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EPR-spectroscopy of the fast proton exchange reactions in solutions

Kinetic parameters of the fast intermolecular proton exchange reactions between radical 3,6-di-tert.butyl-2-
oxyphenoxyl and different H-acids in toluene solutions obtained by ESR spectroscopy method are presented.
NH-acids have more protolytic reactivity than carboxylic acids. Values of various physico-chemical proper-
ties for some H-acids, such as ionization potential, electron affinity, proton affinity and energy of
deprotonation were obtained by quantum chemical calculations in the program «Gaussian-2009».
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The stable semiquinone radicals were used as acid spin probes (XH) for EPR-spectroscopic determina-
tion of the rate constants of fast intermolecular proton transfer (IPT) and exchange (IPE) reactions in solu-
tions [1]. For example, stable semiquinone radicals: 3,6-di-tert.butyl-2-oxyphenoxyl (I); 4,6-di-tert.butyl-3-
clorine-2-oxyphenoxyl (II) and 4-triphenylmethyl-6-tert.butyl-3-clorine-2-oxyphenoxyl (III) generated by

mixture corresponding to orthoquinone and pyrocatecol in EPR glass-tube, containing organic solution of
investigated chemical systems [2, 3].
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It is necessary to say that the high intramolecular mobility of hydroxyl hydrogens atom in semiquinone
radicals I — III determine nanosecond homolytic tautomerism. Therefore radicals I — III have property of the
dual protolytic reactivity. With a glance of tautomerism the general scheme of intermolecular proton transfer
reactions for spin semiquinone probes represents as:
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Here: Y is the molecule of proton-acceptor, for example, tertiary amine
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If for spin probe I intramolecular tautomerism A < A’ will be degenerate process, but in stable radicals
II and III it has nongenerate character, since oxyphenoxyls have the different structure of isomers. Each path
of this two-channel protolytic reaction (2) may be describe by known scheme [2]:
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XH + Y s=—= XH...Y

The each channel of IPE-reaction for spin probes I — III with different organic OH- and NH-acids (YH)
go according to following scheme [3]:
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Here: asterisk denote the acids proton with another orientation of spin

The figure 1 illustrate typical changes of dynamic EPR-spectra corresponding to different intermolecular
proton exchange fast reactions in organic acid-base systems, containing, for example, solution of spin probe I
and various carbon acids, alcohols, primary and secondary amines, alkaloids and another H-acids [2—4].
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Figure 1. The dynamic EPR-spectra of acid-base system: I — anabasine in toluene medium

The EPR spectra of toluene solution of pure spin probe I presents triplet of doublets, with splitting con-
stant ay = 0.392 mT from hyperfine interaction on unpaired electron with two magnet-equivalent benzene

ring protons and each component of this triplet split to doublet of hydroxyl proton of I with a," =0.162 mT.
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The computation of kinetic parameters like this fast IPE reactions in liquids was made in accordance
with modified F.Bloch equations for several magnetic resonance line broadening effects, connecting with
chemical protons spin exchange processes [1].

5 con\2 1
v, (@ -
Vex_ 2\/5 agH .

Simulation of dynamic EPR spectra was made by the use of fortran program of N.Hirota, adapted for
our IPE-reactionary system (2)—(4) [1, 5]. It should be said that short-lived intermediates of [PE-reaction B,
B, and C, C, do not appear and dynamic EPR spectra (see figure 1) contains summarized kinetic:information
about two-channel IPE-reaction (4).

Table 1

Kinetic parameters of the fast IPE-reactions between radical I and different H-acids in toluene solutions

. kex (293 K E,

H-acid 1/(mol's : kJ/mol Pk
Formic (4,5+0,2)10’ 7,1+0,3 3,75
Acetic (5,1 £0,7)10’ 13,440,4 4,75
Succinic (8,4+0,510° 11,1+0,6 421
Abietic (2,2+0,1y10° 7,7+0,3 —
Diethylamine (3,1+0,7)y10° 4,0+0,4 10,93
Diocthylamine (2,3+0,1)10° 3,7%0,5 11,01
Ethylenediamine (6,8+0,1y10° 10,4+0,2 —
Hexamethylenediamine (7,2 + 0,1)‘109 8,7+0,9 —
Ephedrine (3,7+0,2)10° 2,340,5 —
Pseudoephedrine (4,6+0,2) 10° 26,0+0,5 —
Anabasine (8,7+ 0,1y 10° 5,3+0,3

EPR-spectroscopic kinetic data represented in table.1'show that NH-acids have more protolytic reactivi-
ty than carboxylic acids. For explanation of this kinetic effect we have studied several physicochemical
properties of known molecules presented in table 2 by ab-initio method contained in quantum chemical pro-
grams packet «Gaussian-2009» [6—11]:

Table 2
The physicochemical properties of different simple acids and bases, obtained by UHF 3-21G ab-initio method

H-acids —IP, eV -EA, eV PA, eV -DPE, eV
HOH 10,2881 5,8816 8,3070 19,5200
CH3;0H 9,0160 8,8956 18,3197
CH,0H 7,0663 2,4965 8,3747 17,4008
CH;3CH,OH 8,7268 9,0871 18,1611
CH,CH,0H 8,0106 2,1823 9,1255 18,1082
CH;CH,CH,OH 8,6453 9,1468 18,0965
CH,CH,CH,0H 7,8003 2,4527 9,1064 17,9920
HCOOH 9,4855 2,6624 7,5833 16,2066
CH;COOH 8,8767 2,7611 8,1016 16,3585
CF;COOH 10,3745 0,9973 6,9294 15,0084
CC1;COOH 12,0497 14,6575
HCl 11,8418 4,9062 14,0372
HNO; 10,2874 -0,3313 7,2328 14,7820
H;PO, 8,1912 1,7598 8,0519 15,3807
H,SO, 7,3467 14,1206
NH; 8,0530 6,5410 9,8411 20,0334
CH;NH, 7,2285 6,3192 10,2776 19,4600
(CH3),NH 6,6263 10,5609 18,9794
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For calculation of indicated physicochemical data known formulas were used, for example: the value of
ionization potential of molecule (IP) is equal to
IP=Ey —Ey’, (6)
where By — molecules’ total energy; Ey — total energy of correspondent cation of this molecule. The val-
ue of proton affinity (PA) is equal to:
PA=Ey—Ewy'. (7)
Here: By’ — total quantum-chemical energy of protonated molecule. Electron affinity (EA) presented
with the following expression:

EA = EM - EM_. (8)
The energy of deprotonation (DPE) of H-acid molecules (MH) is equal to:
DPE = Ey— Ey . €))

It seems from scheme (4) that the fast IPE reaction is the cooperative concerted process going in four-
centered cyclic complex with 2 hydrogen bonds. It is naturally to suppose that molecular dynamic in hydro-
gen bridge with more strong acid-base pair will be determine the value of common rate of the fast IPE reac-
tion in liquid medium. For example in case of mixture I — secondary amine the strength of hydrogen bridge
OH...N higher than in acid-base system [ — OH-acids and the first tunneling of acid proton inside
OH...N-bridge involves next return the proton of conjugate acid to more slow second acid-center. The calcu-
lated data presented in table 2 show that the proton-acceptor ability of basic molecules depends on values of
ionization potentials: the lowest value of IP the more value of PA of bases [10].

The amino-alcohol ephedrine exchange in IPE-reaction its NH-proton and.produce ionic pair C; on
cooling reactive mixture. The ionic pair C generate in reactions radical I with more stronger H-acids. The
difference between kinetic values for alkaloids ephedrine and pseudoephedrine may be explained with avail-
ability of intramolecular hydrogen bond in threo-isomer of 1-phenyl-2-methylaminoproranol-1. The necessi-
ty of destruction this hydrogen bond bring to increasing activation energy and decreasing the rate constant of
IPE reaction for pseudoephedrine in regard to ephedrine. The values of experimental by EPR derived kinetic
data for irreversible IPT-reaction between spin probe I'and pseudoephedrine were obtained: k;(293K) =
=1.810” I/molc, E, = 28,0 kJ/mol.

Kq
[ +
XH + Y /== X...HY (10)
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Figure 2. Ab-initio (3—21G)-structure of pseudoephedrine molecule with intramolecular hydrogen bond

Due to the presence of intramolecular hydrogen bond pseudoephedrine molecule may be display the na-
ture of tertiary amines i.e. realize fast irreversible reaction of proton transfer according to schemes (2) and (3).

Alkaloid anabasine has two basic centers, but in protolityc reaction only morpholinyl substituent with
NH-group participates. The dynamic EPR spectra of fast IPE reaction between spin probe I and anabasine
shown in figure 1. Under cooling of reactionary system form the contact ionic pair with hyperfine splitting
on nitrogen’s atom of ammonium cation.
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A.C.Macanumos, A.®.Kypmanosa, C.H.Huxonbckuii, A.Y.Ocnanos, A.A.Typ

Epitinainepaeri :xxblL11aM NpoToH ajaMacy peakuusjiapbinbiH IIIP-cnekTpockonusicol

OITP-crieKTpoCKONHsl dJici apKbUIBI AIBIHFAH TOJYOJ epIiTIHAUICpIHAeri op Typii H-KbIIKBUIIAPBIHBIH
3,6-1u-y1ur. 0y THII-2-0KCH(CHOKCHIT PanKalIbIMEH MOJICKYJlaapaliblK JKbLIIaM IIPOTOH ajMacy peakiisapbl-
HBIH KHHETHKAIIBIK eJemMaepi kepceriireH. KapOoH KbIIKBULIAPBIMEH CanbICThipFaHaa NH-KbIIIKbUIIaPbI
JKOFaphl TIPOTOHAAHY PEaKIMSIIBIK KaOUIeTTUIITiHE He eKeHIirt kepceriiareH. «Gaussian-2009» Garmapiama-
ChIH/Ia KBAaHTTHIKXUMHSJIBIK €cenTeysep KeMmeriMeH keit6ip H-KplIKpUiiap yiliH MHOHAAHY HMOTEHIHANIbI,
JNEKTPOHFA YKAKBIH/IBIFBI, IPOTOHFA XKAFbIHABIFBL )KOHE ICHPOTOHAHY YHEPTHSCH TOpi3Ai ap Typ:i ¢usuka-
XUMUSIIBIK KaCHETTEPIiHIH MOHJEP allbIH/IbL.

A.C.Macanmumos, A.®.Kypmanosa, C.H.Hukonbckuii, A.Y.Ocnanos, A.A.Typ

IIIP-cnekTpockonus OBICTPBIX peaKuMii IPOTOHHOr0 00MeHa B pacTBOpPax

IIpencraBneHsl KHHETUUECKHE ITAPAMETPBI OBICTPBIX MEKMOJIEKYIISIPHBIX PEAKIH TIPOTOHHOTO OOMEHA MEK-
Iy pagukanoM 3,6-Iu-TpeT. OyTHi-2-oKCH(EHOKCHIOM M pa3In4HbIMH H-KnciiotaMu B pacTBOpe TOINyona,
nory4dennsie MeronoM OIIP-criekrpockommu. ITokazano, uro NH-KHUCIOTH UMEIOT GOJBIIYIO MPOTOIUTHIE-
CKYIO PEaKIMOHHYIO CIIOCOOHOCTH, YeM KapOOHOBBIE KUCIOTHL B mporpamme «Gaussian-2009» ¢ moMoImsio
KBAaHTOBOXMMIYECKUX PacUeTOB ITOJTyIeHbI 3HAUCHNS Pa3INIHBIX (PU3NKO-XHMHUECKNX CBOMCTB ISt HEKOTO-
pbIx H-kmcnot, Takux Kak MOTEHIHan HOHM3AIMH, CPOJCTBO K 3JIEKTPOHY, CPOACTBO K NMPOTOHY M SHEPIHUs
JEeTTPOTOHUPOBAHUSL.

Ceenennst 00 aBTOpax

MacaaumoB A6aii CaOup:kaHOBHY — 3aBenyIOmMid Kadenpoll (U3HIECKOM M aHAMTHYECKOH XUMUH
JOKTOp XMMHYEKUX Hayk, mpodeccop, KaparanamHckuii rocyapcTBEHHbBIH YHUBEPCUTET MMEHH aKaIeMHKa
E.A.Bykertoga.

KypmanoBa Anbdusa ®apuaoBHa — 1oueHT kadeapsl GU3NUECKON W aHATUTUUYECKOW XMMUH, KaH-
IUIaT XMMHYECKHMX HayK, KaparannamHckuid ToCyJapCTBEHHBIH YHHUBEPCHUTET HMEHH aKaJeMHKa
E.A.bykeroga.

Huxoabckuii Cepreii HukonaeBuu — npodeccop kadeapbl Gpu3nIecKod U aHATUTHYCCKOH XUMHH
JOKTOp XHMHYECKHX HaykK, KaparanguHCKUH TOCYZapCTBEHHBIH YHUBEPCHUTET HMEHH aKaJeMHKa
E.A.bykeroga.

OcnanoB Acjan0ek YajauxaHOBHY — MarucTpanT Kadeapbl GU3NIECKON M aHATUTHICCKON XUMUH,
Kaparanaunckuil rocynapcTBeHHBIN yHUBEpCUTET nMeHH akaneMuka E.A bykerosa.
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Typ Anexceii AjlekcaHAPOBHY — JOKTOPaHT Kadenpsl GU3NUECKON W aHaTUTHYeCcKoi xumuu, Kapa-
TaHAWHCKWN TOCYyTapCTBEHHBIN YHUBEPCUTET MMEHH akagemuka E.A.bykeTona.
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