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a b s t r a c t

A proposed catalytic pathway for a base-free Michael addition reaction mediated by a N/O-functionalized
N-heterocyclic carbene (NHC) based bifunctional nickel precatalyst has been probed using density
functional theory (DFT) studies. In particular, the base-free Michael addition of a b-dicarbonyl compound
namely, 2-acetyl-cyclopentanone (a) with methyl vinyl ketone (b) as catalyzed by a representative
bifunctional nickel precatalyst viz. [1-(Me)-3-N-(methylacetamido)imidazol-2-ylidene]2Ni (A) has been
investigated. The modeling studies reveal that the nucleophilic attack of a metal bound enolate moiety of
a 1,3-dicarbonyl adduct species (B) to the approaching activated olefinic substrate, methyl vinyl ketone
(b), is the crucial rate-limiting step of the reaction yielding a Michael addition product adduct species (C).
Interestingly, the subsequent intramolecular rearrangement of (C) to a different O-bound intermediate
(D) exhibit nearly equal activation barrier.

� 2014 Elsevier B.V. All rights reserved.
Introduction

Named after Arthur Michael [1], the conjugate addition of nu-
cleophiles to acceptor activated olefin and alkyne substrates is now
a much recognized strategy for an efficient and versatile construc-
tion of CeC bonds [2]. The reaction offers a large variety of the
conjugate addition products from a broad scope of the Michael
donor and Michael acceptor substrate bases. Depending upon the
nature of the nucleophile, many of its variants, in the form of
hetero-Michael reactions, whose recent examples include, the aza-
Michael [3], sulpha-Michael [4], phospha-Michael [5] and oxo-
Michael [6] have surfaced alongside. The classical Michael addi-
tions are typically base catalyzed that also promotemany unwanted
secondary reactions like aldol cyclization, ester solvolysis and etc,
thus affecting the overall yield of the reaction. Towards this end, the
transition metal mediated Michael additions [7], that allow the use
of mild and neutral reaction conditions, offer attractive alternatives
over the base catalyzedMichael additions. Despite the success with
transition metals, the parallel development of organocatalytic
version of theMichael addition [8] has also gained popularity in the
jaraman), pghosh@chem.iitb.
recent past primarily for its ‘green’ nature that avoids the use of
metals, thereby providing a nontoxic, readily available and conve-
nientmethod [9]. However, the organocatalysis too is often plagued
by its own limitations like the requirement of high catalyst loadings,
restricted reaction conditions and narrow substrate scope.

In this backdrop our specific goal is in developing new
bifunctional catalysts for carrying out the Michael addition under
base-free conditions. We rationalized that the bifunctional cata-
lysts by virtue of the presence of two orthogonal functionalities in
the form of an acidic and a basic site may promote dual activations
of both of the reacting partners namely, a nucleophile and an
electrophile, under mild conditions in a highly efficient manner
[10,11]. For achieving the base-free Michael reaction, the built-in-
basicity of the basic site of the bifunctional catalyst should be
comparable to that of an external base with regard to being able to
generate the nucleophile for the conjugate addition by the
deprotonation of an acidic hydrogen of one of the reactants (i.e. of a
Michael donor). In this regard, the donor-functionalized N-het-
erocyclic carbene complexes of transition metals have attracted
attention lately [12]. Hence, the conceptual realization of a suc-
cessful bifunctional catalyst heavily relies on the cooperation be-
tween two reactions facilitated individually by two orthogonal
effects that comprise of the generation of a carbanion by depro-
tonation of the Michael donor by the built-in basic site on the
ligand along with the activation of the Michael acceptor by the
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Fig. 1. Bifunctional Ni(II)-NHC catalysts used for the base-free Michael addition reac-
tion (see Ref. [16]).
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acidic metal site of the bifunctional catalyst through coordination
to it. Building upon the above rationale, as a part of our long-
standing interest in the chemistry of N-heterocyclic carbenes [13],
and their related catalytic [14] and biomedical applications [15],
we have recently reported a series of bifunctional nickel pre-
catalysts of chelating amido-functionalizedN-heterocyclic carbene
ligands for the base-free Michael addition reaction in air at room
temperature (Fig. 1 and Scheme 1) [16]. In this context it is note-
worthy that though the N-heterocyclic carbenes have made a
lasting impression in the field of transition metal mediated ho-
mogenous catalysis, the development of bifunctional catalysts
using these ligands have surprisingly been rather limited, and in
light of which our current effort assumes significance. In the
absence of any prior mechanistic studies [17] of such base-free
Michael addition reaction by any bifunctional transition metal
catalysts of the N-heterocyclic carbene ligands, we set out to
perform the same.
N

N
R

N
O

Ph

N

N
R

N
O

Ph

Ni

R = Me, i-Pr, CH2Ph

O

COR'

R' = Me, OMe, OEt

N

N
R

N
O

Ph

NR

Ni

O

O
R'

O

O
R'

O

Scheme 1. Proposed catalytic cycle for the base-free M
Herein, we report a computational investigation of the base-free
Michael addition reaction of a b-dicarbonyl compound, 2-acetyl-
cyclopentanone (a), with an activated a,b-unsaturated olefin sub-
strate, methyl vinyl ketone (b), catalyzed by a bifunctional nickel
precatalyst, [1-(Me)-3-N-(methylacetamido)imidazol-2-ylidene]2Ni
(A), that is supported over a chelating amido-functionalized N-het-
erocyclic carbene ligand (Schemes 2 and 3). The study aims at un-
derstanding the explicit role of the rationally designed nickel based
bifunctional catalyst in partaking the Michael addition reaction un-
der base-free conditions.

Results and discussion

A proposed mechanism of a base-free Michael addition reac-
tion of 1,3-dicarbonyl compounds with activated olefins mediated
by a series of bifunctional nickel precatalysts under ambient
conditions have been investigated in the current study [16]
(Scheme 1). Towards this purpose a singlet spin-state mecha-
nistic pathway was modeled employing density functional theory
studies (Schemes 3 and Fig. 2). As for the computational simplicity,
a methyl and an N-(methyl)acetamido moiety were chosen as the
1,3-substituents in a modified precatalyst (A) as opposed to the
more elaborated ones of the nickel precatalysts (Fig. 1) reported
earlier for the base-free Michael addition reaction under ambient
conditions [16]. More specifically, a base-free Michael addition
reaction between two representative substrates namely, 2-acetyl-
cyclopentanone (a) and methyl vinyl ketone (b) as catalyzed by
the simplified nickel precatalyst, [1-(Me)-3-N-(methylacetamido)
imidazol-2-ylidene]2Ni (A) was thus chosen for the study. All of
the stationary and transition states of proposed catalytic cycle
were computed at B3LYP/LANL2DZ, 6-31G(d) level of theory by
applying appropriate modification to the solid state structures of
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Scheme 2. Computed catalytic cycle for the base-free Michael addition reaction by a simplified Ni(II)-NHC complex (A).

Scheme 3. Computed catalytic cycle for base-free Michael addition reaction of 2-acetyl-cyclopentanone (a) with methyl vinyl ketone (b) as catalyzed by a representative
bifunctional nickel N-heterocyclic carbene precatalyst (A).
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Fig. 2. An overlay of the computed isolated gas phase and solvent phase (MeCN and CHCl3) total energy (E) with zero-point energy (ZPE) correction (E þ ZPE) at B3LYP/LANL2DZ, 6-
31G(d) level of theory for base-free Michael addition of 2-acetyl-cyclopentanone (a) with methyl vinyl ketone (b) as catalyzed by a representative bifunctional nickel N-heterocyclic
carbene precatalyst (A).
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the Michael precatalysts [16], whose coordinates were obtained
from the X-ray analysis (Fig. 2e6 and Supporting information
Figs. S4, S5, S7eS14 and Tables S1, S3eS13). Notably, with all of
the molecular structures of the reported precatalysts [16]
Fig. 3. An overlay of the computed isolated gas phase and solvent phase (MeCN and CHCl3)
TZVP level of theory for base-free Michael addition of 2-acetyl-cyclopentanone (a) with me
carbene precatalyst (A).
exhibiting a cis-disposition of the two 1,3-disubstituted N-het-
erocyclic carbene ligands around the metal center, the simplified
precatalyst (A) was so chosen of such cis-geometry (Supporting
information Fig. S5). Indeed, a geometry depicting the trans-
total energy (E) with zero-point energy (ZPE) correction (E þ ZPE) at B3LYP/LANL2DZ,
thyl vinyl ketone (b) as catalyzed by a representative bifunctional nickel N-heterocyclic



Fig. 4. Computed structure of cis-1TS1. Selected bond lengths (�A), bond angles (�); Nie
C11.865, NieC7 1.939, NieN3 1.881, NieN6 2.661, N6/H11.039, O3/H11.723, Ni/O3
2.574, Ni/O4 3.701, C1eNieO3 134.16, C7eNieN3 176.23, C1eNieC7 95.85, C1eNie
N3 87.80, C7eNieO3 72.08, N3eNieO3 105.94. Calculated imaginary frequency
involving Ni/O3, O3/H1/N6 and N6/Ni bond is i87 cm�1.

Fig. 6. Computed structure of cis-1TS4. Selected bond lengths (�A), bond angles (�); Nie
C11.885, NieC7 1.930, NieN3 1.893, Ni/N6 2.457, N6/H11.646, O5eH11.025, Ni/O5
2.383, C1eNieO5 172.68, C7eNieN3 176.34, C1eNieC7 96.04, C1eNieN3 87.60, C7e
NieO5 83.90, N3eNieO5 92.52. Calculated imaginary frequency involving O5/Ni,
N6/Ni and N6/H1/O5 bonds is i106 cm�1.
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disposition of the two N-heterocyclic carbene ligands around the
nickel center was found to be significantly higher in energy by
7.8 kcal/mol than that of the corresponding cis analog at the
B3LYP/LANL2DZ, 6-31G(d) level of theory (Supporting Information
Figs. S1eS2, S5eS6 and Tables S1 and S2). Additional single-point
calculations were performed on the fully optimized geometries of
the stationary points and the transition states by using a higher
triple x-basis set at the B3LYP/LANL2DZ, TZVP and the B3LYP/TZVP
levels of theory for further substantiation of the results (Figs. 2e6
Fig. 5. Computed structure of cis-1TS2. Selected bond lengths (�A), bond angles (�); Nie
C1 1.881, NieC7 1.930, NieN3 1.917, NieO3 1.997, Ni/O5 3.034, C22/C26 1.957, O3e
C23 1.256, C23eC22 1.458, C1eNieO3 175.15, C7eNieN3 175.96, C1eNieC7 93.66, C1e
NieN3 86.10, C7eNieO3 90.43, N3eNieO3 89.98. Calculated imaginary frequency
involving C22/C26 bond is i318 cm�1.
and Supporting information Figs. S3eS5, S8eS14 and Tables S1,
S3eS13) and the results of which closely matched with each
other. The solvent effects were incorporated via polarizable con-
tinuum model (PCM) calculations, done for the CH3CN and CHCl3
mediums. The values pertaining to the CHCl3 medium, obtained at
B3LYP/LANL2DZ, TZVP level of theory, are used in the current
discussion. Both of the total energy (E) with zero-point energy
(ZPE) correction (E þ ZPE) and the free energy (DG) profiles were
obtained for a better understanding of the chemical reaction space
of the base-free Michael addition reaction between the repre-
sentative b-dicarbonyl compound, 2-acetyl-cyclopentanone (a),
and the representative a,b-unsaturated carbonyl compound,
methyl vinyl ketone (b), as catalyzed by a representative simplified
bifunctional nickel N-heterocyclic carbene precatalyst of the type
(A) (Figs. 2 and 3 and Supporting information Figs. S2eS4).
Throughout the text the energy values pertaining to the total
energy (E) with zero-point energy (ZPE) correction (E þ ZPE)
profile have been used owing to the overestimation of the entropy
term observed in the corresponding free energy profile [18].

In keeping with the earlier observed diamagnetic nature of the
nickel precatalysts [16], an initiating species having a singlet spin-
state, cis-1A, was thus chosen for the computational modeling
studies. The square planar structure of cis-1A exhibited slightly
lower NieCcarbene distances [d/(NieC1) ¼ 1.914 �A and d/(Nie
C7) ¼ 1.915 �A] than the sum of the respective covalent radii of Ni
and C (NieC ¼ 1.926�A) [22] while the NieNamide distances [d/(Nie
N3) ¼ 1.939 �A and d/(NieN6) ¼ 1.938 �A] were slightly higher than
the similar sum of the covalent radii of Ni and N (NieN ¼ 1.854 �A)
[19]. As expected, all of the angles at the nickel center conformed to
an ideal value of 90� (Supporting information Fig. S5 and Table S1).
The NBO analysis revealed the polar nature of the NieC1 (carbene)
and NieC7 (carbene) bonds with predominantly higher percent-
ages of electron contribution coming from C1 (78.7) and C7 (78.7)
and considerably lower percentages of electron contribution from
Ni (21.2) in each. Similarly, the NieN3 (amido) and NieN6 (amido)
bonds exhibited even higher percentages of electron contribution
arising from N3 (84.3) and N6 (84.3) and much lower percentages
of electron contribution from Ni (15.6) in each (Supporting
information Table S14).

The catalytic cycle proceeds with the coordination of the sub-
strate, 2-acetyl-cyclopentanone (a), to the precatalyst (A) yielding
the corresponding 1,3-dicarbonyl adduct species (B) via a transition
state TS1 that exhibits a barrier of 16.6 kcal/mol. The binding of the
1,3-dicarbonyl substrate, 2-acetyl-cyclopentanone (a), to the metal
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center occurs through its enol-form, as opposed to the keto-form,
as the former is more favorable to donate the hydrogen atom to
the amido-N of the functionalized sidearm [8b].

The transition state TS1 has been characterized by an imaginary
frequency of i87 cm�1 exhibiting displacement vectors along the
Ni/O3, Ni/N6, O3/H1 and N6/H1 interactions. The ring
carbonyl O3 of the substrate (a) was seen interacting with NeH
(H1) proton of the protonated non-chelated amido sidearm sub-
stituents. The Ni/O3 distance of 2.574 �A was significantly lower
than the sum of the individual van der Waals radii of Ni and O
(Ni/O ¼ 2.95 �A) [20] and is indicative of a strong interaction. On
the contrary, the observed oxygen O3/H1 distance of 1.723 �A
when compared to the sum of the individual van der Waals radii of
O and H (O/H ¼ 1.72 �A) [20] suggested a relatively weaker inter-
action. It is interesting to note that the amido-sidearm of one of the
N-heterocyclic carbene ligand in A was protonated by the active
hydrogen atom of the 1,3-dicarbonyl substrate, 2-acetyl-cyclo-
pentanone (a), and which subsequently got dechelated from the
nickel center in the transition state TS1 (Fig. 4 and Supporting
Information Table S3). Quite expectedly, the NBO analysis reveals
that the dechelation of amido-N6 sidearm from the nickel center
[d/(NieC7) ¼ 1.939�A] in the TS1 leads to an increase in the natural
charge (0.437) at nickel in the TS1 relative to that in A (þ0.307) and
as a consequence of which, shorter NieCcarbene [d/(Nie
C1) ¼ 1.865 �A and d/(NieC7) ¼ 1.939 �A] and NieNamido [d/(Nie
N3) ¼ 1.881�A] distances were observed as compared to that in the
initiating species A [d/(NieC1) ¼ 1914 �A and d/(NieC7) ¼ 1.915 �A]
and NieNamido [d/(NieN3) ¼ 1.939 �A]. The acetyl oxygen O4
was found to be deposed away from the metal center
(Ni/O4 ¼ 3.701 �A) (Supporting information Table S14).

Transition state TS1 results in a lower energy (�3.11 kcal/mol)
square planar intermediate (B) having one amido functionalized N-
heterocyclic carbene ligand chelated to the metal center through
the carbene carbon C1 and the amido nitrogen N3 atom while the
other N-heterocyclic carbene ligand, possessing the protonated
amide moiety, was bound to the nickel center through the carbene
carbon C7 only. The fourth site was occupied by the ring carbonyl
oxygen O3 atom that exhibited a strong NieO3 interaction as seen
from a significantly shorter NieO3 distance of 1.960 �A relative to
that in the transition state TS1 [d/(Ni/O3) ¼ 2.574 �A]. The NBO
analysis reveals that the coordination of the ring carbonyl oxygen
O3 atom to the nickel center resulted in accumulation of the elec-
tron density at the metal center as seen from the natural charge
of þ0.366 at the nickel in B diminishing from the corresponding
value of þ0.437 at the metal in TS1 (Supporting information
Table S14). An interesting fallout of the shorter NieO3 distance
(1.960 �A), is the elongation of the remaining three bonds to the
nickel center in B, i.e. of the NieCcarbene [d/(NieC1)¼ 1.899�A and d/
(NieC7) ¼ 1.955 �A] and the NieNamido [d/(NieN3) ¼ 1.946 �A] dis-
tances in comparison to the corresponding ones in the transition
state TS1 [d/(NieC1) ¼ 1.865 �A, d/(NieC7) ¼ 1.939 �A and d/(Nie
N3) ¼ 1.881 �A] (Supporting information Fig. S7 and Table S4).

The reaction proceeds by the approach of the methyl vinyl ke-
tone (b) substrate to the Ni bound acetylcyclopentenolate moiety,
whose ring carbon C22 attacks the activated olefinic-end carbon
C26 of the methyl vinyl ketone (b) substrate exhibiting a charac-
teristic imaginary frequency of i312 cm�1 along the C22/C26 bond
formation in the transition state TS2 and which marks an uphill
barrier of 29.6 kcal/mol from the nearest reacting species B. Inci-
dentally, this step represents the rate-determining step of the
overall reaction. This is expected as the CeC bond formation is
taking place at this transition state and the HOMO of the TS2 re-
veals that essentially the p-electrons of both the methyl vinyl ke-
tone moiety and the Ni bound acetylcyclopentenolate moiety
participate in this transition state (Supporting information
Fig. S15). Of particular interest is the C22eC26 distance of 1.957 �A
that is longer than a CeC single bond distance (1.544 �A) [19] but
shorter than twice the van der Waals radii of C (3.06 �A) [20]. As
expected, the O3eC23 distance (1.256 �A) has shortened slightly in
the transition state TS2 as compared to the same in B (1.288�A) and
is consistent with one having a partial double bond character.
Lastly, the C23eC22 distance of 1.458 �A in transition state TS2 is
longer than the corresponding distance in B (1.394 �A) (Fig. 5 and
Supporting information Table S5).

The transition state TS2 results in a stable square planar inter-
mediate C, inwhich the Michael addition product was found bound
to the metal center, and whose formation was endergonic by
17.9 kcal/mol with respect to the nearest reacting species B. As
expected, the NieCcarbene bond distances [d/(NieC1) ¼ 1.907�A and
d/(NieC7) ¼ 1.931 �A] and the NieNamido distance [d/(Nie
N3) ¼ 1.931�A] conform to the respective NieC (1.926�A) and NieN
(1.854 �A) [19] single bond lengths. Another important structural
aspect of the intermediate C is about the presence of a six-
membered ring that arise out of an intramolecular attack of the
nucleophilic oxygen O5 atom on to the electrophilic carbon C23
atomwithin the nickel boundMichael addition product moiety and
which exhibits a O5eC23 distance of 1.498�A consistent with a OeC
single bond length (1.432 �A) [19] (Supporting information Fig. S8
and Table S6). Also complying with the nucleophilic attack of O5
atom on to the C23 atom, the natural charge on O5 atom decreased
to�0.580 from that of O5 atom (�0.732) in the methyl vinyl ketone
(d) substrate (Supporting information Table S14).

The intermediate C further undergoes a rearrangement via a
transition state TS3 displaying a barrier height of 11.3 kcal/mol from
its nearest reactant species C to give an intermediate D that is more
stabilized by�11.3 kcal/mol with respect to C. In the transition state
TS3, the rearrangement proceeds via the formation of a Ni/O5
bond (2.256�A) concomitant with the cleavages of Ni/O3 (2.400�A)
and O5/C23 (2.314 �A) bonds. The transition state TS3 has been
characterized by an imaginary frequency of i105 cm�1 depicting
displacement vectors in the direction of Ni/O5 bond formation
and of the Ni/O3 and O5/C23 bond cleavages (Supporting
information Fig. S9 and Table S7).

The intermediate D is also of a square planar geometry, similar
to that of the intermediate C, but differing by the binding of the
Michael addition product moiety to the metal center via the O5
oxygen atom as opposed to the O3 atom in the intermediate C. The
NieO5 bond distance of 1.903 �A in the intermediate D is slightly
smaller than the NieO3 bond distance of 1.932 �A observed in the
intermediate C (Supporting information Fig. S10 and Table S8).

The final step of the mechanistic cycle involves an intra-
molecular rebound proton transfer in the transition state TS4 be-
tween the amido N6 atom and the oxygen O5 atom of the nickel
bound enolate of the Michael addition product moiety along with
the cleavage of the NieO5 bond. The transition state TS4 exhibits a
barrier of 17.3 kcal/mol with respect to the nearest reactant species
D as characterized by an imaginary frequency of i106 cm�1 that
display displacement vectors along the direction of Ni/N6 bond
formation and Ni/O5 bond cleavage (Fig. 6 and Supporting
information Table S9). The transition state TS4 finally yields the
initiating catalytic species A along with the enol form of the
Michael addition product, that further gets stabilized by 11.8 kcal/
mol in its lower energy keto form (Supporting information
Figs. S13eS14, S16eS17 and Tables S12 and S13).

Overall, the Michael addition reaction of 2-acetyl-cyclo-
pentanone (a) with methyl vinyl ketone (b) as catalyzed by a
bifunctional nickel precatalyst (A) is slightly endergonic by
3.26 kcal/mol. The attack of the methyl vinyl ketone (b) substrate
on to the 2-acetyl-cyclopentenolate moiety bound to the nickel
center in the intermediate B yielding the species C marks the rate-
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determining step of the overall Michael addition reaction. Notably,
the subsequent rearrangement step from the species C to D was
found to be almost equally competitive displaying only amarginally
lower activation barrier.

Conclusions

In summary, a base-free Michael addition reaction of 2-acetyl-
cyclopentanone (a) and methyl vinyl ketone (b), as catalyzed by a
bifunctional nickel N-heterocyclic carbene complex, [1-(Me)-3-N-
(methylacetamido)imidazol-2-ylidene]2Ni (A), has been investi-
gated using density functional theory (DFT) studies. The catalytic
cycle initiates with the binding of 2-acetyl-cyclopentanone (a) to
the nickel precatalyst (A) as a result of the deprotonation of an
acidic CeH bond of 2-acetyl-cyclopentanone (a) by an amido ligand
sidearm of the nickel precatalyst (A) to give an intermediate (B). A
nucleophilic attack of the carbanion of the metal bound enolate
moiety of the 1,3-dicarbonyl adduct species (B) on to an activated
olefinic substrate namely, methyl vinyl ketone (b), yields the much
desired Michael addition product adduct species (C) that further
undergo intramolecular rearrangement to an intermediate (D).
Subsequently, an intramolecular protonation of the metal bound
Michael addition product species by an amido ligand sidearm of D
yields the corresponding Michael addition product along with the
regeneration of the starting catalytic species (A).

Experimental section

Computational methods

Density functional theory (DFT) calculations were performed on
the reactant, product, transition states and the intermediates using
GAUSSIAN 09 [21] suite of quantum chemical programs. In partic-
ular, the DFT calculations were performed on the stationary (AeD)
and the transition states (TS1eTS4) of the proposed mechanistic
cycle (Scheme 2). The Becke three parameter exchange functional
in conjunction with LeeeYangeParr correlation functional (B3LYP)
has been employed in the study [22]. The polarized basis set 6-
31G(d) [23] was used to describe oxygen, carbon, nitrogen and
hydrogen atoms while the LANL2DZ basis set was used for the
nickel atom [24]. Finally, higher level single-point calculations on
the stationary (AeD) and the transition states (TS1eTS4) of the
proposed mechanistic cycle (Schemes 2 and 3) were performed on
the respective B3LYP/LANL2DZ, 6-31G(d) optimized geometries
using LANL2DZ basis set for Ni atom and TZVP basis set for all other
atoms [25]. Natural bond orbital (NBO) analysis [26] was performed
using NBO 3.1 program implemented in the GAUSSIAN 09 package.
The transition state (TS) optimization method based on the Berny
algorithm was used for the transition state optimizations [27].
Frequency calculations were performed for all of the optimized
structures to characterize the stationary points as minima and the
transition states as maxima. The solvation energy has been incor-
porated using Polarizable ContinuumModel (PCM) [28] with CHCl3
and CH3CN solvents via single-point energy calculations of the
optimized gas phase geometries. All the energetics of the potential
energy surfaces discussed are that of the solvation electronic en-
ergy values in CHCl3 unless otherwise stated.
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