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Objectives. Cinnamic acid derivatives belong to a large class of phenolic compounds, which
are widely distributed in plants and have high potential for use in the medical and industrial
fields. They have various useful practical properties, e.g., antioxidant, anti-inflammatory,
antiplatelet, and anti-melanogenic properties. Hydroxycinnamic acids are of particular interest
as phenylpropanoids, which are the starting compounds of lignin. The aim of this work was
to study the electronic structure and analyze the reactivity of the simplest representatives of
phenylpropanoids formed during the biosynthesis of the coumaric (p-hydroxycinnamic), caffeic
(3,4-dihydroxycinnamic), ferulic (3-methoxy-4-hydroxycinnamic), sinapic (3,5-dimethoxy-4-
hydroxycinnamic), and 3,4-dimethoxycinnamic acids. These acids are the biogenetic precursors
of most other phenolic compounds (coumarins, melanins, lignins, and flavonoids) and are found
in almost all higher plants.

Methods. Calculations with full optimization of the geometric parameters were performed using
the original Hartree—-Fock theory and hybrid density functional method. All calculations were
performed using the Firefly program.

Results. A comparative quantum chemical calculation of the geometric parameters of hydroxycinnamic
acid molecules was conducted via two methods, and the values of the charges on atoms according to
Mulliken were determined. It was found that with the addition of hydroxyl and methoxy substituents
at the meta and para positions relative to the carboxyl fragment, the electron density shifts toward the
benzene ring, and the symmetry of the molecule decreases. Additionally, in these structures, there
is m,m-conjugation of the carboxyl fragment of the -CH=CHCOOH molecule with the aromatic ring,
which significantly affects the geometric configuration of the molecule. The maximum positive
charge is concentrated on the C, atom, while the maximum negative charge is on the oxygen
atoms belonging to the methoxy substituents and the hydroxyl group, which confirms the role of
oxygen atoms in the chemical transformations of acids.

Conclusions. Two different methods were used to calculate the geometric, electronic, and energy
parameters and electrophilicity indices of the studied hydroxycinnamic acids in the gas phase.
The obtained values were consistent (within the limits of error) with the experimental data as well
as the results described in earlier works’ calculations by other methods.

Keywords: oxy-cinnamic acids, coumaric acid, caffeic acid, sinapic acid, ferulic acid,
dimethoxycinnamic acid.
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Ienu. ITpou3gooHble KOPUUHOU KUCOMBL OMHOCAMCSL K OONbULOMY KAACCY (PeHONbHBLX COeOu-
HeHUll, Komopble WUPOKO PACNPOCMPAHEHbL 8 pacmumenbHocmu U 06aadarom 6blCOKUM No-
MeHYUANOM OS5t NPUMEHEHUSL 8 MeOUYUHe U npomblulieHHocmu. OHu obiadarom pasiuuHsbimu
npaxmuuecku nosesHblLMU C80LICM8aMU, HaANPUMep, AHMUOKCUOAHMHBIMU, NPOMUBOBOCNANU-
MeNbHbIMU, AHMUARPE2AHMHBLIMU U AHMUMENAAHO2EHHbIMU ceolicmaamu. OmoensvHbulili uHme-
pec npedcmasnsiiom OKCUKOPUUHbLE KUCOMbL KAK (PEHUNNPONAHOUObL, SBALIOULUECS. UCXOOHDL-
MU COEOUHEHUAMU AuUHUHA. Llenvto daHHOU pabombl sensiemcest Ucciedo8aHuUe 9NeKmMpPOHHOU
cmpyKkmypbsl U AHAAUS3 PEaKUUOHHOU cnocobrHocmu npocmetiuiux npedcmasumeneti peHunnpo-
naHouoos, 06pa3yUUXCSL 8 npoyecce buocuHmesa: KYymapoaoil (N-0KCUKopuuHoti), KogetiHol
(3,4-0uzudporcurxopuuHoti), pepynogoli (3-memorcu-4-eudpoxKcuKopuuHoii), cuHanosoti (3,5-ou-
Mmemorcu-4-2udporcuKopuuHoti) u 3,4-oumemorcuKopuuHoil Kuciom. Omu KUCI0mbl s18A10M-
csi buozeHemuueckumu npeduecmgeHHUKamu boasuuHemaa opyaux peHoNbHbLX coeOUHeHUT
(KymapuHos8, MenAHUHO8, JAUHUHA U (PABOHOUO08) U 8CMpeuaromest npaKkmuuecku 80 8cex
8LICULUX PACMEHUSLX.

Memoovl. B pamkax ozpaHuueHHozo memooa Xapmpu Doka u memooa 2ubpudHo2o pyHKUU-
OHAA NJIOMHOCMU ONMUMUIUPOBAHLL UcCaedyemble monekyasl. Bece pacuemubt nposodusuces ¢
ucnosbzosaHuem npozpammel Firefly.

Pesynomamut. I[Ipogeder cpagHUMENbHBLI KBAHMOBO-XUMUUECKUL pacuem 2eoMempuueckux
napamempog MoseKysl. OKCUKOPUUHBLX KUCOM 08YMSL mMemooamu, npusedeHsbl 3HaUeHus 3a-
psidoe Ha amomax no Mannukery. Ilpu egedeHuu 2uOPOKCUNBHBIX U MEMOKCUNLHBLX 3aMeCcmu-
menetl 8 M- U N-NOJIOIKEHUSL OMHOCUMENbHO KAPOOKCUNBbHO20 (hpazmeHma npoucxooum cmeuie-
HUe 3/1IeKMPOHHOT NJIOMHOCMU 8 CMOPOHY OEH30bH020 KObUA U, KAK ciedcmaeue, NOHUKeHue
cummempuu monekyasl. Tarixke 8 uccriedyemblx Cmpykmypax umeemesi T, T-conpsikeHue Kap-
6orxcunvbHo20 ppaemerma monekysol —-CH=CHCOOH c¢ apomamuuecKum KOAbUOM, Umo cyuie-
CMBEHHO CKA3bIBAEMCSL HA 2e0MempuUecKoli KoHpuypayuu moaexya. MakcumaneHblll NO0IKU-
menbHbLil 3aps0 cocpedomoueH Ha amome C,, a MAKCUMATbHBLUL OMPULAMENbHBLU — HA AMOMAX
KUCIOPOOQ, OMHOCAUUXCSL K MEMOKCUNbHBIM 3aMecmumensm U 2uOpOKCUNbHOU epynne, umo
noomeepskoaem posie KUCOPOOHBLIX AMOMO8 8 XUMUUECKUX NPEe8PAULeHUSIX KUCIOM.

Buieodsl. B pabome 08Yymsi pasiuuHbiMu memodamu Obliu PpacCuumamsl eeomempuueckue,
2NIeKMPOHHbBLlE U SHepzemuueckue napamempsl, a maksKke UHOeKCbl 9I1eKmpopuibHOCMU UCCe-
JyemblxX OKCUKOPUUHBLX KUCAom 8 2a3080li ¢pase. IlonyueHHsble 8enUUUHbL CORNACYIOMESL 8 npe-
desniax nozpeulHocmetl ¢ 9KCNepUMeHMANbHbIMU OAHHbIMU, A MAKIKE ONUCLIBAEMBIMU 8 PAHHUX
pabomax npu pacuemax Opysumu memooamu.

Knroueeble cnoea: oKCUKOPUUHbLE KUCAOMbL, KYymMaposast KUCAoma, kKogeliHas Kucaioma,
cuHanosas Kucaoma, gpepysrosas Kucioma, OUMemoKCUKOpUUHas Kucioma.

Jna yumuposanua: Kapumos O.X., Komuuna I'TO., Tenrepesa I'A., Uersepruesa M.A., Kapumos 3.X., Bagpernunos A.P.
HccnenoBanue peaklMOHHOH clIOCOOHOCTH NPOU3BOIHBIX KOPUUHOI KHUCIIOTHI — IIPEIIIECTBEHHUKOB JIUTHUHA. TOHKUe XumMuyecKue
mexnonoauu. 2020;15(4):7-13. https://doi.org/10.32362/2410-6593-2020-15-4-7-13
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Cinnamic acid derivatives (hydroxycinnamic
acids) belong to a large class of phenolic compounds,
which are widespread in vegetation and have high
potential for use in medicine and industry. They
are involved in the biosynthesis of lignins and
flavonoids as well as interact with sugars, cell wall
polysaccharides, acyclic and alicyclic acids, terpenes,
amines, alkaloids, and several other substances.

Various biological properties of oxy-cinnamic
acids are known. For example, coumaric acid has
antioxidant, anti-inflammatory, antiplatelet, and
anti-melanogenic properties [1], while caffeic acid
is a polar compound with a strong chelating ability
toward metals as well as antioxidant activity [2, 3].

Oxy-cinnamic acids are of particular interest as
phenylpropanoids, which are the starting compounds
of lignin. In the course of biosynthesis, they are
reduced to oxy-cinnamic alcohols [4], which serve as
direct precursors of lignin.

Many reports have been devoted to the study
of the structure and properties of lignin precursors.
For example, in [5], the antioxidant properties
of coumaric and sinapic acids are studied using
quantum chemistry methods. Calculations within the
framework of the density functional theory “Becke,
3-parameter, Lee—Yang—Parr” (B3LYP) in the
6-311+G(2d,2p) basis for compounds in a vacuum
and an aqueous medium show that the OH group is
responsible for the antioxidant properties. In another
work [6], the structure of coumaric and caffeic acids
is comparatively studied by physicochemical analysis
methods and quantum chemical calculations. The
results obtained, which are also calculated within the
framework of the density functional theory B3LYP in
the 6-311G basis set, are in good accordance with the
experimentally obtained values.

Derivatives of cinnamic acid, i.e., o-coumaric,
m-coumaric, caffeic, ferulic, and chlorogenic
(caffeyl-3-quinic acid) acids [7], are studied using
the limited Hartree—Fock method in the 6-311G(d)
set. Hydroxycinnamic acid derivatives, in which
the carboxyl group is separated from the aromatic
ring by a vinyl bridge, are characterized by higher
antioxidant activity than the corresponding benzoic
acid derivatives.

The aim of this work is to study the electronic
structure and analysis of the reactivity of the simplest
representatives of phenylpropanoids formed during
biosynthesis: coumaric (p-hydroxycinnamic) (I), caffeic
(3,4-dihydroxycinnamic) (II), ferulic (3-methoxy-4-
hydroxycinnamic) (III), sinapic (3,5-dimethoxy-4-
hydroxycinnamic) (IV), and 3,4-dimethoxycinnamic
acids (V) (see figure below). These acids are the

biogenetic precursors of most other phenolic
compounds (coumarins, melanins, lignins, and
flavonoids) and are found in almost all higher plants.

17
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Structural formulas of hydroxycinnamic acids.

MATERIALS AND METHODS

Calculations with complete geometric parameter
optimization were performed using the restricted
Hartree—Fock (RHF) theory and the hybrid density
functional method B3LYP in the 6-311 (d,p) basis
using the Firefly program', which is a version of the
General Atomic and Molecular Electronic Structure
System program (USA) [8] with new computational
algorithms [9, 10].

RESULTS AND DISCUSSION

The geometric parameter calculations (Table 1)
showed that the addition of hydroxyl and methoxyl
substituents in the meta and para positions relative
to the carboxyl fragment led to a shift in the electron
density toward the benzene ring and, consequently, a
decrease in the symmetry of the molecule. Additionally,
in the studied structures, there was m,m-conjugation of
the carboxyl fragment of the molecule -CH=CHCOOH
with an aromatic ring, which significantly affected the
geometric configuration of the molecule.

Considering the theory of valence bonds, the ZCCO
angles between bonds should be approximately 111°.
The opening of ZCCO (117.74°-124.96°) is associated
with the introduction of methoxyl groups and, thus,
the emergence of strong stress and increased reactivity
(Table 1). The distortion of the bond angle ZC.C,C, and

! Granovsky A.A. Firefly version 7.1.G. URL: http://classic.chem.msu.su/gran/firefly/index.html (Accessed March 2, 2020).
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its increase are associated with the influence of the
carboxyl group.

Table 2 shows the values of the charges on
atoms according to Mulliken as calculated by various
methods. The obtained values show that the positive
values were concentrated on the C, and C; atoms
for all studied compounds. The positive charges of
these atoms in the range from 0.227 (C)) to 0.585 (C,)
were partially compensated by the sphere of negative

charges on the oxygen atoms of the hydroxyl and
carboxyl groups from —0.394 to —0.461.

The distribution of the point charges on atoms
was such that the maximum positive charge was
concentrated on the C; atom, while the maximum
negative charge was on the oxygen atoms belonging
to the methoxyl substituents (O, =V, O,, O,;) and
the hydroxyl group (O,, — [-IV), which confirmed the
role of oxygen atoms in the chemical transformations

Table 1. The values of the valence and dihedral angles of the acid molecules
as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods

Angles I 1T I v \4
C?Illcel::::)t;on RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP
Z0,CC, 117.744 | 117.580 | 120.141 | 120.438 | 119.909 | 120.521 | 120.205 | 120.871 | 124.959 | 124.853
ZCC.C, 123.346 | 123.277 | 122.761 | 122.761 | 122.915 | 122.500 | 122.559 | 122.528 | 122.998 | 123.012
ZC.C.C, 124.675 | 125.259 | 124.802 | 125.473 | 124.678 | 125.483 | 124.786 | 125.503 | 124.520 | 125.181
ZC.C,0, 117.582 | 117.471 | 117.639 | 117.542 | 117.577 | 117.539 | 117.649 | 117.571 | 117.491 | 117.410
£0,,C,C.C, | —23.340 | —21.822 | —23.017 | —20.897 | —23.666 | —20.348 | —22.959 | —20.480 | —24.246 | —22.315

Table 2. The values of the charges on atoms according to Mulliken in the acid molecules
as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods

Angles 1 i I v v

C*I‘]';‘;L‘:;"“ RHF | B3LYP | RHF | B3LYP | RHF | B3LYP | RHF |B3LYP| RHF | B3LYP
C, 0257 | 0.165 | 0256 | 0.174 | 0264 | 0.166 | 0227 | 0.160 | 0258 | 0.182

) 0.133 - 0.141 - 0.143 - 0110 | - 0.133 -

C, ~0.105 | —0.086 | —0.092 | —0.085 | —0.093 | —0.087 | 0.226 | 0.137 | —0.121 | —0.013
C, ~0.060 | —0.061 | —0.075 | —0.061 | —0.065 | —0.054 | —0.090 | —0.049 | —0.075 | —0.065
C, ~0.096 | —0.088 | —0.088 | —0.096 | —0.079 | —0.099 | —0.068 | —0.090 | —0.070 | —0.076
C, ~0.062 | —0.047 | —0.103 | —0.052 | —0.068 | —0.071 | —0.122 | —0.068 | —0.072 | —0.032
C, —0.131 | —0.120 | 0219 | 0.121 | 0.174 | 0.151 | 0284 | 0.176 | 0216 | 0.124
C, ~0.016 | —0.047 | —0.013 | —0.046 | —0.016 | —0.042 | —0.016 | —0.043 | —0.021 | —0.050
C, ~0262 | —0213 | —0.265 | —0.218 | —0.263 | 0222 | —0.267 | -0.220 | —0.259 | —0.211
C, 0583 | 0377 | 0584 | 0378 | 0583 | 0378 | 0.585 | 0379 | 0582 | 0377
m 0.314 - 0.321 - 0318 - 0308 | - 0.300 -
0, ~0395 | —0.306 | —0.394 | —0.306 | —0.394 | —0.306 | —0.394 | 0306 | —0.395 | —0.307
0, ~0.443 | —0.349 | —0.450 | —0.347 | —0.450 | —0.345 | —0.458 | —0.355 | —0.461 | —0.344
0, ~0.426 | —0316 | —0.425 | —0318 | —0.426 | —0319 | —0.426 | 0319 | —0.425 | —0.316
0, - — | 0495 | —0.406 | —0.520 | —0.405 | —0.523 | —0.411 | —0.485 | —0.363
0. - - - - - — [ 0489 [ 0367 | - -
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of acids. The highest concentration of electron density
was noted at the C, (V) = —0.121 atom due to the
close arrangement of methoxyl groups in the o- and
m- positions relative to it, which corresponded to the
center of electrophilic attack in the aromatic ring.

Considering the C, atom bonded to phenolic
hydroxyl, the local electrophilicity value m showed that
these values decreased upon going to methoxy-substituted
acids. Compounds IV and V were less electrophilic than
phenol due to the influence of the methoxyl substituents
located in the o-positions to phenolic hydroxyl.
According to [11], the B3LYP hybrid density functional
method underestimates ionization potentials, while the
Hartree—Fock method provides values that are in good
accordance with the experimental data.

Using the calculated data, the electrophilicity
index values were also calculated (Table 3). Based
on the calculated data, the global electrophilicity
index ® for phenol was 0.244 eV [12]. All tested
compounds were more electrophilic than phenol. This
phenomenon was due to the electron-withdrawing
effect of the -CH=CHCOOH and —-OCH, groups
located in the p-position to phenolic hydroxyl.

The ionization potential (IP) determines the
reduction activity of a compound, i.e., its ability to

easily donate an electron. Sinapic acid had the lowest
IP value of the studied acids, confirming its high
antioxidant properties [13]. The range of antioxidant
activity in this case was as follows: sinapic acid >
ferulic acid > caffeic acid ~ 3,4-dimethoxycinnamic
acid > coumaric acid. The values in the table were in
good accordance with the calculations in other works
(e.g., the IP of coumaric acid in [6] was —6.4 eV and
that of sinapic acid was —6.1 eV).

CONCLUSIONS

The optimization of the molecules of the
cinnamic acid derivatives was performed via quantum
chemistry methods, and the geometric, electronic,
and energy characteristics of the studied molecules
were calculated.

Based on the results, the reactivity series of the carbon
and oxygen atoms of the studied molecules in electrophilic—
nucleophilic reactions were built. For coumaric acid,
two carbon atoms with reactivity C, > C, had a positive
charge; in the series of atoms with negative charges,
the reactivity was C,>C,>C,>C,>C,>C,=C, and
0, >0, > 0, For caffeic acid, three carbon atoms
with reactivity C; > C, > C, had a positive charge; in

Table 3. The values of the acids’ main energy characteristics

as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods*

Calculation I u 1 v v
il RHF | B3LYP | RHF B3LYP RHF B3LYP | RHF | B3LYP | RHF B3LYP
—1IP, eV 8.559 6.424 8.445 6.252 8.498 6.148 8.341 6.106 8.416 6.254
—E,, eV -1.859 | 2.051 —1.752 2.081 -1.807 | 2.0122 | —1.803 2.005 —1.898 1.979

n, eV 10.418 4.373 10.197 4.171 10.305 4.136 10.144 4.101 10.314 4.275

S, eV 0.096 0.229 0.098 0.240 0.097 0.242 0.099 0.244 0.097 0.234
E_,x107,eV | —15.515| —15.608 | —17.553 | —17.655 | —18.615 | —18.725 | —21.715 | —21.842 | —19.677 | —19.794

-u, eV 3.350 4.238 3.347 4.167 3.346 4.080 3.269 4.056 3.259 4.117

o, eV 0.539 2.053 0.549 2.081 0.543 2.013 0.527 2.005 0.515 1.982

Aw, eV 0.295 1.809 0.305 1.837 0.299 1.769 0.283 1.761 0.271 1.738

*Note: 1P — ionization potential; £, — energy of electron affinity; n — index of absolute chemical hardness; S — index of
absolute chemical softness; £, —minimum energy of matter; p — electronic chemical potential; o — global electrophilicity index;

A =0 — 0O,
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the series of atoms with negative charges, the reactivity was
G>C,>C>C>C,>C,>C andO,,>0, >0,,>0,,. For
sinapic acid, the respective reactivities were G, > C, > C, >C,
(atoms had a positive charge) and C, > C, > C > C, >
C,>C,>C,andO,>0,,>0,,>0,,> 0, (atoms had a
negative charge). Finally, for 3,4-dimethoxycinnamic acid,
the respective reactivities were C, > C, > C, (atoms had a
positive charge) and C,>C . >C  >C,>C,>C >C,>C,
andO,>0,,>0,,> 0, (atoms had a negative charge).
The largest positive charge in all studied
compounds was concentrated on the carbon atom of
the carbonyl group, and the largest negative charge
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It was shown that large deformations of the bond
angles Z0, C C, and ZC,C,C, led to the emergence
of strong stress, which in turn led to an increase in the
reactivity of the oxy-cinnamic acid molecules.

Based on the physicochemical parameter calculations,
the range of antioxidant activities of the considered
compounds was compiled: sinapic acid > ferulic acid >
caffeic acid ~ 3,4-dimethoxycinnamic acid > coumaric acid.
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