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The mechanism of the Morita—Baylis—Hillman (MBH) reaction between formaldehyde and methyl
vinyl ketone (MVK) catalyzed by N-methylprolinol was investigated using density functional theory
(DFT) method. The overall reaction includes two steps: C—C bond formation and hydrogen migration.
In the presence of water, the hydrogen migration occurs via a six-membered ring transition state and the
corresponding energy barrier decreases dramatically, and therefore the RDS is the C—C bond formation
step. The calculations indicate that the C—C bond formation step controls the stereochemistry of the
reaction. In this step, the hydrogen bonding induces the direction of the attack of enamine to aldehyde
from the —OH group side of N-methylprolinol. The energy-favored transition states are mainly
stabilized by hydrogen bonding, while the chirality of the products is affected by the hydrogen bonding
and the steric hindrance. The calculations correctly reproduce the major product in (R)-configuration,
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which is consistent with the experimental observation.

Introduction

The Morita—Baylis—Hillman reaction is one of the most versatile
C-C bond formation reactions in modern organic synthesis.
Baylis and Hillman first reported Baylis—Hillman reaction of
acetaldehyde with ethyl acrylate and acrylonitrile in the presence
of catalytic amounts of 1,4-diazabicyclo [2,2,2] octane (DABCO).!
Generally, the reaction involves the coupling of an unsaturated
carbonyl compound with aldehyde to produce a-methylene-f3-
hydroxy carbonyl compound in one-step? (Scheme 1). Due to
its advantages, such as atomic economy, nonmetal catalysis, mild
reaction conditions and compatibility with multiple functional
groups, etc.,”® the MBH reaction has attracted considerable
attention in the past decade in synthesis chemistry.
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Scheme 1 The typical MBH reaction.

The development of an efficient MBH reaction is among the
most challenging themes in organic synthesis,* for the efficiency
of the MBH reaction is often poor and long-sustained reaction
time is usually needed (at least 1 week, sometimes even 1
month). To overcome these disadvantages, many catalysts have
been developed and introduced into this kind of reaction, such
as substituted DABCOs, pyrrolizidine, tertiary amine, tributyl
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phosphine, efc.> Among numerous novel catalysts, the chiral
catalysts with bifunctional groups (chiral amine, or phosphine
catalysts bearing an alcohol function®) are found to be the most
effective. b7

As one chiral bifunctional catalyst, prolinol has been developed
in the field of asymmetric catalysis.*® Krishna et al. reported that
the MBH reaction between MVK and benzaldehyde catalyzed
by N-methylprolinol afforded the corresponding product (R-
configuration) in good yield (80%) with moderate to good enan-
tioselectivity (78% ee) in the protic solvents, and the reaction time
was only 40 h.® Experimental investigations proposed that the -OH
group disposed on an amine catalyst might be responsible for the
good catalytic performance of the bifunctional catalysts, for —-OH
group could stabilize the oxy anion intermediate through hydrogen
bonding and exert a distinct effect on rate acceleration.®

For the reaction mechanism, the experimental evidences of
a MBH reaction were liable to support the reaction route
in Scheme 2. The rate-determining step of the MBH reaction,
however, is still in debate so far. In the widely employed Hill and
Isaacs’s mechanism, the C-C bond formation step (step 2) was
considered as the RDS,! but recent experimental investigations
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Scheme 2 The mechanism of the MBH reaction.
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proposed that the hydrogen migration step (step 3) was the RDS
instead of the C-C bond formation step.'

Theoretically, the related investigations on the MBH reaction
based on quantum chemistry indicated that the reaction mecha-
nism might be sensitive to the solvents. Sunoj and co-workers*®
proposed the detailed mechanism of the MBH reaction catalyzed
by DABCO under aprotic conditions using ab initio and DFT
methods. The RDS was identified as the intramolecular hydrogen
migration step after the C-C bond formation step. Subsequently
they demonstrated that the MBH reaction was favored in water
solvent.™ Recently, they extended their investigations onto aza-
Morita—Baylis—Hillman reaction and suggested that the polar
protic solvents facilitate this reaction.’® Aggarwal, Harvey and co-
workers'® explored the mechanism of the MBH reaction between
methyl acrylate and benzaldehyde catalyzed by a tertiary amine
in the absence of protic species and in the presence of methanol.
They identified the mechanism proposed by McQuade where in the
absence of protic species the hydrogen migration was accomplished
by addition of a second aldehyde to form a hemiacetal alkoxide.
They also proposed that methanol acted as a shuttle to help
hydrogen migration and made the energy barrier lower when
methanol participated in the reaction. In their mechanism, the
hydrogen migration step was the RDS.

Although great effort has been made to explain the mechanism
of the MBH reaction, the detailed information at molecular level
about the mechanism over the chiral bifunctional catalyst is much
less known. In an attempt to gain a better understanding of
the MBH reaction and to clarify how the chiral bifunctional
catalyst accelerates the reaction rate, we used DFT method
to investigate the detailed mechanism of the MBH reaction
between MVK and aldehyde catalyzed by bifunctional catalyst
N-methylprolinol. The origin of the stereoselectivity of the actual
N-methylprolinol-catalyzed MBH reaction between MVK and
benzaldehyde (Scheme 3) was also investigated in this paper.

| OH ©
2 CHs
J\ + | CHs R CHy

(R=H, or Ph)

R=Ph: Yield=80%, ee=78%

Scheme3 The N-methylprolinol-catalyzed MBH reaction used in present
simulation.

Computational details

Among the correlated functional theories, B3LYP performs well
for organic reactions, such as for the nucleophilic reactions®
and hydrogen bonding systems.” The previous investigation also
indicated that B3LYP method can give reasonable structures
and energies for the MBH reaction.'® All stationary points on
the potential energy surface (PES) were optimized using hybrid
density functional B3LYP" method with the 6-311++G(d,p) basis
set.”® Zero-point vibrational energies (ZPVE) and basis-set super-
position error (BSSE) corrections were also applied in relative
energies. Vibrational frequencies were obtained at the same level,
and the species were characterized as a minimum (no imaginary

frequency) or a transition state (unique imaginary frequency).
Intrinsic reaction coordinate (IRC) calculations were performed
to further confirm that the optimized transition state correctly
connects the relevant reactant and product. Considering the effect
of the solvent, single-point B3LYP (PCM?')/[6-311++G(d,p)]
calculations were performed on the optimized structures. In the
experiments the reaction was performed in mixed solvent (1,4-
dioxane:water/1:1),® and therefore the PCM calculations were
performed in 1,4-dioxane and water, respectively. The chemical
bonding properties were analyzed following the concepts de-
veloped in the theory of atoms-in-molecules (AIM2000), which
provides a clear definition of a chemical bond by means of a
topology analysis of p(r).** To obtain a further insight into the
electroproperties along the reaction, natural bond orbital (NBO)
analysis® at the B3SLYP/6-311++G(d,p) level was performed. The
electrophilicity analysis concerning the electrophilicity index w**
was also performed.

All calculations were carried out using the Gaussian 03
program.?

Results and discussion
Mechanism of reaction

Our calculations starts from the simulation on the MBH reaction
between MVK and formaldehyde catalyzed by N-methylprolinol.
Fig. 1 shows the calculated PES in 1,4-dioxane at the B3LYP/6-
311++G(d,p) level. PCM energies in water are also presented in
Fig. 1. The results in the gas-phase are consistent with that in
1,4-dioxane. The relative energies in the gas-phase are listed for
supplementary.
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Reaction Coordination

Fig. 1 PCM energies (in kJ mol™) in 1,4-dioxane for various intermedi-
ates and transition states calculated at the B3LYP/6-311++G(d,p) level.
PCM energies (in kJ mol™) in water are listed in parentheses. The relative
energies (in kJ mol™) in the gas-phase are listed in square brackets.

Our calculations indicate that the overall reaction is in general
composed of two steps as follows: (1) The C-C bond formation
step: N-methylprolinol coordinates to MVK, generating an enam-
ine intermediate (IM1) to attack formaldehyde producing a zwit-
terionic intermediate (IM2) via TS1. (2) The hydrogen migration
step: the hydrogen migrates from enamine to formaldehyde via TS2
followed by the expulsion of N-methylprolinol to release the MBH
product with the recovery of the catalyst. Here, four paths similar
in mechanism and energies are obtained. For the major part of
path b is the most kinetically and thermodynamically favored in
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1,4-dioxane or water, it was chosen to illustrate the mechanism of
the MBH reaction. The path b and the corresponding optimized
structures are given in Fig. 2.
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Fig.2 The optimized structures along path b (bond length in A).

C-C bond formation step

As shown in Fig. 2, the predicted reaction starts from the
formation of enamine intermediate syn-IM1 in path b. From syn-
IM1, the C-C bond formation process occurs via the transition
state syn-TSbl, corresponding to the attack of enamine to
formaldehyde from the -OH group side of N-methylprolinol.
Next, the corresponding intermediate syn-IMb2 forms. As shown
in Fig. 2, the bond length between enamine and formaldehyde in
syn-TSb11is 2.346 A. The C—C bond distance in syn-IMb2 shortens
to 1.602 A.

With the analysis of NBO? and the electrophilicity index ©,** it
is concluded that after the syn-enamine attacks formaldehyde, the
charge transfers from N atom of N-methylprolinol to MVK. The
increasing charge on MVK makes the interaction between MVK
and N-methylprolinol greater and the structure of syn-TSbl
becomes more compact, as compared to the structure in syn-
enamine. On the other hand, the charge accumulated on C2 atom
makes MVK more nucleophilic and then enhances the interaction
between MVK and formaldehyde (details in the ESIY).

Hydrogen migration step

From syn-IMDb2, the hydrogen migration of enamine to formalde-
hyde occurs. The transition state concerning direct hydrogen
migration (syn-TSb2) in path b is depicted in Fig. 3.

As shown in Fig. 3, the distances of O1-H2, C2-H2 bond
are 1.384 A and 1.317 A, respectively. The corresponding bond
angle of C2-H2-O1 is 113°. The above results suggest that
the direct hydrogen migration occurs via a four-membered ring
transition state (involving C2, C3, O1 and H2 atom). The relative

syn-TSb2

syn-TSb-H,0

water-assisted
hydrogen migration

direct
hydrogen migration

Fig. 3 The optimized transition states concerning direct hydrogen
migration and the water-assisted hydrogen migration. (bond length in A).

energy of direct hydrogen migration in path b is calculated to be
216.6 kJ mol™ in 1,4-dioxane (or 182.7 kJ mol™ in water), which
is rather high for mild condition in experiments.

On the other hand, numerous experimental studies® suggested
that the rate of the MBH reaction is increased in the presence
of water or other polar protic solvents. The previous theoretical
investigations'* ¢ indicated that water might facilitate the MBH
reaction. Here, one water molecule assisted-reaction model was
employed to establish the role of protic species on reaction
mechanism. The energy profiles concerning direct hydrogen mi-
gration mechanism and one water-assisted hydrogen migration
mechanism along path b at the B3LYP/6-311++G(d,p) level are
shown in Fig. 4. The optimized structure of one water-assisted
hydrogen migration transition state (syn-TSb-H,0) is depicted in
Fig. 3.
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Fig. 4 PCM energies (in kJ mol™) in 1,4-dioxane for various intermedi-
ates and transition states calculated at the B3LYP/6-311++G(d,p) level.
PCM energies (in kJ mol™) in water are listed in parentheses. The relative
energies (in kJ mol™) in the gas-phase are listed in square brackets.

As shown in Fig. 3, the hydrogen migration involving a water
molecule occurs via a six-membered ring (consisted of C2, C3,
01, 02, H2 and H3 atom) transition state. The whole hydrogen
migration process includes the migration of H2 to O2 and H3 to
Ol. The net result of this one-step two proton-transfer process
generates the product, accompanied by the formation of another
water molecule. As proposed by Yu’s group, the water-catalyzed
[1,2]-hydrogen shift adopts a proton-transport catalysis strategy
in the Au(1)-catalyzed tandem reaction system.? It is noted that in
previous investigations, even though more than one water molecule
were employed, the similar situation occurs."*'¢ In the present
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system, the water molecule acts as the analogous proton shuttle
to transport a proton from C2 to O1.

As shown in Fig. 4, the relative energies of syn-TSb-H,O
is 89.1 kJ mol™ in 1,4-dioxane (or 93.7 kJ mol” in water),
much lower than that of syn-TSb2 along the direct hydrogen
migration path. The result indicates that water molecule facilitates
the reaction through relaying proton via the six-membered ring
hydrogen migration transition state, as compared to the hydrogen
migration without water molecule involved. The reaction profiles
of other paths are similar with that of path b (see ESIf). The
previous investigation concerning the role of water in the MBH
reaction proposed that the remarkable decrease in relative energy
could be ascribed to the alleviation of ring strain in hydrogen
migration transition state upon changing from a four- to a
six-membered ring transition state and the specific hydrogen
bonding interaction in six-membered ring transition state.'* We
also considered the possibility in which water molecule participates
in the first step (from IM1 to IM2), but the calculations failed to
locate the corresponding structures. These results are consistent
with the previous assumptions proposed by Sunoj, Aggarwal
and Harvey."**® Furthermore, as shown in Fig. 4, when water
participates in the reaction, the RDS can be identified as the C-C
bond formation step via syn-TSb1.

It should be emphasized that the bulk effect of the each solvent
by PCM calculations does not change significantly the positions
of the minima but reduces the relative energies of potential energy
surface (PES). Especially in water, the energies of the PES are
much lower than these in the gas-phase or in 1,4-dioxane (relative
energies in the gas-phase are listed in the ESIt). Even if the bulk
effect is only considered, the reaction might be thermodynamically
favored in each solvent. On the other hand, it is found that water
might participate in the hydrogen migration and then remarkably
reduce the energy barrier of this step. Hence, as compared to 1,4-
dioxane, water might exert double-effect (bulk effect and hydrogen
shuttle) on the reaction mechanism.

Stereochemistry of reaction

After we got the mechanism of the MBH reaction, we turned our
attention to the stereochemistry of this reaction. Normally, the
conformation of enamine intermediate (IM1) is crucial for the
enantiomeric formation of the desired products, the binding mode
of the catalyst and the substrate was first explored to establish the
conformation of enamine IM1.

Binding mode of the catalyst with the substrate

For the virtue of the potential chirality of N-methylprolinol,
MVK can be alternatively positioned in syn or anti conformation
with respect to N-methylprolinol in IM1. Therefore two enamine
intermediates (syn-IM1 and anti-IM1) are located as the energy
minima. The optimized structures are given in Fig. 5. The
distances between the N atom of N-methylprolinol and C1 atom
of MVK are calculated to be 3.894 A in syn-IM1 and 4.214 A
in anti-IM1, respectively. Both in 1,4-dioxane and water, PCM
calculations place IM1 ca. 29 kJ mol™ higher than the separated
N-methylprolinol and MVK in relative energies. The above results
suggest that in enamine intermediate IM1, MVK loosely interacts
with N-methylprolinol.

3.894

syn-IM1

anti-IM1

Fig. 5 The optimized structures of enamine intermediates.

Attacking direction of enamine to aldehyde

As mentioned above, in the presence of water, the C-C bond
formation step is the RDS. During this step, the attacking direction
plays an important role to determine the conformation of final
product. Therefore, it can be deduced that this step is not only the
RDS but also the stereo-controlling step (SCS) in the presence of
water. In order to establish the attacking direction of the MBH
reaction more clearly, formaldehyde is used in this section for its
simplest structure.

Since enamine intermediates could attack formaldehyde from
two faces, four distinct transition states result, marked as syn-
TSal, syn-TSbl, anti-TScl and anti-TSd1, respectively. syn-
TSal, anti-TSd1 correspond to enamine intermediates attack
formaldehyde from —-CH; group side and syn-TSbl, anti-TScl
correspond to enamine intermediates attack formaldehyde from
—OH group side. The optimized structures of the C-C bond
formation transition states along different paths are given in
Fig. 6.

AEpen™ 1401 126.6 127.7 140.3

Afpey™ 1075 104.8 89.4 104.1

AE 161.1 140.6 161.6 162.7
syn-TSa1l syn-TSb1 anti-1Sc1 anti-TSd1

Fig. 6 The optimized structures of the C-C bond formation transi-
tion states along different paths. (bond length in A) Relative energies
(in kJ mol™) in 1,4-dioxanet, water™ and in the gas-phase for various
transition states calculated at the B3LYP/6-311++G(d,p) level.

In syn-TSb1 and anti-TScl, the attack of enamine takes place
from the ~OH group side of N-methylprolinol, while in syn-TSal
and anti-TSd1, the attack of enamine occurs from the opposite
side. Our calculations indicate that the transition states (syn-TSbl1,
anti-TScl) along the path » and path ¢, corresponding to the attack
of enamine from the —OH group side of N-methylprolinol, are
kinetically favored by ca. 15 kJ mol™ in 1,4-dioxane, as compared
to those along the path a and path d (syn-TSal, anti-TSd1).
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Tablel The Ol---Hl distance between the -OH group of
N-methylprolinol and the O atom of carbonyl in formaldehyde of
TSls. (A)

Table 2 Relative energies (in kJ mol™) of the optimized structures at the
B3LYP/6-311++G(d,p) level

Product
syn-TSal  syn-TSbl anti-TScl  anti-TSd1 Structures Configuration 7 (%)* AEpem® AEpen® AE

Ol---HI Distance  6.794 1.856 3.904 7.051 re-syn-OH-TS1 S 0.8 157.3 133.8 168.5
si-syn-OH-TS2 R 87.1 145.7 126.8 154.0

re-anti-OH-TS3 S 5.8 152.4 135.8 159.0

It should be noted that along path b and path ¢, when si-anti-OH-TS4 R 4.6 153.0 137.6 160.0
enamine attacks formaldehyde from the ~OH group side of si-syn-CH,-TS1 - R - 170.9 144.6 182.4
N thvlprolinol. this attack kes O at r b 1 i re-syn-CH;-TS2 S 1.7 155.5 117.0 177.1
-methylprolinol, this attack makes atom of carbonyl in si-anti-CH,-TS3 R o 196.8 163.4 2132
formaldehyde (O1) close to the -OH group of N-methylprolinol. re-anti-CH;-TS4 S — 172.4 135.8 189.8

Especially in syn-TSb1 along path b, the O1...H1 distance is only
1.856 A. AIM analysis? indicates that the calculated Laplacian
L(r) at the bond critical point between H1 and Ol in syn-TSbl
is —0.026 au, showing the formation of hydrogen-bond between
HI1 and Ol (details in ESI{). Similarly, the hydrogen bonding
interaction exists in anti-TScl, suggested by the O1 - - - H1 distance
of 3.904 A and its Laplacian value of —0.017 au. As compared
to syn-TSbl and anti-TScl shown in Fig. 6, hydrogen bonding
interaction between H1 and O1 unlikely exists in syn-TSal and
anti-TSd1, suggested by the correspond Ol...H1 distance listed
in Table 1. Besides, there is no significant difference in structural
distortion in the four structures of TS1s. For the hydrogen bonding
interaction stabilizes syn-TSb1 and anti-TScl, the relative energies
in 1,4-dioxane are ca. 15 kJ mol™ lower than that of syn-TSal and
anti-TSd1.

As shown in Fig. 6, however, the PCM calculations in water
might underestimate the hydrogen bonding interaction in syn-
TSbl, for the relative energy of syn-TSb1 is comparable with that
in anti-TScl in water.

Stereoselectivities of products

Although the above simulations identified four distinct attacking
modes, formaldehyde system just generates the racemic mixtures.
Actually, benzaldehyde is usually used as the actual substrate in
experiments. Krishna et al. reported that the MBH reaction be-
tween MVK and benzaldehyde catalyzed by N-methylprolinol can
give the relatively higher stereoselectivities (78%) (in Scheme 3).?
On the basis of the experimental data, the actual reaction system
between MVK and benzaldehyde catalyzed by N-methylprolinol
was chosen to investigate the stereoselectivities of the products.

Because enamine intermediate can attack benzaldehyde from re
or si face of benzaldehyde and leads to the (S)- or (R)-product.
Eight diastereomeric transition states were located. The sketch
map of the formation of the diastereoisomers are presented in
Scheme 4.

The optimized structures of the eight transition states are
provided in Fig. 7. The configuration of products and the PCM
energies of solvation at the B3LYP/6-311++G(d,p) level are
summarized in Table 2. Among the eight diastereomers, four
isomers correspond to the attack of enamine from the -OH
group side of N-methylprolinol: re-syn-OH-TS1 to si-anti-OH-
TS4 (prefix re- presents the attack of enamine to re face of
benzaldehyde, and prefix si- to si face). In contrast, four other
isomers correspond to the attack of enamine to benzaldehyde from
—CH; group side: si-syn-CH;-TS1 to re-anti-CH;-TS4.

From Table 2 and Fig. 7, it is found that a noticeable energy
distinction exists among the eight transition states in 1,4-dioxane.

“ 1. Occupied probability based on Boltzmann distribution in 1,4-
dioxane, T = N;*/N = [gexp(—&;/kT)])/[>_giexp(-&/kT)] (T = 298.15
K). ee = 3 t"->"1%)/Y (" + 15) = 83.4%. ® Single-point B3LYP (PCM,
1,4-dioxane)/[6-311++G(d,p)] calculations. ¢ Single-point B3LYP (PCM,
H,0)/[6-311++G(d,p)] calculations.
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Fig. 7 Optimized structures of the eight possible transition states of the
C—C bond formation step. (bond length in A).

The four TSs in which enamine attacks benzaldehyde from
—OH group side are more stable than their analogs from —CH,
group side. In OH-TSs, the short distance of O1...H1 between the
—OH group on N-methylprolinol and the O atom of carbonyl
in benzaldehyde varies from 1.651 to 1.769 A, listed in Table 3.
AIM analysis indicates that the calculated Laplacian value is
—0.031~—-0.035 au at the bond critical point between H1 and O1
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Table 3 The Laplacian value (au) and the Ol - - - HI distance (A) between
the ~OH group of N-methylprolinol and the O atom of carbonyl in
benzaldehyde of OH-TSs

re-syn-OH-TS1 si-syn-OH-TS2
Ol ---HI Distance 1.651 1.652
L(r) —-0.035 —-0.034
re-anti-OH-TS3 si-anti-OH-TS4
Ol ---HI Distance 1.651 1.769
L(r) —-0.035 —0.031

in OH-TSs, showing the formation of O1...H1 hydrogen bonding
between the ~-OH group and the O atom in benzaldehyde. In
contrast, as compared to OH-TSs, the attacking directions of
enamine to benzaldehyde make the —OH group far from the
carbonyl group of benzaldehyde in CH;-TSs. Hydrogen bonding
interaction between H1 and O1 unlikely exists in the CH;-TSs.
Combined with the above discussions, it is concluded that the
energies of OH-TSs are lower than that of CH;-TSs due to the
hydrogen bonding. For the present actual system, the calculations
indicate that the -OH group of N-methylprolinol might induce
the direction of the attack of enamine from the -OH group side of
N-methylprolinol to MVK in term of hydrogen bonding in-
teraction between —OH group and the O atom of carbonyl
in benzaldehyde. These results are compatible with those in
formaldehyde system.

Compared with the calculated PCM energies in 1,4-dioxane of
the four OH-TSs shown in Table 2, the two lowest-energy transi-
tion states si-syn-OH-TS2 and re-anti-OH-TS3 for si and re attack
to benzaldehyde correspond to (R)- and (S)-product respectively.
The nucleophilic addition to si face of benzaldehyde is preferred by
6.7 kJ mol™ in relative energies. Based on the absolute rate theory,
the energy difference predicts that the (R)-configuration might
be the predominant product in the reaction. This is consistent
with the experimental observation. (The complete paths via the
two competitive TSs, are presented in the ESIf and the overall
reaction profile is found to be qualitatively similar to that of the
model reaction.) The kinetically preferred transition state in the
gas-phase also leads to the major product in (R)-configuration.

According to the Boltzmann distribution, PCM energies in 1,4-
dioxane (in Table 2) predicts the selectivity for the corresponding
(R)-product should be 87.1% (corresponding to 83.4% ee), which
is slightly overestimated as compared to the experimental value
(78% ee). In the lower-energy si-syn-OH-TS2, the phenyl ring is
situated anti to the terminal double bond of MVK and becomes
less-hindered. In re-anti-OH-TS3, the phenyl ring is situated syn
to the terminal double bond within a repulsive steric interaction.
The above results imply that the energy gap between si-syn-OH-
TS2 and re-anti-OH-TS3 is generated from the steric hindrance
between the phenyl ring of benzaldehyde and the terminal double
bond of MVK.

The calculations indicate that in 1,4-dioxane the diastereomeric
transition states are mainly stabilized by hydrogen bonding, while
the chirality of the products is controlled by the hydrogen bonding
and the steric hindrance. The kinetically preferred transition
state si-syn-OH-TS2 would lead to the major product in (R)-
configuration.

It should be noted that the PCM calculations in water predict
the major product in (S)-configuration with 97.8% ee, according

to the Boltzmann distribution. The prediction is different to that
in 1,4-dioxane and this means the present reaction system is
sensitive to solvent. Since there is no experimental evidence, it is
difficult to evaluate quantitatively the validity of the theoretical
prediction. Meanwhile, although the PCM model is expected
to give a qualitative indication of bulk effect of solvents, it is
unlikely to be able to reliably predict the effect of surrounding
these polar systems with water, such as hydrogen bonding is not
accounted for.?® Therefore, PCM model may not be very suitable
for evaluating the bulk effect of water on the stereoselectivity in
the present system.

Combined with the present theoretical results and experimental
evidences, it is suggested that the reaction should be significantly
sensitive to the solvent. In the present mixed solvent, 1,4-dioxane
might guarantee the stereoselectivity and water accelerate the
reaction rate, which might be the reason why the actual reactions
were carried out in the mixed solvent.

Conclusions

The mechanism and the stereoselectivity of the Morita—Baylis—
Hillman reaction catalyzed by N-methylprolinol have been in-
vestigated using density functional theory (DFT) method at the
B3LYP/6-311++G(d,p) level. The effect of the chiral bifunctional
catalyst N-methylprolinol on the mechanism and the selectivities
are also interpreted. The major conclusions are listed as the
following:

The catalytic cycle may include two steps in general: C—C bond
formation and hydrogen migration. In the presence of water, the
hydrogen migration occurs via a six-membered ring transition state
and the corresponding energy barrier decreases dramatically. The
RDS is the C-C bond formation step in the presence of water.

The C-C bond formation step controls the stereochemistry of
the reaction. In this step, the hydrogen bonding induces the direc-
tion of the attack of enamine intermediates to aldehyde from the
—OH group side of N-methylprolinol. The diastereomeric tran-
sition states are mainly stabilized by hydrogen bonding and the
chirality of the products is affected by the hydrogen bonding
and the steric hindrance. The major product in (R)-configuration
reproduced theoretically is consistent with the experimental
observation.
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