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ABSTRACT: Magnesium-based dithiolene radical adduct (6•), the first
Group 2 element based dithiolene radical, was synthesized via Ph3C

+[B-
(C6F5)4]

−-mediated one-electron oxidation of the THF-solvated neutral
magnesium dithiolene complex (5). Single-crystal X-ray diffraction analysis
reveals that 6• exists as a magnesium-based dithiolene radical cation/
[B(C6F5)4]

− anion pair. While electron paramagnetic resonance (EPR) and
computations indicate the predominantly dithiolene ligand-based radical
character of 6•, the weak satellite feature of the EPR spectrum of 6•

originates from an admixture of the 25Mg isotope (I = 5/2) with a natural
abundance of ca. 10%. The redox properties of 6• were explored using cyclic
voltammetry.

■ INTRODUCTION

The radical character of dithiolene ligands in transition metal
complexes has attracted significant attention since it was first
proposed by Gray nearly six decades ago.1−14 Sulfur K-edge X-
ray absorption spectroscopy (XAS) has provided compelling
experimental support for the noninnocence of dithiolene
ligands in corresponding transition metal complexes.3 In
contrast to the extensive development of these transition
metal analogs, main group element-based dithiolene radicals
are rare. Transition metal free dithiolene radical species have
been mainly explored by computations and electron para-
magnetic resonance techniques.15−18

This laboratory recently reported a lithium-based dithiolene
radical (1•) (Figure 1),19 synthesized by trisulfurization of the
corresponding anionic N-heterocyclic dicarbene (Scheme 1).
In addition to being the first structurally characterized main
group element-based dithiolene radical, 1•, also provided a
convenient platform from which the promising chemistry of
other main group element-based dithiolene radical species
could be explored. To this end, two boron-based dithiolene radicals20 (2• and 3•) and a metal-free “naked” dithiolene

radical anion21 (4•−) (with an imidazolium [{(Me)CN(i-
Pr)}2CH]

+ countercation) were recently reported by this
laboratory (Figure 1). The “naked” dithiolene radical, 4•, with
NHSiDipp (Dipp = 2,6-diisopropylphenyl) and hexasulfide
[{(Me)CN(i-Pr)}2CH]+2[S6]

2−, was shown to engage in
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Figure 1. Main group element based dithiolene radicals and naked
dithiolene radical anion.

Scheme 1. Synthesis of 6•a

a(i) MesMgBr, THF; (ii) Ph3C
+[B(C6F5)4]

−, toluene.
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synergic THF ring-opening reactions.21 Notably, the literature
reveals a paucity of Group 2 element based dithiolene radicals.
Herein, we report the synthesis,22 UV/vis and EPR spectra,22

cyclic voltammetry studies,22 molecular structure,22 and
computations22 of the first magnesium-based dithiolene radical
adduct (6•).

■ RESULTS AND DISCUSSION
Reaction of 1• with mesitylmagnesium bromide afforded the
(THF)4-coordinated magnesium dithiolene complex (5).23

Compound 5 could be readily converted to the corresponding
THF-solvated five-coordinate magnesium bis(dithiolene)
dianion via carbene-mediated partial hydrolysis.23 Intrigued
by its redox capabilities, we explored the room temperature
reaction of 5 with Ph3C

+[B(C6F5)4]
− (in a 1:1 molar ratio).

This reaction resulted in one-electron oxidation of 5, giving 6•

as a cationic magnesium-based dithiolene radical (with
[B(C6F5)4]

− as the counteranion). Radical 6• was isolated as
dark purple-blue crystals via low-temperature recrystallization
from a 1,2-difluorobenzene/hexane mixed solvent.22 The UV−
vis absorption spectrum of 6• (in toluene) reveals two strong
broad absorptions at 580 and 622 nm (Figure S1).22 By
comparison, the broad absorptions for 1• are observed at 554
and 579 nm,19 while those for the boron dithiolene radicals are
observed at 606, 654 nm (2•) and 596, 630 nm (3•).20 The
TD-DFT method (CAM-B3LYP/6-311G**,24 in toluene
solvent) was utilized in studying the UV−vis spectrum of
[6]•+ (i.e., the cationic unit of 6•). The predicted strong
absorption at 537 nm compares to the experimental
observation (588 nm) of 6•, corresponding to the excitation
from HOMO−1 to SOMO. An extremely weak absorption at
625 nm (due to the excitation from HOMO to SOMO) is also
predicted, which is very similar to the experimental observation
of 622 nm of 6•.
The cyclic voltammetry (CV) experiment of 6• was

conducted in THF with an external ferrocene/ferrocenium
(Fc/Fc+) standard. X-ray quality crystals of [6•]2·(1,2-
difluorobenzene)4.5 were employed for this study. While
radical 1• exhibits two electrochemically quasi-reversible redox
peaks at E1/2 = −0.78 V (ΔEp = 0.21 V) and E1/2 = −1.47 V
(ΔEp = 0.25 V), which correspond to [L0/L•−] and [L•−/L2−]
ligand reduction events (L denotes the dithiolene ligand),
respectively,25 the cyclic voltammogram (Figure 2) of radical
6• exhibits a relatively complicated redox pattern in the
potential range from +0.68 to −2.32 V (vs Fc+/0). An
irreversible oxidation process (at Eox = +0.01 V) is assigned to
the one-electron oxidation of 6• to corresponding neutral
dithiolene-complexed (i.e., dithione, L0) Mg2+ dication species,
which is less stable than the lithium analogue25 and may
immediately participate in a subsequent chemical trans-
formation. Consequently, no corresponding rereduction is
observed when the voltage sweep is reversed (left to right in
Figure 2), even at high scan rates (Figure S2). Indeed,
according to the hard−soft acid−base concept, the “hard”
Mg2+ cation is much less inclined to bind to “soft” sulfur-based
ligands than to oxygen-based ligands.26 For instance, Mg−S
bonds are quite rare in nature, only having been observed in a
chlorophyll chromophore in photosystem I.27 Our efforts to
obtain a dithione (L0)-complexed Mg2+ species through a 1:2
reaction of 5 with Ph3C

+[B(C6F5)4]
− were unsuccessful (and

only resulted in the isolation of an imidazole-based dithione
dimer).25 The dithione (L0)-complexed Mg2+ species,
however, may exist as an elusive intermediate in the

dithione−dimer formation. The reduction peaks between
−0.63 and −1.09 V may be due to [L•−/L2−] ligand reduction
events. The conversion of 6• into a radical derivative
(containing the L•− unit) during the CV experiments may be
postulated, since there are two closely spaced, quasi-reversible
redox couples [at E1/2 = −0.77 V (ΔEp = 0.28 V) and E1/2 =
−0.94 V (ΔEp = 0.31 V)]. However, it has been reported that
closely spaced peaks for redox couples may be observed during
various scenarios such as axial ligand exchanges28 and
“radical−substrate” dimerization reactions.29 The cause of
reduction events occurring at more negative potentials (−1.1
to −2.3 V along the reduction sweep) remain unclear and
investigating the mechanisms of reactions contributing to those
small peaks is beyond the scope of this work.
The room-temperature EPR spectrum of 6• (radical

concentration: 3.1 × 10−4 M, estimated using SpinCount) is
shown in Figure 3. The EPR spectrum displays an S = 1/2
quintet (Figure 3a), which was accurately simulated with
hyperfine splitting on two equivalent nitrogen atoms (14N, I =
1) using the Bruker SpinFit program and the model of the fast-
motion limit with isotropic (or fully motional averaged)
components of the g- and A-tensors. Spectral simulations give g
= 2.01168 and hyperfine splitting constant of aN = 0.98 G. The
hyperfine splitting aN = 0.98 G of 6• is nearly equal to that (aN
= 1.00 G) for the boron-based dithiolene radical (3•);20

however, smaller than that of the lithium dithiolene radical
(1•)19 (aN = 1.39 G) and naked dithiolene radical (4•)21 (aN =
1.46 G). The weak satellite feature of the EPR spectrum of 6•

(Figure 3b) originates from an admixture of the 25Mg isotope
(I = 5/2) with a natural abundance of ca. 10%. This admixture
yields six satellite lines with an intensity of each one ca. 2%
relative to central line from the 24Mg and 26Mg nuclei having
no nuclear spin (I = 0). These satellite lines overlap with the
central peak and each other. An approximate estimate of the
hyperfine splitting on 25Mg can be also obtained with the
SpinFit program. As seen in Figure 3b, the feature on the left
side of the main peak can be reasonably well-simulated with an
aMg value of 2.3 G. Notably, the satellite feature on the right
side of the main peak is less pronounced (black line, in Figure
3b), indicative of motional effects, manifesting in incomplete
averaging of the hyperfine splitting on the 25Mg atoms, as well

Figure 2. Cyclic voltammogram of 6• (3.8 mM) with Fc external
standard (6.0 mM; E1/2 = 0 V) in THF (scan speed: 100 mV s−1, 0.1
M nBu4NPF6 supporting electrolyte, glassy carbon working electrode,
Pt-wire counter electrode, room temperature). The arrow indicates
direction of the scan.
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as of the presence of some g-factor anisotropy (see the
Supporting Information).22

Molecular orbital calculations22 of simplified [6-Me]•+ show
that the SOMO is primarily dithiolene ligand-based, with C−C
π-bonding and C−S π-antibonding character (Figure 3c). The
spin density of [6-Me]•+ resides predominantly at the C2S2
unit (0.70) and the terminal sulfur atom (0.28), which
compare well with those for boron dithiolene radicals [C2S2
(0.71), Sterminal (0.27) for 2

•; C2S2 (0.77), Sterminal (0.23) for (3-
Ph)•].20 In contrast to magnesium- and boron-based
dithiolene radicals [i.e., [6-Me]•+, 2•, and 3-Ph•], the lithium
dithiolene radical (1-Ph•)19 and anionic naked dithiolene
radical (4•−)21 display more spin density at the C2S2 units
(0.88 for 1-Ph• and 0.87 for 4•−) and concomitantly less spin
density at the terminal sulfur atoms (0.18 for 1-Ph• and 0.12
for 4•−; the Sterminal atom in 4•− denotes the sulfur atom next to
the C2 carbon). In addition, the very low spin density (5.9 ×
10−4) residing at the magnesium atom in [6-Me]•+ is
consistent with the weak 25Mg satellite lines observed in the
EPR spectrum of 6• (Figure 3).
X-ray structural analysis22 of 6• (Figure 4) reveals that the

asymmetric unit contains two 6• molecules which exist as

separate magnesium-based dithiolene radical cation/[B-
(C6F5)4]

− anion pairs. For clarity, only the structural
parameters of one 6• molecule are shown in Figure 4. Being
complexed by four THF molecules, the six-coordinate
magnesium atom in 6• adopts a distorted octahedral geometry.
In contrast to the planar five-membered C2S2Mg ring in 5,23

the C2S2Mg ring 6• is slightly bent [bend angle (η) between
the S2Mg plane and the S2C2 plane = 177.2°, avg], which
compares well to the theoretical value (174.7°) of [6-Me]•+.22

By comparison with the structural parameters of the C2S2Mg
ring in 5 [dCC = 1.360(6) Å; dC−S = 1.724(3) Å; dMg−S =
2.5339(12) Å],23 6• displays an elongated CC bond (1.418
Å, avg), Mg−S bonds (2.599 Å, avg) and concomitantly
shortened C−S bonds (1.683 Å, avg), which are consistent
with the corresponding theoretical values of [6-Me]•+ (dCC =

Figure 3. (a) Room-temperature X-band EPR spectrum of 6• in
toluene. The spectrum (black) was recorded at 9.356 GHz with a
modulation amplitude of 0.1 G and a microwave power of 1.6 mW. Its
simulation (red) used isotropic values of the g-factor and the
hyperfine splitting (g = 2.01168, aN = 0.98 G) and a line width of 0.86
G. (b) The satellite features of the EPR spectrum of 6• due to the
25Mg admixture (black). Simulation of these features (red) used an
additional spectral component having the same spin-Hamiltonian and
line width parameter, with an addition of a second 25Mg nucleus (I =
5/2) and aMg = 2.3 G. The symmetric appearance of the simulation
using the fast-motion limit model and lower intensity of the satellite
lines in the experiment pointing to motional effects. (c) SOMO of [6-
Me]•+, the simplified model of the cationic unit of 6•.

Figure 4. Molecular structures of the cationic unit of 6•. Thermal
ellipsoids represent 30% probability; hydrogen atoms on carbon are
omitted for clarity. Selected bond distances (Å) and angles (deg):
C(1)−S(1) 1.654(4), C(2)−C(3) 1.420(5), C(2)−S(2) 1.678(4),
C(3)−S(3) 1.687(4), Mg(1)−S(2) 2.6023(19), Mg(1)−S(3)
2.6135(16), Mg(1)−O(4) 2.091(4); S(2)−Mg(1)−S(3) 84.74(5),
C(2)−S(2)−Mg(1) 99.40(14), C(3)−S(3)−Mg(1) 98.79(13),
C(2)−C(3)−S(3) 128.6(3).
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1.422 Å; dC−S = 1.707 Å; dMg−S = 2.607 Å).22 The Wiberg
bond indices (WBIs) of the CC bond (1.22) and C−S bond
(1.29, avg) in the C2S2 unit of [6-Me]•+ indicate their modest
double-bond character. The WBI (0.32) of Mg−S bonds in [6-
Me]•+ is only marginally less than that (0.36) for 5.23 This fact
supports the ionic bond essence of the Mg−S bond in these
two compounds. In addition, the magnesium atom of [6-Me]•+

has a positive charge of +1.31, whereas each sulfur atom in the
C2S2 unit bears a negative charge of −0.28.

■ CONCLUSIONS

The first cationic magnesium dithiolene radical (6•) was
synthesized by 1:1 reaction of neutral magnesium dithiolate
precursor (5) with Ph3C

+[B(C6F5)4]
−. The EPR study shows

that the radical character of 6• is mainly ligand-based. The
weak satellite lines should be due to the presence of 25Mg
hyperfine interaction.

■ EXPERIMENTAL SECTION
General. The syntheses of air-sensitive compounds were

performed under purified argon using Schlenk techniques and an
inert atmosphere drybox (M-Braun LabMaster SP). Chemicals were
purchased from Aldrich and Strem and used as received. The solvents
were dried and distilled under argon from Na/benzophenone prior to
use. 1,2-difluorobenzene was distilled after a two-day reflux with
CaH2, and was then dried using 3A molecular sieves. EPR spectrum of
6• was measured using an EMXplus EPR spectrometer (Bruker,
Billerica, MA). X-ray intensity data for 6•, CCDC 2110267, was
collected at temperatures of 135 K on a Bruker D8 Quest PHOTON
100 CMOS X-ray diffractometer system with Incoatec Microfocus
Source (IμS) monochromated Mo Kα radiation (λ = 0.71073 Å,
sealed tube) using phi- and omega-scan technique. The UV−visible
absorption spectrum of 6• was recorded under argon gas protection in
1 cm cuvettes using a Varian Cary 5000 UV−vis−NIR spectropho-
tometer. Cyclic voltammetry (CV) was performed in a custom-made
three-electrode cell, which, consisting of a glassy carbon working
electrode (3 mm diameter, CHI104, CH Instruments), a nonaqueous
Ag/Ag+ (0.01 M AgNO3/0.1 M nBu4NPF6 in MeCN) reference
electrode (CHI112, CH Instruments), and a platinum wire as the
counter electrode, is connected to an electrochemical workstation/
potentiostat (CHI920C, CH Instruments Inc., Austin, TX). Measure-
ments were performed at ambient temperature using 3.8 mM analyte
in THF under Ar containing 0.1 M nBu4NPF6 as the supporting
electrolyte. Analyte potentials were referenced against an external
ferrocene (6.0 mM) standard (E1/2 = 0.322 V in THF vs the Ag/Ag+

reference electrode). Cyclic voltammograms were obtained between
−2.0 and 1.0 V with a series of scan rates (i.e., 100, 200, 300, 400, and
500 mV s−1) and a sampling interval of 0.001 V. Elemental analyses
were performed by Complete Analytical Laboratories (Highland Park,
NJ).
Compound 6•. First, 5 mL of toluene was added to a Schlenk

tube containing 5 (0.300 g, 0.38 mmol) and Ph3C
+[B(C6F5)4

]−

(0.348 g, 0.38 mmol) at room temperature. After the mixture was
stirred overnight, the volatile materials were removed in vacuo. The
residue was rinsed with 20 mL of hexane and subsequently
recrystallized in the 1,2-difluorobenzen/hexane mixed solvent at
−40 °C, giving 6• as X-ray quality dark purple−blue crystals (0.398 g,
60.9% yield). Mp: gradually decomposed (>131.2 °C) and melt
(>203.3 °C). UV−vis (λ/nm): 580, 622. Crystal data for [6•]2·(1,2-
difluorobenzene)4.5: C161H150B2F49Mg2N4O8S6, fw = 3462.44,
triclinic, P1̅, a = 14.8827(16) Å, b = 23.769(3) Å, c = 23.805(3) Å,
α = 76.499(3)°, β = 86.100(3)°, γ = 87.094(3)°, V = 8163.8(15) Å3,
Z = 2, R1 = 0.0777 for 20405 data (I > 2σ(I)), wR2 = 0.2355 (all
data). Anal. Calcd (found) (%) for 6• (1474.53): C 54.57 (54.10); H
4.51 (4.64); N 1.90 (1.79).
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