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We associate the highest energy transition (39530 cm™, ¢ ~
23500 L mol™! em™) with a d metal to #* CO charge-transfer
absorption on the basis of its invariance with substitution at the
X, L, or R positions and the similarity between the energy of this
transition and that identified as d metal = * CO in [W(CO);].!?
This assignment is also consistent with the reported molecular
orbital calculation carried out for the [XCr(CO),(CPh)] ana-
logue.” The absorption at 30 580 cm™ (¢ = 13000 L mol™! cm™)
is assigned to the conjugated alkylidyne-phenyl = — =* transition
on the basis of the spectra of free benzene and its derivatives.'

Substitution of a terz-butyl group for the phenyl group of the
complex causes this peak to shift up in energy (Apx = 33330 cm™)
and decrease by an order of magnitude in intensity (¢ = 1400 L
mol~! cm™), consistent with the destruction of the alkylidyne
conjugation and removal of the corresponding bathochromic effect.
Whether or not this assignment accounts for all of the absorbance
in this portion of the spectrum is still under investigation.

Finally we note, concomitant with the observed luminescence,
there appears to be a bimolecular photochemical reaction channel,
consistent with the relatively long excited-state lifetime. The
nature of this photochemistry is currently under investigation along
with a more detailed analysis of the nature of the luminescent
excited state.
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National Science Foundation under Grant No. CHE-8411023.

(15) (a) Free benzene!*® exhibits a * — «* transition at 37 200 cm™! with
a molar extinction coefficient of 11 L mo!l™' cm™ while free acetylene!™
absorbs at 42 200 cm™ to the extent of 7 L mol'em™. Conjugation of
these two systems in diphenylacetylene!® shifts the * — =* transition
to 33900 cm™' raising the molar extinction coefficient to 29 000 L mol™!
cml. (b) “DMS Atlas of Organic Compounds”; Butterworths: London,
1966; Vol. I and I1. (c) Nakayama, T.; Watanabe, K. J. Chem. Phys.
1964, 40, 558-561.
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Quantitative Generation of Singlet Dioxygen via the
Reaction of Tris(bipyridine)ruthenium(III) with
Superoxide Ion in Aqueous Solution

Sir:

Although there is a great deal of interest in the possible gen-
eration of singlet dioxygen by the one-electron oxidation of su-
peroxide ion,! the available evidence suggests that this is a rare
occurrence both in aqueous solution® and in nonaqueous solvents.'
In the few cases where there appears to be unequivocal proof of
the production of singlet dioxygen by the reaction of O, with
one-electron oxidants, the yields are very small (~4% in the
reaction between ferrocenium ion and superoxide ion in aceto-
nitrile® and ~11% in dimethylformamide*) and/or are unspec-
ified.%* The reaction between Ru(bpy),** (bpy = 2,2-bipyridine)
and O, and the possible generation of singlet dioxygen as a

(1) See, for example: Roberts, J. L., Jr.; Sawyer, D. T. Isr. J. Chem. 1983,
23, 430 and references therein.

(2) Foote, C. S.; Shook, F. C.; Abakerli, R. A. J. Am. Chem. Soc. 1980,
102, 2503.

(3) Mayeda, E. A,; Bard, A. J. J. Am. Chem. Soc. 1973, 95, 6223.

(4) Nanni, E. J, Jr.; Birge, R. R.; Hubbard, L. M.; Morrison, M. M,;
Sawyer, D. T. Inorg. Chem. 1981, 20, 737.

(5) Ando, W.; Kabe, Y.; Kobayashi, S.; Takyu, C.; Yamagishi, A.; Inaba,
H.; J. Am. Chem. Soc. 1980, 102, 4527.
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Figure 1. Observed second-order rate constant for the Ru(bpy);**-0,~
reaction vs. pH: (circles) observed values; (solid line) values calculated
from eq 7 with the parameters given in the text.

reaction product has been postulated by several authors,*!? but
kinetic studies of the reaction or experimental evidence for the
formation of singlet dioxygen has not been published. In one
case,'? an estimate of the rate constant for electron transfer in
the postulated cage Ru(bpy),**|O,™ has been advanced.

We report herein a useful photochemical method for the
aqueous generation of superoxide ion, the kinetics of its oxidation
by Ru(bpy);** as a function of pH, and the quantitative production
of singlet dioxygen in the title reaction. The method is based on
the reported'® formation of hydrogen peroxide in a photoelec-
trochemical cell consisting of Ru(bpy);**, N,N~-dimethyl-4,4-
bipyridinium (hereinafter referred to as methylviologen, MV2*),
and dioxygen, the known'# reaction of the radical MV* with
dioxygen, and the popular!® sensitizer Ru(bpy);*.

When aqueous solutions (pH 2-9, ionic strength 0.10 M
maintained with LiCl, 23 °C) of Ru(bpy);** (~5 X 107 M),
MVZ* (~0.01 M), and dioxygen ((0.70-10) X 10~ M) are subject
to flash photolysis (300-ns pulse from a Phase-R DL1100 dye laser,
Coumarin 460), following excitation three reactions proceed in
sequence (eq 1-3). Under our usual experimental conditions,

*Ru(bpy);** + MV2* — Ru(bpy),** + MV* &k, (1)
MV+ + 302 - MV2+ + 02_ k2 (2)
Ru(bpy)** + O, — Ru(bpy);** + 0, kou (3)

the first reaction is too rapid to be detected (k; = 1.0 X 10° M
s711518 with [MV?2*] = 0.010 M, the lifetimes of *Ru(bpy),** are
~90 and ~86 ns in D,0 and H,O, respectively) and results in
the “instantaneous” bleaching of the Ru(bpy);** absorption at
452 nm and the appearance of the 605- and 395-nm absorption

(6) Creutz, C.; Sutin, N. Proc. Natl. Acad. Sci. US.A. 1975, 72, 2858.

(7) Lin, C. T,; Sutin, N. J. Phys, Chem. 1976, 80, 97.

(8) Winterle, J. S.; Kliger, D. S.; Hammond, G. S. J. Am. Chem. Soc. 1976,
98, 3719.

(9) Srinavasan, V. S.; Podolski, D.; Westrick, N. J.; Neckers, D. C. J. Am.
Chem. Soc. 1978, 100, 6513.

(10) Kurimura, Y.; Onimura, R, Inorg. Chem. 1980, 19, 3516.

(11) Kurimura, Y.; Yokota, H.; Muraki, Y. Bull. Chem. Soc. Jpn. 1981, 54,
2450.

(12) Albery, W. J,; Foulds, A. W. J. Photochem. 1982, 19, 37.

(13) Kobayashi, S. O.; Furuta, N.; Simamura, O. Chem. Lett. 1976, 503.

(14) Farrington, J. A,; Ebert, M; Land, E. J. J. Chem. Soc., Faraday Trans.
11978, 74, 665.

(15) Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159.

(16) Our value of k, is (1.0 £ 0.2) X 10° M~! 57 at 23 °C and 0.10 M ionic
strength and was obtained by lifetime measurements in the absence of
dioxygen and at very low [MV?*]. We also carried out flash photolysis
measurements in the absence of dioxygen and obtained a value of 4.0
X 10° M~1s71 (23 °C, & = 0.10 M, pH 1.18-6.7) for the recombination
reaction between the Ru(bpy);** and MV* produced in the quenching
step (eq 1).
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maxima characteristic of MV*, The second reaction is accom-
panied by first-order decreases in absorbance at 395 or 605 nm.

The observed first-order rate constants depend linearly on [*0,] -

((0.70-2.1) X 10™* M) and yield k, = (8.1 £ 0.7) X 10° M1 57}
(23 °C, 1 =0.10 M, pH 6.72 or 1.18) in excellent agreement with
the value (8.0 = 0.3) X 10® M~! 5! obtained by pulse radiolysis.!*
Finally, the third reaction is accompanied by the second-order
recovery of the 452-nm absorbance of Ru(bpy);2*. The second-
order rate constants, K4, Were found to vary with pH as depicted’
in Figure 1 (circles).!” The proposed mechanism is given by eq
4-6, which yield eq 7. The experimental values of k4 were fitted

HO, = H* + 0,” K, 4)
Ru(bpy);** + O,” — Ru(bpy);?* + "0, ;s (5)
Ru(bpy);** + HO, — Ru(bpy);** + 0, + H* ks (6)

ksK, + kg[H]
hgpsg = ———— )
K, + [H"]

to eq 7 by keeping K, as a constant parameter equal to 2.04 X
105 M~ 18 and floating ks and k. The nonlinear least-squares
computation yielded ks = (1.43 £ 0.03) X 10" M! 57! and kg
= (7% 23) X 10’ M 157!, The latter parameter is not significantly
different from zero, and we conclude that HO, is unreactive as
a reductant toward Ru(bpy);**. In contrast, O, reduces Ru-
(bpy);** at a diffusion-controlled rate.!*?° The large difference
in reactivity between HO, and O, toward Ru(bpy);** is not
unexpected. One-electron oxidation of HO, would produce the
thermodynamic unstable species HO,*, and therefore such a
process would be rather unfavorable,?! whereas one-electron ox-
idation of O, yields the correct state of protonation of the product.
From the reduction potentials of Ru(bpy);**/?* (1.26 V)'* and
*0,/0,7 (-0.16 V, 1 M 30,),22 the exoergonicity of eq 5 when
30, is formed is 1.42 eV. Since the lowest state of singlet dioxygen
('A,, hereinafter referred to as '0,) is 0.98 eV above the triplet,??
it follows that the oxidation of O, to 10, by Ru(bpy);** is also
exoergonic (0.44 eV). Therefore, it is important to determine
experimentally?* the multiplicity of the dioxygen produced in eq
5. This was done by utilizing the water-soluble singlet oxygen
trap 9,10-anthracenedipropionate?s (hereinafter referred to as
ADPA). The measurements were carried out by steady-state
irradiation at 450 nm of D,0% solutions (pH 6.9, 22 °C, u = 0.10
M) of Ru(bpy);>* ((3-5) X 107 M), MV (~0.01 M), %0, (2.7
% 1074 M), and ADPA ((2-4) X 103 M). The bleaching of the
378.5-nm absorption (A, = 1.15 X 10* M? cm™) of ADPA was

(17) At [H*] > 1 X 1072 M, the reaction is not fully reversible: H,0, and
Ru(bpy);** are produced in a 1:2 ratio. The quantum yield for H,0,
production at (H*] = 6.6 X 102 M is ~0.1. These observations are
consistent with the reported®®!? formation of H,O, when solutions of
Ru(bpy);?* are irradiated in the presence of dioxygen in sulfuric acid
solution. Presumably, HO, (formed by protonation of Q,"), because of
its lack of reactivity toward Ru(bpy);°*, undergoes disproportionation
to peroxide and dioxygen or is reduced to peroxide by Ru(bpy);**. But
note that, in 0.5 M HC], irradiation of Ru(bpy);** and dioxygen is
reported'® not to produce H,0,.

(18) Bielski, B. H. J. Photochem. Photobiol. 1978, 28, 645.

(19) The calculated value of ks is 5.2 X 10° M™! 57! with use of radii of 1.6
X 10® and 6.5 X 107® cm for O, and Ru(bpy);**, respectively, and the
equations given by: Rybak, W.; Haim, A.; Netzel, T. L.; Sutin, N. J.
Phys. Chem. 1981, 85, 2856.

(20) Since reaction § is diffusion-controlled, the rate of dissociation of the
cage complex Ru(bpy);**/O,™ must be slower than the rate of internal
electron transfer within the cage. The latter value has been reported,
6 X 10° s.12 The rate constant for dissociation of the cage complex
is estimated'? to be ~1 X 10° 5”1, Therefore, the inequality is obeyed.

(21) A favorable process would involve oxidation of HO, by hydrogen atom
abstraction.

(22) Wood, P. M. FEBS Lett. 1974, 44, 22.

(23) Boodaghians, R.; Borrell, P. Photochem. Photobiol. 1982, 35, 411.

(24) 'O, has been invoked as a possible product of the Ru(bpy);**-O;"
reaction in several papers.’$10-12

(25) Lindig, B. A.; Rodgers, M. A. J; Schaap, A. P. J. Am. Chem. Soc.
1980, 102, 5590.

(26) The lifetime of 'O, is considerably longer in D;O than in H,0, ~55
and 4 us, respectively. Measurements were also carried out in H,O
under identical conditions. The expected ~9-fold decrease in the rate
of disappearance of the trap was observed.
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monitored as a function of time. Blank experiments with solutions
containing all the components except 30, showed that the
bleaching of the ADPA amounted to less than 1% of the bleaching
observed in the presence of *0,. According to the sequence of
reactions given by egs 8, 9, 1, 2, 5, 10, and 11, the absorbance

Ru(bpy);** + hv — *Ru(bpy)s™* Ius (8
*Ru(bpy);** — Ru(bpy):** + Av' + heat ko 9)
10, =30, + b + heat kg (10)

10, + ADPA — (ADPA)O, ki, (11)

at 378.5 nm depends on time and the various rate constants
according to eq 12. A,, Ay, and A, are the absorbances at time

Ay - A Ag— A, $10lank k) [MVP)e
km In 0 + k“ 0 1= 1¥cstabs™1 ll[ ]
(ko + ki [MVH])V

A - A el

t, 0, and «, respectively; / is the path of the cell, ¥ is the volume
of the solution, I, is the number of einsteins per second absorbed
by Ru(bpy);2*, ¢, is the yield of 'O, produced in eq 5, and ¢,
is the cage separation yield for Ru(bpy);**|MV*. Values of &k,
and k;, in D,O are (1.8 £ 0.2) X 10*s™* %7 and (8.2 + 0.5) X 107
M1571.25 Plots of the left-hand side of eq 12 vs. time were linear
for about 50% reaction (at longer times some upward curvature
obtains), and the slopes of the lines give the value 24.3 £ 2.1
(average of three experiments). I,,, was measured by ferrioxalate
actinometry, ko = (9.8 £ 0.5) X 10°,2 ¢, = 0.21 £ 0.02,% and
ky=9.1x10*M"513 From the above values, the calculated
slope in eq 12 is ¢,(20.1 £ 2). Comparison between calculated
and experimental slopes yields ¢, = 1.2 £ 0.2, and therefore we
conclude that singlet dioxygen is quantitatively produced in the
Ru(bpy);** — O, reaction. Since the formation of >0, is ther-
modynamically more favorable, the quantitative formation of 10,
suggests that the Ru(bpy);**—0, reaction pathway that leads to
30, is nonadiabatic or, because of the high exoergonicity of this
pathway, that it lies in the inverted region.

We have also measured the yield of 'O, produced in the
*Ru(bpy);2*-30, reaction®!*? in D,0 and found a value of 1.0
+0.1.3* A comparison between the yields of singlet dioxygen
produced in the Ru(bpy);**-0,™ and *Ru(bpy),>*—*0, reactions
could, in principle, resolve the question of the mechanism of the
latter reaction. Both energy transfer’’? and electron transfer
followed by cage recombination between the Ru(bpy);** and O,
produced in the quenching event’ have been proposed as possible
mechanisms. Unfortunately, since the yield of 'O, in both re-
actions is essentially quantitative, no distinction is possible.

Since the chloride salts of Ru(bpy),?* and MV?* are soluble
in nonaqueous solvents, the present method of generation of

(12)

(27) Values of the lifetime of 'O, in D,O span the range 50-62 us. We chose
an average value of 55 us: Hurst, J. R.; McDonald, J. D.; Schuster, G.
B. J. Am. Chem. Soc. 1982, 104, 2065. Ogilby, P. R.; Foote, C. S. J.
Am. Chem. Soc. 1982, 104, 2069. Rodgers, M. A. Photochem. Pho-
tobiol. 1983, 37, 99.

(28) From emission lifetime measurements in our laboratories. Our value
is in good agreement with literature values; see, for example: Hauen-
stein, B. L., Jr.; Dressick, W. J.; Buell, S. L.; Demas, J. N,; DeGrass,
B. A. J. Am. Chem. Soc. 1983, 105, 4251. Cherry, W. R.; Henderson,
L. J., Jr. Inorg. Chem. 1984, 23, 983.

(29) Measured in our laboratories by steady-state photolysis of deaerated
solutions of Ru(bpy);?* and MV?* in the presence of 0.15 M tri-
ethanolamine. Our value was obtained by utilizing e of MV* at 610 nm
equal to 1.37 X 10* M~! ecm™ and is in good agreement with previously
reported values. !’

(30) Measured in our laboratories by fluorescence emission quenching.

(31) Demas, J. N.; Harris, E. W.; McBride, R. P. J. Am. Chem. Soc. 1977,
99, 3547.

(32) The quantum yield for formation of 'O, by quenching *Ru(bpy);** with
30, in methanol is 0.86: Demas, J. N.; McBride, R. P.; Harris, E. W.
J. Phys. Chem. 1976, 80, 2248.

(33) From the rate constants for the *Ru(bpy);**-MV?* (1 X 10° M~ s7})
and *Ru(bpy);**-30; (3 X 10° M! s7!) reactions and the concentrations
of MV2* (1.0 X 1072 M) and 30, (2.7 X 10™* M) utilized in the 'O, yield
measurements, we estimate that less than 10% of the 'O, observed in
ghe Ru(bpy);**—0, reaction comes from quenching of *Ru(bpy),?* by

0,.
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aqueous O, is also useful for nonaqueous solvents. Moreover,
by adding reductants that compete with O, for Ru(bpy),**, it
is possible to study the oxidation of O, by other reagents. Such
studies are in progress.
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Note Added in Proof. After this work was completed, the rate constant
for the Ru(bpy);**—0O, reaction was reported as 3.5 X 10 M~ 7! at
~1 X 107 M ionic strength, in good agreement with our value 1.4 X 10

M s7! at a higher (0.10 M) ionic strength: Sassoon, R. E.; Aizenshtat,
Z.; Rabani, J. J. Phys. Chem. 1985, 89, 1182.

Registry No. O,, 7782-44-7; Ru(bpy);**, 18955-01-6; O,", 11062-
77-4; Ru(bpy),>*, 15158-62-0; methylviologen, 1910-42-5.
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Kinetic and thermodynamic parameters for the hydrolysis of tris- and bis(acetohydroxamato)iron(III) complexes at / = 2.0 M
and 25 °C have been obtained by stopped-flow and rapid-scan spectral methods. Hydrolyzed iron(III) species are not believed
to be involved. The results are compared with those already available for the hydrolysis of the mono(acetohydroxamato)iron(I1I)
complex. The rate constants for reaction of FeA,(H,0),*, FeA(H,0),**, and FeOH?* with acetohydroxamic acid (HA) are very

similar, all ~2 X 103 M~ 57!, and an Iy mechanism is preferred.

Microbial iron transport is mediated by low-molecular-weight
multidentate ligands termed siderophores, which have been ex-
tensively studied.> The naturally occurring siderophore desfer-
rioxamine B is currently used as a drug (“Desferal”) for the
treatment of chronic iron poisoning, which can result from repeated
massive blood transfusions (as with patients suffering from the
genetic disease known as Cooley’s anemia).* The interaction of
iron(II1) with desferrioxamine has been thoroughly investigated,’
and the results are important in advancing an understanding of
the molecular basis for iron availability in microorganisms, as well
as the mechanisms for siderophore-mediated microbial iron
transport!®!! and siderophore chelation therapy.

The synthetic hydroxamic acids, R;C(O)N(OH)R,, are ex-
cellent model ligands for the siderophores, and their interaction
with iron(III) has been well-studied.**!>!' The mono(hy-

(1) University of Zagreb.
(2) New Mexico State University.
(3) (a) Raymond, K. N.; Tufano, T. P. In “The Biological Chemistry of
Iron”; Dunford, H. B., Dolphin, D., Raymond, K. N, Sieker, L., Eds;
D. Reidel Publishing Co.: Dordrecht, Holland, 1982; p 85. (b) Nie-
lands, J. B. Adv. Inorg. Biochem. 1983, 5, Chapter 6.
(4) Kehl, H., Ed. “Chemistry and Biology of Hydroxamic Acids”; Karger:
New York, 1982.
(5) Schwarzenbach, G.; Schwarzenbach, K. Helv. Chim. Acta 1963, 46,
1390.
(6) Lentz, D. J.; Henderson, G. H.; Eyring, E. M. Mol. Pharmacol. 1973,
6, 514.
(7) Kazmi, S. A.; McArdle, J. V. J. Inorg. Biochem. 1981, 15, 153,
(8) Monzyk, B.; Crumbliss, A. L. J. Am. Chem. Soc. 1982, 104, 4921.
(9) Biru§, M,; Bradi¢, Z.; Kujundzi¢, N.; Pribani¢, M. Inorg. Chim. Acta
1981, 56, L43; Inorg. Chim. Acta 1983, 78, 87; Croat. Chem. Acta
1983, 56, 61; Inorg. Chem. 1984, 23, 2170.
(10) Monzyk, B.; Crumbliss, A. L. J. Inorg. Biochem. 1983, 19, 19.
(11) Hilder, R. C.; Bickar, D.; Morrison, I. E. G.; Silver, J. J. 4m. Chem.
Soc. 1984, 106, 6983.
(12) KujundZi¢, N.; Pribanié¢, M. J. Inorg. Nucl. Chem. 1978, 40, 729.
(13) Monzyk, B.; Crumbliss, A. L. J. Am. Chem. Soc. 1979, 10/, 6203.
(14) Biru§, M.; KujundzZi, N.; Pribani¢, M. Inorg. Chim. Acta 1981, 55, 65.
(15) Kazmi, S. A.; McArdle, J. V. J. Inorg. Nucl. Chem. 1981, 43, 3031.
(16) Funahashi, S.; Ishihara, K.; Tanaka, M. Inorg. Chem. 1983, 22, 2070.
(17) Brink, C. P.; Crumbliss, A. L. Inorg. Chem. 1984, 23, 4708.

droxamate)—iron(IIT) complexes have been the subject of several
kinetic investigations,!2-14161719 We report in this paper equilibria
and kinetic data for the formation and hydrolysis of bis- and
tris(acetohydroxamato)iron(III) cations in perchlorate and chloride
media. Because of the lability of the system, the use of rapid-scan
stopped-flow spectrophotometry has proved very useful for
measuring the spectrum of the bis species and for determining
the hydrolysis constants of the three stages of complex formation.
The results can be used for probing the intimate mechanism of
ligand substitution in iron(II1)?® and for understanding the de-
cidedly more complicated ferrioxamine—iron(III) system and
iron(IIl) interchange kinetics involving ferrioxamine B?! and
tris(acetohydroxamato)iron(III),2223

Experimental Section

Reagents were chemically pure. Acetohydroxamic acid was recrys-
tallized from ethyl acetate. Ferric perchlorate solutions were standard-
ized with use of a molar extinction coefficient of 4.16 X 10> M~! cm™
at 240 nm.** Perchloric acid solutions were obtained by dilution of 70%
perchloric acid. In all experiments, the solvent was water containing
NaCl or NaClO, to produce a final ionic strength of 2.0 M. For the
determination of the hydrolysis constants, ferric perchlorate (0.2-0.5
mM) and acetohydroxamic acid (10-100 mM) were equilibrated at pH
6.0 and mixed in a rapid-scan stopped-flow apparatus with the sodium
perchlorate solution containing various concentrations of perchloric acid
(0~16 mM for tris — bis; 6-400 mM for bis — mono, and 0.2-2.0 M
for mono — Fe**). In each case, a spectrum was recorded that corre-

(18) Biru§, M.; Kujundzi€, N.; Pribanié, M.; Tabor, Z. Croat. Chem. Acta
1984, 57, 313.

(19) Biru§, M.; Krznari¢, G; Pribani¢, M.; Ursi¢, S. J. Chem. Res., in press.

(20) Wilkins, R. G. In “The Biological Chemistry of Iron”; Dunford, H. B.,
Dolphin, D., Raymond, K. N, Sieker, L., Eds.; D. Reidel Publishing
Co.: Dordrecht, Holland, 1982; p 13. .

(21) Tufano, T. P.; Raymond, K. N. J. Am. Chem. Soc. 1981, 103, 6617.

(22) Brown, D. A,; Chidambaram, M. V.; Clarke, J. J.; McAleese, D. M.
Bioinorg. Chem. 1978, 9, 255. (b) Brown, D. A.; Chidambaram, M.
V.; Glennon, J. D. Inorg. Chem. 1980, 19, 3260.

(23) Calvert, R. E.; Kojima, N.; Bates, G. W. J. Biol. Chem. 1982, 257,
7560.

(24) Bastian, R.; Weberling, R.; Palilla, F. Anal. Chem. 1956, 28, 459.
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