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in rejecting Cr"' as an important biologically active metal center 
during evolution. The natural abundance of chromium would also 
oppose its evolutionary selection. 
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The reductions of H 2 0 2  and O2 by Ti(edta)(H20)-, Ti(H20)2', Fe(edta)2-, Fe(H20)2+, and Ru(NH3);' have been studied by 
the spin-trapping technique using 5,5-dimethyl- 1 -pyrroline N-oxide (DMPO) and N-tert-butyl-a-phenylnitrone (PBN) radical 
traps. The resultant radical adducts RDMPO' and RPBN' have been characterized by ESR spectroscopy in agreement with 
literature values. Ti(edta)(H20)-, Fe(edta)2-, Fe(H20)62t, and RU(NH&~+ reductions of H 2 0 2  produce HO' identified by the 
HO-DMPO' and HO-PBN' spectra. HO' formed in these reductions may be intercepted by chemical mediators (CH30H, 
C2H50H, (CH,),CO, (CH3)$OH) to provide more long-lived secondary carbon-centered radicals, which are trapped by DMPO 
or PBN. Excellent spectral matches for RDMPO' and RPBN' s p i e s  are obtained for the Ti(edta)(H,O); Fe(edta)2-, Fe(H20)?, 
Ti(H@)P', and R u ( N H ~ ) ~ ' +  reductants for HZO2 in the presence or absence of mediators. When O2 is used as the oxidant for 
R u ( N H ~ ) ~ ~ + ,  this reaction known to proceed outer sphere via OF, only the dismutation/reduction product (HO') is trapped at  
pH 6.86. Both H02'  and HO' are trapped at pH 2.57 in a 1.0:7.6 ratio. Ti(edta)(H20)- is known to be oxidized inner sphere 
by O2 via coordinated OF. No radical adducts for the Ti(edta)(Hz0)-/O2/radical trap system are observed with or without 
mediators in the solvent cage. The reduction of O2 by either Fe(edta)2- or Fe2(ttha)2- proceeds by an inner-sphere pathway in 
which the coordinated 02- survives long enough to attack an adjacent carboxylate moiety, forming a trappable ligand-based 
carbon-centered radical. or to attack sacrificial mediators in the solvent cage. 

Introduction 
The reduction of O2 and H202 is an important chemical 

problem. Its ramifications are the central issue in the energy- 
transducing apparatus and protective enzymes for aerobic bio- 
chemical cells, the rate-controlling factors of many electrochemical 
fuel cells, and the wide class of chemical autoxidations of inorganic 
and organic substrates. A crucial question for the reactivity of 
O2 and H202 with transition-metal centers is whether the processes 
proceed by inner- or outer-sphere paths. Inner-sphere reduction 
of H202 by labile metal centers frequently proceeds about lo4 
times faster than when H202 is restricted to an outer-sphere role.' 
Reduction of H202 by labile aqua transition-metal reductants such 
as Fe(H20)62+, Cr(H20)62+, or Ti(H20),3' proceeds predomi- 
nantly by one-electron paths with formation of hydroxyl radical 
(HO') as the initial p r o d ~ c t . ~ - ~  The reduction sequence for O2 
is typically more complicated in aqueous solution because any 02- 
that is formed by a one-electron pathway carries out a self-dis- 
mutation into O2 and H202. Since the latter product is also 
chemically reactive, it is often difficult to discern between a 
reaction of one-electron steps involving 0; and a two-electron 
reduction forming H202 directly. This problem has been more 
frequently addressed by biophysical chemists in the study of 
biological redox reactions such as the electron transport chain in 
spinach chloroplastsS or in the characterization of bleomycin-type 

(a) Bennett, L. E. Prog. Inorg. Chem. 1973, 18, 1. (b) Davis, G.; Sutin, 
N.; Watkins, K. 0. J. Am. Chem. Soc. 1970, 92, 1892. 
(a) Ardon, M.; Plane, R. A. J. Am. Chem. Soc. 1959, 81, 3197. (b) 
Samuri, A.; Meisel, D.; Czapski, G. J .  Chem. Soc., Dalton Trans. 1972, 
1273. 
(a) Conocchioli, T. J.; Hamilton, E. J.; Sutin, N. J .  Am. Chem. Soc. 
1965, 87, 296. (b) Walling, C. Acc. Chem. Res. 1975, 8, 125. 
(a) Armstrong, W. A. Can. J. Chem. 1969, 47, 3737. (b) Kristine, F. 
J.; Shepherd, R. E. J .  Chem. Soc., Chem. Commun. 1980, 132. 
Harbour, J. R.; Bolton, J. R. Biochem. Biophys. Res. Commun. 1975, 
64. 803. 

antitumor drugs and their chemical  model^.^-^ The technique 
of spin trapping with DMPO or PBN has proven useful as a 
diagnostic tool in detection of intermediates that are produced 
in O2 and H202 reductions from organic reagents. The technique 
has been reviewed previously by Janzen9 and by Evans.lo The 
use of spin-trapping reagents to study metal ion/peroxide redox 
reactions is less common in the but the tool was 
recently added to the mechanistic arsenal for inorganic chemists 
in the study of H202 reductions by Fe(edta)2-, Ti(edta)(H,O)-, 
and R u ( N H ~ ) ~ ~ + . * ~  Myser and Shepherd have used the DMPO 
spin trap in conjunction with parallel trapping agents to examine 
the mechanism of the O2 oxidations of binuclear polyamino 
carboxylate complexes including Fe2(ttha)2- I s  and V20(ttha)2-.16 
These binuclear complexes of triethylenetetraaminehexaacetate, 
tthab, have proven to be interesting comparison systems for the 
hemerythrin 02-carrier enzyme1' and for certain features of the 

(6) Sugiura, Y.; Takita, T.; Umezawa, H. In Antibiotics and Their Com- 
plexes; Sigel, H., Ed.; Metal Ions in Biological Systems, Vol. 19; Dek- 
ker: New York, 1985; p 81. 

(7) Henichart, J.-P.; Bernier, J.-L.; Houssin, R.; Lohez, M.; Kenani, A.; 
Catteau, J.-P. Biochem. Biophys. Res. Commun. 1985, 126, 1036. (b) 
Henichart, J.-P.; Houssin, R.; Bernier, J.-L.; Catteau, J.-P. J .  Chem. 
Soc., Chem. Commun. 1982, 1295. 

(8) (a) Sugiura, Y. J .  Am. Chem. Soc. 1980, 102, 5208. (b) Suguria, Y. 
J .  Am. Chem. Soc. 1980, 102, 5216. 

(9) Janzen, E. G. Acc. Chem. Res. 1971, 4 ,  31. 
(10) Evans, C. A. Aldrichimica Acta 1979, 12, 23. 
(11) Gilbert, B. C.; Norman, R. 0. C.; Sealy, R. C. J .  Chem. Soc., Perkin 

Trans. 2 1973, 2174. 
(12) Harbour, J. R.; Chow, V.; Bolton, J. R. Can. J .  Chem. 1974,52, 3549. 
(13) Kremer, M. L. Isr. J .  Chem. 1971, 9, 321. 
(14) Johnson, C. R.; Shepherd, R. E. In Mechanistic Aspects of Inorganic 

Chemistry; Rorabacher, D. B., Endicott, J. F., Eds.; ACS Symposium 
Series 198; American Chemical Society: Washington, DC, 1982. 

(15) Shepherd, R. E.; Myser, T. K.; Elliott, M. G. Inorg. Chem., in press. 
(16) Myser, T. K.; Shepherd, R. E. Inorg. Chem. 1987, 26, 1545. 
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superoxide dismutase enzyme.16 The spin-trapping method pro- 
vides a potentially important procedure for identification of radical 
intermediates created during inner-sphere reduction of O2 and 
H202. These studies could provide evidence for many metal ion 
assisted oxidations and hydroxylations related to oxygenases and 
m~nooxygenases.~~ The study of these mechanisms for enzymatic 
processes and the simple chemical mimics of them is a very im- 
portant, emerging research area. In this paper we report more 
detailed results that support the conclusions reached previously 
by Johnson and Shepherd14 for the H202 oxidations of Fe(edta)z-, 
Ti(edta)(H20)-, and R u ( N H ~ ) ~ ~ +  and extent these studies to the 
O2 oxidations of these reductants. The mechanism of the Fe- 
(edta)2-/02 reaction is particularly impeEtant in light of its use 
in DNA-nicking studies.32 The results reported here are important 
in showing that the spin-trapping technique provides the proper 
trapped radical or the absence of radical species, depending on 
whether outer-sphere radical production or inner-sphere binding 
of the reduced oxygen species has occurred. These studies are 
particularly meaningful because the 02/Ru(NH3)62+ reaction is 
known to occur by the one-electron outer-sphere path forming 
0 2 - I '  and the 02/Ti(edta)(H20)- reaction is known to occur via 
a bound 0; intermediate.I8 The results lend considerable promise 
that DMPO and PBN traps will be useful as probes of interme- 
diates in reactions of O2 and H202 with a wide variety of inorganic 
transition-metal reductants and that spin trapping will be a 
profitable mechanistic tool for future use. 
Experimental Section 

N-terr-Butyl-a-phenylnitrone (PBN) and 5,5-dimethyl-l -pyrroline 
N-oxide (DMPO) obtained from Aldrich were employed as radical- 
trapping agents by following the methods similar to those reported pre- 
v i o ~ s l y . ' ~ ~ ' ~  Solutions were prepared in glass bubblers attached to an Ar 
line. Oxygen removal was achieved by passage of Ar or N2, scrubbed 
through Cr(1I) solutions to remove O2 impurities. The pressure in the 
glass bubbler was released to the atmosphere via a syringe needle placed 
into a rubber septum that sealed a 14/20 standard taper neck. The 
septum also provided entry for transferring or sampling reagents with a 
flushed gas-tight syringe carrying an appropriate needle (see below). 
Four bubblers were used. In the first bubbler 0.03 M stock solutions of 
the radical trap were prepared by dissolving in 10.0 mL of deionized 
water an appropriate weighed amount of PBN (-0.0532 g) or 0.033 mL 
of DMPO, sampled in an N2 glovebag. In the second bubbler 3.0 X IO-, 
M metal ion reducing agent solutions were prepared. Weighed solids of 
TiCI, and Fe(NH4)2(S04)2-6H20 were used to supply Ti" and Fe2'. 
RU(NH, )~ '  was prepared as follows: 0.023 20 g of Ru(NH,)~CI, was 
dissolved in 10.0 mL of distilled deionized water while the solution was 
vigorously deoxygenated with Ar gas. The solutions were handled in 
subdued lighting to prevent photodecomposition. Samples of the Ru(I1) 
solutions were allowed contact only with Pt needles to avoid Fe impur- 
ities. Several Zn(Hg) chips were added to the Ru(NH@I, solution to 
effect the reduction to R U ( N H ~ ) ~ ~ ' .  Reduction was allowed to proceed 
for 15.0 min. A 5.0" aliquot of Ru(NH3)?+ solution was transferred 
to a bubbler containing 0.013 12 g of Na2H2edta.2H20 dissolved in 5.0 
mL of phosphate buffer (pH 6.86, fi  = 0.100) preflushed with Ar. The 
concentrations of the stock Ru(NH,):' solution were [Ru(NH&~+]  = 
3.75 X IO-, M and [H2edta2-] = 1.65 X lo-' M. Hzedta2- is present to 
prevent precipitation of [Z~~(ed ta )~ - ]  1.88 X lo-' M. Ru- 
(NH3):+ was also prepared in HCI solution for studies in the pH range 
of 2-4. HCI was used to prevent oxidation of Ru(I1) by CIO,-. Fe- 
(edta)2- and Ti(edta)(H20)- were prepared by diluting the Fe2' or Ti" 
stock solution into a purged solution containing the requisite amount of 
Na2H2edta for chelation. Transfer of either reagent was achieved with 
stainless steel needles and purged gastight syringes. Typical handling 
methods are described elsewhere.'* 

For studies at pH 6.86, 10 mL of phosphate buffer was used as the 
solvent, and for studies in solutions of a fixed [H,O+], the solvent was 
10 mL of 0.333 M HC104 (or HCI for Ru(NH,):+) diluted to the 
necessary concentration. The third bubbler contained a solution of 3% 
H202, standardized by Ce(IV) titration. The reaction mixture was made 
in the fourth bubbler. A 0.50-mL aliquot of a 10.0 M solution of the 
substrate (methanol, ethanol, acetone, or other specified scavenger) was 
added to the bubbler and the Ar purge was started. The radical trapping 
solution (1.5 mL) was added by syringe followed by 1.5 mL of H202 
solution. Finally, 1.5 mL of the metal ion solution was added, starting 

Johnson et al. 

(17) Stanbury, D. M.; Haas, 0.; Taube, H. Inorg. Cfiem. 1980, 19, 518. 
(18) Kristine, F.; Shepherd, R. E.; Siddiqui, S. Inorg. Cfiem. 1981, 20, 2571. 

Table I. Spin Hamiltonian Parameters (Gauss) for Radicals 
Produced via H202  Oxidations# 

DMPO PBN 

reductant substrate aN aH aN aH 
Ti"'(edta) (H20)-  H 2 0  15.0 15.0 16.5 3.3 

CH,OH 16.2 23.0 16.1 3.9 
(CH,),CO 16.1 23.8" N S b  NS 

CH3CH20H 16.2 23.2 16.4 3.5 

Fe"( ed ta) 2- H2O 15.0 15.0 ... ... 
CHpCH20H 16.0 23.2 16.35 3.5 

(CH3)2CO 15.0' 15.0' NS NS 

(CH3)3COH -16.5" 24.0" NS NS 

CH3OH 16.0 23.0 16.4 4.0 

CHj(CH2)3OH ... ... 16.4 2.75 

Ti(H20)6,+ CH3CH2OH 16.3 3.5 
CH3OH 16.2 4.0 

Fe(H20),2+ H2O 16.0 3.3 

CH,OH 15.9 23.0 16.9 4.0 
(CHd2CO 15.8e 8.6' 

Ru(NH,):+ H2O 15.0 15.0 16.0 3.3 

CH30H 16.2 23.0 16.0 3.3 
(CH3)2C0 16.5' 23 .v  

CH,CH20H 16.1 23.3 16.2d 3.6d 

CH3CH20H 16.2 23.2 16.2 3.3 

"OH' adduct; aN = aH = 15.0 g also detected. b N S  = no signal 
detectable. 'Only OH' adduct detected. dNH2 adduct also observed 
from Fe(NH4)2(S04)2 source. NH2' detected as a triplet of 
triplets. fHO' is the major species. g[CH3CH20H] = 1.73 M, [C- 

[DMPO] = [PBN] = 9.0 X lo-) M; reducing agents ca. 9.0 X M. 

the oxidation reaction. A sample of the reaction mixture was transferred 
to a N2- or Ar-purged flat quartz EPR cell and mounted in a Varian E-4 
EPR spectrometer. Three to six minutes elapsed between the time the 
metal ion solution was added and the EPR spectrum was obtained. In 
the case of O2 as the oxidant for Ti(edta)(H20)-, Fe(edta)z-, and Ru- 
(NH3)62+, the delay time in obtaining the initial spectrum was reduced 
to ca. 60 s in order to search for any initially formed species that might 
undergo a rapid decay. No difference in the number of detectable species 
was observed at 1 min vs the more usual 3-6-min delay. The studies of 
Harbour, Chow, and Bolton12 show that the HO' and H02 '  adducts of 
DMPO are sufficiently long-lived that detection under our conditions 
would be ensured. Studies with Fe(edta)'- oxidized by H202  were also 
carried out such that radicals could be detected within the first 2 min 
after mixing. No species in addition to those present after 3-6 min were 
observed. The free-radical spectra were obtained at room temperature 
in the X-band region (frequency -9.395 GHz) with 100-kHz modulation 
and 0.50-G modulation amplitude to avoid saturation at 10.0 mV of 
microwave power. Repetitive scans of the EPR spectrum were obtained 
at 2.0-min intervals to observe any evidence of radical concentration 
decay with time. Some species were found to be stable, while others did 
decay with time as described in the text. The loss is typically less than 
20% of the signal per 8.0-min sweep. 

Results and Discussion 
Ti(edta)(H20)- Reductant for H202. When 3.0 X M 

Ti(edta)(HzO)- was injected into the reaction mixture containing 
H20z and the DMPO radical trap, radical species were produced 
as shown in Figure 1A-D with the following species present: H20 
alone (spectrum lA), ethanol (spectrum lB), methanol (spectrum 
lC), and acetone (spectrum 1D). All ESR spectra showed a slow 
decrease in amplitude with time. The spin Hamiltonian param- 
eters for the isotropic coupling constants of uN and uH for the 
radical-DMPO adducts are given in Table I .  Concentrations 
of reducing agents, traps, and mediators are given in the Table. 
Spectrum 1A clearly shows the HO' radical has been trapped due 
to the four-line spectrum of 1:2:2:1 intensity, which is characteristic 
of the HO-DMPO' adduct (literature values of uN = uH = 15.0 
G19 are given for HO-DMPO'). No additional species such as 
a carbon-centered radical due to the attack of HO' on coordinated 
edta4- was observed. Therefore, the HO' that is produced cleanly 
escapes the cage to be trapped by DMPO or to be reduced to HO- 
by a second Ti(edta)(H20)- reductant. 

(19) (a) Reference 14. (b) Janzen, E. G.; Liu, F. J .  Mugn. Reson. 1973, 19, 
510. 

H,OH] = 2.46 M, [(CH,),CO] = 1.36 M, [(CH,)jCOH] = 1.00 M; 
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2 0 G  I 

Figure 1. DMPO radical adducts generated by Ti(edta)(H20)-/H202: (A) H 2 0  alone, 4.0-min scans, RG = 1.6 X lo3; (B) C2HJOH added, 8.0-min 
scans, RG = 6.3 X lo4; (C) C H 3 0 H  added, 8.0-min scans, RG = 5.0 X lo3; (D) (CH3)2C0 added, 8.0-min scan, RG = 2.0 X IO4. All spectra were 
obtained at  9.475 GHz, with 0.50-G modulation amplitude and 10-mW microwave power at  room temperature; RG = receiver gain; [Ti(III)] = 3.0 
X lo-' M, [H202] = 0.30 M, [mediators] = 1.0 M. 

The copious production of HO' occurs via reaction 1 at pH 
L2;20 the trapping reaction for DMPO is shown for all radicals, 
R', in reaction 2. The influence of the R group is indirect through 
Ti(edta)(H20)- + H202 - TiO(edta)2- + HO' + H30+ (1) 

0 
modification of the uN and aH constants. It is sometimes useful 
for diagnostic purposes to convert reactive radicals such as HO' 
or 02- into secondary, trappable, more long-lived carbon-centered 
radicals. Alcohols and acetone are frequently utilized for this 
purpose, as shown for ethanol in reaction 3. The carbon-centered 

HO' + CH,CH20H - CH,CHOH + H 2 0  (3)  
radicals are reducing radicals and are very much less prone to 
reduction by the metal ion reductants than is HO' or 02-. 
Therefore, the derivative R' species survive longer for trapping. 

(20) Kristine, F.; Shepherd, R. E. J. Chem. SOC., Chem. Commun. 1980, 
1000. 

(21) Shiga, T. J .  Phys. Chem. 1965, 69, 3065. 
(22) Kristine, F. J.; Johnson, C. R.; ODonnell, S.; Shepherd, R. E. Inorg. 

Chem. 1980, 19, 2280. 
(23) (a) Hertzberg, R. P.; Dervan, P. B. J. Am. Chem. SOC. 1982,104, 313. 

(b) Schultz, P. G.; Dervan, P. B. J. Am. Chem. SOC. 1983, 105, 7748. 
(24) Initially, our study suggested Ti'" produced by the Ti(H20)63+/H202 

reaction caused a shift in the measured aN and aH values. This problem 
was shown to be an impurity problem with one batch of PBN trapping 
solution. When authentic Ti" as Ti02+ is mixed with the product 
trapping solution of radicals produced by the Fe(H20)62+/H202 method 
with CH30H and CH3CH20H, no change in aN or aH parameters is 
observed. Furthermore, a repeat of the Ti(H20)63+/,H202-generated 
radicals gave parameters identical with those of species generated by 
Fe(H20)62C alone or by Fe(H20)62+ followed by addition of Ti02+. The 
latter is present as Ti0$+ due to the excess of H202 in the method and 
is detectable to the eye by its yellow color. 

1 0 0  

u*35 

Figure 2. PBN radical adduct generated by Ti(edta)(H20)-/H202 plus 
CH30H: 4.0-min scan, RG = 4.0 X lo3, 9.476 GHz; all other settings 
as in Figure 1. 

Finkelstein et al. have measured the rate constant for DMPO 
trapping of HO' as 3.4 X lo9 M-' s - ' , ~ ~  compared to 1.85 X lo9 
for its H atom abstraction from ethanol, 8.6 X lo8 from methanol, 
or 7.3  X lo7 from a c e t o r ~ e . ~ ~ * ~ ~  Rates with alcohols and acetone 

(25) Finkelstein, E.; Rosen, G. M.; Rauchman, E. J. J .  Am. Chem. SOC. 
1980, 102,4994. 

(26) Dorfman, L. M.; Adams, G. E. Natl. Stand. Ref Data Ser. (US., Natl. 
Bur. Stand. 1913, NSRDS-NB546. 
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have been obtained in pulse radiolysis studies.26 Comparison 
studies with 0, as the oxidant instead of H202,  which we will 
discuss, made it relevant to study the trappable radicals formed 
via reaction 3 with HO'. The secondary radicals that were ob- 
tained for a useful series of alcohols and acetone are given in Table 
I .  In all cases the observed radicals are the a-H atom abstracted 
radicals when produced with HO' generated from the Ti- 
(edta)(H20)-/H202 system. As shown in Table I the uN and uH 
parameters are reasonably close for the adducts of CH,CHOH, 
'CH20H,  and 'CH2(CO)CH3, but the sensitivity of the ESR 
method is sufficient to distinguish these species with certainty. 
In the case of acetone (1.36 M )  as  the chemical trap for HO', 
the steps that form 'CH2(CO)CH3 and its trapping by DMPO 
(9.0 X M) are competitive with the direct trapping of HO' 
by DMPO. This is consistent with the reported rate constants 
for HO' trapping by acetone and DMP0.26 Both radical species 
are present for spectrum ID; the HO-DMPO' adduct is trapped 
about twice as often as 'CH2(CO)CH3 under our conditions. The 
PBN trap is also active in scavenging HO' or its R' chemical 
equivalent via reaction 4. However, the variation in the uN and 

Johnson et  al. 

Q 'i' 
1 1  

C-N-C(CH3)3 ( 4 )  

R 

/ I  
C=N -CC(CH3)3 + A '  

H'I 
/ +  H 

uH parameters is less with PBN than with the DMPO trap. 
Therefore, the spectra appear to be nearly alike, as shown for the 
PBN-trapped 'CH,OH adduct in Figure 2. Trapping by PBN 
also appears to be kinetically slower than with the DMPO trap. 
PBN is known to be 10-100 times slower in trapping R'.I0 In 
the case of acetone as the mediator, no signal is detectable with 
the PBN trap. This establishes that dimerization of CH,(CO)CH, 
radicals and competitive reduction of HO' by Ti(edta)(H20)- 
proceed faster than trapping by PBN, whereas with the DMPO 
trap both HO' and 'CH2(CO)CH3 are detectable. 

Fe(edta)2- Reductant for H2OP When Fe(edta),- was used as 
the reductant for H202,  the same radical species were detected 
as with Ti(edta)(H20)- as the reducing agent. The relative 
amounts of the trapped radical show an increase of between 2-fold 
and 16-fold greater yield when Fe(edta)2- is the reductant com- 
pared to the case where Ti(edta)(H,O)- is the reductant. The 
spin Hamiltonian parameters of the trapped radicals for both 
DMPO and PBN are given in Table I .  The agreement in the 
parameters for the two methods is f0.2 G for uN and f0.5 G for 
uH. Due to the lack of sensitivity of the PBN trap to the identity 
of R', the spectra of all of the PBN adducts derived from Fe- 
(edta),- as the reductant for H202 again appear nearly identical 
with the spectrum shown in Figure 2 for the Ti(edta)(H20)-/ 
H2O2/CH,OH system. Therefore, the spectra have not been 
presented individually here. Excellent spectral matches are ob- 
tained by using DMPO as the trapping agent with either Fe- 
(edta)2- or Ti(edta)(H,O)- as the reductant for H202. When 
Fe(edta)" at 1.02 X IO-, M was oxidized by H 2 0 2  in the presence 
of 3.33 X lo-, M H2edta2- (pH 4.34) and either 2.00 X lo-, or 
5.00 X lo-, M DMPO, no species other than HO-DMPO' was 
detected at the highest achievable receiver gain within the first 
2 min. The effective concentration (0.133 M) of chemical trapping 
sites for H2edta2- is 4 times that of glycine ( k  - 1.7 X I O 7  with 
HO'). Thus, the effective trapping rate constant for H2edta2- with 
HO' should be greater than or equal to 7 X lo7, comparable to 
the case for acetone. No signal other than that for HO-DMPO' 
was seen for Fe(edta),-/H202 with either of these potential 
mediators. This observation has important consequences for 
species that are trapped in the Fe(edta),-/O, reaction, which is 
described in a later section. If 0, is produced and either dismutes 
into 0, or H202 or is reduced to H202,  the resultant secondary 
reaction of H202 will yield HO', which is readily trapped by 
DMPO. HO' trapping is not attenuated kinetically by even high 
levels of H2edta2.-. The absence of HO-DMPO' under similar 
conditions can be used to rule out outer-sphere production of 0,- 

Figure 3. PBN radical adducts generated by Fe(H20)62+/H202: (A) 
CH30H added, 8.0-min scan, RG = 5.0 X 10' at 9.476 GHz; (B) 
(CH3)2C0 added, 8.0-min scan, RG = 5.0 X lo4 at 9.458 GHz; all other 
settings as in Figure 1. 

by Fe(edta)2- or related reagents. This is due in part to the fact 
that metal ion reductants generally react with HO' at rate con- 
stants between lo7 and 1O1O M-' s - ' , ~ ~  In the latter phase of any 
reaction that generates HO' while the pool of reducing agent is 
decreasing, DMPO at ca. 1 X lo-, M has a distinct trapping 
advantage relative to HO' reduction. 

Fe(H20)62+ Reductant for H202. The radicals generated by 
the Fenton's reagent system (Fe(H20)62+/H202) were examined 
with DMPO and PBN as the trapping agents. Nearly the same 
molar amounts of the radical adducts were obtained by using the 
Fe(H@),,' as the reducing agent as for Ti(edta)(H20)- with 
PBN. The source of Fe(H20)62+ was the Fe(NH4)2(S04),.6H,0 
salt. In the spectra with only H 2 0  present, or with C H 3 0 H  or 
CH3CH20H added, evidence of a minor secondary radical is 
present in the background spectrum, as shown in Figure 3A for 
the 'CH20H adduct of PBN. The radical adducts exhibited the 
usual slow decay in intensity with 8.0-min field sweeps of 100 G. 
The nature of the second species was clearly shown when acetone 
was utilized as a mediator. Only a triplet of triplets with uN = 
15.8 G and uH = 8.6 G was found at g = 2.0020. The logical 
interpretation of this pattern is that of the 'NH, adduct of PBN, 
which is presumably formed by the reaction of HO' or R' with 
NH4+ in the medium (see Figure 3B). In all other aspects the 
behavior of Fe(H20)2+ as the reductant was the same as described 
previously for Ti(edta)(H20)- and Fe(edta),-. The values of uN 
and uH were also found to be invariant to added Ti02+ present 
in the form of the peroxo complex, Ti022+.24 

Ti(H20)63+ Reductant for H202. The flow method has been 
used to characterize the ESR spectra and their uH coupling 
constants in many organic radicals. In this method a Ti(II1) salt 
is flowed together with H202 and the desired organic substrate 
through an EPR cavity. H atom abstraction generates the radical 
of interest whose spectrum is obtained at a steady-state flow rate. 
Ti(H20):+, formed from the aquation of TiCI,, produced radicals 
with H202 having the same coupling constants as those generated 
via Ti(edta)(H,O)-, Fe(edta)2-, or Fe(H20)62+ with H202 in this 
work. These radicals underwent a decay at  2.0-min field sweeps, 
requiring 10 and 12 min for complete decay in the EPR cavity. 
Shiga has reported previously that different radicals are produced 
by Ti(H20):+/H,O2 than with Fe(edta)2-/H202.21 His results 
were interpreted as being due to a-abstraction by HO' generated 
from Ti(H20):' and abstraction from more distant chain positions 
in ROH by the Fe(edta),-/H202 reagent. This difference was 
not seen in the present trapping  experiment^.,^ 

R u ( N H , ) ~ ~ +  Reductant for H20,. When R U ( N H ~ ) ~ ~ +  is pre- 
pared as described in the Experimental Section and combined with 
H 2 0 2  in the presence of either the DMPO or PBN traps, the same 
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Figure 4. Radical adducts generated by RU(NH, )~ ' /O~:  (A) DMPO trap, HzO alone, pH 6.86, 8.0-min scans, R G  = 6.3 X lo4, 9.473 GHz; (B) 
PBN trap, HzO alone, pH 6.86, 8.0-min scan, R G  = 1.0 X lo4, 9.482 GHz; all other settings as in Figure 1 (no H202);  (C) DMPO trap, pH 3.60 
(HCI), 8.0-min scan, RG = 4.0 X lo4, 9.489 GHz; features of HOz' shown by arrows. 

radicals are detected as have been described in the case of Ti- 
(edta)(H20)- and Fe(edta)2-. These species are produced in high 
yield compared to the Ti(edta)(H20)- reductant. The mechanism 
of the R U ( N H ~ ) , ~ + / H ~ O ~  reaction is known to occur with a 
pathway associated with a large negative AS* (-41.9 f 4.3 eu).14,22 
The value of AS* has prompted the suggestion that a seven-co- 
ordinate intermediate, [ R u ( N H ~ ) ~ ( H , O ~ ) ~ ' ] ,  is formed during 
the reduction. Radical trapping has shown that a major pathway 
in this reaction involves the breakup of this intermediate into 
R u ( N H ~ ) ~ ~ + ,  OH-, and HO'.14 

Ru(NH3),'+ Reductant for 02. Stanbury et al. have studied 
the autoxidation reactions of a series of Ru(I1) complexes of the 
general formula R U ( N H ~ ) ~ L ~ + ,  where L = NH3 or a pyridine base. 
The kinetic evidence has been interpreted as explained only by 
a one-electron outer-sphere reduction of O2 forming 02-. The 0,- 
is reduced further by a second 1 equiv of Ru(NH3),L2+.I7J" When 
Ru(NH,),~+ was oxidized by O2 in the presence of the radical 
traps in phosphate buffer (pH 6.86), we observed the 1:2:2:1 
pattern of the HO-DMPO' species (uN = U H  = 15.0 G )  with the 
DMPO trap (Figure 4a) and six-line, equal-intensity pattern of 
aN = 17.1 G and uH = 3.7 G with PBN as the trap (Figure 4B). 
The nearness of these parameters to those of the HO' radical 
adducts as generated by Ti(edta)(H20)- and Fe(edta),- indicates 
that only HO' is trapped in the case of DMPO at pH 6.86. The 
rapid sequential reduction of O2 through 02- and H202,  and on 
to HO- plus HO', is implicated for this reagent. One may con- 
clude that if 0, is formed by an outer-sphere reagent, its reduction 
is rapid enough that its HO' generated partner is the one most 
likely to be trapped. 

When Ru(NH,)?+ is oxidized by O2 at pH 2.57 and 3.60 (HC1) 
in the presence of DMPO, two radicals are trapped in the ratio 
of 7.6:l.O. The major species is again the HO-DMPO' radical. 
However, the lesser radical is seen to be the trapped H02'  adduct. 
A spectrum identical with that observed by Harbour et al.', for 
H02-DMPO' is detected as lines secondary to those of the HO-  
DMPO' radical (Figure 4C). In the pH range below 4.88, H02'  
should be present from the outer-sphere one-electron reduction 
of O2 (pK, of H02 '  = 4.88).25 It has been shown previously that 

is significantly greater than for the case of 02- ( k  = 10 M-I s-I).~~ 
The trapping of 02- as H02'  in the RU(NH~),~'/O, system would 
have a kinetic advantage in the acidic pH regime. However, the 
dismutation of H02'  is also much faster than for dismutation of 

the rate of DMPO trapping of H 0 2 '  ( k  = 6.60 X lo3 M-' s-' ) 

02-.25,26 The results of replicate experiments show that 13% of 
the trapped radicals are H02-DMPO' in the pH range of 
2.57-3.60. Therefore, even at low pH, the major pathway for loss 
of 02- is dismutation via two H02 '  radicals forming H 2 0 2  and 
02. This is followed by a one-electron reduction of H202,  which 
yields the trapped HO'. The high kinetic advantage of HO' 
trapping vs H02 '  trapping by DMPO causes a large signal for 
HO-DMPO even though the [HO'] is only 1.5 X of the 
[HO,'] when the signal ratio is 7.6:l.O. These results show that 
free 0; or H02'  is difficult to intercept by DMPO trapping when 
these are formed by metal ion reducing agents plus O2 in the 
outer-sphere pathway. However, the absence of HO-DMPO' in 
these systems can be taken as strong evidence for the absence of 
free 0,- or H02' .  H202,  formed via either dismutation or re- 
duction of 02- and HO,', is further reduced to HO'. HO' is 
readily trapped by DMPO, as shown in Table I for Ti(edta)-, 
Fe(edta)', Fe(H20)62+, Ti(H20)63+, and Ru(NH,),~+ reductions 

Ti(edta)(H20)- Reductant for 02. Previous kinetic studies have 
shown that 0, is reduced by Ti(edta)(H,O)- by means of an 
inner-sphere reaction forming a bound superoxo intermediate, 
Ti(O,)(edta)- (k = 1.02 X lo4 M-' s-l ) . 1 8  It was of interest to 
observe if the radical-trapping agents would intercept a bound 
superoxo moiety.27 A Co(III)-02-complex was trapped with 
DMPO by Drago et When Ti(edta)(H20)- was mixed with 
O2 in the presence of DMPO, no radical of any kind was detectable 
within 60 s of the mixing. Under identical procedures with H20 ,  
present, copious amounts of the HO-DMPO' adduct were iden- 
tified at half the highest available receiver gain used to establish 
the absence of a signal with 0, oxidation. No other radical species 
was detected for the O2 oxidation of Ti(edta)(H20)- in the 
presence of C2HSOH as a potential additional scavenger. By this 
means it is shown that the 02/Ti(edta)(H20)- reaction is 100% 
inner sphere and that the bound 0,- complex does not react with 
either DMPO or an ethanol mediator in the solvent cage or 
dissociate giving free 02- (and HO') on a time scale competitive 

of H202. 

(27) Results of the trapping of a Ru(I1)-hydroperoxyl complex formed in 
the reaction of H202 with Ru2"(ttha)2' will be reported elsewhere. 
Coupling parameters similar to those observed by Drago et aL2* have 
been found. 

(28) Hamilton, D. E.; Drago, R. S.; Tester, J. J. Am. Chem. SOC. 1984, 106, 
5353. 
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Figure 5. DMPO radical adduct generated by Fe(edta)2-/02: 30-s O2 
oxidation of Fe(edta)" followed by Ar purge, 4.0-min scans, RG = 4.0 
X lo4, 9.405 GHz, 0.80-G modulation amplitude: all other settings as in 
Figure 1 (no H202).  

to its reduction to the bound peroxo product Ti(O),(edta),-. 
Fe(edta),- Reductant for 0,. The autoxidation of Fe" poly- 

amino carboxylates forms their Fe"' counterpart complexes in 
virtually quantitative yields. The Fe,(ttha),- binuclear complex 
has been shown to reduce 0, without the appearance of free HO', 
OF, or H2O2.I5 The Udenfriend system for organic hydroxylations 
uses the Fe"(edta),-/O, system together with ascorbate as a 
sacrificial reducing agent." The hydroxylation process has many 
of the properties of certain monooxygenase enzymes.34 The active 
intermediate is reputed to be an Fe1I1(0?-) (peroxo) intermediate 
formed by reduction of an Felll(Oz-) (superoxo) precursor. A 
search for evidence of a superoxo intermediate and its ability to 
oxidize a sacrificial substrate was undertaken by using the DMPO 
spin-trapping procedure. 

M solution of 
Fe(edta),- a t  pH r 6 for 30 s followed by a rapid purge of Ar 
to remove the excess O,, which causes paramagnetic broadening 
of organic radicals, a six-line pattern (Figure 5) with uH = 22.8 
G and uN = 16.2 G was obtained. A similar radical is generated 
by 0; from the photochemical oxidation of diethylenetriamine- 
pentaacetate (DTPAS-) by 0, with r ibof la~in .~~ These parameters 
are also very similar to those of the carbon-centered radicals that 
are found with alcohol mediators plus HO' as trapped by DMPO 
(see Table I under Fe(edta)2- or Ti(edta)(H,O)- with H 2 0 2  as 
the oxidant). The radical species trapped here must be due to 
either HO' or coordinated 0,- abstraction of an H atom from 
coordinated edta, as the edta is the only source of organic species 
in the reaction medium. Other results implicate coordinated 0,- 
as the active agent. 0,- alone, provided by KO2 as a salt and 
introduced into 0.10 M H2edta2- in the presence of DMPO, showed 
onry HO' trapped by DMPO (no Cantered  adducts). Therefore, 
free 0,- will only carry out the dismutation steps generating HO'. 
Neither 0; or HO' had sufficient activity to attack H2edta2- to 
give a C-centered radical in detectable yield. Furthermore, when 
HO' is generated in the presence of Fe(edta)" via H202 oxidation, 
no C-centered radical signal is detected. Therefore, the radical 
adduct shown in Figure 5 must originate within the cage of the 
original [ Fe(edta) (O,)] 2- intermediate. 

The amplitudes of the radical production were identical for 
samples prepared by independent workers obtaining spectra 4 
months apart. The C-centered radical production is quenched 
by addition of a sacrificial reducing agent, dithiothreitol (DTT). 

When 0, was bubbled through a 3.0 X 

(29) (a) Reference 25. For a riboflavin/O, photooxidation of Hedta3- see: 
Fife, D. J.; Moore, W. M. Photochem. Photobiol. 1979, 29, 43. (b) 
Buettner, G.  R.; Oberly, L. W. Biochem. Biophys. Res. Commun. 1978, 
83, 69. 

(30) The reduction of O2 on Ru(NH&~+ occurs much too rapidly to allow 
for loss of N H 3  to open a labile coordination position. See: (a) Shep- 
herd, R.  E.; Taube, H.  Inorg. Chem. 1973.12, 1392. (b) Pladziewicz, 
J .  R.; Meyer, T.  J.; Broomhead, J .  A,;  Taube, H.  Inorg. Chem. 1973, 
12, 639. (c )  Reference 17. 

(31) (a) Walling, C.; Kurz, M.; Schugar, H .  J. Inorg. Chem. 1970, 9, 931; 
(b) McClune, G. J.; Fee, J. A,; McClusky, G .  A,; Groves, J. T. J .  Am. 
Chem. SOC. 1977, 99, 5220. 

DTT is a well-known reducing agent used in many biochemical 
studies, particularly in the Dervan type (Fe11(edta)2-/02-based) 
system used for DNA-nicking and footprinting  procedure^.^^^^^ 
The spectrum of the Fe(II1) peroxo complex3' Fe(edta)(02)3-, 
A,,, = 520 nm, is observed. Absence of the C-centered radical 
when DTT is added indicates that eq 5 occurs more rapidly than 

2Fe(edta)(O$'- + HOCHzCHCHCHzOH - 
I I  
s s  
H H  

HOCH2CHCHCH20H + 2Fe(ed ta ) (O~)~ -  + 2H30+ ( 5 )  

I I  
s-s 

the coordinated 0,- will attack edta4- within the complex. Pre- 
sumably the ascorbate ion serves the same role in the Udenfriend 
reagent. 

When the Fe(edta),-/O, reaction is carried out at pH 4.36 or 
in the presence of a large excess of free H2edta2-, no radical is 
detected with DMPO. It is reasonable that the lower pH or source 
of a proton donor accelerates the loss of Fe(edta)(O,),-, pre- 
sumably stabilizing the species toward sequential reduction to 
coordinated HO,-. At higher pH, reduction of coordinated 0,- 
by Fe"(edta),- is probably slower on electrostatic grounds. A 
longer lifetime of the Fe(III)-O; intermediate will allow for attack 
of the ligand within the solvent cage, yielding a trappable radical 
related to the DTPA5-/0,/riboflavin system.29 

Support for this observation, that the inner-sphere 0,- complex 
permits attack of the ligand structure within the intermediate in 
a small percentage of reduction events, has been found by earlier 
studies in the autoxidation of Fe,(ttha),-. Fe2(ttha),- exists in 
solution in an extended-chain form such that the Fe" centers are 
remote from each other and behave largely like separate Fe(edta),- 
units.15 The results that are described here for the Oz/Fe2(ttha)2- 
and below for the 02/V20(ttha)z- systemsI5J6 were supported by 
additional studies using SOD (superoxide dismutase) and CAT 
(catalase) enzymes to rule out any major component of outer- 
sphere 0,- or H202 formation. 0, oxidation of Fe2(ttha),- in the 
presence of DMPO results in a trapped carbon-centered radical 
with spin Hamiltonian parameters uH = 22.8 G and uN = 14.8 
G, which are very similar to the values found here for the Fe- 
(edta),-/O, reaction.15 Furthermore, when Fe,(ttha),- was au- 
toxidized by 0, in the presence of ethanol to mediate the DMPO 
trapping, a different radical with uH = 22.6 G and uN = 16.0 G 
was obtained, which is nearly the same as the HO' abstracted 
radical of ethanol (CH3CHOH) shown in Table I. The difference 
in behavior of the 0; inner-sphere complex for Ti(edta)(H,O)- 
compared to that for Fe(edta),- is probably due to the difference 
in the rates of reduction of the coordinated OF, forming the peroxo 
products in competition with any tendency of the 0,- to attack 
the nearby ligand, or to attack a sacrificial reagent such as ethanol 
mediator in the solvent cage. 

The results that have been described elsewhere for the radi- 
cal-trapping experiments of the 02/V,0(ttha)2- system lend 
further support to the studies here.I6 As in the case of the Ti- 
(1II)edta reductant, very little radical is trapped with DMPO 
present alone when 0, oxidizes V,O(ttha)*-. A small amount of 
ethanol-mediated trapping of the 0; intermediate [V111,V1v02-] 
takes place.I6 An overall upper limit of 10% of the reduction events 
forming a carbon-centered ethanol radical was shown by DMPO 
trapping. This 10% reactivity may be due to the sum of several 
types of processes: (1) 0,- abstraction from the ethanol mediator 
competitive with reduction of the coordinated 02-, (2) outer-sphere 

(32) (a) Sluska, J. P.; Horvath, S. J.; Bruist, M. F.; Simon, M. I.; Dervan, 
P. B. Science (Washington, D.C.) 1987, 238, 1129. (b) Dervan, P. B.; 
Sluka, J. P. In Proceedings of the International Kyoro Conference on 
Orgunic Chemisrry: Elsevier: Amsterdam, 1986; Kodanska: Tokyo, 
1986, p 307. (c) Taylor, J. S.; Schulze, P. G.; Dervan, P. B. Tetrahe- 
dron 1984, 40, 457. 

(33) Udenfriend, S.; Clark, C. T.; Axelrod, J.; Brodie, B. B. J .  Biol. Chem. 
1954, 208, 731. 

(34) Ochiai, E.-I. Bioinorganic Chemistry, An Introduction; Allyn and Ba- 
con: Boston, MA, 1977; Chapters 7 and 10. 
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reduction of O2 forming free 02-, which upon dismutation is 
converted to HO' and trapped by alcohol, and (3) dissociation 
of 0, from the inner-sphere complex. The latter two explanations 
would not account for the absence of HO-DMPO' trapping in 
the absence of the ethanol mediator. Therefore, these reactions 
must be inner sphere with coordinated 02- generating trappable 
radicals from substrates within the solvent cage. 
Conclusion 

Whenever HO' is formed during the reduction of H202 (inner 
sphere) or O2 (outer sphere), the DMPO or DMPO/alcohol 
trapping systems detect the appropriate radicals as have been 
characterized for the Ti(edta)(H20)-/H202 system and the Ru- 
(NH3):+/O2 system. When O2 reductions occur by inner-sphere 
pathways, the DMPO trapping shows a much lower yield or no 
detectable radical signal for the early transition-metal reductants. 
Unless a large pool of reducing agent is present, the superoxo 
intermediate [Fe(edta)0212- may oxidize its own edta ligand in 
a small fraction of events, competitively with further reduction 
of the coordinated 0,- complex. The attack of 0, on the ligand 
chelate system can be transferred to a more active sacrificial agent 
in the solvent cage such as DTT or ascorbate. This latter effect 
may be important in the Dervan-type DNA-nicking d r ~ g s , ~ ~ . ~ ~  
which contain a Fe(edta)2- group tethered to a methidium in- 
tercalator or other DNA-sequence-specific binding agents. The 
present study shows that dithiothrietol rapidly reduces the Fe- 
(edta)(0,)2- intermediate to the Fe(II1) peroxo complex. The 

l e  reduction of this complex should yield a pool of HO' while a 
2e reduction yields a ferryl-oxo intermediate. These would be 
generated at  a slow rate in the vicinity of a receptive DNA 
substrate to suffer nicking. The results found here for the ad- 
ditional Ru( NH3)62+, Ti( edta) ( H20)-, and Fe( edta)" reductants 
show that the DMPO spin trap is a useful probe as to whether 
an inorganic autoxidation process occurs by an inner- or outer- 
sphere pathway. Absence of significant amounts of the HO- 
DMPO' adduct can be taken as evidence of an inner-sphere 
process in which coordinated 02- is further reduced by additional 
reducing equivalents of the reductant. In some cases, small 
amounts of radicals derived from attack of the ligand structure 
by 02- coordinated within the cage can also be deduced, leading 
to useful mechanistic information in conjunction with separate 
experiments involving the reactivity of free 02- or HO' and the 
free ligand. 
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Synthesis of Cr(tacn)X3 Compounds (tacn = 1,4,7-Triazacyclononane). Photochemistry 
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A series of Cr(tacn)X3 compounds, where tacn = 1,4,7-triazacyclononane, has been prepared and characterized for X = Br, F, 
CN, and NCS. The latter two compounds emit in room-temperature solutions and were therefore explored as candidates for 
sensitization and quenching studies. The triisothiocyanate compound appears to be the most promising. Although it is insoluble 
in water, it dissolves in a number of nonaqueous solvents, emits strongly at 753 nm with a lifetime at 298 K of 27 ps in dmso, 
is quenched efficiently by a number of metal ions and complexes as well as by oxygen, and is thermally stable and relatively 
photostable, having a quantum yield for thiocyanate photosubstitution of about 0.05 in dmso, dmf, and acetonitrile. The emission 
of the compound is quenched by Cr(en),)*, with a rate that is consistent with thermally activated energy transfer. Photolysis in 
aerated dmso of the triisothiocyanate leads to increased emission from the complex, a result of oxygen scavenging. 

Introduction 
There continues to be considerble interest in energy- and 

electron-transfer processes involving the excited states of tran- 
sition-metal ions.'-3 Analogous processes are involved in a number 
of important chemical and biological processes. 

Research activity in this general area has included a large 
number of studies of energy transfer to and from chromium 
complexe~.~  These are particularly important to our under- 
standing because of the well-defined spectroscopy of the chro- 
mium(II1) quartet and doublet  state^,^ which provide a system 
archetypal for many other less tractable systems. Studies of energy 
transfer involving chromium complexes are often hampered, 
however, by effects arising from the charges on the complexes, 
as well as by the high photolability of many of the molecules used 
to date.@* The first of these problems can be particularly severe 

in studies in nonaqueous solvents, an unfortunate feature because 
these are otherwise excellent media in which to study the sensi- 
tization and quenching interactions between ground and excited 
states of organic molecules and metal complexe~.~  

It therefore appeared to us to be potentially useful to develop 
a series of uncharged Cr(II1) complexes in which the overall ligand 
field and therefore the excited-state energy levels could be varied 
and to study their emission and photochemistry. This was in the 
hope that some useful new uncharged quenchers and sensitizers 
would emerge, compounds that would be useful in energy-transfer 
and quenching studies as well as interesting in their own photo- 
chemistry and photophysics. A promising candidate series was 
the triacid0 complexes of the tridentate ligand 1,4,7-triazacy- 
clononane (tam);'' it was our expectation, based on current models 
of Cr(II1) photochemistry," that these molecules would be rea- 
sonably photostable, particularly where the acido ligand was of 

( I )  Balzani, V.; Scandola, F. J .  Chem. Educ. 1983, 60, 314. 
(2) Balzani, V.; Bolletta, F.; Gandolfi, M. T.; Maestri, M. Top. Curr. Chem. 

1978, 75, 1. 
(3) Kavarnos, G. J.; Turro, N. J.  Chem. Rev. 1986, 86, 401. 
(4) Balzani, V.; Moggi, L.; Bolletta, F.; Laurence, G. S. Coord. Chem. Rev. 

1975, 75, 321. 
(5) Forster, L. S. Transition Met. Chem. (N.Y.)  1969, 5, I .  
(6) Ballardini, R.; Gandolfi, M. T.; Balzani, V. Inorg. Chem. 1987, 26, 862. 

(7 )  White, H. S.; Becker, W. G.; Bard, A. J. J .  Phys. Chem. 1984,88, 1840. 
(8) Frank, R.; Rau, H. J.  Phys. Chem. 1983, 87, 5 1 8 1 .  
(9) Ballardini, R.; Varani, G.; Indelli, M. T.; Scandola, F.; Balzani, V. J .  

Am. Chem. SOC. 1978, 100, 7219. 
(IO) Zompa, L. J.; Young, R. Inorg. Chem. 1976, 25, 1499. 
( I  I )  Vanquickenborne, L. G.; Ceulemans, A. Coord. Chem. Reo. 1983,48, 

157. 
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