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Professor Bogdan Jordanov Kurtev, Member of BAS - Builder of Modern Organic
Chemistry in Bulgaria

16.06.1917-03.12.1995

The career of Professor Bogdan J. Kurtev as a
leading chemist in Bulgaria began in 1958 when at
the age at 41 he was appointed to the responsible
post of Director of the Chemical Institute at the
Bulgarian Academy of Sciences (BAS). In 1960
this institute was split into two: Institute of General
and Inorganic Chemistry and Institute of Organic
Chemistry (I0C). B. Kurtev became the first
Director of the latter and remained on this post till
1989. Upon his appointment B. Kurtev had the
experience of seven years teaching organic
chemistry as Docent at the Chair of Organic
Chemistry, Vice Dean of the Physical Mathematical
Faculty and a Ph.D. degree (1950) obtained in the
prestigious Moscow Chemical Technological
Institute “D. 1. Mendeleev” under Acad. V. M.
Rodionov on the synthesis of B-naphthyl-B-amino
acids by means of the Rodionov reaction and
uracils derived from the amino acids.

Prof. Vladimir Rodionov with collaborators.

His scientific capacity is illustrated by his
appointment as assistant in organic chemistry by
Professor D. Ivanov in Nov 1940 immediately
following his graduation taking into account the
limited number of positions at the time.

In the first postwar decades several challenges
faced Bulgarian Chemistry. The sheer increase of
number of students trained was dramatic. Before
the war Sofia University the single provider of
chemical education had an input per annum of ca.
20 students, in 1953 the number increased to 120,
larger numbers were taught in the new Higher
Institute of Chemical Technology and many other
institutions. The scope of research fields rapidly
increased with the demands of fast growing
industry in socialist Bulgaria.

Organic chemistry itself underwent a great
transformation. The perception of organic chemists
as skillful experimenters of exceptional memory
changed with the development of theoretical
methods of explaining and predicting chemical
behavior of organic compounds. No less was the
importance of the new “physical” or ‘instrumental”
methods. The handicap of Stalin’s purging science
of “idealistic” theories in the early 1950’s, such as
Linus Pauling’s resonance theory, took more than a
decade to shake off in organic chemistry education.
Feeling the importance of modern interpretation of
organic chemistry, in 1957 B. Kurtev developed
and taught the advanced course “Structure and
Reactivity of Organic Compounds” - first of its
kind in Bulgaria. It encompassed stereochemistry,
conformational analysis, mechanisms of organic
reactions, quantitative correlations of reactivity (the
basis of QSAR in more recent times).

B. Kurtev proved exceptionally suitable to meet
these challenges as person of very high intelligence,
well versed in most fields of chemistry besides
organic, of sound administrative skills. As Director
of 10C he interviewed each appointee; an important
characteristic for him was the dedication towards
research which he tested by inquiring about their
Master’s Thesis even the m.p. of compounds
obtained. His integrity and sense of justice were
beyond dispute. The following example was typical
- in 1962 in Prague the IUPAC Conference on
Natural Products was attended by elite of organic
chemistry. The lab of organic synthesis suggested
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the participation of B. Kurtev, J. Stefanovsky and I.
Pojarlieff. The central management of BAS
approved a grant for the Director; the two young
scientists were permitted to attend on their own
expenses. B. Kurtev said this was unfair and shared
his grant in three equal parts. Witness of the
enthusiasm of our lab remain the autographs of
Nobel Prize winners Ruzicka, Prelog, Woodward,
Robinson, Todd, Barton written on the book
Perspectives in Organic Chemistry edited by Sir
Alexander Todd. More importantly he used
contacts with distinguished scientists from the other
side of the iron curtain to obtain grants for talented
young researchers interested in a particular field.
Personal applications/invitations were forbidden by
default. B. Kurtev would ask for a nameless
invitation to 10C and had the authority to make the
Party bureau nominate the prearranged person.
Upon rare occasions the Party changed the
nomination which, however, destroyed the deal. B.
Kurtev could be successful in his policies even at
the expense of by-passing rules because of his
authority and trust by the Party. | believe loyalty to
socialism was predetermined by the fact that his
father Jordan Kurtev was executed without trial in
September 1923 as a communist. This happened
during the uprising against the fascist coup d’etat,
shot and thrown from the rocks over river Iskar at
the railway station Lakatnik. The father, Jordan
Kurtev, worked in the analytical laboratory of the
copper mines in nearby Eliseina. He had a degree in
chemistry from Sofia University and further
education in Germany and Toronto, Canada.

Characteristically B. Kurtev and his coworkers
were open to the world, joint research was carried
out with labs in Hungary, France, Germany,
England, Latvia, Lithuania to mention some.

B. Kurtev was instrumental in much of the rapid
development of the chemical sciences in BAS as
Head of the Department of Chemical Sciences of
BAS since 1962 while holding his Directorship of
IOC simultaneously. The Department evolved into
Unified Center of Chemical Sciences in BAS
(1973), unified referring to closer links with the
Chemical Faculty of Sofia University. B. Kurtev
served also as Vice-president of BAS 1971-73. One
of the biggest achievements was the generous
UNESCO grant for creating a Centre of
Phytochemistry (CP) based on the existing
powerful labs researching ethereal oils, alkaloids,
lipids, proteins, enzymes. This provided the IOCCP
with a new building and modern infrastructure e.g.
the first mass spectrometer in Bulgaria.

Before and after the war organic chemistry
research in Sofia was dominated by the outstanding
figure of Professor D. Ivanov elaborating on the
“officially named” Ivanov reaction, the theme of
the Ph.D. theses of many future professors.
Professor B. Kurtev never published a paper with
D. Ivanov; after being appointed as assistant at the
end of 1940 he was soon conscripted first in the
cavalry regiment at Breznik and then in an
antiaircraft artillery unit in Dedeagach (now
Alexandroupouli) on the Aegean. After the war he
was transferred as assistant to the Chair of Medical
Chemistry at the Higher Institute of Medicine
under Professor Alexander Spassow with whom in
1946 he published in German his first two papers
on the preparation of 3-pyrazolidones from
phenylhydrazides of f-hydroxy acids.

Most broadly the scientific contributions of
Professor Kurtev can be grouped in the following
fields:

A. Mechanisms, stereochemistry, and synthetic
applications of aldol type reactions where-by a C-C
bond is formed by base or acid catalysed addition
of a C-H to a carbonyl or imine double bond

The following list is in roughly chronological
order. The names in parenthesis are the main
coworkers. In many cases the products contain a
1,2-diphenylethane skeleton disubstituted in the 1
and 2 positions.

Reaction of Schiff bases and hydramides with
esters of phenylacetic acids catalyzed by anhydrous
AICI; (N. Mollov). Kurtev and Mollov first used
this catalyst for such condensations creating a
convenient method of preparing the erythro esters
in good yields. The stereoselectivity was shown to
be due to equilibration of the diastereomers and
lower solubility of the preferred isomer.

Base catalysis by alkaline alcoholates, amides
and hydrides of the above reaction including the
dimethylamides of phenylacetic acid (E. Simova, J.
Stefanovski) has afforded high yields and
erythro/threo selectivities in cases ranging from
10:1 to 1:10.

The Rodionov reaction (1. Pojarlieff) provides -
amino acids by heating an aromatic aldehyde
(aliphatic give lower yields) with malonic acid in
an ethanol solution of ammonia. The new pair
acetaldehyde and methylmalonic acid was chosen
to obtain a 1,2-dimethyl analogues to the 1,2-
diphenyl system. Low yields and low selectivity
prompted a stereospecific synthesis from the
isomeric  2,3-dimethylsuccinic acid via the



Hoffmann rearrangement of the monoamides —
yielding relative configurations and high yields of
the pure isomers.

The Perkin Reaction (C. Krachanov) yields
cinnamic acid upon heating an aromatic aldehyde in
acetic anhydride in the presence of base. The
reaction goes through the aldol intermediate - the
respective B-hydroxy anhydride. Kinetic results of
Kurtev and Krachanov for the elimination stage of
the erythro/threo isomers of the product from
benzaldehyde and phenylacetic acid indicated
larger activation energy (larger temperature
coeffient) for the elimination stage, i.e. at low
temperatures the elimination would be arrested
which led to the discovery of a new method of
preparing B-hydroxy-o,B-diphenylpropionic acids.
It showed erythro selectivity opposite to the lvanov
reaction.
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With Prof. Christo Kratchanov.

Significant contributions to the mechanism and
synthetic applications were also made to important
organic reaction: Reformatski (M. Mladenova, B.
Blagoev), Ivanov reagents and reaction (M.
Mladenova, B. Blagoev), Low temperature Claisen
Condensation (C. Kiratchanov, N. Kirtchev),
Erlenmeyer—Plochl (I. Kavrakova, E. Simova).

B. Cyclization reactions

The above reactions yielded as products open-
chain diastereomer derivatives which could be
readily converted into heterocycles of interest per
se (B-lactams, dihydrouracils, tetrahydro-1,3-
oxazines, and 1,3-oxazin-2-ones, to name a few).
Such cyclizations were also studied to assign the
relative configurations (erythro/threo). In cases of
stereospecific ring closure the cis-trans isomerism
of heterocycles obtained present direct proof of the
configuration of initial open-chain diastereomers.

In many cases the configuration had to be deduced
from the rate of ring-closure presuming different
stabilities of transition or ground states. The
formation of B-lactams from B-phenylamino-a,f-
diphenylpropionic acids (N. Mollov, E. Simova, J.
Stefanovski), N—O benzoyl migration in 3-
aminopropanols (N. Mollov, A. Orahovats),

dihydouracils (M. Lyapova, |. Pojarlieff), present
such examples.
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A part of Lab. Mechanism of Organic and Enzyme
Reactions and Organic Synthesis, 1980. The first row
from left to right: Prof. Blagoy Blagoev, Prof. Nina
Berova, Prof. Bogdan Kurtev, Assoc. Prof. Iva
Blagoeva, Prof. Jury Stefanovsky.

This research stimulated the interest of Professor
Kurtev into the factors governing reactivity in
cyclization reactions. As early as 1959 with Mollov
and Simova he applied the concept of favoured
conformations along the lines of what became
known as the Winstein-Holness equation to assign
configurations of p-aniline-a,B-diphenylpropionic
acids. The reactivities were quantified by
measuring Kinetics of cyclization and their
activation parameters (l. Pojarlieff, 1. Blagoeva, A.
Orahovats, V. Fodor).

Expanding the substituent pattern in the open
chain compounds allowed important contributions
to be made in understanding the gem-
dimethyleffect (I. Pojarlieff, I. Blagoeva). This
steric effect is readily understood in small ring
formation, but puzzling in six or five membered
rings because hindrance by substituents instead of
decreasing increases the rates of cyclizations. The
driving force is actually the fact that syn
interactions between the substituents in the open
chain actually decrease in the ring since they
become interactions of the members of the ring
itself, e.g. the syn interaction of two methyl groups
of 0.8 kcal/mol compared to the anti form is



relieved if butane is incorporated in the cycle chain.
That enthalpy is the driving force of the effect was
confirmed by successful correlations of seven
reaction series of the gem effect with steric strain
energies and following more precise molecular
mechanics studies of P. lvanov.

Stereoelectronic effect in N—O and O—N acyl
migrations (M. Lyapova, |. Pojarlieff) were nicely
demonstrated by means of the 1,2,3-
triphenylpropane system developed by Kurtev and
Lyapova  where  N-methylation in 13-
aminopropanols inversed reactivities of the

stereoisomers. The examples were included in
Deslongchamps’s book on stereoelectronic effects.
These effects were later shown to apply in the case
of 1,3-aminopropan-thiols by V. Kurteva, M.
Lyapova, I. Pojarlieff.

With Assoc. Prof.
Stefanovsky.

C. Stereochemistry

Characteristically B. Kurtev demanded precision
in experiment and interpretation. To this end the
configuration of a wide range of derivatives was
ultimately proven by chemical transformations.
Thus the erythro/threo assignments of the f-amino-
a,B-diphenylpropionic acids were unequivocally
established by stereospecific conversion into meso
and racemic stilbenediamines (J. Stefanovsky). The
link between the amino and phenylamino series was
established by phenylation of the amino group in a
stereospesific reaction (N. Berova, E. Simova).

The resolution of the I-menthyl esters of f-
amino-a,B-diphenylpropionic acids into the four
optically active isomers opened a new line of
research (N. Berova, J. Stefanovski). The chiral
aminopropanols obtained upon reduction proved
useful substrates for structure/optical rotation
relationships based on the contributions of chiral
segments in the various conformations. The

unexpected result transpired that preferred in the
threo diastereomers were conformations with syn
phenyl groups which ran against Cram’s rule that
the two large substituents, i.e. the phenyl groups
will prefer the anti conformation. In 1966 *H NMR
(G. Fodor, R. E. Reavill, J. Stefanovsky, H. J.
Bernstein) obtained large Jy; for both epimers
reliably showing preferred syn phenyls in the threo
isomer. Later this was found to be quite universal
e.g. work of S. Spassov and gave rise to a host of
studies to explain this phenomenon. The extensive
and elaborate computational studies of P. Ivanov
answered most of the problems.

A versatile branch of the studies of optical
activity was the work on Circular Dichroism and
Absolute Configuration of key compounds with
phenylsubstituents (N. Berova, P. Ivanov, G.
Snatzke).

Prof. Gunter Snatzke and Prof. Carl Djerassi in front
of IOCCP, Sofia.



The chromatographic behaviour of
diastereomers (M. Palamareva, L. Snyder) of great
importance for practical purposes was extensively
studied from the view point of chromatographic
theory and structure of substrates creating rules and
computer programs for successful separation of
open chain and cyclic compounds.

The geometry and conformations of many
heterocyclic systems have been examined by means
of NMR (S. Spassov. I. Pojarlieff, A. R. Katritzky).
A study of the biologically important dihydrouacil,
including dihydroorotic acid, has been widely cited.

With Prof. Katrytzky and collaborators; Norwich
1965.

The existence of allylic strain in six-membered
heterocycles with an endocyclic N-substituted
amide group and a neighbouring substituent (I.
Pojarlieff, M. Lyapova, A. Orahovats) could
explain the significant effects of N-substitution on
conformational equilibria in tetrahydro-1,3-oxazin-
2-ones, hexahydropyrimidine-2-ones and hexa-
hydropyrimidine-2,4-diones. A contribution to
atropisomerism (S. Simova, Z. Beresnevi¢iu) was
the assignment of the solution conformations of the
atropisomers of some 1-(1-naphthyl)-hexahydro-
2,4-dioxo(or 2-thio-4-0x0)-pyrimidines.

D. Applied research

B. Kurtev took active interest and was involved
in practically almost all such projects in 10C (with
a Centre of Phytochemistry) as well as many
projects of the Unified Centre of Chemical
Sciences. | will illustrate his activity with one of
largest industrial projects of BAS in the 1970’s
“Bright Acid Copper Plating Agent B-72117 —
carried out by a joint team from IOC and IPC
(Institute of Physical Chemistry) (I. Juchnovski, 1.
Pojarlieff, S. Rashkov). For five years the whole

road was undergone from research, developing and
implementing the manufacturing of the additive in
the dye factory in Kostenetz, Bulgaria. B-7211 was
used for the production of ca. 1 500 000 cars
annually (Lada, Moskvich, Skoda, Wartburg,
Volga, Zaporozhetz) between 1975-1990.

: PO .
From left to right: Prof. Ivan Juhnovsky, Prof. Ivan
Pojarlieff, Prof. Stefan Rashkov.

Our consultations with B. Kurtev were almost
weekly and involved both administrative matters
and scientific problems. Contrary to the common
practice of leading managers to participate as
authors of patents only on the merit of their
administrative position motivated by financial
awards, Professors B. Kurtev and R. Kaishev
(Director of IPC) refused to participate as authors.
They were forced to break their rules for parity
reasons with the Directors from the Lithuanian AS
and Soviet Industry Directors in just three patents
concerning subsequent versions (BS-1 and BS-2) of
the additive B-7211 developed by a joint
Bulgarian-Soviet team.

CONCLUSION

The above non exhaustive overview of the work
of B. Kurtev, | believe, suffices to name him as a
builder of modern organic chemistry in Bulgaria
bringing the inheritance of D. Ivanov, A. Zlatarov,
and P. Raykov to a higher, more advanced level in
the second half of the 20" century.

Professor DSc Ivan Pojarlieff,
Corr. Member of BAS

Institute of Organic Chemistry with Centre of
Phytochemistry, Bulgarian Academy of Sciences, Acad.
G. Bonchev str., bl. 9, 1113 Sofia, Bulgaria; E-mail:
ipojarli@orgchm.bas.bg
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The addition of N- and S-functionalized organolithium compounds to (-)-menthone was studied and a series of new
chiral substituted neomenthol derivatives has been isolated. The new chiral compounds have been applied as
precatalysts for addition of diethylzinc to aldehydes and enantioselectivity of up to 80% ee was achieved.

Key words: (-)-menthone; organolithium compounds; diethylzinc; enantioselectivity

INTRODUCTION

The enantioselective addition of dialkylzinc
compounds to aldehydes catalyzed by different
types of chiral ligands has attracted in recent years
significant  interest because the resulting
enantiomerically pure or enriched alcohols are
important intermediates for the synthesis of
bioactive compounds and natural products [1-4].
Aminoalcohols have been shown to act as highly
efficient chiral ligands in this reaction and therefore
a large number of aminoalcohols has been
synthesized and tested as ligands [1, 2, 5-12]. One
of the most potent ligand applied by Noyori as a
catalyst is the dimethylamino-isoborneol Noyori
prepared from camphor [13-19]. Considering the
variety of the aminoalcohols synthesized so far, it is
important to note that most commonly natural
sources of chirality (e.g. terpenoids, aminoacids and
alkaloids) have been used for their synthesis. The
natural ketone (-)-menthone has been successfully
used to prepare chiral aminoalcohols applied in the
asymmetric addition of organozinc reagents to
carbonyl compounds [20-26]. In our previous
studies a series of aminoalcohols has been
synthesized and applied as ligands through the
highly diastereoselective addition of functionalized
organolithium compounds to natural terpenoid
ketons as chirality sources [27-30].

In this work we are describing the synthesis of
set of neomenthol derivatives bearing N- and S-

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

heteroatom functionalities, which are able to serve
as chiral ligands for enantioselective addition of
dialkylzinc reagents to aldehydes. The key step in
the synthetic approach is the highly selective
equatorial addition of N- and S-functionalized
organolithium reagents to (-)-menthone leading to
aminoalcohols and sulfur containing structural
analogues.

EXPERIMENTAL

General

The reactions with air and moisture sensitive
reagents were carried out in flame-dried Schlenk
flasks under an argon atmosphere. The solvents
were dried (sodium/benzophenone for ether and
THF; Na[Et,Al] for toluene and hexane) and
distilled under an argon atmosphere prior to use.
Thin layer chromatography (TLC) was performed
on aluminum sheets pre-coated with silica gel 60
Foss (Merck). Flash column chromatography was
carried out using silica gel 60 (230-400 mesh,

Merck). Optical rotations ([a] ZDO) were measured on

a Perkin Elmer 241 polarimeter. The NMR spectra
were recorded in CDCIl; on a Bruker DRX 250
(250.13 MHz for *H NMR, 62.9 MHz for **C
NMR) spectrometer with TMS as the internal
standard for chemical shifts (3, 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 (Hz), integration, and identification. C-
multiplicities were assigned by DEPT techniques.

10 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EI-MS (70 eV) were recorded on a Hewlett Packard
6890/5973 and reported as fragmentation in m/z
with relative intensities (%) in parentheses. High
performance liquid chromatography (HPLC)
separations were performed with an Agilent 1100
System fitted with a diode array detector and a
manual injector with a 20 uL injection loop. Gas
chromatography (GC) was performed with a
Shimadzu GC-17A. Elemental analyses were
performed by the Microanalytical Service
Laboratory of the Institute of Organic Chemistry,
Bulgarian Academy of Sciences.

The following starting materials were used
(commercially available or prepared according to
the literature):  (-)-menthone,  N,N-dimethyl-
benzylamine,  N,N-dimethylaniline, = TMEDA,
n-BuLi (1.6 M or 2.5 M in hexane, Fluka), Et,Zn (1
M in hexane or heptane, Fluka), anhydrous CeCls.

(1S,2S,5R)-2-isopropyl-5-methyl-1-(thiophen-2-
yDcyclohexan-1-ol 7

To a solution of thiophene (0.21 ml, 2.605
mmol) in THF (2 ml) n-BuLi (1.3 ml, 2.084 mmol,
1.6 M solution in hexane) was added at -10 °C
under Ar atmosphere. The reaction mixture was
stirred for 1 h at 20 °C and then (-)-menthone (0.3
ml, 1.74 mmol) was added. After 24 h the reaction
mixture was hydrolyzed with water, extracted with
Et,O and the organic layer was dried (Na,SO,).
After evaporation of the solvent, the crude product
was chromatographed (& = 18 mm, h = 540 mm,
24 g silica gel, PE:Et,0 = 100:1). Compound 7 was
isolated (0.333 g, 80%) as colorless oil. Compound
7 was additionally purified by Kugelrohr-
distillation (120 °C, 0.001 Torr). [a]3 = -11.80 (c
1.00, CHCI3). 'H NMR: & 0.71 (d, J = 6.8, 3H,
CHg), 0.78 (d, J = 6.8, 3H, CH3), 0.80 (d, J = 6.1,
3H, CH3), 1.82-1.25 (m, 8H), 1.04-0.88 (m, 1H),
1.86 (s, 1H, OH), 6.79 (dd, J = 3.4, 1.2, 1H, H-3",
6.86 (dd, J = 5.1, 3.4, 1H, H-4"), 7.05 (dd, J = 5.1,
1.2, 1H, H-5). *C NMR: 18.25 (g, CHs), 21.14 (t,
CH,), 22.00 (g, CH,), 23.71 (q, CHs), 26.69 (d,
CH), 28.38 (d, CH), 34.88 (t, CH,), 51.77 (d, C-2),
52.86 (t, C-6), 78.20 (s, C-1), 121.28* (d, C-4),
122.80* (d, C-3"), 126.68 (d, C-5"), 154.82 (s, C-2").
MS (El): 238 (M*, >1), 225 (13), 183 (3), 167 (3),
153 (100), 139 (5), 126 (19), 111 (23), 97 (7), 69
(11), 55 (11). Anal. Calcd for C14H,,0S (238.39): C
70.54, H 9.30, S 13.45; Found: C 70.60, H 9.29, S
13.26.

(1S,2S,5R)-2-isopropyl-5-methyl-1-(5-
(trimethylsilyl)thiophen-2-yl)cyclohexan-1-ol 8

To a solution of trimethyl(thiophen-2-yl)silane
(0.56 ml, 3.490 mmol) in THF (2 ml) n-BuLi (1.1
ml, 2.792 mmol, 2.5 M solution in hexane) was
added at -10 °C under Ar atmosphere. The reaction
mixture was stirred for 1 h at 20 °C and then (-)-
menthone (0.4 ml, 2.327 mmol) was added. After
24 h the reaction mixture was hydrolyzed with
water, extracted with Et,O and the organic layer
was dried (Na,SO,). After evaporation of the
solvent, the crude product was chromatographed (&
= 17 mm, h = 550 mm, 51 g silica gel, PE:Et,0 =
20:1). It were isolated 0.051 g (14%) unreacted (-)-
menthone (1) and 0.529 g (73%) of pure product 8
as colorless oil. The product was additionally
purified by Kugelrohr-distillation (120 °C, 0.001
Torr). [o]2 = -11.60 (c 1.00, CHCls). 'H NMR: 8
0.30 (s, 9H, Si(CHz)3), 0.81 (d, J = 6.8 z, 3H, CHy),
0.87 (d, J = 6.8, 3H, CH,3), 0.89 (d, J = 6.1, 3H,
CHjy), 1.92-1.37 (m, 10H), 6.93* (d, J = 3.4, 1H, H-
4', 7.10* (d, J = 3.4, 1H, H-3"). *C NMR: -0.01
(3g, Si(CHs)s), 18.34 (g, CHs), 21.20 (t, CH,),
22.05 (q, CH3), 23.80 (q, CHs), 26.76 (d, CH),
28.51 (d, CH), 34.95 (t, CH,), 51.61 (d, C-2), 53.10
(t, C-6), 78.61 (s, C-1), 122.80* (d, C-4"), 133.82*
(d, C-3"), 137.43 (s, C-5), 160.28 (s, C-2). MS
(EI): 310 (M", 31), 295 (18), 277 (5), 237 (4), 225
(100), 198 (29), 183 (34), 167 (3), 141 (4), 115 (4),
91 (4), 73 (23), 55 (6) Anal. Calcd for CﬂHgoOSSi
(310.57): C 65.74, H 9.74, S 10.32, Si 9.04; Found:
C 66.18, H 9.86, S 10.22, Si 9.49.

(1S,2S,5R)-1-(2-((dimethylamino)methyl)phenyl)-2-
isopropyl-5-methylcyclohexan-1-ol 9

Procedure A: To a solution of N,N-
dimethylbenzylamine (0.58 ml, 3.890 mmol) in
Et,O (15 ml) n-BuLi (1.24 ml, 3.112 mmol, 2.5 M
solution in hexane) was added at 20 °C under Ar
atmosphere. The reaction mixture was refluxed for
4.5 h. After cooling to 20 °C (-)-menthone (0.45 ml,
2.593 mmol) was added, the reaction mixture was
stirred for 96 h and then was hydrolyzed with
water, extracted with Et,O, and the organic layer
was dried (Na,SO,). After evaporation of the
solvent, the crude product was chromatographed (&
= 23 mm, h = 580 mm, 95g silica gel,
CH,Cl,:CH3;0OH:NH,OH = 100:0.5:0.05). It were
isolated 0.184 g (46%) unreacted (-)-menthone (1)
and 0.160 g (21%) of pure product 9 as colorless
oil. The product was purified by Kugelrohr-
distillation (120 °C, 0.001 Torr).

Procedure B: To a solution of N,N-
dimethylbenzylamine (0.58 ml, 3.890 mmol) in

11
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Et,O (17 ml) n-BuLi (1.24 ml, 3.112 mmol, 2.5 M
solution in hexane) was added at 20 °C under Ar
atmosphere. The reaction mixture was refluxed for
45 h. Activation of (-)-menthone (1) was
performed separately as follows. To a suspension of
anhydrous CeCl; (0.640 g, 2.593 mmol) in THF (10
ml) (-)-menthone (1) (0.45 ml, 2.593 mmol) was
added and the mixture was stirred at room
temperature until a yellow gel-like suspension was
formed (40 min). The in situ prepared
organolithium reagent 4 was added to the activated
(-)-menthone and the mixture was stirred for a
further 96 h at 20 °C under Ar atmosphere. The
reaction mixture was hydrolyzed with saturated
NH,CI solution, extracted with Et,O, washed with
water and the organic layer was dried (Na,SO,).
After evaporation of the solvent, the crude product
was chromatographed (& = 17 mm, h = 550 mm,
54g silica gel, CH,CI;:CH;OH:NH,OH =
100:0.5:0.05). It was isolated 0.513 g (68%) of pure
product 9 as colorless oil. The product was
additionally purified by Kugelrohr-distillation (120

°C, 0.001 Torr). [a]Z =-3.90 (c 1.00, CHCI3). *H

NMR: & 0.71 (d, J = 6.8, 3H, CHs), 0.86 (d, J = 6.6,
3H, CHy), 0.88 (d, J = 6.8, 3H, CHs), 0.94-1.11 (m,
1H), 1.40-2.06 (m, 8H), 2.22 (2s, 6H, (HsC):N),
3.65 (bs, 2H, H,C-N), 7.02-7.14 (m, 2H, Ph), 7.23—
7.30 (m, 2H, Ph). *C NMR: 18.40 (g, CH3), 21.24
(t, CHy), 22.39 (q, CHs), 23.98 (q, CHs), 27.34 (d,
CH), 28.00 (d, CH), 35.48 (t, CH,), 43.97 (2q,
N(CHs),), 51.42 (d, C-2), 53.18 (t, C-6), 65.46 (t,
N-CH,), 80.82 (s, C-1), 125.44 (d, Ph), 127.74 (d,
Ph), 127.79 (d, Ph), 132.78 (d, Ph), 135.17 (s, C-2),
148.71 (s, C-1). MS (El): 289 (M, 21), 274 (21),
225 (34), 204 (100), 183 (19), 159 (40), 145 (16),
119 (32), 105 (9), 91 (33), 69 (19), 58 (29), 46 (18).
Anal. Calcd for CyH3NO (289.463): C 78.84, H
10.79, N 4.84; Found: C 78.74, H 10.83, N, 4.68.

(1S,2S,5R)-1-(2-((dimethylamino)methyl)-3-
(trimethylsilyl)phenyl)-2-isopropyl-5-
methylcyclohexan-1-ol 10

To a solution of  N,N-dimethyl-1-(2-
trimethylsilyl)phenyl)methanamine (0.807 g, 3.890
mmol) in Et,0O (18 ml) n-BuLi (1.24 ml, 3.112
mmol, 2.5 M solution in hexane) was added at 20
°C under Ar atmosphere. The reaction mixture was
refluxed for 4.5 h. After cooling to 20 °C (-)-
menthone (0.45 ml, 2.593 mmol) was added. After
48 h the reaction mixture was hydrolyzed with
water, extracted with Et,O and the organic layer
was dried (Na,SO,). After evaporation of the
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solvent, the crude product was chromatographed (&
= 24 mm, h = 520 mm, 85g silica gel,
CH,Cl;:CH3;0H:NH,OH = 100:0.5:0.05). It were
isolated 0.170 g (43%) unreacted (-)-menthone (1)
and 0.426 g (45%) of pure product 10 as colorless
oil. The product was purified by Kugelrohr-

distillation (50-120 °C, 0.001 Torr). [a] 2’ = +7.30

(c 1.00, CHCl5). *H NMR: 8 0.35 (s, 9H, (H4C)sSi),
0.71 (d, J = 7.1, 3H, CHa), 0.85 (d, J = 6.4, 3H,
CH), 0.86 (d, J = 6.8, 3H, CHa), 0.90-1.00 (m,
1H), 1.40-2.10 (m, 8H), 2.22 (s, 6H, (HsC):N),
3.88 (d, J = 12.2, 1H, HC-N), 3.96 (d, J = 12.2, 1H,
HC-N), 7.18-7.25 (m, 1H, Ph), 7.31-7.38 (m, 2H,
Ph), 8.57 (br s, 1H, OH). ®C NMR: 2.01 (3q,
Si(CHa)3), 18.45 (g, CHa), 21.42 (t, CH,), 22.46 (g,
CHg), 24.03 (q, CHa), 27.45 (d, CH), 28.14 (d, CH),
35.58 (t, CH,), 43.35 (2q, (N(CH,),), 51.63 (d, C-
2), 53.38 (t, C-6), 63.18 (t, N-CH,), 81.05 (s, C-1),
126.60 (d, Ph), 129.58 (d, Ph), 132.52 (d, Ph),
140.87* (s, C-3"), 141.45*% (s, C-2'), 148.66 (s, C-
1'). MS (EI): 361 (M, 24), 346 (31), 318 (10), 304
(26), 276 (100), 243 (13), 231 (21), 206 (17), 191
(35), 147 (9), 73 (50), 58 (20), 46 (10). Anal. Calcd
for C,,H3NOSi (361.645): C 73.07, H 10.87, N
3.87, Si 7.77; Found: C 72.96, H 11.07, N 3.65, Si
7.92.

(1S,2S,5R)-1-(2-(dimethylamino)phenyl)-2-
isopropyl-5-methylcyclohexan-1-ol 11

Procedure A: To a solution of n-BuLi (1.55 ml,
3.889 mmol, 2.5 M solution in hexane) TMEDA
(0.58 ml, 3.889 mmol) was added in one portion at
0 °C under Ar atmosphere. The reaction mixture
was stirred for 30 min at 20 °C and then N,N-
dimethylaniline (0.62 ml, 4.862 mmol) was added.
The reaction mixture was refluxed for 4.5 h. After
cooling to 0 °C (-)-menthone (1) (0.56 ml, 3.241
mmol) was added, the reaction mixture was stirred
at 20 °C for 96 h and it was hydrolyzed with water,
extracted with Et,0, and dried (Na,SO,). After
evaporation of the solvent, the crude product was
chromatographed (& = 30 mm, h = 577 mm, 80 g
silica gel, petroleum ether/Et,0 = 100:1). It were
isolated 0.142 g (28%) unreacted (-)-menthone and
0.262 g (29%) of pure product 11 as colorless

crystals. Mp 117-118 °C (methanol). [a]3 = -
19.70 (c 1.00, CHCIs).

Procedure B: To a solution of n-BuLi (1.55 ml,
3.889 mmol, 2.5 M solution in hexane) TMEDA
(0.58 ml, 3.889 mmol) was added in one portion at
0 °C under Ar atmosphere. The reaction mixture
was stirred for 30 min at 20 °C and then N,N-
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dimethylaniline (0.62 ml, 4.862 mmol) was added
and it was refluxed for 4.5 h. Activation of the (-)-
menthone (1) was performed separately as follows.
To a suspension of anhydrous CeCl; (0.800 g,
3.241 mmol) in THF (10 ml) (-)- menthone (1)
(0.56 ml, 3.241 mmol) was added and the reaction
mixture was stirred at room temperature until a
yellow gel-like suspension was formed (40 min).
The in situ prepared organolithium reagent 6 was
added to the activated (-)-menthone and the mixture
was stirred for further 96 h at 20 °C under Ar
atmosphere. It was hydrolyzed with saturated
NH,CI solution, extracted with Et,O, washed with
water and the organic layer was dried (Na,SO,).
After evaporation of the solvent, the crude product
was chromatographed (& = 30 mm, h = 577 mm,
579 silica gel, petroleum ether/Et,O = 100:1; 20:1;
5:1). It were isolated 0.009 g (2%) unreacted (-)-
menthone and 0.315 g (35%) pure product as
colorless crystals. Mp 117-118 °C (methanol).

[a] 2 =-19.70 (c 1.00, CHCI3). "H NMR: § 0.73 (d,

J=17.1,3H, CHs), 0.88 (d, J = 6.6, 3H, CH), 0.86—
1.05 (m, 1H), 0.91 (d, J = 7.1, 3H, CH;), 1.45-2.08
(m, 8H), 2.67 (s, 3H, HsC-N), 2.68 (s, 3H, HsC-N),
7.14-7.36 (m, 4H, Ph), 10.40 (s, 1H, OH). *C
NMR: 18.40 (g, CHs), 21.14 (t, CH,), 22.44 (g,
CHy), 23.79 (g, CHa), 27.58 (d, CH), 28.16 (d, CH),
35.50 (t, CH,), 45.84 (g, N-CHy), 46.89 (g, N-CHy),
50.96 (d, C-2), 53.54 (t, C-6), 81.15 (s, C-1),
123.31 (d, Ph), 126.20 (d, Ph), 127.12 (d, Ph),
127.37 (d, Ph), 142.63 (s, C-1'), 151.74 (s, C-2)).
MS (El): 275 (M*, 31), 260 (17), 232 (8), 214 (30),
204 (5), 190 (100), 160 (9), 148 (87), 134 (18), 120
(22), 106 (10), 91 (11), 77 (13), 55 (13). Anal.calcd
for C1gH2sNO (275.436): C 78.49, H 10.61, N, 5.09;
Found: C 78.26, H 10.76, N, 4.99.

General procedure for enantioselective addition of
diethylzinc to aldehydes

To a solution of the corresponding ligand 7-11
(3 mol %) in hexane or toluene (10 ml) Et,Zn (1.7
mmol, 1 M solution in hexane) was added dropwise
at 0 °C under Ar atmosphere. The mixture was
stirred for 30 min at 0 °C and then the
corresponding aldehyde (1 mmol) was added at -20
°C. The reaction mixture was stirred at the
appropriate temperature (see Table 1) and
monitored by TLC (petroleum ether/Et,O = 4:1)
until the aldehyde was consumed or no further
consumption was observed. The mixture was
guenched (ag. NH,CI), extracted with Et,O and
dried (Na,SO,). After evaporation of the solvent,
the crude product was purified by column

chromatography (petroleum ether/Et,O = 20:1 or
10:1).

RESULTS AND DISCUSSION

For the synthesis of neomenthol derivatives
bearing N- and S-heteroatom functionalities, a set
of lithium reagents was selected, which are based
on the thiophene and amino-substituted phenyl
moieties. The addition of the lithium reagents 2-6
(Scheme 1) was performed according previous
experience [31]. The reagents 2 and 3 were chosen
with the purpose to synthesize sulfur analogues of
aminoalcohols, in which the bulky trimethylsilyl-
group modifies in the case of 3 the stereochemical
environment next to the sulfur coordinating center.
With the reagents 4 and 5 was aimed to prepare d-
aminoalcohols, which incorporate the aromatic
phenyl group in the side chain and in addition to
study the sterical influence of the trimethylsilyl-
group as in the case of 5. The reagent 6 possess the
dimethylamino group directly attached to the
aromatic moiety and was planned to provide for
comparison y-aminoalcohol after the addition to (-)-
menthone.

The addition of in situ generated thiophen-2-yl-
lithium (2) [32] to (-)-menthone occurred readily at
room temperature in THF as a solvent and the
thiophene substituted neomenthyl derivative was
isolated in excellent yield (80%) after purification
by column chromatography. The analogous 5-
trimethylsilyl-thiophen-2-yl-lithium (3) [32] was
reacted with (-)-menthone under the same
conditions as in the above case providing after
hydrolytic work up and column chromatography
product 8 in 73% vyield and 14% unreacted
menthone.

The formation of reagent 4 from N,N-
dimethylbenzylamine with n-BuLi is known to
proceed in THF in situ highly efficient [33].
Menthone was added to the generated solution of 4
and the mixture was stirred for 4 days at room
temperature, monitored by TLC. The reaction was
slow and incomplete. After hydrolytic work up and
column  chromatography the  desired &-
aminoalcohol 9 was isolated in low yield (21%)
together with 46% unreacted (-)-menthone. With
the purpose to realize higher yield the own
procedure [34-36] for activation of the ketone with
anhydrous CeCl; in THF was applied. The addition
of reagent 4 to the activated (-)-menthone occurred
in this case in 68% yield (19% unreacted menthone
was also recovered).
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Scheme 1 Addition of organolithium reagents to (-)-mentone (1).
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Scheme 2. Enantioselective addition of diethylzinc to the aldehydes 12, 13 and 14 catalyzed by chiral ligands 7-11.
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Table 1. Enantioselective addition of Et,Zn to the aldehydes 12, 13 and 14 catalyzed by chiral ligands (L*) 7-11.

Ligands L*:
s s SiMe3
OH OH OH OH SiCH3 OH \Me,

7 8 9 NMez 10 Ve 11
Ne  Ligand Aldehyde Solvent Tier;ft['ﬁ]n teRri?)(_:t[lgg] Y[Ioil)?a [%;f] 1Y7|e[!)23]
1 7 12 Hexane 168 20 70 (15) 0 -
2 8 12 Hexane 216 20 18 (15) 0 -
3 9 12 Hexane 45 20 92 (15) 66 (S) -
4 9 12 Toluene 5 20 73 (15) 68 (S) -
5 9 12 Toluene 5 60 83 (15) 58(S) -
6 9 12 Toluene 2 100 71(15) 42(S) -
7 10 12 Hexane 24 20 83 (15) 18(S) -
8 11 12 Hexane 24 20 83 (15) 60 (S) -
9 11 12 Toluene 5 20 68 (15) 80 (S) -
10 11 12 Toluene 5 60 66 (15) 74 (S) -
11 11 12 Toluene 5 100 64 (15) 66 (S) -
12 7 13 Hexane 240 20 6 (16) 0 24
13 7 13 Toluene 72 20 73 (16) 0 9
14 8 13 Hexane 240 20 6 (16) 0 28
15 8 13 Toluene 48 20 62 (16) 0 6
16 9 13 Hexane 216 20 5(16) 28(S) 32
17 9 13 Toluene 48 20 81 (16) 46 (S)
18 9 13 Toluene 4 60 74 (16) 56 (S) 6
19 9 13 Toluene 2 100 75 (16) 38(S) 10
20 10 13 Hexane 24 20 83 (16) 26 (S) 2
21 11 13 Hexane 24 20 82 (16) 54 (S)
22 11 13 Toluene 5 20 61 (16) 74(S) -
23 11 13 Toluene 3 60 69 (16) 62 (S) 7
24 11 13 Toluene 2 100 71(16) 45(S) 15
25 9 14 Hexane 24 20 84 (18) 68° -
26 9 14 Toluene 6 60 68 (18) 52° -
27 11 14 Hexane 24 20 74 (18) 60° -
28 11 14 Toluene 4 60 60 (18) 64° -

®Yields are given after column chromatography. "Enantiomeric excess of 15 determined by GC analysis (Hydrodex-B-TBDAc
column, 122 °C isothermal, 1 ml/min He, split 21, Ty = 230 °C, Tiy; = 220 °C); retention times: tyiner (R) = 9.4 min and togor
(S) = 9.8 min; enantiomeric excess of 16 determined by HPLC with chiral column (Nucleodex 8 PM column, 0.8 ml/min,
acetonitrile/water = 20:80 to acetonitrile/water = 43:57, for 17 min; 205 nm DAD detector); retention times: tp,r = 11.3 min
and tminor = 12 min. “Optical purity determined by polarimetry based on the maximum values for the specific rotations of the

corresponding enantiomer for 18 [o] 200

The trimethylsilyl-substituted lithium reagent 5
was formed and applied using the same conditions
as in the case of reagent 4. The 6-aminoalcohol 10

was isolated in 45% vyield after chromatography
purification. This yield was sufficient to obtain

=-60.1 (c 0.72, CHCIs) for 95% ee of unknown configuration [38].

enough quantity for the further experiment and
therefore it was abandoned to perform further
optimization. For the synthesis of y-aminoalcohol
11 the formation of Ilithium reagent 6 was
performed from N,N-dimethylaniline and n-
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BuLi-TMEDA in THF, refluxing the mixture
within 4.5 h [32]. The addition of 6 to (-)-menthone
occurred in low yield (29%) by using the standard
conditions. After activation of the ketone with
anhydrous CeCl; in THF the vyield could be
enhanced to 35%.

The newly synthesized aminoalcohols and sulfur
containing analogues 7-11 were applied as ligands,
in catalytic quantities (3 mol%), for enantio-
selective addition of diethylzinc (Scheme 2) to
benzaldehyde (12), o-methoxybenzaldehyde (13)
and pyrencarbaldehyde (14). In almost all cases the
ligands studied were active catalysts that provide
the additional reaction in good to high yields (Table
1). The sulfur containing ligands 7 and 8 were poor
catalysts in respect of both providing chemical
yields and enantioselectivity, although the reaction
with benzaldehyde (in the case of 7) realized
acceptable yields (entries 1 vs. 12 and 14). Similar
results were obtained with ligand 9 for the addition
of Et,Zn to aldehyde 13 in hexane as solvent (entry
16). Changing the solvent from hexane to toluene
improved significantly the addition of Et,Zn to o-
methoxybenzaldehyde (13) in the case of ligand 9
(entries 16, 17), but also in the case of ligands 7 and
8 (entries 12, 13 and 14, 15). It should be pointed
out that in the course of the Et,Zn addition to o-
methoxybenzaldehyde a competing reduction
reaction takes place with formation of product 17.
This reaction may occur if prolonged reaction times
are applied [14, 37] and in the case of aldehyde 13
the coordinating ability of the methoxy group
provides favourable conditions. In most other cases
suitable conditions have been optimized to obtain
the corresponding secondary alcohols 15, 16 and 18
in good yields.

In respect of the enantioselectivity in general the
best results were obtained with ligand 11,
considering the additions to aldehydes 12-14 —
enantioselectivities between 45 and 80% ee. Ligand
9 provided acceptable degree of enantioselectivity
compared with the poor result of 10 bearing the
bulky trimethylsilyl group. It is interesting to note
that increasing the reaction temperature from 20 °C
to 60 °C and 100 °C brought shortening of the
reaction time, but in general moderate change of
yields and lowering of the enantioselectivity. In all
studied cases the configuration of the predominant
enantiomer of 15, 16 and 18 was S.

CONCLUSION

A series of aminoalcohols and sulfur containing
analogues has been synthesized by addition of
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functionalized organolithium compounds to (-)-
menthone. The new chiral compounds have been
applied as precatalysts in the enantioselective
addition of diethylzinc to aldehydes. Moderate
enantioselectivity was observed and in some cases
acceptable degrees of enantioselectivity could be
achieved (up to 80% ee).
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The functionalization of diketopiperazine Cyclo(Gly-Pro) by using suitable deprotonation reagent and electrophile
offers the opportunity for synthesis of structurally diverse series of compounds (libraries) possessing bioactivity. This
synthetic approach has been proved as feasible in respect to use different electrophiles and in particularly concerning

the observed very high stereoselecitvity.

Key words: 2,5-diketopiperazines; alkylation; acylation; LHMDS; LDA

INTRODUCTION

Diketopiperazines (DKPs) are the smallest
cyclic peptides in which the two nitrogen atoms of
a piperazine 6-membered ring are part of amide
linkages. Three regioisomers are possible, differing
in the locations of the two carbonyl groups around
the ring. All of these three isomeric diketo-
piperazines, the 2,5-derivatives (Fig. 1) have
attracted the greatest interest.

0 o) 0
(@) 1 1 1
72 NH 2>NH %NH
HN HN HN._ 8
- ; Ry
0
2,3-DKP 2,5-DKP 2,6-DKP

Fig. 1. Isomers of diketopiperazines.

The 2,5-DKPs occur in numerous natural
products isolated from fungi, bacteria, plants and
animals. Diketopiperazines are important for drug
discovery due to their properties, such as
conformationally constrained scaffolds, stability to
proteolysis, ability to simulate  peptidic
pharmacophore groups and to bind to a wide range
of biological targets. It is important to note that
within the DKP framework, diversity can be
introduced at up to six positions with

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

stereochemical control at up to four positions.
Recently published review articles describe their
properties, biological activity and methods of
synthesis [1-4]. Most of the natural and synthetic
2,5-DKPs exhibit different kinds of biological
activity, e.g. antitumor [5-9], antiviral [10, 11],
antifungal [12] and antibacterial [13, 14]. Important
is their potential to be applied as neuroprotective
agents [3, 15].

Our interest in the chemistry  of
diketopiperazines has been attracted by the recently
isolated compound A (Fig. 2), which was isolated
from the fungal culture Leptoxyphium sp. [16]. This
compound has been evaluated as very promising
inhibitor of monocyte chemotactic protein-1, which
has been implicated in both acute and chronic
inflammatory and autoimmune diseases, associated
with infiltration of monocytes. Therefore, this
compound has the potential to serve as a model for
development of small molecular weight chemokine
receptor antagonists as anticancer agents.

]
Cl s M 2 N
(S) 3N (NN
HN HN
HO (S) HN (S)
Cl o )
A % cyclo(His-Pro) B
w y
HN
HO (S)
o

cyclo(Pro-Tyr) C
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Fig. 2. 2,5-Diketopiperazines containing L-proline
structural motif.

The importance of the proline containing DKPs
in the development of bioactive agents could be
further demonstrated with the examples of
Cyclo(His-Pro) B (obtained by enzymatic cleavage
of the hypothalamic TRH (thyrotropin releasing
hormone) [17], intensively investigated for its role
in the CNS (central nervous system) [18—-20]) and
the fungal host-specific phytotoxin maculosin-1,
cyclo(Pro-Tyr) C, produced by Alternaria alternata
on spotted knapweed (Centaurea maculosa)
(possible template for creating a safe and environ-
mentally friendly specific bioherbicides [21]).

Inspired by this results we are describing our
feasibility studies to develop approach for the
preparation of compound A, which could be of
general applicability for the synthesis of a series of
structurally diverse analogues with control of the
stereochemistry. Thus the synthesis of the N-benzyl
protected diketopiperazine cyclo(Gly-Pro) was
obtained from L-proline and glycine and the
introduction of suitable substituents at 6-position of
the ring was studied by means of deprotonation-
coupling methodology.

EXPERIMENTAL
General

The reactions with air and moisture sensitive
reagents were carried out in flame-dried Schlenk
flasks under an argon atmosphere. The organic
solvents were distilled prior to use. The THF was
dried by refluxing over sodium/benzophenone and
distilled under an argon atmosphere. Thin layer
chromatography (TLC) was performed on
aluminium sheets pre-coated with silica gel 60 Fys,4
(Merck). Flash column chromatography was carried
out using silica gel 60 (230—400 mesh, Merck). The
melting points of the compounds were determined
by using BOETIUS, type PHMK 05 (uncorrected).
The NMR spectra were recorded in CDCl; on a
Bruker Avance I1+ 600 (600.13 MHz for 'H NMR,
150.92 MHz for **C NMR) spectrometer with TMS
as the internal standard for chemical shifts (5, 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 (Hz), integration, and
identification. The assignment of the 'H and *C
NMR spectra was made on the basis of DEPT,
HSQC, and NOESY experiments. All assignments
marked with an asterisk are tentative. Mass spectra

(MS) were recorded on a Thermo Scientific DFS
(Double  Focusing Magnetic  Sector)  mass
spectrometer using chemical ionization and
reported as fragmentation in m/z with relative
intensities (%) in parentheses and reported as
fragmentation in m/z with relative intensities (%) in
parentheses. Elemental analyses were performed by
the Microanalytical Service Laboratory of the
Institute of Organic Chemistry, Bulgarian Academy
of Sciences.

The following commercially available starting
materials were used: Benzyl bromide (Aldrich),
NaH (60% dispersion in mineral oil, Aldrich),
LHMDS (1 M solution in THF/ethylbenzene,
Acros), LDA (2 M solution in THF/n-
heptane/ethylbenzene, Acros), 3,5-dimethoxybenzyl
bromide (Aldrich), 3-methylbenzoyl chloride
(Aldrich).

(S)-2-benzylhexahydropyrrolo[1,2-a]pyrazine-1,4-
dione 7

To a suspension of (S)-hexahydropyrrolo[1,2-
a]pyrazine-1,4-dione (6) (0.647 g, 4.196 mmol) in
acetonitrile (220 ml) NaH (6.294 mmol) was added.
The reaction mixture was stirred for 40 min. at 50
°C after that benzyl bromide (0.35 ml, 5.035 mmol)
was added. After 24 h the solvent was evaporated,
the residue was dissolved with CH,Cl,, the organic
phase was washed with saturated solution of NaCl
and dried over Na,SO,. After evaporation of the
solvent, the crude product was purified by column
chromatography (¢ = 28 mm, h = 530 mm, 70 g
silica gel, eluent: CH,CI,/CH;OH = 40:1) to give
0.801 g (78%) of 7 as colorless crystals. Ry = 0.48
(eluent: EtOAc/CH;OH = 10:1); mp 112-114 °C
(Et,O/petroleum ether). *H NMR (CDCly): § =
7.23-7.38 (m, 5H, Hy), 4.74 (d, J = 14.6, 1H, H-
10), 4.46 (d, J = 14.4, 1H, H-10), 4.13 (m, 1H, H-
3), 3.98 (d, J = 16.6, 1H, H-6), 3.76 (d, J = 16.6,
1H, H-6), 3.48-3.67 (m, 2H, H-9), 2.39-2.51 (m,
1H, H-7), 1.93-2.21 (m, 3H, H-7, H-8). *C NMR:
0 = 167.15 (s, NC=0), 163.00 (s, NC=0), 135.44
(s, C-11), 128.91 (2d, Cy), 128.33 (2d, C4), 128.06
(d, C-14), 59.08 (d, C-3), 51.13 (t, CH,), 49.51(t,
CHy), 45.20 (t, CH,), 29.00 (t, CH,), 22.56 (t, CH,).

(8aS)-2-benzyl-3-(3,5-dimethoxybenzyl)hexahydro-
pyrrolo[1,2-a]-pyrazine-1,4-dione 8

Method A: To a solution of 7 (0.200 g, 0.819
mmol) in dry THF (10 ml) LHMDS (1.23 ml, 1.228
mmol) was added at -78 °C through a septum under
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Ar atmosphere. After 1 h 3,5-dimethoxybenzyl
bromide (0.227 g, 0.982 mmol) dissolved in THF (2
ml) was added. After stirring for 3 h at -78 °C the
temperature was allowed to rise to room
temperature (20 °C) for 24 h. The mixture was
qguenched (ag. NH,CI), extracted with CH,Cl,,
washed with water, and the organic phase was dried
over Na,SO,. After evaporation of the solvent, the
crude product was purified by column
chromatography (¢ = 20 mm, h = 530 mm, 50 g
silica gel, eluent: EtOAC) to give 0.230 g (71%) of
8 as a light yellow oil. The isolated product 8 is a
mixture of two diastereoisomers (A and B) in a
ratio 95:5 (NMR data). The oil was crystallized
from Et,O/ petroleum ether to give colorless
crystals, which are again mixture of two
diastereoisomers (A and B) in a ratio 96:4 (NMR
data).

Method B: To a solution of 7 (0.180 g, 0.737
mmol) in dry THF (10 ml) LDA (0.74 ml, 1.474
mmol) was added at -78 °C through a septum under
Ar atmosphere. After 1 h 3,5-dimethoxybenzyl
bromide (0.227 g, 0.982 mmol) dissolved in THF (2
ml) was added. After stirring for 4 h at -78 °C the
temperature was allowed to rise to room
temperature (20 °C) for 24 h. The mixture was
guenched (ag. NH,CI), extracted with CH,Cl,,
washed with water, and the organic phase was dried
over Na,SO,. After evaporation of the solvent, the
crude product was purified by column
chromatography (¢ = 20 mm, h = 530 mm, 50 g
silica gel, eluent: EtOAC) to give 0.134 g (55%) of
the 8 as a light yellow oil. The isolated product 8 is
a mixture of two diastereoisomers (A and B) in a
ratio 95:5 (NMR data). R; = 0.53 (eluent: EtOAc,
the two diastereoisomers have the same R¢-value in
different solvents or mixture of solvents), mp =
106-108 °C (PE/Et,0; mixture of two
diastereoisomers in ratio 96:4). 'H NMR: J =
7.23-7.33 (m, 3H, H-12, H-14, H-16), 7.20-7.21
(m, 2H, H-13, H-15), 6.39 (t, J = 2.3, 1H, H-2Lisomer
a), 6.35 (t, J = 2.3, 1H, H-21isomer 8), 6.25 (d, J =
2.2, 2H, H-19omer o, H-23isomer ), 6.23 (d, J = 2.2,
2H, H-19isomer 8, H-23isomer ), 5.70 (d, J = 14.7, 1H,
H-10icomer 8), 5.27 (d, J = 14.8, 1H, H-10isomer 4), 4.2
(t, J = 3.8, 1H, H-6isomer ), 4.15 (t, J = 4.7, 1H, H-
Bisomer ), 4.02 (d, J = 14.7, 1H, H-10isomer g), 3.87 (d,
J = 14.7, 1H, H-10isomer o), 3.74 (s, 6H, 20CH;),
3.58 (dt, J=12.2, 8.5, 1H, H-9), 3.36 (m, 1H, H-9),
3.07 (d, J =4.90, 2H, H-17), 2.90 (dd, J = 10.7, 6.4,
1H, H-3), 2.20-2.25 (m, 1H, H-7), 1.92-1.96 (m,
1H, H-8), 1.80-1.85 (m, 1H, H-7), 1.65-1.69 (m,
1H, H-8). *C NMR: 6 = 167.65 (s, NC=0), 164.87
(s, NC=0), 160.89 (2s, C-20, C-22), 137.44* (s, C-
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11), 135.89* (s, C-18), 128.92 (2d, C-12, C-16),
128.45 (2d, C-13, C-15), 128.05 (d, C-14), 107.48
(2d, C-19, C-23), 99.99 (d, C-21), 62.45 (d, C-6),
57.92 (d, C-3), 55.43 (2q, 20CHs), 47.38 (t, C-10).
44.98 (t, C-9), 37.22 (t, C-17), 29.38 (t, C-7), 21.94
(t, C-8). MS (CI) m/z = 395 (100, [M+1]"), 243
(90), 90 (55) Anal. Calcd for CxHyN,O,
(394.471): C 70.03, H 6.64, N 7.10; Found: C
69.74, H 6.95, N 7.19.

(8aS)-2-benzyl-3-(3-methylbenzoyl)hexahydro-
pyrrolo[1,2-a]-pyrazine-1,4-dione 9 and 2-benzyl-
8a-(3-methylbenzoyl)hexahydropyrrolo[1,2-a]
pyrazine-1,4-dione 10

Method A: To a solution of 7 (0.200 g, 0.819
mmol) in dry THF (10 ml) LHMDS (1.23 ml, 1.228
mmol) was added at -78 °C through a septum under
Ar atmosphere. After 1 h 3-methylbenzoyl chloride
(0.23 ml, 0.982 mmol) was added portion wise for a
period of 15 min. After stirring for 3 h at -78 °C the
temperature was allowed to rise to room
temperature (20 °C) for 24 h. The mixture was
quenched (ag. NH,CI), extracted with CH,Cl,,
washed with water, and the organic phase was dried
over Na,SO,. After evaporation of the solvent, the
crude product was purified by column
chromatography (¢ = 20 mm, h = 530 mm, 50 ¢
silica gel, eluent: CH,CIy/Et,0 = 15:1) to give
0.075 g (25%) of 9 (colorless crystals), as single
diastereoisomer. Ry = 0.54 (eluent: EtOAc/CH;0H
= 40:1); mp = 153-155 °C (PE/Et,0). *H NMR: 6 =
7.89 (d, J = 7.80, 1H, H-23), 7.86 (s, 1H, H-19),
7.41 (dt, J = 8.22, 0.66, 1H, H-21), 7.34 (t, J = 7.68,
1H, H-22), 7.23-7.25 (m, 3H, H-13, H-14, H-15),
7.15 (m, 2H, H-12, H-16), 5.50 (s, 1H, H-6), 5.03
(d, J =14.80, 1H, H-10), 4.33 (dd, J = 10.26, 6.84,
1H, H-3), 4.06 (d, J = 14.80, 1H, H-10), 3.58-3.62
(m, 1H, H-9), 3.39-3.43 (m, 1H, H-9), 2.48-2.52
(m, 1H, H-7), 2.40 (s, 3H, H-24), 2.07-2.14 (m,
1H, H-7), 1.99-2.05 (m, 1H, H-8), 1.81-1.89 (m,
1H, H-8). ®*C NMR: ¢ = 191.17 (s, C=0), 169.44
(s, NC=0), 159.51 (s, NC=0), 138.63* (s, C-11),
135.42 (d, C-21), 135.00* (s, C-18), 133.85* (s, C-
20), 130.03 (d, C-19), 128.89 (4d, C-12, C-13, C-
15, C-16), 128.63 (d, C-22), 128.16 (d, C-14),
127.09 (d, C-23), 67.91 (d, C-6), 59.46 (d, C-3),
49.08 (t, C-10), 46.13 (t, C-9), 29.47 (t, C-7), 22.60
(t, C-8), 21.35 (g, CH3). MS (CI) m/z = 363 (78,
[M+1]%), 119 (100). Anal. Calcd for CyxH,,N,04
(362.429): C 7291, H 6.12, N 7.73; Found: C
73.15,H 6.33, N 7.97.

Method B: To a solution of 7 (0.150 g, 0.614
mmol) in dry THF (10 ml) LDA (0.61 ml, 1.228
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mmol) was added at -78 °C through a septum under
Ar atmosphere. After 1 h 3-methylbenzoyl chloride
(0.28 ml, 1.351 mmol) was added portion wise for a
period of 10 min. After stirring for 3 h at -78 °C the
mixture was quenched (ag. NH,CI), extracted with
CH,CI,, and washed with water and the organic
phase was dried over Na,SO,. After evaporation of
the solvent, the crude product was purified by
column chromatography (¢ = 20 mm, h = 530 mm,
50 g silica gel, eluent: PE/Et,0 = 1:4). It was
isolated 0.058 g (26%) of product 9 and 0.019 ¢
(9%) of product 10 as light yellow oil. The data of
9 are identical with those obtained using LHMDS
as a deprotonating agent.

Data for 10: Rs = 0.45 (eluent: EtOAc/CH;0OH =
40:1). *H NMR: ¢ = 8.15 (d, J = 7.80, 1H, H-23),
8.04 (d, 1H, H-19), 7.44 (d, J = 7.56, 1H, H-21),
7.38 (t, J = 7.74, 1H, H-22), 7.19-7.22 (m, 1H, H-
14), 7.15-7.19 (m, 2H, H-13, H-15), 6.93-6.94 (m,
2H, H-12, H-16), 4.71 (d, J = 14.70, 1H, H-10),
4.35 (d, J = 14.70, 1H, H-10), 3.82 (d, J = 17.04,
1H, H-6), 3.72-3.76 (m, 1H, H-9b), 3.69 (d, J =
17.04, 1H, H-6), 3.47-351 (m, 1H, H-9),
3.01-3.06 (m, 1H, H-7), 2.68-2.72 (m, 1H, H-7),
2.43 (s, 3H, H-24), 1.95-2.01 (m, 1H, H-8),
1.73-1.81 (m, 1H, H-8). *C NMR: ¢ = 193.02 (s,
C=0), 165.09 (s, NC=0), 165.05 (s, NC=0),
138.60* (s, C-11), 135.20* (s, C-18), 134.91 (d, C-
21), 132.71* (s, C-20), 130.65 (d, C-19), 128.88
(2d, C-13, C-15), 128.51 (d, C-22), 127.98 (d, C-
14), 127.82 (2d, C-12, C-16), 127.60 (d, C-23),
77.39 (s, C-3), 51.77 (t, C-6), 50.53 (t, C-10), 44.81
(t, C-9), 33.71 (t, C-7), 21.99 (t, C-8), 21.45 (q,
CH3). MS (CI) m/z = 363 (100, [M+1]"), 243 (47),
119 (68), 91 (47) Anal. Calcd for C22H22N203

(Boc),0

o
HZN\)LO/ - HCI
3

(362.429): C 7291, H 6.12, N 7.73; Found: C
72.64, H5.89, N 7.53.

RESULTS AND DISCUSSION

The unsubstituted diketopiperazine Cyclo(Gly-
Pro) 6 was synthesized according published
procedure over 4 steps (Scheme 1) without
purification of the intermediates [22]. However, we
could significantly improve the overall yield of 6 to
56% starting with L-proline 1, compared with the
published yield of 38% for the reaction sequence
from 2 to 6. The N-benzylation of 6 occurred by
using NaH, benzylbromide in acetonitrile in 78%
yield and it was curious that we could not found
this procedure in the literature. The synthesis of
compound 7 has been described to proceed in 56%
yield by multicomponent Ugi-reaction, however
without taking into account the yield for
preparation of one of the starting compounds that
needs 5-step procedure [23].

The N-benzylated DKP 7 was used as starting
compound for the planned experiments. For the
deprotonation of 7 the reagents lithium
hexamethyldisilazide (LHMDS) and lithium
diisopropyl amide (LDA) were used (Scheme 2).
The alkylation of the generated enolate was realized
with 3,5-dimethoxybenzyl bromide as a model
compound, since 3,5-dichloro-4-hydroxybenzyl
bromide, needed for the synthesis of DKP A was
not commercially available. The reaction sequence
using LHMDS leading to DKP 8 was high yielding,
whereas with LDA a moderate yield could be
realized.

(0]
H /
S N\)\O

(L%° L
N L, Amberist1s, |

/& OH
EtOH, 45°C o~ o

1 2 (95%)

N (S) -
10 g NaH
. 5 CH4CN
50°C
7 (78%)

14

9
-

e MeOH, 14 N

6 (80%)

L
’ o

N

EDC, HOBt d_ o
Et;N, CH,Cly, o "0
20°C
4 (80%)
CF,COOH
20°C

o)
H %
) N\)LO
O .CcF;cOO0H

5 (92%)

Scheme 1. Synthesis of the Cyclo(Gly-Pro) 6 and the N-benzylated DKP 7.
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In both cases an excellent diastereoselectivity
was observed. One crystallization from diethyl
ether/petroleum ether could not improve the
diastereoisomeric ratio (8a:8b = 96:4-ratio was

observed by NMR).
b
o " 0
1) Method A or 6 9
Method B
_—

<5 @é

Method A: LHMDS 71% 8a:8b = 95:5 (90% de)
Method B: LDA 55% 8a:8b = 95:5 (90% de)

Scheme 2. Alkylation of 7 with 3,5-dimethoxybenzyl
bromide using LHMDS (Method A) or LDA (Method B)
as deprotonating agents (the numbering of the C-atoms is
presented to support the assignment of the NMR
spectra).

The configuration of the newly formed
stereogenic center in the major diastereocisomer 8a
was determined by using advanced NMR
experiments. Important prerequisite was the rigid
structure of the 2,5-diketopiperazine ring fused to
the cyclic five-membered proline-ring resulting in a
stable boat conformation of the DKP [24, 25]. For
determining the configuration at the stereogenic
center C-6 it was necessary to identify the relative
position of the 3,5-dimethoxybenzyl moiety
attached. By means of NOESY spectra the proton
proximities shown with arrows in Fig. 3 were
observed (only most important proton-proton NOE
interdependencies are presented). The observed
proximities between the formal proline proton at
the C-3 position of the DKP-ring and the ortho-
proton of the 3,5-dimethoxybenzyl moiety, as well
as the positions of protons from the both benzylic
CH,-groups relative to those of the C-6 proton,
allowed to deduce the configuration of C-6
stereogenic center as R taking into account the
known S configuration of C-3. Consequently, the
major diastereoisomer of compound 8 is formed as
a result of the reaction between deprotonated DKP
7 and 3,5-dimethoxybenzyl bromide approaching
from the less hindered opposite direction relative to
the tilt between the proline and DKP fused rings.

As next aim in the feasibility study was proved
and tested the reaction of deprotonated 7 with 3-
methylbenzoyl chloride (Scheme 3). Irrespective of
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the deprotonation agent (LHMDS or LDA) the
expected product 9 could be isolated after
chromatography purification in low yield (25%).

anisotropy effect

9

Fig. 3. The observed proton proximities by means of
NOESY spectra used for determination of the configura-
tion of compounds 8a (major diasterecisomer) and 9.

Surprisingly, in the reaction performed with
LDA the formation of the by-product 10 was
observed (9% vyield of isolated compound).
Compounds 9 and 10 could be separated by column
chromatography and isolated in pure form. It is
noteworthy that compound 9 was formed as a
single diastereoisomer. The stereoselectivity was
expected to be the same as in the case of compound
8. The most significant argument for the
configuration of 9 was the chemical shift of the C-3
proton (4.33 ppm), which was downfield shifted
compared with the same proton in compound 8a
(2.90 ppm). This observation was obviously a result
of the anisotropy effect and the corresponding
deshielding of C-3 proton. The observed proton
proximities in the NOESY spectra (Fig. 3)
supported the suggested configuration for the C-6
stereogenic center as R. The NMR spectra of
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7 >
O Cl
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compound 10 (1D and 2D) clearly supported the
structure presented in Scheme 3. At this moment
the discussion about the formation of 10 would be
speculative.

CONCLUSION

The feasibility of the reaction sequence
deprotonation of diketopiperazine Cyclo(Gly-Pro)
followed by reaction with electrophiles proved to
be a promising strategy for synthesis of libraries of
structurally  diverse  compounds  possessing
biological activity. The observed stereoselectivity is
significant advantage in the synthesis of
compounds with definite configuration.
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CTPATEI'A 3A CTEPEOCEJIEKTUBHO ®YHKIIMOHAJIM3NPAHE HA
2,5-IUKETOITUITEPA3MH ITOJIYYEH OT L-ITPOJIMH U I'N'TMLIWH

A. IlerpoBa, M. IlanueBa, K. KoctoBa*, W. 3arpansipcka, M. TaBnuHoBa-Kupuiona, B.
JHumutpos*

Hncmumym no Opeanuuna Xumus ¢ Llenmvp no Qumoxumus, bvreapcka Akademus na Haykume, yn. Axao. I'. bonues,
6n. 9, 1113 Cogus, bvreapus

[ocrenuna Ha 15 mapt 2017 r.; Kopurupana Ha 22 mapt 2017 .

(Pesrome)

dyuknuoHanusupaneTo Ha aukeronunepasud Cyclo(Gly-Pro) ypes usmonssane Ha MOAXOMSI JENPOTOHHPALL
peareHT U enekTpo(duI mpejiara Bhb3MOXKHOCTTA 33 CHHTE3 Ha CTPYKTYPHO Pa3sHOOOPa3HU CEpUHM OT ChEAMHEHUS
(6ubnmoTexu), MpUTEKaBaIld OHOAKTUBHOCT. TO3M CHUHTETHYEH TOAXOJ Oelie J0oKa3aH, 4e € OCBHIIECTBHUM IIO
OTHOIIIEHHE Ha W3MOJI3BaHe Ha Pa3HOOOpasHH eJIeKTpOQHUIM H OCOOEHO OTHOCHO HaON0JaBaHaTa BHCOKA
CTEePEOCEIEKTHBHOCT.
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A convenient and efficient regioselective synthesis of phosphorylated 3-(a-hydroxyalkyl)allenes by an atom-
economical [2,3]-sigmatropic rearrangement of the mediated propargyl phosphites or phosphinites which can be readily
prepared via reaction of (tetrahydro-2H-pyran-2-yloxy)-alkynols with dimethyl chlorophosphite or chlorodiphenyl
phosphine respectively in the presence of a base is described.

Key words: synthesis; protection of hydroxy group;

hydroxyalkyl)allenes

INTRODUCTION

The synthesis and application of allene
derivatives has had a great influence in preparative
organic chemistry during the last three decades.
The crucial structural characteristic of allenes is the
presence of two m electron clouds separated by a
single sp-hybridized carbon atom. Due to that very
unique structural and electronic arrangement allenic
compounds have an extraordinary reactivity profiles.
Moreover, functionalized allenes have also
attracted growing attention due to their versatility
as key building blocks for organic synthesis. The
synthetic potential of functionalized allenes has
been thoroughly explored in recent years. The
research in that area has led to the development of
novel methods for the construction of a variety of
functionalized heterocyclic and carbocyclic systems
[1-6].

There are variety of methods for the
construction of hydroxyallenes that include
prototropic rearrangement of propargylic alcohols
[7, 8], metal-catalyzed nucleophilic addition of
propargylic derivatives to aldehydes [9-15], Cu(l)-
catalyzed reaction of propargylic chlorides with
Grignard reagents [16, 17], metal-catalyzed reaction of
propargylic oxiranes with organometallic compounds
[18-22] and ketones [23, 24], reduction of alcohols,
ethers, oxiranes etc. with aluminium reagents [25—
27], Pd(0)-catalyzed reaction of cyclic carbonates
with acetylenic compounds [28, 29], Sy2’ [30, 31]
and Ay [32, 33] reactions of metalled alkoxy-allenes

* To whom all correspondence should be sent:
E-mail: vchristo@shu.bg

[2,3]-sigmatropic rearrangement; phosphorylated 3-(a-

with oxiranes and ketones [34], and other routes
[35].

In addition, there are methods [36-39] for the
synthesis  of  phosphorus-containing  allenes
(phosphonates [40-43], phosphinates [44, 45], and
phosphine oxides [46-51]) including reactions of a-
alkynols with chloride-containing derivatives of
phosphorus acids followed by [2,3]-sigmatropic
rearrangement. Several diethylphosphono-
substituted a-allenic alcohols were prepared by Brel
[52, 53] directly from alcohols by Horner-Mark
rearrangement of unstable propargylic phosphites.

As a part of our research program on the
chemistry of the bifunctionalized allenes, we
required a convenient method to introduce a
phosphorus-containing group such as phosphonate
or phosphine oxide group as well as a a-hydroxy
group in the third position to the allenic system of
double bonds. The above mentioned groups
provoke organic researchers’ interest because of
their useful functionalities in organic synthesis. The
emphasis is particularly on the applications of these
groups as temporary transformers of chemical
reactivity of the allenic system in the synthesis of
eventually heterocyclic compounds.

Our scientific interest on the synthesis [54, 55]
and electrophilic cyclization [56, 58] and cyclo-
isomerisation reactions [57, 58] of phosphorylated
1-(a-hydroxyalkyl)allenes [54, 56, 57], 1-(B-
hydroxyalkyl)allenes [55, 58], 4-hydroxy-1,3,4-
triphenyl-buta-1,2-dienes [63] and 3-(B-hydroxy-
alkyl)allenes [64] reported in our previous articles
let to the discovery of a convenient and efficient

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 25
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regioselective synthesis of phosphorylated 3-(a-
hydroxyalkyl)allenes by an atom economical [2,3]-
sigmatropic  rearrangement of the mediated
(tetrahydro-2H-pyran-2-yloxy)-propargyl phosphite
or phosphinite.

EXPERIMENTAL

General Information

All new synthesized compounds were purified
by column chromatography and characterized on
the basis of NMR, IR, and microanalytical data.
NMR spectra were recorded on DRX Brucker
Avance-250 (Bruker BioSpin, Karlsruhe, Germany)
(*H at 250.1 MHz, *C at 62.9 MHz, *P at 101.2
MHz) and Brucker Avance 11+600 (Bruker BioSpin
GmbH, Karlsruhe, Germany) (*H at 600.1 MHz,
3C at 150.9 MHz, *P at 242.9 MHz) spectrometers
for solutions in CDCl;. All *H and *C NMR
experiments were measured referring to the signal
of internal TMS and *'P NMR experiments were
measured referring to the signal of external 85%
HsPO,. J values are given in hertz. IR spectra were
recorded with an FT-IRAfinity-1 Shimadzu
spectrophotometer  (Shimadzu, Tokyo, Japan).
Elemental analyses were carried out by the
Microanalytical Service Laboratory of Faculty of
Chemistry and Pharmacy, University of Sofia,
Bulgaria, using Vario EL3 CHNS(O) (Elementar
Analysensysteme, Hanau, Germany). Column
chromatography was performed on Kieselgel 60
Fyss (70-230 mesh ASTM, 0.063-0.200 nm,
Merck). Et,O and THF were distilled from Na
wire/benzophenone, CH,Cl, was distilled over
CaH,, and other organic solvents used in this study
were dried over appropriate drying agents by
standard methods and distilled prior to use. All
other chemicals used in this study were
commercially available and were used without
additional purification unless otherwise noted.
Reactions were carried out in oven dried glassware
under an argon atmosphere and exclusion of
moisture. All compounds were checked for purity
on TLC plates Kieselgel 60 F,4 (Merck).

General procedure [59-62] for synthesis of
(tetrahydro-2H-pyran-2-yloxy)-alkanone 2

A solution of the a-hydroxy-alkanones 1 (120
mmol) and DHP (3,4-dihydro-2H-pyran) (15.14 g,
180 mmol) in dry methylene chloride (100 mL)
containing PPTS (pyridinium p-toluenesulfonate)
(3 9, 12 mmol) is stirred for 10 h at room
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temperature. Then the reaction was quenched with
saturated NaHCO; and extracted with methylene
chloride. The organic layer was dried over
anhydrous sodium sulfate. After evaporation of the
solvent, the residue was chromatographied on a
column (silica gel, Kieselgel Merck 60 F,.,) with a

mixture of ethyl acetate and hexane as an eluent.
The pure products 2 had the following properties:
1-(Tetrahydro-2H-pyran-2-yloxy)-propan-2-one
(2a). Pale yellow oil, yield: 95%. Eluent for TLC:
ethyl acetate:hexane = 1:1, R; 0.59; IR (neat, cm™):
1120 (C-0O-C), 1721 (C=0). 'H-NMR (250.1
MHz): &y 1.45-1.83, 3.55-3.71, 4.37-4.46
(overlapping multiplets, 9H, OTHP), 2.07 (s, 3H,
Me), 4.11-4.27 (m, 2H,CH,). *C-NMR (62.9 MHz)
8¢ 19.5 (CH,), 25.3 (CH,), 26.7 (CHj3), 30.1 (CHy,),
62.1 (CH,), 74.4 (CH,), 99.0 (CH), 205.7 (C). Anal.
Calcd. for CgH14.05: C 60.74, H 8.92; found: C
60.68, H 8.87.
3-(Tetrahydro-2H-pyran-2-yloxy)-butan-2-one
(2b). Pale yellow oil, yield: 96%. Eluent for TLC:
ethyl acetate:hexane = 1:2, R; 0.53; IR (neat, cm™"):
1125 (C-O-C), 1721 (C=0). ). 'H-NMR (250.1
MHz): 64 1.20 (d, J=6.3 Hz, 3H, Me-CH), 1.49-
1.71, 3.60-3.73, 4.59-4.67 (overlapping multiplets,
9H, OTHP), 2.19 (s, 3H, Me), 4.03-4.11 (m, 2H,
CH). ®C-NMR (62.9 MHz) &: 16.5 (CHs), 19.5
(CHy), 25.0 (CH3), 25.7 (CH,), 30.7 (CHy), 63.1
(CHy), 77.0 (CH), 95.4 (CH), 2115 (C). Anal.
Calcd. for CgH105: C 62.77, H 9.36; found: C
62.72, H 9.40.
Phenyl-[1-(tetrahydro-2H-pyran-2-yloxy)-cyclo-
hexyl]-methanone (2c). Colourless oil, yield: 93%.
Eluent for TLC: ethyl acetate:hexane = 1:4, R; 0.44;
IR (neat, cm™'): 1123 (C-O-C), 1442, 1489 (Ph),
1680 (C=0). 'H-NMR (250.1 MHz): &y 1.35-2.11,
3.49-3.79, 5.15-5.24 (overlapping multiplets, 19H,
OTHP, cyclohexyl), 7.34-8.02 (m, 5H, Ph). *C-
NMR (62.9 MHz) 3¢ 20.2 (CH,), 24.0 (2xCH,),
25.2 (CH,), 26.0 (CH,), 31.6 (CH,), 35.2 (2xCH,),
62.4 (CH,), 82.7 (C), 97.2 (CH), 128.1-133.0 (Ph),
201.4 (C). Anal. Calcd. for CigH»405: C 74.97, H
8.39; found: C 75.02, H 8.43.
Synthesis and spectral data of diphenyl-2-
(tetrahydro-2H-pyran-2-yloxy)-ethanone 2d were
described in our previous paper [63].

General procedure for synthesis of (tetrahydro-2H-
pyran-2-yloxy)-alkynols 3

Ethylmagnesium  bromide [prepared from
magnesium (1.22 g, 50 mmol) and ethyl bromide
(5.50 g, 50 mmol) in dry THF (50 mL)] is added
dropwise under stirring to the phenylacetylene (50
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mmol) and then the mixture is refluxed for 2 h. The
solution of the prepared ethynyl magnesium
bromide is added dropwise under stirring to the
(tetrahydro-2H-pyran-2-yloxy)-alkanones 2 (100
mmol). The mixture is refluxed for 16 h and after
cooling is hydrolyzed with a saturated aqueous
solution of ammonium chloride. The organic layer
is separated, washed with water, and dried over
anhydrous sodium sulfate. Solvent and the excess
of ketone are removed by distillation. Purification
of the residue is achieved by column
chromatography (silica gel, Kieselgel Merck 60
F.s4) with ethyl acetate-hexane. The pure products 3
had the following properties:
2-Methyl-4-phenyl-1-(tetrahydro-2H-pyran-2-
yloxy)-but-3-yn-2-ol (3a). Yellow oil, yield: 75%.
Eluent for TLC: ethyl acetate:hexane = 1:4, R¢ 0.52;
IR (neat, cm™): 1123 (C-O-C), 1443, 1489 (Ph),
3420 (OH). *H-NMR (600.1 MHz): &, 1.58 (s, 3H,
Me), 1.63-1.92, 3.99-4.09, 4.67-4.78 (overlapping
multiplets, 9H, OTHP), 3.31 (s, 1H, OH), 3.60-3.90
(m, 2H, CH,), 7.26-7.43 (m, 5H, Ph). *C-NMR
(150.9 MHz) 8¢ 19.4 (CHp), 25.3 (CH,), 26.2
(CHs3), 30.6 (CH,), 62.8 (CH,), 67.6 (C), 76.2
(CHy), 83.7 (C), 99.9 (C), 105.5 (CH), 122.6-131.4
(Ph). Anal. Calcd. for CigH»03: C 73.82, H 7.74;
found: C 73.76, H 7.78.
3-Methyl-1-phenyl-4-(tetrahydro-2H-pyran-2-
yloxy)-pent-1-yn-3-ol (3b). Yellow oil, yield: 79%.
Eluent for TLC: ethyl acetate:hexane = 1:4, R¢ 0.51;
IR (neat, cm™'): 1123 (C-O-C), 1441, 1491 (Ph),
3412 (OH). *H-NMR (600.1 MHz): &, 1.10-1.23,
3.53-3.68, 4.73-4.80 (overlapping multiplets, 9H,
OTHP), 1.36 (d, J=5.4 Hz, 3H, Me-CH), 1.44 (s,
3H, Me), 2.89 (s, 1H, OH), 3.89-3.97 (m, 2H, CH,),
7.18-7.32 (m, 5H, Ph). ®*C-NMR (150.9 MHz) &¢
15.4 (CHj3), 19.0 (CH,), 23.3 (CHj3), 25.7 (CH,),
31.6 (CHy), 62.6 (CHy), 71.9 (C), 80.8 (C), 90.0
(C), 91.1 (CH), 96.5 (CH), 120.6-133.0 (Ph). Anal.
Calcd. for C7H,,05; C 74.42, H 8.08; found: C
74.46, H 8.05.
1,3-Diphenyl-1-[1-(tetrahydro-2H-pyran-2-
yloxy)-cyclohexyl]-prop-2-yn-1-ol (3c). Pale yellow
oil, yield: 65%. Eluent for TLC: ethyl
acetate:hexane = 1:4, R; 0.63; IR (neat, cm’l): 1125
(C-O-C), 1443, 1489 (Ph), 3395 (OH). 'H-NMR
(600.1 MHz): 64 1.35-1.65, 3.49-3.79, 5.01-5.07
(overlapping multiplets, 9H, OTHP), 1.71-2.10
(overlapping multiplets, 10H, cyclohexyl), 2.91 (s,
1H, OH), 7.12-7.59 (m, 10H, 2Ph). “C-NMR
(150.9 MHz) 3¢ 20.8 (CHy), 23.9 (2xCH,), 25.0
(CH,), 25.8 (CHy), 31.4 (CH,), 33.1 (2xCH,), 63.6
(CH,), 82.1 (C), 84.2 (C), 87.1 (C), 87.8 (C), 99.2

(CH), 123.0-142.4 (2Ph). Anal. Calcd. for
CysH305: C 79.97, H 7.74; found: C 80.01, H 7.69.

Synthesis and spectral data of 1,2,4-triphenyl-1-
(tetrahydro-2H-pyran-2-yloxy)-but-3-yn-2-ol ~ 3d
were described in our previous paper [63].

General procedure for synthesis of dimethyl
(tetrahydro-2H-pyran-2-yloxy)-alka-1,2-
dienephosphonates 5

To a solution of phosphorus trichloride (2.75 g,
20 mmol) and triethylamine (2.23 g, 22 mmol) in
dry diethyl ether (60 mL) at -70 °C was added
dropwise with stirring a solution of the (tetrahydro-
2H-pyran-2-yloxy)-alkynol 3 (20 mmol) in the
same solvent (20 mL). After 30 min stirring at the
same condition a solution of pyridine (3,16 g, 44
mmol) and of methanol (1,28 g, 40 mmol) in dry
diethyl ether (50 mL) were added. The reaction
mixture was stirred for an hour at the same
temperature and for 12 hours at room temperature.
The mixture was then washed with water, 2N HCI,
extracted with ether, washed with saturated NaCl,
and dried over anhydrous sodium sulfate. After
evaporation of the solvent, the residue was
chromatographied on a column (silica gel,
Kieselgel Merck 60 Fy,) with a mixture of ethyl
acetate and hexane as an eluent to give the pure
product 5 as an oil, which had the following
properties:

Dimethyl 3-methyl-1-phenyl-4-(tetrahydro-2H-
pyran-2-yloxy)-buta-1,2-dienephosphonate  (5a).
Yellow oil, yield: 72%. Eluent for TLC: ethyl
acetate:hexane = 1:1, R; 0.40; IR (neat, cm'): 1121
(C-0-C), 1263 (P=0), 1445, 1495 (Ph), 1950
(C=C=C). 'H-NMR (600.1 MHz): &, 1.46-1.84,
3.64-3.75, 4.39-4.44 (overlapping multiplets, 9H,
OTHP), 2.02 (d, J=7.7 Hz, 3H, Me), 3.77 (d,
J=12.1 Hz, 6H, 2MeO), 4.19-4.33 (m, 2H, CH,),
7.22-7.80 (m, 5H, Ph). *C-NMR (150.9 MHz) &¢
15.5 (J=5.7 Hz, CHj), 19.3 (CH,), 24.9 (CH,), 29.7
(CHy), 52.6 (J=14.4 Hz, 2xCHj3), 61.7 (CH,), 68.0
(J=5.0 Hz, CH,), 95.5 (J=182.6 Hz, C), 97.4 (CH),
1045 (J=8.3 Hz, C), 117.6-129.7 (Ph), 208.8
(J=1.8 Hz, C). *P-NMR (242.9 MHz): & 18.6.
Anal. Calcd. for CigHysOsP: C 61.36, H 7.15;
found: C 61.43, H 7.20.

Dimethyl  3-methyl-1-phenyl-4-(tetrahydro-2H-
pyran-2-yloxy)-penta-1,2-dienephosphonate  (5b).
Yellow oil, yield: 77%. Eluent for TLC: ethyl
acetate:hexane = 1:1, Ry 0.44; IR (neat, cm™'): 1119
(C-0-C), 1260 (P=0), 1445, 1495 (Ph), 1946
(C=C=C). 'H-NMR (600.1 MHz): 5, 1.46 (d, J=5.7
Hz, 3H, Me-CH), 1.47-1.58, 3.55-3.71, 4.51-4.62
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(overlapping multiplets, 9H, OTHP), 1.85 (d, J=6.9
Hz, 3H, Me), 3.76 (d, J=12.4 Hz, 6H, 2MeO), 3.89-
3.97 (m, 1H, CH), 7.18-7.91 (m, 5H, Ph). *C-NMR
(150.9 MHz) &8¢ 12.4 (J=4.5 Hz, CHjy), 19.7 (CH,),
20.3 (CHg), 25.7 (CH,), 30.8 (CH,), 53.4 (J=13.0
Hz, 2xCHj3), 63.4 (CH,), 74.6 (J=4.6 Hz, CH), 94.0
(J=185.0 Hz, C), 95.8 (CH), 106.7 (J=7.7 Hz, C),
118.7-129.4 (Ph), 209.7 (J=2.0 Hz, C). *P-NMR
(242.9 MHz): 5 18.9. Anal. Calcd. for C;gH,;OsP:
C 62.28, H 7.43; found: C 62.34, H 7.47.

Dimethyl 1,3-diphenyl-3-[1-(tetrahydro-2H-
pyran-2-yloxy)-cyclohexyl]-propa-1,2-diene-
phosphonate (5c¢). Yellow oil, yield: 73%. Eluent
for TLC: ethyl acetate:hexane = 1:1, R 0.42; IR
(neat, cm™'): 1125 (C-O-C), 1258 (P=0), 1447,
1493 (Ph), 1925 (C=C=C). 'H-NMR (600.1 MHz):
dy 1.30-2.03, 3.51-3.59, 4.38-4.77 (overlapping
multiplets, 19H, OTHP, cyclohexyl), 3.78 (d,
J=12.0 Hz, 6H, 2MeO), 7.18-7.98 (m, 10H, 2Ph).
BC-NMR (150.9 MHz) &c 185 (CH,), 225
(2xCH,), 24.4 (CH,), 25.0 (CH,), 30.6 (CH,), 42.5
(2xCH,), 51.7 (J=14.8 Hz, 2xCHj,), 62.9 (CH,),
78.7 (J=4.9 Hz, C), 95.2 (J=182.8 Hz, C), 97.5
(CH), 113.7 (J=7.8 Hz, C), 118.0-138.8 (2Ph),
2115 (J=1.7 Hz, C). *P-NMR (242.9 MHz): &
18.5. Anal. Calcd. for C,3H3505P: C 69.69, H 7.31;
found: C 69.63, H 7.28.

Synthesis and spectral data of dimethyl 1,3,4-
triphenyl-4-(tetrahydro-2H-pyran-2-yloxy)-buta-
1,2-dienephosphonate 5d were described in our
previous paper [63].

General procedure for synthesis of diphenyl
(tetrahydro-2H-pyran-2-yloxy)-alka-1,2-dien-1-yl
phosphine oxides 7

To a solution of the (tetrahydro-2H-pyran-2-
yloxy)-alkynol 3 (20 mmol) and triethylamine (2.23
g, 22 mmol) in dry diethyl ether (60 mL) at -70 °C,
a solution of freshly distilled diphenylchloro
phosphine (4.41 g, 20 mmol) in the same solvent
(20 mL) was added dropwise with stirring. The
reaction mixture was stirred for an hour at the same
temperature and for 8 h at room temperature and
then washed with water, 2N HCI, extracted with
diethyl ether, and the extract was washed with
saturated NaCl, and dried over anhydrous sodium
sulfate. The solvent was removed using a rotatory
evaporator, and the residue was purified by column
chromatography on a silica gel (Kieselgel Merck 60
Foss) with ethyl acetate-hexane to give the pure
product 7 as oil, which had the following
properties:
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Diphenyl 3-methyl-1-phenyl-4-(tetrahydro-2H-
pyran-2-yloxy)-buta-1,2-dien-1-yl phosphine oxide
(7a). Yellow oil, yield: 79%. Eluent for TLC: ethyl
acetate:hexane = 1:1, R; 0.42; IR (neat, cm'): 1119
(C-0-C), 1178 (P=0), 1437, 1493 (Ph), 1948
(C=C=C). 'H-NMR (600.1 MHz): &, 1.49-1.83,
3.63-3.77, 4.44-4.59 (overlapping multiplets, 9H,
OTHP), 2.08 (d, J=7.6 Hz, 3H, Me), 4.18-4.40 (m,
2H, CH,), 7.20-8.02 (m, 15H, 3Ph). C-NMR
(150.9 MHz) &c 14.5 (CHg), 19.3 (CH,), 25.3
(CHy), 30.5 (CH,), 60.8 (CH,), 66.5 (J=4.9 Hz,
CH,), 98.4 (J=185.9 Hz, C), 101.5 (CH), 107.5
(J=7.8 Hz, C), 128.4-135.2 (3Ph), 209.7 (J=2.3 Hz,
C). ¥P-NMR (242.9 MHz): & 31.3. Anal. Calcd.
for ngHnggP: C 75.66, H 6.58; found: C 75.70, H
6.63.

Synthesis and spectral data of 2-[4-
(diphenylphosphinoyl)-1,2,4-triphenyl-buta-2,3-
dienyloxy]-tetrahydro-2H-pyran 7d were described
in our previous paper [63].

General procedure for synthesis of dimethyl 3-(a-
hydroxyalkyl)-alka-1,2-dienephosphonates 8 and
diphenyl 3-(a-hydroxyalkyl)-alka-1,2-dienyl
phosphine oxides 9

A solution of the dimethyl (tetrahydro-2H-
pyran-2-yloxy)-alka-1,2-dienephosphonates 5 or
the diphenyl (tetrahydro-2H-pyran-2-yloxy)-alka-
1,2-dien-1-yl phosphine oxides 7 (5 mmol) and
PPTS (0.5 mmol) in ethanol (10 mL) was stirred at
room temperature for 6 h. The mixture was then
washed with water, extracted with methylene
chloride and dried over anhydrous sodium sulfate.
After evaporation of the solvent, the residue was
chromatographied on a column (silica gel,
Kieselgel Merck 60 F,.,) with a mixture of ethyl

acetate and hexane (3:1) as an eluent to give the
pure products 8 or 9 as oils, which had the
following properties:

Dimethyl 4-hydroxy-3-methyl-1-phenylbuta-1,2-
dienephosphonate (8a). Pale yellow ail, yield: 80%.
Eluent for TLC: ethyl acetate:hexane = 1:1, R¢ 0.58;
IR (neat, cm'): 1258 (P=0), 1447, 1491 (Ph), 1948
(C=C=C), 3376 (OH). 'H-NMR (600.1 MHz): &y
1.98 (d, J=7.5 Hz, 3H, Me), 2.73 (s, 1H, OH), 3.77
(d, J=11.8 Hz, 6H, 2MeO0), 5.18-5.26 (m, 2H, CH,),
7.21-7.79 (m, 5H, Ph). *C-NMR (150.9 MHz) &¢
15.4 (J=5.0 Hz, CHj), 51.7 (J=14.9 Hz, 2xCH,),
62.5 (J=4.5 Hz, CH,), 94.9 (J=182.5 Hz, C), 104.7
(J=7.8 Hz, C), 117.1-129.4 (Ph), 209.4 (J=1.8 Hz,
C). ¥P-NMR (242.9 MHz): & 18.5. Anal. Calcd.
for Cy3H;04P: C 58.21, H 6.39; found: C 58.14, H
6.44.
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Dimethyl  4-hydroxy-3-methyl-1-phenylpenta-
1,2-dienephosphonate (8b). Yellow oil, yield: 83%.
Eluent for TLC: ethyl acetate:hexane = 1:1, R¢ 0.61;
IR (neat, cm™'): 1262 (P=0), 1443, 1495 (Ph), 1944
(C=C=C), 3420 (OH). ‘*H-NMR (600.1 MHz): &
1.47 (d, J=5.5 Hz, 3H, Me-CH), 1.94 (d, J=7.0 Hz,
3H, Me), 2.47 (s, 1H, OH), 3.78 (d, J=12.1 Hz, 6H,
2MeO), 4.30-4.39 (m, 1H, CH), 7.18-7.90 (m, 5H,
Ph). ®*C-NMR (150.9 MHz) 8¢ 13.1 (J=4.4 Hz,
CHg), 19.0 (CHg3), 51.7 (J=14.0 Hz, 2xCHj3), 73.2
(J=4.7 Hz, CH), 95.1 (J=184.7 Hz, C), 107.4 (J=8.0
Hz, C), 120.7-129.1 (Ph), 209.3 (J=1.6 Hz, C). *'P-
NMR (242.9 MHz): & 18.6. Anal. Calcd. for
CuH1s04P: C 59.57, H 6.78; found: C 59.61, H
6.83.

Dimethyl 3-(1-hydroxycyclohexyl)-1,3-diphenyl-
propa-1,2-dienephosphonate  (8c). Yellow ail,
yield: 85%. Eluent for TLC: ethyl acetate:hexane =
1:1, R; 0.63; IR (neat, cm'): 1256 (P=0), 1445,
1493 (Ph), 1933 (C=C=C), 3364 (OH). 'H-NMR
(600.1 MHz): 64 1.27-1.99 (overlapping multiplet,
10H, cyclohexyl), 2.31 (s, 1H, OH), 3.74 (d, J=12.1
Hz, 6H, 2MeQ), 7.24-7.71 (m, 10H, 2Ph). *C-
NMR (150.9 MHz) &c 21.5 (2xCH,), 24,7 (CH,),
39.8 (2xCH,), 51.7 (J=14.8 Hz, 2xCHs), 74.1
(J=5.0 Hz, C), 97.1 (J=180.5 Hz, C), 113.8 (J=7.9
Hz, C), 119.1-140.0 (2Ph), 210.0 (J=1.5 Hz, C).
$IP_.NMR (242.9 MHz): & 18.6. Anal. Calcd. for
Ca3H,;04P: C 69.33, H 6.83; found: C 69.37, H
6.86.

Synthesis and spectral data of dimethyl 4-
hydroxy-1,3,4-triphenyl-buta-1,2-dienephosphonate
8d were described in our previous paper [63].

4-(Diphenylphosphinoyl)-2-methyl-4-phenyl-
buta-2,3-dien-1-ol (9a). Yellow oil, yield: 84%.
Eluent for TLC: ethyl acetate:hexane = 1:1, R; 0.62;
IR (neat, cm™'): 1180 (P=0), 1439, 1493 (Ph), 1948
(C=C=C), 3381 (OH). 'H-NMR (600.1 MHz): &y
2.07 (d, J=7.5 Hz, 3H, Me), 2.71 (s, 1H, OH), 4.71-
4.94 (m, 2H, CH,), 7.32-7.89 (m, 15H, 3Ph). **C-
NMR (150.9 MHz) &¢ 14.7 (J=5.0 Hz, CHzy), 62.7
(J=4.6 Hz, CH,), 97.4 (J=184.3 Hz, C), 1105
(J=8.0 Hz, C), 124.0-139.7 (m, 3Ph), 211.0 (J=2.0
Hz, C). ¥P-NMR (242.9 MHz): &, 32.8. Anal.
Calcd. for Cy3H»O,P: C 76.65, H 5.87; found: C
76.69, H 6.92.

Synthesis and spectral data of 4-(diphenyl-
phosphinoyl)-1,2,4-triphenyl-buta-2,3-dien-1-ol 9d
were described in our previous paper [63].

RESULTS AND DISCUSSION

We based our strategy for the synthesis of the
phosphorylated 3-(a-hydroxyalkyl)allenes on our

experience in preparation of the phosphorylated 1-
(o- [54] and B- [55] hydroxyalkyl)allenes, and
relied on the well-precedented [2,3]-sigmatropic
shift of propargylic phosphites to allene-
phosphonates [40-43] and propargylic phosphinites
to allenyl phosphine oxides [46-51]. We were
aware of the fact that a precedent exists for such an
approach to the synthesis of the diethylphosphono-
substituted a-allenic alcohols [52, 53], but as far as
we know, a general useful method for
regioselective  synthesis  of  phosphorylated
(phosphonates and phosphine  oxides) 3-(a-
hydroxyalkyl)allenes with protected or unprotected
hygroxy group with protected or unprotected
hygroxy group has not been reported yet.

The main target in our research, and namely 1,3-
bifunctionalized allenes, was achieved as a range of
the phosphorylated 3-(a-hydroxyalkylallenes 5, 7,
8, and 9, was prepared by applying the following
four-step procedure: (i) protection of hydroxy
group in the a-hydroxy-alkanones 1; (ii)
subsequent reaction of Grignard reagent and the
protected ketones 2 to give the (tetrahydro-2H-
pyran-2-yloxy)-alkynols 3 with protected hydroxy
group at 4 position; (iii) interaction with dimethyl
chlorophosphite or chlorodiphenyl phosphine in the
presence of a base; and finally (iv) [2,3]-sigmatropic
rearrangement of the mediated hydroxy-protected
propargyl phosphites or phosphinites.

The first step in our investigation was to
examine the hydroxy group protection in the o-
hydroxy-alkanones 1 with 3,4-dihydro-2H-pyran
(DHP) in the presence of pyridinium p-
toluenesulfonate (PPTS) [59-62] (Scheme 1). Thus,
the formed (tetrahydro-2H-pyran-2-yloxy)-
alkanones 2 were isolated by column
chromatography with excellent yield (92-96%).
Reaction of the protected alkanones 2 with the in
situ generated phenylethynylmagnesium bromide
from ethyl magnesium bromide and
phenylacetylene to give the (tetrahydro-2H-pyran-
2-yloxy)-alkynols 3 which are stable and were
isolated by column chromatography in 58-79%
yield.

Once we had the required alk-1-yn-3,4-diols 3
with protected hydroxy group at 4 position, we
were then able to investigate the proposed reactions
with  the  corresponding  chloro-containing
phosphorus reagents such as dimethyl chloro-
phosphite and chlorodiphenyl phosphine in the
presence of a base and subsequent [2,3]-
sigmatropic rearrangement of the mediated
propargyl phosphites 4 or phosphinites 6.
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Let us start with the dimethyl (tetrahydro-2H-
pyran-2-yloxy)-alka-1,2-dienephosphonates 5 that
can be easily prepared via an atom economical 2,3-
sigmatropic  rearrangement of the protected
propargyl phosphites 4, intermediate formed by
reaction of the alkynols 3 with dimethyl
chlorophosphite, in situ prepared from phosphorus
trichloride in the presence of triethylamine and 2
equiv of methanol and 2 equiv of pyridine,
according to Scheme 1.

o o
R! i) R! i)
R e T R w2
OH OTHP
1 2,92-96%
R
iii) | Ph—= R W) Ph: R
k(o R2 MeO),P .=/><R1
R (Meo),p’  OTHP (MeO)R R?
Ph—= R! L z J O THPO
HO R? 4 5,71-77%
OTHP R
3, 58-79% v) Ph 9 R'| vi) Ph, R
—_— . 1
\go RE Ph,R =§<R
PnF” OTHP] No tHeo R?
6 7,74,79%
1 2 :
Entry Produt R R R Yield, %
2 3 5 7

a Me H H 9 75 72 79

b Me Me H 9 79 77 -

c Ph -(CH,s 93 65 73 -
d[63] Ph Ph H 92 58 71 74
Reagents and Conditions: i) (a-hydroxyalkyl)ketone (1 eq),
DHP (1.5 eq), PPTS (0.1 eq), CH)Cl,, rt, 10h, column
chromatography; ii) dropwise addition of EtMgBr (1 eq) to
phenylacetylene (1 eq), THF, reflux, 2h, dropwise addition of
prepared ethynylmagnesium bromide to 2 (2 eq), THF, reflux,
16h, column chromatography; iii) PCl; (1 eq), Etz;N (1.1 eq),
Et,0, -70 °C, 30 min stirring, pyridine (2.2 eq), MeOH (2 eq),
Et,0, -70 °C; iv) [2,3-c]-rearrangement, -70 °C, 1h, rt, 12h,
column chromatography v) Ph,PCI (1 eq), EtsN (1.1 eq), Et,0,
-70 °C; vi) [2,3-c]-rearrangement, -70 °C, 1h, rt, 8h, column
chromatography.

Scheme 1. Synthesis of the 3-(a-hydroxyalkyl)-
allenephosphonates 5 and 3-(a-hydroxyalkyl)-allenyl
phosphine oxides 7 with protected hydroxy-group.

A OWN B

Next, the reaction of the (tetrahydro-2H-pyran-
2-yloxy)-alkynols 3 with chlorodiphenyl phosphine
in the presence of triethylamine at -70 °C gave the
expected diphenyl (tetrahydro-2H-pyran-2-yloxy)-
alka-1,2-dien-1-yl phosphine oxides 7 in very good
yield (74 and 79%) as a result of [2,3]-sigmatropic
rearrangement of the protected propargyl phosphi-
nites 6, according to the reaction sequence outlined
in Scheme 1.

A new family of the phosphorylated 3-(o-
hydroxyalkyl)allenes with protected hydroxy group
5 and 7 were synthesized via an atom economical
and regioselective [2,3]-sigmatropic rearrangement
of the intermediate formed propargyl phosphites 4
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or phosphinites 6 in the reaction of the alk-1-yn-
3,4-diols with protected hydroxy group at 4
position 5 with dimethylchloro phosphite or
chlorodiphenyl phosphine in the presence of
triethylamine.

Allenic compounds 5 and 7 were stable enough
to be handled at ambient temperature. The hydroxy
group was deprotected by stirring the ethanol
solution of the protected 3-(a-hydroxyalkyl-
allenephosphonates 5 and 3-(a-hydroxyalkyl-
allenyl phosphine oxide 7 in the presence of 0.1
equiv PPTS at room temperature for 6 hours,

according to Scheme 2.
. Ph R
vii) ) P>:.:§<R1
R
Yo Ho R

R
>:.:3<R1
N\ R2
57 8, Y=MeO, 79-85%

O THPO
9, Y=Ph, 81, 84%

Ph

Entry Product Y R R' R® Yield,
%

8a MeO Me H H 80
8b MeO Me Me H 83
8c MeO Ph -(CHy)s- 85
8d[63] MeO Ph Ph H 79
9a Ph Me H H 84
9d [63] Ph Ph Ph H 81

OO0k WN B

Reagents and Conditions: vii) PPTS (0.1 eq), EtOH, rt, 6h,
stirring, column chromatography.

Scheme 2. Synthesis of the 3-(a-hydroxyalkyl)-
allenephosphonates 8 and 3-(a-hydroxyalkyl)-allenyl
phosphine oxides 9

After a conventional work-up, all allenic
products 5, 7, 8, and 9 were isolated as stable
yellow or orange oils by column chromatography
and identified by 'H, **C, and *P NMR and IR
spectra as well as by elemental analysis.

A series of new phosphorylated 3-(a-
hydroxyalkyl)allenes with protected (5 and 7) and
unprotected hydroxy group (8 and 9) were
synthesized by a convenient, efficient, atom
economical and regioselective method.

CONCLUSION

In conclusion, a convenient and efficient
regioselective synthesis of a new family of 1,3-
bifunctionalized allenes has been explored.
Phosphorylated 3-(a-hydroxyalkyl)allenes prepared
were derived from [2,3]-sigmatropic rearrangement
of the intermediate propargyl phosphites or
phosphinites formed in the reaction of protected
alkynols  with  dimethylchloro  phosphite or
chlorodiphenyl phosphine in the presence of a base.
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Further investigations on this potentially
important synthetic methodology are currently in
progress. At the same time, the synthetic
application of the prepared phosphorylated 3-(a-
hydroxyalkyl)allenes with protected or unprotected
hydroxy group for synthesis of different
heterocyclic compounds is now under investigation
in our laboratory as a part of our general synthetic
strategy for investigation of the scope and
limitations of the electrophilic cyclization and
cycloisomerization reactions of bifunctionalized
allenes. Results of these investigations will be
reported in due course. Moreover, results of an
initial investigation of the biological activity of the
compounds prepared were encouraging, and the
antibacterial and antifungal activities of selected
compounds as well as potential precursors of
effective anticancer drugs are now under
investigation in our university.
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(Pesrome)

Omucan € ymnobeH U eHKaceH PEerHoCeNeKTHBEH CHHTEe3 Ha (ochopunupanu 3-(0-XHAPOKCHATKMIT)AICHH Ype3
aTOM-MKOHOMHYHA [2,3]-cHrMarporHa NperpynupoBKa Ha MEXIUHHO oOpasyBaHUTE MPONApPrHioBH (GochuTu mim
(ochoHNTH, KOUTO JIECHO CE MOJydaBaT 4pe3 peakius Ha (TeTpaxuapo-2H-nupan-2-uIoKCH)-adKHHOIM C JTUMETHI
xsopodochur uim xiaopoudenus pocrH cbOTBETHO B IPUCHCTBHE Ha Oa3a.
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A convenient and efficient regioselective synthesis of 4-phosphorylated 5-hydroxyalka-2,3-dienoates by an atom

economical [2,3]-sigmatropic

rearrangement of the mediated ethyl

2-(dimethoxyphosphino)oxy- or 2-

(diphenylphosphino)oxy-5-(tetrahydro-2H-pyran-2-yloxy)-alk-3-ynoates which can be readily prepared via reaction of
the protected alkyl 2-hydroxy-5-(tetrahydro-2H-pyran-2-yloxy)-alk-3-ynoates with dimethyl chlorophosphite or
chlorodiphenyl phosphine respectively in the presence of a base is described.

Key words: synthesis; protection of hydroxy group; [2,3]-sigmatropic rearrangement; 4-phosphorylated 5-hydroxyalka-

2,3-dienoates

INTRODUCTION

The synthesis and the application of
functionalized allenes have been thoroughly
explored during the last three decades by the
scientists in the preparative organic chemistry field.
It is their versatility that attracts scientists™ interest.
That very specific charactecteristic makes them key
building blocks in organic synthesis and lead to
implementation of innovative methods for
construction of number of functionalized
heterocyclic and carbocyclic systems [1-7].

There are many methods explained by different
researchers regarding the construction of alka-2,3-
dienoates using Wittig [8-10], Wittig-Horner [11]
or the Horner-Wadsworth-Emons [12] olefination
of ketenes, iron-catalyzed olefination of ketenes
with diazoacetate [13] and other methods [14].

Moreover, there are many methods for the
construction ~ of  hydroxyallenes,  including
prototropic rearrangement of propargylic alcohols
[15, 16], metal-catalyzed nucleophilic addition of
propargylic derivatives to aldehydes [10-16],
Cu(l)-catalyzed reaction of propargylic chlorides
with Grignard reagents [17, 18], metal-catalyzed
reaction  of  propargylic  oxiranes  with
organometallic compounds [19-23] and ketones
[24, 25], reduction of alcohols, ethers, oxiranes etc.
with aluminium reagents [26-28], Pd(0)-catalyzed
reaction of cyclic carbonates with acetylenic
compunds [29, 30], Sn2’ [31, 32] and Ay [33, 34]

* To whom all correspondence should be sent:
E-mail: vchristo@shu.bg

reactions of metalled alkoxy-allenes with oxiranes
and ketones [35], and by other methods [36].

On the other hand, there are methods [37-40]
for the synthesis of phosphorus-containing allenes
(phosphonates [41-44], phosphinates [45, 46], and
phosphine oxides [47-52]) including reactions of
a-alkynols with chloride-containing derivatives of
phosphorus acids followed by [2,3]-sigmatropic
rearrangement. Several diethylphosphono-
substituted a-allenic alcohols were prepared by
Brel [53, 54] directly from alcohols by Horner-
Mark rearrangement of unstable propargylic
phosphites.

Our research on the chemistry of the
trifunctionalized allenes enhanced us to find a
convenient method to introduce the phosphonate or
phosphine oxide in the fourth-position as well as
the o-hydroxy group in the fifth position to the
ester group of the allenecarboxylates. The above
mentioned groups provoke organic researchers’
interest because of their useful functionalities in
organic synthesis. It is particularly interesting to
explore the applications of these groups as
temporary transformers of chemical reactivity of
the allenic system in the synthesis of eventually
heterocyclic compounds.

Based on our previous research background
related to the synthesis of phosphorylated 1-(a-
hydroxyalkyl)allenes [61, 63, 64], 1-(B-hydroxy-
alkyl)allenes [62, 65], 4-hydroxy-1,3,4-triphenyl-
buta-1,2-dienes [71] and 3-((B-hydroxyalkyl)
allenes [72] as well as 4-phosphoryl-substituted
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allenecarboxylates [66] we managed to find a
convenient and an efficient regioselective method
for synthesis of 4-phosphorylated 5-hydroxyalka-
2,3-diencates by an atom economical [2,3]-
sigmatropic rearrangement of the mediated ethyl 2-
(dimethoxyphosphino)oxy- or 2-(diphenyl-
phosphino)oxy-5-(tetrahydro-2H-pyran-2-yloxy)-
alk-3-ynoates formed in the reaction of the
protected alkyl 2-hydroxy-5-(tetrahydro-2H-pyran-
2-yloxy)-alk-3-ynoates with dimethylchloro
phosphite or chlorodiphenyl phosphine in the
presence of a base.

EXPERIMENTAL

General Information

All new synthesized compounds were purified
by column chromatography and characterized on
the basis of NMR, IR, and microanalytical data.
NMR spectra were recorded on DRX Brucker
Avance-250 (Bruker BioSpin, Karlsruhe, Germany)
(*H at 250.1 MHz, **C at 62.9 MHz, *'P at 101.2
MHz) and Brucker Avance 11+600 (Bruker BioSpin
GmbH, Karlsruhe, Germany) (*H at 600.1 MHz,
3C at 150.9 MHz, *P at 242.9 MHz) spectrometers
for solutions in CDCl;. All *H and *C NMR
experiments were measured referring to the signal
of internal TMS and *P NMR experiments were
measured referring to the signal of external 85%
H3PO,. J values are given in hertz. IR spectra were
recorded with an FT-IRAfinity-1 Shimadzu
spectrophotometer (Shimadzu, Tokyo, Japan).
Elemental analyses were carried out by the
Microanalytical Service Laboratory of Faculty of
Chemistry and Pharmacy, University of Sofia,
Bulgaria, using Vario EL3 CHNS(O) (Elementar
Analysensysteme, Hanau, Germany). Column
chromatography was performed on Kieselgel 60
Fass (70-230 mesh ASTM, 0.063-0.200 nm,
Merck). Et,O and THF were distilled from Na
wire/benzophenone, CH,Cl, was distilled over
CaH,, and other organic solvents used in this study
were dried over appropriate drying agents by
standard methods and distilled prior to use. All
other chemicals used in this study were
commercially available and were used without
additional purification unless otherwise noted.
Reactions were carried out in oven dried glassware
under an argon atmosphere and exclusion of
moisture. All compounds were checked for purity
on TLC plates Kieselgel F,s4 60 (Merck). Procedure
for the synthesis of the (tetrahydro-2H-pyran-2-
yloxy)-alkynols 2 (96-98% vyield) by protection of
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the hydroxy-group by treatment of the alkynol 1
with DHP (3,4-dihydro-2H-pyran) in the presence
of PPTS (pyridinium p-toluenesulfonate) as a
catalyst is described in the literature [67—70].

Procedure for synthesis of alkyl 2-hydroxy-5-
(tetrahydro-2H-pyran-2-yloxy)-alk-3-ynoates 5

Ethylmagnesium  bromide [prepared from
magnesium (1.2 g, 50.0 mmol) and ethyl bromide
(5.5 g, 50.0 mmol) in dry THF (50 mL)] is added
dropwise under stirring to (tetrahydro-2H-pyran-2-
yloxy)-alkynol 2 (50.0 mmol) and then the mixture
is refluxed for 2 h. The solution of the prepared
alkynyl magnesium bromides is added dropwise
under stirring to alkyl 2-oxoalkanoate (100.0
mmol). The mixture is refluxed for 2 h and after
cooling is hydrolyzed with a saturated aqueous
solution of ammonium chloride. The organic layer
is separated, washed with water, and dried over
anhydrous sodium sulfate. Solvent and the excess
of the ester are removed by distillation. Purification
of the residue is achieved by column
chromatography (silica gel, Kieselgel Merck 60
F,s4) With ethyl acetate-hexane. The pure products 5
had the following properties:

Ethyl 2-hydroxy-2-phenyl-5-(tetrahydro-2H-
pyran-2-yloxy)-pent-3-ynoate (5a). Dark orange oil,
yield: 89%. Eluent for TLC: ethyl acetate:hexane =
1:3, R; 0.46; IR (neat, cm'): 1122 (C-O-C), 1442,
1495 (Ph), 1723 (C=0), 2253 (C=C), 3418 (OH).
'H-NMR (250.1 MHz): &y 1.44 (t, J=7.1 Hz, 3H,
MeCH,0)), 151-1.76, 3.43-3.57, 4.79-4.87
(overlapping multiplets, 9H, OTHP), 4.15-4.23 (m,
2H, OCH,Me), 4.26-4.36 (m, 2H, CH,), 4.43 (s,
1H, OH), 7.22-7.51 (m, 5H, Ph). *C-NMR (62.9
MHz) & 13.8 (CHj3), 18.9 (CH,), 25.4 (CH,), 30.2
(CHy), 54.6 (CH,), 61.3 (CH,), 63.2 (CH,), 77.8
(C), 824 (C), 83.8 (C), 96.7 (CH), 126.2-136.4
(Ph), 171.8 (C). Anal. Calcd for C1gH»,05: C 67.91,
H 6.97; found: C 67.96, H 7.01.

Ethyl 2-hydroxy-2-phenyl-5-(tetrahydro-2H-
pyran-2-yloxy)-hex-3-ynoate (5b). Yellow oil,
yield: 85%. Eluent for TLC: ethyl acetate:hexane =
1:6,R  0.53; IR (neat, cm™'): 1123 (C-O-C), 1442,
1493 (Ph), 1725 (C=0), 2250 (C=C), 3396 (OH).
'H-NMR (250.1 MHz): &4 1.21 (t, J=7.1 Hz, 3H,
MeCH,0), 1.41-1.83, 3.49-3.77, 4.78-4.90
(overlapping multiplets, 9H, OTHP), 1.53 (t, J=6.9
Hz, 3H, MeCH), 4.21 (s, 1H, OH), 4.26-4.33 (m,
2H, OCH;Me), 4.90-4.96 (m, 1H, CH), 7.22-7.48
(m, 5H, Ph). ®*C-NMR (62.9 MHz) 8¢ 13.8 (CHy),
15.3 (CHy), 19.5 (CHs,), 22.4 (CH,), 31.4 (CH,),
60.5 (CH), 63.5 (CH,), 65.9 (CH,), 76.3 (C), 82.6



I. E. Ismailov et al.: Trifunctionalized allenes. Part I. A convenient and efficient regioselective synthesis of 4-phosphorylated 5- ...

(C), 85.2 (C), 96.1 (CH), 124.6-137.6 (Ph), 172.1
(C). Anal. Calcd for Ci9H»,0s: C 68.66, H 7.28;
found: C 68.70, H 7.23.

Methyl 2-hydroxy-5-methyl-2-phenyl-5-
(tetrahydro-2H-pyran-2-yloxy)-hex-3-ynoate  (5c).
Yellow oil, yield: 90%. Eluent for TLC: ethyl
acetate:hexane = 1:6, R¢ 0.52; IR (neat, cm'): 1125
(C-O-C), 1440, 1493 (Ph), 1727 (C=0), 2244
(C=C), 3404 (OH). 'H-NMR (250.1 MHz): &y
1.412-1.74, 3.54-3.69, 4.90-5.01 (overlapping
multiplets, 9H, OTHP), 1.58 (s, 6H, Me,), 3.75 (s,
3H, MeO), 4.18 (s, 1H, OH), 7.21-7.486 (m, 5H,
Ph). ¥*C-NMR (62.9 MHz) 8¢ 20.4 (CH,), 25.2
(CHy), 29.9 (CHs), 32.4 (CHy), 53.0 (CHs), 63.0
(CH,), 70.1 (C), 774 (C), 80.1 (C), 87.2 (C), 97.0
(CH), 124.3-137.7 (Ph), 173.4 (C). Anal. Calcd for
C19H,40s: C 68.66, H 7.28; found: C 68.61, H 7.32.

Procedure for synthesis of alkyl 4-
(dimethoxyphosphoryl)-5-(tetrahydro-2H-pyran-2-
yloxy)-alka-2,3-dienoates 7

To a solution of phosphorus trichloride (2.75 g,
20 mmol) and triethylamine (2.23 g, 22 mmol) in
dry diethyl ether (60 mL) at -70 °C was added
dropwise with stirring a solution of the alkyl 2-
hydroxy-5-(tetrahydro-2H-pyran-2-yloxy)-alk-3-
ynoate 5 (20 mmol) in the same solvent (20 mL).
After 30 min stirring at the same condition a
solution of pyridine (3,16 g, 44 mmol) and of
methanol (1,28 g, 40 mmol) in dry diethyl ether (50
mL) were added. The reaction mixture was stirred
for an hour at the same temperature and for 4 hours
at room temperature. The mixture was then washed
with water, 2N HCI, extracted with ether, washed
with saturated NaCl, and dried over anhydrous
sodium sulfate. After evaporation of the solvent, the
residue was chromatographied on a column (silica
gel, Kieselgel Merck 60 Fy,) with a mixture of
ethyl acetate and hexane as an eluent to give the
pure product 7 as an oil, which had the following
properties:

Ethyl 4-(dimethoxyphosphoryl)-2-phenyl-5-
(tetrahydro-2H-pyran-2-yloxy)-penta-2,3-dienoate
(7a). Orange oil, yield: 74%. Eluent for TLC: ethyl
acetate:hexane = 1:1, R; 0.58; IR (neat, cm’l): 1121
(C-0O-C), 1262 (P=0), 1443, 1491 (Ph), 1723
(C=0), 1942 (C=C=C). 'H-NMR (600.1 MHz): &y
1.30 (t, J=6.9 Hz, 3H, Me), 1.21-1.63, 3.80-3.89,
4.42-4.53 (overlapping multiplets, 9H, OTHP), 3.79
(d, J=12.7 Hz, 6H, 2MeO), 4.21-4.61 (m, 4H,
MeCH.0, CH,), 7.28-8.18 (m, 5H, Ph). *C-NMR
(150.9 MHz) &c 14.1 (CHs), 18.9 (CH,), 25.9
(CH,), 29.8 (CH,), 51.5 (J=13.1 Hz, CHa), 60.7

(CH), 63.0 (CH,), 66.3 (J=5.8 Hz, CH,), 944
(J=181.5 Hz, C), 96.3 (J=4.4 Hz, CH), 106.5 (J=7.8
Hz, C), 128.5-133.9 (Ph), 169.1 (J=4.0 Hz, C),
2185 (J=1.3 Hz, C). *P-NMR (242.9 MHz): &p
15.4. Anal. Calcd for CyH,;0,P: C 58.53, H 6.63;
found: C 58.49, H 6.68.

Ethyl 4-(dimethoxyphosphoryl)-2-phenyl-5-
(tetrahydro-2H-pyran-2-yloxy)-hexa-2,3-dienoate
(7b). Yellow oil, yield: 72%. Eluent for TLC: ethyl
acetate:hexane = 1:1, Ry 0.43; IR (neat, cm™'): 1120
(C-0-C), 1265 (P=0), 1439, 1490 (Ph), 1722
(C=0), 1937 (C=C=C). *H-NMR (600.1 MHz): &
1.29 (t, J=7.0 Hz, 3H, MeCH,0), 1.30-1.66, 3.67-
3.77, 4.50-4.62 (overlapping multiplets, 9H,
OTHP), 1.44 (dd, J=3.5 Hz, J=6.5 Hz, 3H, Me-
CH), 3.78 (d, J=12.5 Hz, 6H, 2MeO), 4.20-4.27 (m,
2H, MeCH,0), 4.77-4.86 (Me-CH), 7.25-8.11 (m,
5H, Ph). *C-NMR (150.9 MHz) &c 14.3 (CH,),
19.3 (CH,), 23.6 (J=1.7 Hz, CH3), 25.6 (CH,), 30.5
(CHy), 51.4 (J=12.9 Hz, CHj3), 59.7 (CH,), 62.6
(CHy), 67.7 (J=5.9 Hz, CH), 94.2 (J=4.3 Hz, CH),
97.4 (J=183.0 Hz, C), 105.9 (J=7.7 Hz, C), 128.2-
134.1 (Ph), 162.3 (J=4.0 Hz, C), 219.6 (J=1.3 Hz,
C). *'P-NMR (242.9 MHz): 8, 15.2. Anal. Calcd for
C,1H»0,P: C 59.43, H 6.89; found: C 59.37, H
6.92.

Methyl 4-(diisopropoxyphosphoryl)-5-methyl-2-
phenyl-5-(tetrahydro-2H-pyran-2-yloxy)-hexa-2,3-
dienoate (7c). Orange oil, yield: 75%. Eluent for
TLC: ethyl acetate:hexane = 8:1, R¢ 0.49; IR (neat,
cm™'): 1119 (C-O-C), 1269 (P=0), 1442, 1495
(Ph), 1724 (C=0), 1929 (C=C=C). 'H-NMR (600.1
MHz): 8y 1.29 (dd, J=6.1 Hz, J=5.7 Hz, 6H,
Me,CHO), 1.32-1.64, 3.51-3.74, 4.77-4.83
(overlapping multiplets, 9H, OTHP), 1.58 (d, J=3.3
Hz, 6H, Me,-C), 3.70 (s, 3H, MeO), 4.63-4.75 (m,
2H, 2Me,CHO), 7.24-8.23 (m, 5H, Ph). *C-NMR
(150.9 MHz) 8¢ 20.0 (CH,), 23.9 (J=8.0 Hz, CHjy),
25.5 (CH,), 30.2 (J=7.8 Hz, CHj3), 30.7 (CH,), 52.9
(CHs), 62.1 (CH,), 67.1 (J=5.0 Hz, CH), 79.9
(J=9.8 Hz, C), 91.3 (J=4.6 Hz, CH), 104.7 (J=184.8
Hz, C), 105.4 (J=7.8 Hz, C), 128.2-135.0 (Ph),
165.3 (J=4.4 Hz, C), 219.1 (J=1.3 Hz, C). *P-NMR
(242.9 MHz): 6p 17.4. Anal. Calcd for CysH3,0;P:
C 62.49, H 7.76; found: C 62.56, H 7.71.

Procedure for the synthesis of alkyl 4-
(diphenylphosphinoyl)-5-(tetrahydro-2H-pyran-2-
yloxy)-alka-2,3-dienoates 9

To a solution of the alkyl 2-hydroxy-5-
(tetrahydro-2H-pyran-2-yloxy)-alk-3-ynoate 5 (20
mmol) and triethylamine (2.23 g, 22 mmol) in dry
diethyl ether (60 mL) at -70 °C, a solution of

35



I. E. Ismailov et al.: Trifunctionalized allenes. Part I. A convenient and efficient regioselective synthesis of 4-phosphorylated 5- ...

freshly distilled diphenylchloro phosphine (4.41 g,
20 mmol) in the same solvent (20 mL) was added
dropwise with stirring. The reaction mixture was
stirred for an hour at the same temperature and for
6 h at room temperature and then washed with
water, 2N HCI, extracted with diethyl ether, and the
extract was washed with saturated NaCl, and dried
over anhydrous sodium sulfate. The solvent was
removed using a rotatory evaporator, and the
residue was purified by column chromatography on
a silica gel (Kieselgel Merck 60 Fy,4) with ethyl
acetate-hexane to give the pure products 9 as an ail,
which had the following properties:

Ethyl 4-(diphenylphosphinoyl)-2-phenyl-5-
(tetrahydro-2H-pyran-2-yloxy)-penta-2,3-dienoate
(9a). Yellow oil, yield: 82%. Eluent for TLC: ethyl
acetate:hexane = 1:1, R¢ 0.56; IR (neat, cm'): 1121
(C-0-C), 1177 (P=0), 1439, 1486 (Ph), 1721
(C=0), 1937 (C=C=C). 'H-NMR (600.1 MHz): &
1.32 (t, J=6.8 Hz, 3H, MeCH,0), 1.30-1.59, 3.64-
3.75, 4.49-459 (overlapping multiplets, 9H,
OTHP), 1.44 (dd, J=3.5 Hz, J=6.5 Hz, 3H, Me-
CH), 3.78 (d, J=12.5 Hz, 6H, 2MeO), 4.20-4.28 (m,
2H, MeCH,0), 4.33-4.46 (CH,), 7.26-8.14 (m,
15H, 3Ph). *C-NMR (150.9 MHz) &; 14.2 (CHs),
18.8 (CH,), 25.4 (CH,), 31.0 (CH,), 59.4 (CH,),
62.8 (CH,), 69.3 (J=4.7 Hz, CH,), 96.8 (J=5.8 Hz,
CH), 106.1 (J=181.5 Hz, C), 111.4 (J=7.9 Hz, C),
127.4-136.4 (3Ph), 166.4 (J=4.7 Hz, C), 2154
(J=1.6 Hz, C). *P-NMR (242.9 MHz): &, 28.5.
Anal. Calcd for CgyH3,05P: C 71.70, H 6.22; found:
C71.77,H6.19.

Ethyl 4-(diphenylphosphinoyl)-2-phenyl-5-
(tetrahydro-2H-pyran-2-yloxy)-hexa-2,3-dienoate
(9b). Yellow oil, yield: 79%. Eluent for TLC: ethyl
acetate:hexane = 1:1, R; 0.58; IR (neat, cm'): 1117
(C-0-C), 1176 (P=0), 1439, 1485 (Ph), 1715
(C=0), 1940 (C=C=C). 'H-NMR (600.1 MHz): &
1.35 (t, J=6.9 Hz, 3H, MeCH,0), 1.37-1.66, 3.57-
3.71, 4.53-4.64 (overlapping multiplets, 9H,
OTHP), 1.42 (dd, J=3.4 Hz, J=6.6 Hz, 3H, Me-
CH), 4.18-4.27 (m, 2H, MeCH,0), 4.68-4.82 (m,
1H, Me-CH), 7.21-8.14 (m, 15H, 3Ph). *C-NMR
(150.9 MHz) 8¢ 14.2 (CH3), 19.5 (CH,), 23.2
(J=1.6 Hz, CHy), 25.4 (CH,), 30.6 (CH,), 59.4
(CH), 63.0 (CH,), 69.5 (J=6.0 Hz, CH), 95.0
(J=4.4 Hz, CH), 106.5 (J=182.5 Hz, C), 109.6
(J=7.9 Hz, C), 128.4-135.7 (3Ph), 165.4 (J=4.6 Hz,
C), 213.4 (J=1.4 Hz, C). *'P-NMR (242.9 MHz): &p
28.7. Anal. Calcd for Cs;H330sP: C 72.08, H 6.44;
found: C 72.04, H 6.49.

Methyl 4-(diphenylphosphinoyl)-5-methyl-2-
phenyl-5-(tetrahydro-2H-pyran-2-yloxy)-hexa-2,3-
dienoate (9c). Yellow oil, yield: 86%. Eluent for
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TLC: ethyl acetate:hexane = 1:1, R; 0.59; IR (neat,
cm™'): 1117 (C-O-C), 1171 (P=0), 1437, 1495
(Ph), 1724 (C=0), 1940 (C=C=C). 'H-NMR (600.1
MHz): &y 1.436-1.71, 3.52-3.75, 4.73-4.80
(overlapping multiplets, 9H, OTHP), 1.56 (d, J=3.2
Hz, 6H, Me,-C), 3.70 (s, 3H, Me0Q), 7.20-8.18 (m,
15H, 3Ph). *C-NMR (150.9 MHz) 8¢ 19.7 (CH,),
25.4 (CH,), 29.9 (J=7.8 Hz, CH,3), 31.4 (CHy), 53.2
(CHsy), 63.4 (CH,),81.0 (J=9.7 Hz, C), 92.9 (J=4.6
Hz, CH), 108.1 (J=7.8 Hz, C), 114.5 (J=185.0 Hz,
C), 128.4-136.4 (3Ph), 164.3 (J=4.6 Hz, C), 213.4
(J=0.9 Hz, C). *P-NMR (242.9 MHz): & 272.
Anal. Calcd for C;3;H3305P: C 72.08, H 6.44; found:
C72.13,H6.48.

Procedure for the synthesis of alkyl 4-
(dimethoxyphosphoryl)-5-hydroxy-alka-2,3-
dienoates 10 and alkyl 4-(diphenylphosphinoyl)-5-
hydroxy-alka-2,3-dienoates 11

A solution of the alkyl 4-
(dimethoxyphosphoryl)-5-(tetrahydro-2H-pyran-2-
yloxy)-alka-2,3-dienoates 7 or the alkyl 4-
(diphenylphosphinoyl)-5-(tetrahydro-2H-pyran-2-
yloxy)-alka-2,3-dienoate 9 (5 mmol) and PPTS (0.5
mmol) in ethanol (10 mL) was stirred at room
temperature for 5 h. The mixture was then washed
with water, extracted with methylene chloride and
dried over anhydrous sodium sulfate. After
evaporation of the solvent, the residue was
chromatographied on a column (silica gel,
Kieselgel Merck 60 F,.,) with a mixture of ethyl

acetate and hexane as an eluent to give the pure
products 10 or 11 as oils, which had the following
properties:

Ethyl 4-(dimethoxyphosphoryl)-5-hydroxy-2-
phenyl-penta-2,3-dienoate (10a). Yellow oil, yield:
92%. Eluent for TLC: ethyl acetate:hexane =

1:1, R 0.42; IR (neat, cm™'): 1265 (P=0),
1440, 1491 (Ph), 1717 (C=0), 1940 (C=C=C),
3428 (OH). 'H-NMR (600.1 MHz): &, 1.34 (t,
J=7.0 Hz, 3H, Me), 3.21 (s, 1H, OH), 3.79 (d,
J=12.9 Hz, 6H, 2MeO), 4.19-4.27 (m, 2H,
MeCH,0), 4.57 (d, J=14.9 Hz, CH,), 7.27-8.02 (m,
5H, Ph). ®C-NMR (150.9 MHz) 8¢ 14.3 (CHs),
51.4 (J=13.8 Hz, CHj3), 59.9 (CH,), 61.0 (J=5.7 Hz,
CH,), 95.1 (J=183.0 Hz, C), 107.4 (J=7.6 Hz, C),
128.53-133.7 (Ph), 162.1 (J=4.3 Hz, C), 217.8
(J=1.4 Hz, C). ¥P-NMR (242.9 MHz): & 16.3.
Anal. Calcd for Ci5H41906P: C 55.22, H 5.87; found:
C 55.16, H 5.82.

Ethyl 4-(dimethoxyphosphoryl)-5-hydroxy-2-
phenyl-hexa-2,3-dienoate (10b). Orange oil, yield:
88%. Eluent for TLC: ethyl acetate:hexane = 1:1,
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Rf 0.61; IR (neat, cm™'): 1265 (P=0), 1437, 1489
(Ph), 1723 (C=0), 1939 (C=C=C), 3410 (OH). 'H-
NMR (600.1 MHz): &y 1.35 (t, J=7.1 Hz, 3H,
MeCH,0), 1.42 (dd, J=3.4 Hz, J=6.3 Hz, 3H, Me-
CH), 3.37 (s, 1H, OH), 3.78 (d, J=13.0 Hz, 6H,
2MeO0), 4.21-4.28 (m, 2H, MeCH,0), 5.18-5.28 (m,
1H, Me-CH), 7.21-8.10 (m, 5H, Ph). *C-NMR
(150.9 MHz) &¢ 14.4 (CHg), 24.0 (J=1.8 Hz, CHj,),
52.0 (J=13.0 Hz, CHj3), 60.2 (CH,), 72.4 (J=6.1 Hz,
CH), 98.0 (J=184.0 Hz, C), 106.4 (J=7.5 Hz, C),
127.9-135.0 (Ph), 162.7 (J=4.2 Hz, C), 2174
(J=15 Hz, C). *P-NMR (242.9 MHz): & 16.4.
Anal. Calcd for Ci6H»104P: C 56.47, H 6.22; found:
C 56.53, H 6.27.

Ethyl 4-(dimethoxyphosphoryl)-5-hydroxy-2-
phenyl-hexa-2,3-dienoate (10c). Yellow oil, yield:
86%. Eluent for TLC: ethyl acetate:hexane = 3:1,
Rf 0.55; IR (neat, cm™'): 1268 (P=0), 1441, 1495
(Ph), 1723 (C=0), 1933 (C=C=C), 3418 (OH). 'H-
NMR (600.1 MHz): &y 1.30 (dd, J=6.0 Hz, J=5.5
Hz, 6H, Me,CHO), 1.51 (d, J=3.4 Hz, 6H, Me,C),
3.81 (s, 1H, OH), 4.64-4.78 (m, 2H, 2Me,CHO),
7.20-8.13 (m, 5H, Ph). *C-NMR (150.9 MHz) &¢
23.5 (J=8.0 Hz, CHjy), 31.4 (J=7.9 Hz, CH,), 53.4
(CH3), 68.1 (J=4.5 Hz, CH), 73.7 (J=10.1 Hz, C),
104.3 (J=185.7 Hz, C), 106.5 (J=7.9 Hz, C), 127.8-
133.9 (Ph), 164.0 (J=4.7 Hz, C), 215.8 (J=1.1 Hz,
C). *P-NMR (242.9 MHz): 8p 12.7. Anal. Calcd for
CyH206P: C 60.60, H 7.37; found: C 60.55, H
7.40.

Ethyl 4-(diphenylphosphinoyl)-5-hydroxy-2-
phenyl-penta-2,3-dienoate (11a). Orange yellow
oil, yield: 94%. Eluent for TLC: ethyl
acetate:hexane = 1:1, R; 0.41; IR (neat, cm'): 1180
(P=0), 1439, 1485 (Ph), 1721 (C=0), 1934
(C=C=C), 3396 (OH). 'H-NMR (600.1 MHz): &y
1.36 (t, J=6.9 Hz, 3H, MeCH,0), 3.18 (s, 1H, OH),
4.19-4.27 (m, 2H, MeCH,0), 4.64 (d, J=15.1 Hz,
CH,), 7.20-8.04 (m, 15H, 3Ph). *C-NMR (150.9
MHz) 8¢ 14.3 (CHs), 60.1 (CH,), 65.7 (J=4.8 Hz,
CHy), 105.7 (J=182.1 Hz, C), 110.7 (J=7.7 Hz, C),
128.9-136.0 (3Ph), 163.4 (J=4.7 Hz, C), 2135
(J=15 Hz, C). ¥P-NMR (242.9 MHz): & 31.3.
Anal. Calcd for C,sH»304P: C 71.76, H 5.54; found:
C 71.80, H 5.57.

Ethyl 4-(diphenylphosphinoyl)-5-hydroxy-2-
phenyl-hexa-2,3-dienoate (11b). Yellow oil, yield:
92%. Eluent for TLC.: ethyl acetate:hexane = 1:4,
Rf 0.52; IR (neat, cm™'): 1179 (P=0), 1439, 1485
(Ph), 1717 (C=0), 1944 (C=C=C), 3389 (OH). 'H-
NMR (600.1 MHz): 8y 1.32 (t, J=7.0 Hz, 3H,
MeCH,0), 1.40 (dd, J=3.5 Hz, J=6.4 Hz, 3H, Me-
CH), 341 (s, 1H, OH), 4.21-430 (m, 2H,
MeCH,0), 5.09-5.17 (m, 1H, Me-CH), 7.20-8.10

(m, 15H, 3Ph). ®C-NMR (150.9 MHz) &. 14.3
(CH3), 22.9 (J=1.7 Hz, CH3), 60.2 (CH,), 75.7
(J=5.8 Hz, CH), 107.5 (J=183.2 Hz, C), 108.4
(J=8.0 Hz, C), 127.4-137.1 (3Ph), 163.7 (J=4.7 Hz,
C), 214.5 (J=1.5 Hz, C). *'P-NMR (242.9 MHz): &p
32.2. Anal. Calcd for Cy,sHs04P: C 72.21, H 5.83;
found: C 71.27, H 5.87.

Methyl  4-(diphenylphosphinoyl)-5-hydroxy-5-
methyl-2-phenyl-hexa-2,3-dienoate (11c). Yellow
oil, vyield: 93%. Eluent for TLC: ethyl
acetate:hexane = 1:4, R;0.60; IR (neat, cm™'): 1170
(P=0), 1437, 1495 (Ph), 1722 (C=0), 1940
(C=C=C), 3396 (OH). ‘H-NMR (600.1 MHz): &
1.46 (t, J=3.5 Hz, 6H, Me,C), 3.71 (s, 3H, Me0),
3.94 (s, 1H, OH), 7.20-8.04 (m, 15H, 3Ph). **C-
NMR (150.9 MHz) 8¢ 30.7 (J=7.9 Hz, CHy), 53.7
(CH3), 74.8 (J=10.1 Hz, C), 110.5 (J=8.0 Hz, C),
115.4 (J=183.2 Hz, C), 128.2-136.9 (3Ph), 165.0
(J=4.6 Hz, C), 211.5 (J=1.0 Hz, C). *P-NMR
(242.9 MHz): 6p 29.7. Anal. Calcd for CyHy504P:
C 72.21, H 5.83; found: C 72.15, H 5.78.

RESULTS AND DISCUSSION

A range of the 4-phosphorylated 5-hydroxy-
allenecarboxylates 7, 9, 10, and 11 was prepared by
the following four-step procedure including: i)
protection of hydroxy group in the alk-3-yn-2-ols;
ii) subsequent reaction with Grignard reagent and
alkyl 2-oxoalkanoates to give the alkyl 2,5-
dihydroxy-alk-3-ynoates with protected hydroxy
group at second position; iii) interaction with
chloride of phosphorus acid in the presence of a
base; and finally iv) [2,3]-sigmatropic rearran-
gement of the mediated protected ethyl 2-
(dimethoxyphosphino)oxy- or 2-(diphenyl-
phosphino)oxy-5-hydroxy-alk-3-ynoates on order
to assess the approach applied for 1,1,3-
trifunctionalized allenes.

The fisrt thing we examined was the protection
of hydroxy group in the alk-3-yn-2-ols 1 with DHP
in the presence of PPTS [67—70] (Scheme 1). The
formed (tetrahydro-2H-pyran-2-yloxy)-alk-3-yn-2-
ols 2 were isolated by column chromatography with
excellent yield (96-98%). The reaction of the
protected alkynols 2 with ethyl magnesium bromide
and subsequent dropwise addition of the in situ
generated alkynyl magnesium bromide 3 to the
alkyl 2-oxoalkanoates 4 and reflux for 2 hours
gives the alkyl 2-hydroxy-5-(tetrahydro-2H-pyran-
2-yloxy)-alk-3-ynoates 5, which are stable and were
isolated by column chromatography in 85-89%
yields as is shown in Scheme 1.
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Having already in hand the required alkyl 2,5-
dihydroxy-alk-3-ynoates 5 with protected hydroxy
group at second position, we were able to
investigate the proposed reactions with the
corresponding  chloro-containing  phosphorus
reagents such as dimethyl chlorophosphite and
chlorodiphenyl phosphine in the presence of a base
and subsequent [2,3]-sigmatropic rearrangement of
the mediated phosphites 6 or phosphonites 8.

HO, i) THPO, ii)

It was the 4-phosphorylated 5-hydroxyalka-2,3-
dienoates with protected hydroxy group 7 and 9
that were synthesized via an atom economical and
regioselective [2,3]-sigmatropic rearrangement of
the intermediate formed hydroxy- and carboxy-
substituted propargyl phosphites 6 or phosphinites
8 in the reaction of protected hydroxy- and
carboxy-substituted alkynols 5 with dimethylchloro
phosphite or chlorodiphenyl phosphine in the
presence of triethylamine.

R. OTHP

R 1_ R 1_
R R
1 2, 95-98%
THPO, i) THPO R?
— ————MgBr —
R/\R‘l R/\R1 Hé\C02R3
3 5, 85-90%
Entry Product R R' R* R® Yield, %
2 5
1 a H H Ph Et 95 89
2 b H Me Ph Et 96 85
3 c Me Me Me Me 98 90

Reagents and Conditions: i) DHP (1.5 eq), PPTS (0.1
eq), CH,ClI,, rt, 2h, distillation; ii) EtMgBr (1 eq), THF,
reflux, 2h; iii) dropwise addition of 3 to R°C(O)CO,R?
(4) (2 eq), reflux, 2h, column chromatography.

Scheme 1. Synthesis of the alkyl 2-hydroxy-5-
(tetrahydro-2H-pyran-2-yloxy)-alk-3-ynoates 5.

It became obvious that the alkyl 4-
(dimethoxyphosphoryl)-5-(tetrahydro-2H-pyran-2-
yloxy)-alka-2,3-dienoates 7 can be readily prepared
via an atom economical 2,3-sigmatropic
rearrangement of the alkyl 2-(dimethoxy-
phosphino)oxy-5-(tetrahydro-2H-pyran-2-yloxy)-
alk-3-ynoates 6, intermediate formed by reaction of
the alkyl 2-hydroxy-5-(tetrahydro-2H-pyran-2-
yloxy)-alk-3-ynoates 5 with dimethyl chloro-
phosphite, prepared in situ from phosphorus
trichloride and 2 equiv of methanol in the presence
of triethylamine, and 2 equiv of pyridine, according
to Scheme 2.

Further, reaction of the (tetrahydro-2H-pyran-2-
yloxy)-alkynols 5 with chlorodiphenyl phosphine in
the presence of triethylamine at -70 °C gave the
expected alkyl 4-(diphenylphosphinoyl)-5-
(tetrahydro-2H-pyran-2-yloxy)-alka-2,3-dienoates 9
in very good yield (79-82%) as a result of [2,3]-
sigmatropic rearrangement of the ethyl 2-
(diphenylphosphino)oxy-5-(tetrahydro-2H-pyran-2-
yloxy)-pent-3-ynoates 8 for 6 hours at room
temperature, according to the reaction sequence
outlined in Scheme 2.
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iv) THPO, e’ R? _v)» - . R?
R Rw( 5 COR®  (MeORR( CO,R®
THPO, R? (MeO); °
S — < 6 7,72-75%
ROk T HO COR?
s R. OTHP
vi) THPO, ' R? ﬂ Rl . R2
R R1< 5 COR®  PhoR{ CO,R?
Ph,P 0
8 9, 79-86%
Entry Product R R' R* R® Yield %
7 9
1 a H H Ph Et 74 82
2 b H Me Ph Et 72 79
3 c Me Me Me Me 75 86

Reagents and Conditions: iv) PCl; (1 eq), EtzN (1.1 eq),
Et,0, -70 °C, 30 min stirring, pyridine (2.2 eq), MeOH
(2 eq), Et,0, -70 °C; v) [2,3-c]-rearrangement, -70 °C,
1h, rt, 4h, column chromatography; vi) Ph,PCI (1 eq),
Et;N (1.1 eq), Et,0, -70 °C; vii) [2,3-c]-rearrangement, -
70 °C, 1h, rt, 6h, column chromatography.

Scheme 2. Synthesis of the alkyl 4-(dimethoxy-
phosphoryl)-5-(tetrahydro-2H-pyran-2-yloxy)-alka-2,3-
dienoates 7 and the alkyl 4-(diphenylphosphinoyl)-5-
(tetrahydro-2H-pyran-2-yloxy)-alka-2,3-dienoates 9.

Compounds 7 and 9 were stable enough to be
handled at ambient temperature. The hydroxy group
was deprotected by stirring the ethanol solution of
the protected alkyl 4-(dimethoxyphosphoryl)- or 4-
(diphenyl-phosphinoyl)-5-(tetrahydro-2H-pyran-2-
yloxy)-alka-2,3-dienoates 7 or 9 in the presence of
0.1 equiv PPTS at room temperature for 6 hours to
give the alkyl 4-(dimethoxyphosphoryl)-5-hydroxy-
alka-2,3-dienoates 10 and the alkyl 4-(diphenyl-
phosphinoyl)-5-hydroxy-alka-2,3-dienoates 11,
according to Scheme 3.

It should be stated that all allenic products 7, 9,
10, and 11 that were isolated as stable yellow or
orange oils by column chromatography and
identified by 'H, **C, and *'P NMR and IR spectra
as well as by elemental analysis.

A series of new 4-phosphorylated 5-
hydroxyalka-2,3-dienoates with protected 7 and 9
and unprotected hydroxy group 10 and 11 were
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synthesized by a convenient, efficient, atom
economical and regioselective method.

R. ,OTHP R. OH
R1>§: R2 viii) R1>§: R2
=< e o <X
YR\ CO,R3 YR CO,R®
0 0
7,9 10, Y=MeO, 88-92%
11, Y=Ph, 92-94%
Entry Product R R' R® R’ Yield, %
10 11
1 a H H Ph Et 92 94
2 b H Me Ph Et 88 92
3 c Me Me Me Me 86 93

Reagents and Conditions: viii) PPTS (0.1 eq), EtOH, rt,
6h, stirring, column chromatography.

Scheme 3. Synthesis of the alkyl 4-
(dimethoxyphosphoryl)-5-hydroxy-alka-2,3-dienoates 10
and the alkyl 4-(diphenylphosphinoyl)-5-hydroxy-alka-
2,3-dienoates 11.

CONCLUSION

In conclusion, a convenient and efficient method
for regioselective synthesis of a new family of
1,1,3-trifunctionalized allenes has been explored. 4-
Phosphorylated 5-hydroxyalka-2,3-dienoates
prepared were derived from [2,3]-sigmatropic
rearrangement of the intermediate hydroxy- and
carboxy-substituted  propargyl phosphites or
phosphinites formed in the reaction of protected
hydroxy- and carboxy-substituted alkynols with
dimethylchloro  phosphite  or  chlorodiphenyl
phosphine in the presence of a base.

Further investigations on this potentially
important synthetic methodology are currently in
progress. At the same time, the synthetic
application of the prepared 4-phosphorylated 5-
hydroxyalka-2,3-dienoates ~ with  protected or
unprotected hydroxy group for synthesis of
different heterocyclic compounds is now under
investigation in our laboratory as a part of our
general synthetic strategy for investigation of the
scope and limitations of the electrophilic
cyclization and cycloisomerization reactions of
trifunctionalized allenes. Results of these
investigations will be reported in due course.
Moreover, results of an initial investigation of the
biological activity of the compounds prepared were
encouraging, and the antibacterial and antifungal
activities of selected compounds as well as

potential precursors of effective anticancer drugs
are now under investigation in our university.
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TPUDYHKIIMOHAJIM3NPAHU AJIEHU. YACT |. YAOBEH U EOUMKACEH
PEI'MOCEJIEKTUBEH CUHTE3 HA 4-OOCOOPUJIMPAHU 5-XUAPOKCUAJIKA-2,3-
JUEHOATH

. E. Ucmawnios, U. K. MBanos, B. X. Xpuctos™
Kameopa no xumus, @axyamem no npupoonu nayxu, Lllymencku ynusepcumem ,, Enuckon Koncmanmun Ipecaascru “,
yia. ,, Yuueepcumemcka “ 115, 9712 Illymen, bvieapus
Tloctenmna Ha 08 pespyapu 2017 r.; Kopurupana na 16 mapt 2017 .

(Pestome)

Ormucan e yno0eH u ehrKaceH pernoceIeKTHBEH CHHTE3 Ha 4-(hochOopriInpanu S-XuapoKcuaika-2,3-1MeHoaTH upe3
aTOM-MKOHOMHYHA [2,3]-CHrMaTpoIHa IPEerpyMHPOBKa Ha MEXIHHHO 0Opa3yBaHuTe 2-(AuMeTOKCH(POCHHUHO)OKCH- HUITH
2-(mudenmndochuno)okcu-5-(Terpaxuapo-2 H-nupan-2-nwIOKCH)-alk-3-HHOATH, KOHUTO JIECHO C€ MOJy4aBaT dYpe3
peakiusi Ha 3alMUTEHUTE 2-XUIPOKCH-5-(TeTpaxuapo-2H-nupan-2-HiI0KCH)-alK-3-nHOaTH ¢ JUMETHI XJIopodochur
i xjopoaudennn pochuH CHOTBETHO B IPUCHCTBHE Ha 0asza.
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The synthesis and characterization of five catalytically relevant Pd(Il) and Pt(ll) complexes involving N-
heterocyclic carbenes (NHCs) derived from substituted 1,8-naphthalimides and o-donor neutral monodentate ligands
(DMSO, PPhsz, CgHsN and 4-dimethylaminopyridine (DMAP)) is reported. The structure and configuration of the
complexes were elucidated on the basis of combination of NMR and DFT studies.

Key words: NHC complexes; *H, *C and **Pt NMR spectroscopy; DFT calculations

INTRODUCTION

The discovery of N-heterocyclic carbenes
(NHCs) by Wanzlick [1-3] and Ofele [4] in the
1960s attracted a significant attention to stable
NHCs [5-7] as ancillary ligands in various
transition-metal-mediated catalytic reactions such
as olefin metathesis [8-10], Pd-catalyzed cross-
coupling reactions [11-14] and hydrogenation
reactions  [15-17]. PEPPSI-typed (Pyridine
Enhanced Precatalyst Preparation, Stabilization,
and Initiation) complexes are one of the most fertile
and well-performed catalysts in various C-C
coupling reactions [18, 19]. Recently, Pt(Il)-NHC
complexes, exceeding their Pt(0) counterparts in
air- and moisture-stability, have been increasingly
used in homogeneous catalysis especially in
hydrosilylation reaction [20-22]. N-heterocyclic
carbenes are characterized as strong c-donors, even
stronger than alkyl phosphines; their steric
properties are also entirely different than those of
phosphines. NHCs also represent less severe
environmental risks associated with phosphorus
compounds. These advantages define them as
favorable ligands for catalysis as well as
precatalysts.

1,8-naphthalimide system and its derivatives
demonstrate attractive electronic and photoactive
properties, their respective fluorescent compounds
serve as chemosensors for cations [23, 24],

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

biosensors [25], optoelectronic materials [26]. 4-
amino-3-nitro-1,8-naphthalimides and their 3,4-
diamino derivatives as starting compounds for
preparation of N-heterocyclic carbene precursors
were recently reported by us and their spectroscopic
properties were studied [27, 28]. Fusion of
imidazole-2-yilidenes to 1,8-naphthalimide moiety
to a naphthalimide core affects the aromatic system,
providing further attractive features and interesting
photo-physical applications of their organometallic
complexes. As part of our current interest in
carbene complexes, herein we report the synthesis
and structural elucidation of new Pt(ll) NHC
complexes and a palladium PEPPSI-motif complex
derived from 5,10-dibutyl-8-(4-methylbenzyl)-4,6-
dioxo-4,5,6,10-tetrahydrobenzo[de]imidazo[4,5-g]
isoquinolin-8-ium chloride, NHC.HCI, which
provide grounds for comparison of metal influences
on the spectroscopic properties of the imidazo-
napthalimide ligand system.

EXPERIMENTAL

All reagents purchased from commercial
suppliers were used without any further
purification. Starting compounds cis-

[Pt(DMSO0),(CI),] [29], trans-[Pd(Pyr),(Cl),] [30]
and the NHC ligand [28, 31] were prepared
according to literature procedures. All of the
reactions were performed under inert atmosphere
(Ar) using standard Schlenk techniques. The NMR
spectra were recorded on a Bruker Avance 11+ 600
(600.13 for *H NMR, 150.92 MHz for *C NMR,
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242.92 MHz for *P NMR and 129.01 MHz for
%pt NMR), spectrometer with TMS (85% HsPO,
for *P) as internal standard for proton and carbon
chemical shifts (5, ppm). ***Pt NMR spectra are
referred to the signal of 1.2M Na,PtCls in D,O. *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. The assignment of the 'H and *C
NMR spectra was made on the basis of DEPT,
COSY, HSQC, HMBC and NOESY experiments.
Flash chromatography was performed on Silica Gel
60 (0.040-0.063 nm). Elemental analyses were
performed by Microanalytical Service Laboratory
of Faculty of Chemistry and Pharmacy, University
of Sofia, using Vario EL3 CHNS(O) and
Microanalytical service Laboratory of the Institute
of Organic Chemistry, Bulgarian Academy of
Science.

The DFT calculations were carried out on
MADARA cluster (http://madara.orgchm.bas.bg)
using program package GAUSSIAN 09 [32].
Geometry optimizations were performed by using
density functional theory [33-35] with B3LYP
functionals [36, 37]. As for the basis sets, we used
6-31G(d) sets for C, H, N, O, S, P and CI [37]. For
Pd and Pt, we used LANL2DZ basis sets [38],
whose core parts were represented by effective core
potentials (ECP). Solvent was included implicitly to
the optimizations via the SMD [39] model with the
built in solvent parameters. The nature of all critical
points was confirmed by means of the vibrational
analysis, and ZPV energies were evaluated. The
thermal and entropy corrections to Gibbs free
energy to 298.15 K have been calculated for all
minima from unscaled vibrational frequencies
obtained at the same level.

Synthesis of trans-[(NHC)Pd(Pyr)(Cl),, complex 1:

A Schlenk tube was charged with a magnetic stir
bar, NHC.HCI (100 mg, 0.2 mmol), trans-
[Pd(Pyn),(Cl),] (75 mg, 1.1 eqv.), 2 ml dry THF
and finely powdered freshly dried K,CO; (56 mg, 2
eqv.). The mixture was stirred for 2 hours at 40 °C
and after cooling to room temperature, the reaction
mixture was filtered through a pad of Celite and
washed with DCM until the entire product was
eluted. After evaporation of all volatiles the product
was purified by column chromatography, eluting
with petroleum ether/acetone = 4:1. Yield: 90 mg
(63%) of pale yellow solid with m.p. decomposition
over 120 °C. 'H NMR (600 MHz, CDCl;) 5 = 0.968

(t, J = 7.4 Hz, 3H, CH3-5-n-Bu), 1.204 (t, J = 7.4
Hz, 3H, CH;-10-n-Bu), 1.401-1.463 (m, 2H,
CH,CHs-5-n-Bu),  1.666-1.717  (m,  2H,
CH,CH,CH3-5-n-Bu), 1.792-1.854 (m, 2H,
CH,CHs-10-n-Bu), 2.318 (s, 3H, CHs-p-xylyl),
2.301-2.361 (m, 2H, CH,CH,CH5-10-n-Bu), 4.128-
4.154 (m, 2H, NCH,-5-n-Bu), 5.546-5.575 (m, 2H,
NCH,-10-n-Bu), 6.374 (s, 2H, NCH,-p-xylyl),
7.189 (d, J = 8.0 Hz, 2H, H3,5-p-xylyl), 7.402-
7.425 (m, 2H, H3,5-pyr), 7.559 (d, J = 8.0 Hz, 2H,
H2,6-p-xylyl), 7.827 (dd, J = 1.6, 7.6 Hz, 1H, H4-
pyr), 7.958 (dd, J = 7.4, 8.5 Hz, 1H, H2-naphthyl),
8.508 (s, 1H, H7-naphthyl), 8.621 (dd, J = 0.8, 8.5
Hz, 1H, H1-naphthyl), 8.687 (dd, J = 0.8, 7.4 Hz,
1H, H3-naphthyl), 9.026-9.041 (m, 2H, H2,6-pyr).
3C NMR (151 MHz, CDCls) & = 13.84 (CH3-5-n-
Bu), 13.92 (CH5-10-n-Bu), 20.25 (CH,CHg-5-n-
Bu), 20.40 (CH,CHs-10-n-Bu), 21.24 (CHs-p-
xylyl), 30.10 (CH,CH,CHs;-5-n-Bu), 31.17
(CH,CH,CH5-10-n-Bu), 40.66 (NCH,-5-n-Bu),
51.60 (NCH,-10-n-Bu), 53.47 (NCH,-p-xylyl),
116.62 (C7-naphthyl), 119.02 (Ar-*C), 123.74 (Ar-
‘C), 124.68 (Ar-‘C), 124.71 (C3,5-pyr), 125.63
(Ar-‘C), 126.74 (Cl-naphthyl), 127.91 (C2,6-p-
xylyl), 128.18 (C2-naphthyl), 129.88 (C3,5-p-
xylyl), 130.17 (C3-naphthyl), 131.33 (Ar-*C),
132.44 (Ar-“C), 132.54 (Ar-"C), 138.39 (C4-pyr),
138.44 (Ar-*C), 151.32 (C2,6-pyr), 163.30 (“C6-
carbonyl), 163.82 (“C4-carbonyl), 166.85 (“Cnic).
C34H36C|2N402Pd: calcd. C, 57.52; H, 5.11; N,
7.89; found: C, 57.60; H, 5.12; N, 7.63.

Synthesis of cis-[(NHC)Pt(DMSO)(CI),],
complex 2:

A Schlenk tube was charged with a magnetic stir
bar, NHC.HCI (250 mg, 0.51 mmol), cis-
[Pt(DMSO),(Cl),] (240 mg, 1.1 eqv.), 2 ml dry
THF and finely powdered freshly dried K,CO3; (140
mg, 2 eqv.). The mixture was stirred for 18 hours at
40 °C and after cooling to room temperature, the
reaction mixture was filtered through a pad of
Celite and washed with DCM until the entire
product was eluted. After evaporation of all
volatiles the product was purified by column
chromatography, eluting with DCM /ethyl acetate =
4:1. Yield: 350 mg (88%) of pale yellow solid with
m.p. decomposition over 120 °C: 'H NMR (600
MHz, CDCly) 6 = 0.953 (t, J = 7.4 Hz, 3H, CH3-5-
n-Bu), 1.139 (t, J = 7.4 Hz, 3H, CH;-10-n-Bu),
1.382-1.453 (m, 2H, CH,CHs;-5-n-Bu), 1.652-1.701
(m, 2H, CH,CH,CHs-5-n-Bu), 1.731-1.791 (m, 2H,
CH,CH;-10-n-Bu), 2.045-2.131 (m, 1H, a-
CH,CH,CH;-10-n-Bu), 2.267-2.347 (m, 1H, b-

43



M. Dangalov et al: Naphthalimide-based platinum(Il) and palladium(l1) N-heterocyclic carbene complexes: synthesis and ...

CH,CH,CH5-10-n-Bu), 2.305 (s, 3H, CH3-p-xylyl),
2.981 (s, 3H, CH3-DMSO), 3.537 (s, 3H, CHs-
DMSO), 4.132-4.157 (m, 2H, NCH,-5-n-Bu),
5.221-5.272 (m, 1H, a-NCH,-10-n-Bu), 5.333-
5.381 (m, 1H, b-NCH,-10-n-Bu), 5.933 (d, J = 16.3
Hz, 1H, a-NCH,-p-xylyl), 6.478 (d, J = 16.3 Hz,
1H, b-NCH,-p-xylyl), 7.152 (d, J = 8.2 Hz, 2H,
H2,6-p-xylyl), 7.212 (d, J = 8.2 Hz, 2H, H3,5-p-
xylyl), 7.993 (dd, J = 7.4, 8.6 Hz, 1H, H2-
naphthyl), 8.575 (s, 1H, H7-naphthyl), 8.591 (dd, J
=0.7, 8.6 Hz, 1H, H1-naphthyl), 8.707 (dd, J = 0.7,
7.4 Hz, 1H, H3-naphthyl). *C NMR (151 MHz,
CDCls3) & = 13.75 (CH3-5-n-Bu), 13.83 (CH;-10-n-
Bu), 20.17 (CH,CH;-10-n-Bu), 20.28 (CH,CH;-5-
n-Bu), 21.08 (CH5-p-xylyl), 30.01 (CH,CH,CH;-5-
n-Bu), 30.73 (CH,CH,CH;-10-n-Bu), 40.58
(NCH,-5-n-Bu), 45.21 (CH;-DMSO), 45.86 (CHs-
DMSO), 51.67 (NCH,-10-n-Bu), 52.06 (NCH,-p-
xylyl), 116.57 (C7-naphthyl), 119.41 (Ar-‘C),
120.00 (Ar-‘C), 123.83 (Ar-"C), 126.01 (Ar-‘C),
126.70 (Cil-naphthyl), 126.89 (C3,5-p-xylyl),
128.41 (C2-naphthyl), 129.87 (C2,6-p-xylyl),
130.29 (C3-naphthyl), 131.11 (Ar-‘C), 131.26 (Ar-
‘C), 132.24 (Ar-"C), 138.40 (Ar-‘C), 158.16
(‘Cnnc),  163.05 (*C4-carbonyl), 163.60 (‘C6-
carbonyl). ***Pt NMR (129 MHz, CDCl3) & = -
3542.5. CiHs;ClL,N;O4PtS: calcd. C, 46.68; H,
4.68; N, 5.27; S, 4.02; found: C, 46.58; H, 4.76; N,
5.13; S, 4.06.

Synthesis of cis-[(NHC)Pt(PPh3)(Cl),], complex 3:

A Schlenk tube was charged with a magnetic stir
bar, complex 2 (80 mg, 0.1 mmol),
triphenylphosphine (26 mg, 1 mmol) and 2 ml
chloroform. The mixture was stirred for 4 hours at
50 °C and after cooling to room temperature, and
evaporation of all volatiles, the product was
purified by column chromatography, eluting with
DCM/ethyl acetate = 5:0.1. Yield: 88 mg (61%)
pale yellow solid with m.p. decomposition over 120
°C: 'H NMR (600 MHz, CDCl3) & = 0.975 (t, J =
7.4 Hz, 3H, CH3-5-n-Bu), 1.024 (t, J = 7.3 Hz, 3H,
CH3-10-n-Bu), 1.441-1.471 (m, 2H, CH,CH3-5-n-
Bu), 1.541-1.608 (m, 1H a-CH,CH;-10-n-Bu),
1.611-1.651 (m, 1H, b-CH,CH;-10-n-Bu), 1.661-
1.718 (m, 2H, CH,CH,CHs-5-n-Bu), 1694-1.751
(m, 1H, a-CH,CH,CH3-10-n-Bu), 2.244 (s, 3H,
CHg3-p-xylyl), 2.284-2.359 (m, 1H, b-CH,CH,CHjs-
10-n-Bu), 4.091-4.163 (m, 2H, NCH,-5-n-Bu),
4.674 (d, J = 14.8 Hz, 1H, a-NCH,-p-xylyl), 4.659-
4.699 (m, 1H, a-NCH,-10-n-Bu), 5.37 (m, 1H, b-
NCH>-10-n-Bu), 6.479 (d, J = 14.8 Hz, 1H, b-
NCHy-p-xylyl), 7.034 (d, J = 8.1 Hz, 2H, H2,6-p-
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xylyl), 7.181-7.221 (m, 6H, m-ArH), 7.292-7.322
(m, 3H, p-ArH), 7.496 (d, J = 8.1 Hz, 2H, H3,5-p-
xylyl), 7.545-7.614 (s, 6H, o-ArH), 7.904 (dd, J =
7.4, 8.5 Hz, 1H, H2-naphthyl), 8.274 (s, 1H, H7-
naphthyl), 8.326 (dd, J = 0.7, 8.5 Hz, 1H, H1-
naphthyl), 8.662 (dd, J = 0.7, 7.4 Hz, 1H, H3-
naphthyl). *C NMR (151 MHz, CDCl;) § = 13.64
(CH;-5-n-Bu), 13.79  (CHs-10-n-Bu), 20.15
(CH,CH5;-10-n-Bu), 20.37 (CH,CH5-5-n-Bu), 21.16
(CHs-p-xylyl), 30.05 (CH,CH,CH3-5-n-Bu), 30.34
(CH,CH,CH;-10-n-Bu), 40.65 (NCH,-5-n-Bu),
51.50 (NCH,-10-n-Bu), 52.94 (NCH,-p-xylyl),
116.52 (C7-naphthyl), 118.76 (Ar-*C), 123.71 (Ar-
*C), 125.44 (Ar-"C), 126.47 (C1-naphthyl), 128.15
(C2-naphthyl), 128.30 (Ar-*C), 128.34 (d, “cp =
11 Hz, m-ArC), 128.42 (C3,5-p-xylyl), 129.68
(C2,6-p-xylyl), 130.12 (Ar-“C), 130.35 (C3-
naphthyl), 131.27 (brs, p-ArC), 131.71 (Ar-"C),
133.97 (d, Ucp = 11 Hz, 0-ArC), 138.58 (Ar-*C),
163.18 (‘C4-carbonyl), 163.66 (‘C6-carbonyl),
164.54 (brs, “Cnuc). *'P{1H} NMR (243 MHz,
CDCl3) & = 8.63 (s, PPhs). Pt NMR (129 MHz,
CDCl;) & = -3993 (d, 'Jpp = 3813 H2z).
Cu7HasClLN;O,PPt: calcd. C, 57.49; H, 4.72; N,
4.28; found: C, 57.24; H, 5.31; N, 4.19.

Synthesis of trans-[(NHC)Pt(CsHsN)(Cl),],
complex 4:

A Schlenk tube was charged with a magnetic stir
bar, complex 2 (100 mg, 0.125 mmol) and pyridine
(2 ml). The mixture was stirred for 18 hours at 50
°C and after cooling to room temperature and
evaporation of all volatiles, the product was
purified by column chromatography, eluting with
DCM/ethyl acetate = 5:0.1. Yield: 95 mg (95%)
pale yellow solid with m.p. decomposition over 120
°C: 'H NMR (600 MHz, CDCl3) & = 0.972 (t, J =
7.4 Hz, 3H, CH3-5-n-Bu), 1.187 (t, J = 7.4 Hz, 3H,
CHs-10-n-Bu), 1.405-1.468 (m, 2H, CH,CH3-5-n-
Bu), 1.671-1.722 (m, 2H, CH,CH,CH;-5-n-Bu),
1.763-1.825 (m, 2H, CH,CH;-10-n-Bu), 2.253-
2.311 (m, 2H, CH,CH,CHs-10-n-Bu), 2.309 (s, 3H,
CHs-p-xylyl), 4.134-4.159 (m, 2H, NCH,-5-n-Bu),
5.569-5.597 (m, 2H, NCH,-10-n-Bu), 6.404 (s, 2H,
NCHy-p-xylyl), 7.176 (d, J = 8.1 Hz, 2H, H3,5-p-
xylyl), 7.431-7.455 (m, 2H, H3,5-pyr), 7.545 (d, J
= 8.1 Hz, 2H, H2,6-p-xylyl), 7.858 (it, J = 1.6, 7.6
Hz, 1H, H4-pyr), 7.940 (dd, J = 7.4, 8.5 Hz, 1H,
H2-naphthyl), 8.533 (s, 1H, H7-naphthyl), 8.627
(dd, J = 0.8, 8.5 Hz, 1H, H1-naphthyl), 8.669 (dd, J
= 0.8, 7.4 Hz, 1H, H3-naphthyl), 9.053-9.066 (m,
2H, H2,6-pyr). ®*C NMR (151 MHz, CDCl;) § =
13.79 (CHs-5-n-Bu), 13.86 (CH3-10-n-Bu), 20.12
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(CH,CH;-5-n-Bu), 20.35 (CH,CH;-10-n-Bu), 21.16
(CHsz-p-xylyl), 30.05 (CH,CH,CH3-5-n-Bu), 31.13
(CH,CH,CH5-10-n-Bu), 40.56 (NCH,-5-n-Bu),
50.92 (NCH,-10-n-Bu), 52.65 (NCH,-p-xylyl),
116.67 (C7-naphthyl), 118.74 (Ar-"C), 119.03 (Ar-
“C), 123.63 (Ar-‘C), 125.03 (C3,5-pyr), 125.63
(Ar-"C), 126.82 (Cl-naphthyl), 127.59 (C2,6-p-
xylyl), 127.91 (C2-naphthyl), 129.74 (C3,5-p-
xylyl), 129.96 (C3-naphthyl), 131.67 (Ar-C),
132.04 (Ar-‘C), 132.05 (Ar-‘C), 138.14 (Ar-'C),
138.29 (C4-pyr), 151.35 (C2,6-pyr), 155.91
(“Camc), 163.29  (“C6-carbonyl), 163.83 (‘C4-
carbonyl). **Pt NMR (129 MHz, CDCls) & = -2965
(S). C34H36CLN,O,Pt: caled. C, 51.13; H, 4.54; N,
7.02; found: C, 51.33; H, 4.44; N, 7.19.

Synthesis of trans-[(NHC)Pt(DMAP))(CI),],
complex 5:

A Schlenk tube was charged with a magnetic stir
bar, complex 2 (80 mg, 0.1 mmol), 4-
dimethylaminopyridine (15 mg, 1.1 eqv.) and 2 ml
chloroform. The mixture was stirred for 18 hours at
50 °C and after cooling to room temperature and
evaporation of all volatiles, the product was
purified by column chromatography, eluting with
DCM/ethyl acetate = 5:0.1. Yield: 50 mg (59%)
pale yellow solid with m.p. decomposition over 120
°C: 'H NMR (600 MHz, CDCl3) & = 0.961 (t, J =
7.4 Hz, 3H, CH;-5-n-Bu). 1.17 (t, J = 7.4 Hz, 3H,
CHs-10-n-Bu), 1.395-1.457 (m, 2H, CH,CHj3-5-n-
Bu), 1.659-1711 (m, 2H, CH,CH,CH;-5-n-Bu),
1.744-1.806 (m, 2H, CH,CH;-10-n-Bu), 2.232-
2.285 (m, 2H, CH,CH,CH3-10-n-Bu), 2.293 (s, 3H,
CHgs-p-xylyl), 3.044 (s, 6H, CH;-DMAP), 4.121-
4.156 (m, 2H, NCH,-5-n-Bu), 5.567-5.595 (m, 2H,
NCH,-10-n-Bu), 6.402 (s, 2H, NCHy-p-xylyl),
6.486 (dd, J = 1.6, 6.1 Hz, 2H, H3,5-DMAP), 7.157
(d, J = 8.1 Hz, 2H, H3,5-p-xylyl), 7.557 (d, J = 8.1
Hz, 2H, H2,6-p-xylyl), 7.913 (dd, J = 7.4, 8.6 Hz,

1H, H2-naphthyl), 8.506 (s, 1H, H7-naphthyl),
8.512 (dd, J = 0.9, 6.1 Hz, 2H, H2,6-DMAP), 8.612
(dd, J= 0.8, 8.6 Hz, 1H, H1l-naphthyl), 8.64 (dd,
J=0.8, 7.4 Hz, 1H, H3-naphthyl). *C NMR (151
MHz, CDCl3) & = 13.79 (CHs-10-n-Bu), 13.85
(CH3-5-n-Bu), 20.11 (CH,CH,CH3-5-n-Bu), 20.35
(CH,CH3-5-n-Bu), 21.15 (CHgs-p-xylyl), 30.05
(CH,CH;-10-n-Bu), 31.11 (CH,CH,CH;-10-n-Bu),
39.26 (CH3-DMAP), 40.53 (NCH,-5-n-Bu), 50.78
(NCH,-10-n-Bu), 52.56 (NCH,-p-xylyl), 106.89
(C3,5-DMAP), 116.65 (C7-naphthyl), 118.44 (Ar-
*C), 118.98 (Ar-‘C), 123.55 (Ar-‘C), 125.56 (Ar-
*C), 126.91 (C1-naphthyl), 127.70 (C2,6-p-xylyl),
127.76 (C2-naphthyl), 129.68 (C3-naphthyl),
129.83 (C3,5-p-xylyl), 131.89 (Ar-C), 132.06 (Ar-
*C), 132.13 (Ar-"C), 137.99 (Ar-*C), 149.85 (C2,6-
DMAP), 154.46 (C4-DMAP), 158.55 (‘Cyic),
163.36 (“C6-carbonyl), 163.89 (‘C4-carbonyl). **°Pt
NMR (129 MHz, CDCly) & = -2957 (s).
CssHa1CILNsO,Pt: caled. C, 51.37; H, 4.91; N, 8.32;
found: C, 51.24; H, 5.06; N, 8.49.

RESULTS AND DISCUSSION

Synthesis and characterization

Palladium complex 1 and platinum complex 2
were synthetized via in situ generation of the
carbene, by deprotonating the imidazolium salt
(NHC.HCI) with the mild base K,COs, in presence
of appropriate organometallic precursor in dry THF
(Scheme 1), following our previous reported
method [31, 40]. The precursor is trans-
[PA(Pyr),(Cl);] in case of complex 1 and
respectively cis-[Pt(DMSOQ),(Cl),] in case of
complex 2. N-heterocyclic carbene complexes of
type 1, known as PEPPSI type could in theory be
obtained [18] by reaction of NHC precursors,
palladium dichloride, and potassium carbonate in

O n-Bu

N
° Q ’
n-Bu’NYN trans-Pd(pyr),Cl, n-Bu\N ‘ ®N\> Cl  cis-Pt(dmso),Cl, n-BU/NYN &
\
n-Bu
! Cl (@]
&
NS
1 NHC.HCI 2

Scheme 1. Synthesis of complexes 1 and 2.
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3
Scheme 2. Synthesis of platinum(Il) complexes 3-5.

pyridine as a solvent. However, the application of
this straightforward protocol for preparation of
complex 1 was inappropriate due to generation of
high concentrations of carbene and its fast
dimerization to a respective ethylenetetramine. A
successful workaround was to use a Pd precursor
that already contains the pyridine ligand and use the
standard K,CO,/THF protocol.

Pt(I) complexes 3-5 were prepared by
substitution of the labile DMSO ligand in complex
2 with triphenylphosphine, pyridine or 4-
dimethylaminopyridine respectively at 50 °C
(Scheme 2). The new complexes were isolated as
pale yellow solids, stable under normal conditions
in moderate to high yields.

All new complexes were fully characterized by
1D and 2D 'H and *C NMR experiments;
complexes 2-5 were additionally studied by '*°Pt
NMR as well. The *H NMR spectrum of palladium
complex 1 was influenced by the pyridine ligand
coordination, resulting in a downfield shift of the
signal for the a-pyridine protons by 0.5 ppm,
compared to the same signal of the free pyridine.
The carbene atom in complex 1 resonates at 167
ppm in the *C NMR. The equivalence of the
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benzylic CH,-protons as consequence of presence
of mirror plane confirms trans-configuration of
complex 1. In the *H NMR spectrum of complex 2,
two singlets are observed for the methyl groups of
the DMSO ligand at 298 and 3.54 ppm
respectively, the coordination of DMSO ligand is
additionally confirmed by presence of platinum
satellites in *H spectrum at 250 MHz for the methyl
groups due to S Jhpt coupling constant, which are
missing in the 'H spectrum at 600 MHz due to
chemical shift anisotropy (CSA) relaxation (Fig. 1).
As magnetic field increases, CSA contribution
shortens the Pt relaxation times, which broadens
the linewidths of platinum satellites. The latter
observation and the splitting of the diastereotopic
benzylic protons into a doublets support the cis-
configuration of the complex 2 due to the absence
of a mirror plane. The carbene carbon of complex 2
resonates at 158 ppm; the absence of Pt satellites is
likely due to low intensity of the signal and CSA
effects at high magnetic field, while the **°Pt signal
of complex 2 appears at -3543 ppm, a value which
is more inherent to the Pt chemical shifts of
saturated imidazolin-2-ylidene NHC system [41],
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which as a “softer” ligand, is a stronger o-donor
causing upfield shift of the **°Pt resonance [42].
! I

Fig. 1. Expansion of region of DMSO ligand methy!l
groups in "H NMR spectrum of complex 2. A: measured
at 250 MHz and showing satellites with J,., coupling;
B: the same spectrum measured at 600 MHz, in which
these satellites are missing due to CSA.

Similarly to complex 2, platinum complex 3
demonstrates absence of mirror plane as well, as a
result of its cis-configuration consequently every
diastereotopic CH,-group shows a pair of distinct
signals in the 'H NMR spectrum. The carbene atom
in complex 3 resonates at 164 ppm in the *C NMR
spectrum. The PPh; ligand's *'P{'H} signal is
observed as a singlet at 8.6 ppm with platinum
satellites due to *Jp.p; coupling constant of 3813 Hz.
This value supports the cis-configuration of the
complex - commonly, values over 3000 Hz are a
typical spectral characteristic of cis-complexes
[43]. The Pt signal resonates as a doublet at -
3993 ppm and the substitution of the DMSO ligand
with a “softer” ligand as PPh; shifts the resonance
downfield with 450 ppm.

The 'H-NMR spectrum of P1 consists of four
groups of signals (Fig. 1). The aromatic protons of
7-nitrobezofurazane (NBD) moieties close to the
ring nitrogen atoms and the CH, protons adjacent to
ring nitrogens appear at 6.53 ppm and between
2.83-2.94 ppm, respectively, while the signals of C-
CH,-C protons are around 1.76 ppm.

The 'H NMR spectra of platinum complexes 4
and 5 demonstrate symmetry of both molecules due
to presence of mirror plane, confirming the trans-
configuration of the complexes. The 'H NMR
spectrum of platinum complexes 4 reveals the same
tendency as his palladium analogue for the signal of
a-pyridine protons, which is shifted upfield with
0.5 ppm in comparison with the same signal of the
free pyridine. The **C signal for the carbene carbon
in complex 4 is observed at 156 ppm, which is

upfield shifted with 11 ppm in comparison with the
palladium analogue as result of the more electron-
rich properties of platinum and its greater =-
backbonding contribution in the carbene-metal
bond [31, 44, 45]. The *°Pt chemical shifts of
complexes 4 and 5 are observed correspondingly at
-2965 and -2957 ppm (Fig. 2).

PN o5
|
v ‘Wm Comp. 5

-3000 -3200 -3400 -3600 -3800 -4000 Ppm

Fig. 2. **Pt NMR spectra of complexes 2-5.
DFT study of complexes 1-5

Calculated thermodynamic parameters of
complexes 1-5 at standard conditions are compared
in Table 1. Calculated relative enthalpy values for
cis and trans configuration at B3LYP/ECP
(LanL2DZ for Pd and 6-31G* for other atoms)
level including SMD exhibit correct tendency for
all investigated complexes 1-5 (Table 1) and are in
agreement with the experimentally obtained
configuration of complexes which is denoted in
Table 1 in bold. The differences in entropy are
small and influence insignificantly the position of
final thermodynamic equilibrium. The final AG°
values accumulate computational errors both in
enthalpy and in entropy, but the population
distributions were predicted very well for all
complexes 1-5 at relative low level of theory. From
the fact that the obtained configurations of studied
complexes are thermodynamically more stable, the
conclusion that the studied ligand exchange
reaction is carried out under thermodynamic control
can be made.

CONCLUSION

Four platinum and one palladium PEPPSI type
functionalized new  N-heterocyclic  carbene
complexes were easily synthesized by ligand
exchange reaction. The comparison of the **C NMR
carbene resonances of palladium pyridine complex
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Table 1. Thermodynamic parameters of cis and trans configurations of complexes at 298 K. Experimentally

determined configurations are denoted in bold.?

Complex (solvent) Configuration AH° (kcal mol™)

AS° (cal K mol?)  AG® (kcal mol™) Population (%)

1(THF) e P o1 P e
2 (THF) o 000 000 000 .05
3 (cock) o 000 000 000 Ny
4 (Pyridine o 201 o e
5 (CDCk) o - 8% P

& Calculated at B3LYP/ECP (LanL2DZ for Pd and 6-31G* for other atoms) level of theory including SMD.

1 and platinum pyridine complex 4 demonstrates
the importance of metal center on n-backbonding
contribution to the metal-carbene bond. The
configuration of all complexes was determined by
NMR  spectroscopy. The DFT calculated
thermodynamic parameters are in agreement with
observed stereochemistry of all complexes, which
means that the studied ligand exchange reaction is
carried out under thermodynamic control.
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HAOTAJIMMUA-BA3UPAHU TTNTATUHOBU(I1) Y TIAJTAJJUEBH(I1) N-XETEPOLIKJIEHU
KAPBEHOBU KOMIUJIEKCU: CUHTE3 1 JIOKA3BAHE HA CTPYKTYPATA

M. [[aHraJIOBl*, II. HeTpOBZ, H.T. Bacunes®

1HHcmumym no Opeanuyna xumus c L{enmvp no @umoxumus, Beneapcka Axademus na Haykume, yn. Axao. I
bonues, 61. 9, 1113 Cogus, Bvacapus
2 Kameopa no opeanuuna xumus, @axysmem no xumusi u papmayus, Coguiicku ynusepcumem ,, Ce. Knumenm
Oxpuocku “, ya. Iiceiimc bayuep 1, 1164 Cogpus, bvreapus

Tlocrprmna wa 23 deBpyapu 2017 r.; Kopurupana na 06 mapt 2017 r.

(Pesrome)

IpencraBen e cuWHTE3a W OXapakTepu3upaHeto Ha meT Katanutuuno npwioxkumu PdA(I) u Pt(ll) xommexcu
BrmouBaiy N-xerepouukieHu kapoenu (NHCS) nmonydenu ot 3amectenu 1,8-HadTanuMuIu ¥ G-JOHOPHU HEYTPaIHH
moHogentatan  juraign  (DMSO, PPh;, CgHsN  u  4-mumerumamunonupuaua  (DMAP)).  Crpykrypata wu
KOH(UTypaIusITa Ha KOMIUIEKCUTE € JJ0Ka3aHa Ha 0a3aTta Ha komOuHanms oT IMP u DFT uzciensanust.
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N-(2-(diphenylphosphorothioyl)phenyl)-2-(phenylamino)benzamide with perspective application as a ligand in
organometallic homogeneous catalysis was prepared using N-phenylanthranilic acid as starting material. Its structure

was studied by NMR spectroscopy and X-ray diffraction.

Key words: organophosphorous compounds; one-pot; homogeneous catalysis ligand

INTRODUCTION

Compounds  containing  phosphorous and
nitrogen atom which can coordinate to a transition
metal, as well as their respective complexes are
subject of research in recent decades [1—4]. Interest
in them has increased after discovering of the
reactions of Negishi, Heck and Suzuki [5—7], which
are catalysed by a palladium complex, usually
bearing a phosphine ligand. In this work we present
the results of the multistep synthesis and X-ray
analysis of a potential (2-aminophenyl)diphenyl-
phosphine sulphide derived ligand. We aimed to
obtain an organophosphorus compound, which can
be used as a ligand in homogeneous catalysis and as
a starting material for the preparation of P-
functionalized NHC-precursors.

EXPERIMENTAL
Synthesis

All solvents and chemicals were purchased from
commercial suppliers. Petroleum ether was used as
received. Dichloromethane was dried over
anhydrous CaCl, and distilled. Toluene was
distilled from sodium/benzophenone and stored
under argon. Silica gel 0.035-0.070 mm, 60 A was
used for flash chromatography. TLC on silica gel
60 Fx;s on aluminium sheets was used for
monitoring of the reactions.

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

The NMR spectra of (5) were recorded on a
Bruker Avance I+ 600 (600.13 for 'H NMR,
150.92 MHz for *C NMR and 242.92 MHz for *'P
NMR) spectrometer with a reference TMS (85%
HsPO, for *'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. The
atom numbering follows Fig.1.

In a Schlenk flask equipped with condenser
were mixed 0.77 g (3.6 x 10° mol) N-phenyl-
anthranilic acid (1 on Scheme 1) and 8 ml dry
toluene. 0.75 mL (1.028 x 10 mol) of thionyl
chloride were added and the mixture was stirred for
15 minutes at room temperature, 25 min at 100 °C,
and then 10 minutes at 125 °C. The volatile
components of the reaction mixture were removed
under reduced pressure to leave the desired chloride
(2 on Scheme 1).

20 ml of dry toluene, 1 g (3.6 x 10°° mol) of 2-
(diphenylphosphanyl)aniline (3 on Scheme 1) and
0.29 ml (3.63 x 10° mol) of dry pyridine were
mixed in a separate Schlenk tube and the resulting
solution was degassed.

The prepared acid chloride 2 was dissolved in 8
ml of dry toluene and degassed. The resulting
solution was added in one portion to the solution of
2-(diphenylphosphanyl)aniline (3) (Scheme 1). The
reaction mixture thus obtained was stirred at room
temperature until no starting aniline (about 24
hours) remains (TLC). Then 0.127 g (3.97 x 10°
mol) of sulphur was added. The stirring continued

50 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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15 hours at room temperature until no more N-(2-
(diphenylphosphanyl)phenyl)-2-(phenylamino)
benzamide (4 on Scheme 1) could be observed with
TLC. The resulting reaction mixture was diluted
with an equal volume of ethyl acetate, washed three
times with 25 ml portions of brine, dried over
anhydrous Na,SO, and the solvent evaporated
under reduced pressure. The crude product was
purified by flash chromatography on 36 g silica gel,
using methylene chloride:petroleum ether = 2:3 as a
mobile phase. Yield: 1,4 g (77%) of pale yellow
crystals.

'H NMR (600 MHz, CDCl;) 8= 6.75 (ddd,
J=1.1, 7.0, 8.0 Hz, 1H, H-C4), 6.84 (ddd, J=1.3,
7.8, *Jp.4=14.3 Hz, 1H, H-C15), 7.01 (tt, J=1.1, 7.3
Hz, 1H, H-C10), 7.11 (ddd, J=1.10, 7.60, , “Jp.s=
2.3, 1H, H-C16 ), 7.13 (dd, J=1.1, 8.5 Hz, 2H, H-
C12, H-C8), 7.23 (ddd, J=1.3, 7.0, 8.4 Hz, 1H, H-
C3), 7.27 (dd, J=1.1, 8.4 Hz, 1H, H-C2), 7.30 (dd,
J=7.3, 8.5 Hz, 2H, H-C11, H-C9), 7.38-7.42 (m,
6H, Ar-P), 7.52 (dd, J=1.3, 8.0 Hz, 1H, H-C5),
7.61 (ddd, J=1.3, 7.6, 8.2 Hz, 1H, H-C17), 7.70-
7.75 (m, 4H, Ar-P), 8.08 (ddd, J=1.1, 8.2 Hz, “Jp.y=
5.0, 1H, H-C18 ), 9.30 (bs, 1H , N1-H), 10.31 (s,
1H, N2-H).

BC-NMR (151, CDCl;) 8= 115.06 (C2), 116.87
(C6), 118.03 (C4), 120.73 (C12, 8), 122.39 (C10),
124.31 (d, J=85.5 Hz, C26, C20), 124.55 (d, Jc.
p=12.2 Hz, C16), 126.39 (d, *Jcp =6.9 Hz, C18),
128.42 (C5), 128.73 (d, J=12.9 Hz, Ar-P), 129.06
(C11, 9), 130.37 (d, J=86.2 Hz, C19), 132.33 (Ar-
P), 132.35 (Ar-P), 132.42 (C15), 132.70 (C3),
132.92 (d, “Jcp =2.1 Hz, C17), 141.06 (d, J=4.3 Hz,
C14), 141.49 (C7), 145.86 (C1), 167.65 (C13).

P NMR (243 MHz, CDCl,) 8= 40.01 (s, P1).

X-ray crystallography

Pale yellow crystals of 5, suitable for X-ray
analysis were obtained by slow evaporation at room
temperature from a solution of dichloromethane
and petroleum ether.

Crystal was mounted with the help of light
hydrocarbon oil on Bruker SMART X2S
diffractometer and data were collected using
graphite  monochromated Mo Ko radiation
(k=0.71073 A). The data integration and reduction
were processed with APEX software. An
absorption correction was applied [8]. The structure
was solved by the direct method using SHELXS-97
and was refined on F? by full-matrix least-squares
technique using the SHELXL-97 software package
[9] and Olex2 [10]. Nonhydrogen atoms were
refined anisotropically. In the refinement, hydrogen

atoms were treated as riding atoms using SHELXL
default parameters.

RESULTS AND DISCUSSION
Synthesis

The synthesis of the target compound is

presented on Scheme 1.
0
N
H PPh,
NH g

0O

<l

SOCl, rt. to [

S
5

toluene | reflux Sg [15h, rt.

O 3 0O

PPh,
e o
NH, H
NH Py, toluene NH PPh2

—_—
24 h, rt.
2 4

Scheme 1. Synthesis of 5.

N-phenylanthranilic acid (1) was reacted [11]
with SOCI, in dry toluene in inert Ar atmosphere.
After evaporation of the volatiles the acid chloride
(2) was mixed with 2-(diphenylphosphanyl)aniline
[12—14] in the presence of pyridine. The P(II)
atom of thus obtained benzamide (4) was protected
by oxidation to P(V) with elemental sulfur. Finally
the target compound (5) was purified by column
chromatography and obtained with very good
overall yield as yellow crystals.

'H-NMR of N-(2-(diphenylphosphorothioyl)
phenyl)-2-(phenylamino)benzamide was recorded
in deuterated chloroform. The spectrum of (5)
shows signals at high frequency for the two
nitrogen protons, respectively at 9.3 and 10.3 ppm
(see Fig. S1 for the actual 'H, **C and *P NMR
spectra), which may be attributed to hydrogen-bond
type interactions with S=P and O=C-groups.
Signals of the carbon atoms of Ar-P fragment are
split due to coupling with the phosphorus atom.

X-ray crystallography

Crystal data and data collection parameters for
the compound (5) are presented in Table 1.
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Table 1. Crystal data and structure refinement for 5.

Identification code 5

Empirical formula C31Hy5N,0OPS
Formula weight 504.56
Temperature/K 300.15

Crystal system Triclinic

Space group P-1

a/A 11.3475(17)
b/A 11.4393(18)
c/A 12.429(2)

a/° 106.973(5)

B/° 105.855(5)

y/° 110.912(5)
V/A® 1306.5(4)

z 2

peacglem® 1.283

w/mm’™* 0.212

F(000) 528.0

Crystal size/mm® 0.4 x 0.3 x 0.05
Radiation MoKa (A= 0.71073)

20 range for data collection/° 3.78 to 52.632

-13<h<14,-14<k<
Index ranges

14,-14<1<15
Reflections
collected/independent 9408/5093
Data/restraints/parameters ~ 5093/0/325

Goodness-of-fit on F2 0.959

Final R indexes [I>=25 (I)] R =0.0630, wR =0.1394
Final R indexes [all data] R =0.1422, wR = 0.1831
Largest diff. peak/hole / e A® 0.27/-0.38

Fig. 1. ORTEP drawing of molecular structure of 5.
The thermal displacement ellipsoids are drawn at the
50% probability.

CCDC 1403430 contains the supplementary

crystallographic data for (5). These data can be
obtained from the Cambridge Crystallographic Data
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Centre. ORTEP drawing of molecular structure of
(5) is depicted on Fig. 1.

Compound (5) crystallizes in the triclinic system
and space group P-1. The bond lengths and angles
are shown in Tables 2 and 3.

Table 2. Observed bond lengths in 5.

Bond Length A  Bond Length A
P1-S1 1.9698(16) C7-C8 1.392(6)
P1-C26  1.824(3) C27-C28  1.380(5)
P1-C19  1824(3) CL-C2 1.405(6)
P1-C20  1.808(4) C15-C16  1.377(6)
01-C13  1239(4) CI8Cl7  1.378(5)
N2-C14  1.420(5) C17-C16  1.376(6)
N2-C13  1.380(4)  C25-C24  1.392(6)
NI-C7  1407(5) C31-C30  1.390(5)
N1-C1 13905)  C5-C4 1.372(6)
Cl4-C19  1.408(5) C28-C29  1.371(6)
Cl4-C15 1387(5) C29-C30  1.370(6)
C26-C27 1386(5) CL2-Cll  1.374(6)
C26-C31  1.390(5) C24-C23  1.369(6)
C19-C18  1.382(5) C23-C22  1.377(7)
C13-C6  1484(6) C2-C3 1.369(6)
C20-C25  1.379(6)  C8-C9 1.381(6)
C20-C21  1387(5) C21-C22  1.380(6)
C6-C1 1424(5)  C4C3 1.391(6)
C6-C5 1394(6) C11-C10  1.387(7)
C7-C12  1372(6) C9-Cl0  1.348(7)

The carbonyl oxygen and NHPh-group are
slightly out from the plane of the anthranilic C¢H,-
ring. The geometry at the P atom is tetrahedral; the
P=S distance is 1.9681 A and the average P-C
distance is 1.8157 A. The average C-P-S angle is
112.84° and an average C-P-C angle is 105.9°. The
average length of the P-S bond in 5 is longer than
that of triphenylphosphine sulfide, due to
substituents in the phenyl ring [15]. The average P—
C bond and C—P-C angle in 5 and in the reference
PhsP=S are similar [15]. The crystal structure of 5
shows  intramolecular  hydrogen bonding
interactions between oxygen and hydrogen and
between sulphur and hydrogen (Table 4).

Table 4. Details of hydrogen bonds observed in 5.

D-H---A  D---A[A] H---A[A] D-H-A[]
N1-H---01 2.739 2.048 136.87
N2-H---S1 3.305 2.698 128.70




Table 3. Observed angles in 5.
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Angle [°] Angle [°l
C26-P1-S1 113.52(14) C8-C7-N1 123.4(4)
C19-P1-S1 112.12(14) C28-C27-C26 120.8(4)
C19-P1-C26 105.67(16) N1-C1-C6 119.2(4)
C20-P1-S1 112.82(14) N1-C1-C2 123.1(4)
C20-P1-C26 105.74(17) C2-C1-C6 117.7(4)
C20-P1-C19 106.36(18) C16-C15-C14 120.0(4)
C13-N2-C14 122.4(3) C17-C18-C19 121.6(4)
C1-N1-C7 129.7(4) Cl16-C17-C18 119.6(4)
C19-C14-N2 121.0(3) C17-C16-C15 120.5(4)
C15-C14-N2 119.0(3) C20-C25-C24 121.3(4)
C15-C14-C19 120.1(3) C30-C31-C26 119.7(4)
C27-C26-P1 123.0(3) C4-C5-C6 122.7(4)
C27-C26-C31 118.9(3) C29-C28-C27 119.8(4)
C31-C26-P1 118.0(3) C30-C29-C28 120.4(4)
C14-C19-P1 120.0(3) C7-C12-C11 120.8(4)
C18-C19-P1 121.8(3) C23-C24-C25 119.6(5)
C18-C19-C14 118.2(3) C24-C23-C22 119.9(5)
01-C13-N2 121.3(4) C3-C2-C1 121.2(4)
01-C13-C6 122.9(3) C29-C30-C31 120.3(4)
N2-C13-C6 115.8(4) C9-C8-C7 119.9(5)
C25-C20-P1 121.7(3) C22-C21-C20 120.7(5)
C25-C20-C21 118.2(4) C5-C4-C3 118.0(5)
C21-C20-P1 120.2(4) C2-C3-C4 121.5(5)
C1-C6-C13 120.6(4) C23-C22-C21 120.3(4)
C5-C6-C13 120.5(3) Cl2-C11-C10 120.4(5)
C5-C6-C1 118.9(4) C10-C9-C8 121.4(5)
C12-C7-N1 118.1(4) C9-C10-C11 118.8(5)
C12-C7-C8 118.4(4)

CONCLUSION

The synthesis and detailed structure elucidation
of N-[2-(diphenylphosphorothioyl)phenyl]-2-
(phenylamino)benzamide (5) are reported. This
compound can serve as both a phosphinotioate and
after P-deprotection - as a phopshine ligand as well.
The title compound opens further synthetic
possibilities to 4-oxo-3,4-dihydroquinazolin-1-ium
carbene precursors. The single crystal structure of
N-(2-(diphenylphosphorothioyl)phenyl)-2-(phenyl-
amino)benzamide (5) has been studied, giving
insight into its capabilities as a bidentate ligand to
accommodate metal atoms. Two different type of
hydrogen-acceptor interactions in 5 have been
observed as well.
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CHUHTE3 U CTPYKTYPHO OXAPAKTEPU3MUPAHE HA N-(2-
(ANDPEHNIIOOCOPOPOTUOUIT)DEHNIT)-2-(PEHNIIAMWHO)BEH3AMU /I

P. Xp. .HSIquBl, M.T. I[aHraJIOBZ, H.T. BacnneBz, I1. 1. HGTPOBl*

! Kameopa Opeanuuna xumus u papmaxoenosus, @axynmem no xumus u papmayus, Coguiicku ynugepcumem ,, C.
Knumenm Oxpuocku”, 6yn. ,,[oceime bayuep” 1, Coghus 1164, Boreapus
2HHcmumym no Opeanuyna Xumus ¢ [{enmvp no @umoxumus, beneapcka Axademus na Haykume, yn. Axao. I'.
bonues, 61. 9, 1113 Cogus, Bvacapus

IMoctbnmna Ha 06 mapT 2017 r.; Kopurupana na 29 mapt 2017 1.

(Pesrome)

N-(2-(nudpenunnpochoporronn)benmn)-2-(heHnnaMmmuao)oeH3aMuI, ¢ MEPCIEKTHBHO MPUIOKEHHUE KATO JIMNTaH[ B
OpraHOMETAJIHHSl XOMOTCHEeH Karauu3 Oelle MONy4YeH 4pe3 CHHTE3 B HIKOJIKO CTBIKH OT H3XOJHO BemecTBo N-
(beHnnaHTpaHuIoBa KucenuHa. Heroata cTpykTypa Genre usydena upe3 SIMP-CieKTpOCKOIHS ¥ PEHTTEHOCTPYKTYPEH
aHanus3.
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trans-5-Aminomethyl-1-benzyl-6-phenylpiperidin-2-one (2) was prepared in high yield via Mitsunobu methodology
and acylated by means of N-protected a-amino acids glycine, L-tryptophan, L-phenylalanine and L-alanine to give new
piperidinones with a peptide bond in the side chain to the piperidinone cycle. N-Deprotection was carried out and the
side chain of the tryptophan derivative 4 was elongated to yield products containing two peptide bonds in it. Mass
spectra (El and/or ESI) of most of the derivatives were taken and some fragmentation patterns were suggested.
Tryptophan derivatives 3-5 have been described in a previous paper to possess antihistamine activity. In the present
study four peptide derivatives have been tested for ACE inhibitory activity and compounds 13a,b and 14 have shown a

weak ACE inhibitory activity.

Key words: piperidinones; pseudopeptides; ACE inhibition; N-deprotection; mass spectrometry

INTRODUCTION

Piperidin-2-ones (d-lactams) containing amino
groups as substituents are intensively investigated
because they are regarded as constrained surrogates
of dipeptides and are peptidomimetics of the B-turn
of the polypeptide chain [1-6]. These
peptidomimetics, the so-called Freidinger lactams
[7] have shown numerous biological activities, such
as ACE- [3] and renin- inhibiting activity [8], serine
protease inhibition [9] etc. Thus, aminolactams
attracted the intensive investigations of different
research groups, aiming at both new applications of
the compounds as pharmaceuticals and synthons for
further synthetic elaboration [10]. 2-Aryl-5-
oxopiperidine-3-carboxylic  acids and their
derivatives have shown antihistaminic and
analgesic activity [11, 12]; 2-aryl-3-amino-
piperidines such as CP-99,994 (1) have shown
antagonism  against the human neurokinin
undecapeptide Substance P (SP) and exhibit
effective  antiemetic activity [13]. As a
neuromediator, SP is responsible for a variety of
disorders such as migraine, rheumatoid arthritis and
pain [12, 13]. Having in mind the diverse biological
activities of amino piperidines [1], we started a

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

synthetic program on transformation of the
carboxylic group of the easily accessible trans-1-
benzyl-2-phenyl-5-oxopiperidine-3-carboxylic acid
1[11, 12, 14-17] into amino group [15]. Thus, we
published recently on the preparation of piperidines
containing a peptide bond in the side chain, i.e.
trans-5-(N-acylated amino)-2-oxopiperidines [15].
The present paper is a part of our on-going research
program on the introduction of amino substituent
onto a lactam ring and it deals with the synthesis of
(#)-trans-5-aminomethyl-1-benzyl-6-phenyl-

piperidin-2-one 2 from the acid 1. Amino
compound 2 and similarly substituted derivatives
can be regarded as reversed analogs of GABA
amide [14, 18]. Our purpose is to use the amino
group of 5-aminomethyl compound 2 for the
introduction of a peptide bond and to obtain new
building blocks for biologically active molecules of
pseudopeptide type. The a-amino acid residues of
glycine, L-tryptophan, L-phenylalanine and L-
alanine were selected to be introduced because they
are components of the structure of SP. The
preliminary biological tests of the newly prepared
tryptophan containing pseudopeptide derivatives 3,
4 and 5 have shown that the compounds exhibit
antihistamine activity [17], which is in agreement
with literature data [19]. (Fig. 1) From the other

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 55


mailto:nburdzhiev@chem.uni-sofia.bg

T. I. Baramov et al.: Synthesis of bioactive aminoacid derivatives of trans-5-aminomethyl-1-benzyl-6-phenylpiperidin-2-one

hand, other aminopiperidinones, incorporating
residues of alanine and glycine [3], or
phenylalanine [8] have shown moderate to strong
ACE inhibiting activity. Below the synthesis and
structural characteristics of amine 2, its peptide
derivatives 3-5 as well as of a series of their peptide
analogs 8-15 are described. Some of the peptides
were tested for ACE inhibitory activity.

OH© H,N
o
HN

O
7o, % C

CP-99,994 1 2 3 R= COOC(CH;);

5 R= COCH,H,
Fig. 1. CP-99,994 and compounds 1-5; only one
diastereomer of compounds 1-5 is shown for the sake of

shortness.

EXPERIMENTAL
Synthesis

Melting points were taken on a microhot stage
apparatus Boetius PHMK 05 and are uncorrected.
IR spectra were recorded on a Specord 75
instrument. '"H NMR spectra were obtained on
Bruker Avance DRX-250 (250.13 MHz) and
Bruker Avance Il HD (500.13 MHz2)
spectrometers. The chemical shifts are given in
parts per million (ppm; in &-scale) relative to
tetramethylsilane as internal standard. Electron
impact mass spectra (EI-MS) were recorded by
flow injection of acetonitrile solution into an
Agilent 6890 gas chromatograph attached to a mass
detector Agilent 5973 at 70 eV. ESI-MS spectra
were measured on TCQ Quantum Access MAX,
capillary temperature 270 °C and N, as a sheath
gas. HPLC was performed using apparatus Waters
3000 HPLC with integrator HP 3598, column RP
C18 Waters and detector RI. The microanalyses
were done with Vario EL III Elemental analyzer in
the Faculty of Chemistry and Pharmacy. Thin layer
chromatography (TLC) was performed on Merck
1.05554 silica gel 60 Fu4 aluminum plates.
Chromatographic filtration and column
chromatography were carried out using Fluka 100
silica gel (0.060-0.200 mm), Riedel-de Haén
Kieselgel S (0.063-0.200 mm) or Macherey-Nagel
Kieselgel 60 (0.063-0.200 mm).

Preparation of (=)-trans-2-(1-benzyl-6-o0xo-2-

phenyl-piperidine-3-yl-methyl)-2H-isoindol-1,3-
dione (7)

56

To a stirred solution of alcohol 6 [14] (0.886 g,
3.00 mmol), triphenylphosphine (0.984 g, 3.75
mmol) and phthalimide (0.463 g, 3.15 mmol) in
11.4 mL dry THF under argon, a 40% solution of
diethylazodicarboxylate (DEAD) in toluene (1.65
mL, 3.60 mmol) was added dropwise at room
temperature. The reaction mixture was irradiated in
an ultrasonic bath for 90 min. The completion of
the reaction was determined by TLC (hexane/ethyl
acetate = 1:1). The solvent was removed in vacuo
and ethyl acetate was added to the oily residue. The
crystals of diethyl 1,2-hydrazinodicarboxylate were
filtered off. From the filtrate after column
chromatography (hexane/ethyl acetate = 1:1) and
recrystallization from ethyl acetate white solid was
obtained (75%). Mp 152-154 °C. IR (Nujol): 1700
(CON); 1620 (CON) cm™. 'H-NMR § (250 MHz,
CDCly): 1.39-1.56 (1H, m, H-4); 1.72-1.90 (1H, m,
H-4); 2.36-2.50 (1H, m, H-3); 2.58 (1H, dt, J = 6.3,
18.2 Hz, H-5); 2.90 (1H, ddd, J = 6.3, 8.2, 18.2 Hz,
H-5); 3.33 (1H, d, J = 14.7 Hz, NCH,Ph); 3.45 (1H,
dd, J = 4.9, 13.9 Hz, CH,N); 3.74 (1H, dd, J = 9.7,
13.9 Hz, CH,N); 4.27 (1H, d, J = 5.2 Hz, H-2); 5.60
(1H, d, J = 14.7 Hz, NCH,Ph); 7.09-7.39 (10H, m,
PhH); 7.65-7.82 (4H, m, ArH). EI-MS: m/z 424
(M"™, 14), 333 (31), 186 (42), 172 (26), 160 (65),
159 (78), 117 (22), 106 (82), 104 (24), 91 (100).
Anal. Calcd for C,7H24N,03 (424.50): C 76.40%, H
5.70%; found C 76.11%, H 5.99%.

Preparation of (£)-trans-5-aminomethyl-1-benzyl-
6-phenyl-piperidine-2-one (2)

A mixture of phthalimide 7 (1.050 g, 2.5 mmol)
and 40% aqueous solution of methylamine (28.9
mL, 10.400 g, 33.5 mmol) was refluxed until clear
solution was formed (2 h). The completion of the
reaction was determined by TLC (hexane/ethyl
acetate = 1:1). After cooling down to room
temperature, the solution was extracted with
dichloromethane (3 x 20 mL). The combined
organic layers were dried (Na,SO,4) and the solvent
was removed in vacuo to yield the amine 2 as
yellowish oil (85%). IR (CHCI3): 3350 (NH,); 3250
(NH,); 1620 (CON) cm™'H-NMR & (250 MHz,
CDCls): 1.33 (2H, br. s, NH,) 1.46-1.69 (1H, m, H-
4); 1.73-1.99 (2H, m, H-4, H-5); 2.50-2.66 (4H, m,
H-3, CH,N); 3.29 (1H, d, J = 14.6 Hz, NCH,Ph);
4.31 (1H, d, J = 4.5 Hz, H-6); 5.63 (1H, d, J = 14.6
Hz, NCH,Ph); 7.12-7.42 (10H, m, PhH). EI-MS:
m/z 294 (M™, 7); 277 (42); 276 (26); 264 (13); 249
(17); 186 (13); 174 (66); 117 (15); 106 (60); 91
(100). Anal. Calcd for CigH,N,O (294.40): C
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77.52%, H 7.53%, N 9.52%; found: C 77.60%, H
7.54%, N 9.49%.

Amino acid derivatives of (+)-trans-5-aminomethyl-
1-benzyl-6-phenyl-piperidine-2-one 3a,b, 8a,b,
13a,b, 10, 11, 15a,b (General procedure)

To a magnetically stirred solution of amine 2
(0.147 g, 0.5 mmol) and corresponding N-protected
L-amino acid (0.5 mmol) in dichloromethane (2
mL) cooled to -20 °C, a solution of
diisopropylcarbodiimide (DIC, 0.65 mmol) in
dichloromethane (2 mL) was added dropwise. The
mixture was stirred for 2 h at -10 °C and then 12 h
at room temperature. The precipitated urea
derivative was filtered and discarded. The filtrate
was evaporated under reduced pressure and the
resulting oil was dissolved in dicloromethane (10
mL). The solution was successively washed with
10% HCI, water, 10% Na,COz and brine. Organic
layer was dried (Na,SO,) and the solvent was
removed in vacuo. The residue was purified by
means of column chromatography. The following
compounds were prepared in this way:

tert-Butyl (S)-(1-(((2R,3S and 2R,3S)-1-benzyl-
6-0x0-2-phenylpiperidin-3-yl)methyl)amino)-3-
(1H-indol-3-yl)-1-oxopropan-2-ylcarbamate (3a,b):
From amine 2 and N-Boc-L-tryptophan. Column
chromatography (hexane/ethyl acetate/25% ag. NH;
= 1:2:0.015) and a subsequent recrystallization
from ethyl acetate yielded a white solid of 1:1
mixture of 2S,3R,aS- and 2R,3S,aS-3a,b (73%). Mp
138-140 °C. IR (Nujol): 3200-3400 (NH); 1730
(COOC(CHs)3); 1680 (CON); 1620 (CON) cm™.
'H-NMR § (250 MHz, CDCly): 1.41 (9H, s,
COOC(CHzy)3); 1.44 (9H, s, COOC(CHa)s*); 1.50-
1.60 (2H, m, H-4, H-4*); 1.75-2.00 (4H, m, H-3, H-
3*, H-4, H-4*); 2.40-2.50 (4H, m, H-5, H-5%);
2.67-2.81 (2H, m, CH,;NH, CH,*NH); 2.98-3.30
(8H, m, NCH,Ph, NCH,*Ph, CH,Ind, CH*;Ind,
CH3NH, CH,*NH); 3.97 (1H, d, J = 5.1 Hz, H-2);
4.02 (1H, d, J = 4.9 Hz, H-2*); 4.18 (1H, dt, J =
5.8, 7.6 Hz, COCH); 4.29 (1H, dt, J = 5.7, 7.7 Hz,
COCH¥*); 4.97 (2H, br.s, NHCO, NHCO*); 5.27
(1H, t, J = 6.0 Hz, NHCO); 5.38 (1H, t, J = 6.0 Hz,
NHCO*); 5.55 (1H, d, J = 14.6 Hz, NCH,Ph);),
556 (1H, d, J = 14.6 Hz, NCH,*Ph); 6.87-7.41
(28H, m, PhH, PhH*, H-ind, H-ind*); 7.60 (2H, d,
J = 7.7 Hz, H-ind, H-ind*); 8.18 (2H, br.s, NH-ind,
NH-ind*). EI-MS: m/z: no M™; 355 (9); 341 (16);
281 (43); 253 (27); 207 (100); 191 (13); 147 (19);
135 (25); 91 (13); 73 (53). ESI-MS: m/z 603 (5,
(M+Na)"); 582 (22); 581 (64, (M + H)"); 525 (15);

482 (29); 481 (100); 465 (6). Anal Calcd for
9.65%; found: C 72.23%; H 7.04%; N 9.29%.

tert-Butyl (S)-(1-((((2S,3R and 2R,3S)-1-benzyl-
6-ox0-2-phenylpiperidin-3-yl)methyl)amino)-1-
oxopropan-2-yl)carbamate (8a,b): From amine 2
and N-Boc-L-alanine. Column chromatography
(hexane/ethyl acetate/25% agq. NH; = 1:1:0.015)
yielded a pale yellow oil (72%) of 1:1 mixture of
2S,3R,0S- and 2R,3S,aS-8a,b. IR (CHCIy): 3420
(NH); 3410 (NH); 1710 (COOC(CHz)3); 1680
(CON);1630 (CON) cm™'H-NMR & (250 MHz,
CDCly): 1.19 (6H, d, J = 7.1 Hz, CH3, CH3*); 1.42
(9H, s, COOC(CHa)3); 1.45 (9H, s, COOC(CHj3)3*);
1.47-1.60 (2H, m, H-4, H-4*); 1.72-1.91 (2H, m, H-
4, H-4%*); 2.06-2.20 (2H, m, H-3, H-3*); 2.52-2.66
(4H, m, H-5, H-5%); 2.75-2.95 (2H, m, CH,NH,
CH,;NH*); 3.26 (1H, d, J = 14.4 Hz, NCH,Ph); 3.27
(1H, d, J = 14.4 Hz, NCH,Ph*); 3.31-3.45 (2H, m,
CHyNH, CH,NH*); 3.79-3.96 (2H, m, COCH,
COCH¥*); 4.16 (1H, d, J = 4.2 Hz, H-2); 4.20 (1H,
d, J = 4.6 Hz, H-2*%); 4.76 (1H, d, J = 7.0 Hz,
NHCO); 4.86 (1H, d, J = 7.0 Hz, NHCO*); 5.63
(2H, br. s, CONH, CONH*); 5.68 (2H, d, J = 144
Hz, NCH,Ph, NCH,Ph*); 7.08-7.23 (8H, m, PhH,
PhH*); 7.28-7.43 (12H, m, PhH, PhH*);. Anal.
Calcd for C27H35N304 (46559) C 69.65%; H
7.58%; N 9.02%; found: C 70.00%, H 7.83%, N
8.54%.

(S)-N-(((2S,3R and 2R,3S)-1-benzyl-6-oxo0-2-
phenylpiperidin-3-yl)methyl)-3-phenyl-2-(2,2,2-
trifluoro-acetamido)-propanamide (9a,b): From
amine 2 and N-trifluoroacetyl-L-phenylalanine.
Column chromatography (hexane/ethyl acetate =
1:3) yielded a pale yellow oil (69%) of 1:1 mixture
of 2S,3R,aS- and 2R,3S,aS-9a,b. IR (CHCI3): 3410
(NH); 3400 (NH); 1720 (COOC(CHs)s); 1680
(CON); 1620 (CON) cm™. 'H-NMR & (500 MHz,
CDCly): 1.27-1.36 (2H, m, H-4, H-4*); 1.62-1.73
(2H, m, H-4, H-4*); 1.85-1.93 (1H, m, H-3); 2.00-
2.08 (1H, m, H-3%); 2.45-2.58 (4H, m, H-5, H-5%);
2.65-2.72 (1H, m, CH,NH); 2.77-2.84 (1H, m,
CHyNH*); 2.86-2.95 (2H, m, CH,Ph, CH,Ph*);
2.96-3.04 (2H, m, CH,Ph, CH,Ph*); 3.18-3.25 (3H,
m, CH,NH, NCHPh, NCHPh*); 3.29 (1H, dt, J =
7.0, 13.9 Hz, CH,NH*); 3.99 (1H, d, J = 4.8 Hz, H-
2); 411 (1H, d, J = 4.2 Hz, H-2*); 4.15 (1H, dt, J =
5.8, 8.2 Hz, COCH); 4.30 (1H, dt, J = 5.8, 8.2 Hz,
COCH¥*); 4.63 (1H, t, J = 6.0 Hz, CH,NH); 4.88 (t,
1H, J = 6.0 Hz, CH,NH*); 5.65 (1H, d, J = 14.3
Hz, NCHPh), 5.68 (1H, d, J = 14.3 Hz, NCHPh*);
7.00-7.20 (15H, m, NHCOCF;, NHCOCF;*, PhH,
PhH*); 7.27-7.40 (17H, m, PhH, PhH*). EI-MS:
m/z 537 (M™, 6); 264 (12); 187 (11); 186 (83); 172
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(40); 159 (15); 117 (18); 106 (75); 103 (14); 91
(100) Anal. Calcd for C30H30F3N303 (53758) C
67.03%, H 5.62%, N 7.82%; found: C 67.02%, H
5.82%, N 8.08%.

Benzyl 2-((((£)-trans-1-benzyl-6-oxo-2-phenyl-
piperidin-3-yl)methyl)amino)-2-oxoethylcarbamate
(10) From amine 2 and Z-glycine. Column
chromatography purification (ethyl acetate) yielded
10 as a colourless oil (66%). IR (CHCIy):
3420(NH); 3410 (NH); 1720 (COOCH,Ph); 1680
(CON); 1630 (CON) cm™. 'H-NMR § (250 MHz,
CDCly): 1.40-1.55 (1H, m, H-4); 1.70-1.88 (1H, m,
H-4); 2.00-2.20 (1H, m, H-3); 2.46-2.68 (2H, m, H-
5); 2.75-2.95 (1H, m, CH,NH); 3.24 (1H, d, J =
14.5 Hz, NCH,Ph); 3.29-3.44 (1H, m, CH,NH);
3.61 (2H, d, J = 5.6 Hz, CH,CO); 4.16 (1H, d, J =
4.0 Hz, H-2); 5.11 (2H, s, OCH,Ph); 5.32 (1H, t, J
= 5.6 Hz, NHCO); 5.56 (1H, br.s, CH,NH); 5.66
(1H, d, J = 14.5 Hz, NCH,Ph); 7.07-7.45 (15H, m,
PhH). EI-MS: m/z No M™; 377 (12); 286 (23); 186
(42); 172 (51); 159 (49); 129 (15); 117 (19); 115
(17); 106 (87); 91 (100). Anal. Calcd for
CyoHa1N3O, (485.58): C 71.73%, H 6.43%, N
8.65%; found: C 72.03%, H 6.80, N 8.45%.

tert-Butyl (2-(((()-trans-1-benzyl-6-oxo0-2-
phenylpiperidin-3-yl)methyl)amino)-2-oxoethyl)
carbamate (11): From amine 2 and N-Boc-glycine.
Column chromatography (hexane/ethyl acetate/25%
aq. NH; = 1:2:0.015) yielded 11 as a pale yellow oil
(83%). IR (Nujol): 3200-3400 (NH); 1710
(COOC(CHs)3); 1660 (CON) cm™. 'H-NMR (250
MHz, CDCl3): 6 1.49 (9H, s, COOC(CHy)3); 1.46-
1.60 (1H, m, H-4); 1.77-1.91 (1H, m, H-4); 2.07-
2.20 (1H, m, H-3); 2.53-2.66 (2H, m, H-5); 2.80-
2.95 (1H, m, CHy;NH); 3.26 (1H, d, J = 14.4 Hz,
NCH,Ph); 3.38 (1H, td, J = 6.9 Hz, J = 13.5 Hz,
CH,NH); 3.56 (2H, d, J = 5.8 Hz, CH,CO), 4.17
(1H, d, J = 4.3Hz, H-2); 4.96 (1H, br.s, CONH);
5.55 (1H, t, J = 5.8 Hz, NHCO); 5.68 (1H, d, J =
14.4 Hz, NCH,Ph); 7.10-7.23 (4H, m, PhH); 7.26-
7.43 (6H, m, PhH). EI-MS: m/z No M™"; 377 (11);
286 (19); 186 (42); 172 (47); 159 (41); 129 (14);
117 (17); 115 (16); 106 (80); 91 (100). Anal. Calcd
for CpsHssN3O, (451.57): C 69.16%, H 7.37%, N
9.31%; found: C 69.12%, H 7.32%, N 9.14%.

tert-Butyl  (2-(((S)-1-((((2S,3R and 2R,3S)-1-
benzyl-6-oxo-2-phenylpiperidin-3-yl)methyl)
amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)
amino)-2-oxoethyl)carbamate (15a,b): From 4a,b
and N-Boc-glycine. Column chromatography
purification (hexane/ethyl acetate/25% NH; =
1:2:0.015) afforded 15a,b as uncrystallizable oil of
1:1 mixture of 2S,3R,0S- and 2R,3S,0S-15a,b
(73%). IR (Nujol): 3150-3500(NH); 1660
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(COOC(CHs)s); 1640 (CON); 1630 (CON); 1620
(CON) cm™. 'H-NMR & (250 MHz, CDCls): 1.30
(18H, S, C(CH3)3, C(CHg)g*), 1.40-1.62 (ZH, m, H-
4, H-4*); 1.70-1.96 (4H, m, H-3, H-3*, H-4, H-4%);
2.30-2.63 (4H, m, H-5, H-5%); 2.72-2.97 (2H, m,
CH,NH, CH,NH*): 3.00-3.18 (4H, m, CH,-Ind,
CH,-Ind*); 3.20-3,37 (4H, m, NCH,Ph, NCH,Ph*,
CH,NH, CH,NH*): 3.60-3.72 (4H, m, CH,CO,
CH,CO*); 3.97 (1H, d, J = 5.4 Hz, H-2); 4.05 (1H,
d, J = 4.6 Hz, H-2%); 4.49-4.67 (2H, m, COCH,
COCH*); 5.14 (2H, dd, J = 5.7 Hz, CONH,
CONH*); 5.50 (1H, d, J = 14,7 Hz, NCH,Ph); 5.53
(1H, d, J = 14.7 Hz, NCH,Ph*); 5.95-6.17 (2H, m,
NHCO, NHCO*); 6.71 (2H, t, J = 8.6 Hz, NHCO,
NHCO*); 6.90 (2H, s, H-Ind, H-Ind*); 6.98-7.38
(26H, m, PhH, PhH*, H-Ind, H-Ind*); 7.58 (2H, d,
J = 7.7 Hz, H-Ind, H-Ind*); 8.38 (1H, s, NH-Ind);
8.42 (1H, s, NH-Ind*). ESI-MS: m/z 660 (40,
(M+Na)"); 638 (7, (M+H)"); 425 (100); 403 (43).
Anal Calcd for Cs;H45NsOs (637.79): C 69.68%, H
6.80%, N 10.98%:; found: C 69.29%; H 6.81%, N
11.05.

N-Boc-deprotection of the amides to 4a,b; 5a,b,
12a,b and 14 (General procedure)

A solution of N-Boc-protected amide 3a,b; 8a,b;
11; 15a,b (1 mmol) and trifluoroacetic acid (1.07
mL, 14 mmol) was irradiated in an ultrasonic bath
for 15 min. The completion of the reaction was
determined by TLC. The reaction mixture was
diluted with dichloromethane and the resulting
solution was washed with 10% NaOH (2 x 5 mL).
The organic layer was dried (Na,SO,4) and the crude
material was purified by column chromatography.
The following compounds were prepared in this
way:

(S)-2-amino-N-(((2S,3R and 2R,3S)-1-benzyl-6-
oxo-2-phenylpiperidin-3-yl)methyl)-3-(1H-indol-3-
ylpropanamide (4a,b): From amide 3a,b. Column
chromatography purification (hexane/isopropanol =
3.5:1) gave a pale yellow oil (78%) of 1:1 mixture
of 25,3R,aS- and 2R,3S,aS-4a,b. IR (Nujol): 3150-
3430 (NH,, NH); 1630 (CON); 1620 (CON) cm™.
"H-NMR & (250 MHz, CDCls): 1.35-1.55 (2H, m,
H-4, H-4%); 1.66-1.84 (2H, m, H-4, H-4%); 1.94-
2.24 (6H, m, NH,, NH,*, H-3, H-3%); 2.44-2.68
(4H, m, H-5, H-5%); 2.73-2.90 (2H, m, CH,-Ind,
CH,-Ind*); 2.91-3.03 (2H, m, CH,NH, CH,NH%*);
3.18-3.40 (6H, m, NCH,Ph, NCH,Ph*, CH,-Ind,
CH,-Ind*, CH,NH, CH,;NH*); 3.54-3.64 (2H, m,
COCH, COCH*); 4.10 (1H, d, J = 4.5 Hz, H-2);
411 (1H, d, J = 4.7 Hz, H-2*); 5.60 (1H, d, J =
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14.7 Hz, NCH,Ph); 5.61 (1H, d, J = 14.7 Hz,
NCH,Ph*); 6.95-7.42 (30H, m, PhH, PhH*, H-ind,
H-ind*, NHCO, NHCO¥*); 7.62 (1H, d, J = 7.8 Hz,
H-ind); 7.63 (1H, d, J = 7.8 Hz, H-ind*); 8.24 (1H,
br.s, NH-ind), 8.28 (1H, br.s, NH-ind*). ESI-MS:
m/z 503 (5, (M+Na)"); 482 (27); 481 (100,
(M+H)"). Anal. Calcd for CsH3,N40, (480.61): C
74.97%; H 6.71%; N 11.66%; found: C 74.95%; H
6.90%; N 11.48%.
(S)-2-(2-aminoacetylamino)-N-[((2S,3R and
2R,3S)-1-benzyl-6-oxo-2-phenylpiperidin-3-yl)
methyl]-3-(1H-indol-3-yl)propanamide (5a,b):
From amide 15a,b. Column chromatography
purification (hexane/isopropanol/ 25% ag. NHz =
1:1:0,02) gave a pale yellow oil (64%) of 1:1
mixture of 2S,3R,aS- and 2R,3S,0S-5a,b. IR
(Nujol):  3100-3450(NH); 1640 (CON); 1620
(CON) cm™ 'H-NMR § (250 MHz, CDCl,): 1.20-
1.48 (2H, m, H-4, H-4*); 1.44-1.76 (10H, m, H-4,
H-4*, NH,, NH,*, CH,Ind, CH,Ind*); 1.77-1.95
(2H, br. s, H-3, H-3*); 2.35-2.58 (4H, m, H-5, H-
5%); 2.74-2.93 (2H, m, CH,NH, CH,NH%*); 3.00-
3.35 (8H, m, NCH,Ph, NCH,Ph*, CH,NH,
CH,NH*, CH,CO, CH,CO%*); 3.98 (1H, d, J = 5,2
Hz, H-2); 4,03 (1H, d, J = 4,9 Hz, H-2*); 4.38-4.61
(2H, m, CHCO, CHCO*); 5.44 (1H, br. s, CONH);
5.54 (1H, d, J = 14,7 Hz, NCH,Ph); 5.55 (1H, d, J
= 14,7 Hz, NCH,Ph*); 5.62 (1H, br. s, CONH*);
6.88-7.40 (28H, m, PhH, PhH*, H-Ind, H-Ind*);
7.59-7.77 (4H, CONH, CONH*, H-Ind, H-Ind*);
8.03 (2H, br. s, NH-Ind, NH-Ind*). ESI-MS: m/z
560 (20, (M+Na)"); 554 (21); 539 (42); 538 (100,
(M+H)"); 443 (32); 279 (51). Anal. Calcd for
CsH3sNsO; (537.67): C 71.49%; H 6.56%; N
13.03%; found: C 71.42%; H 6.90%; N 12.79%.
(S)-2-amino-N-(((2S,3R and 2R,3S)-1-benzyl-6-
oxo0-2-phenylpiperidin-3-yl)methyl)propanamide
(12a,b): From amide 8a,b. Column
chromatography purification (hexane/isopropanol/
25% ag. NH; = 1:1:0.015) gave a pale yellow oil
(78%) of 1:1 mixture of 2S,3R,aS- and 2R,3S,0S-
12a,b was obtained. IR (CHCI3): 3410 (NH,); 3360
(NH); 3340(NH,); 1660 (CON); 1620 (CON) cm™.
"H-NMR § (250 MHz, CDCl3): 1.22 (3H, d, J = 6.9
Hz, CHs); 1.24 (3H, d, J = 6.9 Hz, CH3*); 1.46-1.63
(2H, m, H-4, H-4*); 1.75-1.92 (2H, m, H-4, H-4%*);
2.00-2.20 (6H, m, H-3, H-3*, NH,, NH,*); 2.46-
2.77 (4H, m, H-5, H-5*%); 2.87-3.06 (2H, m,
CH,NH, CH,NH*); 3.27 (2H, d, J = 14.6 Hz,
NCH,Ph, NCH,Ph*); 3.32-3.48 (4H, m, CH,NH,
CH,NH*, CHCO, CHCO¥*); 4.15 (1H, d, J = 4.8
Hz, H-2); 4.16 (1H, d, J = 4.7 Hz, H-2*); 5.63 (2H,
d, J = 14.6 Hz, NCH,Ph, NCH,Ph*); 7.04-7.44
(22H, m, PhH, PhH*, NHCO, NHCO¥*). EI-MS:

m/z 365 (M™, 8); 322 (15); 264 (16); 196 (22); 187
(15); 186 (100); 174 (12); 117 (17); 106 (41); 91
(96). Anal. Calcd for CyH»/NsO, (365.47): C
72.30%; H 7.45%; N 11.50%; found: C 71.51%; H
7.50%; N 10.76%.

2-amino-N-(((%)-trans-1-benzyl-6-0xo-2-phenyl-
piperidin-3-yl)methyl)acetamide (14): From amide
11. Column chromatography purification (hexane/
isopropanol/25% aq. NH; = 2:1:0.015) gave a pale
yellow oil of 14 (91%). IR (neat): 3150-3550 (NH,
NH,); 1640 (CON); 1620 (CON) cm™. 'H-IMP §
(250 MHz, CDCls): 1.45-1.65 (1H, m, H-4); 1.78-
1.94 (1H, m, H-4); 1.96-2.20 (3H, m, H-3, NH,);
2.50-2.77 (2H, m, H-5); 3.00 (1H, dt, J = 6.3 Hz, J
= 13.9 Hz, CH,NH); 3.19 (2H, s, CH,CO); 3.30
(1H, d, J = 14.4 Hz, NCH,Ph); 3.39 (1H, dt, J = 7.1
Hz, J = 13.9 Hz, CH,NH); 4.17 (1H, d, J = 4.9 Hz,
H-2); 5.64 (1H, d, J = 14.4 Hz, NCH,Ph); 6.97 (1H,
t, J = 6.3 Hz, NHCO); 7.07-7.44 (10H, m, PhH).
EI-MS: m/z 351 (M", 8); 264 (12); 187 (14); 186
(100); 174 (8); 172 (12); 117 (11); 115 (8); 106
(38); 91 (83). Anal. Calcd for CyH,5N30, (351.45):
C 71.77%; H 7.17%; N 11.96%; found: C 71.39%;
H 7.16%; N 11.64%.

Preparation of (S)-2-amino-N-(((2S,3R and 2R,3S)-
1-benzyl-6-oxo-2-phenylpiperidin-3-yl)methyl)-3-
phenylpropanamide (13a,b)

A solution of amide 9a,b (0.100 g, 0.2 mmol),
potassium hydroxide (0.112 g, 1.8 mmol), water (1
mL) and methanol (2 mL) was stirred at room
temperature for 24 h, then methanol was removed
under reduced pressure. The aqueous residue was
extracted with dichloromethane and the combined
organic layers were dried (Na,SO,). Column
chromatography (hexane/ethyl acetate/25% ag. NH;
= 3:1:0.02) yielded a pale yellow oil (86%) as a 1:1
mixture of 2S,3R,aS- and 2R,3S,aS-13a,b. IR
(CHCI3): 3150-3450 (NH, NH2); 1640 (CON);
1620 (CON) cm™. "H-NMR & (500 MHz, CDCly):
1.40-1.51 (2H, m, H-4, H-4%); 1.67-1.81 (2H, m, H-
4, H-4*); 1.99-2.11 (2H, m, H-3, H-3%); 2.46-2.58
(2H, m, H-5, H-5%); 2.59-2.68 (2H, m, H-5, H-5%);
2.68-2.77 (2H, m, CH,Ph, CH,Ph*); 2.90-3.02 (2H,
m, CH,NH, CH,NH*); 3.08-3.18 (2H, m, CH,Ph,
CH,Ph*); 3.22-3.37 (4H, m, CH,NH, CH,NH%*,
NCHPh, NCHPh*), 3.60-3.77 (2H, m, COCH,
COCH*); 4.09 (1H, d, J = 5.1 Hz, H-2); 4.11 (1H,
d, J = 4.8 Hz, H-2*); 5.55 (1H, d, NCHPh, J = 14.7
Hz); 5.56 (1H, d, NCHPh*, J = 14.8 Hz); 7.06-7.40
(32H, m, PhH, PhH*, NHCO, NHCO¥*). EI-MS:
m/z 441 (M™, 6); 350 (18); 322 (13); 264 (12); 196
(17); 187 (11); 186 (66); 120 (89); 106 (30); 91
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(100). Anal. Calcd for CyH3z N3O, (441,57): C
76.16%, H 7.08%, N 9.52%; found:C 75.61%, H
7.08%, N 9.38%

Angiotensin-converting enzyme activity assay

Rabbit serum aliquot was incubated in buffered
medium with the ACE substrate analogue
Hippuryl-Histidyl-Leucine (HHL). Hippuric acid
(HA) as a product of the reaction was extracted
with ethyl acetate and then measured by HPLC in
isocratic mode at 228 nm. The HPLC was carried
out on a Polar-RP 80A Synergi column (150x4,6
mm, 4 um, Phenomenex) at flow rate of 1.4
mL/min and mobile phase buffer (0.02 M
ammonium acetate adjusted to pH 4.3 with acetic
acid)/methanol (95/5). The amount of hippuric acid
formed reflects the ACE activity.

Solutions of the piperidinone derivatives 10,
12a,b, 13a,b and 14 in 0.1 M acetic acid were
tested for the inhibitory potency in comparison to
the inhibitors of ACE Lisinopril and Quinaprilat.
The 1Cs, values were determined by non-linear
regression analysis of enzyme activity/inhibitor
concentrations curves using software package
GraphPad Prism 5.0.

RESULTS AND DISCUSSION

(+)-trans-5-Aminomethyl-1-benzyl-6-
phenylpiperidine-2-one (2) was prepared from the
previously synthesized by us alcohol 6 [14]
obtained in two steps from (z)-trans-1-benzyl-6-
oxo-2-phenylpiperidine-3-carboxylic acid 1 [11,
14]. The replacement of the hydroxyl group in 6 for
amino group in 2 includes the intermediate
formation of phthalimido derivative 7 by means of
Mitsunobu methodology [18], followed by cleavage
of the phthalimido group (Scheme 1).

The treatment of the alcohol 6 by means of
phthalimide in the presence of triphenylphosphine
and diethyl azodicarboxylate (DEAD; Mitsunobu
step) was carried out overnight at room temperature
in analogy to a literature procedure [18].
Alternatively, it was shown that the sonication of
the reaction mixture accelerated the reaction, which

e

THF, rt.,))
6 75%

o}
“CH,0OH
N “\CH,NH,
07N o A 8
Phthalimide P 40% CH3NH, - H,O O °N
PhsP, DEAD, N reflux, 85%
7 O

was completed within 1.5 hours to give the
phthalimido derivative 7. The latter compound was
separated from the by-products by means of column
chromatography and recrystallization in 75% yield.
Several reagents were tested for the cleavage of the
phthalimido group in 7. The yields of amine 2
obtained after reflux of the phthalimide 7 in the
presence either of ethylenediamine [18] or
hydrazine hydrate [20] varied within a broad range
in different runs. When 7 was refluxed in an
aqueous ethanol solution of CH3NH, [21] the
obtained amine 2 tended to retain ethanol, which
could not be removed. Best reproducible yield of 2
(85%) was obtained by reflux of phthalimide7 in
40% aqueous solution of CH3NH,, moreover the
product of this reaction showed to be enough pure
for the further transformations. This was important
since amine 2 is highly polar oil and could not be
purified by means of chromatography.

Trans relative configuration of phthalimide 7
and amine 2 was established by comparison of their
'H NMR spectra with the spectra of the starting
alcohol 6 [14]. Taking into account the shift of the
doublet signal of the proton next to cyclic nitrogen
and its J, the spectra of compounds 2 and 7
showed similarity to the spectrum of 6. The
doublets of H-2, resp. H-6, in the spectra of 2 and 7
appear in the range of & 4.27-4.31 ppm with 3J 4.5—
5.2 Hz, similarly to the values previously reported
[14]. Analogous data of 2] were recently published
for trans-6-phenyl-5-hydroxypiperidine—2-one, for
which the trans configuration was confirmed by
means of X-ray diffraction analysis [22]. From the
other hand, the transformations of the alcohol 6 to
the phthalimide 7 and amine 2 do not affect the
chiral carbon atoms. On this ground we accepted
same trans configuration for the newly prepared
compounds 2 and 7. On Scheme 1 we present for
shortness only one enantiomer of the racemic
compounds 2, 6 and 7.

The aminomethyl derivative 2 was converted
into the pseudodipeptides 3a,b, 8a,b, 9a,b, 10 and
11 by reaction with the following N-protected a-
amino acids: N-Boc-L-tryptophan, N-Boc-L-
alanine, N-trifluoroacetyl-L-phenylalanine, N-Boc-

2

Scheme 1. Preparation of (+)-trans-5-aminomethyl-1-benzyl-6-phenylpiperidine-2-one (2) (one enantiomer is shown).
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Scheme 2. Synthesis of pseudodipeptides.
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P 15a,b (73 %
o)
Q o
i NH; o] Y\NHQ
NH
5a,b (64 %

Scheme 3. Preparation of pseudotripeptides 5a,b and 15a,b.

glycine and Z-glycine, resp., in the presence of
diisopropylcarbodiimide (DIC) in 69-83% yields
after column chromatography purification. (Table
1). L-Tryptophan derived N-Boc dipeptides 3a,b
were obtained as crystalline product. All the other
pseudopeptide derivatives described throughout the
paper were obtained as oily products. Gas
chromatography analysis of the reaction products
3a,b, 8a,b and 9a,b showed two peaks in 1:1 ratio.
Similarly, 'H NMR spectra of the compounds
showed that they are 1:1 mixtures of diastereomers,
which could not be separated by means of column
chromatography The diastereomers are designated

“a” and “b”.

The deprotection gave pseudodipeptides with
free N-terminal group. N-Boc-protected
pseudodipeptides 3a,b; 8ab and 11 were
deprotected by CF;COOH under sonication [14] to

give pseudopeptides 4a,b; 12a,b and 14,
(Scheme 2).

resp.

Table 1. Peptide derivatives 3, 4, 8-14.

Compound

(Yield, %) R PG
3a,b (73) CH,(Indol-3-yI) Boc
4a,b (78) CH,(Indol-3-yI) H
8a,b (72) CH, Boc
9a,b (69) CH,C¢Hs COCF;
10 (66) H z
11 (83) H Boc
12a,b (78) CH3 H
13a,b (86) CH,CgHs H
14 (91) H H

N-Trifluoroacetyl group in 9a,b was cleaved by
hydrolysis with potassium hydroxide in methanol-
water at room temperature [21] to give
pseudopeptide 13a,b. Yields are given in Table 1.
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The tryptophan derivative trans-4a,b was used for
elongation of the peptide chain — it was N-acylated
by means of N-Boc-glycine to give pseudo-
tripeptide trans-15a,b. Further deprotection of the
Boc group as above gave pseudotripeptide trans-
5a,b. (Scheme 3).

Compounds 3, 4, 5, 8, 9, 12, 13 and 15
incorporating amino acid moieties were 1:1
mixtures of a-S, (£)-trans-diastereomers according
to their *H NMR spectra. In spite of our efforts we
could not separate the diastereomeric couples by
means of column chromatography. This made
difficult the description of *H NMR spectral data in
the Experimental part, because the signals for the
same protons in the different diastereomers are not
shifted in one and the same direction. Similar
problem was encountered in the course of synthesis
of (+)-trans-5-N-acylamino-1-benzyl-6-phenyl-
piperidin-2-one derivatives published recently by us
[15]. For this reason in the Experimental part the
signals for the same protons with higher chemical
shift are noted with “*” symbol, in analogy to our
previous paper [15]. Peptide bond formation did not
affect the chiral centers of the piperidinone cycle,
as well as the one originating from the L-amino
acid. '"H NMR spectra of the compounds exhibit
doublet signals for 2-H in the range of & 3.97-4.20
ppm with Jag 4.0-5.4 Hz. These data are in
agreement with trans relative configuration of the
substituents with respect to the piperidinone cycle,
as it was already discussed above.

El-mass spectra (EI-MS) of compounds 2, 3a,b,
6, 7, 9a,b, 10, 11, 12a,b, 13a,b, and 14 were taken.
All compounds except for Z and Boc protected
derivatives 3a,b, 10 and 11, showed M" with low
intensity. The molecular ions of 3a,b, 10 and 11
were not observed. The most typical fragmentation
in EI-MS of the compounds studied was the
formation of three fragments: tropylium ion (C;H;"
m/z = 91), PACHNH," (m/z = 106) as well as m/z
=186. The latter is probably a result of a-cleavage.
[23] (Scheme 4) ESI mass spectra of compounds
3a,b, 4a,b, 5a,b and 15a,b allowed us to observe
the molecular ions (M+H)" and (M+Na)".

Biological assay

The compounds tested for ACE inhibitory
activity were 10, 12a,b, 13a,b and 14. The
significantly modified method of Chiknas [24] was
applied for ACE activity determination. Enzyme
sources were rabbit serum and a purified enzyme
[24]. As referent compounds two well-known
inhibitors of ACE with wide therapeutic application
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were used — Lisinopril (which does not metabolize
and is excreted unchanged in the urine) and
Quinaprilat (active metabolite of Quinapril).

Compounds 13a,b with 1Cs, around 590 ng/ml
and 14 with 1Csy around 530 ng/ml showed a weak
ACE inhibitory potency when compared with the
inhibitors lisinopril or quinaprilat (with 1Cyq
around 20 ng/ml).

.
{APSATRC

NH, miz = 91
miz = 106

2, 3a,b, 6, 7, 9a,b, 10,

11, 12a,b, 13a,b and 14

'
+
CH, |
2
@) N
16: m/z = 186

X =NHy; NHCOCH(R)NHPG or H;

Scheme 4. Most typical mass spectral fragmentations
in EI-MS

CONCLUSION

A series of new piperidinones with a peptide
bond in the side chain to the heterocycle was
prepared via Mitsunobu methodology and
subsequent acylation of the amine 2 by means of
selected N-protected o-amino acids. Boc
deprotection of tryptophan derivatives 3a,b was
carried out and a second peptide bond was
introduced via protected glycine coupling. Mass
spectra of most of the derivatives were taken and
fragmentation patterns were suggested for the most
abundant ions. The ACE inhibitory activity of four
peptide derivatives has been assayed. Compounds
13a,b and 14 have shown a weak ACE inhibitory
activity.
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CUHTE3 HA BMOAKTHUBHU AMWHOKUCEJIMHHU [TPON3BO/IHU HA TPAHC-5-
AMUHOMETWII-1-BEH3MJI-6-OEHUJITTUITEPUIMH-2-OH

T. U. Bapbmos™, H. T. Bypwkues™, B. T. [Taugosa’, B. 1. Togoposa?, C. I. SIues’, E. P.
CTaHOGBal, X. . Yanes'

! Coguiicku ynusepcumem ,, Ce. Knumenm Oxpuocku ', @axynmem no xumus u papmayus, byn. ,, Joceiimc Bayuep 1,
Cogpus 1164, Bvacapus
? Buneapcka axademus na naykume, Hucmumym no neepo6uonoeus, Jlabopamopus no 1ekapcmeena mokcukono2us.
Vau. ,,Axao. I'. Bonues, Bn. 23, Cogusn 1113, Bvacapus
® nacmosuy aopec: Bachem AG, Hauptstrasse 144, 4416 Bubendorf, Switserland

Tlocrprmna Ha 28 despyapu 2017 r.; Kopurupana na 24 mapt 2017 .

(Pesrome)

Tpanc-5-amunomeTui-1-6en3un-6-penunnunepuua-2-od  (2) € CHHTe3upaH C BHUCOK JOOMB MO MeTo/ia Ha
MunyHoOy ¥ anuimupas moj AercTBreTo Ha N-3aIIUTeHUTe 0-aMUHOKHCEINHH TIHIrH, L-Tpuntodan, L-pernnanannn
n L-ajaHuH 70 HOBM NMHIEPUIMHOHM C MENTHIHA BPb3Ka B CTPAaHMYHATA BEpUra KbM IMHUIEPHIMHOHOBHUS MPBHCTEH.
ITpoBeneno e orcrpansBane Ha N-3alIMTHHUTE IPyNH, KaTO CTPaHUYHATA BEPHIa B IPOU3BOJHOTO Ha TpunTodana 4 e
yIBbJDKEHA C OTJIe]l MoJy4YaBaHe Ha ChEJUHEHHS ChIbPXKAIIH JBE MENTHAHN Bpb3kH. CHeTH ca Mac-cuiektpu (El w/nnm
ESI) na moBeyero chequHEHMS W ca NMPEAJIOKEHH CXeMH Ha (parmMeHTanus. B npeauimHo cboOlueHHe € omucaHa
AHTUXMCTAMHHOBATa aKTUBHOCT Ha NPOW3BOJHNTE HA Tpunrodana 3-5. B Hacrosmero crobuienune e nicneasana ACE
MHXUOUTOpHATA aKTHBHOCT Ha 4eTHpH mentuaHu npousBoanu. CwhenuHenusta 13a,b u 14 moxasear cmaba ACE
MHXUOUTOpPHA aKTHBHOCT.
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The title Diels—Alder reaction is used as computational test example of the performance of several DFT functionals
at various levels of parameterization. We show that experimental diastereoface selectivities, kinetically corresponding
to free activation energy differences of the order of less than 1 kcal.mol™, can be successfully reproduced by
computations using most recent extensively parameterized functionals as M06L, M06-2x and MN12sx, while taking
into account the conformational distribution of reactants, in the present case S-hydroxy-N-methylsuccinimide acrylate.
Presently computed important contributions to intermolecular interactions between acrylate and cyclopentadiene,
governed by dienophile conformation, cannot be assigned only to electrostatic origins in the cases of diastereoface
selectivity. In the broader case of endo:exo selectivity, contributions of dispersion and longer range repulsion have also

been accounted for.

Key words: Diels—Alder stereoselectivity; reactant conformations; transition structures; activation free energies; DFT

calculations

INTRODUCTION

The cycloaddition of olefins to dienes,
discovered by Diels and Alder in the 1920-ies [1, 2]
is still among the most important reactions in
organic synthesis. This unabating interest is due to
its unique capability to generate up to four chiral
centres in a single reaction step, Scheme 1.

Scheme 1. Steric aspects of the [2+4] addition of
acrylate to cyclopentadiene. The four prochiral carbon
atoms, evolving to chiral centres in the course of DA
reaction, are denoted by asterisks.

The latter fact substantiates the continuing effort
to elucidate the electronic and steric aspects of its
mechanism, reaction rate and stereoselectivity. The
development of insights into the Diels—Alder, DA,

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

mechanism as a [4+2] electrocyclic addition, started
with the works of R. Woodward and R. Hoffmann
[3], is still based on their ideas and terminology of
orbital symmetry.

Interpretations of DA diastereoselectivity are
concerned mainly with the endo vs. exo selectivity,
Scheme 1, with the former usually dominating the
reaction outcome [4, 5]. Recent decades of
computational studies have witnessed a widening
use of density functional theory, DFT [6],
treatments of this type of selectivity. However,
serious deficiencies in the theoretical predictions
have also been revealed [7, 8]. Correct, while still
sufficiently robust, computational predictions
related to DA stereoselectivity only became
possible with recent extensive parameterizations of
DFT functionals [8-11]. Thus, the use of DFT
computations in the interpretation of DA endo vs.
exo selectivity is nowadays reliable and
theoretically substantiated. The second type of DA
selectivity, related to the directionality of the
dienophile approach to the planar diastereotopic
faces of the diene, is usually modelled by DFT
calculations qualitatively  correctly.  Another
computational alternative, namely the use of
wavefunction (or MO) theory [12], has also been
shown to correctly reproduce the two types of
Diels—Alder reaction selectivity using explicit
treatment of dynamic electron correlation [8], and
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can be used as reference, even though at a
significantly higher computational cost.

EXPERIMENTAL
Computational details

DFT modeling of the reaction is carried out
using the GAUSSIAN 09 suite of programs [13].
Several functionals are wused in the DFT
calculations: PBEO [14, 15], B97D [16], MO6L,
MO06-2x [9-11]. We also use the recent precisely
parameterized Minnesota functionals: M11L [17,
18] and MN12sx [19]. Transition structures, TSs,
on the studied diastereoisomeric reaction paths are
located using standard optimization techniques and
are verified via vibrational analysis to possess a
single imaginary frequency, as well as by intrinsic
reaction coordinate following [20]. Solvent effects
are considered using the PCM approximation [21]
in dichloromethane, DCM.

RESULTS AND DISCUSSION

Experiments with acryloyl-S-hydroxy-N-methyl
succinimide, AS, Scheme 2, as the dienophile [22]
show low endo:exo and diastereoface selectivity of
the addition to cyclopentadiene, CPD, in
dichloromethane, DCM.

Here, we consider the possible reaction products
on the basis of the distribution of existing
conformational isomers of the dienophile.

As shown in Fig. 1, rotation from the s-cis-,
center, to the s-trans-isomer, left, of the dienophile
changes the upper face of the prochiral fragment
from si to re, while virtually leaving the diene
approach face, electrostatically assisted by the
adjacent carbonyl group, intact. Vice versa, a
change in the relative orientation of carbonyl
groups and dipoles does not alter the configuration
of prochiral faces, but changes the attack preference
of the incoming diene.

Scheme 2. Conformational degrees of freedom in the
dienophile AS with respect to internal rotations around a =
o and b; o determining s-cis — s-trans isomerism, while the
rotation around the ester bond b is chosen to determine the
dihedral angle B, or O=C---C=0,, to define the mutual
orientation of the two carbonyl bond dipoles at the acrylate
fragment and next to the chiral carbon, connected by a
dashed line. Carbonyl bonds prefer either the positive, or
the negative perpendicular orientation  to each other. [23,
24] As the OC---CO, dihedral angle is equivalent to
rotation around a Csp® — Csp® bond, the conformation
energy profile should possess 3 minima. DFT conformation
analysis favors positive p for both s-cis- AS (ASC) and s-
trans- AS (AST) configurations and also reveals two more
minima of slightly higher energy with negative 3, Table 1.

Table 1. Total (in hartrees) and relative (in kcal.mol™) energies of s-cis-acryloyl-S-hydroxy-N-methyl succinimide, ASC, and
s-trans-acryloyl-S-hydroxy-N-methyl succinimide, AST, conformers of the dienophile, M062x/6-311G(d,p), DCM.

Str. E(total) E + ZPE E + AGygs AAG OCCO;, 0CCO,
ASC1 -665.866542  -665.696842 -665.736794 0.00 103.3 -47.8
ASC2 -665.864483  -665.695181 -665.735680 0.70 -132.5 57.8
ASC3 -665.864480  -665.695118 -665.735600 0.75 -72.9 118.8
AST1 -665.865717  -665.696064 -665.736326 0.29 103.2 -48.0
AST2 -665.863714  -665.694414 -665.735278 0.95 -73.9 116.9
AST3 -665.863965  -665.694633 -665.735235 0.98 -134.1 56.3

trans- cis- cis-

4 J
positive * positivé @

9
negativeg',)J
9

3%

upside @ ‘ upside '
2% %S %0
re PR ‘si
2 Jd 9 “ ? downside

J

diene approach

Fig. 1. Conformational effects on prochiral dienophile faces. Configurational designations re and si refer to the in-plane
face. Assuming, for electrostatic reasons, diene approach preference from the side of the adjacent carbonyl group CO;, s-cis —
s-trans isomerization directly changes the configuration of the prochiral a-carbon from re to si, left and center, while positive
or negative dihedral angles between acrylate carbonyl and the imide carbonyl group adjacent to the chiral center, center and
right, change the preferred direction of attack.
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Table 2. Solvent thermodynamics of s-cis acryloyl-S-hydroxy-N-methyl succinimide, ASC, M062x/6-311G++(d,p),
along angle B, Scheme 2, O,; = C --- C = O;. Stationary point names correspond approximately to the value of B, with

TS meaning the respective rotational transition structures.

: ; E(total) E + AG3gs # 1 E+AG(ascscrp)
Stationary point hartrees hartrees AA G” keal.mol hartrees
ASC103 -665. 880455 -665.751191 0.00 -859.746234
ASC143TS -665.867067 -665.737538 8.57
ASC-133 -665. 879063 -665.750244 0.59 -859.745287
ASC-94TS -665.877827 -665.747966 2.02
ASC-75 -665. 878408 -665.750676 0.32 -859.746540
ASC32TS -665.866503 -665.736244 9.38
CPD -194.061413 -193.995043
hg® v o
<X 1.
o]
O o]
O A\” 25i  — J\\/ -
co!R
gk acrylate & -trans acrylate R = (5}CHHO,
Ff 5 F l CO,R
COR § 2 p COER "“
Co,R .
endo §- (1R, 2R) endo i -(15,25) oxo f- (15,21} exo - (1R25)
N1 N2 X1 X2

Scheme 3. Endo and exo isomeric products, resulting from the reaction of a single isomer of S-hydroxy-N-
methylsuccinimide acrylate with cyclopentadiene [26, 27]. In transition structures, TSs, acrylate s-cis and s-trans
isomers are possible. In adducts, these isomers cannot be distinguished because of the practically free rotation of the
resulting carboxylate group, which is no longer conjugated.

reaction channel, is shown in Fig. 2: reactants left;
product right, separated by a single TS, centre.

Schemes 1 and 3 outline the origins of four
endo:exo isomeric product pairs from each of the
three conformational isomers of dienophile. Thus,

to completely model the reaction in question, we i ;‘;'»j,

would need to consider computationally 24 L] T o
diastereoisomeric reaction potential energy paths s - " a‘; .
and obtain the resulting kinetic product distribution £ g *';:
from the calculated Gibbs activation free energy g osi mumneese®t . ;P
differences [25]. However, as the barrier between 2 oz . . JL'
the two conformers with negative 3 is less than 2 = 3a0d '9, '_ PR
kcal.mol™ (Table 2), the corresponding pairs of TSs 5 > 5; A% . "%
collapse into each other to give one and only — f“’ .
negative-B TS. Thus, the total number of located é '-,____

TS amounts to 16.

Computational results using Pople basis sets, e w @ g s e B #o8
mostly at the 6-311G(d,p) level [28, 29], are listed e s
in Tables 1S and 3. Some of the energetically
preferred transition structures are shown in Fig. 3,
and the complete product distribution is in Table 3.
A general reaction energy profile, i.e. the intrinsic
reaction coordinate (IRC) for a diastereoisomeric

Fig. 2. A complete electronic energy profile: IRC
starting from the TS of the DA addition of CPD to s-cis
acryloyl-S-hydroxy-N-methyl succinimide, ASC, MO06-
2x/6-311G(d,p).

As indicated by computed Gibbs free energies of
the 16 diastereoisomeric TSs, there is no single
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lowest structure to dominate the stereochemical
outcome of the studied [4+2] addition, Table 3. Of
the 3 possible Csp® — Csp? rotational isomers, only
the positive and one of the two negative isomers
produce actual free energies of the located TSs not
higher than 3 kcal.mol™ relative to the generally
lowest positive NC1, that is, contributing more than
1% to the final product outcome. Contrary to the
Curtin-Hammett principle, the TS and product
diastereoisomeric distributions are independent of
the ground state equilibrium of dienophile
conformers due to the large activation free energy
of the reaction, some 3 times higher than computed
rotational barriers in AS [30]; Table 2 and Fig. 2.

More detailed inspection of Tables 1S and 3
shows nevertheless that some isomeric TSs are
higher by less than 1 kcal.mol™ than NC1pos, Fig.
3, and contribute 5% or more to the final products.
These TSs deserve additional attention to their
internal interactions for understanding the overall
stereoselectivity. However, TSs and their internal
interactions are different with various used
functionals. We therefore select the numerical
models reproducing most closely the known
experimental selectivities [22], namely MOG6L,
MO06-2x, and MN12sx, in order to interpret TS
internal interactions and the origins of selectivity,
Table 3 and Fig. 3.

Energies and selected interatomic distances
outlined in Fig. 3 for energetically preferred TSs
show close contacts of dienophile carbonyl atoms
with hydrogen atoms of the diene in the range of
2.3 to 2.5 A, which can be interpreted as non-
classical hydrogen bonds C=0....H-C in some of
these [27]. The abundance of heteroatoms in the
chiral auxiliary may be expected to provide a
significant number of opportunities for the forming
of such stabilizing contacts, and energy preferences
thereof, for some of the conformationally possible
diastereoisomeric reaction paths. This is also the
qualitative explanation of the necessity to consider
computationally all of the 16 possible reaction
paths in order to obtain a correct prediction of the
reaction stereochemical outcome. Three of the most
stable TSs shown in Fig. 3 actually have short
H...O contacts with carbonyl atoms of the attacking
dienophile, and another three have no H...O close
contacts. Neither of the shown TSs dominates
computed free  activation  energies, and
consequently the reported experimental distribution
of stereoisomeric products [22, 26], indicating the
dominant role of electrostatic interactions with
other dienophiles [27] would be oversimplified in
the case of AS reaction with CPD. Indeed, going
back to Fig. 1 we see, that positive  prefers N1

Table 3. Percentage product distributions for the reaction of AS and cyclopentadiene, CPD, predicted by DFT
calculations at the 6-311G(d,p) gaussian basis set level in dichloromethane, together with predicted selectivities. Pos
and neg refer to positive and negative dihedral angles B between adjacent carbonyl groups, see Scheme 2 and Fig. 1.
Also shown are M06-2x? and MN12sx? results at the 6-311++G(d,p) basis set level. Experimental product distribution:
endo DS (N1:N2) = 54:46; endo:exo = 4.8, dichloromethane [22].

TS PBE B97D MO6L MO06-2x  MO06-2x!  MI11L  MNI12sx  MN12sx
NC1 pos 7.15 16.93 42.52 4853 26.62 31.29 33.37 30.80
NC2 pos 1.84 5.94 17.39 9.54 12.40 24.47 10.39 20.38
XC1 pos 7.25 13.04 13.67 14.36 7.35 13.10 34.12 5.84
XC2 pos 1.02 2.91 5.42 3.50 3.79 6.77 2.50 351
NT1 pos 0.19 0.79 1.11 153 2.24 1.20 1.04 2.82
NT2 pos 0.83 1.06 2.77 6.20 9.72 453 3.18 2.85
XT1 pos 0.07 0.18 0.16 0.11 0.14 0.25 0.12 0.40
XT2 pos 0.55 1.13 1.03 0.33 0.69 0.39 0.05 5.41
NC1 neg 13.22 9.67 4.53 1.64 3.93 2.34 154 6.36
NC2 neg 50.96 36.99 6.65 9.75 19.95 9.75 9.85 11.64
XC1 neg 3.39 2.44 0.67 0.39 0.49 1.02 0.36 0.64
XC2 neg 8.97 5.66 2.57 1.38 1.29 3.00 1.74 1.29
NT1 neg 2.62 1.62 1.19 1.73 9.61 1.18 1.41 6.05
NT2 neg 0.69 0.19 0.29 0.66 1.03 0.35 0.10 1.31
XT1 neg 0.97 1.01 0.0 0.28 0.35 0.31 0.16 0.60
XT2 neg 0.28 0.45 0.0 0.08 0.41 0.05 0.05 0.11
endoexg 75225 7321268 765235 7961204 855145 745255 60.9:30.1  82.2:17.8

3.44 2.73 3.25 3.90 5.89 2.92 1.56 462
N1:N2 ~ 29.9:701 39.7:60.3 64.5:355 67.1:32.9 49.6:50.4 46.3:53.7 61.4:38.6  56.0:44.0
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NC1pos 0.0

*#*) NTineg 0.96
ﬂ&)

333

NC2pos 0.24

@ -

XC1pos 0.99

I

W

Fig. 3. Energetically preferred transition structures and relative activation free energies at the MN12sx/6-
311++G(d,p) level for the [4+2] addition of acryloyl-S-hydroxy-N-methyl succinimide ASC and cyclopentadiene, CPD,
see also Tables 1S and 3. Pos and neg refer to the respective O=C...C=0 dihedral angles B. Short interatomic contacts
are outlined as dashed “bonds”: incipient C---C in the range of ca. 2.0 to 2.5 A; electrostatic contacts C=0...H-C in the

range of 2.30 to 2.55 A.

(R,R) selectivity due to the mentioned electrostatic
assistance, while negative B prefers N2 (S,S)
selectivity for the same electrostatic reason. Fig. 3
also shows the 4 most stable endo TSs contributing
to more than 80% of the predicted population of
endo TSs. Electrostatic preference to N1 (R,R)
gives 37%, and to N2 (S,S) 32% of the computed
total stereochemical outcome, Table 3, which
coincides with the observed N1:N2 ratio [22]. It can
be seen that in each pair of NC1-NC2 the TSs
showing nontraditional hydrogen bonds are more
stable than their counterparts. The two
diastereoface preferences balance each other to
produce the observed low N1:N2 ratio and also
contribute to more than 80% of the observed endo
selectivity. Following in stability are s-trans and
exo TSs, where preferences involve other types of
intramolecular interactions along with the
electrostatics discussed above, to further complicate
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the final experimental stereochemical result.
However, as we discuss selectivity changes with
the same diene, and s-cis/s-trans isomers of the
same dienophile, no changes of frontier orbital, or
secondary orbital effects, anomeric effects,
substituent electronegativity or hyperconjugative
aromaticity/antiaromaticity may partake in the
present case [31, 32].

CONCLUSION

The reported results show a success of
extensively  parameterized  high-performance
functionals as MO6L, M06-2x, and MN12sx in the
reproduction of observed low diastereoselectivity of
the title DA reaction. We find that the full palette of
intramolecular interactions, rather than non-
traditional H bonds only, govern the diastereofacial
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selectivity of the AS + CPD addition, as further
substantiated by diffuse basis set MO062x/6-
311++G(d,p) and MN12sx/6-311++G(d,p) TS
optimizations.
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CTEPEOCEJIEKTUBHOCT HA JUJIC-AJIJEPOBOTO ITPUCHEJUHSABAHE HA [S]-
AKPUIJIONJI-N-METUJI CYKIIMHUMU I U LIUKJIOIIEHTAJJUEH: ITPOU3XOA U
N3YUCIUTEJIHO MOJEJIMPAHE B PAMKUTE HA TEOPUATA HA ®YHKIIMOHAJIA HA
IDIBTHOCTTA

C. M. bakanosa, X. Kanetu

1H)Ltcmumym no Opeanuyna Xumus c L[{enmvp no @umoxumus, beaeapcka Axademus na Haykume, yn. Axao. I'.
bonues, 61. 9, 1113 Cogus, Pvacapus

Tloctenmna va 02 mapt 2017 1.; Kopurupana Ha 24 mapr 2017 .

(Pesrome)

Uscnenpana e peakumst Ha Jlunc—AJjnep ¢ HUCKa IHACTEPEOCENCKTHBHOCT 3a CPaBHCHHE Ha HM3YHCIUTCIHHTE
NPEIBIDKIAHUS OT TEOPHATA Ha (YHKLHMOHAJIA Ha IUTBTHOCTTA C Pa3iMYHU HUBA Ha mapamerpusanus. [lokasaHo e, ue
eKCIIepHMEHTAJIHATA AUACTEPEOCENCKTHBHOCT OT 55:45, KOSATO OTroBaps KHHETHYHO Ha Pas3iMKH MEXIy CBOOOIHUTE
GHEprHH HA aKTHBAIHS O-MAJIKK OT | KKAILMOI , MOKE /a ObJIe BB3IIPOM3BEICHA 3a{0BOIUTEIHO OT MPECMSITAHHS C
noMoliTa Ha nojxoOpeHuTe nmo TouHocT (yHkumoHanun MO6L, MO06-2x u MNI12sX B ciydail, ye ca NOAXOASAIIO
OTYeTeHN KOH(OPMALMOHHUTE pa3Npe/ielicHNs] Ha peakTaHTUTe. B KOHKpeTHHs M3clieBaH Ciy4ail ToBa € JTUCHODWIBT
S-xunpokcu-N-MeTHICYKIMHUMHL, akpuiar. M3uuciieHo e, ye BaKHUTE IPHUHOCH HA BBTPEIIHO-MOJICKYJIHHUTE M
MEXAYMOJICKYJTHUTE B3aMMOJEHCTBHS KbM HAMEPEHUTE IUACTEPEOMEPHH IIPEXOIHH CTPYKTYpU HE C€ JBJDKAT
NPEAMMHO Ha €JEeKTPOCTATHYHM B3aUMOJCHCTBHS. Y4YacTHETO HAa IUCIEPCHOHHU M TO-JAJICUYHH CHIH B €HOO:eK30
CEJICKTHBHOCTTA € OTYETEHO OT IT0-HOBHUTE NapaMeTPH B NIPECMATAHUATA.
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New heterocycle analogues of resveratrol were designed and synthesized as potential anticancer agents. The
compounds contain 3,5-dimethoxy- or 3,5-dihydroxystyryl fragment attached to the C5 or C6 position of a
benzoxazolone ring. The compounds were tested for their cytotoxic activity against three human cancer cell lines (HL-
60, MGF-7 and MDA-MB-321) and some of them were found to exhibit significant antiproliferative effect. Generally,
the obtained 5-styrylbenzoxazolones were more active in compare to the corresponding 6-styrylbenzoxazolone

positional isomers.

Key words: resveratrol; benzoxazolone; stilbene; cytotoxicity

INTRODUCTION

Resveratrol (Fig. 1) belongs to a group of
naturally occurring polyphenols possessing the
trans-stilbene scaffold. Found in more than 70
plants, the compound has been shown to exhibit a
variety of health-beneficial properties such as
antioxidant, anti-inflammatory, anti-diabetic,
cardio- and neuroprotective activities [1-5].
Additionally, resveratrol has been recognized as a
promising chemopreventive and anticancer agent
due to its capability to inhibit tumorigenesis by
modulation of several cellular process including
apoptosis, cell cycle progression as well as
angiogenesis [2, 6-9]. A number of methoxy
derivatives of resveratrol have been also reported to
exert high cytotoxicity against various human
cancer cell lines [10-14]. Some of the synthetic
analogues showed better activity compared to the
natural compound [10, 11, 14].

In search of new anticancer agents, we have
planned the synthesis of a small series of
heterocyclic derivatives of resveratrol, in which the
4'-hydroxyphenyl moiety in the parent molecule
was replaced with a benzoxazolone (Fig. 1).

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

Considered to be a "privileged scaffold” in
medicinal chemistry, the  benzoxazolone
heterocyclic system has been extensively used in
drug discovery as a phenol and pyrocatechol
bioisostere [15]. The 3,5-dihydroxyphenyl fragment
of the parent resveratrol molecule was left intact or
replaced with a 3,5-dimethoxyphenyl moiety, with
the aim to systematically evaluate the role of the
isolated fragments on the biological activity of the
compounds.

OH

HO
OR
OH

RO/©\/ Y,
; \L@[ >:o
X
5- or 6-styryl-2(3H)-benzoxazolones
X=0,Y=NCHzor X=NCHjz, Y=0; R=Hor CHg

resveratrol
(trans-3,5,4'-trinydroxystilbene)

N
-
[¢]
2(3H)-benzoxazolone
Fig. 1. Chemical structure of resveratrol, 2(3H)-
benzoxazolone and target 5- and 6-styryl-2(3H)-

benzoxazolones.

Thus, in continuation of our previous studies on
the synthesis of heterocyclic stilbenes [16], here we
report the preparation of 5- and 6-(3,5-dimethoxy-
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or 3,5-dihydroxystyryl)-2(3H)-benzoxazolones as
closely related resveratrol analogues. Their in vitro
cytotoxicity was examined against three human
cancer cell lines.

EXPERIMENTAL
Chemistry

Melting points (mp) were determined on a
Boetius hot-stage microscope and are uncorrected.
Infrared spectra (IR) were recorded on a Specord
71 spectrometer. *H NMR spectra were obtained on
a Bruker DRX250 or Bruker DRX400
spectrometers. Chemical shifts were reported in
parts per million (ppm, d) relative to the solvent
peak (CDCl;, 7.26 ppm; DMSO-ds, 2.50 ppm;
acetone-dg, 2.05 ppm). Elemental analyses (C, H,
N) were performed on a Vario Il microanalyzer
and the obtained results were within 0.4% of
theoretical values. All reactions were monitored by
thin-layer chromatography (TLC) on silica gel
plates (Kieselgel 60 F,s4), using hexane/acetone
(2:1 v/v) as eluent. Column chromatography on
Merck silica gel 60 (230-400 mesh) was applied
for the separation of diastereomers. Phosphonium
bromides la-b were synthesized as described
previously [16].

General procedure for the synthesis of stilbene
derivatives via Wittig reaction

A mixture of appropriate phosphonium bromide
la-b (1.51 g, 3 mmol), 3,5-dimethoxybenzaldehyde
(0.50 g, 3 mmol), powdered potassium carbonate
(1.38 g, 10 mmol) and 18-crown-6 (0.01 g) in
THF/DCM (20 mL, 2:1 v/v) was refluxed for 3 h
(monitored by TLC). The inorganic salts were
filtered off and the filtrate was concentrated under
reduced pressure to obtain a mixture of the
corresponding  E- and  Z-stilbenes  and
triphenylphosphine oxide. Both diastereomers were
isolated by column chromatography using
petroleum ether/acetone (10:1 v/v) as eluent.

(2)-5-(3,5-Dimethoxystyryl)-3-methyl-2(3H)-
benzoxazolone (2a)

Yield: 48% (0.48 g), colourless oil. IR (capillary
film, cm™): 1780 (C=0). '"H NMR (CDCl;, 250
MHz): 6 3.27 (s, 3H, NCHz), 3.67 (s, 6H, OCHy),
6.34 (t, 1H, ArH, J = 2.3 Hz), 6.39 (d, 2H, ArH, J =
2.3 Hz), 6.57 (s, 2H, =CH), 6.84 (br s, 1H, ArH),
7.04-7.05 (m, 2H, ArH). 'H NMR (acetone-dg, 500
MHz): 6 3.29 (s, 3H, NCH3), 3.65 (s, 6H, OCHjy),
6.36 (t, 1H, ArH, J = 2.2 Hz), 6.42 (d, 2H, ArH, J =
2.1 Hz), 6.58 (d, 1H, =CH, J = 12.2 Hz), 6.65 (d,
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1H, =CH, J = 12.2 Hz), 7.04-7.06 (m, 2H, ArH),
7.12 (d, 1H, ArH, J = 8.0 Hz). Anal. Calcd. for
CisH17NO,4 (311.34): C 69.44, H 550, N 4.50.
Found: C 69.62, H 5.62, N 4.30.

(E)-5-(3,5-Dimethoxystyryl)-3-methyl-2(3H)-
benzoxazolone (3a)

Yield: 43% (0.40 g), mp 164-165 °C. IR (nujol,
cm™): 1760 (C=0). 'H NMR (CDCl;, 400 MHz): §
3.44 (s, 3H, NCHj3), 3.84 (s, 6H, OCHg), 6.41 (t,
1H, ArH, J = 2.1 Hz), 6.67 (d, 2H, ArH, J = 2.3
Hz), 6.99 (s, 1H, =CH, J = 16.2 Hz), 7.08 (s, 1H,
=CH, J = 16.3 Hz), 7.12 (br s, 1H, ArH), 7.17 (d,
1H, ArH, J = 8.3 Hz), 7.23 (dd, 1H, ArH, J = 1.0
Hz, J = 8.3 Hz). Anal. Calcd. for C;gH;7NO,
(311.34): C 69.44, H 5.50, N 4.50. Found: C 69.21,
H 5.37, N 4.53.

(2)-6-(3,5-Dimethoxystyryl)-3-methyl-2(3H)-
benzoxazolone (2b)

Yield: 48% (0.48 g), mp 89-91 °C. IR (nujol,
cm™): 1770 (C=0). *H NMR (CDCls, 250 MHz): &
3.37 (s, 3H, NCHj3), 3.68 (s, 6H, OCHz), 6.34 (t,
1H, ArH, J = 2.3 Hz), 6.39 (d, 2H, ArH, J = 2.3
Hz), 6.54 (s, 2H, =CH), 6.81 (d, 1H, ArH, J = 8.4
Hz), 7.09-7.13 (m, 2H, ArH). 'H NMR (acetone-ds,
250 MHz): & 3.38 (s, 3H, NCH,), 3.67 (s, 6H,
OCHjy), 6.37 (t, 1H, ArH, J = 2.1 Hz), 6.42 (d, 2H,
ArH, J = 2.1 Hz), 6.56 (d, 1H, =CH, J = 12.2 Hz),
6.64 (d, 1H, =CH, J = 12.2 Hz), 7.08 (d, 1H, ArH, J
= 8.1 Hz), 7.11 (br s, 1H, ArH), 7.16 (dd, 1H, ArH,
J=1.1Hz, J=8.4 Hz). Anal. Calcd. for C;gH;7NO,
(311.34): C 69.44, H 5.50, N 4.50. Found: C 69.52,
H 5.83, N 4.23.

(E)-6-(3,5-Dimethoxystyryl)-3-methyl-2(3H)-
benzoxazolone (3b)

Yield: 35% (0.33 g), mp 164-165 °C. IR (nujol,
cm™): 1770 (C=0). 'H NMR (CDCls, 400 MHz): &
3.42 (s, 3H, NCHjy), 3.84 (s, 6H, OCH3), 6.41 (t,
1H, ArH, J = 2.2 Hz), 6.66 (d, 2H, ArH, J = 2.2
Hz), 6.92-6.99 (m, 2H, =CH, ArH), 7.07 (s, 1H,
=CH, J = 16.2 Hz), 7.31 (dd, 1H, ArH, J = 1.2 Hz,
J =8.1 Hz), 7.40 (br s, 1H, ArH). Anal. Calcd. for
CigHi7NO, (311.34): C 69.44, H 5.50, N 4.50.
Found: C 69.38, H 5.37, N 4.53.

General procedure for the demethylation of the
methoxy groups with BBr;

Boron tribromide (1.7 M in DCM, 0.53 mL, 0.9
mmol) was added to a stirred solution of
corresponding  3,5-dimethoxysubstituted  (E)-
stilbene 3a-b (0.16 g, 0.5 mmol) in anhydrous
DCM (10 mL) at —10 °C. The resulting mixture was
stirred for 1 h at —10 °C, allowed to warm to room
temperature, and stirred for another 48 h. Then,
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water (15 mL) was added and the obtained
precipitate was filtered off and air-dried. The
product was purified by recrystallization.

(E)-5-(3,5-Dihydroxystyryl)-3-methyl-2(3H)-
benzoxazolone (4a)

Yield: 70% (0.10 g), mp 252-254 °C (ethanol).
IR (nujol, cm™): 3200-3400 (OH), 1720 (C=0). 'H
NMR (DMSO-dg, 400 MHZz): 3 3.38 (s, 3H, NCHj),
6.16 (t, 1H, ArH, J=2.1 Hz), 6.43 (d, 2H, ArH, J =
2.1 Hz), 7.08 (s, 2H, =CH), 7.29 (s, 2H, ArH), 7.58
(s, 1H, ArH), 9.26 (s, 2H, OH). '*H NMR (acetone-
de, 500 MHz): 6 3.43 (s, 3H, NCHjy), 6.30 (br s, 1H,
ArH), 6.57 (d, 2H, ArH, J = 1.9 Hz), 7.09 (d, 1H,
=CH, J=16.3 Hz), 7.13 (d, 1H, =CH, J = 16.3 Hz),
7.21 (d, 1H, ArH, J = 8.2 Hz), 7.29 (dd, 1H, ArH, J
= 1.3 Hz, J=8.2 Hz), 7.47 (br s, 1H, ArH), 8.46 (br
s, 2H, OH). Anal. Calcd. for C1sH13sNO, (283.28): C
67.84, H 4.63, N 4.94. Found: C 67.54, H 4.81, N
4.71.

(E)-6-(3,5-Dihydroxystyryl)-3-methyl-2(3H)-
benzoxazolone (4b)

Yield: 77% (0.11 g), mp 281-283 °C
(acetone/water, 1:1 v/v). IR (nujol, cm™): 3150-
3400 (OH), 1740 (C=0). 'H NMR (DMSO-dg, 400
MHz): & 3.35 (s, 3H, NCHjy), 6.14 (t, 1H, ArH, J =
2.1 Hz), 6.42 (d, 2H, ArH, J = 2.1 Hz), 7.05 (d, 2H,
=CH), 7.23 (d, 1H, ArH, J = 8.1 Hz), 7.42 (dd, 1H,
ArH, J=1.1Hz,J=8.1Hz), 7.65(d, 1H, ArH, J =
1.1 Hz), 9.23 (s, 2H, OH). 'H NMR (acetone-ds,
500 MHz): 6 3.41 (s, 3H, NCHy), 6.29 (t, 1H, ArH,
J=2.0Hz), 6,57 (d, 2H, ArH, J = 2.0 Hz), 7.05 (d,
1H, =CH, J =16.3 Hz), 7.12 (d, 1H, =CH, J = 16.3
Hz), 7.16 (d, 1H, ArH, J = 8.1 Hz), 7.40 (dd, 1H,
ArH, J=1.2Hz,J=8.1Hz),7.52 (d, 1H, ArH, J =
1.1 Hz), 8.43 (br s, 2H, OH). Anal. Calcd. for
CieH1sNO,4 (283.28): C 67.84, H 4.63, N 4.94.
Found: C 67.68, H 4.57, N 4.73.

Biology

Cytotoxicity tests were carried out on three
tumor cell lines with different origin, namely HL-
60 (human promyelocytic leukemia), MCF-7
(human breast cancer) and MDA-MB-231 (human
breast adenocarcinoma). The cells were maintained
as suspension type cultures (leukemia and
adenocarcinoma) or as adherent culture (breast
cancer) in controlled environment: RPMI-1640
medium, supplemented by 10% FBS and 2 mM L-
glutamine at 37 °C in a "Heraeus" incubator with
humidified atmosphere and 5% CO,. In order to
keep cells in log phase, the cultures were refed with
fresh RPMI-1640 medium two or three times a
week.

Tested compounds were dissolved in DMSO
and the solutions were diluted with RPMI-1640
medium to yield the desired final concentrations.
Cytotoxicity of the compounds was assessed using
the MTT-dye reduction assay [17], with minor
modifications [18]. Exponentially growing cells
were seeded in 96-well plates (100 uL/well at a
density of 1 x 10° cells/mL). After 24 h incubation
(37 °C, 5% CO, and maximum humidity), they
were exposed to various concentrations of the
tested compounds (200, 50, 25, 12.5, 6.25 uM) for
72 h. Then, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) solution (10 mg/mL
in PBS) was added (10 pL/well). Plates were
further incubated for 3 hours at 37 °C. To dissolve
the formazan crystals formed, 5% solution of
formic acid in isopropanol (100 pL/well) was used.
Absorption was measured on an ELISA reader at
580 nm. A mixture of 100 uL RPMI-1640 medium,
10 pL MTT stock and 100 pL 5% formic acid in
isopropanol was used as control. For each
concentration tested a set of six separate wells was
used. The ICs, value (the concentration that inhibit
50% of cell growth) for each compound was
calculated using OriginLab program.

RESULTS AND DISCUSSION

As depicted in Scheme 1, the synthesis of target
stilbene derivatives 2a-b and 3a-b was achieved by
applying the Wittig methodology on 3,5-
dimethoxybenzaldehyde and the appropriate
heterocyclic ylide, in turn obtained from the
phosphonium bromides la-b in the presence of
potassium carbonate and 18-crown-6. The reactions
were carried out in THF/DCM at reflux for 3 h and
produced the corresponding 3,5-
dimethoxystyrylbenzoxazolones as mixtures of -
diastereomers. The pure Z- and E-stilbenes (2a-b,
respectively 3a-b) were separated by column
chromatography. As the natural resveratrol is in the
E-configuration, the obtained methoxy substituted
E-stilbenes 3a-b were subjected to a reaction of
demethylation with boron tribromide to afford 4a-b
in high yields. The demethylation of the Z-isomers
2a-b in these conditions led to a mixture of
products caused by additionally isomerization of
the double bond.

The structures of all newly synthesized
benzoxazolone-containing stilbene derivatives 2a-b
— 4a-b were confirmed by 'H NMR spectroscopy.
The geometry of the double bond was assigned on
the basis of the coupling constants of the olefinic
protons signals (J = 12.2 Hz for Z-stilbene 2a-b,
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MeO

o ® CHO %

BrPhsP Y\Fo MeO
N K,COs3 O
18-crown-6 MeO

1a-b THF/DCM

1a-4a: X=0, Y =NCHj,
1b-4b: X =NCHj3, Y = O

OMe

Y
(L= <9
X+ y
MeO =
OMe ° O X\FO

reflux, 3 h 2a-b

3a-b

BBrs, DCM
-10°Ctor.t.
OH 48 h

HO = Y.
: (Lo
X
4a-b

Scheme 1. Synthesis of 5- and 6-styryl-2(3H)-benzoxazolones.

and J = 16.2 or 16.3 Hz for E-stilbene 3a-b and 4a-
b). Consistent with the coupling constant data, both
doublets for the olefinic protons of the Z-isomers
appeared at 6.54-6.65 ppm whereas those for E-
stilbenes shifted downfield to 6.99-7.13 ppm.

The synthesized heterocyclic analogues of
resveratrol were tested in vitro for their cytotoxicity
against three human cancer cell lines (HL-60,
MCF-7 and MDA-MB-231), using MTT-dye
reduction assay. As presented in Table 1, the
obtained results showed that most derivatives exert
weak antiproliferative effects on the studied cancer
cells lines. Compound 2a bearing (2)-3,5-
dimethoxystyryl fragment on C5 position of
benzoxazolone ring exhibited the highest activity
with 1Csy of 19 uM against HL-60, 42 uM against
MCF-7 and 76 uM against MDA-MB-231 cells.
The corresponding E-isomer 3a was inactive, but
the hydroxy substituted E-stilbene 4a exerted a
similar cytotoxic potential as 2a.

Table 1. Cytotoxic effects (expressed as ICg) of
compounds 2a-b — 4a-b on HL-60, MCF-7 and MDA-
MB-231 cell lines.

ICso (MM)+SD

Compd MDA-
HL-60 MCF-7 MB-231

2a 19+1.1 42421 76+3.2

2b 13£1.3 > 200 > 200

3a > 200 > 200 > 200

3b > 200 40+2.2 > 200
4a 38+1.7 42+1.8 105+3.7

4b > 200 84+2.9 > 200

These results showed that the biological activity
of the compounds 2a-b — 4a-b was influenced by
the position of the styryl fragment in a

74

benzoxazolone ring as the obtained 5-
styrylbenzoxazolones were generally more active in
compare to the corresponding  6-styryl-
benzoxazolone positional isomers. Disregarding the
configuration of the double bond in tested
derivatives, the introduction of 3,5-dimethoxystyril
or 3,5-dihydroxystyril moiety on C5 position of the
heterocyclic system led to compounds closely
resembling resveratrol.

CONCLUSION

In this study we reported the synthesis of six
heterocycle analogues of resveratrol, containing a
benzoxazolone ring. Evaluation of the cytotoxicity
of the stilbene derivatives on HL-60, MCF-7 and
MDA-MB-231 cancer cell lines showed that (2)-3-
methyl-5-(3,5-dimethoxystyryl)-2(3H)-benzoxazo-
lone (2a) and (E)-3-methyl-5-(3,5-dihydro-
xystyryl)-2(3H)-benzoxazolone (4a) were the most
active in the series.
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CHUHTE3 1 HUTOTOKCUYHA AKTHUBHOCT HA HOBU XETEPOLIMKJIEHU AHAJIO3U HA
PECBEPATPOJL, CbABPXXAIIN BEH30KCA30JIOHOB ITPBCTEH

M. C. FepOBal, E. A. AneKcaHﬂpOBal’z, 1. B. I/IBaHOBas, J. B. CTaHI/IHICBal, I'. IIB.
Mowmexos®, O. U. ITerpos™*

! Kameopa ®apmayeemuuna u npunoscna opeanuuna xumus, @axyrmem no Xumus u papmayus, Coguiicku
yrusepcumem "' Ce. Knumenm Oxpuocku", 6yn. [oceiime bayuwp 1, Cogus 1164, bBvreapus
2 Kameopa Obwa u knunuuna namonoeus, Meouyuncku ¢haxyimem, Tpaxuticku Yuusepcumem, yin. Apmeticka 11,
Cmapa 3azopa 6000, bvacapus
¥ Kamedpa Iamonozus na pacmenusma u xumus, Gaxyimem no Exonozus u ianowagmua apxumexmypa,
Jlecomexnuuecku ynusepcumem, 6yn. Knumenm Oxpuocku 10, Cogus 1756, Bvaeapus
* Kameopa ®apmaronozus, papmaxomepanus u moxcuxonozus, Papmayesmuyen paxyimem, Meduyuncku
yuusepcumem — Cogusi, yn. Hynae 2, Cogus 1000, bvreapus

[ocremuna va 01 mapt 2017 r.; Kopurupana Ha 15 mapt 2017 .

(Pesrome)

CuHTE3MpaHM Ca HOBM XETEPOIMKICHU aHAIO3M Ha PECBEPATPOI KATO MOTEHLIUATHHW MPOTUBOPAKOBH CPEACTBA.
CreiMHEHHATA CHIBPKAT 3,5-TUMETOKCH- WIN 3,5-AUXUAPOKCUCTHPIIIOB (pparMeHT, BbBeAeH B nosuiusa C5 mwm C6
Ha OEH30KCA30JIOHOB NPBCTeH. LIUTOTOKCMYHATa aKTHBHOCT Ha CHEAWHEHMATA € W3CIeABaHA BBPXY TPU TYMOPHHU
wierhunn juand (HL-60, MGF-7 and MDA-MB-321) u nosy4eHuTe pe3yaTaTy OKa3BaT, Y€ HAKOW OT TSX TPOSIBSIBAT
00Bp aHTHIIpONUdEepaTuBeH epekT. B moBeuero ciydaid, S-CTHpHIOEH30Ca30JI0HUTE Ca MO-aKTUBHHU B CPaBHEHHE C
TEXHHUTE NMO3UINOHHH H30MEPH, ChOTBETHUTE O-CTUPHIIOEH30Ca30I0HH.
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Complex formation of Zn(ll) and AI(Ill) ions with a novel 4-nitro-benzofurazan-cyclam conjugate has been
investigated by *H-NMR and electronic (UV-vis and fluorescence) spectroscopy in dimethylsulfoxide. A stable Zn(11))
complex [Zn(P1)(NOs),] has been isolated, characterised, and in vitro its antimicrobial activity was tested. Good
antibacterial activity against several Gram-positive and Gram-negative bacteria and antifungal activity against two

yeasts has been observed.

Key words: metal complexes, cyclam, benzofurazane, microbiological, NMR

INTRODUCTION

In recent years, much attention has focused on
the synthesis of new metal complexes of
biologically important metal ions such as Cu®,
Co*, Zn**, Fe*, Fe** with various organic ligands
as potential antimicrobial agents which improve
antifungal or antibacterial activity of existing
chemotherapeutics [1-5]. On the other hand, the
design and synthesis of specific ligands which can
coordinate to metal ions is a major goal to many
research groups because the biological activity of
the metal complexes depend not only on the nature
of the metal ions and the chemical structure of the
ligands, but also on the type of bonding between
them. Although some metal complexes with
organic ligands showed very good antimicrobial
activity, studies are still in search of new highly
active antibacterial and antifungal compounds. This
reflects the fact that many of the clinical pathogens
quickly become resistant to chemotherapy applied
in practice.

Cyclam (1,4,8,11-tetraazacyclotetradecane) is a
cyclic polyamine most widely used as a ligand in
medical chemistry research which is due to its
commercial availability and the easy linking of
nitrogen atoms to functional units. In this case the
coordination sites of cyclam-cored derivatives are
the tertiary amino groups from cyclam ring. The

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

complexes with biologically important metal ions
have been investigated with regard to their potential
biomedical applications [6-10]. Recently we have
investigated in-vitro anticancer, antibacterial and
antifungal activity of a new Cu(ll) complex of
modified cyclam with four  7-nitro-2,1,3-
benzoxadiaziles units bonded to its cyclic nitrogen
atoms [11].

In this paper we present the Zn(ll) complex
formation of modified cyclam with four 4-amino-7-
nitro-2,1,3-benzoxadiaziles units. The chemical
structure, composition and association constants
were confirmed and analysed by electronic
(UV/Vis and fluorescence), Fourier transform
infrared (FTIR), nuclear magnetic resonance
(NMR) spectroscopy, and scanning electron
microscopy (SEM). The antimicrobial activity of
the ligand and its Zn-complex has also been
investigated against different pathogens.

EXPERIMENTAL
Materials and Methods

The synthesis of initial ligand P1 has been
described recently [11]. UV/Vis spectrophotometric
investigations were performed using a Unicam
Helios o spectrophotometer. The fluorescence
spectra were taken on a Hitachi F-4500
spectrofluorimeter. All spectra were corrected to
dilution, and the fluorescence spectra were also
corrected for the inner filter effect using the

76 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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equation  |Fey IF measureqx 10 ex™em’2 - \yhere

IFmeasures 1S the measured emitted fluorescence
intensity, Ae and Ay are the UV-Vis absorption of
the solution at the wavelengths of excitation and
emission, respectively [12]. All absorption and
fluorescence spectra were recorded using 1 cm
pathlength synthetic quartz cells at concentration of
22 x 10° mol I Zn(NO3),'5H,O and
Al(NO3);-9H,0 (Aldrich) were used as a sources of
Zn(11) and AI(I11) ions respectively. IR spectra were
recorded on an Infrared Fourier transform
spectrometer (IRAffinity-1 Shimadzu) with the
diffuse-reflectance attachment (MIRacle Attenuated
Total Reflectance Attachment) at a 2 cm™
resolution. The 'H NMR measurements were
performed on a Bruker Avance DRX 500
spectrometer. The measurements were carried out
in a DMSO-d, solution at ambient temperature. The
chemical  shifts were referenced to a
tetramethylsilane (TMS) standard. Electrospray
mass spectroscopic measurements were carried out
using a Hewlett—Packard Series 110 0 MSD. The
surface morphology of P1 and [Zn(P1)(NO3),] was
analyzed by scanning electron microscope (SEM)
JSM-5510 (JEOL), operated at 10 kV of
acceleration  voltage. Before imaging, the
investigated samples were coated with gold by JFC-
1200 fine coater (JEOL).

Synthesis of Zn(I1) complex [Zn(P1)(NOs),]

The mixture of P1 (85.2 mg 0.01 mmol) and
Zn(NOs3), 5H,0 (27.95 mg, 0.01 mmol) in ethanol
solution was refluxed for 1 hour and kept overnight
at room temperature. The solid complex formed
was filtered, washed with ethanol (10 ml, 3 times)
and finally dried under vacuum. Yield: 90.7 mg
(89.9%). FT-IR (cm™): 3097, 2948, 2860, 1613,
1540, 1492, 1428, 1276, 1235, 1101, 997, 919, 807,
738; 'H-NMR (CDCl;) ppm: 8.61-8.44 (m, 4 Ar-
H), 6.94-6.547 (m, 4 Ar-H), 4.49-3.94 (m, 8H, -
CH,-), 3.02-2.89 (m, 8H, -CH,-), 2.28-1.71 (4 H, -
CH,-). API-ES-MS (positive) m/z: calcd: 1009.73
found 1010.89 (M+H)". Elemental analysis
C34H28N180162n: Calc: C- 40.40%; H-2.77%; N-
24.95%, Found: C- 40%.48; H-2.71%; N-25.06%.

Antimicrobial assay

The antimicrobial activities of the new
compounds, ligand P1 and [Zn(P1)(NOj),]
complex, were screened by the agar well diffusion
method using DMSO as a solvent. Antibacterial
activity was tested against Gram-positive bacteria

Bacillus subtilis, Bacillus cereus ATCC 11778 and
Micrococcus luteus, and Gram-negative bacteria
Pseudomonas aeruginosa, Escherichia coli,
Acinetobacter johnsonii, Xanthomonas oryzae and
Serratia sp. Antifungal activity was tested against
the yeasts Candida lipolytica and Saccharomyces
cerevisiae. The investigated compounds were
dissolved in DMSO to obtain stock solution with
concentration 5 mg/ml. A lawn of microbial
cultures was prepared by spreading aliquots (0.1
ml) of overnight inoculums onto Miiller-Hinton
agar in Petri plates. Tests were performed using
0.1% and 0.5% of sample solutions, of which equal
amount (40 pl) was added into wells (7 mm in
diameter) bored into the agar. Simultaneously,
gentamicin (G, 10 pg/disc) and nystatin (NS, 100
units/disc) were used as standard antibacterial and
antifungal agents, respectively. After incubation of
the plates at 25 °C for 24-48 h, the clear inhibition
zones around the wells were measured (mm in
diameter including well/disc).

RESULTS AND DISCUSSION

In order to study the metal ion binding
properties of P1 we applied *H NMR, UV-Vis and
fluorimetric methods in DMSO solutions.

'H NMR studies

The 'H-NMR spectrum of P1 consists of four
groups of signals (Fig. 1). The aromatic protons of
7-nitrobezofurazane (NBD) moieties close to the
ring nitrogen atoms and the CH, protons adjacent to
ring nitrogens appear at 6.53 ppm and between
2.83-2.94 ppm, respectively, while the signals of C-
CH,-C protons are around 1.76 ppm.
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Fig. 1. '"H NMR spectra of P1 as a function of
increasing Zn(11) concentration ([Zn(11)]/[P1] = 0/1 (a),
1/3 (b), 7/10 (c), 1/1 (d), 2/1 (e)), [P1] = 2.5 mM,).
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Increasing concentration of the diamagnetic
Zn(ll) ions results upfield shift of the aromatic
signals (Fig. 1). This may indicate the involvement
of these units in the metal ion binding. The shift of
aromatic protons as a function of Zn(ll)-to-ligand
P1 ratio is depicted in Fig. 1. Since at [Zn?*]/[P1] =
1 a sharp breakpoint can be observed (Fig. 2), the
stoichiometry of the formed species is clearly 1:1,
however based on these data only a lower limit of
the stability constant of [Zn(P1)]** can be estimated
(log K > 5.5).

6.5

6.4 4

ppm

6.3 q

6.2 T T T T
0 0.5 1 15 2
[Zn(IN)]/[P1]
Fig. 2. Shift of the aromatic protons of P1 as a
function of zinc(11)/[P1] ratio (see also Fig. 1). The black
line is the calculated curve with log K =5,5.

2 195 185 175 155
Frd " 11 (pprm)

Fig. 3. '"H NMR spectra of P1 as a function of
increasing Al(I11) concentration ([AI(I11)]/[P1] = 0/1 (a),
1/3 (b), 1/1 (c), 2/1 (d), 5/1 (e), [P1] = 2.5 mM).
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Similarly to Zn(ll), the interaction between
ligand P1 and Al(I1I) ions results in up field shift of
the proton signals (Fig. 3). The effect of increasing
AI(I) concentration on the chemical shift of
aromatic protons are plotted in Fig. 4. Assuming
the formation of a single [AI(P1)]** species the
experimental data can be well reproduced using log
KA|(p1) =2.49.

6.55

6.5

ppm

6.45

6.4

[AI(N/[P]
Fig. 4. Shift of the aromatic protons of P1 as a

function of AI(III)/[P1] ratio. The solid line is fitted
curve with log K = 2.49, for the dashed line see the text.

UV-Vis and fluorescence study

Due to the intense UV-Vis and fluorescence
spectra of P1 these techniques allow to study the
metal-ligand interaction at considerably lower
concentration range (0.01-0.02 mM) and therefore
at much higher metal/ligand ratios than in the case
of NMR spectroscopy. Parallel absorption and
fluorimetric measurements have been performed in
the case of Zn(ll). The both methods showed
similar change upon increasing concentration of
Zn(I1): a smaller but well detectable change of
intensities up to 1/1 metal to ligand ratio, and a
more important change at much higher metal-to-
ligand ratio (Fig. 5 and Fig. 6).

0.98 1
0.94 ]

<C 0.90 4

0.86

0.82 T T T
0 60 120 180
[Zn(n)/[P1]

Fig. 5. Absorption spectra (left) and their absorption change at A = 510 nm (right) of P1 (c = 0,022 mM) at different
concentration of Zn (I1) ions (c = 0 — 4.2 mM); The solid line is fitted curve with log Kz,e1) = 5.3 and log KZHZ(pl) =2.6.
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Fig. 6. Fluorescence spectra of the P1 (c = 0.022
mM), as a function of Zn(Il) ions concentration (¢ = 0—
3.9 mM), Aeq =480 nm. The insert shows the intensity
change at Ar = 540 nm.

These facts indicate the successive formation of
two species. The first complex [Zn(P1)]** has
rather high thermodynamic stability, while the
second one has a lower association constant
([Zn(PLI" + Zn* = [Zn(PD]", log Kznen).
Since the precision of the absorption spectra is
much higher than that of the fluorescence spectra,
the former was used to derive the stability constants
of the Zn(I1) complexes (log Kzye1 = 5.3 £ 0.2 and
log Kznz(pl) = 2.6 + 0.3, see Fig. 5 right). The
stability constant obtained for the species
[Zn(P1)]** from the UV-Vis data agree well with
that calculated based on the NMR measurements
(the formation of the dinuclear [Zn,(P1)]*,
complex was negligible under the conditions used
for the NMR study). On the other hand, the
formation of dinuclear complex indicates the
participation of NBD moieties, too, in the metal ion
coordination at higher concentrations of Zn(ll) ions.

The increasing concentration of AI(Ill) also
resulted in well-defined changes on the spectral
properties. The effect on the UV-Vis spectra was
similar to that of 2zn(ll) (Fig. 7). However,
considerable increase on the emission spectra was
observed (Fig. 8), even at low Al(lI)
concentrations. The concentration dependence of
the emission intensity at Ar = 544 nm is depicted in
the insert of Fig. 8. Again, these data can be fitted
only by the assumption that two successively
formed complexes are present, like in the case of
Zn(ll). The best fit of the experimental data was
obtained by log Kaje1) = 4.5+0.2 and log Kai,p1) =

2.8+0.3 (Fig. 8). This observation is, however,
virtually very different from that obtained by NMR.
However, the fluorescence study allowed to collect
considerably higher number of experimental points

. Grabchev et al.: Synthesis, characterization and microbiological activity of a Zn(Il) complex of a novel benzofurazan derivative

in a wider range of [AI(1IN]/[P1] ratios, it provides
more complete and therefore more correct
description of complex formation equilibria.
Indeed, using the latter model, the NMR data can
be reproduced very well (within 0.003 ppm, see
dashed line in Fig. 4).

0.6 q

04_ 043...

300 400 500
Wavelenth (nm)

Fig. 7. Absorption spectra of P1 (c=0,0104
mM) in the presence of different concentrations of
AI(I) (c = 0-2.0 mM). The insert shows the changes of
absorbance at 510 nm.
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Fig. 8. Fluorescence spectra of P1 (¢ = 0,0104 mM)
in the presence of different concentrations of Al(Ill) (c =
0-1.3 mM), A, = 480 nm); The insert shows the

intensity change at Ar = 540 nm. The solid line is fitted
curve with log Kaye) = 4.5 and log KA|2(p1) =2.38.

FT-IR spectral characteristics of P1 and
[Zn(P1)(NO3),]

In Fig. 9 the IR spectra of ligand P1 and its
Zn(ll) complex are plotted. Their comparison
shows a significant difference in the spectra of the
metal complex where the characteristic peaks for
nitrate group (-NO3) were registered in the 1100-
1600 cm™ region. Valence asymmetric vibrations
were occurs at 1530-1580 cm™ and the respective
symmetrical vibrations are at 1230-1290 cm™. In
this spectral region the characteristic bands
assigned to  benzofurazan  structure are
superimposed with those of the nitrate ions, bonded
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to the Zn(ll) ions. The only differences in the
spectrum of the complex are the intensity of the
bands. Furthermore, there is no difference in the
position of the respective peaks in the spectral
region where other functional groups from
benzofurazane moiety absorb, what indicates that
they do not participate in the formation of
coordination bonds with Zn(Il). That allows the
assumption that, the coordination is realized via the
tertiary amine groups in the cyclam ring, as shown
in Formula 1.

100 + —P1
—— [Zn(P1)(NO,),]

90
80

70

\f V\\m ™

o

60

50

40

Transmittance / %

30

20

1800 1600 1400 1200 1000 800 600

Wavenumber / cm™

Fig. 9. IR spectra of ligand P1 and its Zn(ll) complex.

2+

)
O2N \ N N7 | NO,
N~O o-N

Formula 1. Chemical structure of [Zn(P1)(NOs3),].

SEM-analysis

Scanning electron microscopy technique has
been used to study the morphological change in P1
before and after the complex formation with Zn(ll).
At low amplification an agglomerated morphology
has been observed for P1. At higher amplification
microstructure of P1 showed compact structure
with smaller flakes, however after complex
formation the micro structure changes and convert
to homogeneous solid with grains as shown in Fig.
10.

18Kl

{

X155, 868 1rm

JSM-8518

[Zn(P1)(NOs),]

Fig. 10. SEM micrographs of P1 and [Zn(P1)(NOs),] at different amplifications.
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The difference is best pronounced at
amplification of 15000 where P1 ligand shows a
lattice and reticulation structure while the complex
[Zn(P1)(NOs),]  retains  the  structure  of
microspheres. Most probably the interaction of
Zn(11) with the cyclam ring causes this change in
the morphology.

Antimicrobial activity

The antimicrobial activities of the new
compounds were tested in vitro against eight
bacterial and two yeasts cultures and expressed by
the zones of inhibition. Free ligand and its zinc
complex showed variable inhibition activity against
different test cultures except P. aeruginosa, and this
activity was differently enhanced on coordination
(Fig. 11). The inhibition effect of the complex
[Zn(P1)(NO3),] was better or comparable to that
expressed by the control P1 against the eight

bacterial test cultures, and about 2.5-fold higher
than P1 against the yeasts C. lipolytica (Fig. 11 and
Fig. 12). The antimicrobial activity of the zinc
complex ranged from good against the yeasts and
the test bacteria B. cereus, X. oryzae and Serratia
sp. (zones of inhibition in the range 16-20 mm), to
moderate against B. subtilis and E. coli (zones of
inhibition 12-13 mm) and weak (zones of inhibition
11 mm) against M. luteus and A. johnonii. The
obtained results of antimicrobial activity of the zinc
complex are similar to those reported for the copper
complex [11].

Coordination to biologically active molecules to
metal ions can be used as a strategy to enhance
their biological activity [2, 3]. The enhancement in
biological activity of metal complexes upon
coordination can be explained on the basis of
Overtone’s concept and chelation theory [13].
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Fig. 11. Inhibition of the growth of test bacteria and yeasts by 0.5% solutions of ligand P1 and complex
[Zn(P1)(NOs),]. G/NS, Gentamicin/Nystatin was used as a standard antibacterial/antifungal agent.

Fig. 12. Zones of inhibition of the grthh of B. cereus and C. lipolytica by 0.1% and 0.5% P1 and [Zn(P1)(NO3),]
compounds. Gentamicine (G) and Ns, (Nystatin) were used as a standard antibacterial and antifungal agent,

respectively.
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CONCLUSION

The effect of Zn(l11) and AI(I11) ions on the UV-
Vis, fluorescence and *H NMR spectra of P1 was
studied in DMSO solution and it was shown that
cyclam-4-nitro-benzofurazan conjugate may form
both  mono- and dinuclear complexes. The
formation of dinuclear complexes at higher metal-
to-ligand ratios indicates the participation of NBD
moieties, too, in the metal ion coordination. On the
other hand, the relatively strong binding of P1 to
AI(II) may suggest the participation of oxygen
atoms of NBD residues. The antimicrobial studies
suggested that the ligand is biologically active, and
its zinc complex showed enhanced antibacterial and
antifungal activity against microbial strains in
comparison to the free ligand. Significant activity
of the new compounds observed against the test
pathogenic B. cereus and C. lipolytica makes them

promising  candidates in  designing  new
antimicrobial preparations. Besides, significant
activity of the zinc complex against

phytopathogenic bacteria X. oryzae suggests its
potential suitability for use for plant protection.
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(Pesrome)

Upes 'H SIMP, UV-Vis u ¢uyopecuenTsa CIeKTpOCKOMHs € mpocleneHo oGpasysamero ma Zn(I) u AI(IID)
KOMIUIEKCH C H3MO0J3BaHe Ha Moaunduuupan c 4-HUTpo-OeH3odypasaH mwmkiaaMm karo nura”i. Cradbunen Zn(Il))
kommieke [Zn(P1)(NOs3),] e u3omupaH, oxapakTepi3upaH U HEroBata aHTHMHKPOOHA aKTHBHOCT € M3cieABaHa in Vitro
CMIPSIMO Pa3IMYHU TPaM MOJIOKHUTEIHH U TPaM OTPULIATEIHH OAKTEpUHM WM J1Ba BHAA JPOXKAU. YCTaHOBEHa € 100pa
MHKPOOHOJIOTHYHA aKTHBHOCT CHPSIMO TECTBAHUTE KYJITYPH.

82



Bulgarian Chemical Communications, Volume 49, Special Edition B (pp. 83 — 88) 2017

Synthesis, characterization and in vitro cytotoxic activity of zinc(lIl), cobalt(ll) and
nickel(1l) complexes with tridentate ONO Schiff base 3-methoxysalicylaldehyde
benzoylhydrazone

B. I. Nikolova-Mladenova*, G. Ts. Momekov?

! Department of Chemistry, Faculty of Pharmacy, Medical University of Sofia, 2 Dunav, Street, 1000 Sofia, Bulgaria
? Department of Pharmacology, Pharmacotherapy and Toxicology, Faculty of Pharmacy, Medical University of
Sofia, 2 Dunav, Street, 1000 Sofia, Bulgaria

Received February 20, 2017; Revised March 15, 2017

Dedicated to Acad. Bogdan Kurtev on the occasion of his 100" birth anniversary

New Zn(Il), Co(ll) and Ni(ll) complexes were synthesized with a cytotoxic ligand 3-methoxysalicylaldehyde
benzoylhydrazone. IR, UV-Vis spectroscopy and elemental analysis techniques were applied for characterization. The
spectral data of the complexes were interpreted on the basis of comparison with the spectrum of the free ligand. The
complexes are mononuclear with 1:2 metal-to-ligand molar ratios. The analysis revealed coordination through phenolic-
oxygen, azomethine-nitrogen and amide-oxygen atoms. The new complexes were tested for in vitro cytotoxicity against
a panel of human leukemic and tumor cell lines by MTT-dye reduction assay. The pharmacological screening showed
that the Zn(Il) complex causes 50% inhibition of the cellular viability in low micromolar concentrations. The Ni(ll)
complex is less active, whereas the Co(ll) complex is practically devoid of cytotoxic effects.

Key words: 3-methoxysalicylaldehyde; aroylhydrazones; metal complexes; cytotoxic activity

INTRODUCTION

Hydrazones are widely studied biologically
active compounds which exhibit an extensive
spectrum of activities, such as anti-inflammatory
[1, 2], analgesic [2], antituberculosis [3, 4],
antibacterial [5], antimicrobial [6], anti-HIV [6, 7]
and anticancer [6, 8, 9] activity. The wide variety of
the observed pharmacological properties in
combination with their relatively easy synthesis has
made them attractive ligands. Aroylhydrazones of
the type R-CO-NH-N=CH-R’, derived by
condensation of aromatic aldehydes and acid
hydrazides form a series of biologically active
ligands used in medicinal chemistry as iron
chelators effective in chemotherapy of Fe overload
diseases [10—-13]. Besides the ability to chelate iron,
hydrazones synthesized from salicylaldehyde and
its derivatives additionally display an expressed
antiproliferative activity [14-19]. Hydrazones
obtained from 3-methoxysalicylaldehyde exerted
potent antiproliferative effect on a wide spectrum of
human tumor cell lines [16, 17]. This activity may
be due to the high ability of the hydrazones to
chelate Fe(l11) from cells, and thereby, to inhibit the
proliferation of the neoplastic cells [20].
Salicylaldehyde derived hydrazones are polydentate

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

ligands that contain many coordination centers and
may chelate other metal ions which organisms use
in their metabolism. Zinc is one of the most
abundant transition metals in the human body that
is essential for the structure and function of a large
number of macromolecules and for a variety of
enzymatic reactions, which mediate a wide range of
biochemical and nutritional processes [21, 22]. It
interacts with a wide range of organic ligands [23]
and participates in the metabolism of RNA and
DNA, signal transduction and gene expression. In
blood plasma, zinc is bound to and transported by
albumin (60%) and transferrin (10%) [24]. Cobalt
is valuable for humans because it is a constituent of
Vitamin B, which has a key role in the normal
functioning of the brain and nervous system, and
for blood formation (hemopoiesis). It is normally
involved in the metabolism of all human cells,
especially affecting DNA synthesis and regulation,
but also fatty and amino acid metabolism [25, 26].

In view of the significant role played by
transition metal ions and their complexes in
biological systems, here we report the synthesis and
characterization of zinc(l1), cobalt(Il) and nickel(Il)
complexes with a cytotoxic hydrazine, 3-
methoxysalicylaldehyde benzoylhydrazone. The
cytotoxic properties of the new complexes were
tested by MTT-dye reduction assay on a panel of
four different human leukemic cell lines.
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EXPERIMENTAL
Materials and measurements

All chemicals used for the synthesis of the
compounds: 3-methoxysalicylaldehyde, benzhydra-
Zide, Zn(CH3COO)22H20, CO(CH3C00)24H20,
Ni(CH;CO0),.4H,0, and 96% ethanol were
purchased from commercial sources and used
without any further purification. All of the other
chemicals were of analytical grade. The carbon,
nitrogen and hydrogen contents of the compounds
were determined by elemental analyses on a “Euro
Vector SpA” apparatus. The melting point of the
ligand was determined in open capillary tube using
a Biichi B-535 apparatus. The thermogravimetric
analyses were performed on a Setaram Setsys TG-
DSC 15 in air atmosphere with a heating rate of 10
°C/min. The IR spectra were recorded in solid state
(in KBr pellets)y on a Bruker Tensor 27
spectrophotometer in the range of 4000-400 cm™.
The UV-Vis spectra were recorded on a Hewlett
Packard 8452 spectrophotometer in DMSO. The 'H
NMR and *C NMR spectra of the ligand were
recorded on a Bruker Avance DRX 250 in DMSO-
ds solvent. Chemical shifts (8) were reported in
parts per million (ppm), J values were given in Hz.

The synthesis of the ligand was published in our
previous work [16].

3-methoxysalicylaldehyde  benzoylhydrazone:
Yield 90%; m.p. 126-127 °C; Color: Pale yellow;
Anal. Calcd for Ci5H1405N,.H,0: C 62.49, H 5.59,
N 9.72. Found: C 62.59, H 5.63, N 9.68; IR (KBr) v
(cm™): 3366 (Ar-OH), 3207 (N-H), 1652 (C=0),
1607 (C=N), 1576 (C-NH), 1247 (C-0); 'H NMR
(250 MHz, DMSO-dg) 6 ppm: 3.81 (s, 3H, -OCHy),
6.85 (t, 1H, J = 7.88 Hz, ArHagenyae), 7.02 (d, 1H, J
= 8Hz, ArHagenyee), 7.15 (d, 1H, J = 7.75 Hz,
ArHa|dehyde), 7.56 (m, 3H, Athydrazide)i 7.96 (d, 2H, J
= 8 Hz, Athydrazide)i 8.69 (S, 1H, CHzN), 11.08 (S,
1H, NH), 12.15 (s, 1H, OH). **C NMR (250 MHz,
DMSO-ds) 6 ppm: 55.85 (OCHj3), 148.02 (CH=N),
162.98 (C=0).

Synthesis of the complexes

The metal complexes were obtained using the
following general procedure: The corresponding
metal acetates (1 mmol) were dissolved in 50%
ethanol (10 mL) at constant stirring and heating at
30 °C. To avoid the hydrolysis of the metal salt
some drops of concentrated CH;COOH were
added. The received solutions were slowly mixed
drop-wise  with  the  solution of  3-
methoxysalicylaldehyde  benzoylhydrazone (2
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mmol) in boiling 96% ethanol (15 mL) and
immediately precipitates were formed. The
mixtures were stirred for 60 min to complete the
reaction and then were allowed to stand undisturbed
overnight at room temperature. Fine crystals were
collected by filtration, washed with ethanol and
dried over P,Os in a vacuum desiccator.

Bis-(3-methoxysalicylaldehyde
benzoylhydrazone) zinc (I1) [Zn(CisH1305N,)o]:
Yield 95%; Color: Yellow; Anal. Calcd for
[Zn(CisH1305N,),]: C 59.66, H 4.34, N 9.28.
Found: C 59.55, H 4.51, N 9.17; IR (KBr) v (cm™):
3197 (N-H), 1607 (C=0), 1542 (C=N), 518 (Zn-0),
433 (Zn-N).

Bis-(3-methoxysalicylaldehyde
benzoylhydrazone) cobalt (II) [Co(CisH1303N,),]:
Yield 97%; Color: Bright brown; Anal. Calcd for
[Co(CisH1303Ny),]: C 60.31, H 4.39, N 9.38.
Found: C 59.86, H 4.64, N 9.15; IR (KBr) v (cm™):
3194 (N-H), 1601 (C=0), 1541 (C=N), 525 (Co-0),
435 (Co-N).

Bis-(3-methoxysalicylaldehyde
benzoylhydrazone) nickel (I1) [Ni(CisH1303N5)o]:
Yield 94%; Color: Dark yellow-greenish; Anal.
Calcd for [Ni(C15H1303N2)2]: C 60.33, H 4.39, N
9.38. Found: C 60.22, H 4.63, N 9.24; IR (KBr) v
(cm™): 3196 (N-H), 1602 (C=0), 1540 (C=N), 525
(Ni-0O), 438 (Ni-N).

Cell lines and culture conditions

The study was carried out with the following
cell lines: HL-60 — human acute myeloid leukemia,
established from the peripheral blood of a 35-year-
old woman with acute myeloid leukemia; SKW-3 —
T-cell leukemia, established from the peripheral
blood of a 61-year-old man with T cell chronic
lymphocytic leukemia; BV-173 — human B cell
precursor leukemia, established from the peripheral
blood of a 45-year-old man with chronic myeloid
leukemia in blast crisis; K-562 — human chronic
myeloid leukemia, established from the pleural
effusion of a 53-year-old woman with chronic
myeloid leukemia in terminal blast crisis, were
purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). The cell lines were
cultured 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 (Kendro, Hanau, Germany)
with humidified atmosphere and 5% CO,. Cells
were kept in log phase by supplementation with
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fresh medium after removal of cell suspension
aliquots, two or three times weekly.

Cytotoxicity assessment (MTT-dye reduction assay)

The cell viability after exposure to 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 [27]. The method is based on the
reduction of the yellow tetrazolium salt MTT to a
violet formazan product via the mitochondrial
succinate  dehydrogenase in  viable cells.
Exponentially growing cells were seeded in 96-well
flat-bottomed microplates (100 pL/well) at a
density of 1x10° cells per ml and after 24 h
incubation at 37 °C they were treated to various
concentrations of the tested compounds for 72 h.
For each concentration a set of 8 wells were used.
After the exposure period with the test compounds
10 uL 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 through
addition of 100 puL/well 5% HCOOH in 2-propanol.
The MTT-formazan absorption was determined
using a microprocessor controlled microplate reader
(Labexim LMR-1) at 580 nm.

Bioassay data processing and statistics

The cell survival data were normalized as
percentage of the untreated control (set as 100%
viability), were fitted to sigmoidal dose response
curves and the corresponding ICs, values
(concentrations causing 50% suppression of cellular
viability) were calculated using non-linear
regression analysis (GraphPad Prizm Software for
PC). The statistical processing of biological data
included the Student’s t-test whereby values of p <
0.05 were considered as statistically significant.

DNA fragmentation assay

The characteristic for apoptosis mono- and
oligonucleosomal fragmentation of genomic DNA
was detected using ‘Cell Death Detection’ ELISA
(enzyme-linked  immunosorbent  assay) kit
following a 24 h exposure to either ligand or Zn(ll)
and Ni(Il) metal complexes. Cytosolic fractions of
1x10* HL-60 cells per group (treated or untreated
controls) served as an antigen source in a sandwich
ELISA, utilizing a primary anti-histone antibody-
coated microplate and a secondary peroxidase-
conjugated anti DNA-antibody. The photometric

immunoassay  for  histone-associated DNA-
fragments was executed according to the
manufacturer's instructions at 405 nm, using a
microprocessor-controlled  microplate  reader
(Labexim LMR-1). The results were expressed as a
oligonucleosome enrichment factor (representing a
ratio between the absorption in the treated versus
the untreated control samples). Each test was run in
triplicate.

RESULTS AND DISCUSSION
Chemistry

The ligand 3-methoxysalicylaldehyde benzoyl-
hydrazone, shown on Fig. 1, was synthesized as
previously described [16] by the condensation of 3-
methoxysalicylaldehyde and benzhydrazide in
ethanol. The complexes were prepared by a direct
reaction of the hydrazone and the respective metal
acetates in good yields.

XN

OH

OCHj,4
Fig. 1. Structure of the ligand.

The ligand and its Zn(ll), Co(ll) and Ni(Il)
complexes were characterized by elemental analysis as
a basis for the determination of their empirical
formulae. Experimental and calculated C, H, N values
reveal molar ratio metal:ligand = 1:2 in the complexes
and suggest molecular formula [M(L),;] for all
complexes.. The data from the elemental analysis are
summarized in the Experimental section.

The composition derived from the elemental
analyses was proved by thermal analysis of the
obtained compounds. The TGA and DTA data were
used to determine the content of H,O in the
compounds. The thermal decomposition of the
hydrazone starts with the stage of dehydration and it
comes between 70-115 °C. The experimental mass loss
of 6.10% (calc. 6.25%) is due to the loss of one H,O
molecule and it is accompanied by the DTG endo peak
at 100 °C. The thermal investigations of the
complexes show absence of weight loss up to 190
°C which indicates that the complexes do not
contain crystallization water molecules. Above this
temperature the complexes began to decompose
and at 570-600 °C the decomposition process
stopped and stable metal oxides were formed.
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The structures of the complexes in the solid state
were determined using their IR spectra. The
comparative IR spectral study of the ligand and its
complexes revealed the coordination mode of the
hydrazone during the complex formation. The
medium intensity band at 3366 cm™ in the IR
spectrum of the ligand due to phenolic OH group
had disappeared in the spectra of the complexes.
This supports the suggestion for deprotonation of
the ligand during the coordination and the
displacement of a proton by the metal ion. The
band observed at 1607 cm™ in the spectrum of the
ligand which is attributed to azomethine C=N group
was shifted to lower wave numbers in spectra of the
complexes indicating the involvement of N-atom of
the azomethine group in the complex formation. An
intense band which appears at 1652 cm™ in the
spectrum of the ligand is assigned to the stretching
vibration of the carbonyl group C=0. In the spectra
of the complexes a considerable negative shift is
observed showing coordination through the
carbonyl-oxygen atom of the free ligands. The NH
stretching vibration in the free ligand occurs at
3207 cm' and remains unaffected after
complexation. This precludes the possibility of
coordination through imine nitrogen atom. In
addition, the appearance of medium bands at 518-
525 cm™' and 433-438 cm ' in the spectra of the
complexes can be assigned to v(M-0) and v(M-N),
respectively.

The characterization of the complexes in
solution was performed by UV-Vis spectroscopy.
The moderate solubility of the complexes in DMSO
was enough for the detection of electronic spectra
as the solutions used were much diluted (10°-10
mol/L in DMSO). However, it was difficult to
prepared suitable solutions to register NMR-spectra
of the complexes. The UV-Vis spectral data for the
free ligand and complexes are summarized in Table
1.

Table 1. UV-Vis spectral data for the free ligand and
complexes.

Compound Amax(NM)

Ligand 280 304 -
Zn(I1)-complex 260 316 400
Co(ll)-complex 262 312 403
Ni(ll)-complex 262 306 416

UV-Vis spectrum of the ligand has two
intensive bands at 280 nm and 304 nm indicating
n—n* and n—7n* transitions in phenolic OH- and
azomethine C=N- groups, respectively. Upon
complexation these bands are slightly shifted
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relative to the ligand with maxima at 260-262 nm
and 306-316 nm which can be considered as an
evidence for the complex formation. The spectra of
the complexes additionally exhibited broad band in
the visible part of the spectrum at 400-416 nm as a
result of d-d transitions responsible for the
characteristic colors of the complexes.

The comparison of the IR and UV-Vis
spectroscopy data of the zZn(ll), Co(ll) and Ni(ll)
complexes with those of the free ligand suggests
that 3-methoxysalicylaldehyde benzoylhydrazone
act as monoanionic tridentate ligand and coordinate
through a  deprotonated  phenolic-oxygen,
azomethine-nitrogen and amide-oxygen atoms
forming two chelate rings. The complexes are
neutral and mononuclear. Based on the above
results, the structure for the transition metal
complexes was suggested (Fig. 2).

Fig. 2. The suggested structure of the complexes (M=
Zn**, Co* or Ni*").

Pharmacology

The new complexes were further tested for in
vitro cytotoxicity. The cytotoxic activity was
assessed by the MTT-dye reduction assay after 72 h
incubation against a panel of human leukemic cell
lines. The results were fitted to sigmoid dose-
response curves and the corresponding 1Cs, values
were calculated using non-linear regression
(GraphPad Prizm software for PC). Throughout the
screening investigation the data about the new
compounds were compared with the clinically used
antineoplastic drugs Cisplatin. The 1Cs, values
obtained are summarized in Table 2. Each data
point represents the arithmetic mean + standard
deviation (sd) of at least eight experiments. 1Cs
values were calculated as concentrations of the
tested compounds causing 50% decrease of cell
survival.

The tested compounds inhibited the growth of
tumor cells in a concentration-dependent manner.
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Table 2. Cytotoxic activity of 3-methoxysalicylaldehyde benzoylhydrazone and its Zn(Il), Ni(ll) and Co(ll)
complexes against a panel of human tumor cell lines after 72 h continuous exposure (MTT-assay).

1Cso (umol/L)
Compound

HL-60 SKW-3 K-562 BV-173
Ligand 11.3+£2.6 9.8+3.1 27.0+2.7 20.8+4.2
Zn(11)-complex 104+2.6 9.2+33 282424 39.5+£2.1
Co(ll)-complex >200.0 >200.0 >200.0 >200.0
Ni(l1)-complex 329+19 11.8+22 50.1+3.6 19.4+6.2

Cisplatin 47+34 52+3.5 12.5+4.2 42+2.1

Acute myeloid leukemia HL-60 cell line and T- CONCLUSION

cell leukemia cell line SKW-3 exhibit the highest
sensitivity to the Zn(Il) complexes with 1Cs; values
slightly lower than these of the ligand. The results
showed that the Zn(ll)-complex demonstrated
superior activity as compared to Ni(ll) complex,
although its potency was generally inferior to that
of the reference agent Cisplatin. The Co(ll)
complex is devoid of cytotoxic activity against all
leukemic cell lines within the tested concentration
range (6.25-200 umol/L).

In order to elucidate the mechanistic aspects of
the observed effects we evaluated the propensity of
ligand 3-methoxysalicylaldehyde benzoyl-
hydrazone and its Ni(ll) and Zn(Il) complexes to
trigger oligonucleosomal DNA-fragmentation, key
hallmark of apoptosis. As evident from the data
presented in Fig. 3, the 24 h exposure of HL-60 to
equieffective  concentration of the tested
compounds led to statistically a significant increase
of the cellular content of histone-associated DNA-
fragments. These findings indicate that the cell
growth inhibitory effects of metal complexes are at
least partly mediated by induction of programmed
cell death through apoptosis.

&

Enrichment factor

Control L HiL InL

Fig. 3. Apoptotic DNA-fragmentation in HL-60 cells
after 24 h exposure to ligand and metal complexes. The
cytosolic nucleosomal enrichment was determined using
a commercially available ELISA kit. Each bar is
representative for three experiments.

New Zn(I1), Co(Il) and Ni(ll) complexes were
synthesized and characterized with elemental
analyses, thermal and spectral investigations. The
analytical data suggest molecular formula [M(L),]
and absence of coordinated water in compounds,
which was further supported by the thermal
analysis. The ligand 3-methoxysalicylaldehyde
benzoylhydrazone acted as monoanionic tridentate
ligand coordinating to the metal ions through ONO
donor sites and thus forming stable six-membered
chelates. The preliminary cytotoxicity screening
revealed that Zn(Il) and Ni(ll) complexes induced
50% inhibition of the cell viability at micromolar
concentrations. Taking into consideration the
superior relative potency of Zn(ll) complex,
however, as well as its capability to induce
programmed cell death we could conclude that
Zn(1l) complexes with hydrazones deserve further
attention in search of anticancer compounds.
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CHUHTE3, OXAPAKTEPU3UPAHE 1 IN VITRO IIUTOTOKCUYHA AKTUBHOCT HA Zn(ll),
Co(11) ¥ Ni(ll) KOMIUIEKCH C TPUJEHTATHUS ONO-JIUTAHJL 3-
METOKCUCAJIULIVJIAJAEXU] BEH30MIXUPA30H

B. . Hukonoa-Munanerosa'*, I [IB. MomekoB?

1I(amedpa Xumus, @apmayesmuuen @axyimem, Meduyuncku Yuusepcumem — Cogus, yn. [ynas 2, Coghus 1000,
bvaeapus
2I(ame@pa no @apmaxonoeus, apmaxomepanus u Toxcukonozus, @apmayesmuuern Paxynmem, Meduyuncku
Yuusepcumem — Cogpus, yn. /lynas 2, Coghusa 1000, Bvacapus

Tocrprimna wa 20 peBpyapu 2017 r.; Kopurupana na 15 mapt 2017 .

(Pe3rome)

Cuntesupann ca woBu Zn(ll), Co(ll) u Ni(ll) xomrulekcu ¢ aKTHBHHS NHUTOTOKCHYEH JIMTaHI 3-
METOKCUCAMIMIaNAexuy OeHzomnxuapasoH. CheIMHEHUATA Cca OXapaKTepU3WpaHH Upe3  EIeMEHTEH |
TEPMOTPABUMETPUICH aHATN3 U CIIEKTpaTHA MeToAu. CIEeKTpaTHUTE JaHHU Ha KOMILIEKCUTE ca WHTEPIIPETHPAHH Upe3
CpaBHEHHE ChC CIIEKTPUTE Ha CBOOOAHUS JUranj. KoMriekcnuTe ca MOHOSIIPEHH ¢ MOJTHO ChOTHOIIICHHE Ha METajla KbM
nmuradga 1:2. AHanu3uTte J0Ka3BarT, 4e JUTaHAbT € TPUACHTATCH U KOOPAMHHUPA METATHUTE HOHU Ype3 NeTPOTOHUPAHUS
(heHoJIeH KUCTIOPOJIEH aTOM, a30THHS aTOM OT a30METHHOBATA TPYIa U KHCIOPOIHUS aTOM OT aMuaHarta rpyna. Hosure
KOMIUIEKCH Ca TECTBAHU 3a iN VIitr0 IUTOTOKCHYHOCT BBPXY CIEKTHP OT 4 YOBEUIKH JEBKEMUYHH KJICThUHH JTHHUH Ype3
MTT-tect. ®apmakonormynure wuiciensaHus mnokaspar, de Zn(Il) xommiekc Bomu no wmHxuOupane Ha 50% oOT
KJIEThYHATA KH3HECIIOCOOHOCT B HUCKH MHUKpoMoiapHu KoHIeHTpanuu. Ni(Il) koMIuieke e mo-ciiabo akTUBeH, JOKaTO
Co(II) xoMIIIeKC MPaKTHYESCKH HE MPOSBSABA IIUTOTOKCHYHU €(DEeKTH B MPOYUYCHHS AWANA30H OT KOHIEHTparwu (6.25—
200 pmol/L).
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New mixed ammine/amine Pt(ll) and Pt(IVV) complexes with 3-amino-5-methyl-5-phenylhydantoin (L) as carrier
ligand were synthesized. The chemical formulas of the complexes cis-[Pt(NH3;)LCIl,] and cis,cis,trans-
[Pt(NH3)LCI,(OH),] were proved by melting points, elemental analysis and IR spectra. For the prediction of the
molecular structures of the ligand and its complexes DFT method was used. Theoretical analysis of the complexes
showed the square planar coordination of Pt(I11) complex and distorted octahedral coordination of Pt(IV) complex. The
theoretical IR spectra were compared to the experimental and a good agreement was found. The cytotoxic activity of the
organic compound and its complexes was determined in vitro by MTT assay against five human tumor cell lines - Hep-
G2, MDA-MB-231, HT-29, HL-60 and REH. The ICs, values of the tested compounds showed that platinum

complexes have higher cytotoxic activity than the organic compound.

Key words: Pt complexes; hydantoins; IR spectra; DFT calculations; cytotoxicity

INTRODUCTION

Because of the cisplatin (cis-[Pt(NH5),Cl,])
success in clinical therapy, various new cis-Pt(Il)
complexes have been synthesized and studied by
substitution of either chlorine or ammonia ligands
with different structures. A new classes of platinum
compounds  with  general  formulas  cis-
[PHLYL)(L")]  and  cis-[PEL)(L)(L")(L"™)],
where L and L' are different amines, L" is chloride
ions, L™ is hydroxido or carboxylato ions in axial
position have been reported to show cytotoxic
activity against several tumor cell lines [1]. For
example, Pt(ll) complexes with chemical formula
cis-[PtL(NH;)CI,] (L=pyridine, pyrimidine, purine)
[2] were reported to show promising antitumor
activity. AMDA473 (cis-[Pt(2-methylpyridine)(NHz)
Cl,] was rationally designed in order to reduce the
reactivity of glutathione which may be the key to
improve responses in resistant tumors [3, 4]. It is
active against acquired cisplatin- and oxaliplatin-
resistant cell lines [5] and possesses a toxicity
profile similar to carboplatin. This promising
compound named also picoplatin has been
introduced in the treatment of patients with solid
tumors. Its clinical trials started in 1997 and

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

investigations of the picoplatin derivatives continue
[6, 7]. Recently new complexes of picoplatin with
different organic molecules were prepared and
studied for cytotoxicity on some cancer cell lines.
The results showed that inclusion complexation
may be a promising strategy to design a novel
formulation of picoplatin as an anticancer therapy
[8, 9].

Platinum(IV) complexes are known to be much
more tolerant to ligand substitution reactions than
their Pt(1) counterparts [10]. In order to rationally
design of new Pt(IV) complexes, correlation
between structure, reduction and activity were
needed, since it is generally admitted that Pt(1V)
compounds must be reduced to be activated [11].
Octahedral Pt(1VV) complexes act as prodrugs of
their Pt(ll) counterparts and represent an important
role of recent metal-based anticancer research [12].
Mixed ammine/amine Pt(IVV) complexes with
equatorial chloride and axial carboxylate or
hydroxide ligands also demonstrate cytotoxic
activity against cisplatin resistant cells in vitro.
Some Pt(IV) complexes have shown promising
results to enter in clinical trials: Iproplatin
(cis,trans,cis-[Pt(isopropylamine)Cl,(OH),]  [13],
Tetraplatin  ([Pt(d,I-cyclohexane-1,2-diamine)Cl,]
[14] and Satraplatin (cis,trans,cis-[Pt(cyclohexyl-
amine)(NH3)(OACc),Cl,]) [15]. Satraplatin showed
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higher activity compared to cisplatin against human
cervical, small-cell lung and ovarian carcinoma cell
lines [16]. In recent years, satraplatin has emerged
as a novel oral platinum analogue with a better
toxicity profile than cisplatin. Since satraplatin is
more hydrophobic than cisplatin or oxaliplatin, it
appears to demonstrate efficacy in cisplatin-
resistant cell lines [17].

The goal of the study is to prepare new mixed
ammine/amine Pt(ll) and Pt(IV) complexes with
ligand 3-amino-5-methyl-5-phenylhydantoin and
general formulae cis-[Pt(NH3)LCl,] and
cis,cis,trans-[Pt(NH3)LCI,(OH),]. The complexes
were studied by melting points, elemental analysis
and IR spectral method. For prediction of molecular
structures of the organic compound and its platinum
complexes hybrid DFT method was used. The
investigated compounds were pharmacologically
examined in comparison to clinically applied drug
cisplatin.

EXPERIMENTAL
Chemistry

All chemicals were purchased from Fluka (UK)
and  Sigma-Aldrich.  The newly  mixed
ammine/amine Pt(Il) and Pt(IV) complexes were
characterized by elemental analysis, melting points
and IR spectra. The elemental analysis was 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 new complexes cis-[Pt(NH3)LCI,] (1) and
cis,cis,trans-[Pt(NH3)LCI,(OH),] (2), where L is 3-
amino-5-methyl-5-phenylhydantoin (L)  were
prepared by using reported procedure with minor
revisions [18, 19]. The synthesis and the structure
of 3-amino-5-methyl-5-phenylhydantoin (L) were
described in details in our previously published
work [20].

Synthesis of new mixed Pt(I1) and Pt(1V)
complexes

Synthesis of  cis-3-amino-5-methyl-5-phenyl-
hydantoin-ammine-dichlorido platinum(ll) - cis-
[Pt(NH3)LCI,] (1): An aqueous ethanol solution of
(L) (0.3216 mmol) was added dropwise to an
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aqueous solution of K[Pt(NH3)Clz] (0.5621 mmol)
with constant stirring at ambient temperature. The
solution was stirred for 5-6 h, concentrated and
cooled to 4 °C. A light yellow precipitate was
collected by filtration and dried in a vacuum
desiccator. The purity was confirmed by TLC with
eluent CH;COOC;Hs/C,HsOH (2:1) and elemental
analysis. Yield: 30%; m.p. (dec.) 221 °C.

Synthesis of cis-3-amino-5-methyl-5-
phenylhydantoin,ammine,cis-dichlorido,trans-
dihydroxidoplatinum(1V) - cis,cis,trans-
[Pt(NH3)LCI,(OH),] (2): 0.1926 mmol of the
complex (1) and excess of 30% H,O, were mixed.
The suspension was stirred for 4-5 h at 50 °C. After
6-7 days from the solution whitish crystals were
isolated and dried in vacuum desiccator under P,Os
and KOH. The purity was confirmed by TLC with
eluent CH;COOC;Hs/C,HsOH (2:1) and elemental
analysis. Yield: 23%; m.p. (dec.) 218 °C.

Calculations

All theoretical calculations were performed
using the Gaussian 09 package [21] of programs.
Optimization of the structures of the ligand 3-
amino-5-methyl-5-phenylhydantoin and possible
conformers of Pt(Il) and Pt(IV) complexes were
carried out by DFT calculations, employing the
B3LYP (Becke’s three-parameter  non-local
exchange [22]) and Lee et al. correlation [23]
hybrid functional and 6-311++G** set for the
ligand and LANL2DZ basis set for the platinum
complexes. The B3LYP hybrid functional [24, 25]
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 and it is compatible
with all other organic elements (C, N, H, O, Hal).

Pharmacology

The present study describes a comparative
evaluation of the cytotoxic effects of the ligand and
two newly synthesized platinum complexes. The
cytotoxicity of the complexes was compared to
metal-free ligand (L) and the referent antineoplastic
agent cisplatin.

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
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differentiated hepatocellular carcinoma), (ii) MDA-
MB-231 (human breast cancer cell line, established
in 1973 from the pleural effusion of a 51-year-old
woman with breast carcinoma), (iii) HT-29(colon
adenocarcinoma, established from the primary
tumor of a 44-year-old Caucasian woman with
colon adenocarcinoma in 1964), (iv) HL-60 (acute
myeloid leukemia, established from the peripheral
blood of a patient with acute promyelocyte
leukemia), (v) REH(acute lymphoblastic leukemia,
established from the peripheral blood of a 15-year-
old North African girl with acute lymphoblastic
leukemia in 1973). The cell lines were obtained
from DSMZ German Collection of Microorganisms
and Cell Cultures and were well validated in our
laboratory as a proper test system for metal
complexes. Their DSMZ catalogue numbers are as
follows: Hep-G2 (ACC 180), MDA-MB-231 (ACC
73), HT-29 (ACC 299), HL-60 (ACC 3) and REH
(ACC 22).
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 [26] with some
modifications [27]. Exponentially growing cells
were seeded in 96-well microplates (100 puL/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
investigated Pt(I) and Pt(IV) complexes were
freshly dissolved in DMSO and then promptly
diluted in  RMPI-1640 growth  medium,
immediately before treatment of cells. Our

H
K[PI(NH:;)CIQ,] \]/ \/%
N > N > N
AN N\ AN
6 NH, o NHa o Nz
L 1 2 AN

NH3 NHg

preceding experience with water-insoluble platinum
agents, including cisplatin has indicated that the
dose-response curves following dissolution in water
or stock solution in DMSO (which is then promptly
diluted in aqueous phase) overlap and there is no
significant modulation of the individual cell lines
chemosensitivity. 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 uL 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 I1Csy 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
Calculations

The new platinum 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 formulae — cis-[Pt(C1oH11N3O,)(NH3)Cl,]

[ -
AN

Cl

ex.Hy0;
Cl
N /

Pt

Cl
OH

Scheme 1. Synthesis of the complexes (1) and (2).

Table 1. Physico-chemical data of the newly prepared compounds.

Elemental analysis

b
Compound  Molecular formula MW Yield® (%0) M.p. % Calc. (% Found)
(dec.) (°C) C m N
24.60 2.87 11.48
1 C1oH14N4O,CI,Pt 487.90 30 221 (24.72) (3.29) (11.46)
22.99 3.07 10.73
2 C1oH16N4O4Cl,Pt 521.90 23 218 (23.47) (3.35) (10.88)

3Yijeld of analytically pure product; "Mp of analytically pure product.
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and cis,cis,trans-[Pt(C1oH11N3O,)(NH3)Cly(OH),].
The data from elemental analysis and some
physical properties are summarized in Table 1.

IR spectra

In the vibrational spectrum of the ligand (L), the
stretching vibrations of NH, and NH groups three
bands in the region 3347-3197 cm™ were observed.
While in the spectra of the complexes all amino
groups (NHs;, NH,, NH) were characterized by a
broad band appeared at 3400-3280 cm™. Their
corresponding theoretical spectra were presented by
several bands at 3560-3100 cm™. The difference
between the experimental and theoretical results is
probably due to the formation of some inter- and
intra-molecular interactions as H-bonds in solid
state.

The C-H stretching vibrations of the CH; group
and CgHs fragment (theoretical and experimental
spectra) were appeared in their usual regions.

In the experimental IR spectra v(C=0)
vibrations of the (L), (1) and (2) were observed as
two bands in the area 1787-1700 cm™ (theoretical
bands: 1790-1658 cm™).

The NH, deformation vibrations (theoretical and
experimental spectra) were shifted to the lower
frequencies with approximately 30 cm™ in the
complexes compared to the ligand. This indicated
coordination through the N-atom from the amino
group. The results showed a good correlation
between theoretical and experimental data.

Geometry

The optimized geometry of the ligand with R-
configuration and energetically preferred structures
of the complexes (1), (2) and atom numbering were
shown on Figs.1-3.

Evaluation of the molecular structures of the (L)
and complexes (1) and (2) were carried out by DFT
method. The ligand can exist in two stereo
configurations — R and S according to the
arrangement of substituents around C; atom. In
order to establish the geometry of both
stereoisomer, full optimization of the molecules
was performed at the B3LYP/6-311++G " level of
theory. As a result, we found that the stereocisomers
are characterized by similar geometry parameters
and dipole moments. The hydantoin fragment
showed a planar structure as expected. In both cases
the molecules were stabilized by formation of a
hydrogen bond between the NH,- and C=0O groups
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from the hydantoin moiety with identical geometry
parameters: N-H...O bond length of 2.87 A and N-
H...O angle of 88.7° respectively.

\

W

Fig. 1. Optimized structure of the ligand with R-
configuration.

W

L
Fig. 2. Optimized structure of the cis-
[Pt(NH3)(L)CI,].

Fig. 3. Optimized structure of the cis,cis,trans-
[Pt(NH3)(L)CI(OH)].

Taking into account the possible existence of R
and S enantiomers, we carried out analysis on the
potential energy surface of all stereoisomer
complexes at B3LYP/LAN2DZ level of theory. For
each complex, the most probable conformations
were constructed and optimized.

It has been found that the complex of Pt(Il) with
the R isomer of the ligand is the preferred structure
to complex with the S isomer of the ligand with
1.81 kJ/mol.

The coordination around the Pt centre was
square planar. In the case of Pt(IV), the complex
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with S isomer was more favorable than those with
R-configuration by 1.30 kJ/mol. The platinum
centre in Pt(IVV) complex was hexacoordinated in a
distorted octahedral geometry. The octahedral
coordination was formed by two chloride ions, two
hydroxyl groups, ammonia and one molecule of the
ligand. The complexes were stabilized by an
intramolecular N-H...O hydrogen bond of 2.80 A
of Pt(I) and 2.76 A of Pt(IV) complexes.

The N,-N; bond in the complexes becomes
lightly longer than those in the ligand. The
coordination leads to small changes in the
geometric parameters of the hydantoin fragment as
well as of the complexes (Table 2).

The most significant geometric parameters of
the ligand and platinum complexes were presented
in Table 2.

Pharmacological screening

The ligand (L) and the complexes (1, 2) were
tested for cytotoxic activity on a panel of human
tumor cell lines - hepatocyte carcinoma Hep-G2,
human breast cancer cell line MDA-MB-231, colon
adenocarcinoma HT-29, acute myeloid leukemia
HL-60 and acute lymphoblastic leukemia REH. 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
complexes (1) and (2) showed higher cytotoxic
activity on HT-29, MDA-MB-231 and HL-60 cell
lines than the ligand (L). Complex (2) manifested
higher cytotoxic activity than the complex (1) and
reference cisplatin on the colon adenocarcinoma
HT-29 cell line. The results are summarized in
Table 3.

Table 2. Calculated geometry parameters of the ligand and
its complexes (1, 2) using atom numbering in Figs. 1-3.

Parameters Ligand(L)R 1 2
(D) 2.74 13.66 9.68
Bond lengths ()

Pt-Cl, - 2.42 2.40
Pt-Cl, - 2.39 2.42
Pt-N; - 2.12 211
Pt-N, - 2.09 2.08
N,-Nj 1.39 1.43 1.41
Pt-O,4 - - 2.04
Pt-O; - - 2.05
Angles (°)

N; —C4-N, 106.0 105.5 105.5
N;-C;-C3 101.2 100.6 100.3
C4-N»-Nj 123.4 1234 1239
N,-N;-Pt - 1199  121.0
N;-Pt-Cl, - 81.1 83.4
N,-Pt-Cl, - 83.6 84.8
N3-Pt-Ny4 - 98.6 97.7
Cl;-Pt-Cl, - 96.4 93.7
0;-Pt-Cl;y - - 97.2
0;-Pt-Cl, - - 94.4
03-Pt-N3 - - 79.8
O3-Pt-N,4 - - 82.3
0,4-Pt-Cly - - 92.3
0,-Pt-Cl, - - 93.2
04-Pt-N3 - - 90.9
04-Pt-N4 - - 90.2
Dihedral angles (°)

C4-N,-C5-C4 -3.8 -0.2 -2.6
C4-Ny-Cy1-C, 112.7 11;1_3 115.4
N; —C4-N»-Cs 5.7 0.7 3.3
012-C4-N5-Nj 0.8 -8.9 -11.0
C4-N,-N3-Pt - -51.9 -57.0
Cs-N,-N3-Pt - 119.0 109.4
N,-N3-Pt-Cl, - 105.6 -112.9
N,-N3-Pt-Ng4 - 74.9 70.6
N,-N3-Pt-O4 - - -19.7
N,-N;-Pt-O; - - 151.3

Table 3. Cytotoxicity of the ligand (L) and complexes (1, 2) in comparison with referent drug cisplatin in five human

tumour cell lines.

ICsq values/(uM)
Cell line Hep-G2° HT-29° REH® MDA-MB-231° HL-60°
Compound
Ligand > 200 > 200 > 200 > 200 > 200
Complex (1) > 200 > 200 > 200 143.0 155.7
Complex (2) - 1455 > 200 - > 200
Cisplatin 12.0 170.0 1.07 31.6 8.7

*human hepatocyte carcinoma; °colon adenocarcinoma; Sacute lymphoblastic leukemia; human breast cancer cell line; acute

myeloid leukaemia
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CONCLUSION

Two new mixed ammine/amine Pt(ll) and
Pt(IV) complexes with 3-amino-5-methyl-5-phenyl-
hydantoin were synthesized and studied. The
geometry of the ligand and its platinum 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.
The metal-ligand binding mode in the new
complexes was confirmed by the DFT calculations.
In the complexes, platinum ion coordinates in a
monodentate manner through the nitrogen atom
from the NH, group of the hydantoin ring. The
computed vibrational frequencies were used for
determination of the molecular motions associated
with each of observed experimental bands.
Experimental frequencies were well reproduced by
the theoretical method. The compounds tested
exerted concentration-dependent cytotoxicity on a
HT-29, MDA-MB-231 and HL-60 human tumor
cell lines. The new Pt(IV) complex cis,cis,trans-
[Pt(NH3)LCI,(OH),] exhibited higher cytotoxic
activity than the Pt(Il) complex - cis-[PtNH;(L)ClI;]
and referent drug cisplatin on the colon
adenocarcinoma HT-29 cell line.
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I[TOJIYHABAHE, OXAPAKTEPU3UPAHE, TEOPETUYHO U3CJIEABAHE 1
OUTOTOKCUYHA AKTHMBHOCT HA HOBU CMECEHU TNIATUHOBU KOMIIJIEKCH C 3-
AMUHO-5-METNJI-5-OEHWIXNJTAHTONH

E. erHeBal*, A. BaKaJIOBal, P. MnxaﬁHOBaz, B. Hukonoa-Muaznenosa®

! Kameopa Xumus, @apmayesmuyen gaxyimem, Meduyuncku yrusepcumem - Cous, yu. [ynas Ne2, Coghus 1000
2 Kameopa ®apmarxonoeus, Gapmaxomepanus u mokcuxonozus, Dapmayesmuyen paxyimem, Meduyuncku
yrugepcumem - Cogus, yu. [ynae Ne2, Cogpus 1000

Toctenmna Ha 08 deBpyapu 2017 r.; Kopurupana ua 22 gpespyapn 2017 r.

(Pestome)

Cunresupanu ca HoBU cMmeceHn komiuiekcu Ha Pt(ll) u Pt(IV) ¢ 3-amuno-5-metuin-5-heHUIXu1aHTOMH, U3M0JI3BaH
KaTo Hocell nurang. Xumuunute popmynu Ha komiutekcure CiS-[Pt(NH3)LCl,] u cis,cis,trans-[Pt(NH3)LCI,(OH),] ca
JIOKa3aH{ 4pe3 TOYKa Ha TOleHe, eileMeHTeH aHanu3d W MY cnekrpockonms. 3a Tpelncka3BaHe Ha MOJIEKylHATa
CTPYKTypa Ha JMTraHla WU HeroBure komiuiekcu ¢ usnoi3Ban J|OT meron. TeopeTHYHUAT aHAIM3 HA KOMILICKCHUTE
MOKa3Ba IUIOCKO-KBajpaTHa KoopauHaius Ha komiuiekca Ha Pt(l) u nedopmupana okraeqpuyuHa KOOpAWMHAIUS HA
kommiekca Ha Pt(1V). YcranoBeHo e moOpo ChOTBECTBHE MEXKIY TCOPETHYHHUTE U SKCIIEPUMEHTATHUTE MaHHu 3a MY
criektpute. JIMraHABT U HETOBUTE KOMIUICKCH OsiXa M3CICIBAHU 3a IIMTOTOKCHYHA aKTHBHOCT iN Vitro ¢ momornra Ha
MTT Ttect BBpXY IET YOBEHIKH TyMOpHH KieTbuHW nunum: Hep-G2, MDA-MB-231, HT-29, HL-60 and REH. ICs,
CTOMHOCTHTE Ha W3CIIE/IBAHUTE CBHEAMHEHUS I[IOKa3BaT, Y€ IUIATMHOBUTE KOMIUIEKCH IIPOSIBSIBAT MO-BHUCOKA
LUTOTOKCHYHA aKTUBHOCT B CPABHEHUE C OPraHUYHOTO CheIMHEHHE.
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Doxylamine/pyridoxine loaded chitosan microspheres as potential nasal drug delivery
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Chitosan microspheres loaded with doxylamine and pyridoxine were formulated as potential drug delivery systems
intended for nasal administration via spray drying technique. The possibility of incorporating the combination of these
two drugs into one polymer matrix was studied. X-ray powder diffraction (XRPD) was applied to investigate possible
transformations in the solid state of the drugs. A first-derivative ratio UV-spectrophotometric method for the assay of
doxylamine in a binary mixture with pyridoxine was developed. The obtained particles were spherical in shape with
median diameter ranging from 3.51 pm to 8.27 pum which is considered appropriate for nasal administration. The
production yields (48.06%—-66.97%) were recognized as optimum in regard to the spray drying method. The drug
entrapment efficiency was high (87.36%-95.67%), indicating a tendency to increase with higher drug/polymer ratio.
Drug release studies from the microspheres showed initial burst effect within the first 30 min, followed by a sustained

release.

Key words: chitosan microspheres; doxylamine; pyridoxine; drug combination

INTRODUCTION

Drug delivery systems such as microspheres
have gained serious popularity in the last few years
due to the advantages they offer — enhanced drug
stability, high carrier capacity and feasibility of
variable routes of administration, including nasal
application [1]. Different drugs have already been
incorporated in microparticulate structures [2-4].
However, no information concerning microspheres
loaded with doxylamine succinate and pyridoxine
hydrochloride has been reported so far.

Doxylamine succinate (DOX), a first-generation
antihistamine drug, and pyridoxine hydrochloride
(PYR), a water-soluble vitamin, are two active
substances, which have been well-known and used
for the treatment of various pathological conditions.
Their combination, on the other hand, is currently
gaining serious interest because it is one of the few
options on the pharmaceutical market, recently
approved by FDA, as safe and effective for the
treatment of morning sickness during pregnancy [5,
6]. So far, the drug combination is available only as
orally administered dosage forms (tablets and
capsules), though this route of administration is not

* To whom all correspondence should be sent:
E-mail: plamen.katsarov@yahoo.com

generally recommended for symptoms such as
nausea and vomiting. Nasal administration, on the
other hand, has been considered as suitable
alternative for achieving good drug absorption and
systemic therapeutic effect [7, 8]. For nasal
formulations mucoadhesive polymer carriers are
often used to ensure optimum deposition of the
drugs in the nasal cavity and hence, a more intimate
contact with the lining mucosa, which is a
prerequisite for improved bioavailability. Chitosan,
due to its great mucoadhesive and permeation
enhancing properties, is one of the most promising
natural polymers used in the pharmaceutical
practice. It is also non-toxic, biocompatible and
biodegradable, which defines its high potential as a
carrier in drug delivery systems [1, 9].

The aim of this study was to formulate and
characterize chitosan microspheres loaded with the
drug combination DOX/PYR as drug delivery
systems intended for nasal administration.

EXPERIMENTAL
Materials

Chitosan (from shrimp shells, low-viscosity,
degree of deacetylation >70%), acetic acid,

96 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



P. D. Katsarov et al.: Doxylamine/pyridoxine loaded chitosan microspheres as potential nasal drug delivery systems

doxylamine succinate and pyridoxine hydrochloride
were purchased from Sigma Aldrich, USA.
Phosphate-buffered saline (PBS) with pH 6.8 was
prepared according to Ph. Eur. 8 [10]. All of the
reagents used for the preparation of the PBS were
of analytical grade.

Microspheres formulation

Chitosan microspheres were prepared by spray
drying technique using co-current flow type B-290
Mini Spray Dryer (Biichi Labortechnik AG, Flawil,
Switzerland).  Drug/polymer  solutions  were
prepared by dissolving an accurately weighed
amount of chitosan, DOX and/or PYR in 2% (v/v)
acetic acid aqueous solution. Drug/polymer ratio
was varied. The solutions were further spray-dried
through a 0.7 mm nozzle at 600 L/h compressed
nitrogen flow rate, 140 °C inlet temperature, 10%
pump rate and 95% aspiration. These conditions
were experimentally determined as optimum for
obtaining satisfactory production vyields from the
spray-dried solutions.

Microspheres characterization
Shape, size and production yield

The shape and surface morphology of the
prepared microspheres were studied using a
scanning electron microscope with secondary
electrons detection (Philips SEM 515, Eindhoven,
the Netherlands). The micrographs were generated
at 25 kV accelerating voltage and 5000x
magnification. The size of the formulated particles
and their size distribution were measured by laser
diffraction analyzer (LS 13 320, Beckman Coulter,
USA), equipped with a Tornado system for
powdered samples. The production yield was
calculated on the basis of the obtained particle mass
and the total mass of the used polymer and drugs.

Drug loading and entrapment efficiency

Accurately weighed amount of 10 mg
microspheres was dispersed into 20 mL acetic acid
solution (2% v/v) and sonicated until complete
dissolution of the polymer and extraction of the
incorporated drugs occurred. The solution was then
filtered through a membrane filter (Chromafil Xtra
RC, 0.45 pm) and diluted with PBS (pH 6.8). The
amount of DOX and PYR was determined
spectrophotometrically. Drug loading (DL) and
entrapment efficiency (EE) were calculated and

expressed as average values = SD after three
determinations [11].

UV spectrophotometric assay

The quantitative determination of DOX and
PYR was carried out in PBS (pH 6.8) using UV-
visible spectrophotometer Evolution 300 (Thermo
Fisher Scientific, USA) at wavelengths of 260 nm
and 324 nm for DOX and PYR respectively. Due to
spectral overlapping, a UV spectrophotometric
first-derivative ratio method [12, 13] was developed
for the quantitative analysis of DOX in binary
mixtures with PYR. The developed methods were
validated using mixtures of DOX and PYR and
were characterized in terms of the regression
parameters: root mean square error of prediction
(RMSEP), relative error of prediction (REP),
recovery and coefficient of determination (R).

X-ray powder diffraction

X-ray powder diffraction was used to evaluate
the solid state structure of the microspheres. The
diffractograms were obtained using X-ray powder
diffractometer (D2 Phaser, Bruker AXS GmbH,
Germany) under the following conditions: Ni-
filtered Cu radiation at 30 kV and 10 mA of
intensity. Phase analysis using Powder Diffraction;
database, (ICDD) was performed for correct
interpretation of the studied samples.

FTIR spectroscopy

Infrared spectroscopic study of the formulated
microspheres and  evaluation of eventual
drug/polymer interactions after spray drying was
performed using Nicolet iS 10 FTIR spectrometer
(Thermo Fisher Scientific, Pittsburgh, PA, USA),
equipped with a diamond ATR accessory in the
range 650—4000 cm™.

In vitro drug release

In vitro drug release study was carried out using
USP dissolution apparatus | - rotating basket (AT7
Sotax, Allschwil, Switzerland) containing 400 mL
medium of PBS (pH 6.8) maintained at temperature
of 37+0.5 °C and rotation speed of 50 rpm.
Accurately weighed amount of microspheres,
equivalent to 10 mg drug content was dispersed
into 1 mL medium and transferred in a dialysis
membrane bag with the two ends fixed by thread.
The bags were then placed in the baskets and were
brought into contact with the acceptor medium.
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Samples of 5 mL were withdrawn from the solution
at fixed time intervals and were replaced with the
same amount of fresh PBS. Samples were filtered
through a syringe membrane filter (0.45 pum) and
analyzed spectrophotometrically for drug content.
The release study for each microsphere model was
repeated three times.

RESULTS AND DISCUSSION

Microspheres composition and characteristics

Five models of drug loaded microspheres were
developed, wvarying drug concentration and
drug/polymer ratio (Table 1). Models D1 and D2
were formulated with DOX, while models P1 and
P2 were formulated with PYR. A single model was
developed containing the drug combination
DOX/PYR (DP). The aim was to investigate the
influence of the varied drug concentration (1%—2%
w/v) and the drug/polymer ratio (0.5:1 and 1:1 w/w)
on the drug incorporation and microsphere
characteristics.

SEM micrographs of the obtained microspheres
are presented in Fig. 1. The particles had spherical
shape and relatively smooth surface. However, a
tendency for roughness was observed when the
drug concentration of the spray-dried solutions
decreased from 2% to 1 % w/v (D1, P1).

The different microsphere models had median
particle diameter from 3.51 to 8.27 um (Table 1).

Such size was considered appropriate for nasal
administration [14]. Particle size distribution curves
of the models are shown in Fig. 2. The presence of
structures larger than 20 pm was probably due to
particle aggregation.

Production yields varied between 48.06% and
66.97% (Table 1) and were considered as optimum
in regard to the typical for the production method
extensive losses at laboratory scale [15]. The
drug/polymer ratio did not influence the yield of
DOX-loaded microspheres (48.06% and 48.12%
production vyields at ratios 0.5:1 and 1:1 wiw
respectively). With the PYR models, however,
much higher vyield was obtained at higher
drug/polymer ratio (1:1 w/w), respectively at higher
PYR concentration. When more concentrated
solutions were spray dried, larger particles were
formed. Larger microspheres were more easily
separated and collected as a final product, which
diminished losses and resulted in a greater yield.
The larger particle size of PYR microspheres (5.12
um for P1 and 8.27 um for P2) was probably the
reason for the higher production yield of these
models in comparison to DOX-loaded microspheres
which were much smaller (4.54 um for D1 and 3.51
um for D2). The larger size of the PYR
microspheres, on the other hand, was probably due
to drug crystallization in the particles, which was
confirmed by the XRPD analysis.

Table 1. Composition and physicochemical properties of DOX and PYR-loaded chitosan microspheres.

Formulation Concentration (%, w/v) Drug/polymer Median particle Yield
code DOX PYR Chitosan ratio (w/w) size (um+SD)* (%£SD)*
D1 1 - 2 0.5:1 4.54+0.48 48.06 +3.27
D2 2 - 2 1:1 3.51+0.15 48.12 = 4.30
P1 - 1 2 0.5:1 5.12+0.67 60.29+1.93
P2 - 2 2 1:1 8.27+1.19 66.97 +1.79
DP 1 1 2 0.5:0.5:1 470+ 0.72 53.63+3.42
*Nn=3

Fig. 1. SEM Images of microspheres models: D1 (A), D2 (B), Pl (C) P2 (D), DP (E) (SOOOX)
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Fig. 2. Particle size distribution of microspheres models D1 (A), D2 (B), P1 (C), P2 (D), DP (E).
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Table 2. Drug loading (DL) and entrapment efficiency (EE) of DOX-, PYR- and DOX/PYR-loaded chitosan

microspheres.

Models Drugs Theoretical drug DL + SD (%)* EE + SD (%)*
content (%)

D1 DOX 33.33 29.48 £ 0.50 88.43 + 1.50

D2 DOX 50.00 43.68 = 0.36 87.36+0.73

P1 PYR 33.33 30.02 +£0.92 90.09 +2.76

P2 PYR 50.00 44,71 £0.90 89.41 £ 1.79

DP DOX + PYR 50.00 47.83 +0.99 95.67 £ 1.97

(25.00; 25.00) (23.40 = 0.61;24.43 + 0.40) (93.60 +2.43; 97.73 + 1.62)

*n=3;

Drug loading and entrapment efficiency

The obtained microspheres models showed DL
from 29.48% to 47.83% and EE from 87.36% to
95.67% (Table 2). DL was strongly influenced by
drug/polymer ratio. Increase in that ratio in DOX-
loaded microspheres resulted in higher DL (from
29.48% in D1 to 43.68% in D2). However, EE at
different drug/polymer ratios were commensurable
(88.43% and 87.36%). Such tendency was also
observed for the PYR-loaded microspheres. DL
increased from 30.02% (P1) to 44.71% (P2) and EE
was again high (90.09% and 89.41%, respectively).
Therefore, for the formulation of DOX/PYR-loaded
microspheres drug/polymer ratio of 1:1 rather than
0.5:1 w/w was preferred, because it led to higher
DL for both DOX and PYR.

Beside achieving high DL, another challenging
issue was to optimize DOX/PYR ratio in solution
so that equal amounts of both drugs could be
incorporated in the obtained DOX/PYR-loaded
microspheres (DP), corresponding to the equal
therapeutic doses of the drugs (10 mg DOX and 10
mg PYR) [5, 6]. The models loaded with DOX and
PYR separately showed similar DL at a particular
drug/polymer ratio (29.48% DOX and 30.02% PYR
at 0.5:1 w/w ratio; 43.68% DOX and 44.71% PYR
at 1:1 w/w ratio). For that reason, a 1:1 wi/w
DOX/PYR ratio was selected for the preparation of
model DP. According to the obtained results for DP
model, both drugs were incorporated in the
microspheres at equal amounts (23.40% DL for
DOX and 24.43% DL for PYR) which conformed
to the primary aim.

As a result, an optimum DOX/PYR/chitosan
ratio of 0.5:0.5:1 w/w/w was determined for the
simultaneous incorporation of DOX and PYR in
chitosan microspheres.

UV-spectroscopic quantitative analysis

In binary mixtures of the two drugs, PYR was
successfully determined at a wavelength of 324 nm

(PYR absorption maximum) without any
interference from DOX, using absorption spectra
according to the following equation:

Y, = 0.0352 X €; + 0.0020

where Y, is the absorption value at 324 nm and C;
is PYR concentration in pg mL™.

However, due to intense overlapping of DOX
and PYR spectra at 260 nm (DOX absorption
maximum), a quantitative method for DOX analysis
in binary mixtures with PYR was developed, using
first derivative of ratio spectra technique. The
recorded spectra of DOX were divided by the
normalized absorption spectrum of PYR and first
derivative of the ratio spectra were obtained. The
amplitudes of the derivative ratio values at 271 nm
for DOX were selected and plotted against the
corresponding concentration of the standard
solutions (Fig. 3).

10

DR values

360 25 270 25 20 285 290 28 a0
wavelengths
Fig. 3. First derivative ratio spectra of DOX in the
range of 30-100 pg mL™ using PYR (10 pg mL™) as
divisor.

The normalized spectrum of 10 ug mL™ PYR
solution was determined as an optimum divisor in
the proposed method. The following calibration
equation for DOX was calculated:

Y, = 0.0753 x €+ 0.1335
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where Y, is the peak amplitude at 271 nm and C; is
DOX concentration in pg mL™.

The proposed gquantitative spectrophotometric
methods were validated using laboratory-prepared
mixtures of DOX and PYR with different
concentrations within the determined linearity
range of 30-100 pug mL™ for DOX and 10-30 pug
mL™ for PYR. The obtained regression parameters
were: 1.1679 RMSEP, 3.07% REP, 101.54+2.41
recovery, 0.9986 R? for DOX and 0.1312 RMSEP,
0.97% REP, 100.57+1.22 recovery, 0.9998 R* for
PYR.

X-ray powder diffraction analysis

The physical state of DOX and PYR in drug
loaded microspheres was evaluated by X-ray
powder diffraction. Diffractograms of the pure
substances and the formulated microspheres are
presented on Fig. 4.

AT
| il

w
Intensity, a.u.

|

Intensity, a.u.
Frea A

10 20 30 40 60 10 20 30

26 CuKa 26 CuKa
Fig. 4. X-ray powder diffractograms of chitosan (A),
DOX (B), PYR (C), chitosan microspheres (D), DOX-
loaded chitosan microspheres (E), PYR-loaded chitosan
microspheres (F) and DOX-PYR-loaded chitosan
microspheres (G).

40 60

DOX and PYR diffractograms showed a few
characteristic peaks, which proved their crystalline
structure. No distinctive peaks were registered in
chitosan diffractogram; which indicated its
amorphous nature. The microspheres
diffractograms revealed that chitosan retained its
amorphous structure after spray drying. For the
active substances on the other hand, a transition
from crystalline into amorphous state was
registered. DOX-loaded microspheres
diffractograms showed just a few small peaks and
amorphous phase corresponding to that of chitosan.
PYR-loaded microspheres diffractograms were of a
similar pattern. However, a phase corresponding to
crystalline PYR and PYR hydrochloride was

100

registered. Such a phase was also noted in the
diffraction spectra of DOX/PYR-loaded
microspheres. In the latter model, DOX was
amorphous. Therefore, both crystalline drugs
underwent transformation into amorphous state
after spray drying with PYR partially retaining its
crystalline structure.

FTIR spectroscopy

The spectra of the chitosan microspheres loaded
with DOX or PYR are shown in Fig. 5. In the
spectrum of DOX/PYR-loaded microspheres
increased intensity of the absorption peaks at 3000—
3600 cm™ was observed due to the overlapping of
stretching vibrations of the O-H groups of chitosan
and pyridoxine, N-H bonds, and C-H bonds of the
aromatic rings. Increased intensity was observed
also in the region of 1620-1500 cm™ and 1450—
1400 cm™ due to the overlapped vibrations of the
aromatic rings of pyridine and benzene with the
vibrations of the amide N-H bonds and protonated
amino groups of chitosan. In the range 1100-1025
cm™ peaks of symmetric and asymmetric stretching
vibrations of C=0, C-O-C and CH,-OH from the
monosaccharide ring were observed, as well as
wagging C-H vibrations of the monosaccharide ring
of chitosan.

1ooA_\/v"——ﬁ/\»\/\
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cnv ')
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Fig. 5. FTIR-ATR spectra of chitosan (A), chitosan
microspheres (B), DOX (C), PYR (D), PYR-loaded
chitosan microspheres (E), DOX-loaded chitosan
microspheres (F), and DOX-PYR-loaded chitosan
microspheres (G).
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The observed spectra showed that there were no
covalent interactions either between chitosan and
DOX or PYR, or between DOX and PYR.

In vitro release study

Dissolution profiles of the microspheres showed
that DOX and PYR were released from all of the
formulated models in a biphasic way, with initial
rapid drug release (burst effect) followed by slower
release (Fig. 6). Within the first 30 min 53.32% to
68.96% of the loaded DOX and PYR were released,
which was probably due to the immediate
dissolution of the molecules incorporated in the
particles’ periphery. After the initial burst release,
prolonged drug release was observed, which was
probably due to formation of a gel layer from the
swollen chitosan and diffusion of the drugs from
the particles core through it [16]. The total drug
amount incorporated in the microspheres was
completely released within 180 minutes in all
investigated formulations. That could be explained
with the high agqueous solubility of DOX and PYR
[10] and their facilitated diffusion through the
swollen polymer matrix and its pores, formed after
the initial drug release.

100
s | a
= 80
5 —=— D1(DOX)
< 60 ---4--- D2 (DOX)
E —+—P1(PYR)
s 4 24—~ P2 (PYR)
3 » —e— DP (DOX)
© ~-=a4c--- DP (PYR)
0
0 30 60 90 120 150 18(

Time (min)
Fig. 6. Dissolution profiles of DOX and PYR from
microspheres models D1, D2, P1, P2 and DP. (n=3).

CONCLUSION

Doxylamine and pyridoxine loaded chitosan
microspheres ~ of  appropriate  for  nasal
administration size were prepared by a
conventional spray drying method. The two drugs
were incorporated into the obtained particles with
high entrapment efficiency. The influence of
drug/polymer ratio on the particles drug loading
was studied and an optimum model, loaded both
with DOX and PYR was proposed as a potential
drug delivery system for nasal administration. The
registered burst release from the microspheres
could be considered as positive, assuring sufficient
initial therapeutic drug concentration to alleviate

the treated symptoms. On the other hand, further
delay of the drug release should be accomplished,
which would be a matter of future studies, in order
to reduce the dosage frequency.
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MHUKPOCOEPU OT XUTO3AH C JOKCUJIIAMUH U ITMPUAOKCHUH — ITOTEHIITMAJIHU
JIEKAPCTBO-JOCTABALIN CUCTEMU 3A HA3AJIHO ITPUJIOKEHUE

IT. . KauapOBl’4*, B. A. Mumuesa™*, 1. U. V3yH0Ba2, r.x.r epFOBg, M. N. KaC’bp0Bal'4

1Kame()pa ,» Dapmayeemuynu nayku *, @apmayesmuuen ghaxyrmem, Meouyuncku Ynusepcumem-Ilnogous, I1nogous,
bvreapus
2Kame()pa L Xumust u Buoxumus ™, @apmayesmuuen paxyrimem, Meouyuncku Yuusepcumem-Ilnosous, Inogous,
bvreapus
3Kame()pa , Xumus ©, @apmayeemuuen garxynimem, Meouyuncku Ynueepcumem-Cogus, Coghus, bvaeapus
Texnonoeuuen yenmuvp 3a cnewina meouyuna — 2pao Ilnoeous, I1nosous, bvazapus

Tlocrpnmna Ha 14 despyapu 2017 r.; Kopurnpana Ha 15 mapt 2017 1.

(Pestome)

Ilenta Ha HacTosaTa paboTa € MOJyyaBaHE M OXapaKTEpPHU3MpPaHEe HA MHKPOC(EpPH OT XHUTO3aH, HATOBAPCHH C
OKCHJIAMHH ¥ TTHPUIOKCHH, KaTO MOTSHIIMATHHA JIEKapCTBO-IOCTABAIIN CUCTEMH 3a Ha3allHO MpmioxkeHue. [IpoydeHa e
BB3MOKHOCTTA 32 €IHOBPEMEHHOTO BKJIFOUBAaHE Ha JBETE JIeKapcTBEeHH BemlecTBa (JIB) B 00ma mommmepHa MaTpHIa.
Muxkpocdepure ca TMONyd4eHH IO METOAa pPa3NpPBCKBATEIHO CYIICHE INPH BapUpaHe KOHIeHTpamusAta Ha JIB u
croTHOMeHneTo JIB/xuTo3an. CpBMecTHMOCTTa M (PU3UTHOTO CHCTOSIHHE HA JICKAPCTBCHUTE BEIISCTBA U MOJMMEpa ca
MpOoy4YeHH 4pe3 MH(padepBeHa CHEKTPOCKONMS M IpaXxoBa PEHTIeHOBa MU(paknusa. 3a ompeAessHe KOJIMYECTBEHOTO
ChIBpPXKAHAE HA NOKCIJIAMHUH M MUPUIOKCHH B CMeC ¢ pa3paboTeH CIEeKTPO(OTOMETPHUCH METOJ 4Ype3 MPOU3BOIHA
cnekrpockonus. [lomydenure MukpodacTuiy umar chepuyna dpopma. CpeqHUAT TUaMeTsp € B rpanunure 3.51 pm—
8.27 um u e momxonsAlnl 3a Ha3aaHO BbBekAaHe. J[00uBBT (48.06%—66.97%) ce cumra 3a ONTUMANICH MPEIBUI
0COOCHOCTUTE Ha TPIIIOKEHATa TEXHUKA Ha Mody4yaBaHe. EQekTnBHOCTTA Ha BKIOuBaHe Ha JIB B Mukpocdepute e
Brcoka (87.36%—95.67%), kaTto ce OTYUTA TSHICHINA KbM MOBHUIIABaHE C YBEIHYaBaHE ChOTHOIIEHUETO JIB/mommep.
[Mpodunure Ha ocBOOOXIaBaHe TOKa3BaT ,,0bpcT edekt npe3 mbpBute 30 MHH, MOCIEABaH OT 3a0aBEeHO
0CBOOOJXK1aBaHE.
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The ,,sparteine surogate” (+)-(1R,5S,11aS)-tetrahydrodeoxocytisine is obtained by two known protocols, direct and
two-step procedure, and is characterized in solution and solid state as free base, mono-, and bis-hydrochloride.
Unambiguous assignment of the proton and carbon NMR spectra of tetrahydrodeoxocytisine is reported for the first
time. X-ray and NMR data are compared and structural preferences in solid state and solution are discussed.

Key words: tetrahydrodeoxocytisine; tetrahydrocytisine; NMR; single crystal XRD

INTRODUCTION

(-)-(1R,5S)-Cytisine is a nicotinic acetylcholine
receptor agonist from Lupin alkaloids’ family
[1-5], firstly isolated from the seeds of Cytisus
Laburnum Med. in 19" century [6, 7], which was
widely applied to help with smoking cessation. The
limitation in the natural sources availability has
reasonably provoked extraordinary efforts directed
towards developing new protocols for the synthesis
of cytisine isomers and derivatives [§—10]. Among
its reduced analogues (Fig. 1), tetrahydrocytisine
has attracted the most significant attention. It is one
of the major alkaloids in Templetonia biloba from
Western Australia [11], which was firstly isolated
from Thermopsis chinensis [12]. Several synthetic
protocols have been further developed based
mainly on applying different catalytic versions for
hydrogenation of cytisine and finally, efficient
conversion was achieved by using platinum oxide
as a catalyst either in acetic acid at atmospheric
pressure [13, 14] or in water under increased
pressure of hydrogen [15—17].

By contrast, the “sparteine  surrogate”
tetrahydrodeoxocytisine, which has never been
isolated from natural sources, is very poorly studied
and is not fully characterized till nowadays. The
(+)-isomer has been firstly obtained in 1906 via
electrochemical reduction of cytisine in sulfuric
acid at a lead cathode and was characterized as bis-
hydrochloride and free base by elemental analysis

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

and optical rotation of the salt [18]. The same
isomer has been later obtained by hydrogenation in
hydrochloric acid in the presence of platinum oxide
as a catalyst [19, 20] and characterized as D-tartrate
and dipicrate by elemental analysis and optical
rotation of tartrate [21]. Recently, tetrahydro-
deoxocytisine has been obtained and used
immediately in further step without preliminary
purification and characterization [22]. To the best
of our knowledge, there are no records in the
literature on the NMR and XRD characterization of
unsubstituted tetrahydrodeoxocytisine.

o

o
N
HN N HN HN

cytisine tetrahydrocytisine  tetrahydrodeoxocytisine

Fig. 1. Cytisine and its reduced derivatives.

Herein, we present a study on solution NMR and
single crystal XRD characterization of the “spartein
surrogate” (+)-(1R,5S,11aS)-tetrahydrodeoxo-
cytisine as free base, mono- and bis-hydrochloride
salts. The solid state structure of tetrahydrocytisine
hydrochloride is also reported.

EXPERIMENTAL
Synthesis

All reagents were purchased from Aldrich,
Merck and Fluka and were used without any further

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 103


mailto:vkurteva@orgchm.bas.bg

S. P. Simeonov et al.: Solution and solid state characterization of “sparteine surrogate” (+)-(1R,5S,11aS)-tetrahydrodeoxocytisine

purification. Fluka silica gel/TLC-cards 60778 with
fluorescent indicator 254 nm were used for TLC
chromatography. The melting points were
determined in capillary tubes on SRS MPA100
OptiMelt  (Sunnyvale, CA, USA) automated
melting point system with heating rate 1 °C/min.
The NMR spectra were recorded on a Bruker
Avance I+ 600 spectrometer (Rheinstetten,
Germany) at 278K, 293K and 323K. The chemical
shifts are quoted as 6-values in ppm using as an
internal standard tetramethylsilane (TMS) or the
solvent signal and the coupling constants are
reported in Hz. The assignment of the signals is
confirmed by applying 2D COSYDF, NOESY,
HSQC and HMBC techniques. The spectra were
recorded as 3x10°% M solutions and were processed
with Topspin 3.5 pl6 program. The NMR data are
listed on Tables 1 and 2 using the numbering
presented on Scheme 1. Molecular mechanics
calculations were performed by MMFF94 in
Spartan08. Specific optical rotation values were
measured on Jasco P-2000 polarimeter (Tokyo,
Japan) at D line of sodium lamp at 20 °C by using 1
dm quartz cell. The J[a]p are given in
deg.cm®.g™".dm™', concentration in g.cm™. The IR
spectra were recorded on a Bruker Tensor37 FTIR
Spectrometer in KBr disks. The frequencies are
given in cm™. The differential thermal analysis
(DTA), thermogravimetric analysis (TGA) and gas-
mass evolving (MS) were taken on a SETSYS
Evolution TGA-DTA/MS (Setaram), up to 300 °C.

Synthesis of (+)-(1R,5S,11aS)-
tetrahydrodeoxocytisine bis-hydrochloride
(2.2HCI)

To a solution of cytisine (1, 855 mg, 4.5 mmol)
in MeOH (25 ml) and 36% ag. HCI (1 ml)
platinum(lV) oxide (90 mg, 0.4 mmol) was added
and the air was subsequently replaced by argon and
hydrogen. The suspension was stirred vigorously
under a hydrogen atmosphere overnight. The solid
phase was removed by filtration through Celite.
The solvent was removed in vacuo to afford the
crude product (990 mg, 87%) as a colourless bis-
hydrochloride salt. The analytically pure 2.2HCI
was obtained by recrystallization from i-PrOH: m.
p. 274.0-274.2 °C (lit. [18] 282 °C; [20] 260 °C);
[(1]: +20 (c=0.5, EtOH) (lit. [18] +10°15’; solvent,
concentration, and temperature not indicated). IR
(the most intensive bands): 3492, 3363, 2980, 2947,
2796, 1615, 1448, 995 and 470.
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Synthesis of (+)-(1R,5S,11aS)-
tetrahydrodeoxocytisine hydrochloride (2.HCI)

Tetrahydrocytisine (3) was synthesised via
literature protocol [22] and was converted into
hydrochloride salt by saturation of methanol
solution with HCI vapours. The analytically pure
compound was obtained by recrystallization from i-
PrOH. To a solution of crude 3 hydrochloride (300
mg, 1.3 mmol) in MTBE (20 ml) LiAIH4 (230 mg,
6 mmol) was added portion-wise at 0 °C. The
suspension was stirred at room temperature under
argon atmosphere overnight and was then diluted
with MTBE (20 ml). The excess of LiAlH, was
guenched with water at 0 °C. The solid phase was
removed by filtration through Celite. The organic
solution was dried over Na,SO, and evaporated to
dryness to give crude diamine 2 (159 mg, 68%
yield). The latter was dissolved in MTBE (20 ml)
and precipitated by slow addition of HCI vapours.
The solid phase was filtered off, washed with
MTBE and dried in desiccator. The analytically
pure 2.HCI was obtained by recrystallization from

i-PrOH: m. p. 184.4-1849 °C; [a]., +24 (c=0.5,
EtOH). IR (the most intensive bands): 3494, 3429,

3066, 2935, 2760, 1640, 1517, 1446, 1124, 1020
and 451.

Crystallography

The crystals of 2.2HCI, 2.HCI and 3.HCI were
mounted of on a glass capillary and all geometric
and intensity data were taken from these crystals.
Crystallographic measurements were taken on an
Agilent SupernovaDual diffractometer equipped
with an Atlas CCD detector (2) and on an Enraf
Nonius CAD4 diffractometer (3) using micro-focus
Mo Ka radiation (A = 0.71073 A) at room
temperature. The determination of the unit cell
parameters, data collection and reduction were
performed with Crysalispro software for 2 [23] and
CAD-4 EXPRESS [24] for 3. The structures were
solved by direct methods and refined by the full-
matrix least-squares method on F? with ShelxS and
ShelxL 2016/6 programs [25]. All non-hydrogen
atoms, including solvent molecules, were located
successfully from Fourier maps and were refined
anisotropically. Hydrogens adjoining N, O and H
atoms of chiral centers were positioned from
difference Fourier map. The H atoms on Cretnyiene
were placed in idealized positions (C—H = 0.97
A). The hydrogens adjoining N7a, N3, C1, C5 and
Clla were freely refined while the remaining H
atoms were constrained to ride on their parent
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atoms, with Uiso(H) = 1.2U¢(C or O). The most
important  crystallographic  and  refinement
indicators are listed on Table S1. Crystallographic
data (with structure factors) for the structural
analysis have been deposited with the Cambridge
Crystallographic Data Centre, No. CCDC-1534860
(2.HCI), 1534861 (2.2HCI) and CCDC-1534862
(3.HCI). Copies of this information may be
obtained free of charge from: The Director, CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK. Fax:
+44(1223)336-033, e-mail:deposit@ccdc.cam.ac.uk,
or www: Www.ccdc.cam.ac.uk.

RESULTS AND DISCUSSION

The “spartein  surrogate”  (+)-tetrahydro-
deoxocytisine (2) was obtained from natural (-)-
(1R,5S)-cytisine (1) via two independent protocols,
shown on Scheme 1. Platinum oxide catalysed
hydrogenation in methanol in the presence of
hydrochloric acid at atmospheric pressure led
directly to the target product as bis-hydrochloride
salt. The two-step procedure ensured the
intermediate tetrahydrocytisine (3) and the final
tetrahydrodeoxocytisine (2) as free bases. Both
compounds  were converted into  mono
hydrochlorides while trying to grow single crystal
phases. The latter provides the opportunity to study
the influence of the type of both nitrogen atoms on
the structural preferences of cytisine derivatives.

w (e
O H,, PtO, 3 HCI
N —_— 5.]Z-N2s 9
MeOH 6 0
\_7/  aq.HCI ! t1a M
1 2.2HCI, 87%
1. H,
PtO, 1. LiAIH
e ﬁ% e ﬁwﬁj
2. HCI N N
= 2. HCI =
3.HCI, quantitative 2.HCI, 68%
Scheme 1. Synthesis of (+)-(1R,5S,11aS)-

tetrahydrodeoxocytisine salts 2.2HCI and 2.HCI.

The NMR spectra of cytisine (1),
tetrahydrodeoxocytisine as free base (2) and as

hydrochloride (2.HCI) and tetrahydrocytisine
hydrochloride  (3.HCI) were recorded in
chloroform-d, while those of tetrahydro-
deoxocytisine  bis-hydrochloride  (2.2HCI) in

methanol-d, due to its very limited solubility in
chloroform. The proton spectra of 2.HCI showed

broad signals for most of the groups in the
temperature interval 278-323K without big changes
in the chemical shifts. That is why the chemical
shift determination was made at the highest
temperature 323K where narrow signals for most
protons were observed (see Fig. S1). Unambiguous
assignment of the proton and carbon signals in the
spectra (Tables 1 and 2) was achieved by analysing
the specific interactions in homo- and heteronuclear
2D COSY, NOESY, HSQC and HMBC
experiments (Figs. S2-S10). For comparison HSQC
spectra of 2.2HCI were also recorded at very low
concentration (less than 1x10° M) in chloroform
exacting the chemical shifts from the HSQC
spectra.

Based on the known configuration of cytisine
(1R,5S) the absolute configuration of the newly
generated chiral centre in the products can be
assigned as 11aS on the basis of the observed
coupling and NOE information. The proton signal
for H-11a is a doublet with a J-coupling bigger than
11 Hz, suggesting its axial position, confirmed by
the observed close proximity of H-11a to H-1, H-
11eq, H-7ax, H-84, H-104 and H-6; in the NOESY
spectra (Figs. S3, S6, and S8). The fact that the new
chiral centre CH-11a possesses S-configuration is
verified also by single crystal XRD.

Crystals suitable for X-ray diffraction analyses
were grown from iso-propanol solutions by slow
evaporation at room temperature for all compounds
(2 and 3). All three compounds crystallized in non-
centrosymmetric groups (Table S1) with one
molecule in the asymmetric unit (Fig. 2). The
location and positioning of hydrogens adjoining
N7a, N3, C1, C5 and Clla was performed using
difference Fourier maps. While for C1, C5 and
Clla the assignment is unequivocal for all
compounds, in the case of mono hydrochloride
2.HCI the H atom position is more delicate. The
following approach has been applied for the correct
assignment of hydrogens adjoining nitrogen’s.
After the location of heavier atoms hydrogens were
positioned on calculated positions and four cycles
(e.g. “Ls. 4” instruction) of anisotropic refinement
were performed. In the next step the N7a and N3
hydrogen atoms occupancy was set to “zero” and
difference Fourier maps were generated based on
existing structural parameters (l.s. 0 and “acta”
instruction removed). The obtained maps (Fig. 3)
show the presence (excess) of electron density (in
red) along with the positioning of the H atoms
(from chemically sensible positions). One can
clearly recognize that in the case of 2.2HCI there is
an excess of electron density near N3 and N7a,
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Table 1. Chemical shifts, multiplicities® and coupling constants (in Italic) in the *H NMR spectra of compounds 1-3.

proton 1° 2° 2. HCI° 2.2HCI’ 2.2HCI° 3
H-1 coorat 1378bs  1.795bs 2.5 2.296 bs Lo
3.059 dd 5803 ddd 3178 dd 3343 dd
H2ao 19123 1382616 13336 3.52 14248 3.20 bt
" 3208 d 3.663 ddd 2o 3635 bd 3760 d
H2q  3002dddov 137 13.33.2.2.3 : 14.2 13.4
1252515 5099 dt 3,328 dt 351 and 3,401 ddd
H-4a 134,26 129209 3.56 1354316  >28bt
» 3105 dd 31204t 3527 ddd 3518 bd 3580d
W 12525 13425 13.0,3.6.2.3 133 13.1
05 5328 M 1713bs 2120 bs 5749 5 448 bs 524
_H-6, 1.73 ov 1.846 m 2.13 1.86 bd
o ég‘m 1890 dm  1.971dg é'g&“ 5,063 dg
2 : 12.0 13.02.8 : 132, 2.9
3,903 ddd 5425 dt 3279 bdd 5889 d
H-7a 1566713 11.2.2.6 2.533 bs 3.26 13.2.4.0 13.6
o 4129 d 5887 dt 3,025 bd 2o 3547 d 4,682 dt
@ 156 11224 12.4 : 13.2 13.92.1
He. 175 ov 1626 Vb 3550V, 3464 ov -
5754 dgt 2881 d 3,100 td
H-8q - 11.221 10.9 3.03 13.3.2.4 -
o 1519 qm 590 5394 gt 5693 ddd
H9 646344 o L8 : 142423 17.0,13.9,6.4
o 9115 1.60 dm : 53 884 ov 5390 ddd
q 131 : : 17.0,4.9.2.3
1o 1207 qt 1329 gt s 1704 g 1675 qdd
A0 730244 12.9.4.0 13.04.0 : 13.2.4.0 13.44.82.9
91,69 1791d 1,081 dm
H-104 e 1.853 m 2.08 1364007 1.983 m
1536 qm 5113 qd 57555 qd
A1l 6002dd ov 1.630m 2.54 12737 12.83.2
6.9.15 T430dm 1520 dg 1762 dat
H-11eq 12.7 13535 1.89 1.84dov 13331
5157 dm 3.464 dt
H-11a o 2.334 br 337 3.47dov A
1146 bs
NH 10.86 bs 11.28, bs gzg Ez
1014, bs 12,

s _singlet, d — doublet, t — triplet, q — quartet, qt — quintet, b — broad, v — very broad; m — multiplet, and ov — overlapped signals; ° In
CDCl, at 293K; ° In CDCl; at 323K; ® Chemical shifts from HSQC; ¢ In CD;0D at 293K.

Table 2. Chemical shifts in the **C NMR spectra of compounds 1-3.

Carbon 1° 2° 2.HCP 2.HCI® 2.2HCI 2.2HCI® 3

C-1 35.60 34.08 31.58 32.00 30.74 31.76 30.94
C-2 53.98° 47.92 45.83 45.67 39.85 41.42 42.78
C-4 52.99 52.01 49.64 49.57 4459 46.04 47.34
C-5 27.76 29.68 27.09 27.47 25.89 27.31 25.92
C-6 26.30 34.60 32.28 32.38 28.31 28.49 30.54
Cc-7 49.75° 61.73 60.68 60.77 56.32 56.99 46.12
C-8 163.69 57.27 56.45 56.67 58.25 58.82 173.01
Cc-9 116.74 26.03 25.29 25.38 22.75 23.77 33.15
C-10 138.82 24.72 23.91 24.12 22.32 23.74 20.48
Cc-11 105.02 30.58 29.86 30.06 27.55 28.71 27.41
C-11a 151.07 66.23 65.34 65.65 65.71 66.65 60.10

% In CDClzat 293K; ? In CDCl; at 278K; ¢ In CDClzat 323K; 9In CD;0D at 293K; ®Assignment in [5] is interchanged due to printing
error.
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a)- cn3 b)

o1ow

CI7

c) o10W

Fig. 2. ORTEP drawings of 2.2HCI (a), 2.HCI (b), and 3.HCI (c) with the atomic numbering scheme (ellipsoids are
at 50% probability), the hydrogen atoms are shown as small spheres of arbitrary radii; the atomic numbering is shown
on Scheme 1, compound 2.2HCI.

"
0

B Fig_.z 3. X_|—ray éiffere‘nce onurie? map;in th_é regi?m of°N3 ar'1d N72a in 23.2HCI (a),_2.HC_I (b), and 3.HCI (c) showing

1. D m T i

the peak (excess of electron density in red) due to the hydrogen.

while in the cases of mono chloride (2.HCI and
3.HCI) the excess is only near N3 and thus only one
of the N centres is protonated, which is expected
for amide 3.HCI. In addition to the location of the
H atoms near the N centres the 2.2HCI structure
disclosed one more peculiarity. The initial structure
refinement of 2.2HCI did not include a solvent
water molecule as the maximum residual electron
density in the map was 0.86 e. However the CIF
check generated a PLATO094 alert: Ratio of
Maximum / Minimum Residual Density 2.16 e.g.
“The ratio of the maximum and minimum residual
density excursions is unusual. This might indicate
unaccounted for twinning or missing atoms (e.g.
associated with disordered solvent)”.

Therefore, in order to assess if water was present
in 2.2HCI we performed FT-IR (Fig. S11). As the
results were inconclusive, due to the overlap of
NH*, NH," and water OH vibrations, a DTA-TGA-
MS of 2.2HCI was conducted (Fig. S12). The
thermal analyses showed an endo effect around ~70
°C, accompanied by ~2.5% of mass losses while the
MS detected the release of water. This indicates the
presence of week bonded water (physisorption or
solvent) in the sample. To minimize the residual
density, solvent water was introduced in the crystal
structure and its occupancy was refined. The

comparison of the values obtained from the
structure refinement (O10W occupancy of 29%)
and TGA loss are in agreement e.g. 2.4% vs 2.5%.

There are no significant differences in distances
or angles within the molecules of the three cytisine
derivatives (2.2HCI, 2.HCI and 3.HCI) as can be
seen from the overlay of the three molecules (Fig. 4
and Table S2).

Fig. 4. Relative orientation in 2.2HCI (blue), 2.HCI
(red), and 3.HCI (grey); rmsd of 0.1498 A and 0.189 A
for 2.2HCI vs 2.HCI and 2.HCI vs 3.HCI, respectively.

It is interesting to note the geometry of the
protonated and deprotonated N7a centre with
respect to the plane formed by C7-C8-Clla. The
N7a distance to the plane is 0.444, 0.433 and 0.190
A in 2.2HCI, 2.HCI and 3.HCI respectively. The
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observed “flattening” C7-C8-C11a-N7A in 3.HCl is
due to the presence of a carbonyl group (C8=08)
and the resulting conjugation effects. In all
structures CI3 is closer to N3 with distance between
CI3...N3 slightly bigger than 3.0 A. In 2.2HCI the
second CI7 is located near N7a (N7a...Cl17 distance
of 3.099(5) A). The solvent water molecules
present on all structures interact mainly with
chlorine. In 3.HCI due to the presence of a carbonyl
group (strong acceptor) the interaction is Cl...H-O-
H...O=C, while in 22HCI and 2.HCI the
interaction is Cl...H-O-H...Cl (Fig. 5). In both
2.2HCI and 2.HCI the water position occupancy is
not full suggesting that its presence may not be
essential for the crystal structure. Indeed, in
addition to the typical hydrogen bonding
interactions the three-dimensional packing of the
molecules is stabilized by several other weak
interactions (Table S3).

Fig. 5. Observed solvent (water) interactions in a)
3.HCI, b) 2.HCI, and c) 2.2HCI; the water position
occupancy in 2.HCI is 0.41%, while in 2.2HCI it is
0.29%.
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The solution proton and carbon NMR data
(Tables 1 and 2) are fully consistent with the X ray
observations. It should be, however, noted that
while the NMR data for 3.HCI are compatible with
a single conformer, both proton and carbon spectra
indicate the presence of more conformers for 2.HCI
and 2.2HCI. Literature examples [26, 27] predict
that the end rings in 2 could principally exist as
chair and boat conformation as shown on Fig. 6.
Molecular mechanics calculations [28] for 2.HCI
provide evidence that the major conformer
constitutes of three chair rings, that corresponds to
the X ray structure. Some small amounts of the two
possible  minor conformers lead to signal
broadening that is detected both in the carbon and
more pronounced in the proton spectra.

major

. RS
g +
g PR

minor I minor IT

Fig. 6. Possible conformers for 2.HCI.

11 9 2. HCl

7 4 2 6
"J LMIW
PUV0 LR P NSRS ¥ .:l -

ls l 2 24
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T
65 60 55 50 45 40 35 30 25 20 15 ppm

Fig. 7. Aliphatic part of the carbon spectra of the
products, ordered from top to bottom: 2.HCI at 293K,
2.HCl at 323K, 2.2HCI at 293K, and 3.HCI at 293K. The
broadened signals in the spectra are indicated.

Inspection of the carbon spectra of the three
compounds (Fig. 7) indicates that most broadened
signals are observed for 2.HCI. These signals imply
possible presence of two "boat-chair-chair"
conformers (denoted as minor | and minor II),
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corroborated by the broadened carbon signals for
C-7, C-2, C-4, C-6, C-9 and C-11. On the contrary,
compound 2.2HCI does not show any broadening
of the C-9 and C-11 signals, indicating exchange
only in the N-3 containing ring (minor |
conformer). Both salts 2 differ from 3.HCI, where
no signal broadening is observed.

Detailed inspection and comparison of the
proton spectra of the compounds studied confirm
that the all chair conformer is the major one. Main
facts in this respect are some chemical shift
differences and coupling patterns. H-11a is a clear
doublet with a coupling larger than 10 Hz in all
studied compounds, indicating its axial position. A
reversal of the usual order of the equatorial-axial
protons for H-9 and H-11 is observed, confirming
1,3-syn diaxial interaction between hydrogen atoms
and N unshared electron pairs [29]. The somewhat
broadened signal multiplicities of both H-1 and H-5
does not indicate considerable presence of a boat
form, since no big coupling constant as expected
for Jyinz and Juaps in such case is observed.

CONCLUSION

The ,,sparteine surogate” (+)-(1R,5S,11aS)-tetra-
hydrodeoxocytisine is characterized for the first
time by NMR spectroscopy in solution and single
crystal XRD in solid state. The detailed analyses of
the data indicate only the all chair conformation in
solid state and as predominant in solution.
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OXAPAKTEPU3WPAHE B PA3TBOP U TBBP/I0 CHCTOSIHUE HA “CITAPTEMHOBHSI CYPOTAT”
(+)-(1R,5S,11aS)-TETPAXU/IPOJIEOKCOIIUTH3NH

C. I1. Cumeonos’, C. 1. Cumosa’, B. JI. ]_HI/IBa‘IeBZ, P. H. HCTpOBaZ, B. b. KypTeBal*
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TlocTenmna va 06 mapt 2017 .; Kopurupana a 16 maprt 2017 .

(Pestome)

~CrmaprenHoBusaT cyporat” (+)-(1R,5S,11aS)-TeTpaxupoaeOKCONMTH3MH € CHHTE3UpaH 10 JBE HW3BECTHH
MPOLEAYpPH, AUPEKTHA M JBY-CTBIIKOBA, W € OXapaKTepH3HpaH B Pa3TBOP M TBBPAO CHCTOSHHME IMOJ (hopmara Ha
cBoOomHa 0a3za, MOHO- M IU-XHIPOXJIOPHI. 3a IBPBHU IBT € INPEACTABEHO EAHO3HAYHO OTHACSIHE HA CHTHAINTE B
MPOTOHHUTE M BBraepogan SIMP chnekTpu Ha TeTpaxuApPOAECOKCONMTH3WH. HampaBeH € cpaBHHTENCH aHalIW3 Ha
JTAaHHUTE OT MOHOKpHCTalHAa peHTreHoBa audpakims n SIMP crmekTpockomus M ca AUCKYTHPAaHH MPENNOYETCHUTE
CTPYKTYPH B TBBPIO CHCTOSIHUE U B PA3TBOP.
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The aim of this study was to identify the flavonoid constituents of the Bulgarian endemic Alchemilla jumrukczalica
Pawl. and evaluate the antiradical scavenging activity of the total extract, fractions and individual compounds. The total
MeOH extract exhibited a significant DPPH activity (ICsy 10.7+0.4 pg/ml), while EtOAc fraction obtained after
partition of the total extract was found to be the most active radical scavenger (ICs 5.10.1 pg/ml). Catechin and seven
flavonoid glycosides (guajaverin, hyperoside, isoquercitin, quercitrin, miquelianin, tiliroside and trifolin) were isolated
from EtOAc fraction.Their structures were elucidated on the basis of spectral data. Quercetin glycosides (guajaverin,
hyperoside and miquelianin) were found to be better DPPH radical scavengers than kaempferol-3-O-galactoside and

catechin.

Key words: Alchemilla jumrukczalica; Rosaceae; flavonoid glycosides; DPPH assay

INTRODUCTION

Species of the genus Alchemilla L. are valuable
medicinal plants referred to the collective name
Alchemilla wvulgaris complex (Lady’s mantle).
These plants are used in phytotherapy as Herba
Alchemillae. The drug possesses astringent, diuretic
and antispasmodic properties, and is commonly
used in traditional medicine as a cure for excessive
menstruation and wounds [1, 2]. Different studies
showed that the phenolic compounds (tannins,
flavonoids, etc.) presented in the plant are
responsible for the pharmacological activity of
Lady’s mantle [3-9].

The genus Alchemilla (Rosaceae) is represented
in Bulgarian Flora by 35 species, four of them are
Bulgarian and seven - Balkan endemics [10]. The
endemic A. jumrukczalica Pawl. occurs only in the
National Park “Central Balkan” (Stara Planina Mt).
The clon-populations can be found along the
mountain streams at an altitudinal range between
1600-1800 m a.s.l. and gullies in the subalpine
mountain belt [11]. The species was protected as
rare and critically endangered one according ITUSN
criteria and is included in the Red List of Bulgarian
vascular plants [12] and Red Data Book of R.
Bulgaria [13]. Because of its very limited
occurrence, ex situ conservation of A

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

jumrukczalica started a few years ago [14]. It was
found that the species could be easily cultivated at
places with mountain climate close to that of its
natural distribution. The plants grown ex situ were
larger and more robust than those from natural
clone-populations and cultivation did not cause
significant changes in the total content of
flavonoids and tannins in the aerial parts [14]. All
these preliminary results prompted us to continue
our investigations on flavonoid constituents of A.
jumrukczalica and to assess its antioxidant capacity.

EXPERIMENTAL

Plant material

A. jumrukczalica plants with origin of native
Bulgarian population (Central Stara planina Mt.,
1600 m a.s.l.) cultivated in the experimental field of
the Institute of Biodiversity and Ecosystem
Research (Vithosha Mt., 1400 m a.s.l.) were used in
the experiments.

The aerial parts were collected within
phenophase full blossoming, air-dried and kept in
dark place.

The wvoucher specimen (SOM 165678) was
deposited in the Herbarium of Institute of
Biodiversity and Ecosystem Research, Bulgarian
Academy of Sciences, Sofia.
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Extraction and isolation

Powdered plant material (70 g) was extracted
with CH;OH (2 x 1 L) at room temperature in an
ultrasonic bath for 30 min each and once with 1 L
of CH;OH at room temperature for 24 hrs. After
filtration, the solvent from combined extracts was
evaporated under vacuum to give total methanolic
extract (CH;OH, 12.71 g). The latter was further
dissolved in distilled water (200 ml) and partitioned
with petroleum ether (PE, 4 x 80 ml), chloroform
(CHCl3, 4 x 80 ml) and ethyl acetate (EtOAc, 4 X
80 ml) to yield corresponding PE (0.50 g), CHCI,
(0.50 g) and EtOAc (1.33 g) fractions. The
remaining aqueous phase was evaporated to
dryness (H,O residue, 10.28 g).

The total methanolic extract of wild growing 4.
jumrukczalica and the corresponding fractions were
obtained from 5 g of dry plant material using the
same procedure. TLC comparison was performed
on Silica gel (EtOAc/CH;0OH/H,0, 5:0.8:0.6 and
EtOAc/HCOOH/CH;COOH/H,0, 100:11:11:26),
spraying with NP/PEG reagent and UV
visualization at 366 nm [15].

EtOAcC extract was dissolved in CH;OH (15 ml)
and filtered through celite in order to remove
insoluble parts. Clear methanolic solution was
concentrated up to 5 ml and applied to a Sephadex
LH-20 column (equilibrated with CH3;OH) to give 2
main fractions A (0.92 g) and B (0.33 g). Flavonoid
containing fraction (B) was further applied to
MPLC on LiChroprep RP-18 and eluted with
increasing concentrations of CH;OH in H,O (20
to70%). Repeated MPLC (LiChroprep RP-18,
CH30OH/H,0, 50:50) of selected fractions yielded 1
(16 mg), 2 (11 mg), 3 (4 mg), 4 (4 mg), 5 (4 mg), 6
(10 mg), 7 (1 mg) and 8 (6 mg).

Free Radical Scavenging Activity on DPPH radical

DPPH (1,1-diphenyl-2-picrylhydrazyl) radical
scavenging method was used for determination of
antioxidant capacity of the extracts and individual
compounds [16]. Different concentrations of the
extracts (2.5-100 pg/ml) and individual compounds
(220 pM) in CH30H were added at an equal
volume (2.0 ml) to CH30OH solution of DPPH" (0.1
mM, 2 ml). After 30 min at room temperature and
darkness, the absorption values were
spectrophotometrically measured at 517 nm and
converted into the percentage antioxidant activity
using the following equation:

DPPH’ (%) = [1'(Asample - Ablank)/ AcontroI]X100-
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CH30H (2.0 ml) plus plant extract solution (2.0
ml) was used as a blank, while DPPH" solution plus
CH;0OH was used as a control. The measurements
were performed in triplicate. The results are
presented as a mean = SD. The ICs, values were
defined as the concentration of antioxidant
necessary to decrease the absorbance of DPPH
solution by 50%.

RESULTS AND DISCUSSION

The DPPH scavenging assay is widely used for
preliminary evaluation of the antioxidant potential
of extracts and individual compounds [15, 16]. In
this work, the methanol extract of A. jumrukczalica
and its fractions obtained after re-extraction with
light petroleum (PE), chloroform (CHCI;), and
ethyl acetate (EtOAc), as well as the remaining
H,O residue were studied for their potential to
scavenge the stable DPPH radical (Table 1). The
total extract exhibited a significant dose dependent
inhibition of DPPH activity with a 50% inhibition
(ICsp) at a concentration of 10.7£0.4 pg/ml. As
shown in Table 1, the scavenging activities of the
fractions on DPPH increased in the order of PE <
CHCI; < H,O < EtOAc. Although the DPPH free
radical scavenging ability of the EtOAc fraction
(I1Cs0 5.1£0.2 pg/ml) was less than that of quercetin
and ascorbic acid (ICsg 2.4+0.2 and 3.8+0.2 pg/ml,
respectively) it was evident that this fraction could
serve as free radical inhibitor or scavenger.

Table 1. DPPH radical scavenging activity of A.
jumrukczalica.

Sample 1Cso (ug/ml)
total CH3;OH extract 10.7+£0.4
PE fraction >200
CHClI; fraction 57.5+0.5
EtOAc fraction 5.1+0.2
H,0 residue 7.9+0.3
Quercetin (Reference) 2.4+0.1
Ascorbic acid (Reference) 3.8+0.1

The presence of flavonoids in the most active
EtOAc fraction was initially determined by TLC
and visualization of the spots with NP/PEG reagent
[14]. Two main types of flavonoid glycosides were
detected: quercetin (orange coloured spots) and
kaempferol (yellow-green coloured spots). The
isolation of the individual compounds from EtOAc
fraction was achieved by SephadexLH-20 column
chromatography and further purification by column
chromatography and preparative TLC. Catechin (1)
[18], guajaverin (2) [19], hyperoside (3) [20],
isoquercitin  (4) [20], quercitrin (5) [21],
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miquelianin (6) [20], tiliroside (7) [22] and trifolin
(8) [23] (Fig. 1) were identified based on their
spectral data (UV, 'H NMR and MS) compared
with those published in the literature.

OH O
1 R=H Quercetin
R = 3-a-Arabinosyl

R = 3-B-Galactosy!
R = 3-B-Glucosyl

R = 3-B-Rhamnosyl|
R = 3-B-Glucuronyl

ourwWN

7 R =trans-p-Coumaroy! 8

Fig. 1. Structures of the isolated flavonoid glycosides

The obtained in this study results are in
accordance with those found previously for the
content of quercetin (2-6) and kaempferol (7 and 8)
glycosides in the species of the genus Alchemilla
[24-27]. In addition, catechin (1) has been descried
as a component of A. mollis [26] only.

Selected pure compounds were also studied for
their ability to quench the DPPH radical (Table 2)
and quercetin was used as reference compound. As
can be expected, the radical scavenging activity of
the flavonoids depends on the molecular structure
and the substitution pattern of hydroxyl groups [17,
28]. Guajaverin (2), hyperoside (3) and miquelianin
(6) are quercetin derivatives with free hydroxyl
groups at C-3’ and C-4’ and glycosylated at C-
3.The nature of sugar moiety did not affect the
activity. They had similar 1Cs, but lower activity
than that of quercetin (7.95+0.10 uM). Trifolin (8),
a kaempferol derivative contained only one free
hydroxyl group at C-4’in B ring and therefore
possessed the lowest activity (31.03+0.49 uM) [17,
28]. Catechin (1) was a weaker antioxidant
compared to quercetin and its derivatives because
of the absence of C-2/C-3 double bond and
carbonyl group at C-4 in its structure [17, 28].

Table 2. DPPH radical scavenging activity of isolated
compounds.

Compound 1Cs (UM)

Catechin (1) 14.14+0.34
Guajaverin (2) 10.83+0.23
Hyperoside (3) 11.51+0.21
Miquelianin (6) 12.14+0.36
Trifolin (8) 31.03+0.49
Quercetin (Reference) 7.95+0.10

CONCLUSION

TLC comparison of the total extracts and
corresponding EtOAc fractions obtained from wild
growing and cultivated A. jumrukczalica in the
presence of isolated compounds did not show any
significant qualitative and quantitative differences.
The obtained results revealed the possibility to use
ex situ cultivated A. jumrukczalica as a source of
secondary metabolites with potential antioxidant
activity.
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OJIABOHOUJHU I'NTMKO3U A 1 AHTUPAJIUKAJIOBA AKTUBHOCT HA BBJI'APCKUA
EHJIEMWYEH BUJI ALCHEMILLA JUMRUKCZALICA PAWL.

A. TpeHﬂaq)HHOBal*, M. ToaopOBal, A. Butkosa®

Y Unemumym no opeamuuna xumus ¢ Llenmvp no gumoxumus, Boneapcka Axademus na Hayxume, Cous 1113,
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1113 Cogus, bvreapus

Tloctenmna Ha 14 dpespyapu 2017 r.; Kopurupana na 07 mapt 2017 .

(Pestome)

LenTa Ha HACTOSIIETO U3CJIEIBAHE € J1a C€ UASHTU(GHUIUPAT (IABOHOMIHNUTE ChEMHEHNS B OBJITapCKUs CHICMUUCH
sun Alchemilla jumrukczalica Pawl. u ma ce ompemenu aHTHpaIUKaIOBaTa AKTHBHOCT Ha TOTAIHHS €KCTPAKT, (DPaKIHK
1 MHIUBHUIYyalTHH CheTUHECHUSA. TOTATHUAT METAaHOJICH eKCTPAKT nposspa 3HauntesHa DPPH akxtuBrHOCT (1Cs0 10.7+0.4
pg/ml), Ho 3a erunanerarHara ppaxims (EtOAC) monydeHa cie pe-eKCTpaKIusl OT TOTATHUS eKCTPAKT O¢ YCTaHOBEHO,
4e ¢ Hai-akTuBHUAT yrnoButen Ha DPPH pamukanu (ICs 5.1£0.1 pg/ml). Katexun u ceneM (IaBOHOUIHHU TTTHKO3UIN
(ryaitaBepuH, XUIEpO3H]l, N30KBEPLETHH, KBEPLMTPUH, MUKYEIHAHUH, THINPO3UA U TpU(POINH) OsAXa M30JHPaHU OT
ermnareraTHata ¢pakius. CTpyKTypuTe Ha Te3W CHEIMHEHHUs € YCTaHOBEHAa C IIOMOINTAa Ha CHEKTPaJHW JlaHHU.
YcraHoBeHO Oe, ue KBepLETHHOBUTE ININKO3UAN (TyallaBepHH, XUIIEPO3H/ M MUKYEJIHaHUH) ca 1M0-T00pH YIOBUTEIH Ha
DPPH panukanu ot Tpudonut (kemihepoi-3-TiIoKO31I) U KATEXUH.
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In Bulgaria, propolis tincture is among of the most popular home-made remedies. Bulgarian propolis has been
studied and it was found to originate from the bud resin of the black poplar Populus nigra L.; the chemical constituents
responsible for its biological activity are flavonoid aglycones (flavones, flavonols, flavanones, dihydroflavonols),
substituted cinnamic acids and their esters. However, the specific quantitative characteristics of Bulgarian poplar
propolis have not been studied. Validated spectrophotometric procedures were used to quantify the three main groups of
bioactive substances: total phenolics, total flavones/flavonols, total flavanones/dihydroflavonols, in 22 samples of
Bulgarian propolis from different regions of the country. Based on the results, we characterized raw poplar propolis in
terms of minimum content of its bioactive components (antimicrobial and antioxidant) as follows: 46% resin, 24% total
phenolics, 7% total flavones/flavonols; 5.4% total flavanones/dihydroflavonols. These values can be used as a basis for
Bulgarian propolis standard. They are somewhat higher that the ones suggested by the International Honey Commission
for poplar type propolis. This is a proof that Bulgarian propolis is a valuable bee product of high quality, higher than

that of the average poplar propolis samples coming from other regions.

Key words: propolis; Bulgarian propolis; chemical characterization; standardization

INTRODUCTION

Propolis, a sticky material collected by bees and
used in their hives as a general purpose sealer, is
well known for its diverse and useful biological
activities:  antimicrobial, antioxidant, anti-
inflammatory, immuno-stimulating, and many
others [1]. In the last decades, it has become the
subject of growing scientific and commercial
interest as a major ingredient of health food,
cosmetics, food additives, etc. Recently, propolis
has also been found very useful as a food
preservative and as an active agent in food
biopackaging materials [2]. A peculiarity of
propolis, which is also an obstacle to its wide
application in medicine and industry, is its variable
chemical composition. Propolis  composition
depends on the plants available to bees for resin
collection/propolis production [3]. Taking into
account the fact that bees inhabit almost all
ecosystems on Earth, obviously propolis chemistry
is very far from constant and thus a universal
propolis chemical standard is impossible. On the
other hand, in any particular environment, bees
have preferred source plants and this provides a
good basis for standardization of specific chemical

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

types of propolis [4].

In Bulgaria, propolis tincture is among of the
most popular home-made remedies. Bulgarian
traditional medicine applies it for healing of
wounds and burns, sore throat, stomach ulcer, etc.
Bulgarian propolis has been studied and it was
found to originate from the bud resin of the black
poplar Populus nigra L. [5]. Its chemical
constituents, which are responsible for its biological
activity, and especially for its antimicrobial and
antioxidant properties, are well documented. These
are flavonoid aglycones: flavones (chrysin,
techtochrysin), flavonols (galangin, kaempferol),
flavanones  (pinocembrin,  pinostrobin)  and
dihydroflavonols (pinobanskin, pinobanksin
acetate), and other phenolics (mainly substituted
cinnamic acids and their esters) [1]. It is important
to note that a single propolis batch contains over
100 individual constituents, most of them having
proven biological activity. Thus, the quantification
of all active ingredients by chromatographic
methods would be very inefficient as a routine
approach. In addition, it has turned out that it is
impossible to connect the bioactivity of propolis
(and especially the antimicrobial activity) to one or
a few individual propolis constituents [6, 7]. Till
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now, no individual propolis component was found
to possess antimicrobial activity significantly
higher than that of the total extract [6, 8].
Moreover, no statistically significant correlation
has been found between minimum inhibitory
concentration against S. aureus and the amounts of
various active propolis components [8]. For this
reason, earlier we developed and validated a
combination of simple and rapid methods for
guantification of the main groups of bioactive
substances in poplar type propolis: total phenolics;
total flavones and flavonols; and total flavanones
and dihydroflavonols [9]. Applying it to over 100
poplar samples from all over the world resulted in
determining the typical characteristics of poplar
propolis in terms of the content of biologically
active compounds [10]. However, the specific
quantitative characteristics of Bulgarian poplar
propolis have not been studied. The aim of the
present work is to study the quality of Bulgarian
propolis and provide a specific basis for its
standardization and quality control.

EXPERIMENTAL
Propolis samples

Propolis samples were kindly supplied by Mr.
D. Dimov (Sofia, Bulgaria). The exact sites of
collection are given in Table 1. The poplar origin of
the samples was confirmed by screening the
composition using TLC [11].

Propolis extraction

Frozen propolis (freezer) was grated and 1 g was
dissolved in 30 ml 70% ethanol in a 50 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. This
solution was analyzed to determine the total
phenolics and flavonoids.

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.

Flavone and flavonol content
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Total flavone and flavonol content was
measured by spectrophotometric assay based on
aluminum  chloride complex formation, as
described by Popova et al. [9]. In brief, to 2mL of
the test solution, 20 ml methanol and 1ml 5% AICl;
(wt/vol) were added and the volume made up to 50
ml (volumetric flask). After 30 min, the absorbance
was measured at 425 nm. Blank: 2 mL methanol
instead of test solution. Every assay was carried out
in triplicate. Flavone and flavonol content was
estimated using a calibration curve of galangin,
concentration range of 4-32 mg/mL.

Flavanone and dihydroflavonol content

For flavanones and dihydroflavonols, the
colorimetric method described in DAB9 was used,
modified for propolis [9]. In brief, 1 ml of test
solution and 2 ml of DNP solution (1g DNP in 2 ml
96% sulfuric acid, diluted to 100 ml with methanol)
were heated at 50 °C for 50 min. After cooling to
room temperature, the mixture was diluted to 10 ml
with 10% KOH in methanol (wt/vol). One ml of the
resulting solution was added to 10 ml methanol and
diluted to 50 ml with methanol. Absorbance was
measured at 486 nm. Blank: 1 ml methanol instead
of test solution was used in analogous procedure.
Every assay was carried out in triplicate. Flavanone
and dihydroflavonol content was estimated using
calibration curve of pinocembrin, concentration
range of 0.18-1.8 mg/ml.

Total phenolics

The Folin-Ciocalteu method was applied, as
described in [9]. In brief, 1 ml of the test solution
was transferred to a 50 mLI volumetric flask,
containing 15 ml distilled water, and 4 ml of the
Folin—Ciocalteu reagent and 6 ml of a 20% sodium
carbonate solution (wt/vol) were added. The
volume was made up with distilled water to 50 ml.
After 2 h, the absorbance was measured at 760 nm.
Blank solution: 1 ml methanol instead of test
solution was used in analogous procedure. Every
assay was carried out in triplicate. Total phenolics
content was estimated using calibration curve of
standard mixture pinocembrin—galangin  2:1,
concentration range 37-326 mg/ml.

RESULTS AND DISCUSSION

The study includes 22 Bulgarian propolis
samples from all Bulgarian beekeeping regions
(Fig. 1). All samples were proven to be of poplar
(P. nigra) origin by thin layer chromatography
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(TLC) test [11], using as references specific marker
compounds for poplar propolis [12, 13]. First of all,

the amount of balsam, the extract of crude propolis
in 70% ethanol was determined, this being the most
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Fig. 1. Locations where propolis samples were collected in Bulgaria (e).

Table 1. Percentage of balsam and main biologically active compounds™ in propolis from different regions of Bulgaria.

Sample _ o Balsam Total_ Total flavones Tot_al flavanones and
Location of origin phenolics  and flavonols dihydroflavonols
No o
% in the sample
1 Smolyan 62 41.9 13.2 9.3
2 Vratza 77 40.0 12.3 9.4
3 Cherven bryag 65 35.8 11.8 7.3
4 Cherven bryag 82 42.0 135 8.6
5 Kyustendil 48 28.0 9.1 5.6
6 Lovech 39 25.7 7.2 6.5
7 Ihtiman 64 40.2 12.2 9.4
8 Gorski lzvor village, Haskovo region 57 30.5 104 5.9
9 Prolom village, Plovdiv region 64 34.2 11.0 6.7
10 Polski Trambesh 45 24.3 7.7 5.4
11 Novi Pazar 56 30.5 10.3 6.8
12 Kazanlak 66 24.8 8.8 6.3
13 Kula, Vidin region 38 11.2 3.6 35
14 Karnobat 67 40.3 13.2 8.6
15 Topolovgrad 67 39.7 13.0 9.3
16 Krushovitsa village, Vratsa region 48 27.0 9.0 6.4
17 Pelishat village, Pleven region 58 21.2 7.2 5.4
18 Yambol 54 29.7 10.0 8.1
19 Ivanski village, Shumen region 71 36.0 11.8 7.5
20 Ko;arevets village, Gorna Oryahovitsa 33 170 45 41
region

21 Sliven 46 18.7 2.9 4.5
22 Dobrich village, Yambol region 75 38.2 9.7 6.8

* standard deviations < 6%
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Fig. 2. PCA of propolis chemical composition of propolis samples.

Table 2. Characteristics of Bulgarian propolis samples (based on 22 samples).

Parameter (content, %) Mean value Median  Minimum Maximum P80* P20
Balsam 58 60 33 88 67 46
Total phenolics 30.7 30.5 11.2 42 40 24.3
Total flavones and flavonols 9.6 10.2 2.9 13.5 12.3 7.2
Total flavanones and dihydroflavonols 6.8 6.8 3.5 9.4 8.6 5.4

usual way to extract propolis for use in medicine
and cosmetics [14]. The balsam percentage is an
important characteristic of propolis quality: in
general, high percentage of balsam means that
propolis contains a low percentage of wax and
mechanical impurities, and higher concentration of
biologically active components [6].

The values obtained from these measurements
and from the spectrophotometric procedures, are
presented in Table 1. In general, it is known that the
chemical composition of poplar bud exudates is
relatively constant; nevertheless, there could be
significant variations in the percentage of
individual constituents in specific locations or even
in different individual plants [12]. However,
looking at the data in Table 1, it is hard to make out
any specific groups based on geographic origin. In
order to analyze the relatively large amount of
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analytical data, we applied chemometric approach:
the Principal Component Analysis (PCA), using
normalized values for the content of the three
groups of bioactive compounds. The obtained two-
dimensional plot (Fig. 2) covers 100% of the
variation. Most samples, except of three, form one
well-defined group, despite the fact that they
originate from all over the country. Obviously, the
Bulgarian poplar trees produce resin of similar
guantitative composition, concerning the total
content of the three main groups of bioactive
constituents. The only exceptions are the samples
21 and 22, characterized by significantly higher
amount of total phenolics, and sample 13 with the
lowest amount of total phenolics (as percentage of
dry extract).

The statistical analysis of the data in Table 1
makes it possible to determine the range of
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probable values of the studied parameters and to
formulate appropriate limits as a basis for
standardization. The results for all of the
parameters were analyzed by the Shapiro-Wilk
normality test and it was found that the values were
not normally distributed. The same was found
earlier for poplar type propolis in general [10]. For
this reason, we believe it is improper to use mean
values as the basis for standardization. Instead, we
suggest the 20-th percentile to be used in order to
set the minimum values for content of resin and
biologically active compounds, as shown in Table
2. According to these results, we suggest the typical
characteristics of a Bulgarian propolis sample
which can be applied as the basis for
standardization and quality control, as follows:

Balsam content: minimum 46 %

Total phenolics: minimum 24 %

Total flavones and flavonols: minimum 7 %

Total flavanones and dihydroflavonols:
minimum 5.4 %

These values are somewhat higher that the ones
suggested by the International Honey Commission
[15] for poplar type propolis. Especially the value
for total phenolics content is 14% higher than the
average for polar type propolis. This fact is
important because a statistically significant
correlation has been found between total phenolics
and antibacterial effect (Minimal Inhibitory
Concentration, MIC) of this propolis type: the
higher the concentration of total phenolics, the
lower the MIC (higher antibacterial activity) [10].

CONCLUSION

The results obtained in this study present a proof
that Bulgarian propolis is a valuable bee product of
high quality, higher than that of the average poplar
propolis samples coming from other regions.
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CbABPXXAHUE HA BUOJIOTUYHO AKTHBHHM CHEJUHEHUS B BBJI'APCKHA
[MPOITIOJINC — OCHOBA 3A CTAHIAPTU3SALIUATA MY

M. ITonoga, b. Tpymera, B. bankoBa*

Hnecmumym no opeanuuna xumus ¢ Llenmvp no pumoxumus, bvreapcka akademus na naykume, yi. Axao. I'. bonyes,
on. 9, 1113 Cogpus

Tloctenmna Ha 23 despyapu 2017 r.; Kopurupana na 08 mapt 2017 .

(Pesrome)

[IpononmcoBara THHKTYpa € cpell Hai-MOMyISIPHUTE JOMAITHO MPHUTOTBSAHU JiekapcTBa B benrapus. beirapckust
MPOTIOJIKC € U3CIIEABAH M € YCTAHOBEHO, Y€ TOM MPOM3X0XK/Ia OT CMOJIaTa Ha ITBIIKUTE Ha YepHaTa Tomnona Populus nigra
L., kKaTo XMMUYHUTE CHEIAUHCHHUS, OTTOBOPHH 33 OMOJIOTHYHATA MY aKTUBHOCT ca (pIABOHOMIHHU arIMKOHHU ((IaBOHH,
(1aBoHONH, (JIABAHOHU M JUXUAPO(DIABOHOIM), 3aAMECTCHH KaHEIICHH KHCEIMHU M TeXHU ecTepu. Bee ore 0b6aye He ca
U3CEABAHN CHEIU(UIHATE KOJMYCCTBEHH XapPaKTEPUCTHKH Ha OBJIrapcKus TOIMOJIOB Mpomojiuc. M3momsBaxme
BaJIMIUPAHH CICKTPO(GOTOMETPHUYHH MPOIEAYPH 38 KOJUUYESCTBCHO ONpEACIsIHEe Ha TPUTS OCHOBHH TPYITH OHOJIOTUYHO
aKTUBHH BEIIECTBA: TOTATHU (DEHOJH, TOTATHU (DIAaBOHU U (HIIABOHONH, TOTATHH ()IABAHOHUA M AUXHUIPO(IaBOHONH B
22 mpoOu TPOMONUC OT Pa3IMYHU paiioHH Ha bBeiarapus. Bp3 ocHOBa Ha mMoONydeHHWTE pE3ylTaTH MOXKaxMme Oa
oXapaKTepH3upaMe CYpOBHs OBITapCKy MPOMOJIHC 110 OTHOIICHHE Ha MUHUMAITHO ChABP)KaHHE Ha OMOJIOTMYHOAKTBHHU
BelecTBa (aHTUMHUKPOOHATHN W aHTHOKCHAAHTHH), KakTo ciensa: 46% Oancam, 24% totamau ¢enomu, 7% TOTaTHU
¢maBoHn U ¢raBoHONH, 5,4% ToTanHM (QraBaHOHM U AUXUAPO(IaBOHONHM. Te3n CTOMHOCTH MOTaT Oa Ce M3MOJI3BAT
KaTo OCHOBA 3a CTaHAAPTH3ALXA Ha OBJITapCKUs MPOIONUC. Te HaABUIIaBaT MHHUMAITHUTE CTOHHOCTH, TPEATIONKECHU OT
MexayHapoaHaTa KOMHCHS 1O MeZa 3a TOMOJIOB TUI Mpomojiuc. To3u (akT moka3Ba, ye OBITApCKUAT MPOIOJHC €
[ICHCH MMYEJICH MPOAYKT ¢ BHCOKO Ka4yeCTBO, MO-BUCOKO OT CPEAHOTO 3a TOIOJOB MPOIOJUC OT APYrH reorpadcku
palioHu.
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Current study presents data on the content of steviol-glycosides (stevioside and rebaudioside A) in twenty four
genotypes of (Stevia Rebaudiana B.), cultivated in Bulgaria. The HPLC analysis showed that the content of stevioside
in the separate groups reached 6.80 g/100 g dry mass and that of rebaudioside A — 8.27 ¢g/100 g dry weight. These
results allow us to make a conclusion that trough the path of individual selection, it is possible to develop stevia
genotypes with high content of steviol-glycosides, under the climatic conditions of Bulgaria.

Key words: Stevia (Stevia Rebaudiana B.) leaves; HPLC determination; steviol glycosides; stevioside, rebaudioside A

INTRODUCTION

Stevia (Stevia Rebaudiana B.) is a perennial
shrub of the Asteracease (Compositae) family,
growing naturally in Paraguay and Brazil. Dried
stevia leaves are a rich source of ent-kaurene-type
diterpene glycosides, called steviol-glycosides and
the most abundant of them is stevioside [1]. Being
300 times sweeter than sucrose, stevioside is
considered as one of the strongest natural
sweeteners [2]. The content of stevioside in stevia
leaves is in the range 4-20% and depends on the
cultivar and on growth conditions [3]. Other
glycosides in the leaves are rebaudioside A (about
3%); rebaudioside C, D, E, F and dulcoside A
(totally about 2%). Minor quantities of
steviolbioside, rubusoside, and rebaudioside were
found as well [4—7]. There are evidences that other
steviol-glycosides such as steviolbioside and
rebaudioside B could be formed by partial
hydrolysis during the extraction process of steviol-
glycosides [8, 9]. Except steviol-glycoside, stevia
leaves contain variety of biologically active
substances such as flavonoids, alkaloids,
chlorophylls,  xanthophylls,  hydroxycynnamic
acids, oligosaccharides, free sugars, amino acids,
lipids and trace elements [10] and it is suggested
that stevia extracts exert beneficial effects on
human health, including anti-hypertensive anti-
hyperglycemic and anti-human rotavirus activities
[11-13].

* To whom all correspondence should be sent:
E-mail: petkodenev@yahoo.com

For many years, food industry has traditionally
used sugar as the main sweetening agent but in the
last century many synthetic and natural sweeteners
were released on the market as well. Nowadays, in
response mainly to the consumer preferences, there
is increasing demand for natural sweeteners.
Among the mandatory requirements for the
sweeteners such as lack of toxicity, consumers
prefer sweeteners that are low in calories and have
sugar-like taste profile. On the other hand, food
industry requires sweeteners that are heat and pH
stable. Steviol-glycosides being noncaloric and
high potency sweetener fulfill these requirements
and meet customer’s preferences, and therefore
subject of enormous interest in the recent years.
The commercial exploration of Stevia has become
stronger since the 70’s, when Japanese researchers
developed a series of processes for the extraction
and refining of the leaf sweeteners. It was claimed
that stevioside had a 20% of market share of low-
calorie sweeteners in Japan [14]. Nowadays, steviol
glycosides (stevioside and rebaudioside A) are
approved for general food use in Australia,
Argentina, Brazil, China, European Union, India,
Israel, Japan, New Zealand, Paraguay, Russia,
South Korea and few other countries. In the USA,
rebaudioside A and highly purified steviol
glycosides received status “generally recognized as
safe”. Presently stevia is recognized as a plant with
a significant economic value [15, 16] and is being
cultivated in different countries worldwide. Not
surprisingly many countries conduct their own
research directed to the selection of high steviol-
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glycosides cultivars and development of extraction
and separation techniques for these natural sweet
compounds [17].

Stevia is a relatively plastic culture. The
development of the plant is influenced by the
region and geographical latitudes [18]. The high
plasticity of the plant is significantly influenced by
the unique conditions of the area where it is
cultivated [19]. The climate of Paraguay is
subtropical and characteristic with variable
temperatures and high amount of rainfalls. Stevia is
thermophilic culture and it was found that
temperatures below +12 °C suppress plant
development. The plant is highly sensitive to low
temperatures and genotypes, developed in Bulgaria
freeze at 1-2 °C [18]. Therefore, under the climatic
conditions of Bulgaria stevia can be grown as
annual crop. The purpose of the current study was
to determine the content of steviol-glycosides in 24
genotypes of Stevia (Stevia Rebaudiana B.),
cultivated in Bulgaria. Such a comparative study is
the initial step in the development of Stevia cultivar
with high content of steviol-glycosides.

EXPERIMENTAL
Plant Materials

Stevia plants from different genotypes were
cultivated on the experimental fields of the
Agricultural Institute, Shumen on carbonate
chernozem soils, under irrigation. Altogether
twenty four stevia genotypes were studied. Genetic
material used is included in the breeding program
of the Institute and plants were derived and adapted
in tissue culture laboratory. Ten individual plants of
each origin were evaluated. Plants were harvested
in the autumn and fresh leaves were collected from
the stem. Leaves were dried in shade at room
temperature. Dry leaves were stored in paper bags
prior to analysis. The dry matter and the content of
steviol-glycosides were analyzed in each sample.

Extraction of Steviol-glycosides

Dry stevia leaves were ground with a coffee mill
to a homogeneous powder mass. About 1g of the
ground mass was weighed accurately and extracted
with 100 ml water at water bath (95 °C) for 30 min.
The mixture was cooled to room temperature and
filtrated trough filter paper. The filtrate was
separated and the residue was subjected to a second
extraction under the same conditions. Both
supernatants were combined and the volume was
adjusted to 200 ml with distilled water.
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Extracts purification trough solid-phase
extraction

Stevia extracts were subjected to purification by
solid-phase extraction. For this purpose, 3 ml of the
extract was passed through a column Oasis C-18,
activated with pure methanol. Impurities in the
sample were eluted first with 5 ml water and then
with 5 ml 40% methanol (v:v). Steviol-glycosides,
were eluted from the column using 5 ml of 70%
methanol (v:v). The resulting fraction was used to
determine the  steviol-glycosides by high
performance liquid chromatography (HPLC).

High performance liquid chromatography
(HPLC) of steviol-glycosides

To determine the content of stevioside and
rebaudioside A in stevia extracts an Agilent 1220
chromatographic system equipped with a UV-Vis
detector Agilent 1220 was used. The elution was
isocratic with a mobile phase acetonitrile;water
(80:20). The separation of steviol glycosides, was
performed on chromatographic column Agilent
Zorbax Carbohydrate (4.6 x 150 mm, 5 um) at
room temperature and flow rate of the mobile
phase, 1 ml/min at a wavelength of A = 210 nm.
External standards (stevioside and rebaudioside A)
were used to quantify the content steviol-
glycosides. All analyses were performed two times
and their content was expressed in g/100 g dry leaf
mass.

RESULTS AND DISCUSSION

As already mentioned the natural habitat of S.
rebaudiana is located in the subtropics, but it was
shown that the plant is worthy for cultivation in
European countries [20, 21]. The increment of
steviol-glycosides is the main goal in different
breeding programs of stevia (Stevia Rebaudiana
B.). It is known that long day conditions promote
the vegetative growth and even increase steviol-
glycosides in stevia [22]. This is an advantage of
the European latitudes, compared to the shorter
days in Paraguay and Brazil. It was proposed that
the cultivation of Stevia rebaudiana could be
economical feasible in Czech Republic [23] and
Germany [24]. To our knowledge, the current study
is the first report on the content of steviol
glycosides in Stevia genotypes, cultivated in
Bulgaria.

In our study, we investigated 24 stevia
genotypes from the genetic bank of the Agricultural
Institute — Shumen for their content of steviol-
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glycosides. The highest yield of a single plant has
been found in genotype 2304, where the excess of
the mean value for the group reached 37.5%.
Genotypes 2101 and 2110 are characteristic with
relatively equal results and with an excess of 28.7%
and 30.2% respectively (Table 1).

Table 1. Content of dry matter in stevia leaves from
different genotypes.

Genotype Dry matter Relative value
content, g to the mean, %
2001 18.2 55.5
2002 31.8 97.0
2003 18.1 55.2
2101 42.2 128.4
2102 28.5 86.9
2204 315 96.1
2205 33.7 102.8
2206 26.9 82.1
2207 344 104.9
2210 42.7 130.2
2211 33.2 101.3
2212 37.2 1135
2213 36.5 111.3
2301 29.5 90.0
2302 40.1 122.3
2303 31.9 97.3
2304 45.1 1375
2305 25.3 77.2
2306 27.4 83.6
2401 275 83.9
242 31.7 96.7
2403 40.5 1235
2404 31.1 104.0
2405 38.7 118.1
Mean 32.8 100

The HPLC method used by us allowed rapid and
precise determination of steviol glycosides
presented in the samples with very good separation
of stevioside from rebaudioside A (Fig. 1).

From the data for individual stevioside content
in the investigated selection materials, it is evident
that the average stevioside content in the
investigated genotypes was 6.38 g/100 g dry matter
(Fig. 2). Genotypes 2304 and 2401 are
characteristic with excess above the mean annual
content in the range 39.5%-44.2%. It was found
that the content of rebaudioside A, varies

significantly among the investigated samples with
average content 5.65 ¢/100 g dry weight. For
example, genotype 2205 contains 3.3 ¢/100 ¢
rebaudioside A, whereas its content in genotype
2303 reaches 16.5 ¢/100 g dry weight. The total
content of sweet substances in the dry mass is a
composite indicator comprising the amount of the
two steviol-glycosides. Our results show that the
average annual content of steviol-glycosides
reaches 12.03 ¢/100 g. This parameter varies in
relatively narrow range, indicating that to a larger
extent this is a conservative feature. The highest
content of total steviol-glycosides was recorded in
genotype 2305, where the excess over the mean for
the group was 83.7%, followed by genotype 2302
with 21.9 ¢/100 g (18.1%). These results allow us
to make a conclusion that trough the path of
individual selection it is possible to develop stevia
genotypes with relatively high content of steviol-
glycosides.

s
T
s

Rebaudioside A

A |

5 4 6 8 10 12
Fig. 1. HPLC chromatogram of 0.5 mg/ml pure
steviol glycosides (upper panel) and extract from sample
2204 (lower panel).

0

Fig. 3 presents the average data for the groups of
the studied genotypes. The highest stevioside
content (average 6.71 g/100g) possess the material
of origin 2400, whereas rebaudioside A content is
the highest in the genotypes of group 2300 (8.27
9/100 g).

Rebaudioside A is the most desirable component
due to its sweetening potency and superior taste
profile [25]. Responding to this challenge, new
cultivars with significantly higher concentration of
rebaudioside A have been reported [26]. The native
ratio stevioside:rebaudioside A in stevia leaves is
usually about 2. As a result of the higher content,
stevioside imparts a characteristic bitter after-taste
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Fig. 2. Stevioside, rebaudioside A and total steviol-glycosides content in the leaves of different stevia genotypes.
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Fig. 3. Average content of stevioside, rebaudioside A and total steviol-glycosides content in the groups of the

investigated genotypes.

to the crude extracts. Conversely, the most valuable
extracts are those that have rebaudioside A as the
major component, because of its organoleptic and
physicochemical features (the best taste profile
relative and the best solubility in water) [25], what
permits a greater variety of formulations.
Therefore, the phytochemical characterization of
new genotypes and varieties of stevia with higher
levels of total steviol-glycosides and particularly of
rebaudioside A the main goal to research groups

124

dealing with the improvement and utilization of this
source of natural sweeteners. In our study the ratio
between stevioside and rebaudioside A reached
1.13.

CONCLUSION

We investigated 24 stevia genotypes from the
genetic bank of the Agricultural Institute — Shumen
for their content of steviol-glycosides (stevioside
and rebaudioside A). Genotypes with relatively
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high stevioside (2101 - 9.2 ¢/100 g) and
rebaudioside A (2304 — 13.2 ¢/100 g) content were
selected. The content of steviol-glycosides in the
selection materials of genotype 2300 reaches 14.77
0/100 g dry weight. These results allow us to make
a preliminary conclusion that under the climatic
conditions of Bulgaria, it is possible to obtain stevia
genotypes with relatively high content of steviol-
glycosides. This opens the possibility to develop
stevia cultivar in Bulgaria rich in steviol-glycosides
and particularly in rebaudioside A.
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CbABPXKXAHUE HA CTEBUOJI I'JIMKO3UAM B TEHOTUIIOBE CTEBUSA (STEVIA
REBAUDIANA B.), KYJITUBUPAHU B BbJI'APUA

IT. H. JIeHeBl*, n. n. y‘-IKYHOBZ, B. 1. yLIKYHOBZ, M.T. Kpa‘—IaHOBal

! Hucmumym no Opeanuyna Xumus ¢ Llenmvp no @umoxumus, bvacapcka Axademus na Hayxume, Jlabopamopus no
buonocuuno Axkmusenu Bewgecmea, 6yn. ,, Pycku” 139, 4000 [1no60us, bvieapus
2 3emedencku Hncmumym ep. Llymen, 6yn. ,, Cumeon Benuxu 3, 9700 Llymen, Bvacapus

[Mocremuna Ha 06 ¢epyapu 2017 r.; Kopurupana na 24 gpespyapu 2017 r.

(Pesrome)

Hacrosimoro n3cneaBaHe mpeactaBs JaHHU 32 ChABPKAHUETO Ha CTEBUOJ INIMKO3MAM (CTEBHO3MJ M pedayIuo3ua
A) B 1aBagecer W vetHpu reHotuma creBus (Stevia rebaudiana B.), orrnexxmanm B Bearapus. Ilocpencteom
BUCOKOE(EKTHBHA TeUHa XpoMarorpadus 6e yCTaHOBEHO, Y€ ChIbP)KaHHETO Ha CTEBHO3U/ B OT/AEIHHUTE IPYIH J0CTUra
6.80 g/100 g cyxa maca, a ToBa Ha pebaynuozun A — 8.27 g/100 g cyxo Terno. Te3u pe3ynratu mo3BoJsBar Ja ce
HalpaBy 3aKIIOYECHHUE, Y€ NMPU KIMMATUYHUTE YCIOBHS B Bbarapus, mocpeicTBOM IbTsS Ha MHIAMBUAYaJCH MOAOOp ¢
BB3MOXKHO CEJICKTUPaHE Ha TEHOTHIIOBE CTEBUSI C BUCOKO ChABbPIKAaHIE Ha CTEBUOJ TTTHKO3UIH.
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The application of super-critical carbon dioxide extraction of rose hip (Rosa canina L.) seeds for production of high
quality oil was explored. For the purpose, main oil characteristics as fatty acids composition, tocopherols and
carotenoids contents, as well as the oil oxidative stability were evaluated. The results revealed that technological
conditions as pressure (350-450 bar) and particles size of the milled seeds (0.4, 1 mm) did not practically affect the
fatty acids composition. However, increasing the pressure from 350 to 400 bar caused slight increasing of tocopherols
and carotenes contents whereas decreasing of particles size reduced their amounts. The higher quantity of these
antioxidants insured better oxidative stability of the rose hip oil and thence its high quality.

Key words: rose hip oil; extraction with super-critical carbon dioxide; fatty acids; oxidative stability; tocopherols;

carotenoids

INTRODUCTION

Rose hip oil is obtained from the seeds of Rosa
canina L. fruits. Being a rich source of healthy
biologically active substances as essential fatty
acids, strong antioxidants as tocopherols and
carotenoids, etc., that oil improves lipid metabolism
and possesses anticancerogenic effects along with a
positive influence on dermatoses, ulcers and other
skin problems [1]. Therefore the use of rose hip oil
as a healthy dietary supplement and valuable
cosmetic ingredient increases significantly in recent
years and that requires development of effective
and harmless procedures for its production.

Among the methods for extraction of oils from
seeds that with super-critical carbon dioxide (CO,)
exceeds the others in the use of non-toxic, non-
corrosive, non-flammable, eco-friendly and cheap
solvent which can be recovered without damaging
the substrate and extract. Also, the low extraction
temperatures prevent thermal damage of labile
compounds [2]. In recent years the application of
super-critical CO, extraction expands significantly
and put it among the leading “green” technologies.

The information published about super-critical
CO, extraction of the oil from rose hip seeds is
deficient, fragmentary and even discrepant.

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

Therefore the aim of our work was to elucidate the
effects of some technological conditions on the
composition and stability of the oil and thus to
reveal the potential of that “green” method for
production of rose hip oil of high quality. For the
purpose, basic oil features as fatty acid
composition, tocopherols and carotenoids contents,
as well as its oxidative stability, were investigated.

EXPERIMENTAL

Samples and reagents

Seeds of rose hip (Rosa canina L.) were
provided by the Foundation Information and Nature
Conservation [3]. Reagents and solvents used for
methylation and oxidative stability determination
were of analytical grade (Merck). The solvents used
as mobile phase components were of HPLC grade
(Merck). Reference fatty acid methyl esters, alpha-
and gamma-tocopherols, and beta-carotene were
from Sigma-Aldrich, Inc., delta-tocopherol was
from Supelco. Carbon dioxide was 99.95% purity
(Messer Ltd., Bulgaria).

Extraction of oil
Air-dried rose hip seeds (with moisture content

3.2%, determined by Electronic Moisture Analyser
KERN DBS 60-3) were ground in a hammer-mill
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with 1 mm sieve and then were sorted using
respective sieves to 0.4 and 1 mm particles size
powders. The oil was extracted by super-critical
carbon dioxide (super-critical CO,) in SEPAREX
(France) high pressure extractor equipped with
extraction vessel of 5 L and working pressure up to
1000 bar. Experiments were carried out at 350, 400
and 450 bar. Effects of particles size were tested at
350 bar. After extraction at 60 °C for 120 min the
respective samples were decanted to separate oil
and eject the water. Then the oil was filtered under
vacuum and stored in dark at 4 °C prior to analysis.
Another portion of the seeds was subjected to
extraction with hexane in Soxhlet apparatus for 8
hours [4] and that sample was used as a reference.
The selection of all experimental conditions was
based on literature data.

Analysis of fatty acids composition

Fatty acids composition of the rose hip oil was
determined by gas chromatography (GC) of methyl
esters (FAME). For the purpose, about 50 mg oil
were transmethylated with 1% sulfuric acid in
methanol [5]. The FAME were purified by
preparative silica gel G thin-layer chromatography
(TLC) using hexane-acetone (100:6, v/v) as a
mobile phase. GC was performed on Shimadzu
17A  (Shimadzu, Japan) gas chromatograph
equipped with flame ionization detector and
Supelcowax-10 column (100 m x 0.25 mm x 0.25
um, SUPELCO). The column temperature was
programmed from 160 °C to 270 °C with 4 °C/min
and held at this temperature for 20 min. The
injector and detector temperatures were 260 °C and
280 °C, respectively. Helium was the carrier gas at
flow rate of 1.1 mL/min; sample size 15 pg, split
1:50. The peaks identification was according to
retention times of the reference FAME. Analyses
were performed in triplicate and the results were
presented as relative percent of each fatty acid.

Analysis of tocopherols and carotenoids

Tocopherols and beta-carotene were analyzed
directly by HPLC using Agilent 1100 liquid
chromatograph equipped with an autosampler
injector, column oven (25 °C) and diode-array
detector at 292 nm (for alpha-tocopherol), 298 nm
(for gamma- and delta-tocopherols [6]) and 450 nm
(for beta-carotene [7]). Analyses were carried out
on 250 mm x 4.6 mm Nucleosil 100-5 column
including an EC 4/3 Nucleosil 100-5 guard column
(Macherey-Nagel). Tocopherols were eluted by

mobile phase of hexane-tetrahydrofuran (96:4, v/v)
at 1 mL/min flow rate (400 pg sample size)
whereas beta-carotene was eluted by hexane at 0.8
mL/min  flow rate (400 pg sample size).
Identification was by comparison of retention times
with that of reference individual isomers.
Quantitation was done using respective calibration
curves obtained as follows: (i) stock solution of 0.1
mg/mL alpha-, gamma- and delta-tocopherol,
respectively, in hexane was diluted to work
solutions with concentrations in the range 0.025 —
0.05 mg/mL; (ii) stock solution of 25 mg/L beta-
carotene in hexane/2-propanol mixture (10:1 v/v),
stored under nitrogen at -20 °C in dark, was diluted
to work solutions with concentrations in the range
0.25-2.5 mg/L. Measurements were done in
triplicate and the results were presented as [mg/kg
oil].

Total carotenoids were determined spectro-
photometrically using Cecil Series 8000 UV/VIS
double beam scanning spectrophotometer (Cecil
Instruments Ltd., UK) at 445 nm [8]. A calibration
curve was prepared using solutions of beta-carotene
in cyclohexane with concentrations in the range
0.5-10 mg/L. The measured samples contained
about 1.2000 g oil dissolved in 25 mL cyclohexane
(volumetric flask) with careful keeping of all these
solutions in dark. Measurements were performed in
triplicate and the results were presented as beta-
carotene content [mg/kg oil].

Determination of oxidative stability

The Acid value (AV, presented as mg KOH/qg)
was determined by titration with ethanolic KOH
[9]. Free fatty acids (FFA, given as % oleic acid)
were measured titrimetrically using ethanolic
NaOH [10]. The Peroxide value (PV, expressed as
mEqg/kg) was estimated by modified iodometric
method [11]. The Induction period (IP, in hours)
was found out by the following procedure: oil
sample (2 g) was oxidized at 100 °C by blowing air
at 50 mL/min flow rate. Aliquots were taken in
fixed time intervals and the degree of oxidation was
estimated by iodometric determination of the
peroxide value (PV). Then kinetic curves of PV
accumulation were plotted, all of them representing
the mean value of three independent experiments.
The Induction period (IP) was determined by the
method of tangents to two parts of the Kinetic
curves [12]. Linear relationship between parameters
investigated was obtained using the Linear fit tool
of Origin software (OriginLab Corporation, MA,
USA).
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Statistics

The results are presented as mean values of
three measurements + standard deviation and have
been compared by Student’s t-test (Microsoft Excel
software).

RESULTS AND DISCUSSION
Fatty acids composition

Rose hip oil is one of the several seed oils which
are abundant in the essential omega-3 (linolenic)
fatty acid. With its about 23% linolenic (18:3) acid,
50% linoleic (18:2), 16% oleic (18:1) and 9%
saturated (18:0 and 16:0) fatty acids the oil
analyzed here (Table 1) was similar to those
produced by different methods in Turkey [13—16],
Romania [17], Hungary [18, 19], Poland [20].
Regarding fatty acids composition of rose hip oils
obtained by super-critical CO, the data are scarce
and inconsistent. Among four studies found in the
literature [18, 19, 21, 22] only one [21] investigated
effects of super-critical CO, extraction conditions
(pressure, temperature, flow rate) on the fatty acids
amounts. It was interesting that such effects were
observed for 16:0, 18:0 and 18:3 only but not for
18:2. It should be noted that 18:1 was not
mentioned among the results. Moreover, the
unidentified components varied between 4 and 18%
but these analytical flaws were not taken into
account by the authors. The other three papers [18,
19, 22] compared fatty acids composition of oils
obtained by super-critical CO, and by the standard
Soxhlet extraction. According to one of them [19]
there were differences in 16:0, 18:1 and 18:2 (but
not in 18:3 and 18:0) amounts depending on the
extraction method. The other two papers [18, 22]
did not report any influence of the method of
extraction on the FA composition of rose hip oil.

Table 1 presents our results about fatty acids
composition of oil samples obtained by super-

critical CO, at different conditions and by Soxhlet
extraction. As can be seen, practically no
differences are observed. Thus, super-critical CO,
extraction can be successfully used for production
of rose hip oil with preserved essential fatty acids.

Tocopherols and carotenoids

Tocopherols and carotenoids are important
biologically active substances. They are strong and
effective natural antioxidants and for that reason
higher their amounts are desirable feature of all oils
and fats. Especially for rose hip oil which is highly
unsaturated (Table 1) their contents are crucial for
its stability. Unfortunately, significant part of them
could be lost during oil production and that depends
on both the method used and the applied
technological conditions.

According to results found in the literature about
tocopherols in rose hip oil (Table 2) cold-pressed
oils have quite high tocopherols levels compared to
other technologies, with total amounts above 1000
mg/kg oil. To the best of our knowledge, no data
for tocopherols in rose hip oil extracted with super-
critical CO, have been published yet, thence the
investigations presented here reveal new and useful
information.

Our results are given in Table 3. As can be seen,
two isomers (alpha- and gamma-) were measured at
that gamma-tocopherol was above five times more
than the alpha-isomer. Beta-tocopherol was not
expected to be present in measurable levels (Table
2), whereas delta-tocopherol was not detected in oil
samples. Total amounts of tocopherols were above
1100 mg/kg which exceeded the best results
achieved by other extraction methods. Concerning
the production conditions, increasing of CO,
pressure to 400 bar slightly increased the gamma-
tocopherol amount. On the other hand, decreasing
the particles size from 1 to 0.4 mm reduced
amounts of both alpha- and gamma-isomers.

Table 1. Fatty acids composition (rel.%) of rose hip oil obtained by super-critical carbon dioxide extraction (SC-CO,) and in

Soxhlet apparatus.

) SC-CO, sC-Co, sC-Cco, sc-Co, )

Fatty acids 350bar/lmm 350bar/0.4mm 400bar/lmm  450bar/imm  >oxhletextraction
160 53407 5307 52+08 53206 53209
161 0.1+0.01 0.1+001 0.1+001 0.1+001 0.1+001
18:0 3.6+03 35404 34404 35403 34405
181 15.840.6 15.6+0.5 155407 15807 150409
18:2 503+1.8 50.7+1.7 50.6+1.9 504+2.0 50.7+£23
18:3 232409 231411 235411 232412 230+ 1.5
200 13+01 13+01 13201 1301 12+01
201 0.3+ 0.06 0.3+001 0.3+0.0 0.3 +0.01 0.3 +001
220 0.1+0.01 0.1+ 002 0.1+001 0.1+0.01 0.1+001

* Within each row, no statistically significant difference between values was found (at P=0.95).

128



S. Taneva et al.: Super-critical carbon dioxide extraction as an effective green technology for production of high quality rose hip oil

Table 2. Data found in literature about tocopherols content in rose hip oil obtained by different methods (average

values).

[Ref. No.] a-tocopherol  B-tocopherol  y-tocopherol  &-tocopherol toccfo';]ilrols
Extraction method (mg/kg) (mg/kg) (mg/kg) (mg/kg) (m% Ikg)
[16] cold-pressing 58 5 1060 4 1125
[20] cold-pressing 120-150 nd* 630-780 230-260 1000-1200
[23] hexane 170 nd 900 30 1100
[14] hexane 8 nd nd nd -

[18] subcritical CO,-propane 57 nd 92 27 180
[24] Soxhlet 16 15 nd nd 17.5

* nd - not detected

Table 3. Tocopherols, carotenoids contents and oxidative stability parameters of rose hip oil obtained by super-critical

CO, extraction at different conditions.

SC-CO, SC-CO, SC-CO, SC-CO,
350bar/Imm 350bar/0.4mm 400bar/Imm 450bar/Imm
tocopherols
a-tocopherol (mg/kg) 180 + 10%* 150 + 10° 200 £ 10° 190 + 10*
y-tocopherol (mg/kg) 1040 + 20* 980 + 20° 1160 + 20° 1180 + 20°
total tocopherols (mg/kg) 1220** 1130** 1360** 1370**
carotenoids
total carotenoids (as - 16.6 + 0.6 14.1+ 0.6 18.4+0.6° 18.0 +£0.5°
carotene, mg/kg)
B-carotene (mg/kg) 9.0+0.3% 3.5+0.2° 11.5+1.0° 12.5+0.8°
oxidative stability
AV (mg KOH/g) 6.6 +0.8° 6.1+0.7 2.8+0.5° 3.2+0.5°
FFA (% oleic acid) 3.5+0.4° 32+03% 1.5+03° 1.7+0.3°
PV (mEg/kg) 9.0+0.4° 72+04° 6.1+0.3° 59+0.3°
IP (hours) 49+03° 5.6+0.3° 6.7 +0.5° 6.6 £ 0.4°

* Different letters within each row indicate statistically significant difference between the mean values (at P=0.95).

** Sum of the values for alpha- and gamma-isomers.

However, even the lowest tocopherols contents
are comparable to the best results obtained by other
extraction  methods  (cold-pressing,  hexane
extraction, etc.).

Carotenoids and specially beta-carotene in rose
hip oil are presented in several publications.
Depending on the producing technology, their
amounts vary from 40 to 150 mg/kg for total
carotenoids [15, 19, 20, 23] and from 0.2 to 2
mg/kg for beta-carotene [14, 18, 23]. According to
our results (Table 3), super-critical CO, extraction
at the investigated conditions ensured rose hip oil
with 14-18 mg/kg total carotenoids and 4-13
mg/kg beta-carotene. Comparing to the results
mentioned above, total carotenoids were far less but
the beta-carotene content was significantly higher
than the available data. As with the tocopherols,
increasing the pressure from 350 to 400 bar caused
slight increasing of carotenes contents whereas
decreasing of particles size reduced their amounts.
Comparing to other methods, the extraction with
super-critical CO, ensures rose hip oil rich in beta-
carotene along with tocopherols.

Oxidative stability

The oxidative stability of oils depends mainly on
their fatty acids composition and the presence of
antioxidants. Because of its high content of
linolenic acid the rose hip oil is expected to have
rather low oxidative stability. In literature have
been found data only about acid value (AV) and
peroxide value (PV) of two cold-pressed rose hip
oils, in the range respectively 0.1-0.6 mg KOH/g
and 1.2-2.1 mEg/kg [20]. Our results about
oxidative stability are given in Table 3. Concerning
AV and PV, the values of oil produced by super-
critical CO, (2.8-6.6 mg KOH/g and 5.9-9.0
mEq/kg) are higher than cold-pressed rose hip oils
cited above. Nevertheless, AV and free fatty acids
(FFA) are below the maximum values permitted for
virgin olive oil [25]. The induction periods (IP) of
tested rose hip oils (4.9-6.7 hours) are typical for
oils with similar unsaturation, e.g. linseed oil [26].
Regarding conditions for super-critical CO,
extraction and samples content discussed in the
previous sections, it should be expected decreasing
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of AV, FFA and PV and respective increasing of IP
with increasing of the CO, pressure because of the
same trends in the main antioxidants along with no
alteration in fatty acids (Tables 1 and 3). Indeed,
the results for oxidative stability of rose hip oil
samples (Table 3) confirm that assumption. So,
pressures above 400 bar could be recommended for
production by super-critical CO, extraction of rose
hip oil with higher stability, i.e. of higher quality.

CONCLUSION

The extraction of rose hip seeds with super-
critical CO, enables production of high quality
glyceride oil containing significant amounts of
unchanged essential fatty acids and natural
antioxidants (mainly tocopherols and carotenoids).
Extraction conditions such as pressure (350-450
bar) and particles size of the milled seeds (0.4, 1
mm) do not practically affect the fatty acids
composition. On the other hand, increasing the
pressure from 350 to 400 bar causes slight
increasing of tocopherols and carotenes contents
whereas decreasing of particles size reduced their
amounts. The higher quantity of these antioxidants
insures better oxidative stability of the rose hip oil
and thence its high quality.
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EKCTPAKIUATA CBHC CYIIEP-KPUTHUYEH BBIJIEPOAEH JUOKCHU KATO
E®EKTUBHA ,3EJIEHA“ TEXHOJIOT'UA 3A TIOJIVHABAHE HA BUCOKOKAYECTBEHO
HIUIIKOBO MACIJIO

C. Tanesa, A. Konakuues, 1. Touesa, M. KamenoBa-Hauesa, 5I. Hukonosa, Cs.
Mowmumiiosa*, Bi. Jlumutpos

Hnuemumym no Opeanuuna Xumus c L{enmvp no @umoxumus, Beaeapcka Axademus na Haykume, yn. Axao. I'. bonuyes,
on. 9, 1113 Cogpus, bvreapus

IMocrpnuna va 09 mapt 2017 r.; Kopurupana na 21 mapt 2017 1.

(Pesrome)

W3cnenpaHo € NPUIIOKEHHETO Ha SKCTPAKLHMATA ChC CYNEP-KPUTHYCH BBIVICPOACH NHOKCHA 3a MOJNy4aBaHE Ha
BHCOKOKa4eCTBEHO Maclio OT ceMkH Ha mmrnka (Rosa canina L.). 3a menra ca onpeeneHr OCHOBHUTE XapaKTEPUCTHKH
Ha MacJIOTO KaTO MaCTHO-KUCEJIMHEH ChCTaB, ChbpKaHUE Ha TOKO(EPOIIN U KapOTEHOMIH, KAKTO M OKHCIHUTEHATA MYy
crabunHocT. Pesynrarure mokasBar, ye TEXHOJOTHYHU ycloBHs Karo Hajsraneto (350-450 6apa) u pasmep Ha
yacTuuute Ha cmieHnTe ceMku (0.4, 1 MM) He BIMAAT BBPXY MAaCTHO-KHCENMHHHS cbcTaB. Obaye, NOBHIIABaHE Ha
HajsraHeto oT 350 no 400 Gapa mpeanM3BUKBA JICKO YBEIHYCHHE B TOKO(EPOIHOTO M KAPOTCHOHIHO ChIbPIKAHHUE,
JOKaTo HaMaJsIBaHE pa3Mepa Ha YaCTHUIIMTE BOIY JO HaMajsgBaHE Ha KOJIMYECTBOTO TOKO(eponu W kaporeHounmu. [lo-
BHCOKOTO ChIBPXKAaHHE Ha Te3W aHTHOKCUIIAHTH OCUTYpsBa IT0-BUCOKA OKHUCIHMTENIHA CTAOMIHOCT Ha IUIKOBOTO MAciIo
Y TaKa IIOBHILABa HErOBOTO KAa4eCTBO.
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The aim of this study is to evaluate the interactions between a lipase from Candida rugosa (CRL) with ionic liquids
(ILs) consisting of cholinium [Chol] or 1-ethyl-3-methylimidazolium [emim] cation, and anions of amino acids with
uncharged non-polar or polar side chains. The effect of the ILs on the enzyme activity was followed in a
spectrophotometric assay using 4-nitrophenyl acetate as a substrate. The compounds were tested in a wide concentration
range. Added to the reaction mixture at concentrations up to 0.025 mM, all cholinium-based ILs, except cholinium
glycinate, enhanced or had no effect on CRL activity. Large influence of the anion and a clear trend in the order
Leu>Trp=>Thr>Val>Met>Ile>Gly of decreased activity was observed for the two series. The effects induced of [emim]
were stronger than those observed for [Chol]. FTIR spectroscopy was applied to be monitored IL-induced changes in
the secondary structure of CRL. A correlation between the activities of CRL in presence of ILs and the changes in the

enzyme structure was established.

Key words: Candida rugosa lipase; ionic liquids; hydrolytic activity; protein secondary structure

INTRODUCTION

Lipases [EC 3.1.1.3] are hydrolytic enzymes that
catalyze the hydrolysis of ester bonds in
triacylglycerols, which results in formation of di-,
monoacylglycerols, glycerol and fatty acids [1].
Despite of their origin, lipases share common
structural organization (o/B fold) and have the same
catalytic centre [1]. They differ in their substrate
specificity and biochemical properties, which is a
key factor for their versatile applications as
biocatalysts for various industrial processes,
diagnostic tools or food supplements in medicine,
biosensors for pesticide detection, etc. [2-6].

Microbial enzymes are of great commercial
interest, which is due to their advantages over the
enzymes of plant and animal origin. For example,
they are obtained at lower production costs, they
can be easily isolated and genetically manipulated,
they are relatively more stable, etc. [7, 8].

Lipase from Candida rugosa (CRL) has a broad
specificity and is used as catalyst in biodiesel
production, reactions of enantioselective hydrolysis
and/or esterification, modifications of natural
products, etc. [9-12]. Yet, biocatalysts remain
relatively expensive and less stable in comparison

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

to the conventional catalysts and despite of their
higher selectivity their industrial usage is not high.
It is noteworthy to be mentioned that most of the
bacterial lipases exhibit good activity in organic
solvents, while some of enzymes are alkaline-,
acid- or salt-tolerant [13, 14]. Media engineering is
an easy-to-perform and an effective strategy to
enhance activity, improve stability and/or tuning
the lipases selectivity [15, 16]. In some cases
adding of a surfactant to the reaction media or pre-
treatment of lipases with organic solvents may alter
their specificity or may have an effect on their
activity [17, 18]. In last two decades scientists have
focused their attention on the possible application
of ionic liquids (ILs) as solvents or co-solvents for
enzyme-catalyzed reactions [19]. ILs are mixtures
of organic cations and/or anions that melt below
100 °C [20]. Up to date there is no systematic
knowledge on the interactions of ILs with lipases,
in particular CRL, although many papers have been
published on this topic. For example, CRL
exhibited higher thermal stability in 1-methyl-3-
octyl-imidazolium hexafluorophosphate [omim]
[PFe] than in hexane [21]. Li et al. reported that
CRL chemically-modified with IL based on
PEGylated imidazolium cation and dihydrogen
phosphate anion have also enhanced thermal
stability catalytic activity and is tolerant toward
polar organic solvents in comparison to the native
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CRL [22]. In addition, Cabrera-Padilla el al. found
that adding of 1-butyl-3methylimidazolium bis-
(trifluoromethylsulfonyl) imide [bmim][NTf,] to
the enzyme loading solution facilitated CRL
adsorption on eco-friendly organic polymer, which
resulted in 3-fold increase of the immobilization
yield [23]. Shah and Gupta reported a highly
enantioselective  transesterification of (¥)-1-
phenylethanol in [bmim][PFs] catalyzed by CRL
[24]. Enhanced enantioselectivity of CRL in
[omim][PFs] was reported by other authors [25,
26]. On the other hand, CRL did not exhibit any
activity in the reaction of acylation of flavonoid
glycosides in 1-butyl-3-methylimidazolium tetra-
fluoroborate [bmim][BF,] and [bmim][PFs] [27].
Low enantioselectivity was reported also for the
CRL-catalyzed esterification of ibuprofen with 1-
propanol in ILs containing imidazolium or
phosphonium cation and organosulfate anion [28].

The activity of CRL in presence of ILs
containing amino acid anions has not been
evaluated yet. Such ionic liquids have relatively
low toxicity and are considered as biocompatible
and easily biodegradable [29]. In this research, we
tested the activity of CRL in presence of IL
containing 1-ethyl-3-methylimidazolium [emim] or
cholinyl [Chol] cation and non-polar amino acids as
anions. The results from the enzymatic activity
assays are correlated with the induced by ILs
changes in protein structure.

EXPERIMENTAL
Materials

Lipase from Candida rugosa (CRL) (MW 64
kDa, 30 U/mg (olive oil as a substrate), 10% (w/w)
protein content) was purchased by Amano
Pharmaceutical Co., Japan. 4-Nitrophenyl acetate
was obtained from Sigma. 1-Ethyl-3-methyl-
imidazolium amino acids [emim][AA] and
cholinium amino acids [Chol][AA] (Scheme 1)
were synthesized, purified and characterized as
previously described [30, 31].

Hydrolytic activity assay

Prior to be tested, 20 pL of CRL stock solutions
(20 mg/mL in 0.05 M sodium phosphate buffer, pH
7.0) were mixed with 20 pL of solutions of ILs in
water (0.01-0.5 M). Then, aliquots of 0.01 mL IL-
treated CRL were withdrawn and were added to a
reaction mixture consisting of 1.65 mL sodium
phosphate buffer (0.05 M, pH 7.0) and 0.04 mL of
0.02 M 4-nitrophenyl acetate in DMSO. The release

of 4-nitrophenol with the time was monitored
spectrophotometrically at 410 nm (emolar = 14 200
M~ cm™). Spontaneous hydrolysis was taken into
account in control experiments without an enzyme
but in presence of the corresponding amount of IL
(or water). The activity of CRL-IL complexes is
expressed as relative activity in comparison to the
activity of native CRL, which is taken for 100%.

All experiments were performed in triplicate and
the mean values were reported. The relative
standard deviation for each experiment was up to
5%.

Cations

= |
/NG\/ HO/\/ N<

1-ethyl-3methylimidazolium [emim] cholinium [Chol]

Anions o
0"

NH, where R is:

H S
glycinate [Gly]
hioninate [Met]

leucinate [Leu]

AT 3
S~

isoleucinate [Ile]

valinate [Val]

tryptophanate [Trp]

Scheme 1. Structures of the tested compounds.
Fourier transform infrared spectroscopy (FTIR)

For the measurements, solutions of 40 mg/mL
CRL in 5% (w/v) ionic liquid or water were
prepared. Infrared spectra of the CRL-IL complexes
were recorded on Bruker Tensor 27 spectrometer,
equipped with deuterated triglycine sulphate
detector (DTGS). Each sample was deposited onto
a diamond crystal (ATR element) and a 64 scan
interferogram was collected in a single beam mode,
with 2 cm™ resolution from 4000-600 cm™.
Reference spectra containing the corresponding IL
in the same concentration were recorded. A
baseline correction was performed in the amide |
region (1600-1700 cm') assuming a linear
baseline. In order to enhance the component peaks
contributing to Amide | band the spectra were
treated by Fourier-self deconvolution using Opus
software version 5.5. Second derivative spectra
were obtained using the Savitzky-Golay algorithm
based on 25 smoothing points. In the fitting, the
number of components and the initial values of
their position were set as determined from the
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second derivative spectra. The initial bandwidth of
all components was set to 11 cm™ and the
components were approximated by mixed
Lorentzian/Gaussian functions. The curve-fitting
was performed according to the Local Least
Squares algorithm. The assignment of the Amide |
band positions to secondary structure was done
according to the literature data [32].

RESULTS AND DISCUSSION

Activity of CRL in presence of [emim][AA] and
[Chol][AA]

ILs containing amino acid anions with
uncharged non-polar or polar side chains were
selected for this study. All compounds were tested
in a concentration range between 0.025 and 0.25
mM. We found that both the structure of the cation
and the anion of the ILs have an effect on the CRL
hydrolytic activity (Fig. 1A and 1B).
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Fig. 1. Hydrolytic activity of Candida rugosa lipase
in presence of cholinium-based amino acids (A) and 1-
ethyl-3-methylimidazolium-based amino acids (B).
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Significant decrease of the hydrolytic activity of
CRL was observed in presence of all [emim]AAs,
except for the most dilute solutions of [emim][Leul],
[emim][Trp] and [emim][Thr]. On the other hand,
CRL is relatively stable in presence of [Chol][Trp]
and [Chol][Thr] at the all tested concentrations. In
contrast, the hydrolysis rate of 4-nitrophenyl acetate
tends to decrease in presence of the other cholinium
amino acids in a dose-dependent manner. In
comparison, Deive et al. reported for a downward
shifts of the thermal unfolding of a lipase from
Thermomyces lanuginosus in the presence of
cholinium alaninate, cholinium glycinate and
cholinium lysinate [33]. It was assumed that the
examined salts induce also some changes in the
lipase conformation, which resulted in its increased
lipolytic activity [33]. In addition, higher yield of
the target fatty acid esters i.e. enhanced
esterification activity was reported for CRL pre-
coated with tetraethylammonium I-histidinate and
tetraethylammonium Il-asparaginate [34]. To the
best of our knowledge, beside the above two
papers, there is no systematic research on the effect
of amino acid-based ILs on the activity and/or
structure of lipases. Large influence of the anion
and a clear trend in  the  order
Leuw>Trp>Thr>Val>Met>lle>Gly  of decreased
activity was observed for the two series.

Conformational changes in CRL molecules in
presence of [emim][AA] and [Chol][AA]

We recorded FTIR spectra of the CRL-IL
complexes that exhibited an enhanced, unaltered
and/or deteriorated catalytic performance in
comparison to the activity of the native CRL in
order to assess the changes in the enzyme
secondary structures that were induced by the
amino acid salts. There are several main secondary
structures that were observed in the following
frequency intervals: o-helical structures at 1650—
1659 cm™, B-sheet structures at 1625-1635 cm™,
random coils at 1640-1647 cm™, B-turns at 1670—
1688 cm™, as well as aggregated or antiparallel -
sheets at 1609-1614 cm™, and vibrations of
tyrosine residues comprising the protein molecule
at 1600-1606 cm™. The estimated elements of the
secondary structure are summarized in Table 1. A
decrease in a-helix and B-structures in favor of
unordered and aggregated structures has been found
in the FTIR spectra of the two CRL-glycinate
complexes. In addition, an increase in the
proportion of the band, characteristic for the amino
acid side-chains (mainly benzene ring of tyrosyl
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Table 1. Main secondary structure elements of Candida rugosa lipase obtained by FTIR-spectroscopy in water solution of ILs.

Relative area, %

a-helix B-sheet B-turn random antiparallel B- Tyr-
Solvent coils/unordered sheets/aggregated  residues
structures strands
water 27.2 34.9 20 - - 5.1
[Chol][Gly] 16.5 20.6 18.3 26.5 7.8 17.2
[emim][Gly] 16.2 16.9 10.5 19.7 18.4 18.2
[Chol][Met] 25.8 16.5 11.9 28.5 17.3 -
[emim][Met] 25.2 18.6 10.7 255 20.1 -
[Chol][Val] 41.7 28.9 16.2 - 13.2 -
[emim][Val] 24.3 21.8 11.3 20.7 21.8 -
[Chol][Thr] 22.0 27.3 12.7 15.6 17.5 -
[emim][Thr] 25.3 20.7 13.1 25.1 - 14.9

Complexes were prepared by mixing of CRL (40 mg/mL, 0.62 mM) with water solutions of 200 mM [Chol][AA] or [emim][AA].

residues) can be seen, which means that these
hydrophobic residues, which in the native lipase are
buried in the interior of the protein molecule, in
presence of [Chol][Gly] and [emim][Gly] become
more exposed to the solvent. All this implies a
partial unfolding of the CRL in presence of the two
glycinates and correlates with the observed
reduction in the enzyme hydrolytic activity.

At the lowest tested protein-to-IL ratio,
[Chol][Met] and [Chol][Val] have no effect on the
CRL activity, while [emim][Met] and [emim][Val]
have weak inhibitory effect. No unfolding was
noticed in the FTIR spectra of CRL in presence of
these four ILs. However, in this case a significant
rearrangement in the protein molecule was
observed. Interestingly, the two IL with methionine
anions induced the same structural changes in the
CRL conformation and the effect of the cation is
neglectable. On the other hand, both [Chol][Val]
and [emim][Val] suppressed the aggregation and/or
unfolding and the lipase folds into more coiled and
compact conformation. In addition, an 1.5-fold
increase in the a-helix content of CRL was
observed in the presence of cholinium valinate.
This change, however, probably did not occur near
the enzyme active centre, thus the enzyme activity
remained preserved. In contrast, the two ILs with
the threonine anion induced reorganization in CRL
molecules which probably makes the active site
more accessible to the substrate and resulted in the
enzyme activation.

CONCLUSION

lonic liquids that contain anions of amino acids
with medium or large size hydrophobic side-chain
residues have a stimulatory effect on Candida
rugosa lipase, when added to the reaction mixture
in quantities up to 100-times higher than the

concentration of the lipase. In general, such ILs do
not promote unfolding, but induce rearrangement in
the protein molecule and possibly the enzyme
active site becomes more accessible to the
substrate. On the other hand ILs with glycinate
anion initiate processes of denaturation and
aggregation which results in decreased enzyme
activity.
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OBSJCHEHUE HA PA3JIMKUTE B AKTUBHOCTTA HA JIMITA3A OT CANDIDA RUGOSA B
ITPUCHCTBUE HA MOHHU TEUHOCTHU HA OCHOBATA HA AMUHOKVCEJIMHU YPE3
I[TPOMEHHU B ITPOTEMHOBATA KOH®OPMALINA

M. FqueBal*, . Sruesa’, I1. Ocosut’, E. SIHyc2

1
Hucemumym no opeanuuna xumusi ¢ Llenmop no pumoxumus, bvreapcrka Axkademus na Hayxume, Cogus, bvreapus
2
Hucmumym no opeanuuna xumuyna mexuonoaus, 3anaouo Ilomepancku mexuonoeuuen ynugepcumem na [llueuun,
Tonmua

Tlocrprmna Ha 24 pespyapu 2017 r.; Kopurupana Ha 13 mapt 2017 .

(Pesrome)

BbB (oKyca Ha HACTOAIIOTO M3CIIEABAHE Ca B3aMMOJIEHCTBIATA Ha Jinnasa, usonupana ot Candida rugosa (CRL), ¢
HOHHU TeyHOCTH, Chabpkamm xoiuH [Chol] wmm 1-etmn-3-mermn wmumasomueB [emMiM] KaTHOH W aHHOHH —
He3ape/ieHn aMuHOKHcenHH. EQexTsT Ha fonuuTe Teunoctu (MT) BbpXy eH3MMHATa aKTMBHOCT Oellle M3CIE/IBaH 3a
BCHYKH CHCJMHEHMS B INMPOK KOHIEHTPALMOHEH WHTEpBaJ B MOJEIHA PEakUus cOpsMo cybctpar 4-HUTpodeHHT
anerar. C M3KJIIOUEHHE HA TIMIMHATA, BCHUKH ocTaHamy MT OT XONMHOBAaTa CepHs HAMAT e(eKT WIM TOBMIIABAT
axtiBHOCTTa Ha CRL, 100aBeHH B HMCKH KOHI[EHTPAIMK KbM PeaKIMOHHATa cMec. 3a aBere cepun UT ce Habmonasa
3aBHCHMOCT Ha €H3MMHATa aKTHBHOCT OT CTPYKTypaTa Ha aHHOHa, Makap 4e TCHACHLHATA € MO-CHO M3pa3eHa HpH
cepusTa, chappxkama [emim] karmon. C momomra Ha MY cnekrpockomus OsXa NPOCICICHH NPOMEHHTE BBB
BrOpuyHata cTpykrypa Ha CRL, mmaymupann ot WIT. HampaBena e Kopenamusi Mekiy Bb3HMKHAIMTE IPOMEHH B
CTPYKTYpaTa Ha €H3MMa M OTUETEHATA aKTHBHOCT B IIPUCHCTBHE Ha MT.
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Apocynin is known as a nicotinamide adenine dinucleotide phosphate oxidase inhibitor and has been used as one of
the most promising drugs in experimental models in vascular, inflammatory and neurodegenerative pathologies where
the regulation of reactive oxygen species (ROS) plays a crucial role. Different possible mechanisms such as hydrogen
atom transfer (HAT), single-electron transfer (SET-PT), sequential proton loss electron transfer (SPLET) were studied
by DFT computations of the respective reaction enthalpies in polar and nonpolar solvents. The reactivity against various
free radicals was accounted by analysing the thermodynamic data of apocynin reactions with hydroxyl, hydroxyperoxyl,
alkoxyl and alkoxyperoxyl radicals. According to the calculations, the SPLET mechanism is preferred in ionization
supporting solvents such as water. In this relation, the formation of oxyanion of apocynin was carried out in DMSO,
and the structural and spectral changes arising from the conversion were followed by IR methods and DFT

computations.

Key words: apocynin; DFT; radical scavenging capacity; vibrational spectra; anion

INTRODUCTION

Imbalance between reactive oxygen species
(ROS) synthesis and normal production of oxidants
in the body causes many inflammatory and
neurodegenerative pathologies.  Atherosclerosis,
osteoarthritis or rheumatoid arthritis, ischemia-
reperfusion lung injury, brain injury etc. are all
associated to excessive production of ROS.
Nicotinamide adenine dinucleotide phosphate
oxidase (NADPH oxidase, NOX) is the enzyme
that triggers the ROS production, and inhibition of
this enzyme represents a successful strategy in the
treatment of many diseases. Apocynin (Scheme 1,
other  trivial names:  4-hydroxy-3-methoxy-
acetophenone, acetovanillone), a plant phenol — the
biologically active substance in the roots of
Picrorhiza kurroa growing in alpine Hymalaya, has
been established as effective and nontoxic inhibitor
of NADPH oxidase [1, 2]. Plant extract from
Picrorhiza kurroa have been used in India and Sri
Lanka for the preparation of ethnical medicines
since long ago [3, 4]. Extracts of this plant are
commercialized in the USA for treatment of liver
disease and other conditions related to severe
oxidative damage. Due to its inhibitory activity to
NADPH oxidase, apocynin exhibit potent anti-
inflammatory effect. The high effectiveness and

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

low toxicity of apocynin make it very promising
lead compound and its clinical effects were
documented in various models of neuro-
degenerative diseases, including Alzheimer and
Parkinson’s disease [4] and cardiovascular diseases
[5]. On the other hand, there are reports suggesting
that apocynin is not actually inhibitor of vascular
NADPH oxidase, but an antioxidant [6]. It was
suggested that apocynin only inhibits NADPH
oxidase in leukocytes, whereas in endothelial and
vascular smooth muscle cells, it predominantly acts
as an antioxidant. The authors demonstrated that
apocynin selectively deactivates hydroxyl and
hydroxyperoxyl radicals [6]. Oxidative side effects
of apocynin were also reported due to pro-oxidant
activity of its radical [7]. Despite the variety of
experimental data supporting the radical-
scavenging efficiency of apocynin [8, 9], there are
no reports on the anticipated mechanism of its
action. Therefore, the purpose of the present study
is to investigate the possible mechanisms of
antioxidant action taking into account the influence
of the medium polarity. Different possible
mechanisms such as hydrogen atom transfer
(HAT), single-electron transfer (SET-PT), and
sequential proton loss electron transfer (SPLET)
will be studied by DFT computations of the
respective reaction enthalpies in polar and nonpolar
solvents. In order to estimate the reactivity against

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 137
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Scheme 1. Conformers of neutral apocynin (1m-6m), its radical (1r-4r), radical cation (1rc-6rc) and oxyanion (1a-
4a), the relative energies AE are given in kJ.mol™ with respect to the most stable conformers.

various free radicals the enthalpies of the reactions
between apocynin and hydroxyl, hydroxyperoxyl,
alkoxyl and alkoxyperoxyl radicals will be
analysed.

EXPERIMENTAL

Apocynin (98% purity) was purchased from
Sigma-Aldrich Co and applied without further
purification. CD3OD (99% at. enrichment) was
purchased from Merck and used to obtain CD3;ONa
by reacting it with Na. Spectral quality CDClI; and
DMSO-ds were purchased from Sigma-Aldrich Co.

The corresponding anion was obtained by
adding 0.08 mol.I"* DMSO-d; solution of the parent
compound to excess of dry CD;ONa. The reaction
mixture was filtered to remove the remains of solid
CD3sONa and put immediately into a spectroscopic
cell to record the IR spectra. The conversion was
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practically complete (no bands of the parent
compound were seen in the spectrum after
metalation). The IR spectra in DMSO-dg solution
were recorded on Bruker Tensor 27 FT
spectrometer in a 0.129 mm CaF, sample cell at a
resolution of 2 cm™ and 64 scans.

The quantum chemical calculations were
performed using the Gaussian 09 package [10] of
programs. Geometry of the species studied was
performed by analytical gradient technique without
any symmetry constraint. The results were obtained
using the density functional theory (DFT),
employing the M05-2X [11] in conjunction with 6-
311++G(3df,3dp) basis set. To establish the
stability order for the neutral, radical and ionic
species in solvent we used the Integral Equation
Formalism Polarizable Continuum Model (IEF-
PCM) [12] on the same level of theory.
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The preferred geometry of the molecule of
apocynin, its anion, radical and radical cation was
found by constructing and optimizing the most
probable conformers with planar and nonplanar
geometry and different mutual orientations of the
carbonyl, methoxyl and hydroxy group at MO5-
2X/6-311++G(3df,3dp) level of theory. For every
structure, the stationary points found on the
molecular potential energy hypersurfaces were
characterized using standard analytical harmonic
vibrational analysis. The absence of imaginary
frequencies, as well as of negative eigenvalues of
the second-derivative matrix, confirmed that the
stationary points correspond to minima on the
potential energy hypersurface.

Dissociation  enthalpy (BDE), ionization
potential (IP), proton dissociation enthalpy (PDE),
proton affinity (PA), and electron transfer enthalpy
(ETE) of the most stable conformers were
calculated according [13].

BDE = H(ArO) + H(H) — H(ArOH)
IP = H(ArOH") + H(e) — H(ArOH)
PDE = H(ArO") + H(H") — H(ArOH")
PA = H(ArO") + H(H") — H(ArOH)
ETE = H(ArO) + H(e") — H(ArO")

All reaction enthalpies were calculated for 298
K. The enthalpies of hydrogen atom, H(H), proton,
H(H"), and electron, H(e), for each solvent were
obtained by the same method and basis set.
Solvation enthalpy of electron was determined as:

H(e-)solv = H(DMSO’-)SOW - H(DMSO)SON - H(e-)gaSa
where H(e)gs is 3.145 kJ.mol™ following the
procedure already applied in similar studies [14,
15].

Theoretical IR spectra were calculated for the
most stable conformers of the neutral and anion
species at B3LYP/6-311++G(2df,p) theory level
[16, 17].

RESULTS AND DISCUSSION
Conformational isomers

Structures of the most probable conformational
isomers of apocynin, its anion, radical and radical
cation were optimized using density functional
theory M05-2X /6-311++G(3df,3dp) in gas phase
and different media. Earlier optimization of
apocynin in gas phase yielded s-cis (with carbonyl
group oriented towards the methoxyl group -
conformer 1m) as the most stable form, followed
by s-trans (with carbonyl group oriented opposite

to the methoxyl group — conformer 2m) [18]. Our
optimization in benzene, water and DMSO
provided that the same conformers are the most
favourable in these solvents as well. The optimized
geometries of the conformers are shown in Scheme
1. The most stable form of the neutral molecule is
stabilized by the formation of an intramolecular
hydrogen bond with the participation of H-atom
from the hydroxyl group and the O-atom from the
methoxyl group. The most unfavourable
conformations are those with methoxyl groups out
of the plane of phenyl ring. All conformations of
the radical, radical cation and oxyanion of apocynin
show planar structure with s-cis form being more
favourable for the oxyanion, while s-trans form —
for the radical and radical cation (Scheme 1).

Radical scavenging properties of apocynin

Three possible mechanisms — hydrogen atom
transfer (HAT), single-electron transfer (SET-PT),
sequential proton loss electron transfer (SPLET)
were studied by MO05-2X/6-311++G(3df,3dp)

computations according to Scheme 2.
o

SET-mechanism (P U PT-mechanism
—  » AOH"+ R:
AH is IP AH is PDE
2)
HAT-mechanism
] ArOH + R ArO- + R-H
AH is BDE
3)
SPL-mechanism - ot ET-mechanism
L » ArO: + RH
AH is PA v AH is ETE

Scheme 2. Possible mechanisms of apocynin reaction
with free radicals.

The ability of apocynin to form radical, radical
cation and oxyanion as well as the transformation
of its radical cation and oxyanion into radical, were
estimated in polar and nonpolar medium. The
corresponding bond dissociation enthalpies (BDE),
ionization potentials (IP), proton dissociation
enthalpies (PDE), proton affinities (PA), and
electron transfer enthalpies (ETE) of apocynin are
collected in Table 1. These enthalpies were
analysed in order to estimate whether the apocynin
is prone to react via HAT, SET-PT or SPL-ET in
polar and nonpolar medium.

In gas phase and benzene, i.e. the nonpolar
(lipid) phase, the apocynin would preferably
inactivate free radicals by directly transferring a
hydrogen atom to free radicals and forming an
apocynin radical. The energy needed to transfer an
electron or a proton to free radicals is much higher
and it can be concluded that HAT would be the
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Table 1. DFT bond dissociation enthalpy (BDE), ionization potential (IP), proton dissociation enthalpy (PDE), proton
affinity (PA), and electron transfer enthalpy (ETE) values of apocynin and vanillin in kJ/mol.

compound BDE IP PDE PA ETE miLogP
Gas Phase

apocynin 376.9 789.3 901.6 1420.7 270.2 1.18

vanilin 378.9 806.3 886.7 1409.4 283.6 1.07
Benzene (2.28)°

apocynin 372.4 673.6 129.2 432.2 360.6

vanilin 375.1 682.2 123.3 442.2 373.3
Water (80.10)*

apocynin 365.8 508.9 717 218.3 362.4

vanilin 369.0 517.1 66.8 211.3 372.6

Table 2. DFT reaction enthalpies (in kJ/mol) of apocynin and vanillin with various free radicals according to Scheme 2.

Compound Radical AHgpe AHp AHppe AHpa AHgre
Gas phase
OH -116.3 -434.9 308.1 -148.3 107.0
OCH;, -58.2 -255.1 198.8 -183.0 126.6
OOH 20.9 -240.6 261.5 -158.5 179.4
apocynin OOCH;, 28.4 -156.0 184.4 -141.1 169.5
L 36.0 -50.1 86.1 -196.7 232.7
oL -60.4 -59.0 -1.4 -141.0 80.6
OOL -3.9 -72.4 101.6 -115.3 1444
OH -114.3 -417.9 293.1 -234.9 120.6
OCH;, -56.4 -238.1 183.8 -194.3 140.0
OCH 23.0 -223.6 246.6 -169.8 192.8
vanilin OOCH;, 30.5 -139.0 169.5 -152.4 182.9
L 38.0 -33.1 71.1 -208.2 246.2
oL -58.3 -42.0 -16.3 -152.5 94.2
OOL -2.1 -55.5 86.6 -126.8 158.0
Benzene
OH -123.5 -352.8 229.3 -148.3 24.8
OCH;, -62.1 -202.4 140.3 -135.9 73.8
OCH 14.7 -177.9 192.6 -99.5 114.2
apocynin OOCH; 16.6 -116.0 132.7 -259.3 275.9
L 31.9 -35.4 67.3 -191.4 223.3
oL -64.6 -54.4 -10.2 -120.9 56.2
OOL 23.6 -67.1 90.7 -93.8 117.4
OH -120.8 -344.2 2234 -158.3 375
OCH;, -59.3 -193.8 1345 -145.9 86.5
OCH 17.4 -169.2 186.7 -109.5 126.9
vanilin OOCH; 194 -107.4 126.8 -269.3 288.7
L 34.6 -26.8 61.4 -201.4 236.0
oL -61.9 -45.8 -16.1 -130.8 68.9
OOL 26.3 -58.5 84.8 -103.8 130.1
Water
OH -133.5 -292.8 148.9 -102.0 -33.1
OCH; -71.3 -165.0 139.9 -103.6 32.3
OCH 5.8 -134.1 93.7 -61.7 67.5
apocynin OOCH; 13.9 -136.2 150.0 -60.6 74.4
L 24.7 -23.7 46.7 -188.6 211.7
oL -72.9 -40.8 -32.0 -98.6 25.7
OOL 17.3 -64.1 81.4 -68.8 86.1
OH -130.3 -284.7 144.0 -109.0 -22.9
OCH; -68.1 -156.9 135.0 -110.5 425
OOH 9.0 -126.0 88.8 -68.7 77.7
vanilin OOCH;, 17.1 -128.0 145.1 -67.6 84.7
L 27.9 -15.5 41.8 -195.6 222.0
oL -69.6 -32.7 -36.9 -105.5 35.9
OO0L 20.6 -56.0 76.5 -75.8 96.3
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only mechanism of radical scavenging exerted in
lipid phase. Regarding the relative activity for
apocynin compared to vanillin, based on the similar
BDE values the two compounds are predicted to
show similar activity via HAT. The IP calculated in
water is higher than the water BDE of apocynin,
but significantly lower than the IP calculated in
benzene due to the favourable solvation of the
charged species involved in the reactions. The
ability of apocynin to donate an electron is found to
be greater than those of vanillin in agreement with
the reported oxidation potentials determined by
electrochemical measurements [9].

According to the calculations, in water the
proton affinity of apocynin becomes considerably
lower than its BDE and IP values which favours the
deprotonation and transfer of the proton to free
radical (first step of SPLET mechanism). The
second step of the SPLET requires subsequent
transfer of an electron from apocynin to the cation
produced from the free radical. This process is
described by ETE and the calculated value shows
that this step too can be achieved more easily than
HAT. Deprotonation of apocynin is predicted as
slightly more difficult in comparison to vanillin.

The oxidation processes in biological systems
involve various free radicals. Among the ROS,
hydroxyl radicals, ‘OH, are the most reactive and
show little selectivity towards the possible sites of
attack [20]. Hydroxyperoxyl radicals, ‘OOH, are
less reactive, but they can diffuse into remote
cellular locations [21] and initiate the lipid
peroxidation [22]. The lipid alkoxyl radicals, *OR,
are formed from the reduction of peroxides and are
less reactive than *OH, but significantly more
reactive than the lipid peroxyl radicals ‘OOR [23,
24]. Different reactivity of free radicals is
connected with different scavenging capacity of the
antioxidants. The reactivity of apocynin against
different free radicals was evaluated by including
the free radicals in the reactions (Scheme 1) and
calculating the respective reaction enthalpies
according to the following equations:

ABDE = BDE(ArOH) — BDE(ROH)
AIP = IP(ArOH) — IP(ROH)

APDE = PDE(ArOH) — PDE(ROH)
APA = PA(ArOH) — PA(ROH)
AETE = ETE(ArOH) — ETE(ROH)

The free radicals (R*) included in the study were
as follows: *OH; ‘OCHjs; ‘OOH; ‘O0CHg3; *R; *OR;
and ‘OOR, where R = (Z)-hex-2-ene-4-yl. The

calculation results (Table 2) show that the
enthalpies required for each of these reactions are
of a very different magnitude, which enable to
judge on ability of apocynin to scavenge particular
type of free radicals. In nonpolar phase apocynin
and vanillin would react exothermically with -OH
and alkoxyl (*OCH; and -OR) radicals via HAT
mechanism with resulting negative AHgpe Value,
but not peroxyl (*OOH, ‘OOCH; and ‘OOR) and
alkyl radicals (*R). Taking into account the
negative water AHpa and AHgre — hegative or
positive, but smaller than AHpa, it seems that
apocynin would readily scavenge *OH and alkoxyl
(*OCHj; and -OL) radicals via SPLET mechanism in
water. Scavenging of ‘OOH by apocynin would
only be possible via SET-PT mechanism in water
according to the calculated AHjp.

Comparable relative activity for apocynin and
vanillin, found by the theoretical estimation of BDE
values, is in good accordance with the experimental
data from crocin bleaching inhibition [9]. Apocynin
and vanillin were tested also in oxygen radical
absorbance assay (ORAC) which utilizes AAPH-
derived hydroperoxyl radical to mimics the lipid
peroxyl redicals involved in the lipid peroxidation
chain reaction in vivo [8]. In this test apocynin and
vanillin exhibited comparable activity as well. In a
cell-based antioxidant assay - oxidative haemolysis
inhibition assay (OxHLIA), where oxidation of
erythrocyte membranes is induced by AAPH-
derived hydroperoxyl radical, apocynin showed
superior activity compared to vanillin [8], but those
result was attributed to superior lipophilicity of
apocynin and higher resulting access to lipophilic
biomembrane of erythrocytes in OXHLIA [8].

Since the SPLET mechanism, preferred in
water, involves deprotonation product of apocynin,
it was worthwhile to generate the corresponding
oxyanion of apocynin and characterize it in more
details. Therefore, the apocynin was converted into
oxyanion and the spectral, structural, and electronic
changes resulting from the conversion were
followed by experimental IR methods and DFT
computations.

IR spectra of apocynin and its anion

The IR spectra of apocynin in DMSO-dg and its
oxyanion are shown in Fig. 1. Numerical values of
experimental vibrational frequencies and band
intensities in region 1800-1100 cm™ are compared
with the theoretical ones in Table 3. For a better
corresponding between experimental and calculated
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Table 3. Theoretical and experimental vibrational frequencies and IR integrated intensities of apocynin and its oxyanion.

Theoretical data

Experimental data®

No _ DMSO-d, CDCl,
Vtheor.b A° Adgg é?l)[;ItT;?]tf Vexp A° Vexp A
Apocynin molecule
1. 1638  378.1 v(C=0) 1668 s 1674 s
2. 1581 326 ver(C=C) 1599 sh 1608 m
3. 1570  389.1 vpn(C=C) 1590 s 1596 m
4, 1489 2383 ver(C=C) 1520 m 1519 m
5. 1449 858 8*(CH3) 1466 w 1465 m
6. 1438 14.0 8*(CH,
7. 1438 7.9 SS(E:HS)) } o owss vw 1455 w
8. 1422 14.6 8*(CHy) . . ! !
9. 1417 25.1 8%(CHs,) ! ! o o
10. 1410 189.2 ver(C=C) 1424 m 1429 m
11. 1367  86.1 8(C-OH) 1397 w 1389 w
12. 1341  56.3 8°(CH,) 1360 w 1358 w
13. 1277 2.3 8pn(CH) 1291 sh o o
14. 1253 8139 v(C-CO), v(C-OCH) 1281 Vs 1283 Vs
15. 1234 487 V(C-OH), 8pn(CH) 1263 sh 1261 w
16. 1197 169.5 V(C-OCHj), 8p(CH) 1228 m 1218 m
17. 1178 4547 8pn(CH), 3(C-OH) 1177 w 1172 w
18. 1157 29.2 Spn(CH), 5(C-OH) 1138 w 1138 w
19. 1136 12 Y(CHy) S S o o
20. 1114 788 8pn(CH) 1128 w 1119 w
21. 1054 56.0 pn(CH) ! ! 1071 w
22. 1015 26 ¥(CH3) f ! 1032 w
Apocynin oxyanion
23. 1584  57.3 v(C=0) 1628 m
11 1537 5942 ver(C=C) 1573 s
12. 1494 235 vpn(C=C) 1528 sh
13. 1479 1812.0 v(C-0) 1517 s
14. 1450 100.7 8*(CHs) 1466 w
15. 1435 10.5 8(CH5) 1455 w
16. 1433 811 8°(CH,) 1455 w
17. 1424 124 8(CHy) 1434 w
18. 1421 14.2 3°(CHy) - -
19. 1415 145.5 8%(CH,) o o
20. 1364  877.0 Spn(CH) 1376 s
21. 1334 411 8°(CH5) o o
22 1284 3.2 Spn(CH) 1310 w
23. 1265 1069.8 V(C-CO), 8pn(CH) 1288 m
24, 1200 2019 8pn(CH), v(C-CO) 1233 m
25. 1186  430.0 v(C-OCHj), y(CH3) 1213 m
26. 1152 145.4 ¥(CHz), v(C-OCH3) 1177 m
27. 1134 16 ¥(CH3) 1130 w
28. 1111 259.0 Spn(CH) 1113 w
29. 1048 1382 Y(CHy) S S
30°. 1011 v(0O-CH,) o o

*Measured after having decomposed the complex bands into components. "Scaled infrared frequencies [cm™]. ‘Predicted
intensities [km.mol™] “Vibrational modes: v, stretching; &, in-plane bending; y, out of plane banding; superscripts: s —
symmetrical, as — asymmetrical, Ph - phenyl; *Relative intensities: vw, very weak; w, weak; m, moderate; s, strong; vs, very
strong; sh, shoulder. "These bands were not detected in the IR spectrum.

value the native theoretical IR frequencies of the
neutral molecule and anion were scaled according
to the following equation:

v©=1.0195 . v _51.4 (cm™)
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obtained from the linear correlation between the
experimental and calculated native frequencies of
the neutral compound 1. The correlation coefficient
R was 0.9961, standard deviation S. D. = 34.2 cm™;
number of data points n = 16. The mean absolute
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deviation MAD = n*lz‘( pyESrraie) |y o0

was used as a measure for the deviation between
the theoretical and experimental values. After
scaling the native theoretical frequencies according
to the above-mentioned equation. MAD of 10.9 cm
! was obtained for neutral apocynin and 10.5 cm™ —
for the anion. These values are lower than the
MADs reported by Velcheva et al. [25]. This better
result should be explained with the higher theory
levels and with solvation model which were used.

The highest frequency vibration in the spectrum
of the molecule is the hydroxyl stretching. In solid
state the position of the bands is 3303 cm™. In
CDCl; it appears as moderate sharp band at 3553
cm™. This frequency is shifted down by 40 cm™,
compared with that of 4-hydroxy-acetophenone in
the same solution. These data indicated that the OH
group is intramolecular hydrogen bonded i.e. conf.
1m and 2m are predominant in this solution. The
IR spectra measured in DMSO and DMSO-ds
solutions have different appearance. A multiplet
broad band is present between 3400 and 2700 cm™,
due to the formation of hydrogen bonds of the
apocynin mainly with the solvent.

Oxyanion of apocynin

o
b
17

Absorbance

1668

Apocynin

1590
15

oS NN 2 N SR
T

T T T T T
1700 1600 1500 1400 1300 1200 1100

Wavenumber cm’'

Fig. 1. Infrared spectra of apocynin and of its
oxyanion (with counter ion Na*) in DMSO-ds.

The strongest band in the IR spectrum of
apocynin in DMSO/DMSO-dg at 1281 cm™
corresponds to v(C-CQO). The band for the carbonyl
stretch is found at 1668 cm™ with strong intensity.
The C-O vibrations (No 14-18) are greatly mixed
with 8py(CH), including the one associated with the
C-OH bond at 1263 cm™. The bands characterizing
the benzene ring appear at their typical positions.

The conversion of apocynin molecule into the
oxyanion causes:

e a strong decrease in the v(C=0) frequency:
predicted 54 cm™, and observed 40 cm™ (Table
3 and Fig. 1);

e astrong decrease in integral intensity Ac-o of
the v(C=0) band. This result is not typical, as
the intensity of carbonyl band usually
increases by the conversion of carbonyl
compounds into anions. The result is, however
not surprising, as it was previously observed in
other acetophenones containing electron-
releasing substituents in the phenyl ring [26];

e essential intensities increases of the aromatic
skeletal bands vp,(C=C) similarly to [25, 26];

e a very strong frequency increase of the
phenoxyl vibration: predicted 245 cm™, and
observed 256 cm™.

CONCLUSION

DFT calculations in gas phase, benzene and
water were used to study the reactivity of apocynin
against different free radicals via hydrogen atom
transfer, single-electron transfer, sequential proton
loss electron transfer mechanisms. It was found that
in nonpolar medium the preferred mechanism of the
antioxidant action is direct hydrogen atom transfer,
while in polar medium — SPLET related to the
formation of an oxyanion. Therefore the oxyanion
of apocynin was generated in DMSO-ds solution
and characterized in more details. The spectral,
structural, and electronic changes resulting from the
conversion were followed by experimental IR
methods and DFT computations.
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TEOPETUYHO U3CJIEABAHE HA PAJITUKAJI-YJIABAIIATA CIIOCOBHOCT HA
AIIOMHUH CITPAMO PA3JIMYHU CBOBO/JHU PAINKAJIN

JI. 5. HquBal*, C.C. CTOHHOBl, E. A. Benqual, b. A. CTaM6onHI710Ka1, A. ]_HMGJ'II_IepOBI/I‘IZ

1HHcmumym no opeanuuna xumus ¢ Llenmop no pumoxumus, bvreapcka akademus na naykume, ya. ,, Akao. I'.
bonues ™, on. 9, 1113 Cogpus, Pvreapus
2I(ame@pa no xumus, Meouyuncku gpaxynmem, Ynusepcumem ¢ Huwi, oyn. ,, [{-p 3opan icundocuy “ 81, 18000 Huw,
Copbus

[ocremuna va 07 mapt 2017 r.; Kopurupana Ha 11 mapt 2017 .

(Pesrome)

ATIOIIMHUHBT € J00pe U3BECTEH MHXUOUTOP HAa €H3MMa HUKOTHHAMU/I -aICHUH-INHYKIeoTUI-Pocdar okcraasa u ce
M3I0JI3Ba KaTO €IHO OT Hai-00emaBaliTe JeKapCTBEHN CPEACTBA B €KCIIEPUMEHTATHN MO Ha ChPJEYHO-ChIIOBH,
BB3MAIUTEIHA ¥ HEBPOJCTCHEPATUBHU TMATOJOTHYHU CHCTOSHHS, KBJETO PErylalusaTa Ha PEaKTUBHU KHUCIOPOIHH
YaCTHIIM WTpae periasama pojs. Pa3indHu BEpOsSTHH MEXaHW3MHU HA PaJUKAI-YIaBSIIOTO JACWCTBHE Ha amolMHUHA
Kato mupekTeH npeHoc Ha Bogopoa (HAT), mpeHoc Ha enunnden enektpoH (SET-PT) u mpeHoc Ha MpOTOH MOCTeBaH
ot enektpoHeH mnperoc (SPLET) Osixa m3cienBaHu 4ype3 MpeCcMsATaHE Ha CHTANIUUTE HAa CHOTBETHUTE PEAKIUH C
U3IONI3BaHE Ha Teopus Ha IUIbTHOCTHHA (QyHKipoHan (DFT) B momsgpHEM ¥ HENONSAPHU Pa3TBOPHTEIIH.
PeakTHBOCIIOCOOHOCTTA CHPSMO Pa3IMYHU CBOOOJHHU paJuKaiu Oelie OIIEHEHAa Ype3 aHAIN3 Ha TEPMOJIUHAMUYHHTE
JIaHHU 32 peakUUUTe Ha aloLUHMHA C XUAPOKCWIHH, XUJIPOKCUIEPOKCHIHH, AJIKOKCHIHM W AJIKOKCUIIEPOKCHIIHU
panukanu. Bb3 ocHOBa Ha m3umcieHUsATa, Oemre ycraHoBeHo, ue SPLET MeXaHM3MBT € NMPEANOYeTeH B MOJSAPHU
pa3TBOpUTENH, OIArONPHUITCTBAINN HOHU3AIMATA, HAPUMEP BOAA. B Ta3u Bph3Kka OKCHAHMOHBT HA AMONMHUHA Oelie
MOJIYYCH B Pa3TBOP Ha TUMETWICYI(DOKCHI W CHEKTPAITHUTE W CTPYKTYpHU MPOMEHH, TIOPOJIEHU OT MPEBPBIIAHETO,

0sixa pocnenenu ¢ MY cniekrpockonus 1 DFT npecMsaTanust.
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The conformations of oligomers of 2-isopropyl-2-oxazoline (IPOZ) and N-isopropylacrylamide (NIPAM) were
studied with molecular mechanics. Preferred geometries and inherent energy balances were determined. The computed
data present significant differences in the conformational distributions of oligomers of IPOZ and NIPAM with the
same degree of polymerization (hexamers). Only a few conformations of IPOZ-6 have most of the computed
population, whereas more than hundred conformations of NIPAM-6 are in equilibrium. Two orders of magnitude larger
number of conformations belong to the lowest-energy cluster of NIPAM-6 compared with IPOZ-6. The intramolecular
hydrogen bonds in NIPAM-6 are the decisive factor for its preferred conformations.

Key words: oligomers of thermoresponsive polymers; conformations; molecular mechanics; cluster analysis

INTRODUCTION

The development of synthetic building blocks
that can selectively interact in water with a given
substrate or self-assemble to yield highly
responsive functional materials is a topic of
increasing significance. Water-soluble oligomers
have acquired importance due to the demand for
water-based instead of the traditional solvent-based
technological processes [1]. The non-ionic
thermoresponsive oligomers are building units of
polymeric nanoparticles possessing thermosensitive
core and functional outer shell that manifest smart
behavior — the inner core of the aggregates is
sensitive to temperature variations and can
solubilize and deliver hydrophobic substances,
mostly biologically active compounds (e.g. drugs)
under external stimuli. Such stimuli-sensitive
systems (due to changes in temperature, pH,
solvent, light, etc.) may have macroscopic
properties that could be controlled at the
macroscopic level by modifying the structure and
organization of the polymeric chain. Besides, in
particular, some of them could be considered also
as candidates for thermo-driven single-molecule
motors [2] and many other advanced applications.

Most of the synthetic macromolecules become
more soluble when heated. There are, however,
water soluble polymers that separate from solution

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

upon heating (inverse temperature-dependent
solubility) above the phase transition temperature
(lower critical solution temperature, LCST). This
phenomenon is explained to result from the balance
between the enthalpic contribution from the energy
stabilization due to hydrogen bonding of the
polymer with the water molecules and the entropy
gain of the system at higher temperature that
outweighs the enthalpic preference at lower
temperatures. Hydrogen bonding between the
polymer and the water molecules lowers the free
energy of dissolution. This effect becomes less
important at higher temperature and accordingly,
entropy effects become more important [1].
Polymers containing amide groups constitute the
largest group among the thermoresponsive
polymers. The most examined thermoresponsive
polymers are poly (2-isopropyl-2-oxazoline)
[PIPOZ] and poly(N-isopropylacrylamide)
[PNIPAM], both isomeric to poly(leucine) (Fig. 1).
The two polymers, PIPOZ and PNIPAM, could be
considered as simplified, but appropriate models of
a protein. Substantial difference between PIPOZ
and PNIPAM from one side, and poly (leucine)
from the other, is that poly(leucine) contains amide
groups in the main chain and has nonpolar side-
chain substituents; the main chain of PNIPAM is
nonpolar with amide group in the side fragment,
whereas PIPOZ is with polar backbone and amide
group in the side chain. The amide groups of
PNIPAM can be proton donors as well as proton

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 145
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acceptors, whereas the amide groups of PIPOZ can
be only proton acceptors.

A o

PIPOZ PNIPAM .
poly(leucine)

Fig. 1. Schematic structures of PIPOZ, PNIPAM
and poly(leucine).

We report here results from molecular
mechanics conformational search studies on the
conformations of hexamers of 2-isopropyl-2-
oxazoline (IPOZ-6) and N-isopropylacrylamide
(NIPAM-6) with the aim to elucidate at atomistic
level differences in the conformational distributions
of the oligomers that may have effect on the
particle’s behavior at the macroscopic level. A
dodecamer was studied also for one of the cases
(IPOZ-12) in order to ascertain the effect of
increasing the chain length on the preferred
conformations of the oligomer.

Oligomers of different length (up to 50-units) of
PNIPAM have been studied by molecular dynamics
simulations below and above its LCST [3-7]. The
expected behavior has been observed where the
backbone folds onto itself above the LCST in order
to minimize the amount of hydrophobic surface in
contact with water [3, 7]. The decisive interactions
in the isolated oligomer constitute an extensive
intra-chain hydrogen bonding, responsible for the
adoption of more compact structures. Isolated water
molecules buried inside the polymer contribute to
stabilize the conformation of chain fragments [3].
Computational studies on oligomers of PIPOZ are
not known to us.

COMPUTATIONAL DETAILS

Two problems are of particular importance
when molecular mechanics is used for modelling
conformations of large molecules: (i) the proper
choice of a force field for modelling the system
under study; (ii) reliable and effective
conformational search of low-energy conformations
when many degrees of freedom for intramolecular
rotations determine the conformational flexibility of
the molecule. The force field used in the present
study is MMFF94 [8-14], whereas conformational
search approach [15, 16], implemented in
CONFLEX version 5.0 Rev. A.2 and version 6.89
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[17] was applied for searching for low-energy
conformations. The CONFLEX algorithm was
specifically developed for searching conformations
of macro-rings, but it has also an efficient module
for stepwise rotations to generate new rotamers
during the conformational search. Thirty rotatable
bonds were detected for the two hexamers by the
‘rotatable bond finder’ procedure in CONFLEX,
and twice as much for IPOZ-12. These were,
accordingly, the bonds with rotations about which
was searched for low-energy conformations and
used also for conformation comparison when
eliminating identical conformers. The default
values of the options were used when the steric
energies and the dihedral angles were compared in
the redundancy test. A gradual increase to a search
limit of 10.0 kcal mol™ determined the energy
range from which the initial structures for the
search were selected [15, 16]. The full-matrix
Newton-Raphson minimization procedure was
used. Electrostatic interactions were estimated with
the value 1.0 of the dielectric parameter as
recommended for the MMFF94 force field. The
searches ended with 4546, 10280 and 14947
conformations stored with relative energies less
than 25.0 kcal mol?, for IPOZ-6, IPOZ-12 and
NIPAM-6, respectively.

The complete sets of conformations (4552,
15378, 14947, respectively) were subjected to a
cluster analysis [18]. The single linkage clustering
method was used with torsional distance as
similarity (distance) index, distance threshold
10.0°, and distance definitions (number of torsions
for the clustering) 17, 34 and 10 for IPOZ-6,
IPOZ-12 and NIPAM-6, respectively. The main
chain torsional angles were used for the clustering
in all cases. Populations of conformations within a
cluster and distribution (population) of clusters
were estimated at 300 K following Boltzmann
distribution. Computed data for some low-energy
clusters are presented in Table S1 in Supplementary
Data. An identity number has been given to each
conformation designating the sequential number of
appearance of a new conformation during the
conformational search (Fig. S1 and Table S1).

RESULTS AND DISCUSSION

The computed data are indicative for differences
in the conformational distributions of the oligomers
that originate from the inherent properties of the
monomeric building blocks. Only one conformation
was found for the monomeric unit of IPOZ
whereas four conformations of NIPAM-1 have the
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Table 1. Conformational energies (in kcal mol™) of oligomers of thermo-responsive polymers.

Steric energy Gibb’s free energy
Energy range Number _of Population Number _of Population
conformations conformations

IPOZ-1
1. 0.0-05 1 1.00 1 1.00

IPOZ-6
1. 0.0-05 1 0.38 2 0.25
2. 05-1.0 0 - 4 0.17
3. 1.0-15 3 0.13 6 0.10
4, 15-20 6 0.12 18 0.13
5. 20-25 12 0.10 39 0.11
6. 25-3.0 25 0.10 67 0.08
7. 3.0-35 33 0.05 108 0.06
8. 3.5-4.0 42 0.03 83 0.04
9. 4.0- 10.0 3584 0.09 3457 0.06

IPOZ-12
1. 0.0-05 1 0.72 2 0.51
2. 05-1.0 0 - 2 0.14
3. 1.0-15 0 - 3 0.12
4, 15-20 3 0.12 5 0.07
5. 20-25 3 0.06 9 0.06
6. 25-3.0 6 0.04 16 0.04
7. 3.0-35 6 0.02 20 0.02
8. 3.5-4.0 8 0.01 29 0.01
9. 4.0-10.0 1451 0.03 1729 0.03

NIPAM-1
1. 0.0-05 2 0.77 2 0.84
2. 05-1.0 2 0.20 1 0.11
3. 1.0-15 0 - 1 0.05
4, 15-2.0 1 0.02 0 -

NIPAM-6
1. 0.0-05 10 0.14 8 0.07
2. 05-1.0 30 0.17 51 0.19
3. 1.0-15 76 0.20 100 0.19
4, 1.5-20 129 0.15 282 0.22
5. 20-25 236 0.12 433 0.14
6. 25-3.0 398 0.09 696 0.10
7. 3.0-35 595 0.06 855 0.05
8. 35-40 875 0.03 875 0.01
9. 4.0- 10.0 7790 0.04 8468 0.03

IPOZ-6_A (0.39) IPOZ-12_A (0.72) NIPAM-6_A (0.02)

Fig. 2. Optimized geometries of the lowest-energy conformations of the most populated clusters of IPOZ-6, IPOZ-
12 and NIPAM-6 (populations of conformers are given in parenthesis).
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Table 2. Different energy contributions to the total steric energy of the lowest energy conformations of oligomers of

thermo-responsive polymers (in kcal mol™).

Energy term Total steric energy

Steric energy per monomer unit

IPOZ-1 IPOZ-6 IPOZ-12 NIPAM-1  NIPAM-6  IPOZ-6 IPOZ-12 NIPAM-6
Stretch 13 11.9 241 1.0 9.6 2.0 2.0 1.6
Bend 4.4 26.2 53.6 1.3 15.8 44 4.5 2.6
Torsion -3.1 -13.1 -24.6 -4.1 -10.1 -2.2 -2.1 -1.7
van der Waals 13.4 73.9 140.4 9.8 63.1 12.3 11.7 10.5
Electrostatic -24.1 -149.9 -244.0 -27.6 -189.7 -25.0 -20.3 -31.6
Total steric -1.7 -48.3 -45.0 -19.6 -110.2 -8.1 -3.7 -18.4

total of 97% population (Table 1). Accordingly,
50% of the steric energy population of IPOZ-6 is
given by four conformations, whereas the same
population in NIPAM-6 is distributed over 116
local minima conformations. The conformational
preference in IPOZ shifts further to a strongly
populated conformation with increasing the chain
length. Thus, in comparison with PIPOZ, the
PNIPAM oligomers should have better pronounced
conformational ~ changes  upon  temperature
variations. At the same time, the larger number of
hydrogen bonds in NIPAM-6, in comparison with
IPOZ-6 (Fig. 2), as well as the greater number of
conformations representing the lowest-energy
cluster A of NIPAM-6 (Table S1 in Supplementary
Data; 4764 for NIPAM-6 vs. 55 for IPOZ-6),
makes the PNIPAM chain less amenable to
deformations upon external stimuli. The values for
the number of clusters and the maximum size of
cluster provide clear indications for the completely
different conformational distributions in the two
species (Table S1 in Supplementary Data).

The energy contributions per monomer unit,
related to the intramolecular coordinates - stretch,
bend and torsion, become more disadvantageous
with increasing the number of monomer units,
whereas the non-bonded terms (van der Waals and
electrostatic) have more complex behavior (Table
2; compare data for monomers, IPOZ-1 and
NIPAM-1, with averages for monomer units of
IPOZ-6 and NIPAM-6, respectively). The van der
Waals interactions become more favourable for
IPOZ-6, and less advantageous in NIPAM-6 with
increasing the chain length and this originates from
the differences in the hydrogen bonding patterns in
the two systems — the hydrogen bonding is at the
expense of worsening the van der Waals
interactions (Fig. 2). Hydrogen bonding interactions
in the MMFF94 force field are considered as being
essentially electrostatic in nature and are modeled
by adjusting key van der Waals and electrostatic
parameters to better fit scaled intermolecular
interaction energies and geometries obtained from
HF/6-31G* calculations [9].
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The electrostatic energy contributions manifest
trend opposite to the van der Waals interactions, in
a way as the contributions from the two
intramolecular interactions balance each other.
Additivity of the contributions from different
energy terms is evident from comparing the steric
energy components of IPOZ-6 and IPOZ-12
(Table 2). The IPOZ-6 and NIPAM-6 have
substantially different conformational distributions
and this may reflect on differences in flexibility in
water of the two polymeric chains.

Fig. 2 presents the lowest-energy conformations
of the most populated clusters (A) of the three
oligomers. The lowest-energy local minima of
some other less populated clusters are given in Fig.
S1 in the Supplementary Data. The end OH group
in the most populated conformation of cluster A
(39%) of IPOZ-6, IPOZ-6_A, closes 21-membered
hydrogen bonded ring with the carbonyl at the other
end of the chain. All side fragments point outworths
from the macroring thus being exposed for
interaction with the solvent molecules. The
macroring  presents  opened  cavity. The
representative conformations of clusters B and C
closely resemble the one of cluster A (21-
membered hydrogen bonded rings), the macroring
in B being more elongated. 18-ring with the
carbonyl of the 5"-monomer unit is formed in
cluster D. Clusters E, G, | and J are similar to
cluster A with regard to the type and size of the 21-
membered hydrogen bonded ring. A 15-membered
ring is formed with the carbonyl of the 4™ monomer
unit in cluster F, with a side fragment to the
macroring composed of two monomer units. The
last presented cluster, IPOZ-6_K is similar to
cluster D. There is clearly expressed tendency for
forming the largest possible hydrogen bonded
macroring — the most favourable appears the largest
21-membered ring, next comes the 18-membered
ring, followed by a 15-membered ring, representing
hydrogen bonding of the end hydroxyl group with
the carbonyls of the 6-th, of the 5™ and of the 4"
monomer units, respectively.
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How changes the situation when increasing the
chain length with additional six monomer units,
IPOZ-12? Enhances the population of the preferred
cluster A - 72% population is computed for the
lowest-energy  conformation. The  backbone
acquires helix-like form with a 30-membered
hydrogen bonded ring closed by O—H ... O=C
hydrogen bond between the end hydroxyl and the
carbonyl of the 9" monomer unit. Three monomer
units constitute a side fragment to the macroring.
The geometries of the conformations of clusters B
and C are also characterized by the presence of
30-membered hydrogen bonded rings. Completely
different geometry presents cluster D. The O—H
... O=C hydrogen bonding is with participation of
the carbonyl of the 7" monomer unit and the side
fragment contains five monomer units bent over the
macroring. The overall shape of the macroring is
boat-like.

Two kinds of hydrogen bonds can be formed in
the model structure of the NIPAM hexamer - O—
H ... O=C and N—H ... O=C. Thus variety of
hydrogen bonds could be formed that determine
large manifold of different clusters. The highest
computer population of a cluster is less than 5%.
Five hydrogen bonds characterize cluster A. The 1*
and the 5™ monomer units close 14-membered N—
H ... O=C hydrogen bonded ring, which is further
stabilized by additional two N—H ... O=C bonds
between the 3™ and the 4™, and the 5" and the 6™
monomer units, plus two consecutive N—H ... O—
H ... O=C bonds with participation of the side
chains of the 4™ and the 6™ monomer units and the
end hydroxyl group. As a result, two 8-membered
hydrogen bonded rings are formed. 14-membered
hydrogen bonded ring is formed also in cluster B.
Five more hydrogen bonds are present that
constitute interrelated system connecting residues
2-3-4-6-5. The 4™ and the 6™ monomer units here
are also connected by N—H ... O—H ... O=C
bonds. Thus in addition to the 14-membered ring
are formed one 9-membered, three 8-membered and
one small 5-membered rings, i.e. in comparison
with cluster A, one 8-memebered ring is present in
addition. Cluster C displays extended backbone
stabilized by six N—H ... O=C hydrogen bonds.
Three of them are between 1,3-monomer units
closing three ten-membered rings. The end OH-
group participates in a 9-membered O—H ... O=C
ring with the 3" residue. 8-membered ring (N—H
... O=) is formed between the first and the second
monomer units.

CONCLUSION

We examined with the aid of molecular
mechanics the conformations of oligomers of
2-isopropyl-2-oxazoline (IPOZ-6, IPOZ-12) and
N-isopropylacrylamide (NIPAM-6) with the
purpose to gain insight into their preferred
geometries and inherent energy balances that may
have effect on the particle’s behavior at the
macroscopic level. The computed data are
indicative for significant differences in the
conformational distributions of oligomers of IPOZ
and NIPAM with the same degree of
polymerization. Only a few conformations of
IPOZ-6 have most of the computed population
whereas more than hundred conformations of
NIPAM-6 are in equilibrium. Two orders of
magnitude larger number of conformations belongs
to the lowest-energy cluster of NIPAM-6 compared
with IPOZ-6. The larger number of intramolecular
hydrogen bonds in NIPAM-6 is the decisive factor
for its preferred conformations, and determines
most probably different responses of the two
molecules when merged in water.

The intrachain hydrogen bonds in PNIPAM will
greatly influence the mode of solution-dissolution
process in PNIPAM aqueous medium below and
upon phase transition temperature, which leads to
crucial difference with PIPOZ [19].
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KOH®OPMAILIMOHEH AHAJIV3 HA OJIATOMEPU HA HEMOHOI'EHHU
TEPMOYYBCTBUTEJIHU ITOJIMMEPU CbABPXXAIIY AMUJIHU I'PYIIN

1 2
I1. UBanoB™*, Xp. LiBeTanon

lHHcmumym no Opeanuyna Xumus ¢ [{enmvp no @umoxumus, bvacapcka Axademusi na Haykume, yn. Axao. I'.
bonues, 61. 9, 1113 Cogus, Poreapus
2 Hucmumym no nonumepu, bvieapcka Axademus na Haykume, yn. Akao. I'. Bonues, onox 103, 1113 Cogus, bvreapus

Tloctenmna Ha 27 ¢espyapu 2017 r.; Kopurupana na 27 mapt 2017 r.

(Pestome)

C MornekynTHa MeXaHMKa ca W3CJeIBaHH KOH(opManuuTe Ha OJMroMepu Ha 2-u3omnponui-2-okcazoiuH (IPOZ) u
N-uzonponun akpunamua (NIPAM). Onpenenenu ca NpeanioueTeHd IeOMETPUM Ha KOH(GOPMEPU M EHEepreTHYHH
OalaHCH Ha BBTPEIIHOMOJICKYJHH B3auMoAeHcTBUs. l3uncieHnTe AaHHM TPENCTAaBAT 3HAUYNTEIHH pa3JInKH B
KoH(popMannoHHUTE pasnpeneneaus Ha omuromepu Ha IPOZ u NIPAM c enHa m chIna cTerneH Ha MOJIMMEPH3ALUS
(xexcamepu). M3uncnenara koHpopmarmonna HaceneHoct npu IPOZ-6 e cepp3aHa ¢ Marbk Opoit CTPYKTYpH, TOKaTo
Haja cto koHpopmarmu ca B paBHoBecue npu NIPAM-6. B cpaBrenne ¢ IPOZ-6, Ha nBa mopsirbpKka mo-TONsIM Opoi
KOH(OpPMAaIINU ONpeNesT KIbcTepa ¢ Haii-Hucka eHeprus Ha NIPAM-6. BbTpemHOMOIeKyTHUTE BOJIOPOIHU BPB3KH
ca onpezensin pakTop 3a MpearnoYeTeHocTTa Ha KoHpopmanuure Ha NIPAM-6.
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Bulgarian part from the Thrace Basin is recognized as its NW flank. Hydrocarbon generation for some formations in
the Bulgarian part, analogue to Turkish ones with already proven generative abilities, is expected. In order to assess
source rocks and to foresee exploration activities in the region, eleven samples from the prospective formations, i.e.
seven well samples and four outcrops samples, are evaluated by geochemical proxies. Extractable organic matter (OM),
the so-called “free” bitumens, and extracted after demineralization (“bound” bitumens), are characterized. A broad
range of biomarkers is considered. In this study linear structures, i.e. n-alkanes, regular isoprenoids, n-alkan-2-ones, n-
alcohols, fatty acids, etc. will be considered. Rock Eval data and component analysis determine immature Type Il and
mixed Type I/l kerogen. n-Alkanes are dominant in all bitumen extracts. Their distributions are complex, depth
dependent and give a hint for more mature OM redeposition. The cross-plots of regular isoprenoids in Pr/nCy; vs.
Ph/nC,g diagram implies immature mixed Type Il/1ll kerogen. Pr/Ph ratios, argue for immature OM deposited in
anoxic/sub-oxic environment. The cross-plots of TOC vs. P, argue for at least two pools of n-alkanes: (i) short chain
homologous from algal/bacterial contribution; (ii) and, mid-chain, from submerged/floating macrophytes wax. Fatty
acids, nCy,-nCs, with “even” numbered dominance and changes with depth, are identified only in the “bound”
bitumens. A similarity in possible origin with n-alkanes is assumed. Dicarboxylic fatty acids, nCs-nCsy, maximizing at

nC,, NCyg, NCy are recognizable as well.

Key words: Thrace Basin; oil/gas generative potential; geochemical proxies

INTRODUCTION

Thrace Basin spreads through the European part
of Turkey, the most NE part of Greece and SE part
of Bulgaria. It is one of the largest natural gas and
oil producing basins in Turkey [1]. Generative
potential of source rocks from the Turkish part of
the Thrace Basin with proven potential for oil/gas
generation is described [1-3].

The studied area is situated within the Early-
Palaeogene Madjarovo foreland depression, which
formed along the intensively faulted eastern part of
the Rhodope massif [4]. Rocks of different age and
compositions were outcropped on the surface of the
studied area and question of interest for oil/gas
exploration was the clastic rocks of the sediment
sequence with Tertiary (Eocene and Oligocene)
age. Information from well investigations is limited
as the deepest one reaches 1754 m. In the Turkish
part of the Basin these intervals with Eocene and
Oligocene age are the major reservoirs for the
hydrocarbon accumulations [1].

Shally intervals of the terrigenous-limestone-

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

shale fm., and shales and mudstones of shale-marl
fm. are considered the most promising seals in the
reservoir systems in the Bulgarian part of the basin
[5]. These intervals are further characterized by a
good generative potential for hydrocarbons as well.

Current study is inspired by the renewed interest
to Mezardere Fm. as a potential oil resource for
hydrocarbons supply in Turkey [3]. The aim of the
present investigation is to assess by geochemical
proxies the hydrocarbon generative potential of
samples from the perspective Fms. in the Bulgarian
part of the Thrace Basin. Search for a similarity
with Fms. in the Turkish part of the Basin is under
special concern.

EXPERIMENTAL

Tectonic scheme of the Bulgarian part of the
Thrace Basin in comparison with Turkish part and
lithostratigraphy of the area under study are shown
in Supplementary Material (Fig. S1).

The following set of samples was studied (Table
1): (i) core samples G1-G5 were from the shally
intervals of shale-marl Fm., analogue to
Yenimuhacir group in Turkey; (ii) core and outcrop

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 151
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samples G6-G10 were from the rocks analogue of
Ceylan Fm. (Turkey). Outcrops are commonly
weathered, resulting in altered OM. Therefore,
special attention was paid to collect them from
fresh cuts at positions with low dips; (iii) and,
sample G11, G12 with Neogene age from shale
rock outcrops. All samples were crushed, grounded,
sieved to < 0.25mm. Firstly, they were
characterized by Rock Eval pyrolytic technique [5].
Preliminary data and parameters definition could be
found in [6].

For lipids isolation about 40g of each sample
were subjected to exhaustive Soxhlet extraction
with chloroform. By this protocol “free” bitumens
were prepared. The residue in the thimble after
extraction was treated by 10% HCI for
demineralization. CI" ions in the filter cakes were
removed by copious washing. Later on they were
dried at ambient temperature, grounded and
transferred into thimbles for subsequent extraction
with chloroform for “bound” bitumen isolation.
Solvents of the highest purity were used. Extracts
were concentrated at reduced pressure. The yields
of bitumens, i.e. “free” and “bound”, were
calculated in wt. %. Asphaltenes in bitumens were
precipitated by pouring samples solutions in a high
excess of chilly n-hexane (1:50, v/v). Asphaltenes
were filtered and dried to constant weights.

Bitumen  fractional  compositions  were
determined by column adsorption chromatography
on mini-columns (10x100mm) filled with Kieselgel
60, 0.2-0.5 mm (Merck). The following eluents
were used: hexane - for elution of neutrals;
dichloromethane (DCM) - for aromatics and
slightly polars; and acetone - for nitrogen, oxygen
and sulfur containing (NOS) components. The
neutrals were treated by Cu turnings for removal of
elemental sulfur.

GC-MS study 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.
Individual compounds were determined by
comparison of mass spectra (MS) with literature
and library data, comparison of MS and GC
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retention times with those of authentic standards or
interpretation of mass spectra [7, 8]. For MS
spectra tracking Xcalibur software was used. MS
were quantitatively interpreted by inner standards
application, i.e. deuterated nC,, for the neutral
fraction, and triethylbenzene for the aromatic
slightly polar fraction. Amounts were normalized in
ng/gCorg.

The distribution patterns and relative amounts of
n-alkanes were tracked by single ion monitoring
(SIM) of m/z 85. Based on n-alkanes separations
carbon preference index (CPI) value was calculated
[7, 9]. Some specific fragments were used for SIM
tracking: m/z 183 for regular isoprenoids, i.e.
pristane (Pr) and phytane (Ph); m/z 58 for linear
alkan-2-ones; m/z 111 for linear alcohols; m/z 74
and 88 for esters of linear fatty acids (FAS).

RESULTS AND DISCUSSION

For some samples Rock Eval data in Table 1
indicate total organic carbon (TOC) above 0.5%
(G1-G5, G12). For samples with TOC < 0.5% (G7,
G9-G10) data for T are doubtful and are omitted.
The relationship TOC vs. HI demonstrates linear
correlation with R?=0.755, giving us a confidence
to keep TOC data for G2 and G6 in Table 1.

A tendency for decrease in Ty (from 437.5°C
to 428.5°C) for the shallowest samples is
recognizable. These data evoke more mature OM
for the shallowest interval. Registered decrease in
Tmax IS rather narrow. However it is indicative for
redeposition of more mature OM and this
possibility should be consider in the further
appraisal by geochemical proxies.

Based on the TOC values, the samples range
from “poor” to “fair” generative potential (Fig. 1A),
a view supported by the Rock Eval data (Table 1).
The highest TOC (2.31%) was determined for
sample G5. Such magnitude is characteristic for
source rocks with “good to very good” hydrocarbon
generative potential as is visible in Fig. 1A, where
S1+S; were correlated with TOCs [10]. According
to this diagram TOCs values were high for samples
from the Shale-marl formation corresponding to
Mezardere Fm. in the Turkish part of the Basin. On
this base they were depicted as perspective and
received special attention in further study.

Yields of bitumens and their fractional
compositions, i.e. neutrals, aromatics/slightly
polars, NOS and asphaltenes, are shown in Table 2.
Oily fractions, first and second ones, are studied by
GC/MS. Table 3 summarizes the total amounts of
n-alkanes, normalized to TOC (ug/gCorg).
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Table 1. Rock Eval data of samples.

Sample Depth Rock Eval data
P (m) S, S, S Toax  TOC (%) MINC(%) HI
Gl 266.5 0.010 2.455 0.790 437.0 1.295 1.975 189.5
G2 363.7 0.000 0.135 0.990 437.5 0.475 2.635 28.5
G3 443.3 0.025 3.345 1.025 430.5 1.825 2.050 183.5
Well G4 495.6 0.005 1.290 0.745 431.5 1.275 1.385 101.0
G5 553.0 0.015 3.390 1.035 428.5 2.310 0.650 147.0
G6 816.8 0.000 0.010 0.230 428.5 0.235 5.525 4.0
G7 1685.3 0.005 0 0.115 n.d. 0.100 2.780 0
G9 - 0.010 0 0.330 n.d. 0.065 3.565 0
Outcro G10 - 0.010 0 0.165 n.d. 0.035 3.185 0
P G11 - 0.000 0 0.575 n.d. 0.070 1.860 0
G12 - 0.040 0.065 0.590 418.0 1.035 1.080 103.0
n.d. — not determined.
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Fig. 1. Correlations of Rock Eval data and biomarker parameters. A) Plots S;+S, vs. TOC for appraisal of generative
potential; B) Relationship P, vs. TOC distinguishing different pools of n-alkanes contributions after Ficken et al. [11];
C) Cross-plots of Pr/nCy7 vs. Ph/nCyg for kerogen type assignment after Hunt [15] (e — “free” bitumen; o — “bound”
bitumen); D) Plots of HI vs.T . highlighting the increase in HI prior to the onset of oil expulsion after Sykes and
Snowdon [19].

Lipid distributions are visualised as histograms Portions of long chain homologous in “free”
in Fig. 2. Relative amounts of short-, mid- and bitumens constitute >60% of the n-alkanes, except
long- chain n-alkanes are presented in Table 4. for sample G4, which is extremely enriched in short
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chain members. For TOC rich samples, i.e. G3, G5, subordinated incorporation of plant-wax n-alkanes
G12, a tentative shift of n-alkanes signature to mid- into the “bound” bitumens.
chain members is recognizable (Fig. 2). The trend At a certain extent n-alkanes distributions could

is accompanied by a decrease in CPI values (Table assign a mixture of immature and mature OM. In
3). Lower CPI ratios might be indicative for the fact, the n-alkane distributions for some samples

Table 2. Yields of bitumens and their fractional compositions, in %.

Yields Fractional composition, %
(%) "Free" bitumen "Bound" bitumen
Sample - b= < Aromatics/ g @ =z Aromatics/ é @
L 3 s sligly 2 E 2 E slightly 2 = 2
m b polars =3 - zZ polars =3 —
< <
Gl 017 013 56 168 261 473 42 37 5.1 195 586 131
G2 012 006 12 3.0 145 728 85 65 6.5 204 587 7.9
_G3 017 009 25 181 211 503 80 7.8 61 377 381 103
g’ G4 015 007 39 7.7 337 512 35 122 105 429 324 2.0
G5 014 008 130 152 241 432 45 154 115 365 323 4.3
G6 005 003 7.2 112 164 579 7.3 115 115 265 398 107
G7 005 003 40 45 131 750 34 tr. 9.3 305 492 110
G9 003 004 48 106 252 500 94 101 8.0 254 558 0.7
S G0 008 003 03 64 78 843 12 106 126 317 442 09
3 Gl 006 005 56 9.7 209 588 50 7.1 7.1 284 506 6.8
Gl2 011 006 129 144 371 347 09 188 119 273 415 0.5
Table 3. Amounts of n-alkanes in mg/g sample, regular isoprenoids in ng/gCoq and CPI values.
Sampl g g S Ph “c%o Pr/Ph  CPI*
ampre c_;:s \CE»_, (1g/8Cor) § (1g/gCorg) E '
A
Gl 7.50 11.55 2.83 12.47 3.01 0.93 459
G3 3.98 3.91 1.26 3.25 1.44 1.20 2.31
G4 4,02 31.00 2.81 37.80 2.72 0.82 2.28
% S Gb 22.48 80.18 3.02 81.25 3.42 0.99 1.57
E S G6 2.06 17.26 0.92 12.25 1.00 1.41 1.16
e G7 2.17 1.04 0.64 0.60 0.91 1.73 1.11
G9 1.96 0.97 0.60 0.70 0.72 1.39 1.13
Gl1 2.35 0.74 0.78 0.40 1.10 1.85 1.43
G12 3.53 2.79 1.80 7.11 3.60 0.39 1.43
Gl 2.36 0.85 0.72 0.40 1.16 2.13 1.26
52 s G3 454 1.14 0.33 0.27 0.83 4.22 0.98
3 S G4 2.79 3.70 0.63 1.66 1.00 2.23 1.19
A G5 5.87 5.02 0.50 2.46 0.71 2.04 0.95
G12 5.63 1.05 0.69 1.96 0.69 0.54 0.90

*CPI= 2[(NC23+NCs1)odd T Z(NC25+NCs33)0dd 1/2 Z(NC24+NC32)even
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Table 4. n-Alkanes distributions in TOC rich samples, in rel.% and calculated P,, values.
n-Alkanes, in rel. %* Paq vValue**

"Free" bitumens "Bound" bitumens

Sample

‘Free"
'Bound"

s 2 3
s 9 S B c
Gl 9.7 285 61.7 126 41.2 46.2 055 0.58

G3 153 23.7 61.0 18.7 52.0 29.3 0.28 0.58
G4 535 32.0 145 157 41.0 433 0.71 0.52
G5 16.7 223 61.0 5.0 284 66.6 0.34 0.41

Outcrop G12 9.5 269 63.6 9.8 39.1 51.1 0.36 0.50

*Short chain n-alkanes X (nC1g -NC,0), Mid-chain n-alkanes X (nC,;-nC,s), Long chain n-alkanes X (NC5-nCs,),
**Pq = (NCa+NCys)/(NCo3+NCos+nCoqetnCsyy) after Ficken et al.[12].
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Fig. 2. Histograms of n-alkanes distributions (numbers correspond to carbon atoms).
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strongly resemble that in oils (G4), suggesting
contribution from redeposited mature OM. n-
Alkanes distribution for sample G4 is typical for
Type | kerogen. At low maturity levels even the
mid-chain n-alkanes are characterized by odd-over-
even predominance, i.e. high CPI. A possibility for
mature OM deposition is discussed in the second
part of the study devoted to the cyclic biomarkers.

Ficken et al. [11] have proposed P, ratio with
the aim to discriminate macrophytes and emergent
terrestrial plant. The proxy takes into account the
fact that submerged/floating species are rich in mid-
chain n-alkanes while higher plants are enriched in
longer homologous. Respectively, the P, ratio
distinguishes macrophytes of terrestrial plants from
the other supply. This proxy is often used to assess
the impact of hydrological changes in peat
transitions from wet fen to dry periods [12]. The
cross-plots of TOC vs. P, in Fig. 1B argue for at
least two pools of n-alkanes [13]: (i) short chain
homologous from algal/bacterial contribution; (ii)
and, mid-chain, from submerged/floating
macrophytes wax. According to Ficken et al. [11]
P.q values in the range of 0.01-0.23 are linked to
terrestrial plant wax, whereas values in the range
0.48-0.94 are associated with submerged/floating
species of macrophytes. P, values in Table 4 point
to a mixed n-alkanes origin, namely, from higher
plant/macrophyte wax and algal or bacterial
contributions. Interestingly, P,q values for the “free”
bitumens are lower as compared to the magnitudes
calculated for the “bound” bitumens. On the other
hand, the lowest values are calculated for samples
with the highest TOC contents. This is a hint that
the increase in TOCs can be attributed to a
substantial input of emergent plants to the
palaeoenvironment (Fig. 2B). Relatively close
values of ~0.50 are calculated for the “bound”
bitumens.  This evokes  submerged/floating
macrophytes OM input. The tendency s
additionally confirmed by the data for CPI in Table
3 where systematically higher values for the “free”
bitumens ratios comparing to the “’bound” ones are
calculated.

The acyclic regular isoprenoids, i.e. Pr and Ph,
are registered in all studied samples. Their amounts,
together with Pr/Ph, Pr/nCy; and Ph/nCyg ratios are
shown in Table 3. Ph concentrations are higher than
nCyg, thus giving distinctively high Ph/nCyg ratios,
especially for TOC rich samples. Ratios Ph/nCyg
are in the range of 3.0-3.6 for the “free” bitumens,
while for the “bound” bitumens total amounts of
isoprenoids and calculated ratios are lower.
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The Pr/Ph ratio is frequently used to assess
depositional environment. However it is well
known that isoprenoids/n-alkanes ratios generally
suffer from two main problems: (i) Pr and Ph may
originate not only from the phytyl side chain of
chlorophyll-o, but also from tocopherols and
bacterial lipids. (ii) Isoprenoids and n-alkanes are
strongly influenced by the maturity and Pr is
preferentially formed during maturation. In the
meantime, n-alkanes experience thermal
degradation and cracking, which introduces great
uncertainties in calculating the ratios. Nevertheless
the ratios are still often used with the proviso that
the data should be considered as biased.

Pr/Ph values > 3 are attributed to OM from land
plants (oxidising conditions of deposition), while
values < 1.0 indicate anoxic conditions. Magnitudes
in the interval 1.0-3.0 suggest intermediate
conditions of deposition (sub-oxic condition) [14].
Pr/Ph ratios in Table 3 were moderate and have
denoted that source rocks were deposited in sub-
oxic conditions. Hunt [15] proposed to plot the
ratios in the Pr/nC; vs. Ph/nC,g diagram (Fig. 1C).
Therein samples with high TOCs are located at the
zone of immature kerogen almost on the demarking
line for Type Il and Type I/l kerogen. Actually
such plots tolerate deposition in sub-oxic conditions
and have sustained assumption based on Pr/Ph
ratios. Cross-plots for “bound” bitumens in Fig. 1C
were somehow dispersed, and typical for more
mature Type Il kerogen. These results were in
agreement with the patterns of n-alkane
distributions illustrated in Figure 2, where
macrophyte contribution from submerging/floating
vegetation to “bound” bitumens formation has been
depicted.

According to Pr/nCy; vs. Ph/nCyg diagram mixed
Type 1I/111 kerogen is characteristic for high TOCs
samples with “good” hydrocarbon generative
potential (Fig. 1C). Tt comprises “gas-prone” source
rocks as has been already assumed based on Rock
Eval data [5]. This view is additionally
strengthened by HI vs.T . correlation, assigning
“gas prone” source rocks for TOC rich samples
(Fig. 1D). As far as similarity with Mezardere Fm.
in the Turkish part was already assumed (Fig. S2),
it was supposed that the source rocks under study
will be capable to generate biogenic gas at
appropriate burial and thermal palaeoenvironmental
conditions of deposition.

Long-chain acyclic n-alkan-2-ones nCi3-nCss,
maximizing at nCy, 2-nonacosanone, M*422, were
present in aromatic/slightly polars. Highly abundant
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was Cyg isoprenoid ketone, a clue for a microbial
activity, as it has been supposed to be derived from
the microbial degradation of phytol [16]. In all
separations “odd” numbered n-alkan-2-ones have
prevailed over the “even” numbered homologues.
Distribution signatures for long-chain n-alkanes and
n-alkan-2-ones were similar as both series have
maximized at the long chain “odd” members. This
resemblance has admitted a product-precursor
relationship [14].

Thereinafter “even” carbon numbered n-
alkanols, NCy-NCys (Crax NCy) Were identified,
accompanied by two esters of 9-hexadecenoic acid,
i.e. Cy and Css (Cia- Cig and Cig1-Cop). Alkyl
esters were often major constituents of the natural
waxes of microorganism, plants and animals [17].
Alkan-2-ones, n-alkanols and alkyl esters are
common in the plant kingdom and attest land plants
in the studied area [14, 18].

Fatty acids (FAs) were registered only in the
“bound” bitumens, where they have represented
significant portions of the fractions (Table 2). Their
distribution covered a broad span of homologous,
NC,-nCs4, With “even” numbered dominance. FAs
signatures were characterized by two maxima, at
the ubiquitous nCyg and at long chain member, nCyg.
Proportions of the two groups of FAs have varied.
With depth the relative amount of the short chain
FAs has increased and i-, ai-FAs have appeared. A
similarity in possible origins with n-alkanes was
admitted. In “bound” bitumens dicarboxylic fatty
acids (di-FAs), nCig-nCso were identified as well.
FAs distribution pattern has denoted at least two
possible sources — from ester hydrolysis of
diagenetically reduced cutins, suberins or of
glycerides from cell membranes for the shorter
members and from the hydrolysis of epicuticular
waxes. FAs distribution, like in the case of n-
alkanes, has admitted mixed kerogen origin, from
higher plant/macrophyte wax and from algal or
bacterial contributions.

CONCLUSION

The study of linear biomarkers in samples from
the Bulgarian part of the Thrace Basin reveals the
advantage of combining bulk and organic
geochemical proxies for source rocks evaluation.
The following observations are of special
importance:

(i) n-Alkanes distributions are complex and give
molecular evidences  for  variation in
palaeovegetation and palaeohydrological conditions
of deposition. Signatures for the “free” bitumens

are characterized by long homologous dominance
and high CPI values. “Bound” bitumens are
enriched in mid-chain members. The cross-plots of
TOC rich samples in Pr/nCy; vs. Ph/nC.g diagram
imply immature to slightly mature Type I/l
kerogen. Pr/Ph ratios argue for immature OM
deposition in  anoxic/sub-oxic  environment.
However this point should be considered rather
biased inasmuch as it is possible that some regular
isoprenoids are still in “bound” state. n-Alkanes
distributions admit mixed origin, namely, from
higher plant/macrophyte wax and algal or bacterial
contributions. Lower P,q values are denoted for the
“free” bitumens comparing to the “bound” ones.
This is a hint that an increase in TOCs for “free”
bitumens can be attributed to emergent/terrigenous
supply. Comparable P,, values of 0.50 calculated
for “bound” bitumens argue for submerged/floating
macrophytes OM input;

(ii) Patterns of distributions for long-chain n-
alkanes and n-alkan-2-ones are similar as both
series maximize at the long chain “odd” member
homologues. The similarity admits a product-
precursor relationship. Fatty acids (FAs) with a
broad span of homologous, NCy,-NCa4, and “even”
numbered dominance are registered only in the
“bound” bitumens. A similarity in possible origins
with n-alkanes is evident.

The decrease in Ty and n-alkane distributions
for the shallowest samples evokes more mature OM
redeposition. However, the assumption needs
verification by additional data and will be
considered in the study of cyclic structures.
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I'EOXUMMNYHA OLEHKA HA BBIJIEBOJIOPO 'EHEPMPAILINA IIOTEHIUAJT
HA BBJI'APCKATA YACT OT TPAKUNCKHA BACEUH: 1. JUHEMHU BMOMAPKEPU

I. Mepaqual, M. CTe(baHOBaz*, C.IL MapI/IHOBZ, E. 3aHeBa-I[o6pfctHOBa1

1 ”
Munno-eeonoocku Yuusepcumem ,, Ce. M. Puicku”, Cogus 1700, bvreapus
2
Hucmumym no opeanuuna xumus ¢ Llenmop no pumoxumus, bvreapcka Axaoemusa na Hayxume, Cogus 1113,
bwaeapus

Tocrprmna Ha 25 stayapu 2017 r.; Kopurupana Ha 06 mapt 2017 T.

(Pesrome)

UYacrra ot Tpakuiickus bacellH, Hamupalia ce Ha TepUTOpUATa Ha bearapus, ce ompezneis Karo HEToB
ceBepo3sanajeH ¢uaHr. JJaHHuTe 3a BBIIIEBOJOPOIHHS MOTEHIIMA Ha TO3M PErHOH 32 MOMEHTa ca orpanuueHn. Ouyaksa
ce HAKOM (opMallMy, aHAJIO3M HA TaKMBa OT TypcKara yacT Ha OaceiiHa, 3a KOMTO ca JIOKa3aHW JOOpU reHepHpaliu
CHOCOOHOCTH 3a BBIJIEBOJIOPOAM, J1a UMAT He(To/ra3oHOCHU cBoiicTBa. C €N OlleHKa MEePCHeKTHBHOCTTA Ha paloHa
Ype3 METO/IM Ha OpraHUYHATA TEOXUMHUS, OAPOOHO ca uzyueHu 11 npobu (7 conmaxuu u 4 paskpurus). [lox popmara
Ha ,,cBOOOIEH” U ,, CBBP3aH” OUTYMH € M3CJIEABAHO EKCTPaXMPyeMOTO opraHuyHo BemectBo. Upes Rock Eval u GC-
MS e u3ydeHa mmpoka ramMa OT OPTaHWYHM ChEAWHEHUs, HAKOM OT KOMTO Omomapkepu. B Hacrosmoro m3cieasaHe
00CKT Ha M3y4yaBaHe ca JIMHEIHNTe OMOMapKepy: N-aJKaHH, H30NPESHOUN, MAaCTHU KuceanHH U 1p. Rock Eval nanauTe
1 KOMIIOHCHTHHST ChCTaB ONPEACTAT OPraHMYHOTO BemecTBO karto He3psuto oT Twum III u ot cmecen Tum II/IIL. BwB
BCHYKHM €KCTPaKTH NpeodiagaBar N-ajkaHW. PasnpeneneHneTro UM o AbIDKMHA Ha aJKHJIOBAaTa BEpUra ce IPOMEHS C
IbI00YMHATa HAa COHJaXa. lMa M JaHHM 3a TpeoTiaraHe Ha I0-3psUI0 OPTaHMYHO BemlecTBo. Ilosunmure Ha
n3cneasanute npodu B Pr/nCi; vs. Ph/nCyg auarpama onpezens KeporeHa Ha NOTEHLIMATHO He(TO/ra30reHepupaniuTe
ckamu Kato He3psur, oT cmeced Tum II/II. Ortaomenuero Pr/Ph e xapaktepHo 3a c1abo mpeoOpasyBaHO OpraHHTHO
BEIECTBO, OTJIOKEHO B PEAYKIIMOHHA W/MIIM MpOMEHsIIa ce mameooOctanoBka. Camo B ,,CBbp3aHHUTE” OUTYMHU ca
ycTaHOBeHM MacTHH KuceiuHHu, NCi,-NCzy ¢ mpeoOiiafiaBaiy 4E€THH XOMOJO3UM U PAas3NpeiesieHHe IMOBJIHUSIHO OT
IBIOOYMHATA Ha 3ajsraHe. 3a TAX ce IpeAroiara Mpou3Xoa KaTo Ha N-ajKaHWTE Y CTAaHOBEHH ca M JAUKapOOKCHIOBH
kucenuau, NC1g-NCsp, KaTo MakcumaiHu ca NCyg, NCog, NCay.
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Assemblages of cyclic components in bitumens help to verify some assumption based of linear structures
interpretation and supply relevant information for the generative potential of the region and palaeoenvironment of
deposition. Hopanes and steranes determine immature Type 111 to mixed Type II/111 kerogen for the Bulgarian part of
the Thrace Basin. The view for Type Ill kerogen is additionally supported by the signatures for triterpenoids (TTs)
abundance. In bitumen fractions monounsaturated, aromatized, C-3 functionalised or partly destructed TTs are
identified. All these components unequivocally attest angiosperm taxa contribution to the palaeoenvironment.
Consistent with the composition of the products from TTs destruction or aromatization it is assumed that oleanane type
TTs strongly prevail ursane/lupane structures. Saturated diterpenoids were practically absent in bitumen extracts. Cross-
plots of Pr/Ph vs. C,/C,; regular steranes attest deposition in anoxic/sub-oxic environment. Positions of samples in the
diagram confirm the assumption for mixed type of OM (algae/bacteria and from land plants). Plots of steranes in
tertiary diagram depict OM formation in open water environment (bay or estuarine) in lacustrine-fluvial/deltaic
environments. A decrease in MPI-3 values with depth parallel to T, changes was observed. It might be a hint for
redeposition of more mature OM. This surmise was not supported by the changes in biomarker parameters, i.e.
TJ/(Ts+Ty), hopane ratio, homohopane index, sterane C,g BB/(aa+pp) and C,g 20S/(20S+20R) ratios and positions in
Pr/nC; vs. Ph/nCyg diagram, all attesting maturity increase with depth. More samples and additional study are needed to
verify this assumption. Rock Eval data and cyclic biomarker assemblages give us a confidence to denote that samples
from the shale interval of the shale-marl formation in the Bulgarian territories and analogues to the Yenimuhacir group
in the Turkish part of the Thrace Basin, can be regarded as “gas-prone” source rocks capable to generate biogenic gas.
Although based on limited number of samples, some of them with low total organic carbon content, the current study is
informative for a region where geochemical data are practically absent.

Key words: Thrace Basin; generative potential; cyclic biomarkers

INTRODUCTION

The hydrocarbon accumulations in the Thrace
Basin are associated with structural and
stratigraphic traps in the Eocene to Oligocene
clastic and carbonate reservoir rocks. Since the first
discovery, numerous studies considering the source
rocks from the sedimentary sequence in the Turkish
part of the basin are published [1-8].

The sedimentary succession in the central part of
the Thrace basin is more than 9000 m thick, while
in the Bulgarian part the maximum thickness of the
whole succession is around 2500 m. Nevertheless,
based on their lithological and stratigraphic
characteristics, the sediment formations are very
well correlated [9]. In the Bulgarian part of the
Basin, these rocks exhibit similar reservoir
properties as in the hydrocarbon fields in Turkey.

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

The sandstone intervals of the shale-marl fm., is
proposed to be analogue of one of the major
reservoir units Oligocene Yenimuhacir group,
which are characterized by porosity values between
9-25% and a permeability of 2-6mD [4]. Therefore,
there are indications that the area of the Basin in the
Bulgarian territory could be regarded as its NW
flank and detailed evaluation of sediments as
potential source rocks for future exploration
activities is necessary.

Present study continues previous investigation
on the linear biomarkers from the same provenance.
Herein data on biomarker assemblage will be
enriched with results for cyclic components with
the aim to determine depositional environment
from the perspective formations from the Bulgarian
part of the Thrace Basin. The study will proceed
with attempts to look for analogy with Turkish
sequences of the basin with already proven oil/gas
accumulations.
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EXPERIMENTAL

Samples characteristics, scheme of separation
and Rock Eval data were published in a previous
paper dedicated to the linear structures in bitumen
extracts [9]. Briefly, the following set of samples
was studied: (i) core samples G1-G5 were from the
shally intervals of shale-marl fm., analogue to
Yenimuhacir group in Turkey; (ii) core and outcrop
samples G6-G10 were from the rocks analogue of
Ceylan fm. (Turkey); (iii) G1land G12 from shale
rock outcrops.

GC-MS study was carried out on a Hewlett-
Packard 6890 GC system plus HP 5973 MSD
equipped with a HP-5 MS column (0.25 mmx30
mx0.25 p 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 hold
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. Individual
compounds were determined by comparison of 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 inner standards
application, i.e. deuterated nC,, for the neutral
fraction, and triethylbenzene for the
aromatic/slightly polar fraction. Amounts were
normalized to TOC and are presented in pg/gCorg.

The following cyclic biomarkers were MS
tracked: steranes (m/z 217), diasteranes (m/z 259),
tri-, tetra-, pentacyclic terpanes of hopane type,
benzohopanes, hopanoic acids (m/z 191). Based on
peak areas some biomarker parameters for hopane
(H) and steranes (S) were calculated. The following
ratios were determined: (i) Td/(Ts+Ty); (i)
Hsoo/HaoalB; (iii) S/(S+R) stereo isomers at C-22
carbon atom in  homohopane Hsaf; (iv)
BR/(ap+Poa+pp) hopanes; (v) and, regular sterane
S/(S+R) stereo isomers at C-20. Parameters
definitions and applications are described in Peters
and Moldowan [10]. Specific fragments were used
for homologous and individual compounds
tracking: m/z 123 for diterpenoids (DTs); m/z 203
and m/z 218 for TTs; m/z 231 for 4-Me steranes;
m/z 424 for 3-keto-TTs; m/z 274 for products of
TTSs destruction and aromatization.
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RESULTS AND DISCUSSION

In the studies of fossil materials pentacyclic TTs
are divided into two main groups - hopanoids
(hopanes, H) and non-hopanoids [11-13]. Hopanes
in Fig. 1 comprise the series C,7-Cs; (C,g absent)
with their af}, Booand P isomers and some
benzohopanes, Cs,-Cs,. Hopanoids are indicators
for microbial activity in the sediments. The
contribution of microorganism  during the
diagenetic transformation of the parent OM
supplies hopanes. However, some of them might be
derived from lower plants like ferns [10].
Distributions of regular hopanes in Fig. 1 maximize
at Cyof3. Some variations with depth in hopanes
parameters are obvious in Table 1 and in Fig. S1. In
Fig. 1 anoxicity marker 170(H)-28,30-bisnorhopane
M*284 is absent, an indication that the samples
were deposited in terrestrial or lacustrine
environment under oxic or sub-oxic conditions
[10]. This assumption contradicts a bit with
correlations Pr/Ph vs. C,/C,; regular steranes
discussed later in the text where definitively anoxic
conditions were depicted. Low amount of 17a(H)-
28,30-bisnorhopane below the detection limit of
GC-MS might be one possible explanation for the
discrepancy. In the samples sequence G6-G9, with
depth increasing tricyclic terpanes (C,s, Cag) have
appeared. One 17,21-seco-hopane, C,s;, M*330 is
detectable as well. All listed tri-/tetra terpanes are
characteristic components for petroleum and
petroleum source rocks [10]. For “bound”
bitumens, hopanes assemblages are similar to the
“free” ones, except appearance of hopenes (Cs7.10.,
Cs010B). They are indicators for hopanes still
attached to the kerogen OM.

By m/z 191 tracking in aromatics/slightly polar
fractions were identified hopanoid acids (as methyl
esters), maximizing at Csp, (Table 2). They are
hopanes biological precursors and are common in
the bitumens from immature fossils. Functionalized
hopanes with carbonyl/hydroxyl group at the C-3
position are determined as well, i.e. hop-22(29)-en-
3-one, M" 424, m/z 189 (100%) and diplopterol M*
426. The last one is a functionalized diploptene,
highly abundant in the neutrals fractions and one of
the possible hopane precursors. Diploptene (peak
D, in Fig. 1) is common in all hopanoid-producing
bacteria and represents likely source for hopanes
with < Cg carbon atoms.

Some biomarker parameters based of hopanes
distributions are calculated and shown in Table 1.
Values for T¢/(Ts+Ty) ratios for well samples are
somehow dispersed, 0.21-0.53. It is known that T
and T,are sensitive to maturity, type of OM and
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Fig. 1. Variations in hopanes distributions with depth increase tracked by m/z 191. (Abbreviations in Table 1; TT —
non-hopanoid triterpenoids; D- diploptene).

Table 1. Variations in hopanes distributions with depth increase tracked by m/z 191.
Hopanes (H) Steranes (S)

Sample Ts/gtsi-;Tm) '\:—I;)tri/oH r;:io I-|icr)1r(’jnec;(H DiaS/S  BB/(actBp) SI(S+R) (1;17Sterane; 8(2OR), rcztlg.)%
"Free" bitumen
Gl - 0.09 0.08 0.1 0.4 0.27 0 36.2 20.9 429
G3 - 0.05 0 0.1 n.d. n.d. 0 n.d. n.d. n.d.
5 G4 - 0.24 0.24 0.18 0.56 0.34 0 35 234 41.6
= G5 0.21 0.41 0.3 0.22 0.52 0.34 0 333 248 419
G6 0.31 0.36 0.9 0.54 0.50 0.43 0.34 42.7 239 334
G7 0.53 0 1.08 0.6 0.89 0.52 0.34 40.2 29 30.8
§' G9 0.81 0 0.75 0.63 n.d. n.d. n.d. n.d. n.d. n.d.
£ G11 0.34 0.3 0.45 0.47 0.3 0.3 0.1 31 29 40
O G12 0.48 0.11 0.98 0.11 0.25 0.25 0.09 23 27 50
"Bound" bitumen
GAl 0.47 0.28 0.2 0.45 0.23 0.43 0.16 34.6 235 419
= GA3 0.56 0.08 0.12 0.48 0.4 0.22 0.07 28.8 26 45.2
= GA4 0.3 0.27 0.36 0.28 0.42 0.35 0.1 29.1 251 458
GA5 0.28 0.38 0.39 0.3 0.45 0.32 0.1 28.3 25 46.7
Outcrop GA12 0.49 0.13 0.14 0.57 0.41 041 0.21 38 21 41
n.d.—not determined
Ts- 18a(H)22,29,30-Trisnornechopane Tm - 17a(H)22,29,30-Trisnorhopane
Moretane/Hopane ratio (Mor/H) = H30Ba/H30af Hopane ratio (H) = H29a/H300f
Homohopane index (HomoH) = H31af S/(S+R)
Diasterane/Sterane ratio (DiaS/S) = Ba-Dia-C27(S+R)/aaC27(S+R) Sterane S/(S+R ) = C29aa S/(S+R)

Sterane BB/(cortBP) = C29PP(S+R)/[C2900(S+R) + C29BB(S+R)]
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Table 2. Compounds and homologous series identified in G5 sample, expressed in pg/g sample and normalized to pg/g Cyr,

Bitumen
Series or compound “Free” "Bound”
classes Neutrals Aromatics/Slightly Neutrals Aromatics/Slightly
polars polars
ng/g  pg/gCouq  pg/g  ng/gCoq  nglg  ng/gCoq  nglg  ug/g Cog
n-Alkanes and 31.2 1351 - - 8.2 355 - ;
isoprenoids
n-Alkan-2-ones - - 1.92 83.1 tr. tr. tr. tr.
C,giso-ketone 0 0 0.1 4.3 0 0 0.07 3
Diterpenoids 1.8 77.9 0 0 tr. tr. tr. tr.
Polar aromatic 0 0 0.05 2.2 0 0 0.03 13
diterpenoids
Triterpenoid (TTs) 1.9 82.3 0 0 0.25 10.8 0 0
Products of TTs 18 77.9 0.11 48 0.4 19.1 0 0
destruction
Aromatized TTs 0 0 1.36 58.9 0 0 0.4 17.3
Polar TTs 0 0 0.03 1.3 0 0 0.05 2.2
Perylene 0 0 0.27 117 0 0 0.02 0.9
Hopanes and 5.2 2252 0 0 0.62 26.8 0 0
benzohopanes
Hopanoic acids, methyl 0 0 0 0 0 0 0.52 925
esters
Fatty acid, methyl esters 0 0 0 0 0 0 3.96 171.5
Qlcarboxyllc fatty acids, 0 0 0 0 0 0 0.47 204
dimethyl esters
Total 41.9 1814.3 3.84 166.3 9.51 4117 5.52 239.1

samples lithology [14]. With maturation T, is
gradually transferred into Ts. In our samples set G1-
G7 in parallel with the increase in burial depth the
ratios T¢/(Ts+T,) rise (Table 1 and Fig. S1),
attesting increase in maturity.With increasing depth
the magnitudes for hopane ratios and homohopane
index also increase. Homohopane index for sample
G9 is 0.63 (Table 1) and argues for a high sample
maturity. In hopane distributions a3 hopanes are
more prominent than PBoisomers, reflecting in
varying moretane ratios, the highest calculated for
OM rich samples, ~0.4. Hopanes distribution of G5
“free” bitumen (Fig. 1) permits determination of the
relative portion of BB hopanoids (“bio”-hopanoids)
from the total sum of regular hopanes. It is known
that during diagenesis B hopanoids are
progressively transferred into “geo”-hopanoids (o8
and Ba epimers). The ratio “bio”/”geo” hopanes for
G5 “free” bitumen is 0.16 and almost alike, 0.17,
for the “bound” bitumen. The m/z 191 separations
in Fig. 1 and calculated parameters (Table 1) argue
for immature OM comprising considerable portion
of B homologues.

Triterpenoids of non-hopanoid type are
unambiguous biomarkers for angiospermous floral
input, where oleananes have proven to be the most
commonly cited [15]. These cyclic alkanes are
identified in many oils and shales with terrestrial
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source rock provenance. By tracking m/z 203, m/z
218 and M" 410 olean-13(18)-ene, olean-12-ene,
olean-18-ene (B-olean-12-ene maximal) were
identified. These compounds are intermediates in
the classical diagenetic transformation of 3-
oxygenated triterpenoids to chrysene and pyrene
via the pathway proposed by Murrey et al. [16].
The scheme is additionally validated by the
presence of C-3 functionalized oleanane/ursane
type TTs with M* 424, i.e. o/f amyrones (all
present in the aromatic/slightly polar fractions,
Table 2). Oxygenated TTs abundance is a
convincing proof for the considerable terrigenous
input. All compounds and homologous series
identified in G5 sample, expressed in pg/g sample
and normalized to pg/g Corg., are shown inTable 2.

In the first fractions (neutrals) were determined
des-A-oleanane/ursane and  their  mono-/di-
unsaturated homologues. Des-A-lupane, M* 330,
m/z 123 was in negligible content. There were
several attempts to use des-A-TTs as biomarkers
for paleoenvironmental reconstruction [17-19].
Commonly they have related des-A-TTs formation
and accumulation to wetter climate, high water
table and anaerobic environment. Respectively,
such conditions might be assumed for the
palaesoenvironment.
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In the aromatics/slightly polar fractions products
of o/B-amyrin aromatization were depicted, i.e.
dimethyl- (M" 310) and trimethyl (M* 324)
substituted tetrahydropicenes. They are the end
products of TTs destruction and aromatization [16].

By M" 274 tracking three components were
visualized: (i) with m/z 218 (100%) for oleanane
type TTs; (ii) with m/z 259 (100%) for ursane type
TTs; (iii) and, with m/z 231 (100%) for lupane type
TTs [20]. Ratios for the three groups were 46:3:1.
Therefore, on the base of the TTs products of
destruction and aromatization, oleanane type TTs
seems to have been strongly predominant in the
floral assemblage. Generally, TTs biomarkers do
not specify palaeovegetation. They simply assign
angiosperm contribution to the kerogen formation.
However, studies in this field are in progress as
potential TTs  precursor assignment  will
considerably increase chemotaxonomic value of
angiosperms  for sedimentary environmental
reconstruction [21].

No saturated DTs were detected by m/z 123
tracking. Only aromatized DTs, i.e. simonellite and
retene, were identified. These two components are
the end products of diterpenoids diagenetic
transformation [22-24]. Likewise DTs provide
evidences for the subordinate gymnosperms
presence in palaeovegetation and for advance in
maturation.

Absolute amounts of the regular steranes in the
studied samples are very low, which prohibits their
quantitative determination. Hence, regular steranes
were only qualitatively interpreted and distributions
in rel. % are shown in Table 1. Signature of regular
steranes in terrigeneous OM is very simple: (i)
dominated by Cyg steranes; (ii) and, the ratio regular
sterane/hopane is very low [25]. In a case of OM
mixed input to the source rocks it is more
complicated. Another feature of the regular sterane
distribution is the presence of diasteranes. Recent
studies have provided evidences that maturation,
oxic-type environment and the catalytic role of
clays tolerate rearrangement with diasteranes
formation [10]. The ratios diasterane/regular
sterane for the well samples were in the range 0.4—
0.5 and have increased to ~ 0.9 with depth, parallel
with maturation (Table 1). An attempt to make a
correlation with lithology has not been done.

According to the number of carbon atoms in
their molecules regular steranes are grouped in C,7,
C.s, Cy and distributions are plotted in Fig. 2 [26].
Commonly, C, steranes are related to algal
contribution while Cyg steranes point to land plants
input. This approach for steranes interpretation is

rather simplistic for general use as it is known that
phytoplankton could also contribute to C, sterols
[27]. However, the diagram is often used for
oil/source rocks correlations. The plots of samples
in Fig. 2 indicate OM formation in open water
environment (bay or estuarine) and imply that most
likely the kerogen has been formed in lacustrine-
fluvial/deltaic  environments. The proportion
C,7/Cyg steranes varies with a depth. The algal
supply, respectively the relative content of C,;
steranes, increases with depth to ~ 40%, while TOC
rich samples (at shally intervals) are enriched in Cyg
steranes. Variations in sterane distributions for
samples G1, G3 and G5 might be contributed to the
changes in the sedimentary environment, namely
low water table and terrigenous input. Generally,
regular sterane signature confirms the assumptions
based on n-alkane distributions [10] - mixed origin
for OM, i.e. aquatic and terrestrial, in different
proportions depending on the depth. Variations in
C,7/Cy steranes ratios with depth give a picture for
hydrological oscillations at different periods - arid
(0.79-0.84, for shally intervals of shale-marl fm.
analogue to Yenimuhacir group, Turkey) and
humid (~1.3, for intervals analogue of Ceylan fm.,
Turkey).
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Fig. 2. Plots of steranes distributions in C,7, Cag, Cyg
ternary diagram after Huang and Meinschein [26].

In all samples by SIM m/z 231 4-methyl
steranes, i.e. Cus, Cyy, Cso, Were identified. They
were interpreted as dinosteranes  attesting
dinoflagellates presence and microbial activity in
the palaeoenvironment [10].

In samples studied polycyclic aromatic
hydrocarbons (PAHSs) with 2—4 condensed aromatic
rings, i.e. naphthalene, phenanthrene (highly
present), pyrene (tentatively identified) and their
alkylated homologous, i.e. C;-C, derivatives, were
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determined. It is impossible PAHs quantification
due to their low concentrations. However, it was
feasible to calculate MPI-3 maturity index. It is
based on distribution of methyl phenanthrene
isomers. The definition, application and limits were
explained by Radke et al. [28]. Methyl
phenanthrenes (m/z 192) are the most commonly
found in separations and their distributions
comprise peaks of 2-, 3-, 4+9-, and 1-methyl
phenanthrenes. MPI-3 calculated values for well
samples vary in the range 1.42-1.60, while for the
outcrops samples they are in the range of 1.35-
1.65. There is not an appreciable change of MPI-3
ratios with depth (1.61 to 1.43). However, a
tendency for a decrease in MPI1-3 values parallel to
Tmex decrease in Rock Eval parameters is
recognizable [9]. It might be a hint for redeposition
of more mature OM. The assumption is not
supported by parameters calculated on the base of
cyclic biomarkers where unequivocal proves for
increase in maturation with depth were obtained
(Supplementary Material 1). More samples are
needed to clarify the item.

MPI-3 ratios are not calculated for “bound”
bitumens as in GC-MS separations methyl
phenanthrenes have overlapped with elemental
sulphur. Highly substituted phenanthrenes were less
abundant, except 1-Me-7-i-Pr-phenanthrene, M"
234, retene.

Perylene (11.7 ng/gCog) was present in G5
aromatic/slightly polar fraction (Table 2). Previous
researches proved that its precursors could be fungi,
wood-degrading fungi, terrestrial sources [29]. A
diagenetic product of perylene is registered
predominantly in humid, terrestrial OM rich
environments.

GENERAL DISCUSSION

Data in Table 1 and Fig. S1 demonstrate that the
ratio 22S/(22S+22R) for C317a(H),21B(H)-
hopanes is depth dependent and from 0.10
gradually increases to 0.60, attesting that at 1685.3
m hopane epimer equilibrium is already attained.
The magnitudes for sterane C,y 20S/(20S+20R)
ratios are very low. In m/z 217 track of some
samples 20S epimers were virtually absent
reflecting in S/(S+R) = 0 (Table 1, Fig. S1). With
depth increasing 20S epimer became visible and the
ratio reached 0.34. The magnitudes for outcrop
samples and “bound” bitumens are also low (0.07—
0.21, Table 1) and argue for kerogen immature
stage. Some relationship for sterane C,y Bp/(a0+P)
vs. depth are recognizable as well (Fig. S1). The
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values vary in the range 0.3-0.5 (Table 1), for well
samples they increased with depth, attesting
advance in maturation. A correlation of two
maturity parameters, C,20S/(S+R) for regular
steranes and Cs; 22S/(S+R) for hopanes, is shown
in Fig. 3. The cross-plots unequivocally argue for
kerogen immature stage. Only G6 and G7 (deeper
well samples) are shifted to kerogen of “early
mature stage”. None of the samples is plotted in the
“oil window” area.
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Fig. 3. Estimation of kerogen maturity by
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Fig. 4. Cross-plots of Pr/Ph vs. Cy/Cy regular
steranes ratios suggesting samples anoxic/sub-oxic
conditions of depositions after Hakimi et al. [31]

Cross-plots of Pr/Ph vs. C,/C,; regular steranes
are illustrated in Fig. 4 [30, 31]. On the base of
Pr/Ph ratios in the previous paper an assumption for
OM deposition in anoxic/sub-oxic environment has
been done [9]. Positions of samples in Pr/Ph vs.
C,0/C,7 regular steranes diagram (Fig. 4) confirm it.
The cross-plots depict a mixed type of OM input
(from algae/bacteria and from land plants) and
deposition in anoxic-sub-oxic environment.
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Estimates regarding the generative potential of
the samples on the base of biomarkers are in a good
coherency with Rock Eval data. The fractional
compositions and biomarker assemblages of TOC-
rich samples evaluate moderate OM contents.
According to these parameters the rocks can be
classified as source rocks with “fair” to “good”
potential. Kerogen is defined as immature of mixed
Type /111 capable to generate biogenic gas. These
main conclusions fit well with the data published
for the Turkish part of the Thrace Basin [3, 5-7, 32,
33]. Therein, for Thrace sediments is assumed
oil/gas potential based on the data from oil/gas to
source rocks correlations and basin modeling.

CONCLUSION

The study highlights the relevance of
biomarkers for source rocks and depositional
environment appraisal. Assemblages of cyclic
components help to verify some assumption based
of linear structures interpretation and supply
information for the generative potential of the
region. The following observations are of particular
importance: (i) Ratios sterane/hopane for TOC rich
samples are very low and attest kerogen with
considerable terrigenous input. Plots of regular
steranes in ternary diagram depict OM formation in
lacustrine-fluvial/deltaic environment in agreement
with Pr/Ph ratios, 0.3-1.1. According to these
geochemical data samples most likely have been
deposited under oxygen-deficient, but not at
completely anoxic  conditions;  (ii)  Plots
C»920S/(S+R) steranes vs. C3122S/(S+R) hopanes
denote immature to early mature OM; (iii)
Geochemical proxies determine immature mixed
Type 1/l kerogen with considerable supply of
microbially reworked OM. Variety of TTs in
sample G5, i.e. monounsaturated, aromatized or C-
3 functionalized as ketones and alcohols, partly
destructed, etc., admits Type Il kerogen and
indicates floral supply dominated by angiosperm
taxa. Based on the compositions of products from
TTs destruction/aromatization, oleanane precursors
preponderance over ursane/lupine structures is
assumed; (iv) MPI-3 index and T, values gave a
hint for redeposition of more mature OM. On the
other hand this surmise was not supported by the
changes in biomarker parameters with depth, i.e.
TJ(Ts+Tn), hopane ratio, homohopane index,
sterane C,y BP/(ao+pP) and C,g 20S/(20S+20R)
ratios and positions in Pr/nCy; vs. Ph/nCyg diagram.
More extensive survey is required to test the
validity of this assumption. Finally, for some

samples of the shaley intervals of the shale-marl
Fm. a similarity with Yenimuhacir group in the
Turkish part of the Thrace Basin is admitted. These
successions are resolved as potential “gas-prone”
source rocks capable to generate biogenic gas.
However, further work on the Bulgarian part of the
Basin using densely sampled Fms. is needed to
confirm or reject this point.
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(Pesrome)

HaGopbT oT nuknmuHuTe OMOMapKepy AaBa BH3MOXKHOCT Jla C€ MPOBEPAT HAKOW BEUE HAINPABEHH 3aKIIOUYCHHS Ha
0azaTa Ha ChCcTaBa M paslpe/ieieHHETO Ha JIMHEWHUTE CTPYKTYPH M IPENOCTaBs JIOMbIHUTEHA HH(POPMAIHs OTHOCHO
TeHepHpalIys MOTeHI[A Ha PETHOHA U Nale000CTaHOBKATa HA OTJIaraHe. XOINaHHUTE U CTEPAHUTE OTNpeieNaT KeporeHa
ot Obirapckara yact ot Tpakuiickus Oaceiin kato He3psu1 ot Tun III u/unu ot cmecen Tun II/111. [Ipeacrasara 3a Tun
III xeporeH ce MOTBBPXKIAaBa U OT IIMPOKOTO PA3NPOCTPAaHEHHE HAa TPUTEPIECHONIN. BBB BCHUKU H3ClIEABAHU OUTYMHU
MPUCHCTBAT MOHOHEHACHTEHHU, apomarHH, C-3 3aMecTeHU ¢ (YHKIIMOHAIHU TPYMU WM YACTUYHO JECTPYKTHPAHH
MPOU3BOIHN HA TPUTEPICHOWIU. BCHYKM Te ca HEIBYCMHUCIICHO yKa3aHHWE 3a IMPHCHCTBHE B TMaeo01aToTo Ha
OIMPOKOJIUCTHA PACTUTEITHOCT. B cChrilacme ChC ChCTaBa Ha TPOAYKTH OT pasrpakgaHe W apoMaTH3alus Ha
TPUTEPIICHOUIN CE TPENIoJiara, 4e OJICAHOBUTE CTPYKTYPH IOMHHHMpAT HaJ ypPCAHOBU WM JYNAaHOBH TakuBa. B
OUTYMHTE MPAKTUUECKH JINTICBAT HACUTeHHU quteprneHonu. 3asucumoctra Pr/Ph vs. Cyy/Cy7 cTepanu nomycka oTiarane
B MIPOMEHSIIA ce 0OCTAHOBKA KaTO MO3HIMUTE HAa MPOOUTE B JHarpamMaTa MOTBBPKIABaT CXBAIAHETO 32 CMECCH THII Ha
OpPraHUYHOTO BEHIECTBO (BOAOPACITH/OaKTEpHHU U HA3eMHA PACTUTEIHOCT). PasmpeneneHusta Ha crepaHuTe, 0hOpMEHO
B TpOWHA quarpama, Jomycka (GopMupaHe Ha OPTaHUYHOTO BEIIECTBO B OTKPHUTH BOJY (3aJIMB WIIM YCTHE Ha peKa) B
e3epHa-pevyHa Wiu JeNToBa 0OCTaHOBKA. YcTaHOBeHO Oe, ue ctoiiHocTtuTe 3a MPI-3 HamansBar mapanenHo ¢ Te3u 3a
Tmax, KOETO JOMyCKa IMpeoTiaraHe Ha IO-3psUI0 OPraHWYHO BEHIECTBO. TOBa TBBPAEHHE HE C€ IMOIKPENs OT
HW3MEHEHMSATA HAa HIAKOW OMOMapKepH C yabjibodyaBaHe Ha mpobara, a uMeHHO T¢(Ts+T,,), OTHOIIEHHETO HA XOMAHUTE,
HHJIEKCa Ha XOoMoxomanute, oTHomeHusTa Cog PP/(ao+Pp) u Cog 20S/(20S+20R), mosumuure B Pr/nCy; vs. Ph/nCyg
nuarpama. Bcuuky Te yTBBpKAABAT TOBHINEHHE Ha 3pSUIOCTTa C yabiaOouaBaHe. Te3W eKCIEpUMEHTAHU JaHHHU
MOKa3BaT, Y€ TBBHPJCHUETO Clie/(Ba Ja Ce MPOBEPH C aHajM3a Ha MO-rojsiM Opoit mpobu. Jannure ot Rock Eval u
ChCTAaBBT HA IMKIUYHUTEC OMOMAapKepW JaBaT OCHOBaHHE Ja Ce JOIYCHE, Ye MPOOWTE OT MIMCTOBHS MHTEPBal Ha
IJIMHECTO-Mepre/IHaTa 3apyra Ha ObIrapcka TEPUTOPHS ca aHauor Ha MenuMyxaump rpymata ot Typckara 4acT Ha
BaceitHa m Morar ma ce pasriiexJar KaTo NMEPCIEeKTUBHHM Ta30HOCHU CKAllM 3a MPOJylUpaHe Ha OHMOTCHEH ra3 mpu
3ajsraHe MpH MOAXOJSAIINA TepMOOApUYHU YCiIoBUS. He3aBHCMMO, Y€ HACTOSIIOTO H3CICABAHE € IPOBEICHO C
orpaHudeH Opoil MpoOu, HAKOM OT KOUTO Ca C HHUCKO ChIbpKaHWE HAa OOI[ BBIJIEPOA, TO AaBa WHMOpMamus 3a
reoXrMHUYHATa 0OCTAHOBKATa B PETHOH, 32 KOMTO MPaKTHYECKH JIUIICBAT CBEACHHUS.
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Activated carbon was prepared from peach stones and used as a host matrix of nanosized MFe,O4 (M = Cu, Zn, Mn)
spinel ferrites. The obtained composites were characterized by Nitrogen physisorption, XRD, UV-Vis, FTIR,
Moessbauer spectroscopy and TPR with hydrogen. Their catalytic behaviour was tested in methanol decomposition
with a potential application as hydrogen carrier. Activated carbon based catalysts revealed higher catalytic activity but
relatively low selectivity to syngas formation than their analogues hosted in mesoporous silica matrix. ZnFe,O, is more
appropriate active phase for the activated carbon support, while CuFe,O,4 has higher activity on the silica matrix. The
role of different supports on the state of catalytic active phase was discussed in detail.

Key words: activated carbon from waste biomass; spinel ferrites; methanol decomposition

INTRODUCTION

Recently, the energy crisis and the increased
environmental problems forced the development of
fuel cell technology. However, due to the limitation
of the hydrogen storage technologies, the interest
towards the development of integrated fuel
processors, supplied with liquid fuel, which can
release hydrogen in case of need, gains a
considerable attention [1-3]. Methanol possesses
more advantages, such as high H/C ratio,
compatibility ~ with  the present gasoline
infrastructures and possibility to be produced by
well developed technologies from different sources,
including waste and renewable ones [2, 4]. Among
the wvarious reforming processes, methanol
decomposition is the simplest one producing syngas
[2, 5 and refs therein]. In our previous study we
demonstrated that spinel ferrites could be effective
catalysts for methanol decomposition at relatively
low temperatures [6-10]. Spinel ferrites can be
described by the general formula AB,O,, where A
and B stand for tetrahedral and octahedral cation
sites in a close cubic packing of oxygen. In normal
spinel ferrite structure, M*" ions occupy tetrahedral
(A) sites, while the majority of Fe** cations occupy
the octahedral (B) ones, as it is the case of ZnFe,0,
[11]. In an inverse spinel structure, like CuFe,;Oy,

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

half of Fe* ions occupy tetrahedral sites, while the
M?* ions together with the rest Fe** ions are
situated in octahedral positions. In partially inverse
spinel ferrites, like MnFe,0,, M** and Fe** occupy
both tetrahedral and octahedral position in different
proportion [3]. The ferrite structure offers close
connectivity between the cations responsible for
their interesting magnetic, electric, catalytic and
photocatalytic properties, which are strongly
influenced by the cationic distribution [12].

A reliable approach to produce cheaper and
more active catalysts is their usage in nanoscale by
deposition on suitable supports. Activated carbon
(AC) can be used for this purpose due to its high
surface area, special surface reactivity and porous
structure [13]. The main drawback of the activated
carbon based technologies, which make them costly
and with restricted applicability, is the use of non-
renewable and relatively expensive raw materials
(such as coal and wood) for their production.
Nowadays to attain better economic viability, the
application of low-cost AC, derived from
renewable materials, such as biomass, is preferred
[14]. In our pioneer investigations we reported the
role of AC texture and functional characteristics on
the formation of highly dispersed and catalytic
active copper, iron, manganese and cobalt
nanoparticles [15, 16]. We also stressed on the
reductive activity of AC support on the regulation
of oxidative state of metal species both during the
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preparation procedure and the catalytic process,
which often leads to fast catalyst deactivation. The
facile effect of binary systems, like ZnFe,O, spinel
ferrite, on the stabilization of highly active metal
species was demonstrated in [17]. This study is
focused on the understanding the role of metal ion
in supported on activated carbon MFe,O, spinel
ferrites on their catalysts behaviour in methanol
decomposition. For the purpose, AC derived from
waste biomass (peach stones), was compared with
mesoporous silica type KIT-6 as a host matrix of
CuFe,04, MnFe,O,4 and ZnFe, 0, spinel ferrites.

EXPERIMENTAL

The activated carbon, denoted as ACP, was
obtained by carbonization of peach stones in
nitrogen atmosphere at 873 K and subsequent
activation of the obtained product in flow of water
vapour at 1123 K. The carbons were modified by
incipient wetness impregnation with methanol
solutions of Fe(NO3);.9H,0O and Zn(NOj),.6H,0,
Mn(NOs),.4H,O or Cu(NOj3),.3H,O (total metal
content - 8 wt%; Fe/M = 2 (M = Zn, Mn or Cu)).
The precursor decomposition was carried out in
nitrogen flow at 773 K. For comparison similar
modifications of mesoporous silica type KIT-6 [19]
were obtained. The samples are denoted as CuFe/S,
MnFe/S and ZnFe/S, where S stands for ACP or
KIT-6 support.

The texture characteristics were determined by
low-temperature  nitrogen  adsorption in a
Quantachrome Instruments NOVA 1200e (USA)
apparatus. Powder X-ray diffraction patterns were
collected on Bruker D8 Advance diffractometer
with Cu Ko radiation and LynxEye detector. 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. The Mossbauer
spectra were obtained in air at room temperature

with a Wissel (Wissenschaftliche Elektronik
GmbH, Germany) electromechanical spectrometer
using *’Co/Rh source and a-Fe standard. The
TPR/TG analyses were performed on a Setaram
TG92 instrument in a flow of 50 vol% H, in Ar
(100 cm® min™) and heating rate of 5 K min™.

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>.min™). 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.min’. 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.

RESULTS AND DISCUSSION
Texture and structure characterization

Nitrogen physisorption isotherms of parent and
ferrite modified ACP are of type I-1V according to
the IUPAC classification which is typical of
materials with well developed micro-mesoporous
texture (not presented). The calculated parameters
(Table 1) reveal that all ACP based materials are
characterized with high surface area (960-1260
m?.g™) and pore volume of 0.4-0.6 cm>.g™*, mainly
determined by the presence of micropores
(Vmes/ Vmic is about 0.3). The significant decrease in
the BET surface area and pore volume of ACP after
the maodification evidences pore blocking due to
metal particles deposition. The slight decrease in
the Vies/Vmic for CuFe/ACP and ZnFe/ACP as
compared to pure ACP (Table 1) indicates a
preferable location of metal species into the
mesopores, while blocking of micropores in higher
extent is considered for MnFe/ACP.

Table 1. Nitrogen physisorption data: Sger (specific surface area), Sy, (specific surface area of micropores), V, - total
pore volume, V,,i - micropore volume, D,, - average pore diameter).

ACP 1258 1116 0.61 0.44 1.9 0.35
CuFe/ACP 994 885 0.49 0.37 1.9 21 20 0.32
MnFe/ACP 1004 893 0.49 0.35 1.9 20 20 0.40
ZnFe/ACP 965 866 0.46 0.35 1.9 23 24 0.31
KIT-6 872 278 1.23 0.14 8.1 7.78
CuFe/KIT-6 744 197 1.07 0.10 5.8 15 13 9.70
ZnFe/KIT6 561 108 0.80 0.05 5.7 36 35 15.00
MnFe/KIT-6 800 106 1.20 0.05 6.0 8 2 23.00
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For comparison, the nitrogen physisorption
isotherms of KIT-6 silica are of IV type with well
pronounced step in the 0.6-0.8 partial pressure
range and type | hysteresis loop (not shown), which
reveals presence of cylindrical and almost uniform
mesopores (Table 1). The changes in the textural
parameters after KIT-6 modification are indication
for some differences in the location of metal
species within the silica porous structure. Almost
random blocking of micro and mesopores could be
assumed for CuFe/KIT-6, while preferable location
into the micropores seems to be realized for
ZnFe/KIT-6, and even in higher extent for
MnFe/KIT-6 (Table 1).

The XRD patterns of parent ACP and its
modifications (Fig. 1a) contains well defined
reflections at about 25° and 45 ° 26 which according
to Liou and Wu [20] are due to the turbostratic
structure in AC. The preservation of the reflections
after the modification reveals absence of significant
structural collapse of the support, which is in
agreement with the nitrogen physisorption data
(Table 1). All additional reflections at 30.1° 35.3°,
42.6°, 52.9°, 56.7° and 62.7° in the pattern of
ZnFe/ACP could be indexed to (220), (311), (400),
(422), (511) and (440) planes of cubic ZnFe,0O,
ferrite (pdf 089-1010) with average crystallite size
of about 7 nm. The XRD pattern of parent KIT-6
(Fig.1b, inset) represents two well-distinguished
reflections in the small-angle region, which could
be assigned to the (211) and (220) planes of 3-D
cubic structure of high quality material. The
preservation of these main reflections after the
modification procedures (not presented) reveals
absence of structural collapse with the silica
support. The XRD pattern of ZnFe/KIT-6
represents reflections of a-Fe,O; and ZnFe,O,
phases with average crystallite size of 11-13 nm
(Fig. 1b). Taking into account the nitrogen
physisorption data (Table 1), one could be assumed
that the blocking of micropores of silica support
during the active phase deposition renders difficult
the formation of ferrite phase and leads to
segregation of relatively large hematite and ferrite
particles on the external surface or nearby the pore
openings. The broad reflections at about 34.6°,
35.9° 37.1° 41.6° 43.6°, 58.0°, 62.0°, 63.8° and
74.7° 20 in the pattern of CuFe/ACP (Fig. 1a) could
be indexed as (103), (211), (202), (004), (220),
(321), (224), (400) and (413) diffractions of cubic
CuFe,O4 (pdf 077-0427) with average crystallite
size of 8 nm. An addition, impurity peaks of
metallic Cu (pdf 085-1326) with average crystallite

size of 2 nm is also distinguished, probably due to
the reduction activity of carbon support during the
preparation procedure. On contrary, the absence of
any reflections in CuFe/KIT-6 pattern (Fig. 1b)
reveals higher dispersion of loaded metal oxide
phase in the silica matrix, probably due to its
stabilization into the support mesopores (Table 1).
The broad diffraction reflections in the pattern of
MnFe/ACP correspond to face centered cubic
MnFe,O, (pdf 074-2403) with average crystallite
size of 4 nm. It seems that the blocking of active
phase into the micropores of silica support (Tablel,
Fig. 1b) provokes the formation of highly dispersed
amorphous phase in MnFe/KIT-6.
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Fig. 1. XRD patterns of ACP (a) and KIT-6 (b) based
samples before the catalytic test. Inset: low angle XRD
pattern of KIT-6.
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Spectroscopic measurements

FTIR spectra (Fig. 2) and Boehm method [17]
are used for the characterization of AC surface
functionality. The bands at c.a. 1360 cm™ and
30002800 cm™ could be assigned to asymmetric
and symmetric —C-H stretching vibrations in
aliphatic groups, while the strong band at around
1552 cm™ is assigned to the vibrations in —C—C—
aromatic bonds and C-O-O- structures [14].

a

ACP /‘I\/\
/\/\""‘“\

CuFe/ACP

PN .,

ZnFe/ACP

Absorbance a.u.

_M'“"ﬁ

MnFe/ACP _—Jv\/\-
B et Ve e et

4000 3800 3600 2000 1000
Wavenumber, cm

b

NN S

ZnFe/KIT-6

~

MnFe/KIT—G\/\

4000 3000 800 600 400
Wavenumber, cm

Absorbance, a.u

Fig. 2. FTIR spectra of ACP (a) and KIT-6 (b) ferrite
modifications.

The band at c.a. 1044 cm™ represents C-O
stretching vibrations and the existence of a shoulder
to the main peak is usually assigned to the
positional differences among these functional
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groups. The observed decrease in the intensity of
the absorption band at around 1550 cm™ for
CuFe/ACP and MnFe/ACP and at 1044 cm™ for
ZnFe/ACP could be due to the interaction of metal
oxide species with m-electron structure and oxygen
groups of carbon structure, respectively [21]. The
band at 800-600 cm™ can be attributed to C-C
bending vibrations in aromatic and non-aromatic
structures. The broad absorbance in the region
3644-3026 cm™ is associated to residual water or —
O-H stretching vibration mode of hydrogen bonded
hydroxyl groups [14, 22]. The additional study by
Boehm method reveals predominant presence of
surface basic groups (1.04 mmol/g) as well as
carbonyl (1.07 mmol/g) and hydroxyl (0.04
mmol/g) acidic ones. The appearance of two well
pronounced bands at c.a. 600-500 cm™ and 400—
430 cm™ in the FTIR spectra of CuFe/ACP and
ZnFe/ACP (Fig. 2a) could be due to M-O stretching
vibrations of metal ions in tetrahedral and
octahedral positions in ferrite phase, respectively
[22]. In case of MnFe/ACP, the presence of only
one and broad band at c.a. 566 cm™ slightly doubt
the formation of ferrite phase and we’ll return to
this point with the Moessbauer spectroscopic study.
For comparison, well pronounced bands, typical of
ferrite phase, could be distinguished in the FTIR
spectra of CuFe/KIT-6 and MnFe/KIT-6 (Fig. 2b).
In consistence with the XRD data, the increased
absorption at c.a. 566 cm™ in the spectrum of
ZnFe/KIT-6 could be ascribed to the co-existing of
hematite and spinel phases [23]. The UV-Vis
spectra of CuFe/KIT-6, ZnFe/KIT-6 and
MnFe/KIT-6 represent absorption edges at 386, 518
and 391 nm, respectively which could be assigned
to the presence of the corresponding ferrite
particles. The significant deviation of the values for
ZnFe/KIT-6 from the reported in the literature ones
[24] could be assigned to the presence of impurities
of Fe,Os, in consistence with the XRD and FTIR
data (see above). Unfortunately the UV-Vis spectra
of ACP based materials are not sufficiently
representative. In order to obtain more information
for the state of loaded ferrite phase in the parent
materials and the changes with it during the
catalytic test, room temperature Moessbauer spectra
are collected and presented in Figs. 3a and 3b,
respectively. The characteristic parameters: isomer
shift (IS), quadruple splitting (QS), effective
internal magnetic field (He), the line width
(FWHM) and the relative weight of each
component (G), are presented in Table 2. The
Moessbauer spectrum of parent CuFe/ACP (Fig. 3a.
Table 2) represents superposition of doublet (Db)
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and 3 sextets (Sx). The parameters of Sx1 and Sx2
correspond to tetrahedral and octahedral
coordination of iron ions in magnetite structure,
respectively. However, the presence of quadruple
splitting, especially for octahedral coordinated iron
(Sx2), shows that the magnetite is copper
substituted. The third sextet component (Sx3) with
low hyperfine field and broad line width might be
attributed to additive effects of smaller magnetite
particles, Fe* ions at the interface of non-structured
CuFe,0, and/or Fe*" ions surrounded by more
vacancies (and/or Cu?* ions) [25]. The Db part of
the spectrum indicates presence of finely dispersed
(bellow 10-12 nm) Fe** containing nanoparticles
with  superparamagnetic ~ (SPM)  behavior.
Obviously the carbon support promotes segregation
of reduced phases (Cu® and Cu,Fe;,0,) and
restricts the formation of stoichiometric copper
ferrite phase and (Fig. 3a) this is also confirmed by
the XRD analyses (Fig. 1b). After the catalytic test
(Fig. 3b, Table 2), new sextet component
attributable to Fe;C appears. On the base of relative
weight of each component, phase transformations
with the highly defective CuFe; O, particles under
the influence of the reductive reaction medium
could be assumed. For comparison, the Moessbauer
spectrum of CuFe/KIT-6 represents only doublet.
This tendency of stabilization of more finely
dispersed phase into the micro/mesopores of silica
support is confirmed with the XRD and nitrogen
physisorption measurements. Note that no changes
with the active phase could be mentioned after the
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catalytic test (Fig. 3b, Table 2). The spectrum of
parent MnFe/ACP is well fitted with two sextets
(Fig. 3a, Table 2). The broadening of both sextets
could be explained with presence of particles with
different size [25]. Formation of MnFe,O,4 phase is
also detected by XRD (Fig. 1a). The relatively high
Db part in the Moessbauer spectrum of MnFe/ACP
(about 78%) reveals presence of finely dispersed
(below 10-12 nm) Fe** containing species. This is
not surprised, taking account that these species are
blocked predominantly into the micropores of ACP
support (Table 1). This tendency is more
pronounced for the MnFe/KIT sample, where the
Moessbauer spectrum consists only of Db
component. After the catalytic test (Fig. 3b, Table
2), the ferrite phase in parent MnFe/ACP,
corresponding to the Sx component in the
spectrum, is almost fully decomposed to magnetite.
Just the opposite, no changes with the active phase
could be assumed for MnFe/KIT-6. The spectrum
of parent ZnFe/ACP (Fig. 3a, Table 2) represents a
quadruple doublet with hyperfine parameters
characteristic for Zn,Fe;,O, ferrite with relatively
high Zn content (x > 0.8) [26]. The preservation of
the spectrum after the catalytic test (Fig. 3b, Table
2) indicates stability of the ferrite phase under the
reaction medium. For comparison, the Moessbhauer
spectrum of ZnFe/KIT-6 (Fig. 3a, Table 2) is
superposition of 3 sextets. The parameters of Sx1
with relative weight of 15% correspond to Fe,Os;
[26], in consistent with XRD data. The other two
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Fig. 3. Moessbauer spectra of all modifications before (a) and after (b) the catalytic test.
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Table 2. Moessbauer parameters of ACP and KIT-6 modifications before and after (cat) the catalytic test.

Sample Components IS, mm/s  QS,mm/s  Hgr, T FWHM, mm/s G, %
Sx1-Fe¥ s, CULFes,Os 0.30 -0.03 48.0 0.53 8
Sx2-Fe?%* ., Cu,Fe;, O,  0.58 -0.10 44.8 0.58 9
CuFe/ACP Sx3-CuFes, O, 0.40 0.06 402 180 18
Db- SPM 0.33 0.81 - 0.62 65
ZnFe/ACP Db - Fe* o , Zn,Fe3,0,4 0.35 0.74 - 0.58 100
Sx1-Fe** iy, MNFe,0, 0.44 0.00 45.9 0.90 9
MnFe/ACP Sx2-Fe*" 4oy MNFE,0,4 0.40 0.00 41.0 0.90 13
Db-SPM 0.32 0.86 - 0.62 78
CuFe/ KIT-6 Db-SPM 0.32 0.82 - 0.60 100
Sx1 - Fez*m - a-Fe,05 0.33 -0.11 50.4 0.50 15
SX2 - Fe** s - ZN,Fes, O, 0.30 0.00 46.6 1.00 21
ZnFe/KIT-6 SX3 - Fe?% . - ZnFe,, 0,  0.64 0.00 435 1.0 10
Db - Zn,Fe; 0, 0.34 0.67 - 0.51 54
MnFe/KIT-6 Db-SPM 0.32 0.84 - 0.55 100
Sx1-Fe** e F€3504 0.28 0.00 475 0.45 4
Sx2-Fe?®* ua, Fe3,04 0.80 0.00 45.4 0.45 5
CuFe/ACP_cat Sx3-FesC 0.16 0.00 20.7 0.47 17
Db- SPM 0.34 0.76 - 0.65 74
CuFe/ KIT-6_cat Db-SPM 0.34 1.00 - 0.68 100
ZnFe/ACP_cat Db - Fe*' o, ZniFe;,0,4 0.34 0.80 - 0.64 100
Dbl - Fe* o ZNyFe3 0, 0.36 0.68 - 0.50 46
ZnFe/KIT-6_cat o opwm 0.37 1.12 ; 0.73 54
Sx1-Fe** eyra, F€3.40s4 0.28 0.00 46.4 0.50 5
MnFe/ACP_cat SX2-Fe*** ooia, Fe3x04 0.74 -0.03 45.2 0.54 8
Db- SPM 0.36 0.79 - 0.61 87
MnFe/KIT-6_cat Db-SPM 0.33 0.92 - 0.62 100

sextets with relatively high FWHM and G = 31 %
could be assigned to non-stoichiometric Zn,Fe;.,O,
ferrite with relatively low Zn content [26]. The
parameters of Db part of the spectrum are typical of
ferrite phase with high degree of Zn substitution.
The changes in the spectrum after the catalytic test
(Fig. 3b, Table 2) reveal reduction transformation
of the active phase under the reaction medium with
the formation of finely dispersed iron oxides and/or
carbides (Table 2).

TPR study

The TPR method is a feasible, but sometimes
difficult for the interpretation, approach to
characterize the oxidative state of metallic ions and
the defectiveness of metal oxide crystal lattice. In
Fig. 4 are presented TPR-TG and TPR-DTG
profiles of all ACP and KIT-6 modifications. The
reduction decomposition of CuFe/KIT-6 to Cu’ and
magnetite starts at 450 K followed by fast
magnetite reduction to metallic iron [27]. The
appearance of only one reduction effect with a
maximum at 593 K confirms the facilitated
reduction of magnetite due to the spillover of

172

activated on copper species hydrogen [28]. The
reduction profile of CuFe/ACP exhibits two well
distinguished peaks indicating complex
composition of the loaded metal phase. This result
well corresponds to the XRD and Moessbauer data
(Fig. 1, Table 2) for the co-existence of Cu and
partially reduced CuyFe;O, and confirms the
obstructive role of AC support for the
stoichiometric copper ferrite formation. The
reduction decomposition of MnFe,O4 to MnO and
magnetite and its further reduction to metallic iron
is about 130 K shifted to higher temperatures as
compared to CuFe/KIT-6. The absence of well
distinguished additional low temperature effects
and the symmetry of the main TPR-DTG effect
clearly indicate the uniformity of the loaded into
the micropores of silica support MnFe,O, species,
as was also seen from the nitrogen physisorption,
XRD and Moessbauer data. The TPR-TG profile of
MnFe/ACP demonstrates not only easier reduction
decomposition of loaded MnFe,O, phase, but also
some significant changes with the AC above 700 K,
most probably promoted by the formation of
metallic Fe®. Contrary to other KIT-6 loaded
ferrites, TPR-DTG profile of ZnFe/KIT-6 consists



T. S. Tsoncheva et al.: Copper, zinc and manganese spinel ferrites hosted in activated carbon from waste biomass as catalysts for ...

of two overlapping effects, which in consistent with
the XRD and Moessbauer measurements, could be
due to the reduction of a mixture of Fe,O; and
ZnFe,0,. The reduction transformation of ZnFe,0,4
seems to be facilitated on the ACP support and
similarly to MnFe/ACP and CuFe/ACP, here
significant changes with ACP occur above 700 K.

Catalytic tests

In Fig. 5a is presented the evolution of methanol
decomposition on various modifications with the
temperature increase. All materials exhibit catalytic
activity above 600 K and CO, CH; and CO, in
different proportion (Fig. 5b) are the only detected
carbon-containing products. Among the KIT-6
based materials, the best catalytic activity with
relatively high selectivity to CO and CH, is
detected for CuFe/KIT-6. According to the XRD,
Moessbauer and nitrogen physisorption
measurements (Fig. 1, Tables 1 and 2) this could be
assigned to the formation of finely dispersed
CuFe,04 particles, almost randomly distributed in
the micro-mesopores of the sicila matrix. The latter
stabilizes them also against phase transformations
under the reaction medium as was illustrated by the
Moessbauer analyses (Fig. 3b, Table 2). We could
speculate that the preferable location of copper ions
on the most exposed to the reactants octahedral
positions in the inverse CuFe,O4 spinel structure
provokes the activity of Cu®-Cu®* redox pairs,
which ensure high catalytic activity at relatively
low temperature. However the Cu-Fe modification
does not exhibit high catalytic activity when ACP is
used as a host matrix. In accordance with the
physicochemical measurements, this could be due
to the limited formation of CuFe,O,4 on the support
with high reduction ability, like ACP. Here, during
the catalyst preparation procedure, segregation of
relatively large and low active Cu’ and defective
CuyFe; 04 nanoparticles, which also change under
the reaction medium to Fe;C (Fig. 3b, Table 2), is
observed. Obviously, the predominant location of
Zn** ions on tetrahedral positions of normal
ZnFe,0, spinel provides the activity of Fe**-Fe*
redox pairs, situated on the octahedral position. The
predominant location of metal oxide species into
the mesopores of ACP seems to facilitate their
intimate contact leading to the formation of finely
dispersed ZnFe,O, (Figs.1 and 3a, Tables 1 and 2).
More over, the significantly low reduction ability of
this ferrite phase (Fig. 4) ensures its preservation
against decomposition under the reduction reaction
medium even in the presence of carbon support and

this is well illustrated by the Moessbauer spectra
after the catalytic test (Fig. 3b, Table 2). This
provides extremely high catalytic activity for
ZnFe/ACP (Fig. 5). In accordance with the nitrogen
physisorption, Moessbauer and XRD measurements
(Tables 1 and 2 and Figs. 1 and 3a), it could be
concluded that the blocking of active phase in the
micropores of KIT-6 support renders difficult the
formation of ZnFe,0, phase and provokes
segregation of less active individual Fe,Os. In case
of mixed MnFe,O, spinel ferrite (Fig. 5), the partial
substitution of Mn?" ions in tetrahedral position
forces the migration of Fe?* ions in octahedral one,
which ensures the activity of Fe**-Fe** redox pairs.

CuFe/ACP a
. | ZnFe/ACP
S| e~c -
]
O
D
x
(Al
|_
MnFe/ACP
dash line-KIT-6 analogues
300 4(|)O 5(|)O 6(|)0 7(|)0
Temperature, K
b
CuFe/ACP
S
]
)
l_
Q
x
o
}_
dash line-KIT-6 analogues

400 500 600 700
Temperature ,K

Fig. 4. TPR-TG (a) and TPR-DTG (b) data for ACP
and KIT-6 modifications.
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Fig. 5. Temperature dependency of methanol conversion

various samples.

On contrary to ZnFe,O4, we expect that the
substitution with larger Mn?* ions expands the
spinel lattice, which suppresses the electron
exchange in the Fe**-Fe** redox pairs and leads to
lower catalytic activity and some differences in the
selectivity. The significantly lower catalytic activity
of MnFe,O, species, hosted in the KIT-6 as
compared to ACP is probably provoked by their
lower accessibility for the reactant molecules due to
the predominant location in the micropores of silica
matrix (Table 1).

CONCLUSION

Activated carbon obtained from agriculture
residues (peach stones) could be suitable host
matrix for the stabilization of finely dispersed
ferrite nanoparticles. Their formation is strongly
controlled by the texture characteristics and the
reduction properties of carbon support. ZnFe,0, is
appropriate ferrite phase for the preparation of
highly active catalysts for methanol decomposition.
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KATAJIM3ATOPHU 3A OCBOBOXIABAHE HA BOJJIOPO/] OT METAHOJI HA OCHOBATA
HA MEJIEH, IMHKOB 1 MAHI"'AHOB IITTMHEJIHN ®EPUTU, HAHECEHU BBHPXY
AKTHUBEH BBIJIEH OT OTIIAJHA BMOMACA

T. C. HOquBal*, I.C. I/Iccal, A.b. MI/meBal, P. H. I/IBaHOBal, M. . ZII/IMHTpOBl, n. 1L
CHaCOBaZ, H.T. KOBaquaZ, H.T. HaHeBas, H. 1. BGJH/IHOB3, bB.T. I_IHHuapcxnl, H. B. IleTrpos

=

Y Unemumym no opeamuuna xumus ¢ Llenmop no gumoxumus, Boneapcka akademus na naykume, 1113 Cogus,
bvreapus
2HHcmumym no obwa u neopeanuyna xumus, bvaeapcrka akademus na naykume, 1113 Coghus, bvieapus
s Hnemumym no kamanus, bvreapcka akademus na naykume, 1113 Cogus, Bvreapus

IMoctemuna Ha 13 despyapu 2017 r.; Kopurupana Ha 06 mapt 2017 r.

(Pesrome)

AKTHBEH BBIJICH, TIOJYYEH OT KOCTHJIKH OT IPACKOBH, € M3IOJI3BaH KaTO HOCUTEN Ha HaHopasmepHu MFe,04 (M =
Cu, Zn, Mn) mmuaenHn ¢eputn. [lomydeHHTE KOMIIO3UTH Ca XapaKTEepH3WpaHH ¢ (QHU3HCOPOIMA Ha a3oT,
peHTreHocTpyKTypeH aHanm3, YB, ®TUP u MsocbayepoBa cnektpockormuu u TIIP ¢ Bomopon. Karammruanoto
MOBE/ICHNE Ha 00pa3luTe € M3CIEIBaHO B pas3jlaraHe Ha METAaHOJ, C OrJie]] HOTCHIIMAJIHOTO MY HPWIOKEHHE KarTo
HOCHTEN Ha BoJopoa. Karanuzaropure, mojgydeHn Ha OCHOBaTa Ha aKTHBEH BBIJICH, TOKa3BaT I10-BHCOKAa aKTHBHOCT, HO
MO-HUCKA CEJIEKTUBHOCT JI0 CHHTE3 ra3, B CPaBHEHHE C aHAJIO3UTE UM, MOJYYEHH MPH M3IOJI3BAHETO Ha ME30MOPECT
cwmkat. ZnFe,0, e Hali-moaxopsmia akTHBHA (pasa BbPXy akTWBEH BbIJIeH, mokato CuFe,O, moka3Ba Hal-BHCOKa
aKTHUBHOCT BBPXY CHIIMKareH Hocuted. JluckyTupaHa e moJpoOHO poJjisiTa Ha Pa3IMYHATE HOCUTEIH BBPXY
(bopMupaHeTo Ha KaTaJMTHYHO aKTUBHATA (ha3a.
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Current investigation is focused on the texture effect of mesoporous silica support on the structure, redox and
catalytic properties of hosted in it nanosize mono- and bi-component manganese-cerium oxides. Mesoporous silicas
type SBA-15 and KIT-6 with uniform cylindrical mesopores, packed in 2D- and 3D-symmetry respectively, was used
as a support. A complex of physicochemical techniques, such as nitrogen physisorption, X-ray diffraction, UV-Vis
spectroscopy and temperature-programmed reduction with hydrogen were used for the samples characterization. The
potential application of the composites as catalysts for ethyl acetate combustion was studied. It was demonstrated that
SBA-15 and KIT-6 could be good host matrix for the stabilization of highly dispersed manganese-ceria oxide particles.
Strong effect of mesoporous silica support topology, which also depends on the samples composition, on the formation

of catalytic active sites was established.

Key words: manganese-cerium oxides; SBA-15 and KIT-6 mesoporous silica; ethyl acetate oxidation

INTRODUCTION

Volatile organic compounds (VOCs) are
considered as one of the major pollutants emitted
from the industrial processes, transport and human
activity and most of them are identified as
carcinogenic and teratogenic [1]. Nowadays, the
increasing political, social and economic attention
on the environment and the quality of life has
enforced the strict monitoring of VOCs emission
and the development of efficient technologies for
their elimination. The catalytic total oxidation has
been recognized as more economic process even
when VOCs were emitted in low concentrations [2-
7]. It works at relatively lower operation
temperatures and with higher efficiency compared
to thermal combustion techniques, avoiding the
supplementary use of fuel and reducing air
contamination due to NO, formation [1, 8]. Despite
noble metals are commonly used catalysts owing to
their high catalytic activity, transition metal oxides
could be also good alternative due to their low cost,
accessibility and stability to different pollutants [1].
During the last decade the efforts have been
directed to the increase in their catalytic activity by
the miniaturization in nanoscale and mesoporous
silicas were considered as a suitable host matrix for
the preparation and stabilization of metal oxide

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

nanoparticles. It was reported that ceria-based
catalysts exhibit high activity in VOCs oxidation
due to their unique high oxygen storage capacity
associated with facile Ce**/Ce® redox transition [8,
9]. Manganese oxide materials are also known as
efficient catalysts for various redox processes due
to the multivalent state of Mn ions [1, 10].
Obviously, this provides good catalyst potential of
Ce-Mn mixed oxides and their behaviour has
already been tested in number of catalytic
processes, such as complete oxidation of ethanol
[3], formaldehyde, hexane [11], selective catalytic
reduction (SCR) of NO with NH; [12] catalytic
oxidation of diesel soot [13] etc. In this study, we
focused our attention on the development of
nanostructured Mn-Ce mixed oxides by their
deposition on mesoporous silica support. The pore
topology effect on the control of phase composition
and catalytic behaviour of Mn-Ce oxides was
studied using mesoporous silicas with almost
uniform cylindrical pores arranged in 2D- (SBA-
15) or 3D- (KIT-6) structure as a support. The
catalytic activity of the obtained composites was
tested in ethyl acetate combustion.

EXPERIMENTAL
Materials

SBA-15 and KIT-6 mesoporous silicas were
prepared by hydrothermal synthesis at 373K using

176 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Pluronic P123 triblock- co-polymer
(EO,0PO«EO,) as  structure-directing  agent
according to the procedures described in [14] and
[15], respectively. The silica modification was
carried out by incipient wetness impregnation
technique using 1.2 M aqueous solution of
Mn(NOs),.4H,O and/or Ce(NQOs),.6H,O. The
impregnated samples were dried at room
temperature for 24 h and then treated in air at 773K
for 2 h for precursor decomposition. The metal
content in all modifications was set to be 6 wt.%.
The obtained materials were denoted as xMnyCe/S,
where x/y represents the Mn/Ce ratio and S is the
silica support used (SBA-15 or KIT-6).

Methods of characterization

The nitrogen physisorption data were obtained
by nitrogen adsorption at 77 K on Quantachrome
NOVA 1200 apparatus. Sger was calculated
applying the Brunauer, Emmet and Teller (BET)
equation for N, relative pressure in range of
0.05\P/P0\0.30, and the pore size distribution was
determined by the DFT method applied to the
adsorption branch of the isotherm. The t-plot
method was used for the estimation of micropores
parameters. The powder X-ray diffraction spectra
were recorded within the range from 1° to 8§0° 2@
with on a Bruker D8 Advance diffractometer with
Cu Ka radiation. The UV-Vis spectra were
recorded on the powder samples using a Jasco V-
650 UV-Vis spectrophotometer equipped with a
diffuse reflectance unit. The TPR/TG (temperature-
programmed reduction/thermo-gravimetric)
analyses were performed on a Setaram TG92
instrument in a flow of 50 vol% H, in Ar (100
cm*/min™) and heating rate of 5 K/min™. 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 423K for 1 h and then the temperature was
raised with a rate of 2K/min in the range of 423—
T773K.

RESULTS AND DISCUSSION

Nitrogen physisorption measurements were
conducted in order to elucidate the textural
properties of the studied samples. In Fig. 1 are
presented nitrogen physisorption isotherms for both
SBA-15 and KIT-6 silica supports and their mono-

and bi-component Mn-Ce modifications. The
texture parameters are listed in Table 1.

—P—Ce/SBA-15 . a
—@—2Mn4Ce/SBA-15
041 —%—3Mn3Ce/SBA-15
—@— 4Mn2Ce/SBA-15
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Fig. 1. Nitrogen physisorption isotherms with pore
size distributions (inset) for the studied samples.

volume [1 0® m3/g]

Nitrogen physisorption isotherms of SBA-15
and KIT-6 materials are of type IV with H1
hysteresis loop in the 0.4-0.8 P/P, region, which is
typical of ordered mesoporous materials with
uniform cylindrical mesopores. Note, that both
supports possess almost similar BET surface area
(800-850 m?/g), total pore volume (1-1.2 cm®/g)
and average pore diameter of about 7-8 nm. The
preservation of the isotherms after the modification
indicates absence of structure collapse of the silica
matrix.
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Table 1. Texture characteristics of the obtained materials.

Sample Sger, M/g Vi, cM/g V i, €M/g Ve, M/g Dgyp, NM
SBA-15 799 1.03 0.08 0.95 7.3
Ce/SBA-15 540 0.61 0.05 0.56 45
2Mn4Ce/SBA-15 629 0.79 0.05 0.74 5.0
3Mn3Ce/SBA-15 518 0.64 0.03 0.61 49
4Mn2Ce/SBA-15 575 0.68 0.03 0.65 4.7
Mn/SBA-15 528 0.67 0.03 0.64 51
KIT-6 872 1.23 0.14 1.09 8.2
Ce/KIT-6 664 0.79 0.04 0.75 7.3
2Mn4Ce/KIT-6 635 0.79 0.05 0.74 5.0
3Mn3Ce/KIT-6 593 0.68 0.04 0.64 4.6
4Mn2Ce/KIT-6 628 0.78 0.04 0.74 49
Mn/KIT-6 654 0.80 0.05 0.75 7.0

Sger - specific surface area; Vi - total pore volume; Vyic and Ve - micro and mesopore volume, Dy, - average

pore diameter
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Fig. 2. XRD patterns of the studied samples in small (inset) and wide angle region.

The observed change in the shape of the
desorption branch for all modifications as
compared to the parent materials, which is more
pronounced for the 2D- based ones, evidences pore
blocking probably due to the deposition of metal
oxide particles in them. This assumption was also
confirmed with the observed decrease in the BET
surface area and pore volume after the modification
procedure (Table 1), again being more visible for
the SBA-15 supported samples. The decrease in the
maximum of pore size distribution peaks (Fig. 1
inset) combined with its shift to lower values
clearly indicates location of manganese and ceria
nanoparticles within the mesopore structure.

XRD patterns of parent and modified
mesoporous materials are presented in Fig. 2.
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In the small angle region (Fig. 2 inset), two
diffraction peaks, indexed as (211) and (222) planes
of cubic mesoporous structure, and three well
resolved reflections, assigned to (100), (110) and
(200) planes of hexagonally ordered mesopores,
were registered for KIT-6 and SBA-15 materials,
respectively [16]. These results indicate that the
silica supports exhibit high quality ordered porous
texture with 3D- and 2D-topology. After the
impregnation,  preservation of the ordered
mesoporous structure was observed. The decrease
in the intensities of the reflections could be due to a
decrease in the electron density contrast upon
introduction of metal oxide species into the silica
host matrix. XRD pattern in the wide angle region
of Ce/SBA-15 represents low intensive diffraction
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peaks at 28.6°, 33.0°, 47.0° and 56.0° 26,
corresponding to highly dispersed CeO, particles
(JCPDS 43-1002). In the case of Mn/SBA-15 the
appearance of weak diffraction peaks at 28.6°
37°.3, 43.0° and 56.0° 20 could be assigned to
highly dispersed a-MnO, (JCPDS 44-0141). The
absence or the appearance of very broad reflections
in the patterns of mixed manganese-ceria
modifications indicates high dispersion of metal
oxide phase on both silica supports, the effect being
more pronounced for KIT-6.

UV-Vis analysis (Fig. 3) has been used to obtain
information for the coordination and oxidative state
of metal ions.
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o \
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Fig. 3. UV-Vis spectra of SBA-15 and KIT-6
modifications.

The spectra of monocomponent ceria samples
show well pronounced absorption peaks at about
265 and 300 nm, corresponding to charge transfer
(CT) of O% to Ce* and O* to Ce*, respectively
[17]. The absorption edge is significantly red-
shifted for Ce/KIT-6 as compared to the Ce/SBA-

15, which could be associated with the formation of
more finely dispersed CeQO, crystallites in the
former material. Among the monocomponent
manganese modifications, the observed absorption
in the region 350-500 nm, could be due to the (o
— Mn*" CT transitions. The observed absorption at
about 330 nm can be associated with the presence
of Mn** ions in octahedral coordination [16] and
this is in consistent with the XRD data. An
increased absorption above 450 nm in the spectra of
bi-component samples demonstrates changes in the
environment and/or oxidation state of manganese
ions.

Additional information for the redox properties
of the studied materials was obtained by
temperature-programmed reduction (TPR) with
hydrogen (Fig. 4).

Data for the initial temperature of the reduction,
the position of the maximum in DTG curves and
the calculated reduction degree are presented in
Table 2. The reduction of monocomponent ceria
samples initiates above 650 K and the calculated
reduction degrees for Ce*— Ce** transition [3] in
the entire temperature region are 36 and 57% for
Ce/SBA-15 and Ce/KIT-6, respectively. In
accordance with data from XRD and UV-Vis
analysis, the observed differences in the reduction
degree can be attributed to the presence of more
finely dispersed CeO, crystallites in the KIT-6
sample compared to its SBA-15 analogue. The
TPR-DTG profiles of monocomponent Mn
modifications show two reduction effects, which
are generally assigned to step-wise reduction of
MnO, or Mn,0; to Mn;O, and then to MnO [19,
20]. The reduction peaks of Mn/SBA-15 are
narrower which could be associated to the presence
of more uniform well crystallized particles and this
is in consistence with the XRD data. The reduction
degree for Mn/SBA-15 is lower than the expected
theoretic one for the reduction of Mn*/ Mn** to
Mn?*" (Table 2) which could be due to the: (1)
predominant presence of manganese ions in lower
oxidation state (Mn®** and Mn*%); (2) strong
interaction of manganese species with the silanol
groups of the support and/or (3) less accessibility of
manganese species into the porous host matrix. The
latter assumption is also confirmed by the nitrogen
physisorption data (Table 1), where a significant
decrease in the BET surface area is observed. For
the 3D- based analogue, the experimental weight
loss is higher than the calculated one for the Mn**
to Mn®* transition which indicates significant
presence of Mn** ions. The reduction profiles for
the binary materials are shifted to higher

179



R. N. lvanova, T. S. Tsoncheva, Total oxidation of ethyl acetate on nanostructured manganese-cerium oxide catalysts supported ...

temperatures in comparison with the corresponding
pure Mn modifications, which reveal changes with
the manganese phase. In case of SBA-15 binary
samples the reduction degree preserves almost
similar to that one for Mn/SBA-15. However
significant decrease in the reduction degree occurs
for all binary KIT-6 modifications. This could be
due to the existence of strong interaction between
the individual oxides which is controlled by the
pore topology of silica support.

a
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3TN
I\
0} 3Mn3Ce/SBA-15
|_
m)
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\/\/M
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S
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(©) /V\/v\_/_/
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Fig. 4. TPR-DTG profiles of all manganese-ceria
modifications.

The temperature dependencies of EA conversion
within the range of 450-650 K are presented in Fig.
5a. All materials represent notable catalytic activity
above 550 K and 80-100% conversion is achieved
at 600-620 K. The main product of the conversion
is CO,, but ethanol (Et), acetaldehyde (AA) and
acetic acid (AcAc) in different proportion are also
registered as by-products. The changes in the
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selectivity in all investigated temperature interval
are presented in Fig. 5b and the products
distribution at 30% conversion is listed in Table 3.
Among various modifications the highest catalytic
activity combined with high selectivity to CO, is
registered for Mn/KIT-6. Taking into account the
physicochemical data, this could be assigned to
higher dispersion of manganese oxide phase in 3D-
silica support as compared to pure Mn/SBA-15.

Moreover, here domination of MnO, was
assumed on the base of TPR and XRD data, which
evidences the high activity of Mn*-Mn** redox
pairs in total oxidation of EA. For comparison, the
individual CeO, modified materials exhibit lower
catalytic activity and high selectivity to ethanol
formation. This could be understand taking into
account that the EA oxidation typically proceeds as
a step-wise process, starting with the hydrolysis to
Et and AcAc and their further oxidation by Mars
van Krevelen mechanism [21]. Obviously, the
higher surface acidity of CeO, provokes the facile
hydrolysis of EA. All binary materials possess
lower catalytic activity than mono-component
manganese ones but improved selectivity to CO,
formation compared to ceria modifications. This
could be provoked by the substitution of Mn** ions
by Ce** and/ or increase in the number of Ce and
Mn ions in lower oxidation state leading to the
formation of oxygen vacancies. This ensures the
activity of new type of active redox pairs and
changes the acidic-base and redox properties of the
solid. This assumption is confirmed by the
significant changes in the UV-Vis spectra (Fig. 3)
and the decrease in the reduction ability for the
binary materials (Fig. 4), despite the improved
dispersion as compared to the individual oxides
(Fig. 2).

The more pronounced changes in the catalytic
activity with the samples composition combined
with higher selectivity to CO, for the KIT-6 based
binary materials urge the authors to assume higher
extent of interaction between the individual oxides
in the more opened 3D-structure. The absence of
simple relation between the catalytic activity of the
samples and their composition (Table 3) evidences
that pore topology of silica support controls not
only the phase composition but also the
accessibility of the active species for the reactant
molecules.

CONCLUSION

Ordered mesoporous silica type SBA-15 and
KIT-6 can be good host matrix for the stabilization
of highly dispersed manganese-ceria oxide particles
by their predominant location into the mesopores.
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The more opened porous structure of KIT-6 activity but preservation of relatively high
facilitates the interaction between the individual selectivity to CO,, and this effect could be
oxides. The increase in the ceria content in binary successfully controlled by the pore topology of
materials results in a decrease in the catalytic silica support.

Table 2. Data from temperature-programmed reduction

N Total weight loss, mg Theoretic weight Reduction degree,

Sample T K T K (510-770 K) loss, mg %

Ce/SBA-15 522 770 0.05 0.14 36

Ce/KIT-6 653 780 0.08 ' 57

2Mn4Ce/SBA-15 535 596 0.18 0.20(0.32) 90(56)
2Mn4Ce/KIT-6 530 597 0.25 ) ) 125(71)
3Mn3Ce/SBA-15 553 586 0.24 0.25(0.42) 96(26)
3Mn3Ce /KIT-6 560 600 0.14 ) ) 56(33)
4Mn2Ce/SBA-15 555 580 0.25 0.28(0.51) 89(47)
4Mn2Ce/ KIT-6 540 560 0.16 ' ' 57(32)
Mn/SBA-15 505 543,610 0.30 86(43)
Mn/KIT-6 517 549,668 0.43 0.35(0.70) 122(61)

Tini - initial reduction temperature, Toa - Maximum of the reduction peak; reduction degree calculated for Mn®" to
Mn?* or Mn** to Mn®* (in brackets) transition.

—m— Mn/SBA-15 _ —E— Mn/SBA-15

—@— 4AMn2Ce/SBA-15 a —®— 4Mn2Ce/SBA-15
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Temperature, K Temperature, K

Fig. 5. Catalytic activity (a) and selectivity to CO, (b) in ethyl acetate oxidation over SBA-15 and KIT-6
manganese-ceria modifications.

Table 3. Products distribution (wt.%) at 30% conversion for all studied samples.

SBA-15 modifications KIT-6 modifications
fgmgiition Selectivity, % ;(;ng\ge:ilyooz Selectivity ,% Cosng\ge:zl’%z at
AA Et AcAc CO, AA Et AcAc CO,
CeO, 23 39 10 28 42 17 32 7 44 34
2Mn,Ce 16 33 10 41 31 11 16 3 70 46
3Mn;Ce 8 14 3 75 48 10 12 2 76 27
4Mn,Ce 11 23 8 58 55 3 11 3 83 38
Mn,O, 5 12 3 80 55 3 6 1 90 78
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ITBJIHO OKUCJIEHUE HA ETUJIALIETAT BHPXY HAHOCTPYKTYPUPAHU MAHI'AH-
HEPUEBO OKCUIHU KATAJIMZATOPU HAHECEHU BBPXY ME3OIIOPECTU
CUJIMKATHU

P. H. UBanosa*, T. C. LloHueBa

Hucmumym no Opeanuyna Xumus ¢ Lenmvp no @umoxumus, bAH, Cogus, bvacapus

Tlocrprmna Ha 21 dpeBpyapu 2017 r.; Kopurupana na 08 mapt 2017 r.

(Pesrome)

HacrosmoTo n3cinenBaHe e HaCOYEHO KbM eeKTa OT TEKCTypaTa Ha ME30IOPECTH CHIIMKATH BbPXY CTPYKTYPHUTE,
PEIOKC M KaTaJUTHYHHM CBOWCTBA HA HAaHECEHH HAHOPAa3MEPHH MOHO- M OM-KOMIIOHEHTHH MaHTaH-IIEPHEBH OKCHIH.
Mesomnopectu cumkati Tan SBA-15 n KIT-6 ¢ eqHakBY IITHHIPHYIHA Me30TIOpH roapeneHn B 2D- u 3D- cumerpus,
0s1Xxa M3MOJI3BaHM KaTo HocuTelnd. Komruieke oT (DM3MKOXMMHYHHM TEXHHWKH, KaTo a30THAa (HU3HCOpOIMs, MpaxoBa
penrrenoBa audpakums, UV-Vis crnexkTpockomuss M TeMIepaTypHO-IIpOrpaMHupaHa penyKnust ¢ BOJOpox Osixa
M3MO0JI3BaHU 33 XapaKTepu3upaHe Ha oOpasiure. bemre u3ciae BaHO MOTEHIMATHOTO NMPHUI0KEHHE Ha KOMIIO3UTHTE KaTo
KaTaJM3aTOpH 3a OKWCIIeHWEe Ha eTwianerar. beme pemoHctpupano, ye SBA-15 u KIT-6 morar na Owmat modpa
MaTpula 3a CTabWIN3NPAaHETO Ha BHCOKO AMCIEPCHH MAaHTaH-LIIEPUEBO OKCHIHHU 4YacTUIM. bemie ycraHOBeH cuieH
epeKT OT TOIOJIOTHATa Ha ME30INOPECTHS HOCHTEN, KOHTO CBIIO 3aBHCH M OT ChCTaBa Ha 0OpasluTe, BBPXY

(hopMHpaHEeTO Ha KATAIUTUYHO aKTUBHUTE (pas3u.
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Zinc oxide sample was obtained by precipitation followed by hydrothermal treatment. The sample was characterized
by PXRD, BET method and TG-DTA methods. Thermal treatment at 170°C results in formation of well crystallized
wurtzite phase. The BET analysis revealed prevailing quantity of mesopores (15 - 50 nm). The hysteresis loop of the
adsorption—desorption isotherms implies the presence of cylindrical pores. The photocatalytic degradation of two types
of dyes, namely hetero- polyaromatic (Methylene Blue, MB) and azoic (Methyl Orange, MO) dye and the simultaneous
photodegradation of the mixture of MO and MB dyes in aqueous solution under UV irradiation have been studied. The

rate of degradation of MB and the mixture MO+MB is higher than those of MO dye.

Key words: ZnO, photocatalysis; Methyl Orange; Methylene Blue

INTRODUCTION

The environmental problems associated with
toxic water pollutants have attracted much
attention. Wastewater from textile, paper, and some
other industrial processes contain residual dyes,
which  are  nonbiodegradable, toxic and
carcinogenic. Various chemical, physical and
biological processes (coagulation/flocculation,
reverse osmosis, etc.) have been developed in order
to remove the color from textile effluents. [1].
However, these techniques are nondestructive,
since they only transfer the nonbiodegradable
matter into sludge. Among advanced oxidation
processes (AOPs), heterogeneous photocatalysis
has appeared as an emerging destructive technology
leading to the total mineralization of most organic
pollutants [2].

Several semiconductors such as TiO,;, WOsg;,
SrTiOs, Fe,O3 and ZnO have energies of their band
gap sufficient for catalysing a wide range of redox
reactions. ZnO is the most extensively studied
semiconductor found from the literature [3] because
it is be inexpensive, non-toxic, highly photoactive It
has been found to be the most promising for
photocatalytic destruction of organic pollutants.

Methyl orange is one of the representative azo

* To whom all correspondence should be sent:
E-mail: stambolova@yahoo.com

dyes, which are the most important class of
synthetic organic dyes used in the textile industry.
The absorption spectrum shows two absorption
peaks at ~ 270 and 463 nm. Methylene blue is a
heterocyclic aromatic chemical compound with
maximum absorption of light around 670 nm. P.
Wongkalasin et al. have studied the photocatalytic
degradation of mixtures of two azo dyes — Acid
Yellow (AY) monoazo dye and Acid Black (AB)
diazo dye by using a mesoporous-assembled TiO,
nanocrystal photocatalyst [4]. According to the best
of our knowledge, the photocatalytic degradation of
dye mixtures by ZnO particles has been not studied
yet. Therefore, in the present work we have
investigated the photocatalytic degradation of
single dyes MO and MB and their mixture over
ZnO powders, prepared by precipitation followed
by hydrothermal activation.

EXPERIMENTAL
Preparation and Characterization

Zinc acetate was dissolved in deionized water in
order to obtain 0.2 M solution (sol A). Urea
aqueous solution (0.6 M) was added dropwise to sol
A under vigorous stirring. The pH of solution was
adjusted to 7. The resultant mixture was transferred
into an autoclave and subjected to hydrothermal at

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 183
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90 °C for 12 h, then the autoclave was left to cool to
room temperature. The final product was washed
several times and dried in oven at 100 °C Finally,
the sample were thermally treated in programmable
oven at 170 °C for 3 hours.

The X-ray diffraction (XRD) patterns were
carried out on a Bruker D2 Phaser diffractometer
using Cu Ka radiation (A = 0.154056 nm). The
specific surface area measurement and the pore size
distribution were accomplished on an automated
apparatus NOVA Win — CFR Quantachrom — Gas
Sorption System. The calculation of the surface
area was done using the BET equation, whereupon
the pore size distribution, as well as the average
pore diameter were evaluated by DFT method
assuming a cylindrical model of the pores. The total
pore volume was estimated in accordance with the
rule of Gurvich at relative pressure of 0.96. The
differential thermal analysis has been accomplished
on a combined DTA/TG apparatus LABSYSEVO
1600 (SETARAM Company; France). Synthetic air
was used as carrier gas, with flow rate of 20
ml/min, heating rate 10K/min up to 350 °C.

The photocatalytic degradation experiments
were performed in an glass reactor. Single MO or
MB dyes (10 ppm) and mixed bi-component MO
and MB dye solutions (1:1) were freshly prepared
and used for the photocatalytic activity testing. A
desired amount (150 mg) of the synthesized
photocatalyst was suspended in 150 ml aqueous
solutions of both single and mixed dyes under
various reaction conditions by using a magnetic
stirrer. Prior to the photocatalytic activity testing,
the continuously suspended mixture was left for 30
min in a dark. The photocatalytic reaction was
started by exposing the mixture in the reactor to UV
light irradiation (maximum emission at wavelength
365 nm 2.6 mW/cm?). Feed air stream was passing
continuously bubbling through the suspension
saturating the contaminated water in dissolved
oxygen (semi-batch reactor). The suspension was
periodically withdrawn for analysis from the
reactor, and the sample was then centrifuged to
remove the photocatalyst powder. The course of the
oxidative discoloration reaction was monitored by
UV-Vis absorbance spectrophotometer UV-1600PC
within the wavelength range from 200 to 800 nm.
The photocatalytic decolorization efficiency D (%)
was evaluated by the following equation:

D = (Co—C)/Co x 100 )

where Co is the initial dye concentration and C is
the dye concentration after irradiation at selected
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time interval. Equation (1) is based on the pseudo-
first order kinetics, assuming the dissolved oxygen
concentration to be constant (air stream — semi-
batch reactor) — in this approximation the
conversion degree is function only of the dye
concentration.

RESULTS AND DISCUSSION

The XRD pattern of ZnO sample after thermal
treatment possesses well crystallized wurtzite phase
with predominant peaks, corresponding to (100)
and (101) planes (Fig. 1).The average crystallite
size about 17 nm. The application of urea
precipitant promotes the crystallization of wurtzite
phase [5].

Zn0O

Intensity (a.u.)

86 4 2
d(A)
Fig. 1. X-ray diffractogram of ZnO powder.

The adsorption-desorption isotherm is identified
as type IV, while the hysteresis loop is type |
according to ITUPAC nomenclature, revealing the
type of mesoporous structure (Fig. 2). The
hysteresis loop is in the relative pressure range 0.8—
0.9, which is a confirmation of the existence of
cylindrical pores [6]. It is also visible that the
adsorption-desorption isotherm loop is closed at a
relative pressures of about 0.5+0.6, which is typical
of mesoporous structures (as is the case with our
ZnO sample) having prevailing cylindrical pores or
close to cylindrical shape pores [7]. The inset of
Fig.2 represents the pore size distribution. It is seen
that the sample consist of mesopores with size
within in the range 15 nm - 50 nm. Similar
distributions of pores have obtained by another
researchers for zinc oxide powders [8]. The specific
surface area and average pore volume of ZnO are
evaluated to be approximately 42 m’/g and 0.27
cm®/g, respectively.

Fig. 3 represents TG and DTA curves of the
precipitate, dried at 100 °C. One endothermic peak
is observed on the pattern with maximum at 244 °C,
which  corresponds to the zinc acetate
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decomposition. The corresponding weight loss is
21.5%. Other research groups have registered that
the decomposition of zinc acetate occurred nearly
this temperature [8].
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Fig. 2. Adsorption-desorption isotherm of the
sample.
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Fig. 3. DTA/TG analysis of the precipitate, dried at
100 °C.

The UV-visible spectra profiles of MO and MB
and their mixture are shown comparatively in Fig.
4. From the figure, the absorption maxima of MO
and MB dyes are 464 and 664 nm, respectively. It
is clear that these values are not changed upon their
mixing.

The photocatalytic  properties of ZnO
nanoparticle on decolorization of Methyl Orange
were studied (Fig. 5). Extent of photocatalytic
degradation was determined by the reduction in
absorbance of the solution. During the first stage of
photodecolorization, methylene blue was decayed
with fast decolorization rate, followed by the
second stage, which was characterized by a rather
slow decolorization rate. Similar trend is registered
for the mixture MB+MO. The slow kinetics of
methylene blue decolorization in the second stage

of decolorization might be due to the difficulty in
converting the N-atoms of the dye into oxidized
nitrogen compounds [9]. In addition the
accumulated intermediates in the first stage
decrease the rate of oxidative photocatalytic
reaction. The experiments show also that the
decolorization rate of MB is higher than those of
MO (Table 1). This could be explained by the
easier loss of m-electrons and disruption of the
conjugated  double-bond  and  single-bond,
propagating on a larger carbon atom skeleton and
better delocalization in comparison to single
benzene rings in the MO dye.

0.6
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o o o
w £ [9;]

o
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Fig. 4. Absorption spectra of MO dye, MB dye and
mixture MO+MB.
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Fig. 5. Decolorization of model dye solutions over
ZnO powder.

The adsorption capacity of the sample is
presented in Table 1. It is seen in the Table that the
photocatalytic activity does not follow the changes
of the sorption properties. ZnO surface is positively
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charged below pH 9 based on their zpc=9.0,
whereupon this anionic dye MO has stronger
adsorption affinity in comparison to the cationic
dye MB under our experimental conditions (pH
factor 6.8). Similar results were obtained for
photocatalytic degradation of Acid Brown 14 for
Zn0O powders [3].

Table 1. Adsorption capacity and rate constants of
oxidative decolorization process of ZnO sample.

Adsorption 3
Type of solution capacity, "n(ﬁ?) '
mg/g
MB dye 0.028 17.4
MO dye 0.072 9.7
Mixture MB+MO dyes,
evaluated by the strongest 0.105 21.6
absorption peak of MB dye
CONCLUSION

Zinc oxide sample was obtained by combination
of precipitation and hydrothermal treatment.
Mesopores in the range (15 - 50 nm) were
registered. The large specific surface area, pore
volume, greater share of mesopores and high
degree of crystallinity contribute to high
photocatalytic efficiency of the ZnO powders. The
photocatalytic decolorization rates of Methylene
Blue (MB) and the bi-component mixture MB and
Methyl orange (MO) are faster than MO dye under
UV irradiation. During the first stage of
photodecolorization, methylene blue was decayed
with fast decolorization rate, which could be
explained by the easier disruption of the conjugated
double-bond and single-system. Methyl orange
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decolorizates slower due to the difficult destruction
of single benzene rings.
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OOTOKATAJIMTUYHO PA3I'PAXKJIAHE HA METHJIEHOBO CMHBO 1 METHJI
OPAHXXEBO BAI'PUJIA U TAXHATA CMEC YPE3 ZnO, ITOJIVYEH OT
XNAPOTEPMAJIHO AKTUBMPAHA YTAUKA
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(Pestome)

OOpaserr OT IMHKOB OKCHJ Oecllle MOJydYeH upe3 yTasBaHe M IMOCIeABalla Xuaporepmaina odpadorka. Toit Oe
oXapakTepU3MpaH IMOCPEACTBOM mpaxoBa penrrenoBa audppakims, BET merom m TI' — JITA anamusu. bermre
peructpupano GOpMHUpaHETO Ha J00pe KpUCTaIU3Mpaia BIopuuTHa (asa cien TepmuuHara oopadorka mpu 170 °C. C
momormra Ha BET meroma Oemre ycTaHOBEHO HanmnaWeTo Ha mpeobiamaBamu Mezomopu (15-50 nm). Ot Buma Ha
XHCTEPE3NCHUTE TPHUMKH, HAONIOJaBaHH B aICOPOIMOHHO — IeCOpOIMOHHWTE W30TEpPMH Ha oOpasera, ChIUM 3a
MPUCHCTBHE HAa HWIMHAPWUYHU mopu. M3crmeapano Oemre (HOTOKATATUTHYHOTO pas3llaraHe Ha IBa BHa Oarpmima —
xerepononuapomaTHo (MetmineHoBo CuHb0O) W a3o Oarpmwio (Mertmn OpaHkeBO), KakTo H (HOTOKATATUTHIHOTO
oOe3nBeTsiBaHE Ha OarpmwiaTta IMPH CHBMECTHOTO WM  TPHCHCTBHE BBHB BOJEH pas3TBOp, ION JeHCTBHE Ha
YIITPaBHOJIETOBA CBETIMHA. Y CTAaHOBEHO Oellle, 4e CKOpOCTTa Ha pasrpakJaHe Ha MEeTHWIEHOBOTO CHHBO, KaKTO M Ha
cMmecTTa 0T METHIICHOBO CHMHBO M METHII OpaHXKeBO € IM0-BHCOKa, OTKOJKOTO CKOPOCTTa Ha pasjlaraHe Ha METHJI
OpPaHXKEBOTO OArpuIIO.
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Single phase germanates LiAlGeO,, LiGaGeO, and Zn,GeO, with hexagonal structure (space group, S. G., R3),
Li,CaGeO, with tetragonal structure (S. G. 1-42m), CasGe;O,; with monoclinic structure (S. G. C1) and
5LiAlGe04.4Zn,Ge0,4 with cubic structure were obtained by solid-state synthesis. The thermal behavior of these
germanates was studied with a view to finding out the most appropriate method and conditions for growing single
crystals from them, which, after doping with Cr**, can be used as matrices for lasers with a broad emission spectrum in
the range from 1.0 to 1.6 um. By means of powder X-ray diffraction and DTA/TG analysis, the melting temperatures,
the type of melting (with or without decomposition), the type of the phases crystallizing after decomposition, as well as
the presence (or lack) of polymorphic transitions in the vicinity of the melting temperature, were studied. Most of the
data on the thermal behavior of these germanates are reported here for the first time. It is found that four of the
synthesized germanates (LIAIGeO,, Zn,GeO,, CasGes0,1, and 5LiIAIGe0,.4Zn,Ge0,4) are melting congruently (without
decomposition) and do not display phase transitions. Unlike the germanates with olivine structure, which are examined
in more details for the same purpose, single crystals from non-olivine germanates could be directly grown from their
own solutions (by the methods of Czochralski, Bridgman-Stockbarger or Kyropoulos) instead of using the flux method,

which is characterized by a considerably lower rate of growing and a limited crystal size.

Key words: germanates, melting temperature, phase transitions, X-ray diffraction analysis, DTA analysis

INTRODUCTION

Single crystals of complex oxides doped with
ions of transition 3d elements with different
oxidation states are of particular interest as laser
media. These single crystals display a broad
emission range as tunable lasers [1, 2] and may also
be used as media for femtosecond lasers [3, 4]. Of
particular importance are the Cr*" doped media
emitting in the range from 1.1 to 1.6 pm. Lasers
emitting in this range find increasing application in
medicine, ecology and telecommunications [5, 6].
The most popular Cr*" doped single crystals are
those of Mg,SiO, (forsterite) and Y3Als0;,
(garnet). Both of these single crystals have,
however, several drawbacks. For example, a severe
problem is caused by nonradiative transitions, as a
result of which the quantum efficiency amounts to
about 9% for forsterite and 14-22% for YAG [7, 8].
Another problem is the undesired presence of Cr**
along with Cr*". As a rule, only a small percentage
of chromium is in the desired Cr** state [8]. Owing
to the issues mentioned, novel Cr** doped laser
matrices are still looked for. Most promising among

* To whom all correspondence should be sent:
E-mail: ikosseva@svr.igic.bas.bg

the novel crystal matrices studied so far seem to be
the Cr** doped germanates having Ge*" in the
tetrahedral environment preferred by Cr*" as the
ionic radii of Ge** and Cr** are very close — 0.41
and 0.39 A [9], respectively. From this point of
view, substitution of Ge* by Cr** is significantly
facilitated up to high concentrations of Cr*.
Favorable fact is that the existence of chromium as
Cr®¥ or Cr* in these germanates is highly
improbable.

Suitable class of single crystal matrices is that of
germanates with olivine structure (S. G. Pnma) with
the general formulas: Me,GeO, (Me=Mg, Ca);
Li,MeGeO, (Me=Mg, Zn); LiMeGeO, (Me= Sc, In,
Y), as well as the compound Li,GeQ,. Our study of
the thermal behavior of these germanates revealed
that most of them are melting with decomposition
(incongruently) or display phase transitions. The
only exception is Mg,GeO, Its melting temperature
is, however, too high (1885 °C) and considerable
amounts of GeO, evaporate. Hence, the flux
method from high-temperature solutions is the only
option of growing crystals from these compounds.
The crystal growth should be performed below the
decomposition temperature or the temperature of
phase transition. A major drawback of this method
compared with the growth from the own melt
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(methods of Czochralski, Bridgman-Stockbarger or
Kyropoulos) is the considerably lower rate of
growing. This explains the search for other
germanates which possess the advantages of the
olivine-group ones (tetrahedral environment of
germanium, close ionic radii of Ge** and Cr*") and
melt with no decomposition or phase transitions.

According to the literature data, LiAIGeQO,,
LiGaGeO, and Zn,GeO, are isostructural and
belong to the same structural group (S. G. R3) [10-
15]. Germanium participates in this structure in two
tetrahedra differing by size and deformation degree;
lithium and aluminium (lithium and gallium), as
well as zinc in Zn,GeO, are also in tetrahedral
positions. The structural differences between these
three compounds are due to the different Ge-O and
Me-Ge distances, where Me is Li, Al, Ga or Zn.
There is no information on their thermal behavior
before melting (presence or lack of transitions).

Li,CaGeO, has tetragonal structure (S. G. I-
42m), in which germanium and lithium are in
tetrahedral environment, while calcium is in
dodecahedral coordination [16]. Although this
compound, doped with rare earth elements (Er, Tb,
Dy), has been examined as a phosphorescent
substance, there are no data about its thermal
behavior. The phase CasGes;O;; has monoclinic
structure in which germanium participates in three
tetrahedra differing by size and deformation degree,
while calcium is in a dodecahedral occupation [17,
18]. There is no data about the thermal behavior of
this compound either.

According to the pseudobinary diagram of
LiAlIGeO4-Zn,Ge0, [19], the  compound
5LiAIGe0,:4Zn,Ge0, (LisAlsZngGe,O35) exists
and has a temperature of congruent decomposition
about 1080°C with no polymorphic transitions up to
this temperature.

All the above mentioned six germanates possess
Ge*" in a tetrahedral position, therefore they are
suitable for Cr** doping as the already investigated
germanates with olivine structure.

The main purpose of this work was to study the
thermal behavior (melting temperatures, type of
phases obtained by eventual decomposition,
presence or lack of polymorphic transitions) of the
above mentioned six germinates. The thermal
behavior strongly determines the method and
conditions of single crystals growth.

EXPERIMENTAL

The studied germanates were obtained by solid-
state synthesis using the following reagents: CaCO;

(99.9), Li,CO; (99.99), ZnO (99.0), Al,O3 (99.99),
Ga,0; (99.9) and GeO, (99.999). Stoichiometric
amounts of the starting reagents for the
corresponding germanate were weighed with a
precision of = 0.01 g and were mixed and ground in
an agate mortar. The reaction mixtures were
thermally pretreated at 900 °C for 2 h for
decomposition of the carbonates present. After a
further homogenization, the mixture was heated for
16 h, with two intermediate grindings, at different
temperatures until the minimal temperature was
established, which was sufficient for obtaining a
well-crystallized pure germanate product with no
admixtures of unreacted reagents or side
compounds.  After  synthesis at different
temperatures the following optimal temperatures
for solid-state synthesis were found: 1050 °C for
LiAIGeO,, 1100 °C for LiGaGeO, 1150 °C for
Zn,GeO,, 1050 °C for Li,CaGeO,, 1200 °C for
CasGe;04; and 1050 °C for 5LiAIGe0,.4Zn,Ge0,.

Structural characterization was carried out by
powder X-ray diffraction (XRD) using a Bruker D8
Advance powder diffractometer with Cu Ka
radiation and SolX detector. XRD spectra were
recorded at room temperature. Data were collected
in the 20 range from 10 to 80° 20 with a step of
0.048 20 and counting time of 1 s/step. XRD
spectra were identified using the Diffractplus EVA
program.

Differential thermal analysis was carried out on
a DTA-TG analyzer SETSYS Evolution 2400,
SETARAM in static air atmosphere with a heating
rate of 10 °C min™ and 15-20 mg sample weight.

Additional experiments were performed in order
to establish the melting type (congruent or
incongruent). For this purpose a sample of about 2
g was placed in a platinum crucible and was heated
in a furnace with a MoSi, heater with controllable
temperature (+1 °C) up to a temperature by 20-30
°C above the melting temperature established by
DTA. After holding for 30 min, the sample was
withdrawn from the hot area and was briskly cooled
on a cold copper plate. The sample cooled down to
room temperature for 10-15 s. The briskly
crystallized sample was subjected to XRD analysis
for identification of the crystallized phases.

RESULTS AND DISCUSSION

Figs. 1 and 2 present the powder XRD patterns
of germanates obtained by solid-state synthesis,
compared to the corresponding PDF data. No
additional phases can be distinguished and the
patterns are consistent with the literature data.
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Fig. 1. Powder XRD patterns of the LiAIGeO,,
LiGaGeO, and Zn,GeO, obtained by solid-state
synthesis, compared to the corresponding PDF data.
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Fig. 2. Powder XRD patterns of the Li,CaGeO,,
CasGes;01; and LisZngAlsGegOse obtained by solid-state
synthesis, compared to the corresponding PDF data.
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The DTA/TG curves of the samples are shown
in Fig. 3. As can be seen, none of the germanates
displays phase transitions in the vicinity of the
melting temperature. The established melting
temperatures are: 1190 °C for LiAIGeO,, 1147 °C
for LiGaGeOQ,, 1505 °C for Zn,GeQ,, 1120 °C for
Li,CaGeQy,, 1560 °C for CasGe3Oy; and 1160 °C for
5LiAIGe04.4Zn,GeO,4. Except for the melting
temperature of Zn,GeO,, these data differ from
those given in the literature. Thus, for LiAlGeO,4the
temperature 1150°C is given in [13] (1190 °C in this
work); for LiGaGeO, -1200 °C [20] (1147 °C in this
work); for Zn,GeQ, -1502 °C [12] (1505 °C in this
work); no data are available for CasGe;O,; and
Li,CaGeOy; while the temperature 1080 °C is given
for 5LiAIGeQ,4.4Zn,GeO, according to the phase
diagram [19], (1160 °C in this work).
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Fig. 3. DTA/TG curves of LiAIGeO,, LiGaGeO,,
Zn,GeOy, LizcaGEO4, CasGe;0q; and Li5zn8A|5GegOg,5
up to the melting temperature. 1 — melting temperature.

The results of the experimental study of the type
of melting of the germanates and the phases
crystallizing from the melts are presented in Fig. 4.
As can be seen, the XRD pattern of the products
after melting of LiAIGeO, and subsequent brisk
cooling, does not contain any peaks different from
those of LiAIGeO, and matches very well the one
given in the literature (PDF-270289), i.e. LiIAIGeO,
is melting congruently at 1160 °C. Similar behavior
is displayed by Zn,GeO, CasGe;O,; and
5LiAIGe0,.4Zn,GeQ,4. The congruent melting of
these four germanates (LiAIGeO,;, Zn,GeO,,
CasGes0y; and 5LiIAIGe0,.42n,Ge0,) is of great
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significance as crystal growth is concerned, because
single crystals of these germanates could be grown
from their own melts by methods characterized by
technological simplicity and high growing rate.

Fig. 4 illustrates the thermal behavior of
LiGaGeO, after melting. Differently from the
published assertion [10] that this compound melts
congruently, our studies revealed that it melts at
1147°C  with decomposition, the main
decomposition product being Li,GeOs. Fig. 4 also
presents the thermal behavior of Li,CaGeO,4 which
melts with decomposition to Ca,GeO, and Li,GeOs.
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Fig. 4. Powder XRD patterns of the products after
melting of LiAIGeQ,, LiGaGeO,, Zn,GeO,, Li,CaGeO,,
CasGe;04; and Li5zn8A|5Ge9035. Additional phases in
the cases of incongruent melting are marked.

As was already said, none of the examined
germanates displays phase transitions.

CONCLUSION

The germanates examined in the present study
are considerably more appropriate for crystal
growth than the germanates with olivine structure.
Our former studies revealed that out of nine
germanates with olivine structure, none could be
directly grown from its own melt. Unlike the
olivine-type germanates, four of the germanates in
the present study (LiIAIGeO,, Zn,GeQ,, CasGesOqq
and 5LiAIGe0,.4Zn,Ge0,) are melting congruently
without phase transitions. Hence, methods for

single crystal growth from the own melt can be
applied (Czochralski, Bridgman-Stockbarger and
Kyropoulos). It should be kept in mind, however,
that two of these germanates (Zn,GeO, and
CasGe;O;) are melting at relatively high
temperatures (1505 °C and 1560 °C, respectively),
which would hamper the crystal growth due to
some evaporation of GeO,. The thermal behavior of
the other two germanates (LiAlIGeO, and
5LiAIGe0,.4Zn,GeQy) is perfectly suited for single
crystal growth from their own melts. The
compounds LiGaGeO, and Li,CaGeO, are melting
with decomposition and crystal growth from them
could be realized only by the flux method, as in the
case of the germanates of the olivine group.
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TEPMUYHO ITOBEAEHWE HA HAKOU I'EPMAHATU C HEOJIUBUHOBA CTPYKTYPA
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(Pestome)

Upe3 TBBpAOGa3eH cUHTE3 Osxa MONy4YEHH MOHO(A3HH IepMaHATH OT ChEIUHCHHUATA C XEKCaroHalHa CTPYKTypa
LiAIGeO,, LiGaGeO, u Zn,GeOy (S.G. R3), ot cheauueHueTo ¢ TeTparoHanta ctpykrypa Li,CaGeO, (S.G. 1-42m), ot
ChEIMHEHUETO ¢ MOHOKIMHHA CTpykTypa CasGe;Op; (S.G. Cl) u oT cheAMHEHHETO ¢ KyOWYHa CTPYKTypa
5LiAlIGe0,4.4Zn,Ge0,. Belre u3cneaBaHO TEPMUYHOTO MOBEICHHE HA TE€3U T'€PMaHATH OT IJIeHA TOYKA JIa CE HAMEPST
HAW-TIOAXO/ISAIINS METO U YCIIOBUS 32 U3PACTBAHE OT TAX HA MOHOKPHCTAIH, KOUTO CJe] JOTHPaHE C Cr*, morar na
Ob/IaT U3MOJI3BAHU KATO JIA3€PHU MATPHIM 3a JIa3epU C HIMPOK CHEKThP Ha W3ibuBaHe B obmactra ot 1.0 mo 1.6 um.
TemneparypuTe Ha TONCHEe, BUIa Ha CTallsHE (C pasiaraHe Wik Oe3 pasiaraHe), BUaa Ha KpuUcTaau3upainuTe Gasu cien
pasiarane, KakTo ¥ HaJUYMCTO WM JIUIICATa Ha TMOIMMOP(GHO MPeBpbhINaHe OJIH3KO J0 TeMIIEpaTypaTra Ha TOMEHE Osixa
U3CJICBAHM Ype3 PEHTIeHOB (a30B aHaiM3 U AudepeHIuaneH TepMHUCH aHamu3. [ojsiMa 4yacT OT JaHHUTE 3a
TEPMHUYHOTO TIOBEACHUE HA TE3U repMaHaTh Ce MyOIMKYBaT 3a IbPBU BT, Y CTAHOBEHO €, Y YCTUPH OT CHHTC3UPAHHUTE
repmanaru (LIAIGeO,, Zn,GeO,, CasGes0y;, u SLIAIGe0,.42n,Ge0,) ce TomsT KOHrpyeHTHO (0e3 pasiaraHe) ¥ He
MOKa3BaT HAIMYKE Ha (Pa30B MPEX0/. 3a pa3jiuka OT FePMaHATHTE C OJIMBUHOBA CTPYKTYpa, KOUTO OsiXa M3CIICABAHH T10-
JIETAIIHO 3@ CHIIUTE LEIH, MOHOKPHUCTAIN OT HEOJMBUHOBHUTE FepPMAaHATH MOTAT Ja ObJaT M3PACTBAHU JUPEKTHO OT
TsAXHATa COOCTBeHa cromuika (mo meroaute Ha Yoxpancku, bpumkman-Crokbaprep wiu Kupomnynoc) BMecto na ce
M300J13Ba (PIIaKC METO/Ia, KOUTO Ce XapaKTepU3hpa ChC 3HAYUTEIHO MO-MajKa CKOPOCT Ha M3PACTBAHE U OTPAHUUCHUE
3a pazMepa Ha U3PACTBAHUS KPHUCTAJL.
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In the present work doped with Cu and Mn zinc oxide is investigated as catalyst for oxidation of CO. The doped
zinc oxide samples are synthesized from carbonate, acetate and nitrate precursors and from activated doped ZnO. The
content of Mn and Cu in the catalyst compositions is less than 1 wt %. For structural, textural and morphological
characterization of the samples trivial methods were used: Atomic Absorption Spectroscopy (AAS), X-ray Diffraction
(XRD), BET surface area analysis, X-ray Photoelectron Spectroscopy (XPS). Measurements of the catalytic activity
were performed. A correlation between the type of precursor used for ZnO synthesis and the catalytic conversion has
been established. The conversion reaches the highest values of 50% at 290 °C and 95% at 320 °C for Cu doped sample
when activated ZnO is used as a carrier. ZnO synthesized by trivial method from carbonate precursor has 50%
conversion at about 35 °C higher temperature than the activated sample. The results of recent investigation show high

perspective of the catalysts, synthesized from activated carbonate precursors.

Key words: zinc oxide; manganese; copper; doping; carbon monoxide oxidation

INTRODUCTION

The accelerated development of energy and
chemical industries leads to serious contamination
of the environment. The existence of noxious
emissions in the air such as CO, NOy, H,S and
hydrocarbons from the internal combustion engines
and the industry is a serious ecological problem.
The catalytic disposal is one of the effective way
for downgrading these contaminations [1-5].
Carbon monoxide can be removed by complete
catalytic oxidation, achieved by catalysts with high
efficiency and stable at dynamic variable conditions
[6-8]. Precious metals based catalysts have
widespread application in purification of waste
gases [6-12]. These catalysts used in industrial
practice have a number of disadvantages. They are
expensive, due to the use of active components with
high price, as well as the use of complex
technological methods for production of the active
phases. The searching of catalytic compounds with
optimal composition and parameters is still actual
guestion [1]. Another widespread catalytic group is
that with high content of oxides and compounds of
3d transition metals [2, 10]. There is enhanced
interest to the recently synthesized catalysts

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

consisting low per cent content of active phases Cu
and Mn [8, 10, 13]. The choice of the precursor for
the synthesis of active catalyst is essential. In some
cases the change of the synthesis route can change
the structure of materials, which is useful for
practical application [8]. In the field of catalysis
basic properties such as activity and selectivity are
seriously influenced by the nanostructure of
materials, which highly depends on the synthesis
conditions [7, 9-12]. During the last years there is
increasing interest to ZnO, obtained from different
precursors. This is due to the specific chemical,
surface and microstructure properties of this oxide,
depending on the synthesis conditions and various
methods of preparation. Participation of dopants in
ZnO based catalysts leads to changes in the
structure and texture characteristics, higher
catalytic activity and stability and better
performance in practice [6, 14-17]. That is why
doped and activated ZnO is promising material
because of its relatively low price and wide scale
application as catalyst [12, 13, 18].

The aim of the present work is synthesis of ZnO
based phases from different precursors (nitrate,
acetate, carbonate) doped with Cu and Mn (<1
wt.%) and investigation of their catalytic activity.
The content of Cu and Mn is lower than 1 wt.% and
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the obtained samples are from nitrate, acetate and
carbonate precursor solutions.

EXPERIMENTAL

Several samples were obtained and named as
follows:

A) From nitrate precursor: MnZnO nitrate and
CuZnO nitrate

From acetate precursor: MnZnO acetate and
CuZnO acetate

From carbonate precursor: MnZnO carbonate
and CuznO carbonate

Doped with Mn and Cu samples of ZnO were
obtained from zinc nitrate, acetate and carbonate
precursors. Zn(NQOs),.4H,0 and
Zn(CH;C00),.2H,0 solutions were thermally
decomposed for the preparation of ZnO. Small
amounts of solutions of respective dopants -
Mn(NOs),.6H,O or Cu(NO3),.3H,0 were also
added in defined ratio. For preparation of ZnO from
carbonate, solutions of 0.8M Na,CO; 0.4M
ZnS0,.7H,O and Mn(NOs),.6H,0 or
Cu(NOs),.3H,O were used in defined ratio. For
preparation of the catalysts, the corresponding
precursors were heated for 3 h at 400 °C in air.

B) From carbonate precursor by deposition:
CuZnO deposition

Previously obtained carbonate precursor was
treated by aqueous solutions of Cu(NO3),.3H,0 to
lay the active phase by deposition method.

C) Previously activated Zinc oxide: MnzZnO
activated, CuzZnO activated

Precursor of activated ZnO was prepared using
method described in Bulgarian patent Ne
28915/1979. The active, Cu and Mn (~ 0.2 wt.%)
phases of the supported catalysts were synthesized
using deposition method. Definite quantities of the
aqueous solutions of the corresponding metal salts
MnSO,.H,O or CuSO,5H,0 were used. The
samples were finally calcined at 400 °C for 3 h in
air.

Chemical composition of the samples was
determined using Atomic Absorption Analysis
FAAS - SOLAAR M5 spectrometer.

The X-ray diffraction (XRD) analysis was
carried out on a Siemens powder diffractometer
model D500 using CuKo radiation within a 26
angle of diffraction interval of 10 + 60 degrees. The
identification of the phases was done by means of
the JCPDS database of the International Center of
Powder Diffraction Data. The particle size was
determined by Scherrer’s formula.
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The determination of the specific surface area of
the samples was carried out by nitrogen adsorption
at the boiling temperature of liquid nitrogen (77.4
K) using a conventional volume measuring
apparatus.

The X-ray photoelectron spectroscopy (XPS)
studies were performed in a VG Escalab Il electron
spectrometer using AlKa radiation with energy of
1486.6 eV under base pressure 107 Pa and a total
instrumental resolution 1eV. The binding energies
(BE) were determined utilizing the C1s line (from
an adventitious carbon) as a reference with energy
of 285.0 eV. The accuracy of the measured BE was
0.2 eV. The Cls, Zn2p, Ols, Mn2p and Cu2p
photoelectron lines were recorded and corrected by
subtracting a Shirley-type background and
quantified using the peak area and Scofield’s
photoionization cross-sections.

The catalytic activity of the samples was studied
in an isothermal plug flow reactor enabling
operation under steady-state conditions without
temperature gradients.

The size of the catalyst particles (0.3 + 0.6 mm)
was chosen taking into account the reactor diameter
(6.0 mm) and the hourly space velocity (20 000 h™)
in order to reduce diffusion effects. The gas feed
flow rate was 4.4 I/h, the catalyst bed volume was
0.2 cm® and the mass of the catalyst charge was 0.5
+ 0.6 g. The catalytic oxidation of CO was
performed at the temperature interval 200 + 400 °C,
the oxidizing agent used being oxygen from air (gas
mixture: 21% O, and 79% N,). The preliminary
treatment of the catalyst included heating in air
flow at 120 °C for 1 hour. The flow of CO was fed
into the reactor by an Ismatex M62/6 pump
(Switzerland).

The initial concentration of CO was 0.5 vol.%.
The carrier gas was air (a mixture of 21% O, and
79% N,). A Maihak (O,/CO/CQO,) gas analyser was
used to measure the CO and CO, concentrations
with an accuracy of +0.1 ppm, while the oxygen
measurement accuracy was =100 ppm.

RESULTS AND DISCUSSION

It is of interest to establish and to compare
catalytic activity of doped with Mn and Cu zinc
oxide. MnZnO and CuZnO catalysts obtained from
carbonate, acetate and nitrate precursors as well as
from doped pre-activated ZnO have been obtained
and investigated. The values of specific surface
areas of compounds obtained from different
precursor are shown in Table 1.
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Table 1. Dopant content, crystallites size and specific
surface area (Aget) 0f Mn-doped and Cu-doped ZnO.

Dopant .
Sample content, C;‘?;S;a:::;es ';BZE/T’
Wt.% ' g
MnZnQ 0.16 39 9
acetate
Cuzno 0.19 36 10
acetate
MnZnO 0.14 68 1
nitrate
CuZnQ 0.17 57 1
nitrate
MnZnO
carbonate 0.15 31 23
CuznO 0.18 27 23
carbonate
CuZnO 0.15 25 24
deposition
Zn0O
activated ) 25 44

It is evident that the specific surface area highly
depends on the kind of used precursor, and from the
doped element and the doping process, and also
from the pre-activation of the obtained ZnO. That
was expected, because the precursor decomposition
also depends on their chemical composition.
Lowest value of the specific surface area (1 m?/g)
was measured for MnZnO nitrate and CuZnO
nitrate samples. Possible explanation is the fact that
the decomposition process passes in molten state.
The samples obtained from carbonate precursor
have the highest value of the specific area. All
samples obtained have nanoscale sizes. Most fine
crystals are observed for samples, obtained from
basic zinc carbonate. It was observed tendency that
Cu doping leads to lower sizes of oxide crystallites
compared to Mn doping. XRD analysis of oxide
samples (Figs. 1 and 2) show formation of
hexagonal wurzite structure of ZnO (JCPDS 36-
1451) observed for all samples. Diffractograms
show only existence of ZnO phase, due to low
content of the dopants Cu and Mn in it [18].
Probably the dopants are included in the lattice of
ZnO leading to differences in the nanosize scale.
The peak intensity is in correlation with
investigated specific surface area. The width of
diffraction lines also increases in the row: nitrate <
acetate < carbonate in accordance with their
specific area and the crystallinity. The obtained
results correlate with the parameters of the
precursor of ZnO.

XPS spectroscopy analysis of CuzZnO and
MnzZnO samples was carried out. Fig. 3 and Fig. 4
present the observed Zn2p, Ols, Cu2p and Mn2p

lines. The results from investigation of Cao et al. of
ZnO films doped with 1.5 wt.% Al and 0.2 wt.%
Mn, shows that Mn®" induce formation of more
oxygen vacancies and this has been verified by O
1s XPS results [19].

CuZnO nitrate

b

lﬂ A
N ' CuZnO carbonate
A JL
30 40

intensity, c/s

CuZnO acetate
N J\__|

T

50 60
Two theta, degree

Fig. 1. X-ray diffractograms of CuzZnO carbonate,
CuZnO acetate and CuznO nitrate samples.

20

CuZnO activated

Intensity, c/s

ZnO activated

T T

20 30 40 50 60
Two theta, degree
Fig. 2. X-ray diffractograms of CuzZnO activated and
activated pure ZnO samples.

From XPS results was made estimation of
manganese and copper contents and their chemical
states, as Cu'* and Mn?*. The O1s peaks of Figs. 3
and 4 can be deconvoluted into three peaks
corresponding to the low binding energy (LP),
middle binding energy (MP), and high binding
energy (HP) components centered at 530.30+0.1,
531.41£0.11, and 532.45+0.05 eV, respectively.
The first one is attributed to O* ions surrounded by
Zn in the ZnO compound system. This peak is the
indication of the amount of oxygen atoms in a fully
oxidized, stoichiometric environment [20]. The
middle peak centered at around 531.5 eV can be
associated with the existence of O* ions where x<2
in the oxygen deficient region in the ZnO matrix
and is related to the presence of oxygen vacancies
[21].
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CuZnO carbonate

526 528 530 532 534 536

CuZnO acetate

1 n 1 1 1 1 L 1 )

L L 1 i
526 528 530 532 534 53
CuZnO nitrate

526 528 530 532 534 536
BE, eV

Fig. 3. XPS spectra of Ols for CuzZnO samples
obtained from nitrate, carbonate and acetate precursors.

MnZnO carbonate

1 2 1

L 1 " n
526 528 530

1 i 1 i 1 3
532 534 536
MnZnO acetate

526 528 530 532 534 536
MnZnO nitrate

526 528 530 532 534 536
BE, eV

Fig. 4. XPS spectra of Ols for MnZnO samples
obtained from nitrate, carbonate and acetate precursors.

The last higher binding energy peak is related to
chemisorbed oxygen, dissociated oxygen, or OH™
groups on the surface. The area ratio of
MP/(LP+MP+HP) for all investigated samples was
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calculated. The MP/(LP+MP+HP) ratio for MnZnO
samples is higher for the MnZnO (acetate), equal to
0.32, while the higher value for the CuzZnO samples
was evaluated for the CuzZnO (carbonate), equal to
0.24. Obviously the higher the concentration of Cu
and Mn atoms on the surface of the studied samples
the higher the number of oxygen vacancies in them
are. It is worth to notice here that the presence of
Mn* into the ZnO introduce more oxygen
vacancies than Cu® into the ZnO independently of
the used precursors.

The XPS investigation on Mn and Cu doped
previously activated ZnO have been done too. The
obtained and fitted results of the O1s photoelectron
line are shown in Fig. 5. The area ratios of
MP/(LP+MP+HP) for both samples have been
calculated and were evaluated to be 0.29 for the Mn
doped and 0.33 for the Cu doped one. The intensity
of the HP and MP peak are almost equal, which
indicates coexistence of oxygen vacancies and
chemisorbed oxygen. The obtained result shows
that the advanced procedure of activation ZnO is
most probably due to the transfer of the oxygen
atoms, oxygen vacancies and chemisorbed oxygen
come forth simultaneously as dominant defects.

MnZnO activated

526 528 530 532 534 536 538

CuZnO activated

526 528 530 532 534 536 538
BE, eV

Fig. 5. XPS spectra of O1s for investigated samples

after advanced activation of ZnO obtained from

carbonate precursors.

The catalytic activity of CO oxidation reaction
for different MnZnO and CuzZnO samples is shown
in Figs. 6a and 6b. The composition of the model
gas used in the investigation is similar to those of
the gases emitted by the automotive transport.
Regarding CO oxidation it can be concluded, that
the precursor of zinc oxide carrier is of great
importance and the observed catalytic activity is in
the row: carbonate > nitrate > acetate. It was also
found that copper doping has better performance
than manganese one when compare the samples
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from the same precursor [22]. For the doped
activated ZnO regardless of the kind of the dopant
is observed higher activity in comparison with all
other samples. Doping with Cu leads to 50%
conversion at 290 °C, and full conversion is
observed at about 330 °C. Doping with Mn of
activated ZnO sample has lower effect over
catalytic activity, respectively the temperatures for
conversion are shifted to higher values - at
temperatures between 360 °C and 370 °C a full
conversion is achieved.

L |—=— MnZnO carbonate a
—e— MnZnO acetate
80 +—4— MnZnO nitrate
<o —v— MnZnO activated
o
c i
S 60
5
4 40
c
[}
O 2]
0 T T T ®
240 280 320 360 400
T,°C
100
b
804
S
S 60-
5
> 404
g CuZnO carbonate
O —&— CuZnO nitrate
204 —e— CuZnO acetate
—v— CuZnO activated
CuZnO deposition
0 . ; . . :
240 280 3(2)0 360 400

T,
Fig. 6. Conversion of CO transformed to CO, of: a)
MnZnO samples and b) CuZnO samples.

CONCLUSION

ZnO based catalysts doped with Cu and Mn (up
to 0.2 wt.%) were synthesized from three different
precursor solutions and the measured -catalytic
activity for CO oxidation reaction in waste gas
emissions is ranged in the row: carbonate > acetate
> nitrate. The presence of Cu as a dopant in
catalytic compositions irrespective of used zinc
oxide precursor provides higher catalytic activity
toward investigated reaction. Activated zinc oxide

doped with Cu provides full conversion of CO at
lowest temperature due to simultaneous role of
oxygen vacancies and the oxygen absorbed on the
surface of the catalyst. The obtained doped phases
based on activated ZnO are perspective materials
for industrial purification of gas fluids from CO.
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JOTHUPAHU C Cu 11 Mn IMHKOBO OKCHUJIHU KATAJIM3ATOPU 3A OKUCJIIEHUE HA CO
BBB BPEJIHM 'A30BU EMUCUA

K. H. MI/IJ‘ICHOBal*, . A. ABpaMOBaZ, I1. M. HI/IKOJ‘IOBg, H. A. Kaca60Ba3, . M. UBanog?

1H)L:cmumym no kamanus, bvieapcka akademus na naykume, yia. ,, Akao. I'. Bonues*, 6a. 11, 1113 Cogus, Bvacapus
2 Hucmumym no obwa u neopeanuuna xumus, bvreapcka akademus na naykume, yu. ,,Axao. I'. bonueg®, o6n. 11, 1113
Cogus, Boneapus
® Xumuxomexronozuuer u Memanypeuuen Ynueepcumem, oyn. "Ce. Knumenm Oxpuocku” No 8, 1756 Cogus, Bvreapus

Tloctenmna Ha 30 stayapu 2017 r.; Kopurupana ua 16 ¢espyapu 2017 r.

(Pestome)

B nactosiiiata paborta motupan ¢ Cu u Mn mMHKOB OKCHJ € M3CleIBaH KaTo Katanu3aTop 3a okucienue Ha CO.
JlotupanuTte npoOH OT LIMHKOB OKCHUJ ca TOJIy4eH! OT KapOOHATeH, alleTaTeH U HUTPATEeH MPEKypPCOPU U OT aKTUBHPaH
nmotupan ZnO. CeabpxanneTo Ha Mn u CU B KaTaJIMTHYHUTE KOMIIO3HUIUH ¢ oA 1 Wt %. 3a CTpyKTypHO, TEKCTYPHO H
MOPQOJIOTHYHO OXapakTepu3MpaHe Ha NpoOMTE ca U3NOI3BAHU TPUBHATHH MeTonu: ATOMHO AOCOpOLMOHHA
Cnexrpockomust (AAS), Penrrenodazos Judpakunonen ananuz (XRD), BET ananu3 Ha moBbpxHOCTTA, PeHTreHOBa
®oroenekrporHa Cnekrpockonus (XPS). U3cnenpaHa e ¥ KaTaIUTHYHATA aKTUBHOCT. ChILECTBYBa KOPEIALHS MEKIY
BUJIa IPEKYPCOP, M3MOJI3BaH 32 CUHTe3a Ha ZNO M KaTaIMTHYHOTO NpeBphinane. Haii-Bucoka koHBepcus ce Habuo1aBa
3a Cu gormpanaTta mpoba BbpXy Hocuten aktuBupan ZnO: 50% xonsepcus mpu 290 °C u 95% npu 320 °C. ZnO,
CHHTE3UpaH 0 CTAHAAPTEH METOJ OT MPEKypcop KapOoHaT nperbprsiBa 50% KoHBepcus mpH okoiio 35 °C nmo-Bucoka
TeMIepaTypa, OTKOJKOTO aKTHUBHpaHaTa NpodOa. Pesynratute OT HACTOSAIOTO H3CIEOBaHE IIOKAa3BaT BHCOKA
MEepPCIEKTHBA Ha KaTaIU3aTOPH, MOJYYEHH OT aKTHBUPAHU KapOOHATHHU MPEKYPCOPH.
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In search of novel sources of antioxidants in the recent years, traditional plant foods have been extensively studied
for their antioxidant activity. Investigation of natural products is a research field with great potential and is especially
important in countries possessing great biodiversity, like Bulgaria. About 600 plant species from Bulgarian flora are
recognized as medicinal and are traditionally used in ethnopharmacology and phytotherapy. Given the huge interest in
antioxidants, the large number of methods developed to give a quantitative assessment of antioxidant action is not
surprising. Dozens of methods for determination of antioxidant activity in food and biological samples have been
developed. The results reported in following sections are part of a long-term study of the Laboratory of biologically
active substances, Institute of Organic Chemistry with Centre of Phytochemistry — Bulgarian Academy of Sciences, on
antioxidant activity of Bulgarian fruits, vegetables, herbs and mushrooms. Results are obtained by the Oxygen Radical
Absorbance Capacity (ORAC) method in which the inhibition time and inhibition degree can be measured. The ORAC
method is relevant for biological samples, since it assesses the radical scavenging activity of the sample against peroxyl
radicals, which physiologically are the most important ones. Besides, oxidation process is performed in water media, at
physiological pH and temperature. Current review compiles data for antioxidant activity of 90 raw materials, including
unpublished results for ORAC value of 11 mushrooms, 4 vegetables and 2 herbs.

Key words: ORAC - Oxygen Radical Absorbance Capacity; Bulgarian plants, fruits, vegetables, herbs, mushrooms
oxidase and xanthine dehydrogenase which reduce

O, to O, and by the auto-oxidation of many
biomolecules like glyceraldehydes, FMNH,,

INTRODUCTION

Life on earth is inconceivable without oxygen

(Oy) but in higher concentration this vital element is
toxic to aerobes. Most of the damaging effects of
O, are due to oxygen radicals which embrace
superoxide (O,"), hydroperoxyl (HOO), hydroxyl
(HO), peroxyl (ROO) and alkoxyl (RO’) radicals
[1]. These, together with the non-radicals hydrogen
peroxide (H,0O,), ozone (O;) and singlet oxygen
(*O,) constitute the so called reactive oxygen
species (ROS). ROS together with the nitrogen
reactive species (RNS): nitric oxide (NO),
peroxynitrite  (ONOOQO"), peroxynitrate, etc. are
constantly produced in our bodies through
numerous physiological reactions and processes
[2]. Experimental evidence has directly or
indirectly suggested that there are six major
reactive species causing oxidative damage in
human body. These species are superoxide anion,
hydrogen peroxide, peroxyl radicals, hydroxyl
radical, singlet oxygen and peroxynitrite.
Superoxide is formed in vivo by NADPH oxidase in
phagocytic cells, by other enzymes like xanthine

* To whom all correspondence should be sent:
E-mail: petkodenev@yahoo.com

FADH,, adrenalin, noradrenalin and dopamine [3].
The most important source of O, in vivo is the
mitochondrial electron transport chain and
hemoglobin in human erythrocytes also could be a
source of superoxide radicals [4]. Hydroxyl radicals
are the most potent oxidants among ROS.
Physiologically they are being produced mainly
trough Fenton-like reactions catalyzed by transition
metal ions, UV-induced homolytic cleavage of
H,0, [5] y-rays-assisted homolytic fission of water
and hypochlorous acid reacting with Oy  [6].
Peroxyl and alkoxyl radicals are good oxidizing
agents which can easily abstract hydrogen atom
from different biomolecules. In vivo they are
formed trough the reaction of carbon-centered
radicals with O, or by decomposition of organic
peroxides [7]. Hydrogen peroxide is continuously
produced in many tissues in vivo and mitochondria
are the biggest contributors to its generation both
by monoamine oxidases and by dismutation of O,"
[1]. Singlet oxygen is often generated by
photosensitization reactions and its detrimental
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effect is expressed mainly in skin and eyes
damages. Peroxynitrite is generated by the reaction
of NO with superoxide radical and the biggest
contributors for NO generation are the nitric oxide
synthase enzymes. To counteract the assault of all
ROS and RNS, living cells had elaborated a
complex biological defense system composed of
enzymatic and non-enzymatic antioxidants that
convert ROS/RNS to harmless species. The term
antioxidant is defined as any substance that in low
concentrations compared to those of an oxidizable
substrate, significantly delays or prevents oxidation
of the substrate [1]. By the mechanism of action,
antioxidants are divided to preventive and chain-
breaking antioxidants. Preventing antioxidants act
as the first line defense by suppressing the
formation of ROS and RNS. These antioxidants
remove active species rapidly before they attack
biologically essential molecules. For example,
superoxide radical is converted to oxygen and
hydrogen peroxide by superoxide dismutase (SOD)
and hydrogen peroxide can be converted to water
and oxygen by catalase. In contrast, no enzymes are
known to counteract ROO', HO', 'O, and ONOO
[8]. Therefore, the burden of defense relies on a
variety of nonenzymatic antioxidants such as
vitamins C and E and many phytochemicals such
polyphenols that have the property to scavenge
oxidants and free radicals. These scavenging
antioxidants act as the second line defense in vivo.
Usually, there is balance between the antioxidants
and the prooxidants in vivo but several factors like
stress, radiation, nutrition, polluted atmosphere and
smoking disrupt the oxidative balance leading to
the so called oxidative stress. Oxidative stress is a
physiological state which is believed to be a
prerequisite for the development of many diseases
including cardiovascular disease (CVD), stroke,
and neurodegenerative disorders such as Alzheimer
disease and Parkinson disease [9-11]. The injury
caused by oxidative stress can affect all organ
systems. For example, LDL oxidation is the initial
step to the arteriosclerosis development, leading to
cardiovascular diseases and oxidized DNA basis
are mutagenic and are involved in the
carcinogenesis. In case of oxidative stress it is
necessary to accept exogenous antioxidants with
the diet. Most of the antioxidants taken with the
diet are of plant origin and the richest sources are
herbs, fruit and vegetables. Polyphenol substances,
carotenoids, vitamin C and vitamin E are the
biggest contributors to the antioxidant properties of
these raw materials. A growing amount of
evidences indicates that the consumption of plant
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foods is correlated with a lower risk from
development of atherosclerosis and oxidative
stress-related diseases [12]. In contrast, diets poor
in plant-based foods and rich in animal products
and ingredients are related to increased risk for
CVD and certain types of cancer [13]. In the last
decades, polyphenolic compounds gained a lot of
attention and are subject to thorough research
because of their antioxidant properties and
beneficial effect beyond vitamin action. They are
the most abundant antioxidants taken with the diet
[14] with over 8000 known compounds which
makes them one of the largest groups in plant
kingdom. By definition polyphenols are compounds
that have more than two phenolic hydroxyl group
attached to one or more benzene rings. Natural
polyphenols are structurally diverse and vary from
single molecules, for example some phenolic acids
to highly polymerized structures like tannins [15].
Taking into consideration the diversity of
substances with antioxidant activity and that of
ROS and RNS, the challenge for the development
of a standard universal method for measuring
antioxidant activity is high. The situation is
complicated additionally by the different physico-
chemical characteristics of antioxidants and the fact
that antioxidants react differently towards different
radicals or oxidants. For example, carotenoids
which are poor radical scavengers are very good
inhibitors of singlet oxygen. Due to the different
mechanisms and reaction characteristics, none of
the known methods described in the literature does
not accurately reflect all aspects of antioxidant
activity against the variety of ROS and RNS, and
there is still no consensus for a universal
standardized method for determination of
antioxidant activity of natural products [16]. The
antioxidant activity is defined as the ability of a
compound to reduce prooxidant agents. Given the
huge interest in antioxidants, the large number of
methods developed to give a quantitative
assessment of the antioxidant action is not
surprising. Dozens of methods for determination of
antioxidant activity in food and biological samples
have been developed. Typically, the samples
analyzed are composed of a large number of
individual compounds, which makes difficult the
quantitative assessment of their antioxidant action
and therefore, most methods measure the common
antioxidant activity of the sample. Different
methods are based on the generation of different
radicals, acting through different mechanisms and
still lacks a unified standard method which provides
an assessment of the antioxidant properties of a
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given compound against all radicals. None of the
methods invented do fully cover the antioxidant
activity, because it expresses the antioxidant
properties of a given compound against a given
oxidant under defined conditions. Therefore, no
method gives "total" evaluation of these properties
and it is correct whenever talking about antioxidant
activity to note the method by which it is measured
[16]. Still the most employed concept for
antioxidant action is associated with antioxidants as
radical scavengers. Based on the chemical
mechanism by which this is done, the methods for
the determination of antioxidant activity are divided
into two categories: based on hydrogen atom
transfer (HAT), and based on a single electron
transfer (SET). Those based on SET include redox
reaction with the oxidant, which is also the
indicator of the reaction. They reflect the ability of
the potential antioxidant to transfer single electron,
and reduce the oxidant. TBA-based methods
measure the ability of an antioxidant to scavenge
free radicals by donation of a hydrogen atom.
Therefore, HAT-based methods provide a more
accurate assessment of the ability of antioxidants to
interrupt free radical chain reactions. Because
peroxyl radicals are the most physiologically
important and are involved in lipid oxidation, it is
believed that HAT methods with greater reliability
reflect the mechanism by which antioxidants act in
vivo. However, none of the methods incented do
not reflect the total antioxidant activity of a given
sample, neither reflect the bioavailability of
antioxidants [16].

OXYGEN RADICAL ABSORBANCE
CAPACITY OF BULGARIAN FRUITS,
VEGETABLES, HERBS AND MUSHROOMS

In search of novel sources of antioxidants in the
last years, traditional plant foods have been
extensively studied for their antioxidant activity.
The ingestion of fresh fruit, vegetables and teas rich
in natural antioxidants has been associated with
prevention of cancer and cardiovascular diseases
[17]. The higher intake of plant foods correlates
with lower risk of mortality from these diseases
[18]. Approximately 60% of the commercially
available anti-tumoral and anti-infective agents are
of natural origin [19]. Investigation of natural
products is a research field with great potential and
is especially important in countries possessing great
biodiversity, like Bulgaria. About 600 plant species
from the Bulgarian flora are recognized as
medicinal and are traditionally used in

ethnopharmacology and phytotherapy [20, 21]. The
results reported in the following sections are part of
a long-term investigation performed in the
Laboratory of biologically active substances,
Institute of Organic Chemistry with Centre of
Phytochemistry — Bulgarian Academy of Sciences
on antioxidant activity of fruits, vegetables and
herbs grown in Bulgaria. Results are obtained by
the Oxygen Radical Absorbance Capacity (ORAC)
in which the inhibition time and inhibition degree
are measured as the oxidation reaction goes to
completion [22]. The ORAC method is relevant for
biological samples, since it assesses the radical
scavenging activity of the sample against peroxyl
radicals, which physiologically are the most
important ones. Besides, oxidation process is
performed in water media at physiological pH and
temperature [8, 16, 23]. It was found that ORAC
method is more sensitive than other methods, thus
indicating antioxidant properties in samples with
very low quantities of polyphenols [24]. The
accumulation of biologically active substances in
plants depends on several genetic and
environmental factors including cultivar, climate,
fertilization, irrigation, sun exposure, etc. Ou et al.
[25] reported variable results even for samples from
one species depending on the variety, place of
origin, and harvest time. Therefore, it is of a
particular interest to evaluate the antioxidant
activity of local natural products, since they are the
most consumed by the Bulgarian population. The
presented results are part of a long-term
investigation, aiming the development of a database
with antioxidant capacities of Bulgarian raw
materials. The development of such database will
identify the major contributors to the antioxidant
potential of our daily diet. In the literature, similar
ORAC databases are already reported for common
foods in the USA [26] and fruits produced in south
Andes region of South America [27].

Bulgarian Fruits

Fresh fruits are a good source of antioxidants
and their use in human nutrition is of fundamental
importance. To encourage fruit consumption among
the population it is important to recognize which
fruits have the highest antioxidant activity and to
promote their regular consumption. In a recent
study, we evaluated the ORAC antioxidant activity
of 26 fruits of Bulgarian origin and results are
shown in Table 1 [28]. Since polyphenols
contribute significantly to the antioxidant activity
of plant materials, their content in the investigated
fruits is given in the table, as well.
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Table 1. ORAC antioxidant activity and polyphenol
content of Bulgarian fruits according to Denev et al.,
2013 [28]. Results are expressed as means + standard
deviations on a fresh weight basis.

. ORAC, Total
Fruits | TE/ polyphenols,
umot Th/g GAE/100g
Apple 13.8+2.6 126.0+£5.6
Apricot 7.2+1.0 444+04
Black currant 96.0£3.2 835.1+19.1
Blackberry 742+35 688.2+19.0
Blackthorn 79.1+39 858.3+194
Blueberry 98.8+7.1 819.5+9.7
Cherry 258+ 1.2 118.4+6.7
Chokeberry 160.8+4.8 1817.8+34.8
Cornel cherry 49.0+35 624.6+1.3
Cranberry 70.0+1.9 705.5+17.9
Elderberry 2054 +152 1148.0+11.9
Fig 13.6+1.6 98.7+£2.8
Hawthorn 153.6 +9.1 1184.4+15.7
Honeydew melon 23+0.1 404+1.1
Peach 6.2+15 41.1+14
Plum 108+1.1 645+ 1.7
Pomegranate 19.7+3.1 195.1+ 8.0
Pumpkin 49405 14.6 £ 09
Raspberry 38.9+£20 369.1+1.7
Red grapes 26.8+3.4 195.5+ 8.9
Rosehip 201.1+14.6 1934.3+43
Rowanberry 80.9+6.2 733.6+7.4
Sour cherry 58.6 +£5.8 529.9+10.0
Strawberry 472+3.1 386.5+15.2
Watermelon 3.8+05 39.8+£0.8
White grapes 6.3+1.3 112.1£0.3
The total antioxidant activity varied

considerably among the investigated fruits. For
example, on the basis of fresh weight, elderberry
and rosehip showed the highest antioxidant
capacity - (205.38 + 15.24 umol TE/g) and (201.14
+ 14.59 pmol TE/g), respectively. Pumpkin,
watermelon and honeydew melon revealed the
lowest ORAC antioxidant activity (4.92 + 0.47,
380 = 047 and 233 £+ 0.12 umol TE/g,
respectively). The beneficial properties of
elderberry, rosehip and hawthorn are well known to
the Bulgarian population as they have been widely
used in ethnopharmacology and traditional
medicine since ancient times. Another fruit with
high antioxidant activity, chokeberry is of North
American origin and was introduced to Bulgaria
about 60 years ago. Nowadays it is cultivated
successfully as an industrial crop and deserves
attention, because it is recognized as an especially
beneficial medicinal plant. There are many papers
attempting to rank the antioxidant properties of
different plant materials via different methods [29,
30] including ORAC [25, 26, 31]. When comparing
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the results with other published data it is seen that
Bulgarian fruits reveal different antioxidant
properties. Our results 47.2 umol TE/g and 98.8
umol TE/g for strawberries and blueberries are
18.5% and 37% higher than the results reported by
Wu et al. [26] for the same plant species. On the
other hand, results reported from the same authors
for raspberry are 26% higher than the results in our
study. The accumulation of biologically active
substances in plants depends on several genetic and
environmental factors including cultivar, climate,
fertilization, irrigation, sun  exposure, etc.
Therefore, it is of a particular interest to evaluate
the antioxidant activity of local natural products. In
one of the first attempts to quantify dietary
antioxidant needs of the body Prior et al. [32]
demonstrated that consumption of certain berries
and fruits such as blueberries, mixed grape and
kiwifruit was associated with increased ORAC
plasma antioxidant capacity in the postprandial
state and consumption of an energy source of
macronutrients containing no antioxidants was
associated with a decline in plasma antioxidant
capacity. The authors estimated that according to
the energy intake of the diet, 5000 — 15000 umol
TE are necessary to cover human daily antioxidant
needs. Therefore, comparative studies such as the
current are interesting not only from research point
of view, but also for the consumers and
nutritionists. The obtained results are a good tool
for the medical professionals to promote the
consumption of fruits with high antioxidant activity
as a part of a healthy diet. For example, the
consumption of only 25-75 g elderberries or briers,
or 30-90 g chokeberries will cover the necessary
antioxidant units per day. In contrast,
approximately 2170-6500 g of honeydew melons
will provide the same amount of ORAC units.

Bulgarian Vegetables

Vegetables are among the major antioxidant
sources in our daily diet, and therefore the
estimation of daily antioxidant capacity intake from
these foods is beneficial [9]. Vegetables are known
to possess a variety of antioxidant effects and
properties. Flavonols (such as quercetin, myricetin,
kaempherol) and flavones (e.g. apigenin, luteolin)
in plant materials are closely associated with their
antioxidant function mainly due to their redox
properties exerted by various possible mechanisms:
free-radical scavenging activity, transition-metal-
chelating activity, and/or singlet-oxygen-quenching
capacity [33, 34].



P. N. Denev: Oxygen Radical Absorbance Capacity of Bulgarian fruits, vegetables, herbs and mushrooms. A review

Our study in 2010 was the first reporting
antioxidant activity of Bulgarian vegetables [24].
These vegetables are commonly consumed by the
Bulgarian population as an important constituent of
their traditional food [24]. The total polyphenol
content of these selected vegetables was measured
as well, so as to evaluate its contribution to their
total antioxidant function. The objective of the
study was to supply both new methodological
background for the food quality control in food
industry and new information on the antioxidant
function of selected vegetables for nutritionists and
public. Results are shown in Table 2.

Table 2. ORAC antioxidant activity and polyphenol
content of Bulgarian vegetables according to Ciz et al.,
2010 [24]. Results are expressed as means + standard
deviations on fresh weight basis.

Total

Vegetables ORIA%%/ polyphenols,

ol 1E/g GAE/100g
Beans * 20+ 1.8 98.2+43
Broccoli 16.1£1.2 102.1+5.9
Capsicum 199+14 286.7+5.1
Carrot 48+ 1.1 352+£2.0
Celery leaves 113.5+6.1 605.6 £9.4
Celery root 153+1.2 438+2.3
Chick peas * 28 +£2.1 107.6 £5.6
Chilli pepper 36.1 £6.5 298.6 + 1.8
Cucumber 1.2+0.2 242+24
Dill 10.5+1.1 150.4+0.9
Eggplant 16.2+£2.0 102.9+4.7
Goathorn pepper 30,614 260.5+5.0
Green beans 145+1.2 101.5+33
Green onion 147+15 92.7+0.9
Green pepper 56=+0.3 80.7+3.6
Gumbo 14.6£0.8 89.8+4.0
Lentils * 49 +£3.7 2543 +8.4
Lovage 573+5.0 267.0+ 2.1
Parsley 108.6 = 13.1 599.7+0.4
Potato 103+1.3 65.5+1.1
Radish 23.6+1.7 89.9+1.7
Red beet 126 +£1.6 81.5+1.6
Red pepper 9.3+£0.9 1157+ 1.5
Soybean * 99+5.2 589.6+32.1
Tomato 54+£03 41.3+22
Vegetable marrow 29+0.3 20.0+ 1.7

* Unpublished results

The total phenolic content in the vegetable
analyzed was in the range of 605.6 to 20.0 mg
GAE/100g fresh weight and there was a direct
relationship between the total phenolic content and
ORAC antioxidant activity with correlation
coefficient r = 0.95. As we have shown, aromatic
vegetable such as parsley, dill and lovage with high
polyphenol content and high ORAC values could

be excellent sources of antioxidant and should be a
part of everyday diet.

Bulgarian Herbs

In search of novel sources of antioxidants in the
last years, medicinal plants have been extensively
studied for their antioxidant activity. From ancient
times, herbs have been used in many areas,
including nutrition, medicine, flavoring, beverages,
cosmetics, etc. It is of particular interest to
investigate the antioxidant properties of medicinal
plants, especially those traditionally used in folk
medicine. Prior to our study, there was just scarce
information on antioxidant activity of Bulgarian
herbs with methods like DPPH and ABTS [35, 36].
In our study, we investigated medicinal plants,
which were chosen based on their use in traditional
medicine [37]. Table 3 shows the ORAC
antioxidant activity of the investigated medicinal
plants. The greatest ORAC value of 2917 pmol
TE/g was found for peppermint. This study was the
first one reporting ORAC antioxidant activity for
several medicinal plants, such as: wild basil
(Clinopodium  vulgare) leaves, birch (Betula
pendula) leaves, caltrop (Tribulus terrestris) aerial
parts, mountain tea (Sideritis scardica) aerial parts,
hop (Humulus lupulus) flowers, marigold
(Calendula officinalis) flowers and greater burdock
(Arctium lappa) roots.

Bulgarian Mushrooms

Mushrooms are another common food for the
Bulgarian population. Therefore, we investigated
antioxidant activity of the following 11 mushrooms
of Bulgarian origin: black chanterelle (Craterellus
cornucopioides), Caesar’s mushroom (Amanita
caesarea), champignon (Agaricus bisporus),
chanterelle (Cantharellus cibarius), edible boletus
(Boletus edulis), fairy ring mushroom (Marasmius
oreades), honey mushroom (Armillaria mellea),
Judas's ear fungus (Auricularia auricular), Oyster
mushroom  (Pleurothus  ostreatus),  shiitake
(Lentinus edodes), yellow foot (Cantharellus
aurora). These results are unpublished and are
depicted on Fig. 1. From the results it is evident
that edible boletus distinct among other mushrooms
with ORAC value of 113.9 pmol TE/g dry weight
followed by fairy ring mushroom and Judas’s ear
fungus. These results indicate that mushrooms are
not very rich source of antioxidants but could
contribute the total antioxidant value of our daily
diet.

203



P. N. Denev: Oxygen Radical Absorbance Capacity of Bulgarian fruits, vegetables, herbs and mushrooms. A review

Table 3. ORAC antioxidant activity and polyphenol content of Bulgarian herbs according to Kratchanova et al., 2010
[37]. Results are presented as means = SD based on dry weight.

Herb

Basil (Ocimum basilicum) leaves

Birch (Betula pendula) leaves

Caltrop (Tribulus terrestris) aerial parts
Camomile (Matricaria chamomilla) flowers
Chicory (Cichohrium intybus) aerial parts
Common balm (Melissa officinalis) leaves
Dandelion (Taraxacum officinale) aerial parts
Dandelion (Taraxacum officinale) roots *

Fenugreek (Trigonella foenum-graecum) seeds

Greater burdock (Arctium lappa) roots
Hawthorn (Crataegus monogyna) leaves and flowers
Hop (Humulus lupulus) flowers

Laurel leaves (Laurus nobilis) leaves

Lime (Tilia cordata) flowers

Liquorice (Glycyrrhiza glabra) roots

Marigold (Calendula officinalis) flowers
Mountain tea (Sideritis scardica) aerial parts
Nettle (Urtica dioica) leaves

Nettle (Urtica dioica) roots *

Peppermint (Mentha piperita) leaves

Raspberry (Rubus idaeus) leaves

Sage (Salvia officinalis) leaves

Spearmint (Mentha spicata) leaves

St. John’s worth (Hypericum perforatum) aerial parts
Thyme (Thymus vulgaris) aerial parts
Wild basil (Clinopodium vulgare) aerial parts
Yarrow (Achillea millefolium) flowers

ORAC, Total polyphenols,
umol TE/g mg/100g
402 + 40 2391 £ 38
1185+ 73 5542 + 201
819+ 56 5681 + 200
814+ 72 4665 + 137
398 + 22 1821 + 63
1121 £ 60 11885 +109
381+ 16 2206 £ 58
193+ 12 1210+ 72
327 +28 1692 + 105
365+ 31 2742 £ 112
2163 + 89 7104 + 111
749 £ 62 5728 + 262
837 £ 81 7081 + 299
1020 + 88 9296 + 427
670 £48 3452 £ 98
407 £ 57 2141+ 115
778 £77 3984 + 201
162 £11 958 + 43
23+ 1.8 345+ 18
2917 £ 52 20216 + 359
1156 + 80 7759 £ 216
966 + 69 5295 + 148
748 £ 57 4522 £ 102
1141 + 93 11283 + 74
1637 + 59 11409 + 171
1437 +£ 60 9468 + 128
842 £ 80 5728 + 232

* Unpublished results

Chanterelle

Yellow foot

Caesar's mushroom

Black chanterelle

Shiitake

Honey mushroom

Oyster mushroom

Champignon

Judas's ear fungus

Fairy ring mushroom

Edible boletus

60 80 100 120 140
ORAC, pmol TE/g dry weight

Fig. 1. ORAC antioxidant activity of Bulgarian mushrooms.
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FINAL REMARKS

The results for the antioxidant activity of
selected Bulgarian fruits, vegetables, herbs and
mushrooms are a good tool for the medical

professionals to promote the consumption of foods
with high antioxidant activity as a part of a healthy
diet. Such kind of information is useful to not only
doctors and nutritionists, but also to food scientist
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and technologists for the development of functional
foods, rich in natural antioxidants. These results
enrich the national database for antioxidant activity
in foods helping the identification of the major
contributors to the antioxidant potential of
Bulgarian daily diet.
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ORAC AHTUOKCUJJAHTHA AKTUBHOCT HA BBJI'APCKU IVIOJJOBE, 3EJIEHU VI,
BMJIKM U I'bBU. OB30P

I1. H. [leneB*

Hnemumym no Opeanuyna Xumus ¢ Llenmvp no @umoxumus, bvaeapcka Axademus na Haykume, Jlabopamopus no
buonoeuuno Axkmuenu Bewecmsa, oyn. ,, Pycku” 139, 4000 IInoeous, bvreapus

Tloctenmna Ha 13 despyapu 2017 r.; Kopurupana na 07 mapt 2017 .

(Pesrome)

B ThpceHe Ha HOBM M3TOYHHUIM HAa aHTHOKCHIAHTH TIPE3 MOCICIHUTE TOJWHH, PACTUTEIHUTE XPaHU ca OOEKT Ha
3abJI00YEHN M3CJICABAHUs 10 OTHOLICHHWE Ha TAXHATA AHTHOKCHJAHTHA aKTHBHOCT. l3yuaBaHeTO Ha NPHUPOAHH
NPOJXYKTH € HayYyHO HampaBlIeHHE C TOJISIM MOTEHLIHAl M € OCOOCHO Ba)KHO 3a CTPaHU, KOMTO IPUTEkKaBaT 00raro
Ouosnorn4Ho pasHooOpasue, kato bbarapus. Okono 600 Buma pacTeHust or Obirapckara ¢iopa ca MpU3HATH KaTo
JeyeOHM U Ce M3IMOJ3BAT TPAAMIMOHHO B eTHOo(apmakoyoruira u ¢urorepanusta. Karo ce nma npeauza orpoMHuUs
HHTEepeC KbM aHTHOKCHJIAHTUTE, HE € W3HCHaJBaIl M ToyleMust Opod Meronau, pa3paboTeHH, 3a Ja ce HalpaBU
KOJIMYECTBEHA OLCHKA Ha TAXHOTO AHTHOKCHAAHTHO HelcTBHe. B pesynrtar ca pa3pabOTeHM NECETKH METOAM 3a
OTpeJieTsTHE Ha aHTHOKCHAAHTHA aKTHBHOCT B XPAaHUTENHH M OWOJIOTMYHM Npobu. Pesynrarwte, mpeacTaBeHH B
HacTOAMMSA 0030p ca 4acT OT ABJITOTOAMINHO H3cienBaHe B Jlaboparopus mo OHONOTMYHO AKTHBHU BEIECTBa,
Wucrtutyr mo opranmyHa xumust ¢ LleHTsp mo ¢wuroxumus - bearapcka Axagemus Ha Haykure Bbpxy
AHTHOKCH/IAHTHATa aKTUBHOCT Ha OBJIrapcKH IUIOJOBE, 3€IEHUYYLH, OMIKH M rb0u. Pesynrarnte ca moiydeHH dpes
Oxygen Radical Absorbance Capacity MeTona, mpu KOHTO OKHCIMTEIHaTa peakiys NMPOTHYA MPAKTUYECKH A0 Kpan
OTYUTAUKUA U BPEMETO, M CTENCHTa Ha MHXHOUpaHe. YcTaHoBeHo €, 4¢ ORAC MeTonbT € MoaXOAsI] 3a OUOJOTHYHH
npoOu, Thil KaTo M3MepBa pajJHKajo-yJaBsilara CHOCOOHOCT Ha aHTHOKCHIAHTHTE Cpelly MEPOCKWIHU PaauKaly,
KOUTO ca (u3nosorndyecku Haif-3HaunmMu. OCBEH TOBa, OKHMCIHMTENHATa pEakius NMpOTHYa BBB BOJHA cpela IpHU
¢usnonornynn croiHoctn Ha pH u Temneparypa. Hacrosmust 0630p 0000IiaBa JaHHHTE 338 aHTHOKCHIAHTHATa
aKkTHBHOCT Ha 90 OBJIrapcKy CypOBHMHH, BKIIIOUBAKM M HeNyOJIMKyBaHHU 10 MOMeHTa pe3ynrtatu 3a ORAC croiiHocTTa
Ha 11 re0m, 4 3eneHdyyka u 2 OUIKH.
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