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ABSTRACT:

A new type of chiral β-amino acid catalyst has been computationally designed, mimicking the enzyme catalysis of serine proteases.
Our catalyst approach is based on the bioinspired catalytic acid/base dyad, namely, a carboxyl and imidazole pair. DFT calculations
predict that this designed organocatalyst catalyzes Michael additions of aldehydes to nitroalkenes with excellent enantioselectivities
and remarkably high anti diastereoselectivities. The unusual stacked geometry of the enamine intermediate, hydrogen bonding
network, and the adoption of an exo transition state are the keys to understand the stereoselectivity.

’ INTRODUCTION

In the past decade, we have witnessed an unprecedented
growth and impact of organocatalysis in asymmetric reactions.1

The discovery of intermolecular proline-catalyzed aldol reactions
by List, Lerner, and Barbas represents a major development of
enamine catalysis.2 Nowadays, proline is well accepted as a proto-
typical example of organocatalysis.1 In asymmetric proline-
catalyzed reactions, proton transfer from the proline’s carboxyl
group to corresponding proton acceptor is crucial to determine
the final stereoselectivity.3 Thus, it would be highly desirable that
proton transfer in catalysis could occur in a controllable manner.

Enzymes, nature’s catalysts, are major source of inspiration for
design of new organocatalysts with high catalytic efficiency and
stereoselectivity. Many important biochemical transformations
involve proton transfer. In an environment full of polar hydrogen
and protons, it would be intriguing to know how nature controls
proton delivery so precisely that a proton would be transported
only to the desired location. One of the most well established
enzymatic catalysis involving proton transfer is the hydrolysis of
peptide bonds by serine proteases, e.g., chymotrypsin.4 The
catalytic center inside the active site of chymotrypsin is a triad
of amino acid residues, aspartic acid, histidine, and serine, which
forms a highly ordered 3D structure that shuttles proton between

residues Asp-102 and Ser-195 through an imidazole bridge in
His-57.4 We envisage that the mode of enzyme catalysis in
chymotrypsin (Scheme 1), or serine proteases in general, can
be extended to organic transformations using general acid/base
or hydrogen bond catalysis. In the catalytic triad of chymotrypsin,
the serine residue acts as an active nucleophile in the nucleophilic
addition step and a leaving group in the subsequent deacylation
step, while the histidine and aspartic acid residues serve as an
acid/base pair for the proton shuttling steps and hydrogen
bonding network for charge transfer (Scheme 1). The carboxyl/
imidazole pair forms a coordination dyad, linked by hydrogen
bond, and is conserved in all reaction steps. Thus, the two
functional groups generic to implement either acid/base or
hydrogen bond catalysis are the carboxyl group, as in the side
chain of aspartic acid, and the imidazole ring, as in the side chain
of histidine. The side chain of the serine residue could be
replaced by a proton or hydrogen-bond donor from the reaction
substrate of interest. The carboxyl/imidazole pair, as an acid/
base dyad, provides a proton and thus serves as a Brønsted acid
catalyst. This concept of catalytic dyad, which forms a charge
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relay network, in various modes of catalysis, is illustrated in
Scheme 1. Since imidazole is amphoteric, i.e., it can function as
both an acid and a base, the catalytic dyad as a whole can be either
in an acid form, which serves as a Brønsted acid, or the conjugate
base form, which serves as a Brønsted base (see Scheme 2). As a
consequence, the catalytic acid/base dyad could provide a unique
function in shuttling protons back and forth in a sequence of
reaction steps, as shown in the catalysis mechanism of chymo-
trypsin. It should be noted that in biochemistry, catalytic dyads of
various combinations of amino acid residues5 are known in
literature. However, to the best of our knowledge, no application
of a catalytic dyad in organocatalysis either experimentally or
theoretically has been reported in the literature so far. We
envision that using a catalytic dyad of carboxyl/imidazole may

provide two distinct advantages: (1) enhanced Brønsted acidity/
basicity of imidazole via hydrogen bond to carboxyl group and
(2) a means to orient and position imidazole and hence fine-tune
its hydrogen bonding properties.

With the tremendous advances in computing power and
methodology development over the past decades, it has become
practical to design novel catalysts purely “in silico”. Several such
attempts have been reported in the recent years.6 In fact, some of
the theoretically designed novel catalysts have been verified by
experiments with good satisfaction.7 In this paper, we report our
attempt to design novel organocatalysts computationally by
implementing the concept of a catalytic dyad. We propose the
use of a carboxyl/imidazole dyad as a Brønsted acid/base, which
can be applied to both general acid/base catalysis as well as
hydrogen bond catalysis. Several common and recently reported
organic templates have been considered, and we have chosen
pyrrolidine as the base skeleton due to its rigidity of structure,
high nucleophilicity of its derived enamines,8 ease of synthesis
and its successful application in many organocatalytic reactions.
Hence, our designed catalyst is a simple β-amino acid with an
imidazole substituent in the R position and a carboxyl group in
the β position (with R chirality) (Scheme 3). To test our hypo-
thesis, we have investigated computationally the asymmetric
nitro-Michael reaction of aldehyde as an example of hydrogen
bond catalysis (Scheme 3). The catalytic mechanisms of asym-
metric Michael additions using organocatalysts, e.g., proline
and its derivatives, have been studied extensively by theory and
experiment.9 It is believed that the high observed enantioselectivities

Scheme 1. Catalytic Dyad in Chymotrypsin Catalysis Mechanism, Acid/Base Catalysis, and Hydrogen Bond Catalysis

Scheme 2. Proposed Carboxyl/Imidazole Dyad As Brønsted
Acid and Base
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are attributed to the formation of highly organized transition states
with a hydrogen bonding framework.10

’COMPUTATIONAL METHODS

Equilibrium structures and transition states were fully optimized
using the M06-2X11 density functional method together with the
6-31G** basis set. The M06-2X functional was chosen as this empirical
functional is better suited than normal hybrid DFT methods (e.g.,
B3LYP) in handling kinetics, thermodynamics, and noncovalent inter-
actions such as N�H 3 3 3π interaction.11 Frequency analyses were
performed on the M06-2X/6-31G** optimized geometries to confirm
the nature of the stationary points as equilibrium structures (with all real
frequencies) or transition states (with only one imaginary frequency).
Higher-level relative energies were obtained through MP2/6-311+G**
single-point calculations. Unless otherwise noted, the relative energies
reported in the text correspond to relative free energies at 298 K
(ΔG298), computed at MP2/6-311+G**//M06-2X/6-31G**. The effect
of solvation was examined by an implicit polarizable continuum model
(PCM).12 Charge density analysis was performed using the natural bond
orbital (NBO)13 approach based on the M06-2X/6-31G** wave func-
tion. All calculations were performed using the Gaussian 09 suite of
programs.14

’RESULTS AND DISCUSSION

Cat-a-Catalyzed Michael Addition. A prototypical designed
catalyst cat-a (R3 = H) was tested initially for its efficiency as a
catalyst for asymmetric Michael addition of propanal to nitros-
tyrene (R1 = Me and R2 = Ph, Scheme 3). It is well established
that catalytic Michael additions using amine catalysts proceed via
an enamine mechanism.8,15 The active enamine intermediate
serves as a nucleophile in addition to a Michael acceptor
substrate. The C�Cbond-formation step is the rate-determining
step and governs the product stereoselectivity. As with other
organocatalysts reported in literature,8 cat-a favors the formation
of syn products, with excellent predicted enantioselectivity and
diastereoselectivity (entry 1, Table 1). The E configuration is the
preferred conformation of the enamine intermediate (enam-a).
In the C�C bond-forming transition states, the proposed
catalytic acid/base dyad is clearly seen (Figure 1).
Initially, we hypothesized that the hydrogen bonding network

of the catalyst moiety would have a deterministic effect of
directing nitrostryene attack from the same face, i.e., the si face
of enamine (see proposed transition state in Figure 1), resulting
in the formation of a syn-Michael adduct. To our disappointment,
the optimized geometry of the lowest-energy transition state,
TS1-RS (Figure 1), does not follow our expectation, even though
the catalyst still favors a syn product. On the basis of the
calculated transition state corresponding to our proposed model

(Figure 1), steric congestion around the R-methylene group is
evidenced. Hence, we envisaged that better control of the
hydrogen bonding network in the transition state is feasible by
introducing a methyl group at the R position of the pyrrolidine
ring, opposite to the designed hydrogen bonding network (cat-b
in Scheme 3). The R-methyl substituent in cat-b is expected to
serve two purposes: (1) enhance selectivity among various
enamine conformers, which will be discussed later, and (2)
balance out the steric effect exerted by the R-methylene group
so that face selectivity of Michael addition would be dictated by a
controlled hydrogen bonding as in our designed catalytic dyad.
Structures and Energies of Enamine Conformations. It is

instructive to first examine various possible enamine conformers
of catalysts cat-a and cat-b with propanal (enam-a and enam-b,
respectively). Previous studies of aminocatalysis have shown that
E-enamines are greatly preferred over Z-enamines because of
their avoidance of unfavorable interaction between the substi-
tuent and the pyrrolidine ring.8With respect to the C�Nbond of
enamine moiety, there are 2 possible geometrical arrangements,
namely, cis and trans. For hydrogen bonding arrangement in
enamine, there are open and stacked forms for the bridging
type structures and conformation with a direct hydrogen
bond between the carboxyl group and the enamine nitrogen

Table 1. Calculated Relative Energies (ΔG298 and ΔH298,
kJ mol�1) of the Four Transition States Leading to the Four
Stereoisomeric Productsa for Various Michael Additions
Catalyzed by cat-a and cat-b (Scheme 3)

entry catalyst R1 R2 TS-SS TS-RR TS-SR TS-RS

ΔG298

1 cat-a Me Ph 19.7 40.4 34.8 0.0

2 cat-b Me Ph 0.0 25.2 23.5 20.1

3b cat-b Me H 0.0 25.4 26.7 26.2

4 cat-b Me Me 0.0 25.9 28.9 27.8

5 cat-b Me iPr 0.0 32.0 32.4 34.7

6 cat-b Bz Ph 0.0 21.5 18.5 10.8

ΔH298

2 cat-b Me Ph 0.0 24.2 21.4 19.1
a For the diastereomer assignment, the first and second letters refer to
C2 and C3 of the products (Scheme 3). bThis reaction yields only one
pair of enantiomers, e.g., both TS-SS and TS-SR lead to S-product.

Figure 1. Proposed transition state and calculated lowest-energy transi-
tion state (TS1-RS) for Michael addition of propanal to nitrostyrene,
catalyzed by cat-a. Hydrogen bonding and C 3 3 3C forming bond
distances in Å.

Scheme 3. Michael Additions between Selected Aldehydes
and Nitroalkenes Using Designed β-Amino Acid Based
Catalysts cat-a and cat-b
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(Figure 2). As a result, there are 6 possible conformations of the
E configuration of the enamines (Figure 2). Remarkably, the
trans-stacked conformation, which features a stack arrangement
between pyrrolidine and imidazole, is the most stable form. This
preference is readily attributed to the steric repulsion exerted by
the R-methyl and methylene groups and the favorable N�H

3 3 3π interaction between the imidazole N�H and enamine
π bond. The calculated N�H 3 3 3π distance in trans-stacked
enam-b is 2.64 Å. Weaker C�H 3 3 3π and C�H 3 3 3N interac-
tions between the two rings are also observed. Compared with
enam-a, there is a stronger preference of the trans-stacked
conformation in enam-b, which is readily attributed to the steric
effect of the introduced R-methyl group.
cat-b-Catalyzed Michael Addition. As with cat-a, excellent

enantio- and diastereoselectivity are also calculated for cat-b-
catalyzedMichael additionwith the same set of substrates (entry 2,
Table 1). Surprisingly, cat-b is predicted to be highly anti
diastereoselective (estimated anti/syn ratio ∼99:1), in sharp
contrast to the syn diastereoselectivity calculated for cat-a. This
finding is highly interesting as there is no general anti protocol for
amine-catalyzed conjugate additions with aldehyde donors,8

except for a recent elegant report by Uehara and Barbas.16

Organocatalysts based on a pyrrolidine template have long been
known to catalyze nitro-Michael reaction of aldehydes. In 2001,
Barbas reported the first example of asymmetric nitro-Michael
reaction of aldehydes using (S)-(2-morpholinomethyl)-pyrroli-
dine as catalyst.17 Diastereoselectivities were generally good
(>85:15), while only moderate enantioselectivities (56�78%)
were obtained. In contrast, the simple catalyst L-proline was
shown to be ineffective for this reaction, affording very low yield
of the Michael products (<5% yield) and very poor enantios-
electivity. Several highly efficient pyrrolidine-based organocata-
lysts have subsequently been reported, including diarylprolinol
ethers (dr up to 95:5 and ee up to 99%),18 N-alkyl-2,20-
bipyrrolidines (dr up to 95:5 and ee up to 96%),19 and trans-
4-hydroxyprolylamide (dr > 90:10, ee >90%).20 These

organocatalysts typically promote syn Michael products. So far,
no known organocatalysts based on pyrrolidine has been reported
in literature that promotes anti nitro-Michael addition of aldehydes.
Figure 3 shows the 4 lowest-energy transition-state structures,

namely, TS2-SS, TS2-RR, TS2-SR and TS2-SR, which produce
the 4 different stereoisomeric products. The calculated activation
barriers (ΔGq

298), with respect to enamine + nitrostyrene, of the
4 transition states leading to the formation of (S,S), (S,R), (R,S),
and (R,R) products are 38.6, 62.1, 58.7, and 63.8 kJ mol�1,
respectively. Formation of the (2S,3S) enantiomer, via TS2-SS,
has the lowest activation barrier. It is worth noting that the
computed relative enthalpies (ΔH298) of the 4 key TS2 transi-
tion states are very close to the corresponding relative free
energies (ΔG298) (Table 1). In other words, the entropy effects
are similar for the 4 transition states. We have carried out
benchmark calculations on the relative energies of the 4 transi-
tion states using a higher level of electron correlation treatment,
at the CCSD level, and a larger basis set, up to the cc-pVTZ basis
set. The results (Table S2, Supporting Information) suggest
the level of theory (MP2/6-311+G**) employed in this study is
sufficiently reliable.
Origin of Stereoselectivity.TS2-SS is derived from the trans-

stacked enamine conformer, while the other 3 transition states,
TS2-RR, TS2-RS, and TS2-SR, are derived from the higher-
energy cis-open and cis-stacked conformers. It is remarkable that

Figure 2. Various conformations of E-enamine intermediates, enam-a
(R =H) and enam-b (R =Me). Calculated relative free energies (ΔG298,
kJ mol�1), with the enam-a values in square brackets.

Figure 3. Optimized (M06-2X/6-31G**) geometries of the lowest
energy transition states for the 4 possible diastereomeric products of
cat-b-catalyzed conjugated addition of propanal to nitrostyrene. Hydro-
gen bonding and C 3 3 3C forming bond distances in Å. Calculated
relative free energies (ΔG298, kJ mol�1) are given in parentheses.
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only one transition state derived from the lowest-energy trans-
stacked conformer, i.e., TS2-SS, is relevant for the control of
stereoselectivity of the reaction, but all other transition states
derived from the same conformer are actually significantly higher
in energy than those derived from other higher-energy enamine
conformers. This excellent selectivity in transition states of the
trans-stacked enamine conformer is attributed to 3 important
factors: (1) the stacked conformation of the enamine moiety, (2)
the introduction of the R-methyl group, and (3) our designed
catalytic dyad via hydrogen bonding. Our calculations clearly
show that the hydrogen bonding network between the imidazole
ring and carboxyl group firmly stacked with the backbone of
pyrrolidine ring in the re face, while the added methyl group
blocks the si face. As a consequence, the trans-stacked E-enamine
(Figure 2) has excellent re face selectivity. Together with the high
directionality of our designed catalytic dyad, it is understandable
why such high selectivity is observed for the trans-stacked
conformer. In addition to the favorable geometry of the enamine
moiety, TS2-SS avoids steric congestion at the R position of
pyrrolidine backbone, as observed for 3 other higher-energy
transition states (Figure 3).
It is intriguing to ask why anti selectivity is observed in our

designed catalyst but not in most other organocatalysts reported
in literature. Using the Heathcock model21 to construct various
possible transition states, one may consider different approaches
of the enamine to nitrostyrene by making 2 key assumptions: a
closed transition state and a staggered conformation about the
forming C 3 3 3C bond. The closed transition state is defined by
the six-membered ring, which includes the CdC double bond of
enamine and CdC�N�Omoiety of nitrostyrene, connected by
the C 3 3 3C forming bond and the CR 3 3 3O attractive electro-
static interaction (see Figure 4). Essentially, the open and closed
transition states differ only in the dihedral angles around the
forming C 3 3 3C bond. Here, we adopt the endo/exo notation to
indicate the orientation of the pyrrolidine substituent with
respect to the close transition structure (Figure 4). For pyrroli-
dine-catalyzed Michael additions, the most favorable transition
states are always the endo transition states, which lead to syn
products. In the endo transition state, electron donor enamine

nitrogen atom lies close to electron acceptor nitro group
(Figure 5). Favorable electrostatic interaction stabilizes the endo
configuration over the exo form. Additional hydrogen bonding
stabilization is feasible if a hydrogen donor of the pyrrolidine ring
is adjacent to the nitro group.
It is interesting to note that none of the TS2 transition states

(Figure 3) adopts an endo configuration. For the lowest-energy
transition state TS2-SS, its unusual exo configuration leads to
an anti-Michael adduct. To further shed light on the unusual
adoption of an exo configuration in catalyst cat-b, the 2 lowest-
energy endo transition states, namely, TS2-SR0 and TS2-SR00
(Figure 6), were investigated and compared with the exoTS2-SS.
Indeed, both endo transition states are significantly higher in
energy (by∼30 kJ mol�1) than the exo TS2-SS. As evidenced in
the optimized geometries, the COOH 3 3 3N(imidazole) hydro-
gen bond of the catalytic dyad is disrupted in these endo
transition states (Figure 6). More importantly, the nitro group
is in direct close contact with the R-methylene group, causing
significant steric repulsion. On the contrary, the exo TS2-SS
maintains the catalytic dyad geometry and yet still avoids any
unfavorable steric interaction with either the R-methyl or
methylene group, albeit at the cost of losing some favorable
electrostatic interaction. The key electrostatic interactions in the
endo and exo transition states are supported by the calculated
NBO atomic charges of TS2-SR0 and TS2-SR00 (Figure S1,
Supporting Information).
cat-c-Catalyzed Michael Addition. It is crucial to establish

the role of the carboxyl group of the coordinated catalytic dyad.
To this end, we have investigated another catalyst, cat-c, in which
the β-carboxyl group of cat-b is removed. The relative energies of
the key transition states (TS7) for Michael addition of propanal
to styrene catalyzed by cat-c are given in Table 2.

We note that there are 2 low-lying transition states, namely,TS7-
SR andTS7-SR0 (Figure 7), leading to the syn (2S,3R) product in
this case. Comparing with cat-b (Table 1), the most obvious
change in cat-c is the significant reduction of the relative energies
of the two transition states leading to the syn product. Their
energies are very close to that of TS7-SS, which leads to the anti
product (2S,3S) (Table 2). The three transition states, however,
feature hydrogen bonding patterns that differ greatly (Figure 7).
This lack of selectivity and predictability of hydrogen bonding
pattern in the computed transition states of cat-c provides strong

Figure 4. Definition of open and closed transition states and endo and
exo forms of closed transition state in pyrrolidine-catalyzed Michael
additions.

Figure 5. Schematic models of the endo and exo transition states for
enamine organocatalysts.
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supporting evidence to our hypothesis that the β-carboxyl group
in cat-b is important for the observed highly directional hydrogen
bonding in TS2-SS. Furthermore, our calculations readily con-
firm that that β-carboxyl group is very important for the high
anti-diastereoselectivity observed for cat-b. As noted in the
discussion of cat-b-catalyzed reaction, adoption of an endo
configuration in TS2-SR would disrupt the hydrogen bonding
between the imidazole and carboxyl groups. This was cited as one
of the plausible reasons for the observed preference for TS2-SS.
Consequently, removing the β-carboxyl group from cat-b would
lead to the release of this constraint on adopting the endo
configuration and, thus, result in smaller relative energies of
TS7-SR and TS7-SR0 with respect to TS7-SS. Finally, we note
that even without the constraint of the carboxyl/imidazole pair
on adopting the endo configuration, TS7-SS is at least as stable as
TS7-SR and TS7-SR0. This suggests that other controlling factor
is in operation, most probably the steric congestion around theR
position, exerted by themethylene group, which also impedes the
adoption of an endo configuration but is also present in cat-c.
Substrate Scope and Solvent Effect. To investigate further

the generality of the anti selectivity of cat-b, a substrate study was
carried out for different aldehydes and nitroalkenes (R1 = Me or
Bz, R2 = H, Me, iPr, or Ph, Scheme 3) at the same level of theory
(MP2/6-311+G**//M06-2X/6-31G**). The calculated results
are summarized in Table 1 (entries 3�6). In all cases, our
designed catalyst cat-b promotes the (2S,3S) product with high
enantio- and diastereoselectivity. Finally, we examined the effect
of solvation on the predicted stereoselectivity. Implicit solvation
method based on PCM12 model was employed to investigate the
effect of aprotic solvents, namely, chloroform and DMSO. No
significant change in the preferred anti diastereoselectivity by cat-
b in both solvents is observed (Table 3). Hence, our designed
catalyst is a promising system for asymmetric catalysis. We
realized that synthesis of the quaternary center in cat-b is not
trivial. However, a literature search reveals that many efforts have

been devoted to quaternary center synthesis in recent years.22

In particular, the successful synthesis of analogues of cat-b by

Figure 6. Optimized (M06-2X/6-31G**) geometries of endo transition states TS2-SR0 and TS2-SR00.

Table 2. Calculated Relative Energiesa (ΔH298 and ΔG298,
kJ mol�1) of the Four Lowest-Energy Transition States
Leading to Four Stereoisomeric Products for cat-c-Catalyzed
Michael Addition of Propanal to Nitrostyrene

transition state ΔH298 ΔG298

TS7-SS 1.6 0.0

TS7-SR 1.3 2.3

TS7-SR0 0.0 2.7

TS7-RS 18.9 21.3

TS7-RR 20.2 22.4
aMP2/6-311+G**//M06-2X/6-31G** level.

Figure 7. Optimized (M06-2X/6-31G**) geometries of the lowest
energy transition states for the four possible diastereomeric products
of cat-c-catalyzed conjugated addition of propanal to nitrostyrene.
Hydrogen bonding and C 3 3 3C forming bond distances in Å. Calculated
relative free energies (ΔG298, kJ mol�1) are given in parentheses.

Table 3. Calculated Relative Free Energiesa (ΔG298, kJmol�1)
of the Four Lowest-Energy Transition States Leading to
Four Stereoisomeric Products for cat-b-Catalyzed Michael
Addition of Propanal to Nitrostyrene in Chloroform and
DMSO Solvent

transition state gas phase chloroform DMSO

TS2-SS 0.0 0.0 0.0

TS2-RS 23.5 20.8 21.0

TS2-SR 20.1 24.9 25.4

TS2-RR 25.2 25.9 26.3
aMP2/6-311+G**//M06-2X/6-31G** level.
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Huang et al.23 gives us confidence that cat-b can be easily
synthesized.

’CONCLUDING REMARKS

In conclusion, we have performed an in silico design of an
organocatalyst using a bioinspired concept of catalytic carboxyl/
imidazole dyad. We have shown that with appropriate steric
control, our designed β-amino acid catalyst cat-b will react with
simple aldehydes to form enamine intermediates with an unusual
stacked conformation, which leads to highly organized and
directional hydrogen bonding of the catalytic dyad in the
transition states. When applied to the asymmetric nitro-Michael
addition of aldehydes, cat-b promotes striking anti diastereos-
electivity. In distinct contrast to Barbas’s approach of using
Z-enamine to promote anti selectivity,16 our designed catalyst
makes use of E-enamine, which will provide a wider scope of
general application. A remarkable substituent effect, namely,
reversal of syn/anti selectivity, is predicted for the cat-a/cat-b
catalyst pair. As mentioned in the Introduction, our proposed
catalytic dyad is applicable to acid/base catalysis. We have
performed preliminary calculations on a prototypical aldol reac-
tion using the cat-b catalyst and obtained promising results. It is
important to point out that the concept of catalytic dyad shall not
be limited to the carboxyl/imidazole pair, as biochemistry has
taught us. Although this study emphasizes the carboxyl/imidazole
dyad, other combinations should be exploited in future studies of
organocatalysis. Lastly, we note that β-amino acids are hardly
employed as asymmetric organocatalysts.6b,24
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