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Density functional theory calculations were performed to
investigate the mechanism and origins of NHC-controlled selectivity
of Ni-catalyzed C-H activation of arenes with vinylsilanes. The key
to the selectivity is the different impact of NHCs on the C-Si/C—C
reductive elimination of the square-planar/T-shaped intermediate.

Silyl-substituted aromatic compounds are commonly used in
synthetic chemistry, pharmaceuticals, material, and polymer
science.! Traditionally, arylsilanes are obtained by addition of
chlorosilanes to Grignard reagents,2 while this method is limited
by the functional group incompatibility. By prefunctionalization
of the arene, arylsilanes can be alternatively prepared by
transition-metal-catalyzed cross-coupling of aryl halides with
hydrosilanes? or disilanes. In this context, direct C—H silylation
of arenes with hydro- or vinylsilane represents an efficient and
waste-minimizing access to organosilanes.®

The past few years have witnessed the development of C—H
activation and functionalization by using earth-abundant first-
row transition metals such as Ni.6 Design, optimization and fine-
tuning of the ligand structure have proven to be crucial for Ni-
catalyzed reactions.” In a recent example, Johnson reported the
Ni(0)-catalyzed C-H silylation of arenes with vinylsilanes, in
which the choice of N-heterocyclic carbene (NHC) donors plays
a vital role in the selectivity of the reaction (Scheme 1).8 The
reaction of CgFsH and H,C=CHSiMes; with nickel complex catl
yields the silylation product C¢FsSiMes (P1), while the catalytic
complex cat2 gives the unwanted alkene hydroarylation
product P2. The proposed catalytic cycle for the silylation and
hydroarylation is described in Scheme 2. For the reaction with
catl, the experimental isotope labelling studies suggest that
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Scheme 1. Ni(0)-catalyzed C-H silylation and hydroarylation of
arenes with vinylsilanes reported by Johnson.8
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both the C-H activation and f-Si elimination are reversible and
not rate limiting. However, whether the alkene loss occurs prior
to C=Si reductive elimination and the rate-determining step
cannot be determined. More importantly, how the NHCs tune
the competing C-Si and C—C reductive elimination remain to be
explored.

The catalyst first undergoes ligand substitution for CgFsH,
generating the substrate-coordinated complex 2. The
substitution reactions for catl (L1) and cat2 (L2) are endergonic
by 7.9 and 17.9 kal/mol (Fig. 1), respectively. The subsequent
C-H activation occurs via the ligand-to-ligand hydrogen transfer
(LLHT)?® transition state TS1, in which the oxidative addition is
coupled with insertion process. The C-H activation is reversible
and requires a 16.7 (20.3) kcal/mol barrier from catl (cat2),
which agrees well with experimental observation. In addition,
the hydrogen transfer to 2-site of H,C=CHSiMejs can also occur,
but the following reductive elimination requires a much higher
barrier (see ESIT).

In Pd(0) and Pt(0) complexes, the C-H activation occurs
through concerted oxidative addition of the C-H bond to the
metal, affording the metal hydride intermediate. However, the
C-H activation in the Ni(0) analogue happens via the LLHT
mechanism. The preference for LLHT in the Ni(0) complex can
be attributed to the smaller atomic radius and weaker Ni(ll)-H
bond.?® Fig. 2A shows the electronic energy and natural
population analysis (NPA) charges of Ni and transferring H along
the intrinsic reaction coordinate of TS1-L1. Different from the
curve of concerted metalation-deprotonation (CMD)
mechanism,10 the energy curve of the LLHT is relatively
smoother. The charge of Ni gradually increases, which is
consistent with that the formal oxidation state of Ni changes
from O to +2 during the oxidative addition. It is noteworthy that
the charge of H decreases nearly to zero around the transition
state and then increases with further transfer. We next chose
three representative points in Fig. 2A to investigate the changes
of localized orbital locator (LOL)!! to get a vivid electronic
picture (Fig. 2B). At shorter C(aryl)-H distance (point X), the
localization region between the two carbons of H,C=CHSiMej is
featured with (o + m) character, while the region becomes
mainly C-C ¢ bond at point Z. Fig. 2B also clearly reveals the
formation of the two new Ni-C bonds. In transition state TS1-L1
(point Y), the electron is mainly localized around the
transferring H instead of the middle region between Ni and H,
which is in accordance with the calculated charge of H.
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Fig. 1 Free energy profiles for the C-H activation, with bond
lengths in A.
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Fig. 2 (A) Electronic energies and NPA charges along the intrinsic
reaction coordinate of LLHT transition state TS1-L1; (B) LOL
function for the three selected points.

The free energy changes of the competing silylation and
hydroarylation of alkylnickel aryl intermediate 3 are shown in
Fig. 3. Intermediate 3 can undergo £-Si elimination via TS2 to
give the ethylene-coordinated intermediate 4, and the
subsequent C=Si reductive elimination generates the silylation
product P1. In addition, ethylene loss may happen in 4 via TS4
to generate 5, and the subsequent C-Si bond formation via TS3
yields P1. For L1, the alkene loss prior to the C-Si reductive
elimination (the gray path in Fig. 3) is 2.3 kcal/mol less favorable
than the direct C-Si reductive elimination (TS4-L1 vs TS3-L1).
Furthermore, the C-Si reductive elimination in gray path
requires a much higher barrier (19.8 kcal/mol for 5-L1 to TS5-
L1) as compared to that in the direct C—Si reductive elimination
(6.8 kcal/mol for 4-L1 to TS3-L1). For L2, although the alkene
loss requires similar barrier, while both 4-L2 and TS4-L2 are
higher in energies due to steric repulsions between alkene and
bulky L2.

Alternatively, 3 can isomerize to 10, which undergoes C—C
reductive elimination to afford the hydroarylation product P2.
In 3, a /-C-H agostic interaction exists, and the two hydrocarbyl
groups are trans to each other. 3 isomerizes via the Y-shaped
transition state TS6 to the T-shaped intermediate 8, in which
the Ni-C(aryl) and Ni-C(alkyl) are mutually cis.2 It should be
noted that 8 cannot directly undergo C(sp2)—-C(sp3) reductive
elimination to yield 11. Instead, 8 should isomerize via TS7 to a
second S-agostic Ni intermediate 9. For both L1 and L2, the two
steps of isomerization are very facile. Rotation of Ni—-C(alkyl)
bond in 9 results in the T-shaped intermediate 10 that is able to
undergo C(sp?)—-C(sp3) reductive elimination to vyield 11.
Comparing the structures of 8 and 10, the major difference lies
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Fig. 3 Free energy profiles for the silylation and hydroarylation.
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Fig. 4 Important natural bond orbital (NBO) donor-accepter
interactions in 8-L1 and 10-L1 and the corresponding NBOs
(isovalue = 0.05).

in the positions of alkyl and aryl relative to the NHC ligand. In
8-L1, the CsFs moiety is trans to L1, and a stronger interaction
between the lone pair of carbene carbon!3 and the
antibonding of Ni-C(aryl) was observed. This type of
Nc— o*ni-clary) delocalization (E?) =113.7 kcal/mol in Fig. 4)
makes C(carbene), Ni and C(aryl) nearly collinear and hinder
the formation of C(sp?)-C(sp3) bond. However, the
stabilization energy arising from the nc— o*ni-caiy) in 10-L1is
smaller (81.9 kcal/mol) due to the bigger orbital energy
difference  and unfavorable donor—acceptor overlap.
Therefore, the C(sp2)-C(sp3) bond formation in 10 is more
likely to happen.

This journal is © The Royal Society of Chemistry 20xx

Comparing the two competing pathways shown in Fig. 3, the
determining transition states are the reductive elimination TS3
and TS8. To further understand the origins of the ligand
effects, we decrease the carbene size gradually by changing
the N-substituents. As depicted in Fig. 5A, from L2 to L1', the
energy of TS3 decreases overall, indicating that a smaller
carbene could promote the C-Si reductive elimination. The
energy barrier for the C-Si bond formation mainly arises from
the destabilization of the o~ orbital shown in Fig. 5B.24 The
four-coordinate complex 4 affords the square-planar
geometry, while both the SiMes and Ce¢Fs moieties deviate
obviously from the ligand—Ni—ethylene plane in the succeeding
TS3.15 The presence of large steric repulsions between the
NHC and CgFs in the case of L2 makes TS3-L2 higher in energy,
and TS3-L1’ with the smallest ligand has the lowest energy,
which is validated by the relationship between buried
volumes and AG*(TS3). In the C—C reductive elimination, the
intermediate 10 affords the T-shaped geometry, which is
shifted towards Y-shaped geometry upon moving to TS8. No
clear trends between the size of NHC and the energy of TS8
can be outlined, which prompts us to consider the electronic
effect of the ligands. However, the small differences within the
various ligands do not provide necessary basis for further
analysis. Finally, the electrostatic potential surfaces of TS8
with L2 and L2' show better electrostatic matching (Fig. 5C);
that is, the more electron-deficient (blue) NCH ligands are inin
close proximity to electron-rich (red) region of the CgFs moiety.
In
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key C—Ni-Si bonding orbital during 4->TS3; (C) electrostatic
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addition, a repulsive interaction between Pr and SiMes is
observed in TS8-L2, which explains its higher energy relative to
TS8-L2'. Conversely, for L2”, L1 and L1’, the electrostatics of
the NCH and CgFs fragments are poorly matched due to the
relatively smaller N-substituents, which leads to the higher
energies of the corresponding transition states.

To summarize, we have presented a mechanistic study on
the Ni-catalyzed silylation and hydroarylation of arenes with
vinylsilanes by means of DFT calculations. The selectivity is
determined by the competition between C-Si and C-C
reductive elimination, and NHC ligands play a critical role in
differentiating the two pathways. The C-Si reductive
elimination involves the four-coordinate intermediate, and the
NHCs with less steric bulk favor the C=Si formation due to the
small repulsions between the aryl and the ligand. Conversely,
bulky NHCs in the T-shaped intermediate of the C—C reductive
elimination exhibit better electrostatic matching with the
substrate, thus promoting the C—C formation. The present
results will provide important implications for future design of
NHCs to control the selectivity.
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