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somewhat from those in d.r-[Pt(NH3)2jd(pGpG))]. Base/base 
dihedral angles in the theoretical models range from 50°-66°, 
a significant reduction from the angles observed here. Moreover, 
diminished N7-Pt-N7 angles of 79°-82° occur in the models from 
molecular mechanics calculations, which partly accounts for the 
smaller base/base dihedral angles. Comparatively reduced 
base/PtN4 angles, ranging from 52°-85°, are also observed in 
the theoretical double-stranded models. Comparisons between 
B-DNA and m-[Pt(NH3)2|d(pGpG)|] in Figure 11 suggest that 
the structures revealed by the present X-ray study could not exist 
in double-stranded DNA without either significant disruption of 
hydrogen bonds involved in Watson-Crick base pairing or con
siderable distortion of the complementary strand. The gel elec
trophoresis data suggest DNA bending of ~40°±5° accompanies 
formation of the d(GpG) m-diammineplatinum(II) crosslink. 
Such a distortion in the duplex would undoubtedly influence 
cellular phenomena such as DNA repair. 

The crystallization and X-ray structural elucidation of platinum 
complexes of double-stranded oligonucleotides would provide much 
needed structural information about both the site of platination 
and duplex perturbations several base pairs away from the site 
of platination. Such information would be very helpful in in
terpreting the results of the biochemical processing of DNA, both 
in vitro and in vivo.65 Crystallization of cw-diammineplatinum(II) 

(65) For recent results on site specifically platinated DNAs containing the 
c!i-[Pt(NH3)2id(GpG)j] adduct, see: (a) Pinto, A. L.; Naser, L. J.; Essig-
mann, J. M.; Lippard, S. J. J. Am. Chem. Soc. 1986,108, 7405. (b) Naser, 
L. J.; Pinto, A. L.; Lippard, S. J.; Essigmann, J. M. Biochemistry 1988, 27, 
4357. 

Because of its outstanding excited-state properties, tris(2,2'-
bipyridine)ruthenium(II), Ru(bpy)3

2+, has been one of the most 
extensively studied and widely used molecules in research labo
ratories during the last 10 years.1"3 It is now clear that, at least 
in room temperature fluid solution, the d-ir* metal-to-ligand 
charge transfer (MLCT) excited state of Ru(bpy)3

2+ is localized 
on a single Ru-bpy unit.4 Common mono- or bis-2,2'-bipyridine 
(2,2'-bipyridine = bpy) ruthenium(II) complexes containing 

(1) Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159. 
(2) Seddon, E. A.; Seddon, K. The Chemistry of Ruthenium; Elsevier: 

Amsterdam, 1984; Chapter 15. 
(3) Juris, A.; Barigelletti, F.; Campagna, S.; Balzani, V.; Belser, P.; von 

Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85. 
(4) Evidence for this conclusion comes from a wide variety of experimental 

techniques. For a discussion on this point, see section 4-C of ref 3, and 
references therein. 

adducts with single-stranded oligonucleotides containing extra 
bases at the 5'- or 3'-ends of d(pGpG) will probably not supply 
much additional information to that which we already have. As 
in the case of the 5'-cytosine in the X-ray structure of ris-[Pt-
(NH3)2jd(CpGpG)j], the conformations of 5'- or 3'-bases in 
single-stranded oligonucleotides will be highly influenced by crystal 
packing forces in the solid state. X-ray studies of other adducts 
formed by m-DDP and adducts formed by trans-DDP, however, 
will provide needed structural information. 
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non-polypyridine ancillary ligands, however, do not exhibit the 
outstanding excited-state properties of the parent Ru(bpy)3

2+ 

complex.2,3 This is generally due to fast deactivation of the relevant 
Ru-bpy d-ir* (MLCT) excited state occurring via low-lying d-d 
metal centered (MC) states.5"7 The only way to avoid this process 
and to obtain mono- and bis-bpy Ru(II) complexes of appreciable 
excited-state lifetime is to use very strong field nonchromophoric 
ligands. Thus, mixed cyanide-bpy complexes such as Ru-
(bpy)2(CN)2

8 and, more recently, Ru(bpy)(CN)4
2~9 have been 

(5) Caspar, J. V.; Meyer, T. J. Inorg. Chem. 1983, 22, 2444. 
(6) Meyer, T. J. Pure Appl. Chem. 1986, 58, 1193. 
(7) Wacholtz, W. M.; Auerbach, R. A.; Schmehl, R. H.; Ollino, M.; 

Cherry, W. R. Inorg. Chem. 1985, 24, 1417. 
(8) Demas, J. N.; Addington, J. W.; Peterson, S. H.; Harris, E. W. J. Phys. 

Chem. 1977, 81, 1039. 

Ruthenium(II) 2,2'-Bipyridine Complexes Containing Methyl 
Isocyanide Ligands. Extreme Effects of Nonchromophoric 
Ligands on Excited-State Properties 
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Abstract: The new isocyanide complexes Ru(bpy)2(CN)(CNMe)+, Ru(bpy)2(CNMe)2
2+, and Ru(bpy)(CNMe)4

2+ have been 
synthesized, and their photophysical and redox behavior has been studied in detail. With respect to the cyanide analogues, 
the strong electron-withdrawing effect of the methyl isocyanide ligands causes (i) large blue shifts in the Ru-*bpy MLCT 
transitions and (ii) large anodic shifts in the potentials for oxidation of Ru(II). The excited-state behavior of Ru(bpy)(CNMe)4

2+ 

appears quite exceptional with respect to that of common Ru(II) bipyridine complexes. In fact (i) its lowest excited state 
is a long lived (T = 8.8 ^s in water at 298 K) bpy-centered ir-ir* state and (ii) the complex is a strong excited-state oxidant 
(E 1 Z 2 ^RU(I I I )ZRU(I I ) ) = +1.49 V vs SCE in MeCN). This constitutes a rather extreme example of tuning of excited-state 
properties by nonchromophoric ligands. 
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Table I. Spectroscopic Properties" 

iW a b s(H20),4 „m-« 
i W ^ M e C N ) , 4 Mm"1 

" W ( H 1 O ) . Mm-> 
Pmax""(MeCN), Mm-1 

1-298 K ( H 2 0 ) , C ns 

T298 K(MeCN),< ns 
?V K,d MS 

(CN)2 

2.32 
2.02 
1.58 
1.46 
250 
240 
4 

Ru(bpy)2Y, Y = 

(CN)(CNMe)+ 

2.59 
2.44 
1.69 
1.66 
5 
21 
11 

(CNMe)2
2+ 

2.78 
2.78 

15 

Ru(bpy)Y, Y = 

(CN)4
2" (CNMe)4

2+ 

2.50 3.25 
1.90 3.25 
1.58 2.10 
1.26 2.10 
101 8.8 X 103 

7 6.0 X 103 

2 220 

"Room temperature. 'Maxima of the lowest energy band. cDeaerated solution. ''Absolute ethanol glass. 

shown to have long-lived, emitting M L C T excited states in fluid 
solution. Because of the tendency of the cyanide ligands to give 
second-sphere donor-acceptor interactions,10 the spectroscopic, 
photophysical, and redox properties of Ru(bpy) 2 (CN) 2 and Ru-
(bpy)(CN)4

2~ are extremely sensitive to the environment.8-15 This 
feature is intrinsically interesting and may prove useful for use 
of these molecules as probes of various types of environments. On 
the other hand, it may constitute a limitation for the practical 
use of these complexes as photosensitizers. 

In principle, complexes containing bipyridine and isocyanide 
ligands could have interesting excited-state properties. In fact, 
isocyanide ligands are expected to provide a strong ligand field,16 

thus keeping the M C states at high energies and slowing down 
radiationless deactivation. Complexes of this type are not known, 
however, and relatively little information is available on isocyanide 
complexes of Ru(II ) as a whole.2 Thus, the chemistry and the 
excited-state properties of mixed-ligand bipyridine-isocyanide 
complexes of Ru(II ) are not easily predictable. As a first step 
in this direction, we have now synthesized the following methyl 
isocyanide complexes: R u ( b p y ) 2 ( C N ) ( C N M e ) + , Ru(bpy) 2 -
(CNMe) 2

2 + , and Ru(bpy) (CNMe) 4
2 + . We describe here the 

photophysical behavior and the ground- and excited-state redox 
properties of these new species. For some of the methyl isocyanide 
complexes, notably for Ru(bpy) (CNMe) 4

2 + , excited-state prop
erties are observed that are rather exceptional with respect to those 
of most other Ru(II ) polypyridine complexes. 

Experimental Section 
Materials. [Ru(bpy)3]Cl2 (Carlo Erba), dimethyl sulfate (Fluka), and 

the methoxybenzenes (Fluka) were commercial products of reagent 
grade. [Ru(bpy)3](C104)3 was prepared following a literature proce
dure.17 a\5-Ru(bpy)2(CN)j12 and K2[Ru(bpy)(CN)4]9 were available 
from previous work. Spectrograde organic solvents (Merck Uvasol) and 
triply distilled water were used. 

Syntheses. The complexes were prepared with procedures similar to 
that reported by Balch for [Fe(phen)2(CNMe)2](PF6)2.18 

[Ru(bpy)2(CNMe)2](PF6)2. A suspension of anhydrous m-Ru-
(bpy)2(CN)2 (0.5 g) in dimethyl sulfate (10 mL) was stirred for 2 h at 
70 0C. The resulting yellow solution was extracted with three 10-mL 
portions of water. The product was precipitated from the aqueous so
lution by addition of a saturated aqueous solution of NH4PF6. The 
product was redissolved in water and purified by ion exchange chroma
tography with Sephadex SP-C25 cation-exchange resin. Some unreacted 
Ru(bpy)2(CN)2 was first eluted with water; then, elution was continued 
with 0.05 M NaCl to remove a small amount of [Ru(bpy)2(CN)-

(9) Bignozzi, C. A.; Chiorboli, C; Indelli, M. T.; Rampi Scandola, M. A.; 
Varani, G.; Scandola, F. J. Am. Chem. Soc. 1986, 108, 7872. 

(10) Balzani, V.; Sabbatini, N.; Scandola, F. Chem. Rev. 1986, 86, 319. 
(11) Peterson, S. H.; Demas, J. N. J. Am. Chem. Soc. 1976, 98, 7880; 

1979, 101,6571. 
(12) Bignozzi, C. A.; Scandola, F. Inorg. Chem. 1984, 23, 1540. 
(13) Belser, P.; von Zelewsky, A.; Juris, A.; Barigelletti, F.; Balzani, V. 

Gazz. Chim. Hal. 1985, 115, 723. 
(14) Juris, A.; Barigelletti, F.; Balzani, V.; Belser, P.; von Zelewsky, A. 

/ . Chem. Soc, Faraday Trans II1987, 83, 2295. 
(15) Indelli, M. T.; Bignozzi, C. A.; Marconi, A.; Scandola, F. Photo

chemistry and Photophysics of Coordination Compounds; Yersin, H., Vogler, 
A. Eds.; Springer-Verlag: Berlin, 1987; p 159. 

(16) Sarapu, A. C; Fenske, R. F. Inorg. Chem. 1975, 14, 247. 
(17) Ghosh, P. K.; Brunschwig, B. S.; Creutz, C; Sutin, N. J. Am. Chem. 

Soc. 1984, 106, 4772. The complex was used for purposes of spectral com
parison (see Discussion); authentic samples of this complex give absorption 
spectra that differ significantly from those reported in the literature2 in the 
UV region. 

(18) Doonan, D. J.; Balch, A. L. Inorg. Chem. 1974, 13, 921. 

(CNMe)]Cl. The desired product was collected with 0.1 M NaCl as 
eluant, precipitated by addition of NH4PF6, and dried under vacuum. 
Yield, 90%. Anal. Calcd for [Ru(bpy)2(CNMe)2](PF6)2: C, 36.70; H, 
2.82; N, 10.70. Found: C, 36.55; H, 2.70; N, 10.73. 

[Ru(bpy)(CN)(CNMe)]PF6. The same procedure used for [Ru-
(bpy)2(CNMe)2](PF6)2 was followed, except that the reaction time was 
decreased to 20 min. In this case, the chromatographic fraction con
taining the desired complex was that eluted with 0.05 M NaCl. Yield, 
40%. Anal. Calcd for [Ru(bpy)2(CN)(CNMe)](PF6): C, 44.16; H, 
3.06; N, 13.44. Found: C, 43.42; H, 2.93; N, 13.27. 

[Ru(bpy)(CNMe)4](PF6)2. A suspension of anhydrous K2[Ru-
(bpy)(CN)4] (0.5 g) in dimethyl sulfate (10 mL) was stirred at 95 0 C 
for 6 h. The product was isolated as hexafluorophosphate salt as reported 
for [Ru(bpy)2(CNMe)2](PF6)2 and purified from trace polymeric im
purities by chromatography on Sephadex SP-C25 resin. The colorless 
complex was eluted from the column with 0.1 M NaCl; the yellow 
polymeric impurities were retained in the column (and could be eventu
ally eluted with 1 M NaCl). Yield, 90%. Anal. Calcd for [Ru(bpy)-
(CNMe)4](PFj)2: C, 30.39; H, 2.83; N, 11.81. Found: C, 30.10, H, 
2.80; N, 11.88. 

Apparatus and Procedures. UV-vis spectra were recorded with a 
Varian Cary 219 spectrophotometer. The emission spectra were mea
sured with a Perkin-Elmer MPF 44E spectrofluorimeter equipped with 
a R 928 Hamamatsu tube. All the emission spectra were corrected by 
calibrating the instrumental response with respect to a NBS standard 
quartz tungsten-halogen lamp. Emission quantum yield values were 
obtained by using Ru(bpy)3

2+ ($ = 0.042)' as a reference emitter. The 
emission lifetimes were measured with a J & K System 2000 ruby laser 
(frequency doubled, pulse half-width 20 ns) in a single shot mode with 
oscillographic recording, or with a PRA system 3000 nanosecond 
fluorescence spectrometer equipped with a 51OB nanosecond pulsed lamp 
and a Model 1551 cooled photomultiplier (data collected on a Tracor 
Northern TN1750 multichannel analyzer and processed with original 
PRA software). ESA spectra were measured by using a laser flash 
photolysis apparatus (Applied Photophysics detection system coupled 
with the J & K System 2000 ruby laser source). Infrared spectra were 
recorded with a Perkin-Elmer Model 283 spectrophotometer in KBr 
pellets. Proton NMR spectra were recorded on a Bruker WP-80 spec
trometer operating at 80 MHz. 

In electron-transfer quenching experiments, the bimolecular quenching 
constants, kq, were obtained from emission lifetime Stern-Volmer plots. 
The quantum yields of formation of transient redox products, $M, and 
the rate constants of the back-electron transfer reaction, kh, were mea
sured on deaerated solutions by laser photolysis following previously 
described procedures.12 

Low-temperature emission spectra and lifetimes were measured by 
using Oxford Instruments DN 704 cryostatic equipment with quartz 
windows and standard 1-cm spectrofluorimetric cuvettes. 

Cyclic voltammetry was performed on Ar-purged MeCN and DMF 
solutions containing 0.1 M [TEA]TFB with an Amel 448 oscillographic 
polarograph. A conventional three-electrode cell was used in all the 
experiments. A saturated calomel electrode (SCE) was used as reference 
electrode; the auxiliary electrode was a platinum wire; a platinum mi
crosphere and a hanging mercury electrode (HME) were used as working 
electrodes. Controlled-potential electrolyses were performed with an 
Amel 568 programmable function generator and with an Amel 552 
potentiostat. Spectra of electrochemically reduced species were obtained 
with an OTTLE (optically transparent thin-layer electrode) made of a 
platinum 90% rhodium 10% grid (Johnson Mattey) placed between the 
windows of a 2-mm spectrophotometric cell directly mounted on a Per
kin-Elmer 323 spectrophotometer. The counterelectrode was a Pt wire 
separated from the cathodic compartment by a frit; an Ag wire was used 
as reference electrode. 

Results 
General Properties. Hexafluorophosphate salts of Ru(bpy)2-

( C N ) ( C N M e ) + , Ru(bpy) 2 (CNMe) 2
2 + , and Ru(bpy)(CNMe) 4

2 + 
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Figure 1. Absorption spectra in aqueous solution of (a) Ru(bpy)2(CN)2 
(•••), Ru(bpy)2(CN)(CNMe)+ (---), Ru(bpy)2(CNMe)2

2+ (—) and (b) 
Ru(bpy)(CN)4

2- (•••), Ru(bpy)(CNMe)4
2+ ( - ) . 

Table II. Ground-

(CN)2 

and Excited-State Redo 
Ru(bpy)2Y, 

(CN)-
(CNMe)+ 

Y = 

(CNMe)2 

s Potentials" 

Ru(bpy)Y, Y = 
2+ (CN)4

2" (CNMe)4
2+ 

£1/2« * V 
£./2red.4 v 
£°-°/eV 

c l / 2 . 
£ l / 2 ' 

+0.85 
-1.65 

2.05s 

-1.2 
+0.4 

+ 1.35 
-1.47 

2.34 
-0.99 
+0.87 

+ 1.88 
-1.33 

2.63 
-0.75 
+ 1.3 

+0.27 
-1.95c 

2.03' 
-1.76 
+0.08 

+2.37 
-1.33 

2.82 
-0.45 
+ 1.49 

0In MeCN, vs SCE, at 25 0C unless otherwise indicated. 
'Voltammetric potential, Pt working electrode. cIn DMF solution, Hg 
working electrode. d Excited-state energy estimated from the 77 K 
emission spectra. •''Values in DMF/CH2C12 (9/1) 77 K glasses from 
ref 9 and 12. 

are soluble in water and polar organic solvents (e.g., DMF and 
MeCN). In these solvents, the complexes are stable in the dark 
over long periods of time. They exhibit some sensitivity to near-UV 
light, which appears to cause release of methyl isocyanide ligands 
from the complexes. Their photosensitivity is comparable to that 
of other Ru(II) bipyridine complexes of photophysical interest 
(e.g., * = KT4 at 313 nm for Ru(bpy)(CNMe)4

2+ in water vs 7 
X 1(T5 at 436 nm for Ru(bpy)3

2+19). 
The spectra of the methyl isocyanide complexes in aqueous 

solution are shown in Figure 1, together with those of the parent 
cyanide compounds Ru(bpy)2(CN)2 and Ru(bpy)(CN)4

2_. Ab
sorption maxima for the lowest energy band in water and ace-
tonitrile are also reported in Table I. 

Methyl group resonances were observed in 1H NMR at T 6.54 
for both Ru(bpy)2(CN)(CNMe)+ and Ru(bpy)2(CNMe)2

2+, and 
at r 6.75 and r 6.30 for Ru(bpy)(CNMe)4

2+, in deuteriated 
MeCN. The IR spectra showed the following bands in the C-N 
stretching region: 2105, 2190 cm""1 for Ru(bpy)2(CN)(CNMe)+; 
2185, 2205 cm"1 for Ru(bpy)2(CNMe)2

2+; 2220, 2260 cm"1 for 
Ru(bpy)(CNMe)4

2+. These values are within the typical fre
quency ranges exhibited by ruthenium(II) complexes containing 
CN" (2060 ± 50 cm-')2'20 and CNMe (2210 ± 50 cm"1)2'18 ligands. 

Redox Behavior. Cyclic voltammetry in MeCN solution was 
used to study the redox properties of the complexes. In the anodic 
range from 0 to +2.6 V vs SCE each of the complexes exhibited 
a single, appreciably reversible one-electron process that can be 
attributed to oxidation of the Ru(II) center. The half-wave po
tentials of this process, E^2

M< a r e compared with those of the 
parent cyanide complexes in Table II. In the cathodic range from 

(19) Van Houten, J.; Watts, R. J. Inorg. Chem. 1978, 17, 3381. 
(20) Schilt, A. A. Inorg. Chem. 1964, 3, 1323. 

2 . 6 2 . 2 l . S 1 . * + 

V, P' 
Figure 2. Absorption spectrum of Ru(bpy)(CNMe)4

+ in acetonitrile. 

2.<-l 2 . 2 

V, U m -1 

Figure 3. Room temperature emission spectrum of Ru(bpy)(CNMe)4
2+ 

in aqueous solution. 

0 to -1.9 V vs SCE both Ru(bpy)2(CN)(CNMe)+ and Ru-
(bpy)2(CNMe)2

2+ exhibited two appreciably reversible one-
electron reduction processes (separated for both complexes by 
0.190 V) that can be attributed to stepwise reduction of the two 
bpy ligands. Consistently, the Ru(bpy)(CNMe)4

2+ complex only 
gave rise to a single reversible reduction process. The half-wave 
potentials, £'i/2

red, for the one-electron reduction of the bpy ligands 
in the three complexes are compared in Table II with the cor
responding data for the parent cyanide complexes. As is usual 
for other bpy complexes,21-23 irreversible waves corresponding to 
the second reduction process of the bpy ligands are observed at 
more negative potentials for all the complexes. 

Electrolysis of deaerated acetonitrile solutions of Ru(bpy)-
(CNMe)4

2+ in an OTTLE cell at -1.4 V vs Ag wire (see Ex
perimental Section) produced the reduced form Ru(bpy)-
(CNMe)4

+, with the spectrum shown in Figure 2. This species 
was not stable for periods longer than a few minutes, most probably 
because of substitution of isocyanide with solvent. The spectrum 
of Ru(bpy)(CNMe)4

+ shown in Figure 2 has been put on a molar 
absorptivity scale by comparison with quantitative photochemical 
experiments to be described below. 

Emission. In room temperature fluid solutions,' Ru(bpy)2-
(CN)(CNMe)+ gave rise to a weak ($(H20) = 3 X 1O-4), broad, 
short-lived emission. Band maxima and lifetimes of this emission 
in water and MeCN are given in Table I. Under the same con
ditions, Ru(bpy)2(CNMe)2

2+ did not give rise to any appreciable 
luminescence. On the other hand, Ru(bpy)(CNMe)4

2+ was found 

(21) Roffia, S.; Ciano, M. J. Electroanal. Chem. 1977, 77, 349. 
(22) Tokel-Takvoryan, N. E.; Hemingway, R. E.; Bard, A. J. /. Am. 

Chem. Soc. 1973, 95, 6582. 
(23) Roffia, S.; Paradisi, C; Bignozzi, C. A. J. Electroanal. Chem. In-

terfacial Electrochem. 1986, 200, 105. 
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V, fim -2 

Figure 4. Low-temperature (77 K) emission spectra in absolute ethanol 
glass of (a) Ru(bpy)2(CN)2 (•••), Ru(bpy)2(CN)(CNMe)+ (---), Ru-
(bpy)2(CNMe)2

2+ ( - ) and (b) Ru(bpy)(CN)4
2- (•••), Ru(bpy)-

(CNMe)4
2+ ( - ) , Rh(bpy)3

3+ (•-•). 

Table III. Electron-Transfer Quenching of *Ru(bpy)(CNMe)4
2+ by 

Electron Donors (D)" 

D 
£, / 2(D+/D),6 

V M- M-
1,4-dimethoxybenzene 1.34 5.3 X 109 3.8 X 10' 0.5 
1,2,3-trimethoxybenzene 1.42 1.4 X 109 3.2 X 10' 0.5 
1,3,5-trimethoxybenzene 1.49 9.3 X 107 6.3 X 109 0.2 
triethylamine 0.96 3.8 X 109 1 

"In MeCN solution, 0.02 M TEAP, 25 0C. *In MeCN, vs SCE, 
from: Mann, C. K.; Barnes, K. K. Electrochemical Reactions in 
Non-Aqueous Systems; Dekker: New York, 1970. 

to luminesce strongly at room temperature in both water and 
MeCN. In deaerated aqueous solution, the quantum yield of this 
emission was 0.013. The corrected emission spectrum in aqueous 
solution is shown in Figure 3, and band maxima and lifetimes in 
the two solvents are given in Table I. 

At 77 K in absolute ethanol glasses all the complexes emitted, 
although with different bandshapes and lifetimes. The emission 
spectra of Ru(bpy) 2 (CN)(CNMe) + and Ru(bpy)2(CNMe)2

2 + are 
compared with that of the parent Ru(bpy) 2 (CN) 2 in Figure 4a. 
The emission spectrum of Ru(bpy)(CNMe) 4

2 + is compared with 
those of the parent Ru(bpy)(CN) 4

2~ and of Rh(bpy) 3
3 + (see 

Discussion) in Figure 4b. Emission lifetimes at 77 K are given 
in Table I. 

Laser photolysis of Ru(bpy) (CNMe) 4
2 + in aqueous or aceto-

nitrile solutions gave rise to transient spectral changes that decayed 
with the same lifetime as the emission and can thus be assigned 
to excited-state absorption (ESA). The absolute ESA spectrum 
of Ru(bpy)(CNMe)4

2 + shown in Figure 5 was obtained from laser 
experiments with actinometry,12 making the usual assumption of 
unitary excited-state formation efficiency.3 

Excited-State Quenching. Quenching experiments were carried 
out on the long-lived excited state of Ru(bpy) (CNMe) 4

2 + by using 
a number of electron donors as quenchers (Table I I I ) . 

With triethylamine as electron donor (D) in M e C N , fast 
quenching of the excited state of Ru(bpy)(CNMe)4

2 + was observed 
(Table III) . The quenching occurred with a reductive electron-
transfer mechanism (eq 1), as shown by the observation in laser 
photolysis of a product spectrum identical with that of Figure 2 

*Ru(bpy) (CNMe) 4
2 + + D — ^ R u ( b p y ) ( C N M e ) 4

+ + D + (1) 

H 
6 J 

Figure 5. Excited-state absorption (ESA) spectrum of Ru(bpy)-
(CNMe)4

2+ in aqueous solution. 

(the oxidized amine does not absorb appreciably in the spectral 
range of interest). Molar absorptivity values for Ru(bpy)-
(CNMe)4

+ (e5ionm. 11000 M"1 cm"1) were obtained by quantitative 
scavenging of the primary reduced product by jV^/V-dimethyl-
4,4'-bipyridine dication (methylviologen, MV2+)24 (eq 2), using 
the known25 molar absorptivity of the MV+ formed. On the basis 

Ru(bpy) (CNMe)4
+ + MV2+ — Ru(bpy)(CNMe)4 MV+ 

(2) 

of the molar absorptivity of Ru(bpy) (CNMe)4
+, laser photolysis 

experiments with actinometry12 gave a value of 1.0 ± 0.1 for the 
quantum yield, <i>cc, of product formation (eq 1) at complete 
quenching. Stationary irradiation of deaerated MeCN solutions 
of Ru(bpy)(CNMe)4

2+ and trimethylamine resulted in the ac
cumulation of Ru(bpy)(CNMe)4

+, showing that with this electron 
donor the photoinduced electron transfer (eq 1) is irreversible. 
This agrees with previous observations on electrochemical26 and 
photochemical27 oxidation of aliphatic amines. 

Several methoxybenzenes were also used as electron donors (D) 
in MeCN. The quenching rate constants, kv are reported in Table 
III. The quenching was accompanied by transient formation of 
the expected redox products (eq I).28 The yields of redox products 
measured in laser photolysis, $<*, were relatively high (Table III). 
With these electron donors in deaerated solution, the photoinduced 
electron transfer was fully reversible in the dark (eq 3). The 
back-electron transfer rate constants, kb, are also reported in Table 
III. 

Ru(bpy)(CNMe)4
+ + D + - ^ * Ru(bpy)(CNMe)4

2+ + D (3) 

Discussion 

Absorption Spectra. Large blue shifts in the Ru-"-bpy MLCT 
band are induced by substitution of cyanide with methyl isocyanide 
(Figure 1). For the Ru(bpy)(CNMe)4

2+ complex, the shift is so 
large that the MLCT band is actually hidden by the ligand 
centered (LC) bands of bipyridine (Figure lb). The blue shift 
reflects the decrease in electronic charge occurring on Ru(II) as 
a consequence of the higher ir-acceptor ability and lower u-donor 
ability of methyl isocyanide relative to cyanide.16 It should be 
pointed out that spectral changes very similar to those shown in 
Figure 1 have been observed by protonation of the cyanide ligands 
of Ru(bpy)2(CN)2

n '14 and Ru(bpy)(CN)4
2"15 in concentrated 

H2SO4 solutions. From this point of view, methylation and 

(24) No appreciable quenching of *Ru(bpy)(CNMe)4
2+ by MV2+ occurred 

in this experiment. 
(25) Rougee, M.; Ebbesen, T.; Ghetti, F.; Bensasson, R. V. J. Phys. Chem. 

1982, 86, 4404. 
(26) Mann, C. K.; Barnes, K. K. Electrochemical Reactions in Non

aqueous Systems; Dekker: New York, 1970. 
(27) Ballardini, R.; Varani, G.; Indelli, M. T.; Scandola, F.; Balzani, V. 

/ . Am. Chem. Soc. 1978, 100, 7219. 
(28) The spectra of the radical cations of methoxybenzenes are reported 

by O'Neile et al. (O'Neile, P.; Steenken, S.; Schulte-Frohlinde, G. J. Phys. 
Chem. 1975, 79, 2773). 
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Figure 6. Plot of the shift in the oxidation potential obtained by sub
stitution of cyanide with isocyanide, EU1, as a function of the number, 
n, of isocyanide Hgands. 

protonation of the cyanide ligands seem to have quite comparable 
consequences. 

Substantial differences between the spectra of corresponding 
cyano and methyl isocyano complexes also show up in the UV 
region (see, in particular, Figure lb). Although the presence in 
this region of MLCT states based on the isocyanide ligands cannot 
be definitely ruled out, these changes seem to be mainly determined 
by the sensitivity of the bpy-centered bands to the effective ox
idation state of the metal. If the UV spectra of tris-bipyridyl 
complexes of a number of divalent (e.g., Fe(II), Ru(II), Os(II))29 

and trivalent (e.g. Cr(III),30 Fe(III),31 Ru(III),17 Rh(III),32 

Os(III)29) metals are compared, an evident (though apparently 
previously unnoticed) regularity emerges: a structured absorption 
feature at ca. 320 nm is typical of LC absorption for bpy complexes 
with the trivalent (electron-poor, weakly back-bonding) metals, 
whereas a structureless band at ca. 280 nm is typical of complexes 
with divalent (electron-rich, strongly back-bonding) metals. Thus, 
in addition to the behavior of the MLCT bands, the evolution of 
the UV spectra in going from cyano to methyl isocyano complexes 
(Figure 1) also seems to reflect the strong electron-withdrawing 
effect of the isocyanide ligands. Again, it should be pointed out 
that the UV spectra of protonated cyanide complexes15 are vir
tually identical with those of the corresponding methyl isocyanide 
species, confirming the substantial similarity of the two types of 
ligands. 

Redox Behavior. An independent proof of the strong elec
tron-withdrawing effect of the isocyanide ligands comes from the 
electrochemical results. Both in the bis- and in the mono-bpy 
series, substitution of cyanide with methyl isocyanide causes large 
anodic shifts in the potential for oxidation of the ruthenium center 
(Table II). The trend is a very regular one, as shown by Figure 
6, in which the potential shifts with respect to the parent cyano 
complexes are plotted against the number of isocyanide ligands. 
It appears that a constant anodic shift of ca. 0.5 V is brought about 
by methylation of each cyanide ligand. In this connection, it can 
be recalled that Ru(CNMe)6

2+ was reported18 to be redox inactive 
up to +3 V (vs SCE), a seemingly striking figure for a Ru(II) 
complex. This, however, appears rather obvious in the light of 
the experimental trend of Figure 6, if reference is made to the 
parent Ru(CN)6

4- complex (£1/2
M = +0.8 V in water vs NHE).33 

If the oxidation potential of Ru(bpy)3
2+ (Eu2

0* = +1.24 in MeCN 
vs SCE)3 is compared with those of RuO)Py)2(CNMe)2

2+ and 
Ru(bpy)(CNMe)4

2+ (Table II), it also appears that each sub
stitution of one bpy ligand with two CNMe ligands shifts the 
potential anodically by ca 0.5 V. Thus, the electron-withdrawing 
effect of the three ligands toward Ru(II) seems to follow the order 
CNMe > (l/2)bpy > CN". 

(29) McCaffery, A. J.; Mason, S. F.; Norman, B. J. J. Chem. Soc. A 1969, 
1428. 

(30) Konig, E.; Herzog, S. J. Inorg. Nucl. Chem. 1970, 32, 585. 
(31) Baxendale, J. H.; Bridge, N. K. J. Phys. Chem. 1955, 59, 783. 
(32) Crosby, G. A.; Elfring, W. H„ Jr. J. Phys. Chem. 1976, 80, 2206. 
(33) De Ford, D. D.; Davidson, A. W. J. Am. Chem. Soc. 1951, 73, 1469. 

Ru(Dpy)-

Figure 7. Schematic representation of the changes in the energy of the 
lowest excited states of the bis- and mono-bipyridine complexes induced 
by substitution of cyanide with isocyanide. 

In polypyridine Ru(II) complexes, the low-energy reduction 
processes generally occur at the polypyridine ligands.34 Consistent 
with this notion, the reduction potentials undergo a smaller overall 
variation within the series of complexes investigated (Table II) 
as compared to the oxidation potentials. The fact that the 
spectrum of Ru(bpy)(CNMe)4

+ (Figure 2) is similar to that of 
Ru(bpy)3

+,35 clearly showing the bpy~ absorption features36 at 2.56, 
1.96, and 1.19 juirf', constitutes a direct proof that reduction occurs 
at the bpy ligand in this complex. Since reduction at the bpy 
ligand, as such, is not expected to affect appreciably the stability 
of the complex, the observed lability of Ru(bpy) (CNMe)4

+ (see 
Results) could imply that thermally activated intramolecular 
electron transfer to the metal occurs with appreciable efficiency 
in this molecule. 

Photophysical Behavior. The substitution of cyanide ligands 
with methyl isocyanide has interesting consequences on the ex
cited-state behavior of the complexes, as shown by the low-tem
perature spectra of Figure 4. Generally speaking, methylation 
causes blue shifts in the emission, but the emission bandshape does 
not remain the same for all the complexes. For Ru(bpy)2(CN)2, 
Ru(bpy)(CN)4

2", Ru(bpy)2(CN)(CNMe)+, and Ru(bpy)2-
(CNMe)2

2+, the band profile is that of the typical LMCT low-
temperature emission exhibited by Ru(II) bipyridine complexes:37 

discernible vibrational structure, broad individual vibrational 
components, single progression of ca. 0.13 ^m-1. The relative 
intensity of the 0-0, 0-1, 0-2, etc., vibrational components seems 
to reveal an increasing degree of distortion with increasing energy 
of the emission (Figure 4), a feature that might be related to an 
increasing amount of charge actually transferred to the bpy ligand. 
For Ru(bpy)(CNMe)4

2+, on the other hand, the band profile is 
a completely different one: very evident vibrational structure, 
sharp, narrow individual vibrational components, two progressions 
of 0.159 jum-1 separated from each other by 0.046 jim"'. This 
kind of emission is typical of a ligand-centered (LC) low-tem
perature emission.38 The assignment is clearly borne out by the 
close matching of the Ru(bpy)(CNMe)4

2+ emission with the 
well-established38 LC emission of Rh(bpy)3

3+ (Figure 4b). The 
very long low-temperature lifetime of Ru(bpy) (CNMe)4

2+ relative 
to the other complexes (Table I) corroborates the LC assignment. 
Again, it should be pointed out that low-temperature emission 
spectra and lifetimes very similar to those of Ru(bpy)2(CNMe)2

2+ 

and Ru(bpy)(CNMe)4
2+ can be obtained by protonation of Ru-

(bpy)2(CN)2
n and Ru(bpy)(CN)4

2-,15 respectively, in concentrated 
sulfuric acid. 

(34) Morris, D. E.; Hanck, K. W.; DeArmond, M. K. J. Am. Chem. Soc. 
1983, 105, 3032. 

(35) Heath, G. A.; Yellowlees, L. J.; Braterman, P. S. J. Chem. Soc, 
Chem. Commun. 1981, 287. 

(36) Mahon, C; Reynolds, W. L. Inorg. Chem. 1967, 6, 1927. 
(37) See, e.g.: Elfring, W. H., Jr.; Crosby, G. A. J. Am. Chem. Soc. 1981, 

103, 2683. 
(38) Carstens, D. H. W.; Crosby, G. A. J. MoI Spe -osc. 1970, 34, 113. 
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The change in the nature of the lowest excited state obtained 
upon substitution of cyanide with methyl isocyanide in the 
mono-bpy complex is an extreme example of "tuning" of the 
photophysical properties of a complex by modifications in non-
chromophoric ligands. This arises because of the high sensitivity 
of MLCT states on one hand, and the much lower sensitivity of 
LC states on the other, to the electron donor and acceptor power 
of the ancillary ligands, as shown schematically in Figure 7. In 
the case of the two mono-bpy complexes the blue shift in the 
MLCT state is so large as to cause complete inversion between 
MLCT and LC states. 

The photophysical behavior in room temperature fluid solutions 
is difficult to analyze in detail. In fact, for Ru(II) polypyridine 
complexes thermally activated decay pathways going through 
short-lived MC states have to be taken into consideration.5-7'39 

Therefore, a complete picture of the energy shifts of the LC, 
MLCT, and MC states upon substitution of cyanide with methyl 
isocyanide would be needed. In principle, methyl isocyanide is 
a better 7r-acceptor and a poorer a-donor than cyanide.16 The 
two effects are expected to cooperate in withdrawing charge from 
Ru(II) thus increasing the energy of the MLCT states, but they 
should oppose each other as far as the energy of the MC states 
is concerned. Therefore, the absolute energy of the MC states 
will increase or decrease by substitution of cyanide with methyl 
isocyanide depending on whether ir-bonding or tr-bonding effects 
predominate. 

For Ru(bpy)(CNMe)4
2+, a structured emission very similar to 

that observed at low temperature is also obtained in room tem
perature fluid solutions (Figure 3). The fact that the excited state 
populated at room temperature is LC rather than MLCT in 
character is also demonstrated by the ESA spectrum (Figure 5), 
which is completely different from the typical spectra of MLCT 
excited states.9,40'41 The lifetime in these conditions is remarkably 
long, indicating that the lowest LC state is energetically well 
isolated from (i.e., at least 0.2 ixm~l lower than) upper short-lived 
MC states.42"44 Although the exact energy of the MC states in 
the parent cyano complex is not known, this result seems to 
indicate that substitution of cyanide with methyl isocyanide brings 
about an increase in the energy of the MC states, implying that 
changes in 7r-bonding strength predominate over those in a-
bonding. Such a situation is schematically depicted in Figure 7. 

In the Ru(bpy)2(CN)2, Ru(bpy)2(CN)(CNMe)+, Ru(bpy)2-
(CNMe)2

2+ series, the MLCT emission lifetime decreases con
siderably in going from the first to the second complex, and 
virtually no emission can be detected for the last complex. This 
is most probably due to the different sensitivity of MLCT and 
MC states to substitution: the slower increase in energy of the 

(39) Barigelletti, F.; Juris, A.; Balzani, V.; Belser, P.; von Zelewsky, A. 
J. Phys. Chem. 1987, 91, 1095. 

(40) Braterman, P. S.; Harriman, A.; Heath, G. A.; Yellowlees, L. J. J. 
Chem. Soc, Dalton Trans. 1983, 1801. 

(41) Ichimura, K.; Kobayashi, T.; King, K. A.; Watts, R. J. J. Phys. Chem. 
1987, 91, 6104. 

(42) In Rh(III) polypyridine complexes in which MC states are thermally 
accessible from the lowest LC state (AE = 0.15 jjm-'),43 the room-temperature 
lifetime of the LC state is in the 10"7 s range.44 

(43) Indelli, M. T., unpublished results. 
(44) Indelli, M. T.; Carioli, A.; Scandola, F. J. Phys. Chem. 1984, 88, 

2685. 

MC state lowers the energy gap, allowing fast activated decay 
of the MLCT state to occur. Such a situation is schematically 
depicted in Figure 7.45 

Excited-State Redox Behavior. The excited-state redox po
tentials, calculated from electrochemical potentials and excitation 
energies according to standard procedures,46 are given in Table 
II for the various complexes. Generally speaking, substitution 
of cyanide with isocyanide causes an increase in the oxidizing 
power and a decrease in the reducing power of the excited state. 
This effect leads to quite remarkable excited-state redox properties 
in the case of Ru(bpy)(CNMe)4

2+. In fact, excited Ru(II) po
lypyridine complexes are typically good reductants and mild ox
idants.1"3 On the contrary, Ru(bpy)(CNMe)4

2+ is expected to 
behave as a strong photochemical oxidant (*El/2, +1.49 V vs 
SCE) and as a very poor reductant. This expectation is quan
titatively borne out by the quenching rate constants obtained with 
methoxybenzenes of increasing oxidation potential: the sharp 
inflection obtained between +1.42 and +1.49 V (vs SCE) is the 
typical behavior predicted by standard electron transfer models 
for reactions with small reorganizational energies near to the 
isoergonic threshold.27'46 

From the point of view of the excited-state redox properties, 
Ru(bpy)(CNMe)4

2+ resembles polypyridine complexes of trivalent 
metals such as Cr(bpy)3

3+ (*£1/2, 1.45 V vs SCE)27-47 and Rh-
(phen)3

3+ (*£1/2, 2.0 V vs SCE).44'48 Such complexes have po
tential applications in photochemical oxidation reactions of 
practical interest. In principle, the Rh(III) complexes are better 
than the Cr(III) ones not only for their higher oxidizing power 
but because they usually give rise to higher yields of primary 
products escaping the solvent cage.48 Both the Cr(III) and 
Rh(III) photochemical oxidants, however, suffer from the lability 
of their one-electron reduced forms,47'49 a feature that constitutes 
a severe limitation for their practical use in cyclic photocatalytic 
reactions. As a photochemical oxidant, Ru(bpy)(CNMe)4

2+ is 
similar to Cr(IIl) polypyridine complexes in the oxidizing power 
and to Rh(III) polypyridine complexes in cage escape yields (Table 
III). Contrary to the expectations (see above) based on the site 
of reduction, however, its stability in the reduced state is no better 
than that of the Cr(III) and Rh(III) photosensitizers. The search 
for transition-metal-based photochemical oxidants suitable for 
cyclic use seems thus to remain a challenging but elusive task. 
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(45) It should be noticed that an actual picture of the excited-state situ
ation in terms of energy surfaces is likely to be quite complex for these systems. 
In fact, in addition to the metal-ligand modes usually considered in dealing 
with Ru(II) bipyridine complexes,5"7'39 excited-state distortions along internal 
cyanide modes and solvent reorganizational modes should also be considered 
in these systems. 
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