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ABSTRACT: The functionalization of aliphatic and aromatic
C—H bonds has remained a priority in transition-metal
catalysis for the last few decades. N-heterocyclic carbenes
(NHCs) have very recently been proven as an effective
organocatalytic alternative toward site-selective sp® f-C—H
bond functionalization in aliphatic esters and related
compounds. We have employed modern density functional
theory computations to provide the first mechanistic insights
into this entirely new form of reactivity of NHCs, leading to f-
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C—H bond activation. NHC-catalyzed coupling between hydrazone and S-phenyl propionate leading to a y-lactam bearing two
chiral centers is reported. An interesting two-step mechanistic cascade that helps surmount the high bond dissociation energy of
an otherwise inert f-C—H bond is identified. An initial addition—elimination at the ester group installs the chiral triazolium NHC
to the substrate. The deprotonation of the a-C—H by the departing phenoxide first furnishes an a-enolate intermediate. A
concerted protonation at the enolate oxygen by the phenol and a f-C—H deprotonation by the phenoxide leads to the vital
nucleophilic f-carbanion intermediate. The origin of enantioselectivity in the C—C bond formation between the si prochiral face
of the nucleophilic -carbon and the re face of electrophilic hydrazone is traced to the differential in the C—H---z, C—H:--O, and
N—H:--O interactions that exist in the transition states for the lower energy sire and higher energy re,si modes in the Michael
addition step. The computed enatio- and diastereoselectivities are in very good agreement with those in an earlier experimental

report.
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Bl INTRODUCTION

Significant efforts have been expended in recent years toward
developing methodologies for the selective functionalization of
inert C—H bonds. While a-C—H bond functionalization has
become a straightforward task, the inertness of - as well as y-
C—H bonds poses formidable challenges." The most recent
trends, however, indicate three emerging protocols to
accomplish -C—H bond functionalization of alkyl chains.
These include catalytic methods using (a) transition metals in
conjunction with suitably placed directing groups on the
substrates,” (b) photoredox approaches,” and (c) N-hetero-
cyclic carbenes (NHCs)." An illustration of these key
approaches is provided in Scheme 1, by using a select set of
examples. All of these methodological advances hold promise in
selective functionalization and have enabled access to relative
complex synthetic targets as well. Among these protocols, NHC
catalysis stands out as a unique organocatalytic approach to C—
H bond functionalization.

Organocatalysis has become a widely employed strategy
toward the synthesis of complex natural products from
relatively simpler precursors such as aldehydes, ketones, and
esters.” N-heterocyclic carbenes (NHCs) have made a mark as
effective organocatalysts, particularly in the development of
new asymmetric transformations. While the inception and early
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acceptance of NHCs have remained rather slow,® a recent
renaissance has provided the right impetus to the domain of
NHC catalysis to come to the forefront of chemical catalysis.”
Pioneering contributions from the groups of Berkessel, Bode,
Chi, Enders, Glorius, Lupton, Nair, Rovis, Scheidt, and others
have helped in realizing the potential of NHCs as powerful
catalysts in asymmetric synthesis.® In most of the NHC-
catalyzed reactions, the two vital features of NHCs are suitably
harnessed. These are the ability of NHCs to (a) impart an
umpolung-type reactivity to an otherwise electrophilic func-
tional group such as an aldehyde and (b) render homoenolate
attributes to conjugated aldehydes such as an enal.'"*""*"
Another recent discovery that expanded the scope of NHC
catalysis came from the Chi group in the form of sp® f-C—H
bond activation in saturated carboxylic esters."”” This strategy,
which has also been successfully extended by using chiral
NHCs, is proposed to involve the generation of a nucleophilic
reactive center at the f carbon. The reactivity of a nucleophilic
P carbon has been demonstrated with a range of electrophiles
such as enones, trifluoro ketones, and hydrazones with high
stereoselectivity.” One of the most recent illustrations of a j-
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Scheme 1. Selected Set of Recent Examples of f-C—H Bond
Functionalization of Saturated Carbonyl Compounds using
Different Catalytic Approaches
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functionalized y-lactams. It is important to note that some of
the y-lactams can be suitably converted to pharmaceutically
significant compounds such as Balcofen and Rolipram, which
are respectively used in the treatment of spasticity and as a
potent phosphodiesterase inhibitor.”

A few important features of the above reaction are
noteworthy. Although sp® C—H bonds farther from an
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C—H functionalization by using a chiral NHC is provided in
Scheme 2. This method provides an elegant access to highly

Scheme 2. Chiral NHC-Catalyzed Asymmetric f-C—H
Functionalization of a Saturated Carboxylic Ester

catalyzed reactions. Although there have been computational
studies focusing on homoenolate as well as umpolung type
NHC catalysis,"” no reports have been available to date on the
mechanism of this new form of NHC reactivity leading to p-C—
H functionalization. As part of our continued efforts in gaining
mechanistic insights into NHC-catalyzed reactions,'*™"®" we
became interested in probing this asymmetric NHC-catalyzed
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stereoselectivity imparted by the chiral NHC catalyst.

Scheme 3. Key Mechanistic Steps Involved in #-C—H Activation of Saturated Carboxylic Esters Catalyzed by NHCs
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Figure 1. Gibbs free energy profile (in kcal/mol) for NHC-catalyzed direct f-C—H activation of a saturated carboxylic ester leading to the formation
of y-lactam obtained at the SMDp,./B3LYP-D2/6-31G** level. The Gibbs free energy value only for TS(3-4) is at the SMDpo,./B3LYP-D2/6-
31G**//B3LYP-D2/6-31G** level of theory.”® The pathway shown in red represents a higher energy alternative without the involvement of a

explicit phenol.

B COMPUTATIONAL METHODS
DFT (density functional theory) calculations on all of the

stationary points such as intermediates, reactants, and transition
states were carried out using the B3LYP-D2'' and M06-2X"*
functionals in conjunction with the 6-31G** basis set. The
B3LYP-D3" and B3LYP'* computations were also performed
only for the stereoselective C—C bond formation step. The
fully optimized geometries of all stationary points were
characterized by frequency calculations in order to verify that
(a) the transition states have one and only one imaginary
frequency pertaining to the desired reaction coordinate and (b)
all minimum energy structures have only a positive Hessian
index. In addition, the thermal and entropic corrections
obtained through the frequency calculations are included
toward obtaining the Gibbs free energies of all the stationary
points. The intrinsic reaction coordinate (IRC) calculations
developed by Schlegel'® were performed at the B3LYP-D2 and
MO06-2X levels of theory to further authenticate that the
transition states on the energy profiles connect to the desired
minima on either side of the first-order saddle point. The
enthalpies and Gibbs free energies in the gas phase for all
stationary points were obtained by adding the zero-point
vibrational energy (ZPVE) and thermal energy corrections
obtained by using standard statistical mechanics approximations
at 298.15 K and 1 atm of pressure. All calculations were carried
out using the Gaussian09 suite of quantum chemical
programs.'®

The effect of continuum solvation was incorporated by using
the SMD solvation model, wherein the full solute electron
density is employed without defining partial atomic charges.'”
Since the experimental studies employed ethyl ethanoate
(EtOAc) as a solvent, we have employed the continuum
dielectric of EtOAc (& = 5.9867). The Gibbs free energies and
enthalpies for all stationary points in the condensed phase were
computed by adding the corresponding thermal and entropic
corrections obtained in the gas phase to the single-point
energies in the solvent continuum. The full geometry
optimizations in the condensed phase were also carried out at
the SMDg,o./B3LYP-D2/6-31G** level of theory for the
stereoselectivity step for the 4 lowest energy stereocontrolling
transition states out of 32 conformations/configurations
examined in the gas phase. Topological analysis of the electron
densities using the atoms-in-molecules (AIM) formalism was
carried out by using AIM2000 software.'® The activation—strain
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analysis was carried out to probe the origin of the energy
difference between the stereocontrolling transition states in
greater detail."” Natural bonding orbital (NBO) analysis” on
some of the intermediates was performed to analyze the natural
charges as well as to obtain the Wiberg bond indices.

B RESULTS AND DISCUSSION

The broad features of the mechanism involved in NHC-
catalyzed direct 3-C—H activation of saturated carboxylic esters
leading to the formation of y-lactams can be gathered from
Scheme 3. The description herein focuses on the most
preferred pathway identified on the basis of the computed
Gibbs free energies at the SMDg,on./B3LYP-D2/6-31G** level
of theory. Alternative mechanistic pathways as well as
conformational possibilities are provided in the Supporting
Information. In the initial step, the nucleophilic NHC adds to
the carbonyl carbon of the ester to form the zwitterionic NHC
ester intermediate 3. This being an addition—elimination step,
the phenoxide tends to leave the intermediate, in the forward
direction of the transition state.”’ However, an ion-pair
intermediate (4) appears to be a more likely scenario, wherein
the phenoxide develops multiple hydrogen-bonding interac-
tions with the a hydrogen (2.03 A), N-phenyl hydrogen (1.96
A), and the phenyl hydrogen of the f-carbon (2.38 A) (see
Figure S2 in the Supporting Information). In the ensuing step,
the phenoxide abstracts the acidic a-C—H proton to form the
enolate intermediate 5.°> On the other hand, if the phenoxide
abstracts the f-C—H proton, it can give rise to formation of
another f-carbanion intermediate. However, the activation
barrier associated with this pathway is more than 22 kcal/mol
higher than the a-C—H deprotonation.”® The -C—H protons
of intermediate 5 are expected to be more acidic, due to an
extended conjugation of the resulting carbanionic species with
the triazolium moiety.”* There are two key possible avenues
that enolate intermediate S can be envisaged to proceed. A
deprotonation of the f-C—H proton can generate intermediate
6 having a nucleophilic center at the f-carbon. Alternatively, §
can be intercepted by the electrophile hydrazone (2) present in
the reaction medium. However, this pathway is found to be
significantly higher in energy than the deprotonation process
leading to 6. Furthermore, the product arising from such a
pathway has not been observed under the experimental
conditions.>
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In one of the most important steps in this catalytic cycle,
Michael addition of intermediate 6 to electrophilic hydrazone
takes place. The resulting Michael adduct 7 has two new
stereocenters that are retained through the final product.
Hence, the decision of what would be the preferred enantiomer
and diastereomer in the reaction is made at this stage. It is
noticed that the stereocontrolling C—C bond formation is
accompanied by a concomitant abstraction of the enol proton
by the hydrazone nitrogen (vide infra, Figure 4). The proton
transfer back from the hydrazone nitrogen to the nucleophilic
a-carbon of the enolate in 7 helps in the generation of
intermediate 8. Subsequent lactamization leads to intermediate
9, which upon expulsion of the NHC yields the y-lactam
product with two chiral centers.

The computed Gibbs free energies of the lowest energy
intermediates and the transition states involved in the
formation of y-lactam are presented in the form of an energy
profile diagram in Figure 1. Some of the vital features of the
energy profile for the most preferred pathway and a comparison
with alternative higher energy possibilities are discussed here. In
the first step, the chiral NHC adds to ester carbonyl group via
TS(1-3) to give the zwitterionic intermediate 3, with an
activation barrier of 12.6 kcal/mol.*® The expulsion of the
phenoxide is noted to be quite feasible, as revealed by the
relative energy of TS(3-4). The intermediate thus formed (4)
can provide the enolate 5, when the departing phenoxide
abstracts the proton from the most acidic a-proton of the ester.
The relative energy of the proton abstraction transition state
(TS(4-5)) is 12.4 kcal/mol, and the corresponding elementary
step barrier is 4.5 kcal/mol. Since a large excess of DBU is
employed in this reaction,” we have examined another
possibility wherein DBU abstracts the a-proton from the
initially formed zwitterionic intermediate (3), thereby creating a
direct route for 3 to S conversion. Subsequently, the departing
phenoxide can abstract the proton from the protonated DBU.
The relative energy of TS(3-5)ppy in this direct E2 elimination
pathway is found to be as high as 26.8 kcal/mol, which is
evidently higher than the stepwise process (i.e., 3 to § via 4).”
It is therefore evident that the kinetically preferred pathway
proceeds through TS(4-5). In addition, the exoergicity for 4 +
DBU — 5 + [DBU—H"-"OPh] is found to be —5.8 kcal/mol,
suggesting that the participation of DBU provides an additional
thermodynamic drive in this step of the reaction.

The most important step in this catalytic cycle is f-C—H
activation, leading to the nucleophilic intermediate 6. The
formation of 6 requires that the f-C—H proton is transferred to
the enolate oxygen. This deprotonation could proceed via three
likely pathways, such as an unassisted direct proton transfer or a
DBU-assisted or phenol-assisted proton transfer. Such assisted
proton transfers can be regarded as a reasonable route in view
of the use of excess DBU in the reaction as well as the fact that
a molecule of phenol is released in an earlier step involved in
the formation the a-enolate intermediate (5). A direct transfer
of the f-C—H proton to the enolate oxygen through a five-
membered transition state geometry TS(5-6), as shown in
Figure 2, is found to be about 37 kcal/mol. However, relative
Gibbs free energies of TS(5-6)pgy and TS(5-6)pnon for the
DBU- and phenol-assisted proton transfers are respectively 29.7
and 21.4 kcal/mol. The analysis of the geometric features of
TS(5-6)phon and extended intrinsic reaction coordinate (IRC)
calculations reveal a concerted protonation—deprotonation
transition state.”” An early protonation of the enolate oxygen
and a concomitant abstraction of a proton from the sp® f-
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Figure 2. Optimized geometries for f-C—H activation through
unassisted and phenol-assisted transition states obtained at the
SMDyg,0s/B3LYP-D2/6-31G** level of theory. The bond lengths
are given in A. The relative Gibbs free energies with respect to the
infinitely separated reactants given in parentheses are in kcal/mol.
Only selected hydrogens are shown for improved clarity. Atom color
code: black, C; ivory, H; cyan, N; red, O.

carbon by the developing phenoxide are noticed.” It is
therefore highly likely that a phenol-assisted -C—H activation
is the most preferred route for the formation of the -carbanion
intermediate 6. It is also important to note that the presence of
an aryl group is vital to the generation of f-carbanion 6. To
examine whether the [-substituent plays any major role in
deciding the course of this reaction, we have replaced the aryl
group with a methyl group at the f-carbon. The relative Gibbs
free energy of the deprotonation transition state is found to be
5.5 kcal/mol higher for the f-methyl in comparison to the f-
phenyl in the phenol-assisted f-C—H activation mode. Building
on this, a Hammett correlation for this step of the catalytic
cycle with a range of para substituents revealed a preference
toward electron-withdrawing substituents at the para position
of the f-phenyl substituent (vide infra).

The nucleophilic f-carbon in intermediate 6 gives it Michael
donor characteristics. Michael addition with electrophilic
hydrazone leads to the formation of a new C—C bond. It is
noted that in TS(6-7) the C—C bond formation is
accompanied by a concerted proton transfer from the enol
oxygen to the hydrazone nitrogen to give intermediate 7.’
Since both nucleophile and electrophile offer prochiral faces,
several stereochemically distinct modes of C—C bond
formation leading to two new chiral carbon centers can be
envisaged. In addition to such configurational features, there
would also be a larger number of conformational possibilities.
To identify the most preferred C—C bond formation transition
state, an exhaustive sampling encompassing 32 conformational
and configurational possibilities has been carried out. Three
important dihedral angles, as shown in Figure 3a, were varied,
and the corresponding transition states were then optimized.
The dihedral angles ®,(N1-C2—C3—04), ®,(C5—C6—C7—
N8), and ®;(N8—N9—C10—011) captures the critical region
of the conformational space, including that along the reaction
coordinate. In addition, the positioning of the N-phenyl group
of the chiral catalyst, either nearer to or farther from the enolate
oxygen, is considered as well. All of these possibilities have been
examined for the addition of re or si prochiral faces of
nucleophilic B-carbon on the prochiral faces of the hydrazone
carbon. All 32 transition state possibilities for the stereo-
controlling C—C bond formation, corresponding energies, and
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Figure 3. Correlation between the relative Gibbs free energies of the stereocontrolling C—C bond formation transition states and the key dihedral
angles (@, (blue), ®, (orange), and ®; (yellow)) for the four stereochemically distinct modes of addition of the nucleophilic f-carbon on
hydrazone: (a) important dihedral angles (®,, ®,, and ®@;) used in the conformational sampling; (b) summary of Gibbs free energy distribution
across different conformations and configurations of the C—C bond formation transition states.The lowest energy TS inscribed belongs to the TS(6-

7)5,-',3 mode of addition.

optimized geometries are provided in Table S3 and Figures S11
and S12 in the Supporting Information.

A succinct representation of the energy distribution of the
stereocontrolling transition states as a function of the mode of
addition and other conformational parameters is provided in
Figure 3b. A quick inspection of these data reveals certain
interesting general features of these transition states. Some of
the lowest energy transition states can be found on the two of
the rightmost vertical plates that correspond to the TS(6-7)s;,,
and TS(6-7),;; modes of addition of the nucleophilic f-carbon
to the hydrazone carbon. It can be further noted that the
addition through the si prochiral face of the f-carbon is
distinctly more preferred over that through its re face. The
lowest energy stereocontrolling transition state for the C—C
bond formation exhibits a dihedral angle ®,, ®,, @,
combination of 14.8, 81.2, 4.6°. Such a mode of addition
results in a 2R,3S product configuration, which is in agreement
with the experimental observation. The difference in Gibbs free
energies between the diastereomeric transition states TS(6-
7)sire and TS(6-7),,;, which is responsible for enantioselectiv-
ity, is found to be 1.9 kcal/mol. This energy separation
corresponds to 92% ee, which is in excellent agreement with
the experimentally reported value of 94%.” Similarly, the
diastereoselectivity computed on the basis of the difference in
Gibbs free energies between TS(6-7),;,, and TS(6-7),,; is 53%
de, which is in concert with the experimental value (71%).” The
energy differences between the stereocontrolling transition
states obtained using different functionals such as B3LYP-D3
(L3), M06-2X (L4), and B3LYP (LS) all convey the same
trends (Figure 4). With all of these functionals, the energetic
order of preference for different stereochemical modes of
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addition of the nucleophile to the electrophile is sire < sisi <
re,si < reyre.

After having identified the enantio- and diastereocontrolling
transition states, we turned our attention to the stereoelectronic
factors that contribute to the differential stabilization. As a first
step in this direction, the optimized geometries of the C—C
bond formation transition states have been carefully analyzed.
The three key geometric parameters 4, b, and ¢ respectively
represent the bond distances of the incipient C—C bond and
those associated with the transfer of the enol proton to the
hydrazone nitrogen (Figure 4).>> A fairly large number of
noncovalent interactions, such as C—H---z, C—H---O, C—H--
N, and N—H--O, are identified. These interactions are depicted
in Figure 4 as follows; C—H---z (e and m), C—H:--O (d, g—i, k,
and 1), C=H--N (f), and N—H--O (j).”* Additional analyses
toward identifying the existence of these interactions were done
by using the atoms-in-molecules (AIM) formalism. The
topological distribution of the electron density revealed the
presence of bond paths connecting the interacting atoms, and
the corresponding electron densities at the bond critical points
are noted.”

As shown in Figure 4, x1 and x2 are centroids of two phenyl
rings.”> C—H--7 interactions are identified in the stereo-
controlling C—C bond formation transition states on the basis
of the above parameters. The efficiencies of the C—H--7w
interaction (¢) in both of the lower energy diastereomeric
transition states TS(6-7),;,, and TS(6-7),, are found to be
similar. Interestingly, an additional C—H---z interaction
(between the f-phenyl ring and the methylene hydrogen of
the ethyl ester of the hydrazone moiety (m = 2.60 A and 0, =
35.9°)) is present in the lowest energy transition state TS(6-
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L1(0.7)
L2 (0.9)
L3(0.7)
@ L4 (0.8)
L5 (1.5)
TS(6-7)gjsi TS(6-7)re,re
TS(6-7) a b c d e f g h i j k I m 6, 6,
si,re 195 165 1.02 253 297 274 249 248 251 197 - - 260 326 359
resi 201 168 101 247 292 260 250 275 - - 236 226 - 322 -
si,si 197 166 1.01 249 287 251 252 2091 - - 236 - - 30.4 -
rere 199 165 1.02 252 311 264 249 254 252 198 - - - 382 -

Figure 4. Optimized geometries of the stereocontrolling C—C bond formation transition states at the SMDg,s/B3LYP-D2/6-31G** level of
theory: L1, SMDpope/B3LYP-D2/6-31G**; L2, SMDy0x./B3LYP-D2/6-31G**//B3LYP-D2/6-31G**; L3, SMDpoa./B3LYP-D3/6-31G**//

B3LYP-D3/6-31G*%;

L4, SMDyox/M06-2X/6-31G**//M06-2X/6-31G**;

LS, SMDyg,oa/B3LYP/6-31G**//B3LYP/6-31G**. The bond

lengths and angles are in A and deg, respectively. Only selected hydrogens are shown for improved clarity.

7)sire Which is absent in the higher energy TS(6-7),, . Other
stabilizing contacts, namely the C—H:--O interactions (d and
g), are found to be nearly identical in both TS(6-7),, and
TS(6-7),.s However, the C—H--O interaction between the
carbonyl oxygen of the hydrazone moiety and the tert-butyl
group on the NHC (k) in TS(6-7),;,, is shorter (2.48 A) than
that in the TS(6-7),. (2.7S A) mode. In addition, a fairly
strong N—H:--O interaction (j) that is present in the TS(6-
7)sire transition state (1.97 A) is absent in the TS(6-7),,; mode.
The cumulative effect of the relative efficiencies of all these
interactions gives rise to the vital energy difference of 1.9 kcal/
mol between the diastereomeric transition states TS(6-7)s;,,
and TS(6-7),"° The computed enantioselectivity of 92% is in
very good agreement with the experimental value of 94%. It is
interesting to note that the nucleophilic f-carbon approaches
the electrophilic hydrazone from the same side of the tert-butyl
substituent at the chiral center of the NHC. The use of a
qualitative transition state model that generally relies on steric
interactions would have promoted this approach. However,
quantitative insights into the type and nature of the weak
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stabilizing interactions helped us locate a large number of lower
energy transition states, as presented in this section. More
importantly, when the electrophile approaches from the face
opposite to that of the tert-butyl group, the number of weak
interactions is found to be less effective and thus results in
higher energy transition states.”’

The relative Gibbs free energy for stereoselective C—C bond
formation via TS(6-7) is found to be 27.7 kcal/mol in the most
preferred mode of addition (Figure 1). The resulting enolate
intermediate 7 undergoes a proton transfer from the hydrazone
N-—H to the nucleophilic a-carbon, leading to intermediate 8.
The relative Gibbs free energy of TS(7-8) is 34.0 kcal/mol for
the formation of intermediate 8 (Figure 1). Since a large excess
of DBU is used in the reaction,” it might assist as well in this
proton transfer. Hence, we have examined an alternative
possibility wherein DBU abstracts the proton from the
hydrazone nitrogen first to form a protonated DBU, which
then transfers the proton to the a-carbon to give intermediate
8. The relative Gibbs free energy of the transition state TS(7-
8)psu for the proton transfer is found to be even higher (37.5
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kcal/mol) than that of an unassisted proton transfer via TS(7-
8). The relative Gibbs free energy of intermediate 8 is also
found be rather high (32.7 kcal/mol) due to the negatively
charged hydrazone nitrogen. In view of these features, we have
included an explicit molecule of phenol (which gets generated
in the course of the reaction, vide supra) as a hydrogen-bond
donor to the hydrazone nitrogen. The inclusion of phenol
stabilizes both the transition state (TS(7-8)) as well as the
intermediate (8). The relative Gibbs free energy of this refined
transition state, TS(7-8)ppon, for the proton transfer is 22.4
kcal/mol, which is lower than those of the unassisted and the
DBU-assisted proton transfer transition states. The optimized
geometries for the unassisted and phenol-bound five-membered
proton transfer transition states are shown in Figure S.

®

TS(7-8) (34.0) TS(7-8ph0H (22.4)

Figure 5. Optimized geometries of transition states for the five-
membered proton transfer step at the SMDg,o./B3LYP-D2/6-31G**
level of theory. The bond lengths are given in A. Only selected
hydrogens are shown for improved clarity. The relative Gibbs free
energies, with respect to the infinitely separated reactants, are given in
parentheses in kcal/mol.

Intermediate 8 can undergo an intramolecular lactamization
to yield the y-lactam intermediate 9 via TS(8-9).%® In the final
step, the regeneration of NHC and release of y-lactam occurs
through the lower energy state TS(9-10) (Figure 1). The
formation of y-lactam product with a 25,3R configuration is
found to be exergonic by 13.5 kcal/mol. After having examined
each elementary step leading to the final product, we have
decided to examine the role of different aryl substituents on the
energetics of the key steps involved in this reaction. Since the
substrate is fB-phenyl propionate, two kinds of substitution
patterns have been considered: one on the ester —OAr group
and the other on the B-phenyl group. The generalization of the
key findings is provided herein in the form of Hammett
analysis.

The difference in Gibbs free energies of the transition states,
with (Gx) and without (Gy) a para substituent, has been
plotted against the substituent constants (6). A range of
electron-donating and electron-withdrawing substituents is
considered. Hammett correlations for J-C—H activation
(TS(5-6)), C—C bond formation (TS(6-7),.), and intra-
molecular proton transfer (TS(7-8)) have yielded a positive
reaction constant (p).”” This indicates an accumulation of
negative charge at the reaction center in the respective
transition states. An overall rate enhancement could therefore
be accomplished by introducing electron-withdrawing sub-
stituents on the aryl groups. These insights could be exploited
by making a suitable choice of the substrate, or modifications
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therein, for improved f-C—H activation efficiency as well as the
subsequent reaction with a given electrophile.

B CONCLUSION

Mechanistic investigations on a chiral NHC-catalyzed direct f-
C—H bond activation of an aliphatic carboxylic ester have been
carried out by using the SMDg,o,/B3LYP-D2/6-31G**
density functional theory computations in the solvent phase.
The reaction involves a chiral NHC-catalyzed coupling between
hydrazone and S-phenyl propionate leading to a y-lactam as the
final product with two chiral centers. In the initial addition—
elimination step, the chiral NHC adds to the ester carbonyl,
which is followed by the expulsion of the phenoxide. The a-C—
H deprotonation in the resulting ketonic intermediate is
facilitated by the departing phenoxide, rather than an external
base (DBU) as described in the earlier working hypothesis. A
more important role of the departing phenol is identified in the
vital f-C—H activation step, where it helps in the transfer of
proton from the B-carbon to the enolate oxygen. Again, the
phenol-assisted pathway is noted as more favored over
equivalent DBU-assisted and direct proton transfer alternatives.
The role of a relative excess of DBU in the reaction could
therefore be attributed to its participation in (a) generating the
NHC from the corresponding triazolium precatalyst, (b)
neutralizing the weakly acidic phenol that is released in the
initial addition—elimination step, and (c) providing an
additional thermodynamic impetus in the generation of a-
enolate by forming an adduct with the departing phenol.

Even though participation of an a-enolate intermediate has
been invoked in the catalytic cycle, the most favored pathway is
found to be that wherein this a-enolate converts to a f-
carbanion intermediate rather than directly reacting with the
available electrophile (hydrazone). The barrier for the C—C
bond formation reaction between the a-enolate and hydrazone
is 2.5 kcal/mol higher in comparison to its conversion to f-
carbanion, indicating a moderate kinetic advantage for the
formation of th f-carbanion intermediate. Furthermore, no a-
enolate products were noted under the experimental
conditions. The intermolecular Michael addition of the si
prochiral face of the nucleophilic f-carbon to the re face of
electrophilic hydrazone is found to be the most preferred
transition state for C—C bond formation. The enantiomeric
and diastereomeric excesses of the y-lactam (% ee 92, % de 53),
computed on the basis of the Gibbs free energies of the
stereocontrolling transition states, are in very good agreement
with the experimental values (% ee 94, % de 71). The origin of
enantioselectivity is traced to the differential C—H---7, C—H--
O, and N—H--O interactions that exist in the stereocontrolling
C—C bond formation transition states.
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Nishio, M. Tetrahedron 2000, 56, 6185—6191.

(36) (a) Additional analyses using the activation strain model
revealed a slightly lower distortion of the reacting partners in the lower
energy sire transition state. (b) For more details see page S22 in the
Supporting Information.

(37) See Figures S11 and S12 and Table S4 in the Supporting
Information for all the possible modes for the stereochemical C—C
bond formation transition states, optimized geometries, and
corresponding energies.

(38) We could not locate this transition state even after several
attempts.

(39) Full details of the Hammett analysis are provided in Figure S16
in the Supporting Information.
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