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Influence of the environment on the antioxidant action of two 6-(propan-2-yl)-4-
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Density functional theory was used to study diketo and enol structures of two cyclodidepsipeptides, 3-(2-me-
thylpropyl)-6-(propan-2-yl)-4-methyl-morpholine-2,5-dione and 3,6-di(propan-2-yl)-4-methyl-morpholine-2,5-dione,
able to form radicals and act as reducing agents. Three possible mechanisms of antioxidant action were considered: H-
atom abstraction (HAT), single electron transfer (SET), and sequential proton loss electron transfer (SPLET). The
influence of the environment was elucidated by calculating the respective dissociation enthalpy (BDE), ionization
potential (IP), proton dissociation enthalpy (PDE), proton affinity (PA), and electron transfer enthalpy (ETE) in non
polar solvent benzene, and polar solvents methanol and water. The preferred mechanism in different environment was
outlined based on the obtained reaction enthalpies and showed that the reaction pathway depends on the environment
polarity. HAT is the most probable mechanism in nonpolar phase, while SPLET is the preferred one in polar
environment.
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INTRODUCTION

Cyclodidepsipeptides are the simplest members
of cyclodepsipeptides family, which have an ester
group and an amide group in the same 6-membered
ring. They contain only one residue of amino acid
and one residue of lactic, a-hydroxyisovaleric or
other a-hydroxy acid. The cyclodidepsipeptides
exhibit antimicrobial [1,2], immunomodulating
[1,3,4], anticoagulant [5], and inhibitory activity
towards acyl-CoA:cholesterol acyltransferase [6],
a-glucosidase [7-9] and xanthin oxidase (XO) [10].
In this way they are interesting candidates for phar-
macological application. As a part of our continu-
ing study of identification [11], synthesis [11,2] and
biological activities [1,2,4,10] of cyclic didepsi-
peptides, recently we elucidated the antioxidant
activity of the two synthesized cyclodidepsipeptides
3-(2-methylpropyl)-6-(propan-2-yl)-4-methyl-mor-
pholine-2,5-dione (1a) and 3,6-di(propan-2-yl)-4-
methyl-morpholine-2,5-dione (2a), by applying two
assays, 2,2-diphenyl-1-picrylhydrazyl (DPPH)-radi-
cal scavenging capacity and total reducing power
[12]. Our data indicate moderate antioxidant
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potentials of the two studied cyclodepsipeptides. A
high correlation between DPPH-radical scavenging
capacity and total reducing power were found.
Diketo, enol and dienol structures of compounds 1
and 2 (Fig. 1), able to form radicals and act as
reducing agents, were examined using density
functional theory (DFT) calculations in gas phase.
The calculated total energies indicate the diketo
form "a" as the most stable.
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Fig. 1. Tautomeric structures of compounds 1 and 2.
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One possible mechanism by which the anti-
oxidants can deactivate a free radical is H-atom
abstraction (HAT mechanism) [13-16]:

A-H > A +H (HAT)

The efficacy of the antioxidant to react via HAT
is characterized by the bond dissociation enthalpy
(BDE). Higher stability of A, i.e., lower BDE
values, corresponds to good antioxidant capacity of
A-H. Another possible mechanism is electron trans-
fer (SET mechanism), in which the radical cation is
first formed followed by deprotonation [16-19]:

A-H— A" +¢ (SET)
A" 5 A +H

For evaluation of reactivity via SET, the
ionization potential (IP) is used. A lower IP implies
an easier electron release. More recently a third
mechanism has been discussed — sequential proton
loss electron transfer (SPLET) [13, 20]:

A-H - A + H" (SPLET)
A ->A+e

In the first step of this mechanism an anion is
formed by initial proton transfer, followed by an
electron transfer. The proton affinity (PA) of the
formed anion is used as a measure for reactivity via
SPLET. Higher stability of A", i.e., lower PA
values, indicates an easier extraction of the proton.

The net result of the three antioxidant action
mechanisms is the same. SET and SPLET mecha-
nisms are favoured in polar environment because
the generated charged species are stabilized by the
solvent. Based on calculation of the reaction enthal-
pies for each of the mechanisms, it is possible to
suggest the most probable mechanism of action of a
particular group of compounds [13].

In the case of the two cyclodidepsipeptides 1
and 2 studied by us, hydrogen atom abstraction
from the activated C-H group at 3-position in the
diketo form was found to be the most probable
mechanism of antioxidant action in gas phase.
However, these calculations do not account for the
influence of the polarity of the surrounding
medium. For this reason, the main goal of the
present contribution is to determine the preferred
mechanism of antioxidant action in polar environ-
ment as a description of the processes taking place
in the living organism. Calculations in benzene will
be performed in order to improve the description of
the antioxidant action of 1 and 2 in nonpolar
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environment representing the biological membra-
nes. The polar medium is also very important as
illustration of the biological liquids and therefore
the relevant enthalpies will be calculated in water.
Based on the obtained enthalpies it will be clarified
which of the three possible mechanisms of
antioxidant action (HAT, SET or SPLET) is the
most probable in polar liquid environment. In this
way, the expected mechanism of antioxidant action
of the title compounds will be described for all
potential sites in the living organism. The study will
be complemented also by computations in methanol
in order to take account of the conditions used in
the in vitro radical scavenging assays [12].

COMPUTATIONAL DETAILS

All theoretical calculations were performed
using the Gaussian 09 package [21] of programs.
Geometry and vibrational frequencies of species
studied were performed by analytical gradient
technique without any symmetry constraint. All the
results were obtained using the density functional
theory (DFT), employing the B3LYP (Becke’s
three-parameter non-local exchange [22] and Lee et
al. correlation [21] potentials). 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) [23] at the same level of theory.

The geometries of all possible isomers of the
studied compounds, radicals, radical cations were
fully optimized by application of the UB3LYP
functional in conjunction with the 6-311++G**
basis set. The optimized structures were further
characterized by analytical computations of
harmonic vibrational frequencies at the same level.
Dissociation enthalpy (BDE), ionization potential
(IP), proton dissociation enthalpy (PDE), proton
affinity (PA), and electron transfer enthalpy (ETE)
were calculated according the equations given by
Klein et al. [13].

BDE = H(A) + H(H') — H(A-H)
IP = H(A™) + H(e) — H(A-H)
PDE = H(A) + H(H") - H (A")
PA = H(A) + H(H") — H (A-H)
ETE = H(A) + H(e) - H (A)

The enthalpy of hydrogen atom, H(H"), for each
solvent was obtained by the same method and basis
set. All reaction enthalpies were calculated for 298
K. Solvation enthalpies of proton H(H"), electron,
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H(e), in organic solvents, determined using IEF-
PCM DFT/B3LYP/6-311++G** calculations, were
taken from the literature [24].

Natural bond orbitals (NBO) analysis [25-27]
has been performed to characterize the deloca-
lization of electron density within the molecule.

RESULTS AND DISCUSSION

In order to determine the preferred geometry of
the compounds studied, a large number of probable
geometries should be constructed taking into
account the flexibility of the ring system and the
change-over to chair- and boat-conformations. For
each boat or chair ring conformation, all relevant
combinations of axial and equatorial positions of
the 3- and 6-alkyl groups should also be considered.
In previous studies [2,11,28], it was demonstrated
that in all cases the morpholine-2,5-dione ring
adopts boat conformation and the most favourable
orientation of the larger 3- and 6-substituents is
equatorial/axial and axial/equatorial.

The title compounds, 1a and 2a, are synthesized
in a condensation reaction of 2-bromo-3-
methylbutanoyl chloride with (L)-N-methylleucine
or (L)-N-methylvaline, respectively, followed by
intramolecular cyclization [11]. The mechanism of
the amide group formation does not involve

conversion of the stereo configuration of the amino
acid residues, therefore only the (3S) diastereo-
isomers could be considered in the structure
optimizations. In gas phase the most stable among
them is the (3S,6R) form [11]. It was also found
that the higher polarity of the environment (in
solvents such as water and DMSO) does not
influence the stability order of diastereoisomers of a
related  com-pound  6-(propan-2-yl)-3-methyl-
morpholine-2,5-dione [2]. For this reason, in the
present study, only the most stable gas-phase
diastereoisomers of la and 2a were taken for the
optimization in benzene, water and methanol. The
structural parameters of 1a and 2a in all employed
solvents are similar. The morpholine-2,5-dione
rings are in boat confor-mations with the sp® C3
and C6 atoms displaced by 25-35° out of the plane
formed by O1, C2, N4 and C5.

For the antioxidant action, the interconversion
between diketo, enol and dienol structures is more
important as it leads to the formation of different
radicals able to act as reducing agents. In order to
examine the prototropic tautomerism, the relative
stability of the two most stable gas-phase structures
of 1 and 2 — diketo “a” and 2-enol “b” were
optimized in the different solvents. The calculated
total energies are summarized in Table 1.

Table 1. Calculated total and relative energies, and dipole moments of neutral, radical and ionic species of 1 and 2.

Species Eit, (Hartree) kJA/rE]loI ’B E:t, (Hartree) K JA/rE{ol %
Benzene (2.271)%
Molecule la -750.593201 4.08 2a -711.261514 4.27
Enol 1b -750.567096 68.53" 3.35 2b -711.239677 57.3% 3.28
Radical 1c -749.963946 4.46 2c -710.636419 4.37
1d -749.946488 45.83° 2.91 2d -710.615411 55.1° 3.23
Radical cation le -750.310199 3.52 2e -710.981092 3.33
Anion 1f -750.065192 6.80 2f -710.737265 5.31
1g -750.047205 47.2¢ 6.56 29 -710.719960 45 .4° 4.33
Methanol (32.613)?
Molecule la -750.600900 5.00 2a -711.269287 5.13
Enol 1b -750.573064 73.1° 4.23 2b -711.245598 62.2% 4.18
Radical 1c -749.971607 5.40 2c -710.643888 5.38
1d -749.952652 49.7° 3.51 2d -710.621738 58.1° 3.84
Radical cation le -750.345624 481 2e -711.015835 4.16
Anion 1f -750.103919 8.67 2f -710.775302 6.95
1g -750.083373 53.9¢ 4.97 29 -710.757432 46.9° 3.28
Water (78.355)*

Molecule la -750.601392 5.07 2a -711.269769 5.19
Enol 1b -750.573430 73.4° 4.29 2b -711.245968 62.5% 4.24
Radical 1c -749.972081 5.47 2c -710.644359 5.45
1d -749.953045 50.0° 3.56 2d -710.622133 58.3° 3.88
Radical cation le -750.347428 4.91 2e -711.017557 4.21
Anion 1f -750.105869 8.80 2f -710.777227 7.07
1g -750.085170 54.3¢ 4.93 29 -710.759315 47.1° 3.25

3 Relative dielectric permittivity [35 and references therein]; ° AE = Eenoly — Eketo; © AE = Efradical 1) — Eradical 10); 9AE = E (anion 16 —

E(anion 19)-
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In all cases the energy differences between
diketo and enol forms are much higher than 50
kd/mol; therefore prototropic conversion is not
expected to occur. The values in water are higher
than the corresponding in benzene (Table 1)
showing in this way that the diketo structures of 1
and 2 are further stabilized by the polar
environment. This result is in accordance with the
experimental NMR and IR data for 1 and 2 showing
that both compounds are present in diketo form in
solid state and chloroform. The possibility of
prototropic tautomerism of a related compound, 6-
(propan-2-yl)-3-methyl-morpholine-2,5-dione, was
recently studied in solution and in this case again
no evidence of enol formation was found neither in
polar nor in nonpolar environment [2]. So further
only diketo forms will be taken into account for
evaluation of their capability to form radicals and
act as reducing agents via HAT, SET and SPLET
mechanisms in different environment.

The calculated reaction enthalpies, involved in
the three mechanisms of antiradical activity of 1
and 2, are presented in Table 2. Two possible sites
for hydrogen atom abstraction were estimated — C3
(radicals “c”) and C6 (radicals “d”, respectively) as
well as for generation of anion species —
deprotonation at C3 (anions “f”) and C6 (anions
“g” respectively).

Table 2. DFT bond dissociation enthalpy (BDE),
ionization potential (IP), proton dissociation enthalpy
(PDE), proton affinity (PA), and electron transfer
enthalpy (ETE) values of 1a and 2a in kJ/mol.

Species BDE IP PDE PA ETE
Gas phase?

la 306 824 782 1439 167

2a 294 818 776 1427 167
Benzene (2.271)°

la 312 733 -7 459 267

2a 301 727 -12 449 266

Methanol (32.613)°

la 311 583 -78 235 269

2a 300 578 -85 226 267
Water (78.355)°

la 302 559 -59 246 254

2a 291 555 -65 238 252

@ According to [12];  Relative dielectric permittivity [35 and
references therein].

Site C3 is more reactive both via HAT and
SPLET as demonstrated by the relative stability of
the radicals produced by proton transfer from C3
and C6 (HAT) and the anions produced by
deprotonation at C3 and C6 (SPLET). The energy
differences between the more stable radicals of 1c
and 2c and the less stable 1d and 2d in benzene is
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smaller than in water. The same trend is observed
also with the stability of anions 1f and 2f versus 1g
and 2g.

Important information for the radical stability
could be derived also from atomic spin population
analysis. The energy of a free radical can be
efficiently decreased if the odd electrons are
delocalized through the conjugated system. Fig. 2
illustrates the spin density distribution over the
fragments in 1c, 1d, 2c and 2d in benzene and
water obtained by NBO population analysis.
Approximately 0.5 of the spin density in 1c and 2¢c
is localized on C3 and the rest is distributed equally
between the ester and the amide moiety. The spin
density in the radicals generated by abstraction of a
hydrogen atom from C6 is less effectively
delocalized indicating lower stability of the
respective radicals. Comparing the values in
benzene and water, it could be concluded the in
polar environment 1c and 2c show slightly higher
stability which would be favourable for their radical
scavenging efficiency.

In order to rationalize the solvent polarity signi-
ficance for the stabilization of the molecules and
their derivatives (enols, radicals, and ions), data for
their dipole moments are presented in Table 1. As
could be seen there, the polarity of the anionic
derivatives is considerably higher than those of the
radical species. Therefore, the polarity of the envi-
ronment is expected to have a bigger impact on the
processes involving anionic species. In accordance
with this, when analysing the reaction enthalpies
for the HAT, SET and SPLET mechanisms in gas
phase [12] and in different solvents presented in
Table 2, it can be noted the C-H bond dissociation
enthalpies (BDES) are similar in all solvents i.e. the
energy requirements for HAT do not change much
with the environment polarity. On the other hand,
the solvation of the electron and the positively
charged radical species of 1a and 2a exerted even
by nonpolar solvents such as benzene lowers the IP
values in liquid phase. As a result of the greater
stabilisation in polar environment (water) the
corresponding IPs are significantly lower than in
benzene. As the SPLET mechanism is also
involving charged species, the respective reaction
enthalpies are affected by the solvation and the
medium polarity. Mainly due to the large enthalpy
of H" solvation, the PAs in benzene differ
dramatically from those in gas-phase. They are
further lowered in agueous environment.

The comparison of the respective BDE, IP and
PA values outlines clearly the most probable
mechanism of antioxidant activity of 1a and 2a in
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(2c)
Fig. 2. Calculated NBO spin density over fragments of radicals 1c, 1d, 2c and 2d in benzene and water (in bold).

the polar and nonpolar environment. Similarly to
the gas phase, in benzene the BDE values of 1a and
2a are lower than the IPs and PAs which supports
the assumption of HAT as the most probable
mechanism in nonpolar environment. Taking into
account the interactions with the surrounding non-
polar molecules is necessary to conclude accurately
on the preferred mechanism in nonpolar environ-
ment. These interactions change dramatically the
thermodynamic requirements of the SPLET reac-
tion and examination of the gas-phase reaction
enthalpies alone might not lead to the right con-
clusions.

Clarification of the possible mechanism of
antioxidant action of la and 2a in nonpolar
environment is very important in relation to the
lipophilic nature of both compounds and their
favourable physico-chemical properties for efficient
blood penetration and intestinal absorption [28].
This would allow their transportation to different
possible sites of action. Their partition into lipid
bilayers would provide increased local concen-
tration and thus antiradical activity. Free lipid-
peroxyl radicals of the type LOOtypically display a

(2d)

BDE of about 367 kJ/mol [29]. Thus, an effective
chain-breaking antioxidant that could prevent lipid
peroxidation should have a lower BDE value. A
well-known antioxidant that reacts via HAT is a-
tocopherol, for which a BDE values of 327 kJ/mol
was calculated in gas-phase and 293 kJ/mol in
water using the same computational scheme [13].
In the present case, the calculated BDE values are
also within this range and suggest good potential of
la and 2a to prevent lipid peroxidation. Compo-
unds la and 2a exhibit antimicrobial [1] and anti-
oxidant [12] activity. Furthermore, they were
excellent inhibitors of XO and significantly sup-
pressed the activation of the nuclear factor kB (NF-
kB) [10]. NF-«B is a redox-associated transcription
factor that is required for maximal transcription of a
wide array of pro-inflammatory mediators. It is
well known that Reactive Oxygen Species (ROS)
stimulate the NF-xB pathway in the cytoplasm
through IkB (inhibitor of kappa B) degradation.
Overexpression of the antioxidant proteins was
shown to inhibit NF-xB activation [28]. Xu et al.
[30] have found NF-kB binding site on human
xanthine dehydrogenase (XDH) gene, and it is

183



D. Yancheva et al.: Influence of the environment on the antioxidant action of two 6-(propan-2-yl)-4-methyl-morpholine-2,5-diones

known that XDH conversion to XO may represent a
feed-forward mechanism for stimulation of ROS
production [31]. It can be concluded that NF-«xB
may directly affect the XO activity and ROS
production. 1a and 2a were confirmed as non-toxic
in thymocites [1] and therefore may give a promise
to be used in the treatment of gout and other
excessive uric acid production or inflammatory
conditions [10].

The feasibility of the three mechanisms of
antioxidant action in polar environment will give us
a clue to the processes in physiological liquids
whose main constituent is water. The BDE values
in the three polar solvents are similar to those in
nonpolar environment, so the preferred reaction
pathway depends on the changes in the IP and PA
induced by the polar solvent. The reactivity of la
and 2a via SET was estimated according to the
principle defined by Wright et al. [16], i.e., when
IPs drop to ca. 167 kJ/mol below phenol, the SET
mechanism gains importance in solution. The IP
value of phenol in water is calculated at the same
theoretical level as 346 kJ/mol [13]. In all studied
polar solvents, the IPs of 1a and 2a are higher than
500 kJ/mol. It implies that the SET mechanism is
not preferred for this type of compounds in any
kind of environment. SET mechanism is typical
mainly for electron-donating compounds containing
a conjugated system of double bonds. Such exam-
ple are the pyrrolopyrimidines, which were des-
cribed as effective in vitro and in vivo antioxidants
possessing neuroprotective activity in brain injury
and ischemia models [32]. Another class of com-
pounds reported recently to act as lipid peroxidation
inhibitors presumably via SET mechanism are the
2-amino-5-alkylidenethiazol-4-ones [33].

As can be seen in Table 2, the first step of
SPLET has lower energy requirements than HAT
and SET in water. This indicates the SPLET as the
most probable mechanism in polar environment in
general. In some cases, the HAT mechanism could
be competitive to the SPLET one, because in spite
of the low values of PA, the second step of the
SPLET mechanism, i.e., electron transfer might re-
quire higher energy than the corresponding hydro-
gen atom abstraction [34]. However, in the present
case not only the PAs, but also the ETE values are
lower than the BDEs which confirms that the
SPLET mechanism is the most probable mecha-
nism of antioxidant action in polar environment.

The PAs in methanol are slightly lower than in
water due to the greater solvation enthalpy of the
proton [24]. Similarly to water solution, the expec-
ted mechanism of antioxidant action is SPLET.
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CONCLUSION

Density functional theory (DFT) calculations in
benzene, methanol and water were used to study
diketo and enol structures of compounds 1 and 2,
able to form radicals and act as reducing agents.
The calculated energy differences between diketo
and enol forms are much higher than 50 kJ/mol and
therefore prototropic conversion is not expected to
occur. The ability of compounds 1 and 2 to be
oxidized according to HAT, SET and SPLET
mechanisms was estimated in the above-mentioned
solvents. The environment polarity hardly affects
the BDEs of the C-H bond, while the IPs and PAs
are significantly lowered in the polar environment.
The dramatic change of the reaction enthalpy of
SPLET (three time less compared to the gas phase)
results in a reversal of the antioxidant mechanism
of 1 and 2 in polar solvents. Hence, HAT is the
most probable mechanism in nonpolar phase, while
SPLET is expected to be the preferred one in polar
environment. Hydrogen atom abstraction and
deprotonation might occur at two possible sites (C3
and C6), but C3 is found to be more reactive both
via HAT and SPLET in all media.
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BJIMSIHUE HA OBKPBKABAILIATA CPEJIA BbPXY AHTUOKCUJIAHTHOTO AEACTBUE
HA JIBA 6-(ITPOIIAH-2-1J1)-4-METHJI-MOP®OJINH-2,5-TMUOHA

. }IquBal*, C. CTO}IHOBl, b. CTaM60JII/H7ICI<a1, JIL I[aCKaJIOBal, E. IﬂIepHeBaZ, A. IJlMeJmepOBI/m3

1H)Ltcmumym no Opeanuyna xumus c Llenmvp no @umoxumus, bvieapcka Axademus na Haykume, yn. Axao. I'. Bonues,
on. 9, 1113 Cogusa, bvreapus

2Dapmayesmuuen Daxynmem, Meduyuncku Yuusepcumem - Cous, ya. Jynas 2, 1000 Coqpus, Boizapus

S®akynmem no meduyuna, Ynusepcumem - Huwi, 6yn. J]-p 3opan Jorcundocuy 81, 18000 Huwi, Copbus

Ioctenuna Ha 21 mait 2014 r.; Kopurupana na 11 asrycr 2014 r.

(Pestome)

Teopusita Ha MIPTHOCTHHS (DyKIMOHAN Oelle W3MOJ3BaHAa 3a M3CIE[BaHE Ha IMKETO U CHOJMHM (OpPMU Ha JBa
[UKJIoAUaeTIcHIienTraa, 3-(2-metunnponun)-6-(nponan-2-un)-4-metun-mopdonns-2,5-1uon u 3,6-mu(nponas-2-wmw)-
4-mMeTHII-MOpONUH-2,5-1MO0H, CIOCOOHH a 00pa3yBaT paauKaid W Oa JelcTBAaT KaTo penykTopu. bsxa pasriemaHu
TPHU BB3MOKHH MEXaHHW3Ma Ha aHTHOKCHUIAHTHO JICHCTBHE: OTKbCBAaHE Ha BogopoaeH atoM (HAT), mpeHoC Ha eNeKTpoH
(SET) u otaensiHe Ha MpOTOH, MOCIEABAHO OT npeHoc Ha enekrpon (SPLET). BiausHueTo Ha MONSIPHOCTTA HA CpeaaTa
Oele M3CIIENBAHO Ype3 ONpelessHe Ha ChOTBETHUTE eHTaunuu Ha aucouranus (BDE), HoHM3annoHHN HOTEHIMATIH
(IP), entannuu Ha aucoumnanus Ha npotoHa (PDE), npotonnn aduuutern (PA) U eHTAINUKM HA ENEKTPOHHHS MPEHOC
(ETE) B HenosipeH pa3TBOpHTeN OCH3EH U MOJSIPHH Pa3TBOPUTENH BOJA M MeTaHOJ. IIpeanovyeTeHHsT MEeXaHU3bM B
pasnuuHuTe OOKpBHKEHHs Oellle U3siCHEeH Ha 0a3aTa Ha MOJYYEHHTE SHTANNHH. Pe3ynTaThT okas3Ba, 4e peaklMOHHHST
BT 3aBUCH OT MOJAPHOCTTAa Ha cpenaTa. OTKBCBAaHETO HA BOJOPOJCH aTOM € Hail-BEpOSITHUAT NPOLIEC B HEMOJISIPHA
cpena, JOKaTo B IIOJISIpHA CpeAa MPEIIIOYeTeH MEXaHHW3bM € OTIENSTHETO Ha IMPOTOH, IOCJIEIBAHO OT NPEHOC Ha
€JIEKTPOH.
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