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ABSTRACT: Mixed-valence complexes represent an enticing class of coordination
compounds to interrogate electron transfer confined within a molecular framework. The
diamagnetic heterotrimetallic anion, [V(SNS)2{Ni(dppe)}2]−, was prepared by
reducing (dppe)NiCl2 in the presence of the chelating metalloligand [V(SNS)2]−
[dppe = bis(diphenylphosphino)ethane; (SNS)3− = bis(2-thiolato-4-methylphenyl)-
amide]. Vanadium−nickel bonds span the heterotrimetallic core in the structure of
[V(SNS)2{Ni(dppe)}2]−, with V−Ni bond lengths of 2.78 and 2.79 Å. One-electron
oxidation of monoanionic [V(SNS)2{Ni(dppe)}2]− yielded neutral, paramagnetic
V(SNS)2{Ni(dppe)}2. The solid-state structure of V(SNS)2{Ni(dppe)}2 revealed that the two nickel ions occupy unique
coordination environments: one nickel is in a square-planar S2P2 coordination environment (τ4 = 0.19), with a long Ni···V distance
of 3.45 Å; the other nickel is in a tetrahedral S2P2 coordination environment (τ4 = 0.84) with a short Ni−V distance of 2.60 Å,
consistent with a formal metal−metal bond. Continuous-wave X-band electron paramagnetic resonance spectroscopy,
electrochemical investigations, and density functional theory computations indicated that the unpaired electron in the neutral
V(SNS)2{Ni(dppe)}2 cluster is localized on the bridging [V(SNS)2] metalloligand, and as a result, V(SNS)2{Ni(dppe)}2 is best
described as a two-electron mixed-valence complex. These results demonstrate the important role that metal−metal interactions and
flexible coordination geometries play in enabling multiple, reversible electron transfer processes in small cluster complexes.

■ INTRODUCTION
Mixed valency is a key contributor to the electronic structure
and reactivities of many metalloenzymes1 and the unique
properties inherent to magnetic2,3 and conductive materials.4,5

The degree of electronic delocalization within a mixed-valence
system manifests novel electronic characteristics, including
shifted redox potentials, enhanced magnetic exchange
interactions,6,7 and the ability to store and even transfer spin
information.8 For example, the rapid oscillation of charge
between redox centers has been implicated in the semi-
conducting properties of Prussian blue and the long-range
electron transfer processes observed in photosynthetic and
respiratory proteins.9 The degree of electronic delocalization
(or electron hopping) between redox sites often is defined by
the degree of electronic communication within the Robin−Day
scheme of mixed valency. In Class I (valence-trapped)
complexes, the odd electron is restricted to a single redox
site (Mn−Mn+1).10 In Class III complexes, the odd electron is
delocalized evenly over both redox sites (Mn+1/2−Mn+1/2).
Class II complexes occupy the chemical space between these
two extremes, where the odd electron is neither completely
trapped at one redox center nor fully delocalized over both
redox centers. Defining these boundaries is an ongoing
challenge in the field of mixed-valence chemistry.11−13

Traditionally, mixed valency refers to molecular complexes
or extended frameworks in which the redox centers differ by a
single electron. Such one-electron mixed-valence systems
provide a means to investigate the impact that reorganization

energy, electronic delocalization, and thermodynamic driving
force (in systems where the redox sites are different) have on
intramolecular electron-transfer reactions.14,15 Two-electron
mixed-valence complexes, which are characterized by redox
centers that differ by two electrons, while less well developed,
have attracted attention for their potential roles in promoting
multi-electron reactivity.16,17 Two-electron mixed-valence
dirhodium and diiridium complexes with a metal−metal
bond have been utilized in photochemical strategies for
splitting hydrohalic acids,18−30 whereas two-electron mixed-
valence intermediates have been implicated in the reactivity of
biomimetic iron−nickel hydrogenase model complexes.31,32
Often, two-electron mixed-valence complexes are characterized
by redox centers that have metal ions with different
coordination numbers and in distinctly different coordination
geometries. For example, the two-electron mixed-valence
dirhodium complexes comprise six-coordinate octahedral
rhodium(II) centers and five-coordinate trigonal bipyramidal
rhodium(0) centers.33 Similarly, two-electron mixed-valence
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iridium phosphine complexes have six-coordinate octahedral
iridium(II) centers and four-coordinate iridium(0) centers.28

Herein, we report the synthesis of the neutral hetero-
trimetallic cluster complex, V(SNS)2{Ni(dppe)}2, and the
corresponding one-electron-reduced anion, [V(SNS)2{Ni-
(dppe)}2]−. Examination of these closely related complexes
revealed dramatic and reversible structural and electronic
changes within a multimetallic core upon removal of a single
redox equivalent. The anionic complex is best described as a
symmetric [Ni0−VV−Ni0]1− anion with short Ni−V inter-
actions across the heterotrimetallic core. Removal of a single
electron afforded the neutral complex, best described as a two-
electron mixed-valence species, with a Ni0−VIV...NiII core in
which a short Ni−V interaction is only observed for the
reduced nickel center. The new complexes were characterized
by single-crystal X-ray crystallography, electron paramagnetic
resonance (EPR) spectroscopy, and cyclic voltammetry. These
clusters illustrate how changes in coordination geometry and
metal−metal interactions work to accommodate changes to the
valence electron count of a heterotrimetallic core.

■ RESULTS
Synthesis and Structural Characterization. The new

vanadium metalloligand [V(SNS)2]1− was prepared by salt
metathesis, similar to the previously reported tungsten
derivative.34 Treatment of (SNS)H3 with three equivalents of
potassium hydride resulted in the deprotonation of both the
thiophenol and amine groups of the proligand. The resulting
tribasic salt was then combined with VCl3(THF)3 and the two-
electron oxidant PhICl2 in a 2:1:1 ratio as shown in Scheme 1

(THF = tetrahydrofuran) . Aerobic workup of the reaction
mixture afforded the desired vanadate anion as the potassium
salt in 70% yield as a dark-blue solid. Attempts to access the
homoleptic anion from VCl5 yielded intractable product
mixtures. The presence of [V(SNS)2]1− was confirmed by a
parent ion peak in the negative-mode electrospray mass
spectrum at m/z = 567.1 amu. The 1H NMR spectrum was
consistent with nominal C2v symmetry for the diamagnetic
complex.

In a strongly reducing environment, the anionic metal-
loligand [V(SNS)2]1− readily reacted with two equivalents of
NiCl2(dppe) to afford trimetallic cluster complexes. The
reaction of one equivalent of K[V(SNS)2] with two equivalents
of NiCl2(dppe) and four equivalents of KC8 afforded a dark-
green complex characterized as [K(18-crown-6) (THF)2][V-
(SNS)2{Ni(dppe)]2}]1−, Scheme 1. The formation of the
trimetallic anion was indicated by a parent ion peak at m/z =
1479.2 amu in the negative-mode electrospray mass spectrum.
1H and 31P{1H} NMR data at 208 K indicate a symmetric
diamagnetic species with a 1:2 ratio of [V(SNS)2]1− to
Ni(dppe) fragments. When the same reaction was carried out
with only three equivalents of KC8, a paramagnetic product
was obtained. Again, the formation of the trimetallic cluster
was indicated by mass spectrometry, this time by an M+1 peak
at m/z = 1480.2 amu in the positive-mode electrospray mass
spectrum. This paramagnetic product was assigned as the
neutral complex, V(SNS)2{Ni(dppe)}2, as illustrated in
Scheme 1. Accordingly, electronic absorption spectra of
[V(SNS)2]1− and V(SNS)2{Ni(dppe)}2 in THF were obtained
and demonstrated two prominent transitions at 350−400 nm
and at ∼630 nm (Figures S23 and S24). It is notable that the
ultraviolet−visible−near-infrared (UV−vis−NIR) spectra for
both neutral V(SNS)2{Ni(dppe)]2} and anionic [V(SNS)2{Ni-
(dppe)]2}]1− show no discernible absorption bands in the low-
energy region (900−1400 nm).
Single-crystal X-ray diffraction experiments were used to

establish the molecular geometry of the new coordination
complexes, including the [V(SNS)2]1− metalloligand. The
vanadium metalloligand itself crystallized with a [K(18-crown-
6) (12-crown-4)] countercation in the monoclinic space
group, P21̅n. An Oak Ridge thermal-ellipsoid plot (ORTEP) of
the [V(SNS)2]1− anion and selected metrical parameters from
the structure are available in the Supporting Information. The
vanadium center of the anion is six-coordinate with a pseudo-
octahedral geometry as defined by a Bailar twist angle of 45°
and ‘trans’ X−V−X bond angles of approximately 158° (X = N
or S). The V−S and V−N bond distances are normal for
vanadium(V)−thiolate and vanadium(V)−azanido interac-
tions, and bond distances within the ligand backbone are
consistent with the fully reduced (SNS)3− oxidation state.35−41

Single-crystal X-ray diffraction was used to interrogate the
structure of the heterotrimetallic Ni−V−Ni clusters. The salt
of the heterotrimetallic anion crystallized in the monoclinic
P21̅c space group by slow diffusion of pentane into a saturated
solution of the complex in THF. The potassium cation of the
salt was sequestered from the heterotrimetallic anion with 18-
crown-6 and two THF ligands. As shown in Figure 1 (left), the
structure of the [V(SNS)2{Ni(dppe)}2]1− anion comprises a
pseudo-octahedral vanadium unit sandwiched by two pseudo-
tetrahedral nickel fragments with Ni τ4 values of 0.86 and 0.81
(assigned geometries do not include the metal−metal
interactions). Selected metrical data for [K(18-crown-6)
(THF)2][V(SNS)2{Ni(dppe)}2] are given in Figure 2.
Nickel−vanadium distances, which are each bridged by two
thiolates from the (SNS)3− ligands, are relatively short at 2.78
and 2.79 Å. These values are in the order of the sum of the
covalent radii of vanadium and nickel (2.77 Å), with covalent
ratios (r) of 1.00 and 1.01.42,43 Although there is a paucity of
vanadium−nickel metal−metal bonds in the literature,44−46
these distances are consistent with a formal bonding
interaction between the metal centers. The bridging nature
of the thiolates results in a slight elongation of the vanadium−

Scheme 1
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sulfur distance from V−Savg = 2.36 Å in the free [V(SNS)2]1−
anion to V−Savg = 2.43 Å in the [V(SNS)2{Ni(dppe)}2]1−
trimetallic cluster. The nickel−sulfur and nickel−phosphorous
distances are consistent with those of other low-valent nickel
complexes in the literature.32,47

In contrast with the symmetric structure observed for the
[V(SNS)2{Ni(dppe)}2]1− anion, the neutral V(SNS)2{Ni-
(dppe)}2 complex shows distinctly different geometries at
the two nickel centers. For the neutral complex, V(SNS)2{Ni-
(dppe)}2, X-ray-quality single crystals were obtained in the
orthorhombic Pna21 space group by allowing pentane to
diffuse into a concentrated THF solution of the complex.
Figure 1 (right) shows an ORTEP of the neutral V(SNS)2{Ni-
(dppe)}2 complex, and Table S4 gives selected metrical
parameters for the trimetallic cluster. While the vanadium
center remains pseudo-octahedral and sandwiched between the
two nickel centers of the trimetallic cluster, one nickel adopts a
pseudo-tetrahedral geometry with a τ4 value of 0.84, and the
second nickel adopts a pseudo-square-planar geometry with a τ4
value of 0.19. A short V−Ni distance of 2.60 Å is maintained
between the vanadium and the tetrahedral nickel (r = 0.94)
and is indicative of a metal−metal bond; conversely, a V···Ni
distance of 3.45 Å between the vanadium and the square-

planar nickel is too long for a formal metal−metal bond (r =
1.25) (Figure 2). The nitrogen atoms of each SNS ligand bend
toward the sterically less-constrained square-planar nickel
center, evidenced by a N−V−Ni bond angle of 164.36° (the
N−V−Ni bond angle in the anion is 171.95°). The square-
planar nickel center is further differentiated by elongated Ni−S
bonds and slightly contracted Ni−P bonds, which are
consistent with distances for nickel(II) complexes reported
in the literature.48−50

EPR Spectroscopy. The neutral heterotrimetallic cluster
V(SNS)2{Ni(dppe)}2 is an odd-electron, paramagnetic species
and was probed via continuous-wave (cw) X-band EPR
spectroscopy to determine the magnitude and localization of
the unpaired spin density. Figure 3 (bottom) displays the EPR

spectrum obtained for the complex in THF at 298 K and
demonstrates that V(SNS)2{Ni(dppe)}2 is an S = 1/2
complex. At 298 K, the EPR spectrum exhibits an eight-line
signal spread over ∼1000 G, consistent with an electron−
nuclear hyperfine interaction of the unpaired electron with the
vanadium center (I = 7/2 for 51V nuclei). The spectrum was
simulated in EASYSPIN using the spin Hamiltonian

Figure 1. ORTEPs of (left) [K(18-crown-6) (THF)2][V(SNS)2{Ni(dppe)}2] and (right) V(SNS)2{Ni(dppe)}2 with thermal ellipsoids shown at
50% probability. Hydrogen atoms, solvent molecules, and counterions have been omitted for clarity.

Figure 2. ORTEP of trimetallic cores of (top) anionic [V(SNS)2{Ni-
(dppe)}2]1− and (bottom) neutral V(SNS)2{Ni(dppe)}2 with thermal
ellipsoids shown at 50% probability. A full list of bond distances and
angles is included in the Supporting Information.

Figure 3. Solution cw X-band EPR spectra in THF of (top) in situ-
prepared [V(SNS)2]2− and (bottom) V(SNS)2{Ni(dppe)}2 at 298 K.
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where g is the g-factor, μB the Bohr magneton, B the magnetic
field, S the electronic spin, I the nuclear spin of the metal
nucleus, and A the rhombic hyperfine coupling. The best
simulations of V(SNS)2{Ni(dppe)}2 at 298 K used an S = 1/2
axial model with g⊥ = 1.952 and g∥ = 1.958 and V hyperfine
coupling constants of A⊥ = 217 MHz and A∥ = 175 MHz. At
77 K, the signal becomes rhombic, with the frozen THF
solution spectrum of V(SNS)2{Ni(dppe)}2 displaying the
eight-line electron−nuclear hyperfine with a rhombic signal
centered at g = 1.95 (Table 1; Figure S22). To benchmark the

EPR spectra of this neutral V(SNS)2{Ni(dppe)}2 complex, X-
band EPR spectra were obtained for THF solutions of
[V(SNS)2]2− generated in situ by the reduction of the
[V(SNS)2]1− anion with KC8. The EPR spectrum of
[V(SNS)2]2− at 298 K along with the simulation is displayed
at the top of Figure 3. The 77 K spectrum and associated
simulation are included in the Supporting Information. As
expected, an eight-line, S = 1/2 signal was observed for
putative [V(SNS)2]2− at 298 K, consistent with the formation
of a vanadium(IV) species. The 298 K spectrum was simulated
as an axial system with larger g values and hyperfine coupling
constants than those that were observed in the trimetallic
complex. The 77 K spectrum of the putative dianion was
rhombic, with g values and hyperfine coupling constants similar
to those observed in the low-temperature spectrum of the
V(SNS)2{Ni(dppe)}2 complex. The EPR spectra of both
V(SNS)2{Ni(dppe)}2 and putative [V(SNS)2]2− are consistent
with the EPR data reported in the literature for six-coordinate
vanadium(IV) complexes in sulfur-rich ligand environ-
ments.51−53

Electrochemical Analysis. Solution-phase electrochemical
experiments were performed to probe the redox properties of
both the [V(SNS)2]1− metalloligand and the heterotrimetallic
[V(SNS)2{Ni(dppe)}2]n (n = −1, 0) complexes. Figure 4
(top) shows the cyclic voltammogram for the [V(SNS)2]1−
metalloligand, whereas Figure 4 (bottom) shows the cyclic
voltammogram for the neutral V(SNS)2{Ni(dppe)}2 complex.
Cyclic voltammograms for the [V(SNS)2{Ni(dppe)}2]1− anion
were identical to those for the neutral complex, save for the

shift in the open-circuit potential and a slight change in
potentials due to charge. All electrochemical experiments were
conducted on THF solutions at ambient glovebox temperature
using a standard three-electrode cell and 0.1 M [Bu4N][PF6]
as the supporting electrolyte. Electrochemical cell potentials,
which are collected in Table 2, were referenced to [Cp2Fe]+/0
by the addition of an internal standard at the end of each
experiment.
The vanadium metalloligand, [V(SNS)2]1−, shows four

redox processes between −3 and +0.5 V versus [Cp2Fe]+/0.
Two quasi-reversible reductions were observed at −0.99 and at
−2.43 V (ipa/ipc ∼ 1), consistent with metal-centered
reductions to generate formal vanadium(IV) and vanadium-
(III) species, respectively. At less negative potentials (between
−0.5 and 0 V), two closely spaced redox processes were
observed corresponding to oxidations of the [V(SNS)2]1−
anion. These oxidations are assigned as ligand-centered
oxidations that generate a semi-quinonate oxidation state,
(SNS·)2−.54 The small separation between these oxidations
suggests that the two ligands show limited electronic
communication (Kc = 72).
For the neutral trimetallic V(SNS)2{Ni(dppe)}2 complex,

five quasi-reversible redox processes are observed in the −3.0−
+0.5 V window. The open-circuit potential for the neutral
complex was determined to be near −1.2 V, and as such, the
redox processes observed at −1.44 and −2.42 V are assigned as
one-electron reductions, whereas the redox processes at −1.06,
−0.62, and +0.17 V are assigned as one-electron oxidations.
These assignments are consistent with the cyclic voltammo-
gram of the heterotrimetallic anion, [V(SNS)2{Ni(dppe)}2]1−,
which shows the same five redox processes, but the open-
circuit potential shifts to approximately −1.9 V. Based on this
electrochemical data, the redox process at −1.44 V
corresponds to the reduction of V(SNS)2{Ni(dppe)}2 to the
[V(SNS)2{Ni(dppe)}2]1− anion. Accordingly, chemical redox

Table 1. Spin Hamiltonian Parameters for
V(SNS)2{Ni(dppe)}2 and K2[V(SNS)2] Obtained in THF

K2[V(SNS)2] V(SNS)2{Ni(dppe)}2

298 K gx 1.990 1.952
gy 2.010 1.958
gz 2.010 1.958
giso 2.003 1.956
Ax (MHz) 422 217
Ay (MHz) 118 175
Az (MHz) 118 175
Aiso (MHz) 243 189

77 K gx 1.963 1.954
gy 1.981 1.960
gz 1.983 1.938
giso 1.976 1.951
Ax (MHz) 407 338
Ay (MHz) 125 157
Az (MHz) 18 84
Aiso (MHz) 183 193

Figure 4. Cyclic voltammograms of (top, blue) [V(SNS)2]1− and
(bottom, green) V(SNS)2{Ni(dppe)}2 in THF containing 0.1 M
[Bu4N][PF6], referenced to [Cp2Fe]+/0. Data were collected using a
glassy carbon working electrode and a 200 mV s−1 scan rate. The
arrow denotes the open-circuit potential and the direction of the scan.
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reactions can be used to convert between the neutral and
anionic trimetallic complexes. For example, the addition of
CoCp*2 to paramagnetic V(SNS)2{Ni(dppe)}2 readily pro-
duced [V(SNS)2{Ni(dppe)}2]1−, which was observed by 1H
NMR spectroscopy. Tentative assignments for all five redox
waves are provided in the Discussion section.

DFT Computations. To further analyze the electronic
structure of the neutral heterotrimetallic V(SNS)2{Ni(dppe)}2
complex, gas-phase density functional theory (DFT) calcu-
lations were carried out using the non-empirical tpss functional
as employed in TURBOMOLE. We modeled V(SNS)2{Ni-
(dppe)}2 as an open-shell doublet via a Kohn−Sham DFT
solution, using a spin-unrestricted (unrestricted Hartree−Fock,
UHF) scheme. The calculations refined and converged
normally. The metal−heteroatom bond distances were within
0.04 Å of the experimental solid-state structure. Metal−metal
bond distances were calculated to be 2.528 and 3.556 Å, which
are markedly different than the experimental values for the
tetrahedral and square-planar nickel centers, respectively,
which has been observed in DFT calculations of other
vanadium−nickel heterobimetallic complexes.46 According to
Mulliken population analysis (MPA) of the singly occupied
molecular orbital (SOMO) of V(SNS)2{Ni(dppe)}2, the
unpaired electron is localized on the vanadium metalloligand
bridge, with small Ni(dppe) ion contributions of 1% each
(Figure 5).

■ DISCUSSION
Homoleptic transition metal complexes of the trianionic
(ONO)3− and (SNS)3− ligands have emerged as useful
building blocks for the synthesis of bi- and trimetallic cluster
complexes.54−57 Previously, we reported the synthesis of
several heterobimetallic complexes of the formula M-
(SNS)2M’(dppe) (M = Mo, M’ = Ni; M = W, M’ = Ni, Pd,
Pt), of which the W(SNS)2Ni(dppe) derivative proved to be a
catalyst for the electrochemical reduction of protons to
hydrogen in non-aqueous solution.56 We also reported the
synthesis of the symmetric, heterotrimetallic Mo(SNS)2{Ni-
(dppe)}2 complex, which showed a rich redox manifold, with
five reversible one-electron redox processes.54 The nature of

these redox processes and the symmetry of the hetero-
trimetallic complex suggested the generation of a mixed-
valence species upon formation of the one-electron oxidized
[Mo(SNS)2{Ni(dppe)}2]1+ cation. To better understand the
nature of this putative mixed-valence trimetallic platform, we
sought to prepare isostructural and isoelectronic complexes for
further study.
The vanadium anion, [V(SNS)2]1−, was targeted as a

potential metalloligand, analogous to the neutral Mo(SNS)2
metalloligand. From a valence electron perspective, [V-
(SNS)2]1− is isoelectronic with Mo(SNS)2, as both complexes
have a d0 electron configuration at the metal. Accordingly, the
heterotrimetallic anion, [V(SNS)2{Ni(dppe)}2]1−, is isoelec-
tronic with neutral Mo(SNS)2{Ni(dppe)}2, and as such, the
vanadium congener adopts the same symmetric molecular
structure. Ignoring all metal−metal interactions, the hetero-
trimetallic anion is characterized by two pseudo-tetrahedral
nickel centers and a pseudo-octahedral vanadium center. Short
Ni−V distances are indicative of metal−metal bonding;
however, it is important to note that from a symmetry
perspective, the nickel centers compete for the same vanadium
d orbital (dxy, according to DFT computations). This sharing
of the vanadium dxy orbital can be represented as two
resonance structures to describe the heterotrimetallic anion as
shown in Figure 6 (top). Within this framework, the most

straightforward oxidation state assignment for [V(SNS)2{Ni-
(dppe)}2]1− is [Ni0−VV−Ni0]1−, with a single Ni0 → VV dative
bond delocalized over two equivalent positions. Alternatively,
assigning one electron from the metal−metal bond to each
participating metal center would afford a formal NiI−VIV−Ni0
oxidation state assignment and avoid characterizing the metal−
metal bond as a dative interaction; however, the orbital

Table 2. Electrochemical Cell Potentials (V) in THF of K[V(SNS)2] and V(SNS)2{Ni(dppe)}2, Referenced to [Cp2Fe]+/0
a

[M]−1/−2 [M]0/−1 [M]+1/0 [M]+2/+1 [M]+3/+2

K[V(SNS)2] −2.43 −0.99 −0.16 −0.05
V(SNS)2{Ni(dppe)}2 −2.42 −1.44 −1.06 −0.62 +0.17

a[M] is used to denote the entire complex, not an individual metal center.

Figure 5. Kohn−Sham SOMO of V(SNS)2{Ni(dppe)}2 with
isovalues 0.1, as determined by DFT computations at the tpss/def2-
TZVP level of theory.

Figure 6. (Top) Scheme denoting formal oxidation state assignments
for [V(SNS)2Ni(dppe)}2]0/+ and (bottom) overlay of differential
pulse voltammograms of V(SNS)2{Ni(dppe)}2 (green) and [V-
(SNS)2]2− (blue) in THF, denoting the locality of the redox couples
[nickel (orange); vanadium (blue)].
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considerations still constrain the system to a single Ni−V bond
delocalized over both positions.
The solid-state structure of the neutral V(SNS)2{Ni-

(dppe)}2 complex revealed that a significant structural change
accompanied the removal of an electron from the hetero-
trimetallic core. Removal of just one electron from the
trimetallic complex induces one of the nickel centers to change
from pseudo-tetrahedral geometry to pseudo-square-planar
geometry. Concomitant with this geometry change is a
lengthening of the nickel−vanadium distance to the square-
planar nickel atom to over 3.4 Å, which is well outside the
distance expected for a formal bond between these two metal
atoms. Rearrangement of one nickel center to square-planar in
the neutral heterotrimetallic complex also results in a
contraction of nearly 0.2 Å in the distance between the
remaining tetrahedral nickel and the vanadium. This
contraction occurs since the participating vanadium d orbital
only interacts with one nickel center.
Examination of the structural, EPR spectroscopic, and

electrochemical features of the neutral V(SNS)2{Ni(dppe)}2
complex provides insights into its valence electron config-
uration. Square-planar geometry is highly correlated with the
d8 electron configuration, and as such, the square-planar nickel
center can confidently be assigned to a nickel(II) oxidation
state. The solution EPR data for V(SNS)2{Ni(dppe)}2 at both
298 and at 77 K are consistent with the presence of a single
unpaired electron localized on the vanadium metalloligand.
The similarity of both the EPR line position and shape to those
of in situ-generated [V(SNS)2]2− is highly indicative of the
vanadium(IV) oxidation state. This assignment is further
supported by the electrochemical data for V(SNS)2{Ni-
(dppe)}2, in which the first oxidation at −1.06 V correlates
well with the [V(SNS)2]1−/2− redox process at −0.99 V that is
assigned as a reduction of the metal center from vanadium(V)
to vanadium(IV) (Figure 6, bottom). The assignment of d8
nickel(II) and d1 vanadium(IV) oxidation states dictates that
the remaining tetrahedral nickel center be assigned as a d10
nickel(0) and the attendant nickel−vanadium bond as a dative
interaction, Ni0 → VIV. Accordingly, the neutral, hetero-
trimetallic complex has a two-electron mixed-valence core, Ni0
→ VIV...NiII. The two-electron mixed-valent core of the
heterotrimetallic V(SNS)2{Ni(dppe)}2 complex is indicative
of distinctly different redox potentials of the nickel centers of
the complex.
Given that the first oxidation of neutral V(SNS)2{Ni-

(dppe)}2 at −1.06 V can be reasonably assigned as a
vanadium-centered process, the flanking processes at −1.4
and −0.6 V then are assigned as nickel-centered redox
processes. The more negative potential coincides with the
conversion of neutral V(SNS)2{Ni(dppe)}2 to the fully
characterized and symmetric anion [V(SNS)2{Ni(dppe)}2]1−.
As illustrated in Figure 6 (bottom), this redox process
corresponds to the reduction of the square-planar nickel(II)
center. The attendant one-electron reduction results in an
intramolecular electron transfer of the unpaired electron on
vanadium(IV) to the nickel center to affect the net two-
electron reduction to nickel(0). This net two-electron
reduction of nickel demonstrates how the vanadium metal-
loligand acts as a redox gate for the nickel ions: one-electron
reduction of the V(SNS)2{Ni(dppe)}2 complex is coupled to
both the intramolecular electron transfer and to a coordination
geometry change from square-planar to tetrahedral to
accommodate the change from nickel(II) to nickel(0).

Typically, diphosphine complexes of nickel show high
reorganization energies for redox processes,47 so it is
noteworthy that the redox event at −1.4 V is quasi-reversible,
which in this case means that the structural changes that
typically impose these high reorganization energies are instead
facile on the electrochemical timescale. This dynamic and
electrochemically reversible behavior has been observed in
other mono-58 and multimetallic47,59,60 complexes containing a
Ni(diphosphine) synthon.
While the cluster can store multiple reducing equivalents,

several oxidizing equivalents can be stored as well. The redox
process at −0.6 V is tentatively assigned as the oxidation of the
tetrahedral nickel(0) center in the mixed-valent V(SNS)2{Ni-
(dppe)}2 complex. Although further studies are required to
confirm the electron distribution of the [V(SNS)2{Ni-
(dppe)}2]+ cation and the nature of its subsequent oxidation
at −0.6 V, it stands to reason that this oxidation will occur at
the low-valent nickel, meaning that the redox potentials for the
two nickel centers, with identical S2P2 donor ligand sets, are
separated by more than 800 mV. In this case, the large
difference in redox potentials arises from the structural
flexibility engendered by the (SNS)3− and dppe ligand
platforms and the ability to make and break metal−metal
bonds.

■ CONCLUSIONS
A pair of cluster compounds was synthesized that differ by a
single electron, leading to the generation of a formally mixed-
valence molecule. Neutral V(SNS)2{Ni(dppe)}2 contains two
nickel ions in identical S2P2 ligand environments but in
different oxidation states. Analysis of the spectroscopic,
electrochemical, and structural data suggests that V(SNS)2{Ni-
(dppe)}2 is best classified as a two-electron mixed-valence
system. The coordinative flexibility of the heterotrimetallic
ligand framework combined with the ability of the nickel and
vanadium metal centers to break and form metal−metal bonds
engenders reversible redox chemistry across multiple valence
electron configurations and metal oxidation states. Insights
gained from these complexes are reminiscent of multimetallic
metalloenzyme active sites, such as the FeNi hydrogenase or
the FeMo or FeV cofactors found in nitrogenase.61 Moreover,
the heterotrimetallic complexes described demonstrate struc-
tural similarities to extended bulk materials, such as vanadium
sulfide, VS4, in the patronite mineral structure, which has
exhibited metal−metal bonding throughout the extended
linear chain structure as electrons are charged/discharged
from the system.62

■ EXPERIMENTAL SECTION
General Considerations. All compounds and reactions reported

herein show varied degrees of air and moisture sensitivity, so all
manipulations were carried out using standard vacuum-line, Schlenk-
line, and glovebox techniques. Solvents were sparged with argon
before being deoxygenated and dried by passage through Q5 and
activated alumina columns, respectively. To test for effective oxygen
and water removal, aliquots of each solvent were treated with a few
drops of a purple solution of the sodium benzophenone ketyl radical
in THF. Commercially available reagents, including 1,2-bis-
(diphenylphosphino)ethane (dppe, >97%, TCI), were reagent-grade
or better and used as received. The known compounds (SNS)H3,
VCl3(THF)3, and NiCl2(dppe) were synthesized from commercially
available reagents according to procedures published in the
literature.34,63,64 Ferrocene was purified by sublimation under reduced
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pressure, and tetrabutylammonium hexafluorophosphate (Acros) was
recrystallized from ethanol three times and dried under vacuum.

Spectroscopic Measurements. NMR spectra were collected at
298 K on a Bruker Avance 400 or 500 MHz spectrometer in dry,
degassed CD3CN or at 208 K in THF-d8. 1H NMR spectra were
referenced to tetramethylsilane (TMS) using the residual proteo
impurities of the given solvent. All chemical shifts are reported using
the standard δ notation in parts per million; positive chemical shifts
are to a higher frequency from the given reference. Electronic
absorption spectra were recorded with a Jasco V-670 absorption UV-
vis-NIR spectrophotometer using 1 cm path-length cells at ambient
temperature (20−24 °C). Perpendicular-mode X-band EPR spectra
were collected using a Bruker EMX spectrometer equipped with an
ER041XG microwave bridge using the following spectrometer
settings: attenuation = 20 dB, microwave power = 2.017 mW,
frequency = 9.79 GHz, modulation amplitude = 1.02 G, gain = 2.00 ×
103, conversion time = 81.92 ms, time constant = 655.36 ms, sweep
width = 300 G, and resolution = 1024 points. The EPR spectra were
modeled using EasySpin/MatLab.

Electrochemical Methods. Electrochemical experiments were
performed with a Gamry Series G300 potentiostat/galvanostat/ZRA
(Gamry Instruments, Warminster, PA) using a 3.0 mm glassy carbon
working electrode, a platinum wire auxiliary electrode, and a silver
wire pseudo-reference electrode. Data acquisition was carried out at
ambient temperature (20−24 °C) in a nitrogen-filled glovebox for
solution samples containing a 1.0 mM analyte and 100 mM
[Bu4N][PF6] supporting electrolyte dissolved in dry, degassed THF.
All potentials were referenced to the [Cp2Fe]+/0 redox couple by
adding ferrocene as an internal standard at the end of each
experimental run.

Crystallographic Methods. X-ray diffraction data for all
complexes were collected on single crystals mounted on a glass
fiber using Paratone oil. Data was acquired with a Bruker SMART
APEX II diffractometer equipped with a charge-coupled device
detector cooled to 88 K and using Mo Kα radiation (λ = 0.71073 Å).
The SMART program package was used to determine unit-cell
parameters and for data collection. Raw frame data were processed
using SAINT and SADABS to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL
program suite. The structures were solved by direct methods and
refined on F2 using full-matrix least-squares techniques. Analytical
scattering factors for neutral atoms were used throughout the
analyses. Hydrogen atoms were generated at calculated positions
and refined using a riding model. ORTEPs were generated using
ORTEP-3 for Windows.

Computational Methods. All DFT calculations were performed
using the non-empirical tpss functional as employed in the quantum
chemistry program package TURBOMOLE. For computational
efficiency, initial geometry optimizations were performed using split-
valence plus polarization basis sets (def2-SVP). Subsequent structural
refinements and single-point energy calculations were done using a
triple zeta valence plus polarization basis set (def2-TZVP). Single-
crystal X-ray diffraction data were used as the starting points for
geometry optimizations; no molecular symmetry was imposed.
Energies and minimum energy structures were evaluated self-
consistently to tighten convergence criteria (energy converged to
0.1 μHartree, maximum norm of the Cartesian gradient ≤10−4).
Linear-response, time-dependent DFT was used to simulate electronic
absorption spectra.

Synthesis of K[V(SNS)2]. Solid potassium hydride (159 mg, 3.97
mmol, 6.05 equiv) was added to a chilled solution of (SNS)H3 (343
mg, 1.31 mmol, 2.00 equiv) dissolved in THF, frozen in a dry ice/
acetone bath, and thawed in a 100 mL Schlenk flask under an inert
nitrogen atmosphere. The mixture was stirred as it warmed to
ambient temperature, affording a golden−yellow, turbid mixture.
Solid VCl3(THF)3 (245 mg, 0.660 mmol, 1.00 equiv) and PhICl2
(180 mg, 0.660 mmol, 1.00 equiv) were added using separate solid
addition funnels to yield a dark but homogeneous blue−green
solution. After stirring for approximately 15 min, the reaction mixture
was exposed to air, yielding a dark-blue reaction mixture, which was

stirred for an additional 12 h. The reaction mixture was filtered
through a plug of Celite, and then, the solvent was removed from the
filtrate under reduced pressure. The remaining residue was suspended
in diethyl ether, filtered, washed with another aliquot of diethyl ether,
and dried under reduced pressure to afford 280 mg of a dark-blue
solid (70% yield). Single crystals of the product, suitable for X-ray
diffraction experiments, were obtained by allowing pentane to diffuse
into a THF solution of the product and 18-crown-6. 1H NMR (400
MHz; CD3CN): δ/ppm: 2.35 (s, 12H, CH3), 6.72 (d, 3JHH = 8.40 Hz,
4H, aryl−H), 6.92 (s, 4H, aryl−H), 7.17 (d, 3JHH = 8.48 Hz, 4H,
aryl−H). UV−vis (THF) λmax/nm (ε/M−1 cm−1): 472 (4,960), 621
(10,200). MS (ESI−) m/z: 567.1 ([M]1−).

Reduction of K[V(SNS)2]. In a 100 mL Schlenk flask, to a chilled
blue solution of K[V(SNS)2] (65 mg, 0.073 mmol, 1.00 equiv) in
THF (∼10 mL) was added freshly prepared potassium graphite (10
mg, 0.077 mmol, 1.05 equiv). The solution was warmed to room
temperature and stirred for ∼1 h. The resulting dark-green solution
was filtered through a plug of Celite, and the solvent was removed
under reduced pressure to afford putative K2[V(SNS)2].

Synthesis of [K(18-Crown-6) (THF)2][V(SNS)2{Ni(dppe)}2]. A
100 mL Schlenk flask containing potassium graphite [102 mg, 0.75
mmol, 5.01 equiv (excess)] was charged with a blue solution
containing K[V(SNS)2] (135 mg, 0.151 mmol, 1.00 equiv) dissolved
in 20 mL of dry, degassed THF. The color of the reaction mixture
initially changes to dark green, indicative of the [V(SNS)2]2− dianion,
followed by a change to brown black. This brown−black reaction
mixture was frozen in a liquid-nitrogen cold well. The reaction
mixture was removed from the cold well, and upon thawing, a
suspension of NiCl2(dppe) (159 mg, 0.301 mmol, 2.00 equiv) in
THF (∼10 mL) was added. The mixture was allowed to warm to
ambient glovebox temperature and was stirred for 8 h. The resulting
vibrant-green solution was filtered through a plug of Celite, and 18-
crown-6 (44 mg, 0.17 mmol, 1.0 equiv) was added to the filtrate. The
filtrate volume was reduced to approximately 2 mL under reduced
pressure, and then, pentane was added to induce precipitation. A
dark-green solid was collected by filtration, washed sequentially with
20 mL of pentane and 20 mL of diethyl ether, and dried under
reduced pressure to afford 205 mg of the product (70% yield). 1H
NMR (500 MHz, 208 K, THF-d8): δ/ppm: 2.09 (s, 12H, CH3), 6−8
(m, 52H, aryl−H). 31P{1H} NMR (162 MHz, 208 K, THF-d8) δ/
ppm: 44.6 (s). UV-vis-NIR (THF) λmax/nm (ε/M−1 cm−1): 353 nm
(31,200), 631 nm (4700). MS (ESI−) m/z: 1479.2 ([M]1−).

Synthesis of V(SNS)2{Ni(dppe)}2. The neutral trimetallic
complex was prepared using the same procedure as that mentioned
above but with three equivalents of potassium graphite instead of four.
Thus, in a 100 mL Schlenk flask charged with potassium graphite (21
mg of potassium metal, 0.54 mmol, 3.2 equiv) was added a blue
solution of K[V(SNS)2] (152 mg, 0.170 mmol, 1.00 equiv.) in THF
(∼10 mL), and NiCl2(dppe) (180 mg, 0.340 mmol, 2.00 equiv)
afforded 170 mg of the product as a green powder (67% yield). Anal.
calcd (Found) for C80H72N2Ni2P4S4V (%): C, 64.84 (64.62); H, 4.90
(4.88); N, 1.89 (2.02). UV-vis-NIR (THF) λmax/nm (ε/M−1 cm−1):
410 nm (14,300), 627 nm (6000). MS (ESI+) m/z: 1480.2 ([M +
H]1+).
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