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In contrast to the typical C,,,—H activation, a PN>P-Nickel complex
chemoselectively cleaved the benzylic C,,3—H bond of toluene in
the presence of KHMDS, presumably via an in situ generated
potassium benzyl intermediate. Under similar conditions, CO
underwent deoxygenation to afford the corresponding nickel
cyano complex, and ethylbenzene was dehydrogenated to give
styrene and a nickel hydride compound. 2,6-Xylyl isocyanide was
transformed into an unprecedented indolyl complex, likely by
trapping the activated benzyl species with an isocyanide moiety.

C-H bond activation has emerged as one of the most revolu-
tionary trends in organic chemistry because it provides straight-
forward, atom-economically synthetic routes and permits
previously unachievable synthetic disconnections. This
approach has been extensively used to directly install a wide
range of new carbon-carbon and carbon-heteroatom bonds.*™
Nonetheless, the selective and predictable transformation of
specific C-H bonds into various complicated compounds
remains challenging since most organic compounds contain
more than one kind of C-H bond.>>"® As a unique hydrocarbon
substrate, toluene possesses one benzylic and three different
aromatic C-H bonds, oxidation of the former of which serves a
critical role in yielding industrially important chemicals such
as benzyl alcohols, benzaldehydes and benzoic acids.”™* A
series of new reactions have been developed in recent years
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Selective benzylic C;,3—H bond activations
mediated by a phosphorus—nitrogen
PN>P-nickel complex?

@ Tonghuan Zhang,”® Théo P. Gongalves® and

through benzylic C-H bond functionalization of toluene and its
derivatives. Matsuzaka and co-workers reported catalytic dehy-
drative condensation of benzylic C-H bonds of toluene and
xylene with aromatic aldehydes to afford stilbenes.'* The Guan
group discovered potassium-mediated benzylic C-H bond addi-
tion of diarylmethanes or alkylpyridines to styrenes, as well as
lithium-promoted benzylic aroylation of toluenes.">'® Walsh
et al. reported the synthesis of diarylmethanes and diarylethy-
lamine via benzylic arylation/amination of toluene derivatives
by using the cation-t interactions.’”® The catalytic addition
reaction of toluenes with imines and carbonyls was also
demonstrated by Kobayashi®® and Kondo,>" respectively.
Within these developments, however, very few well-defined
intermediates were isolated from benzylic Csp3-H bond activa-
tion (Fig. 1). For example, benzyl complexes could be obtained
via the radical exchange mediated by a Fe-Sn bimetallic
complex.”” The cyclometalated rhodium complex through
Csps—H activation of 8-methylquinoline was achieved by Zhou
et al.> Very recently, Sergeev and co-workers realized selective
and radical-free activation of benzylic C-H bonds in methylar-
enes, to afford several iridium-benzyl complexes with one to
five methyl groups in the aromatic ring.>*

We have worked on the design and preparation of transition
metal compounds bearing a novel class of pincer-type PN*(P)-
ligands.>**® These compounds have shown rich reactivities and
catalytic activities through metal-ligand cooperation. Com-
pared to Milstein’s CH, spacers in pyridine-based pincer com-
plexes, our seemingly small changed NH analogs have enabled
the observation of distinct catalytic reactivities and various
thermodynamic and kinetic properties.””>° Very recently,
further extensions of the PN’P system to a new series of
second-generation PN°P pincer complexes have also been
achieved in our group through a ligand post-synthetic modifi-
cation strategy.>*** This new class of compounds have shown
unprecedented thermal stability, and thus the corresponding
Ni azide, hydroxide and triflate complexes were synthesized
and studied.*** Herein, we further demonstrate the benzylic
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Fig. 1 Well-defined metal-benzyl complex and nickel-catalyzed benzylic
C—H functionalization of toluene derivatives.

C-H bond activations of toluene, ethylbenzene and 2,6-
dimethylphenyl isocyanide for the synthesis of nickel benzyl,
hydride and indolyl complexes by utilizing the PN*P-nickel
complex with the combination of KN(SiMe;),. Different from
previous reports on nickel-catalyzed benzylic C-H functionali-
zation as shown in Fig. 1, which involved a radical intermedi-
ate, light irradiation or cation-n interaction, with no nickel
benzyl intermediate isolated, the present work affords a well-
defined Ni-benzyl compound via an overall 6-bond metathesis
reaction under mild conditions."®*>3°

Both Ni"™{N(SiMe;),}, and (L)Ni"N(SiMe;),
described as unstable and reactive species.’’”*® Therefore, we
attempted to use our thermostable 2nd-generation of pincer
ligand to preprare the nickel silylamido complex (PN*P)NiN
(SiMes), (2) through a salt metathesis of nickel chloride 1 and
KN(SiMe;), (KHMDS) (Scheme 1). Unfortunately, the target
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silylamido compound was not successfully obtained even at an
elevated temperature (80 °C). Interestingly, when the reaction was
carried out under a CO atmosphere, a new compound formed
slowly as proven by the new signals at ¢ 124.02 and 123.64 ppm in
the *'P NMR spectrum. By monitoring the "H NMR spectrum, a new
singlet could be found at 6 0.10 ppm, consistent with the formation
of Me;Si-O-SiMe;. Full characterizations clarified the identity of
this new compound as nickel cyanate 3 (Scheme 1), exactly identical
to that of our previous report from the reaction of nickel carbodii-
mides and ‘BuNC.** While complex 3 might be a result of the
formation of 2 as the intermediate followed by subsequent deox-
ygenation of CO to produce the -CN moiety as reported by
Sellmann,®” the reaction of KHMDS with CO to afford KCN and
O(SiMe3), cannot be ruled out as recently reported by the Stephan
group during our study.*

To further probe the reactivity of complex 1/KHMDS, we thus
continued to explore more in situ reactions towards different
substrates. When the toluene solution of 1/KHMDS was heated to
80 °C, the reaction proceeded smoothly as corroborated by the
appearance of a new doublet at 4 100.27 and 99.66 ppm in the
3P NMR spectrum. By removing all the volatiles in vacuo, an
apparent triplet at 6 2.57 ppm (J = 8.8 Hz) was observed in
"H NMR, likely attributed to the nickel benzylic protons. In agree-
ment with the proton assignment, the *C NMR spctrum also
displayed a well-resolved upfield triplet at —2.94 ppm with a
coupling constant of 19.5 Hz corresponding to the directly coordi-
nated benzylic carbon (Scheme 2). Crystallographic analysis of
compound 4 indicates that it consists of the ligated Ni(Il) center
with a PN°P ligand and a benzylic moiety (Fig. 2). The benzylic C
atom is trans to the central N atom of the ring with a N(1)-Ni(1)-
C(28) angle of 175.39(8)°. The Ni(1)-C(28) bond lenth of 1.967(2) A is
within the range of Ni-C bonds reported in the literature.>**°

As the involvement of 2 could not be confirmed experimen-
tally, we have conducted density functional theory calculations
to evaluate the process of toluene activation (Scheme 3). The
activation energy barrier was found to be unprecedentedly high
(AG* = 66.2 kcal mol™* from 2 to TS1), suggesting that such a
reaction pathway is less plausible under the current reaction
conditions (see ESIf). In this regard, Guan and co-workers
reported a series of weak base-catalyzed benzylic C-H bond
additions of alkylarenes via “kinetic deprotonative functionali-
zation”.">'®*1*?> While no KCH,Ar species were observed by
"H NMR spectrum, the kinetic isotope effect (KIE) suggested
that the cleavage of the benzylic C-H bond of alkylarene is the
rate-determining step.*' The KCH,Ph intermediate may play a
similar role in promoting the production of complex 4 in our
reaction.
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Scheme 2 Reactions of 1/KN(SiMez), with toluene and ethylbenzene.
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Fig. 2 Molecular structures of complexes 4 and 5 with ellipsoids set at
50% probability. Hydrogen atoms except the Ni—-H moiety are omitted for

clarity. Selected bond lengths [A]l and angles [°]: For 4: Ni(1)-N(1)
1.9383(16), Ni(1)-P(1) 2.1841(5), Ni(1)-P(2) 2.2353(5), Ni(1)-C(28) 1.967(2),
C(28)-C(29) 1.511(3); N(1)-Ni(1)-C(28) 175.39(8), Ni(1)-C(28)-C(29)
118.65(16), C(28)-Ni(1)-P(1) 94.40(6), C(28)-Ni(1)-P(2) 101.30(6),
P(1)-Ni(1)-P(2) 163.87(2). For 5: Ni(1)=N(1) 1.904(3), Ni(1)-P(1) 1.9256(10),
Ni(1)-P(2) 1.9317(10), Ni(1)-H(1) 1.41(6); N(1)-Ni(1)-H(1) 178(2), H(1)-Ni(1)-
P(1) 98(2), H(1)=-Ni(1)-P(2) 96(2), P(1)-Ni(1)-P(2) 166.47(5).
Et Et
ﬁ © NZNTSN -HN(SiMes), lil/ NTSN
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Scheme 3 Calculated toluene activation pathway by complex 2.

With the observed overall Cg,3-H bond activation, we further
examined relative benzylic activation reactions. By switching the
substrate to ethylbenzene, nickel hydride 5 was formed concomitant
with styrene as proven by the characteristic upfield triplet Ni-H
signals at 6 —15.88 ppm and three sets of olefinic signals at J 6.58,
5.60 and 5.07 ppm in the "H NMR spectrum. The formation of these
two compounds involves a benzylic C-H bond activation of ethyl-
benzene and a subsequent B-H elimination of the resultant
(1-phenylethyl)nickel species. To support the role of the (1-
phenylethyl)nickel species, ethylbenzene was replaced by tert-
butylbenzene and no reaction occurred in the latter case under
the same conditions. This result also indicated that the C-H bonds
in the methyl group of ethylbenzene could not be activated by
1/KHMDS. The molecular structure of complex 5 was further
confirmed by X-ray diffraction analysis (Fig. 2).

We next extended the substrate scope to a functional toluene
derivative. Adding 2,6-dimethylphenyl isocyanide to the CgDg
solution of 1/KHMDS and stirring at 80 °C for 48 h led to the
formation of a new activation product 7 as supported by the set
of peaks at 6 108.09 and 107.58 ppm in the *'P NMR spectrum.
Only one of the xylyl methyl groups was found at 6 2.53 ppm
accompanied by a broad resonance at ¢ 7.87 ppm and an
olefinic quartet at 6 6.67 ppm in the 'H NMR spectrum.
In addition, aromatic hydrogens of the isocyanide ligand appeared
as an asymmetric ABC pattern. The NMR data were in absolute
agreement with the report by Jones,* suggesting the formation of a

This journal is © The Royal Society of Chemistry 2022
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Scheme 4 Reaction of 1/KHMDS with 2,6-dimethylphenyl isocyanide.

bound 2-substituted 7-methylindole nickel complex 6 (Scheme 4).
The molecular structure was unambiguously confirmed by X-ray
diffraction analysis (Fig. 3). Although the utilization of o-
alkylphenylisocyanides is a well-known pathway to synthesizing
indoles via transition metal compounds,” to the best of our
knowledge, complex 6 is the first structurally confirmed example
of a metal indole compound and, therefore, provides direct inter-
mediate evidence of indole synthesis from isonitrile derivatives.

To generate a toluene derivative by directly installing a new
C-C bond via benzylic C-H functionalization, we introduced
CO into the resultant C¢Dg solution of complex 4 and heated
the solution to 60 °C for 3 days. The benzyl complex 4 was
transformed into phenylacetyl nickel complex 7, which was
fully characterized by NMR spectroscopy, elemental analysis,
HRMS and X-ray diffraction (Scheme 5). To the best of our
knowledge, this is the first example of a synthesis of 2-
phenylacetyl compound directly by benzylic C-H functionaliza-
tion of toluene. In sharp contrast to other acyl metal species,
7 was found to be stable in the presence of water.

In summary, we have demonstrated a benzylic C-H bond
activation of toluene via the PN*PNiCI/KHMDS binary system.
The activation of ethylbenzene results in the formation of
nickel hydride 5 along with styrene likely by -H elimination

of the (1-phenylethyl)nickel species. Furthermore, a rare
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Fig. 3 Molecular structures of complexes 6 and 7 with ellipsoids set at
50% probability. Hydrogen atoms are omitted for clarity. Selected bond

lengths [A] and angles [°]: For 6: Ni(1)-N(1) 1.9152(18), Ni(1)-P(1) 2.1930(7),
Ni(1)-P(2) 2.2068(7), Ni(1)-C(28) 1.889(2); N(1)-Ni(1)-C(28) 176.52(12),
C(28)-Ni(1)-P(1) 97.65(8), C(28)-Ni(1)-P(2) 96.99(8), P(1)-Ni(1)-P(2)
165.15(3). For 7: Ni(1)-N(1) 1.9425(18), Ni(1)-P(1) 2.2090(7), Ni(1)-P(2)
2.2123(7), Ni(1)-C(28A) 1.877(6); N(1)-Ni(1)-C(28A) 167.1(3), C(28A)—
Ni(1)-P(1) 98.71(17), C(28A)-Ni(1)-P(2) 96.21(18), P(1)-Ni(1)-P(2) 164.79(3).
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intermediate 2-coordinated 7-methylindole nickel complex (6)
for the transition metal complex-mediated indole synthesis was
also obtained by the activation of 2,6-dimethylphenyl isocya-
nide. Direct carbonylation of complex 4 afforded a phenylacetyl
nickel complex (7). Further extension of the scope of applica-
tion and the mechanistic investigation of nickel-mediated Cg,3~
H activation are ongoing in our laboratories.
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