performed using the
Gaussian 09 software package, GO09, [7] with
default optimization criteria. Conformational
analyses and geometry optimizations in the gas
phase and dimethylsulfoxide (DMSO) have been
done using the hybrid B3LYP functional, which
combines the threeparameter exchange functional
of Becke [8] with the LYP correlation [9], at the 6-
31G(d,p) basis set. Solvent effects are accounted
for using the Polarizable Continuum Model, as
implemented in GO9 [10]. Vibrational frequency
calculations have been performed for each structure
to obtain vibrational zero point and thermal
energies and to validate that the located structures
correspond to energy minima with no imaginary
frequency or to transition structures with a unique
imaginary frequency. The calculations have been
carried out without symmetry constraints by the
gradient procedure.
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The populations (p;)) of the conformers are
calculated by formula 1:

p. = @ AGI/RT /Ze—AGi/RT )

In simulation of infrared (IR) spectra vibration
frequencies are scaled by a factor of 0.945 to ensure
better agreement with experimental values.

The methods currently used for prediction of
proton and carbon chemical shielding in NMR
spectra are ab initio (MP2, Hartee-Fock), and
density functional (DFT) theory applying the
gauge-including atomic orbitals (GIAO) approach
[11,12] and PCM/B3LYP/6-31G(d) optimized
geometry. Only the results at HF/6-31+G(2d,p)
level of theory are presented in this paper because
of the large deviations in chemical shift values
(about 20 ppm) relative to experiment of the spiro-
carbon atom obtained by all other methods.
Isotropic magnetic shieldings are converted into
chemical shifts by subtracting the corresponding
isotropic magnetic shieldings of the reference
compound tetramethylsilane (TMS): & =
dcalc(TMS)- Scac, calculated at the same level of
theory.

General

All used chemicals have been purchased from
Merck and Sigma-Aldrich. The melting points are
determined by a SMP-10 digital melting point
apparatus. The purity of the compounds has been
checked by thin layer chromatography on Kieselgel
60 Fs4, 0.2 mm Merck plates, eluent system (vol.
ratio): ethyl acetate : petroleum ether = 1 : 2. The
elemental analysis data are obtained with an
automatic analyzer Carlo Erba 1106. The IR spectra
are taken on a Perkin-Elmer FTIR-1600
spectrometer in KBr discs. The NMR spectra are
recorded on a Bruker Avance Il + 600 MHz
spectrometer, operating at 600.130 and 150.903
MHz for 'H and °C, respectively, using the

. i
/ ‘\‘\- "lEJ L';I'l
r , P \
NN J—NH
W A b F, i
X N+ HN—N
/ s / ', L ™)
@, ) —0
", __..-'; W, ] N If |__H (] m
\" 4 0 HO R

standard Bruker software. The chemical shifts are
referenced to tetramethylsilane (TMS). The
measurements in DMSO-ds solutions are carried
out at ambient temperature

Synthesis of alrestatin derivatives with 3-
aminocycloalkanespiro-5-hydantoins (Scheme 1):

A mixture of 2.55 g (0.01mol) of alrestatin (1)
and 0.01 mol of the corresponding 3-
aminospirohydantoins (2a and 2b) has been
dissolved in 50 ml of tetrahydrofuran with stirring
at room temperature. N,N"-
dicyclohexylcarbodiimide (DCC, 2.06 g, 0.01 mol)
is added to the reaction mixture and the latter is left
overnight. The N,N'-dicyclohexylcarbamide formed
has been filtered off and 1 ml of glacial acetic acid
is added to the filtrate for removing of the
unreacted reagent. After filtration, the solvent is
evaporated to dryness and the products obtained: 2-
(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-
(2,4-dioxo-1,3-diazaspiro[4.4]nonan-3-
yl)acetamide, 3a (Yield = 58 %, M. p. = 206-207
°C, Ry = 057) and 2-(1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)-N-(2,4-dioxo-1,3-
diazaspiro[4.5]decan-3-yl)acetamide, 3b (Yield =
69 %, M. p. = 189-190 °C, Rs = 0.63) are
recrystallized from ethanol.

RESULTS AND DISSCUSION

3-aminocycloalkanespiro-5-hydantoins 3a and
3b can exist as mixtures of conformers. Since the
used spectral methods give no possibility for
identification of the different conformers, we
perform guantum-chemical calculations to elucidate
the structure of the newly synthesized compounds.

Full conformational analysis has been performed
for compound 3a for rotation about the O=C-CH;

N
."___4\\ _’z
[0
=L o o
DCC, THE \;:If—“ M _ / \‘:}_ _H.H
-H:D Ejl H\.N r"jlll\\rr’)}l// Hﬁll

3a)n=0;3b)n=1

Scheme 1. Synthesis of alrestatin derivatives with 3-aminocycloalkanespiro-5-hydantoins
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() and the C=0-NH (/) bonds as well as the two
adjacent single bonds (Scheme 2) applying a step of
20° over a 360° range. The scans about the single
bonds adjacent to the heterocyclic substituents
show just a second, practically isoenergetic
conformer at ca 180°. This result can be easily
understood having in mind the symmetry of both
heterocyclic substituents. On the other hand
rotation about angle o (N9-C8-C7-N6) reveals the
existence of three stable conformers. Located by
the conformational scan minima have been further
optimized to give 3a/, 3a2 and 3a3, while located
maxima have been optimized as transition
structures. Rotation around angle g (N3-N6-C7-C8)
and subsequent optimizations lead to the
localization of two more conformers— 351, 352.
According to our calculations the relative
stability of the conformers of compound 3a in the
gas phase decreases in the order 3aa3 (Fig. 1 and
Table 1), 3aa2, 3aal. The energy difference
between 3aa3 and 3aa? is very small and they are
practically isoenergetic, while 3aal is less stable
than 3aa3 by 1.16 kcal mol™. Conformers 331 and

3ap2 are of much higher energy and have not been
considered further. That is why in the case of 3b we
have scanned only the rotation about the O=C-CH
bond, i.e. dihedral angle o (Figure 2). The stability
sequence in the gas phase for compound 3b is the
same as that for 3a: 3ba3>3ba2>3bal. The relative
free energy sequence of the conformers of
compounds 3a and 3b in DMSO is changed in
comparison to that in the gas phase (Table 1). The
most stable structure of 3a becomes conformer
3aal followed by 3aa2 (0.79 kcal mol?) and 3aa3
(1.03 kcal mol?). The energy differences between
the most stable conformer 3aa/ and conformers
3apl and 3ap2 are insignificantly increased in
comparison to the gas phase, being 1.73 and 5.81
kcal mol?, respectively. The percentage distribution
of the conformers of 3a in DMSO, calculated on
the basis of their relative free energies using
Equation 1, is as follows: 59.07% for 3aa/, 21.86%
for 3an2, 14.95% for 3aa3, 5.12% for 3afl and
0.01% for 3a/52, respectively.

Scheme 2. Structural formulas and atom numbering of the investigated compounds. Rotation angles which are
important in the conformational analysis are denoted as «and .
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Fig. 1. PCM/B3LYP/6-31G(d,p) optimized structures of five conformers of compound 3a in DMSO. The transition
structures for rotation around angle o (Fig. 1) are presented as well.
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The stability sequence of 3b is also different in
solution in comparison with the gas phase. The
conformers are close in energy and at
PCM/B3LYP/6-31G(d,p) level of theory conformer
3bal became the most stable structure, followed by
the 3ba2 (0.31 kcal mol?) and the 3ba3 (0.41 kcal
mol?) ones. The calculated values of the rotation
barriers for compound 3a in DMSO relative to the
most stable conformer 3aal are given in Table 5.
The free activation energy for the conversion
3aal—3aa2 is 3.54 kcal mol?, while that for the
3aa2—3aa3 one is lower, 3.11 kcal mol? (Fig. 4).
According to these results the three lowest energy
conformers of compounds 3a in DMSO exist in
equilibrium. Based on the calculated populations
and the low energy barriers of rotation it can be
concluded that in DMSO compound 3a could exist
as four conformers - mainly 3aa/ and in smaller
concentrations of 3aa2, 3aa3 and 3apl. The picture
is similar for compound 3b.

The synthesis of the target compounds (3a and
3b) is shown in Scheme 1. Alrestatin (1) is obtained
in accordance with ref. [13]. The 3-
aminocyclopentanespiro-5-hydantoin (2a) and the
3-aminocyclohexanespiro-5-hydantoin ~ (2b) are
prepared by treatment of the corresponding
cycloalkanespiro-5-hydantoins (obtained via the
Bucherer-Lieb method [14]) with concentrated
hydrazine hydrate in accordance with Marinov et
al. [15]. The interaction between the above
mentioned compounds following the DCC-method
[16] leads to the formation of products 3a and 3b.

The elemental analysis, IR and NMR spectral
data of the synthesized compounds (3a and 3b) are
listed in Tables 2-4 respectively. The structural
formulas and atom numbering of the compounds
synthesized are presented in Scheme 2.

— W & TI\T
\ ﬂybﬁ/‘\!'/“: o~ < 3ba2 “*»: 3ba3 WI{‘:‘
T‘ fi . u\’\’ W .
R o, ¢ o . W A
3ba 4T (Y -
vy

Fig. 2. PCM/B3LYP/6-31G(d,p) optimized structures of the three most stable isomers of compound 3b.

Table 1. Relative free energies (kcal mol) and torsion angles (°) of rotation about the CO-NH and CO-CH, bonds of
the conformers of compounds 3a and 3b (Fig. 1 and Fig. 2.) calculated in the gas phase and in DMSO.

PCM/B3LYP/6-31G(d,p)

B3LYP/6-31G(d,p)

AGags p a  AGos p a
3aal 0.00 1729 161.6 116 167.9 162.9
3aa2 0.79 1741  -73.6 0.05 168.3 -80.6
3aa3 1.03 -179.8 65.8 0.00 -172.2 78.5
3ap1 1.73 -7.3  -170.6 1.59 174  -1734
3ap2 5.81 -170.6  -47.8 410 -32.1 -47.4
TS (3aal—3aa2) 3.54 -178.5 -130.4
TS (3aa2—3aa3) 3.11 1786 -104
3bal 0.00 1738 163.3 143 167.9 162.6
3ba2 0.31 1756  -70.8 0.13 168.3 -80.6
3ba3 0.41 -177.0 69.0 0.00 -172.6 78.1
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Fig. 3. PCM/B3LYP/6-31G(d,p) calculated free energy differences and rotation barriers (in kcal mol?) of the three
most stable conformers of compound 3a in DMSO.

As previously mentioned, quantum-chemical
studies are performed using B3LYP functional and
6-31G(d,p) basis set in the gas phase and including
solvent effects, as described in the computational
section. The vibrational spectra of the all
conformers of 3a and 3b were computed at
B3LYP/6-31G(d,p) level also. Because of the fast
equilibrium between the three most stable rotamers
and the relatively similar predicted frequencies in
their IR spectra we present selected vibration
frequencies only for the most stable conformer,
3aa3 in the gas phase. Available experimental data
for the vibrational frequencies of the two
compounds in KBr are presented for comparison.
All results are listed in Table 3. Our assignments
for the DFT calculated frequencies are based upon
analysis of the corresponding vibrational
eigenvectors. Some modes such as NH and C=0
stretching have been found to be characteristic. The
analysis of the theoretically predicted spectra of the
two compounds shows that they are in a good

agreement  with  experimental data. The
augmentation of the cycloalkane ring in the
molecule of 3a to 3b does not lead to the changes in
IR spectra.

To elucidate the structure of newly synthesized
compounds NMR quantum-chemical study is
performed. We carry out calculations using the ab-
initio (MP2), Hartee-Fock and different density
functionals with a wide range of basis sets to find
that HF results are closest to experimental data.
MP2 and DFT do not reproduce accurately the
chemical shifts of the spiro-carbon atom, the
deviation from the experiment being about 20 ppm.
Therefore, we present only the HF results in GIAO
NMR calculations in DMSO. Because of the
sensitivity of *C NMR chemical shifts to the
presence of polarization and diffuse functions in the
basis set, the 6-31+G(2d,p) basis set is employed.
GIAO NMR calculations in DMSO are performed
for all conformers of the compounds studied.

Table 2. Elemental analysis data of compounds 3a and 3b.

Elemental analysis, %

Molecular Calculated Found
Compound
formula
C H N C H N
3a C21H18N4Os 62.06 4.46 13.79 62.35 4.23 13.57
3b C22H20N405 62.85 4.79 13.33 62.55 4.45 13.49
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Table 3. Experimental IR data and selected frequencies calculated at B3LYP/6-31G(d,p) level (in italic) for compounds
3a and 3b. The calculated frequencies are given for the most stable isomer (3aa3) of the two compounds in the gas

phase and are scaled by a factor of 0.945.

vCH vas vs vC=0 _ vCC vCN
Ne WH O arom)  (cH2)  (cH2)  (amide) “©7°  (arom)  (imide)
1775,
5 3328 3065 2933 2854 1698 1660  1590,1537 1380
a 3394 3030 3022 2935 1684 1793,  1582,1543 1369
1627
1766, 1380
2 3328 3066 2933 2853 1696 1658 1500,1537  yoo
3396 3030 3022 2935 1684 1792, 1582, 1543
1627

Table 4. GIAO 'H and **C chemical shifts (8/ppm) in DMSO of the most stable conformers of compounds 3a and 3b
calculated at HF/6-31+G(2d,p) level and experimental data. The geometries are optimized at the PCM/B3LYP/6-
31G(d,p) level in DMSO.

Nuclei Exptl.* 3aal Exptl.* 3bal
(DMSO-ds) (DMSO-d6)
CH2, cyclopentane/ 23.4,32.6 26.1, 36.2 20.8-31.2
cyclohexane 24.9-32.2
CH2, methylene 43.3 39.7 424 39.7
spiro C-atom 52.4 60.0 50.2 56.1
CH, naphthalene 128.2- 122.9-141.7 127.8- 123.0-
138.5 135.2 141.2
C=0, spirohydantoin 159.2 157.2 158.2 157.4
C=0, naphthalene 165.5 171.4 163.6 171.6
C=0 171.2 175.0 169.4 174.9
C=0, spirohydantoin 209.6 182.9 207.5 180.8
m, 8H (10H), CH2 1.52-1.92 1.53-2.11 1.50-1.95 1.18-1.67
s, 2H, CH2 4.91 5.05 4.87 5.07
m, 6H, CH 7.59-7.94 8.23-9.56 7.68-7.90 8.23-9.65
s, 1H, NH 8.54 5.25 8.51 5.71
s, 1H, NH 11.12 7.28 10.82 7.31

*The assignments of 13C chemical shifts are confirmed by the DEPT-135 spectral data.

Due to the fact that the chemical shifts of the
different conformers are relatively close we present
the chemical shifts only of the most stable
conformers of 3a and 3b in DMSO, al.

The augmentation of the cycloalkane ring in the
molecule of 3b relative to 3a leads only to minor
changes in *H and **C NMR spectra (Table 4). Our
theoretical results are in agreement with the *H and
13C NMR measurements in DMSO-ds solutions of
compounds 3a and 3b. The exceptions are the
chemical shifts of carbonyl group in spirohydantoin
moiety as well as of the NH-protons, the
theoretically predicted shifts being underestimated
in comparison to the experimentally found ones.

CONCLUSIONS

New alrestatin  derivatives
cyclopentanespiro-5-hydantoin
cyclohexanespiro-5-hydantoin

with  3-amino
and 3-amino
are  successfully

synthesized. The structures of the products obtained
have been proven by physicochemical parameters,
IR, H and *C NMR spectroscopy. The performed
full computational analyses of the studied
compounds about all single bonds show, that in the
most stable conformers angle £ is ca 180° while
rotation about angle « leads to the three most stable
conformerspopulation is strongly dependent on
solvent polarity. Calculated free energies for
rotation about angle a suggest that these three
conformers are in rapid equilibrium.
Computationally predicted IR, *H and **C NMR
spectra of studied compounds are in good
agreement with experiment.
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KOH®OPMAIIMOHHU U CITIEKTPAJIHU CBOMCTBA HA HOBOCUHTE3UPAHU
CBbEAMHEHNMA, TIOJIVYEHU I1PU PEAKIINA HA AJIPECTATHUH U 3-
AMHWHOILINKIJIOAJIKAHCIINPO-5-XJJAHTONHU

M. H. MapI/IHOBl, C. M. EaKaJ'IOBaZ, P. 1. HpO,[[aHOBal, H. B. MapKOBaZ*

! Aepapen ynusepcumem — Ilnosous, @axyimem no pacmumenna 3awuma u azpoexoaocus, Kameopa ,,Oowa
xumus’”, 4000 I[lnoeous, o6y1. ,, Menoeneed” 12, bvreapus

2
Hucmumym no opeanuuna xumus ¢ Llenmvp no pumoxumus, bvreapcka akademus na naykume, 1113
Cogus, yn. ,,Axao. I'. Bonues”, 6n. 9, bvacapus

Ioctrenuna Ha 18 anpun 2017 r.; Kopurupana Ha 02 roun 2017 .

(Pesrome)

[IpencraBeH e CHHTE3 Ha HOBH XCETCPOLUMKICHH CHEIUHCHUS Ype3 peakiHs MEXIy alpecTaThH W3-
AMHIHOIIMKIIOTICHTAHCITUPO-5-XUIAHTOUH U 3-aMHHOIMKIIOXCKCAHCITUPO-5-XUnaHTOUH. CTPYKTYpHTE Ha TOIYYCHUTE
HPOOYKTH ca NOTBEpAeHH ¢ nomomra Ha MY, *H u BC SIMP cnekrpockomus. 3a Ja ce JOKaIM3HpaT Hali-cTaOUIHHTE
KOH(OpMepH Ha HOBOCHHTE3MPAHUTE CHEJMHEHHs € HAlpaBeH KOH(OpPMAIMOHEH aHAIW3 CIPSIMO BCHYKH HPOCTH
Bpb3ku Ha HuBO B3LYP/6-31G(d,p) B rasosa ¢asza u B pasrBop (mumerun cyiadokcun, JIMCO). YcraHoseHo €, ue
BbpTeHETO 0KOJI0 Top3uoHHHTE B O=C-CH, n C=0-NH e BaxHO 1pu KOHPOPMAIMOHHUS aHamu3. Hali-crabmiHara
CTPYKTypa uMa TpaHc-KoH(popmaliws. Jlokaau3upanu ca ole JiBa KOHPOpMepa ChC CPaBHUMA SHEPTHsl, TPU POTALIUS
okoo brei O=C-CHy. Uzuucnenure B pazrBoputen (JIMCO) eHepreTHdHM pa3ivkud ¥ Oapuepu Ha pOTalMs MEXAy
TpUTEe Hal-CTAaOWIIHM poTaMmepa IMoKa3Bar, 4e Te Ou TpsOBajo Ja MPHUCHCTBAT B Pa3TBOP, M C€ HAMHUpPAT B OBP30
paBHOBECHE, KATO KOHIIEHTPAIMUTE UM 3aBUCAT OT IIOJIIPHOCTTA Ha pa3TBopuTeis. Teopetnuno npenckasanure MY, *H
u 13C SIMP criekTps Ha JBETE CHeUHEHHS ca OIM3KH J0 eKCIEPHMEHTAIHO YCTAHOBEHHTE.
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The study investigates the stability of novel aroylhydrazones containing susceptible to hydrolysis hydrazone group
at conditions close to physiological. Two methoxy-derived hydrazones (3-methoxysalicylaldehyde benzoylhydrazone —
3M and 4-methoxysalicylaldehyde benzoylhydrazone — 4M) were dissolved in different buffer solutions (pH 2.0, 7.4
and 9.0) at 37 °C and aliquot samples were drawn at definite time intervals. Stability of the compounds was determined
using precise, selective and validated RP-HPLC method. No changes in the structures were detected at pH= 7.4 and pH
= 9.0, whereas an appearance of new peaks corresponding to the retention time of the supposed hydrolysis products was
observed at pH 2.0. The results revealed chemical stability of the tested compounds at neutral and low alkali pH under

physiological temperature and hydrolytic sensibility at strong acidic medium.

Key words: benzoylhydrazones; chemical stability; physiological stability; RP-HPLC

INTRODUCTION

Benzoylhydrazones are currently  widely
investigated from the viewpoint of their application
as bioactive compounds. Many studies have
discovered an extensive variety of biological
activities such as anti-inflammatory, anti-malarial,
analgesic, anti-oxidative, antimicrobial, and
antiproliferative activity [1-10]. Hence,
aroylhydrazones seem to be promising drug
candidates with potential to be used in the treatment
of some human diseases. Recently, the synthesis of
some new methoxy-salicylaldehyde
benzoylhydrazones and evaluation of their
antiproliferative effect on a wide spectrum of
human tumor cell lines was reported [9-10]. The
investigations demonstrated that the presence of
methoxy group in salicylaldehyde results in
derivatives with high antiproliferative and
antioxidant activity [4-6, 9-10].

The pharmaceutical stability of any promising
drug candidate plays an important role in the
process of the novel drug development. Many
factors, such as air, heat, light, moisture as well as
the inherent chemical susceptibility of a substance
to hydrolysis affect the stability of compounds. The
stability of a compound synthesized as a potential
medicinal agent is related to the pharmacokinetic

NH
N 7(@ \N/NHp
H o]
o HCo g oM o
Hie” °
3M

* To whom all correspondence should be sent:
E-mail: boriananik@abv.bg

behavior in the body and to the conditions for the
formulation, storage, occurrence of toxic effects
associated with degradation products and so on.
Most of the compounds are fairly stable in the
neutral pH value found in the intestine but can be
unstable at the pH value found in the stomach [11].
Some aroylhydrazones also have been reported to
be sensitive to hydrolysis in both acid and alkaline
medium [12-13]. Thus in the development of new
drugs early information of stability becomes
essential for subsequent processes of optimization
and selection of leading active structures and can
prevent unnecessary costs on developing products
that subsequently prove to be unstable. The aim of
this study is to establish and apply a reversed phase
liquid chromatography (RP-HPLC) method for
investigation of the stability of recently synthesized
benzoylhydrazone derivatives under physiological
pH and temperature and for identification of their
hydrolytic degradation products. The structures of
the hydrazones are shown on Fig. 1.

am
Fig. 1. Chemical structures of the investigated hydrazones
3M (3-methoxysalicylaldehyde benzoylhydrazone) and 4M
(4-methoxysalicylaldehyde benzoylhydrazone).

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 153
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EXPERIMENTAL
Chemicals and reagents

3-methoxysalicylaldehyde,  4-methoxysalicyl-
aldehyde and benzhydrazide used for the
preparation of the 3-methoxysalicylaldehyde
benzoylhydrazone (3M) and 4-
methoxysalicylaldehyde benzoylhydrazone (4M)
were purchased from Sigma-Aldrich and used
without further purification. The investigated
hydrazones were synthesized as already reported
[9] by Schiff-base condensation in ethanol between
3-methoxysalicylaldehyde and benzhydrazide for
3M and between 4-methoxysalicylaldehyde and
benzhydrazide for 4M. The structure and purity of
the compounds 3M and 4M were confirmed by IR
(Bruker Tensor 27 spectrophotometer), *H and **C
NMR (Bruker Avance DRX 250
spectrophotometer) spectroscopy. The melting
points were measured using a Buchi 535 apparatus.
The necessary components used for the preparation
of the mobile phase and the buffers were of
analytical grade, whereas potassium dihydrogen
phosphate dihydrate (Sigma-Aldrich,),
orthophosphoric acid (Merck) and methanol
(Sigma-Aldrich) were of gradient grade.

Preparation of the sample solutions

Due to the poor solubility of the analyzed
structures in water, methanol-buffer solutions were
prepared at the necessary relevant ratio in order to
obtain the desired pH values. A 10 mg sample of
the model compounds was weighed and dissolved
in the corresponding mixture of methanol and
buffer with respective pH (2.0 or 7.4 or 9.0). The
obtained solutions were thermostated and stirred in
a micro reactor at 37 °C for a total time of 1440
min (24 hours). Aliquot samples of 20 pL of the
analyzed solutions of 3M and 4M were taken at
definite time intervals (15, 30, 60, 120, 240, 480
and 1440 min) and injected into the RP-HPLC
system.

Instrumentation and chromatographic conditions

Chromatographic separation was performed on a
modular HPLC system LC-10A Shimadzu (Japan)
which consisted of a LC-10A pump, solvent
degasser DGU-3A, Rheodyne injector with 20 pL
loop, column oven CTO-10A, SPD-M10A UV
detector with fixed wavelength and communication
bus module CBM-10A. The analysis was achieved
with a Luna 5u CB 100A C18 (250 mm x 4.6 mm),
5 wm particle size column used as a stationary
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phase. The components were eluted isocratically
with a mixture of methanol and phosphate buffer
(05 M KHPOs,, pH 4.0 adjusted with
orthophosphoric acid) 65:35 v/v as the mobile
phase at flow rate of 1.0 mL/ min. The mobile
phase was filtered through a 0.45 pm membrane
filter and degassed. Detection was carried out by
absorbance at 240 nm. The analysis was carried out
at ambient column temperature and injection
volume was 20 pL.

Preparation of the mobile phase buffer

6.80 g of potassium dihydrogen phosphate
dehydrate (KH2PO4.2H,0) was dissolved in 1L of
ultrapure water. An orthophosphoric acid solution
(6 %) was used to adjust the pH to 4.0 (£0.05). The
mobile phase buffer was filtered through a
membrane filter (0.20 xm) using a Millipore glass
filter holder. The mobile phase buffer was used
immediately after preparation or stored in the
refrigerator in closed borosilicate glass bottles for a
maximum of 24 hours.

Preparation of the buffers 2.0, 7.4 and 9.0

The buffers were prepared according to a
procedure enlisted in European Pharmacopoeia 7.0
[14].

Validation procedure

The developed RP-HPLC method for the
analysis of aroylhydrazones was tested with respect
to following validation parameters: precision,
linearity, accuracy and selectivity.

Precision: Precision of the method was tested by
performing six independent sample solutions from
each of the evaluated hydrazones. Each sample was
injected three times. The final results are reported
as relative standard deviations (RSD %).

Linearity: Linearity was determined within the
range of 25-200 pg/mL for both the hydrazones 3M
and 4M. Calibration curves were created using 6
points covered 6 different concentrations of the
hydrazones over the tested concentration range (25,
50, 75, 100, 150, 200). Linear regression was used
to process the calibration data.

Accuracy: The solutions for injection were prepared
using a placebo and stock solution of the tested
structures. Six solutions were prepared from each
of the two compounds. Each solution was injected
onto the column three times. Accuracy is reported
as a parameter recovery with relative standard
deviations.
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Selectivity: The selectivity was determined by
comparing the chromatograms for the solutions of
the tested 3M and 4M hydrazones with the
solutions of the initial corresponding benzhydrazide
and 3-methoxysalicylaldehyde (initial for 3M) and
4-methoxysalicylaldehyde (initial for 4M), alone
and in mixture.

RESULTS AND DISCUSSION

In an attempt to determine the chemical stability
and the stability at close to physiological conditions
of the synthesized benzoylhydrazone derivatives
3M and 4M wide range of pH was chosen. The
analyzed compounds were investigated for
hydrolytic decomposition under physiological
temperature of 37 °C and at pH 2.0, 7.4 and 9.0,
namely the physiological pH in the stomach, blood
plasma and intestines, respectively. Based on the
chemical structure of the evaluated compounds the
most probable change is the cleavage of the
characteristic hydrazone group -CH=N-. Thus as
referent substances were chosen the corresponding
initial benzhydrazide and 3-methoxy- or 4-
methoxysalicylaldehyde. For identification of the
possible degradation and formation of new products
an RP-HPLC method was developed and validated.

Validation of the developed RP-HPLC analytical
procedure

The method was validated according to ICH Q2
(R1) gquidelines [15]. The precision, linearity,
accuracy and selectivity of the system were
evaluated during the method validation. The
obtained parameters for the two analyzed
hydrazones are shown on Table 1.

Precision: The calculated RSD values for 3M and
4M for the assessment of the precision are 1-1.5 %,
confirming that the method is precise.
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Table 1. Validation parameters for compounds 3M and
4M.

3M iM Criterion

Repeatability tr 0
(% RSD)" 0.15 0.25 X< 1%
Resolution* 1.9 1.7 Rjj>15
Precision 0
(% RSD)# 15 1.0 X< 5%
Linearity
(correlation 0.9992 0.9989 R >0.9990
coefficient)§
Accuracy - 0
(%) 100.2 99.98 X =100+ 5%
Selectivity . . No

No interference No interference interference

Peak height

* Six injections.

# Two samples, three injections of each solution

Y At 25, 50, 75, 100, 150 and 200 ug/mL concentration level.
% RSD: Relative standard deviation in %

Linearity: The correlation coefficients of linearity
are 0.9992 for 3M and 0.9989 for 4M. The values
indicate good correlation between the peak areas
and the range of concentrations studied (Fig. 2).
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Concentration, pg/mL

Fig. 2. Linearity of the developed RP-HPLC method.

Accuracy: The method was found to be accurate
with recoveries of 99.98%-100.2%

Selectivity: The selectivity of the method is
illustrated on the chromatograms on Fig. 3.
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Fig. 3. Chromatogram of a model mixture of the tested 3M and the corresponding benzhydrazide and 3-
methoxysalicylaldehyde (A) and 4M and the corresponding benzhydrazide and 4-methoxysalicylaldehyde (B).
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It is evident that under the proposed
chromatographic conditions each of the tested
hydrazones (3M and 4M) is completely separated
from initial corresponding benzhydrazide (BH) and
methoxy-salicylaldehyde (3A and 4A,
respectively). No interferences were observed
which indicates that the method is selective and
could be used for their simultaneous identification.

Limit of quantitation and limit of detection: The
limit of quantitation (LOQ) and limit of detection
(LOD) were calculated from the standard
deviations and slopes of the responses using a
signal-to-noise ratio. The LOQs for 3M and 4M
were found to be 1.0 pg/mL and 0.8 pg/mL, while
the LODs were 0.2 pg/mL and 0.1 pg/mL,
respectively.

Chemical stability

By definition, the chemical stability is the
tendency of a substance to resist change or
decomposition due to internal reaction, or due to
the action of air, humidity, heat, light, pressure, etc.
All compounds presented in this paper have been
stored for 6 months at room temperature with
access of air and light. It was determined that the
compounds kept their physical and chemical
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properties unchanged under these conditions. Thus
the tested compounds may be considered as
chemically stable.

Physiological stability

An important factor influencing the performance
of the molecules in the organism is their hydrolytic
stability at physiological conditions, such as: body
temperature of 37 °C and physiological pH of 2.0
(in stomach), 7.4 (in blood plasma) and 9.0 (in
intestine) [16]. The processed according to the
above described procedure samples were injected
into the RP-HPLC system and the corresponding
chromatograms were obtained. The stability of 3M
and 4M was firstly studied in alkaline solutions.
For both of hydrazones no new peaks were
observed at pH 7.4 and 9.0 for the tested period of
1440 min (24 h). This leads to conclusion that no
hydrolysis of the hydrazones exists at these
conditions. The analyzed 3M and 4M hydrazones
are stable in alkaline medium under physiological
temperature. The resulted chromatograms of the
conducted stability studies at a temperature of 37
°C and pH=7.4 (blood plasma) and pH 9.0
(intestine) are presented on Figs. 4 and 5.
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Fig. 4. Representative chromatograms of the analyzed 3M at pH 7.4 (A) and 9.0 (B).
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Fig. 5. Representative chromatograms of the analyzed 4M at pH 7.4 (A) and 9.0 (B).
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Fig. 6. Representative chromatogram of the analyzed 3M at pH 2.0 at 30 minute.
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Fig. 7. Representative chromatogram of the analyzed 4M at pH 2.0 at 30 minute.

The stability of 3M and 4M was also studied in
the strong acidic medium (pH 2.0). At the 30" min
of incubation at these conditions hydrolytic
decomposition of the hydrazones was determined.
An appearance of two new peaks due to the
degradation  products was observed. Both
hydrazones hydrolyzed to corresponding initial
benzhydrazide @ and  3-methoxy- or  4-
methoxysalicylaldehyde. The resulted
chromatograms of the conducted stability studies
for 3M and 4M at a temperature of 37 °C and
pH=2.0 (stomach) are presented on Figs. 6 and 7.

In addition a kinetic study of the established
degradation for both analyzed products was
performed. The corresponding time dependence
curves for degree of degradation of the compounds
at pH = 2 and temperature of 37 °C was drawn and
presented on Fig. 8. The graphical dependency
reveals a fast hydrolysis under the evaluated
conditions for a period of 24 hours. The obtained

results correspond to a first degree polynomial
dependency of the degradation with R? of 0.925 and
R? of 0.939, for the analyzed product 3M and 4M,
respectively.
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Fig. 8. Time dependent degradation of 3M and 4M
at pH 2.0 and 37 °C.
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CONCLUSION

An  isocratic  RP-HPLC  method  for
determination of the chemical stability and stability
under close to physiological conditions of two
benzoylhydrazones was developed and validated.
The proposed method was found to be accurate,
precise, reproducible and specific. The results
indicate that the tested compounds are stable at
moderate and low alkali pH and physiological
temperature of 37 °C, but they are susceptible to
hydrolysis in strong acidic media of the stomach.
The decomposition of the 3M and 4M hydrazones
proceeds through the hydrolysis of hydrazone bond.
The products of this reaction have been detected in
chromatograms — the corresponding initial
benzhydrazide and methoxy-salicylaldehydes, used
in the synthesis
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IMPMJIOXXEHUE HA RP-HPLC METO/I 3A OITPEJEJIAHE HA XUMNWYHATA U
OU3NOJIOIT'NYHATA CTABUJIHOCT HA IBA HOBOCUHTE3NPAHU
METOKCHUITPOU3BO/JHN BEH30MJIXU/IPA3SOHA

B. Y. Hukonosa-Mmanenosa'*, JI. I1. ITeiikoBa?, M. b. I'eopruesa?, An. b. 3narkos?

! Kameopa “Xumus”, @apmayesmuuen paxynmem, Meouyuncku ynueepcumem - Coghus, yn. Jynas 2, Coghusi 1000,
buvneapus
2 Kameopa “Dapmayesmuuna xumus ', Papmayesmuuen aryimem, Meouyuncku yrueepcumem - Coqhus,
. [lynae 2, Cogpusi 1000, Bvrcapus

[Toctpnuna Ha 1 mait 2017 r.; Kopurupana ua 26 maii 2017 r.

(Pesrome)

[IpoyuyBaHeTo m3cieaBa cTaOWIHOCTTAa HA HOBU apOWJIXHIIPA30HU, CHIBPKALIN XHIPAa30HOBA IPyIa, YYBCTBUTEITHA
KBM XHJAPOJM3a, TPH YCIOBHSA ONM3KH 10 (U3HOMOTHYHHUTE. J[Ba METOKCH-TIpOM3BONHH XHIpa3oHa (3-
METOKCUCATHIIMIANACXU], OSH30MIXUApa3oH — 3M u 4-MeTokcucammuianaexuy OeHzownxuapazoH — 4M) Osxa
pastBopenu B pasnuyau 0ydepru pasteopu (pH 2.0, 7.4 u 9.0) npu 37 °C 1 anuKBOTHH MPOOH OT TSIX 0s1Xa W3TSTIISTHH
Ha OIpeAeNieHn HHTepBaiu oT BpeMe. CTabMITHOCTTA Ha CheTUHEHHUATA Oellle onpeaesieHa Ype3 M3M0I3BaHeTO Ha TOYEH,
cenexktuBeH u Bamuaupan RP-HPLC meroxn. He 6gxa ycraHOBeHH mpoMmeHH B cTpykTypute npu pH = 7.4 u pH = 9.0,
nokaro mpu pH = 2.0 Xxuapa3oHUTEe ce XMAPOIM3UPAT U Ce HAOIMIOAaBa IMOsiBaTa HA HOBU NMHKOBE, CHOTBETCTBAIIH HA
BPEMETO Ha 3aJbpXKAHE HA XHUIPOJIU3HUTE MPOAYKTH. Pe3ynrarute MOKa3BaT XUMHYHA CTAOMIIHOCT HAa TECTBAHHTE
CBhEIMHEHUS IIPU HEYTPaJIHO U HUCKOANIKaNHO pH 1 Xuapoau3Ha 4yBCTBUTEIHOCT B CUJIHO KHCEIMHHA Cpeaa.
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The study presents the comparative evaluation of drug-like properties of six hydantoin and spirohydantoin
derivatives. Some of the compounds were designed by replacement of the hydrogen atom from NH-3(hydantoin ring)
with amine group, namely 3-amino-a-tetralonespiro-5'-hydantoin, 3-amino-2-indanespiro-5'-hydantoin, 3-amino-5-
methyl-5-phenylhydantoin, 3-amino-5-methyl-5-(4-pyridyl)hydantoin. The other two compounds were spirohydantoins
with S-containing cycloalkane rings - 3-thiolanespiro-5'-hydantoin and 4-thio-1H-tetrahydropyranspiro-5'-hydantoin.
The drug applicable properties of the reported organic compounds, essential for drug pharmacokinetics in the human
body, were estimated with the Lipinski's rule of five. The value of LogP and the residual parameters of drug likeness
were estimated with the method based on group contributions. The approach is used only as an initial step in drug
discovery, to find the main candidates with heartening properties for further amplification. Some of the compounds
were further tested for in vitro cytotoxicity on four human tumor cell lines SKW-3, HL-60, LAMA-84 and EJ. The
tested spirohydantoins exerted concentration dependent cytotoxic activity on all human tumor cell lines. The most
significant cytotoxicity was observed for 4-thio-1H-tetrahydropyranspiro-5'-hydantoin which inhibited the viability of

tested cells at low micromolar concentrations.

Key words: in silico evaluation; LogP values; Lipinski’s rule; cytotoxic activity

INTRODUCTION

Hydantoin derivatives possess a variety of
pharmacological properties. Depending on the
nature of the substituents in the hydantoin ring they
exhibited fungicidal, herbicidal, antitumor, anti-
inflammatory, anti-HIV, antiarrhythmic, and
antihypertensive activities [1-7]. Hydantoins like 5-
hydroxyhydantoin and 5-methyl-5-
hydroxyhydantoin serve as blocking lesions for
DNA polymerases [8]. 5-(2-Phenyl-3-indolal)-2-
thiohydantoin have shown inhibitory activity on
several cancer lines organized into subpanels
representing leukemia, melanoma, and cancer of
lung, colon, kidney, ovary, breast, prostate and
central nervous system by the National Cancer
Institute anti-cancer drug screening program [9].

Some  spirohydantoin  derivatives  showed
antimicrobial, antifungal, anti-inflammatory,
antidiabetic, antiepileptic, antiproliferative

activities and can act as new psychotropic agents
(antidepressants, anxiolytics and antipsychotics)
[10].

Modification of known bioactive structures by
including many active groups and substituents is
widely used approach in discovery of new potential

* To whom all correspondence should be sent:
E-mail: boriananik@abv.bg

drugs. As a result, the newly synthesized
compounds tend to have higher molecular weight,
high lipophilicity and low aqueous solubility which
results in  poor bioavailability.  Another
disadvantage in the development of novel “drug-
like” compounds is the huge number of required in
vitro and in vivo examinations. Through the last
years, a lot of in silico methods were discovered
which significantly reduce the number of in vivo
studies required [11]. The in silico design allows
the screening of compounds against potential
targets and determines the most promising ones
with applicable molecular weight, lipophilicity,
hydrogen bond donors/acceptors, solubility, and
other related properties. The lipophilicity is the
main characteristic, affecting the membrane
permeability and oral bioavailability of the
compounds. An accepted measure of lipophilicity is
LogP and compounds demonstrating LogP > 3.5
usually have poor aqueous solubility [12].
Decreasing of lipophilicity improves solvation
potential by increasing solvent-solute interactions
in agueous media.

This paper presents the evaluation of in silico
biological activity of six  3,5-disubstituted
hydantoins and spirohydantoins. The important
molecular properties were calculated to reveal how

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 159
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the incorporation of different substituents affects
the lipophilicity of the compounds. Furthermore
some of the derivatives were tested for in vitro
cytotoxicity on a panel of four human tumor cell
lines SKW-3, HL-60, LAMA-84 and EJ by MTT-
dye reduction assay.

EXPERIMENTAL
Design of the compounds

Six substituted hydantoin and spirohydantoin
derivatives were examined. 3'-amino-a-
tetralonespiro-5'-hydantoin (1), 3'-amino-2-
indanespiro-5'-hydantoin (2), 3-amino-5-methyl-5-
phenylhydantoin (3) and 3-amino-5-methyl-5-(4-
pyridyl)hydantoin ~ (4) were designed by
replacement of the hydrogen atom from NH-3
(hydantoin ring) with amine group. 3-thiolanespiro-
5-hydantoin  (5) and  4-thio-1H-tetrahydro-
pyranspiro-5'-hydantoin (6) were spirohydantoins
with S-containing cycloalkane rings. All amino
hydantoin derivatives (1-4) were synthesized by
Davidson method with some modifications. The S-
containing hydantoins (5-6) were prepared by
interaction of thiolane-3-one and tetrahydro-1H-
thiopyran-4-one with NaCN and (NH4).COs in
aqueous ethanol. The obtaining and the
characterization of the compounds by elemental
analysis, IR, NMR spectra, mass spectral analysis,
X-ray diffraction method etc. were described in our
previously published articles [13-15].

Calculations of Molecular Characteristics

The drug applicable properties of the reported
organic  compounds, essential  for  drug
pharmacokinetics in the human body, were
estimated with the Lipinski's rule of five [16-17]
which states that the most "drug-like" molecules
have LogP < 5, molecular weight (Mw) < 500,
number of hydrogen bond acceptors (O and N
atoms) < 10 and number of hydrogen bond donors
(OH and NH groups) < 5. Molecular volume and
molecular polar surface area (PSA) are also very
useful parameters for prediction of drug transport
properties. The polar surface area is defined as a
sum of surfaces of polar atoms (usually oxygens,
nitrogens and attached hydrogens) in a molecule.
The number of rotatable bonds determines
flexibility of the molecules. The value of LogP and
the residual parameters of drug likeness, as well as
the PSA, were reckoned on the method based on
group contributions [18]. These have been obtained
by fitting the values of the calculated LogP with
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experimental LogP for a set of more than twelve
thousand, mostly drug-like molecules. The
percentage of absorption (% ABS) was estimated
using the equation:

% ABS =109 — (0.345 x PSA).

Cell lines and Cytotoxicity assessment

The cell lines used in this study - SKW-3
(human  T-cell leukemia, established from
peripheral blood of a 61-year-old man with T-cell
lymphocytic leukemia), HL-60 (acute myeloid
leukemia, established from the peripheral blood of
a patient with acute promyelocyte leukemia),
LAMA-84 (human chronic myeloid leukemia,
established from peripheral blood of a 29-year-old
woman with chronic myeloid leukemia) and EJ
(urinary bladder carcinoma, established from an
invasive endometrioid adenocarcinoma of the
uterine corpus in a 56-year-old patient) were
purchased from the German Collection of
Microorganisms and Cell Cultures. The cells were
grown as a suspension-type cultures under standard
conditions — RPMI 1640 liquid medium
supplemented with 10% fetal bovine serum (FBS)
and 2 mM L-glutamine, in cell culture flasks,
housed at 37°C in an incubator “BB 16-Function
Line” Heraeus with humidified atmosphere and 5%
carbon dioxide. Cell cultures were maintained in
logarithmic growth phase by supplementation with
fresh medium two or three times weekly.

Cytotoxicity Assessment (MTT-dye Reduction
Assay)

The cytotoxic activity of the tested compounds
was assessed using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] dye reduction assay as described by
Mossman [19]. The method is based on the
reduction of the yellow tetrazolium salt MTT to a
violet formazan via the mitochondrial succinate
dehydrogenase in viable cells. In brief,
exponentially growing cells were seeded in 96-well
flat-bottomed microplates (100 pL/well at a density
of 3.5x10° cells/mL for the adherent and 1x10°
cells/mL for the suspension cell lines) and allowed
to grow for 24 h prior the exposure to the studied
compounds. Stock solutions of the organic
compounds were dissolved in DMSO and diluted in
RMPI-1640 growth medium. At the final dilutions
the solvent concentration never exceeded 0.5%.
Cells were exposed to the tested compounds for 72
h, whereby for each concentration a set of 8
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separate wells was used. Every test was run in
triplicate, i.e. in three separate microplates. After
the incubation with the test compounds 10 pL MTT
solution (10 mg/mL in PBS) aliquots were added to
each well. The microplates were further incubated
for 4 h at 37°C and the MTT-formazan crystals
formed were dissolved by adding 100 pL/well 5%
HCOOH in 2-propanol. Absorption of the samples
was measured by an ELISA reader (Uniscan
Titertec) at 580 nm. Survival fraction was
calculated as percentage of the untreated control.
The experimental data were processed using
GraphPad Prizm software and were fitted to
sigmoidal concentration/response curves. Cisplatin

and melphalan were used as referent cytotoxic
drugs throughout the pharmacological assay

RESULTS AND DISCUSSION

In silico Evaluation of Drug Likeness

The comparative evaluation of in silico
biological activity of six 3,5-disubstituted
hydantoin and spirohydantoin derivatives was
presented. The compounds and their characteristics
used for evaluation of drug similarity on the base of
Lipinski’s rule are presented in Table 1.

Table 1. Chemical structures and parameters of evaluation of the tested hydantoin and spirohydantoin derivatives with
Lipinski's rule of five.

No Structure LogP Mw O,N OH,N Rot. Volume TPSA (A2 %
: uctu <5 <500 <10 H<5  bond <140  ABS
HN\[/O
1 L. 099  231.25 3 0 20371 7543  82.98
2
o]
W o 041 217.23 3 0 18691 7543  82.98
2 g
N\NHZ
o]
H
3 o= 059  205.22 3 1 18071  75.43 82.98
}“ 0
HoN
N N
4 0;( @) -0.70  206.21 3 1 176,55  88.32 78.53
N o}
/
HoN
H\{C’
5 O&/NH 035 172.21 2 0 138.76  58.20 88.92
o]
o]
186.24 2 0 155.56 58.20  88.92

6 NH -0.08
X
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The calculations show that all derivatives
observed boundary conditions of the "rule of
Lipinski" and did not violate any of the listed
criteria. LogP value is used in medicinal chemistry
to predict the solubility of a potential drug

In general, spirohydantoins with S-containing
cycloalkane ring have lower lipophilicity with
negative LogP values. The LogP values of
hydantoins ranged between -0.70 and 0.99. The
replacement of benzene nuclei of (3) by pyridine
nuclei in compound (4) notably reduces the LogP
with more than 1 unit. All compounds possess low
lipophilicity with values of LogP < 1, therefore they
will have a good solubility in water and other polar
liquids as blood and blood plasma. The molecular
weight and molecular volume give information for
the size of the molecules. The substituents slightly
change the molecular weight but all derivatives are
small drug-like molecules with M,, between 172
and 231. They are not very flexible as the number
of rotatable bonds is between 0 and 1. The number
of hydrogen bond donors and acceptors affects the
value of polar surface area. All derivatives show a
PSA of less than 140 A2, indicating a good
permeability of the compounds in the cellular
plasma membrane. Moreover the compounds
demonstrated a PSA less than 90 A2 and thus are
capable to penetrate the blood-brain barrier [20-
22].

The in silico evaluation was used only as a first
step in drug discovery, to find the leading
candidates with encouraging properties for further
amplification. The hydantoins, (2) and (3), with
positive LogP and the spirohydantoins (5) and (6),
with negative LogP values and lowest molecular
weight were tested in vitro on four human tumor
cell lines.

In Vitro Cytotoxicity

The derivatives, 3'-amino-2-indanespiro-5'-
hydantoin (2), 3-amino-5-methyl-5-
phenylhydantoin (3), 3-thiolanespiro-5'-hydantoin
5) and 4-thio-1H-tetrahydro-pyranspiro-5'-
hydantoin (6) were tested for in vitro cytotoxicity.
The cytotoxic potential of the compounds against
the human leukemic cell lines SKW-3 (human T-
cell leukemia), HL-60 (acute myeloid leukemia),
LAMA-84 (human chronic myeloid leukemia) and
EJ (urinary bladder carcinoma) was studied using
the standard MTT-dye reduction assay for cell
viability. Throughout the screening investigation
the data about the compounds were compared with
the referent agent cisplatin and the clinically
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utilized antineoplastic drug melphalan (2-amino-3-
[4-bis(2-chloroethyl)  amino]  phenylpropanoic
acid). The corresponding ICso values obtained are
shown in Table 2.

Table 2. Cytotoxicity of the compounds (2), (3), (5), (6)
in some human tumor cell lines.

Compound IC50 values (uM)
SKW-3 HL-60° LAMA-84¢ EJ¢
2 - > 200 > 200 -
3 - > 200 > 200 -
5 114.0 > 200 174.5 115.2
6 92.6 180.9 101.1 1435
cisplatin 11.4 8.7 10.2 16.9
melphalan  31.3 18.5 221 -

aT-cell leukemia; PAcute myeloid leukemia; “Human chronic
myeloid leukemia; YUrinary bladder carcinoma

ICso values were calculated as concentrations of
the tested compounds causing 50% decrease of cell
survival. The hydantoins (2) and (3) showed lack of
cytotoxic effects on tested cell lines. In contrast
spirohydantoins (5) and (6) exerted concentration
dependent cytotoxic activity on all human tumor
cell lines. Probably the lower molecular weight and
the lower lipophilicity affect positively the
cytotoxicity. The most significant cytotoxicity was
observed for the compound  4-thio-1H-
tetrahydropyranspiro-5'-hydantoin ~ (6),  which
inhibited the viability of tested cells at low
micromolar concentrations.

CONCLUSION

Six 3,5-disubstituted hydantoin and
spirohydantoin  derivatives were studied for
lipophilicity using the "rule of Lipinski". The
compounds have a good solubility in water and
other polar liquids as blood and blood plasma and a
good permeability in the cellular plasma membrane.
Four of them were tested in vitro on some human
tumor cell lines in comparison with referent drugs
cisplatin and melphalan. The tested spirohydantoins
exerted concentration dependent cytotoxic activity
on the used human tumor cell lines. The most
significant cytotoxicity was observed for the
compound 4-thio-1H-tetrahydropyranspiro-5'-
hydantoin.
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IN SILICO JIEKAPCTBEHO INIOJJOBME 1 IN VITRO HUTOTOKCHUYHA AKTUBHOCT HA
HAKOMU 3,5-TU3AMECTEHU XUJTAHTONHUN U CIIMPOXUJJAHTOWHU

b. 1. Hukomnosa-Maanenosa*, A. I'. bakamosa

Kameopa “Xumus”, @apmayesmuuen gpaxyrmem, Meouyurcku ynusepcumem - Cogpus, yu. ynae 2, Coghust 1000, Bvreapus

Hocrenuna va 30 anpun 2017 r.; Kopurupana wa 28 mait 2017 .

(Pesrome)

W3cnenBaHeTo mpencTaBsl CpaBHMTENHA OLEHKAa Ha JIEKAPCTBEHOTO II000ME Ha IIecT XWIAHTOMHOBH U
CHUPOXUIAHTOMHOBH MPOM3BOAHU. HAKOM OT CheqMHEHHUATa ca MOJy4YeHH Ype3 3aMecTBaHE Ha BOJIOPOTHHS aTOM OT
xuganTouHoBus npbereH (NH-3) ¢ amMuHO rpyna, a MMEHHO 3-aMHHO-O-TETPaJOHCIUPO-5'-XUIAHTONH, 3-aMHUHO-2-
HHJIQHCIIUPO-5'-XUIAaHTOUH,  3-aMUHO-5-MeTHUI-5-QeHUITXUAAHTONH,  3-aMHHO-5-MeTHI-5-(4-UpUIKiI)XUAaHTOUH.
Jlpyrute aBe CheIUHEHHS Ca CIUPOXHIAHTOWHHM ChC S-ChIABPXKAIIM IHUKIOATKAHOBH NPBCTEHU - 3-THOJAHCIHPO-5'-
XMIaHTOMH U 4-Tno-1H-TeTpaxuaponupan-cnupo-5'-xunanTonH. BakHuTe CBOWCTBA 3a JIGKApCTBEHOTO NopoOue Ha
N3CJI/IBAHUTE OPraHUYHHM CHEJMHEHMS, KOUTO BIMSAT BbPXY (papMakOKMHETHKaTa Ha ChEIUHEHHATA B YOBEIIKOTO
TSUI0, ca olpejeNieHn ¢ npaBuwioTo Ha Jlunmuacku. CroiiHocTTa Ha LogP m ocraHannTe mapaMeTpu Ha JieKapcTBEeHaTa
npwinka 0sXxa OLEHEHH 4pe3 MeToA, 0a3upaH Ha NMPHHOCA HA OTAEIHUTE TPynH. TEeopeTHUHHAT IOAXO0/ CEe H3IOJ3Ba
caMO KaTo HaydaleH eTan B ThPCEHETO Ha HOBH JIEKAPCTBEHH BellecTBa. HSIKOM OT CheIMHEHHSTa TOMBJIHUTEIHO ca
u3cIeBaHu iN Vitro 3a IMTOTOKCHYHA aKTUBHOCT BHPXY YETHPH YOBEIIKM TYMOPHHU KileThunu munun - SKW-3, HL-60,
LAMA-84 u EJ. TecTBaHUTE CIHMPOXHUIAHTOMHH MPOSIBSIBAT KOHIIEHTPAI[IOHHO 3aBHCHMAa IIMTOTOKCHMYHA aKTUBHOCT
BBPXY BCHYKM UOBCIIKM TYMOPHM KJICTBYHM JHHHW. Hali-BHCcOoka € NMTOTOKCHYHOCTTa Ha 4-tmo-1H-
TEeTPaXUAPONUPAHCITUPO-5'-XTAHTONH, KOWTO WHXUOWpA KUIHECTIOCOOHOCTTa HA M3CJICABAHUTE KJIETKH TPHU HUCKH
MHUKpPOMOJIApHH KOHIEHTPAIHH.
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A new organic compound - 3'-amino-4-thio-1H-tetrahydropyranspiro-5'-hydantoin and two new Pd(ll) and Pd(IV)
complexes were prepared and investigated by elemental analyses, IR and NMR spectral analyses. The structure
geometries of the ligand and its palladium complexes were obtained using the hybrid DFT method. 6-311++G** set
was used for the optimization of the geometry of the ligand, while for the Pd(Il) and Pd(IVV) complexes LANL2DZ
basis set was utilized. According to the calculations data the geometry of the Pd(11) complex is square planar and of the
Pd(1V) complex is distorted octahedral. The complexes were tested for cytotoxicity in vitro on five human tumor cell
lines. The compounds tested exerted concentration dependent cytotoxic effects against the human tumor cell lines.

Key words: palladium complexes; amino-spiro-5'-hydantoins; DFT calculations; cytotoxic activity

INTRODUCTION

Platinum complexes are the most widely used
drugs for the treatment of cancer. Cisplatin together
with the second generation drug carboplatin and
with the third generation drug oxaliplatin are
widely used in worldwide [1]. All other clinically
used platinum drugs have limited use in the world.
Pt?* and Pd?* ions have similar chemical properties
and modes of coordination forming square planar
complexes [2,3]. The palladium compounds are
more labile from both a thermodynamic and a
kinetic point of view with respect to corresponding
platinum compounds [4]. Palladium-based drugs
can undergo a rapid hydrolysis before they reach
the DNA target; this results in both a low antitumor
activity or even inactivity and toxicity [5]. But
some palladium complexes show significant
antitumor activity in normal tumor cells and lower
resistance of tumor cells to clinical treatments as
well as lower side effects. Mononuclear palladium
complexes with aromatic N-containing ligands,
amino acid ligands, S-donor ligands, and P-
containing ligands have respective qualities and
properties due to the different structures and
properties of the ligands [6].

* To whom all correspondence should be sent:
E-mail: e.d.cherneva@gmail.com

The aim of this article is to synthesis,
spectroscopic and theoretical study of new
palladium complexes with 3'-amino-4-thio-1H-
tetrahydropyranspiro-5'-hydantoin as carrier ligand.
The spectroscopic study includes IR and NMR
spectral investigation. The theoretical study
comprehends the wusing of DFT calculations
employing the B3LYP hybrid functional and 6-
311++G** set for the ligand and LANL2DZ basis
set for the palladium complexes. The ligand and the
palladium complexes were investigated for
cytotoxic activity on some human tumour cell lines.

MATERIALS AND METHODS

All chemicals were purchased from Fluka (UK)
and Sigma-Aldrich. The newly synthesized Pd(ll)
and Pd(IV) complexes were characterized by
elemental analyses, melting points, IR and NMR
spectra. The elemental analyses were carried out on
a “EuroEA 3000 - Single”, EuroVectorSpA
apparatus (Milan, Italy). Corrected melting points
were determined, using a Bushi 535 apparatus
(BushiLabortechnik AG, Flawil, Switzerland). The
IR spectra were recorded on Thermo Scientific
Nicolet iS10 spectrophotometer (Thermo Scientific,
USA) in the range of 4000-400 cm* as Attenuated
Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR). The H and *C NMR
spectra were recorded on a Bruker WM 500 (500
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MHz) spectrometer. Because the solubility of the
complexes (1) and (2) is highly insufficient in
DMSO, only 'H NMR spectra of the palladium
complexes were recorded. Intensities of reported IR
bands are defined as br = broad, s = strong, m =
medium, w = weak and sh- shoulder. The splitting
of proton resonances in the *H NMR spectra is
defined as s = singlet, bs = broad singlet, d =
doublet, t = triplet, g = quartet and m = multiplet.

Synthesis of 3'-amino-4-thio-1H-
tetrahydropyranspiro-5'-hydantoin

The synthesis and structure of 4-thio-1H-
tetrahydropyranspiro-5'-hydantoin were described
in details in our previously published work [7]. 4-
thio-1H-tetrahydropyranspiro-5'-hydantoin (1.86 g)
is dissolved in 20 mL 96% hydrazine-hydrate. The
solution was heated with reflux condenser 4 hours.
After that the mixture was poured in 50 mL of
water and cooled below 0°C. After 24 hours the
resulting crystals were filtered off and
recrystallized from ethanol. IR (ATR): 3335 w,
3287 br, 3224 sh, 1781 m, 1707 s, 1609 m, 1411 w,
623 w. 'H NMR (500 MHz, DMSO-dg): 8.65 (s,
1H, NH); 4.66 (s, 2H, NH); 2.82-2.76 (m, 2H,
CH-S(ax)); 2.62-2.59 (m, 2H, CH,-S(eq)); 1.92-
1.88 (m, 2H, CH»-C(ax)); 1.75-1.72 (m, 2H, CH,-
C(eq)). ®C NMR (125 MHz, DMSO-ds): 174.6
(CO-2Y); 156.0 (CO-4"; 58.5 (C-5); 34.6 (C-3 + C-
5); 23.0 (C-2 + C-6).

Synthesis of cis-bis(3'-amino-4-thio-1H-
tetrahydropyranspiro-5'-hydantoin)-dichlorido
palladium(ll) — cis-[PdL.Cl2] (1)

Two solutions of K;[PdCl,] and 3'-amino-4-thio-
1H-tetrahydropyranspiro-5'-hydantoin were
prepared for the synthesis of the complex cis-
[PAL.CI>]. A 4 ml ethanol solution of the L (0.1344
g, 0.6137 mmol) was added dropwise to 5 ml
aqueous solution of K;[PdCls] (0.0998 g, 0.3058
mmol) at constant stirring. The homogenous
solution was stirred for 6 hours. A light-yellow
product was obtained, filtered off and dried in a
vacuum desiccator. IR (ATR): 3325 w, 3250 br,
3220 sh, 1775 m, 1720 s, 1604 m, 1412 w, 647 w.
'H-NMR (500 MHz, DMSO-ds): 8.65 (s, 1H, NH);
4.59 (bs, 2H, NH,); 2.98-2.89 (m, 2H, CH,-S(ax));
2.76-2.70 (m, 2H, CH»-S(eq)); 2.02-1.98 (m, 2H,
CH,-C(ax)); 1.83-1.79 (m, 2H, CH,-C(eq)).

Synthesis of cis-bis(3'-amino-4-thio-1H-
tetrahydropyranspiro-5'-hydantoin) dichlorido
palladium(1V) — cis-[PdL2Cl4] (2)

Two solutions of K,[PdCle] and 3'-amino-4-thio-
1H-tetrahydropyranspiro-5'-hydantoin were
prepared for the synthesis of the complex cis-
[PAL.Cl4]. A 5 ml ethanol solution of the L (0.1106
g, 0.5050 mmol) was added dropwise to 5 ml
aqueous solution of K3[PdClg] (0.1010 g, 0.2540
mmol) at constant stirring. The homogenous
solution was stirred for 6 hours. A light-yellow
product was obtained, filtered off, washed several
times with water and dried in a vacuum desiccator.
IR (ATR): 3331 w, 3251 br, 3220 sh, 1775 m, 1720
s, 1604 w, 1412 w, 648 w. 'H NMR (500 MHz,
DMSO-ds): 8.62 (s, 1H, NH); 4.60 (bs, 2H, NHy);
2.92-2.86 (m, 2H, CH>-S(ax)); 2.70-2.66 (m, 2H,
CH2-S(eq)); 1.99-1.93 (m, 2H, CH,-C(ax)); 1.81-
1.75 (m, 2H, CH,-C(eq)).

Computational details

All theoretical calculations were performed
using the Gaussian 09 package [8] of programs.
Optimization of the structures of the ligand 3'-
amino-thio-1H-tetrahydropyranspiro-5'-hydantoin
and possible conformers of Pd(Il) and Pd(IV)
complexes were carried out by DFT calculations,
employing the B3LYP (Becke’s three-parameter
non-local exchange [9]) and Lee et al. correlation
[10] hybrid functional and 6-311++G** set for the
ligand and LANL2DZ basis set for the palladium
complexes. The B3LYP hybrid functional [11, 12]
was used because of its high accuracy. The basis set
LANL2DZ was chosen to include the
pseudopotential of the core electrons in atoms of
heavy elements like platinum, palladium etc. and it
is compatible with all other organic elements (C, N,
H, O, Hal).

Cell culture conditions

The following cell lines were used for the
experiments: (i) Hep-G2(Human  Caucasian
hepatocyte carcinoma, isolated from a liver biopsy
of a male Caucasian aged 15 years, with a well
differentiated  hepatocellular carcinoma); (ii)
REH(acute lymphoblastic leukemia, established
from the peripheral blood of a 15-year-old North
African girl with acute lymphoblastic leukemia in
1973); (iii) MDA-MB-231(human breast cancer
cell line, established in 1973 from the pleural
effusion of a 51-year-old woman with breast
carcinoma); (iv) HL-60(acute myeloid leukemia,
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established from the peripheral blood of a patient
with acute promyelocyte leukemia); (v) EJ(human
urinary bladder carcinoma). EJ cells (also
designated MGH-U1) were originally isolated from
a high grade (G3) invasive bladder carcinoma.
These cell lines have been well validated in our
laboratory as a proper test system for platinum
agents. The EJ cell line has been obtained from the
unit of Toxicology and Chemotherapy at the
Deutsches Krebsforschungszentrum. The other cell
lines were obtained from DSMZ German
Collection of Microorganisms and Cell Cultures.
Their DSMZ catalogue numbers are as follows:
Hep-G2 (ACC 180), REH (ACC 22), MDA-MB-
231(ACC 73) and HL-60 (ACC 3).

Cytotoxicity assessment

Cytotoxicity of the compounds was assessed
using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] dye reduction assay
as described by Mossman [13] with some
modifications [14]. Exponentially growing cells
were seeded in 96-well microplates (100 pL/well at
a density of 3.5 x 10° cells/mL for the adherent and
1 x 10° cells/mL for the suspension cell lines) and
allowed to grow for 24 h prior the exposure to the
studied compounds. Stock solutions of the ligand
and its Pd(ll) and Pd(IVV) complexes were freshly
dissolved in DMSO and then promptly diluted in
RMPI-1640 growth medium, immediately before
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N NH,NH,.H,0
28 — 222 54

NH

o
S
CI\ e
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cl N
5
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treatment of cells. At the final dilutions the solvent
concentration never exceeded 0.5%. Cells were
exposed to the tested compounds for 72 h, whereby
for each concentration a set of 8 separate wells was
used. Every test was run in triplicate, i.e. in three
separate microplates. After incubation with the
tested compounds MTT solution (10 mg/mL in
PBS) aliquots were added to each well. The plates
were further incubated for 4 h at 37°C and the
formazan crystals formed were dissolved by adding
110 pL of 5% HCOOH in 2-propanol. Absorption
of the samples was measured by an ELISA reader
(UniscanTitertec) at 580 nm. Survival fraction was
calculated as percentage of the untreated control. In
addition ICso values were calculated from the
concentration-response curves. The experimental
data was processed using GraphPadPrizm software
and was fitted to sigmoidal concentration/response
curves via non-linear regression.

RESULTS AND DISCUSSION
Synthesis

The ligand and its new palladium complexes
were prepared according to the Scheme 1.

The elemental analyses of the complexes (1) and
(2) were in good agreement with the corresponding
chemical formulas — cis-[Pd(C7H11N30,S).Cl,] and
cis-[Pd(C7H11N30,S).Cl4]. The data from elemental
analyses and some physical properties are
summarized in Table 1.

2 o

Scheme 1. Synthesis of the ligand (L) and complexes (1) and (2).
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Table 1. Physico-chemical data of the prepared compounds.

Compound Molecular formula MW Yield®  M.p.>  Elemental analysis
(%0) (dec.) % Calc. (% Found)
O C H N
Ligand CrHuN:02S 201 55 236 ‘(12'27_80) ?54871) (251853)
(1) C14H22N604S2Cl-Pd 579.30 87 265 29.00 3.80 14.50
(30.38) (4.16) (14.49)
(2 C1aH22N604S:Cl4sPd - 650.20 65 218 2584 338 12.92
(26.05) (3.68) (12.70)

aYield of analytically pure product; ®Mp of analytically pure product

IR spectral analysis

Due to the intermolecular hydrogen bonds of the
ligand, the stretching vibrations of v(NH) and
v(NH>) appear at the broad absorption band in the
range of 3300 - 3150 cm™. The bands are slightly
shifted to higher frequencies in the palladium
complexes. Deformation vibrations of NH, and NH
groups in the ligand at 1609 and 1411 cm™ are not
affected in the complexes (1604 cm™ and 1412 cm'?
resp.) It proves that nitrogen atom from the NH:
group is not participated in the coordination with
metal ions. Upon the coordination of the sulphur
atom to the metal ions the stretching vibration of
the C-S bond is shifted from 623 cm™ to 647 and
648 cm™ respectively.

NMR spectral analysis

It is not possible to record *C NMR spectra of
Pd (II) and Pd (IV) complexes due to their very
poor solubility in DMSO-de. In their proton NMR
spectra, there is not visible shifting of N-NH;
protons, which is proof for lack of complexation
between metal cation and nitrogen from NH- group.
NH-(1") chemical shift is not influenced. There is a
shifting of CH, groups in the complexes in
comparison with the metal-free ligand. Thus, in
Pd(Il) complex, chemical shifts of axial S-CH»
protons are moved with approximately 0.15 ppm
and equatorial ones are moved with 0.13 ppm. In
CH,-C(1) protons this difference is similar: 0.10
ppm for axial and 0.08 ppm for equatorial protons.
In the Pd(1V) complex, the differences of chemical
shifts of S-CH, protons are respectively 0.10 ppm
for axial and 0.08 ppm for equatorial. For CH»-C(1)
protons the differences are 0.08 ppm for axial and
0.05 ppm for equatorial protons. Atom numbering
is in accordance with Scheme 1.

Theoretical analysis

The optimized geometry of the ligand and the
complexes (1), (2) and atom numbering were
shown on Figs.1-3.

Gas phase optimized geometry of the
compounds were obtained at B3LYP hybrid
functional and 6-311++G**set for ligand and
LANL2DZ basis set for the Pd complexes. The
theoretical calculations showed that the atoms in
the ligand are lying in two planes oriented
perpendicularly to each other as expected. The first
one comprises the hydantoin fragment together
with NH; group and the other - the
tetrahydrothiopyran ring (Fig. 1). The angles
around the Pd center suggest square planar
coordination environment in the complex (1) and a
distorted octahedral geometry in the complex (2)
(Figs. 2, 3). Each complex has two molecules of the
ligand bonded to the metal center through the sulfur
atom. In both complexes ligand (L) is stretched
above the plane formed by the metal ion, Cly, Cls,
Ss, So7 while the second one is beneath the plane.

Fig. 1. Optimized geometry of the ligand, performed at
B3LYP/6-311++G**set.

The coordination leads to small changes in
geometry parameters (Table 2).
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Fig. 2. Optimized geometry of the complex (1), performed at B3LYP/LANL2DZ basis set.

Fig. 3. Optimized geometry of the complex (2), performed at B3LYP/LANL2DZ basis set.

Table 2. Selected calculated geometry parameters.

Parameters Ligand(L) Complex (1) Complex (2)

u (D) 1.94 7.52 6.56

Bond lengths (A)

Pd-Cly - 2.39 2.41
Pd-Cl; - 2.39 2.41
Pd-S;3 - 2.48 2.52
Pd-Sz7 - 2.48 2.52
Cs-S3 1.84 1.92 1.92
C14-S3 1.84 1.91 1.91
Ca28-So7 - 1.92 1.92
C39-S27 - 1.91 1.91
Angles (9
Cl;-Pd-Cl, - 89.8 88.4
Ss-Pd-Cl;, - 93.2 93.4
S27-Pd-Cly - 93.2 93.4
S3-Pd-S,7 - 83.7 84.9
Dihedral angles (°)

Cs-Ss-Pd-Cl, - -13.6 -33.0

Cs-S3-Pd-S;7 - 165.9 150.7

C14-S3-Pd-Sy7 - -89.2 -103.2

C28-S27-Pd-Cly - -13.6 -33.0

C39-Sy7-Pd-Cly 91.1 72.9

In the complexes S-C bonds length increase than
those in the ligand by 0.08 A. For the Pd(II)
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complex the two Pd-Cl bonds are equal, but they
are slightly shorter than those calculated for Pd(IV)
complex by 0.02 A. It is similar for the Pd-S bonds,
in complex (2) they are longer, which could be
explained with the different coordination number.
Bonds lengths are in agreement with those reported
for the analogous complexes [15].

Pharmacological screening

The ligand (L) and the complexes (1,2) were
tested for cytotoxic activity on five human tumor
cell lines. The tested organic compound (L) and
complexes (1,2) exerted cytotoxic effect after 72 h
continuous exposure, whereby the individual
chemosensitivity varied among the different cell
lines. The complex (1) showed higher cytotoxic
activity than the ligand (L) and complex (2) on
REH cell line. The complex (2) presented better
cytotoxic activity than the ligand and complex (1)
on MDA-MB-231 and EJ cell lines. This can be
explained by the fact that palladium complexes
have a similar mechanism of action as platinum
complexes. The results are summarized in Table 3.



Table 3. Cytotoxicity of the ligand (L) and complexes (1,2) in comparison with referent drug cisplatin in

two human tumour cell lines.

1Cso values(uM)
Cell line Hep-G2? REHP MDA-MB- 231° HL-60¢ EJ®
Compound
Ligand > 200 > 200 > 200 > 200 > 200
Complex (1) > 200 1375 > 200 > 200 196.3
Complex (2) > 200 > 200 188.7 > 200 144.1
Cisplatin 12.0 1.07 31.6 8.7 10.2

ahuman hepatocyte carcinoma; Pacute lymphoblastic leukemia; chuman breast cancer; %acute myeloid leukemia;

¢human urinary bladder carcinoma

CONCLUSION

A new organic compound - 3'-amino-4-thio-1H-
tetrahydropyranspiro-5'-hydantoin and two new
Pd(1I) and Pd(IV) complexes were synthesized. The
chemical formulas were investigated by elemental
analyses, IR and NMR spectral analyses. The
geometry of the ligand and its palladium complexes
were optimized, using the DFT method, employing
the B3LYP with 6-311++G** basis set for the
ligand and LANL2DZ basis set for the complexes.
From the results obtained the coordination mode of
the ligand with the palladium ions is realized by the
sulphur atom from the tetrahydrothiopyran ring.
The compounds were tested for cytotoxic activity
on five human tumour cell lines. According to the
ICso values of the compounds, palladium
complexes are more active than the ligand.
Complex (1) is more active than complex (2) on
REH tumour cell line, but complex (2) is more
active than the complex (1) on MDA-MB-231 and
EJ cell lines.
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CHHTE3, PU3NKO-XUMHNYHO OXAPAKTEPU3UPAHE, TEOPETUYHO U3CJIEABAHE 1
OUTOTOKCUYHA AKTUBHOCT HA ITAJTAIMEBU KOMIUIEKCHU C 3'-AMHNHO-4-THO-
IH-TETPAXU1/IPOITMPAHCIIMPO-5'-XUTAHTOMH
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(Pestome)

CuHTe3MpaHH ¥ U3CJICBAHM Ca ¢IHO HOBO OPIaHUYHO CheIUHEHHUE - 3'-aMuHO-4-THO-1H-TeTpaxumponupasciupo-
5'-xunanrouH u aBa HoBu Komiuiekca Ha Pd(II) u PA(IV) upe3 enementen anamm3, MY u SIMP cnekrpannu meronu.
I'eomeTpusTa Ha JIMTaHA U HA HETOBHUTE MajaUCBH KOMIUICKCH € M3CJIe[BaHa ¢ moMoinTta Ha xubpumeH DFT mero.
WzmomsBaH e 6-311++G** 6a3uceH ceT 3a ONTUMHU3UpPaHE TEOMETPHUATA Ha JIMTaH[a, TOKaTo 3a KoMruiekcute Ha Pd(I)
u Pd(IV) e usnomsBan LANL2DZ 6a3en cer. Criope; W34HCICHATE AaHHHU, TeoMeTpusTa Ha komruiekca Ha Pd(I) e
KBaJIpaTHO TUIaHapHa, a Ha komiuiekca Ha PA(IV) e mebopmupan okraeasp. Kommnekcurte Osixa TectBanu in Vitro 3a
OUTOTOKCHYHOCT BBPXY NET YOBEIIKH TYMOPHH KICTHYHH JHHUH. HOBOCHHTE3WpaHWTE CHEIWHCHHS NpOSBSIBAT
KOHIICHTPAIIHOHHO 3aBUCUMA TUTOTOKCHYHA aKTHBHOCT BBPXY M3CJICABAHUTE YOBEUIKH TYMOPHHU KICTHUHH JIMHHU.
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American foulbrood (AFB) is the most destructive brood diseases of honeybees, causing significant losses to
beekeepers. Propolis is an important element of the bee colony social immunity and has demonstrated activity against
the causative agent of AFB Paenibacillus larvae. However, knowledge on the relationship between propolis chemical
composition and the health of the bee colony is still scarce. We studied by GC-MS the chemical profiles of propolis
samples from healthy bee colonies and colonies with clinical symptoms of AFB. Healthy colonies produced propolis
with higher content of balsam. Although the qualitative composition of all samples was the same, there were
quantitative differences: propolis from healthy colonies contained much higher levels (statistically significant, p<0.01)
of ferulic acid and coniferyl benzoate, than the propolis from colonies with AFB. Our results are only preliminary,
further research should be performed to clarify whether these differences are indeed related to the health of the colonies.

Key words: propolis; American foulbrood; GC-MS

INTRODUCTION

Propolis (bee glue) is a sticky material collected
by honeybees from plants and used in the hive both
as building material and chemical defense against
infections. It is well known to possess diverse
beneficial  biological  activities, such as
antimicrobial, ~ immunostimulating,  antitumor,
antiinflammatory, etc., and is widely used in health
foods and over-the-counter preparations [1,2].
Recently, propolis has been attracting growing
attention with respect to its potential to combat bee
pathogens and the possibility to replace pesticides
and antibiotics in beekeeping [3]. Several studies
revealed the role of propolis as an important
element of bees’ “social immunity” [4]. Propolis
extracts have been found to act against varroa mites
[5,6], and extracts as well as some individual
propolis  constituents demonstrated in  vitro
significant activity against the causative agent of
American Foulbrood [7,8]. American Foulbrood
(AFB) is an infectious disease of honeybees caused
by Paenibacillus larvae, a gram positive spore
forming bacterium which is distributed worldwide
[9]. AFB is considered the most destructive brood
disease [10]. Some antibiotics are effective against
P.larvae but antibiotics are poorly metabolized by
honeybees, and their residues or those of their
metabolites can be stable in honey for over a year

* To whom all correspondence should be sent:
E-mail: bankova@orgchm.bas.bg

[11]. Moreover, the use of antibiotics in beekeeping
is banned in the EU countries. The current most
typical solution to deal with an AFB affliction is to
burn the entire hive [12]. Thus, finding alternatives
is an important issue in beekeeping.

Although propolis is known to be a defensive
material against microorganisms, the knowledge on
the relationship between propolis chemical
composition and the health of the bee colony is still
scarce. We have recently found a significant
difference between the composition of propolis of
colonies susceptible and resistant against Varroa
destructor in France [13]. In the present study, we
continued our attempt to clarify some aspects of the
relationship propolis chemistry-colony health,
studying the chemical composition of propolis (by
GC-MS) and correlating it with health issues of the
colonies, specifically the presence or lack of
clinical symptoms of AFB.

EXPERIMENTAL

Propolis samples

Propolis samples were collected in Northern
parts of Sweden by Prof. Ingemar Fries, Swedish
University of Agricultural Sciences, Uppsala,
Sweden. Five samples, 1 - 5 were collected from
healthy colonies and three samples: 6, 7 and 8, from
colonies with clinical symptoms of AFB.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 171
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Propolis extraction

Frozen propolis (freezer) was grated and 1 g was
dissolved in 30 mL 70% ethanol in a 100 mL flask
and left for 24 h at room temperature. The extract
was filtered and the extraction was repeated. The
two extracts were combined and diluted to 100 mL
with 70% ethanol in a volumetric flask.

Balsam percentage

From each crude sample, three parallel extracts
with 70% ethanol were prepared as described
above. Two mL of each were evaporated to dryness
in vacuo until constant weight, and the percentages
of balsam in the extracts were calculated as the
ethanol soluble fraction. The mean of the three
values was determined.

GC-MS analysis

5 mg of the propolis dry extract was dissolved in
50 ul of dry (water-free) pyridine, and 75 ul of
bis(trimethylsilyl)-trifluoroacetamide (BSTFA)
were added. The mixture was heated at 80 °C for 20
min and analyzed by GC-MS. The GC-MS analysis
was performed with a Hewlett-Packard gas
chromatograph 5890 series Il Plus linked to a
Hewlett—Packard 5972 mass spectrometer system
equipped with a 30 m long, 0.25 mm i.d. and 0.5-
um film thickness HP5-MS capillary column. The
temperature was programmed from 60 to 300 °C at
a rate of 5 °C/min, and a 10 min hold at 300 °C.
Helium was used as a carrier gas at a flow rate of
0.8 mL/min. The split ratio was 1:10, the injector
temperature 280 °C, the interface temperature 300
°C and the ionisation voltage 70 eV, as described
elsewhere [13]. Identification of the compounds
was performed using comparison of mass spectra
and retention times of reference compounds (21
compounds), and the rest was tentatively identified
using their mass spectra and retention time analysis.
The semi-quantification was carried out by internal
normalisation with the area of each compound. The
addition of individual areas of the compounds
corresponds to 100% area.

RESULTS AND DISCUSSION

We studied 5 healthy and 3 American foulbrood
infected colonies, starting with the content of
balsam. The extract with 70% ethanol is known as
propolis balsam and contains the biologically active
secondary plant metabolites of the resins collected
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by bees [14]. The undissolved material consists
mainly of waxes and mechanical impurities. The
balsam percentage characterizes the amount of
resins that bees have collected from plants and used
to produce propolis. The balsam content of the
studied samples is presented in Table 1. The mean
value of the percentage of propolis balsam in the
bee glue of colonies with AFB was significantly
lower, compared to healthy colonies: 55% against
72% (p = 0.008). This is an indication that
honeybees from infected colonies have allocated
lesser resources to resin collection, than bees from
healthy colonies. The reason for this fact however
remains unclear.

By GC-MS, we were able to identify completely
or tentatively over 70 individual compounds in the
studied samples (data not shown). The chemical
profiles of all eight samples were very similar
qualitatively and quantitatively. They were all of
practically pure trembling aspen (Populus tremula)
origin and thus displayed a very low flavonoids
concentration [15,16]. Instead, they contained high
amounts of phenolic acids and their esters, and the
typical aspen chemical markers: glycerol esters of
substituted cinnamic acids. The chemical profiles of
the studied samples can be represented in a concise
manner by the percentage of the main structural
groups of chemical constituents (Table 1): aromatic
acids (major components [MC] coumaric, ferulic
and benzoic acid), esters of aromatic acids (MC
benzyl p-coumarate and coniferyl benzoate),
flavonoids, including chalcones, flavones/flavonols,
and flavanones/dihydroflavonols (no individual
flavonoid was found in amount over 2%, most were
under 1%); glycerol esters of cinnamic acids (MC
2-acetyl-1,3-di-p-coumaroylglycerol), and sugars,
fatty acids and others (all minor components under
0.5% of total ion current)

The large amount of data obtained from the GC-
MS studies were analyzed wusing Principle
Component Analysis (PCA). The central idea of
PCA is to reduce the dimensionality of a data set in
which there are a large number of correlated
variables, while retaining as much as possible the
total information. We selected for PCA analysis the
relative amounts of the main groups of chemical
constituents of propolis: aromatic acids, phenolic
acid esters, flavonoids, sugars, and others. The
application of PCA produced a two-dimensional
plot (Fig. 1) which covered 94% of the total
variation and formed two distinct groups of
samples: from healthy colonies and from colonies
with clinical symptoms of AFB.
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Table 1. Balsam content and chemical composition (compound groups, GC/MS, percentage of TIC) of propolis from
healthy and AFB infected colonies

Compound 1 2 3 4 5 6 7 8
CLEAN American Foulbrood
Balsam content 68,1 798 69,7 664 76,00 51,3 51 62,5
Aromatic acids 32,0 391 326 299 32,2 25,8 249 288
Esters of aromatic acids 28,1 26,7 296 174 25,2 12,7 16,5 19,0
Chalcones 1,4 06 1,3 5.2 2,8 3,5 1,8 1,3
Flavanones and dihydroflavonols 0,1 0 0,2 0,8 0,7 0,4 0,1 0,1
Flavones and flavonols 1,2 0,3 0,8 6,9 2,0 5,8 1,8 0,5
Glycerols esters of cinnamic acids 7,9 80 103 97 10,0 13,9 7,1 11,0
Sugars 71 50 3,7 7,2 4,2 6,1 171 174
Fatty acids 04 04 0,4 0,8 0,6 2,0 1,9 0,9
Others 36 37 3,4 4,7 4,1 4,0 3,6 4,0
Projection of the cases on the factor-plane ( 1 x 2)
Cases with sum of cosine square >= 0,00
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Fig. 1. PCA of propolis secondary metabolite profiles from healthy and AFB infected colonies. 1-5, samples from
healthy colonies; 6-8, samples from infected colonies.

Looking into detail, it became evident that the
chemical difference between propolis of healthy
and AFB infected colonies are less obvious than the
ones in balsam content. The most substantial
distinction between the two groups was the content
of two individual propolis constituents: propolis
from healthy colonies contained much higher levels
(statistically significant, p<0.01) of ferulic acid and

the benzoic acid ester coniferyl benzoate, than the
propolis from colonies with AFB (Fig. 2).
Especially the concentration of coniferyl benzoate
was 3 — 4 times higher. Recently we found
considerable activity of some propolis flavonoids
and phenolic acid esters against P. larvae. Those
active compounds were isolated from propolis
originating from P. nigra and are practically absent
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in aspen (P. tremula) propolis. It is interesting to
note that coniferyl alcohol and some of its esters
have antibacterial activities [17,18].

[ Balsam content
80+ [ Ferulic acid
Il Coniferyl benzoate

70

60

50

40

Percetange

30

20

10

Healthy AFB

Fig. 2. Content of balsam, ferulic acid and coniferyl
benzoate in propolis from healthy and AFB infected
colonies.

CONCLUSIONS

Our results are only preliminary and they cannot
give an unambiguous answer to the question about
the possible relationship between propolis chemical
composition and bee colony health. Nevertheless,
they give some indications that such a relationship
might be present. We established that chemical
differences exist between propolis from colonies
with AFB and healthy colonies. Further research
should be performed to clarify whether these
differences are indeed related to the health of the
colonies. Special attention should be paid to the
specific compounds that are more abundant in
healthy colonies
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CBbCTAB HA TTPOITIOJINMCA 1 AMEPUKAHCKHU I'HUWJIEL: UMA JIM1 BPB3KA?

M. Ilonosa, /I. AuToHoBa, B. bankosa*

Hnemumym no opeanuuna xumus ¢ Llenmvp no gpumoxumus, Boneapceka akademus nHa Haykume, yi. Axao. I
bonues, 61. 9, 1113 Cogpus

IMoctrenmna Ha 3 mait 2017 r.; Kopurupana na 19 mait 2017 r.

(Pestome)

AwmepukanckuaT rHwiel (Al) e Haii-paspyliuTenHoTo 3a00jsBaHe, 3acAralio MUETHOTO MWIO W MPUYHHABA
3HAYMUTEIHU 3ary0H Ha MYETapCKUTE CTOMAHCTBA. [IPOMONHCHT € BaXKeH eJIEMEHT OT COLIMAITHHS HMYHUTET Ha MUCSITHUTE
ceMeicTBa U e ToKa3asl akTHBHOCT cpeiny npuumHutens Ha AT Paenibacillus larvae. Tlpu Bce ToBa mo3nanusTa 3a
Bpb3KaTa MEXIYy XUMHUYHHSA CHCTAB Ha IMPOIOJIHCA M 3[PaBETO Ha IMYCIHOTO CEMEHCTBO ca MHOro orpaHudeHu. C
MIOMOIITA Ha ra30Ba XpoMaTorpadus — MacCIeKTPOMETPHS HHE H3yYHXMe XUMHYHUTE MPOGUIH Ha IPOOU MPOIOINC OT
3[]paBU KOLIEPH M OT TaKHMBa C KIMHUYHU cUMITOMHU Ha AT Okasa ce, 4e 3ApaBUTE ITUESIHH CEMEHCTBA IMPOU3BEKIAT
MPOIIONUC ChC 3HAYUTEIHO MMO-BHCOKO ChIbpXKaHHWE Ha Oancam. Makap 4ye KayeCTBEHHAT ChCTAB HA BCHYKH MPOGH
Oelle MPAKTHYECKH HACHTHYCH, OsiXxa HaMEPEHH KOJHMYECTBCHH DPA3MYdsi — MPOMOJUCHT HA 3APaBUTE MUYCITHU
ceMeicTBa ChABpIKAIIE MO-BHCOK IPOLEHT (CTaTHCTHYECKH 3HauyuMMHu pasnuku, p<0.01) d¢epynoBa kucenuHa u
koHHGepmIOeH30at B cpaBHeHue ¢ OonuuTe 0T AT TToydeHuTe pe3yaTaTu ca caMo MPEeIBAPUTEIIHU U ca HEOOXOAUMU
MO-HATATBIIHN M3CIICIBAHUS, 32 Ja CE U3SCHU Jald Te3H PA3IMKM HAUCTHHA Ca CBBP3aHH ChC 37[PaBETO HA MUYEITHHTE
ceMmelicTBa.
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The aim of this study was to evaluate the total phenolic and flavonoid contents and antioxidant capacity of different
Inula oculus-christi extracts and to isolate the potential antioxidant compounds. The methanol extract from flowers
showed the highest total phenolic (68.34+0.66 mg GAE/g DE) and flavonoid (42.63+0.75 mg CE/g DE) contents, and
the highest antioxidant capacity compared to other extracts through DPPH and ABTS assays (1.167+0.007 and
0.582+0.010 mM TE/ g DE, resp.). Six flavones (apigenin, luteolin, hispidulin, nepetin, scutellarein-4’-methyl ether and
jaceosidin), two flavone glucosides (nepetrin and hispidulin-7-O-glucoside), chlorogenic acid and 3,5-dicaffeoylquinic
acid were isolated from the most active extract. Their structures were established by spectroscopic methods. With
exception of hispidulin, all identified compounds were found for the first time in the studied species.

Key words: Inula oculus-christi; Asteraceae, phenolics; flavonoids; DPPH; ABTS assays

INTRODUCTION

Free radicals and reactive oxygen species are
known to be the major reason for various chronic
and degenerative diseases associated with oxidative
stress, such as diabetes mellitus, inflammation,
cancer, hypertension, atherosclerosis,
cardiovascular and neurodegenerative diseases [1].
Recently, plants and plant-derived antioxidants
(vitamins, flavonoids and phenolic acids) have
received growing attention, since they play an
important role as preventive agents against damage
caused due to oxidative stress with long-term
physiological benefits without any harmful side
effects [2]. The genus Inula (Asteraceae) comprises
about 100 species widespread in temperate regions
of Europe, Africa and Asia. Many Inula species are
frequently used in traditional medicines throughout
the world and reports on their ethnopharmaco-
logical applications have been recently reviewed
[3]. Plants belonging to this genus have shown to
possess various biological activities - antitumor,
antiinflammatory, antibacterial, antiproliferative,
antitussive, antidiabetic and hepatoprotective, etc.,
which were attributed to the abundance of bioactive
components mainly  sesquiterpene  lactones,
phenolic acids, and flavonoids [3,4]. I. oculus-

* To whom all correspondence should be sent:
E-mail: trendaf@orgchm.bas.bg

christi is native to Iran, the Caucasus, Turkey,
eastern Central Europe, Austria and the Balkan
Peninsula [5]. Literature survey revealed several
articles dealing mainly with the content of
sesquiterpene lactones and their cytotoxic,
antitumor and acetylcholinesterase activities [6-9].
A little is known about antioxidant properties of
this species and the content of phenolic compounds.
To the best of our knowledge, only hispidulin in I.
oculus-christi from Serbia [6] and a DPPH
scavenging activity of aqueous extracts of the
species from Turkey [10] have been reported.

Continuing our research on Inula species,
growing in Bulgaria we have focused our attention
on the phenolic constituents and antioxidant
capacity of I. oculus-christi.

EXPERIMENTAL
Plant material

Wild growing I. oculus-christi was collected in
full flowering stage in July 2016 from western
Rhodope Mts in Bulgaria. The plant was identified
by Dr. Ina Aneva (Institute of Biodiversity and
Ecosystem Research, BAS, Sofia). A voucher
specimen (SOM 1360) has been deposited in the
Herbarium of the Institute of Biodiversity and
Ecosystem Research, BAS, Sofia, Bulgaria.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

176


mailto:trendaf@orgchm.bas.bg

A. Trendafilova et al.: Phenolic constituents and antioxidant capacity of Inula oculus-christi from Bulgaria

Extraction and isolation

Air-dried and powdered flowers (180 g) from I.
oculus-christi were sequentially extracted with
chloroform (2 x 2L) and methanol (2 x 1L) at room
temperature for 24 hrs each. After filtration, the
solvent from the combined extracts was evaporated
under vacuum to give corresponding chloroform
(7.4 g) and methanol (10.6 g) extracts. A portion of
methanol extract (2.5 g) was dissolved in CH;OH
(15 ml) and centrifuged at 5800 rpm in order to
remove insoluble parts. Clear methanolic solution
was concentrated up to 5 ml and subjected to a
Sephadex LH-20 column (equilibrated with
CH30H) to give two main fractions A (1.5 g) and B
(0.3 g). Fraction B was further applied to MPLC on
LiChroprep RP-18 and eluted with increasing
concentrations of CH3OH in HO (20 to 80%).
Further purification of selected fractions by MPLC
(LiChroprep RP-18, CH3;OH/H,0O, 50:50) and/or
prep. TLC (Silica gel, CHCIs/CHsOH, 10:1)
yielded individual compounds: 1 (2.8 mg), 2 (5.3
mg), 3 (2.3 mg), 4 (12.3 mg), 5 (2.1 mg), 6 (2.2
mg), 7 (5.1 mg), 8 (4.6 mg), 9 (10.2 mg), and 10
(16.3 mg).

Chloroform and methanol extracts (0.41 and
0.49 g, respectively) from leaves of I. oculus-christi
were obtained from 10 g of dry plant material using
the same procedure. TLC comparison of the
methanol extracts obtained from leaves and flowers
was  performed on  Silica gel using
Toluene/Dioxane/CH3COOH (90:25:4) and EtOAc/
HCOOH/CH3;COOH/H,0O (100:11:11:26) followed
by spraying with NP/PEG reagent and UV
visualization at 366 nm [11].

Determination of total phenolic content (TPC)

Total phenolic content (TPC) was measured
using Folin—Ciocalteu method [12]. Gallic acid was
used as a standard compound and TPC was
expressed as mg gallic acid equivalents (GAE) per
1 g of dry extract.

Determination of total flavonoid content (TFC)

Total flavonoid content was measured using a
colorimetric assay developed previously [13]. (+)-
Catechin was used as a standard compound and
TFC was expressed as mg catechin equivalents per
1 g of dry extract.

Determination of antioxidant capacity

DPPH
ABTS

(1,2-diphenyl-2-picrylhydrazyl)  and
(2,2’-azinobis  (3)-ethylbenzthiazoline-6-

sulfonic acid) radical scavenging activities were
determined according to the previously described
methods [14]. Results were expressed as Trolox
equivalent antioxidant capacity (mM Trolox
equivalents per gram dry extract, mM TE/g DE),
using  calibration  curve  (absorption  vs.
concentration) of Trolox dissolved in methanol at
different concentrations.

Statistical analysis

All data were reported as means =+ standard
deviation (SD) wusing at three independent
measurements. Analysis of variance with a
confidence interval of 95% was performed using
MS Excel software.

RESULTS AND DISCUSSION

Phenolic compounds and flavonoids contribute
to the overall antioxidant potential of plants, so that
the chloroform and methanol extracts of the leaves
and flowers of I. oculus-christi were analyzed for
their total phenolic and flavonoid contents (Table
1). Total phenol content was expressed as mg
GAE/g DE. The highest amount of phenolics was
detected in methanol extracts. Leaves and flowers
contained almost equal amounts of phenolics
(68.34+0.66 and 66.95£1.13 mg GAE/g DE,
respectively). Flavonoid content was expressed as
mg catechin equivalents per gram of dry extract
(mg CE/g DE) and its values varied widely for both
solvents used and in the different plant parts. The
methanol extract from flowers was the richest of in
flavonoids (42.63+0.75 mg CE/g DE).

Antioxidant capacity of plants is commonly
evaluated using more than one method to measure
various oxidation products [15]. In this study,
DPPH and ABTS™ assays were used to estimate
free radical scavenging properties of the studied
extracts and the obtained results were expressed as
mM Trolox equivalents per gram of dry extracts
(mM TE/g DE (Table 1). Antioxidant capacity of
the studied extracts measured by the DPPH method
ranged from 0.023 to 1.167 mM TE/g DE. As
shown in Table 1, methanol extract from flowers
showed the highest radical scavenging activity,
followed by methanol extract from leaves, while
chloroform extract from leaves was almost inactive.
Lower antioxidant capacities were determined by
ABTSe+ assay and the values varied between 0.056
and 0.582 mM TE/g DE. The different antioxidant
activity levels obtained from the assays probably
due to the difference in the ability of antioxidant
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compounds in the extracts to quench ABTS and
DPPH free radicals in in vitro systems. A good
correlation was observed between antioxidant
capacity assessed with the DPPH and ABTS tests
and phenolic content in studied extracts (R2
0.9726 and 0.9684, respectively).

The most active methanol extract obtained from
flowers was worked up for isolation of the
Sephadex LH-20 and further purification afforded
apigenin (1) [16, 17], Iluteolin (2) [16-19],
scutellarein-4’-methyl ether (3) [20], nepetin (4)
individual compounds. Column chromatography on
[18, 19], jaceosidin (5) [21], hispidulin (6) [19, 22],
nepetrin (7) [22], hispidulin-7-glucoside (8) [23],
chlorogenic acid (9) [24] and 3,5-dicaffeoylquinic
acid (10) [24] (Fig. 1). The isolated compounds
were identified using spectral data (UV, *H NMR
and MS) compared with those published in the

literature. TLC comparison of the methanol extracts
obtained from leaves and flowers of I. oculus-
christi in the presence of the isolated compounds
did not show significant qualitative differences.

The results described above showed that I.
oculus-christi was characterized by the presence of
flavones (1-8) and caffeoylqunic acid derivatives (9
and 10). Compounds 3-8 were substituted at C-6
with hydroxyl or methoxyl group. With exception
of jaceosidin (5), all isolated flavonoids have been
previously found in species of genus Inula such as
I. britannica, I. japonica, I. helenium, I. salsoides,
I. helenium, I. viscosa, I. germanica, etc. [3, 4, 25,
26]. Mono- and dicaffeoylquinic acid derivatives
are widespread in the plant kingdom including
Inula species. Phenolic acids 9 and 10 have been
detected previously in I. viscosa, I. britannica, I.
helenium, 1. cappa, etc. [3, 4]. It is worth also to

Table 1. Total phenolic content (TPC), total flavonoid content (TFC) and antioxidant capacity (ABTS and DPPH assay)
of different I. oculus-christi extracts.

TPC TFC Antioxidant capacity [mM TE/g DE]
Sample Extract
[mg GAE/g DE] [mg CE/g DE] ABTS DPPH
leaves CHCI; 5.48+0.622 4.90+0.16% 0.056+0.003% 0.023+0.001%
flowers CHCl3 18.31+1.63° 16.08+1.10P 0.105+0.003° 0.076+0.002°
leaves MeOH 66.95+1.13¢ 19.12+1.34¢ 0.470+0.009¢ 0.981+0.003°¢
flowers MeOH 68.3440.66° 42.63+0.75¢ 0.582+0.0104 1.167+0.007¢

Values are means + SD. Different letters in same columns are significantly different at p <0.05

R, R, Rs Ry
1H H H H
2 H H H OH
3 H OH CHzH
4 H OCHy H OH
5 H OCH; H OCH;
6 H OCH; H H
7 Glu OCH; H OH
8 Glu OCH; H H

9
10 R;= R, = Caffeoyl

R; = H, R, = Caffeoyl

)
OH

OH
Caffeoyl

Fig. 1. Structures of the isolated compounds
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mention that besides hispidulin (7) [6] all other
isolated compounds were registered for the first
time in 1. oculus-christ.

CONCLUSION

The highest antioxidant capacity of the methanol
extract obtained from flowers of 1. oculus-christi
could be attributed to the high content of phenolic
components such as caffeoylquinic acid derivatives
and flavonoids. Moreover, the domination of C-6
substituted flavonoids in . oculus-christi is in
accordance with the known flavonoid patterns of
Inula species, i.e. they could be assumed as
chemotaxonomic markers.
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OEHOJIHU CBEJUHEHUA U AHTUOKCUAAHTEH KAITAIIUTET HA INULA OCULUS-
CHRISTI OT BbJI'APUA

A. TpeHz[a(bHHOBal*, M. TOI[OpOBal, B. Usanosal, 1. Anesa®

Y Unemumym no opeanuuna xumus ¢ Lenmwp no umoxumus, Bvaeapcxa axademus na naykume, ya. “Axao.
I'. bonueg”, 0. 9, 1113 Cogusi, Bvreapus
2 Unemumym no 6uopasnoobpasue u exocucmemnu usciedsanus, bvreapexka axademus na naykume,
ya. “Taeapun” 2, 1113 Coghus, bvacapus

Ioctenuna Ha 1 maii 2017 r.; Kopurupana na 30 maii 2017 r.

(Pesrome)

Lenra Ha TOBa WM3CNEABaHE € Ja Ce ONpelNed TOTATHOTO (eHOJIHO W  (DIABOHOMIHO ChIbpPKAHHE U
AHTHOKCHIAHTHUS KaMallUTET Ha Pa3iIndHu eKcTpakTu oT Inula oculus-christi, kakto u 1a ce u3onupar NOTCHIHATHATE
AQHTHOKCUJIAHTHU CHEIUHECHUS. METaHOIHHAT EKCTPAKT IIOJyYeH OT IIBETOBETE Ha PACTCHHETO ITOKa3a Haii-BHCOKO
TOTAJHO ChIbp)KaHue Ha (heHONMHH chenuHeHns (68.34+0.66 mg GAE/g DE) u ¢pmaBonounu (42.63+0.75 mg CE/g DE)
1 Hal-BHCOK aHTHOKcHUAaHTeH KamamureT cipssimo DPPH and ABTS paaukanu (1.167+0.007 and 0.582+0.010 mM TE/
g DE, cworBetHO). lllect ¢naBoHa (amureHWH, JTYTEONWH, XHCIHAYJIHH, HENETHH, CKyTelapeHH-4’-MeTHJI eTep H
AWICO3UANH), [Ba (IIABOHOBH TIJIFOKO3Ma (HENETPUH W XUCHHAYNUH-/-O-TJIIOKO3WA), XJIOporeHoBa H 3,5-
IMKa(QeOMIXHHOBAa KUCEIMHU OsiXa W30JMPAHW OT HaW-aKTUBHUS EKCTPakT. TsXHaTa CTPYKTypa € OIpenelicHa ¢
MOMOIITA Ha CIIEKTpaIHN MeTou. C U3KIII0OYeHNE Ha XUCIIUAYJINH, BCHYKH WICHTU(DHUINPAHH ChbeAMHEHUS CE€ OTKPUBAT
3a IIbPBU ITBT B U3CJIECIBAHOTO PACTEHHUE.
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The electrochemical reduction of the nonsteroidal anti-inflammatory drug nimesulide, N-(4-nitro-2-phenoxyphenyl)-
methanesulfone anilide, was performed in DMSO-ds solution and the IR spectral changes arising from the conversion
were monitored. The spectral studies showed that in these conditions, electrochemical reduction leads to considerable
decrease of the N-O and S-O stretching frequencies, increase of the C-NO; stretching frequency and disappearance of
d(N-H). Based on comparison with theoretically predicted spectra of possible reduction products, the observed changes
were attributed to the generation of dianion radical of nimesulide. The IR frequency shifts indicated that essential
structural changes in the nitro, sulfonamide group and the phenyl ring connecting them have occurred as a result of the
reduction. NBO charge and spin density calculations showed that 71% of the spin density is localized into the nitro
group of the dianion radical, whereas 87% of the anionic charge is concentrated into the sulfonamide fragment.

Key words: nimesulide; nitro reduction; electrochemical reduction; IR spectroscopy; dianion radical

INTRODUCTION

N-(4-nitro-2-phenoxyphenyl)-methanesulfone
anilide (1) is a nonsteroidal anti-inflammatory drug
(NSAID) that has potent analgesic, anti-
inflammatory and antipyretic activities on oral and
rectal administration [1]. It is a preferential cyclo-
oxygenase-2 (COX-2) inhibitor hence inhibits the
synthesis of destructive prostaglandins and spares
cytoprotective prostaglandins [2]. In addition, some
studies had mainly attributed the selective
inhibition of COX-2 and the anti-inflammatory
effect of nimesulide to its radical scavenger
behaviour, which may be explained by the presence
of a methanesulfonamide group that has strong
interactions with the COX-2 enzyme [1,3].

Nimesulide as other nitroaromatic drugs, has
been associated with rare and unpredictable but
serious hepatic adverse reactions [4,5]. What the
nitroaromatic drugs have in common is their
potential to undergo multistep nitroreductive
bioactivation (6-electron transfer) that produces the
potentially hazardous nitroanion radical, nitroso
intermediate, and N-hydroxy derivative. These
intermediates have been associated with increased
oxidant stress and targeting of nucleophilic residues
on proteins and nucleic acids [5]. It was shown that
in humans nimesulide is oxidatively metabolized to
4’-hydroxynimesulide but also nitroreduced to the
amine (with subsequent conjugation) [6,7].

* To whom all correspondence should be sent:
E-mail: S_Stoyanov@orgchm.bas.bg

However, the role of the reactive intermediates,
resulting from the transformation could not be
clarified, presumably due to their short life-time
and inability to detect them by conventional
analysis of metabolites [8]. In addition, it is not
known which nitroreductase(s) play a role in these
reactions. In rats, nimesulide was reduced to its
amino metabolite, similar to humans [9].
Interestingly, anaerobic incubation increased the
nitroreductive pathway, while the formation of 4’-

hydroxylated nimesulide (CYP-mediated and
therefore  oxygen-dependent) was completely
blocked. Under anaerobic conditions, the

nitroreductive pathway is enhanced, while the
formation of 4’-hydroxylated nimesulide, which is
mediated by CYP in presence of oxygen, is blocked
[5,9]. Given the complexity of the multiple
competing reactions, it was suggested that the
imbalance between the oxidative and reducing
pathways of nimesulide and the relative abundance
of molecular oxygen might be the crucial starting
events in the pro-toxic processes in the liver [5].
The redox behaviour of nimesulide was
previously studied by cyclic voltametry in efforts to
understand its metabolism and mechanism of
hepatotoxicity [10-12]. These electrochemical
measurements showed that the reduction of
nimesulide is strongly dependent on the nature of
the media, following different reduction behavior.
It was demonstrated that a stable free radical
product was successfully electrogenerated in mixed
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media, containing DMF(60%) and citrate buffer
(40%), while in protic mixture of Britton
Rhobinson buffer (70%) and KCl-ethanol solution
(30%) a radical species could be observed only in
strong alkaline media (pH 12) [12]. In protic
medium at pH 9, nimesulide was converted directly
to hydroxylamine [12].

Monitoring of the IR spectral changes in the
course of electrochemical reduction of nimesulide
offers a convenient way to complement the
information gathered by the cyclovoltametric
studies. Earlier studies has proven that the
structural changes arising from the conversion of
various organic carbonyl, nitrile and nitro
compounds can be reliably described based on the

observed shifts of their characteristic IR
absorptions, especially when supported by
theoretical computations [13-23]. Herein we

present our study on the IR spectral and structural
changes related to the electrochemical reduction of
nimesulide.

EXPERIMENTAL AND COMPUTATIONS

Nimesulide (99%), tetrabutylammonium
bromide (99%) and spectral quality DMSO-ds were
purchased from Sigma-Aldrich Co. All spectra
were measured on a Bruker Tensor 27 FT
spectrometer by accumulating 64 scans at 2 cm™
resolution. The electrochemical transformation of
nimesulide was performed in a special CaF, cell
with platinum electrodes, filled with 0.1 M solution
of nimesulide in DMSO-d¢ and equavimolar
amount of tetrabutylammonium bromide. 4.5 V
voltage was applied, and the spectra were measured
in 10 minutes interval. The measurements were
carried out for 75 min to gain maximum
conversion. After that the polarity of electrodes was
reversed and the measurements continued for the
same interval.

All  quantum chemistry calculations were
performed using Gaussian 09 package of programs
[24]. Geometry and vibrational frequencies of the
species studied were performed by an analytical
gradient technique without any symmetry
constraint. All the results were obtained using the
density functional theory (DFT), employing the
B3LYP (Becke’s three-parameter  non-local
exchange correlation) functional [25], 6-311++G**
and 6-311++G(2df,2dp) basis sets. Incorporation of
DMSO solvent was performed by the Integral
Equation Formalism of Polarizable Continuum
Model (IEFPCM) [26,27]. The stationary points
found on the potential energy hypersurfaces for
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each structure were characterized using the
standard harmonic vibrational analysis. A standard
least-squares program has been used to calculate
single parameter regression indices. The absence of
imaginary frequencies confirmed that the stationary
points corresponded to local minima on the
potential hypersurfaces.

RESULTS AND DISCUSSION

The IR spectral measurements during
electrochemical reduction are typically performed
in DMSO-ds solution with tetrabutylammonium
bromide as electrolyte salt [13-23]. In these
conditions it is expected that the radical anion
product will be generated and stabilized in
measurable amounts. In order to achieve an
accurate and reliable description of the changes
resulting from the electrochemical reduction of
nimesulide, several initial studies were done prior
the IR measurements:

(i) Optimization of the molecular structure of
nimesulide and possible reduction products,

(if) Assignment of the characteristic IR bands of
nimesulide in DMSO-ds solution,

(iif) Prediction of the IR spectra of possible
reduction products.

Having in mind the strong dependence of the
reduction behavior on the nature of the media, we
took into account a radical anion resulting from
one-electron reduction (2) and a dianion radical
resulting from one-electron reduction accompanied
by deprotonation (3) in the analysis of possible
reduction products.

Optimization of the molecular structure of
nimesulide and possible reduction products

X-ray studies have reported three polymorphic
forms of nimesulide, which are distinguished by
different steric positions of the sulfonamide
fragment and ring B [28-31]. Our computations
showed that nimesulide has two stable
conformations in DMSO solution differing by the
torsion angle of the sulfomethyl group (Figure 1).
In both forms the nitro and amino group lie in the
plane of benzene ring A. Ring B lies in another
plane with dihedral angle 77° towards ring A. The
structure is stabilized by formation of an
intramolecular hydrogen bond between the
sulfonamide N-H and the phenoxy O-atom. The
sulfomethyl group might be above (1a) or below
(1b) the plane of benzene ring A. The two forms
give indiscernible IR spectra.



Dianion radical 3¢ (AE =+ 0.32 kJ.mol™})

Fig. 1. Different possible conformers of nimesulide molecule 1, its radical-anion 2, and dianion-radical 3, computed at
6-311++G** theory level.
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The conformational flexibility of the radical
species is also considerable as can be seen by the
small energy differences between their conformers.
Two stable conformations of radical anion 2 were
found (Figure 1) resembling closely those of the
neutral nimesulide. The theoretical data for dianion
radical 3 showed the presence of at least three
conformers, which are characterized by very low
energy differences (Figure 1).

Assignment of the characteristic IR bands of
nimesulide in DMSO-ds solution

The strongest and most characteristic bands of
nimesulide were observed in the 1700-1100 cm™*
region (Figure 2). The bands at 1523 and 1340 cm™
(Table 1) can be assigned to the nitro asymmetrical
and symmetrical vibration.

Table 1. Theoretical and experimental frequencies and intensities for nimesulide molecule 1.

Theoretical data (B3LYP/6-311++G(2df,2dp))

Experimental data (DMSO-d¢?)

No Viheor.” AC Approximate description® Vexp. Al
1. 3396 197 v(N-H) i T
2. 3098 12 vena(C-H) 9 9
3. 3097 4 vena(C-H) 9 9
4, 3086 2 vena(C-H) & 9
5. 3063 4 vena(C-H) 9 9
6. 3058 12 vena(C-H) & 9
7. 3053 23 vena(C-H) 0 B
8. 3045 8 vena(C-H) & 9
9. 3038 0 v3(CHs) 9 9
10. 3037 0 VphA(C-H), VphB(C-H) -9 -9
11. 3026 1 Vv3(CHj) 9 -9
12. 2937 0 v¥(CHs) & 9
13. 1607 4 VphA(C=C), VphB(C:C) 9 -9
14, 1601 11 vena(C=C) & 9
15. 1598 67 Vera(C=C), vpra(C=C) 1597 m
16. 1593 194 Vena(C=C), vpra(C=C) 1587 m
17. 1507 550 v3(NO,), 8(N-H) 1523 s
18. 1500 88 Sena(C-H) 1501 sh
19. 1499 431 Sena(CH), v¥(NOy) 1490 s
20. 1467 3 Spra(CH) -9 -0
21. 1443 107 S(NH) 1457 w, br
22. 1433 5 5%(CHs) 9 9
23. 1432 9 %(CHa) -9 -0
24, 1413 214 S(N-H), vena(C=C) 1411 w, br
25. 1356 69 Vena(C=C), v(C-N) -9 -9
26. 1345 14 5%(CHy) -9 -9
27. 1337 0 Spna(CH) -9 -9
28. 1329 901 Vv¥(NOy), 5P"B(CH) 1340 Vs
29. 1312 10 Sens(CH) -9 -9
30. 1308 466 Vv¥(S0y), dpra(CH) 1291 w
31. 1291 387 V(C-NH), 8pns(CH) 1281 w
32. 1257 736 V(C-OC), 8pna(CH) 1250 m
33. 1227 344 V(C-0C), Sprg(CH) 1217 m
34 1199 52 Spna(CH), 8(C-OC) 9 9
35. 1182 34 Spna(CH), 3(C-OC) 9 -9
36. 1181 2 Sena(CH) 9 -9
37. 1157 41 Spna(CH) -9 -9
38h 1139 471 v¥(SO2) 1159 s
MAD' - - - 9.5 -

aMeasured after having decomposed the complex bands into components; ? Infrared frequencies [cm™] scaled by Eqn. (1).¢ Predicted
intensities [km.mol]; ¢ Vibrational modes: v, stretching; §, in-plane bending; y, out-of-plane bending; superscripts: s, symmetrical;
as — asymmetrical; PhA, phenyl ring A; PhB - phenyl ring B; ® Relative intensities: vw, very weak; w, weak; m, moderate; s,
strong; vs, very strong; sh, shoulder; br, broad; f This frequency was removed from correlation analysis, because there is significant
association between the amide group and the solvent molecules; 9 These bands were not detected in the IR spectrum; " Followed by
28 lower-frequency vibrations that could not be observed experimentally due to self-absorptions of DMSO-ds below 1100 cm; i
Mean Absolute Deviation between theoretically predicted and experimentally observed vibrational frequencies.
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Two weaker bands observed at 1291 and 1159
cm?® could be attributed to the asymmetrical and
symmetrical stretching of the SO, group. The NH
deformation is characterized by a weak broad band
with maximum at 1411 cm™. The bands for C-N
and S-N stretching are expected below 1100 cm™
and could not be observed due to self-absorptions
of DMSO-de.

The experimental IR frequencies were
accurately reproduced by the IEF-PCM B3LYP/6-
311++G(2df,2dp) calculations. After comparison of
the theoretical frequencies to the experimental
values the following scaling equation was obtained:

y*d = 0.92992+ 84.2 (cm‘l)

It was applied in the following IR analysis to
scale the native theoretical frequencies of the
radical species 2 and 3 calculated at same theory
level.

2,5

2,04

0,5 4

00 —r——-s——o—mm—m——-—-""-—-"-7g-—"T—"7T—
1700 1600 1500 1400 1300 1200 1100

Wavenumber, cm’”

Fig. 2. IR spectra of nimesulide before reduction, t = 0
min (a) and in the course of electrochemical reduction, t
=30 min (b), t = 75 min (c).

IR measurements in the course of electrochemical
reduction of nimesulide

In the course of electrochemical reduction of
nimesulide, the intensities of the bands at 1523 and
1340 cm? decreased (Figure 2). The same was
observed also for the band of the SO, symmetrical
stretching at 1159 cm®. The band for NH
deformation at 1411 cm™ nearly disappeared. In the

same time, new bands appeared at 1291, 1217,
1186 and 1109 cm™. Two new bands — at 1225 and
1347 cm, were detected like shoulders.

The intensities of the newly appeared bands
gradually increased over time. Reversal in the
polarity of the electrolysis cell restored the original
spectrum of 1 which led to the conclusion that the
observed spectral changes are due to reduction of
nimesulide and not to products of radical
recombination or other chemical transformations.

Interpretation of the IR data

Due to the broadening and overlapping of the
bands, the assignment of the exact positions of
experimental bands was done by second derivative
analysis and curve fitting procedure. The
frequencies of all bands appearing in the course of
electrochemical reduction of nimesulide were
thoroughly compared with the theoretically
calculated frequencies of possible products —
radical anion 2 and radical dianion 3.

According to the theoretically calculated
frequencies of 2 and 3, in both cases of v*(NOy)
and v¥(NOy) should strongly decrease, while v(C-
NO,) should considerably increase. The positions
of the phenyl bands are not expected to change
strongly. However, the magnitude of the nitro
frequencies shift and the spectral changes
concerning the other functional groups allow
discrimination between the two products.

Upon conversion in 2, the band for v*¥(NO>) is
expected to appear at 1257 cm? (Av = - 273 cm™Y);
v(NO,) — at 1055 cm? (Av = - 274 cmt); and v(C-
NO,) — at 1365 cm™ (Av = + 265 cm™) (Table S1).
These changes are similar to those, observed earlier
for other nitrophenyl derivatives [13-16,22,23]. The
band for 6(N-H) is expected to shift only slightly.
v¥(SOz) and v*(SOz) should be lowered weakly,
only by 19 and 2 cm™.

Conversion in 3 should lead to the following
changes: the band for v*(NO) would shift to 1227
cmt (Av = - 303 cm™); v¥(NO,) — to 1057 cm™ (Av
= - 283 cm?); and v(C-NOy) — to 1348 cm™ (Av = +
248 cm™) (Table 2). The band for §(N-H) should
disappear as a result of deprotonation, while
v¥(SOz) and Vv(SO.) should be lowered
significantly by 105 and 75 cm™. v(C-NSO,) should
produce a very strong band at 1298 cm.

Based on these assignments, better matching
was found with the spectrum of radical dianion 3
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(Table 2). The experimental bands at 1347 and
1225 cm* were attributed to v(C-NO2) and v*(NO2)
of radical dianion 3. Deprotonation was evidenced
by the nearly complete disappearance of the band
for 3(N-H). Another prove for the conversion of 1
in 3 was found in the appearance of the strong
doublet with maximum around 1290 cm™ (1294

and 1285 cm? after deconvolution) which agrees
well with the predicted positions and strong
intensities of v(C-NSO) and vena(C=C) - number
26 and 27 in Table 2. Therefore it was concluded
that the one-electron reduction of nimesulide
proceeded with deprotonation.

Table 2. Theoretical and experimental frequencies and intensities for nimesulide dianion radical 3a.

P
o

Theoretical data (B3LYP/6-311++G(2df,2dp))

Experimental data (DMSO-d¢?)

Viheor” A° Approximate description® Vexp. Ac
1. 3079 1 VPhA(C-H) - -
2. 3074 5 vena(C-H) f f
3, 3063 3 vens(C-H) N K
4. 3055 4 vena(C-H) f f
5. 3054 24 vens(C-H) N K
6. 3046 33 vena(C-H) f f
7. 3034 16 vens(C-H) N K
8. 3028 4 vena(C-H) f f
9. 3020 7 VA(CHa) N K
10. 3013 10 V(CHa) f f
11. 2929 11 v¥(CHs3) - -f
12. 1603 124 v¥(CHa) 1599 sh
13. 1592 35 vens(C=C) 1590 sh
14, 1578 50 vens(C=C) 1581 m
15. 1528 1 VphA(C:C) -f -f
16. 1496 176 vena(C=C) 1500 sh
17. 1484 455 Spna(C-H) 1492 S
18. 1467 1 Spne(C-H) 1474 m
19. 1438 5 §%(CHa) f R
20. 1436 2 5%(CHa) f f
21. 1425 42 vena(C=C); dpna(C-H) -f -f
22. 1348 395 v(C-NOy); dpna(C-H) 1347 m
23 1343 24 Sena(C-H) f f
24, 1326 107 &°(CHs) 1323 m
25. 1316 14 VphA(C:C); SphA(C-H) 1313 m
26. 1298 732 v(C-NSO2); dpna(C-H) 1294 Vs, sh
27. 1293 714 VphA(C:C); SphA(C-H) 1285 VS, sh
28. 1248 84 SPhB(C-H) 1264 m
20. 1236 520 V(C-OC), 3pna(C-H) 1246 m
30. 1227 331 v¥(NO2), dpna(CH) 1225 m
31 1188 208 V(CO-C), 3ena(C-H) 1101 w
32, 1183 34 Spna(C-H) 1188 w
33, 1178 484 V(S03), 8pna(C-H) 1186 w
34. 1175 5 Spne(C-H) f f
35. 1137 165 Spna(C-H) f m
3. 1104 18 Spna(C-H) f m
37. 1085 390 Vi(SO,) 1109 f
389 1058 12 V(NO2) f f
MAD" - - - 8.6 -

@ Measured after having decomposed the complex bands into components; ° Infrared frequencies [cm™]
scaled by Eqn. (1); ¢ Predicted intensities [km.mol™]; ¢ Vibrational modes: v, stretching; §, in-plane bending;
superscripts: s, symmetrical; as, asymmetrical; PhA, phenyl ring A; PhB - phenyl ring B; € Relative intensities:
w, weak; m, moderate; s, strong; vs, very strong; sh, shoulder; * These bands were not detected in the IR
spectrum; ¢ Followed by 28 lower-frequency vibrations that could not be observed experimentally due to self-
absorptions of DMSO-ds below 1100 cm™; " Mean Absolute Deviation between theoretically predicted and

experimentally observed vibrational frequencies.

186



S. Stoyanov et al.: IR study on the electrochemical reduction of nimesulide

Fig. 3. Electron density distribution over fragments in nimesulide molecule 1 and its radical species 2 and 3.
aNBO net electronic charges. ® NBO electron spin density (in italics). °NBO electronic charge changes Aqi = g; (radical)
- gi (molecule).

Structural analysis

The observed shifting of the bands of nitro and
sulfonyl groups is in good agreement with the
predicted changes in bond lengths. The S-O bonds
are affected insignificantly by conversion in 2,
while conversion in 3 causes 0.025-0.032 A
lengthening of the S-O bonds and 0.008 A
shortening of the C-NSO; bond.

NBO electronic charges and spin density
distribution over fragments of the studied species
are shown in Figure 3. In the radical anion 2 68%
of the spin density and 63% from the anionic
charge are concentrated into the nitro group (Figure
3). It can be concluded, that the structure of 2 is
determined mainly by the localization of the single
electron in the nitrophenyl fragment (96%). The
results presented for dianion radical 3 are also
indicative — 71% of the spin density is localized
into the nitro group, whereas 87% of the anionic
charge is concentrated into the sulfonamide
fragment.

It can be summarized, that the topological
characteristics of the structure determine sulfonyl
group to be a weak competitor of the nitro group
for the odd electron distribution and the opposite —
the nitro group to be a weak competitor of the
sulfonyl one for the anionic charge distribution.

CONCLUSION

The IR spectral changes arising in the course of
electrochemical reduction of nimesulide, were
studied in DMSO-ds solution with tetrabutyl-
ammonium bromide as electrolyte salt. Based on
comparison with theoretically predicted spectra of
possible reduction products, i.e. (i) radical anion
resulting from one-electron reduction and (ii)
dianion radical resulting from one-electron
reduction accompanied by deprotonation, it was
concluded that in these conditions the

electrochemical reduction of nimesulide leads to
the generation of a dianion radical. A reliable
interpretation of the spectral data was achieved by a
combined experimental and theoretical IR
approach. It was shown that conversion of
nimesulide into dianion radical caused significant
spectral and structural changes in the nitro and
sulfonamide group and the phenyl ring connecting
them. According to the NBO calculations, the
major part of the spin density is localized into the
nitro group of the dianion radical, whereas the most
of the anionic charge is concentrated into the
sulfonamide fragment.
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MY CIIEKTPAJIHO U3CJIEABAHE HA EJIEKTPOXUMMWYHATA PEAYKLMA HA
HUME3VJIUJ

C. CrostoB', /1. SInueBa, A. Kocaresa

Jlabopamopus ,, Cmpykmypen opaanuyen anau3z ", HHcmumym no opeanuina XuMusi ¢ YeHmsp no umoxumusi,
bwneapcka akaoemus na naykume, yiu. ,,Axao. I'. bonueg™, 1. 9, 1113 Cogus, Bvacapus

[Mocrpmuna Ha 01 mait 2017 r.; Kopurupana Ha 31 maii 2017 r.

(Pesrome)

EnektpoxuMUYHATA peIyKUHs Ha HECTEPOUIHOTO MPOTHBOBB3MNAIMTEIHO JeKapcTBO Humesyiaua, N-(4-Hutpo-2-
¢benokcupennn)-merancynponamu, Gemre mposeaeHa B pa3rsop Ha DMSO-ds u 6sixa npocnenenu MY crexrpanHute
NIPOMEHH, TIOPOJICHM OT TpeBpbliaHeTo. CIHEKTpaHUTE W3CJIEABAaHUs II0Ka3axa, 4Ye TPH TE3H YCIOBHSA
ENIEKTPOXUMHYHATA PEAYKIUsI BOJH 10 3HAUNTETHO noHMkeHne Ha N-O u S-O BaJleHTHUTE YeCTOTH, NOBHUIIABAHE Ha
C-NO; Banentnara dectota W m3ue3BaHe Ha O(N-H). Bb3 ocHOBa Ha CpaBHEHHETO C TEOPETHYHO IMPEACKA3AHUTE
CHEeKTPH Ha BB3MOXKHUTE DPEAYKIMOHHU INPOAYKTH, HAOJIOJABAHWUTE MPOMEHH Ca OTJAJleHH Ha TeHepUpaHeTO Ha
JIMaHUOH-paJivKan Ha HuMesynuna. OrmectBanusta Ha MY MBUIM CBUAETENCTBAT, Y€ B PE3yJTaT Ha peIyKUUsITA ca
HACTBIIWIIM 3HAYUTEITHH CTPYKTYPHU IIPOMEHU B HUTPO-, CylihOHAMUIAHATA IPYIa U (PEHUITHOTO SIIPO, CBBP3BAHO C THIX.
Crnopel M34YKCIICHUTE HATYpalHU 3apsd W CIIMHOBA IUIBTHOCT, 71% OT CIIMHOBATa IUTBTHOCT € ChCPEAOTOYEHA B
HUTPOTpyNaTa Ha JUaHHOH-PaJHKaia, 10KaTo 87% OT aHUOHMSA 3apsj € JIOKAIU3UPaH B CyJI(OHAMHUIHUS GparMeHT.
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Although there is a lot of information about cyclodextrins (CDs) and their coordination complexes, there are still
many open questions concerning the factors influencing the processes of their metal binding and selectivity. The
purpose of this study is to clarify the factors that drive the formation of BCDs - metal ion complexes. A DFT
computational study of complexes of BCDs with IIA/IIB group metal cations (Be*, Mg?*, Ca?*, Sr?*, Ba?*, Zn?*, Cd?**,
Hg?*) was performed to determine the main factors (ionic radius, preferred coordination number and degree of
hydration of the metal cation, dielectric constant of the medium, etc.) controlling the processes of metal binding and

selectivity in these systems.

Key words: cyclodextrin; metal cations, metal binding; selectivity; DFT calculations

INTRODUCTION

Some of the most commonly used molecules in
the host-guest interactions are cyclodextrins (CDs).
They are macromolecules which  possess
amphoteric  properties, because they have
hydrophobic cavity and hydrophilic outer surface.
The natural CDs consist of 6, 7 or 8 glucopyranose
units and are referred to as aCD, BCD and yCD,
respectively [1]. The form of cyclodextrins is
truncated cone because of the chair conformation of
the glucopyranose units [2]. For industrial use CDs
are manufactured by enzymatic degradation of
starch [3]. All three major types naturally occurring
CDs have the same side rim depth — about 0.8 nm,
but they have different cavity diameters (empty
diameters between anomeric oxygen atoms) - 0.5,
0.6 and 0.8 nm for aCD, BCD and vyCDs,
respectively [4]. Due to the large number of OH-
groups CDs are soluble in water and the solubility
of the aCD, BCD and yCD under normal conditions
is approximately 13%, 2% and 26% (145 g/l, 18.5
g/l and 232 g/l, respectively) [5]. One of the most
important properties of CDs is their ability to
accommodate different molecules inside their
cavity [3,6,7], as the size of molecules that can be
placed inside (hosted) is determined by the CDs
cavity size. As a result, these molecules have found
a number of applications in a wide range of fields.
In the pharmaceutical industry CDs are primarily

* To whom all correspondence should be sent:
E-mail: ohtvd@chem.uni-sofia.bg

used as complexing agents to increase the water
solubility of poorly water-soluble drugs and to
increase their bioavailability and stability [2,8,9].
For example, BCD is used as an agent to increase
the solubility and reduce the adverse side effects
(gastrointestinal irritation) of the Piroxicam
(belonging to the group of nonsteroidal anti-
inflammatory drugs), its faster absorption and thus
faster analgesic effect [10]. CDs can alter the
chemical stability of drugs - may slow down or
accelerate their degradation or influence their
reactivity. For example, doxorubicin (an antitumor
drug) is unstable in aqueous medium and
complexation with BCD or yCD significantly
increases its stability [11]. CDs inclusion
complexes with metals, where CD acts as a ligand
from the first coordination sphere, are described in
the literature. One of the most interesting examples
is the complex of BCD with Cu?*, which also
include Li* [12]. BCD may also form complexes
with metal ions in which it is in the second
coordination sphere: for instance adducts of
ferrocene and PCD, described by Breslow [13].
Zhang et al. [14] investigated complexes of BCD
with M# (Fe?*, Co?, Ni?*, Cu?* and Zn%*) and
demonstrated that these complexes have catalytic
properties in aldol condensation  reaction.
Stachowicz et al. [15] studied computationally the
complexes of BCD with some metal cations (Na*,
Cu*, Mg*, Zn** and AI**) at the B3LYP/6-31G*
level and revealed the structure of the formed host-
guest complexes.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 189



V. Nikolova et al.: 11A/11B group metal cations hosted by S-cyclodextrin: a DFT study

The aims of the present study are: (a) to clarify
whether the properties of the metal ion influence
the process of metal - BCD complexation; (b) to
verify how dielectric properties of the medium
affect the process of metal binding and the
selectivity in these complexes; (c) to check which
type of coordination mode of BCD (as first or
second coordination sphere) is more favorable. In
achieving these aims, we conducted DFT
calculations combined with the PCM computations
(Polarizable Continuum Model) for the complexes
of BCD with ITA/IIB group metal ions.

COMPUTATIONAL DETAILS

All calculations in this work were performed by
using Gaussian 09 quantum chemistry package
[16]. For geometry optimization of the BCD
molecule and its complexes with metal ions M062X
functional was employed [17]. The computations
were performed with the 6-31G(d,p) basis set [18]
for the lighter atoms (C, O, H, Be, Mg, Ca, Zn) and
with SDD pseudopotential [19,20] for Sr, Ba, Cd
and Hg. In our previous study this combination of
functional and basis set (M062X/6-31G(d,p)) has
been proven to reproduce accurately metal-oxygen
atoms distances in a metal complex with ligand
resembling CD molecule [21]. For each optimized
structure frequency calculations were performed at
the same level of theory. No imaginary frequency
was found for the lowest energy configurations of
any of the optimized structures. The scaled by an
empirical factor of 0.979 vibrational frequencies
were used to compute the thermal energies, Ew,
including zero-point energy, and entropies, S. The
free energy of complex formation in the gas phase
at T=298.15 K, AG?, was calculated by equation
2):

AG! = AEq + AEn + APV — TAS 1)

BCD

where the terms AEq, AEw and AS are differences
between the respective values of energies of the
products and reactants, and the term APV is a work
term.

Solvation effects were accounted for by
employing the Polarizable Continuum Model
(PCM) [22,23] method. The fully optimized
structure of each molecule/complex in the gas
phase was subjected to a single point calculation in
water (¢~80). The free energy of the complex
formation in water was obtained by equation (2),
where AGsn® (Products) and AGsn® (Reactants)
are differences between the gas-phase and PCM
calculated energies for the products (complexes)
and reactants (BCD and metal cations),
respectively:

AGSO: AGl + AG50|V80(PFOd.) - AGsolvgo(ReaCt.) (2)

The calculated values of AG® can be positive or
negative: if the obtained value is positive, then the
complex  formation is  thermodynamically
unfavorable; if AG® value is negative, then the
process is thermodynamically favorable.

The PyMOL molecular graphics system was
used for generating the molecular graphics images
[24].

RESULTS AND DISCUSSION
BCD

Figure 1 presents the lowest-energy optimized
structure of BCD in two projections — a view from
the narrow rim and a side view. The BCD system
possesses nearly 7-fold symmetry with main
symmetry z-axis passing through the centre of the
BCD and perpendicular to the mean plane of the
oxygen atoms from the primary OH groups.
Hydrogen bonds are formed at the trimmed with
OH groups rims (upper/narrow and lower/wide
rim); these at the narrow rim are stronger than their
wide-rim counterparts.

narrow rim
/ (primary OH-groups)

C H O

\ wide rim

(secondary OH-groups)

Fig. 1. Optimized structure of BCD in two projections: side view and view from the narrow rim.
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The orientation of intramolecular hydrogen
bonds at both rims is opposite: looking from the
narrow rim side the orientation of the narrow rim
hydrogen bonds is counter-clockwise, while the
wide rim hydrogen bonds is clockwise.

PCD as a first-shell ligand for 11A/I1B group
metal cations: [BCD—M]** complexes

Formation of [BCD-M]?** complexes (M =
IHA/IIB group metal) where BCD acts as a first-
shell ligand to the metal cation, was studied. The
optimization of the [BCD-M]?*" structures was
initiated from geometry with the preferred metal
cation positioning- at the center of the narrow rim
plane of the optimized structure of the free BCD.
The optimized structures of the resultant metal
complexes are shown in Figure 2. The initial shape
of truncated cone becomes distorted for all metal
cations. The mode of metal binding to the host
cyclodextrin depends on the ionic radius of the
guest cation: bulkier cations tend to coordinate to
larger number of hydroxyl groups from the narrow
rim while smaller cations prefer smaller number of
binding partners, so the final geometries of the
[BCD-M]?*complexes differ. Be?* and Zn?* are
three-coordinated having only three adjacent
hydroxyl partners, Ba?* exhibit coordination
number of 5 in the complex, while the rest of the
cations have coordination number of 4. The M-Ogcp
distances, ionic radii of metal cations and free
energies of complex formation in the gas-phase and
water environment are presented in Table 1.

Table 1. M-Ogcp distances (A), ionic radii of metal
cations (A) and Gibbs free energies (in kcal/mol) in the
gas phase (superscript 1) and water environment
(superscript 80) calculated for the metal complex
formation reaction, BCD + M?*—[BCD-M]*

Metal ionic

- 1 80
cation ~ M-Osco radius? AG AG
Be?* 1.56 0.27 -439.9 -116.6
Mgz" 2.02 0.72 -300.7 -31.8
Ca* 2.34 1.00 -219.9 45
Srz* 2.46 1.18 -179.7 13.6
Ba%* 2.73 1.35 -155.8 32.7
Zn?* 2.64 0.74 -331.9 -24.0
Cd?* 2.30 0.95 -259.0 295
ng+ 2.40 1.02 -273.3 54.2

3lonic radius in tetracoordinated Be?* complexes and
hexacoordinated complexes for the rest of the dications; from
Shannon, 1976 [25].

Fig. 2. M062X/6-31G(d,p) fully optimized structures of
[BCD-M]?* complexes in the gas phase.

As the data in Table 1 reveal, the smaller the
cationic radius (and higher the respective charge
density of the cation) the more thermodynamically
favorable is the complex formation in the respective
subgroup (lower free energy values for the smaller
cations than their bulkier counterparts in each
subgroup). The results obtained demonstrate that all
the reactions in the gas phase are favorable
characterized with quite large negative formation
free energies AG!. Solvation effects, however,
significantly attenuate the free energy gains in the
gas phase and render some reactions unfavorable in
aqueous solution (positive AG® values for the Sr#*,
Ba?*, Cd?* and Hg* complex formation). In
comparing the magnitude of AG* and AG®® between
I1A and 11B subgroups, the role of charge-accepting
ability of the guest cation in complex formation
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stands out. Cations from the B subgroup are better
electron density acceptors than their counterparts
from the A subgroup with similar ionic radii due to
favorable hybridization between the valence s-
orbital and highest occupied d-orbitals resulting in
low-lying electron-receptive orbitals. For example,
between Zn?* and Mg?*, two cations with virtually
identical ionic radii (0.74 and 0.72 A, respectively),
the complex of the former is more stable in the gas
phase characterized by lower AG! value than that of
the latter. The same trend is observed for Cd?* and
Ca%+, and Hg?* and Sr?* in the gas phase (AG!
values). The series of cations with similar ionic
radii (Mg?*, Ca?*, Sr?* vs. Zn?*, Cd?*, Hg?* ) show
the opposite trend in AG® values. The explanation
lies in the difference in the desolvation penalties for
these metal cations.

PCD as a ligand for monohydrated IIA/IIB group
metal cations: [BCD—M—H,0]** complexes

The effect of metal hydration on complexation
process was studied by employing supramolecular
approach. Formation of [BCD-M-H,0]%", where
BCD acts as a ligand to monohydrated [M-H,O]*
metal cation (Figure 3), was studied. The M-Ogcp
and M-Onyo distances, ionic radii of metal cations
and free energies of complex formation are listed in
Table 2. The addition of one water molecule affects
slightly the distances M-Ogcp, and almost all of
them (except for the zinc complex) slightly increase
(0.02 + 0.08 A). M-Opyo distances have similar
values to the respective M-Ogcp oOnes. The
dependence of AG! on the ionic radius is the same
as in the complexes without added H.O molecule,
but AG? values here fall in a narrow range (the
lowest value is -320.6 kcal mol, and the highest is
-131.4 kcal mol™?).

Table 2. M-Opcp and M-Oyzo distances (A), ionic radii
of metal cations (A) and Gibbs free energies (in
kcal/mol) in the gas phase (superscript 1) and water
environment  (superscript 80) calculated for the
monohydrated metal complex formation reaction, BCD +
[M—H,0]**—[BCD-M-H,0]?".

Metal ionic

cation  MOwp  MOuwo e AGT AGY
Be?* 1.63 1.68 0.27 -320.6 -100.8
Mg?* 2.05 2.04 0.72 -2446 -32.0
Ca* 2.36 2.37 1.00 -189.0 -5.3
Sr2* 2.49 2.49 118 -151.2 140
Ba?* 2.76 2.64 135 -131.4 285
Zn* 1.96 2.04 0.74 -252.7 -26.6
Cd? 2.29 2.29 095 -199.3 179.3
Hg?* 2.42 2.54 1.02 -1956 51.7

3onic radius in tetracoordinated Be?* complexes and
hexacoordinated complexes for the rest of the dications; from
Shannon, 1976 [25].

Four positive AG® values are observed, i.e. the
water molecule addition does not render complex
formation with Sr?*, Ba?*, Cd?* and Hg?* favorable.

BCD as a ligand for hexahydrated 11A/I1B
group metal cations: [SCD- M(H»0)s]**
complexes

The group Il metals in their +2 oxidation state
have a hydration number of 6 (except Be?") with
octahedral arrangement of the water ligands (Figure
4). Magnesium hexaaqua complex, [Mg(H20)s]**,
was modeled as a representative of the hydrated
metal species from the series and taken for further
evaluations.

Fig. 3. [BCD-Mg—H>0]?* complex formation reaction.
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[Mg(H,0)]**

Fig. 4. Magnesium hexaaqua complex [Mg(H20)s]*;
M'OH2O =2.06 A

Two complexes of hexaaqua magnesium ion
with BCD were modeled and the metal binding
affinities of different localities of the host cavity
were probed:

(1) [Mg(H20)6]** complex is entirely buried
inside the cavity;

(2) [Mg(H20)s)?* ion is located outside the
cavity, near the narrow rim of the BCD, and only
one of the water molecules is located inside the
cavity of the BCD.

The overall shapes of the discussed complexes,
as well as their relative stability are shown in
Figure 5 and Table 3. As the calculations reveal, the
structure where the [Mg-(H20)s]?* ion is placed
inside the cavity of the BCD is more stable and
advantageous in the gas phase.

8.32 kcal/mol

1 2

Fig. 5. Optimized structures and relative stabilities of the
[BCD—-Mg(H20)6]?* complexes.

Table 3. Calculated Gibbs free energies in the gas phase
(AG') and in water environment (AG®) (in kcal mol™)
for [PCD—-Mg(H20)6]>* complex formation, PCD +
[Mg(H20)s]** — [BCD-Mg(H20)6]**

Complex AG? AG®
1 -84.79 -10.31
2 -76.47 -12.76

Note that the metal binding to the host molecule
in both locations is favorable as evidenced by the
negative values of AG! and AG® in Table 3, but the
interaction free energies are less negative than those
of the respective host—(bare-guest) complexation
(Table 1).

CONCLUSION

The presented results confirm that the complex
formation process between I1A and 1B group metal
cations and BCD is thermodynamically favorable.
Coordination of hydrated metal ions into the
hydrophobic cavity of the BCD is also possible,
with pronounced preference for metals with small
ionic radii. Complexation free energies are strongly
affected by the dielectric properties of the medium:
increasing the dielectric constant of the
surroundings attenuates the free energy gains on
complexation. Regardless of whether the metal ion
is hydrated or not, the most advantageous position
in the cavity is close to the narrow rim of the
cyclodextrin, where the negative charge is
concentrated.
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KOMIIIEKCOOBPA3YBAHE MEX]TY METAJIHU MOHM OT IIA/IIb TPYIIU U B-
HNUKJIOAEKCTPUH: U3CJIEABAHE C TEOPUA HA ®YHKIIMOHAJIA HA ITDTBTHOCTTA

B. Huxonosa'*, C. Aurenosa?, T. I[yzLeBl

Y @axynmem no xumus u papmayus, CY “Ce. Knumenm Oxpuocku “, 1164 Cogpus, Bvazapus
2 Unemumym no opeanuuna xumus ¢ Ljenmvp no gumoxumus, Bvreapcka axademus na HayKume,
on. 9, 1113 Cogpus, bvreapus

IMoctrenuna Ha 28 anpun 2017 r.; Kopurupana na 1 rorun 2017 1.

(Pesrome)

Brmpekn e mMa MHOTO WHPOpPMANUsS 32 MUKIOACKCTPUHUTE W TEXHUTE KOOPIMHAIIMOHHH KOMILICKCH, BCE OIIE
MHOTO BBIIPOCH, CBBpP3aHU C (PAaKTOPHUTE, OMPEHCSISAIIN MPOIECUTE HA TIXHOTO METANHO CBBP3BAHE M CEICKTUBHOCT
ocraBaT Hem3scHeHHW. llenTa Ha TOBa mM3cieqBaHe € Oa CE YTOYHAT (PaKTOpUTE, PBKOBOACHIN (OPMHpPAHETO Ha
KOMIUIEKCH Ha P-IUKIONEKCTPUH U MeTalrHd HoHHW. [IpoBeneHO e m3cieqBaHe HA KOMIUICKCH Ha [-IIUKIOACKCTPHH C
metanuu ionu ot HIA/IIB rpyna (Be?*, Mg?*, Ca?*, Sr?*, Ba?*, Zn?*, Cd?*, Hg?*) ¢ usnonspane Ha meTona Ha Teopus Ha
Oyuknuonana Ha I[LrsTHOcTTa (T®IT). Ompenenernn ca ocHOBHUTE ¢akTtopu (HOHEH paguyc, MPEeAnoYUuTaHO
KOOPAMHAIIMOHHO YHCJI0, CTEICH Ha XUApaTallis Ha METAIHUS KATHOH U JUEJICKTPUYHA KOHCTAHTA Ha CpeaaTa), KOUTO

KOHTPOJHPAT MMPOUECUTE HAa MCTAJTHO CBBbP3BAHE U CCIICKTUBHOCT B TE3U CUCTCMMU.
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The aluminum chloride catalyzed exo-selective Diels-Alder reaction of cyclopentadiene with four dienophiles, with
the reactive double bond in a five-membered cyclopentene or dihydrofuran ring, is studied computationally by M06-
2x/6-311G(d,p) density functional theory. The electron-withdrawing group in these dienophiles is a carbonyl group,
aldehyde or methyl ketone, at the reactive double bond, capable to form complexes by coordination of AICls. The
predicted stabilization energy of the complexes is in the range of 25 to 37 kcal.mol. Present calculations predict
streoselectivities in very good agreement with experiment for the studied cyclopentene dienophiles. In the cases of
dihydrofuran dienophiles calculated selectivities are higher than determined by experiment, although the observed trend
of selectivity change between the two dihydrofuran dienophiles is predicted correctly. Free energy differences between
located transition structures are interpreted mainly on the basis of steric repulsion. The majority of the studied reaction
channels follow a concerted non-synchronous mechanism. In a few cases of highly asynchronous transition structures

calculations predict a two-step mechanism.

Key words: exo-selectivity; Diels-Alder; DFT; cyclopentenal; dihydrofurfural; aluminum chloride; catalysis

INTRODUCTION

The most significant feature of the Diels-Alder
cycloaddition reaction, discovered a century ago,
[1] is its capability to generate up to four
stereogenic centers in a single reaction step. Indeed,
this reaction capability has been and currently is
still  the focus of intense scrutiny both
experimentally and theoretically. The creation of
essential natural and biomimetic products is based
to a significant extent on Diels — Alder type
condensed ring syntheses, due to their high and
predictable  stereoselectivity. With [4+2]
cycloadditions, the predominant stereochemical
outcome consists of endo — Diels-Alder adducts [2].
In certain cases of synthetic design, this preference
may happen to be undesirable. Therefore,
cycloadditions of the [4+2] type with exo
preference are of special interest to synthetic
planners. For this reason we attempt to understand
the origins of exo-selectivity by means of
computational theoretical chemistry, applied to
some experimentally known examples of this kind
of reaction [3-7]. The uncatalyzed reactions of
cyclopenten-1-al 1 and the corresponding
methylketone 2 with cyclopentadiene, CPD,
produce the corresponding adducts with exo/endo

* To whom all correspondence should be sent:
E-mail: bakalova@orgchm.bas.bg

selectivity up to 5:1 for the aldehyde, but with
practically equal amounts of exo and endo adducts
with the enone [3]. 4,5-Dihydrofurfural 3 and 2-
acetyl-4,5-dihydrofuran 4 as dienophiles, Scheme
1, give with CPD, in the presence of
dimethylaluminum chloride predominantly the exo-
adduct [3].

% F oF F .
ReRRCRR s

Scheme 1.
conformations.

Studied dienophiles in their s-cis

The observed low to moderate selectivity of
uncatalyzed additions is increased upon Lewis acid
catalysis [3]. We model computationally the
reactions of the above dienophiles with CPD
catalyzed by AIClI; in the attempt to understand the
role of Lewis catalysts in reaction stereoselectivity.

COMPUTATIONAL DETAILS

We study reaction potential energy profiles and
surfaces using the Gaussian 09 program system [8].
Our model uses MO06-2x/6-311G(d,p) [9]
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calculations to search for minima and transition
structures, TSs, on the reaction potential energy
surfaces, PES, using the default Berny algorithm
and tight optimization criteria [8,10]. Located
stationary structures are further identified by
vibrational analysis to ensure the presence of a
unique imaginary frequency in TSs and no
imaginary frequency in the minima. In addition, we
characterize TSs by following intrinsic reaction
coordinates, IRC, [11-13] to acquire additional
information regarding the reaction mechanism from
curvatures of the energy profiles. To compute
Kinetic stereoselectivities of each diastereoisomeric
reaction channel, we calculate their respective
Gibbs free energies and determine the overall
reaction stereochemical distribution from the
relative AAG* [14,15]. Relative free energies and
kinetic stereoselectivities are calculated at the
experimental temperature of 195 K for better
comparison with experimental results. [3] The
catalytic Lewis acid in our models is AICI;, a
simplification for Et,AICI used in experiments [3].
Solvent effects are accounted for using the PCM
model [16] as implemented in Gaussian 09.

RESULTS AND DISCUSSION

Dienophiles 1 — 4 (Scheme 1) can exist as
mixtures of s-cis and s-trans isomers, denoted
further as C and T. Our calculations show that
dienophiles 1 — 3 in dichloromethane (DCM) have
an energetic preference for the s-trans
conformation, with the energy difference between
conformers decreasing from 1 to 3, while for
dienophile 4 the s-cis rotamer is more stable.

We initiate our modeling of Lewis acid (LA)
catalysis of the [4+2] addition with optimization of
the structures of the reactant dienophile complexes
with AICI; as starting PES minima of the reaction.
Structures of AICI; complexes are determined by
the direction of free electron pairs of carbonyl
oxygen atoms, as shown on Scheme 2, and denoted
for convenience as syn and anti relative to the C=C
bond. Thus complex Ca stands for a complex with
s-cis conformation and anti orientation of the LA
relative to the reactive double bond of the
dienophile complex. The free energies of
complexes with respect to the reactants, as well as
their relative free energies are listed in Table 1.

The data in Table 1 shows that the most stable
complexes of the cyclopentene dienophiles 1 and 2
have the s-trans conformation with anti orientation
of AICIl;s. On the other hand, the most stable
complexes of the 4,5-dihydrofuran dienophiles 3

196

and 4 have the s-trans conformation with syn
orientation of the LA, although the energy
difference between complexes Ta and Ts in the
case of dienophile 3 is minimal.

ClLAI, CI3AI

o ----- AICh
o oz
i\lcw3 <
cis - syn cis - anti
trans - syn trans - anti
Cs Ca Ts Ta

Scheme 2. Syn- and anti-complexes of 1 with AICI;,

The more simple examples of exo-selective
dienophiles are the two 1-carbonyl derivatives of
cyclopentene 1 and 2. Calculated relative free
energies of TSs for their additions to CPD are listed
in Tables 2 and 3, resp. The favored
diastereoisomeric TSs with 1 are shown in Fig. 1
along with their corresponding free energy
differences and kinetic percentage contributions at
195 K.

9

éfirﬁ
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Fig. 1. Energetically preferred transition structures for
the AICI; catalyzed addition of 1 to CPD, favored exo-
isomers on the right. Incipient C-C bonds are denoted by
dash lines. The shown relative TS free energies are in
kcal.mol' at 195 K. Calculated Kkinetic product
percentage distributions are at 195 K as well.
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Table 1. Stabilization and relative energies of AICI; complexes of the dienophiles in kcal.mol at 298K and 195K.
Stabilization energies are relative to free dienophiles 1 — 4 and isolated AlCla.

AAG29s AAG19s AAG29s AAGi9s
1 2
Ca -30.50 3.13 -34.57 3.11 -32.58 1.18 -36.82 1.09
Cs -28.35 5.28 -32.60 5.08 -31.36 2.40 -35.60 2.31
Ta -33.63 0.00 -37.68 0.00 -33.76 0.00 -37.91 0.00
Ts -31.27 2.36 -35.64 2.04 -32.16 1.60 -36.21 1.70
3 4
Ca -26.86 2.23 -30.89 2.47 -30.82 0.00 -34.55 0.39
Cs -25.00 4.08 -29.14 4.22 -28.53 2.29 -32.60 2.34
Ta -29.00 0.08 -33.01 0.35 -28.51 2.32 -32.77 217
Ts -29.08 0.00 -33.36 0.00 -30.67 0.16 -34.94 0.00

Energetically preferred exo TSs, contributing to
more of 70% of the reaction outcome, Fig. 1, have
the s-trans conformation following the relative
stability of the LA complexes (Table 1). The most
stable endo TS however prefers the s-cis
conformation. The anti-orientation of LA s
preferred in all TSs. Calculated exo : endo ratio via
all 8 TSs at 195K, 85.44 : 14.56, is in a very good
agreement with the experimentally found one, 87.5
: 12.5. [3]. A computation of IRCs from favored
endo and exo TSs is given on Fig. 2. The resulting
smooth IRC energy profiles indicate concerted non-
synchronous reaction mechanisms.

-0.950 4
-0.952
-0.954
-0.956
-0.958

-0.960

Total energy + 2125 a.u.

-0.962

-0.964

T
4 6

h_
5
=}
N

Intrinsic Reaction Coordinate
Fig. 2. Intrinsic reaction coordinate following for the
AICl; catalyzed addition of 1 to CPD, the upper red
curve refers to a NT addition, and the bottom blue curve
to the XT favored addition. Optimized product structures
are shown on the right (product) side of the graphic.
Hydrogen atoms are removed for clarity

The less favored TS endo-isomers, Fig. 1, left,
also indicate the reason for the observed
diastereoselectivity, even though these structures
satisfy the Alder-rule [2] for “maximum
accumulation of unsaturation”, or stacked w-bonds.
The bulk of AICI; catalyst, bound to the electron-
withdrawing group, brings a strong disadvantage to
the corresponding TSs due to steric repulsion.

Fig. 3 depicts favored TSs for the reaction of 2
and CPD with their corresponding Kkinetic
contributions to the reaction stereochemical
outcomeEnergetically preferred TSs in the case of
dienophile 2 have the s-cis conformation (Table 2,
Fig. 3), although the s-trans reactant complexes are
more stable than the s-cis ones (Table 1).

Table 2. Relative free energies of TSs for the addition of
1 to CPD, kcal.mol?, and selected geometry parameters,
incipient bonds d; and d», numbered in the order of their
formation, in A. Endo is denoted N, while exo is X.
Reaction asynchronicity may be deduced from the
difference between lengths of incipient C-C bonds, d,-dj,
or from their ratio d»/d;.

AAG  AAG d: d> d2-dz d2/d1

298 195
NCa 0.88 079 2122 3.048 0.926 1.436
NCs 3.59 3.52 2.159 2.981 0.822 1.381
NTa 1.06 0.96 2.052 2.887 0.835  1.407
NTs 1.89 1.63 2.051 2.973 0.922 1.450
XCa 0.58 0.62 2.113 2.916 0.803 1.380
XCs 3.02 2.89 2.145 2.952 0.807 1.376
XTa 0.00 0.00 2048 2.898 0.850 1.415
XTs 0.90 0.74 2.084 2.918 0.834 1.400

exo
57.9%

AAG =0.14, 40.7%

Fig. 3. Dominant TSs for the model reaction of 2 with
CPD, catalyzed by AICIl;. Relative free energies, in
kcal.mol, and product percentage distributions are at
the experimental temperature, 195 K.
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Moreover, at difference to dienophile 1, only two
TSs, NCa and XCa, contribute to the reaction
outcome. The relative stabilities of NCa and NCs,
as well as of XCa and XCs correspond to these of
the anti — syn isomers of LA complexes, NCs being
additionally hindered by repulsive interaction with
CPD. The s-trans isomers, XT, suffer a repulsive
interaction between their methyl group and the CH»
fragment of CPD. Calculated exo : endo ratio via
all 8 TSs at 195 K, 41.8 : 58.2, is in reasonable
agreement with the experimentally found one, 50 :
50. [3]. Note that the energy difference between
NCa and XCa of only 0.14 kcal.mol? is about the
limit of precision of DFT computations. IRC
analyses indicate that both XCa and NCa products
are the result of concerted reactions.

Table 3. Relative free energies for TSs for the addition
of 2 to CPD, kcal mol, and selected geometry parameters
(incipient bonds), A. For notations see Table 2.

TS AAG  AAG di d> d2-dz d2/d1
208 195

NCa 000 000 2078 2993 0915 1.440
NCs 194 199 2109 2962 0.853 1.404
NTa 341 3.03 2019 2864 0.845 1419
NTs 475 421 2016 2964 0948 1.470
XCca 027 014 2056 2.884 0.828 1.403
XCs 156 155 2077 2884 0.807 1.389
XTa 328 294 2056 2923 0.867 1422
XTs 476 415 2.050 2.894 0.844 1412

Experimentally determined exo-selectivity at
195 K is significantly higher in the [4+2] additions
of 4,5-dihydrofurfural 3 (exo : endo = 97.5 : 2.5)
and 4,5-dihydro-2-furylmethylketone 4 (exo : endo
= 93.8 : 6.2) to CPD than in the corresponding
reactions of carbonyl-substituted hydrocarbons 1
and 2 [3].

Our MO06-2x/6-311G(d,p) model calculations
with the AICI; catalyst show overestimated exo —
selectivity for 3 and 4, while indicating increased
asynchronicity of the favored TSs for the latter
reactions, Fig. 4.

9 Int
e
4 e
1.878 f‘,. J‘JJ * 3
,%,-335 Jem o33y
9 1666 _ '2.613
AAGS= 0.0 BT
TS1 ’
AAG =-0.33

IRC following for the endo-TSs shows that the
studied [4+2] addition is still a concerted though
nonsynchronous reactionlIn the two most stable exo-
TSs the di/d; ratio is significantly increased to
1.593 for dienophile 3, and 1.574 for dienophile 4.
IRC following for 4 shows that the reaction still
remains a concerted single step addition, while for
3 the product branch of the IRC arrives first at an
intermediate, which is ca. 0.5 kcal mol? lower in
energy than the TS. Next we find a second TS,
indicating that at a ratio of d2/d:>1.57 the concerted
mechanism becomes a two-step one, see Fig. 5.

AAG = 4. AAG .0
d2-d1=0.752 d2/d1=1.341 d2-d1=1.113 d2/d1=1.592
Two-step IRC profile

j“"gi ‘t‘\ J) *‘

9 2.932 ) 1877 J 2.949
2.145
‘ = “ ’, #‘JJ

NCa ") XCa
AAG 3.12 AAG = 0.0
d2-d1=0785 d2/d1=1.366 d2-d1=1078 d2/d1=1574

Fig. 4. Most stable endo and exo TSs for the [4+2]
additions of 3 (upper row) and 4 to CPD catalyzed by
AIClIs. Incipient C-C bonds are indicated by dashed lines,
with corresponding distances in A. Relative free energy
differences in kcal.mol are at the experimental
temperature, 195 K.

Nevertheless, present calculations predict
correctly the experimentally observed reduction of
selectivity in the reaction of the methyl substituted
dienophile 4 relative to 3 [3].

?
‘
.p*i‘ @  adduct
1bad }4‘5 &7 fom ¢
AAG = 0.69 &0
bf)
TS2 44{
ARG = -13.55

Fig. 5. Calculated Gibbs free energies of PES stationary points around the rate-determining TS1 of 4,5-dihydrofurfural
with CPD, left, at the experimental temperature, 195 K, catalyzed by AICI3. Relative energies are in kcal.mol?, incipient
C-C bond lengths (dashed lines) are in A. The imaginary frequencies of the two TSs (as negative, in cm™) are also
shown. The final product is at the right, with free energy out of scale.
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CONCLUSIONS

Synthetically important exo-selective Diels —
Alder additions are reproduced reasonably well
using contemporary DFT calculations. This can be
meaningful in view of possible synthetic planning
of condensed ring compounds, such as alkaloid and
polysaccharide systems, [3-7] requiring exo-
junctions. With the studied dienophiles 1 — 4, exo-
selectivity is mostly the result of steric interactions,
although the cyclic dienophile C=C bonds with
attached electron-withdrawing carbonyl groups
could also contribute by reaction strain. [17] Lewis
acid catalysis, while enhancing selectivity, does not
fundamentally change the reaction outcome, even
in the cases of mechanistic changes from a
nonsynchronous concerted to a biradicaloid two-
step reaction energy profile.

Acknowledgements: A part of the reported
computations has been carried out on the MADARA
HPC cluster, I0CCP, acquired under Project
RNFO01/0110 (2009-2011) of the National Science
Fund of Bulgaria.
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TEOPETUYHO U3CJIEJABAHE HA EK30-CEJIEKTUBHU ITPUCBEAMHABAHWA 110
JUIIC — AJIJEP, KATAJIM3UPAHU OT AJIYMUHUEB XJIOPU/]

C. M. bakanosa*, X. Kaneru, H. MapkoBa

Hnemumym no opeanuuna xumust ¢ Llenmvp no ¢pumoxumust, Bvacapcka akademus na Haykume,
1113 Cogus, bvreapus

IMoctpnuna Ha 18 anpun 2017 r.; Kopurupana Ha 2 rouu 2017 1.
(Pesrome)

WscnemBana e karamm3upaHaTta OT alyMHHHEB XIJIOPHI €K30-CEJICKTHBHA peakmus Ha J[wic-Amgep Mexmy
OUKIONCHTAANECH W YeTHPU IHCHO(PHMIA C TEeTaTOMHH TNPHCTCHH, LUKJIONCHTEH W AUXHAPOPYpaH, ChIBbpPHKALII
IUeHO(HITHATA JBOWHA BpB3Ka. V3mon3BaHa € TeopusaTa Ha (DYKIMOHANA Ha INTBTHOCTTAa B mpuOmmkeHne M06-2x/6-
311G(d,p). EnexrpoHakiienTtopHaTta rpymna Ha W3MOJ3BAaHUTE MUCHOGWINA € KapOOHWI, alIeXUJ WM KETOH, CBbp3aH
NpsIKO C JIBOWHATa Bpb3Ka M CHOCOOCH Ja 00pa3yBa KOMIUIEKCH 4Ype3 KOOPAMHHpAaHE C alyMHHHEB XJIOPHI.
CraOuM3upaiiuTe CHepTuy Ha Te3U KOMIUIEKCH ca B paMkute Ha 25 10 37 kkan.moi-1. TlpecMsaranusTa mpeacka3Bat
MHOTO0 J10Ope HabJo1aBaHaTa eKCIEPUMEHTAIHO CEJISKTHBHOCT Ha IIMKIJIONCHTCHOBHUTE TUSHO(WIN, HO MTpeyBeInYaBaT
pesynrartute 3a AUXuApodypaHOBUTE NMPOM3BOAHH. He3aBHCHMO OT TOBa € mpejacKa3aHo IPaBUIHO HAMAaIIBaHETO Ha
CeJNIEKTUBHOCTTa Tpu ameTwi-4,5-muxuapodypad B cpaBHeHHEe C 4,5-muxugpodypdypan. Paszmmkara wmexny
M3YHICIICHUTE CBOOOTHN CHEPIWH Ha HAMEPEHHTE MPEXOIHH CTPYKTYpPH 3a PEaKkIHMUTe ce OOSICHSIBAa TJIABHO ChHC
CTepUYHHU B3auMojeicTBus. [loBedeTo OT n3cineBaHUTe pPEaKOHHY ITHTHIA OTTOBAPST HA CHIVIACYBaH HECHHXPOHEH
MEXaHW3bM. B MajkoTO CiIydan Ha CHJIHO AaCHHXPOHHH TMPEXOAHH CTPYKTYpH IIPECMATAHHSITA IIPEICKa3BatT
JIBYCTCTICHEH MEXaHU3bM Ha PEaKIUATA.
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The aim of the present study was to synthesize several Betti bases by a modified Betti reaction, to develop analytical
methods for the quantitative determination and testing the microbiological and antioxidant activities. For the
modification of the Betti reaction we used primary heterocyclic amine, aromatic aldehydes, 8-quinolinol and halogeno-
substituted aromatic aldehydes. Betti bases were obtained at yield 80-98% and characterized by elemental analysis and
NMR spectra. The applied analytical methods for quantitative determination of the studied Betti bases offered short
analysis time, high precision, high linearity and satisfactory limit of detection (LOD) and limit of quantification (LOQ)
values. The microbiological activity of studied Betti bases was tested against 23 test strains pathogenic microorganisms
(different gram positive and gram negative). The microbiological screening proved their selective microbiological
activity. According to the EPR study, the Betti bases possess radical structure and are likely to exhibit antioxidant

activity. We assume that the potential of the presented Betti bases as a pharmacological compound is promising.

Key words: Betti bases; 8-quinolinol; UV-VIS spectroscopy, EPR spectroscopy; HPLC

INTRODUCTION

Quinolones are extensively investigated as broad
spectrum  anti-bacterial,  anti-diabetic, anti-
convulsant, anti-inflammatory, anti-viral, anti-
fungal and anti-HIV agents [1-8]. In vitro studies
show that the hydrochlorides of the Mannich bases
of 8-hydroxyquinoline and 7-diethylaminomethyl-
8-hydroxyquinoline exhibit high cytotoxic activity
against human cancer cells of leukemia and
myeloma, as well as other tumors [6, 8]. The
scientific literature presents reports demonstrating
the antioxidant activity of quinoline-8-ol
derivatives [9, 10]. The study of Betti bases
chemistry started at the beginning of the 20th
century. The reaction of primary aromatic amines
with benzaldehyde and phenols or naphthols is
called a Betti reaction although it represents a
special case of the Mannich reaction and the
products (aminonaphthols) obtained are known as
Betti bases [11-15]. These bases have interesting
biological applications, such as antibacterial,
hypotensive, and bradycardic agents [3, 16-19].
The optically active Betti bases can be used as
ligands to chelate with organometallic reagents in

* To whom all correspondence should be sent:
E-mail: nvgeorgieva@vmf.uni-sz.bg

different reactions to provide highly efficient
complex compounds [20-22]. However, various
modifications have been made to prepare Betti base
derivatives by using other naphthols or phenols,
quilinols, and amines [23-25]. Many procedures for
Betti reactions have also been successfully
developed [26-31].

In our previous investigations we have found
growth regulating activity of synthesized by us 7-
aminobenzyl-8-hydroxyquinolines [32] and
microbiological activity against a reference
Staphylococcus aureus strain of the synthesized by
us 2,5,7-substituted derivatives of 8-quinolinol
[33].

The aim of the present study was to synthesize
several Betti bases by a modified Betti reaction, to
develop analytical methods for its quantitative
determination and to test its microbiological and
antioxidant activities.

EXPERIMENTAL

Reagents

The halogen-substituted aromatic aldehydes,
quinolin-8-ol and 2-amino-6-methylpyridine used
in the syntheses are commercially available (Fluka,
Merck, Germany, > 99%) with analytical reagent

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 201
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grade. The amino benzylation of quinolin-8-ol was
carried out by modified by us Betti reaction: three-
component Mannich-type condensation of 8-
hydroxyquinoline (0.01mol), chloro-, fluoro- and
bromo-substituted benzaldehydes (0.01mol), 2-
amino-6-methylpyridin-2-amino-6-methylpyridine
(0.01mol) in absolute ethanol according to the
scheme (Fig. 1):

2-arino-6-methylpyridine (L/
( %—Z

arometic aldshyde

QL. 00

O

Fig. 1. Scheme of the reaction for the syntheses of 7-[(6-
methylpyridin-2ylamino)(halogenophenyl)methyl)]
quinolin-8ols, where Z is: 2-chloro; 3-chloro; 4-chloro;
2,4-dichloro; 2-bromo; 3-brom; 4-bromo and 2-fluoro.

The reaction mixtures were allowed to stand for
21 days at room temperature in a closed flask and
the time (in hours) required for the precipitation of
the products was reported. After completion of the
process, the separated solid phase was filtered (no
earlier than 21 days) and purified by recrysta-
llization from an organic solvent (preferably a
mixture of ethanol and acetone in the ratio 1:1).

NMR spectroscopy

'H (600.1 and 250.1 MHz), *C (150.9 MHz)
and **N (60.8 MHz) NMR spectra were acquired on
Bruker AVANCE AV600 I+ and DRX 250 NMR
spectrometers. All spectra were recorded in DMSO-
ds at room temperature. Chemical shifts are
referenced to the residual solvent *H (2.51 ppm)
and BC (39.50 ppm) signals. Inverse detected **N
NMR chemical shifts are referenced to external
liquid NHs. Unambiguous assignment of the NMR
signals was made on the basis of the gradient
enhanced versions of COSY, TOCSY, NOESY
(ROESY), HSQC and HMBC experiments; Bruker
TOPSPIN 3.5pl1 pulse library: cosygpmfqf,
dipsi2etgpsi, noesygpphzs, hsgcedetgpsisp.3 and
hmbcgp(lp)ndgf, 2015.
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UV-VIS Spectrophotometry

Standard stock solutions (100 pg/ml) were
prepared by dissolving the appropriate amount of 7-
[(6-methylpyridin-2-ylamino)(2.4-dichlorophenyl)
methyl]quinolin-8-ol (Bt4) in ethanol:HCI (pH 1.0).
Working standard solutions (1-100 pg/mL) were
prepared daily. The concentrations of Bt4 were
measured with UV-VIS spectrophotometer DR
5000 Hach Lange (Germany), supplied with 10 mm
quartz cells. All spectra were recorded in the UV
region at A 204 nm with 2 nm slit width, 900 nm
min~! scan speed and very high smoothing.

HPLC Study

RP-HPLC system comprising of a Hypersil BDS
C18 (5 uM, 4.6 x 150 mm) column, Surveyor LC
Pump Plus, PDA detector, and Surveyor
Autosampler Plus (Thermo Fisher Scientific) was
used. The used mobile phase consisted of a mixture
of MeOH:H,O (40:60, v/v). The samples were
monitored at 204 nm. The buffer pH was adjusted
to 3.2 with H3PO4. The volume injected into the
HPLC column was 20 pl.

All UV/VIS spectrophotometric and HPLC
analyses were made in triplicate. The experimental
data was analyzed by regression analyses and
determination of the corresponding correlation
coefficients (R?) and relative standard deviation
(RSD, %). The efficiency and accuracy of the
developed UV/VIS and HPLC methods was
estimated based on the calculated limit of detection
(LOD) and limit of quantification (LOQ).

Microbiological activity

The obtained solid substances of the Betti bases
were diluted in N,N'-dimethylformamide (DMF)
and their microbiological activity was tested at
concentrations of 4-500 pg/mL with Mueller-
Hinton agar medium, against 23 strains of
pathogenic microorganisms: Listeria 215, Listeria
362, Listeria 1094, Swine erysipelas, Staphylococus
1, Staphyloc. 5, Staphyloc. 42, Staphyloc. 78,
Staphyloc. 119, Bact. megat 10, Bact. megat 11,
Bact. megat 16, Bact. megat 39, Bact. cereus 12,
Past. mult. 10, Past. mult. SHp, Past. mult. R 11,
Salm. Dublin, Salm. Gollinarum 200, Salm. Enter
4767, E. coli 21, E. coli 56, E. coli 94. The
inoculation of the test strains was conducted in
Stuart equipment with 23 nests. After the
inoculation and the development of the bacterial
culture in agar, the samples were incubated at 37°C
for several days.
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The Betti base solutions were prepared for each
petri dish separately with dissolved agar. Sterilized
petri dishes and agar medium were used in the
present work. The antibacterial activities of the
compounds were evaluated by measuring the zone
of inhibition on nutrient agar plate. The
microbiological activities were tested for at least
three times against all microorganisms and average
values have been reported. Muller Hinton agar was
used in the anti-bacterial study.

Electron paramagnetic resonance (EPR) study

EPR measurements were performed at room
temperature on an X-band EMXmicro, SpPectrometer
Bruker, Germany, equipped with standard
Resonator. All EPR experiments were carried out in
triplicate and repeated. Spectral processing was
performed using Bruker WIN-EPR and SimFonia
software. For the EPR study, direct EPR
spectroscopy methods were used to investigate the
antioxidant properties of 7-((6-methylpyridin-2-
ylamino)(2,4-dichlorophenyl)methyl)quinolin-8-ol
(Bt 4). By a direct EPR spectroscopy an EPR
singlet signal was registered in the powdered form
of Bt 4. Quartz capillaries were used as sample
tubes. Sample tubes were filled with each powdered
form and placed in the EPR microwave cavity. The
EPR spectra of the Betti base in a powdered form
were recorded at the following spectrometer
settings: receiver gain 2x10% power 1.64 mW,
center field 3513.50 G, sweep width 200 G, time
constant 163.84 ms, sweep time 61.44 s,
modulation amplitude 10 G, 5 scans per sample.

RESULTS AND DISCUSSION
Synthesis

As a result of the condensation between 2-
amino-6-methylpyridin, 8-quinolinol and halogen-
substituted aromatic aldehydes, eight 7-[(6-
methylpyridin-2-ylamino)(halogenophenyl)methyl]
quinolin-8-ols, with a common formula presented

in Fig. 2, were obtained. The Betti bases, purified
from the organic solvent are crystalline substances.
The data for the common molecular formula,
molecular mass, melting point, elemental analysis
and yield of the newly synthesized derivatives of 8-
hydroxyquinoline are presented in Table 1. It was
established that the time required for extraction of
the reaction products at room temperature is
inversely proportional to their yield. The longer
settling time could be explained by steric
hindrance, as in the chemical structures of each of
the Betti bases there is a substituent on the 2-
position of the benzene ring.

. 4 3
RR (=
5 2
\ l'/ 6 5
HC . 6 9 o
=N 2" cH N
4' NH 8 3
\ /1" 10 8a\
S O N—)

Fig. 2. Common formula of the Betti bases, where R is a
substituent from 2-chloro (Btl), 3-chloro (Bt2), 4-chloro
(Bt3), 2-bromo (Bt5), 3-bromo (Bt6), 4-bromo (Bt7), 2-
fluoro (Bt8) and R,R” is 2,4-dichloro (Bt4).

Confirmation of the Structure of the Betti Bases

The structures of the studied Betti bases were
confirmed by their NMR spectra. They are also
characterized by their melting point determined by
Kofler microscope and by elemental analysis -
nitrogen, carbon and hydrogen were determined
(Table 1).

The NMR spectral assignment for the individual
compounds is presented below:

R = 2’-Cl (Bt1): *H NMR (250 MHz, DMSO-
ds) 8 9.93 (s, 1H, OH), 8.85 (dd, J = 4.2, 1.6 Hz,
1H, H-2), 8.30 (dd, J = 8.3, 1.6 Hz, 1H, H-4), 7.54
(dd, J = 8.3, 4.2 Hz, 1H, H-3), 7.48 — 7.23 (m, 8H),
7.10 (d, J = 7.8 Hz, 1H, NH-10), 6.98 (d, J = 7.8
Hz, 1H, H-9), 6.45 — 6.30 (m, 2H), 2.19 (s, 3H).

Table 1. Properties of the studied Betti bases with common formula shown in Fig. 2.

Betti bases Btl BL2 B3 Bt4 Bt5 Bt6 Bt7 Bt8
Eomgga' CpHiCINO  CpoHigCINGO  CpsHisCIN;O  CoHirCLNsO  CosHigBINGO  CopHigBIN;O  CHisBrN:O  CarHigFNZO
MG 375.85 375.85 375.85 4103 42031 42031 42031 359.40
Time, h 96 17 12 33 39 22 19 15
M.P.°C 183-185 154-156 144-146 184-186 185-187 172-174 151-153 181-183
vd, % 80 93 95 98 88 90 93 98
%N Calc. 11.18 11.18 11.18 10.24 10.00 10.00 10.00 11.69
%,N Found 11.03 1152 11.10 10.39 9.75 10.25 10.36 11.73
%,C Calc. 70.30 70.30 70.30 64.40 62.87 62.87 62.87 73.52
%,C Found 70.00 69.78 70.10 64.22 62.83 62.55 62.38 73.72
%,H Calc. 483 483 483 4.18 432 432 432 5.05
%,H Found 5.00 4.99 486 3.94 453 4.42 4.46 475
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2" isomer (25%) - 8.88 (dd, J = 4.1, 1.6 Hz),
8.46 (dd, J = 8.8, 1.6 Hz), 7.62 (dd, J = 8.8, 4.1
Hz), 6.98 (d, J = 8.0 Hz), 6.85 (d, J = 8.0 Hz), 2.24
(s).

R = 3’-Cl (Bt2): ‘H NMR (250 MHz, DMSO-
de) & 10.03 (s, 1H, OH), 8.86 (dd, J = 4.2, 1.7 Hz,
1H, H-2), 8.29 (dd, J = 8.4, 1.6 Hz, 1H, H-4), 7.66
(d, J = 8.6 Hz, 1H, H-6), 7.54 (dd, J = 8.3, 4.2 Hz,
1H, H-3), 7.42 (d, J = 8.6 Hz, 1H, H-5), 7.42 (m,
1H, H-2%), 7.39 — 7.19 (m, 6H), 6.88 (d, J = 8.9 Hz,
1H, H-9), 6.48 (d, J = 8.4 Hz, 1H, H-6"), 6.38 (d, J
=7.2 Hz, 1H, H-4""), 2.23 (s, 3H).

R = 4’-CI (Bt3): *H NMR (600.1 MHz, DMSO-
de) & 10.08 (s, 1H, OH), 8.86 (dd, J = 4.2, 1.6 Hz,
1H, H-2), 8.29 (dd, J = 8.3, 1.6 Hz, 1H, H-4), 7.64
(d, J = 8.6 Hz, 1H, H-6), 7.54 (dd, J = 8.3, 4.2 Hz,
1H, H-3), 741 (d, J = 8.6 1H, H-5), 7.38;7.35
(AA’XX, 4H, H-2,3°,5°,6"), 7.31 (d, J = 8.9 Hz,
1H, NH-10), 7.28 (dd, J = 8.3, 7.3 1H, H-5""), 6.85
(d, J = 8.7 Hz, 1H, H-9), 6.46 (d, J = 8.3 Hz, 1H,
H-6""), 6.36 (d, J = 7.2 Hz, 1H, H-4"), 2.22 (s, 3H,
CHs-3”); ®C NMR (150.9 MHz, DMSO-ds) &
157.43 (C-1°"), 155.68 (C-3""), 149.60 (C-8),
148.31 (C-2), 142.78 (C-1°), 138.11 (C-8a), 137.24
(C-57), 136.04 (C-4), 130.97 (C-4"), 128.92 (C-
2°,6”), 128.10 (C-3°,5%), 127.52 (C-4a), 126.61 (C-
6), 125.36 ((C-7), 121.72 (C-3), 117.46 (C-5),
111.31 (C-4""), 105.26 (C-6""), 51.06 (C-9), 24.24
(CHs-3""); 5N NMR (60.8 MHz, DMSO-ds) 5 296
(N-1), 91 (d, J = 92, N-10), 266 (N-2").

R, R® =2’4’-Cl (Bt4): *H NMR (250 MHz,
DMSO-ds) § 10.00 (s, 1H, OH), 8.85 (dd, J = 4.2,
1.7 Hz, 1H, H-2), 8.30 (dd, J = 8.4, 1.7 Hz, 1H, H-
4), 7.56 (d, J = 2.0 Hz, 1H, H-3"), 7.54 (dd, J = 8.3,
4.2 Hz, 1H, H-3), 7.45 (d, J = 8.4 Hz, 1H, H-6"),
7.40 (dd, J = 8.4, 2.0 Hz, 1H, H-5"), 7.38 (d, J =
8.5, 1H, H-5), 7.32 (d, J = 8.5, 1H, H-6), 7.27 (dd, J
= 8.5, 7.5 Hz, 1H, H-5"’), 7.15 (d, J = 7.6 Hz, 1H,
NH-10), 6.95 (d, J = 7.6 Hz, 1H, H-9), 6.40 (d, J =
8.6 Hz, 1H, H-6’"), 6.36 (d, J = 7.5 Hz, 1H, H-4""),
2.19 (s, 3H).

R = 2°-Br (Bt5): 'H NMR (250 MHz, DMSO-
de) 8 9.93 (s, 1H), 8.85 (dd, J = 4.1, 1.6 Hz, 1H, H-
2),8.29 (dd, J = 8.4, 1.7 Hz, 1H, H-4), 7.61 (m, 1H,
H-3%), 7.53 (dd, J = 8.4, 4.1 Hz, 1H, H-3), 7.45 —
7.16 (m, 7H), 7.10 (d, J = 7.7 Hz, 1H, NH-10), 6.91
(d, J = 7.7 Hz, 1H, H-9), 6.37 (m, 2H), 2.19 (s, 3H).

2" jsomer (21%) 8.88 (dd, J = 4.1, 1.5 Hz), 8.46
(dd, J = 8.7, 1.5 Hz), 7.62 (m), 6.98 (d, J = 8.1 Hz),
6.83 (d, J = 8.1 Hz), 2.25 (s).

R = 3’-Br (Bt6): *H NMR (250 MHz, DMSO-
ds) 6 10.04 (s, 1H), 8.86 (dd, J = 4.2, 1.7 Hz, 1H,
H-2), 8.29 (dd, J = 8.3, 1.6 Hz, 1H, H-4), 7.66 (d, J
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= 8.5 Hz, 1H, H-6), 7.57 (m, 1H, H-2"), 7.54 (dd, J
=8.3,4.2 Hz, 1H, H-3), 7.42 (d, J = 8.5 Hz, 1H, H-
5), 7.41—7.21 (m, 5H), 6.88 (d, J = 8.9 Hz, 1H, H-
9), 6.47 (d, J = 8.2 Hz, 1H, H-6""), 6.38 (d, J = 7.1
Hz, 1H, H-4"’), 2.23 (s, 3H).

R = 4’-Br (Bt7): 'H NMR (250 MHz, DMSO-
ds) 6 10.02 (s, 1H), 8.85 (dd, J = 4.2, 1.6 Hz, 1H,
H-2), 8.28 (dd, J = 8.4, 1.7 Hz, 1H, H-4), 7.64 (d, J
= 8.5 Hz, 1H, H-6), 7.53 (dd, J = 8.3, 4.2 Hz, 1H,
H-3), 7.48 (d, J = 8.5 Hz, 1H, H-5), 7.50 — 7.25 (m,
5H), 6.84 (d, J = 8.7 Hz, 1H, H-9), 6.46 (d, J = 8.3
Hz, 1H, H-6"), 6.37 (d, J = 7.1 Hz, 1H, H-4"),
2.23 (s, 3H).

R =2’-F (Bt8): 'H NMR (600 MHz, DMSO-ds)
6 10.00 (s, 1H, OH), 8.84 (dd, J = 4.1, 1.6 Hz, 1H,
H-2), 8.29 (dd, J = 8.3, 1.6 Hz, 1H, H-4), 7.54 (d, J
= 8.5 Hz, 1H, H-6), 7.53 (dd, J = 8.5, 4.1 Hz, 1H,
H-3), 7.40 (d, J = 8.9 Hz, 1H, H-5), 7.38 (m, 1H,
H-6), 7.27 (dd, J = 8.3, 7.2 Hz, 1H, H-5"’, m, 1H,
H-4%), 7.20 (d, J = 8.4 Hz, 1H, NH-10), 7.13 (m,
2H, H-3",57), 7.04 (d, J = 8.4 Hz, 1H, C-9), 6.44 (d,
J = 8.3 Hz, 1H, H-6"’), 6.35 (dt, J = 7.2, 0.7 Hz,
1H, H-4>"), 2.20 (s, 3H); ¥C NMR (150.9 MHz,
DMSO-ds) & 160.12 (C-2’ d, J = 245.4), 157.24
(C-17"), 155.62 (C-3"’), 149.87 (C-8), 148.25 (C-2),
138.05 (C-8a), 137.11 (C-5"’), 136.03 (C-4), 130.35
(C-1"d, J=14.2),128.94 (C-6’ d, J = 4.3), 128.60
(C-4d, J = 7.9) 12758 (C-4a), 126.75 (C-6),
124.33 (C-7), 124.06 (C-5" d, J = 3.4), 121.69 (C-
3), 116.99 (C-5), 115.20 (C-3” d, J = 21.5), 111.19
(C-4>"), 105.28 (C-6"), 46.21 (C-9 d, J = 3.6),
24.28 (CH3-2"); N NMR (60.8 MHz, DMSO-ds)
8296 (N-1), 88 (d, J = 90, N-10), 266 (N-2"").

2" isomer (12%) - 8.87 (dd, J = 4.1, 1.6 Hz),
8.48 (dd, J = 8.7, 1.6 Hz), 7.61 (dd, J = 8.7, 4.1
Hz), 6.42 (dt, J =8.3, 0.7 Hz, 1H, H-4""), 6.38 (dt, J
=7.1,0.7 Hz, 1H, H-4""), 2.24 (s).

For the ortho (2') substituted derivatives two sets
of signals are registered due to the hindered rotation
around the C-9-C-1' bond. The ratio of the two
observed atropisomers depends on the nature of the
substituents and on the temperature.

UV/VIS and HPLC methods for determination of 7-
[(6-methylpyridin-2-ylamino) (2,4-
dichlorophenyl)methyl]quinolin-8-ol (Bt4) in liquid
phase

The UV/VIS spectra of Bt4 in acidic ethanol
solutions (pH 1.0, Fig. 3 a,b) displayed maximum

absorbance peaks in the UV region at A=204 nm for
the entire concentration range 1-100 pg/ml.



N. V. Georgieva et al.: Synthesis and properties of several Betti bases as potential drugs

12
y=0.1132x + 0.134
R?=0.997
10

g

—Co gl —Co5pgimL —Co 10 ug/mL

Fig. 3b. UV/VIS spectra of Bt4.

The obtained standard curve for Bt4 was linear
over the tested range of initial concentrations C, 1 -
100 pg/ml. The high value of the calculated
correlation coefficient - R? 0.9970, and the well-
resolved UV absorption peaks of the heterocyclic
compound proved the applicability of this method
for determination of Bt4 concentrations in aqueous
medium in the range Co 1 - 100 pg/ml.

The HPLC experiments were conducted with ten
Bt4 standard solutions in the concentration range 10
- 100 pg/ml. The used mobile phase consisted of
methanol:H,O (40:60, v/v). Optimal performance
was obtained at a flow rate of 0.8 ml/min. The
effect of temperature on the separation process was
studied in the range 18 - 30°C. Satisfactory peak
resolution and optimum analyses time were
established at 30°C, at wavelength A=204 nm. Bt4
was successfully detected within 1.5 min (Fig. 4
a,b). The standard calibration curve plotted, based
on the spectral peak areas, characterized with a high
correlation coefficient R? 0.9825 and the following
linear equation:

y=3211028x+ 1&6864

The obtained HPLC chromatograms did not
contain any interference peaks, which could
influence the quantitative results. Besides, the base
line is straight and stable with lower signal noise.
The correlation regression coefficient of the
obtained standard calibration curve at these HPLC
conditions was sufficiently high, although lower
than that of the UV/VIS method.
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Fig. 4a. HPLC calibration curve.
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Fig. 4b. HPLC spectra of Bt4.

The values of LOD and LOQ were estimated
according to the guidelines of the International
Conference on Harmonization of Technical
Requirements for Registration of Pharmaceuticals
for Human Use (ICH) based on the standard
deviation of the response and the slope of the
calibration curve of the analyte [34]. The values of
these parameters are presented in Table 2.

The comparative analyses of the obtained
experimental results revealed that the developed
and applied UV/VIS spectrophotometric method
characterized with the highest correlation
coefficient and lowest SD value.

Table 2. Values of the characteristic parameters and error functions for the UV/VIS and HPLC methods.

Method R? SD Sx

Sy LOQ, pg/mL. LOD, pg/mL

UV/VIS 0.9969 0.2201 0.0021
HPLC 0.9825 14704

0.0999
138.5093 6672.28 7.0782

2.9117 8.8233
21.4491

Sx — standard deviation of the slope; Sy — standard deviation of the intercept
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Table 3. Microbiological activities of the studied Betti bases — MIC, pg/mL.

Test strains Btl, Bt2,

Listeria 212 32 250
Listeria 362 32 500
Listeria 1094 32 250
Swine erysipelas 125 250
Staphylococus 1 64 250
Staphylococus 5 64 500
Staphylococus 42 64 500
Staphylococus 78 64 500
Staphylococus119 64 +
Bact. megat 10 64 500
Bact. megat 11 64 500
Bact. megat 39 64 500
Bact. megat 16 64 500
Bact. cereus 12 64 +
Past. mult. 10 0 4
Past. mult. SHp 0 4
Past. mult. R I 0 4
Salm. Dublin 250 +
S. Gollinarum200 250 500
Salm.enter4767 250 +
E.coli 21 250 +
E. coli 56 500 +
E. coli 94 500 +

Bt3, Bt4, Bt5, Bt6, Bt7, Bt8,
pg/mL  pg/mL  pg/mL  pg/mL  pg/mL  pg/mL  pg/mL  pg/mL
250 500 125 4 4/500 0
500 + 250 500 500 250
500 500 250 250 250 250
500 500 125 250 250 500
250 500 125 + 500 250
500 500 125 + 500 250
500 500 500 + + 250
500 500 125 + 250 250
250 500 125 + 250 250
500 500 250 500 500 250
500 500 500 500 500
500 500 250 500 500 250
500 500 125 500 500 250
+ + + 500 500 500
4 + 4 4 4 4
4 + 8 8 8 4
4 + 8 8 8 8
+ + + + + +
+ + + + + +
+ + + + + +
+ + 500 500 + 64
+ + + + + 64
+ + + + + 64

“+” - registered growth of the tested pathogenic strains in the entire concentration range (4-500 pg/mL)
“0” — not registered growth of the tested pathogenic strains in the entire concentration range (4-500 pg/mL)

Besides, the determined LOD and LOQ values
were the lowest. According to the spectra presented
in Fig. 4b, however, solutions with Bt4
concentration lower than 5.0 pg/mL are
characterized with not well resolved spectral peaks,
i.e. the accuracy of the method below this limit is
unsatisfactory. Among the basic advantages of the
UV/VIS method is its cost-effectiveness and
rapidity.

Regarding the developed HPLC methodology,
and based on the data from Table 2, it could be
concluded that it is characterized with lower
accuracy and efficiency as the determined RSD,
LOD and LOQ values were higher as compared to
those of the UV/VIS method. The HPLC spectral
data of Bt4 (Fig. 4b) revealed that its spectral peaks
are characterized with great area. Besides, they
were significantly more pronounced in the entire
tested concentration range as compared to the
UV/VIS peaks. The presence of two secondary
peaks (at 2 and 2.2 min) could be attributed to the
detection of methanol, as the area and height of
these peaks remain constant at different initial Bt4
concentrations, which does not influence the
analytical results. According to the spectra
presented in Fig. 4b, the solutions with Bt4
concentration 1.0 pg/mL are characterized with a
very well resolved spectral peak, i.e. the accuracy
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of the method is satisfactory. Another advantage of
the HPLC method is the registered short retention
time — 1.5 min.

Biological activities

Considering the wide range of biological
activities of compounds containing phenolic
hydroxyl group, including 8-hydroxyquinoline [1-
8] and the physiological activity of the amino
derivatives of the pyridine series [2-4, 11], we
predicted high biological activity of the synthesized
Betti bases. The results of the microbiological
screening are presented in Table 3, where the
compounds are denoted as in Table 1. The present
study established that the microbiological activity
depends on the number and position of the halogen-
substitute in the benzene ring of the studied Betti
bases. The presence of Cl-atom on position 2 of the
benzene ring (Bt1) raised the bacteriostatic activity
against all tested strains, as compared to the other
Betti bases. All studied Betti bases, except Bt4,
showed a bacteriostatic activity against test strains
Past. Mult. in low concentrations (Table 3).
Probably, the accumulation of Cl-atoms in the
benzene ring of the Betti bases decreases the
bacteriostatic activity. The presence of F-atom on
position 2 of the benzene ring (Bt8) raised the
bacteriostatic activity against E. coli strain (64
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ug/mL, Table 3). The results of the microbiological
screening of the studied Betti bases showed that
they possess selective microbiological activity.

The established microbiological activity of the
studied  [(6-methylpyridine-2ylamino)(halogeno-
phenyl)methyl]quinolin-8-ols was probably due, on
the one hand to the presence of a quinoline ring in
their molecular structure, and on the other - to the
possibility of the —OH group on 8-position of the
quinoline ring to form chelate complexes with
traces of ions of some d-elements. Probably, the
chelate complexes of 3d-elements and the
derivatives  of  8-hydroxyquinoline,  which
penetrated into the bacterial cell, lead to
disturbance of the endo-cellular esterase within the
cell, and caused violations of the metabolism of
vital for the microorganisms enzymes. These
observations of the prepared Betti bases correspond
to those reported by other research teams [35]. The
microbiological activity may also be due to the
ability of 8-hydroxyquinoline derivatives to capture
free radicals (spin - trap) [10], which allows us to
continue our research in this direction and to
investigate the antioxidant activity of Bt4.

EPR spectroscopy of Bt4

By a direct EPR spectroscopy, the EPR singlet
signal, registered in the powdered forms of Bt4,
exhibited almost a symmetrical single EPR signal
(Fig. 5). According to it, the intensive central
singlet in the EPR spectrum characterized with a g
factor 1.9737 = 0.0002 and width - 43 mT (Fig. 5).
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Fig. 5. EPR singlet signal in the powdered form of Bt4.

According to the registered EPR spectrum, Bt4
possesses radical structure. Considering the
presence of a phenolic group in its structure (Fig.
2), we suppose that this group is involved in the
formation of radical species and it could possibly
capture reactive oxygen species (ROS), i.e. exhibit
antioxidant activity. It is known that ROS such as
superoxide radicals (O2~"), hydroxyl radicals (*OH)
and hydrogen peroxide (H20) play a key role in
human cancer development and has gained much

support recently. They have been shown to possess
several characteristics of carcinogens [36, 37].

Further, we hypothesized that the antioxidant
action of the studied [(6-methylpyridin-
2ylamino)(2,4-dichlorophenyl)methyl]quinolin-8-ol
may be responsible for the beneficial effects of this
compound, thus the other 6-methylpyridin-
2ylamino)(halogenophenyl) methyl]quinolin-8-ols
could be used as antioxidants. According to the
result obtained in this study, the compounds tested
can probably be used for the treatment of diseases
associated with oxidative stress.

CONCLUSION

We investigated a three-component reaction of
8-hydroxyquinoline, halogeno-substituted
benzaldehydes and 2-amino-6-methylpyridine,
found a convenient methodology for the synthesis
and efficient analytical methods for quantification
in liquid phase of new type of Betti bases. The
potential applications of this reaction in synthetic
and medicinal chemistry might be significant. We
assume that the potential of the studied Betti bases
as pharmacological compounds is promising.
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CUHTE3 U CBOMCTBA HA HSIKOU BETH BA3U KATO I[TIOTEHIIVAJIHU JJEKAPCTBEHU
[TPEITAPATHU

H. FeoereBal*, 3. SIneBal, C. Cumosa?, I'. Hukonosa®
! Bemepunapno-meduyuncxu paxynmem, Tpaxuticku ynueepcumem, Cmyodenmcku 2pad, 6000 Cmapa 3azopa,
bwaeapus
2 Unemumym no opeanuyna xumus ¢ Lenmvp no gumoxumus, Bvreapcka axademus na naykume,
yi. Akao. I'. Bonues, 6a. 9, 1113 Coghus, bvaeapus
3 Meouyuncku gpaxynmem, Tpaxuiicku ynusepcumem, yi. ,, Apmeticka “11, 6000 Cmapa 3azopa, Bvieapus

Hocrermna va 18 anpun 2017 r.; Kopurupana wa 02 roru 2017 r.

(Pesrome)

Ienta Ha HacTosmIeTO M3cieABaHe Oe ma ce cuHTe3mpar beru 6asm upe3 moambunmpana peaknus Ha beru, ma ce
pa3paboTAT aHANUTHYHM METOIM 33 KOJMYECTBEHO OIpEeNeNsHe W TeCTBaHE HA TAXHATA MHKPOOWOJIOTHYHA U
AHTHOKCHJIAHTHA aKTUBHOCTH. 3a MoAW(QUKaIusITa Ha peaknuita Ha beTm HWe W3MOA3BaxMe ITbPBHYCH
XETePOLUKIINUCH aMUH, 8-XUAPOKCUXUHOJIMH U XaJIOT'€HO-3aMECTEHH apOMaTHH ajjieXuau. [IpuiokeHnTe aHaIMTHYHN
METOIM 32 KOJMYECTBEHO OIpeJesiHe Ha M3cienBaHuTe berm 0a3u ca ¢ BHCOKa TOYHOCT, BHCOKA JIMHEHHOCT M
3aI0BOJIUTEIIHU CTOMHOCTH Ha rpanuua Ha otkpuane (LOD) u rpanuna Ha konmuuyectBeHo ompexnensiHe (LOQ). Beru
6azute Osixa momyueHu ¢ no6uB 80-98% wu oxapakTepusupaHu upe3 eineMeHTeH aHanu3 u SIMP  cnekrpu. TsxHara
MHUKpPOOHOJIOTHYHA aKTHBHOCT O€ TecTBaHa cpemly 23 MaTrOreHHH [aMOBE MUKPOOPTaHWU3MH (Pa3iMyHU TIpam-
TIOJIOKUTETTHN U TPaM-OTPUIATENTHN). MUKPOOHOIOTHYHHAT CKPUHMHT JIOKa3a TSAXHATa CeJIEKTHBHA MUKPOOMOJIOTHYHA
aktuBHOCT. Criopen EINP m3cnenBanero betm 0asuTe mpuTekaBaT paauKaloBa CTPYKTypa W BEpPOSTHO TPOSBSIBAT
aHTHOKCHJIAHTHA AaKTHBHOCT.  Hwe mpeamonarame, 4Ye mOTEHOMAnbT HA IpeAcTaBeHuTre berm 06asm  karo
(hapMaKoJIIOTHYHHY TPETapaTH € TONIsAM.
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A preliminary study on the chemical profile of hexane extracts of the areal part of Artemisia annua from the region
of Bulgarian town Sliven by NMR spectroscopy is performed. The presence of a number of main components is found
using NMR spectra of authentic samples and comparison with literature data. Estimation of the artemisinin quantity is

made.
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INTRODUCTION

Artemisia annua L. (Chinese sweet wormwood,
family Asteraceae) is indigenous to China. The
species is also found as native to Korea, Japan,
Myanmar, Northern India, Vietnam, and Southern
Siberia throughout Eastern Europe and is cultivated
in many parts of the World as well, like equatorial
Africa, Argentina, Europe and India [1]. A. annua L
is used in traditional medicine for the treatment of
malaria, cough, cold, and diarrhea. Whole
flowering plant parts are also known to possess
anthelminthic, antipyretic, antiseptic, carminative,
antispasmodic, stimulant, tonic, and stomachic
properties. World Health Organization has
recommended A. annua as antimalarial drug [1].

A. annua has become the subject of intensive
phytochemical evaluation following the discovery
of the antimalarial drug artemisinin [1-3].
Phytochemical studies of A. annua have resulted in
identification of more than 600 compounds
including terpenoids (like sesquiterpene lactones),
coumarins, phenolics, flavonoids, essential oils, etc.
[2]. A. annua is the only known source of
artemisinin (Qinghaosu). This sesquiterpene lactone
is also effective in other infectious diseases such as
schistosomiasis, HIV, hepatitis-B, leishmaniasis,
and against a variety of cancer cell lines [1, 4-7].

Analysis of artemisinin is a challenging problem
since the compound is present in low concentration
in the plant; it is thermolabile, acid sensitive and
unstable and lacks chromophoric groups. Various
conventional and unconventional methods have

* To whom all correspondence should be sent:
E-mail: vkurteva@orgchm.bas.bg

been developed in order to detect and quantify
artemisinin [8], including NMR spectroscopy [9].
The popularity of quantitative NMR (qQNMR) has
grown substantially over the past two decades, as it
can provide absolute or relative quantification of
multiple metabolites within a sample without prior
separation of components [10, 11].

Literature survey for wild growing A. annua
from Bulgaria revealed only few articles on
essential oil composition [12-15] and surface
flavonoid aglycones [16]. Surprisingly, the content
of artemisinin in Bulgarian species has not been
investigated so far. The aim of this study was to
determine the amount of artemisinin in A. annua
from the region of Sliven in Bulgaria as well as to
identify its accompanying compounds.

EXPERIMENTAL

Materials and methods

All solvents were purchased from Aldrich and
LabScan and were used without purification. Merck
Silica gel 60 (0.040-0.063 mm) was used for flash
chromatography fractionation of the total extract.
Salophene, a calibration substance of Reichert
(Vienna) Kofler block for determination of melting
points, was found to be a suitable standard for
NMR quantitation of artemisinin.

Plant material
Plant material was collected in full flowering

stage from the region of Sliven town in 2015. The
aerial parts were air-dried and kept in dark place.
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Extraction and Fractionation

Air-dried aerial parts (300 g) were extracted in
hexane (1 L) at room temperature for 48 hrs. The
solid phase was removed by filtration and the
solvent was evaporated under vacuum at 25 °C to
give the yellowish oily residue (305 mg from 200
ml extract; 0.51%; average from three independent
experiments collecting 17-19 fractions each). The
crude residue was fractionated by flash
chromatography on silica gel (1:100) by using a
mobile phase with a gradient of polarity from
hexane through dichloromethane to 5% acetone in
dichloromethane.

NMR spectra

The NMR spectra were recorded on a Bruker
Avance IlI+ 600 spectrometer (Rheinstetten,
Germany) using Topspin 3.5pl6 in CDCls at 20 °C.
The chemical shifts are quoted as d-values in ppm
against internal tetramethylsilane (TMS). Spectral
width of 16 ppm on 32K points was acquired and
processed with zero filling on 64K points. 64 scans
were acquired for all individual fractions.

For estimation of the artemisinin quantity to a
solution of 16 mg artemisinin containing fraction in
0.5 ml in CDClI; 1.6 mg salophene (5x10° mmol)
was added. In the proton spectrum of the mixture
the integral of the artemisinin signal at 3.4 ppm
amounted 0.62 as compared to the salophene
azomethine protons at 10.5 ppm (equal to 2)
providing estimation for the quantity of artemisinin
as 0.88 mg (3x10° mmol, 62% in respect to
salophene).

RESULTS AND DISCUSSION

The areal part of Artemisia annua, collected in
full flowering stage from the region of Bulgarian
town Sliven, was extracted with hexane,
fractionated by flash chromatography and analysed
by NMR spectroscopy. The proton NMR spectrum
of the total extract provides a complicated picture
with a number of overlapped signals in many areas,
which hampers a reliable components’ assignment.
The anti-malarial drug artemisinin was detected
only in a single fraction eluted by 2% acetone in
dichloromethane. In the 'H NMR spectrum of the
latter a characteristic doublet of quartets in an area
clear of other signals at 3.4 ppm was found, while
this area is quite overlapped in the total extract,
analogously no free area for the other expected
artemisinin signals was found [17]. A selective
TOCSY experiment starting at the proton at 3.4
ppm proved that it does belong to artemisinin via
the coincidence of the chemical shifts of several
neighbouring protons (methyls at 1.21/1.00 ppm,
methynes at 1.78/1.25 ppm and methylenes at
1.87/1.08 ppm and 1.78/1.07 ppm) with literature
data (Fig. 1). The amount of artemisinin was
roughly estimated by comparison with salophen as
an internal standard (Fig. 2). The integral intensity
of the signal at 3.4 ppm was determined as 0.62 to
the two salophen imine protons, which represents
5.5 wt.% of the fraction, 0.29 wt.% of the total
extract, and 0.0015 wt.% of the dry plant. The
obtained results showed very low amount of
artemisinin in A. annua from Bulgaria when
compared with the data published in the literature,
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Fig. 1. Aliphatic part of *H (down) and selective *H-'H TOCSY (up) spectra of artemisinin containing fraction.
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Fig. 2. 'H NMR spectrum of artemisinin containing fraction with addition of salophene.
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Fig. 4. Partial *H NMR spectra of trans-B-farnesene and germacrene D containing fraction (down) and trans-p-
farnesene (up) [21].

indicating highly variable content of this lactone
(0.01% — 1% depending on variety) [1, 2].

In addition to artemisinin, several other
components were determined in the hexane extract
(Fig. 3). Their structures were principally
elucidated by comparison of their *H NMR spectra
with those published in the literature.

Two sesquiterpene hydrocarbons were found in
the less polar fractions, eluted by pure hexane.
Trans-p-farnesene was identified by characteristic
signals for a vinyl group (6 6.36 dd, 5.24d, 5.06 d),
exometylene double bond (& 5.01 brs and 4.99 brs)
and two olefinic protons at 6 5.17 and 5.10 (Fig. 4)
[21]. The structure of the other compound,
germacrene D was deduced from the characteristic
signals for double bonds in 10-membered ring:

trisubstituted C-1/C-10 (6 5.13, H-1 and 1.52, H-
14), trans-disubstituted C-5/C-6 (6 5.78, d, H-5 and
5.26, dd, H-6, Js¢ = 16 Hz), and exomethylene C-
4/C-15 (86 4.74 brs and 4.79 brs) [22].

5w

artemisinic acid

arteannuin B

artemisinin

germacrene D

epi-deoxyarteannuin B

trans-p-farnesene artemisia ketone coumarin

Fig. 3. Detected components in hexane extract of
Artemisia annua from Sliven region.
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The presence of monoterpene ketone artemisia
ketone in a fraction eluted by dichloromethane
/hexane 1:1 mixture was confirmed by comparison
with the 'H NMR spectrum of the authentic
standard (Fig. 5). Trans-p-farnesene, germacrene D
and artemisia ketone are typical volatile
components of A. annua essential oils and their
presence in hexane extracts is not surprising.

Three sesquiterpenes with cadinane skeleton,
arteannuin B, epi-deoxyarteannuin B and
artemisinic acid, were detected in fractions eluted
with 2% acetone in dichloromethane. *H NMR
spectra (Fig. 6) of arteannuin B and epi-
deoxyarteannuin B contain signals characteristic for
a-exomethylene-y-lactones (H-13/13’, 6 6.16/5.43 d
and 6.17/5.56 d, respectively). Their spectra differ

in the multiplicity and chemical shifts of some
other signals. Thus, H-7 methyne at 6 2.74 in the
spectrum of arteannuin B exhibits allylic coupling
with H-13/13" (J = 3.1 Hz), which requires trans-
fusion of the lactone ring, while the observed
smaller allylic constants (J713 =J7.13- =1.2 Hz) in the
spectrum of epi-deoxyarteannuin B corresponds to
cis-fusion of the lactone ring. The signals at & 5.28
brs and 1.67 s (CHs) confirmed the presence of a
trisubstituted C-4/C-5 double bond in the structure
of epi-deoxyarteannuin B. These signals are
missing in the spectrum of arteannuin B. Instead,
two new singlets appear at 6 2.68 and 1.34 (CHz),
indicating the presence of a methyl-substituted
epoxy ring. All these data are in agreement with
those reported previously [18, 19].

3
57 g 10
S
NTE
7 ]
rtemisia ket
H-5 H-1 H-1.H-2
o1l I
'8-,
2
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6 5 4

T
3 2 ppm]

Fig. 5. 'H NMR spectra of artemisia ketone containing fraction (down) and authentic sample of artemisia ketone (up).

[ren]

————————
3 2 1 [ppm]

Fig. 6. TH NMR spectra of epi-deoxyarteannuin B (down), arteannuin B (middle), and artemisinic acid (up) containing
fractions.
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Table 1. Main constituents in the hexane extract of Artemisia annua from the region of Sliven, Bulgaria, detected by

relevant 1D and 2D NMR spectra and literature comparison.

Component

Selected *H/*3C signals in ppm (multiplicity, coupling constants)

artemisinin

arteannuin B
epi-deoxyarteannuin B
artemisinic acid

trans-p-farnesene
germacrene D
artemisia ketone

coumarin

3.40 (dq, 5.2,7.2),1.21 (d, 7.2)

6.16 (d, 3.1), 5.43 (d, 3.1), 2.74 (dg, 12.4, 3.1), 2.68 (s), 1.34 (s), 0.99 (d, 6.0)

6.17 (d, 1.2), 5.57 (d, 1.2), 5.28 (brs), 2.71 (it, 6.8, 1.2), 1.67 (s)

6.45 (brs), 5.55 (t, 1.5), 4.98 (s), 2.69 (dt, 12.3, 3.6), 2.60 (brs), 1.59 (brs),

6.38 (dd, 10.9, 17.6), 5.25 (d, 17.6), 5.16 (brt, 6.6), 5.10 (brt, 6.9), 5.06 (d, 10.9), 5.02
(brs), 5.00 (brs)

5.13 (m), 5.78 (d, 15.8), 5.25 (dd, 15.8, 10.0) , 4.74 (d, 2.3), 4.79 (d, 2.3), 1.51 (s), 0.86
(d, 6.7), 0.81(d, 6.8)

6.24 (quint, 1.3), 5.93 (dd, 17.5, 10.7), 5.15 (dd, 17.4, 0.9), 5.13 (dd, 10.6, 0.9), 2.12 (d,
1.3),1.89 (d, 1.3), 1.22 ()

7.72 (d, 9.5), 7.54 (ddd, 8.4,7.4,7.2), 7.50 (dd, 7.7,1.5), 7.34 (d, 8.3), 7.29 (td, 7.5, 1.0),
6.43 (d, 9.5)

4.12 (q, 7.1), 3.66 (s) 2.81/2.77 (t, 7.0), 2.35/2.30/2.28 (t, 7.5), 2.06 (m), 1.62 (m), 0.89

fatty acids and esters (t 6.8), 0.88 (t, 7.1),

w-3 fatty acids and esters

0.98 (t, 7.5), 2.08 (m), 2.81 (brt, 6.2)

The ™M NMR spectrum of the biogenetic
precursor of artemisinin, artemisinic acid (Fig. 6),
is very similar to that of epi-deoxyarteannuin B.
However, H-5 is shifted upfield (6 4.98) and H-13
and H-13’ - downfield (6 6.44 and 5.55) suggesting
the presence of an a,B-unsaturated acid instead of a
lactone ring [20].

Finally, sizeable amounts of coumarin are easily
identified in several fractions eluted by 2% acetone
in dichloromethane by their characteristic signals in
the aromatic area (8 6.40 — 7.80) [22].

Main components in the hexane extract
constitute a mixture of fatty acids (FA), methyl and
ethyl esters of fatty acids. The NMR spectra show
the presence of both saturated and differently
unsaturated fatty acids, including approximately
25% of ®-3 polyunsaturated FA, determined from
the ratio of the integral intensities of the methyl
groups at 0.97 and 0.88 ppm.

The characteristic signals described above are
listed on Table 1.

CONCLUSION

A preliminary study on the chemical profile of
hexane extracts of the areal part of Artemisia annua
from the region of Sliven town performed by NMR
spectroscopy show the presence of several
components: fatty acid and their methyl and ethyl
esters, sesquiterpenes trans-p-farnesene,
germacrene D, artemisinin, arteannuin B, epi-
deoxyarteannuin B, and artemisinic acid, irregular
terpene artemisia ketone, and the fragrant
compound coumarin. The amount of artemisinin in
the extract of the Bulgarian plant is estimated and is
found to be very low in respect to its content in
plants from other regions.
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XUMUYEH ITPO®UII HA ARTEMISIA ANNUA OT PETUOHA HA T'P. CJIMBEH, BbJII"APUSI.
[MPEABAPUTEJIHO AMP U3CJIEIBAHE

B. Kypresa*, A. Tpennadunora, C. CumoBa

Hucmumym no opeanuuna xumusi ¢ Llenmop no pumoxumus, bvieapcka akademus Ha Haykume,
yia. Akao. I'. Bownues, 61. 9, 1113 Coghus, bvreapusa

Ioctenuna Ha 28 anpun 2017 r.; Kopurupana na 05 roun 2017 1.

(Pesrome)

ITpoBeneHo e mpeaBapUTETHO M3CIEABAHE HA XUMUYHUS MPOQHI HA XCKCAHOB €KCTPAKT HA HAA3EMHHTE YacTH Ha
Artemisia annua ot peruona na rpan CiuseH, boirapus, nocpeactsom SIMP cnekrpockonust. Vpentudunupanu ca
OCHOBHHUTE KOMIIOHEHTH 4Ype3 CPaBHEHHE C aBTCHTHYHHM NpOOM W JUTEpaTypHH NaHHH. HampaBeHa e omeHKa Ha
KOJINYECTBOTO Ha APTEMU3WHHH B EKCTPaKTa.
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Chemical profile of pine cone and pine bud jam is determined using *H and **C NMR spectra. Principal component
and cluster analysis of 41 detected organic ingredients allow discrimination of jam from honey. Difference in the

chemical profile of the two jams is found.

Key words: pine cone and bud; honey; *H nuclear magnetic resonance; **C NMR; cluster analysis, PCA

INTRODUCTION

Pine jam, also known as “pine honey” or pine
elixir, does not originate from bee activity, but is
made from pine cones or buds. Both products are
delicious due to their unique aroma of a pine forest.
Additionally they are healthy and a worthy
substitute of honey. Pine jams are often used in
traditional medicine as therapeutic agents against
respiratory viral diseases and/or for strengthening
of the immune system, very popular in Eastern
Europe, Russia and Georgia. Despite abundant
information on the chemical composition [1] and
biological activities [2] of the Pinus species, jams
are only poorly studied. We were able to find only
two publications in the literature so far — one
devoted to their antioxidant and antimicrobial
properties [3] and one to characterization of the
detected volatile components [4]. The traditional
medical use of pine jams and honeys is very often
quite close, however, their prize and actual activity
differs considerably. That is why the aim of the
present work is to determine the main components
in pine jams from cones and buds using NMR
spectroscopy and to test the suitability of
unsupervised chemometric methods to distinguish
pine jams from honey types.

EXPERIMENTAL
Sample preparation
Pine jams and honeys were bought from the

local market. 0.5 g of jam or honey was dissolved
in 0.5 ml D,O, containing 0.02 v. % sodium salt of

* To whom all correspondence should be sent:
E-mail: sds@orgchm.bas.bg

trimethylsilylpropionic acid-ds (TSPA) for internal
standard and 0.02 v. % of NaNs as a preservative.

Spectral Parameters

'H (600.01 MHz) and *C (150.88) NMR spectra
have been acquired on an AVANCE AV600 I+
NMR spectrometer using topspin v.3 pl 6. All
spectra have been recorded in D,O at 293.0+0.1 K.
TSPA-ds has been used as an internal reference
with chemical shifts at 0.0 ppm and -2.63 ppm for
'H and *C, respectively. Following acquisition
parameters have been used for 'H NMR: spectral
width of 13.6 ppm (transmitter frequency at 4.84
ppm) on 64 K data points — FID resolution of 0.3
Hz and acquisition time 2.58 s; 60° pulses of 7.2 us
duration; relaxation delay of 4 s; 16 dummy and
256 scans. Zero filling by a factor of 2 and
exponential multiplication by a line broadening of
0.3 Hz has been applied. Manual processing and
careful manual phasing of the spectra ensured that
the integrals have minimal distortion and thus
contribute to the quantitative reproducibility.
Standard C NMR parameters have been used -
spectral width 238.9 ppm, 32 K data points, 60°
pulses of 6.5 us duration; relaxation delay of 2.0 s;
4048 scans. Assignment of the signals has been
made on the basis of the gradient enhanced versions
of TOCSY, standard and semi-selective HSQC [5].

Preparation of data for chemometrics

A combined H/™C method was used to obtain
reliable semi-quantitative data for characterization
of the pine jams and their differentiation from the
honey types. Quantitation relies on the intensities of
the ¥C NMR signals utilizing the much higher
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dispersion (Fig. 2) of the signals in the carbon than
in the 'H spectra (Fig. 1). The region of the
anomeric carbon atoms (106-83 ppm) contains a
number of non-overlapped signals for most of the
saccharides. Additionally, 3C intensities for several
typical honey ingredients as quercitol [6],
butanediol [7] and proline [8] as well as for 15
unidentified constituents were determined (see
Table S1). One carbon signal was chosen for every
of the 41 components (Table 1). Reducing sugars
were also represented by one non-overlapped signal
taking into account the quantities of the
corresponding epimers from the NMR spectra of
the individual sugars in D-O. The molar mass of all
components was taken into account in order to
determine the amount of the individual ingredients.
Diffusion NMR spectra indicate that the
unidentified components have diffusion coefficients
in the range between mono- and disaccharides, and
a tentative molar mass of 200 was ascribed to all of
them. Additional adjustment of all carbon
intensities was made via comparison with the
integration results of several proton signals against
TSPA.

Chemometric analysis

Chemometric analysis [9, 10] was applied in
order to test the possibility to differentiate pine
jams from honey varieties. Taking into account the
limited number of samples unsupervised pattern
recognition via cluster analysis (CA) and principle
component analysis (PCA) were applied using the
algorithms offered by EXCEL [11], SIMCA14 [12]
and Past3 [13] statistical software.

i
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IJ‘" " ]‘ 'y Pine honey

Cluster analysis allows grouping of a set of
objects in such a way that objects in the same group
are more similar to each other than to those in other
groups. Very popular is the “connectivity model”
that uses hierarchical clustering based on distance
connectivity represented by a dendrogram (e.g. Fig.
4A). The x-axis marks the distance at which the
clusters merge, while the investigated objects are
disposed along the y-axis preventing cluster
mixing, accompanied by a table presenting the
distances between the objects. The Ward's
minimum variance method was found most
appropriate for the jam-honey discrimination.
Principal components analysis is the most often
applied procedure for identifying a smaller number
of uncorrelated variables, called "principal
components”, from a large set of data. The goal of
PCA is to explain the maximum amount of variance
with the fewest number of principal components.
These are linear combinations called usually factors
being better descriptors than the original chemical
or physical measurements, allowing easier
visualization of the obtained results. In the case of a
limited number of samples n as in our investigation
(n=5) the number of derived factors is confined to
n-1.

RESULTS AND DISCUSSION

NMR chemical profiling

The *H and ¥*C NMR chemical shifts were
obtained from the corresponding 1D NMR spectra
of the five remedies. They are presented in Figs. 1
and 2 with annotation of the saccharide components
in the corresponding anomeric spectral areas.

Pine cones jam

I T T T T T
8 7 6 .5 4 3 2 1 ppm

Fig. 1. *'H NMR spectra of the investigated jams and honeys with expansion of the sugar region.
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Fig. 2. 13C NMR spectra of the investigated jams and honeys with expansion of the anomeric sugar region.

Use of the gradient version of the HSQC
technique with high resolution in the indirect
dimension and comparison with previously made
sugar profiling [14, 15] and literature data [16]
assures the unambiguous identification of the
organic ingredients - carbohydrates, amino acids
and some other detectable components. The profile
of two jams is compared with the data of three
previously studied types of honey [14, 15] — pine
honeydew, oak honeydew and polyfloral honey.
The chemical shifts used for quantitation of the
detected organic ingredients are presented in Table
1 and the chemical profiles are visualized in Fig. 3.

Chemometric analysis

The input data set with normalized intensities
for 41 detected organic ingredients in the five
investigated natural remedies is presented in Table
S1. The data is first standardized by the z-transform
procedure to eliminate the parameter dimension

@ Oak honeydew honey m Pine buds jam g Pine honey g Pine cones jam

impact on the classification and interpretation
results. For hierarchical aggregation of the samples
into a cluster the Ward's method is used. The
standardized component quantities, presented in
Fig. 3, cluster in two statistically significant groups
for the five studied samples. One is for the studied
honeys and the other - for the jams (Fig. 4A) with
Euclidean distances between the different elements
presented on Fig. 4B. Principle component analysis
identifies two factors responsible for 75% of the
total variance in the chemical composition of honey
and jam. The results are visualized in a 3D PCA
plot on Fig. 4C and listed in Table 2S. The first
factor, accounting for 51% of the explained system
variance correlates with the main di- and
trisachacharides characteristic for honey, quercitol,
2,3-butanediol and several unidentified components
while the second factor, responsible for 23% is
connected to the quantities of proline, several less
common saccharides and the unrecognized
components U1 and U10.

stz kil

aaTr

Polyfloral honey

Fig. 3. Chemical profile of the studied natural remedies (in g/100g jam or honey), representing the semi-quantitative
data obtained from the *H and **C NMR spectra.
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Table 1. Chemical shifts of the carbon signals used for quantitation and their attached protons (in ppm), acronyms of the
different organic ingredients, a/p ratio of the reducing sugars and proton signals used for adjustment of the carbon intensities.

Component o 13C S5H Acronym a:p Ratio Used ¢ 'H
Isomaltulose 104.64 R IMu 0.164
ap-Trehalose 102.79 4.63 afTr
Gentiobiose 102.49 4.47 Gb 0.364
Turanose 100.72 5.29 Tu 0.444 5.29
Leucrose 100.11 5.09 Lu 5.09
Erlose 99.67 5.38 Er
Panose 99.64 5.38 Pa 0.615
Maltose 99.54 5.38 Ma 0.417
Nigerose 98.87 5.33 Ng 0.583
Isomaltose 97.73 4.95 IMa 0.636
Trehalulose 97.71 _ Tru
aa-Trehalose 93.00 517 aaTr
Isokestose 92.31 541 1-Ks
Kojibiose 89.30 5.43 Kb 0.415 5.43
Melezitose 83.24 4.29 Mz
Sucrose 76.21 4.21 Su
Raffinose 76.14 4.22 Rf 4.99
Glucose 75.75 3.45 Gl 0.600 4.64
Fructose 67.45 3.78 F 0.688 4.10
Quercitol 33.20 1.98/1.80 Q
Proline 2371 1.99 Pro
meso-Butanediol 16.72 1.13 mBd
racemic Butanediol 17.80 1.13 rBd
Unidentified compounds* 103.46 - Ul

97.79 - u2
101.69 - U3
101.22 5.23 U4
96.74 5.48 U5
Hydroxymethyl-furfural - 9.44 HMF 9.44

* Additional compounds U6-U15 (102.26; 104.08; 103.66; 103.55; 103.44; 103.38; 102.86; 100.77; 99.26; 98.17).

Num

Oak honey ﬁise OHH PFH PHH PCJ PBJ 4‘\ GPBJ .
| | ®PHH
Polyfloral honey :l_ Hone OHH 00 6.7 9.2 118 108 \
Pine honey PFH 6.7 0.0 7.6 9.5 75
PHH 9.2 7.6 0.0 9.7 8.9
Pine cones jam ——— Jam PCJ 1.8 95 97 00 75
Pine buds jam ———— PBJ  10.8 75 8.9 7.5 0.0

40 50 60 70 80 90 100 110

R2XI11 = 0512

A B
Fig. 4. Visualization of the multivariate analysis. A) Hierarchical dendrogram for clustering of 41 ingredients; B) Table
of distances between different objects; C) PCA 3D score plot for: PCJ — pine cone jam; PBJ — pine bud jam, PHH —
pine honeydew honey; PFH — polyfloral honey; OHH - oak honeydew honey.
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The observed differences in the chemical profile
of the two studied jams can be best visualized by
the Nightingale’s “rose diagram”.

Turanose

Trehalulose

Gentio

Raffinose

Fig. 5. Nightingale’s diagram.

CONCLUSION

Significant difference in the carbohydrate profile
of the studied jams has been detected. The jams are
characterized generally by a lower content of di-
and trisaccharides compared to honeys. Higher
amounts in the jams only of saccharose and
gentiobiose were determined. Pine cone jam
contains appreciable amount of sucrose, while pine
bud jam is rich in gentiobiose. The combination of
NMR spectroscopy with chemometric methods is a
power tool not only to detect adulteration, to
distinguish geographical and botanical origin of
honey but also to discriminate jam from homey,
provoking more detailed analysis of pine jams.
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N3CJIEIBAHE HA bOPOBU CJIAJIKA U3ITOJI3BAH B HAPOJIHATA MEJIUIINMHA
I[TOCPEJACTBOM AMP 1 XEMOMETPUA

. l'eprunoga, /1. lumosa, C. CumoBa*
Hnemumym no opeanuuna xumust ¢ Llenmvp no pumoxumus, bvreapcka akademus na Haykume,
ya. Akao. I'. Bonues, 61. 9, 1113 Cogpusa, bvreapus

TlocTenmna Ha 3 maii 2017 r.; Kopurupana sa 5 ronn 2017 r.

(Pesrome)

ITpoBeneHo e HavamHO M3CJIEABAaHE HA XUMHYHUS NMPOQHIT Ha CIAJKO OT OOPOBH HIMIIAPKH M OT OOPOBH BpbXUeTa
nocpeacteoM 'H and *C SIMP chektpockomusi. AHamu3 Ha IJIABHUTE KOMIOHEHTH U KIbCTEpPeH aHanu3 Ha 41
OpPraHWYH{ CHCTABKH ITO3BOJISIBA pa3rpaHNYaBaHEe Ha CIAJKO OT IuesieH Mel. OTKPUTH ca Pa3iIuKH B XUMUYHUS MTPOQHIT
Ha JBeTe OOPOBU ClajKa.
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Cytotoxicity assay of 2-carbamido-1,3-indandione (CAID) has been performed by means of the validated Balb/c
3T3 Neutral Red Uptake Test. In addition, the intracellular localization of CAID in murine embryonic fibroblasts,
studied by fluorescence microscopy, is reported. The results indicate complete absence of toxicity of CAID to

immortalized normal mammalian embryonic cells and high affinity for binding to nucleic acids.

Fluorescence

microscopic examination demonstrate the affinity of the 2-carboxamide-indane-1,3-dione to DNA- and RNA-
containing cellular structures. To elucidate the affinity of CAID to nucleic acids, the B3LYP/6-31G(d,p) calculations
were performed. According to the calculations CAID is preferably associated to nucleotides phosphate group.

Key words: 2-carbamido-1,3-indandione; anti-proliferative activity; malignant cells

INTRODUCTION

2-Substituted 1,3-indandiones have been a
subject of investigations due to their
pharmacological properties [1] and a wide range of
biological activities such as anti-inflammatory [2]
and antitumor [3,4] activity. Dimmock et al. [4]
show that 2-benzylidene-1,3-indandiones are
cytotoxic to several malignant cell lines and also
display preferential toxicity to various neoplasms
rather than to the normal cells.

2-Carbamido-1,3-indandione (CAID) belongs to
the 1,3-indandione group. CAID shows relatively
high photostability and because of its strong
absorption in UVA and UVB spectral region it is a
promising sunscreen candidate. Our previous work
[5] also indicates that the compound has a potential
and is suitable for use as a fluorescent molecular
probe for investigation of different biomolecules.

Thus, the aim of this study, as an essential part
of an ongoing investigation on the antitumor
activity of 2-carbamido-1,3-indandione is to present
data about its cytotoxicity to normal cells such as
Balb/c 3T3 cell line. In addition, the intracellular
localization of CAID in murine embryonic
fibroblasts, studied by fluorescence microscopy, is
reported.

* To whom all correspondence should be sent:
E-mail: nadya@orgchm.bas.bg

MATERIALS AND METHODS

Synthesis of 2-carbamido-1,3-indandione

2-Carbamido-1,3-indandione was synthesized
applying a known procedure [6]. Condensation of
diethyl phthalate with acetonitrile in the presence of
sodium methoxide afforded 1,3-dioxo-2-
indancarbonitril  in  91% vyield. Subsequent
hydrolysis with concentrated sulfuric acid resulted
in the desired amide in 64 % yield after
recrystallized from methanol.

Steady-state spectral measurements

The photophysical properties, absorbance and
fluorescence, of CAID were investigated in ethanol
and dimethylsulfoxide, solvents suitable for
biological applications. UV-visible spectra were
recorded with a Perkin Elmer Lambda 25 UV/Vis
Spectrometer.  Fluorescence  spectra  were
recorded with a Perkin Elmer LS-55
Luminescence Spectrometer.

Cell lines and culture conditions

Balb/c 3T3 cell line was used for assessment of
the cytotoxicity of CAID. Cells were cultured in
Dulbecco's Modified Eagle's Medium with low
glucose (1.0 g¢/L) containing L-glutamine and
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sodium pyruvate (DMEM, Sigma-Aldrich). The
culture medium was supplemented with 10% fetal
bovine serum - FBS (Gibco; BioWhittaker) and
antibiotics (penicillin 100 Ul/ml and streptomycin,
100 pg/ml, AppliChem). The cultures were
maintained in plastic flasks with a growth surface
area 25 cm? and 75 cm? (Orange Scientific,
Belgium). Cultivation was performed in an
incubator at 37°C, 5% CO; and 95% relative
humidity. Solution containing 0.05% trypsin
(Gibco) and 0,025% ethylenediamine tetraacetic
acid (EDTA, FlowLab, Australia) was used for cell
dissociation. Disposable plastic consumables (tissue
culture flasks, containers, filtration systems, tissue
culture plates, etc.) were purchased from Orange
Scientific, Belgium.

Cytotoxicity testing (Balb/c 3T3 Neutral Red
Uptake Test)

Cytotoxic effect of the 2-carboxamide-
indane-1,3-dione was studied by Balb/c /c 3T3
Neutral Red Uptake Test (3T3 NRU test) as
described previously [7,8]. Briefly, cells were
suspended in growth medium with 10% FBS and
seeded in 96-well plates (1x10* cells/well). After
24-hour incubation period, the cell cultures were
treated with indandione in growth medium
containing 5% FBS. Cells were treated with eight
different concentrations of the tested compound
(dilution factor - 7710 = 1.389; 6 wells for each
concentration) for 24 hours. Untreated (control)
cultures were grown for the same conditions in the
growth medium with 5% FBS. The morphology of
the cell cultures were monitored by inverted
microscope. After washing with PBS control and
treated cell cultures were incubated for 3 hours in a
culture medium containing 0.25 pg/mL neutral red.
The absorbed intracellular vital dye was extracted
by adding a solution containing 50% ethanol, 49%
water and 1% acetic acid. The cytotoxic effect of
the test substance was presented as a concentration-
dependent decrease of the amount of absorbed vital
dye — neutral red. The optical density of the control
and treated cultures was measured using an ELISA
spectrophotometer (TECAN, SunriseTM, Grodig /
Salzburg, Austria) at a wavelength of 540 nm. The
relative survival of the treated cells compared to the
control was calculated for each concentration using
the following formula:

Cell viability (%) = Optical density (OD)s40
(experimental)/ODs4o (control) x 100.

222

Fluorescent microscopy

BALB/c 3T3 cells were suspended in growth
medium on sterile diagnostic slides with teflon
rings and incubated in a moist chamber at 37.5°C
and 5% CO; for 24 hours. Growth medium was
removed and cells were treated with four different
concentrations of 2-carboxamide-indane-1,3-dione
- 100 uM, 50 puM, 10 pM and 1 puM. After 24 h
treatment, cells were washed with PBS, dried at
room temperature, fixed in ice cold acetone for 20
min. and covered with glass coverslips. The
preparations were observed by a fluorescence
microscope Leica DM 5000 B.

Statistical analysis

Data are presented as mean + standard deviation
(SD). Statistical significance of differences between
the viability of the cells treated with different
concentrations and the control cells was evaluated
by one-way analysis of variance (ANOVA),
followed by Bonferroni's test using the GraphPAD
PRISM software, version 5 (GraphPad Software
Inc., San Diego, USA). Values * p < 0.05, ** p <
0.01 and *** p < 0.001 were considered statistically
significant.

Quantum chemical calculations

The geometries of the two 2-carbamido-1,3-
indandione tautomers were optimized at the MP2/6-
31+G(d,p) level. Solvent effect (ethanol and
dimethylsulfoxide, DMSQ) was accounted by using
the self-consisted reaction field method with the
conductor polarizable continuum model (CPCM)
formalism. The stationary-point geometries were
fully optimized in the reaction field of the implicit
solvent. The minima and transition state were
confirmed to have zero and one imaginary
frequency, respectively. The values of Gibbs free
energies (AG) and activation barrier (AG*) were
calculated at temperature 298.15 K. The percent
content of tautomers is: content % = 100.p;

where p; =e %% /> "e"*%'RT The classical rate
I

constants of the forward (kf) and the reverse (k)
tautomerization reactions were obtained using the
Eyring equation. Because of the size of the
structures studied, the geometries of complexes of
2-carbamido-1,3-indandione with uridine mono-
phosphate  or guanosine monophosphate were
optimized at B3LYP/6-31G(d,p) level without any
constrains.
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According to Alcolea Palafox [9-11], the
B3LYP functional and 6-31G(d,p) basis set
represents a compromise between accuracy and
computational cost and thus B3LYP/6-31G(d,p) has
been used in the majority of the calculations. The
program package GAMESS [12] was used to
perform the quantum chemical calculations.

RESULTS AND DISCUSSION

Two enol tautomeric forms of 2-carbamido-1,3-
indandione coexist in different solutions [4, 12]: 2-
(hydroxyl-aminomethylidene)-indan-1,3-dione (A)
and 2-carboamide-1-hydroxy-3-oxo-indan (B) (Fig.
1). According to our CPCM/MP2/6-31+G(d)
calculations in ethanol and DMSO solutions the
ratio of the tautomers is A : B = 60 : 40 (Table 1).
Tautomer A converts into tautomer B and vice
versa by means of very fast intramolecular proton
transfer reaction. The rate constants are of order 108
(Table 1).

Fig. 1. Equilibrium between tautomeric forms 2-
(hydroxyaminomethylidene)-indan-1,3-dione (A) and 2-
carboamide-1-hydroxy-3-oxo-indan (B).

Table 1. CPCM/MP2/6-31+G(d) calculated energy
difference AGzgs for the tautomers of CAID and energy
barrier AG* (kcal mol?) of intramolecular proton transfer
in ethanol or DMSO solution, % contents of the
tautomers and rate constants of the forward (kr) and
reverse (k;) reactions (s2).

Solvent AGa % content AG# k
ethanol 0.26 60.8% A 1.23 A—B ki=6.08x108
39.2%B 0.97B>A k- =9.93x108
DMSO 0.21 588% A 195A—B kf=1.56x108
412%B 1.74B—>A k' =2.32x108

The electronic absorption spectra of CAID were
recorded in ethanol (EtOH) and dimethylsulfoxide
(DMSO). The absorption spectra (Fig. 2) showed
characteristic absorption band in the UV-A region
with  slightly dependence on solvent. The
absorption maxima for CAID solved in EtOH are at
374 nm and in DMSO - at 376 nm.

Fluorescence emission spectra for CAID were
recorded at excitation 330 nm in both solvents at
concentration 10 uM (Fig. 2). The fluorescence
emission maxima are red shifted as compared to the
absorption maxima with a shift of 140 nm for both
solvents. The fluorescence spectra are stable in time
with good fluorescence quantum yield, which is an
advantage in further studies for biological
applications of CAID.
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Fig. 2. Absorption (left) and emission (right) spectra of
CAID in ethanol (EtOH) and dimethylsulfoxide (DMSO)

Balb/c 3T3 Neutral Red uptake test

Cytotoxic effect of 2-carboxamide-indane-1,3-
dione was studied on non-tumorigenic cell line of
mouse embryo fibroblasts Balb/c 3T3 by applying
Neutral Red Uptake test. The cells were exposed to
eight different concentrations of the tested
compound for 24 hours. Light microscopic
examination showed that CAID did not induce
significant changes in morphology and growth
properties of the cells. Results of the Neutral Red
Uptake test confirmed the data from the
microscopic examination and indicated that 2-
carboxamide-indane-1,3-dione did not induce
statistically significant reduction of the cell
viability as compared to the control (Fig. 3).

The results of the study show that the 2-
carboxamide-indane-1,3-dione is not toxic to the
cells of the Balb/c 3T3 cell line. Fluorescence
properties of the 2-carboxamide-indane-1,3-dione
were used for study of CAID ability to penetrate
through cellular membranes and to establish its
intracellular localization (Fig. 4).
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Fig. 3. Cytotoxicity of 2-carboxamide-indane-1,3-dione
on Balb/c 3T3 cells line after 24 hours of treatment.

b

Fig. 4. Fluorescence microscopy of Balb/c 3T3 cells
after 24-hour treatment with 1 uM CAID: a) control; b)
cells treated 2-carboxamide-indane-1,3-dione.

Fluorescence microscopic examination indicated
that the tested substance penetrates into Balb/c 3T3
cells and strongest fluorescent signal was
established in the cell nucleus and nucleoli,
demonstrating the affinity of the 2-carboxamide-
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indane-1,3-dione to DNA- and RNA-containing
cellular structures as nuclei and nucleoli.

To elucidate the affinity of CAID to nucleic
acids, the DFT calculations were performed. We
have modeled complexes between CAID and two
nucleotides (with purine and pyrimidine nitrogen-
containing nucleobases) — uridine monophosphate
(UMP) and guanosine monophosphate (GMP).
There are two possible site of association of CAID
to nucleotide by hydrogen bonding - to nucleobases
(UMP-CAID and GMP-CAID) or to phosphate
group (CAID-GMP and CAID-GMP). The
complexes formed are shown in Fig. 5. According
to B3LYP/6-31G(d,p) calculations the more stable
complex is CAID-UMP (by 3.09 kcal mol™) where
2-carboxamide-indane-1,3-dione is associated to
UMP by phosphate group. In the case of GMP-
complexes the two complexes are close by energy
but the GMP-CAID are the more stable one by 0.12
kcal mol2.

To account for the possibility of the formation of
intermolecular hydrogen bonding between CAID
and nucleotides, the interaction energies (Ein’s) for
the complex are considered: luorescence
microscopic examination indicated that the tested
substance penetrates into Balb/c 3T3 cells and
strongest fluorescent signal was established in the
cell nucleus and nucleoli, demonstrating the affinity
of the 2-carboxamide-indane-1,3-dione to DNA-
and RNA-containing cellular structures as nuclei
and nucleoli.
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Fig. 5. Complexes of tautomer B (2-carboamide-1-hydroxy-3-oxo-indan) (CAID) with: guanosine
monophosphate (GMP) and uridine monophosphate (UMP).
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To elucidate the affinity of CAID to nucleic
acids, the DFT calculations were performed. We
have modeled complexes between CAID and two
nucleotides (with purine and pyrimidine nitrogen-
containing nucleobases) — uridine monophosphate
(UMP) and guanosine monophosphate (GMP).
There are two possible site of association of CAID
to nucleotide by hydrogen bonding - to nucleobases
(UMP-CAID and GMP-CAID) or to phosphate
group (CAID-GMP and CAID-GMP). The
complexes formed are shown in Fig. 5. According
to B3LYP/6-31G(d,p) calculations the more stable
complex is CAID-UMP (by 3.09 kcal mol™) where
2-carboxamide-indane-1,3-dione is associated to
UMP by phosphate group. In the case of GMP-
complexes the two complexes are close by energy
but the GMP-CAID are the more stable one by 0.12
kcal mol2.,

To account for the possibility of the formation of
intermolecular hydrogen bonding between CAID
and nucleotides, the interaction energies (Ein’s) for
the complex are considered:

AEint = Ecaip + Eempump)— Ecomplex,, (1)
where the complexes are GMP-CAID, CAID-GMP,
CAID-UMP and UMP-CAID (Figure 5).

According to eq. (1) the obtained values for Ein
(in kcal mol?) are: 18.10 (GMP-CAID), 17.97
(CAID-GMP), 14.69 (UMP-CAID) and 17.77
(CAID-UMP). The results show that the association
of CAID to the phosphate group in the two types of
nucleotides is more probable. However, the favorite
nucleotide is GMP

CONCLUSION

The results from the present study, namely
complete absence of toxicity towards immortalized
normal mammalian cells and high affinity for
binding to nucleic acids makes 2-carboxamide-
indane-1,3-dione a promising candidate for
investigations on its antiproliferative activity to
malignant  cells.  Fluorescence  microscopic
examination demonstrate the affinity of the 2-
carboxamide-indane-1,3-dione to DNA- and RNA-
containing cellular structures. According to our

DFT calculations tautomer B of CAID is preferably
associated to nucleotides phosphate group.
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N3CJIIEABAHE HA IUTOTOKCUYHOCTTA N BbTPEKJIETBUHATA JIOKAJIM3ALIAA HA
2-KAPBAMUJ10-1,3-UHAAH/IMOH B BALB/C 3T3 KJIETKU

H. Mapkosa'*, A. I'eopruesa?, 1. ®ununosal, U. Aurenos!, B. Enues!, A. Kpun?

L Uuemumym no opeanuuna xumus ¢ Lenmvp no gumoxumus, Bvreapcka axademus na naykume, yi. Axao. I'. Bonues,
on. 9, 1113 Cogus, Pvreapus
2 Unemumym no excnepumenmantia Mopghonous, Ramoio2us u aHmpononoaus ¢ myseti, bvieapcka axademus na
naykume, 1113 Cogus, Pvieapus

Tloctenmna va 1 mait 2017 r.; Kopurnpana na 23 mait 2017 1.

(Pesrome)

W3cnenBaHeTo 3a MUTOTOKCUYHOCT Ha 2-kapbamuio-1,3-unpanauon (CAID) kem Balb/c knetku Geuie ussbpiiueHo
uype3 Banumusupanus Balb/c 3T3 Neutral Red Uptake Test. IlpeacraBeHn ca W AaHHH OT (IIYOPECIECHTHOTO
MHKPOCKOIICKO H3CJIC[IBAHE 3a BBTpeKkieThuHaTa jokamm3anus Ha CAID B emOpuoHamHu (GuOpoOIACTH OT MHUIIKA.
PesynraTure nokasBaT mbJIHO OTCHCTBHE Ha TOKcHYeH epekT Ha CAID kbM MMMOpTaIM3UpaHU eMOPHOHATHH KIIETKH
oT 0O03aliHMK M TMojuepTaH a(UHHUTET 3a CBBP3BaHE C HYKICHHOBHTE KUCEIMHH. l3cneaBaHeTo C (uyopecleHTHa
MHUKpPOCKOIIUS T0Ka3Ba, ue 2-KapOokcaMuI-uHIaH-1,3-IMOH ce CBbp3Ba INPHOPUTETHO KBbM KIECTHYHH OpraHesH,
coappokany JJHK u PHK. 3a na ce uszsicau cBbp3BaneTo Ha CAID KbM HyKIIEMHOBHTE KUCEIHMHH, OsiXa NPOBEACHH
TeopeTHyHH u3cienBanus Ha HHBO B3LYP/6-31G(d,p), xomto mokasBat, e CAID ce cBBp3Ba NPHOPHTETHO C
¢docdarHara rpymna oT HyKJICOTHIA. .
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The polypeptides and proteins were responsible for essentially all the activities of the biological world. Insulin as a
polypeptide hormone involved in the regulation of blood sugar, and is an important objective of modern biomedical
research. Herein, we report the semisynthetic transformation of porcine into human insulin. A simple HPLC method and
different analysis were used to obtain the evidence for the detailed mechanism of trypsin catalyzed reaction of

semisynthetic transformation of animal insulin.

Key words: porcine insulin; human insulin; trypsin; enzyme transformation; HPLC

INTRODUCTION

Many publications reflect of important role of
the insulin in the development of peptide chemistry,
pharmacology, cell signaling and structural biology.
These discoveries have provided a steadily
improved quantity and quality of life for those
afflicted with diabetes [1].

The interest in the synthesis of insulin and
insulin analogues by chemical methods has recently
increased owing to improvements in reagents,
resins and methodology [2, 3]. Two methodologies
were validated as effective methods of insulin
synthesis: chemical/semisynthetic synthesis or
using recombinant DNA-based technology.

Difference between human and porcine insulin
is at the B- chain (Thr instead of Ala) of the
polypeptide. The mechanism of semisynthetic
transformation of porcine into human insulin is not
clear till now.

The conclusion of Rose et al [4] is that the
transformation occurs, by a mechanism involving
hydrolysis followed by coupling, and not by direct
transpeptidation as has been previously found the
case for another similar systems [5].

Where is the true, in the mechanism involving
hydrolysis followed by coupling, or direct
transpeptidation?

The aim of this paper is to find the evidence for
the mechanism of enzyme catalyzed transformation
of animal into human insulin.

* To whom all correspondence should be sent:
E-mail: ane@orgchm.bas.bg

EXPERIMENTAL
Materials and Methods

Trypsin LKB (TPCK), trifluoroacetic acid
(TFA), 1, 4-butanediol 1, 5-pentanediol, 1, 6-
hexanediol, H-Thr-OMe, porcine and human
insulin reference standard (United States
Pharmacopeia) were obtained from Sigma -
Aldrich (Germany). The enzyme activity of
trypsin was determined according [6]. HCI,
CH3COOH, CH3;COCH;, CaCOs;, NaOH,
CH3CN - gradient grade for HPLC were
obtained from Merck (Germany).
Monocomponent porcine insulin Ne 21002
(Sopharma) was used in reactions of enzymatic
transformation.

Amino acid analyses

The amino acid content of insulin samples
were calculated by using a BIOTRONIK
automatic analyzer model 6001 after 24 h, 48 h
and 72 h of hydrolysis in 6 M HCI in evacuated
sealed tubes at 110° C.

HPLC anlysis

The samples were chromatographed on HPLC
Shimadzu Model LC 2010 A with UV detector.
Zorbax -300 SB-Cg column, 4,6 x 250 mm, 5 um
and guard column Zorbax -300 SB-Cg column, 4,6
x 12,5 mm, 5 um, with a 28 -50 % linear gradient
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of 0,1% TFA/water - 0,1% CH,CN /water for 55
minutes were used for monitoring of the studied
reactions. The flow rate was 1 ml/min and the
absorbance was monitored at 214 nm.

RESULTS AND DISCUSSION

Over the many years semisynthesis has been the
predominant synthetic method in the preparation of
human insulin or insulin analogs [7-14]. One of the
strategies is to use targeted enzymatic, or chemical
degradation of native insulin as a starting point for
synthesis of the desired analog.

For the semisynthetic transformation of porcine
insulin into insulin of human sequence three
extreme mechanistic cases may be considered [1]:

(i) the reaction proceeds via aminolysis of the
acyl-enzyme intermediate (i.e. via transpeptidation)
without prior hydrolysis to des-Ala-B30-insulin;

Tryp.

(if) porcine insulin is hydrolysed to des-Ala-
B30-insulin, which then undergoes immediate
coupling to give product;

(iii) porcine insulin, and there after acyl-enzyme
intermediate, is hydrolysed reversibly to des-Ala-
B30-insulin.

In this paper the trypsin (T) catalyzed reaction
of transformation of porcine into human insulin was
carry out in the mixed organic solvent N,N-
dimethylacetamide and differend diols:1,4—
butanediol, 1,5-pentanediol, 1,6- hexanediol in the
ratio 1:1 (v/v), in the presence of H-Thr-OMe, at
12-15°C. The best result was obtained by using 1,4-
butanediol. The experimental dates in the absence
of the H-Thr-OMe showed that 1,4-butanediol
reacts as a nucleophile in the formation of des-Ala-
insulin-4 hydroxy-butyl-ester and free alanine was
released according the equation (1):

Sin

PI-Lys®?-Ala®**-OH + HO-(CH,),-OH ———— PI-Lys?**-0-(CH,),-OH + H-Ala-OH (1)

Formation of the porcine des-Ala-insulin-butyl
ester was monitored by HPLC analysis of the
reaction components Fig. 1. Such kind of reaction
of porcine insulin in the presence of alcohol is
experimentally registered for the first time.

Kinetic of the reaction was followed at 214
nm by measurements of the concentration
changes of the starting porcine insulin and
formation of ester of des-Ala-insulin Fig. 2.
Amino acid analysis of porcine des-Ala-insulin
(theoretical values in brackets ) give: Lys 0.98 (1),
His 1,8 (2), Arg 0,87 (1), Asp 3,12 (3), Thr 2,03
(2), Ser 2,79 (3), Glu 6,87 (7), Pro 1,19 (1), Gly
4,15 (4), Ala 1,16 (1), CySOzH 5,68 (6), Val 3,73
(4), lle 1,68 (2), Leu 6,33 (6), Tyr 3,78 (4) and Phe
3,21 (3).These data cofirms the abcence of one
alanine in molecule of the porsine insulin.
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Fig.1. Representative HPLC chromatogram of the
formation of butyl ester of porcine des-Ala-insulin, PI-
porcine insulin; column Zorbax -300 SB-Cg 4,6 x 250
mm, linear gradient for 55 min, 0,1% TFA/water-0,1%
CH;CN/water , flow rate 1 ml/min, detection at 214 nm.
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Fig.2. Time dependence of the concentration changes in
trypsin catalyzed reaction of the hydrolysis of porcine
insulin in the presence of 1,4-butanediol. Reaction
conditions: 100 mg porcine insulin dissolved in 0.5 ml
10 M CH3;COOH, 2 ml N, N-dimethylacetamide / 1,4-
butanediol (1:1 v/v), 10 mg (4, 2 x 107 mol) trypsin,

12°C.

Trypsin

PI-Lys®?°-0-(CH,),-OH + H-Thr-OMe ——— = HI-OMe + HO-(CH,),-OH (2)

When the reaction was carry out in the presence
of H-Thr-OMe equation (2), we observed very fast
disappearance of the kinetically controlled obtained
des-Ala-insulin-4 hydroxy-butyl-esteris Fig 3.

This is a key factor in the enzymatic catalyzed
synthesis of human insulin, leading to short
reaction time and low side reaction products. The 1,
4-butanediol only accelerate the reaction and is
released in the end without of change. We can
conclude that it reacts as a catalyst of the
transformation reaction. The yield of human insulin
methyl ester varies from 68 % to 82% depending on
the experimental conditions, as amount of enzyme,
ratio of reagents or solvents and temperature.
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Fig.3. HPLC chromatogram of the formation of human
insulin methyl ester from porcine insulin in the trypsin
catalyzed reaction. Reaction conditions:100 mg porcine
insulin dissolved in 0.5 ml 10 M CH;COOH, 2 ml N,N —
dimethylacetamide / 1,4- butanediol (1:1 v/v), 0.343 g
(2,57x10% mol) H-Thr-OMe, 10 mg (4 x 107 mol)
trypsin, 12°C.

CONCLUSION

The results in this study point unambiguously that
enzymatic catalyzed semisynthesis of human
insulin pass under coupling mechanism. As to our
knowledge such direct involve of alcohol in
formation of reactive intermediate compound,
accelerating the reaction was registered for the first
time experimentally.
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CEMUCHHTE3 HA YOBEHIKN MHCYJINH: TPAHCIIEIITUAMPAHE NJIN
KOHJEH3AIIMOHEH MEXAHUWU3bM?

*
I1. Hukonosa®, X. FeopmeBal, I. Z[HMI/ITpOBl, . Croiinesa’

! Cogpapma OO/, 6yn. Poocen 16, Cous, bvreapus
2 Hnemumym no Opeanuuna Xumus ¢ Llenmvp no @umoxumus (MOXLD), bvacapcka Axademus na Hayxume,
yi. “Akao. I'. Bonues” 6a. 9, 1113 Coghus, bvreapus

Mocrenuna va 30 anpun 2017 r.; Kopurupana ua 06 rorn 2017 .

(Pestome)

[Monaunentuaure W TNPOTEHHUTE WMaT TOJSIMO 3HA4YEHHE 3a IOYTH BCHUYKM TIPOLECH B OMOJIOIMYHUS CBAT.
VHCYIMHBT KaTO MOJMIENTHACH XOPMOH, y4acTBalll B peryJupaHeTO Ha KpbBHATa 3axap, € O0CKT Ha MHTECH3UBHU
H3CJIEBHUS B ChBpEeMeHHaTa OmoMmenuiHa. Llen Ha TOBa HM3CleBaHE € Jla C€ YCTAHOBM JETAWIHMA MEXaHHU3BM IO
KOMTO MpOTHYa €H3UMHO KaTali3hpaHaTa Tpanc(hopMalus Ha CBUHCKH B YOBELIKH WHCYJIMH. Brcoko-eekTuBHa TeuHa
xpomarorpadust, (BETX) amuno xucennHeH aHann3 (AA) ¥ KHHETUYHH W3CIIEABAHUS Os1Xa M3MIOJI3BaHM 3a ONpe/elsiHe
Ha MEXaHM3Ma II0 KOHTO ce OCHIIECTBsIBA KaTaJM3UpaHa OT TPUIICHH peaknus Ha TpaHC(HOpPMAIH Ha XMBOTHHCKH B
YOBEIIKM MHCYJIHMH. Y CTaHOBEHO Oellle, e mpu M30paHnuTe OT HAC EKCIICPUMEHTAIHN YCIOBUS, PEaKIUsITa [IPOTHYA T10
KOH/ICH3aI[HOHEH MEXaHU3bM.
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Quinoa (Chenopodium quinoa Willd) is a plant that recently have been successfully grown in Egypt, providing
seeds rich in nutrients and bioactive compounds. Present study aimed the characterization of chemical composition,
nutritional value, amino acid and fatty acid profiles of selected quinoa accessions (Shams17-2, Shams16 and Shams14)
cultivated in Egypt. Moisture, ash, crude protein, crude fat, crude fiber and carbohydrate contents of quinoa seeds were
ranged from 10.74 to 11.77%, 3.22 to 3.87%, 11.15 to 17.81%, 4.01 to 6.14%, 6.30 to 8.24 and 56.69 to 66.07%,
respectively. Shams17-2 was the richest source of Mg, K and Fe while Shams16 was the richest in Na and Zn. The
highest amount of total amino acids was recorded in Shams17-2, whereas the highest content of essential amino acids
was found in Shams14. Seeds from Shams17-2 were distinctive with the highest amount of non-essential amino acids.
The unsaturated fatty acids content of quinoa oils was 86.60, 87.07 and 85.05% while the saturated fatty acids recorded
10.90, 9.44 and 10.75% for Shams17-2, Shams16 and Shams14, respectively. It could be concluded that quinoa seeds
from the new accessions, cultivated in Egypt are a good source of essential nutrients such as minerals, essential amino

acids and essential fatty acids.

Key words: Quinoa; chemical composition; nutritional value; fatty acids; amino acids

INTRODUCTION

Quinoa is a grain-like food nowadays referred as
a pseudo-cereal. Its use as food is dated back to the
Andean civilization and presently it is cultivated in
different environmental conditions [1]. Besides
their high nutritional value, quinoa seeds (QS) are
rich source of different phytochemicals. A recent
study reported that a serving portion of quinoa (~40
g) meets a significant part of the daily
recommendation intake for essential nutrients -
mainly vitamins, minerals and essential amino acids
[2]. Quinoa flour is suitable for preparation of
different food-stuffs and in particular bakery
products (bread, cookies, biscuits, noodles, pasta,
pancakes and others) [3], as well as fermented
products [4]. In the meanwhile, quinoa has been
rapidly gaining recognition as a functional food,
thus its chemical constituents and therapeutic
properties were recently spotlighted [5]. The Food
and Agriculture Organization of the United Nations
(FAO) launched the international year of quinoa in

* To whom all correspondence should be sent:
E-mail: petkodenev@yahoo.com

2013 to promote the production and revalorization
of this valuable crop [6]. QS are rich in protein,
lipids and ash. Their high protein content range
from 13.1 to 16.7% and is higher than those of rice,
barley, corn and rye, and close to that of wheat [7].
Quinoa protein is referred as a high-quality protein
with higher content of lysine, methionine and
threonine compared to wheat and maize [8].
Carbohydrate content of QS is similar to that of
wheat and starch is the major carbohydrate
component constituting 32%-69% of the available
carbohydrates. The content of total dietary fiber
(7.0-11.7%) and soluble fiber content (1.3-6.1%)
in quinoa seeds are close to these in wheat [1].
Lipid content of QS (5.5-7.4%) is higher than
wheat (1.7%) and rice (0.7%), making quinoa an
adequate source of functional lipids [9]. QS contain
more vitamin E, vitamin C, riboflavin (B>),
pyridoxine (Bes) and folic acid than wheat, rice,
barley and corn [9, 10], besides its high content of
calcium, magnesium, iron, copper and zinc.
Moreover, calcium, magnesium, and potassium are
found in quinoa in bioavailable forms, thus their
contents are considered to be adequate for a
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balanced diet [5,11]. QS are gluten-free which is
beneficial for the high-risk consumer group with
celiac disease. Valuable bioactive compounds
exhibiting  antifungal, antiviral,  anticancer,
hypocholesterolemic, hypoglycemic,
antithrombotic, diuretic and anti-inflammatory
activities such as saponins have been identified in
QS [12]. Different polyphenols such as phenolic
acids and flavonoids (quercetin, kaempferol and
their glycosides) have been found in QS, as well
[13-15]. Phytoecdysteroids in QS demonstrated
health benefits including anabolic, performance
enhancing, anti-osteoporotic, anti-diabetic, anti-
obesity and wound healing properties [16].

The high nutritional value of quinoa seeds and
their high content of bioactive components
encouraged planting of quinoa crop in Egypt.
Therefore, the objective of this investigation was to
characterize the chemical composition and
nutritional value of seeds from new quinoa
accessions (QA) from Egypt, selected for their high
yield and short cultivation period.

EXPERIMENTAL
Materials and methods

All solvents (HPLC grade) and reagents were
purchased from  Sigma-Aldrich  (Steinheim,
Germany).

Plant material

Agronomic, preliminary chemical composition
and economic evaluation field trial was carried out
at Ismailia Research Station, Agriculture Research
Center, to evaluate the new selected quinoa
accessions [17].

Characterization of chemical composition

The following A.O.A.C. methods were used for
the chemical characterisation of QS: Moisture
content (method No. 934.01) was determined by
drying appropriate amount of the sample in oven
(Tit Axon S.R.L via Canova, Italy) at 105 °C until
constant weight. Method No. 920.39 was applied
for determination of crude fat content using Soxhlet
apparatus (FRANK, England). Crude fiber content
was measured with method No. 978.10, whereas
crude protein content (method No. 990.03) was
determined by Kjeldahl apparatus (VELP, lItaly).
Ash content was measured via method No. 923.03
by heating samples in a muffle furnace at 550 °C
until constant weight [18]. Carbohydrate content
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was calculated according to Merrill and Kunerth
[19]. Sodium, potassium and calcium content was
determined by flame photometer (PFP 7, Model
Jenway 8515, England) applying method No.
956.01, while magnesium, iron and zinc content
was determined by atomic absorption spectroscopy
(Perkin-ELMER, 2380, England) according to
method No. 968.08 of A.O.A.C. [18].

Amino acids determination

The amino acids profile was carried out on the
precipitated protein from defatted quinoa after
hydrolysis by 6.0 N HCI for 24 h at 110°C in
evacuated ampoules. Quantitative determination of
amino acids were carried out by Biochrome 30
instruction manual (Analyzer used), 2005. EZ
chrome manual (software for data collection and
processing, 2004) according to A.O.A.C. [20].

Determination of fatty acid composition

Extraction procedure: Fatty acids were extracted
according to Aldai et al. [21]. Approximately 1 g of
powdered seeds were accurately weighted into 50
mL conical centrifuge tubes and 1 mg of the
internal standard (free heneicosanoic acid, 100 uL
of 10 mg mL?* C21:0 in methanol:toluene (1:1,
v/v)) was added before saponification. After that, 6
mL of saponification solution (5 M KOH in
methanol:water (50:50, v/v)) were added, tubes
were flushed with N, shaken for 10 min, and
transferred into a 60°C water-bath for 60 min for a
direct saponification. Reaction mixtures were
diluted with 12 mL 0.5% NaCl and 5 mL of a non-
polar solvent (i.e. petroleum spirit). Samples were
vortexed for 5 min, few drops of absolute ethanol
added and centrifuged at 800 x g for 5 min at 20 °C
for layer separation. The top layer, containing the
non-saponifiable extract was removed and
discarded. Then, 3 mL of glacial acetic acid were
added to neutralize KOH fraction. After that 5 mL
of a non-polar solvent (petroleum spirit) were
added and tubes were vortexed for 10 min. Samples
were centrifuged again (800 x g for 5 min at 20 °C)
and the top layer transferred to clean screw-cap
glass tubes. Once again, 5 mL of a non-polar
solvent were added for further clearance.
Centrifugation and layer transference steps were
repeated again and 100 pL of a water scavenger -
2,2-dimethoxypropane were added to each tube and
vortexed for 2 min.

Derivatization procedure: Free fatty acids
(FFAs) were methylated according to Aldai et al.
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[21]. For methylation of free FAs, samples were
reduced to dryness under N, at 40°C and then re-
dissolved in 1mL of methanol: toluene (2:1 vol.)
and vortexed for 5 min. Methanol is a catalyst for
the (trimethylsilyl) diazomethane (TMS-DM)
reaction and drives the reaction in favour of methyl
ester formation. At this stage, methylation reagent
was added in molar excess of 2 M (trimethylsilyl)
diazomethane (TMS-DM) in n-hexane (120uL)
and the reaction proceeded at 40 °C for 10 min in
open tubes. The samples were dried again under
gentle stream of N2 at 40 °C for approximately 20
min. Finally, each sample was reconstituted in 2 ml
of n-hexane (with 50 ppm of BHT), centrifuged at
20.000 x g for 5 min at 7°C then transferred into
vials and kept at -20 °C. Before GLC injection,
samples were diluted in 1 pl n-hexane, then
injected into GLC column and run under an
optimized temperature program with optimized gas
flow rate.

GLC equipment and program: A Varian Star
CX3400 GLC (Varian, Spain) equipped with a FID
detector, an automatic sample injector (SPI) in one
column mode and a Chrompak CP-SIL 88 for FA
methyl esters (FAMEs) (WCOT FUSED SILICA
100m>0.25mm, 0.2 pm film thickness) with
retention gap (FUSED SILICA TUBING 4 mx0.25
mm i.d., Methyl deactivated) was used. Helium was
used as the carrier gas with a column head pressure
of 355 kPa and a flow rate of approximately 2 ml
min™ measured at 100 °C. The GLC conditions were
as follows: 100°C, at 2°C min™ to 170°C, hold for
15 min, at 0.5 °C min* to 180 °C, at 10°C min™ to
200 °C and hold for 10 min, at 2°C min™ to 230 °C
then hold for 10 min; injection temperature was 250
°C; detector temperature was 300 °C. Peaks were
identified in comparison to standards and integrated
using a conventional integrator program (Saturn
GC Workstation Software ver., 5.51).

Statistical analysis

Statistical analysis was carried out using SPSS
program (ver. 19) with multi-function utility
regarding to the experimental design and multiple
comparisons were carried out applying LSD
according to Steel et al. [22].

RESULTS AND DISCUSSION

Chemical composition of quinoa seeds

Chemical composition of the investigated
quinoa seeds from new quinoa accession cultivated
in Egypt and their energy values are presented in
Table 1. Moisture, ash, crude protein, crude fat,
crude fiber and carbohydrate contents of QS were
ranged from 10.74 to 11.77%, 3.22 to 3.87%, 11.15
to 17.81%, 4.01 to 6.14%, 6.30 to 8.24 and 56.69 to
66.07%, respectively. These results are very close
to those observed in other studies [1, 7-9]. It was
observed that ash, crude protein, crude fat and
crude fiber contents in seeds of Shamsl7-2 are
significantly (p<0.05) lower than those in seeds of
Shams16 and Shams14. Energy values indicate that
seeds from Shams14 had the highest energy values.
In general, some of the analyzed parameters in
tested quinoa samples differed significantly
(p<0.05), which could enlarge their practical uses
[5,23,24].

Besides the chemical composition, the content
of some minerals in QS was determined, as well.
Results presented in Table 2 indicate the high
content of the analyzed minerals in the tested QA.
From Table 2 it is evident that content of the major
minerals Ca, Mg, Na and K varied in the range
1.55, 91.16 and 153.61, 484.26, 338.94 and 200.79,
1.11, 322.97 and 113.21 and 4.11, 3.60 and 3.35
mg.100g? in seeds of accessions 17-2, 16 and 14,
respectively.

Table 1. Chemical composition and energy value of quinoa seeds cultivated in Egypt.

Chemical composition, [%]

Accession Crude

Energy value

Moisture  Ash orotein Crude fat  Crude fiber Carbohydrates [keal.100 g-1]
Shams17-2 11.77 3.22 11.15 4.01 6.30 66.07
+0.48° +0.32a +1.69a +0.36a +0.44a +1.98b 440.85£13.00a
Shams16 10.74 3.87 15.23 6.14 8.24 58.97
+0.142 +0.23a +0.56b +0.63b +0.42b +1.58a 499.30 £9.16b
Shams14 11.67 3.30 17.81 6.09 8.18 56.69
+0.31° +0.69a +0.91c +0.47b +0.42b +0.85a 393.76 £16.69¢

Results are presented as means + standard deviations (SD) from six independent measurements (n=6). Same small letters indicate
that values in different accessions are not significantly different (p>0.05).
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Table 2. Content of chosen minerals in quinoa seeds
from new accessions.

Minerals content”, [mg.100g™]
Ca Mg Na K Fe Zn

Accession

Shamsl7 155 48426 111 411 1241 212
Shams16 91.16 338.94 32297 3.60 841 353

Shams14 153.61 200.79 113.21 335 8.10 3.42

* Only one measurement was performed.

Furthermore, Fe and Zn were detected to be
12.41, 8.41 and 8.10, and 2.12, 3.53 and 3.42
mg.100 g?, for the same sequence, which is in
harmony with other studies [1, 3]. It is evident from
table 2 that Ca and Na contents in Shams 17-2 are
much lower in comparison to the corresponding
contents in Shams 14 and 16. It should be noted
that Shams 17-2 is a new coloured accession that
differs significantly from the non-coloured Shams
14 and 16. It was developed to be rich in
anthocyanins rendering a darker colour. It is known
that accumulation of minerals and secondary
metabolites in plants depends on different factors,
such as genetic (cultivar), agro-technique used,
climate, etc. The elucidation of this phenomenon
will be a subject of our further research on new
guinoa cultivars from Egypt.

Amino acid composition of quinoa seeds

The amino acid composition of different QS
cultivated in Egypt is given in Table 3. The highest
total amino acids were recorded for Shamsl17-2
followed by Shamsl14 and Shamsl6. Interestingly,
the highest amount of essential amino acids (EAA)
was found in Shamsl4, while Shams17-2 contains
the highest quantities of non-essential amino acids
(NEAA). Histidine and Cystine contents were
higher in QS in comparison to the referenced egg
protein, while among the NEAA Glutamic acid is
more than 2-fold higher than in the referenced egg
protein. Correspondingly, all essential and non-
essential amino acid have been detected in tested
quinoa accessions confirming that quinoa protein
has balanced amino acid profile, both qualitatively
and quantitatively. From the presented results it is
evident that total amount of amino acids in the
selected quinoa accessions is very close to that in
egg (FAO, 1970), which is in agreement with other
authors [1,3]. The nutritional evaluation of quinoa
protein given in Table 4 indicates its close relativity
to the referenced egg protein. In the same context,
the essential amino acids index (EAAI%) that is as
an indicator for protein quality was in the range
85.21 - 86.92%. As already mentioned, quinoa
amino acid profile is considered as better in
comparison to wheat protein profile, moreover
without Lysine deficiency [1,3,25].

Table 3. Amino acid (AA) composition and content (expressed in g.g* N) in seeds of three quinoa accessions compared

to hen’s egg standard protein (FAO, 1970)

Amino acid Shams17-2 Shams16 Shams14 (PII:?C? ig%)
Essential amino acids (EAA)
Threonine 0.253 0.238 0.244 0.320
Valine 0.323 0.363 0.335 0.428
Isoleucine 0.275 0.256 0.267 0.393
Leucine 0.431 0.425 0.432 0.551
Tyrosine 0.259 0.250 0.256 0.260
Phenylalanine 0.307 0.300 0.296 0.358
Histidine 0.226 0.213 0.227 0.152
Lysine 0.338 0.388 0.398 0.436
Methionine 0.156 0.181 0.171 0.210
Cystine 0.124 0.144 0.171 0.110
Non-essential amino acid (NEAA)
Aspartic acid 0.587 0.594 0.567 0.601
Serine 0.266 0.238 0.267 0.796
Glutamic acid 1.084 1.009 1.040 0.478
Proline 0.254 0.244 0.245 0.260
Glycine 0.339 0.356 0.347 0.207
Alanine 0.318 0.338 0.324 0.370
Arginine 0.641 0.581 0.642 0.381
Total amino acids 6.231 6.118 6.219 6.311
Total EAA 2.742 2.758 2.797 3.218
Total NEAA 3.439 3.360 3.422 3.093
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As recommended by FAO and WHO, there are
two characteristics determining quality. One of them
depends on the ratio between individual and total
essential amino acids. Scores for tested protein as
well as that of FAO pattern [hen‘s egg FAO 1970]
are presented in Table 5. Calculated results indicate
that the score of selected quinoa accessions was
slightly lower than the score of each EAA of hen’s
egg standard protein with the exception of Histidine.

Data in Table 6 illustrates the scores of the
protein from the selected quinoa accessions in
regards to the limiting essential amino acids,

compared to FAO pattern. From the results, it could
be concluded that Leucine is the first limiting amino
acid in Shams17-2 and the second in Shamsl6.
Methionine and Cystine are the first limiting AA in
Shams17-2. Threonine is the first limiting AA in
Shams16 and Shams14. The second limiting AA in
Shams14 is Tyrosine while Isoleucine is the third.
These results clearly show that variation of amino
acid score may be related to each accession and/or
cultivation conditions, which is in accordance with
other studies [1,3,25].

Table 4. Nutritional evaluation of quinoa protein from new accessions, in comparison to hen’s egg protein.

EAA: EAA: NEAA:
Seeds TEAAgG/  TNEAAG/  \ean Protein Total AA EAAI %
16 N 16N ) ; :
Ratio Ratio Ratio
Shams17-2 43.87 55.81 0.79 0.44 0.44 85.21
Shams16 44.19 53.76 0.82 0.44 0.45 85.27
Shams14 44.75 54.75 0.88 0.45 0.45 86.92
Egg (FAO, 1970) 51.49 49.49 1.04 0.52 0.51 100.00

EAA: NEAA: Ratio of essential amino acids to nonessential amino acid; EAA: Protein Ratio: Ratio of essential amino acids to 100 g
protein;NEAA: Total AA Ratio: Ratio of essential amino acids to total amino acid;EAAI %: Essential amino acids index according to FAO

Table 5. Assessment of individual amino acids of quinoa accessions compared to reference essential amino acids in
hen’s egg protein [mg individual AA.g! TEAA].

Amino acids Shams17-2 Shams16 Shams14 Hen’s egg score (FAO 1970)
Threonine 92.27 86.29 87.24 110.42
Valine 117.80 131.62 119.77 147.69
Isoleucine 100.29 92.82 95.46 135.61
Leucine 157.18 154.10 154.45 190.13
Tyrosine 94.46 90.65 91.53 89.72
Phenylalanine 111.96 108.77 105.83 123.53
Histidine 82.42 77.23 81.16 52.45
Lysine 141.50 140.68 142.30 150.45
Methionine + Cystine 102.12 117.84 122.27 151.00

Table 6. Scores of protein from selected quinoa accessions in regards to limiting essential amino acids. Results are
expressed in mg.g* protein.

Suggested amino acid

Amino acid Shams17-2 Shams16 Shams14 pattern (FAO, 1973)*
Threonine 101.29 85.20 97.73 40
Valine 103.45 104.04 107.27 50
Isoleucine 109.91 91.93 106.82 40
Leucine 98.52 87.12 98.70 70
Tyrosine 118.23 102.50 116.88 35
Phenylalanine 102.37 89.69 98.49 48
Histidine 172.41 145.21 173.16 21
Lysine 112.85 101.10 115.70 55
Methionine+ Cystine 99.96 103.64 121.21 45
First limiting amino acid Leucine Threonine Threonine -
Second limiting amino acid ~ Methionine + Cystine Leucine Tyrosine -
Third limiting amino acid --- Phenylalanine Isoleucine -

* According to FAO/WHO AD HOC Committee (FAO, 1973).

Amino acid score according to FAO (1973) =

mg aminoacid inl gprotein

x100

mg amino acid sugested by FAD/WHO
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Fatty acid composition in gs oil of selected
accessions

Fatty acid composition of extracted oil from QS
cultivated in Egypt are shown in Table 7. All
together fourteen fatty acids have been identified.
The unsaturated fatty acids (USFA) contents of
guinoa seed oils were 86.60, 87.07 and 85.05%
while the saturated fatty acids (SFA) recorded
10.90, 9.44 and 10.75% for Shamsl17-2, Shams16
and Shams14, respectively. Linoleic acid was the
predominant USFA with content higher than 50%
in all samples. For the best of our knowledge and
from parallel comparison of QA oils with some
edible oils, the analyzed oil samples demonstrated
higher USFA and lower SFA than cottonseed,
soybean and olive oils. Therefore it can be
considered as one of the richest source of Linoleic
acid with considerably high ratio of USFA/SFA.
The content of omega-3 fatty acids is 7.44%, 5.25%
and 5.14% in Shams17-2, Shams16 and Shams14,
respectively. These results are in agreement with
previous studies [5, 23, 24, 26-28] and open the
possibility of using QS oil as a source of omega-3
FA for enhancing the nutritional value of the diet.
Saturated fatty acid content is lower in quinoa oil
than presented in common vegetable oils but the
difference is minor. Erucic acid, which has been
implicated as a pathological factor in
cardiovascular disease presents in QA oils at levels
below the United States Food and Drug
Administration (FDA) limit of 2%. This amount is
equivalent to the erucic acid content of canola oil

[26, 28]. Another study reported Erucic content in
QS oil of 0.52% [27].

CONCLUSION

Quinoa is a pseudo-cereal with remarkable
nutritional and health-promoting values, and results
obtained in the current study prove that. The
content of essential amino acids and essential fatty
acids varied within the different accession. The
results for the chemical composition of the selected
QA cultivated in Egypt are base for scaling up the
production of these promising accessions in the
country. Further research on biological properties
of quinoa phytochemicals, their bioavailability,
mechanisms of action and health promoting
benefits is needed for a full integration of this plant
in Egyptians’ diet.
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Bulgaria. Authors also appreciate the valuable
cooperation with Agricultural Research Center for
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Table 7. Fatty acid profile of three selected quinoa accessions planted in Egypt

Fatty acid, %

Fatty acids in reference oils*, %

Fatty acid Shams Shams Shams Cotton seeds oil Soybean Olive
17-2 16 14 oil oil
Mpyristic acid (C14:0) 0.21 0.17 0.17 0.6-1.0 0.05-0.2 0.0-0.05
Palmitic acid (C16:0) 9.29 8.07 9.01 21.4-26.4 8.0-13.5 7.5-20
Palmitoleic acid (C16:1) 0.14 0.10 0.08 0.05-1.2 0.05-0.2 3.0-35
Margaric acid (C17:0) 0.05 0.04 0.04 0.05-0.1 0.05-0.1 0.0-0.3
Heptadecenoic acid (C17:1) 0.05 0.04 0.04 0.05-0.1 0.05-0.1 0.0-0.3
Stearic acid (C18:0) 0.52 0.39 0.47 2.1-3.3 2.0-5.4 0.5-5.0
Oleic acid (C18:1) 19.74 19.36 19.59 14.7-21.7 17.0-30.0 55.0-83.0
Linoleic acid (C18:2) 55.75 58.75 56.85 46.7-58.2 48.0-59.0 3.5-21
y-Linolenic acid (C18:3n6) 0.52 0.39 0.07
a-Linolenic acid (C18:3n3) 7.44 5.5 5.14 0.05-04 4.5-110 0.0-1.0
Arachidic acid (C20:0) 0.34 0.30 0.42 0.2-0.5 0.1-0.6 0.0-0.6
Gadoleic acid (C20:1) 1.43 1.50 1.58 0.05-0.1 0.05-0.5 0.0-0.4
Behenic acid (C22:0) 0.49 0.47 0.64 0.05-0.6 0.05-0.7 0.0-0.2
Erucic acid (C22:1) 1.53 1.68 1.67 0.05-0.3 0.05-0.3 --
Unknown 2.49 3.48 4.19 -- -- --
Total SFA 10.90 9.44 10.75 24.4-31.9 10.3-20.5 8.0-26.2
Total USFA 86.60 87.07 85.05 61.7-82.0 69.7-88.7 61.5-92.1
USFA/SFA 7.94 9.22 7.91 2.5-2.6 4.9-6.8 4.2-717

* Results according to Egyptian Standard [29], Egyptian Standard [30] and, Egyptian Standard [31].
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XUMUYEH CbCTAB Y XPAHUTEJIHA CTOMHOCT HA CEMEHA OT HOBU
I'EHOTUIIOBE KMHOA, KYJITUBUPAHU B ETUIIET

X. BapaKaTl, n. Xann(bal, . A. Tazan?, A. Illamc?, I1. H. I[eHCBg*

! Kamedpa no xpanumenna mexnonozus, 3emedencku gpaxynmem, Yuusepcumem na Bauxa, 13736 - Kanobus,
Eeunem.
2 Unemumym no noacku Kyamypu, 3emedencku usciedosamencku yenmuvp, Iuza, Ecunem.
3 Uncmumym no opeanuuna xumus ¢ Llenmop no gpumoxumus - Bvreapcka akademusn na naykume, Jlabopamopus no
buonozcuuHo akmusHu eewecmsa, oyn. ,,Pycku” 139, 4000 I1noedus, bvieapus

Ioctenuna Ha 26 anpun 2017 r.; Kopurupana Ha 13 rorau 2017 .

(Pestome)

Kunoata (Chenopodium quinoa Willd) e pactenue, koeTo ot ckopo ce oTriexaa ycnemrto B Eruner, ocurypsipaiiku
ceMeHa, 0OraTd Ha XPaHUTCIHH BEIIECTBA M OHMOAKTHUBHH CheAMHCEHHS. HacTOAIMIOTO u3cieqBaHe € HACOYCHO KbM
oXapaKkTepU3NpaHe Ha XUMHYHHS ChCTAB, XPAHUTEIHATA CTOHHOCT, aMHHOKUCEITHHHUSA U MAaCTHOKUCCIIMHHUS ChCTAB Ha
n30panu rerorunoBe kuuoa (Shamsl7-2, Shamsl6 u Shamsl4), kyntuBupanu B Erumer. CbabpikaHUETO HA BIara,
nernen, OCNThK, MAa3HWHH, XPAHUTEIHH BJIAKHHHU W BBIVIEXWAPATH B CEMEHATa OT KHHOA Baphpa ChOTBETHO B
rpanuunute ot 10.74 no 11.77%, 3.22 no 3.387%, 11.15 no 17.81%, 4.01 no 6.14%, 6.30 no 8.24 u 56.69 no 66.07%.
Shamsl7-2 e maii-6orartust remotun Ha Mg, K u Fe, mokaro Shamslé ¢ naii-6orar mHa Na u Zn. Haii-romxsmo
KOJIMYECTBO OO AMHHOKHUCEIMHH € OT4eTeHo B reHoTun Shamsl7-2; nokarto Hail-BHCOKO ChIbpKaHHE Ha
€CCHIIMAIIHY aMUHOKUCEIMHU ¢ HamepeHo B Shamsl4. Shamsl7-2 ce ornuvaBa ¢ Hai-royiisiMO KOJIMYECTBO He-
€CCHIIMAIHU aMUHOKHCENIUHU. ChAbPKAaHMETO HA HEHACHTCHHM MACTHU KUCEJIHMHHM B Macjara OT CEMCHa Ha KHUHOA ¢
86.60, 87.07 u 85.05%, mokato HacuTenute MacTHM KuceiauHu ca 10.90, 9.44 u 10.75%, chOTBETHO 3a T'€HOTHIIOBE
Shams17-2, Shams16 u Shams14. Ot HanpaBeHOTO U3JIEABAHE MOXKE JIa C€ 3aKJII0YH, Y€ CEMEHATa OT KHHOA OT HOBHTE
ErvneTcku IeHOTHIIOBE ca J00BpP HM3TOYHHK HA OCHOBHH XPAHWUTEIIHH BEIIECTBA KATO MHHEPAIM, CCCHIMAIHU
AMHUHOKHMCEJIMHY U €CEHIIMAIHA MACTHH KUCEIUHU.
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The experimental and theoretical IR spectra and structure of violuric acid and its anions have been studied. The
triketo tautomer for the molecule and anions are most stable according to the calculations (B3LYP/6-311+G(2df,p). The
conversion of molecule into anion causes strong frequency decreases of the three carbonyl stretching bands v(C=0):
computed 153 cm? (B3LYP/6-311+G(2df,p), measured 138 cm™ and other essential IR changes. The formation of
violurate dianion has been assumed to take place in DMSO-d6/CD3;SOCD2Na solution. The total v(C=0) decrease,
caused by the molecule —= diazanion conversion is: predicted 485 cm™, measured in DMSO-ds 483 cm™.

Key words: violuric acid; IR; DFT; anions

INTRODUCTION

Bayer was the first to prepare violuric acid
(2,4,5,6(1H,3H)-pyrimidinetetrone  5-oxime) as
early as 1864 [1]. It is well known the very broad
applications of violuric acid in analytical chemistry
to detect cations of some metals [2-5] (e.g., used as
a reagent for cobalt[2], for determination of copper,
cobalt, lead, and iron in table salt [5]). Violuric acid
behaves as a weak triprotic acid in aqueous solution
(pKay =4.35, pKa, =9.64, pKasz =13.1) [6,7]. The
remarkable ability of its anion to form compounds
of differing color with metal ions[8], as well as
with organic cations [9] has been underlined in the
last 20 years. Violuric acid is used and in biological
research. It is active as an antihypoxic agent [10]. It
can be used to inhibit and/or prevent the growth of
many undesirable forms of algae, bacteria and fungi
[11]; as mediator in the laccase-catalyzed pesticide
degradation [12], etc. Its cobalt complexes are
active as antiviral and antibacterial agents [13].
Violuric acid is a reversible monoamine oxidase-B
inhibitor and may be useful in the treatment of
neurodegenerative diseases such as Parkinson's
disease [14]. The complex compounds of violuric
acid derivatives with Pt(ll) showed a activity to
human acute myeloid leukemia HL-60 [15].

Different functional groups in violuric acid,
such as the —-C=0, =N-OH and —-N-H groups,
provide a large variety of bonding behaviour, so it

* To whom all correspondence should be sent:
E-mail: tskolev@bio21.bas.bg

is use for the construction of coordination and
supramolecular compounds (e.g. the complexes of
mononuclear Fe (l11), cobalt (I11) manganese (II)
[16,17 and refs. therein]. In these new crystalline
arrangements  violurate anion  appears as
monodentate, chelate or ionic form [16].

The spectral study of violuric acid and their
anions attract the attention of the researchers in the
last two decades. The subject of these studies is the
spectra and structures of mono anion with different
counter anions in solid state. Oliveira et al. studied
vibrational spectra of violuric acid and its Na salt in
solid state and in aqueous solution in different pH
and propose tentative assignment of observed bands
[7]. IR and Raman spectra and tautomerism of
violuric acid have been studied on the basis of ab
initio and DFT calculations [18]. To the best of our
knowledge no vibrational spectra in aprotic
solvents are published in the literature however it
can supply the information about the structure of
these species. It is important to know if they exist
as solvent separated ions or are Kinetically
independent ones.

In this study we present and discuss specific
comparisons of vibrational and structural data of
violuric acid, its anion, dianion, and trianion, based
on density functional computations, as well as, on
the basis of original and literature experimental
data.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 239
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EXPERIMENTAL AND COMPUTATIONS

Violuric acid monohydrate (Sigma-Aldrich,
98%) was used without additional purification. We
prepared sodium violurate monohydrate from
violuric acid and sodium hydroxide [8]. The
violurate anion (counter ion Na*) was prepared by
adding dimethyl sulfoxide (0.10 - 0.15 mol I?
DMSO/DMSO-dg) solutions of violuric acid to
excess of dry sodium methoxide-do and -ds, and
filtration of the reaction mixture by a syringe filter.
The violurate dianion (counter ions Na*) was
prepared by adding dimethyl sulfoxide (0.10 - 0.15
mol I DMSO/DMSO-ds) solutions of violuric acid
or violurate sodium to DMSO-ds/D3;CSOCD.Na
solution. IR spectra were measured on Bruker
Tensor 27 Fourier transform infrared (FTIR)
spectrophotometer in a CaF; cell of 0.13 mm path
length and in KBr pellets, at a resolution of 1 cm?
and 64 scans. The quantum chemical calculations
were performed using the Gaussian 09 package
[19]. The geometry optimizations of the structures
investigated were done without symmetry
restrictions, using density functional theory (DFT).
We employed B3LYP hybrid functional, which
combines Becke’s three-parameter  nonlocal
exchange with the correlation functional of Lee et
al. [20,21], adopting 6-311+G(2df,p) basis sets.

-0.53 -0.35
-0.36 -0.01

The stationary points found on the molecular
potential energy hypersurfaces were characterized
using standard harmonic vibrational analysis. The
theoretical vibrational spectra were interpreted by
means of potential energy distributions (PEDSs)
using VEDA 4 program [22]. For a better
correspondence  between  experimental and
calculated values, we modified the results using the
empirical scaling factors.

RESULTS AND DISCUSSION
Energy analysis

The violuric acid can exist as 10 different
tautomers. The most stable among the molecular
tautomers is the triketo form shown in Scheme 1.
The same form is supported by single crystal X-ray
data [23]. The relative stability of tautomers in the
gas phase computed by us is in agreement with the
previously computed results at the B3LYP/6-31G*
level [18]. The six possible tautomers for anion and
five ones for the dianion together with the values of
relative energy are shown on Scheme 2. In both
anions the triketo form is predicted as the most
stable. The largest energy difference between the
anionic tautomers studied is 102.7 kJ mol; for the
dianionic tautomers it is smaller, 52.0 kJ mol™.

-0.04 -0.16
-0.17 -0.21

-0.08
-0.40

-0.75 -0.37
-0.22 -0.02

Scheme 1. B3LYP 6-311+G(2df,p) structure of the most stable tautomers of violuric acid, its anion, dianion, and
trianion. The net charges of fragments (in italics) and charge changes (in bold) are given in the formulae.
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Scheme 2. The possible tautomers of violuric acid anion and violuric acid dianion and the relative energies with
respect to the most stable isomer (AE in kJ mol™?).

The energy difference E{ = Eanion — Emolecule
between the most stable forms of anion and
molecule can be used as an approximate measure of
pKa of a given compound in polar aprotic solvents
[24]. The B3LYP value Ef of studied species of
1354.3 kJ mol? corresponds to a moderately weak
acid; its experimental pKa; is 4.35 (solvent water).
For comparison, the E{ energy is lower than E{
acetanilide (1489.06 kJ mol* [25]) and a little
higher than E{ of acesulfame (1324.31 kJ mol?
[26]).

The energy difference between the dianion and
anion E«f’ = Edgianion — Eanion OF 1811.033 is essentially
higher, and can be compared with the
corresponding energy of paracetamol (1880.2 kJ
mol [27]). The energy difference E3 = Etianion —
Egianion iS larger (2281.16 kJ mol™). Experimental
pKa data in water for the violuric acid dianion and
trianion are 9.6 and 13.1, respectively [6,7].
However, we found in the literature neither
theoretical, nor experimental data for violuric acid
and its anion in DMSO.

The experimental pKa values depend strongly
on the solvent, counter ion, nature of both the
Brensted acid and its conjugate base (e.g.,
carbanion or azanion, with localized or delocalized
charge), concentration, temperature [28].

Absorbance

Infrared analysis

Let us consider consecutively the IR data for the
species studied, which will make it possible to
specify the spectral changes, caused by the
conversion of the violuric acid molecule into
corresponding anions.

T T T T 1
1900 1800 1700 1600 1500 1400 1300 1200 1100

Wavenumbers cm”

Fig. 2. IR spectra: of violuric acid in KBr (a); sodium
salt of violuric acid in KBr (b); violuric acid in DMSO-
ds (c), anion of violuric acid (counter ion Na* ) in
DMSO-ds (d).
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The spectrum of violuric acid in solid phase is
rather complicated. The conversion of the neutral
molecule into anion makes it more difficult. In
order to eliminate strong intermolecular interactions
in the molecule of violuric acid the experimental
spectra were measured in polar aprotic solvent
DMSO. It is known that in this solvent the ions
exist as free species and there are no anion/counter

ion interactions [29]. The influence of the
counterions on the frequencies is neglectful. This
makes it possible to compare, in this work, the
experimental infrared data for the anions with the
theoretical data. The numerical values of the
experimental vibrational frequencies in DMSO-ds
and band intensities are listed with the theoretical
ones in Table 1.

Table 1. Theoretical (B3LYP/6-311+G(2df,p) and experimental (solvent DMSO-d6) vibrational frequencies (cm™)
and IR integrated intensities (A in km.mol™) of violuric acid and its anion.

Theoretical data

Experimental data?

No Vineor® Ab Approximate description® Voo, A
Violuric acid molecule

L 3644  186.9 99v(OH) 3500 w
2. 3475 785 93 v(NH) 3445

3. 3471 1005 94 v(NH)

4. 1753 659 36 v(C*20?), 31v(C10OY), 12v(C10%) 1753 m
S. 1737  853.9 37v(C120?), 29v(C1OY) 1722 S
6. 1711 479.2 61v(C0%), 20v(C10O") 1706 s
7. 1586 516 64 v(C-NO), 165(NOH) 1560 vw
8. 1405  188.2 42 v(CN), 205(NOH) 1413 m
9. 1378  257.0 42 v(CN),28 v(CC) 1360 sh
10. 1371 116.0 48 3(NOH), 128(CNH) 1344 sh
11. 1352 36.0 66 5(CNH),146(OCN) 1339 m
12. 1274 1686 59 v(CN),12 v(CC) 1277 w
13. 1185 1022 37 v(CN), 33 v(CC)

14. 1105 120.3 25 v(ON), 17 v(CN), 16 S(NCC) 1140 w
15. 1035 2478 53 v(ON),17 v(CN)

16. 089 11 36 v(CN), 16 3(CNH)

Violuric acid anion

1. 3535  40.6 100 v(NH)

2 3561 354 100 v(NH)

3. 1713 566.1 69 v(C°0"?) 1716 s
4. 1681  368.7 37 v(C'O™), 33v(C°0%) s 1676 s
5. 1654  1050.2 37 v(C*O™M), 33v(C°0™) as 1655 VS
6. 1443 342 76 v(ON) 1444 sh
£ 1431 139.2 42 v(CN),203(0**CN) 1435 m
8. 1357  53.0 55(CNH), 23 v(C°0%) 1396 m
9. 1327 206 785(CNH) 1343 w
10. 1306 9513 34 v(C-NO),10 v(N-O) 1299 vs
11. 1236 978 59 v(CN) 1255 w
12. 1135 162 37 v(CN), 33 v(CC) 1128 w
13. 1050 167 25 v(ON), 17 v(CN), 16 S(NCC)

14. 1010  11.8 53 v(ON),17 v(CN)

3Scaled infrared frequencies by 0.969.°Vibrational modes: v, stretching; 8, bending; perscripts: s — symmetrical, s —
asymetrical. The numbers before the mode symbols indicate % contribution (10 or more) of a given mode to the
corresponding normal vibration, according to the potential energy distribution °Relative intensities: vw, very weak; w,
weak; m, moderate; s, strong; vs, very strong; sh, shoulder.
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The agreement between the calculated
frequencies and the experimental data is very good.
The mean absolute deviation between experimental
and theoretical frequencies is 8 cm? for the
molecule and 11 cm* for the anion.

According to our calculations the strong band at
3644 cm is assigned to v(O-H) while the bands at
3475 and 3471 cm™ are attributed to v(N-H). The
experimental observed bands are lower than
calculated ones because of the formation of
hydrogen bonds mainly with solvent. Of course, the
three carbonyl bands are the strongest and the most
interesting in the IR spectra of violuric acid.
According to our computations, however, all the
v(C=0) coordinates are strongly coupled with each
other, and the approximate descriptions of the
corresponding bands are given in Table 1. The band
predicted at 1586 cm™ and measured at 1560 cm™
belongs to v(C=N). The bands between 1426-1260
cm? are connected mainly to Vring(C-N) and vring(C-
C). The middle strong band measured at 1140 cm™
is assigned to v(O-N) is strongly coupled vibration
with v(CN) and 3(NCC).

The strongest IR spectral changes, caused
by the molecule —=anion conversion, take place in
the 1800-1770 cm™ region (Table 1 and Fig.2). The
following bands have been measured in this region
of the IR spectrum of violuric acid: 1710, 1676 and
1655 cmt. The highly frequency band at 1710 cm
Yis attributed to v(C3=08). The two lower bands are
assigned to the asymmetric and symmetric to
v(C!=0") and to v(C°=0°. So, the total v(CO)
decrease, caused molecule —=anion conversion is:
predicted 153 cm™, measured 138 cm™.

The band v(O-N) is shifted from 1140 to 1444
cm* because the bond order increase nearly double.
In the spectrum of anion appears very strong band
at 1300cm, according the calculations very strong
mixed between v(C=N), v(O=N) and vring(C-N).

According to our computations, the IR spectrum
of the violuric acid dianion should show three bands,
corresponding to strongly coupled vibrations of the
three carbonyl groups at 1603 cm™, 1586 cm™ and
1530 cm™. We tried to prepare dianion (counter ions
2Na*) by adding dimsil sodium to a DMSO-ds
solution of violuric acid. The IR spectrum of the
solution after metalation showed three bands in the
above region: 1600, 1560 and 1533 cm™. If we
assume that these bands really correspond to v(CO)
of the dianion, we can calculate the total v(CO)
decrease, caused by the anion —= dianion
conversion: predicted 332 cm*, measured 345 cm™.
Respectively, the total v(CO) decrease, caused by

the molecule —= dianion conversion would be:
predicted 485 cm™, measured 483 cm™.

The IR spectrum of trianion of violuric acid was
calculated theoretically by B3LYP/6-311G(2df,p).
The v(C=0) bands are predicted at 1510, 1445 and
1410 cm™, but experimental metalation cannot
succeed. Probably in this basic medium violuric
acid can undergo some decomposition as cited by
[6].

Structural analysis

According to X-ray diffraction the plane of the
acetamide group is oriented at 40.4° with respect to
the benzene ring, whereas the plane of the
carboxylic acid group is essentially coplanar with
the benzene ring [21]. According to the calculations
in the most stable conformers of the isolated
molecule these groups are planar. The same groups
in the isolated oxyanion and dianion have been
predicted to be again planar. The theoretical and
experimental bond lengths and angles in the 4-
acetamidobenzoic acid and its oxyanion and
dianion are listed in Table 4. The most significant
changes caused by the conversion from molecule to
anion take place both at the anionic center and next
to it, with agrees the data for other anions [25-
27,30,31] They are strong shortening of the N1p-O11
with 0.11 A and strong lengthening of the Cg-Nio
with 0.09 A and shortening of C;-Cgs and Cs-Cg With
0.05 A and 0.04 A respectively. The second
deprotonation from anion to dianion as can see in
Table 2 causes bond shortenings at the azanionic
center N2 and bond lengthenings next to it. The
bonds lengths change both at and next to the
azanionic center N4, caused by the dianion
—=trianion conversion are is qualitatively similar
to the azanionic center N,. The net electric charges
(gi) of fragments of the species studied are shown in
Scheme 1. The charge changes gi(anion) -
gi(molecule), gi(dianion) - gi(anion), gi (trianion) -
gi (dianion) can also be seen in Scheme 1. The
charge changes are usually quite informative to
show the distribution of the new charges over the
corresponding anions [25-27,30,31]. For the
conversions  studied the change charges,
accompanying the conversion molecule
—=anion—=dianion—=trianion are also quite
informative, to shown that the first oxanionic
charge is delocalized over whole anion. That is in
agreement with observed deep color of monoanion
in the UV-vis spectra - due of strongly conjugated
system. The second and third charges are also
delocalized over the dianion and trianion forms.
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Table 2. Theoretical ( B3LYP/6-311++G**) and experimental bond lengths R (A) and bond angles A (°) the vialuric
acid molecule and its anion, dianion, trianion.

Molecule Anion Dianion Trianion
Exp.? Calc. AP Calc. A° Calc. A Calc. A®

Bond lengths

R(CY,N?) 1.372 1.389 0.017 1.419 0.03 1.378 -0.041 1.353 -0.025
R(N2,C?) 1.362 1.384 0.022 1.370 -0.014 1.331 -0.039 1.379 0.048
R(C3,N% 1.379 1.386 0.007 1.368 -0.018 1.412 0.044 1.376 -0.036
R(N4,C5) 1.361 1.391 0.03 1.425 0.034 1.390 -0.035 1.357 -0.033
R(C5,C®) 1.499 1.491 -0.008 1.450 -0.041 1.456 0.006 1.508 0.052
R(CE,CY) 1.506 1.504 -0.002 1.452 -0.052 1.504 0.052 1.511 0.007
R(CLO) 1.176 1.205 0.029 1.223 0.018 1.242 0.019 1.266 0.024
R(C3,08) 1.225 1.207 -0.018 1.226 0.019 1.254 0.028 1.276 0.022
R(C®,09) 1.212 1.206 -0.006 1.221 0.015 1.239 0.018 1.261 0.022
R(C8,N1) 1.275 1.284 0.009 1.374 0.09 1.350 -0.024 1.333 -0.017
R(N°,0%) 1.328 1.348 0.02 1.240 -0.108 1.268 0.028 1.299 0.031
Bond angles

A(CHN?,C? 125.9 128.2 2.3 127.9 -0.3 121.5 -6.4 120.8 -0.7
A(N?,C3N% 116.1 114.6 -1.5 113.4 -1.2 118.8 5.4 123.9 5.1
A(C3N*4CP 128.0 128.5 0.5 128.1 -0.4 127.6 -0.5 121.2 -6.4
A(N*,C5 CP) 114.4 114.0 -0.4 114.8 0.8 113.1 -1.7 118.3 5.2
A(C5,C8,CY 119.2 120.4 1.2 120.6 0.2 118.9 -1.7 116.9 -2
A(N?,CL,0") 119.5 120.9 1.4 116.6 -4.3 119.2 2.6 120.0 0.8
A(N?,C3,09) 124.0 122.8 -1.2 123.2 0.4 125.7 25 118.0 -1.7
A(N*,C509 121.1 120.7 -0.4 116.4 -4.3 117.7 1.3 120.2 25
A(C5,C8NY) 125.7 126.2 0.5 125.3 -0.9 125.2 -0.1 128.3 3.1
A(CE NP 0 117.9 116.5 -1.4 119.0 2.5 120.5 1.5 123.1 2.6

3See Ref. [23]. PAlgebraic deviations between experimental and theoretical values. ¢Algebraic deviations between theoretical values
of the anion and molecule YAlgebraic deviations between theoretical values of the dianion and anion. Algebraic deviations between
theoretical values of the trianion and dianion. For atom numbering see Scheme 1.
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TEOPETUYHO U EKCITEPUMEHTAJIHO U3CJIEABAHE HA 1Y CIIEKTPU U
CTPYKTYPATA HA BUOJIYPOBATA KUCEJIMHA 1 HEUHUTE AHUOHH

* v}
I1. Kones'", E. Bermuea?, b. Crambonuiicka?

Y Uncmumym na monexynapua 6uonoaus, Bvazapcka akademus na naykume, yi. ,, Axao. I'. Bonves*, 61. 21, 1113
Cogus, Poreapus
2 Unuemumym no opeanuuna xumus ¢ Llenmwp no pumoxumus, Boneapcka axademus na naykume, ya. ,, Axao. T
bonues ™, 61. 9, 1113 Cogpus, bvreapus

Ioctenuna va 01 mait 2017 r.; Kopurupana na 05 roun 2017 1.

(Pesrome)

W3cnenBanu ca excriepuMeHTaIHUTEe M TeopeTndHnTe MU crekTpu M CTpyKTypaTa Ha BHOJIypOBaTa KHCEIMHA U
HeiiHuTe annonu. Ha Ga3ara Ha KBaHTOBOXMMHYHHU TpecMsTanust Ha HuBo B3LYP/6-311+G(2df,p) e ycraHoBeno, e
TPHUKETO TABTOMEpa € Hali-cTaOWIeH M NpH MOJIEKyJaTa | MU W3CIIeABaHUTE aHWOHU. [IpeBpbIaHeTo HAa MOJIEeKyaTa
B MOHOAHHOH BOJIU JI0 CUJIHO YECTOTHO MOHMKEHHE M Ha TPUTE BAICHTHU KapOOHMIHU TpenTeHus: npecMerHarn 153
cm'l, mmepern 138 cm?t u JIpYTH 3HAYWTEIHU MPOMEHU BBHB BHOPAMOHHHUS CHEKTHP. BHOMypaTHUS IHaHWOH €

nonyueH B pastBop Ha JIMCO-ds B npucberBue Ha aumcui-Hatpuil. Cymapaoro V(C=0) nonuwkeHue NpUYMHEHO OT

NPEBPHIIAHETO HA MOJIEKYJIAaTa B IMAHHOH e npeckasano 485 cM™ u usmepeno 483 cm™,
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Phthalocyanine complexes have been extensively studied during last years as photosensitizers for photodynamic
therapy (PDT). The advantages of metal phthalocyanine complexes (MPcs) of far red absorption and high levels of
singlet oxygen generation have been featured some MPcs for clinical PDT. Presently only a few phthalocyanines are
approved for clinical PDT. These are ZnPc-liposomes (Italy), differently sulfonated AlIPcSi.4. (Photosense, Russia) and
a silicon complex (Pc4, USA). The unique absorption properties such as two order higher extinction coefficient at the
far red region (670-740 nm) in comparison to the firstly approved porphyrins (~ 630 nm) make MPcs efficiently
excitable through disordered tissue. The development of new generation MPcs with favourable physicochemical
properties includes complexes of large metal ions such as lutetium and tin, which are actual ions for MPcs within the
PDT. The complexes can participate in the intersystem crossing transition to the triplet state which facilitates the further
photocatalytic reactions to produce the highly reactive singlet oxygen. The study presents the effective synthesis
strategy to prepare large ions phthalocyanines (Sn**Pc and Lu®*Pc) as mono-ring complexes for advance of PDT
efficacy. The effects of the coordinated ions on the photophysical properties of Sn**Pc and Lu®*Pc were studied in
comparison to the metal-free phthalocyanine (H2Pc).

Key words: phthalocyanine complexes; lutetium, tin; photophysical properties; photodynamic therapy

PDT due to their far-red and high intensity

INTRODUCTION absorption, red shifted fluorescence and high level

Phthalocyanines are well known as second
generation  photosensitizers  for  biomedical
applications, especially the metallated derivatives
with ions coordinated in the cavity of the
macrocycle [1-5]. The chemical classification of
metallophthalocyanines (MPcs) is heterocyclic
organic semiconductor molecules with metal ion
M™ of oxidation state 1 < n < 6 which can
coordinate one or two negatively charged
tetraisoindoles ligands vyielding in mono - or
diphthalocyaninato, i.e. double-decker, complexes
[6]. The unique optical and electronic properties of
the MPcs besides their high chemical and thermal
stability are the key factors for their usage as
photosensitizers for photodynamic therapy (PDT)
of cancer [1-5] and for optical limiting devices [7,
8]. MPcs have a much higher extinction coefficient
(e>10° M cm™) of the Q band, as approx. in the
650 - 720 nm spectra which makes them efficiently
excitable directly through living tissue. MPcs have
been widely thought to be ideal photosensitizers for

* To whom all correspondence should be sent:
E-mail: mantareva@yahoo.com

of singlet oxygen quantum yields [9]. However, as
large planar molecules because of strong
interactions between the macrocycles, these Pcs
readily form stacked aggregates and are poorly
soluble which depresses their photoactivity and
restrains further studies on their
photophysicochemical properties and
photodynamic activity [10].

The reducing of the aggregation potential and
improving the solubility of the MPcs are currently
of an active research interests. The efforts in
development of soluble phthalocyanine
photosensitizers for PDT applications have been
made in order to obtain complexes with favorable
photophysical and photochemical characteristics
via molecular design that facilitates the uptake and
selectivity for a high PDT efficiency. Pcs’
macrocyclic  system is very flexible to
modifications of the structure and their
photophysical properties can be tuned by altering
the substituents on the Pc ring and on the axial
position at the coordinated different central metal
ions [11, 12]. Phthalocyanines are able to form
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complexes with a wide range of metals as the role
of the central metal is not only to alter their photo-
physicochemical properties but most importantly is
to prevent the aggregation. The bigger in size
encompassed atoms in the central cavity of the Pcs
ensures the monomeric state of MPcs molecules in
solutions [13,14].

Among the new generation phthalocyanine
complexes, lanthanide (I11) phthalocyanines are of a
high interest, especially  the lutetium
phthalocyanines (LuPcs) that have been studied due
to their rich electrochromic and gas-sensing
properties and the ability of the Lu* for
coordination of two or more Pc-molecules per one
lutetium ion [15, 16]. The known LuPcs have an
optimal singlet oxygen quantum vyields (> 0.3) and
that property is an indication of the potential of
these complexes as photosensitizers for PDT [17,
18]. The first lutetium complex studied for PDT
was Lu-texaphyrine which is a porphyrin
derivative. Presently this compound is clinically
approved for USA as a photosensitizer for PDT in
oncology with the commercial name Lutrin®.
Chemically, Lutrin is a water-soluble compound
with high tumor selectivity and it has an intensive
absorption maximum at 732 nm but with low
efficiency of singlet oxygen quantum yield (~ 0.11)
in comparison to other photosensitizers [19-21].
The usage of lutetium ion in phthalocyanine
complexes as mono-ring molecule was explored in
our recent works suggesting that two newly
synthesized methylpyridyloxy- substituted LuPcs
have high efficiency for PDT applications [16, 22].

The second metal ion for formation of MPc
complex, which is explored in the present study, is
tin (Sn®* #). Tin characterizes with different
oxidation states so that the phthalocyanine Sn* and
Sn** complexes can be synthesized in dependence
on the rations between the ligand and metal salt.
Moreover, the tin ion has a size which is not
allowing the coordination within the cavity of the
Pc ring. This structure facilitates the existence of
molecules in monomeric state due to the steric
hindrance which is of importance for the
effectiveness of photosensitizers in  solution.
Similar to Lu, Sn ions tends to form double —
decker structures. The monomolecular SnPcs
complexes showed relatively long wavelength
absorbance (> 690 nm) and high photochemical
potential for cancer PDT application [23-25].
Presently Sn** etiopurpurin (SnET2, Purlytin TM)
is accepted as a drug for macular degeneration
treatment with PDT. The in vitro studies showed
stronger influence of the nature of the coordinated

tin ion on the uptake and the photocytotoxicity as
compared to the non-coordinated photosensitizers
[19, 26].

The macrocyclic molecule of phthalocyanine
appears a ligand able to coordinate the most of the
metal and semimetal ions in the periodic table. The
synthesis of phthalocyanines (Pcs) involves a
routine pathway which is based on the reaction of
tetracyclomerization starting from the non- or
different substituted dinitriles. The addition of
metal salts can facilitate the formation of
macrocycle and leads to the high yield product of
phthalocyanine complex which are further
accessible for proper functionalization.

The study presents the synthesis of
phthalocyanine complexes coordinated with large
ions of Lu®** and Sn** starting from a metal-free
phthalocyanine by using the suitable metal salts and
high boiling point solvent. Both complexes were
chemically characterized by the means of 'H NMR,
MS, IR and UV-vis spectroscopy. The absorption
and fluorescence properties of LuPc and SnPc were
investigated in solutions of dimethylformamide in
comparison to the metal-free phthalocyanine used
as a ligand molecule.

EXPERIMENTAL

General

All reagents and solvents were of reagent-grade
quality obtained from commercial suppliers. All
solvents used for  synthesis such as
dimethylformamide (DMF) and quinoline were
dried or distilled and stored over molecular sieves
(3 A) before experiments. The used metal salts:
Lu(OACc)s and SnCl, were dried in Glass oven over
P,Os. The purity of the products were tested by
using thin layer chromatography (TLC). All
reactions were carried out under dry nitrogen
atmosphere. The spectrophotometric experiments
were carried out in diluted solutions (< 10° M) of
dimethylformamide (DMF) of spectroscopic grade.

Instruments and equipment

FT-IR spectra were recorded on a Bruker
Tensor 27 apparatus. UV-visible spectra were
recorded with a Perkin Elmer Lambda 25 UV/Vis
Spectrometer.  Fluorescence  spectra  were
recorded with a Perkin Elmer LS 55
Luminescence Spectrometer. 'H NMR spectra
were recorded on Bruker 600 MHz spectrometer in
DMSO-ds solution. Mass spectrometer (Q-TOF
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MS/MS) in ESI mode was used for evidence of
both complexes.

Synthesis

The synthesis of metal free phthalocyanine
(H2Pc) was carried out by using the commercially
available  dilithium phthalocyanine  (Sigma-
Aldrich). The product was used after extraction on
Soxhlet apparatus with methanol and was
additionally purified with acetone. The reaction of
demetallation of Li,Pc was carried out according to
the well know procedure [15-17]. The
phthalocyanine complexes of Lu®** and Sn** (LuPc
and SnPc) were prepared by using the metal — free
phthalocyanine, the proper metal salt by using the
equal equivalency (1:1) of the molecules of HaPc
and metal salt was used. The reaction was carried
out by using a high boiling point solvent such as
quinoline (> 200 °C) wunder inert nitrogen
atmosphere (Scheme 1). The change of color from
dark blue to soft bluish was observed in synthesis
of LuPc and the color changes to green for SnPc.
The lack of absorption band approx. at 800 nm
confirms that both complexes are monomolecular
without non-desirable double-decker molecules. As
the coordination number of rare-earth metals is
above 8, but the obtained Lu®Pc has 3, we assume
that the others are saturated with the solvents
molecules.

Synthesis of metal free phthalocyanine (H2Pc)dy

The mixture of 0.1 g (0.190 mmol) of dilithium
phthalocyanine was dissolved in 10 mL DMF and
10 mL (0.175 mmol) galic acetic acid and stirred
under nitrogen atmosphere at room temperature for

;t] [:<< >>:\ NH :(<
Li Galuc acetic acid
LI\ /
? : ? DMF, RT, Nz 30min % 1) [ %

Li,Pc

H,Pc

30 minutes. After the reaction finished the mixture
was precipitated in isopropyl ether and then in
water, filtrated out and washed several times with
excess of distilled water. Yield: 80 mg (80%).
Molecular Formula: CsHigNs, Molecular Weight:
514.54 g/mol. FT-IR [vma/cm™]: 3272, 1500, 1436,
1333, 1321, 1117, 1093, 1001, 779, 750, 728, 718.
UV-Vis (DMF) Amax, nm (log €): 689 (3.82). H
NMR (ds-DMSO), 6, ppm: 8.47-8.40 (m, 6H, CH
Ar , 8.35-8.29 (m, 6H, CH Ar), 7.96-7.90 (m, 4H,
CH Ar)), 7.73-7.53 (m, 10H, CH arom), 7,33-7.30
(d, 2H, CH arom).

Synthesis of Lu**- phthalocyanine (LuPc)

A solution of 0.1 g (0.194 mmol) metal free
phthalocyanine and 0.082 g (0.195 mmol)
Lu(OAc)s in dry quinoline was heated while
stirring at 240 °C under nitrogen atmosphere for 5
hours. The reaction was monitored with TLC. Then
reaction mixture was cooled to room temperature
and precipitated in hexane, filtrated and washed
with hexane and an excess of water. Yield: 60 mg
(60%). Molecular Formula:  CazsHi9LUN3gO-,
Molecular Weight: 746.53 g/mol. FT-IR [vma/cm
]: 3049 (Aromatic CH), 2919, 2849 (Aliphatic
CH), 1569, 1487, 1454 (ArC=C), 1330, 1283, 1162,
1115, 1078, 887, 805, 779, 733. UV-Vis (DMF)
Amax, NM (log €): 669 (4.01). *H NMR (ds-DMSO),
6, ppm: 9.43-9.42 (m, 4H, CH Ar), 8.92-8.91 (m,
1H, CH Ar), 8.38-8.37 (dd, J=8.35, 8.29, 1H, CH
Ar), 8.23-8.22 (m, 4H, CH Ar), 8.18-8.16 (m, 1H,
CH Ar), 8.04-8.02 (dd, J=8.55, 8.47, 1H, CH Ar),
8.00-7.98 (dd, J=8.08, 8.10, 1H, CH Ar), 7.79-7.76
(m, 1H, CH Ar), 7.63-7.61 (m, 1H, CH Ar), 7.55-
7.53 (m, 1H, CH Ar), 1.66 (s, 3H, CHs). MS (ESI):
m/z 785 [M + KJ*.

SnPc

Scheme 1. Reaction conditions to obtain phthalocyanine complexes of LuPc and SnPc.
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Synthesis of Sn**- phthalocyanine (SnPc)

A solution of 0.1 g (0.194 mmol) metal free
phthalocyanine and 0.037 g (0.195 mmol) SnCl; in
dry quinoline was heated while stirring at 240 °C
under nitrogen atmosphere for 3 hours. The
reaction was monitored with TLC. Then reaction
mixture was cooled to room temperature and
precipitated in hexane, filtrated and washed with
excess of water. Yield: 38 mg (38%). Molecular
Formula:  CsHisClo2NgSn,  Molecular  Weight:
702.14 g/mol. FT-IR [vmax/cm™]: 3051 (Aromatic
CH), 1487, 1468 (ArC=C), 1335, 1284, 1118, 1075,
1060, 887, 745, 723. UV-Vis (DMF) Amax, Nm (log
g): 691 (3.87). H NMR (ds-DMSO0), 8, ppm: 8.92-
8.91 (m, 2H, CH Ar), 8.38-8.37 (br, 2H, CH Ar),
8.03-8.02 (d, J=8.34, 2H, CH Ar), 8.00-7.99 (d,
J=8.40, 2h, CH Ar), 7.79-7.76 (m, 3H, CH Ar),
7.64-7.61 (m, 3H, CH Ar), 7.55-7.53 (m, 2H, CH
Ar). MS (ESI): m/z 720.5 [M+H,0]*

Absorption and fluorescence study

The obtained complexes of Lu®* and Sn*
phthalocyanines were photophysical studied in
DMF solutions. The stock solutions of both
complexes and the  starting  metal-free
phthalocyanine were freshly prepared on the basis
on the molecular weights with a concentration of 1
mM. The studies were carried out by the several
dilutions. The spectra were recorded at room
temperature. The dilutions were made in order to
prevent the formation of aggregated molecules
(dimers or higher associates) in the studied
concentration range. Five different concentrations
were used for study the absorption characteristics.
The fluorescent spectra were recorded in
comparison at excitation 610 nm following the
same experimental protocol and equipment details
for the studied phthalocyanine complexes LuPc
and SnPc versus HzPc.

RESULTS AND DISCUSSION
Synthesis

Two unsubstituted metal phthalocyanine
complexes of Lu** (LuPc) and Sn** (SnPc) were
synthesized (Scheme 1) by slight modifications of
the known synthetical procedure for preparation of
complexes which involves a reaction from metal
free phthalocyanine (H2Pc) boiling with the proper
metal salt. The high energy is required for
formation of these complexes due to the large in

size atoms chosen for coordination with Pc ligand.
The synthesis was carried out in 1-pentanol firstly
at 140 °C but it was not successful. A high boiling
point solvent such as quinoline (> 200 °C) was used
for the coordination of both ions and the reactions
were performed by preheating of the starting
compound to allow the high yielded coordination
reactions. The obtained products were precipitated
in hexane and washed several times with hexane
and excess of distilled water. The formation of the
fine sediments was proving the success of reaction
with central ions exchange.

The complexes were characterized by various
spectroscopic methods. The *H NMR spectra (Fig.
1) showed the numbers of protons which are
consistent with the predicted structures. Due to low
solubility the metal-free H>Pc showed very low
intensive *H NMR signals. The spectrum appears as
inappropriate for presentation vs. the spectra of
LuPc and SnPc.

Lu(TIN)Pc

|
’ I | 1 |
Al _,_‘_, lku‘,“’_ I R A Y

9.5 9.0 85 8.0 75 7.0 65 6.0 55 50 45 4.0 35/3.0 25 20 15 f.0 pp

Sn(IV)Pc

| -

95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 1.5 1.0 ppm

Fig. 1. '"H NMR spectra

The ESI mass spectra of complexes showed the
protonated molecular ion signal as the base peak, of
which the isotopic distribution was in good
agreement with the simulated pattern as is
described in the Experimental part. The main ring
structure was proven by the mass of the studied
complexes and the basic ligand molecule. FT-IR
spectra of the unsubstituted phthalocyanine
confirmed the coordination of the ions in the ring
molecule of the phthalocyanine (Fig. 2). In order to
verify the metallization process the most distinctive
feature in the FT-IR spectra for metal-free HoPc is
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a signal for the N-H vibration mode at 3291 cm™
which is not observed for the metallated
compounds (LuPc and SnPc).

%T

(a)-LuPc
(b)-SnPc
(c)-MFPc

LI A A I S S S S S S S p |
3600 3200 2800 2400 2000 1600 1200 800 400
em”

Fig. 2. FT-IR spectra

The electronic absorption spectra of the studied
Lu®* and Sn*" phthalocyanines (LuPc and SnPc)
were recorded in organic solution  of
dimethylformamide (Fig. 3). The spectra showed
characteristic absorption bands in the visible red
region with absorption maximum of Q-band at 669
nm for LuPc and 691 nm for SnPc, respectively. In
the UV region the characteristic second B bands at
336 nm for LuPc and 354 nm for SnPc were
recorded. The largest atom of Lu contributes to the
red absorption of phthalocyanine with 669 nm. The
second metal (Sn) allows much more red shifted
absorbance for the complex SnPc (691 nm) as
compare to HoPc (splitters at 665, 689 nm). The
single, narrow Q band was recorded for both
metallated phthalocyanine complexes for a wide
concentration range of the studied MPcs. The
spectra evidenced the photoactive monomeric
molecules in organic solutions which are
photoactive and can participate in the
photosensitization reactions.

Fluorescence emission spectra of LuPc and SnPc
were recorded at excitation 610 nm for the diluted
solutions in DMF (Fig. 4). The fluorescence
emission maxima are red shifted as compared to the
absorption maxima, which are at 688 nm with a
shift of 19 nm for LuPc and 696 nm (5 nm shift)
for SnPc as compared to the absorbance band.

The intensity of fluorescence spectra suggested a
relatively good fluorescence quantum yield of SnPc
as its fluorescence intensity is higher than the signal
intensity of the starting HzPc. In case of LuPc the
intensity of the fluorescence band is twice lower
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than the intensity of the fluorescence of H:Pc
which is maybe due to the high atomic number of
lutetium that facilitates the intersystem crossing
(high quantum vyields of triplet state) after
excitation.

R*=0.9980
y = 10226x
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Fig. 3. Absorption spectra of LuPc (a), SnPc (b) and
metal-free HzPc (c) in DMF for a concentration range.
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sol

The both synthesized complexes are more
uble than the H;Pc which is also an advantage

for their further studies as photosensitizers for
biomedical applications

Intensity, a. u.

35

o+ T

660 670 680 690 700 710 720 730 740

Wavelength, nm

Fig. 4. Fluorescence spectra of LuPc, SnPc and metal-
free H2Pc recorded at excitation 610 nm in DMF.

The model studies of both complexes LuPc and

SnPc and metal-free HyPc are in progress. The
susceptibility of pathogenic bacteria and fungi with
antibiotics resistance are under investigation for
efficiency of the both complexes.

and

CONCLUSION

Two unsubstituted complexes of acetated Lu®*
dichloride  Sn**  phthalocyanines  were

synthesized and characterized. The modification of
the known synthetical procedure was successful to
prepare the large ions phthalocyanine complexes.
The pathway involves a reaction between a metal
free phthalocyanine and the respective metal salt at
high temperature reaction conditions (> 200° C).

The

obtained compounds were chemically

characterized by the means of general spectroscopic
techniques such as FT-IR, UV-Vis and 'H NMR.
The absorption spectra of both metal complexes

showed monomeric behavior of molecules

in

solutions, as it was evidenced by a single, narrow Q
band in the far red region. The fluorescence spectra
suggested a relatively good fluorescence quantum
yield of SnPc as its fluorescence intensity is higher
than the intensity of the fluorescence of the starting
HPc. Both synthesized metal complexes showed
better solubility in organic solutions than the metal-
free analogue H>Pc which is an advantage for the
further studies of the complexes as photosensitizers
for biomedical applications.
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MOHO-TIPHCTEHHU ®TAJIOLIMAHMHOBU KOMITUIEKCU C TOHU HA Lu3j u Sn**:
CHUHTE3 U CPABHUTEJIHU U3CJIIEIBAHUA HA ®OTOOPUZNYHUTE CBOMCTBA

N. EneBa, M. Aimmocman, U. Anrenos, K. IToros, B. ManTapesa™

Hnemumym no opeanuuna xumust ¢ Llenmvp no pumoxumus, Bvreapcka akademusi Ha HayKume,
yia. Akao. I'. Bownues, 61. 9, 1113 Coghus, bvreapusa

Ioctrenmna Ha 28 anpun 2017 r.; Kopurupana na 16 roun 2017 1.

(Pesrome)

[Ipe3 mocnenuuTe TOAMHN, (PTATONNAHUHOBUTE KOMIUIEKCH C€ M3CJICABAT HHTCH3UBHO KaTO ()OTOCCHCHOMIN3aTOPH
3a QortommHamuuna Tepamnus (DAT) nopagu yHukaiHuTe UM (QOTOGH3MYHM CBOMCTBA. MeTaa-KOOPAMHHPAHUTE
¢ranonuannau (M®P1y) uMat cBOMCTBa, KOMTO 'Y H00ONMKaBaT 110 uaeanHure 3a poroceHcndbmmizatopu 3a G/IT. Taka
HAIPUMEP BUCOK CKCTUHITMOHCH KOS(HUIIMEHT Ha MBHIIATa B YepBeHaTa obmact (680 - 720 nm), kodTo ¢ Ha 3 mopsiabKa
[0 MHTEH3WBHA B CpPaBHEHHE C Ta3u Npu nopdupuHOBU mpous3BoaHH. Porodusnunure cBoiictBa Ha M®Pu-Hu ca
OnaronpusTHU 3a e(pEeKTHBHOTO MM BB30yXJaHEe JUPEKTHO B ThKaHW W KIETKH, KaTo MueHa. [loHacTosiuem,
orpanuyed 6poit M®u-uu ¢ M: A, Zn?* u Si** ca kauHuuHO 0100peHy 3a Metoaa ®JIT U ce mpuaraT B TepanusaTa
Ha Tymopu. 3a Hyxaure Ha DJIT, akTuBHO ce pa3paboTBaT W W3cIeaBAT HOBO MoOKojJeHHe M®I-HU ¢ pa3nuyHH
KOOPJIMHHUPAIIY METAIN C BUCOKA aTOMHA Maca, KOETO TH OIpeZess KaTo 00eMHH MeTaliHu HoHu. M3BectHo e, ue P,
KOOPJMHHUPAHH C HOAXOMSAII METall, ca Mo - e(peKTUBHM KaTo (POTOCCHCHOMIIN3ATOpH, OJlarojapeHne Ha MoJo0peHus
IPOLlEC Ha BBTPEUIHOCHCTEMEH MPEHOC HA CHEPrHs OT CHHIVICTHO KbM TPHILIETHO BB30YNEHO CBHCTOSHHE Ha
MoJekynara. Obemasai Moxo ¢ el nogoopsisaHe Ha (HOTOCEHCHOMIM3MpaIIaTa cnocoOHOCT Ha (TAaIOIMAHUHUTE €
CHHTE3, BKJIOUBAll KOMILIEKCOOOpa3yBaHe ¢ METAIU C TOJIIM aTOMEH HoMep karo kamail (Sn**) u myreumit (Lu®*).
Hacrositero m3cnenBaHe npejcraBs epeKTUBEH CHHTETHYEH MOAXOJ 32 KOOPAMHHpaHe Ha (TAlOLMAHWHM C HOHM C
rojisiM aToMeH HoMep, kato SN** u Lu%*. Bsaxa uscnenBanu eeKTUTE Ha M3TON3BAHUTE METAH BbPXY POTOGU3MIHUTE
CBOICTBa Ha ToyrydeHuTe KoMiuiekcu SNPC u LUPC B cpaBHeHHe ¢ (TaIOIMaHUHOBHS JIUTAH]L.
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Radical scavenging and antioxidant activities of nine flavonoids previously isolated from the aerial parts of
Chenopodium bonus-henricus L. were established using DPPH and ABTS free radicals as well as inhibition of lipid
peroxidation in a linoleic acid system by the ferric thiocyanate method. Patuletin glycosides, compounds 1, 2 and 7
showed the highest DPPH (85.78%, 85.59%, 86.07%) and ABTS activity (90.64%, 90.27%, 90.76%) compared to
Vitamin C. Spinacetin and 6-methoxykaempferol glycosides compounds 4, 6 and 3, 5 respectively possessed a
significantly low DPPH activity and demonstrated a high ABTS radical-scavenging activity. Spinacetin and 6-
methoxykaempferol glycosides, compounds 8 and 9, containing esterified ferulic acid in their moiety, demonstrated a
moderate DPPH (53.46%, 45.52%) and a high ABTS (83.41%, 74.51%) activity. All flavonoids inhibited significantly
the lipid peroxidation of linoleic acid. The results suggest that the aerial parts of C. bonus-henricus L. could be a

potential source of flavonoids with radical-scavenging and antioxidant activities..

Key words: Chenopodium bonus-henricus; flavonoids; DPPH; ABTS; FTC assays

INTRODUCTION

The human body has a complex system of
natural enzymatic and non-enzymatic antioxidant
defenses which counteract the harmful effects of
free radicals and other oxidants. Free radicals are
responsible for causing a large number of diseases
including cancer [1], cardiovascular disease [2],
neural disorders [3], Alzheimer's disease [4], mild
cognitive impairment [5], Parkinson's disease,
alcohol induced liver disease [6], ulcerative colitis
[7] and atherosclerosis [8]. Protection against free
radicals can be enhanced by ample intake of dietary
antioxidants. Foods containing antioxidants and the
antioxidant nutrients may be of major importance in
disease prevention. On the other hand the most
widely used synthetic antioxidants in food
(butylated  hydroxytoluene  BHT,  butylated
hydroxyanisole BHA, propyl galate PG and tertiary
butylhydroquinone TBHQ) have been suspected to
cause or promote negative health effects. For this
reason there is a growing interest in utilization of
natural sources as antioxidants. Chenopodium
bonus-henricus L. (Amaranthaceae) is widespread
in Europe, western Asia and North America. The
leaves and flowering tops of Good King Henry are
used as a vegetable in the same manner as spinach
in some European traditional cuisines. In Italy,

* To whom all correspondence should be sent:
E-mail: zlatina.kokanova@gmail.com

Spain and England it is used in soups or stews and
roughly in salads. In Turkey it is known as “yabani
ispanak” (wild spinach). Canadians have also
cultivated the plant as a daily vegetable. The shoots
and flower clusters are eaten respectively like
asparagus and broccoli [9].

In Bulgarian folk medicine the roots of C.
bonus-henricus are known as “chuven” and have
been applied externally to treat skin inflammations,
wounds and boils. The infusion of the drug has
been used as a mild laxative. In Bulgarian food
industry the aqueous extract of the roots has been
employed in production of halva [10].

Nine flavonol glycosides of patuletin, 6-
methoxykaempferol and spinacetin were recently
isolated from the aerial part of C. bonus-henricus.
All flavonoids (100 uM), compared to silybin,
significantly reduced the cellular damage caused by
CCly in rat hepatocytes, preserved cell viability and
GSH level, decreased LDH leakage and reduced
lipid damage. High concentrations of compounds
showed marginal or no cytotoxicity on HepG2 cell
line. The experiment data suggest that the
glycosides of 6-methoxykaempferol, spinacetin and
patuletin are a promising and safe class of
hepatoprotective agents [11]. These results
stimulated us also to investigate the radical-
scavenging and antioxidant activities of these
flavonoids using DPPH and ABTS free radicals and

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 253


mailto:zlatina.kokanova@gmail.com

Z. Kokanova-Nedialkova et al.: Antioxidant properties of 6-methoxyflavonol glycosides from the aerial parts of Chenopodium...

inhibition of lipid peroxidation in a linoleic acid
system by the ferric thiocyanate method (FTC
assay).

EXPERIMENTAL

General experimental procedures, chemicals and
reagents

2,2-Diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt (ABTS) were purchased from
Sigma-Aldrich  (Steinheim, Germany). Linoleic
acid (99%) was obtained from Acros organics
(Geel, Belgium). Potassium persulphate, Vitamin C
(200 mg/2 ml) and ammonium thiocyanate were
purchased respectively from Valerus (Sofia,
Bulgaria), Sopharma (Sofia, Bulgaria) and Fisher
Chemicals (Loughborough, United Kingdom). All
chemicals, including the solvents were of analytical
grade. UV-VIS, Biochrom Libra S70 (Cambourne,
United Kingdom) was used to measure the
absorbance.

DPPH radical-scavenging assay

Scavenging activity of flavonoids against DPPH
radical was assessed according to the method of
Blois with some modifications [12]. Briefly, 0.3 mL
of each compound in MeOH (0.1 mM) was mixed
with 0.3 mL of DPPH methanol solution (0.1 mM).
The reaction mixture was vortexed thoroughly and
left in the dark at room temperature for 30 min. The
absorbance of the mixture was measured at 517 nm.
The ability to scavenge DPPH radical was
calculated by the following equation:

%DPPH radical scavenging activity =
3b5:m:r:i_3b55amp]e ” 'lﬂﬂ,
Absemird

where AbSconrol IS the absorbance of DPPH
radical in MeOH, Abssample is the absorbance of
DPPH radical solution mixed with a sample.
Vitamin C (0.1 mM) was used as a positive control.
All determinations were performed in triplicate
(n=3).

ABTS radical-scavenging assay

For ABTS assay, the procedure followed the
method of Kokanova-Nedialkova et al. [13] with
some modifications. The stock solutions included 7
mM  ABTS solution and 2.4 mM potassium
persulphate solution. The working solution was
then prepared by mixing the two stock solutions in
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equal quantities and allowing them to react for 12-
14 h at room temperature in the dark. The solution
was then diluted by mixing 1 mL ABTS solution
with 60 mL methanol. A fresh ABTS solution was
prepared for each assay. 0.2 mL of each compound
in MeOH (0.1 mM) was allowed to react with 1 mL
of the ABTS solution and the absorbance was taken
at 734 nm after 7 min using a spectrophotometer.
The ABTS scavenging capacity of the compound
was calculated as:

%ABTS radical scavenging activity =
Absemird—Abszanple y 1[][],
Absoonird

where AbSconror 1S the absorbance of ABTS
radical in methanol; AbSsampie is the absorbance of
an ABTS radical solution mixed with a sample.
Vitamin C (0.1 mM) was used as a positive control.
All determinations were performed in triplicate
(n=3).

Determination of antioxidant activity in linoleic
acid system by the FTC method

The antioxidant activity of studied compound
(0.1 mM) against lipid peroxidation was measured
through ferric thiocyanate assay, as described by
Takao et al. [14] with some modifications. The
reaction solution, containing 0.2 mL of each
compound in MeOH (0.1 mM), 0.2 mL of linoleic
acid emulsions (25 mg/mL in 99% ethanol), and 0.4
mL of 50 mM phosphate buffer (pH 7.4), was
incubated in the dark at 40°C. A 0.05 mL aliquot of
the reaction solution was then added to 1.5 mL of
70% (v/v) ethanol and 0.1 mL of 30% (w/v)
ammonium thiocyanate. Precisely 3 min after the
addition of 0.1 mL of 20 mM ferrous chloride in
3.5% (v/v) hydrochloric acid to the reaction
mixture, the absorbance of the resulting red color
was measured at 500 nm. Aliquots were assayed
every 24 h until the day after the absorbance of the
control solution (without compound) reached
maximum value. Vitamin C (0.1 mM) was used as
a positive control. All determinations were
performed in triplicate (n=3).

Statistical analysis

Statistical program “MEDCALC” was used for
analysis of the data. The results were expressed as
mean (£ standard deviation, SD) of three
independent experiments, each performed in
triplicate.



Z. Kokanova-Nedialkova et al.: Antioxidant properties of 6-methoxyflavonol glycosides from the aerial parts of Chenopodium...

RESULTS AND DISCUSSION

In the present study nine flavonoids,
respectively patuletin 3-O-[$-apiofuranosyl(1—2)]-
[-glucopyranosyl(1—6)-f-glucopyranoside 1,
patuletin 3-O-gentiobioside 2, 6-
methoxykaempferol 3-O-[f-apiofuranosyl(1—2)]-
[-glucopyranosyl(1—6)-f-glucopyranoside 3,
spinacetin 3-O-[p-apiofuranosyl(1—2)]-4-
glucopyranosyl(1—6)-4-glucopyranoside 4, 6-
methoxykaempferol 3-O-gentiobioside 5,
spinacetin 3-O-gentiobioside 6, patuletin-3-O-(5""-
O-E-feruloyl)-f-D-apiofuranosyl(1—2)[$-D-
glucopyranosyl (1—6)]-4-D-glucopyranoside 7,
spinacetin-3-0O-(5""-O-E-feruloyl)-5-D-
apiofuranosyl (1—2)[f-D-glucopyranosyl(1—6)]-
S-D-glucopyranoside 8 and 6-methoxykaempferol-
3-O-(5""-O-E-feruloyl)-p-D-apiofuranosyl(1—2)[ -
D-glucopyranosyl (1—6)]-4-D-glucopyranoside 9
(Fig. 1) were tested for their radical-scavenging and
antioxidant activities. The radical-scavenging
activities of compounds 1-9 (0.1 mM in MeOH)
were compared with those of ascorbic acid at the
same concentration (0.1 mM in MeOH) and
expressed as % of inhibition against DPPH and
ABTS (Table 1). There are three criteria for
effective radical scavenging activity of flavonoids
The first important criteria is the presence of o-
dihydroxy structure in the B ring, which confers
higher stability to the radical form and participates
in electron delocalization. The 2,3 double bond in
conjugation with a 4-oxo function in the C ring is
responsible for electron delocalization from the B
ring.

Table 1. DPPH and ABTS radical-scavenging activities

of flavonoids 1-9.

Compound DPPH % ABTS %
1 85.78 £ 0.05 90.64 £ 0.05
2 85.59 £ 0.36 90.27 £ 0.09
3 7.16 £0.44 70.18 £ 0.67
4 13.56 £ 0.05 71.81+£0.38
5 4.13+0.54 70.94 +£0.47
6 14.62+0.13 74.41 £0.01
7 86.07 +£0.40 90.76 £0.16
8 53.46 £ 0.53 83.41 £0.65
9 45.52 +0.52 74.51 £0.30
Ascorbic acid 86.46 £ 0.07 90.79 £ 0.19

Patuletin glycosides

2.R;=OH,R,=A
1.R; =OH,R,=B
7.R,=OH,R,=C

The antioxidant potency is related to structure in
terms of electron delocalization of the aromatic
nucleus.Where these compounds react with free
radicals, the phenoxyl radicals produced are
stabilized by the resonance effect of the aromatic
nucleus. The third important criteria for a
maximum radical scavenging potential is the
presence of the 3- and 5-OH groups with 4-oxo
function in A and C rings. Rice-Evans et al. also
reported that the glycosylation of flavonoids
reduces their activity when compared to the
corresponding aglycones [15].

Patuletin glycosides, compounds 1, 2 and 7
showed the highest DPPH (85.78, 85.59 and 86.07
%) activity respectively, compared to ascorbic acid
(86.46 %) (Table 1). The compounds 1, 2,7 possess
3', 4'-ortho-dihydroxy configuration in B ring, C2-
C3 double bond configured with a 4-keto
arrangement and a presence of free 5-OH and 7-OH
groups, which determine their radical-scavenging
activities.

6-methoxykaempferol
glycosides
5.R=H,R=A
3.R;=H,R,=B
9.R;=H,R,=C

Spinacetin glycosides

6.R,=OCH;,R,=A
4.R,=OCH;,R,=B
8.R, =OCH;,R,=C

i
" o O o OH
A= ¥ S OHHO OH
HO HO
HO

1

. OH
l O °© OH
B= EWH HO

HO

Ho, _—©

HO OH

1

- o0 o OH
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Fig. 1. 6-Methoxyflavonol glycosides from the aerial parts of Chenopodium bonus-henricus L.

255



Spinacetin and 6-methoxykaempferol
glycosides, respectively compounds 4 (13.56 %), 6
(14.62 %) and 3 (7.16 %), 5 (4.13 %) possessed
significantly low DPPH activity and probably it is
due to the absence of ortho-dihydroxy
configuration. In spinacetin glycosides (compounds
4 and 6 ) the 3'-OH group is methylated and the O-
methylation of the hydroxyls of the catechol B-ring
resulted in a decrease of the antioxidant activity
with regard to the patuletin glycosides. In 6-
methoxykaempferol glycosides (compounds 3 and
5) 3'-OH group is missing and these compromise
the antioxidant capacity. On the other hand
spinacetin and 6-methoxykaempferol glycosides,
compounds 8 and 9, containing esterified ferulic
acid in their moiety, demonstrated moderate DPPH
(53.46 % and 45.52 %) activity. Ferulic acid
possesses three distinctive structural motifs that can
possibly contribute to its free radical scavenging
capability. The presence of electron donating
groups on the benzene ring (3-methoxy and more
importantly 4-hydroxyl) of ferulic acid gives the
additional property of terminating free radical chain
reactions. The next functionality - the carboxylic
acid group in ferulic acid with an adjacent
unsaturated C-C double bond - can provide
additional attack sites for free radicals and thus
prevent them from attacking the membrane. In
addition, this carboxylic acid group also acts as an
anchor of ferulic acid, by which it binds to the lipid
bilayer, providing some protection against lipid
peroxidation [16].

H Control

Absoption at 500 nm

1

STDAY 2ND DAY 3RD DAY

1

~

tn -

= =t
'r: oo

4TH DAY

Patuletin glycosides, compounds 1 (90.64 %), 2
(90.27 %) and 7 (90.76 %) showed the highest
ABTS radical-scavenging activity. Activity of these
compounds were similar to those of a classical
antioxidant, ascorbic acid (90.79 %) (Table 1).
Spinacetin and 6-methoxykaempferol glycosides,
respectively compounds 4 (71.81 %), 6 (74.41 %),
8 (83.41 %) and 3 (70.18 %), 5(70.94 %), 9 (74.51
%) also possessed a high ABTS radical-scavenging
activity. Their lower activity is probably due to the
absence of ortho-dihydroxy configuration in ring B.
The results show that compounds 8 and 9 which
contain esterified ferulic acid again demonstrate
higher activity than the other spinacetin and 6-
methoxykaempferol glycosides.

In the present study, the inhibition of lipid
peroxidation of flavonoids 1-9 (0.1 mM) was
determined in linoleic acid system using the FTC
method. During linoleic acid peroxidation,
peroxides were formed and these compounds
oxidized Fe 2* to Fe *. The Fe 3* ion formed a
complex with SCN-, which had a maximum
absorbance at 500 nm. Thus, a high absorbance
value was an indication of high peroxide formation
during the emulsion incubation. The presence of
antioxidants in the mixture minimizes the oxidation
of linoleic acid and reduce the absorption,
respectively.

The absorbance of the control showed a steady
increase and reached a maximal value of 1.20 on

the 7" day (Fig. 2).

7TH DAY

2 m7 mVitC

1.2

I (). O
0.62
0.61
0.56
0.73
0.69
0. i:.l"

5TH DAY ©6TH DAY

Fig. 2. Antioxidant activity of patuletin glycosides 1, 2, 7 in linoleic acid system.
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Fig. 3. Antioxidant activity of spinacetin glycosides 4, 6, 8 in linoleic acid system.
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Fig. 4. Antioxidant activity of 6-methoxykaempferol glycosides 3, 5, 9 in linoleic acid system.

The patuletin glycosides compounds 1, 2 and 7
showed the highest capacity to inhibit linoleic acid
peroxidation, with absorbance values always under
0.69 during the 7 days of testing (Fig. 2). Their
activity was higher than the activity of Vitamin C, a
widely used commercial antioxidant and may be it
was due to the presence of ortho-dihydroxyl
configuration in ring B.

On the other hand spinacetin and 6-
methoxykaempferol ~ glycosides, respectively
compounds 4, 6, 8 (Fig. 3) and 3, 5, 9 (Fig. 4) also
hindered the oxidation of linoleic acid and their
activity is similar to that of Vitamin C.

These results indicate that patuletin, spinacetin
and 6-methoxykaempferol glycosides, compounds

1-9, can significantly inhibit the peroxidation of
linoleic acid and reduce the formation of
hydroperoxide, thus implying that these flavonoids
are powerful natural antioxidants.

CONCLUSION

Patuletin glycosides (1, 2 and 7) showed the
highest DPPH and ABTS radical-scavenging
activity.  Spinacetin (4 and 6) and 6-
methoxykaempferol (3 and 5) glycosides possessed
significantly low DPPH activity and demonstrated a
high ABTS radical-scavenging activity, compared
to Vitamin C. On the other hand spinacetin and 6-
methoxykaempferol glycosides (compounds 8 and
9), containing esterified ferulic acid in their moiety,
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demonstrated a moderate DPPH and a high ABTS
activity. All flavonoids inhibited significantly the
lipid peroxidation of linoleic acid. The highest
diminution was demonstrated again by patuletin
glycosides and they are much more effective than
Vitamin C. The results suggests that the wild
spinach (C. bonus-henricus L.) could be a potential
source of flavonoids with radical-scavenging and
antioxidant activities.
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University-Sofia (Contract Nr. 53/2016, Project Nr.
571/21.01.2016).
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AHTNOKCUJAHTHU CBOICTBA HA 6-METOKCH®JIABOHOJIOBU I'IMKO3U AN OT
HAJIBEMHUTE YACTU HA Chenopodium bonus-henricus L.

3. KokanoBa-Hensnkosa*, I1. Hegsiakos

Kameopa “®@apmaxocnosus”, @apmayesmuuen paxyrimem, Meouyuncku ynusepcumem-Cogus,
ya. Hynas 2, 1000 Cogpus, Bvacapus

Hocreruna va 30 anpun 2017 r.; Kopurupana wa 13 roru 2017 r.

(Pesrome)

Pagukan-cepp3Bamara ¥ aHTHOKCHAAHTHATAa aKTHBHOCT Ha JIEBET IO-PaHO H3OJUPAHM OT HaJ3eMHATa 4acT Ha
Chenopodium bonus-henricus L. ¢aaBonouaun e ycranosena upes DPPH u ABTS cBoGogHM paaMKaixn M 4pe3
nHXHOMpaHe Ha JIMNMJHA TEPOKCHAAIMS B CHCTEMa Ha JIMHOJICHOBA KHUCENWHA upe3 (epH-THOIHMAHATEH METOI.
['muko3unuTe Ha MaryleTHH, chequHeHus 1, 2 u 7 moka3Bat Hai-Bucoka DPPH (85.78%, 85.59%, 86.07%) u ABTS
akTuBHOCT (90.64%, 90.27%, 90.76%) cpaBHeHa c aktuBHOcTTa Ha Vitamin C. ['nMuko3manTe Ha cnimHaLETHH U 6-
METOKCHKeMII(pepo1, CbOTBETHO chenuHenus 4, 6 u 3, 5 npureskasar 3HaunTesHo HUcka DPPH aktuBHOCT 1 mposiBsiBaT
Bucoka ABTS panukan-cBbp3Baina akTHBHOCT. [ TUKO3UANTE HA CHIMHALETHH U 6-METOKCHUKEMII(EepoIl, CheIMHEeHNs 8 1
9, cpaBpKAIIM B MOJIEKYJIaTa CH ecTepudunnpana ¢pepyiona kucesnnHa nposssisatr ymepena DPPH (53.46%, 45.52%) u
Bucoka ABTS (83.41%, 74.51%) axtuBHOCT. Benuku ¢(rraBOHOMIM 3HAYWTEHO BB3IMPEISATCTBAT OKHUCICHHETO Ha
JIMHOJICHOBATA KUCENNHa. Bb3 OCHOBA Ha MOJyYeHHTE pe3ynTaT HagzeMHuTe dactd Ha C. bonus-henricus L. morat ma
Ob/IaT MOTEHIIMAJICH M3TOYHHK Ha (DJIaBOHOUIM C PAJUKAJI-CBbP3BAllla U aHTHOKCHJAHTHA aKTUBHOCT.
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The levansucrase [EC2.4.1.10] can tranfes fructosyl units from sucrose to different acceptors (maltose, lactose) to
give a good yields of oligosaccharides that could have prebiotic potential. Selectivity of the reaction of synthesis of
fructooligosaccharides (FOSs) using levansucrase was strongly dependent on the enzyme source, type of acceptors and
donor/acceptor ratio (D/A). The acceptor specificity studies determined the ability of recombinant levansucrase Lm17
to synthesize different types of (FOSs) using different acceptors. In the present study we first describe that when
maltose was the acceptor, the major products was a FOS with degree of polymerization (DP3) (75,5% of total FOS)
identified as an erlose. Levansucrase was highly transfructosylic than hydrolytic activity. In carrying out the enzymatic
reaction in the presence of 10% sucrose and 5% maltose, Km of recombinant levansucrase Lm17 was 43.99+7.01 mM
sucrose, and Vmax value was 2.1+7.7 U/ml. This investigation of the properties of recombinant levansucrase Lm17
reveals the potential use of the enzyme as tools for synthesis of short chain FOSs (erlose) with prebiotic potential.

Key words: Levansucrase; Leuconostoc mesenteroides; fructooligosaccharies; prebiotics

INTRODUCTION

Lactic acid bacteria (LAB) belonging to the
genera Lactobacillus, Streptococcus, Leuconostoc
and Weissella have been reported as producers of
fructosyltransferases (FTFs) [1,2,3,4]. FTFs are
classified into a family 68 of glycoside hydrolase
enzymes (GH68) (CAZY, http:// cazy.org)[5].
According to the type of the glycosidic linkages
between fructosyl units in the synthesized fructans
these enzymes are divided into levansucrases (EC
2.4.1.10) synthesizing levan with B-(2—6) linkages
and inulosucrases (EC 2.4.1.9) synthesizing inulin
with pB-(2—1) linkages in the main chain [6].
Microbial levansucrases have a molecular weight in
a range of 46-120 kDa [7,8,9,10]. These enzymes
catalyze hydrolysis of sucrose in the presence of
water as an acceptor (hydrolase activity) and also a
transfer of fructosyl residues to different acceptors
(transferase activity). When a growing levan chain
is used as an acceptor of B-D-fructosyl residues,
levan with B-(2—6) linkages is synthesized. FTF
can catalyze fructose transfer from both sucrose and
raffinose to variable acceptors. In presence of
different monosaccharides, disaccharides and
oligosaccharides as acceptors the transferase
activity of levansucrase leads to synthesis of fructo-
oligosaccharides [11]. The nature of the enzyme,

* To whom all correspondence should be sent:
E-mail: ilievini@abv.bg

the sucrose concentration, the type and
concentration of acceptors, the temperature and pH
of the reaction influence the amount and molecular
masses of the synthesized oligosaccharides
[8,12,13]. In the case of transfructosyltation
reaction levansucrases enzyme can use different
sugar acceptor molecules such as maltose, lactose,
cellobiose, melibiose, isomaltose, D-galactose, D-
fructose, and D-xylose, which leads to the synthesis
of fructo-oligosaccharides [11]. Currently
commercial available FOSs for human consumption
are exclusively inulin-type prebiotics with a-(2-1)-
linkages. However, the levan-type-FOSs, with a-(2-
6)-linked fructose and some «o-(2-1)-linked
branching, have demonstrated prebiotic effects, in
vitro, that surpass inulin-type FOSs [14]. The
functional health attributes of prebiotic FOSs are
dependent on their chemical structures, in particular
the type of hexose moieties, the extent of
polymerization and the glycosidic linkages. That’s
why it is important to characterize new enzymes,
for production of fructo-oligosaccharides with
different structure and biological activity. The
nature of the enzyme, the sucrose concentration, the
type and concentration of acceptors, the
temperature and pH of the reaction are important
characteristic that affect the amount and the
structure of the synthesized oligosaccharides
[8,12,13].

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 259



A Salim et al.: Enzymatic synthesis of fructo-oligosaccharides by recombinant levansucrase from Leuconostoc mesenteroides...

In a previous study, we showed that L.
mesenteroides Lm 17 strain, isolated from
fermented cabbage, produces a glucasucrase of
about 180 kDa and two FTFs with molecular
masses about 120 kDa and 86 kDa [15].

The aim of this study was to optimize the
transferase reaction of levansucrase from L.
mesenteroides Lm 17 strain expressed in E. coli.
The selected enzyme was characterized in terms of
the effect of different substrates on its transferase
activity, determining the Michaelis constant for
different substrates and possible inhibition constant
by glucose and fructose. These results will give
information ~ for  industrial  application  of
levansucrase for the production of novel prebiotic
fructo-oligosaccharides.

EXPERIMENTAL

Preparation of a cell free extract and purification
of the recombinant levansucrase L17

E. coli BL21(DE3) cells were collected by
centrifugation (9,000 rpm, 15 min, 4°C) and
washed two times with 20 mM sodium acetate
buffer (pH 7.5). The cells were resuspended in a
cold sonication buffer containing 20 mM sodium
acetate buffer (pH 7.5), 300 mM NaCl, 5 mM
imidazole and 5 mM [B-mercaptoethanol and then
were sonicated (Hielscher Ultrasound Technology
UP50H, Germany). The cell debris was separated
by centrifugation (9,000 rpm, 15 min, 4°C) and the
supernatant was used as a cell free extract.
Recombinant enzyme was purified using His Trap
FF 5 ml Ni Sepharose Fast Flow column (GE
Healthcare). The column was equilibrated with
binding buffer (20 mM sodium acetate buffer (pH
7.5), 0.5 M NaCl, 30 mM imidazole) and then the
cell free extract was added to the column. To
remove the unbound proteins, the column was
washed with three volumes of the same buffer.
Then the bound His-tagged protein was separated
from Ni Sepharose column by elution buffer
(binding buffer with 500 mM imidazole). The
eluted fraction was concentrated 10-fold using
10,000 MW cut off concentrators (Sartorius) and
dialyzed against 20 mM sodium acetate buffer (pH
5.5).

Levansucrase assays and protein determination

One unit of levansucrase activity is defined as
the amount of enzyme that catalyzes the formation
of 1 pmol glucose per minute at 30°C in 20 mM
sodium acetate buffer (pH 5.5); 0.05 g/l CaCl and
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100 g/l of sucrose. Levansucrase activity was
determined by measuring the amount ¢ of reducing
sugars derived from sucrose by the 3,5-
dinitrosalicylic acid method (DNS) [16]. For
determination of the specific enzyme activity,
proteins were assayed by the method of Bradford
[17], using bovine serum albumin as a standard.
The transferase activity of the purified levansucrase
was determined as a difference between the amount
of released glucose from sucrose (total activity) and
the amount of measured fructose (hydrolytic
activity) in the presence of 100 g/l of sucrose. D-
glucose and  D-fructose  were  measured
enzymatically ~ with  hexokinase, glucose-6P
dehydrogenase and phospho-glucose isomerase (K-
FRUGL kit from Megazyme). All measurements
were performed at least in triplicate and average
values are given.

Kinetic studies of recombinant levansucrase L17

The Kkinetics parameters were determined at
35°C in the presence of 20 mM sodium acetate
buffer, pH 5.5, 0.05 g/l CaCl, and sucrose
concentrations ranging from 20 to 1000 mM. All
measurements were performed in triplicate and the
received data were processed using SigmaPlot 12.0
(Systat Sofware Inc.). Km and Vmax were
determined by nonlinear regression approach
according and Lineweaver-Burk equation.

Determination of acceptor specifity of recombinant
levansucrase and optimization the reaction
conditions for fructooligosaccharides synthesis

To study the acceptor specificity of purified
levansucrase various sugar acceptors (fructose,
arabinose, maltose, lactose, lactulose, raffinose,
fructooligosaccharides and galactooligo-
saccharides) were tested. The enzymatic synthesis
in the presence of sucrose as fructosyl donor and
various sugar acceptor molecules was carried out at
35 °C in 20 mM sodium acetate buffer, pH 5.5,
containing 0.05 g/l CaCl; and 0.5 U/ml purified
levansucrase. The reaction volume was 50 ml.
Samples were taken at different time points (6 h, 12
h, 24 h, 48 h). In order to optimize the reaction
conditions for synthesis of fructooligosaccharides
different concentrations of sucrose and accpetors-
maltose, lactose, raffinose were tested. To evaluate
the influence of enzyme concentration on the
reaction conditions and the amount of the
synthesized products, synthesis reactions were
carried out using 0.5 U/ml, 1 U/ml and 2 U/ml
purified levansucrase.
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HPLC-analysis of fructooligosaccharides

Separation of oligosaccharides was achieved by
using a CarboPac PALl anion-exchange column
(250 mm64 mm; Dionex) coupled to a CarboPacl
Guard column (Dionex). The following gradient
was used: eluent A at 100% (0 min), 70% (10 min),
60% (25 min), 10%.

(80 min), 0% (83 min), 100% (91 min). Eluent
A was 0,1 M sodium hydroxide, and eluent B was
0,1 M sodium hydroxide in 0,6 M sodium acetate.
Detection was performed with an EDA40
electrochemical detector (Dionex), with an Au
working electrode, and an Ag.

AgCl reference electrode. The amount of
sucrose utilized during the reaction reflected the
total enzyme activity. The amount of fructose
synthesized reflected the hydrolytic enzyme
activity. The total activity minus the hydrolytic
activity reflected the transglycosylation enzyme
activity  (polymer and  fructooligosaccharide
formation). Based on these data, the hydrolysis
versus  transglycosylation  ratio  (end-point
conversion) was calculated.

RESULTS AND DISCUSSION

Effect of sucrose/enzyme ratio on the levan and
fructooligosaccharides production

In a previous study, we showed that the
synthesized polymer from recombinant
levansucrase from L. mesenteroides Lm 17 is levan
[18]. Using  different  concentrations  of
levansucrase, 0.5 U/ml, 1 U/ml and 2 U/ml, a study
on the influence of enzyme concentration on
polysaccharide and oligosaccharide synthesis from
10 % sucrose was carried out at 35°C in 20 mM
sodium acetate buffer, pH 5.5, containing 0.05 g/I
CaCl; (Table 1). The highest amount of the reaction
products were established when the enzyme activity
in the reaction mixture is 1 U/ml. Interestingly,
increasing levansucrase activity to 2 U/ml didn’t
led to higher concentration of the products. At the
6" hour of the start of the enzyme reaction,
maximum sucrose is hydrolyzed using 2U/ml
levansucrase (86.2%), which is three times the
hydrolysed sucrose using 0.5 U/ml levansucrase.
From previous studies is known that glucose has
inhibitory effect on hydrolysis and
transfructosylation reactions of levansucrase [19].
Table 1 indicates that accumulation of higher
amounts of glucose at the early stages of the
enzyme  reaction inhibits  processes  for
polysaccharide and FOS synthesis. In all reactions

with varying enzyme activities the whole amount of
sucrose is hydrolyzed at 12" hour, and hydrolysis
of the substrate proceed faster with increasing the
levansucrase activity in the reaction mixtures.

Table 1. Profile of the products synthesized by
levansucrase L17 at different in presence of 10% sucrose.

Time Levan:su_crase Consumed
) activity suctose (%) FroL  Fross
(U/ml)
0.5 2.5 14.9 0.0
3 1.0 24.7 60.1 6.2
2.0 62.4 47.8 14
0.5 22.7 22.7 0.0
6 1.0 61.4 63.1 4.2
2.0 86.2 54.9 2.0
0.5 100 62.3 3.2
12 1.0 100 92.8 2.3
2.0 100 65.8 1.7
0.5 100 69.6 3.3
24 1.0 100 97.2 2.8
2.0 100 73.6 2.5

Synthesis of oligosaccharides was observed at
the early hours (3™ hour) from the beginning of
the reaction, when 1 U/ml and 2 U/ml enzyme was
used. The results on Table 1 indicate that
transfructosylation reaction for production of levan
was favored after 6™ hour of the beginning, and the
hydrolysis reaction was not significant over the
same period of the enzyme reaction. These results
represent a very important characteristic of the
studied recombinant levansucrase with regards to
its high transferase to hydrolase ratio. It was
reported that production of FOS by FTFs is
competitively inhibited by glucose which is formed
as a by-product in transfer reaction [20]. We tested
the influence of glucose on (277,5 mM ) on
levansucrase activity. In presence of 277,5 mM
and 292 mM sucrose recombinant levansucrase
Lm17 shows 23 % of inhibition when 0,5 U/ml
enzyme is used and 16 % - when 1 U/ml enzyme is
used (Fig. 1). The received results confirmed that
the lower amount of levan and FOS formed by
levansucarse at 2 U/ml enzyme activity is due to the
product inhibition. The higher enzyme activity
leads to accumulation of higher amounts of glucose
at the earlier stages of the reaction, and cause
partial enzyme inhibition. Steinberg et al., 2004
demonstrated inhibitory dose-dependent effect of
glucose on FTF activity from S. mutans V-1995, as
the authors observed 75% inhibition and less
fructan production at 160 mM concentration of
glucose in the reaction mixture [21]. Product
inhibition by fructose has also been reported for
glucansucrases synthesizing glucans from sucrose
[22, 23].
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Fig. 1. Inhibition of levansucrase activity (%) by the
released glucose.

Acceptor specifity of recombinant levansucrase Lm17

To investigate the donor/acceptor specificity
(D/A) of levansucrase from L. mesenteroides Lm17
expressed in E. coli BL21(DES3), transfructosylation
reactions were conducted by using sucrose as a
donor of fructose units and fructose, arabinose,
maltose, lactose, lactulose, raffinose, fructo-
oligosaccharides or galacto-oligosaccharides as
acceptors. Synthesis of oligosaccharides was
detected only with maltose, lactose, fructo-
oligosaccharides and galacto-oligosaccharides as
acceptors (Table 2).

Table 2. Acceptor specifity of levansucarse L17.
Sugar acceptors Synthesis of FOSs
Arabinose -
Fructose
Maltose
Lactose
Lactulose -
Raffinose -
FOSs +
Galacto-ologosaccharides +

+ 4+

In the presence of fructose, arabinose, lactulose
and raffinose, oligosaccharides were not detected.
As a best acceptor for oligosaccharide production
from recombinant levansucrase Lml7 was
determined to be maltose, which is known to be the
best acceptor for the action of dextransuacrase
enzymes [23]. The highest total amount of
synthesized FOS — 20.4% was determined at 12%"
hour.

Table 2 indicate that the catalytic efficiency of
the transfructosylation activity of the studied
recombinant levansucrase is dominant after 6 hours
of reaction.
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Ratio between hydrolysation and
transfructosylation activity of levansucrase Lm17

Equivalent amounts of glucose and fructose
from sucrose is released from the hydrolytic
activity (Ht) of the levansucrases. The ratio
between glucose and fructose, could therefore be
used to determine the amount of fructose used for
transfructosylation to other sugars, i.e., the
transferase activity (Ft). Based on the concentration
of released glucose and fructose during the reaction
catalyzed by levansucrase L17, was determined the
ratio between transferase and hydrolase activity of
the enzyme. As is shown on a Fig. 2, during
enzyme reaction the transferase activity of of
levansucrase L17 was predominant as in the
presence only of substrate sucrose (10% ), thus in
the presence of acceptor maltose (5%). In the
presence of 10% sucrose the highest transferase
activity was observed at 12" hour, and after that
decreases until 48" h.

10% Sucrose
71,35

80 67.9 7L8 65.9
60

0 33l 28.2 28.6 Sl

20

6h 12h 24 h 48 h

® hydrolytic activity M transfructosylation activity

10% Sucrose + 5% Maltose

= = g
o = <
80 I ™~ -
L]
~ o]
60 W~
5 3 =
=2} -
40 & 9w N
20
0
6h 12h 24 h 48 h

® hydrolytic activity ™ transfiuctosylation activity
Fig. 2. Profile of hydrolase and transferase activity of
levansucrase L17 in the presence of sucrose and maltose.

In the presence of acceptor maltose in the
reaction mixture the transferase activity of the
enzyme increases. The highest transferase activity
in presence of 5 % maltose was observed at 24"
hour. Different factors affect the ratio between
transferase and hydrolase activity of levansucrase -
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sucrose concentration, pH and temperature [10,11].
It is known that the formation of low-molecular-
mass fructans at the early stages of the reaction
affects the ratio between transferase and hydrolase
levansucrase activity by directing the fructose units
mostly to elongation of the fructan chains instead to
water [24].

Determination of kinetic parameters in presence
of 10 % sucrose and 5 % maltose

Km and Vmax values were determined at
concentrations of sucrose ranging from 20 to
1000mM, and calculated from Lineweaver-Burk
plots. Km of the recombinant levan-sucrase Lm17
was 62.96+6.27mM sucrose, and Vmax value was
6.34+0.14 U/ml (Fig.3).

Velocity (U/ml)

0 200 400 600 800 1000 1200

Sucrose (mM)

2,5

Velocity (U/ml)

0,0

0 2|I]I] 460 GOID B[I)D 1 DIDD 1 2‘00
Sucrose : Maltose 2:1 (mM)

Fig. 3. Kinetics parameters of levansucrase L17

determined in the presence of sucrose and at

sucrose/maltose ratio 2:1.

The value of Km was higher than this one of
other recombinant levansucrases: Km = 36.7+5.4
mM for LevS from L. mesenteroides NRRL B-
512F [28]; Km = 27.3 mM for LevC from L.
mesenteroides ATCC 8293 [25]; Km = 26.6 mM

for levansucrase M1FT from L. mesenteroides B-
512FMC [7], and Km = 14.5442 mM for
levansucrase from Lb. sanfranciscensis TMW
1.392 [26].

Km and Vmax values were determined also in
presence of acceptor maltose ( D/A = 2 :1). In
carrying out the enzymatic reaction in the presence
of 10% sucrose and 5% maltose, Km of
recombinant levansucrase Lml7 was 43.99+7.01
mM sucrose, and Vmax value was 2.1+7.7 U/ml.

CONCLUSION

Selectivity of the reaction of synthesis of FOSs
using levansucrase was strongly dependent on the
enzyme source, type of acceptors and
donor/acceptor ratio. In the present study we first
describe that when maltose was the acceptor, the
major products was a fructooligosaccharide with
DP3 (75,5% of total fructooligosaccharides)
identified as an erlose. This investigation of the
properties of recombinant levansucrase Lml17
reveals the potential use of the enzyme as tools for
synthesis of short chain fructooligosaccharides
(erlose) with prebiotic potential.

Acknowledgements: This work was supported by
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17.12.2016.
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EH3MMEH CHUHTE3 HA ®PYKTO-OJIMI'O3AXAPUIN C IIOMOILTA HA
PEKOMBHUHAHTHA JIEBAH3AXAPA3A OT LEUCONOSTOC MESENTEROIDES Lm17

A. C. Canmum, B. I1. buBonapcku, T. A. Bacunesa, . H. Unues*

Kameopa ,, Buoxumus u muxpobuonozus *, Buonocuuecku ¢paxynmem, I1Y ,, [laucuit Xunenoapcku *, ya. ,, Lap Acen, Ne
24, IInogous, bvreapus

[ocrprmna va 01 mait 2017 r.; Kopurupana xHa 23 roan 2017 T.

(Pesrome)

Em3umbr neBanzaxapasza [EC2.4.1.10] tpancdepupa GppyKTO3MIHU OCTATHIM OT MOJIEKyJaTa Ha 3aXapo3ara KbM
pa3IUYHM aKIenTopu (ManTo3a, JaKTo3a) M ce TojydaBa M00Bp JOOMB Ha OJIMTO3axapuiid, KOUTO OWxa WUMaiH
npebuoTrueH moteHnuan. CeleKTHBHHST XapakTep Ha peakiusaTa 3a CUHTe3 Ha ¢pykroonurosaxapuaun (PO3) c
MOMOIIITa Ha JieBaH3axapa3a 3aBHCH CTPOTO OT NMPOM3X0/ia Ha eH3MMa, BUJia Ha aKIENTOPUTE U ChbOTHOILEHUETO JTOHOP/
akrenrtop (JI/A). Ipu n3cnensane crienuUIHOCTTA Ha aKIENITOPUTE CE OTPEeS Bh3MOKOCTTa Ha JieBaH3axapaza Lm
17 na curaresupa @O3 ¢ pa3auyHU CTPYKTYPH MPH HU3TOJI3BAHE HA PA3IMYHH aKLIENTOpH. B HACTOSIIOTO M3ciIeaBaHe
HHE 32 IIBPBH IBT ONHCAaXMe, Y€ NPH W3MOJI3BaHE Ha MaJITO3aTa KaTo AKIENTOp, OCHOBHUAT (PYKTOOIUTO3axapH,
KOKTO ce moiryyaBa € che creneH Ha nommmepusanus 3 (CII3) (75,5% ot toranHoTo KonmvecTBo cuHTesupanu ©O3),
naeHTHOHUIMpPaH KaTo epyo3a. JleBaH3zaxapaszara Oemie ¢ BHCOKa TpaHC(PYKTO3WJIa3Ha OTKOJKOTO XHIpOJIa3HA
aktuBHOCT. IIpu mpoBexnaHe Ha eH3UMHaTa peakuus B npucbcTBue Ha 10% 3axaposa u 5% wmanrosa, Km Ha
pexoMOnHaHTHATa JeBaH3axapaza Lml7 e 43.99+7.01 mM 3axaposa, n Vmax e 2.1£7.7 U/ml. ToBa npoyuBaHe Ha
CBOMCTBaTa Ha JieBaH3axapa3a Lml7 paskpu noTeHuuana Ha U3M0J3BaHe HA €H3MMa 3a CUHTE3 Ha KbcoBeprkHU PO3
(epmo3a) ¢ mpeOUOTHYCH MTOTCHIIHAT.
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This study is aiming to verify the influence of ethylene glycol (EG) on the degree of hydrolysis — condensation
reactions during the sol — gel processing and obtaining of pure titania gels. Two homogeneous gels were obtained using
titanium (1) butoxide with and without addition of EG and presence only of air moisture. By XRD was established that
the gel prepared without addition of EG (TBT) is amorphous up to 300 °C while the other one (TBT/EG) is amorphous
even at 400 °C. It is found that TiO, (anatase) is a dominating crystalline phase during the heating up to 600 °C while at
700 °C, TiO, (rutile) appeared. The IR and UV-Vis analyses revealed a completeness of hydrolysis — condensation
reactions in the TBT/EG in comparison to pure TBT gel. The UV-Vis spectra of TBT/EG gel exhibited a red shift of the

cut-off compared to pure TBT one.

Key words: sol-gel; phase transformations; IR spectra; UV-Vis spectra

INTRODUCTION

The sol-gel derived titanium  dioxide
nanoparticles are of great interest for many
applications. Among different precursors the Ti(IV)
n-butoxide is widely used for nanopowders
(nanowires, nanotubes, etc.) and films preparation
[1, 2]. It is well known that the chemistry of sol—gel
process is mainly based on hydrolysis and
polycondensation reactions leading to formation of
a polymerized oxide network. The systematically
studies during the last 20 years aimed to examine
the processing parameters that control the degree of
hydrolysis — condensation reactions. Some
excellent reviews are devoted to this topic [3-6].
The high reactivity of metal alkoxides towards
water leads to complex hydrolysis and
polymerization reactions. Generally, the hydrolysis
reaction is influenced by a number of factors such
as nature of the alkyl (R) group, the nature of the
solvent, the concentration of the species present in
solution, the water to alkoxide molar ratio and the
temperature [7,8,9]. Depending on the chemical
conditions, very different structures can be obtained
ranging from colloidal particles to precipitation or
gels. The mechanisms of these reactions have been
extensively studied in the case of silicon alkoxides,
whereas much less data are available for transition

* To whom all correspondence should be sent:
E-mail: albenadb@svr.igic.bas.bg

— metal oxide precursors [10]. It was found that the
titania sol-gel process follows essentially a
different pathway than the silicon based one [1].
According to Brinker and Sherer [11] the metal
alkoxides, especially those of the early transition
metals (Ti, Zr) possess lower electronegativity that
causes them lower stability toward hydrolysis and
condensation. The greater reactivity of these
alkoxides requires that they be processed with
stricter control of moisture and conditions of
hydrolysis in order to prepare homogeneous gels
rather than precipitates. The above mentioned is the
main reason for the fundamental studies of
hydrolysis and condensation of transition metal
alkoxides [1,11-13].

Our team has experience on the sol-gel obtaining
of powders in different binary and multicomponent
systems where Ti(IV) butoxide is used as a main
precursor  [14-17]. During the  structural
characterization of these samples some questions
arose related to the completeness of the hydrolysis-
condensation processes and their dependence on the
nature of the dissolvent and temperature. This
motivated our research in this direction.

The present paper aiming to verify the influence
of ethylene glycol (EG) on the hydrolysis -
condensation behavior of Ti(IV) n-butoxide during
the sol — gel process and obtaining of pure titania
powders. Moreover, the experiments have been
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performed without addition of water in order to
prevent the non — equilibrium fast hydrolysis of Ti
butoxide. A comparison of the phase formation and
short range order of the obtained gels and powders
is made as well.

EXPERIMENTAL
Preparation of the gels

Two gels were prepared using Ti(IV) n -
butoxide without direct addition of water and the
sol-gel hydrolysis reaction was accomplished only
in presence of air moisture. One of the gels was
obtained without usage of ethylene glycol (EG) as a
dissolvent while the other one was prepared by
dissolving the Ti butoxide in EG (in 1:1 molar
ratio), denoted as TBT and TBT/EG, respectively.
According to the literature data [18,19], the using
of diols as solvents is preferable due to their ability
to modify the metal alkoxides and to act as
chelating ligands forming bridges with other
alkoxide groups. By this way, the obtained
solutions become sufficiently stable. The pH of as-
prepared solutions was measured 4-5. The aging of
TBT and TBT/EG gels was performed in air for
several days in order to allow further hydrolysis.
After that they were subjected to the stepwise
heating in air up to 700 °C for one hour exposure
time for each temperature. In the temperature range
150-200 °C the bulk samples are broken into small
pieces during the drying. Further increasing of
temperatures (300-700 °C) was important to verify
the phase transformations of the gels.

Samples characterization

Powder XRD patterns were registered at room
temperature with a Bruker D8 Advance
diffractometer using Cu-K, radiation. The infrared
spectra were registered in the range 1600-400 cm™
using the KBr pellet technique on a Nicolet-320
FTIR spectrometer with 64 scans and a resolution
of +1 cm™. The optical absorption spectra of the
powdered samples in the wavelength range 200-
1000 nm were recorded by a UV-Vis diffused
reflectance spectrophotometer "Evolution 300"
using a magnesium oxide reflectance standard as
the baseline.

RESULTS AND DISCUSSION
Phase transformations

Transparent and monolithic gels were obtained.
The XRD patterns of samples heat treated in the
temperature range 200-700 °C are shown in Fig. 1.
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As it is seen in both samples (TBT and TBT/EG)
the amorphous phase is dominant up to 300 °C. At
400 °C in the XRD pattern of TBT first crystals of
TiO, (anatase) (JCPDS 78-2486) are registered,
while the TBT/EG sample is still amorphous due to
the higher amount of organics as a result of the
addition of EG. Thus, the presence of organic
groups from the dissolvent led to stabilization of
the amorphous state at higher temperatures. In the
temperature range 500-600 °C powders containing
only crystalline TiO, (anatase) are observed. The
increasing of temperature (700 °C) led to the
appearance of TiO, (rutile) (JCPDS 21-1276). It is
worth noting that in the XRD pattern of sample
TBT/EG the anatase to rutile phase transformation
is more completed (Fig. 1). At 500 °C the average
crystallite size (calculated using Sherrer’s equation)
of TiO, (anatase) in the TBT and TBT/EG samples
is 12 and 5 nm, respectively (Fig. 1). At higher
temperature (600 °C) the crystallite size increased
and it is about 16 nm in both samples.

UV - Vis spectroscopy

The UV-Vis spectroscopy is applied in order to
obtain information for the completeness of the
hydrolysis — condensation reactions. The diffuse
reflectance absorption spectra of both gels (aged at
room temperature) and heated at 200 °C are shown
in Fig. 2.

As one can see from the figure, the UV-Vis
spectra of TBT and TBT/EG gels are characterized
by two bands 240-250 nm and 320-340 nm. It is
known, that the main building units in the
unhydrolyzed Ti butoxide are isolated TiO, groups
with absorption band in the region 240-260 nm. As
a result of the polymerization processes TiO,
groups are transformed into TiOg units possessing
absorption about 320-340 nm [20-22]. Looking at
our spectra some differences could Dbe
distinguished. It is obvious that in the spectra of
TBT/EG gel the band at 320-340 nm is more
intensive as compared to 240-250 nm. That is
associated with an increase of the polymerization
degree of Ti atoms in comparison to pure TBT gel.
This experimental fact could be explained by the
presence of ethylene glycol. The heating at 200 °C
led to the further transformation of TiO, to TiOg
units and higher degree of polymerization
processes, respectively. The other difference is the
shifting toward higher wavelengths (340 nm) in the
spectra of heated at 200 °C TBT and TBT/EG
samples that could be related with the increasing
number of reaction intermediates.
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Fig. 1. XRD patterns of Ti (IV) n-butoxide (TBT) and Ti (IV) n-butoxid dissolved in EG (1:1) (TBT/EG) at different

temperatures: (A) TiOy-anatase, (R) TiO-rutile).
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Fig. 2. UV-Vis spectra of TBT and TBT/EG: gels and
heat treated at 200 °C.

IR spectroscopy

The IR spectroscopy is used for monitoring the
rate and degree of hydrolysis and condensation
process as well as the phase transformations in the
gels during the heat treatment (in the temperature
range 200-500 °C). The obtained by us IR spectra
of TBT and TBT/EG are shown in Fig. 3a,b. The
assignments of the vibrational bands of separate
structural units are made on the basis of well-
known spectral data for the precursors (Ti(IV) n-
butoxide), etylen glycol (solvent), n-butanol
(product of the hydrolysis-condensation reaction),
crystalline TiO, (anatase) and TiO, (rutile).
According to the literature data [23-25] pure Ti(IV)
n-butoxide precursor is characterized by bands
located between 1500-1300 cm™ assigned to the
bending vibrations of CH; and CH, groups. The
band at 1130 cm™ is characteristic for the stretching
vibrations of Ti-O-C, while those at 1100 and 1040
cm™ are assigned to the vibrations of terminal and
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bridging C-O bonds in butoxy ligands. Broad
absorption bands below 1000 cm™ correspond to C-
H, C-O and deformation Ti-O-C vibrations [23,
26]. The ethylene glycol possesses asymmetric and
symmetric stretching vibrations of C-O bonds in
CH,-OH groups at 1090 and 1040 cm™ while in the
spectrum of butanol they appeared at 1110, 1050
cm along with a very intensive band at 1070 cm™
[27,28]. The IR spectrum of TiO, (anatase) is
characterized by bands at 620 - 610 and 480 - 470
cm™ [29,30] connected with the vibrations of TiOg
units. As supporting information, the measured by
us spectra of ethylene glycol and 1-butanol, are
presented in Fig. 4.

Obviously, the absorption region 1100 - 1020
cm™ is very complex due to the overlapping of the
vibrations of different structural units from Ti(IV)
butoxide, EG and n-butanol. Irrespective of the
existing spectral restrictions several authors [23,
24] use these bands for the interpretation of
hydrolysis-condensation processes. Looking at the
IR spectra of obtained by us TBT and TBT/EG gels
(25 °C) (Fig. 3a,b) a difference could be seen
regarding the intensity of a band centered at 1130-
1120 cm™. In the TBT spectrum this band is well
defined at 1130 cm™, due to the uncompleted
hydrolysis reaction. In the TBT/EG spectrum it is

Ti (IV) n-butoxide Alfa Aesar

Transmittance, (a. u)

200°C

160°C

gel

T T LA T T 1 T
1600 1400 1200 1000 800 600 400
Wavenumber,cm’

transformed into a shoulder and shifted to 1120 cm™
may be as a result of breaking of the Ti-O-C
linkage. Another important band is that at 1100 cm™
in TBT which is shifted to 1080 cm™ in TBT/EG
and its intensity increases as a result of the
separation of butanol due to the greater degree of
hydrolysis-condensation  reactions.  Additional
confirmation for this suggestion is the decrease of
bands intensity in the range 640 - 610 cm™ (Fig. 4)
which is a characteristic feature of n-butanol. There
is also a broad band in the IR spectrum of TBT at
790 cm™ that could be connected to the vibrations
of butoxy groups. But this band is negligible in the
spectrum of TBT/EG.

Heating of the gels up to 250 °C (Fig. 3) ledto a
strong decreasing of the bands in the range 1500 -
1300 cm™ that are typical for the vibrations of CH,
and CHjs groups. A decrease in the bands intensity
at 1120, 1080 and 1040 cm™ as a consequence of
decreasing of the number of non-hydrolyzed butoxy
groups is also observed (Fig. 3). The spectra above
300 °C showed two strong bands near 620 and 480
cm™ that are typical for the vibrations of TiOg
building units (Fig. 3) [27,28].

It has to be mentioned that at 500 °C the IR
spectra of both samples exhibited bands in the

THOC H),+CH.0, =11

500°C
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8

1080
50
0
520 G620 o2
430 (e 450 (e—a50)
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@)

=}
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Fig. 3. IR spectra of TBT and TBT/EG: gels and heat treated up to 500 °C.
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Fig. 4. IR spectra of the used precursors: a) EG, b) n-butanol and ¢) Ti (IV) n-butoxide.

ranges 1400 - 1220 cm™ and 1090 - 1050 cm™ that
could be related to the presence of residual
carbon, participating in different organic groups.
In our previous investigations [20, 21], by DTA
analysis it was established that the carbon exist in
the samples even above 500 °C

Analysis of the results

Generally, in our experiments we did not
introduce water in order to prevent the non —
equilibrium fast hydrolysis of Ti butoxide as well
as to avoid obtaining of inhomogeneous gels.
Transparent, homogeneous and monolithic TBT
and TBT/EG gels have been prepared at presence
only of air moisture. From the obtained results is
seen that the hydrolysis-condensation processes in
both cases are not completed at room temperature
and continue in a wide temperature range along
with the decomposition of the organic groups. The
discussion on the completeness of hydrolysis-
condensation processes and transformation of the
amorphous gels into nano-crystalline TiO,
powders is made bearing in mind the changes in
the intensity along with shifting of the IR bands
(1120, 1080 and 1020 cm™) as well as the UV-Vis
bands (250 and 320 nm). The strong IR band at
1080 cm™ (due to separation of n-butanol) in the
TBT/EG indicates fuller hydrolysis. The stronger
intensity of UV — Vis band about 320-340 nm as
compared to 240-250 nm is a proof for
transformation of TiO, to TiOg units. This is
observed in the UV-Vis spectra of TBT/EG gel

and heated at 200 °C sample, which suggest a
higher degree of polymerization processes.
Obviously, in presence of EG a higher degree of
hydrolysis - condensation reactions is achieved.

CONCLUSION

Two homogeneous titania gels obtained with
and without addition of EG in presence only of air
moisture are prepared. It was established that
etlylene glycol preserved the mixed organic—
inorganic  amorphous structure at higher
temperature (400 °C). The spectral analyses
revealed a completeness of hydrolysis -
condensation reactions in the TBT/EG in
comparison to pure TBT gel. A more completed
conversion of TiO, (anatase) to rutile is registered
at 700 °C in the TBT/EG sample.
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BJIMAHUE HA ETWIEH I'NIMKOJIA BBPXY XU/IPOJIM3HO — KOHAEH3AIIMOHHOTO

[NHOBEJIEHUE HA Ti(IV) BYTOKCU/
Cr. U. ﬁopnaHOBl, A. JI. bruBapoBa — Henemuesa® , P. C. I\/JloszaHOBa2

! Huemumym no memanosnanue, coopvicenus u mexronozuu ¢ L{enmuvp no xuopo- u aepoounamuxa ,, Axao.
Aneen banescxu‘ - BAH, yn. "llunyecuxu npoxoo"” 67, 1574 Cogus, Bvreapus
2 Unemumym no O6wa u Heopeanuuna Xumus - BAH, yn. “Akao. I'. Bonues”, 61. 11, 1113 Cogus, Bvacapus

[ocrermna va 28 anpwu 2017 r.; Kopurupana ua 06 roru 2017 .

(Pesrome)

[enTa Ha W3CIEBAHETO € Jla Ce MPOBEpH BIUsSHUETO Ha eTmieH riukona (EI') BbpXy ckopocTTa Ha MPOTHYAaHE Ha
XHUJPOJM3HO — KOHJICH3ALMOHHUTE MPOLIECH MPH MOJYyYaBaHETO Ha Ieli OT TUTAHOB OyTOKCH/. J[Ba XOMOTeHHH reja ca
MOJy4eHH Cbhc M Oe3 mo0aBsiHE Ha ETWIEH IJIMKOJ B IPHCHCTBHE caMO Ha arMocdepHa Biara. Upes PDA Oe
ycranoBeHo, 4e rexsT (TBT), nomyden or turanoBuar Oyrokcuna 6e3 nodassue Ha EI' e amopden no 300°C, nokaro
TO3HM IOJIy4€H OT THTaHOBHs OyTokcua pasrBopeH B etwiieH rimkoi (TBT/EDN) e amopden no 400 °C. JlokazaHo Oe, 4ye
JIOMUHHUpamaTa kpucranHa (asa npu Harpsisane 10 600 °C e TiO, (anara3) a npu 700 °C e perucrpupan u TiO,
(pytun). Cnexrpanuute anamisu (MY u YB — Buc) ycraHoBHXa MPOTHYAHETO B MO-IIBJIHA CTENCH Ha XUIPOJIM3HO —
koHaeHzanuonuute peakuuu npu TBT/EG B cpaBuenue ¢ uuctust TBT. ¥YB - Buc cnekrpute Ha rena cpabpikany EI
MoKaszaxa eHO OTMECTBaHe Ha abCOpPOIMOHHHWS pHO KBbM ITO-BUCOKHTE CTOMHOCTH Ha Jb/DKMHATA Ha BhiaHaTa (“red
shifting”) B cpaBHenue ¢ unctus THT remaHTHOKCHIaHTHA AaKTUBHOCT.
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Urban and industrial activities introduce large amounts of pollutants into the marine environment, causing
significant and permanent disturbances in marine systems and, consequently, environmental and ecological degradation.
The present paper explores the heavy metals as contaminants. Our purpose is to develop a mathematical description of
the relation between marine water and sediments and sea organism pollution.

Key words: pollutants; heavy metals; sea organisms; sea water

INTRODUCTION

Urban and industrial activities introduce large
amounts of pollutants into the marine environment,
causing significant and permanent disturbances in
marine systems and, consequently, environmental
and ecological degradation. This phenomenon is
especially significant in coastal zones, as these are
the main sinks of almost all anthropogenic
pollutants. It has long been recognized that metals
in the marine environment are particularly
significant in the ecotoxicology, since they are
highly persistent and can be toxic in traces. Certain
kinds of contaminants, such as heavy metals, occur
naturally in the environment and it is important to
be able to distinguish between anthropogenic
contamination and background or natural levels so
as to enable accurate evaluation of the degree of
contamination in a particular area [1].

The use of marine organisms as bioindicators for
trace metal pollution is currently very common.
Algae, molluscs and fishes are among the
organisms most used for this purpose [2]. Fishes are
able to accumulate trace metals, reaching
concentration values that are thousands of times
higher than the corresponding concentrations in sea
water.

The use of biological species in the monitoring
of marine environment quality permits the
evaluation of the biologically available levels of
contaminants in the ecosystem or the effects of
contaminants on living organisms. The analysis of
environmental matrices such as water or sediment
provides a picture of the total contaminant load

* To whom all correspondence should be sent:
E-mail: ivan.bangov@gmail.com

rather than of that fraction of direct
ecotoxicological relevance. Thus, the use of
biomonitors eliminates the need for complex
studies on the chemical speciation of aquatic
contaminants.

Because the metal pollution in aquatic
environments can be harmful to human health, it is
necessary to understand and control the hazard
levels of pollution in seafood. Therefore, it is of
great importance to determine the levels of As, Cd,
Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn in the marine
water, sediments and muscles of the different fish
species from Black Sea, Bulgaria.

The purpose of this paper is to develop some
qualitative measures for an estimate of the transfer
of heavy metals from water to some marine species.

NUMERIC ESTIMATIONS

Here, our efforts were directed to create some
numeric estimates of the transfer of pollution from
the sea water and sediments to fish and other sea
organisms. This development will focus further on
the development of an engine which will be a part
of a warehouse consisting of a database and
software attached to it.

First, some correlations between marine
pollution with heavy metals and as a result,
pollution of the marine organisms, fish, shellfish,
etc., (biota) were proposed. As a first step some
statistical indicators on the percentage of pollution
of the marine biota Xfw (from water)and Xfs (from
sediments) as a percentage of water pollution
(Xfw%) and as a percentage of contamination of
sediments (Xfs%) were introduced. They have the
following expressions:
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Xfw =1.0-(Wx-Fx)/Xw 1)
Xfw%=Xw . 100 (1)
Xfs = 1.0-(Sx-Fx)/Xs 2
Xfs%=Xs .100 (2

WHx and Sx are the amounts of a pollutant (heavy
metal element) in water and sediment and Fx is the
amount of a contamination (heavy metal element)
in fish or mollusc. Xw and Xs are the
contaminations from water and sediments
respectively from 0 to 1.0, Xw% and Xs% are the
same values expressed as percentages, from 0% to
100%.

If the entire amount of pollutant passes in fish or
mollusks, then the expressions (1) and (2) provide
either 1.0 or in percentage 100%. Figure 1 shows
some results of these values for 3 fishes in any
water and sediments (. Xfw%, Xfs%,).

Since fish do not stay in one the same water area
we made an average between the numerical values
of the waters and sediments of all areas using

average values obtained by the following
expressions:
XavfW=1.0-(avrgWx-Fx)/avrgXw 3
XavfWw%=Xav x 100 (3"
XavfS=1.0-(avrgSx-Fx)/avrgXs 4)
XavfS%= XavS x 100 4"

Here XavfW where the degree of contamination
of fish by the average amount of a pollutant in all
waters avrgXw, and XavfS degree of contamination
of fish by the average amount of a pollutant in all
sediments avrgXs. It should be noted that we do not
know how long the fish stay in either one or
another marine area, so we average the waters and
sediments. Further, we shall attempt to draw a
conclusion about the fish stay. Some results of our
calculations are presented in Figure 1 with
XavfW%, XavfS%.

But we noticed that the use of separate water and
sediments in some cases produce results greater
than 100% (see the discussions bellow). This is the
case with the element Cu. Clearly, we must use
both factors together. So we obtained the following
expressions for the pollution:

Xws=1.0-(Wx+Sx-Fx)/(Wx+Sx) (9
Xws%=Xws x100 (10)

as well as by using the averaged values for
sediments and water we obtain the following
experession:

XavWS=1.0-(avSx+avWx-Fx)/(avSx+avWx) (11)
XavWS% = XavWSs x 100 (12)

Now we attempted to determine the average
time that sea organisms stay in both water and
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sediments. The expressions for calculation of these
values are the following:

fsum= > Xf

allelements (13)
Here Xf is the contamination of the fish from all
heavy metal elements.

wSum = Z Xw

allelements (14)
wSum is the pollutions of fish from all waters.

wsSum= > Xws

allelements (15)
wsSum is the pollution of the fish from sediments
and waters.

So that the accumulation of all the elements for a
fish to water Wall, for sediment
Sall, Wa&all, is -calculated by following
statements:
Accumulation of water:
wSum — fSum
Wall =1 {WSum— fsum)
wSum (16)
Accumulation of sediments:
Sall =1— (s Sum— fSum)
sSum (17)
Accumulation of water and sediment:
ws Sum — fSum
WSall =1- ( )
wsSum (18)

Based on these expressions attempt was made
to calculate the duration of stay of each fish in
water (Tw) and sediment (Ts) in percentages.

This was accomplished with the decision of the
two equations:

wsSum = Ts . sSum + Tw . wSum (19)

Tw = (1-Ts) (20)

And here we get:

_ (wsSum —wSum)
~ (sSum—wSum) 1)
as Tw = (1-Ts) (22)

Here Tw and Ts are the times which the fish stay in
water and in sediments, respectively.

DISCUSSION

The program for calculating the degree of
accumulation of toxic metals in fish from sea water
and sediments fish-water.jar was developed by
Prof. Bangov, by using the Java computer platform
(Oracle). Data on fish, surface sediment values and
sea water from the Black Sea (see the Supporting
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data) are given initially in an Excel file format.
Then, the file is converted into text (txt) tabbed file
format, and the program reads this data and
calculates the degree of accumulated based on the
expressions 1-22.

These data have been derived from the Varna
Medicinal university group respectively for 2011
and are presented in Tables 1S-3S in the Supporting
Information. The results from the calculations are
illustrated with calculated values for 3 fishes in
Figure 1.

After each calculation of the influence of any
heavy metal of a fish we have estimates of the
percentage of aggregation of all the elements

WATER "Black sea-Krapets (North)

BG2BS00000MS001 43°36'60.0"" / 28°35'60.0"

descriptors =========

Cr, [pg/L]1=0.4 Mn, [pg/L]=1.0 Ni, [pg/L]=0.6 Cu,

Elements
[ng/L]=1.
1 Zn, [ug/L]=18.0 As, [pg/L]]=1.5 Cd, [ng/L]=0.06
Hg, [ug/L],=0.05 Pb, [pg/L]=1.5

FISH Kaparso3 (A. pontica) North

FISH / ELEMENT RESULTS
Element Cr [pg/g] water-> Xfw= 12.5%-- sediment= Xfs=2.501%-
--avrg water= XavrgfW = 7.99%----avrgSediment= XavrgfS 0.905%
----- water+sediment value= 2.084%

Element Mn [ng/g] water-> Xfw = 22%----- sediment= Xfs =0.043%

---avrg water= XavrgW = 6.986%----avrgSediment= XavrgS 0.024%
----- water+sediment value= 0.043%

Element Ni [png/g] water-> Xfw = 11.667%----- sediment= Xfs
=0.351%-

----- avrg water= XavrgW = 7.778%----avrgSediment=XavrgS 0.212%
————— water+sediment value= 0.34%

Element Cu [pg/g] water-> Xfw = 75%----- sediment= Xfs =1.801%
---avrg water= XavrgW = 33.906%----avrgSediment= XavrgS 0.826%
————— water+sediment value= 1.758%

Element Zn [pg/g] water-> Xfw = 29.033%----- sediment= Xfs
=17.308%

---avrg water= XavrgW = 41.079%----avrgSediment=
XavrgS 10.297%-----water+sediment value= 10.844%

Element As [ug/g] water-> Xfw = 34.546%----- sediment= Xfs
=9.269%

---avrg water= XavrgW = 16.866%----avrgSediment= XavrgS 5.957%
----- water+sediment value= 7.308%

Element Cd [pg/g] water-> Xfw = 14.001%----- sediment= Xfs
=7.778%

---avrg water= XavrgW = 8.457%----avrgSediment= XavrgS 4.713%
————— water+sediment value= 5.001%

Element Hg [ng/g] water-> Xfw 160%----- sediment= Xfs =160%-
--avrg water= XavrgW = 124.445%----avrgSediment= XavrgS
106.706%

————— water+sediment value= 80%

Element Pb [pg/g] water-> Xfw = 14.706%----- sediment=
Xs=0.173%-

--avrg water= XavrgW = 5.158%----avrgSediment=XavrgS 0.113%
----- water+sediment value= 0.171%

All elements from water to fish = 29.438%

All elements from sediments to fish = 2.6%

All elements from water and sediments to fish = 2.389%

Time spent in sediments in % = 1.008%

Time spent in water in % = 98.993%

Fig. 1. Listing with the results for 2 fishes in

included and column All elements to fish” which
takes into account the influence of all considered
toxic metals and their mutual accumulates in the
fish from both the sea water and the surface-
sediments. We found that these values from sea
water ranged from 30.217% in horse mackerel to
40.365% at sprat, and values for sediment ranged
between 6.188% of clamshell (wild) (Mytilus
edulis) and Kefal (M.cephalus) South 1.785%, and
for Combination If water + sediments in the range:
1.641% - 6.686%.

We present in Figure 1 results from two fishes to
illustrate the pollution in percentage according the

formulas above.

FISH Kas (N. melanostomus) North
Results

Element Cr [pg/g] water-> Xfw = 12.5%----- sediment= Xfs =2.501%
---avrg water= XavrgW = 7.99%----avrgSediment= XavrgS 0.905%
----- water+sediment value= 2.084%

Element Mn [pg/g] water-> Xfw Xw= 14.001%----- sediment= Xfs
=0.027%

---avrg water= XavrgW = 4.446%----

avrgSediment= XavrgS 0.015%-----water+sediment value= 0.027%
Element Ni [pg/g] water-> Xfw = 1.334%----- sediment= Xfs =0.04%-
----avrg water= XavrgW = 0.889%----avrgSediment= XavrgS 0.025%
----- water+sediment value= 0.039%

Element Cu [pg/g] water-> Xfw = 126.667%----- sediment= Xfs
=3.041%

---avrg water= XavrgW = 57.262%----

avrgSediment= XavrgS 1.395%-----water+sediment value= 2.969%
Element Zn [ug/g] water-> Xfw = 29.033%----- sediment=
Xfs=17.308%

---avrg water= XavrgW = 41.079%

----avrgSediment= XavrgS 10.297%-----water+sediment value=
10.844%

Element As [ug/g] water-> Xfw = 60%----- sediment= Xfs=16.098%
----- avrg water= XavrgW = 29.293%

----avrgSediment= XavrgS 10.345%-----water+sediment value=
12.693%

Element Cd [pg/g] water-> Xfw = 12%----- sediment= Xfs=6.667%
---avrg water= XavrgW = 7.249%

----avrgSediment= XavrgS 4.039%-----water+sediment value= 4.286%
Element Hg [pg/g] water-> Xfw = 100%----- sediment= Xfs=100%
---avrg water= XavrgW = 77.778%----avrgSediment= XavrgS 66.691%
————— water+sediment value= 50%

Element Pb [ng/g] water-> Xfw = 8.824%----- sediment= Xfs=0.104%
---avrg water= XavrgW = 3.095%----avrgSediment= XavrgS 0.068%
————— water+sediment value= 0.103%

All elements from water to fish = 30.699%

All elements from sediments to fish = 2.712%

All elements from water and sediments to fish = 2.492%
Time spent in sediments in % = 1.008%

Time spent in water in % = 98.993%

in Black sea-Krapets water.
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In Figure 1 Xw is the percentage of pollution
calculated on the local water only, Xs - the
percentage of pollution calculated on the local
sediments only. The same values are averaged for
waters of all locations, XavrgW, sediments Xavrgs,
averaged from all locations and the percentage of
pollution Xws by using both water and sediment
values in the calculations.

One can see from Figure 1 that in the case of Hg
for both fish and shell the Xw result is higher than
100%. This indicates that there is another source of
pollution, which are obviously sediments. The
result Xs show clearly that we have increase
pollution of Hg from sediments. When we use the
joint pollution of water and sediments we obtain
normal value less than 100%. Our calculations
show that that the great part of pollution of Hg
comes from the sediments.

The data in Figure 1 show that in the case of
combined action of the two factors (sea water and
surface  sediment) data extracting normal
appearance. As an example we can cite the
estimated value of Hg fish shad caught by region
Krapec (North):

Hg [ng / g] value = 0.08-> Xw = 160% ----- Xs =
160% ------ XavrgW = 124.445% ---- XavrgS
106.706% ----- Xws = 80%

Here, the value of Xws is equal to 80% (by
comparing with XavrgW=124.445% and 106.706%
XavrgS-). Then, a question arises, why a toxic
element percentage of the combined influence of

marine water and sediment on fish decreases the
contamination of the sea organisms. The
explanation is logical. Our data for the
contamination of fishes are constant. We haven’t
got data to form a function that shows how the
contamination of marine organism increases with
the pollution of the water and when combined we
have influence of both factors (sea water and
sediment), the percentage that each component
introduced into combined value decreases, i.e. it
shows that owing to the rich contamination of the
sediments a smaller amount of sediment and water
pollution is needed in order the same value of the
contamination of the fish to be reached.

The time values of the stay in water and sediments
show the same trend. Thus, the fish stays very little
time in the sediments, but because they are rich of
heavy metal pollution the fish absorbs much more
contamination. The remaining time the fish is in the
waters which are shorter of pollution.
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MATEMATHNYECKO OITMCAHUME HA 3ABUCUMOCTTA MEXAY 3AMBPCABAHETO HA MOPCKATA
BOJIA 1 HA MOPCKUTE OPI"AHNU3MU

K. Ilenuesa’, 1. Bauros®*, M. Cranuesa’

! Meouyuncru ynusepcumem, Bapna, Llap Océobodumen, 86, Bapna 9008
2 [Ilymencku ynueepcumem, yi. Yuueepcumemcka, 115. Hlymen, 9712

[ocrprmna va 18 anpur 2017 r.; Kopurupana ra 30 mait 2017 .

(Pesrome)

yp6aHI/I3I/IpaHI/ITe U UHAYCTPUATHU AKTHUBHOCTU AOIIPHUHACAT 3a T'OJIEMHU KOJIWMYECTBA 3aMBbPCHUTCIN B MOpCKaTa
cpeaa, HpI/I‘II/IHﬂBaﬁKPI S3HAYUTCIIHA W TOCTOAHHU CMYHICHHUA B MOPCKHUTC CUCTEMU M KaTO CJICACTBHC CKOJOTHYHA
A€rpananusa Ha OKOJIHaTa Cpeaa. Hacrosmara cratus n3y4daBa TCKKUTC METAJIU, KAaTO 3aMBbpPCUTEIIN. Hamara oeil € ga
C€ pa3BrU€ MaTEMAaTUYCCKO OMMMCAHNE HA 3aBUCUMOCTTAa HA MOPCKUTEC BOJAU U CEAUMCHTH 1 3aMBbPCABAHCTO HA MOPCKHUTE
OpraHU3MHU.
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The free energies of activation for rotation about the amide C-N bond in R-C(O)NR’, (R’=CH3z, R = CN, N3, C=C-
H, C=C-CHs; R’=H, R = C,Hs, CH(CH?3),) were calculated at the MP2(fc)/6-31+G*//6-31G* and at the MP2(fc)/6-
311++G**//6-311++G** levels of theory and compared with the NMR liquid and gas-phase data. On the basis of
results from this and previous studies we generalize that in case of amides and thioamides the nonbonded interactions in
ground state (GS) are mainly responsible for the differences in the rotational barriers and they prevail over the

electronic effects of the substitutents.

Key words: amides; barrier to internal rotation; ab initio SCF study

INTRODUCTION

The great interest for the amide functional group
in chemistry is mainly related to its occurrence as a
building block in peptides and proteins. The
internal rotation about the amide C-N bond in
amides and thioamides has been intensively studied
experimentally by NMR spectroscopy in the gas [1-
7] and in the liquid phase [8]. The experimental
results were used to judge theoretical methods of
calculating barrier heights. The origin of the C-N
rotational barrier and its relation to amide
resonance has also received much attention in the
last years [9-14].

Recently the electronic effect of polar
substituents on the barrier of internal rotation
around the amide carbon-nitrogen bond in p-
substituted acetanilides[15, 16] and thioacetanilides
[17] were studied at the B3LYP/6-31G(d,p) level.
Several linear relationships were established linking
the barrier heights with structural and electronic
parameters that characterize the amide and
thioamide grouping. The results obtained are
consistent with the views for a classical amide
resonance as being the origin of higher rotational
barriers in thioamides than in amides.

Recently we presented ab initio calculations[18]
of barrier to internal rotation about C-N bond in
N,N-dimethylcinnamamides, which were studied
by dynamic NMR spectroscopy[19,20]. On the
other hand the interest to cinnamamides namely
coumaric amides increases in the last years because

* To whom all correspondence should be sent:
E-mail: niki@orgchm.bas.bg

of potential antioxidant activity of these compounds
[21,22]. The free energy of activation of substituted
cinnamamides were reproduced very well using
MP2(fc)/6-31+G*//6-31G* energies and PCM/6-
31G™* energy change from gas phase to chloroform.
For all studied compounds the anti transition state
(anti TS) is more stable and determines the
rotational barrier. The remote effect of phenyl
substituents in the studied compound has pure
electronic origin, which was demonstrated by the
relationship between C-N bond order difference
and calculated energy barrier [18].

In this paper we continue our investigation of
effects of substituents on the height of rotational
barriers in amides by ab initio studying at the
MP2/6-31+G*//6-31G* and at the MP2(fc)/6-
311++G**//6-311++G** |evels of theory the
amides R-C(O)N(CH3), (R = CN, N; C=C-H,
CEC‘CHg) and in H'C(O)NR2 (R = C2H5,
CH(CHs)y).

METHODS

The ab initio SCF calculations were performed
using the package GAMESS[23]. The complete
geometry optimization was carried out using the 6-
31G* and 6-311++G** basis sets. The molecules
were assumed to have C1 symmetry in the ground
state (GS) and CS symmetry in the transition states
(TS). The bond order analysis was done at the
HF/6-31G* level of theory as it is implemented in
program GAMESS for closed shells by
Giambiagi[24] and Mayer[25]. For recent review
about bond orders see ref. [26]. The energies were

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 275
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then calculated at the MP2(fc)/6-31+G*//6-31G*
and at the MP2(fc)/6-311++G**//6-311++G**
levels of theory. In calculating the vibrational
energies, the vibrational frequencies were scaled by
0.89[27]. In each case 7 (TS) or 8 (GS) scaled
frequencies below 500 cm™ were treated as
rotations (E=RT/2) [27]. The imaginary frequency
for the transition states is ignored in all
thermodynamics calculations. The effect of solvent
on the relative stabilities of the GS and TS was
studied using the polarized continuum model
(PCM) proposed by Tomasi et al. [28] with the
build in parameters for solvents CCl, and toluene.
In the case of 1,1,2,2-tetrachloroethane (TCE) and
diethyl formamide we relied on the experimental
data. The static dielectric constant was 8.20 for
TCE and 29.02 for diethyl formamide, the dielectric
constants at infinite frequency were calculated from
the refractive indexes. The solvent radiuses, the
solvent densities and the molar volumes were
calculated from the tabulated densities and molar
masses. In our investigations only the electrostatic
contributions were taken into account utilizing
single point PCM calculations at HF/6-311++G**
level of theory.

RESULTS AND DISCUSSION
Geometry optimization

The heavy-atom framework of the studied
molecules in the GS was found to be essentially
planar and close to Cs symmetry. The GS structures
of H-C(O)NR, (R = C,Hs, CH(CHs),) are an
exception (Figure 1 and S1). The two R substituents
are not symmetrical [29]. The transition state
geometries of studied amides (Figure 1 and 1S)
were optimized in Cs symmetry. This approach
usually yields transition states, but for some of our
structures additional refining of saddle point was
necessary in order to locate TS structure with only

Rl

O O
\\C N/ \\C

one imaginary frequency. Again the TS structures
of H'C(O)NRZ (R = C2H5, CH(CHg)z) were
unsymmetrical (Figure 1S). The calculated energies
for GS, anti and syn TS, are presented in Tables 1
and 1S. The anti TS is more stable in all cases.
Therefore anti TS of studied compounds give the
greatest contribution to the rotational barrier.

The most significant structural changes in the
process of rotation towards the transition states are
that the nitrogen is pyramidalized and the C-N bond
lengthens from 1.34-1.35 to 1.40-1.42 A (Table 2).
However, the C=0 bond length shortens by 0.01-
0.02 A only. This indicates that the carbonyl group
is relatively unaffected by this rotation

Comparison of calculated activation parameters
and experimental data

Calculation of the vibrational frequencies
confirmed the assignment of the anti and syn forms
as transition states and allowed computation of the
enthalpy, entropy and free energy changes at 298K.
The thermodynamic results for the isomerisation of
the studied amides are presented in Table 3. In

298

present case, AH is obtained from the sum of

the changes in the electronic energy, AEeo, the

zero-point  vibrational energy, AEVO, and the
thermal correction to the zero-point energy, AA

EV298. The scaled frequencies were used also for
the entropy calculation. In this case the two lowest
real frequencies, which correspond to rotations of
the methyl groups, need to be treated as hindered

rotations. The resultant free energy, AG¢(298K),
for the anti TS can be compared with the gas-phase
NMR results.

0 R
O \\C /R

—N
N
R
R/ \R' R/ \R' R/ @
GS syn TS anti TS

Fig. 1. Ground state (GS) and two transition states (TS) of the studied amides: (R’=CH3, R = CN, N3, C=C-H, C=C-

CH3; R’:H, R= C2H5, CH(CHg)z)
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Table 1. Calculated Electronic energies Ee0 for the studied amides R-C(O)NR’, in Hartrees

N. G. Vassilev: Ab Initio SCF study of the barrier to internal rotation in simple amides

R R’ State ZPE®  MP2(fc)/ MP2(fc)/ PCM/311++G**
6-31+G*// 6-311++G**//
6-31G* 6-311++G**
CH,C=C CH, GS 84.20 -362.822927 -363.035250 72°
CH,C=C CH, antiTS  83.98 -362.796311 ° -363.009445 ° 5.6°¢
CH,C=C CH; syn TS 83.92 -362.795327 -363.009209 -6.6°
HC=C CH;, GS 67.31 -323.645785 -323.828466 6.9°
HC=C CH;, antiTS  67.05 -323.618149 * -323.801902 * 5.3°
HC=C CH;, syn TS 66.98 -323.617324 -323.801782 -6.1°
N=C CH;, GS 60.93 -339.732431 -339.915725 72°
N=C CH;, antiTS  60.60 -339.701189 -339.885634 5.4°
N=C CH;, syn TS 60.48 -339.701347 ° -339.886375 ° -6.0°
N, CH, GS 63.94 -410.926097 ~411.140548 34°
N, CH;, antiTS  63.70 -410.901043 ° -411.116520 ° -3.9¢
N, CH, synTS  63.67 -410.900286 -411.116026 -4.0°
H CHs GS 107.70 -326.070618 -326.287625 73°
H CHs  antiTS  106.95 -326.035407 * -326.253552 ° 4.4°
H CHs synTS  106.73 -326.033911 -326.252694 -6.4°
H i-CsH; GS 12954 -404.411288 -404.688025 377
H i-C;H;  antiTS  128.60 -404.373029 * -404.650673 * 23"
H i-C;H, synTS 12851 -404.371845 -404.650225 -3.3f
CH,C=C H GS 50.16 -284.500681 ~284.658790
CH,C=C H antiTS  50.04 -284.475042 ° -284.634549 °
CH,C=C H syn TS 50.03 -284.472365 -284.632523
HC=C H GS 33.31 -245.323182 -245.451906
HC=C H antiTS  33.09 -245.296724 ° -245.426980 *
HC=C H syn TS 33.06 -245.294253 -245.425100
N=C H GS 26.98 -261.407503 -261.536917
N=C H antiTS  26.60 -261.379307 ° -261.510356 °
N=C H synTS  26.52 -261.376991 -261.508455
N, H GS 29.92 -332.604377 -332.764778
N, H antiTS  29.80 -332.579125 ° -332.741088 °
, H syn TS 29.76 -332.577935 -332.740094

% more stable TS; ® ZPE s reported in kcal/mol at the HF/6-31G* level scaled by 0.89; ® Energy change from gas phase to TCE in
kcal/mol; ¢ Energy change from gas phase to CCl, in kcal/mol; ® Energy change from gas phase to diethyl formamide in kcal/mol; f
Energy change from gas phase to toluene in kcal/mol.

Table 2. Selected bond lengths, bond orders and imaginary frequencies calculated at HF/6-311++G** level of theory
for the studied amides R-C(O)NR’,.

| R R’ State ren (A) re-o (A) re—c (A) rec (A)  Bond Order C-N  iv(cm™)
CH;C=C CH;, GS 1.353 1.197 1.185 1.468 0.985
CH5;C=C CH; anti TS 1.425 1.182 1.186 1.456 0.849 102.9i
CH;C=C CH;, syn TS 1421 1.178 1.186 1.468 1.171 80.3i
HC=C CH; GS 1.349 1.195 1.193 1.472 1.018
HC=C CH;, anti TS 1421 1.180 1.184 1.462 0.961 108.6i
HC=C CH; syn TS 1.417 1.177 1.184 1.474 1.211 82.1i
N=C CH;, GS 1.339 1.189 1.490 1.079
N=C CH; anti TS 1.409 1.174 1.484 0.938 114.9i
N=C CH;, syn TS 1.404 1.171 1.498 1.221 80.5i
N3 CHs; GS 1.346 1.199 1.410 1.139
N3 CH;, anti TS 1412 1.188 1.393 1.024 105.6i
N3 CHs; syn TS 1.409 1.182 1.408 1.074 97.3i
H C,Hs GS 1.345 1.195 1.004
H CH.  aniTS 1421 1.180 0.843 252 8i
H C,Hs syn TS 1.416 1.177 0.875 191.5i
H i-C.H- GS 1.346 1.196 1.019
H i-C;H; anti TS 1.416 1.181 0.711 268.0i
H i-C;H; syn TS 1.413 1.179 0.741 201.2i
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Table 3. Calculated barriers of the studied amides R-CONR; in the gas phase.

R R’ Method * TS AH?(298K) AS*(298K) AG*(298K)  AG”(298K) "
1 anti 155 -10.5 18.6 18.1 (18.9)
syn 16.0 -8.0 18.4
2 anti 14.0 -10.5 17.1 16.8 (17.8)
CH,C=C CH; syn 15.0 -8.0 17.4
3 anti 15.0 -10.5 18.1 17.3(18.0)
syn 15.1 -8.0 17.5
exptl(TCE) ° 19.8+0.4 06+12 19.6 +0.28
1 anti 16.1 7.7 18.4 18.2 (19.4)
syn 16.5 -7.5 18.8
2 anti 14.2 7.7 16.5 16.4 (17.8)
HC=C CH; syn 15.2 -7.5 17.5
3 anti 154 -7.7 17.7 17.3 (18.4)
syn 15.4 -7.5 17.6
exptl(TCE) ° 19.56
1 anti 18.3 -6.8 20.3 19.7 (21.0)
syn 18.0 -6.5 19.9
2 anti 15.5 -6.8 17.6 17.3 (18.8)
CN CH; syn 16.0 -6.5 18.0
3 anti 17.6 -6.8 19.6 18.7 (20.0)
syn 16.9 -6.5 18.8
exptl(gas) 19.0+0.1
exptl(TCE) © 21.4
1 anti 145 -10.3 17.5 17.3 (16.7)
syn 14.9 -9.9 17.8
2 anti 13.7 -10.3 16.7 16.6 (16.1)
N, CH; syn 14.7 9.9 17.7
3 anti 13.8 -10.3 16.9 16.6 (16.0)
syn 14.1 -9.9 17.0
exptl(gas) © 16.5+0.1
expt(CCl4) 17.7
1 anti 20.3 -3.5 19.0 21.1 (22.6)
syn 20.9 -2.9 18.0
2 anti 18.8 -35 19.8 19.5 (21.0)
H C,Hs syn 19.3 -2.9 20.1
3 anti 20.0 -35 20.1 20.7 (22.0)
syn 20.3 -2.9 21.2
exptl(gas) ¢ 19.4+0.9 0.8+26 19.2+0.1
expt(neat) | 20.4
1 anti 21.9 12 22.2 22.0 (22.9)
syn 22.4 -1.1 22.8
2 anti 195 12 19.9 19.6 (20.3)
H C;H; syn 19.8 -1.1 20.1
3 anti 21.3 -1.2 21.7 21.3 (22.0)
syn 21.4 -1.1 21.7
4 anti 19.6
syn 21.3
exptl(gas) © 18.8+0.7 -06+1.9 19.0+£0.1
expt(toluene) ° 19.8

21 - MP2(fc)/6-31+G*//6-31G™, 2 - HF/6-311++G**, 3 - MP2(fc)/6-311++G**//6-311++G**, 4 — QM/MM IMOMM (MP2:MM3)
results from reference [29], ® Reference [33], ¢ Reference [34], ¢ Reference [35], ® Reference [36], " Reference [37], 9 Reference [38,
39], " Values in parenthesis include solvation correction of energy from Table 1.

AGieﬁ(298K) is calculated by summing the rates through the two possible TS.
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When the syn TS is slightly higher than anti TS,
a part of reaction will proceed via the syn TS and to
take this parallel reaction into account the effective

free energy, AGieﬁ(298K), was calculated by
summing the rates through the two possible TS.
The solvent effect was introduced by adding
corrections to GS and both TS from single point
PCM calculations given in Table 1. It is seen from
Table 3 that the rotational barriers were reproduced
very satisfactory. MP2(fc)/6-31+G*//6-31G* level

of theory (Method 1) reproduce well AGieﬁ(298K)
of studied amides with R = CH;C=C and CH;C=C,
even the solvent effect was reproduced well. In case

of R = CN and N; Method 1 overestimates A

Gieff(298K) in gas phase compare to MP2(fc)/6-
311++G**//6-311++G** (Method 3). In case of R
= H, R> = C,Hs or CH(CH3), HF/6-311++G**

(Method 2) reproduce well AGieﬁ(298K) either in
gas phase and in solution. Recently reported
IMOMM (MP2:MM3) calculation [29] of R = H,
R’ = CH(CHz); reproduce also well the barrier in
gas phase. In general wider basis sets and addition
of electron correlation effects is expecting to
improve the calculation rotational barriers. In
practice MP2(fc)/6-31+G*//6-31G* results are very
often closer to experimental values than MP2(fc)/6-
311++G**//6-311++G** results at a much lower
computational price. Recently the barriers of
rotation around C-N bond in gas phase of simple
amides and tioamides were also well reproduced at
MP2(fc)/6-31+G*//6-31G™* level of theory, as well
[30-32].

Effect of the substituents on the rotational barrier

In order to study the effect of substituents we
considered two possible transition states and two
rotational pathways and examined the following
model reaction either in ground state or in the two
possible transition states:

H-CO-N(CHs), + R-CO-NH, —» H-CO-NH, + R-CO-N(CHy),

This approach was explored before to estimate
the difference in repulsion between R and the CH;
group, the difference in repulsion between R and
the amide lone pair and the difference in repulsion
between oxygen and amide lone pair [30-32]. The
calculated enthalpy of the reaction for the ground
state AAH°(GS) will be an estimate for the
difference in repulsion between R and CHj; group.
The calculated enthalpy of the reaction for the anti

transition state AAH’(anti TS) will be an estimate
for the difference in repulsion between R and amide
lone pair, while the calculated enthalpy of the
reaction for syn transition state AAH°(syn TS) will
be an estimate for the difference in repulsion
between oxygen and amide lone pair. The
combined energy differences for both GS and anti
TS [AAH°(anti TS)-AAH°(GS)] can be compared
with the calculated differences in the calculated
enthalpy of activation AAH*(0K) for the anti TS,
while the combined energy differences for both GS
and syn TS [AAH°(syn TS)-AAH°(GS)] can be
compared with the calculated differences in the
calculated enthalpy of activation AAH*(0K) for the
syn TS. [AAH°(anti TS)-AAH°(GS)] and [AA
H°(syn TS)-AAH°(GS)] can also be compared with

the calculated change in free energy AAG”¢(298K)
and with the experimental change in free energy of

activation  AAG"(298K).  All  results  of
calculations for the model reaction are presented in
Table 2S. The change in basis set leads to

significant changes in AAGieﬁ(298K) moreover in
different directions, despite having a small

influence on AAH. The explanation is hidden in the
calculation scheme of AG;teﬁ(298K), which is
sensitive to the relation of syn AG¢(298K) and anti

AG¢(298K) values. In Table 4 the results of
calculation for the model reaction obtained in this
and previous papers are summarized. It is seen that
the calculated AAH(anti TS) - AAH°(GS) values
are a good estimation for the experimental change

in free energy AAGiexp(ZQSK). With a few

exceptions the tendency to increase AAGiexp(298K)
absolute values from left to right column (decrease
of the experimental barriers) is followed by the
calculated AAH(anti TS) - AAH°(GS) values. This
trend means that the difference in repulsion
between R and CHs group in GS and difference in
repulsion between R and amide lone pair in the
preferred anti TS are mainly responsible for the
decrease in the experimental rotation barriers
around amide bond in simple amides. Further
improvement in  calculation of activation
parameters either for rotational barriers or for
modelling the effects of substituents require
systematic increasing the level of theory (both basis
set and method) and such calculations are in
progress.
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Table 4. Origin of the difference in the rotational barriers (kcal/mol) of the studied amides R-CON(CHs), in the gas

phase.
H-CO-N(CH3), + R-CO-NH, — H-CO-NH, + R-CO-N(CHjs),
R H CN CHF, F N3 CF; Cl CH; CH,F CCl; Br
AAH’(anti TS)-AAH®(GS) 0 -19  -43 -2.5 -3.5 -5.0 -48  -3.8 -7.4 -7.5 -5.5
AG”p(298K) 0 -04 -20 -2.3 -2.9 -3.3 40 41 4.2 <-4 -5.3

AAH®(GS) and AAH (anti TS) are the energy changes (they include ZPE correction) for the model reaction in the ground and anti

transition state, respectively. AAGiXp(ZQSK) is the experimental change in free energy. The AAH®(anti TS)-AAH(GS) values are
compilation of data calculated at higher level of theory from this and previous studies

CONCLUSION

The free energy of activation of studied amides
were reproduces very well using MP2(fc)/6-
31+G*//6-31G™* energies and PCM/6-31G* energy
change from gas phase to solution. For all studied
compounds the anti transition state (anti TS) is
more stable and determines the rotational barrier.
The nonbonded interactions in ground state (GS)
and anti TS are mainly responsible for the
differences in the rotational barriers in the studied
amides
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Ab initio SCF U3CJIEABAHE HA FAPUEPA HA BBTPEIIIHA POTAILIMA B AMUIN
H. T. Bacuues

Hucmumym no Opeanuyna Xumus c Llenmvp no @umoxumus, Bvaeapcka Axademus na Haykume, ya. ,, Axao.
I Bonueg” 1. 9, Cogus 1113

Tloctenmna va 03 MAJ 2017 r.; Kopurupana na 10 roun 2017 1.

(Pesrome)

CBoOoHaTa eHeprusi Ha akTHBalMs 3a porauusiTa okojo amuaHata C-N Bpp3ka B R-C(O)NR’; (R’=CHj3;, R = CN,
N3, C=C-H, C=C-CHs; R’=H, R = C,Hs, CH(CHy3),) ¢ m3uucinena na MP2(fc)/6-31+G*//6-31G* u na MP2(fc)/6-
311++G**//6-311++G** HuBa Ha TeopusATa W ca CpaBHEHU ¢ JAaHHHTe OT SIMP B TeuHa W rasoBa ¢aza. 3a BCHUKH
W3CIeBaHN CheIUHCHUS aHmu TIPEXOJHOTO cheTosHue (anti TS) e mo-ctabuiiHO U ompeens poraiuonHus 6apuep. Ha
0aza Ha pe3yJiTaTHTE OT TOBAa W NPEIUIIHM W3CJIEABAaHMS HUe 00oOlIaBame, 4e B Clydas Ha aMUAW U THOAMUJAU
HECBBP3BAIUTE B3aUMOJEHCTBUSA B OCHOBHO ChcTOstHHE (GS) ca OCHOBHO OTTOBOPHHM 3a Pa3iMKHTE B POTAIlMOHHUTE
Oapuepu U Te peo0aaBaT Haj eICKTPOHHHUTE €(PeKTH Ha 3aMECTHTEIIUTE.
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In the current study for the first time were investigated the chemical composition and antioxidant activity of
polysaccharides isolated from three indigenous for Bulgaria species of Plantago genus - Plantago major L., Plantago
lanceolata L. and Plantago media L. Crude polysaccharides were extracted from fresh leaves with water and dilute acid
and their yield was between 0.64% and 2.79%. The chemical composition of water-extractable polysaccharides (WEPS)
and total acid-extractable polysaccharides (TAEPs) of Plantago leaves was evaluated by HPLC analysis. The
phytochemical data revealed the presence of branched heteropolysaccharides with different neutral/acidic
monosaccharide ratio. The predominant monosaccharide unit of WEPs was galacturonic acid (62.64% - 70.58%).
Additionally, there were registered small amounts of arabinose and rhamnose. In TAEPs among with galacturonic acid
(36.93% - 41.46%), significant amounts of neutral monosaccharides as galactose (22.80% - 46.11%) and rhamnose
(16.96% - 35.74%) were determined. Two types of analyses were used to evaluate the antioxidant activity of Plantago
isolated polysaccharides: DPPH and FRAP assay. Based on DPPH method, WEPs exhibited stronger radical scavenging
ability (29.39% - 40.08%) compared to TAEPs (19.44% - 24.15%). In parallel, WEPs showed greater rate of ferric
reducing power (103.71 - 137.83 uM TE/5 mg Ps) compared to TAEPs (34.63 - 117.66 uM TE/5 mg Ps). Although
lower than synthetic BHT, Plantago polysaccharides revealed antioxidant potential and could be further explored as
promising natural antioxidants for the nutraceutical and pharmaceutical industries.

Key words: Plantago major L.; Plantago media L.; Plantago lanceolata L.; polysaccharides; antioxidant activity
like polysaccharides, phenolic acids, flavonoids,

iridoid glycosides and vitamins [1-5].
Plant polysaccharides have emerged as an

INTRODUCTION

Plantago genus includes herbaceous plant

species used worldwide as a remedy for wound
healing, inflammations, respiratory disorders and
digestive system affections [1-3]. The European
Pharmacopoeia has approved for medical uses the
leaves from Plantago lanceolata and seeds from P.
ovata, P. afra and P. indica [4], while P. major
leaves have been included in World Health
Organization Monographs [5]. Fifteen Plantago
species are native to the Bulgarian flora. Among
them Plantago major L., Plantago media L. and
Plantago lanceolata L. are widespread in the
country and traditionally used by local people [6].
P. major and P. lanceolata leaves have been known
as a rich source of biologically active compounds

* To whom all correspondence should be sent:
E-mail: paolina.lukova@gmail.com

important class of bioactive natural products and
widely used in pharmaceuticals, biomaterials, food
additives and nutrition [7]. They and their
derivatives have been found to possess diverse
biological activities, such as immunostimulatory,
antiinflamatory, antiviral, antitumor,
radioprotective, hepatoprotective and antifatigue
effects [7,8]. In addition, many studies elucidate
that polysaccharides isolated from plants have
antioxidant activity [7,9].

According to European Medicines Agency [10]
and Kardosova [3] from P. lanceolata leaves have
been isolated pectic polysaccharides,
rhamnogalacturonan, arabino-galactan and o-D-
glucan. Samuelsen et al. [2,11] reported in P. major
leaves the presence of an acidic arabinogalactan
and highly esterified pectic polysaccharide,
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composed mainly of arabinose, galactose, rhamnose
and galacturonic acid. However, so far no thorough
investigation about polysaccharide content of P.
media leaves has been found in literature.
Immunomodulatory and antimicrobial activity of
Plantago leaves polysaccharides have been
reported [2,12], but there is a lack of information
about their antioxidant activity.

The aim of this study was to investigate the
polysaccharide composition of three widely spread
Plantago species in Bulgaria (Plantago major L.,
Plantago media L. and Plantago lanceolata L.) and
to determine their antioxidant activity. The
phytochemical analysis and antioxidant assessment
provide useful information with regard to health
promoting and functional quality of the studied
medicinal plants.

EXPERIMENTAL
Materials and reagents

Plantago major and Plantago lanceolata mature
leaves were collected from Thracian valley floristic
region, Bulgaria (42°08'N, 24°44'E) and Plantago
media leaves were collected from Rhodope
Mountains floristic region, Bulgaria (41°75'N,
24°16’E), in the vegetative season of 2015. The
botanical identification of plant species was carried
out according to Tutin et al. [13] and Delipaviov
and Cheshmedzhiev [6]. Assay kits of
monosaccharides, galacturonic acid, bovine serum
albumin,  2,2-diphenyl-2-picryl-hydrazyl-hydrate
(DPPH), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ),
butylated hydroxytoluene (BHT) were purchased
from Sigma Aldrich, US. Arabinogalactan was
purchased from Megazyme, Ireland. All other
chemicals and solvents used in this study were of
analytical grade.

Polysaccharide extraction

Alcohol-insoluble residues (AIR) from Plantago
leaves were used for isolation of polysaccharides.
The procedure was previously reported in our study
[14]. Polysaccharides were extracted from AIR
with water and dilute hydrochloric acid according
to the methodology described by Kratchanova et al.
[15] with slight modifications.

Determination of the total neutral sugars, uronic
acids and protein

The content of total neutral sugars was
determined with a colorimetric phenol-sulfuric acid
method [16], using glucose (20 - 100 pg/mL) as a

reference standard. Uronic acid analysis followed
the method of Blumenkrantz and Asboe- Hansen
[17], calibrated against a standard of galacturonic
acid (25 - 150 pg/mL). Protein content in the
isolated polysaccharides was determined by
Bradford method with a bovine serum albumin (O -
100 pg/mL) as a standard [18].

TFA hydrolysis

The crude water and total acid-extractable
polysaccharides (50 mg) were hydrolysed with 2 M
trifluoroacetic acid (TFA) at 121°C for 1 h in an
autoclave [19].

HPLC analysis

The hydrolysis products composition were
determined with HPLC system Konik-Tech, with
Rl Detector Shodex R1-101 and Tracer Excel
ODSB 120/5 pm (150 x 0.4 mm) column, mobile
phase water, flow rate 0.1 mL/min and 0.3 mL/min,
temperature 30°C. The registered peaks of the
samples were evaluated using reference
monosaccharide standards.

Determination of antioxidant activity

The 2, 2-diphenyl-2-picryl-hydrazyl-hydrate
(DPPH) free radical scavenging activity was
determined by using the method reported by Kao
and Chen [20] with slight modifications. A 0.5 mM
solution of DPPH in methanol was prepared and 0.2
mL of this solution was added to 1 mL of
polysaccharide solutions (5 mg/mL). The radical
scavenging activity was calculated by the following
equation:

I B—AA
% Inhibition = x 100
where AB was the absorption of the blank sample (t
= 0 min) and AA - the absorption of the
polysaccharide solution (t = 30 min) [21].

The ferric reducing antioxidant power (FRAP)
was determined according to the method of Benzie
and Strain [22] with some modifications. FRAP
reagent (2.7 mL) was mixed with 0.3 mL of
polysaccharide samples (5 mg/mL). The mixture
was incubated at 37°C for 30 min in dark, and the
absorbance was measured at 593 nm. The results
were expressed as micromol Trolox equivalents (O -
500 uM) per 5 mg polysaccharide (uM TE/5 mg
Ps).
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BHT (0.1 mg/mL) and arabinogalactan (ArG) (5
mg/mL) were used as controls. All data for
antioxidant activity were expressed by triplicate
measurements with standard deviation.

RESULTS AND DISCUSSION

Polysaccharide concentration, content of neutral
sugars, uronic acids and proteins

The composition of the polysaccharides (PS)
isolated from the three studied Plantago species
was presented in Table 1. The polysaccharide
content after aqueous extraction was between
0.64% and 2.79%, with highest amount established
in P. media leaves (2.79%). The highest
concentration of polysaccharides in P. major leaves
was detected by total acid extraction (2.47%),
whereas the amount of the total-acid extractable
polysaccharides in P. media and P. lanceolata were
close-range: 1.46% and 1.22%, respectively. The
obtained results correspond to these established by
Olennikov et al. [23]. They have reported water-
soluble polysaccharide content in P. major fresh
leaves in the range between 1.5% and 3.3%.
KardoSovd has reported 1.5% concentration of
crude water-extractable polysaccharide from P.
lanceolata leaves per dry mass [3].

The concentration of the neutral sugars in total
acid-extractable polysaccharides (TAEPs) in all
samples showed twice higher content of neutral
sugars (58.05% - 62.54%) compared to water-
extractable polysaccharides (WEPs) (29.11% -
37.15%). These results could be attributed to acid
hydrolysis of the bond linkages between
polysaccharides and cell wall constituents in dilute
hydrochloric acid [15, 24]. The water extraction on
the other hand is assumed to be non-destructive [15,
24], which can explain the registered lower amount
of neutral sugars in water-extractable fractions. The

amount of uronic acids was higher for WEPs
(62.29% - 69.82%) compared to TAEPs (36.14% -
41.10%). The ratio between uronic acids and
neutral sugars was 2:1 for WEPs and 1:1 for
TAEPs. Similar ratio uronic acids to neutral sugars
in consequently obtained water and acid-extractable
polysaccharides from leek has been reported by
Kratchanova et al. [15]. They have established
73.6% polyuronic content and 18.4% neutral sugars
for WEPs and 27.5% polyuronic content and 71.1%
neutral sugars for acid-extractable polysaccharides.

The protein content of all investigated
samples was low (0.55% - 2.14%), which indicated
a high purity of the extracted polysaccharides.
Samuelsen et al. have reported protein content in
WEPs from P. major leaves up to 1.8% [11], while
Kardosova has determined significantly higher
amount of protein content in P. lanceolata leaves
WEPs (5.6%) [3].

Monosaccharide composition

HPLC profiles of the polysaccharide hydrolysis
products have been shown in Fig. 1. Based on the
monosaccharide analysis, WEPs from P. major and
P. lanceolata leaves were found to be mainly
composed of galacturonic acid (GalA) - from
62.64% to 70.58% (Table 2). The amount of
detected arabinose (Ara) was from 37.36% to
29.42% and rhamnose (Rha) was registered only in
traces (Fig. 1A, 1E). Olennikov et al. have also
determined galacturonic acid as the main monomer
in P. major water-soluble polysaccharides [23].
Samuelsen et al. have reported that in P. major
leaves was present only galacturonic acid (39.0% -
71.7%) [11], while KardoSova has reported 35.8%
galacturonic acid and 21.9% glucuronic acid in
WEPs from P. lanceolata leaves [3].

Similarly to our results, KardoSova has
determined in WEPs from P. lanceolata leaves

Table 1. Chemical composition of WEPs and TAEPs from P. major, P. media and P. lanceolata leaves.

Sample Ps concentration + SD Neutral sugars Uronic acid Protein
(9/100 g fresh leaves) + SD (%) + SD (%) + SD (%)

P. major WEPs 1.84+0.24 37.15+£0.28 62.29+1.10 0.56 +0.02
P. major TAEPs 247 +£0.26 61.72 +3.22 36.14 + 1.62 2.14+0.31
P. media WEPs 2.79+0.19 34.88+2.10 64.45 +2.08 0.67+0.02
P. media TAEPs 1.46 +0.32 58.05+1.54 41.10+2.32 0.85+0.05
P. lanceolata WEPs 0.64 +0.08 29.11+0.88 69.82 £2.46 1.07+0.12
P. lanceolata TAEPs 1.22+0.11 62.54 £ 1.15 36.91+0.77 0.55+0.01
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arabinose (26.0%) as main neutral monosaccharide
[3], while Samuelsen et al. have reported almost
equal amounts of arabinose (8.8% - 24%), galactose
(8% - 34%) and xylose (11% - 22%) in different
fractions of P. major WEPs [11].

The presented results suggested that P. major
and P. lanceolata WEPs have been composed of
ramified rhamnogalacturonan | (RG 1), which main
chain was constructed by GalA residues, rarely
alternated with Rha units. The registered significant
amount of Ara assumed arabinan type side chains,
which branch points were the Rha units in RG 1.
The predominant monosaccharide components in P.
media WEPs were GalA and Rha, with 1.86
GalA:Rha ratio. The results suggested the presence
of more branched heteropolysaccharides, in which
main chain every two residues of GalA were
alternated with Rha. From HPLC profile of P.
media WEPs a peak with a retention time of 10.74
min was observed, which probably corresponded to
polysaccharide side chains with a degree of
polymerization (DP) > 2 (Fig. 1C).

Galactose (Gal), GalA and Rha were the
monosaccharide components determined in TAEPs
of the three investigated Plantago species (Fig. 1B,
1D, 1F). The content of GalA was about 40% for
all TAEPs (Table 2). The amount of Rha (35%) in

o)

| A N a1 (1) _x3 o6t - e e 120 ok - LAAZDET. 18,8943 W Betecor =

GalA 535 —

|
},
|

G-JTIT 3;&4:‘

Rha 695
DP>2 1074

GalA 540 —=

Ara 676

P

P. media TAEPs was twice higher compared to P.
major and P lanceolata TAEPs (17%). The results
suggested the presence of RG | polysaccharide with
galactan type side chains. P. media TAEPs with
GalA:Rha ratio 1.16 resulted to be the
polysaccharides with the most branched structure
among all investigated samples.

Antioxidant activity

The use of more than one method is
recommended to give a comprehensive prediction
of antioxidant efficacy [25]. Two types of analyses
were used to evaluate the antioxidant activity of
Plantago leaves isolated polysaccharides: DPPH
(measures the ability to scavenge free radicals) and
FRAP assay (measures the ability to reduce Fe** to
Fe?* by donating an electron). In the present work
we study for the first time the antioxidant activity
of polysaccharides from Plantago leaves. The
results from DPPH and FRAP assays were
summarized in Table 3. Based on DPPH method,
Plantago leaves WEPs showed stronger antioxidant
activity (29.39% - 40.08%) compared to TAEPs
(19.44% - 24.15%). These may be due to the higher
content of galacturonic acid in WEPs.

|

Rha 21.4%

Fig.1. HPLC profiles of polysaccharide hydrolysis products: (A) P. major WEPSs; (B) P. major TAEPs; (C) P. media
WEPs; (D) P. media TAEPs; (E) P. lanceolata WEPSs; (F) P. lanceolata TAEPs.
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Table 2. Monosaccharide composition of WEPs and TAEPs from P. major, P. media and P. lanceolata leaves
(expressed as % of the total carbohydrates).

Sample Ara (%) Rha (%) Gal (%) GalA (%) GalA/Rha
P. major WEPs 37.36 traces - 62.64 -

P. major TAEPs - 16.96 46.11 36.93 2.18

P. media WEPs - 35.12 - 64.88 1.85

P. media TAEPs - 35.74 22.80 41.46 1.16

P. lanceolata WEPs 29.42 traces - 70.58 -

P. lanceolata TAEPs - 17.33 45.55 37.12 2.14

Uronic acids have been considered to be potent
antioxidants, which is attributed to the fact that
their carbonyl group, similarly to phenolic acids,
was attached to a ring molecule [26]. Among the
isolated polysaccharides, the most predominant one
for its scavenging ability was P. media WEPs
(40.08%). Arabinogalactan, used as a control,
showed close-range scavenging ability (21.19%) to
TAEPs (19.44% - 24.15%). The lower antioxidant
capacity of TAEPs could be attributed to both the
low amount of galacturonic acid and the significant
galactose content. According to the investigation of
Meng et al. [27] the galactose content did not
correlated to the polysaccharide antioxidant
activity. Our results were in accordance to the
investigations of Wang et al. [28], who reported a
better scavenging ability of different acidic
polysaccharide fractions from Lycium barbarum L.
fruit (52.5% - 84.9%) compared to neutral
polysaccharides (38.1%).

In parallel, the same tendency was observed for
the FRAP values of the investigated
polysaccharides. WEPs exhibited greater rate of
ferric reducing power (103.71 - 137.83 uM TE/S
mg Ps) compared to TAEPs (34.63 - 117.66 uM
TE/5 mg Ps). P. lanceolata WEPs had the most
pronounced ferric reducing power - 137.83 uM
TE/5 mg Ps, which was in accordance to the
highest value of galacturonic acid (70.58%) in P.
lanceolata @~ WEPs  among all isolated
polysaccharides. In addition, FRAP values of
arabinogalactan (56.28 uM TE/5 mg ArG) were in
close-range to those of TAEPs.

The antioxidant potential of Plantago
polysaccharides was compared to the synthetic
BHT (Table 3). Although the registered values by
DPPH and FRAP methods were lower, still
Plantago polysaccharides showed significant
potential as natural antioxidants. In comparison
Kardosova and Machova have investigated the
effects of rhamnogalacturonan (RG), obtained from
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P. lanceolata var. libor leaves, on inhibition of
lipid peroxidation and reported 45.3% antioxidant
activity for 0.227 mM RG [29]. A few data of
antioxidant activities of Plantago seeds isolated
polysaccharides have been reported.

Table 3. Assessment of antioxidant activity of P. major,
P. media and P. lanceolata WEPs and TAEPs.

Sample DPPH + SD FRAP + SD
(%) (uM TE/5 mg Ps)
P. major WEPs 35.35+0.58 103.71 £0.69
P. major TAEPS 19.44 £ 0.87 34.63 +£0.23
P. media WEPs 40.08 £ 1.75 132.40 £ 2.11
P. media TAEPS 24.15+£1.03 94.65+1.10
P. lanceolata WEPs 29.39+1.50 137.83+£2.57
P. lanceolata TAEPS  24.07 +0.75 117.66 £ 0.98
Controls:
Arabinogalactan (ArG) 21.19+£0.13 56.28 +0.15 uM

TE/5 mg ArG
93.49+0.06 556.10 +0.09 uM
TE/0.1 mg BHT

BHT

Ye et al. [30] and Yin et al. [31] have
investigated the possible antioxidant effect of the
polysaccharides obtained from aqueous extracts of
dried seeds from P. asiatica. According to Ye et al.
DPPH radical scavenging activity of the
investigated polysaccharide increased from 25.6%
to 81.4%, when the concentration of the
polysaccharides increased from 0.15 to 0.75
mg/mL [30]. On the other hand, Yin et al. reported
50.8% DPPH radical scavenging effects of P.
asiatica seeds WEPs at a concentration of 1
mg/mL, which ability to scavenge free radicals did
not increase at higher concentrations [31].

CONCLUSION

In the present study for the first time were
investigated and quantified the polysaccharide
composition and antioxidant activity of P. major,
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P. media and P. lanceolata leaves from Bulgaria.
The phytochemical data revealed the presence of
branched heteropolysaccharides  with  uronic
acids:neutral sugars ratio varying from 2:1 for
WEPs to 1:1 for TAEPs. The WEPs from Plantago
leaves were composed mainly from galacturonic
acid and minor amounts of arabinose and
rhamnose, while in TAEPs galacturonic acid,
galactose and rhamnose were detected. Based on
DPPH and FRAP methods, Plantago isolated
polysaccharides showed significant antioxidant
activity. Among the investigated polysaccharides
P. media WEPs exhibited the strongest radical
scavenging ability (40.08%) and P. lanceolata
WEPs showed the grater ferric reducing power
(137.83 uM TE/5 mg Ps). According to the results
stated above, it could be concluded that P. major,
P. media and P. lanceolata leaves are promising
natural ~ sources of  biologically  active
polysaccharides which can be developed as new
antioxidants for applications in pharmaceutical and
food industries.
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CPABHEHUE HA CTPYKTYPATA U AHTUOKCUJAHTHATA AKTUBHOCT HA
IMMOJIM3AXAPUN, UBOJIUPAHU OT JIMCTA HA Plantago major L., P. media L. 1 P.
lanceolata L.

I1. K. .HyKOBal*, . I1. Kapqua-BaxquaHCKal, M. M. Huxonosa?, U. H. Unues?,

P. JI. MnaneHos'?

! Kameopa ,, @apmaroznosus u papmayesmuuna xumus “, apmayesmuuen axyamem, Meduyuncku
yrusepcumem — Ilnosous, I1noeous, bvieapus.
2 Kameopa ,, Buoxumus u muxpobuonozus *“, Buonozuuecku paxyimem, I1Y ,, Haucuii Xunenoapcxu *, Inoeous,
bvreapus.
3 Kameopa ,, Bomanuxa u memoouxa na obyyenuemo no éuonozus , Buonoauuecxu gpaxynmem, Inosouscku
yrusepcumem ,, [aucuii Xunendapcku ', Ilnogous, bvieapus

IMocrenuina Ha 18 anpun 2017 r.; Kopurupana na 2 ronun 2017 r.

(Pesrome)

B Hacrosmara pabora 3a NMpBB IBT Ca H3CICABAHM XMMHYHHA ChCTaB M AHTHOKCHIAHTHATa aKTHBHOCT Ha
noju3axapuau, nony4enu ot Plantago major L., Plantago media L. u Plantago lanceolata L., pactsiiuu B bbarapus.
INonmzaxapuanure ca W30JMPAHU OT CBEXKH JIMCTa MOCPEACTBOM BOJHA M KHCEJIMHHA E€CKTPAKIMA, KaTO MOIYyYCHHTE
no6usu Bapupar oT 0.64% mo 2.79%. XuMHYHHAT ChCTaB Ha BOJHO-eCKTpaxupyemure nosmsaxapuan (BEII3) n
TOTAJIHO KHCENUHHO-ecKTpaxupyemute nonusaxapunu (TKEII3) e anann3npad nocpeacTBOM BUCOKOS()EKTHBHA TEYHA
xpomarorpadus. DUTOXUMHUYHHUAT aHANIM3 II0Ka3a HalM4yhe Ha pasKIOHEHH XEeTEepPOIONIM3aXxapuaud C PpasiudHO
CBOTHOIIIEHHE MEXIy HEyTpalHH M Kuceau 3axapu. B cwcraBa Ha BEII3 ocHOBHa MOHO3axapuIHa €IMHUIA €
rajlakTypoHoBaTa kucenuna (62.64% - 70.58%). JlokazaHu ca HUCKU KOJIMYECTBA HEYTPAIHU 3aXapH KaTo apabMHO3a U
pamuo3a. B cecraBa Ha TKEII3 Hapen ¢ ramaktyponoBarta kucenuna (36.93% - 41.46%), ca ycTaHOBEHU 3HAYUTEITHU
KOJMYECTBA HEYTPaIHM MOHO3axapuau karo ramakrosza (22.80% - 46.11%) wu pamuosza (16.96% - 35.74%).
AHTHOKCHU/IAaHTHATa aKTUBHOCT Ha W30JIMPAHUTE MOJIM3aXapuan € YCTaHOBEHa nmocpeATBoM aBa metona: DPPH u FRAP
aHanmn3. Pesmyrarure or DPPH ompenensnero mnokaszaxa, ye BEII3 npurexaBaT mno-CHiHA paauKal-yJiaBsina
crocobHOCT (29.39% - 40.08%) crpsimo TKEII3 (19.44% - 24.15%). Aranornunau ca nanaute 3a FRAP anammsa: mo-
cmitHa pexynupara criocodHocet mpu BEIT3 (103.71 - 137.83 pM TE/S mg I13) B cpaBaenne ¢ TKEII3 (34.63 - 117.66
uM TE/5 mg I13). TTonuzaxapuaure ot poa Plantago nokassar 3HaunTenHa aHTHOKCHUAAHTHA AKTHBHOCT, BBIPEKH I10-
HUCKHTE YCTaHOBEHH CTOMHOCTH CHpsMO CHHTeTHUHHMs aHTHOoKcuganT BHT. IlonyuennTte naHHM 3a M301MpaHHUTE
ToJIM3axapuay OMxa MOTIIH Jla TTOCITyKaT KaTo ObJella epcreKkTHBa 3a pa3paboTBaHe HA NMPUPOIHU AHTHOKCUIAHTH 32
XpaHuTeIHATa U (papMaleBTHYHA TIPOMHUIILICHOCT.
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This contribution describes the results obtained from the characterisation of wall paint materials from Kurilo
Monastery “St. Ivan Rilski”, Bulgaria. Fourier Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy (RS),
Scanning Electron Microscopy coupled with Energy Dispersive X—ray Spectroscopy (SEM-EDS) and X-Ray Powder
Diffraction (XRD) were used for the inorganic content determination. Organic materials in the paint samples were
analysed based on Attenuated Total Reflectance (ATR) IR spectra. Via these complementary technigques and by the help
of our spectral database, containing local reference materials, we were able to identify the mineral pigments and organic

binders in the paint samples.

Key words: Kurilo monastery; pigments; Raman; ATR-IR; SEM-EDX; XRD

INTRODUCTION

Kurilo monastery is situated on the slopes of the
Balkan Mountains, 15 km northwest of Sofia. It is
one of the monasteries that have remained from the
monastic network called “Mala Sveta Gora” (Holy
Mount of Sofia) surrounding the city. Founded in
the Middle Ages, it was several times destroyed and
rebuilt [1,2].

The present monastery church was built in the
end of the 16th century and painted in 1596. The
restoration and wall painting of the monastery is
related to the work of the Bulgarian missionary and
enlightener Saint Pimen Zografski [3,4]. Inspired
by the idea to awake and strengthen the Bulgarian
national consciousness, he has left his solitary
confinement at Mount Athos and returned to his
homeland to start a broad activity of restoration,
building and painting of more than 300 churches
and monasteries. Having learnt the icon painting in
his youth, Saint Pimen Zografski taught dozens of
painters who later became his disciples in the noble
work of Bulgarian spirit revival. In this way Saint
Pimen Zografski established the first painting
school in Bulgarian lands. It accommodated not
only painters, but also writers of religious books,
teaching the future priests. Regrettably nowadays
the enormous contribution of this great Bulgarian
cleric is nearly forgotten. Many of the preserved

* To whom all correspondence should be sent:
E-mail: ev@orgchm.bas.bg

churches are abandoned in bad condition and need
urgent restoration.

There are only limited research on the painting
techniques, technology and materials used by the
school of Saint Pimen Zografski so far. Therefore a
systematic and comprehensive study is necessary in
order to identify the color palette — specific
pigments, binders and painting techniques in the
different churches associated with the school.

The present study is reporting on the pigments
and binders used in the wall paintings of Kurilo
monastery church (Fig. 1) and will contribute to the
characterization of post-Byzantine wall painting in
the end of the 16th and the beginning of the 17th
century, as well as to acknowledge the great work
of St. Pimen Zografski.

Molecular and structural information on the
mineral pigments and organic materials is provided
by combined Fourier Transform Infrared
Spectroscopy (FTIR), Raman Spectroscopy (RS),
Scanning Electron Microscopy coupled with
Energy Dispersive X-ray Spectroscopy (SEM-
EDS) and X-Ray Powder Diffraction (XRD)
methods. FTIR and Raman spectroscopies are
widely employed in the identification of art and
archaeological materials [5-10]. For the complete
characterization of the objects, the spectral analysis
was complemented with  other analytical
techniques, such as Scanning Electron Microscopy
coupled with  Energy  Dispersive  X-ray
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Spectroscopy (SEM-EDS) and X-Ray Powder
Diffraction (XRD).

EXPERIMENTAL

Representative samples were collected from the
mural paintings as shown in Figure 2. A brief
description of the samples is given in Table 1.

The ATR-FTIR spectra were measured on a
Brucker Tensor 27 FT spectrometer by direct
deposition on a diamond ATR crystal, by 64 scans
at resolution of 2 cm™? in the middle IR region
(600-4000 cm™?).

The Raman spectra were obtained using a
LabRAM HR Visible (Horiba Jobin- Yvon) Raman
spectrometer. The spectra were collected in the
wavenumber range 100 - 4000 cm? with an
integration time of 0.5s and by accumulation of 200
scans for every sample. An objective X50 was used
both to focus the incident laser beam onto the
sample surface into a spot with a diameter about
2um and to collect the scattered light. The used
excitation was He-Ne 633 nm laser line. The laser
power on the surface was varied from 0.3 to 10
mw.

Scanning electron microscopy (SEM) of the
samples were conducted on JSM 6390 electron
microscope (Japan) in conjunction with energy
dispersive X-ray spectroscopy (EDS, Oxford INCA
Energy 350) in regimes of secondary electron
image (SEI) and Backscattered Electron contrast

(BEC). The accelerating voltage was 20 kV, | ~65
mA and the pressure was of the order of 10-4 Pa.

Powder X-ray diffraction patterns were collected
within the range from 5.3 to 80° 20 with a constant
step 0.02° 20 on Bruker D8 Advance diffractometer
with Cu Ka radiation and LynxEye detector. Phase
identification was performed with the Diffracplus
EVA using ICDD-PDF2 Database.

RESULTS AND DISCUSSION

Pigments identification

The identification of painting materials is
considerably facilitated by the use of an appropriate
spectral database, especially when spectra from real
samples are provided along with the reference
materials. For this purpose, we have supported the
spectral analysis by comparison with FTIR and
Raman spectra from our recently developed
spectral database of art and archaeological
materials [11]. The database provides information
on a number of pigments and dyes, adhesives, oils,
resins, gums, bulk components, fillers, mixed
materials, as well as archaeological and art work
samples [11].

Table 1 shows the identified pigments in the
different samples. Selected ATR-FTIR and Raman
spectra are illustrated below in Figures 3-6. SEM-
EDX and XRD analysis of selected samples are
provided in the Supplementary materials.

a b
Fig. 1(a-c). Some of the scenes on the wall paintings in the Kurilo monastery church: Kiss of Judas (a); Saint Malahya
(b); and the Last Supper (c).
For references to color in this figure, the reader is referred to the web version of this article.
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Fig. 2. . Diagram showing the locations of the samples collected for analysis

Table 1. List of studied samples, elemental analysis and identified pigments

ISSmpIe Color Elemental analysis (EDX) Pigments

K1 green Mg, Al, Si, S, K, Ca, Fe celadonite, goethite, calcite, gypsum

K2 red Na, Mg, Al, Si, S, K, Ca, Fe, Hg cinnabar, calcite, gypsum

K3 brown Mg, Al, Si, S, K, Ca, Fe, Cu, Pb goethite, plumbojarosite, calcite,
dolomite, quartz

K4 red Mg, Al, Si, S, K, Ca, Fe, Hg cinnabar, calcite, hematite,
gypsum, kaolinite

K5 black Na, Mg, Al, Si, S, K, Ca, Ti carbon black, calcite,
monohydrocalcite, weddellite,
whewellite, quartz

K6 yellow orange Mg, Al, Si, S, K, Ca, Fe, Zn, Pb goethite, hematite, massicot, calcite,
bassanite

K7 red Mg, Al, Si, S, K, Ca, Ti, Fe, Pb, Hg cinnabar, calcite, gypsum, kaolinite,
muscovite

K8 brown Na, Mg, Al, Si, S, Cl, K, Ca, Cr, Fe, hematite, calcite, gypsum, quartz, talc,

Ni halloysite

K9 green Mg, Al, Si, K, Ca, Ti, Fe celadonite, calcite, quartz

K10 white Mg, Al, Si, K, Ca, Fe, Pb calcite, gypsum, quartz

K11 Gold lead adhesive Mg, Al Si, S, K, Ca, Fe, Pb drying oil mixed with Pb-containg

drier and colophony

Red pigments used in the wall paintings are red
ochre, cinnabar and red lead. Hg was detected by
the EDX analysis in all the red samples. In
accordance with this, XRD analysis showed the
presence of cinnabar in the three samples, along

with hematite in sample K4 and silicate minerals in
samples K4 and K7 (Table 1, Figs 1S and 2S in
Supplementary  materials).  Identification  of
cinnabar was supported by Raman spectroscopy —
the pigment gave characteristic peaks at 346, 288
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and 256 cm™ matching with those of the reference
cinnabar (Fig. 3). In sample K7 red lead is also
present as evidenced by the elemental analysis.

256

Raman intensity

288
F

Absorbance

1000 800 600 400 200

Wavenumber (cm™)

Fig. 3. Raman spectra of sample K2 (a) and reference
cinnabar (b); 633 nm excitation, wavenumber range 100-
4000 cm.-

The green colors are achieved by the use of
green earth containing the green mineral celadonite,
a hydrated silicate of iron and magnesium, as can
be seen by the EDX and XRD analysis of samples
K1 and K9. In addition, K1 contains goethite. Both
samples gave strong fluorescence which did not
allow characterization by Raman spectroscopy, but
ATR-IR measurements provided good coincidence
with reference green earths (Fig. 4).

Absorbance

; 'k\]\ ’ id
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Wavenumber (cm™)
Fig. 4. ATR-IR spectra of sample K1 (a), reference

green earth (b), reference gypsum (c), reference calcite
(d); wavenumber range 600-4000 cm™,
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Brown color pigments were identified as natural
ochres by the simultenous presence of minerals
goethite, plumbojarosite (in sample K3), hematite
(in sample K8) and silicate minerals (in both
samples) evidenced by the XRD and ATR-IR
analysis. The ATR-IR spectra of K3 along with
reference goethite and calcite are presented in Fig.
5. Characteristic absorption peaks of goethite are
well seen at 896 and 796 cm™.
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Fig. 5. ATR-IR spectra of samplé K3 (a), reference
goethite (b), reference kaolinite (c) and reference calcite

(d); wavenumber range 600-4000 cm,

Yellow color sample showed more complex
composition. The presence of yellow ochre was
conferred by XRD identification of goethite and
hematite and characteristic absorption of silicate
minerals revealed by the ATR-IR spectrum. In
addition, the elemental analysis showed Pb content,
supported by XRD identification of massicot (Fig.
3S in Suppl. material). Evidently the painter has
applied a mixture of yellow ochre and massicot in
order to achieve the desired color hue.

The black color pigment showed two broad
peaks around 1600 and 1360 cm™ in the Raman
spectrum as characteristic for carbon based
pigments. The XRD analysis showed the presence
of  calcite, monohydrocalcite,  weddellite,
whewellite and quartz. The ATR spectrum of the
sample gave a good match with those of reference
bister pigment, beech wood soot (Fig. 6). This
pigment has been made by carbonizing beech wood
and it produces a dark greyish brown color rather
than true black. However considering the black
color of sample K5, it was concluded that the
painter has used a mixture of soot pigments.

Calcite and white lead are the pigments used for
the white areas. The EDX analysis of sample K10
showed Mg, Al, Si, K, Ca, Fe and Pb content (Fig.
4S in Suppl. material).
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Fig. 6. ATR-IR spectra of sample K5 (a), reference
bister (b) and reference calcite (c); wavenumber range
600-4000 cm™,

Identification of organic materials

Paint binder was identified by the ATR-IR
spectra of samples K4 and K6 as egg. In the region
3000-2800 cm? three bands of weak intensity
appeared accompanied by a very weak band around
1740 cm (attributed to lipid carbonyl vibrations)
and a weak broader band around 1640 cm
(attributed to protein amide vibrations).

The ATR spectrum of the gold leaf adhesive
material (sample K11) provided several strong
bands for calcite - at 1412, 873, 711 cm?, along
with less intensive bands in the region 3000-2800
cm? and around 1730 and 1680 cm? (Fig. 5).
According to the SEM-EDX analysis the elemental
composition of the adhesive material consisted of
C, O, Mg, Al, Si, S, K, Ca, Fe, Pb.

In order to identify the organic content, the
sample was extracted with chloroform solvent. The
concentrated extract provided an ATR-FTIR
spectrum (Fig. 5b) which shows a close
resemblance to a sample of drying oil obtained
from the Church "The Nativity of the Virgin" of
Rila monastery and reference colophony resin. The
absorptions in the region 2950-2830 cm™ are
characteristic for C-H stretching vibrations. Several
strong bands were found between 1800 1nd 1700
cmt. The first of them, at 1727 is assigned to the
carbonyl stretching vibration of drying oil, while
the other should be attributed to the resin. The
position of the shoulder at 1695 is indication that
the resin is from the diterpene type, presumably
colophony. The presence of Pb in the sample is
evidence that the drying of oil was induced by the
Pb siccative. Therefore, it was concluded that the

adhesive material was made by a mixture of drying
oil and diterpene resin with Pb siccative.

The chemical composition of adhesive material
is discussed recently in the other studies on the
gilding technique in post-Byzantine wall paintings
[12, 13]. The authors have found that the gold leaf
was adhered to the paintings by means of a mordant
containing linseed oil with a lead-based dryer and
an earth pigment or clay.

Absorbance

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 7. ATR-IR spectra of sample K11 (a), chloroform
extract of sample K11 (b); drying oil from Rila
monastery (c), reference colophony (rosin) (d);
wavenumber range 600-4000 cm™.,

CONCLUSION

Combined IR, XRF, HR-TEM and XRD
analysis showed that the colour palette comprises in
natural pigments and synthetic pigments. Green
earths containing celadonite and goethite were used
as green pigments. Red colored paint samples
showed cinnabar, red ochre and red lead content.
Yellow and brown colors are based on natural
ochre pigments. Calcite and lead white were
present in white paint. Extraction by various
organic solvents and ATR-IR spectral analysis
enabled the identification of adhesive material as
made by a mixture of drying oil and diterpene resin
with Pb siccative. The desirable color hues were
produced by applying mixtures of several pigments.
In all cases, egg was used as organic binder. The
provided useful information on the pigments,
organic binders and fillers indicate that the
technique of egg tempera painting was employed.

Acknowledgements: The authors are grateful for
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Electronic Supplementary Data available here
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KOMBUMHHMPAHO AHAJIMTUYHO U3CJIEABAHE HA CTEHOIIMCUTE OT KYPUJICKUA
MAHACTHP "CB. UBAH PUJICKHN"

E. Bemuepa'*, C. Tenanos?, JI. SIuuepal, C. CrostHos!, b. CtamGonmuiicka®

Y Uncmumym no opeanuuna xumus ¢ yenmup no gumoxumus, Bvieapcka axademus na naykume, ya. ,, Axao. I
bonues”, 6.9, 1113 Coghus
2 Hayuonanua xyooocecmeena axademus, ya. ,, Llapuepaocko wioce“73, Cogpus 1113

Ioctenuna va 01 mait 2017 r.; Kopurupana na 26 roun 2017 1.

(Pesrome)

ToBa n3cienBaHe NpeACTaBsl pe3yJNTaTHTE, HOJYyYCHN NPH OXapaKTEPU3MPAHETO Ha XYyJIOXKECTBEHHUTE MaTepHallH,
M3MONI3BaHU 3a m3orpaducBaneto Ha Kypmickus manactup "CB. MBam Puncku", Berarapus. 3a ompenmensHe Ha
HEOpraHMYHHUTE TUTMEHTH Osixa wu3non3BaHM HHOpauepBeHa cnekrpockonus (FTIR), PamanoBa cnexrpockomms,
ckaHupaiia ejekrpoHHa Mmukpockomnusi (SEM-EDS) u penrreHoBa mnpaxoBa audpaxims (XRD). Opranuunute
MaTepuaid B mpoOuTe Osixa aHaIM3MpaHW Bh3 OCHOBAa Ha OTpaxkarenHu uHbppadepseHu crektpu (ATR). Upes tesu
JIOIBJIBAIA C€ TEXHUKM M C IIOMOLITa Ha Hallara CHeKTpajiHa 0a3a JaHHH, ChIbp)Kallla MECTHH pedepeHTHH
Marepualid, HHe YCIIXMe Jia HACHTH(UIUpaMe MHHEPAIHUTE NMUTMEHTH W OPraHMYHHUTE CBBP3BAIM BEIECTBA B
mpobure.
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