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ABSTRACT: This Communication describes the reaction between Ni(PPh,), and
2,2’-dibromodiphenyl, leading to the isolation of an unprecedented «'-o-diphenyl-
nickel(II) square planar complex. Full NMR characterization and the X-ray crystal
structure of the title compound are reported. Preliminary investigations on the
mechanism conducting to the isolated species are presented. The results of control
experiments carried out using 1,1-diphenylethylene as a radical scavenger are consistent
with a radical pathway rather than a double oxidative addition of the diaryl substrate.
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DEFT calculations on the transition states involved supported these observations.

xidative addition of aryl halides to nickel(0) centers’ is a

key reaction leading to square planar nickel(II) complexes
to be employed as active catalysts in numerous cross coupling
reactions.” Besides nickel(II) monoaryl complexes, diaryl
containing nickel(II) species also have been investigated, mainly
with 1-naphthyl®™ or 2-naphthyl®™® residues. These com-
pounds are often used as air-stable precatalysts in cross-coupling
reactions or sometimes in the synthesis of Ni-anthranyl or Ni-
phenanthryl complexes.” Regarding nickel(II)-diphenyl com-
pounds, Fahey synthesized 2,2’-bis[chlorobis-
(triethylphosphine)nickel]diphenyl (Ni-I, Figure 1)'° by the
reaction of NiCl,(PEt;), and 2,2-dilithiodiphenyl. In a different
attempt, by reacting Ni(COD)(PEt;), with 2,2’-dibromodi-
phenyl, [chlorobis(triethylphosphine)nickel]-2-diphenyl (Ni-
IT) was also isolated. Despite being obtained in very low yields,
these species were thoroughly analyzed via 'H NMR so that the
very low-field doublet at about 12 ppm (Ni-I) and 9 ppm (Ni-
IT) could be assigned to protons H6 and H6’, respectively. More
recently,'" Sanford et al. reported the formation of [Ni(bipy)-
(CH4CN)(2-(2’-F-diphenyl))] (bipy = 2,2™-bipyridine) (Ni-
III) as a key intermediate in the C(sp*)—F bond-forming
reductive elimination from Ni(IV) complexes.

The reported X-ray structures of diphenyl-containing nickel-
(I) compounds present the diaryl scaffold in different
arrangements, from 2,2-71 or 4,4’-bridging mode,16 to m-
diphenyl'” or p-diphenyl'”'® (Figure 1). X-ray structures of
mononuclear or dinuclear nickel(II) complexes having a singly
bound o-diphenyl fragment have never been reported to date.

Herein, we investigated the reaction of Ni(PPh;), with 2,2"-
dibromodiphenyl, in search of the possible dinuclear diaryl
nickel(II) complex 3 (Scheme 1). The nickel(0) precursor,
Ni(PPh;), (2), was synthesized in situ by reduction of
Ni(PPh;),Cl, (1) with zinc dust in DMF, at 50 °C, in the
presence of two additional equivalents of PPh,.'” The obtained
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red suspension was then treated with 0.5 equiv of 2,2’-
dibromodiphenyl and further heated at 50 °C for 24 h, during
which time it changed to yellow. After workup with 2% m/m
aqueous HCI*” and dichloromethane, a yellow-to-orange solid
stable under air and moisture was isolated. Infrared spectroscopy
of the product (Figure S1) showed the presence of expected
coordinated PPh; molecules (1090 cm™"), later confirmed by a
singlet resonance at 19.11 ppm in the *'P{'H} NMR spectrum
(CD,Cl,, 25 °C) (Figure S2). However, both elemental analysis
and 'H and “C{'H} solution NMR investigation were not
consistent with the structure expected for complex 3, but they
immediately revealed a different scenario. Indeed, in "H NMR
(CD,Cl, 25 °C) (Figure S3), a total of 39 protons were
detected, thus indicating the presence of only two molecules of
PPh, in the final complex; additionally, the absence of a
resonance at 123 ppm (expected for C(sp?)-Br) in *C{'H}
NMR (Figure S4) suggested the concomitant replacement of a
C(sp*)—Br bond with a C(sp?’)—H bond on the diphenyl
skeleton. Finally, elemental analysis indicated the presence of
chloride instead of bromide, due to the already observed
bromide-to-chloride displacement on nickel(II) centers.”"
Therefore, the final complex was identified as structure 4
(Scheme 1).

The nature of complex 4 was eventually confirmed by X-ray
single crystal diffraction analysis: the nickel(II) center shows the
anticipated square planar geometry (z,”” and 7,> indexes =
0.07 and 0.06, respectively), being surrounded by two trans-
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Figure 1. Examples of square planar nickel(II) complexes with x'-bound diphenyl fragments, either isolated (Ni-I to Ni-III) or structurally

characterized (m- and p-diphenyl).

Scheme 1. Schematic Representation of the Reaction between in Situ Generated Ni(PPh,), and 2,2’-Dibromodiphenyl, Leading

to Complex [Ni(x"-o-diphenyl) (PPh,),Cl] (4)
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positioned triphenylphosphines, a chloride and the x'-bound o-
diphenyl moiety (Figure 2 and Table S1). To the best of our
knowledge, [Ni(k'-o-diphenyl)(PPh;),Cl] (4) represents the
first example of a structurally characterized mononuclear
complex showing such an o-diphenyl residue bound to
nickel(IT). The torsion angle (C1—C6—C7—C8) between the
two phenyl rings in the o-diphenyl fragment is 43.45(19)°
(Figure SS), which is much smaller than the corresponding
values observed for the m- and p-diphenyl congeners: in the case
of C4Cl;C4Cl,- derivatives,'” angles up to 87.59° and 89.93° are
respectively observed for m-C¢Cl;C4Cl,- and p-C4ClsC4Cly-
fragments, whereas in the p-C4F,C4F,- residue'® the phenyl—
phenyl angle is 53.08°. In [Ni(x'-o-diphenyl)(PPh;),Cl] (4),
the coordinated phenyl group of the o-diphenyl residue shows an
angle of 80.70° with respect to the NiP,Cl plane (Figure SS).
Once the nature of the final product 4 was established, we
investigated the process underpinning its formation. Consider-
ing that the yield of the reaction was about 34% (based on
nickel), we first searched for a possible explanation of the fate of
the residual nickel. A modified workup was applied, which
allowed us to identify the formation of metallic nickel in the
course of the reaction. After compound 4 was obtained under
standard conditions, the suspension was filtered on a pleated
filter, and the solid was thoroughly washed with dichloro-
methane, leaving a black residue on the filter (Figure S6). The
filtrate was then treated following the already mentioned workup
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Figure 2. ORTEP drawing of complex 4 at the 50% probability level
ellipsoids. Selected bond lengths (A), angles and torsion angles (°):
Ni—Cl 2.2322(5), Ni—P1 2.2282(5), Ni—P2 2.2452(5), Ni—Cl
1.898(2); Cl-Ni—C1 173.58(S), P1-Ni—P2 176.69(2), CI-Ni—P1
90.57(2), ClI-Ni—P2 89.39(2), P1-Ni—C1 88.29(5), P2—Ni—Cl
91.38(5), C1-C6—C7—C8 43.45(19).
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(2% m/m aqueous HCl), allowing for the isolation of 4 in a 33%
yield. The black residue in the pleated filter showed para-
magnetic behavior (Figure S6), thus being designated as bulk
metallic nickel(0). Reasonably, in the reduction of Ni(PPh;),Cl,
to Ni(PPh;), by zinc(0), a partial reduction to Ni(0) occurred.
This black residue was then analyzed according to the nickel
bis(dimethylglyoximate) assay,”* which allowed quantification
of the nickel content in the black residue as 25% (of the starting
nickel). Thus, we could conclude that the nickel present in the
starting Ni(PPh;),Cl, was partially converted to 4 (ca. 33—
34%) and to metallic nickel (25%). The remaining nickel was
reasonably converted back to Ni(PPh,),Cl, during the workup
of the reaction. Also, despite it not being directly detected, the
formation of [Ni(PPh;);Br], which is commonly observed as a
side product in the oxidative addition of aryl bromides to Ni(0)
complexes, could not be ruled out. Additionally, part of the 2,2’
dibromodiphenyl introduced is subjected to coupling reactions,
as detected from GC-MS analysis of mother liquor (Figure S7).
Reasonably, the presence of both nickel(0) and zinc(0) in the
mixture, together with the generation of radical species in the
reaction mechanism (vide infra) contributed to the formation of
quaterphenyl or o-tetraphenylene products™ deriving from
coupling of 2,2’-dibromodiphenyl. It is also not excluded that the
coupling byproducts may arise from partial decomposition of
reactive intermediates or complex 4 in solution, as previously
observed for [Ni(Ph)(PPh,),Cl].>° Worthy of note, the
oxidative addition of the diaryl to Ni(PPh,), in the absence of
metallic zinc was also investigated: in one experiment, unreacted
zinc dust was separated by cannula filtration after formation of
Ni(PPh,), and dilution with THF, and prior to addition of 2,2’-
dibromodiphenyl. The resulting solution was then treated
according to the standard procedure, affording compound 4 in
22% vyield. Although compound 4 could be obtained in the
absence of zinc, the lower yield observed under these conditions
does not necessarily imply a direct role of zinc in the standard
reaction. In this experiment, zinc removal required dilution with
THF, and the solvent itself could influence the reaction
outcome. Indeed, when the reaction is conducted under
otherwise standard conditions but using THF instead of DMF
(without removing zinc), a similarly reduced yield (19%) is
observed. Thus, the solvent may influence the product
distribution by affecting the relative stability of the radical
species formed in the system (see below).

According to the literature,'””’~*’ the formation of square
planar Ni(II) complexes by reaction of aryl halides to Ni(0)
centers is usually explained considering two possible pathways,
namely oxidative addition and radical halide abstraction. Thus,
in our specific case, a double oxidative addition involving
Ni(PPh;), and 2,2’-dibromodiphenyl, followed by breaking of
one Ni—C(sp®) bond, and a path comprising radicals were both
considered. First, control experiments were carried out in the
presence of radical scavengers (2,2,6,6, tetramethylpiperidine 1-
oxyl, 2,2,6,6-tetramethyl-1-piperidinyloxy, TEMPO and 1,1-
diphenylethylene (DPE)). Radical trapping experiments were
performed using 3 equiv of scavenger relative to the aryl halide.
‘While TEMPO is commonly employed as a radical scavenger, it
is well documented that it can directly interact with Ni(0)
centers, forming isolable Ni-TEMPO complexes and engaging
in redox chemistry.”” Consistent with these cases, the use of
TEMPO in our system led to a markedly different reaction
outcome, namely, the formation of a dark violet solution from
which a mixture of undefined products was isolated. We
attribute this to the direct interaction of TEMPO with nickel
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rather than the unambiguous inhibition of a radical pathway. In
contrast, when the reaction was conducted in the presence of
DPE, the expected product was still formed, albeit with a
dramatically lower yield (ca. 5%) compared with standard
conditions. Accordingly, the interception of radical species
suppresses the reaction efficiency, suggesting that a radical
pathway governs the overall mechanism.

Theoretical calculations performed at the DFT/BLYP-
D3(BJ) level of theory supported the statement presented
above and the proposed steps of the reaction mechanism (Figure
3). Starting from Ni(PPh,), (2), dissociation of one PPh,
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Figure 3. Proposed pathways explaining the formation of complex 4 via
intermediate A and dinuclear diaryl nickel(II) complex 4. Inset:
reactions involved in each step.’’

molecule to give Ni(PPh;); (2a) likely occurs in solution
(AGyg = 1.60 kcal/mol) (path a); then the first oxidation
reaction at one C(sp?)—Br bond of 2,2’-dibromodiphenyl
generates intermediate A (AGyyg = 7.35 kcal/mol), either via
a radical pathway through TS1-rad (path b) or by a three-center
oxidative addition involving TS1-0x (path b’). According to
calculated energies, the radical path is favored by 12.60 kcal/mol
(AG*1g.100a = +12.30, AG¥ 110, = +24.90 keal/mol), consistent
with experimental observations on radical trapping by DPE,
indicating the single-electron transfer radical pathway as
dominant. A similar trend is observed also for the second
C(sp*)—Br bond addition to Ni(0): intermediate A converts to
dinuclear species 3 via a radical route (path ¢, AG*rg srq =
+11.30 keal/mol), which is 18.50 kcal/mol preferred compared
to the classical oxidative addition (path ¢’, AG¥1g.,0x = +29.80
kcal/mol). The formation of compound 3 is postulated
according to the seminal paper from Fahey'’ (see Ni-I, Figure
1). Finally, dinuclear diaryl 3 converts to complex 4 and
Ni(PPh,),Cl, in the presence of excess aqueous HCL. This last
reaction is particularly favorable (AG,q = —60.85 kcal/mol),
thus representing a possible determining factor of the whole
process. The optimized geometries of the transition states for
both C(sp?)—Br bond breaking steps (TS1-rad, TS1-ox, TS2-
rad, and TS2-ox) are depicted in Figure 4, whereas the x,y,z
coordinates of all species involved are reported in the
Supporting Information.

In summary, we report the synthesis and characterization of
an k'-o-diphenyl-nickel(II) square planar complex obtained via
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Figure 4. Calculated (DFT/BLYP-D3(BJ)) transition states for the formation of complex 4 after two C(sp*)—Br bond breaking steps via a radical (TS-
rad) or oxidative addition (TS-ox) mechanism. Color code: nickel, green; phosphorus, orange; carbon, gray. The bromide reacting in each step is

represented in ball-and-stick style.

successive oxidative addition reactions between Ni(PPh;), and
2,2’-dibromodiphenyl. Experimental evidence and DFT calcu-
lations support a radical-type pathway operating in both
C(sp*)—Br bond breaking steps of the reaction. Ongoing
studies in our laboratory aim to further elucidate the full reaction
mechanism and the nature of the nickel intermediate species
involved. We hope these findings stimulate further investigation
of o-diphenyl-nickel(II) square planar complexes and their
potential applications.
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