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ABSTRACT: The mechanism and origin of stereoinduction in a chiral
N-heterocyclic carbene (NHC) catalyzed C−C bond activation of
cyclobutenone has been established using B3LYP-D3 density functional
theory computations. The activation of cyclobutenone as an NHC-
bound vinyl enolate and subsequent reaction with the electrophilic
sulfonyl imine leads to the lactam product. The most preferred
stereocontrolling transition state exhibits a number of noncovalent
interactions rendering additional stabilization. The computed enantio-
and diastereoselectivities are in good agreement with the previous
experimental observations.

N-heterocyclic carbenes (NHCs) have emerged as an
efficient organocatalyst for asymmetric applications in

recent years.1 In most of the catalytic applications, NHC renders
umpolung reactivity to aldehydes and ketones through the
formation of acyl anion equivalent,2 homoenolate,3 enolate,4 or
α-acylvinyl anion equivalent.5 An impressive array of asymmetric
reactions such as annulation, benzoin, Stetter, Mannich, Michael,
Claisen rearrangement, and cycloaddition are indeed a testimony
to its versatility as an organocatalyst.6 The foray of NHCs into
the domain of transition-metal catalysis are equally impressive
where its function is largely as a ligand to the transition metals.7

Most recent organocatalytic applications of NHCs appear to
expand its repertoire even to the fortress of transition-metal
catalysis. Similar efforts in NHC catalysis have been extended to
C−H bond8 and C−C bond activations.9 It is conspicuous that
catalytic activation of carbon−carbon and carbon−hydrogen
single bonds can provide direct access to useful functionalized
molecules.
While NHC catalysis generally banks on the activation of

aldehydes in the form of Breslow intermediates,1,10 studies aimed
at exploiting ketone as a substrate are far fewer.11 Recently, Chi
and co-workers reported the activation of the C−C bond using
chiral bicyclic triazolium NHCs as organocatalyst.9 Through this
interesting catalytic route, chiral lactams could be synthesized in
a redox-neutral and atom-economic manner. Even though there
have been proposed mechanisms and transition-state models for
NHC-catalyzed asymmetric reactions,12 its role in C−C bond
activation is not yet established. In the present study, we present
important mechanistic insights into the C−C bond activation
and the origin of stereoselectivity in the reaction between
cyclobutenone and sulfonyl imines (Scheme 1), as obtained
using the SMD(THF)/B3LYP-D3/6-31G** computational meth-
ods. The discussions are presented on the basis of the Gibbs free
energies of reactants, intermediates, and transition states (TS).13

The important mechanistic events are shown in Scheme 2. The
generation of the free NHC from the catalyst precursor can be
considered as taking place by the action of cesium carbonate,
wherein the latter deprotonates the triazoliummoiety. The active
carbene can then participate in the catalytic cycle through its
reaction with the unsaturated four-membered cyclic ketone to
generate zwitterionic intermediate 2. In the subsequent step, the
ring-opening of cyclic butenone through the C−C bond breaking
leads to the formation of chiral NHC-tethered vinyl enolate
intermediate 3. The next important step is the stereoselective C−
C bond formation between the nucleophilic vinyl enolate 3 and
the electrophilic sulfonyl imine 4. In the ensuing step, an
intramolecular nucleophilic addition of the sulfonamidate
nitrogen to the carbonyl carbon takes place to form intermediate
6. In the final step of the catalytic cycle, the expulsion of NHC
provides the desired six-membered lactam product 7.14

Each step described in the overall catalytic cycle, as given in
Scheme 2, is examined in greater detail to identify the
energetically most preferred pathway. The different possibilities
are considered for the initial nucleophilic addition of the chiral
NHC to cyclobutenone 1. These possibilities arise due to the
approach of (i) the NHC to different prochiral faces of 1 and (ii)
the differences in the dihedral angle along the incipient C−C
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Scheme 1. Reaction between Cyclobutenone and Sulfonyl
Imine Catalyzed by Chiral NHC to form Lactam Product
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bond.15 The addition of NHC to the re face of cyclobutenone is
found to be the most preferred mode. The NHC addition to
cyclobutenone disturbs the conjugation of the α,β-unsaturated
ketone and results in weakening of the C1′−C2′ bond in the
ensuing intermediate 2.16 The longer C1′−C2′ bond lowers the
ring strain in cyclobutenone and triggers the generation of the
vinyl enolate intermediate 3.
The next step involves the stereoselective C−C bond

formation between the vinyl enolate 3 and sulfonyl imine (4).
This is the most vital step of the reaction that dictates the
stereochemical outcome. Hence, we have carefully examined
various stereochemical modes of approach between the electro-
philic and nucleophilic reacting partners. The key differences
between such possibilities are in terms of the re or si prochiral
faces involved in the C−C bond formation and in the ring
conformation of the C5methylene group of the triazole fused six-
membered ring, as shown in Figure 1. The CH2 group can either
remain in a syn relative orientation toward the indan ring or can
be in an anti position opposite to the indan ring. Other
conformational possibilities arising due to the orientation of the
vinyl enolate oxygen toward or away from the mesityl group are
also examined.17

A total of 16 transition states (TSs) have been considered. The
range of Gibbs free energies of these TSs can be gleaned from
Figure 1b. These TSs are grouped together in eight vertical
planes comprising syn and anti ring conformers besides the
differences in the prochiral faces involved in the C−C bond
formation and in the orientation of the vinyl enolate. After careful
consideration of C−C bond formation TSs involving different
prochiral faces of vinyl enolate and sulfonyl imine, we could
identify that the nucleophilic addition of the re face of vinyl
enolate to the si face of the sulfonyl imine (when the C5
methylene is in an anti orientation) is the lowest energy mode.
The re-si mode will result in the formation of two new
stereocenters with 10S,10aR configuration (Scheme 1). The
TS for the si-re mode of addition is found to be 3.8 kcal/mol
higher and corresponds to an enantiomeric excess of 99.7%.
Similarly, the re-re addition TS for the formation of the
diastereomeric product is 6.0 kcal/mol higher in energy than

the most preferred re-simode, suggesting a diastereomeric excess
of >99.0%.
The predicted stereoselectivities are in accordance with

experimental observations. It is gratifying to note that the
computed lowest energy (3−5)re‑si⧧ corresponds to the
experimentally observed major stereoisomer with 10S,10aR
configuration. Having predicted the correct stereochemical
outcome of the reaction, we turned our attention toward
deciphering the origin of preference for the re-simode of addition
over all other modes. To rationalize the energy difference
between (3−5)re‑si⧧ and (3−5)si‑re⧧, the stereoelectronic features
are carefully analyzed.Widely employed approaches based on the
topological distribution of electron density, such as the atoms in
molecule (AIM)18 and noncovalent interaction (NCI) plot,19

have been used. In both these methods, the interactions between
atoms/groups as well as the regions of attractive and repulsive
interactions can be identified. The presence of a bond critical
point between a pair of atoms is generally considered as an
indicator of an interatomic interaction in the AIM formalism and
the value of electron density at such bond critical points (ρbcp)
corresponds to the strength of interaction. In Figure 2, ρbcp values
are provided in parentheses beside the respective interatomic
distances.
In the lower energy (3−5)re‑si⧧, the C−H···O interaction

between the mesityl methyl and the sulfonyl oxygen (depicted as
(a) in Figures 2 and 3), the C−H···π interaction between the
phenyl (of the enolate) and the benzothiazole ring (b), and the
lone pair···π interaction between sulfonyl oxygen and the vinyl
group (c) are found to be relatively stronger than the
corresponding interactions in the diastereomeric (3−5)si‑re⧧. A
C−H···N interaction between the indan hydrogen and the imino

nitrogen of the heterocyclic ring (e) is noticed in (3−5)re‑si
⧧
but

not in (3−5)si‑re⧧. In recent years, the origin of stereoselectivity in
many asymmetric transformations has increasingly been
suggested as controlled by noncovalent interactions.20 The C5
methylene group of the triazole fused ring is found to participate
in noncovalent interactions, depending on whether it is in a syn
and anti orientation with respect to the indan ring. The C−H···O
interaction is present in (3−5)re‑si⧧, when the C5 methylene

Scheme 2. Key Mechanistic Steps Involved in Chiral NHC-
Catalyzed C−C Bond Activation of Cyclobutenone

Figure 1. (a) Conformational analysis using O1′−C1′−C1−N2
dihedral angle. (b) Stereochemical possibilities for the C−C bond
formation and the corresponding Gibbs free energy (in kcal/mol)
distribution conformers.
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group is anti to the indan ring. When the C5 methylene is syn,
such interaction is absent as shown in Figure 2.
The analysis of NCI plots has given interesting molecular

insights on the stereocontrolling TSs (Figure 3). In a NCI plot,
the regions of attractive noncovalent interactions appear as green
color regions, while red regions represent repulsive interactions.
It can be readily noticed that the noncovalent interactions are
more prominent in the lowest energy (3−5)re‑si⧧. The number of
C−H···O interactions is more in (3−5)re−si⧧ than in the higher
energy (3−5)si‑re⧧ as noticeable from a relatively larger area of the
green color region. The C−H···N interaction in (3−5)re‑si⧧ is
evidently absent in other diastereomeric TSs. All these additional
interactions as well as the relatively better efficiency in the
common interactions together contribute to the stabilization of
(3−5)re‑si⧧.
Further analysis of the stereocontrolling TSs is performed by

using the activation strain model.21 The contribution to the
activation energy arising from the destabilizing distortions of the
reactants (the energy difference between the distorted geometry
of the reactants in the TS and that of the undistorted ground
state) and the stabilizing interaction between the distorted
reactants in the TSs are calculated.22 The distortion energy and
interaction energy are more in the most preferred (3−5)re‑si⧧
than in the higher energy (3−5)si‑re⧧, which is in line with an
energy difference of 3.8 kcal/mol between these two TSs. The
reacting components, i.e., vinyl enolate and sulfonylimine, appear

to get more distorted in (3−5)re‑si⧧ so as to maximize the
interaction between the distorted fragments.
After having analyzed the energetic origin of high stereo-

selectivity imparted in the C−C bond formation step, we have
examined the overall energetic features of the catalytic cycle. It is
evident from the Gibbs free energy profile given in Figure 4 that

the initial nucleophilic addition of the chiral NHC to the
cyclobutenone is of the highest activation barrier. The most
interesting aspect relates to the C−C bond activation step
wherein a higher energy adduct (2) (formed between the NHC
and cyclobutenone) prefers to move forward to vinyl enolate 3.
The exoergic formation of 3 can be attributed to the relieving of
the ring strain in intermediate 2. An additional impetus in the

Figure 2. Important transition states for the C−C bond formation between the vinyl enolate and sulfonyl imine and the corresponding relative Gibbs
free energies (in kcal/mol) at the SMD(THF)/B3LYP-D3/6-31G** level of theory. Distances (Å) and the electron densities (ρ × 10−2 au) at the bond
critical points (in parentheses) are given. The red dotted lines represent the reaction coordinate. Only select hydrogen atoms are shown.

Figure 3. Noncovalent interaction (NCI) plot for the C−C bond formation transition states [(3−5)⧧]. The green, blue and red regions respectively
represent attractive, strongly attractive and repulsive interactions.

Figure 4. Gibbs free energy profile (kcal/mol) for the formation of
lactam at the SMD(THF)/B3LYP-D3/6-31G** level of theory.
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form of formation of a prereacting complex (3···4) between vinyl
enolate and sulfonylimine is also noticeable.23 All other steps are
quite feasible in the catalytic cycle. The activation barrier
associated with the stereocontrolling (3−5)re‑si⧧ is 11 kcal/mol.
The formation of final annulated product 7 is exergonic by more
than 27 kcal/mol, indicating a thermodynamic drive for this
reaction and for the release of the free NHC for the catalytic cycle
to sustain.
In conclusion, the energetically preferred pathway in the

reaction between cyclobutenone and sulfonylimine toward the
formation of chiral lactam has been identified. The activation of
cyclobutenone by the action of chiral NHC leads to a vinyl
enolate intermediate, the re prochiral face of which then adds to
the si face of sulfonylimine in the stereocontrolling C−C bond
formation. The stereochemical preference for the re-si addition
leading to 10S,10aR as the major product is traced to the
presence of relatively more efficient noncovalent interactions
(C−H···O, C−H···π, lone pair···π) in the lower energy transition
state.
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