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resembles the corresponding chair borinate 9. The 2.5 kcal/mol 
preference for the twist-boat will be overcome by the Z enolate 
4.0 kcal/mol preference for the chair transition structure. 
However, the E enolate will still prefer the twist-boat. This is 
the origin of the (Z) - • (chair) -* syn and (E) -— (twist-boat) 
-» syn stereochemistry for borates.8'9 The larger preference for 
the twist-boat transition structure by the borate is related both 
to the small size of the alkoxy substituent and to the greater 
preference for planarity of the enol borate than the enol borinate 
(3.0 kcal/mol versus 2.0 kcal/mol, respectively, to rotate to a 90° 
conformation at the 3-21G level). This conclusion is probably 
applicable to other cases, such as titanium and zirconium enolates, 
where the chair is favored for Z enolates, but the twist-boat is 
favored for E enolates. 

Finally, as shown in Table I, Dunitz-Burgi attack angles of 
101-108° are observed in both Li and BH2 reactions, similar to 
what is found for other nucleophilic additions to carbonyls.16 

Acknowledgment. We are grateful to the National Institutes 
of Health for financial support of this research, the Harris 
Corporation for a computer grant, and the National Science 
Foundation and San Diego Supercomputer Center for some of 
the computer time used for this research, and Professors R. W. 
Hoffmann and C. Gennari for helpful comments. 

(16) Wu, Y.-D.; Houk, K. N. J. Am. Chem. Soc. 1987, 109, 908. 

c/s-Diaquabis(2,2'-bipyridyl-4,4'-dicarboxylate)-
ruthenium(II) Sensitizes Wide Band Gap Oxide 
Semiconductors Very Efficiently over a Broad Spectral 
Range in the Visible 

Paul Liska, Nick Vlachopoulos, Mohammad K. Nazeeruddin, 
Pascal Comte, and Michael Gratzel* 

Institut de Chimie Physique 
Ecole Polytechnique Fedirale 

CH-1015 Lausanne, Switzerland 
Received December 31, 1987 

Trisbipyridylruthenium(II) and its homologues are extensively 
employed as redox sensitizers.1 By contrast, very little is known 
about the excited-state electron-transfer properties of bis(bi-
pyridyl)ruthenium(II) complexes. Apart from Ru(bipy)2(CN)2, 
for which the emission lifetime in methanol is ca. 100 ns,2 the 
excited state of this class of compounds is too short-lived3 to allow 
for the occurrence of bimolecular solution reactions. In addition, 
photoinduced ligand loss and cis-trans isomerization4 constitute 
frequently the preferred pathway of electronic deactivation. We 
report here on the surprisingly effective, broad band sensitization 
of TiO2 to visible light by CW-Ru11L2(H2O)2

2" (L = 2,2'-bi-
pyridyl-4,4'-dicarboxylate). 
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water at pH 4.85. Optical pathlength 0.1 cm. Inset: cyclic voltammo-
gram of the same solution; working electrode: In-doped SnO2. 

cw-RunL2Cl2-2H20 was obtained by refluxing under Ar 60 mg 
(0.229 mmol) of RuCl3OH2O (Fluka, 38-40% Ru) and 113 mg 
(0.463 mmol) of ligand (Aldrich) in 20 mL of DMF for 8 h. After 
cooling, traces of RuL3 were filtered. Most of the DMF solvent 
was evaporated under vacuum, and CW-Ru11L2Cl2 was precipitated 
with acetone. The crystals were filtered off and dried in vacuum. 
Elemental analysis corresponded to C24H16N4O8Cl2Ru^H2O. 

Cw-Ru11L2(H2O)2 was prepared by hydrolysis of the dichloro 
complex at pH 4.5 and precipitation at its isoelectric point (pH 
2.8) with 0.1 M CF3SO3H (Fluka, further purified by vacuum 
distillation) for acidification. Crystallization in the dark for 24 
h at 4 0C gave shining crystals dried in vacuum (yield 70%). In 
air, this compound adds three lattice water molecules. This 
procedure was repeated twice for purification. Elemental analysis 
for C24H18N4O10RuOH2O gave (calculated values in parentheses) 
C, 42.79 (42.55); H, 2.95 (2.68); N, 8.40 (8.27); Ru, 14.84 (14.91). 
Chloride was undetectable. 

Figure 1 shows the absorption of CW-Ru11L2(H2O)2
2- in water 

at pH 4.85. There are three bands with maxima at 500 nm (« 
= 11 900 M-1 cm"1), 370 nm (e = 10900 M"1 cm"1), and 306 nm 
(e = 49200 M"1 cm"1). This differs markedly from the spectrum 
of cw-diaquabis(2,2'-bipyridyl-5,5'-dicarboxylate)ruthenium(II) 
which has maxima at 550, 365, and 300 nm.5 

The inset shows a cyclic voltammogram of CW-Ru11L2(H2O)2
2" 

at pH 4.85. Oxidative and reductive peaks at 0.64 and 0.52 (SCE), 
respectively, are obtained indicating quasi-reversible behavior. The 
midpoint potential is at 0.58 V. In 0.5 M H2SO4 reversible 
one-electron oxidation occurs at 0.83 V. The unsubstituted 
analogue, [cw-Ru(bpy)2(H20)2]

3+/,2+, exhibits a formal potential 
of 0.53 V (versus SCE) at pH 4 which increases to E° = 0.65 
V in 1 M HClO4.

6 The pH dependence was attributed to the 
deprotonation of one aqua ligand of the complex.7 

CW-Ru11L2(H2O)2
2" in acidic aqueous solution is strongly ad­

sorbed to the surface of TiO2. When TiO2 powder is introduced 
into 3 < pH < 5 solutions of Cw-Ru11L2(H2O)2

2", an intense violet 
color develops onto the particles, while the supernatant spectrum 
shows simply the disappearance of the dye. The ability of the 
surface-bound CW-Ru11L2(H2O)2

2" to sensitize electron injection 
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Pern, F. J.; Frank, A. J. J. Am. Chem. Soc. 1987, 109, 6619. 
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(7) In formulating Ru11L2(H2O)2
2" as a dianion, it is assumed that at pH 

4-5 the carboxylic acid groups of the ligands are fully deprotonated, while 
the H2O ligands in the Ru" state are not dissociated. Acid-base titration 
shows the isoelectric point of the Ru(II) complex to be at 2.8. Hence, above 
this pH the molecule is anionic. Combined acid-base titration and spectral 
analysis indicate the first H2O ligand to deprotonate above pH 9. This is in 
agreement with literature data for the unsubstituted complex Run(bipy)2-
(H2O)2

2+ and Ru"(bipy)2(py)(H20)2+ for which the first pKa values are 11" 
and 10.3,12 respectively. The cis configuration of the complex was ascertained 
by precipitation as sulfato complex and subsequent IR analysis.5 
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Figure 2. Photocurrent action spectrum for cw-Ru"L2(H20)2
2"-coated 

TiO2 films in 0.1 M aqueous NaI (pH 4.6). Inset: photocurrent-potential 
curve obtained with the same system under white light (X > 420 nm, 
intensity 23 W/m2) illumination. Solutions are deaerated with Ar. The 
lower curve shows the photoresponse of the TiO2 layer in the absence of 
sensitizer. 

in the conduction band of TiO2 was tested in photoelectrochemical 
experiments which employed a high surface area (roughness factor 
ca. 200) fractal anatase film deposited onto a 2 X 2 cm Ti sheet.7 

The dye was coated onto the TiO2 layer by dipping the electrode 
for 4 h in an aqueous solution (pH 4.85) of 10~3 M CW-Ru11L2-
(H2O)2

2". The TiO2 film assumed an intensely violet coloration 
due to adsorption of the dye. Photoelectrochemical experiments 
employed a standard cell equipped with a flat pyrex window. The 
regenerative photocell consisted of the dye-loaded TiO2 sheet 
immersed in the electrolyte and a 3 X 3 cm-sized Pt flag as 
counterelectrode. All solutions were degassed with Ar. An Oriel 
450 W Xe lamp served as a light source in conjunction with a 
water filter and a Bausch & Lomb 300 nm blaze high intensity 
monochromator. The incident photon flux was determined by a 
thermopile and by chemical actinometry with ferrioxalate.8 The 
value at 420 nm was (5 ± 0.25) X 10"10 Einstein cm-2 s"1. 

Figure 2 shows the photocurrent action spectrum for cw-
RunL2(H20)2

2"-coated TiO2 films in 0.1 M aqueous NaI (pH 4.6). 
For comparison, results obtained prior to dye coating are also 
presented. The incident monochromatic photon to current con­
version efficiency (IPCE), defined as the ratio of the number of 
electrons generated by light in the external circuit divided by the 
number of incident photons, shows a wavelength dependency 

[(1.24 X 103) X photocurrent density (juA/cm2)] 
IPCE(%) = 

[wavelength (nm) X photon flux (W/cm2)] 

(D 
matching the spectrum of Cw-Ru11L2(H2O)2

2" except that the 
features are red-shifted and broadened. It attains values exceeding 
60% close to the maximum and falls gradually toward longer 
wavelengths. Even with red light (X = 700 m), sensitization 
currents are still clearly discernable. 

Inserted in Figure 2 is the current-potential curve measured 
under white light (X > 420 nm) illumination under similar con­
ditions as in Figure 1. The photocurrent onset is at -0.3 V from 
where it rises sharply reaching a plateau value at -0.1 V. Pre­
liminary tests of the cw-Ru"L2(H20)2-coated electrodes in a 
regenerative photoelectrochemical cell containing 0.1 M KI/10"3 

M I3" redox electrolyte gave under white light (X > 420 nm, 
incident photon flux 70 W/m2) a short circuit current of 0.38 
mA/cm2, an open circuit potential of 0.52 V, and a fill factor of 
0.7 corresponding to a light to electrical power conversion effi­
ciency of 2%. The photocurrent remained stable during 4 days 

(8) (a) Desilvestro, J.; Gratzel, M.; Kavan, L.; Moser, J.; Augustynski, J. 
J. Am. Chem. Soc. 1985, 107, 2988. (b) Vlachopoulos, N.; Liska, P.; Au-
gustynsky, Gratzel, M. J. J. Am. Chem. Soc. 1988, 110, 1216. 

of illumination (turnover number of CW-Ru11L2(H2O)2
2" > 50000) 

confirming the high stability of this sensitizer. 
The maximum IPCE value of 62% observed in Figure 2 cor­

responds to the product of the light harvesting efficiency of the 
ci5-RunL2(H20)2-loaded TiO2 at 520 nm and the quantum yield 
for electron injection Assuming that each adsorbed cis-

IPCE(%) = 100 (1 - 1/I0)^ (2) 

Ru11L2(H2O)2
2" molecule occupies a surface of 100 A2, which is 

the area determined for Ru11L3,
8 and using « = 1 1 900 M"1 cm"1, 

60% light harvesting efficiency is derived. Thus, 4>m\ = 1 • Ad­
mitting that multiple reflection in the TiO2 layer may result in 
complete absorption of incident 520 nm photons by CW-Ru11L2-
(H2O)2

2", </>inj would still be 0.62. 
In view of the extremely short excited-state lifetime of cis-

Ru11L2(H2O)2, such high efficiencies require injection rates in the 
picosecond domain, hence intimate contact of the dye with the 
semiconductor surface. Strong electronic coupling between 
electronically excited CW-Ru11L2(H2O)2 and the Ti-3d wave 
function manifold could be explained by the formation of Ru-O-Ti 
surface bonds. Cun(bipy)2 complexes are bound in a similar 
fashion on silica.9 The present discovery of efficient sensitization 
of TiO2 by CW-Ru11L2(H2O)2

2" identifies a new class of hetero­
geneous redox sensitizers covering a broad spectral range in the 
visible which should be particularly useful for light energy con­
version with oxide semiconductor devices. 

Acknowledgment. This work was supported by the Gas Re­
search Institute, Chicago, IL (subcontract with the Solar Energy 
Research Institute, Golden, CO), the Nationaler Energie-For-
schungs-Fonds (NEFF), Switzerland, and the Office Federal de 
l'Energie, Switzerland. M.K.N, thanks the Government of India 
for financial assistance. 

Registry No. CW-Ru11L2(H2O)2
2" (L = 2,2'-bipyridyl-4,4'-di-

carboxylate), 114199-00-7; TiO2, 13463-67-7. 

(9) Furlong, D. N.; Wells, D.; Sasse, W. H. F. J. Phys. Chem. 1986, 80, 
1107. 

(10) von Zelewsky, A.; Bemtgen, J. M. Inorg. Chem. 1982, 21, 1771. 
(U) Moyer, B. A.; Meyer, T. J. J. Am. Chem. Soc. 1978, 100, 3601. 
(12) Geselowitz, D. A.; Kutner, W.; Meyer, T. J. Inorg. Chem. 1986, 25, 

2015. 

Criteria for Concertedness in Cycloadditions 

Barry M. Trost* and Maria L. Miller 

Departments of Chemistry, Stanford University 
Stanford, California 94305 

University of Wisconsin, Madison, Wisconsin 53706 
Received February 17, 1988 

Discriminating between a concerted and a stepwise mechanism 
continues to be a significant challenge. Stereochemistry may not 
be a sufficiently sensitive probe, i.e., stereospecific reactions may 
involve nonconcerted processes. Kinetics offers an additional 
probe. Huisgen states that "the ratio of the trans/cis rates offers 
an elegant and theoretically clear criterion for concerted additions 
leading to five- and six-membered rings".1,2 In our study of the 
palladium-catalyzed cycloadditions of 2-(trimethylsilylmethyl)allyl 
acetate (1) with electron-deficient olefins, we became concerned 
with the question of concertedness.3 In this communication, we 
record our systematic study of this question with use of both the 
stereochemical and kinetic probes. These results suggest an am­
biguity can arise regarding a conclusion of concertedness based 
upon the trans/cis rate ratio leading to five-membered carbocyclic 
rings. 
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