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www.rsc.org/ methacrylate were studied using density functional theory (DFT) at the M05-2X/6-31G(d,p) level of
theory. Four possible reaction channels (A, B, C, and D) have been investigated in this work.
Particularly, we proposed a novel reaction pathway, where the proton transfers are assisted by a different
molecule. The calculated results indicate that the channels B and D are more energetically favourable
channels. The obtained results suggest that E-isomer product is the main product, which is in agreement
with the experimental results. Further calculations and analyses of global and local reactivity indices

reveal the role of the NHC catalysts in the title reaction. The obtained mechanistic insights are valuable

for not only rational design of more efficient NHC catalysts but also understanding the similar reaction

mechanism.

Introduction

The chemistry of N-heterocyclic carbenes (NHCs) has grown
rapidly in the past decades.' NHCs are now important ligands in
homogeneous catalysis that show better catalytic activities than
typical phosphines in a number of transition metal catalyzed
organic transformations.” Due to the extensive utilization of
NHCs in organocatalysts, NHCs have been used in more and
more reactions as effective catalysts to replace the enzymatic
and organometallic catalysis.® Recently, NHCs have become
the most promising catalysts to catalyze dimerization.*

Take the tail-to-tail dimerization of substituted olefins into
account, the expected dimers are potential precursors to
monomers for condensation polymerization in synthesizing
intermediates for fine and commodity chemicals.’ Pertaining to
its wide range of applications, many transition metal complexes
have been reported to catalyze the dimerization of methyl
acrylate andacrylonitrile.® For instance, Kashiwagi and co-
workers invented an effective Ru catalysts for the dimerization
of acrylonitrile in the presence of carboxylic acids.”
Subsequently, Hirano’s group reported an active Ru catalysts
for the tail-to-tail dimerization of methyl methacrylate® and
methyl acrylate,’ respectively. However, these organometallic
catalytic dimerization reactions do not always lead to good
yields of the expected products. Therefore, much effort has
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been focused on NHCs as an organocatalysts to improve the
reaction selectivity and to expand the substrate scope of
dimerization.'® Glorius and Matsuoka groups reported the
dimerization of aldehydes and alkenes in experiment.'' Chen et
al. carried out the computational mechanistic studies on
organocatalytic Conjugate-Addition polymerization of linear
and cyclic acrylic monomers by N-heterocyclic carbenes.'?

Noteworthy, Matsuoka and co-workers found that in the
presence of catalytic amounts of NHC (the specific NHC
chosen for the experiment, denoted Cat in Scheme 1), methyl
methacrylate (simplified as MMA in the following text) was
selectively converted to the tail-to-tail dimer with an E/Z ratio
of 95:5 with a yield of 85% at 80°C in toluene.*

According to the mechanism proposed by Matsuoka and co-
workers, six steps are involved (shown in Scheme 2). Although
the intermediates M2 and M4 (depicted in Scheme 2) have been
detected via the ESI-MS spectroscopy in the experiment,'® the
reaction mechanism of NHC-catalyzed dimerization is still
obscure. Some of the steps in the proposed mechanism are
questionable. The direct intramolecular 1,2-H shift (depicted in
Scheme 2) is very difficult to take place under the experimental
conditions due to the strain of the three-membered ring in
transition state.'* How does the NHC-catalyzed dimerization
take place under the experimental conditions? How do the
proton transfers proceed? Why is the E-isomer the main
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product? Challenges to answer all these questions motivate the
present work.
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Scheme 1 The NHC-catalyzed dimerization.
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Scheme 2 The possible mechanism reported in experiment. '

In this work, all computational models were selected on the
basis of the experimental results. As it states, MMA (denoted R
in Scheme 1), the N-heterocyclic carbene (denoted Cat in
Scheme 1) and the products (denoted P(E) and P(Z) in Scheme
1) were chosen as the objects of the investigation. The detailed
mechanisms were investigated using the density functional
theory (DFT), which has been widely used in the study of
reaction mechanism.'?

Computational details

All theoretical calculations were performed using the Gaussian
09 program.'® Specifically, the structural and energetic results
calculated by MO05-2X are more consistent with the
experimental observations than those by other DFT functions.'’
The MO05-2X function was thus selected to carry the DFT
calculation.'® All structures were optimized and characterized
as energy minima at the M05-2X/6-31G(d, p) level of theory.
Vibrational frequency calculations were then performed based
on the optimized geometries at the same level, so as to confirm
that all the reactants, intermediates and products have no
imaginary frequencies, and each transition state has one and
only one imaginary frequency. The intrinsic reaction coordinate
(IRC) calculations,' at the same level of theory, were
performed to ensure that the transition states lead to the
expected reactants and products. The energetic results were
then refined by the single-point calculations at M05-2X/6-
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311++G(2d, 2p) level with the solvent effect of toluene using
the integral equation formalism polarizable continuum solvent
model (IEFPCM).?® Natural bond orbital (NBO)analyses were
performed with the same basis set to assign the atomic
charges.”! All energies reported in this paper include the zero-
point vibrational energy (ZPVE) corrections obtained from the
frequency calculations at the MO05-2X/6-31G(d, p) level of
theory.

Results and discussion

Four possible reaction channels.

For the title reaction, we have suggested and studied four
possible reaction channels (A, B, C, and D, as depicted in
Scheme 3) on the basis of experimental results. The calculated
potential energy profiles for the four reaction channels are
presented in Figure 1. The energy of Cat+R+R’ is set as 0.00
kcal/mol as reference for the potential energy profiles.
Furthermore, Figure 2 to Figure 5 present all the optimized
structures involved in channels A, B, C, and D.
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Scheme 3 The possible reaction channels (A, B, C, and D) of
the title reaction.
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Figure 1 Energy profiles for the channels A, B, C and D (the
superscripts a, b represent adding the energy of reactant R” and
catalyst Cat, respectively).

Channel A. As shown in Scheme 3, there are six tandem reaction
steps in channel A.
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The first step is a nucleophilic attack process. That is, the C1 atom in
Cat attacks the C2 atom in the reactant R with the formation of a
zwitterionic intermediate M1(A) via transition state TS1(A). The
C1-C2 bond forms in intermediate M1(A) with the Cl1 atom
approaching the C2 atom.

The analyses of NBO charges distributed on the atom (C2) and
groups (Cat and R) performed at the MO05-2X/6-
311++G(2d,2p)//M05-2X/6-31G(d, p) level are summarized in Table
1. The negative charge distributed on the C2 atom has increased
significantly from -0.30 e in R to -0.49 e in MI(A) as the
nucleophilicity of the C2 atom is increased, which facilitates the
following proton transfer and nucleophilic attack processes.
Additionally, by comparing the charge distributed on groups (Cat
and R) in the reactant (Cat+R)and in the intermediate M1(A), it is
revealed that 0.81e is transferred from catalyst Cat to reactant R
during the formation of M1(A), indicating that this is a nucleophilic
attack process.

Table 1 NBO charges distributed on the C2 atom and some groups
in CattR and intermediate M1(A) calculated at the M05-2X/6-
311++G(2d,2p)//M05-2X/6-31G(d, p) level. (unit: )

C2 Cat R
(Cat+R) -0.30 0 0
MI1(A) -0.49 0.81 -0.81

The second step is a direct intramolecular 1,2-H shift process,
through which the intermediate M1(A) is tautomerized to the
intermediateM2(A) via transition state TS2(A). To be specific, with
the break of C2—-H4 bond and the formation of C3—-H4 bond, the H4
proton transferred from the C2 atom to the C3 atom in M2(A).
Notably, there is a three-membered ring configuration (C2H4C3) in
TS2(A). The high strain energy contained in the three-membered
ring makes the reaction hard to proceed. As shown in Figure 1, the
energy barrier for this step is 43.50 kcal/mol, indicating that the
direct intramolecular 1,2-H shift process is unlikely to take place
under the experimental conditions.

The obtained intermediate M2(A) then reacts with another
reactant MMA (R") molecule and forms a zwitterionic intermediate
M3(A) via transition state TS3(A). This is also a nucleophilic attack
process. That is, with the C2 atom in M2(A) approaching the C2"
atom in R” gradually, the C2—C2" bond forms in M3(A). After this, a
direct intramolecular 1,3-H shift process takes place, through which
the intermediate M3(A) is transformed to the intermediate M4(A)
via a transition state TS4(A) containing a four-membered ring.
Specifically, with the breaking of the C2—H5 bond, the C3"-H5 bond
forms in M4(A). Fifthly, a zwitterionicintermediate MS(A) is formed
via a direct intramolecular 1,2-H shift process associated with a
transition state, TSS5(A), containing a three-membered ring
configuration (C3H4C2). Like the second step, where there was also
a transition state with a three-membered ring structure, the energy
barrier of 44.75 kcal/mol in this step is also very high. In the last
step, the C1-C2 bond in M5(A) is cleaved via a transition state,
TS6(A), leading to the dissociation of the final product P(E) and the
catalyst Cat.

Figure 1 illustrates the potential energy profile for channel A. The
highest energy barrier is associated with the transition state TS5(A)
(44.75 kcal/mol), which apparently is too high for the reaction to
occur along channel A under the experimental conditions. The
optimized structures and geometrical parameters of the reactant,
transition states, intermediates and product involved in channel A are
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shown in Figure 2. The changes of geometrical parameters are
discussed in detail in the supporting information (Part S1).
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Figure 2 The optimized structures and geometrical parameters of
reactant R(R"), the catalyst Cat, intermediates M1(A), M2(A),
M3(A), M4(A), and M5(A), transition states TS1(A), TS2(A),
TS3(A), TS4(A), TS5(A), and TS6(A), and products P(E) (hydrogen
atoms not involved in reaction sites are omitted; bond lengths in
angstrom; dihedral angles in degree).

Channel B. As shown in Scheme 3, there are also six reaction steps
in channel B. The detailed reaction processes of channel B have been
illustrated as follows:

The first step is the formation of a zwitterionic intermediate M1(A)
accomplished by the nucleophilic attack of the C1 atom in Cat to the
C2 atom in R via transition state TS1(A), note that this is the same as
the first step in channel A. Subsequently, as M1(A) approaches
another reactant R’, the intermediate M1(B) was formed via a
transition state TSI1(B) containing a seven-membered ring
(C2C3C607C6'0O7°HS), where the HS proton has been transferred
from the C2 atom to the O7" atom and the C6'—O7 bond forms. In
the third step, the H5 proton has been transferred from the O7" atom
to the C3 atom to form the intermediate M2(B)+R" via the six-
membered ring (C3C607C6°07 H5) transition state TS2(B) as the
C6'—07 bond breaks. Noteworthy, the 1,2-H shift, that is, the H5
proton transferring from the C2 atom to the C3 atom is assisted by
the reactant R’. It is worth mentioning because of the low energy of
intermediate M2(B)+R, it should be able to exist for a long time and
this is confirmed by the fact that it has been detected in the
experiment."?

As shown in Figure 1, the barrier energy for the second and third
steps in channel B is 21.46 kcal/mol and 10.14 kcal/mol,
respectively, indicating that the reaction can proceed at the
experimental temperature along this pathway. Moreover, as the
energy of M2(B)+R" is 16.13 kcal/mol lower than that of M1(A), the
process of the tautomerization from M1(A) to M2(B) is exothermic.
The fourth step is a nucleophilic attack process, where the C2 atom
in intermediate M2(B) attacks the C2" atom in the reactant R” and
form a zwitterionic intermediate M3(B) via transition state TS3(B).

Phys.Chem. Chem. Phys., 2014, 05, 1-3 | 3
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Fifthly, a direct intramolecular 1,4-H shift occurs. To be specific, the
intermediate M3(B) is tautomerized into intermediate M4(B) via the
H5 proton transferring from the C3 atom to the C3” atom associated
with the five-membered ring transition state TS4(B). In the final
step, the product P(E) is released from M4(B) via TS5(B)
accompanied by the recovery of catalyst (Cat).

As can be seen from the potential energy profile for channel B in
Figure 1, the highest energy barrier for channel B is 21.46 kcal/mol,
which is associated with the transition state TS1(B), this energy
barrier is much lower than that of the channel A, therefore, channel
B is much more energetically favourable than channel A for the title
reaction. The optimized structures and geometrical parameters of the
stationary points involved in channel B are shown in Figure 3. The
changes of geometrical parameters are depicted in detail in
supporting information (Part S2).
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Figure 3 The optimized structures and geometrical parameters of the
reactant R’, intermediates M1(A), M1(B), M2(B)+R’, M3(B), and
M4(B), transition states TS1(B), TS2(B), TS3(B), TS4(B), and
TS5(B), and product P(E) (hydrogen atoms not involved in reaction
sites are omitted; bond lengths in angstrom; dihedral angles in
degree).

Notably, the intermediate M2(B) (which is the configurational
isomer of intermediate M2, depicted in Scheme 2) is involved in
channel B, but the intermediate M4 (depicted in Scheme 2) detected
in experiment'® is not involved in channel B. In order to verify the
appearance of intermediate M4 or its configurational isomer in the
reaction and to explain the stereoselectivity of the reaction, we have
suggested and studied channels C and D. Channel C and channel D
are both proposed on the basis of channel B and are illustrated as
follows.

Channel C. The proposed channel C is demonstrated in detail in
Scheme 3. The first four steps of channel C are the same as those of
channel B. In this section, we will focus on the fifth to the seventh
steps of channel C:

The fifth step is a direct intramolecular 1,3-H shift process.
To be specific, it is the tautomerization of the intermediate
M3(B) to the intermediate M4(C) via the H4 proton transferring
from the C2 atom to the C3" atom associated with the four-
membered ring transition state TS4(C). In the sixth step, a
direct intramolecular 1,2-H shift process occurs. Specifically, a
zwitterionic intermediate M5(C) is formed with the HS proton
transferring from the C3 atom to the C2 atom via a transition
state, TS5(C), with a three-membered ring configuration. As
shown in Figure 1, the energy barrier for this step is 53.72
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kcal/mol, attributing to the strain of the three-membered ring in
the transitional state TS5(C). In the seventh step, the final
product P(Z) was obtained by the regeneration of the catalyst
Cat via transition state TS6(C).

The potential energy profile for channel C (as shown in
Figure 1) shows that the energy barrier associated with the
transition state TS4(C) is 28.92 kcal/mol, which can be easily
overcome under the experimental conditions, therefore the
intermediate M4(C) (the configurational isomer of intermediate
M4 depicted in Scheme 2) should be relatively easily obtained.
However, the energy barrier of the rate-determining step (direct
intramolecular 1,2-H shift process) for channel C is 53.72
kcal/mol, indicating that the Z-isomer product P(Z) is very
difficult to be formed along channel C. The optimized
structures and the geometrical parameters of intermediates
M4(C) and MS5(C), transition states TS4(C), TS5(C), and
TS6(C), and product P(Z) are shown in Figure 4. The changes
of geometrical parameters are discussed in detail in the
supporting information (Part S3).
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Figure 4 The optimized structures and geometrical parameters
of intermediates M4(C) and M5(C), transition states TS4(C),
TS5(C), and TS6(C), and product P(Z) (hydrogen atoms not
involved in reaction sites are omitted; bond lengths in
angstroms; dihedral angles in degree).

Channel D. There are six reaction steps in channel D, the first
three are the same as those of channel B, and therefore we only
discussed the last three reaction steps (the fourth step to the
sixth step) in this section.

The fourth step was a nucleophilic attack of the C2 atom of the
intermediate M2(B) on the C2’-C3’ double bond of reactant R”
via transition state TS3(D), leading to the formation of a
zwitterionic intermediate M3(D), a configurational isomer of
the intermediate M3(B) (S configuration for the C2 atom). The
intermediates M3(B) and M3(D) are in fact diasterecomers,, both
of which contain two chiral atoms (C2 and C3) and cannot be
converted into each other by the rotation of the C2—C2" bond.
The fifth step is a direct intramolecular 1,4-H shift process. The
intermediate M3(D) was transformed to the intermediate
M4(D) via a five-membered ring transition state TS4(D), and
finally release of the product P(Z) and catalyst Cat.

As shown in the potential energy profile of channel D
(Figure 1), the highest energy barrier for the entire pathway is
22.01 kcal/mol, suggesting that this pathway is energetically
accessible under the experimental conditions. The optimized
structures and the geometrical parameters of M2(B)+R’,

This journal is © The Royal Society of Chemistry 2014
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TS3(D), M3(D), TS4(D), M4(D), TS5(D) involved in channel
D are shown in Figure 5. The changes of geometrical
parameters are described in detail in the supporting information
(Part S4).
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Figure 5 The optimized structures and geometrical parameters
of intermediates M2(B)+R’, M3(D), M4(D), transition states
TS3(D), TS4(D), and TS5(D) (hydrogen atoms not involved in
reaction sites are omitted; bond lengths in angstrom; dihedral
angles in degree).

Noteworthy, we have considered also the possible proton
transfers assisted by zwitterionic intermediates, such as M1(A),
M3(A) and M5(A). However, we have tried many times but
failed to locate the proton transfer transition state assisted by
them. In addition, it should be noted that the structural
parameters of TS1(B) seem to be adequate and the activation
barrier is reasonable. Considering that the concentration of
MMA in the reaction mixture is probably significantly higher
than that of intermediates, we think the intermolecular
mechanism of the H-transfer proposed in our work is quite
possible.

Stereoselectivity of the reaction.

As discussed above, the highest energy barriers for channels A,
B, C, and D are 44.75, 21.46, 53.72, and 22.01 kcal/mol
(depicted in Figure 1), respectively. Channels B and D are
much more energetically favourable than the other two reaction
channels (A and C). Channel B leads to the formation of the E-
isomer product P(E), while channel D leads to the formation of
the Z-isomer product P(Z). Obviously, the two channels (B and
D) are close competitive reaction pathways in terms of energy.

How can the stereoselectivity of the reaction generate?
Noteworthy, the energy favorable channels B and D share the
same reaction processes associated with the transformation
from reactant R and catalyst Cat to intermediate M2(B)+R".
Sequentially, M2(B)+R" is tautomerized to E-isomer product
P(E) via channel B, and is transformed into the Z-isomer
product P(Z) via channel D, respectively. Comparing the
optimized structures of intermediates and transition states
involved in channel B and channel D (Figure 3 and Figure 5), it
is easy to find that the stereoselectivity can be generated by the
nucleophilic attack processes associated with the transition state
TS3(B) in channel B and the transition state TS3(D) in channel
D, respectively. The approaching of the reactant R" to different
faces (either Re or Si face) of the intermediate M2(B) will lead
to different stereoselective configurations of the transition

This journal is © The Royal Society of Chemistry 2014
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states including TS3(B) (S configuration for the C2 atom) and
TS3(D) (R configuration for the C2 atom). To explain the issue
clearly, illustrated the stereochemistry of the
nucleophilic addition step in Figure 6.

we have

Why the E-isomer product P(E) is the main stereoselective
product detected in the experiment? Comparing the energy
profiles of the favorable channels B and D, we realized that the
nucleophilic attack step is the stereoselectivity-determining step
of the title reaction and the population of M4(B) and M4(D)
determine the E/Z value of the product. The energy barrier for
the structural transformation from intermediate M2(B) to
M4(B) in channel B is 19.10 kcal/mol, which is lower than that
of the structural transformation from intermediate M2(B) to
M4(D) in channel D (22.01 kcal/mol), indicating that M4(B)
can be formed faster than M4(D) in kinetics. Moreover, the
relative energy of M4(B) is 5.30 kcal/mol lower than that of
M4(D), demonstrating that M4(B) is more stable than M4(D) in
thermodynamics. In addition, M4(B) and M4(D) are impossible
to interchange because of the different chiral carbon centers. On
the basis of the above discussion, we conclude that the channel
B is the most energetically favorable pathway and the product
P(E) is the main product under the experimental conditions.
These conclusions are in good agreement with the experimental
results. "

R b
\4‘;’:‘: TS3(D) °

Ts38) O~

Figure 6 Illustration of the stereochemistry for channels B and
D, and the optimized geometries of transition states TS3(B) and
TS3(D) (hydrogen atoms not involved in reaction sites are
omitted).

The role of catalyst NHC (Cat).

In order to explain the role of catalyst Cat, we have calculated and
analyzed the global reactivity indices, which consist of
nucleophilicity index (N) and electrophilicity index (). Specifically,
the nucleophilicity index (N) introduced by Domingo and co-
workers” can be used to estimate the global nucleophilicity
character of a molecule, it is on the basis of the HOMO energies
obtained within the Kohn-Sham scheme,” and defined as
N=Enomonu—Enomorrce). This nucleophilicity scale is referred to
tetracyanoethylene (TCE) taken as a reference. The global
electrophilicity character of a molecule is measured by the
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electrophilicity index, »,2* following equation,  =p*/2n, in terms of
the electronic chemical potential p and the chemical hardness 7.
Both quantities may be obtained in terms of the one-electron
energies of the frontier molecular orbital HOMO and LUMO, gy and
€1, as L= (egte )2 and = g -gy. Following these indices definition,
the reactant R is a marginal electrophile (@ = 1.26 eV) and
nucleophile (N = 1.72 eV). Our calculated results for nucleophilic
index are shown in Table 2. M1(A) is an intermediate obtained from
R combining with Cat (as shown in Figure 7). We can see that
nucleophilicity index of M1(A) is much higher than that of R, which
indicates that the catalyst Cat can catalyze the dimerization reaction
by improving the nucleophilic index of reactant (R) indirectly with
the formation of the intermediate M1(A).

Table 2 The nucleophilic indices of Cat, R and M1(A) calculated at
MO05-2X/6-311G(2d, 2p) level.

Solvation Effects

In order to confirm that the IEFPCM solvent model is suitable
for this reaction system. we have compared all energetic results
in channels A, B, C, D by the single-point calculations at M05-
2X/6-311++G(2d, 2p) level with the solvent effect of toluene
using the IEFPCM and COSMO models, which have been
summarized in Table 4. The calculated results indicate that
relative energies of the species obtained through different
solvation models have tiny differences, therefore IEFPCM
solvent model should be suitable for this reaction.

Table 4 Relative energies of the species for the dimerization at the
MO05-2X/6-311++G(2d,2p) level with the solvent effect of toluene
using IEFPCM and COSMO models (unit: kcal/mol).

Cat R MI(A)
N (eV) 3.16 1.72 5.43
/Ph y p /Ph %o
\
_N N/ _N H C—OCH,
| l\c-/—\zﬁ —_ \ ea\c—(lz—c//s
Ph N e N H 4CH,
\ HiC4 5'co,CH \
Ph T Ph
Cat R M1

Figure 7 The catalyst Cat nucleophilic attack on the reactant R.

In order to shed light on the reaction selectivity why the C1 atom in
Cat attacks on the C2 atom rather than the C3 atom in reactant R (as
shown in Figure 7), we have calculated and analyzed a new local
reactivity index proposed recently by Domingo et al.>> The new local
reactivity index, named Parr function P(r), is obtained from the
atomic spin density (ASD) at the radical cation and at the radical
anion of the corresponding reagents. The electrophilic Parr function

P and nucleophilic Parr function Pi for the atoms (C2, C3, C4 and
C5) in reactant R were obtained through the analysis of the Mulliken
ASD of the radical anion and the radical cation by single-point
energy calculations at M05-2X/6-311++G(2d, 2p) level based on the
optimized neutral geometries using the unrestricted formalism for
radical species. The results are listed in Table 3. We find that the
electrophilic Parr function and nucleophilic Parr function of C2 atom
are larger than that of other atoms, which indicates that the C2 atom
is more electrophilically activated than other Carbon atoms when
reacting with the nucleophilic catalyst Cat.

p;
Table 3 Electrophilic Parr function and nucleophilic Parr

function for the atoms (C2, C3, C4 and C5) in reactant R

C2 C3 ca Cs

"
Py 056 -0.02 0.03 0.28
Py 053 0.00 0.01 0.00

6 | Phys.Chem. Chem. Phys., 2014, 05, 1-3

Species IEFPCM COSMO
TS1(A) 10.46 10.44
M1(A) -6.67 -7.26
TS2(A) 36.83 36.47
M2(A) -19.64 -19.00
TS3(A) -5.62 -5.28
M3(A) -14.39 -15.13
TS4(A) 15.15 16.11
M4(A) -33.56 -33.12
TS5(A) 11.18 11.73
MS5(A) -23.86 -23.60
TS6(A) -10.56 -9.72
P(E) -20.20 -20.03
TS1(B) 14.79 15.15
MI(B) 9.00 10.27
TS2(B) 19.14 20.37
M2(B)+R’ -22.8 -22.06
TS3(B) -3.70 -3.41
M3(B) -12.49 -13.08
TS4(B) 3.94 3.19
M4(B) -24.39 -24.60
TS5(B) -12.67 -12.46
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TS4(C) 16.43 17.15
M4(C) -33.89 -33.18
TS5(C) 19.83 20.04
M5(C) -14.97 -15.13
TS6(C) -7.37 -6.62
P(2) -19.10 -18.64
TS3(D) 0.79 -0.68
M3(D) -8.63 -9.97
TS4(D) 2.98 2.23
M4(D) -19.09 20.27
TS5(D) -8.71 -8.26
TS1(A) 10.46 10.44
MI1(A) -6.67 -7.26

Conclusions

In this work, the stereoselective reaction mechanisms

(including four possible reaction channels, the E-isomer
channels A and B, and the Z-isomer channels C and D) of tail-
to-tail dimerization of methyl methacrylate catalyzed by N-
heterocyclic carbene have been investigated theoretically using
density functional theory. The E-isomer channel A followed the
mechanisms proposed by Matsuoka group, which involves the
direct intramolecular 1,2-H shift steps. The other E-isomer
channel B, which does not involve the direct intramolecular
1,2-H shift steps, has been proposed in this work. The Z-isomer
channel C, which can explain the formation of the intermediate
M4 (depicted in Scheme 2) or its configurational isomer
detected in the experiment, is suggested on the basis of channel
B. The other Z-isomer channel D, which is the competitive
reaction path with channel B, is also based on channel B. In
addition, we have explained the cause of the stereoselectivity
and the role of the catalyst Cat, concluding that channel B is the
most energetically favorable one and the product P(E) is the
stereoselective product.

The most favourable channel (channel B) contains six
reaction steps as follows: The first step is the nucleophilic
attack of catalyst Cat on the reactant R with formation of a
zwitterionic intermediate M1(A); The second and third steps
are two proton transfer processes, which make the intermediate
MI1(A) transform to the intermediate M2(B); Fourthly, the
intermediate M2(B) nucleophilic attacks on the reactant R” to
obtain intermediate M3(B) and the stereoselectivity of the
reaction occurs in this step; Fifthly, the intermediate M3(B) is
tautomerized into intermediate M4(B) via the 1,4-H shift
process; Finally, the product P(E) is generated with release of
the catalyst Cat. Moreover, we have verified the

This journal is © The Royal Society of Chemistry 2014
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stereoselectivity of reaction and explored the cause of the N-
heterocyclic carbene catalyst Cat catalyzing the dimerization.

The obtained novel mechanistic insights should be valuable for
not only understanding the reaction mechanisms of the NHC-
catalyzed tail-to-tail dimerization but also the rational design of
efficient and highly stereoselective NHC catalysts.
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