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Nonempirical modeling of protolytic processes in dimeric molecules of amino acids

Quantum-chemical modeling of intermolecular proton exchange in dimers of aminoacetic acid was carried
out using an unempirical unrestricted Hartree-Fock method using the 3-21G basis set. Three main structural
isomers of dimeric molecules of aminoacetic acid have been quantum-chemically identified. For these iso-
mers, the search for the structure of the transition state of the proton exchange reaction was carried out using
the quadratic synchronous transit QST2 (Quadratic Synchronous Transit Approach) procedure. The symmet-
rical structure of the transition state for the dimer of aminoacetic acid is noted, in the formation of hydrogen
bonds of which two carboxyl functional groups are involved. The kinetics and mechanism of intermolecular
migration of a proton in the dimer of aminoacetic acid have been studied using the internal IRC (Intrinsic Re-
action Coordinate method) method. Curves are obtained for the dependence of the total energy of the reaction
system under consideration on the internal coordinate of the reaction. The activation energy of proton ex-
change in dimers of aminoacetic acid is estimated as the difference in the total energies of the transition and
initial states of the reaction system. The minimum value of the activation energy (26 kJ/mol in the forward di-
rection and 34 kJ/mol in the reverse direction) was obtained for the intermolecular proton exchange reaction
in the dimer of aminoacetic acid, in the formation of the hydrogen bonds of which two carboxyl functional
groups are involved. The maximum value of the activation energy (244 kJ/mol in the forward direction and
236 kJ/mol in the reverse direction) was obtained for the intermolecular proton exchange reaction in the di-
mer of aminoacetic acid, in the formation of hydrogen bonds of which two amino groups are involved.

Keywords: quantum chemical calculation, ab initio UHF 3-21G, hydrogen bond, aminoacetic acid, dimer,
cyclic complexes by hydrogen bonding, geometric and energy parameters, complexation energy, hydrogen
bond energy.

Most of the applied quantum chemical work is connected with the calculation of the geometry of organ-
ic compounds. Such researches are carried out for both stable molecules and short-lived intermediates and
transition states. Analysis of the calculated data allows to obtain reliable information on their structure and
therefore to be of independent interest from the point of view of organic chemists. In addition, knowledge of
geometry is necessary for calculating the thermal formation, thermal effects and activation energies of the
reactions [1].

In this paper, the process of proton exchange between molecules in dimers of aminoacetic acid by quan-
tum chemical methods was considered. If the studiedmolecules contain two reaction centers [2, 3], it is pos-
sible to consider three main possible complexes formed by the hydrogen bond:
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where Q — is -CH,-NH,; R — is -CH,-COOH.
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(1) is a complex due to the hydrogen bond in which carboxyl functional groups of an amino acid are in-
volved in the formation of hydrogen bonds;

(2) is the complex due to the hydrogen bond, in which the amino groups of the amino acid are involved
in the formation of hydrogen bonds;

(3) is a complex due to the hydrogen bond in which the carboxyl functional group of one molecule and
the amino group of another amino acid molecule are involved in the formation of hydrogen bonds;

On the proposed scheme of intramolecular hydrogen transition inside the cyclic dimer of aminoacetic
acid: A) the initial geometry of dimer 1; B) transition state; C) finite dimer geometry.

Simulation of the process of intermolecular proton exchange was carried out by an ab initio method in
the 3-21G basis in the unrestricted Hartree-Fock approximation of the Gaussian09 Revision-B.01-SMP
software package [4].

When creating the dimer molecule, the GaussView program was used — a visualizer program designed
to create input files, as well as visualization of the output files generated during the Gaussian calculation.

To study the kinetics and mechanism of intermolecular migration of a proton in the dimer of
aminoacetic acid, the quantum chemical procedure IRC was used [5].

The initial (A) and final (C) structures of the dimer of aminoacetic acid with full optimization of all ge-
ometric parameters are shown in Figure 1. It should be noted that the numbering of atoms in the molecules of
the intended reagents and reaction products must be strictly preserved.
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A — the structure of the reagents; C — product structures

Figure 1. Structures of intermolecular complexes due to the hydrogen bond of the dimer of aminoacetic acid

Next, a transition state was calculated using the keywords Opt (QST2) UHF 3-21G. The search for a
transition state of intramoleculartautomerism was carried out by the quadratic synchronous linear transit
method.
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Figure 2 shows the transitional structures in a complex due to hydrogen bondingof various types for
dimers of aminoacetic acid.
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Figure 2. The transition state of the proton transfer process in dimericaminoacetic acid complexes

Figures 3—5 depict the dependence of the total energy of the dimer systems and the RMS normal gradi-
ent on the internal coordinate of the RMS (root-mean-square) reaction.
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Figure 3. Kinetic curves as a function of the reaction coordinate in the complex
due to the hydrogen bond (1) of aminoacetic acid
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Figure 4. Kinetic curves as a function of the reaction coordinate in the complex
due to the hydrogen bond (2) of aminoacetic acid
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Figure 5. Kinetic curves as a function of the reaction coordinate in the complex
due to the hydrogen bond (3) of aminoacetic acid

As can be seen from Figures 3—5, the extreme points of the curves of kinetic dependencies are identical
to the points on the graphical dependence of the root-mean-square deviation standard along the coordinates
of the reaction path.

The program GaussianView allows you to determine the structure of each studied point of the curves
examined, optimizing all the geometric parameters of the molecules. It should be noted that the calculation
procedure for internal coordinates is carried out automatically, which significantly reduces the time required
for calculation. So in the calculation of the complex due to the hydrogen bond (1), in the automatic mode 134
optimized structures are investigated, the complex due to the hydrogen bond (2) — 563 and the complex due
to the hydrogen bond (3) — 168.

Table shows the energy values for all types of particles: A, B, and C for all the complexes under study
due to the hydrogen bond.
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Table
Kinetic characteristics of different types of complex due to the hydrogen bond
of aminoacetic acid according to 3-21G UHF calculations
Complex due to the hydrogen bond Ey\, au. Eg, a.u. Ec, a.u. AE 5, a.u. AEgc, a.u.
1) —562.535 —562.525 —562.538 0.01 0.013
2) -562.505 —562.412 -562.502 0.093 0.09
3) —562.522 —562.504 -562.518 0.018 0.014

Note. E, — is the total energy of the process reagent; Eyz — is the total energy of the transition structures of the process; Ec —
total energy of process products.

As shown by the analysis of the energy parameters presented in Table, the minimal activation energy
accompanies the process of proton transfer in the complex due to the hydrogen bond (1) in the forward and
reverse directions, respectively, 26 and 34 kJ/mol, the maximum activation energy for the process in the
complex due to the hydrogen (2), where the parameter corresponds to 244 and 236 kJ/mol, the intermediate
position is occupied by the activation energy in the complex due to hydrogen bonds (3): 47 and 36 kJ/mol,
respectively. It should be remembered that in reactions where the activation energy is greater than 150 kJ the
rate is very small or practically these reactions do not flow. In reactions where the activation energy is less
than 60 kJ, the rate is very high.

Thus, by using non-empirical quantum chemical methods, kinetic curves and characteristics were ob-
tained depending on the coordinate of the reaction of the complex due to the hydrogen bond of aminoacetic
acid, their kinetic stability is shown, and the characteristic of the hydrogen bond is estimated.
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AMMHKBIIKBLIIAPHI JUMeEPJIi MOJIEKYJIATAPBIHBIH POTOHAAHY NMPOLECTEPIH
IMIMPHUKAJIBIK eMeC MOAeJIbey

AMUHCIpKE KBIIIKBUIBIHBIH ANMEpJIEPIHAETi MOJEKy/NaapalblK IPOTOH AJIMACYbIHbIH KBaHTTBI-XUMHUSIIBIK
Mozenbaeyi 3—21G Heri3ri )KUBIHTBIFBIH NaiiiajaHa OThIPBII, MeKTeyci3 XapTpu-Dok oici apKbLIbl Ky3ere
achIpbULABI. AMHHCIPKE KBIIIKBUIBI AUMEPIHIH YII HEri3ri KypbUIbIMABIK H30Mepi KBAHTThI-XUMHSIIBIK TYPAE
aHbIKTJIFaH. by1 M3oMmepiep yuIiH NPOTOH aMacy PEeakUMsACBHIHBIH ayblcHaibl KyHiHiH KypbuibiMbl QST2
(Quadratic Synchronous Transit Approach) KBagpaTTBIK CHHXPOHABI TPaH3HUT IPOLEXYPAChl APKBUIEI
i3eminAi. AMHUHCIpKE KBIIIKBUIBIHBIH JUMEpi YINIH OHBIH KypaMbIHIA €Ki KapOOKCHIbIl (pyHKIMOHAIIBI
TONTHIH CYTEKTiK OalyIaHBICTaphl KaJBIITACATHIH OTIEN KYHIIH CHMMETPUSIIBIK KYPBUIBIMBEI OaifKaaisl.
AMUHCIpKE KBIIKBUIBIHBIH JUMEPIHJAET] MPOTOHABI MOJICKYJIAIBl TaChIMAINAHYBIHBIH KHHETHKACHl MEH
mexanm3mi IRC (Intrinsic Reaction Coordinate method) imiki KoopauHaT omiciMeH 3epTTeiHal. PeakuusIHbIH
IIIKi KOOpAMHATACBIMEH KapacThIPbUIBII OTHIPFAH PEaKLUs KYHECIHIH TOJBIK SHEPrHsUIAPbIHBIH TYEJIIIIK
KHUCBIKTaphl albIHIBI. Peakuus KyHeciHiH aybICmanbl jKoHEe OacTamKbl KyiaepiHmeri albIpbIMBI PETiHIC
AMHUHCIPKE KBIIIKBUIBIHBIH AMMEpJIEpiHAeri IIPOTOH alIMacy/blH aKTHUBTUIIK SHEPrusichl OaraiaHIpl.
MorekynaapaibslK IPOTOH ajIMacy PEeaKIHUsCH! YIIiH aKTHBTUIK SHEPrHACHIHBIH MUHHMAIIBI MoHI (Typa 26
kx/DKx/Monmb xoHe Kkepi OarbiTta 34 K/DK/MONIB), aMHHCIpKe KBINIKBUIBIHBIH CYTEKTIK OaiiaHbICTapAbIH
TY3UIyiHE eKi KapOOKCHIbAI (YHKIMOHANIB! KATHICATHIH JUMEpiHAE aibHABL MoleKkyraapaiblK MIPOTOH
IMacy peakUUsICHl YINiH aKTHUBTLIIK SHEPTUACHIHBIH MakcHMaiasl MoHi (Typa 244 xJ[k/Monb xoHE Kepi
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6arpiTTa 236 KJDK/MOJIB) aMHUHCIPKE KBIIIKBUIBIHBIH CYTEKTiK OailaHbICTapABIH TY3iMyiHE €Ki aMHH TOOBI
KaThICATHIH IUMEPIH/IE albIHIBI.

Kinm ce30ep: KBaHTTBHI-XUMUSUIBIK ecenteyinep, ab initio UHF 3-21G, cyrektik OaitnaHbic, aMHHCIpKe
KBIIIKBUIBI, JUMEp, CYTEKTIK OalilaHBIC apKbUIBI TY3UIETIH LUKIAIK KeHIeHJep, TCOMETPHSUIBIK JKOHE
SHEPTHSUIBIK OJIIIeM/Iep, KEIIeH T3y SHEPrHACH, CYyTeKTIK OalIaHbIC SHEPTUSCHL

K.K. Kyrxanosa, A.®. Kypmanosa, 1. A. Ilycronaiikuna, .M. Mcmaryinos

HesMmnupuyeckoe MoaeTHpPOBaHNe MPOTOJTUTHYECKHX MPOLECCOB
B TUMEPHBIX MOJIEKYJIAX AMHHOKHCJIOT

BeInmosaHEeHO KBaHTOBO-XUMUYECKOE MOJIETMPOBAHME MEXMOJIEKYIIPHOTO NPOTOHHOTO OOMEHa B JUMepax
aMUHOYKCYCHOM KHCJIOTBI C TOMOILBIO HEIMITMPHUYECKOTO HEOrpaHHMYeHHOro merona Xaptpu—Poka ¢ uc-
nons3oBaHveM OasucHoro Habopa 3-21G. KBaHTOBO-XMMHYECKH HICHTH()UIMPOBAHBI TPH OCHOBHBIX
CTPYKTYPHBIX H30Mepa JUMepa aMHHOYKCYCHOH KHCIOTHL JIJIsi TaHHBIX M30MEPOB C MOMOIIBIO ITPOLELYPHI
KBaJpaTHYHOTO CHHXpOoHHOTO Tpau3uta QST2 (Quadratic Synchronous Transit Approach) ocymiecTBieH mo-
HCK CTPYKTYPHI IEPEXOAHOTO COCTOSHHS PEaKIMH IPOTOHHOro 00MeHa. OTMEUEHO CHMMETPUYIHOE CTPOCHHE
TIEPEXOAHOTO COCTOSIHUS ISl AUMEpa aMHHOYKCYCHOM KHCITIOTHI, B 00pa30BaHUH BOJOPOJHBIX CBS3€H KOTO-
poro 3aneicTBOBaHbI ABe KapOOKCHIbHbBIE (YHKLHOHANbHBIE IPYNNbl. KHHETHKA N MEXaHH3M MEXMOJEKY-
JSIPHOM MUTpPAIMU MPOTOHA B AUMEPE aMHHOYKCYCHOM KHCIOTBI M3y4YEHBI C MCIIOIB30BAHUEM METO/Aa BHYT-
penneit koopaunats! peakuun IRC (Intrinsic Reaction Coordinate method). ITosy4eHsr KpuBbIe 3aBUCUMOCTH
MIOJTHOM 3HEPIUU pacCMaTPUBAEMOI PEaKIMOHHON CHCTEMBI OT BHYTPEHHEH KOOpIUHATHI peakiuu. OneHeHa
SHEprus aKTUBALK MPOTOHHOTO 0OOMEHa B ANMEpax aMUHOYKCYCHOM KHCIIOTHI KaK pa3HHIA B ITOJIHEIX SHEp-
THAX MEPEXOJHOTO U MCXOIHOTO COCTOSHMII PeakIMOHHOHM cHCTeMbl. MUHMMaNbHOE 3HAaYE€HHE SHEPTHH aK-
tuBayy (26 xJx/Momnb B mpssmMoM # 34 k/[/Mob B 00paTHOM HalpaBJIeHHH) ITOIYIEHO JUTS PEAKIMU MEX-
MOJIEKYJISIPHOTO IIPOTOHHOTO 0OMEHa B AMMEpe aMUHOYKCYCHOM KHCIIOTHI, B 00pa30BaHUH BOJOPOAHBIX CBSI-
3eil KoToporo 3aJelCTBOBaHbI [BE KapOOKCHIbHBIE (DYHKIMOHANIBHBIE TPyNIbl. MakcHManbHOE 3HAUEHHE
sHeprun aktuBaiuu (244 xJx/moinp B npsimoM u 236 k/Dx/Moiab B 00paTHOM HaNpaBJiICHHUH) IOJIYYEHO UL
PEaKIMU MEXMOJIEKYJISIPHOTO IPOTOHHOTO 0OMEHa B AUMEPE aMHHOYKCYCHOM KHCIOTHI, B 00pa30BaHUU BO-
JOPOJHBIX CBSI3€H KOTOPOTO 3aeHCTBOBAHBI IB€ AMHHOTPYTIIIBL

Kniouesvie cnosa: kBanToBO-xuMuueckue pacuetsl, ab initio UHF 3-21G, BomopoHas cBs3b, aMHUHOYKCYC-
Hasl KUCJIOTa, AUMEP, [IMKINYECKHE KOMILIEKCHI 3a CYET BOJOPOAHOM CBS3H, F€OMETPUUECKUE U DHEpreTHYe-
CKHE MTapaMETPbI, JHEPTHsI KOMILICKCOOOpa30BaHsl, JHEPTHSI BOJOPOIHON CBSI3U.
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