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ABSTRACT: The stereocontrolling transition state (TS) models for C—C
bond formation relying on hydrogen bonding have generally been successful in
proline-catalyzed aldol, Mannich, a-amination, and a-aminoxylation reactions.
However, the suitability of the hydrogen-bonding model in protic and aprotic
conditions as well as under basic and base-free conditions has not been well
established for Michael reactions. Through a comprehensive density functional
theory investigation, we herein analyze different TS models for the
stereocontrolling C—C bond formation, both in the presence and absence
of a base in an aprotic solvent (THF). A refined stereocontrolling TS for the
Michael reaction between cyclohexanone and nitrostyrene is proposed. The
new TS devoid of hydrogen bonding between the nitro group of nitrostyrene
and carboxylic acid of proline, under base-free conditions, is found to be more
preferred over the conventional hydrogen-bonding model besides being able
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to reproduce the experimentally observed stereochemical outcome. A DBU-bound TS is identified as more suitable for
rationalizing the origin of asymmetric induction under basic reaction conditions. In both cases, the most preferred approach of
nitrostyrene is identified as occurring from the face anti to the carboxylic acid of proline—enamine. The predicted enantio- and

diastereoselectivities are in very good agreement with the experimental observations.

B INTRODUCTION

The area of organocatalysis continues to witness consistent
growth both in methodological developments as well as in its
applications." A plethora of organic reactions such as aldol,
Michael, Mannich, a-amination, @-aminoxylation, and so on
constitute the repertoire of organocatalytic protocols. While
several catalysts emerged through these developmental strides
spanning over a decade, proline and other pyrrolidines enjoy
the highest level of acceptance.” The early impetus to proline
catalysis offered by mechanistic insights obtained through
computational studies is invaluable.> In particular, the
transition-state (TS) models centered on enamine intermedi-
ates have been quite successful toward rationalizing the
stereochemical outcome in proline-catalyzed reactions.* There
have been interesting experimental studies aimed at establishing
the identity of pivotal intermediates, such as enamine, iminium,
and oxazolidinones in proline catalysis.” The presence of more
readily detectable oxazolidinones has recently motivated
alternative TS models invoking the anti-face approach of the
incoming electrophile with respect to the carboxylic acid
group.’

Recent studies from our laboratory demonstrated that the TS
for the syn-face addition of enamine—carboxylic acid to the
electrophile (also known as the Houk—List model) is the most
preferred mode in aldol reactions,”* while anti-face addition
involving the Seebach—Eschenmoser TS model yields
enantioselectivities in accordance with the experimental
observations for proline-catalyzed a-amination reaction under
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basic reaction conditions.”” However, similar studies comparing
the suitability of these TS models in a Michael addition are not
yet reported. The generally accepted TS model for proline-
catalyzed Michael additions relies on hydrogen-bonding
interactions between the carboxylic acid and the incoming
electrophile.8 For instance, under polar protic reaction
conditions, such as in methanolic solvents, the transition-state
model suitable for rationalizing the stereochemical outcome has
been suggested to involve syn-face addition with two explicitly
bound methanol molecules.” However, the validity of TSs
involving syn-face approach of the electrophile under aprotic
reaction conditions has not been examined. Similarly, under
basic conditions where enamine carboxylate is more likely to be
the key intermediate, instead of enaminecarboxylic acid, the
validity of hydrogen-bonding TS model demands further
scrutiny.

Herein we disclose some interestingly new insights on a
proline-catalyzed Michael reaction between nitrostyrene and
cyclohexanone, obtained through density functional theory
computations using the mPW1K and B3LYP functionals in
conjunction with the 6-31+G** basis set (Scheme 1). Solvent
effects are included using the SMDyyp/mPWI1K/6-31+G**
level of theory. The discussions are presented on the basis of
the Gibbs free energies obtained at the SMDpyr/mPWIK/6-
31+G** level of theory, including thermal and entropic
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Scheme 1. Proline-Catalyzed Michael Reaction®
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corrections at 298 K for each stationary point in THEF
continuum. Emphasis has been placed on the ability of each TS
model to reproduce the experimentally observed enantio- and
diastereoselectivities of the title reaction.

B COMPUTATIONAL METHODS

Geometries of all stationary points were optimized by using the
Gaussian09 suite of quantum chemical programs.'® The transition
states (TS) and minima were first located at the mPW1K/6-31+G**
and the B3LYP/6-31+G** levels of theory in the gas phase.'' The
effect of solvent was taken into account by optimization of all
geometries at the SMD1yp/mPWI1K/6-31+G** level of theory."> The
lower energy TSs in different TS models were subjected to additional
geometr;r optimizations at the SMDyyp/M06-2X/6-31+G** level of
theory."® The B3LYP functional has been known to perform quite well
for asymmetric or§anocatalyzed reactions, especially in proline-
catalyzed reactions.”” However, it has been questioned for its ability
to account for weak van der Waals interactions (dispersion
interaction).'® We have used the mPW1K functional owing to its
ability toward estimating the barrier heights as well as other kinetic
parameters.'® In addition, the M06-2X functional is employed for a set
of crucial TSs in each model examined. The performance of the M06-
2X functional has been assessed as being suitable for obtaining
improved estimates on noncovalent interactions as well as for
thermochemical and kinetic parameters.'”

All of the stationary points were characterized by frequency
calculations to confirm either as a minimum or a first-order saddle
point (TS). The one and only one imaginary frequency of the TS was
verified as corresponding to the desired reaction coordinate at each
level of theory employed in this study. A representative set of TSs in
each model was further verified by using the intrinsic reaction
coordmate (IRC) calculation at SMD i)/ mPWI1K/6-31+G** level
of theory."® The IRC trajectories thus generated are provided in the
Supporting Information (Figure S18). The energies employed for
discussions in the text are the Gibbs free energi'les obtained at the
SMD (1yp)/mPWI1K/6-31+G** level of theory."”” The Gibbs free
energies (AG,ggc) were calculated by using the standard statistical
mechanical treatment (within the rigid rotor and harmonic oscillator
approximations) wherein the entropic and thermal corrections are
included.

Topological analysis of the electron densities, within Bader’s Atoms-
in- Molecule (AIM) framework, was carried out by using AIM2000
software.”* AIM analyses were performed on the geometries obtained
at the SMDpy/mPWI1K/6-31+G** level of theory. The activation
strain analysis was performed to calculate the extent of distortion in the
TSs. > According to the activation strain model, the activation energy
E,. is considered as consisting of two components, E
(distortion (or strain) energy) and E,, (interaction).

E =E,+E

int strain

strain/distortion

The Eg.in/distortion 1S the energy difference between the energy of the
unstrained reactants, namely enamine and nitrostyrene, and their
energy in the TS in the distorted form. The E,, gives the measure of
distortion in the substrate geometry in the TS. The energy of the
distorted reactants in the TS was computed by evaluating single point
energies of the distorted geometry of enamine and nitrostyrene
fragments as noticed in the TS.

Estmin/distortion = (Eenamine(TS) + Enitrostyrene(TS))

- (Eenamine + Enitrostyrene)

The interaction energy (E,,,) is the binding interaction between the
distorted reactants as noticed the TS geometry. The E; , was calculated
as

Eint = E(TS) - (Eenamine(TS) + Enitmstyrene(TS))

B RESULTS AND DISCUSSION

One of the key control elements invoked in the conventional
TS model for the stereoselective C—C bond formation is the
H-bonding stabilization of the developing negative charge on
the electrophile by the proline —COOH group. For example,
the stabilization offered by the —COOH group to a developing
alkoxide in an aldol transition state as the C—C bond formation
occurs is expected to be significant owing the lack of other
delocalizations of the incipient charge on the oxygen atom. The
efficiency of delocalization of the developing charges in the TS
would naturally vary depending on the nature of the
electrophile. Michael addition offers an interesting example
for probing the significance of hydrogen bonding offered by the
carboxylic acid due to the key differences with the other
proline-catalyzed reactions as summarized herein. This is due to
(a) the fluxionality of the pyrrolidine ring, (b) the presence of
two additional atoms between the site of enamine attack and
the oxygen atom of the —NO, group interacting with the
—COOH, (c) the stabilization of the developing negative
charge by the electron withdrawing —NO, group there by
diminishing the need for H-bonding stabilization, and (d) the
lack of transfer of proton to the electrophile in the C—C bond
forming step. In 1,4-additions such as the Michael addition,
nitrostyrene can therefore approach the enamine through the
face anti to the —COOH and at the same time enjoy the
aforementioned stabilizing H-bonding interaction. These
features of the TS are in stark contrast with the other
organocatalytic reactions such as aldol, @-amination, and a-
aminoxylation, wherein approach of the electrophile from the
face anti to —COOH is known to be much less favored.** The
effect of these contributing factors in controlling the stereo-
chemical course of asymmetric Michael addition (Scheme 2) is
presented in the following sections.

In conformity with the widely accepted mechanism, a
reactive nucleophilic enamine intermediate is considered to

Scheme 2. Stereocontrolling C—C Bond Formation between
Nitrostyrene and (a) Enaminecarboxylic Acid (1) or (b)
Enaminecarboxylate (3), Respectively, in the Absence and
Presence of a Base
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Figure 1. Optimized geometry of the TS(1—2) for the re-re mode of addition for up and down pyrrolidine ring conformations in syn-face (a, b) and
anti-face (c) additions. The relative Gibbs free energies (in kcal/mol) are with respect to the separated reactants at the SMDpyp/mPWI1K and
SMDy;/M06-2X (in parentheses). Distances are in angstroms and angles in degrees.
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Figure 2. Various conformers of the C—C bond formation transition state TS(1—2) in the re-re mode of approach between enamine and
nitrostyrene. The relative Gibbs free energies (in kcal/mol) are with respect to the separated reactants at the SMDyr/mPWIK level of theory.

have generated between cyclohexanone and proline. The
enamine thus formed can react with the electrophile in
stereochemically different modes, depending on the prochiral
faces. All prochiral approaches between the enamine and
nitrostyrene such as re-re, re-si, si-re, and si-si are examined. The
transition-state notations such as re-re imply the addition of the
re-face of enamine on the re-face nitrostyrene. For transition
states, devoid of any interaction between —NO, and —COOH,
three dihedral angles (60°, 180°, and 300°) with respect to the
enamine double bond are considered. Also two different
conformations, each for pyrrolidine and cyclohexyl rings, are
considered in the TS. In the TS involving H-bonding
interaction, the interaction of —COOH with each O-atom of
the NO,-group of nitrostyrene is also examined.

First, syn-face addition of enamine 1, denoted as (1-2),,, is
considered. In the syn-face addition, the approach of nitro-
styrene is from the same face as that of the carboxylic acid
group. Two key ring conformers, ‘up’ and ‘down’ that differ in
terms of the relative positions of pyrrolidine C4 methylene
group is examined (Figure 1). The comparison of energies
between re-re, re-si, si-re, and si-si modes of addition indicates
that the re-re addition in the case of down conformer is of the
lowest relative Gibbs free energy. In this group of syn-face
addition TSs, the up conformer is lower in energy for other
stereochemical modes of approach between enamine and
nitrostyrene. Also among the puckered cyclohexane ring
conformers, the TS with the C4 methylene of cyclohexane
toward the incoming electrophile is of lower in energy. If C,
remains away from the incoming electrophile, the axial C—H of
C3 methylene will point toward the incoming electrophile
causing an increased steric interaction near the site of C—C
bond formation. While the re-re stereochemical mode
corresponds to the experimentally reported major diaster-
eomer, the TS responsible for the enantiomeric product,
namely si-si mode, is found to be 2.6 kcal/mol higher in energy.
An energy difference of this order is at variance with the low

enantiomeric ratio of 60:40 noted experimentally. The origin of
the energy separation between these diastereomeric TSs is
traced to the differences in the efficiency of hydrogen bonding
as well as the distortion within each reacting partner
accompanying the bond formation (vide infra). In the case of
down conformer, improved H-bonding as well as reduced
distortion is noticed in the re-re mode of addition (Figure
1(b)). The distortion in the TS for the si-si mode of addition is
identified as higher than that in re-re rendering larger difference
in their energies.

As discussed earlier, due to the fluxionality of the pyrrolidine
ring and the fact that the site of enamine attack and the oxygen
atom of the —NO, group are away by two atoms, the hydrogen
bonding interaction between the —NO, the —COOH groups
continues to remain feasible even in the anti-face addition. The
geometry of the most preferred TS in this family is provided in
Figure 1(c). It is noticed that the hydrogen bonding between
the —NO, the —COOH groups does exist, though it is
relatively weaker than that in the case of syn-face approach.
Interestingly, the TS energy for the re-re addition is found to be
lower than that in the corresponding syn-face addition,
suggesting that this model can account for the formation of
the major diastereomer.”®> However, the difference between the
lowest energy TS and its diastereomeric partner (si-si mode) is
3.9 kcal/mol, which evidently results in an overestimation of
the enantiomeric ratio.”* In spite of weaker H-bonding in the
anti-face addition TS, it is lower in energy than the syn-face
addition due to reduced distortion in the enamine moiety, as
evident from a relatively more planar enamine in (1—2),,(re-
re). In the case of syn-face addition, the pyrrolidine nitrogen
becomes more pyramidal so as to create more room for
enabling a favorable H-bonding (6, in Figure 1).

Some of the very successful a-substituted secondary amine
catalysts employed in asymmetric Michael reactions, such
diphenylmethylsilylethers, do not contain effective hydrogen
bonding groups as that in proline. The transition state models
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Figure 3. Optimized geometry of four of the lower energy TS(1—2)’ for the anti-face addition devoid of H-bonding with the carboxylic acid. The
relative Gibbs free energies (in kcal/mol) are with respect to the separated reactants at the SMDpyp/mPWIK and SMDqy/M06-2X (in

parentheses). Distances are in angstroms.
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Figure 4. Secondary orbital interactions noticed in the HOMO of the TS for the C—C bond formation obtained at the SMD (yyp)/mPW1K/6-
31+G** level of theory. The contours are generated with a uniform value of 0.04.

for pyrrolidines with large a-substituents invokes an anti-face
addition wherein the electrophile ap})roaches from the face
opposite to that of the bulky group.”® In this backdrop, the
possible involvement of an anti-face approach ((1-2)’,,) of
nitrostyrene to the proline-cyclohexenyl enamine devoid of any
interaction between —COOH and —NO, groups is examined.”®
Careful consideration of various conformational possibilities
arising due to the rotation of —COOH, pyrrolidine, and
cyclohexenyl ring puckering is done for the re-re mode of
addition, as illustrated in Figure 2. Although for TS(1-2)
conformers iv and v are nearly degenerate, conformer iv is
found to be slightly lower in energy for other stereochemical
modes of approach such as si-si, si-re, re-si.”” The most preferred
conformer of TS(1—2)’ is retained in other stereochemical
modes of additions as well.*®

The optimized geometries of stereocontrolling lower energy
TSs are provided in Figure 3. While the orientation of the
carboxylic acid is away from the developing charge on the nitro
group to have offered hydrogen-bonding stabilization, other
weak interactions between the nitro group and the methylene
C—H moieties of pyrrolidine and cyclohexenyl rings can be
noticed.

The most interesting aspect at this juncture is that the TSs
such as TS(1—2)’ involved in the anti-face addition, devoid of
any H-bonding between —COOH and —NO,, are lower in
energy than the conventional H-bonding TS model TS(1-2).
TS(1-2)' is preferred by about 1 kcal/mol at the SMDyz/
mPWIK level of theory and 2.2 kcal/mol at the SMD 13/ MO6-
2X level of theory. In this TS model, the lowest energy TS(1—
2)'(re-re)gy corresponds to 2S,3R product configuration in
concurrence with the experimentally observed major stereo-
isomer. Gratifyingly, the energy difference between TSs for the
re-re and si-si additions in this model is as low as 0.5 kcal/mol,

which in turn, is consistent with the low observed enantiomeric
ratio. In general, the anti-face TS model devoid of H-bonding
offers % ee and % de quite close to that of the experimental
observations (vide infra). This prediction is highly suggestive of
a non-hydrogen bonding TS as holding the key to stereo-
selectivity under aprotic reaction conditions.

In an effort to rationalize the predicted trends, the
stereoelectronic features of the TSs are carefully analyzed. A
number of differential stabilizing interactions are identified in
these TSs as compared to the earlier TS-models involving H-
bonding between —COOH and —NO, (Figure 3). The TS
exhibiting shorter contact between the nitrogen atoms of
pyrrolidine and nitrostyrene (such as that in re-re and si-si
modes) are found to be of lower energy. Apart from the
primary orbital interaction, leading to the new C—C bond
between the enamine and nitrostyrene moieties, these TSs are
also identified to enjoy a secondary orbital interaction between
the depleting nitrogen lone pair of the enamine moiety and 7*
of the developing C=N bond of the nitrostyrene as shown in
Figure 4.”° In the case of TSs involving re-si and si-re modes of
addition, the NO, group is positioned in a less favorable
position for secondary orbital interaction. These latter modes
are of higher energy as compared to re-re and si-si modes. A
stabilizing interaction of —NO, group with the a-CH of
pyrrolidine and cyclohexane rings are also identified. The
nature of these weak interactions is further characterized by
using Atoms-in-Molecule (AIM) analysis.30 In si-re and re-si
TSs, a relatively weaker interaction between —NO, and
pyrrolidine ring is noticed. The cumulative effect of all these
differential interactions contributes to the high diastereoselec-
tivity.

The quantification of distortion in and interaction between
the reacting partners using the activation strain analysis on the
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above-mentioned TS models helped us gain additional insights.
The conventional H-bonding TS model, TS(1—2), is identified
to encounter enhanced distortion/strain (>2 kcal/mol) while
attempting to maintain H-bonding interaction between the
—NO, and —COOH groups. For instance, the activation strain
energy (Ey.,) for the rere mode of addition in TS(1—
2)ui(down) is higher by 2.2 kcal/mol than that in TS(1-
2)’ uei(up). A closer look at the data provided in Table 1 reveals

anti

Table 1. Summary” of Activation-Strain Analysis for the
Lowest Energy TS from Different TS Models Obtained at
the SMDyr/mPW1K/6-31+G** Level of Theory

mode of

addition AEF i enamine AEistrain—nitrostyrene AEf,, AE%,, AFE
TS(1-2),, (up)
re-re 14.4 12.1 26.5 -10.6 15.9
si-si 16.9 11.7 28.6 -11.9 16.7
si-re 13.4 13.1 26.5 —-11.3 15.2
re-si 14.6 124 27.0 —10.5 16.5
TS(I—Z)Sy,l (down)
re-re 15.6 11.2 26.7 —11.2 18.5
si-si 18.0 12.3 30.3 -12.5 17.8
si-re 16.0 13.6 29.6 —-11.8 17.7
re-si 17.2 14.0 31.2 —-15.4 15.7
TS(1~2) i (down)
re-re 13.6 11.0 24.6 —11.0 13.6
si-si 222 10.4 32.6 —14.9 17.7
si-re 21.3 129 34.1 —13.0 21.1
re-si 15.2 11.6 26.8 —-11.1 15.7
TS(1-2) 4 (up)
re-re 9.8 12.6 224 -9.1 13.3
si-si 9.4 13.3 22.7 —8.9 13.8
si-re 10.0 13.1 23.1 -7.3 15.8
re-si 11.8 13.8 25.6 —9.4 16.2

“The energies are calculated with respect to the separated lowest
energy enamine+nitrostyrene. The energies are in kcal/mol.

that higher degree of distortion in TS(1—2) originates from the
enhanced distortion in the enamine moiety. The distortion
energy of enamine in TS(1—2)’ falls in the range of 10 to 12
kcal/mol whereas it is more than 13 kcal/mol in the case of
TS(1—2). This implies that the advantage of the additional
stabilization offered by the H-bonding interaction is nearly
counter-balanced by higher geometric strain in the TS. This
analysis further helps identify that in TS(1—2), the si-si mode
has higher distortion than in the re-re mode, causing larger
energy separation between the stereocontrolling TSs. For

example, AE¥, . in TS(1-2),,,(si-si) (up) is higher by 4 keal/
mol as compared to that in TS(1—2),,.(re-re)(down). This
could be regarded as the origin of overestimation in the
computed enantioselectivity, when conventional H-bonding TS
model is employed. The activation strain analysis further
confirms that in TS(1—2) anti-face addition for the re-re mode
is more preferred over the corresponding syn-face addition due
to higher distortion (~2 kcal/mol) in the latter case. For
TS(1—2)',, the si-si mode is of higher energy than the re-re
mode due to slightly higher strain in nitrostyrene (0.7 kcal/
mol), as the pyrrolidine ring in the si-si mode is not in a
preferred conformation to interact with the —NO, group
(Table 1). In the TS(1-2)',,; for re-si and si-re modes of
addition the larger distrotion and reduced interaction between
the reacting partners is identified as the reason for their higher
energy.

One more vital aspect pertaining to the TS models employed
in proline-catalyzed Michael additions can be noted as follows.
In general, the stereocontrolling TSs are assumed to be the
same for both basic and base-free reaction conditions.
Particularly significant are the potential changes in the
mechanistic features when the nature of the active nucleophile
is changed. It is therefore of importance to examine whether
(a) the active catalytic species is an enamine carboxylic acid or a
deprotonated enamine carboxylate, (b) explicit inclusion of
base in the TS model is desirable or not, (c) syn- or anti-face
addition is more favored. Each of these factors can have a direct
impact on the stereochemical outcome of the reaction. In the
following section, we attempt to answer these questions on the
basis of the computed relative energies of the TSs.

Under basic reaction conditions, enamine carboxylic acid
could remain as enamine carboxylate. In view of such
possibilities, we have evaluated the energetics for the addition
of enamine carboxylate (3) to nitrostyrene (Figure S). The
anti-face addition is predicted to be more preferred in this
case.>’ The diastereo- and enantioselectivities could be
effectively rationalized by using such anti-face addition TS
models. However, these TSs are higher in energy than that
involving the corresponding enamine carboxylic acid (1). For
instance, the Gibbs free energy of the lowest energy TS in this
group TS(3—4),,(re-re)sy is 1.7 kcal/mol higher than the
enamine carboxylic acid pathway via TS(1-2)',,.(re-re)q,
implying that this pathway is less likely be responsible for the
stereochemical outcome of the reaction.

Another TS model with an explicitly bound DBU-HY, as
shown in Figure 6, is also considered. In a very recent report,
Gschwind and co-workers have employed in situ NMR
techniques to establish the presence of prolinate-DBU-H" ion

B-4)anii (re-re)so
42.16 (29.93)

42.35 (30.42)

B-4)anii (si-s1)180

3-4)anii (re-si)3o0
4423 (34.17)

B-4)anii (si-re)so
44.11 (31.76)

Figure S. Optimized geometry of TS(3—4) for the C—C bond formation. The relative Gibbs free energies are with respect to the separated reactants
at SMDyp/mPWIK and SMDyy/M06-2X (in parentheses). Distances are in angstroms.
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Figure 6. Optimized geometry of TS(3—4)ppy for the C—C bond formation for different modes of addition. The relative Gibbs free energies (in
keal/mol) are with respect to the separated reactants at the SMD-z/mPW1K and SMDy/M06-2X (in parentheses). Distances are in angstroms.

pair.32 In the present study, first, different sites of interaction of
protonated DBU with the substrate are examined. Subse-
quently, all the key conformers of 3-DBU-H" adduct (3pgy.u.)
and corresponding TS for the (re-re)q, mode is probed.* The
3ppu adduct is lower in energy than separated 1 and DBU (AG
= —1.9, AH = —11.2 kcal/mol). The lowest energy TS in this
model TS(3—4)ppu.ani(re-re)so is 6.5 kcal/mol lower than
TS(1-2)',,s(re-re)ss. The H-DBU'-bound TSs enjoy addi-
tional stabilization, particularly due to the specific interaction
between the carboxylate group and DBU-H'. The optimized
geometries of important stereochemical modes of addition are
shown in Figure 6. Any such specific interaction, either with
solvent molecules or with an additive such as DBU, as in the
present situation, is inadequately represented in a continuum
solvation treatment.>* In addition to the stabilization offered by
the H-bonding between 3 and DBU-H", the TS(3—4)pgy.ans i
also identified to exhibit relatively reduced strain in the
enamine-DBU adduct as compared to that of enamine in
TS(1-2)’, which renders improved stability to TS(3—
4)ppu.ans- Such additional stabilization of the TS as noted
herein can result in faster reaction rate in the presence of a base

such as DBU. In fact, at lower temperatures, the reaction is
known to proceed faster in the presence of DBU (see Scheme
l).35

The computed relative energies of different transition states
in the TS(3—4)ppy family with respect to the lowest energy re-
re mode of addition are summarized in Table 2. It can be
readily noticed that the difference between the re-re and si-si
modes of additions at the SMD 1/ mPW1K level of theory are
less than half a kcal/mol, which corresponds to a very low
enantiomeric excess. This prediction is in good accordance with
the experimental %ee of 20. However, the SMDpy/M06-2X
energetics results in overestimation of the enantiomeric excess.
Similarly, the predicted diastereomeric excess using the M06-
2X energies is also found to be higher as compared to the
experimental values. The SMDpy/mPWI1K method provides
improved estimates of stereoselectivity than that obtained using
the SMD1y/M06-2X method.

The stereoselectivity can be rationalized using similar factors
as described earlier in the case of TS(1—2)'. The higher energy
TSs involving si-re and re-si modes lack interaction between the
—NO, group of nitrostyrene and the pyrrolidine ring of
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Table 2. Relative Energies” (in kcal/mol) of the Lowest
Energy Transition States in Each Stereochemical Mode of
Approach between Enamine and Nitrostyrene for TS(3—
4)pgy and the Corresponding Stereoselectivity

SMD 13/ mPWI1K SMD 145/ M06-2X
TS(3—4)ppy AAG AAH AAG AAH
re-re 0.0 0.0 0.0 0.0
si-si 0.5 0.4 1.0 12
si-re 2.3 2.3 3.7 4.5
re-si 2.5 3.0 3.7 4.5
%de (S,R) 96 96 >99 >99
%ee (S,R) 40 33 69 77

“Additional data is provided in Tables S9—S12 in the Supporting
Information.

proline—enamine, besides positioning of the —CH,NO, group
of nitrostyrene below the cyclohexane ring causing higher steric
interaction. The low interaction energy between the reactants
in these TSs (si-r¢ and re-si modes) is confirmed by the
activation strain analysis (Table 3). Among the lower energy re-

Table 3. Summary” of Activation-Strain Analysis for the
Lowest Energy TS(3-4)ppy.ani(up) Obtained at the SMD 15/
mPWI1K/6-31+G** Level of Theory

mode of ) ) )

addition A AE?s(rajn—nitmstyrene AE AEiim AE*
re-reg 6.3 10.1 16.4 —8.6 7.7
si-si1go 5.8 112 170 -81 89
si-Siz00 S.1 10.9 15.9 -8.1 7.8
si-regy 52 10.3 18.5 -S54 10.1
re-sizgo 6.8 104 172 —6.4 10.8

“The energies calculated with respect to the separated reactants such
as the lowest energy enamine—DBU adduct and nitrostyrene. The
energies are in kcal/mol.

re and si-si modes of addition, reduced interaction between
enamine and nitrostyrene in the TS as well as higher strain in
the nitrostyrene fragment for the si-si mode of addition is
noticed.

Now, a comparison between the efficiency of different TS
models, thus far examined in this study, is presented. Two
points are particularly noteworthy. The first one relates to the
energetics of the C—C bond formation in different TS models
and the other pertains to how successful a given model is
toward arriving at the correct stereochemical outcome of the
reaction. The computed relative energies, by taking the most
preferred re-re mode of addition as a uniform reference, is
provided in Table 4. It is readily evident that the TS(3—
4)pBU.ans consisting of a bound DBU-H' is energetically the
most preferred model than other models such as the enamine
carboxylic acid model (with no H-bonding) TS(1-2),,, The
TSs for anti-face addition, such as TS(1-2),,, exhibiting
hydrogen bonding between the —NO, and —COOH groups, is
much higher in energy.

The computed stereoselectivities both at the SMDryyg/
mPW1K and SMD/MO06-2X levels of theory, together with
the experimental values are compiled in Table 5. The TS
models can be classified into two major groups. While TS(1—
2) and TS(1-2)’ are for base-free reaction conditions, the
other set TS(3—4) and TS(3—4)pgy involving deprotonated
enamine carboxylic acid, are the models in the presence of

Table 4. Relative Energies (in kcal/mol) of the Lowest
Energy TS” in the re-re Mode of Addition for Different TS
Models

SMD-pyyr/mPWI1K SMDpy;r/M06-2X

TS AG AH AG AH
(1-2) i 414S 24.10 28.24 10.67
(1-2) i 4047 23.98 26.03 8.71
(3—4) 4 42.16 25.78 29.93 12.12
(3—4) bBU-anti 33.98 7.13 19.09 —8.98

“Computed with respect to the ground-state reactants such as proline,
cyclohexanone, and nitrostyrene as the common reference point. The
lowest energy TS in each family (row) is chosen on the basis of the
Gibbs free energies.

Table 5. Calculated % ee and % de Using the Gibbs Free
Energies of Transition States from Various TS Models at
Different Levels of Theory”

% de % ee

TS model L1 L2, L1 12
base-free conditions
(1-2) 85 47 >99 353
(1-2)’ 87 98 40 8
in the presence of DBU
(3-4) 93 91 17 40
(3—4)ppu 96 >99 40 69
expt (no base)® 88 20
expt (base)® 93 20

“L1 = SMDpyp/mPWIK/6-31+G**; L2 = SMDyyr/M06-2X/6-
31+G**. PThe reaction time under base-free conditions is about 48

h while that with base is 6 h (ref 6).

DBU. It is conspicuous from the experimental observation that
the inclusion of DBU brings hardly any change in the
stereoselectivities, except for faster reaction rate. The predicted
diastereoselectivities at the mPW1K level of theory are in good
accord with the experimental observation. However, the low
enantioselectivity can be rationalized only by invoking an anti-
face addition, without the hydrogen bonding between the
COOH and —NO, groups, such as in TS(1—2)’. Similarly, in
the presence of DBU, the best estimates of enantioselectivity
can be obtained through TS(3—4). Since the H-DBU*-bound
TSs are energetically more preferred, it is highly likely that
TS(3—4)ppy holds the key to the stereochemical outcome of
the title reaction.

B CONCLUSION

The enantio- and diastereoselectivity issues in proline-catalyzed
Michael reaction between cyclohexanone and nitrostyrene have
been examined using various transition-state models for the
stereocontrolling C—C bond formation step. The transition-
state models, which differ in terms of the geometry of approach
as well in the presence and absence of hydrogen-bonding
interactions between the COOH group of proline and the
—NO, group of nitrostyrene, have been examined. The
predicted stereoselectivities using (a) syn- and anti-face
approaches of nitrostyrene to enaminecarboxylic acid and (b)
anti-face approach to enamine carboxylate are compared with
the experimentally observed product distribution of the
stereoisomers. In the closely related reactions such as in
proline-catalyzed aldol, Mannich, a-aminoxylation, or a-
aminations, it has been well-established that the preferred
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mode of approach of the electrophile is from the same face as
that of the carboxylic acid owing to the vital hydrogen-bonding
stabilization to the developing charges in the transition state
offered by the proline carboxylic acid. However, the presence of
an electron-withdrawing group in Michael acceptors, such as
that in nitrostyrene, renders additional stabilization to the
incipient charges accompanying the C—C bond formation in
the transition state. The non-hydrogen bonding TS models
involving the anti-face addition of enamine carboxylic acid or
enamine carboxylate, respectively, under base-free and basic
aprotic reaction conditions (with and without a bound DBU),
have been found to be effective in rationalizing the enantio- and
diastereo-selectivities. The TS models relying on the H-
bonding stabilization between —COOH and —NO, groups
respectively of proline-enamine and nitrostyrene in the
stereocontrolling C—C bond formation are inadequate toward
arriving at good estimates on the stereoselectivity for the title
reaction. Furthermore, these TSs are of higher energy due to
the increased strain/distortion of the enamine and nitrostyrene
fragments in the TS. A H-DBU"-bound transition state model
involving anti-face approach of nitrostyrene to enamine
carboxylate devoid of hydrogen bonding between —COOH
and —NO, groups has been identified as energetically more
favored over that without H-DBU". The ion-pair TS model has
been identified as capable of rationalizing the stereochemical
outcome as well as the rate-enhancements in the presence of
DBU in proline-catalyzed Michael reactions.
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