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The sulfenylthiocyanate method of disulfide synthesis has been extended to several unsymmetrical cystine

derivatives.

The selective removal of the S-trityl group from ethyl N-carbobenzoxy-S-trityl-L-cysteinyl-S-

benzhydryl-L-cysteinylglycinate with a sulfenylthiocyanate has also been demonstrated.

The development of methods suitable for the prepa-
ration of unsymmetrical open-chain cystine derivatives
presents an unsolved synthetic problem. Although
several reports on this subject have appeared,®—®
virtually no compounds of this type are known. The
earlier synthetic approaches have involved the forma-
tion of a suitably protected cystine derivative which
could be coupled with another amino acid residue.
This procedure requires that the disulfide bridge be
introduced at an early stage in the projected synthesis.
For example, Rydon and Serrac® condensed a large
excess of L-cystine diethyl ester with N-tritylglycine.
The crude, partially protected dipeptide derivative
(I), obtained in unspecified yield, was condensed with
N-carbobenzoxyglycine to provide II. Treatment of
II with hydrogen chloride selectively removed the
N-trityl group and afforded III which was coupled
with N-carbobenzoxy-S-benzyl-L-cysteine to yield IV.
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While this approach is useful for small molecules con-
taining unsymmetrically substituted cystine, the con-
struction of large molecules by this approach would
be difficult at best. Furthermore, with peptides con-
taining two or more cystine residues, disulfide inter-
change is likely to occur during the various deblocking
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or coupling steps. This possibility leads to some un-
certainty as to the precise location of the disulfide
bridges.

The alternate method for the preparation of unsym-
metrical cystine derivatives involves formation of the
disulfide bridge in the latter stages of the synthesis.
This scheme requires the use of sulfur protective groups
that will withstand the conditions used for the coupling
of various residues and the removal of amino and car-
boxy protective groups; however, the sulfur protective
group must be easily removed at a later stage when
disulfide bond formation is required. If a molecule
containing several cystine residues is desired, S-
protective groups of differing lability are necessary.
Furthermore, if stepwise formation of several disulfide
bonds is anticipated, an oxidation method which
would provide the direct conversion of a thio ether to
a disulfide, without interaction with neighboring sulfur-
sulfur bonds, would be desirable.

In an earlier report, the general applicability of the
sulfenylthiocyanate method of disulfide synthesis to
cystine derivatives was suggested.® In these prelim-
inary experiments N-carbobenzoxy-L-cysteine and sev-
eral derivatives [S-trityl, S-benzhydryl, and S8-(2-
tetrahydropyranyl)] were treated with thiocyanogen

or a thiocyanogen-zine chloride reagent. Addition
TH Z.CyOH
Z-CyOH (sCN): [Z-CyOH CI"H.*-CyOH S
| —> | —> |
sX S—SCN ]
Y cl- Hf(lJyOH
VI

X = —H, C(CsHs)a, CH(CoHs)2

of cystine hydrochloride to the sulfenylthiocyanate
(V), provided monocarbobenzoxy-L-cystine (VI). Sub-
sequently, it was demonstrated! that the added zine
chloride was unnecessary when S-trityl derivatives
were employed; a molecule such as VII could be con-
verted to the bis unsymmetrical disulfide (VIII) using
only thiocyanogen. The present report describes the

0
| [R'—S—SCN]
RS—SCH,CH,CHNCH,CH,STr —— 5
VII
i
RS—SCH,CH,CNHCH,CH,S—SR’
VIII

application of the sulfenylthiocyanate method to the
synthesis of several other unsymmetrical cystine deriva-
tives and considers the selective oxidation of various

(9) R. G. Hiskey and W. P. Tucker, J. Am. Chem. Soc., 84, 4789, 4794
(1962).
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sulfur atoms within the same molecule using thio-
cyanogen.

In order to determine the optimum conditions neces-
sary for the preparation of unsymmetrical cystine
derivatives, a model system was initially studied.
N-Carbobenzoxy-S- (carbomethoxymethylthio) -L-cys-
teine (IX) was prepared by the sulfenylthiocyanate
method and the effect of the reaction conditions on
product yield were determined (Table I). The effect
of several added catalysts on the yield of disulfide
was also studied. Boron trifluoride has been found to
increase the amount of symmetrical disulfide formed
in the reaction while zine chloride and thiocyanogen
appear to enhance disulfide decomposition. An indi-
cation of the latter possibility was indicated by a con-
trol experiment in which thiocyanogen and zine chlo-
ride were allowed to stand for 1 hr with diethyl N,N’-
biscarbobenzoxy-L-cystinyldiglycinate; only 419 of

TasLE I

PREPARATION OF
8-(2-CARBOMETHOXYMETHYLTHIO -N-CARBOBENZOXY-L-CYSTINE
1. (SCN)z
RSH ——————— RSSR/
2. R’SH or R/STr

Addn time
of RSH, R’SH or
RSH min R'STr Catalyst Yield,* %

a 40 b Hg(OAc), 64/
b 40 a Hg(OAc). 51/
a 40 b Hg(OAc)? ..

a 40 b NaOAc 649
b 90 a NaOAc 78¢
a 90 ¢ NaOAc 569
a 90 ¢ . 600

s Methyl thioglycolate. ® N-Carbobenzoxyl-L-cysteine. ¢ N-
Carbobenzoxy-S-trityl-1~cysteine. ¢ Mercury(II) acetate added
before addition of the first mercaptan. ¢ Lit.* mp 75-77°.
/ Product isolated by crystallization, mp 73-75°. ¢ Product iso-
lated by silicic acid chromatography, mp 77-79°.

the disulfide could be recovered. Addition of sodium
acetate to the sulfenylthiocyanate was previously
found® to give higher yields of VIII; however, the yield
of IX seemed to depend to a greater extent on the time
and order of addition of the initial thiol. Thus, the
synthesis of ethyl N,N-biscarbobenzoxy-L-cystinyl-
monoglycinate (XI) was attempted using thiocyano-
gen alone. Addition of ethyl N-carbobenzoxy-S-
trityl-L-cysteinylglycinate (X) to V provided a crude
product which was a mixture of the three possible di-
sulfides and trityl isothiocyanate. The isothiocyanate
could be removed by extraction; however, attempts to
further purify the mixture of disulfides by fractional
crystallization failed. Pure XI was obtained in 629,

STy

| v
%-Cy-GlyOEt —>
X
T
Z-CyOH Z-Cy-GlyOEt + [Z-Cy-OHl, + [Z-Cy-GlyOEt]
XI, 62%

yield by elution from a silicic acid column; an alternate
procedure on a larger scale which provided XI in 509,
yield involved crystallization of XI from aqueous
pyridine. Disulfide XI was coupled to several amino
acid and dipeptide esters (see the Experimental
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Section). In these reactions 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide’® was the coupling agent
of choice. The use of N,N-dicyclohexylecarbodiimide
invariably provided a product contaminated with what
appeared to be the N-acylurea derivative.

The conditions developed for the synthesis of XI
were applied to the preparation of XIII. Treatment
of benzyl N-benzhydryloxycarbonyl-r-valyl-S-trityl-L-
cysteinylglycinate (XII) with V, followed by silicic
acid chromatography afforded XIII in 489, yield.
These results indicate that the N-benzhydryloxy-
carbonyl group!! is stable to the reaction conditions

?Tr ?———S
v
BhOC-Val-Cy -GlyOBz —> Z - CyOH BhOC-Val-Cy-GlyOB:z
XII XIII, 48%,

required for sulfenylthiocyanate formation and sub-
sequent cleavage of the S-trityl group.

Since the sulfenylthiocyanate method appeared
applicable to the preparation of unsymmetrical cystine
derivatives, the selectivity of the thio ether cleavage
was evaluated. A convenient group of model com-
pounds, the ethyl N-carbobenzoxy-L-cysteinyl-L-cys-
teinylglycinate derivatives (XIV), was available from
previous investigations.!? The purpose of these studies?
was to determine the relative reactivity toward thio-
cyanogen (or a sulfenylthiocyanate) of the thiol,
S-trityl, and S-benzhydryl groups. Treatment of
three of the four thiols (XIVb, ¢, e) with 0.5 equiv

Z .cly - Cy-GlyOEt

S—X S—Y
XIVa, X = Tr; Y = BzH
b,X = Bzh; Y=H

0,X=COCGH5; Y=H
d,X=H; Y="Tr
e, X = H; Y = Bzh

of thiocyanogen provided the corresponding symmetri-
cal cystine derivatives (XV, XVI, XVII) in good yield.

[ Z. (lly-Cy-GlyOEt] [Z-?y-({ly -GIyOEt:|
2

X—S 8 2 S 8—X
XV, X = COCsH; XVII, X = Bzh
XVIL, X = Bzh XVII, X = Tr

These results indicate that the S-benzoyl (as expected)
and the S-benzhydryl groups are considerably less
reactive toward thiocyanogen than the thiol group.
However, when XIVd was treated with thiocyanogen,
a mixture of disulfides was always obtained. One com-
ponent of the mixture was established as XVIII by
comparison of the tlc pattern of the mixture with
authentic XVIII (prepared by air oxidation of XIVd).
The other product(s) was (were) not identified but
presumably result from simultaneous oxidation of the
sulfur atom protected by the S-trityl group.

Additional information concerning the relative re-
activity of the S-trityl and S-benzhydryl groups toward
thiocyanogen was obtained by preparation of unsym-
metrical disulfide XIX. When XIX was prepared
via XIVb and the S-trityl derivative (XIVa) in the

(10) J. C. Sheehan, P. A. Cruickshank, and G. L. Boshart, J. Org. Chem.,
26, 2527 (1861).

(11) R. G. Hiskey and J. B. Adams, Jr., J. Am. Chem. Soc., 8T, 3969
(19865).

(12) R. G. Hiskey, T. Mizoguchi, and H. Igeta, J. Org. Chem., 81, 1188
(1966).
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1. (SCN), 1. (8CN),
2. XIVa, 12% chy C|y GlyOEt 2, XIV®b, 25-32% XIVe
BzhS SI
XIVb —
? SBzh
1. (SCN), . é ) 1. (SCN),
2. XIVa, NaOAc,377% Z:Cy-Cy-GlyOEt < Xive, 597~ X1V
XIX

absence of added sodium acetate, a 129, yield of the
unsymmetrical cystine derivative was obtained; use
of sodium acetate in this system increased the yield of
XIX to 379%. Approximately the same yield of XIX
resulted when the two thiols (XIVb, e) were employed.
Reversal of the order of addition of the thiols gave es-
sentially the same results. These experiments demon-
strate that the sulfenylthiocyanate method provides
a reasonable synthetic route to simple unsymmetrical
cystine derivatives; application of this procedure to
larger peptides and a description of the conditions for
oxidation of S-benzhydryl thio ethers will be reported
separately.

Experimental Section!?

Preparation of S-(2-Carbomethoxymethylthio)-N-carbobenzoxy-
v-cysteine (IX). General Procedure.—To a cold, stirred solution
of 0.0026 mole of thiocyanogen in 35 ml of methylene chloride
was added during either 40 or 90 min, a solution of 0.0026 mole
of the mercaptan. Five minutes after addition was complete,
0.0026 mole of the catalyst was added. The second mercaptan
or S-trityl thio ether (0.0026 mole) was added during 40 min;
stirring was continued in the cold for 1 hr and at room tempera-
ture for 1-2 hr. The reaction mixture was filtered and the filtrate
was diluted with methylene chloride. The organic layer was
extracted with aqueous, saturated sodium chloride until the
aqueous extract gave a negative ferric chloride test. The methyl-
ene chloride solution was dried, treated with activated carbon,
and filtered and the filtrate was concentrated in vacuo. The
residue was applied to a 3 X 50 ¢cm column of 200 mesh silicie
acid and eluted with benzene-dioxane (9:2). Fractions were
collected at 42-min intervals and analyzed by thin layer chroma-
tography. Those fractions containing the desired product were
combined and concentrated in vacuo. The residue was dissolved
in chloroform, treated with activated carbon, filtered, and
crystallized by addition of n-hexane to the filtrate. The yields
of IX are given in Table I.

Action of Thiocyanogen and Zinc Chloride on Diethyl N,N’-
Biscarbobenzoxy-L-cystinyldiglycinate.—A solution of 0.203 g
(0.3 mmole) of diethyl N,N’-biscarbobenzoxy-L-cystinyldi-
glycinate!t in 150 ml of ethyl acetate was treated with a solution
of thiocyanogen prepared from 0.124 g (0.38 mmole) of lead thio-
cyanate and 0.048 g (0.3 mmole) of bromine in 13 ml of ethyl
acetate; the solution also contained 0.04 g (0.29 mmole) of
zinc chloride. The reaction mixture was stirred for 1 hr at 2°
and evaporated in vacuo. The residue was washed with ether
(two 25-ml portions). Recovered disulfide (0.083 g 40.8%)
melted at 167-168°; a mixture melting point with authentic start-
ing material was not depressed.

Ethyl N-carbobenzoxy-S-trityl-L-cysteinylglycinate (X) was
prepared according to the procedure of Zervas and Photaki® in
939 vield, mp 114-115° (lit. mp 112-113°),

Preparation of Ethyl N,N’-Biscarbobenzoxy-L-cystinylmono-
glycinate (XI).—To a cold, stirred solution of 0.0026 mole of
thiocyanogen in 35 ml of methylene chloride was added 0.663 g
(0.0026 mole) of N-carbobenzoxy-L-cysteine in 25 ml of methyl-

(13) Melting points are uncorrected and were taken using a Kofler hot
stage. Elemental analyses were performed by Micro-Tech Laboratories,
Skokie, Ill., and Crobaugh Laboratories, Charleston, W. Va. Optiecal rota-
tions were measured with a Rudolph Model 200 polarimeter equipped with a
Model 80 photoelectric attachment and a Perkin-Elmer polarimeter Model
141 (glass cell). Amino acids were obtained from Mann Research Labora-
tories, New York, N. Y. Thin layer chromatograms were used as criteria of
homogeneity and were carried out on microscope slides using silica gel G and
GFas. Chromatograms were developed with iodine vapor or ninhydrin.

(14) M. Bergmann and L. Zervas, Ber., 68, 1192 (1932).

(158) L. Zervas and I. Photaki, J. Am. Chem. Soc., 84, 3887 (1062).

ene chloride over a period of 1.5 hr. The suspension was stirred
at 0° for 0.25 hr after addition was complete and treated with a
solution of 1.51 g (0.0026 mole) of ethyl N-carbobenzoxy-S-trityl-
L-cysteinylglycinate (X) in 25 ml of methylene chloride. Stirring
was continued at 0° for 1 hr and at room temperature for 2 hr.
The suspension was filtered and the filtrate was concentrated
in vacuo. The residue was dissolved in ethyl acetate and the
solution was extracted with saturated aqueous sodium chloride
until the aqueous extract gave a negative ferric chloride test for
thioeyanate ion. The ethyl acetate solution was dried, treated
with activated carbon, filtered, and evaporated to yield 2.10 g
of white solid which was thoroughly triturated with cold benzene.
After standing at about 10° for 1 hr the gel-like residue was
filtered, washed with hexane, and dried 7n vacuo to afford 1.30 g
of material shown by tle to consist of three components. The
mixture was purified by gradient elution chromatography (5%
dioxane in methylene chloride to 159, dioxane in methylene
chloride) on a silicic acid column (3 X 68 cm). Fractions were
collected automatically at regular intervals and their content
was determined by tle. Fractions containing the desired product
were combined and evaporated in vacuo. The residue was dis-
solved in ethyl acetate, treated with activated carbon, filtered,
and crystallized by the addition of n-hexane to yield 0.96 g
(629%) of XI: mp 147-149°, [«]¥p —159.3 (¢ 1.1, DMF).

Anal. Caled for C3eHgN3OsS:: C, 52.60; H, 5.26; N, 10.80;
S, 7.08. Found: C, 52.50; H, 5.23; N, 10.74; 8§, 7.07.

In an alternate approach the reaction was carried out on a
0.02-mole scale. The crude residue remaining after evaporation
of the ethyl acetate was placed in a Soxhlet cup and extracted
with n-hexane. The hexane-insoluble residue was dissolved in
20 ml of pyridine and diluted with 100 ml of water. The pre-
cipitated crude diester (4.1 g) was filtered; the aqueous pyridine
solution was neutralized with concentrated hydrochloric acid
and extracted with ethyl acetate. The organic extracts were
evaporated 7n vacuo and the residue was crystallized from an ethyl
acetate—ether—ethanol mixture to afford 5.9 g (50%) of XI: mp
148-150°, [«}¥p —162.9 (¢ 1.1, DMF).

Preparation of N-Carbobenzoxy-S-(N’-carbobenzoxy-L-cyste-
inylglycine ethyl ester)-L-cysteinyl-L-serine Methyl Ester.—To a
stirred solution of 1.19 g (0.002 mole) of XI and 0.320 g (0.00205
mole) of L-serine methyl ester hydrochloride in 10 ml of methylene
chloride was added 0.285 ml (0.00205 mole) of triethylamine.
The reaction mixture was cooled to 0° and 0.040 g (0.0021 mole)
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide was added.
Stirring was continued for 1 hr at 0° and for 18 hr at room tem-
perature. The reaction mixture was diluted with 200 m! of ethyl
acetate and the resulting solution was extracted successively with
2 N sulfuric acid, 0.5%; sodium bicarbonate, and water. The
ethyl acetate extract was dried over magnesium sulfate, filtered,
and concentrated in vacuo. The residue was dissolved in metha-
nol and precipitated with water to afford 1.0 g of crude product.
Recrystallization from ethyl acetate-hexane provided 0.85 g
(619,) of the desired disulfide: mp 162-164°, [«]¥D —117.7°
(¢ 0.52, DMF).

Anal. Caled for CyHysNOyuSe: C, 51.86; H, 5.52; N, 8.08;
8,90.25. Found: C, 51.75; H, 5.51; N, 7.92; 8, 9.39.

An attempt to prepare the substance using DCC as the coupling
agent afforded a 559, yield of crude material, mp 172-176°,
shown by tlc to consist of two components.

Preparation of N-Carbobenzoxyglycyl-L-serine Methyl Ester.—
To a stirred suspension of 4.18 g (0.02 mole) of N-carbobenzoxy-
glycine and 3.19 g (0.0205 mole) of L-serine methyl ester hydro-
chloride in 25 ml of methylene chloride was added 2.83 ml (0.0205
mole) of triethylamine. After 0.25 hr the reaction mixture was
cooled to —10° and 4.0 g (0.021 mole) of 1-ethyl-3-dimethyl-
aminopropyl)carbodiimide hydrochloride was added. Stirring
was continued for several hours during which time the reaction
mixture was diluted to 200 ml with ethyl acetate and ex-
tracted successively with 2 N sulfurie acid, 5%, sodium bicarbon-
ate, and water. The ethyl acetate solution was dried, concen-
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trated in vacuo to about 30 ml, and diluted with n-hexane. The
product appeared as 4.28 g (699,) of white solid: mp 94-95°,
[e] ¥p 25.30° (¢ 1.02, CHCl;) (lit." mp 91-93°).

Anal. Caled for Ci HisN:Og: C, 54.35; H, 5.85; N, 9.05.
Found: C, 54.11; H, 6.00; N, 8.94.

Preparation of Glycyl-L-serine Methyl Ester Hydrochloride.—
To a suspension of 1.5 g of 109 palladium on carbon in 50 ml of
methanol was added 3.10 g (0.01 mole) of N-carbobenzoxyglycyl-
L-serine methyl ester and 0.85 ml of concentrated hydrochloric
acid. The flask was thoroughly flushed with nitrogen and hydro-
gen was bubbled into the solution at atmospheric pressure for
1.5 hr. (Tle of aliquots withdrawn at regular intervals showed
that no starting material remained after 1 hr.) Removal of the
solvent provided a clear oil which was dried ¢n vacuo, triturated
with ether, and dried to afford 2.0 g (94%,) of the dipeptide.
The substance exhibited a single spot when chromatographed
on Whatman No. 1 paper using n-butyl alcohol-acetic acid-
water (4:1:5).

Anal. Caled for CeHizCIN.Og: C, 33.85; H, 6.17; Cl, 16.69;
N, 13.15. Found: C, 33.96; H, 6.65; Cl, 16.95; N, 12.80.

Preparation of N-Carbobenzoxy-S-(N'-carbobenzoxy-L-cyste-
inylglycine ethyl ester)-L-cysteinylglycyl-L-serine Methyl Ester.
—To a stirred solution of 1.19 g (0.002 mole} of XX and 0.45 g
(0.0021 mole) of glycyl-L-serine methyl ester hydrochloride in
10 ml of DMF and 10 ml of methylene chloride was added 0.292
ml (0.0021 mole) of triethylamine. The solution was cooled to
—10° and 0.40 g (0.0021 mole) of 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide was added. Stirring was continued for 1
hr at 0° and for 12 hr at room temperature. The reaction mixture
was diluted with saturated sodium chloride solution and the
methylene chloride layer was separated and evaporated n vacuo.
The crude product was filtered, dissolved in methanol, and
precipitated with 2 N sulfuric acid. The precipitate (shown by
tle to consist of two components) was dissolved in 5% methanol
in methylene chloride and filtered through 2 2.5 X 12 cm Florisil
column. The eluate was collected and concentrated to a yellow
residue which was dissolved in methanol, treated with activated
carbon, and filtered, and the filtrate was evaporated n vacuo to
dryness. The product was dissolved in boiling ethyl acetate and
precipitated with ether to afford 0.81 g (509;) of the disulfide:
mp 133-135°, [a}¥p —124.3° (¢ 0.74, DMF).

Anal. Caled for CauHaN:;O018:: C, 51.90; H, 5.41; N, 9.20;
8, 8.40. Found: C, 51.91; H, 5.68; N, 9.07; S, 8.36.

When the preparation was attempted using DCC, a solid which
melted at 115-118°, was obtained. The material was shown by
tle to consist of two components.

Preparation of N-Carbobenzoxy-L-glutamic Acid a-Ethyl Ester.
—The N,N-dicyclohexylamine salt of the title compound was
prepared in 489, yield according to the procedure desecribed by
Weygand and Hunger,”” mp 155-157°, unchanged by one re-
crystallization from water (lit.'" mp 160-161°). The salt was
converted to the title compound with Dowex 50W X-8 (H™);
no attempt was made to erystallize the free acid.

Preparation of p-Glutamic Acid «-Ethyl Ester v-{-Butyl Ester
Ozxalate.—N-Carbobenzoxy-L-glutamic acid a-ethylester was con-
verted into the ¢-butyl ester using the procedure of Schwyzer
and Kappeler.® Hydrogenation of the diester (0.1 mole) was
conducted in ethanol with 109, palladium-on-charcoal catalyst.
Removal of the catalyst and evaporation (in vacuo) afforded a
yellow oil. An ether solution of the oil was treated with an
ethereal solution of 6.3 g (0.05 mole) of oxalic acid dihydrate.
The resulting salt was recrystallized from water and dried to
give 11.4 g (719) of produet: mp 131-133°, (o] ¥p 18.1° (¢ 0.73,
ethanol).

Anal. Caled for C3H:NOg: C, 48.58; H, 7.21; N, 4.36.
Found: C, 48.45; H, 7.35; N, 4.17.

Preparation of -Glutamic Acid «-Ethyl Ester vy-{-Butyl Ester.—
To asuspension of 0.643 g (0.002 mole) of L-glutamic acid a-ethyl
ester y-f-butyl ester oxalate salt in 10 ml of cold methylene
chloride was added 8.90 ml of 0.45 N dry ammonia in methylene
chloride. The suspension was stoppered, stirred at 0° for 0.5 hr,
and filtered. The insoluble material was dried n vacuo to afford
0.248 g (1009,) of ammonium oxalate. The methylene chloride
was evaporated n vacuo and the residue was dried over sodium
hydroxide for 0.5 hr in vacuo to afford 0.460 g (999, conversion)

(16) R. F. Fischer and R. R. Whetstone, J. Am. Chem. Soc., 76, 5176
(1954).

(17) F. Weygand and X. Hunger, Z. Naturforsch., 13B, 50 (1958).

(18) R. Schwyzer and H. Kappeler, Helv. Chim. Acta, 44, 1991 (1961).
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of the free amine, shown by tle to consist of a single, ninhydrin-
positive spot. The amine was coupled immediately as described
below.

Preparation of N-Carbobenzoxy-S-(N'-carbobenzoxy-L-cyste-
inylglycine ethyl ester)-L-cysteinyl-L-glutamic Acid o-Ethy! Ester
v-t-Butyl Ester.—To a cold, stirred solution of 1.19 g (0.002
mole) of XT and 0.460 g (0.0021 mole) of L-glutamic acid a-ethyl
ester v-t-butyl ester in 10 ml of DMF and 10 ml of methylene
chloride was added 0.400 g (0.0021 mole) of 1l-ethyl-3-(3-di-
methylaminopropyl)carbodiimide hydrochloride. Stirring was
continued for 1 hr at ice temperature and for 18 hr at room tem-
perature. The reaction mixture was diluted with 200 ml of water
and allowed to stand for several hours, and the aqueous DMF
solution was decanted. The methylene chloride solution was
diluted to 200 ml with ethyl acetate and extracted successively
with cold 2 N sulfuric acid, 0.5%, sodium bicarbonate, and water.
The ethyl acetate solution was dried, concentrated to about 50
ml, and treated with 100 ml of n-hexane. Collection of the
precipitate afforded 1.21 g (75%) of the disulfide: mp 105~
107°, [a]¥p —108.0° (¢ 1.0, DMF).

Anal. Caled for CuHxN,O01:8:: C, 55.00; H, 6.24; N, 6.92;
S, 7.95. Found: C, 55.21; H, 6.16; N, 6.92; S, 8.08.

‘When the preparation was attempted using DCC as the

- coupling agent, a mixture, mp 104-107°, shown by tlc to consist

of two components, resulted.

Preparation of N-Benzhydryloxycarbonyl-L-valine Dicyclo-
hexylammonium Salt.—A mixture of 4.75 g (0.04 mole) of
L-valine, 15.21 g (0.06 mole) of benzhydrylazidoformate, 5.04 g
(0.06 mole) of sodium bicarbonate, 40 ml of 1 N sodium hydroxide,
60 ml of water, and 200 ml of dioxane was stirred at room tem-
perature for 18 hr. The reaction mixture was filtered and added
to 800 ml of cold water containing 0.20 equiv of sulfuric acid.
The mixture was extracted several times with 200-m! portions of
ethyl acetate and the extracts were combined and extracted with
six 200-ml portions of water. The dried extract was concentrated
to 150 ml, and treated with 7.2 g (0.04 mole) of N ,N-dicyclo-
hexylamine. Dilution with 150 ml of ether and addition of
n-hexane to the cloud point afforded 13.8 g of solid. Recrystal-
lization from ethyl acetate-hexane afforded 12.4 g (619) of
product: mp 157-158°, [a]%D 7.7° (¢ 0.415, CHCl;) [lit.!! mp
156~157°, [a]*Dp 6.01° (¢ 0.396, CHCL;)].

Preparation of Benzyl S-Trityl-L-cysteinylglycinate Hydro-
chloride.—To a cold, stirred solution of 5.17 g (0.01 mole) of
N-(o-nitrosulfenyl)-S-trityl-L-cysteine!® and 4.05 g (0.012 mole)
of benzyl glycinate p-toluenesulfonate was added 1.67 ml (0.012
mole) of triethylamine. After 5 min, 2.20 g (0.012 mole) of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
was added. Stirring was continued for 12 hr at room temperature.
The solvent was evaporated in vacuo and the resulting oil was
partitioned in water and ether. The ether layer was extracted
with cold 2 N sulfuric acid, sodium bicarbonate solution, and
saturated aqueous sodium chloride. The ether layer was dried
and evaporated to yield 6.5 g of solid (shown by tle to consist of
two components). The mixture was dissolved in benzene and
applied to a 3.5 X 18 em column of acid-washed Florisil. Elu-
tion with benzene provided 5.5 g (839) of a powder which was
homogeneous by tle. A cold solution of 2.64 g (0.004 mole) of
the protected dipeptide derivative in 100 ml of dry ether was
treated with 4.0 ml of 3.2 N hydrogen chloride in ether. The
mixture was allowed to stand at —10° for 2 hr. The solid was
collected and recrystallized from ethyl acetate~hexane to provide
1.9 g (879%) of white powder: [a]%Dp 30.1° (¢ 1.03, CHCL).

Anal. Caled for CyHnCIN:Os: C, 68.10; H, 5.72; Cl, 6.48;
N, 5.14; 8, 5.86. Found: C, 68.01; H, 5.96; Cl, 6.68; N,
5.26; S, 6.08.

Preparation of N-Benzhydryloxycarbonyl-v-valyl-S-trityl-r-
cysteinylglycine Benzyl Ester (XII).—To a cold, stirred suspen-
sion of 5.08 g (0.01 mole) of N-benzhydryloxycarbonyl-L-valine
N,N-dieyclohexylamine salt and 5.75 g (0.0105 mole) of S-trityl-
L-cysteinylglycine benzyl ester hydrochloride was added 2.0 g
(0.0105 mole) of I-ethyl-3«(3-dimethylaminopropyl)carbodiimide
hydrochloride. Stirring was continued for 1 hr at —10° and
for 12 hr at room temperature. The solvent was removed
in vacuo and the residue was dissolved in ethyl acetate and ex-
tracted with cold 2 IV sulfuric acid, water and aqueous, saturated
sodium chloride. The ethyl acetate solution was dried and
concentrated to about 100 ml. Addition of n-hexane afforded

(19) L. Zervas, D. Borovas, and E. Gazis, J. Am. Chem. Soc., 85, 3660
(1963).
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6.0 g (73%,) of the desired produet: mp 191.5-192.5°, [«]*¥D
—12.5° (¢ 1.1, CHCL).

Anal. Caled for CoxHuNsOeS: C, 73.25; H, 6.02; N, 5.13;
S, 3.91. Found: C, 72.94; H, 6.06; N, 4.96; S, 3.63.

Preparation of N-Benzhydryloxycarbonyl-1-valyl-S-(N’-carbo-
benzoxy-L-cysteine)-L-cysteinylglycine Benzyl Ester.—A solu-
tion of 1.27 g (0.005 mole) of N-carbobenzoxy-vL-cysteine in
100 ml of methylene chloride was added during 2.5 hr to a cold,
stirred solution of 0.0053 mole of thiocyanogen in 250 ml of
methylene chloride. One-fourth hour after addition was com-
plete, 4.10 g (0.005 mole) of XII was added. Stirring was con-
tinued for 8 hr as the reaction mixture gradually warmed to room
temperature. The reaction mixture was filtered and the filtrate
was extracted with water until the aqueous extracts gave a
negative ferric chloride test. The methylene chloride solution
was concentrated to 200 ml dried, and evaporated to a white
residue which was thoroughly triturated with boiling ether.
After standing overnight at 0°, the insoluble portion was removed
by filtration, washed with cold ether, and dried in vacuo to give
3.75 g of material shown by tlc to consist of three components.
Adsorption on silicic acid and elution with methylene chloride
and dioxane (5 to 159, dioxane in methylene chloride) gave2.0
g (489) of the disulfide: mp 131-133°, [«]¥p —118.2° (¢ 1.1,
DMF).

Anal. Caled for CeHiNOwS:: C, 60.70; H, 5.58; N, 6.75;
S, 7.72. Found: C, 60.78; H, 5.62; N, 7.04; S, 7.52.

Preparation of Diethyl N,N’-Bis(carbobenzoxy-S-benzoyl-1-
cysteinyl)-L-cystinyldiglycinate (XV).—A solution of 0.99 g
(1.25 mmoles) of XIVe in 30 ml of methylene chloride was treated
with 0.69 mmole of thiocyanogen in 10 ml of methylene chloride
and 0.2 g (0.66 mmole) of boron trifluoride-diethyl etherate in 3
ml of methylene chloride. The reaction mixture was stirred at
0° for 1 hr, evaporated in vacuo, and extracted with warm
petroleum ether (bp 30-60°). The petroleum ether extract
provided 0.29 g (79.29%) of trityl isothiocyanate, mp 136-138°
(from methanol).

The petroleum ether insoluble portion of the residue was
washed with cold water, dried, and recrystallized from dioxane
to provide 0.61 g (89.29%) of a white powder, mp 206-209°.
After three recrystallizations from dioxane, 0.19 g of white
powder was obtained; the material frothed at 209-210° and
melted up to 223°, [«]®p —107.9° (¢ 1.00, DMF).

Anal. Caled for CyoHieNgOwSe: C, 54.93; H, 5.16; N, 7.19;
8, 11.73. Found: C, 54.85; H, 5.21; N, 7.86; S, 11.55.

Preparation of Diethyl N,N’-Bis(N-carbobenzoxy-S-benz-
hydryl-L-cysteinyl)-L-cystinyldiglycinate (XVI).—A solution con-
taining 1.22 g (2.0 mmole) of XIVb in 200 ml of ethyl acetate
was added to a solution of 1.0 mmole of thiocyanogen in 50 ml
of ethyl acetate. The mixture was stirred at 0° for 1.5 hr, con-
centrated in vacuo, and diluted with ether. The resulting solid
was washed with ether and precipitated from 30 ml of ethyl

acetate. The disulfide appeared as 1.13 g (92.89,) of white
powder: mp 182-184°, {«]*p —80.5 (¢ 1.11, DMF).

Anal. Caled for CegHsgNaO1zs4! C, 6116, H, 563, N, 690,
8, 10.54. Found: C, 61.35; H, 5.81; N, 6.81; 8, 10.98.

When the oxidation of the thiol was conducted in ethanol using
0.1 N iodine-potassium iodide solution, the yield of XVI was
709, mp 182-184°, [a]%p —80.4 (¢ 1.05, DMF). The thiol
was converted to the disulfide in 93.29, yield by air oxidation of
an ethanolic solution containing triethylamine; however, the
oxidation required 2 days and was not adaptable to large scale.

Preparation of Diethyl N,N’-Bis(carbobenzoxy-L-cystinyl)bis-
(S-benzhydryl-L-cysteinylglycinate) (XVII).—A solution of
0.26 mmole of thiocyanogen in 12 ml of ethyl acetate was decanted
from the precipitated lead bromide into a stirred solution con-
taining 0.305 g (0.5 mmole) of XIVe in 30.5 X1 of ethyl acetate
at 0°. Stirring was continued for 2 hr at 0°. The reaction
mixture was evaporated in vacuo, diluted with ether, and filtered.
The resulting white powder was recrystallized twice from ethyl
acetate to provide 0.165 g (559) of disulfide, mp 196-198°.
One additional recrystallization from methylene chloride-hexane
raised the melting point to 197-198.5°, [«]%p —95.5° {c 1.02,
DMF).

Anal. Caled for CoHeNeOSs: C, 61.16; H, 5.63; N, 6.90;
S, 10.54. Found: C, 61.08; H, 5.55; N, 7.06; S, 10.44.

When the oxidation of XIVe was conducted in ethanol using
0.1 N iodine-potassium iodide, the disulfide was obtained in
92.19, yield: mp 196-198°, [a]*Dp —95.6 (¢ 1.22, DMF). A
mixture melting point with the disulfide prepared using thiocyano-
gen was not depressed.
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Preparation of Diethyl N,N’-Bis(carbobenzoxy-i-cystinyl)bis-
(8-trityl-L-cysteinylglycinate) (XVIII).—A solution containing
0.30 g (0.044 mmole) of XIVd and 2 drops of triethylamine in
10 ml of ethanol was cooled in an ice bath and treated with air
for 6 days. The ethanol and triethylamine were replenished
during the oxidation. The solvent was removed in vacuo and a
chloroform solution of the residue was filtered through 6 g of
silicic acid. The chloroform was removed in vacuo and the
residue was recrystallized several times from an ethyl acetate—
hexane solvent. The disulfide was obtained as 0.08 g (26.69,) of
white powder: mp 132-134°, [a]%p —63.1° (¢ 0.45, DMF).

Anal. Caled for CsH7eNeOsSs: C, 64.89; H, 5.59; N, 6.14;
S, 9.36. Found: C, 64.67; H, 5.71; N, 6.13; 8, 9.34.

When the thiol was allowed to react with thiocyanogen in ethyl
acetate solution a two-component mixture was obtained which
could not be purified.

Preparation of XIX. A. From Ethyl N-Carbobenzoxy-S-
benzhydryl-L-cysteinyl-L-cysteinylglycinate (XIVb) and Ethyl N-
Carbobenzoxy-S-trityl-L-cysteinyl-S - benhydryl-L - cysteinylglyci-
nate (XIVa).—To a cold solution of 0.573 mmole of thio-
cyanogen in 5 ml of methylene chloride and 2 ml of ethyl acetate
was added a solution of 0.305 g (0.5 mmole) of XIVb in 5 ml
of methylene chloride. The addition required 20 min. After
stirring for 25 min, a solution containing 0.426 g (0.5 mmole) of
XIVa in 5 ml of methylene chloride was added and the mixture
was stirred for 4 hr at 5°. The solution was allowed to warm to
room temperature, filtered, and washed with water. The dried
organic layer was evaporated in wvacuo and the residue was
extracted with hot petroleum ether (bp 30-60°, three 20-ml
portions). Evaporation of the petroleum ether extract provided
0.9 g (409) of tritylisothiocyanate.

The residue was warmed in 10 ml of 509, aqueous methanol and
filtered and the insoluble portion was dissolved in ethyl acetate.
The solution was filtered and concentrated in vacuo and the
precipitated solid (0.31 g) was dissolved in chloroform~ethyl
acetate (1:1) and filtered through Florisil. Evaporation of the
eluate provided a powder which was recrystallized from a methyl-
ene chloride-ethyl acetate mixture to yield 0.074 g (129%) of
XIX: mp 186-189°, {a]*p —85.6 (¢ 0.98, DMF). A mixture
melting point with a sample of the disulfide obtained via the
thiols was 186-189°.

B. From XIVb and XIVa Using Sodium Acetate Catalyst.—To
a solution containing 1.5 mmoles of thiocyanogen in 15 ml of
methylene chloride and 6 ml of ethyl acetate was added 0.915 g
(1.5 mmoles) of XIVb in 15 ml of methylene chloride. The addi-
tion required 24 min. The cold solution was stirred for 5 min
and treated with 1.28 g (1.5 mmoles) of XIVa in 15 m! of methyl-
ene chloride and 0.123 g (1.5 mmoles) of sodium acetate. The
reaction mixture was stirred for 4 hr at 0-20°. The usual work-up
gave a powder which was recrystallized twice from a methylene
chloride—ethyl acetate mixture to yield 0.67 g (36.69) of XIX:
mp 186-188°, [a]*p —86.8° (¢ 1.12, DMF). A mixture melting
point with the sample obtained in A was 186-188°,

Preparation of XIX. A. From XIVe and XIVb.—To a cold,
stirred solution of 0.625 mmole of thiocyanogen in 13 ml of ethyl
acetate was added a solution containing 0.305 g (0.5 mmole)
of XIVe in 15 ml of ethyl acetate. The dropwise addition
required 10 min. After stirring for 30 min the sulfenylthiocyanate
solution was treated with 0.305 g of XIVb in 15 ml of ethyl
acetate. The second thiol was added in one portion. The re-
action mixture was stirred for 3 hr at 7-24° and evaporated
in vacuo and the residue was washed with 10 ml of cold methanol.
The resulting white powder was recrystallized four times from
ethyl acetate to provide 0.15 g (24.69,) of XIX: mp 188-190°
(187-189° from a methylene chloride-petroleum ether mixture),
[a]¥D —87.9° (¢ 0.79, DMF).

Anal. Caled for CeHeNeO128:: C, 61.16; H, 5.63; N, 6.90;
S, 10.54. Found: C, 61.03; H, 5.48; N, 7.07; S, 10.49.

When both additions of the thiols were conducted at —70° and
the resulting product was purified by filtration of a chloroform—
ethyl acetate (9:1) solution of the residue through a silicic acid
column (15 g), a 31.6% yield of XIX was obtained: mp 189-
191.5°, mmp 187-190°.

B. From XIVb and XIVe.—A cold, stirred solution of 1.13
mmoles of thioeyanogen in 20 ml of methylene chloride and 5
ml of ethyl acetate was treated with 0.61 g (1.0 mmole) of XIVb
in 25 ml of methylene chloride. The dropwise addition required
40 min. The reaction mixture was stirred 30 min and treated
with a solution containing 0.61 g (1.0 mmole) of XIVe in 25 ml
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of methylene chloride. The addition required 15 min. The
reaction mixture was stirred for 15 min and evaporated 7n vacuo
and the residue was washed with ether. The crude product was
dissolved in a chloroform—ethyl acetate mixture (9:1) and
filtered through silicic acid (20 g). The solvent was evaporated
and the residue was suspended in ethyl acetate, warmed, and

Vor. 32

filtered. The insoluble portion was dissolved in a minimum
amount of methylene chloride, diluted with ethyl acetate and
concentrated. The precipitated powder was dried to yield 0.473
g (38.9%) of white powder: mp 188-191°, [a]%p —86.6° (c
0.93, DMF). A mixture melting point with the sample obtained
in A was 188-190°,
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The relative yields of alkenes produced in the thermal decomposition of some unsymmetrical dialkyl sulfoxides
were determined. The olefinic products produced are those predicted on the basis of the currently accepted

mechanism involving the loss of a sulfenate moiety and any one of the available 8 hydrogens,

Secondary alkyl

groups are cleaved to form alkenes more readily than primary alkyl groups when both are embodied in the same

molecule.

Cleavage of a sec-butyl group results in the formation of 1-butene and a mixture of the 2-butenes.

Sulfoxides having both a primary and a secondary alkyl group decompose at a substantially greater rate than

sulfoxides in which both alkyl groups are primary.

The thermal instability of certain dialkyl sulfoxides
was noted as early as 1875.! More recently, several
studies?—® have dealt with the general features of the
sulfoxide pyrolysis reaction including the nature of the
products formed. The sulfoxides in these studies were
either symmetrical®*4% or had only one alkyl group
which could be cleaved to form alkenes.2%* In one
study” unsymmetrical sulfoxides were considered, but
the composition of the olefinic products was not re-
ported.

The present work was undertaken to gain insight on
the relative yields of alkenes produced in the pyrolysis
of unsymmetrical dialkyl sulfoxides of such structure
that both alkyl groups could afford alkenes. Five
sulfoxides of the type RSOR’ were prepared of such
structure that the alkenes produced would identify
the alkyl groups from which they were formed by pyro-
lytic cleavage.

The sulfoxides were prepared by hydrogen peroxide
oxidation of appropriate dialkyl sulfoxides of high
purity. The sulfoxides studied were all either racemic
mixtures or mixtures of diastereoisomers depending
on whether the asymmetry was inherent in the unsym-
metrical sulfoxide or whether additional asymmetry
was present in a sec-butyl group. The neat sulfoxides
were pyrolyzed in a controlled-temperature reactor
and the quantity of gas was measured by water dis-
placement. The composition of the gas was deter-
mined by gas-liquid partition chromatography. Satis-
factory first-order rates were observed, although there
was some acceleration of the rate after 2 half-lives.

A. n-Propyl sec-Butyl Sulfoxide.—A thorough dis-
cussion of the pyrolysis of n-propyl sec-butyl sulfoxide
will serve to illustrate the methodology of the study.
Chart I shows what products might be expected on the

(1) N. Grabowsky, Ann., 178, 348 (1875).

(2) C.A. Kingsbury and D.J. Cram, J. Am. Chem. Soc., 82, 1810 (1960).

(3) C. Walling and L. Bollyky, J. Org. Chem., 29, 2699 (1964).

(4) I. D, Entwistle and R. A. W. Johnstone, Chem. Commun. (London),
29 (1965).

(5) D. N, Jones and M. A. Saeed, Proc. Chem. Soc., 81 (1964).

(6) D. G. Barnard-Smith and J. F. Ford, Chem. Commun. (London), 120
(19865).

(7) L. Bateman, M. Cain. T. Colclough, and J. I. Cunneen, J. Chem. Soc.,
3570 (1962).

CHarr |
- H
%}—CHr—S +—C H—é{)—CHg
H CH; H
a b ¢

a
—> sec-BuSOH + CH,CH::CH,, 8%,
b
—> PrSOH + CH,;CH.CH::CH,, 619,
c
—> PrSOH + trans-CH;CH: :CHCH;, 219

(9
l— PrSOH 4 ¢is-CH;CH::CHCHj,, 109,

basis of the Ei mechanisms proposed by Kingsbury
and Cram.? Since one alkyl group is primary (n-
propyl) and the other is secondary (sec-butyl), the ratio
of propene to the isomeric butenes indicates the relative
ease of cleavage of a primary carbon-sulfur bond com-
pared to a secondary carbon-sulfur bond. Since the
sec-butyl group embodies two types of 8 hydrogens,
b and ¢, the ratio of 1-butene to the isomeric 2-butenes
reveals whether or not electrical effects operating on
the acidity of the 8 hydrogens are significant as have
been shown to be the case in the base-catalyzed cleav-
age of tetraalkylammonium ions®® and trialkylsulfo-
nium ions. %! Our results, given in Table I, show that,
in the pyrolysis of dialkyl sulfoxides, an inductive
effect is not of extreme importance within the sec-
butyl group since the yield of 1-butene is only twice
the yield of the 2-butenes. Statistically, on the basis
of the numbers of b and ¢ hydrogens, the yield
ratio of 1-butene to the 2-butenes would be 3:2. It
is concluded, therefore, that the attack of a strongly
basic oxygen atom on an acidic 8 hydrogen is not of
overriding importance in the rate-determining step.
In this respect the reaction most closely resembles the
pyrolysis of amine oxides.!> A comparison with some

(8) W. Hanhart and C. K. Ingold, ibid., 997 (1927).

(9) P. A. 8. Smith and 8. Frank, J. Am. Chem. Scc., T4, 509 (1952).
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(11) E. D. Hughes, C. K. Ingold, G. A, Maw, and L. I. Woollf, ibid., 2077
(1948).

(12) A.C. Cope, N. A. LeBel, H.-H. Lee, and W. R. Moore, J. Am. Chem.
Soc., 79, 4720 (1957).



