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The study of sulfur compounds represents a relatively neglected
page of organic chemistry. In at least two directions its impor-
tance is becoming felt more and more strongly,—the field of in-
dustry and the field of biochemical research. The recognition is
rife that many raw products, such as petroleum, shale oil, tars,
ete., contain a wide variety of sulfur compounds which impera-
tively demand removal and utilization. Equally pressing is the
discovery that sulfur compounds play a prominent part in organic
metabolism, where the —SH group achieves a fundamental réle
hitherto not fully realized.

We have chosen for discussion the more restricted field of
mercaptan chemistry, using the old term ‘“‘mercaptan” in the
wider sense of any compound containing one or more —SH groups.
Our objectives in this paper are: (1) a critical presentation of the
accumulated data in this field, (2) a discussion of the results of
such a presentation, and (3) the outlining of outstanding research
problems that suggest themselves to active workers in this field.

We propose to treat the subject of mercaptan chemistry under
the arbitrary but systematic headings of the following outline:

I. Physical Characteristics
II. Chemical Characteristics
ITI. Method of Preparation and Purification
IV. Detection and Determination
V. Special Interest Attaching to the Substances
VI. Research Problems

The subheadings will become apparent in the discussion. Our
chief objective is to point out the essential facts and to indicate
493
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their continuity with the corresponding facts of better known
analogous compounds, such as the alcohols, phenols, etc. At the
same time novel features and unsolved problems are bound to
come to light. An effort, therefore, will be made to present specu-
lative discussion right on the heels of the facts, with the hope of
at least raising questions even if no final answer can be given.

I. PHYSICAL CHARACTERISTICS

1. General appearance

Physical state. Methyl mercaptan (1) appears to be the only
normally gaseous member of the type RSH, where R is substan-
tially any type of radical. Hydroxymethyl mercaptan (2), how-
ever, is a solid. The aliphatic mercaptans, in so far as they have
been prepared, are liquids. Yet, g-aminoethyl mercaptan (3)
is a solid. It may be surmised that substitution of groups in
the molecule has quite a marked effect on the physical state.

Comparing mercaptans with corresponding oxygen compounds
in regard to physical state reveals some differences. There are
no gaseous members in the oxygen series. In the sulfur series
thiophenol, o-thiocresol and a-naphthyl mercaptan are liquid
(4); in the oxygen series the corresponding compounds are solid.
p-Thiocresol and p-cresol, however, are both solids (5). The
trend, of course, is more distinctly brought out in the data on
melting points and boiling points.

Crystal structure. There is a general dearth of data in this
field, though vague descriptions abound in which reference is
made to “needles,” “leaflets”” or ‘“platelets.”” Where a series of
compounds has been observed, e.g. the thiosulfocarbamates, NH
=C(SH)SR (6), there is no consistency or continuity in crystal
structure among homologues. Studies of the simpler members
of the aliphatic series should be of interest, but are still
unavailable.

Color. Aliphatic mercaptans are almost exclusively colorless.
This is so consistently true that any description of a preparation
as “yellowish” would throw doubt on its purity. Thiophenol,
the thiocresols and the naphthyl mercaptans (4, 7) are colorless,
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and it is possible that other members of the aromatic group are
not as yellow as they have been reported to be. On the other
hand, it is quite evident that in a case like that of p-acetamino-
thiophenol, two varieties may exist, one colorless and the other
yellow (8). The colorless variety would be

NHCOCH;

SH
and the yellow,
OH

NH—C

O J\CH,

S___
Phenyl 8, §'-dimercaptoviny! ketone,
CH;COCH : C(SH);,

gold yellow platelets, may also be a case similar to that of p-acet-
aminothiophenol, although the existence of two forms has not
been noted (9). Heterocyclic types furnish us with cases where
a decided color may be expected. Thus, phentriazoxine mercap-
tan

0
V4

N
NN
N ) C—SH
N
forms red needles (10). 0-Quinolyl mercaptan (11) is also red.
More complex forms, as «-mercapto-g-carbethoxythio-y-py-

rone-B8;- hydroxythiophene, show different crystal forms of differ-
ent color, as orange-red prisms and yellow needles, depending on
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possible internal rearrangements (12). In any case the rdle
of an —SH group in conferring color properties is apparently very
similar to that of an —OH group (13). We should like to suggest
that a close examination of the question would reveal that con-
tamination with disulfides may have led to erroneous observa-
tions on color in quite a few cases, and that more analogies with
hydroxy compounds will be borne out as undue complicating
factors of complexities of structure are ruled out.

Odor. The unpleasantness of the odor of the mercaptans is
proverbial. The odors have been referred to as “evil,” ‘“‘provok-
ing,” ““unbearable,” “furchtbar,” and the like. It is hard to see
how one observer specifies thiophenol as having a garlicky, but
“not unpleasant’’ odor (7a); but de gustibus non est disputandum,
Nonyl and decyl mercaptans rise almost to the status of perfumes.
Decamethylene thioglycol has been approved (14). p-Phenylene
dimercaptan has a “peculiar odor’”’ (15), while g-thioanthrol, my-
ricyl mercaptan, o-quinolyl mercaptan and o-xylylene dimercaptan
are completely odorless (16, 16a, 16b, 16¢). The parallelism with
hydroxy compounds is evident in spite of prejudice. It is pos-
sible, we have noted, to detect the choking effect of the butyl
and amyl alcohols in the corresponding mercaptans. In some
cases curious cancellations occur, as in pyridine mercaptan, which
is almost odorless (17). There is some evidence that marked
odor changes may be due to tautomerism. We may expect an
equilibrium between

and

the latter yielding derivatives of ferocious odor. Should some
such considerations rule this field there may be in it a rich har-
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vest for the ‘“Riechstoff”’” chemist, and, perhaps, the psycholo-
gist as well.

Taste. Either unusual courage or accident has produced the
observations that ¢o-quinolyl mercaptan,

0.

CH;

o

is bitter (16b). Myricyl mercaptan is also tasteless (16a).
Thioglucose has a sweet but unpleasant taste (18). Since these
compounds have no characteristic odor, they may perhaps find
some use for abnormally jaded appetites.

Miscellaneous. A direct, fast, orange dye is available in o-
quinolyl mercaptan (16b).

is tasteless and

2. Identifying constants

Density. The density data reported are of no high order of
reliability. For aliphatic mercaptans they merely indicate a
range of 0.833-0.894 without any consistent regularity, probably
due to experimental error. The aromatic mercaptans are in gen-
eral heavier than water. The thioglycols are also heavier (19).
This is in general agreement with hydroxy compounds.

Thermal constants. (a) Boiling points and melting points. The
usual chaos of data exists with regard to melting and boiling
points. Thus, ethyl mercaptan is reported to melt at —121°C.
as well as at —144° (20). It may be suggested that hydrate for-
mation is probably a factor in some cases. An interesting in-
stance is that of o-quinolyl mercaptan with two molecules of
water of crystallization. It melts at 58-9°, and in a desiccator
gradually changes to a violet liquid (11). The hydrate is solid,
the anhydrous compound is liquid.
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The boiling points of mercaptans are generally consistently
lower than those of the corresponding alcohols or phenols or
glycols. A convergence becomes apparent for higher homologues

TABLE 1
Comparison of the boiling points of some mercaptans with those of the corresponding
hydrozy compounds

B A g MERCAPTAN EYDROXY COMPOUND
Boiling point in °C. Boiling point in °C.
Methyl @1)...ovveenni . 5.8-7.6 66
Ethyl @2).....ccoiiiiiiiininnn, 34.7-37 78.4
n-Propyl (23, 22a)u...0vvvvvninen. 65 -68 97.4
Isopropyl (22a)..............o0 53 -59 82.8
n-Butyl (24, 23, 22a, 21).......... 96 -98 17
Isobutyl (22,22a)................ 86.6-88 106.5
Isoamyl (25,22).................. 116.6-122 130
n-Hexyl (26, 223, 21)............. 145 -8 157
n-Heptyl (228, 21)................ 174 -5 175.8
Ethylene (27).......ccvvvvnvnnn.. 146 197-197.5
B-Phenylethyl (28)............... 105 at 23 mm. 212
v-Phenylpropyl (28).............. 109 at 10 mm. 235 or 119 at 12 mm.
Propylene (19).............ove 152 188
Trimethylene (19)................ 169 214, 227
Allyl 29). .. .o 90 96.6
Phenyl (30, 5).....ccovviiininnns 166 -170 182.6
Tolyl (in o position) (5).......... 194 -195 190.8
Tolyl (in p position) (31)......... 190.2-191.7 201.8
Benzyl (32) ...l 165, 194-5 204.7
1,8 2......... 211.2
m-Xylylene (33).......ccvvnevnnn. 157-8 at 156 mm, 1,3, 4......... 211.5
1,8 56......... 219.5

Naphthyl (-SH or -OH in posi-

tion 1) (B)....covviiiiiininnn, 285 278-80
Naphthyl (-SH or -OH in posi-

tion2) 34, T)vviveviiiiinnns 1534 at 15 mm. 285-6

286 at 760 mm.

Furfuryl (-SH or -OH in posi-

tion2) (85).....iviiiiiniienn.. 155 168-70

where the effects of other groups predominate. The few instances
given in table 1 will suffice to show this. The curves in figure 1
give a comparison of the boiling points of some mercaptans with
those of the corresponding hydroxy compounds.
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It is our opinion that the differences are not to be explained
merely on the basis of different degrees of association, since in
some cases the values of the two series are too close and in a few
instances the relations are actually reversed.

J2
280

240

0
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F1g. 1. Boiuing PoinTs oF SoME MERCAPTANS AND OF THE CORRESPONDING
Hyproxy CoMPOUNDS

(b) Heats of combustion and of formation. This is a promising
but much neglected field. Several measurements have been
made. Reference can be made (36) particularly to some experi-
ments and calculations tending to show that the secondary val-
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ences of sulfur in RSH are much less than those of oxygen in
ROH (alcohols). The procedure involved the measurement of
the heats of formation of the addition compounds formed by the
given compound and the Grignard reagent, ROMgI. These re-
sults were checked by displacement of the sulfur compounds by
the corresponding oxygen compounds. The heat of formation of
the sulfur compounds and the heat of displacement by the oxygen
compounds together equal the heat of formation of the oxygen
addition compounds. In this way, the secondary valences of
sulphur and oxygen are compared. The explanation is probably
connected with the gradual increase in basicity as we go through
the series sulfur, oxygen and nitrogen.

(c) Other thermal data. Other thermal data, as specific heats,
latent heats and the like, seem to be entirely lacking. There are
a few isolated measurements on the variation of vapor tension
with temperature (37) and a few determinations of critical tem-
peratures (38, 22¢, 22d), the latter being somewhat lower than
for oxygen compounds. Ethyl mercaptan has been reported
as forming mixtures of minimum boiling point with n-pentane
and trimethylethylene (39). A harvest of analogies, involving
matters coming in contact with theoretical issues, is quite cer-
tain to be discovered in this field.

Optical constants. Refractive indices have been obtained for
only a few mercaptans (40, 22, 19a, 5). These yield a value of
7.76 for the atomic refraction of sulfur (21), thus checking results
on other sulfur compounds. Estimates have been made on very
limited data of the optical exaltation of the grouping

Cz?—ﬁH (30b)
C {
Optically active amyl mercaptan has been studied slightly (41),
and mutarotation has been observed for glucothiose (42). Ab-
sorption spectra of phenol and thiophenol have been compared
(43). In spectra of the vapor the chief contrast is a shift from
some 70 bands for phenol to 2 weak bands for thiophenol at 2870
and 2798. On the basis of such facts it would be difficult to
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develop any method of detection of thiophenol in phenol, but
probably phenol in thiophenol would be easily noted. Many
interesting possibilities come to mind which would have theoreti-
cal as well as practical utility, but there is still very little to be
gathered from the scanty observations except that both positive
and negative analogies must be plentiful.

170
/50
430
S
/o @
X -FOH
g ”
90 é‘:
20 »RSH
M. of C Atoms

2 3 4 5 6 7 & 3

F1q. 2. INTERNAL PRESSURE OF SOME MERCAPTANS AND OF THE CORRESPONDING
Hyproxy CoMPOUNDS

Electrical constants. Measurements of conductivity are avail-
able in some cases for thio acids, showing an increasing acidity
on the replacement of sulfur for oxygen (44). It is taken for
granted that mercaptans are more acidic than alcohols and phe-
nols, but it is not known how much more acidic they are on the
basis of conductivity or just where they stand in mutual rela-
tion. Furthermore, the effect of substituting groups may be
quite different in the sulfur series as compared with the oxygen
series. There is no a prior: reason for assuming additivity effects.
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Miscellaneous constants. We have charted a series of values
for the internal pressure of mercaptans (see figure 2) comparing
them with the alcohols, according to the empirical formula:

Internal Pressure = l\ﬁ% X Density at 20°C.,
where T is the boiling point in °C. (45).

To complete our list we will mention some isolated viscosity
measurements (46, 19a). Ethyl mercaptan shows higher values
than ethyl alecohol, but mixtures of the two give still higher values.
The “adhesional work” between ethyl mercaptan and water has
been measured (47). It is less than that for ethyl alcohol. An
internal pressure of 1490 atmospheres is reported, and #, in the
Ramsay-Shields formula is 18.95 (48). These results may be
of some value in the study of solubility. Fragmentary data on
cryoscopic behavior of phenyl mercaptan in phenol are also
reported (49).

3. Distribution data

Solubility in vartous solvents. In the matter of solubility con-
siderable contrasts are to be found between mercaptans and alco-
hols and phenols. The aliphatic mercaptans are insoluble in
water except for such compounds as hydroxymethyl mercaptan
(2) and B-aminoethyl mercaptan (3) which have solubilizing
groups. Ethyl mercaptan at the same time forms a crystalline
hydrate below 8° (50). The matter, however, is complicated
by contradictions among observers. Thus, monothioethy-
lene glycol is reported as slightly soluble (51), and also as com-
pletely miscible (51a, 19a). The contrasts between sulfur and
oxygen types, however, are more likely. Compare for instance,
the fact that p-nitrothiophenol is easily soluble in water (52),
with the fact that p-nitrophenol is soluble only with difficulty.

In alcohol the solubilities of most simple mercaptans are con-
sistently high. Moderate solubility is shown by triphenylme-
thyl mercaptan (53). More complex types, such as phentri-
azoxine mercaptan (10) and B-thioanthrol (16), are difficultly
soluble. This contrasts again with the very high solubility of
triphenylcarbinol and of g-anthrol in alcohol.
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A further contrast in solubility is found in the fact that 8-
thioanthrol is not very soluble in ether, whereas g-anthrolis. Tri-
phenylmethyl mercaptan (53) is only moderately soluble in ether,
the corresponding carbinol being very soluble. Otherwise ether
is an excellent solvent for mercaptans as well as for alcohols and
phenols. The same apparently applies to benzene, and probably,
to judge from scanty data, to carbon disulfide and chlorinated
solvents.

A phenomenon of color change on solution is to be found in the
case of ana-bromo-o-quinoly! mercaptan (11), yellow in the solid
state and reddish in acetone. This resembles the color change
often noted in the case of disulfides. This factor is here elimi-
nated because the disulfide is white. It is probable that more
such cases will be discovered and that their explanation would
point to some form of association with the solvent.

Adsorption, diffusion, partition, etc. No quantitative data
have been published in the literature, though patents abound on
the adsorption of mercaptans by metallic sulfides (54). In par-
ticular the activity of cupric sulfide is receiving some attention
at present.

Partition studies are scarce. The distribution between hy-
drocarbon solvents and various strengths of caustic soda, at
least for the aliphatic series (55), has been taken up on account
of the commercial urgency of the issue. The mercaptans are
very weak acids indeed, and are largely inextractable and be-
come totally inextractable as the molecular weight increases.
A curious datum is the reported solubility of secondary hexyl
mercaptan in potassium hydroxide of specific gravity 1.22 and
its separation into two layers at higher temperatures (56). This
may be due, however, to increased hydrolysis of the potassium
mercaptide formed, and not to any pure distribution phenomenon.

To summarize the state of our knowledge as to the physical
characteristics of mercaptans, we should like to point out that the
field is a fertile one for further study. There is a total, or almost
total, lack of data on dielectric constants, conductivity, internal
pressure, vapor tension, thermal constants necessary for thermo-
dynamic calculation, and optical measurements. Many cor-
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rections of the available data are needed. Distribution data in
particular require re-working on a quantitative basis.

II, CHEMICAL CHARACTERISTICS

1. Stabrlity and decomposition

Thermal. Little has been done along the lines of a detailed
systematic study of the thermal stability of mercaptans. The
evolution of hydrogen sulfide has been noted, and the formation
of other products more or less guessed at (57, 51, 16). There-
fore, we find both sulfides and disulfides and even elementary
sulfur referred to. Then again catalysts seem to affect the re-
action markedly (58). As to the decomposition of metal de-
rivatives of mercaptans there is also disagreement. In the case
of lead and similar mercaptides some authors write reactions
showing only sulfide formation; others include the formation of
some free mercaptan (59, 23, 7). There is also no doubt that
mild decomposition sets in even under conditions of steam dis-
tillation in many cases, especially with the higher aliphatic
members (60, 22a).

More should be done to segregate stable types from unstable
ones. Thus thio acids, carbithionic acids (571) and complex mer-
captans belong to the latter group. Particularly unstable are
the mono-, di- and tri-thioglycerols, hydrogen sulfide being given
off even below 100°. Triphenylmethyl mercaptan also shows
ready decomposition. Occasionally a very special case turns
up, such as that of 2,4,6,-trinitrothiophenol which explodes
similarly to picric acid (57d).

As a matter of fact—and our own unpublished work supports
it strongly—by analogy with the alcohols one should expect olefin
formation along with hydrogen sulfide, and, in the presence of
some specific catalysts, hydrogen formation along with thio alde-
hydes. This has been surmised also by Hurd (61) who formulates
the possible reactions:

CH,~—CH; + H.S
Ve

CH,CH.SH

N
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The thioacetaldehyde, he speculates, may form tetraphenylthio-
phene. We have not found this latter speculation to be true.
In general, olefin formation for the aliphatic types is predominant,
and stability decreases with increasing molecular weight. The
aromatic types are less stable than the aliphatic and probably
follow a different course of reaction.

Electrical decomposition and dissoctatton. No direct data are
available. A few electrolytic oxidations, limited to thiourea
types in which disulfides are formed, would indicate the existence
of an anion due to slight dissociation as acids (62).

Photochemical decompositions. No data were found concerning
photochemical decompositions.

Miscellaneous:—tautomerism, rearrangements. In the study of
the stability of compounds containing the —SH group one must
keep in mind the possibilities of tautomerism and rearrangement.
We may cite the case of thiocarbanilide (63), the ordinary for-
mula of which is

S=—C(NHCH):,

but which behaves with halogen alkyls as if it were
C(==NC,H;)(SH)(NHCH,).
This is general for the group
I
—C—NH

as in thiourethans, thiosemicarbazide, ete. (64).

Very similar is the reported tautomerism of thioacetamide
caused by iodine (65). Cases more removed from these types

are illustrated by the rearrangement (3) of g-mercaptoethyl-
phthalimide to g-mercaptoethylphthalamic anhydride:

/™
/ /\co 7 N\CO—NH—CH,
) |

\ N
NCH:CH,SH &
\ /CO \ /CO—-S—CH2
S V4




506 W. M. MALISOFF, E. M. MARKS AND F. G. HESS

p-Acetaminothiophenol also shows two forms, one yellow and
stable, the other colorless and labile (8).

A type of change recently discussed is the equilibrium between
esters of dithiocarboxylic acids and pseudo acids (44):

RC(: 8)8 ¢ CuHu 41 & RC(: 8)SH
These pseudo acids form pseudo salts.

Similar considerations apply to perthiocyanic acid which may
be pictured in two forms (66):

S
AN 7\
8=C NH _| HS—C N
| <& l I
HN——-0OC=S8 N——-~C—SH
Pseudo form Labile form

The —SH group also gives rise on occasion to the so-called
“thionylium ring” (67), as illustrated by aromatic o-hydroxy-

. 0.

HS—O
¥ \
0
Oij @/
Isosulfide Dehydrosulfide

In this connection we should like to point out that such studies
are very likely to assume an important rdle in the investigation
of the biological equilibrium of complex organic compounds con-
taining an —SH group. Dextro and levo isomers of mercaptans
and their Walden inversion are already attracting some atten-
tion (68).
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2. Formation of addition compounds

A crystalline hydrate of ethyl mercaptan has been reported
(50). There seems to be no reason why other mercaptans should
not form hydrates also. Some parallelism, too, may be found
in the consideration that mercaptides often form hydrates (69).
Nevertheless, the possibility, suggested by analogy, of the addi-
tion of hydrogen sulfide instead of water has apparently not been
tested.

Unsaturated hydrocarbons form addition products. Phenyl
and benzyl mercaptans add to styrene, 1,1-phenylmethylethyl-
ene, trimethylethylene and some terpenes (70). When com-
pounds like benzylidene benzoyl acetone or cinnamylidene aceto-
phenone, representing a very large variety of unsaturated ketones
and diketones, are found to add mercaptans it is due, no doubt,
to their functioning as unsaturated hydrocarbons (71). In con-
formity with expectation in such cases the mercaptan residue adds
to the most hydrogenated carbon atom.

Addition reactions have been reported for halogenated hydro-
carbons with mercaptans of the type of o-quinolyl mercaptan and
the so-called thio amides (72). It is interesting to note that the
same types form double salts with mercury, platinum, zinc and
lead halides (73, 16b). This suggests a probability that similar
cases would be forthcoming amongst mercaptans containing
heterocyelic rings, e.g. imidazole mercaptan and its derivatives.
Perhaps we may include in this set ““chloral phenyl mercaptan,”
which is a definite individual, and a series of addition com-
pounds formed preliminary to condensation between chloral and
monothioethylene glycol or halogenated aromatic mercaptans
(74).

A reaction quite analogous to the addition of aldime (HCI-
HCN) to phenols and phenol ethers is brought out in the case
of all mercaptans, including the aliphatic types (75). Imino-
thioether hydrochlorides are formed. The addition is of even
wider significance, since in the presence of hydrogen chloride the
place of hydrogen cyanide can be taken by acetonitrile, phenyl
nitrile, benzyl nitrile, trichloroacetonitrile, and phenylene di-
nitrile (76).
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Additions with various quinones, phenanthraquinone and
chrysoquinone have been found, in particular for n-butyl, amyl,
benzyl and phenyl mercaptans (77). This is analogous to the
addition of phenols to quinone. We should also expect, there-
fore, similar reactions for polymercaptans, since the reaction oc-
curs for polyphenols.

Observations have also been made on the addition of unsatur-
ated acids, such as acrylic and cinnamic acids, and ketonic
acids, such as pyroracemic acid, to aromatic mercaptans (74a).
There are, however, quite a few irregularities and exceptions
which in themselves should prove interesting. Both aromatic
and aliphatic mercaptans seem to add to isatin and its derivatives.
Compounds with ethylene oxide have been found (79). A
group of mercaptans of the type of g-aminoethyl and g-methyl-
aminoethyl mercaptans, are characterized by picrate formation
(3). An odd case is the formation of an addition compound of
ethyl mercaptan with the methyl ester of azodicarboxylic acid
(80). All these, of course, do not by any means exhaust the
possibilities (81, 63, 57b).

It may be said that on the whole both the aliphatic and aro-
matic mercaptans come closer to phenols in respect to addition
compound formation than to aliphatic alcohols. We are also
of the opinion that the separation and study of addition types is
likely to be simpler in the case of sulfur compounds than in
that of oxygen compounds. As an instance we might cite the
case of benzyl mercaptan adding to benzaldehyde to form benzyl
a-hydroxybenzyl sulfide in the absence of a condensing agent
(81), a case in which a clean cut distinction can be made between
addition and condensation.

3. Condensations

With compounds containing aldehyde and ketone groups. Nu-
merous condensations have been reported with aldehydes (82,
78d, 74, 57j, 33), ketones (83, 82g, 78d, 77, 62a), ketonic acids
(78), sugars (84, 41), aldehydes in conjunction with bases, and
the like. In the synthesis of soporifics, mercaptals, formed from
aldehydes, and mercaptoles, formed from ketones, have played
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an important part. A very strange contrast is that the analogues
of the mercaptoles cannot be made by the same procedure in the
alcohol series. Mercaptals have been made from aliphatic mer-
captans and dimercaptans with many aromatic aldehydes, and
even cyclic aldehydes such as thienyl acetaldehyde (82g). Aro-
matic mercaptans have been condensed with both aliphatic and
aromatic aldehydes in a wide variety of combinations. Piper-
onal, cinnamic aldehyde, and furfural (78d) appear in a long list
of reagents, and the mercaptan proper reactions have been ex-
tended to aliphatic thio acids. The last mentioned form dithio-
aldehyde aliphatic acids, which show a structure analogous to
that of the mercaptals. Thus, dithiobenzaldehyde acetic acid
would be (C¢H;)CH(SCH,COOH),;. Few reactions with for-
maldehyde have been tried (82e, 82i, 82k). Keeping in mind the
complications that arise in the reaction of phenols with formalde-
hyde, it would be of interest to see the matter investigated.
One would expect, for instance, to find the sulfur analogues of
HO(CH,)CH,(C:H,)OH, and HOCH,CH,OH, which are formed
under different conditions in the reaction of phenol and formalde-
hyde.

Amongst the ketones used in condensations we find acetylace-
tone (83a), thiophenylacetone (83), thioethylacetone (83),
2, 3-diphenylindone (77), and diketones of the type XCOYCOZ
(83a) in combination with aliphatic and aromatic mercaptans,
including thio acids and derived forms as, for example, g-ethoxy-
ethyl mercaptan (83b).

a-Ketonic acids show similar behavior readily; g-ketonic acids
less readily. Thioglycolic acid condenses readily with acetoacetic
ester. The data are scarce but many extensions ought to be
possible (78).

Condensations with sugars are receiving a great deal of atten-
tion. Thus methyl mercaptan and grape sugar will condense to
glucose methyl mercaptal, CH,OH(CHOH),CH(SCH,),. This
may go over to an alkyl glucoside. Arabinose, galactose, man-
nose, rhamnose, xylose, lactose, rhodeose, fucose, and many
others and their derivatives figure in these syntheses.

Esterification. Esterifications have been accomplished directly
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in many cases. Thus methyl mercaptan and formic acid form a
methyl trithioester. It is not imperative to use methyl formate
or formamide or chloroform in the presence of alkali, though such
methods are also operable. This applies to both aliphatic and
aromatic types (85, 82b). Both mono- and di-acetyl compounds
are reported (85c, 85d, 85e, 851, 85g, 57k, 34, 15). Occasionally
an esterification fails, as e.g. that of allyl mercaptan with formic
acid, but it is because of the instability of the mercaptan (821).
An esterification with an inorganic acid, hydrochloric acid, is
reported only for triphenylmethyl mercaptan, with the evolu-
tion of hydrogen sulfide (53). This would be expected by ana-
logy. An interesting case is another such esterification of mono-
thioethylene glycol with concentrated hydrochloric acid (19a).
In this experiment the aleohol group was esterified and the mer-
captan group remained unchanged. This may not be a true basis
for comparing the competition between the—SH and —OH groups,
since the residual groups are not the same. The analogies under
more comparable conditions have been tested, the limits follow-
ing in general the relations observed with alcohols, though much
lower. The stability of esters decreases with increase in molecu-
lar weight (85h, 57k, 24a). The failure of mono esters to turn
up in the case of formie acid is of particular interest, but it may
be merely a matter of conditions. Furthermore, certain reactions
of phenols which one may come across in attempts to esterify, as,
for instance, with phthalic anhydride, to form either phthaleins,
and e-hydroxyanthraquinone, or the AICl; condensation product,
HOCH.COC:H,COOH, have not produced their analogues as
yet. The formation of g-mercaptopropyl phthalimide from g-
aminopropyl mercaptan and phthalic anhydride indicates possi-
bilities in this direction (86). It may also be noted here that
reactions between some alcohols and some mercaptans to form
sulfides, which are reversible, have also been considered as es-
terifications, i.e. the mercaptan may be treated as an acid. Thus
benzyl alcohol reacts reversibly with ethyl mercaptan forming
the sulfide. On the other hand, benzyl mercaptan reacts irre-
versibly with ethyl alcohol to form the ether (87). Thus, too,
one may look upon condensations of mercaptans with aniline
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to anilides (9) as another instance of esterification with the mer-
captan in the role of an acid.

Reimer-Tiemann types. Condensations depending on the use
of chloroform or carbon tetrachloride along with alkali have been
worked out in some detail (88a). There is some analogy with
alcohols and phenols. Thus mercapto acids may be made in the
same way as hydroxy acids. Yet there may be some differences
in orientation, and complications certainly do arise onaccountof
ready disulfide formation from mercaptans or mercapto acids.
Nor is the formation of salicylaldehyde from phenol paralleled
with thiophenol, in which case an orthoformic ester is formed.
The points of difference do illuminate the special problems of
poor yields with oxygen compounds, pointing to explanations
based on analogies to the sulfur compounds, rather than wvice
versa.

Ester exchange. By ester exchange we mean a condensation
reaction in which substantially an esterification is accomplished
by another ester (59a). This is illustrated by the equation.

RSH 4 R’ONO = RSNO + R'OH

Mercaptans react with organic nitrites to give a thionitrite
and an alcohol or phenol (89). Even substituted mercaptans
show this reaction, which we may guess is probably reversible,
furnishing us directly with the oxygen analogue.

Somewhat similar are the reactions (90) characterized by the
equation

M(SR): + n NO — (NO).~.:MSR 4 NOSR

in which M = Ni, Co, or Fe. For Fe and Co, n = 3; for Ni,
n = 2, Besides the esterification there is the formation of a curi-
ous metallic derivative.

Condensations with acid chlorides and the like. Reactions with
chlorides of inorganic acids parallel the oxygen types. Yet
phosphorus pentachloride, for instance, when reacting with a
mercaptan may form a sulfochloride in addition to an ester (91).
NOCI reacts to form thionitrites (59a). Phosgene (92), or
thiophosgene (92a, 92b), and esters of chlorocarbonic acid (93)
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condense normally. Polysulfide types may be obtained by the
use of phosphorus sulfochloride (94), thus

3 RSH + PSCl; — PS(SR)s + 3 HCI

In the case of organic acid chlorides in conjunction with alkali
we have numerous analogues of the Schotten-Baumann reaction.
We have illustrations from among the simplest up to the most
complex mercaptans. Other than sodium salts of the mercap-
tans may be used. Occasionally the matter is complicated by
ring closure (72), as in the case of B-mercaptoisopropyl amine
forming 4-methyl-2-phenyl-thiazoline when condensation with
benzoyl chloride is attempted. Oxalyl choride has been used in
a number of cases (96). Picryl chloride also leads to compli-
cations due to ring closure with the reagent (85e). A peculiar
case is found in the reaction with o-hydroxythiophenol in which
“phenoxthin,” or 1,3-dinitrophenothioxin, is formed (97a), thus

NO, 0 NO.
OH Cl / \
+ -
SH 0N NO. \S / NO,

Further cases are too numerous to discuss (97, 85d, 82e, 82h, 74b,
59h, 57b, 57g, 50, 33, 28, 27, 14, 11, 7).

Types related to Williamson’s reaction. The formation of sul-
fides analogously to ethers from organic halides and sodium mer-
captides has been investigated for a large variety of compounds
(98, 97¢, 97e, 97n, 85¢, 85d, 85e, 82¢, 82g, 82h, 81b, 73, 33, 10,
9,7,3,1). The reactions are not limited to sodium mercaptides.
A frequent variant is found in the use of sodium ethoxide with
the mercaptan and halogen derivative. It may be noted here
that in some cases a complication may arise in that a sodium
mercaptide will react directly with a mercaptan to form a sulfide,
as seems to be the case in the reaction of cyclopentyl mercaptan
and sodium ethyl mercaptide. This would lead one to expect
analogies in the case of alcohols and phenols which remain to be
discovered.
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The halogen derivatives which may be used include chloroalkyl
sulfides (97h, 82h) and sulfoxides (97h), chloroanthraquinones
(97d), chlorohydrins (98x, 97n, 82¢), and even chloromercaptides
(98d), e.g. CoH.(NO;)SCIl. In the interesting case of conden-
sation with (SCN); and RS —SCN, the SCN group shows behavior
analogous to that of the halogen (98b, 98t). Thus o-nitrophenol
with NCS—SCN yields C:H,(NO;)S-SCN with the liberation of
HSCN. g-Naphthyl mercaptan and C,H;S-SCN yield HSCN
and (C;0H,)S-SC,H;. These products may condense further
with more mercaptan giving disulfides of higher molecular weight.
Cyanogen iodide (11), somewhat analogously, will convert an
—SH group to an —SCN group. On the whole, there is also no
reason for not including amongst such condensations reactions
with alkyl sulfates (98s, 85d, 85e, 73, 10), with sulfonic acids and
esters (100e, 98r, 98v, 97¢, 81b, 15) and with rarer reagents, such
as benzyl nitrate (98p). All of these have been tried to some
extent.

Reactions with aryldiazonium salts, efc. Attempts have been
made to parallel the action of phenols on diazonium compounds
to form azo compounds. Aromatic mercaptans react with dia-
zonium compounds to form diazothiopheno! ethers which are
converted readily to sulfides (99, 87). Disulfides are found as by-
products and, in the not unusual contingency of an explosion, as
the main products. There is a distinet contrast in these observa-
tions which deserves a great deal more attention.

Reactions with chloro actds, etc. Sulfide formation is the essen-
tial background of condensations with chloro acids, which re-
semble those given above for other chlorine-containing com-
pounds (100, 98¢, 97, 97], 97k, 85e, 82},59h, 3). Esters of the chloro
acids apparently do as well (100d, 93). To complete our list we
would mention chloro- and bromo-ketones and an instance where
diiododiethyl sulfone reacted analogously. Of more interest are
the deviations from these standard forms, such as, for example,
the reaction of benzyl mercaptan with ethylene dichloride and
alcoholic alkali. Surprisingly, the unsaturated Bz2SCH —=CHSBz
is formed, as if there were a momentary formation of acetylene
(98¢). Curious also is the inversion that may occur with par-
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ticular mercaptans possessing unusual characteristics. An in-
stance arises in the condensation of g-aminoethyl mercaptan with
ethylene chlorohydrin in which the hydroxyl group, rather than
the chlorine atom, reacts with the hydrogen of the —SH group
forming NH,CH,CH,S-CH, - CH,CIl. 1In all other cases observed
chlorohydrin reacts by way of the chlorine atom.

That sodium bisulfite may be split out in a condensation is il-
lustrated by the combination of sodium anthraquinone sulfonates
with mercaptans in the presence of alkali to form alkylmercapto-
anthraquinones (100e, 100g). An entirely similar splitting out
of KNO; occurs when nitroanthraquinone is treated with a po-
tassium mercaptide (100f). We know of no analogous reactions
in the oxygen series.

Ring closures. Several examples exist of aromatic mercaptans
which on treatment with alkali form heterocyclic compounds
(101, 97a, 86, 72, 57k, 27, 9). Such is o-(y-chloropropyl)-thio-
phenol which forms «g-benzopentamethylene sulfide or ‘‘thio-
chroman” (101d).

Otherwise one may rely on more or less standard proce-
dures. Thio amides and ethylene dibromide (10la, 101b, 72)
dithioethylene glycol and benzal chloride or ethylene dibromide
(101e, 9), will yield ring structures. o-Aminophenyl mercap-
tans and nitrous acid go to diazo sulfides (101),

(C5H4)—N:N
N /S

In this group we may also place the conversion of phenyl mercap-

tan to thianthrene
S__
s_

in the presence of aluminium chloride (10l¢). Again analogy
proves to be a safe guide.
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4. Oxidations

Oxidations by concentrated sulfuric acid, nitric aced, and the Like.
That the first step in the oxidation of mercaptans is disulfide
formation and the last step sulfonie acid formation is well known.
Yet the probable existence of sulfoxides and sulfones as interme-
diate products is quite usually ignored. Concentrated sulfuric
acid and even sulfur trioxide are reported to form disulfides only
(97e, 59, 5), yet evidence is available that other products are
also present, e.g. phenyl mercaptan yields thianthrene and pos-
sibly diphenylene-p-disulfide and compounds responsible for a
blue color (103). There is hardly any doubt that there is fur-
ther action beyond simple disulfide formation, characterized by
ring closures and polymerization (103, 10lc). Our own work
clearly indicates a similar situation for aliphatic types as well.
In fact, it is possible to obtain parallel results with aluminium
chloride, zinc chloride or phosphorus pentoxide once disulfide
formation sets in (101c). It is also possible to take the stand
that esterification of the mercaptans by the sulfuric acid pre-
cedes the oxidation proper to disulfides, the ester formed break-
ing up into a disulfide and sulfur dioxide (59j), i.e.

(R8):80: — R.S; 4 SO:

Another postulate calls for the formation of thiosulfonic esters,
RSO,SR (24b). Still another angle in oxidations with sulfuric
acid is revealed in what seems to be trisulfide formation from
free sulfur originating from hydrogen sulfide and sulfur dioxide
liberated, a reaction surmised to be

2RSH 4+ 28 — R.8; + H.S

The trisulfides are credited with responsibility for the corrosive-
ness of naphthas (104).

Oxidations with nitric acid, though frequent, have not been
studied in detail (109, 105, 98a, 51, 32, 29). Thus the possibility
of nitration seems to have been largely overlooked, except in a
case in which fuming nitric acid has been used on 2,4-di(methyl-
mercapto)-1-ethylbenzene to produce the monosulfoxide of 5-nitro-
2,4-di(methylmercapto)-1l-ethylbenzene (85e). Again, as in the
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case of urea types functioning like mercaptans, the presence of
nitrous acid along with the nitric acid would make quite a differ-
ence (81a). Indealing with arylimidazole mercaptans, nitric acid
is responsible for the removal of the—SH group altogether (106,
73). This reminds one of the same phenomenon when chromic
acid is used jointly with sulfuric acid (107, 106). The combina-~
tion of nitric and sulfuric acids yields polymers in addition to sul-
fonic acids (15), and there is no telling what aqua regia and the
like may do. Mixtures of nitrogen oxides may be mild enough to
yield sulfoxy compounds in some cases (98f, 980), whereas nitro-
syl chloride has been used gently to make disulfides (108, 96).
But we have learned already that the latter also makes thionitrites
(RSNO), which may be intermediates. One would also expect
sulfuryl chloride to behave similarly if used mildly. More
definite results may be expected with permanganate (109, 106,
91) and especially hydrogen peroxide (110, 85b, 16b), but very
little has been done along those lines.

Disulfide formation in oxidation. If disulfide formation is an
objective, one may even use copper sulfate (111, 23) or lead per-
oxide (98f, 15). Phosphorus oxychloride (112, 97b, 96), tellu-
rium tetrachloride (113), etc., may function to some extent as
oxidizing agents, and ferric chloride and ferricyanides serve the
same purpose (114, 107, 971, 97n, 53, 19a, 11, 10). This reveals a
wide scope for inorganic oxidizing agents, quite a few of which
have been made the subject of patents, since the odors of disul-
fides are not as objectionable in naphthas as are those of mer-
captans.

Air is quite adequate in the production of disulfides from mer-
captans (115, 98h, 5, 74a, 62, 62a, 57i, 57k, 52, 50, 33, 19, 3).
It is difficult to keep solutions of mercaptans in oil from oxidizing.
This is particularly marked under alkaline conditions. On the
whole, very little has been done in this field. When we consider
that cysteine is oxidized to cystine by oxygen under biological
conditions (74a) or in the presence or iron salts (114), and that
there are other balances of the same type in the body, one might
wish that much more had been done in this field.

The place of oxygen in disulfide formation can be taken by
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ozone (116) or by electrolytic generation of oxygen (117, 62).
The most famous equivalent, however, is sulfur (118). The
well-known ‘‘doctor sweetening” of oils consists of converting
mercaptans to lead mercaptides by reaction with alkaline plum-
bite solution. These are converted by free sulfur to disulfides
and lead sulfide. Recently it has been shown that basic mercap-
tides are formed, and even peroxide derivatives, but that the
final effect due to the addition of sulfur is either a slow or a
rapid conversion to disulfides. We might suggest that biochemi-
cal research on similar reactions of compounds containing an
—SH group involving oxygen may draw some inspiration from
the work with sulfur. Reaction of mercaptans with sulfur has
yielded disulfides.

Oxidations by halogens and halogen compounds. When we come
to oxidations with halogens careful distinctions have to be made.
Todine seems to be the only one that can be relied on to yield
disulfides only under alkaline conditions (119, 107, 106, 97g, 3).
Bromine (120, 117, 971, 85¢, 78b, 59h, 57j, 48s, 31, 19a, 15, 5)
and chlorine (121, 120c¢, 98h, 98s, 97m, 57, 53, 15) are likely to
vield sulfobromides and sulfochlorides under acid conditions and
may lead to sulfoxides, sulfones and even sulfonic acids under
alkaline conditions. In the case of some complex mercaptans
which are very easily oxidized we are not certain that even iodine
may not lead to sulfonic acid formation, and bromine has been
known to split off the —SH group altogether when in excess,
e.g. 1,4-acetamidonaphthyl mercaptan forms 4-bromo-1-acetyl-
naphthylamine (57j). Easily oxidized mercaptans, as p-phenyl-
ene dimercaptan, form polymeric disulfides first and substi-
tuted polymers subsequently (15). Commercial application has
been made of this type of oxidation to “sweetening,” or conver-
sion to disulfides, by means of sodium hypochlorite solutions
(121, 59j). This indicates that close control of conditions will
segregate the various types of possible products, and where mix-
tures have been obtained consistency may yet be introduced.

Halogen-containing compounds such as sulfurylchloride (122,
120, 980, 96, 53), thionyl chloride (123, 118a, 96), the sulfur chlo-
rides (124, 123a, 118a, 92a), and even chloropicrin (125) exert an
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oxidizing action in a variety of ways. The sulfur chlorides yield
polysulfides, which are described as “not sweet’’ products. Tri-,
tetra-, and penta-sulfides are on record. A distinetion has been
made between mercaptans on the basis of their reactions with
sulfur monochloride (124¢). A “real” mercaptan is one that
reacts without liberation of sulfur; a ‘‘potential’’ mercaptan is
one that reacts with liberation of sulfur. The distinction is
illustrated thus:

2 CH;CH,8K + 8,Cl; — (CH;CH):S=8 + 2 KCl (real mercaptan)
2 (CeH;)C(=NH)(SK) + 8:Cl; — S(CH;C: NH); + 2 KCl + 3 8

At the same time, it seems that if sufficiently diluted the mono-
chloride may yield the disulfide. Thionyl chloride has been
used for polysulfide formation. Sulfuryl chloride, however,
yields disulfides mixed with sulfochlorides. In this instance, the
sulfochlorides probably condense with mercaptan to form the
disulfides:

RSH + R’SCl — RS SR’

Chloropicrin normally produces disulfides, but it may also form
compounds of the general formula (RS);COR (SR); through loss
of nitrous acid in the course of such oxidations.

Miscellaneous oxidations. Miscellaneous oxidation reactions
abound. At times there are ring closures in complex cases (125a).
We find diazobenzene chloride leading to disulfide formation (99).
So may hydroxylamine (120), aryliminomethylenesulfoxylic acids
(126), sulfinic acids (102b, 31), disulfoxides (123a, 31), formalde-
hyde sulfoxylate (126, 2) and chlorosulfonic acid (127, 59). This
means that mercaptans are good reducing agents. They re-
duce, as a further instance, quinone to hydroquinone forming
probably thio aldehydes (128). Even sulfur dioxide may act as
an oxidizing agent with reference to mercaptans. In the pres-
ence of hydrogen chloride, sulfur dioxide may be used to make di-
sulfides and even trisulfides (129, 123a). Polysulfide formation
by oxidation with what we are accustomed not to consider as
oxidizing agents may also be obtained with thionyl aniline,
(CeH;NSO), and diethylaniline sulfide (130).
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Many interesting problems arise in this field. When we note
sporadic observations such as the formation of hydrogen perox-
ide in the autoxidation of mercaptans and the formation of
peroxides by mercaptides (131), we feel that only a beginning has
been made in the study of the oxidation of mercaptans. Even
though we have but little as yet upon which to found analogies
with phenols and aleohols, the possibility is being opened up (132,
130, 118d, 117, 98e, 30a, 28).

5. Miscellaneous reactions

Mercaptans react with alkyl magnesium halides to produce
alkylmercapto magnesium halides and hydrocarbons (133). This
is in line with the analogous behavior of aleohols in Grignard con-
densations. Ethyl mercaptan, ethyl magnesium bromide and
benzoyl chloride yield ethyl thiobenzoate; if ethyl chloroformate is
used, ethyl thiocarbonate is obtained (133a). Synthetic build-
ing up of mercaptans may be accomplished as in the case
of aleohols.

Substitution of —SH hydrogen together with substitution in
the ring takes place when aromatic mercaptans are treated with
chlorine in chloroform or carbon tetrachloride (120c, 98h, 34).
There may be simultaneous oxidation to halogen-substituted di-
sulfides. We have already remarked that excess halogen may
cause the entire loss of the —SH group in complex mercaptans
(98h). Somewhat puzzling then, is the reported formation of
ethyl bromide from ethyl mercaptan and bromine (19b). It is
quite to be expected however, in the case of the curious mercapto-
silicon chloride, SiCl;SH, which gives SiCl;Br (196).

A “Gabriel” reaction (134, 120a, 101b), amounting to the
conversion of one mercaptan to another, is illustrated by the case
of the reaction of N-(y-mercaptopropyl)-phthalimide with fum-
ing HCl in a bomb tube:

CO
/
CsH, /N(CHE)SSH g C5H4(COOH)2 + HSCH,CH,CH,NH,

CO
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Mercaptoamines are thus formed. This parallels aminoalcohol
formation.

Stress should be laid on the observed substitution of —SH
groups, not only because of the apparent analogy with alcohol
chemistry, but also because of the similarity to reactions in which
an —SH group is hydrolyzed off, as it were, with the formation
of hydrogen sulfide (1385, 120¢, 57, 53, 9, 3). Thus the same
SiCL:SH on treatment with alecohol yields hydrogen sulfide (19b),
while triphenylmethyl mercaptan loses hydrogen sulfide on treat-
mentwith cold concentrated sulfuric acid, boiling acetic anhydride,
dilute alkali, sodium ethoxide or even alcoholic silver nitrate (53).
The last reaction shows an analogy with alkali hydrosulfides,
since silver sulfide is formed. Removal of —SH groups by simi-
lar mechanisms is possible with alcoholic ammonia or potassium
hydroxide at elevated temperatures in some exceptional types, as,
for example,

SH
p-CH; - CH,CO - CH: C (9)
SH

Simple hydrolysis with water alone at elevated temperatures
has also been reported, at least for ethyl mercaptan.

A claim has been made that mercaptides react with disulfides
(97f) in a kind of rearrangement:

R'SSR’ + 2 R”SK — 2 R’SK + R”SSR/

Such shifts may not be uncommon. Another phenomenon which
has received practically no attention is the possible polymeriza-
tion of mercaptans (74b).

A rather unusual reaction, too, is the reduction of substituted
persulfides (RSSH) to simpler mercaptans (RSH) by sodium ar-
senite or potassium cyanide (136).

A large variety of analogies may be suggested for research.
These would be parallel to pinacoline transformations, such as
the transformation of di-primary, primary-secondary, primary-
tertiary and di-tertiary dimercaptans to thio ketones. One might
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parallel the dehydration of aromatic alcohols mixed with aromatic
hydrocarbons, e.g. the reaction of benzyl mercaptan and benzene
in the presence of sulfuric and acetic acids to form diphenylme-
thane, or the similar reaction to synthesize triphenylmethane.
There should be analogues of the condensations with the “me-
thane carbon atom,” such as that of phenol, oxalic and sulfuric
acids to form aurin (HOC.H,),C=C¢H,=0. Condensations of
anthrol derivatives suggest numerous possibilities in the dye
field. Some of the simpler reactions need investigation, as, for
instance, the formation of the analogue of resorcin green, which
is formed by the action of nitrous acid on resorcinol, or the forma-
tion of dinaphthols by the action of ferric chloride on the naph-
thols. One may expect a material increase of our knowledge
contributory to analytical detection and to practical utilization.

To augment our list of reactions, untouched or practically un-
touched, we may mention possibilities that suggest themselves in
the reduction of phenol to hexahydrophenol, oxidation of side
chains of phenols, reduction of hydroxy acids by hydrogen iodide,
direct replacement of groups, as Cl or —NH,, by —OH, Skraup’s
synthesis, Kolbe and Schmitt syntheses, and syntheses of hy-
droxy acids, as illustrative of a host of not only analogies, but
also contrasts.

III. METHODS OF PREPARATION AND PURIFICATION

1. Occurrence and isolation from natural products

Methyl mercaptan has been reported in numerous biological
sources, in fresh roots as well as in decomposing organic matter
(137). Ethyl and isoamyl mercaptans seem to be normal by-
products in the metabolism of yeast or micro-organisms (138).
The reason why other homologues have not been reported lies
probably in the qualitative way in which the matter has been
approached. If we include thio acids, sulfur-containing amino
acids as cysteine, glutathione, in our list, the —SH group becomes
almost omnipresent (139). Coagulated egg white gives the nitro-
prusside test (139c). A thio sugar of known constitution has
been found in yeast. It iseven stated that insulin’s physiological
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activity depends on the sulfur part of the molecule. If we con-
sider the multiplicity of reactions possible in the decomposition
of these more complex compounds containing —SH groups and
the patent fact that simpler mercaptans do form readily in the
metabolism of such foods as asparagus or spinach (137b, 137¢),
it is not surprising that petroleum, its distillates, shale oils and
coal tar distillates are good sources of mercaptans, since they
ultimately originate from living matter.

The isolation of mercaptans from natural sources, if it be merely
a matter of scientific interest, can be accomplished by a judicious
choice of reactions. Industrially, aqueous caustic soda is em-
ployed to remove the lower aliphatic mercaptans and some thio-
phenol, and hence these washings may serve as a limited source of
of these mercaptans. Mercaptans can also be recovered from
refinery acid sludges in which they dissolve as such, especially
at lower temperatures. Quantitative separations in the form of
mercury derivatives and the like, are, of course, possible, even if
they are not practised.

2. Synthetic methods

Direct introduction of —SH group by substitutton. The most
obvious approach in the synthesis of mercaptans is the substi-
tution of an inorganic radical already present in an organic com-
pound by an —SH group from an inorganic source, such as
hydrogen sulfide, a sulfide, or a hydrosulfide. The simplest
case reported recently is the formation of ethyl mercaptan from
ethyl iodide and aqueous hydrogen sulfide (140). This takes
place even in acid solution and is accelerated by the presence of
precipitated sulfides or other adsorbing agents. Rather un-
expected is the reaction of hydrogen sulfide with silicon tetra-
chloride leading to the formation of SiCL;SH (19b). Apparently
one might expect analogies to appear in the inorganic field
as well.

Reactions with hydrosulfides have been practised on the most
varied types of halogenated compounds even to the extent of
determining the orientation of entering —SH groups (141, 132a,
114b, 105f, 98u, 78b, 74b, 57d, 53, 51, 29, 27, 19). Thio acids
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(141p, 119e, 1191, 111, 571), thio sugars (141e, 141r, 141s, 141t),
thiopurine derivatives and the like (141b, 141le, 141m, 110b, 98I,
98q, 57g, 33), have been made by such procedures. We should
like to point out that it is often overlooked that there may be
other products formed, as, for instance, dithio acids in the thio
acid syntheses. It is also possible to get polysulfides, as, for in-
stance, triethylene disulfide dimercaptan and more complex com-
pounds in the reaction of ethylene bromide with KSH (115d), thus

S—C.H, S—C,H—8

CQI‘LBI‘z + KSH - CzHA(SH)g + (CzH&)aSz(SH)z + CzH4 S + CzH4
\ /
S—C.H, S—C.H—=8.

Vartants on direct use of hydrosulfide. The conditions are often
varied, sodium sulfide being used instead of the hydrosulfide; nor
is it necessary to work with a halogen derivative (142, 141g).
Thus, analogously to the potash fusion of sodium benzenesul-
fonate to obtain phenol, one may get a small yield of thiophenol
by the use of potassium hydrosulfide. A general method has
been reported whereby alcohols are treated with red phosphorus,
moist sodium sulfate and sodium sulfide, and bromine (143). This
is essentially a modification of the above procedures, with the
curious fact that the sodium sulfate is a source of sodium sulfide
or hydrogen sulfide:

6 ROH + 3Br; + 2P — 6 RBr + 2 P(OH):
4 P(OH); + Na.S04 — Na»S + 4 H;PO,
Na,S + H;PO, — Na.HPO, 4+ H,S
RBr + H.8 — RSH 4 HBr

The yields are good.

In the same class we may put reactions whereby an —NH,
group is replaced by —SH by diazotizing and treating with an
alcoholic sulfide or hydrosulfide to liberate nitrogen. Better
yields are obtained if the diazotized compound is first treated
with a xanthate or a thiosulfate and then hydrolyzed. In some
cases the use of xanthates to react with the halogen derivative
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can be made direct. On hydrolysis the mercaptan structure is
opened up (144, 141k, 98s, 92a, 8).

Addition of hydrogen sulfide to unsaturated compounds, and reac-
tions with alcohols and the like. Before we go on with cases of this
sort we stop to consider the cases in which hydrogen sulfide has
been used to add to unsaturated compounds. Strangely enough,
direct addition to olefins has not been investigated, although ethyl
mercaptan is mentioned as a by-product in the reaction of acety-
lene with hydrogen sulfide at 425-50° (145). Indirectly this is
accomplished when alcohols are passed over thorium dioxide with
hydrogen sulfide at temperatures at which olefins may form
(146, 58). There is also reason to believe that alcohols may be
sufficiently dehydrated by concentrated sulfuric acid to react
with hydrogen sulfide to form mercaptans, at least of the ali-
phatic series (41). In the case of sugars the —SH group may
be introduced by means of hydrogen sulfide in the presence of
pyridine (141i, 141s, 84, 42). Furthermore, esters may be simul-
taneously hydrolyzed and caused to react with hydrogen sulfide
to form mercaptans (87). A very interesting case of a more
complex nature is the conversion of the corresponding —OH com-
pounds to the carbothiols of malachite green and of crystal violet
merely by the action of hydrogen sulfide (13a). We also think
it proper to surmise that the formation of mercaptans in fermen-
tation may be due to the reaction of alcohols with hydrogen sul-
fide. It may not be safe to speculate that wherever water adds
to yield hydroxy compounds, hydrogen sulfide will add to yield
mercaptans, yet we can cite cases in which such similarities are
well indicated. Benzalacetophenone will add hydrogen sulfide
to form a sulfhydrin (147); with favorable structures a —C=N-
group will add hydrogen sulfide to form a mercapto compound
(125a), and the like.

It is but a small transition from the above to cases where
phosphorus sulfides have been made to react with hydroxy com-
pounds (148), such as phenols (141m, 132b), carbostyril (16b),
hydroxyquinaldine (16b), and benzohydrol (148a), to form the
corresponding thiols. Aluminium sulfide and hydrated sodium
sulfate (57) constitute a reagent somewhat analogous to that
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acting in the instances in which hydrogen sulfide reacts as it is
formed.

By various hydrolyses. Very numerous are the cases in which
the mercaptans are obtained finally by the hydrolysis of some
compound which may itself be a synthetic mercaptan. We have
mentioned the Gabriel reaction for aminomercaptans, but it
need not be restricted to this type and is applicable to the {forma-
tion of dimercaptans (134, 120a, 101b, 86, 72, 3). Xanthates
and xanthic acids ean be hydrolyzed to mercaptans or mercapto
acids (149, 144, 144a, 144b, 144c, 141f, 119f, 98s, 93, 8). Hy-
drolysis of mercapturic acids gives cysteins (137g, 74a). Hydrol-
ysis of cystine derivatives yields mercaptans (150). Many
thioglycols have been made by the hydrolysis of thiourethans
(14). Thus,

NH;:- CS: S(CH:).8:C: S NH, + 4 KOH — 2 KSCN + KS(CH.).SK.

Ring closures may occur (151, 120a, 106, 97g, 12, 10), such as
when acetylallylarylthioureas on refluxing with dilute hydro-
chloric "acid yield arylimidazole mercaptans (73). Rings are
opened up also, as when diphenylthiohydantoin yields on hy-
drolysis thioglycolic acid (152).

Hydrolysis of g-ethylmercapto-crotonic acid ethyl ester favors
preferentially the splitting off of a mercaptan (100a). In the
case of a compound like C¢H,(NO,)(CHSCONH,) (156), hy-
drolysis leads to the formation of a mercaptan. We may men-
tion as sources of mercaptans such compounds as CCl,—C(SCHj;)
(NH-HCl1) (76), mercaptotriarylcarbonium salts (153), esters
of thio acids (96), the addition compound of dimethyl sulfate
with thiourea (154), and thiourea derivatives (154a, 107, 21a),
phenylthiomethyl acetate (98f), phenylsulfoxyacetic acid (155),
thio esters of thiophthalic acid (1410), the diacetone compound
of 3-thioglucose and the like (158, 141c, 141s, 141t, 132j, 84a),
thiourethan glycoside (14), mercaptals (84), ethyl trithiocarbonic
acid (144), and types like (C¢H,S).C(CH;)(CH,COOC,H;) (78).
Add to this heterogeneous group the hydrolysis of Grignard
reagents containing sulfur, usually made by the use of free sul-
fur, to obtain quite a variety of mercaptans (157, 141, 133, 117,
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30, 30a, 25). A very general equation, representing hydrolysis
of thiosulfocarbamates (6), is expressed by

SR
2 NH=C + 5 KOH — 2 RSK + R,S; + NH; + CNK + (COOK); + 2 H;0
SR
and still another involving thio acid esters (6):
NH,.CS - SR — NCSH 4 HSR

Rather unusual are conversions of thiocyanates to mercaptans
by concentrated sulfuric acid (159,1). Dimethyl sulfate in very
exceptional cases can be made to remove an —SH group from a
compound to form methyl mercaptan (125a). The group
—SCOC¢H; can be converted to an —SH group by ordinary
hydrolysis when appearing in ring compounds (156).

There remain also a few cases where drastic action which may
be considered as hydrolysis leads to mercaptan formation. Such
is the formation of o-thiocresol from thionaphthene (160) and the
decomposition of disulfides to mercaptans and sulfonic acids
along with other products by caustic potash (161, 124e, 102b).
More complex variants will not be discussed here (162).

By reductions. Quite as important are numerous cases in
which mercaptans have been synthesized by reducing some other
compound. The disulfides, if available, are very convenient
(163, 146b, 138d, 117, 114b, 101, 97, 97m, 82j, 57m, 9e¢, 8c, 6).
As reducing agents we find alkali sulfides (136, 132i, 124e, 100b,
31, 19a), glucose in alkali (163, 97n, 82b), zinc dust in alkali or
acid (161b, 123a, 115b, 98r, 97j, 35, 15), active aluminium (163a,
163i), sodium (163d, 971, 97j, 82h), tin and acid (82b), electroly-
sis at the cathode (114a), the Grignard reagent (30), mercury
with or without chloroform (163b), and mercaptides themselves
(97f). It is doubtful whether sulfides as a class are reducible by
such means to mercaptans, yet exceptions seem to exist in the
case of o-nitrophenyl sulfide and sulfides of the type C:H;CHy,—
SCH,COR (164). In the latter cases benzyl mercaptan has been
obtained by reduction with sodium, zine and acid, and even hy-
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droxylamine hydrochloride (97j). We are not prepared to say
whether these are really exceptions, since the field has not been
widely investigated. The reduction of tri- and tetra-sulfides
to mercaptans, which takes place with the same reagents as the
disulfides, is more easily understood (123a, 82h).

Other compounds that are reducible to mercaptans are sul-
fonic acids (165, 121a), thiosulfonic acids and their esters (165,
161c), and sulfochlorides derived from sulfonic acids (166, 157b,
119¢, 115, 114c¢, 102¢, 100, 100c, 98e, 98h, 97, 97e, 85¢, 85d, 85e,
67, 59i, 57j, 57k, 34, 32, 11) either under acid conditions with
metals or by electrolysis (167, 117, 115¢, 114a). Sulfonamides
may be reduced by hydrogen iodide and phosphorus (168).
This list may be expanded to include sulfoxides (169, 161¢, 115b,
105b, 99a, 31), sulfinic acids (170, 119¢, 115b, 82¢g, 16) and sul-
fenic acids (171) and their derivatives, alkyl hyposulfites (172,
132e) and thiocyanates (159a, 100g, 19), sulfoxylates (2) and
sulfanilides (167b). Of some special interest is the reduction by
aniline of compounds of the type RSCCl;, where R is an aromatic
radical, to mercaptans of the aromatic series with the formation
of triphenylguanidine as a by-product (173, 132g). Little ex-
plored has been the reduction of ring compounds containing sul-
fur to mercaptans. Thus from a knowledge that thionaphthene
is reducible to o-ethylthiophenol (174), or that toluylene diazo-
sulfide

!

is reducible to 1-methyl-4-amino-3-mercaptobenzene (175)

NH:
H,C SH

we can visualize many possibilities of the similar opening up of
sulfur-containing rings.

By reaction with sulfur. Reaction with sulfur may serve as a
means of forming mercaptans. Sulfur reacts with benzene in the
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presence of aluminium chloride to form phenyl mercaptan (176,
118e). It reacts similarly with phenylhydrazine (177), diphenyl-
amine (178), and aminodiphenylamine (178). The reaction of
sulfur with hydrocarbons unquestionably yields mercaptans, but
the matter has been taken up only very qualitatively, and, to
judge from the number of cases in which they have not even been
looked for, rather carelessly.

By thermal or similar decomposition. A few instances are
available in which thermal or similar decomposition by scission
serves as a source of mercaptans. These might have a very im-
portant bearing on the frequently observed evolution of hydrogen
sulfide and mercaptan formation on heating crude petroleum or
its fractions whether they have been refined or not. Mercaptides,
sulfides and disulfides are definite sources of mercaptans (179,
124d, 98¢, 77, 57¢, 57f, 32a, 7). Sulfonic and thiosulfonic acids
and their derivatives, sulfoxides, sulfocyanacetic esters, and
iminothiocarbonic esters, (RS).C:NH, have also been mentioned
(182, 162f, 162h, 155, 115a, 78, 59f, 6).. In a theoretical fashion
derivatives of thiourea and xanthates have been studied (180,
162e, 151c, 149, 81a, 28, 6). Observations of mercaptan evolu-
tion have been made occasionally in attempts to distill complex
sulfur compounds (181, 148¢, 128a, 971, 77). In these cases there
seems to have been established a definite tendency for alkylmer-
capto groups to be split off on heating as component parts of
simple mercaptans provided a hydrogen atom is available.
Simple fundamental investigations are conspicuously absent.

By condensation. Condensations may be called upon in mer-
captan syntheses. An interesting type is represented in the
formation of phenyl 8,8-dimercaptovinyl ketone from acetophe-
none and carbon disulfide (97¢, 9), thus

C:H;COCH; + CS; + 2 KOH — C;H,COCH=—CS + K:S 4 2 H:0
C¢H;COCH : CS + XK.8 — CH;COCH=C(SK),

Similar condensations are possible with acetone dicarbonic acid
ester, hydroxyquinoline derivatives (183), sulfocarbazinic acids
(RNH-NH-CS-SH) (57a), ketones like a-thienyl methyl ke-
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tone (9). Xanthates may be used in these reactions, which
serve also as a basis for synthesizing mercaptothiazolines. Thiu-
rets and alkyl iodide addition compounds of urea with primary
and secondary amines furnish mercaptans (184). We find a few
instances of direct condensation with carbon disulfide. Thus,
potassium azide reacts to form potassium azidodithiocarbamate,
KS.C(:8):N;, which has a mercaptan structure (57e). The
general reaction RHgOH+ CS; — RHgSH + COS has also
been noted (180a). The substances RHgSH may be considered
as mercaptans. Mercaptothiazoline formation (151b, 120a, 97g)
may also be illustrated simply for the case of 4-methyl-2-
mercaptothiazoline from propylenimine, thus

CH,—CH CH;—CH—N

N
NH + CS; — C—SH

CH, CH—S

Ring closure, too, is thus illustrated (151, 151a, 151b, 151d,
151e, 106, 97g, 10). More attention, too, should be paid to the
relatively easily carried out reaction between hydrogen sulfide
and formaldehyde (185) which is said to result in the interesting
stable substance, methylene mercaptan, CH,(SH),. This is in
striking contrast with the instability of two -——OH groups on the
same carbon atom. On the other hand, we may remark here,
all efforts to make NH,SH have failed (186). Amongst the
curiosities are also the ‘‘thioprussiamic acids’ (187), obtained
by the reaction of thiourea with ammonium thiocyanate, for
example,

(NH,); : (CN); - NH - (CN); (NH.) (SH)
Another type which is receiving a little attention is that repre-
sented by the formula RCSSH, dithio acids or carbithionic acids

(161a, 136). They may be made from aldehydes and hydrogen
persulfide directly (141q), e.g.

CH,CHO + H.S, — C.H;CSSH + H,0

and are stronger acids, as a rule, than acetic acid. Alternative
approaches are to be found in the production of dithioformie
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acid from chloroform and potassium sulfide (141p), or the forma-
tion of C.H,;SSH by reducing sodium ethyl thiosulfate with
potassium sulfide (136). These dithio acids may serve as sources
of simple mercaptans, since they may be reduced by such reagents
ag potassium cyanide or sodium arsenite (136).

It is apparent that the scope of synthetic methods may be
expanded a great deal by paying closer heed to suggestions from
oxygen chemistry. Analogies should be attempted, for instance,
to aldol condensations and the Cannizzaro reaction, and to vari-
ous means employed for reducing aldehydes, ketones, and quin-
ones to alcohols, glycols and phenols. Thio aldehydes should
add hydrogen cyanide, and then become convertible to thio
acids. To mention but a few prospects, it should be possible to
prepare mercaptocitric acid, to parallel the closure of phenyl-
isocrotonic acid to a-naphthol, to prepare thiopinacones, or to
obtain exact analogies of the two types of hydrolysis of aceto-
acetic ester. But, perhaps, most important of all would be a
re-examination of the old data with a view toward making them
more valuable from both the practical and the scientific view-
points.

IV. DETECTION AND DETERMINATION

A few color tests are described, none of which, however, has
been elaborated. The reaction of nitrosylmercaptides with nas-
cent nitrous acid is said to distinguish primary and secondary
aliphatic mercaptans by the formation of a red color (188).
Tertiary and aromatic mercaptans as well as thio acids give a
green color turning to red. For triphenylmethyl mercaptan a
sensitivity of 1:7500 is given. Ethyl nitrite or N,O, also give
red colors (189). Chloropicrin, bromopicrin and tetranitrome-
thane (190) have been used to distinguish between ethyl mercap-
tan and ethyl sulfide, but not too successfully. There is also
much to be desired in the study of color changes on the addition
of concentrated sulfuric acid (150, 9). All we can say is that
they are many,—the usual gamut being from green to blue. A
similar situation exists with tests with ferric salts (191, 141h,
141j, 119f). Mercaptans proper and thio acids should yield
deep reds, yet a-mercaptocinnamic acid gives a deep green (191).
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Identification by derivatives has fared considerably better.
Many mercaptides (192, 102a) have been described, as well as
mercaptals, mercaptoles (192h), and the like. 3-Nitrophthalic
anhydride has been strongly recommended for this purpose (193).

Some efforts have been made to develop alkalimetric titration
of aliphatic mercapto acids (194). If one has favorable con-
ditions there are available titration methods with iodine and
alkali (195, 44a), permanganate (52), or silver nitrate with am-
monium thiocyanate (196). If only mercaptans are present,
lamp sulfur determination may be made if no great accuracy is
required (57n). A method not sufficiently well-known is one
based on the reaction of a mercaptan with methyl magnesium
iodide (197). Methane is formed and its volume is measured:

RSH 4 CH:Mgl — CH + RSMgl

The chief weakness of all the methods reported here is that they
require particularly suitable conditions for their execution, and
that they have not been tried on a sufficient variety of mercaptans.

We may add for completeness that it is possible that mercap-
tans may be of use as analytical reagents. A hint to that effect
is to be found in the fact that thioacetamide may be used as a
reagent for arsonic acids (198). From a knowledge of the char-
acteristics of mercaptals and mercaptoles, mercaptans may serve
as reagents for detecting and determining aldehydes and ketones
(192h). Infact many reactions of mercaptans may be so adapted.

V. SPECIAL INTERESTS ATTACHING TO MERCAPTANS

We have mentioned the special interest that attaches to the
study of the behavior of the —SH group in biological chemistry.
The physiological effects, which may be serious, have been amply
described (199). Severe irritations may occur from contact
with liquid mercaptans, whereas vapors cause giddiness and head-
ache. A remarkable effect on the eyes is the involuntary.droop-
ing of the lids accompanied by a protracted sensitivity to light.
And yet mercaptans have been reported in the skin itself! Met-
abolic experiments are being multiplied, but the acme of interest
lies in the regulative action in cell metabolism of compounds con-
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taining mercapto groups, particularly reduced glutathione, cyst-
eine and thioglycolic acid, when present in equilibrium with the
disulfide forms (200, 137d). Additive compounds of the two
forms have been postulated, peroxide formation has been asserted
and denied, and the nature of the oxidations that go on has been
studied from the point of view of autocatalysis. We cannot
review the mass of data which is being accumulated, mostly be-
cause of its chaotic condition, but we would point out that the
—SH group has been involved in discussions of topics from the
fertilization by spermatazoa to the cure of cancer.

An outgrowth of such interest is the application of mercapto
compounds to therapeutic uses (201) and even to synthetic food
problems (202, 163h). Amino metal mercapto compounds, such
as the sodium salt of 4-acetylamino-2-argentomercaptobenzene-
l-carboxylic acid, are useful in spirochete infections. Metal
mercapto acid esters are also used. The addition compound of
a-furfuryl mercaptan with the Grignard reagent has been used
to synthesize derivatives showing vesicant action (35). We have
already mentioned the well-known syntheses of soporifics from
mercaptals and mercaptoles. Therapeutic use has been made
also of the metallic compounds of thioglucose (203). Quite en-
gaging, too, is the discovery that furfuryl mercaptan and a-
hydroxymethylfurfuryl mercaptan and their disulfides make a
synthetic coffee aroma (202).

In synthetic work a varied use of mercaptans may be found.
Optically active amyl mercaptan has been used for racemic split-
ting of sugars (204). The greatest use of mercaptans, of course,
has been as intermediates in the synthesis of dyes, particularly
vat dyes. Thus, the anthraquinone series has been pretty well
covered and thioindigos are derived from thio acids (205). Amino
thiophenol serves as the starting point for indamine colors (206).
Of some importance is the observation of the bathochromic ac-
tion of the methylmercapto group in azo dyes (206). To deepen
shades it is, therefore, often desirable to obtain a mercaptan and
methylate it. The rubber field as well claims efforts in the di-
rection of synthetic mercapto compounds (207). The mercapto-
benzothiazoles stand out in importance, but it is highly probable
that others will be found.
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A vast field for the production and conversion of mercaptans is
to be found in petroleum technology. If all the mercaptans
present in unrefined naphthas in this country were to be recovered
there would be available, conservatively, from 150 to 200 tons
of mercaptans per day. Many a process could be evolved for
their utilization if more attention were paid to the fundamental
chemistry of at least the relatively simpler ones found in petro-
leum. One would go far beyond such applications as mingling
mercaptans with illuminating gas (about ten pounds per million
cubic feet) to detect leaks and the like (208). It is rather sur-
prising that of scores of patents for ‘‘sweetening’” oils, almost all
deal with the conversion of mercaptans to disulfides and not their
removal (210, 209,118,54). Caustic washing removes completely
only methyl and ethyl mercaptans. As for the rest they travel
on to be consumed in gasoline or to be treated out by wasteful
chemical means.

We should like to close our review with the prediction that we
are only at the threshold of a renaissance of interest in mercaptan
chemistry.

VI. CONDENSED LIST OF SUGGESTED RESEARCH PROBLEMS

1. A critical examination and determination of fundamental
physical constants of representative mercaptans.

2. Studies on physical state, association, light absorption and
scattering, ete.

3. Thermodynamic data on a selected series.

4. Physical studies on conductivity, dielectric behavior and
ionization.

5. Study of hydrate and addition compound formation.

6. Adsorption on surfaces.

7. Distribution between solvents.

8. A detailed investigation of thermal decomposition.

9. Decomposition by physical agencies other than thermal.

10. Comparative study of principal reactions, such as esteri-

fication, of alcohols, phenols and mercaptans from a physico-
chemical point of view.

11. Quantitative investigation of mercaptan-disulfide equilibria
in oxidation-reduction systems.
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12. The autoxidation of mercaptans and peroxide formation.

13. An investigation of the mechanism of decomposition reac-
tions which lead directly to the formation of mercaptans.

14. Study on orientation of substituting groups in aromatic
mercaptan types and the like to determine relative influences.

15. Development of analytical methods with a view toward
extending them and rendering them more useful in research.

16. Development of methods for the complete extraction and
fractionation of mercaptans from commercial sources.

17. Utilization of commercially extracted mercaptan mixtures.
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