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Abstract

The kinetic regularities and the mechanism of the catalytic action of 1,5,7-triazabi-
cyclo[4.4.0]decene-5 (TBD) in the reaction of n-butylaminolysis of cyclocarbon-
ate-containing triglyceride based on soybean oil in DMSO have been studied. It is
shown via DFT quantum chemical calculations of the model reaction of ethylene
carbonate with methylamine under the action of TBD that the process proceeds by
the bifunctional catalysis mechanism, whereby the catalyst molecule takes part in a
number of equilibrium processes, resulting in a proton transfer from the amine mol-
ecule to cyclocarbonate. Within the framework of calculations by the DFT method,
the effect of the solvent (DMSO) is first taken into account in the catalysis mecha-
nism of the hydroxyurethane formation reaction. Based on the quantum chemical
calculations of the model structures of the linoleic and oleic fragments of the oli-
gomer, the anomalies of the kinetic curves of the reactions under investigation have
been interpreted.
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Introduction

The classical method of the polyurethane production is based on the interaction of
NCO groups of di- or polyisocyanates with OH groups of di- or polyols. The world
production of polyurethanes has already exceeded 18 million tons per year, although
the production of these polymers is far from perfect in environmental terms. It is
primarily due to high toxicity of the isocyanates themselves, moreover, they are
obtained with the use of phosgene. Over recent years, a new trend has emerged in
this field of research: the green chemistry of polyurethanes, the aim of which is to
replace the urethane formation reactions involving isocyanates with safer reactions,
including those based on renewable plant raw materials. A series of review articles
published in recent years [1-10] indicate the relevance of work on the creation of
nonisocyanate urethanes and certain progress of this area of polymer chemistry.

The most promising way to synthesize new urethanes is the reaction of primary
amines with cyclocarbonates (Scheme 1).

The polyurethanes formed in this reaction contain hydroxyl groups—primary
(Scheme 1, I) and/or secondary (Scheme 1, II) in equal or slightly different ratios
depending on the structure of the reagents and the process conditions. The presence
of OH groups in hydroxyurethanes promotes their hydrolytic and generally chemical
stability due to the formation of the intra- and intermolecular hydrogen bonds and
opens the ways for the corresponding modification of polymers. In this regard, such
polyurethanes sometimes turn out to be better than traditional ones obtained accord-
ing to the classical scheme using isocyanates and hydroxyl-containing oligomers.
The oligomers with terminal cyclocarbonate groups for new urethanes are usually
obtained from epoxy or hydroxyl-containing precursors. It is also important for
green chemistry of polyurethanes that such oligomers can be produced from renew-
able raw materials—vegetable oils via their preliminary oxidation with the forma-
tion of epoxy-containing triglycerides followed by the catalytic carbonization of the
latter under the action of carbon dioxide [10].

The addition reaction of amines to cyclocarbonates has been known since the mid-
fifties of the last century [11], but the mechanism and quantitative patterns of hydrox-
yurethane formation have come to be intensively studied only in recent years [12-22].
In our previous kinetic and quantum chemical works performed on the model objects
[14-19], it has been found that aminolysis of cyclocarbonates proceeds by two paral-
lel channels with the participation of one and two amine molecules (or its dimer). The
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Scheme 1 Reaction of primary amines with cyclocarbonates
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second amine molecule serves as a catalyst, taking part in the stage of the proton trans-
fer from amine to carbonyl group of cyclocarbonate.

The relatively low rates of the cyclocarbonate ring-opening reaction at addition of
the amine molecule (especially in the processes involving oligomers) actualize the
search for suitable catalysts for this reaction. At the same time, the green chemistry
assumes the application of the organic catalysts (organocatalysts), in contrast to the
widespread and often quite active metal-containing compounds and complexes used in
the classical polyurethane chemistry, based on the reaction of NCO and OH groups of
monomers and growing chains.

About two dozens of compounds have been tested as the possible catalysts for the
reactions of cyclocarbonates with amines in recent works [13, 23, 24]. Although Lewis
acids, alcoholates, triflates, and salts of some metals exhibit a certain catalytic activity,
but in most cases inhomogeneous colored products are formed in their presence even
at 25 °C. Among the organic catalysts various tertiary amines and organophosphorous
compounds have been proposed, which are used recently at the ionic polymerization
reactions with the cycle opening of epoxides, lactones, lactides, carbonates, lactams
and other monomers. The reviews [25, 26] show such catalysts for the ring-opening
polymerization as trifluorophenylcyclohexylurea [27], which operates according to
the principle of supramolecular recognition of atoms and groups, guanidines—1,8-di-
azabicyclo[5.4.0]undec-7-ene (DBU), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD), and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and some others.

Among organocatalysts TBD has the highest catalytic activity in the reaction of
cyclocarbonates with amines [13, 23, 24], the action mechanism of which is studied in
the present work.

The subject of the experimental investigation was the reaction of n-butylaminolysis
of cyclocarbonate-containing triglyceride based on soybean oil (CSBO) in dimethyl
sulfoxide (DMSO). The studied oligomer of 95% conversion was obtained in our work
[28] by a catalytic carbonization of epoxy-containing triglyceride by carbon dioxide.
According to the mass spectrometry data [28], it represents a mixture of more than 20
triglycerides of different composition and functionality, the main component of which
is the product of the generalized formula:
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Such concept of the structure of triglycerides corresponds to the initial composi-
tion of soybean oil, in which the linoleic acid bifunctional by double bonds is about
twice as many (~50%) as monofunctional oleic acid (~23%). The average function-
ality f of the oligomer by the cyclocarbonate groups is~4.5, the molecular weight
M,, according to the GPC data equals 1.319 [28].

Along with the kinetic study of non-catalytic and catalytic n-butylaminolysis
of CSBO, the quantum chemical calculations by the DFT method of the catalysis
mechanism under the action of TBD (using the reaction of methylamine with eth-
ylene carbonate in DMSO as a model one) were carried out in the present work.
Consideration of the solvent effects and calculation of all possible isomers/conform-
ers for all reaction pathways allowed making more accurate quantitative calculation
of reaction barriers and this distinguishes this study from gas-phase calculations by
DFT, performed earlier by us [17] and others [29].

Experimental
Reagents

CSBO oligomer was obtained by the catalytic carbonization of the epoxy-contain-
ing soybean triglyceride. Its synthesis, MW, composition, and functionality were
described earlier [28]. Normal butyl amine, catalyst TBD, solvent DMSO were pur-
chased from Sigma-Aldrich and used without further purification.

Measurements

The reaction kinetics was studied in DMSO by a FTIR spectroscopy on a FTIR
Tensor 27 spectrometer (“Bruker”) by measurement of changing in time of optical
densities near to the maximum of stretching vibrations of carbonyl groups of cyclo-
carbonates (1795-1803 cm™') and the final hydroxyurethanes (~1713 cm™!). The
reaction was carried out at 55+0.1 °C directly in thermostatic CaF, cuvettes with
a thickness of 0.1 and 0.4 mm. The reactions were described by the pseudo-first
order law at concentrations of the cyclocarbonate groups (1.5-5.0) x 1072 mol/L in
an excess of amine in the concentration range of 0.1-0.75 mol/L. The observed rate
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constants k,
equation:

obs Were calculated by non-linear least squares fitting of kinetic data to the

D = Ae ! 4 D, .. 1)
Here D is the optical density; A, &, and D, are various parameters [30]. The

measurement procedure of the reaction kinetics of cyclocarbonates with amines is
described in detail [16, 31].

Theoretical

The quantum chemical calculations were performed within the density functional
theory (DFT) using the nonempirical generalized gradient approximation and the
PBE functional [32, 33] in the TZ2P basis set using the PRIRODA program [34,
35]. The geometries for all initial reagents, intermediates and transition states were
optimized. The nature of the stationary points found (a minimum or a saddle point
on the potential energy surface) was determined by calculating the eigenvalues of
the matrix of second derivatives of the energy by the coordinates of the nuclei. The
correspondence between the transition states and a given transformation has been
established by the calculation of intrinsic reaction coordinate (IRC).

Results and discussion
Uncatalyzed reaction of urethane formation: kinetic regularities

The aminolysis kinetics was studied by IR-spectroscopy in a significant excess of
amine compared to the concentration of the cyclocarbonate groups of the oligomer
at 55 °C under pseudo-first order conditions (see experimental part and our recent
articles) [16, 17, 31]. The observed rate constants were calculated by non-linear
least squares fitting of kinetic data to the Eq. (1) [30]. Semi-logarithmic anamorpho-
ses of the kinetic curves (anamorphose—transformation of the kinetic curve in the
coordinates of the first order equation) were calculated to clarify the deviation from
pseudo-first order law. The anamorphoses of the kinetic curves of n-butylaminolysis
of model ethylene carbonate are linear throughout the reaction (in DMSO, dioxane
and n-butanol [16]). In contrast the linear segment of the anamorphoses of the oli-
gomer extends only to 30-40% conversion (Fig. 1). Under the above conditions,
these reactions are very slow, usually proceeding more than 10 h, and they do not
even reach the end in some cases especially in the absence of the catalyst.

The observed rate constants for non-catalytic and catalytic reactions with CSBO
oligomer were calculated from the initial part of the kinetic curves till the deviation
from the pseudo-first order law. The reasons for the deviation of the kinetic curves
from the first order law are connected with the presence of cyclocarbonate groups of
different nature in triglycerides and discussed in a special section at the end of this
article.
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Fig. 1 Typical kinetic anamorphoses in semi-logarithmic coordinates for aminolysis reaction in DMSO:
1—ethylene carbonate ((BuNH,]=0.4 mol/L), 2—CSBO oligomer ([BuNH,]=0.5 mol/L), and 3—
CSBO oligomer in presence of 3.5 X 1073 mol/L TBD ([BuNH,]=0.3 mol/L)). T=55°C

In our previous investigations [14, 16] performed on the model objects, it has been
shown that the process proceeds by two parallel channels with the participation of one
(rate constant k;) and two (rate constant k,) amine molecules. The observed rate con-
stant of pseudo-first-order k., on BuNH, concentration obeys the following equation:

kops = Ky [BuNH,| + k, [BuNH, ]’ @)

The experimental values of k (s~!) at various concentrations of n-butylamine
under the conditions of the non-catalytic and TBD-catalyzed reaction are given in
Table 1. A nonlinear relation between k., and the amine concentration at n-but-
ylaminolysis of CSBO in DMSO in the absence of the catalyst (as well as in the
reaction with the model ethylene carbonate [14, 16]) takes place (Fig. 2) and it is
described by the Eq. (2) with the correlation coefficient R>=0.99. At 55 °C k, =0.24
x 107 L/mol s and k,=2.5 X 107 L%mol® s, whence it follows that within the
concentration range under investigation, the contribution of the channel with two
amine molecules into the observed non-catalytic reaction rate is on average greater
on order than the reaction with one amine molecule (W,/W,=(k,/k;) [BuNH,]). A
similar pattern was observed earlier in the model reactions with ethylene carbon-
ate in different media, and it was shown that the second amine molecule by fitting
into the cyclic structure of the transition state promotes the proton transfer from the
amine to cyclocarbonate via the catalytic assistance mechanism [14—17].

TBD catalyzed reaction of urethane formation: kinetic regularities and DFT study
of the reaction mechanism

Unlike a non-catalytic reaction, the presence of TBD (the experimental data on kg
are in Table 1) in the same concentration range of BuNH, leads to disappearance
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Table 1 The rate constants of

! ) [BuNH,], mol/L [TBD] x 10>, mol/L kg, x 10°, 57!
pseudo-first order of aminolysis
of CSBO in DMSO at 55 °C 0.30 _ 0.32+0.01
0.41 - 0.54+0.01
0.50 - 0.69+0.03
0.60 - 1.12+0.04
0.65 - 1.17+0.05
0.71 - 1.45+0.03
0.19 3.47 4.90+0.24
0.30 3.48 7.19+0.31
0.40 1.13 2.62+0.05
0.40 3.51 8.78 +0.37
0.40 491 15.4+0.28
0.40 8.56 24.8+0.78
0.52 3.52 11.1+0.57
0.60 3.52 14.1+0.47
0.67 3.50 15.9+0.28
The concentration of cyclocarbonate groups is (1.5-5.0) X 1072
mol/L
KopeX10°, 87
16
[ ]
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Fig.2 Dependence of observed rate constant of pseudo-first order k., of CSBO non-catalytic reaction
with n-butylamine in DMSO on amine concentration [BuNH,]. T=55°C

of the channel with participation of two amine molecules, that is resulted in almost
linear dependence of k., on [BuNH,] (Fig. 3). The dependence of the catalytic rate
constant on the TBD concentration (at [BuNH,]=Const) is also linear (Fig. 4).

As seen from Figs. 3 and 4, the patterns of the CSBO catalytic aminolysis are
similar to those of the model ethylene carbonate. The reaction is the first order by
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Fig. 3 Dependence of observed rate constant of pseudo-first order of CSBO catalytic reaction with n-but-
ylamine in DMSO on amine concentration [BuNH,] in presence of 3.5 x 10> mol/L TBD, T=55°C
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Fig.4 Dependence of catalytic rate constant of pseudo-first order k., =k, —kq (k, is the rate constant
of non-catalytic reaction) of CSBO reaction with n-butylamine in DMSO on TBD concentration at
[BuNH,]=0.4 mol/L, T=55°C

amine and catalyst, which was used as a basis in the present work for the quantum
chemical description of the catalysis mechanism of the studied reaction under action
of TBD in DMSO.

In the present work, the effect of the solvent on the catalysis mechanism of the
aminolysis reaction under the action of TBD was first taken into account. The non-
catalytic reaction of aminolysis of cyclocarbonates in such solvents as dioxane
and methanol has been previously studied by the DFT method in a supermolecule
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approximation [18, 19]. The theoretical description of the mechanisms of the liquid-
phase reactions by the supermolecule method allows taking into account specific
interactions between the molecules of reactants, catalyst and solvent, such as hydro-
gen bonds, which affect the chemical transformation. This effect cannot be taken
into account when using other methods of modeling the reaction in solution.

In our case, DMSO is a highly dipolar aprotic solvent and, it cannot explicitly
form chains or networks of hydrogen bonds like water or alcohols. However there
are weak hydrogen bonds between the hydrogen atoms of the methyl groups and the
oxygen atoms in this solvent, and this is sufficient for the formation of linear chains
and small clusters from the DMSO molecules [36, 37]. Hydrogen bonds of the same
type are formed with both reagents and co-solvent molecules [38—49]. Thanks to the
cooperativity effect, the formation of even such weak hydrogen bonds can affect the
chemical reactions in DMSO or its mixtures with other solvents and reagents, for
example, with water, alcohols, amines [36, 37, 50, 51].

The structure of clusters consisting of the DMSO molecules has been recently
studied by the quantum chemical methods [50]. The most stable isomers were
mainly studied. In order to construct the correct solvated structures by the supermol-
ecule method, it is necessary to study all possible ways of coordinating the DMSO
molecules and compare the energy gain from the formation of such structures. It was
carried out on the example of the DMSO dimer complexes (Fig. 5).

All five isomers of the DMSO dimer have already been calculated in differ-
ent sources (1a [36, 37, 51], 1b [52], 1c¢ [52, 53], 1d [36, 52], 1e [36]), and our
data are in agreement with them. The most stable is the symmetric isomer la
with four hydrogen bonds, its energy is taken as the reference level for other iso-
mers. Reducing the number of the hydrogen bonds up to three in 1b increased the
energy of the complex by 1 kcal/mol, and reducing the number of the hydrogen
bonds to two in 1c—by 2.4 kcal/mol. The complexes 1d and 1e differ in the sym-
metry of the arrangement of two DMSO molecules relative to each other and have

( O 5o H re> 2370
1 ‘) : . L S . >4
S H 2360H & pz 367 ',
A‘\, ¢ \“}" k ) .S
2.361 \
)’A H 2.361 vw ©'s LH 2.202 ¢
A - O - ¢
1a (0.0) 1b (1.0)

« 2.243 H .. S ﬂ 0 H s o
g};— Q s ¢ & S S M
. S | ‘ H : " ﬁ* “TT3aee
H . ’ S/ ozl L ,‘( S ‘L
V | rrbz.zu ‘ i( } Y % i€ ) 2509 .
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Fig.5 Structures of stable isomers of DMSO dimer (relative energies (kcal/mol) are shown in brackets)
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the additional possibility of binding due to a c-hole effect. However, this effect
does not give a sufficient energy gain, and because of the presence of the oxygen
atom unbound by the hydrogen bonds, the 1d and 1e complexes turned out to be
energetically the least beneficial.

Thus, the construction of supermolecules with the participation of DMSO
should take into account the number of the hydrogen bonds formed and the pres-
ence of unsolvated unsaturated oxygen atoms. A certain role in the structure sta-
bilization is played by the formation of cycles from hydrogen bonds with the oxy-
gen and hydrogen atoms of the methyl groups of the DMSO molecules.

As was shown before, the main contribution into the process is made by the
concert and stepwise reaction pathways at the calculation of the mechanism of
non-catalytic and TBD-catalyzed aminolysis of ethylene carbonate in the gas
phase [14, 15, 18, 19]. Other variants of mechanism have higher transformation
barriers. Therefore, these two pathways were considered in the present work. An
important role in the catalysis of aminolysis is also played by the process of the
proton transfer, in which the solvent molecules can participate. This is typical
for the reaction in the alcoholic solutions [18]. When the reaction takes place in
DMSO, the solvent molecules can only stabilize the transition states, screening
the forming excess charges, and cannot participate in the proton transfer.

When using the supermolecule method for the quantum chemical calculation
of the reaction mechanisms in a solution, it is important to choose the optimal
number of solvent molecules for correct modeling of the near solvation shell.
It can be sufficient to take into account only one solvent molecule [19], and for
another solvent it is necessary to consider, for example, five molecules [18]. This
depends on the number and type of the specific interactions between the reagent
and solvent molecules, as well as between the solvent molecules. The bonds
caused by the specific interactions, which are not breaking and forming during
the chemical reaction, should be maintained in all transition states, intermedi-
ates, pre-reaction complexes, and solvated reagents, so that the energies of such
interactions do not introduce an error into the calculation of the complexation and
activation energies.

We studied the effect of one, two, and three DMSO molecules on the transforma-
tion barriers. The activation energies counted from the complexes of the solvated
reagents SR are listed in Tables 2 and 3 for the concert and stepwise pathways,
respectively. The general scheme of transformation is shown in Fig. 6. Because of
the stabilizing effect of the DMSO molecules, the number of stages in both path-
ways increased, as compared with the gas-phase process [17], and even the proton
transfers inside the cycle were broken down into separate stages.

The reaction by both pathways begins with the addition of amine to carbonyl
group via TS1 or TS4. The difference is in coordination of TBD proton to different
O atoms, alkoxy or carbonyl O, respectively. The proton transfer between amine and
TBD occurs in TS2 and TS5, resulting in the TBD cation formation. Further, every-
thing is ready for the cycle opening through TS3 in the concerted pathway, but at the
stepwise pathway the TBD molecule must be rotated by ~40° with the reorientation
of the proton associated with TBD from N atom on amino group to O atom of the
alkoxy group (TS6). The breaking of the C-O bond in the cycle occurs in TS3 and
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Table 2 Energies of transition states (TS1-TS3), intermediates (I1, 12), pre-reaction complexes (RC)
and product complexes (PC) found for the concert pathway of ethylene carbonate aminolysis reaction at
TBD catalysis in DMSO (in kcal/mol)

Number of Isomer® RC TS1 11 TS2 12 TS3 PC Maximal barrier
DMSO

0 1 05> - - - - 149>  —13.1°  14.9°
0 2 0.0° - - - - 15.5° -97° 155°
0 3 0.0 - - - - 17.6°  —11.1° 176"
0 4 03> - - - - 18.2° -82> 182°
1 1 -26 78 46 12 68 69 —-159 7.8
1 2 -26 66 53 - - 101 —165  10.1
1 3 -30 69 51 - - 102 —149 102
1 4 -05 - - 109 8.1 91 —-112 109
1 5 08 104 97 112 88 92 -—128 112
1 6 -20 77 - - 68 122 —144 122
1 7 -02 90 - - 77 128 —145 128
2 1 24 96 66 95 91 93  —127 9.6
2 2 01 99 74 - - 122 -109 122
2 3 04 89 63 - - 12.8 -58 128
2 4 40 124 118 134 110 111 —-130 134
3 1 08 101 57 96 94 96 —137 101
3 2 -11 82 54 - - 109 —140 109
3 3 27 106 116 117 86 88 —134 117
3 4 27 94 66 - - 124  —130 124
3 5 -03 108 82 - - 138 —114 138

“Different isomers on potential energy surface
"Data from Ref. [17]

Table 3 Energies of transition states (TS4-TS7), intermediates (I3-15), pre-reaction complexes (RC)
and product complexes (PC) found for the stepwise pathway of ethylene carbonate aminolysis reaction at
TBD catalysis in DMSO (in kcal/mol)

Number  Isomer® RC TS4 13 TSS 14 TS6 15 TS7 PC Maximal barrier
of DMSO

0 1 0.8 93* 9.1° 95> 42° 6.1° 57 84> —129° 95
0 2 1.1° 105> 9.9° 10.1° 3.8 57° 51> 78> —11.9° 105°
2 1 24 97 45 64 49 68 62 14 —-134 97
2 2 -02 100 82 - - 87 57 104 -69 104
3 1 1.1 101 46 - - 84 70 75 —134 84
3 2 -09 83 62 - - 97 96 118 —125 118
3 3 1.1 82 60 - - 80 79 123 -108 123

“Different isomers on potential energy surface
*Data from Ref. [17]

@ Springer



76 Reaction Kinetics, Mechanisms and Catalysis (2020) 129:65-83

_..--0 o) H— H-----O. (o] H\
H CH; / \
NS S e e S g
N XN He 7 N SN /\ P N)\ H‘ﬁ o
Me . HoH S T K) Me" HC/H' / SN—HT / H -
S 2 | e cH
—/—S\c/ ‘:s\ % \ 5‘;\ /,
H Ho
H2
Ts1 TS2 TS3

"concerted" [

/_\

° "stepwise" (\N/H O“\FO (\O NHMe
Y topuice o,.d

+ MeNHz +TBD =S, M + TBD + 2 DMSO

+2 DMSO H
b
/ TS4

NT XN H’N\ Me H(’:’H (,«’

TS5 TS6

Fig.6 Scheme of reaction and transition states of concert and stepwise pathways of TBD-catalyzed ami-
nolysis of ethylene carbonate with participation of two DMSO molecules

TS7 with simultaneous proton transfer through TBD to the alkoxy O atom to form a
hydroxy group.

There is a conformational isomerism of amine addition and also an isomerism
of TBD connection from the front or back side of the cyclocarbonate cycle relative
to the amine attachment [18]. Besides, the formation of several isomers with dif-
ferent arrangement of the DMSO molecules around the reagents is possible. In the
most stable isomers of the transition states with the lowest transformation barrier,
TBD is added from the reverse side of the cyclocarbonate, and the DMSO molecules
close the cycle of the hydrogen bonds between proton of amino-group and carbonyl
oxygen atom, as shown in the scheme (Fig. 6). Such cycles are similar to the so-
called stabilization cycles formed by the methanol molecules described earlier [18].
Of importance is the formation of two hydrogen bonds with the hydrogen atoms of
the methyl groups of each DMSO molecule. It is more efficient if these hydrogen
bonds are formed by the same O atom (carbonyl O or atom O from DMSO), form-
ing a six-membered cycle. Different stages can be limiting in the different isomeric
transformation pathways.

As for the choice of the optimal number of the DMSO molecules for the calcula-
tion, in this case two solvent molecules are sufficient. If only one DMSO molecule is
used for calculations, it is bounded too strongly into a complex with reagents, which
leads to an underestimation of the activation energy. In addition, it is not possible
to construct the structure of the solvated reagents (SR) with one DMSO molecule
with the complete elimination of the interaction between reagents. An increase in
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the number of the DMSO molecules up to three does not lead to a significant change
in the activation energies.

On the reasons of the anomalous kinetics of CSBO aminolysis: experimental
and theoretical interpretation

The deviation of the kinetic curves from a simple first-order law in an excess of
amine, characteristic for the aminolysis process of the studied CSBO oligomer
(Fig. 1), can be caused by the following reasons:

(a) increasing “blocking” of the cyclocarbonate groups, molecules of amine and
catalyst as a result of inter-chain hydrogen bonds involving the hydroxyurethane
fragments formed in the reaction and thereby change of the mobility and reactiv-
ity of reactants and catalyst,

(b) different reactivity of the cyclocarbonate groups of different types, contained in
the initial triglyceride molecule and therefore reacting with the amine, each with
its own rate constant.

The results on the inhibition of the interaction of cyclocarbonates with an oli-
gomeric diamine (Jeffamine EDR-148) in chloroform, THF and DMF have been
recently interpreted with regard to “blocking” of the reactants by the reaction prod-
ucts [22]. The authors accelerated the reaction by introducing into the system metha-
nol, a solvent that breaks the interchain H-bonds with the participation of hydroxyu-
rethane groups and increases the molecular mobility of oligomer chains. In the light
of article [22], we also carried out the corresponding experiments, and it was estab-
lished that there is a significant acceleration of the reaction of CSBO aminolysis in
DMSO with the addition of n-butanol and in pure alcohol as in article [22]. So, at
[BuNH,]=0.4 mol/L in DMSO, in the mixture of DMSO and n-butanol containing
51% n-butanol, and in 100% n-butanol, the rate constants, calculated from the initial
part of the kinetic curves till the deviation from the pseudo-first order law, are 5.4 X
107%, 3.4 x 107 and 1.6 x 10~* s~'. However, there was no noticeable shift of the
inflection point of the kinetic curve anamorphoses towards greater transformation
depths. In fact, the acceleration of aminolysis in the presence of alcohol is previ-
ously well-studied phenomenon, observed not only in oligomeric, but also in mono-
meric systems. It is caused by the catalytic assistance of alcohol to the act of the
proton transfer in the cyclic transition state of the limiting reaction stage [16, 18].

There was also an attempt to understand the experimentally observed change
in the activity of the functional groups of the oligomer during transformation, as
a result of the presence in it of the cyclocarbonate fragments of linoleic (L) and
oleic (O) nature (as main components) under the assumption of their different
reactivity. These are not the only fatty acid residues in CSBO, linolenic (Ln) resi-
dues are presented in less amount, as well as nonfunctional unsaturated fatty acid
residues—stearin (S), palmitic (P) and some others. The content of L-type triglyc-
erides in the oligomer under study (LLL, LLO, PLL, LLS, etc.) according to the
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mass spectrometry data [28] comprises ~55%, O-type (OO0, OLO, POO, OLS,
etc.)~22%, Ln-type (PLnL, LLnL, Ln, Ln, O, etc.)~7%.

First of all, it was assumed the possibility to change the reactivity of the cyclo-
carbonate group of the L-fragment at the expense of the forming of the H-bond
between the product of aminolysis (the hydroxyurethane group) and the unreacted
by this time cyclocarbonate group located on the same chain. For this purpose, the
quantum chemical calculation of the energy barriers of the sequential opening of the
model bicyclocarbonate cycles (a) during its attack with methylamine and the acti-
vation energies for transformation of the monofunctional cyclocarbonates (b) and
(c¢) in the same reaction was made.

Me Me
o] (0] / ‘
|

é

//yo 0 \‘/ o0
I
o} o} o
a b c

Bicyclocarbonate a is the model of the L-fragment, and monocyclocarbonates b
and c are the models of the O-fragment of the oligomeric chains.

For bicyclocarbonate a, the investigation was carried out on a single potential
surface with the participation of two amine molecules. In the case of compounds b
and c, the corresponding isomers of the pre-reaction complexes (RC) with the mini-
mum energy were used as the reference level of all relative energies. For compound
a, the RC isomer with the minimum energy among the isomers with excluding the
interaction of two amine molecules was used as the reference level. It is necessary to
correctly compare the barriers of three reactions proceeding on the different poten-
tial surfaces, since the interaction of amine molecules is not taken into account for
b and c. To simplify the calculations, only concert non-catalytic reaction pathway in
the gas phase was considered. The calculation results are presented in Fig. 7.

The activation barriers of the calculated transformations shown in the diagram
have intervals due to the isomerism of transition states (see below). In our case, the
minimum values of the barriers are important, because the path of reaction passes
through them. The point to note during analysis of the potential curves (Fig. 7) is the
lowest transformation barrier of the first (TS8a), and especially the second (TS9a)
cyclocarbonate group of the linoleic fragment compared to O-fragment models
(TS8b, TS8c). Fig. 8 shows the characteristic structures of the transition states and
intermediates on the potential surface of transformation of bicyclocarbonate a, mod-
eling the L-fragments of CBSO.

From the geometric structure of the most profitable transition state of bicyclo-
carbonate aminolysis (TS9a), it follows that the decrease in activation barrier of
the second stage of L-unit transformation is the result of the solvation effect of the
hydroxyl group (H bond) rather than the expected autocatalytic assistance. But in
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Fig. 7 Potential energy surfaces of opening reactions of cyclocarbonate groups under action of methyl-
amine in model compounds a-c. Substituents in cyclocarbonates: a—R;=H, R, =(2-ox0-1,3-dioxolan-
4-y)methyl; b—R;=R,=H; ¢c—R;=R,=Me

this case, the reason for the decrease in the activation energy is of no significance.
The main and doubtless fact is that the cyclocarbonate groups of the linoleic nature
are more active than the cyclocarbonate groups of the oleic type, and this circum-
stance is the reason for the abnormal kinetics of the urethane formation with the
CBSO participation.

Under the examination of such large molecules as bicyclocarbonate a for models,
the problem of consideration of all possible isomers and conformers for the transi-
tion states, intermediates and pre-reaction complexes arises. As a rule, it is difficult
to predict in advance, which of the isomers will be more profitable. If there is a pos-
sibility for the specific interactions in a molecule, the energy spread of isomers can
be very large [18]. Therefore, it is necessary to calculate all isomers to find the reac-
tion pathway with the minimum energy.

In our case, it was possible to reduce the number of the isomers under consid-
eration to 39 for TS8a, since it was shown [30] that the inductive effect (2-oxo-
1,3-dioxolan-4-yl)methyl substituent promotes the opening of the C(2)-O(1) bond
in cyclocarbonate, and isomers with the opening C(2)-O(3) bond are less beneficial.
In addition, the isomers with a possible effect of the second methylamine molecule
on the transition state were excluded from consideration. The energy spread of the
TS8a isomers is 10.5 kcal/mol.

The energy spread of intermediate I6a and TS9a is even larger and com-
prises ~20 kcal/mol, since apart from the conformational isomers, the formation of
cycles with hydrogen bonds is possible. In the most stable isomer I6a, the meth-
ylamine molecule participates in the formation of such a 10-membered ring. Only
the most characteristic manners of the hydroxyl coordination with the rest of the
molecule and all possible conformations at such coordination manners were consid-
ered for TS9a. Namely, the formation of the most stable complex of the first-stage
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I6a (-12.2) 16a (7.9)
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Fig.8 Characteristic structures of transition states and intermediates on potential surface of aminolysis
of bicyclocarbonate a, simulating the L-fragments of oligomer. Relative energies are given in the brack-
ets (kcal/mol)

reaction product with the hydroxyl coordination by the O atom of the carbonyl
group of the carbamate; the solvation promotion of the hydroxyl group to the reac-
tion; the formation of less stable complexes of the hydroxyl group with the hydrogen
bond to other heteroatoms; as well as structures without any interaction of hydroxyl
with the environment (such TS9a are the least profitable energetically). It should be
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noted that the assistance of the hydroxyl to proceeding of the reaction is equivalent
in energy to the formation of the most stable hydroxyl complex with the carbonyl
group of the carbamate, while other TS9a configurations are less beneficial.

Conclusions

The decrease in the activation energy of the reaction in DMSO compared to the
gas-phase approximation is~5 kcal/mol for the concert pathway and only~1 kcal/
mol for the stepwise pathway, if the structures with one DMSO molecule are not
considered. The last difference is connected with the fact that in the stepwise path-
way the carbonyl O atom participates in the reaction and its additional screening
by solvent is not required. As a result, the energy barriers along two pathways were
almost equal for the reaction in the DMSO solution. The TBD role in the aminolysis
reaction consists in the proton transfer between the amine and the hydroxyl group
formed, and the DMSO role is in the screening of the excess charges formed on the
oxygen atoms of the cyclocarbonate group upon the amine addition.

Due to the weak negative inductive effect of the neighboring cyclocarbonate
group, the reactivity of the linoleic acid residue is higher than that of oleic acid. In
this connection at first the linoleic fragments react mainly on both cyclocarbonate
groups, with the second cyclocarbonate group reacting faster. This contributes to
an increase in the observed reaction rate and explains the deviation of the kinetic
curves for aminolysis of CSBO from the first order law.

Acknowledgements This study was performed within the framework of the State Task (Theme V 45.5,
0082-2014-0015, no. AAAA-A17-117032750201-9) and supported by the Russian Foundation for Basic
Research (project no. 17-03-00146).

References

1. Cornille A, Auvergne R, Figovsky O, Boutevin B, Caillol S (2017) A perspective approach to sus-
tainable routes for non-isocyanate polyurethanes. Eur Polymer J 87:535-552

2. Rokicki G, Parzuchowski PG, Mazurek M (2015) Non-isocyanate polyurethanes: synthesis, proper-
ties, and applications. Polymer Adv Technol 26:707-761

3. Maisonneuve L, Lamarzelle O, Rix E, Grau E, Cramail H (2015) Isocyanate-free routes to polyure-
thanes and poly(hydroxy urethane)s. Chem Rev 115:12407-12439

4. Blattmann H, Fleischer M, Bihr M, Miilhaupt R (2014) Isocyanate- and phosgene- free routes to
polyfunctional cyclic carbonates and green polyurethanes by fixation of carbon dioxide. Macromol
Rapid Commun 35:1238-1254

5. Figovsky O, Shapovalov L, Leykin A, Birukova R, Potashnikova R (2013) Recent advances in
the development of non-isocyanate polyurethanes based on cyclic carbonates. PU Magaz Int
10:256-263

6. Nohra B, Candy L, Blanco JF, Guerin C, Raoul Y, Moolaungui Z (2013) From petrochemical polyu-
rethanes to biobased polyhydroxyurethanes. Macromolecules 46:3771-3792

7. Figovsky O, Shapovalov L, Leykin A, Birukova R, Potashnikova R (2012) Progress in elaboration
of nonisocyanate polyurethanes based on cyclic carbonates. Int Lett Chem, Phys Astron 3:52-66

8. GuanJ, Song Y, Lin Y, Yin X, Zuo M, Zhao Y, Tao X, Zheng Q (2011) Progress in study of non-
isocyanate polyurethane. Ind Eng Chem Res 50:6517-6527

9. Tiger RP (2004) Acyl azides as latent isocyanates. Polym Sci Ser B 46:142-153

@ Springer



82

Reaction Kinetics, Mechanisms and Catalysis (2020) 129:65-83

10.

11.
12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Garrison TF, Kessler MR (2016) Plant oil-based polyhydroxyurethanes. In: Madbouly SA, Zhang C,
Kessler MR (eds) Bio-based plant oil polymers and composites. Elsevier Inc., Amsterdam, pp 37-72
Groszos SJ, Darien, Drechsel EK (1957) US2802022

Garipov RM, Sysoev VA, Mikheev VV, Zagidullin Al, Deberdeev RY, Irzhak VI, Berlin AA (2003)
Reactivity of cyclocarbonate groups in modified epoxy-amine compositions. Doklady Phys Chem
393:289-292

Lambert RH, Henderson TJ (2013) Organocatalytic synthesis of (poly)hydroxyurethanes from cyclic
carbonates and amines. Polymer 54:5568-5573

Zabalov MV, Tiger RP, Berlin AA (2011) Reaction of cyclocarbonates with amines as an alternative
route to polyurethanes: a qunatum-chemical study of reaction mechanism. Doklady Chem 441:355-360
Zabalov MV, Tiger RP, Berlin AA (2012) Mechanism of urethane formation from cyclocarbonates and
amines: a quantum chemical study. Russ Chem Bull Int Ed 61:518-527

Levina MA, Krasheninnikov VG, Zabalov MV, Tiger RP (2014) Nonisocyanate polyurethanes
from amines and cyclic carbonates: kinetics and mechanism of a model reaction. Polym Sci Ser B
56:139-147

Levina MA, Krasheninnikov VG, Zabalov MV, Tiger RP (2017) Green chemistry of polyurethanes: the
catalytic N-Butylaminolysis of ethylene carbonate as a model chain-growth reaction in the formation of
nonisocyanate polyurethanes. Polym Sci Ser B 59:497-505

Zabalov MV, Tiger RP (2017) Specificities of application of the supermolecule method to the calcula-
tion of reaction mechanisms in a protonodonor medium. Ethylene carbonate aminolysis in methanol.
Theor Chem Acc 136:95

Zabalov MV, Tiger RP (2016) The supermolecule method, as applied to studies of liquid phase reaction
mechanisms taking cyclocarbonate aminolysis in dioxane as an example: specific features. Russ Chem
Bull Int Ed 65:631-639

Tomita H, Sanda F, Endo N (2001) Model reaction for the synthesis of polyhydroxyurethanes from
cyclic carbonates with amines: substituent effect on the reactivity and selectivity of ring-opening direc-
tion in the reaction of five-membered cyclic carbonates with amine. J Polym Sci Part A 39:3678-3685
Lamarzelle O, Durand PL, Wirotius AL, Chollet G, Graua E, Cramail H (2016) Activated lipidic cyclic
carbonates for non-isocyanate polyurethane synthesis. Polym Chem 7:1439-1451

Cornille A, Blain M, Auvergne R, Andrioletti B, Boutevin B, Caillol S (2017) A study of cyclic carbon-
ate aminolysis at room temperature: effect of cyclic carbonate structures and solvents on polyhydroxyu-
rethane synthesis. Polym Chem 8:592-604

Lambeth RH, Mathew SN, Baranoski MN, Hausman KJ, Tran B, Oyler JM (2017) Nonisocyanate
polyurethanes from six-membered cyclic carbonates: catalysis and side reactions. J Appl Polym Sci
134:44941

Blain M, Jean-Gerard L, Auvergne R, Benazet D, Caillol S, Andrioletti B (2014) Rational investiga-
tions in the ring opening of cyclic carbonates by amines. Green Chem 16:4286-4291

Thomas C, Bibal B (2014) Hydrogen-bonding organocatalysts for ring-opening polymerization. Green
Chem 16:1687-1699

Ottou WN, Sardon H, Mecerreyes D, Vignolle J, Taton D (2016) Update and challenges in organo-
mediated polymerization reactions. Progr Polym Sci 56:64-115

Okino T, Hoashi Y, Takemoto Y (2003) Enantioselective Michael reaction of malonates to nitroolefins
catalyzed by bifunctional organocatalysts. ] Am Chem Soc 125:12672-12673

Levina MA, Miloslavskii DG, Pridatchenko ML, Gorshkov AV, Shashkova VT, Gotlib EM, Tiger RP
(2015) Green chemistry of polyurethanes: synthesis, structure, and functionality of triglycerides of soy-
bean oil with epoxy and cyclocarbonate groups—renewable raw materials for new urethanes. Polym Sci
Ser B 57:584-592

Alves M, Mereau R, Grignard B, Detrembleur C, Jerome C, Tassainga T (2017) DFT investigation of
the reaction mechanism for the guanidine catalysed ring-opening of cyclic carbonates by aromatic and
alkyl-amines. RSC Adv 7:18993-19001

Lente G (2018) Facts and alternative facts in chemical kinetics: remarks about the Kinetic use of activi-
ties, termolecular processes, and linearization techniques. Curr Opin Chem Eng 21:76-83

Levina MA, Zabalov MV, Krasheninnikov VG, Tiger RP (2018) Comparative reactivity of cyclocar-
bonate groups of oligomeric triglycerides based on soybean oil and model compounds in the reactions
of nonisocyanate urethane formation. Polym Sci Ser B 60:563-570

Perdew JP, Burke K, Ernzerhoff M (1996) Generalized gradient approximation made simple. Phys Rev
Lett 77:3865-3868

Ernzerhoff M, Scuseria GE (1999) Assessment of the Perdew-Burke-Ernzerhof exchange-correlation
functional. J Chem Phys 110:5029-5036

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2020) 129:65-83 83

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Laikov DN (1997) Fast evaluation of density functional exchange-correlation terms using the expansion
of the electron density in auxiliary basis sets. Chem Phys Lett 281:151-156

Laikov DN, Ustiniuk YA (2005) PRIRODA-04: a quantum-chemical program suite. New possibilities
in the study of molecular systems with the application of parallel computing. Russ Chem Bull Int Ed
54:820-826

Clark T, Murray JS, Lane P, Politzer P (2008) Why are dimethyl sulfoxide and dimethyl sulfone such
good solvents? ] Mol Model 14:689-697

Venkataramanan NS, Suvitha A (2018) Nature of bonding and cooperativity in linear DMSO clusters: a
DFT, AIM and NCI analysis. ] Mol Graph Model 81:50-59

Mizuno K, Imafuji S, Ochi T, Ohta T, Maeda S (2000) Hydration of the CH groups in dimethy! sulfox-
ide probed by NMR and IR. J Phys Chem B 104:11001-11005

Mrazkova E, Hobza P (2003) Hydration of sulfo and methyl groups in dimethyl sulfoxide is accom-
panied by the formation of red-shifted hydrogen bonds and improper blue-shifted hydrogen bonds: an
ab initio quantum chemical study. J Phys Chem A 107:1032-1039

Li Q, Wu G, Yu Z (2006) The role of methyl groups in the formation of hydrogen bond in DMSO-
methanol mixtures. ] Am Chem Soc 128:1438-1439

Li Q, An X, Gong B, Cheng J (2007) Cooperativity between OH--O and CH--O hydrogen bonds
involving dimethyl sulfoxide-H,0-H,O complex. J Phys Chem A 111:10166-10169

Li Q, An X, Gong B, Cheng J (2008) Spectroscopic and theoretical evidence for the cooperativity
between red-shift hydrogen bond and blue-shift hydrogen bond in DMSO aqueous solutions. Spectro-
chim Acta A 69:211-215

Li Q, An X, Gong B, Cheng J (2008) Comparison of contribution of O-H--O=S hydrogen bond
and C-H---Ow interaction to the methyl blueshift in hydration of dimethyl sulfoxide. Vib Spectrosc
46:28-33

Zhang L, Wang Y, Xu Z, Li H (2009) Comparison of the blue-shifted C-D stretching vibrations
for DMSO-dg in imidazolium-based room temperature ionic liquids and in water. J Phys Chem B
113:5978-5984

Noack K, Kiefer J, Leipertz A (2010) Concentration-dependent hydrogen-bonding effects on the dime-
thyl sulfoxide vibrational structure in the presence of water, methanol, and ethanol. ChemPhysChem
11:630-637

Venkataramanan NS (2012) Microsolvation of DMSO: density functional study on the structure and
polaraizabilities. Int J Quant Chem 112:2599-2606

Venkataramanan NS (2016) Cooperativity of intermolecular hydrogen bonds in microsolvated DMSO
and DMF clusters: a DFT, AIM, and NCI analysis. J Mol Model 22:151

Venkataramanan NS, Suvitha A, Kawazoe Y (2017) Intermolecular interaction in nucleobases
and dimethyl sulfoxide/water molecules: a DFT, NBO, AIM and NCI analysis. J] Mol Graph Model
78:48-60

Lande DN, Bhadane SA, Gejji SP (2017) Noncovalent interactions accompanying encapsulation of res-
orcinol within azacalix[4]pyridine macrocycle. J Phys Chem A 121:1814-1824

Bandyopadhyay B, Pandey P, Banerjee P, Samanta AK, Chakraborty T (2012) CH--O interaction low-
ers hydrogen transfer barrier to keto-enol tautomerization of p-cyclohexanedione: combined infrared
spectroscopic and electronic structure calculation study. J Phys Chem A 116:3836-3845
Venkataramanan NS, Suvitha A, Kawazoe Y (2018) Density functional theory study on the dihydrogen
bond cooperativity in the growth behavior of dimethyl sulfoxide clusters. J Mol Liq 249:454-462
Onthong U, Megyes T, Bako I, Radnai T, Grész T, Hermansson K, Probst M (2004) X-ray and neu-
tron diffraction studies and molecular dynamics simulations of liquid DMSO. Phys Chem Chem Phys
6:2136-2144

Singh S, Srivastava SK, Singh DK (2013) Raman scattering and DFT calculations used for analyzing
the structural features of DMSO in water and methanol. RSC Adv 3:4381-4390

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



	Kinetics and quantum chemical aspects of the mechanism of the guanidine (TBD) catalyzed aminolysis of cyclocarbonate containing soybean oil triglycerides as the model process of green chemistry of polyurethanes
	Abstract
	Introduction
	Experimental
	Reagents
	Measurements

	Theoretical
	Results and discussion
	Uncatalyzed reaction of urethane formation: kinetic regularities
	TBD catalyzed reaction of urethane formation: kinetic regularities and DFT study of the reaction mechanism
	On the reasons of the anomalous kinetics of CSBO aminolysis: experimental and theoretical interpretation

	Conclusions
	Acknowledgements 
	References




