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Quantum-chemical investigation of the fast intermolecular
proton exchange reactions mechanism in paramagnetic systems

For a theoretical interpretation of the fast intermolecular proton exchange (IPE) reaction mechanism by ab in-
itio methods of modern quantum chemistry potential energy surface in the oxymethyl — ammonia acidébase
free-radical system was investigated. This system an experimental EPR spectroscopic kinetic data for such
reactions in the real liquid phase systems was simulated. The role of short lived intermediates as@molecular
and ionic complex four-center hydrogen bond due to manage the flow of IPE-fast reactions in the acid-base
paramagnetic compounds have been established.

Key words: semiquinone radicals, oxymetyl radical, EPR-spectroscopy, intermediate, hydrogen bridge,
protolytic reaction, proton exchange reaction, proton transfer proton exchange, quantum_chemical calcula-
tions, ab initio, potential energy surface.

The using of stable semiquinone radicals (XH) as spin probes fofiEPR-spectras€opic determination of
rates constants of the fast intermolecular proton exchange (IPE) reactions‘allowed®o study the protolytic ac-
tivity of different organic acids and bases (YH) in solutions [1].4The systematic experimental investigations
of kinetic of such acid-base reactions showed that they havesthe ¢ommon mechanism described with next
scheme:
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Here: asterisk denotes the acids proton‘with another orientation of spin; B, B, and C, C. are the short-lived
intermediates of IPE-reactionss

For example, as spin (probes, (XH) were used next stable semiquinone radicals: 3,6-di-tert.butyl-2-
oxyphenoxyl (1), 4,6-di-test.butyl-3-clorine-2-oxyphe-noxyl (II) and 4-triphenylmethyl-6-tert.butyl-3-clorine-
2-oxyphenoxyl (III).

For theoretical calculations of mechanism of the fast IPE reaction illustrated by scheme (1) was used
quantum chemig¢al absinitio method with UHF 3-21G orbital bases, contained in licensed program packet
Gaussian-2009 “(Rittsburgh, USA) [2-5]. For modeling of the fast IPE reactions between paramagnetic
OH-acidsd~TTDandiNH-acids as primary and secondary amines, were taken simple smallish molecular sys-
tepmoxymethyl -ammonia. It should be noted that at the first time oxymetyl-radical was studied as OH-acid
with dynamiesEPR spectroscopy by H.Fischer in 1964 [6].

The quantum-chemical counts show that small molecule of paramagnetic OH-acid form with base mole-
cule,of ammonia two types of complexes with hydrogen bond CHB): linear and cyclic, presented on Table 1.

The computation estimates that value of thermodynamic stability of linear CHB more on
AE =10,3905 kcal/mol than total energy of cyclic complex with two hydrogen bridges. This effect may be
explain by influence of the high values of ionization potentials: IP =7.0663 eV for oxymethyl and
IP = 8.0530 eV for ammonia [5].

For calculation of the potential energy surface (PES) of modeling protolytic system CH,OH — NH; was
used the specific bimolecular structure with three dummy atoms: 3X, 4X and 8X (see Fig. 1). Such approach
allow to move two acid protons inside the cyclic CHB from initial to final reaction states with the value of
rated step A =0.01 A.
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Table 1
Electronic structures and the values of total energies for different CHB forming
between oxymethyl and ammonia, obtained by ab-initio UHF 3- 21G method
CHB Electronic structure -E, a.u.
Linear complex ; 169.667
Cyclic complex I ! 9.6506
1 J
1
Figure 1. The structure of modeli n system used for computation of PES
On the figure 2 presented the PES gélcu ab-initio method with using UHF 3-21G orbital bases

and modeling illustrated by figure 1.
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Figure 2. The three-dimensional potential energy surface for modeling protolytic reaction
between oxymethyl and ammonia, obtained by ab-initio method with UHF 3-21G orbital bases
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The potential energy surface on figure 2 illustrate electron-structural properties of the reversible two-
channel fast IPE reaction going on ways: B == C" == B and B == C <= B". It should be noted that the
rates of the initial step of IPE reaction (1) A == B controlled by diffusion in investigated liquid system.

The analyses of three-dimensional PES topology for the fast IPE reaction between modeling acid —base
small molecules shows on formation of 2 short-lived intermediates C and C" that denote in scheme (1) and on
existence of 4 saddle points corresponding to 2 channel for reactions: B <= C" <= B'and B == C == B".
The values of total energies for this 4 intermediates presented on Table 2

Electronic structures and the values of total energies for intermediates of reaction
between oxymethyl and ammonia, obtained by ab-initio UHF 3- 21G method

Intermediates Electronic structure
3
B 16506
c 169.5611
B" 169.6506
C 169.4625

le Va = 70.8587 kcal/mol more than value of total energy for intermediate C.

e potentlal energy surface presented on Figure 2 give yet four saddle point of corresponding transi-
ates which contained on Table 3. It is evidently that initial intermediate of reaction B has the value of
total efiergy on AE = 56.1559 kcal/mol lower then ionic CHB C". It should be noted that initial B and final
B" intermediates of the fast modeling IPE reaction have equal electronic structure and the values of total en-
ergy. The values of activation energy for direct B—C" transition received £, = 76.6735 kcal/mol and for re-
verse reaction C'—B E ;| = 20.5163 kcal/mol. Analogous values for second channel of IPE reaction B==C
are equal: £,=99.2680 kcal/mol and E_; = 18.7480 kcal/mol.
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Table 3
Electronic structures and the values of total energies for transition states of reaction
between oxymethyl and ammonia, calculated by ab-initio UHF 3-21G method
Transition Electronic structure -E, au.
states
1 169.5284
2 @ 506
3 169.4924
4 169.4935
Table 4
of, ic charges in ionic intermediates of modeling IPE reaction
between oxymethyl and ammonia
Intermediates Distribution of atomic charges

Intermediate C

36 BecTHuk KaparaHamHcKoro yHueepcuteTa



Quantum-chemical investigation ...

It is necessary to say if the four-centered CHB B and B are molecular intermediates of IPE reaction the
another analogous CHB C and C" must be the ionic intermediates. The character of the atomic charges dis-
tribution presented on Table 4 confirms our assumption. For example: the value of common positive charge
for ammonium cation in ionic CHB C" resulted as ¢ = +0.847 and this value for protonated oxymethyl in
ionic complex C is equal g =+0.710.

Figure 3 illustrates the experimental EPR spectra of the real short-lived particles C* and C registered in
toluene mixtures of spin probe I with different acids and bases at low temperatures [6].
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Figure 3. EPR spectra of ionic paiC and C'@btained in toluene solutions
of stable radical I and tetrahydronicotine*at,294 K (a) and hydrochloric acid at 185 K (b)

EPR spectra 3a present triplet of triplet andcongern to contact ionic pair of anion-radical 3,6-di-
tert.buthylortosemiquinone with cation 46t protonated molecule of tetrahydronicotine. The big triplet
(ay = 0.335 mT) formed by hyperfine ifitetaction of unpaidred electron with 2 magnetic equivalent ring pro-
tons of anion-radical 3,6-di-tert.bu-thylortoseémiquinone and small triplet (ay = 0.030 mT) formed by split-
ting on nucleus of nitrogens atom, of\ammonium cation in contact ionic pair. The EPR spectra 35 concern to
ionic pair of the protonated byhydrechloric acid semiquinone radical I.
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A.C.Macamumos, C.H.Hukonsckuii, E.A.Pansuenko, M. A.Ilycromaiikuna, A.A. Typ

I[MapaMarauTTi Kyiiejiep/ie *KblJIIaM MOJIEKY12apaJIbIK IPOTOHABIK
aybICy peaklusi MEXaHM3MiH KBaHTTHIXUMUSJIBIK 3epPTTEy

Makanaga Kasipri 3aMaHFbl KBaHTTBIXUMHSUIBIK OMITMPHUKAJBIK €MEC OIICTEPMEH MOJICKyJIaapajblK
HPOTOHABIK aybICYIBIH XKBUIIAM PEAKLHCHl MEXaHU3MIHIH TEOPHSIIBIK HHTEIPETALMSIIAY YIIiH OKCHMETHII-
aMMHaK KyHeciH/ie TOTeHINA/Ibl SHEPTUsHBIH OeTi 3epTTenai. by sxyiie HaKThI cyiibikda3zanbl Kyieaepaeri
OCBIH/AM peakuusIapabiH TxKipubesnik ITP-CreKTpOCKONHSIIBIK KHHETHKAIBIK MOJTIMETTep/IiH YATrici 60IIbIn
tabputazpl. CyTekTik GaiinaHbIC apKbUIbI TY31ITeH MOJIEKYIaJIbIK KOHE HOH/IBIK TOPTICHTPII KEIISHACPIiH a3
eMip CypeTiH HHTepMEANATTap/IbIH POJIICPI aHBIKTAIIIbL.

A.C.Macamumos, C.H.Hukonsckuii, E.A.Pansuenko, . A.Ilycronaiikuna, Typ

KBanToBOXMMHYECKOE M3YyYeHNE MEXAHU3MA PeaKINH ObICT
MEKMOJIEKYJISIPHOT0 MPOTOHHOT0 00MeHA B MapaMATrHUTHBI

ro oomena (IPE) HesmMmupuueckuMu METOAaMU COBPEMEHHOM KBAaHTOBOW XM
MOTEHIINABHOX 3HEPTUH B CBOOOIHO-PAJUKATBHON KHCIOTHO-OCHOBHO
MoJenHpyloel skcnepuMenTaibaple DIIP-ciekTpockonuueckrne KMHETHY
aKIWil B peaNbHBIX KUAKO(DA3HBIX CHCTEMaxX. Y CTAaHOBIICHBI POJIHM KOPOTKOXH
KYJSIPHBIX ¥ MOHHBIX YETBIPEXLEHTPOBEIX KOMILIEKCOB 3a cqemop JTHOH CBS
HueM ObicTpoii IPE-peaknuy B mapaMarHUTHOH KHCIOTHO-OCHO c

JUIS TAKOBBIX pe-
X MUHTEpMEJHaTOB MOJe-
YIIpaBJIEHUH MIPOTEKa-
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