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Cleavage of Carbon Dioxide C=O Bond Promoted by Nickel-Boron
Cooperativity in a PBP-Ni Complex
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Abstract: The synthesis and characterization of
(tBuPBP)Ni(OAc) (5) by insertion of carbon dioxide into
the Ni� C bond of (tBuPBP)NiMe (1) is presented. An
unexpected CO2 cleavage process involving the forma-
tion of new B� O and Ni� CO bonds leads to the
generation of a butterfly-structured tetra-nickel cluster
(tBuPBOP)2Ni4(μ-CO)2 (6). Mechanistic investigation of
this reaction indicates a reductive scission of CO2 by O-
atom transfer to the boron atom via a cooperative
nickel-boron mechanism. The CO2 activation reaction
produces a three-coordinate (tBuP2BO)Ni-acyl intermedi-
ate (A) that leads to a (tBuP2BO)� NiI complex (B) via a
likely radical pathway. The NiI species is trapped by
treatment with the radical trap (2,2,6,6-tetrameth-
ylpiperidin-1-yl)oxyl (TEMPO) to give (tBuP2BO)NiII(η2-
TEMPO) (7). Additionally, 13C and 1H NMR spectro-
scopy analysis using 13C-enriched CO2 provides informa-
tion about the species involved in the CO2 activation
process.

Introduction

The design of ligands that can modulate the electronic and
steric properties of transition metal complexes is a powerful
strategy that has allowed the discovery of new modes of
reactivity potentially relevant in catalysis. In particular, the
development of ligands that cooperate with the metal center
for the activation of kinetically inert molecules is an area of

growing interest that is attracting the attention of many
researchers.[1] One important contribution to this field was
the synthesis of a new family of pincer ligands based on boron
and phosphorus by Nozaki and Yamashita in 2009,[2] the bis-
phosphino boryl (PBP) pincer ligands represented in Fig-
ure 1.

Rapid progress on the coordination chemistry with
transition metals of PBP ligands has provided information on
the key role of the boryl group for the reactivity of these
complexes.[3] In 2013, Peters and co-workers reported the
cooperative activation of H2 by PBP-cobalt complexes[4] and,
simultaneously with us, by nickel compounds.[5,6] We de-
scribed a mechanism mediated by (tBu-PBP)NiMe (1,
Scheme 1) that involves cooperation between the nickel
center and both the boryl and methyl groups in the H� H
bond breaking event through a five center transition state
(Scheme 1, via TS1). The heterolytic cleavage of H2 gives the
nickel hydride species 2 through the intermediacy of a Ni0 σ-
BH complex for which the boryl moiety acts as a Lewis acid
accepting a hydride while the methyl group acts as a Lewis
base receiving a proton.[6]

The role of boron as a Lewis acid in transition metal-
boron cooperative mechanisms, either mediated by a metal-
borane or a metal-boryl complex, has been established by
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Figure 1. PBP ligands reported by Yamashita and Nozaki.[2]

Scheme 1. H2 activation by (tBu-PBP)NiMe (1).
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different groups in the last decade.[7] Owen and co-workers
demonstrated the ability of a transition metal-borane complex
to activate H2.

[8] One year later, Peters and co-workers
reported the heterolytic cleavage of dihydrogen using a nickel
complex stabilized by a bis(phosphino)borane ligand for
which the boron center and the metal behave as hydride and
proton acceptors, respectively.[9] Extension of this reactivity
to other metals (e.g., Fe, Co, Pt) and other substrates with
different E� H bonds (E=Si, C, N, O, S) corroborated the
general behavior of boron as a cooperative electrophile.[10]

However, we have recently found that the electrophilic role
of the boron center can be controlled by the ligand trans to it,
demonstrating its ambiphilic nature. Replacement of the
methyl group in 1 by a catecholboryl moiety has an impact on
the reactivity of the diaminoboryl group on the ligand. The
new species (tBu-PBP)Ni(Bcat) (3, Scheme 2) reacts with H2

through a mechanism similar to that observed for 1, but now
the diaminoboryl group behaves as a Lewis basic site and,
after the heterolytic cleavage of the H� H bond, a B� H bond
is formed by proton transfer to this boron atom (via TS2 in
Scheme 2).[11]

This interesting reactivity based on metal-boron coopera-
tive pathways served as a motivation to test the ability of tBu-
PBP-nickel methyl complex (1) for the activation of inert
molecules such as carbon dioxide.[12a] Recently, Hazari and
co-workers have reported an in-depth analysis of the insertion
of carbon dioxide for a family of R-PBPMCH3 species (R=
tBu, Cy; M=Ni, Pd) to form the corresponding acetate

complexes, which demonstrates the impact of the bulkiness of
the ligand and the solvent on the reaction rate.[12b] Previously,
our group found that the tBu-PBP-nickel hydride complex
(tBu-PBP)NiH (2) is an active catalyst for selective hydro-
silation of carbon dioxide to form aldehydes when used in
combination with B(C6F5)3.

[12c,d] The formate species (tBu-
PBP)Ni(O2CH) (4) is instantly observed after CO2 insertion
into the Ni� H bond, but, in the absence of borane, the
formation of different unidentified species is observed with
no observation of catalysis.[12c–e] Intrigued by this result, we
decided to investigate the reactivity of carbon dioxide in
detail using complex 1. Herein, we present our analysis of the
cooperative mechanism of the activation of CO2 promoted by
the nickel-boron bond of 1 that ends with cleavage of one of
the C� O bonds and release of carbon monoxide.

Results and Discussion

As mentioned above, we have previously studied the
insertion of carbon dioxide into the nickel-hydride bond of 2.
As expected, the strong trans influence of the boryl ligand
favors the instantaneous formation of nickel formate complex
4.[12c] This species is thermally unstable, and a complex
reaction mixture was observed by 31P NMR spectroscopy
when a solution of 4 was heated at 70 °C. To better under-
stand the factors underlying this reactivity, we extended this
study to the insertion of CO2 into the nickel-carbon bond of
1. Compared to insertions of CO2 into Ni� H bonds, examples
of analogous reactions with Ni� C bonds are less frequently
reported and generally require more drastic reaction con-
ditions (i.e., higher temperature and/or longer reaction
times).[13,14] Here, the high trans influence of the boryl
fragment increases the nucleophilicity of the methyl group
and likely facilitates the CO2 insertion process. Accordingly,
when CO2 (3 bar) was added to a solution of 1 in C6D6, the
31P{1H} NMR spectrum showed, after 16 hours at 40 °C, 90%
conversion of 1 to a new species identified as the acetate
complex 5 on the basis of 31P, 11B, 1H and 13C NMR
spectroscopic data (Scheme 3). Complex 5 exhibits a singlet
at 84.9 ppm in the 31P{1H} NMR spectrum and a new signal in
the 11B{1H} spectrum at 36 ppm, which is characteristic of a
nickel-boryl bond.[15] The 1H NMR spectrum shows a singlet
at 2.25 ppm, which correlates with a signal in the 13C{1H}Scheme 2. Reversible H2 activation mediated by 3.

Scheme 3. Synthesis of (tBuPBOP)2Ni4(μ-CO)2 (6).
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NMR spectrum (1H,13C-HMQC) at 25.8 ppm. The peak at
2.25 ppm can be assigned to the methyl protons of the acetate
group. Additionally, the carbonyl group resonates at
174.8 ppm in the 13C{1H} NMR spectrum. Crystals suitable for
X-ray diffraction analysis were obtained by cooling a C6D6/
pentane solution of 5.[16] The molecular structure of 5 is
shown in Figure 2.

The nickel atom of 5 adopts a distorted square planar
geometry with a k1-O-coordinated acetate group almost
perpendicular to the main plane of the molecule. The Ni� B
bond length (1.902(2) Å) of 5 is similar to those observed for
tBuPBP-nickel complexes 1–4.[5,6,11] The Ni� O1 bond length
(1.951(2) Å) falls in the range observed for related nickel
acetate complexes previously reported by Zargarian and
Wendt,[13,14] and it is virtually identical to that reported for the
formate complex 4.[5] Interestingly, Hazari and co-workers[12b]

reported the observation of unidentified decomposition
products (20%) along with nickel methyl complex 1 (30%)
when 1 was treated with CO2 (1 atm) at room temperature
for 10 days. Under these reaction conditions, isolation of the
acetate complex was not possible, and the formation of 5 is
proposed based on its 31P{1H} NMR spectrum by analogy
with that observed for the derivative with cyclohexyl groups
on phosphorus.[17a–c]

Careful control of the temperature and time of the
reaction of 1 with CO2 is required to avoid further reactivity
of complex 5. We have observed that prolonged heating of
solutions of 5 gives rise to new species whose 31P{1H} and 1H
NMR spectra are almost identical to those obtained pre-
viously by heating solutions of formate complex 4. At this
point, we were curious about the nature of these new species
and the chemistry behind this reactivity. Monitoring the
reaction of 1 with CO2 (3 bar) at 40 °C over a period of
21 hours by 31P{1H} NMR spectroscopy shows the initial
formation of 5 (δP 84.9 ppm) and its complete transformation
into a new species. In the 31P{1H} spectrum, the disappearance
of the signal at 84.9 ppm was accompanied by the appearance
of three signals at 51.0, 36.5 and 10.7 ppm in an approximate
1 :1 :2 ratio with a minor peak at 14 ppm (see Figure S15).

From this reaction mixture, we were able to isolate com-
pound 6 in pure form by crystallization (Scheme 3).[17c]

Complex 6 features a broad 11B resonance at considerably
higher field (25 ppm) than that observed for complex 5
(36 ppm) and two signals at 51.0 and 36.5 ppm in the 31P{1H}
NMR spectrum that correspond to two inequivalent phospho-
rous atoms. The 1H NMR spectrum of 6 exhibits four
different resonances for both the CH2 and the CH3 protons
due to the reduced symmetry of the molecule. These signals
are identical to those observed after thermal decomposition
of the (tBu-PBP)Ni(O2CH) (4) formate species. Deep red
crystals suitable for X-ray diffraction analysis were obtained
by cooling pentane solutions of 6 at � 23 °C (Figure 3).

The solid-state structure of 6 reveals an unexpected nickel
cluster made up of four nickel atoms in a butterfly structure
and bridged together by two μ-CO groups and two (k3-P,O,P-
μ2-O)tBuPBOP ligands. Each PBOP ligand spans between two
nickel atoms of each of the dinickel subunits with the O atom
connected to both nickel centers to form two fused six
membered rings [(NiPCNB)2(μ2-O)]. Complex 6 has a mixed-
valent (Ni4)

+2 core, considering the overall charge of the
PBOP ligands as � 2 whereas CO ligands are neutral, which is
consistent with two nickel centers with a formal oxidation
state +1 and the other two being Ni0. Ni� Ni bond lengths
values, from 2.3727(7) to 2.4912(6) Å, correlate well with
those previously reported for Ni0-NiI bonds.[18] The Ni2-Ni4
bond length (2.6456(6) Å) is in the upper range for typical
NiI-NiI bond lengths (from 2.291 to 2.605 Å),[19] but the
diamagnetic character of this molecule is indicative of a clear
contact between both metal atoms. Indeed, DFT calculations
on 6 indicate a singlet configuration as the ground state (see
Supporting Information for more details).

Analysis of the spin density revealed that this is predom-
inantly located on d orbitals of Ni2 and Ni4 with a spin
population of 0.807 on each metal, which is in agreement with
two NiI centers (Figure 4). However, the opposite sign of
both spins (one α spin and one β spin) account for the
antiferromagnetic coupling that is experimentally observed.

Figure 2. ORTEP of complex 5 at the 30% probability level. Hydrogen
atoms are omitted for clarity. Selected bond lengths (Å) and angles (°):
B(1)� Ni(1)=1.902(2); Ni(1)� O(1)=1.951(2); O(1)� C(26)=1.274(4) ;
C(26)� O(2)=1.229(3); Ni(1)-O(1)-C(26)=125.3(2); P(1)� Ni(1)� P(2) -
=158.68(2); B(1)� Ni(1)� O(1)=172.33(8).

Figure 3. Molecular structure of complex 6 at the 30% probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å):
Ni1� Ni2=2.4912(6); Ni2� Ni3=2.3727(7); Ni3� Ni4=2.4894(7);
Ni4� Ni1=2.3876(6); Ni2� Ni4=2.6456(6).
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Thus, computational data support the oxidation state assign-
ment described above (i.e., two NiI and two Ni0 centers).

The formation of the (Ni4)
+2 core of 6 involves a redox

process for which the NiII acetate complex is reduced to NiI

and Ni0 species leading to the formation of 6 from 5. We
performed radical trapping experiments that provide evi-
dence for the formation of a NiI intermediate after activation
of carbon dioxide (see below). Moreover, the two newly
formed B� O bonds are consistent with a process that
implicates the abstraction of an oxygen atom from CO2 by
boron to form one equivalent of Ni-coordinated CO. These
two facts caught our attention mainly because two interesting
reactions might be involved: (i) activation of CO2 mediated
by a nickel methyl complex, and further reduction of CO2 to
CO by (ii) cleavage of one of the C=O bonds of CO2 through
a cooperative mechanism promoted by the nickel-boron
bond.

In the chemical industry, CO is a common raw material
widely used in many important processes including, for
instance, the Monsanto acetic acid process, hydroformylation,
the Water Gas Shift reaction and the Fischer–Tropsch
reaction, to name a few. Currently, CO is predominantly
made from methane via steam methane reforming. However,
the utilization of CO2 as innocuous and abundant source of
carbon monoxide is of interest for the development of
sustainable chemical processes. In this regard, the electro-
chemical reduction of CO2 to CO using renewable sources is
considered a very promising approach for the production of
value added carbon-containing products.[20] Yet, the trans-
formation of CO2 into CO requires the cleavage of one of the
C=O bonds of CO2, which is a challenging reaction consider-
ing the high strength of its C=O bonds and its generally
unreactive nature.[21] In nature, reversible transformation of
CO2 to CO is catalyzed by carbon monoxide dehydrogenase
enzymes that possess an Fe� Ni active site to promote CO2

activation and reduction. The mechanism of this reaction is
not yet fully understood, but the formation of a Ni� C-
(O)O� Fe intermediate was recently demonstrated by X-ray
diffraction.[22]

Design of synthetic metallic systems capable of promoting
the reduction of CO2 to CO could help to understand this
transformation in nature. Moreover, in a future for which

green hydrogen is commercially viable, its utilization to
transform CO2 to CO could compete with current syngas
processes to generate CO. Early examples of synthetic
catalysts for CO2 fixation were based on precious metals (Ru,
Ir, Rh, Pd),[23] but, recently, growing interest in catalysts based
on earth-abundant metals has resulted in the development of
first row transition metal complexes that effectively reduce
CO2 to CO.[24–27] Bimetallic Fe� Ni systems that simulate the
role of the Fe� Ni active site in CO dehydrogenase have been
described.[27a,b] Likewise, metal-ligand cooperation strategies
have emerged as an interesting approach for the design of
systems that function as [Fe� Ni]-CODH models. Mechanistic
investigations have revealed unique modes of CO2 activation
that could be integrated into new catalytic processes.[27] Our
PBP� Ni complex 1 combines both a basic site at the methyl
group and an electrophilic boron center at the central
position of the ligand, which might provide new reactivity
patterns based on boryl-nickel-methyl cooperative pathways
for CO2 activation.

With this idea in mind, to gain insight into the mechanism
of the reaction of 1 with CO2, we monitored the reaction of 1
with 13C-enriched CO2 by

1H and 13C NMR spectroscopy. The
data extracted from this experiment related to the 13C-
enriched species formed during this reaction offer relevant
information. Initially, the resonance corresponding to the
methyl group of the acetate appears, in the 1H NMR
spectrum, as a doublet at 2.25 ppm (2JCH=6 Hz), and the
signal for the carbonyl group is clearly observed in the 13C{1H}
NMR spectrum at 174.6 ppm. As the reaction progresses, the
resonances of the acetate group disappear, and the formation
of a new species in the 1H NMR spectrum is observed at
1.54 ppm (d, 2JCH=6 Hz) that correlates (1H,13C-HMBC) with
a peak in the 13C{1H} spectrum at 203.7 ppm. These chemical
shift values match those of acetone.[28] In addition, a signal at
256.4 ppm is observed in the 13C{1H} NMR spectrum, which
corresponds to 13C enriched CO ligands present in 6. No
other 13C-labelled species were observed (Figure S17). Re-
lease of CO is not detected, and when this solution was
exposed to 2 bar of CO (12 h at 70 °C) no 13CO/CO exchange
was observed.

Although a mechanistic scenario involving NiII species
cannot be completely discarded, the formation of acetone
and the existence of a mixed valence NiI/Ni0 core in 6 raises
the question about the possible involvement of NiI species in
the formation of 6 through a radical mechanism. To confirm
this hypothesis, we performed the reaction of 1 with CO2 in
the presence of the stable radical TEMPO {(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl}. Interestingly, after 12 h at
40 °C the only species detected was acetate complex 5, and
prolonged heating at higher temperatures (up to 80 °C) did
not lead to the formation of 6. We hypothesize that, in the
presence of TEMPO, under these reaction conditions, an
interaction between boron and TEMPO inhibits the process
leading to the cleavage of the C� O bond.[29] Nevertheless, at
90 °C complex 5 evolves to a new species 7 (68% spectro-
scopic yield) (Scheme 4). The 31P{1H} NMR spectrum of 7
consists of two signals at 56.3 and 11.1 ppm and the 11B{1H}
spectrum exhibits a signal at 23 ppm, similar to that of 6.
Suitable crystals for an X-ray diffraction analysis were

Figure 4. Spin density distribution of complex 6 (isovalue=0.005)
calculated at the UPBE0-D3/6–31 g(d,p) level of theory. Spin density
values: Ni1=0.078; Ni2=0.807; Ni3=-0.078; Ni4=-0.807.
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obtained by cooling a toluene/pentane solution of 7 at � 23 °C
(Figure 5).

The solid-state structure of 7 shows a distorted square
planar geometry at nickel with a η2-N,O-coordinated TEMPO
ligand and, as a consequence, one of the phosphine arms of
the ligand has dissociated from the metal center. The
structure of the PBP ligand is altered by the insertion of an O
atom into the Ni� B bond to form a six-membered ring
(NiPCNBO). The three membered Ni� O� N metallacycle is
characterized by Ni� O, O� N, and Ni� N bond lengths of
1.834(1), 1.390(2), 1.926(2) Å and an acute O� Ni� N angle of

43.31(6)°. These values are consistent with an anionic η2-
TEMPO ligand coordinated to nickel that is generated by
electron transfer from a NiI species to TEMPO, affording the
NiII-TEMPO complex 7.[30] Additionally, GC-MS analysis of
the crude reaction mixture provided a signal at m/z=199.15,
which corresponds to the TEMPO-acyl adduct (8),[30c] con-
firming that the reaction likely follows a pathway that
involves an acyl radical species (Scheme 4; Figures S18–20).

We propose that the formation of both 6 and 7 might
occur by homolytic dissociation of the nickel-carbon bond of
a nickel acyl complex (A in Scheme 5), formed by boron-
assisted C� O bond activation of the acetate moiety of 5. In
this process, NiI fragments (B in Scheme 5, see below), which
constitute the building blocks of the structure of complex 6
(and 7), are generated.

Furthermore, the concomitant formation of acetone in
the reaction might be explained by the combination of acyl
radicals with methyl radicals (generated from the decarbon-
ylation of the former) as shown on the equations (1) and
(2).[31]

Interestingly, Holland, Cundari and co-workers have
observed similar reactivity when they attempted to synthesize
three-coordinate NiII methyl species. Instead of obtaining NiII

derivatives, they observed the oxidation of methyl by nickel
to yield a NiI complex along with ethane and methane by
recombination of the resulting methyl radical.[32] To explore
whether a similar process takes place in the formation of 6,
we investigated the possibility of generating the three-
coordinate nickel-acyl species A (Scheme 5) by insertion of
CO into (PBO)nickel-methyl species C (Scheme 6). We
thought that treatment of 1 with trimethylamine N-oxide
would lead to C, but, instead, the formation of new species
(PBO)2Ni (12) (85% spectroscopic yield) along with the
release of ethane was observed.

The molecular structure of 12, determined by single-
crystal X-ray diffraction analysis, confirms the insertion of an
O atom into the Ni� B bond to generate a NiII center

Scheme 4. Reaction of 1 with CO2 in the presence of TEMPO.

Figure 5. Molecular structure of complex 7 at the 30% probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and
angles (°): Ni1� O1=1.846(1); Ni1� P1=2.1785(6); Ni1� O2=1.834(1);
B12� O1=1.318(3); Ni1� N3=1.926(2); N3� O2=1.390(2);
N3� Ni1� O2=43.31(6).

Scheme 5. Proposed initial reaction for the formation of 7 and 8 from
complex 5. Scheme 6. Reaction of 1 with trimethylamine N-oxide.
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surrounded by two PBO ligands in a distorted square-planar
geometry (Figure S38).

The formation of 12 is likely due to the initial generation
of an unstable (PBO)Ni-methyl species C that undergoes
homolytic Ni� C bond cleavage leading to the formation of
ethane and a (PBO)NiI species that disproportionates to give
NiII complex 12 and metallic Ni(s). Monitoring this reaction
by 31P and 1H NMR spectroscopy shows the initial formation
of two intermediates, species 13a and 13b, that, over the
course of 5 days, evolve to 12 with the generation of ethane.
Both species show very similar 31P{1H} NMR spectra charac-
terized by two signals at 14.3 and 41.4 ppm for 13a and 9.3
and 50.3 ppm for 13b. In the 1H NMR spectrum, two
doublets, one at � 1.17 ppm for 13a and the other one at
� 0.85 ppm for 13b, that exhibit three-bond 1H� 31P coupling
of approximately 4 Hz, are consistent with the presence of
methyl groups. From this reaction mixture we were able to
crystalize intermediate [NiCH3]2(μ-k

3-POP)(μ-O) (13a). Sin-
gle crystal X-ray diffraction analysis reveals a dinuclear
structure consistent with two nickel atoms in a square-planar
geometry connected by two PBOP ligands; one of them
displays a μ-k3-P,O,P-coordination while the other acts as a
bridging oxo ligand with both phosphorous atoms not
coordinated to nickel. The fourth coordination site at each
nickel is occupied by a methyl group (Figure 6). Redissolution
of these crystals in CD2Cl2 showed progressive transformation
of 13a into 13b, both species coexisting, along with the
appearance of 12 and formation of ethane. Since the 1H
DOSY NMR experiment is not consistent with an equili-
brium between a monomeric and dimeric nickel species, it
seems reasonable to propose that 13a and 13b are geometric
isomers that interconvert by coordination/decoordination of
the phosphine arms of both ligands.

As mentioned above, we hypothesize that similar species,
containing an acyl group (A in Scheme 5) might be involved
in the formation of 6. Nevertheless, analogous species to 13
bearing an acyl group should also be considered. To probe
this possibility, we performed the reaction of 13 with 1 bar of
CO and observed the formation of 6 as the major product of
the reaction, along with release of dimethyl ketone, after 12 h

at room temperature in C6D6 solution (see SI, Figures S42–
43).

Although the corresponding nickel acyl species was not
detected, these results provide reasonable evidence for the
involvement of species analogous to 13 in the growth process
leading to the formation of 6.

However, this reactivity does not explain the presence of
two Ni0 atoms in 6 (Scheme 7). As mentioned before, the
formation of 6 is accompanied by the generation of a new
species (in a 1 :1 ratio) whose chemical shift in the 31P{1H}
NMR spectrum (δ 10.7 ppm; see above) is very close in
chemical shift to that of the tBuPB(OH)P ligand (10) (δ
11.0 ppm) (independently synthetized by treatment of tBu-
PBPOMe (9) with water; see SI, Figures S21–29).[33] Its 1H
and 13C{1H} NMR spectra are slightly different, which
indicates that these species might not be identical but are
likely similar in nature (See SI, Figures S31–33). Finally, High
Resolution Mass Spectroscopy (HRMS) indicates that this
species corresponds to the bis(boryl)ether tBuPBPOPBPtBu

(11) (See SI, Figure S34). Considering the stoichiometry of
the reaction, it is likely that the formation of 11 is related to
the generation of Ni0 through a decomposition pathway
(pathway 1 in Scheme 7) in competition with the formation of
NiI species (pathway 2 in Scheme 7). Yet, unfortunately, we
are unable to provide experimental evidence to prove the
mechanism by which Ni0 species are generated and, therefore,
alternative pathways should not be excluded.

Each step of the overall process is depicted in Scheme 7:
Initially, 5 is generated by CO2 insertion into the Ni� C bond
of 1. Then, CO cleavage mediated by nickel-boron coopera-

Figure 6. Molecular structure of complex 13a at the 30% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths
(Å): Ni1� O1=1.967(2); Ni1� O2=1.951(1); Ni2� O1=1.946(1);
Ni2� O2=1.946(2); Ni1� C1=1.939(2); Ni2� C2=1.942(2). Scheme 7. Proposed pathway for the formation of 6.
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tivity generates nickel acyl intermediate A which evolves via
two different pathways: i) release of bis(boryl)ether 11 and
formation of Ni0 (pathway 1) and ii) generation of NiI species
(B) with concomitant formation of dimethylketone and
carbon monoxide (pathway 2). These two processes lead to
the formation of 6 in a complex reaction that combines Ni0

and NiI species together with tBu-PBOP and CO ligands.

Conclusion

In summary, analysis of carbon dioxide insertion into the
Ni� C bond of (tBuPBP)NiMe (1) reveals unexpected reactivity
promoted by the ability of the PBP ligand to cooperate with
the metal center. Initially, the boryl group trans to the methyl
moiety allows the formation of the expected nickel acetate
complex 5 under mild reaction conditions. Then, one of the
strong C=O bonds of carbon dioxide is cleaved to form a new
B� O bond along with release of CO. In this step, the
intermediacy of three-coordinate NiII acyl intermediates that
evolve to NiI species through a radical mechanism has been
proposed. The overall process involves the participation of
NiII/NiI/Ni0 species that ultimately results in the formation of
a nickel cluster with butterfly structure bearing a (Ni4)

+2 core.
These results clearly demonstrate the potential of the boryl-
nickel entity to activate strong bonds in inert molecules.
Further studies on the activation and transformation of other
small molecules may lead to unforeseen pathways of
reactivity that can be valuable for future catalytic applica-
tions.
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