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ABSTRACT: We describe mechanistic studies of a C—H/
C—O biaryl coupling of 1,3-azoles and aryl pivalates
catalyzed by Ni(cod),/dcype. This study not only supports
a catalytic cycle consisting of C—O oxidative addition, C—
H nickelation, and reductive elimination but also provides
insight into the dramatic ligand effect in C—H/C-O
coupling. We have achieved the first synthesis, isolation
and structure elucidation of an arylnickel(II) pivalate,
which is an intermediate in the catalytic cycle after
oxidative addition of a C—O bond. Furthermore, kinetic
studies and kinetic isotope effect investigations reveal that
the C—H nickelation is the turnover-limiting step in the
catalytic cycle.

Invention, understanding, and utilization of a new mode of
inert bond activation by transition-metal catalysts offer great
opportunities in organic synthesis. In particular, when coupled
with strategic synthetic approaches, the activation of ubiquitous
and inert bonds such as C—H and C—O bonds can lead to an
unconventional, streamlined method for assembling molecules.”
In parallel to the experimental screening for optimizing reaction
conditions, mechanistic studies such as kinetics, isolation and
reaction of a possible intermediate as well as computational
analysis are crucial for the rational design of catalysts, conditions,
and new transformations.” We report herein a mechanistic study
of our recently discovered nickel catalysis that can activate both
C—H bonds in 1,3-azoles and C—O bonds in phenol derivatives,
leading to the synthesis of heterobiaryls directly from these
substrates.

In 2012, as a part of our campaign exploring nickel catalysis in
C—H functionalization,® we discovered that a C—H/C—O biaryl
coupling of 1,3-azoles 1 and phenol derivatives 2, such as aryl
pivalates, takes place in the presence of catalytic amounts of
Ni(cod),/dcype (cod = 1,5-cyclooctadiene, dcype = 1,2-
bis(dicyclohexylphosphino)ethane) to yield the corresponding
heterobiaryls 3 in good to excellent yields (Scheme 1).>
Although this reaction was developed based on our mechanistic
blueprint of a Ni’/Ni" redox catalytic cycle (Scheme 1)
consisting of (i) C—O bond oxidative addition of the phenol
derivative (Ar—OR) to Ni(0) A to form an Ar—Ni—OR complex
B, (ii) C—H nickelation of an azole (Az—H) to yield Ar—Ni—Az
complex C, and (jii) reductive elimination to afford the coupling
product (Ar—Az) and regenerate Ni(0) species A, there was no
evidence for this pathway at that time. Moreover, we were not
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Scheme 1. C—H/C—O Coupling Catalyzed by Ni/dcype
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able to provide any rationale for the dramatic ligand effects (the
use of dcype is essential, and other I1§ands including highly
reputed PCy, are totally ineffective)” in this C—H/C—0O
coupling. Thus, we aimed at gaining an understanding of the
mechanism of the C—H/C—O coupling and the ligand effect by
the isolation of intermediates supported by kinetic studies.

We began our study by examining the C—O oxidative addition
of phenol derivatives to Ni(0) species. There are many reports
proposing a similar Ni’/Ni" oxidative additions in the catalytic
conversion of aromatic C—O bonds; the most notable example
being the cross-coupling of phenol derivatives and organo-
metallic reagents (C—M/C—O coupling) catalyzed by a Ni/
PCy; catalyst (PCy, = tricyclohexylphosphine).>~” However, the
isolation and characterization of key catalytic 1ntermed1ates
supporting pathway have not been successful so far.® Very
recently, Martin et al. proposed an interesting oxidative addition
mechanism that proceeds through a Ni(I) species as a part of
their mechanistic study on the reduction of methoxyarenes usmg
a Ni/PCyy catalyst and hydrosilanes as the hydrogen source.®

Our investigation commenced by monitoring the stoichio-
metric reaction of naphthalen-2-yl pivalate (2a) with Ni(cod),/
dcype using *'P NMR spectroscopy (solvent: d°-toluene) to
identify the C—O oxidative addition intermediate. When the
mixture was heated at 100 °C, two new downfield peaks (& = 63.7
and 61.7 ppm) appeared alongside the signal for the Ni(cod),/
dcype complex itself (§ = 60.3 ppm) (Figure 1).” As the two
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Figure 1. Monitoring the reaction of 2a with Ni(cod),/dcype using *'P
NMR spectroscopy. The *'P chemical shift of Ni/dcype complex and 4
appears at 60.8 ppm (for dcype) and 61.7 and 63.8 ppm (for 4),
respectively.

phosphorus atoms of dcype are in different chemical environ-
ments, it was assumed that the aromatic C—O bond underwent
an oxidative addition to the nickel center. Additionally, the fact
that the NMR spectra are displayed with clarity suggests that the
reaction does not generate a Ni(I) species.

Encouraged by this result, we next attempted the isolation of
the presumed nickel complex (Figure 2). After a stoichiometric
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Figure 2. ORTEP drawing of one of two independent molecules of 4.
Hydrogen atoms are omitted for clarity; thermal ellipsoids are drawn at
50% probability. Selected bond lengths (A) and angles (°): Nil—C1 =
1.940(6), Nil—O1 = 1.919(4), Ni—P1 = 2.1401(16), Nil—P2 =
2.2192(17), P1-Nil—P2 = 88.56(8), P1-Nil—C1 = 91.85(18), C1—
Nil-O1 = 88.8(2), O1-Nil-P2 = 89.89(13), P1-Nil-01 =
175.10(14), P2—Nil—C1 = 168.9(2).

reaction, the solvent was completely removed to afford a crude
orange solid. The resulting solid was recrystallized from toluene/
hexane to give orange crystals in 80% isolated yield. The structure
of resulting mononuclear Ni(II) complex 4 (C—O oxidative
addition complex) was unamblguously confirmed by X-ray
crystallographic analysis.'” The X-ray crystal structure showed
that the Ni atom is in a square-planar geometry surrounded by
two phosphines, a carbon, and an oxygen atom. The dcype ligand
is indeed coordinated to the Ni atom in a cis-configuration. Most
importantly, this Ni complex 4 not only matches our proposed

intermediate B but also represents the first isolation and
characterization of a Ar—Ni(II)—OR species via the oxidative
addition of an aromatic C—O bond to a Ni(0) species. It should
also be noted that virtually no decomposition of Ni complex 4
has been detected after extended (>3 months) exposure to air,
indicating the effect of dcype in the stability of nickel
complexes."'

Next, we investigated the dcype ligand effect on the oxidative
addition of the aromatic C—O bond to the Ni(0) species
(Scheme 2). As reference ligands in this study, we selected PCy,
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and dppe (1,2-diphenylphosphinoethane), which do not
promote the catalytic C—=H/C—O coupling.>* When PCy; was
employed in the stoichiometric reaction with Ni(cod), and 2a,
the corresponding oxidative addition complex § was not isolated.
Instead, the reaction afforded 2,2’-binaphthyl, which is likely
generated by disproportionation of § as 51m11arly to the
production of biaryl from Ar—Ni—X (X = halogen)."” In the
case of the reaction using dppe, the oxidative addition complex 6
was not observed, and the substrate 2a remained almost
unchanged. According to these results, the dcype ligand might
play two roles in the oxidative addition of aryl C—O bonds as well
as in the catalytic reaction. The first is that the electron-donating
cyclohexyl moieties on phosphorus atoms help increase the
electron density of Ni(0) center to facilitate the C—O oxidative
addition. The other is that the bidentate structure of dcype could
stabilize the generated Ar—Ni(II) —OR species after the oxidative
addition.

With plausible oxidative addition intermediate 4 in hand, we
next examined the stoichiometric reaction of 4 and benzoxazole
(1A) (Scheme 3). The reaction of 1A with 4 in toluene at 100 °C

Scheme 3. Stoichiometric Reaction of 1A with 4
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provided naphthalen-2-yl benzoxazole (3Aa), the product of C—
H/C—O coupling, in 32% yield. The reaction yield was improved
by the addition of 1.0 equiv of Cs,CO;, providing a 67% yield of
4. These results suggest that nickel complex 4 is likely involved in
the catalytic cycle. Although we were not able to observe the
assumed diarylnickel(II) intermediate C, we assume that the
product 3Aa is formed by C—H nickelation and reductive
elimination (Scheme 1). The observation that product can be
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formed without additive indicates the existence of C—H
nickelation pathway from arylnickel(II) pivalate 4 through a
concerted metalation—deprotonation mechanism."> The rate
acceleration by Cs,CO; indicates the occurrence of ligand
exchange from pivaloyl to carbonate to generate a more active
nickel intermediate, Ar—Ni—OCO,Cs. However, we must stress
that more extensive investigations are needed to prove this
particular step.

As a part of our studies investigating the reactivity of oxidative
addition complex 4, we then attempted to use 4 as a catalyst

(precursor) in the C—H/C—O coupling (Table 1). When the

Table 1. C—H/C—O Coupling Catalyzed by 4

NS

N %—/P\ P
g 77
1A ? A\IBU
4 (10 mol%)

N

¢ au\n, _ 0s:C0s (15 0qui) @E
“ toluene 0

120°C, 12h 3Aa

entry variation yield of 3Aa
1 none 8%
2 added 1,5-COD 70%

coupling of 1A and 2a was conducted in the presence of 4 (10
mol %) and Cs,COj in toluene at 120 °C for 12 h, the product
3Aa was formed but only in 8% yield (entry 1). We hypothesized
that the product was formed as in the stoichiometric reaction
shown in Scheme 3 but the regenerated Ni(0) species
decomposed under the reaction conditions. Moreover, we also
came to assume that some additional ligands are present in the
catalytic reaction to prevent Ni(0) decomposition. To verify this
hypothesis, cod, which is present in the optimized catalytic
conditions as shown in Scheme 1, was added in the coupling
using 4 as a catalyst. Indeed, by adding cod, the desired product
3Aa was obtained in 70% yield (entry 2). These results clearly
show not only the possible involvement of 4 in the catalytic cycle
but also that cod plays a key role in the catalytic cycle as Ni(0)-
stabilizing ligand.

To further elucidate the mechanism of the C—H/C-O
coupling, we conducted kinetic studies by usmg in situ IR
experiments to observe the initial rate of reaction,'* the results of
which are summarized in Figure 3. The kinetic profile for 2a
demonstrated that the reaction rate of C—H/C—O coupling of
1A with 2a is zero-order in [2a]. In contrast to [2a], first-order
kinetic profiles were observed for [1A] and [Ni(cod),/dcype].
The kinetic profiles in each substrate suggest that the turnover-
limiting step of this Ni-catalyzed reaction is the C—H nickelation
step. Furthermore, it was found that the active catalyst is a
monometallic nickel species because a first-order dependence on
the amount of catalyst was observed.

Finally, kinetic isotope effect (KIE) experiments were carried
out using the reactions of 2a with 1A and its C2-deuterated
derivative ([D]-1A) under optimized conditions (Figure 4)."
Since an initial KIE was observed (ky/kp = 2.4), it is likely that
the C—H nickelation (C—H cleavage) of 1,3-azole is the rate-
determining step in the catalytic reaction.

Taking all the experimental data into consideration, we
propose the mechanism of C—H/C—O coupling shown in
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Figure 3. Kinetic profiles of Ni-catalyzed C—H/C—O coupling.
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Figure 4. Investigation of KIE.

Scheme 4. The key Ni(0) species, L-Ni’-dcype (A) (L = cod), is
first generated from Ni(cod), and dcype. The dissociation of L

Scheme 4. Possible Mechanism for C—H/C—O Coupling
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would generate a coordinatively unsaturated Ni’-dcype complex
(not shown in Scheme 4), which undergoes the C—O bond
oxidative addition with aryl pivalate 2 to afford arylnickel(II)
pivalate B (R = COt-Bu). The turnover-limiting, Cs,CO5-
accelerated C—H nickelation of B with azoles produces a
diarylnickel(II) intermediate C. Finally, the reductive elimination
of C produces the coupling product 3 and Ni’-dcype, which
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should be trapped by L to regenerate the metastable L-Ni’-dcype
complex (A).

In summary, we have thoroughly studied the mechanism of
C—H/C—O0 coupling of 1,3-azoles and aryl pivalates catalyzed by
Ni-dcype. The first synthesis, isolation, and characterization of a
C—O0 oxidative addition complex, arylnickel(II) pivalate 4, were
achieved using the key ligand, dcype. The catalytic cycle
consisting of C—O oxidative addition, C—H nickelation, and
reductive elimination has been supported by a number of
stoichiometric and catalytic reactions using 4, kinetic studies, and
KIE experiments. The C—H nickelation step is likely to be the
turnover-limiting step in the catalytic cycle. Moreover, control
experiments using other ligands provided insight into the two
important roles of dcype ligand in C—H/C—O coupling: (1)
facilitation of the oxidative addition of C—O bonds and (2)
stabilization of the intermediate after oxidative addition. Based
on insights obtained regarding the effect of dcype, the design and
development of more active nickel catalysts are ongoing in our
laboratory.
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