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Mechanism of urethane formation from cyclocarbonates and amines:
a quantum chemical study
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The mechanism of the reaction of cyclic esters with amines, providing non�isocyanate
urethanes, was studied in terms of DFT by the PBE/TZ2P method using as examples the
reactions of ethylene carbonate and propylene carbonate with methylamine. The reaction can
proceed through the one� or multistage path involving one or two amine molecules. The second
amine molecule plays the role of the catalyst of the process, resulting in a substantial decrease in
the activation energy of the reaction.
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Industrial synthesis of polyurethanes is based on the
reaction of di� or polyisocyanates with di� or polyols.1 In
turn, isocyanates are synthesized by the phosgenation of
primary amines. The production of polyurethanes is not
irreproachable from the ecological point of view, and al�
ternative routes for synthesis of both polyurethanes and
isocyanates are being developed in recent years.2

Among few reactions that can form a basis for the
development of non�isocyanate polyurethanes, the reac�
tion of primary amines with cyclocarbonates is very prom�
ising. Oligomers with cyclocarbonate groups are synthe�
sized from epoxide or hydroxyl�containing oligomers.3 The
reaction of cyclocarbonate groups with amines (Scheme 1)
affords polyurethanes containing hydroxyl groups, which
provides routes for the corresponding modification of these
polymers. In addition, the primary and secondary hydr�
oxyl groups at the urethane group favors an enhancement
of the hydrolytic stability of polyurethanes due to intra�
and intermolecular hydrogen bonds.4

Scheme 1

The reaction of cyclocarbonate ring opening under the
action of primary amines with the formation of hydr�

oxyurethanes was not earlier studied by quantum chemi�
cal methods. There are no literature data on the detailed
mechanism of this process. A few kinetic data5,6 indicate
the first order of the reaction with respect to reactants at
their equimolar ratio and the second order with respect to
amine in an excess of the latter. This indirectly indicates
the possible participation of the second amine molecule in
the reaction; however, its role was not exactly established.

In the present work, we studied the mechanism of ad�
dition of the amino group to the cyclocarbonate group in
terms of the DFT method using the reactions of ethylene
carbonate (1) and propylene carbonate with methylamine
as examples.

Calculation Methods

Calculations were performed in terms of DFT using the non�
empirically generalized gradient approximation and the PBE
functional7,8 in the TZ2P basis set by the PRIRODA program.9,10

Geometry optimization was carried out for all starting reactants,
stable intermediates, and transition states. The character of the
found stationary points (a minimum or a saddle point on the
potential energy surface (PES)) were determined by the calcula�
tion of the eigenvalues of the matrix of the secondary energy
derivatives with respect to the nuclear coordinates. Belonging of
transition states to transformation under consideration was es�
tablished by the calculations of the reaction coordinate. Correc�
tions to zero�point energy vibrations were introduced to refine
relative energies.

Results and Discussion

Analysis of the addition products of methylamine to
cyclocarbonates. The addition product of methylamine to
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cyclocarbonate can exist as numerous conformers and iso�
mers with the intramolecular hydrogen bond. We searched
for all possible stable structures to determine the most
stable conformer corresponding to the global minimum
on the PES and to calculate the enthalpy of the reaction.
Ten minima corresponding to four cyclic isomers 2a—d
with the intramolecular hydrogen bond and six open con�
formers 2e—j were found (Fig. 1).

Cyclic isomer 2a with the hydrogen bond at the carbo�
nyl O atom turned out to be the most stable. Due to the

Н...О=С hydrogen bond (l = 1.82 Å), the О—Н bond is
elongated by ~10%. Isomer 2b differs from analog 2a only
by the arrangement of substituents at the N atom relative
to the rest part of the molecule (hindered rotation of the
NHMe group). The difference in energies of isomers 2a
and 2b is only 1 kcal mol–1. Other isomers with hydrogen
bonds at the N atom (2c,d) and noncyclic conformers
without hydrogen bonds (2e—j) are less stable. One of the
noncyclic products (2g) is only 2 kcal mol–1 less stable
than compound 2a; i.e., hydrogen bonding is not the main

Fig. 1. Structures of the conformers and isomers by hydrogen bonds of the addition products of methylamine to ethylene carbonate.
Here and in Figs 2, 3, 5—8, and 10, the relative energies of molecular species are given in kcal mol–1 in parentheses. The absolute
energies (au) for structure 2a, methylamine, and ethylene carbonate are –437.961974, –342.168688, and –95.769226, respectively.
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stabilizing factor. As can be seen from Fig. 1, the scat�
ter of energies of the conformers is rather large: up to
10.5 kcal mol–1.

The enthalpy of the reaction (H) calculated taking
into account the difference in the energies of the starting
reactants and product 2a corresponding to the global min�
imum on the PES was –15.1 kcal mol–1.

Analogous search for all possible conformers was car�
ried out for the reaction product of propylene carbonate.
Since two hydroxyurethanes (with the primary and sec�
ondary hydroxyl groups) can be formed and stereoisomer�
ism is possible for each of them, the number of conformers/
isomers increased to 40. The energy distribution of the
conformers (Table 1) turned out to be the same as for the
products of the reaction involving ethylene carbonate (1):
the most stable conformers had the hydrogen bond
at the carbonyl O atom (3b(S), 4b(R)), and the most
unstable conformers had the hydrogen bond at the amide
N atom (3d(S), 4d(S)) (Fig. 2). As can be seen from
the data in Table 1, the differences in energies of the
conformers are fairly high, and the maximum differences
observed are 15.5 and 14.5 kcal mol–1 for the products
with the secondary and primary hydroxyl group, res�
pectively.

The enthalpies of the reactions are only slightly lower
than that of the reaction of ethylene carbonate, being –14.0
and –13.5 kcal mol–1 for the products with the secondary
and primary hydroxyl group, respectively. The difference
in energies of the stereoisomers (R/S) is insubstantial and,
hence, our further attention will not be concentrated on

stereoisomerism (the difference in energies of the corre�
sponding isomers R and S is 1 kcal mol–1). It is impor�
tant that the difference in energies of the most stable con�

Table 1. Relative energies of isomers and conformers of the prod�
ucts of the reaction of propylene carbonate with methylamine*

Product E Product E
/kcal mol–1 /kcal mol–1

3a(S) 1.0 4a(S) 2.0
3a(R) 1.7 4a(R) 1.0
3b(S) 0 4b(S) 1.0
3b(R) 0.7 4b(R) 0
3c(S) 7.1 4c(S) 7.1
3c(R) 7.3 4c(R) 10.5
3d(S) 15.5 4d(S) 14.5
3d(R) 14.7 4d(R) 3.2
3e(S) 7.2 4e(S) 8.8
3e(R) 8.3 4e(R) 8.4
3f(S) 3.8 4f(S) 3.8
3f(R) 3.7 4f(R) 3.3
3g(S) 1.6 4g(S) 2.0
3g(R) 2.8 4g(R) 1.7
3h(S) 9.8 4h(S) 11.1
3h(R) 9.7 4h(R) 11.4
3i(S) 4.0 4i(S) 3.2
3i(R) 4.0 4i(R) 3.0
3j(S) 5.0 4j(S) 5.0
3j(R) 4.9 4j(R) 4.6

* For propylene carbonate, the total energy is Е = –381.448080 au.

Fig. 2. Structures of the most and least stable isomers by hydrogen bonds of the addition products of methylamine to propyl�
ene carbonate.
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formers of two possible products with the primary and
secondary hydroxyl groups (3b(S) and 4b(R)) is only
0.5 kcal mol–1; i.e., the formation of this or another prod�
uct is not regiospecific.

Mechanism of the reaction of methylamine with ethyl�
ene carbonate. The experimental data indicate5,6 that the
reactions of amines with cyclocarbonates can be of both
the first and second order with respect to amine. Thus, the
second amine molecule can participate in the process
forming H�bonded associates and playing the role of the
catalyst, thus facilitating the proton transfer from amine
to cyclocarbonate through cyclic transition states, as it
occurs in reactions of aminolysis, hydrolysis, and alcohol�
ysis of carbonyl�containing compounds.11,12

We considered two models of the reaction: involving
one and two methylamine molecules. Note that several
paths of the reaction were found for the both models: one�

stage and multistage paths with the formation of a series of
intermediates.

One�stage reaction path. Two cyclic transition states
were observed for the one�stage path (Fig. 3): four�mem�
bered involving one amine molecule (TS1a, TS1b) and
six�membered involving two amine molecules (TS2a,
TS2b). The transition states can exist as isomers with dif�
ferent orientations of methylamine relative to the five�
membered ring. The formation of four isomers is theoreti�
cally possible for both TS1 and TS2 with allowance for
the relative arrangement of the carbonyl O atom, but only
two of four isomers are formed, whereas other isomers
somewhat change and transform into another type of tran�
sition states (TS3 and TS7, see further). The activation
energies for the transition states are given in parentheses
in Fig. 3 and all subsequent figures, and the energies rela�
tive to the sum of energies of the starting reactants accept�
ed to be zero are presented for the intermediates and stable
compounds.

The activation energies of the reaction proceeding
through species TS2 are almost 3 times lower (see Fig. 3)
than those in the case of species TS1; i.e., the participa�
tion of the second amine molecule substantially acceler�
ates the process. The three�dimensional images of the tran�
sition states of the one�stage path, which contain data on
the selected interatomic distances characteristic of the cor�
responding structures, are shown in Fig. 4.

Multistage reaction path involving one methylamine mol�
ecule. The multistage path is more complicated than the
one�stage path and includes stages of formation of a series
of intermediates. If in transition state TS1 amine attacks
not the alkoxy but carbonyl bond, then intermediate 5
(amino alcohol) is formed (Fig. 5). This is an endother�
mic process, the enthalpy of formation of intermediate 5
from ethylene carbonate and methylamine is 6.6 kcal mol–1,
and the activation energies of the reactions proceeding
through species TS3a and TS3b are very high. Species
TS3a and TS3b do not almost differ by energies, since
they are enantiomers.

Fig. 3. One�stage addition of amine to compound 1 involving
one and two MeNH2 molecules.

Fig. 4. Three�dimensional images of the transition states of the one�stage path of the reaction proceeding through species TS1
and TS2.
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The further transformations of intermediate 5 are re�
lated to the proton transfer from the hydroxy or amino
group to alkoxy oxygen with the simultaneous cleavage of
the alkoxy bond (Fig. 6). The proton transfer from the
hydroxy group to alkoxy oxygen immediately results in the
product. As the previous transition states, complex TS4
can exist as two isomers with different arrangements of the
methylamino group relative to the five�membered ring.
Since the both isomers have the same energy, only one of
them is shown in Fig. 6.

The proton transfer from the amino group first results
in intermediate 6 (imino alcohol) in which the second
proton transfer occurs. The activation energy of the reac�
tion proceeding through transition state TS5 is fairly high,
and this process can be considered hypothetical. As
a whole, the process of formation and decomposition
of intermediate 5 is substantially less favorable than

the one�stage path involving two amine molecules
(through TS2) and, probably, that is why it does not occur
in practice.

Multistage path involving two amine molecules. The ad�
dition of the second amine molecule to the model sub�
stantially decreases the activation energies of all stages.
This is due to the lower strain and higher stability of the
six�membered transition states compared to the four�
membered states. Substantial complication appears due to
the formation of numerous solvates in the reaction: weak�
ly bonded complexes of intermediates 5 and 6 with the
second amine molecule. Since for different stages of the
process the second amine molecule should be from differ�
ent sides of intermediates 5 and 6, additional resolvation
stages are needed.

Four isomers with different arrangement of methyl
groups are possible for species TS7 and TS8 and interme�
diates 7 and 8 (Fig. 7). Only two isomers are possible for
each of analogous structures TS9, TS10, 9, 10, and 11
(Fig. 8). Structures TS7 and TS3 are similar. Due to the
participation of the second methylamine molecule, the
activation energy decreases more than 3 times. Solvate 7
that formed cannot immediately transform into product 2а.
Its resolvation with the formation of solvate 8 (see Fig. 7)
or 9 (see Fig. 8) is required.

Species TS8 and TS9 are similar to structures TS4 and
TS5, whereas TS8 immediately results in the product and
includes the proton transfer from the hydroxy group with
the simultaneous cleavage of the alkoxy bond. For the
reaction through TS9, the proton transfer occurs from the
amino group and solvate 10 is formed (solvate of inter�
mediate 6). The second amine molecule is again in the
position not proper for further transformation, and resol�
vation is required (transition 10  11). Structures TS10
and TS6 are similar (see Figs 6 and 8).

Fig. 6. Two paths of transformation of intermediate 5 into product 2а (involving one MeNH2 molecule).

Fig. 5. Formation of intermediate 5 for the reaction of com�
pound 1 with one MeNH2 molecule.
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Thus, the route through imine even involving two
amine molecules looks unpromising. On the contrary, the
way through species TS7 and TS8 turned out to be the
most energetically favorable of all considered paths.
The highest reaction barriers correspond to species TS7
(8.3—9.0 kcal mol–1). The formation of solvates 7a—d is

an exothermic process (see Fig. 7), unlike the stage of
formation of intermediate 5 (see Fig. 6). The energy nec�
essary for the resolvation of compounds 7 and 8 is low and
can easily be attained under the reaction conditions. The
difference in energies of intermediates 7 and 8 does not
exceed 1 kcal mol–1, and the energy consumed to desolva�

Fig. 7. Formation of solvated intermediate 5 and its transformation into product 2а involving two MeNH2 molecules.

Fig. 8. Transformation of solvated intermediate 5 into product 2а.
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tion will return to the process due to the solvation of inter�
mediate 5. The three�dimensional images of the transition
states and intermediates for one of the found isomeric
routes of the reaction are presented in Fig. 9.

One more transition state was found (TS11) involving
two methylamine molecules (Fig. 10) in which the second
molecule is not incorporated into the cycle but solvates
structure TS4. In fact, the second amine molecule does
not substantially participate in the transformation. The
activation energy of the reaction through TS11 turned out
to be intermediate between the activation energies through
TS4 (without participation of the second amine molecule)
and TS8 (involving the second amine molecule as a cata�
lyst). Solvate 12 precedes the formation of TS11.

Reaction of methylamine with propylene carbonate: an
effect of the alkyl substituent in cyclocarbonate. Cyclocar�
bonates arranged at the ends of the oligomer chain of
different nature are practically significant for the chemis�
try of polyurethanes. We studied the influence of the alkyl
substituent in ethylene carbonate on the regularities of the
reaction using the reaction of methylamine with propyl�
ene carbonate as an example. In this reaction, as men�
tioned above, two isomeric products with the primary and
secondary hydroxyl groups can be formed.

In the calculations of the reaction involving propylene
carbonate as compared to that with ethylene carbonate,
an increase in the number of isomers results in a substantial
complication. For example, for all transition states and
intermediates presented above, other isomers with different
arrangements of the methyl group in the ring can addition�

ally be formed, as it was shown for isomers TS13a—p. The
calculation showed that the corresponding activation en�
ergies of all stages of the reaction involving propylene car�
bonate or ethylene carbonate differed insignificantly. As
earlier, the two�stage path involving two amine molecules

Fig. 9. Three�dimensional images of the transition states and intermediates of the two�stage reaction path.
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turned out to be the most favorable. The data for all stable
isomers TS12, TS13, and TS14 and intermediates 13 and
14 observed for this and for one�stage path involving two
methylamine molecules are given in Table 2.

The alkyl substituent in the ring, being rather remote
from the reaction center, exerts no substantial effect on
the process. The calculations show that in the reaction
with propylene carbonate the formation of products with
the secondary and primary hydroxyl groups is nearly
equiprobable. However, if cyclocarbnate contains bulky
substituents, their influence can be enhanced and affect
the ratio of the products.

Thus, the results presented in this work indicate that
the addition of primary amines to cyclocarbonates can

proceed via both the one� and multistage mechanisms
including the formation of a series of intermediates of
different stability. In the both cases, the calculated activa�
tion energy of the reaction involving two amine molecules
is threefold lower than that of the simple bimolecular re�
action. We interpret this as the catalytic assistance of the
second amine molecule to the proton transfer to cyclo�
carbonate in the six�membered transition state, which is
substantially less strained than the four�membered state.

It is natural to ask: how our calculations in the "gas�
phase" approximation reflect the mechanism of the reac�
tion in the condensed phase? The reaction of amines with
cyclocarbonates is classified as nucleophilic addition in�
volving neutral molecules, and no charge separation oc�
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Table 2. Activation energies (Еа) of the reactions of propylene carbonate proceeding through transition states TS12,
TS13, and TS14 involving two amine molecules, the enthalpies of formation (H, kcal mol–1) of intermediates 13 and
14 from propylene carbonate and two methylamine molecules, and the energies of formation (E, kcal mol–1) of
intermediates 13 and 14 from amino alcohol and methylamine

Com� Ea/kcal mol–1 Product 13 14
pound

TS12 TS13 TS14 –Н –E –Н –E

a 11.4 9.2 6.9 3b 4.2 11.5 1.8 9.2
b 11.6 9.6 8.8 3b 4.2 11.6 0.5 7.9
c 11.6 9.4 10.9 3b 4.6 12.0 4.6 12.0
d 12.0 10.1 13.8 3b 4.4 11.8 5.1 12.5
e — 8.7 6.9 3b 4.4 11.8 2.0 9.4
f — 9.1 8.8 3b 4.5 11.9 0.7 8.1
g — 9.0 10.9 3b 4.9 12.2 4.9 12.3
h — 9.2 12.8 3b 5.0 12.4 4.6 12.0
i 12.3 10.0 6.7 4b 4.2 11.0 0.8 7.6
j 11.0 9.0 7.3 4b 4.4 11.1 1.6 8.4
k 12.3 10.2 11.2 4b 4.8 11.6 4.1 10.9
l 11.2 9.2 11.2 4b 4.8 11.6 4.3 11.1
m — 9.5 6.7 4b 4.5 11.3 0.9 7.6
n — 8.4 7.4 4b 4.7 11.4 1.7 8.5
o — 9.8 11.2 4b 5.1 11.8 4.5 11.2
p — 8.8 11.3 4b 5.1 11.8 4.6 11.4

curs in the transition state. In these reactions, the elec�
trostatic solvation does not play a substantial role,
and specific effects of the medium should be taken into
account.13

The "approximation of supermolecule" is considered
to be very efficient in quantum chemical studies of mech�
anisms of molecular reactions in solutions. For this ap�
proximation, solvent molecules capable of solvating reac�
tants due to specific intermolecular interactions are ini�
tially introduced into the starting model.14 In the reac�
tions involving neutral molecules, the energy of medium
reorganization is approximately equal for the starting re�
actants, transition state, and addition product.15 This is
a basis for the inclusion of a restricted number of solvent
molecules into the studied system, which considerably sim�
plifies calculations. Moreover, in some cases, especially in
systems where a hydrogen bond is the main type of inter�
action, it is enough to include only one molecule of the
solvent, whose component is often one of the reactants,
into the model to obtain satisfactory agreement of the
calculated and experimental data.

The neutral hydrolysis of formaldehyde16,17 and am�
monolysis of esters18 and carboxylic acids19 are discussed
as examples in the monograph.14 In the case of these reac�
tions, for the successful quantum chemical description of
catalytic effects and the influence of the medium, it is
enough to include one additional molecule of a nucleo�
philic reagent (water, ammonia) into the system. The
results of calculations of the mechanism of the reac�
tions of ethylene carbonate and propylene carbonate with
two amine molecules, which simulate the process at

high amine concentrations, exemplify the fruitfulness of
this approach.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 11�03�00432�a).
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