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A stable Ru(ll)/Ru(lll) mixed-valence state was observed in
acetonitrile for the ruthenium binuclear complex bridged by
dimercaptothiadiazolate (AEy, = 220 mV for Ru,(1l,1)/Rug(I11)
and Rux(I1IN/Ru(IIL1I) processes; Kem = 5.3 x 10%). Upon
protonation of the bridging ligand by the addition of equimolar
p-toluenesulfonic acid, however, the mixed-valence state diminished
(AEy, = 0 mV). The bridging ligand operates as a proton-induced
switch of the electronic communication in the dimeric complex.

Molecular systems that respond to external stimuli have
received much attention in recent years in connection with,

on molecular wires. Redox communications that have been
evaluated by the extent of the separation of the redox Waves
have not been effectively controlled by an external stimuli
like protonation. As far as we know, two previous reports
have been found on the control of redox communication by
protonatior®® Both studies utilized triazole rings as the
coordination and protonation sites. Vos et al. studied the
redox interaction of dinuclear ruthenium(ll) complexes
[{ Ru(bpy)} (BL)]** in acetonitrile [BL= bis(pyrazinyl)bis-
(triazole) and bis(pyridyl)bis(triazole§]The splitting of the
redox waves, RylLIDN/(1LI) and Ru(ILHD/(LITY, di-
minished by the successive two-step protonations on the

for example, the design of molecular switches and molecular uncoordinated nitrogen atoms of two triazole rings. The

machines.Biological systems exploit a number of chemical
and physical signals as stimuli and control their activities in
a highly sophisticated fashignTransfer of protons, which

single protonation to the system of the bis(triazole) ligands
was not efficient enough to switch off the electronic
communication in the complexes. Rocha and Toma have

can be regarded as one of the simplest chemical signals, isutilized benzotriazole as a bridging ligahdhey reported

widely utilized in the biological systems.

In the artificial molecular and supramolecular systems, the
protonation/deprotonation processes are utilized for the
control of molecular recognitiohJuminescent properties,
redox potential of metal centetsnd so on. Among various

that [ Ru" (edta} »(u-benzotriazolate}] in aqueous solution
shows stepwise reduction waves at higher pH, but with
decreasing pH, the waves gradually coalesce with a negative
potential shift due to the protonation of the bridging
benzotriazole. However, the complete “switch-off” is not

chemical phenomena, control of the communication betweenachieved even at pH 2.3\E;, = 75 mV), and the higher

two identical redox centers separated by a bridging li§and
is attractive in view of their potential application as switches
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Chart 1. Isoelectronic Bridging Ligands with DMcTH nm is probably related to the decrease of tilonor
HS_ S\ SH charactor of the DMcT ligand on the protonation to the
HS— )—SH HO— )—OH o - ; o
Y&-Z/ endocyclic nitrogen of the thiadiazole ring. The addition of
an equimolar amount of triethylamine as a base achieved

We have been inter?stlcgd in the 2,5-dimercapto-1,3,4-yhe complete recovery of the initial spectrum, manifesting
thiadiazolate ion (DMcT"),'® which can bridge two metal 6 reversible protonation of the binuclear compiéx.
complex units through two external thiolate sulfur atdfs. The complext-(PRy), has one reduction &y, = —1.43

° 2 12 — — 4.

Sulfur donors are expected to have bettemediating V and two reversible oxidation waves Bf, = 0.54 and

properties and could provide an opportunity to observe . ; X :
characteristic redox interactions. It may be worth pointing 0.76 Vin C'H;CN (Flgure S2 of thg Supportlng Information).
out that DMcTH is an isoelectronic compound with- By comparison with other ruthenium polypyridyl complexes,
benzenedithiol and hydroquinone (Chart 1) the reduction wave at1.43 V is assigned to the reduction
. : 2+ ite15 -
The prevailingr-electron system may give additional merit Of. the trpy I|gand of twq{ Ru(trpy)(bpy} units: .The. step
to utilize DMcT2 as a mediator of the electronic com- ViS€ oxidation waves are assigned to thg ox.|dat|on of the
munication. The ligand has Lewis base centers on thetwo Ru(ll) centers into two Ru(III)_ centers via mixed-valence
thiadiazole ring, which can be utilized as the proton acceptor state Ru(If)/Ru(lll). The sgparatlon of 220 mV corresponds
to Keom = 5.3 x 10 This result reveals that DMET

even in the bridging form. We have now prepared a new mediates the redox communication of the two metal centers
i i - - 2+ .
dimeric complex, {Ru(trpy)(bpy}a(u-SS-DMcT)]*" (bpy Upon oxidation ofl?* from the Ruy(ll,11) to Ru(ll, ) state,

= -bi idi — N T O H 2+
Thi,io?:]pﬁgglr;ioicg ttrzzytwg-,gtf ,Zoxzsral‘:i)g;dlvr:/zeizleas ()).f the the area of absorbance between 450 and 650 nm [due to
P b Ru—trpy(z*) MLCT] showed a blue shift, and a broad

ruthenium moieties Rl 11)/(11,111)/(111,111) in acetonitrile. : l
The two-step oxidation processes become a single one upor#:tt’i[j\{[ai(;r;(;enﬂzr:ge4t(r)a:s{83r &YE J%Eaglsét&?g gpfsgid Al
addition of p-toluenesulfonic acid (TsOH), indicating that further oxidation, the IVCT band disappeared and was re-

the protonation of the ligand quenches the electronic com- . :
munFi)cation between twg metgl centers placed by a band at ca. 1000 nm, which can be assigned to

Treatment of [Ru(trpy)(bpy)(ED)](PFs). with K.DMcT
in ethanol afforded the binuclear compléRu(trpy)(bpy} -
(u-DMcT)](PFs)2 [1+(PRs)2] in 78% yield!? For the single-

(10) DMcT2-, commonly known as bismuthiol |, has been utilized for
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crystal X-ray structure analysis, we prepate@SbF). by
the crystallization ofi>* in the presence of NaSkF Figure
1 shows the structure of a binuclear complex catitit,
Two { Ru(trpy)(bpy} units are bridged by a DM¢ET ligand.
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Figure 1. ORTEP plot of the structure of the complex catibt with 13) ﬁrysiaélggatﬁ fc;:i]gl(iﬁig':ﬁgé];g;?&%%? %6"1{35’;'(15?3{%204';;%521

o R =1833.11, : L a=10. b=11.681-

50% probability ellipsoids. Symmetry codé; —x, —y, —z 3) A, ¢ — 15.394(4) }i\&a — 80.14(1), p = 78.39(1), y = 77.36-

. . . (1), V=17755 (8) R, Z=1, T = —120 °C, 10610 measured

The UV-vis absorption spectrum df(PF), in CH;CN reflections and 7187 independent reflections,<R0.0759 and wR2
showed an intense absorption band at ca. 300 nm and a  =0.1968 for 5284 observed reflectiontsx( 20(1)) and 460 parameters.

o : : : _ The structure was solved with a disordered model in space drdup
visible one at 492 nm, being aSS|gnfabIe to the ligand-centered .2 assumption of the space grougPAsdid not improve th& values
a—ma* and Ru-trpy(z*) metal-to-ligand charge transfer nor fix the disordered model. _
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acid. The blue shift of the MLCT absorption band to 436 T. J.; Murray, R. W.Inorg. Chem.1983 22, 2151—2162.

The crystallographically imposed inversion center reveals the
disorder of the DMc%" ligand over two positions, which
disables the detailed discussion of the distances in the
DMcT? ligand. The Ru-N distances are typical for Ru(ll)
complexes with polypyridyl ligands'

17, 3221-3226. (b) Rack, J. J.; Winkler, J. R.; Gray, H. B.Am.
and 489 nm (Figure S1 of the Supporting Information). The
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between two{Ru(trpy)(bpy} units is mediated by the
conjugateds-electron system of bridging DMET. The
mediation can be attributed to the interaction mainly by the
hole-transfer mechanisthbecause DMcT itself is easily
oxidized!°¢d showing that the highest occupied molecular
orbital level possesses relatively high energy. Tihgystem

on DMcT? s largely perturbed by thielthioamide tau-
tomerization on protonation because the protonated DMcT
can be written in thioamide form where the five-membered
ring is not aromatic (Scheme 1).

The switch of aromaticity based on the thighioamide
tautomerization regulates the electronic communication in
1-(PRK).. It may be noted that if the bridging ligand were an
oxygen-coordinated one such as uracil, protonation at the
ring transforms the coordination site from the enolate form
into the keto form, which would weaken the-MD bond to
cause the release of a metal atom from the ligand. The
stability of the present complex upon protonation should be
sustained by the high affinity of sulfur atoms to late-
transition-metal ions even in the thioketone form.

In conclusion, we prepared a dinuclear ruthenium complex
with dithiolate bridging ligand DMc%", which shows the
switching behavior of the redox communication by proto-
nation of the central ring of the bridging ligand. The dinuclear
complex showed stepwise oxidation of ruthenium centers,
revealing the existence of the stable mixed-valence state. This
the DMcT* —Ru(lll) ligand-to-metal charge transfer batd. s the first example of a mixed-valence dinuclear ruthenium
As a class Il mixed-valence system, the electronic coupling complex bridged by a dithiolate ligand. Upon protonation
element forl®* is evaluated as 550 crhbased on the simple  at the nitrogen sites in the aromatic ring of DMcT the
Hush theory’ (vmax = 5.5 x 10° cm™, Avy, = 2.2 x 10° complex shows one-step two-electron oxidation from
cml e =4.0x 1Mt cm™, andr = 8.34 A). Ru(I1,11) to Ru(I11,111); thus, the single protonation on the

Upon addition of TsOH to the solution, stepwise oxidation pridging DMcT?~ efficiently perturbs ther system to switch
waves decreased in their current intensities and a new singleoff the redox communication. The high affinity of the thiolate
oxidation wave appeared at 0.81 V (Figure 3). Upon addition group is a key to forming a completely reversible conversion
of 1 equiv of TsOH, the initial oxidation waves vanished, system of redoxprotonation coupled reactions. The present
leaving only the new wave at 0.81 V. The successive addition bridging ligand forms stable MS bonds; therefore, further
of triethylamine as a base recovered the initial voltammo- ytilization of the family of DMc?~ as bridging ligands may
gram, indicating that the acitbase equilibrium is reversible,  comprise a new chemistry of mixed-valence complexes.
as was found in the change of UWis absorption spectra. Supporting Information Available: Absorption spectra of
The oxidation wave at 0.81 V should be assigned to the 1.(PR), upon addition of TSOH in CKCN, a cyclic voltammogram
oxidation process of the protonated compléx{]**, where of 1-(PRs)2, spectroelectrochemistry measurement-@PF;), upon
one of the nitrogen atoms of the heteroaromatic ring of the addition of 1 equiv of TsOH, and crystallographic details in CIF
DMcT ligand is protonated. The peak current intensity of format. This material is available free of charge via the Internet at
the newly appeared redox wave dfifi]** corresponds to  http://pubs.acs.org.
that of the sum of two separated waves of the unprotonated!C050672W
complex. Thus, the oxidation of two centers takes place (16) (a) cargill Thompson, A. M. W.; Bardwell, D. A.; Jeffery, J. C.; Rees,

0.5

e/ 10°M " em™

Py e

0.0 1
2500

15|00 20]00
Al nm

Figure 2. UV -—vis—near-IR absorption spectra of a ca. 0.5 mMLCN

solution of 1-(PFg), at rest potential (solid line) and 640 mV vs Ag/AgCl

(bold line) with a 1-mm cell length.
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Figure 3. Changes in the cyclic voltammogram of a 0.5 mM solution of

1-(PFRs)2 upon addition of TSOH in CECN. Solid line: 0.0 equiv of TsOH.
Dotted line: 0.5 equiv of TsOH. Bold line: 1.0 equiv of TsSOH.

1.2

simultaneously, revealing that the protonation on DRIcT
“switched off” the redox communication.

The spectroelectrochemical studieslf were also carried
out upon addition of 1 equiv of TsSOH. Upon oxidation, the
intensity of the MLCT band decreased and the transition at

about 900 nm, assignable to the charge transfer from the

bridging ligand to Ru(lll)}® appeared (Figure S3 of the
Supporting Information). The electronic communication

5208 Inorganic Chemistry, Vol. 44, No. 15, 2005

L. H.; Ward, M. D.J. Chem. Soc., Dalton Tran%997, 721 (b) Kar,
S.; Miller, T. A.; Sarkar, B.; Pradhan, B.; Sinha, R. K.; Kundu, T.;
Ward, M. D.; Lahiri, G. K.Dalton Trans.2003 2591-1596.

(17) (a) Hush, N. SProg. Inorg. Chem1967 8, 391. (b) Hush, N. S.
Electrochim. Actal968 13, 1005.

(18) (a) Stobie, K. M.; Bell, Z. R.; Munhoven, T. W.; Maher, J. P.;
McCleverty, J. A.; Ward, M. D.; Mclnnes, E. J. L.; Totti, F.; Gatteschi,
D. Dalton Trans.2003 36—45. (b) Kaim, W.; Koein, A.; Glakle,
M. Acc. Chem. Re200Q 33, 755-763. (c) Ward, M. D.; McCleverty,
J. A.J. Chem. Soc., Dalton Tran2002 275. (d) McCleverty, J. A,;
Ward, M. D.Acc. Chem. Re<.998 31, 842.





