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The mechanisms for the reaction of propylene glycol (PG) with CO, catalyzed by 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD) were theoretically investigated by density functional theory (DFT) method at the
B3LYP/6-311++G(d,p) level. Through analyzing the optimized structures and energy profiles along the
reaction paths, the PG-activated route was identified as the most probable reaction path, in which the
rate-determining step was the nucleophilic attack of one of the O atoms in CO; on the hydroxyl linked C
atom in PG with energy barrier 56.96 kcal/mol. The catalytic role of TBD could be considered as a proton
bridge activated by the synergistic action of its N atoms.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the synthesis of propylene carbonate (PC) from
propylene glycol (PG) and CO, has drawn much interest. Both
homogeneous [1-5] and heterogeneous [6-8] catalysts have been
reported to be effective in this carbonylation. In our previous work
[4], an experimental study of the carbonylation of PG with CO,
was carried out with organic bases as the catalysts. And 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) showed a superior catalytic
activity compared to the others.

TBD is one of the non-ionic nitrogen bases which are widely
used to catalyze the carbonylation of amines or alcohols with CO,
as the carbonylation reagent [9-13]. Unfortunately, it was not clear
how TBD weakened the barriers for the carbonylation. One possi-
bility was the substrate activation, which made it more susceptible
to the electrophilic attack of the CO, [10-15]. The other was the
CO, activation, which makes it more active to attack [16-18]. How-
ever, only few studies on the description of reaction mechanisms
or the possible structures of the carbonylation transition state were
reported [14,15].

In the present work, the mechanisms for TBD-catalyzed car-
bonylation of PG with CO, were first proposed and then verified
by quantum chemistry computations of DFT method.
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2. Mechanism proposals

According to the two possibilities mentioned above, two mech-
anisms were proposed. They are presented here with the name
PG-activated and CO,-activated, respectively.

The catalytic activities of the organic bases are, in many cases,
associated with their proton transfer activities [19], which would
make the active site of the deprotonated molecule more susceptible
to the electrophilic attack of the CO, [10]. TBD is a widely used pro-
ton transfer agent in acid-base catalyzations [20-24], especially
the reactions involving proton transfer between hydroxyl com-
pounds [25,26]. The consequence of the proton transfer from the
hydroxyl to the TBD is a hydrogen bonded ion-pair. Half of which,
the TBD protonated molecule (TBDH*), has already been studied
experimentally as well as theoretically [26-31].

Based on these considerations, a PG-activated mechanism for
the TBD-catalyzed carbonylation reaction of PG with CO, was pro-
posed in Scheme 1, which consisted of two consecutive steps. First,
PG was activated via being looted one hydroxyl H by the N atom
of TBD, accompanied by the electrophilic attack of CO, on the
hydroxyl O atom giving rise to an “ion-pair” (2 or 5). This was the
CO, electrophilic attack step. Next, with the proton migrating from
TBDH* to the other hydroxyl group, a water formed and the oxy-
gen of the bonded CO, nucleophilicly attacked the C atom of PG to
afford PC, and the catalyst TBD was recovered. This was named as
the dehydration step.

In the CO, electrophilic attack step, the proton shift and the O-C
bond formation occurred simultaneously. This process is similar to
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Scheme 1. PG-activated mechanism for carbonylation of PG with CO, via TBD.

the acid-base catalytic mechanism of Simn and Goodman [32], in
which the transfer of H in methanol and the O-C bond formation
occurred simultaneously and only one transition state was present.
A similar reaction process, in which the proton shift and the O-C
bond formation occurred simultaneously had also been reported by
Arestaetal.[14]for the synthesis of dimethyl carbonate (DMC) from
methanol and CO, with dicyclohexylcarbodiimide (CyN=C=NCy,
DCC) as the catalyst.

In the dehydration step, the transfer of the proton hydrogen
from TBDH" to the hydroxyl of PG yielded a water molecular. The
leaving of the hydroxyl increased the positive charge of the C atom,
making it unstable and tending to bond with other suitable atoms.
This greatly facilitated the nucleophilic attack of the O atom in CO,
on the Catom at the hydroxyl-lost site of PG. So it could be assumed
that these occurred in one step and to be verified by the subsequent
calculations.

According to the possible selection of reaction sites between the
two hydroxyls of PG, two alternative paths were considered, corre-
sponding to the dehydration of the primary hydroxyl (Path1-a) and
the dehydration of the secondary hydroxyl (Path1-b), respectively.

For the CO5-activated mechanism, the formation of an interme-
diate base-CO, adduct is the key step [19,33-35], which makes
it more active to attack the substrate [16-18]. The base-CO,
complexes are also efficient, clean and selective transcarboxy-
lating reagents [16]. Especially, the TBD-CO,, one of these
complexes, shows an interesting thermal stability and has a well-
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defined structure verified both experimentally and theoretically
[18,34].

To clarify the essential character of TBD-CO,, the structures and
population analysis of TBD, TBD-CO, and CO, were computed by
DFT method at the B3LYP/6-311++G(d,p) level (see Fig. 1). Obvi-
ously, the original linear molecule CO, possessed a bond angle of
134.6° after bound to TBD. Its two C-O bonds were elongated from
1.161 A to 1.240A and 1.214 A, respectively. Comparing the charge
distributions of the isolated CO, and the TBD-CO,, it was found
the total negative electric charge of CO, was enhanced from Oe to
—0.467 e. The charge of C atom almost unchanged, but the negative
charges of O atoms were enhanced. These indicated that the charge
was transferred from TBD to CO, and enriched at the O atoms, par-
ticularly the one close to the amino H. This suggested that the O
atoms rather than the C atom in CO, were activated, due to the
enhanced electronegativity.

Following the above considerations, the CO,-activated mecha-
nism was proposed in Scheme 2. It also consisted of a dehydration
step and a CO, electrophilic attack step, besides the preliminary
step of the TBD-CO, complex formation. As PG moved close to
TBD-CO», one of its hydroxyl and the amino H atom of TBD com-
bined to yield a H,0. Subsequently, the hydroxyl-losing C in PG
was nucleophilicly attacked by the activated O atom in TBD-CO,.
In the second step, TBD captured the H of the other hydroxyl in
PG by its N atom, and then the electrophilic attack of the C atom
in CO, on the hydroxyl O atom took place. Consequently, PC was

134.6°

-0.738 -0.673

TBD-CO,

Fig. 1. Optimized geometries and charge distributions of TBD, CO, and TBD-CO, at the B3LYP/6-311++G(d,p) level. The bond distances (in angstroms), bond orders (italic),
angles (in degrees) and atomic charges (bold) are labeled in the corresponding positions.
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Path2-a dehydration of primary hydroxyl; Path2-b: dehydration of secondary hydroxyl.

Scheme 2. CO,-activated mechanism for carbonylation of PG with CO, via TBD.

formed and TBD recovered. It should be noted that the sequence
of the CO, electrophilic attack step and the dehydration step was
reversed compared to that of PG-activated mechanism.

In a word, two catalytic mechanisms, each consisted of two
alternative reaction paths, were proposed for the TBD-catalyzed
carboxylation of PG with CO,. With the aim to verify the proposed
mechanisms, these paths were computationally modeled through
DFT method.

3. Computational methods

All calculations were carried out with the Gaussian03 pack-
age [36] using DFT method with Becke’s three-parameter hybrid
exchange functional and the Lee-Yang-Parr correlation functional
(B3LYP) [37]. Initially, geometry optimizations and frequency cal-
culations were made with 6-31+G(d) basis set [38-40], and then
intrinsic reaction coordinate (IRC) calculations were performed
to confirm a given transition state connecting a particular cou-

Table 1

Zero-point vibration energies, total energies (electronic energy +ZPE) and relative
energies of the reactants, intermediates, transition states, and final products of the
carbonylation reaction of PG with CO, to synthesize PC, calculated at the B3LYP/6-
311++G(d,p) level.

Species Zero-point energy Total energy Relative energy
(hartree) (hartree) (kcal/mol)
1 0.326076 —896.953256 0.00
TS1-2 0.323234 —896.941641 7.29
2 0.330233 —896.944837 5.28
TS2-3 0.324477 —896.843062 69.15
3 0.326590 —896.940837 7.79
4 0.326276 —896.951556 0.00
TS4-5 0.323444 —896.939781 7.39
5 0.330080 —896.943284 5.19
TS5-6 0.322375 —896.852520 62.15
6 0.326809 —896.941239 6.47
7 0.328056 —896.947442 0.00
TS7-8 0.322648 —896.847664 62.61
8 0.327449 —896.934186 8.32
9 0.303096 —820.480572 0.00
TS9-10 0.300388 —820.446407 21.44
10 0.302870 —820.449839 19.29
11 0.302374 —820.488751 -5.13
12 0.328495 —896.946037 0.00
TS12-13 0.321976 —896.842757 64.81
13 0.326519 —896.927825 11.43
14 0.303107 —820.483239 0.00
TS14-15 0.300957 —820.446269 23.20
15 0.302849 —820.449473 21.19
16 0.302334 —820.488249 -3.14

ple of consecutive minima on the proposed reaction pathways. To
obtain more accurate results, all the geometries were re-optimized
using the extended 6-311++G(d,p) basis set [38-40] followed by
frequency calculations. The calculated energies were corrected by
zero-point vibrational energies (ZPVE) with the scale factor 0.9804
[41]. Natural population analysis (NPA) and bond order analysis
were performed using the NBO program in Gaussian03. Basis set
superposition errors (BSSE) inherent in the computation of molec-
ular interactions were also corrected via counterpoise technique
[42,43].

4. Results and discussion

Fig. S1 and Fig. S2 (in the Supplementary material) shows
the predicted geometric structures of the intermediates and
transition states along the reaction paths. Energies at the B3LYP/6-
311++G(d,p) level are listed in Table 1. The BSSE-corrections
calculated at the B3LYP/6-311++G(d,p) level are listed in Table 2.
The total energy (electronic energy +ZPE) curves of PG-activated
mechanism and CO,-activated mechanism are presented in
Figs. 2 and 3, respectively. The BSSE-corrections were found
insignificant at the 6-311++G(d,p) basis set as shown in Table 2,
Figs. 2 and 3. If not explicitly announced, energies in the following
discussions are referred to those at the B3LYP/6-311++G(d,p) level
without BSSE-corrections.

4.1. PG-activated mechanism

As proposed above, this mechanism involved two alternative
channels, one corresponded to the dehydration of the primary
hydroxyl group of PG (Path1-a), the other the dehydration of the
secondary hydroxyl (Path1-b). Calculations confirmed that each
path could take place in two consecutive steps, the CO, electrophilic
attack step and the dehydration step, as depicted in Scheme 1.

As shown in Fig. S1, the precursor state of Path1-b was structure
4, in which the primary hydroxyl group of PG had a weak electro-
static interaction with the C atom in CO; and an intermolecular
hydrogen bond H1-N1 with TBD. The presence of hydrogen bond

Table 2
Calculated BSSE-correction (kcal/mol) at the B3LYP/6-311++G(d,p) levels.

Species BSSE-correction Species BSSE-correction
1 1.47 7 0.68
2 1.45 8 1.46
3 1.67 11 0.65
4 1.54 12 0.83
5 1.53 13 1.03
6 1.69 16 0.72
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Fig. 2. The total energy (electronic energy + ZPE) curves of PG-activated mechanism
of synthesis of PC from PG and CO, over TBD, calculated at the B3LYP/6-311++G(d,p)
level. Energies including BSSE-corrections are also indicated in the parentheses.

suggested that proton transfer at this position should be straight-
forward. The transition structure TS4-5 (433.9icm~!) was formed
as H1 swung from O1 to N1. It was noted that an accompanied
process, i.e., the 01-C4 bond shrinking (from 2.759 A to 2.053 A)
simultaneously occurred with bond order increased from 0.01 to
0.21. These indicated that electrophilic attack of CO, on the O1
atom of the primary hydroxyl of PG took place as the proton trans-
ferred from the same hydroxyl to the N1 atom of TBD. This led to
the intermediate 5, a hydrogen bonded ion-pair, one of which was
the TBD protonated molecule (TBDH*), the other was the anion
(CH3)CH(OH)CH,0C(0)O~ with charge —0.893 e. The migration of
proton promoted the nucleophilic nature of hydroxyl O1 with the
increase of its negative charge from —0.810e to —0.858e. As a
result, this step almost occurred spontaneously, with energy barrier
7.39 kcal/mol as shown in Table 1 and Fig. 2.
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Fig. 3. The total energy (electronic energy +ZPE) curves of CO,-activated mech-
anism of synthesis of PC from PG and CO, over TBD, calculated at the
B3LYP/6-311++G(d,p) level. Energies including BSSE-corrections are also indicated
in the parentheses.

It was clear that the charge negativity of 03 and 04 in CO, was
enhanced gradually from 4 to 5 (see Fig. S1). In contrast, the charge
of C4 changed little. The sum of the charges of 03, 04 and C4 was
—0.005e in 4, while it was —0.156 e in TS4-5 and —0.493e in 5.
These indicated that from 4 to 5 negative charges were gradually
enriched in the region of CO,, which was one part of the anion
(CH3)CH(OH)CH,0C(0)O~ in the ion-pair structure 5. Therefore,
the structure 5 might be more stable than 4 due to charge delocal-
ization over the two oxygen atoms, O3 and 04, of the COO~ group.
Similar facts were reported by Aresta et al., who investigated the
catalytic mechanism of synthesizing DMC from methanol and CO,,
with DCC as catalyst [14].

It should be noted that in structure 5, the distance between H2
and 03 was 1.760 A and the bond order was 0.07. So this was actu-
ally an intermolecular hydrogen bond, which would stabilize the
enriched negative charge on O3 atom as well as the structure of
the anion (CH3)CH(OH)CH,0C(O)O~. Another point was that the
enhanced electronegativity on CO, would strengthen the nucle-
ophilic nature of the oxygen center of the carbamate anion [44] and
facilitate the nucleophilic attack of O3 on PG in the next dehydration
step.

The protonation of the N1 atom in TBD weakened its N2-H3
bond as indicated by the variations of bond length and bond order
from structure 4 to 5 (see Fig. S1). In 5, the intermolecular hydro-
gen bond H3-02 between TBDH* and the other moiety made the
deprotonation of N2 favorable. With H3 transferring to 02, 6 was
formed, and a nice proton pathway was completed. Thus far, the
catalytic role of TBD has been made clear: it functioned as a proton
bridge linking the two hydroxyls, and the proton transfer process
was powered by the synergistic action of its N atoms.

The unique imaginary frequency of TS5-6 (272.0icm~1) corre-
sponded to the simultaneous stretching vibrations of the 02-C2
bond breaking and the 03-C2 bond forming. Due to the loss of
hydroxyl, the NPA charge of the C2 atom increased from 0.106 e
(in5) to 0.257 e (in TS5-6). The water molecule had already formed
in TS5-6 with its charge almost neutral (0.062 e). These indicated
that, with the shift of H3 from N2 to the hydroxyl 02 atom of PG, the
02-C2 bond was weakened, which favored the attack of the already
nucleophilicly strengthened O3 (mentioned above) on the C2 atom.
As a result, the final structure 6 was achieved with the regenera-
tion of TBD. The calculated barrier for the nucleophilic attack of 03
atom on the C2, was 56.96 kcal/mol, which was much higher than
the preceding step (7.39 kcal/mol) (see Table 1 and Fig. 2). Thus,
this nucleophilic attack was the rate-limiting step of Path1-b.

The reaction process of Path1-a was similar to that of Path1-
b, the only difference was that it was the secondary hydroxyl on
which the electrophilic attack of CO, took place and then the pri-
mary hydroxyl was dehydrated. In TS2-3 of Path1-a, the charge of
C1 was 0.035 e, which was much lower than that of the C2 in the
corresponding transition state TS5-6 of Path1-b. This could lead
to the nucleophilic attack of O3 on C1 in Path1-a more difficult
than the corresponding nucleophilic attack of O3 on C2 in Path1-b.
Consequently, the energy barrier for Path1-a was 63.87 kcal/mol,
6.91 kcal/mol higher than that of Path1-b, indicating the dehy-
dration of secondary hydroxyl was superior to that of primary
hydroxyl.

4.2. COy-activated mechanism

As in the PG-activated mechanism, there were also two alter-
native channels, corresponding to dehydration of the primary
hydroxyl group (Path2-a) and the secondary one (Path2-b). Here,
Path2-b was discussed in detail.

In the initial structure 7 shown in Fig. S2, no intermolecular
hydrogen bond was found between the hydroxyl group of PG and
the H3 atom of TBD. This was probably due to the steric effect
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of TBD-CO,. This was less favorable for the transfer of H3 to the
hydroxyl group than that in the PG-activated mechanism. The
unique imaginary frequency of TS7-8 was 238.1icm™~!, correspond-
ing to the simultaneous stretching vibrations of the O2 relative to
C2 and the O3 atom of TBD-CO, relative to C2. Consequently, the
old hydroxyl C2-02 bond broke and the new C2-03 bond formed
with bond length 1.468 A (bond order 0.82) in structure 8.

In line with the PG-activated mechanism, the dehydration of the
secondary hydroxyl was preferred to the primary hydroxyl, because
the NPA charge of C1 (0.092 e in TS12-13) was lower than that of
C2(0.269 e in TS7-8). This indicated that the electrophilic nature of
C1 was weaker than C2, which was in agreement with the energy
difference (64.81 kcal/mol for TS12-13 and 62.61 kcal/mol for TS7-
8, see Table 1 and Fig. 3).

With water molecule leaving away, the intermediate 9 was
obtained with the formation of a hydrogen bond between N2 and
hydroxyl H1 (bond length 1.902 A). This was favorable for the pro-
ton transfer, which was expected to occur at this position. The
imaginary frequency of the succeeding transition state TS9-10 was
275.9icm~!, corresponding to the simultaneous stretching vibra-
tions of 01-C4 and O1-H1. These indicated the proton transfer
from the hydroxyl to N2 and the electrophilic attack of C4 atom
of CO, on O1. Through TS9-10, the PC was formed with the car-
bonyl C bonded with TBD. The energy cost to pass this step was
computed to be 21.44 kcal/mol, which was significantly lower than
its preceding step as shown in Fig. 3 and Table 1. In a homogeneous
system, structure 10 could transform to structure 11 readily. Thus,
the rate-determining step for the CO,-activated mechanism could
be identified as the nucleophilic attack of O atom in CO, on to the C
atom in PG. The energy barrier was 64.81 kcal/mol for Path2-a and
62.61 kcal/mol for Path2-b.

4.3. Comparison of PG-activated with CO,-activated mechanism

The theoretical results show that the rate-determining steps
corresponded to the particular process of the nucleophilic attack
of one of the O atoms in CO;, on the hydroxyl linked C atom in PG
for both the PG-activated and the CO,-activated mechanisms. The
energy analysis suggested that PG-activated mechanism, in which
the nucleophile was activated, was favorable than CO,-activated
mechanism. This result agreed with that of Simn and Goodman
[32], in which TBD actually activated the nucleophile, methanol,
but not the electrophile, lactones in the reaction of TBD-catalyzed
ring opening polymerization (ROP) of lactones. As for the two alter-
native reaction sites of PG, on losing hydroxyl, the C2 atom showed
a higher positive charge than the C1 atom and thus a stronger
electrophilic ability. So the reaction path with secondary hydroxyl
dehydration in PG-activated mechanism has the lowest energy bar-
rier 56.96 kcal/mol. Thus, this path was superior to other reaction
paths.

It should be noted that all the energies were not thermally
corrected. However, the experimental results show that TBD, as
recyclable CO, adsorption materials, could fix CO, reversibly and
release it at higher temperatures [34]. At the optimal conditions of
the reaction of PG and CO, with TBD as catalyst, the temperature
was so high for the stable TBD-CO, to exist [4]. Thus, the theoretical
results and the real reaction temperature were both not favorable
for the CO,-activated mechanism.

Another point should also be noted. Previous work showed that
if placed in acetonitrile, which is a highly polar aprotic solvent, the
formation of TBDH* ion-pair was easier [27]. Furthermore, com-
pared with gas phase the energy barriers of reactions in polar
solvents were decreased, which was confirmed by the polarized
continuum model (PCM) for the reaction of aliphatic alcohols with
CO, catalyzed by DCC [14]. Thus, if the solvent effects were to be
considered, the energy barriers would be expected to drop.

5. Conclusions

The carbonylation of PG with CO, using TBD as catalyst
was investigated theoretically by employing DFT method at
the B3LYP/6-311++G(d,p) level. The BSSE-corrections were found
insignificant at the 6-311++G(d,p) level. Among different proposed
mechanisms, the PG-activated route was identified as the most
probable reaction path. The rate-determining step was the nucle-
ophilic attack of O atom in CO, on the C2 atom in PG with energy
barrier 56.96 kcal/mol. The role of TBD was its capability to act as a
proton bridge with the synergistic action of its N atoms.
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