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ABSTRACT

Recently, N-heterocyclic carbenes (NHCs) have been found to be efficient catalysts for the formal [2 + 2]
cycloaddition of aryl(alkyl)ketenes and diazenedicarboxylates to give aza-f3-lactams in good enantiose-
lectivity (up to 91%ee) [X.-L. Huang, X.-Y. Chen, S. Ye, J. Org. Chem. 74 (2009) 7585-7587]. However, it
is still ambiguous which step is the enantioselectivity-determining step and what the role of NHC cata-
lysts is in this reaction. In this paper, we have suggested a possible mechanism of the title reaction and
then theoretically investigated it in detail using density functional theory (DFT). Fully optimized geome-
tries of reactants, products, transition states and intermediates were obtained at the B3LYP/[6-31G (d,
p)/LANL2DZ] level of theory, and the results revealed that this reaction had three steps. Our calculated
results indicate that the [2 + 2] cycloaddition step is the enantioselectivity-determining step. Moreover,
the frontier molecular orbital (FMO) analysis has been carried out to explain why the NHC catalysts can
make the [2 + 2] cycloaddition easier to occur, which is mainly due to that the energy gap of FMOs become
narrower under the NHC-catalysis condition. Noteworthy, the results of global reactivity indexes anal-
ysis are consistent with those of the FMO analysis. Further calculations show that the solvent effect of

dichloromethane has no great influence on enantioselectivity of this reaction.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As the aza analogues of (3-lactams, aza-[3-lactams show some
interesting biological activities [1,2] and are useful intermediates
for the synthesis of R-amino acids and heterocyclic compounds
[3,4]. Since Ingold and Weaver reported the first [2+2] cycload-
dition of ketenes and diazenes to give aza-B-lactams [5-13],
numerous methodologies for synthesis of aza-f3-lactams have been
developed over the past decades. Noteworthy, Taylor et al. were
the main contributors for the synthesis and application of aza-3-
lactams [14].

Nevertheless enantioselective [2+2] cycloaddition of ketenes
and diazenes has been a challenge for many years. Due to the chal-
lenges involved in such endeavors and the applications of chiral
aza--lactams in organic and medicinal chemistry, there has been
great effort in designing and developing various kinds of chiral cat-
alysts experimentally. For example, Berlin and Fu reported the first
enantioselective [2 + 2] cycloaddition of ketenes with diazenedicar-
boxylates catalyzed by their planar-chiral 4-pyrrolidinopyridine
derivatives [15].

Recently, N-heterocyclic carbenes (NHCs) were found to be
efficient catalysts for the enantioselective cycloaddition between
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ketenes and C=0 (or C=N, N=N) bond [16]. For example, Ye et al.
reported that the highly enantioselective synthesis of lactones can
be obtained by chiral NHC-catalyzed formal cycloaddition reaction
of alkyl(aryl)ketenes and trifluoromethyl ketones [16a,b]. NHCs
were also demonstrated to be efficient catalysts for the Staudinger
reaction of ketenes with N-tosyl, N-benzyloxycarbonyl, or N-tert-
butoxycarbonyl imines [16c]. Connected to the above, it is worth
mentioning that NHCs had been used for promoting the formal
[2 +2] cycloaddition aryl(alkyl) ketenes and diazenedicarboxylates
to give the corresponding aza-3-lactams in good yields with up to
91%ee[16g]. However, no report of theoretical investigations about
the mechanism of this reaction has been found by now. Thus, it is
still ambiguous which step is the enantioselectivity-determining
step and which factor is the decisive factor on enantioselectivity in
this reaction. In addition, it is also essential to make clear why the
reaction can occur more easily and has a good enantioselectivity
under the NHC-catalysis condition.

Noteworthy, Yamabe et al. had provided the precise frontier
molecular orbital (FMO) pictures for the [2+2] cycloaddition of
ketene and C=X (X=0, NH, and CH; ) bond under non-catalysis con-
dition [17], but it is still unknown whether there is a same overlap
mode of the frontier molecular orbitals under the NHC-catalysis
condition in the past decades. All of the questions mentioned above
prompted us not only to investigate the mechanisms of the title
reaction, but also to give a deep investigation on the frontier molec-
ular orbital interactions. As described above, we think this work


dx.doi.org/10.1016/j.molcata.2010.11.004
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:zhuyan@zzu.edu.cn
mailto:mstang@zzu.edu.cn
dx.doi.org/10.1016/j.molcata.2010.11.004

D. Wei et al. / Journal of Molecular Catalysis A: Chemical 334 (2011) 108-115

109

15
H
N5 _coort XN S_cooE
I ?OOEt 2(|3—I|\I/ ZT_II\I/ t
C2 1
I+ Ns dC—nN + pndc—
5 4 Ph! Et\ N
/Ci N Cs,CO3 Etl 4 COOEt hl 4 COOEt
P’ Bt COOEt  CH,Cl,, 1t ce: 88%
R1 R2 P(S) P(R)

Scheme 1. The [2+2] cycloaddition catalyzed by NHC 1.16 g.

should help explaining how the NHC catalyst work and what the
role of NHC catalyst is, which should be certainly helpful for the
new catalysts and novel catalyzed reaction designs.

In this project, the [2 + 2] cycloaddition of R1 and R2 promoted
by catalyst 1 to give P(R) with 88% ee (Scheme 1) has been chosen
as the objects of investigation, which was uniform with the experi-
mental work (X.-L. Huang, X.-Y. Chen, S. Ye, ]. Org. Chem. 74 (2009)
7585-7587). And the reaction mechanisms were studied using den-
sity functional theory, which has been widely used in the studies
of the mechanisms [18-21].

2. Computational details

All theoretical calculations were performed using the Gaussian
03 [22] suite of programs. The geometrical structures of all the sta-
tionary points in energy profiles were optimized by employing the
hybrid density functional B3LYP method [23,24] and Cs atom was
modeled by a LANL2DZ, while 6-31G (d, p) basis set was used for
all other atoms. The corresponding vibrational frequencies were
calculated at the same level to take account of the zero-point vibra-
tional energy (ZPVE) and to identify the transition states. We had
confirmed that all reactants and intermediates had no imaginary
frequencies, and each transition state had one, and only one, imag-
inary frequency. The intrinsic reaction coordinate (IRC) calculations
[25,26], at the same level of theory, were performed to ensure that
the transition states led to the expected reactants and products.
Moreover, frontier molecular orbital analysis and NBO charge had
been performed at the B3LYP/6-31G (d, p) level.

Finally, the solvent effect had been considered in this paper.
Based on our computational works [18a,b], we think solvent effect
of the enantioselectivity-determing step could be important for
this type of reaction. Therefore, we had optimized the geometries
and calculated the corresponding vibrational frequencies of the two
transition states TS2'(S), TS2'(R) and the two intermediates M2'(S),
M2'(R) in dichloromethane at the B3LYP/6-31G (d, p) level using
the integral equation formalism polarizable continuum model (IEF-
PCM) method [27,28].

3. Results and discussion
3.1. Reaction mechanisms of the title reaction

According to our calculations, we believe the reaction proceed
via the following mechanism (Scheme 2).

All compounds shown in Scheme 2 will be referred to by their
associated number for the sake of brevity. Initially 1 is converted
successfully into 1a (as can be seen in Scheme 2, 1a is the true
catalyst) [16g]. The following processes, starting with the reac-
tion between 1a and ketene R1, and then with R2, are the focus of

our investigation. The corresponding representation of the energy
profile is illustrated in Fig. 1. As shown in Fig. 1, we set the ener-
gies (E+ZPVE) of R1+R2+1a as 0.00 kcal/mol as reference in the
potential energy profiles.

We begin by studying the chemical combination of 1a with
R1. 1a can initiate the reaction through (E&Z)-TS1 (Fig. 2), which
results from the approach of 1a to the ketene and leads to the com-
plex (E&Z)-M1. For the double bond C2=C3, (E)-M1 and (Z)-M1
are a pair of E and Z-isomers. The distances of C1-C2 are 2.452 A in
(E)-TS1 and 2.484 A in (Z)-TS1, which are shortened to 1.512A in
(E)-M1 and 1.511 A in (Z)-M1 (Fig. 2), respectively.

As can be seen from Table 1, the values of NBO charge on the C1
and C2 atoms from 1a and R1 to the zwitterion (E&Z)-M1 changed
drastically, which was mainly due to the new C1-C2 bond forma-
tion. Apart from the above, the charge value of N6 atom changes
from —0.253e in 1a to —0.173e in (E)-M1 (0.169e in (Z)-M1),
which indicates that the N6 atom become a positive charge cen-
ter in (E&Z)-M1. At the same time, the charge value of O7 atom
changes from —0.437e in 1a to —0.711e in (E)-M1 (-0.715e in
(Z)-M1), showing that O7 becomes a negative charge center in the
(E&Z)-M1, thus, the intermediates (E)-M1 and (Z)-M1 should be
zwitterions. Obviously, there is a charge transfer process from cat-
alyst 1a to the reactant R1 in this step. The energy barriers of the
first step are 2.44 kcal/mol (E) and 2.10 kcal/mol (Z) (Fig. 1), respec-
tively. Moreover, (E)-M1 lies 15.67 kcal/mol below the energy of
the reactants, while (Z)-M1 lies 17.29 kcal/mol below the energy
of the reactants. What we have described above indicates that the
interaction of carbene carbon atom C1 and the C2 of the ketene
stabilize the resulting complexes (E&Z)-M1.

The second step is a formation of four-membered ring
(C2-C3-N4-N5) through the [2 + 2] cycloaddition. In this step, R2
could form the intermediates M2(S&R) (Fig. 3) with (E&Z)-M1 by
weak interactions. M2(S) and M2(R) are the reaction precursors.
The N4 atom attacks to the prochiral carbon atom C3 in M2(S&R),
corresponding to the N4 atom attacking the Si face and Re face of the
ketene, and produces two diastereotopic transition states TS2(R)
and TS2(S) (Fig. 3), respectively. After the bond C3-N4 is formed,
the single bond C2-N5 is also generated in M3(S&R) (Fig. 4) via
TS2(S&R), so the [2 +2] cycloaddition is a concerted reaction.

The distances of C2-C3, C3-N4, N4-N5, C2-N5 in M2(S&R),
TS2(S&R) and M3(S&R) are summarized in Table 2. The distances
of C2-N5 and C3-N4 are shortened from 3.001A and 2.929A in
the structure of M2(S) to 2.804 A and 2.059A in TS2(S), respec-
tively. While the distances of C2-N5 and C3-N4 are shortened from
3.060 A and 3.126 A in the structure of M2(R) to 2.707 A and 1.899 A
in TS2(R). The energy of TS2(S) is 4.13 kcal/mol higher than that
of the reactants, and TS2(S) leads to intermediate M3(S) which
has an S configuration at the chiral center C3 atom. TS2(R) leads
to the R configuration, M3(R), and the newly formed C2-N5 and
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Scheme 2. The overall reaction mechanism.

C3-N4 bond are 1.661A and 1.464 A separately. The difference in
energy between TS2(S) and TS2(R) is due to the different amount
of repulsion with R2 gradually close to (E&Z)-M1.

The energy barrier for ring formation is 18.46 kcal/mol via TS2(S)
compared to 16.29 kcal/mol via TS2(R). Noteworthy, this step has
the highest energy barrier in energy profile and the C3 atom will
become a chiral center via TS2(S&R). The AG we have calcu-
lated for this step is 20.69 kcal/mol for the S configuration and
17.87 kcal/mol for the R configuration, respectively, the highest
energy barrier among the reaction steps. Furthermore, the energy
barrier of P(S&R) + 1a through TS2(S&R) is so high (41.63 kcal/mol
(S) and 35.12 kcal/mol (R), Fig. 1) that the reaction is clearly irre-

versible at room temperature. Hence the energy barrier of this step
will be crucial for determining the stereochemical outcome of the
reaction. Moreover, we find that the benzene in ketene and that
in catalyst are stacked in R configuration, therefore, there should
be a m-m weak interactions between them, which is one reason of
making the R configuration more energy favorable.

The difference of AE between S and R configuration in this step
is 2.17 kcal/mol (Fig. 1). This value would correspond to an enan-
tiomeric excess of about 94% [18a,b], which approximately predicts
the experimental outcome (88%ee). Thus, it provides the correct
stereochemical preference of the reaction, in agreement with the
experimental result.
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Fig. 1. Potential energy profiles for the whole reaction along the reaction coordinate (unit: kcal/mol, the superscript a represents adding the energy of R2).
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(E)-M1

(2)-M1

Fig. 2. Optimized structures of the critical points reactants (1a and R1), (E&Z)-TS1 and (E&Z)-M1 (units in A for bond lengths).

(E)-M1+R2 (2)-M1+R2

TS2(S)

TS2(R)

Fig.3. Optimized structures for M2(S&R) and TS2(S&R) (units in A for bond lengths).

In the last process of the reaction we are concerned, catalyst 1a
isreleased by breaking the C1-C2 bond through the transition state
TS3(S&R) (Fig. 4). The C1-C2 bond lengthens to 2.030 A in TS3(S)
and 2.067 A in TS3(R), respectively. The energies of P(S&R) + 1a are
37.50and 36.08 kcal/mollower than that of the reactants, therefore,
the overall reaction is an exothermic process. Further, the energy
barrier through TS3(S&R) is 5.13 and 5.46 kcal/mol, so the C1-C2
bond in M3(S&R) will be broken easily leading to P(S&R) and 1a.

In addition, we have calculated a similar mechanism by the use
of a model composed of 1a(carbene), R1(ketene) and Cs* (Cs atom
was modeled by a LANL2DZ, and 6-31G (d, p) basis set was used
for all other atoms) as follows (Scheme 3).

As can be seen from Scheme 3, we have optimized all the
structures of the stationary points with the cation Cs* and pro-
vided their cartesian atomic coordinates in Supplementary data.

Table 1
The values of NBO charge on the C1, C2, N6 and O7 atoms in R1, 1a, (E)-M1 and
(Z)-M1 at the B3LYP/6-31G (d, p) level (unit: e).

C1 c2 c N6 07
R1 - 0.716 -0.315 - —-0.437
1a 0.136 - - —-0.253 -
(E)-M1 0.476 0.303 —-0.169 -0.173 -0.711
(z)-m1 0.476 0.308 -0.173 —-0.169 -0.715
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Scheme 3. The overall reaction mechanism with the cation Cs*.

The energy barriers of the three steps are summarized in Scheme 1,
and it is obvious that the energy barrier of the [2+2] cycloaddi-
tion process is also the highest among these of the three steps.
Moreover, the energy barriers of the [2 + 2] cycloaddition processes
with the cation Cs* are 32.51 kcal/mol (R) and 25.67 kcal/mol (S),
which are higher than those of the mechanism with no cation
Cs* (16.29 kcal/mol (R) and 18.46 kcal/mol (S)), thus, we think the

TS2(S) TS2(R)

TS3(S)

TS3(R)
P(S)+1a P(R)+1a

Fig. 4. Optimized structures of TS3(S&R) and M3(S&R) (units in A for bond lengths).

mechanism without the cation Cs* should be more energy favorable
than that with the cation Cs*.

3.2. Frontier molecular orbital analysis

In order to explore the role of NHC catalyst in this reaction,
the frontier molecular orbital analysis on the process of [2+2]
cycloaddition has been carried out in this paper. Noteworthy, Yam-
abe et al. have carefully investigated the orbital interactions of
[2 +2] cycloaddition between ketene and C=X (X=0, NH, and CH;)
bond under non-catalysis condition [17]. We have also investigated
the reaction mechanisms of ketene-ketone [2+2+2] cycloaddi-
tion to form 3-aryglutaric anhydrides under a Lewis acid catalysis,
and have found that the overlap mode of the frontier molecu-
lar orbitals under the Lewis acid catalysis is different from that
under non-catalyzed condition in the process of [2+2] cycload-
dition [18e]. Actually, the overlap mode of the frontier molecular
orbitals under the NHC-catalysis condition is also different from
that under the non-catalysis condition, which mainly due to for-
mation of the C1-C2 bond, this would be an important reason
for lowering the energy barrier of [2 +2] cycleoaddition (see Ref.

Table 2
Some geometrical parameters of several SP (stationary points) along the reaction
coordinate (units in A for bond lengths).

Sp C1-C2 2-c3 C3-N4 N4-N5 C2-N5
M2(S) 1.501 1.402 2.929 1.262 3.001
M2(R) 1.501 1397 3.126 1.258 3.060
TS2(S) 1523 1453 2.059 1.329 2.804
TS2(R) 1511 1.467 1.899 1343 2.707
M3(S) 1.556 1.660 1.460 1415 1.708
M3(R) 1.552 1.677 1.464 1415 1.661
M2/(S) 1.508 1.404 2,935 1.265 2.999
M2'(R) 1.504 1.397 3.107 1.261 3.045
TS2/(S) 1523 1.462 2.065 1336 2.807
TS2'(R) 1517 1.468 1.943 1.344 2.732
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[18e]).Based on these researches and the pictures of frontier molec-
ular orbitals (FMO), we find that the orbital interactions mainly
begin to occur between LUMOg; and HOMO g).\1 (or HOMO 7)1 )
under the NHC-catalysis condition in this step, which are the inter-
actions of LUMOg, and HOMOg; under non-catalysis condition
correspondingly. The orbital pictures of the HOMOg{, LUMOg,,
HOMO(g).p1 and HOMO 7y calculated at the B3LYP/6-31G (d, p)
level have been represented in Fig. S1, which has been provided in
supplementary data.

As shown in Fig. 5, the energy gap of LUMOg, and HOMOg;
is 3.19eV, while the energy gap of LUMOg, and HOMOg).\m1 (or
HOMO (z.m1) is 1.91eV (or 1.96eV), which indicates that the
energy gap has become narrow under the NHC-catalysis condi-
tion, this fact explain why the reaction has a lower energy barrier
under the NHC-catalysis condition than that of reaction under non-
catalysis condition [29]. Although the energy gap of LUMOg, and
HOMOz).\1; is wider than that of LUMOg, and HOMO gy, the R
configuration (corresponding to the reaction of R2 and (Z)-M1) is
more energy favorable than the S configuration (corresponding to
the reaction of R2 and (E)-M1), which seems to be that the enan-
tioselectivity has little relationship with the energy gaps. Thus, we
think that the steric effect between R2 and (Z)-M1 (or (E)-M1) have
more influence than the energy gap between them on the enantios-
electivity of this reaction. Furthermore, the DFT/B3LYP method has
been widely and successfully used in describing weak interactions
and explaining the enantioselectivity of catalyzed reactions [18a,b],
however, there are not many obvious evidences to indicate that the
steric effect between reactants and catalyst would be crucial for the
enantioselectivity except discussing the structures in theory, so this
paper gives a reasonable evidence in a different perspective using
the DFT/B3LYP method.

3.3. Analysis of the global reactivity indexes of the reactants in
the [2 +2] cycloaddition step

As can be seen in Table 3, the molecule global electrophilic-
ity character is measured by electrophilicity index [30a], w, which
has be given from the following expression, w=(u2/2n) [30a-e],
in terms of the electronic chemical potential 4 and the chem-
ical hardness 7. Both quantities may be approached in terms

Table 3

Energy of HOMO (Ey, a.u.), energy of LUMO (Ei, a.u.), electronic chemical potential
(p,in a.u.), chemical hardness (7, in a.u.), global electrophilicity (w, in eV) and global
nucleophilicity (N, in eV) of some reagents (SR) involved in the [2 + 2] cycloaddition
step.

SR Ey (a.u.) Ep (a.u.) n(a.u.) n(a.u.) w (eV) N (eV)
R2 -0.251 —-0.085 -0.168 0.166 2312 2.638
R1 -0.202 —0.036 -0.119 0.166 0.161 3.808
(E)-M1 -0.155 —0.048 —-0.1015 0.107 1.306 5.249
(z)-M1 -0.157 —-0.049 -0.103 0.108 1.306 5.195

M2'(R)

; 3!5 2732\"-
> 1468

1. 943
A —

TS2'(R)

TS2(S)

Fig. 6. Optimized structures of M2'(S&R) and TS2'(S&R) (units in A for bond
lengths).

of the one-electron energies of the frontier molecular orbital
HOMO and LUMO, Ey and Ej, as /;L’%(EH +Ep)/2 and n~(EL —Ey).
Moreover, according the HOMO energies obtained within the
Kohn-Sham scheme [30d], Domingo and co-workers gave the
nucleophilicity index N to handle a nucleophilicity scale [30e-i].
The nucleophilicity index is defined as N=Eyomo(sr) — EHomo(TCE)-
This nucleophilicity scale is referred to tetracyanoethylene (TCE)
taken as a reference. Followed these indices definition, in this reac-
tion, R2 is classified as the electrophile (N=2.638eV). R1, (E)-M1,
(Z)-M1 are the nucleophiles with the value 0f 3.808 eV, 5.249 eV and
5.195eV, respectively. The nucleophiles value of (E)-M1, (Z)-M1
are obviously larger than R1, indicating that coordination of NHC
to the ketene carbon atom of R1 noticeably increases the nucle-
ophilicity of the corresponding complex of (E)-M1 and (Z)-M1, and
decreases the energy barrier of [2+2] cycloaddition, which is in
good agreement with the results of FMO analysis.

As all we known, ketenes are usually electrophilic reagents,
however, the present ketene would work as a nucleophilic one
toward the N=N bond. In order to make the donor-acceptor rela-
tion clear, we have calculated the energy barrier of the [2+2]
step by the use of the dichloroketene (Cl,C=C=0) (no R&S con-
figuration), which is higher than those of the ethyl phenyl ketene
(16.29 kcal/mol (R) and 18.46 kcal/mol (S)), therefore, it is true that
the dichloroketene is typically electrophlic and would be of poorer
reactivity than ethyl phenyl ketene in this reaction. The cartesian
atomic coordinates of M2-Cl and TS2-Cl have been provided in
Supplementary data.

3.4. Solvent effects

The solvent effect of dichloromethane on the enantioselectivity
of this reaction was also taken into account. Because the second
step is the enantioselectivity-determing step, the two transition
states TS2(S&R) and two transition states M2(S&R) have been opti-
mized in dichloromethane, at the B3LYP/6-31G (d, p) level using the
IEF-PCM method by means of geometrical optimizations. Although
the solvent effect will affect the other reaction steps, we think
solvent effect of the enantioselectivity-determing step could be
representative for this type of reaction [18a]. The structures of
TS2(S&R) and M2(S&R) are TS2'(S&R) and M2'(S&R), respectively,
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which are represented in Fig. 6 and Table 2. The energy barrier
for [2 +2] cycloaddition is 15.66 kcal/mol via TS2'(S) compared to
14.55 kcal/mol via TS2'(R). By comparing the structures and the
energy barriers in gas phase and in solvent, we find the differences
are tiny, which demonstrates that the solvent has little influence
on the reaction.

4. Conclusions

In this paper, an integrated mechanism for the catalytic cycle
has been investigated using density functional theory (DFT). The
calculated results revealed that this reaction should take place via
three steps: initially 1a approaches the carbonyl group of the ketene
and forms an intermediate (E&Z)-M1. The second step is a [2+2]
cycloaddition, which can occur via two different pathways, and
each has a diastereaotopic transition state. One pathway corre-
sponds to attacking of the ketene at the Si face while the other
pathway involves attacking at the Re face. Our calculations indi-
cated the stereoisomer with configuration R at the new chiral center
is more energetically favorable. The energetic favorability of the
R configuration stereoisomer suggests that it should be the dom-
inant product, which is in good agreement with experiment. In
addition, as shown by the potential energy profile (Fig. 1), the tran-
sition states TS2(S&R) are key for stereoselectivity. The remaining
steps involve release of the catalyst 1a. In addition, the results of
test calculations on the mechanism with the cation Cs* have been
compared with the above mechanism, which demonstrates that the
mechanism without the cation Cs* should be more energy favorable
in the potential energy profiles.

Moreover, the frontier molecular orbital analysis indicates that
the energy gap of FMO will be narrower under the NHC-catalysis
condition, and the steric effect will determine the enantioselectiv-
ity of this reaction. Actually, we think there are two reasons for
the NHC catalyst to make the reaction more easily to occur. First,
the NHC changes the overlap mode between the FMOs of R1 and
R2, which is similar with the catalyst BF; and this has been proved
in our reference [18e]. Second, the energy gap between HOMOg
and LUMOg; is reduced under the NHC catalysis, which has been
discussed in this work. Noteworthy, the results of global reactivity
indexes analysis are consistent well with those of FMO analysis.
In addition, the calculations also indicate that the solvent effect of
dichloromethane has tiny influence on the enantioselectivity of this
reaction. This study provides a model for predicting the enantiose-
lectivity of the product, which should be helpful in designing other
enantioselective catalysts.
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Appendix A. Supplementary data

Cartesian atomic coordinates and the ZPVE, E, H, G of all the
reactants, intermediates, transition states, and products obtained
using the DFT/B3LYP method. Moreover, the Cartesian atomic coor-
dinates of TS2'(S&R) and M2'(S&R) optimized at the same level in
the solvent CH,Cl, using IEF-PCM method had been provided. In
addition, the orbital pictures of the HOMOg1, LUMOg;, HOMO g)m1
and HOMOz)_u1 (Fig. S1) had also been represented in Supplemen-
tary data. Supplementary data associated with this article can be
found, in the online version, at http://www.sciencedirect.com. Sup-
plementary data associated with this article can be found, in the
online version, at doi:10.1016/j.molcata.2010.11.004.
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