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Polypeptides with repeating sequence of glutathione, asparthione, and their « analogs have been synthesized.
The protected polypeptides, poly(a-benzyhr-glutamyl-S-benzyl-L-cysteinylglycine) (XIV), poly(a-benzyl-
L-aspartyl-S-benzyl-L-cysteinylglycine) (XV), poly (v-benzyl-L-glutamyl-S-benzyl-L-cysteinylglycine) (X V1), and
poly (8-benzyl-L-aspartyl-S-benzyl-L-cysteinylglycine) (XVII), were prepared by self condensation of the cor-
responding tripeptide pentachlorophenyl esters IV, V, IX, or X and XII or XIII, respectively. The optically
bure tripeptide active esters were obtained through the “backing off”” method from the C-terminal glycine penta-
chlorophenyl ester. The C- and S-benzyl protecting groups from the polymers XIV, XV, XVI, and XVII have
been removed with sodium-liquid ammonia to afford polyglutathione (XVIII), polyasparthione (XIX), poly-
isoglutathione (XX), and polyiscasparthione (XXI), with weight average molecular weights of 9000, 7000,
16,000, and 6000, respectively. Polyglutathione was investigated for radioprotective activity. Polygluta-

thione shows a growth stimulating effect on B. subtilis.

Glutathione® has a protective effect against radia-
tion® and is considered to act as a detoxicant of hydro-
gen peroxide generated in cells.® It appeared possible
- that a high-molecular-weight sequential polypeptide
containing the repeating unit of glutathione could be
stored in the body as an active thiol-containing molecule
for prolonged action. Although in recent years a num-
ber of sequential polypeptides containing trifunctional
amino acids have been synthesized,® polypeptides hav-
ing a repeating sequence of a naturally occurring biologi-
cally active peptide are unknown. This paper re-
ports the synthesis of polyglutathione, polyaspar-
thione, and the related « polymers by the pentachloro-
phenyl ester polymerization method.5bee-

The preparation of the tripeptide active esters IV and
VI, which are needed for polycondensation, was
achieved in high yields through stepwise lengthening of
the peptide chain from the activated C-terminal amino
acid, glycine pentachlorophenyl ester, by using the mixed
anhydride (M.A.) coupling method, as shown in Scheme
I T

. Syntheses of the a-tripeptide active esters IX, X and
XTII, XIII were achieved by using the N-tert-butyloxy-

(1) Part of thie investigation was presented at the 157th National Meet-
ing of the American Chemical Society, Minneapolis, Minn., April 13-18,
1969, Abstract ORGN 176.

(2) Visiting Scientist, 1968~1869, from Department of Organic Chemistry,
Indian Association for the Cultivation of Science, Calcutta 32, India.

(3) (a) 8. P. Colowick, A. Lazarow, E. Racker, D. R. Schwarz, D. R.
Stadtman, and H. Waelsch, “Glutathione,”’ Proceedings of the Symposium
held at Ridgefield, Conn., Nov 1953, Academic Press, New York, N. Y.,
1854. (b) E. M. Crook, “Glutathione,” Biochemical Society Symposium,
No. 17, held at Senate House, University of London, February 15, 1958,
Cambridge, England, University Press, 1959. (c) W. E. Xnox in “The
Enzymes,” P. D. Boyer, H. Lardy, and J. Myrback, Ed,, Vol, 2, 2nd ed,
Academic Press, New York, N. Y,, 1960, p 254,

(4) (a) H. M, Patt, E. B. Tyree, R. L. Straube, and D, E. Smith, Seience,
110, 213 (1949); (b) for a review see D. R. Hope, ref 3b, p 93.

(3) (a) P. Hochstein and G. Cohen, Acta Biol. Med. Ger. Suppl., 8, 292
(1964); (b) A. 8. Hill, A, Haut, G. E. Cartwright, and M. M. Wintrobe,
J. Clin., Invest., 48, 17 (1964); (¢) H. 8. Jacob, 8. H. Ingbar, and J. H.
Jandl, <bid., 44, 1187 (1965).

(8) (a) For a review see E, Katchalski and M. Sela, Advan. Protein Chem.,
18, 243 (1958); (b) J. Kovacs and B, J. Johnson, J. Chem. Soc., 6777 (1965);
(e) A. T. Moore and H. N. Rydon, Acta Chim. Hung., 44, 103 (1965); (d)
F. H. C. Stewart, Aust. J. Chem., 18, 887 (1965), and references cited therein;
(e) J. Kovaes, R. Giannotti, and A. Kapoor, J. Amer. Chem. Soc., 88, 2282
(1966); () D. F. DeTar, F. F. Rogers, Jr., and H. Bach, ibid., 89, 3039
(1967), and earlier papers in this series; (g) J. Kovacs, G. N. Schmit, and
U. R. Ghatak, Biopolymers, 6, 817 (1968); (h) B. J. Johnson, J. Chem. Soc.
C, 3008 (1968); (i) ‘‘Amino-acids, Peptides, and Proteins,” Chem. Soc.
Specialist Periodical Report, 1, 143, 200 (1969); 2, 169 (1970).

(7) Abbreviations follow the rules in ‘““Abbreviated Designation of
Amino-Acid Derivatives and Polypeptides” (Information Bulletin No. 25,
IUPAC). Other abbreviations follow as used in ‘“‘Peptides 1968,” Pro-
ceedings of the 9th European Peptide Symposium, E. Bricas, Ed., Wiley,
New York, N. Y., 1968,

carbonyl protecting group (Scheme II), since attempted
removal of the N-benzyloxycarbonyl group from
N-benzyloxycarbonyl-y-benzyl-L-glutamyl-S-benzyl-1-
cysteinylglycine pentachlorophenyl ester (VII), with
hydrogen bromide led to a complex mixture.

The tripeptide active ester trifluoroacetate salts IX
and XII partly polymerize on standing in solution or
drying under vacuum above 50°.

The tripeptide active ester salts were polymerized®s
in concentrated dimethylformamide solution in the
presence of 2 equiv of triethylamine. While the poly-
merization of the w-tripeptide active ester salts IV and
V1 yielded the corresponding polymers XIV and XV,
respectively, in 70-809%, yield, polymerization of the a-
peptide active ester salts IX or X and XIT or XIIT gave
the corresponding polymers XVI and XVII in the range
of 55 and 399 yields, respectively.

NEt, -+ =Glu-OBZL
IV ———> l_
DMF —Cys-Gly-- - -
BZL
XIv
NEt ¢+ +~Asp-OBZL
VI >
DMF I__C|yS_G1y_ .
BZL
XV
NEt; ¢ =Glu - Cys-Gly=~««+
IXor X — | |
DMF OBZL BZL
XVI
NEts . '-ASp - Cys-G]y-. e
XII or XIII ———>
DMF BZL BZL
XVII

The C- and S-benzy! protecting groups of the poly-
mers XIV and XV were removed® with sodium-liquid
ammonia. The complete removal® of the protecting
benzyl groups was indicated by the absence of aromatic
protons in the pmr spectra of the sodium salts of the de-
blocked polymers. Polyglutathione (XVIII) and poly-
asparthione (XIX) were isolated by acidification of the
water-soluble sodium salts of the polymers and dialysis,
with weight average molecular weights of 9000 and
7000, respectively, in the ultracentrifuge.’® The iodo-

(8) J. L. Wood and V. du Vigneaud, J. Biol. Chem., 130, 110 (1939).

(9) Cf. A. Berger, J. Noguchi, and E. Katchalski, J. Amer. Chem. Soc.,

78, 4483 (1936). )
(10) H. X, Schachman, “Ultracentrifugation in Biochemistry,” Academic

Press, New York, N. Y., 1959.
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ScerME 1

1, M.A. HBr
Z-Cys-OH + HBr-H-Gly-OPCP Z_—I‘I—? Z-Cys-Gly-OPCP A—O—H—> HBr-H—Fys—Gly-OPCP
. ts o

BZL 2L BZL
II
1. M.A. HBr
11 + Z-Glu-OBZL ———> Z-Glu-OBZL ——— HBr.H-Glu-OBZL
2. NEts AcOH |
H Cys-Gly-OPCP LCys-Gly-OPCP
BZL ZL
II1 v

1, M.A,
11 + Z-Asp-OBZL ——> Z-Asp-OBZL
2. NEts

HBr
~———>» HBr- Asp-OBZL
AcOH

H Cys-Gly-OPCP Cys-Gly-OPCP
BZL BZL
v VI
Scueme 11

1. M.A.
BOC-Glu-OH + II ——1-\1? BOC-Glu—Cys-Gly-OPCP
2. ts

BZL BZL
VIII

OBZL

—e—3 RX - H-Glu—Cys-Gly-OPCP
or HBr-AcOH

OBZL BZL
IX, RX = TFA
X, RX = HBr

TFA
BOC-Asp-OH + II BOC-Asp—Cys-Gly-OPCP -~ RX + H-Asp—Cys-Gly-OPCP

BZL OBZL BZL
XI

metric titration of the thiol groups of dialyzed samples
of the polymers XVIII and XIX indicated that only a

«+-=Glu-OH A «++-Asp-OH
L.._Cys.Gly. cas ——Cys-Gly— roe
XVIII XIX

negligible amount of disulfide linkage had probably
formed under the carefully controlled experimental

conditions. Polyisoglutathione (XX) and polyiso-
asparthione (XXI) were obtained similarly with molec-
-+ -=Glu-Cys-Gly-- - - - - --Asp-Cys-Gly-- - -
XX XXI

ular weights of 16,000 and 6000, respectively. Re-
moval of the C- and S-benzyl protecting groups of the
polymers XIV and XV with anhydrous hydrogen fluo-
ride!! gave less pure and of lower molecular weight poly-
mers.

During the synthesis of the tripeptide active esters
there is no danger of racemization.!? Racemization of
the base-sensitive cysteine residue could ocecur during
polymerization. However, the model dipeptide, N-
benzyloxycarbonyl-S-~benzyl-L~cysteinylglycine ethyl
ester, in the presence of 7 equiv of triethylamine in the
tetrahydrofuran solution showed practically no race~
mization in 48 hr at room temperature.'* This result
suggests that no racemization of the eysteine residue oc-
curred during polymerization of the tripeptides.

The antiradiation testing of polyglutathione (XVIII)
and polyasparthione (XIX) was undertaken by Dr. T.
R. Sweeney, Walter Reed Army Institute of Research,
Walter Reed Army Medical Center, Washington, D, C.

(11) 8. Sakekibara, Y. Shimonishi, Y. Kishida, M. Okada, and H. Sugi-
hara, Bull., Chem. Soec. Jap., 40, 2164 (1967).

(12) J. Kovaes, L. Kisfaludy, M. Q. Ceprini, and R. H. Johnson, Tetra-
hedron, 26, 2555 (1969).

(13) J. Kovacs, G. L. Mayers, R. H. Johnson, R. E. Cover, and U. R.
Ghatak, J. Org. Chem., 85, 1810 (1970).

or HBr-AoOH
OBZL BZL

XII, RX = TFA
XIIT, RX = HBr

However, the physical properties of these polymers were
unsatisfactory for detailed studies.* In addition, Dr.
M. Pisano, Department of Biology at St. John’s Uni-
versity, investigated the effect of polyglutathione
(XVIII) on various microorganisms. Preliminary re-
sults disclosed a growth stimulation effect on Bacillus
subtilis when polyglutathione was present in the me-
dium at a concentration of 25 ug/ml.  These results will
be published in detail elsewhere in a subsequent paper.

Experimental Section

Melting points were taken on 8 Thomas—Hoover apparatus and
are uncorrected. The infrared spectra were taken in potassium
bromide pellets on a Beckman IR-8 spectrophotometer and only
the characteristic strong bands are recorded. The microanalyses
were carried out by Schwarzkopf Microanalytical Laboratory,
Woodside, N. Y., and Drs. G. Weiler and F. B. Strauss, Oxford,
England. Unless otherwise stated, all the analytical samples
were dried over phosphorus pentoxide for 20 hr at 56° under high
vacuum. The polymers were dried under the same conditions
at 78°. Thin layer chromatography was carried out on precoated
silica gel analytical plates F254 (Brinkman); unless otherwise
stated spots were located by ultraviolet light or exposure to iodine
vapor.

N-Benzyloxycarbonyl-S-benzyl-i-cysteinylglycine Penta-
chlorophenyl Ester (I).—A well-stirred solution of 6.90 g (20
mmol) of N-benzyloxycarbonyl-8-benzyl-L-cysteine in 60 ml of
dry tetrahydrofuran containing 2.20 ml (20 mmol) of N-methyl-
morpholine was cooled to —15° (Dry Ice-methanol) and 2.80 ml
(21 mmol) of isobutyl chloroformate was added. After 15 min

(14) In a private communication Dr. Sweeney informed us that no satis-
factory tests on these polymers could be performed due to their insolubility
in biologically suitable vehicles. Both compounds, when placed in aqueous
vehicles or suspending agents, form sticky gelatinous clungs which prevent
their uniform dispersion in the vehicles. Consequently, more dose cannot
be uniformly administered to the test animals through a hypodermic needle.
However, one of the samples of polyglutathione (XVIII) was tested under
these very unsatisfactory conditions and the following results were obtained
in ICR female mice: acute LDso (ip) > 1000 mg/kg; survival after 1000 R
0Co « radiation, 500 mg/kg, 15 min prerad, 15 mice, 67% survival; 250
mg/kg, 15 min prerad, 15 mice, 7% survival; control, 10 mice, 10% sur-
vival. These experiments are suggestive of some radioprotective activity.
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8,58 g (22 mmol) of glycine pentachlorophenyl ester hydrobro-
mide was added followed by 3.0 ml (21 mmol) of triethylamine in
60 ml of precooled tetrahydrofuran. Stirring at —10 to 0° was
continued for 30 min followed by another 1.5 hr at 0°. The re-
action mixture was diluted with 300 ml of cold water and the
white solid peptide was filtered. The precipitate was thoroughly
washed with 5% sodium bicarbonate solution, water, 1 N hydro-
chloric acid, water, two 100-ml portions of cold methanol, and
finally with ether. White crystalline dipeptide was dried in
vacuo; yield 12.20 g (93%), mp 189-191°. Recrystallization
from tetrahydrofuran-ether afforded 10.15 g of the dipeptide I
as fluffy needles, mp 190-191°, [«]22D —31.8° (¢ 2.0, dimethyl-
formamide). It showed a single spot in tle in benzene~methanol-
acetic acid (10:2:1); Amax 5.63 (COOPCP), 5.92 (urethane), 6.08
(emide I), 6.52 (amide II), and doublet at 7.21 and 7.33 u (pen-
tachlorophenyl).

Anal.  Caled for CyH,N,0:8Cl: C, 48.00; H, 3.25; N,
4.30;8,4.93. Found: C,48,03; H,3.34; N,4.20; 8,5.15.

S-Betizyl-1-cysteinylglycine Pentachlorophenyl Ester Hydro-
bromide  (II).—N-Benzyloxycarbonyl-S-benzyl-i~cysteinylgly-
cine pentachlorophenyl ester (I), 8 g (12.3 mmol), was pulverized
and thoroughly mixed with 25 ml of dry acetic acid followed by
the addition of 40 ml of 409 hydrogen bromide in acetic acid.
The reaction mixture was shaken from time to time over a period
of 20min. After this time, 25 ml of acetic acid was added and the
solid mass was dispersed by vigorous shaking. After 15 min
the mixture was diluted with a large excess of dry ether, cooled
overnight, and filtered. The light yellow hydrobromide salt was
washed with dry ether and dried ¢n vacuo over potassium hydrox-
ide; yield 6.19 g (84%), mp 192-193° dec. Two recrystalliza-
tions from methanol-ether yielded 5.21 g of colorless needles; mp
193-194° dec; [«]?%D 11.3° (c 2, dimethylformamide); Amax 3.44
(broad, -NH;*), 5.61 (COOPCP), 5.99 (amide I), 6,45 (amide
II), and doublet at 7.22 and 7.35 u (pentachlorophenyl); tle in
1-butanol-pyridine-acetic acid-water (30:20:6:24) gave a single
ninhydrin-positive spot.

Anal.  Caled for CisHieN,0;8CLBr:  C, 36.18; H,2.70; N,
4.69;8,5.37. Found: C,36.44; H,2.61; N,4.32; 8,5.79.

N-Benzyloxycarbonyl-a-benzyl-r-glutamyl-S-benzyl-1-cystein-
viglycine DPentachlorophenyl Ester (III).—N-Benzyloxycar-
bonyl-L-glutamic acid a-benzyl ester was coupled with the dipep-
tide hydrobromide II as described previously. The crude prod-
uct (82.0%), mp 189-190°, was crystallized from tetrahydro-
furan—ether to yield pure tripeptide III: mp 191-193°; tle, single
spot in methylene chloride-methanol (9:1); [«]?2> —26.15° (¢ 2,
dimethylformamide).

Anal. Calcd for CasHuNaOsSClsI C, 524:6,
4.83. Found:C,52.11; H,4.07; N,4.78.

«a-Benzyl-r-glutamyl-S-benzyl-L-cysteinylglycine Pentachloro-
phenyl Ester Hydrobromide (IV).—This compound was prepared
using the procedure described for Il in 929, yield, mp 148-150°
dec. Crystallization from methanol-ether raised the melting
point to 152-154° dec. It was recrystallized twice from the same
solvent as colorless needles, mp 153-155° dec, [a]??p —18.4°
(¢ 2, dimethylformamide),

Anal. Caled for CipHeN:OeSCl:Br: C, 44.11;
N,5.36. Found: C,44.00; H,3.40; N,5.14.

N-Benzyloxycarbonyl-«-benzyl-L-aspartyl-S-benzyl-L-cystein-
ylglycine Pentachloroohenyl Ester (V).—To the mixed an-
hydride prepared from 2.072 g (6 mmol) of N-benzyloxycar-
bonyl-t~aspartic acid a-benzyl ester in 30 ml of tetrahydrofuran,
0.67 ml (6 mmol) of N-methylmorpholine, and 0.84 ml (6.3 mmol)
of isobutyl chloroformate at —15°, 3.588 g (6 mmol) of the dipep-
tide hydrobromide II was added, followed by 0.84 ml (6 mmol) of
triethylamine in 30 ml of cold tetrahydrofuran. After 30 min at
—10 to 0°, stirring at 0° was continued for 1 hr. The reaction
mixture was worked up as described for I, yield 4.62 g (95%), mp
191-193°. Two recrystallizations from tetrahydrofuran-ether
afforded the tripeptide V, mp 193-195°,[«]%p —25.7° (¢ 2, di-
methylformamide); tle in methylene chloride-methanol (9:1)
showed a single spot.

Anal. Calcd for Ca7H32N3038C15: C, 5192, H, 3.
4.91; 8, 3.74; Cl, 20.71. Found: C, 51.90; H, 3.
4.78; 8,3.94; Cl,20.41.

a-Benzyl-r-aspartyl-S-benzyl-L-cysteinylglycine Pentachloro-
phenyl Ester Hydrobromide (VI).—This compound was prepared
the usual way. It was recrystallized from methanol-ether in
silky, colorless needles: yield 1.25 g (60%); mp 195-196° dec;
{a]2*D —15.1° (¢ 2, dimethylformamide).

H, 3.94; N,

H, 3.58;

77; N,
95;

N,
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Anal. Caled for CpH;O:NSCLBr: C, 43.39; H, 3.39;
N, 5.24; §,3.99. Found: C,43.19; H,3.45; N,5.34; 8§,
4.11. ’

N-Benzyloxycarbonyl-y-benzyl-L-glutamyl-S-benzyl-L-cystein-
ylglycine Pentachlorophenyl Ester (VII),—The mixed anhy-
dride, prepared from 2.226 g (6 mmol) of N-benzyloxycarbonyl-
r-glutamic acid y-benzyl ester, was coupled with 3.588 g (6 mmol)
of the dipeptide hydrobromide II, and the reaction mixture was
worked up as described for the dipeptide I. The crude product
was crystallized from tetrahydrofuran-ether to afford 4.30 g (829%,)
of VII: mp 203-205°; [a]%p —21.8° (c 2, dimethylformamide);
tle showed a single spot in methylene chloride~methanol (9:1).

Anal. Caled for CouHyN,OSCL: C, 52.46; H, 3.04; N,
4.83. Found: C,52.28; H,3.80; N,4.71.

N-tert-Butyloxycarbonyl-y-benzyl-L-glutamyl-S-benzyl-r-cys-
teinylglycine Pentachlorophenyl Ester (VIII).—Mixed anhydride
coupling of N-fert-butyloxycarbonyl-r-glutamic acid ~-benzyl
ester’® and dipeptide hydrobromide IT gave VIII in 739 yield,
mp 150-151° with shrinking above 147°. Recrystallization from
tetrahydrofuran-methanol gave gel, which was filtered, washed
with ether, and dried to yield the product as a white powder: mp
151-153°, shrinking above 147°; [a]®p —23.1° (¢ 2, dimethyl-
formamide).

Anal, Caled for CusHasN30s8Cls:
5.03; S, 3.83; Cl, 21.20. Found: C, 50.13;
5.06; S,4.18; CI,20.77,

vy-Benzyl-1-glutamyl-S-benzyl-L-cysteinylgiycine Pentachloro-
phenyl Ester Trifluoroacetate (IX).—Pentachlorophenyl! ester
VIII, 1.52 g (1.8 mmol), was treated with 5 ml of cold anhydrous
trifluoroacetic acid at room temperature for 40 min. Evaporation
of the solvent in wacuo below 30° left colorless solid, 1.453 g
(95%), mp 151-153° dec, which reprecipitated from methanol
solution with ether: mp 151-153° dec; {o]2%p —12.45° (¢ 2, di-

C, 50.28; H, 4.34; N,
H, 3.94; N,

methylformamide).

Anal. Calcd for CsaHggNaOsSClstZ C, 4522, H, 344:,
N, 4.94; §,3.77. Found: C,45.64; H,3.63; N,5.09; 8,
4.42,

y=-Benzyl-rL-glutamyl-S-benzyl-L-cysteinylglycine Pentachloto-
phenyl Ester Hydrobromide (X).—The tripeptide VIII and
HBr gave, after recrystallization from methanol-ether, hydro-
bromide X as fluffy white solid in 86% yield: mp 162-163° dec;
[a] 2D —9.95° (¢ 2.01, dimethylformamide).

Anal. Caled for CsHuNiOSCLBr: C, 44.11; H, 3.58;
N, 5.36; 8,3.92, Found: C,43.41; H,3.57; N, 5.20; 8,
3.89,

N-tert-Butyloxycarbonyl-g-benzyl-L-aspartyl-S-benzyl-1.-cys-
teinylglycine Pentachlorophenyl Ester (XI).—The mixed anhy-
dride prepared from 3.557 g (11 mmol) of N-teri-butyloxycar-
bonyl-L-aspartic acid B-benzyl ester’® was coupled to 6.578 g
(11 mmol) of dipeptide hydrobromide II. The tripeptide was
worked up as described previously, to afford 8.75 g (90%) of X1,
mp 164-166°, This was precipitated as gel from tetrahydrofu-
ran-methanol. After drying 6.53 g of the pure tripeptide XI was
obtained as & white powder: mp 168-169°; [a]%*p —26.3° (¢2.03,
dimethylformamide); tlc in methylene chloride-methanol (9:1)
gave a single spot.

Angl. Caled for CoHaN;0s8Cl: C, 49.68; H, 4.16; N,

5.11; 8, 3.90; Cl, 21.56. Found: C, 50.05; H, 4.32; N,
5.30; S8,4.04; Cl,21.90,
8-Benzyl-L-aspartyl-S-benzyl-1-cysteinylglycine Pentachloro-

phenyl Ester Trifinoroacetate (XII).—Pentachlorophenyl ester
X1, 3 g (3.65 mmol), was treated with 10 ml of anhydrous tri-
fluoroacetic acid; after 10 min crystalline white solid separated.
The reaction mixture was diluted with ether and the precipitated
solid was washed with ether and dried #n vacuo over potassium
hydroxide: yield 3.01 g (98%); mp 170° dec with charring;
[a]2*D —17.3° (¢ 2, dimethylformamide).
Anal. Caled for CuHyN3;OsCl:SF;s:
N, 5.03; §,3.84. Found: C,45.72; H, 3.15;
4.31.
8-Benzyl-L-aspartyl-S-benzyl-1-cysteinylglycine Pentachloro-
phenyl Ester Hydrobromide (XIII).—This compound was ob-
tained from pentachlorophenyl éster (XI), the usual way in QZ%
yield: mp 196-198° dec; [«]?%p —12 .6° (¢ 2, dimethylformamide).
Anal. Caled for ngHmNaOeSClsBI‘: C, 4:3.39; H, 3.39;

C, 44.54; H, 3.26;
N, 5.25; S,

(15) C. H. Li, B, Gorup, D. Chung, and J. Ramchandran, J. Org. Chem.,

28, 178 (1983).
(16) E. Sandrin and R. A. Boissonnas, Helv. Chim. Acta, 46, 1637 (1063)
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N, 524; B, 3.99. Found: C, 43.39; H, 3.45;, N, 537;

8.3.98.

Poly(a-benzyl-1-glutamyl-S-benzyl-L-cysteinylglycine )(XIV).—
To a solution of 1,635 g (2 mamol) of a-benzyl-r-glutamyl-S-
benzyl-L-cysteinylglycine pentachlorophenyl ester hydrobro-
mide (IV) in 2 ml of purified dimethylformamide, 0.56 ml (4
mmol) of purified triethylamine®® was added and left on a shaker
for 48 hr,  The solid reaction mass was triturated with 150 ml
ether and centrifuged. The residue was triturated with ether
(three 100-ml portions), with methanol (two 100-ml portions),
finally with ether and dried: yield 787 mg (849); Amax 5.78
(COOBZL), 6.09 (amide I), 6.55 p (amide II), the pentachloro-
phenyl ester carbonyl band and the doublet completely disap-

peared. '

Anal. Caled for (CullmN;0.8).: C, 61.838; H, 5.80;
N, 8.95; 8, 6.83. Found: C, 60.87; H, 5.66; N, 8.87;
S,6.97.

Poly(a-benzyl-L-aspartyl-S-benzyl-1-cysteitiylglycine) (XV).—
To a suspension of 803 mg (1 mrmol) of a-benzyl-L-aspartyl-S-
benzyl-L-cysteinylglycine pentachlorophenyl ester hydrobromide
(VI) in 1.5 ml of dimethylformamide, 0.28 ml (2 mmol) of tri-
ethylamine was added and the mixture was left in & mechanical
shaker for 48 hr. The polymer was worked up following the
procedure described above to afford 330 mg (739 of white pow-
der.

Anal. Caled for (CosHusNsOs8)e: C, 60.65; H, 5.53; N,
9.22; 8, 7.04. Found: C, 60.95; H, 5.73; N, 8.90; 8§,
7.22.

Poly(y-benzyl-L-glutamyl-S-benzyl--cysteinylglycine) (XVI).
A. Polymerization of the Trifluoroacetate Salt IX.—vy-Benzyl-
L-glutamyl-S-benzyl-L-cysteinylglycine pentachlorophenyl ester
trifluoroacetate (IX) (850 mg) was polymerized and the product
was worked up following the method described above to yield
254 mg (54%) of XVI.

Anal. Caled for (CouHaN:OsS-H:0)..: C, 59.12; H, 5.58;
N, 8.62; S, 6.58. Found: C, 59.33; H, 5.68; N, 8.82;
S, 7.40.

B. Polymerization of the Hydrobromide Salt X.~—v-Benzyl-
L-glutamyl-S-benzyl-L-cysteinylglycine pentachlorophenyl ester
hydrobromide (X) (2.45 g) was polymerized and worked up ac-
cording to the method described previously. The polypeptide
XVI was obtained as a white solvid, yield 0.809 g (67%). )

Anal. Found: C,60.35; H,5.37; N,0.13; §,7.52.

Poly(8-benzyl-L-aspartyl-S-benzyl-L-cysteinylglycine) (XVII).
A. Polymerization of the Trifluoroacetate Salt XII.—g-Benzyl-
L-aspartyl-S-benzyl-L-cysteinylglycine pentachlorophenyl ester
trifluoroacetate (XII) (1.67 g) gave polymer XVII following the
usual procedure, yield 248 mg (27%,).

Anal. Caled for (CusHuNiO:8-Hx0)wt  C, 58.33;
N, 8.87; 8, 6,77. Found: C, 58.54; H, 5.61;
8, 7.29 (0,079 residue). ,

B. Polymerization of the Hydrobromide Salt XIII,—g-
Benzyl-v-aspartyl-S-benzyl-L-cysteinylglycine pentachlorophenyl
ester hydrobromide (XIII) (2.40 g) was polymerized to afford
537 g (39%) of polymer XVIL.

Anal. Caled for (CoesHaosOsNaS-1/0H0).:
5.64; N, 9.05; 8, 6.90. Found: C, 59.73;
9.40; B, 7.46.

Removal of the C- and S-Benzyl Protecting Groupé of the
Polymers with Sodium-Liquid Ammonia. Polyglutathione
(XVIII).—To a stirred suspension of 1.7 g of the polymer XIV in
200 ml of freshly distilled (from sodium) liquid amhonia, 800 mg
of finely cut sodium was added. Each portion of sodium was
added when the blue color had faded. At the erid, the blue color
was allowed to persist for 30 min, after which the excess of sodium
was destroyed by the addition of a few crystals of ammonium
chloride. The ammonia was allowed to evaporate under a stream
of oxygen-free nitrogen (purified by passing through Fieser’s solu-
tion) and the white residue was completely freed from ammonia in
a vacuum desiccator over sulfuric acid. The residue was dis-
solved in 50 ml of freshly distilled water containing 1 m} of 19
ethylenediaminetetracetic acid sodium salt, adjusted to about pH
6 with acetic acid, and lyophilized. The residual white solid was
taken in 25 ml of freshly distilled water, acidified with 2 N hydro-
chlorie acid to about pH 3, and dialyzed against six 1000-ml por-
tions of freshly distilled water under a nitrogen atmosphere, until
free of chloride ion. After Iyophilization the polymer XVIII was
obtained as a fluffy white solid: yield 516 mg (59%); M, =
9000 by sedimentation equilibrium. The sodium salt of the poly-

H, 5.71;
N, 9.31;

C, 59.47; H,
o, 5.32; N,
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mer XVIIT in 1,0 (10% ) showed the complete absence of aroma-
tic protons in the nmt (60 Meps). The analytical sample was
prepared by washing the polymer with water, absolute ethanol,
arld peroxide-free ether under an oxygen-free nitrogen atmo-
sphere and dried.

Anal. Caled for (CooHisN:O:8)w: C, 41.52; H, 5.23; N,
14.52; 8, 11.08; SH, 11.14. Found: C, 41.38; H, 5.85;
N, 14.87; 8,10.65; SH, 9.48 by iodometric titration.

Polyasparthione (XIX).—The protecting benzyl groups from
polymer XV (1.0 g) were removed in 200 ml of liquid ammonia
with 350 mg of sodium. The reaction mixture was worked up
following the conditions described for the preparation of XVIII.
After dialysis and Iyophilization, the polymer XIX was obtained
as a fluffy whitesolid: yield 265 mg (60%); Mw = 7000 by sedi-
méntation equilibrium.

Anal. Caled for (CoHuN;0:8): C, 30.27; H, 4.76; N,
15.26; S, 11.65; SH, 11.20. Found: C, 39.27; H, 5.16;
N, 15.14; §,11.54; SH, 10.29.

Polyisoglutathione (XX).—The polymer XVI (500 mg) was
treated as above to obtain the free polymer XX in 589, yield;
My = 16,000 by sedimentation equilibrium.

3 Anal. C&lGd for (CmeNaOaS)m: C, 4152, H, 523, N,
14.52; §, 11.08; SH, 11,14, Found: C, 41.72; H, 5.45;
N, 13.92; §,10.82; §H,11.52,,

Polyisoasparthione (XXI).—Polymer XVII (500 mg) gave, af-
ter similar treatment, 133 mg (60%) of XXI as a fluffy white
solid, M, = 68000 by sedimentation equilibrium.

Anal. Caled for (CoHpN;O58).:  C, 39.27;
15.26; 8, 11.85; SH, 11.20. Found: C, 89.97;
N,14.92; §,11.26; SH,10.82.

Removal of the C- and S-Benzyl Protecting Groups of the
Polymers by Anhydrous Hydrogen Fluoride. Polyglutathione
(XVIII).—To a stirred solution of 2 g of the polymer XIV in 15
ml of trifiuoroacetic acid containing 2.5 ml of anisole, ca. 20 ml of
gnhydrous hydrogen fluoride was collected at Dry Ice-methanol
bath temperature. The solution turned light yellow to red color.
After stirring at —15 to 0° for 1 hr, the reaction mixture was
stirred at room temperature for about 18 hr. The hydrogen
fluoride was removed with a stream of oxygen-free nitrogen and
the polymer was precipitated by addition of peroxide-free ether,
centrifuged, washed with four 200-ml portions of ether to afford
white amorphous polymer, and dried overnight at 78° (0.1 mm),
yield 1.20 g, i, = 5000 by sedimentation equilibrium.

H, 4.76; N,
H, 5.37;

Anal. Calodlfor (CmeNaOaS)m: C, 41.52; H, 5.23; N,
14.52; 8, 11.08, Found: C, 43.97; H, 4.88; N, 11.42;
S, 9.01,

Polyasparthione (XIX).—Polymer XV was similarly treated
with anhydrous hydrogen fluoride. The reaction mixture was
worked up following the conditions as described for the prepara-
tion of XVIII. The polymer was obtained as white amorphous
powder and dried at 78° (0.1 mm) overnight, yield 2.87 g, Mw =
4600 by sedimentation equilibrium.

Anal. Caled for (CoHN;O0:8)..: C, 39.27; H, 4.76; N,
15.26; 8, 11.65. Found: C, 41.71; H, 5.086; N, 12.22;
S,9.44.

Weight-Average Molecular Weights.—Weight-average molec-
ular weights were determined in the Spinco Model E analytical
ultracentrifuge by the sedimentation equilibrium method in
Tris buffer (pH 7.8). The calculations used were those given by
Schachman.® Measurements were made at concentrations in the
range of 0.7-19, at 22-24°, at a rotor speed of 16,000 rpm and a
schlieren angle of 65°, sssuming partial specific volume of
0.72.
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The synthesis of dl-hedycaryol (5) according to Scheme I is described. Dimethyl 4-hydroxyisophthalate (1)
was hydrogenated over ruthenium dioxide and the resulting dimethyl hydroxycyclohexanedicarboxylate mixture
11 was acetylated. The acetate 12 was pyrolyzed at 260° in the presence of potassium acetate and the major
produet, dimethyl cyclohexene-2,4-dicarboxylate (13), was separated by distillation. Addition of methyllithium
to 13 yielded the bis tertiary diol 15 which was selectively dehydrated to 2-(2-propenyl)-4~(2-hydroxy-2-propyl)-1-
cyclohexene (2) by heating in dimethyl sulfoxide. Conversion of 2 to octalone 3 was effected by a previously
esta}bh'shed sequence: 1,4 cycloaddition of ethyl a-acetoxyacrylate, lithium aluminum hydride reduction, and
S(‘)dlum periodate oxidation. Direet angular methylation of 3 was effected by treatment with a mixture of so-
dium hydride and methyl iodide in dimethoxyethane (conditions corresponding to the reaction of kinetically
generated enolates). The resulting octalone mixture 4 was correlated with v-eudesmol (41) and epi-v-eudesmol
(42) by Wolff-Kishner reduction. From the reduction of the octalone mixture with lithium aluminum hydride a
crystalline diol 43 was obtained which was converted to monotosylate 44 which yielded hedycaryol (5) upon
treatment first with diborane and then with aqueous sodium hydroxide., The properties of synthetic dI-8 match

those reported for the natural d enantiomer.

Hedycaryol (5) is a biogenctically important ses-
quiterpene, isomeric with and derived from trans,trans-
farnesol and the progenitor of a further set of sesquiter-
pene skeletal families, exemplified most directly by the
eudesmols (hydronaphthalenes) and bulnesol and guaiol
(bydroazulenes), related by acid-catalyzed cyecliza-
tions, and by elemol, related via the Cope rearrange-
ment,? ‘

Hedyecaryol has a relatively recent history; although
its biogenetic involvement as a 1,5-cyclodecadiene was
appreciated in print in 1953,4 the structure of the first
sesquiterpene 1,5-cyclodecadiene was not established
until 1959,% and hedyecaryol itself was not isolated until
1968.6 This article records the synthesis of di-hedy-
caryol.

Synthetic Scheme.—The synthesis was planned and
carried out according to the accompanying flow chart,
in four main sections, A, B, C, and D (see Scheme I).
This approach concedes to nature, at least temporarily,
the exclusive ability to transform acyclic precursors
directly to frans,trans-1,5-eyclodecadienes.” The pres-
ent synthesis involves fragmentation of the appropri-
ately functionalized and substituted hydronaphthalene
precursor to the ten-membered ring of hedyearyol which
18 specifically a 1,5-dimethyl-trans,trans-1,5-cyclodec-

(1) (a) The investigation was supported by Public Health Service Research
Grants GM 09759, GM 14133, and GM 16338 from the Division of General
Medical Sciences, U. S. Public Health Service. (b) The article is abstracted
from the Ph.D. theses of C. E. 8., University of Wisconsin, 1968, and H.
C. K., Wesleyan University, 1971. The synthesis was first presented at the
155th National Meeting of the American Chemical Society, San Francisco,
Calif., April 1968, Abstract P-2.

(2) Wesleyan University, Middletown, Conn.

(3) Sesquiterpene biogenetic relations are reviewed by W. Parker, J. 8.
Roberts, and R. Ramage, Quart. Rev., Chem. Soc., 21, 321 (1967).

(4) L. Ruzicka, A. Eschenmoser, and H. Heusser, Experientia, 9, 357
(1953).

(5) J. B. Hendrickson, Tetrahedron, T, 82 (1859); V. Herout, M. Horak,
B. Schneider, and F. Sorm, Chem. Ind. (London), 1089 (1959).

(6) R. V. H. Jones and M. D. Sutherland, Chem. Commun., 1229 (1968).
Note the corrigendum, ¢bid., 892 (1970).

(7) For an interesting, although unsuccessful, synthetic approach of this
type see E. J. Corey and E. A, Broger, Teotrahedron Lett., 1779 (1969).

adiene bearing a 2-hydroxy-2-propyl chain at C-8.
This was accomplished by Marshall’s method:® hy-
droboration of octalyl tosylate 44 and subsequent gen-
eration of dl-hedycaryol at a relatively low temperature
(65°) by fragmentation in the presence of base. Some
care is necessary in planning and carrying out the syn-
thesis because hedycaryol is relatively unstable ther-
mally, rearranging to elemol (6) with a half-life of 3
hr at 100°,° and it is very susceptible to eyclization in
the presence of acids.®

Sections B and O together exemplify the preparation
of 9-methyl-A*19-1-octalones via 1,4 cycloaddition
to a l-isopropenylcyclohexene (B)¥ and subsequent
angular methylation (C).** Section B involves the
regiospecific but indireet 1,4-cycloaddition of ketene
(which itself favors 1,2 cycloaddition).!*? This can
be accomplished by the use of a-acetoxyacrylates and
related substances.® Although the involvement of
angular methylation as an essential part of the planned
synthesis might be considered to be poor strategy, it
may be noted that introduetion of the angular methyl
group by direct alkylation of A%1®-1-octalones (8,v-
unsaturated) is a viable method, whereas direct angular
methylation of 1-decalones is not. Moreover, prior
incorporation of the methyl, using the same overall
approach, can be summarily dismissed because of the
failure of 1-methyl-2-isopropenyleyclohexenes to un-

(8) J. A, Marshall and G. L. Bundy, Chem. Commun., 854 (1967).

(9) The conversion of d-6 to a mixture of eudesmols has been reported to
oceur upon refluxing a solution in ether containing 1% p-toluenesulfonic
acid.6  Our results provide an even more striking illustration of the gensitivity
of § to acid, synthetic material suffering cyclization to the eudesmols in
buffered acetic acid with a half-life of 15 min at 60°. The product of this
reaction also consisted of a mixture of -, 8-, and vy-eudesmols; moreover,
specific examination by glpe for the presence of bulnesol, which is biogeneti-
cally formed from § as are the eudesmols, by & simple acid-catelyzed cycliza-
tion (albeit anti-Markovnikov in the case of bulnesol), failed to detect any
(<2%), and an intriguing problem of biogenetic simulation remains.

(10) P. 8. Wharton and B. T. Aw, J. Org. Chem., 81, 3787 (1966).

(11) P. 8. Wharton and C. E. Sundin, ¢bid., 88, 4255 (1968).

(12) See J. D. Roberts and C. M. Sharts, Org. React., 12, 1 (1962).



