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probability dependent on the AG of the electron-transfer re­
action. This mechanism requires that the lifetime of the excited 
state which participates in the electron-transfer process be 
similar for the complexes with £1/2 > 1.2 V vs. Al. In any 
event, these lifetimes would be expected to be quite short 
(consistent with the absence of observable emission at room 
temperature). 

Either of the above mechanisms can explain the data ob­
tained, including the slope of approximately —F/(23RT) in 
the region of E \ /2 > 1.2 V vs. Al (broken straight line of Figure 
2). Thus, for electron-transfer quenching of the excited state 
of the complex we can write 

AGET (eV) = £1/2(ML32+/ML3
3+) 

- £i / 2(Q-/Q) - A£„ 

Taking the electronic excitation energy, Af0,, to be 2.05 ± 0.1 
eV and estimating the £1/2 corresponding to AGET = 0 as 
1.15-1.20Vvs. Al, one finds £i / 2 (Q - /Q) = -0.9±0.2Vvs. 
Al. This value within the same uncertainty is obtained for 
ethylpyridinium using a linear correlation between £1/2 for 
several compounds (11) in acetonitrile and in the molten salt 
medium, providing additional evidence for our identification 
of the pyridinium ion as the quencher in these systems. 

Experiments involving irradiation of the complexes at the 
onset of the inverse charge-transfer band, which bear on the 
feasibility of the latter mechanism, are currently being elab­
orated. 
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Near-Ultraviolet Photooxidation of Tryptophan. 
Proof of Formation of Superoxide Ion 

Sir: 

Superoxide ion (O2
--) plays a key role in a variety of diverse 

chemical processes, including a number which have biological 
significance.1 Chemical2 and biological1,3 studies have im­
plicated O2

-- as a destructive agent in vivo, and recent spec­
ulation suggests an additional, beneficial, physiological role 
for this reactive species.3'4 Thus, there is considerable interest 
in uncovering chemical processes which could give rise to O2

--
in vivo. The results herein prove that O2

-- (or HO2-)
5 is formed 

during the near-UV photooxidation of tryptophan (1) and 
indicate that this species has at least two fates, one of which 
is H2O2 formation. 

Of the common amino acids, 1 is the most susceptible to 
photooxidation by near-UV (300-375 nm), owing to its con­
version into A"-formylkynurenine (2), which is a particularly 
good near-UV (Xmax 320 nm) photosensitizer.6 Elegant flash 
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cy CO2H 

NCHO 
H 

photolysis studies, in addition to revealing the role played by 
2, permitted the speculation that O2

-- is formed during this 
process.7 Recent work has shown that, in addition to 2 and 
other organic materials,8 H2O2 is a major product formed upon 
near-UV photooxidation of 1, even in the absence of added 
sensitizer,9 and that it is H2O2 which is responsible for at least 
some of a number of biological activities associated with such 
photooxidation mixtures.10 Related studies have revealed 2 to 
be an effective photosensitizer for nucleosides, and that H2O2 
again is a major photoproduct.7'1' It was therefore of interest 
to investigate the apparently general mechanism(s) which 
result in concomitant degradation of these biological materials 
and formation of H2O2, and in particular to investigate the 
possible role of O2

--. 
Superoxide dismutase (SOD)12 can be used as a highly 

specific probe for the presence of O2
-- (or HO2-) in chemical 

and biological reactions, owing to rapid (k = 2 X 109 M - 1 s-1) 
reaction with this enzyme.13 

2O2-- + 2H+ SOD 
H2O2-I-O2 

The complete absence of tryptophan residues in SOD lends it 
considerable resistance to near-UV and permitted its use in the 
present work to detect the photogeneration of O2

-- (or HO2-) 
by the enhancement of H2O2 production. Figure 1 shows the 
amount14 of H202 formed as a function of time during the 
photolysis15 of an oxygenated, 0.03 M aqueous solution of 1 
in the presence and absence of SOD (0.04 mg/mL16). Both at 
pH 6.0 and at pH 8.5 (0.01 M phosphate buffer), photolysis 
in the presence of SOD results in a marked increase in H2O2 
formation, in spite of the fact that SOD converts into H2O2 
only 50% of the O2

-- with which it reacts. This not only pro­
vides definitive evidence for the photogeneration of O2

-- (or 
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Figure 1. Formation of H2O2 during tryptophan (1) photooxidation in the 
presence and absence of SOD (0.04 mg/mL): curve 1, 1 alone, pH 6.0; 
curve 2,1 alone, pH 8.5; curve 3,1 + SOD, pH 6.0; curve 4,1 + SOD, pH 
8.5. 

H02-), but also indicates that only a portion of this species is 
transformed into H2O2 in the absence of SOD. These obser­
vations are consistent with the fates of O 2

- - shown, where ks 

+ &djS account for at most 30% and 40% of O 2
- - reaction at pH 

values of 6.0 and 8.5, respectively.17'18 

substrate, H + Adis (<I0 2 M"1 s">) 
H2O2 •*— O2-- —*• H 2 0 2 + 0 2 

ks *SOD(2 X 10» M-I s-l) 

The formation OfO 2
-- (or HO2-) presumably is mediated 

by 2,7 '19 a conclusion which is supported by the acceleration 
of the rate of H2O2 production in the early stages of the pho­
tolysis, followed by a decline in that rate as the reaction ex­
hausts I.20 The extent of 1O2 involvement in H 2 O 2 formation 
can be estimated by the results of photolyses carried out in the 
presence of 0.05 M N3 - , 2 1 which reduced the rate of H2O2 

generation ~25 and 35% at pH values of 6.0 and 8.5, respec­
tively, compared with the values obtained for 1 alone. Added 
N 3

- in photolysis mixtures containing SOD did not affect the 
amount of H2O2 produced. 

The demonstration that O 2
- - is indeed formed upon near-

UV photooxidation of 1 provides a basis for the synthesis of 
results acquired from experiments conducted separately con­
cerning the chemical effects of O 2

- - and of near-UV on bio­
logical systems. Furthermore, the formation of O 2

- - and H2O2 

together raises the possibility that this process can lead to the 
generation of the strongly oxidizing hydroxy radical.2-22 These 
possibilities underscore the importance of further chemical and 
photochemical experiments to uncover the extent to which 
these results are applicable to in vivo processes stimulated by 
near-UV radiation, including the intriguing synergistic toxicity 
of near-UV and H2O2 to bacteria and bacteriophage.23 

Acknowledgments. We thank Professor R. Kuntz for stim­
ulating discussions and the Public Health Service for financial 
support (PHS Grant No. 5 ROl FD00674). 

References and Notes 

(1) (a) I. Fridovich, Annu. Rev. Biochem., 44, 147 (1975); (b) W. Bors, M. Saran, 
E. Lengfelder, R. Spoettl, and C. Michel, Curr. Top. Radial Res. Quart., 9, 

(6) 
(7) 

(8) 

(10) 

247(1974). 
(2) J. W. Peters and C. S. Foote, J. Am. Chem. Soc, 98, 873 (1976). 
(3) For leading references, see I. Fridovich, Annu. Rep. Med. Chem. 10, 

257-264(1975). 
(4) For leading references concerning the biological roles of O2

--, see ref 1b, 
pp 285-287. 

(5) The pKa of HO2- (~4.8) requires that O2
-- be the predominent form in these 

experiments. The results, however, do not permit a conclusion concerning 
which of these two is initially formed or involved in subsequent reac­
tion. 
P. Walrant and R. Santus, Photochem. Photobiol., 19, 411 (1974). 
P. Walrant, R. Santus, and L. I. Grossweiner, Photochem. Photobiol., 22, 
63 (1975). Recent experiments using cytochrome c support the suggestion 
of O2

-- formation: M. P. Pileni, R. Santus, and E. J. Land, Photochem. 
Photobiol., submitted for publication. 
For a summary and leading references, see (a) R. S. Asquith and D. E. Rivett, 
Biochim. Biophys. Acta, 252, 111 (1971); (b) W. E. Savige, Aust. J. Chem., 
24, 1285(1971). 
Visible photosensitizers have been shown to promote H2O2 formation when 
photolyzed together with a variety of amino acids, iricluding 1; see D. Wood, 
Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 1971. 
J. P. McCormick, J. R. Fischer, J. P. Pachlatko, and A. Eisenstark, Science, 
191,468(1976). 

(11) (a) P. Walrant, R. Santus, and M. Charlier, Photochem. Photobiol., 24, 13 
(1976); (b) J. P. McCormick and A. Oczos, unpublished work. 

(12) I. Fridovich, Adv. Enzymol., 41, 35-97 (1974). 
(13) This rate is nearly invariant over the pH range 4.8-9.5: D. Klug, J. Rabani, 

and I. Fridovich, J. Biol. Chem. 247, 4839 (1972). 
(14) Determined using the TiCU spectrophotometric method: W. C. Wolfe, Anal. 

Chem., 34, 1328(1962). 
(15) Irradiations employed a Rayonet photochemical reactor (Southern New 

England Ultraviolet Co.) fitted with four RUL-3500 lamps, having an output 
between 315 and 400 rati, with maximal output between 340 and 370 nm. 
Energy flux was ~3.4 X 104 erg-cm -2 s~1 (by uranyl oxalate actinomet-
ry). 

(16) Obtained from Sigma Chemical Co. Specific activity 3435 units/mg, as 
measured by the method of McCord and Fridovich: J. M. McCord and I. 
Fridovich, J. Biol. Chem., 244, 6049 (1969). 

(17) These values will be lower if SOD does not react quantitatively with O2
--. 

They also will be lower, to as low as 0.5 of those given, to the extent that 
ks accounts for formation of H2O2- A steady increase in the rate of H2O2 
production as the pH rises from 3 to 9, as determined in related experi­
ments, suggests that fcd|S is small relative to ks, since at pH values of 6 or 
greater /cdis is much smaller than at lower pH.18 

(18) (a) D. Behar, G. Czapski, J. Rabani, L. M. Dorfman, and H. A. Schwarz, J. 
Phys. Chem., 74, 3209 (1970); (b) B. H. J. Bielski and A. O. Allen, ibid, 81, 
1048(1977). 

(19) Related experiments indicate that eaq~ plays no significant role in H2O2 
production: photolyses carried out in the presence of added N2O (~0.02 
M) and tert-butyl alcohol (0.1 M) showed N2O to have no effect on the rate 
of H2O2 generation. 

(20) After 60 min, UV determination after separation on G-10 Sephadex indicated 
13 and 23 % destruction of 1 at pH 6.0 and 8.4, respectively, and at these 
pH values 7 and 13 mol % formation of 2 (based on destroyed 1). 

(21) N. Hasty, P. B. Merkel, P. Radlick, and D. R. Kearns, Tetrahedron Lett., 49 
(1972). 

(22) F. Haber and J. Weiss, Proc. R. Soc. London, A, 147, 332 (1934). The 
question of whether this reaction can occur has not yet been resolved; see 
ref 1b, ref 2, and B. Halliwell, FEBS Lett., 72, 8 (1976). 

(23) H. N. Ananthaswamy and A. Eisenstark, Photochem. Photobiol., 24, 439 
(1976). 

J. P. McCormick,* Thomas Thomason 
Department of Chemistry, University of Missouri 

Columbia, Missouri 65201 
Received August 21, 1977 

Total Synthesis of (±)-Thienamycin 

Sir: 

Thienamycin (1, R = R' = R" = H)1 is a novel ^-lactam 
antibiotic isolated from Streptomyces cattleya. Its unusually 
high potency against both gram-positive and gram-negative 
bacteria is quite surprising since the single 6-substituent is not 
only a but also lacks the traditional amide functionality. Of 
particular interest is its activity against Pseudomonas spp. and 
its resistance to bacterial /3-lactamase.2 Possibly the hydroxyl 
group can bind the same site normally bound by the 6/3-amido 
group of the traditional /3-lactam antibiotics when complexing 
with the bacterial cell wall enzymes, while the backbone of the 
6a-substituent may mimic the 6a-methoxy group of the ce-
phamycins to provide lactamase resistance. This unique and 
highly reactive compound offers a challenging synthetic 
problem, particularly the construction of the unusual ring 
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