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The metal to ligand charge transfer (MLCT) excited states of 
[Ru(bpy)3]

2+ (bpy = 2,2'-bipyridyl) and related polypyridyl 
complexes of Ru", Os", or Re1 have been utilized extensively as 
sensitizers of photochemical electron transfer.1 A fundamental 
limitation exists in the ability of these complexes to utilize low-
energy visible or very near infrared light. Their lifetimes are 
dictated largely by nonradiative processes, and the rates of these 
processes increase as the energy gap between excited and ground 
state decreases.2 This means that, although systematic procedures 
are available for preparing complexes that absorb low-energy light, 
the resulting excited states are short-lived and difficult to exploit 
in photochemical reactions. We report here an observation that 
promises to extend the useful range of these excited states. It is 
based on the greatly enhanced lifetimes that can result when the 
electron that is excited finds itself on an acceptor ligand in which 
there is an extended, delocalized x* system. 

Compared to [Ru(dmb)3]
2+ (dmb = 4,4'-dimethyl-2,2'-bi-

pyridine),3" the ligand-bridged complex [(dmb)2Ru(ju-bbpe)Ru-
(dmb)2]

4+ (bbpe = fra/i5-l,2-bis(4'-methyl-2,2'-bipyridyl-4-yl)-
ethene) has a new absorption feature at 500 nm (e = 25 800 M"1 

cm"1) in CH3CN in addition to a dir -* *-*(dmb) transition at 

(dmb) (bbpe) 

460 nm (e = 12 650 M-1 cm"1). The complex emits at 750 ± 5 
nm compared to 640 ± 5 nm for [Ru(dmb)3]

2+*. In cyclic 
voltammograms in 0.1 M [N(n-C4H,)4](PF6)-CH3CN, the fol
lowing waves appear: (1) a single, unresolved, two-electron wave 
for the Rum/" couples at 1.16 V vs the saturated sodium chloride 
calomel electrode (SSCE) (A£p = 70 mV); (2) two one-electron, 
bbpe-based reductions, the first at -1.04 V and the second at -1.30 
V; and (3) a two-electron, unresolved dmb-based reduction wave 
at -1.65 V. The first dmb-based reduction in [Ru(dmb)3]

2+ occurs 
at -1.40 V under the same conditions. 

The bbpe ligand was prepared by a condensation reaction be
tween 4-methyl-2,2'-bipyridyl-4'-carboxaldehyde and the ylide 
(4'-methyl-2,2'-bipyridyl-4-yl)methyltriphenylphosphonium 
bromide.4 The ligand-bridged complex was prepared by the 
reaction between bbpe and [Ru(dmb)2Cl2]

5 in ethylene glycol in 
a 1:2 ratio.4 

In transient absorbance difference spectra of [(dmb)2Ru(ju-
bbpe)Ru(dmb)2]

4+, [Ru(dmb)3]
2+, or [Ru(bpy)2(vbpy)]2+ in 

CH3CN, *-*«•* transitions appear for the reduced dmb or vbpy 
ligands at 360-380 nm along with the expected bleaches in the 
dir -*• IT* (bpy, dmb, vbpy) region at ~450 nm.3-6 The spectra 
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were acquired 50 ns after 460-nm laser flash photolysis (~6-ns 
pulses at <4 mJ/pulse) by using an apparatus that has been 
described elsewhere.36 For the ligand-bridged complex, an ad
ditional, intense absorption feature appeared at 580 ± 5 nm. It 
was present at the earliest observation times, <5 ns, and decayed 
with the same lifetime, r (CH3CN, 298 ± 2 K) = 1.31 ± 0.05 
ns, as the emission, independent of the exciting or monitoring 
wavelengths. Related, low energy absorption features have been 
found for singly reduced 4,4'-bipyridine or bipyridinium cations,7 

and for the MLCT excited states of complexes containing 4,4'-
bipyridine-type ligands where the added electron is thought to be 
delocalized over both pyridyl rings.8 After an extended photolysis 
period there was no sign of trans —• cis isomerization at bbpe.9 

From the available evidence, we conclude that the lowest lying 
excited state in [(dmb)2Ru(M-bbpe)Ru(dmb)2]

4+* is a MLCT state 
in which the excited electron is on the bbpe ligand. This conclusion 
is based on the absence of trans -* cis isomerization at bbpe upon 
photolysis, the pattern of features that appear in the transient 
absorbance difference spectrum, the red-shifted emission maxi
mum, and the more positive potential for the first ligand-based 
reduction (-1.07 V vs -1.48 V) compared to [Ru(dmb)3]

2+. In 
the related, ligand-bridged complex [(dmb)2Ru(;it-dstyb)Ru-
(dmb)2]

4+ (dstyb is l,4-bis[2-(4'-methyl-2,2'-bipyridyl-4-yl)-
ethenyljbenzene), it has been concluded that low-lying MLCT 
and TTiT* states coexist and are in equilibrium.10 

In the bbpe-based MLCT state in [(dmb)2Ru(M-bbpe)Ru-
(dmb)2]

4+, a double mixed valency exists. One is at the metals, 
Ru"-Ruin. The second is at the bpy groups of the bbpe ligand, 
bpy-bpy*~, eq 1. On the basis of the appearance of the new 

[(dmb)2RuIVbbpe)Ru"(dmb)2]4+-^ 
[(dmb)2Ru1I(M-bbpe-)Ru"I(dmb)2]

4+* (1) 

absorption feature at 580 nm in the transient spectrum, it can be 
inferred that the excited electron is delocalized over both of the 
bipyridyl groups in the bbpe ligand. There is extensive electronic 
coupling between these groups as demonstrated by the 0.26-eV 
difference between the Eu2 values for the two one-electron, 
bbpe-based reductions at -1.04 and -1.30 V." Electronic coupling 
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between the metal ions is small as shown by the unresolved, single 
Ru"'/" wave at £,» - 1.16 V.12 

The lifetime of the bbpe-based MLCT state in [(dmb)2Ru(M-
bbpe)Ru(dmb)2]

4+, 1.31 ± 0.05 Ms in CH3CN at 298 ± 2 K, is 
surprisingly long. Lifetimes of MLCT excited states character
istically decrease with the energy gap between the excited and 
ground states.2 Yet, for [Ru(dmb)3]

2+, which has a significantly 
higher energy gap, Etm = 15 600 cm"1 compared to 13 300 cm"1, 
the lifetime is 950 ± 30 ns under the same conditions. For 
[Ru(bpy)2(py)Cl]+ (py = pyridine), where there is a comparable 
emission energy (752 ± 5 nm, 13 300 cm"1), the lifetime is 44 ± 
3 ns under the same conditions. On the basis of the results of 
temperature-dependent lifetime studies, at 157 ± 2 K in 4:1 (v:v) 
ethanol-methanol, there are no complications from low-lying dd 
states.16 Under these conditions, lifetimes, as determined by 
emission decay, were 1.97 ± 0.07 ns for [(dmb)2Ru(M-bbpe)-
Ru(dmb)2]

4+* and 104 ± 4 ns for [Ru(bpy)2(py)Cl]+*. 
The extended lifetime for the bbpe complex appears to be a 

consequence of electronic delocalization in bbpe acting as the 
acceptor ligand. Emission spectral profiles in 4:1 (v:v) ethanol-
methanol at 157 ± 2 K or 298 ± 2 K could be fit13 satisfactorily 
by including contributions from an averaged v(bpy) mode (hv = 
1350 cm"1), an averaged low-frequency mode (hv = 350 cm"1), 
and the solvent. On the basis of this analysis, the electron-vi-
brational coupling constant, S, for p(bpy) was 0.72 ± 0.05 for 
[Ru(bpy)2(py)Cl]+* and 0.60 ± 0.05 for [(dmb)2Ru(M-bbpe)-
Ru(dmb)2]

4+*. The quantity S is related to the change in 
equilibrium displacement between the excited and ground states, 
AQe, the reduced mass, A/, and the angular frequency, w (=2itv), 
by eq 2. On the basis of the smaller value of S, the structural 

S = (l/2)(A/W//0(Aee)
2 (2) 

change in the acceptor ligand is decreased for (dmb)2Ru(g-
bbpe)Ru(dmb)2]

4+*. This is a further indication that delocali
zation over both bpy's has occurred. The decrease in S and AQe 
with enhanced delocalization must be a consequence of decreased 
electron-electron repulsion in the acceptor ligand. 

The decrease in S is sufficient to account, to a large degree, 
for the enhanced lifetime in [(dmb)2Ru(M-bbpe)Ru(dmb)2]

4+* 
compared to [Ru(bpy)2(py)Cl]+* at 157 K. From radiationless 
decay theory and the energy gap law,14 the nonradiative decay 
rate constant, km, is predicted to vary with S, the energy gap [E0), 
and hv as shown in eq 3.13b'14 For hv = 1350 cm"1, E0 =13 780 

km cc e-V-^o/A' (3) 

7 = (In E0/Shv) - 1 

cm"1, and S = 0.72 or 0.60, the decrease in knT between [Ru-
(bpy)?(py)Cl]+* and [(dmb)2Ru0t-bbpe)Ru(dmb)2]

4+*, calculated 
by using eq 3, is 17 in 4:1 (v:v) ethanol-methanol at 157 ± 2 K. 
The parameters used in the calculations were those obtained by 
spectral fitting. The decrease observed experimentally was 19. 
The origin of the effect is a decrease in vibrational overlap between 
the vibrational wave functions for the c(bpy) acceptor modes 
between the excited and ground states as AQe decreases. 

Compared to related complexes having comparable energy gaps, 
we find that lifetimes for the MLCT excited states of [Ru-
(dmb)2(bbpe)]2+, [Os(bpy)2(bbpe)]2+, [(bpy)2Os(^-bbpe)Os-
(bpy)2]

4+, [Re(bbpe)(CO)3Cl]+, or [Cl(CO)3Re(ju-bbpe)Re-
(CO)3Cl]2+ are all lengthened. These observations and the 
sometimes anomalous lifetime behavior observed for other MLCT 
excited states10,15 point to what could be a general approach to 
enhancing excited-state lifetimes based on introducing increased 
delocalization in the acceptor ligand. 

Our results have important implications for the design of MLCT 
based photosensitizers. They open the possibility of preparing 
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complexes that have significant light absorptivities much further 
into the red while, at the same time, maintaining lifetimes that 
are accessible to electron-transfer quenchers. 

Acknowledgment. Financial support from the Department of 
Energy (DE-FG05-86ER13633) and from the SERC for post
doctoral support (S.B.) is gratefully acknowledged. 

Supplementary Material Available: The preparations and 
characterizations of the bbpe ligand and complex (3 pages). 
Ordering information is given on any current masthead page. 

Putidaredoxin Reduction of Cytochrome P-450^,,,: 
Dependence of Electron Transfer on the Identity of 
Putidaredoxin's C-Terminal Amino Acid 

Matthew D. Davies, Ling Qin, Jennifer L. Beck,f 

Kenneth S. Suslick, Hideo Koga,* Tadao Horiuchi,' and 
Stephen G. Sligar* 

School of Chemical Sciences 
University of Illinois at Urbana-Champaign 

Urbana, Illinois 61801 
Faculty of Pharmaceutical Sciences, Kyushu University 

Maidashi, Higashi-ku, Fukuoka 812, Japan 
Received April 2, 1990 

Considerable experimental and theoretical efforts have been 
made to determine the effect of exothermicity, distance, and 
protein medium on the rate of biological electron transfer.1'2 We 
have discovered that the interprotein electron transfer from 
site-specific variants of putidaredoxin (a 2Fe-2S ferredoxin) is 
strongly affected by the presence or absence of a C-terminal 
aromatic residue. Activity is maintained when the wild-type 
C-terminal tryptophan is replaced by other aromatic residues but 
is lost upon nonaromatic replacement or deletion. 

Putidaredoxin functions in the Pseudomonas putida camphor 
hydroxylase electron-transfer chain as a one-electron shuttle 
between an NADH-dependent flavoprotein and the terminal 
acceptor, cytochrome P^SO011n. This enzyme system catalyzes 
the first catalytic step whereby P. putida ATCC strain 17453 can 
use camphor as its sole source of carbon and energy.3 The 
C-terminal tryptophan of putidaredoxin is known to be solvated, 
independently mobile, accessible to carboxypeptidase cleavage, 
and near an anionic surface domain.4 Preliminary NMR structure 
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