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ABSTRACT: A cobalt—sulfur cluster CogS,5 with molec-
ular formula of (CgArs)-CogS;s"Bu,-(CeoArs) (Ar =
4-'BuC4H,) was selectively synthesized from a
pentaaryl[60]fullerene cobalt trisulfide complex, (7°-
CgoArs)CoS;. The bowl-shaped steric templating fullerene
ligand, as well as the metastable cobalt trisulfide moiety,
played important roles in the exclusive cluster formation.
X-ray crystallography, as well as electrochemical, time-
resolved photophysical, and magnetic, measurements
revealed a mixed-valence cluster with six cobalt(III) and
two high-spin cobalt(II) centers showing reversible redox
behavior and photoinduced charge separation.

ontrolling the reactivity of metals and chalcogens is a

long-standing challenge in preparing metal chalcogenide
cluster complexes." Metal chalcogenide clusters are structural
motifs utilized, for example, in enzymatic active sites,”
catalysts,> and optical/optoelectronic materials.* However,
methods for the precise synthesis of these clusters are still
underdeveloped and this area of research remains largely
unexplored.>® For metal chalcogenide cluster synthesis, three
types of reactants are generally necessary (metal and chalcogen
sources, and terminal ligands), making the systems compli-
cated. Synthetic methods for iron—sulfur cluster complexes
have progressed as a result of research on enzymatic models
with developing useful iron—sulfur precursors and efficient
terminal 1igands.7’8 However, much less is known about the
synthesis of nonbiomimetic metal—sulfur clusters."”

Among nonbiomimetic cluster complexes, those consisting of
cobalt and sulfur are particularly attractive'® due to their
potential as catalysts,3a eIectrocatalysts,3b semiconducting
materials,"* and so forth. Moreover, intriguing properties
have been reported for cobalt sulfide nanoparticles, = giving rise
to interest in cobalt—sulfur cluster complexes. However,
synthetic routes to cobalt—sulfur cluster complexes are quite
limited and their structural diversity is very low.'°*'*> Thus,
development of facile cobalt—sulfur sources and terminal
ligands is strongly desired. Against this background, we focused
on a cobalt trisulfide complex'® with a pentaaryl[60]fullerene
ligand (Figure 1). Pentaaryl[60]fullerene derivatives are
crowded, bowl-shaped molecules,'* which can be utilized for
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Figure 1. Structures of cobalt trisulfide complex 1 (left) and obtained
CogS5 cluster complex 2 (right).

molecular stacking control,'® surface modification,'® and steric
protection/restriction."'”'® Bearing a metastable cobalt sulfide
moiety, complex 1 is a promising cobalt—sulfur source, and the
bowl-shaped ligand has sufficient bulkiness to act as a terminal
ligand. Taking advantages of the features of complex 1, we
synthesized a well-defined cobalt—sulfur cluster inside the
bowl-shaped restricted space. We consider such unprecedented
cluster formation will provide new methodology for precise
synthesis of well-defined clusters.

In the presence of 10 equiv of n-butanethiol, cobalt trisulfide
complex, (7°>-CgAr;)CoS; (1; Ar = 4-BuC¢H,) underwent a
slow disproportionation reaction to give a CogS;5 cluster
complex (CgoArs)-CogS;s"Bu,-(CgoArs) (2) selectively in $4%
yield as to the cobalt atoms (Scheme 1). The reaction
proceeded without addition of any external cobalt source but
gave the demetalated ligand CgArsH (3) as a major
byproduct.' This observation clearly suggests that the stepwise
growth of 2 involves degradation of cobalt trisulfide 1 and
cluster growth through addition of the resulting cobalt—sulfur
species. Cobalt trisulfide complex 1 served as the terminal cap
of clusters as well as a cobalt—sulfur source in this cluster
formation reaction. It is noteworthy that other cluster sizes
were not observed in the product mixture at all, indicating the
strong steric templating effect of the CgyArs ligand.
Furthermore, the stability of the resulting cluster complex 2
was quite high due to the bowl-shaped steric environment of
CeoArs, allowing for purification by silica gel column
chromatography.
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X-ray crystallographic analysis revealed unambiguous struc-
ture of the central part in 2 (Figure 2).”° The CogS;s cluster

(b)

Figure 2. Crystal structures of 2. (a) ORTEP drawing of the central
CogS,s moiety (top view). (b) Top view and (c) side view of the
CogSy substructure; one of the cubane-like Co,Sg units is emphasized.
(d) Top view and (e) side view of the whole molecule. The central
CogSs cluster moiety is shown as a space-filling model. Disordered
moieties and hydrogen atoms in CgAr ligands are omitted for clarity.

moiety possesses a corner-sharing double-cubane-like core
structure, in which two Co,Ss units®' are fused at a central
sulfur atom and coordinated by p,-S, and u,-S"Bu ligands
(Figure 2b,c). To the best of our knowledge, cobalt—sulfur
clusters with double-cubane-type structures related to FeMo-
cofactor are quite rare.”> The importance of the bowl-shaped
CgoAr; ligands is evident in the crystal structure of 2; the inner
space between two CgyAr; ligands is almost completely filled by
the ellipsoidal CogS;s cluster unit (Figures 2d,e, and S1). This
suggests that this novel CogS;5 structure originates from steric
templating by the bowl-shaped terminal ligands.”> Note that
bulkier thiols such as cyclohexanethiol and benzenethiol did not
give cluster compounds, likely because of strong steric
repulsion.

A closer investigation of the bond lengths revealed a zigzag
Co—Co bonding arrangement in the central cluster part of 2
(Figure 3). The Co—Co distances in the central Co4 structure
can be divided into two types: weak Co—Co bonds with lengths
around 2.57 A** (C02—Co3, Co3—Co4, Co4—Co5, Co5—Co6,
and Co6—Co7; blue lines in Figure 3) and nonbonding Co—Co
distances of around 2.94 A (Co2—CoS and Co4—Co7; green
lines in Figure 3).** There have been many reports on Co—Co
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Figure 3. Bonding mode of the central cluster (X-ray measurements at
—50 °C). Blue indicates distances for weak Co—Co bonds and green
indicates distances between nonbonding Co atoms.

bonds in multinuclear cobalt complexes,”® but the present
bonding mode is the first example among various bonding
modes. Regarding the 15 sulfur atoms, four S—S single bonds
were found in the structure of 2. We consider that four (S—
S)*, five S*7, two "BuS~, and two CgAr;~ formally have 22-
valent negative charges [(4 X2) + (5 X2)+(2X 1)+ (2% 1)
= 22]; and eight cobalt atoms formally consist of two cobalt(II)
and six cobalt(III) centers to balance the charge [(2 X 2) + (6
X 3) = 22]. This consideration is in good agreement with the
result of a magnetic measurement (vide infra). It was hard to
determine which two cobalt atoms are cobalt(II) from the bond
length analysis.

We performed electrochemical, photophysical, and magnetic
measurements for deeper understanding of the properties of 2.
Cyclic voltammetry of 2 revealed several reversible redox
processes (Figure 4a). The oxidation wave at E;/, = +0.22 V is
attributed to one-electron oxidation of cobalt(II) to cobalt(III),
and the reduction wave at E,;, = —0.70 V, to one-electron
reduction of cobalt(IlI) to cobalt(Il). These results are
consistent with a mixed valence cluster. Notably, complex 2
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Figure 4. (a) Cyclic voltammogram of cluster 2 in CH,Cl, (TBAPF
as supporting electrolyte). (b) UV/vis/near-IR absorption spectra of
cluster 2 and CgArH in CH,Cl,.
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exhibited a weak but broad vis/near-IR absorption peak,
implying intervalence transitions (Figure 4b). Another
reduction wave was observed at E;,, = —1.50 V, for which
deconvolution analysis suggested the overlap of a one-electron
process centered on the cluster moiety and a simultaneous two-
electron process centered on the Cq, moieties (Figure S2).
Investigation of the excited state properties of 2 revealed
photoinduced charge separation and charge shift (Figure ).

[ArsCeol*-C0gS15Bu,-CepArs
S, 2.02eV

0.7 ps

[ArsCeol ™ -[C0sS15BU,l *-Ceohrs
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Figure S. A diagram for the excited state dynamics of cluster 2.

femtosecond laser pulse
at 387 nm
(excitation of fullerene)

So

When photoexciting 2 at 387 nm with femtosecond laser
pulses, the immediate formation of the fullerene singlet excited
state (~2.02 eV, Figure $3)*” evolved with an absorption
maximum at 915 nm. Next is a fast decay (~0.7 ps) of the
fullerene singlet excited state, which converts the latter into an
energetically high lying radical ion pair state (1.72 V), which
features maxima at 480 and 580 nm and a minimum at 430 nm.
Implicit is here the oxidation of one of the two divalent cobalt
centers and the reduction of the fullerene. Subsequently, the
decay of this radical ion pair state occurred (~6 ps) to afford a
lower lying central excitonic state (0.92 eV) of 2, which implies
a charge shift from the reduced fullerene to a trivalent cobalt
center, whose distribution differs from the initial ground state.
The final deactivation of this state to reinstate the ground state
with its initial distribution of divalent and trivalent cobalt
centers, was found to be very fast.

Measurement for the magnetic susceptibility of 2 elucidated
its spin state. At room temperature, the product of molar
magnetic susceptibility yy and temperature T (T value) was
5.30 K cm® mol™!, which corresponds to the calculated yyT
value of 5.4 K cm® mol™" for two high-spin Co" (S = 3/2, g =
2.4).*® The higher T value than the spin-only value of two
Co"(S = 3/2) ions (3.76 K cm® mol™") is due to the mixing
between the ground state (*A,) and the excited state (‘E)
through spin—orbit coupling, which is consistent with the
reported value in a five-coordinate square pyramidal Co(II)
complex.”

In summary, we have demonstrated the selective synthesis of
a well-defined CogS, cluster complex 2 from a cobalt trisulfide
complex 1. Precursor complex 1 served as a cobalt—sulfur
source as well as a powerful sterically templating terminal
ligand. The CogS, core had a double-cubane-like geometry and
represented the first example of a cobalt—sulfur analogue to
biological iron—sulfur clusters,”® making its catalytic activity an
interesting area for further study. Crystallographic, electro-
chemical, photophysical, and magnetic measurements revealed
a mixed-valence cluster with two high-spin cobalt(I) centers.
This study also points toward new opportunities for developing
artificial functional metal—sulfur cluster complexes as photo-
electro-magnetically active materials end-capped by penta-
(organo)[60]fullerenes as terminal ligands.
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