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Density functional theory has been employed in investigating the efficiency of a series of bicyclic
analogues of proline as stereoselective organocatalysts for the aldol reaction. Three classes of
conformationally restricted proline analogues, as part of either a [2.2.1] or [2.1.1] bicyclic framework,
have been studied. Transition states for the stereoselective C—C bond formation between enamines
derived from [2.2.1] and [2.1.1] bicyclic amino acids and p-nitrobenzaldehyde, leading to enantiomeric
products, have been identified. Analysis of the transition state geometries revealed that the structural
rigidity of catalysts, improved transition state organization as well as other weak interactions influence
the relative stabilities of diastereomeric transition states and help contribute to the overall
stereoselectivity in the aldol reaction. These bicyclic catalysts are predicted to be substantially more
effective in improving the enantiomeric excess than the widely used organocatalyst proline.
Enantiomeric excesses in the range 82-95% are predicted for these bicyclic catalysts when a sterically
unbiased substrate such as p-nitrobenzaldehyde is employed for the asymmetric aldol reaction. More
interestingly, introduction of substituents, as simple as a methyl group, at the ortho position of the aryl
aldehyde bring about an increase in the enantiomeric excess to values greater than 98%. The reasons
behind the vital energy separation between diastereomeric transition states has been rationalized with
the help of a number of weak interactions such as intramolecular hydrogen bonding and Coulombic
interactions operating on the transition states. These predictions could have wider implications for the
rational design of improved organocatalysts for stereoselective carbon—carbon bond-forming reactions.

Introduction

The search for metal-free organocatalysts has been in the forefront
of research in organic chemistry in recent years."! Proline has
evolved as a prototypical example of an organocatalyst with
capabilities for a diverse range of asymmetric transformations.?
The last couple of years have witnessed increasing activities
toward identifying improved proline analogues as well as other
organocatalysts for asymmetric catalysis.® Both theoretical and
experimental studies have been reported that propose proline
analogues capable of catalyzing stercoselective aldol reactions.*
The synergy between experimental and theoretical studies has
contributed to the evaluation of the mechanism of proline-
catalyzed asymmetric reactions.’

In one of the earliest examples, reported more than three
decades ago, namely the Hajos—Parrish-Eder—Sauer—Wiechert
reaction, proline was found to be effective in catalyzing the
intramolecular asymmetric cyclodehydration of an achiral ketone
to the unsaturated Wieland—-Miescher ketone.* Whereas a number
of mechanisms were initially considered for this reaction, the
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one involving two molecules of proline in the catalytic process,
proposed by Agami et al., received early acceptance.” Recently,
Houk and co-workers have examined the involvement of different
mechanisms for this reaction using density functional theory
(DFT) methods.*® A number of possible transition states for
the key C-C bond formation step, which determines the stere-
ochemistry of the reaction, has been proposed. A carboxylic acid
assisted enamine mechanism involving only one proline molecule
was found to be favourable. In fact, this mechanism, originally
proposed by Jung,' was overlooked due to the widespread
acceptance of Agami’s mechanism. The single-proline-catalyzed
mechanism for aldol reactions was subsequently re-examined
by Houk, List and co-workers with the help of more accurate
experimental methods." Proline-catalyzed aldol reactions showed
a first-order kinetic dependence on the catalyst concentration,
and also exhibited a linear relationship between the enantiomeric
excess of proline and that of the product.’**! Thus, the latest
experimental results, in concert with DFT studies, support the
single-proline-catalyzed mechanism for aldol reactions.
Computational investigations have been used both in con-
junction with experimental studies and independently to gaining
insights into stereoselective organic reactions. The concurrence be-
tween the predicted and experimentally determined enantiomeric
excess has generally been quite impressive. Some such examples
include the studies on proline-catalyzed aminoxylations,> Man-
nich reactions,* and o-alkylations.*>* DFT calculations, in par-
ticular those using the B3LYP functional,’® have been effectively
employed in probing the differential interactions in diastereomeric
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TSs that contribute to the vital energy differences responsible for
enantioselectivity in these reactions.” Through their studies on
the proline-catalyzed asymmetric aldol reaction, Houk and co-
workers have demonstrated that enantiomeric excesses predicted
using the B3LYP transition state calculations are in remarkable
agreement with those obtained experimentally.”® Weak hydrogen
bonding as well as other electrostatic interactions are reported to
be crucial in stabilizing the transition states.'®!

Mechanistic investigations into the proline-catalyzed direct
aldol reaction between ketones and aldehydes using DFT have
been reported previously.'” The stereoselectivity has been iden-
tified as being controlled by the crucial C-C bond formation
step, which involves the nucleophilic addition of the enamine
to the electrophilic aldehyde and concomitant proton transfer
from the carboxylic acid group to the developing alkoxide ion
(Scheme 1).5='® Finally, hydrolysis of the resulting adduct, with
defined stereochemistry, furnishes the desired B-hydroxy ketone as
the product.
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Scheme 1 Addition of enamines to the electrophilic aldehyde in the

selectivity-determining step.

The prochiral faces of the electrophile and the syn and anti
conformations of the enamine could give rise to four different
stereochemical modes of approach between the reactants. Addi-
tionally, a number of possible TSs with varying dihedral angles
between the substituents around the incipient C-C bond can
also be envisaged. The lower energy TSs have been suggested to
possess intramolecular hydrogen bonding between the developing
alkoxide ion and the carboxylic acid group.™ The product ratio
and the enantiomeric excess calculated using such lower energy
TSs was found to be in good agreement with experimental
observation. In particular, the computed enantiomeric excess
using the gas-phase enthalpy of activation (AH ) was found to
be in close agreement with the experimental results. Furthermore,
the activation enthalpies have shown minimum error with respect
to the experimentally determined kinetic parameters.*

DFT methods have been successfully applied to gain better
insights on reaction mechanisms as well as towards rationalizing
experimental stereoselectivity in a number of cases other than
those described above.” We believe that the predictive potential
of theoretical models can be further exploited in accelerating this
burgeoning area of chemical research. From a slightly different
perspective, one can identify an underlying parallelism between the
virtual screening protocols adopted in rational drug design and our
DFT-based approach to designing new organocatalysts described
in the present context. Computer-aided methods using scoring
functions and related parameters have significantly contributed
to drug discovery, as well as to organic chemistry?! In the
present thesis, we intend to convey the use of quantum chemical
calculations as a virtual screening tool for designing improved
organocatalysts.

Among the increasing number of proline analogues reported
as potential organocatalysts, the major changes include con-
version/replacement of the carboxylic acid group as well as
elaborations at the B and y positions.? All such attempts thus
far have revolved around monocyclic proline analogues, except
for couple of reports on 4,5-methanoprolines.** The pyrrolidine
ring conformation in proline is believed to be important in chirality
transfer,® which could play a vital role in organizing the transition
state that is formed between the substrate and catalyst along the
most enantioselective path.'* The pyrrolidine ring is also known
to be better suited to aldol reactions than other cyclic secondary
amines such as pipecolic acid and 2-azetidinecarboxylic acid.*
Primary amino acids have also been studied as catalysts for aldol
reactions, but good enantiomeric excesses were observed only
when the substrates employed were cyclic ketones with reduced
conformational flexibility.**

Proline can exist in different interconvertible conformations by
virtue of the puckered pyrrolidine ring.*® Therefore, it is logical
to anticipate that restricting the conformational freedom of the
pyrrolidine ring could have a direct impact on the stereoselectivity
of reactions. Greater rigidity of the catalyst could impart improved
stability and organization of the transition states, and help keep
the entropy loss to a relatively minimal level. Moreover, detailed
knowledge on the controlling elements such as structure, confor-
mation and energetics of catalyst, substrate and transitions states
will be very valuable towards designing improved catalysts.'?2

We reasoned that introducing geometrical constrains on the
catalyst can lead to relatively ordered transition states capable
of influencing the stereochemical outcome of the reaction. One
of the broader objectives at this juncture is to propose how a
standard stereoselective aldol reaction can benefit from complete
modeling of the reaction and by close inspection of the selectivity-
determining transition state. In the present investigation, we
have designed a series of novel bicyclic-bifunctional analogues
of proline. These catalysts are evaluated for their ability to
promote the stereoselective aldol reaction between acetone and
p-nitrobenzaldehyde (Scheme 2), using DFT methods.
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Scheme 2 General scheme of the model aldol reaction investigated in the
present work.

Results and discussion

As described above, the mechanism of the organocatalyzed aldol
reaction has been proposed to proceed through an enamine inter-
mediate. In this study, we have entirely focused on the selectivity-
controlling C—C bond formation step in the aldol reaction between
acetone and p-nitrobenzaldehyde. This step involves the attack of
the enamine formed between acetone and the catalyst (a secondary
amine) on the electrophilic aldehyde. Since the aldehyde offers two
prochiral faces, the stereoselectivity of the overall reaction will be
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critically dependent on this step. In the present study, re and si
facial attack on p-nitrobenzaldehye by anti- and syn-enamines are
investigated. The TSs corresponding to attack of the anti-enamine
on the re and si faces of the aldehyde are respectively denoted as
a-re and a-si, and that of the syn-enamine are referred to as s-re
and s-si. These stereochemical modes of addition are depicted in
Scheme 3. The relative energies between the diastereomeric TSs are
then calculated, in order to obtain the kinetic preference for the
formation of one enantiomer over the other. This energy difference
is then translated into enantiomeric excess (ee) using the absolute
rate theory.™

Minor NO;

Major NO;

Scheme 3 Different possible stereochemical modes of addition for the
anti-enamine (derived from catalyst 3 and acetone) with benzaldehyde.

The catalytic ability of bifunctional amino acids, when tailored
onto a rigid bicyclic framework, in the aldol reaction is studied in
detail below. We have considered three important conformations
of proline contained within a bicyclic framework (Scheme 4). The
first set has an envelope conformation in which the -NH is out-of-
planeina[2.2.1]or[2.1.1] bicyclic system and its various analogues
(1-7). In the second set (8), C-7 heads the envelope conformation
of the proline skeleton. In the third set, the conformation of
proline has been constrained as part of a [2.2.1] or [2.1.1] bicyclic
system (9, 10). Additionally, a [2.1.1] bicyclic system having a 1,3-
relationship between the amino and the carboxylic acid groups
(11) is also investigated. Interestingly, the synthesis and other
applications of a few of these proposed azabicyclic compounds
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Scheme 4 Bicyclic bifunctional asymmetric catalysts for the stereoselec-
tive aldol reaction.

are known.”” Some of these azabicyclics have been reported to
be useful as peptidomimetics, since they are capable of inducing
conformational changes in peptides, which could be useful in
studying receptor recognition.?®

The pyrrolidine envelope conformer with an out-of-plane
-NH group, when contained within a bicyclic framework as in
1 and 2, will apparently lose its inherent chirality due a plane of
symmetry. While restricted conformers, such as that in a [2.2.1]
bicyclic system, could have significant nitrogen inversion barriers
(AG..p = 13.77 kcal mol ™), the molecule will be achiral under most
practical conditions.? Such a high barrier probably arises due to
the repulsion between nitrogen lone pairs and bonding electrons
on the two carbon—carbon bridges and the lack of flexibility at
the C-N-C bond angle. To impart inherent chirality to these
catalysts and also as an early step towards investigating the effect
of substituents, we introduced methyl groups at suitable positions
on the bicyclic system, as shown in Scheme 4 (1 and 2). The
azanorbornyl systems bearing a nitrogen at the 7-position (see the
numbering for compound 1, Scheme 4) are known to be highly
pyramidal around the nitrogen atom.** The orientation of the
carboxylic acid group at the bridge-head position is therefore
expected to be restricted due to the intramolecular hydrogen
bonding with the amino nitrogen.** Another logical extension at
this juncture is to restrict the amino group to an out-of-plane
position with the help of a methylene bridge, as in a [2.1.1] bicyclic
system. This will result in catalyst 3. The predicted enantiomeric
excesses for the asymmetric aldol reactions obtained using these
bicyclic catalysts, along with the underlying factors responsible for
the stereoselectivity, are summarized below.

As described earlier, the stereoselectivity is controlled by the
addition of enamines to the electrophile. We have therefore
considered two important enamine conformations as a starting
point. On the basis of the computed energies, the lowest energy
conformer of the enamine derived from different catalysts could
either be syn or anti with respect to the carboxylic acid group.
The syn-enamines formed from catalysts 1-7 are found to be
more stable than the anti-enamines.*> More importantly, the
TSs for the addition of enamines to aldehydes are found to
be energetically more favourable for the syn-enamines than for
the corresponding anti-enamines. As a representative example,
optimized TS geometries for four possible addition modes of
enamine 1 to p-nitrobenzaldehyde are provided in Fig. 1.

When the enamine adds to the aldehydic group, the developing
alkoxide ion tends to abstract the proton from the carboxylic
acid group (Scheme 1). The analysis of the TSs revealed that the
geometry for such proton transfer is optimal for TSs involving the
syn-enamine.*® Further, the geometric distortion suffered by the
resulting iminium ion in the case of the syn-enamines is found to
be minimal when compared with an ideal planar geometry around
the nitrogen atom, exhibiting closer resemblance with the product
geometry. These factors would undoubtedly contribute toward
improved stabilization for the syn-enamine TSs. The planarity of
the putative iminium moiety for each TS is analyzed in detail
using the C,;,,~N-C—Ci,ium dihedral angles, described as 0,— 0,
(inset, Fig. 1).** Interesting correlations between the activation
barriers and these dihedral angles emerge when different TSs are
compared. Larger deviations from planarity are generally found
for additions involving higher activation barriers. For instance,
the 6, and 6, values in the lower-barrier s-re and s-si TSs for
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Fig. 1 The B3LYP/6-31G*-optimized transition state geometries for
four unique stereochemical modes of addition for enamines derived from
catalyst 1 to p-nitrobenzaldehyde. Only selected hydrogens on the catalyst
are shown for clarity. Activation barriers AET were obtained at the
CPCM/B3LYP/6-311+G**//B3LYP/6-31G* level using DMSO as the
solvent. Angles are given in degrees and distances in A.

catalyst 1 imply a nearly planar geometry around the iminium
nitrogen. The deviation for the syn-enamine additions are found
to be only about +5°, whereas the corresponding values for
the a-re and a-si TSs are of the order of £35°, indicating a
larger geometric distortion for the developing iminium ion. Such
deviations lead to reduced electrostatic stabilization in the TSs
and perhaps result in higher activation barriers for anti-enamine
additions than for syn-enamines. Interestingly, the differences in
activation barriers between the syn- and anti-enamine additions
are much more pronounced in [2.1.1] bicyclic catalysts (3, 5
and 7) than in [2.2.1] bicyclic systems. It may be noticed that
the rigidity of the [2.1.1] bicyclic framework leads to a less
favourable proton transfer from the carboxylic acid group to
the developing alkoxide in the anti-enamine TSs. Such a proton
transfer is facilitated at the expense of greater geometric distortion
around the developing iminium nitrogen.** Another contributing
factor helping to achieve additional stabilization for the s-re TSs
presumably originates from the C-H - - - 7t stabilizing interaction
between the CH;-hydrogens of the enamine/iminium with the
aryl group of the aldehyde (Fig. la).** Other stereoisomeric
TSs involved in this example (i.e., s-si as well as a-re/a-si TSs)
lack such interactions. The relative activation barriers would
eventually depend on the presence or absence of all these stabilizing
interactions. The relative activation enthalpies calculated based on

Table1 Computed activation barriers (AE) obtained at the
CPCM puso,/B3LYP/6-311+G™ //B3LYP/6-31G* level for the addition
of enamines to p-nitrobenzaldehyde, and the corresponding enantiomeric

excess for catalysts 1 to 7¢
R R <

o) o) 0
Noo Noo oo oo
N /\H /j\\\ofH )\\OfH

\O,

Ar/l\H H/j\Ar Ar)\H H)\Ar
a-re a-si s-re s-si
AE"/kcal mol~' ®
Mode of
Catalyst approach Absolute Relative ee (%)
1 a-re 4.52 (6.77) 2.09 (2.20) 87 (87)
a-si 7.40 (9.59) 4.97 (5.02)
s-re 4.13(6.16) 0.00 (0.00)
§-si 5.73(7.75) 1.60 (1.58)
2 a-re 0.59 (3.95) 2.38 (2.84) 85 (85)
a-si 3.56 (6.79) 5.35 (5.69)
s-re 4.93 (6.69) 0.00 (0.00)
s-si 6.43 (8.21) 1.50 (1.52)
3 a-re 12.22 (15.35) 13.04 (14.57)  82(87)
a-si 15.28 (18.25) 16.11 (15.86)
s-re 0.59 (6.29) 0.00 (0.00)
S-si 1.96 (7.89) 1.37 (1.60)
4 a-re 8.26 (10.47) 3.75 (4.02) 91 (92)
a-si 11.22 (17.24) 6.72 (10.79)
s-re 7.16 (8.94) 0.00 (0.00)
S-si 8.99(10.87) 1.82(1.93)
5 a-re 12.15 (15.69) 13.31 (14.28) 92 (89)
a-si 31.32(2.21) 32.48 (2.91)
s-re 3.25(6.71) 0.00 (0.00)
S-si 5.18 (8.43) 1.93(1.72)
6 a-re 22912575  20.59(20.52) 90 (91)
a-si 10.17 (13.30) 7.85 (8.08)
s-re 11.02 (8.06) 0.00 (0.00)
s-si 12.81 (9.88) 1.79 (1.81)
7 a-re 21.66 (22.33) 16.10 (16.24) 84 (85)
a-si 24.87 (25.43) 19.31 (19.34)
s-re —0.97 (1.16) 0.00 (0.00)
s-si 0.49 (2.67) 1.47 (1.50)

“The graphic shows a schematic representation of the TSs corresponding
to the attack of the anti/syn-enamine on the re/si face of the aldehyde
(for catalyst 3). * Gas-phase activation barriers AH" o including scaled
zero-point energies obtained at the B3LYP/6-311+G" /B3LYP/6-31G*
level are given in parentheses.

the lowest-energy TSs and the corresponding enantiomeric excess
for all the proposed catalysts in this series are summarized in
Table 1.

On the basis of the calculated absolute and relative activation
barriers, it is noticed that the syn-enamines (s-re) derived from
catalysts 1-7 tend to exhibit a general preference for re-face
attack on the aldehyde. The TSs belonging to this series enjoy an
additional C(B)H --- O hydrogen bonding stabilization between
the developing alkoxide and a suitably aligned C(f) hydrogen,
as depicted in Fig. 1. The conformation of pyrrolidine in the
bicyclic systems aids the formation of these favourable weak
interactions, which could influence the relative stabilization of the
diastereomeric TSs. As a rational design strategy, we envisaged that
fine-tuning the acidity of C(f)H might have a direct bearing on
the relative energies of the TSs. Thus, replacement of adjacent C(y)
methylene group of the azabicyclic system by more electronegative
heteroatoms was considered. The presence of an o-heteroatom
will impart enhanced acidity to the C(f8) hydrogen and thus will
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improve its ability towards stabilizing the developing alkoxide in
the TS.*” We have studied a series of o-heteroatom-substituted
azabicyclic catalysts (4 to 7). Computed enantiomeric excesses with
these catalysts are indeed found to be encouraging (Table 1). The
enantiomeric excess is consistently higher than the corresponding
unmodified bicyclic catalysts as well as the parent proline. For
example, the predicted enantiomeric excess for catalyst 3 is 82%,
while that for 5 is as high as 92%. These values are noticeably
higher than the experimental values (as well as the DFT-predicted
values) for the proline-catalyzed direct aldol reaction.®®

The nature and position of the substituents on the catalyst
could be employed as an effective method in fine-tuning the
stereoselectivity. This is evident from the modest improvement in
the enantiomeric excess noticed for catalyst 1 when compared to 2.
When the methyl substituent is placed closer to the enamine, as in
1, the stereoselectivity is found to be better. Further elaborations
using larger substituents could be valuable for improving the over-
all selectivity, even for sterically unbiased substrates. Examination
of the optimized TS geometries provided in Fig. 1 clearly shows
that the C(}') substituent can directly influence the orientation of
the carboxylic acid group, which in turn can affect the crucial
proton transfer process. To confirm the existence of any such
effects, the C(B')H in a representative case (catalyst 4) is substituted
by a chlorine atom. As in the previously described approach, all
four TSs for this modified catalyst are identified.

Geometric comparison between these catalysts can be per-
formed with the help of the optimized geometries provided in
Fig. 2. The orientation of the carboxylic acid group in the TSs
when C(f)-H is substituted with chlorine, labeled as 4/, is found
to be different from that in catalyst 4 ((a) and (b) in Fig. 2).* The
computed enantiomeric excess for 4 is found to be quite similar
to that for the corresponding unsubstituted system (4). Another
critical position on the catalyst framework is the C(f) position. In
the lowest energy addition TSs for the [2.1.1] and [2.2.1] catalysts,

© Nitrogen
w=<N4CC504

w5=<N;C;C405 @ Oxygen

0=-65.7
0= 118.0
(a)ds-re =

(b)4C(p)Cls-re

Fig. 2 The B3LYP/6-31G*-optimized lowest-energy TSs of catalysts 4
and 4’ (with Cl at the C(f') position) and 5. Only selected hydrogens on the
catalyst are shown for clarity. Angles are given in degrees and distances
inA.

the C(B)H - - - O° interaction is found to be stronger in the [2.1.1]
catalyst, according to the optimized distances (Fig. 2a.c).* The
effect of the C(f)H---O=C-O interaction in influencing the
carboxylic acid group orientation is found to be nearly nonexistent
with the [2.1.1] system (a distance as large as 3.3 A is noticed in the
case of catalyst 5). Interestingly, both these catalysts (4 and 5) are
predicted to give nearly the same enantiomeric excess (Table 1).
Therefore, the orientation of the carboxylic acid group does not
seem to directly relate to the stereoselectivity, while the activation
barriers are found to be different in catalysts 4 and 5.

Computed activation barriers of the C—C bond formation step
with the syn-enamine derived from [2.1.1] catalysts are found to
be much lower than that with the [2.2.1] catalysts. Further, the
energy differences between the TSs for syn- and anti-enamine
additions to the electrophile are more pronounced in the [2.1.1]
system. Inspection of the imaginary frequencies pertaining to the
desired reaction coordinate convey interesting facts. While the
imaginary frequency in the case of anti-enamines corresponds to
the concomitant C-C bond formation and the proton transfer,
it is dominated by the C—C bond formation in the case of the
syn-enamines. On the basis of the C—C bond distances (in the
range 1.95-2.10 A with syn-enamines and 1.75-1.85 A with anti-
enamines)* and the proton transfer distances in the TSs, it is
evident that the syn-enamines proceed through a relatively early
transition state, whereas late transition states are noticed for the
anti-enamines.

Another structurally different type of catalyst considered in this
study has the C-B (C-7) of the pyrrolidine ring at the apical position
in the [2.2.1] bicyclic system (8). The syn-enamine generated
from catalyst 8 is found to be marginally more stable than
the corresponding anti-enamine. Among the four stereochemical
modes of addition of enamine to the electrophile, the a-re TS is
the lowest energy TS leading to C-C bond formation (Fig. 3).
Geometrical features provided additional insights on the factors
contributing to the energy differences between these TSs.

A network of stabilizing weak interactions is found to be
relatively in favour of the anti-enamine TSs. These include (i) a
hydrogen bonding interaction between the developing alkoxide
and the partially positive hydrogen of carbon adjacent to nitrogen
(Fig. 3,*NC(0)H - - - O*~ = 2.62 A in a-re/a-si), (ii) intramolecular
hydrogen bonding between C(B)H and the developing alkoxide
(2.76 A in a-re and 2.81 A in a-si), and (iii) a Coulombic interaction
between the incipient iminium nitrogen (N*") and the alkoxide
(2.67 A in a-re and 2.68 A in a-si). In an effort to achieve optimal
proton transfer distance between the carboxylic acid group and the
developing alkoxide in syn-enamine TSs, change in orientation of
the substituents around the incipient C—C bond takes place and
results in lowering of intramolecular stabilizing interactions. The
orientation of substituents around the forming C-C bond is more
eclipsed in the syn-enamine TSs. The highest-eclipsing interactions
are found with the s-si TS. (Fig. 3, o = —118° in s-si) In all
the TSs (derived both from syn-enamines and anti-enamines), the
orientation of the carboxylic acid group is found to be assisted by
an additional interaction between the -COOH group and C(f)H
(Fig. 3).

The computed activation barriers for the addition of syn-
enamines derived from catalysts 8 are much higher than that for the
corresponding anti-enamines. Now, among the two lower energy
diastereomeric TSs from anti-enamines, the a-re TS is found to
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AE = 0.00 kealimel AE = 2.12 kealimol
o =450 ® = 351
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AE =7.28 kcal/mol
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Fig. 3 The B3LYP/6-31G*-optimized transition state geometries for
four unique stereochemical modes of addition for enamines derived from
catalyst 8 to p-nitrobenzaldehyde. The key weak interactions contributing
to the transition state stabilization are shown. Only selected hydrogens on
the catalyst are shown for clarity. Activation barriers, AE", are obtained at
the CPCM/B3LYP/6-311+G**//B3LYP/6-31G* level using DMSO as
the solvent. Angles are given in degrees and distances in A.

be the lowest energy TS, where the phenyl substituent is in the
least-hindered position (Fig. 3). The energy difference between
the two lower energy TSs (a-re and a-si) leading to diastereomeric
products is found to be 2.12 kcal mol™', corresponding to an
enantiomeric excess of 95%. Comparison of activation barriers
and enantiomeric excesses for this series of catalysts (8, 9 and 10)
are grouped together in Table 2.

In another group of catalysts considered in the present study,
the envelope conformer of the parent proline is maintained, as part
of a bicyclic system, as in 9 and 10. These catalysts also exhibited
a preference towards anti-enamine addition involving the a-re TS
as the lowest energy pathway. A more staggered arrangement of
substituents around the new C-C bond is noticed with the anti-
enamine TSs, while it is more eclipsed with the syn-enamine TSs.*
Such geometric features evidently lead to a higher-energy TSs
for the syn-enamine addition pathway. Between the anti-enamine
TSs, the re-facial attack on the aldehyde is favoured over the
corresponding si-facial approach, since the aryl substituent on the
aldehyde in the former is found to be sterically better positioned.*

Perhaps the most striking feature emerging from the present
investigation relates to the correlation between the catalyst struc-

Table 2 Computed activation barriers AET obtained at the CPCM ppso)/
B3LYP/6-311+G™ //B3LYP/6-31G* level for the addition of enamines
to p-nitrobenzaldehyde, and the corresponding enantiomeric excess for 8
to 11

AE"/kcal mol™' @

Mode of
Catalysts approach Absolute Relative ee (%)
8 a-re 6.55 (4.56) 0.00 (0.00) 95 (95)
a-si 8.68 (6.76) 2.12(2.20)
s-re 15.34 (13.94) 8.15 (8.61)
s-si 14.47 (12.23)  7.28 (6.90)
9 a-re 3.56(5.95) 0.00 (0.00) 75 (88)
a-si 4.69 (7.62) 1.12 (1.66)
s-re 15.55(13.03) 10.48 (2.77)
S-si 7.92(13.91) 2.86 (3.64)
10 a-re 7.90 (6.74) 0.00 (0.00) 80 (91)
a-si 9.21 (8.62) 1.31 (1.87)
s-re 5.67(9.23) 1.19(2.02)
S-si 6.54(10.06)  2.06(2.84)
11 a-re 7.87 (13.30) 3.62(7.57) 5(65.2)
a-si 8.57 (12.88) 4.32(7.16)
s-re 4.72 (5.95) 0.06 (0.00)
S-si 4.66 (6.88) 0.00 (0.92)

* Gas-phase activation barriers AH "¢ including scaled zero-point ener-
gies computed at the B3LYP/6-311+G™ /B3LYP/6-31G* level are given
in parentheses.

ture and stereoselectivity. The agreement between the computed
enantiomeric excess with that obtained experimentally for proline-
catalyzed aldol reaction is found to be excellent. The ee pre-
dicted by DFT and the experimental value are 75% and 76%
respectively.’»® Tt is worthwhile to compare the enantiomeric
excess calculated for catalysts 9 and 10 with that of proline, from a
structure-selectivity point of view. The predicted ee for catalyst
9 is conspicuously quite close (74%) to the parent proline. In
compounds 9 and 10, even though the same proline conformation
can be thought of as being constrained in a bicyclic framework,
the increased rigidity of the [2.1.1] system is found to be good in
improving the enantiomeric excess in 10 (Table 2).*

The position, orientation and acidity of the carboxylic acid
group are known to be important in contributing to the catalytic
ability of proline and its derivatives in promoting aldol reactions.
For instance, proline and pyrrolidine-3-carboxylic acid have been
reported to yield products of opposite stereochemistry in the
Mannich reaction between 3-pentanone and N-PMP-protected a-
iminoester.* To verify how a bifunctional variant of proline (with
a 1,3 relationship between the amino group and the carboxylic
acid) performs compared to other bicyclic catalysts, we considered
a [2.1.1] bicyclic system (Scheme 4, catalyst 11). The computed
activation barriers and the enantiomeric excess are given in Table 2.
Though the carboxylic acid group is not adjacent to the enamine
nitrogen, the distance is found to be close enough to facilitate the
crucial proton transfer to the developing alkoxide.* In the case of
catalyst 11, the syn-enamine is found to be more stable than the
anti-enamine. Further, the TSs resulting from the syn-enamines
are much stable than those formed from the anti-enamines, but
the energy difference between the syn-enamine TSs is very low.
Hence the overall enantioselectivity of this catalyst is found to
be the lowest among the present series of catalysts investigated.
Based on the computed enantiomeric excess, it seems evident that
the 1,2-relationship between the secondary amino group and the
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carboxylic acid group is a highly desirable feature for amino acids
to act as potential asymmetric catalysts for aldol reactions.
Encouraged by the enhanced stereoselectivity predicted for the
bicyclic variants of proline, we have decided to examine how
substrate-level changes (electrophilic aldehyde) will respond to
these catalysts. Different substitutions on the aromatic aldehyde
are therefore studied for their reaction with the enamine derived
from a representative catalyst (2). Methyl substitution at the 2,6-
positions of the aromatic aldehyde are found to be quite effective,
increasing the enantiomeric excess up to 99%. Furthermore, the
role of electronically active substituents (at the para-position) on
the energetics of addition has also been investigated. The calcu-
lated activation barrier, as well as the enantiomeric excess, showed
little variation compared to the original p-nitrobenzaldehyde.*

Conclusions

The possible role of azabicyclic compounds (1-10) as potential
organocatalysts in asymmetric aldol reaction between acetone
and p-nitrobenzaldehyde are investigated. The stereoselectivity-
determining step, similar to that of the established proline-
catalyzed aldol reactions, are carefully examined by locating all
stereochemically pertinent transition states using DFT methods.
The calculations showed that these catalysts could be highly effec-
tive for aldol reactions, compared to popular organocatalysts such
as proline. The simplest bicyclic analogues of proline are predicted
to give better enantiomeric excesses. Suitable substitutions on
these bicyclic frameworks are found to be a superior protocol in
modulating the stereoselectivity of bifunctional secondary amino
acids. Catalysts 1-8, which are predicted to give enantiomeric
excess from 82 to 95%, are expected to be superior over proline, for
which the calculated enantiomeric excess is only 75%. The reaction
is expected to proceed with greater ease, as the predicted activation
energies are lower. Analysis of various intramolecular interactions,
such as Coulombic and hydrogen bonding interactions, operating
in the diastereomeric transition states, are found to be helpful
in rationalizing the predicted stereoselectivity induced by these
catalysts.

Computational methods

Geometry optimization of reactants, intermediates, and transition
states were carried out at the B3LYP/6-31G* level of theory'**
using the Gaussian 98 and Gaussian 03 suites of quantum
chemical programs.*® All the stationary points on the respective
potential energy surfaces were characterized at the same level of
theory by evaluating corresponding Hessian indices. Enthalpies
were obtained by adding scaled zero-point vibrational energy
corrections (ZPVE)* and thermal contributions to the gas-
phase energies using standard statistical mechanics procedures
as implemented in the Gaussian suite. Careful verification of
the unique imaginary frequencies for the transition states has
been carried out to check whether the frequency indeed pertains
to the desired reaction coordinate. Further, intrinsic reaction
coordinate (IRC) calculations were carried out to authenticate
the transition states.*™' Activation barriers refer to the enthalpy
of activation, obtained as the energy difference between isolated
reactants and the corresponding transition state structures. En-
thalpies are calculated by adding scaled ZPVE (0.9806)* and

thermal contributions to the ‘bottom-of-the-well’ energy values.
Single-point energies were then calculated using a more flexible
triple zeta quality basis set, namely the 6-311+G** (with 6d-
functions) with the continuum solvation model, using the SCRF-
CPCM method,” with the united-atom Kohn-Sham (UAKS)
radii. DMSO was used as the continuum solvent dielectric (¢ =
46.7). All the SCRF calculations were performed with the default
options implemented in Gaussian 03. These energy values include
the solvent polarity effects, in the form of electrostatic terms, on
the gas-phase-computed energies. Earlier reports have suggested
that the electrostatic contributions are more important than the
non-electrostatic terms in the continuum models.*®* The estimates
based on these values are also found to be in very good agreement
with the experimentally available selectivity known for proline.*®
Unless otherwise specified, the values reported within the SCRF-
CPCM framework pertains to the free energy of solvation G¢, with

sol

all the electrostatic terms (denoted as E in the text). Full geometry
optimizations with the continuum solvation model might lead
to changes in geometries and energetics. Unfortunately, such
calculations are prohibitively expensive on larger molecules (with
regard to the level of theory) reported here. Further, the focus is
on the relative energies of diastereomeric transition states than on
the absolute activation parameters. One can therefore expect that
the computed values should be sufficiently reliable to be able to
draw meaningful conclusions.
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