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Abstract: Disulfide-bridged binuclear ruthenium complexegRUCI(P(OMe)})z}2(u-Cl)2(u-S)] (1), [{RuCl-
(P(OMe)2} (u-Cl)z(u-S){ Ru(CHCN)(P(OMe})2] * ([2]7), [{ RU(CHCN)s(P(OMe})a} o(u-S)1% ([3]3%), [{ Ru(CHs-
CN)(P(OMe})2} 2(u-Cl)2(u-S2)]%+ ([41%1), and [ Ru(CHCN)3(P(OMe))2} 2(u-S2)14" ([5]41), have been synthesized,
and their crystal structures have been solved. Compoln@*, and[4]?>" have a triply bridged RU (u-Cl)2(u-
S)RU' core, in which the §~ ligand bridges the two Ru atoms in a cis configuration. Compo{@ids and[5]*"

have a singly bridgedransRuSSRu core, wherelf3]" corresponds to a one-electron reduced forn{5f".
Compound3]3* is the first example of a well-characterized mixed-valent compound with a trans-MSSM core, where
M is any metal. All the compounds have intense absorption bands at around 700 nm, which can be explained for
[3]3" and[5]*" as ar—ax* transition of the distinctransRUSSRu core. Resonance Raman spectroscopy[2f",
and[3]3* and comparison with several literature valuesdisggRUSSRuU compounds show that ofiBJ3* exhibits a
strongv(S—S) Raman band, when excited By = 647.1 nm, whereas all the others show strong to medium
(Ru—S) and very wealy(S—S) bands. The ESR spectrum[8]3" shows a rhombic signal with; = 2.12,g, =

2.05, andgs = 1.995. This anisotropy is unusually small, compared to most mononuclear and binuclear Ru(lll)
compounds with various ligands. Analysis of th&alues by use of the matrix of spiorbit coupling Hamiltonian

has revealed a very small spinrbit coupling constant of 100 crb, which is a result of the extensive covalency of
the metal-disulfide bond. The X-ray photoelectron spectrum[8f+ did not give any of the expected double
peaks of the Ru(ll) and Ru(lll) components; the observed peaks &g281.0 eV, 3R, 462.4 eV, S(F) 2P

162.7 eV. Compoun{B]3* does not give any intervalence-transition band in the longer-wavelength visible to near-
IR region, other than the U¥vis band similarly observed in the one-electron oxidized compd6ifd. These
characteristics are reasonably understood3]i#" is regarded as a mixed-valent complex with valence-averaged
ground state (class Il of the Robin and Day classification).

Introduction We have attempted to synthesize sulfide-bridged multinuclear
ruthenium compounds, whose core structures are robust against

Transition-metal complexes with?S ligand are widel . i . .
P 9 y ligand substitution and subsequent ligand redox reactions, thus

distributed in nature as ores and redox active centers in

metalloenzymes such as ferridoxins or nitrogendsésOther ~ Providing various catalytic redox functions. In our previous
sulfur-containing ligands such as RHS", dithiocarbamates ~ Studies, trinuclear compounds{ (P(OMe})sRu}2(-MSy)]-

and other dithiochelates, and thiocrown ethers, have also beer{PFe)2'° (M = Mo, W) and [ (L)(CO)(PPR)Ru} 2(u-MSa)]** (L
shown to exhibit novel redox nature, owing to the d orbitals = PANCHS, CHCHy(CsHaN), CH,CH,C(O)OMe, M= Mo,

and strongly donating nature of sulfur. Polysulfideg${Sx > W), were synthesized, and their chemical properties were
2) are known to act as chelating or bridging ligands to transition studied. Although the compounds were found to exhibit novel
metals’ and above all $- is a remarkably strong electron donor ~ photosubstitution reactiortd,it turned out that the bridging
among the other polysulfides (S = 3)39 MS,#~ ligand is strongly electron-accepting, causing the redox

5 Abstract published Advance ACS Abstractsfarch 15, 1996 potentia! of Ru(lI/Ill) to shift to a higher value than those of
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exemplified in [CpRu(PPH)2}2(u-S)](BF4).*2 and 1,4-
[{ (MeCp)RU(PPE} 2(u-S)2]*2 (Cp = cyclopentadienyl, MeCp
= methylcyclopentadienyl). The ligand lowers remarkably the
redox potential of the compounds. Several earlier workers
noticed the unusual properties of a'R8SRU' core including

its intense blue-green color, strong Raman bands observable t

higher progression, and unusually low redox potenfials;

however, compounds with a RuSSRu core have been rare, ancﬁ

Matsumoto et al.

TMP), 711 (M- —2CI — TMP), 587 (M" — 2Cl — 2TMP). UV-vis
(CHoCLL): Amax 737 Nm € = 9.21x 108 M~1cm™), 472 € = 3.46 x
10%), 334 € = 4.35 x 109). UV—Vis (CHCN): Amax 735 NM € =
9.63 x 10 M~Lcmrl), 471 € = 3.25 x 10%), 333 ¢ = 4.50 x 109).

[{RUCI(P(OMe)3)2} (u-Cl)2(u-Sz){ Ru(CH3CN)(P(OMe)s)2} 1-

JPFG) (2(PFs)). To a CHCN solution (30 mL) ofl (0.90 g, 1.0 mmol)

was added an aqueous solution (120 mL) of Naf@F34 g, 2.0 mol),
nd the solution was stirred at room temperature for 10 min (completion
f the reaction cannot be checked visually, so it is necessary to monitor

the electronic state of the RuSSRu core is still not fully the reaction with a UW-vis spectrometer). To the solution was added

understood.

150 mL of CHCl,, which formed a green organic layer and an aqueous

We report here the syntheses, crystal structures, and spectayer. The organic layer was collected by using a separatory funnel

troscopic properties of several diruthenium compounds with
novelcis- andtransRw,S; core structures:{RuCI(P(OMe}),} »-
(u-C)au-S)], [{RUCI(P(OMe)2} (1-Cl)o(u-So){ Ru(CHCN)-
(P(OMe})2}|(CFsS0s), [{ Ru(CHCN)(P(OMe})a} o(u-Cl)(u-
S2)I(CF3SOs)2, and [ RU(CHCN)s(P(OMep)2} 2(u-S)]™ (n =

3 and 4). The last compound with = 3 is the first
paramagnetic ruthenium compound with a mixed-valent-Ru

and was filtered and condensed to 5 mL. Green thin plate crystals of
2(PFs) were obtained by ether vapor diffusion to the solution at room
temperature. Rhombic block crystals were obtained by ether vapor
diffusion into a CHCI, solution of the isolated compound in a
refrigerator; however, the crystals obtained were unstable in X-ray
irradiation, and the X-ray structural analysis could not be carried out.
Compoun®2(PFs) is stable in air and is soluble in GAI,, most organic
solvents, and water but is insoluble in ether and hexane. The yield

SSRU!' core, whose crystal structure and detailed spectroscopiCwas 61%. Anal. Calcd for GHsgNOFsPsClaS,RU: C, 15.94: H,
properties are reported here. Since extensive electron delocal3.73; N, 1.33. Found: C, 16.16; H, 3.68; N, 1.43H NMR (CDs-

ization between the ligand and the metals is expetted,it is

of interest to examine (i) the extent of the electron delocalization
between the metals and the bridging ligand, (ii) where in the
core one unpaired spin of the Ru(lll) actually resides, and (iii)
to what extent the £~ ligand mediates the electron delocal-
ization between the two metals in terms of the mixed-valent
classification proposed by Robin and DdEy® The crystal
structures of some of the complexes in the present paper hav
been briefly reported as preliminary lettéPg° The UV—vis

CN): 6 3.72 (d.3Jp_1y = 4.62 Hz), 3.674 (BJp_n = 4.62 Hz). 31P{H}
NMR (CDiCN): 6 124.28 (s), 114.47 (s)-145.62 (septetide_p =
706.2 Hz). UV-vis (CH,Cl): Amax 689 nm € = 7.93 x 10° M~?
cml), 448 € = 2.30 x 10%), 312 = 4.05 x 10°). UV-—vis (CHs-
CN): Amax690 NM € = 8.70x 10° M~ cm ), 450 ¢ = 2.77 x 109),
313 (€ = 4.72 x 10°).

[{RUCI(P(OMe)3)2} (u-Cl)2(u-S2){ Ru(CHCN)(P(OMe)s)2} [(CF5-
SOs) (2(CF3S0s)). The compound was prepared in the same way as

Gor 2(PFs) by using NaCESQ; instead of NaPE Green plate crystals

obtained by ether vapor diffusion into the g, solution of2(CFs-

absorption, ESR, X-ray photoelectron spectra (XPS), and the so;) were suitable for X-ray diffraction analysis. The compound can

cyclic voltammetry of the RuSSRu core are reported in the
present paper.

Experimental Section

All the preparations were carried out in air unless otherwise stated.

[{ RuCI(P(OMe)s)2} 2(u-Cl) 2(-S)] (1). All of the solvents used for
the preparation ol were dried with 4A molecular sieves before use.
transRuCh(P(OMe}))4?* (0.67 g, 1 mmol) and sulfur powder (0.32 g,
10 mmol) were suspended in 50 mL of @B, and were reacted at

also be prepared by addition of 1 equiv of AgSE; to the CHCN
solution of1. The solution was stirred at room temperature for 3 h,
filtered to remove AgCl, and condensed under vacuo, to which ether
was added to precipitat®(CFsSO;). Anal. Calcd for GsHage
NO1sClsFsPsS:sRWw: C, 17.01; H, 3.71; N, 1.32. Found: C, 17.07; H,
4.13; N, 1.57. UV-vis (CHCL): Amax689 nm € = 7.93x 10° M1
cmY), 448 € = 2.30 x 10%), 312 ¢ = 4.05 x 10%).

[{ RU(CH:;CN):;(P(OMG):;)z} QUI-SZ)](PF6)3 (3(PF6)3) ToaCHCN
solution (50 mL) ofl (0.90 g, 1.0 mmol) was added an aqueous solution
(120 mL) of NaPFk (1.01 g, 6.0 mmol) in a Natmosphere, and the

room temperature for 24 h. The solution was concentrated to 5 mL sojution was stirred at room temperature for 3 h. During this time the
under reduced pressure, and 5 mL of acetone was added. The solutioryreen solution turned blue. To the solution was added 150 mL ef CH
was filtered to remove unreacted sulfur. The acetone addition and cy,, and the blue organic layer was separated from the aqueous layer.
filtration was repeated several times until all the unreacted sulfur had The organic layer was filtered and condensed to 10 mL. Blue plate
been removed. The filtrate was concentrated to 3 mL under reduced crystals were obtained by ether vapor diffusion to the organic solution

pressure, and ether was added until a green powdel o¥as
precipitated. The precipitate was filtered and recrystallized from

in a refrigerator. The crystal is dichroic, being red or green depending
on the direction of observation. Compou(PFs)s is not very stable

acetone/ether. The yield was 65%. Green needle-like crystals for X-ray jn ajr and is very soluble in C¥CN but sparingly soluble in C}Cl,.

diffraction were obtained by vapor diffusion of ether into the acetone
solution. The compound is air-stable, being soluble in,Clkiand
most other organic solvents except ether arfitexane. Anal. Calcd
for C1oH36015PsCLiS;RWw: C, 15.94; H, 4.01. Found: C, 15.82; H,
4.09. 'H NMR (CDCly): 6 3.72 (t,J = 5.13 Hz) (this triplet may be
actually an overlap of two doublets§*P{*H} NMR (CDCL): 6 120.14

(s). 3P{*H} NMR (CDCl): ¢ 128.83 (s). FABMS:m/e905 (M"),

870 (M" — CI), 836 (M — 2Cl), 781 (M" — TMP), 744 (Mf — Cl —

(12) Amarasekera, J.; Rauchfuss, T. B.; Wilson, Rn8tg. Chem 1987,
26, 3328.

(13) Amarasekera, J.; Rauchfuss, T. B.; Rheingold, Ainbrg. Chem
1987, 26, 2017.

(14) Elder, R. C.; Trkula, MInorg. Chem 1977, 5, 1048.

(15) Kim, S.; Otterbein, E. S.; Rava, R. P.; Isied, S. S.; Filippo, J. S,
Jr.; Waszcyak, J. VJ. Am Chem Soc 1983 105, 336.

(16) Sellmann, D.; Lechner, P.; Knoch, F.; Moll, Ml.Am Chem Soc
1992 114 922.

(17) Robin, M. B.; Day, PAdv. Inorg. Chem Radiochem1967, 10,
247.

(18) Hush, N. SProg. Inorg. Chem 1967, 8, 391.

(19) Matsumoto, T.; Matsumoto, KChem Lett 1992 559.

(20) Matsumoto, T.; Matsumoto, KChem Lett 1992 1539.

(21) Sime, W. J.; Stephenson, T. A.Organomet Chem 1978 161,
245.

The compound is also soluble in most organic solvents except £HCI
ether, and hexane; however, the blue color changes even under N
these solvents. The yield was 72%. Anal. Calcd forHg/Ne-
O1F18P/SRW: C, 19.97; H, 3.77; N, 5.82. Found: C, 19.92; H, 3.67;
N, 5.84. *H NMR (CDsCN): 6 3.79 (t,J = 5.45 Hz) (this triplet may
actually be an overlap of two doublets), 6.33 (broa#fP{*H} NMR
(CDsCN): 6 —145.61 (septetJ-—p = 706.5 Hz). Thé'P NMR signal
of P(OMe) cannot be observed, becay8F" is paramagnetic. UV
ViS (CHsCN): Amax646 Nm € = 6.36x 1M ~1cm™2), 317 € = 2.84
x 10P), 256 € = 15.63 x 10°).

[{RU(CH3CN)3(P(OMe)s)2} 2(u-S2)](CF3SOs)3 (3(CFsSOs)s). The
compound is prepared similarly to the PFalt, by using NaC{O;
in place of NaPEk The yield was 70%. The compound can also be
prepared by stirring a C¥N solution containingl and 4 equiv of
AgCRsSO; at room temperature for 3 h. The solution was filtered,
and the filtrate was condensed under vacuo, to which ether was added
to precipitate3(CF;S0Os); with a yield of 82%. Anal. Calcd for
CoHsaNgOoFoPsSSRW: C, 22.27; H, 3.74; N, 5.77. Found: C, 22.15;
H, 3.80; N, 5.63.

[{Ru(CH3CN)(P(OMe)s)2} 2(u-S) (-Cl) 2 (CF3SGs)2 (4). All the
procedures described below should be carried out under gdryTd a
dry CHsCN solution (8 mL) ofl (0.1 g, 0.11 mmol) was added 2 equiv



Disulfide-Bridged Binuclear Ruthenium Compounds

Table 1. Crystallographic Data
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1 2(CRSGy) 3(PFe)3 4 5
formula GioH36012ClaPsS,RU, - CisH3dNO1sClsFsPaSsRU - CoaHsaNgO1F18P7SRW  CigHaoN2018CIFePaSiRW, - CogHsaNeO24F12P1SsR Wy
fw 904.38 1059.04 1443.77 1213.79 1605.14
cryst. system monoclinic orthorhombic triclinic monoclinic monoclinic
space group P2;/c (No. 14) Pnma(No. 62) P1 (No. 2) P2/a (No. 13) P2,/c (No. 14)
a(d) 23.739(8) 17.483(5) 12.469(3) 16.615(4) 21.984(6)
b (A) 15.665(4) 29.964(5) 13.427(4) 20.182(5) 13.630(3)
c(A) 8.794(1) 15.270(2) 11.834(3) 13.787(5) 21.531(6)
o (deg) 90.0 90.0 121.12(2) 90.0 90.0
p (deg) 99.93(2) 90.0 70.06(2) 92.75(2) 95.81(2)

y (deg) 90.0 90.0 123.64(2) 90.0 90.0

V (A3) 3221(2) 8000(3) 1408.0(8) 4618(2) 6408(3)
T (deg) 23+1 23+1 23+1 23+1 23+1

z 4 8 1 4 4

Peaca(g €M) 1.86 1.76 1.70 1.75 1.66

crystal dimens 0.51x 0.10x 0.12

0.45x 0.20x 0.15

0.50x 0.38x 0.13

0.47x 0.35x 0.12

0.74x 0.25x 0.13

(mm)
absorp coeff 16.21 13.17 9.12 11.56 8.60
(cm™?)
20 range (deg) 520 <55 4<260 <50 2<26 <55 5<20 <55 3<20 <50
no. of total 6738 7745 8527 5743 12451
data measd
no. of obsd 3053(%) 3402(%) 4023(%) 2497(H) 4033(%)
unique data
residual electron 0.62 0.89 0.83 0.81 2.7
density (e/R)
no. of params 324 422 450 217 389
R2 0.0395 0.0859 0.0815 0.0803 0.1425
Ra? 0.0502 0.0734 0.0697 0.0881 0.1431
w 1/0%(F) 1/(o¥F) + 0.00051F?)  1/0*(F) 1/0%(F) 1/(0*(F) + 0.00243%?)

AR = 3 (|Fol — IFc)/ZIFol. ® Ry = [SW(IFo| — |Fcl)2yw|Fo|?*2.

of AgCRSG;, and the solution was stirred at room temperature for 3 molecular sieves and distilled. Tetrabutylammonium perchlorate
h. The blue-green solution was filtered, and the filtrate was set aside (TBAP) was used as electrolyte.
for crystallization by ether vapor diffusion. The crystals were collected ~ The X-ray photoelectron spectra (XPS) were recorded on a Perkin-
by filtration, washed with ether, and dried under vacuo. Blue plate Elmer Model 5600 spectrometer. MgoKradiation (1253.6 eV)
crystals were obtained in a yield of 74%. Anal. Calcd for operated at 15 kV and 13.3 mA was used as an X-ray excitation source.
Ci18H42N201sCLFsPsSIRW: C, 17.81; H, 3.49; N, 2.31. Found: C, Microcrystalline samples were dispersed on indium films and were used
17.78; H, 3.48; N, 2.593P{*H} NMR (CDsCN): 6 117 (12 = 360 for measurement. Since C 1s peaks overlap on Rk Pebaks,
Hz). UV—vis (CHiCN): Amax 664 nm € = 7.50 x 10° M~ cm™?), conventional calibration method of using the C 1s peak of hydrocarbon
419 € = 1.85 x 10%), 315 € = 3.99 x 1. contaminant in air could not be used. As an alternative, the C 1s
[{ RU(CH3CN)3(P(OMe)s)2} 2(1-S2)](CFsS0s)4 (5). All the proce- binding energy (286.1 eV) of the methoxy group in the ruthenium
dures described in the following must be carried out under dryTi complexes was used for calibration of the binding energy. The carbon
a dry CHCN solution (2 mL) ofl (0.1 g, 0.11 mmol) was added 4  1s binding energies of the methoxy group in over 50 compounds are
equiv of AgCRSQ; (0.104 g), and the solution was stirred at BD reported to vary only in the range of 286-286.2 e\#? and therefore
for 40 h. After the solution was cooled, AgCl was removed by Wwould not give rise to any serious errors, if this peak is used as a
filtration, and the filtrate was dried under vacuo. The residue was standard of the binding energies. The reproducibility of the measure-
dissolved in 10 mL of CkCl, and was filtered. Ether vapor was ments wast0.1 eV. Under these conditions, the Agsagheak had a
introduced into the solution, which precipitated blue plate crystals of full width at half maximum (FWHM) of 1.00 eV. All the sample
5. Compoundb is very unstable in air and must be kept under dsy N preparations and mountings were carried out in a glovebox filled with
The yield was 80%. Anal. Calcd for 8HsiNeO2sF1PsSsRW: C, Ar, directly connected to the sample chamber of the spectrometer.
20.95; H, 3.39; N, 5.24. Found: C, 21.09; H, 3.49; N, 5.38{H} Collection and Reduction of X-ray Data. Crystals ofl, 2(CHs-
NMR (CDsCN): 6 112.3 ppm. UV-vis (CHiCN): Amax 652 Nm € = S0;), 3(PFs)s, 4, and5 were subjected to single-crystal X-ray diffraction
7.08x 1* M1 cm?), 310 € = 2.84 x 10°). analysis. Unit cell parameters were obtained from a least-squares fit
Physical Measurements. Infrared spectra were recorded on a ©f 20 reflections in the range 20< 26 < 25°, measured on a Rigaku
HITACHI 1-3000 instrument, while UV-vis spectra were measured ~AFC-5R four-circle diffractometer by using graphite-monochromated
on Shimadzu UV-310PC and Shimadzu UV-260 spectrophotometers. MO Ko radiation (0.710 68 _A)- Sincé and5 are unstable in air, the
Acetonitrile for the spectral measurements was dried with 4A molecular Cystal of 4 was coated with epoxy-resin and was used for X-ray
sieves and distilled before use. NMR spectra were recorded on JEOL Measurement, whereas a crystalsofvas sealed in a glass capillary
GSX400 and JEOL EX-270 instruments. THE chemical shifts are under a N atmosphere. No serious deterioration of the crystal was
expressed in ppm, which is referenced to P(OMe)CD:CN set at observed fo# during the measurement, whereas about 10% intensity
140.0 ppm. ESR spectra were recorded on a JEOL JES-RE2X decay was obse_rved for the th_ree standard re_flectloﬁsa)fd_ therefore _
spectrometer using microcrystalline samples ands@M solutions. a decay cprrectwn was applied. .An analytical absorption correction
Resonance Raman spectra were measured on a Spex Ramlog 6 doubl¥@s applied according to the literature metfddThe Lorentz-
monochromator. The excitation sources were 647.1-nm and 568.2- Polarization correction was made to the collected data for all the crystals.
nm lines of a Kr laser and 476.5-nm line of an Ataser. FAB mass The details of the crystal data and the data collectionsl f@&(CFs-
spectra were obtained on a JEOL JMS-HX110 instrument. The samplesS©3): 3(PFe)s, 4, andS are given in Table 1 and in Tables S1, S2, S3,
were measured as nitrobenzyl alcohol solutions. Cyclic voltammograms S4: @nd S5, respectively, in the supporting information.
were measured by using a Fuso 315A potentiostat. A three-electrode  Slution and Refinement of the Structures. The coordinates of
system was employed with a Pt plate working electrode, a Pt wire the metals and the coordinating atoms were determined by a direct
counterelectrode, and an Ag/Agr Ag/AgCl reference elegtrodg. The (22) Shichi, Y. Ph.D. Thesis, Keio University, Japan, 1990, p 50.
reference electrode was separated from the sample solutions via a Vycor (23) North, A. T. C.; Phillips, D. C.; Mathews, F. Bcta Crystallogr
glass junction. The C¥CN used as solvent was dried with 4A 1968 A24, 351.
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method (SHELXS8®). The subsequent Fourier synthesis and the by Bleaney and O'Brief¢ Stevens$’ and Kamimur&® The theory
block-diagonal least-squares refinement with program system UNICS- has been successfully applied to monomeric low-spin Ru(lll) com-
11125 (1 and 3(PFs)3) or the full-matrix least-squares refinement with  plexes?® and the basic equations are outlined in the Appendix.

SHELX76/86 @(CFs:SOs), 4, and5) revealed all the non-hydrogen In the actual calculation, a home-made computer program was
atoms, which were finally refined with anisotropic temperature factors created, andy, g, and g, values were calculated by varying the
to the final discrepancy indices listed in TableR.£ 5 ||Fo| — [F|l/ parameters in the following ranges = —250, —500, and—1000 to

> IFol andRy = [Fwi(IFol — IFc)¥XwilFo|?]*?). Since the crystal o —7000 cnm! with —1000 incrementy = +250,+500,+1000,4-2000,

is very unstable toward air and X-ray, it deteriorated significantly during and+3000 cnt%; A = +£1000,£900,+800,+700,+600,+500, 4400,
the measurement. Only Ru, S, and P atom$ auld be refined +300,4200,+100,450, and 0 cm®; k = 0.3—1.1 with an increment
anisotropically, while all other non-hydrogen atoms were refined of 0.1, whereA andV are axial and rhombic distortion enerdyis a
isotropically. spin—orbit coupling constant, arklis an orbital reduction factor. All

In the intermediate stage of the X-ray analysis 3¢PFs)s, all the combinations of these parameters were calculated, and the best
non-hydrogen atoms were located with Fourier synthesis and were parameters found were further refined by varying them by 10icm
refined isotropically by the block-diagonal least-squares program around the best value obtained by the first approximate survey. In the
(UNICS-IlI%). At this stage, some of the methoxy groups were found next surveyk was varied from 0.8 to 1.0 by an increment of 0.01.
to be disordered in two positions (013 vs 014, C13 vs C14, and-021
023 vs 024-026), and all the fluorine atoms of the hexafluorophos-
phate ions were also disordered in two positions (FE13 vs F14-
F16, and F21F26 vs F27F212). The relative statistical weights of Syntheses of the ComplexesFrom the reaction ofrans:
the two positions were determined by a full-matrix least-squares RUuCL(P(OMe)), with elemental sulfur, compound was

refinement (SHELX86) to be 62.37:37.63 for the methoxy groups and hained (Scheme 1). No reaction occurred when the synthesis
56.78:43.22 for the fluorine atoms. All the atoms were finally refined of 1 was attempted under a;Mtmosphere.

with anisotropic temperature factors. . . .
In the analysis oR(CFsSO), a crystallographically independent Synthesis oR requires trace amounts of water, as shown in
CFsS0;~ anion was found to be distributed over two equivalent special Scheme 2, and the reaction is accelerated by increasing the

positions &, 0.25,2) with 0.5 multiplicity. Some of the bond distances ~amount of the water. Substitution of the chloride in Rufiaby),

in the CESQO;™ are not as normal (Table S18), but these are due to a (bpy = bipyridine) by CHCN is reported to be similarly

large thermal motion of the anion. accelerated, with the mechanism involving initial hydrolysis of
The coordinates of the atoms In2(CFzSGs), 3(PFe)s, 4, and5S are the complex®® Since the reaction of2]* to [3]3* is slower

listed in Tables S6, S7, S8, S9, and S10, respectively, in the supportingthan that ofl to [2]+, compound can be isolated by terminating

information. The anisotropic temperature factors are reported in the - e - . :
supporting information (Tables S11, S12, S13, S14, and S15, respec-the reaction on addition of G}l and isolating the organic

Results and Discussion

tively). . (26) Bleaney, B.; O'Brien, M. C. MProc. Phys Soc 1956 69, 1216.
Analysis of the ESR Spectrum. The powder ESR spectrum 8f (27) Stevens, KProc. R. Soc London, SerA 1953 219, 542.
(PFe)s was analyzed on the basis of the theory of theensors for (28) Kamimura, HJ. Phys Soc Jpn 1956 11, 1171.

low-spin & systems in distorted octahedral environments, developed  (29) (&) Hudson, A.; Kennedy, M. J. Chem Soc A 1969 116. (b)
Lahiri, G. K.; Bhattacharya, S.; Ghosh, B. K.; Chakravorty|marg. Chem

(24) SHELX86 by G. Sheldrick. 1987, 26, 4324.
(25) Sakurai, T.; Kobayashi, KRigaku Kenkyusho Hokokl979 55, (30) Greaney, M. A.; Coyle, C. L.; Harmer, M. A,; Jordan, A.; Stiefel,
69. E. I. Inorg. Chem 1989 28, 912.
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Scheme 3 cl111 c211
c cl ;! o Blue Solution
P,...}HJ"/ °'<"hl{m...P I CH(CN 0°C CTSCN 07C _ diamagnetic
VAN _ / \ 4AgT -4AgCI Ama= 650 NM
e
N —\ 3+
HJ—N
P
S S\ /
(5) N F ) N—_fu< ) .
RUdIDRU) N \N RudhRu(IY q N Figure 1. Structure of { RUCI(P(OMe})z} 2(u-Cl)2(u-S2)] (2).
Table 2. Major Interatomic Distances (A) fat, 2(CFsSOs),
layer. The reaction of to [2]T was monitored with UV-vis 3(PFe)s, 4, and5
spectroscopy (Figure S1), which shows isosbestic points at 322, 1
361, 403, 456, 539, and 704 nm. The reaction is accelerated Rul-Ru2 3.579(1) SES2 1.971(4)
by small amounts of kD, probably because the increased EUkCIl 2.530(2) RuzCl1 2.504(2)
: 0 : ul—ClI2 2.484(3) Ru2CI2 2.488(2)
polarity of the solvent facilitates the release of the coordinated g ,1—cir1 2.420(2) RUZClt2 2.426(3)
chloride. Compound3]3* has a mixed-valent [RISSRU']3* Rul-S1 2.205(2) RU2S2 2.198(3)
core, which corresponds to the one-electron reduced form of Rul-P11 2.248(3) Ru2P21 2.258(2)
[5]4f. The reduction of2]* to [3]3" is caused by CECN and Rul-P21 2.242(3) RuzP22 2.252(2)
not by HO, since the reduction reaction takes place even in 2(CFsS0s)
dry CHsCN as described in the preparation3§CF3S0Os); and Rul-Ru2 3.536(2) StS2 1.972(7)
is shown in Scheme 3. Scheme 3 shows that addition of 4 equiv Eui:(%lll 22-1%(55) F\'?“gglzl 5-27256(5)
of AgCFR;S0; to 1 removes more than 90% of theGh 1 as Rﬂl—CIZ 2:4988 Rﬂ%CIz 2:467253
AgCl (confirmed gravimetrically). Addition of dry ether to the Rul—-CI3 2.401(5) RU2P3 2.247(5)
dry CHCN filtrate gives[3]3", whereas addition of dry ether Rul-P1 2.256(5) Ru2P4 2.240(6)
to a dry CHCI, solution containing the dried residue of the Rul-pP2 2.249(6) RuzN 2.076(17)
dried CHCN filtrate gives[5]*". In CDsCN, the reduction of 3(PFo)s
[5]*" is considerably retarded, aridcan be isolated by ether Rul-S1 2.322(2) RutN1 2.127(7)
addition. The U\-vis spectrum of5 in CH3CN gradually Rul-P1 2.234(3) RuN2 2.154(9)
changes to that dB]3*" even under dry B(see Figure 7 in the 25_1;';2 12'5352((;')) RULN3 2.054(7)
latter section). All these facts suggest that CN is the ’ 4
reducing agent fof5]*"; however, we could not identify the
oxidized product of CHCN. CH activation of CHCN to bridge 53:31 22_'41337(%) RRgEi 22.'33(71(;1)
two lanthanoid metaf and NCCH™ coordination to square- Ru—CI' 2.478 SLST 1.973(7)
planar late transition met&fare known, but redox reaction of Ru—-P1 2.252(4)
CH3CN with a metal ion is not known to the best of our 5
knowledge. The detailed mechanism is still under investigation. Ru1-S1 2.279(9) RuS2 2.245(9)
Another disulfide-bridged RISSRU' dimer [ CpRu(PPB)2} 2 Rul-P1 2.304(9) Ru2P3 2.265(9)
(1-S2)]* has been isolated as its SbFsalt!2 however neither Rul-pP2 2.273(9) RuzP4 2.305(10)
structure nor detailed spectroscopic study of the complex has Rul-N1 2.20(3) Ru2-N4 2.16(3)
) > Rul-N2 2.12(3) Ruz-N5 2.21(3)
been reported. All the compounds reported here are diamagnetic g,1-N3 2.10(2) RUZNG 2.12(3)
except [3]3+, which is paramagnetic. All these magnetic S1-S2 1.933(11)

properties were confirmed by NMR and ESR in the temperature
range of room temperature to 77 K. It is noteworthy that normal value for end-on cis disulfide-bridged Ru dimer com-
addition of CI” sources such as;RCl to a CHCN solution of pounds (111.8116.6).3%34 Table 4 summarizes the Ri$ and
[3]3* in air or to an CHCN solution of5 in Ny restores the S—S distances and other spectroscopic properties of end-on cis
starting materiall. and trans disulfide-bridged Ru dimer complexes so far reported.
Structure of 1. The structure ofl is shown in Figure 1. The S-S distance irl is one of the shortest of all the cis and
The two ruthenium atoms are bridged by a disulfide and two trans disulfide bridges. The RP distances irl (2.248(3),
chloride ligands to form a novel R{8;)Cl, core. Each 2.242(3), 2.258(2), and 2.252(2) A) are comparable t# Ru
ruthenium atom is further coordinated by a terminal chloride P(P(OMe}) distances of 2.289(7), 2.275(8), 2.294(6), and 2.271-
and two P(OMe) ligands. The major atomic distances and (5) A in [{Ru(P(OMe))s} 2(u-WSs)} (PFs)2,2° but are signifi-
angles inl are listed in Tables 2 and 3, respectively. All the cantly shorter than the Ru-P distances of other alkyl- or
interatomic distances and angles are tabulated in Tables S16rylphosphine compounds ([CpRu(P§4y(u-S:)12 2.309(3) and
and S17, respectively, in the supporting information. TheRu  2.300(3) A, [(PhNCHS)RuU(CO)(PBJi2(MS,):2(CHs),CO!!
S-S angle is 111%o0n average (Table 3) and is within the 2.359(3) (M= Mo) and 2.347(5) A (M= W)).

(31) Heeres, H. J.; Meetsma, A.; Teuben, JAdgew Chem, Int. Ed. (33) Mizobe, Y.; Hosomizu, M.; Kawabata, J.; Hidai, M.Chem Soc,
Engl. 199Q 29, 420. Chem Commun 1991, 1226.

(32) Pregosin, P. S.; Roulet, R. F. R.; Michelin, T. B. R. A.; Ros, R. (34) Rauchfuss, T. B.; Rodgers, D. P. S.; Wilson, SJRAm Chem
Inorg. Chim Acta 198Q 45, L7. Soc 1986 108 3114.
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Table 3. Interatomic Angles (deg) of the RUSSRu Coredjn
2(CF5S0), 3(PFe)s, 4, and5

1

Cl1—-Rul-CI2 79.01(8)  CIt-Ru2-CI2 79.44(6)

Cl1-Rul-S1 87.66(8)  Cl+Ru2-S2 88.11(9) . y
Cl2—-Rul-S1 92.65(8)  Cl2Ru2-S2 92.51(9) @

Rul-S1-S2 111.3(2) Ru2S2-S1 111.5(1)

Rul-Cl1-Ru2 90.61(6)  RuCl2—Ru2 92.07(7)

2(CFSO0s ~r
Cl1—-Rul-CI2 80.1(2() ’ c)eruz—cm 80.1(2) o13 o &%@é?wc

Cl1-Rul-S1 921(2)  CItRu2-S2 91.8(2)
Cl2—Rul-S1 88.9(2)  Cl2Ru2-S2 89.7(2)
Rul-S1-S2 111.8(3)  Ru2S2-S1 109.6(3)
Rul-Cl1-Ru2 91.2(1) Ru*CI2—Ru2 90.8(1)
3(PFe)3
Rul-S1-S1 107.5(1)
4
Cl-Ru-S1 92.4(1) Figure 4. Structure of {RU(CHCN)(P(OMe))s} 2(u-Cl)a(u-S)]2+
5 ([41%).
Rul-S1-S2 108.6(4)  STS2-Ru2 109.9(5)
c22 C31

QCZZH
O C2In
ClZn N2

c2 02
-

Q’\/ O23—Qbom Q
i3

LL é Cc21
l(:llg(gr&é);qu(:g]r%?f{ RUCI(P(OMe3)ab - Clalu- SHRUICHCN)- Figure 5. Structure of { Ru(CHCN)3(P(OMe})2} o(u-S)]4+ ([5]47).

in 1. The Ru-S—S angles of 111.8(3)and 109.6(3) (Table
3) are also the same as thoselof

Structure of 3(PFs)s. The structure of the major component
of the two disordered3]3* complexes is shown in Figure 3.
The structure of the minor component is shown in the Figure
S2. The coordination distances and angles are listed in Tables
2 and 3. All the interatomic distances and angles are listed in
Tables S20 and S21, respectively, in the supporting information.
All the transRuSSRu cores previously reportééf—37 are RU'-
SSRU', and[3]2" is the first example of a mixed-valent one-
electron reduced RSSRU' core, whose structure is elucidated
by X-ray diffraction analysis. The -SS distance of3]3" is
comparable to those of other disulfide-bridged cis and trans
dimers, whereas the RiS distance of 2.322(2) A i is
significantly longer than those of other complexes in Table 4.
This significant difference is due to the one-electron reduction
Figure 3. Structure of the major component of RU(CHCN)s- of the RUSSRu core. The literature values indicate thdtf8u
(P(OMeY)2} 2(u-S2)13* ([313Y). distances are generally longer than'RtS distances, i.e., 2.464

Structure of 2(CF3SQ;3). The structure of2]* is shown in (av) f,& in [{RU!(P(OMe})} 2(”'WS4)](PEB)2'10 2.393 (av) ﬁ'&i_n
Figure 2. The complex cation has basically the same structure[{ Ru"(PhNCHS)(CO)(PPJ)} zw'mé?)]’ and 2.433 (av) A in
as 1, except that one of the two terminal chlorides dnis [{RU(bpy)}2(u-SPhH(FCSQy)2 " Unfortunately, there has

. : o never been a RBSRU compound synthesized, and therefore,
replaced by CHCN in 2 The major atomic d|§tances and the RU —S(disulfide) distance is not available in the literature.
angles are listed in Tables 2 and 3, respectively. All the

. Iy .
interatomic distances and angles are listed in Tables S18 and-rhe Ru-S distance irf3]™ seems approximately an average

I | i QT

S19, respectively, in the supporting information. The-fRwu of RYI—S and RY =S distances. The R«51-ST angle of
distance of 3.536(2) A is significantly shorter than thatlof (35) Brulet, C. R.; Isied, S. S.; Taube, Bl.Am Chem Soc 1973 95,
The Rut-S1 distance of 2.191(5) A is shorter than thatlof 47%36)'_ Ul W Zbinden. P Pittet. P. A+ Ammb T Burg

i ifi _ > | uginobunl, . inden, P.; Pittet, P. A.; Armbruster, T.; urgli,
and shows S|gn}:|\f|_cant double-bond character, whe_reas Ru2 H.: Merbach, A. E. Ludi. Alnorg, Chem 1991 30, 2350.
S2 of 2-226(5) Is |0nger.than RuS1. The SS d'Sta}nce (37) Holzer, W.; Murphy, W. F.; Bernstein, H.J.Mol. Spectrosc1969
of 1.972(7) A is not much different from the corresponding one 32, 13.
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Table 4. Structure and Spectroscopic Properties

—S-S—type Ru-S(A) S-S(A) RRwgss(cm?l) RRyss(cml) ESR ref
[{RUCI(TMPY} 2(u-Cl)2(u-S5) cis 2.202 (av) 1.971  385(s) 456 (vw) diamagnetic this work
[{RUCI(TMP)Y} (u-Cl)2(u-S)[{ RU(AN)- cis 2209 (av§y 1.972 379 (m),410(m) 454 (w) diamagnetic this work
(TMP)2}](PFe)

[{RU(AN)3(TMP)2} (u-S2)1(PFe)3 trans 2.322 1995 e 561 (s) ox=2.11,g)= this work

20.5,0;=

1.994
[{ RU(AN)(TMP)} o(u-S2) (4-Cl)2] (CF3S Os)2 cis 2.197 1.973 diamagnetic this work
[{RU(AN)s(TMP)2} 2(u-S2)](CF3SOs)4 trans 2.262 1.933 diamagnetic this work
[{ CpRu(PMe)2} 2(u-S2)](SbFs)2 trans 2.208 1.962 12
[{CpRuU(PPB)2} 2(u-S2)](BF4)2 trans 414 (s) 530 (w) 12
[{ CpRu(PPB)2} 2(u-S2)1(SbFs) trans g=2.05A= 12

7.2 G, 5-lines
[{ Ru(NHg)s} 2(«4-S2)]Cl - 2H,0 trans 2193 (av) 2.014 415(s) 519 (vw) diamagnetic -3
1,4-[{ (MeCp)Ru(PPH} 2(u-S)2] trans 2.295 (av)  2.046 diamagnetic 13
[{Ru(PPR)‘'Ss'}2(u-S2)]CSH trans 2.244 (av) 1991 37RRSS(s) 536 RRSSP (m) diamagnetic 16

384 RSP (s) 525 RSP (m)

[{ (17°-CsMes)RU} 2(u-SPH(u-S5)] cis 2.212 (av)  2.008 diamagnetic 33
[(u2-S2){ (7°-CsMes)RU} 2(us-S)(u2-SHWS] cis 2220 (av) 1991 33
[{ (75-CsMesE)RU 2(u,7?-S) (1,-S)] cis 2.195 2.020 34

aResonance Ramahlsomers, see ref 16.The bond distances are those of the;®6;~ salt.4‘S,” = 1,2-bis[(2-mercaptophenyl)thio]ethane-
(2—), TMP = P(OMe}, AN = CHsCN. ¢ Not observed.

107.5(1} is slightly smaller than those of the other trans dimer
compounds listed in Table 4; the angles of thef&+S groups

in the compounds range from 110.fo 113.9. The angle
Rul—-N3—C3L1 trans to the disulfide bridge is 176{1jvhich

is comparable to those found in [R#CsHg) (CH3CN)3](PFs)2%¢
(175.6(avj). The angles cis to the disulfide are Rtill—
C11=162(1y and Rut-N2—C21= 165(1y and are obviously
smaller than those trans to the disulfide. The large bend in the
CHsCN coordination in the cis position seems to be caused by
the steric bulkiness of the P(OMed)gands cis to the CECN
ligands.

Structure of 4. The structure o# is shown in Figure 4.
The major bond distances and angles are listed in Tables 2 and
3, while all the bond distances and angles are tabulated in Tables
S22 and S23, respectively, in the supporting information. No
significant difference is observed in the R8 and S-S
distances of the three compounds having a(&&;)(u-Cl),
core,1, 2, and4, as Table 4 shows.

Structure of 5. The structure o6 is shown in Figure 5.  was made on the basis of the reported values of analogous
The major bond distances and angles are listed in Tables 2 anccompounds:1011.16.37 The 385 cm! (v(Ru—S)) and 456 cmt
3, whereas all the bond distances and angles are tabulated infv(S—S)) bands ofl should be compared (Table 4) to the
Tables S24 and S25, respectively, in the supporting information. reported values: 384 and 372 th(v(Ru—S)) and 536 and
The bridged core structures [#]*" and[5]4* are comparedin 525 cnt! (¥(S—S)) in the two isomers of {i-S){Rul"-
Figure S3. The RuS distance in the RiIBSRU' core of[3]3" (PPh)'S4'} 2], where 'S/ is 1,2-bis[(2-mercaptophenyl)thio]-
is longer than those in the RSSRU' core of[5]*". The S-S ethane(2),16 415 cnt! (¥(Ru—S)) and 519 cm! (¥(S—S)) in
distance in RUSSRU' is also longer than that in RBSRU'. [{ RU" (NH3)s} 2(u-Sp)]Br 4,15 and 409 ¢(Ru—S)) and 530 cm?

The elongation in the reduced core is consistent withnthéO (»(S—9)) in [{CpRU"(PPRh)3} 2(u-S)1(BF4)2.12 These com-
description of the RUSSRu core, as detailed in the next section.pounds are the only threansRuU"SSRU' ones for which

The one additional electron of RBSRU' enters an antibonding UV —vis and resonance Raman spectra are reported; no Raman
MO, thus lengthening the bond distances. The-BuS—Ru spectral data are available ftis-RUSSRu compounds other than
torsion angles are 180.0n [3]3" and 168.0(3) in [5]**. 1 and 2. The v(S—S) frequencies in disulfide complexes

UV—Vis and Resonance Raman Spectra.The UV—vis generally range from 480 to 600 ci¥ which should be
spectra of compounds, 2(PFs), and 3(PFs); are shown in compared to free 725 cn1?),38 S, (589 cnrl),373%and $2-
Figure 6. Those oft and5 are shown in Figure 7. None of (446 cnt1).82 The emission band of at 385 cnt! is more
the compounds have any near-IR absorptions up to 2000 nm.strongly enhanced by 647.1 nm radiation than by 568.2 nm.
Although the spectrum dd was measured in afitmosphere,  Therefore, the UV-vis absorption at 737 nm is considered to
it gradually degraded with an absorption decreaséat of be the electronic transition within the B8 core. Compound
652 nm, and the final spectrum was the same as th& of 2(PFgs) exhibits a strong visible absorption band at 690 nm. The
Therefore, the spectral change in Figure 7 corresponds to theresonance Raman spectrum2¢PFs;) shows emission bands at
reduction of[5]** to [3]3* by CHCN. The resonance Raman 379 and 410 cmi, which are assigned to(Ru—S). The 379
spectra ofl, 2(PFs), and 3(PFs); are shown in Figures 8, 9, cmtband is only slightly shifted compared to the corresponding
and 10, respectively. Compourddshows a strong absorption  band inl and is therefore assignedit(Ru—S) of the ruthenium
band at 737 nm and exhibits resonance Raman bands at 385 (38) Bunker, B. C.. Drago, R. S.- Hendrickson, D. N.. Richman. R. M.:

cmt (v(Ru—S), strong), 456 cm' (v(S—S), very weak), and  essell, S. LJ. Am Chem Soc 1978 100, 3805.
769 cnt! (double harmonics of 385 cm). The assignment (39) Clark, R. J. H.; Cobbold, D. Gnorg. Chem 1978 17, 3169.

Abs.

1200

Wavelength (nm)

Figure 6. UV—vis spectra ofl (—, 1.44 x 104 M), 2(PF) (- - -,
1.40 x 104 M), and 3(PFg)s (— - - —, 1.33x 1074 M) in CHsCN.




3604 J. Am. Chem. Soc., Vol. 118, No. 15, 1996 Matsumoto et al.

PR PR PSP S S SN NSRS S S H S A G T
L i L I it X

1.5+ r
P
e . X
g e=476.5 nm
21.04 B
2
0.5 r ~
K ' T
0.0 B
— o S e R e T
LO I e T L S T T T T .
400 600 800 1000 1200 Ae=568.2 nm . %
Wavelength (nm) i
PN S ST SV VU SN SNSRI AT SO WU S S NN SN S WA S N SRPIN S S ¢ S SN RSN
1.4+ L
1.2+ L
1.0 At =10 min L X
0.8 L
el
<
0.6 -
X
0.4 L Ae=647.1 nm
0.2 =
0.0-L— T T T T T LI S St S S A S B B S
300 400 500 800 500 1000

o ‘600 700
Wavelength {(nm)
Figure 7. UV—vis spectra ot (upper, 1.47x 10~* M) and5 (lower, )
1.81x 1074 M) in CH3sCN. N X , ) .
900 750 600 450 300
‘Wavenumber (cm™)

el

Figure 9. Resonance Raman spectraa{PFs) in CH.Cl, (9.02 x
10 M). Z.is the excitation wavelength. X: GBl,.

X
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Ae=568.2 nm

385cm’!
V(Ru-S) 561 cm?
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1200 1050 900 750 600 450 300
Wavenumber (cm™')

Figure 10. Resonance Raman spectra3fPFs); in CHsCN (9.56 x
10* M). Aeis the excitation wavelength. X: GEBN.

900 750 600 450 300

Wavenumber (cm") band ofv(Ru—S) could not be observed f&(PFs)s in CHs-
Figure 8. Resonance Raman spectralofi CH,Cl, (4.42 x 1073 M). CN, while a strong/(S—S) band was observed at 561 tin
e is the excitation wavelength. X: GBl.. Thev(Ru—S) band would be in the range 37800 cnt?, which
is, however, obscured by the Raman band of the solvent. Even
atom with the terminal chloride, whereas the 410 ¢éimand is if the v(Ru—S) band exists in the area, the intensity must be
assigned ta/(Ru—S) of the Ru atom with the terminal GH very weak. Acetonitrile has to be used as the solvent, in order
CN. These two bands are more strongly enhanceddby to avoid the release of the coordinated 4CiNI.

647.1 nm than byle = 476.5 and 568.2 nm, and therefore the It should be noted that for complexes witeis RUSSRu core,
UV —vis band at 689 nm can be assigned to the transition of 1 and2, v(Ru—S) is strongly enhanced, whered$—S) is only
the RyS; core. The very weak band @{PF;) at 454 cmt is very weakly observed. This is in remarkable contrast with
v(S—S) as judged by analogy to the corresponding weak band complex[3]3" with atransRuSSRu core, which exhibits only
of 1 at 456 cntt. Compound3(PFs)s exhibits strong visible a strongv(S—S) in CHiCN; v(Ru—S) is very weak or is not
absorption at 646 nm, which is analogously assigned to the enhanced. The resonance Raman spectrum gN)dRuSSRu-
transition within the RpS, core. The resonance Raman (NHz)s]*" with a planatransRu" SSRU' core'® exhibits strong
spectrum of3(PFs)3 shows a strong(S—S) band at 561 cr, v(Ru—S) but nov(S—S), when excited by 647.1 nm. This
which is stronger withle = 647.1 thanle = 568.2 nm. The excitation wavelength is close to the visible absorption maxi-
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B8 ligands. The latter complex has a planeansRuSSRu core
T %&C/()’%S-S % T in X-ray crystal structuré? Although the frequencies of(S—
/ ! \\n} T B0 S) for1 and2 (456 and 454 cmt, respectively) are considerably
R QuPO@ D lower than those of the trans cores (Table 4), the additional
@“\S@'@@“@ 7 ClI~ bridges in1 and2 might have caused significant differences
T —H—< ,/;’n = = ‘ in the electronic structures of the cores, lowering #(8—S)
- f L ;' g @/}Q@@@%@ - frequencies. Although comparison of the Raman spectra of
P S (/R%g“s@”@ 2 [3]3* and [5]** is valuable, a reliable spectrum §5]** is
L) i 4+ i
e valuable, a reliable spectrum {]** could not be obtained,
S, RuSSRu 2Ru Q\R@@@@Ru Y since the compound is too unstable even in,aahinosphere.
@& OO 31pf1H} NMR Spectrum. The3IP{1H} NMR spectrum of

. ) | " 2(PFs) in CD3CN exhibits two singlets at 124.3 and 114.5 ppm
Figure 11. #-MO scheme for a RUSSRd! core. _ with almost equal intensities. CompouB¢(CF;SOs) exhibits
mum of the complex at 715 nm. Th¢S—S) at 514 cm'is  peaks at 125.3 and 115.6 ppm in §IN. The former signals
observed only when it is excited by shorter wavelengths, i.e., of both compounds are ascribed to P(OM&)ordinated to the
by 568.2 nm or les&: The resonance Raman and electronic Ru atom with a terminal chloride, since the chemical shift is
bands can be reasonably explained by a qualitative MO only slightly shifted from that ofL (123.8 ppm in CBCN).
description of the RUSSRu core as follows. The electronic The signal at 114.5 ppm &(PFs) is accordingly ascribed to
transitions in the visible region correspond to a LMCT (ligand the P(OMe) coordinated to the other Ru atom. TH® signal

to metal charge transfer) from;S to Ru(lll). A resonance  of 3(PFs); and 3(CFsSOs); could not be observed except for
Raman band with significant magnitude should be observable that of Pk~ at —145.6 ppm, which is probably due to the
only for symmetricv(Ru—S) when the solution is irradiated by  paramagnetism of the complex cation. THE{!H} signal of

the visible band. The theory also predicts that the intensity of 4 is a broad singlet at 117 ppm with, = 360 Hz in CRXCN.

the ¥(S—S) band is zerd> A basically similar but simpler  The reason for such unusual broadening is not known. The
explanation can be given to the electronic absorption bands of signal was compared to that &fin CDsCN with the addition
[{Ru(PPR)'Sy’}2(u-S7)]-CS.*® In order to obtain a clearimage  of 2 equiv of AGCRSO; (Figure S4). The latter solution should
of the electronic states and to explain the Raman and ESRcontain4, and the UV-vis spectrum is actually identical to that
spectra (see later section) of the present compounds;M©  of 4 (Amax = 664 nm). However thé'P resonance peak is not
scheme for a RUSSRu core is given in Figure 11, which is proadened, having an identical chemical shift at 117.3 ppm.
basically similar to what is described in ref 16. The strong SR Spectra of 3(PR)s. Complex[3]3* is the first well-
visible absorptions of compounds 2(PF), 3(PFe)s, 4, andS characterized mixed-valent complex withtrans-Ru' SSR'

are the transitions fromrs to 74, which is LMCT. This  core, which is ESR active due to the Ru(lll) atom. All other
assignment has been confirmed by the fact that a hypsochromicg il SSRif' complexes in the present study and those so far
shift is observed for the visible absorption bands when Lewis reported are diamagnetic. Therefore, the ESR spectr(j&]of
acid is added to the solution. For instance,thgof 1at 734 s valuable for elucidating the intervalence interaction occurring
nm in CHCl shifts to 697 nm when 1 equiv of Snds added  petween the two Ru atoms through the distingtSigand.

tq the solution. The. compounds?2, 4, and5 are diamagnetic, The powder and solution ESR spectra3PF)s are shown
since the tv_vo unpaired eI_ectr(_)ns of the two low-spin RU(HI) in Figure 12. The powder spectrum at 288 K shows a rhombic
ions are paired as shown in Figure 11. Compo[BJ&" with  qjona| of the unpaired electron of Ru(lll) with = 2.12,g, =

a RU'SSRU!' core is paramagnetic, since its one unpaired , o5 4nq g = 1.995. Although several ESR spectra of
electron 1= n theﬁ orbital. Among the eight compounds with 500y clear and dinuclear paramagnetic Ru(lll) complexes
atran&‘}R’u‘ SSR! core SO f_ar reported (Table 4), onlyRu- have been analyzed with the matrix of a sporbit coupling
(PPR)'Sq'}o(u-S,)]-CS; exhibits thers—zs band near 1000 nm, o mijtonian, most of them have axial symmetry with ogly
whereas all the others are at around 700 nm. It is noteworthy andg, parameterd Rhombic spectral analysis of, g,, and
that, for the three compounds withte@ansRu!'SSRU' core, G by using spir-orbit coupling constant., axial splitting
[{CpRU(PPb)Z% ZCL,"SZ)](BF“)Z' [{ Rhu(N"b)5}2(""SQ)]CI4'2H20’ parameter\, and rhombic splitting parametef is reported only
and HRU(EPG) Sﬁ" }ou-S)]-CS, t ev(S—S)IRamanr?andls ar€  for monomeric Ru(lll) complexé8 with phosphine and other
very wea a“‘.“ ?(RU_S) are strong (Tal,) e4). This relative nitrogen-donor ligands. The rhombic anisotropy in Figure 12
intensity relation |I|S corrlllpletely reversed in compow{#tFe)s is remarkably small, compared to those of the reported mono-
_havmg atrans Ru 3S+SRU. core. Only a strong/(S—S) band meric and dimeric Ru(lll) complexes with axial or rhombic
Is observed fqr[3] ' K&T et al!jl ‘?Xp'a'“s that the strong symmetries$>40 Low-spin Ru(lll) species exhibit ESR spectra
(RU_S.) band. intrans-R S.SR is aroused by a transition which are usually highly anisotropic with axial or rhombic
associated W|th a symmetric R® stre_tch, and thus o_nly_t_he symmetry2941 For example, [RU(NHg)s(cat)]" (cat is cat-
v(Ru—S) band is enhanced by the visible band to a significant ¢cpqate ‘and its derivatives) cations give axial spectra gith
intensityS the stretching of the SS bond does not contribute  _ ~1.9 andgs = ~2.742 However, in certain reduced

tob the fj'pO"ff rr?oment rﬁspong_ble ;or tr;*e V|s||?bJIeS§I§3|tron|c [Ru(bpy)]@ ™" species, the unpaired electron is delocalized
a j_orpltlon. ’ owev_er,(tj ECOLe IS Ire ucetrams RU- b ' over the metal and the ligand, and shows only a slightly
a dipole moment, raised by the electronic transition between ,iqq1ropic signal wity-value differences of up t-0.0443 In
the mixed-valent two metals, would operate along theSS
bond!®> In addition, the compound would experience less  (40) Cotton, F. A.; Torralba, R. Gnorg. Chem 1991, 30, 4392.
LMCT, since the metal is reduced by one electron. Both of S (ﬁl) (@ DeS'i\lmO\peﬁ R. B-Y A%ﬁhenﬁ_sgclalhgmghi 625537-8(3)281%k1617ki,

] . ., Aagiwara, N.; Yanase, Y.; yosnl, A.FPnys em " .
these factors would in effect en_han_ce u(s S) strongly and (©) Raynor, J. B.: Jeliazkowa, B. @, Chem Soc, Dalton Trans 1982
weaken thev(Ru—S). The relative intensity of(S—S) to v- 1185.
(Ru—S) is large for { Ru(PPR)‘Ss'} 2(u-S)]-CSs, compared to Ch(42)1|;%|‘|¥, §3 I%.E;;E)Salmonsen, R. B.; Abelleira, A.; Clarke, MInbrg.

4+ H em )y .

that of [(NH)sRUSSRu(NH)s]*" (Table 4)’. since thérans: (43) (a) Motten, A. G.; Hanck, K. W.; DeArmond, M. KChem Phys
RuSSRu core of the former complex deviates largely from a | et 1981 79 541. (b) Morris, D. E.; Hanck, K. W.; DeArmond, M. K.

planar structure, caused by steric demands of thieai®l PPh J. Am Chem Soc 1983 105, 3032.
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(a)

100G g=205

(b) g=l2.11

g =1.994
g=2.12
(c) !
oo g=205
g=1.995

Figure 12. ESR spectra of{[Ru(CHCN)s(P(OMe})2} o(u-S2)](PFe)s
(3(PFg)3): (@) frozen CHCN solution at 223 K; (b) frozen C4&€N
solution at 188 K; (c) powder at 288 K.

semiquinone- and dioxolene-bridged dimeric Ru(lll) complexes,
very small anisotropy similar t@ is known, in which the

Matsumoto et al.

agreement with the experimental values in Figure 12. The best-
fit 2 value of 100 cm? is extraordinarily low, compared to the
previously reported values for monomeric Ru(lll) complexes;
A values are 884 cri for RuCk(P(n-Bu),Ph),2%21007 cntt
for [Ru(H.0)e]3",*8 and 1150 cm? for [Ru(NHz)e]3™.48 More
generally,A values of 708-1000 cnt! are reported for low-
spin Ru(lll) complexe4® The low A value of the present
complex is, however, not extraordinary, since the extensive
electron delocalization on the metdigand bond results in the
transfer of some of the unpaired electron density onto the ligand.
As a result, the orbital angular momentum is decreased, i.e.,
the orbital contribution is reduced, and thus the magnetic
parameters become closer to the spin-only valug of2° as
observed in the present compl&PFs)s. The orbital reduction
factor k of 0.92 is normal, compared to the literature values:
0.865 for [Ru(HO)e]3+,%8 0.959 for [Ru(NH)6]®",*8 0.932 for
[Ru(bipy)](PFe)s (bipy is 2,2-bipyridyl),5°0.912 for [Ru(phen)-
(PFs)s (phen is phenanthrolinéf,0.95 for RuCy(PMePh),2%
and 0.99 for RuG(AsPr)s3.2°2 The reduced spinorbital
interaction in[3]3" does not contradict the-MO scheme in
Figure 11, since the distinat-MO, composed of the-orbitals
of two Ru and two S atoms, corresponds to a delocalized
electronic state between the metal and the sulfur atoms. The
lack of near-IR absorption d8]3" is not inconsistent with the
m-MO scheme but suggests that the electronic staf8]éf is
actually beyond what the ligand field theory covers, and a MO
treatment is a more realistic way to deal with the compound.
The ESR spectrum dB]3* with such small anisotropy is not
common to Ru(lll) complexes and means that the parameters,
A and V, are small. Actually, the result of the present
calculation shows relatively small splitting parameters, which
should be compared to larger valuesfof= 5600 cntt andV
= 2500 cnr? for the tris 8-quinolinol comple®b andV = 5950
cm! for RUCkK(P(n-Bu),Ph).2%2

Electrochemistry. The cyclic voltammograms df, 2(PFs),
and 3(PFg); are shown in Figure 13, together with that of the
starting compoundransRuCh(P(OMe}),. Compoundl ex-
hibits a quasi-reversible wave a0.20 V (vs Ag/AgCl), which
corresponds to a one-electron Ru(ll/11l) reaction. The potential
is about 0.61 V cathodically shifted, compared to the Ru(ll/Il)
potential of 0.41 V for the starting compourichnsRuCh-
(P(OMe))s. A similarly large cathodic shift has also been
reported for disulfide-bridged compounfidpRu(PPB)2} 2(u-
S,)](SbRs)2,12 whose one-electron Ru(ll/Ill) redox wave is
cathodically shifted by 1.45 V upon replacing the chloride ligand
of the starting compound CpRu(PICI with a disulfide

unpaired electron is substantially delocalized onto the bridging bridging ligand. These facts show a stramglonation of the

ligand#4~4¢ The anisotropy is large and similar to those of usual
monomeric low-spin Ru(lll) species, when the electron delo-
calization onto the bridging ligand is a minimum, i.e., in the
organoborane-bridged RRU" dimer complex, an axial spec-
trum of significant anisotropy with g5 and g, difference of
~0.3 is observed’

disulfide ligandt? The Ru(ll/lll) wave of2 is observed at0.08

V (vs Ag/AgCI), which is anodically shifted from the corre-
sponding wave of. This is caused by the decrease of electron
density at the ruthenium center thby the substitution of the
chloride in1 to CHsCN. Compound3(PFg)s exhibits a Ru-
(IL1D/Ru(IL 1) irreversible wave at—0.30 V (vs Ag/AgCl) and

The powder spectral pattern in Figure 12 was analyzed quasi-reversible Ru(lll,Ill)/Ru(ll,Ill) wave at-0.74 V. The
according to the matrix calculation described in the Experimental latter potential is significantly shifted anodically from those of

Section. The final best fit was obtained whénr= 100 cnt?,
\Y 1680 cml, A = —2690 cnml, k = 0.92, and the
corresponding calculategl values weregy = 2.109997,g, =
2.049969, and), = 1.993901. Thesg values are in excellent

(44) (a) Ernst, S.; Hael, P.; Jordanov, J.; Kaim, W.; Kasack, V.; Roth,
E. J. Am Chem Soc 1989 111, 1733. (b) Ernst, S.; Kasack, V.;
Bessenbacher, C.; Kaim, VL. Naturforsch 1987, 42B, 425.

(45) Masui, H.; Lever, A. B. P.; Auburn, P. Riorg. Chem 1991, 30,
2402.

(46) Auburn, P. R.; Dodsworth, E. S.; Haga, M.; Liu, W.; Nevin, W. A.
Inorg. Chem 1991, 30, 3502.

(47) Merkert, J. W.; Davis, J. H., Jr.; Geiger, W. E.; Grimes, RJIN.
Am Chem Soc 1992 114, 9846.

1 and2. It seems that an unknown electrocatalytic reaction
occurs at both ends of the potential scansli®, and3(PFe)s,
but the reactions were not examined in detail. The cyclic
voltammogram ob could not be obtained, since the compound
is too unstable.

X-ray Photoelectron Spectra of 1, 3(PE)s, and 4. In XPS
measurement, inadequate sample preparation, unsuitable mount-
ing procedures, and X-ray irradiation damage of the sample can

(48) Daul, C.; Goursot, Alnorg. Chem 1985 24, 3554.

(49) Goodman, B. A.; Raynor, J. Bdv. Inorg. Chem Radiochem197Q
13, 136.

(50) DeSimone, R. E.; Drago, R. $.Am Chem Soc 197Q 92, 2343.
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Figure 13. Cyclic voltammograms of, 2(PFs), 3(PFs)s, and the starting compouricinssRuCL(P(OMe})s in CH;CN: 0.1 M TBAP as electrolyte;
a Pt electrode; scan rate 20 mV/s. In the figure, P is P(QMe) N is CHCN.

sometimes cause undesired spectral deterioration and obscurbe a broadened peak. The Rus@dinding energies of the
the real spectral featur&s.In order to estimate and avoid these compounds are considerably closer to the literature values for
undesired effects, powder-dispersed In films were prepared in Ru(ll) than for Ru(lll): Ru(lll) 3c, energies are 281-881.9
duplicate for each compound, and each film was measured twice.eV for [Ru(X-Pyx(DTBDiox)2]ClO,4 (X-Py is halogenated py-
Compoundd, 3(PFs)s, and4 did not show significant spectral  ridine, and DTBRQ is a derivative of 1,2-dioxolené¥,282.1—
change on such repetitive sample preparations and measure282.3 eV for [Ru(NH)sL]3" (L is various nitrogen donor
ments, whereas received appreciable spectral change. Com- ligands)>3 and 281.8 eV for RuGP* The binding energies for
pound5 is therefore not reported here. Ru(ll) are 279.5-281.8 eV for [Ru(NH)sL] 2,52 280.8-281.0

Ru 3d;, and 3d,, spectra are shown in Figure 14. The eV for [Ru(X-Pyh(DTBDjw)2],52and 279.6-280.8 eV for [{;°-
binding energies are listed in Table 5. For each compound, CP*)Ru@;®>-Cp)] (Cp* is pentamethylcyclopentadienyl and’'Cp
the Ru 3d); peak could not be clearly observed, because the C is cyclopentadienyl derivative8). The Ru 3B, binding ener-
1s peak of P(OMg)overlaps on the Ru 3¢ peak. The binding gies of the three compounds do not show any significant
energies of Ru 3gb are summarized in Table 4, together with difference among themselves as well, and the values are close
the binding energies of other elements. Contrary to our to those of Ru(ll); Ru(ll) 3B, energies are 461-0161.6 eV,
expectations, the Ru 3d binding energies do not show whereas Ru(lll) energies are 463.464.8 eV in the Creutz
significant differences among the three compounds. CompoundTaube mixed-valent complexes of various counterantéitfie
3(PFs)s is mixed-valent and as such had been expected to exhibitcalibration of the binding energy by using the C 1s binding
Ru(ll) and Ru(lll) components in the spectra. However, it energy of the coordinated P(OMah the compound does not
actually shows only one component for each Ry3ahd 2Ry, (52) Auburn, P. R.; Dodsworth, E. S.; Haga, M.; Liu, W.; Nevin, A.;
with the binding energies nearly equal to those of the Ru(lll) Lever, A. B. P.Inorg. Chem 1991, 30, 3502. _
dimer complexesl and4. The peak profiles oB(PFs); are mo(%?)ci';‘iﬁ’q%rgeé"zg'z'i'aop,’mm’ A.; Henderson, W. W.; Myser, T. K.
also similar to those of and2, which rules out the possibility (54) Moulder, J. F.: Stickle, W. F.; Sobol, P. E.; Bomben, K. D.

that two components of Ru(ll) and Ru(lll) are overlapped to Handbook of X-ray Photoelectron Spectroscdsrkin-Elmer Co.: Edin
Prairie, MN, 1992; p 115.
(51) Citrin, P. H.; Ginsberg, A. Rl. Am Chem Soc 1981, 103 3673. (55) Gassman, P. G.; Winter, C. .Am Chem Soc 1988 110, 6130.
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introduce any biased error, since the literature value of P(PF  short time scale (107 s) of the XPS experiment. These
2ps2 in (PhsPsP*Fg is 136.7 eV, compared to 135.9 eV & characteristics can be consistently understood by considering
(PFe)3,28 and the S{SO;™) 2ps value of NHCgH4SO:H is that in predominantly covalent systems sucRSSSRUF™,
167.8 eV, which should be compared to 168.1 e ¢fTable assignment of metal oxidation states becomes less meaningful,
5). The relatively low Ru 3¢, and 3R, binding energies of  and[3]3" is class Ill in the Robin and Day classificatidh.
Ru(lll) in the present compounds are therefore significant and The absence of an intense band typical of a mixed-valent
seem to be caused by the stronglonation of the §- ligand 12 compound can be explained as follows: if the ground state is
The S($?7) 2psr2 binding energies in Figure 15 and in Table 5 completely valence-averaged (class Ill), there is no difference
are almost in the same range with those of other disulfide between the two metal oxidation states. It is reasonable that
complexesi.e., 162:9164.4 eV® The binding energy of 162.7  such a compound does not exhibit an intervalence metal-to-
eV for one-electron reduce&{PF)s is slightly but significantly metal charge transfer band. Itis also noteworthy that, in relation
higher than those of the other two and might reflect that one to the absence of an intervalence transition band, a dinuclear
additional electron is extensively delocalized onto the sulfur mixed-valent ruthenium(ll,1ll) compound having an extensive
ligand. However, it may be a difference caused by the s-delocalized bridging ligand with intensive metddridge
geometrical difference cis and trans of the RUSSRu core. All orbital overlap, has an intense near-IR band close to that of the
of the P 2pp, N 1s, and Cl 2p; binding energies in Table 5  isovalent Ru(ll,ll) compoun& In such mixed-valent com-
are normal. pounds, LMCT (or MLCT) and intervalence transitions (IT) are
Electronic State of the Mixed-Valent Core. Compound strongly coupled and both are almost inseparable, i.e., higher
[3]3" shows several spectroscopic differences from other mixed- and lower isovalent forms and the mixed-valent form have
valent compounds. First, it lacks any intense absorption bandalmost identicalimax In the XPS of a such mixed-valent
in the longer-wavelength visible or near-IR spectral region, compound, only one photopeak is observed for each of Ry 3P
which is usually observed as a characteristic of mixed-valent and 3R2.5¢ It is very intriguing to note that, in the resonance
compounds and which is not seen in the lower or higher Raman spectrum of the CreutZaube mixed-valent ion, the
isovalent forms. Secon{B]** does not exhibit two metal core (56) Spreer, L. O.; Allan, C. B.; MacQueen, D. B.; Otvos, J. W.; Calvin,
level photopeaks expected for Ruand RE" ions on the very M. J. Am Chem Soc 1994 116, 2187.
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Table 5. Electron Binding Energies (BE) and FWHM of the XPS  Appendix

ik In the matrix calculation, the electron configuration of low-
compound spin & is regarded as a one-hole state. It is assumed that a
1 3(PR)s 4 low-symmetry perturbation separates the one-hole real functions

Ru 3, Z(xy), n(x2, and&(y2, so that their energies are (1¥2)—(1/

BE 281.0 281.0 281.4 2)V, andA, respectively. They, gy, andg, are expressed as
3P3BIZE 462.4 462.4 462.5 2

FWHM 2.7 2.7 3.1 0, = 2[2AC— B+ kB(C — A)v2] @)

S(S) 2Psp2 )
BE 163.2 162.7 163.4 g, = 2[2AC+ B° + kB(C + AWV?2] @)
FWHM 2.1 2.7 2.2

SCSe) 2R d nd 168.1 g, = 2[A°— B’ + C* + kA"~ C)] ®3)
FWHM 2.7

P(TMPY 2Py, A2+ B*+C*=1 (4)
BE 133.1 133.0 133.1
FWHM 1.7 2.0 2.0 whereA, B, andC are normalization coefficients for the lowest

P(PR) 2Ps2 Kramer doublet andt is an orbital reduction factor, which is a
BE nd 135.9 nd measure of the covalency of a metéijand bond. A knowl-

N 1SFWHM 15 edge of theg values enables these equations to be solved for
BE nd 399 6 399 9 B, C, andk. Then the secular eqs-% are solvable forA\/4,
FWHM 1.3 1.4 VI, andE/A.

Cl 2Py
BE 1979  nd 198.5 (120 — E)A+ (LI2V/2B + (12NVC=0  (5)
FWHM 2.8 2.8

aBE and FWHM values are in e\.nd = not determined TMP (1/24v2A+ (A —E)B=0 (6)

P(OMe}. (L/2VA+ (—(1/2). — E)C =0 )

symmetric stretching que of pyrazjne is sfnrongly enhanced as |y spin-orbit coupling constant is usually calculated by
well as the RerN stretching mode with medium strength when ,qing the near-IR absorption band of the lowest transifon.

the IT band is irradiate#f. The Raman band of the bridge ligand However, since no absorption was observed in the near-IR
is the first piece of direct evidence that enables us to assign theregion in'the present study, was treated as an independent

.IT b_and to the metabridg&metal three-site transitio_n, which parameter and was determined together with other parameters.
is different from a hitherto-believed metainetal two-site one.

In the resonance Raman spectrun8(®F)s, a strongy(S—S) Acknowledgment. The present research was supported by
is enhanced while no or a very wealRu—S) is observed. In 3 Grant-in-Aid for Scientific Research on Priority Areas of
the mixed-valent compoun8(PFe)s, although the absorption  «Activation of Small Molecules” (04241225) and of “Reactive
band is not very much different from those of Ru(llllll)  Organometallics” (05236104) from the Ministry of Education,
compounds, it is more strongly coupled to(&—S) stretching  Science and Culture, Japan. We are greatly indebted to Prof.
mode. Av(S—S) resonance Raman band had been expectedH, Takahashi of our Chemistry Department for his help in the
for a mixed-valent RISSRU' core,15 but in actuality could not measurement of the resonance Raman Spec’[ra_
be observed, since such compounds had not been prepared.

The electrochemical parameters also support the assignment Supporting Information Available: Details of the crystal
of [3]3" as a valence-averaged #,R1?5") compound. The  data collection procedures fay 2(CF3S0Os), 3(PFs)s, 4, and5;
large 1000-mV difference in the potentials for the formation of anisotropic thermal parameters; interatomic distances and bond

the mixed-valent and isovalent (RyURw*) species of[3]3" angles; the UV-vis spectral change during the reactionldb
corresponds to a comproportionation constégy, of 8.0 x 2; the ORTEP drawing of the minor component[8f3*; the
106, comparison of the core structures[8f3" and5; details of the
analytical method of the ESR spectrum; afi#{'H} NMR
Kcom i I i i i
(Ru2+,RuZ+) + (Ru3+,Ru°’+) oo 2(Ruz+,le+) spectra of4 and 1 (47 pages). This material is contained in

many libraries on microfiche, immediately follows this article

All of the above-mentioned facts suggest consistently that in the microfilm version of the journal, can be ordered from
[3]3* is a class IIl compound with a valence-averaged ground the ACS, and can be downloaded from the Internet, see any
state. current masthead page for ordering information and Internet

access instructions.
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