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ABSTRACT: [Et,N],[Mo"O(mnt),] (mnt = maleoni-
triledithiolate) reacts, as a synthon, with Me;SiCN under
an acidic medium to produce the square complex
[Et,N],[Mo,(#-CN),(mnt)s] (1) in high yield. Complex
1 shows strong antiferromagnetic interactions between
adjacent Mo atoms in the cluster. The presence of redox-
active mnt as a capping ligand strongly influences the
magnetic property of 1. The physicochemical properties of
1 have been rationalized by density functional theory level
of calculations.

yanide-bridged transition-metal complexes are of consid-

erable interest in contemporary coordination chemistry
because of their magneto-optical, electrochemical, and photo-
induced magnetic properties.””> Among these, cyanide-bridged
“molecular squares” are the subject of intense current interest
because of their potential application in nanoscale devices and
molecular machinery."” A tetranuclear cyclometalated iridium-
(III) complex coordinated with a fluorophoric polypyridyl ligand
is shown to display luminescence.® Classically, cyanide ion is
known to stabilize transition metals in different oxidation states
and therefore lead to intriguing physicochemical properties.' ™

Prussian blue is the best studied cyano-bridged metal complex,
and a range of transition metals have been used to build Prussian
blue analogues.">*° Molybdenum as a second-row element has a
few examples of such an assembly.” There are reports of
heterometallic cyano-bridged molybdenum linked to different 3d
transition elements.">” " However, there is dearth of cyanide-
bridged square complexes only with molybdenum.”* The
introduction of molybdenum into the Prussian blue analogue
structure leads to enhancement of the bulk magnetic ordering
temperature (Ty) resulting from the more diffuse higher energy
valence d orbitals of the metal.”>”'® The classical metal carbonyl
complex such as Mo(CO);(CH;CN); has been used as the
precursor to synthesize hexa- and tetranuclear molybdenum
complexes, where each Mo center possesses octahedral geo-
metry.”*

We use a bis(dithiolate)molybdenum complex framework to
construct cyano-bridged tetrameric clusters containing trigonal-
prismatic molybdenum displaying interesting physicochemical
properties. The dithiolate ligand in the starting complex limits
the number of cyano linkages formed between Mo centers to
form a square. The cyano-bridged tetrameric bis(dithiolate)
molybdenum cluster complex [Et,N],[Mo,(-CN),(mnt)g] (1)
is readily synthesized by using [Et,N],[Mo"VO(mnt),] (mnt =
maleonitriledithiolate) in the presence of excess Me;SiCN upon
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acidification with methanesulfonic acid'' ™" (Scheme S1 in the
Supporting Information, SI).

In complex 1, each Mo center bridges two other neighboring
Mo atoms through two linear bidentate cyanide bridges. The
remaining coordination sites of each of the six-coordinate Mo
centers are occupied by two bidentate mnt ligands, so that each
Mo center of the tetranuclear core exhibits a slightly distorted
trigonal-prismatic geometry. The space-filling model shows that
1 is bowl-shaped (Figure 1). The C and N atoms of the bridging

Figure 1. Left: ORTEP of the structure of the anion of 1-2CH,Cl,
showing 50% probability thermal ellipsoids with a selected atom-
labeling scheme. Right: Space-filling model of 1.

cyanide are disordered, and each atom appears to be 0.5C/0.5N.
The cyanide bridges in the tetranuclear assembly are almost
linear, as is evident by the average Mo—N(C)—C(N) angle of
173.95(9)°. The disorder of C and N atoms in the bridged cyano
group made crystallographic assignment of the oxidation state of
Mo difficult. Because of its crystallization in the monoclinic C2/
m space group, the tetramer (1) has been generated by growing
the fragment unit {(C/N)(N/C)Mo(mnt),}; therefore, all of
the fragment units of the tetramer are equivalent, and the
oxidation level of the dithiolenes for each {Mo(mnt),} unit is the
same. In the assignment of electronic states for such{Mo(mnt),}
units, the oxidation state of the mnt ligand should be taken into
account because the dithiolene ligand is redox-active.'*"> In the
neutral [Mo(mnt),] comple, its electronic structure has been
best described as [Mo'(mnt*~),(mnt*~)]."* The coordinated
dithiolenes in 1 have average C—S and C—C bond lengths of
1.731 and 1.364 A, respectively. These bond lengths are in
excellent agreement with the reported mixed oxidation states of
the ligand mnt.'* This suggests that each {Mo(mnt),} unit
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present in 1 may have a ligand combination like {Mo™(mnt*~)-
(mnt*")} considering the overall charge of 1. The spectroscopic,
electrochemical, and magnetic data support that the mnt ligands
in 1 are partially oxidized. Thus, 1 is formed by the combination
of four equivalent {(C/N)(N/C)Mo™(mnt*")(mnt*")} units
(vide infra). The cyanide linkages with distinguishable C and N
atoms are conventionally considered with the {—-M—CN—-M—
NC—M—-CN-M-NC-} assignment.' > Molybdenum has
equal affinity for the hard donor N and the soft donor C in
lower oxidation states and therefore the other alternate
arrangement of the cyanide linkage as {—Mo—CN—Mo—CN—
Mo—CN—Mo—CN-} has been considered.” Using this type of
bridged cyanide frame, the formation of a tetranuclear core can
be envisaged (Figure 1). The crystal packing of 1 along the c axis
shows p(N)—dx(S) interaction of N and S of the coordinating
mnt ligand between the two nearest tetrameric units (Figure S1
in the SI)." This leads to the formation of a 2D framework when
viewed along the c axis (Figures S2 and S4 in the SI).

1 shows two prominent electronic absorptions (Figure S6 in
the SI) at 560 and 399 nm, which may be attributed to the ligand-
to-ligand charge-transfer transition'? characteristics to {Mo-
(mnt*")(mnt*")} systems,'* suggesting the electronic state
{Mo™(mnt*")(mnt*")} in the {Mo(mnt),} unit of 1."#*>'7 In
solution, complex 1 is not very stable, and it slowly decomposes
(Figure S6 in the SI).

The IR spectrum of 1 shows (CN) at 2210 and 2110 cm™
related to the cyanide group in the mnt ligand''™** and to the
bridging cyanide, respectively. One single v(CN) stretch
assigned for bridging cyanides states that 1 possesses one type
of linkage like {Mo"™'—CN—Mo"}.

Each Mo center of 1 exhibits a trigonal-prismatic geometry.
Hexacoordinated molybdenum(IV) complexes with such a
geometry showed spin pairing of d* electrons resulting in
diamagnetism.'® The monomeric building unit of complex 1 is
{Mo(CN)(mnt),}, devoid of a strong oxo group. The cyanide
with its capability of mediating electronic interaction acts as the
bridging group, leading to the tetrameric structure of 1.

The magnetic behavior of compound 1 (Figures 2 and S7 in
the SI) reveals strong antiferromagnetic coupling within the four
{Mo™(mnt*~)(mnt*")} centers. Each of the Mo ion or the
mnt®~ ligand has an unpaired electron (S ="/,). At 300 K, y T is
1.1 cm® K™ mol™!, which is well below the value predicted for
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Figure 2. Magnetic behavior of complex 1 as measured in an applied
field of 1000 G using a SQUID magnetometer. yy vs T (blue half-filled
circles) and fitting (red line) on y T vs T (black circles) of complex 1 in
the solid state.

four uncoupled Mo™ centers (S = '/,) or for the Mo™'mnt*~
radical pair (S = 1). An approximate fit to the variable-
temperature magnetic data was obtained using an isotropic
exchange Hamiltonian (eq 1, where all of the terms have their
usual signiﬁcance).19 For this, due correction with a combination
of diamagnetism and temperature-independent paramagnetism
(TIP) is introduced. Assuming ferromagnetic interactions
between metal-radical orbitals in the Mo"'mnt*™ radical pair, a
four-spin model of the four triplets (S = 1) is considered (Figure
S8 in the SI). This is due to the orthogonality of the planes
containing molybdenum magnetic d orbitals and a delocalized 7-
electron cloud of the oxidized dithiolene (Figure S9 in the SI).
Such metal—radical ferromagnetic interaction is already
documented.”

=278 -gpHYS
(i) i (1)

The solid line in Figure 2 thus represents the best fit of the data
to eq 1 with g = 1.64, J; = 19595 cm™, [, = =9 cm ™, and J; =
171.50 cm ™" and with corrections due to (diamagnetism + TIP)
= —6.3 X 107* cm® mol™" and magnetic impurities = 3 X 107>,
Strong intermolecular antiferromagnetic interaction (J;) is
possible because of the intermolecular pz(N)—dz(S) interaction
based on the crystallographic study (Figure S1 in the SI)."” Also,
the intramolecular antiferromagnetic interaction (J;) is high
because of the high-energy 4d orbitals of the Mo™ centers.”” The
intramolecular diagonal interaction (J,) is ferromagnetic. The
temperature dependence in the magnetic moment associated
with the paramagnetic impurity and spin—orbit coupling could
possibly account for the poor quality of the fit at lower
temperature. The strong magnetic coupling present in the system
confirms that the adjacent Mo centers are not in the different spin
state (high/low) with Mo' because strong coupling is not
possible between paramagnetic (triplet Mo") and diamagnetic
(singlet Mo") centers.” The resultant effective magnetic
moment (i g) 2.98 yy per tetramer at room temperature reveals
an overall electronic spin of 2 in the molecular square of 1.

Complex 1 shows two quasi-reversible oxidative waves at 0.60
and 0.41 V and a reductive wave at —1.03 V vs Ag/AgC],
respectively (Figure S10 in the SI). The oxidation waves may be
assigned to oxidation of the ligand mnt and Mo™ centers,
respectively, while the reduction wave can be attributed to
reduction of the mnt®~ moiety."*'> Another reduction wave at a
very negative potential, —1.9 V (Figure S10 in the SI), is due to
reduction of the coordinating mnt>~ ligand.”!

The solid-state and solution (frozen) X-band (120 K) EPR of
complex 1 exhibit an axial signal with an average (g) value at 1.95
(Figure S11 in the SI), which is expected from trigonal-prismatic
Mo (§ = !/,).2* This g (deviating from 2.000) value suggests
that the net unpaired electron density is centered on Mo rather
than on S of the dithiolenes."""*'>** A (g) value much below 2
may be attributed to the cyanide linkages, allowing partly a spin
neutralization effect of the Mo d spin. The fine splitting in the
EPR signal is due to the hyperfine interaction of “°Mo and *’Mo
nuclei (I = °/,) with the electronic spin. The large hyperfine
coupling constant (A,) value is presumably due to sulfur ligation
around the trigonal—;)rismatic molybdenum (Figure S11 and
Table S3 in the SI).'*

Complex 1 is a blue-emitting material (Figure S12 in the SI)
with a 0.26 ms lifetime in solution under ambient conditions.
Emission occurs in the blue region with a 427 nm maximum,
when excited with 238 nm ultraviolet light (Figure S12 in the SI).
In contrast in the solid state, excitation at 238 nm does not show
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any emission. However, excitation around 560 nm results in 1 as
a red-emitting material with a 0.05 ms lifetime under ambient
conditions with several emission peaks in the red to far-red
wavelength region with a 705 nm maximum (Figure S12 in the
SI).

Density functional theory (DFT)** calculations of 1 revealed
that the singly occupied molecular orbitals (SOMOs) and lowest
unoccupied molecular orbitals (LUMOs) of 1 consist of both the
ligand and metal orbitals (Figure S13 in the SI), thus confirming
that the valence electronic states of complex 1 are composed of
both the metal—ligand and metal—metal orbital interactions.
Furthermore, DFT calculations show that the [—Mo—CN—
Mo—CN—Mo—CN—Mo—CN-] linkage is more favorable
compared to [-Mo—CN—Mo—NC—Mo—CN—Mo—NC-]
because the SOMOs are more stable in the former compared
to those in the latter (Figure S13 in the SI). The LUMO and
LUMO+1 of complex 1 with the [-Mo—CN—Mo—CN—Mo—
CN—Mo—CN-] linkage are almost similar in energy, and the
orbital distribution is also similar but with alternate Mo centers
(Figure S13 in the SI). This suggests that all of the Mo centers are
basically under similar electronic environments, as manifested by
the crystallographically imposed symmetry with the fragment
unit {(C/N)(N/C)Mo(mnt),} to build 1.

dThe present work describes a neat and effective high-yield
synthesis of a cyanide-bridged tetranuclear bis(dithiolate)
complex (1) introducing a new synthon, [Mo"O(mnt),]*".
Although Mo exists in the synthon in the IV oxidation state, the
noninnocence of dithiolene leads to a cyanide-bridged reduced
[Mo™(mnt*”)(mnt*")] framework consistent with the mag-
netic, spectroscopic, and electrochemical properties, which is
further supported by the information obtained by DFT
calculations.
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X-ray crystallographic data in CIF format, materials, methods,
details of synthesis, analytical data, and computational details of
1. This material is available free of charge via the Internet at
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