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ABSTRACT: A density functional theory (DFT) investiga-
tion performed at the B3LYP/TZVP//B3LYP/6-31G(d)-
LANL2DZ level of theory on the hydroamination of dimethyl-
amine (Me,NH) on an activated olefin (namely, acrylonitrile
(CH,=CHCN)), as catalyzed by a 1,2,4-triazol based nickel(II)
N-heterocyclic carbene complex (namely, [1,4-dimethyl-1,2,4-
triazole-S-ylidene], nickel dichloride) revealed that the olefin
coordination pathway is favorable over the amine coordination
pathway, although the initial olefin coordination step is higher in
energy than the initial amine coordination step. Significantly
enough, the reaction involved a crucial 1,3-proton transfer step
between the resonance intermediates, ie., the C-bound

Z>CN + NHMe,

MeaN-_~~cN

[(NHC),Ni(CH(CN)CH,NHMe,)]* (D) species or N-bound [(NHC),Ni(NCCHCH,NHMe,)]* (E) species and the
intermediate [(NHC),Ni(NCCH,CH,NMe,)]" (F), depicting the cleavage of a N—H bond and the formation of 2 C—H bond
facilitated by a water-assisted/amine-assisted proton shuttle. Overall, among the various pathways explored, the lowest energy
pathway involved alkene coordination, followed by an amine-assisted 1,3-proton transfer step.

B INTRODUCTION

The hydroamination of alkenes poses a formidable challenge in
contemporary homogeneous catalysis, because of its thermo-
neutral nature. However, the significance of a 100% atom
economy reaction—which has widespread applications in the
fine-chemical, pharmaceutical, and agricultural industries—
makes the hydroamination reaction an attractive cause to
pursue.’ A conceptual obstacle to the reaction stems from the
electron richness of the reacting substrates (namely, the olefin
and the amine), which makes them averse to mutually reacting
on their own, in the absence of a catalyst. In this context, the
Lewis-acidic transition-metal-catalyzed alkene hydroamination
reactions gain relevance.” It is worth mentioning that the alkene
hydroamination reaction is more challenging than the related
alkyne hydroamination reaction, because the former is thermo-
neutral while the latter is favorable by —17 kcal/mol.*> Apart
from the thermoneutrality, the other issue with the alkene
hydroamination reaction is that of the product selectivity.
It arises from the regioselectivity in the amine addition that
yields the Markovnikov and anti-Markovnikov products, along
with the competing amine oxidation products formed under
the reactions conditions.” The challenge of overcoming the
difficulty associated with the reaction thermoneutrality and the
promise of a wider applicability of the hydroamination reaction
attracted our attention, against the backdrop of a handful of
studies’ that exist.

As a part of our larger interest in exploring the utility of the
transition-metal-based N-heterocyclic carbene complexes in
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chemical catalysis*® and in biomedical applications,®” we
became interested in designing N-heterocyclic carbene-based
catalysts for the hydroamination reactions of alkenes® and
alkynes.9 In addition, with the intent of designing more-efficient
catalysts through a better understanding of the reaction mech-
anism, we decided to undertake a computation study of the
alkene hydroamination reaction, as performed by a nickel
precatalyst of a simplified 1,2,4-tirazole-derived N-heterocyclic
carbene ligand, based on our earlier study.® The further
motivation for the work came from our prior computational
investigation on a related alkyne hydroamination reaction'” that
highlighted a critical role played by the adventitious water
molecules present in the reaction medium in bringing about a
drastic reduction of the activation barrier of a pivotal 1,3-proton
transfer step through a water-assisted proton shuttle mecha-
nism; hence, we wanted to determine whether such a proton
relay mechanism is operational in the analogous alkene hydro-
amination reaction.

In this manuscript, we report a density functional theory
(DFT) study of the alkene hydroamination reaction for two
representative substrates, namely, CH,=CHCN and Me,NH,
as catalyzed by a nickel catalyst (namely, trans-[1,4-dimethyl-
1,2/4-triazol-S-ylidene],NiCl,) of a simplified 1,2,4-triazole-
derived N-heterocyclic carbene ligand:
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This study aims at obtaining key insights into the catalyst mode
of action for the alkene hydroamination reaction.

B RESULTS AND DISCUSSIONS

A computational investigation of the mechanism of the alkene
hydroamination reaction with an amine as catalyzed a nickel
N-heterocyclic carbene complex was undertaken using DFT
study based on our prior study.® In particular, the catalytic cycle
of an alkene hydroamination reaction was modeled for two
representative substrates, namely, acrylonitrile (CH,—=CHCN)
and dimethylamine (Me,NH), as catalyzed by a simplified nickel
catalyst, trans-[1,4-dimethyl-1,2,4-triazol-S-ylidene],NiCl, (A).
The simplified nickel catalyst A contained methyl substituents
instead of the isopropyl and ethyl substituents, and was so
chosen for the sake of computational simplicity [see Scheme 1].
On the basis of the mass spectrometric evidence,” a cationic
acetonitrile solvent coordinated intermediate, {[1,4-dimethyl-
1,2,4-triazol-S-ylidene ],Ni(NCCH;) (OTf)}* (B), was taken to
be the initiating active species of the alkene hydroamination
reaction. The DFT calculations were performed on all of the
intermediate species (B—F), as an isolated cationic species in
the gas and the solvent phases, as opposed to the real-life ion
pair scenarios that exist in solutions under experimental reac-
tion conditions.

The characterizations of the stationary points and transition
states of the proposed catalytic cycle were performed for the
nickel N-heterocyclic carbene complex at B3LYP/6-31G(d)-
LANL2DZ level of theory by applying suitable modifications to

the structures of the precatalysts, namely, trans-[1-i-propyl-4-R-
1,2/4-triazol-5-ylidene],MBr, [R = Et, CH,CH = CH,; M = Nj,
Pd], as obtained from single-crystal X-ray diffraction studies
[see Scheme 2]. The solvation effects were included using
polarizable contintum model (PCM) calculations. The single-
point energy calculations were performed on optimized geo-
metries using a higher triple-{ basis set at B3LYP/TZVP//
B3LYP/6-31G(d)-LANL2DZ level of theory for obtaining
good numerical estimates of the computational results.
Furthermore, the charge decomposition analysis (CDA) studies
were performed on all of the stationary points (B—F) of
both the alkene and amine coordination pathways to investigate
the metal—ligand donor—acceptor interactions [acceptor
[(NHC),Ni(OTf)]* in B—F, while donor = CH,CN in B,
CH,=CHCN in C, NHMe, in C’, CNCH=CH,**NHMe, in
C’"’, C-bound CH(CN)CH,NHMe, in D, N-bound CH(CN)-
CH,NHMe, in E, and NCCH,CH,NMe, in F] occurring in
these species. Subsequently, the molecular orbital (MO) corre-
lation diagrams were constructed from the individual fragment
molecular orbitals (FMOs) for further understanding of these
interactions. An insight into the relative extent of the forward
o-donation and the s-back-donation occurring between the
donor and acceptor fragments [acceptor = [(NHC),Ni(OTf)]*
in B—F, while donor = CH;CN in B, CH,=CHCN in C,
NHMe, in C’, CNCH=CH,*NHMe, in C’’, C-bound
CH(CN)CH,NHMe, in D, N-bound CH(CN)CH,NHMe,
in E and NCCH,CH,NMe, in F] were obtained from d/b ratio
values, in which d represents donor — acceptor o-interaction, and b
represents the complementary acceptor — donor m-interaction.
Finally, free-energy (AG) plots of the catalytic cycle at the
B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ level of theory
were constructed for the solvent phase and have been included
in the discussion.

A catalytic cycle for the hydroamination reaction is envisaged
to proceed through two possible pathways, namely, (i) an
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Scheme 2. Computed Catalytic Cycle for Hydroamination of CH,—CHCN with NHMe, by Species A Depicting Both the
Amine and Alkene Coordination Pathways Proceeding via (a) a H,0O-Mediated Proton-Transfer Step and (b) a NHMe,-

Mediated Proton-Transfer Step
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alkene coordination pathway and (i) an amine coordination
pathway. These two pathways have been examined for the nickel
precatalyst, trans-[1,4-dimethyl-1,2,4-triazol-S-ylidene],NiCl,
(A). The computed structure of species A showed the Ni
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center in a square-planar geometry being bonded to two NHC
ligands and two Cl ligands in a trans fashion [see Figure S1 in
the Supporting Information]. The two Ni—C_,.en distances are
identical in species A [of 1.952 A each] and are slightly longer
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than the sum of the individual covalent radii of Ni and C atoms
(1.86 A)."" The angles in species A at the Ni center are close
to the expected value of 90° in concurrence with the square
planar geometry of the species. The natural bond orbital
(NBO) analysis revealed that the two metal—carbene bonds are
polar in nature, exhibiting an orbital contribution of ca. 18%
from the nickel-based atomic orbitals and of ca. 82% from the
carbon-based atomic orbitals.

Species A readily reacts with AgOTf in CH;CN to give a
precipitate of AgCl, along with an CH3;CN coordinated
intermediate species [(NHC),Ni(NCCH,)(OTf)]* (B),
which is considered to be the initiating active species for the
catalytic cycle. The intermediate B also has the expected square
planar geometry [see Figure la]. The Ni—C_ee bond
distances [Ni—Cl = 1.959 A and Ni—C3 = 1.953 A] are
slightly elongated, compared to the sum of individual covalent
bond radii for Ni—C [1.86 A]."" The polarity of the Ni—C,pene
bonds in intermediate B was similar to that observed for species
A. The Ni—C_, 4, bonds in intermediate B were composed of
an ~21% contribution from the nickel-based atomic orbitals
and an ~79% contribution from the C_n.-based atomic
orbitals. The CDA analysis gave a d/b value of 6.1, which

indicated the presence of a strong o-bonding interaction between
CH,CN (donor) fragment and the [(NHC),Ni(OTf)]"* (accep-
tor) fragment in the [(NHC),Ni(NCCH;)(OTf)]* (B).

The Ni-NCCH; bond dissociation energy (D,), computed
at B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ level of
theory, was estimated to be 44.9 kcal/mol in the acetonitrile
solvent, and is in agreement with a significantly strong binding
of the CH;CN moiety to the Ni center in intermediate B.
The molecular orbital (MO) correlation diagram constructed
for the [(NHC),Ni(OTf)]* (acceptor)—CH;CN (donor)
interaction in the intermediate B revealed that the Ni—N7
bond was comprised of o-type donation from the nitrogen
lone pair of the CH;CN moiety to the d-type FMOs of
[(NHC),Ni(OTf)]* [see Figure 2]. The intermediate B can
further proceed via two different routes, i.e., the alkene coordi-
nation pathway and amine coordination pathway in the alkene
hydroamination reaction.

Alkene Coordination Pathway. This pathway involves
the CH;CN coordinated intermediate B reacting with the
olefin substrate CH,—=CHCN, with the elimination of a free
CH;CN molecule to yield an alkene-coordinated interme-
diate [(NHC),Ni(CH,=CHCN)(OTf)]" (C). Here, we have
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Figure 1. Computed structures of (a) B, (b) B0, (c) TS0, (d) TS1, (e) TS2, (f) TSI, (g) TS1”, (h) TS3 ueer () TS3Nyarer () TS3umines
(k) TS3N,mine () TS3mines (m) TS3N. e and (n) TS4. Selected bond lengths are given in A. (H atoms are omitted for the sake of clarity).
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Figure 2. A simplified orbital interaction diagram showing the major contributions of the [(NHC),(OTf)Ni—NCMe]" bond in B.

explored both associative and dissociative pathways for inter-
mediate B to generate intermediate C.

In the dissociative pathway, the Ni—NCMe bond would
cleave to form a three-coordinate intermediate [(NHC),Ni-
(OTf)]* (BO) [see Figure 1b], as shown in Scheme 1, and is
computed to be endothermic by 16.7 kcal/mol. In the sub-
sequent step, intermediate BO reacts with the olefin substrate
via transition state TSO to form intermediate C. The activation
energy for this step is computed to be 19.5 kcal/mol, with
respect to intermediate BO, and at a barrier of 36.2 kcal/mol
from the CH;CN-coordinated intermediate B in solvent phase
(CH,CN) at the B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ
level of theory. Transition state TSO exhibited a characteristic
imaginary frequency of i108 cm™" [see Figure 1c]. Subsequently,
the alkene-coordinated intermediate C is formed from this
dissociative pathway [B — BO — TS0 — C] and this reaction is
endothermic by 27.7 kcal/mol, with regard to intermediate B.

In the associative pathway, the olefin substrate directly
attaches to intermediate B and form a five-membered transition
state TS1, for which the activation barrier was estimated to be
44.9 kcal/mol in solvent phase (CH;CN) at the B3LYP/
TZVP//B3LYP/6-31G(d)-LANL2DZ level of theory. The tran-
sition state TS1 exhibited a characteristic imaginary frequency of
i86 cm™’, corresponding to a significant increase of the distance
between the Ni center and nitrogen (N7) of acetonitrile [Ni-
N7 = 2.658 A] when compared to that in starting intermediate B
[1.890 A], along with simultaneous shortening of the nickel and
alkene distance [Ni*C9 = 2.747 A and Ni+C10 = 3.030 A].
Transition state TS1 depicts the dissociation of CH;CN and
association of the alkene to the Ni center occurring synchro-
nously and displayed a barrier height of 44.9 kcal/mol [see
Figure 1d]. Note that, when transition state TS1 was computed
for the nickel N-heterocyclic carbene complexes bearing the ethyl
and isopropyl substituents, as per in the experimental study,®

14863

the barrier height remained unchanged [45.0 kcal/mol; see the
Computational Details section, presented later in this work, for
further discussion]. The approach of the alkene to the Ni center
results in weaker Ni—(NHC) interactions, as reflected in the
increased Ni—C_ e bond lengths in transition state TS1 [Ni—
Cl = 1977 A and Ni—C3 = 1.960 A), with respect to that in
the starting intermediate B [Ni—C1 = 1.959 A and Ni—C3 =
1.953 A). Finally, the alkene-coordinated intermediate C is formed
from this associative pathway [B — TS1 — C] and this reaction
is endothermic by 27.7 kcal/mol, with respect to intermediate B.

The asymmetrically bound alkene in intermediate C showed
strong bonding interactions with the Ni center, as seen from
the small interatomic Ni—C,j,,. distances [Ni—C9 = 2.184 A
and Ni*+C10 = 2271 A] [see Figure S2 in the Supporting
Information]. The geometry of intermediate C is slightly
distorted from a square planar structure, as the angles £C3—
Ni—O1 and £C3—Ni—C9 are, respectively, 84.2° and 97.2°,
instead of the expected value of 90°. The Ni—C,s, bond
dissociation energy (D,) was estimated to be 20.8 kcal/mol in
the acetonitrile solvent, as computed at the B3LYP/TZVP//
B3LYP/6-31G(d)-LANL2DZ level of theory. The d/b ratio of
4.1 for the alkene-bound intermediate C is smaller than the
acetonitrile-bound intermediate B [d/b = 6.07], and is a con-
sequence of a greater 7-back-bonding from the Ni center to the
bound olefin moiety in intermediate C. The molecular orbital
(MO) correlation diagram revealed that the [(NHC),Ni-
(OTf)]* (acceptor)—CH,=CHCN (donor) interactions is
comprised of donations from p-type orbitals of CH,—=CHCN
moiety to the d-type FMOs of the [(NHC),Ni(OTf)]*
fragment in intermediate C [see Figure S3 in the Supporting
Information]. Between the dissociative and associative path-
ways, the calculations reveal that the dissociative pathway is
kinetically preferred [see Figure 3].
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Figure 3. Overlay of the computed solvent (MeCN) phase free energies (AG) at the B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ level of theory,
depicting amine (blue) and alkene (green) coordination pathways for the hydroamination of acrylonitrile with dimethylamine, as catalyzed by a
representative nickel N-heterocyclic carbene precatalyst (A) proceeding via a water/amine-mediated proton transfer step. Common pathways are
given in black and hydrogen atom transfer (HAT) is shown in purple and brick red, via intermediates D and E, respectively.

Intermediate C further reacts with NHMe, to form the
species [(NHC),Ni(CH(NC)CH,NHMe,)(OTf)]* (D) via a
transition state TS2. Our calculations reveal the presence of
another intermediate [(NHC),Ni(CNCH=CH,)(OTf)]*
(C""), in which the amine interacts weakly with the alkene,
on the way to the formation of transition state TS2. Note that
this intermediate [(NHC),Ni(CNCH=CH,)(OTf)]* (C") is
a common intermediate for both the associative [B — TS1 —
C — C’’] and the dissociative [B — B0 — TS0 - C — C'’]
pathways of the alkene coordination route, as discussed earlier,
and also for the amine coordination route [B — TS1’ - C' —
TS1" — C'’], to be discussed next.

The coordination of NHMe, yields two resonance inter-
mediates, i.e., the C-bound [(NHC),Ni(CH(NC)CH,NHMe, )-
(OTf)]* (D) and the N-bound [(NHC),Ni(NCCHCH,N-
HMe,)(OTf)]* (E) via transition state TS2, which is common
for both the alkene and amine coordination pathways. Transi-
tion state TS2 exhibits an energy barrier of 8.8 kcal/mol in the
solvent (CH;3CN) phase, relative to the previous intermediate
C in the alkene coordination pathway. However, if we consider
the energy requirement from the initiating species B, transi-
tion state TS2 has an overall barrier of 36.5 kcal/mol. This step
is energetically highest among all the feasible pathways
computed and is the rate-determining step of the overall
reaction.'” Transition state TS2 depicts an anti-Markovnikov-
type addition of the incoming NHMe, substrate to the nickel-
bound alkene moiety.” The approach of NHMe, toward the
C9 carbon of alkene (CH,—CHCN) in transition state TS2
is apparent from the decrease in N8++C9 distance [2.500 A]
and a simultaneous increase in the Ni*+C9 distance [2.558 A],
and is characterized by an imaginary frequency of i112 cm'
[see Figure le]. The Ni—C_,pene bonds in TS2 are slightly less
ionic in nature, with ca. 23% contribution arising from the
nickel atomic orbitals and ca. 77% from the C atomic
orbitals.

Amine Coordination Pathway. This pathway initiates
with the coordination of NHMe, to the Ni center of the active
intermediate B via transition state TS1’ with the elimination of
CH;CN molecule and yielding an amine-coordinated intermedi-
ate [(NHC),Ni(NHMe,)(OTf)]* (C’). The amine coordination

carbene
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step goes through an activation barrier of 29.3 kcal/mol via an
intermediary transition state TS1’, where simultaneous dis-
sociation of CH;CN and association of NHMe, was observed.
The transition state TS1" was characterized by an imaginary
frequency of i110 cm™" [see Figure 1f] and has a barrier height
of 29.3 kcal/mol. In this transition state, an elongation of the
nickel and acetonitrile nitrogen (N7) bond [Ni**N7 = 2.170 A]
is observed, compared to the reactive intermediate B [Ni—N7 =
1.890 A], along with the simultaneous shortening of the nickel
and amine nitrogen (N8) distance [Ni**N8 = 2.410 A].
The approach of amine to the Ni center in transition state TS1’
results in weaker interactions between the Ni—(NHC) bonds,
as is evident from the increased Ni—C_,.,. bond lengths
[Ni—C1 = 1.984 A and Ni—C3 = 1.967 A}, in comparison to
the reacting intermediate (B) [Ni—C1 = 1.959 A and Ni—C3 =
1.953 A). However, the approach of NHMe, in transition state
TS1’ does not result in any significant change in the
Ni—C_,pene bond polarity that showed ca. 21% contributions
from the nickel atomic orbitals and ca. 79% contributions from
carbon atomic orbitals, similar to that in intermediate B
[Ni(21.2%)—C1(78.7%) and Ni(21%)—C3(78.9%)].
Transition state TS1” undergoes elimination of CH;CN and
consequently forms an amine-coordinated intermediate
[(NHC),Ni(NHMe,)(OTf)]* (C’) in a step exothermic by
1.9 kcal/mol, relative to the previous intermediate B. The
amine showed weaker bonding interactions with the Ni center
in intermediate C’ [Ni—N8 = 1.983] than observed in the
preceding acetonitrile-bound intermediate B [Ni—N7 = 1.890]
[see Figure S4 in the Supporting Information]. The solvent
(CH;CN)-phase bond dissociation energy (D.) of the Ni—
NHMe, (amine) bond was computed to be 51.5 kcal/mol at
the B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ level of
theory. As a consequence of strong Ni—NHMe, bonding inter-
actions, an increase in the Ni—C_4.,. bond lengths was observed
for intermediate C’ [Ni—C1 = 1.973 A and Ni—C3 = 1.963 A],
relative to the previous acetonitrile-bound intermediate B [Ni—
C1 = 1959 A and Ni—C3 = 1.953 A]. The CDA analysis showed
that the interaction between the Ni center and amine nitrogen
(N8) is predominantly o-type in nature, as observed from a high
d/b ratio of 8.3. Also, the computed molecular orbital (MO)
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correlation diagram for the [(NHC),Ni(OTf)]* (acceptor)—
NHMe, (donor) bond exhibited donations from o-type FMOs
of the NHMe, moiety to the d-type FMOs of the [(NHC),Ni-
(OTf)]* fragment in intermediate C’ [see Figure SS in the
Supporting Information].

Intermediate C" undergoes an addition of CH,=CHCN to
the Ni center, eliminating NHMe, to form the intermediate
[(NHC),Ni(CNCH = CH,)(OTf)]* (C"') via intermediary
transition state TS1"’. The approach of CH,=CHCN toward
the Ni center in transition state TS1’’ is characterized by an
imaginary frequency of i85 cm™'. The transition state TS1"’
portrays a displacement along the Ni—C9 and Ni—N8
vectors, resulting in the simultaneous inward movement of
CH,=CHCN and the outward movement of NHMe, from the
metal center [see Figure lg]. Transition state TS1’’ has a
barrier height of 50.8 kcal/mol in the solvent (CH;CN) phase,
with respect to the previous intermediate C’. Transition state
TS1"' results in the formation of CNCH=CH, bound to the
Ni center in intermediate C’’ [see Figure S6 in the Supporting
Information] and is marked by the attack of NHMe, on the
metal-bound olefin moiety. The alkene-coordinated intermedi-
ate C"’ is 36.5 kcal/mol endothermic, relative to the previous
intermediate C’. Similar to the alkene coordination route, the
amine coordination route may proceed via dissociative and
associative pathways. However, here, in the amine coordination
route, we have restricted our calculations to the associative
pathway and this is due to the fact that the rate-determining
step is TS1’’ and, therefore, calculations for the dissociative
pathway are not required.

Intermediate C’’ undergoes an anti-Markovnikov-type attack
of NHMe, on the metal-bound olefin moiety in transition state
TS2, resulting in the formation of the resonance intermediates,
ie, the C-bound [(NHC),Ni(CH(CN)CH,NHMe,)(OTf)]*
(D) and the N-bound [(NHC),Ni(NCCHCH,NHMe,)(OTf)]*
(E). This step is exothermic, by 20.6 and 21.2 kcal/mol, with
respect to the intermediate C’’. Similar anti-Markovnikov-type
hydroamination reaction has been noted for a rhodium complex.”*
The C-bound intermediate D showed strong binding between the
Ni center and the alkylamine moiety with the Ni—C10 bond
length of 2.009 A [see Figure S7 in the Supporting Informa-
tion] and exhibited a high bond dissociation energy (D.) of
81.6 kcal/mol computed in the solvent (CH;CN) phase at the
B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ level of theory.
The Ni—C10 bonding interaction was found to be predom-
inantly o-bonding with a d/b ratio of 6.9. The MO correlation
diagram revealed that the [(NHC),Ni(OTf)]* (acceptor)—
CH(CN)CH,NHMe, (donor) interaction was comprised of
donations from o-type FMOs of the CNCHCH,NHMe, moiety
to the d-type FMOs of the [(NHC),Ni(OTf)]" fragment [see
Figure S8 in the Supporting Information]. The N-bound
intermediate E is 0.6 kcal/mol more stable, compared to the
C-bound intermediate D, and exhibits a short Ni—N9 bond (Ni—
N9 = 1.882 A) [see Figure S9 in the Supporting Information].
Since this energy difference is comparable, both the C-bound
intermediate D and the N-bound intermediate E have equal
probability of proceeding further in the reaction. However, the
kinetics in the proceeding step would dictate the preferred
pathway.

The C-bound intermediate D and the N-bound intermediate
E undergo a 1,3-proton transfer between an amine N8 to
alkene carbon C10 assisted by a proton relay mechanism.
This 1,3-proton transfer step invokes the presence of either an

adventitious H,O molecule or the unreacted NHMe, molecules.
The prospects of these two possibilities are discussed below.

Water-Assisted Proton Relay. The water-assisted proton
relay displays an activation barrier of 52.9 kcal/mol with respect
to the C-bound intermediate D and 17.7 kcal/mol, with respect
to intermediate E through the formation of six-membered
transition states TS3yueer and TS3N, respectively. The
barrier height of the water-assisted hydrogen atom transfer
(HAT) via the intermediates D and E provides a clear picture
about the formation of intermediate F. In this regard, the direct
proton transfer through the four-membered transition state
TS3 displayed a slightly higher barrier height of 54.3 kcal/mol
[see Figure S10 in the Supporting Information]. Transition
state TS3,,, was verified by a characteristic imaginary
frequency of i1542 cm ™', corresponding to the proton transfer
occurring between C10--H2 (water hydrogen) *O4 (water
oxygen) and O4+H1 (amine hydrogen) *N8, and stretching
along the Ni+C10 [2.425 A] bond [see Figure 1h], which
subsequently results in the formation of intermediate
[(NHC),Ni(NCCH,CH,NMe,)(OTf)]* (F) having Ni—N9
(nitrile nitrogen of the CNCH,CH,NMe, moiety) coordina-
tion. Similarly, transition state TS3N,,., was verified by a
characteristic imaginary frequency of i1476 cm™, correspond-
ing to the proton transfer occurring between C10-H2 (water
hydrogen) +O4 (water oxygen) and O4-+H1 (amine hydro-
gen) *~N8, and stretching along the Ni*N9 [1.878 A] bond
[see Figure 1i], yielding the same intermediate F.

Amine-Assisted Proton Transfer. Apart from water,
we have also explored the possibility of a proton shuttle
mechanism assisted by the unreacted amine substrate mole-
cules. The amine-assisted proton relay is proposed to proceed
in a two-step fashion, because of the bulkiness of the methyl
groups present. Thus, the first step of the amine-assisted relay
involves proton transfer from an amine N8 in the C-bound
intermediate D and N-bound intermediate E to N10 of NHMe,,
yielding transition states TS3,;,. and TS3N, .. respectively,
which displays an activation barrier of 1.1 kcal/mol, with respect
to the C-bound intermediate D for transition state TS3,,,;n. and
11.3 kcal/mol with respect to the N-bound intermediate E for
transition state TS3N, ;.. Transition state TS3,,,;,. was verified
by a characteristic imaginary frequency of i1011 cm™', depicting
a displacement vector in the direction of hydrogen transfer from
N9 to N10 of NHMe, [see Figure 1j]. Similarly, the transition
state TS3N, e displayed an imaginary frequency of i856 cm™
[see Figure 1k]. The transition states, TS3,mine and TS3N,pines
yield ammonium ion [(NH,(CH;),]*-bound intermediates,
[(NHC),Ni(CH(CN)CH,NMe,) (OT£)] [(NH,(CH;),]* (D’)
and [(NHC),Ni(NCCHCH,NMe,)(OTf)][(NH,Me,]* (E')
[see Figures S11 and S12 in the Supporting Information].
The formation of the resonance intermediates, the C-bound
intermediate D’ and N-bound intermediate E’, are endothermic
by 14.5 and 22.1 kcal/mol, with respect to the initial inter-
mediate B, respectively.

Intermediates D’ and E’ subsequently undergo another
intermolecular proton transfer from the ammonium nitrogen
N10 to alkene carbon C10 to form an enamine-bound cationic
intermediate F via the transition states TS3, ;e and TS3N. e
respectively. As expected, transition states TS3,,,. and
TS3N/ine exhibited imaginary frequencies of i1152 cm™
and 488 cm™' [see Figures 11 and 1m] along the displacement
vectors in the direction of hydrogen atom transfer from
ammonium N10 to C10 atoms and exhibited corresponding
activation barriers of 43.5 and 3.8 kcal/mol, with respect to
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intermediates D’ and E’, respectively. A very large barrier
height is noted for transition state TS3;,,., as a result of
the cleavage of a rather strong Ni—C bond, leading to the
formation of a three-coordinated Ni(II) species. The energetics
of the computed pathways favor the proton transfer occurring
via the N-bound intermediate E, instead of the C-bound
intermediate D for both of the water-assisted and the amine-
assisted pathways. It is important to note that the amine-
assisted paths significantly bring down the activation barrier of
the 1,3-proton transfer step of the hydroamination reaction
[see Figure S13 in the Supporting Information].”

Both transition states—TS3N,, ¢, in the case of the water-
assisted proton relay, and TS3N,, .., in the case of the amine-
assisted proton relay—lead to intermediate F. It showed a
strong bonding interaction between the Ni center and N9
(nitrile nitrogen), as evident from a short Ni—N9 bond length
[1.887 A] [see Figure S14 in the Supporting Information] and
is in good agreement with the sum of individual covalent radii
of Ni and N atoms [1.81 A]."" Intermediate F is exothermic by
12.2 kcal/mol, with respect to the previous intermediate D.
The Ni—N9 bond was found to be predominantly o-bonding in
nature exhibiting a d/b ratio of 6.8. The solvent-phase Ni—N9
bond dissociation energy (D,) in acetonitrile was found to be
47.5 kcal/mol, as computed at the B3LYP/TZVP//B3LYP/
6-31G(d)-LANL2DZ level of theory [see Figure S1S in the
Supporting Information]. Lastly, the NBO analysis revealed
that the Ni—N9 bond is highly ionic in nature, with orbital
contributions from nickel-based atomic orbitals being ~13%
while nitrogen (N9)-based atomic orbitals contributing the
remaining 86%. The MO correlation diagram showed bonding
interaction between the [(NHC),Ni(OTf)]* (acceptor) and
NCCH,CH,NMe, (donor) fragments, comprised of o-type
donations from the FMOs of the NCCH,CH,NMe, (donor)
moiety to the d-type FMOs of the [(NHC),Ni(OTf)]*
fragment.

Intermediate F, upon the addition of CH;CN, gives back the
initiating species B via transition state TS4, with the elimination
of the product molecule (NCCH,CH,NMe,). Transition state
TS4 exhibited an energy barrier of 23.7 kcal/mol, with respect
to intermediate F, and which was characterized by the
imaginary frequency of i98 cm™" along the displacement vector
in the direction of Ni—N7 (acetonitrile nitrogen) [2.269 A]
bond formation and the Ni—N9 [2.168 A] bond dissociation
[see Figure In]. In the overall, hydroamination reaction was
found to be almost thermoneutral.

Alkene versus Amine Coordination Pathway. An
overlay of the free-energy profiles of the different possibilities
explored, i.e., associative alkene coordination [B — TS1 — C
— C'’] pathway, dissociative alkene coordination [B — B0 —
TS0 — C — C'’] pathway, and amine coordination [B — TS1’
— C' - TS1” — C"] pathway, is shown in Figure 3.
The proposed catalytic cycle for the hydroamination reaction
has been investigated for the alkene and the amine coordination
pathways. The two routes follow different energetics until
reaching a common intermediate C’’, after which they merge
into a single pathway. The amine coordination route first
initiates with the coordination of an amine (NHMe,) to the
active intermediate species B, followed by the addition of the
olefin (CH,=CHCN) substrate. This yields the resonance
intermediates, the C-bound intermediate D and N-bound
intermediate E species via transition state TS2. Similarly, the
alkene coordination route may proceed by an associative and a
dissociative pathway, which involves the addition of an alkene

(CH,=CHCN) followed by the amine coordination leading to
the resonance intermediates, D and E, via transition state TS2.

The first transition states for both the pathways, i.e., TS1 and
TS1’, have a significant difference between their activation
energies. Transition state TS1 showed an activation energy
barrier of 44.9 kcal/mol, while the transition state TS1’ had a
much lower barrier of 29.3 kcal/mol. This difference in energy
implies that the binding of amine (NHMe,) to the Ni center in
TS1’ is more favorable, compared to the binding of alkene
(CH,=CHCN) to that of nickel in TS1. Transition states TS1
and TSI’ result in intermediates C and C’, respectively. The
alkene (CH,—CHCN)-coordinated intermediate C is endo-
thermic by 27.7 kcal/mol, while the amine (NHMe,)-
coordinated intermediate C’ is exothermic by 1.9 kcal/mol,
with respect to the preceding intermediate B. This difference in
energy of 29.6 kcal/mol between intermediates C and C’ is
significantly large, indicating the relative stability that arises as a
result of amine coordination to the Ni center, compared to the
alkene coordination. Also, the bond dissociation energy of
Ni—N9 (amine nitrogen) of 51.5 kcal/mol is more than double
that of the Ni—C,.,. bond [20.8 kcal/mol], and this is
attributed to more effective o-bonding between the Ni—N9
(amine nitrogen) in C" with a higher d/b ratio of 8.3, compared
to the Ni—C_.,. bonding in C having a lower d/b ratio of 4.1.

Intermediate C in the alkene coordination pathway directly
leads to the resonance intermediates D and E, via transition
state TS2. While in the amine coordination pathway, inter-
mediate C” goes via intermediate C’’, which then proceeds to
the formation of the resonance intermediates D and E, via
transition state TS2. In this regard, note that transition state
TS0 of the CH;CN dissociation in the alkene coordination
pathway, and transition state TS2, which is common for both
the alkene coordination and amine coordination routes, are
equally competitive and either of them can represent the
rate-determining step of the alkene hydroamination reaction.
Overall, the alkene coordination pathway is the minimum
energy pathway and is favorable over the amine coordination
pathway, despite the fact that the initial alkene coordination
step is higher in energy.

B CONCLUSIONS

In summary, the mechanism for the hydroamination reaction of
vinyl nitrile (CH,=CHCN) with dimethylamine (NHMe,),
as catalyzed by a nickel(II) N-heterocyclic carbene complex,
namely, trans-[1,4-dimethyl-1,2,4-triazol-S-ylidene],NiCl,,
has been studied using density functional theory (DFT).
Two possible mechanistic pathways for this reaction are
explored, namely, (i) the alkene coordination pathway, and
(ii) the amine coordination pathway. Within these two
pathways, several possible scenarios involving associative and
dissociative mechanisms are explored. The pathway with the
least energy penalty is summarized in Figure 4. Our calculations
categorically suggest that the reaction proceeds via the alkene
coordination pathway, because the energetic cost associated
with amine coordination pathway is relatively higher. Of parti-
cular interest is the fact that both of these two pathways
converge at a common intermediate state C’’, and then
proceed along a common route. Our calculated barrier heights
suggest that the overall rate-determining step of the reaction is
dependent on the coordination of the alkene to the metal
center, as depicted by transition state TSO, and also upon
the amine attacking the metal coordinated alkene species, as
designated by transition state TS2. Lastly, the presence of
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Figure 4. Overlay of the computed solvent (MeCN)-phase free energies (AG) at the B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ level of theory,
depicting the overall hydroamination of acrylonitrile with dimethylamine as catalyzed by a representative Ni N-heterocyclic carbene precatalyst (A),

proceeding via an amine-mediated proton transfer.

adventitious water molecules or of the unreacted amine
substrate molecules in the reaction mixture play a crucial role
in a 1,3-proton transfer step by significantly lowering the acti-
vation barrier. This implies that the explicit stabilization of the
microsolvated transition state leading to the facile proton
transfer between N9 and C10 atoms facilitates the overall
alkene hydroamination reaction. From our results, we infer that
the lowest energy pathway proceeds via the alkene coordination
route, followed by the amine (NHMe,)-assisted 1,3-proton
shuttle proceeding via the N-bound intermediate E. The critical
role played by the 1,3-proton transfer step in the alkene
hydroamination reaction is similar to the alkyne hydroamina-
tion reaction that we observed earlier.'’

B COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were performed on the
reactant, product, transition states, and the intermediates using the
GAUSSIAN 09 suite"> of quantum chemical programs. In particular,
the DFT calculations were performed on the stationary points (B—F,
C'—C'’) and the transition states (TS1—TS4, TS1'—TS1’’) of the
proposed mechanistic cycle. The Becke three-parameter exchange
functional, in conjunction with the Lee—Yang—Parr correlation
functional (B3LYP), has been employed in the study.'* The
6-31G(d)" basis set was used to describe O, S, F, C, N, and H atoms,
while the LANL2DZ basis set was used for the Ni atom.16 Finally,
higher-level single-point calculations on the stationary points (B—F,
C’—C’”’) and the transition states (TS1—TS4, TS1'—TS1’’) of the
proposed mechanistic cycle were performed on the respective B3LYP/
6-31G(d)-LANL2DZ optimized geometries, using the TZVP basis set
for all atoms (B3LYP/TZVP//B3LYP/6-31G(d)-LANL2DZ)."” In
addition, to check the basis set dependence on the calculations,
geometry optimizations were also performed on selected species, using
B3LYP and 6-31G(d) basis set for all atoms. These geometries were
then utilized to perform single-point calculations using TZVP for
all atoms (B3LYP/TZVP//B3LYP/6-31G(d)). We observed only
marginal differences in computed energetics [see Table S30 in the
Supporting Information], and this offers confidence in the employed
methodology. Calculations were performed on the model system
({1,4-dimethyl-1,2,4-triazol-S-ylidene],Ni(NCCH,) (OTf)}*), where
the ethyl and isopropyl groups in 1,4-positions are substituted using
the methyl group, for simplicity. However, to see the effect of the
substituents on the computed energetics, we have also performed
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additional calculations employing the original substituents, which yield
only a marginal reduction in the barrier heights [see Table S44 and
Figures S16—523 in the Supporting Information]. In addition, we have
also explored a dissociative pathway for E’ to F conversion where the
counteranion OTf is expected to dissociate; however, this pathway
found to yield a larger kinetic barrier and, therefore, has not been
discussed further [see Table S45 and Figures S$24—S26 in the
Supporting Information]. Natural bond orbital (NBO) analysis'® was
performed using the 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.' 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
incorporated using the Polarizable Continuum Model (PCM)*° with
acetonitrile solvent via single-point energy calculations of the
optimized gas-phase geometries. All the energy values discussed are
the solvation-corrected free energies in acetonitrile, unless otherwise
stated. The metal—ligand donor—acceptor interactions were inspected
by using the charge decomposition analysis (CDA),*" which is a
valuable tool for analyzing the interactions between molecular
fragments ona quantitative basis, with an emphasis on the electron
donation.”> The donor—acceptor interactions were examined using this
technique for the various stationary points B—F and C'—C’’ of the
proposed catalytic cycle. The orbital interaction between a donor and
an acceptor fragments [acceptor = [(NHC),Ni(OTf)]* in (B—F),
while donor = CH;CN in B, CH,=CHCN in C, NHMe, in C’,
CNCH = CH,*NHMe, in C"’, C-bound CH(CN)CH,NHMe, in D,
and N-bound NCCH,CH,NMe, in F] can be divided into three parts:

(i) o-donation from the (donor) —

(acceptor) fragment (d);

(ii) p-back-donation from the (donor) « (acceptor) fragment (b);

and
(iii) a repulsive interaction (r) between the occupied molecular
orbitals (MOs) of these two fragments.

The CDA calculations were performed using the AOMix** program
with the B3LYP/6-31G(d)-LANL2DZ wave function. Molecular
orbital (MO) compositions and the overlap populations were calcu-
lated using the AOMix program. Analysis of the MO compositions,
in terms of occupied and unoccupied fragment orbitals (OFOs and
UFOs, respectively), construction of orbital interaction diagrams,
the charge decomposition analysis (CDA) were performed using the
AOMix-CDA.**
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