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lactone CH,), 5.22 (doublet, / = 5.0 cps, H-6), 6.00 (quartet,
J = 5.0 and 9.0 cps, H-7), and 7.00, 7.40 (aromatic protons).
Methyl 3-Formyl-7-(thiophene-2-acetamido)-3-cephem-4-

carboxylate (V).—A mixture of 0.300 g of impure III, 0.900 g of
activated MnQ,,? and CHCL; (30 ml) was stirred at room tem-
perature for 20 hr. An additional 0.450 g of Mn()., was added
and the stirring was continued for another 20 hr.  Aliquot
samples were taken after 18, 24, aund 40 hr. The samples ex-
hibited uv absorption (in CHCl;) at 273, 280, and 280 myg,
respectively, due to the cephalosporin nucleus, and a1 241 mu
due (o the thiophene side chain.  The mixture was filtered and the
filtrate was evaporated to dryness. The residue was dissolved
w CHCl; and chromatographed on 810, (Mallinekrodt, 15 g).
Elutian with EtOAc¢-CHCL, (1:3) afforded 0.050 g of \V, mp
165-170° dec. Recrystallization from 2-propanol gave material
with mp 167-170° dec: M 233 mu (e 10,5500, 296 (10,750),
and 340 (shoulder);™ vuux 3.06 (NH), 5.509 (8-lactam C==0),
13.81 (ester C==0), 6.00 (amide I), 6.23 (dnuble bond), and 6.53
u (amide II); mmr (DMF-d:) peaks at & 3.95, 4.03 (C-2 CH,,
exler CHj, side-chain CH.), 544 (doublet, J = 6.0 cps, H-6),
6.15 (quartet, J = 6.0 and 9.0 cps, H-T), 7.07, 7.47 (aromatic
protons), 9.20 (doublet, J = 9.0 c¢ps, NH), and 9.88 (singlet,
CHO proton). A satisfactory mass spectrum wax not obtained
for this compound due to thermal decomposition of the sample
1 the mass spectrometer.

Anal. Caled for Cully N0 G, 49.16; H, 3.85; N, 7.65:
=, 17.50. Found: C, 49.15; H, 4.03; N, 7.18: 8, 18.03.

Ethylene Acetal of V (VI).-—A mixture of 0.090 g of V, 0.20 g of
cthylene carbonate, 0.5 ml of ethylene glycol, 0.002 g of p-toluene-
sulfonic acid movohydrate, and 2.5 ml of tetrahydrofuran was
allowed to stand at room temperature for 19.5 hr.**  The mix-
ture was then powred into water and extracted twice (Et.0-
[$tOAc¢). The ecombined extracts were washed (1 M NaHCO;,
twice with H,0, once with satwrated NaCl), and they dried
(Nn.,S04).  Evaporation of the solveni gave 0.071 g of solid
residue which was erystallized from 2-propanol to give 0.036 g
of the ethylene acetal (\I): mp "’()U—)()') dec: Apws 236 mu
e 12,600) and 260 mu (e 7370): vy 297 (NH), 5.60 (8-lactam
(==0), 5.77 (ester C=0), (.04 {amide 1), (.20 (double bond),
and 6.50 g (amide 1T): mmr (CDCLy) peaks at 8 3.45 (C-2 CH..
385, 5.97 (acetal Cll., ester CH; und side-chain CH.), 4.95 (donb-
let, J = 5.0 epx, 11-6), 5.74 (zsinglet, 14-3"), 5.80 (quartet, .J
= 5.0 and K.0 eps, 1-7), 6.41 (double(, J = 8.0 ¢ps, NH), and
65.05, 7 22 (aromatic protons).  The molecular weight and formula
af VT were determined by lligh—mmlmion mass spectrometry.

Anal. Caled for Cpl, N0 mol wit, 41006220, Fowd:
nroe, 410.06064.09
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In recent years a-methylamino acids have proven
to be of considerable interest in the study of enzyme
mechanisms! and in medicinal chemistry.?? However,
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to our knowledge these derivatives have not been in-
troduced into the sequence of a biologically active
peptide. We have carried out such an alteration at
the glutamic acid residue of glutathione.
a-Methyl-pL-glutathione (VI) was prepared by the

route outlined in Scheme . S-Benzyl-n-cyvstemyl-
ScHEME |
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Vi

glyveine (1) wis prepared by the N-carboxyanhyvdride
procedure.”  In our initial preparations, ITI was ixo-
lated and purified. It was then allowed to rvewet with
(CBZ-vL-e-niethylglutamic anhydride’ in agueons di-
oxane at pH S However, the purification was later
found to bewmecesszary,  Ouadjusting the pH to 2 and
(A\*tmctiug with ethyl acetate, CBZ-a-methyl-pi-ghi-
tamy-S-berzyl-r-evsteinyiglyveine (V) was obtained as
nouery >tdlhne sold having a trace of CBZ-a-methylglu-
tamic acid asimpurity a= shown by thin layer chroma-
tography. The blocking groups of V were removed by
sodium m ligquid ammonia and the resulting thiol VI was
puiified through the copper(I) salt. The gru%x‘ structure
of VI was extabhished by its elemental analysis and 1odo-
metrie aud base titration.  The N-ethyimaleimide deri-
vative moved as a single component by electrophoresis
(pH 7.5 wnd 4.2) and by paper chromatography in
several solvent systems.

The nature of the glutamyl peptide hink (a 5. ¥)
18 an important one. The use of glutamic anhydride
generally leads to the formation of an a-peptide as the

(1) 1". Fasella, A. Giarjosio, and G. G. NHammes, Biockemistry, 5§, 197
(1966).

(2) J. A. Oates, L. Gillespie, 8. Udenfriend, and A. Sjoerdsma, Science,
131, 1890 (1960); L. Gillespie, Jr., Ann. N. Y. Acad. Sci., 88, 1011 (1960).

(3) B. Blank, E. G. Rice, F. R. Pfeiffer, and C. M. Greenberg, J, Med.
Chem., 9, 10 (1966),

(4) R. G. Denkewalter, . Schwam, R. G. Strachan, T. E. Beesley, D. I'.
Veber, E. F. Schoenewaldt, H. Barkemeyer, W, J, Paleveda, Jr., T. A.
Jacob, and R. Hirschmann, J. Am. Chem. Soc., 88, 3163 (1966).

(5) CBZ = earhobenzoxy.
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major product, the amount of vy-peptide depending
inter alta on the reaction solvent and nature of the
amino blocking group.® We hoped that the a-methyl
group would present a steric hindrance to reaction at
the a-carbonyl thus leading to a preferential reaction
at the y-carbonyl.” This was indeed found to be true
since only a single tripeptide could be found in the prod-
uct by thin layer chromatography and electrophoresis.
That this peptide contains a vy-glutamyl linkage was
established by the Van Slyke nitrogen analysis and the
pK’s determined by base titration.

The Van Slyke analysis for amino nitrogen is known
1o give approximately 2 equiv of nitrogen for a ~-
glutamyl peptide while giving only 1 equiv of nitrogen
for an a-glutamyl peptide as well as most other pep-
tides.® VI like glutathione gave 2 equiv of nitrogen,
while a control, a-glutamyvlileucine, gave only 1 equiv
of nitrogen.

The pH:,'s in a base titration were found to be 3.5
and 8.5, the same as those obtained for a sample of
glutathione. The a-peptide would be expected to be
a weaker acid than glutathione.®

Biology.'*—a-Methyl-pL-glutathione was compared
to glutathione in a number of standard cell cultures at
levels of 0.5-256 wg/ml. Their cytotoxicities as de-
termined by total cell protein!!!? were found not to dif-
fer significantly. Other data indicated inhibition by
VI (10—* M) of yeast glutathione reductase!® in the
presence of glutathione.

Experimental Section'!

a-Methyl-pL-glutamic Anhydride (IV). A.—a-Methyl-pDL-
glutamic acid (5 g, 0.017 mole) was suspended in 20 ml of acetic
anhydride and stirred until a homogeneous solution was obtained
(5hr). The Ac,O was removed n vacuo at 50-60° and the residual
oil was flushed several times with CHCl;. The resulting oil was
triturated with ether to give 3.6 g of IV (769 yield). An analyti-
cal sample, mp 113-113.5°, was obtained by recrystallization
from CH,Cl;—ether. Anal. Caled for Ci.HsNO;: C, 60.66; H,
5.45; N, 5.05. Found: C, 60.58; H, 5.27; N, 5.01.

B.—a-Methyl-pL-glutamic acid (8.31 g, 0.03 mole) was dis-
solved in 250 ml of dioxane. Dicyclohexylcarbodiimide (6.18 g,
0.03 mole) was added with stirring and the solution was allowed
to stand at 25° for 18 hr, The precipitate of dicyclohexylurea
was removed by filtration and washed with 20 ml of dioxane.
The resulting solution was then used in subsequent reactions
assuming a 1009, conversion to IV.

S-Benzyl-L-cysteinylglycine (III).—Glycine (7.5 g 0.1 mole)
was dissolved in 1 L. of a solution of potassium borate buffer (1
M) at pH 11.0 and the solution was cooled to 0°, This solution
was placed in a Waring blender containing 400 g of ice. N-
Carboxy-S-benzyl-L-cysteine anhydride (24.9 g, 0.105 mole) was
added with high-speed stirring and the stirring was continued
for 90 sec. The reaction mixture was filtered, the pH was adjusted
to pH 4.5, and the resulting insolubles were removed by filtration.

(6) T. Wieland and H. Weidenmuller, Ann., 597, 111 (1955).

(7) A bulky blocking group such as tritvl on the nitrogen of glutamic
anhydride has been shown to lead to preferential reaction at the y-carbonyl:
G. Amiard, R. Heymes, and L. Velluz, Bull. Soc. Chim. France, 698 (1956).

(8) J. P. Greenstein and M. Winitz, "'Chemistry of the Amino Acids,’"
John Wiley and S»)ns, Inc., New York, N. Y., 1961, p 1335,

(9) A. R. Battersby and J. C. Robinson, J. Chem. Soc., 259 (1955).

(10) We are greatly indebted to Drs. A, Tytell, M, Nemes, R. Burg, and
C. Shonk of these laboratories for permission to include these biological re-
sults,

(11) H. Eagle and G. Foley, Cancer Res., 18, 1017 (1958).

(12) R. E. Neuman and A. A. Tytell, Proc. Soc. Expil, Biol, Med., 112, 57
(1963).

(13) E. Racker, Methods Enzymol., 3, 722 (1955).

(14) Melting points are uncorrected. The solvent systems used for paper
chromatography are (a) mn-butyl alcohol-acetic acid-water (10:1:3):
(b) pyridine—ethyl acetate-acetic acid—water (5:5:1:3).
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The filtrate containing S-benzyl-L-cysteinylglycine was used to
prepare V without isolation as described below or the dipeptide
was isolated in the following way, III was adsorbed on 500
ml of Pittsburg 01 granular carbon. The column was washed
with 3 1. of water to remove salts and residual glycine, and I11
was eluted with 59, AcOH in 3509, aqueous acetone After
evaporating the eluate to dryness, 111 was crystallized from water
to give 154 g (579 yield), [«]®D +28.8° (¢ 2, 1 N NaOH)
[lit.** [a]p 427° (¢ 2, 1 N NaOH)], equiv wt (base titration)
263 (caled 286).

v-(CBZ-a-methyl)-pL-glutamyl-S-benzyl-L-cysteinylglycine
(V). A. From Isolated III.—III (8.04 g, 0.03 mole) and 5.04 g,
(0.06 mole) of NaHCOQ; was dissolved in 500 ml of H,O and the
pH was adjusted to 8.0 at 25°. A solution of 0.03 mole of IV in
270 ml of dioxane (prepared from CBZ-o-methyl-pL-glutamic
acid and dicyclohexylearbodiimide as described above) was
added over a period of 20 min and the pH was held at 8.0 by the
addition of a solution of 3 N NaOH. The reaction mixture was
stirred 1 additional hr and the pH was adjusted to 1.5. Water
(500 ml) was added and the mixture was extracted twice with
500-ml portions of ethyl acetate. The combined EtOAc extracts
were dried (Na,SO.) and evaporated to yield 7.6 g (47%) of V
as an amorphous solid contaminated with a trace of CBZ-a-
methyl-pL-glutamic acid ag shown by thin layer chromatography.
This material was not purified further but carried to the next
step where the impurity was more easily removed.

B. Without Isolation of III.—A solution of ITI [prepared from
4.03 g, 0.017 mole, of N-carboxy-S-benzyl-L-cysteine anhydride
and 1.12 g, 0.015 mole, of glycine (as described above)] in 150
ml of borate buffer was acidified to pH 2.5 to decarboxylate the
carbamate of III. After the solution had stood for 1 hr, the pH
was taken to 8.0 and a solution of IV in dioxane (prepared by
allowing 2.81 g, 0.010 mole, of e-methyl-pr-glutamic acid to react
with dicyclohexylearbodiimide in 80 ml of dioxane) was added
with stirring over a period of 20 min while the pH was held at
8.0. The reaction mixture was stirred for 1 additional hr and V
was isolated as described in A (yield 4.0 g, 739 based on the
limiting reagent IV). Removal of the blocking groups from this
material as described below gave analytically pwe o-methyl-
DLg-glutathione.

a-Methyl-pL,-glutathione —Sodium was added to a solution
of V (4.0 g, 0.0073 mole) (prepared in B above) in 250 ml of liquid
NH; until a light blue color remained for 5 min. The excess
sodium was removed by the addition of NH,Cl and the NH;
was removed under a stream of N.. The residual solids were
dissolved in 125 ml of a 0.5 .V solution of Hy80, and the solution
was extracted with ethyl acetate to remove dibenzyl. VI was
then precipitated as the copper salt (as in the isolation of gluta-
thione!®), which was isolated by centrifugation and dialyzed to
remove the equivalent of Hs80, associated with it. This produet
was treated with H,S and the CuS was removed by filtration.
The resulting solution was lyophilized to give VI as a fluffy
powder. The yield was 0.630 g (729, vield based on V).

Anal. Caled for CyH(N3O¢S: C, 41.12; H, 5.96; N, 13.08;
S, 9.08; 2 equiv of Ny, 8.72; mol wt, 321. Found: C, 41.25;
H, 5.70; N, 13.28; 8, 10.14; Van Slyke amino N analysis, 8.3;
mol wt (NaOH), 311 (pH1/, 3.5, 8.5) (I,), 315.

Paper chromatography and electrophoresis were carried out on
the N-ethylmaleimide (NEM) derivative.!” Circular paper chro-
matography gave R, 0.32 (solvent a) and 0.53 (b) compared with
R2 0.26 (a) and 0.43 (b) for the N-ethylmaleimide derivative of
glutathione. VI-NEM moves 9.6 cm on electrophoresis on 8
and 8 No. 598 paper at pH 7.5 and a voltage gradient of 11.3
v/cm for 3.5 hr and 10.4 em at pH 4.15 and a voltage gradient
of 13.7 v/em for 3.75 hr. It was found to be a single component
in all systems. Glutathione-NEM moved 9.6 and 11.5 cm,
respectively, under the above conditions.

Acknowledgment.—We wish 1o acknowledge the
competent technical assistance of Mr. James E. Deak.
We are indebted to Mr. Richard N. Boos and his
associates for elemental analyses.

(15) B. Hegedus, Helv. Chim. Acta, 81, 745 (1948).

(16) V. du Vigneaud and G. L. Miller, J. Biol. Chem., 116, 469 (1936);
Biochem. Prepn., 3, 74 (1952).

{17) M. Gutcho and L. Laufer, “Glutathione,” S. Colowick, Ed., Academic
Press Inc., New York, N. Y., 1954, p 79.



