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peptides which contain I,-amino acid residues.ll As reported 
earlier the S form of 3 competitively inhibits aminopeptidase 
M with a Kl of 1.2 mM.l More recent studies have shown that 
the R form of 3 also inhibits competitively, but with a K I  of 
9.2 mM, reflecting an eightfold preference for the S form. The 
corresponding constants for Gly-L-Leu and Gly-D-Leu were 
found to be 4.8 and 24 mM, respectively.12 

When considering the preparation of other Gly-X ana- 
logues, it appears that if the displacement of bromide from 
the 2-bromo acid precursor is facile, then the preferred nu- 
cleophile is 2-mercaptoethylamine. However, in some in- 
stances the more powerful nucleophile, trithiocarbonate, may 
be required. The combination of the two synthetic approaches 
provides the basis for preparation of Gly-X analogues of 
substantial biochemical interest. 

References and  Notes 
(a) K.-F. Fok and J. A. Yankeelov, Jr., Biochem. Biophys. Res. Commun., 
74, 273 (1977); (b) K.-F. Fok and J. A. Yankeelov, Jr., Fed. Roc., 38,721 
(1977). 
The term "peptide-gap inhibitor" (alternatively "pseudopeptide") is used 
to describe compounds whose structures are identical with dlpeptides with 
the exception that the atoms of the peptide linkage (-CONH-) have been 
replaced by a methylene thioether linkage (-CH?S-). Thus, any peptide 
containing this alteration exhibits a "gap" in its peptide backbone at the 
position of replacement. The support of this research by Grant EY 00969 
from the National Eye Institute is gratefully acknowledged. Thanks are due 
to Dr. Arno F. Spatola of the Department of Chemistry for determination 
of the NMR spectra reported in this communication. 
K. Pfister 111, E. E. Howe, C. A. Robinson, A. C. Shabica, E. W. Pietrusza, 
and M. Tishler, J. Am. Chem. Soc., 71, 1096 (1949). 
(a) W. Gaffield and W G. Galetto, Tetrahedron, 27, 915 (1971); (b) P. A. 
Levene, T. Mori, and L. A. Mikeska. J. Bioi. Chem., 75, 337 (1927); (c) J. 
P. Greenstein and M. Winitz, "Chemistry of the Amino Acids", Vol. I, Wiley, 
New York, N.Y., 1961, p 165. 
A. Dreze, S. Moore, and E. J. Bigwood, Anal. Chim. Acta, 11, 554 
(1954). 
J. R. Benson in "Applications of the Newer Techniques of Analysis", I. L. 
Simons and G. W. Ewing, Ed., Plenum Press, New York, N.Y., 1973, p 
223. 
D. J. Martin and C. C. Greco, J. Org. Chem., 33, 1275 (1968). 
R. D. Cole, Methods Enzymol., 11, 315 (1967). 
A. Neuberger, Adv. Protein Chem., 4, 297 (1948). 
J. H. Brewster. J .  Am. Chem. Soc.. 81. 5475 (1959). . .  

(1 1 j A. Light, Methods Enzyme/., 25, 253 (i972). 
(12) The methods employed for these determinations are described in ref 1. 

tJohn A. Yankeelov, Jr.,* Kam-Fook Fok 
Donna J. Carothers 

Department of Biochemistry 
University of Louisville, Heal th  Sciences Center 

Louisville, Kentucky  40232 
Received November 10,1977 

tractive synthetic approach; the cysteinyl peptide - thiazo- 
line - thiazole transformation has also been of interest as a 
possible peptide sequencing tool.' However, in spite of the 
potential utility of such transformations, and the likelihood 
that biosynthesis proceeds in this fashion, attempted chemical 
syntheses of all but the simplest thiazoles have failed during 
dehydrative cyclization8 or subsequent dehydrogenation.9 Our 
interest in the total synthesis of the thiazole-containing an- 
tibiotic bleomycin prompted us to reinvestigate the conversion 
of cysteinyl peptides to their corresponding thiazoles. We 
report herein the realization of this transformation in a syn- 
thetically useful fashion. 

Cyclization of glutathione to the corresponding thiazoline 
was first reported by Calvin,lo who observed its formation in 
strong mineral acid by monitoring changes in the ultraviolet 
spectrum of the reaction mixture. This observation has been 
verified by others, but it has not been possible to isolate the 
product.11 Indeed, Hirotsu et  a1.12 reported that their "at- 
tempt to secure a pure thiazoline compound by dehydration 
of N-acylglutathione dibenzyl ester in nonaqueous acidic 
medium . . . failed". In spite of the reported experimental 
difficulties, we observed that the slow addition of anhydrous 
hydrogen chloride to N,S-diacetylglutathione diethyl ester 
( l ) l 3  in a 5% ethanolic chloroform solution over a period of 24 
h effected its cyclization to thiazoline 2. Treatment of the 
reaction mixture with solid sodium bicarbonate, followed by 
filtration, concentration of the filtrate, and trituration of the 
residue with benzene afforded the thiazoline as a white solid 
in 70% yield. The proton NMR spectrum of thiazoline 2 in- 
cluded signals characteri~ticl~ of A2-thiazolines at  6 3.61 (d, 
2, J = 9.5 Hz) and 5.07 (t, 1, J = 9.5 Hz) and the UV spectrum 
had the expected12 A,,, (1:l C2H5OH-HCl) 267 nm (e  5400); 
[ a ] * 5 ~  +40° (c 2.0, CHCl3). Dehydrative cyclization of several 
cysteinyl peptides not requiring prior ethanolysis of S-pro- 
tecting groups has been accomplished conveniently i n  chlo- 
roform s01ution;~J~ the choice of protecting groups was im- 
portant in such cases, since better yields were generally ob- 
tained when the desired thiazolinium chlorides were insoluble 
in the reaction medium. 

Thiazoles from Cysteinyl Peptides 

Summary:  Certain thiazoles are obtained via dehydrative 
cyclization of the corresponding cysteinyl peptides and oxi- 
dation of the resulting thiazolines with NiO2; the biomimetic 
syntheses of two natural products are reported, as is the po- 
tential of NiO2 as an oxidant for other partially reduced het- 
erocycles. 

Sir: Thiazolines and thiazoles are structural components of 
a number of peptide-derived natural products; among these 
are the antibiotics siomycin,l thiostrepton2 and micrococcin 
P,s the antitumor antibiotics phleomycin4 and bleomycin4 
(elaborated by Streptomyces verticillus), and Jadot's novel 
dicarboxylic amino acid (4),5 isolated from the mushroom 
Xerocomus subtomentosus. Several lines of evidence suggest 
that the biosyntheses of these natural products proceed via 
the dehydrative cyclization of the corresponding cysteinyl 
peptides and subsequent oxidation to thiazoles.6 The facility 
with which polypeptides may now be assembled makes the 
biomimetic preparation of peptide-derived thiazoles an at- 
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Table I. Nickel Peroxide Oxidations of Partially Reduced 
Heterocvcles 

NiO2 
(equiv 

Ozlequiv % 
Heterocyc1.e substrate) Solvent Conditions yielda 

2.0 

3.7 

2.4 

2.2 

4.4e 

2.3 

3.4 

CHC13 3 days, room 
temperature 

CHC13 3 days, room 
temperature 

8 1 b  

60 

93c 

95d 

52 

54 

62f 

59 

a Isolated yields. The products were obtained by filtration of 
the catalyst through Celite, concentration of the filtrate, and 
purification where necessary by chromatography or crystalliza- 
tion. Previously oxidized with phenanthrenequinone in 45% 
yield. Oxidized in 65% yield with MnO2. d Reference 16. e Ox- 
idant was added in three equivalent portions. f Product was N -  
methylphthalimide. 

The oxidation of several peptide-derived thiazolines was 
attempted using each of the reagents reported to have utility 
for this type of t ransf~rmat ion ,~  and others not previously 
used for this purpose. Of the reagents tested, only manganese 
dioxide effected the desired transformation in a synthetically 
useful fashion, giving moderate yields of the corresponding 
thiazoles. In an effort to improve the yields, we considered the 
use of nickel peroxide16 as oxidant, since this reagent is be- 
lieved to function mechanistically in similar fashion to 
Mn02.17 Although preparations of nickel peroxide contain 
fewer oxidizing equivalents per gram of catalyst than does 
tion, we reasoned that the greater oxidizing power (or possibly 
instability) of Ni(1V) as compared with Mn(1V) should make 
NiOp the more effective oxidant.18 In fact, treatment of thia- 
zoline 2 with NiOz afforded the corresponding thiazole (3) as 
a clear oil in 75% yield; A,, 232 nm; NMR (CDC13, (CH3)4Si) 
6 1.28 (2t, 61, 2.05 (s, 3), 2.27 (bm, 21, 3.07 (t, 2, J = 7.5 Hz), 
4.0-4.5 (m, 6),4.77 (dd, 1, J = 7.5 Hz), 6.55 (bd, 1, J = 7.5 Hz), 
7.90 (bs, l), 8.00 (s, 1). As shown in Table I, the efficient oxi- 
dation of other thiazolines has also been achieved with NiOz. 
Acid hydrolysis of thiazole 3 afforded a new compound (4) in 
95% yield, identical with Jadot’s mushroom acid.lg 

The mild, selective nature of the dehydrogenations achieved 
with NiOz can be judged by the successful conversion of 

Scheme I 

phleomycin A2 to bleomycin A2 (Scheme I).2o The phleomycin 
molecule, which has substantial solubility only in water and 
stability only at neutral pH, is a complex, densely function- 
alized m~lecu le .~  Exacting requirements are thus made of any 
oxidant utilized for the Conversion of phleomycin to bleomy- 
cin, since it must have a high degree of selectivity under a 
narrow range of conditions. Phleomycin Az was oxidized in 
neutral, aqueous solution by stirring with portions of nickel 
peroxide at  room temperature. The course of the dehydro- 
genation was monitored by the increase in A,,, 290 nm and 
concomitant decrease in A,,, 242 nm;21 analysis of the su- 
pernatant revealed 83% conversion to bleomycin A?. The 
purified reaction product was shown to be identical with 
bleomycin A2, as judged by proton NMR and chromatography 
on paper and cellulose TLC in five different solvent systems.22 
Parallel oxidation with MnOz revealed <30% conversion of 
phleomycin A2 to bleomycin A2 and much more extensive loss 
of material by irreversible adsorption to the oxidant. 

Since Ni02 has not been utilized as a reagent for heterocy- 
clic dehydrogenations, we have begun to examine its reaction 
with partially unsaturated heterocycles. Several examples are 
included in Table I. 
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Supplementary Material Available: Details of preparation 
procedures for compounds 1,2,3, and 4 and for oxidation of com- 
pounds listed in Table I (4 pages). Ordering information is given on 
any current masthead page. 
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