CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200800877

The Role of Noninnocent Solvent Molecules in Organocatalyzed Asymmetric
Michael Addition Reactions

Mahendra P. Patil and Raghavan B. Sunoj*!*!

Abstract: A proline-catalyzed asym-
metric Michael addition between ke-
tones and trans-B-nitrostyrene was
studied by using the density-functional
theory with mPW1PW91 and B3LYP
functionals. Improved insight into the
enantio- and diastereoselective forma-
tion of y-nitroketones/-aldehydes is ob-
tained through transition-state analysis.
Consideration of the activation param-

correct diastereo- and enantioselecti-
vites were obtained only upon explicit
inclusion of solvent molecules in the
diastereomeric transition states that
pertain to the C—C bond formation.
Among the several transition-state
models that were examined, the one
that exhibits cooperative hydrogen-
bonding interactions with two mole-
cules of methanol could explain the

correct stereochemical outcome of the
Michael reaction. The change in differ-
ential stabilization that arises as a
result of electrostatic and hydrogen-
bonding interactions in the key transi-
tion states is identified as the contribu-
ting factor toward obtaining the correct
diastereomer. This study establishes
the importance of including explicit
solvent molecules in situations in which

eters obtained from gas-phase calcula-
tions and continuum solvation models
failed to reproduce the reported exper-
imental stereoselectivities for the reac-
tion between cyclohexanone and 3-pen-
tanone with trans-f-nitrostyrene. The

Introduction

Organocatalysis by using small molecules has generated con-
siderable interest as a viable tool for asymmetric synthesis
over the last half a decade."! Among several organocatalysts
developed for asymmetric reactions, proline and its ana-
logues possess special importance owing to their ability to
serve as catalysts for several C—C bond-forming reactions.?”
The catalytic ability of L-proline was successfully exploited
in a range of quintessential reactions, such as the Mannich,?!
Michael,! Robinson annulation,” a-amination,® a-oxida-
tion,”! and o-alkylation reactions.” Mechanistic studies in
conjunction with synthetic developments have contributed
immensely to the rapid success of organocatalytic reac-
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the gas-phase and continuum models
are inadequate in obtaining meaningful
insight regarding experimental stereo-
selectivities.

tions.™'”) Careful examination of the available literature
conveys that the mechanistic course of the proline-catalyzed
aldol reaction is one of the most widely reported among the
organocatalytic reactions, whereas the underlying mechanis-
tic information on the proline-catalyzed Michael reaction is
rather limited.

The nucleophilic addition of enolates to an electrophilic
multiple bond, popularly known as the Michael reaction,
offers a convenient route toward the synthesis of remote
functionalized targets.''!' Among the large number of elec-
trophiles, nitroolefins are extensively employed as substrates
in stereoselective Michael addition reactions.'?! Pioneering
applications of the proline-catalyzed Michael addition be-
tween ketones and trans-B-nitrostyrene (nitrostyrene here-
after) have been demonstrated by List et al.“"! and Enders
and Seki.'! Several modifications of proline have been ef-
fectively employed in asymmetric reactions.'>!¥ In a series
of related developments, an impressive array of catalysts,
such as chiral pyrrolidine—pyridine,'” pyrrolidine sulfon-
amide,"® 3,3'-bimorpholine derivatives,"” trans-4-hydroxypro-
lylamide," chiral amine—thiourea," and diphenylprolinol
silyl ethers,” have been successful in the Michael addition
of aldehydes (or ketones) to nitroolefins. Very recently, pro-
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linal dithioacetal and 4,4'-disubstituted L-proline were iden-
tified as efficient organocatalysts for the addition of an alde-
hyde to nitrostyrene with excellent enantioselectivities.®'!
Although the quest for new catalysts for Michael reac-
tions continues to grow, parallel attempts toward gaining
mechanistic insight are relatively less available.’” The gen-
erally accepted catalytic cycle for proline-catalyzed reactions
of a ketone or aldehyde with an electrophile is depicted in
Scheme 1. The proline-catalyzed reaction mainly involves
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Scheme 1. Key steps involved in a proline-catalyzed Michael addition between a ketone and an electrophile

(X=Y).

three key steps: the formation of an enamine, the addition
of the enamine to the electrophile, and the subsequent hy-
drolysis to expel the catalyst from the product. The energet-
ics associated with the formation of an enamine between
acetone and proline is investigated elsewhere.® In general,
it is assumed that the enamine formation is faster compared
with the ensuing nucleophilic addition of the enamine to the
electrophile.? Further, the hydrolysis step that leads to the
expulsion of the catalyst is also reported to involve only a
low energy barrier.”*®! On the basis of the available reports
on enamine organocatalysis, it is now accepted that the ste-
reoselectivity in enamine-catalyzed C—C bond-forming reac-
tions is critically dependent on the addition of an enamine
to the electrophile.

According to the model developed by Houk and co-work-
ers, the transition state for the addition of the proline en-
amine to an electrophile involves intramolecular hydrogen
bonding between the carboxylic acid group and the develop-
ing alkoxide ion (in which the enamine adds to a carbonyl
group).™'”! The differential stabilization of the transition
states in stereochemically different modes of approaches
(addition at the re and si faces) between the enamine and
the electrophile is the primary factor responsible for the ob-
served selectivity in these reactions.”! The importance of
hydrogen bonding offered by the catalyst has been reported
in a variety of reactions.’*”) Recent computational studies
on organocatalyzed Michael addition reactions also support
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this transition-state model, which permits intramolecular hy-
drogen bonding.” In general, the agreement between the
predicted stereoselectivities in organocatalyzed reactions, by
using the transition-state model proposed by Houk et al., is
quite good.®? As transition states for such reactions are
polarized, the effect of solvation is incorporated through the
continuum solvation models in most of these studies. How-
ever, a systematic attempt to evaluate the role of explicitly
included solvent molecules on the reaction energetics is con-
spicuously absent. The inclusion
of explicit solvents in transition
states has been useful in bring-
ing out salient mechanistic fea-

N tures associated with a range of
%\R, interesting reactions.””!

Transition-state studies that

R © 50 incorporate explicit solvents

— assume additional significance

in the context of organocata-
lyzed Michael addition reac-
tions. It is particularly notewor-
thy that the reaction rate and
stereoselectivities of the orga-
nocatalyzed Michael addition
of ketones to nitrostyrene has
been improved in polar protic
solvents, such as methanol or
isopropanol, relative to that ob-
tained in dimethyl sulfoxide
(DMSO) as the solvent.”
These experimental evidences allude to a more direct partic-
ipation of the solvent molecules, apart from serving as a
polar continuum medium, toward deciding the mechanistic
course and the observed selectivities in such reactions.
Herein, we have undertaken a comprehensive investigation
that uses density functional theory (DFT) methods to under-
stand the factors that control the stereoselectivity in proline-
catalyzed Michael reactions between a range of ketones and
nitrostyrene. This study further thrives to establish the im-
portance and the role of solvent molecules in stereoselective
Michael reactions. The results obtained by considering vari-
ous solvent-assisted transition-state stabilizations for the Mi-
chael addition reaction are illustrated in the following sec-
tions.

Results and Discussion

A proline-catalyzed Michael addition between ketones/alde-
hydes with nitrostyrene is investigated herein (Scheme 2).
The enamines derived from proline and carbonyl com-
pounds such as propanal (1), 3-pentanone (2), and cyclohex-
anone (3) offer prochiral faces towards the addition to -ni-
trostyrene. Such addition reactions can, therefore, result in
four stereoisomeric products (two pairs of enantiomers).
Additionally, the syn and anti orientations of the enamine
double bond, with respect to the carboxylic acid group of
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0 These four lower-energy diaste-
reomeric transition states are,
- therefore, considered toward
Me  Me IMe e estimating the stereoselectivity
in the Michael reaction.
3-Pentanone (2) de = syn (88) Jeee = (48,5R) (76)

+ N NO, L-proline
—_—

o Ph MeOH, RT

Cyclohexanone (3)

Scheme 2. Experimental stereoselectivities for the proline-catalyzed Michael addition of 2 and 3 with nitrosty-

rene.

the pyrrolidine ring would lead to a total of eight important
modes of approaches between the enamine and nitrostyrene.
Four key modes of addition between nitrostyrene and syn or
anti enamines through their prochiral faces (re/si) are depict-
ed in Scheme 3.

In general, the transition states for these modes of ap-
proaches, a-si, a-re, s-si, and s-re are stabilized by hydrogen-
bonding interactions between the carboxylic group of the
enamine and the nitro group of nitrostyrene (see below).
The transition states are successfully located at the
mPWI1PW91/6-31G* and B3LYP/6-31G* levels of theory.[*!]
It is identified that the four transition states depicted in
Scheme 3 have lower energy than other possibilities.*?

Q N
COOH PR A\ N

N

=

anti-enamine

0 Ph

N

Me l\:lle
anti (S,5)

Me |\E/|e
syn (S,R)

ate s¥e

Scheme 3. Important stereochemical modes of addition of an enamine derived from proline and 2 with nitro-

styrene.
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The discussion is organized
into two major sections. First,
the addition between the pro-
line enamine and nitrostyrene
is considered without the inclu-
sion of any explicit solvent mol-
ecules in the transition state.
Second, discussions on the role
of explicitly included solvent
molecules on the energetics and
stereoselectivity are provided.
We aim to propose improved
transition-state models for Michael addition reactions in
which the commonly employed models fail to reproduce the
correct stereochemical outcome of the reaction. The primary
motivation for considering explicit solvent molecules is pro-
gressively delineated such that the eventual discussion focus-
es on the newly proposed transition-state model for the Mi-
chael addition between proline enamines and B-nitrostyrene.

%ee = (4S,5R) (57)

syn-enamine

Me Me

were first located in the gas phase. These transition states
ticeable charge separation in
tion energetics, continuum sol-
S nol as the dielectric continuum
theory. The same series of cal-
anti (RR) ious weak interactions play a

Unassisted pathway: The transition states for the addition of
are labeled a-si, a-re, s-si, and s-re (Scheme 3). The opti-
mized geometries of the transition states for a representative
case (3-pentanone enamine) are
O\ the transition state is expected
COOH upon addition of the enamine
to nitrostyrene.” To obtain im-
vent effects are incorporated by
computing the single-point en-
ergies by using the polarizable
at the mPWIPW91/6-311G**
level (M1) on the gas-phase ge-
ometries obtained at the
culations are also performed by
using the B3LYP functional
(M2).
critical role in proline-catalyzed
aldol reactions toward provid-
ing the all important differen-

anti and syn enamines to the si and re faces of nitrostyrene
provided in Figure 1. The no-

N proved estimates of the reac-
continuum model with metha-

mPWI1PW91/6-31G* level of

It is well established that var-

tial stabilization between the
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Ny-Op  3.442 (3.465) N;-Oyy 3.073 (3.054)
C,-0, 3.750 (3.768) ® C,-0)y 2912 (2.899)
C3-Co 2003 (1.928) 2 ® C3-Cy  2.155 (2.099)
Og-Hyy 2,111 (2.074) ¢ Og-Hyp, 3.143 (3.097)
0y-H|, 1.609 (1.585) Oy¢-Hy; 1611 (1.606)
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teracting atoms within the
“atoms-in-molecule” frame-
work. In the most preferred
mode of addition, according to

C4-C3-C4-Cs 41.4 (40.9)

CirCyCyCs 564 (550))

the computed free energies of

N;-Oy  2.959 (2.982)
C,-0y  2.840 (2.813)
C3-Cq  2.106 (2.048) > C3-Cq 2.053 (2.003)

0,y-H,, 2.298 (2.351)
0,0-H;, 1.658 (1.644)
C4-C5-Ce-Cs 54.8 (55.2)

C) s-si

[0 @&~ @c @11}

Figure 1. The mPW1PW91/6-31G* optimized transition-state geometries of four stereochemical modes of ad-
dition for enamines (derived from proline and 2) to nitrostyrene. The values in parentheses refer to the geo-
metric parameters at the B3LYP/6-31G* level of theory. Only selected hydrogen atoms are shown for clarity.

Angles are given in degrees and distances in A.

most favored and other diastereomeric transition states.['”>34

These interactions include 1) the hydrogen bonding between
the developing alkoxide species with the hydrogen atom of
the carboxylic group and the methylene hydrogen atom ad-
jacent to the nitrogen atom of the pyrrolidine ring and
2) Coulombic interactions between the incipient iminium
and alkoxide moieties. The geometric distortion around the
iminium/enamine part of the transition state has also been
reported to influence to the activation barrier.'®! It has
also been noticed that the iminium moiety maintains a more
planar geometry for cases in which the predicted activation
barrier is low. The optimized geometries of the transition
states for the Michael addition of 2 to nitrostyrene, as
shown in compounds la-d, clearly indicate a number of
short interatomic contacts (Figure 1). For instance, the
O,,+-H;; distance exhibits a short hydrogen-bonding interac-
tion between the carboxylic acid proton and the developing
nitroxide ion. Stabilizing interactions of these kinds are fur-
ther examined by evaluating topological features, such as
electron density, at the bond critical points between the in-

Chem. Eur. J. 2008, 14, 1047210485

N,-O,, 2.898 (2.8%4)
C,-0yy 2712 (2.687)

0,4-H,, 2.689 (2.714)
Oyo-Hyy 1716 (1.697)
C4-C5-C4-Cs 51.0 (50.9)

d) s-re
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activation in the condensed
phase, an additional CH--x in-
teraction is identified (i.e., 1a,
Figure 1).5 Careful analysis of
the degree of stabilization of
the transition states achieved
through the above-mentioned
interactions  reveals  subtle
changes in the net interaction,
depending on the stereochemi-
cal mode of addition.?!

To examine the effect of
basis sets on computed geome-
tries of the transition states, the
four diastereomeric transition
states given in Figure 1 were re-
optimized at the mPWIPWI1
level of theory using different
basis sets (see the computation-
al details and Tables S1-S4 in
the Supporting Information for
more details). The changes in
the structural parameters are
very minimal; further, the reac-
tion coordinates are nearly the
same, though the inclusion of a
polarization function on the hy-
drogen atoms resulted in slight-
ly shorter hydrogen-bonding
contacts. A comprehensive
analysis of the transition-state
geometries obtained at the
mPWI1PWO1 level across differ-
ent basis sets is provided in the Supporting Information.

In the case of 3, the nature and type of interactions are
very similar to 2. The key geometric features of the transi-
tion states for the addition of 3 to nitrostyrene are provided
in Figure 2. In the a-re mode of addition, the developing ni-
troxide ion enjoys a relatively more effective hydrogen-
bonding network (Oy-H;, and O,yHy,).

The computed activation barriers for different substrates
in the gas and solvent phases are provided in Table 1. The
free energies of activation were lowered upon including the
bulk solvation effects relative to the gas phase, thus indicat-
ing that the transition states enjoy additional stabilization in
a polar continuum such as methanol.P” It is further noted
that the relative trends in the activation barriers exhibit
slight variations than that found by using the gas-phase bar-
riers for diastereoisomeric transition states. The diastereo-
and enantioselectivities were calculated using the relative
energies of four transition states (Figures 1 and 2) on the
basis of the absolute rate theory.'™# The diastereomeric
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N-Oy 3.421 (3.453)
C,-04 3.786 (3.789)
C3-Cy  2.012 (1.938)
04-Hy, 1.998 (1.989)
010-H|,1.602 (1.581)
C4-C5-C4-Cs 30.0 (30.0)

Ny-Oyo 3.061 (3.073)
C,-0,y 2.988 (2.979)
C5-Cq  2.144 (2.096)
Oy-Hyy 2.585 (2.450)
0,4-Hy, 1.590 (1.590)
C4-C3-Cy-Cs -52.3 (-50.4)

a) a-si b) a-re

N;-Oy 2.963 (2.987)
Cy-0y 2942 (2.916)
C3-Cy  2.079 (2.019)
0,y-H;» 2.234 (2.288)
09-Hy 1.655 (1.636)
C4-C3-C4-Cs 54.5(54.7)

N|-0) 2.920 (2.915)
Cy-0yy 2.897 (2.855)
C3-Cy  2.066 (2.009)
Oy9-H,, 2.508 (2.544)
0,9-H,| 1.684 (1.666)
C4-C3-C4-Cs 45.0 (45.2)

¢) s-si d) s-re
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Figure 2. The mPW1PW91/6-31G* optimized transition-state geometries
of four stereochemical modes of addition for enamines (derived from
proline and 3) to nitrostyrene. The values in parentheses refer to the geo-
metric parameters at the B3LYP/6-31G* level of theory. Only selected
hydrogen atoms are shown for clarity. Angles are given in degrees and
distances in A.

excess was computed by considering the difference between
the activation barriers of the most energetically favored
transition state and the transition state that leads to the cor-
responding diastereomeric product. Similarly, the relative
energies of transition states that lead to enantiomeric prod-
ucts were employed for the calculation of the enantiomeric
excess.

The enthalpy of activation in the gas phase indicates that
the syn enamine addition to the si face of nitrostyrene (i.e.,
s-si) is the most favored mode for 1-3. Whereas the syn dias-
tereoselectivities for 2 and 3 are in accordance with the ex-
perimental observations, the corresponding enantioselectivi-
ties are exactly the opposite. Examination of the relative en-
ergies of the transition states AE e phase CONVEYS that tran-
sition-state a-si (TS(a-si)) is in general the most favored
mode of addition. This transition state leads to anti diaster-
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eoselectivity and enantioselectivity toward the 45,5S stereo-
isomer, once again at variance with the experimental obser-
vation.””! Enders and Seki obtained diastereomeric and en-
antiomeric excess of 88% de (syn) and 76% ee (S,R), re-
spectively, for the proline-catalyzed Michael addition of 2 to
nitrostyrene under methanolic conditions.*) Further, the
stereoselectivities for the same reaction in solvents such as
DMSO, N,N-dimethylformamide (DMF), and MeCN are re-
ported to be not as good as that obtained in methanol.**
This observation carries additional significance in the con-
text of the present study, in which we attempt logical im-
provements to the transition-state models.

It is intriguing to note the lack of consensus between the
predicted and observed stereoselectivities. Literature prece-
dence indicates that the stereoselectivity calculated using
DFT in proline-mediated reactions generally concurs well
with experimental observations."™*! Further, the mutual
agreement between the results obtained at the B3LYP and
the mPW1PW91 DFT levels in the present study is very
good. In an attempt to examine how the trends hold at a
higher level of theory, the transition states for the addition
of propanal enamine to frans-nitropropene were identified
at the CBS-4M level. Further, single-point energy calcula-
tions for the unassisted pathway was performed by using the
B2PLYP/6-31G* level of theory (see the computational
methods for further details). These computations were car-
ried out using a model Michael acceptor. Interestingly, the
computed stereoselectivities are along similar lines as those
selectivities obtained by using the mPW1PW91 and B3LYP
levels of theory (see Table S9 in the Supporting Informa-
tion).

We became interested in probing various factors that
could influence the predicted selectivities. One of the rea-
sons behind such a discrepancy could possibly arise from an
inadequate transition-state model employed in calculating
the stereoselectivities.”” We envisaged that transition-state
stabilization by solvent molecules in the immediate neigh-
borhood could serve as an improvement to the model con-
sidered herein. Additionally, the relative energy order be-
tween the key transition states obtained in the gas and con-
densed phases did not remain the same. This disparity im-
plies differential stabilization of the developing charges be-
tween different transition states.*” To examine whether the
explicit inclusion of solvent molecule(s) could result in
meaningful changes in the reaction energetics, we decided
to re-examine the critical selectivity determining C—C bond-
formation step with the explicitly included solvent mole-
cule(s).

Solvent-assisted pathways: Although a variety of factors
could contribute to the lack of concurrence, as noticed in
the preceding sections, one of the leading hints at this junc-
ture came from reports on the critical role played by sol-
vents in Michael addition reactions involving nitrostyrene.”
In an effort to address the role of protic solvents, such as
methanol, on the reaction energetics and to investigate
whether the inclusion of explicit solvent molecules would

Chem. Eur. J. 2008, 14, 10472 -10485
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Table 1. The computed activation parameters'®! at the mPW1PW91 (M1) and B3LYP (M2) levels of theory for
the Michael reaction between proline enamines derived from 1-3 with nitrostyrene and the corresponding dia-
stereomeric and enantiomeric excess obtained by using the transition states in the unassisted pathway.

Mode of approach de [%] ee [%]"
a-si a-re s5-8i s-re
AH* (gas phase) [kcalmol ']
L M1 132 (2.7) 12,5 (2.0) 10.5 (0.0) 15.5 (4.0) syn (97) 4R5S (93)
M2 17.5 (3.0) 15.9 (1.4) 14.5 (0.0) 19.1 (4.6) syn (98) 4R5S (82)
) M1 10.8 (0.7) 12,6 (2.5) 10.1 (0.0) 127 (2.6) syn (53) 4R5S (97)
M2 14.9 (0.7) 157 (1.5) 14.2 (0.0) 17.0 (2.8) syn (53) 4R5S (85)
s M1 12.7 (0.6) 12,9 (0.8) 121 (0.0) 148 (2.7) syn (46) 4R )5S (59)
M2 17.1 (2.0) 16.1 (0.0) 16.3 (0.2) 19.1 (3.0) syn (93) 4S5R (16)
AG* (gas phase) [kcalmol ]!
L M1 29.8 (2.0) 280 (02) 27.8 (0.0) 311 (3.3) syn (93) 4R5S (17)
M2 343 (2.9) 31.4 (0.0) 31.8 (0.4) 348 (3.4) syn (98) 4S5R (32)
) M7 277 (0.0) 28.1 (0.4) 277 (0.0) 292 (1.4) nil 4R5S (32)
M2 31.9 (1.9) 313 (0.0) 31.8 (0.5) 335 (22) syn (82) 4S5R (39)
s M7 29.8 (1.8) 28.0 (0.0) 293 (1.3) 30.8 (2.8) syn (91) 4S5R (80)
M2 342 (2.8) 31.4 (0.0) 335 (2.1) 35.0 (3.6) syn (99) 4S5R (94)
AE* (solvent phase) [kcalmol™]'%!
L M1 11.0 (0.0) 117 (0.7) 11.6 (0.6) 13.4 (2.4) anti (46) 4555 (96)
M2 14.2 (0.0) 14.2 (0.0) 14.8 (0.6) 16.1 (1.9) nil 4555 (92)
) M7 9.2 (0.0) 10.4 (12) 12,0 (2.8) 114 22) anti (77) 4555 (95)
M2 10.1 (0.0) 11.9 (1.8) 14.9 (4.8) 14.5 (4.4) anti (65) 4555 (99)
s M7 10.8 (0.0) 12,0 (12) 13.7 (2.9) 13.7 (2.9) anti (77) 4555 (99)
M2 12.9 (0.0) 14.4 (15) 167 (3.8) 167 (3.8) anti (85) 4555 (99)

[a] The activation barriers are with respect to the isolated reactants; the values in parentheses indicate relative
barriers with respect to the lowest-energy transition states. [b] See Scheme 2 for numbering of the stereocen-
ters. [c] The activation parameters were obtained at the mPWI1PW91/6-311G**//mPW1PW91/6-31G* and
B3LYP/6-311G**//B3LYP/6-31G* levels of theory. [d] The activation parameters obtained at the PCM om)/
mPWIPW91/6-311G**//mPW1PW91/6-31G* and PCMyon/B3LYP/6-311G**//B3LYP/6-31G* levels of
theory.
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solvent interactions with a
given number of surrounding
solvent molecules.

First, an elaborate examina-
tion of various modes of inter-
action of methanol molecule(s)
with the selectivity determining
transition state was carried out
on a representative system. The
Michael reaction between 3-
pentanone enamine and nitro-
styrene was chosen for this pur-
pose. All four diastereomeric
transition states were identified
to estimate the energetic prefer-
ence toward possible diastereo-
meric and enantiomeric prod-
ucts. The optimized transition-
state geometries for the metha-
nol-assisted pathways, through
the L, and C, modes, are pro-
vided in Figure 3. This ap-
proach helped us identify the
coordination modes that best
agree with the experimental
product stereoselectivities. A
logical extension of these possi-
bilities is also studied with the
inclusion of three explicit meth-
anol molecules. The inclusion
of a larger number of solvent

lead to any changes in the predicted selectivities, a detailed
study on the methanol-assisted Michael addition reaction
was undertaken.

We recently demonstrated that the inclusion of explicit
co-catalysts (or solvents) in transition-state models could
bring about dramatic changes in the preferred reaction path-
ways in the enamine formation between dimethylamine and
propanal.!! Because the addition step in the present situa-
tion involves noticeable charge separation, solvent mole-
cules (methanol) in the immediate vicinity of the reaction
site can offer effective stabilization of the transition
states.’” Transition-state stabilization through specific
solute-solvent interactions is, therefore, considered
herein.”l Two major modes of stabilization were examined,
in which the methanol molecule(s) is 1) either coordinated
through local hydrogen bonding with the nitro group, repre-
sented as L, hereafter for the convenience of discussion
where n represents number of methanol molecules partici-
pating in transition-state stabilization, or 2) participates in a
cyclic cooperative hydrogen-bonding network, represented
as C,, between the acidic proton of the carboxylic acid and
the oxygen atoms of the nitro group. Alternatively, a mixed
mode in which one methanol molecule maintains a mono-
functional coordination whereas another molecule partici-
pates in a cooperative interaction was also considered. Such
models denoted as L,C, can help to maximize the solute—

Chem. Eur. J. 2008, 14, 1047210485

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

molecules should obviously have to bear higher entropic
costs and hence we have not considered systems beyond
three methanol molecules.

In the L, mode of stabilization, the methanol molecule(s)
participates in a monofunctional interaction with the devel-
oping nitroxide ion. This situation is comparable to the un-
assisted pathway, as the hydrogen bonding between the NO,
and —COOH groups remains nearly the same. As expected,
no major distortion to the transition-state geometry, particu-
larly the reaction coordinate is noticed. In the C, mode, a
cooperative hydrogen-bonding network between the devel-
oping nitroxide moiety of nitrostyrene and the carboxylic
acid group of proline facilitated by methanol molecule(s)
was considered. A detailed examination of different possible
transition states in the solvent-assisted model was consid-
ered for the reaction between 3-pentanone enamine and ni-
trostyrene. The insight obtained from this approach has sub-
sequently been extended to other enamines (i.e., 1 and 3).
The protocol is guided by targeting progressively closer ste-
reoselectivity ratios as compared to the experimental values
available for 3-pentanone and cyclohexanone.

The computed activation barriers obtained with the sol-
vent-assisted transition-state models through both the L,
and C, modes are summarized in Table 2. The stabilization
offered by the explicitly included methanol molecules is evi-
dently effective in decreasing the activation barriers relative
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Figure 3. The mPW1PW91/6-31G* optimized transition-state geometries of the a-re mode of addition of a pro-
line enamine derived from 2 to nitrostyrene assisted by methanol. The different modes of transition-state sta-
bilizations are depicted as L and C, respectively, for local hydrogen bonding with the nitroxide group and co-
operative hydrogen bonding between the carboxylic acid and the nitroxide groups. Only selected hydrogen

atoms are shown for clarity.

to the unassisted pathway. The efficiency of all modes of sol-
vent participation, such as L,, C,, and L,C,, depend on the
number of hydrogen-bonding interactions at the transition
state. The changes in the relative energies between competi-
tive diastereomeric transition states are of a much higher
significance in the present context. The relative activation
barriers between the diasteromeric transition states in both
the L, and L, modes exhibited only minor variation relative
to the unassisted pathway. For example, the addition of 3-
pentanone to nitrostyrene exhibits a preference toward the
a-si mode of addition in both the L, and L, modes of stabili-
zation, similar to the unassisted pathway. This prediction im-
plies a product stereochemistry towards the anti diastereom-
er with a preference for the S,§ enantiomer. Because there
are no significant changes to the transition-state geometries
and the stabilizing weak interactions relative to the unassist-
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ed pathway, the predicted ste-
reoselectivity is expected to
show similar trends.

In the case of the C, model, a
preference for the a-re mode of
addition is noticed (Table 2).
This preference leads to syn
diastereoselectivity with a pre-
dicted diastereoisomeric excess
of 52% at the PCMgyom/
mPWI1PW91/6-311G**//
mPWI1PW91/6-31G* level of
theory. Although the predicted
diasteroselectivity is in agree-
ment with the experimental ob-
servation, the enantomeric
excess is evidently overestimat-
ed (the experimental value is
76 % ee as opposed to the pre-
dicted value of 99% ee). The
inclusion of additional metha-
nol molecules through the L,C,
and L,C, models was then con-
sidered. In both these modes,
the transition states enjoy fur-
ther stabilization, but the
changes in the predicted stereo-
selectivities are very marginal
in comparison with that ob-
tained through the C, model.
Hence, at this stage, we started
wondering whether further re-
finement in the predicted selec-
tivity was possible by including
both methanol molecules in co-
operative interaction, as in the
C, model. Interestingly, this at-
tempt was indeed fruitful in ob-
taining improved estimates of
the computed selectivity. The
predicted diastereoisomeric and
enantomeric excess were much closer to the experimental
values.[*#1

The inclusion of additional solvent molecules through
mono-coordination modes, such the L,C, and L,C, modes,
were not quite effective in improving the predicted enantio-
selectivities.” After having established a reliable model for
the solvent-assisted pathway with explicitly included metha-
nol molecules, we turned our attention to the selectivity
issues of the C—C bond-forming step for other substrates
(i.e., 1 and 3). In the case of propanal and cyclohexanone,
only the C, mode of transition-state stabilization was consid-
ered in the assisted pathway.

Similar to pentanone (2), syn diastereoselectivity was pre-
dicted for propanal (1) and cyclohexanone (3) by using the
C, model in the solvent-assisted pathway (Table 3). The
computed values of the diastreo- and enantioselectivities
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Table 2. The activation energies® at the mPW1PW91 (M1) and B3LYP (M2) levels of theory for the Michael
reaction between proline enamines derived from 2 with nitrostyrene and the corresponding diastereomeric
and enantiomeric excess obtained by using different methanol-assisted transition-state models.

Model® Mode of approach de [%)] ee [%]
a-si a-re s-5i s-re
AE? (solvent phase) [kcal mol™']™

UA MI 9.2 (0.0) 10.4 (1.2) 12.0 (2.8) 11.4 (2.2) anti (77) 48,55 (95)
M2 10.1(0.0) 11.9 (1.8) 14.9 (4.8) 14.5 (4.2) anti (65) 48,55 (99)
L MI 4.3 (0.0) 7.3 (3.0) 8.3 (4.0) 6.8 (2.5) anti (97) 48,55 (98)
! M2 6.3 (0.0) 9.0 (2.7) 10.3 (4.0) 8.8 (2.5) anti (97) 48,55 (99)
L MI 2.8 (0.0) 4.4 (12) 5.7 (2.5) 32 (0.4) anti (77) 48,58 (32)
2 M2 3.2 (0.0) 4.9 (1.7) 9.1 (5.9) 43 (1.1) anti (83) 48,55 (73)
c MI 1.1 (0.7) 0.4 (0.0) 4.4 (4.0) 4.8 (4.4) syn (52) 48,5R (99)
! M2 3.0 (0.8) 2.2 (0.0) 6.4 (6.0) 7.1 (6.3) syn (58) 48,5R (99)
L MI 1.6 (1.4) —3.0 (0.0) 0.7 3.7) 0.7 3.7) syn (83) 48,5R (99)
1 M2 —1.0 (0.0) —1.0 (0.0) 12 (22) 2.1 (3.1) nil 4S,5R (95)
L MI -3.9 (1.0) —4.9 (0.0) —2.4 (2.5) -2.8(2.1) syn (67) 48,5R (97)
21 M2 —42(0.9) —5.1 (0.0) —2.8(2.3) —22(2.7) syn (64) 4S,5R (96)
c MI 2.6 (1.6) —4.2 (0.0) —2.4(1.8) -2.9(1.3) syn (80) 48,5R (90)
2 M2 —-1.7 (0.9) 2.6 (0.0) 0.8 (1.8) —-1.1 (1.5) syn (64) 48,5R (90)
L Mi -6.8 (0.9) —17.7 (0.0) —6.1 (1.6) —-6.0 (1.7) syn (64) 48,5R (87)
2 M2 —6.0 (0.6) —6.6 (0.0) —45(2.1) —4.9 (1.7) syn (47) 4S,5R (94)
L MI 9.5 (0.0) -8.6 (0.9) ~17.9 (1.6) 7.9 (1.6) anti (64) 48,55 (87)
22 M2 —9.7 (0.0) —9.0 (0.7) —83(1.4) —8.0 (1.7) anti (53) 45,55 (88)

[a] The activation barriers are with respect to isolated reactants; the values in parentheses indicate relative
barriers with respect to the lowest-energy transition states. [b] The activation parameters were obtained at the
PCM ieony/mPWI1PW91/6-311G**//mPW1PW91/6-31G* and PCM you/B3LYP/6-311G**//B3LYP/6-31G*
levels of theory. [c] See Scheme 2 for numbering of the stereocenters. [d] UA =unassisted pathway.

Table 3. The computed activation parameters'®! at the mPW1PW91 (M1) and B3LYP (M2) levels of theory for
the Michael reaction between proline enamines derived from 1-3 with nitrostyrene along with the correspond-
ing diastereomeric and enantiomeric excess obtained by using the transition-state model C, in the solvent-as-
sisted pathway.

Mode of approach de [%)] ee [%]®
a-si a-re -0 s-re
AH* (gas phase) [kcal mol ']
. ML -10508)  -84(39) ~123(00)  —105(1.8)  syn(89) 4RSS (99)
M2 —76(26) 5.4 (4.9) ~103(0.0)  —86(L7) syn (89)  4R.5S (99)
, ML -Ils(3)  -12(6)  -128(00) 12701 il 4R )5S (39)
M2 —86(15) ~80(2.1) ~101(0.0) -89 (12) sy (77) 4R5S (94)
;ML 830 ~6.5 (3.9) ~104(0.0)  —9.3 (L) syn (59) 4R35 (99)
M2 —46(30) ~3.6 (4.0) ~7.6 (0.0) ~65(12) syn (76) 4R35 (99)
AG* (gas phase) [kcalmol ]!
L, ML 259(10) 271 (22) 24.9 (0.0) 252 (0.3) syn (24) 4RSS (97)
M2 293 (18) 300 (2.5) 275 (0.0) 275 (0.0) nil 4R )5S (97)
, ML 253008) 24.5 (0.0) 25.0 (0.5) 245 (0.0) nil 4S5R (40)
M2 286 (L0) 276 (0.0) 28.0 (0.4) 27.6 (0.0) nil 4S5R (32)
, ML 28809 292 (2.9) 267 (0.4) 263 (0.0) anti (32)  4RSR (97)
M2 325(28) 320 (2.3) 29.7 (0.0) 297 (0.0) nil 4R5R (98)
AE? (solvent phase) [kcalmol ']
L, ML -15(16) ~1.0 2.1) ~3.1 (0.0) ~23(08) syn (39) 4RSS (94)
M2 —1.0(05) 0.8 (1.7) ~1.5(0.0) ~0.7 (0.8) syn (40) 4RSS (89)
, ML -26(16) —42 (0.0) —24(18) 29 (13) syn (80)  4S.5R (90)
M2 —17(09) ~26 (0.0) ~08(1.8) ~11(15) syn (64)  4S.5R (90)
s ML 05(19) ~1.0 (0.0) ~02(0.8) 0.4 (1.4) syn (82)  4S5R (59)
M2 24(15) 0.9 (0.0) 15 (0.6) 1.9 (1.0) syn (68)  4S.5R (46)

[a] The activation barriers are with respect to isolated reactants; the values in parentheses indicate relative
barriers with respect to the lowest-energy transition states. [b] See Scheme 2 for numbering of the stereocen-
ters. [c] The activation parameters were obtained at the mPWI1PW91/6-311G**//mPW1PW91/6-31G* and
B3LYP/6-311G**//B3LYP/6-31G* levels of theory. [d] The activation parameters obtained at the PCM ycom)/
mPWIPW91/6-311G**//mPW1PW91/6-31G* and PCM weony/B3LYP/6-311G**//B3LYP/6-31G* levels of
theory.
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were in reasonable agreement
with the experimental results
for 3. In the case of propanal,
correct syn selectivity was pre-
dicted by using the solvent-as-
sisted pathway.”” One of the
key features that emerges from
the present study pertains to
the importance of including ex-
plicit solvent molecules in tran-
sition-state studies in which the
simple and direct models fail to
reproduce the experimental ste-
reoselectivities. Therefore, it is
of particular interest at this
juncture to establish the contri-
buting factors that are responsi-
ble for the reversal of the selec-
tivities upon considering sol-
vent molecules in close proxim-
ity to the reaction site. In the
continuum treatment of solva-
tion effects, the specific interac-
tions between the solute and
solvent are not considered. Dis-
cussion on such interactions ob-
served in the solvent-assisted
pathways forms the premise for
the next section.

A comparative analysis of
the geometries of the transition
states in the C, model with
those of the unassisted pathway
for 2 and 3 reveals that the key
change is in the C,-C;-C¢-Cs di-
hedral angle w around the de-
veloping C—C bond. The value
of w also refers to the eclipsing
interaction between the phenyl
and methyl groups, respectively,
on nitrostyrene and the imini-
um ion around the incipient C—
C bond (Figure 4). The maxi-
mum change in geometries is
noticed for transition states that
involve the anti enamine (a-re
and a-si). For instance, the
eclipsing interaction for the a-re
mode of addition is w=58.6°
whereas the corresponding di-
hedral angle in the unassisted
pathway is w =—56.4°. Changes
in the geometry of the transi-
tion states that involve the anti
enamine can, therefore, modify
the weak interactions that are
critical to the differential stabi-
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N,-O, 3.794 (3.821)
Cr-0p 3.910 (3.931)
C3-Cg  2.055 (1.963)
Og-Hyg 2.653 (2.644)
0,0-Hy; 1703 (1.697)
0,,-H,; 1.704 (1.720)
0y4-Hys 1661 (1.664)
C4-C3-C4-Cs 55.5(56.3)

C5-Ce

N;-Oy
Cy-O9
C3-Cq
Og-Hys 3.036 (3.067)
O-H,, 1.693 (1.696)
Oyp-Hy; 1692 (1.707)
0,4-Hys 1.662 (1.668)
C4-C3-Ce-Cs 56.1 (56.4

C3-Co

¢) s-si

(@0 @&~ @c @H]

Figure 4. The mPW1PW91/6-31G* optimized transition-state geometries of four stereochemical modes of ad-
dition of enamines derived from proline and 2 to nitrostyrene assisted by two methanol molecules in the C,
model. The values in parentheses refer to the optimized geometric parameters at the B3LYP/6-31G* level of
theory. Only selected hydrogen atoms are shown for clarity. Angles are given in degrees and distances in A.

lization between stereochemically distinct pathways.[* In
the a-re transition state, an interesting CH---mt stabilization
between the phenyl group of nitrostyrene and the alkyl
group of the enamine/iminium ion was noticed (i.e., 4b,
Figure 4).7) Another stabilizing hydrogen-bonding interac-
tion was noticed between the developing nitroxide ion and
the skeletal hydrogen atom from the pyrrolidine ring (meth-
ylene group; Oyy-Hjs). It is noteworthy that these stabiliz-
ing interactions in similar modes of addition are less effec-
tive in the unassisted pathway. In the case of syn enamine
transition states, the distortions in the solvent-assisted path-
way relative to the unassisted pathway are relatively small.

The optimized geometries of the transition states for dif-
ferent modes of addition in the case of cyclohexanone (3)
exhibited similar structural features to the pentanone system
(Figure 5). However, the syn enamine additions through the
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N;-O;, 3.804 (3.800)
C,-0,9 3.906 (3.911)
2.024 (1.936)
019-Hyg 2.424 (2.384)
0y-H,y 1.669 (1.663)
0,,-H,3 1.661 (1.671)
0,4-H ;5 1.660 (1.668)
C4-C3-C4-Cs 58.6 (58.1

N1-Oyo 3.116 (3.104)
C,-0,0 2.829 (2.798)
2.121 (2.057)
0,9-Hjg 3.111 (3.117)
O,0-H,; 1.680 (1.678)
0,,-H; 1.694 (1.710)
0,4-H5 1.673 (1.687)
C4-C3-C4-Cs 58.0 (57.2)
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s-si and s-re modes are more fa-
vored than the anti enamine ad-
ditions, namely, a-si and a-re.
Improved hydrogen-bonding in-
teractions in these transition
structures could be responsible
for the changes in the preferred
stereochemical mode of addi-
tion in 3. The interaction be-
tween one of the oxygen atoms
of the -NO, group and the pyr-
rolidine  methylene  group
(O19Hyg; See 5¢ and 5d in
Figure 5) in the s-si and s-re
transition states for the cyclo-
hexanone addition is better
(2.7-29 A) than the corre-
sponding interaction in penta-
none system (~3.1 A). The cu-
mulative effect of such stabili-
zation interactions as discussed
presumably results in a low ac-
tivation barrier for the s-re
mode of addition in the gas
phase (AG™). Although the free
energies of activation for 2 and
3 in the gas phase show prefer-
ence for the s-re mode of addi-
tion, the difference in the acti-
vation barriers for the s-re and
s-si modes of addition is only
marginal.

At this juncture, a compari-
son between the proline-cata-
lyzed Michael addition and
aldol reaction will be of inter-
est. The gas-phase calculations
that used the DFT studies were
generally successful at predict-
ing the correct stereoselectivity
in the aldol reactions.'™ It has
been reported that energetically favored transition states for
aldol reactions enjoy stabilization through hydrogen-bond-
ing networks and Coulombic interactions. The gas-phase cal-
culations on the Michael reaction, on the other hand, fail to
reproduce the experimental stereoselectivities with the
range of substrates considered herein. The major difference
between these two reactions is the nature of electrophiles,
which indeed changes the polarity of the transition state and
can lead to differences in kinetic features such as rate and
stereoselectivities. In the case of the transition states in the
Michael addition, the stabilizing hydrogen-bonding interac-
tions are not as significant as in the aldol reaction.*! In
other words, the extent of intramolecular stabilizations is
relatively lower for the transition states in the Michael addi-
tion relative to the corresponding proline-catalyzed aldol re-
actions. Hence, solvents with hydrogen-bonding abilities,

d) s-re
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N;-Oy 3.810 (3.853)
C,-05 3.917 (3.945)

Oyg-Hy6 2.521 (2.530)
Oyg-Hy 1.699 (1.692)
Oyp-Hy3 1712 (1.731)
Oy4-H)s 1.660 (1.663)
C;4-C3-Co-Cs 56.6 (58.0)

a) a-si

N,-Og  3.056 (3.089)
C,-0y 2.984 (2.957)
C3-Cs  2.100(2.042)
Og-H, 2.776 (2.814)
0,0-H) | 1.699 (1.696)
0,,-H,; 1.700 (1.708)
O,4-H;s5 1.670 (1.674)
C4-C3-Ce-Cs 55.0 (54.8)

C5-C

c) s-st
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Figure 5. The mPW1PW91/6-31G* optimized transition-state geometries for four stereochemical modes of
methanol-assisted addition between the enamine (derived from proline) and 3 to nitrostyrene in the C, model.
The values in parentheses refer to the optimized bond lengths at the B3LYP/6-31G* level of theory. Only se-
lected hydrogen atoms are shown for clarity. Angles are given in degrees and distances in A.

such as methanol, could play a vital role in stabilizing the
transition states of the Michael addition. An important con-
jecture is that the higher sensitivity of Michael addition re-
actions to polar protic solvents could arise from the transi-
tion-state stabilization by the solvent molecules as discussed
in the previous sections. The factors that could stabilize ste-
reochemically relevant transition states suggest that the spe-
cific solute—solvent interactions could be quite critical in the
Michael addition. Although the effect of specific hydrogen-
bonding interactions of methanol molecules in the transition
state is important, it is also necessary to examine the elec-
trostatic effects of the bulk solvent to reliably describe the
solvent effect on the energetics of the Michael addition.™”
The inclusion of a continuum solvent leads to the addi-
tional stabilization of transition states with minor changes in
the relative activation barriers. The change in the order of

Chem. Eur. J. 2008, 14, 1047210485

N,-O;, 3.813 (3.822)
’ C,-0y9 3.900 (3.905)

Cy-Cq 2,001 (1.907) ConCy 1,965 (1.867)
» : 0,0-H g 2.427 (2.418)

0y9-Hy; 1.653 (1.643)
0),-Hy3 1.655 (1.661)
0)4-Hys 1655 (1.661)
C4-C3-C-Cs 58.1 (58.3)

N;-Oyp 3.079 (3.090)
Cy-0y 2.959 (2.918)

2.142 (2.073)
O,0-H, 2.872 (2.915)
O,0-H;, 1.698 (1.689)
0,-H,; 1.684 (1.700)
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C4-C3-C¢-Cs 52.1(52.3)
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relative barriers between the
four modes of addition presum-
ably arises from differential
electrostatic  stabilization of-
fered by the continuum solva-
tion layer. A comparison of the
free energies of solvation for
various transition states clearly
indicates a preference for the
a-re mode of addition for 2 and
3.5 The enantiomeric excess
predicted by the PCMyomy
mPWI1PWOI1/6-311G**//
mPWI1PW91/6-31G* level were
90 and 59 % ee for 2 and 3, re-
spectively. The diastereomeric
excess (about 80% de) predict-
ed at the same level of theory
for both substrates 2 and 3 was
also in close agreement with
the observed values (see
Scheme 2 for the experimental
selectivities). The stereoselec-
tivities computed at the
PCM yeomy/B3LYP/6-311G**//
B3LYP/6-31G*  level also
showed reasonable agreement
with the experimental values,
although not as impressive as
the values obtained at the
PCM yjeomy/mPWI1PWI1/6—
311G**//mPW1PW91/6-31G*
level of theory.

Transition-state modeling
that uses explicit solute—solvent
interactions to achieve better
estimates of reactivity has been
used in several recent studies.’!
Herein, we have established the
importance of including explicit
solvent molecules along with
the bulk solvation effects to gain better insight into the se-
lectivity of a proline-catalyzed Michael reaction.”! The
good agreement between the predicted selectivities from
solvent-assisted models with the experimentally observed se-
lectivities supports the proposal that transition-state stabili-
zation through explicit solvent molecules is critical toward
improving the right model, in which the direct models are
not completely adequate.

Conclusion

We have presented our findings from a detailed investiga-
tion on the origins of stereoselectivity in an interesting class
of proline-catalyzed Michael reaction by using DFT meth-
ods. The commonly used transition-state models in the unas-
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sisted pathway (without the inclusion of explicit solvent
molecule(s)) failed to reproduce the experimentally ob-
served enantio- and diastereoselectivities in the proline-cata-
lyzed Michael addition of 3-pentanone or cyclohexanone
with nitrostyrene. The role of polar protic solvents, such as
methanol, was found to be more prominent in improving
the selectivity of the Michael reaction. Hence, to address
the solvent effect at the atomistic level, transition states
were remodeled with the inclusion of explicit solvent mole-
cules. The two different modes of transition-state stabiliza-
tion involving localized hydrogen bonding (L,) and coopera-
tive hydrogen bonding (C,) were examined. Experimentally
observed syn diastereoselectivity was successfully predicted
by using the transition-state model with two explicit metha-
nol molecules in the C, mode of stabilization. The prediction
was good for widely employed substrates, such as 3-penta-
none and cyclohexanone, in an organocatalyzed Michael ad-
dition. Careful analysis of intramolecular stabilizing factors,
such as Coulombic and hydrogen-bonding interactions, in
the transition states was effective in rationalizing the rela-
tive trends in the activation barriers between stereochemi-
cally different additions of prochiral proline enamines and
nitrostyrene. It was found that the participation of explicit
methanol molecules at the transition state influences the
preferred approach between the enamine and electrophile
(nitrostyrene) and can, therefore, modify the pattern of
weak interactions. The inclusion of explicit methanol mole-
cules not only helps to stabilize the transition states but also
changes the order of preference between four diastereo-
meric transition states as a result of differential solvation of
transition-state structures. In summary, our theoretical stud-
ies on the Michael reaction underscore the importance of in-
cluding explicit and bulk solvation effects in the selectivity-
determining transition states toward understanding the ste-
reochemical course of asymmetric reactions.

Computational Methods

All stationary points, such as transition states and minima, were fully op-
timized in the gas phase at the mPWI1PW91/6-31G* and the B3LYP/6—
31G* levels of theory™ by using the Gaussian03 suite of quantum-chemi-
cal programs.”® To evaluate the basis-set effects on the geometries of dia-
stereomeric transition states, additional geometry optimizations using
more flexible basis sets were carried out for the unassisted and C,
models, including 6-31G**, 6-31+ G*, and 6-31+ G** basis sets. Though
the use of B3LYP has recently been questioned for its ability to repre-
sent hydrogen-bonding interactions®™ the majority of organic chemistry
problems in which the relative activation energies are of prime impor-
tance continue to employ the B3LYP functional. Herein, we have also
used the mPW1PWO1 level of theory along with B3LYP. The choice of
modified Perdew—Wang functional for the present investigation was
based on the available reports that the mPWI1PW91 is good in accounting
for likely long-range and hydrogen-bonding interactions.” For selected
examples, we have compared the results obtained from using these func-
tionals with results from the mPWI1K and higher-order composite ab
initio methods, such as CBS-4M.

The higher-level calculations were found to be computationally very ex-
pensive for relatively larger systems, as in the present study. To examine
the general performance of the theoretical methodologies employed
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herein, a model system was designed by replacing the phenyl group of ni-
trostyrene with a methyl group. This model system was employed as the
Michael acceptor for higher-level calculations in the unassisted pathway.
A composite method, such as CBS-4M, is known for improved accura-
cy.”®) Recent improvements to standard DFT functionals, as proposed by
Grimme, incorporate perturbative second-order correlation in a general-
ized gradient approximation consisting of the Becke exchange; Lee,
Yang, and Parr correlation; and Hatree—Fock mixing.[m The method
termed as B2-PLYP was used in conjunction with the 6-31G* basis set
for evaluating the single-point energies on the mPW1PW91/6-31G* geo-
metries. The single-point energies were also evaluated at the following
levels: 1) mPW1PW91/6-311G**//6-31G*, 2) mPWI1PW91/6-311+ G**//
6-31G*, 3) B3LYP/6-311G**//6-31G*, and 4)B3LYP/6-311+G**//6—
31G*. A comparison of single-point energies is provided in Table S9 in
the Supporting Information.

The Michael addition of a ketone or an aldehyde to nitrostyrene is ex-
pected to involve polarized transition states and hence it is necessary to
consider the solvent effect on the reaction. Earlier reports suggest that
the reaction rate and product selectivity for this reaction can be im-
proved by using polar protic solvents, such as methanol/isopropanol.”!
The charge stabilization through hydrogen-bonding interactions with ex-
plicitly included methanol molecules were studied by identifying the
methanol-bound transition states for the nucleophilic addition of enam-
ines derived from ketone/aldehyde to nitrostyrene in the gas phase. The
transition-state geometries for the methanol-bound transition structures
were arrived at by considering several intuitive initial guess geometries.
This approach will enable the inclusion of specific solute-solvent interac-
tions along with bulk solvation effects. The free energies of solvation are
more sensitive to the structure and the electron-density distribution. An
appropriate theoretical model in conjunction with a quality basis sets
should, therefore, be good enough to obtain reasonably accurate esti-
mates of relative solvation energies. Thus, the treatment of both the con-
tinuum effects of bulk solvent through an implicit model and the solute—
solvent interactions through the explicit consideration of such interac-
tions was included in the present study.

Such an approach in which the explicit solvents are considered together
with the implicit model is known as a “cluster-continuum” model. This
approach has been in use for quite sometime.””! One of the major practi-
cal issues with this approach is the general difficulty associated with iden-
tifying the desired reaction coordinate. Several trial runs are normally re-
quired when a new reaction pathway is investigated. These stationary
points thus obtained were subsequently subjected to single-point energy
calculations by using PCM yeon/mPW1PW91/6-311G** and PCM eom)/
B3LYP/6-311G** methods that use the Tomasi polarized continuum
model (PCM) with the united atoms Kohn-Sham (UAKS) radii.”® The
inclusion of diffuse functions in the basis sets were avoided for the PCM
single-point energy calculations because this approach could lead to elec-
tron-density tails to go beyond the solute cavities generated by the mo-
lecularly shaped interlocking spheres. It has also been reported that the
use of more extended basis sets often make the results obtained by using
continuum models worse.’”) However, to examine the basis-set effect on
the trends in the computed activation barriers single-point energies were
determined for four diastereomeric transition states in the unassisted and
C, models at the mPWI1PWO1 level of theory using the standard basis
sets 6-31G*, 6-31+G*, 6-31G**, 6-31+G**, 6-311G**, and 6-311+
G** and a non-pople basis set, such as cc-pVDZ. These results are tabu-
lated in Tables S10-S15 in the Supporting Information.

The optimized geometries were characterized as stationary points on the
potential-energy surface at respective levels of theory by evaluating the
vibrational frequencies. The transition states were characterized by only
one imaginary frequency. These frequencies were identified as represent-
ing the correct reaction coordinate. The intrinsic reaction coordinate
(IRC) calculations were carried out at the mPWI1PW91/6-31G* level of
theory to further authenticate the transition states.*) The minimum-
energy trajectories are plotted for all the transition states. These plots are
provided in Figures S15-S27 in the Supporting Information. Further, we
carried out 10 % displacement on the transition-state geometry along the
direction of the imaginary vibrational frequency and subsequently reopti-

Chem. Eur. J. 2008, 14, 10472 -10485


www.chemeurj.org

Mechanistic Insight into Proline-Catalyzed Michael Reactions

mized the perturbed structure by using the “calcfc” option available in
the program. This method was to ensure whether the transition state is
genuine and connects to the desired reactants and product. The zero-
point vibrational energy corrections (ZPVE) and thermal corrections
were applied to the “bottom-of-the-well” values to obtain values for the
enthalpy Hygx and Gibbs free energy G, values in the gas phase. In
the case of the B3LYP/6-31G* level, a scaled ZPVE (0.9806)Y was used
for estimating enthalpies and free energies. In the condensed phase, the
G gonation Value obtained using the PCM method (represented as E in the
text) is used, which comprises the electronic energy of the polarized
solute and electrostatic solute-solvent interaction.*!

The Wienhold natural bond orbital (NBO) analysis was performed by
using NBO3.1 program to compute the natural charges.® Topological
analysis of the electron densities using the atoms-in-molecule (AIM) ap-
proach developed by Bader!®! was carried out by using AIM2000 soft-
ware.) Both NBO and AIM analyses were performed at the
mPWI1PWI1/6-311G**//mPW1PW91/6-31G* level of theory. Most of
these data obtained by using the wave functions of important stationary
points are employed to support the major points discussed in the text.
Further details regarding the NBO and AIM analyses can be found in
the Supporting Information.*-"]
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C—C bond-formation step, out of which only four diastereomeric
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—COOH group of the enamine. Besides these transition states,
other possible transition states involving the attack of a Z enamine
on the electrophile also exists; however, the E enamine is more
stable than the Z form by about 4-5 kcalmol™' (both in the gas and
solvent phases) at the mPWI1PW91/6-31G* level of theory; hence,
E enamines were considered for further investigation.

Transition states that lack the stabilizing hydrogen-bonding interac-
tions with the carboxylic acid group are 2-5kcalmol™ higher in
energy than those depicted in Scheme 3; see Table S22 in the Sup-
porting Information.

The charges obtained using the natural population analysis at the
mPWI1PW91/6-311G**//mPW1PW91/6-31G* level of theory re-
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developing nitroxide ion; see Figures S3-S5 in the Supporting Infor-
mation.
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See Figure S10 in the Supporting Information for details of the AIM
data.

In the case of TS(a-re), a better interaction between the developing
nitroxide ion and the —COOH group is noticed relative to TS(s-si);
a less effective stabilization between the developing nitroxide ion
and the methylene hydrogen atom from the pyrrolidine (Oyy+H,) is
noticed in TS(s-si). Other modes of addition possess a relatively
higher barrier as they lack of one of these stabilizing interactions in
the transition states; for instance, TS(a-si) exhibits a less effective
Coulombic interaction (between the nitroxide ion and iminium
moiety), whereas TS(s-re) has a longer hydrogen bond than the
lower-energy transition states.

Direct evidence of the proline-catalyzed addition of propanal to ni-
trostyrene is not available; hence, product stereochemistry is as-
sumed based on the same reaction performed with proline ana-
logues. The addition of aldehydes (3-methylbutanal and pentanal) to
nitrostyrene yield a syn (R,S)configuration, unlike the ketone,
which results in a syn (S,R) stereochemistry; see refs. [15,16].
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a) For details on commonly employed transition-state models for
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B3LYP and mPWI1PW91 levels are two of the most widely em-
ployed functionals in the study of stereoselective reactions; for ex-
ample, see ref. [38].

a) Four diastereomeric transition states exhibit different solute—sol-
vent interactions when computed with the polarizable continuum
model; see Table S18 in the Supporting Information; b) for a simi-
lar approach to the evaluation of solute-solvent interaction energies,
see: A. G. Martinez, E. T. Vilar, J. O. Barcina, S. de la Moya Cerero,
J. Org. Chem. 2005, 70, 10238.

M. P. Patil, R. B. Sunoj, J. Org. Chem. 2007, 72, 8202.

The choice of position and orientation of the methanol molecules in
these transition states are primarily intuitive; there could be several
alternative arrangements of the solvent molecules that can stabilize
the developing charges on the nitroxide group. Our approach was to
place the solvent molecules so that stronger hydrogen-bonding inter-
actions, such as with the proton from the carboxylic acid group and
the nitroxide group, are well maintained in these models.

The effect of basis sets on the computed trends in relative activation
barriers were examined at the PCM eimanoy/MPWIPWOL level of
theory by using a range of Pople and non-Pople type basis sets, such
as 6-31G*, 6-31+G*, 6-31G**, 6-314+G**, and cc-pVDZ; the
trends in barriers for four diastereomeric transition states in the sol-
vent phase continue to hold well. Although the final conclusion re-
garding the unassisted and C, models did not change with the basis
set, the selectivities (de and ee) were different with respect to differ-
ences in the basis sets (see Tables S10 and S15 in the Supporting In-
formation). It was also noticed that the inclusion of diffuse functions
on heavy atoms in the solvent-phase single-point calculations result-
ed in overestimation of enantioselectivity; further, the agreement
between the experimental and computed stereoselectivities was
poorer upon using the Dunnings basis set (cc-pVDZ).

To verify whether the computed trends in stereoselectivities show
variations upon changing the density functional, we performed addi-
tional calculations at the mPWI1K/6-31+G* level of theory; the
mPWIK functional is known to be quite good for obtaining reliable
activation barriers in C—C bond-forming reactions (see
refs. [44a,b]). Three transition-state models, namely, unassisted, C;,
and C,, were examined at the mPW1K/6-31+ G* level; interestingly,
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Mechanistic Insight into Proline-Catalyzed Michael Reactions
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that the present study intends to investigate the solvent coordination
at the transition states. For these pathways, we considered only a
limited number of intuitively guided possibilities. Although all the
transition states are fully optimized as a first-order saddle point,
similar orientations of the solvent molecules in all four diastereo-
meric transition states are maintained in the initial guess geometries
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