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.i recent paper from this laboratory (1) describes the reaction of aldehydes 
and ketones with hydrogen sulfide under pressure to give gem-dithiols and poly- 
sulfides. 

HiS 
R2CO - HzO + R*C(SH)* + (RzCH)zSx (x = 2-4) 

The present paper describes research extending the knowledge of the effect of 
high pressures on the reactivity of hydrogen sulfide with other classes of com- 
pounds. At a pressure of 8500 atmospheres with temperatures of 125-150", hy- 
drogen sulfide is a powerful reducing agent capable of converting methyl formate, 
ethyl formate, acetamide, thioacetamide, and cyclohexanone oxime to poly- 
sulfides. 

HCOzR -+ ROH + (CHoIzSx (X = 2-5) 

CHtCONHz or CHaCSNHt + ( C H B C H ~ ) Z S ~  

O W O H  3 [=--];. 
Ethyl acetate, triethyl orthoformate, and diethyl acetal are similarly converted 

(x = 2 , 3 )  

The importance of high pressure in bringing about these conversions was shown 
by the fact that no appreciable amounts of polysulfides were formed when 
several of the experiments were repeated a t  autogenous pressure.2 

Besides the above reactions, which are apparently new, several well-known 
reactions of hydrogen sulfide are facilitated by high pressure. Thus, acetonitrile 
gave thioacetamide at 80" under a pressure of 8500 atmospheres, but not under 
autogenous pressure. Benzonitrile and a-hydroxyisobutyronitrile also gave thio- 
amides at 8600 atmospheres. The formation of thioamides from nitriles and hy- 
drogen sulfide a t  ordinary pressures generally requires a base (10) or a combina- 
tion of a silica-alumina catalyst and a high temperature (4). tert-Butyl alcohol 
and rz-butyl alcohol gave the corresponding mercaptans at 180" and a pressure 
of 8500 atmospheres ; no appreciable amount of mercaptan was formed from 

Presented n t  the F i f t h  Delaware Chemical Symposium in Sewark, Del., .Jan 17, 1953. 
"Autogenous pressiire" in this paper means the internal pressure in an autoclave that  

has been filled not more than half full with approximately equal volumes of a reactant and 
liquid hydrogen sulfide, sealed, and then heated to  80-300". It is commonly 50-100 otm.  
and seldom exceeds 200 atm. 
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to polysulfides if triethylamine is present. 

CH3C02CoH6 or CHaCH(OCzHtJ2 .--) (CZHEJZS~ 
IIC(OC2Hs)s 4 (CHa)& + C2H,OH 
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fert-butyl alcohol a t  autogenous pressure. Apparently the conversion of alcohols 
to  mercaptans occurs at ordinary pressures only if higher temperatures and a 
catalyst are used (9). Tetraisobutylene was converted to a mercaptan at  8500 
atmospheres under conditions that gave only a trace of mercaptan at  autogenous 
pressure, showing that the addition of hydrogen sulfide to olefins is also aided 
by high pressure. 

High pressure can enhance the reactivity of mercaptans as well, for a t  8500 
atmospheres, but not a t  loo0 atmospheres or lower, ethyl mercaptan reacted 
with ethyl formate to give triethyl trithioorthoformate. 

HCO&IHE + 3 C?HsSH + HC(SC2Hs)s + CgHbOH + HtO 

EXPERIMENTAL 

Experiments with hydrogen sulfide under a pressure of 8600 atmospheres. Table I shows 
the conditions and results of these experiments. The experiment with methyl formate is 
described below in detail t o  illustrate the operation of the pressure equipment and some 
of the methods used to  isolate and identify the products. 

Methyl formate (3.79 g.), hydrogen sulfide (3.00 g.), and nitrogen (0.15 9.) were put in 
21 stainless-steel cylinder with a movable piston. The nitrogen was used to  ensure return 
of the piston at the end of the experiment when the external pressure on i t  was released. 
The cylinder was placed in a Bridgman-type pressure apparatus (2) and its contents were 
subjected t o  a pressure of 8500 atm. at 125". After 15 hours, during which time the initial 
pressure had fallen t o  7300 atm., the apparatus was cooled, the pressure was released, and 
the cylinder was taken out and vented. The loss of weight on venting indicated that  2.59 g. 
hydrogen sulfide had reacted. The product was taken from the cylinder and combined with 
the products of seven similar runs. A total of 30.4 g. of methyl formate and 19.7 g. of hy- 
drogen sulfide was used in the eight runs. The product consisted of 20.0 g. of an aqueous 
solution and 26.1 g. of a heavy yellow oil. Distillation of the aqueous solution gave 4.5 g. 
of methyl formate, 5.10 g. of water, and 5.94 g. of methanol (n? 1.3388; b.p. 6043.5"; m.p. 
and mixture m.p. of 3,5-dinitrobenzoate, 106-107"). 

Heating the yellow oil at 60"/1 mm. separated it into A, 3.2 g. of volatile oil; and B, 
21.9 g. of nonvolatile oil. By distilling Fraction A through a 13 cm. x 0.6 cm. vacuum- 
jacketed glass tube containing a glass spiral, 0.53 g. of methyl disulfide (3, 5), b.p. 50- 
66'/97 mm., n:6 1.5272; and 0.91 g. of methyl trisulfide (5), b.p. 54-55"/11 mm., a? 1.5878, 
were isolated. The infrared absorption spectra of the disulfide and trisulfide were identical 
with those of authentic samples. 

Fraction B, d? 1.5099, was soluble in cold benzene, chloroform, pyridine, or carbon 
disulfide, insoluble in most other solvents. Sulfur was formed when it was treated with 
cold 12 N nitric acid or hot 96% sulfuric acid. I t s  infrared absorption spectrum, like the 
spectra of methyl disulfide and methyl trisulfide, had a band a t  7.05 H probably caused by 
methyl groups. Reduction with lithium aluminum hydride by B previously described pro- 
cedure (1) gave methyl mercaptan (6% yield) and hydrogen sulfide (15% yield), which 
were isolated as methyl 2,4-dinitrophenyl sulfide (m.p. and mixture m.p. 122-124') and 
bis-(2,4-dinitrophenyl) sulfide (m.p. and mixture m.p. 189-191'). Like methyl pentasulfide 
( G ) ,  fraction B gave a red color with piperidine and decomposed on attempted distillation 
a t  1 mm. These facts, together with the analytical data for fraction B, indicate that it is 
methyl pentasulfide mixed with small quantities of other methyl polysulfides, particularly 
the tetrasulfide. Methyl tetrasulfide is a distillable compound (7) and therefore cannot be 
present in large amount. 

.4naZ. Calc'd for CaH6Sj: C, 12.7; H,  2.7; S, 84.7. 

Experiments with hydrogen sulfide at autogenous pressitre.2 A 1-1. stxinless-steel autoclave 
Found: C, 13.4; H ,  2.85; S, 81.8. 
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TABLE I 
PRODUCTS OBTAINED BY HEATINQ VARIOUS ORGANIC COMPOUNDS WITH HYDROQEN SULFIDE 

UNDER AN INITIAL PRESSURE OF 8500 ATMOSPHERES 

Methyl formate (30.4 g.), 
HzS (19.7 g.)a. .  . . . . . . . . .  

Ethyl formate (21.9 g.), 
HgS (18.6 g.)'.. . . . . . . . . .  

Methyl acetate (1.8 g.) 

Ethyl acetate (11.9 g.), 
triethylamine (1.11 g.), 

HzS (1.2 g.).. . . . . . . . . . . .  

HzS (9.3 g.)b.. . . . . . . . . . .  

Acetamide (12.1 g.), HzS 
(9.4 g.)b., . . . . . . . . . . . . . . .  

Thioacetamide (4.0 g.), 
methanol (4.0 g.), HzS 

Acetonitrile (2.99 go) ,  HzS 
(3.26 9. ) .  . . . . . . . . . . . . . . .  

Benzonitrile (3.94 g.), HnS 
(2.31 9.). . . . . . . . . . . . . . . .  

a-H ydroxyisobutyronitrile 

Triethyl orthoformate 
(10.5 g.), triethylamine 

(5.5 g.)b . . . . . . . . . . . . . . . .  

(3.67 g.), HzS (2.63 g.). . 

(1.11 g.), HIS (7.9 g.)' 

Diethyl acetal (9.8 g.), tri- 
ethylamine (1.1 g.), HzS 
(7.2 g.)b., . . . . . . . . . . . . . . .  

Cyclohexanone oxime 
(2.50 g.), methanol 

tert-Butyl alcohol (1.52 
(1.92 g.), HzS (2.47 9.).  . .  

g.), HzS (1.64 g.).. . . . . . .  

19.7 

18.3 

6.3 

7.3 

3.7 

3.0 

2.2 

1.2 

6.1 

4.7 

2.0 

125 

125 

150 

150 

125 

125 

80' 

100 

30 

125 

150 

60 

180 

PPODVCTS IBOLA,RD (WITH YIELD") 

Methyl formatee (4.5 g., 15% recovery), meth- 
anole (5.95 g., 63%), water# (5.10 g., 66%), 
methyl disulfideev (0.53 g., 2.3%), methyl 
trisulfide## 0 (0.91 g., 2.8%), crude methyl 
pentasulfide (21.9 g., 45%) 

EthanolE, f (9.87 g., 69%), watere (4.36 g., 82%) 
methyl disulfidee, f (0.60 g. 4%), methyl tri- 
sulfide#. f (0.67 g., 4%), crude methyl penta- 
sulfide (19.6 g., 70%) 

Little reaction occurred 

Ethyl disulfide#, f (1.91 g., 6%), ethyl trisul- 
(0.94 g., fide#- 0 (3.58 g., 9%), acetic acide, 

12%) 

Acetamide' (7.4 g., 61% recovery), ethyl trisul- 
fide#* f (1.62 g., lo%), sulfur' (1.70 g., 19%), 
amnonia 

Ethyl trisulfide8 (2.0 g., 49%) 

Thioacetamideo. (4.5 g., 83%) 

Thiobenzamideg, i (1.66 g., 32%), benzonitrilee 
(0.51 g., 13% recovery) 

a -Hydroxythioisobutyramide' (2.99 g . , 58%) 

Ethanole, f (9.2 g., 94%), methyl polysulfides 
(3.1 g.), sulfur' (0.77 9.) 

Ethyl disulfide#, f (1.94 g., 38%), ethyl trisul- 
fide# (1.96 g., 31%) 

Cyclohexyl polysulfidesd (2.24 g., 69%) 

tert-Butyl mercaptan's (0.63 g., 34%) 
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TABLE I-Continued 

' HaS 
REACTANTS ~ BEAC- 1 TED, G. 

n-Butyl alcohol (6.43 9.) '  I I 

H2S (5.17 g.)* , . , .  . . . . .  ~ 1.3 

Methanol (2 37 g ), HzS 

Tet ra i sob~ty lene~ (15.8 
g 1 ,  a,d-azodiiso- 
butvronitrile (0 20 g.), 

(2.42 g ) 0.0 

HtS (13 0 g ) *  I ?  

1"p. I PPODUCTS ISOLATED (WITH YIELD") 

180 1 n-Butyl alcohole (1.77 g., 27% recovery), 1- 
~ butanethiol* (0.40 g., 5%), n-butyl ether", f 
I (0.55 g., lo%), n-butyl sulfidee, f (2.09 g., 
j 33%) 

80 ' Tetraisobutylene (10.6 g., 67% recovery), 
I CiaH&H" (2.69 g., 15%) 

5 No allowance has been made for recovered starting material in calculating per cent 
yields. The products of several runs were combined and worked up together. c Reaction 
time was 14-15 hours. The polysulfide mixture, b.p. 116-169'/1.2 mm., n:5 1.6124, gave 
cyclohexanethiol on reduction with LiAlHr. Anal. Calc'd for C~ZHZZSI:  C,  48.9; H, 7.5; 
S, 43.6. Found: C, 49.5; H ,  7.3; S, 44.5. B.p. and ni' agreed with reported values. f Infra- 
red absorption spectrum identical with that of authentic sample. Had expected elemental 
composition. h The corresponding alkyl 2,4-dinitrophenyl sulfide was identified by the 
method of mixed melting points. tert-Butyl 2,4-dinitrophenyl sulfide, m.p. 109-110", is 
new. Anal. Calc'd for CloH1zN204S: C,  46.9; H ,  4.7; S, 12.5. Found: C,  47.1; H, 4.8; S, 12.8. 
i Identified by the method of mixed melting points. i M.p. 115-116", as reported (11). 

A new compound, easily soluble in 
water or ethanol; m.p. 80-81" after crystallization from benzene. Anal. Calc'd for 
C4H&OS: C, 40.3; H ,  7.6; S, 26.9. Found: C,  40.7; HI 8.0; S, 27.1." B.p. 76-83"/0.5 mm., 
n, 1.4748; i t  is probably a mixture of isomeric mercaptans. Anal. Calc'd for ClaH&3: C,  
74.4; H ,  13.3; S, 12.4; SH, 12.8. Found: C, 74.9; H ,  13.2; S, 11.7; SH, 14.9 (confirmed by 
infrared absorption spectrum). A 
mixture of isomers (13). 

G:tve positive iodine-lanthanum nitrate test (12). 

25 

At higher temperatures much (C2Hj)?S, is formed. 

containing 147 g. of methyl formate was cooled to  -80" and evacuated to  a pressure of 20 
mm. Hydrogen sulfide (150 g.) was distilled into the autoclave, which was then rocked a t  
295' for 14 hours. Most of the methyl formate was recovered unchanged by distillation of 
the reaction mixture. The material not volatile from a still-pot a t  100"/760 mm. was a 
yellow oil weighing only 2.8 g .  Its refractive index, ni5 1.3536, shows that  i t  did not con- 
tain much methyl polysulfide. 

r n d e r  similar conditions there was obtained no appreciable amount of methyl polysul- 
fides from methyl formate a t  150" or 225'; of methyl polysulfides from methyl formate in 
the presence of 10% of triethylamine a t  200"; of ethyl polysulfides from ethyl acetate in 
the presence of 10% of triethylamine a t  150" or 225"; of thioacetamide from acetonitrile a t  
80"; or of tert-butyl mercaptan from tert-butyl alcohol a t  180". The yield of C16H&3H from 
tetrzisobutylene in the presence of a,d-azodiisobutyronitrile a t  85" and autogenous pres- 
sure was less than 1% (experiment by Dr. P. J. Graham). 

Triethyl trithioorthoformate from ethyl formate. A mixture of 2.74 g .  of ethyl formate and 
4.16 g. of ethyl mercaptan was heated a t  150" for 17 hours under a pressure of 8500-7600 
atm. Distillation of the reaction mixture gave 1.79 g. (41% yield) of crude triethyl trithio- 
orthoformate, b.p. 60-65"/0.6 mm. Redistillation gave a fraction whose infrared absorption 
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spectrum and other physical constants (b.p. 83"/1.5 mm., d5 1.5362) were identical with 
those of authentic triethyl trithioorthoformate (8). 

When the experiment was repeated a t  lo00 atm. or a t  autogenous pressure, no appre- 
ciable amount of triethyl trithioorthoformate was formed. The yield was only 10-15% 
when the experiment was repeated at  125" and 8500 atm. 

SUMMARY 

Hydrogen sulfide has greatly increased reactivity at a pressure of 8500 at- 
mospheres. At this pressure it can convert such compounds as methyl formate, 
ethyl acetate, acetamide, and cyclohexanone oxime to alkyl polysulfides. More- 
over, several previously known reactions of hydrogen sulfide are facilitated by 
such a pressure. 

WILXINGTON 98, DELAWARE 
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