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ABSTRACT: Borolides (BC4
2−) can be considered as dianionic heterocyclic analogues of

monoanionic cyclopentadienides. Although both are formally six-π-electron donors, we
herein demonstrate that the electronic structure of their corresponding transition metal
complexes differs significantly, leading to altered properties. Specifically, the 18-electron
sandwich complex Ni(iPr2NBC4Ph2)2 (1) features an ∼90° angle between the Ni−B−N
planes and is best described as a combination of three limiting resonance structures with
the major contribution stemming from a formally Ni2+ species bound to two monoanionic
radical (BC4

•−) ligands. Compound 1 displays two sequential one-electron oxidation
events over a small potential range of <0.2 V, which strikingly contrasts the large potential
separations between redox partners in the family of metallocenes, and the potential reasons
for this unusual observation are discussed.

■ INTRODUCTION
The monoanionic cyclopentadienide ligand [Cp = (C5H5)

−] is
ubiquitous to transition metal chemistry.1 The η5 binding
mode allows access to a large variety of metallocenes (MCp2)

2

as well as piano stool complexes (MCpLn).
3 Transition metal

(TM)-based metallocenes are stabilized by synergistic ligand-
to-metal π-donating and metal-to-ligand δ-back-donating
interactions between the six-π-electron donor Cp ligands and
TM-based d orbitals, resulting in 18-, 19-, and 20-electron
complexes for Fe2+, Co2+, and Ni2+, respectively.2g,h Among the
attractive properties of metallocenes, the reversible one-
electron redox chemistry of the [MCp2]

+/0 redox couple is
frequently exploited. Thus, ferrocence (17/18 e−) is one of the
most popular internal reference materials for electrochemical
studies in organic media, and cobaltocene (18/19 e−) is a
common powerful one-electron reductant.1g More recently,
metallocene-based redox chemistry has also allowed the
development of improved non-aqueous redox flow batteries
(RFBs)4 as well as electrolyte-free dye-sensitized solar cells.5

The redox chemistry of the metallocenes extends well beyond
the [MCp2]

+/0 redox couple exemplified in electrochemical
studies by Bard et al.,6 in which an exotic 21-electron nickel
species, [NiCp2]

−, could be accessed.
The electrochemical potentials of the redox families of the

metallocenes follow (for most cases) a direct correlation with
ionization potentials of the transition metal ion as a
consequence of mostly metal-centered redox events. The latter
has been confirmed, in many examples, such as the isolation
and characterization of [FeCp*2]

2+ [Cp* = (C5Me5)
−] as an

Fe4+ species7 and the formulation of high-spin Fe+ in
[Fe(Cpttt)2]

− [Cpttt = (C5H2
tBu3)

−].8 However, it is this
relationship that results in very large potential separations

between two electron redox partners (vide inf ra) and requires
extreme potentials to access all members of a [MCp2]

n+ redox
series.
In contrast to the significant advances in the chemistry of

cyclopentadienide complexes in the areas of catalysis,1c redox
probes,1g and single-molecule magnets1b (among others) and a
plethora of available ligand derivatives, their heteroatom
analogues are much less developed, including boron-containing
heterocycles. Boroles and borolides are unsaturated BC4 and
BC4

2− ring systems that are anti-aromatic and aromatic,
respectively, and can bind to metals in an η5 fashion, analogous
to the case for cyclopentadienide.9 Upon coordination to metal
ions, these unique ligands could formally be described as
neutral four-π-electron donors, anionic five-π-electron systems,
or dianionic six-π-electron ligands. This versatility renders their
electronic structure complex and allows them to act as
potential electron reservoirs, thereby generating a new class
of redox-active ligands. Few studies have attempted to
ascertain the redox activity or non-innocence of borolides. In
this work, we synthesize a borolide and borole as precursors to
ultimately access the sandwich complex Ni(iPr2NBC4Ph2)2 [1
(Figure 1)] and a half-sandwich variant as a model series to
probe the electronic structure. Nickel was selected as possible
resonance structures can be drawn for 1 featuring formal Ni0,
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Ni2+, or Ni4+ species (Figure 1, bottom). Within the realm of
high-oxidation state nickel chemistry,10 it has been docu-
mented that there is ambiguity in assigning oxidation states.
Although a limited number of the latter high-oxidation state
compounds have been reported,11 the decamethylnickelocene
dication, described as nickel(IV), has been known since the
early 1980s.12 In recent years, significant interest has been paid
to discerning whether elusive Ni4+ species are viable in catalytic
cross-coupling.13 The homoleptic and heteroleptic Ni−
borolide species were evaluated using a combination of
spectroscopic, electrochemical, and computational methods
to understand the bonding in metal−borolide complexes.

■ RESULTS AND DISCUSSION
Deprotonation of 1-diisopropylamino-2,5-diphenyl-3-boro-
lene14 with LDA in the presence of TMEDA furnishes the
dilithioborolide in 65% yield {Figure 2, [Li(TMEDA)]2[2,5-
iPr2NBC4Ph2], L1}. The 11B nuclear magnetic resonance
(NMR) resonance observed for L1 (26.9 ppm) is consistent

with the reported dilithium borolide salts.15 Single-crystal X-
ray diffraction studies reveal an η5 mode of coordination of the
ligand to the two lithium ions above and below the plane
(Figure 2). Oxidation of L1 with tin(II) chloride results in the
formation of the neutral 1-diisopropylamino-2,5-diphenylbor-
ole (L2) in 48% yield after workup. The 11B NMR signal of L2
is shifted downfield to 39.2 ppm upon oxidation. It is unusual
that this borole species is monomeric, given that boroles
devoid of bulky groups are prone to [4+2] Diels−Alder
dimerization.16 We next targeted the isolation of Ni−borolide
complexes.
Borolide transition metal complexes have previously been

accessed via the functionalization of coordinated ligands,17

dehydrogenation of 3-borolenes,18 complexation of cationic
metal precursors with borolide dianions,15a,16c,19 or coordina-
tion of neutral boroles to low-oxidation state metal ions.15d,20

Metalation of L1 with NiCl2 using a 1:1 stoichiometry
generated Ni(0) and LiCl as well as a species with a 11B
NMR spectroscopic resonance at 28.0 ppm. The boron-
containing species was purified by column chromatography
and isolated as a deep red solid in 16% yield that was identified
as the desired sandwich complex Ni(iPr2NBC4Ph2)2 [1 (Figure
3)]. The formation of Ni(0) implies the possibility for

reduction of Ni2+ by L1 with concomitant formation of a
monoanionic borole.21 The latter can also be viewed as
comproportionation products of dianionic borolides and
neutral boroles. The isolation of a monoanionic borole from
either comproportionation of L1 and L2 or the one-electron
reduction of borole L2 was unsuccessful.22 However,
consistent with the considerations mentioned above, the
yield for the formation of 1 can be significantly improved
(49%) if 1 equiv of neutral borole L2 is added to a
stoichiometric mixture of L1 and NiCl2.

23

Access to the heteroleptic complex Ni(COD)-
(iPr2NBC4Ph2) (2) is achieved by the stoichiometric reaction
of neutral borole L2 and Ni(COD)2 in benzene (Figure 3).

Figure 1. Synthesis of 1 from borolide L1 and molecular structure of
1 (top). Resonance structures of 1 (bottom). Hydrogen atoms and
co-crystallized solvent molecules have been omitted for the sake of
clarity. Thermal ellipsoids depicted at the 50% probability level.

Figure 2. Synthesis of borolide L1 and borole L2 (top). Molecular
structures of L1 (left) and L2 (right) (bottom). Hydrogen atoms and
co-crystallized solvent molecules have been omitted for the sake of
clarity. Thermal ellipsoids depicted at the 50% probability level.

Figure 3. Synthesis of 1 and 2 (top). Molecular structure of 2
(bottom). Hydrogen atoms and co-crystallized solvent molecules have
been omitted for the sake of clarity. Thermal ellipsoids depicted at the
50% probability level.
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The formation of 2 under our conditions is comparable to the
preparation of group 10 TM(COD)(C4H4BR) (TM = Ni, Pd,
or Pt) complexes via the reactions of TM(COD)2 with borole
ammonia adducts, such as C4H4BR·NH3 (R = CH3 or Ph), as
reported by Herberich et al.17a The observed 11B NMR
resonance of 2 (26.0 ppm) is shifted significantly upfield
compared to that of free L2 and is consistent with other (η5-
borolide)Ni(1,5-cyclooctadiene) complexes.17b,20a Complex 2
was isolated as a red solid in 65% yield after workup, and its
molecular structure established via single-crystal X-ray
diffraction (Figure 3).
The solid state structures of neutral borole L2, dilithio salt

L1, and nickel complexes 1 and 2 (Tables S1 and S2) display
significant differences in the molecular geometries of the
heterocycle. While the BC4 heterocycle of aromatic L1 is
planar and that of anti-aromatic L2 deviates only slightly from
planarity (maximum deviation from planarity of 0.002 Å for L1
and 0.078 Å for L2), both nickel complexes show considerable
contortion, with sandwich complex 1 being the most puckered
(1, average deviation from planarity of both rings of 0.262 Å; 2,
0.133 Å). The phenyl groups in the structures of L2, 1, and 2
are twisted with respect to the central BC4 ring, while L1
features essentially co-planarity (interplanar angles of 6.16°
and 1.80°). The diene backbone of L2 contains localized
bonds [C(1)−C(2), 1.345(2) Å; C(2)−C(3), 1.470(2) Å;
C(3)−C(4), 1.347(2) Å] consistent with the four-π-electron
anti-aromatic electronic configuration, while all intraring bond
lengths in L1, 1, and 2 are consistent with π-electron
delocalization [range of 1.393(2)−1.447(2) Å]. The B−N
bond is the shortest in anti-aromatic L2 [1.390(2) Å] but only
marginally longer in the nickel complexes [1, 1.414(3) Å; 2,
1.429(2) Å], consistent with a π-donor interaction from the
nitrogen lone pair to the boron center [cf. HB(NH2)2, 1.418
Å].24 The aromatic dianionic species L1 has a much longer B−
N bond [1.513(2) Å], which is attributed to the aromaticity of
the ring and the co-planar phenyl groups. In sandwich complex
1, the η5-borole ligands have a 72° rotary angle around the
borole−Ni−borole central axis. The nickel−boron bonds in 1
and 2 [for 1, B(1)−Ni = 2.397(3) Å and B(2)−Ni = 2.424(2)
Å; for 2, B(1)−Ni = 2.388(2) Å] are longer than those to the
carbon atoms [1, Ni−C range of 2.000(3)−2.147(2) Å; 2,
2.040(2)−2.196(2) Å].
Although some examples of Ni(BC4)2-type species have

been reported,16c,17b,18d,19b very limited analytical data exist
and only one compound has been crystallographically
characterized. The Ni−B and Ni−C bond distances in 1 are
marginally longer than those in a complex featuring two Ni(η5-
BC4)2 units linked by 1,3-dipropoxides on boron [Ni−B range
of 2.200(1)−2.234(1) Å; Ni−C range of 1.956(1)−2.122(1)
Å]. In contrast to 1 in which the BC4 rings are puckered, the
rings within the dinickel complex are planar, perhaps
attributable to the change from amino to alkoxy substitution
on boron (maximum deviations from planarity of 0.070 and
0.097 Å).19b Half-sandwich complex 2 may be best compared
to a 9-borafluorene complex recently reported by Harman,
which features a 0.251 Å shorter Ni−B bond and longer Ni−C
bonds [range of 2.212(2)−2.238(2) Å], likely as a
consequence of the rigidity imposed by the pendent phosphine
on the 9-borafluorene-phosphine ligand.25

The redox properties of 1 and 2 (1 mM) were investigated
by means of cyclic voltammetry in CH2Cl2 (0.1 M NBu4PF6)
under an Ar atmosphere. The cyclic voltammogram (CV) of 2
(Figure S28) displays one oxidation event centered at −0.34 V

versus Fc0/+ closely followed by a second oxidation event at
−0.18 V versus Fc0/+ that features a significantly smaller
current density. We tentatively ascribe these observations to
the limited stability of in situ-formed 2+ that rearranges to an
unknown species that is oxidized at −0.18 V. In agreement
with this formulation, the intensity of the second oxidation
decreases and the reversibility of the initial oxidation feature
improves with increasing scan rates. The CV of 1 (Figure 4)
shows two quasi-reversible oxidation waves at 1.14 and 1.32 V
versus [CoCp2]

0/+ (−0.19 and −0.01 V, respectively, vs Fc0/+)
at a scan rate of 100 mV s−1.

These observations are remarkable for two reasons. (i) The
presence of two oxidations is in stark contrast to the
irreversible oxidation events reported for Ni(C4H4BR)2
sandwich complexes19b and may indicate the importance of
phenyl substituents for the stabilization of the mono- and
dicationic species. (ii) The fact that both oxidations occur over
a very small potential range of ∼0.2 V (even in the fairly
nonpolar solvent CH2Cl2) contrasts the large potential
separations between redox couples observed for metallocenes
(Figure 5). The first oxidation is assigned to the 1/1+ redox

Figure 4. Cyclic voltammograms of 1 (1 mM) in CH2Cl2 (0.1 M
NBu4PF6) at varying scan rates as indicated in the inset.

Figure 5. Potential separations between two-electron varying
[MCp2]

n+ species6 and those observed in CVs of new nickel sandwich
complex 1.
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couple that remains reversible over the employed scan rates
albeit features >59 mV Ea to Ep separations. The latter is likely
due to significant reorganization of the solvation shell upon
electron transfer. Initial attempts to isolate 1+ have not been
successful, but we are able to computationally predict the
geometry of 1+ and show that 1+ is not expected to feature a
Ni3+ ion but rather a Ni2+ ion with the single anionic charge
delocalized over the whole molecule (vide infra). Assuming the
absence of unknown side reactions of 1+, including potential
linkage isomerization,26 we tentatively assign the second
oxidation to the 1+/12+ redox couple. Compound 12+ is
expected to be very reactive and may not be isolatable under
standard conditions. This may contribute to the somewhat
attenuated reversibility of this redox couple in the CV.
Given the preceding discussion and the ambiguous nature of

the electronic structures of nickel complexes 1 and 2, density
functional theory (DFT) calculations were performed using
Gaussian 0927 (see the Supporting Information for computa-
tional details). Benchmarking of DFT functionals was carried
out by comparing the optimized gas phase geometries of L1,
L2, 1, and 2 (Tables S3−S6) to those experimentally observed
and identified TPSSh as the appropriate functional for this
study. The singlet state is calculated to be lower in free energy
than the triplet (quintet) state by 22.6 (50.7) and 20.7 (80.2)
kcal/mol for 1 and 2, respectively, in agreement with the
experimentally observed diamagnetic nature of both com-
pounds. Consistent with the experimental result, the geometric
parameters of the heterocycles in 1 are similar to those
calculated for a monoanionic radical species [iPr2NBC4Ph2]

−

(Table S7) and are intermediate between those obtained for
neutral L2, and those for L1, and a hypothetical uncoordinated
borolide dianion (Table S8), which suggests monoanionic
heterocycles in 1 and a Ni oxidation state of closer to +2 rather
than 0 or +4. Likewise, DFT calculations predict that the
geometric parameters of the heterocycle in 2 are also
consistent with a monoanionic species [iPr2NBC4Ph2]

−

(Table S7), and a Ni+ center. The key geometric distinction
is the difference in length between the C−C bond opposite of
B and those adjacent, which computationally are 0.12 Å for
neutral L2, 0.01 Å for the monoanion, −0.06 Å average for L1
and the uncoordinated dianion, 0.02 Å for 1, and 0.04 Å for 2.
Thus, the comparison of C−C bond lengths across this series
clearly points toward the monoanionic radical form of the
ligand [iPr2NBC4Ph2]

− in Ni complexes 1 and 2.
Inspection of the DFT-calculated frontier orbitals (Figures

S30 and S31) reveals that there is strong metal−ligand mixing
in the frontier orbitals of 1′ and 2′ (truncated models of 1 and
2, respectively, in which iPr and Ph are replaced with H), with
significant ligand character in the HOMO and HOMO−1. The
MOs appear to be so highly delocalized between Ni and the
ligands that assigning these electrons to the Ni to produce a
formal Ni(0) oxidation state or assigning them to the ligands
to produce a formal Ni(IV) oxidation state would be equally
possible but perhaps equally incorrect. To explore the nature of
this delocalization, we performed higher-level, multireference
CASSCF(4,4) and CASPT2(4,4) single-point calculations on
the truncated model (1′, iPr and Ph replaced with H) at the
def2-TZVP (all of the atoms) level similar to previous
work.28,29 The CASSCF singlet state of 1′ shows eight
configurations (Ψ1−Ψ8) (Figure 6). The leading configuration
(Ψ1) has two highly delocalized Ni-L′ π-bonding orbitals (ψ1 =
Ni-dxz + L′-π, and ψ2 = Ni-dyz + L′-π) doubly occupied. The
next two most important configurations (Ψ2 and Ψ3)

represent paired two-e− excitations from these bonding MOs
to their antibonding MOs (ψ4 and ψ3), respectively (Figure 6).
The other configurations (Ψ4−Ψ8) with somewhat smaller
coefficients represent split two-e− excitations from the bonding
MOs to the antibonding MOs, except for Ψ6, which is the
four-e− excitation. This wave function results in electron
occupancy numbers of ψ1 (1.81) and ψ2 (1.80) for the bonding
MOs and ψ3 (0.20) and ψ4 (0.19) for the antibonding MOs.
This delocalized description is consistent with the DFT results,
but such high occupation numbers for the antibonding MOs
suggest that the delocalized nature of these MOs is so strong
that a valence bond (VB) representation would yield a more
consistent and correct description of the oxidation state.
Discussion of the formal Ni oxidation state may be informed

by considering the localized VB representation of this wave
function that is generated for the CASPT2 calculations (Figure
6, bottom). These VB orbitals show that the principal
configuration Φ1 with a coefficient of 0.71 is a Ni2+ (S = 1)
center bound to two borolide radical anions [two singly
occupied Ni d orbitals, ϕ1 (Ni-dxz) and ϕ2 (Ni-dyz) of the same
spin with strong antiferromagnetic coupling to two singly
occupied L′ orbitals, ϕ3 (L′-π) and ϕ4 (L′-π)]. The
contributions of the other configurations are shown in Figure
6 and Table S11. Overall, the VB-localized representation can
be interpreted as involving the following oxidation states: 68%
Ni2+ + 19% Ni+ + 12% Ni3+ + 1% Ni0. These percentages are
consistent with the structures corresponding to monoanionic
ligands. The CASPT2 calculation produces electron occupancy
numbers of 1.04, 1.04, 0.96, and 0.96 for ϕ1 (Ni-dxz), ϕ2 (Ni-
dyz), ϕ3 (L′-π), and ϕ4 (L′-π), respectively, reflecting the
conclusion that the singlet state of 1 is best described as a Ni2+

center with strong antiferromagnetic (VB) coupling between
two singly occupied Ni dxz and dyz orbitals and two singly
occupied L′-π-orbitals. Note that CASSCF calculations with
larger active orbital spaces did not provide a qualitatively
different solution.

Figure 6. (a) CASSCF and (b) CASPT2 of the singlet state for 1′. (a)
Main electronic configurations (Ψi), key natural orbitals (ψi), and
electron occupancy numbers (blue) for CASSCF(4,4). (b) Main
electronic configurations (Φi), localized orbitals (ϕi), and electron
occupancy numbers (blue) for CASPT2(4,4). All of the config-
urations for CASPT2 are listed in Table S11.
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The formalism of the oxidation state in metal complexes
with highly covalent interactions, inverted ligand fields, or
delocalized electronic structures frequently attracts vigorous
debate. In addition to the ab initio calculations discussed
above, which clearly point toward the multiconfigurational
nature of the ground state electronic structure of 1 (and a main
component equivalent to a Ni2+ description), it can also be
informative to consider changes in bond dissociation energies
within a series of NiL2 complexes, ranging from “clear-cut”
Ni2+ to “clear-cut” Ni0 complexes.
As shown in Figure 7, the bond dissociation energy for

Ni(COD)2, an unequivocal bis(diene) complex of Ni0, is

calculated to be 123 kcal/mol, which is much smaller than that
of NiCp2 (177 kcal/mol), which would be considered to be a
prototypical organometallic Ni2+ complex. The dissociation
energy of model complex 1′ is ∼36 kcal/mol larger than that of
Ni(COD)2 and only ∼18 kcal/mol smaller than that of NiCp2.
Similarly, model complex 2′ has an intermediate bond energy
consistent with a strong Ni+ character and one neutral diene
ligand and one anionic borolide ligand making a covalent bond
to Ni. Interestingly, the Ni(fulvene)2, which is isoelectronic to
complex 1′, is also much more weakly bound and only ∼2
kcal/mol more strongly bound than Ni(COD)2. Finally, all
ligand−Ni bond lengths for model complex 1′ are shorter than
those for the fulvene complex, and even the B−Ni bond is
shorter than the corresponding Ni−C bond (see Figure S36).
One might wonder how boroles become such good

acceptors in these Ni complexes when the reduction of
boroles to form borolide anions otherwise requires fairly strong
reducing agents. Figure 8 illustrates how the nearly 90°
arrangement of one N−B−Ni plane with respect to the other
produces synergism between one ring’s acceptor orbital
(upper) and the other ring’s donor orbital (lower). Doubly
occupied 3d orbitals on a Ni0 act as bridges by shifting
substantial electron density from these 3d orbitals into the
acceptor orbitals to accommodate electrons from the donor
orbitals. This synergism, which takes place in two orthogonal
planes, contributes to the unexpectedly strong acceptor
characteristics of the ligands and at the same time could
explain the small potential separation between the two redox

events observed in CVs of 1. Because of the orthogonal nature
of this synergism, even the simple truncated model complex 1′
has two rotational barriers (both ∼10 kcal/mol above the
minimium energy structure) where the two N−B−Ni planes
are at 0° and 180° (Figure S35). Interestingly, for calculated
monocation 1+ (doublet ground state) (Figure S33), two
equal-energy, rotational minima at ∼90° and 180° are found,
which display quite different spin distributions. Specifically, the
90° isomer features a spin population distributed equally
among the Ni and both ligands, while the spin population of
the 180° isomer appears to be split between the two ligands
with no involvement of Ni (Table S13). On the contrary,
calculated dicationic 12+ (Figure S34) is calculated to have a
singlet ground state with rotational minima at ∼0° and 180°
and a barrier at ∼90° consistent with the second electron also
being removed from orbitals with mainly ligand character.

■ CONCLUSIONS
In summary, we synthesized and characterized a dilithium
borolide, neutral borole, and their nickel sandwich and half-
sandwich complexes. All feature a diisopropylamino group on
boron and phenyl groups on the adjacent carbon centers,
permitting a thorough structural comparison of the molecules.
DFT, CASSCF, and CASPT2 calculations indicate that
sandwich complex 1 is best described as a Ni2+ triplet ion
spin-coupled (bonded) to two monoanionic radical (BC4

•−)
species, whereas 2 is defined as a Ni+ center bonded to a
monoanionic radical ligand. Compound 1 displays two quasi-
reversible one-electron oxidation events within a remarkably
miniscule potential window of <200 mV. This stands in stark
contrast to the large potential separations observed for the
ubiquitous first-row metallocenes in which their frontier
orbitals reside predominantly on the metal.
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