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isotopically enriched carbonyl peak at 204.2 ppm (Figure la). 
When 1 equiv of ketone 2 is added to a solution of porcine pepsin 
in 2H2O, the low-field signal disappears and a new peak appears 
at 99 ppm (Figure lb). With the natural abundance peptide 2a 
instead of 2 the spectrum appears to be missing only the peak at 
99 ppm (Figure Ic). This is confirmed by the difference spectrum 
lb minus Ic (Figure Id), which contains only the 99-ppm peak. 
Addition of pepstatin A (1) to a sample containing ketone 2 plus 
pepsin yielded a spectrum with the inhibitor signal at 207.2 ppm 
(Figure Ie). Pepstatin A, which binds to pepsin 1000-fold tighter 
than ketone 2,10 displaces the keto Sta analogue, which is then 
observed as the free species in solution. 

A shift of 105-108 ppm upfield for the C3 resonance when 
ketone 2 binds to pepsin is direct evidence that the carbonyl carbon 
is converted from trigonal to tetrahedral geometry or very close 
to it, due to nucleophilic addition to the carbonyl. An analogous 
shift occurs for fructose, whose ketone carbon chemical shift of 
217.4 ppm in pyridine-^ (Me4Si) moves to 107.5 and 105.0 in 
the a- and /3-furanose forms or 99.8 and 100.6 ppm in the a- and 
/3-pyranose structures.15 Baillargeon et al." examined chemical 
shifts in a series of constrained model compounds where a carbonyl 
was undergoing partial nucleophilic attack. They found that even, 
for a nitrogen-carbonyl carbon bond distance of only 1.6 A 
(compared to 1.48 A for a covalent bond) the carbonyl chemical 
shift remained at about 200 ppm. These data would suggest that 
nucleophilic addition to form a tetrahedral intermediate has oc­
curred when 2 is bound to pepsin. Oxygen is the most likely 
nucleophile since only O ligands or water would be close to the 
inhibitor carbonyl group in the pepsin active site.7 

When an a-dimethyl sulfonium derivative of ketone 2 was 
examined, the results were quite different. Sulfonium ylide 3a 
displays a single peak for the isotopically enriched carbon at 188 
ppm in CHCl3-rf (data not shown). Bound to pepsin, the peak 
splits into two very broad resonances near 191 and 192 ppm. No 
other inhibitor peaks were found in the spectrum of the complex. 
Preliminary experiments showed that the peaks become narrower 
at lower temperature, so it is most likely that the two broad peaks 
represent two forms of bound 3, probably the keto and enol forms 
(3b and 3c), exchanging at a rate on the order of the chemical 
shift difference between them. In either case the carbon remains 
trigonal in the complex. 

Conclusion. The carbonyl group in keto Sta of peptide 2 un­
dergoes a major chemical change when the peptide binds to the 
pepsin active site. A tetrahedral species is formed whose properties 
are consistent with Scheme I. Further experiments are aimed 
at determining the nature of the nucleophile and the constraints 
on peptide structure leading to development of the intermediate. 

(14) '3C NMR spectra were taken at 75.5 MHz with a Cryomagnet 
Systems CMS 300/50 magnet and 10 mM probe (Cryomagnet Systems, 
Indianapolis, IN). In-house rf electronics and a Nicolet 1180 computer 
complete the system. Temperatures were maintained with a thermostated N2 
stream and were measured by insertion of a thermocouple directly in the 
NMR sample. Porcine pepsin was prepared by activation of pepsinogen as 
previously described (Schmidt, P. G. In "Frontiers in Protein Chemistry"; Liu 
et at., Eds.; Elsevier: New York, 1980; pp 63-87). Peptides were added to 
protein solutions as 10 mM stock solutions in CH3OH-^4. Generally this 
resulted in a 5% solution of the alcohol, a level that does not affect binding 
of pepstatin analogues to pepsin. 

(15) Funcke, W.; Klemer, A. Carbohydr. Res. 1976, SO, 9-13. 
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The identification and characterization of primary photo­
chemical pathways are central to understanding the photochem­
istry of organo-transition metal complexes. Picosecond flash 
photolysis allows direct spectroscopic observation of transients 
following photoexcitation and is therefore ideal for this purpose. 
We report the first application of this technique to the study of 
an important photochemical organo-transition metal reaction, the 
solution photolysis of [Mn2(CO)10]. These experiments provide 
the first direct evidence for two primary chemical pathways 
following optical excitation of [Mn2(CO)10]. 

The picosecond absorption spectrometer has been described 
previously.1 [Mn2(CO)10], purchased from Alfa Products, was 
purified by sublimation and added to the sample cell as a 0.05 
M solution in ethanol, which was flowed through the cell to avoid 
buildup of photoproducts. Previous solution flash photolysis 
studies2-4 of [Mn2(CO)10] and [Re2(CO)10] were carried out on 
longer time scales on which secondary bimolecular processes are 
frequently rapid, and the results had to be analyzed in terms of 
a complex pattern of photochemical and thermal reactions. Pi­
cosecond experiments allow direct observation of primary pho­
toproducts under conditions where subsequent bimolecular re­
actions do not occur. Photolysis employed a 355-nm, 1-mJ, 25-ps 
excitation pulse and absorption spectra of the products were re­
corded between 400 and 850 nm with probe delays of 0-250 ns. 
There is no change in the spectra within this delay range. 

A typical spectrum (Figure 1) shows two absorption maxima 
with Xn^x 780 and 480 nm. The first of these can be assigned to 
[Mn(CO)5]-, presumably produced by homolysis, by comparison 
with the spectrum of [Mn(CO)5]- observed in a pulse radiolysis5 

as well as a recent matrix isolation experiment.6 The species 
generated in ethanol by pulse radiolysis is reported5 to have a red 
absorption between 680 and 1030 nm, while [Mn(CO)5]- syn­
thesized6 by UV photolysis of [HMn(CO)5] in solid CO matrices 
at 10-20 K displays a spectrum with X^ 798 nm and a continuous 
UV absorption at X <340 nm. In the present experiment, as in 
the previous pulse radiolysis work, the UV region (X <400 nm) 
is obscured by absorptions from the parent and other species, and 
the continuous UV absorption at X <340 nm6 could not be re­
corded. The spectrum presently reported for [Mn(CO)5]- con­
stitutes the first direct observation of this species in solution flash 
photolysis. No band similar to the 480-nm one observed in the 
present experiment has been reported for [Mn(CO)5]- and the 
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Figure 1. Transient absorption spectra following photolysis of [Mn2-
(CO)10] in ethanol. The transient absorption spectra are probed 25 ps 
after photolysis. The absorbance at 480 nm is 0.15. 

band cannot therefore be the result of [Mn2(CO)10] homolysis; 
since it is formed in 25 ps, and is therefore unlikely to be a 
secondary product, we conclude that it must be assigned to a 
second primary photoproduct. One possible assignment is to a 
dimanganese species such as [Mn2(CO)9(EtOH)], which could 
be formed by loss of CO and coordination of a solvent molecule.7 

The absorption spectrum of the related molecule [Mn2(CO)9(pyr)] 
(pyr = pyridine) has recently been reported to contain a band at 
450 nm,8 and the difference in Xmax values is not unreasonable 
given the range of values reported for the dx—*<r* transition for 
other [Mn2(CO9)L] complexes.9,10 It is, however, entirely possible 
that the band observed in the present experiment is due to a 
carbonyl bridged species such as that proposed by Poe." 

The solution photolyses of both [Mn2(CO)10] and [Re2(CO)10] 
have been studied previously by a number of groups, and they are 
generally taken as prototypical of the photoreactions of organo-
metallic compounds containing metal-metal bonds.2"4,11"14 It has 
been reported that irradiation of the metal-metal <T—*CT* transition 
results in homolysis of the metal-metal bond,13 but kinetic analysis 
of the photolysis of [Mn2(CO)10] in the presence of CCl4 has led 
to the suggestion that there are in fact two primary photopro-
cesses.11 One of these is the homolysis reaction, while the second 
was proposed to be isomerization of [Mn2(CO)10] to a form 
containing one or more bridging carbonyl ligands. The most recent 
flash photolysis studies,3 however, have not supported these 
conclusions and were interpreted in the terms of exclusive hom­
olysis. We were unable to reproduce earlier observations4 of a 
second long-lived intermediate in addition to [Mn(CO)5]-. Our 
results indicate that there are in fact two primary photoproducts 
as suggested by Poe,11 but it is unclear whether we are observing 
the same species reported by Hughey et al.4 since that species was 
only observed after repeated irradiation. Our suggestion that the 
second species is formed by CO loss is consistent with recent results 
on photolysis of other metal-metal bonded species containing 
carbonyl ligands, which indicated that two primary photoprocesses 
were occurring and were interpreted in terms of competitive 
cleavage and CO loss.15,16 
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Ultrasound is widely used in diagnosis' and therapy2 in med­
icine, and the chemical effects of ultrasound on aqueous solutions 
have long been of interest.3 Intense ultrasound has been reported 
to cause chemical damage through the phenomenon of cavita­
tion.4"9 Cavitation produces high local instantaneous temperatures 
and pressures and sonoluminescence.3,5 In sonolysis studies of 
aqueous solutions, it has been proposed that hydroxyl radicals 
(•OH) and hydrogen atoms (-H) are produced by ultrasound.10"19 

In the present spin-trapping and ESR study, we report conclusive 
evidence for the formation of -OH and -H during sonolysis of 
aqueous solutions. Hydroxyl radicals are known to be responsible 
for the reproductive death of mammalian cells exposed to ionizing 
radiation.20,21 

In spin trapping22"24 a diamagnetic nitroso or nitrone compound 
(the spin trap) is used to convert short-lived radicals into relatively 
longer lived nitroxyl radicals that are ESR observable. Recently, 
it has been demonstrated25 that free radicals produced by sonolysis 
of carbon tetrachloride, but not of aqueous solutions, can be spin 
trapped by 2-methyl-2-nitrosopropane and identified by ESR. 

In the present work, nonvolatile nitrone spin traps26 
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