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ABSTRACT: The syntheses of cationic nickel complexes using N,N′-dimethyl
piperazine 2,3-dithione (Me2Dt

0) and N,N′-diisopropyl piperazine 2,3-dithione
(iPr2Dt

0) ligands are reported. These ligands were used in synthesizing bis and
tris(dithione)Ni(II) complexes as tetrafluoroborate or hexafluorophosphate salts,
i.e., [Ni(iPr2Dt

0)2][BF4]2 ([1a][BF4]2), [Ni(
iPr2Dt

0)2][PF6]2 ([1a][PF6]2), [Ni-
(Me2Dt

0)2][BF4]2 ([1b][BF4]2), [Ni(iPr2Dt
0)3][BF4]2 ([2a][BF4]2), and [Ni-

(iPr2Dt
0)3][PF6]2 ([2a][PF6]2), respectively. Complex [2a][PF6]2 was isolated

from a methanolic solution of [1a][PF6]2. Compound [1a][BF4]2 crystallizes in a
trigonal crystal system (space group, P31/c) and exhibits unique packing features,
whereas [2a][BF4]2 crystallizes in a monoclinic (P21/n) space group. Cyclic
voltammograms of [1a][BF4]2 and [1b][BF4]2 are indicative of four reduction
processes associated with stepwise single-electron reduction of the ligands. Spectroelectrochemical experiments on [1a][BF4]2
exhibit an intervalence charge transfer (IVCT) transition as a spectroscopic signature of the mixed-valence [Ni(iPr2Dt

0)-
(iPr2Dt

1−)]− species. Analysis of this IVCT band suggests that this ligand based mixed valence complex, [Ni(iPr2Dt
0)-

(iPr2Dt
1−)]−, behaves more like a traditional class II/III metal based mixed-valence complex. The density functional theory

(DFT) and time dependent DFT calculations provide a theoretical framework for understanding the electronic structures and
the nature of excited states of the target compounds that are consistent with their spectroscopic and redox properties. Vibrational
spectra of [1a]2+ and [2a]2+ were investigated as discrete species in the gas phase using infrared multiple photon dissociation
(IRMPD) spectroscopy.

■ INTRODUCTION

The ene-dithiolate (or dithiolene) complexes of nickel have
garnered much attention since the initial reports due to their
intrinsic electronic structures that lead to extraordinary
physicochemical properties.1−3 Photophysical properties such
as intense low energy charge transfer transitions led to their use
as dyes4,5 and in Q-switches.6 In addition, these complexes
exhibit high thermal and photochemical stability7 and metallic
conductivity.8 A hallmark of the system is the efficient
electronic delocalization that extends to the ligand backbone.
Their ability to stabilize multiple redox states is an intriguing
feature. These properties have been used in developing liquid
crystalline materials with nonlinear optical properties.4,5,9−17 In
general the Ni(II)−dithiolene d8 complexes are planar with S−
Ni−S angles nearly 90°.4 This geometric feature has been
exploited in designing planar nanosheet materials reminiscent
of graphene.18 The dithiolene complexes of nickel have been
used in purification of olefins,5,19,20 and in developing magnetic
materials21,22 and sensors.23,24

Spectroscopic and computational studies have consistently
pointed out a high degree of covalency in Ni−S bonds leading
to a large sulfur contribution to the highest occupied molecular
orbital (HOMO). This feature also suggests that oxidation of
such a center would remove electron(s) from a primarily ligand
based orbital, and is consistent with the redox noninnocence
nature of the dithiolene ligands.25−27 Ligand based oxidation by
one electron leads to a semioxidized (radical) ligand while
oxidation by two electrons leads to a fully oxidized neutral
dithione ligand. Square planar complexes of group 10 metal
ions such as Ni(II), Pd(II), and Pt(II) of neutral dithione
ligands have been reported.9,28,29

For some time, we have been interested in understanding the
fundamental aspects of the metal−ligand redox interplay in
transition metal dithiolene complexes (Chart 1) using both
reduced30 and oxidized ligands.31−33 In contrast, a majority of
the studies in exploring the redox noninnocence in metal−
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dithiolene systems have focused on the reduced state of the
ligand.1−3 It has been reported that oxidation removes electrons
from the reduced ligands, demonstrating the noninnocent
nature of the ligands.34−38 In our initial work with a fully
oxidized dithiolene, i.e., dithione ligand, we observed a negative
solvatochromism in a molybdenum(0) dithione complex.33 The
same dithione ligand was used in stabilizing oxo−Mo(IV)
centers, and one of these complexes exhibited unique reactivity
resulting in a multinuclear complex with strong metal−metal
interaction.31 More recently, we have described the ground
state electronic structure of the dithione ligand as an admixture
of dizwitterionic and fully oxidized forms.32 Herein we describe
syntheses, characterization, and spectroscopic and redox
properties of bis(dithione)Ni(II) complexes that exhibit clean
one-electron redox couples, and lower energy charge transfer
transitions. Density functional calculations show that the
highest occupied orbitals are predominantly metal centered
while the lowest unoccupied orbitals are ligand based. This
electronic description is consistent with the metal to ligand
charge transfer transition observed at a lower energy as well as
ligand centered redox couples. Through spectroelectrochemis-
try we also observed mixed valence complexes where the two
dithione ligands are at different redox states.
In addition to characterizing the complexes in solid and

solution phase, we have also investigated the vibrational
structures in the gas phase, providing information about the
intrinsic features in the absence of any condensed phase effect,
which are more reliably compared to results from high-level
quantum-chemical calculations. Recently, we reported gas
phase vibrational structure in an oxo−molybdenum dithiolene
complex, using wavelength selective infrared multiple photon
dissociation (IRMPD) spectroscopy.39 In this approach infrared
spectra of gas phase species are collected via mass selection
through tandem mass spectrometry in combination with a
tunable mid-IR free electron laser (FEL). In IRMPD
spectroscopy, absorption occurs when the FEL photon
frequency matches that of a vibrational transition. Absorption
of multiple photons raises the vibrational energy of the trapped
ion to the dissociation threshold, and an IR action spectrum is
generated by measuring the fragmentation induced by this
process as a function of photon frequency. Vibrational mode
assignment and structural determination are made with the
assistance of vibrational frequencies predicted by density
functional theory (DFT) or related computational methods.

■ EXPERIMENTAL SECTION
Syntheses of the nickel complexes were carried out under a dry argon
or dinitrogen atmosphere using standard Schlenk techniques. The
ligands, N,N′-dimethyl piperazine 2,3-dithione (Me2Dt

0) and N,N′-
diisopropyl piperazine 2,3-dithione (iPr2Dt

0), were synthesized in air
according to literature procedures.40 Solvents were purchased from
either Aldrich or ACROS Organics and purified by distillation as
follows: acetonitrile from CaH2 and P2O5; CH2Cl2 and CHCl3 from
CaH2; diethyl ether and toluene from sodium benzophenone;
anhydrous methanol was obtained by drying over activated Mg.
NiCl2·6H2O was purchased from Aldrich and used as received.

Mass spectra were collected in both negative and positive ion mode
on a Waters Micromass ZMD quadrupole mass spectrometer
equipped with an electrospray ionization (ESI) source, using
acetonitrile as the spray solvent. Capillary voltage was kept at 3.5
kV. Dry nitrogen was used as the drying gas. Source temperature and
the dissolving temperature were set at 100 and 150 °C respectively
(spray rate, 150 μL/min). Additional ESI and tandem mass
spectrometry experiments were conducted using a ThermoScientific
(San Jose, CA) LTQ-XL LIT mass spectrometer equipped with an Ion
Max ESI source. For the ESI experiments, stock solutions (0.1 mM) of
the Ni-dithione samples were prepared in acetonitrile. The solution
was infused into the ESI-MS instrument using the incorporated
syringe pump at a flow rate of 10−15 μL/min. The atmospheric
pressure ionization stack settings for the LTQ (lens voltages,
quadrupole and octopole voltage offsets, etc.) were optimized for
maximum transmission of the doubly charged ions to the ion trap mass
analyzer by using the autotune routine within the LTQ Tune program.
Helium was used as the bath/buffer gas to improve trapping efficiency
and as the collision gas for CID experiments.

For CID, precursor ions were isolated using an isolation width of
1.0 to 2.5 mass-to-charge (m/z) units. The exact value was determined
empirically to provide maximum isolated ion intensity while ensuring
isolation of a single isotopic peak. The normalized collision energy
(NCE, as defined by ThermoScientific) was set between 5 and 18%,
which corresponds to the application of roughly 0.55−0.68 V tickle
voltage to the end-cap electrodes with the current instrument
calibration. The activation Q, which defines the frequency of the
applied rf potential, was set at 0.30. In all cases, the activation time
employed was 30 ms. Spectra displayed represent the accumulation
and averaging of at least 30 isolation, dissociation, and ejection/
detection steps.

UV−visible spectra were recorded on a modified temperature-
controlled Cary 14 spectrophotometer. All 1H and 13C NMR spectra
were recorded on either a Bruker 500 MHz or a 400 MHz
spectrometer. The FTIR spectra of neat samples were recorded on a
Thermo Electron corporation Nicolet 380 spectrometer. Elemental
analysis was performed at Midwest Microlab LLC, Indianapolis, IN.
Electrochemical measurements were conducted on a Bioanalytical
Systems (BAS) model CV-50W electrochemical analyzer. Voltammo-

Chart 1. Schematic Representation of Metal−Ligand Redox Interplay in bis(dithione)Ni(II) Dithiolene Complexesa

aOnly two redox processes are shown. The odd electrons are shown with a dot.
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grams were recorded at 25 °C with a standard three-electrode system
consisting of a platinum working electrode, a Ag+/Ag reference
electrode, and a Pt-wire auxiliary electrode. All voltammograms were
internally referenced with ferrocenium/ferrocene couple. Either
tetraethylammonium perchlorate, tetraethylammonium tetrafluorobo-
rate, or tetraethylammonium hexafluorophosphate were used as the
supporting electrolytes.
Spectroelectrochemical data were collected on a JASCO-720

spectrophotometer at room temperature, and the experiments were
conducted using a CHI-620C electrochemical analyzer using a custom-
made 1 mm cell, and a Pt mesh-working electrode. Measurements
were conducted in 0.30 M solutions of TBAP in CH3CN or CD3CN
to suppress solvent overtones in the NIR region of the optical spectra.
Because of the relatively low solubility of [1b][BF4]2, in acetonitrile, all
spectroelectrochemical experiments were conducted with [1a][PF6]2.
X-ray Structure Determination. Suitable single crystals were

coated with Paratone and mounted on a glass fiber, and the data were
collected using a Bruker SMART Apex II diffractometer with a
graphite monochromator for Mo Kα radiation (0.71073 Å). The
absorption correction was performed using SADABS routine.41,42 The
structure solution and the refinement were done using SHELXS-97
and SHEXLX-97 programs.42 Data were collected at 296 K, and
crystallographic data are listed in Table 1. All non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were placed at
calculated positions and refined with isotropic displacement
parameters.

ESI FT-ICR Mass Spectrometry. A stock solution (∼1.0 × 10−4

molar) of [1a][BF4]2 was prepared in acetonitrile for the IRMPD
experiments. Previously established methods used by our group for
generation of ions and the subsequent collection of IRMPD
spectra43−48 were used here. Briefly, ESI was performed using a
Micromass (now a component of Waters Corporation, Milford MA)
Z-Spray source. Dry nitrogen (∼80 °C) was used to assist in the
desolvation process. Ions were injected into a home-built Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer
described in detail elsewhere.49 Ions were accumulated for the
duration of the previous FT-ICR cycle (4.5 s) in a linear hexapole trap
and injected into the ICR cell via a quadrupole deflector and an
octopole RF ion guide. ESI of the acetonitrile solution of [1a][BF4]2
produced an intense ion with m/z values of 259 and 260,
corresponding to the bis(dithione)Ni(II) complex, 58Ni(iPr2Dt

0)2
2+

and 60Ni(iPr2Dt
0)2

2+. A less abundant species with m/z values of 374
and 375 was also observed. These peaks were assigned to the
tris(dithione)Ni(II) complex, 58Ni(iPr2Dt

0)3
2+ and 60Ni(iPr2Dt

0)3
2+.

Instrument operating parameters, such as desolvation temperature,
cone voltage, and ion accumulation and transfer optics voltages, were
optimized to maximize the intensity of either the bis or the
tris(dithione)Ni(II) complexes in the ICR cell. Mass isolation of a
single species was achieved using stored waveform inverse Fourier
transform (SWIFT) techniques prior to irradiation by the FEL.

Infrared Multiple Photon Dissociation (IRMPD). Infrared
spectra were recorded by measuring the photodissociation yield as a
function of photon frequency. Precursor anions were irradiated for 2.5
s using 12 FELIX macropulses (35−50 mJ per macropulse, 5 μs pulse
duration, fwhm bandwidth ∼0.5% of central λ). In the IRMPD
process, a photon is absorbed when the laser frequency matches that of
an IR active vibrational mode of the gas phase ion and its energy is
subsequently distributed over all vibrational modes by intramolecular
vibrational redistribution (IVR). The IVR process allows the energy of
each photon to be dissipated before the ion absorbs another, which
leads to promotion of the ion’s internal energy toward the dissociation
threshold via multiple photon absorption.50 It is important to note that
infrared spectra obtained using IRMPD are usually comparable to
those collected using linear absorption techniques.49,51 For these
experiments, the FEL wavelength was tuned between 900 and 1800
cm−1 (5.5 and 11 μm) in 6 cm−1 increments. The intensities of
product and undissociated precursor ions were obtained from an
averaged mass spectrum measured using the excite/detect sequence of
the FT-ICR-MS after each IRMPD step. The IRMPD yield was
normalized to the total ion current and linearly normalized for
variations in the laser intensity.

Computational Details. All DFT calculations were performed
using Gaussian 09.52 Molecular orbital contributions were compiled
from single point calculations using the VMOdes program.53 In order
to investigate the nature of the excited states in bis and tris(dithione)-
Ni(II) complexes, pure GGA BP86,54,55 hybrid (10% of Hartree−Fock
exchange) TPSSh,56 and hybrid (20% of Hartree−Fock exchange)
B3LYP57 were used. It has been reported that in these complexes the
energies of excited states have strong dependency on the amount of
Hartree−Fock exchange present in exchange-correlation functional.58

It was found (Figure S4) that B3LYP exchange-correlation functional
provides the best agreement between theory and experiment, and thus,
only data on these calculations are discussed below.30 Wachter’s full-
electron basis set was used for nickel,59 while for all other atoms 6-
311G(d) basis set60 was employed. Geometries of Ni-containing
cations, [1a]2+ and [2a]2+, were fully optimized without any
restrictions or substituent truncations. In the case of [1a]2+, the
highest point group (taking into consideration the nonplanar nature of
the dithione ligand) was found to be C2h, while in the case of [2a]2+,
the molecular point group was found to be close, but not exactly at D3
symmetry. In both cases, no imaginary frequencies were found after
complete optimizations thus ensuring the potential energy minima. In
order to cover its experimental UV−visible spectrum of [1a][BF4]2
and [2a][PF6]2, the first 50 excited states were considered in TDDFT
calculations. The solvent effects were modeled using the PCM
approach61 implemented into the Gaussian 09 program. For IRMPD
calculations, initial optimization of [1a]2+ was performed at the
B3LYP/3-21G* level of theory using geometries in which dithione
ligands were randomly arranged around the Ni2+. Several minima were
identified after the initial calculations, which differed only in the
orientation of the isopropyl group with respect to the ring. The lowest
energy structure was subjected to full optimization using the same
functional and the 6-311+G(d) basis set on atoms. Vibrational
frequencies for comparison to IRMPD spectra, calculated at the same
level of theory, were scaled by factors of 0.97 and 0.95 (chosen
empirically) for the bis and tris(dithione)Ni(II) complexes,
respectively, to facilitate peak assignment.

Synthetic Details. Synthesis of [Ni(iPr2Dt
0)2][BF4]2 ([1a][BF4]2).

130 mg (0.547 mmol) of NiCl2·6H2O was added to a Schlenk flask
filled with 10 mL of methanol. After stirring for a few minutes, 250 mg
(1.085 mmol) of iPr2Dt

0 ligand was added to the reaction mixture. The

Table 1. Crystal Data for [1a][BF4]2 and [2a][BF4]2

[1a][BF4]2 [2a][BF4]2

empirical formula C20H36B2F8N4NiS4 C30H54B2F8N6NiS6
formula wt 693 923
temp, K 296(2) 296(2)
cryst syst monoclinic trigonal
space group P21/n P31/c
cryst dimens, mm 0.050 × 0.250 × 0.630 0.11 × 0.17 × 0.60
unit cell dimens

a, Å 6.3719(6) 15.0044(11)
b, Å 13.1449(12) 15.0044(11)
c, Å 18.4581(17) 11.995(2)
α, deg 90 90
β, deg 96.073(7) 90
γ, deg 90 120

vol, Å3 1537.3 (2) 2338.7 (5)
Z 2 1
no. of data/params 3404/182 1743/83
data > 2σ(I) 1807 1200
final R indices R1 = 0.0627 R1 = 0.0640
I > 2σ(I) wR2 = 0.1977 wR2 = 0.2364
R(int) 0.0957 0.0716
goodness-of-fit 1.007 1.050
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green solution turned blue when an excess (1:10) of NaBF4 was
added, precipitating the target complex. The precipitate was washed
with water to dissolve excess NaBF4 and was recrystallized from
acetonitrile−ether to obtain analytically pure compound. Yield: 250
mg, 66% (0.366 mmol). Anal. Calcd (experimental) for
C20H36N4S4NiB2F8H2O: C, 33.78 (33.55); H, 5.39(5.07); N,
7.88(7.82). 1H NMR (CD3CN) δ, ppm: 5.13 (CH, 2H, sep, 7.1
Hz), 3.89 (CH2, 4H, s). 1.39 (CH3, 12H, d, 7.1 Hz). 13C NMR
(CD3CN) δ: 181.96 (CS), 59.87 (CH), 42.06 (CH2), 16.64 (CH3).
FTIR (neat, cm−1): 1535 (vs, C−N), 1368 (vs, CS), 1395 (vs),
1286 (s), 1051 (vs, BF4), 1019 (s). ESI-MS (MeCN): m/z 518[M]+.
UV−vis, λmax (CH3CN, ε, M

−1 cm−1): 604 (5690), 540 (4830), 317
(37640).
Synthesis of [Ni(iPr2Dt

0)2][PF6]2 ([1a][PF6]2). In a Schlenk flask, 100
mg (0.42 mmol) of NiCl2·6H2O was dissolved in 15 mL of methanol.
The solution was stirred for 10 min, after which 180 mg (1.05 mmol)
of iPr2Dt

0 ligand was added. The green reaction mixture turned blue
upon addition of a slight excess (1:2.5) of NaPF6, and the target
complex precipitated. The precipitate was filtered, washed with
methanol (1 mL × 3) to remove excess NaPF6, and dried in vacuum
to obtain analytically pure compound. Yield: 160 mg, 47% (0.198
mmol). Anal. Calcd (experimental) for C20H36N4S4NiP2F12: C,
29.68(29.44); H, 4.48(4.41); N, 6.92(6.87). 1H NMR (CD3CN) δ,
ppm: 5.11 (CH, 2H, m), 3.86 (CH2, 4H, s). 1.39 (CH3, 12H, d).

13C
NMR (CD3CN) δ: 181.71 (CS), 60.05 (CH), 41.88 (CH2), 17.06
(CH3). FTIR (neat, cm−1): 1530 (vs, C−N), 1368 (vs, CS), 827
(vs, PF6). UV−vis, λmax (CH3CN, ε, M

−1 cm−1): 610 (5780), 542
(4820), 322 (35040).
Synthesis of [Ni(Me2Dt

0)2][BF4]2 ([1b][BF4]2). The procedure was
slightly different from the synthesis of [Ni(iPr2Dt

0)2][BF4]2. 170 mg
(0.715 mmol) of NiCl2·6H2O was added to a Schlenk flask filled with
15 mL of acetonitrile. After stirring for few minutes, 250 mg (1.434
mmol) of Me2Dt

0 ligand was added to the reaction mixture. The green
solution turned blue when an excess (1:10) of NaBF4 was added, and a
blue colored solid precipitated. The precipitate was washed with water
to eliminate excess NaBF4 and was recrystallized from acetonitrile−
ether to get analytically pure target compound. Yield: 265 mg, 64%
(0.460 mmol). Anal. Calcd (experimental) for C12H20N4S4NiB2F8·
CH3CN: C, 27.04 (27.05); H, 3.73 (3.80); N, 11.26 (10.16). FTIR
(neat, cm−1): 1H NMR (CD3CN) δ: 4.03 (CH3, 6H, s), 3.91 (CH2, s,
4H). 13C NMR (CD3CN) δ: 179.19 (CS), 49.82 (CH2), 46.06
(CH3). 1572 (vs, C−N), 1372 (vs, CS), 1395 (vs), 1270 (s), 1049
(vs, BF4), 1015 (s). ESI-MS (MeCN): m/z 406[M]+, 203 [M]2+. UV−
vis λmax (CH3CN, ε, M

−1 cm−1): λ max (CH3CN, M
−1 cm−1): 604

(4200), 540 (4022), 317 (39570).
Synthesis of [Ni(iPr2Dt

0)3][PF6]2 ([2a][PF6]2). This complex was
isolated from a methanolic solution of [Ni(iPr2Dt

0)2][PF6]2 ([1a]-
[PF6]2). In a 20 mL vial, 0.06 g of [1a][PF6]2 was dissolved in 20 mL
of methanol, and in another 20 mL vial, 0.05 g of the same compound
was dissolved in methanol and was layered with acetone. The two
solutions were left standing, in air, for 2 days, after which a green
precipitate formed. The precipitate was filtered and dried in vacuum. A
total of 0.025 g of product was collected (4% yield). Anal. Calcd
(experimental) for C30H54N6S6NiP2F12: 34.65(34.78); 8.08(7.94);
5.23(5.11). FTIR (neat, cm−1): 1503 (vs, C−N), 1364 (vs, CS),
1282 (vs), 1258 (s), 829(vs, PF6). UV−vis, λmax (CH3CN−DMF:
60:40; ε, M−1 cm−1): 315 (36674); 413 (4674); 750 (337). 1H NMR
(CD3CN−DMF-d7 (6:4)) δ: 1.27 (CH3, broad, 12H), 3.28 (CH2,
broad, 2H), 6.68 (CH2, broad, 2H), 15.58 (CH, broad, 2H). The
molar extinction coefficients were calculated by correcting for the
presence of [1a][PF6]2 in solution as evidenced from the band ∼615
nm (∼8%).

■ RESULTS AND DISCUSSION

Syntheses and Characterization. The nickel complexes
were synthesized by reacting the neutral dithione ligand with a
methanolic solution of NiCl2·6H2O. The complexes are formed
presumably due to the chelate effect of the ligand. The cationic
complexes [1a]2+ and [1b]2+ precipitated as boron tetrafluoride

or hexafluorophosphate salts in the presence of an excess of
NaBF4 or NaPF6, respectively. The 13C NMR spectra for
complexes [1a][BF4]2 and [1b][BF4]2 exhibit a CS peak at δ
182 and 179 respectively, which are close to the peaks observed
in the free ligands, δ 181 and 180 respectively. This is an
indication that in solution the coordinated ligands are still in
the fully oxidized state. A similar conclusion can be reached
from the IR spectra in the solid state, the CS stretching
frequencies observed at 1368 cm−1 and at 1372 cm−1 for
[1a][BF4]2 and [1b][BF4]2, respectively. Both [1a][BF4]2 and
[1b][BF4]2 are 1:2 electrolyte and are diamagnetic. The
molecular nature of all complexes was further confirmed by
electrospray ionization mass spectrometry (ESI-MS). The
characteristic molecular ion peak for [1a]2+ was observed at
259 m/z for [M]2+. It was interesting to note that, at 3.5 V cone
voltage (normal cone is set at 3.0 V), a peak was observed at
518 m/z for the [M]+ peak. It was similar for [1b]2+, where the
molecular ion peaks were observed at 406 m/z (minor) for
[M]+ and at 203 for [M]2+.
Compound [2a][PF6]2 was isolated from methanolic

solutions of [1a][PF6]2 in low yields. Direct synthesis of this
complex by increasing the metal:ligand ratio was unsuccessful,
as the bis(dithione)Ni(II) complex precipitated from the
reaction mixture. Complex [2a][PF6]2 is insoluble in pure
methanol and sparingly soluble in acetonitrile, but is soluble in
DMF, resulting in a green solution. However, the DMF
solution degrades rapidly. Conversion of [1a][PF6]2 to
[2a][PF6]2 was probed in solution by UV−visible spectroscopy
in a mixture of acetonitrile and DMF. Increasing the fraction of
DMF with respect to acetonitrile results in degradation of
[1a][PF6]2 and formation of [2a][PF6]2, as the solution turns
from blue to green. A 3:2 acetonitrile:DMF solvent mixture was
found be a reasonable compromise. The 1H NMR spectra taken
in this solvent mixture exhibited several paramagnetically
shifted resonances confirming the paramagnetic nature of this
complex. Conversion of [1a][PF6]2 to [2a][PF6]2 is irrever-
sible; similar experiments with [2a][PF6]2 did not yield any
detectable [1a][PF6]2. The mass spectra of [1a][PF6]2 taken in
acetonitrile solutions also show the presence of both [1a]2+ and
[2a]2+ although [1a]2+ at a higher proportion. The ESI-MS of
acetonitrile:DMF solutions of analytically pure [2a][PF6]2 also
shows molecular ion peaks due to [1a]2+ and [2a]2+ with peaks
due to [2a]2+ at a higher proportion, along with free ligand and
several unidentified peaks. This experiment suggests that, under
these experimental conditions, [2a][PF6]2 is degraded and a
small amount of [1a]2+ is formed, which was not detectable by
UV−visible spectroscopy. The solid state IR spectrum of
[2a][PF6]2 exhibits a vibration at 1364 cm−1 due to the CS
stretch. A strong stretch due to PF6 was also observed at ∼830
cm−1.

Molecular Structures. Compound [1a][BF4]2 was crystal-
lized by slow evaporation of either acetonitrile/ether or
methanol/ether solutions. In acetonitrile, green needle-shaped
crystals were obtained while crystals from methanol/ether
appeared reddish green in color. Both crystals were
characterized by single crystal X-ray structure diffractometry,
and relevant data are presented in Table 1. Crystals obtained
from methanol/ether yielded a tris(dithione)Ni(II) complex,
[2a][BF4]2. Compound [1a][BF4]2 crystallizes in the mono-
clinic crystal system, with space group P21/n, whereas
[2a][BF4]2 crystallized in trigonal crystal system, with space
group P31/c. Selected bond distances and bond angles are
shown in Table 2, whereas the molecular structures are shown
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in Figure 1. The CS and C−C bond distances in [1a][BF4]2
are very similar to those of the ligand, i.e., no difference in the
C−C bond distance (1.49 Å) but the CS distance increased
by ∼0.02 Å due to coordination to the metal. The CS and
C−C bond distances are consistent with an oxidized form of
the ligand coordinated to the metal. The observed CS and
C−C distance are different from that observed for bis-
(dithiolene)Ni complexes.62−64 For instance, in [NEt4][Ni-
(mnt)2] complex, the C−S and the C−C distances are
∼1.720(7) Å and ∼1.375(10) Å, respectively.30 The S1−C1−
C2−S2 torsion angle of [1a][BF4]2 is reduced to 13.05° from
36.87°, that of the free ligand. Also in dithiolene complexes, the
Ni−S distance is shorter due to the strong metal sulfur

interactions. The dxy orbital overlaps more extensively with the
ligand orbitals in dithiolene complexes than for dithione
complexes. Bigoli and co-workers reported the crystal structure
of [Ni(Me2Dt

0)2][BF4]2
65,66 where the CS (1.688 (8) Å)

and C−C (1.477 (12) Å) bond distances are slightly shorter
than those observed in [1a][BF4]2 (CS, 1.694 (4) Å, and C−
C, 1.492 (7)). Similar situations have been observed in Au, Pt,
and Pd dithione complexes with the same ligand (Me2Dt

0),
where the CS and C−C bond distances were shorter than
that of [1a][BF4]2.

29,67−71 During crystallization of [1a][BF4]2,
suitable crystals of [2a][BF4]2 were obtained for structural
studies.

Table 2. Selected Bond Lengths and Angles of [1a][BF4]2 and [2a][BF4]2

[1a][BF4]2 [2a][BF4]2

bond length, Å bond angle, deg bond length, Å bond angle, deg

Ni1−S1 2.160(2) S1−Ni1−S2 91.46(6) Ni(1)−S(2) 2.3785(11) S2−Ni1−S2 93.66(5)
Ni1−S2 2.167(2) C1−S1−Ni1 105.6(2) S(2)−C(1) 1.676(4) S2−-Ni1−S2 86.17(4)
S2−C2 1.694(4) C2−S2−Ni1 105.1(2) C(3)−C(5) 1.494(8) C1−S2−Ni1 105.20(12)
S1−C1 1.699(5) N1−C1−S1 122.0(4) C(3)−N(1) 1.502(5) C5−C3−N1 112.8(4)
N2−C2 1.311(6) C2−C1−S1 118.0(4) C(3)−C(4) 1.552(8) C5−C3−C4 112.9(5)
N1−C1 1.315(6) N1−C1−C2 120.0(5) C(1)−N(1) 1.316(4) N1−C3−C4 108.4(4)
N2−C8 1.489(7) C1−C2−S2 117.9(3) C(1)−C(1) 1.522(7) N1−C1−C1 117.5(2)
N1−C5 1.502(7) N2−C2−S2 122.4(4) C(2)−N(1) 1.480(5) N1−C1−S2 122.5(3)
N1−C4 1.480(6) N2−C2−C11 119.8(4) C(2)−C(2) 1.505(8) C1−C1−S2 119.94(14)
C1−C2 1.491(7)

Figure 1.Molecular structure of [1a][BF4]2 (A) and [2a][BF4]2 (B) shown with 30% thermal ellipsoids; hydrogen atoms and the anions are omitted
for clarity.

Figure 2. Packing of [1a][BF4]2 (left panel; viewed along the a-axis; the b-axis is pointing horizontally to the right, and the c-axis is pointing vertically
down) and [2a][BF4]2 (right panel; viewed along the c-axis; the a-axis is pointing horizontally to the right, and the b-axis is pointing down).
Hydrogen atoms are omitted for clarity. Unit cells are shown as blue boxes.
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To date, only a handful of tris Ni(II) complexes have been
reported and none with a dithiolene ligand.15,67,72−74 There-
fore, the structure of [2a][BF4]2 represents a rare example. In
[2a][BF4]2, the CS bond distance (1.676 (4) Å) is slightly
longer than that of the ligand but shorter than [1a][BF4]2. The
C−C bond distance (1.522 (7) Å) is, however, slightly longer
than that in the ligand as well as in [1a][BF4]2. The bond
distances indicate that, in [2a][BF4]2, the C−C bond is indeed
a single bond. When comparing the Ni−S distance of this
complex with that of [1a][BF4]2, [2a][BF4]2 has a longer
distance (∼0.2 Å), suggesting a steric crowding at the metal
center due to the three iPr2Dt

0 ligands. The longer Ni−S
distance in [2a][BF4]2 can also be attributed to the spin change
as compared to complexes [1a][BF4]2. The S1−C1−C2−S2
torsion angle of the complex (23.45°) was larger than that of
[1a][BF4]2 but smaller than that of the free ligand. The
structure is consistent with Ni in 2+ oxidation state with d8

configuration, although the geometry is not. The packing
diagrams of the two complexes (Figure 2) show that the anions
occupy the space between the cations. However, the structure
of complex [2a][BF4]2 is more compact where the three ligands
span like a wheel. In the case of [1a][BF4]2 the planar Ni center
leaves more voids.
Electronic Spectra. A low energy band (700−1000 nm) is

characteristic of the bis(dithiolene)Ni complexes where the
ligand is in a fully reduced state.75−77 In monoanionic
complexes this band shifts to the near IR region. However, in
cationic complexes, no bands are observed in the near IR
region.66

The electronic spectra of complexes [1a][BF4]2 and
[1b][BF4]2 are shown in Figure 3. Both complexes exhibit

two strong low energy transitions at ∼604 nm (ε = 5690 M−1

cm−1) and at 540 nm (ε = 4830 M−1 cm−1), respectively, for
[1a][BF4]2. The high extinction coefficients of these transitions
are indicative of the charge transfer character. Similar charge
transfer bands have been observed in dithiolene complexes
originating from the HOMO (mixture of dithiolate, ligand π
orbitals, and the metal d-orbitals) to the LUMO.78 Such a
dithiolate based π delocalized description is characteristic of
metal(II) (dithiolene)2 complexes. In all the complexes studied
here, no transition was observed in the near-infrared region.
The PF6 salt, i.e., [1a][PF6]2, shows similar peak positions and
molar absorptivities. On the other hand, acetonitrile−DMF

solutions of [2a][PF6] show a relatively strong band at 413 nm
(ε = 4674 M−1 cm−1) and a weak band at 750 nm (ε = 337 M−1

cm−1). The latter has been assigned as a predominantly d−d
transition due to its low intensity.

Electrochemistry. The redox behavior of [Ni-
(S2C2(CN)2)2]

2− and related systems reported the formation
of Ni(I) species upon one electron reduction of [Ni-
(Dt2−)2]

2−.79,80 They characterized the Ni(I) species by EPR
and UV−vis spectroscopy. Electrochemical behavior of nickel
complexes of phenyl-substituted dithiolene, i.e., [Ni-
(S2C2(Ph2)2]

2−, exhibits two well-defined redox couples that
can be attributed to oxidation and reduction of the dianion by
removing or adding an electron to a highly delocalized
molecular orbital.30 In the present case, [1a][BF4]2 and
[1b][BF4]2 exhibit four well-defined reversible single-electron
reduction couples. No oxidative couple was observed within the
electrochemical window of acetonitrile, i.e., ∼1.5 V under the
experimental conditions. The cyclic voltammograms of the two
complexes are shown in Figure 4, and the redox potentials are
listed in Table 3.
We attribute these reduction couples to ligand-centered

processes (Scheme 1). We note that the complexes were
synthesized from Ni(II) salt. If the metal center was oxidized to
the Ni(III) state, it would be less stable with neutral ligands
coordinating the metal center. In that case, the metal center
would be paramagnetic with d7 configuration resulting in
paramagnetically shifted chemical shifts in the NMR spectra,
which were not observed. The DFT calculations, discussed
later, suggest that the unoccupied frontier orbitals are ligand
centered in nature. The electrochemical behavior indicates that
both ligands are in the fully oxidized state and is consistent with
the spectroscopic signatures. The electrochemistry also
indicates that the ligands can be reduced reversibly at least
under the cyclic voltammetric conditions, by one electron at a
time (Scheme 1).
A pertinent question is how to assign these redox potentials

to two redox active ligands. There are two major factors that
influence redox potential of a redox active center. The first of
the two is the inherent energy of the redox orbital that can be
influenced by geometry as well as by the electron donating/
withdrawing power of substituents attached to the molecular
framework.81 The second factor can be viewed as a
perturbation that arises from the solvation of the redox center
as well as specific ion-pairing.82 The solvation components are
important in the event that the redox center in the molecule is
affected differently from other parts of the molecules such as in
a dendrimer encapsulated redox center.82−88 However, in the
present case the solvation component is expected to be less
significant in dictating the difference in the redox potentials. In
order to understand the charge stabilization through ion
pairing, redox potentials of [1a][BF4]2 were determined as a
function of different electrolyte. Thus, three different electro-
lytes, i.e., nBu4NClO4, Et4NBF4, and Et4NPF6, with varying size
and coordination ability were tested. No significant effect on
the potential was observed, indicating that, under the
experimental conditions, stabilization of charge had little effect
on successive electron transfer. Therefore, the difference in the
electron transfer series is inherent to the molecule.
The potentials in [1a][BF4]2 are more negative than those in

[1b][BF4]2, indicating that [1a][BF4]2 is more difficult to
reduce. At the first approximation, this difference can be
attributed to a higher electron donating ability of the isopropyl
groups as compared to that of the methyl groups present in the

Figure 3. Electronic spectra of complexes [1a][BF4]2 and [1b][BF4]2
in acetonitrile, and that of [1a][PF6]2 in acetonitrile−DMF(60:40).
The inset shows the spectrum of [2a][PF6]; the band ∼600 nm is
assigned to [1a]2+.
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ligand. The differences in the four redox couples (ΔE) in the
two compounds are not the same; they are 90 mV, 104 mV,
173 mV, and 185 mV, respectively. The difference increases
with each redox couple, i.e., addition of electrons to [1a][BF4]2
becomes progressively difficult compared to [1b][BF4]2.
Addition of a second electron in [1a][BF4]2 is more difficult
than adding a second electron to [1b][BF4]2. The addition of a
third and a fourth electron follows the same pattern.
Interestingly, Δ(ΔE1 − ΔE2) ≈ Δ(ΔE3 − ΔE4) ≈ 13 mV
whereas Δ(ΔE2 − ΔE3) ≈ 69 mV (where superscripts 1−4
represent the four redox couples, see Figure 4). We infer that
the addition of the third electron occurs at the ligand that has
already been reduced once by one electron, which suggests that
the two ligands are reduced sequentially one electron at a time,
unlike one ligand being reduced fully and then the reduction of
the other ligand occurs. This is also consistent with the
difference in redox potentials when the same ligand is reduced,
i.e., ligand 1(ΔE1 − ΔE3) ≈ ligand 2 (ΔE2 − ΔE4) ≈ 82 mV.
This aspect is summarized in Scheme 1.
Interactions between two or more redox active metal centers

connected by a spacer ligand are of great interest in the context
of mixed valency in molecular wires and switches.89−94 A
conceptual framework can be seen in the classic example of the
Creutz−Taube ion where the two redox active metal (Ru)
centers are connected by a pyrazine ligand.95 Mixed valency in
transition metal complexes, however, is more broadly defined in
terms of Robin−Day classification.96 Accordingly, three differ-
ent classes of mixed valency are described: class I complexes are
considered to be valence trapped, whereas class III complexes
dsiplay extensive electronic delocalization between the two
metal centers such that they are spectroscopically indistinguish-
able. Class II complexes are between classes I and III, where

there is localization of valence states with a low energy barrier.
Intervalence charge transfer transition is observed in such
complexes. As mentioned before, in the reduced dithiolene
complexes of nickel, we30 and others76,97−100 have demon-
strated that the frontier orbitals are dominated by sulfur
character. As expected, upon addition of electrons, the ligands
are reduced in the oxidized dithione complexes described here,
and the metal center can be viewed as a scaffold holding the
two redox active ligands even though the metal orbitals
contribute to the redox orbitals. Therefore, the present case can
be viewed as “role reversal” of the dinuclear mixed valence
metal complex. Under this premise one can write compro-
portionation reactions, eqs 1 and 2, involving mixed redox
states of the ligand. The comproportionation constant (Kc)

101

in each case can be calculated from the redox potentials
following eq 3.

̇ ⇌ + ̇+ +2[Ni(Dt )(Dt)] [Ni(Dt ) ] [Ni(Dt) ]0 0
2

2
2 (1)

̇ ̈ ⇌ ̇ + ̈− −2[Ni(Dt)(Dt)] [Ni(Dt) ] [Ni(Dt) ]2 2
2

(2)

Δ ° = − = − ΔG RT K nF E(ln ) ( )c (3)

The Kc values of for both processes, i.e., (Kc)1 for eq 1 and
(Kc)2 for eq 2, respectively, are tabulated in Table 4. The large
values of the Kc indicate that electron localized mixed-valence

Figure 4. Cyclic voltammograms of [1a][BF4]2 (left) and [1b][BF4]2 (right). Scan rate, 100 mV s−1; temperature, 25 °C ; solvent, carbon disk
working electrode. Ag+/Ag reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, Et4NBF4

−. Potentials referenced internally
with respect to Fc+/Fc couple.

Table 3. Room Temperature Reduction Potentials (vs Fc+/Fc) Determined in Acetonitrile

E1/2
1 (ΔEp), mV E1/2

2 (ΔEp), mV E1/2
3 (ΔEp), mV E1/2

4 (ΔEp), mV

[1a][BF4]2 (
tBu4NClO4) −382 (80) −683 (73) −1311 (105) −1633 (95)

[1a][BF4]2 (Et4NBF4) −388 (92) −694 (82) −1320 (100) −1625 (75)
[1a][BF4]2 (Et4NPF6) −381(95) −687 (85) −1318 (96) −1621 (83)
[1b][BF4]2 (

tBu4NClO4) −292 (68) −579 (79) −1138 (104) −1448 (131)

Scheme 1. Ligand Centered Redox Processes Involving Fully Reduced Dithiolene (Dt2−), One Electron Oxidized Dithiolene
(Dt−), and Fully Oxidized Dithione (Dt0) Ligand

Table 4. Calculated Comproportionality Constants at 298 K
(nBu4NClO4 Supporting Electrolyte)

compound (Kc)1 (Kc)2

[1a][BF4]2 1.18 × 105 2.80 × 105

[1b][BF4]2 7.20 × 104 1.30 × 105
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species can be stabilized such that electrons are not
redistributed between the two ligands. Interestingly, (Kc)1 is
60 times larger in [1a][BF4]2 than [1b][BF4]2, indicating that
such a mixed valence species would be more stable with
isopropyl substitution on pyrazine nitrogen. It should also be
noted that the calculated Kc values should be treated with
caution as the change in solvent polarity and nature of
electrolyte (use of noncoordinating electrolyte) can certainly
change the observed redox potentials and thus Kc values.

102−104

Electrochemical data of [1a][BF4]2 and [1b][BF4]2 clearly
suggest electronic communications between the two non-
innocent ligands. In order to obtain spectroscopic signatures of
the reduced forms of these compounds, we have conducted a
spectroelectrochemical investigation with the more soluble
[1a][PF6].

105 The results of the first reduction of [1a][PF6] in
acetonitrile and deuterated acetonitrile are very similar: a
decrease of intensities of the bands at 542 and 610 nm as well
as appearance of two new intense bands at 732 and 364 nm
(Figure 5). In agreement with the electrochemical data, the

increase of the weak band at ∼1940 nm could be tentatively
assigned to the intervalence charge transfer (IVCT) band and is
consistent with the mixed-valence nature of the [1a]+

complex.106,107 We also used band deconvolution analysis
(Figure S6) to estimate an upper limit of the matrix coupling
element Hab in [1a]+ complex. Since an actual magnitude of the
transition dipole moment for IVCT band is unknown, we used
the shortest S−S interligand distance for such estimation and
found that Hab is ∼350 cm−1. The magnitude of the Hab is in
the border of classical class II/III complexes. During the second
reduction of the [1a]+ complex, an intensity of the band at 732

decreases, IVCT disappears, and a new broad band at 754 nm
appears in the UV−vis spectrum of [1a]0.

IRMPD of [1a]2+ and [2a]2+. The IRMPD spectra
generated from the discrete, gas phase [1a]2+ and [2a]2+ ions
are shown, compared to predicted spectra based on DFT
calculations, in Figure 6. Optimized structures are shown in
Figure 7. Based on vibrational frequencies predicted by DFT,
we are able to assign the IRMPD peaks to vibrational modes for
both species.

The prominent peak at 1506 cm−1, in the region expected for
imine −CN− stretching, is assigned to symmetric stretching
(with respect to the given dithione ligand) of the ring CN
bond (Table 5). A minor absorption corresponding to the
asymmetric −CN− stretching mode is predicted to appear at
1520 cm−1. This peak is not resolved in the IRMPD spectrum,
but may contribute to the shoulder to the high-frequency side
of the absorption centered at 1506 cm−1. The presence of C
N stretching suggests that in the gas phase the ligand exists, at
least partially, in the dithiolato tautomeric form which is similar
to the dizwitterionic character observed in the case of an oxo−
molybdenum complex.32 The absorption at 1454 cm−1 is
assigned to a group of coupled −CH3 scissor modes for the
methyl groups of the isopropyl substituent of the iPr2Dt

0 ligand.
DFT predicts 6 absorptions in this region, all of which involve
the scissoring mode. However, in the IRMPD spectrum the
peaks are not resolved. The absorption at 1355 cm−1 is assigned
to stretching of the CN bond coupled to rocking of the ring
−CH2− groups. The shoulder to the high-frequency side of the
absorption appears to consist of two unresolved vibrations.
One, predicted to appear at 1372 cm−1, is the C−H bending
mode of the isopropyl group. The other, predicted to appear at
1374 cm−1, is a mode that involves the C−H bend and

Figure 5. Electronic spectra of reduced [1a][PF6], generated using
spectroelectrochemistry (reduced in CD3CN, see Experimental
Section for details). Top: first reduction process. Bottom: second
reduction process.

Figure 6. IRMPD spectra of gas phase [1a]2+ (top) and [2a]2+

(bottom) ions.
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symmetric bending (umbrella mode) of the methyl groups of
the isopropyl group. Absorptions in the IRMPD spectra at 1239
and 1266 cm−1 are primarily assigned to other ring vibrations.
The former is an N−C−C bending mode coupled to the ring
−CH2−CH2− rock. The latter instead corresponds to the
symmetric −CH2−CH2− rock. A third absorption involving
primarily ring vibrations appears at 1165 cm−1 and is assigned
to coupled C−CN bending modes. The peak at 1224 cm−1 is
assigned to the C−C stretch of the dithione group coupled to
C−N−C(iPr) bending motion. A second absorption featuring
motion of the dithione C−C bond appears at 1100 cm−1. This
vibration also involves general “breathing” vibrations of the ring
and isopropyl groups.
For Ni(iPr2Dt

0)3
2+ (Figure 6), the absorptions attributed to

CN stretching are red-shifted to 1475 and 1508 cm−1. The
latter corresponds to the asymmetric stretching of the CN
groups within the iPr2Dt

0 ligands, and appears as a high-
frequency shoulder. The shoulder at 1450 cm−1 corresponds to
the −CH3 bending modes of the isopropyl groups. The group
of peaks from 1346 to 1373 cm−1 correspond to the C−H wag

Figure 7. DFT predicted structures of [1a]2+ and [2a]2+.

Table 5. Observed (IRMPD) and Calculated (DFT)
Vibrational Frequencies (in cm−1) of [1a]2+ along with
Assignments

IRMPD calcd scaleda assignment

1506 1506 asym (ring) CN stretch
1454 1441−1468 −CH3 (

iPr) scissor modes
1375 1372, 1375 C−H (iPr) bend, combination C−H (iPr) and

−CH3 umbrella mode
1355 1353 coupled CN stretch, ring CH2−CH2 rock
1267 1271 sym ring CH2−CH2 rock
1240 1239 coupled ring N−C−C bend, ring CH2−CH2 rock
1224 1218 coupled dithiolene C−C stretch, C−N−C(iPr)

bend
1165 1158 coupled ring C−CN bending
1100 1089 coupled dithiolene C−C stretch, ring breathing

modes
aCalculated (at the B3LYP/6-311+G(d,p) level of theory) absorptions
are scaled by a factor of 0.974.
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of the isopropyl group (former), and the wag coupled to
bending of the ring CH2 groups and CN stretching. The
absorptions at 1246 and 1271 cm−1 are assigned to rocking
motion of the ring CH2 groups, while the peak at 1177 cm−1

corresponds to the ring C−N−C bending motions. Interest-
ingly, DFT predicts that the C−C stretching modes of the
dithione groups, those that make up the intense absorption at
1099 cm−1 for [1a]2+, are of extremely low intensity for [2a]2+

and should appear in the vicinity of 1110 cm−1. The two poorly
resolved peaks at 1125 and 1105 cm−1 instead can be assigned
to ring C−C−N and C−N−C bending motions, with little
coupling to C−C stretching of the dithione groups.
Interestingly, all three calculated structures of Ni(iPr2Dt

0)3
2+,

i.e., two singlet and one triplet structure (Figure 7), have similar
theoretical spectra. Coupled with the theoretical spectra, the
resolution of the gas phase spectrum does not allow us to
unambiguously assign the gas phase structures using IRMPD.
However, DFT does predict the triplet structure to be lowest in
energy consistent with the findings of more detailed electronic
structure.
Electronic Structures of [1a]2+ and [2a]2+. Density

functional theory (DFT) calculations were performed to
understand the electronic structure [1a]2+ and [2a]2+. The
molecular orbital energy diagram and representative shapes of
frontier molecular orbitals predicted using the B3LYP
exchange-correlation functional and Wachter’s full-electron
basis set for nickel and 6-311G(d) basis set for all other
atoms are shown in Figures 8−11. The molecular orbital
compositions are listed in Table 6.

The electronic structure of [1a]2+ resembles a classic case of
a d8 Ni2+ ion in a square-planar environment. The molecular
orbital composition diagram clearly shows four doubly
occupied predominantly nickel-centered MOs in the HOMO
region. The first three nickel-centered MOs are closely spaced
in HOMO − HOMO−2 region and predominantly contain
nickel dxz, dyz, and dz2 character with the last two being nearly
degenerate (Figure 8). These MOs are energetically separated
by ∼0.5 eV from the rest of the occupied MOs, including the

MOs with a nickel dxy character. The DFT-predicted LUMO
(MO 138) in complex [1a]2+ is delocalized over two ligands
with sulfur atom contribution of ∼19%, which is similar to the
bis(dithiolene)Ni(II) complexes.108 The nickel dx2−y2 orbital
contributes to LUMO+1 and LUMO+2, ∼7% and ∼24%,
respectively. Overall, the DFT-predicted electronic structure of
[1a]2+ supports ligand-centered reduction and is in agreement
with experimental electrochemical data. It also suggests that
metal-to-ligand charge transfer (MLCT) bands should
dominate the low-energy region of the UV−vis spectrum in
[1a]2+, while intraligand (IL) and predominantly nickel-
centered d−d transitions appear at significantly higher energies.
To test this assignment we have conducted TDDFT
calculations on [1a]2+. TDDFT calculations allow correlating
d−d, CT, and IL types of excited states with experimental UV−
vis spectra of transition-metal compounds including those with
thiolate or thione type ligands.33,82,109 In agreement with the
electronic structure calculations on complex [1a]2+, TDDFT
predicts two major absorption regions in its UV−vis spectrum
(Figure 12). The low energy region comprises 11 excited states
and is dominated by MLCT character. Indeed, the 400−1000
nm region is dominated by the excited state 6, which
corresponds to excitation from HOMO−1, with a large
contribution from Ni dyz AO, to LUMO (∼100% ligand).
The energy and intensity of the transition to this excited state
correlate well with the experimentally observed band at ∼540
nm (Figure 10). In addition, MLCT excited states 1−3
originating from predominantly nickel-centered HOMO −
HOMO−2 to LUMO and LUMO+1 are predicted in this
region. Although the TDDFT predicted intensities are very low
(Supporting Information), they can borrow intensity from the
second CT band, and thus be responsible for the first, low

Figure 8. Molecular orbital diagrams of [1a]2+ calculated by DFT.

Figure 9. Molecular orbital diagrams of [2a]2+ calculated by DFT
methodology using spin unrestricted formalism.

Figure 10. DFT predicted frontier molecular orbitals of [1a]2+.
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energy CT band observed at ∼630 nm in [1a]2+ and
[1b]2+.110−112 TDDFT also predicts that the most prominent
absorption bands in the ∼350 nm region in [1a]2+ (excited
state 19) are IL in nature and originate from electron transfer
from predominantly sulfur in- and out-of-plane occupied MOs
to LUMO, LUMO+1, and LUMO+2.
In the case of [2a]2+, simple ligand-field theory consid-

erations for Oh → D3h → D3 symmetry descent predict e (dx2−y2,
dxy) < a1 (dz2) < e (dxz, dyz) or a1 (dz2) < e (dx2−y2, dxy) < e (dxz,
dyz) energy order. This energy ordering predicts that the d8

Ni2+ electronic configuration in [2a]2+ should result in a
paramagnetic state. Accordingly, our DFT calculations support
a triplet state as a ground state for [2a]2+. Moreover, the
experimentally observed ∼0.2 Å elongation of the Ni−S bonds
in [2a][BF4]2 is also reproduced well by DFT calculations.
Again, nickel-centered atomic orbitals contribute significantly to
the SOMO and SOMO−1 region of α-set, and dominate the
contribute into the SOMO−4 and SOMO−5 of the β-set. The
low-energy unoccupied MOs are, again, predominantly ligand-
centered. Similar to [1a]2+, DFT predicted electronic structure
of [2a]2+ suggested that the first reduction should be ligand-
centered; while the first oxidation should occur at the nickel
center, which was not observed under experimental conditions.

Figure 11. DFT predicted frontier molecular orbitals of [2a]2+.

Table 6. DFT Predicted Molecular Orbital Compositions for
[1a]2+ and [2a]2+a

% composition

MO energy Ni S N C, H

[1a]2+

132 −8.358 0.41 58.75 25.66 15.18
133 −7.988 1.47 84.62 0.5 13.41
134 −7.47 0 71.14 19.31 9.55
135 −6.983 89.92 7.07 1.35 1.65
136 −6.941 43.82 19.41 16 20.78
137 -6.84 50.69 31.09 9.56 8.66
138 -3.878 0.18 18.65 33.01 48.16
139 −3.493 6.74 26.38 22.49 44.38
140 −2.883 24.3 36.41 5.75 33.53
141 −1.238 3.89 22.33 13.94 59.84
142 −0.834 0.05 17.67 14.59 67.69
143 −0.147 29.25 22.54 0.46 47.75

[2a]2+, α-set
195 −7.205 2.81 66.95 19.1 11.14
196 −7.112 0.21 58.49 28.4 12.9
197 −7.08 0.34 69.18 19.98 10.5
198 −7.076 0.35 69.16 20 10.49
199 −6.331 11.41 65.19 6.39 17
200 -6.33 11.39 65.18 6.37 17.07
201 -3.207 0.37 24.44 26.66 48.54
202 −3.206 0.37 24.36 26.68 48.59
203 −3.032 0.01 36.38 21.69 41.92
204 −1.168 7.1 22.98 13.35 56.57
205 −0.767 0.08 19.8 13.85 66.27
206 −0.759 0.08 19.7 13.82 66.4

[2a]2+, β-set
193 −7.18 14.91 55.02 12.39 17.68
194 −7.178 14.93 55.13 12.39 17.55
195 −7.108 7.47 61.95 18.71 11.87
196 −7.035 0.35 62.79 25.13 11.72
197 −7.028 2.4 69.48 18.31 9.8
198 -7.024 2.46 69.5 18.26 9.79
199 -3.255 3.03 23.78 26.98 46.21
200 −3.251 2.98 23.73 26.99 46.3
201 −3.019 0.01 36.7 21.55 41.74
202 −2.352 40.97 20.62 8.45 29.96
203 −2.351 41.02 20.63 8.43 29.92
204 −1.143 6.37 23.2 13.46 56.97

aHOMO and LUMO are in bold.

Figure 12. Experimental (top, [1a][BF4]2) and TDDFT predicted
(bottom) UV−vis spectra of [1a]2+. The energy of the TDDFT
predicted most intense transition at ∼600 nm is shown with a gray
vertical bar.
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■ SUMMARY

How the electrons are partitioned and how they interact in
transition metal complexes of noninnocent ligands remain a
fascinating area in chemistry. Dithiolene ligands are prototype
examples of ligand redox noninnocence as they can exhibit
different redox states from fully reduced dithiolene (Dt2−) state
to two electron fully oxidized dithione (Dt0) state. In this study,
we have focused on Ni(II) complexes of fully oxidized
dithiolene ligands. We have synthesized nickel complexes of
two oxidized dithiolene ligands, Me2Dt

0 and iPr2Dt
0. The solid

state structure of [1a][BF4]2 has been determined that exhibits
a classic square planar geometry at the metal center. Methanolic
solutions of complex [1a][PF6]2 spontaneously convert to a
highly unusual tris(dithione)Ni(II) complex, [2a][PF6]2. The
corresponding BF4 salt, [2a][BF4]2, has been structurally
characterized. The metal coordination sphere is symmetric,
and the packing reveals a wheel-like structure created by the
ligand disposition. The bis(dithione)Ni(II) complexes, i.e.,
[Ni(R2Dt

0)2][X]2 (R = Me, iPr; X = BF4, PF6) exhibit two
strong low-energy bands near 600 nm. The DFT calculations
reveal a high degree of ligand character in the HOMO and
LUMO orbitals that leads to these strong charge transfer
transitions. The electronic calculations on the [2a]2+ indicate a
spin-triplet ground state, consistent with paramagnetically
shifted resonances in NMR spectra. The complexes also exhibit
four clearly defined one-electron ligand based reduction
couples. The redox potentials are invariant as a function of
electrolyte, but they depend on the nature of the ligand. From
the reduction potentials, the comproportionation constants
have been calculated that indicate the feasibility of generating
mixed valence species. Consistent with the redox properties,
spectroelectrochemical experiments with [1a][PF6]2 exhibit a
low-intensity, low-energy intervalence charge transfer (IVCT)
band at ∼2000 nm. Band deconvolution analysis provides an
upper limit to the ligand-to-ligand interaction to be ∼350 cm−1,
bordering class II/III mixed valence species under Robin−Day
classification. The presence of ligand centered mixed valence
species demonstrates interligand communication, a feature that
may be useful in designing electronic materials. The gas phase
vibrational spectra of [1a]2+ and [2a]2+ have been examined by
IRMPD spectroscopy, and the observed bands have been
assigned with the help of DFT calculations. The vibrational
spectrum is consistent with a spin-triplet ground state of [2a]2+,
although it could not be uniquely defined.
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