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The guanidine catalysed aminolysis of propylene carbonate has been investigated using density functional
theory (DFT) and highlights that different reaction pathways are involved, depending on the aromatic or
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aliphatic nature of the amine. The structural ability of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) to

simultaneously give and receive protons was demonstrated by a detailed mechanistic investigation. The
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1 Introduction

In the last few years, developing greener and safer alternatives
to the conventional synthesis of polyurethanes (PUs) from
isocyanates and polyols has attracted increasing interest to
respond to regulation and environmental changes. The most
frequently studied and promising route relies on the poly-
addition of bis-5-membered cyclic carbonates with diamines,
leading to the formation of PolyHydroxyUrethanes (PHUs)"”
that are mainly exploited for coating applications or as cross-
linked materials for thermosets or elastomers®*° or as foamed
materials."* Besides the improved mechanical and chemical
properties of PHUs over conventional PUs," this chemical
pathway also offers the benefit of substituting toxic isocyanates
and their phosgene precursors by CO,, an abundant, renewable
and environmentally friendly chemical to produce cyclic
carbonate precursors entering the synthesis of PHUs."*® The
addition of amines onto cyclic carbonates is governed by several
parameters such as the temperature, the nature of the solvent,
the solubility, the concentration and the chemical structure of
the reactants. In particular, the chemical structure of the amine
has a significant impact on the reaction/polymerization rates
and yields.'”* Moreover it was shown that aryl amines are less
reactive or even non-reactive towards cyclic carbonates
compared to the aliphatic ones. Although nucleophilic alkyl-
amines induce ring opening of cyclic carbonates, this
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bifunctional activity (base/H-bond donor) of TBD significantly reduces the Gibbs energy of the reaction
and allows understanding of its higher efficiency compared to its methyl counterpart (MTBD).

aminolysis reaction is generally slow and the use of catalysts
able to activate the cyclic carbonate is generally required to
accelerate the reaction. Many catalysts have been proposed to
promote the hydroxyurethane formation at low temperature
within short reaction time.*?***?* Maisonneuve et al.>*
screened various catalysts (Schreiner catalyst, LiCl, DBU, ZnAc,
MTBD) for a model solvent-free reaction between propylene
carbonate and hexylamine. If these catalysts were effective at
the early stage of the reaction, they were deactivated after 1 h
with conversions that were similar to those noted for the
uncatalysed model reaction. This could be due to the high H-
bonds density progressively formed during the conversion in
the bulk phase. Blain et al.*® carried out a rational investigation
of catalytic systems for the aminolysis of model cyclic carbon-
ates by amines in organic solvents. Organocatalysts such as TBD
(1,5,7-triazabicyclo[4.4.0]dec-5-ene), phosphines, phosphazenes
and cyclohexylphenyl thiourea were found to display a higher
efficiency than inorganic Lewis acids (MgBr,, FeCls,
Fe(OTf);...). The same conclusion was drawn from the investi-
gation of Lambeth et al.™ who found TBD as the most potent
organocatalyst to fasten the step-growth polymerization of bis-
cyclic carbonates and amines. In addition, PHUs synthesized
in the presence of TBD at room temperature showed higher
molar mass than the corresponding polymers produced in the
absence of catalyst.>® However, with or without catalyst, the so-
produced PHUs exhibited low molar masses which probably
arose from side reactions as recently proposed by Caillol et al.>”
To explain the higher catalytic efficiency of TBD, the authors
proposed that this guanidine derivative could potentially act as
a bifunctional nucleophilic catalyst as reported previously in
quantum chemical studies for the Ring Opening Polymerization
(ROP) of esters,** the intramolecular aldol reaction of acyclic
ketoaldehyde®* or the hydrolysis of acetonitrile.>® The mecha-
nism of the uncatalysed hydroxyurethane formation by
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aminolysis of carbonate was previously investigated in detail by
Zabalov et al.***® using DFT calculations. They established that
the reaction might progress notably throughout a six-centre
ring intermediate based on the 5-membered cyclic carbonate
and two amine molecules, one playing a catalytic role. More-
over, they highlighted that acetic acid could act as a bifunc-
tional catalyst decreasing the activation energy by concerted
protons transfers.’” More recently, Kleij et al.>* reported that
TBD was an effective organocatalyst for the challenging
formation of N-aryl carbamates from cyclic carbonates and
aromatic amines. In addition, they reported a DFT investigation
that evidenced the differences in the TBD mediated mecha-
nisms with aniline and butylamine. Although the catalytic role
of TBD as proton donor and acceptor was highlighted, the
activation pathway differs from previous DFT calculations
studies involving concerted proton transfer.***??

In our continuous effort to promote the organocatalytic
synthesis of PHUs and to fully understand the origin of the high
catalytic activity of TBD organocatalyst, we report a detailed
mechanistic study of the guanidine organocatalysed ring-
opening of propylene carbonate by amines using DFT calcula-
tions. In order to highlight the influence of the amine nucleo-
philicity, the uncatalysed model reaction between propylene
carbonate and aniline, methylamine and cyclohexylamine was
first considered. Then, the same reactions were reinvestigated
using TBD as catalyst and compared with the ones promoted by
7-methyl-TBD (MTBD). For all pathways, detailed structural and
energetic information of transition states and intermediates
have been optimized. We emphasize that our “gas phase” DFT
calculations that consider one molecule of carbonate reacting
with one amine molecule is appropriate to model reactions
carried out with the reactants diluted in an aprotic organic
solvent. For a proper modelling of reactions performed in the
bulk, we should have taken into account explicitly in our
calculations additional reactant molecules such as two or three
amine molecules which is beyond the scope of the paper.

2 Experimental
2.1 Computational details

Preliminary calculations of equilibrium structures were per-
formed using a semi-empirical model (AM1-D;H,)*** to deter-
mine the most stable conformations. These semi-empirical
calculations were performed using the AMPAC software.*® Using
the same semi-empirical model (AM1-D3;H,), the CHAIN algo-
rithm** implemented in the AMPAC software was used for
locating along the reaction path the conformations that were
identified as intermediates and transition states. The lowest
energy structures obtained at the AM1-D;H, level were further
investigated using the Density Functional Theory method (DFT)
implemented in the Gaussian 09 package.*” DFT calculations of
geometries, energies, and vibrational frequencies reported in
this paper were carried out with the M06-2X functional*® using
the 6-311G(d,p) basis set.

All frequencies of each structure have also been calculated to
verify the presence of a single imaginary frequency for transi-
tion states and the absence of imaginary frequency for ground
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states. The intrinsic reaction coordinate (IRC) method has been
used to verify that the obtained transition states were effectively
connected to the desired minima. For all catalysts, a wide range
of possible configurations and interactions have been modelled
and the more stable of them are reported in this work. To
consider entropic effects, the energies mentioned in this study
correspond to the Gibbs free energy (AG).

3 Results and discussion

The mechanistic study through DFT simulation was realised for
a model aminolysis reaction between propylene carbonate (PC)
and an amine. Only the most favourable pathway is reported.

3.1 Cyclic carbonate - amine coupling without catalyst

A racemic mixture is obtained by aminolysis of the racemic
propylene carbonate (Scheme 1). Depending of the regio-
selectivity of the ring-opening, a primary or a secondary
alcohol is synthesized. It can be noted that the aminolysis of
propylene carbonate by methylamine leads to 4 regio-isomers:
(R)- and (S)-1-methyl-2-hydroxyethyl-N-methylcarbamate and
(R)- and (S)-2-hydroxypropyl-N-methylcarbamate. The 4 possible
reaction paths exhibit very similar exoenergicity as well as
activation Gibbs free energies with maximum deviations of 1
kcal mol™" (Fig. S11). The 4 regio-isomers of hydroxyurethane
are “cyclic” due to a H-bond between the alcohol and the O atom
of the carbonyl group.*® Thus, the differences in term of barrier
heights and reaction's Gibbs free energy are so closed that the
choice to consider the reaction leading to only one regio-isomer
(i.e. the S product of the secondary alcohol) appears to be
sufficiently representative of the reactivity of the cyclic
carbonate with an amine. Schematic potential energy profiles
obtained at the M06-2X/6-311G(d,p) level and schematic Lewis
structures for the aminolysis of PC by methylamine, aniline and
cyclohexylamine are depicted in, Fig. 1. After having fully opti-
mized independently PC methylamine, cyclohexylamine,
aniline and the corresponding S-hydroxyurethane structures,
the overall aminolysis pathway between PC and the amines has
been modelled by a one-step mechanism. The initial state
corresponds to the sum of the Gibbs free energies of each
compound (PC, amine) which is taken as the zero energy. The
complexes resulting from the van der Waals interactions and H-
bonds (IR0) between the amines and PC have a positive Gibbs
free energy, of 0.7 kcal mol ™, 1.4 keal mol " and 3.1 kcal mol "
for methylamine, aniline and cyclohexylamine, respectively.
The transition state corresponds to the concerted addition of
the amine onto the C atom of the carbonate group of PC,
transfer of the proton of the amine to the adjacent O atom of the
carbonate group and the ring-opening of PC (Fig. 2). The reac-
tion is exothermic and the Gibbs energy of the product depends
of the nature of the amine. It can be noted that this mechanism
is favoured compared to a 2-step pathway involving a zwitter-
ionic intermediate, ammonium alkoxide, resulting from the
addition of the amine and the transfer of its proton to the O
atom of the carbonyl. The Gibbs energy for the uncatalysed

aminolysis of PC evolves in the following order

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Racemic aminolysis of propylene carbonate by methylamine.
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Fig.1 Free energy profiles (M06-2X/6-311G(d,p)) and Lewis structures
for the aminolysis of propylene carbonate by methylamine (black),
cyclohexylamine (orange) and aniline (blue) without catalyst.

Aniline

Methylamine

Cyclohexylamine

Fig. 2 Optimized geometries of the structures (M06-2X/6-311G(d,p))
of the transition state for the aminolysis of propylene carbonate by
methylamine (left), cyclohexylamine (centre) and aniline (right) without
catalyst. The intermolecular distances are given in angstrom.

AG(methylamine) < AG(cyclohexylamine) < AG(aniline). Those
results are consistent with previous experimental studies®?***
reporting that linear alkylamines are more reactive than cyclic
amines and aromatic amines. The higher AG value determined
for the ring opening of PC by less nucleophilic aniline is related
to the lower partial charge on the nitrogen atom of the aromatic
amines compared to the aliphatic ones.**

As mentioned in the introduction section, the guanidine
catalysed coupling of a cyclic carbonate with an amine could
follow two different reaction mechanisms where the catalyst
plays either the role of a base (activating the amine) or
a nucleophile (activating the cyclic carbonate). Preliminary

This journal is © The Royal Society of Chemistry 2017

calculations on the reaction of propylene carbonate with
methylamine catalysed by TBD clearly discard the nucleophilic
mechanism (see ESI2{). Thus, in the following we will only
consider the mechanism where the catalyst acts as a base.

3.2 Cyclic carbonate - aniline coupling with TBD and MTBD
catalyst

The mechanism of the TBD catalysed aminolysis of propylene
carbonate by aniline was investigated at the MO06-2X/6-
311G(d,p) level. The activation mechanism by TBD answers
a two-step pathway (Fig. 3). The molecular structures of the
corresponding intermediates and transition states are displayed
in Fig. 4. The pre-reaction complex IR0 has a negative Gibbs
energy meaning that the reagents are weakly linked together by
van der Waals interactions and hydrogen bonds. The initial step
(TS1-2) corresponds to the nucleophilic attack of aniline onto
the carbonate group of PC (1.64 A) with a concerted exchange of
protons from aniline towards the N atom of TBD (1.41 A) and
from TBD to the O atom of the carbonyl (1.67 A) (Fig. 4). This
concerted transfer of protons is possible because of the two
nitrogen available sites on the structure of TBD. The interme-
diate IR1-2 is a cyclic amino alcohol interacting with TBD by two
H-bonds. However, the structure of this intermediate is unfav-
ourable for the ring-opening step. Thus, a rotation of TBD
creating a hydrogen bond with the adjacent O atom of the
alcohol group leads to IR3 which has a similar Gibbs energy. In
the final step, TS3 corresponds to the C-O bond cleavage and
the simultaneous dual protons transfer between TBD and the
adjacent O atom of the carbonate and between the amino-
alcohol and TBD. Finally, TBD is regenerated and the phenyl
S-hydroxyurethane is the resulting product. The formation of
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Fig.3 Free energy profiles (M06-2X/6-311G(d,p)) and Lewis structures
for the aminolysis of propylene carbonate by aniline catalysed by TBD.
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Fig. 4 Optimized geometries of the structures (M06-2X/6-311G(d,p)) of the propylene carbonate/aniline coupling in the presence of TBD as
catalyst. The dashed lines depict hydrogen bond interactions, the arrows represent the concerted proton transfer and intermolecular distances

are given in angstrom.

first reactive intermediate IR1-2 is the rate determining step of
the reaction as it displays the highest energy transition state of
the process. TBD acts as proton donor and acceptor and
consequently decreases the Gibbs energy of the reaction
between PC and aniline from AG = 50.9 keal mol " to AG = 17.8
kcal mol . The proton shuttle activation mechanism pathway
of TBD is consistent with the previous study of Kleij et al.**
although their reaction pathway involves a larger number of
intermediates and formation of an ion pair association
composed of TBDH' and an alkoxide.

To highlight the importance of the dual proton exchange on
the catalytic activity of TBD, the NH proton of TBD was
substituted by a methyl substituent and the mechanism of the
MTBD catalysed aminolysis of PC by aniline was investigated
(Fig. 5). The activation mechanism is different as it answers
a three elementary steps pathway. The molecular structures of
the corresponding intermediates and transition states are dis-
played in Fig. 6. To improve the visualization of the systems,
MTBD was represented using the stick model. The pre-reaction
complex (IR0) has a positive Gibbs energy of 1.6 kcal mol™". The
first elementary step corresponds to the nucleophilic attack of
aniline onto the C atom of the carbonate group of PC (TS1)
resulting in an increase of the electron density on this atom.
The electron density excess is then distributed between adjacent
O atoms of the ring. The instable zwitterionic first intermediate
IR1, ie. an ammonium alkoxide, interacts with MTBD by
formation of H-bonds. The proton of the ammonium is then
transferred to the nitrogen atom of MTBD (TS2) with a low
activation energy barrier (0.2 kcal mol™') relatively to the

18996 | RSC Adv., 2017, 7, 18993-19001

calculation error leading to an ion-pair composed of MTBDH"
and an alkoxide (IR2). To reach a lower Gibbs energy and favour
the last step, IR2 undergoes a rearrangement where the proton
of MTBDH" interacts with the O atom adjacent of the carbonyl
of the carbonate group (IR3). Finally, the concerted transfer of
the same proton from MTBD to the adjacent O atom of the
carbonyl and the ring-opening of the five-membered ring (TS3)
lead to the synthesis of the S-hydroxyurethane derivative and
the regeneration of MTBD. The rate determining step is the
addition of the aniline onto PC that represents the highest
energy transition state of the process. The MTBD catalyst
drastically decreases the Gibbs energy of the aminolysis of PC by
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Fig.5 Free energy profiles (M06-2X/6-311G(d,p)) and Lewis structures
for the aminolysis of propylene carbonate by aniline catalysed by
MTBD.
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Fig. 6 Optimized geometries of the structures (M06-2X/6-311G(d,p)) of the propylene carbonate/aniline coupling in the presence of MTBD as
catalyst. The dashed lines depict hydrogen bond interactions, intermolecular distances are given in angstrom.

aniline from AG = 50.9 kcal mol ' to AG = 27.8 kcal mol .
However, the Gibbs energy value is higher than for the TBD-
promoted reaction (AG = 17.8 kcal mol™') as the methyl
group of MTBD prevents the concerted proton exchange to
occur as it was observed for the most efficient TBD catalyst.

3.3 Cyclic carbonate - methylamine coupling with TBD and
MTBD catalyst

In a first step, the activation mechanism of the TBD catalysed
aminolysis of PC with methylamine was investigated (Fig. 7). In
contrast to the analogous reaction with aniline, the reaction
follows a three elementary steps pathway with methylamine and
the pre-reaction complex has a positive Gibbs energy. The first
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Fig.7 Free energy profiles (M06-2X/6-311G(d,p)) and Lewis structures
for the aminolysis of propylene carbonate by methylamine catalysed
by TBD.

This journal is © The Royal Society of Chemistry 2017

transition state (TS1) corresponds to the nucleophilic attack of
the amine onto the C atom of the carbonate of PC (Fig. 8). The
distance between the amine and the C atom of the carbonyl
group of PC is longer (1.87 A) than for aniline (1.64 A, Fig. 4). As
aliphatic amines are more nucleophilic than the aromatic ones,
the nucleophilic attack of the cyclic carbonate by the methyl-
amine and the concerted transfer of protons are dissociated in
two independent steps. The ammonium alkoxide (IR1) is
stabilized by H-bonds formation between the N atom of TBD
and the proton of the ammonium (1.61 A) and between the O
atom of the carbonyl group of PC and the proton of TBD (1.74
A). The concerted transfer of both protons involved in the H-
bond occurs in a second step (TS2). It should be noted that
the ammonium alkoxide (IR1) has a higher Gibbs energy than
TS2. However, the IRC confirmed that the electronic energy of
IR1 is lower than for TS2 but the thermal and entropic contri-
butions reversed the trend. The amino alcohol (IR2) which is in
interaction with TBD rotates (IR3) to create a H-bond between
the proton of TBD and the adjacent O atom of the alcohol group
(1.92 A). However, this rotation increases the H-bond distances
implying a rise of the Gibbs energy but favours the second
concerted protons transfer between TBD and the amino alcohol
(TS3) leading to the S-hydroxyurethane and regenerating TBD.
The addition of methylamine onto the cyclic carbonate is the
rate determining step (AG = 15.6 kcal mol ). TBD acts as
a proton-relay with concerted protons transfers. As already
observed with aniline, TBDH" was not identified as an inter-
mediate for the aminolysis of PC by methylamine in contrary to
the mechanism suggested by Kleij et al. with butylamine.?
However, the amino alcohol intermediate was also reported by

RSC Aadv., 2017, 7, 18993-19001 | 18997
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Fig.8 Optimized geometries of the structures (M06-2X/6-311G(d,p)) of the propylene carbonate/methylamine coupling in the presence of TBD
as catalyst. The dashed lines depict hydrogen bond interactions, the arrows represent the concerted proton transfer and intermolecular

distances are given in angstrom.

Tiger et al. using acetic acid as bifunctional catalyst for the
mechanism involving one amine molecule although two steps
of the mechanism differed.*”

For sake of comparison, the influence of the methyl group of
MTBD on the catalyst activity for the propylene carbonate/
methylamine coupling was investigated. The MTBD catalysed
synthesis of 2-hydroxypropyl methylcarbamate follows a three-
step pathway, similarly to the one previously reported with
aniline (Fig. 9). The prereaction complex composed of
methylamine/MTBD/PC has a positive Gibbs free energy (1.8 kcal
mol ). The first transition state (TS1) corresponds to nucleo-
philic attack of the amine onto the C atom of the carbonate of PC
(1.86 A) (Fig. 10). The instable ammonium alkoxide (IR1) trans-
fers the proton of the amine to MTBD (TS2). The resulting ion
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Fig. 9 Free energy profiles (M06-2X/6-311G(d,p)) and Lewis struc-
tures for the aminolysis of propylene carbonate by methylamine cat-
alysed by MTBD.
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pair association [MTBDH "-alkoxide] (IR2) has a higher Gibbs
energy than TS2 (we checked that the electronic energy of IR2 is
lower than that of TS2 and this seldom behaviour is due to the
fact that the zero-point vibrational energy (ZPE) as well as the
thermal and entropic contributions to the Gibbs energy is higher
for IR2 than TS2). After the rotation of MTBDH', the Gibbs energy
is decreased by 2 kcal mol ' (IR3) while MTBDH" interacts with
the adjacent O atom rather than the alkoxide. Finally, the
concerted proton transfer and the ring-opening (TS3) regenerate
MTBD and lead to the hydroxyurethane. The first step corre-
sponding to the nucleophilic attack of the amine onto the
carbonate can be considered as the rate determining step (AG =
19.7 keal mol ). It may be noted that the next two following steps
occur with a Gibbs energy barrier lower than 1 kcal mol™'. The
activation barrier of the aminolysis of PC by methylamine cata-
lysed by MTBD is substantially lower compared to the one-step
uncatalysed reaction (AG = 42.6 kcal mol ') but still higher
than for the TBD-activated pathway (AG = 15.6 kcal mol ). This
conclusion is in line with the one held for the aminolysis of PC by
aniline catalysed by TBD and MTBD. Similarly, the methyl group
of MTBD prevents both concerted protons exchanges as one
nitrogen of the guanidine site is blocked. Therefore, TBD is
a more efficient catalyst than MTBD for the aminolysis of
propylene carbonate with alkylamines and aromatic amines.

3.4 Cyclic carbonate - cyclohexylamine coupling with TBD
catalyst

In order to determine if the aromaticity of the benzene ring of
aniline has an influence on the mechanistic pathway, the TBD

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Optimized geometries of the structures (M06-2X/6-311G(d,p)) of the propylene carbonate/methylamine coupling in the presence of
MTBD as catalyst. The dashed lines depict hydrogen bond interactions, intermolecular distances are given in angstrom.

catalysed aminolysis of PC was studied using cyclohexylamine.
The reaction answers a three-step pathway depicted on Fig. 11.
As previously reported for methylamine, the nucleophilic attack
of cyclohexylamine onto PC is an independent elementary step
(TS1). Indeed, the distance between the N atom of the amine
and the C atom of the carbonate is longer (1.80 A) than for
aniline (1.64 A, Fig. 4) (Fig. S31). The ammonium alkoxide, IR1,
is stabilized by two hydrogen bonds between TBD and the O
atom of the carbonate (1.74 A) and the amine group (1.62 A). In
a second step, TBD acts as donor and acceptor of those protons
in interaction for the concerted protons transfer between TBD
and the ammonium alkoxide (TS2). The resulting amino alcohol
is stabilized by TBD (IR2) and rearranges to favour the last step
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Fig. 11 Free energy profiles (M06-2X/6-311G(d,p)) and Lewis struc-
tures for the aminolysis of propylene carbonate by cyclohexylamine
catalysed by TBD.

This journal is © The Royal Society of Chemistry 2017

(IR3) by interaction between TBD and the adjacent O atom of
the carbonate (1.71 A). Then, the second concerted protons
exchange between TBD and the amino-alcohol (TS3) allows the
synthesis of the hydroxyurethane and the recovery of TBD. The
nucleophilic attack of cyclohexylamine onto PC is the rate
determining step (AG = 19.7 kcal mol™"). Consequently, the
activation barrier is decreased when TBD is used as catalyst for
the aminolysis of PC by cyclohexylamine compared to the
uncatalysed reaction (AG = 49 kcal mol ). The TBD-activation
mechanism with cyclic alkylamines such as cyclohexylamine
follows a three-step pathway like the aliphatic amines high-
lighting the special case of aromatic amines. The Gibbs energy
for the reaction is lower for methylamine that for cyclohexyl-
amine probably because of steric effect and the nucleophilicity.
Besides, these results are consistent with experimental investi-
gations on the aminolysis of propylene carbonate by aromatic
and (cyclic) aliphatic amines.**?**

4 Conclusion

A detailed mechanistic investigation of the synthesis of
hydroxyurethanes by reaction between propylene carbonate and
(cyclic) alkylamines and aromatic amines has been performed.
The uncatalysed reaction displays a concerted one-step mech-
anism. The Gibbs energy depends of the nucleophilicity of the
amine and was found to evolve in the order AG(aniline) >
AG(cyclohexylamine) > AG(methylamine). As a general trend,
the guanidine-catalysed reaction answers a three-step pathway
associated to the nucleophilic attack of the amine onto the

RSC Adv., 2017, 7, 18993-19001 | 18999
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carbonate, a proton transfer and hydrogen bonding interaction
between the catalyst and the reactant, and finally a ring opening
leading to the hydroxyurethane. With TBD, the two first steps,
i.e. the nucleophilic attack of the amine onto the carbonate and
the concerted proton transfer, occur simultaneously in the case
of aniline because of its low nucleophilicity compared to methyl
amine and cyclohexylamine. Besides, the activation of TBD is
linked to a proton-relay mechanism with two successive
concerted protons exchanges decreasing drastically the Gibbs
free energy of the reaction. Such proton-relay activation is not
possible in the case of MTBD hence explaining why TBD is
a more efficient catalyst than MTBD as it was evidenced
experimentally.
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