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’ INTRODUCTION

When, in 1963, King combined the then novel organosulfur
compound bis(trifluoromethyl)dithietene with molybdenum
hexacarbonyl, the first tris(dithiolene) coordination complex
was isolated.1 The spectroscopic data led to its formulation as
neutral [Mo(tfd)3], where (tfd)2- is bis(trifluoromethyl)-1,2-
dithiolate. The first crystallographic characterization of a tris-
(dithiolene)molybdenum compound followed shortly after from
the group of Schrauzer in Munich.2 The MoS6 polyhedron was
found to be perfectly trigonal prismatic, and together with
[Re(pdt)3], where (pdt)2- is 1,2-diphenyl-1,2-dithiolate, and
[V(pdt)3] represented the only known nonoctahedral six-
coordinate compounds.3,4 Since these initial forays, tris(dithiolene)
complexes of molybdenum have been the subject of the greatest
number of synthetic and structural studies, with more than 25
reported crystal structures.2,5�15 Together with this most unu-
sual coordination geometry, interest in dithiolene chemistry was
elicited by their facile redox chemistry and the formation of
multimembered electron transfer series.16 Molybdenum, and its
group 6 congener tungsten, typically formed two- and three-
membered series with a variety of dithiolene ligands.

Over the years their electronic structures were nearly always
described as three closed-shell dianionic dithiolate ligands,
(L3)

6-, coordinated to a +IV, +V, and +VI central ion for the
dianionic, monoanionic, and neutral complexes, respectively,
such that the reversible redox processes are defined as metal-
centered. It is interesting to note the ready acceptance of oxidized
ligands in the analogous neutral vanadium compounds rather
than entertainment of the notion of a +VI central ion; however,
this option was only sparingly canvassed in the molybdenum and
tungsten series. The relatively few studies that did postulate
oxidized dithiolene ligands did so based on results from electron
paramagnetic resonance (EPR) investigations of the paramag-
netic S = 1/2 monoanions.17 With EPR, the location of the
unpaired electron could be determined from both the g-value and
the magnitude of the magnetic hyperfine interaction due to the
presence of 95,97Mo (I = 5/2, 25.47% natural abundance) and
(though to a considerably less degree) 183W (I = 1/2, 14.31%
natural abundance) isotopes. This work led researchers to
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ABSTRACT: Numerous Mo and W tris(dithiolene) complexes in varying
redox states have been prepared and representative examples characterized
crystallographically: [M(S2C2R2)3]

z [M =Mo, R = Ph, z = 0 (1) or 1� (2);
M =W, R = Ph, z = 0 (4) or 1� (5); R = CN, z = 2�, M =Mo (3) orW (6)].
Changes in dithiolene C�S and C�C bond lengths for 1 versus 2 and 4
versus 5 are indicative of ligand reduction. Trigonal twist angles (Θ) and
dithiolene fold angles (R) increase and decrease, respectively, for 2 versus 1,
5 versus 4. Cyclic voltammetry reveals generally two reversible couples
corresponding to 0/1� and 1�/2� reductions. The electronic structures of
monoanionic molybdenum tris(dithiolene) complexes have been analyzed
by multifrequency (S-, X-, Q-band) EPR spectroscopy. Spin-Hamiltonian
parameters afforded by spectral simulation for each complex demonstrate
the existence of two distinctive electronic structure types. The first is
[MoIV(AL3

5-•)]1- (AL = olefinic dithiolene, type A), which has the unpaired electron restricted to the tris(dithiolene) unit and is
characterized by isotropic g-values and small molybdenum superhyperfine coupling. The second is formulated as [MoV(BL3

6-)]1-

(BL = aromatic dithiolene, type B) with spectra distinguished by a prominent g-anisotropy and hyperfine coupling consistent with
the (dz2)

1 paramagnet. The electronic structure disparity is also manifested in their electronic absorption spectra. The compound
[W(bdt)3]

1- exhibits spin-Hamiltonian parameters similar to those of [Mo(bdt)3]
1- and thus is formulated as [WV(BL3

6-)]1-. The
EPR spectra of [W(AL3)]

1- display spin-Hamiltonian parameters that suggest their electronic structure is best represented by two
resonance forms {[WIV(AL3

5-•)]1-T [WV(AL3
6-)]1-}. The contrast with the corresponding [MoIV(AL3

5-•)]1- complexes highlights
tungsten’s preference for higher oxidation states.
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propose a [MoIV(L3
5-•)]1- electronic structure,17 where a

diamagnetic Mo(IV) d2 ion is coordinated by a singly oxidized
tris(dithiolene) ligand set, (L3)

5-•. A single-crystal EPR experi-
ment by Kwik and Stiefel confirmed that the neutral and
dianionic members of the V(dithiolene)3 series have the same
d1 electron configuration:18 a V(IV) central ion in both species.
Moreover, we have recently demonstrated the spectacular
differences in the 185,187Re (I = 5/2, 100% natural abundance)
hyperfine interactions in spectra of the neutral and dianionic
members of the tris(dithiolene)rhenium series,19 which unam-
biguously define the former as a ligand-centered paramagnet
with a diamagnetic Re(V) d2 central ion, while the latter
possesses a Re(IV) d3 (S = 1/2) ion chelated by three closed-
shell dianonic dithiolate ligands.

A recent, incisive X-ray absorption spectroscopic (XAS) and
computational study by Solomon and co-workers revealed a
variability to the electronic structures of the tris(dithiolene)-
molybdenum complexes that was previously unrecognized.20 By
using sulfur K-edge XAS, it was shown when the spectra were
overlaid (Figure 1) that [Mo(mdt)3]

1- (mdt = 1,2-dimethyl-1,2-
dithiolene) and [Mo(tbbdt)3]

1- (tbbdt =3,5-di-tert-butylben-
zene-1,2-dithiolate) have distinctly different electronic structures.
Compounds with “olefinic” dithiolenes (type A, Scheme 1) are
described as [MoIV(AL3

5-•)]1-; in contrast the species with
aromatic dithiolenes (type B, Scheme 1) are [MoV(BL3

6-)]1-.
Thus, the former has its unpaired electron residing in a
pure ligand-centered molecular orbital, whereas it is in a d orbital
in the latter. It was further concluded by Solomon and co-
workers that the diamagnetic neutral complexes have the same
[MoIV(A,BL3

4-)]0 electronic structure, in stark contrast to our
interpretation for [MoV{(tbbdt)3

5-•}]0,13 and the diamagnetic
dianions, not unexpectedly, are formulated as [MoIV(A,BL3

6-)]2-.

Herein, we present a multifrequency (S-, X-, Q-band) EPR
study of a broad array of monoanionic molybdenum and tungs-
ten tris(dithiolene) complexes chelated by a selection of dithio-
lene ligands that encompasses both types (AL and BL, Schemes 1
and 2). These results facilitate characterizing the two different
electronic structures for the monoanions by their spin-Hamilto-
nian parameters and show how remarkably subtle the differences
are when comparing to the aforementioned vanadium and
rhenium analogues. Additionally, we examine the relationship
between complex geometry determined by X-ray crystallography
with these different electronic structures.

’EXPERIMENTAL SECTION

Synthesis of Complexes. All air-sensitive materials were manipu-
lated using standard Schlenk techniques or a glovebox. 4,5-Diphenyl-
1,3-dithiol-2-one was prepared according to the method of Bhattacharya
and Hortmann,40 and [PPh4][BH4] following the recipe of Makhaev
et al.21 The following complexes have been synthesized according to
procedures described in the literature: [NBu4][Mo(bdt)3];

9 [PPh4]-
[Mo(qdt)3];

6 [NBu4][Mo(tbbdt)3];
13 [Mo(edt)3]

0;22 [Mo(sdt)3]
0;23

[PPh4]2[Mo(mnt)3] (3);24 [W(pdt)3]
0 (4);25 [PPh4][W(bdt)3];

26

[NEt4][W(mdt)3];
12 [PPh4]2[W(mnt)3] (6).

24

[Mo(pdt)3] (1). A solution of Cs(OH) 3H2O (336 mg; 2.00 mmol)
dissolved in MeOH (5 mL) was treated with 4,5-diphenyl-1,3-dithiol-2-
one (270 mg; 0.998 mmol) and stirred for 10 min until it became pale
yellow. The solution was cooled to �78 �C in an acetone/dry ice bath
after which concentrated HCl (37%, 4.5 mL) was added followed by
Na2MoO4 3 2H2O (70mg, 0.29 mmol). The reaction mixture was slowly
brought to room temperature with stirring over the course of an hour,
and then air was bubbled through the solution to afford a green pre-
cipitate. The green solid was extracted into dichloromethane (10 mL)
and washed with a saturated aqueous solution of NaHCO3 (200 mL).
The organic phase was separated, dried over MgSO4, and filtered. The
solvent was removed under vacuum to yield a dark green oily residue.
This residue was dissolved in a minimum amount of CH2Cl2 and
eluted on a silica gel column (Kieselgel 60, 230�400 mesh) with 1:1

Scheme 1. Dithiolene Ligand Types

Figure 1. Overlay of the normalized S K-edge XAS spectra of
[Mo(mdt)3]

1- (maroon) and [Mo(tbbdt)3]
1- (blue). Data are taken

from refs 13 and 20.

Scheme 2. Ligands and Complexes
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CH2Cl2/hexane as eluent. The grass green fractions were collected,
combined, and evaporated to dryness. The microcrystalline product was
recrystallized from CH2Cl2/hexane. Yield: 109 mg (46%). The com-
pound has been previously characterized.22,25

[PPh4][Mo(pdt)3] (2). To a 50 mL Schlenk flask containing a THF
(10 mL) solution of 1 (110 mg; 0.133 mmol) was added a solution of
[PPh4][BH4] (48 mg, 0.136 mmol) in MeCN (1 mL). The initially
green reaction mixture rapidly turned dark brown. After stirring for
30 min, the mixture was filtered onto a solution of PPh4Br (61 mg;
0.145 mmol) in MeOH (10 mL). The precipitate was collected by
filtration, washed withmethanol, and dried under vacuum. Yield: 101mg
(61%). Anal. Calcd for C66H50PS6Mo 3CH2Cl2: C, 63.55; H, 4.04.
Found: C, 63.32; H, 4.11.
[PPh4][W(pdt)3] (5). A THF (10 mL) solution of 4 (100 mg;

0.109 mmol) was treated with n-BuLi (1.6 M in hexanes; 69 μL;
0.110 mmol) and stirred for 1 h. The solution was filtered into MeOH
(10 mL) containing PPh4Br (48 mg; 0.114 mmol) affording a chocolate
brown microcrystalline solid. This was collected by filtration, washed
with methanol, and dried under vacuum. Yield: 61 mg (42%). The
compound has been previously characterized previously.22,27

X-ray Crystallographic Data Collection and Refinement
of the Structures. Single crystals of 1 3CH2Cl2, 2 3CH2Cl2, 3,
4 3CH2Cl2, 5 3CH2Cl2, 6, and [NEt4]2[W(mdt)3] were coated with
perfluoropolyether, picked up with nylon loops and were immediately
mounted in the nitrogen cold stream of the diffractometers. Graphite
monochromated Mo KR radiation (λ = 0.710 73 Å) from a Mo-target
rotating-anode X-ray source was used throughout. Final cell constants
were obtained from least-squares fits of several thousand strong reflec-
tions. Intensity data were corrected for absorption using intensities of
redundant reflections with the program SADABS.28 The structures were
readily solved by Patterson methods and subsequent difference Fourier
techniques. The Siemens ShelXTL29 software package was used for
solution and artwork of the structures, and ShelXL9730 was used for the
refinement. All non-hydrogen atoms were anisotropically refined, and
hydrogen atoms were placed at calculated positions and refined as riding

atoms with isotropic displacement parameters. Crystallographic data of
the compounds are listed in Table 1.

A phenyl ring of a pdt ligand (C45�C50) in the isostructural
compounds 2 3CH2Cl2 and 5 3CH2Cl2 was found to be disordered
by rotation. A split atom model was refined, giving an occupation
ratio of about 0.66:0.34 and 0.58:0.42, respectively. SAME, EADP,
and SADI restraints of ShelXL97 were used for the refinement.
Disorder was also found for the dichloromethane molecules in all
solvent containing compounds. Split atom models with constrained
bond distances, angles, and displacement parameters were refined to
account for the disorder.
EPR Measurements. X-band cw EPR measurements were per-

formed on a Bruker E500 ELEXSYS spectrometer with a standard
Bruker cavity (ER4102ST) and an Oxford Instruments helium flow
cryostat (ESR 910). S-band and Q-band cw EPR measurements were
recorded on a Bruker ESP 300E spectrometer with an S-band loop-gap
resonator (Bruker design ER4118SPT with custom improvements) and
a Bruker Q-band cavity (ER5106QT), both with Bruker flexline support
and an Oxford Instruments helium cryostat (CF935). Microwave
frequencies were measured with a Hewlett-Packard frequency counter
(HP5352B), and the field control was calibrated with a Bruker NMR
field probe (ER035M). The spectra were simulated with the Bruker
XSOPHE suite.31 Fluid solution spectra were simulated using a spin
Hamiltonian of the form Ĥ = g 3 μB 3 B 3 S + ∑a 3 S 3 I, where the weighted
summation is over all naturally occurring Mo and W isotopes, respec-
tively; the other parameters have their usual meanings. Satisfactory fits
were achieved using a Lorentzian line shape with molecular tumbling
accommodated by the isotropic liquids model given by σν = a + bMI +
cMI

2 + dMI
3. Randomly orientated EPR spectra were simulated follow-

ing the spin Hamiltonian Ĥ = μB 3 g 3B 3 S + ∑S 3A 3 I, where g and A are
the 3� 3 electron Zeeman and magnetic hyperfine interaction matrices,
respectively. A Gaussian line shape and distribution of g- and A-values
(strain) were employed to account for the line width variation. In
complexes of trigonal symmetry (D3h, D3, C3h), g and A are coaxial, so
noncoincidence angles were excluded.

Table 1. Crystallographic Data for 1 3CH2Cl2, 2 3CH2Cl2, 3, 4 3CH2Cl2, 5 3CH2Cl2, 6, and [NEt4]2[W(mdt)3]

1 3CH2Cl2 2 3CH2Cl2 3 4 3CH2Cl2 5 3CH2Cl2 6 [NEt4]2[W(mdt)3]

chem. formula C43H32Cl2MoS6 C67H52Cl2MoPS6 C60H40MoN6P2S6 C43H32Cl2S6W C67H52Cl2PS6W C60H40N6P2S6W C28H58N2S6W

fw 907.89 1247.26 1195.22 995.80 1335.17 1283.13 798.97

space group P1, No. 2 P21/n, No. 14 Pbcn, No. 60 P1, No. 2 P21/n, No. 14 Pbcn, No. 60 P21/c, No. 14

a, Å 11.9102(6) 14.101(2) 19.846(3) 11.8989(4) 14.1851(6) 19.9080(3) 15.805(2)

b, Å 16.7887(9) 30.901(4) 15.115(3) 16.7354(6) 31.0048(12) 15.1931(3) 12.4941(14)

c, Å 22.286(2) 14.709(2) 18.293(3) 22.2817(8) 14.8110(6) 18.3256(3) 18.5463(2)

R, deg 108.470(4) 90 90 108.389(4) 90 90 90

β, deg 100.012(4) 116.543(2) 90 100.009(3) 116.597(3) 90 104.492(9)

γ, deg 97.854(4) 90 90 97.998(3) 90 90 90

V, Å 4073.7(5) 5733.7(13) 5487.4(16) 4056.1(2) 5824.6(4) 5542.84(16) 3545.8(7)

Z 4 4 4 4 4 4 4

T, K 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)

F calcd, g cm�3 1.480 1.445 1.447 1.631 1.523 1.538 1.497

reflns collected/2Θmax 96 279/65.00 112 508/53.48 112 960/55.00 97 000/60.00 115 582/60.00 127 250/70.00 30 760/56.56

unique reflns/I > 2σ(I) 29 361/26 718 12 019/9949 6285/4799 23 613/19 692 16 917/15 858 12 210/9432 8400/7330

no. of params/restraints 968/16 719/21 339/0 959/10 722/16 339/0 348/0

λ, Å /μ(KR), cm�1 0.710 73/7.92 0.710 73/6.11 0.710 73/5.72 0.710 73/33.20 0.710 73/23.60 0.710 73/24.14 0.710 73/36.31

R1a/goodness of fitb 0.0329/1.029 0.0404/1.077 0.0325/1.197 0.0310/1.031 0.0439/1.062 0.0297/1.019 0.0265/1.033

wR2c (I > 2σ(I)) 0.0823 0.0971 0.0688 0.0730 0.1039 0.0644 0.0552

residual density, e Å�3 +2.12/�1.24 +1.10/�0.70 +0.61/�0.58 +2.89/�1.25 +6.36/�1.35 +2.08/�2.18 +1.52/�0.90
aObservation criterion: I > 2σ(I). R1 = ∑||Fo| � |Fc||/∑|Fo|.

bGOF = [∑[w(Fo
2 � Fc

2)2]/(n � p)]1/2. cwR2 = [∑[w(Fo
2 � Fc

2)2]/∑[w(Fo
2)2]]1/2

where w = 1/σ2(Fo
2) + (aP)2 + bP, P = (Fo

2 + 2Fc
2)/3.
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Other Physical Methods. Electronic absorption spectra of com-
plexes from the spectroelectrochemical measurements were recorded on
a HP 8452A diode array spectrophotometer (200�1100 nm). Cyclic
voltammograms were recorded with an EG&G potentiostat/galvano-
stat. Elemental analyses were performed by H. Kolbe at the Mikroana-
lytischen Labor in M€ulheim an der Ruhr, Germany.

Calculations. All calculations in this work were performed with the
electronic structure program ORCA.32 Geometry optimizations were
carried out using the B3LYP functional.33 A scalar relativistic correction
was applied using the zeroth-order regular approximation (ZORA)
method.34b In the context of ZORA, a one center approximation has
been shown to introduce only minor errors to the final geometries.34 An
all-electron polarized triple-ζ-quality (def2-TZVP) basis set of Ahlrich’s
group was used for all atoms.35 Auxiliary basis sets for all complexes used
to expand the electron density in the calculations were chosen to match
the orbital basis. The self-consistent field (SCF) calculations were tightly
converged (1 � 10�8 Eh in energy, 1 � 10�7 Eh in the density change,
and 1� 10�7 in the maximum element of the DIIS36 error vector). The
geometry search for all complexes was carried out in redundant internal
coordinates without imposing geometry constraints. Canonical orbitals
and density plots were obtained using Molekel.37

’RESULTS

1. Syntheses.Neutral [Mo(pdt)3] (1) was originally prepared
by reacting MoCl5 with the thiophosphate ester obtained in situ
from the combination of benzoin and P4S10 in refluxing
dioxane.22,38 However, our attempts to reproduce this prepara-
tion only led to the isolation of a dimericmolybdenum compound,
[{Mo(pdt)(S2P(OEt)2)}2(μ-S){(μ)-k

2-S2}],
39 whereas the ana-

logous reaction with WCl6 yielded the desired compound,
[W(pdt)3] (4). Instead, we utilized a preparation adapted by
Katakis and co-workers,23 wherein 4,5-diphenyl-1,3-dithiol-2-
one40 is converted to the dicesium salt of 1,2-diphenyl-1,2-dithiolate,
Cs2pdt, by base hydrolysis with 2 equiv of cesium hydroxide. The
salt generated in situ is cooled to�78 �C after which concentrated
HCl is added followed by a suitable molybdenum precursor, in this
case hydrated sodium molybdate. The dark green precipitate was
collected and purified by column chromatography to afford 1 in
reasonable yields.
Chemical reduction of 1 with tetraphenylphosphonium boro-

hydride afforded [PPh4][Mo(pdt)3] (2), while [PPh4][W(pdt)3]
(5) was generated by reduction of 4 with n-butyllithium and
isolated as the tetraphenylphosphonium salt after addition of
PPh4Br. All other compounds were prepared according to the
prescribed procedures.
2. Crystal Structure Determinations. The crystal structures

of 1 3CH2Cl2 and 2 3CH2Cl2 have been determined by X-ray
crystallography. The structures are shown in Figure 2, and
selected bond distances and angles are summarized in Table 2.
The neutral species [Mo(pdt)3] (1) represents the eighth

neutral molybdenum tris(dithiolene) complex to be structurally
characterized (Table S1).2,11,13,14 These complexes are distin-
guished by their trigonal prismatic array of six sulfur atoms about
the molybdenum central ion and a pronounced dithiolene
chelate fold to give, when viewed along the C3 axis, a paddle-
wheel motif (Scheme 3). The structure of 1 is highly trigonal
prismatic, with an average trigonal or “Bailar” twist angle (Θav) of
3.0� and large average fold angle (Rav) of 17.4�. The average
C�S of 1.719 Å and C�C of 1.383 Å indicate a degree of
dithiolene ligand oxidation, consistent with either an (L3)

4- or
(L3)

5-• ligand set. The average Mo�S distance is 2.3656 Å.
The structure of 2 3CH2Cl2 contains a monoanion,

[Mo(pdt)3]
1-, a well separated tetraphenylphosphonium cation

(1:1), and one dichloromethane solvation molecule. The MoS6
polyhedron is distorted trigonal prismatic (Θav = 18.0�), and the
fold angle reduced to 11.0�. The average intraligandC�S (1.739Å)
and C�C (1.355 Å) bond lengths are still shorter than a typical

Figure 2. Structure of (a) the neutral molecule in crystals of 1, (b) the
monoanion in crystals of 2, and (c) the dianion in crystals of 3.
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C�S single bond and longer than a typical C�C double bond,
respectively. Again, it is suggestive of either an (L3)

4- or (L3)
5-•

ligand set in this monoanionic species. When compared with the
structure of1, theC�Sbonds are longer and theC�Cbonds shorter;
however, the most critical point is that these differences are outside
the 3σ level. Clearly, these structures support a ligand-centered

reduction from 1 to 2. The averageMo�S distance of 2.3734 Å is
also longer than observed in 1 at the 3σ level, which may stem
from the distorted trigonal prism for 2.
The structures of neutral molecule in 4 3CH2Cl2 and mono-

anion in 5 3CH2Cl2 have been previously solved by Goddard and
Holm at 213 K. Though we have repeated thesemeasurements at
100 K with different solvents of crystallization, the metric para-
meters are virtually identical albeit for marginally improved
standard deviations for the low temperature data. An improved
data set for [NEt4]2[W(mdt)3] was also obtained (Figure S1).
Selected bond distances and angles of 4 and 5 are reported in
Table 2, while the structures are displayed in Figure S2. The
average C�S bonds at 1.735 and 1.749 Å, and C�C distances of
1.378 and 1.359 Å for 4 and 5, respectively, are consistent with a
ligand-centered redox event; however, the difference in these
intraligand distances is within the 3σ level.
The structures of the dianions in 3 and 6 with tetraphenyl-

arsonium countercations solved at room temperature have been
reported by Stiefel et al. in 1973.7,8 We have revisited these
complexes with tetraphenylphosphonium cations at 100 K and
are able to show the very close similarity between the structures.
Selected bond distances and angles are reported in Table 2. A
depiction of the dianion in 3 is presented in Figure 2, whereas the
corresponding dianion in 6 is shown in Figure S2.
For complexes with (mnt)2- ligands, it is generally regarded

that the intraligand bond distances remain constant irrespective
of whether oxidized ligands exist in the molecule.41,42 For instance,
the average C�S and C�C bond lengths in [Ni(mnt)2]

1-/2-

are essentially identical,43 despite the monoanion possessing one
monoanionic (mnt)1-• ligand.44 Nevertheless, it is clear that the
[M(mnt)3]

2- (M = Mo, W) dianions contain three closed-shell
(mnt)2- dithiolate ligands bound to a +IV central ion. The
average twist angles are identical with no folding of the dithiolene
ligands.
The average twist and dithiolene fold angles for neutral

complexes 1 and 4, and monoanions in 2 and 5, are compared
with [V(pdt)3]

0/1-,42 and [Re(pdt)3]
0,3 in Table 3; the trend in

intraligand C�S and C�C bond distances is shown in Figure 3.
It has been shown recently that the vanadium species are
formulated as [VIV(L3

4-)]0 and [VIV(L3
5-•)]1-, respectively,42

and the neutral rhenium compound as [ReV(L3
5-•)]0.19 These

determinations were elucidated primarily by spectroscopy; how-
ever, the short C�S and long C�C bonds are consistent with a
specified degree of ligand oxidation. These compounds are
therefore useful benchmarks when assessing the oxidation level
of the ligands in the neutral and monoanionic molybdenum and
tungsten complexes. From the plot shown in Figure 3, a C�S
distance of∼1.70 Å indicates an (L3)

4- ligand set and a distance

Scheme 3. (a) Twist angle,Θ, and (b) dithiolene fold angles,
r, r0, r00

Table 2. Selected Bond Distances (Å) and Twista (Θ, deg)
and Fold Anglesa (R, deg) in 1�6

Complex 1 3CH2Cl2

Mo�S(1) 2.3650(4) Mo�S(21) 2.3624(4) Mo�S(41) 2.3730(4)

Mo�S(16) 2.3650(4) Mo�S(36) 2.3686(4) Mo�S(56) 2.3597(4)

S(1)�C(2) 1.717(1) S(21)�C(22) 1.723(2) S(41)�C(42) 1.721(1)

S(16)�C(9) 1.714(1) S(36)�C(29) 1.722(2) S(56)�C(49) 1.716(2)

C(2)�C(9) 1.385(2) C(22)�C(29) 1.384(2) C(42)�C(49) 1.380(2)

Θ1 2.9� Θ2 3.2� Θ3 3.0�
R 17.8� R0 23.9� R0 0 10.4�

Complex 2 3CH2Cl2

Mo�S(1) 2.3691(8) Mo�S(21) 2.3452(8) Mo�S(41) 2.3671(8)

Mo�S(4) 2.3745(8) Mo�S(24) 2.3963(7) Mo�S(44) 2.3881(7)

S(1)�C(2) 1.733(3) S(21)�C(22) 1.736(3) S(41)�C(42) 1.736(3)

S(4)�C(3) 1.741(3) S(24)�C(23) 1.748(3) S(44)�C(43) 1.740(3)

C(2)�C(3) 1.361(4) C(22)�C(23) 1.356(4) C(42)�C(43) 1.348(5)

Θ1 19.1� Θ2 17.9� Θ3 17.0�
R 12.5� R0 13.7� R0 0 6.8�

Complex 3

Mo�S(1) 2.3742(7) Mo�S(11) 2.3835(7) Mo�S(14) 2.3889(7)

S(1)�C(2) 1.739(3) S(11)�C(12) 1.733(3) S(14)�C(13) 1.730(3)

C(2)�C(2)0 1.345(6) C(12)�C(13) 1.360(4)

Θ1 25.5� Θ2 30.3� Θ3 30.3�
R 0.0� R0 3.2� R0 0 3.2�

Complex 4 3THF

W�S(1) 2.3720(8) W�S(21) 2.3716(9) W�S(41) 2.3786(9)

W�S(4) 2.3752(9) W�S(24) 2.3745(9) W�S(44) 2.3691(9)

S(1)�C(2) 1.731(4) S(21)�C(22) 1.734(4) S(41)�C(42) 1.731(3)

S(4)�C(3) 1.733(3) S(24)�C(23) 1.743(4) S(44)�C(43) 1.738(4)

C(2)�C(3) 1.379(5) C(22)�C(23) 1.384(5) C(42)�C(43) 1.370(5)

Θ1 3.0 Θ2 3.5� Θ3 2.8�
R 20.2� R0 26.1� R0 0 12.7�

Complex 5 3CH2Cl2

W�S(1) 2.3660(8) W�S(21) 2.3785(9) W�S(41) 2.3854(9)

W�S(4) 2.3799(10) W�S(24) 2.3771(8) W�S(44) 2.3916(8)

S(1)�C(2) 1.742(3) S(21)�C(22) 1.745(3) S(41)�C(42) 1.745(4)

S(4)�C(3) 1.770(4) S(24)�C(23) 1.747(3) S(44)�C(43) 1.743(4)

C(2)�C(3) 1.354(5) C(22)�C(23) 1.362(5) C(42)�C(43) 1.361(6)

Θ1 23.3� Θ2 22.8� Θ3 22.2�
R 14.8� R0 6.1� R0 0 12.1�

Complex 6

W�S(1) 2.3903(4) W�S(2) 2.3882(4) W�S(11) 2.3738(5)

S(1)�C(1) 1.736(2) S(2)�C(2) 1.738(2) S(11)�C(11) 1.742(2)

C(1)�C(2) 1.362(3) C(11)�C(11)0 1.364(4)

Θ1 30.3� Θ2 30.3� Θ3 25.7�
R 3.1� R0 3.1� R0 0 0.0�

aDefined in Scheme 3.



7111 dx.doi.org/10.1021/ic2006265 |Inorg. Chem. 2011, 50, 7106–7122

Inorganic Chemistry ARTICLE

of∼1.73 Å an (L3)
5-•moiety. The difference of 0.02 Å in the C�S

bond distance upon reducing 1 to 2 is outside the 3σ level for the
structure resolution and is indicative of ligand-centered reduction.
However, the C�S distance of 1.719 Å in 1 falls between 1.70 and
1.73 Å, the values anticipated for two and one oxidative holes,
respectively, to the L3 ligand set. For 2, the distance at 1.739 Å is
more in keeping with an (L3)

5-• ligand set, which is consistent with
the EPR and electronic spectra described below and the S K-edge
XAS data.20 On that basis, we are inclined to assume that 1 is
formulated as [MoIV(L3

4-)]0, though it could quite possibly be the
case that integer oxidation state assignments are not appropriate.
Notably, all neutral molybdenum tris(dithiolene) complexes are
highly trigonal prismatic with significant dithiolene fold angles
(Table S1). In this respect, they are structurally similar to the
isoelectronic tris(dithiolene)vanadium monoanions (Table 3)
though the latter clearly possess only one ligand oxidative hole.42

It was postulated that the dithiolene folding, which lowers the
point symmetryD3hfC3h allowing the singly occupiedmolecular
orbitals (SOMOs) 3a10 (dz2) and 2a20 to mix because they reduce
to a0 at lower symmetry, was driven by the strong antiferromag-
netic coupling in this singlet diradical. Similar proposals have been
advanced for neutral molybdenum tris(dithiolenes), with Camp-
bell and Harris reporting a stabilization of the purely ligand 2a20
orbital over the 3a10 (dz2) orbital that gives rise to a Mo(VI)
oxidation state.45 Solomon and co-workers reversed that position
by stating the opposite occurred, leading to a doubly occupied 3a10

orbital giving a +IV oxidation state that was corroborated by
spectroscopic data.20

The neutral complex in crystals of 4 3CH2Cl2 has slightly
longer C�S and shorter C�C bond distances than its molybde-
num analogue. Moreover, the change in the intraligand bond
distances when 4 is reduced by one electron to 5 is within the 2σ
level, so it cannot be ascertained from the structure if this event is
ligand- or metal-centered. Given the structural similarity to the
monoanion in 2, both in regard to the intraligand bond distances
and twist and fold angles, the monoanion in 5 can be formulated
as [WIV(L3

5-•)]1-. Therefore, neutral 4 could be described as
[WIV(L3

4-)]0 or [WV(L3
5-•)]0 since both are consistent with the

crystallographic data.
3. Electro- and Spectroelectrochemistry. Cyclic voltammo-

grams of all complexes have been recorded in CH2Cl2 solutions
containing 0.1 M [N(n-Bu)4]PF6 as supporting electrolyte at a
glassy-carbon working electrode at ambient temperature. The
CVs of 1, 3, and [Mo(bdt)3] are shown in Figure 4, and the
potentials referenced versus the ferrocenium/ferrocene couple (Fc+/
Fc) are summarized in Table 4.
TheCV of 1 displays two reversible one-electron reductions to

its monoanion, [Mo(pdt)3]
1-, and dianion, [Mo(pdt)3]

2-, and is
typical of all neutral complexes. Additionally, an irreversible
oxidation (not shown) was also observed in the voltammograms.
Among complexes coordinated by type A “olefinic” ligands, the
potential corresponding to the 0f 1� reduction is essentially the
same (∼-0.60 V) for 1, [Mo(sdt)3], and [Mo(edt)3] (Table 4).
However, the potentials for a second reduction to the dianions
occur in the order [Mo(edt)3]

1- < [Mo(pdt)3]
1- < [Mo(sdt)3]

1-.
The relative ordering [Mo(pdt)3]

1- < [Mo(sdt)3]
1- has been

observed previously but with a slightly larger difference.23

The CV of 3 shows three waves that correspond to one
reversible oxidation and one reduction; the second one-electron
oxidation is merely quasireversible as judged by controlled

Table 3. Average Twist (Θav) and Fold (rav) Angles for
Crystallographically Characterized [M(pdt)3]

0/1� (M = V,
Mo, W, Re) Complexes

complex Θav Rav ref

[V(pdt)3]
0 4.7� 2.5� 42

[V(pdt)3]
1- 0.8� 23.7� 42

[Mo(pdt)3]
0 (1) 3.0� 17.4� this work

[Mo(pdt)3]
1- 18.0� 11.0� this work

[W(pdt)3]
0 (4) 3.1� 19.7� this work

[W(pdt)3]
1- 22.8� 11.0� this work

[Re(pdt)3]
0 3.8� 1.3� 3

Figure 3. Comparison of intraligand C�S (orange) and C�C (purple)
bond distances in crystallographically characterized [M(pdt)3]

z (M = V,
Mo, W, Re; z = 0, 1�).

Figure 4. Cyclic voltammogramsof (a) [Mo(pdt)3] (1), (b) [Mo(mnt)3]
2-

(3), and (c) [Mo(bdt)3] in CH2Cl2 solution [0.10 M [N(n-Bu)4]PF6
supporting electrolyte at 22 �C at a scan rate of 100 mV s�1 (glassy
carbon working electrode)]. Potentials are referenced versus the Fc+/Fc
couple.
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potential coulometry. The highly electron withdrawing cyanide
groups conjugated with the S2C2 dithiolene chelate of the
(mnt)2- ligand cause 3 to exhibit the most positive reduction
potentials for the type A complexes, and this leads to the
appearance of a 3�/4� process at�2.25 V versus Fc+/Fc. This
event is not reversible by coulometry;49 nonetheless, a ν(CN)
stretching frequency of 2134 cm�1 was experimentally measured.48

Of complexes with type B ligands, the potentials are most
negative for [Mo(tbbdt)3] owing to the electron donating
property of the tBu groups.13 The electron withdrawing hetero-
aromatic (qdt)2- ligand ensures the most positive potentials, with
the 1�/2� reduction potential nearly 1 Vmore positive than the
corresponding process in [Mo(bdt)3]. This compound is the
only member of its set to have a trianionic species in its electron
transfer series, which occurs at �1.87 V. Overall, the complexes
with the olefinic dithiolene ligands other than (mnt)2- (type A)
are more easily oxidized than their counterparts with aromatic
dithiolene ligands (type B).
The potentials of the first reduction processes for the corre-

sponding tungsten tris(dithiolene) complexes are essentially the
same as their molybdenum analogues and underscore the ligand-
centered nature of these redox events. The second reduction
occurs at slightly lower potentials, which stems from the more
pronounced relativistic effects for 5d than 4d orbitals.51 Com-
parative potentials of Mo and W complexes bearing dithiolene
ligands have been listed elsewhere.52 Unlike 3, the 0/1� process
of 6 is irreversible. However, it does share reversible 1�/2� and
2�/3� couples with its Mo analogue. The 3�/4� couple is also
irreversible by coulometry.
Since the redox potentials are well separated from each other,

we performed controlled potential electrolysis experiments to
examine the reversibility of the redox processes and isolate
reduced and oxidized forms of the transfer series and record
their electronic absorption spectra. The spectra of the three-
membered series for 1 (top) and [Mo(bdt)3] (bottom) are
shown in Figure 5. Key absorption maxima and extinction
coefficients are collated in Table 5.
The electronic spectra for all neutral compounds have a

characteristically intense band in the 600�700 nm region with
an extinction coefficient ranging 1�6 � 104 M�1 cm�1. Given
its significant intensity, which is not only dependent on the
ligand type, A or B, but also on the dithiolene or aromatic

dithiolate substituents, this band is tentatively assigned as a
ligand-to-ligand charge transfer (LLCT) band that is the
fingerprint for an oxidized ligand set, either (L3)

4- or (L3)
5-•.

Since all neutral compounds exhibit this band, we can exclude
the possibility of a +VI central ion in these complexes, though
whether there is a +IV or +V central ion cannot be discrimi-
nated by electronic spectroscopy. A second intense band at
around 400 nm is evident in all spectra. Additionally, complexes
with type B ligands reveal a weakly intense shoulder in the near-
IR region (762�881 nm).
A very clear difference is witnessed when comparing the

electronic spectra of the monoanionic complexes with type A
and B ligands. As shown in Figure 6, these complexes give rise to
distinctly different spectral profiles with type A ligands showing

Table 4. Redox Potentials (V) of Complexes Versus Fc+/Fc

complexa E11/2 1+/0 E21/2 0/1� E31/2 1�/2� E41/2 2�/3� E51/2 3�/4� ref

[Mo(edt)3]
0 +0.94 irrb �0.61 r �1.12 r this work

[Mo(sdt)3]
0 +0.85 irr �0.61 r �0.99 r 23,46

[Mo(pdt)3]
0 +0.54 irr �0.60 r �1.06 r 23,25,47

[Mo(mnt)3]
2- +0.70 qr �0.15 r �1.51 r �2.25 irr 24,47�50

[Mo(bdt)3]
0 +0.93 irr �0.20 r �0.75 r 9,25

[Mo(tbbdt)3]
0 +0.91 irr �0.48 r �0.99 r 13

[Mo(qdt)3]
1- +0.58 irr �0.24 r �1.87 r 5

[W(mdt)3]
0 +0.67 irr �0.89 r �1.38 r 12

[W(pdt)3]
0 +0.84 irr �0.61 r �1.09 r 23�25,47

[W(mnt)3]
2- +0.61 irr +0.07 r �1.80 r �2.32 irr 24,47,49,50

[W(bdt)3]
0 +1.00 irr �0.23 r �0.92 r 25

[W(tbbdt)3]
0 +0.95 irr �0.47 r �1.11 r 13

aRecorded in CH2Cl2 solutions containing 0.1 M [N(n-Bu)4]PF6 at 25 �C using a scan rate of 100 mV s�1. b r = reversible; qr = quasireversible;
irr = irreversible.

Figure 5. Electronic spectra of electrochemically generated neutral
(blue), monoanionic (red), and dianionic (black) [Mo(pdt)3]

z (z = 0,
1�, 2�) species (top) and [Mo(bdt)3]

z (0, 1�, 2�) (bottom) in
CH2Cl2 (0.10 M [N(n-Bu)4]PF6) at �25 �C.
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an intense asymmetric band in the range 687�756 nm. This can be
interpreted as a LLCTband in these systems, andmore importantly,
the intensity is approximately half that for the same transition in the
corresponding neutral species. This could be evidence of a
[MIV(L3

5-•)]1- formulation for these type A complexes, which is
in keeping with the EPR and X-ray crystallography. On the other
hand, type B ligands possess 2�3weak tomoderately intense bands
>600 nm that are purported as evidence for a fully reduced ligand
set, (L3)

6-. Moreover, complexes with type A ligands show an
additional transition in the near-IR region, from 900 to 1000 nm.
The dianionic members of these series display two prominent

bands in their absorption spectra. For molybdenum with type A
ligands, these bands are in the ranges 669�686 and 338�400 nm,
respectively. The aromatic dithiolate ligated complexes are at slightly
higher energies of 563�585 and 353�397 nm, respectively. The
tungsten analogues show the same profile, albeit at slightly different
wavelengths.Due to the presence of three dianionic dithiolate ligands,
(L3)

6-, these intense features are ligand-to-metal charge transfer
(LMCT) bands to empty Mo and W d orbitals with significant
sulfur 3p character. The three trianionic species are characterized by
oneprominent LMCTband at 528 (forW) or 563nm(forMo), and
a NIR band of moderate intensity (Figures S7, S8, and S11).

4. CALCULATIONS

a. Geometries. Table 6 presents the calculated metric para-
meters for the geometry optimized structures of [Mo(bdt)3]

1-,
[Mo(edt)3]

1-, [W(bdt)3]
1-, and [W(mdt)3]

1-, and a comparison
with experimental data.12,15,53 For [Mo(edt)3]

1-, in the absence
of a crystal structure, we have used the metric data for [NEt4]-
[Mo(mdt)3] given the reasonable similarity in the dithiolene
ligand substitution.14 For [M(bdt)3]

1- (M = Mo, W), there is an
excellent agreement with the experimental findings, with only a
slight overestimation of the M�S bond distances typical for
present day functionals. The intraligand C�S bond lengths of
1.754 and 1.757 Å, respectively, and the arithmetic average
aromatic C�C distances are indicative of three closed-shell
(bdt)2- ligands bound to the central M(V) ion: [MV(BL3

6-)]1-

(M = Mo, W). The computed twist angles of 33.2� (for
[Mo(bdt)3]

1-) and 32.9� (for [W(bdt)3]
1-) match nicely with

the crystallographic distortion toward the octahedral limit for
complexes of this type.8,54,55 The calculated fold angles are nearly
zero, and therefore the experimental values of 9.9� and 2.8�,
respectively, are plausibly attributed to lattice packing effects.
The geometry optimized structure of [Mo(edt)3]

1- exhibits a
perfectly trigonal prismatic MoS6 core, with the average twist
angle Θav = 0.2�.8,55 The intraligand C�S and C�C bond
distances of 1.723 and 1.353 Å, respectively, very reasonably
match the experimental data; the short C�S and long olefinic
C�C distances suggest an (L3)

5-• redox level to the tris(dithiolene)
unit bound to a Mo(IV) d2 central ion.
There is noticeable disagreement in the optimized C�S bond

distance of 1.754 Å and the crystallographic average of 1.730(10)
Å12 for [W(mdt)3]

1-. While the computed value is within the 3σ
confidence limit due to the low resolution of the crystal structure,
a similar distance of 1.726(8) Å in [Mo(mdt)3]

1- suggests that
the optimized structure has more reduced dithiolene ligands than
the solid state structure.14 This difference stems from the very
pronounced dithiolene fold in the optimized structure for
[W(mdt)3]

1-, with Rav = 14.6� twice as large as found in the
crystal structure. It was established in a recent study on analogous
[V(dithiolene)3]

1- complexes42 that crystal packing can easily
account for the small energetic difference (<3 kcal mol�1) between
flat and folded tris(dithiolene) conformations. Irrespective of
the ligand substituents (for type A dithiolene ligands, Scheme 1)
or functional used, we consistently found the dithiolene-folded

Table 5. Salient Absorption Bands [λmax, nm (ε, 104M�1 cm�1)] in Electronic Spectra of Electrochemically Generated Species in
CH2Cl2 Solutions Containing 0.1 M [N(n-Bu)4]PF6, at �25 �C

M ligand neutral monoanion dianion trianion

Mo edt 602 (1.15), 412 (1.03) 999 (0.06), 687 (0.59) 673 (0.52), 378 (0.59)

Mo sdt 668 (1.54), 443 (1.11) 1008 (0.07), 747 (0.88) 686 (0.61), 400 (1.15)

Mo pdt 691 (5.97), 447 (3.55) 990 (sh, 0.24), 756 (3.73) 682 (1.29), 338 (2.42)

Mo mnt 964 (0.10), 692 (1.03) 669 (0.66), 390 (1.05) 961 (0.18), 563 (1.23)

Mo bdt 855 (0.30), 667 (2.34), 426 (2.01) 836 (sh, 0.30), 679 (0.72), 621 (0.77) 585 (1.69), 355 (2.81)

Mo tbbdta 881 (0.32), 667 (2.34), 426 (2.01) 862 (sh, 0.23), 701 (0.80), 638 (0.88) 575 (1.71), 353 (2.01)

Mo qdt 782 (sh, 0.60), 697 (1.19), 613 (1.54) 563 (5.22), 397 (4.32) 760 (0.57), 563 (1.10)

W mdt 608 (1.76), 401 (0.94) 915 (0.07), 671 (0.69) 617 (0.35), 524 (0.67)

W pdt 657 (3.12), 414 (1.39) 901 (0.10), 687 (1.54) 616 (0.53), 525 (0.88)

W mnt 900 (0.03), 618 (0.63) 571 (0.43), 491 (0.33) 1033 (0.25), 528 (0.96)

W bdt 762 (0.20), 623 (1.72), 381 (1.26) 639 (sh, 0.08), 568 (sh, 0.50) 548 (0.57), 475 (1.46)

W tbbdta 790 (0.35), 649 (2.53), 390 (1.90) 632 (0.61), 537 (1.17) 539 (0.90), 468 (2.45)
aData taken from ref 13.

Figure 6. Overlay of the electronic spectra of [Mo(pdt)3]
1- (purple) and

[Mo(bdt)3]
1- (green) in CH2Cl2 (0.10 M [N(n-Bu)4]PF6) at �25 �C.
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C3h structure preferred over the higher symmetry D3h one.
56 In

the absence of lattice packing forces, an electronic effect appears
to be operative in the tungsten complexes that is not exerted in
the analogous molybdenum compounds. Although the point is
outside the scope of the present study, the origin of this
difference between [Mo(mdt)3]

1- and [W(mdt)3]
1- warrants

deeper scrutiny. Despite the different values for R, both the
calculated and experimental WS6 cores are highly trigonal prism-
atic with negligible twist angles.
b. Electronic Structure. For the MO description of these

tris(dithiolene) complexes, we choose the 3-fold axis as the
z-axis; the x-axis bisects one of the dithiolene ligands. The
qualitative bonding scheme for [Mo(bdt)3]

1- and [Mo(edt)3]
1-

derived from spin-unrestricted B3LYP DFT calculations is
shown in Figure 7. Considering the higher symmetry ion, that
of [Mo(edt)3]

1- within the D3h point group, the ligand field
splitting of d orbitals gives a10 (dz2), e0 (dx2�y2,xy), and e00 (dxz,yz)

levels. Similarly, there are sets of σ orbitals of the tris-
(dithiolene) unit which have the appropriate symmetry to
interact with each of the metal d orbitals, as well as π
combinations that interact with the metal e0 and e00 orbitals.
Additionally, two ligand π orbitals are nonbonding with respect
to the metal, namely the a20 and a200 orbitals.

19,25,42,45 This
generates a complicated interaction picture between what is
classified as a two-center arrangement between the metal and
the tris(dithiolene) unit, L3. Stiefel et al. summarized the four
typical interactions as:25 (1) σ bonding between ligand σ
orbitals that point toward the metal dxz and dyz orbitals; (2)
bonding between ligand σ orbitals and the metal dz2 orbital,
described as a combination of σ and π interactions; (3)
donation from ligand π orbitals orthogonal to the ligand plane
into metal dx2�y2 and dxy orbitals; and (4) donation from these
same ligand π orbitals into the metal dxz and dyz orbitals that
generate π- and δ-type interactions.

Table 6. Average Calculated (DFT) and Experimental (Crystallography) Metric Parameters

[Mo(bdt)3]
1- [Mo(edt)3]

1- [W(bdt)3]
1- [W(mdt)3]

1-

exptla calcd exptlb calcd exptlc calcd exptld calcd

M�S (Å) 2.386 2.415 2.374(2) 2.416 2.37(1) 2.412 2.375(2) 2.407

S�C (Å) 1.749 1.754 1.726(8) 1.723 1.71(4) 1.757 1.73(1) 1.754

C�Ce (Å) 1.35(1) 1.353 1.35(1) 1.353

Carom�Carom
f (Å) 1.390 1.396 1.41(6) 1.396

SMSintra
g (deg) 81.9 81.7 81.5 81.6 81.8 81.8 80.4 79.5

Rh (deg) 9.2 1.1 4.0 0.8 2.8 0.5 7.2 14.6

Θh (deg) 35.2 33.2 1.6 0.2 32.3 32.9 2.9 1.1
a Structure from ref 15. b Structure of [NEt4][Mo(mdt)3] from ref 14. c Structure from ref 53. d Structure from ref 12. eDithiolene carbon atoms.
fArithmetic average C�C bond distance of the aromatic ring. g S�M�S intraligand bite angle. hDefined in Scheme 3.

Figure 7. Molecular orbital scheme for [Mo(bdt)3]
1- (D3 symmetry labels, left) with type B ligands and [Mo(edt)3]

1- (D3h symmetry labels, right) with
type A ligands showing frontier canonical orbitals derived from ZORA/B3LYP DFT calculations.
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The correct energetic ordering of these frontier orbitals is
key to diagnosing the correct electronic structure.19,20,42 For
[Mo(edt)3]

1-, the electronic structure described as [MoIV(AL3
5-•)]1-

bears the electron configuration (4e0)4(3a10)
2(2a20)

1(5e0)0; the
2a20 SOMO(Figure 8c) is consistentwith the EPRdata (vide infra),
as well as the results from the recent S K-edge XAS and DFT
study by Solomon and co-workers.20 Here, the π donor strength
of the (edt)2- ligand destabilizes the 2a20 MO with respect to the
metal-centered 3a10 MO, and the trigonal prismatic structure
prevails despite the SOMO being antibonding with respect to
this geometry. Substituting the olefinic tris(dithiolene) system
(type A, Scheme 1) for an aromatic one (type B, Scheme 1)
demonstrates the participation of the conjugation pathways that
attenuateπ donor strength in type B ligands. Here, the significant
trigonal twist angle represents a downgrading of symmetry from
D3h to D3 that is driven by a configurational interaction between
the predominantly metal 3a10 and ligand 3a100 MOs (3a1 and 2a1
in Figure 7) which stabilize a distorted octahedron. Additionally,
the 2a20 MO is stabilized with respect to the 3a10 through
decreased interligand repulsion as the distance between S-donor
atoms increases upon twisting. This electronic effect was the
salient point elegantly detailed by Solomon and co-workers.20

Therefore, the resultant electron configuration of (4e)4(2a2)
2-

(3a1)
1(5e)0 gives rise to a [MoV(BL3

6-)]1- formulation for

[Mo(bdt)3]
1-, and all other complexes bearing type B ligands

have a metal-centered 3a1 ground state as depicted in Figure 8a.
This different electronic structure is clearly evident in the
g-anisotropy, which is considerably larger for type B ligand
systems owing to more efficient spin�orbit coupled excited state
admixtures with the metal-centered ground state (vide supra).
The preference for a distorted octahedral structure for
[Mo(BL3)]

1- arises from the small splitting between the 3a10
and 3a100 MOs inherent to aromatic-1,2-dithiolenes.
The MO manifold for analogous tungsten complexes is

presented in Figure S13. The middle scheme is the bonding
arrangement for trigonal prismatic [W(mdt)3]

1-, computed on
crystal structure coordinates. The small splitting of what are
essentially degenerate e levels stems from minor distortions of
the solid state structure that slightly perturbs this degeneracy.
Naturally, the optimized structures of [W(bdt)3]

1- (Figure S13,
left) and [W(mdt)3]

1- (Figure S13, right) exhibit no such
distortions. Nevertheless, the D3h structure is a useful starting
point to assess the effect of ligand folding (Scheme 3) that is a
lowering of point symmetry to C3h. As mentioned previously, the
[W(AL3)]

1- complexes consistently optimized with a C3h struc-
ture: even [W(pdt)3]

1- adopts this conformation which is far
removed from its crystallographic distorted trigonal prismatic
structure (Θav = 22.8�). Ligand folding was first investigated by

Figure 8. Isosurface plots of (a) the ground state molecular orbital of [Mo(bdt)3]
1-, (b) Mulliken spin density map for [Mo(bdt)3]

1-, (c) the ground
state molecular orbital of [Mo(edt)3]

1-, and (d)Mulliken spin density map for [Mo(edt)3]
1-, derived from ZORA/B3LYPDFT calculations and viewed

along the C3 axis (red, R-spin; yellow, β-spin).

Table 7. Isotropic and Anisotropic g- andA-values (� 10�4 cm�1) for Complexes Derived from Simulation of Chilled (200 K) and
Frozen Solution (30 K) Multifrequency EPR Spectra

complex giso Aiso gx gy gz Ægæa Δgb Ax Ay Az ÆAæc

LA

[Mo(edt)3]
1- 2.0106 12.6 2.0095 2.0099 2.0124 2.0106 0.0029 9 17 14.5 13.5

[Mo(sdt)3]
1- 2.0101 11.6 2.0110 2.0119 2.0121 2.0117 0.0011 12 15 11 12.7

[Mo(pdt)3]
1- 2.0125 9.4 2.0120 2.0121 2.0156 2.0132 0.0036 6 12.5 10 9.5

[Mo(mnt)3]
1-d 2.0108 11.8 2.0107 2.0109 2.0132 2.0116 0.0025 8 16 13 12.3

LB

[Mo(bdt)3]
1- 2.0061 27.1 2.0207 2.0076 1.9944 2.0076 0.0263 39 29 13 27.0

[Mo(tbdt)3]
1- 2.0050 24.6 2.0203 2.0081 1.9955 2.0080 0.0248 39 24 13 25.3

[Mo(qdt)3]
1- 2.0004 28.7 2.0123 2.0059 1.9930 2.0037 0.0193 39 40 7 28.7

LA

[W(mdt)3]
1- 1.9941 �27.3 2.0094 2.0012 1.9878 1.9995 0.0216 �32 �34 �11 �25.7

[W(pdt)3]
1- 1.9933 �27.0 2.0075 2.0018 1.9907 2.0000 0.0168 �30 �31 �12 �24.3

[W(mnt)3]
1-d 1.9946 �29.4 1.9864 1.9896 2.0006 1.9922 0.0142 �18 �34 �32 �28.0

LB

[W(bdt)3]
1- 1.9825 �48.0 2.0237 2.0069 1.9448 1.9918 0.0789 �59 �70 �26 �51.7

a Ægæ = 1/3(gx + gy + gz).
bAnisotropy, Δg = gx � gz.

c ÆAæ = 1/3(Ax + Ay + Az).
d Sample generated by controlled potential coulometry under conditions

specified in the Experimental Section.
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Campbell and Harris,45 who determined the effect results from a
second-order Jahn�Teller distortion brought about by the small
HOMO�LUMO (3a10 and 2a20 MOs, respectively) energy gap
in neutral tris(dithiolene)molybdenum complexes. The distor-
tion leads to a stabilization of the HOMO, which was correctly
identified as the dz2 orbital by Solomon and co-workers.20 At this
stage we cannot account for this disparity between geometry
optimized and solid structures for [W(mdt)3]

1-, though it may
simply be the case that the C3h structure is the most stable in
solution whereas the demands of crystal packing lead to the
higher symmetry orientation. Alas, EPR data are not irrefutable
proof that this calculated electronic structure is true, and addi-
tional input ideally from S K-edge XAS analysis of both the solid
and solution samples appears necessary to validate this computa-
tional result.

5. EPR SPECTROSCOPY

a. Isotropic Spectra. Fluid solution S- and X-band EPR
spectra of the complexes in dichloromethane or THF were
recorded at 200 K. The advantage of the chilled temperature is
reduction of the intrinsic field-dependent linewidth and enhance-
ment of the signal intensity and the spectral resolution. For the
molybdenum complexes, the spectra exhibit one central reso-
nance from naturally occurring isotopes with no nuclear spin
(90,92,94,96,98,100Mo, 74.53% abundant) flanked by six hyperfine
resonances from the 95,97Mo (I = 5/2, 25.47% natural abundance)
isotopes. The tris(dithiolene)tungsten monoanions displayed a
broad, featureless resonance at X-band where the hyperfine

satellites from the 183W (I = 1/2, 14.31% natural abundance)
isotope are buried in the spectral linewidth. The prudent use of
S-band frequencies (∼3.7 GHz) and chilled temperatures re-
solved these hyperfine features. Computer simulation of these
spectra afforded isotropic g-values and metal hyperfine coupling
constants that are posted in Table 7. The average isotropic g-
value for [Mo(AL3

5-•)]1- complexes at giso = 2.011 is noticeably
higher than that for [Mo(BL3

6-)]1- at giso = 2.004. However, the
hyperfine coupling constants are markedly different between the
two types of complexes, where AL containing species have
Aiso ∼ 10 � 10�4 cm�1 compared to those with BL ligands at
Aiso∼ 25� 10�4 cm�1, and are crucial in evaluating the relative
sign of the principal A-values in anisotropic spectra. A similar
pattern is observed with the analogous tungsten species, though
the g-values are lower because of the very large spin�orbit
coupling constant for the third-row metal, ξW = 2700 cm�1

(cf. ξMo = 900 cm�1, vide infra).57 For the two different isomers
of asymmetric complexes [Mo(sdt)3]

1- and [Mo(tbbdt)3]
1-, the

differences in their respective spin-Hamiltonian parameters are
not large enough to be distinguished in the fluid solution spectra,
nor the frozen solution spectra, though they contribute to the
experimental linewidths. The W complexes yield much larger
isotropic hyperfine coupling constants with values ranging
27.0�29.4 � 10�4 cm�1, which are dwarfed by Aiso = 48 �
10�4 cm�1 of [W(bdt)3]

1-. There is a clear difference in the
location of the unpaired spin in these tris(dithiolene) monoanions
as demonstrated by the fluid solution spectra that wholly sup-
ported the ground state distinction revealed by S K-edge XAS.
Curiously, the fluid solution EPR spectrum of [MoV(abt)3]

1-

Figure 9. Multifrequency EPR spectra of (a) [Mo(tbbdt)3]
1-, (b) [Mo(edt)3]

1-, (c) [W(bdt)3]
1-, and (d) [W(mdt)3]

1-, recorded at S-, X-, and Q-band
frequencies, respectively. Experimental spectra measured at 30 K are shown as black lines and simulations depicted by the gray trace. Experimental
conditions are listed in Tables S7�S9 in the Supporting Information.



7117 dx.doi.org/10.1021/ic2006265 |Inorg. Chem. 2011, 50, 7106–7122

Inorganic Chemistry ARTICLE

where abt = aminobenzenethiolate(2�) has been reported.58

Here, with an N,S-coordinating ligand, the 95,97Mo hyperfine
coupling constant is ∼40 � 10�4 cm�1. The paramagnetic
monoanions derived from one-electron chemical reduction of
Mo(tbabt)3 (tbadt = 4,6-di-tert-butyl-2-aminobenzenethiolate-
(2�)) and Mo(tbcat)3 (tbcat = 3,5-di-tert-butylcatecholate-
(2�)) displayed hyperfine couplings of 47 � 10�4 cm�1 and
50 � 10�4, respectively,59 which are approximately twice the
value for BL systems. This is quite a compelling effect on the
covalency and reveals that the “Mo(V)” ion in [MoV(BL3

6-)]1- is
quite unique, and we assign an integer oxidation state with some
trepidation.
b. Anisotropic Spectra. Frozen solution EPR spectra were

recorded at S-band (∼3.7 GHz), X-band (∼9.5 GHz), andQ-band
(∼34 GHz) frequencies with the intent of retrieving more accurate
spin-Hamiltonian parameters. While Q-band EPR spectra provide
superior g-value resolution, the S-band spectra are most sensitive
to metal hyperfine interactions due to enhanced second-order
effects on the resonant field positions and reduced g�A strain
which generate narrower linewidths. Anisotropic EPR spectra for
[Mo(tbbdt)3]

1-, [Mo(edt)3]
1-, [W(bdt)3]

1-, and [W(mdt)3]
1-

together with their simulations are displayed in Figure 9.
TypeB Ligands.Complexes with type B ligands, aromatic-1,2-

dithiolenes, exhibit anisotropic EPR spectra at cryogenic tem-
peratures. An axial g-splitting is expected for a paramagnetic
species with the electronic configuration (dz2)

1 ground state
(Figure 8a), with gz effectively parallel to the molecular z-axis
(C3 symmetry axis).18 There is an observed splitting of the
g^ components brought about by a combination of d-orbital
mixing into the ground state and CT contributions from the
tris(dithiolene) unit. Each spectrum reveals a distinct broadening
of gy due to rampant g-strain. This form of line broadening arises
from heterogeneity of the molecular structure in the frozen
solution matrix; large variation of gy is a direct response to quite
small geometric distortions. The terminal g-values (gx,z) also
experience g-strain, though to a much lesser extent, and are
therefore more reliably reproduced by simulation. At Q-band
frequencies, g-strain is more pervasive and we met with varying
success in computer simulation of the higher frequency spectra.
Using a Gaussian distribution of g-values for [M(BL3

5-•)]1-

(M=Mo,W), satisfactory simulations of the X- andQ-band spectra
of [W(bdt)3]

1- (Figure 9c) and [Mo(qdt)3]
1- (Figure S29) were

obtained. However, the unusual line shape in X- and Q-band
spectra of [Mo(bdt)3]

1- (Figure S28) and [Mo(tbbdt)3]
1-

(Figure 9a) produced only mediocre simulations; in fact, the
Q-band spectrum of [Mo(bdt)3]

1- could not be simulated.
Attempts to modify the spectral profile by altering the concen-
tration, countercations, and glassing conditions failed to alleviate
the g-strain, which appears to be inherent to this class of com-
pounds. As a result, there is more disparity between the average g-
and A-values compared to the isotropic ones (Table 7).
On the whole, a gx > gy > ge > gz pattern is identified for all

[M(BL3
5-•)]1- (M = Mo, W) spectra. The g-anisotropy is three

times larger for W than Mo in line with the aforementioned
spin�orbit coupling constants for these third- and second-row
transition metals, respectively. The A-splitting is axial with
Ax ≈ Ay > Az, where the parallel component is approximately
half the perpendicular values. Deviation in equivalent Ax- and
Ay-values indicates structural distortions about a C2 axis ortho-
gonal to the main symmetry axis. A recent study of isoelect-
ronic [V(dithiolene)3]

2-,42 also possessing a (dz2)
1 ground state,

revealed the opposite g-splitting: A more axial arrangement with

gz > gx,y, and all smaller than ge. This assignment followed from a
single crystal EPR study of [AsPh4]2[V(mnt)3].

18 The hyperfine
was also axial, with Ax ≈ Ay . Az, though the A^ values are 2
orders of magnitude larger than Az. This highlights a greater
covalency in theMo/W�S bonds than V, which distributes more
spin density on the ligand framework in the former. The V
complexes were diagnosed with polarized V�S bonds that
amplified the R-spin density on the metal ion to ∼1.4 spins.42

In contrast, a Mulliken spin population analysis of [Mo(bdt)3]
1-

and [W(bdt)3]
1- (Table 8) sees e1 spins at the metal ion, con-

sistent with more covalent M�S bonds and a smaller magnetic
hyperfine interaction.
The variation in g-values shown in Table 7 reflects the orbital

composition of the electronic ground and excited states, including the
degree of metal�ligand covalency, configurational mixing, and metal
and ligand spin�orbit coupling. The spin�orbit interaction leads to
small admixtures of excited states into the ground state, which in turn
shifts the g-values away from ge (= 2.0023) as outlined in eq 1, where
ΔEk is the excitation energy associated with each d�d and CT
transition. The terms Fk, Gk, and Hk depend on the composition of
the molecular orbitals in the ground and excited states, and include
ligand and metal spin�orbit coupling contributions.60

gi ¼ Δgiδi +Δg
d � d
i +ΔgMLCT

i +ΔgLMCT
i

¼ 2:0023δi � ∑
k

Fk
jΔEd � d

k j � ∑k
Gk

jΔEMLCT
k j + ∑k

Hk

jΔELMCT
k j

ð1Þ
Therefore, d�d and metal-to-ligand charge transfer (MLCT)

transitions lower g-values whereas LMCT excitations serve to
increase them; the magnitude of the g-shifts are inversely propor-
tional to the energy separation between ground and excited states,
and can be correlated to changes in electronic absorption spectra.61

A simple crystal field description of a d1 ion in a trigonal environ-
ment (D3 symmetry, Figure 7) gives rise tometal-based antibonding
wavefunctions shown in eq 2, expressed as linear combinations of
the usual d functions in octahedral symmetry.

ψa1�
z2 ¼ R½dz2 �

ψ5e�
x2 � y2 ¼ β½

ffiffiffiffiffiffiffi
2=3

p
dx2�y2 �

ffiffiffiffiffiffiffi
1=3

p
dyz�

ψ5e�
xy ¼ γ½

ffiffiffiffiffiffiffi
2=3

p
dxy +

ffiffiffiffiffiffiffi
1=3

p
dxz�

ψ6e�
xz ¼ δ½�

ffiffiffiffiffiffiffi
2=3

p
dxz +

ffiffiffiffiffiffiffi
1=3

p
dxy�

ψ6e�
yz ¼ ε½

ffiffiffiffiffiffiffi
2=3

p
dyz �

ffiffiffiffiffiffiffi
1=3

p
dx2�y2 � ð2Þ

Table 8. SOMO Composition (%) and Mulliken Spin Popu-
lation Analysis for Selected Complexes

% composition Mulliken population

symmetry SOMO M d M s S p C pa M S Ca

[Mo(bdt)3]
1- D3 3a1 68.5 0.2 12.2 3.6 +1.01 �0.09 +0.05

[Mo(edt)3]
1- D3h 2a20 0.1 0.0 66.4 22.8 �0.18 +0.94 +0.32

[W(bdt)3]
1- D3 3a1 63.9 0.1 12.1 4.4 +0.87 +0.01 +0.08

[W(mdt)3]
1- C3h 4a0 36.0 0.3 33.4 13.7 +0.45 +0.38 +0.16

aMetallodithiolene carbon atoms only.
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Here, covalency is accounted for in the orbital coefficientsR,β,γ,δ,
and ε; the individual d orbital contributions to each metal-based
wavefunction are fixed in strict adherence to the D3 symmetry of
[M(BL3

5-•)]1- (M = Mo, W) complexes.62 Any distortions along a
perpendicular C2 axis will lower the symmetry and lift the excited
state degeneracy, thereby altering the d orbital contributions to the
ground and excited states of the wavefunctions listed above.
Excluding the CT components, incorporation of these metal-based
wavefunctions into eq 1 gives the spin�orbit coupling (d�d)
derived expressions for the g-shifts (eq 3), where ξM is the single
electron spin�orbit coupling constant, and ΔEi = |E(Ψi) �
E(Ψa1*

z2)| (i = x2 � y2, xy, xz, yz).

gz ¼ ge

gx ¼ ge � 4ξMR2ε2

ΔEyz
� 2ξMR2β2

ΔEx2�y2

gy ¼ ge � 4ξMR2δ2

ΔExz
� 2ξMR2γ2

ΔExy
ð3Þ

Spin�orbit coupled mixing occurs between the dz2 ground
state and excited states with dxz,yz character. Overall, the
negative shift supplied by d-d excitations will be small because
the dominant contribution from the 3a1 f 6e transition is
superseded by the very large energy gap between these two
states; the contribution is presumably greater from the 5e
MOs, though these have only 33% contribution from the
dxz,yz orbitals (eq 2). It is clear that if d�d transitions from the
SOMO to metal-based excited states were dominant in these
complexes, a completely different g-splitting would be ob-
served, namely gz ≈ ge > gx,y, which is at odds with the
experimental data, especially considering gx,y > ge. Therefore,
it is apparent that LMCT transitions from filled ligand
orbitals to the ground state that make positive shifts to the
g-values are overriding the negative contributions from d�d
and MLCT excitations (eq 1). The electronic spectra are
replete with intense, low-energy LMCT bands, though the
extent of the shift appears to be dependent on spin�orbit
coupling; otherwise, the isoelectronic vanadium dianions
would experience similarly high gx,y values concomitant with
similar low-energy LMCT bands. The lowering of gz may
logically stem from the 3a1f 5e transition since it is endowed
with MLCT character owing to the experimentally deter-
mined ∼50% ligand content of the 5e MOs.20 The energetic
difference estimated from the S K-edge spectrum of
[Mo(tbbdt)3]

1- at 6500 cm�1 is quite small. The shift of g is
highly dependent on metal spin�orbit coupling, with gz ∼
1.99 for V,42 and Mo, whereas gz = 1.9448 for [W(bdt)3]

1-.
Alternatively, it could simply result from the inadequacy of a
second-order perturbation treatment of coordination com-
plexes with large metal spin�orbit couplings.
In the present case where the excitation energies are much

greater than the ξ (even for tungsten) the A-values can be
evaluated as described in eq 4, adapted from similar definitions
by McGarvey63 and Stiefel18 assuming strict 3-fold symmetry
generating an axial splitting. Here, P is the dipolar coupling
parameter (= geμBgnμnÆr�3æn,d) and k represents the isotropic
Fermi-contact component due to spin density at the nucleus.
The second term echoes the dipole�dipole interaction from the
electron residing in theψa1*

z2 ground state orbital, and the last term

accounts from the small mixing of other d orbitals into the
ground state (g-shifts).

A ) ¼ P½�R2k + 4=7β2 � 1=7 ðg^ � 2:0023Þ�

A^ ¼ P½�R2k� 2=7β2 � 13=14 ðg^ � 2:0023Þ� ð4Þ
Although there is a noticeable departure in the experimental

data from axial symmetry, nonetheless this coarse approximation
is sufficient to explore contributions to the magnetic hyperfine
interaction; β is the covalency coefficient for the degenerate
ψ5e*

x2 � y2,xy MOs that are considered M�S π* bonds. For
molybdenum, P is negative because the nuclear gn is negative for
the 95,97Mo isotopes; the opposite sign occurs for 183W.64 With
symmetry driven admixture of metal s character into the dz2
ground state, the Fermi contact is the dominant contributor to
the hyperfine expressions (eq 4). A similar conclusion resulted
from the single-crystal EPR measurements of isoelectronic
[VIV(mnt)3]

2-,18 and is used to characterize the A-values for a
host of [V(dithiolene)3]

0/2- complexes.42 With vanadium being
chemically related to molybdenum and tungsten by a diagonal
relationship (“Schr€agbeziehung”) within the periodic system,
isoelectronic tris(dithiolene)vanadium dianions serve as a useful
counterpoint. The contribution of increased Mo/W�S cova-
lency which instigates the positive shift of gx,y compared with the
vanadium system also accounts for the stark differences in the
anisotropy and magnitude of the hyperfine interaction. It can be
noted in eq 4 that the anisotropy in [V(dithiolene)3]

2- stems
from a dominant Fermi contact contribution that originates from
direct s�d mixing (the 3a1 ground state is 86% 3dz2 character
with a 0.1% 4s contribution),42 and polarization of the inner V 2s
orbital concomitant with this large d character. These two
contributions have opposing effects, with the dominant polariza-
tion of the 2s orbital effecting a large negative shift on the
principal A-values and substantially overwhelming any positive
contribution from 4s mixing. The dipolar contribution to the
hyperfine, which stems from the π bonding mixing coefficient
β, is large enough to counter both the isotropic and g-shift
(negligible for V) contributions that render A ) ∼ 0.18,42

In contrast, Mo and W complexes exhibit larger s character in
their 3a1 ground states due to an inherently smaller energy gap
between nd and (n + 1)s levels for heavier transition metal ions
because of relativistic effects.51,65 However, the polarization of
inner 3s and 4s orbitals by the Mo 4d and W 5d unpaired
electron, respectively, is attenuated by both a decrease in the d
character of the SOMO and more diffuse s orbitals as the
principal quantum number is increased, therein diluting charge
density at the nucleus. Therefore, the dominant contribution
from polarized s orbitals is reduced with a concomitant increase
in the s�d mixing that overall lowers the magnitude of the
isotropic term in eq 4 since they oppose each other. The result is
a substantial decrease inA-anisotropy withA )∼ 1/3A^ inMo and
W complexes compared to the V species. Additionally, the
magnitude of the dipolar term is reduced owing to the increased
covalency, and increased g-anisotropy for these heavier metals
leads to overall a smaller hyperfine interaction.
Type A Ligands.Monoanionic molybdenum tris(dithiolene)

complexes where the dithiolene is olefinic exhibit near isotropic
frozen solution spectra across all three frequencies (Figure 9b).
Such a manifestation is a clear indication that the unpaired elec-
tron is no longer residing on the Mo ion, but rather delocalized
across the ligand framework in line with a [MoIV(AL3

5-•)]1-
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formulation (Figure 7). The g-anisotropy is miniscule, an order
of magnitude lower than their aryl-1,2-dithiolate counterparts,
and all g-values are greater than ge (Table 7). The axial symmetry
is maintained in the g matrix, with the maximum value corre-
sponding to g )with only a very minor splitting of g^, the opposite
pattern to that seen with type B ligands (vide supra). For the
asymmetrically substituted (sdt)2- ligand, different spin-
Hamiltonian parameters will contribute to the overall spectral
profile due to two isomers; however, these are not distinguish-
able even at S-band frequencies, and support the conclusion that
the vast majority of the spin density is localized on the sulfur
atoms of the ligand and not influenced by the ligand substituents.
Contributions to the positive shift of the g-values stems from
the reasonably large spin�orbit coupling constant for sulfur
(ξS = 370 cm�1),60 witnessed previously with other S-based
radicals.66 We have refrained from conducting a similar analysis
of the g-shifts using perturbation theory owing to the over-
whelming complexity in the expressions due to the number of
pertinent ligand p orbital permutations coming from the six
sulfur and six carbon atoms of the tris(dithiolene) unit.
Molybdenum superhyperfine is present in the spectra of each

complex, and clearly resolved at low frequency. Unlike g, the hyper-
fine interaction is weakly axial, and the approximate Ax < Ay∼ Az

pattern (not found for [Mo(sdt)3]
1-) suggests the A is rotated

away from g such the larger A-values are aligned with the smaller
g-values. This is emphasized in Figure 10, where we have
delineated the three principal g- andA-values from the simulation
of the S-band spectrum of [Mo(pdt)3]

1-. By depicting the
simulation of the 95,97Mo I = 5/2 spectral components with
miniscule linewidths, it is clear that the unique g-value (g ) = gz)
must be associated with one of theA^-values; the smallest g-value
(denoted gx) is associated with the unique A-value, Az. Although
a pattern does emerge with the values in Table 7 that suggests
a rotation of A ∼90� about gy (which maps Ax and Az to the
gz and gx matrix elements, respectively), there is a significant
deviation from true axial splitting. In the absence of a single
crystal EPR study we cannot make any assertions about the

orientation of g and A with respect to the molecular frame. This
misalignment is suggestive of orthorhombic symmetry and
presumably a consequence of the SOMO consisting of six sulfur
and six carbon atoms (Figure 8c) such that by virtue of its size, it
is more prone to adopt different conformations in a frozen
solution matrix that is responsible for the noted departures from
true axial symmetry. At this stage, the experimental resolution is
insufficient to classify this apparent noncoincidence as character-
istic of a 2a20 ground state.
Although the calculated ground state is devoid of metal

character (Table 8, Figure 8c), polarization of M�S bonds
deposits a small, yet significant, amount of spin density on the
metal ion that generates the observed molybdenum superhyper-
fine (Figure 8d). A similar set of spin-Hamiltonian parameters
was obtained from the very unique EPR spectrum of isoelec-
tronic [ReV(dithiolene)3], where an (L3)

5-• encapsulates a low-
spin Re(V) d2 central ion.19 The latter was characterized with a
spectacularly large quadrupole interaction stemming from the
large nuclear quadrupole moments for the 185,187Re (I = 5/2,
100% abundance) isotopes of 2.8 and 2.6 � 10�24 cm2, respec-
tively. Although the molybdenum ion in these complexes bears
the same electron configuration, there is no apparent manifesta-
tion of quadrupole effects in the spectra due to a combination of
low isotopic abundance of I > 0 isotopes (25.47%) and small
nuclear quadrupole moments (�0.022 and 0.255� 10�24 cm2).
Nevertheless, the near axial symmetry of g andA for bothMo and
Re species suggests the trigonal prismatic geometry is maintained
in solution. A substantial trigonal twist (D3) or dithiolene fold
(C3h) ultimately leads to a metal-centered ground state that
increases both the g-anisotropy and the hyperfine interaction.
This point is relevant to the experimental and theoretical

observations for the analogous tungsten species. In contrast to
the molybdenum complexes, the spectra for tris(dithiolene)-
tungsten monoanions exhibit an obvious g-splitting at all three
experimental frequencies such that the anisotropy is only a third
of the value determined for [W(bdt)3]

1-. This arises from a larger
splitting of g^ leaving gx < ge, and highlights an obvious ground
state composition different to its group 6 congener. Interestingly,
we consistently arrived at a C3h symmetric structure with
geometry optimization of [W(mdt)3]

1- starting from the crystal
structure coordinates. As discussed above, this lowering of
symmetry arises from folding of the dithiolene ligands along
the S 3 3 3 S vector (Scheme 3) that destabilizes the ligand-
centered 2a20 MO with respect to the metal-centered 3a10 MO
but also facilitates mixing of these orbitals which transform as a0
in C3h point symmetry. Therefore, dithiolene folding installs W
dz2 character into the ground state, which DFT estimates to be
36% (Table 8). This would certainly account for the observed
g-splitting, since these species would have amore oxidized central
ion and therefore exhibit some of the spectral characteristics of
[W(bdt)3]

1-. It is difficult to attribute this anisotropy to the larger
spin�orbit coupling constant for the heavier metal because we
would expect a similar effect in the Re spectra whose own
spin�orbit coupling constant is of equal magnitude.19Moreover,
the tungsten hyperfine interaction is also much larger than for
the analogous Mo or Re species, though it has the same axial
symmetry and relative alignment. As a consequence, these
spectra support the notion that the solution state structure for
[WIV(AL3

5-•)]1- is C3h in stark contrast to the D3h or D3 sym-
metric geometries found by X-ray crystallography, and indicates a
modest pliability of the structure to accommodate the demands
of crystal packing. Certainly, more spectroscopic data are required

Figure 10. Magnification of the 95,97Mo hyperfine features in the
S-band spectrum of [Mo(pdt)3]

1- measured at 30 K. The experimental
spectrum is shown in black with the simulation depicted by the light gray
trace; theMo I = 0 components are not shown for clarity. The simulation
with sharp linewidths and no strain is shown beneath as the blue dashed
line; the Mo I = 0 content has been removed. The principal components
of the g and A are shown above the spectra with gx/Ax in green, gy/Ay in
purple, and gz/Az in orange, revealing their individual contributions to
the simulation.
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before any firm conclusions can be drawn, though it appears
tungsten’s preference for higher oxidation states places the true
electronic structure somewhere between the [WIV(AL3

5-•)]1- and
[WV(AL3

6-)]1- limiting forms.
A final consideration is for the complexes [M(mnt)3]

1- (M =
Mo, W) bearing the cyano-substituted type A ligand. If redox
potentials governed the allotment of complexes into different
groups, then these two compounds would occupy a class of their
own. One of the salient points documented by the computational
analysis of Solomon and co-workers20 was the energetic separa-
tion of the 3a100 and 2a20 MOs was substantially smaller for bdt3
than mdt3, which ultimately drove [Mo(bdt)3]

1- to a trigonally
distorted structure. The decreased energy gap was attributed to
the reduced π donation due to delocalization of charge density
into the aromatic ring and away from the S-donor atoms.
Although the (mnt)2- ligand appears as a type A ligand, the
cyanide substituents are also conjugated into the C2S2 π system,
which effects a large positive shift of the reduction potential67

making highly reduced tris(dithiolene) complexes accessible.48

The spin-Hamiltonian parameters for [M(mnt)3]
1- (M = Mo,

W) are more axially symmetric than spectra with other type A
ligands, indicating these ligands are more resistant to structural
distortions due to the extensive π conjugation. Moreover, despite
this, they have the same overall profile as the other complexes of this
type, with miniscule g-anisotropy and equivalent metal superhyper-
fine coupling; therefore, a trigonal prismatic arrangement of theMS6
polyhedron in solution is likely. The noticeably smaller anisotropy of
[W(mnt)3]

1- compared with [W(pdt)3]
1- and [W(mdt)3]

1- may
indicate a smaller distortion to C3h symmetry, counterintuitively
yielding an electronic structure closer to [WIV(AL3

5-•)]1- with a
more reduced tungsten ion.

’CONCLUSIONS

A seminal sulfur K-edge XAS study by Solomon and co-
workers disclosed a pronounced difference in the electronic
structure of tris(dithiolene)molybdenum monoanions that de-
pends on whether the ligand is of the olefinic type (type A,
Scheme 1) or aromatic type (type B, Scheme 1).20 In the present
work, this difference has been confirmed by electronic absorption
and EPR spectroscopy, which clearly reveal the existence of two
classes of compounds. Type A systems bear a [Mo(AL3

5-•)]1-

formulation with the unpaired spin delocalized over all three
dithiolene ligands in the 2a20 MO. This environment for the
unpaired spin gives rise to almost isotropic EPR spectra that
exhibit no noticeable anisotropy even at Q-band frequencies.
Superhyperfine coupling to the molybdenum ion occurs via
distribution of spin density through a modest polarization of
Mo�S bonds, the same mechanism used by isoelectronic
[Re(L3

5-•)]0.19 The consequence of the oxidized ligand set is
that the structures are (distorted) trigonal prismatic in the solid
state. This coordination geometry is expected to persist in
solution. For analogous tungsten monoanions, theoretical calcu-
lations predict a C3h distorted trigonal structure that appears to
be consistent with the trend of the spin-Hamiltonian parameters.
The second-order Jahn�Teller distortion increases the tungsten
contribution to the ground state and renders, if true, an electronic
structure between the [WIV(AL3

5-•)]1- and [WV(AL3
6-)]1-

extremes. The type B complexes are consistently [MV(BL3
6-)]1-

(M = Mo, W), with the central +V ion coordinated by three
dianionic dithiolate(2-) ligands, and are completely analogous to
isoelectronic [VIV(L3

6-)]2-. The different degree of A-anisotropy

between the first-, second-, and third-row transition metal ions
stems from a decreasing Fermi contact term, i.e., spin density at the
nucleus, due to the increasing principal quantum number and
relativistic effects. The metal�ligand bond covalency increases
concomitantly, as it appears the Mo 4d and W 5d manifolds are
more comparable energetically to the sulfur 3p orbitals of the
tris(dithiolene) unit.

The electronic structure of the neutral species (S = 0) in
these three-membered electron transfer series is still subject
to differing descriptions. We have postulated [MV(BL3

5-•)]
(M = Mo, W) for complexes possessing the (tbbdt)2- ligand,13

the diamagnetic ground state being a result of strongly anti-
ferromagnetically coupled metal and ligand unpaired elec-
trons. This position was revised by Solomon and co-workers,
who preferred a [MoIV(A,BL3

4-)] formulation in keeping with
their S K-edge analysis and computational data.20 The corre-
sponding tungsten complexes were not examined.

It is important to recognize that all [M(dithiolene)3]
0 crystal

structures have C3h symmetry brought about by large dithiolene
folding (Scheme 3). In terms of distribution of valence electrons,
the perfect trigonal prism has a (4e0)4(3a10)

2(2a20)
0(5e0)0 elec-

tron configuration with a d2 central ion. A second-order Jahn�
Teller distortion, whose magnitude is dependent on the 3a10�2a20
energy separation,20,45 will mix these MOs (the HOMO and
LUMO), which transform as 3a0 and 4a0, respectively, in C3h

symmetry. Although the dz2 orbital is stabilized, overall metal
content is lost from the 3a0 as was calculated for [W(mdt)3]

1-,
ensuring a more oxidized tungsten ion (vide supra). The folded
conformation has a (4e0)4(3a0)1(4a0)1(5e0)0 electron configura-
tion, as was observed for isoelectronic [VIV(A,BL3

5-•)]1- (S = 0),
where it appears strong antiferromagnetic coupling drives this
distortion. Moreover, the lack of intensity in the first S K-pre-
edge transition in neutral Mo (and W) complexes, compared to
their Re analogues,68 is accounted for by equal measures of
metal and ligand content in the LUMO. Eventually, further
folding will give an equal mix of metal and ligand character to
the HOMO such that Pauli coupling (2e in one MO) will arise.
In such a circumstance, an integer oxidation state cannot be
applied.

Where precisely neutral tris(dithiolene) complexes of molyb-
denum and tungsten fit into the foregoing scheme is wholly
dependent on the metal composition of the ground state
(experiment or theoretical), which stems from the degree of
ligand folding governed by the metal ion and ligand substituents.
At this position of the periodic table, where covalency is
dominant, it appears that the true electronic structure of the
metal tris(dithiolene) complexes is best represented by the
resonance structures {[MIV(A,BL3

4-)]0 T [MV(A,BL3
5-•)]0}. As

was observed with cobalt in its dithiolene complexes,69 the
molybdenum, and most probably tungsten, ions in neutral tris-
(dithiolene) species resist unambiguous physical oxidation state
assignment and are to be regarded as finely nuanced cases that
contrast with other systems in the larger body of metallodithio-
lene chemistry.

’ASSOCIATED CONTENT
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tionmultifrequency EPR spectra for all monoanionic species, and
their measuring conditions. Tables of geometric and electronic
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