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assures electron density overlap. Further theoretical inter-
pretation and clarification of the role of counterions in the
rearrangement of 1a and related systems!? are needed.
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Luminescent Osmium(II) and Iridium(III)
Complexes as Photosensitizers

Sir:
The luminescent transition metal complexes Ru(bi-
py)s**, Ru(bipy)2(CN)s, Ru(phen)s?*, and Ru-

(phen)>(CN), (bipy = 2,2-bipyridine; phen = 1,10-phe-
nanthroline) have been widely used as a versatile new class
of photosensitizers.!-12 Although possessing nearly ideal
sensitizer properties, including intense fluid solution emis-
sions, applications have been seriously restricted by their

Table I.  Optical Properties of Os(II) and Ir(III) Photosensitizers in
Methanol at ~21°
Complex? E,, kK T4, MSECP

Os(bipy),? 14.9 0.049
Os(phen),?* 15.3 0.183
Os(phen),(Ph,phen)z+ 15.0 0.212
Os(phen),[(SO,Ph),phen] 14.8 0.093
Ir(bipy),3* 22.7 2.4
Ir(phen),** 22.5 2.9

a bipy = 2,2'-bipyridine; phen = 1,10-phenanthroline; Ph,phen =
4,7-diphenyl-1,10-phenanthroline; (SO,Ph),phen2™ = disulfonated
4,7-diphenyl-1,10-phenanthroline. ? Estimated accuracy +5%. Preci-
sion £1%.

narrow range of donor energies (~18-19 kK) and excited-
state reduction potentials. We report here the first success-
ful use of highly luminescent Ir(III) and Os(lI) complexes
as photosensitizers. These complexes enormously increase
the range of donor energies available (~15-23 kK) and
roughly double the available number of luminescent transi-
tion-metal complex photosensitizers. A correspondingly
wide range in the reducing power of the excited states is
also expected.

Table I lists two iridium and four osmium complexes
which sensitize photooxygenations of organic singlet-oxy-
gen scavengers. Also listed are the zero-point donor ener-
gies, Eo’s, and the mean lifetimes in deoxygenated metha-
nol, 7o’s, at ~21°. Using either lasers or water-filtered
tungsten lamp radiation, all complexes in Os-saturated
methanol yield rapid photooxidation of tetramethylethylene
and trimethylethylene. The Os(II) complexes sensitize oxi-
dation of thiourea, but the Ir(III) complexes are strongly
quenched by thiourea and yield negligible O; uptakes. All
successful photooxidations were catalytic in complex (10-
100 mol of O, consumed/mol of sensitizer).

With the osmium complexes, 'O, was confirmed as the
reactive species by comparing the mole ratio of the two hy-
droperoxides formed with that obtained using !O; (obtained
by Rose Bengal sensitized photooxidation). Within experi-
mental error (~10%), the mole ratios of the products were
the same. Similar experiments with Ir(bipy);3* (351, 356
nm) were hampered by the photosensitivity of the complex
and apparent interference of the decomposition products
with our analytical procedure.!? By analogy with the Os(Il)
and Ru(II) complexes, we infer, however, that energy rath-
er than electron transfer was the dominant quenching mode
in all cases.

Energy-transfer efficiencies to Oy are high (>0.5). For
example, the Os(II) complexes are more efficient 'O, gen-
erators than Methylene Blue, absorb strongly across the en-
tire visible and near uv, and are being studied for use in
chemical actinometers for high power Kr, Ar, and He-Ne
lasers. There does, however, appear to be a small compo-
nent of nonenergy transfer quenching by O, with all com-
plexes, except perhaps the iridium ones.'?

Unlike the Os(Il) complexes which exhibit no noticeable
degradation under our experimental conditions, the iridi-
um(1II) complexes are somewhat photosensitive in metha-
nol, which somewhat restricts their usage, although in other
solvents such as dimethylformamide the sensitivity may be
much less.!415 The photosensitivity is not a serious prob-
lem, however, for many mechanistic studies where only
small conversions of acceptor are needed or where quench-
ing of the luminescence only is required to establish the
presence of electron transfer or a low lying quencher state
and to measure rate constants. For example, see ref 3, 4,
and 10 where good data were obtained even when the donor
disappeared with yields >0.1-0.5.

Os(bipy)32™, at least in methanol, has a very short life-
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time and an Ep near that of the other Os(II) complexes.
Consequently, the other Os(II) complexes are to be pre-
ferred for exploratory studies.

The Ir(phen)s?* absorption and blue-green emission are
similar to that of Ir(bipy)s**. Both complexes can be readi-
ly pumped at higher concentrations (1073 to 10~* M) in the
350-360 nm region; however, pumping the much more in-
tense # — 7* absorptions at shorter wavelength would min-
imize transmission corrections. The Os(II) complexes ab-
sorb intensely (e >2000) across the entire visible and are
readily pumped in this region as well as the uv. Their emis-
sions are ~700 nm in fluid solutions which makes them dif-
ficult to measure on spectrofluorimeters without extended
red response photomultipliers. In all cases, the Eg’s are not
very sensitive to changes in solvent. A 0.1-0.2 kK shift,
which is within our experimental error, sometimes occurs
on changing from 4:1 (v/v) ethanol-methanol glass to 4:1
(v/v) methanol-water glass.

As is characteristic of charged complexes of this type, the
solubility, but not the emission properties, is affected by the
counterion. The nitrate salts of the Ir(III) complexes and
the chloride salts of the cationic Os(I1) complexes used here
are soluble in a wide variety of polar organics and water,
and we recommend these as the form of choice for most sol-
vents. The perchlorates are all of limited solubilities which
would make them more difficult to use as sensitizers.

Especially noteworthy with transition-metal sensitizers is
the ability to vary the donor charge and to fine tune Ep by
ligand modifications. The charge factors are especially im-
portant with ionic quenchers.

Energies of the thermally equilibrated emitting state,
Ep’s, were estimated from 77 K emission spectra in ethanol-
methanol 4:1 (v/v) glasses using the Fleischauer criterion.!6
T0’s were estimated using a N laser system which is de-
scribed elsewhere;!? semilogarithmic plots were linear over
at least 3 half-lives. Photolysis studies used Ar (488 nm at
0.1-1.5 W) and Kr (351, 356 nm at 0.1 W) lasers and
water-filtered 500-W tungsten lamps. Ir(bipy)s;3* was syn-
thesized as recently described,'® and Ir(phen);>* can be
prepared and purified by an analogous procedure.!® Os(bi-
py)32* and Os(phen);2* can be prepared by literature
methods.!® The other two Os(I1) complexes were prepared
by reaction of aqueous Os(phen),Cl, with the appropriate
ligand. All osmium complexes were purified by column
chromatography with Sephadex LH-20 (methanol) and/or
Cellex P (aqueous 0.1 F HCI).20

Current work is devoted to obtaining other metal com-
piexes with a wider range of E¢’s, ionic charges, and longer
To's. Attempts to stabilize the Ir(IIl) complexes by using
different solvents or different ligand combinations are un-
derway.!3
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Models for the Electron Paramagnetic Resonance
Nondetectable Copper in “Blue Oxidases”.! A Binuclear
Copper(IT) Complex with Oxidized Glutathione

Sir:

In recent years we have studied the properties of binu-
clear cupric mercaptides,? which are formed both from
Cu(ll) and chelating thiols RSH (R = -CH,CH;NH;,
-C(CHj3),CH(COO~)NH,, or -CH,CH(CONH,)NH,)
or Cu(I) and the corresponding disulfides.

R

/’S\

Cul'! == 2Cudl) + 2RS”
g
R

2Cu(l) + RSSR == Cul!

Generally clusters of this type can be regarded as models
for the two-electron-accepting EPR-nondetectable copper
pair in “Blue Oxidases”,! which is diamagnetic in the oxi-
dized and the reduced state. From recent results by Byers et
al.? and Driving and Deinum,* it seems now quite clear that
cyste(i)ne sulfur does not participate in electron transfer
during the catalytic cycle but that there might be antifer-
romagnetic coupling between the two Cu nuclei via a coor-
dinated but redox inactive disulfide bridge similar to the cu-
pric mercaptide cluster mentioned above, which prompted
us to reinvestigate the complexation of Cu(Il) by oxidized
glutathione (I, GSSG) and related compounds. According
to the polarographic measurements of Li et al.,> GSSG only
forms a 1:1 species with the metal, although theoretically it
could bind two copper ions per molecule. In addition to the

"O0C{NH,*)CHCH,CH,CONHC H(CH,S)CONHCH,COOH
HOOCCH,NHCO{SCH,;)CHNHCOCH,CH,CH(NH,*")C00~

I

carboxy protons of glycine, GSSG has six potentially titra-
table protons, four on peptide and two on amino nitrogen
atoms, i.e., LHg.® Upon pH titration of a 2:1 mixture of
Cu(II) and the disulfide, precipitation of a pale blue solid
occurs around pH 6, which is dissolved at pH greater than
9.5 yielding a clear violet solution with a single absorption
maximum at 590 nm (e 90 M~! cm™!). The entire process
is accompanied by the liberation of four proton equivalents
per Cu present. Furthermore maximum formation of the
species absorbing at 590 nm is obtained at a metal:ligand
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