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Photoredox Ability of a Hexarhenium(l11) Cluster [Re,(1,-S)gClJ*

Natsuki Kobayashi, Shoji Ishizaka, Takashi Yoshimura, Haeng-Boo Kim, Yoichi Sasaki, and Noboru Kitamura*
Division of Chemistry, Graduate School of Science, Hokkaido University, Kita-ku, Sapporo 060-0810

(Received November 15, 1999;CL-990973)

The photoredox ability of a hexarhenium(lIl) cluster, (n-
Bu,N), *[Rey(113-S)¢Cl ]+, was examined in acetonitrile on the
basis of emission quenching experiments of the cluster by sev-
eral neutral electron acceptors. The quenching rate constants
and the relevant activation parameters indicated that the hexa-
rhenium(111) cluster acted as a useful photoredox sensitizer
towards various electron acceptors.

We found recently that hexarhenium(l11) clusters, [Reg(i,-
S)gXs] where X~ = CI-, Br, I~ or CN~ (abbreviated hereafter as
[Re,]*), showed strong room temperature emission in the visi-
ble region (600-1000 nm) with the emission lifetime (7) and
quantum yield in acetonitrile of 4-11 us and 0.015-0.056,
respectively.>? It is worth noting that the 7 value of [Reg]*~ is
much longer than that of tris(2,2’-bipyridine)ruthenium(Il)
(Ru?*, 7 =850 ns in CH,CN at 298 K), which is known as a
photoredox sensitizer.> As an another unique characteristics,
[Re ]* possesses a strong reducing ability; as a typical exam-
ple, the oxidation potential of [Reg(i,-S)sCl¢]* in acetonitrile
is +0.27 V (vs. SCE).* Since the oxidation potential of Ru2* is
as positive as +1.27 V (vs. SCE),? the redox ability of the hexa-
rhenium(l1) cluster is remarkable. Owing to the long excited-
state lifetime and the strong redox ability, [Re]*"is expected to
act as a new photoredox sensitizer in various systems. A study
on photoinduced electron transfer (PET) quenching of [Re]*
by electron acceptors would thus contribute to further progress-
es in the photoredox chemistry of transition metal complexes.
In this letter, we demonstrate, for the first time, that [Reg(u,-
S)gCl]*~ undergoes PET with several organic electron accep-
tors in acetonitrile.

[Reg(15-S)4Cl]* used in this study was the same sample
reported earlier.! Organic electron acceptors (A: pyromellitic
dianhydride, 1,3-dinitrobenzene, methyl 4-nitrobenzoate, methyl
3-nitrobenzoate, 3-nitroanisole, and 2,3,5,6-tetramethyl-1,4-dini-
trobenzene) and acetonitrile as a solvent were purified prior to
the use. Steady-state emission quenching experiments were per-

formed with a Hitachi F-4500 spectrofluorometer, while life-
time quenching experiments were conducted by using a Nd:YAG
laser (355 nm, 6 ns pulse width; Continuum, Surelite) as an
excitation light source and a streak camera as a photodetector
(monitoring wavelength = 700 nm: Hamamatsu Photonics,
C4334). Sample solutions were deaerated thoroughly by purg-
ing an Ar-gas stream over 20 min prior to the experiments and
sealed at the constriction of a cell. The temperature of the solu-
tion was controlled within 1 °C (13 - 58 °C) by using a thermo-
electronic equipment. For analyzing quenching data, tempera-
ture dependencies of the emission lifetime® of [Res]*~and the
solvent properties (dielectric constant and viscosity)3 were
considered. The diffusional effects of the solutes on the
quenching rate constant (k ) were also taken into account by
using the equation;3? kq—l =k, -k, where k; and kj are the
bimolecular quenching rate constant (determined by a Stern-
Volmer plot) and the diffusion-limited rate constant (calculated
by the Smoluchowski equation) in acetonitrile, respectively.
The emission of [Reg]*~ was quenched efficiently in the
presence of A. It is noteworthy that, since the k_ values deter-
mined by both the emission intensity and lifetime agree very
well with each other, the quenching is concluded to proceed via
a dynamic pathway. As the data summarized in Table 1 show,
k increased from 107 to 101° M-1s1 (M = mol/dm?3) in the
q i . .
decreasing order of the reduction potential of A. The results are
readily understood by PET quenching of the [Re.]*" cluster,
since the reduction potential of A (E(AJA7)) is related directly to
the free energy change of PET (AG) via the following
equation,®

AG = E([Re " /[Re]") — EAIA) — Eqp—w,

where E([Res]*/[Reg]*) and E_, are the oxidation potential and
the excited-state (triplet) energy of [Res]*~ (1.61 eV, deter-
mined from the emission maximum at room temperature)?,
respectively. w_ is the electrostatic work necessary for separat-
ing the products ([Re]*~ and A) from the ion pair (+0.12 eV at

Table 1. Rate constants and activation parameters for PET quenching of [Re,(1,-S);Cl;]* by electron

acceptors in acetonitrile

Quencher AG* kS AH* AS* AG*
(reduction potential, V vs. SCE) kJ/mol Ms™ kJ/mol  J/molK  kJ/mol

2,3,5,6-Tetramethyl-1,4-dinitrobenzene (-1.22)" -23.2 4.4 %10’ 21.6 -34.7 31.9
3-Nitroanisole (-1.14) * -30.9 1.0x 10° 12.6 -38.4 24.0
Methyl 3-nitrobenzoate (-1.04) ® -40.5 3.1x10° 8.0 -45.0 214
Methyl 4-nitrobenzoate (-0.95) ° -49.2 6.4x10° 6.2 -44.4 19.4
1,3-Dinitrobenzene (-0.90) ® -54.0 2.6 x 10" 5.6 -33.1 15.5
Pyromellitic dianhydride (-0.51) ® -91.7 1.3x 10" 8.3 -35.8 19.0
* R. Obata, Ms. Thesis, Tokyo Institute of Technology, (1986). ° The data taken from Ref. 3b. °© At 298 K.
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298 K).” Since AG is sufficiently negative for all quenchers,
PET between [Re ]*-and A is thermodynamically favorable. At
the present stage of the investigation, we have not yet conduct-
ed transient absorption spectroscopy, so that there is no direct
evidence for PET. Nonetheless, energy transfer from the excit-
ed triplet state of [Re,]*~ to A does not contribute to the quench-
ing, since the excited triplet state energy of A is predicted to be
much higher than that of the [Res]* cluster2 On the basis of
these discussions, we conclude that the emission quenching is
essentially due to PET from the [Re ]* cluster to A, and the
cluster acts as an efficient photoredox sensitizer.

In order to obtain further information about the PET mech-
anism, we studied the temperature (T) dependence of k.. The T
dependence of k_ always fall on a straight line in the T range
studied, and we determined the activation parameters (activa-
tion enthalpy (AH*), entropy (AS*), and free energy (AG*)) of
the quenching on the basis of the Eyring equation,3

Ink,/T) = In[kz<x>/h] + AS*/R — AH*/RT

where k is the transmission coefficient of the PET step
(assumed to be unity) and, kg, h, and R are the usual meanings.
The calculated parameters are included in Table 1. As seen in
Table 1, a decrease in AG rendered the decrease in both AG*
and AH*, while AS* was remained almost constant irrespective
of AG: TAS =-9.8 - -13.4 kJ/mol. Such results remind us the T
dependence of the reductive quenching of Ru?* by aromatic
amines (D), in which the analogous AG dependencies of the
activation parameters with those determined in the present
study have been observed.3@ In the case of the oxidative quench-
ing of Ru?* by A, on the other hand, a decrease in AG resulted
in apparent negative AH* and a large decrease in AS*.3® The
results for PET quenching of Ru?* have been explained in terms
of the electrostatic interaction between the product ions in the
intermediate state. For an Ru?* — D system, namely, the elec-
trostatic interaction between the product ions is repulsive (Ru*
—D") and, this usually leads to the AG dependencies of the acti-
vation parameters as described above. On the other hand, PET
of an Ru?* - A system produces an electrostatically-attractive
ion pair (Ru®* — A”) so that reverse electron transfer from the
ion-pair to the excited-state encounter complex proceeds very
efficiently, rendering both apparent negative AH* and a large
decrease in AS* of the quenching, as reported in detail previ-
ously.®> The oxidative quenching of the excited state [Re,]*-
cluster by A produces an electrostatically-repulsive product ion-
pair ([Re,]*~— A7), so that the analogous T dependencies of the
activation parameters with those for the reductive quenching of
Ru?* is quite reasonable.

The excited state of [Re,(1,-S)sCls]*~ is a strong reducing
agent compared to that of Ru?*. For example, emission
quenching of the [Re,]*~ cluster by methyl 3-nitrobenzoate
(3NB) proceeds with k, = 3 x 10° Ms™! (AG = -40.5 kJ/mol),
while k, for the Ru®* - 3NB system is 300 times slower (1 x 107
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M-1s1 AG = +8.8 kJ/mol).3® For a given electron acceptor,
therefore, PET of [Re,]*~ is more favorable as compared to that
of Ru?*. Furthermore, electrostatic repulsion within the product
ion-pair in an [Reg]* — A system should lead to very efficient
charge separation of the product ions. This is a very favorable
condition for constructing efficient PET reaction systems. The
oxidation potentials of [Rey(1,-S)gX4]*~ (X~ = Br, I") and a
series of [Rey(15-S)gCl,(L),1>~ clusters (L = pyridine deriva-
tives or pyrazine) have been reported to be +0.31 - +0.36 and
+0.68 - +0.86 V (vs. Ag/AgCI)°, respectively. All these hexa-
rhenium(I11) clusters are also emissivel® and, thus, will proba-
bly act as a photoredox sensitizer as well. An appropriate
choice of a hexarhenium(lll) cluster as a photosensitizer could
enable one to conduct efficient photoinduced electron transfer
reactions of various substrates.
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