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Fig. 12.—Speculative structure of segment of gymnosperm lig-
nin molecule.

attached to side chain carbon atoms per phenylpropane
unit; and (d) about eight aliphatic hydroxyl groups,
of which about three are benzylic, are present per ten
phenylpropane units. The presence of the large scale
cross-linking or ring systems indicated in Fig. 12 as
being present in lignin molecules is not proved, but the
existence of a somewhat rigid structure is suggested
by the broadness of the signals observed in the n.m.r.
spectra. Evidence for hydrogen bondings of the types
shown in BC and GH has been found with model
compounds in chloroform solution, and such bonding
may also occur in lignins in other solvents and in the
dry state.
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Experimental

The n.m.r. spectra were taken using the instrumentation and
procedures previously described.! Solutions of 7 to 159 by
weight of the acetylated lignins in CDCl; containing hexamethyl-
disiloxane internal reference were used in standard degassed and
sealed 5-mm. tubes.

The integrations of n.m.r. spectra were done using an integra-
tor described by Varian Associates.!? Prior to integration of the
n.m.r. spectrum of each lignin preparation a sample of ethanol
was integrated to determine that the integrator was adjusted cor-
rectly. The integrator was considered to be properly adjusted
only when the ratio of methylene protons to methyl protons in the
ethanol was found to be 2.00 to 3.00 within confidence limits of
0.01. The stability of the integrator was further checked by
allowing the sweep to cover several parts per million at the be-
ginning and end of each spectrum to be sure there was no appre-
ciable drift. Lignin solutions of 109, or greater concentration
were found to give more reliable integration results than weaker
solutions.

A correction for the small amount of signal from chloroform
protons in the deuteriochloroform solvent was made in each case
as follows. By integrating an n.m.r. spectrum of our solvent
deuteriochloroform containing a known weight of hexamethyl-
disiloxane it was found to contain about 0.0042¢; protons by
weight. Using this figure the percentage of the total integrated
signal coming from chloroform protons, 4, was found for each
sample by applying the following equation in which x = the
weight per cent of lignin preparation in the sample, 100 — x =
the weight per cent of deuteriochloroform in the sample, and H
= fraction of hydrogen in lignin. (The small amount of hexa-
metliyldisiloxane was neglected.)

_ (0.0042)(100 — %)(100%)
" (Hx) + (0.0042)(100 — x)
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(12) The NMR-EPR Staff of Varian Associates, "NMR and EPR
Spectroscopy,” Pergamon Press, New York, N. Y., 1960, Chapter 15.
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On the Synthesis of Cysteine Peptides!
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The preparation of various peptides of cysteine is described.

The basis of the method used is the selective

removal of the carbobenzoxv group from either the amino or thiol group without causing racemization. The
action of hydrogen bromide in acetic acid at room temperature removes the carbobenzoxy moiety from the

amino group almost quantitatively, without affecting the S-carbobenzoxy group.

On the other hand, the action

of excess sodium methoxide in anhydrous solvent causes rapid alcoholysis of the S-carbobenzoxy group with a

quantitative liberation of the free thiol group as determined iodometrically.

The method described was suc-

cessfully applied to the total synthesis of glutathione in 259, over-all yield.

In the course of recent studies on the development of
a method for the nonenzymatic cleavage of peptide at
cysteinyl residues? it was found necessary to prepare
cysteine-containing peptides as model compounds.

Methods for the preparation of peptides containing
S-protected cysteinyl residues have been known for a
long time.® However, the methods used so far for the
selective remnoval of the S-protecting group suffer from
a number of disadvantages: e.g., low yields, racemiza-
tion, and side reactions such as splitting of peptide
bonds.* The problems arising during the synthesis of
such peptides have been reviewed recently by Young.®

(1) A recent report by L. Zervas, I. Photaki, and N. Ghelis (J. Am.
Chem. Soc., 88, 1337 (1963)), which reached us after this work had been
completed, contains results similar to some of those described in this paper.

(2) A. Patchornik and M. Sokolovsky, *Vth European Peptide Sym-
posium, Oxford. 1962,”" Pergamon Press, 1963, p. 253, and in the following
papers.

(3) J. P. Greenstein and M. Winitz, "Chemistry of the Amino Acids,"”
John Wiley and Sons, Inc.,, New York, N. Y., 1961,

(4) 8. Sarid and A. Patchornik, Israel J. Chem., 1, 83 {1983).

In the present paper, the preparation of various S-
and N-carbobenzoxy derivatives of cysteine and their
application to the synthesis of cysteine peptides is
described. The basis of this method is the selective
removal of the carbobenzoxy group from either the
amino or thiol group in high yields without causing
racemization. The action of hydrogen bromide in
acetic acid for 15 min. at room temperature removes the
carbobenzoxy moiety from the amino group almost
quantitatively without affecting the S-carbobenzoxy
group. On the other hand, the action of excess sodium
methoxide (5 equiv.) for 5-10 min. at room tempera-
ture, under nitrogen, causes rapid alcoholysis of the S-
carbobenzoxy group with almost quantitative libera-
tion of the free thiol group, as determined iodometri-
cally.

Such selective removal of the protecting group may be
conveniently used in the synthesis of long peptide

(5) G.T. Young, Collection Czech. Chem. Commun., 34, 114 (1959)
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chains containing cysteine residues as exemplified by
Scheme 1.

SCHEME 1

cbz-NHgHCOOH NH,CHRCOOR' —>

(a) C‘Hz +
S-cbz
cbz-NHCHCONHCHRCOOR'
|
CH,
\ + H,0
S-cbz
HBr-CH;COOH — -+
(b) — —> BrHaN‘CHCONHCHRCOOR’
* 15 min.
‘CHz + C7H7Br
S-cbz
cbz- NHCHR”’COOH
(¢c) CbZ-l\'HCHR"CONH‘CHCONHCHRCOOR’
T
S-cbz

NaOCH;

—> ¢bz-NHCHR"CONHCHCONHCHRCOOR'
anhydrous solvent ‘
(d) ‘CHz

SH

1, NaOH

-+
—> BrH;NCHR''CONHCHCONHCHRCOOH
2, HBr—-CH:;COOH ‘

(e) C‘Hz

SH
abbreviations: c¢bz = carbobenzoxy group, R, R’’ = amino acid
residue, R’ = carboxyl protecting group

In step a, N,S-dicarbobenzoxy-L-cysteine is coupled
with an amino acid ester by known methods of coupling.?
In a similar fashion, S-carbobenzoxy-L-cysteine ester
can be coupled with carbobenzoxy amino acids yielding
peptides of the type cbz-NHCHRCONHCHCOOR'.

\
CH,

|

S-cbz
By the use of the carbodiimide method,® for example,
high yields (85-90%) of pure protected peptides can be
obtained. Treatment of these peptides with 3 equiv.
of hydrogen bromide in glacial acetic acid yields the
corresponding hydrobromides (step b). This reaction
goes to completion within 15 min. at room temperature.
For example, N,S-dicarbobenzoxy-L-cysteinylglycine
benzyl ester (I) gives the corresponding hydrobromide
in 739, yield. Under these conditions, the S-carbo-
benzoxy moiety was not removed as could be shown ti-
trimetrically.” It should be mentioned that even under
more drastic conditions (100° for 30 min.) only 309,
removal of the S-carbobenzoxy group occurred.

Step c¢ is carried out similarly to step a. By this
procedure, various protected peptides were synthesized
1n 80-909 yields: e.g., N,S-dicarbobenzoxy-L-cysteinyl-
glycine benzylester (I), N,S-dicarbobenzoxy-L-cysteinyl-
glycine ethyl ester (II), carbobenzoxy-L-phenylalanyl-
S-carbobenzoxy-L-cysteinylglycine ethyl ester (III),
N,S-dicarbobenzoxyglutathione dibenzyl ester (IV),
N-carbobenzoxy -L-alanyl-S-carbobenzoxy -L-cysteine
benzyl ester (V), N,S-dicarbobenzoxy-L-cysteinyl-L-
leucine methyl ester (VI), and N,S-dicarbobenzoxy-L-
cysteinyl-L-phenylalanine benzyl ester (VII). Further-
more, the procedure was applied to the synthesis of a

(8) J. C. Sheehan and G. P. Hess, J. Am. Chem. Soc., T7, 1067 (1955).

(7) A. Patchornik and 8. Ehrlich-Rogozinski, Anal. Chem., 383, 803
(1961).
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tetrapeptide corresponding to the sequence C-terminal
of oxytocin: N,S-dicarbobenzoxy-L-cysteinyl-L-prolyl-
L-leucylglycine amide (VIII) in 869 yield.

Upon addition of 5 equiv. of sodium methoxide per
mole of peptide for 10 min. (step d) all these derivatives
resulted in the formation of the corresponding peptides
containing a free thiol group. Thus, compounds IT, T1T,
VII, and poly-S-carbobenzoxy-L-cysteine® yielded N-
carbobenzoxy-L-cysteinylglycine ethyl ester (IX), N-
carbobenzoxy-L-phenylalanine-L-cysteinylglycine ethyl
ester (X), N-carbobenzoxy-L-cysteinyl-L-phenylalanine
methyl ester (XI), and poly-L-cysteine, respectively, in
high yields (80-909,). The action of alkali on cysteine
derivatives is known to cause a $-elimination reaction.?
However, under the conditions used in the procedure
described it could be shown, by determination of the
pyruvic acid known to be formed on acid hydrolysis of
dehydroalanine containing peptides,’® that the §-
elimination reaction, in which S-protected cysteine
peptides are converted to the corresponding dehydro-
alanyl derivatives,®!! occurred to the extent of less
than 3-49%,.

It is essential to carry out the reaction under anhy-
drous conditions so as to avoid hydrolysis of the ester
bond. In order to avoid transesterification the base
used must be derived from the same alcohol as the ester
used for esterification of the carboxyl groups. Thus,
when compound VII was treated with sodium methoxide
in methanol, N-carbobenzoxy-L-cysteinyl-L-phenyl-
alanine methyl ester (XI) and not the benzyl ester was
obtained.

In order to estimate whether racemization occurred
by this procedure the following determinations were
carried out: (a) N,S-dicarbobenzoxyglutathione (XII)
was treated with 5 equiv. of sodium methoxide in abso-
lute methanol for 10 min.; the pH was lowered to 8§,
and recarbobenzoxylation was effected by addition of 5
equiv. of benzyl chloroformate. The isolated com-
pound had a specific rotation identical with that of the
original N,S-dicarbobenzoxylglutathione. (Identical
results were obtained when the base used was aqueous
sodium hydroxide.) (b) Similarly, compound VIII was
transformed to the corresponding N-carbobenzoxy-S-
benzyl derivative in 909 yield, and this compound had
[@]®D —61° (¢ 2, dimethylformamide), the reported
values are [a]®D —60°,'2 —62°.12 These tests clearly
indicates that step d does not cause racemization.

When a peptide contains N-terminal cysteine with a
free amino group and a S-carbobenzoxy group, it must
be borne in mind that under alkaline conditions (step
d), the carbobenzoxy group may migrate from the sulfur
to the nitrogen.!'* Indeed, when S-carbobenzoxycys-
teine was treated with sodium methoxide as described
above, and then oxidized with iodine under acidic
conditions, dicarbobenzoxycysteine was isolated in 61%
yield. Analogously, S-carbobenzoxy-L-cysteinyl-L-
phenylalanine benzyl ester hydrobromide (XIII) gave
N-carbobenzoxy-L-cysteinyl-L- phenylalanine in 609,
yield. This rearrangement may occur as the result of

(8) A. Berger, J. Noguchi, and E. Katchaiski, J. Am. Chem. Soc., T8,
4483 (1956).

(9) H.T. Clarke and J. M. lnouye, J. Biol. Chem., 94, 541 (1931); J. M.
Swan, Nature, 18, 843 (1957); M. Sokolovsky, M. Wilchek, and A. Patchor-
nik, Bull. Res. Council Israel, 114, 79 (1962).

(10) A. Patchornik and M. Sokolovsky, J. Am. Chem. Soc., 86, 1206
(1964).

(11) M. Sokolovsky, T. Sadeh, and A. Patchornik, sbid., 86, 1212 (1964).

(12) M. Bodansky and V. du Vigneaud, ¢bid,, 81, 2504 (1959).

(13) H. C. Beyerman, J. S. Bontekoe, and A. C. Koch, Rec. trav. chim ., 18,
935 (1959).

(14) H. P. Burchfield, Nature, 181, 49 (1958); L. A. Cohen and B. Wit-
kop, Angew. Chem., T8, 253 (1961).
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an S— N shift, or may be due to a nucleophilic attack
of the a-amine on the S-carbobenzoxy group which may
be regarded as an “active ester.” The possibility of
such a shift can be avoided by reinoving the S-carbo-
benzoxy group before removing the N-protecting
group.

In order to obtain peptides containing protected
amino groups and free thiol and carboxyl groups, it is
sufficient to add small amounts of water to the reaction
mixture after completion of step d.  Under the alkaline
conditions prevailing, hydrolysis of the ester is com-
pleted within 30 min. at room temperature. Under
such conditions, N,S-dicarbobenzoxyglutathione di-
benzyl ester (IV) yielded N-carbobenzoxyglutathione
in 799, yield.

The methods illustrated in Scheme 1 were success-
fully applied to the total synthesis of glutathione in 259,
over all yield, as shown in Scheme 2.

SCHEME 2
cbz-NHCHCOOH + NH.CH,COOC:H;

CH; —>
S‘-cbz
&bNH?HCONHCHﬁOOQH7
CH, + H:0
S‘vcbz

HBr-CH3;COOH
————> Br"H;*NCHCONHCH,COOC:H-

CH.
S-cbz
cbzvNH‘CHCOOC;H;
(CHz)2
+ COOH

cbz-NHCH(CHa:), CONHC‘HCONHCHzCOOC7H7
\

COOC:H- C‘Hz
S-cbz
(a) NaOCH:-CH:OH
(b) H0
cbz.- NHC‘H( CHz)zCONHC‘HCONHCHZCOOH
COOH CH
SH

{a) HBr-CH:COOH
—

NH,CH(CH,);,CONHCHCONHCH,COOH

(b)  (CeHi)N

COOH ?Hz
SH
Experimental

All melting points are uncorrected. Prior to analysis, the con1-
pounds were dried in vacuo over phosphorus pentoxide at 45°.
The hydrogen bromide used was free of bromine and the ether
used was free from peroxides. The content of the free thiol was
determined by titration with 0.1 N iodine.

N,S-Dicarbobenzoxy-L-cysteinylglycine Benzyl Ester (I).—
To a solution of 35 g. of glycine benzyl ester p-toluenesulfonate
(0.1 mole) and 14.4 ml. of triethylamine (0.1 mole) in 150 ml. of
dichlorontethane, 38.8 g. of N,S-dicarbobenzoxy-L-cysteine (0.1
niole)® i1 150 ml. of dicltloromethane and 20.5 g. of dicyclohexyl-
carbodiimide (0.1 mole) were added at 0°. The solution was then
stirred overniglit ut room temperature. Dicyclohexylurea was
removed by filtration and tlie filtrate waswaslied with 0.5 N hydro-
chloric acid, water, 59 sodium bicarbonate solution, and water,
and finally dried over sodium sulfate. Tlie solvent was evap-
orated tn wvacwo, Upon adding petroleum ether, the residue
crystallized and was recrystallized from etliyl acetate; vield
907, m.p. 118-119°; after recrystallization from ethanol, m.p.
108-109°, [a) %D —44.5° (¢ 2, dimethylformamide).
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Anal. Caled. for CosHasN20:S: C, 62.68; H, 5.26; N, 5.22;
S,5.96. Found: C,62.90; H,5.32; N, 5.35; S, 5.98.
S-Carbobenzoxy-L-cysteine Benzyl Ester Hydrochloride.— Dry
pliosgene was passed at room temperature througl a suspension
of 25.4 g. of S-carbobenzoxy-L-cysteine (0.1 moles) in anlivdrous
dioxane (300 ml.) until a clear solution was obtained (about 1
lir.). Pliosgene was rentoved by a stream of dry nitrogen and tlie
solvent was distilled off in vacuo at 45°. Benzyl alcoliol (60 m1l.)
and dry etlier (300 ml.), previously saturated witli gaseous HCI
(10 g.) at 0°, were added and the solution was left overniglit at
room temperature. Tlie ester which separated was filtered off
and washed witlt etlier. The ester was recrystallized from liot
water or ntethylalcoliol-etlier; vield 30 g. (78C{ ), m.p. 106--107°.
Anal. Caled. for CiuHwNO.SCl: C, 56.69; H, 3.24; N,
3.67; S,8.39. Found: C, 56.75; H, 5.37; N, 3.50; S, 8.51.
L-Phenylalanine benzyl ester hydrochloride was prepared in
tlie same manner as described for S-carbobenzoxy-rL-cvsteine
benzyl ester liydrocliloride, and it was recrystallized from water:
vield 80%, m.p. 208°, [a]%Dp —23° (¢ 2, 0.25 N lhivdrochloric
acid); reported n1.p. 203°, [a]®D —22.5° (¢ 1, 0.25 N liydro-
chloric acid).
Anal. Caled. for CisHisNO:Cl: N, 4.81; Cl, 12.03.
N, 4.84; Cl, 12.12.
Tlie procedure described for tlie syntliesis of compound I was
used for tlie preparation of tlie following compounds:
N,S-Dicarbobenzoxy-L-cysteinylglycine ethyl ester (II):
yield (79C¢), m.p. 94°; recrystallized from etlivl acetate-petro-
leum etlier, [a]%D —31° (¢ 2, ethanol). Anal. Caled. for Cy-
H,N20:8: C, 588.22; H, 5.52; N, 5.90; S, 6.74. Found: C,
58.42; H, 5.48; N,6.03; S, 6.65.
N-Carbobenzoxy-L-alanyl-S-carbobenzoxy-1.-cysteine benzyl
ester (V): vield 8997, m.p. 109-110°; after recrystallization from
ethanol, [a]®p —40.5° (¢ 2, methanol). dna/. Caled. for
CpHieN:0:S: C, 63.26; H, 5.49; XN, 5.09; S, 5.81. Found:
C,62.97; H,5.35; N\,5.27; S, 5.80.
N,S-Dicarbobenzoxy-1.-cysteinyl-L-leucine methyl ester (VI):
vield 95%, m.p. 98-100°; after recrystallization from ethyl
acetate-petroleum ether, [«a]®D —36.5° (¢ 2, nethanol). Anal.
Caled. for CpH3pN,0,S: C, 60.45; H, 6.24; N, 5.42. Found:
C, 60.58; H, 6.20; N, 5.22.
N-Carbobenzoxy-L-phenylalanyl-S-carbobenzoxy-L-cysteinyl-
glycine ethyl ester (III).—N,S-Dicarbobenzoxy-L-cysteinyl-
glycine ethyl ester (5 g.) was treated with 8 ml. of 455, 'HBr in
acetic acid. Carbon dioxide evolution ceased after 15 min. and
anhyvdrous ether was added to precipitate the dipeptide’ ester
hydrobromide, wliich was triturated with etlier until entirely
crystalline, then washed with ether and dried in vacuo; yield 4 g.
This compound was coupled with 3 g. of N-carbobenzoxy-r-
phenylalanine by the carbodiimide method as described above.
Tlie crude material weighed 5.2 g. (849,). Recrystallization
from ethyl acetate yvielded 4 g. (64¢7), m.p. 110°, [«|®D —40.6°
(¢ 2, ethanol).
Anal. Caled. for C3HasN;OsS: C, 61.83; H, 5.68; N, 6.76;
S, 5.15. Found: C,61.92; H, 5.60; N,6.82; S, 5.21.
S-Carbobenzoxy-L-cysteinylglycine Benzyl Ester Hydrobro-
mide.—A solution of 10.7 g. of compound I (0.02 mole) in 15 ml.
of acetic acid was treated with 16 ml. of 459, HBr in acetic acid,
as described above. The oily residue which was precipitated by
the addition of ether was dissolved in about 10 ml. of methanol;
upon adding ether it crystallized and was recrystallized from
methanol-ether or water; vield 7 g. (756%), m.p. 126-128°,
[a]®D +12° (¢ 2, methanol).
Anal. Caled. for CyH20:;N:SBr: C, 49.69; H, 4./6; N,
5.79; S,6.63. Found: C, 49.62; H,4.70; N, 5.91; S, 6.38.

N-Carbobenzoxy-y-L-glutamyl-(«-benzyl ester)-S-carbobenz-
oxy-L-cysteinylglycine benzyl ester (N,S-dicarbobenzoxygluta-
thione dibenzyl ester) (IV) was prepared by coupling of N-car-
bobenzoxv-a-benzyl ester L-glutamic acid!® and S-carbobenzoxy-
L-cysteinylglycine benzyl ester hydrobromide in the same manner
as described for the preparation of I. The peptide was recrystal-
lized from benzene or ethyl acetate; yield 909, m.p. 158-159°,
la]®Dp —35.5° (¢ 1, methanol).

Anal. Caled. for CooHaN30S: C, 63.56; H, 5.47; N, 5.56;
S,4.24. Found: C, 63.60; H, 5.565; N, 5.52; S, 4.15.

N,S-Dicarbobenzoxy-L-cysteinyl-L-phenylalanine benzyl ester
(VII) was prepared by coupling of N,S-dicarbobenzoxy-L-cysteine
with L-phenylalanine benzyl ester in the same manner as de-
scribed for the preparation of compound I. The crude product
was recrystallized from etliyl acetate; yield 829, m.p. 147-148°,
[a]®D —44.8° (¢ 1, ditnethylformamide).

Anal. Caled. for C;HauN20:S: C, 67.07; H, 5.47; N, 4.47;
S, 5.12. Found: C, 66.98; H, 5.56; N, 4.58; S, 5.03.

(15) B. F. Erlanger and R. M. Hall, J. Am. Chem. Soc., 76, 53781 (1954)

(16) G. Lasse, H. Jeschkeit, and W. Langenbeck, Chem. Ber., 96, 204
(1963).

Found:
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N,S-Dicarbobenzoxy-L-cysteinyl-L-prolyl-L-leucylglycine amide
(VIII) was prepared by coupling of N,S-dicarbobenzoxy-L-
cysteine with L-prolyl-L-leucylglycine amide!” in dimethylform-
amide by the use of the carbodiimide method; yield 869, [«]%*D
—67° (¢ 2, dimethylformamide).

Anal. Caled. for C3uHyNsOsS: C, 58.61; H, 6.30; N, 10.68;
S, 4.88. Found: C, 58.48; H, 6.33; N, 10.88; S, 4.76.

S-Carbobenzoxy-L-cysteinyl-L-phenylalanine Benzyl Ester
Hydrobromide (XIII).—To a suspension of 4.5 g. (0.007 mole) of
compound VI, 7 ml. of 459, HBr in acetic acid was added. The
ester dissolved completely during the first 3 min. Addition of
ether after 12 min. caused the above hydrobromide to separate.
The product was recrystallized from water; yield 3.7 g. (90%),
m.p. 141°, [«]®D —6.5° (¢ 2, methanol).

Anal. Caled. for CyuHwN:0,SBr: C, 56.56; H, 5.06; N,
4.88; 8, 5.58. Found: C, 56.51; H, 5.10; N,4.99; S, 5.62.

N-Carbobenzoxy-L-phenylalanyl-r.-cysteinylglycine Ethyl
Ester (X).—To a suspension of 1.24 g. (0.002 mole) of compound
VI in 30 ml. of absolute etlianol 6 mil. of ethanolic 2.4 N sodium
ethoxide was added in an atmosphere of nitrogen. The ester
dissolved conipletely after 2 min. of stirring which was continued
for an additional 5min. On acidification with 1 & HCI, a crystal-
line compound separated out. The precipitate was collected by
filtration and was recrystallized from ethyl acetate; yield 939,
m.p. 170°, [a]®Dp —17.4° (¢ 3, dimethylformarmide) (reported!s
m.p. 178-179°, [a]3p —16.8° (¢ 3, dimethylformamide)).
Tlie iodine titration revealed 989 free tliol group.

Anal. Caled. for CoaHygN304S: C, 59.13; N, 6.00; N, 8.62;
S,6.57. Found: C, 59.08; H, 5.92; N,8.81; S, 6.68.

N-Carbobenzoxy-L-cysteinyl-L-phenylalanine Methyl Ester
(XI).—To a suspension of 1.25 g. of N,S-dicarbobenzoxy-L-
cysteinyl-L-plienylalanine benzyl ester (0.002 mole) in 15 ml. of
absolute methanol, 5 ml. of methanolic 2 N sodium methoxide was
added in an atmosphere of nitrogen. The ester dissolved com-
pletely during 4 min. The iodine titration revealed 989, free
thiol after 10 min. On acidification with 1 N HCI, a crystalline
compound separated out, and was recrystallized from ethyl ace-
tate-petroleum ether; vield 0.75 g. (919;), m.p. 98°, [a]%D
—11.7° (¢ 1, etlianol).

Anal. Caled. for CoHuuN.0:8: C, 60.56; H, 5.81; N, 6.73;
S, 7.69; -OCHs, 7.45. Found: C, 60.39; H,5.93; N, 6.58; S
7.58; —-OCHj;, 7.21.

N-Carbobenzoxy-1.-cysteinylglycine Ethyl Ester (IX).—To a
solution of 2.37 g. of compound II (0.005 mole) in 15 ml. of abso-
lute ethanol, 15 ml. of ethanolic 2 N sodium ethoxide was added
in an atmosphere of nitrogen. After 7 min., the solution was
acidified witlt 1 ¥ HCI and water was added. The oil which
separated out was dissolved in ethyl acetate. The ethyl acetate
solution was dried over sodium sulfate and evaporated to dryness
in vacuo. The crystalline residue was triturated with ether (free
of peroxide) and was filtered off; yield 1.2 g. (709,), m.p. 122-
123°, [a]®D —16.9° (¢ 3, ethanol); reported m.p. 118-120°,
123-124°8 [4]%®Dp —16.8° (¢ 3, ethanol). Iodine titration re-
vealed 97 9 of free thiol.

Anal. Caled. for CisHoN20:S: C, 52.92; H, 5.92; N, 8.23;
S,9.42. Found: C, 52.90; H, 5.80; N, 8.40; S, 9.28.

N-Carbobenzoxy-L-cysteinyl-L-phenylalanine.—To a suspen-
sion of 2.1 g. of compound VII (0.003 mole) in 15 ml. of absolute
metlianol 5 ml. of methanolic 3 ¥ sodium methoxide was added in
an atinosphere of nitrogen. After 10 min., 3 ml. of water was
added to the solution which was kept for an additional 30 min.
The solution was then acidified by the addition of 0.5 N hydro-
chloric acid. The crystalline product was recrystallized from
809, methanol. Iodine titration revealed 989 of free thiol; yield
1g.(779%),m.p.148-150°, [«] %D —7.5° (¢ 2, dimethylformamide).

Anal. Caled. for CoyH2aN:20:8: C, 59.69; H, 5.51; N, 6.96;
S, 7.96. Found: C, 59.76; H, 5.55; N, 7.05; S, 7.83.

Poly-L-cysteine.—To a solution of 1 g. of poly-S-carbobenzoxy-
L-cysteine® in 2 ml. of pyridine, 5 ml. of methanolic 2.4 N sodium
methoxide was added in an atmosphere of nitrogen. After 10
min., 5 ml. of glacial acetic acid and 25 ml. of 3 N hydrochloric
acid were added. Tlie poly-L-cysteine which separated was
collected on a glass filter under nitrogen and washed with air-free
water, alcoliol, and ether; vield, 300 mg. (65%).

Anal. Caled. for (GH;NOS): C, 34.95; H, 4.39; N, 13.59;
thiol-S, 32.03. Found: C, 35.05; H, 4.71; N, 13.23; thiol-S,
28.60.

The -SH group was estimated by titration with iodine as de-
scribed by Berger, ef a/.8 Tlie polymer was identical in its prop-
erties witli that prepared by alternative procedures.8

(17) R. A. Boissonnas, St. Guttmann, P. A. Jaquenoud, and J. P. Waller,
Helv, Chim. Acta, 38, 1491 (1953).

(18) .. Zervas and 1. Photaki, J. Am. Chem. Soc., 84, 3587 (1962).

{19) l.. Shchukina, S. Kar-murza, and G. Gromova, Chem. Abstr., 88,
175226 (1961).
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N,S-Dicarbobenzoxyglutathione (XII).—A solution of 6.14 g.
of reduced glutathione (0.02 mole) was adjusted to pH 9-9.5 with
1 N sodium hydroxide and treated with stirring and cooling in an
ice bath with benzyl chloroformate (7.5 g., 0.044 mole) over a 30-
min. period. During this time the pH was maintained between
8.5-9.5 by addition of 1 N sodium hydroxide. After further
stirring for 30 min. at room temperature, the reaction mixture
was extracted with ether (three 150-ml. portions) and the aqueous
layer acidified with 56 N HCI. The resulting crystalline product
was filtered, washed with water, and recrystallized from meth-
anol-water; yield 10 g. (879), m.p. 105-107°, [«]%®D —32° (¢ 1,
methanol).

Anal. Caled. for CoHyoN3O010S: C, 54.25; H, 5.08; N, 7.30;
S, 5.57. Found: C, 54.00; H, 5.06; N, 7.40; S, 5.71.

Another preparation of this compound with sodium carbonate
in place of sodium hydroxide gave a compound with m.p. 141-
143°, [a]®D —32° (¢ 1, methanol).

Anal. Found: C, 53.99; H, 5.09; N, 7.21; S, 5.75.

Attemnpts to raise the melting point of the product with tlie low
melting point by recrystallization were unsuccessful.

Methanolysis of XII and Recarbobenzoxylation.—To a solution
of 1.15 g. of compound XII (0.002 mole) in 20 ml. of anhydrous
methanol, 7 ml. of methanolic 1 N sodium methoxide was added
under nitrogen. After 7 min., when iodine titration of an aliquot
revealed 989, methanolysis, the pH was lowered to 8.5 with
dilute acetic acid. The solution was diluted with water, and 1.7
g. of benzyl chloroformate (0.01 mole) was added. The reaction
mixture was stirred for 0.5 hr. at 0°. During this time the pH
was maintained at 8.5-9 by addition of 0.1 N sodium hydroxide.
After further stirring for 30 min. at room temperature the reaction
mixture was extracted twice with ether and once with petroleum
ether, and the pH was adjusted to 2 with dilute hydrochloric acid.
The resulting crystalline product was recrystallized from meth-
anol-water; yield 1 g. (85%,), m.p. 105-106°, [a]%D —31.9°
(¢ 1, methancl). The m.p. was not depressed on admixture with
a sample of compound XII.

N-Carbobenzoxy-S-benzyl-L-cysteinyl-L-prolyl-L-leucylglycine
Amide.—To a solution of 0.655 g. of compound VIII (0.001 mole)
in 20 ml. of absolute methanol 2 ml. of methanolic 2.5 N sodium
methoxide was added under nitrogen. After 10 min. when iodo-
metric titration revealed 999, methanolysis, 0.3 ml. of glacial
acetic acid was added. The pH was brought to 8 with triethyl-
amine and 0.25 g. of benzyl chloride (0.002 mole) was added with
stirring. After 30 min. water was added and on cooling a crystal-
line product was produced and was recrystallized from ethyl
acetate; yield 0.52 g. (869%,), m.p. 104-105°, [«]%D —61° (¢ 1,
dimethylformamide); reported m.p. 161-164°,13 [a]%D —62° (¢
0.98, dimethylformamide), m.p. 170-171°12 [a]??D —60° (¢ 2,
dimethylformamide).!?

Transformation of S-Carbobenzoxy-L-cysteine® to N,N’-Bis-
carbobenzoxy-L-cysteine.—Methanolysis of 2.54 g. of S-carbo-
benzoxy-L-cysteine (0.01 mole) was carried out as described
above. After acidification to pH 4, the product was oxidized by
addition of 10 ml. of a 1 N iodine solution. The product was
extracted twice with 100 ml. of ethyl acetate, washed with water,
and dried over sodium sulfate. The solvent was evaporated in
vacuo. Upon adding petroleum ether the product crystallized,
and was recrystallized from carbon tetrachloride; yield 1.55 g.
(619%), m.p. 121-123°, [a]®D —91° (¢ 5, acetic acid); reported??
m.p. 123°, [«]®D —91.7° (¢ 6.7, acetic acid). The m.p. was not
depressed on admixture with an authentic sample.

Transformation of XIII to N-Carbobenzoxy-L-cysteinyl-L-
phenylalanine.—To a solution of 1.1 g. of compound XIII (0.002
mole) in 20 ml. of anhydrous methanol, 5 ml. of methanolic 2 N
sodium methoxide was added under nitrogen. After incubation
for 7 min. at room temperature, 1 ml. of water was added and the
reaction mixture was kept at room temperature for 30 min. The
mixture was concentrated ¢z vacuo until most of the methanol
had been removed. On addition of water a crystalline product
separated out; yield 0.53 g. (669%,), m.p. 149-150°. Iodine
titration revealed 979, free thiol group. The m.p. was not
depressed on admixture with an authentic sample.

Synthesis of Glutathione. (a) N-Carbobenzoxyglutathione.—
To a suspension of 1.5 g. of compound IV (0.002 mole) in 20 m]. of
anhydrous methanol 5 ml. of methanolic 2 N sodium methoxide
was added under nitrogen. The compound dissolved within 2-3
min., and after stirring for 7 min. had undergone 989, methanoly-
sis as revealed by iodometric titration. Water, 6 ml., was added
and the reaction mixture allowed to stand for a further 30 min.
The solution was diluted with water to 120 ml., extracted twice
with 100 ml. of ether, and was then acidified and extracted
three times with 100 ml. of ethyl acetate. The ethyl acetate
was washed with water and dried over sodium sulfate. After
removal of tlie solvent in wacuo an oily product was obtained
which crystallized on addition of 10 ml. of ethyl acetate at 0°.

(20) M. Bergmann and L. Zervas, Chem. Ber., 65, 1192 (1932); L. C.
King and F. H. Suydam, J. Am. Chem. Soc., T4, 5499 (1952); F. Weygand
and R. Geiger, Chem. Ber., 90, 634 (1957).
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The product was recrystallized from ethyl acetate; yield 0.7 g.
(79%), m.p. 143-145°, [a]®D —26.5° (¢ 1, methanol).

Anal. Caled. for CisHzN3OsS: C, 48.98; H, 5.25; N, 9.52;
neut. equiv.,220.5. Found: C,49.17; H,5.41; N,9.51; neut.
equiv., 223.

Tlie neutral equivalent was obtained by titration with 0.1 N
sodium methoxide using thymol blue in ethanol as indicator.?
Todometric titration revealed 979, free thiol groups. The same
product was obtained by methanolysis of compound XIT.

(b) Glutathione.—N-Carbobenzoxyglutathione (0.44 g.,
0.001 mole) was suspended in 2 ml. of 459, hydrobromic acid
in acetic acid. After 5 min. tlie compound had dissolved and the
solution was kept for an additional 10 min. at room temperature.
Anhvdrous ether, 100 ml., was added, and tlie hydrobromide
derivative then precipitated. The precipitate was repeatedly
washed at the centrifuge with anhydrous ether and then dissolved

(21) J.S. Fritz and N. M., Lisicki, Anal. Chem., 28, 589 (1951).
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in 3 ml. of oxygen-free water. The pH was adjusted to 2.9 with
dilute triethylamine and was concentrated to 0.2 ml. at 25° in
vacuo. Upon addition of ethanol the glutathione precipitated.
The precipitate was repeatedly washed at tlie centrifuge witls
ethanol; yield 0.154 g. (5609%,), in.p. 189-190°.22 On oxidation
with iodine (809 of the theoretical value), tlte product beliaved
chromatographically and electrophoretically like an authentic
sample. For further purification the method described by du
Vigneaud, et al.,*? was found to be necessary; m.p. 190°, [a]%D
—21.8° (reported?? [«]?’D —21.3°).

Acknowledgment.—This investigation was supported
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United States Public Health Service.

(22) V. du Vigneaud and G. L. Miller in ‘““Biochemical Preparation,”
Vol. 2, E. G. Ball, Ed., John Wiley and Sons, Inc.,, New York, N. V., 1952,
p. 87.
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Nonenzymatic Cleavages of Peptide Chains at the Cysteine and Serine Residues through their

Conversion into Dehydroalanine. I.

Hydrolytic and Oxidative Cleavage of

Dehydroalanine Residues'?

By ABRAHAM PATCHORNIK AND MORDECHAI SOKOLOVSKY
RecEIVED AUGUST 14, 1963

In connection with the specific chemical fragmentation of peptides and proteins, the conditions for the cleav-

age of dehydroalanine residues, which can be formed from cysteine and serine residues, was investigated.

De-

hydroalanine residues are cleaved hydrolytically at the N-Cq bond with nearly quantitative yield by heating
the compound to 100° at pH 2 for 1 hr. The cleavage can be facilitated by oxidative activation of the nmolecule.
Oxidation by bromine or performic acid leads to a labile intermediate which is easily cleaved at alkaline pH at
room temperature. Both methods lead to the formiation of two fragments: Pep,CONHC(CH,;)CONHPep; —
Pep;CONH, + XCH,COCOXNHPep, (X = H without oxidation, X = OH with oxidation). The nitrogen
of the dehydroalanine residue appears as a new terminal amide group on one of the fragnients and the rest

of the niolecule as a terminal pyvruvoyl group on the other.
with alkaline hydrogen peroxide, a step which liberates the new terminal amino group.

The pyruvoyl group can be removed by oxidation
A method for the

quantitative estimation of dehydroalanine residues in peptides is described.

Introduction

A primary step in the elucidation of the chemical
structure of proteins is the selective fragmentation of
separated peptide chains. Such fragmentation can be
achieved by enzymatic hydrolysis, but only few prote-
olytic enzymes in use are sufficiently selective.® Further-
more, the nuniber of amino acids next to which proteo-
lytic enzymes are known to cleave in a selective way is
limited and side reactions sometimes complicate inter-
pretation.*

Recently a number of selective nonenzymatic meth-
ods for the cleavage of peptide bonds involving a par-
ticular amino acid were reported®~—'! and reviewed by
Witkop.!? This new approach has been used recently
in studies on the structure of several proteins®®12-1¢ and
natural peptides.te7 214

(1) Preliminary reports: (a) A. Patchornmik, M. Sokolovsky, and T.
Sadeh, Vth Iuternational Congress of Biochemistry, Moscow, 1961, p. 11;
(b) A. Patchornik, and M. Sokolovsky, XX Xth Meeting of the Israel Chemi-
cal Society, 1962, Vol. 11A, p. 80; and (c) A. Patchornik and M. Sokolovsky,
"“Vth European Peptide Symposium, Ozxford, 1962,”" Pergamon Press,
New York, N. Y., 1963, p. 253.

(2) This investigation was supported by Grants A-3171 and AM-5098 of
the National Institutes of Health, United States Public Health Service.

(3) F. Sanger, J. Polymer Sci., 49, 3 (1961).

(4) Y. Levin, A. Berger, and E. Katchalski, Biockem. J., 63, 308 (1956).

(5) A. R. Battersby and J. C. Robinson, J. Chem. Soc., 2076 (1956).

(6) G. L. Schmir, 1.. A. Cohen, and B. Witkop, J. Am. Chem. Soc., 81,
2228 (1959).

(7) A. Patchornik, W. B. Lawson, and B. Witkop, ibid., 80, 4747, 4748
(1938); A. Patchornik, W. B. Lawson, E. Gross, and B. Witkop, #bid., 82,
5923 (1960)

(8) S. Shaltiel and A. Patchornik, ¢bid., 85, 2799 (1983).

(9) E. Gross and B. Witkop, J. Biol. Chem., 287, 1856 (1962).

(10) J. Schultz, H. Allison, and M. Grice, Biochem., 1, 694 (1962).

(11) M. Wilchek and A. Patchornik, J. Am. Chem. Soc., 84, 4613 (1962).

(12) B. Witkop, ‘Advances in Protein Chemistry,”” Vol. XVI, Academic
Press, Inc., New York, N. Y, 1961, pp. 221-321.

(13) T. Viswanatha and W. B. Lawson, Arch. Biochem. Biophys., 98, 128

The methods described so far for the specific chemical
cleavage of peptide bonds!* have been based on inter-
action of the side chain of an amino acid residue (some-
times after specific chemical modification) with the ad-
jacent peptide bond. This bond is labilized by the
formation of intermediate cyclic structures which
facilitate the hydrolysis of the peptide chain into two
fragments.!> A new approach to the labilization of
peptide chains not involving a cyclic interniediate con-
sists in the conversion of cysteine and serine!c !’ residues
into dehydroalanine residues. This can be achieved by
the conversion of the cysteine or serine residue into a
derivative which possesses a good "'leaving group,” e.g.,
a sulfonium or thiodinitrophenyl group in the case of
cysteine, and tosyl or pliosphoryl group in the case of
serine. These derivatives can be converted to the
corresponding dehydroalanine derivative by an elimina-
tion reaction under basic couditions.
PepiCONH—CH—CONHPep:

—

CH.R
Pep;CONH—C—CONHPep,

CH: + RH
R = -SCgH3(NOy)y, —S*(CHay)s, ~0S0,CsHsCH;, ~OPO(ORy)2

(1961); B. H. Havsteen and G. P. Hess, J. Am. Chem. Soc., 84, 448 (1962);
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chem. Biophys. Acta, 89, 244 (1962); C. J. S. Rao and L. K. Ramachandran,
ibid., 59, 507 (1962); A. B. Edmundson, Nature, 198, 354 (1963); S. Sasakawa,
J. Biochem., 53, 188 (1963).

(14) S. Sarid and A. Patchornik, Isragel J. Chem., 1, 63 (1963).
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(1949); (b) G. Riley, J. H. Turnbull, and W. Wilson, J. Chem. Soc., 1373
(1957); (¢) L. Anderson and J. J. Kelley, J. Am. Chem. Soc., 81, 2275
(1959); (d) J. A. Cohen, R. A. Oosterbaan, H. S. Jansz, and F. Berends,

J. Cellular Comp. Physiol., 54, 231 (1959);
85, 1123 (1963).
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