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ABSTRACT

In this work, density functional calculations were employed to revisit the formation mechanism of enam-
ine, the intermediate to mediate the proline-catalyzed direct aldol reaction. Different from the work of
Boyd et al. [24], the plausible reaction routes were calculated on basis of the complete conformational
studies of proline and acetone interacted complexes. Six energy minima were determined and their
relative stabilities increase in the order PAf < PAe < PAb <PAc<PAa<Pad. These structures are mainly
stabilized through the hydrogen bonds of the proline-H atoms and the acetone-O atoms. Routes 2 and 4
are the most probable to take place. The rate-determining step of Route 2 is the formation of C3-N bond
with the energy barrier equal to 86 k] mol~'. This step is accelerated by the following barrierless process.
As the theoretical results indicated, Route 4 needs to start with at least 2 mole equiv. acetone, consistent
with the high acetone concentrations used in experiments. The rate-determining step of Route 4 is the

Organocatalysis

intra-carboxyl proton transfer, which was revealed to be greatly assisted by solvents.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The aldol reaction establishes itselfin organic synthesis owing to
the facile formation of C-C bonds. Recently, List, Sakthivel and their
co-workers [1-3] have demonstrated that the amino acid proline is
an effective asymmetric catalyst for the direct aldol reaction. These
pioneering studies brought the revival of modern organocatalysis.
To date, various proline-based organocatalysts have been designed
for the direct aldol reaction and compared with proline, some of
them exhibit superior catalytic efficiency and enantioselectivity
[4-8].

Theoretical calculations play an important role in the under-
standing of reaction mechanisms and designing of organocatalysts
[4,9-19]. It was assumed that the aldol reaction proceeds
via an enamine-mediated mechanism [1,2,20-23]. The stereo-
selectivities of proline-catalyzed asymmetric aldol reactions were
predicted by density functional calculations at B3LYP/6-31G(d)
level, achieving reasonable agreement with the experimental data
[10]. As the theoretical calculations of Wu et al. [4] indicated, the
energy barriers of the L-prolinamide catalyzed aldol reactions are
greatly reduced by the hydrogen bonds of the amide N-H and ter-
minal O-H groups with the benzaldehyde substrates. However,
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all these calculations [4,9-16] focused on the latter portions of
the catalytic processes, with the enamine intermediates having
already formed. It is also of high values to understand how to form
the enamine intermediates. To the best of our knowledge, only
one report from Boyd’s group [24] is available in this aspect, see
Scheme 1. Firstly, the 1a structure is formed from the proline and
acetone interactions. Step 1 (1a— 1c) is the proton transfer from
the amino group to the carbonyl group. Step 2 (1c— 1e) forms
the imine structure bound with a water molecule, which is then
released. Step 3 (1f — 1h) is the conformational transition towards
the enamine intermediate. At B3LYP/6-311+G(2df,p)//B3LYP/6-
31G(d,p) level, Step 1 has a large energy barrier of 171 k] mol~! and
hinders the further progression. In our opinion, the aldol reaction
needs arevisit mainly due to the two reasons: (1) only one interact-
ing mode of proline and acetone (1a in Scheme 1) was given [24].
We cannot make sure whether it is the global energy minimum or
the only structure to initiate the reaction. (2) The transition state
of Step 1 contains a four-membered ring and is known to be geo-
metrically unstable. In this work, a conformational analysis on the
proline and acetone interacted system was performed. According
to the previous theoretical calculations [25-29], four conformers of
proline have notable populations at moderate temperatures. Two
in Scheme 2 were chosen for this study, including the one of Boyd
etal. [24]. The other two differ from them in the puckering angle of
the pyrrolidine ring not involved in the aldol reaction; in addition,
their energies are very close to the two of this study [27-29]. On
such basis, all the plausible reaction routes were taken into calcula-
tions, aiming to find out the ones with rational transition states and
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Scheme 1. The catalytic reaction route of the enamine formation proposed by Boyd et al. [24]. The nominations of the structures (1a-1h) follow the work of Boyd et al., and
those within the square brackets represent transition states (TS). The reaction route is divided into three steps and labeled as Steps 1-3.

low energy barriers as well as aiding the understanding towards the
proline-based organocatalytic processes.

2. Computational details

All the calculations were performed within Gaussian03 suite of
programs [30]. The structures were optimized using B3LYP den-
sity functional [31,32], which combines Becke’s three-parameter
hybrid exchange functional (B3) and Lee, Yang, and Parr correla-
tion functional (LYP). In agreement with Ref. [24], the standard
6-31G(d,p) basis set was used for geometry optimizations. Fre-
quency calculations at the same level were performed, making
sure that the local energy minima and transition states have none
and one imaginary vibration, respectively. The solvent effects were
considered by the self-consistent isodensity polarizable continuum
model (SCI-PCM) of self-consistent reaction field (SCRF)[33] as pre-
viously used [34-36]. The default dielectric constant of 46.7 was
adopted for DMSO.

Also in agreement with Ref. [24] in order to make comparisons,
all the energy calculations were run at B3LYP/6-311+G(2df,p) level

oftheory, using the B3LYP/6-31G(d,p) optimized geometries, which
were then corrected with appropriate zero-point vibrational ener-
gies (ZPVE), i.e., B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d,p)+ZPVE.

3. Results and discussion
3.1. Proline and acetone interacted structures

Six energy minima were determined for the proline and ace-
tone interacted system, see Fig. 1. PAa, PAb and PAc originate from
the first proline isomer (Pro1 in Scheme 2a). The three structures
are of close energies with the differences not more than 2 k] mol~1.
In all the structures, the proline amino-H2 atoms form hydrogen
bonds with the acetone carbonyl-03 atoms, and the three hydro-
gen bonds are of close distances, ranging within 2.069-2.285 A. PAb
resembles the structure used in Ref. [24] (i.e., 1a in Scheme 1) and
is slightly more unstable than PAa and PAc. The main geometric
discrepancy between PAa and PADb is the orientation of the acetone
methyl group. In PAa, only the methyl-H3 atom has medium inter-
actions with the carboxyl-O1 atom, and the H4 atom is directed

(a) Prol

Scheme 2. Two proline isomers chosen for the present studies.

(a) Pro2
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(b) PAb (10 kJ mol)

(©) PAc (9 kJ mol)

2401

(e) PAe (23 kJ mol?) (f) PAf (29 kJ mol )

Fig. 1. (a)-(f) Structures and relative energies of proline and acetone interacting system. The distances of the proline and acetone interacting structure used in Ref. [24] (1a
in Scheme 1) were given in the parentheses of PAb.

opposite to the O1 atom with a large O1-H4 distance of 4.301A.

However, both H3 and H4 atoms in PAb are at the same side of

the carboxyl group, and the H3-0O1 and H4-01 distances were

optimized at 2.605 (2.725) and 3.675 (3.601)A, respectively. The

values in parentheses were taken from the 1a structure [24]. Dif- 2001 v T v J v v v
ferent from PAa and PAb, both of the methyl groups in PAc interact TSib

with the carboxyl-O atoms with the O1-H3 and O2-H5 distances 165 Route 1
Route 2

of 2.750 and 2.708 A, respectively.

The interactions of acetone with the other proline isomer (Pro2 1504
in Scheme 2b) can also form three energy minima, seeing PAd, PAe
and PAf in Fig. 1. PAd is much more stable than PAe and PAf and
the energy gaps were calculated to be larger than 22 k] mol~!. PAd
is the global minimum on the potential energy surface (PES), and
its superior stability may be due to the presence of the carboxyl-
H1 — carbonyl-03 hydrogen bond. Instead, the acetone-O3 atoms
in the other five structures form hydrogen bonding interactions
with the amino-H2 atoms. Analogous to PAa and PAb, one methyl-
H atom of acetone in PAe and PAf has medium interactions with the
carboxyl-0 atom and the H4-02 distances equal 2.401 and 2.778 A,
respectively.

2

Energy barrier (kJ mol™)
i
(=3

3.2. Catalytic reaction routes starting from Pro1

0+ paao E
T

As discussed above, the interactions of Pro1 with acetone pro-
duce the PAa, PAb and PAc structures and among them, PAa is of Fig. 2. Energy profiles of the imine formation starting from PAa.
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Fig. 3. (a)-(s) Structures of transition states, intermediates and products of the proline-catalyzed aldol reaction.

the lowest energy. Accordingly, PAa rather than PAb was chosen
for the catalysis studies by Pro1.

Besides the route of Boyd et al. [24], another two were explored
and the energy profiles plotted in Fig. 2. The structures of the tran-
sition state (TS) and intermediate (IN) were shown in Fig. 3. In both

Routes 1 and 2, Step 1 (PAa — INa) is the formation of C3-N bond;
meanwhile, the carboxyl-H1 atom is spontaneously transferred to
bond with the acetone-03 atom. Owing to the absence of the four-
membered ring, the transition state TSa is much more stable than
the one of Boyd et al. (1b in Scheme 1). Accordingly, the energy bar-
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rier was lowered to 86 k] mol~'. The subsequent steps of Routes 1
and 2 differ from each other. As to Route 1, Step 2 (INa— IN1b)
is the transfer of the amino-H2 atom to the carbonyl-O3 atom.
It was found the transition state TS1b is characterized by a four-
membered ring consisting of N, H2, 03 and C3 atoms, similar to 1b
in Scheme 1. However, the energy barrier of this step amounts to
69 k] mol~! and is much smaller than the value 171 k] mol~! of the
route in Scheme 1. It is due to that the INa structure is also unstable
in geometry and thus reduces the energy barrier. TS1b was calcu-
lated 165 k] mol~! higher in energy than PAa, close to the value
171 k] mol~! of the route in Scheme 1 [24]. Step 3 (IN1b— IM) is
the formation of the imine structure and has a low energy barrier of
37 k] mol~!. The following steps to form the enamine intermediate
are identical to those of Boyd et al. [24] and will not be elaborated
here.

As to Route 2, Step 2 (INa— IN2b) is the intra-proton transfer
within the proline fragment, from the amino group to the carboxyl
group. It proceeds via a barrierless way and the energy barrier
equals —22 k] mol~1.IN2b undergoes the conformational transition
to IN2c (Fig. 3i). Then the imine structure is formed as a result of
Step 3 (IN2c — IM), with the energy barrier of 36 kj mol~1.

Compared with the route of Boyd et al. [24], the two ones pro-
posed here have smaller energy barriers and thus are more facile
to take place. Especially Route 2 has no unstable transition state
structures with four-membered rings. In addition, Step 2 of Route
2 is barrierless and will cause the rapid depletion of INa, thus accel-
erating the rate-determining Step 1. Accordingly, Route 2 should be
responsible for the aldol catalysis of the first proline isomer (Pro1).

The solvent effects of Route 2 were considered, and it was found
that the energy barrier of the rate-determining Step 1 is lowered
from 86 to 60 k] mol~1. It indicated that the aldol reaction will be
assisted by solvents, consistent with the results of Boyd et al. and
Sunoj et al. [24,37,38].

3.3. Catalytic reaction routes starting from Pro2

The second proline isomer (Pro2) has three interaction modes
with acetone as well, seeing Fig. 1d-f. PAe was chosen to initiate
the aldol reaction albeit the lower stability than PAd. The acetone
molecule in PAd is orientated towards the carboxyl group instead
of towards the amino group, causing the failure to initiate the reac-
tion. In addition, the high concentration of acetone was used in
experiments [1], indicating that it is of high possibility for more
than one acetone molecule around proline. It was confirmed by the
present density functional calculations. As shown in Fig. 4, the ori-
entations of the two acetone molecules are very close to those in
PAd and PAe, confirming the rationality of choosing PAe to initiate
the reaction.

Different from PAa, the carboxyl-H1 atom in PAe is not close to
the acetone carbonyl group. If the aldol reaction of PAe is started
in a similar way as Routes 1 and 2, two negatively charged O
atoms (02 and 03) will approach each other and cause large mutual
repulsions. As a result, no geometrically stable intermediates can
be located. Accordingly, the formation of C3-N bond as Step 1
(PAe — IN3a, Route 3 in Fig. 5) has to undergo a transition state
with a four-membered ring. The transition state and intermedi-
ate structures of Route 3 were shown in Fig. 3. The energy barrier
was calculated to be 180kJmol~1, which is even slightly larger
than that of Boyd et al. [24]. Step 2 (IN3a— IN3b) is the intra-
carboxyl proton transfer within proline. The energy barrier equals
125k] mol~1, close to the value 132 k] mol~! in the case of glycine
[39]. Step 3 (IN3b — IN3c) is the rotation of the 02-H1 bond and
needs to cross over a barrier of 51kJmol~!. Step 4 (IN3c — IM) is
the same as Step 2 of Route 2, with the energy barrier calculated at
36k mol-1.

Fig. 4. Structure of proline interacting with 2 mole equiv. acetone. The distances of
PAd (Fig. 1d) and PAe (Fig. 1e) were given in parentheses.
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Fig. 5. Energy profiles of the imine formation starting from PAe. The structures
within and outside the parentheses are the same; that is, IN3c and TS3d are identical
to IN2c (Fig. 3i) and TS2c (Fig. 3j), respectively.

Owing to the presence of TS3a with a four-membered ring,
Route 3 is energy-consuming and the aldol reaction is unlikely to
proceed via this mechanism. As Route 4 in Fig. 5 indicated, the aldol
reaction of PAe can also be started with the intra-carboxyl pro-
ton transfer process, with the related structures depicted in Fig. 3.
The intra-carboxyl proton transfer (PAe — IN4a) as Step 1 requires
an energy of 136kJmol~! and is much smaller that of Step 1 in
Route 3. Step 2 (IN4a — IN4b) is the rotation of the carboxyl 02-H1
bond, and the energy barrier amounts to 41 k] mol~'. IN4b (Fig. 3s)
geometrically resembles PAc (Fig. 1c), which may undergo confor-
mational transition towards PAa and continue the aldol reaction.
As the previous results suggested, the proton transfer is a solvent-
assisted process [24,39-43]. For example, the addition of a water
molecule reduces the intra-carboxyl proton transfer of glycine from
132 to 57kJmol~! at MP2/6-31G(d,p) level corrected with zero-
point vibrational energies (ZPVE) [39].

4. Conclusions

The proline-catalyzed direct aldol reaction is a recent focus and
proceeds via an enamine-mediated mechanism. Boyd et al. [24]
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proposed a reaction route to form the important enamine inter-
mediate; however, a revisit is absolutely needed due to the lack of
conformational search on the interacting modes between proline
and acetone as well as the large energy barrier of Step 1 caused by
the instability of the first transition state (1b in Scheme 1).

Six energy minima were determined for the proline and ace-
tone interacted system. Their relative stabilities increase in the
order PAf<PAe <PAb < PAc < PAa <PAd (Fig. 1). All of them are sta-
bilized through the hydrogen bonds of the proline-H atoms and the
acetone carbonyl-O atoms as well as the proline carboxyl-O and
acetone methyl-H interactions. PAd with the proline carboxyl-H
atom as the hydrogen bonding donor is the global minimum on the
potential energy surface (PES).

As to the first isomer of proline, PAa was chosen to initiate the
aldol reaction due to its higher stability. Besides the one of Ref.
[24], another two reaction routes were explored (Fig. 2). Step 1 with
the formation of C3-N bond is rate-determining for both Routes 1
and 2, where the carboxyl-H1 atom is spontaneously transferred to
the acetone-03 atom. Owing to the absence of the four-membered
ring in the transition state, the energy barrier was lowered from
171 to 86kJmol-!. Route 2 is the most probable to take place
because of the barrierless Step 2. In addition, the aldol reaction
was found to be assisted by solvents with the reduction of energy
barriers.

As to the second isomer of proline, PAe was chosen to initi-
ate the aldol reaction. PAd has higher stability but fails to initiate
the reaction. When 2 mole equiv. acetone was used, the interact-
ing modes of PAd and PAe co-exist, confirming the initiation by
PAe since the acetone concentrations are high in experiments. Two
reaction routes were obtained (Fig. 5), and the one started with
the intra-carboxyl proton transfer is preferred. The energy barrier
of Step 1 is rate-determining and equals 136 k] mol~!; however, it
will be greatly assisted by solvents. The subsequent step requires
a low energy barrier and reaches an intermediate geometrically
resembling PAc. Accordingly, it may undergo conformational tran-
sition towards PAa and continue the aldol reaction until the product
formation.
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