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Introduction

Organocatalytic asymmetric reactions are a subject of in-
creasing importance in modern synthetic chemistry,[1] mainly
due to the possibility of easy access to important environ-
mentally friendly chiral building blocks. Organocatalysts
such as proline, the MacMillan catalyst, the Jørgensen cata-
lyst, or imidazolidinone/oxazolidinone derivatives, have
found wide applications in asymmetric Mannich,[2] Mi-
chael,[3] aldol,[1b, 4] Baylis–Hillman,[5] and Diels–Alder reac-
tions,[6] as well as in the a-amination,[7] a-alkylation,[8] or a-
hydroxylation[9] of carbonyl compounds. The b position of
a,b-unsaturated aldehydes has also been functionalized,
which has allowed the enantioselective conjugated addition

of hydride,[10] sulfur,[11] nitrogen,[12] oxygen,[13] and carbon
nucleophiles.[14]

The Baylis–Hillman (B–H) reaction allows the direct
preparation of highly functionalized b-hydroxycarbonyl de-
rivatives from a,b-unsaturated carbonyl compounds and al-
dehydes (Scheme 1). The intermolecular version of the B–H

reaction has been extensively applied to several different
syntheses.[15] The reaction mechanism, specially its achiral
form, has also been extensively studied by experimental and
theoretical approaches.[16] In contrast, less examples of intra-
molecular B–H reactions have been reported in the litera-
ture,[17] and are mainly based on the cyclization reactions of
bifunctional compounds, for example, enone–enone, enone–
acrylate, enone–aldehyde, unsaturated thioester–aldehyde,
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Scheme 1. Intermolecular[19] and intramolecular Baylis–Hillman reactions.
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enone–allylic carbonate frameworks. Only a few reports
have discussed the mechanistic aspects of intramolecular B–
H reactions.[5a, 18]

Recently Hong and co-workers[5a] reported the proline-
catalyzed enantioselective intramolecular B–H reaction of
hept-2-enedial, based on the intermolecular version previ-
ously studied by Shi et al.,[20] as affording medium-to-high
chemical yields and low optical selectivities. In the presence
of imidazole as co-catalyst, the enantioselectivity of the re-
action improves considerably and an inverted absolute con-
figuration is observed. The final selectivity, in the presence
of a co-catalyst, was observed to be very sensitive to solvent
and, to a lesser extent, to temperature. To rationalize the ex-
perimental data, Hong and co-workers proposed mecha-
nisms, based on the previous work of Shi et al. ,[20] for the
enantioselective intramolecular B–H reaction of 1 catalyzed
by l-proline in the presence and absence of imidazole

(Schemes 2 and 3). The proposed mechanisms involve
attack of the enamine intermediate on the free carbonyl
group with simultaneous proton transfer from the proline
carboxylic acid moiety to the developing alkoxide
(Scheme 2). In the presence of imidazole the reaction rate
improves and the stereoselectivity reverses (Scheme 3). Ac-
cording to the proposed mechanism, this results from the di-
rected attack of imidazole on the Si face of the iminium ion
as a result of hydrogen-bond formation between the imida-
zole iminic nitrogen atom and the carboxylic acid group of
the catalyst. The final configuration of the product (R)-2
would result from the configuration adopted in the transi-
tion state due to steric interactions between the imidazole
ring and the dialdehyde chain.

To the best of our knowledge, no theoretical studies of
enantioselective intramolecular Baylis–Hillman reactions
have been reported so far. With this work we present the
first theoretical study of this type of reaction, the aim being
to validate the empirically proposed mechanism or to pro-
pose alternatives to explain the experimental data.

Results and Discussion

The mechanism proposed by Hong and co-workers for the
intramolecular B–H reaction of 1 involves attack of an en-
amine intermediate on the free carbonyl group with a simul-
taneous proton transfer from the proline carboxylic acid
moiety to the developing alkoxide oxygen atom
(Scheme 2).[5a] According to Hong and co-workers, inversion
of the absolute configuration of the product is observed in
the presence of imidazole (Scheme 3). To evaluate the
mechanism discussed by Hong, and with the aim of propos-
ing possible alternatives, we first studied the B–H reaction
catalyzed by l-proline in the absence of imidazole. The pro-
posed catalytic process is outlined in Scheme 4. As the ex-
perimental work was carried out at 25 8C, all the Gibbs� en-
ergies given in Scheme 4 were calculated at this tempera-
ture.

The first step of the catalytic cycle involves the reaction
of the a,b-unsaturated dialdehyde 1 with l-proline to form
the corresponding iminium ion with the loss of water. The
mechanisms of this step were studied theoretically by Cle-ACHTUNGTRENNUNGmente and Houk and are well established.[21] The activation
energies are usually low and the reaction is experimentally
known to be fast and reversible.[21] Owing to the stereo-
chemistry of the catalyst, two different iminium ions can be
formed, each with an E configuration and an anti or syn re-
lationship (Scheme 4; we define the anti and syn relation-
ships by the relationship between the carboxylic acid group
and the carbon chain with respect to the C–N axis).

Our gas-phase calculations show that 3 a (anti, E) is
4.33 kJ mol�1 more stable than its geometric isomer 3 b (syn,

Scheme 3. Proposed mechanism for the l-proline/imidazole co-catalyzed
formation of (R)-6-hydroxycyclohex-1-enecarbaldehyde ((R)-2).[5a]

Scheme 2. Proposed mechanism for the l-proline-catalyzed formation of
(S)-6-hydroxycyclohex-1-enecarbaldehyde ((S)-2). To simplify the
scheme, we considered the direct formation of enamine from the
aldehyde.[5a]
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Scheme 4. Proposed catalytic paths, including all intermediates and transition states studied computationally for the l-proline-catalyzed formation of (S)-
2. Free energies (kJ mol�1) calculated at 25 8C at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM B3LYP/6-31++ G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels
of theory. The lowest-energy reaction path is indicated by bold arrows.
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E), but the difference increases to 9.36 kJ mol�1 in solvent
(Scheme 4). The imine intermediate has to convert into the
enamine derivative through a deprotononation/protonation
step. In saturated systems this interconversion is fast and
fully reversible as the prolinecarboxylate is at an appropri-
ate distance to catalyze the transformation, accepting one of
the b-protons.[22] However, in this case, the proton has to be
removed from the d position, which is quite distant from the
catalytic carboxy group. Our polarizable continuum model
(PCM) calculations (Scheme 4 and Figure 1) show that this

transformation is associated with high-energy transition
states with energies between 183.47 (in TS-1 c) and
249.68 kJ mol�1 (in TS-1 a) (the values in the gas phase are
comparable). The transition-state structures derived from
imine 3 a (anti, E) have the highest activation energies as in
this case the distance between the proton to be transferred
and the carboxy group is larger. Transition-state structures
with a Z configuration at both the forming double bonds are
not possible as a Z configuration at the a,b-double bond im-
plies strong steric contacts between the proline moiety and
the carbon chain, which leads to high-energy transition
states.

As a water molecule is released during the formation of
the imine, an alternative mechanism for enamine formation
can be proposed in which water assists the proton transfer.
The process can occur through four different transition
states, with TS-2 a and TS-2 b resulting from the anti ar-
rangement of imine 3 and TS-2 c and TS-2 d resulting from
the syn arrangement (Scheme 4 and Figure 2). As discussed
previously, Z configurations at both forming double bonds
are too high in energy and will not be considered.

Because the water molecule is used as a bridge between
the carboxy group and the proton at the d position, the acti-
vation energy is substantially reduced (DDG(TS-1c)�(TS-2c) =

65.23 kJ mol�1 in the gas phase and 12.37 kJ mol�1 in solvent)
in comparison with the energies of the anhydrous transition-
state structures. Transition-state structures TS-2 b and TS-2 c

lead to the enamine with an E configuration of the g,d-
double bond (conformers 4 b and 4 b’). In contrast to the
conclusions suggested by the mechanisms of Hong and co-
workers, this structure cannot be used in the following B–H
cyclization step as the E configuration does not allow for a
low-energy approach of the reacting functional groups. This
implies that the formation of 4 b has to be reversible to justi-
fy the yield observed experimentally.

Transition-state structures TS-2 a and TS-2 d lead to the
enamine with a Z configuration at the g,d-double bond
(conformers 4 a and 4 a’). Nevertheless, as the PCM energy
of TS-2 a is 10.22 kJ mol�1 higher than the energy of TS-2 d,
the reaction has to take place through TS-2 d, originating
conformer 4 a’.

Conformers 4 a and 4 a’, with a Z configuration at the g,d-
double bond, can undergo intramolecular B-H cyclization
through transition-state structures TS-3 a–TS-3 d to afford
structures 5 a–5 d (Scheme 4 and Figure 3). The relative en-
ergies of the possible transition states, as well as the calcu-

Figure 1. Calculated transition-state structures for the imine/enamine
conversion and the relative gas-phase Gibbs� energies at 25 8C (kJ mol�1)
at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//
B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels of theory.

Figure 2. Calculated transition-state structures for water-catalyzed imine/
enamine conversion and the relative gas-phase Gibbs� energies at 25 8C
(kJ mol�1) at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM B3LYP/6-31+

+G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels of theory.

Figure 3. Calculated transition-state structures for the cyclization of 1
into (S)-2 catalyzed by l-proline and the relative gas-phase Gibbs� ener-
gies at 25 8C (kJ mol�1) at the B3LYP/6-31G (plain text) and PCM
B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels of theory and
dipole moments.
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lated selectivities, are given in Table 1. After rearrangement
and hydrolysis, structures 5 a–5 d originate the two possible
enantiomers of compound 2. In conventional intermolecular

B-H reactions it is accepted that the rate-determining step
(RDS) is usually associated with proton transfer to the
formed alkoxylate.[16d–f] Nevertheless, Aggarwal and co-
workers[16d] also suggest that in cases in which aliphatic alde-
hydes are used, the RDS can be the aldehyde addition step.
This is suggested to be also the case when activated iminium
ions are used instead of the precursor carbonyl groups. In
the reaction discussed here, we are dealing with these two
situations simultaneously. Also, because of the intramolecu-
lar catalytic assistance of the prolinecarboxylate, the product
of the aldehyde addition is already an alcohol, which means
that there is no need of proton transfer, but only an enam-
ine–imine equilibrium, which is known to be fast and easily
catalyzed under the experimental reaction conditions.[21,23]

This means that the transition-state structures involved in
the conversion of compound 5 to compound 2 will be of low
energy and will not account for the overall selectivity. For
this reason and also because of the lack of experimental
data needed to validate any mechanistic proposal, we will
not discuss the conversion of 5 into 2.

Comparison of the activation energies for the cyclization
step (TS-3) with the activation energies for the enamine for-
mation (TS-2) shows that the former is substantially less en-
ergetic, which means that the rate-limiting step has to be the
enamine formation (Scheme 4). Thus, as soon as compound
4 is formed, it will react to form compound 5.

The transition-state structures shown in Figure 3 for the
proline-catalyzed cyclization of hept-2-enedial (1) are, in
many aspects, similar to the model recently proposed by
us[22b] and List and co-workers[4d] for the cyclization of hep-
tanedial. The differences arise from the g,d-double bond,
which was absent in the aldol cyclization of List and co-
workers. In all the transition-state structures, the g,d-double
bond induces the formation of envelope conformations in
which the emerging cyclohexane rings have four carbon
atoms in the same plane. The aldehyde moiety and its adja-
cent methylene group are the only groups that can adopt
conformations out of the plane, to one or other side, de-
pending on the absolute configurations of the transition
states. The hydrogen bond between the carboxylic acid

group and the forming alkoxide oxygen acts as an intramo-
lecular acid catalyst (O1···H1···O2, see structure TS-3 b in
Figure 3 for the atom numbering). This type of interaction

is well known in enamine-medi-
ated aldol reactions in which
the catalyst is proline.[22] In the
gas phase the transition-state
structure TS-3 b (the S enantio-
mer) is the most stable, but it is
only 0.09 kJ mol�1 less energetic
than TS-3 a (the R enantiomer).
The two transition-state struc-
tures TS-3 b and TS-3d origi-
nate the same enantiomer ((S)-
2), whereas TS-3 a and TS-3 c
lead to the enantiomer (R)-2.
In TS-3 a (R) and TS-3 b (S),

the carboxylic acid group and the enamine double bond
adopt an anti relationship with respect to the C-N axis,
whereas in TS-3 c (R) and TS-3 d (S) this relationship is syn.
This conformational difference correlates well with the rela-
tive energies of the four transition states (Figure 3 and
Scheme 4; in the gas phase, syn structures are at least
13.70 kJ mol�1 higher in energy than the anti structures),
which suggests that the calculated energy change is due to
the syn/anti relationship with respect to the C-N axis. Never-
theless, if this is correct, a similar difference should be ob-
served between the energies of structures 4 a and 4 a’
(Scheme 4), the precursors of the transition-state structures
shown in Figure 3. As a small difference is calculated in this
case (DDG(4a’)�(4a) = 2.91 kJ mol�1 in the gas phase), another
explanation has to be proposed for the large energy differ-
ence observed between the anti and syn transition states in
Figure 3.

It is known that the main driving force for the cyclization
step is the stabilization of the negative charge on the form-
ing alkoxide group.[22b, 24] This means that any attractive elec-
trostatic contact with the O1 atom will contribute to the sta-
bilization of the transition state. A couple of years ago Can-
nizzaro and Houk demonstrated that a-hydrogen atoms in
ammonium ions can establish very strong hydrogen bonds
with basic sites.[25] This means that if the nitrogen atom in
the proline moiety (Figure 3) becomes positively charged
the a-hydrogen atoms are then able to strongly interact with
the oxygen atom O1, which reduces the transition-state
energy. This is indeed what happens when the transition-
state structures are formed as the electronic movement in
the direction of the O1 oxygen atom induces a positive
charge on the proline nitrogen atom. The interactions be-
tween the proline a-methylene group (C11H) and the form-
ing alkoxide moiety (O1) are clearly visible in Figure 3. In
the anti transition-state structures, these two groups lie at
very short distances, which allows for strong electrostatic
contacts (dC11H�O1 =2.373 � in TS-3 a and dC11H�O1 =2.386 �
in TS-3 b). In the case of the syn structures, these contacts
are weaker as the distances between the interacting groups
are larger (dC11H�O1 =3.214 � in TS-3 c and dC11H�O1 =3.101 �

Table 1. Relative transition-state energies, yields, and enantioselectivities of the intramolecular B–H reaction
in the gas phase and in acetonitrile.[a]

TS Gas phase Acetonitrile Ref. [5]
DGACHTUNGTRENNUNG[kJ mol�1]

Yield
[%]

ee
[%]

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

ee
[%]

ee
[%]

TS-3 a (R) 0.09 49.03

1.89 (S)

3.63 (�11.63) 18.43

63.0 (S)
5[b] (S)

15[c] (S)
45[d] (S)

TS-3 b (S) 0.00 50.74 0.00 (�15.17) 79.80
TS-3 c (R) 18.74 0.03 17.56 (�16.26) 0.0
TS-3 d (S) 13.70 0.20 9.53 (�19.34) 1.71

[a] Gibbs� energy differences are given in brackets: DDG =DGCH3CN�DGGP, Eact =GTS-3b�Greag ; Eact =

110.03 kJ mol�1 in the gas phase and 94.86 kJ mol�1 in acetonitrile. [b] In toluene. [c] In acetonitrile. [d] In N,N-
dimethylformamide.
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in TS-3 d). The difference in the contact distances of 0.11 �
between TS-3c and TS-3 d justifies the higher activation
energy calculated for TS-3 c. The importance of these inter-
actions can also be observed in the distances between the
atoms O2�H1�O1. In the anti structures, the H1�O1 dis-
tance is larger than in the syn structures (dH1�O1 =1.303 � in
TS-3 a, 1.304 � in TS-3 b, 1.251 � in TS-3 c, and 1.233 � in
TS-3 d) as the negative charge in O1 is more efficiently neu-
tralized by the contact with C11H. The O2�H1 distances
follow the opposite trend (dH1�O2 =1.126 � in TS-3 a,
1.124 � in TS-3 b, 1.146 � in TS-3 c, and 1.160 � in TS-3d).
Steric contacts can also contribute to the calculated relative
energies, but they are less important. In the syn transition-
state structures TS-3 c (R) and TS-3 d (S), shorter hydrogen–
hydrogen steric contacts are observed between the hydrogen
atom at C2 and the hydrogen atom at C8 (dC8H�C1H =2.302 �
in TS-3 c and dC8H�C1H = 2.300 � in TS-3 d) compared with
the distances between C1H and C8H in the anti conforma-
tions TS-3 a and TS-3 b (dC8H�C2H =2.432 � in TS-3 a and
dC8H�C2H =2.423 � in TS-3 b (Figure 3). This difference con-
tributes, to a small extent, to the higher activation energies
of the syn transition states. The equatorial versus axial con-
formation of the substituents in the forming ring seems to
be less important as TS-3 b (with the proline moiety in an
equatorial position) is only 0.09 kJ mol�1 more stable than
TS-3 a (with the proline moiety in an axial position).

The overall results of the gas-phase calculations predict a
slight enantiomeric excess of the product (S)-2, as observed
experimentally (Table 1). The experimental work shows that
the enantiomeric excess is sensitive to the nature of the sol-
vent, the best results being obtained in polar media.[5a] In
agreement with these observations, the results of PCM cal-
culations in acetonitrile (Table 1) predict an improvement in
selectivity, with the overall result (63.0 %) higher than that
experimentally observed (15 %). The difference in selectivi-
ty calculated in the gas phase and solvent can be attributed
to two different types of solvent stabilization. Structures
with larger dipole moments are more stabilized in solvent.
This means that, due to the relative values of the dipole mo-
ments, syn structures are more stabilized than anti structures
and that TS-3 b is more stabilized than TS-3 a. On the other
hand, solvent effects reduce electrostatic interactions, which
increase the activation energies. This effect is larger in anti
structures as electrostatic attractive interactions are more
important than in syn structures. In anti structures the net
effect is a slightly larger stabilization of TS-3 b, which ac-
counts for the larger calculated enantiomeric excess. The
syn structures are both stabilized but, due to their relative
energies, no net contribution to the final enantiomeric
excess is obtained.

As was discussed in the introduction, the addition of im-ACHTUNGTRENNUNGidazole as co-catalyst can improve the yield of the intramo-
lecular B–H reaction but, at the same time, inversion of se-
lectivity is observed. According to Hong and co-workers,[5a]

this would result from the attack of imidazole on the Si face
of the iminium ion directed by hydrogen-bond formation be-
tween the imidazole iminic nitrogen atom and the carboxylic

acid group of the catalyst (Scheme 3). The final configura-
tion of the product (R)-2 results from the configuration
adopted by the transition state because of steric interactions
between the imidazole ring and the dialdehyde chain
(Scheme 3). With the aim of validating Hong and co-work-
ers� proposal, we performed a full evaluation of the transi-
tion states and intermediates involved in the reaction path-
way. Based on these results, we have proposed an alterna-
tive mechanism, as outlined in Scheme 5. Because the best
experimental results with imidazole as co-catalyst were ob-
tained at 0 8C, the energy values shown in Scheme 5 were
also calculated at this temperature.

The first divergence from the proposal of Hong and co-
workers is related to the nature of the hydrogen-bond for-
mation between the imidazole molecule and the substrate.
All attempts to calculate the transition state proposed by
Hong failed. The problem is that, according to Hong, the
imidazole molecule uses its iminic nitrogen atom to establish
a hydrogen bond with the carboxylic group and, simultane-
ously, the same nitrogen atom attacks the unsaturated chain
in a stereocontrolled mechanism (Scheme 3). If such an
attack is possible, its activation energy has to be very large
as the nitrogen electron-pair is not available for the attack
due to ring conjugation. As we have said, all attempts to
find this type of transition state failed. We then considered
the zwitterionic form of the substrate and attempted to cal-
culate transition states in which the attack of the imidazole
would be directed by hydrogen-bond formation between the
aminic nitrogen atom and the charged carboxylate group of
the substrate. This would leave the iminic nitrogen atom
free for the attack on the carbon–carbon double bond. We
indeed were able to find this type of transition-state struc-
ture, but their PCM energies were very high (DG =

162.88 kJ mol�1 for the anti structure and DG =

170.53 kJ mol�1 for the syn structure) compared with other
alternatives (discussed below), which means they are unim-
portant in the following discussion (see additional data in
the Supporting Information). Also, energy values as large as
these for the imidazole addition step would bring the addi-
tion step in direct competition with the imine/enamine con-
version step (Scheme 4), which would possibly lead to low
final selectivities. The high-energy values calculated result
from the strong distortion imposed on the transition-state
structures by the relative positions of the two nitrogen
atoms in the imadozole ring.

Because the hydrogen atom at the C2 position in the im-ACHTUNGTRENNUNGidazole molecule has a strong acidic character, it can also be
used to establish hydrogen bonding with the carboxylate
group, which allows controlled selectivity. This mechanism is
outlined in Scheme 5 and Figure 4 shows the calculated tran-
sition-state structures along with the corresponding relative
energies in the gas phase and in acetonitrile at 0 8C.

According to the data in Figure 4, the addition of imida-
zole yields epimer (S)-6 a as the major isomer. If solvent ef-
fects are considered the selectivity is improved. The calcu-
lated energy differences between TS-4 a and TS-4 b mainly
result from the energy differences observed in the iminic
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Scheme 5. Proposed catalytic paths with reaction intermediates and transition states studied computationally for the l-proline/imidazole-catalyzed forma-
tion of (R)-2. Free energies (kJ mol�1) calculated at 0 8C at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p)
(italic) levels of theory. The lowest-energy reaction path is indicated by bold arrows.
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precursors. The most stable transition state (TS-4a) origi-
nates from imine 3 a, whereas transition state TS-4 b origi-
nates from imine 3 b, the anti/syn energy differences calcu-
lated for the imines are similar to those of the transition-
state structures.

The two transition states shown in Figure 4 can indeed ex-
plain the selective addition of imidazole to originate the S
epimer, as postulated by Hong
and co-workers. Nevertheless,
the resulting intermediates,
with structures very similar to
the previous transitions states,
are of high energy (PCM:
93.65 kJ mol�1 for the inter-
mediate resulting from TS-4a
and 102.88 kJ mol�1 for the in-
termediate resulting from TS-
4 b ; the structures are not
shown in Scheme 5 but are
given in the Supporting Infor-
mation) because the imidazole
ring now has a positive charge,
which is only partially neutral-
ized by the hydrogen bond with
the carboxy moiety. Low-
energy intermediates (6 a and 6 b) can be formed after
proton transfer from the imidazole nitrogen atom to the car-
boxy group and, as this transfer is a simple acid/base reac-
tion, the activation energy should be very low or even zero.
Nevertheless, all our attempts to find low-energy transition
states for this transformation failed as the distance between
the hydrogen atom to be transferred and the carboxy group
is too large. The inclusion of a water molecule, a side-prod-
uct of the imine formation, drastically changes this scenario
as it lowers the intermediate energies to values similar to
those calculated for structures 6 a and 6 b. This indicates that
water, or another acid/base catalyst, are indeed needed for
proton transfer between the imidazole moiety and the car-
boxy group. The scan of the water addition and proton
transfer step indicates that this mechanism has no measura-
ble activation energy and, for this reason, it is not shown in
Scheme 5.

An alternative approach to the sequence discussed above
would be to consider the presence of water in the previous
step (addition of imidazole). This corresponds to the mecha-
nism operating via TS-5 a and TS-5 b in Scheme 5. Figure 5
shows the 3D models and relative energies of TS-5 a and
TS-5 b and Table 2 lists the diastereoselectivities calculated
for both reaction paths, through TS-5 and TS-4.

The gas-phase activation energy for the addition of imida-
zole in the presence of water (EactTS-5a=77.92 kJ mol�1) is
61.12 kJ mol�1 lower than in anhydrous conditions (EactTS-4a =

139.04 kJ mol�1), whereas in solvent the difference is only
1.65 kJ mol�1. These results show that in solvent the two re-
action paths have equivalent activation energies and have to
be considered when predicting the final reaction selectivity.
Thus, in solvent at 0 8C, isomer 6 a results from TS-4 a and
TS-5 a, whereas isomer 6 b results only from TS-4b as TS-5 b
has too high an energy (Scheme 5). Considering the four
transitions states, isomer 6 a (S) is formed in a yield of
98.1 %, whereas isomer 6 b (R) is formed in a yield of 1.9 %
(96.2 % ee, Table 2). The results discussed above show that
the addition of imidazole to the double bond is indeed ste-
reoselective. Nevertheless, the mechanisms discussed here
are substantially different from that proposed by Hong and
co-workers because the nature of the hydrogen bond is dif-

Figure 4. Calculated transition-state structures for the addition of imida-
zole and the relative gas-phase Gibbs� energies (kJ mol�1) at 0 8C calcu-
lated at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM B3LYP/6-31++G-ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels of theory.

Figure 5. Calculated transition-state structures for the addition of imida-
zole in the presence of water and the relative gas-phase Gibbs� energies
(kJ mol�1) at 0 8C at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM
B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels of theory.

Table 2. Relative transition-state energies for the addition of imidazole with or without a molecule of water
explicitly considered, yields, and enantioselectivities in the gas phase and in acetonitrile at 0 and 25 8C.[a]

TS Gas phase Acetonitrile
DGACHTUNGTRENNUNG[kJ mol�1]

Yield
[%]

ee
[%]

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

ee
[%]

0 8C

TS-4 a (S) 61.12 0.00

79.2 (S)

1.66 (�22.31) 33.24

96.2 (S)
TS-5 a (S) 0.00 89.62 0.00 (37.16) 64.87
TS-4 b (R) 67.15 0.00 8.77 (�21.22) 1.88
TS-5 b (R) 5.34 10.38 23.95 (55.76) 0.00

25 8C

TS-4 a (S) 57.50 0.00

82.1 (S)

0.00 (�22.31) 66.36

92.7 (S)
TS-5 a (S) 0.00 91.04 1.97 (37.16) 30.00
TS-4 b (R) 63.60 0.00 7.19 (�21.22) 3.64
TS-5 b (R) 5.75 8.96 26.32 (55.76) 0.00

[a] Gibbs� energy differences are given in brackets: DDG =DGCH3CN�DGGP.
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ferent and because water is an important reagent for the
proton transfer between the imidazole ring and the carboxy
moiety. Also, according to the proposal of Hong and co-
workers, the selectivity results from a preference for attack
directed by hydrogen-bond formation, in contrast to a direct
attack from the opposite face, without hydrogen-bond for-
mation between the imidazole molecule and the carboxy
moiety (Scheme 3). In our model the selectivity results from
two possible attacks, both directed by the carboxy group,
with or without a water molecule serving as a bridge be-
tween the imidazole and the carboxy moieties, but with dif-
ferent orientations of the carbon chain, which allow for dif-
ferent final diastereoselectivities. Even when not present in
the transition state, water is always needed for the final
proton transfer between the imidazole nitrogen atom and
the carboxy group, as was previously discussed.

The next step in the reaction path is the cyclization of the
mixture of epimers 6 a and 6 b obtained with an ee of 96.2 %
from the imidazole addition step. The cyclization can occur
via eight different transition-state structures, but only four
are important in terms of the
final stereoselectivity outcome,
as shown in Scheme 5 and
Figure 6. All four structures
have the enamine moiety in the
same configuration, but two of
them originate from the S
isomer at the C3 position (TS-
6 a and TS-6 b) and the other
two from the R isomer at the
C3 position (TS-6 c and TS-6 d).
Table 3 lists the selectivities
predicted on the basis of the in-
itial S ee of 96.2 % at the C3
position, as previously calculat-
ed. The values in Table 3 were
calculated assuming that the in-
verse reaction for the addition
of imidazole is slower than the
cyclization step, as our PCM re-
sults indicate. Thus, the rate-
limiting step is the addition of imidazole, which means that
compound 6 reacts as soon as it is formed. The final selectiv-
ity of the cyclization step is then a result of the selectivity of
the imidazole addition step, as well as the selectivity of the
cyclization step itself.

The relative energies in Table 3 and Figure 6 indicate that
if the starting material is racemic at the C3 position, then
the final product 2 should be nearly racemic, with a slight
excess of the S isomer. If the starting material has the enan-
tiomeric purity previously calculated for the addition of im-ACHTUNGTRENNUNGidazole (96.2% S), as considered in Table 3, then the final
product 2 will have the R configuration at the newly formed
chiral center and an ee of 92.9 %, in quite good agreement
with the experimental result (93%, 0 8C). This means that
the selectivity of the imidazole addition step is mandatory
(3!6, Scheme 5), as predicted by Hong and co-workers,

and has to be the rate-limiting step. Nevertheless, the imida-
zole addition has to be faster than the imine/enamine con-
version (3!4, Scheme 4) because this step leads to the op-
posite final configuration.

The transition-state structures in Figure 6 are similar to
those in Figure 3 because the major electrostatic factors con-
ditioning the geometries and energies are similar. Neverthe-
less, the presence of the imidazole ring introduces a new
factor, which has to be considered as it can be in either an
equatorial or axial orientation, which results in substantial
differences in the calculated activation energies.

The imidazole ring is in an equatorial position for all the
structures, with the exception of TS-6 a. Structure TS-6 a is
very similar to structure TS-6 c, but is 16.6 kJ mol�1 less
stable (Figure 6, gas phase). In TS-6 a the contact distance
between O1 and C11H is shorter than in TS-6c and, as a

Figure 6. Calculated transition-state structures for the l-proline/imida-
zole-catalyzed cyclization of 7 to 8 and the relative gas-phase Gibbs� en-
ergies (kJ mol�1) at 0 8C at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM
B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels of theory.

Table 3. Relative transition-state energies, yields, and enantioselectivities of the intramolecular B-H reaction
with imidazole as co-catalyst in the gas phase and in acetonitrile at 0 and 25 8C.[a]

TS Gas phase Acetonitrile Ref. [5a]
DGACHTUNGTRENNUNG[kJ mol�1]

Yield
[%]

ee
[%]

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

ee
[%]

ee
[%]

0 8C

TS-6 a (SRS) 16.62 2.96

73.3 (R)

19.32 (10.70) 1.66

92.9 (R)
80[b] (R)

TS-6 b (RRS) 8.26 86.66 9.24 (8.99) 96.45
TS-6 c (SSR) 0.00 10.38 0.00 (8.01) 1.89

93[c] (R)
TS-6 d (RRR) 20.33 0.00 22.93 (10.61) 0.00

25 8C

TS-6 a (SRS) 16.87 2.86

76.4 (R)

19.57 (10.70) 1.55

89.6 (R) 59[b] (R)
TS-6 b (RRS) 8.38 88.18 9.36 (8.99) 94.79
TS-6 c (SRR) 0.00 8.96 0.00 (8.01) 3.64
TS-6 d (RRR) 20.33 0.00 22.93 (10.61) 0.00

[a] The selectivities are calculated based on a mixture of epimers 6a and 6 b with an ee of 96.2 %. The selectiv-
ities are calculated for the final compound 2. Gibbs� energy differences in brackets: DDG =DGCH3CN�DGGP.
At 0 8C, Eact =GTS-6c�Greag ; Eact =89.90 kJ mol�1 in the gas phase and 97.90 kJ mol�1 in acetonitrile. At 25 8C,
Eact =GTS-6c�Greag ; Eact = 96.73 kJ mol�1 in the gas phase and 104.73 kJ mol�1 in acetonitrile. [b] 0.1 equivalents
of imidazole. [c] 1.0 equivalent of imidazole.
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consequence, the energy of the first structure should be
lower (dC11H�O1 = 2.347 � in TS-6 a and dC11H�O1 = 2.378 � in
TS-6 c). However, this effect is counterbalanced by the axial
(TS-6 a) versus equatorial (TS-6 c) orientations of the imida-
zole ring, such that TS-6 c is in fact the most stable transi-
tion-state structure. Structure TS-6 d should be identical to
structure TS-6 b, differing only in the relative orientations of
the imidazole ring. However, the imidazole moiety prefers
to be, in both cases, in the equatorial position, which results
in a distortion of the ideal chair conformation of the form-
ing ring in structure TS-6d. This structure adopts a boat
conformation and, as a result, its gas-phase energy is
20.3 kJ mol�1 higher than the energy of TS-6 c. The larger
contact distance between O1 and C11H (dC11H�O1 =2.412 �
in TS-6 d), imposed by the distortion of the forming ring,
also contributes to this value, and is of major importance for
the stabilization of all transition-state structures, as was pre-
viously discussed.

Hong and co-workers reported that the reaction selectivi-
ty depends not only on solvent polarity, but also on the tem-
perature, because at a lower temperature (0 8C) the selectiv-
ity is greater than at 25 8C. Table 3 shows the selectivities
calculated for the B–H cyclization reaction after the addi-
tion of imidazole at both temperatures, based on an initial
mixture of 6 a and 6 b with an ee of 96.2 %, and indeed
shows that the selectivity increases when the temperature is
lowered. Nevertheless, a comparison of the relative energy
values in Table 3 indicate that the selectivity of the cycliza-
tion step is not strongly dependent on the temperature,
which means that the calculated final selectivity must
depend on the imidazole addition step (Table 2). A compari-
son of the energy values in Table 2 for each individual reac-
tion path also shows that none of them accounts for any se-
lectivity dependence on temperature. However, the two ad-
dition paths together indeed show a dependence on selectiv-
ity with temperature. As the path with water included is
more sensitive to temperature, at lower temperatures it ac-
counts to a larger extent for the selectivity (TS-5 a), whereas
at higher temperatures the anhydrous path is preferred (TS-
4 a). The averaged result predicts better selectivity at lower
temperatures, in accord with the results observed experi-
mentally.

In spite of the energy relations discussed above that can
justify the experimental observations of selectivity depend-
ence on temperature, other factors can also contribute. We
have already shown that the addition of imidazole is less en-
ergetic than the imine/enamine conversion, whether it be
the direct or water-catalyzed conversion (Schemes 4 and 5).
However, in the presence of imidazole, another mechanism
can be proposed for the imine/enamine conversion in which
imidazole is substituted for water as the catalyst, as in
Scheme 6 and Figure 7. If imidazole can substantially reduce
the activation energy of the imine/enamine conversion step,
then this step can compete with the addition of imidazole
and thus lead to a reduction of the selectivity. In addition, if
the imidazole-catalyzed imine/enamine conversion shows a
strong energy dependence on temperature, it could also ac-

count for the observed selectivity dependence on tempera-
ture.

Table 4 compares the relative energies and selectivities
obtained for the formation of enamine catalyzed by water
or imidazole. The overall conclusion is that imidazole
indeed seems to be a better catalyst for the imine/enamine
conversion as it reduces the activation energy by about
21 kJ mol�1 (DGTS-2d�DGTS-7d at 0 8C). At the same time, al-
though water mainly catalyzes the formation of 4 b’ (99 %,
Scheme 4), a compound that is not active in the following
cyclization step, imidazole catalyzes the formation of 4 a and
4 a’ to give a yield of around 25 % (Scheme 6, Table 4 (yield
of TS-7 a+yield of TS-7 d)). In spite of these results, the im-

Scheme 6. Proposed imidazole-catalyzed path for the imine/enamine con-
version. Free energies (kJ mol�1) calculated at 0 8C at the B3LYP/6-31G-ACHTUNGTRENNUNG(d,p) (plain text) and PCM B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p)
(italic) levels of theory.
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ACHTUNGTRENNUNGidazole addition step (TS-5 a, Scheme 5) is still around
37 kJ mol�1 less energetic than the imidazole-catalyzed
imine/enamine formation step (TS-7 d, Scheme 6). This indi-
cates that, when the two possible paths are considered, the
imine/enamine conversion step outlined in Scheme 6 does
not occur concurrently with the imidazole addition step
(Scheme 5) and that the dependence of selectivity on tem-
perature has to result from the imidazole addition step, as
discussed before.

Recently[22b] we discussed the effect of water on the ste-
reoselectivity of l-proline-catalyzed intramolecular aldol re-
actions of dialdehydes. According to our results, in the pres-
ence of water the enantio- and diastereoselectivity of this
type of reaction decrease. Nevertheless, we also concluded
that if solvent effects are considered, the activation energies
of transition-state structures with a water molecule explicitly
included are substantially higher than those of transition-
state structures free of water.

As we previously suggested that water is of major impor-
tance in the imidazole addition step and in the imine/en-

ACHTUNGTRENNUNGamine conversion step (in the absence of imidazole), we
also decided to test its eventual importance in the cycliza-
tion step. The results shown in Table 5 and Figure 8 are in-

teresting as they predict that if water is included then both
configurations of the imidazole would induce the formation
of R as the final configuration of the newly formed chiral
center. This dramatic change is mainly a result of the strong
reduction in the activation energy of TS-8 d, relative to TS-
6 d (Figure 8 and Figure 6). The presence of water allows the
formation of several electrostatic contacts, which compen-
sate the loss of contact between O1 and C11H. This permits

Figure 7. Calculated transition-state structures for the imidazole-cata-
lyzed imine/enamine conversion and the relative gas phase Gibbs� ener-
gies (kJ mol�1) at 0 8C at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (plain text) and PCM
B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (italic) levels of theory.

Table 4. Comparison of the relative free energies and yields of the imine/enamine conversion catalyzed by water (TS-2) or imidazole (TS-7) at 0 and
25 8C.[a]

TS Gas phase Acetonitrile
TS-2 TS-7 TS-2 TS-7

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

0 8C

TS-a (anti,E,Z) 30.58 0.00 5.04 8.82 17.41 (23.06) 0.08 9.26 (23.76) 1.26
TS-b (anti,E,E) 26.54 0.00 4.17 12.54 14.18 (23.87) 0.31 1.97 (23.83) 23.91
TS-c (syn,E,E) 0.00 93.79 0.00 67.45 0.00 (36.23) 93.41 0.00 (26.04) 52.83
TS-d (syn,E,Z) 6.73 6.21 4.45 11.20 6.73 (36.22) 6.20 2.17 (23.76) 23.91

25 8C

TS-a (anti,E,Z) 30.26 0.00 5.01 8.87 17.09 (23.06) 0.10 9.23 (23.76) 1.27
TS-b (anti,E,E) 26.28 0.00 4.13 12.67 13.92 (23.87) 0.34 1.93 (23.83) 24.08
TS-c (syn,E,E) 0.00 94.13 0.00 67.07 0.00 (36.23) 93.71 0.00 (26.04) 52.36
TS-d (syn,E,Z) 6.88 5.87 4.40 11.39 6.87 (36.22) 5.85 2.12 (23.76) 22.29

[a] Gibbs� energy differences in brackets: DDG =DGCH3CN�DGGP. With water at 0 8C, Eact = GTS-2c�Greag ; Eact =129.58 kJ mol�1 in the gas phase and
165.81 kJ mol�1 in acetonitrile. With water at 25 8C, Eact =GTS-2c�Greag ; Eact =134.87 kJ mol�1 in the gas phase and 171.10 kJ mol�1 in acetonitrile. With im-ACHTUNGTRENNUNGidazole at 0 8C, Eact =GTS-7c�Greag ; Eact = 123.55 kJ mol�1 in the gas phase and 149.59 kJ mol�1 in acetonitrile. With imidazole at 25 8C, Eact =GTS-7c�Greag ;
Eact =129.27 kJ mol�1 in the gas phase and 155.31 kJ mol�1 in acetonitrile.

Figure 8. Calculated transition-state structures for the l-proline/imida-
zole-catalyzed cyclization of 7 to 8 in the presence of water and the rela-
tive gas-phase Gibbs� energies (kJ mol�1) at 0 8C at the B3LYP/6-31G-ACHTUNGTRENNUNG(d,p) (plain text) and PCM B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G ACHTUNGTRENNUNG(d,p)
(italic) levels of theory.
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the forming ring in TS-8 d to adopt a chair conformation
with the carbonyl group in an axial position and the imida-
zole ring in an equatorial orientation. The absolute configu-
ration of the structure TS-8 b (RSS) is now different to the
absolute configuration of the structure TS-6 b (RRS). Never-
theless, as the relative energies of the structures TS-8 a and
TS-8 b are similar to those calculated for TS-6 a and TS-6 b,
the predicted final selectivity is the R configuration at the
C3 position, as is experimentally observed. In spite of this
interesting result, the inclusion of solvent effects substantial-
ly increases the activation energies of all the transition
states, which suggests, as reported in our previous paper,
that water is not present during the cyclization step.

Conclusion

The mechanisms proposed by Hong and co-workers for the
intramolecular Baylis–Hillman reaction of hept-2-enedial
catalyzed by (S)-proline have been analyzed by using the
B3LYP/6-31G ACHTUNGTRENNUNG(d,p) and PCM B3LYP/6-31G ++ (d,p)//
B3LYP/6-31G ACHTUNGTRENNUNG(d,p) theoretical models. The data obtained
allow the rationalization of the main factors that contribute
to the selectivity of the reaction in the absence of imidazole
as co-catalyst as well as the observed improvement in selec-
tivity and inversion of configuration when imidazole is pres-
ent in the reaction medium. The theoretical data obtained
with the PCM model using acetonitrile as solvent essentially
agree with the experimental results of Hong and co-workers.
Water was found to be an important reagent, acting as a cat-
alyst in the imine/enamine conversion step, when imidazole
is not present. When imidazole is used as co-catalyst, water
is also very important to catalyze the proton transfer be-
tween the imidazole ring and the proline carboxy group.
Proline is important as a selectivity inductor in two different
reaction steps, the cyclization and the addition of imidazole.
The selectivity of the cyclization step, in the absence or in
the presence of imidazole, mainly results from important
electrostatic contacts between the carbonyl oxygen atom
and the proline moiety. These contacts are, in many aspects,
similar to those found in the proline-catalyzed intramolecu-
lar aldol reactions of 1,7-dialdehydes. The selectivity ob-
served in the imidazole addition step mainly results from
the two possible conformations of the carbon chain in rela-

tion to the carbonyl group in
the proline moiety as the addi-
tion reaction does not occur if
hydrogen-bonding between the
imidazole ring and the carboxy
group is not established. The
overall selectivity of the reac-
tion is a result of the selectivi-
ties calculated for the imidazole
addition and cyclization steps.

Computational Methods

All calculations were performed by using density functional theory[26]

with the Gaussian 03 software package.[27] The geometries of all station-
ary points were full optimized with the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) functional and
their nature (minimum or transition state) was determined by frequency
analysis. Zero-point energies and thermal corrections have been taken
from unscaled vibrational frequencies. Reported activation energies in-
clude zero-point corrections. The effect of solvent on the energies was
studied by single-point calculations at the B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//
B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level of theory. The polarizable continuum model
(PCM)[28] was used together with UAKS radii and the dielectric constant
of acetonitrile (CH3CN). All bond lengths are given in angstroms (�),
angles in degrees, and energy values in kJ mol�1. Activation energies are
calculated relative to the reagents.
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TS Gas phase Acetonitrile Ref. [5a]
DGACHTUNGTRENNUNG[kJ mol�1]

Yield
[%]

ee
[%]

DGACHTUNGTRENNUNG[kJ mol�1]
Yield
[%]

ee
[%]

ee
[%]

TS-8 a (SRS) 21.30 1.83

91.2 (R)

26.34 (62.93) 1.75

96.3 (R)
80[b] (R)

TS-8 b (RSS) 11.71 87.79 16.40 (62.59) 96.36
TS-8 c (SRR) 2.75 2.57 7.20 (62.34) 0.10

93[c] (R)
TS-8 d (RRR) 0.00 7.81 0.00 (57.89) 1.79

[a] With water at 0 8C, Eact =GTS-8d�Greag ; Eact = 84.41 kJ mol�1 in the gas phase and 142.30 kJ mol�1 in acetoni-
trile. [b] 0.1 equivalents of imidazole. [c] 1.0 equivalent of imidazole.
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