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A series of salts of the typeis-[Ru'(bpy)(bpy’)(CO)](PFs)2 (bpy and bpy represent different bipyridine
derivatives) have been prepared by using literature procedures and utilized as precursors for the preparation of
highly functionalized complexes of Ruincorporating neutral and anionic, mono- and bidentate, nitrogen-,
phosphorus-, sulfur-, and oxygen-donor ligands. The new synthetic approach builds upon previous work with the
trimethylamineN-oxide-assisted removal of the carbonyl ligand. Difficulties with the use of this potent oxidant

in the presence of reducing ligands such as dppe and nitrite have been overcome by the use of acetonitrile complexes
of the typecis-[Ru(bpy)(bpy’)(CHsCN),]2" and pyridine complexes of the tymis-[Ru(bpy)(bpy’)(py)]3+ as

highly versatile intermediates. Strategies for the selective removal of a single carbonyl ligand from the precursors
have been developed and used to synthesize the highly asymmetrical conajseies (opy )(bpy')(py)(CO)E+
andcis[Ru" (bpy)(bpy")(py)(NO)EF. The synthetic chemistry has been extended by using either of these complexes
and the complex-as-ligand strategy to prepare the pyrazine-bridged coompbés<[(RU" (bpy )(bpy")(pYy))2(p2z)]-

(PFs)4 (pz is pyrazine). Finally, a methodology for the preparation of isothiocyanate complexes stistRas
(bpy)(bpy")(NCS), has been developed. For the pyridyl/carbonyl, pyridyl/nitrosyl, and ligand-bridged complexes,
geometrical isomers were formed in statistical yields. For the isothiocyanate coroi&u(dmb)(4,4
(COOEtpbpy)(NCS), the majority (N,N-bound) isomer was isolated from the other three linkage isomers. For

all the syntheses reported, yields were high;88%, and each procedure appears to be both general and redundant

in that multiple schemes are possible for the preparation of most targets.

Introduction

More than 7000 manuscripts involving polypyridyl complexes
of ruthenium(ll) have been published, most of them in recent

years. This interest has been sustained in no small part due to

the relatively straightforward synthetic chemistry developed

previously. The products of these syntheses along with poly-

pyridyl complexes of rhenium(l) and osmium(ll) have been used
in chromophore-quencher assemblie’, as new dyes for use
as sensitizet$17 and as chemiluminescent and electrochemi-
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This is even true for the preparation of composite materials such

as ruthenium(ll)-derivatized polyme#$,24 peptides and = 7\ M
proteins?®>-29 modified surface?32 and supramolecular as- Q_@ \_/ =
semblies®® bpy dmb

The most common synthetic approach to the preparation of
mixed-chelate complexes is depicted in Scheme ¥ .@4xH,O

N 7 N
is used as a starting material for the preparation of Ru@ip) 0
pp being a polypyridyl or derivatized polypyridyl ligai#34-36 M = 7\
With thermally sensitive ligands, R(DMSO)CI, (DMSO is \_/ \= \_/ \=
tmb

dimethyl sulfoxide) has been used as a synthetic intermedidte. bpy(COOEY),

As shown in Scheme 1, a related procedure has been utilized

for preparation of complexes containing terdentate ligands such

as terpyriding/2=47 _ _
The principal limitation of these approaches is the necessity \ 7 \ 7

that two of the polypyridyl ligands be the same. Attempts have N N

been made previously to prepare tris(heteroleptic) complexes, 4-Etpy 4-Bupy

mixed-chelate complexes incorporating three different bipyridyl

ligands, but they have been met with only limited sucdés®. Q /=\ /O

Recently, a procedure was published which presented a general __ P

method for the synthesis of tris(heteroleptic) complexes of the N<_/\N ©

form [Ru' (bpy)(bpy’)(bpy")]?" in which bpy, bpy’, and bpy’

represent three different bipyridyl ligane&>4 Examples of 2 dppe

ligands _used_ are shown in_ Figure l a”‘?' the method. is Figure 1. Ligand structures. bpy= 2,2-bipyridine; dmb= 4,4-
summarized in Scheme 2. Briefly, the first bipyridyl ligand is  gimethyl-2,2-bipyridine; tmb= 4,4 5,5-tetramethyl-2,2bipyridine;
inserted into theu-dichloro bridge of oligomericciscis- 4,4-(COOEtybpy = 2,2-bipyridine-4,4-dicarboxylic acid, diethyl ester;
[RU'(COXCly]n to preparetrans(Cl)cis(CO}RuU'(bpy)(CO)- 4-Etpy = 4-ethylpyridine; 4Bupy = 4-tert-butylpyridine; pz =
Cl,, which is subsequently converted to the triflato complex Pyrazine; dppe= bis(diphenylphosphinoethylene).
ciscis-Ru' (bpy)(CO)Z(l(I:F3503)2- A'ddmon g‘la second bipyridyl - ponylation in the presence of a third bipyridyl ligand yields the
ligand yields cis-[Ru"(bpy)(bpy’)(CO)I**, which can be  finaj product, [Ril(bpy)(bpy’)(bpy”)]>". The use of this
oxidatively decarbonylated with trimethylamir-oxide by  yrocedure has led to the successful preparation of over 50 new
conversion of the CO ligand to GOCarrying out the decar- compounds.

- - - - This method, too, has its limitations. For instance, it is difficult
18) é“l”s’Ak'; B:rge”ec}“b%; Caggi%%aa' SA; g?'zan" Vi Belser, Povon 4 a4dd acid-sensitive ligands in the first step because the

elewsky, A.Coora. em. . . . . . . .
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Soc.1993 115, 7363. a significantly lower yield method involving Agassisted
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F.; Younathan, J.; Meyer, T. Coord. Chem. Re 1991, 111, 47. : : : : e
(23) Rasmussen, S. C.: Thompson, D. W.; Singh, V.. Petersen)dof. is the requirement that all ligands be bidentate. In addition,

Chem.1996 35, 3449. trimethylamineN-oxide, used for decarbonylation, is highly
(24) Margerum, L. D.; Meyer, T. J.; Murray, R. W. Phys. Chenl986 reactive and ligands that are easily oxidized cannot be used.
90, 2696, These include nitrites and phosphines among others. Also, the

25) Mecklenburg, S. L.; McCafferty, D. G.; Schoonover, J. R.; Peek, B. . . .
(25) M.: Erickson? B. W.: Meyer, T.lenorg. Chem.1994 33, 2974. method does not allow for the incorporation of ligands other
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(1395‘3/‘/;‘25%4%? Erickson, B. W.; Meyer, T. J. Am. Chem. Soc.  gxygen donors, sulfur donors, phosphorus donors, and others
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Am. Chem. Sod 991, 113 8540.
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Scheme 2 [Ru"(bpy)(bpy’)(CH3CN);]2" is provided as well as conditions
+ for further reaction of this complex to form phosphine com-
RuCly CH,0 plexes. It overcomes limitations imposed by the reactivity of
trimethylamineN-oxide and allows for the incorporation of
halide ligands. (3) A generalized method for the synthesis of
bis(pyridine) complexes such ass-[Ru' (bpy)(bpy")(py)21%"
by way of bound acetone intermediates is provided in which
— there is no restriction on the substitution patterns of the bipyridyl
100 or pyridyl ligands. (4) The potential for increased functional-
ization of ruthenium(ll) polypyridyl complexes has been mark-
edly enhanced by preparation of the highly asymmetrical
a a., complexegis-[Ru(bpy)(bpy")(X)(Y)]"* in which X and Y are
l \Cl Sy monodentate ligands. (5) Procedures for the preparation of
nitrosyls of the formcis-[Ru(bpy)(bpy")(py)(NO)** are de-
R|U—C1 scribed and strategies for the use of these complexes in the

Formic Acid

preparation of other asymmetrical complexes are discussed. It

is shown that such precursors can be used to prepare unsym-

metrical ligand-bridged complexes.

co dn This chemistry is illustrated in Scheme 3. The compounds
that result, including the seriess-[Ru(bpy)(bpy’)(X)(Y)] ™

, and dimeric ligand-bridged complexes, are the products of a

MeOH versatile new synthetic approach which opens new possibilities

for extending even further the diversity of Ru(ll) polypyridine

chemistry.

Experimental Section

wifllic acid Physical Methc_;ds.uv—visible spectra were recorded on Hewlett-
1.2-dichlorobenzene _Packard 8452A diode array or CA_RY 14 spectrophotometers (the latter
’ interfaced to an IBM PC by OnLine Systems, Inc.). Infrared spectra
were acquired by using a Mattson Galaxy 5000 series FT-IR spec-
o v trometer at 2 cmt resolution, averaging 25 scans (forward and reverse
cis,cis-Ru(bpy)(CO)(CF350s), mirror velocity at 0.32 cm/s at 10 000 Hz). Solution cell spectra were
acquired in a 1-mm path length cell equipped with BaF Cak
bpy” windows.*H NMR spectra were recorded on filtered solutions with a
EtOH Bruker WM250 spectrometer.
Electrochemical measurements were made in a drybexv(ith an
24 EG&G PAR Model 273 potentiostat. Cyclic voltammetry was carried
cis-[Ru(bpy’)(bpy’*)(CO),] out in a standard three-compartment cell with a 4-mm platinum-disk
working electrode, a platinum-wire counter electrode, and a Ag/AgNO
(0.01 M AgNGy/0.1 M TBAH in acetonitrile) reference electrode, which
was regularly calibrated with a saturated sodium chloride/calomel
electrode (SSCE). When only small quantities of sample were available,
a two-compartment microcell was utilized. A 3-mm platinum-disk
’y L working electrode and a silver wire pseudo-reference electrode were
[Ru(bpy’)(bpy”)(bpy )] placed in one compartment and a platinum-wire counter electrode and
Ag/AgNO; reference electrode in the other. The pseudo-reference
We describe here an extension of the previously published electrode was calibrated with the reference electrode before every scan.
heteroleptic synthetic methodology to the preparation of even Potentials are quoted relative to an SSCE. _
more highly functionalized complexes. Advances made include =_Where noted, metal complexes were purified by cation-exchange
the following. (1) The preparation of heteroleptic isothiocyanato HPLC on a Brownlee CX-300 Prep10 column (0.7 mL/min) by utilizing
complexes is described. Derivatives of these complexes have? linear gradient elution with 6200 mM KB in 1:3 (v/v) CHCN/

ived attenti d to thei licati it faqueous phosphate buffer (0.6 mM; pH 7.2). The elutions were
received attention due to their applicalion as Sensitizers or qyq)eq by a Rainin Dynamax SD-300 solvent delivery system

titanium dioxide semiconductors for the purpose of light-to-  ¢qyipped with 25 mL/min pump heads and monitored with a Shimadzu

electrical energy conversidd!>*®(2) A procedure for the  spp-M10AV diode-array UV-visible spectrometer fitted with a 4.5-

isolation and purification of the solvento complexess- mm path length flow cell. The complexes were isolated from the eluent

as hexafluorophosphate salts by addition of a saturated aqueass NH

(49) Ross, H. B.; Boldaji, M.; Rillema, D. P.; Blanton, C. B.; White, R. P.  PF; solution followed by extraction into dichloromethane and evapora-
Inorg. Chem.1989 28, 1013. ] tion under reduced pressure.

(50) Juris, A.; Campagna, S.; Balzani, V.; Gremaud, G.; von Zelewsky,  naterials. Hydrated RuGH3H,O (Strem), potassium thiocyanate

1) Cb#ngg?évsgki/mi@grgrﬁai%52¢1ely. Chim. Actal988 71, 1108. (Fisher Certified), sodium nitrite (Aldrich 99.9%%), potassium nitrate

(52) Strouse, G. F.; Anderson, P. A.; Schoonover, J. R.; Meyer, T. J.; Keene, (Aldrich 99+%), 4+ert-butylpyridine (Aldrich 99.9%), 4,/4dimethyl-
F. R.Inorg. Chem.1992 31, 3004. 2,2-bipyridine (GFS), paraformaldehyde (Aldrich 95%), formic acid
(53) Anderson, P. A.; Deacon, G. B.; Haarmann, K. H.; Keene, F. R.; (Fisher Certified 88%), 2-methoxyethanol (Aldrich anhydrous 99.8%),
Meyer, T. J.; Reitsma, D. A.; Skelton, B. W.; Strouse, G. F.; Thomas, anq 1 2-dimethoxyethane (Aldrich anhydrous 99.5%) were used as

N. C.; Treadway, J. A.; White, A. Hnorg. Chem.1995 34, 6145. : : . . . .
(54) Strouse, G. v';/ )éynthetic D:asign and P%otophysicalEPropertie% of d supplied. Trlflgoromethane SUITOWC a(_:|d (Aldrich-9%) was elthe'r

Transition Metal Chromophore-Quencher Complexes. Ph.D. Disserta- used as supplied or vacuum distilled if yellow-brown when received.

tion, University of North Carolina, Chapel Hill, NC, 1993. Sodiump-toluenesulfonate (Aldrich 95%) and 2ipyridine (Aldrich

(55) Moser, J. E. B. P.; Gtzel, M. Coord. Chem. Re 1998 171, 245. 99%) were recrystallized from water and ethyl acetate, respectively.

cis(CO),trans(Cl)-Ru(bpy’)(CO),Cl,

bpy”” + TMNO
2-methoxyethanol
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Scheme 3
[Ru(bpy )(bpy”)(dppe)]** cis-Ru(bpy )(bpy”)(NCS),
dppe TMNO + KSCN
EtOH / H,0 methoxyethanol
2+ TMNO-+py

eis-[Ru(bpy}(bpy”)(CchN>z]2*<%—‘é%— cis- [Ru(bpy’)(bpy”)(CO)zl et cis-[Ru(bpy XbpyXpy),I**

1) TMNO + py
2) NaNO, + HCl IMNO + py
H 20 EtOH

cis-[Ru(bpy)(bpy”’)(py)(NO)** cis-[Ru(bpy)(bpy”)(py)(CO)**
NaNj + X TMNO + BL
acetone methoxyethanol
NaN;
[Ru(bpy*)(bpy(py)(BL)I* . . . 4
cis-[Ru(bpy)(bpy”)(py) OI™ acetone cis,cis-[(bpy)(bpy”)(py)Ru(BL)Ru(py)(bpy*)(bpy)]"*
Y

cis, cis-[(bpy)(bpy”")(py)Ru(BL)Ru(py)(bpy ")(bpy™]**

TrimethylamineN-oxide (TMNO) was obtained by vacuum sublimation (25 mL) and the mixture was deaerated by bubbling with Ar for 50
of the dihydrate (Aldrich 98%) at 90C. 4-Ethylpyridine (Aldrich 98%) min. All of the material dissolved when the reaction was heated to
was allowed to stir overnight with KOH, gravity filtered, and vacuum reflux, resulting in a pale orange solution. Heating at reflux was
distilled from fresh KOH prior to use. Ethanol was freshly distilled continued for 3 h. The solution was cooled to room temperature and
over Mg/k. Spectral-grade acetonitrile (Burdick and Jackson), methanol the solvent removed under reduced pressure. The dark blue residue
(Burdick and Jackson), and ethanol (distilled over MgWere used was triturated with 150 mL of boiling water. After the filtrate was cooled
for all spectroscopic and electrochemical measurements. Silica gelto room temperature, 2 mL of a saturated aqueous ammonium
(200-400 mesh, 60 A) was obtained from Aldrich. Basic alumina was hexafluorophosphate solution was added, resulting in the immediate
obtained from Fisher. SP Sephadex C25, CM Sephadex C25, andprecipitation of a pale orange solid. The solid was collected by vacuum
Sephadex LH-20 chromatographic materials were obtained from filtration, washed repeatedly with water and then diethyl ether, and

Pharmacia Biotech. dried under vacuum. Recrystallization of the crude product from hot
SynthesesChemical analyses were performed by Oneida Research ethanol/acetone yielded 0.15 g (80%) of the pure product as white

Services, Inc. (Whitesboro, NY). The complexa@s-[Ru(bpy)(dmb)- needles!H NMR (acetoneds): 6 7.68 (dd, 2H), 7.84 (d, 2H), 8.11

(CO)(PFs)2, cis[Ru(dmb)(4,4-(COOEt}bpy)(CO}](PFs), cis[Ru- (dd, 2H), 8.38 (dd, 2H), 8.63 (dd, 2H), 8.82 (d, 2H), 8.94 (d, 2H), 9.51

(bpy)(tmb)(CO)](PFs). andcis,cis-Ru(bpy)(CO} CFSGs), were pre- (d, 2H). IR (KBr): »(CO) = 2038 cnt1t, 2094 cn1'.

pared as described elsewh&e.cis-[Ru(bpyy(CO)](PFs). was prepared cis-[Ru(bpy)2(CH3CN),](PFe)2. cis-[Ru(bpyk(CO)](PFs)2 (0.20 g,

by an analogous route described below. 0.25 mmol) was dissolved in acetonitrile (100 mL) and the solution
cis-Ru(dmb)(4,4-(COOELt)bpy)(NCS)-H,0. cis-[Ru(dmb)(4,4- was deaerated by bubbling with Ar for 40 min. The reaction was heated

(COOEt}bpy)(CO}Y)(PFe)2 (0.44 g, 0.47 mmol) and potassium thio-  to reflux. TMNO (0.55 g, 0.74 mmol) was added in one portion, and
cyanate (0.22 g, 2.3 mmol) were combined with dimethoxyethane (200 heating at reflux was continued for 1 h. The yellow solution was cooled
mL), and the mixture was deaerated by bubbling with Ar for 50 min. to room temperature and concentrated~8 mL. Slow addition of

The reaction was heated to reflux, forming a bright orange solution. diethyl ether precipitated the complex. To remove the remainder of
Solid TMNO (74 mg, 0.99 mmol) was added in one portion to the hot the TMNO, the solid was dissolved in a minimum of ethanol and
solution and heating was continued under Ar for an additional 7 h, dripped into stirring ether (75 mL). HPLC analysis of the solid obtained
after which the solution was deep purple. The solution was cooled to showed it to be>99% pure. Analytically pure material was obtained
room temperature and evaporated to dryness under vacuum. Dichlo-by passage down a 10-cm silica gel column eluted with kiS&urated
romethane (5 mL) was added to the residue. The mixture was sonicatedmethanol. After the methanol was evaporated, the residue was triturated
for 10 min and filtered. Addition of diethyl ether (150 mL) to the filtrate ~ with dichloromethane, which was subsequently evaporated under
yielded the crude product as a purple solid. The crude material was vacuum.*H NMR, UV—visible absorption, and electrochemical data
purified by passage down a 15-cm neutral alumina column eluted with for this material matched that of material prepared previously by
4:1 (v/v) toluene/acetonitrile and then passage down a 15-cm silica literature method$! Yield 0.19 g, 94%.

gel column eluted with methanol. Yield: 0.16 g, 42%1 NMR cis-[Ru(bpy)(tmb)(CH 3CN),](PFe).. This reaction was carried out
(dichloromethanetk): 6 1.37 (t, 3H), 1.51 (t, 3H), 2.42 (s, 3H), 2.68 in a manner analogous to the preceding procedure. The reactiis of

(s, 3H), 4.42 (quart, 2H), 4.55 (quart, 2H), 6.86 (d, 1H), 7.18 (d, 1H), [Ru(bpy)(tmb)(CO)]J(PFs). on a 0.10-g scale yielded the product in
7.58 (m, 2H), 7.78 (d, 1H), 7.93 (s, 1H), 8.07 (s, 1H), 8.21 (d, 1H), 96% yield.*H NMR (dichloromethanek): ¢ 2.02 (s, 3H), 2.37 (s,

8.71 (s, 1H), 8.86 (s, 1H), 9.29 (d, 1H), 9.72 (d, 1H). IR (KBi}y = 3H), 2.45 (s, 3H), 2.48 (s, 3H), 2.56 (s, 3H), 2.62 (s, 3H), 7.16 (s, 1H),

2100 cmt, »(CO) = 1723 cn1t. Anal. Calcd for GoHzoNeOsRUS: C, 7.27 (dd, 1H), 7.55 (d, 1H), 7.93 (m, 2H), 8.06 (s, 1H), 8.20 (s, 1H),

50.06; H, 4.20; N, 11.68. Found: C, 50.09; H, 4.22; N, 11.39. 8.23 (dd, 1H), 8.42 (d, 1H), 8.54 (d, 1H), 8.94 (s, 1H), 9.44 (d, 1H).
cis[Ru(bpy)2(CO)](PFe).. cis,cis-Ru(bpy)(CO)CRS0s), (0.15, Anal. Calcd for GgHazoF12NsPRuU: C, 39.96; H, 3.59; N, 9.99. Found:

0.25 mmol) and bipyridine (0.39, 0.25 mmol) were added to ethanol C, 39.26; H, 3.65; N, 9.63.
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[Ru(bpy)2(dppe)](PFs)2. cis[Ru(bpyk(CHsCN).J(PFs). (58 mg, in ~98% purity (yield 205 mg, 65%) as a 1:1 mixture of the two
0.074 mmol) and bis(diphenylphosphino)ethylene (35 mg, 0.089 mmol) possible geometrical isomers. The material was obtained analytically
were dissolved in ethanol (35 mL) and water (5 mL). The solution pure, but in reduced yield, by elution from a silica-gel column with
was heated at reflux for 12 h, after which time it had turned pale yellow. KNOs-saturated methanol. The second band was collected and evapo-
The reaction was cooled to room temperature and the solvent wasrated to dryness. The resulting solid was triturated with dichloromethane
removed under reduced pressure. The resulting residue was dissolve@nd the resulting orange solution dripped into rapidly stirring diethyl

in a minimum of acetone and reprecipitated by slow addition to rapidly ether to precipitate the product in an overall 44% vyield, 140 Hiyg.
stirring ether. The pale orange solid was collected by vacuum filtration NMR (dichloromethanek): 6 1.26 (s, 9H), 1.27 (s, 9H), 2.07 (s, 3H),
and washed repeatedly with ether. One recrystallization from ethanol 2.16 (s, 3H), 2.38 (s, 3H), 2.40 (s, 3H), 2.44 (s, 3H), 2.52 (s, 3H), 2.58
removed an orange impurity. When necessary, a second recrystallization(s, 3H), 2.62 (s, 3H), 7.14 (s, 1H), 7.22 (s, 1H), 7.43 (m, 5H), 7.58 (d,

from dichloromethane/ether was performed. Yield: 81 mg, 88%.
NMR (dichloromethanek): 6 6.48 (d, 2H), 6.52 (d, 2H), 6.81 (dd,
2H), 6.91 (dd, 4H), 7.09 (dd, 2H), 7.46 (m, 12H), 7.80 (m, 6H), 8.02
(d, 2H), 8.11 (dd, 2H), 8.28 (d, 2H). The-@0 ppm region of the

spectrum lacks two of the expected proton resonances arising from dppe,

1H), 7.73 (m, *), 7.87 (m, *), 8.23 (m, *), 8.55 (d, 1H), 8.96 (s, 1H),
9.47 (d, 1H), *= total of 21H. IR (KBr): »(CO) = 1988 cn1'. Anal.
Calcd for GaHs/F12NsOPRuU: C, 44.26; H, 4.04; N, 7.59. Found: C,
43.68; H, 4.15; N, 7.40.

cis-[Ru(bpy)(dmb)(CO)(4-'Bupy)](PFe)2. This salt was prepared

but these two resonances are also absent in the same chemical shifsimilarly by utilizing cis-[Ru(bpy)(dmb)(CO)(PFs). (55 mg, 0.070

range in a spectrum of the dppe ligand. The electrochemigal €
+1.69,—1.26,—1.51 V) and U\~ visible absorbancelf.x= 378, 318,
294, 278 nm) results were in good agreeménj,(= +1.75,—1.28,
—1.51 V; Amax = 373, 317, 293, 276 nm) with those acquired for a
sample prepared by an independent rdtite.
cis-[Ru(bpy)(dmb)(4-Etpy).](PFe).. The entire reaction was carried
out under an Ar atmosphereis-[Ru(bpy)(dmb)(CO)(PFs). (0.12 g,
0.152 mmol) and 4-ethylpyridine (0.17 mL, 1.52 mmol) were combined
in 100 mL of acetone which had been dried over molecular sieves.
The solution was cooled te9 °C in an ice/brine bath and deaerated
by bubbling with Ar for 45 min. An acetone solution of trimethylamine
N-oxide (0.024 g, 0.32 mmol) was similarly deaerated and dripped into

mmol) and 4Bupy (16xL, 0.11 mmol) in 75 mL of ethanol. A slight
excess (0.077 mmol) of TMNO was used to decarbonylate the precursor
complex. A yield of 32 mg (52%) was obtainetH NMR (dichlo-
romethaned;): o6 1.26 (s, 9H), 1.27 (s, 9H), 2.51 (s, 3H), 2.56 (s, 3H),
2.68 (s, 3H), 2.75 (s, 3H), 7.21 (d, 1H), 7.42 (m, 7H), 7.70 (m, 8H),
8.10 (m, 2H), 8.25 (m, 15H), 8.55 (d, 1H), 9.22 (d, 1H), 9.45 (d, 1H).
IR (KBr): 7o = 1989 cntl.

cis-[Ru(bpy)(tmb)(4-'Bupy)(NO)](PFe)s. cis-[Ru(bpy)(tmb)(COjJ-
(PFs)2 (0.152 g, 0.186 mmol) and Bupy (102uL) were added to 40
mL of methoxyethanol. After the solution was deaerated with Ar, it
was heated to reflux and TMNO (42 mg, 0.56 mmol) was added. The
yellow solution was heated at reflux for 4 h, resulting in a color change

the solution containing the metal complex over the course of 3 h. The to dark orange. The solution was cooled to room temperature and the
solution was allowed to warm to room temperature then heated at reflux solvent removed under reduced pressure. The resulting residue was

for 12 h. The volume of the red solution was reduced-gomL. Upon
slow addition of this solution to 250 mL of vigorously stirring diethyl

taken up in a minimum of acetone and dripped into 150 mL of rapidly
stirring ether to produce an orange solid. The solid was collected by

ether, an orange precipitate formed which was collected and washedvacuum filtration and washed with ether. One repetition of the

repeatedly with ether to remove the last of the excess 4-ethylpyridine.

One recrystallization from hot ethanol/acetone yielded the product in
~95% yield and 0~95% purity. Analytically pure material could be

obtained by elution from a 15-cm neutral alumina column (2:1 toluene/
acetonitrile eluent) and then by elution from a 15-cm silica column

reprecipitation and washing was performed to ensure complete removal
of unreacted 4Bupy. The resulting solid was air-dried and then
suspended in 200 mL of water and heated at reflux for A2 M

HCI solution (6 mL) was added followed by sodium nitrite (12.8 mg,
0.186 mmol) in 3 mL of water, resulting in an immediate color change

(KNOgs-saturated methanol eluent). The methanol was removed by to pale yellow. After cooling the solution to room temperature, 2 mL
rotary evaporation and the residue triturated with dichloromethane. The of a saturated aqueous ammonium hexafluorophosphate solution was
dichloromethane solution was concentrated under vacuum and drippedadded to precipitate the product as a bright yellow solid. The product

into rapidly stirring ether to precipitate the pure complex as the
hexafluorophosphate salt. Yield: 79 mg, 55%1 NMR (dichlo-
romethaned,): 6 1.19 (t, 3H), 1.20 (t, 3H), 2.48 (s, 3H), 2.64 (quart,
2H), 2.65 (s, 3H), 2.66 (quart, 2H), 7.18 (m, 4H), 7.43 (m, 1H), 7.65
(m, 2H), 7.87 (m, 2H), 8.1 (m, 9H), 8.69 (d, 1H), 8.91 (d, 1H). Anal.
Calcd for GgHsgF1o2NgP,RuU: C, 45.72; H, 4.05; N, 8.89. Found: C,
45.61; H, 4.06; N, 8.75.

cis-[Ru(bpy)(tmb)(CO)(4-'Bupy)](PFe).. cis[Ru(bpy)(tmb)(COjJ-
(PRs)2 (0.280 g, 0.343 mmol) and Bupy (96uL, 0.65 mmol) were
combined with 200 mL of ethanol and the mixture deaerated for 40
min by bubbling with Ar. An inert atmosphere was maintained over

was collected by vacuum filtration, dissolved in a minimum of acetone,
filtered, and reprecipitated into ether. The yield following two recrys-
tallizations from acetone/ether was 0.10 g (50%). IR (KB{NO) =
1939 cml. To confirm the identity of this material, an absorbance
spectrum was taken beforéfx = 386 nm) and afterifnax = 502 nm)
conversion of the complex to [Ru(bpy)(tmb)@upy)(Ns)]* by using
methanolic sodium azide and acetone. The reaction occurredlLin
min, and the resulting U¥visible and IR spectrav(N3) = 2036 cnt?)
compared well with literatufé values fmax = 498 nm,»(N3) = 2031
cm™?) for [Ru(bpyk(py)(Na)] ™.
cis,cis-[(Ru(bpy)(tmb)(4-'Bupy))2(pz)](PFe)s. Method 1. cis-[Ru-

the reaction throughout the preparation. The mixture was heated at(bpy)(tmb)(4:Bupy)(NO)](PF)s (0.048 g, 0.045 mmol) was dissolved

reflux until complete dissolution of the solid reactant was effected. An
ethanolic solution of trimethylaminil-oxide (48.3 mLx 7.10 mM,

0.343 mmol) was deaerated with Ar for 40 min and slowly dripped
into the reaction over the course of 90 min using an addition funnel

in 3 mL of acetone and the pale orange solution was deaerated with
bubbling acetone-saturated Ar for 50 min. A separate solution of 46.0
mM sodium azide in methanol was similarly deaerated and £76
was slowly dripped into the stirring acetone solution. A solution of

with a pressure equalization arm. The pale yellow solution became pyrazine in acetone (88.7 mM) was deaerated andi25®&as added

bright red and was allowed to reflux an additional 90 min. About 1

to the reaction in one portion. The red solution was heated at reflux

mL of the reaction was withdrawn and evaporated to dryness under overnight under an Ar atmosphere. Removal of the solvent under
reduced pressure. The residue was taken up in dichloromethane andracuum yielded a bright red solid which was applied to a 2 cm

an IR spectrum of the solution recorded. The spectrum revealeat
2096 and 2041 cni (starting material) which integrated to 7% of the
area of the main band at 1995 chiproduct). An additional portion
of the TMNO solution (5 mL) was added to force the reaction to
completion and the solution was allowed to stir at reflux overnight.

Sephadex LH-20 column and eluted with methanol. The first band was
collected, and the orange and pink trailing bands were discarded. Ether
was added to the methanol solution until precipitation began to occur.
One more drop of methanol was added to redissolve the precipitate
and the solution was placed in the freezer overnight. This crystallization

This solution was taken to dryness by rotary evaporation under reducedprocedure yielded the pure product (18 mg, 44%) as red needles. The

pressure and the residue redissolved in a minimur8 fnL) of
dichloromethane. The concentrated solution was slowly dripped into
200 mL of rapidly stirring diethyl ether to precipitate a yellow solid.
Recrystallization of the solid from ethanol provided the desired product

spectroscopic and electrochemical behavior of this material was identical

(56) Brown, G. M.; Callahan, R. W.; Meyer, T.lhorg. Chem1975 14,
1915.
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to that obtained for the product of method 2 below. As this complex [Ru(bpy)(bpy’)(CO)]?* precursors. Yields varied from 44%

was found to be extremely photoreactive, care was taken during theto 96% in these preparations.

pre,\ﬁa{stlgnzagd pU“f'C"’t‘t'E” to texlfltt‘jde a't' ||ght.| de liht from all h The preparations fall into two categories. In one, both
€thod 2. -are was taken at all imes to excude 1ght rom alline — qarhony| ligands ircis[Ru(bpy)(bpy’)(CO)]2* are replaced

complexes utilized in this preparatiatis-[Ru(bpy)(tmb)(COJ(PF)z with thg sa?ne monode[ntat(e ﬁé‘)a(ngylrz (the z)zgher the r(fplacement

(0.15 g, 0.18 mmol) was combined withBupy (136uL, 0.920 mmol) . ical | L th ical d
and 50 mL of ethanol and the mixture was deaerated by bubbling with Is asymmetrical. In general, the symmetrical cases were prepare

Ar for 50 min. TrimethylamineN-oxide (15 mg, 0.20 mmol) was Py addition of 2 equiv or more of trimet'hylamiméoxide in .
dissolved in ethanol and similarly deaerated. The solution containing 2-methoxyethanol (or dimethoxyethane in some cases to avoid

the metal complex was heated to reflux and heating continued while transesterification of 4,4COOEtybpy) heated at reflux. To
the trimethylaminéN-oxide solution was slowly dripped over the course  prevent the replacement of the second carbonyl ligand in the
of 2 h into the reaction via an addition funnel equipped with a pressure asymmetrical syntheses, 1 equiv of trimethylaniirexide was
equalization arm. The reaction was heated at reflux for an additional 4 added in lower boiling ethanol. The exception wis[Ru(bpy)-

h_, at which time an infrared spectrum of an aliquot showed no remaining (dmb)(4-Etpy)](PFe),, for which a higher yield (55%) was
dlcarbonyl complex. After cooling of the reaction to room temperature, obtained by extended reflux in acetone foliowing low-temper-
the solution was concentrated under reduced pressurettmL and ature addition of trimethylamini-oxide. This yield is signifi-

the intermediate precipitated by addition to 100 mL of rapidly stirring . .
diethyl ether. The solid was collected by vacuum filtration and triturated C@Ntly higher than reported previously for related compounds

with 3 x 15 mL of ether to remove unreactedBlpy. The solid was by an alternate procedufé.

dissolved in 35 mL of methoxyethanol along with pyrazine (14.5 mg, ~ The earlier proceduf&>3 could not be used to incorporate
0.18 mmol) and the solution deaerated with Ar for 50 min before being dppe into complexes in reasonable yields due to the oxidation
heated to reflux. Trimethylaminbl-oxide (21 mg, 0.28 mmol) was  of dppe by trimethylaminé\-oxide. For this preparation, the
added as a solid in one portion and the reaction was allowed to reflux solvento complexis-[Ru(bpy)(tmb)(CHCN).](PFe). was iso-
overnight, then cooled to room temperature, and taken to dryness undeljated in high yield and used as a synthetic intermediate. The
reduced pressure. The resulting red residue was dissolved in 5 mL ole NMR spectrum of the phosphine complex is complex, as
acetonitrile and the crude product precipitated by addition of 150 mL expected given its low symmetry and the large numbe,r of

of ether. The solid was collected by vacuum filtration, washed ivalent f Th d
repeatedly with ether, and then allowed to air-dry. nonequivalent aromatiC resonances. € Same procedure was

Purification of the dimer was carried out in three steps. First, the therefore applied to the preparation of [Ru(bytgtppe)](PF).
crude product was dissolved in a minimum of methanol and eluted s Well. The preparation of the precursis-[Ru(bpy:(CO)]-
with methanol from a 45¢ 2.5 cm column packed with Sephadex LH-  (PFg)2 has been included since it was not presented in the
20 size-exclusion resin. The bright-red first band was collected, original publication.
concentrated, and reapplied to the column, which had been washed |t was also found that trimethylaminé-oxide reacts with
with 0.1% acetic acid in methanol. Only the central portion of the band pjtrite anion, preventing the direct preparation of the mixed-
was collected the second time. The solvent was removed under reduceqpa|ate complexesis-Ru(bpy)(tmb)(NQ), and cis-[Ru(bpy)-
pressure and the residue taken up in a minimum of acetonitrile. A large (tmb)(44Bupy)(NO»)]* or the nitrosyl-containing analogues. The

volume of 10% acetonitrile in water was rapidly added to the solution :
and the resulting dilute solution was gravity filtered and eluted from a related complexcis-[Ru(bpy)(tmb)(4'Bupy)(NO)](PFe)s was

CM Sephadex C25 cation-exchange column utilizing a gradient of Prepared, however, by isolating (without purificatiang-[Ru-
0-0.3 M KNO; in 10% aqueous acetonitrile. The material was (PPY)(tmb)(4-Etpy)](PFe). and allowing it to react first with
crystallized by doubling the volume of the eluent fraction containing Water then with sodium nitrite in the presence of HCI.

the major band collected with acetonitrile, adding ammonium hexafluo- ~ This complex and the pyridine/carbonyl complexés[Ru-
rophosphate, and slowly removing the acetonitrile under reduced (bpy)(tmb)(CO)(4Bupy)](PFs). and cis-[Ru(bpy)(dmb)(CO)-
pressure. Yield: 62 mg, 40%_. TREl NMR spectra of these material_s (4-Bupy)](PRs), were prepared as mixtures of the two possible
were extremely_ complex owing to the large number of geomet_rlcal geometrical isomers in every cadel NMR spectra indicated
isomers. Analytical HPLC analysis, however, showed the material to . 16 jsomer product ratios were 1:1 in all cases, both in the
be >99% pure when prepared by either method. The characteristic crude products and following purification. These mixtures could

electrochemical response {00 mV peak splitting for the two RU!' blv b d b iouslv develoned ch
couples and 2:1 peak current ratio for the bipyridyl and pyrazyl presumably be separated by previously developed chromato-

reductions) was also identical for the two samples. graphic procedure®; 65 put no attempt was made to separate
the isomers.
Results In accordance with previous repofsall of the linkage

Syntheses Ligand structures are shown in Figure 1. The isomers ofcis:Ru(dmb)(4,4(COOEt}bpy)(NCS) were also
syntheses of the precursor complexes were straightforward andPréPared by decarbonylatings-[Ru(dmb)(4,4-(COOEt}bpy)-

based upon the recently published procedure for tris-heteroleptic(CO)XI(PFe)2 in the presence of excess thiocyanate anion. In
complexe$252 Earlier accounts of the reactivity of Ruand this case, however, one isomer predominates, the one in which

RU" nitro-57 nitrito-,3 and nitrosyB’:59 complexes and the both_anions are bou_nd to Ras nit_rogen donors. In contrast to
azide-assisted removal of nitrosyl from 'Roomplexe&860-62 previous results with homoleptic comple>éé§,6_the major
were used to extend the synthetic methodology by using the ISOMer was _separable from the others_anq was isolated cleanly.
nitrosyl ligand. The target complexes were prepared by tri-  The identity of the nitrosyl intermediatgs-[Ru(bpy)(tmb)-

methylamineN-oxide-assisted oxidative decarbonylatiorcist (4“Bupy)(NO)F* was confirmed by infrared spectroscopy and
electrochemical experiments. The presence of both NO (at 1938
(57) Godwin, J. B.; Meyer, T. dnorg. Chem.1971, 10, 471. cmY) and Pk~ (846 cnt?) was apparent in the IR and the
(58) ggEyemi, S. A; Miller, F. J.; Meyer, T. Jnorg. Chem.1972 11, NO-based reduction was observed#.48 V in acetonitrile
(59) Keene, F. R.: Salmon, D. J.: Meyer, T.1J.Am. Chem. Sod977, versus SSCE along with several irreversible bands characteristic
99, 4821.
(60) Powers, M. J.; Meyer, T. Jnorg. Chem.1978 17, 1785. (63) Rutherford, T. J.; Keene, F. Rorg. Chem.1997, 36, 2872.
(61) Adeyemi, S. A.; Johnson, E. C.; Miller, F. J.; Meyer, T.ldorg. (64) Rutherford, T. J.; Keene, F. Bhorg. Chem.1997, 36, 3580.
Chem.1973 12, 2371. (65) Reitsma, D. A.; Keene, F. R. Chem. Soc., Dalton Trant993 2859.

(62) Miller, F. J.; Meyer, T. JJ. Am. Chem. S0d.971, 93, 1294. (66) Kohle, O.; Ruile, S.; Giael, M. Inorg. Chem.1996 35, 4779.
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Figure 2. 'H NMR spectrum ofcis-[Ru(bpy)(dmb)(4-Etpy)(PFs). Figure 4. As in Figure 2.'H NMR spectrum ofcis-Ru(dmb)(4,4

in dichlormethanes. The relativex (6, ppm) andy axes have been  (CO,Et),bpy)(NCS} in dichloromethaneh.
independently normalized for the two spectral regions. The singlet at

1.55 ppm is water from the solvent.
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1'7 1'.2 Figure 5. As in Figure 2.1H NMR spectrum ofcis-[Ru(bpy)(tmb)-

. I . (CH3CN),](PFs)2 in dichloromethanet,.
Figure 3. As in Figure 2.'H NMR spectrum of a 1:1 mixture of the
two geometrical isomers afis-[Ru(bpy)(tmb)(4:Bupy)(CO)](Pk)2 in Table 1. Infrared Band Energies (KBr) and Assignments for
dichlormethane,. Selected Complexes
) . ) energy
of these complexes (Supporting Information Figure S11). Also, complex or salt (cm) origin

the azide derivative was prepared by addition of Klad

characterized by IR and UWisible spectroscopy. The reaction cisRu(dmb)(4,4(COOERLPY)(NCS) - 2100vs  v(CN)

1723s  v(C=0), ester

with N3~ occurred in<1 min, producing dramatic changes in  cis[Ru(bpyh(CO)I(PFs): 2094 vs 1(CO)
both spectra. No reaction withsN was observed with either 2038vs ¥(CO)
the cis-[Ru(bpy)(tmb)(CO)]2* starting material or with the cis-[Ru(bpy)(tmb)(CO(PFe)2 2098 vs ¥(CO)
oversubstitution produdatis-[Ru(bpy)(tmb)(4Bupy)]?*. _ 2036 vs  ¥(CO)

cis-[Ru(bpy)(tmb)(CHCN),](PFs)2 2280w v(CN)

Characterization. The proton NMR spectra of several of the cis-[Ru(bpy)(tmb)(CO)(Bupy)|(PR). 1988 vs 1(CO)

new complexes are shown in Figures®2 The spectrum of cis-[Ru(bpy)(tmb)(4Bupy)(NO)|(PR): 1938s  »(NO)
[Ru(bpy)(tmb)(dppe)](P§- is included as Supplementary Figure

S1. All spectra were acquired in dichloromethaheDue to posite of the spectra for the two possible geometrical isomers,
the large number of resonances in thelD and 4 ppm as mentioned above.
regions, the middle region of each spectrus®(to ~7 ppm, Important infrared band energies for several complexes in

which includes only the solvent triplet @ = 5.32 ppm) is KBr are listed in Table 1 with band assignments where
excluded and the two remaining halves scaled separately.appropriate. Focis-[Ru(bpy)(dmb)(CO)(4-Etpy¥", two geo-
Integrations are listed in the Experimental Section. The spectrummetrical isomers are present as determinedb}XMR, but no
of cis[Ru(bpy)(tmb)(CO)(4Bupy)](PF). (Figure 3) is a com- splitting is evident inv(CO) at 2 cnT! resolution (Figure 6B).
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Table 3. Eiz Values in CHCN 0.1 M in Tetrabutylammonium
Hexafluorophosphate versus SSCE at Room Temperature

complex or salt Elp EY,  EjE

Ru(dmb)(4,4(COOEtpbpy)(NCS) +0.73 -1.19 -1.6R
[Ru(bpy)(tmb)(CHCN),](PFs)2 +1.38 -1.39 -1.74
[Ru(bpy)(dppe)](Pk) +1.69 —-1.26 -151
[Ru(bpy)(dmb)(4-Etpy)(PFs). +1.15 —-1.43 -1.68
[Ru(bpy)(tmb)(CO)(4Bupy)](PF)2 -1.17 -1.48
[Ru(bpy)(dmb)(CO)(4Bupy)](PFs). —1.11 -145
[Ru(bpy)(tmb)(4Bupy)(NO)](PR); +0.48 —0.42b

[(Ru(bpy)(tmb)(4Bupy)X(pz)l(PR)s +1.25A-1.37 —1.03 —1.4#

aE,. value at 200 mV/s scan rate; the reduction is irreversible.
b Reduction at the nitrosyl ligand. Two-electron wave.

% Transmittance

ergy band (similar intensity) is and— 7;* transition into the
pyridine ligand. IncissRu(dmb)(4,4(COOEt}bpy)(NCS), the
second lowest band is ard— 7o* transition to the LUMO+
1 antibonding orbitals of the bipyridyl ligands. In all other cases
the second lowest energy band (40 60@ < 150 000 in units
of M~ cm™) arises from ar — xr1* transition localized on
the bipyridyl ligands. These assignments are discussed else-
where!467

The results of cyclic voltammetric measurements (Supporting
20 ; e ' . Information Figures S#S11) are summarized in Table 3. All
3400 2400 1400 400 oxidations and reductions were reversible or quasi-reversible

N with 60 mV < AE;, < 90 mV, except where noted elsewhere.
Energy (cm™) As expected86869the electrochemistry of the nitrosyl com-

Figure 6. Infrared spectra of [Ru(bpy)(dmb)(CEPFs). (A), [Ru- plexes is complicated. In reductive scans a NO-based reduction
(bpy)(dmb)(CO)(4-Etpy)](PF- (B), and [Ru(bpy)(dmb)(4-Etpy)PFs). was observed at0.48 V followed by a chemically irreversible
(C) in KBr pellets. reduction aEp = —0.42 V. Scanning through this wave results
Table 2. UV~ Visible Band Maxima in CHCN at Room in oxidative waves afpa = —0.32, —0.18, and+0.68 V.
Temperature Reductive scanning also results in a precipitation spiketal 2
V and its reverse at-0.34 V. No metal-based oxidations were
observable for any of the nitrosyl complexes nor for any of the
carbonyl complexes.

100

80 +

40

complex or salt Amax (NM)

cis-Ru(dmb)(4,4(COOEtbpy)(NCS) 550 434 316 294 242 206
cis-[Ru(bpy)(tmb)(CHCN)](PFe)2 422 398 286 254 244 208

[Ru(bpy)(dppe)](Pk)2 378 318 294 278 One reversible metal-based couple and one reversible ligand-
Ci&{suggpyggdmbb))(g(-)E)ag(PF;s])(zp%) ggg gig gig 22(15 245 based couple were observed fis-Ru(dmb)(4,4(COOEtbpy)-
cis-[Ru(bpy)(tm upy 2 NCS).When the electrode was scanned more anodically than
cisRu(bpy)(tmb)(4#BUPY)(NO)I(PFe)s 386 314 292 268 210 Srl 20k V, an irreversible wave appeared By, +1. 32\);
ciscis[(Ru(bpy)(tmb)(41Bupy)k(pz)]- 498 436 338 290 208 pp Ela =

PFs)s followed by the appearance of a reduction wavEat= +0.88
ciscis-[(Ru(bpy)(tmb)(4'Bupy)k(pz)]- 496 436 290 210 V. The second ligand-based reduction for this complex is near

(PFo)s the solvent limit and irreversible.

In the electrochemistry dfis,cis-[((bpy)(tmb)(4Bupy)Ru}-
(p2)](PR)4, the first reduction,—1.03 V, occurs at pyrazine.
The second reductive wave atl.44 V is a two-electron wave
arising from the simultaneous reduction of two bipyridine
ligands, one at each metal. The oxidative wave is split into two
one-electron waves at1.25 and+1.37 V, consistent with
interactions between metals across the bridgé

Similar results were obtained fasis-[Ru(bpy)(tmb)(CO)(4-
Bupy)J?*. Two isomers were also presentais-[Ru(bpy)(tmb)-
(4-Bupy)(NO)P", but only a single intense(NO) band was
observed.

The decarbonylation reactions were most conveniently moni-
tored by withdrawing aliquots, stripping off the solvent under
vacuum, redissolving the resulting residues in dichloromethane,
and obtaining solution IR spectra. For example, the loss of bands.
at 2098 and 2036 cmt in cis-[Ru(bpy)(tmb)(CO}](PFs). was (67) Treadway, J. A.; Strouse, G. F.; Anderson, P. A.; Keene, F. R.; Meyer,

; ; ; T. J. Manuscript in preparation.
observed to occur concomitantly with the appearance ofa3|ngle(68) Murphy, W. R. J.; Takeuchi, K.: Barley, M. H.: Meyer, T.ldorg.

band at 1988 cmt for cis-[Ru(bpy)(tmb)(CO)(4Bupy)](PF)-. Chem.1986 25, 1042.
Figure 6 shows a stacked view of IR spectra for the sequential (69) Pipes, D. W.; Meyer, T. Jnorg. Chem.1984 23, 2466.

i i (70) Salaymeh, F.; Berhane, S.; Yusof, R.; Rosa, R. D. L.; Fung, E. Y;
s.teps Inbthe rgacglon (ojis-[Ru(bpy)(drr]nb)d(.COQ](PFe)z to forfmh Matamoros, R.; Lau, K. W., Zheng, Q.; Kober, E. M.; Curtis, J. C.
cis-[Ru(bpy)(dmb)(4-Etpy)(PFe).. The disappearance of the Inorg. Chem.1993 32, 3895,

CO stretch at 1989 cni is evident in the final spectrum. The  (71) Callahan, R. W.; Brown, G. M.; Meyer, T. lhorg. Chem1975 14,
identity of the final product is confirmed by th#H NMR 1443.

: : (72) Meyer, T. J. Electron Transfer in Mixed-Valence Compounds. In

spectrum In Figure 2. . . Mixed-Valence Compound8rown, D. B., Ed.; Reidel Publishing
UV —visible data for the new complexes in acetonitrile at Co.: Boston, 1980; p 75.

room temperature are listed in Table 2. The lowest energy bands(73) Meyer, T. J. Redox Properties of Polymetallic Systemsnémganic

. Compounds with Unusual PropertieKing, R. B., Ed.; American
are dr — s1* (to the bipyridyl ligand) in all cases, with molar Chemical Society: Washington. DC. 1976; Vol. 150, p 73.

extinction coefficients in the range of 8000 to 20 000'\m™2. (74) Neyhart, G. A.; Cheng, C. C.; Thorp, H. BL Am. Chem. S0d995
For cis-[Ru(bpy)(dmb)(4-Etpy(PFs)2, the second lowest en- 117, 1463.
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Discussion

Impetus. The present study extends the earlier heteroleptic

synthetic procedure for the preparation of complexes of the type

[Ru'(bpy)(bpy")(bpy")]™" in three important ways. The earlier
proceduré® was used exclusively in the preparation of tris-
(bidentate) complexes. There is a need in the coordination
chemistry for more generality. Many recent studies based on
ruthenium(ll) polypyridyl complexes have relied on the func-
tionalization of the Ru(ll) center with a diverse array of ligands
including terpyridineg;1°4547.7481  halides3482 pseudo-
halides33.66:83-88 gxygen donors such as alkoxides or wa-
ter*>:68.89%gylfur donor<® and phosphorus donot$21.92A brief
report of the use of heteroleptic bis(pyridine) complexes such
as cis-[Ru(bpy)(bpy')(py)2](PFs)2 as synthetic intermediates
was given by Rutherford et & but a detailed investigation

for the preparation of such complexes has not been reported. A

Inorganic Chemistry, Vol. 38, No. 10, 1992275

acetonitrile intermediates developed here are more useful. They
can be prepared under mild conditions in high yield and used
under mild conditions in subsequent reactions.

We also describe here the preparation of highly functionalized
ruthenium(ll) polypyridyl complexes of the tymis-[Ru' (bpy)-
(bpy")(X)(Y)]™t. Two approaches have been taken to these
syntheses. In the first, the stepwise removal of the two carbonyl
ligands fromcis-[Ru(bpy)(bpy')(CO)]?" gives firstcis-[Ru-
(bpy)(bpy')(CO)(py)F™ and, with a second equivalent of
TMNO, cis-[Ru" (bpy)(bpy")(py)(pY)]%". The second approach
utilizes the earlier heteroleptic synthetic protocols and the
reactivity of coordinated nitrosyls with azide to releaseaNd
N>O. Both methods were used independently in the preparation
of the asymmetrical pyrazine-bridged complggcis-[((bpy)-
(tmb)(44Bupy)Ruk(p2)](PFg)a.

Isothiocyanato Complexes.Interest in the use of pseudo-

procedure is described here for the preparation of such anhalide complexes, particularly isothiocyanato complexes, has

example by using highly optimized reaction conditions. Also
described is the preparation of heteroleptic isothiocyanate
complexes of the typecis-Ru!(bpy)(bpy')(NCS). This is

followed from the reports of their use as sensitizers of ;i
photogalvanic applicatiorig:1>5594100 The isothiocyanato com-
plexes that have been used have been prepared by replacement

notable because the incorporation of anions into the coordinationof chloride in, for instancegis-Ru' (4,4 -(COOEtybpy),Cl.. We

spheres of the heteroleptic precursais-[Ru(bpy)(bpy’)-
(COX)%" has proven difficult.

We also describe strategies for overcoming a limitation in
the earlier procedure arising from the use of trimethylamine
N-oxide (TMNO) as a decarbonylation reagent. TMNO is a

were interested in developing general procedures to heteroleptic
bis(isothiocyanato)Ru dyes as a way of extending light
absorptivity in the visible, for example.

The precursorcis-Ru'(bpy)(dmb)C} was prepared, but in
very low yield, by reaction otis-[Ru(bpy)(dmb)(CO)|(PFe)2

potent oxygen atom transfer reagent and oxidizes many potentialwith TMNO in refluxing 2-methoxyethanol for 24 h in the
ligands. This has frustrated attempts to prepare heterolepticpresence of a 100-fold excess of chloride. The major side

chromophore-quencher complexes containing phenothiazine

product was incompletely reacte@-[Ru(bpy)(dmb)(CO)CIt.

electron transfer donors or viologen electron-transfer acceptorsattempts to prepareis-Ru(bpy)(tmb)(NQ), were also frustrated

in any reasonable yield for examg@e2 It has also prevented
application to phosphorus donor ligands because of their
oxidation by TMNO to phosphine oxides. In previous work,
cis-[Ru(bpy)(bpy')(py)]>" has been used as a synthetic

by difficulties arising from removal of the second carbonyl
ligand fromcis-[Ru(bpy)(tmb)(NQ)(CO)](PFs)2. The problem

in these syntheses arises from addition of the first anionic ligand,
which stabilizes the second carbonyl ligand toward reaction with

intermediate by pyridine replacement at high temperature. The TMNO. »(CO) occurs at<1900 cnt! in these complexes,

(75) Kirchoff, J. R.; McMillan, D. R.; Marnot, P. A.; Sauvage,JJ.Am.
Chem. Soc1985 107, 1138.

(76) Grover, N.; Gupta, N.; Singh, P.; Thorp, H. Horg. Chem.1992
31, 2014.

(77) Collin, J. P.; Guillerez, S.; Sauvage, J. P.; Barigelletti, F.; De Cola,
L.; Flamigni, L.; Balzani, V.Inorg. Chem.1991, 30, 4230.

(78) Collin, J. P.; Guillerez, S.; Sauvage, J. P.Chem. Soc. Chem.
Communl1989 776.

(79) Cleary, R. L.; Byrom, K. J.; Bardwell, D. A.; Jeffery, J. C.; Ward, M.
D.; Calogero, G.; Armaroli, N.; Flamigni, L.; Barigelletti, forg.
Chem.1997, 36, 2601.

(80) Beley, M.; Chodorowski, S.; Collin, J. P.; Sauvage, J. P.; Flamigni,
J.; Barigelletti, F.Inorg. Chem.1994 33, 2543.

(81) Beley, M.; Collin, J. P.; Sauvage, J. P.; Sugihara, H.; Heisel, F.; Miehe,
A. J. Chem. Soc., Dalton. Tran£991, 3157.

(82) Cleare, M. J.; Griffith, W. PJ. Chem. Soc. (A)969 372.

(83) Coe, B. J.; Meyer, T. J.; White, P. Blorg. Chem.1995 34, 3600.

(84) Hatzidimitriou, A.; Gourdon, A.; Devillers, J.; Launnay, J.; Mena, E.;
Amouyal, E.Inorg. Chem.1996 35, 2212.

(85) Rezvani, A. R.; Bensimon, C.; Cromp, B.; Reber, C.; Greedan, J. E,;
Kondratiev, V. V.; Crutchley, R. dnorg. Chem.1997, 36, 3322.

(86) Timpson, C. J.; Bignozzi, C. A.; Sullivan, B. P.; Kober, E. M.; Meyer,
T. J.J. Phys. Chem1996 100, 2915.

(87) Keene, F. R.; Salmon, D. J.; Walsh, J. L.; Abauhl. D.Inorg. Chem.
1980 19, 1896.

(88) Bignozzi, C. A.; Chiorboli, C.; Murtaza, Z.; Jones, W. E.; Meyer, T.
J. Inorg. Chem.1993 32, 1036.

(89) Pinnick, D. V.; Durham, Blnorg. Chem.1984 23, 1440.

(90) Root, M. J.; Sullivan, B. P.; Meyer, T. J.; Deutsch,liBorg. Chem.
1985 24, 2731.

(91) Batista, A. A.; Polata, E. A.; Queiroz, S. L.; Otaciro, R. N.; James, B.
R.; Rettig, S. Jlnorg. Chim. Actal995 230, 111.

(92) Hudali, H. A.; Kingston, J. V.; Tayim, H. Anorg. Chem1979 18,
1391.

(93) Treadway, J. A.; Chen, P.; Rutherford, T. J.; Keene, F. R.; Meyer, T.
J.J. Phys. Chem. AL997 101, 6824.

indicating a significant weakening of the—©® bond. This
weakening typically occurs via electron donation into ttte
antibonding orbital through a back-bonding interaction and is
presumably accompanied by a concomitant strengthening of the
Ru—C bond. Apparently, TMNO is not a sufficiently potent
oxidant to overcome this effect in the case of complexes
incorporating chloride. Similar attempts with other common
decarbonylation reagents also proved difficult and inefficient.
The isothiocyanate anion is somewhat back-bonding, as
shown by redox potential and infrared measurements. This
decreases electron density at CO and allows further reaction
with TMNO. Reaction ofcis[Ru(dmb)(4,4-(COOEtybpy)-
(CO)](PFe)2 with trimethylamineN-oxide in the presence of
excess SCN in refluxing dimethoxyethane fo7 h led to
isolation of cis-Ru'(dmb)(4,4-(COOEtpbpy)(NCS) in 42%
yield. The total yield for all the linkage isomers of this complex
was even higher. This reaction appears to be completely general

(94) Heimer, T. A; Bignozzi, C. A.; Meyer, G. J. Phys. Chem1993
97, 11987.

(95) Heimer, T. A.; Castellano, F. N.; Meyer, G.ldorg. Chem.1994
33, 5741.

(96) Heimer, T. A.; D’Arcangelis, S. T.; Farzad, F.; Stipkala, J. M.; Meyer,
G. J.Inorg. Chem.1996 35, 5319.

(97) Argazzi, R.; Bignozzi, C. A.; Heimer, T. A.; Meyer, G.ldorg. Chem.
1997 36, 2.

(98) Argazzi, R.; Bignozzi, CJ. Am. Chem. S0d.995 117, 11815.

(99) Bignozzi, C. A.; Meyer, G. J.; Argazzi, Rnorg. Chem.1994 33,
5741.

(100) Vlachopoulos, N.; Liska, P.; Augustynski, J.;"@d, M. J. Am.

Chem. Soc1988 110, 1216.
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and the preparation of other heteroleptic bis(isothiocyanate) comparing the chemical shift of the thiocyanate carbon in the

complexes is described elsewhéféd!

Isomerism is an important aspect in the coordination chem-

13C NMR spectrum with known sampl&%102:103
Oxidation of the complex occurs at0.73 V and a 4,4

istry of these complexes. The procedure used here led to all(COOEtpbpy-based reduction appears-at.19 V (Table 3).

four of the possible isomers illustrated below. They were

Ru_
=N”| NCs i
= SCN

separable chromatographically by utilizing a gradient elution
from 0 to 25% (v/v) acetonitrile in toluene on a neutral alumina

support. The first band was the major band and corresponded
to the isomer in which both thiocyanate ligands are bound
through nitrogen. This separation procedure, followed by a
second chromatographic separation on silica gel with methanol

as eluent allowed isolation of this isomer, as showAHYNMR
spectroscopy. This is in contrast to the report of Kohle €ffal.,

who found such a separation to be impossible. Perhaps th
electronic asymmetry inherent in the heteroleptic complexes

decreases thermal isomerization rates.
The 'H NMR spectrum oftis-Ru(dmb)(4,4(COOEtybpy)-
(NCSY), in Figure 4 displays six sets of resonances in the alkyl

region, two quartets (two protons each), two singlets (three
protons each), and two triplets (three protons each). Since the
isothiocyanate ligands are mutually cis in these complexes, all

four rings of the bipyridyl ligands are inequivalent as are the

four sets of substituents. The two singlets, therefore, corresponqr;v1
to the two methyl groups on dmb. One methyl is situated over
a ring of the diester ligand and experiences the magnetic field
from the ring currents induced by the external magnet. The
second methyl is positioned over an isothiocyanate ligand, where

there is no ring current effect. Similarly, one of the ethyl
substituents of the 44COOEtybpy diester ligand experiences
the ring currents from the dimethylbipyridine ligand and the

other ethyl group is positioned over an isothiocyanate ligand.
This leads to the splitting of the characteristic quartet and triplet

peaks from the ethyl group into two sets of peaks. A similar

one-to-one doubling of the peaks appears in the aromatic region

of the spectrum.

The infrared spectrum of this complex (Table 1) is also
indicative of structure. An intensgC=0) (ester) band appears
at 1723 cm! and av(CN) band at 2100 cn# for the N-bound/

N-bound linkage isomer. The absolute assignment of structure
can only be made by obtaining X-ray crystallographic data or

by preparing the complex with?C-enriched thiocyanate and

(101) Treadway, J. A. Creation and Utilization of Highly Unsymmetric
Complexes of Ruthenium(ll). Ph.D. Dissertation, University of North
Carolina, Chapel Hill, NC, 1998.

(102) Kargol, J. A.; Crecely, R. W.; Burmeister, J.lhorg. Chem1979
18, 2532.

e

A second, chemically irreversible oxidation, presumably ac-
companied by the production of thiocyanodéh%occurs at
Epa= +1.32 V. Scanning more reductively leads to a second
chemically irreversible reduction &= —1.67 V, which is
accompanied by loss of a thiocyanate ligaffdln the UV—
visible absorbance spectruinax = 550 nm for the lowest lying
MLCT band. It is red-shifted relative to comparable homoleptic
complexes, as would be expectéd’ 10

Acetonitrile and Phosphine ComplexesBy using previous
synthetic procedures, it has not been possible to prepare
heteroleptic complexes of ruthenium(ll) containing phosphorus
donor ligands because of oxidation of the ligands by trimethyl-
amineN-oxide. To overcome this limitation, it was necessary
to devise a synthetic intermediate which would allow the
trimethylamineN-oxide and phosphine ligands to be added to
the reaction in separate steps, and we developefdRu(bpy)-
(tmb)(CHsCN),](PFs)2 for this purpose. It was prepared by
addition of 3 equiv of trimethylamindl-oxide (150% excess)
to an acetonitrile solution dafis-[Ru(bpy)(tmb)(CO)](PFs), with
heating at reflux for 1 h. Concentration of the reaction solution
under reduced pressure and precipitation by addition of diethyl
ether yielded the desired product sufficiently pure for most
applications. Analytically pure material was obtained by chro-
matography on a short alumina column.

In the IH NMR spectrum (Figure 5), a striking pattern is
observed. Six resonances of equal integration (three protons)
corresponding to the four inequivalent methyl groups attached
to the tetramethylbipyridine and the two inequivalent methyl
groups in the acetonitrile ligands appear. The spectrum not only
confirms the presence of acetonitrile, but also the expected cis
configuration. Reaction of this complex at reflux in ethanol
overnight in the presence of bis(diphenylphosphino)ethylene
(dppe) led to nearly complete reaction, as determined by
analytical HPLC by using cation-exchange resins as described
in the Experimental Section.

To simplify investigations into the use of acetonitrile inter-
ediates, the more symmetrical target [Ru(bf@ppe)](Pk).

as chosen for investigation. Preparation of the acetonitrile
intermediate required preparationai$-[Ru(bpy:(CO)](PFe)2.

This complex is remarkable in displaying no absorbance at
wavelengths longer than 330 nm and no oxidations-109 V

due to strong back-bonding interactions between Ru and the
CO ligands. ThéH NMR spectrum of the phosphine complex
matched the spectrum of the complex prepared by other
methods¥* The electrochemical and UWisible properties of
the complex agreed well with data previously repofed@he
phosphine ligand is an exceptionally good back-bonding ligand
as well in these complexes witd),; = +1.69 V.

Pyridine Complexes. Acetone complexes have been used
successfully as synthetic intermediates for the preparation of
pyridyl complexes in previous work. We find that slow addition
of trimethylamineN-oxide in acetone to a cold solution of
carbonyl-containing precursor dramatically increases yields over

(103) Kargol, J. A.; Crecely, R. W.; Burmeister, J. lhorg. Chim. Acta
1977, 25, L109.

(104) Golub, A.; Kolher, H.; Skopenko, V. \Chemistry of Pseudohalides
Elsevier: New York, 1986.

(105) Newman, A. AThe Chemistry and Biochemistry of Thiocyanic Acid
and Its Dervatives Academic Press: New York, 1975.

(106) Sullivan, B. P.; Conrad, D.; Meyer, T. lhorg. Chem.1985 24,
3640.
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previous procedures. On the basis of solution infrared measure-for »(CO) at 2096 and 2041 cmhand the appearance of a new

ments, only one CO can generally be removed frasRu- band at 1995 cmi. Additional TMNO was added to the reaction
(bpy)(bpy')(CO)]%" at low temperature. This allows stepwise to complete the reaction.
replacement of CO to form initiallgis-[Ru(bpy)(bpy’)(py)- The H NMR spectrum of this complex (Figure 3) is

(CO)J?* and thercis-[Ru(bpy)(bpy')(py)(acetoneR without remarkably resolved, especially given the low field strength (250
preparing the unstable bis(acetone) complex. A small amountMHz) of the instrument. Ten resolved singlets are apparent in
of ligand scrambling (1%3%) appears to occur during the the region of the spectrum between 1.2 and 2.7 ppm, confirming
course of this reaction. The overall isolated yields a&0% the cis geometry of the pyridine and carbonyl ligands. As
rather tham~90% because of the difficulty in removing subtly illustrated below, in these complexes there are two possible
different impurities such as these and [Ru(®fpy’).]?". The
decrease in yield is obviated when the materials are prepared
on small scales, since the efficient HPLC techniques described
above can be utilized preparatively.

Several of these asymmetrical complexes have been prepared.
The synthetic details and complete physical characterizations
are reported elsewhet® Included here are the details for the
preparation and characterizationoig-[Ru(bpy)(dmb)(4-Etpyj-
(PRs)2. The'H NMR spectrum for this complex is shown in
Figure 2. The inequivalence of all six pyridyl rings in this
complex is evident. The splitting of the methyl proton reso-
nances in the dimethylbipyridine ligand into two singlets and
of the methyl and methylene proton resonances from the 4-Etpy
ligands into two triplets and two quartets is indicative of a cis
geometry for the 4-Etpy ligands (the two quartets overlap with
one of the singlets). The peak splitting is much smaller in this

geometrical isomers (see above). The asymmetry in the complex
should lead to four singlet resonances between 2.0 and 3.0 ppm,

complex than in the acetonitrile or isothiocyanate complexes On€ for each of the four sets of methyl protons in tetramethyl-

discussed above. The attenuation of the effect is a result of thePiPyridine, and one singlet below 1.5 ppm, corresponding to
relatively small magnetic differences between bipyridyl and (e three sets of methyl protons from tieet-butyl substituent

pyridyl ligands compared, for example, to the differences on the 4Bupy ligand. Each should be doubled if both isomers
between bipyridyl and isothiocyanate ligands. are present and the doubling is indeed observed. From the

The maximum for the lowest lying MLCT bandfay = 466 intensity ratios, the isomers are present in a 1:1 ratio. As
ax — - . .
nm) is slightly red-shifted relative to that of the homoleptic desclrlbtfed. above, the ?fattern of resonances is most likely the
parent complexesis-[Ru(bpyy(4-Etpy)](PFs), and cis-[Ru- result of ring current effects. . . .
(dmb(4-Etpyy](PFs). The red shift is as expected given the Electr_onlc asymmetry Iea_dlng to !arge shifts due to |_nduct|ve
arguments presented elsewh&&’ The band arising from the effects is possible but gnll!(ely, given th"."t no spll_ttlng was
MLCT transition to the pyridine ligandifax = 429 nm) is also opserved at 2 cmi resolution in the/(CO) region in the infrared
red-shifted relative to the parent complexes for the same reasons(Flgure S3).

In both cases, the electron-donating nature of the methyl groups Bacfk-bt(rJ]r_]dlng efIfeCttS ‘"a:e ob;noutslhe_rt';:'lrge\r/elTshn? OXId?tIOH
in dimethylbipyridine stabilize the excited-state hole at ¥Ry~ Wave for this compiexto the solvent imit &tl.9 V. The lowes

and the lowestt* level at bpy is lower than at dmb. These MLCT_band appears dina = 368 nm. The .f'rSI ligand-based
effects appear in the electrochemical results in Table 3. The reduction oceurs at—1.17'V, more anodic than the other
relationship between MLCT absorption band energies and thecomplexes. _Slmllarly, forusr[Ru(t/)Py)(dmb)(CO)(zEBupy)]-
difference between metal oxidation and ligand reduction po- (PFs)2 there is no wave for the RU' couple andimax = 350
tentials has been documented elsewh&pg 108111 nm

Highly Asymmetrical Complexe$?yridine Carbonyls. The
procedures described here allow for the preparation of the highly
functionalized, asymmetrical Rucomplexescis-[Ru''(bpy)-
(bpy")(X)(Y)] ™. One approach involved the stepwise replace-
ment of CO incis-[Ru(bpy)(bpy')(CO)](PFs)2, and a second,
the intermediatesis-[Ru(bpy)(bpy")(py)(NO)](PFs)2 and their
activation toward substitution by added azide anion (Scheme
3).

Preparation otis-[Ru(bpy)(tmb)(CO)(4Bupy)](PFs)2 can be
carried out at reflux in ethanol without significant loss of the
second CO. To avoid didecarbonylation, a slight excess over 1
equiv of trimethylamineN-oxide was predissolved in ethanol
and slowly dripped into the refluxing, deaerated solutionisf
[Ru(bpy)(tmb)(CO)](PFs). and excess Bupy over the course

Pyridine Nitrosyls. cis-[Ru''(bpy)(tmb)(4Bupy)(NO)](PF)s
was prepared fromis-[Ru(bpy)(tmb)(CO)](PFs) via cis-[Ru-
(bpy)(tmb)(4Bupy)](PFs). which was synthesized in situ and
not purified. The crude bis(pyridine) was suspended in water
and heated until most of the material had dissolved by forming
cis-[Ru(bpy)(tmb)(4Bupy)(H0)](PFs)2. Addition of an acidic
solution of sodium nitrite resulted in the immediate conversion
of the aqua complex to the desired product. HPLC analysis of
the crude product by cation exchange showed this material to
be sufficiently pure for most purposes, suggesting that salts such
as these should prove to be valuable synthetic intermediates in
future studies. All detectable impurities were removed following
two rapid recrystallizations from acetone/ether.

The nitrosyl complex displayed a reversible nitrosyl-based

of 90 min. Loss of CO was followed by solution IR. At the end reduct!on aH0.4_8 V. Ascan through.the second nitrosyl-based
reduction ate, . = —0.42 V resulted in the appearance of new

of the reaction period, a small amount of starting material waves on the anodic scan B, = —0.32, —0.18, and+0.68

remained, as shown by the appearance of bands of low intensityv_ Addition of excess azide to an acetone solutiortisfRu-

| . .
(107) Treadway, J. A.; Meyer, T. J. Electronic Asymmetry in Polypyridine (bpy)(tmb)(4'Bupy)(NO)](PF)s caused an immediate color

Complexes of Ruthenium(ll). Stabilization Toward Ligand Loss Cha_nge from pale yellow to dark purple. The nitrqsyl SUEI_Ch in
Photochemistry. Manuscript in preparation. the infrared spectrum at 1939 cfwas replaced with an azide
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stretch at 2036 crt. Both the electrochemical response and Physical characterization of this material showed it to be
the behavior displayed in the presence of excess azide anioridentical to that obtained by the nitrosyl route.
appear to be typical of this class of complexes and parallel those This latter procedure has the advantage of being significantly

displayed by homoleptic analogu&s®? easier to carry out and can be used whenever both halves of
Dimers. The nitrosyt-azide reaction was also used to prepare the ligand-bridged complex are the same. Whichever method

cis,cis-[((bpy)(tmb)(4:Bupy)Ru(pz)](PF)s from cis-[Ru(bpy)- is employed, the_mo;t glgnlflcant impurities in the isolated crude

(tmb)(COYJ(PFe)- through the nitrosyl complegis-[Ru(bpy)- material were dicationic, whereas the desired product was a

(tmb)(4:Bupy)(NO)](PR).. One equivalent of a methanolic tetracation. Cation-exchange chromatography was particularly
solution of sodium azide was slowly added dropwise to an €ffective for the purification of the ligand-bridged complexes.
acetone solution of the nitrosyl complex under Ar. The addition
was made slowly to avoid reaction of azide with the solvento
complex. One-half equivalent of pyrazine dissolved in acetone Impressive progress has been made in2® years since
was added and the reaction heated at reflux overnight. the early synthetic advances based on the early work by Dwyer

The resulting ligand-bridged complex had one-electron oxida- €t al. in the field of Rt polypyridyl chemistry were first
tions at+1.25 and+1.37 V, consistent with weak electronic ~Published>3° The methodology depicted in Scheme 2 repre-
coupling across the pyrazine bridge. On negative scans a oneSented an important milestone since it greatly increased the
electron pyrazine-based reduction was observed B03 V number of synthetic possibilities open to a given ligand set.
followed by a two-electron wave at1.44 V corresponding to ~ Here, we have described strategies which build upon and
simultaneous reduction at bipyridine ligands on both sides of €nhance this methodology to two useful ends. The generality
the bridge. A low-energy Ru— pz MLCT band appears at 1S extended to include combinations of ligands which were
Amax = 498 nm. In previous work on homoleptic analogues of inaccessible or accessible only with difficulty. The number of
this complex, both the 120 mV splitting in the metal-based different ligands which can be incorporated into a single
couples and the 2:1 ratio in current intensities for the ligand cOmplex has been extended impressively. The result is a rich,
reductions were observéé The large red shift in the lowest ~ Vversatile synthetic framework which is quite general. _
energy MLCT absorption band is also characteristic of dimer _\Where possible, redundancy has been builtinto the synthesis
formation across the pyrazine brid§@:113 in order to ensure maximum generality by providing multiple
pathways to most targets. For instance, the acetonitrile com-
plexes are attractive intermediates, but higher yields are often
attainable by using acetone complexes as intermediates. Simi-
larly, nitrosyl intermediates provide a route to highly function-
alized ligand-bridged complexes, but selective CO removal is
simpler for complexes which are symmetrical across the bridge.

Conclusions

A simpler approach to the same complex but based on
carbonyl ligand replacement in dicarbonyl precursors is il-
lustrated in Scheme 3 (see also Figure 6). In this ca@s¢Ru-
(bpy)(tmb)(CO)](PFs)2 was dissolved in ethanol with Bupy
and heated at reflux with slightly greater than 1 equiv of
trimethylamineN-oxide dissolved in ethanol added dropwise
over the course of 90 min. When the reaction was complete, Acknowledgment. This work was supported by the United
the solvent was removed and the residue triturated with ether States Department of Energy under grant number DE-FGO02-
to remove unreacted ‘Bupy. The ligand-bridged complex was 96ER 14607.
formed by heating the residue in 2-methoxyethanol at reflux in

) . . . i
the presence of 0.5 equiv of pyrazine and 1 equiv of TMNO. Supporting Information Available: - *H NMR spectrum of [Ru
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