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Octaboraneyl Complexes of Nickel: Monomers for Redox-Active
Coordination Polymers
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Abstract: Herein, we establish the preparation, characteriza-

tion, and reactivity of a new diphosphine ligand, 1,2-bis(di(3-

dicyclohexylboraneyl)propylphosphino)ethane (P2BCy
4), a

scaffold that contains four pendant boranes. An entryway

into the coordination chemistry of P2BCy
4 is established by

using nickel, providing the octaboraneyl complex

[Ni(P2BCy
4)2]—this species contains a boron-rich secondary

coordination sphere that reacts readily with Lewis bases. In

the case of 4,4’-bipyridine, an air-sensitive coordination poly-

mer is obtained. Characterization of this material by solid-
state NMR and EPR spectroscopy reveals the presence of a

charge-transfer polymer, which forms as a function of intra-

molecular Ni!4,4’-bpy electron transfer (ET), providing an

array of oxidized nickel sites and reduced 4,4’-bpy radical
anion sites. Notably, the related intermolecular reaction be-

tween the model fragments [Ni(dnppe)2] (dnppe = 1,2-bis(di-
n-propylphosphino)ethane) and a bis(boraneyl)-protected

4,4’-bpy, provides no ET. Overall, the P2BCy
4 fragment pro-

vides a unique opportunity for Lewis base activation, in one

case allowing for the facile construction of monomers for in-

corporation into redox-active macromolecules.

Introduction

In the context of ligand design, phosphines occupy a privi-

leged role, owing to the ease by which they are modified and

reliably coordinated to elements spanning the periodic table.[1]

Amongst this class, diphosphine ligands have found great ap-

plicability, with modifications to the backbone length and R
substituent leading to dramatic improvements in performance,

selectivity, and net reactivity.[2] From a design perspective,
these ligands represent a blank canvas on which a number of
creative elements can be painted. In the realm of phosphine

coordination chemistry, one area of notice is represented by
the design of ambiphilic ligands that support both Lewis acid
and base functionality—the first derivatives of which appeared
as early as 1960;[3] since then, such species have been the sub-
ject of invested interest.[4]

With an eye toward designing such platforms for use in

ligand-assisted activation, emphasis has been placed on the
use of peripheral groups, which are positioned to engage sub-

strates through secondary sphere interactions (Scheme 1).[5]

For example, Miller et al. showed that a phosphine-tethered 9-
borabicyclo[3.3.1]nonane (9-BBN) fragment could be employed

for the cooperative activation of CO at rhenium.[6] In a similar

Scheme 1. A) Coordination complexes having pendant boranes. B) This
work: introducing a borane-rich bis(diboraneylphosphine) ligand.
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way, Klankermeyer and co-workers showed that a bis(penta-
fluorophenyl)boraneyl ruthenium(II) hydride permits the activa-

tion of small Lewis basic moieties through reversible binding
at the boron center (Scheme 1 A).[7] In our approach, we envis-

aged stitching boraneyl functionality into a tethered (diphos-
phino)ethane ligand with the goal of carving out new space in

the design of P,B-ambiphilic ligands. The proposed framework
(Scheme 1 B) is appealing as it provides a means by which a

dense borane canopy can be quickly and straightforwardly

draped around a transition-metal center, enabling the activa-
tion of several Lewis bases, providing molecular or indeed,

macromolecular architectures, based on judicious choice of
substrate.

Herein, we disclose our initial endeavors with this new
ambiphilic 1,2-bis(di(3-dicyclohexylboraneyl)-propylphosphino)-
ethane (P2BCy

4) ligand, uncover its coordination chemistry by

using nickel, and showcase the reactivity of the resulting com-
plexes with Lewis bases. In one example, an open-shell charge-

transfer polymer is prepared—an electron transfer reaction
that is also reversible.

Results and Discussion

Entry into the system of present interest is as follows: allylation
of 1,2-bis(dichlorophosphino)ethane by using five equivalents

of allyl magnesium bromide provides the starting ligand pre-

cursor, 1,2-bis(diallylphosphino)ethane (tape),[8] which is isolat-
ed as a colorless oil.[9] With four allyl groups in-hand, we next

sought to functionalize this substrate (1) by using hydrobora-
tion.

Reaction of an HBCy2
[10] (Cy = cyclohexyl) slurry and 1 in ben-

zene or toluene provides a clear colorless solution after 5 min
(Scheme 2).[11] Resulting from alkene reduction, the 1H NMR
spectrum of 2 provides signals in the C(sp3)@H aliphatic region
with 2.13+dH+1.02 ppm. More informatively, acquisition of a

31P NMR spectrum shows consumption of the starting material
and a new resonance at dP = + 14.4 ppm (DdP = + 43.1 ppm cf.

1), consistent with P(lp)!B(p) dative-bond formation. The
11B NMR spectrum of 2 displays a broad signal at dB = 80.4 ppm

(D1/2 = 1500 Hz).[12] Ultimately, cooling a saturated solution of 2
in hexane at @30 8C provides colorless blocks suitable for anal-

ysis by single-crystal X-ray diffraction (Figure 1). The core struc-
ture features a bis(diboraneylphosphino)ethane, which engag-

es two of the four BCy2R units in twisted five-membered rings.

Armed with a high-yielding route toward the desired ligand,
P2BCy

4 (2), we next wished to assess the propensity of this
system to undergo ring-opening in the presence of an elec-
tron-rich d10 transition metal, [Ni(COD)2] (COD = 1,5-cycloocta-

diene). Reaction of these two components in C6D6 at room
temperature shows little conversion of the ligand precursor

(by NMR spectroscopy). However, warming the mixture in a J.

Young NMR tube at 70 8C (C6D6) proved more successful, pro-
viding two new 31P resonances at dP = 39.2 and 44.8 ppm

along with uncoordinated COD ligand (dH = 5.57 and
2.22 ppm—see the Supporting Information).[13] Although this

transformation was low-yielding (&14 % conversion of 2 to 4
after 89 h), proof-of-coordination prompted us to devise an al-

ternative route toward complex 4 (Scheme 2).

Scheme 2. Generation of the (diphosphino)ethane ligand 2 and ensuing Ni
coordination chemistry.

Figure 1. Mercury depiction of the solid-state molecular structures of 2 and
3 (displacement ellipsoids are shown at 50 % probability, hydrogen atoms
are omitted for clarity). The structure of compound 2 establishes connectivi-
ty only. Deposition numbers 1970972 (2) and 1970973 (3) contain the sup-
plementary crystallographic data for this paper. These data are provided free
of charge by the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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To avoid the thermodynamic penalty associated with disrup-
tion of the P(lp)!B(p) bonding interaction in 2, we sought to

“protect” 1 by virtue of pre-coordination, with the desired B@C
bond-forming steps being performed afterwards. Thus, a tolu-

ene solution of [Ni(COD)2] was slowly added to a solution of 1
(2 equiv), immediately causing a change in color from yellow

to dark orange with concomitant formation of a ruby red pre-
cipitate. Following workup, [Ni(tape)2] (3) could be separated
as a pale orange solid; crystals of 3 were grown from a saturat-

ed hexane solution at @30 8C. Owing to symmetry, the 1H NMR
spectrum displays three distinct signals: dH = 5.96, 5.02, and
2.44 ppm for the allyl fragment and a single resonance at dP =

30.3 ppm is observed by 31P NMR spectroscopy. The crystal

structure of 3 (Figure 1) corroborates formation of a tetrahe-
dral Ni0 complex (t4 = 0.89)[14] having eight terminal C=C

groups.

With eight sites ripe for modification, we next turned our
sight to hydrofunctionalization. Treatment of a benzene solu-

tion of 3 with a slurry of HBCy2 (8 equiv) results in a change in
color from cloudy pale yellow to clear dark orange within a

matter of seconds. Analysis by 1H/13C NMR spectroscopy con-
firms reaction of 3 as noted by the absence of olefinic C(sp2)@
H signals. In the 1H NMR spectrum, and as observed for the

ligand 2, only a cluster of signals in the C(sp3)@H aliphatic
region (1.94+dH+1.30 ppm) are apparent. Furthermore, a

single resonance at dP = 39.2 ppm fully supports formation of a
symmetric compound, whereas an 11B NMR resonance at dB =

82.9 ppm (D1/2 = 1250 Hz) confirms the incorporation of bora-
neyl functionality. ESI(+) MS also provides an [M++H]+ signal at

m/z = 1992.734 (calcd: 1992.737) for 4 of the appropriate iso-

tope pattern. The speed and cleanliness of this reaction are no-

table given that 3 has undergone eight hydroboration reac-
tions.

We next wished to examine if the secondary coordination
sphere of 4 could be modified by exposure to Lewis basic moi-

eties, and if so, which spectroscopic signatures might best re-
flect the nature of these interactions. Toward this aim, we
monitored the reaction of 4 with 1–8 equivalents of the strong
donor, 4-N,N-dimethylaminopyridine (DMAP) in C6D6 (Figure 2).

Upon addition of one equivalent, the 31P NMR spectrum broad-
ens appreciably, indicating rapid fluxional behavior in solution
(given that four distinct 31P environments are not observed). At

2–4 equivalents of DMAP, the 31P NMR signal further broadens
(due to the presumed presence of multiple coordination iso-

mers) and at five equivalents of DMAP, the signal sharpens
considerably, approaching dP = 35.0 ppm—the signal that is

observed for isolated Ni(P2BCy
4)2(DMAP)8 (5) (see below). Fol-

lowing this titration by 1H NMR spectroscopy evidences gradu-
al downfield-shifting of the DMAP C@Hortho, C@Hmeta, and

N(CH3)2 signals as a function of added DMAP. Of note, addition
of excess DMAP (9 equiv) shows 1H NMR signals for both free

and bound donor of integration 1:8 (see the Supporting Infor-
mation), indicating that owing to its octaboraneyl secondary

coordination sphere, complex 4 uptakes eight equivalents of

DMAP. In an effort to access complex 5 cleanly, the reaction
mixture can be washed with hexane to remove excess DMAP.

The 1H and 31P NMR spectra for the isolated compound are as
discussed previously. In terms of 11B NMR spectroscopy, addi-

tion of 1–7 equivalents DMAP causes baseline broadening of
the 11B NMR signal for 4 (dB = 82.9 ppm) and no signal for the

DMAP-coordinated borane is observed. However, upon addi-

tion of excess DMAP and/or following isolation of 5, a new up-

Figure 2. A) Reaction of 4 with eight equivalents 4-N,N-dimethylaminopyridine (DMAP). B) 31P{1H} NMR spectra (C6D6, 203 MHz, 298 K) as a function of added
DMAP. C) 1H NMR spectra (C6D6, 500 MHz, 298 K) as a function of added DMAP. dH(C6D6) = 7.16 ppm.
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field-shifted signal at dB = 4.21 ppm (D1/2 = 200 Hz, DdB =

@78.7 ppm cf. 4), is observed, consistent with formation of

eight DMAP!B(Cy2)R units. Of note, binding of THF or Et2O by
4 (or 2) is not observed (by 1H/31P/11B NMR spectroscopy).

Given the strong affinity of the P2BCy
4 framework for Lewis

bases, we wondered if combination of 4 with a linking reagent,

for example, a disubstituted donor, would provide an entry
point into organometallic [Ni]-based coordination polymers.[15]

Such arrays represent materials of particular interest, owing to

potential applications in functional materials, for example, for
electrical conductivity, magnetism, and/or optical applications,
to name a few (Scheme 3).[16] This methodology would also fur-
nish a new route towards Ni (and main-group)-rich macromo-

lecules, which could be assembled and disassembled facilely—
an ongoing area of interest. In this vein, combination of 4 with

four equivalents of 4,4’-bipyridine (4,4’-bpy) in THF or C6H6 at

room temperature results in immediate precipitation of a dark
green amorphous solid in 89 % yield (Figure 3 A); this material

is insoluble in hydrocarbon and ethereal solvents and is highly
air/moisture sensitive, changing from green to yellow in less

than 1 min on exposure to air (Figure 3 B). Analysis of this
yellow solid by NMR spectroscopy (CDCl3) evidences formation

of free 4,4’-bpy and decomposed ligand.

The connectivity of 6 was first investigated using solid-state
NMR spectroscopy.[17] Contrary to our original supposition that

6 is a diamagnetic material comprising Ni0 sites, acquisition of
a standard 1H magic-angle spinning (MAS) NMR spectrum re-

vealed an extremely fast longitudinal (T1) relaxation rate, as ex-

pected for a paramagnetic sample. Acquisition of a 13C Hahn-
echo MAS NMR spectrum further corroborated this observation

(the failure of 1H–13C/31P cross-polarization MAS (CP/MAS) ex-
periments provided further evidence of the presence of un-

paired electron spin density). Experiments performed with half-

and full-echo acquisition by using two different relaxation
delays demonstrate a significant difference in relaxation be-

tween the two sets of resonances centered at dC = 150 and
25 ppm associated with the polymer C(sp2) and C(sp3) groups,

Scheme 3. Coordination polymers based on B@N bonds.

Figure 3. A) Reaction of 4 with 4,4’-bpy to generate the linked coordination polymer 6 (proposed structure). B) Exposure of solid 6 to air for 0, 1, and 5 min
showing decomposition. C) Attempted reaction between 7 and 8 illustrating that intermolecular electron transfer is disfavored. D) EPR spectra (9.50 GHz) of
8C@@ as a THF glass at 127 K (bottom), 6 in the solid-state at 298 K (middle), and the freeze-quenched spectrum of 6++8 equiv of DMAP after 20 s as a THF glass
at 127 K (top).
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respectively (see the Supporting Information). Given that the
dominant contributor to T1 relaxation in a paramagnetic solid

system originates from direct dipolar electron-nuclear cou-
pling, the difference observed in T1 for these different carbon

groups suggests the presence of unpaired-electron spin densi-
ty at or near the C(sp2) bipyridine ring carbon atoms. In the 11B

MAS NMR spectrum, a center-of-gravity shift (cgs), dcgs =

@6(2) ppm is observed (D1/2 = 2.5(3) kHz), whereas the 31P
Hahn-echo MAS NMR spectrum of 6 provides a weak signal at

dP = 40(5) ppm; these signals are similar to those observed in
5. Given that this 31P NMR signal is not paramagnetically-shift-
ed (and is visible at all, in spite of its rapid relaxation delay),
might suggest an S = 0 Ni spin state (i.e. , there are no unpaired

electrons at Ni). Acquisition of a solid-state FTIR spectrum cor-
roborates coordination of the 4,4’-bpy N(lp) to the B(p)Cy2R

units of 4, providing C=C/C=N resonances at ñ= 1620, 1536,

and 1485 cm@1 for 6, which are different from those of free
4,4’-bpy (ñ= 1590, 1531, and 1487 cm@1 [KBr disk]).[16a]

Altogether, these data are consistent with 1) 4,4’-bpy coordi-
nation and 2) electron transfer (ET), providing an array of oxi-

dized nickel and reduced 4,4’-bpy sites. To contextualize this
result and to emphasize the necessity of the P2BCy

4 ligand

framework to ET, we prepared the new compounds,

Ni(dnppe)2 ; dnppe = 1,2-bis(di-n-propylphosphino)ethane (7)
and bis(n-octyldicyclohexylboraneyl)-4,4’-bipyridine (8) as

models for the nickel- and boron-containing sites within 6 (Fig-
ure 3 C). Reaction of these species in [D8]THF or C6D6 at room

temperature reveals no ET as judged by NMR spectroscopy, in-
dicating that ET must occur intramolecularly (once the 4,4’-bpy

is captured within the confines of the polymer network), and

not intermolecularly. To buttress this proposal, redox potentials
for related compounds can be compared: for [Ni(dmpe)2]

(dmpe = 1,2-bis(dimethylphosphino)ethane) a single wave at
E1/2(II/0) =@1.39 V (CH3CN) has been observed (all values are

vs. ferrocene/ferrocenium (Fc/Fc+)), whereas for [Ni(depe)2]
(depe = 1,2-bis(diethylphosphino)ethane), values of E1/2(II/I) =

@1.16 and E1/2(I/0) =@1.29 V have been reported.[18] These

values can be compared to the reduction potentials for some
borane-protected 4,4’-bipyridines. For Et3B(N-p-N)BEt3 ((N-p-

N) = 4,4’-bpy), a value of E1/2(red) =@1.72 V has been reported
in dichloroethane,[19] whereas for the ferrocenyl derivative,
FcMe2B(N-p-N)BMe2Fc (Fc = ferrocene), a similar value of E1/

2(red) =@1.69 V (DMF) has been reported.[16a] From these data,

ET from 4 or 7 to 4,4’-bpy (E1/2(red) =@2.33 V in DMF)[16a]

should not be feasible. Likewise, ET from 7 to 8 should not be
feasible; experimentally, no reaction is observed. We suggest,

however, that on formation of polymer 6 (where four 4,4’-bpy
units are linked) that the value of E(II/0) for 4 becomes slightly

more cathodic (by a few hundred millivolts) or that p–p stack-
ing anodically shifts the 4,4’-bpy E1/2(red) value, resulting in

productive ET. Indeed, a similar cathodic shift of a donor unit

(upon Lewis base binding) has been observed previously.[16a]

The solid-state EPR spectrum of 6 was next acquired (Fig-

ure 3 D, middle).[20] The signature at 298 K consists of a broad-
ened signal with two prominent features (an identical signal is

observed at 127 K). Importantly, this signal does not appear in
the diamagnetic starting materials (4 or 4,4’-bpy) and is consis-

tent in signal intensity between batches. In addition, acquisi-
tion of a diluted solid-state EPR spectrum of 6 in KBr shows

the same signal pattern. Attempts to model this resonance
have not been successful thus far. We assign the first feature at
g&2.0 to the formation of a reduced 4,4’-bpy radical anion.
For comparison, the radical anion, 8C@@ was prepared as a dark
green solution (see the Supporting Information) and analyzed
by EPR spectroscopy (THF, 127 K), providing an isotropic ab-
sorbance at giso = 2.00182, in good agreement with the signal
observed for 6 (Figure 3 D, bottom). The secondary resonance
at low field (g&2.03) seems inconsistent with an organic radi-
cal (g>2), but not large enough to be attributable to a para-
magnetic S = 1=2 NiI center. For instance, larger gmax values of

2.332–2.104 have been reported for related NiI bis(diphos-
phine) fragments.[21] Given the presumed similarity in reduction

potentials between 4 and the trapped R3B(N-p-N)BR3 units, a

redox equilibrium between the two (resulting in an array of
mixed oxidation-state Ni centers), resulting in significant line

shape broadening, cannot be ruled out.
A solid-state UV/Vis spectrum of 6 was also acquired, provid-

ing features similar to those in the solution spectrum of 8C@@

(see the Supporting Information), lending further credence to

the presence of radical 4,4’-bpy units within 6.

To further emphasize that ET occurs only in the polymer net-
work and not between free molecules; the fate of these un-

paired spins following depolymerization was investigated.
Treatment of 6 with excess DMAP showcases the lability of

these B@N linkages, providing a deep purple solution that
quickly fades to yellow (Scheme 4). Freeze-quenched EPR stud-

ies (20 s after DMAP addition) evidences the formation of frag-

ments bearing unpaired electrons, namely free 4,4’-bpy radical
anion (which is anecdotally purple)[22] (Figure 3 D, top); anneal-

ing this mixture results in rapid radical quenching and the for-
mation of 5 and four equivalents of free bipyridine, as judged

by NMR spectroscopy. In this instance, the P2BCy
4 fragment pro-

vides a unique opportunity for Lewis base activation, enabling
the facile construction of monomers for incorporation into

redox-active coordination polymers—a reversible process.

Scheme 4. Depolymerization of 6 by using DMAP.
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Conclusions

We have provided here the synthesis and spectroscopic char-
acterization of a new bis(diboraneylphosphino)ethane ligand.

In our primary foray, the synthesis of a new nickel P2BCy
4 com-

plex has been achieved—a species bearing eight pendant

borane moieties. The electrophilic nature of these units is high-
lighted by step-wise reaction with eight equivalents of the pyr-
idine derivative DMAP, which generates a canopy of Lewis

acid–base pairs. In addition, reaction of 4 with 4,4’-bpy, links a
series of “Ni(P2BCy

4)2” monomers to provide a Ni,P,B,N-based co-
ordination polymer that features charge transfer between
donor and acceptor sites as revealed by solid-state NMR and

EPR spectroscopy. ET in this system was observed only to
occur in 6, with no reaction ocurring between the free mole-

cules 7 and 8. Future investigations will harness the modularity

of this P2BCy
4 compound (and the electron deficiency of the

pendant borane units) for new opportunities in polymer syn-

thesis (including applications thereof), small molecule activa-
tion, and more.
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