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position of this product, as determined by the hot benzene 
extraction method of Experiment 1, was: polymer, 2%; IV, 
91%; residue containing V + VI, 7%. 

Experiment 8. Experiment 7 was repeated using a mixture 
of 50 ml. of water and 50 ml. of concd. hydrochloric acid 
instead of 100 ml. of concd. hydrochloric acid." The yield 
of solid product was 32.1 g. (62%), and ita composition was 
the same as in the preceding experiment. The hexane layer of 
the reaction mixture contained most of the mixture of V + 
VI formed in this reaction. 

Experiment 9. Experiment 7 was repeated using a mixture 
of 25 ml. of roncd. hydrochloric acid and 75 ml. of water 
instead of 100 ml. of concd. hydrochloric acid.16 The yield 

of solid product was 19.0 g. (3773, and its composition wan 
the same as that of the product of Experiment 7. Moat d 
the mixture of V and VI formed in this reaction was die- 
solved in the hexane layer of the filtrate.. 

Experiment 10. Experiment 7 was repeated using a mix- 
ture of the amount of concd. hydrochloric acid theoretically 
required to neutralize 0.1 mole of I (r6.6 ml.) and 83.4 ml. of 
water, instead of 100 ml. of concd. hydrochloric acid. The 
yield of solid product was 17.0 g. (33%), and ita composition 
was the same as in the case of Experiment 7. The hexane 
layer of the filtrate contained most of the mixture of V and 
VI  formed in this reaction. 

WILMINOTON, DEL. 

(14) Concentration of hydrochloric acid in the aqueous 
phase: 7.7%. 

(15) Concentration of hydrochloric acid in the aqueoua 
phase: 1.5%. 
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A general method for the synthesis of unsymmetrical aliphatic disulfides has been developed from a procedure previously 
described in the literature. The route involves the formation of an alkylsulfenyl thiocyanate, prepared from the desired mer- 
captan and thiocyanogen. Treatment of the sulfenyl thiocyanate with a second mercaptan results in displacement of thio- 
cyanic acid and the formation of an unsymmetrical disulfide. Several examples of aliphatic disulfides containing the methoxyl, 
nitro, carbomethoxy and carboxy groups have been prepared in 50-70% yield. 

The increased interest in the chemical behavior 
of the disulfide bond in natural macromolecules 
has prompted an investigation of the synthesis and 
general reactivity of unsymmetrically substituted 
aliphatic disulfides. The unsymmetrical disulfides 
are desirable for study, as a disulfide bond cross- 
linking two peptide chains, composed of different 
arrangements of amino acids, may be considered 
an unsymmetrical aliphatic disulfide containing 
reactive functional groups as side chains. The 
present report concerns our preliminary studies on 
the synthesis of such molecules. 

Although several methods of preparation of 
mixed disulfides have been reported, the scope of 
these syntheses remain unexplored. The published 
examples of molecules of this type, with the excep- 
tion of a few cyclic aliphatic disulfides, are limited 
to: (a) purely aliphatic molecules with no functional 
groups 4*6 represented by 3,4dithiaheptane (1)s; 
(b) disuKdes composed of cysteine and another 
mercaptocarboxylic acid such as penicillamine,8b 
@-mercaptopropionic acid,6a or thioglycolic acid 
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(II)6a*7; and (c) disulfides containing cysteine or 
another mercaptocarboxylic acid and cysteamine,B8 
@-mercaptoethanol,ea or, in one case18 benzyl mer- 
captan (111). Thus virtually all known unsymmetri- 
cal aliphatic disulfides contain only the carboxyl 
and/or amino residues as functional groups. Evalu- 
ation of the available synthetic routes in terms of 

CHaCHz--SS--CHnCH&Ha 
I 

I1 
HOiC x" HCHzS-S--CH&O,H 

HOiC r HCHzS--S--CHzCsHb 
I11 

neutral molecules containing functional groups led 
to the conclusion that, in general, t.he published 
methods would not be applicable since either oxi- 
dation4-6 or the formation of the disulfide in 
aqueous solution* was involved. Initially however 
several attempts were made to utilize the published 
procedures46 for the synthesis of methyl 5-phenyl- 
2,3-dithiapentanoate (V) by treatment of IV with 
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benzyl mercaptan. I n  our hands the method was 
unsuccessful. 
[CHsOzCCHz--S]n + 

0 

C H 3 0 & C H z ~ - S - C H z C O z C H 3  -+ 
IV 
CHaO&CHzSS-CHzCsHs 

V 

The Bunte salt methods was similarly attempted 
in the synthesis of VI and although several experi- 
ments were preformed at various pH values none 
of the desired disulfide was obtained. 
C 6 H 6 C O C H ~ i % N a  + HSCH&O&H3 -+ 

C ~ H ~ C O C H Z S ~ - C H & O Z C H ~  
VI 

The procedure which seemed most versatile 
for the synthesis of neutral disulfides involved the 
production of an alkylsulfenyl thiocyanate (VII) 
followed by displacement of thiocyanic acid from 
VI1 with a second mercaptan. Lecher9 prepared 
several alkylaryl disulfides by this method but the 
only aliphatic thiol to be investigated was ethyl 
mercaptan. 

R'SH 
RSH + (SCN)z + R S S C N  

VI1 
R S S - R '  + HSCN 

VI11 

Ethylsulfenyl t,hiocyanate (VII. R = CZHJ was 
founde to be a volatile unstable substance which 
decomposed within fifteen to thirty minutes a t  
0'. In  contrast, the arylsulfenyl thiocyanates were 
reasonably stable compounds and could be pre- 
pared with little dficulty. Ethylsulfenyl thiocya- 
nate was found to decompose readily when treated 
with warm water or alcohols but afforded a 71% 
yield of l-phenyl-l,2-dithiabutane (VIII. R = 
CH&Ha, R' = CeHs) when allowed to react with 
thiophenol at 0'. The only recent application of 
this method involved the preparation of I1 in 
32% yield.' The experimental conditions employed 
for this synthesis however were unsuitable for 
large amounts of neutral molecules and thus reac- 
tion conditions similar to those reported by Lecher 
have been employed. The method has been found 
to be quite versatile and to produce reasonable 
yields (50-70%) of pure unsymmetrical aliphatic 
disulfides (Table I). In  general the sulfenyl thio- 
cyanates have not been isolated and the yields 
reported are based on the amount of initial mer- 
captan used. 

The disulfide V was initially synthesized in 
58% yield by treatment of VI1 (R = CHzCOzCHJ 
with benzyl mercaptan. The substance could be 
readily isolated by distillation and was charac- 
terized as a single pure substance, rather than an 

(9) H. Lecher and M. Wittwer, Ber., 55B, 1474 (1922). 
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equimolar mixture of two symmetrical disulfides, 
by the elemental analysis and physical properties. 
The infrared spectrum was of little aid on this 
point, other than to identify the functional groups 
present, since in the cases studied, the spectra of 
the unsymmetrical disulfides were the s u m  of their 
symmetrical counterparts. To establish further 
the identity of V, the mercaptans were allowed to 
react in reverse order. Thus treatment of VI1 
(R = CeHsCH2) with methyl mercaptoacetate 
afforded a 45.5% yield of V, identical in all re- 
spects to the previous preparation. In addition to 
providing increased confidence in the purity of V, 
the synthetic value of the sulfenyl thiocyanate 
method is considerably enhanced by the fact that 
either mode of combination of the two mercaptans 
is successful. Some discretion as to the choice of 
alkylsulfenyl thiocyanate is necessary, however, 
as the displacement of thiocyanic acid by the 
second mercaptan appears to be subject to some 
steric requirements. Thus the 60.8% yield of VI11 

CHzCO2CHa) was lowered to 22.9% when t-butyl- 
sulfenyl thiocyanate [VI1 R = (CH&C] was 
employed. 

Preliminary experimentslo involving the effect 
of solvent on the course of the reaction between 
benxylsulfenyl thiocyanate and methyl mercapto- 
acetate indicate dioxane, rather than ether, may 
also be employed for the displacement of thiocyanic 
acid from VII. For example VII(R = C~HSCH~) ,  
isolated by removal of the ether but not purified, 
was redissolved in dry dioxane. Addition of the 
theoretical amount, based on the amount of benzyl 
mercaptan employed, of methyl mercaptoacetate 
in dry dioxane, afforded a 42.9% yield of V. A 
similar experiment using methanol as the solvent 
resulted in the formation of benzyl disulfide and un- 
changed thiol. In  all cases in which benzylsulfenyl 
thiocyanate was isolated the crude yield was 
85-95y0. An indication of the yield in the second 
step was obtained when a weighed portion of VI1 
(R = C6H6CH2), isolated without purification, was 
redissolved in ether and treated with an equiv- 
alent amount of methyl mercaptoacetate. A 71% 
yield of V, based on sulfenyi thiocyanate, resulted. 

Another modification leading to more versatile 
reaction conditions was employed in the synthesis 

[R = CHzCOzCH3, R'  = C(CHs)a]~ia VI1 (R = 

of VI11 (R = C~HSCHS, R ' = CHC02H). AS 
I 
CHzCOzH 

thiols capable of zwitterion formation or possessing 
several polar functional groups are generally quite 
insoluble in relatively nonpolar solvents, it was of 
some interest to determine whether an ether 
insoluble mercaptan could be used in a two phase 
reaction with VII. Accordingly, solid a-mercapto- 

(10) The reactions of several alkylsulfenyl thiocyanates 
with various substrates will be reported in a separate com- 
munication. 

succinic acid was added to an ether solution of VI1 
(R = C,,.H,CHz). The displacement reaction pro- 
gressed in the usual fashion and afforded VI11 
(R = C*HsCH2, R' = CHCOZH) in 51.5% yield. 

The application of this method to the synthesis of 
unsymmetrical peptides containing cystine will be 
reported separately. 

The effect of temperature on the course of the 
overall reaction was also studied in several cases. 
The intermediate, benzylsulfenyl thiocyanate, de- 
composed rapidly above 0' and thus the prepara- 
tion of VI11 (R = CsHsCH2, R' = (CHa)&) was 
conducted a t  -80'. The yield of disulfide was in- 
creased from 62% to 69%. The yield of V was also 
increased (49% to 58%) by conducting the reac- 
tion a t  -15' rather than 0'; however, several 
experiments involving the preparation of V a t  
-80' gave indications of incomplete reaction and 
resulted in somewhat lower yields (35-450/0). 

The physical properties of the disulfides pre- 
pared in this study are listed in Table I. With 
the exception of the two disulfides containing highly 
polar functional groups which were solids, the sub- 
stances were readily distillable liquids. Unless 
subjected to temperatures above 170-200' the 
unsymmetrical disulfides showed no tendency to  
disproportionate and were unchanged after several 
months storage a t  room temperature. The single 
exception encountered thus far seems to be VI11 
(R = CsHsCHz, R'  = CH2CH20H) which could 
be readily prepared and distilled but dispropor- 
tionated after standing several hours a t  room tem- 
perature. As the purity of this material has not 
been verified by elemental analysis, the physical 
properties are not included in Table I. 

Further extensions of this method of synthesis 
as well as the results of cleavage experiments of 
these and other disulfides will be reported in a 
separate communication. 

I 
CHzCOzH 

EXPERIMENTAL" 

a-Phenethyl mercaptan was prepared in 51.5% ovcrall 
yield from a-phenethylbromide by the method of Siegel, l 2  
b.p. 75-77' a t  5 mm.; reported,'* 71-72' a t  4 mm. 

p-Nitrobazyl mercaptan was prepared in 52,5y0 overall 
yield from p-nitrobenzyl chloride's; m.p. 51-52'; reportcd,l' 
m.p. 52'. 

All other mercaptans were obtained from Eastman Or- 
ganic Chemicals and were recrystallized or distilled prior t u  
use. 

(11) Boiling points and melting points are uricorrcctrtl 
Elemental analyses by Spang Microanalytical Laboratory, 
Ann Arbor, Mich., and Micrc-Tech Laboratories, Skokie, 111. 
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Preparation of thiocyanogen in diethyl ether. The thiocyanu- 
gen solution was prepared as described by Woodl6 using a 
somewhat modified technique. To an ice cold solution of 
70.0 g. (0.214 mole) of lead nitrate in 160 ml. of water was 
added a cold solution of 32.4 g. (0.4 mole) of sodium thio- 
cyanate in 160 ml. of water. The fine precipitate of lead 
thiocyanate was washed with large volumes of ice water 
and thoroughly dried, in the dark, in vacuo over phosphorus 
pentoxide. The lead thiocyanate was powdered and, if 
necessary, redried over phosphorus pentoxide. A 45.0-g. 
(0 139 mole) sample of the lead thiocyanate was suspended 
in 150 ml. of anhydrous ether in a 1-1. three neck flask, 
equipped with a mechanical stirrer, drying tube, and stopper. 
The suspension was cooled to 6-10' and treated with a cold 
solution of 18.6 g. (0.116 mole) of bromine in 400 ml. of 
anhydrous ether. The bromine solution was added in small 
portions with rapid stirring. After each addition t)he bromine 
color waR allowed to disappear before the next portion was 
added. After the bromine addition was complete, the sus- 
pended solids were allowed to settle and the completely 
colorless thiocyanogen solution was decanted. The cold 
thiocyanogen solution was used immediately, following the 
general procedure of Lecher9 described below. 

Preparation of the unsymmetrical disulfides. The ether so- 
lution of thiocyanogen was decanted directly into a 1-1. three 
neck flask fitted with a mechanical stirrer, dropping funnel, 
and drying tube. The solution was cooled to 5-10" or in 
some cases to lower temperatures, and 0.1 mole of mer- 
captan, in 200 ml. of dry ether, was added dropwise with 
stirring. The addition required about 2 hr. after which no 
odor of mercaptan remained. The second mercaptan, 0.1 
mole in 100 ml. of anhydrous ether, was added rapidly to 
the cold solution containing the alkylsulfenyl thiocyanate. 
The addition required about 0.5 hr. after which the reac- 
tion mixture was stirred for another 0.5 hr. a t  5-10' and 
1 hr. a t  room temperature. 

The ether solution was washed six to eight times or until 
colorless with water to remove the thiocyanic acid and 
dried over magnesium sulfate. The ether was removed in 
vacuo and the residual liquid, usually clear, was distilled 
using a &inch Vigreux column a t  0.1 to 0.3 mm. Usually two 
distillations afforded analytically pure disulfide. The yields 
reported in Table I represent the amount of disulfide ob- 
tained having physical constants identical to the sample on 
which the analytical results were obtained. No attempt was 
made to redistill the foreruns which contained mainly un- 
symmetrical disulfide and whatever symmetrical disulfide 
was present. The yields, therefore, represent minimum 
values of pure disulfide obtainable by this method. 

Preparation of 6-phenyL~,,4dithiupentane-i,~dicarboxylic 
acid (VIII. R = CsH,CHz, R' = CHCOaH). The desired 

disulfide was prepared by the method described above with 
the following modifications. To a cold etheral solution of 
benzylsulfenyl thiocyanate was added 15.0 g. (0.1 mole) of 
solid a-mercaptosuccinic acid. The acid was added in small 
portions over a period of 1 hr. with vigorous stirring. The 
clear solution was stirred an additional hour, washed with 
water and dried. Removal of the ether afforded 20.0 g. of a 
yellow solid which was recrystallized twice from an ethyl 
acetate-bensene mixture (1:4) to yield 14.0 g. (51.5%) of 
white crystals, m.p. 147-148'. A mixture melting point of 

&H&O,H 

(15) J. L. Wood, Org. Reactions, 3 ,  240 (1946). 

the disulfide with a sample of a-mercaptosuccinic acid m.p. 
147-148", melted at 125-138'. 

Preparation of methyld-phayl9,4-dithiapatanoate (V) . A. 
U&ng dioxane. Thiocyanogen in ether was prepared in the 
usual manner from 18.7 g. (0.117 mole) of bromine and 
45.0 g. (0.17 mole) of lead thiocyanate. The thiocyanogen 
solution was cooled to -80' and 9.92 g. (0.08 mole) of benzyl 
mercaptan in 100 ml. of dry ether was added in 1 hr. The 
solution was stirred 0.5 hr., washed ten times with 100-ml. 
portions of ice water and dried at 0", over magnesium sulfate, 
for 1.5 hr. The ether was removed in v m o ,  under nitrogen, 
a t  -8". The crude liquid benzylsulfenyl thiocyanate which 
weighed 12.37 g. (855%, 0.068 mole) was redissolved in 
100 ml. of dry dioxane at 0" and treated with 7.23 g. (0.068 
mole) of methyl mercaptoacetate in 100 ml. of dry dioxane. 
The reaction mixture was stirred and allowed to warm to 
room temperature over a 2.5-hr. period. The dioxane wa8 
removed an vacuo and the residue dissolved in ether, washed 
with water and dried. Removal of the ether followed by dis- 
tillation of the residue yielded 7.85 g. (52.0% based on 
beneylsulfenyl thiocyanate) of product, b.p. 120" at 0.2 
mm., n'," 1.5783. The infrared spectra of the products ob- 
tained with and without isolation of benzylsulfenyl thio- 
cyanate were identical. 

B. Uszng diethyl ether. Following the procedure described 
in A, 9.3 g. (0.075 mole) of benzyl mercaptan afforded 12.8 
g. (94.1 %) of crude benzylsulfenyl thiocyanate when treated 
with thiocyanogen in ether a t  -80". A 5.0-g. (0.028 mole) 
sample of the liquid sulfenyl thiocyanate was redissolved 
in ether and immediately added to 2.92 g. (0.028 mole) of 
methyl mercaptoacetate in 100 ml. of dry ether a t  -10'. 
After stirring 2.5 hr. the ether solution was worked up in 
the usual manner and distilled. The yield of I1 was 4.4 g. 
(70.05%), b.p. 115-116" a t  0.15 mm, n'z 1.5785. 

C. Using methanol. Using the method described in A, 
9.92 g. (0.08 mole) of benzyl mercaptan in ether was con- 
verted to 12.8 g. (88.4%, 0.071 mole) of crude benzylsul- 
fenyl thiocyanate. The intermediate was dissolved in dry 
methanol a t  0" and treated with 7.49 g. (0.071 mole) of 
methyl mercaptoacetate in 100 ml. of cold dry methanol. 
After stirring 2.5 hr. the methanol was removed in vocw 
and replaced with ether. The ether solution was washed 
with water, dried, and concentrated under vacuum. A 1.0- 
g. aliquot of the remaining residue was treated with 5 ml. 
of methanol and 0.01 mole of sodium methoxide. The S O ~ U -  
tion was warmed 15 min. and treated with 2.18 g. (0.009 
mole) of diphenylcarbamyl chloride. Upon cooling 0.65 
g. of the NJV-diphenylthiocarbamate derivative of methyl 
mercaptoacetate was obtained, m.p. 116-1 17O.16 

Anal. Calcd. for ClaH1508NS: C, 63.76; HI 5.02. Found: 
C, 64.14; H, 5.23. 

A mixture melting point with a sample of the derivative 
prepared from authentic methyl mercaptoacetate melted 
a t  117'. 

The remaining residue was crystallized from methanol 
and afforded 5.0 g. (28.5%) of benzyl disulfide m.p. 69-70'; 
reportedlV71.5". Although some of V may have been present 
the reaction mixture was not characterized further. 

CHAPEL HILL, N. C. 

(16) We are indebted to Mr. Kenneth Shepard for the 

(17) n. F. Twiss, J. Chem. SOC., 105, 36 (1914). 
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