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ESR-Study of the Proton Exchange with Aliphatic Amino Acids in Toluene

This paper presents the results of an ESR spectroscopic study of the intermolecular proton exchange Kinetics
with some isomers of aminocaproic acid, such as 2-aminohexanoic and 6-aminohexanoic acids-in the toluene
indifferent medium. A stable semiquinone radical, namely 3,6-di-tert-butyl-2-hydroxyphenoxyl;'is used as.a
spin probe. The ESR spectra have been recorded on a RE-1306 spectrometer. The article_provides. the ob-
tained dynamic spectra of the intermolecular proton exchange process. Modeling of the proton exchange ESR
spectra has been carried out using a previously developed program, which is based on-a four-jump model of
this reaction and modified Bloch equations. The kinetic parameters of the process of acid-base.interaction of
the spin probe with amino acids and the activation barrier of the reaction have been estimated with a mini-
mum error based on a comparison of the model spectra with the experimental ones. The obtained data have
been analyzed and compared with previous studies. It has been found that the reaction rate of the intermo-
lecular proton exchange between 3,6-di-tert-butyl-2-hydroxyphenoxy and studied aliphatic amino acids is
comparable to the same with aliphatic carboxylic acids. Hoewever, in.our case, there is an increase in the ac-
tivation barrier, which apparently is associated with a negative effect on the.intramolecular hydrogen bonding
process between the amino and the carboxyl groups in the amino acid molecule.

Keywords: ESR-spectroscopy, proton exchange reactions, spin probe, semiquinone radical, Bloch equation,
aminohexanoic acid, 3,6-di-tert-butyl-2-hydroxyphenoxyl, OH-acids.

Introduction

The acid-base interactions are common phenomena in nature. They are widely used in scientific and
practical activities. Theoretical ideas about acids and bases are often of primary importance in the formation
of all conceptual systems of chemistry-and have a versatile influence on the development of many theoretical
concepts in all fundamental chemical disciplines. Typical acid-base interactions, according to the Bronsted—
Lowry theory, include protolytic reactions.involving proton. The proton exchange reaction is one of the vari-
eties of such reactions. To date, plenty.of papers are devoted to acid-base interactions. However, as can be
seen from the literature analysis; most studies of protolytic reactions have been carried out in agueous media,
and there are data on such studies in non-aqueous media [1-6].

Previously, we have carried out ESR spectroscopic studies of proton exchange reactions between a sta-
ble semiquinone radical as a spin probe and various organic acids in non-aqueous media [7, 8]. It seems in-
teresting to study the proton exchange reaction with aminohexanoic acids (1), namely 2-aminohexanoic
(a-aminocaproic).and 6-aminohexanoic (g-aminocaproic):

e Va

H-.C—(CH,)-—CH—C 1
3 ( 2)3 | \OH HZN_(CHZ)S_C\ ( )
NH, OH
2-aminohexanoic acid 6-aminohexanoic acid

This study will make it possible to determine the protolytic ability of these acids and to evaluate the in-
fluence of their structure on the rate of the proton exchange reaction.

Amino acids play an important role in various biochemical processes. The scientists pay the attention to
this class of compounds. This is confirmed by a large number of publications devoted to the study of their
physicochemical properties [9-14].

© 2022 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 69


https://doi.org/10.31489/2022Ch2/2-22-15
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch2/2-22-15
mailto:i.stadnik@mail.ru

|.L. Stadnik, F.Zh. Abilkanova et al.

Experimental

The method of recrystallization from tetrahydrofuran was used to purify 3,6-di-tert-butylcyclohexa-3,5-
diene-1,2-dione (3,6-di-tert-butyl-o-benzoquinone) (N.D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences, >98 % purity) and 3,6-di-tert-butylbenzene-1,2-diol (3,6-di-tert-
butylcatechol) (N.D. Zelinsky Institute of Organic Chemistry of the Russian Academy of Sciences, >98 %
purity).

Toluene (CJSC “Ekos-17, >98 % purity) was purified by distillation under atmospheric pressure over
sodium hydroxide.

Amino acids, namely 2-aminohexanoic and 6-aminohexanoic (AppliChem GmbH), were used without
additional purification since their purity exceeded 99 %. Amino acids were placed in the desiccator for 48
hours before use [15].

The studied system of 3,6-di-tert-butyl-2-hydroxyphenoxyl — amino acids was obtained by direct mix-
ing of 3,6-di-tert-butylcyclohexa-3,5-diene-1,2-dione with 3,6-di-tert-butylbenzene-1,2-diol* in a:glass am-
poule followed by the addition of an amino acid solution in toluene of a given concentration. Then the am-
poule was degassed and sealed. The spectra were recorded on a RE-1306 spectrometer (Russia) with a unit
for temperature control in the range of 200-400K. The spectrometer was upgraded with.a device that con-
verts the analog signal to digital. The ESR EXCHANGE program was used to process the experimental data.
Previously, we developed this program in the FORTRAN algorithmic language [16]. The ESR EXCHANGE
program includes calculation of the theoretical spectrum, comparison of this'spectrum with the experimental
spectrum, calculation of the kinetic parameters of the intermolecular proton exchange reaction, Least-squares
processing with determination of the standard error of measurement.

Results and Discussion

The ESR spectrum of 3,6-di-tert-butyl-2-hydroxyphenoxyl is a triplet of doublets. It is formed by the
interaction of an unpaired electron with ring protons (ax=0.392 mT) and with a proton of the hydroxyl group
(aon=0.162 mT). The advantage of the used spin probe is the hyperfine structure of the radical’s ESR spec-
trum, which is sensitive to acid-base interactions [7,.8].

A four-jump model can describe the process of intermolecular proton exchange with H-acids:

C(CH3)3 C(CH3)3
OH OH
* ko
+ HAc -.T—'—“ + HAc
0- . 0]
C(CHa)s 4 C(CHa)s
kl kl kl l kl (2)
C(CH3)3 C(CH3)3
O-. o)
* k
+ HAc —_— + HAc
k "
OH OH
C(CHz)s g C(CH3)3 p

Along with the above reaction (A—C, B<D), it includes tautomeric transformations of a semiquinone
radical, i.e., intramolecular migration of the hydrogen atom of the hydroxyl group between oxygen atoms
(A—B, CoD) [17].

This four-jump model (2) and the modified Bloch equation formed the basis of the previously devel-
oped program for modeling intermolecular proton exchange. In this program, the ESR spectra are calculated
from the coupling constants, rate constants, and linewidths of all chemical configurations of 3,6-di-tert-
butyl-2-hydroxyphenoxyl. The rate constants of the reaction of intermolecular proton exchange, the activa-
tion energy of the process, and the measurement error can be found by comparing the model spectra with the
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experimental ones. It should be noted that the proton exchange process presumably has a “cooperative”
mechanism, that is, a cyclic hydrogen-bonded complex is formed during the reaction. The lifetime of this
complex directly affects the rate of the whole process [17].

The ESR spectra of the 3,6-di-tert-butyl-2-hydroxyphenoxyl — aminohexanoic acid system were ob-
tained by the ESR method. The broadening of the hyperfine structure lines was noted with increasing tem-
perature. This is characteristic of proton exchange and confirms that an intermolecular reaction of proton
exchange is observed in the system under study.

Figure 1 shows experimental and simulated ESR spectra of the 3,6-di-tert-butyl-2-hydroxyphenoxyl —
6-aminohexanoic acid system in toluene.

T=29 K

T=317K

T=355K

T=421K

0.5mT
| I
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Figure 1. ESR spectra of 3,6-di-tert-butyl-2-hydroxyphenoxyl — 6-aminohexanoic acid (0.05 mol/l) system in toluene
at different temperatures. Blue line is an experimental spectrum; red line is a simulated spectrum

The decrease in the central components of the ESR spectrum triplet (Fig. 1) indicates a slowdown in
proton migration between oxygen atoms in the radical. This means that the resulting intermediate of sem-
iquinone radical with acid is sufficiently stable.
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The Arrhenius plot showed a good linear relationship between Igkexch and 1/T (Fig. 2). The plot in Fig-
ure 2 also demonstrates the values of the standard measurement error calculated by the ESR EXCHANGE
program.
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Figure 2. Arrhenius plot of the intermolecular rate constant (Kexcn) for 3,6-di-tert-butyl-2-hydroxyphenoxyl —
6-aminohexanoic acid system in toluene obtained from the experimental and.theoretical ESR spectra

Kinetic parameters of intermolecular proton exchange reaction between 3,6-di-tert-butyl-2-hydroxy-
phenoxyl and aminohexanoic acids were calculated using the'lESR EXCHANGE program. Table 1 presents
the obtained data and measurement error.

Table 1
Kinetic parameters of the intermalecular proton exchange reactions
between 3,6-di-tert-butyl-2-hydroxyphenoxyl and H-acids in toluene solution
H-acid Kexch (293K), I/mal's KCxch, I/mol's Ea, kd/mol pKa
2-Aminohexanoic acid (3:58+0.44)-10" 1.96-10%° 15.4+0.7 ggg
6-Aminohexanoic acid (2.90+0.23)107 5.9510%° 18.6+3.6 4.43
Hexanoic acid (8.01£0.24)-107 2.78-10° 8.7+0.5 4.88
Hexanedioic acid (7.22+0.70)-108 5.09-10° 4.8+0.8 ggg
2-Anilinobenzoic acid (3.15+0.20)-107 9.25-10° 13.8+1.1 5.28
Dodecan-1-amine (1.02£0.02)-10° 3.64-10° 3.1x0.2 10.63

Table 1 shows similar parameters of hexanoic, hexanedioic, 2-anilinobenzoic acids and dodecan-1-
amine for comparison [17, 18]. Analysis of available data suggests that despite their amphoteric nature 2-
and 6-aminohexanoic acids in toluene react with the spin probe at a rate comparable to the rate of the proton
exchange reaction with aliphatic monocarboxylic acids (hexanoic acid is given for an example). The value of
this rate is far from the rates with aliphatic amines [18]. Therefore, a proton of the carboxyl group of ami-
nohexanoic acid is involved in the proton exchange. It is assumed that the proton exchange will occur both in
the amino group and in the carboxyl group simultaneously. At the same time, an increase in the rate should
be recorded at least by an order of magnitude, as in the case of dicarboxylic hexanedioic acid, but we do not
observe this. It should be noted that the high activation energy of the process is a feature of the proton ex-
change reaction with 2- and 6-aminohexanoic acids. There are competing reactions of the intra- and intermo-
lecular interaction of the amino group with the carboxyl group of aminohexanoic acid. Also, this interaction
is more pronounced in 6-aminohexanoic acid, where these functional groups occupy terminal positions, and
the flexibility of the carbon skeleton of the molecule makes it possible to form fairly stable structures. All
these processes have a negative effect on the resulting intermolecular complex with the spin probe and lead
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to an increase in the activation barrier. A similar situation is observed in the reaction of 3,6-di-tert-butyl-2-
hydroxyphenoxyl with 2-anilinobenzoic acid.

Conclusions

The intermolecular proton exchange reaction of the spin probe, namely 3,6-di-tert-butyl-2-hydroxy-
phenoxyl, with 2-aminohexanoic and 6-aminohexanoic acids, was carried out with the carboxyl group partic-
ipation. The protolytic ability of aminohexanoic acid isomers in the toluene is comparable to that of aliphatic
monocarboxylic acids and aromatic amino acids. The high activation barrier of the intermolecular proton
exchange is due to the presence in the system of intramolecular and intermolecular interactions between the
carboxyl and amino groups, which are typical of amino acids. This has a destructive effect on the intermedi-
ate reaction complex.
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N.JI. Cragnuk, ©.2K. Abunkanosa, E.B. Kyapssuesa, C.H. Hukonbckuii, A.C. MacaiuMoB

ToJuyos opragarsl keiidip aan@arTblKk AMMHKBIIIKBLIIAPbIMEH
npoToH anmacy peakuusicbin JIIP snicimen 3epTrey

Makanaga TOIyon CHUSKTbI MHAN(DQEpEeHTTI epiTKimTeri 2-aMHHOT€KCaH KBIIIKBUIBI JKOHE G-aMHHOTEKCaH
KBIIIKBUIBI CHAKTHI aMUHOKAIPOH KBIIIKBUIBIHBIH KeHOip H30MepiepiMeH MOoJIeKyIaapaiblk HPOTOH ajaMacy
KUHETHKAchlH DIIP-CreKTPOCKOMMSUIIBIK 3epTTey HoTiKenepi kentipinred. CouHAiK 30HA peTiHae 3,6-am-
TpeT-OyThII-2-THAPOKCU(EHOKCUIT TYPaKThl CEMHUXUHOH paguKanbl maiaataHeuiael. DIIP-cmexrpiepi PO-
1306 cmexrpoMerpinae TipkeniHgi. MojekyaaapaiablK IPOTOH alMacy MPOLECIiHIH albIHFaH JHHaMHKaJIbIK
CIIEKTpJIepi OCHI XKyMbIcTa KenTipinreH. [Ipoton anmacysiHbiH DIIP criekTpiepiH MOAENbASY OCHI peaKIiys-
HBIH TOPT CEKipMeIi MOJIEIiHE jkoHe MOAUGUIMPIICHICH Bllox TeHeyiepiHe HETi3/ICNTeH OYPBIH 93ipIeHTeH
GarapiaMa apKbUIBI XKy3ere achIpbULIBl. MOJeNb CIeKTpIIepiH SKCIIEpUMEHT HOTHKECIHAE ajbIHFaHIapMeH
CaJIBICTBIPY CHMHIIK 30HITBIH aMHUHKBIIKBULIAPBIMEH KBIIIKBULIBIK-HET13/1iK OpEKETTECYIHIH KUHETHUKAIBIK
napaMeTpiepiH eH a3 KaTeNliKIeH aHbIKTayFa JKOHE PeaKIUsHbIH aKTHBTeHY. KeIepriciH baramayra MyMKIHIIK
Oepai. Ochuiaiiiia anbIHFaH MOTIMETTEP TAIIAHBII, OYpBIH OSNTil aKmapaTHeH CalbICTHIPBUIABL. 3epTTEICTIH
anmudaTTel aMUH KBIIKBUIAAPHI CIMHAIK 30HANEH 3,6-Au-TpeT<0yTmii-2-ruapokcu)eHOKCHUIAIH aanpaTThIK
KapOOH KbIIIKBUIAAPBIMEH MOJICKYJIaapalibIK IIPOTOH alIMacy PeaKHsChIHBIH JKbUIIAMIBIFBIMEH CaJBICTBIPBI-
JATBHIH JKBULAAMJIBIKIICH OpEKeTTeCeTiHI aHBIKTaNAbl. bipak, Oi3niH Jkarnmaia, aKTUBTEHY TOCKAYBUIBIHBIH
JKOFapbUIaybl OaliKamapl, Oy IIaMachl, aMHH KBIIIKBIIBI MOJICKYJIACEIHAAFBI aMUH TOOBI MEH KapOOKCHII TO-
OBl apackIHIAFBl MOJICKYJIQILIIIK cyTeri OalTaHbICH IPOIIECIHE TEPIC acep eTyMeH OailIaHBICTEL

Kinm co30ep: DIIP cnekTpoCKomusl, MPOTOH alMacy peakKHHsIaphl, CIUHIIK 30H], CCMUXHHOH/BI PaJHKall,
Bnox TeHaeyi, aMHHOTeKCaH KBIIKbUIBI, 3,6-10-TpeT-0yTiia-2-ruapokcudenokcii, OH-KpIIIKpUIAApEL.

N.JIL. Cragnuk, ©.2K. Abunkanosa, E.B. Kyapsasuesa, C.H. Hukonbckuii, A.C. MacaiuMmoB

IIIP-ucciegoBaHue peakuy NPOTOHHOT0 00MeHa
€ HEKOTOPBLIMHU AJM(PaTHUECKUMH AMHUHOKHNCJIOTAMHM B TOJIYOJILHOIi cpee

B crarbe npexacrasieHbl pe3ybTarhl. JI1P-CIeKTpOCKOMMYEeCKOro UCCeIOBaHNsI KWHETHKN MEXMOJIEKYIIsIp-
HOTO TPOTOHHOTO OOMEHa C. HEKOTOPBIMH H30MEpaMH aMHHOKAIPOHOBOH KHCIOTBHI, TaKUMH Kak 2-
AMHMHOTEKCAaHOBAs KHCIIOTa M 0-aMMHOT€KCaHOBasi KMCJIOTa B cpelie HHIM(depeHTHOro pacTBOpUTENst — TO-
nmyona. B kKadecTBe CITMHOBOTO 30H/Aa OBUI MCIONB30BaH CTAOWIIBHBIA CEMUXMHOHHBIN pamgukain — 3,6-mu-
TpeT-OyTrn-2-ruapokcudenokcun. Crexrpsr DIIP peructpupoBamu Ha criekrpomerpe PD-1306. ITomyuen-
HbIe JMHAMHMYCECKUE CIICKTPBI MpOIiecca MEKMOJIEKYIIPHOTO IIPOTOHHOTO 0OMEHa NPUBEACHBI B HACTOSIICH
paborte. MoaenupoBanue crekTpoB DIIP nmpoToHHOro 0OMeHa MPOBOMIOCH ¢ OMOILIIBIO paHee pa3paboTaH-
HOH NPOrpaMMBbl, B OCHOBE KOTOPOH JISKHT YETBIPEXIPBIKKOBAsT MOJIEIb JAHHOW PEaKIMU M MOJU(PUIMPO-
BaHHbIC ypaBHEHMs bioxa. ConocTaBlieHHEe MOACNBHBIX CIIEKTPOB C KCIEPUMEHTAIEHBIMU ITO3BOJIMIIO HaM C
MHHUMAIBHOH OIIMOKOIl ONpeneNuTh KUHETHYECKHe MapaMeTphl Mpoliecca KHUCIOTHO-OCHOBHOTO B3aMMO-
JIEHCTBUSI CIIMHOBOTO 30H/a C aMUHOKHCIIOTaMH M OLIGHUTh aKTHBALMOHHBIN Oapbep peakuuu. [lomydyeHHble
TaKUM 00pa3oM JIaHHBIe OBIIM IIPOAHATN3MPOBAHBI M COIIOCTABIICHBI C paHee W3BECTHBIMHU CBEICHUSIMU. bbito
0OHapYXEeHO, 4TO HCCleayeMble aTn(aTHuecKue aMHHOKHCIIOTBI PEarupyioT CO CIIMHOBBIM 30H/IOM CO CKO-
POCTSIMH, CONOCTABUMBIMH CO CKOPOCTSMH PEaKILMH MEXMOJEKYJIIPHOTO MPOTOHHOro oOMeHa 3,6-1u-Tper-
OyTHi-2-rHapoKkcueHOKCHIIA ¢ aniu(aTHIeCKIMU KapOOHOBBIMU KHCIOTaMHi. Ho mpu 3ToM B HamieMm ciiydae
HaOJII01aeTCsl POCT aKTUBALIMOHHOTO Oapbepa, KOTOPbIH, BUANMO, CBSI3aH C HETaTUBHBIM BIMSHHEM Ha IIPO-
1lecC BHYTPHMOJIEKYIAPHOH BOJOPOAHOM CBSI3M MEXIY aMHUHO- M KapOOKCHIIBHOM Trpynmamu B MOJEKyIle
AMHWHOKHMCJIOTHI.

Kniouesvie crosa: DIIP-cIEKTPOCKOIHS, PEAKIIUK TPOTOHHOTO 0OMEHA, CIIMHOBBIN 30H]I, CEMUXHHOHHBIN pa-
JIUKal, ypaBHeHHe biioxa, aMHHOTeKcaHoBash KHCIOTa, 3,6-au-TpeT-OyTui-2-ruapokcudpenokcun, OH-
KHMCIIOTBL
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