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Abstract

The mechanism of intramolecular cyclization for products of epichlorohydrin aminolysis by secondary amines has been
investigated at ab initio level of theory. By comparative analysis of energetic characteristics, which obtained in vacuo as
well as in acetonitrile solution with the trace quantities of water as an «active» solvation partner of reaction, it has been
shown a decisive role of solvent, which occurs mainly at the expense of the polarizable effects for nonspecific solvation.
Indeed, the addition to the substrate of one water molecule have decreased corresponding Eacr values only 24.1 kJ/mol],
while the appearance of acetonitrile surroundings have the same influence ~42.0 kJ/mol. The results of calculations are
in good agreement with that data, which have been obtained for such type modeling previously.

Keywords: azetidinium chloride; nonspecific solvation; ab initio calculations.

KBAHTOBO-XIMIYHE JOC/II/HKEHHA MEXAHI3MY PEAKIIIT N-ITUKJ/II3ALI] TPOAYKTIB
AMIHOJII3Y ENIXJIOPTIIPUHY

Anppii B. Tokap”
JHinponemposcokuii depicasHull azpapHo-ekoHoMiuHUll yHieepcumem, 8y Bopowusosa, 25, /[ninponemposcbk 49600, Ykpaina

AHoTanisa

I3 3acrocyBaHHAM ab initio MeTOAiB KBaHTOBOI XiMii AOC/IiJ)keHO MexaHi3M BHYTPIIIHbOMOJIEKY/ISIPHOI IUKJIi3anii
NPOAYKTiB aMiHOJIi3y emix/JopriApuHy BTOPpUHHUMHM aMiHaMmu. [IopiBHA/ILHMN aHa/Mi3 eHepreTMYHMX XapaKTepPHCTHK,
oJep>KaHUX AJiF ra3oBoi ¢a3u Ta po34MHY aleTOHITPHJIY, IO MiCTUTb C/AiAOBI KiJIbKOCTi BOAH B POJi «KaKTUBHOI'O»
cosibBaTaliiHOro mapTHepa peakxnii, cBiAYUTL Npo CTa6Gijni3yw4Yuil BIUIUB PO3YMHHUKA, NEepPeBaKHO 3a PaxyHOK
noJsisipusyruux epektiB HecnenudiyHoi cosbBaTauii. Tak, JoJaBaHHS A0 Cy6CTPATy OAHI€EI MOJIEKY/IM BOAU BUK/IUKAE
3MeHIIeHHA BiANOBiAHUX BeJU4UH Eakr mume Ha 24.1 k/[k/MoJ1b, TOA] IK NOABa ALleTOHITPUJIBHOTO OTOYEHHS CIpPHSE
aHa/sIoriYyHOMy BILUIMBY ~42.0 k/k/Mo/ib. Pe3ynbTaTu po3paxyHKiB Ao6Gpe y3ro/KylwTbCA 3 AAaHMMH TAaKOro TUIY,
oJlepKaHMMH paHile.

Kawuosi caoea: aseTuuHil xnopuj; HecienudiyHa cosibBaTalis; ab initio po3paxyHKH.

KBAHTOBO-XMMHWYECKOE UCCJIEAOBAHUE MEXAHWU3MA PEAKIIMU N-IUK/IM3ALIUU
INPOAYKTOB AMHUHOJIN3A 3ITUX/IOPTUAPHUHA

Anppeii B. Tokapp”

/JlHenponemposckuii 20cydapcmeeHHblil azpapHo-3KOHoMUMecKull yHusepcumem, y. Bopowusaosa, 25, [[Henponemposck 49600, YkpauHa

AHHoOTalus

C ucnosib3oBaHueM ab initio MeTOA0B KBAaHTOBOM XMMHUHU MCCJAeA0BAaH MeXaHU3M BHYTPHMOJIEKY/IIDHON IUKIU3aLUU
NpPOJYKTOB aMHUHOJIM3Aa D3SNUXJOPTUAPMHA BTOPMYHbBIMH aMuUHaMU. CpaBHHMTE/IbHBIH aHA/IU3 3IHePreTHYECKHX
XapaKTEePHUCTHK, NOJYy4YeHHBIX AJA ra3oBoil ¢a3bl M pacTBOpa alleTOHHMTPHJIA, COJEpIKalllero cjeAoBble KOJIHUYeCTBa
BOABI B POJIM «aKTMBHOT0» COJIbBAaTallMOHHOTO NMapTHepA peaKLyHy, CBUJETe/JIbCTBYeT 0 CTAaGU/IU3UPYIOLLEM BIMSAHUUA
pacTBopuTesis, NPEeUMYIIEeCTBEHHO 3a c4yeT noasapusyrmux 3¢dektoB Hecnenudpudeckoi cosabBatanmu. Tak,
JAoGaBJjieHHe K Cy6GCTPaTy 0JHOH MOJIEKyJ/Ibl BOAbI BbI3bIBA€T YMeHbIIeHHE COOTBETCTBYIOIIUX BeJIMYUH Eakt TOIBKO Ha
24.1 k/x/MoJb, TOrja Kak IHOsABJeHMe aleTOHUTPU/IBHOIO OKpY:KeHHMsA OKa3blBaeT aHa/IOTUYHOe BJIHSAHME
~42.0 x/I>kx/Mo0J1b. Pe3y1bTaThl pacyeToB XOPOIIO COrJIacyloTcsA € JAHHBIMHU TAaKOT0 THIA, MOJIyYeHHBIMH paHee.

Karouesvle cs108a: a3eTUAUHUN XJI0pU/[; HeclieUuieckasi coibBaTalus; ab initio pacyeTsl.
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Scheme 1. Some reactions of ECH with tertiary and secondary amines (R = Alk)
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Scheme 2. Mechanism of heterocyclization reaction for aminochlorohydrin (2a)

Introduction

Epichlorohydrin (ECH) has found wide usage in
polymer chemistry because of its uniqueness in
possessing both a labile chlorine and an oxirane
group [1]. The authors’ interest has been focused
on the mechanisms of epichlorohydrin-amine
reactions because of their importance in the
chemical modifications of cellulose [2; 3]. Of
particular interest are reactions catalyzed by
tertiary and secondary amines (Scheme 1).

Tertiary amines react with ECH to form a
glycidyl (2,3-epoxypropyl) ammonium salts (1)
while the secondary one - to form the tertiary
aminochlorohydrins (2), which give cyclic struc-
tures of the 3-hydroxy azetidinium salt type. Since
these structures are fairly constrained they are
also fairly reactive [4-6]. Compared to other nitro-
gen heterocycles such as aziridines, pyrolidines, or
piperidines, the chemistry of azetidines is much
less developed, probably because of their limited
availability. The ring strain in these heterocycles
makes them excellent candidates for nucleophilic
ring-opening or ring-expansion reactions yielding
higher ring systems or highly substituted acyclic
amines [6].

The main purpose of this work is to investigate
the mechanism of azetidinium salts formation
under conditions of intramolecular cyclization
reaction for products of ECH aminolysis by
secondary amines. The influence of substrate
structure as well as the specific and nonspecific
solvation effects of medium on heterocyclization
process has also been under our consideration.

Results and Discussion

I. The equilibrium state features for ring-
closure and ring-opening reactions of azetidi-
nium ion. For the first step of our investigation
some features of equilibrium state for N-cyclization

reaction have been considered at B3LYP/6-
311++G(d,p) level of theory [7]. Some geometrical
parameters for located structures of transition states
(TS) as well as the corresponding values of activation
barriers are shown in Scheme 2 and Tab. 1.

In the case of gas phase the full predominance
of the reverse way of reaction is absolutely clear
from the point of atomic charge compensation,
which occurs under the absence of any polarizable
effects for specific or nonspecific solvation. At the
same time the full relaxation of geometry for all
stationary points with CPCM model demonstrates
another set of Excr values with some dominance for
the forward conversation. These results are in
good agreement with experimental data, which
have been obtained for such type modeling
previously [3].

Table 1
The activation barriers for ring-closure and ring-opening
reactions of azetidinium ion in vacuo as well as in

acetonitrile solution (¢= 36.6), calculated at B3LYP/6-
311++G(d,p) level of theory

Levels of theory Eacr, kJ/mol
2a—>3 3—>2a

B3LYP/6-311++G(d,p) 118.8 10.1

CPCM-B3LYP/6-311++G(d,p)//B3LYP/6-  57.4  57.7

311++G(d,p)

CPCM-B3LYP/6-311++G(d,p) 746  88.6

II. The effects of specific solvation. The total
solvation effects with the details of the structure
for the first solvation shells of the substrate have
been investigated to continue our previous work.
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Scheme 3. The structures of the first solvation shells
with one and two water molecules
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Scheme 4. Mechanism of heterocyclization reaction for aminochlorohydrins (4-7)

Table 2

The activation barriers as well as some geometrical parameters for transition states (TS-Hz0)
of aminochlorohydrin’s (4-7) intramolecular cyclization, calculated at B3LYP/6-311++G(d,p)
and CPCM-B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) levels of theory

No’s Ri/Rz Bond lengths, A Angles, deg Eacr, kJ/mol
N-C C-Cl NCCl NCCC in vacuo in solution CH3CN
4 Me/Me 1.949 2.464 176.2 21.4 94.7 51.5
5a Me/Et 1.964 2.455 176.1 21.7 92.9 50.9
5b Et/Me 1.961 2.451 176.1 21.0 90.1 48.0
6 Et/Et 1.975 2.442 176.1 20.8 87.4 46.2
7 Allyl/Allyl 1.959 2.459 176.3 21.2 94.9 53.3

There are two possible species in the case of
water molecules, which are included in acetonitrile
solution with trace quantities. The structures of
transition states, which have been located at
[TS-H20] and [TS-(H:20):] theoretical models as
well as some geometrical parameters for hydrogen
bonds formed are shown in Scheme 3.

Calculated at B3LYP/6-311++G(d,p) level of

theory activation barriers are 94.7 and
94.1 kJ/mol respectively, while the MP2/6-
311++G(d,p)//B3LYP/6-311++G(d,p) [8;9] theo-

retical approach indicates the reverse order of these
values - 126.1 and 129.0 kJ/mol. Indeed, with
addition of the first water molecule the Eacr
decreases on 24.1 kJ/mol (Tab.1), while the
appearance of the second water molecule have the
same influence only 0.6 k] /mol to compare with the
previous model.

III. The concerted mechanism of hetero-
cyclization. The full reaction pathway of intra-
molecular N-cyclization reaction, which occurs
through the single Sy2-type transition state (TS-H20)
has been investigated at DFT level of theory. Both the
substrate structure and water molecule as an
«active» solvation partner of reaction are included in
our consideration. The results of calculations are
represented below (Scheme 4, Tab. 2).

By comparison of calculated Eacr values with one
another it has been shown a decisive role of electron
donating properties of Ri/R;-groups, which are
closely bonded with the attacking Nitrogen atom. As
to the nonspecific solvation energies of cyclization,
they are ~42.0 kJ]/mol and have a great importance
for these type reactions [10].

Computational Details

The quantum-chemical calculations have been
carried out at B3LYP/6-311++G(d,p) and MP2/6-

311++G(d,p)//B3LYP/6-311++G(d,p) levels of theory
in Gaussian 03, Revision E.01 package of programs.
The corresponding sets of vibrational frequencies
were calculated for all stationary points. The main
energetic characteristics of heterocyclization reac-
tions have been established in vacuo as well as in
acetonitrile solution with the aid of CPCM solvation
model. Zero-point correction energies have also
been included to final values of activation barriers.
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