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ABSTRACT: Electron paramagnetic resonance spectra of
homoleptic and mixed-ligand molybdenum tris(dithiolene)
complex anions [Mo(tfd),,(bdt),]” (n + m = 3; bdt =
S,CeHy; tfd = S,C,(CF;),) reveal that the spin density has
mixed metal—ligand character with more ligand-based spin
for [Mo(tfd);] ™ and a higher degree of metal-based sgin for
[Mo(bdt);] : the magnitude of the isotropic *°’Mo
hyperfine interaction increases continuously, by a factor of
2.5, on going from the former to the latter. The mixed
complexes fall in between, and the metal character of the
spin increases with the bdt content. The experiments were
corroborated by density functional theory computations,
which reproduce this steady increase in metal-based
character.

etal tris(dithiolene) complexes' are very unusual coordina-

tion compounds, and one of the most intriguing features
has been that both the ligands and the metal may be redox-active:
the frontier orbitals contain significant ligand 7 character, in
addition to metal d contributions. For molybdenum tris(dithiolene)
complexes, a classic example known since the mid-1960s, recent in-
depth electronic structure descriptions> and new reactivity studies
(with water® and with alkenes*/ alkyness) as well as semiconductor
applications (hole dopant)® have contributed to invigorating a
research field that was once considered mature. The synthesis of
new tris(dithiolene) complexes may be guided by insight into the
electronic structure and has the potential to fine-tune the electronic
properties for applications. The question of metal-based versus
ligand-based redox activity has also been important for those
molybdenum dithiolene complexes [mono(dithiolenes) and bis-
(dithiolenes)] that occur in nature in the form of the “molybdop-
terin” enzyme cofactor.” We have become interested in the tunable
properties of molybdenum tris(dithiolene) complexes, in particular
in the interplay of ligand and metal. The aliphatic molybdenum
tris(dithiolene) complex Mo(tfd); [tfd = S,C,(CFs),] is known to
display ligand-based reduction, to form [Mo(tfd)] “%An isotropic
5%"Mo hyperfine coupling of 12.2 G was re%orted for the electron
paramagnetic resonance (EPR) spectrum.” In 2001, EPR data
for the analogous complex [Mo(bdt);]™ (bdt = S,CsH,) were
reported,” where large hyperfine coupling to molybdenum (26.6 x
10~ * em ™" reported at the X band, corresponding to ca. 29 G) may
suggest that a more metal-based radical may be formed. A very
similar EPR spectroscopic signature [A = 29(1) G] was observed in
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1966 after reduction of the 3,4-toluenedithiolate complex Mo(tdt);
[tdt = S,C¢H;(CH;)]."° Consistent with this EPR-based indication
of a significantly metal-based spin, Wieghardt et al* found the
substituted analogue [Mo(3,5-di-fert-butyl-bdt);]™ to be a d-
configured complex (metal-based radical), as concluded from
S—K-edge X-ray absorption spectroscopy. The latter technique, in
conjunction with density functional theory (DFT) computations,
has been used by another group®” to identify [Mo(3,5-di-tert-butyl-
bdt);] " as a metal-based spin system, while the aliphatic analogue
[Mo(S,C,(CHs),);] ~ is best formulated as a d* complex with one
ligand hole (ligand-centered radical). A very recent study, which
includes EPR data on various molybdenum tris(dithiolene) com-
plex anions with either aliphatic or bdt-type aromatic dithiolenes,
consistently demonstrated that the radical is much more metal-
based in the case of aromatic dithiolenes as opposed to the situation
for aliphatic dithiolenes.”® All of this is consistent with the initial
ligand-based radical interpretation of aliphatic [Mo(tfd);] . The
question arises as to whether the transition from ligand- to metal-
based reduction appears abruptly or smoothly in these systems. In
order to address this question, we are presenting here the first EPR
data on mixed tris(dithiolene) complexes that contain different
dithiolenes in the same metal complex.

We have been able to obtain isotropic solution EPR spectra for
[Mo(tfd),(bdt)]~ and [Mo(bdt),(tfd)]~,"" in addition to repro-
ducing the spectra of [Mo(tfd);]  and [Mo(bdt);]  (Figure 1 and
Table 1). Most significantly, the magnitude of isotropic hyperfine
coupling to ***’Mo increases by a factor of 2.5 on going from all-tfd
to all-bdt, where the values for the mixed dithiolenes fit almost
linearly between the values of the homoleptic ones, thus mapping
out a sector between mostly ligand-based and more metal-based
reduction (Figure 2, left-hand scale).

It is observed that the g value decreases steadily with increas-
ing metal character, from 2.009 for [Mo(tfd);]™ to 2.003 [Mo-
(bdt);] ™ (Figure 2, right-hand scale). Standard errors for g were
estimated to be within 0.001. The decrease in g with increasing
metal character is consistent with a value g 2 1.95 for the extreme
case of a Mo" d' system.'”” For all species studied, the g
anisotropies are small, within 0.013 (see the Supporting Infor-
mation for frozen solution spectra).

The transition from ligand-based to more metal-based reduc-
tion has also been probed using computational (DFT) methods
(using the B3LYP functional with 6-31G for H and 6-31G* for C,
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Figure 1. Solution (298 K, CH,Cl, solvent) X-band EPR spectra for
(a) [Mo(tfd);]~, (b) [Mo(tfd),(bdt)]™, (c) [Mo(bdt),(tfd)] ", and
(d) [Mo(bdt);] . The spectra are to scale but horizontally offset for
clarity purposes (g values can be found in Table 1). The black dots
denote the outermost satellites of the molybdenum satellites’ sextet
pattern, due to molybdenum isotopes having S = °/, (25.5% natural
abundance for *Mo and *’Mo combined).

Table 1. Isotropic >*’Mo Hyperfine Coupling (Gauss) and g
Values for [Mo(tfd),,(bdt),] , Sorted by the Number of bdt
Ligands (n)

bdt # (n)
0 1 2 3
A 12.1 16.5 23.1 30.0
g 2.0092 2.0051 2.0041 2.0030

S, and F and the LANL2DZ basis set with an effective core
potential for Mo). Full geometry optimizations were performed,
using an open-shell formalism, for all four species [Mo-
(tfd),,(bdt),] . Vibrational analyses were carried out on all
optimized structures to verify that true minima had been located
(no negative frequencies). The geometry of each ion was
optimized using two different starting geometries: a more
octahedral one (based on X-ray crystal structure data of the
complex [Mo(bdt);]7)" and an approximately trigonal-pris-
matic one. No exact 180°/90° angles or torsion angles were
given, and no symmetry was used. Formally, two different stable
minima were found for each complex anion. For [Mo(tfd);],
the differences between the two structures, energetically
(identical within 0.2 kcal) and structurally (twist angle and
chelate fold angle; see the Supporting Information for definition,
identical within 1° and 4°, respectively), are small and probably
not chemically significant. A similar observation is made for
[Mo(tfd),(bdt)] . Of the four structures optimized, only two
that were started with an “octahedral” geometry maintained such
a deviation from trigonal-prismatic after optimization, namely,
[Mo(bdt);] ™ and [Mo(tfd)(bdt),] . The free energy difference
(AG, 298 K, 1 atm, gas phase) between the octahedral and
trigonal-prismatic structures is minimal, with the octahedral
geometry being favored by 2.1 kcal/mol for [Mo(bdt);]

1.3 kcal/mol for [Mo(tfd)(bdt),] . The more stable computed
structure for [Mo(bdt);] ™ is in excellent agreement with the
experimental crystal structure.'
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Figure 2. Variation of the molybdenum hyperfine coupling and iso-
tropic g factor as a function of the number of bdt ligands.
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Figure 3. SOMOs (0.0S isovalue), demonstrating increasingly metal-
based character if the bdt content is increased: (a) [Mo(tfd);]”;
(b) [Mo(tfd),(bdt)]"; (c) [Mo(bdt),(tfd)]"; (d) [Mo(bdt)s]".

The spin population (0.—/3, Mulliken) at molybdenum increases
with increasing bdt content, from 0.004 ([Mo(tfd);] ™) via 0.184
([Mo(tfd),(bdt)] ) to 0.757 ([Mo(bdt),(tfd)] ) and 0.74S
([Mo(bdt);] ). This effect also becomes clear from Figure 3,
where the singly occupied molecular orbitals (SOMOs; Kohn—
Sham orbitals from DFT) of all four complexes are shown.

This qualitative behavior is observed with different func-
tionals; however, the degree of the effect is strongly functional-
dependent. The spin-population values for the above series are
0.090, 0.260, 0.718, and 0.707 if the M06-L functional is used."*
The experimental trend is very well reproduced by DFT compu-
tations, with the exception that the metal-based character of the
radical is experimentally still increasing from [Mo(bdt),(tfd)]
to [Mo(bdt);] , while computations indicate that it reaches
saturation already at [Mo(bdt),(tfd)] .

In conclusion, the transition between ligand- and metal-based
reduction is a relatively smooth one for molybdenum tris-
(dithiolene) complexes. The EPR data of the mixed-ligand
species [Mo(tfd),(bdt)] ™ and [Mo(bdt),(tfd)] " indicate mixed
metal—ligand character for the radical; the metal character
increases and the ligand character decreases with increasing bdt
content. This first study on the EPR properties of heteroleptic
tris(dithiolene) complexes having different dithiolenes yields
results consistent with those previously obtained from homo-
leptic tris(dithiolene) complexes (aromatic or aliphatic), where
the presence of bdt also lowered the ligand-based character of the
radical. Because the ligands are coupled, a behavior is obtained
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that is in stark contrast to expectations from organic free-radical
chemistry, where aromatic radicals are generally associated with
higher stability. A further message from this work is that an
isotropic g factor close to the free electron value can be consistent
with a largely metal-based radical.
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