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Excited State Properties of Rh2(O2CCH3I4: Solution 
Photochemistry and Photoinitiated DNA Cleavage 

PATRICIA M. BRADLEY, PA'lTY K.-L. FU and CLAUDIA TuRRO* 
Department of Chemistry. 

The Ohio Slate University, Columbus, 
OH43210 

(Received February 22,2001) 

The photophysical properties of Rh2(02CCH3)4(L)2 (L = CH30H, 
THF = tetra-hydrofuran, PPh3 = triphenylphosphine, py = pyridine) were explored upon 
excitation with visible light. All the complexes exhibit a long-lived transient absorption 
signal (7 = 3.5 - 5.0 ps) assigned as an electronic excited state of each molecule. An opti- 
cal transition at -760 nm is observed in the spectra of the transients, whose position is rel- 
atively independent of axial ligand. No emission from the Rh2(02CCH3)4(L)Z 
(L = CH30H, THF, PPh3, py) systems was observed at mom temperature or at 77 K, but 
energy transfer from .excited Rh2(02CCH3)4(PPh3), to tetracene and perylene takes place 
f" form the '7m excited state of each acce tor. Electron transfer from 

(Cl-By) takes place with quenching rate constants (k-.J of 8.0 x lo6 M-ls-' and 1.2 x lo6 
M-%- in methanol, respectively. A value of 2 x 108 M-'s-'w~s measured for the 
quenching of the excited state of Rh2(02CCH3)@Ph3)2 by 0, in methanol. The results of 
the energy and electron transfer experiments are consistent with the production of an 
excited state of Rh2(02CCH3)4(PPh& with energy, &. between 1.34 eV and 1.77 eV. 
The excited state of Rh2(02CcH3)4 is not able to undergo hydrogen abstraction chemistry. 
However, the photoproduced one-electron oxidized complex, R ~ z ( O ~ C C H ~ ) ~ + ,  is able to 
convert isopropanol to acetone and to efficiently cleave DNA.with h, 5 610 nm. 

Rh2(02CCH3)4(PPh3)2 to dimethyl viologen (MV zp +) and chloro-p-benzoquinone 
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INTRODUCTION 

Photoexcitation of bridged bimetallic d7-d7 and d8-d8 complexes with 
visible light is known to result in the formation of reactive diradical spe- 
cies, schematically shown in Figure l? The homolytic bond cleavage 
resulting in metal-centered radicals is found often in the photochemistry 
of bridged and non-brid ed d7-d7 bimetallic systems, including (Rh"),, 

(Rh')2 systems do not possess a formal metal-metal bond in the ground 
state, light excitation often results in the formation of a partial 
metal-metal bond in the excited state which exhibits diradical properties 
when the two metal centers are held in close proximity by the brid in 

systems has been shown to result in atom abstraction from various sub- 
strates. A background discussion of the reported photophysical proper- 
ties and photochemical transformations observed for various bimetallic 
complexes is presented below. 

Our work focuses on the excited state properties and photoreactivity 
of dirhodium(II) tetraacetates, Rh2(02CCH3)4(L)2. with various axial 
ligands, L (CH30H, H20, PPh3 = triphenylphosphine, py = pyridine, 
THF = temhydrofuran), and related complexes, as well as the explora- 
tion of the potential role of these molecules as anti-tumor agents and in 
photodynamic therapy. Rh2(O2CR),(L)2 complexes have long been 
known? and the structure, bondin and reactivity of the complexes 
have been extensively investigated!:' Dirhodium tetracarboxylates are 
known to catalyze many reactions including cyclopropanation? allcyne 
cyclopropenation,'o C-H insertion," and carbeonid initiated C-C bond 
formation.12 However, these are examples of ground state reactions that 
are not initiated by light. The d7-d' R ~ I ~ ( O ~ C C H ~ ) ~ ( L ) ~  complexes were 
chosen for our initial studies because they are known to bind DNA and 
are insensitive to water and 02. 

(Re)2, (MII)~, and (F? I f  )2 complexes. Although the d*-d8 (Pt11)2 and 

ligands. The radical nature of the excited states of these d7-d7and d 8 0  -d 

Excited State Properties of d7-d7 Bimetallic Complexes 

It has long been known that irradiation of bimetallic d7-d7 complexes 
results in metal-metal bond homolysis, thus producing metal-centered 
mononuclear radicals.'-' Prominent examples include Mn2(C0)lo and 
Re2(CO)lo,'3 which undergo metal-metal bond cleavage upon irradia- 
tion into their d + B* transition in the near -u~. '~ ' '~  Early evidence for 
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Vis hv I 
n 
I Ti7 

,M/ I 

d7-d7 

Vis hv I 
n 

d8-d8 

M = Rh(ll), Pt(lll) M = Rh(l), Pt(l1) 
FIGURE I Schematic representation of the diradical formation in the excited states of 
d7-d7 (left) and ds-ds(ripht) bimetallic complexes 

t h i s  reactivity included the formation of the MnRe(CO)lo cross product 
upon photolysis of mixtures Mn2(C0)1o and Re2(CO)lo as well as the 
ability to tra the photogenerated *M(CO), fragments with various radi- 

utilizing time-resolved techniques, resulting from the photoinduced 
Mn-Mn bond homolysis and CO loss, respectively.’* Similar intermetal- 
lic bond photocleavage is observed for Fe2(Cp),(C0),(~-CO), 
(Cp = v ’ - C ~ H ~ ) , ’ ~  where CO-loss photochemistry also competes with 
metal-metal bond cleavage.20921 In addition, Rh2(CH3CN)1p is a 
recent example of this type of photoreactivity, since irradiation with hi, 
> 435 nm results in the initial formation of *FUI(CH$N)~’+ radicals, 
which were shown to recombine to regenerate the starting material fol- 
lowing several stepsJ2 

In d7-d7 bimetallic systems where bridging ligands are utilized to hold 
the two metals in close proximity, excited states have been observed and 
characterized. Several bridged bimetallic (Rh”), complexes are emis- 
sive and undergo metal-centered diradical reactions upon excitation of 
their do* excited states.” For example, solid samples of 
Rh*(df~ma)~Cl~ (dfpma = bis(difluorophosphino)methylamine) and 

cal traps.l6? P More recently, *Mn(CO)s and Mnz(CO)9 were observed 
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Rh2  { MeN[P(OEt")2]2}3C14 (MeN[P(OEt")2]2 = bis(bis(trifluoro- 
ethoxy)phosphine)methylamine) are emissive a room temperature with 
phosphorescence maxima at 821 nm (z = 250 p) and 819 nm (z = 350 
ps), re~pect ively.~~ This behavior is similar to that observed for bridged 
d7-d'dirhenium complexes, including R;$CO)6(dmpm)2 
[dmpm = bis(dimethy1phosphino) methane)] complex. 

There are also a few examples in the literature of emission and photo- 
reactivity by bridged diplatinum(III) complexes. The pyrophos- 
phite-bridged Pt2(pop)4X2- (pop = H02POP02H2-; X = Cl, Br, SCN) 
systems and Pt2@op)4(py)?- (structures shown in Figure 2a) exhibit 
emission maxima ranging from 685 nm to 754 nm with lifetimes of 15- 
20 ps at 77 K.26 No emission from the complexes was observed at room 
temperature, but a long vibrational progression in the emission of 
Pt2(~p)4Br24- at 5 K with vibrational spacing of 125 cm-' was 
observed. This evidence together with vibrational data led to the conclu- 
sion that the excited state possessed do* character, with a large distor- 
tion along the Pt-Pt bond.26 In addition, the long lifetime of the excited 
state is consistent with intersystem crossing from a triplet excited state 
to the singlet ground state. Halide substitution reactions were shown to 
be accelerated by light in the Pt2(pop)4X24- (X = C1, Br, I) complexes, 
where the observations were best explained by Ptrn-Ptrn bond homoly- 
sis upon do* e ~ c i t a t i o n . ~ ~  It was later discovered that solid tetraphos- 
phate-bridged &(HP04)&2"- (L = C1, Br, n = 4; L = H20. n = 2) 
complexes were emissive at room temperature with maxima at 702 nm, 
678 nm, and 694 nm for L/n = CV4, Br/4, and H20/2, respectively, and 
lifetimes ranging from 330 ns to 700 ns at 298 K and 1.2 ps to 37 ps at 
77 KS2' In addition, diplatinum(III) complexes bridged by sulfates, such 
as Pt2(S04)s(H20),2- and Pt2(S04)4C1;-exhibit weak emission at 694 
nm (z = 450 ns) and 755 nm (z = 290 ns), respectively, at 77 K.29 In 
both types of complexes the luminescence is believed to involve a do* 
excited state. The preparation, electronic absorption, electronic structure 
calculations on Pt2(02CCH3)42+ were reported more re~ently,~' how- 
ever, the complex does not appear to be emissive. 

Photophysical Properties of d8d8 Bimetallic Complexes 

The excited states of various d8-d8 bimetallic systems have also been 
explored, where the most prominent examples are complexes of Rh(I), 
Ir(I), and Pt(II).3'i32 Binuclear Rh(1) and IrU) isocyanide complexes, 
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with round state (do*)2 configuration, possess singlet and triplet 

of Rh2(b)42+ (b = 1,3-diisocyanopropane) and Rh2(TMB),2+ 
(TMB = 2,5-dimethyl-2,5-diisocyanohexane) exhibit fluorescence at 
656 nm and 614 nm, respectively, and phosphorescence at 865 nm and 
-780 nm, re~pect ively.~~ The singlet and triplet excited states of Rh(1) 
and Ir(1) bimetallic complexes were also observed utilizing transient 
absorption  technique^.^^ Furthermore, spectroscopic evidence for the 
shortening of the Rh(I)-Rh(1) bond in the excited state of Rhz(TMB)? 
and Rh (dimen)? (dimen = 1,8-diisocyanomenthane) has been 
reportedj6 consistent with the partial metal-metal bond formation in the 
excited state of d8-d8 bimetallic complexes as shown in Figure 1. 

The luminescent d8-d8 diplatinum(II) complex Pt2@op)44' (structure 
shown in Figure 2a) has been extensively investigated, and its lowest 
excited state with (da*)'@o)'electron configuration has been shown to 
be reactive towards various substrates.32937 Excitation of Pt2(p0p)44- at 
367 nm in water results in fluorescence at 407 nm (z = 40 ps) and phos- 
phorescence at 517 nm (z = 9.8 ps) measured at mom temperature, cor- 
responding to the 'A2u+'A,B and 3A2u+1Alg transitions, 

Excited state emission was also observed for other 
diplatinum(I1) complexes, such as Pt2(CN)&-dppm$z 

@cp = H02PCH2P02H2-).40P' The triplet excited state lifetime of 
Pt2(pcp)44- (z = 55 ns at 298 K) is much shorter than that of Pt2(p0p)44-. 
however, the emission of both complexes is quenched by various alkyl 
and aryl halides, hydrogen atom donors, oxidants, reductants, allcenes, 
and aUcynes.4' 

The long-lived triplet excited state of Pt2@0p)44' has been shown to 
abstract hydrogen atoms from C-H, P-H, Si-H, and Sn-H bonds, where 
the axial Pt2(pop)4H4- intermediate was detected.42 Benzyl alcohol and 
diphenylmethanol undergo hydrogen-atom transfer quenching of the 
pt2(p0p)44- triplet emission with quenching rate constants of 2.0 x 10' 
K's-' and 2.5 x lo6 M-ls-', re~pectively.~~ The hydrogen atom 
abstraction by *Pt2(pop)44- from isopropanol takes place with 
kg = l.0x105 M-'s-', which is the initial step in the catalytic conversion 
of isopropanol to acetone and H2!1.43 The mechanism for this photocat- 
alytic conversion is shown in Figure2b. The catalytic a-hydrogen 
abstraction reactivity by *Pt2@op)44- will later be compared to that 
observed by us for Rh,(02CCH3),. Similar conversion of 1 -phenyletha- 

(do*) P (pa)' excited states.3o933 Room temperature acetonitrile solutions 

(dppm = bis(dipheny1-phosphinomethane) and R2@cP)4 
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Pt2(PoP)4H24- - @?(P0Ph4- + H2 

Pt2(POP)4b4- + H30' - m2(POP)4(H20)22- + 2 H2 

FIGURE 2 (a) Molecular structures of Pt2@0p)4X,4 and R ~ @ 0 p ) 4 ~ .  Mechanism for the 
(a) photocatalytic conversion of isopropanol to.acetone (see references 4143) and 
(b) DNA photocleavage (see references 44-46) by R Z ( P O P ) ~ ~  
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no1 to acetophenone involving hydrogen abstraction by the triplet 
excited state of Pt2(pop)44- was also reported.44 In addition to the effi- 
cient quenching of the Pt2@op)2' triplet excited state by alkyl and aryl 
halides, *Pt2(p0p)$- was recently reported to undergo excited state hal- 
ogen atom transfer from halogenated anionic complexes of the type 
Co(CN)5X3- (X = C1, Br, I, N ) via a reductive mechanism, resulting in 
the formation of Pt2(p0~)4X2 . 

Furthermore, hydrogen abstraction from the DNA backbone upon 
photoexcitation of Pt2(pop)2- was reported, which results in DNA 
photocleavage.44 The reaction with calf-thymus DNA proceeds via 
hydrogen atom abstraction, with the formation of Pt2(~p)4H4- and 
F't2@0~)4H24-, where the latter reacts with H30+ to form the observed 
diplatinum(III) Pt2@0)4(H20),2- complex and H2 (schematically 
shown in Figure2c). The cleavage of duplex DNA by the triplet 
excited state of Pt2@0p)2- is not enhanced by piperidine treatment, 
consistent with hydrogen abstraction rather than with a mechanism 
involving guanine oxidation.47 In model systems, it was shown that the 
complex reacts with nucleic acids and nucleotides through 4'- and 
5'-hydrogen abstraction from the deoxyribose backbone.44 However, 
the overall negative charge of the complex precludes it from binding to 
the double helix slowing the bimolecular rate of photocleavage (k - 
~ O ~ - ~ O ~ M - ~ S - * ) ,  thus making the process inefficient. 

2 45 

THERMAL AND LIGHT ACTIVATION OF ANTITUMOR AGENTS 

Photodynamic Therapy Mediated by '0, 

Photodynamic therapy (PDT) has received a great deal of attention 
recently owin to the ability of the technique to target tumor tissue 

or injected intravenously it localizes in tumor tissue, and it can be pho- 
toactivated with visible light. This procedure results in the selective 
death of cancerous cells without affecting normal tissue. Some of the 
molecules utilized in PDT studies, pre-clinical trials, and current treat- 
ments include derivatives of metallated (Zn, Al) and free-base porphy- 
rins, chlorins, benzopovhyrins, and phthal~cyanins!~~~~ In addition, 
Photo&@ is a mixture that contains hematoporphyrin and hematopor- 

selectively!*- 4 After a nontoxic and inactive drug is applied. topically 
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phyrin derivative that has been recently approved by the U.S. Food and 
h g  Administration for the treatment of advanced esophageal and early 
lung can~er.’~ However, a critical limitation of Photofrin@ is its reten- 
tion by the skin for several weeks following treatment causing persistent 
cutaneous photo~ensit ivity.~~”~ 

Oxygen plays a key role in photodynamic therapy. Photoactivation of 
the drugs in the presence of oxygen results in reactive species, largely 
believed to be lo2 (singlet oxygen), although superoxide and hydroxyl 
radicals may also play a role in the photochemistry. The initial excita- 
tion of the photosensitizer drug produces its short-lived singlet state (Z - 
1-12 ns), which quickly deactivates to the long-lived triplet excited 
state ( 3 7 c ~ * )  with typical lifetimes in the microsecond to millisecond 
t i m e ~ c a l e ? ~ ~ ~  Energy transfer from this 3m* state to ground-state 3O 

53-5z results in the formation of the lowest excited state of oxygen, ‘02. 
As long as oxygen is available within the cell, ‘02 generated by the pho- 
toactivated drugs can cause oxidative damage to biomolecules including 
proteins, nucleic acids, and membrane lipids.42 One particular drawback 
of the systems derived from poxphyrins and phthalocyanins is that in the 
absence of oxygen the excited states themselves are not reactive. There- 
fore, when the oxygen in the vicinity of the photosensitizer is consumed, 
the drug becomes inactive until 0 2  can diffuse once again into the cell 
or reactive 

Enediyne Drugs 

Calicheamicin, esperamicin, and dynamicin are examples of potent anti- 
tumor antibiotics currently used for the treatment of various cance r~ . ’~  
58 The structures of some individual members of each of these families 
of drugs are shown in Figure 3a. The success of these complex mole- 
cules is attributed to the presence of the enediyne functionality, found in 
common in these drugs. The mode of action of the enediyne moiety is 
centered on its ability to undergo the Bergman cycloaromatization 
(Figure 3b).5942 As shown in Figure 3b, a diradical species is formed 
as an intermediate in the cyclization. This intermediate is crucial in the 
ability of the molecules to simultaneously abstract hydrogen atoms from 
each deoxyribose strand when the drugs are bound to DNA.5M6 The 
activation of these enediyne antibiotics can be thermal or chemical. In 
Dynemicin A (Figure 3b), for example, bioreduction triggers the Berg- 
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HO 

H-atom 
Abstraction 

DNA 
Cleavage H Enediyne 

FIGURE 3 (a) Molecular structures of various enediyne antitumor drugs and @) Ekrgman 
cyclization of the enediyne functionality through a diradical intermediate 

man cycloaromatization. The Bergman cycloaromatization in 
drug-duplex adducts results in a double-strand cut that ultimately leads 
to cell death.5667 Similar DNA cleavage is also known for the related 
antibiotic neocarzinostatin, where chemical activation also results in the 
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formation of a diradical In addition, many thermally 
or chemically activated synthetic diradical-fonning enediyne mimics 
have been ex lored, however, it is difficult to control the activation in 
these drugs?g72 The use of low energy photons presents an alternative 
means to activate the drugs, which can be easily controlled. 

Photoactivated Enediyne Analogs 

Photoinitiation of the Bergman cycloaromatization can provide a means 
to “turn on” the DNA cleavage and antitumor activity through sole irra- 
diation of affected areas and tumors. Photoinduced diradical formation 
can be attained upon direct excitation of enediynes, but re uires the uti- 

chemical reaction is further complicated by the competing thermal 
cyclization and the possible activation in vivo by bioreductive agents?3 
There have been several reports by various researchers on other pho- 
toinitiated diradical-forming organic reagents that could be utilized as 
photodynamic therapy agents.7M1 Unfortunately these organic pho- 
toreagents also require uv or near-uv excitation (kXc I 4 5 0  ~ u n ) . ~ ~ ’  It 
is well known that for useful tissue penetration of the radiation Q 600 
nm is required, where irradiation at 630 nm and 690 nm result in tissue 
penetration of approximately 0.5 cm and 1 cm, respectively!8 There- 
fore, in the exploration of new molecules it is desirable that the excited 
state leading to the reactive intermediates, such as diradicals, be 
accessed with he,, > 600 nm. 
Our interest in the excited state reactions of the d7-d7 and d8-d8 bme- 

taUic systems arises from their reactive diradical excited states and their 
ability to absorb low-energy photons. These complexes could poten- 
tially be used in photodynamic therapy for the treatment of cancerous 
cells without the need for the production of ’02, where photoactivation 
of the complex selectively delivered to the carcinoma can result in dam- 
age that can ultimately lead to cell death. The diradical excited states of 
the d7-d7 and d8-d8 bimetallic complexes could, in principle, parallel the 
mode of action of the enediyne family of antitumor agents. Thus these 
complexes could represent a photoactivated form of enediyne analogs. 
For the bimetallic complexes to be useful in these studies, they must not 
be sensitive to water or oxygen. This requirement precludes the use of 
the diphosphine-bridged systems discussed above. 

lization of damaging ultraviolet (uv) and near-uv light.73- s The photo- 
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FIGURE 4 Molecular structunx of Rh2(02CCH3)4(L)2 complexes 

DIRHODIUM TETRAACETATES 

DNA Binding and Model Systems 

The d7-d7 Rh,(02CCH3)4 complex (structure shown in Figure4) is 
known to bind duplex DNA and to inhibit DNA replication.82 In addi- 
tion, the related Rh2(02CR)2(N-N)22+ (R = PhCH(OH), CH3CH(OH); 
N-N = 1 ,lo-phenanthroline, 2,2'-bipyridine) systems have recently been 
shown to act as antibacterial a ents and to exhibit cytostatic activity 
against human oral carcinoma.8' Various model systems of the binding 
of nucleic acids to the Rh(02CCH3)4 core have been recently synthe- 
sized and crystallographically characterized, where com lexes possess- 
ing both axial and bridging nucleobases were isolated. Substituted 
adenines and adenosines typically bind Rh2(02CCH3), as axial ligands, 
whereas guanines have been shown to coordinate as bridging ligands 
across the rhodium-rhodium bond when reacted with 
m2(02CCH3)2(CH3CN)6 2+ * 86987 In addition, R~I,(O,CCH~)~ 
(CH3CN)62+ was recently shown to bind as dirhodium bis-acetate units 
to GG and AA sites on single-stranded oligonucleotides.88 The direct 
reaction of IUI(O~CCH~)~(L)~ and related tetracarboxylate dirhodium 
complexes themselves with adenine and adenosine result in the forma- 
tion of the axially-coordinated complex. To obtain bridging coordina- 
tion of nucleic acids, replacement of two of the bridging carboxylates in 

88.85 

403 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Rh(02CCH3)4, such as in Rh2(02CCH3)2(CH3CN);+, is necessary 
prior to the reaction with the nucleobases, nucleotides, or nucleosides. 

Although model complexes derived from the Rh(02CCH3), core have 
been prepared and characterized with nucleic acids in the ligation 
sphere, as well as adducts with single-stranded oligonucleotides, the 
mode of binding of the R.II(O~CCH~)~ complexes to the double helical 
DNA remains unclear. 

Electronic Structure 

Long-lived excited states have not been previously reported by others 
for the dirhodium(II) tetracarboxylates, although there have been 
numerous experimental and theoretical reports on the electronic struc- 
ture of these complexes. 

Prior studies have demonstrated that variation of the axial ligands, L, 
can lead to dramatic sfufts in the peaks of the electronic absorption spec- 
tra of the Rh2(02CR)4(L)2 The absorption spectra of 
Rh2(O2CCH3),(CH3OH)2 and ~ U I ~ ( O ~ C C H ~ ) ~ ( F P ~ ~ ) ~  are shown in 
Figure 5.93 The spectra were interpreted with the aid of electronic struc- 
ture calculations on the complexes, which indicate significant mixing 
between the axial Rh-L CT interactions and the Rh-Rh (T and (T* molecu- 
lar orbitals (MOs), as well as mixing between the low-lying carboxylate 
K and x* systems and the metal-centered MOs of the Rh2(II,II) bimetal- 
lic core.94795 Ground-state IR and resonance Raman spectroscopic stud- 
ies have also been utilized to gain insight into the electronic structure of 
the Rh,(O2CR)4(L)2 complexes.% Assignment of the lowest energy 
transition as RhRh A* to RhRh (T* has been made for all the 
Rh2(02CCH3)4(L)2 complexes, independent of the axial ligand, L. 
Emission from these complexes has not been reported by others or 
detected by us. 

The calculated molecular orbital energy ordering of the metal-cen- 
tered orbitals in Rh (0 CCH3), with no axial ligands is shown in the 
center of Figure 6. 94?959m The symmetric and antisymmetric linear com- 
binations of the axial ligand lone pair orbitals, and Q2, are of the 
appropriate symmetry to interact with the RhRh (5 and RhRh 6* MOs of 
the Rh,(O2CCH3), core, where the changes in the orbital energies as a 
function of axial coordination by H20 and PPh3 are depicted in 
Figure 6. As shown in Figure 6, calculations predict that axial coordina- 
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h/nm 

FIGURE 5 Ground state electronic absorption spectra of (a) Rhz(02CCH3)4(CH30H)2 
and (b) Rh2(02CCH3)4(Pph3)z in CH30H 

tion would not affect the energy of the 6' HOMO (highest occupied 
molecular orbital) significantly?4195 but that in Rh2(02CCH3)4(PPh3)2 
(where PH3 was used in the calculations) the HOMO would have 
mostly Rh-P (phosphorous lone pair) character in Figure 6).94 The 
difference in energy of the H20 and PPh3 lone pairs results in a greater 
interaction oft$* with RhRh (T in the former and of with RhRh CT* in 
the latter (see Figure 6).94*95 

Following these theoretical predictions, EPR experiments on the 
one-electron oxidized [Rh2(02CCH3),(PPh3),]+ showed that indeed the 
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SOMO (singly occupied molecular orbital) in the cation is Rh-P o?* In 
contrast, EPR spectra of [Rh2(02CCH3)4(H20)2]+ were consistent with 
the odd electron residing in a n* orbital.99 This finding was inconsistent 
with the earlier electronic structure calculation shown in Figure 6 for the 
L = H20 complex, however, the calculations predict that the 6" and x* 
orbitals are close in energy.s96 From the EPR spectra, crystal structure 
data, electrachemical measurements, and recent electronic structure cal- 
culations on a large number of f i~ (B)4 (L)~+  (B = bridging ligand, 
L = axial ligand) systems and their neutral precursors a picture of the 
factors that govern the orbital ordering in these systems has emerged. A 
summary of the electron cod1 uration of the bridged Rh2(B)4(L)2+ 
complexes is shown in Figure 7. foci 

I 
[Rh2@)4&)21+ complex Electron Configuration 

(1) Strong o-donating axial ligand, L 
B = earbo~yhkr, a 62 lt+4 6**d 
L i: phosphineS, phosphitcs 

(2) x-Donating bridging ligands, B 

or o-mfnopyrldines 
B = anions of pmldes, amldines, o-hydroxy- 

(3) Weakly mDonating bridging ligands, B, 

az n4 6%*4 ti*' 

and weakly o-donating axial ligand, L 
B = carbolylates, ~ ~ l f e t e  
L = water, THF, dchob, acetone, 

02 lc4 ti2 6t2 n*3 

nltriles, doride 

FIGURE 7 Electron configurations of various known [Rh2(B)2(L)# complexes 

Excited State Properties and Energy Transfer 

The Rh (02CCH3), complexes were prepared by reported meth- 
o d ~ ? ~ ~  &' and the instrumentation used has been previously 
described.'" No emission was observed from methanol solutions of 

' Rh2(02CCH3)4(L)2 (L = CH,OH, PPh,. py) in the 500 nm to 1,100 nm 
spectral region at room temperature, and at 77 K in methanol or as a 
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solid between 500 and 850 nm. To our knowledge, there have been no 
previous reports of emission from Rh2(O2CCH,),. 

Although the Rh2(02CCH3), complexes do not emit light, upon exci- 
tation with a short laser pulse a transient absorption signal is observed 
on the microsecond timescale. Figure 8 presents the transient absorption 
spectrum of Rh2(02CCH3),(PPh3)2 in CH30H collected -500 ns fol- 
lowing the 532 nm (FWHM -10 ns, 5 mJ/pulse) excitation laser pulse, 
similar to that obtained with 355 nm excitation. The return of the tran- 
sient signal at -760 nm to the baseline (AOD = 0) could be fit to a 
monoexponential decay with lifetime of 5.0 ps. Similar spectral profiles 
with a peak at -760 nm were collected for Rh2(02CCH3)4(CH30H)2 in 
CH30H (T = 4.4 ps) and in CH2C12 (T = 4.6 ps). The transient absorp- 
tion spectra of the FUI~(O~CCH,)~(L), (L=THF, py) complexes in 
methanol exhibit similar spectral profiles to that shown in Figure 8 with 
monoexponential lifetimes of 3.5 p and 4.8 ps, respectively, measured 
at 760 nm. The decay of the transient spectrum of each species in a 
given solvent is independent of probe wavelength in the 300 nm to 
850 nm range. Based on the decay of the absorption at 760 nm, the life- 
time of €UI~(O~CCH~)~(CH~OH),  in methanol is independent of the 
concentration of rhodium complex (60 pM to 600 pM) and excitation 
pulse energy (6 mT/pulse to 16 &/pulse). 

The results described above provide some evidence as to the identity of 
the observed transient. Many transient species observed upon excitation 
of metal complexes are known to be due to the loss of a ligand.lV3 Photo- 
chemical loss of an axial ligand in the complexes can be ruled out, since 
the use of CH30H or CH2C12 as solvents has essentially no effect on the 
decay kinetics of Rh2(02CCH3)4(CH30H)2. Additionally, the spectra 
and decay characteristics of Rh2(02CCH3)4(L)2 (L = THF, py, PPh3) 
complexes are very similar to that of the complex with L = CH30H in 
methanol, although THF, py, and PPh, are significantly less labile than 
CH30H.lo2 The possibility that the transient arises from the loss of one 
or more acetate ligands or from the conversion of a bridging acetate to a 
q’-chelating ligand at a single Rh(II) center has also been ruled out 
because the addition of a large excess (0.6 M) of NaQCCH, to a metha- 
nol solution of 100 pM RII~(O~CCH,)~(CH~OH)~ does not change the 
decay kinetics of the transient. 

The transient absorption spectrum of each of the complexes in the 
series Rh2(02CCH3)4(L)2 (L = CH30H, THF, py, PPh3) exhibits a peak 
with a maximum in the 750 nm to 760 nm spectral region, and strong 
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0.05 

0.00 

h/nm 
FIGURE 8 Transient absorption specmm of 300 ph4 Rh,(O,CCH,),(PPh& in CH,OH 
collected 500 ns afm excitation (kXc = 532 nm, -10 mJ/pulse) 
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absorption at k c 400 nm, as shown in Figure 8 for the complex with 
L = PPh,. It is interesting to note that the absorption spectra of the oxi- 
dized Rh2(02CCH3)4(L)2+ dinuclear complexes possess a peak at 755 
nm (e = 249 W'cm-') for L = H20 and 775 nm (e =187 M-' cm-') for 
L = CH30H.95b9'00 However, in Rh2(02CCH3)4(PPh3)2+ this peak 
shifts to 538 inconsistent with the transient signal arising from 
the cation formed upon photoexcitation. In addition, the decay kinetics 
of the transient at 760 nm are monoexponential, the lifetime of the tran- 
sient is independent of initial concentration of Rh2(II,II) complex, of 
laser light intensity, and of solvent (CH2C12 and CH30H), all of which 
would be expected to affect the recombination kinetics of the oxidized 
Rh2(II,III) complex with the solvated electron or other species in solu- 
tion. 

Unequivocal evidence for the formation of an excited state of the 
Rh2(02CCH3)4(L)2 complexes upon excitation is imparted by the 
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observed energy transfer from *F&2(02CCH3)4(PPh3)2 to the 3 x ~ *  of 
organic acce tors ossessing various excited state energies. Upon exci- 
tation of Rh2(02CCH3)4(PPh3)2 in the presence of tetracene 
(EQ,$~xx*) = 1.24 eV)Io3 with 532 nm, the spectrum of the 3m* excited 
state of tetracene is observed with its characteristic millisecond lifetime 
(Figure 9a). Excitation of tetracene alone with 532 nm does not result in 
the production of its triplet excited state, however, it can easily be gen- 
erated with 355 nm excitation (Figure9b). Energy transfer was also 
observed from *Rh2(02CCH3)4(PPh3)2 to gerylene (&(3xx*) = 1.30 
eV)'03v'04 and to O2 (&$'Ag) = 1.0 eV)' in methanol, but not to 
diphenylanthracene (%( X K * )  = 1.77 eV)'03i'06 or phenothiazine 
(&(3xx*) = 2.62 eV).' ,Io7 

Since the photoinduced formation of ground state transient intermedi- 
ates can be ruled out, we believe that the observed transient arises from 
an excited state of the complex. Although a precise assignment of the 
electronic transitions observed in the spectrum of the excited state can- 
not be made at this time, some important points are discussed below. As 
described earlier, the energies of the Rh-Rh a and a *  orbitals are pro- 
foundly affected by the a-donor ability of the axial ligands, which result 
in ( x * ) ~  and (apph3)' electron configurations for the oxidized 
~UI,(O,CCH,)~(L)~+ complexes with H20 and PPh3 axial ligands, L, 
respectively. Notably, the transient spectra and lifetimes of the 
Rh2(02CCH3),(L), (L = CH30H, py, PPh3, THF) systems are relatively 
invariant to the choice of axial ligand. This observation allows us to rule 
out the participation of the Rh-Rh (3 and a *  orbitals in the transitions of 
the excited state transient species. The lowest energy absorption of the 
Rh2(02CCH3)4(L)2 (L = H20, CH30H, PPh3) complexes has been 
assigned to the allowed x* (eg) -+ a*  (a2") transition, thus initially cre- 
ating a hole in the A* orbital upon excitation. The transitions in the 
excited state of the complex may arise from metal-centered orbitals with 
x or 6 parentage or acetate MOs to x*,  both of which are expected to be 
relatively independent of the axial ligands. The detailed assignment of 
the observed excited states is currently under investigation. 

P P  

Photoinduced Electron Transfer 

As shown in Figure 10, electron transfer to 4,4'-dimethyl viologen 
(MV2+) is observed upon 532 nm excitation of Rh2(02CCH3)4(PPh3), 
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0.006 

0.004 

Q 
0 
Q 

0.002 

O.OO0 

0.040 

8 
Q 

0.020 

O.OO0 

400 500 600 700 800 

hlnm 
FIGURE 9 Transient absorption spectra of (a) 800 pM Rh2(02CCH3)4(PPh& with 
200 pM tetracene in CH30H collected 11 ps after excitation (hex, = 532 nm, 10 mJ/pulse) 
and (b) 200 pM tetracene in CH30H collected 40 p after excitation (kXc = 355 nm, 
5 mJ/pulse) 

in methanol, where the absorption peaks of MVc' at 395 nm and 605 nm 
are observed in transient spectrum.'08 In addition, the broad spectral 
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feature at -540 nm can be assi ned to the one electron oxidized com- 
plex, Rh2(02CCH3),(PPh3h+.9k Stem-Volmer plots of zdz vs [MV2+], 
where zo and '5 are the lifetimes of the *Rh2(02CCH3)4(PPh3)2 transient 
monitored at 760 nm in the absence and presence of quencher, respec- 
tively, result in a quenching rate constant, $ of 8.0 x lo6 W's-'. Simi- 
larly, the oxidative quenching of the * R ~ Z ( O $ C H ~ ) ~ ( P P ~ ~ ) ~  transient 
by chloro-p-benzaquinone (Cl-BQ; Eln(Ao'-) = -0.10 vs NHEi)lW in 
methanol proceeds with % = 1.2 x lo6 W's-'. Oxidative quenching of 
*Rh2(02CCH3)4(PPh3)2 was also observed in the presence of Ag+ 
(% = 5.0 x lo7 W's-'). In contrast, no electron transfer quenching of 
the *Rh (02CCH3)4(PPh3)2 transient b 9,lO-diphenylanthracene 
(EllZ(D+j) = +1.46 V vs NHE)" or phenothiazine 
(Elr2<D+/4 = 4 . 4 5  V vs NHE)"' was observed following 532 nm 
excitation. 

'0. .om*..., 
' 0  

- ..' 
0' 

I I I I 

a 0.025 

nn-n L 

0.OOO 

h l n m  

HGURE 10 Transient abso tion spectrum of 300 pM Rhz(OzCCH3),(PPh3)2 in CH30H 
in  the presence of 5 mM M?' -2BF; (kXc = 532 nm, 10 mJ/pulse). collected 3.5 p afkr 
excitation 
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Usin the oxidation potential of Rh2(02CCH3)4(PPh3)2 (+0.88 V vs 

value of E& 2 1.34 eV can be estimated for the dirhodium complex. The 
energy and electron transfer experiments place the excited state energy 
of ~ U I ~ ( O ~ C C H ~ ) ~ ( P P ~ ~ ) ~  between 1.34 eV and 1.77 eV. 

NHE) *% and the reduction potential of MV2+ (-0.46 V vs NHE),'O* a 

Solution Photochemistry 

No overall photochemistry was observed for Rh2(02CCH3)4(PPh3)2 in 
methanol either in the presence or absence of electron acceptors. The 
electron transfer reactions described above are reversible, where the 
back electron transfer regenerates the ground state 
IUI,(O,CCH~)~(PP~~)~ complex. In contrast, when methanol solutions 
of Rh2(02CCH-J4(CH30H)2 were utilized in the quenching experi- 
ments with the electron acceptors described above, irreversible photo- 
chemistry took place. No chemical reactions were observed under same 
conditions in the dark or upon irradiation in methanol in the absence of 
electron acceptors. Photolysis of Rh2(02CCH3)4(CH30H)2 with visible 
light, A.& 515 nm, in methanol in the presence of electron acceptors 
resulted in the formation of an insoluble black solid and in changes in 
the visible absorption spectrum of the solution. This photochemical 
reaction in the presence of electron acceptors was also observed when 
ethanol (EtOH) and isopropanol (i-PrOH) were used as solvents, but not 
in t-butylalcohol (1-BuOH) or DME This solvent dependence of the 
reactivity will be discussed later in this section. 

The solid produced in these photochemical reactions of 
Rh2(O2CCH3)4(CH3OH)2 was isolated by fdtration and X P S  spectra 
were recorded. The XI'S spectra of the solids collected from the reac- 
tions in MeOH and EtOH are consistent with the formation of a Rh(0) 
carbonyl cluster in the former and rhodium metal in the latter. The 
changes in the absorption spectrum of the solution are due to the forma- 
tion of a Rh(W monomeric species. Upon addition of excess phen 
(1 ,lo-phenanthroline) to the filtered solutions, the R h ( ~ h e n ) ~ ~ +  complex 
is formed. This photoreactivity observed in the presence of electron 
acceptors is similar to that reported for the chemical oxidation of 
Rh2(02CCH3)4(CH30H) by HCl(g) in methanol, where Rh(s) and 
Rh@) were In contrast, when the oxidation of 
Rh,(02CCH3)4(CH30H)2 by HCl(g) is undertaken in ether, only the 

413 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



oxidized RhC12- product is observed along with H2(g).'12 In addition, 
it was reported that the one-electron electrochemical oxidation of 
RI I~ (O~CCH~)~(H 0 + led to the formation of the original dimer and 
mononuclear Rh(&!"3 A possible mechanism for these results is the 
dissociation of the oxidized Rh2(II,III)+ complex into a stable Rh(1II) 
complex and a *Rh(II) mononuclear radical. The *Rh(II) monomers can 
combine to regenerate the dinuclear Rh2(II,II) complex, however, in the 
presence of reducing agents, such as methanol, the *Rh(II) radical can 
be reduced to Rh(I), ultimately resulting in the formation of Rh(s). It 
should be pointed out that in pulse radiolysis experiments where Rh(II) 
mononuclear radicals were formed, it was found that slow ligand loss 
was accompanied by a rapid reduction of the metal to a stable Rh(1) 
complex in the presence of reducing agents.'I4 

In order to further understand the mechanistic aspects of the observed 
photoreactivity, we prepared the Rh(II,II) complex Rh2(CH3CN)'? 
and the Rh(1) monomer Rh(CH,CN)4+ by methods previously 
reported.22 Photolysis of Rh2(CH3CN)lo4+ with visible light in CH3CN 
results in the initial formation of two *RhU(CH3CN) 2+ radical frag- 
ments following the homolytic Rh-Rh bond cleavagej2 It was shown 
that in acetonitrile the starting material is recovered after -2 hrs.22 In 
contrast, when the Rh2(CH3CN)lo4+ complex is photolyzed (31, > 435 
nm) in methanol, the formation of Rh(0) is observed. This reaction does 
not take place in the dark. Similarly, irradiation of the Rh(1) complex 
Rh(CH3O4+ with visible light in methanol results in the production of 
Rh(s), whereas no reactivity is observed in the dark. These findings 
show that the stable Rh(1) complexes lead to the formation Rh(s) when 
irradiated in the presence a reducing agent such as methanol. The Rh(II) 
mononuclear radicals initially produced upon photolysis of 
Rh2(CH3CN)lo4+ are likely to form the Rh(1) species in the presence of 
methanol, which can be further photolyzed to produce Rh(s). If the 
pulse radiolysis data is utilized as a guide, it may be postulated that the 
conversion of Rh(II) radicals to &(I) complex is not light activated. 

Although the mononuclear Rh(III) complexes and Rh(s) are the final 
products, clearly the alcohol used as solvent plays a role in the reactiv- 
ity. As shown in Figure 11, the 'H NMR spectra of benzene-& solutions 
of 40 pM Rh2(02CCH3)4(CH30H)2 in the presence of 200 pM Ag'as 
an electron acceptor and 8 mM i-PrOH results in the photocatalytic pro- 
duction of acetone (31, > 515 nm). Although some acetone is already 
present in the t = 0 spectrum, we found that this was due to room light. 
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i-PrOH Only 

till = 0 (1.0) (2.7) 
Benzene (43.2) A 

1 1 ~ 1 1 1 1 ~ 1 1 1 1 ~ 1 1 1 1 ~ 1 1  

tim = 1 hr (I .o) (5.3) 
Benzene (40.6) 

(6.7) Benzene tin = (50.4) 2 hrs Vl (1.0) 

2.20 2.00 1.80 1.60 

PPm 
FIGURE 11 'H NMR spectra (400 MHZ) collected at various times, t, during the photoly- 
sis (h, 2 515 MI) of 40 pM Rh2(02CCH3),(CH,0Hh in the presence of 200 ph4 Ag' as 
electron acceptor and 8 mM i-ROH in benzene-d6 as solvent (see text) 

When the sample is kept completely in the dark, only a very small 
amount of acetone is observed (integrations of 1.0 and 0.2 for the 
IUI(O~CCH~)~ and acetone protons, respectively), which does not 
change when left in the dark for 2 hrs. A comparison of the integration 
of the acetate protons in R ~ z ( O , C C H ~ ) ~  with those of acetone in 
Figure 11 reveals that -14-fold molar excess of acetone is produced 
after irradiation for 2 hrs, therefore, the conversion is catalytic. In these 
experiments the benzene protons from the solvent are used as an internal 
integration standard to monitor decomposition of the rhodium complex. 
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These values are shown in Figure 11, where the ben- 
zene ratio does not change within experimental error. 

The catalytic production of acetone from isopropanol by 
R h ~ ( 0 2 c C H ~ ) ~  in the presence of electron acceptors under irradiation 
with visible light likely proceeds via the photoinduced formation of the 
one electron oxidized R ~ I ~ ( O ~ C C H ~ ) ~ +  complex. We prepared 
Rh,(02CCH3)4+ independently through bulk electrolysis, followed by 
isolation and purification. The 'H NMR spectra of a benzene-& solution 
of 200 p M  I U I ~ ( O ~ C C H ~ ) ~ +  in the presence of 2 mM i-PrOH results in the 
quantitative formation of acetone relative to the starting Rh, complex. 

It is proposed that the mechanism of conversion of i-PrOH to acetone 
by Rh2(02CCH3)4+ parallels that reported for *Pt2(pop)44- discussed 
earlier and shown in Figure 2b.4',43 In this system, the radical excited 
state of the diplatinum complex is able to abstract a-hydrogen atoms 
from alcohols, including isopropanol, thus forming the axially coordi- 
nated hydride Pt2(pop)4H4- intermediate. In the reactivity of the 
Rh2(02CCH3)4+ complexes presented here, a labile axial ligand is nec- 
essary for the conversion of i-PrOH to acetone. 

From our observations presented above and the evidence reported in 
the literature a tentative mechanism for the photoreactivity of the 
Rh2(02CCH3)4 complexes can be proposed. Rh2(02CCH3)4+ is formed 
from the long-lived *Rh2(02CCH3)4 excited state in the presence of 
electron acceptors and it is able to quantitatively convert i-PrOH to ace- 
tone, regenerating the ground state Rh2(02CCH3)4 starting material, 
which can then absorb another photon to continue the cycle. The 
observed RhflII) mononuclear species and the Rh(s) may be due to the 
formation of Rh(III) and Rh(Il) monomers as a decomposition product 
of Rh2(02CCH3)4+. As discussed above, the Rh(II) radical can react 
with methanol to form a Rh(1) complex, and the latter can be photoex- 
cited in methanol to form Rh(s). In this scheme, the decomposition of 
R ~ ~ ( O Z C C H ~ ) ~ +  into the monomer species represents the termination of 
the catalytic cycle. Further studies designed to elucidate the mechanism 
of the conversion of i-PrOH to acetone by R ~ z ( O ~ C C H ~ ) ~ +  are currently 
underway. 
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FIGURE 12 Changes in the absorption at 350 nm observed as a function of time upon the 
addition of RII~(O~CCH,),(L)~ from a methanol stock solution to water with CH,OH and 
THF axial ligands, L 

DNA Photocleavage 

Our interest in elucidating the hydrogen abstraction mechanism by 
Rh2(02CCH3),+ in solution was driven by our observations of DNA 
photocleavage by Rh2(02CCH3),(L)2+ (L = CH30H, H20). It should 
be pointed out that no DNA photocleavage was observed for complexes 
with non-labile axial ligands, such as py and PPh3. In addition, the 
photocleavage of duplex DNA by Rh2(02CCH3)4(THF)2 was only 
observed if the complex was left in either water or the solution contain- 
ing plasmid and buffer for -30 min prior to irradiation. The changes in 
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FIGURE 13 Imaged agarose gels showing the photocleavage of 100 pM pUCt8 plasmid 
( 5  mM Tris buffer, pH = 7.5) by Rh, (Rh, = Rh2(0,CCH3),(CH30H)2) in the presence of 
(a) 2 mM py', 40 pM Rh,, 10 min irradiation, hi, 5 395 nm and (b) 20 m M  AQZ-, 25 mM 
Rhl,  15 niin irradiation, a,,, 2 450 nm. (a) Lane I: plasmid only, dark; Lane 2: plasmid 
only, irradiated; Lane 3: plasmid + Rh,, irradiated; Lane 4: plasmid + py' irradiated; Lane 
5:  plasmid + Rh2 + py', dark; Lane 6: plasmid + Rh, + py', irradiated. (b) Lane 1: plas- 
mid only, dark; Lane 2: plasmid + Rh, + AQ2-, dark Lane 3: plasmid + AQz-, irradiated; 
Lane 4: plasmid + Rh, + AQ2-, irradiated 
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the electronic absorption of the complex and 'H NMR studies have 
shown that it takes -20 min for complete exchange of the THF axial lig- 
ands with either H20 or AMP (adenosine monophosphate). This 
exchange with water is shown in Figure 12, where the aqua-ligated 
complex Rh2(02CCH3)4(H20)2 absorbs more strongly at 350 nm than 
Rh2(02CCE13)4(THF)2. For comparison, the same study is plotted for 
I U I ~ ( O ~ C C H ~ ) ~ ( C H ~ O H ) ~  in the same graph (Figure 12), where metha- 
nol is known to exchange rapidly with water (faster than the first meas- 
~ r e m e n t ) . ~ ' ~ ~  These results are important because they point at the 
necessity of a labile axial ligand for the DNA cleavage to take place. 
Since the complexes with non-labile axial ligands do not result in DNA 
cleavage, the following studies have been performed with 
Rh,(02CCH3)4(CH30H)2 and will be referred to as Rh2 throughout the 
discussion to follow. 

Agarose gel electrophoresis shows that photoproduced 
Rh2(02CCH3)4+ is able to efficiently cleave double stranded DNA. The 
results of the trans-illuminated ethidium bromide stained agarose gel are 
shown in Figure 13 for the irradiation of Rh, and 100 p,M (bases) of 
supercoiled plasmid pUC18 (5 mM Tris, pH = 7.5) with visible light in 
the presence of 20 mM anionic 1,8-antraquinone disulfonate (AQ2-; him 
> 455 nm) and 2 mM cationic 3-cyano-l-metylpyridinium (py'; hi, > 
395 nm) electron acceptors. DNA cleavage is not observed if the solu- 
tion is kept in the dark or upon irradiation of the Rh, complex alone 
with plasmid. Similar results were observed when 200 pM Ag' and 200 
FM Fe3+ were utilized as the electron acceptors. 

As discussed earlier, an important aspect of photodynamic therapy is 
for the potential drugs to absorb and react with hi, 2 600 nm, where 
penetration of the radiation through the tissue is possible. Figure 14 
shows the wavelength dependence of the DNA photocleavage by 2.5 
pM Rh, and 100 pM plasmid in air (5 mM Tris, pH = 7.5) utilizing 2 
mM py' as the electron acceptor. The irradiation wavelength was con- 
trolled by placing colored high-pass filters in front of the 150 W Xe arc 
lamp used in the photolysis. It is evident from Figure 14 that the cleav- 
age remains efficient up through hi, 2 590 nm, and a significant amount 
of cleavage is also observed for hi, 2 610 nm. No photocleavage is evi- 
dent at hi, 2 630 nm. 

The future design of (Rh"), systems will focus on complexes that will 
be able to cleave DNA from their excited state directly through a radical 
mechanism. In addition, we will prepare complexes with DNA-binding 
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FIGURE 14 Imaged agarose gel showing the photocleavage of 100 pM pUC18 plasmid 
(5 mM Tris buffer, pH = 7.5) by 40 p M  Rh2(02CCH3),(CH30Hh in the presence of 
5 mM py' as a function of irradiation wavelength. Lane 1: plasmid only, dark, Lanes 2 - 
6: plasmid + Rh2(02CCH3)4(CH30H)2 photolyzed for 10 min with kh 2 530 nm (Lane 
2), 570 nm (Lane 3), 590 nm (Lane 4), 610 nm @ m e  5), and 630 nm (Lane 6) 

units in the ligation sphere and those that shift the absorption spectrum 
-60 nm to lower energy, such that photocleavage with -690 nm light is 
possible. 

SUMMARY 

The photophysical properties of Rh2(02CCH3)4(L)2 (L = CH30H, THF, 
PPh3, py) were explored upon excitation with visible light. All the com- 
plexes possess a long-lived transient (3.5 to 5.0 p) assigned as an elec- 
tronic excited state of each molecule. The excited state exhibits an 
optical transition at -760 nm independent of axial ligand. No emission 
from the Rh2(02CCH3),(L)2 (L = CH30H, THF, PPh3, py) systems was 
observed at room temperature or at 77 K, but energy transfer from 
excited Rh2(02CCH3)4(PPh3)2 to tetracene and perylene takes place to 
form the 3 ~ ~ *  excited state of each acceptor. Electron transfer from 
*Rh2(0,CCH3)4(PPh3)2 to MV2+ and Cl-BQ in methanol take place 
with quenching rate constants of 8.0~10~ K's-'  and 1 . 2 ~ 1 0 ~  W's- ' ,  
respectively. The quenching of the excited state of 
Rh2(02CCH3)4(PPh3)2 by 0, proceeds with % = 2x108 IC's-' in 
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methanol. The observations are consistent with the production of an 
excited state of Rl12(0~CCH3)4(PPh3)~ with energy, &, between 
1.34 eV and 1.77 eV. 

The excited state of Rh2(02CCH3)4 is not able to undergo hydrogen 
abstraction chemistry. It is likely that, unlike Pt2@op)44-, the excited 
state of the IUI~(O,CCH~)~ complexes is not diradical (or radical) in 
nature, possibly owing to the mixing of the acetate low-lying orbitals 
with metal-centered MO's. However, the photoproduced one-electron 
oxidized complex, ~ U I ~ ( O ~ C C H ~ ) ~ + ,  is able to convert isopropanol to 
acetone and to efficiently cleave DNA with 4, -< 610 nm. 

Acknowledgements 

The authors thank Bruce E. Bursten for helpful discusssion, the National 
Science Foundation (CHE-9733OOO) and the National Institutes of 
Health (ROI GM6404-DI) for partial support of this work, and C. T. 
thanks The Arnold and Mabel Beckman Foundation for a Young Inves- 
tigator Award. 

References 
1. D. M. Roundhill. Photochemisny and Photophysics of Metal Complexes (Plenum 

2. (a) D. C. Smith and H. B. Gray, Coord. Chem. Rev. 100,169 (1990). 
Press, New York, 1994). 

(b) D. M. Roundhill. H. B. Gray and C.-M. Che, Acc. Chem. Res. 22,55 (1989). 
(c) A. E. Stiegman, V. M. Miskowski and H.B. Gray, J. Am. Chem. SOC. 108.2781 
(1986). 

3. H. Yersin and A. Vogler, eds., Photochemistry and Photophysics of Coordination 
Compoundr (Springer-Verlag, New York, 1987). 

4. G. L. Geoffrey and M. S .  Wrighton, Organomtallic Photochemistry (Academic 
Press, New York, 1979). 

5. D. J. Stufkens. T. van der Graaf, G. J. Stor, and A. Oskam In Photoprocesses in 
Transition Metal Complexes: Biosystems and Other Molecules. Experiment and 
Theory; E. Kochanski, Ed.; NATO AS1 Series C, Mathematical and Physical Sci- 
ences 376, (Kluwer Academic, Dordnxht, 1992; pp 217-232). 

6. I. I. Chemyaev, E. V. Shenderctskaya, and A. A. Karyagina, Russ. J. Inorg. Chem. 5, 
559 (1960). 

7. E. B. Boyar and S. D. Robinson, Coord. C k m .  Rev. 50,109 (1983). 
8. T. R. Felthouse, Rog. Inorg. Chem. 29,73 (1982). 
9. (a) P. Manitto, D. Monti, S. Zanzola. and G. Speranza, Chem. Comm., 543 (1999). 

(b) P. Lahuerta, J. Perez-Pietro, S.-E. Stiriba, and M. A. Ubeda, Tetrahedron Lett. 
40,1751 (1999). 
(c) M. P. Doyle, R. J. Pieters, S. F. Martin, R. E. Austin, C. J. Oalmann, and P. 
Miiller, J. Am. Chem. Soc. 113.1423 (1991). 

10. (a) M. P. Doyle, M. Rotopopova, F? Miiller, D. Em, and E. A. Shapiro, J. Am. 
Chem. Soc. 116,8492 (1994). 

42 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



(b) M. P. Doyle, A. van Oeveme, L. J. Wesaum, M. N. Protopopova, and T. W. 
Clayton, Jr., J. Am. Chem. Soc. 113,8982 (1991). 

(b) D. F. Taber, K. K. You, and A. L. Rheingold, J. Am. Chem. SOC. 118, 547 
(19%). 
(c) M. N. Protopopova, M. P. Doyle, P. Miiller, and D. Ene, J. Am. Chem. SOC. 114, 
2755 (1992). 

12. J. L. Wood, G. A. Moniz, D. A. Pflum. B. M. Stoltz, A. A. Holubec, and H.-J. Diet- 
rich, J. Am. Chem. Soc. 121,1748 (1999). 

13. T. J. Meyer and J. V. Caspar, Chem. Rev. 85, 187 (1 985). 
14. (a) R A. Levenson and H. B. Gray, J. Am. Chem. Soc. 97,6042 (1975). 

(b) D. C. Harris and H. B. Gray, J. Am. Chem. Soc. 97,3073 (1975). 
(c) R. A. Levenson, H. B. Gray, and G. P. Ccasar, J. Am. Chem. SOC. 92, 3653 
( 1970). 

11. (a) A. Srikrishna and S. J. Charpure, Chem. Comm., 1589 (1998). 

15. J. R. Johnson, R. J. Ziegler, and W. M. Risen, Inorg. Chem. 12,2349 (1973). 
16. M. S. Wrighton and D. S. Ginley. J. Am. Chem. SOC. 97,2065 (1975). 
17. (a) M. Herberhold and Razavi, J. Organomet Chem. 67.81 (1974). 

(b) M. Herberhold and G. Suss. Angew. Chem., Int Ed. Engl. 14,700 (1975). 
(c) A. Hudson, M. F. Lappert, and B. K. Nicholson, J. Chem. SOC., Dalton Trans., 
551 (1977). 

(b) S. K. Kim, S. Pedersen, and A. H. Zewail, &m. Phys. Lett. 233,500 (1995). 
(c) L. J. Rothberg, N. J. Cooper, K. S. Peters, and V. Vaida, J. Am. Chem. SOC. 104, 
3536 (1982). 

18. J. C. Owrutsky and A. P. Baonavski, J. Chem. Phys. 105,9864 (19%). 

19. T. E. Bitterwolf, Coord. Chem. Rev. 206,419 (2000). 
20. (a) M. Vide, M. E. Archer, and B. E. Bursten, Chem. Comm., 179 (1998). 

(b) M. Vitale, K. K. Lee, C. F. Hemann, R. Hille, T. L. Gustafson, and B. E. Bursten, 
I. Am. Chem. Soc. 117,2286 (1995). 
(c) F. A. Kvietok and B. E. Bursten, 1. Am. Chem. Soc. 116,9807 (1994). 
(d) S. Zhang and T. L. Brown, J. Am. Chem. Soc. 114,2723 (1992). 

21. A. J. Dixon, M. W. George, C. Hughes, M. Poliakoff and J. J. Turner, I. Am. Chem. 
SOC. 114,1719 (1992). 

22. C. A. James, D. E. Moms, S. K. Doom. C. A. Arrington, Jr., K. R. Dunbar, G. M. 
Finnis. L. E. Pence and W. H. Woodruff, Inorg. Chh. Acta 242.91 (19%). 

23. (a) I. Kadis, Y. K. Shin, J. I. Dulebohn, D. L. Ward, and D. G. Nocera, Inorg. Chem. 
35,811 (1996). 
(b) C. M. Partigianoni. C. Tmo, Y. K. Shin, D. H. Motry, J. Kadis, J. I. Dulebohn, 
and D. G. Nocera in Mixed Valency Systemr: Applications in Chemistry, Physics 
and Biology. NATO ASI Series, (Kluwer, Netherlands. 1991,91-106). 

24. (a) A. L. mom, A. F. Heyduk, and D. G. Nocera, Inorg. Chim. Acta 297. 330 
(2000). 
(b) F. Heyduk. A. M. Macintosh, and D. G. Nocera 1. Am. Chem. Soc. 121, 5023 
( 1999). 
(c) J. Kadis, Y. K. Shin, J. I. Dulebohn, D. L. Ward, and D. G. Nocera, Inorg. Chem. 
35.811 (1996). 

25. S. J. Milder, M. P. Castellani, T. 1. R. Weakley, D. R. bler, V. M. Miskowski. and 
A. E. Stiegman, J. Phys. Chem. 94,6599 (1990). 

26. A. E. Stiegman, V. M. Miskowski, and H. B. Gray, J. Am. Chem. Soc. 108.2781 
(1986). 

27. S. A. Bryan, M. K. Dickson, and D. M. Roundhill, Inorg. Chem. 26,3878 (1987). 
28. Y. K. Shin. V. M. Miskowski, and D. G. Nocera, Inorg. Chem. 29,2308 (1990). 

422 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



29. R A. Newman, D. S. Martin, R. F. Da l l i e r ,  W. H. Woodruff, A. E. Siegman, 
C.-M. Che, W. P. Schaefer, Y M. Miskowski, and H. B. Gray, Inorg. Chem. 30, 
4647 (1991). 

30. (a) T. G. Appleton, K. A. Byriel, J. R. Hall, C. H. L. Kennard, and M. T. Mathieson. 
J. Am. Chem. Soc. 114,7305 (1992). 
(b) R. Stranger, G. A. Medley, 1. E. McGrady, J. M. Garrett, and T. 0. Appleton, 
Inorg. Chem. 35,2268 (1996). 
(c) R. Stranger, S. C. Nissen, M. T. Mathieson, and T. G. Appleton, Inorg. Chem. 
36,937 (1997). 

(b) S. F. Rice, S. J. Milder, H. B. Gray, R. A. Goldbeck. D. S. Niger, Coord. Chem. 
Rev. 43,349 (1982). 

31. (a) D. C. Smith and H. B. Gray, Coord. Chem. Rev. 100,169 (1990). 

32. A. Vleck, Coord. Chem. Rev. 200,933 (2000). 
33. D. C. Smith, V. M. Miskowski, W. R. Mason, and H. B. Gray. J. Am. Chem. Soc. 

34. V. M. Miskowski, S. F. Rice, H. B. Gray, and S. J. Milder, J. Phys. Chem. 97,4277 
(1993). 

35. (a) J. R. Winkler, J. L. Marshall, T. L. Netzel, and H. B. Gray, J. Am. Chem. SOC. 
108,2263 (1986). 
(b) S. I. Milder, D. S. Niger, L. G. Butler, and H. B. Gray, J. Phys. Chem. 90,5567 
(1986). 

36. (a) R. F. Dallinger, M. J. Carlson, V. M. Miskowski, and H. B. Gray, Inorg. Chem. 
37.501 1 (1998). 
(b) V. M. Miskowski, S. E Rice, H. B. Gray, R. F. Dallinger, S. J. Milder, M. G. Hill, 
C. L. Exstrom, and K. R. Mann, Inorg. Chem. 33,2799 (1994). 
(c) S. F. Rice, V. M. Miskowski, and H. B. Gray, Inorg. Chem. 27,4704 (1988). 

112,3759 (1990). 

37. D. M. Roundhill, H. B. Gray, and C. M. Che, Acc Chem. Res. 22.55 (1989). 
38. (a) C. M. Che. L. G. Butler, and H. B. Gray, J. Am. Cbem. Soc. 103,77% (1981). 

(b) S. F. Rice and H. B. Gray, J. Am. Chem. Soc. 105,4571 (1983). 
39. S. J. Milder and B. S. Brunschwig, J. Phys. Chem. 96,2189 (1992). 
40. C. M. Che, V. W. Yam, W. T. Wong, and T. F. Lai, Inorg. Chem. 28,2908 (1989). 
41. D. M. Roundhill, Z.-P. Shen, C. King, and S. J. Atherton, J. Phys. Chem. 92,4088 

42. D. M. Roundhill, S. J. Atherton, and Z.-P. Shen, J. Am. Chem. Soc. 109, 6076 

43. D.M. Roundhill, J. Am. Chem. Soc. lW, 4354 (1985). 
44. (a) K. M. Breiner, M. A. Daugherty, T. G. Oas, and H. H. Thorp, J. Am. Chem. Soc. 

117,11673 (1995). 
(b) W. A. Kalsbeck, D. M. Gingell, J. E. Malinsky, and H. H. Thorp, Inorg. Chem. 
33,3313 (1994). 

(1988). 

(1987). 

45. A. D. Kirk and L.-Z. Cai, Inorg. Chem. 37,1051 (1998). 
46. W. A. Masbeck, N. Grover, and H. H. Thorp, Angew. Chem. Int. Ed. Engl. 30,1517 

47. P. J. Carter, K. M. Breiner, and H. H. Thorp, Biochemistry 37,13736 (1998). 
48. R. A. Hsi, D. I. Rosenthal, and E. Glatstein, Drugs 57,725 (1999). 
49. J. S. McCaughan, Jr., Drugs Aging 15,49 (1999). 
50. C. M. Allen, W. M. Sharman, C. La Madeleine, J. M. Weber, R. Langlois, R. Ouel- 

5 1. D. Kessel and T. J. Dougherty, Rev. Contemp. Pharmacolther. 10, 19 (1999). 
52. V. Colussi, D. K. Feyes, J. W. Mulvihill, Y.4. Li, M. E. Kenney, C. A. Elmets, N. L. 

(1991). 

let, and J. E. van Lier, Photochem. Photobiol. 70,512 (1999). 

Oleinick, and H. Mukhtar, Photochem. Photobiol. 69,236 (1999). 

423 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



53. K. Kalyanasundaram, Photochemistry of Polypyridine and Porphyrin Complexes, 

54. S .  Foley, G. Jones,  R. Liuzzi, D. 1 .  McGarvey, M. H. Peny, and T. G. TNSCO~~, J. 

55. N. Kobayashi, T. Ishizaki, K. Ishii, and H. Konami, J. Am. Chem. Soc. 121,9096 

56. D. B. Borders and T. W. Doyle, eds., Enediyene Antibiotics as Antitumor Agent, 

57. K. C. Nicolaou and A. L. Smith, Acc. Chem. Res. 25,497 (1992). 
58. M. D. Lec, G. A. Ellestad, and D. B. Borders. Acc. Chem. Re. 24,235 (1991). 
59. A. G. Myers, S. B. Cohen, N. J. Tom, D. J. Madar, and M. E. Fraley, J. Am. Chem. 

60. P. Magnus, S. A. Eisenbeis, R. A. Fairhunt, T. IIiadis, N. A. Magnus, and D. Parry, 

61. D. Elbaum, J. A. Porco, Jr.. T. J. Stout, J. Clardy, and S. L. Schreiber, J. Am. Chem. 

62. D. R. Langley, J. Golik, B. Krishnan, T. W. Doyle, and D. L. Beveridge, J. Am. 

63. J. L. Epstein, X. Zhang, G. A. Doss, J. M. Liesch, B. Krishnan, J. Stubbe, and J. W. 

64. A. G. Myers, M. E. Kort, and M. Hammond, J. Am. Chem. SOC. 119,2%5 (1997). 
65. M. D. Shair, T. Y. Yoon, K. K. Mosny, T. C. Chou, and S. J. Danishefsky, J. Am. 

Chem. Soc. 118,9509 (1996). 
66. G. Bifulco, A. Galeone, L. Gomcz-Paloma, and K. C. Nicolaou, J. Am. Chem. Soc. 

118,8817 (19%). 
67. K. C. Nicolaou, P. StabiIa, B. Esmaeli-Azad, W. Wrisidlo, and A. Hialt, Roc. NaU. 

Acad. Sci. U.S.A. 90,3142 (1993). 
68. (a) D.-H. Chin and I. H. Goldberg, J. Am. Chem. Soc. 115,9341 (1993). 

(b) D.-H. Chin and I. H. Goldberg, J. Am. Chem. SOC. 114,1914 (1992). 
(c) I. H. Goldberg, Acc. Chem. Res. 24, 191 (1991). 

(Academic F’ress, San Diego, 1992). 

Chem. Soc., Perkin Trans. 2,1725 (1997). 

(1999). 

(Marcel Dekker, New Yo&, 1995). 

Soc. 117,7574 (1995). 

J. Am. Chem. Soc. ll9.5591 (1997). 

SOC. 117,211 (1995). 

Chem. Soc. 116,15 (1994). 

Kozarich. J. Am. Chern. Soc. 119,6731 (1997). 

69. A. G. Myers, M. E. Kort, and M. Hammond, J. Am. Chem. SOC. 119,2965 (1997). 
70. T. Chen and M. M. GRenberg, J. Am. Chem. SOC. 120,3815 (1998). 
71. T. M. Bregant, J. Gmppe, and D. R. Little, J. Am. Chem. Soc. 116,3635 (1994). 
72. K. C. Nicolaou and W. M. Dai, J. Am. Chem. Soc. 114,8908 (1992). 
73. A. Evenzahav and N. J. Turro, J. Am. Chem. SOC. 120,1835 (1998). 
74. G. B. J o n e s ,  J. M. Wright, G. Plourde, Il, A. D. Purohit, J. K. Wyatt, G. Hynd, and F. 

75. T. Kaneko, M. Takhashi, and M. Hirama, Angew Chcm., Int Ed. 38,1267 (1999). 
76. H. Suenaga, K. Nakashirna, T. Mizuno, M. Takeuchi. I. Hamachi, and S. Shinkai, J. 

77. R. L. Funk, E. R. R. Young, R. M. Williams, M. F. FIanagan, and T. L. Cecil, 1. Am. 

78. P. A. Wender, S. M. Touami. C. Alayrac, and U. C. Philipp. J. Am. Chem. Soc. 118, 

79. K. Nakatani, S. Maekawa, K. Tanabe, and I. Saito, J. Am. Chern. Soc. 117, 10635 

80. D. Ramkumar, M. Kalpana, B. Varghcse, S. Sankararaman, M. N. Jagadeesh, and J. 

81. H. Suenaga, K. Nakashima, T. Mizuno. M. Takeuchi. I. Hamachi. and S. Shinkai, J. 

Fouad, J. Am. Chem. SOC. 122,9872 (2000). 

Chem. Soc., Perkin Trans. 1,1263 (1998). 

Chem. SOC. 118.3291 (1996). 

6522 (19%). 

(1995). 

Chandrasekhar, J. Org. Chem. 61.2247 (19%). 

Chem. Soc., Perkin Trans. 1, 1263 (1998). 

424 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



82. (a) J. L. Bear, H. B. Gray, L. Ra in ,  I. M. Chang, R. A. Howard, G. Serio, and A. P. 
Kimball, Cancer Chemother. Rep. 59,611 (1975). 
(b) R. A. Howard, A. P. Kimball, and J. L. Bear, Cancer Res. 39,2568 (1979). 

83. (a) M. Bien, F. P. Pruchnik, A. Seniuk, T. M. Lachowicz, and P. Jakimowicz, J. 
Inorg. Biochem. 73.49 (1999). 
(b) F. P. Pruchnik, G.  Kluczewska, A. Wilczok, U. Mazurek, and T. Wilczok. I. 
Inorg. Biochem. 65.25 (1997). 
(c) F. P. Pruchnik and D. Dus, J. Inorg. Biochem. 61,55 (1996). 

84. (a) K. V. Catalan, J. S. Hess, M. M. Maloney, D. J. Mindiola, D. L. Ward, and K. R. 
Dunbar, Inorg. Chem. 38,3904 (1999). 
(b) E. F. Day, C. A. Crawford, K. Folting, K. R. Dunbar, and G. Christou, J. Am. 
Chem. SOC. 116,9339 (1994). 

85. J. R Rubin, T. F! Harmony, and M. Sundaralingam, Acta Cryst. C47.1712 (1991). 
86. K. R. Dunbar, J. H. Matonic, V. P. Saharan, C. A. Crawford, and G. Christou, J. Am. 

87. K. V. Catalan, D. J. Mindiola, D. L. Ward, and K. R. Dunbar, Inorg. Chem. 36,2458 

88. J. M. Asara, J. S. Hcss, E. Lozada, K. R. Dunbar, and J. Allison, J. Am. Chcm. Soc. 

89. D. S. Martin, Jr., T. R. Webb, G. A. Robbins, and F! E. Fanwick, Inorg. Chem. 18, 

90. L. Dubicki and R. L. Martin, Inorg. Chem. 9,673 (1970). 
91, F. A. Cotton and T. R. Felthouse, Inorg. Chem. u), 584 (1981). 
92. 3. G. Norman and H. J. Kolari, J. Am. Chem. SOC. 100.791 (1978). 
93. F. A. Cotton and R. A. Walton, Multiple Bonds Between Metal Atoms, (Wiley, New 

94. B. E. Bursten and F. A. Cotton, Inorg. Chem. 20,3042 (1981). 
95. (a) T. Sowa, T. Kawamura, T. Shida, and T. Yonezawa, Inorg. Chem. 22,56 (1983). 

(b) H. Nakatsuji, 3. Ushio, K. Kanda, Y. Onishi, T. Kawamura, and T. Yonezawa, 
Chem. Phys. Lett. 79,299 (1981). 

96. (a) R. J. H. Clark, D. J. West, and R. Withnall, Inorg. Chem. 31,456 (1992). 
(b) R. J. H. Clark and A. J. Hempleman, lnorg. Chem. 28,746 (1989). 
(c) R. J. H. Clark and A. J. Hcmpleman, Inorg. Chem. 27,2225 (1988). 

97. J. G. Norman, Jr. and H. J. Kolari. J. Am. Chem. Soc. 100,791 (1978). 
98. (a) T. Kawamura, K. Fukamachi, and S. Hyashida, J. Chem. Soc., Chem. Comm., 

495 (1979). 
(b) T. Kawamura, K. Fukamachi, T. Sowa, S. Hayashida, and T. Yonezawa, J. Am. 
Chem. Soc. 103,364 (1981). 

Chem. Soc. 116,2201 (1994). 

(1997). 

122,8 (ZaoO). 

475 (1979). 

York. 1982). 

99. T. Kawamura, H. Katayama. and T. Yamabe. Chem. Phys. Lett. 130,20 (1986). 
100. (a) T. Kawamura, M. Maeda, M. Miyamoto, H. Usami, K. Imaeda, and M. Ebihara, 

J. Am. Chem. SOC. l a ,  8136 (1998). 
(b) T. Kawamura, H. Katayama, H. Nishikawa, and T. Yamabe, J. Am. Chcm. SOC. 
111,8156 (1989). 
(c) T. Kawamura, H. Katayama, and T. Yamabe, Chem. Phys. Lett. 130,20 (1986). 

(b) J. T. Warren, W. Chen, D. H. Johnston, and C. h, Inorg. &m. 38, 6187 
(1999). 

102. (a) M. A. S. Aquino and D. H. Macartney, Inorg. Chem. 27,2868 (1988). 
(b) M. A. S. Aquino and D. H. Macartney, Inorg. Chem. 26,2696 (1987). 

103. J. C. Scaiano, ed.. CRC Handbook of Organic Photochemistry Volume I ,  (CRC 
Press, Boca Raton, FL, 1989, p. 385). 

101. (a) F! M. Bradley, B. E. Bursten, and C. Turro, Inorg. Chem. 40,1376 (2001). 

425 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



104. K. Kawai, N. Yamamoto, and H. Tsubmura, Bull. Chem. Soc. Japan 43, 2266 

105. M. Kasha In Singlet 02, Volume I Physical-Chemicol Aspecrs, F. A. F h e r ,  ed., 

106. S. L. Murov, 1. Carmichael, and G. L. Hug, Handbook of Photochemistry, Second 

107. K. Das, E. L. Simmons, and J. L. Bear, Inorg. Chem. 16,1268 (1977). 
108. K. Kalyanasundaram, J. Kiwi, and M. Griitzel, Helv. Chim. Acta 61.2720 (1978). 
109. A. J. Bard and H. Lund, eds., Encyclopedia of Electrochemistry of the Elements, 

Organic Section. Volume XII,  (Marcel-Dekker, New York, 1978). 
110. R. D. Mussell and D. G. Noccra, J. Am. Chem. Soc. 110,2764 (1988). 
111. M. Y. Chavan. T. P. Zhu, X. Q. Lin, M. Q. Ahsan, J. L. Bear, and K. M. Kadish, 

Inorg. Chem. 23,4538 (1984). 
112. H. D. Glicksman, A. D. Hamer, T. J. Smith, and R. A. Walton, Inorg. Ckm.  15, 

2205 (1976). (b) H. D. Gliksman and R. A. Walton, Inorg. Chim. Acta 33, 255 

(1970). 

(CRC Press, Boca Raton, FL, 1985, Chapter 1). 

Edition, Revisedand Expunded, (Marcel Dekker, New York, 1993). 

(1979). 
113. C. R. Wilson and H. Taube, Inorg. Chem. 14,2276 (1975). 
114. Q. G. MullazzaN, S. Emmi, M. Z. Hoffman, and M. Venturi, J. Am. Chem. Soc. 

103,3362 (1981). 

426 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1


