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Reactions of oxo-centered triruthenium acetate complexes [RusO(OAc)s(py)2(CH3OH)](PFe) (py = pyridine, OAc =
CH3;COO™) (1) with nearly equimolar amounts of dppa {bis(diphenylphosphino)acetylene} or dppen {trans-1,2-
bis(diphenylphosphino)ethylene} gave [RusO(OAc)s(py)2(L)](PFe) (L = dppa, 2; dppen, 3). With 2.4 equiv of 1, the
reactions provided diphosphine-linked triruthenium dimers, [{ RusO(OAc)s(py)2} 2(L)1(PFs)2 (L = dppa, 4; L = dppen,
5), respectively. Similarly, the reactions of [RusO(OAc)s(L")2(MeOH)]* {L' = dmap (4-(dimethylamino)pyridine), 1a;
L' = abco (1-azabicyclo[2.2.2]octane), 1b} with dppen gave dppen-linked dimers, [{ Ru;O(OAc)s(dmap),} »(dppen)]-
(SbFe), (6) and [{ RusO(OAc)s(abco),} o(dppen)](BF4). (7), respectively. The chemical reduction of 2, 4, and 5 by
hydrazine afforded one- or two-electron-reduced, neutral products, RuzO(OAc)s(py)z(dppa) (2a), {RuzO(OAC)e-
(pY)2} 2(dppa) (4a), and { RusO(OAC)s(py)2} 2(dppen) (5a), respectively. The complexes were characterized by elemental
analyses, ES-MS, UV-vis, IR, and 3P NMR spectroscopies, and cyclic and differential-pulse voltammetries. The
molecular structures of compounds 2, 4, 5, 5a, 6, and 7 were determined by single-crystal X-ray diffraction. In 0.1
M (BusN)PFs—acetone, the monomers and dimers of triruthenium clusters show reversible and multistep redox
responses. The two triruthenium cluster centers in dimers undergo stepwise reductions and oxidations due to the
identical redox processes of the individual RusO cluster cores, suggesting the presence of electronic communications
between them through the conjugated diphosphine spacer. The redox wave splitting mediated by dppa containing
an ethynyl group (C=C) is found to be more extensive than that by dppen containing an ethenyl (C=C) one. It
appears that the redox wave splitting is enhanced by the introduction of electron-donating substituents on the
auxiliary pyridine rings.

Introduction attractive as they can provide intriguing mixed-valence

. . _ . species that are regarded as prototypes for molecular switches
Multinuclear transition metal complexes that exhibit 5,4 wires.

ligand-mediated metal-to-metal electronic communications, 5 key to good multicentered metal-based material is the

including electron-/energy-transfer phenomena, are exten-cpoice of bridging ligands capable of mediating electronic
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communications. The spacers used so far are in most casesf the communications between metal centers are control-

either conjugated N-/O-donor or often C-donor ligands
connected by sp or 3pcarbon chaind '® Conjugated

diphosphines with sp or 3garbon chains between the two
phosphorus donots '3 have been ignored in some sense,

lable.

A proper choice of metal centers is another important point
for attaining good electronic communications between them.
Compared with relatively abundant examples of mononuclear

however. Like the conjugated C- or N-donor ligands, the redox-active building blocks;3791 much fewer poly-
rodlike P-donor spacers also exhibit some characteristics suchuclear cluster moieties are known for the design of
as rigidity, conjugation, and photostability, as well as having molecular wire$61° The oxo-centered triruthenium car-
molecular orbitals with suitable energies to overlap with those boxylate clusters with general formula [Rus-O)(u-O,-

of the attached metal centers. Thus, by using tunable rigid CR)L,]" (R = alky or aryl, L= axial ligands) are promising
spacers between two P donors, the distances and the exterjuilding blocks as they exhibit multiple redox behavior, rich
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mixed-valence chemistry, and catalytic propertfes’ The
richness of the triruthenium chemistry is enhanced by the
diverse substitution chemistry of the axial ligands L. Thus,
a variety of combination of mixed terminal ligands has been
achieved. This makes possible not only affording a means
to design dimeric and oligomeric triruthenium clusters by
using proper bridging ligand=51® but also tuning the
electronic state of the triruthenium center. Solvent-coordi-
nated triruthenium compounds such as {Re-O)(u-Os-
CR)L2A(S)]", Rus(us-O)(u-OLR)(CO)L(S), and Relus-
O)(u-O.CR)(CO)(S) (S = solvent molecules such as®l

and CHOH) are the most useful precursors for the design
of ligand-linked oligomeric molecular materials based on
Rus(uz-O)(u-O,CR) corest®#c Dimers, trimers, and hex-
amers of triruthenium clusters bridged by pyrazine ant- 4,4
bipyridine have been reported which exhibit extensive
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(g) Hogarth, G.; Norman, T. Chem. Soc., Dalton Tran996 1077.
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Yamada, Y.; Tsukahara, K.; Yano, S.; Yamaguchi, T.; Tominage, M.;
Taniguchi, I.; Ito, T.Inorg. Chem.1996 35, 6724-6734. (c) Abe,
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Reactions of [RgO(OACk(pY)(CH:OH)I(PFe)

electronic communications between the triruthenium vacuo. The product was recrystallized from £LH—petroleum
units#~616a The sequential connection of the triruthenium ether. Yield: 100 mg, 56%. Anal. Calcd fors4gN2015P>Rus:
centers performed on a gold electrode surface may beC.47.02; H, 3.95/ N, 2.28. Found: C, 46.63; H, 3.53; N, 2.26. IR
regarded as an approach to the construction of molecularSPectrum (KBr, cm?): 2112w (G=C), 1564m (COO), 1416s
wire on a solid surface. The pentameric triruthenium wire (C90)- UV—vis spectrum (CHCN): Znadnm (c/dm® m;:l; cm )
thus prepared by using 4;Bipyridine as bridges appearsto 227 (46 720), 385 (8560), 693 (3310), 902 (5470 NMR

. . L t CBCN): 6 9.1 (s, Ru-PCG=CP), —31.5 (s, Ru-PC=
mediate electronic communications between the clustersc'if)C um (CECN) (s, Re- ) (s, Rer
ite18 ’
units: [RuzO(OAC)s(py)2(dppen)](PFs) (3). Complex3 was synthe-

For the purpose of designing electronically delocalized gjzed by the method identical to that f2rexcept that dppen was
molecular wires based on triruthenium clusters, we have beenused in place of dppa. Yield: 76%. Anal. Calcd foglsgsN,013P5-
devoted to the construction of dimers of triruthenium clusters Ru;: C, 41.99; H, 3.67; N, 2.04. Found: C, 41.86; H, 3.21; N,
linked by conjugated rigid diphosphine spacers. The precur- 2.01. ES-MS 1V2): 1230 [M — PK]*, 1152 [RuO(OAC)k(py)-
sors used for this purpose are BRD)(OAC)L(MeOH)I* (dppen)f, 1071 [RUO(OAc)(dppen)f. IR spectrum (KBr, cm?):

(L = py, [1]*; dmap, [La]*; abco, [Lb]*). The degree of 1554m (COO0), 1431s (COOQO), 841s @FUV—vis spectrum
electronic communications between the two triruthenium (CHCN): Amadnm (e/dme mol* em) = 228 (50 740), 399

moieties would be tuned by the choice of both the terminal (5?{4% 21((2) ,gtg);igi;)??déiz?]o(&) (4). To a CHCl, (45 mL)

H H H H 3 6! 25 2! 6)2 . 2

IlganQS and the dlphosphlne spacers. In this pap_er, Wesolution of1 (240 mg, 0.238 mmol) was added dppa (40 mg, O.
describe the preparation, structural and spectroscopic char-

. dred . fthe trirutheni | 101 mmol) with stirring for 2 days. The green residue obtained by
acterization, and redox properties of the triruthenium cluster removing the solvent in vacuo was purified by column chroma-

dimers connected by conjugated diphosphines. tography (alumina, CKCl/CHsOH,100:1 v/v). Yield: 202 mg, 85%.
. ) Anal. Calcd for GoH76F1o2N4O26PsRUs: C, 35.81; H, 3.26; N, 2.39.
Experimental Section Found: C, 35.63; H, 2.96; N, 2.29. ES-M&Vg): 1030 [M —

General Material. All operations were performed in an atmo- 2P Fel*"» 1227 [RUO(OACK(py)(dppa)f’, 1051 [RUO(OAC)(py)-
sphere of dry argon by using Schlenk and vacuum-line techniques. (APP)I", 847 [RUO(OACK(py)o(H0)]". IR spectrum (KBr, cm):
Solvents were dried by standard methods and distilled prior to use. 2135VW (C=C), 1556m (COO), 1417s (COO), 841s RRIV—
Bis(diphenylphosphino)acetylene (dppaans-1,2-bis(diphenylphos- VIS spectrum (MeCN): Zmadnm (e/dm? mol* cm™?) = 235
phino)ethylene (dppen), 4-(dimethylamino)pyridine (dmap), and (78 270), 399 (12 170), 621 (9975), 670 (97659 NMR spectrum
1-azabicyclo[2.2.2]octane (abco) were commercially available (CDsCN): 0 —41.0 (s, Ru-PC=CP-Ru), —142.3 (h,Jup-1 =

(Acros, Fluka, or Strem Chemicals Corp.). The precursor com- 708 Hz,PFg).

pounds [R¥O(OACK(pY)(CH:OH)](PR) (1) and R4O(OAC)K(CO)- {RU3O(OAC)5(py)2} 2(dppa) (4a).Complexdawas prepared by

(CHsOH), were prepared according to reported procedées. the same synthetic procedure as thatz‘alexcept.that comple®

[RusO(OAC)(dmap)(CH:OH)](SbFR) (1a) and [RUO(OAC)(abco)- (250 mg, 0.106 mmol) was used in place 2fYield: 175 mg,

(CH;OH)](BF4) (1b) were synthesized according to the modified 80%. Anal. Calcd for GH7eN.Oz6P.RUs: C, 40.86; H, 3.72; N,

procedures described in the literatéfe. 2.72. Found: C,40.96; H, 3.48; N, 2.67. IR spectru.m (KBr; &m
[RusO(0AC)s(pY)o(dppa)](PFs) (2). To a CHCl, (50 mL) 2117w (G=C), 1566m (COO0), 1417s (COO0). UWis spectrum

solution of1 (300 mg, 0.297 mmol) was added dppa (130 mg, 0.330 (MECN): Zma/nm (/dm?® mol™* cm) = 231 (45 430), 373
mmol), and the solution was stirred for 2 days. The solvent was (17 150), 697 (10 740), 914 (14 21GfP NMR spectrum (CB
evaporated under vacuum to remain about 3 mL of the green CN): 0 ~32.2 (s, Ru-PC=CP—Ru).

solution which was purified by silica gel column chromatography ~ [{RUsO(OAC)s(py)2}(dppen)](PFe). (5). ComplexS was syn-
using CHCl,—CH;OH (v/v 50:1) as an eluent to give 365 mg of thesized by _the procedure |dent|ca_l to that4aexcept that dppen
the product. Yield: 89%. Anal. Calcd for sgHasFsN2015PsRUs: was used in place of dppa. Yield: 88%. Anal. Calcd for
C, 42.05; H, 3.53; N, 2.04. Found: C, 41.88; H, 3.19; N, 2.04. CroraF12NsOocPiRus: C, 35.78; H, 3.35, N, 2.38. Found: C, 35.30;
ES-MS (w2): 1228 [M — PRj*. 1243 [RUO(OACK(py)(dppa)-  H: 2:99; N, 2.13. ES-MS2): 1031 [M — 2PRJ", 1228 [RyO-
(H20)]*, 1070 [RUO(OAC)(dppa)l. IR spectrum (KBr, cm?): (OAC)(py)(dppen)t, 1147 [RYO(OACK(py)(dppen)t, 863 [RUO-
2108w (G=C), 1554m (COO), 1421s (COO0), 841s PRIV —vis  (OACk(PY)A(CH;OH)T", 818 [RUO(OACk(PY)(CHOH)]™. IR
spectrum (CHCN): Amadnm (e/dm?® mol=1 cm~1) = 232 (50 040), spectr_um (KBr, cmY): 1556m (COO), 1417s (COO), 843s (PF
404 (5500), 614 (4639), 687 (435G}P NMR spectrum (CB UV —vis spectrum (CBCN): Ama/nm (e/dm® mol™* cm™*) = 227
CN): 6 15.0 (s, Ru-PC=CP), —41.0 (s, Ra-PC=CP), —142.5 (75 470), 403 (11 190), 620 (9470), 680 (9378P. NMR spectrum
(h, Jop_19r = 702 HZ,PF(;). (CD3CN) 017.5 (S, RU‘PCH=CHP—RU), —142.6 (h,J31p_19|: =

. 708 Hz, PFy).
[RusO(OAC)s(py)=(dppa)] (2a). To a CHCl,—CHZOH (v/v 1:15, T _
15 mL) solution containing (198 mg, 0.144 mmol) was added [RusO(OAC)s(py)2]2(dppen) (Sa). To a CHCl,~CH;OH (1:5
dropwise an aqueous solution of hydrazine (ca. 50%), producing a¥/V: 12 mL) solution of5 (100 mg, 0.042 mmol) was added
green precipitate. After stirring for 30 min, the precipitate was droPwise an aqueous solution of dilute hydrazine (50%) to produce
collected by suction filtration, washed with water, and dried in a precipitate which was collected by suction filtration, washed with
water, and dried in vacuo. The residue was recrystallized by layering

(18) Abe, M.; Michi, T.; Sato, A.: Kondo, T.; Zhou, W.: Ye, S.; Uosaki petroleum ether onto the GAI, solution. Yield: 66 mg, 76%. Anal.

K.; Sasaki, Y.Angew. Chem., Int. EQ003 42, 2912-2915. Calcd for GoH7eN4O26P2RUs: C, 40.70; H, 3.81; N, 2.71. Found:
(19) Abe, M.; Kondo, T.; Uosaki, K.; Sasaki, Y. Electroanal. Chem C, 40.42; H, 3.55; N, 2.43. ES-MS1/z 1229 [RuO(OAC)(pY)2-
1999 473 93-98. +
(20) Sheldrick, G. MSHELXL-97, Program for the Refinement of Crystal (dpﬂe.n)T, 865 [RUO(OACK(PY)(CHsOH)T " .lR spectrum (KBr,
Structures University of Gdtingen: Gitingen, Germany, 1997. cmY): 1562m (COO), 1416s (COO). UWis spectrum (Cht
(21) Richardson, D. E.; Taube, #horg. Chem 1981, 20, 1278-1285. CN): Ama/nm (e/dm? mol~1 cm~1) = 230 (62 950), 375 (20 420),
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Scheme 1. Synthetic Pathway for Oxo-Centered Triruthenium Acetate Cluster Based Monomers and Dimers with dppa Ligand
-’ )/LO Ph
N IN\%':) O‘R'U,Pi——PPh2 2a
O/l No/ \ho
.OO—‘IU'(.)O NoHy
N
& P
@ o0 0 Ph, 1
N3 N _p—mmm—PPh,
. Ru, Ru 2
Ratio=1:1.1 064 Mol \60
S 1 J\
“ O%O * ))\ 'I?u' d\
AN W _MeOH OND©
Ru, _Ru .
o 07 YO S
).O é O)\ Ph,P—mm—PPh,
()= U
)\oo'lll\g\ /L ! l B Ka
iy “, oé'oo Ph, thoo QP I~
NS VW _p ' '/N
Ru Ru ,R
! % Oo' 3

Ph, o)/L

\I
7

Ph,
’P—-— \é’

Hosk

(oy@)

ot

, Ru”

)\ —Ru~(»\
&

745 (8315), 927 (14 266¥P NMR spectrum (CBCN): 6 24.0
(s, Ru-PCH=CHP—-Ru).
[{RuzO(OACc)s(dmap),} 2(dppen)](SbF), (6). Complexla (307

0=
4

& :Z_';U—O

4a

I 0
Ratio =2.4 : 1 )A %.

‘ 1
O NoH, S
vo

P

e
. @

Physical Measurements.Elemental analyses (C, H, N) were
performed on a Perkin-Elmer Model 240C automatic instrument.
The electrospray mass spectra (ES-MS) were recorded on a Finngan

mg, 0.259 mmol) and dppen (39.2 mg, 0.099 mmol) were dissolved LCQ mass spectrometer using dichloromethamethanol as

in dichloromethane (40 mL), and the solution was stirred for 12 h mobile phase. The U¥vis spectra in acetonitrile solutions were

at room temperature. After the volume was reduced to 3 mL, the measured on a Perkin-Elmer Lambda 25-t%s spectrometer. The
solution was purified by alumina column chromatography using IR spectra were recorded on a Magna750 FT-IR spectrophotometer
CH,Cl,—CH30H (40:1 v/v) as an eluent. The main band (the third using KBr pellets. The3P NMR spectra (202.3 MHz) were

fraction) was collected, from which comple& was obtained.
Yield: 52% (139 mg). Anal. Calcd for fgHggF12NgO26P.RUsShy:

C, 34.65; H, 3.65; N, 4.14. Found: C, 34.75; H, 3.68; N, 3.92.

ES-MS (W2): 1116 [M — 2SbFk]?*, 1315 [RuO(OAc)(dmap}-
(dppen)T, 1193 [RuO(OAc)(dmap)(dppen)], 950 [RuO(OAC)-
(dmap}(CHzOH)]*. IR spectrum (KBr, cm?): 1535m (COO),
1415s (COO0), 1229m (€N), 658s (Sbk). UV—vis spectrum (Cht
CN): Amafnm (e/dm® mol~1 cm~1) = 263 (83 270), 424 (24 470),
629 (18 465).

{[RuzO(OAC)s(abco)](dppen)} (BF4), (7). Complexlb (314

performed on a Varian UNITY-500 spectrometer with 85% H
PO, as an external standard. The cyclic voltammogram (CV) and
differential pulse voltammogram (DPV) were made with a poten-
tiostat/galvanostat Model 263A in acetone solutions containing 0.1
M (BuyN)PFR; as supporting electrolyte. CV was performed at a
scan rate of 100 mVd. DPV was measured at a rate of 20 mV

s 1 with a pulse height of 40 mV. Platinum and glassy graphite
were used as counter and working electrodes, respectively, and the
potentials were measured against a Ag/AgCl reference electrode.
The potential measured was always referenced to the half-wave

mg, 0.31 mmol) and dppen (50.1 mg, 0.126 mmol) were dissolved potentials of the ferrocenium/ferrocene coupig,{ = 0.585 V).

in dichloromethane (40 mL). After the solution was stirred at room The procedures for X-ray reflection data collection and crystal
temperature for 12 h, it was evaporated to dryness. The residuestructure determinatidhand the crystallographic data (Table S1)
was chromatographed on an alumina column using dichloromethaneivere supplied as Supporting Information.

methanol (50:1 v/v) as the eluent. The main band (the first fraction) ) )
Results and Discussion

was collected, from which complexwas obtained. Yield: 50%
(150 mg). Anal. Calcd for gH;;0B2FsN4O26PRUs: C, 39.67; H,
4.69; N, 2.37. Found: C, 39.56; H, 4.78; N, 2.21. ES-M$Z:
1094 [M — 2BF4]?", 1293 [RuO(OAc)(abco}(dppen)f, 1181
[RuzO(OAc)(abco)(dppen)], 913 [RuO(OAc)k(abcoy(H0)] ™. IR
spectrum (KBr, cmi): 1558m (COO0), 1419s (COO), 1057s (BF
UV —vis spectrum (CEClp): Ama/nm (e/dm® mol~t cm™1) = 226
(83 620), 416 (9507), 632 (610 NMR (CDsCN): 6 17.6 (s,
Ru—PCH=CHP-Ru).
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Synthesis. The synthetic routes to the series of dppa-
attached compounds are shown in Scheme 1. The solvent-
coordinated triruthenium clusters [R(OAC)L(CH;OH)]*

(L = py, 1; dmap,1a; abco,1b) were accessible by chemical
oxidation of the corresponding carbonyl clusters;Bu
(OAC)s(CO)(L), using Be (for 1) or silver salts (forlaand
1b) as oxidantd? Attempts to synthesize similar solvent-



Reactions of [RgO(OACk(pY)(CH:OH)I(PFe)

coordinated precursor compounds witb-L3-chloropyridine,
4-cyanopyridine, and 4-acetylpyridine were unsuccessful
under similar synthetic conditions. Instead, the product
isolated appeared to be [ROAc)Ls]*t. Therefore, triru-
thenium dimers containing electron-withdrawing substituents
on the auxiliary pyridine rings could not be attained in this
study.

The weakly coordinated G@®H in the precursor com-
pound [RYO(OAC)L »(CH3OH)]* can be substituted by rigid
diphosphines. Thus, the reaction of FRYOAC)L A(CHs-
OH)]* with a nearly equimolar amount of diphosphine (1.1
equiv) gave triruthenium compounds having a monodentate
diphosphine (D) of the type [R4O(OACkL,L']T". When the
molar ratio of [RyO(OACkL(CH;OH)]" and the diphos-
phine was employed as 2.4:1, the main product was diphos-
phine-linked dimer of triruthenium clusters. The product was ot
F’“”f'ed readily by alum_m,a column chrqmatography. Reduc- Figure 1. ORTEP drawing of complex cation @f(30% thermal ellipsoids)
tion of the dppa-containing monomeric complexes 4Bu with atom labeling scheme. Phenyl rings on the phosphorus atoms are
(OAC)(py)(r*-dppa)](Pk) (2) and dppa-linked dimef RusO- omitted for clarity.

(OAC)s(py)2} 2(u:m>-dppa)](PF)2 (4) using hydrazine gave
rise to the isolation of one- and two-electron-reduced neutral
compounds R#D(OACk(py)(n*-dppa) @a) and {RwO-
(OAC)s(py)2} 2(u:m>-dppa) @a), respectively. A pure sample
for the one-electron-reduced produdRsO(OACk(pY)2} 2
(dppa)](Pk) of 4 could not be isolated, probably because of
the low comproportionation constart{< 200) (vide infra)

in the reactiod + 4a

In the 3P NMR spectra of dppa-containing triruthenium
compound?, two singlets were observed at 15.0 and1.0
ppm, ascribed to the noncoordinated and coordinated P
donors of dppa, respectively. As expected, the dppa-linked ;
triruthenium dimer4 displayed only one singlet at41.0 Figure 2. ORTEP drawing of complex cation éf(30% thermal ellipsoids)

. . with atom labeling scheme. Phenyl rings on the phosphorus atoms are
ppm assignable to the coordinated P donors of dppa. In bothgmitted for clarity.
cases, the heptel_19 = 702—708 Hz) due to the P atom
of hexafluorophosphate was observed-a#2.5 ppm. Upon
reduction to2a and4a, the heptet disappeared accordingly.
The noncoordinated and coordinated P donors of dppa in
the one-electron-reduced produ2a were found as two
singlets at 9.1 and-31.5 ppm, respectively. Similar 4,
only one singlet £32.2 ppm) was observed for the two-
electron-reduced dppa-linked diméa.

X-ray Crystallography. The structures o2, 4, 5, 5a, 6,
and7 were determined by single-crystal X-ray diffraction.

(D)

\RuE <

VNG
N \‘@ /
&‘.\u’»\» Rué P2

A,
R 0 !' )
A U g
p)
)

cation of4, and 5a are depicted in Figures 1, 2, and 3, Fgjgyre 3. ORTEP drawing of5a (30% thermal ellipsoids) with atom

respectively. Iabgling scheme. Phenyl rings on the phosphorus atoms are omitted for
The Ry skeleton forms approximately isosceles triangle ©/arity-
for both monomers and dimers, where one (3.295 84323 lies approximately in the Ruplane. The intercluster

(4) A) of the Ru-*Ru distances is obviously shorter than Ru--Ru separations in the dimers of triruthenium clusters
the other two (3.380 (5)3.415 A). This is ascribable to the  through the bridging diphosphines are 6.993, 7.930, 8.009,
trans effect of the diphosphine ligands, making the-Ry, 7.995, and 8.123 A fo4, 5, 5a, 6, and7, respectively.
distances (2.012 (9)2.052 (6) A) trans to the P donor Bonding parameters are compared between dppa-contain-
elongated significantly relative to those of the other two ing monomer2) and dimer 4), between dppen-linked dimer
(1.884 (6%-1.912 (9) A). A similar phenomenon was also (5) and its two-electron-reduced specigs)( and between
observed in the neutral triruthenium and hexaruthenium dimers5 and 6 with different axial nitrogen ligands. It is
clusters with axial carbonyl or isocyanid&s. The sum of shown that no appreciable variation in atomic distances and
the three Ru-Oq—RuU angles is 360 and the oxo atom  bond angles is observed in these comparisons. The bonding

Inorganic Chemistry, Vol. 43, No. 4, 2004 1485



Chen et al.

(€)E'€TT ETO-TdENY

(8T)¥8°LLT TO-TNYEd

(€)og0zT ENd—TOCNY
(€)9°6TT ENY—TOENY
(£)6'6TT ZNY—TOENY

(@Qvree TdENY

(8)oczz N€NY
(8)ecz'z TNy

(9)906'T TO€ENY
(9)116°'T TOZNY
(9)zeoz TOENY

(9)sTE € ENY-2NY
(9)50t°€ enyd-TNY
(P)eTy e Zny-Tny

(9)T'60T ETO-TdENY

(€)2'9LT TO-TNYEd

(PzLrez TdEnd

(eT)T2TZ ZNENY
(ZT)9TT'Z TN2NY

(6)806'T TO€ENY
(6)206°T TOZNY
(6)ve0Z TOENY

(6)6TE € ENY-2NYH
(9)5TY'€ €NY-TNY
(8)26€°€ Zny-TnY

()2'80T £TO-TdEnNY

(2)8'¥LT TO-TNYEd

(1)5'T2T ENY—TOZNY
(7)6'8TT ENY—TOENY
(1)5°6TT ZNY—TOENY

(e)s9gZ TdENY

(eT)TETZ ZNENY
(TT)6YT'Z TNZNY

(1)168'T TOENY
(8)968°T TOZNY
(8)ecoz TOENY

(2)s0€°€ eny-gnd
(8)08ee €ny-TNY
(g)s6e"€ Zny-TnY

(€£)€°60T TZO-TdENY

(2)e LT TO-TNYEd

(€)60zT end—TOCNY
(€)Z'6TT ENY—TOENY
(€)8'6TT ZNY—TOENH

(e)tsez TdEny

(6)660°Z TN-ENY
(6)22T'Z ZN2NY

(9)z06'T TOENY
(9)v88'T TOZNY
(9)Ge0Zz TOENY

(9)s62°€ €NY-2nd
(8)96€°€ ENY-TNY
(2)z6E"€ ZNY-TNY

(1)€°0TT G20-2d—vnd
(#)0'2TT 920-TdEny
(2791 ¥TO—¥Nd—2d
(2)2°'8LT TO-TNYEd
(¥)9'22T 9INY—+TO-SNY
(€)7'8TT 9NY—+TO—NY
(€)0'6TT GNHY—TO—NY
(Y)z 2zt end—TOoeny
(£)£'6TT ENY—TOENYH
(£)¥'8TT ZNY—TOENYH
(e)vsez 2d—vny
(e)9sez TdEny
(6).TT°Z YN—9NY
(0T)ETO'Z EN—GNY
(B)YTT'Z ZNENY
(8)6TT'Z TN2NY
(9)268'T ¥TO-9NnY
(9)288'T ¥TO-SNY
(9)zs0'z yTO—¥nd
(2)288'T TO€ENY
(9)v06°T TOZNY
(Lyv0oz TOENY
(8)vTE"€ 9NY--5NY
(9)06€°€ 9NY-- Y
(2)s6€'€ sNY-+ Ny
(8)oze € eny-gnyd
(L)v6e€ €NY-TNY
(8)z6E"€ ZNY-TNY

()€'STT ETO-Td—TNY

(8T)9¢°LLT TO-TNY-Td

(€)z'TZT ENd—TO—2ny
(€)2'8TT ENY—TO-TNY
(€)0'0ZT ZnY—TO-TNY

(€)99g'Z Td-TInyd

(B)YTZZ IN—€NY
(8)0€T'Z ZN—2NY

(9)5T6'T TO—€ENY
(9)868°'T TO—2ny
(9)910°2 TO-TNY

(8)eze e eny--2ny
(L)ese e eny--Tny
(2)16€°€ 2NY--TNY

O—d-nd

OXOO‘_JW_ ‘ﬁ_

n m IOXDO -n m

d—nd

N-—"d

X0 _ny

ny-.ny

L

9

eg

S

14

4

Lpue ‘g g ‘G ‘g [Bap] se|buy pue [y] seouessiq puog paiosles T 8|qel

1486 Inorganic Chemistry, Vol. 43, No. 4, 2004



Reactions of [RgO(OACk(pY)(CH:OH)I(PFe)

Table 2. Electrochemical Data for Compounds-72

compd B 41720 SV E1 ™0 AE'12 (Ko)® E1 %) Eq 727 AE" 12 (Ko)®
20 +1.270 +0.200 —1.070
30 +1.250 +0.150 —1.100
4 +1.280 +0.240 +0.110 0.130 (158) —-1.125 —1.220 0. 095 (40)
5 +1.240 +0.195 +0.090 0.105 (60) —1.150 —-1.235 0.085 (27)
6 +1.100 +0.075 ~0.045 0.12 (107) ~1.360 ~1.450 0.090 (33)
7 +1.190 +0.100 +0.005 0.095 (40) —-1.370 —1.440 0.070 (15)

a Potential data in volts vs Ag/AgCl are from single scan cyclic voltammograms recorded°&. Z3etailed experimental conditions are given in the
Experimental Sectior. 2 and3 are monomers of oxo-centered triruthenium acetate mdidtge comproportionation constant, were calculated by the

formula K. = exp(AE1/2/25.69) at 298 K1

parameters are also comparable to the corresponding dis- For the dppa-linked dime4, an apparent two-electron-

tances and angles of other oxo-centered triruthenium car-

boxylate clusters with different axial ligands described in
the literaturel®vc16¢17 |t seems that the rigid molecular

oxidation wave was observed Bi,**2") = 4+1.280 due to
the redOX Couple [R*IJI,III,IV —dppa—RLtg”"”"'V ]4+/[Ru3III,III,III —
dppa-Ruw""! 12+, By contrast, the redox waves involving

skeletons in the triruthenium cluster moieties are insensitive the Ry"""" and the Ryl species show obvious splitting.

to the variations in both axial and bridging ligands as well

Thus, the [Ry""!" T*/[Rus" """ 19 process gives two separate

as in oxidation number, probably because of the excellentredox waves [Ry!"'"'"" —dppa—Rug"""" ]2+/[Rug! ! —

electronic delocalization within the Ri®)(OAC) moiety.

In the dppa- and dppen-linked dimers, both the bridging
arrays Ru-P—C=C—P—Ru and Ru-P—CH=CH—P—Ru
exhibit zigzag conformations due to®dpybridization of the
P donors, where the RtP—C angles are in the range 108.2
(4)—115.3 (4y. The array of Ra-P—CH=CH—-P—RuU is
coplanar, but that of RuP—C=C—P—Ru is severely
twisting. The twist of the array R(Phh,C=CPh)Rus in 4 is
revealed by the significant dihedral angle of 64b&tween

dppa—RU@"'*""”' ]+ and [Rléll,lll,lll _dppa_Ruglll,lll,lll ]+/[RU3II,III,III —
dppa—Ruw""" 10 at+-0.240 and+0.110 V, respectively. The
extent of the splitting i®\E'1, = 0.130 V, which corresponds
to a comproportionation constakt (=[(Rus""" —dppa-
RUSIII,III,III )+]2/[(RU3III,III,III —dppa—RLkg”'*”"'” )2+][(RU3II,III,III —
dppa-Rug""!")%) = 158. The splitting of the second redox
wave isAE"1, = 0.095 V, which corresponds . = 40,
where the redox processes fRul'"""' —dppa—RwRuU""" 1%
[RURW"M —dppa-RwRUMM |~ and [RuRy""" —dppa-

the planes defined by Ru1Ru4P1 and RulRu4P2 (Figure 2),RwRuU" """ |7/[RURW" """ —dppa- RuRwy"""]?~ are ob-

respectively. The two Ruplanes are parallel to each other
in the dppen-linked triruthenium cluster dimeéss5a, and
6, whereas they form a dihedral angle of 75i®the dppa-
linked dimeric compound.

Redox Properties. The redox properties of compounds
2—7 were investigated by cyclic and differential pulse

served atE;, %) = —1.125 andE; (%) = —1.220 V,
respectively.

It is interesting that even the conjugation is blocked by
the sg P donors; the diphosphine ligand can still mediate
the redox interactions between the two triruthenium centers.
This may be due to some-back-bonding character of the

voltammograms. The electrochemical data are presented inphosphine ligand as evidenced by the stabilization of

Table 2, and the plots of cyclic and differential pulse
voltammograms are depicted in Figure 4.

The dppa-attached monomeric triruthenium compognd
affords three reversible redox processe&gt = +1.270,
+0.200, and-1.070 V vs Ag/AgCl, corresponding to one-
electron couples [R{fMV12H/[Rug" M ]+ [Rug™ ki +/
[Rug"110 and [Ry"""" ]%[Rus"""]~, respectively. The
corresponding redox potentials of [RMOAC)(py)s]* are
+1.091,+0.161, and—0.899 V, respectively, as converted
from the data in Ag/Ag.'>M16 |t is interesting that the
processes [RIMMV2H/[Rug" MM+ and [Ry"I T/
[Rug""!"1% in the phosphine complex show more positive
potentials relative to those in [RO(OACX(py)s]t, whereas
the reverse trend is observed for the §RU" [%[Rug" "M ]~
process. The potential gap between{R¢" 1*/[Rug " 10
and [Ry""" 1%[Ruz""" ]~ in 2 (AEy, = 1.27 V) is more
pronounced than that in [RO(OACk(py)s]t (1.06 V).
Consequently, the oxidation state gRU" 1° is more sta-
bilized against disproportionation in the phosphine complex
than that in [RgO(OAC)(py)s]*. The corresponding poten-
tial difference is 1.52 V in the carbonyl complex [&u+
(OAC)s(py)2(CO)],1° where strong back-bonding character
stabilizes the ruthenium(ll) attached by CO against oxidation.

Ru!""!" state (vide supra). The degree of electronic com-
munication between two triruthenium moieties through
bridging dppa is less efficient compared with that across
bridging pyrazinéP®acpyt close to that through 1,4-
phenylene diisocyanidi.It is interesting to notice that the
potential separatiom\E,/,) between the oxidation processes
E122™") andEy 9 (AE'1, = 0.130 V) is more pronounced
than that between the reduction proces&s®~) and
E1727) (AE"1, = 0.095 V). A similar situation occurs in
the 1,4-phenylene diisocyanide bridged neutral dim{dRsf
(O)(OAC)K(L)2}2(CNCHANC)] (L = py, dmap) but it
presents a striking contrast to the general observation for
the magnitude of redox wave splitting in pyrazine-bridged
triruthenium dimers which exhibit a reverse trexé°In

the pyrazine-bridged dimef{ RusO(OAC)(py)a}2(pyz)F"
(pyz = pyrazine)’acthe wave splitting between the oxidation
processesE; 2 and Ey0 (AE'y, 0.10 V) is
significantly smaller than that between the reduction pro-
cessesE; %) and Ey™??) (AE"y, = 0.27 V). For the
pyrazine-bridged dimef{ RuiO(OAC)(py)(CO)} 2(pyz)],>2P
while the wave splitting was unobserved between the couples
E1?7" andE; .9, a remarkable wave separation is present
between the redox coupl&s %) and E1,27) with AEy,

Inorganic Chemistry, Vol. 43, No. 4, 2004 1487
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Figure 4. Molecular drawings (left) and cyclic and differential pulse voltammograms (right) of diphosphine-containing moZoamerslimersA—7 of
oxo-centered triruthenium acetate cluster moieties recorded in 0.1 M acetone solutionNf(fB%). The scan rate is 100 mV-5for CV and 20 mV st
for DPV.

as high as 0.38 V. In 1,4-phenylene diisocyanide bridged electrochemical data farand5, it is observed, whether wave
neutral dimers{[Rug(0O)(OAC)(L)2} 2(CNCsH4NC)] (L = py, splitting AE'1» between the oxidation processgg?") and
dmap)®¢ it has been suggested that the electron introduced Ey %+ or AE",, between the reduction processgg )

by the reduction in the process [FRU""" —CNCgHsNC— and Ey»~/29), that the corresponding values 4(AE'y, =
RpRUMHH2H[RURW!MM —CNCsH/NC—RURY"™ 19 would 0.130 V,AE"1;, = 0.095 V) are obviously higher than those
be localized at the bridging Ru site almost completely due in 5 (AE'1, = 0.105 V,AE"1, = 0.085 V). This is evidence

to the electron-withdrawing character of the bridging GNE to show that ethynyl-linked diphosphine (dppa) is better at
NC ligand, whereas the process pRu'""" —CNCsH;NC— transmitting the electronic effect than dppen with ethenyl
RwRUMMM%RURW" M —CNCeH4/NC—RURwy""" 12~ shows spacer between two P donors. A direct explanation for this
no redox wave splitting, suggesting that reduction occurs at phenomenon is the shorter intramoleculag-R&us distance

the nonbridging Ru sites. With this suggestion, it is likely through the bridging dppa (ca. 7.0 A) than that through dppen
that the redox, associated with the process,fRif """ — (ca. 8.0 A).

dppa-RwRUM M 12H[RURW" " —dppa—RuRy" "' 1° which The redox wave splitting between two triruthenium redox
shows a larger wave splitting, would be localized mainly at centers can also be tuned by changing the ancillary ligands,
the bridging Ru site, whereas the reduction, associated withwhich are bonded axially. Comparing dppen-bridged dimers

the process [RIRU""! —dppa-RwRU™ ™! 19[RURW™!M — 5 ands, it is observed that through substitution of the axially
dppa-RuRw""" 12~ with a smaller wave splitting, would  coordinated pyridine wittN,N-(dimethylamino)pyridine the
mainly occur at the nonbridging Ru sites. wave splitting in6 (AE'y, = 0.120 V,AE"1, = 0.090 V)

The magnitude of redox interaction can be modulated by becomes more pronounced relative to thabifAE'y, =
modification of the bridging spacers. By comparison of the 0.105 V, AE"1, = 0.085 V). A similar phenomenon was

1488 Inorganic Chemistry, Vol. 43, No. 4, 2004
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also revealed in the pyrazine-bridged dimers of carbonyl- the Ry clustersz orbital level and the diphosphing orbital
containing triruthenium moiet§#°where the axially bonded level increases, thus resulting in a smalie; ;.

pyridines with electron-donating substituent afforded stronger UV —vis Spectra.The electronic absorption spectra show
electronic communication than that with electron-withdraw- three absorption bands at 232, 404, and 648 nm in the
ing substituent. Nevertheless, the potential separafids, triruthenium compleX (Figure S1) containing dppa ligand.
andAE'" 1 in the dppen-bridged dimé&rwith an axial ligand The high-energy band is due toza-s* transition of the
abco AE'y, = 0.105 V,AE"1,, = 0.085 V) are smaller than  ligand, whereas the two low-energy bands can be assigned
those in5 with pyridine as an ancillary ligand\E'1, = 0.095 to a cluster-to-ligand charge-transfer transition (CLET).

V, AE"1, = 0.070 V). This is in contrast with that found in ~ The absorption spectra of dppa-bridged disé¢Figure S2)

the neutral pyrazine-bridged dimer of carbonyl-attached show an inappreciable change or shift compared with those
triruthenium moiety?® in which abco as the ancillary ligand  0f 2. The one-electron-reduced prod@et however, displays

is more favorable than pyridine for the electronic com- quite different absorption spectra fratnBesides the bands
munication. due tozr—a* transition of the ligand and cluster-to-ligand

d charge-transfer transition, a broad near-IR absorption band
centered at 907 nm was observed which is likely derived
from the electronic delocalization within Rd'""" cluster®
Compared with one-electron-reducedsRU" complex2a,
two-electron-reduced RU""" —dppa—-Ruw"""" product4a
shows almost the same absorption bands. For the intercluster
mixed-valence intermediate compound ERU" —dppa-
Ry 1+ generated by mixing an equimolar amount4of
[Rug" "I —dppa—Rug! 1 ]2+ and 4a [Rug""" —dppa-
R0 the most interesting spectral feature is an absorp-
tion band due to intercluster intervalence charge transfer
IVCT). This band, however, is unobserved due to probably
he considerable low extinction coefficient of this band which
is covered severely by the CLCT or Rualuster-centered
charge-transfer bands.

The origin of redox wave splitting for the ligand-bridge
dimers of triruthenium moieties mainly results from two
contributions. One is ligand-mediated electronic delocaliza-
tion between Ryclusters. An orbital pathway for electronic
interaction between clusters exists on the basis ofrtloe
a* systems of the bridging ligandslt has been suggested
that electronic delocalization between clusters is an important
feature in the mixed-valence dimgfRu;O(OACk(pY)2} 2
(py2)I* and even more so in the dim§{wO(OACk(pY)2} 2-
(py2)]” (pyz = pyrazine)tacBased on the molecular orbital
diagram for the Rg(O) core proposed by Meyét cluster-
cluster electronic interactions are expected to be the greatesi
for the —1 mixed-valence ion since the additional electron
is added to the RaO—Ru antibonding orbital. Taking into
account the stronger character of pyrazine relative to that
of diphosphine, it is easy to understand the weaker electronicConclusion
delocalization between Rulusters across bridging diphos- A series of oxo-centered triruthenium acetate cluster
phine. The lesst character of phosphine causes less monomers and dimers with ethynyl-/ethenyl-linked diphos-
contribution of the bridging Ru atom to the molecular orbital phine spacers have been prepared and characterized structur-
in the diphsphine complexes. The other origin of redox wave ally. The one- or two-electron-reduced tri- and hexanuclear
splitting is possibly from electrostatic effect mediated through ruthenium complexes with mixed valences have also been
spacé® In view of the weakr character in phosphine ligand, accessed by chemical reduction reactions. It is demonstrated
it is likely that the electrostatic effect through space is an that electronic communication is operative between oxo-
important origin for the wave splitting in the diphosphine- centered triruthenium moieties mediated by rigid conjugated
bridged dimers of triruthenium moieties. diphsophine. Furthermore, the wave splitting between the

The magnitude of potential separatiakHy;) due to wave  ©oxidation processe;**"*) andE, "% is more pronounced
splitting is determined by two main factors. One is the than that between the reduction procesggs®) and
distance between the redox centers. The shorter the distancév2 2", which is in contrast with that observed previously
the stronger the electronic communication, if the degree of in the pyrazine-bridged dimers of triruthenium moieties. It
7 conjugation is the same. The appreciably larg&,, in hgs been obsgrv_ed that thg wave splitting petween two
the dppa-bridged dimefrelative to that in the dppen-bridged trlruthemum moieties across bls(d|phenylphosphmo)ac_etylene
dimer 5 is the result of the shorter intercluster distance in (dPP&) is more remarkable than that acrassis1,2-bis-
the former than in the latter. The other factor that determines (diPhenylphosphino)ethylene (dppen). It has also been shown
the potential separation is an energy match betweenrthe that substitution of the axially coordinated pyridine WfiN-
molecular orbital of the Rycluster and the bridging ligand (d|methyl_am|_no)pyr|d|ne leads to more pronounceq electr_onlc
7+ orbital through which electronic interaction is operafigés ~ cOmmunication between two redox centers of triruthenium
Unoptimizable match of energy levels between the; Ru MOI€ties.
clusterzr orbital and the diphosphing* orbital is likely Acknowledgment. This work was supported financially
another important factor for the smallEy; in the diphos- by NSF of China, NSF of Fujian Province, the fund of the
phine-bridged dimers. When the axially coordinated ligand Chinese Academy of Sciences, and the national basic
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leads to a largenE; .. Nevertheless, when abco serves as  supporting Information Available: Detailed procedures for
the axial ligand instead of py, the energy difference between reflection data collection and structural determination: crystal-
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lographic data (Table S1); electronic absorption spectr2 afd MeOH:(5/2)H,0, and7-8H,0. This material is available free of
2a (Figure S1) andt and4a (Figure S2) in acetonitrile, and X-ray  charge via the Internet at http://pubs.asc.org.

crystallographic files in CIF format for the structural determinations

of compound®, 4-C,H,Cl,, 5:2CH,CI,3H,0, 5a-CH,Cl,4H,0, 6- 1C0344968
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