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Cross-Coupling Chemistry at Mononuclear and Dinuclear Nickel Complexes
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Abstract: Nickel catalysts have been developed for a wide range of
C-C bond formation reactions. Reaction mechanisms proposed for
these transformations generally involve catalytic intermediates
based on mononickel species. These reactions are reviewed and the
possibility of dinickel species active in C—C cross-coupling chem-
istry is discussed.
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Cross-coupling reactions have broad utility in organic
synthesis.! Recent catalyst developments have extended
the versatility of these transformations to alkyl halides as
cross-coupling partners.? Reactions of species that pos-
sess B-hydrogen atoms have been challenging because of
B-H elimination side reactions that lead to the formation
of olefins. Following early reports of nickel-, iron-, cop-
per-, and silver-mediated cross-coupling of unactivated
alkyl halides displaying B-hydrogen atoms,’ a variety of
catalysts have been developed based on diverse ligand
sets and metals.” The most versatile catalysts for coupling
of alkyl electrophiles are based on nickel.> An array of
mechanisms have been proposed invoking metal oxida-
tion states ranging from Ni° through Ni'V, but questions
related to reaction mechanism and the effects various
ligands have on catalyst behavior remain open.>? A more
detailed understanding of these aspects is expected to lead
to the development of more active and selective catalysts.
Herein, we discuss the mechanisms typically proposed for
cross-coupling chemistry with specific analyses of several
nickel systems and highlight a recent report supporting a
mechanism invoking dinickel intermediates.

A typical catalytic cycle proposed for cross-coupling
chemistry (Scheme 1, mechanism A, left) involves formal
two-electron processes. An alkyl halide undergoes oxida-
tive addition at a low-oxidation-state metal complex (A)
to generate a metal-alkyl halide (B). Transmetallation
leads to a metal—dialkyl species (C) that undergoes reduc-
tive elimination to generate the organic product with a
new C—C bond and regenerating A. This mechanism re-
quires metal oxidation-state changes by two units between
M™ and M™*2, Alternative mechanistic pathways involve
one-electron processes. One variation (Scheme 1, mecha-
nism B, right) involves only two metal oxidation states,
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M™/M™*! Metal-halide D undergoes transmetallation to
form metal-alkyl E. Halogen atom abstraction from the
alkyl halide to generate an alkyl radical (R's) and metal—
alkyl halide F. The intermediate radical (R'e) is proposed
to lead to C—C bond formation without binding to or oxi-
dizing the metal center.* Thus, high oxidation-state inter-
mediates are formally avoided. Another mechanistic
possibility (Scheme 1, mechanism C, right) involves spe-
cies in three oxidation states, M™/M™!/M™*2, formally al-
lowing for oxidative addition in two one-electron steps.
Reductive elimination occurs from the higher oxidation
state metal—dialkyl halide species G. The nickel-based
mechanisms discussed below relate to mechanisms A-C
in terms of the radical or non-radical nature of intermedi-
ates and the extent of variation of metal oxidation state,
but the order of substrate reaction may vary.

Knochel established the feasibility of nickel-catalyzed
cross-coupling of alkyl halides with minimal 3-H elimina-
tion products. When a m-system (either tethered to the
alkyl halide or as a separate additive) was present, cou-
pling of alkyl bromides and iodides with dialkyl zinc re-
agents was observed.’ The catalytic cycle was proposed to
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Scheme 1 Proposed mechanisms for cross-coupling catalysis

follow a Ni%Ni" mechanism (Scheme 1, mechanism A)
with the unsaturated moiety acting as a labile m-acid to
Ni'-alkyl halide intermediates and promoting reductive
elimination to alkyl-alkyl products and Ni’ species
(Scheme 2). Nickel-arene interactions have also been
proposed for systems based on Ni/C for the coupling of
aryl Grignard reagents and aryl halides.®

Kambe and co-workers reported a butadiene-based cata-
lytic system for coupling of alkyl halides and Grignard re-
agents.” Ni’ precursors react with two butadiene
molecules to generate a Ni'l-diallyl species followed by
nucleophilic attack by a Grignard reagent to yield a 5',7*-
octadiene-diylnickelate complex (Scheme 3). Cross-
coupling is proposed to occur by oxidative addition of an
alkyl halide to generate a Ni'V-dialkyl species followed by
reductive elimination to release the organic product and
regenerate Ni'-diallyl. It is noteworthy that the steps in-
volved — transmetallation, oxidative addition, and reduc-
tive elimination — are in inverted order from the classical
catalytic cycle (Scheme 1, mechanism A). The proposed
Ni'/NiV cycle is supported by the reaction of NiBr, with
two equivalents of n-octylmagnesium chloride in the pres-
ence of isoprene. Octane and 1-octene were detected (43
and 45% yields, respectively), whereas the homocoupled
product n-hexadecane was not. This indicates that Ni'-
alkyl halide species do not lead to productive cross-
coupling, and thus that oxidative addition of alkyl halide
by Ni’ is not operative. The non-radical nature of this
mechanism is supported by the cross-coupling of a radical
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clock, (bromomethyl)cyclopropane, without observation
of olefinic products.

Nil-methyl-terpyridine was found by Vicic and co-work-
ers to catalyze Negishi coupling of alkyl bromides and
iodides.® Radical intermediates are supported by observa-
tions of minor homocoupled products from alkyl iodide
substrates and substantial formation of olefinic products
upon reaction with the radical clock (iodomethyl)cyclo-
propane. Based on stoichiometric reactivity studies, iso-
lated intermediates and computational studies, a Nil/Ni'll
catalytic cycle is proposed by the authors (Scheme 4). Al-
though similar to mechanism C, generation of the alkyl
radical by halogen atom abstraction is proposed to lead
initially to terpyridine ligand oxidation rather than metal
oxidation.
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Scheme 4 Proposed mechanism for Ni-terpyridine catalyzed cross-
coupling of alkyl halides and zinc alkyl reagents®

A variety of nickel-based catalysts that catalyze coupling
reactions with alkyl electrophiles have been reported by
Fu and co-workers. Bathophenanthroline—nickel systems
(Figure 1a) are active for Suzuki and Hiyama coupling of
alkyl bromides and iodides.” Pybox-nickel catalysts
(Figure 1b) promote Negishi cross-coupling of a variety
of alkyl halides.'” Diamine-nickel systems (Figure 1c)
perform Suzuki cross-coupling of alkyl bromides and
chlorides.!! Amino alcohol-nickel systems are active for
Suzuki and Hiyama couplings (Figure 1d)."> Bis(oxazo-
line)-nickel catalysts are active for Kumada coupling of
a-bromoketones.'> With the exception of bathophenan-
throline, chiral versions of these ligands have also been
developed; the corresponding cross-coupling of racemic
mixtures of alkyl halides possessing chiral halogen-bear-
ing carbon centers often yields a single enantiomer. No
kinetic resolution is observed during these reactions, im-
plicating an alkyl radical intermediate as being involved
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Scheme 2 Proposed mechanism for nickel-catalyzed cross-coupling of dialkyl zinc and unsaturated alkyl halides (left) and a representative

additive for the cross-coupling of saturated alkyl halides (right)°
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Scheme 3  Proposed mechanism for Ni-butadiene catalyzed cross-coupling of alkyl halides and Grignard reagents’
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in the mechanism for stereoconvergence. While a detailed
mechanism has not been proposed, the authors note that
preliminary kinetics data for the bis(oxazoline) systems
were consistent with a variant of mechanism C, as pro-
posed by Vicic and co-workers (Scheme 4).3
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Figure 1 Examples of ligands utilized for nickel-catalyzed cross-
couplings®'?

Nickel catalysts supported by terpyridine, pybox, or ami-
no alcohol ligands were further studied by Cardenas and
Fu for cascade cyclization and cross-coupling of alkyl
zinc halides with iodo-olefins bearing pendant ole-
fins.!?*!* The mechanism of this reaction was proposed to
be reminiscent of that shown in Scheme 4, with the inter-
mediate alkyl radical (R'e) performing intramolecular cy-
clization prior to coordination to nickel. The presence of
substrate-based radical intermediates was supported by
experiments with radical clocks. Because involvement of
ancillary ligands in redox chemistry is dependent on their
electronic structure, ligands that are harder to oxidize may
follow mechanism C (or B), with oxidation of the metal
center rather than of the ligand.

A nickel complex supported by an amidobis(amine) tri-
dentate pincer ligand (M*NN,) was reported by Hu to cat-
alyze Sonogashira coupling of unactivated alkyl halides
and Kumada coupling of unactivated alkyl iodides and
bromides.!> Kumada couplings with CH,Cl, and CHClI,
provide rare examples of efficient di- and tricoupled prod-
ucts, respectively.””® A radical mechanism for Kumada
coupling is suggested by (a) faster reactivity of CH,Cl,
and CHCI, versus octyl chloride; (b) retarded reaction in

CHRCl,
excess

iPr Sl ci Pr
iPr N\ IXT ///‘Pr

~~p—Ni—Ni—F

JJ’ 0,0-(CgH4MgBr)2

— 2MgBrCl

the presence of radical trap TEMPO, and (c) olefinic prod-
ucts from coupling with the radical clock (bromometh-
yl)cyclopropane. For alkyl Grignard reagents, a Ni'l/Ni'V
catalytic cycle similar to mechanism C is proposed by the
authors (Scheme 5, top). A different mechanism appears
to be active for aryl Grignard reagents. The lack of cross-
coupling chemistry between (MENN,)NiPh, an active pre-
catalyst, and octyl iodide or PhMgCl was interpreted in
terms of a Ni'l /Ni!V catalytic cycle with the formation of
a Ni-alkyl-diaryl intermediate prior to reductive elimina-
tion (Scheme 5, bottom). Oxidation of the ancillary ligand
to form a Ni'™! complex was presented as a possible alter-
native to avoid Ni'"¥ intermediates. The nature of the inter-
mediate nickel species generated upon halogen atom
abstraction from alkyl halides also remains unclear.

As discussed above, mechanistic proposals for cross-
coupling reactions commonly assume a mononuclear cat-
alytic cycle. However, for similarly stereotyped palladium-
catalyzed cross-couplings, recent work by Ritter and
Sanford suggest that dinuclear species can be active for
C-heteroatom coupling chemistry.!® Our group has re-
cently reported C—C bond formation from dinuclear Ni
complexes.!”

Dinuclear nickel complexes supported by a terphenyl
diphosphine (1-3; Scheme 6) were synthesized and
shown to present interactions between the n-system of the
central arene and the metal centers.!” These interactions
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Scheme 5 Proposed mechanisms for Ni-amidobis(amine) catalyzed
cross-coupling of alkyl halides and Grignard reagents!'>

Scheme 6 Reactivity of Nil,-biphenyldiyl (1) with gem-dichloroalkanes and CO'’
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are reminiscent of those proposed by Knochel to be cru-
cial for nickel catalysts based on additives such as olefins
and electron-deficient arenes.” Reaction of Ni')-biphe-
nyldiyl complex 1 (Scheme 6) with gem-dichloroalkanes
CHRCl, (R = Me, H) affords fluorenes and Ni')-dichlo-
ride complex 2. These transformations involve a rare ex-
ample of the formation of two C—C bonds. Stoichiometric
intramolecular C-C couplings have been reported for Nil,
dinuclear complexes;‘8 in those cases the metal centers are
reduced to Ni’. The Ni', core in the present case suggests
an intermolecular dinuclear mechanism for C—C bond for-
mation (Scheme 7). Oxidative addition of a C—Cl bond
yields Ni', intermediate H (Scheme 7, top). Reductive
elimination of chloromethyl and aryl groups generates a
Nilz—arylchloride I, which undergoes intramolecular oxi-
dative addition of the pendant C—Cl bond to yield the Ni'',
species J. Reductive elimination of the remaining organic
ligands yields fluorene. Thus, this cross-coupling reaction
is proposed to utilize a Ni',/Ni',, cycle instead of a Ni"/
Ni"*? mechanism. The oxidation state of each nickel cen-
ter of the dinuclear unit changes by only one unit, in con-
trast to the mononuclear mechanisms invoking two-unit
oxidation state changes for concerted oxidative addition
or reductive elimination steps. A mixed-valence Ni',/Ni'-
Ni! cycle involving alkyl radical intermediates is also
possible (Scheme 7, bottom). In that case, the high oxida-
tion state intermediates (Ni'Ni'") can preserve a partial Ni—
Ni bond. The reaction between 1 and gem-dichloroethane
to generate 9-methylfluorene is notable because it extends
double C—C coupling chemistry beyond C, fragments, un-
like the chemistry reported by Hu. Intermediates derived
from gem-dichloroethane display B-hydrogen atoms but
still lead to the formation of 9-methylfluorene, indicating
that C—C bond formation is faster than processes derived
from B-H elimination.

As another route to C—C coupling, 1 was treated with CO
to yield fluorenone and Ni’-carbonyl complex 3
(Scheme 6). This is proposed to occur by coordination of
CO and insertion into a metal-aryl bond, followed by the
formation of a second C—C bond by reductive elimination.
Whereas the formation of fluorenone from mononuclear
and dinuclear nickel complexes has been observed previ-
ously, this reaction is noteworthy because it generates a
well-defined Ni’, complex (3).'%!° The reactivity of 1
with CHRCI, and CO suggests that the terphenyl diphos-
phine is capable of supporting Ni, oxidation states ranging
from Ni’, to Ni'Ni" or Ni',, indicating the potential for
three- or four-electron redox transformations.

In summary, many catalysts based on nickel and other
metals have been shown to mediate cross-coupling chem-
istry and several studies have provided mechanistic in-
sights. Details regarding the nature of the active species
and the oxidation state of the metal center, however, still
remain unclear. The reactions described in this highlight-
ed paper suggest dinuclear nickel complexes are an alter-
native to mononuclear species for catalytic intermediates
in cross-coupling chemistry. The possibility for some of
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Scheme 7 Proposed mechanisms for formation of fluorene at a di-
nickel core!”

the previously reported systems (especially those without
multidentate supporting ligands) to involve bimetallic cat-
alysts is intriguing. Current work is focused on exploring
dinuclear nickel cores with an emphasis on developing
new multielectron transformations, detailing their reac-
tion mechanisms, and understanding the role of the ligand
framework in modulating organometallic reactivity.
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