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ABSTRACT

The mechanism and the role of KOtBu in an enantioselective NHC-catalyzed Stetter reaction between p-chlorobenzaldehyde and N-acylamido
acrylate is established using DFT(M06-2X) methods. The Gibbs free energies are found to be significantly lower for transition states with explicit
bound KOtBu as compared to the conventional pathways without the counterions. An intermolecular proton transfer from HOtBu to the prochiral
carbon is identified as the stereocontrolling step. The computed enantioselectivities are in excellent agreement with the experimental results.

The ability of N-heterocyclic carbenes (NHCs) to act as
effective nucleophilic catalysts has been widely recognized
in recent years.1Adiverse range ofNHC-catalyzed reactions

are now available.2 The current trends indicate an increasing
interest in asymmetric applications ofNHCcatalysis, where-
in the chiral induction is typically imparted by virtue of
chiral centers present on the substituent arms attached to
the nitrogen. Among the plethora of chiral NHC variants
known to date, the triazolium family is one of the most
widely used motifs in asymmetric synthesis.3 In the reper-
toire of various NHC-catalyzed reactions, the asymmetric
Stetter reaction is recognized as an effective protocol.4
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The generally proposed mechanism in these reactions
involves the addition of a Breslow intermediate to suitable
electrophiles. Depending on the nature of the reactions,
different transition state models are reported in literature
that help rationalize the vital facial discrimination respon-
sible for asymmetric induction.5 However, when the
stereocontrolling step involves a protonation, the mechan-
istic picture tends to becomemore vague owing to the near
isosteric prochiral faces offered by the substrate to the
incoming proton. It is therefore of inherent interest to
identify the stereocontrolling factors in the enantioselec-
tive protonation reactions. The intermolecular Stetter
reaction, reported by Glorius and co-workers, provides
an effective and milder route toward enantioenriched
R-amino acids (Scheme 1). Herein, we report the origin
of stereoselectivity and the role of counterions besides the
mechanism of the title reaction.

As a part of our interest towardunderstanding the origin
of stereoselectivity6 and the role of counterion in organo-
catalytic reactions, we have investigated the role of KOtBu
in a chiral triazolium-catalyzed Stetter reaction between p-
chlorobenzaldehyde and N-acylamido acrylate. TheM06-
2X/6-31G** density functional theory, including the effect
of solvent (toluene, as used in the experiments), is em-
ployed for full geometry optimization of all transition
states (TSs) and intermediates. The discussions are pre-
sented on the basis of the Gibbs free energies obtained at
the SMD(Toluene)/M06-2X/6-31G** level of theory.7

A closer examination of the experimental conditions
reveals that the presence of a strong base such as KOtBu is
critical to the success of the reaction.8 While the base is
proposed to participate in the generation of free NHC
from its precursor, additional roles of the same cannot be

ignored. Akin to the mechanistic proposals reported earlier,
we have considered a number of pathways in the present
study. These differ primarily in regards to the explicit
participation of KOtBu in the key TSs of the reaction.
The mechanism of the reaction can be considered as con-
sisting of the following key events, as shown in Scheme 2.

The initial addition of NHC (1) to the aryl aldehyde (2,
p-chlorobenzaldehyde) via (1�3)‡ results in a zwitterionic
intermediate 3. It has been reported that the generation of
the Breslow intermediate (enaminol) could involve signifi-
cant barriers unless a base-assisted proton transfer me-
chanism is invoked.9,6b In view of this, an active role for
KOtBu is envisaged wherein the potassium ion is bound to

Scheme 1. Stetter Reaction of p-Chlorobenzaldehyde with
N-Acylamido Acrylate8

Scheme 2. Mechanistic Steps Involved in Asymmetric Stetter
Reaction

Figure 1. Lower energy transition states for C�C bond foma-
tion with and without potassium coordination obtained at the
SMD(Toluene)/ M06-2X/6-31G** level. Bond lengths are given in Å.

(5) (a) Zhang, W.; Zhu, Y.; Wei, D.; Li, Y.; Tang, M. J. Org. Chem.
2012, 77, 10729. (b) Lyngvi, E.; Bode, J.W.; Schoenebeck, F.Chem. Sci.
2012, 3, 2346. (c) Domingo, L. R.; Zaragoza, R. J.; Saez, J. A.; Arno,M.
Molecules. 2012, 13, 1335. (d) He, Y.-Q.; Xue, Y. J. Phys. Chem. 2011,
115, 1408.

(6) (a) Sharma, A. K.; Sunoj, R. B. Angew. Chem., Int. Ed. 2010, 49,
6373. (b) Reddi, Y.; Sunoj, R. B.Org. Lett. 2012, 14, 2810. (c) Sreenithya,
A.; Sunoj, R. B.Org. Lett. 2012, 14, 5752. (d) Sharma, A.K.; Sunoj, R. B.
J. Org. Chem. 2012, 77, 10516. (e) Jindal, G.; Sunoj, R. B.Chem.;Eur. J.
2012, 18, 7045.

(7) (a) Additional conformational as well as mechanistic possibilities
are examinedusing the SMD(Toluene)/M06-2X/6-31G**//B3LYP/6-31G**
level of theory. (b) All computations were carried out using the Gaussian
09 program. Frisch,M. J. et al. Gaussian 09, revision A.02; Gaussian, Inc.:
Wallingford, CT, 2004. More details are in the Supporting Information (SI).

(8) Jousseaume, T.; Wurz, N. E.; Glorius, F. Angew. Chem., Int. Ed.
2011, 50, 1410.



5042 Org. Lett., Vol. 15, No. 19, 2013

the alkoxide oxygen while the butoxide counterion is hy-
drogen bonded to the benzylic proton.10 Complete ab-
straction of the benzylic proton and the ensuing expulsion
of HOtBu provides a potassium enolate intermediate 4. In
the next vital step, the addition of 4 to theMichael acceptor
(N-acylamido acrylate 5) through (4�6)‡ results in the
C�C bond formation. The enolate intermediate 6 thus
formed can undergo a stereoselective intermolecular pro-
tonation at the prochiral carbon atom to furnish inter-
mediate 7. In the last step, the expulsion of NHC from 7
provides product 8 bound to KOtBu.
First, the energies of different conformers of N-acylami-

doacrylate are examined to identify that a syn disposition
of the acyl carbonyl and the olefin are much more favored
than six other higher energy conformers.11 Two lower
energy conformers, within a range of 2 kcal/mol, are
considered in the ensuing steps of the reaction. In the
C�C bond formation TS, namely (4�6)‡, both E and Z
configurations of the Breslow intermediate as well as
different conformers arising due to the differences in the
relative orientations of theN-acyl groupwith respect to the
aryl group are aswell examined.12 In themost preferredTS
for the C�C bond formation, as shown in Figure 1, the
potassium ion plays an anchoring role by binding to the
oxygen atoms of the incoming Michael acceptor and that

of the Breslow intermediate. In this TS, the N-acyl moiety
is anti to the aryl group of the substrate. In all other
TSs wherein N-acyl is syn to the substrate aryl group, the
energies are found to be more than 5 kcal/mol higher.
The next importantmechanistic event is the protonation

at the prochiral carbon atom. Different modes of proto-
nations are envisaged. For instance, in the absence of an
explicitly bound potassium ion, an intramolecular proton
transfer from the hydroxyl group to the prochiral carbon
(in the intermediate equivalent to 6) is the stereocontrolling
step.13 A significant aspect that merits comparison at this
juncture is the energetics of the reaction, in the presence
and absence of KOtBu. The comparison of the Gibbs free
energy profiles for pathways 1 and 2, respectively with
and without KOtBu, conveys that the TSs in Pathway
2 are of higher energy (Figure 2). In particular, steps
leading to the Breslow intermediate and C�C bond
formation are respectively 54 and 27 kcal/mol higher
in energy in the absence of KOtBu. More importanly,
the stereocontrolling protonation TS (6�7)‡ in Path-
way 1 is lower by 24 kcal/mol.
In Pathway 1, a favorable intermolecular proton trans-

fer from HOtBu is identified as being responsible for the
observed enantioselectivity. Different modes of intermo-
lecular protonation on the prochiral faces of enolate 6 are
examined.The geometries aswell as theGibbs free energies
of the two lowest energy diastereomeric transition states
for protonation, namely (6�7)‡re and (6�7)‡si, are pro-
vided in Figure 3. It can be noticed that the protonation
on the re-face is relatively more preferred over that on the
si-face. (6�7)‡re, wherein the potassium ion simultaneously
interacts with the alkoxide and the ester oxygens, is found
to be the most preferred protonation TS.

Figure 2. Gibbs free energy profile for pathways 1 and 2 involved in the formation of enantioenriched R-amino acids.
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Careful analysis of these stereocontrolling TSs is
carried out to identify the stereoelectronic factors that
control the energy difference between (6�7)‡re and
(6�7)‡si. The atoms-in-molecule (AIM) andNatural Bond
Orbital (NBO) analyses revealed the differential stereo-
electronic features in these competing TSs.14 For instance,
the electrostatic interaction between the O� of the CO2Me
group and Kþ imparts additional stabilization in (6�7)‡re,
which is absent in (6�7)‡si. Moreover, the number of
C�H 3 3 3π interactions in the lower energy (6�7)‡re are
found to be more prominent than in (6�7)‡si. The over-
all electron delocalization between the reacting partners
is estimated to be higher in the case of (6�7)‡re than in
(6�7)‡si.

14b

The computed energy difference between the diastereo-
meric TSs (6�7)‡re and (6�7)‡si is 6.1 kcal/mol, which
corresponds to an enantiomeric excess of >99% in favor
of the S isomer. This prediction is in good accordance
with the experimentally observed ee of 95%. Another key
observation that emerged through the present study is the
inability of the TS models without explicit KOtBu to
predict the formation of the correct enantiomeric prod-
uct.15 In fact, in the absence of KOtBu, (6�7)‡si is identi-
fied asmore preferred, leading to an erroneous estimate on
the stereochemical outcome of the reaction.
In conclusion, the enantioselectivity in the NHC-cata-

lyzed Stetter reaction between p-chlorobenzaldehyde and
N-acylamido acrylate is identified to be controlled by an
intermolecular protonation by HOtBu. The reaction en-
ergetics are predicted to be much more favorable when
KOtBu is explicitly included in the transition states as
compared to the generally suggested mechanism.
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Figure 3. Lower energy transition states for stereoselective
proton transfer on the re- and si-faces of enolate 6 at the
SMD(Toluene)/M06-2X/6-31G** level. The relative Gibbs free
energies (kcal/mol) are given in parantheses. Bond lengths are in Å.
Only selected hydrogens are shown for improved clarity.
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using NBO analysis. Additional details are provided in Table S5 in
the SI.
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