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ABSTRACT

Full catalytic cycle of the stereoselective (S)-proline catalyzed aldol reaction of acetone and acetaldehyde
in DMSO solvent has been investigated using three different DFT methods, viz. B3LYP, MPWB1K and
B97D in conjunction with the polarizable continuum (PCM) method. At all the levels of theory, one of the
higher energy conformers of the catalyst, 1b showed higher activity than the most stable conformer, 1a.
On the basis of AG* of 39.8 kcal/mol observed for the reaction of 1a with acetone, 1a is considered to be
inactive in the catalytic cycle while the same reaction with 1b showed 22.7 kcal/mol (B97D-PCM level)
lower value for AG* than 1a. All the possibilities for enamine formation and C-C bond formation step
have been considered for describing the most appropriate stereoselective catalytic cycle which showed
that the full cycle is made up of a relay of eight proton transfer steps and the reaction is categorized under
hydrogen bond catalysis. The hydration across the iminium bond of the second nucleophilic adduct - an
intermediate formed subsequent to the aldehyde addition to the enamine - is the rate limiting step of
the reaction with AG* =21.7 kcal/mol (B97D-PCM level).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Asymmetric organocatalysis has been an intense area of
research over the past four decades where the main aim is to intro-
duce one or more chiral domains in molecular systems through
catalytic activity of small organic molecules [1-13]. The naturally
occurring amino acid (S)-proline is extensively used as a catalyst
for both intramolecular and intermolecular stereoselective aldol
reactions [14-18] and in fact, (S)-proline catalyzed Hajos-Parrish
reaction [19,20] discovered in the 1970s is considered as a pro-
totype of asymmetric catalysis. The high stereoselectivity of this
reaction is attributed mainly to the formation of hydrogen bonded
transition states [21,22]. Mainly four mechanistic pathways have
been proposed for the C-C bond formation step of Hajos-Parrish
reaction, (i) the Hajos-Parrish mechanism involving a carbino-
lamine intermediate (nucleophilic substitution mechanism), (ii)
the Hajos-Parrish mechanism involving an enamine intermediate
(enaminium-catalyzed mechanism), (iii) the Agami’s mechanism
[23,24] involving two proline molecules, and (iv) the List’s mecha-
nism [15] involving assistance from carboxylic acid of the proline
(carboxylic acid-catalyzed enamine mechanism). Transition state
modeling at density functional theory (DFT) level by Houk et al.
supported mechanism (iv) [25-31], originally put forward by Jung
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[32] as the most favorable pathway. Further, detailed mechanistic
investigation at DFT level has been done by Boyd and co-workers
[33,34]. Arno and Domingo [35] studied different possibilities for
the diastereoselective C-C bond formation for the intermolecular
aldol reaction between acetone and propanaldehyde and found that
the anti-re attack of the catalyst gives the desired product. Houk
et al. established the stereoselectivity and elucidated the complete
mechanism of (S)-proline catalyzed intramolecular aldol reaction
of an achiral triketone [36-38]. Various aspects of all these mecha-
nisms have been reviewed recently [39-50].

Using experimental set up with LA-MB-FTMW spectrometer,
very recently Alonso et al. reported extensive conformational stud-
ies on (S)-proline and identified eight different minimum energy
conformers [51,52]. This proves that (S)-proline possesses consid-
erable conformational flexibility due to ring flipping and different
orientation of the -COOH moiety with respect to the ring nitrogen.
Therefore, for a systematic and unbiased approach to organocat-
alytic reactions, conformational study of the catalyst becomes
important to discover the most favorable pathway [53]. Previous
mechanistic studies have not addressed this issue of conforma-
tional behavior of the catalytically active regions. In this paper, we
make such an attempt to describe full mechanistic pathways using
different (S)-proline conformers and also unambiguously bring out
the active role played by a high energy conformation of (S)-proline.
Further, we will show that the full catalytic cycle can be visual-
ized in terms of a chain of proton transfer pathways involving eight
different steps in terms of Gibbs energy profile. The proposed com-
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plete proton transfer mechanism is expected to be relevant in the
study of aldol reactions catalyzed by enzymes in biological system
[54].

2. Computational details

All geometries including the transition state structures
were optimized at three different density functional theory
(DFT) methods, viz. B3LYP/6-31G(d,p), MPWB1K/6-31++G(d,p) and
B97D/6-311+G(d,p). B3LYPis a hybrid generalized gradient approx-
imation (GGA) method which incorporates the exact Hartree—Fock
exchange and built with the Becke’s three-parameter exchange
functional (B3) in conjunction with the Lee-Yang-Parr correlation
functional (LYP) [55,56]. Although this method is good for main
group chemistry [57-59], recent studies pointed out the shortcom-
ings in estimating the barrier heights and modeling noncovalent
interactions [60,61]. MPWB1K is a hybrid meta-GGA method for-
mulated by Zhao and Truhlar [62] which has been recently used
for making good predictions on thermochemistry, thermochemical
kinetics, hydrogen bonding, and weak interactions [63,64]. B97D is
a recently developed DFT method by Grimme [65] which includes
a semiempirical correction for the treatment of van der Waals
(dispersion) interaction. Very recently, this method has been suc-
cessfully applied for some mechanistic investigations [66-69]. In
all the three DFT methods, solvent effects were also included by
applying the polarizable continuum model (PCM) of the self con-
sistent reaction field for full optimization [70,71]. To indicate the
PCM option, the DFT methods are named as B3LYP-PCM, MPWB1K-
PCM and B97D-PCM. Solvent parameters of dimethyl sulphoxide
(DMSO) are used in the calculation. The B3LYP-PCM, MPWB1K-PCM
calculations were performed using Gaussian 03 [72] and B97D-
PCM calculations were performed using Gaussian 09 [73] suite of
quantum chemical programs. The UAHF (United Atom Topological
Model for Hartree Fock) keyword is specified to build the cavity for
PCM calculation which is automatically set by the program accord-
ing to the molecular topology, hybridization, formal charge, etc.
[71]. The transition states (TSs) were located using synchronous
transit-guided quasi-Newton method (QST3) [74,75]. TSs were
characterized by only one imaginary frequency (first order sad-
dle points); relevant to the desired bond-breaking/bond-forming
reaction coordinates. Further, IRC calculations were performed to
further authenticate the results. Always the relative Gibbs energy
(AG,e) is reported and the point 0.00 kcal/mol represents the sum
of the Gibbs energies of the most stable (S)-proline conforma-
tion; acetone and acetaldehyde unless otherwise specified. Among
the three different methods; the B97D-PCM values were used
throughout for discussion unless otherwise mentioned. The details
of energy parameters are reported in Supporting information.

3. Results and discussion
3.1. Selection of (S)-proline conformations

Different conformations of (S)-proline are depicted in Fig. 1
along with relative Gibbs energy at the three different DFT levels.
The most stable conformation is 1a which is in agreement with
the LA-MB-FTMW experimental results [51,52]. Close proximity
of the acidic proton and the N-lone pair in 1a, 1b and 1d would
bring in bi-functionality to the catalyst towards an approaching
carbonyl compound by simultaneous attack through N-lone pair
on the carbonyl carbon and interaction of the acidic proton on the
developing alkoxide moiety. Such a bi-functionality is not possible
with other conformations. Since 1a and 1d differ only in the orien-
tations of the methylene moieties, particularly at the C4 position
(up for 1a and down for 1d), both would show very similar behavior

in mechanistic studies. In a previous study, Houk et al. [39] exam-
ined the conformational up (endo) and down (exo) behavior of the
C4 center and suggested that the up conformation (1a) is gener-
ally favored over the down conformation (1d) for unsubstituted
proline catalysts. Hence, we have considered only 1a and 1b for
detailed mechanistic studies. In fact, the conformers 1e, 1f, 1g, and
1h cannot form a transition state for the nucleophilic adduct for-
mation and a transition state search from 1c will converge to that
from 1b (Supporting information). 1a is more stable than 1b by
5.9 kcal/mol at B97D-PCM/6-311+G(d,p) level and possesses a syn-
orientation for C-H bond of the chiral carbon and the N-H bond
of the ring nitrogen, whereas the C-H and the N-H bonds of 1b
exhibit anti-orientation. Higher stability of 1a can be attributed
to the intramolecular O-H. ..N hydrogen bond of distance 1.72 A.
The zwitterionic form of the catalyst 1a (more stable than the neu-
tral 1a by 0.9 kcal/mol in DMSO solvent) is also modeled which is
expected to be catalytically inactive due to the quaternization of the
nitrogen center. Since quaternization removes the nucleophilicity
of the nitrogen, this tautomer is not considered for the mechanistic
studies (Supporting information).

3.2. Initial nucleophilic attack: active form of the catalyst

Using the (S)-proline conformations 1a and 1b, the nucleophilic
attack of the N-lone pair on the carbonyl carbon of acetone is
investigated. Acetone is preferred rather than aldehyde for the
initial reaction because in intermolecular aldol reaction, alde-
hyde is added slowly to the performed solution of proline and
ketone [76] to overcome the side reactions arising from the
inability of the catalyst to differentiate between the aldehyde
and ketone for the initial nucleophilic attack. The Gibbs energy
profiles for the (1la+acetone) and (1b+acetone) reactions are
presented in Figs. 2 and 3, respectively. In the case of 1a, the
pre-reacting complex of the proline and acetone, 2a, has to pass
through the transition state TS1; (AGe =20.3 kcal/mol) to reach
the zwitterionic intermediate 3a. The zwitterion to neutral form
(3a— TS,, — 4a) generates the highest point TS,, in the Gibbs
energy profile (AGe =39.8 kcal/mol). The activation Gibbs energy
barrier (AG*) for this step is 19.3 kcal/mol. Overall, the reaction
is endergonic by 30.0 kcal/mol of energy. It is thus clear that this
highly endergonic reaction requiring a high value of AG, for TSz,
may not occur at the specified reaction conditions.

Enhancement in catalytic activity is expected when the N-lone
pair in (S)-proline is readily available for the initial nucleophilic
attack on the carbonyl carbon. Among all the conformations, the
N-center has maximum degree of pyramidalization in 1b (23.2°)
which indicate higher nucleophilic character from the localized
N-lone pair than the other conformations. In 1a, the lone pair is par-
tially shielded by the O-H. . .N hydrogen bond while 1b has a more
exposed N-lone pair. If 1a can be converted easily to 1b via a pyra-
midal inversion at the ring nitrogen, 1b would play a more active
role in the catalysis. The AG* for 1a to 1b conformational change via
TS,p, is only 11.0 kcal/mol (Fig. 3). The reaction of 1b with acetone,
passing through a van der Waals complex (2b) can yield the zwit-
terionic intermediate 3b. This step requires AG,e of 17.1 kcal/mol
and the associated transition state is TSqp,. The geometries of 2b and
TSqp agree well with the recent report given by Yang et al. [42]. The
next step of the reaction is nearly barrier less (AG* = 1.4 kcal/mol).
Thus, even with 1a as the reference point for proline, the AG
between 1a and TSy, is only 17.1 kcal/mol (B97D-PCM) which is
22.7 kcal/mol smaller than the pathway described in Fig. 2 using
the transition state TS,,. Further, the pathway passing through the
intermediacy of 1b is endergonic by 14.5 which is 15.5 kcal/mol
lower than that of the pathway exclusively via 1a. However, one
may argue that 4a and 4b are readily interconvertible due to rota-
tion of the carboxylate group on the pyrrolidine ring, suggesting
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Fig. 1. Different conformers of (S)-proline. Numerical values in regular, italics and bold fonts are the relative Gibbs energies (AG,; ) with respect to the most stable conformer
(1a) in kcal/mol at B3LYP-PCM, MPWB1K-PCM and B97D-PCM levels respectively. B97D-PCM level structures are given.

pathway in Figs. 2 and 3 will have the same endergonic character.
Thus it is clear that pathway in Fig. 2 can be discarded on the basis
of the high AG* of 39.8 kcal/mol observed for TS,, while pathway
in Fig. 3 is the right choice to carry out the reaction which also
suggests that 1b must be the active form of the catalyst and not
1a. Hence, hereafter we have considered only the subsequent reac-
tions from 4b (Fig. 3). The higher stability of 4b than 4a is due to
a strong intramolecular N. . .H hydrogen bond of distance 1.78 A in
4b (Fig. 3).

3.3. Formation of the iminium ion and conversion to enamine

Elimination of a water molecule takes place from 4b (1-(2-
hydroxypropan-2-yl)pyrrolidine-2-carboxylic acid) when it passes
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through TS3, and forms the zwitterionic iminium ion-water com-
plex 5b (Fig. 4). At the B97D-PCM level, this step requires AG¥* of
3.5 kcal/mol of Gibbs energy while at MPWB1K-PCM level and at
B3LYP-PCM levels; the AG* is 12.9 and 7.5 kcal/mol, respectively.
At MPWB1K-PCM and B97D-PCM levels, the product system shows
higher stabilization than the reactant while at B3LYP-PCM level, the
product and reactant systems show nearly equal Gibbs energy. Fur-
ther, the binding energy of water in 5b is 3.6 kcal/mol at B97D-PCM
level and 1.6 kcal/mol at MPWB1K-PCM level. At both these levels,
the dissociation of water to 6b is favored due to gain in entropy
on the AG, scale. On the other hand, at the B3LYP-PCM level, the
dissociation of water molecule is slightly disfavored.

(S)-Proline catalysis is widely accepted to undergo enamine
pathway [77,78]. Iminium ion can be converted to enamine in four

Q

Q.
Rt
\
H PH
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Reaction Coordinates

Fig. 2. Energy profile diagram for the initial nucleophilic attack by 1a. The numerical values are the relative Gibbs energies (AG, ) in kcal/mol (B3LYP-PCM values in green,
MPWB1K-PCM in red and B97D-PCM in blue colors) with respect to 1a. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)
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Fig. 3. Energy profile diagram for the initial nucleophilic attack by 1b. The numerical values are the relative Gibbs energies (AGy ) in kcal/mol (B3LYP-PCM values in green,
MPWB1K-PCM in red and B97D-PCM in blue colors) with respect to 1a. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

different pathways; two water-assisted and two direct pathways
which may give either syn-enamine or anti-enamine. Hence, we
have considered both 5b and 6b for further mechanistic inves-
tigations. Although the energetics in Fig. 4 is in favor of 6b,
pathway from 5b also will be useful to verify the role of water.
In Fig. 5, the AG, of all the four pathways are depicted. The AG¥*
for the formation of water-assisted-syn enamine via TS4,, water-
assisted-anti-enamine via TSy, direct-syn-enamine via TS4, and
direct-anti-enamine via TS4q are 23.9, 22.5, 16.2 and 28.0 kcal/mol,
respectively (Fig. 5). In general MPWB1K-PCM level AG* is slightly
higher than B97D-PCM values while B3LYP-PCM values are slightly
smaller and on the whole, all the three levels agree that the for-
mation of syn-enamine (7b) without the assistance of water via
TSy, is the most preferred pathway. The product from TS4,, TS4p,
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Fig. 4. Energy profile diagram for the formation of iminium ion. The numerical val-
ues are the relative Gibbs energies (AG,e) in kcal/mol (values of B3LYP-PCM in
green, MPWB1K-PCM in red and B97D-PCM in blue colors) with respect to 1a. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

TS4c, and TS4q are respectively 7a (syn-enamine water complex),
7b, 8a (anti-enamine water complex) and 8b (anti-enamine). All
the levels also agree that anti-enamine is thermodynamically the
most stable structure. Though the preferred pathway leads to 7b,
formation of anti-enamine, 8b can be easily achieved by the N-C
bond rotation. The AG* for the rotation is only 5.2kcal/mol at
B97D-PCM/6-311+G(d,p) level of theory (Supporting information).
It may be noted that in TS4,, TS4p, and TSy, the C4 center shows
up conformation while the C4 in TS4q possesses down conforma-
tion. Recently, Houk et al. [39] have mentioned the preference of
the up conformation over the down conformation in unsubstituted
prolines and suggested that the preferred pathway passes through
the up conformation. The present results also agree with their
findings.

3.4. Second nucleophilic attack (C-C bond formation step)

The second nucleophilic attack of enamine on acetaldehyde is
accountable for the C-C bond formation step. Since 7b and 8b are
nearly iso-energetic and easily interconvertible, both were consid-
ered for modeling si and re facial nucleophilic attack on the carbonyl
carbon of the approaching electrophiles. Accordingly, four differ-
ent diastereomeric pathways for the C-C bond formation, viz. the
anti-si via TSs,, anti-re via TSsy, syn-si via TSs¢, and syn-re via TSsq
(Fig. 6) which account for the stereocontrolling step of the reac-
tion. It is interesting to note that all the pathways are Burgi-Dunitz
type [79-81] where the nucleophile will attack the carbonyl carbon,
forming an angle in the range of 100-110°. Among them, the attack
of the acetaldehyde by the anti-enamine in a re-fashion via TSsy, is
the most preferred one (AG* =10.4 kcal/mol) which leads to the
formation of the product 10b in the (S)-configuration. According to
Curtin-Hammett principle, the enantiomeric excess (ee) of the (S)-
isomer is 40% (Supporting information). In experiments, sterically
bulky alkyl and aryl substituted aldehydes have been used and the
reported ee fall in the range of 58-96% [82,83]. Since acetaldehyde
is sterically not a very demanding system, the reported ee in this
work is reasonable.
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Fig. 5. Transition states for water-assisted and direct pathways of enamine formation and the ensuing products. Numerical values are the relative Gibbs energies (AG;e)
and activation Gibbs energy barrier (AG*) in kcal/mol (regular, italics and bold fonts are at B3LYP-PCM, MPWB1K-PCM and B97D-PCM levels respectively). 7a and 7b are

syn-enamines and 8a and 8b are anti-enamines. B97D-PCM level structures are given.

3.5. Regeneration of the catalyst

The product 10b is zwitterionic and it is expected that the water
molecule eliminated from the iminium ion water complex (5b) can
re-enter into the reaction to form the zwitterionic water complex
(11b). This leads to the addition of water across the carboxylate
group and the unsaturated carbon to form 12b. The water addi-
tion required AG* of 21.7 kcal/mol. In the next two consecutive
steps, rearrangement of protons in COOH and OH moieties occur
(12b — TSz, — 13b — TSg;, — 14b) giving rise to the formation of
14b which is a weak complex of the desired product (S)--hydroxy

TS5a TS5b
AGrel 36.9, 31.2, 20.4 37.1,29.6,19.9
AG# 158, 17.9,10.8 16.0, 16.3, 10.4
H __.-*H
+
N"'--__
10a ’ 10b’
AGrel 243, 8.9, 8.3 22.1,6.5, 6.8

ketone (15b) and (S)-proline. Regeneration of the active form of the
catalyst (1b) takes place with the release of 4.2 kcal/mol of energy
(Fig. 7). The regenerated catalyst 1b is active to keep the catalytic
cycle alive.

The complete catalytic cycle of the most probable mechanism
described herein passes through eight proton transfer transition
states (TSqp, TSap, TS3p, TS4p, TS5p, TSep, TS7p and TSgy,) and they all
describe proton transfer from reactant side to product side. The well
defined hydrogen bonded frameworks in the transition states pro-
vide the driving force for the shuttling of acidic proton from COOH
to ketonic/aldehydic CO and also to secondary amine functionality.

TS5¢c TSsd
39.6, 32.9, 22,5 39.2,31.9,21.5
17.5, 19.1, 11.8 17.1, 18.1,10.8

10c 10d

227,75 172 256.1,9.5,10.0

Fig. 6. Transition states for C-C bond formation and the ensuing products. Numerical values are the relative Gibbs energies (AG,e) and activation Gibbs energy barrier (AG*)
in kcal/mol (regular, italics and bold fonts are at B3LYP-PCM, MPWB1K-PCM and B97D-PCM levels respectively). BO7D-PCM level structures are given.
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Fig. 7. Energy profile diagram for the regeneration of (S)-proline catalyst. The numerical values are the relative Gibbs energies (AGe) in kcal/mol (values of B3LYP-PCM in
green, MPWB1K-PCM in red and B97D-PCM in blue colors) with respect to 1a. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

4. Conclusions

In summary, we have reinvestigated the intermolecular aldol
reaction of acetone and acetaldehyde catalyzed by (S)-proline by
different DFT-PCM methods (MPWB1K-PCM/6-31++G(d,p), B3LYP-
PCM/6-31G(d,p) and B97D-PCM/6-311+G(d,p) basis sets) and the
full catalytic cycle of the reaction yielding the stereoselective
product is established on the basis of dispersion-corrected B97D-
PCM/6-311+G(d,p) level of theory. All the DFT methods agreed to
the conclusion that a higher energy conformation of (S)-proline is
the active form of the catalyst and not the most stable conformation.
Further, the possibility of different diastereomeric transition states
was investigated on the basis of relative Gibbs energies. On the
basis of the energetics obtained using the three DFT methods, the
full catalytic cycle suggested five important steps, viz. (i) first nucle-
ophilic addition between catalyst and acetone via TSy, (ii) iminium
ion formation via TSsy, (iii) imine-enamine conversion via TSy,
(iv) C-C bond formation via TSsy,, (v) water addition via TSgp. The
AG, for the ordered quintet (TSqp, TS3p, TS4p, TSsp, TSep ) at B3LYP-
PCM/6-31G(d,p) level is (26.0, 28.1, 30.0, 37.1, 36.9 kcal/mol),
at MPWB1K-PCM/6-31++G(d,p) level is (25.6, 24.8, 24.5, 29.6,
27.9 kcal/mol) and at B97D-PCM/6-311+G(d,p) level is (17.1, 18.0,
15.9, 19.9, 28.6 kcal/mol) whereas the AG* calculated with respect
to infinitely separated reactants for the ordered quintet (TSqp,, TS3p,
TS4p, TSsp, TSep) at B3LYP-PCM/6-31G(d,p) level is (20.1, 9.9, 11.8,
16.0, 14.8 kcal/mol), at MPWB1K-PCM/6-31++G(d,p) level is (19.3,
13.6, 16.3, 16.3, 21.4kcal/mol) and at B97D-PCM/6-311+G(d,p)
level is (11.2, 3.5, 16.2, 10.4, 21.7 kcal/mol). The AG, values indi-
cate that structures calculated with dispersion-corrected method
are substantially more stable than those with other methods. On the
other hand, the B3LYP-PCM method clearly underestimates the sta-
bility of the intermediates and transition states. On the basis of the
AG* values obtained at B97D-PCM and MPWB1K-PCM levels, it can
be said that the water addition (TSgy, ) is the most difficult step of the
catalytic cycle. According to the B97D-PCM results, the second most
difficult step of the catalytic cycle has to be the imine to enamine
conversion (TSyp). The C-C bond formation and imine to enamine

conversion steps have nearly equal AG* at MPWB1K-PCM level
while the B97D-PCM results showed that C-C bond formation is a
relatively easy step. Previous studies supported the imine to enam-
ine conversion as the rate determining step in proline catalyzed
intramolecular aldol reaction [84]. On the other hand, kinetic and
mechanistic studies of intermolecular aldol reaction by Blackmond
et al. [48] suggested that the rate limiting step is the C-C bond
formation. The results presented herein suggest that water addi-
tion is the most difficult step of the catalytic cycle which may find
support in the experimental findings of Pihko et al. [85,86] where
they report that water in stoichiometric conditions (100-500%)
both speeded up the reaction and increased the enantioselectivity.
A noteworthy feature of the reaction is that the amine and carboxy-
late functionality operated in tandem for the proton migration in
almost every step of the reaction through the formation of hydro-
gen bonds, and thus the (S)-proline catalyzed aldol reaction may be
categorized under the hydrogen bond catalysis. In fact, it is felt that
this type of hydrogen bond catalysis can play an important role in
certain enzymatic reactions, particularly when carboxyl function-
ality of the amino acids concentrates in the active region [54]. This
study adds new insights into our understanding of aldol reaction
in terms of the conformational choice of the proline catalyst, Gibbs
energy profile, proton relay mechanism and the determination of
the rate limiting steps.
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