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Foreword

In 1925, when the American Petroleum Institute set up its
original program of fundamental rescarch, onc of the projects
was assigned to Dr. E. Emmet Reid at the Johns Hopkins Uni-
versity. It dealt with sulfur compounds found in petroleum.
Doctor Reid has continued his work in the field of organic sulfur
compounds throughout a long and productive career. Today he
is a widely recognized authority in this area.

In the early days of petroleum refining in this country sulfur
compounds were not a great problem, except for the odor of

‘mercaptans in kerosene and gasoline. The adoption of high-

temperature distillation and cracking processes emphasized the
corrosive properties of sulfur and its compounds. The detri-
mental effects of many sulfur compounds on the poteney of tetra-
ethyllead added to gasoline arouses deep interest today in the
chemistry of sulfur compounds in petroleum.

Organic sulfur compounds occur in practically all living mat-
ter, some rather simple, e.g., the protective fluid ejected by
Mephitis ‘mephitica, others quite complex, such as most pro-
teing, The synthesis and uses of these essential organic sulfur
compounds is a broad field that is seldom touched by the average
organic chemist. Without this treatise the researcher in the field
of organic sulfur compounds would need to spend many addi-
tional hours searching the literature for essential data.

The appearance of this work by Doctor Reid at this time is,
therefore, particularly timely. Everyone interested in the refin-
ing of petroleum, as well as those working in related ficlds, will
weleome such an authoritative and comprehensive treatise on this
very important subject.

Cary R. WaGNER
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Introduction

One hot summer day in 1894, I was reading Remsen’s Organic
Chemistry and came across the statement that mercaptan is the
analog of alcohol. Curiously enough I remember, as if it had been
yesterday, just where I was sitting on a Louisiana porch when I
read this. One hot summer day fifteen years later I was reading
theories of esterification and pondering the question whether the
oxygen in the molecule of water that is eliminated comes from the
alcohol or from the acid. The analogy of mercaptan to an aleochol
came back to me and I decided to try the esterification of mer-
captan. So off to the laboratory I went to prepare 1400 grams
of ethyl mercaptan. The only other person working in the labora-
tory was the janitor, who had no sense of smell. 1 found that the
esterification of mercaptan by an acid gives the thicester which

can be hydrolyzed back to the mercaptan and acid. Several years

later, with the aid of students, the esterification of mercaptans
was taken up in a broad way. In 1958, I am still working on
mercaptans.

In World War I, some one had the idea that butyl mercaptan
might be used as a camouflage gas and I was asked to work out
a process for making it. A small plant was put up at the Ameri-
can University in Washington and a ton of the product was
shipped to France. There is no record of its fate, though it should
have been possible to trace it.

When the American Petroleum Institute reccived money for
research pertaining to petroleum, a project on the preparation of
a series of mercaptans and a study of their reactions was placed
in the Johns Hopkins Chemical Laboratory. The first stage was
an extensive literature search. This showed the need for a com-
prehensive review of the organic chemistry of sulfur.

Of all the serious mistakes of my life, the most expensive both

13



14 Introduction

in labor and money, was undertaking to write a monograph on
organic sudnir cotupounds. Thirty vears ugo, when there was little
interest in the subject, thiz might have been possible. T made
slow progress working alone. In 1939 the Freeport Sulfur Com-
pany gave me a generous grant for assistance. This was a big
boost, but when the money had been spent I found that I had
grossly underestimated the task and that the major part of it
remained to be done. I had passed the point of no return and had
to go ahead with my own resources. When the manuscript was at
last written and typed I found it so out of date that it had to be
rewritten. Now it should be rewritten again but, by the time this
could be done, it would be more outdated than it is now. Organic
chemistry has been expanding at a breatli-taking rate but the
rate is twice as fast in the sulfur sector as in the whole. Of the
36,000 compounds in the formula index of Chemical Abstracts
for 1954, about one third contain sulfur, while in 1924 these were
only one sixth. Keeping up with organic sulfur chemistry is hope-
less. The coverage is less complete and the discussion less ade-
quate than I had hoped to make them. The fascinating, but in-
tricate, biochemistry of sulfur has had to be left to specialists in
that field. However, the book does contain much information and
its twenty thousand references will serve as first aid in literature
searches.

Earlier articles in English, German, French, and Italian were
read in the original, but in recent years dependence has had to be
put on Chemical Abstracts which has been searched through 1954
for the first three volumes and through 1957 for the last two.

Without the impetus of the grant from the Freeport Sulphur
Company the project might have been abandoned in its early
stages; without the recent support of the Petroleum Research
Fund of the American Chemical Society it could not have becn
completed.

There is not sufficient space to name the many chemists to
whom gratitude is due for help of various kinds. I am glad to
acknowledge my indebtedness to Dr. Jane Dick Meyer, who spent
many months of patient labor on the manuscript. Without her
efficient help the book could not have been brought to completion.
Thanks are due to Dr. J. C. Patrick, to Dr. E. M. Fettes, and to
others of the Thiokol Chemical Corporation for their assistance,
and to Dr. G. Nathan Reed and Dr. Norman Donaldson for
capable indexing.

CHAPTER 1.

Mercaptans

Introduction

An early chemist compared the preparation of a new alcohol
to the discovery of a new metal. Starting with a metal one
can prepare a long series of compounds, oxide, hydroxide, sulfide,
chloride, nitrate, sulfate, etc., paralleling those of other metals.
Similarly, from a new alcohol a long series of compounds can
be prepared, a chloride, a bromide, an iodide, and a host of
esters. Methyl and ethyl compounds are far more numerous
than are the salts of sodium and potassium. When Zeise dis-
covered mercaptan, he did not start just one series of com-
pounds but opened up a whole scetion of organic chemistry.
Many mercaptans have been made and many more can be; for
each alcohol a sulfur analog is possible. From these an endless
number of derivatives can be prepared. The importance of
mercaptans and other sulfur compounds is just beginning to
be realized.

The chemistry of organic sulfur compounds centers around
mercaptans. They are the analogs of the alcohols and are
spoken of as thicalcohols, thiols, or alkanethiols. The —SH group
88 a substituent in a hydrocarbon is called mercapto, which
corresponds to hydroxy. Thus CH3SH may be called mercapto-
methane and HSCH;COOH, mercapto-acetic acid. The name
mnercaptum was given by Zeise to the group C.H;S— which is
taken up by the mercury from corpus mercurio captum and

15



16 Organic Chenistry of Biealent Sulfnr

mercaptan to CoHSII which captures the mereury from corpus
mercurium captans.**® 657 The formation of the mercury deriva-
tives was a striking characteristic. Zeise recognized the analogy
to aleohol which was further elaborated by Liebig.®®* Interest-
ing accounts of Zeise and his discoveries are given by Diergart '*!
and O. Zeise8% An excellent review of mercaptan chemistry
has been written by Malisoff, Marks, and Hess.*?

Occurrence of Mercaptans

Alcohols, either free or as esters, are found in natural products
in great variety and in large amounts, but the mercaptans rarely
appear. Three alcohols, geraniol, citronellol, and phenylethyl
alecohol are the chief constituents of attar of roses but the mer-
captans are at the other end of the odor seale. A butyl mercaptan
is used by the skunk as a defense weapon.® 197 The lower mer-
captans are noted for their powerful and disagreeable odors. As
little as 0.000,000,002 mg. of ethyl mercaptan, or 1 part in 50,-
000,000,000 of air, can be detected by its odor.?®® The odor is
strong at 0.6 parts per million, distinet at 0.03 to 0.07 and de-
tectable at 0.002.51! In very high concentrations the bad odor
vanishes and is replaced by one somewhat like that of chloro-
form.?%® The odor diminishes as the carbon chain lengthens;
nonanethiol-2 is not unpleasant and those above lauryl are prac-
tically odorless.

Commercial quantities of methyl mercaptan are extracted from
the “sour gas” of West Texas. Some ethyl mercaptan is also
present.

Methyl mereaptan, apparently present in the {ree state, has
been isolated from the roots of Raphanus sativus, 0.31 g. from
40 kg. of the fresh roots.*® Traces are found in some leaves 7
and even in foods. " Methy! mercaptan and isopropyl mercaptan
are in eucalyptus.3® Schizophyllum commune Fr., a wood-rotting
fungus, liberates methyl mercaptan when grown on a synthetie
medium containing inorganic sulfates It is liberated when
keratin is heated to 150° * with steam.** It is formed in the anuer-
obie fermentation of gelatin and albumin and in the putrefac-
tion of proteing 334 #4301, H3e, 144, 328, 3200, 352 Tt js among the prod-
ucts of the action of trypsin on proteins.?® Methyl mercaptan

* All temperatures in this hook are given in degrees Centigrade, unless
otherwise stated.

Mercaptan: | 7

was obtained by fusing proteins with potassinm hyvdroxide. Egg
albumin gave 0337, the maximum amount.™  Either acid or
alkaline hydrolysis of wool produces some methyl mercaptan.?*
After asparagus is caten, methyl mercaptan appears in the urine
within an hour***® The urine of several people who had eaten
12 kg. of asparagus was distilled and the mercaptan caught in
mercuric chloride solution.?*44#3¢ Fthyl mercaptan is found in
the urine of rabbits fed on cabbage.52%* Distillation of the urine
of various animals gives hydrogen sulfide and mercaptans.*8
Mercaptans are found in hydrolyzed snake venoms.*?* The lower
mercaptans are split off in the cooking of animal and vegetable
foods and are found in feces.**® Methyl inercaptan may be pro-
duced by the bacterial decomposition of urine.327

Some allyl mereaptan accompanies the allyl disulfide in oil of
garlic.5%® Propyl mercaptan is evolved from freshly chopped
onions.!''%

Swartz, working in Wéhler’s laboratory, separated the secretion
of the skunk, Mephitis terana, into fractions boiling 105 to
111° and 192 to 200°.%% A sulfur compound which gave precipi-
tates with heavy metal salts was separated from the same secre-
tion 392
. The formation of ethyl mercaptan has been observed in vinous
fermentation but this is supposed to be due to the reaction of the
ethanol with sulfur or sulfur compounds present under the in-
fluence of the enzyines. 1% 413 The probability that alcohols are
formed by the reduction of aldehydes in fermentations raised the
question as to whether mercaptans can be produced by the reduc-
tion of thivaldehydes. Experiment showed that thialdin (used as
a substitute for the insoluble trimeric thiacctaldehyde) added to
an actively fermenting sugar solution is transformed into mer-
captan.*> #¢ Butyraldehyde and i-valeraldehyde mixed with al-
coholic ammonium sulfide vield the corresponding mercaptans.*!
The bad odor of fermentation alcohol is attributed to mercaptan
similarly formed.12* 192 Alkyl disulfides are reduced to the mer-
captans in bread cultures of Penicillium brevicaule.™ 115 113 In
the making of wood pulp, methyl mercaptan is given off but
nothing is known as to how it is forme.76: 193, 245. 522 Tgg recovery
has been proposed. #7217 Methyl and ethyl mercaptans are found

0 illuminating gas, 104 207, 304. 338, 436, 671 N[ereaptans are in coal
tar 404v, 542, 543
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Mercaptans appear in petrolewm distillates, but in most cases
it is certain that they were not present as such in the original oils.
They may have been split off from larger molecules containing
RS- groups, or they may have been formed by the union of
hydrogen sulfide and unsaturates under the high pressures and
temperatures prevailing in eracking stills. 19 69, 71, 114 117, 121, 136,
166, 179, 189, 210, 218, 232, 258, 259, 314, 328, 409, 4391, 473, 563, 680 [t has been
suggested that mercaptans may be formed by the union of hy-
drogen sulfide with unsaturates in the acid treatment of
naphthas. %9, 660

The chief mercaptan present in petroleum distillates is ethyl.
The next is probably methyl. Propyl, % 27 {-propyl, . 6 7
butyl, 6 27t j-butyl 6% 271 s-butyl *™1 4% and ¢-butyl *'* mercap-
tans have been identified 204 Higher mercaptans are present, but
the amounts taper off as the molecular weights go up. Some
naphthas of West Texas origin contain relatively large propor-
tions of the higher, butyl to nonyl.’® Various methods of recover-
ing these mercaptans have been proposed.™® 364, 400, 479, 626
Though their percentage in crude distillates is minute, the aggre-
gate amount removed from the billions of gallons of gasoline
manufactured is large. There is the possibility of recovering tank
cars of mercaptans from this source. In catalytic cracking, now
so widely used, a larger proportion of the sulfur of the crude is
converted to hydrogen sulfide and thiophenes and less to mer-
captans.

Mercaptans and hydrogen sulfide are the chief sulfur com-
pounds in absorption gasoline from refinery still gases.’? Certain
shale oils from Tyrol are very high in sulfur. Thiophenes account
for the most of it, but there are also some mercaptans.™

The subject of mercaptans and other sulfur compounds in
petroleum was reviewed by Schmeling in 1936 739 and discussed
thoroughly in a symposium at the American Chemical Society
meeting at San Francisco, April 1949.3% 134, 265, 271, 838, 557, 616, 640
The removal of mercaptans from petroleum distillates will be
treated in chapter 2.

Preparation of Mercaptans

By AppITION oF HYDROGEN SULFIDE TO UNSATURATES

The possibilities of this method have just begun to be explored.
Many unsaturates are available and hydrogen sulfide is cheaper

Mercaptans 19
than 1(‘(1,@(*111,\' made frons 100 A= there are no other Products, u
pound of the reactunts produces o pound of mereaptan. From

0« of cthel bromide - S X o
109 g. of cthy] bromide and 36 ¢. of sodium hydrosulfide, it is

theorefcically pos:sible to get 62 g. of ethyl mercaptan with 103 g.
of sodium bromide as a by-product. There is a loss incident to

- the recovery of the mercaptan from the solvents used. The addi-

tion of 3{4 g. of hydrogen sulfide to 28 g. of ethylene gives the
sam‘e.welght of ethyl mercaptan with no by-products. With the
addition method there is, however, a difficulty ; the mercaptan
first formed tends to combine with the unsaturate and the product
may be a mixture of the mercaptan and the corresponding sulfide.
A chprellensive investigation of the conditions under which the
addition takes place is needed. Ultraviolet light, heat, and pres-
sure are known to favor the addition; acids, bases, peroxides, and
m.etal sulfides have been claimed as catalysts. There is 1,nuch
difference in the activity of unsaturates in taking up other
addenda. Conditions can be found under which hydrogen sulfide
can be added selectively to one unsaturate in the presence of
others. This subject has been reviewed.28? 416

Mercaptans are formed in some cases when mixtures of liquid
hydrogen sulfide and unsaturates are kept at room temperature
for several weeks.® An alkene and hydrogen sulfide unite when
heated together at 160°: 314, 323

CHp:CHy 4+  Hy,S > CH,CH,SH

Cyclohexyl mercaptan is formed from cyclohexene at 150°.421

Wher} the double bond is activated by certain groups, as in
3,6-divinyl-2,5-diketopiperazine, addition of hydrogen ,sulﬁde
n.la.Ly take place even at 0°.57 YWhen the reactants are passed over
silica gel at 700°, addition takes place.f° The equilibrium of
hydrogen sulfide and propylene over nickel carbonate on kiesel-
guhr at 300° has been measured.?® 332 The results are given b

the equations: Y

iPrSH AF = 14600 4 28.80T
nPrSH AF = —14600 4 30.00T
A -
H is 14,600 and the values for AF at these temperatures are:
300° 275° 250°
i-PrSH AF 1900 1180 460
n-PrSH AF 2600 1850 1100

(‘;Vith phosphoric acid on activated carbon, propylene and hy-
rogen sulfide gave a maximum conversion of 17% at 200°.
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With nickel on Kieselgulir, ethylene showed 2270 mercaptan at
25()"“]'37. 3nl
Isoprene and hydrogen sulfide emmbine at 967 in the pres-

ence of ron sulfide to the mono- and then the dimereaptan,
(CH3),C(SH)CH:CH. and (CHy).C(SHYCH (SH)CH,.7? Sul-
fides of nickel, cobalt, and iron are said to catalyze the addition
of hydrogen sulfide to 7-butene.® Alumina and ferric oxide also
arc catalysts.?®2 Unsaturates are sulfurized by simultaneous ac-
tion of hydrogen sulfide and sulfur.> 21% 4% Ap absorptive cata-
lyst, such as fuller’s earth, silica gel 3200, 449, 553b, 651 op gilica—
alumina gel, may be used to bring about the combination 399 544
%5 The use of hydrogen with titania gel is said to be beneficial 397
Higli-molecular-weight mercaptans are formed by reacting rosin
or terpenes with hydrogen sulfide in the presence of acids or
bases.#%® Olefins react with hydrogen sulfide at room temperature
in the presence of an acid, such as sulfurie,91. 3208, 837, 455, 526 hhpg-
phoric,52% 526 or alkanesulfonic.#*? Ethylene combines with hy-
drogen sulfide under pressure in the presence of phosphoric acid
on kieselgulir at 220 to 350°.°%% Hydrogen sulfide is added to
aliphatic hydrocarbons having several olefinic bonds in the pres-
ence of acid phosphorus compounds at 50 to 100°.3° Secondary
and tertiary mercaptans are formed with the aid of sulfuric.3™
An acid or a basic catalyst may be used.®® High yields of ¢-butyl
and ¢-amyl mercaptans are obtained from isobutylene and iso-
amylene with hydrogen sulfide at moderate temperatures and
pressures in the presence of acid catalysts 316 or of a clay cat-
alyst.? TUnder mild conditions the reaction is selective; the
product from a mixture of butenc and isobutene is pure ¢-butyl
mercaptan.?” Pure ¢-butene can be obtained by cracking the
t-butyl mercaptan so prepared.?® ¢-Butyl and ¢-i-octyl mercap-
tans are now manufactured on a considerable scale. With abictyl
compounds bases arc more effective.’?* Basic catalysts are recom-
mended for the addition of hydrogen sulfide to a variety of com-
pounds, RCH=CH-.3% 3-Hexene and anhydrous sodium hydro-
sulfide in aleoholic solution give hexanethiol-3.°77 Molybdenum
sulfide 1992 is recommended as a catalyst. Water-binding agents,
such as acid anhydrides, are used with metal sulfides, such as
those of nickel and iron %32, 683, 664 5 elevated temperatures ana
under pressure. Depolymerization and addition of hydrogen sul-
fide may go on simultancously as when triisobutylene and hydro-

Mercaptans
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gen sulfide are Leated at 100 to 3007 under 500 to 1500 1.
pressure with a claylike catalvst31 Peroxides and strong acid
salts of iron. chromium, magnesium, aluminum, thorium, ura-
nium, cerium, lanthanum, beryllium, osmium, molybdenum, vana-
dium, and manganese are claimed as catalysts. #52 Friedel-Crafts
catalysts,” *% aluminum chloride, 172 438 hoprop trifluoride,®:
172, 173, 175b, 194, 458, 553a, 581 hydroﬁuoric acid)i’i& 172, 458 and Stan;lic
chloride 175 425, 438, 581 gre effective. Addition of hydrogen sulfide
to ethylene, acrylonitrile, styrene, and other unsaturates takes
place readily in alcohol containing sodium ethylate or am-
monia 1% 333 Certain azo compounds are useful catalysts.478

Of all catalysts so far tried, ultraviolet light is by far the most
effective. Butene-1 and liquid hydrogen sulfide, in a sealed tube
fexposed to the light from a mercury are, showed 80% conversion
in 4 minutes at 0°, 15% of this to butyl sulfide and 85% to
n-butyl mercaptan. In 6 minutes under the same conditions pro-
pylene gave 659% n-propyl mercaptan and 35% sulfide. The -SH
adds to the carbon having the most hydrogen contrary to
Mar_kownikow’s rule. Acetone and lead tetraethyl are photo-
sensitizers and increase the yield.18s. 632, 633 Cyclohexene and
I-methyleyclohexene react similarly.#2 In the gas phase the re-
action is slow.

Addition to unsaturated ketones takes place readily.*8” Hydro-
gen sulfide is added to an «f-unsaturated ketone 106, 667 The
addition compound, (C10H140) 2 H,S, is used for the isolation of
carvone,208

.Acetylene and hydrogen sulfide unite to give thioacetaldehyde,
vinyl mercaptan, vinyl ethyl sulfide,?® and other products when
these gases are brought together in a solvent with or without an
alkaline catalyst.510 At higher temperatures thiophene 340, % gp
thiophenol % are formed.

From Esters or INORGANIC Acips

The first preparation of a mercaptan was by Zeise 6362 in 1834.
He saturated barium sulfide with hydrogen sulfide and heated it
m a retort with caleium ethyl sulfate. Liebig 357 used the cor-
Tesponding potassium compounds. A small vield of thiophenol

-Was obtained by Stadler by fusing together solid sodium benzene-

sulfonate and solid potassium hydrosulfide.580
A frequently used method of preparing ethyl mercaptan is that
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of Klason .3 3% To g mixture of 500 ce. of concentrated and
500 cc. of fuming sulfuric acid, 1 liter of absolute alcohol is added.
After this mixture has cooled, it is diluted by throwing in ice and
poured into a cold aqueous solution of 4 kg. crystalline sodium
carbonate. The faintly alkaline solution is concentrated by
evaporation on a steam bath and cooled to eliminate most of the
Glauber’s salt. A solution of 800 g. of potassium hydroxide in
1600 cc. of water is saturated with hydrogen sulfide. The two
solutions are mixed and heated on a steam bath. The liquid
which goes over is freed from hydrogen sulfide with mercuric
oxide and taken up in potassium hydroxide solution. The undis-
solved ethyl sulfide is separated and the mercaptan liberated with
acid. A yield of 290 g. or 27% has been reported. The author
prepared 1400 g. of ethyl mercaptan by this method in 1909 and
found it satisfactory. Methyl 233 844, 344b, 453 4 hutyl %% and
i-amyl 361 mercaptans have been prepared similarly. From 500 cc.
of n-butanol the yield was 120 g. or 25%.*%
These are over-all yields from the two reactions:

H,O, and
Na,SO,

CoH;0S0;H  +
C,HzSH  +

C,HOH +
C,H;O0SO0;Na

H,S0, —
+ NaSH -

The first of these is an equilibrium reaction and a considerable
amount of the aleohol is left over unless much fuming sulfuric
acid is used. As the lower alcohols are plentiful, the low yield
has been of little consequence. From solid potassium ethyl sulfate
the yield is good.}*> By modern methods aleohols can be sulfated
quite completely. Dodecyl 82 27 and the higher alcohols from
the methanol synthesis 3% have been sulfated and used for making
the corresponding mercaptans.

The fact that sodium alkyl sulfates are soluble in water, even
when the alkyls are long carbon chains, is a great advantage but
usually this is offset by their slowness to react. They are seldom
employed for other alkylations, but when sulfur is involved they
are satisfactory. Of the two reactions:

CgH;OCHy, +  NaBr
CeH;SCHy  +  Nabr

CeHONa  +
CeHgSNa  +

C4HBr  —
CHBr  —

the second goes about a thousand times as fast as the first.*¢ In
the preparation of mercaptans the inactivity of the sodium alkyl
sulfates is compensated by the activity of the sulfur.

Mercaptars | 2

It iz to be remembered that ~odinm h.\wh'mn;finlj‘ alwavs eon-
tains sonie ol the =ulfide: ‘
2NaSH &= Na,S 4+ H,S
The sodium sulfide that is present reacts with the alkyl sulfate:
2BuOSOjNa  + Nay§ =  BuyS +  2NaySO,

Thus there will always be some alkyl sulfide formed along with
the mercaptan. The solubility of hydrogen sulfide in liquids de-
creases as the temperature is raised. If any of it is lost, the

~amount of sulfide is increased. It is desirable to counteract this

by passing in hydrogen sulfide during the reaction or, better still
effecting the reaction in an autoclave under a high pressure 01é
hydrogen sulfide. In this way the yield of mercaptan can be
increased at the expense of the alkyl sulfide. Taking butyl
sodium sulfate as an example, there is another reaction:

BuOSO;Na  + NaOH =~  CHgCH,CH:CH, 4 NapSO, + H,0

The higher the pH the more the alkene will be split off. An
increase of the partial pressure of hydrogen sulfide lowers the pH
and represses alkene formation. The tendency to form alkenes is
small with the derivatives of primary alcohols but may be con-
siderable with secondary and great with tertiary.

Some alkyl sulfide is obtained from sodium hydrosulfide. Con-
versely some mercaptan may be isolated even when pure sodium
sulfide is the reactant. The reaction of sodium butyl sulfate with
sodium sulfide must go in two steps:

BuOSOgNa 4 Na,§ —
BuOSO3Na

BuSNa  +
+ NaSBu —  Bu,S +

Na,ySO,

Na,SO,

The 'secc'md reaction depends on the presence of the sodium mer-

.cap’?lde in the solution. This, being the salt of a very weak acid

1s highly dissociated: ’
BuSNa + H,0 & BuSH + NaOH

As will be explained more fully in a later chapter, butyl mer-
captan is easily removed from water, even in the presence of a
high concentration of sodium hydroxide, by steam distillation.
In a recorded experiment *! in which a solution of butyl sodium
sulfate and sodium sulfide was boiled gently and the vapors
allowed to pass out through a condenser, 31% of the butyl groups
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formed in the distillate were in the mereaptan and 9% e the
culfide. If the butvl mercaptan had not been allowed to escape,
practically all of it would have gone to meake butyl sulfide. The
preparation of ethyl mercaptan gocs well since it i= xo0 volatile
that most of it escapes before it can be converted to ethyl sulfide.

If, in the above experiment, a vigorous current of steam had
been passed in to carry over the mercaptan as fast as it was
formed, the yield of mercaptan should have been cven higher.
This suggests that, in the usual preparation of mercaptans from
sodium hydrosulfide, the proportion of mercaptan to alkyl sulfide
can be raised by blowing in steam during the reaction to carry off
the mercaptan as it is formed. This should be of service from
propyl to n-nonyl. n-Nony! mercaptan boils at 220.2° and has a
vapor pressure of about 15 mm. at 100°. It should go over with
about six times its weight of steam. If an autoclave is used, the
addition of a hydrocarbon to the mixture should be beneficial.
A large proportion of the mercaptan should pass into the hydro-
carbon layer and escape further reaction. For convenience of
fractionation, a hydrocarbon should be selected that boils con-
siderably above or below the mercaptan.

Dimethyl and diethyl sulfates, which have become commer-
cially available in recent years, are the most convenient reagents
for making methyl and ethyl mercaptans. They react in two

stages:

NaSH + MeySO, —> MeSH - MeOSO;Na
NaSH -+ MeOSOsNa —>  MeSH 4+ NagSO,

The first stage is extremely rapid. The second goes well enough.
Methyl and ethyl chlorides and bromides are inconveniently
volatile and the iodides are expensive. The dialkyl sulfates are
relatively nonvolatile and cheap and react well in aqueous solu-
tion.l‘”’ 341, 636

When hydrogen sulfide is passed into a solution of ethyl nitrite
in alcoholic ammonia, the mercaptan is formed.®¢ The esters of
p-toluene sulfonic acid are readily prepared and are active al-
kylating agents. They have been used for making mercap-
tans 557 688 and are particularly suitable for preparing optically
active mercaptans.®3!

When ethyl alcohol and sulfur dioxide are heated in a sealed
tube to 200°, disproportionation takes place and a number of
compounds are formed: CoH.SH, (C.H;):0, CoH;5303H,
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CH;080:11 and sulfur 1% 4% When /-amy] aleohol and an equal

nt of = i i e het 7 i
amount of ulfurl.c acid are heated to 170°, some mcreaptan is
produced along with amylenc and its polymers 43

FroM ALKYL HaLIDES aAND METAL SULFHYDRATES

As alkyl halides are readily available in organic laboratories
they have been the usual starting compounds for preparing mer-’
captans. Regnault 3 in 1840 passed ethyl chloride into potas-
sium hydrosulfide in a tubulated retort and got the mercaptan.
In the same year Lowig and Weidmann ** made ethylene mer-
captan from ethylene chloride. Mercaptans were prepared from
amy]l chloride, ?? cetyl chloride #?t allyl iodide,?%8 hexyl chloride 72
B-hexyl 10dide,'™7 %9 jpropyl iodide 1282, 277 S—bL;t\'l iodidey513
n-butyl iodide,**® melissyl chloride,#"7 heptyl chlorﬂide s65a, aash
propyl bromide,39- 658a, 668> ooty chloride,32* and s-héptvl 10~
dide.?’8 27 Mercaptans up to octadecyl have been prépared
f‘rom alkyl iodides and bromides,'33 206, 437, 512, 551 (Optically ac-
tive mercaptans have been obtained from the corresponding alkyl
halides 213, 270, 380a, 380b, 3%0d, 380c The gddition of a small amount
of a strong reducing agent to the reaction mixture is said to im-
prove the yield of mercaptan.®®® Tetrahydrofurfuryl aleohol is
sald to be a suitable medium for reactions of this sort.337
' A§ a lecture demonstration, a 3-g. piece of potassium hydroxide
18 dissolved in 20 cc. of alcohol and saturated with hydrogen
sulfide. Ethyl chloride is squirted in and the flask corked.
Potassium chloride begins to precipitate. After an hour water is
added and the mercaptan separates.2¢

Bromocellobiose has been converted to the mercaptan.67
Cyclqpentyl bromide gives a fair vield of cyelopentyl mercaptan
and little cyclopentene, ! while eyclohexyl bromide gives little
cyclohexyl mercaptan and much cyclnhexc:ne.g*l

The reaction rates of various bromides with potassium hydro-
_SUIﬁde and sulfide have been measured. Some hvdrobromié acid
1s alvs.'ays split off, leaving some alkene 3! The n;echanism of the
Feaction has been studied.**

t-Butyl iodide and zine sulfide give ¢t-butyl mereaptan.62 A
{))le‘glr;lizr chnethod. of preparing mercaptans is the addition of
su]fatee P(l)m: ln(l)mti”f.'gf. HI.I alg/ohol, phosphorus, and §0diu1n
alcohol- o kI()jl rus tribromide 15 formed and reacts with the
i produce an alkyl bromide. The phosphorous acid re-

ces the sulfate to sulfide and the mercaptan results.s1?
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Polyhalogenated bigher hydrocarhons 194 215 305 811, 330 gn(

halogenated terpenes *° may be the starting compounds in the
preparation of mercaptans. Unsaturated halides, except those
in which the halogen is attached to a doubly bound carbon atom,
react satisfactorily 1% 157, 255, 375a

The action of sulfur monochloride on anthracene introduces the
—SSCI group in the 9-position. Treatment of this with sodium
sulfide gives 9-anthracenethiol 22+ 47 Similar reactions take place
with 1,2-benzanthracene and with 3,4-benzpyrene.®

An aromatic halide, such as phenyl chloride or bromide, does
not react with an alkali hydrosulfide under mild conditions, un-
less the halogen is activated by a group, such as the nitro, in the
ortho 286 or para position. 4-Nitrochlorobenzene *** and 1,4-nitro-
chloronaphthalene 3% react satisfactorily to form the mercaptans.
When two nitro groups are in certain relative positions, one of
them is activated.28® A halogen in the side chain ™ 3™ as in
benzyl chloride, is reactive. Benzyl mercaptan is obtained from
it readily.lt 39 437, 392 Under pressure and above 300°, phenyl
chloride does react with sodium sulfide to give a mixture of thio-
phenol, phenyl sulfide, and phenol.$*2 Other aromatic halides
react under similar conditions.

Alkyl halides and hydrogen sulfide react even in the absence
of alkali. Some mercaptan is formed when an aqueous solution
of methyl iodide is saturated with hydrogen sulfide.’®? Tertiary
alkyl halides react with hydrogen sulfide in the presence of a
Friedel-Crafts catalyst, such as stannic chloride.'”™ Hydrogen
sulfide, passed into a solution of triphenylmethyl chloride, in
which activated alumina is suspended, gives triphenylmethyl
mercaptan .33’

Chlorinated aromaties, such as chlorobenzene and p-chloro-
toluene, passed in vapor form over catalysts at elevated tempera-
tures, 400 to 700°, with hydrogen sulfide, are converted to the
corresponding mercaptans. 122, 144, 265

An ester may function as an alkyl halide:

RCOOEt -+ NaSH — RCOONa +  EtSH
This is effected at 180° with all reactants dry. Ethyl formate,
valerate, and succinate and i-amyl acetate and butyrate have

been studied.’® Esters of p-toluenesulfonic acid are particularly
useful].164
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When hvdrogen sulfide ix paszed nto a <olution of aluminuwn
bromide in cthv] Hromide a complex, AlBryHoEtBr, 15 formed.
Thig iz hydrolyzed by water into hydrobromie acid, aluminum

4 bromide, and mercaptan. !
. . Since the alkyl halides, except the very low ones, are practically

insoluble in water, it is necessary to use alcohol as a solvent. As
s starting material potassium hydroxide is preferable to the
godium compound since it is more soluble in aleohol. When an
alcoholic solution of sodium hydroxide is being saturated with
hydrogen sulfide, the intermediate sodium sulfide, which is only
slightly soluble in strong alcohol, may separate out and give
trouble. The equilibrium between sodium hydrosulfide and so-

. dium sulfide plus hydrogen sulfide shifts to the right when the

temperature is raised since hydrogen sulfide is less soluble. There-

- fore, more of the mercaptan and less of the by-product alkyl
» gulfide is formed when the reaction is conducted at room tem-

perature. For 1 mole of an alkyl halide, dissolve 54 g. sodium

" methylate, or 23 g. sodium, in 300 ce. of aleohol. Add the alky!

halide, shake to mix and let it stand until the precipitation of the
sodium halide appears to be complete. Filter off the salt and

. fractionate the alcohol solution. On account of the formation of

azeotropes of the lower mercaptans with aleohol, this method
should not be used for mercaptans below hexyl.3%® The lower
alkyl chlorides, up to amyl, react satisfactorily with aqueous
sodium hydrosulfide and the mercaptans can be steam distilled
from the reaction mixture.l*

For alkyl halides up to n-nonyl 8% 3%, 37 400 to 500 ce. of
alcohol is used per mole. Above amyl this should be absolute
alcohol. In a particular preparation, 90 g. of potassium hydroxide
was dissolved in the aleohol and saturated with hydrogen sulfide
which was passed in all during the reaction. The alkyl halide
was added dropwise and the mixture kept at room temperature
for several hours and then hecated to reflux for an hour. For
s-octyl and s-nony! it was found best to dissolve 40 g. sodium in
500 cc. of absolute alcohol and saturate this with hydrogen sul-
fide.5%5. 698 The addition of water to the reaction mixture causes
the mercaptan to separate. This serves well for the preparation
of triphenylmethyl mercaptan.t4! For high molecular weight mer-
captans, such as cetyl'® heating the reactants in an autoclave is
desirable. Butanol containing some water is recommended as a



28 Organie Chemistry of Bivalent Sulfur

solvent ror reactions involving alkyl ellorides. deeyl o0 oeta-
decyl

It 1= impo=sible to direct the reaction so that only mercaptan
ix formed 5% #7375 \When the alkyvlating agent is a nonvolatile,
water-soluble alkyl sodium sulfate, it is possible to distil out the
mercaptan as it is formed and thereby diminish the opportunity
for the formation of alkyl sulfide. When it is an alkyl halide, this
cannot be done since the volatility of a mercaptan is less than
that of the corresponding alkyl chloride and about equal to that
of the bromide. It may be possible to arrange a continuous
process so that this difficulty can be overcome. If an alkyl
halide, such as ethyl chloride, is forced in at the bottom of a
heated column of sodium sulfhydrate solution, it will be changed
into mereaptan as it goes up. If the column is tall enough, the
transformation should be complete. As the reaction is a rapid
one, the required height of the column may be within the limit
of praeticability. The application of pressure would raise the
working temperature and permit the use of a shorter column. A
high boiling halide, such as lauryl chloride, might be mixed with
a hydrocarbon, such as xylene. The xylene solution of the mer-
captan would collect at the top of the column and be drawn off.

It has been customary to separate the mercaptan from the alkyl
sulfide by-product by dissolving it in aqueous caustic soda solu-
tion, drawing off the undissolved sulfide and freeing the mer-
captan by adding acid. As will be explained in Chapter 2, this
method is practicable for only the lower mercaptans since the
higher ones are easily extracted from 10% aqueous alkali. When
a higher mercaptan has to be dealt with, 10 to 30% of aleohol
must be added to the alkaline solution. This has little cffect on
the solubility of the sulfide, but a great effect on that of the
mercaptan.

Besides being inefficient, this method of separation is objection-
able since the oxygen of the air forms disulfides rapidly in the
presence of alkali.®™ This has been overlooked by many cheiists,
though the presence of disulfide has been noted.*™ To avoid this
an alkaline solution of a mercaptan should be kept out of con-
tact with air as far as possible. When such a solution is o be
acidified, it should be run into the acid. Pouring acid into alkali
generates heat and accelerates the oxidation of the mercaptan
while the solution is still alkaline.
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With modern <tills the separation ol a inereaptan from con-
comitant sulfide and disulfide by iractionation presents no
diffieulty.  The boiling points of several mercaptans and the
corresponding chlorides, bromides, and sulfides are given in
Table 1.1.

TaBLE 1.1

Boiling Points of Mercaptans, Chlorides, Bromides,
and Sulfides

Mer- Differ- Differ Diff
) - er-
Alkyl captan Chloride ence  Bromide ence  Sulfide ence
Methyl 6.0° -23.7° 29.7° 36° 2.4° 37.3° °
. K 2. . 313
Ethyl 347 12.2 225 384 3.7 92.2 575
Propyl 67.5 466 209 71.0 35 1420 745
Butyl 98.0 785 19.5 101.6 36 182.0 84.0
Amyl 126.5 108.3 182 129.7 32 230.1 103.6

Thf& boiling. points of the mercaptans and of the corresponding
bromides are inconveniently close. For this reason eare should be
taken to cause the bromides to react completely.

By HyproLysis oF A THIOESTER

Thioacetates
The hydrolysis of a thioester gives a mercaptan: 500

RCOSEt { HOH — RCOOH -+ EtSH

Thiolesters are readily hydrolyzed and the mercaptan produced
tan contain no alkyl sulfide or halide. Esters of thioacetic acid
are particularly suitable.®®2 Glucothiose has been made in this
way 536, 5? It is preferable to use ammonia instead of alkali in
deco.mposmg the thioacetate. Ammonia reacts rapidly with thio-
cetic esters:

CHeCOSR  + NH; ~  CH,CONH, -+  HSR

%here :1s less danger of oxidation when strong alkali is avoided.
hg thioacetic esters can be obtained by the reaction of an alkyl
halide or sulfate on sodium thioacetate: ~

CH3COSNa  + RBr — CH,COSR + NaBr




30 Organic Chemistry of Bivalent Sulfur

This reaction goes readily and gives high yields since the sodium
is joined to sulfur. As there is only one sodium on the sulfur
there is no possibility of the formation of an alkyl sulfide or other
troublesome by-product. If the thioester is saponified with so-
dium hydrosulfide, sodium thioacetate is regencrated and may be
used for making more of the ester:

NaSH — CH3COSNa | RSH

CH,COSR

The neatest way to recover the mercaptan from the thiocster
is by methanolysis. The thiol ester is dissolved in 2 or 3 volumns
of absolute methanol to which about 0.2% of sodium has been
added. The mixture is warmed. Transesterification takes place
immediately:

RSAc

4+ MeOH — RSH -  MeOAc

As the methyl acetate boils at 57.2°, it is easily driven off. Tak-
ing off the excess methanol leaves the mercaptan which may be
distilled without purification. As the separations are to be made
by fractionation, the boiling point of the mercaptan must be con-
sidered, which for ease of fractionation should be above 100°.
Higher-boiling mercaptans should be distilled at appropriately
reduced pressures. If the starting material is a pure thiolester the
yield is quantitative except for losses in handling.

The preparation of mercaptans by the hydrolysis of thioacetic
esters is likely to become of great importance since many of these
esters are formed by the direct addition of thicacetic acid to un-
saturates. (See the chapter on thioacids.) As the addition of
thioacetic acid takes place contrary to Markownikow’s rule, an
alpha-olefin is converted into a primary mercaptan which might
not be the case if hydrogen sulfide were added to the same olefin.
Styrene and thioacetic acid unite:

PhCH:CH, -+

Hydrolysis of this yields phenylethyl mercaptan, PhCH,CH,SH.

103, 289D

HSCOCH; —  PhCH,CH,SCOCH,

Thiocarbonates and Thiocarbamates
The xanthates are readily available and are good starting ma-
terials for preparing thioesters which can be made to yield mer-
captans:

EO-CS'SK - RBe —
EtO-CS'SR  + NH; —

EtO°CS'SR -+  KBr
EtO-CS'NH, -+  HSR

Mercaptans 31
This method 1= particularly convenient for water-~oluble halides,
such ax ehlorouectic weld; ¥ 2220 2

EtO-CS*SK  +- CICH,COONa — EtO-CS'SCH,COONa  — HSCH.,COOH

It has long been a standard method for making aromatic mer-
. captans. It is particularly useful for that group since aromatic

-are readily available.

halides are relatively unreactive and since diazonium compounds
A diazonium salt reacts with a xan-

‘ thate: 163, 268, 377, 598

PhN,CI 4+  KS'CS'OEt —
PhS-CS-OEt -+ H,0 -

PhS:CS'OEt -+ N, + Kcl
PhSH -+ COS <+ EtOH

“As the aleohol involved in making the xanthate does not influence
- the mercaptan, a cheap alcohol, such as ethyl, is used. It might
- be desirable to use one such as n-butyl which is easily recovered.
¢ The inconvenience of handling hydrogen sulfide is avoided by the

xanthate method. One half of the sulfur in the carbon disulfide
is used. m-Nitrothiophenol has been made by this method.”® 378

Sodium trithiocarbonate, NasCSs, has possibilities that have not
been fully realized:

Nay$  + €S, = NaCs,
2RBr -+ Nay,CS3 — 2NaBr -+  SC(SR),
SC(SR); + 2NHg; —> 2RSH -+  SC(NH,),

Carbon disulfide is added dropwise to a 1 molar solution of

- sodium sulfide (240 g. Na,S9H.0 made up to 1 liter), containing

magnesium hydroxide (10 g. MgCly6Ho0O and 4 g NaOH
dissolved in water and added separately).*7 This solution should
be well stirred and kept at about 50° during the addition. When
the carbon disulfide has all reacted, the temperature is raised to
70° and the alkyl halide added dropwise, continuing the stirring.

This method is particularly suitable for alkyl sulfates or water-
soluble halides, such as chloroacetic acid:

Na,CS; -  2CICH,COONa -

SC(SCH,COONa),  + 3 NaCl

The trithiocarbonic ester is hydrolyzed to get the mercaptan.
Ammonium dithiocarbamate, from the union of carbon disulfide
8nd ammonia, reacts well with an alkyl halide:

HyNCS'SNH, 4 RBr -  HyNCS'SR -  NH,Br

Ey‘grolysis, or pyrolysis, of this ester gives the mercaptan. 912, 91b,
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(e of the products of the reaction of phosphorus pentasulfide
an an alkene 1= a thiophosphorie ester from which a mercaptan

208

1= obtained by hydroly=is,

Bunte Salts

The cheapest and most available salt of a thicacid i1s sodium
thiosulfate. It reacts with an alkyl halide:

RBr  + Na$'SO3Na — R$*SOzNa  +  NaBr

The alkyl thiosulfate is a so-called Bunte salt. It can be hydro-
lyzed and the mercaptan set free. 105, 281, 4%0a, 518, 591 Thig method
has seldom been used for preparing mercaptans, but is convenient
when their derivatives, suel as disulfides or mercaptals, are de-
sired, since these can be obtained directly from the Bunte salts.
For making mercaptans the drawbacks are that the formation of
the Bunte salt is slow and its hydrolysis is not clean cut. m-Nitro-
thiophenol has been made by treating the Bunte salt with con-
centrated hydrochloric acid.?3™

From Thiourea

In recent years the thiourea method has practically super-
seded all others for the preparation of mercaptans on the labora-
tory scale. It is easy to operate and has the advantage that no
alkyl sulfide 1s formed as a by-product. A wide variety of halides
may be used?l, 200, 214, 282, 339a, 339b, 385, 520, 599 It WOI‘kS Well Wlth
many dihalides.?3*

It was observed by Claus in 1875 that ethyl bromide and thio-
urea unite to form a crystalline salt which i1s decomposed by
alkali. A similar salt was obtained with chloroacetic acid.!?"
Two vears later Willgerodt heated two molecules of dinitro-
chlorobenzene with one of thiourea in 90% alcohol in a sealed
tube at 100 to 155°. He isolated dinitrophenyl mercaptan, ethy!
chloride, ammonia and carbon dioxide.%6'c Methyl iodide and
thiourea react on standing, even in the cold:

Mel 4+  SC(NHo)y —  MeSC:NH)NH,HI

The salt, S-methylisothiuronium iodide, 1s stable and soluble in
water. When methy! iodide is added to powdered thiourea mois-
tened with cthanol the reaction is so vigorous that a reflux con-
denser is needed.5*® The same is true of ethyl iodide.®” The ad-
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dition of aqueous alkallc or ammoniag ciases the <eparation ol
the free base, MexdC:NH)NH. which i< only slightdy =oluble in
water. Warming the base with water ciuases it to split into the
mercaptan and eyanamide: 53

RS*C:NH)NH, — RSH -+ HyNCN

This reaction is reversible. The cyanamide polymerizes to di-
cyandiamide but this is of no consequence as far as the prepara-
tion of the mercaptan is concerned. Decomposition may be
effected by an amine: 33

RS*'C(:NH)NH, -+  EtNH, — EtNHC(:NH)NH, 4 RSH

The by-product is a substituted guanidine. As substituted thio-
ureas may be used as starting materials, this inakes possible the
synthesis of a wide variety of substituted guanidines.

The thiourea method has given good results with a tertiary
halide,? with unsaturated chlorides, such as methallyl#? and
crotyl 9% with chlorhydring,*® and with substituted benzhydryl
halides.® Dehydroisoandrosteryl mercaptan * and 9,10-anthra-
cenedi (methanethiol) have been prepared by this method.* The
vield of cyclohexyl mercaptan is satisfactory,®s? whereas the yield
of this mercaptan by the sodium hydrosulfide method is poor.

The operations are conveniently carried out in a three-necked
flask which is provided with a dropping funnel, a steam inlet tube,
and a condenser, set for reflux. The thiourca is placed in the flask
with about two thirds its weight of water. For mercaptans up to
decyl, the usc of aleohol is not ouly unnecessary but is objection-
able, on account of the formation of azeotropes of the lower mer-
captans with alcohol and the low solubility of thiourea in alco-
hol.5%" For higher alkyl halides, one fourth to one half of the
water may be replaced with alcohol. (Alcoliol of 95 or 99%
concentration has been used as solvent with cetyl bromide,®* but
509% aleohol is a better solvent for the thiourca and dissolves
sufficient amounts of even the higher alkyl bromides to keep the
reaction going.”*%") Heat is applied and the halide is added drop-
wise or in portions. The reaction may be over in 15 minutes or
may require several hours. \When the combination is judged to
be complete, the condenser is turned down and steam passed
through to remove alcohol or other volatile matter. The receiver
1s changed and concentrated sodium hydroxide solution added
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from the funnel at <ueh a rate that the reaction is vigorous but
can be kept under control. A volatile mercaptan, up to oetyl or
nonyl, goes over and is separated from the water layer of the
distillate. The water layer can be discarded. Ether extraction
is useless since 1 liter of water dissolves only 0.57 g. of butyl mer-
captan and mucl less of the higher. When the mercaptan is
fractionated, the first portion that goes over is turbid and carries
all of the water that is present. Only this tiny portion need be
dried. Except for mechanical losses, the yields are practically
theoretical. For nonvolatile mercaptans steam is used only for
getting rid of volatile materials. Precautions must be taken to
minimize the oxidation of the mercaptan by air, which is rapid
in the presence of alkali. Air may be displaced by nitrogen or
by adding a little benzene which will provide a blanket of vapor.
Just as soon as the liberation of the mercaptan is complete, suffi-
cient acid is added to bring the pH below 7. The reaction mixture
is cooled and the mercaptan layer taken off.507

For methyl mercaptan it is convenient to prepare a quantity of
the crystalline methylisothiuronium salt which can be stored and
used as desired. One mole of thiourea (76 g.), 50 ce. of water and
63 g. (0.5 mole) dimethyl sulfate are warmed together in a flask
until all go into solution. The solution is boiled vigorously, with-
out reflux. Crystals begin to separate in 5 to 10 minutes. The
boiling is continued until a thick magma is produced. The forma-
tion of a fog is to be avoided. A little cold water and sufficient
aleohol to double the volume are added and the mixture cooled
and filtered. The yield is 105 g. of the salt. By boiling down the
mother liquor and adding alcohol, 20 g. more can be obtained,
which corresponds to a yield of 90%. This salt melts at 244°
with decomposition. To generate methyl mercaptan, 70 g. of
this salt and 100 cc. of 209% sodium hydroxide solution are heated
gently in a flask with a reflux condenser. Methyl merecaptan is
evolved regularly. It passes up through the condenser, is bub-
bled through dilute sulfuric acid, and dried with calcium chloride.
The yield is 21 to 22 g. or 90% and the operation requires only
10 to 25 minutes.? 323 556, 666

The thiourea method is especially advantageous when the mer-
captan is being made as an intermediate for the preparation of
some derivative, such as a mixed sulfide. Thus, in the described
preparation, as soon as the isothiuronium salt has been prepared
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and volatile materials have been removed by steam distillation.
the condenser is turned to reflux and twice the usual amount of
alkali is added together with the other alkyl halide. As the mer-
captan Is liberated, it forms sodium mercaptide which reacts at

"~ once with the alkyl halide.3®! For example, add one mole of

hexyl bromide to a slight excess of thiourea in twice its weight of
water and reflux until the reaction appears to be complete. Add
to the hot mixture slightly more than a mole of concentrated
aqueous sodium hydroxide. When the mercaptan separates as a
layer, add one mole of butyl bromide and another of the alkali.
A volatile sulfide can be driven over with steam, while a less
volatile may be separated from the cooled mixture®®% The
mixed sulfide S(CH,CH.SCH-CH>OH), was prepared by the
addition of ethylene chlorhydrin. The elapsed time from the start
of the heating to the pouring out of the product was 90 min-
utes.504

The preparation of the alkyl halide and its utilization to form
the S-alkylisothiuronium salt may be accomplished in the same
flask. A solution of thiourea in 10 parts of ethanol containing
hydrogen chloride, refluxed several days, gave the desired salt.?®®
A mixture of 75 cc. of ethanol containing 4.5 g. hydrogen chloride
and 7.6 g. thiourea was refluxed 72 hours to give 30% ethanethiol

- or 120 hours for 61% .32 57 By the use of hydrobromic acid, the

reaction time can be shortened greatly.?® Tt might be assumed
that ethyl chloride is formed which subsequently reacts with the
thiourea in the usual way. Against this it may be said that it
does not seem likely that ethyl chloride, which boils at 12.2°,
would remain in boiling alcohol long enough to react with any-
thing. Alkyl chlorides do not react rapidly with thiourea. Per-
haps the alcohol reacts in some way with the thiourea hydrochlo-
ride or with the thiuronium ion. This method is not recommended
except in special cases, such as with aleohols whose hydroxyls
are labile. The best example is thiodiglycol. One mole of thiodi-
glycol (122 g.), 2.02 moles of thiourca (155 g.), and 200 cc. of
concentrated hydrochloric acid are heated under reflux. The for-
mation of the thiuronium salt is complete within 20 minutes.
The raercaptan, S(CH,CH,SH),, is liberated with alkali in the
usual way. A yield of 85% of the distilled mercaptan has been
obtained, the same as from mustard gas. In this case there is the
8pecial advantage of not having to handle the toxic chloride.?*
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By Repueriox

Disulfides

Alkyl disulfides are obtained from reactions with sodium disul-
fide and can be reduced to the mercaptans: ¢

2RBr  + NayS, = RS'SR 4 2 NaBr
RS*SR 4+ 2H — 2RSH

The reduction may be effected in various ways. 126, 151, 276b, 317, 319,
168, 501, 541, 578, 621, 692 Alkyl and aryl disulfides and many other
sulfur compounds are reduced neatly by lithium aluminum hy-
dride to the mcreaptans.t®> 993 59 Hydroxymercaptans are ad-
vantageously prepared by way of the disulfides 227> 3080, 569 Tlyjg
method is particularly suitable when the disulfide can be pre-
pared by some speeial method, as is the case with furfuryl disul-
ﬁde.243. 313, 340, 376, 584

This would look like a way of cirecumventing the formation of
the alkyl sulfide along with the mercaptan. Unfortunately co-
dium disulfide is a “statistical” compound, an equilibrium mix-
ture of the disulfide with monosulfide and polysulfides:

2NayS, 2 NaysS  + NaySg

The amount of alkyl monosulfide formed will depend on the
proportion of sodium monosulfide present and on the relative
reaction rates of it and of the di- and trisulfides with the alky-
lating agent. Experiments have shown that some alkyl mono-
sulfide is produced even when the composition of the sodium poly-
sulfide corresponds to Na,Sy. To cut down the formation of the
monosulfide, it is desirable to use sodium tri- or tetrasulfide. The
alkyl polysulfides are readily reduced to the disulfides and to
the mercaptans. Catalytic hydrogenation with a metal sulfide
catalyst is applicable.®™ The separation of the mercaptan from
sulfide and disulfide by fractionation is a simple matter. m-Nitro-
thiophenol has been made by reducing the disulfide with glu-
cose * or sodium zulfide,®® both in alkaline solution.

Other Reductions

A sulfone chloride can be reduced to a mercaptan by zinc and
an a(‘id: 29, 35, 83a, 85, 176, 223, 2385, 206, 267, 343, 348, 484, 623, G663, 688, 691

PhSO,CI + 6H — PhSH + 2H,0 + HCl
ESO.Cl 4+ 6H —> ESH 4+ 2H,0 4 HCl
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TG OND L

Tin or stannous chloride vy be useill =
dimercaptan “ and 44 -dimercaptodiphenyl D1 Liave been made
by the reduction of the yespeetive disulfone ehilorides with zine
and acid. This has been a standard method for making aromatie
mercaptans, but has been seldom used for aliphatic mercaptans %9
gince the required sulfone chlorides are not so readily available.
Catalytic hydrogenation has been recommended for aliphatic sul-
fone chlorides.?!12, 628 Lithium aluminum hydride %% 112 gn(
phosphorus with potassium iodide *** have been used as reducing
agents.

An arylsulfinic acid or its salts may be reduced to a mercaptan
with zinc and hydrochlorie acid.13s. 170n, 233, 275, 461, 462 2 T|jo-
phenesulfinic acid has been so reduced.®* An arylsulfonamide is
reduced by hydriodic acid.208, 204
. The reduction of cholestery! thiocyanate by the Clemmensen
method gives cholesteryl mercaptan: m. 99.5°, [a]p—23.85°.6%3
Hydrogenation of an alkyl thiocyanate gives a mercaptan:

RSCN -+ 2H — RSH -+ HCN

This does not scem to have been used as a preparation method.?37
A selenocyanate is reduced by a metal and acid to the seleno-
mercaptan.5®®

By tuE GrieNarp ReAcTiON
Sulfur reacts with Grignard reagents: 138 603a, 603b, 603c, 603
RMgX -+ S —  RSMgX
RSMgX + HX -~ RSH +  MgX,
Selenium reacts similarly:

RMgX 4+ Se —>  RSeMgX — RSeH

The examples given are aromatic, but aliphatic mercaptans can
also be obtained in this way.2®®: 677 The yield may be as high as
80% provided there is no excess of sulfur: 67

2RSMgX + S — RSSR 4+ S(MgX),

Cyclohexyl mercaptan, which is difficult to obtain by the usual
methods, has been prepared by this method.83 405, 619 ©Most ali-
phatic mercaptans are so readily prepared by other methods that
there has been little incentive to use this method except for
t-butyl.515 Thioborneol has been prepared by this reaction,?¢% 293
80 have the two thiophenethiols.*o?
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PhenyHithivm and sulfur give thiophenol#= Buryl mercaptan
has been made from butyllithium ™

CaraLyTic FORMATION OF MERCAPTANS

When coal gas is passed over heated powdered nickel, an or-
ganic sulfur compound is formed which gives a mercury deriv-
ative, m.65 to 70°.43° Sabatier and Mailhe passed primary and sec-
ondary alcohols with hydrogen sulfide over heated thoria which
they found to be the only efficient catalyst.528a 528 They report
yields of 50 to 75%. Secondary alcohols of five to nine carbon
atoms gave mercaptans.®®*® A later study gave the following
yields for 1:1 mixtures of alcohol vapor and hydrogen sulfide over
thoria at 380°: methyl 42%, ethyl 35%, propyl 45%, n-butyl
52%, i-butyl 36%, and i-amyl 42% 3% It was found that the
mode of preparation of the thoria is of great importance. The
catalytic preparation of mercaptans up to octadecyl by passing
their vapors and hydrogen sulfide over a dehydrating catalyst,
such as zirconia, has been claimed.*!: 37 The presence of a small
amount of hydrogen in the mixture of methanol vapor and hydro-
gen sulfide is said to cut down the formation of methyl sulfide.5
The catalytic preparation of the higher mercaptans is now in
commercial operation.

An alcohol may be heated with sulfur and hydrogen, under
pressure with a catalyst, to produce a mercaptan. The yield from
laurol is 40%.5%® Cyclohexyl methyl mercaptan has been made
by passing the acetate with hydrogen sulfide and hydrogen over a
cobalt sulfide catalyst.*™ Phenols are converted to thiophenols
by passing their vapors over alumina, or thoria, with excess hy-
drogen sulfide at 400° to 600°.3* Passing alcohol and carbon di-
sulfide vapors over catalysts at 400° gives a moderate yield of
mercaptan. The active agent may be the hydrogen sulfide formed
by the action of the carbon disulfide on the water from the dehy-
dration of a part of the alcohol.240

Hydrogenation of carbon disulfide to methyl mercaptan in the
presence of nickel polysulfide approaches a first-order reaction.!!
Hydrogenation of a nitrile in the presence of hydrogen sulfide
with cobalt polysulfide catalyst gives the mercaptan.17. 565 A
carboxylic acid, or an ester, reacts with hydrogen sulfide in the

presence of a hydrogenation catalyst to form a mercaptan.16o.
160b, 602
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Mercaptans are produced by the hydrogenation over a sulfae-
tive catalyst of a variety of sulfur compounds 170, 171, 190a, 1501,
211b, 367, 308, 369, 565b, 605 A miercaptan results when an olefin, sulfur,
or hydrogen sulfide, and hydrogen arc heated with a sulfactive

catalyst.® 658

t-Butyl sulfide can be cleaved to ¢-butyl mercaptan by hydro-
gen sulfide in the presence of metal sulfides.® A sulfide may be

- cleaved by sodium in liquid ammonia.%8

During World War 1, it was proposed to use n-butyl mercap-

. tan as a camouflage gas to the end that the enemy would have
 difficulty in telling in which sectors toxic gases were being used

and in which they were absent. A small plant rated at 300 Ib.
per day was set up at the American University in Washington

., - for making n-butyl mercaptan catalytically. The alcohol vapors
"~ and hydrogen sulfide were passed through enamel-lined steel

tubes 10 ft. long and 2 in. in diameter heated to about 400° C.
The plant operated successfully and about a ton of the mercap-
tan was sent to France, but whether or not it was ever used, no
one seems to know. The condensate from the catalyst tubes sepa-
rated into two layers. The top layer was taken off and fraction-
ated. The chief difficulty encountered was due to the fact that
n-butyl mercaptan and n-butanol form an azeotropic mixture

-containing 14.84% of the alcohol and boiling at 97.8°.3%9

A method which is not catalytic but which uses the same oper-
ating conditions is to pass the alecohol vapor over aluminum sul-
fide. Much mercaptan and some sulfide are obtained at 260 to
300"'383, 384

MiISCELLANEOUS FORMATIONS

This is emphatically not a method for preparing mercaptans
but is mentioned here since it has been taken up in many text
books. Kekulé 32 wrote the equation:

5C,H;OH  + PyS; —  5CHSH  + PO,

This cannot be realized under any conditions. The alcohol adds
to the pentasulfide somewhat as it would to phosphorus pentoxide.
According to conditions various products are formed. One im-
portant reaction is: 4*°

4BIOH 4+ P,S; -  2(E1O),PS'SH  +  H,$
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Sinee the alkyl n thi= s =till hound to oxyaen. a nicreaptan can-
not be produced by simple Lhydrolysi= bhut may be among the
products of pyrolysis. This will come up again in Chapter 3. Thio-
phenol * and 2-hexyl-p-thiocresol *% have been obtained from
the hydroxy! compounds with phosphorus pentasulfide. Heating
cthyl diphenylacetate with phosphorus pentasulfide gives ethyl
mercaptan .53

Methyl mercaptan is formed from carbon disulfide and hydro-
gen sulfide in the presence of a Friedel-Crafts catalyst.5

Cyclohexy! mercaptan is formed when cyelohexanone is heated
with ammonium polysulfide.68?

Aromatic mercaptans are formed when sulfur chloride reacts
with the hydroearbon in the presence of aluminum amalgam 32

Mercaptans secm to be among the products when an alkene and
hydrogen are led over pyrites at 350° or when an alkene is treated
with a sulfurizing agent, such as sodium tetragulfide?*®® Two mer-
captans and other compounds result when 2-methylbutene-2 is
heated with sulfur at 160 to 170° 101

Cyclohexane is sulfurized and dehydrogenated by sulfur to
thiophenol.**® Mercaptans are commonly among the products
when hydrocarbons are heated with sulfur. Propylene and sulfur
give some ¢-propyl mercaptan.?%

Thianaphthene is reduced by sodium in boiling aleohol to
o-ethylthiophenol.??® By the same treatment, thienol [3,2-b]-thi-
ophene is opened up to 2-ethyl-thiophenethiol-3.218

Triphenylearbinol is converted to the mercaptan by saturating
its solution in acetic acid with hvdrogen sulfide in the presence of
a catalytic amount of sulfuric acid.?

Treating an epoxy resin with hydrogen sulfide is said to intro-
duece sulthydryl groups.®®

A by-product of the synthesis of thiophene from a succinic
ester and phosphorus pentasulfide is 2-thiophene-thiol.#** The
3-isomer is a by-product in the commerecial synthesis of thiophene
from butane and sulfur.®0®

A silicon wercaptan, MezSiSH, has been prepared from the
corresponding chlovide by econventional methods.11®

Dimercaptans or Dithioglycols

Derivatives of the gem-dithiols, RCH(SR’). and R.C(SR%)..
the mercaptals and mercaptoles have been known for a long time.

Merciaptans +1

They are =0 muerons ool <o hnportant that o whole chaprer
will he devated to then, Unnl veeontdy 1t was assaned that the
gem-dithiols would be too un=table to be i=olated. Chemists con-
tented themselves with assuming thelr existenee as intermediates.

By treating formaldehyde with hydrogen sulfide at low tem-
perature, a liquid is obtained which is stable for a time 1I kept
cold. Todine converts it to a tarry mass from which a solid melt-
/SCHZT, m.wt.
NSCH,S
cale. 170, found 165 to 177. By treating the original reaction
product with methyl iodide in alkaline solution and oxidising
the product thus produced, a mixture of the two sulfones,
H.C (8S02Me)z, m. 141°, and .S (CH280:Me),, m. 184 to 185°,
is obtained. The corresponding cthyl sulfones, HoC (SO:Et) ., m.
103°, and O,S(CH,S80:Et)», m. 149°, have been prepared in a
similar way.*3 Reduction of carbhon disulfide gave a product from

ing at 83 to 84° can be extracted, apparently CH.

- which what appeared to be the methylene trithiocarbonate,

H,C (S:CS-SNa), was obtained.**® A derivative of methylene mer-
captan has been patented.™

Recently it has been found that gem-dithiols can be prepared,
quite simply, in good yields and that they are relatively stable.!®
The reactions may be represented as:

RCHO + 2HyS — RCH(SH), -+ H,0
R,CO + 2H,S —  RC(SH)p + H,0

Aldehydes react at lower temperatures and pressures than ketones.
Formaldehyde gives a 33% yicld in 16 hours at 42° and 30 at-
mospheres pressure. Pressures up to 8000 atmospheres were used
with ketones. Polymeric disulfides are by-products.

To avoid decomposition it is desirable to distil the gem-dithiols
at redueed pressures so that they nced not be heated above 80°,
though some of them will stand higher temperatures. Some gem-
dithiols can be stored for a year with little decomposition. They
show typical mercaptan reactions. They form metal mercaptides
and can be alkylated and acylated. The addition produets with
ethylenc and propylene arc mercaptals.

Ethylene mercaptan, prepared from ethylenc chloride and po-
tassium sulfhydrate back in 1840,3%3 is the only well known mem-
ber of this class. Ethylene bromide and sodium hydrosulfide gave
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it alxo0.7t Ethvlene mercaptan was obtained by the action of
ammonia on polymerice ethylene trithiocarbonate.?% From alco-
holie potassium hydroxide saturated with hydrogen sulfide and
ethylenc bromide, a 70% yield has been claimed.'®2 Much lower
yields have been reported.*?? %95 One difficulty in getting a high
yield is the formation of by-products. In one experiment about
16% of HSCH.CH,SCH,CH.SH, 1.5% of HSCH,CH,SCH,CH,-
SCH.CH.SH and about 10% of polymers were reported.#'” The
polymers may have bromine terminals and molecular weights as
high as 3000.5°2 The formation of sulfide-mercaptans can be cut
down by carrying out the reaction in an autoclave, under hydro-
gen sulfide pressure. Ethylene mercaptan may be prepared from
sodium thiosulfate.2® The sodium amalgam reduction 2'7 or hy-
drogenation over a sulfactive catalyst %8 of polymeric ethylene
disulfides has been used.

It can be made by the thiourea process,’ 412 576 byt with some
difficulty. Ethylene bromide reacts promptly and vigorously with
thiourea and the isothiuronium salt is obtained in high yield. For
some reason this salt is not decomposed readily by alkali. Re-
fluxing for 5 hours with 15 moles of potassium hydroxide appears
to be necessary.®™ This is seven times as much alkali and ten
times as long as would be expected. This difficulty is not en-
countered when the reactive groups are further separated. The
sulfide dimercaptan has been observed as a by-product.t122

Trimethylene mercaptan, HSCH,CH,CH,SH, has been pre-
pared from the bromide and potassium hydrosulfide,!? 260, 412a, 503,
549, 566 hy the thiourea method 26 4122 and also by reducing tri-
methylene thiocyanate, CHy (CHoSCN),, with zine and hydro-
chloric acid.?%® The dimethyl-trimethylene mercaptan, HSCHar-
CMey-CHoSH, has been prepared.?* Propylene dimercaptan,
CH;CH (SH)CH.SH, b. 152°, and isobutylene dimercaptan have
been made. The yield of the second was very poor.26%: 566 The
preparation and properties of a complete series of dimercaptans,
up to dodecamethylene, have been described.?%%

For making the polymethylene mercaptans, the usual methods
are available. A novel way is to prepare the bisdithiourethanes,
CsH1oN-CS-S(CHz),S-C3-NCsHy¢, from piperidine, carbon disul-
fide, and the dihalide. Treating this with alkali liberates the
dimercaptan.®?

Dimercaptans show the usual reactions of mercaptans. The
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chief interest in the lower members has heen in the formation of
cyclic compounds. Many cyclic mercaptals have been prepared
from ethvlene mercaptan and the saccharides,36% 64 as well as
from simpler aldehydes!6: 1912 191 gand from ketones1? 191b. 239
These are described under mercaptals and under cyeclic sul-
B fides. 17 627

Dimercaptans are said to be less toxic to catalysts than the
monomercaptans. 19
One trimercaptan is known: trithioglycerol, HSCH (CH2SH)>,
f 111, 426, 516 which is insoluble in water but mixes with ether.
. The mercaptan, C (CH.SH),, corresponding to pentaerythritol

has been prepared by the catalytic hydrogenation of a polymeric
polysulfide.*90b

It is claimed that polymers containing free mercaptan groups
can be obtained by adding thioacetic acid to unsaturated poly-
mers and hydrolyzing.3!2

Comparison of Mercaptans with
Alcohols, Hydrocarbons, and Alkyl Halides

In tables 2.1 to 10.1 and in most of the plots the mercaptans
and alcohols are compared with the hydrocarbons having one
Y more carbon atom, that is, ethyl mercaptan and ethanol are com-

~ pared with propane, and so on, for the higher members. In this
way there are the same number of heavy atoms in the com-
pounds in each line. The secondary mercaptans and alcohols,
- RCH(SH)CHj; and RCH (OH)CHj, are compared with hydro-

. carbons of the structure RCH (CH,) CHs.

In the textbooks the statement is made that mercaptans boil
lower than the alcohols. That is quite true for the lower oncs;
methyl and ethyl mercaptans boil at 58.5° and 43.6°, respectively,
below methanol and ethanol, but the differences become less as
the carbon chains become longer until the seventh members of
the series are reached, and above that the mercaptans boil higher
than the corresponding aleohols. With the secondary mereaptans
and alcohols, the relations are nearly the same but not so regular.
For comparison, the boiling points of the mercaptans, alcohols,
hydrocarbons, and alkyl bromides are given in Table 2.1, with
their differences, and those of the mercaptans, alcohols, hydrocar-
bons, and alkyl chlorides are plotted in Figures 1.1 and 2.1 against
the number of carbon atoms. Columns 1, 5 and 8 give the boiling
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b

Ficure 1.1.. Boiling Points of Primary Mercaptans, Alcohols,
Alkyl Chlorides and Hydrocarbons, Plotted against Number of
Carbon Atoms
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Fioure 2.1, Boiling Points of Secondary Mercaptans, Second-
ary Alcohols and Hydrocarbons Plotted against Number of
Carbon Atoms
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point= ol the mereaptans, aleolol Cond wlkyl hrosaides. Colun
7 gives the boiling points of the hydrocarbons, RMce. Thus line 1
has the boiling point of ethane, Me-Ne, contrasted with thoze of
Me—=I1, Me—OILL and Me-Br. Column 2, SII-Mc¢, shows the cle-
vation of the boiling point when sulfhydryl is substituted for
methyl. Thus in line 1 the boiling point of methyl mercaptan,
6°, is 94.3° higher than that of propane. Column 6 shows the
elevations when hydroxyl is substituted for methyl. Column 3
gives the differences between the aleohols and mercaptans. Meth-
anol boils 58.5° above methanethiol while heptanol and hep-
tanethiol boil at practically the same temperature.

TasLE 2.1

Botling Points of Mercaptans Compared with Those of
Alcohols, Alkyl Bromides and Hydrocarbons

1 2 3 4 5 6 7 8
No. RSH SH-Me OH-SH Br-SH ROH OH-Me RMe RBr
1 5.96 943 58.5 -24 64.5 152.8 -88.3 3.6
2 34.7 792 436 3.7 783 122.8 -44.5 384
3 67.5 68.0 297 35 97.2 97.7 -0.5 71.0
4 98.0 62.8 19.7 36 1177 81.7 36.0 101.6
5 126.5 578 114 32 137.9 69.2 68.7 129.7
6 151.5 53.1 5.0 38 156.5 58.1 98.4 1553
7 176.2 50.6 -0.1 38 176.3 50.7 1256 180.0
8 199.1 48.4 -44 24 194.7 440 150.7 2015
9 220.1 46.0 -6.6 213.5 394 174.1
Iso-compounds
4 88 60 19.9 34 1079 80.0 279 914
5 119 59 13.0 1.6 132.0 77 60.3 1206
Secondary
3 52.9 646 294 6.4 823 94.0 -11.7 59.35
4 84.5 56.6 15.0 6.8 99.5 716 279 91.3
5 1129 52.6 6.9 -0.1 1198 59.5 60.3 113
6 138.9 488 09 -56 1398 49.7 90.1 144
7 163.6 455 -49 -24 158.7 40.6 1181 166
8 186.4 43.2 -74 -2.6 179.0 35.8 14325 189
9 208.2 414 -9.9 02 198.3 315 166.8 208
Tertiary
4 64 54.6 189 -93 82.86 459 945 733
5 98 493 43 -11.2 1023 52.6 49.7 109.2
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In Figure 3.1. the boiling points of the mercaptans, aleohols,
hydrocarbons, and alkyl chlorides are plotted against their
molecular weights. The hydroxyl group lhas a great effect but
this falls off as the carbon chain lengthens. The elevation of the
boiling point by the —SH group diminishes slightly from methyl
to amyl and then becomes practically constant. The boiling
points of the secondary mercaptans bear a similar relation to
those of the Z2-methyl hydrocarbons. The alkyl chlorides boil
almost exactly where hypothetical hydrocarbons of the same
molecular weight would.
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Ficure 3.1.  Bouing Points of Primary Mercaptans, Alcohols,
Alkyl Chlorides and Hydrocarbons Plotted against Molecular
Weight

The elevation of the boiling point by the mercapto group is
partly due to its nature and partly to its weight. An attempt
has been made, in Table 3.1, to evaluate these separately by
taking the differences between the boiling points of the mer-
captans and those of hypothetical hydrocarbons of the same
molecular weights. The boiling points of these hypothetical
hydrocarbons were read off from a plot of the boiling points of
the normal hydrocarbons and the mercaptans against molecular
weights. The results are in the column headed Elevation. The
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same has been done for the alcohols. The column T 77 gives the
ratios of the boiling temperatures of the mercaptans to those of
the hypothetical hydrocarbons, both in degrees Kelvin., The same
has been done for the alcohols.

TasLE 3.1

Association of Mercaptans

Mercaptans Alcohols
Eleva- Eleva-

No. Bp. tion T/T" Mwhe. r Asso. Bp. tion T/T'M.whe. r
1 596 378 1.165 606 126 — 645 1465 1766 843 263
2 347 247 108 715 115 — 783 1160 1493 906 197
3 675 221 1066 855 112 1113 972 922 1332 995 1.66
4 980 207 1.058 999 1.11 1094 1177 770 1192 1100 148
5 1265 203 1.052 1137 110 1.089 1379 650 1187 121.0 137
6 1515 186 1.045 1286 109 1076 1565 540 1.142 1316 129
7 1762 189 1.043 1436 109 1.064 1763 470 1117 1437 124
8 199.1 189 1.041 1583 1.08 1.049 1947 402 1.094 1555 120
9 220.1 183 1.037 1728 1.08 1030 2135 360 1.080 1682 1.17

Ph 169.5 255 1.062 1393 1.26 — 1822 676 1175 1474 157

Secondary
3 529 157 1050 828 109 1095 823 885 1331 964 1.60
4 845 156 1.045 972 108 — 995 67.0 1.181 1048 141
5 1129 148 1.037 1115 107 1039 1198 550 1162 1150 131
6 1389 136 1.032 1255 106 1032 1398 452 1123 1261 123
7 1636 13.7 1.032 1403 106 1.025 1587 362 1.091 1372 1.18
8 1864 132 1.029 1539 105 1012 180.0 332 1.082 1506 1.16
9 2082 134 1025 1681 1.05 1.000 1983 282 1.064 1629 1.13

The molecular weights of hypothetical hydrocarbons having the
same boiling points as the mercaptans have been calculated and
are listed under M.w.hc. The ratios of these to the molecular
weights of the mercaptans are under r. This ratio is a sort of
measure of the association of the mercaptans. For the primary
mercaptans this ratio starts at 1.27 and decreases until it becomes
practically constant at 1.08. It is 0.03 lower for any sccondary
than for the corresponding primary. Under Asso., figures are
given for the association calculated from fluidities.’"a There is
close agreement. Corresponding data are given for the alcohols.
Thiophenol is more like a lower primary mereaptan.
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In phy=ical properties. exeept densitics. mereaptans rescuible
alkyl bromides and hydrocarbons closely. Ax fur ax boiling points
are concerned, the substitution of the —=H group in a hvdrocarbon
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Freere 4.1, Upper Part: Melting Points of Mercaptans. Alco-
hols, Bromides and Ilydrocarbons Plotted against Number of
Carbon Atoms

Lower Part: Melting Points of Dimcrcaptans, Glycols, Dibro-
mides and Hydrocarbons Plotted against Number of Carbon
Atoms
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has practically the =ame cffeet ax that of a hromine atom. This
is true also for the =ccondary and tertiary componnds. As scen in
column 4 of Table 2.1, the botling points of the primary mer-
captans, from cthyl to hexyl, average 3.6° lower than the cor-
responding alkyl bromides. The melting-point pattern of the
mercaptans, as seen in the upper part of Figure 4, is much like
that of the alkyl bromides, which closely resembles that of the
hydrocarbons, RMe, having the same numbers of heavy atoms.
Data on solubilitics in water of these compounds arc scanty, but
such figures as are available indicate that the solubilities of butyl
mercaptan, butyl bromide, and pentane are of the same order (sce
Table 4.1).

TasLE 4.1

L Solubzlities of Mercaptans, Bromides,' and Hydrocarbons in Water

(in grams per liter of water at 20 to 30°)

R RSH RBr RMec
Me 23.300 — —
Et 6.760 8.96 —
Pr 1.960 231 —
Bu 0.570 0.61 0.360
Am 0.164 — 0.140
Hex 0.043 — 0.052
Hep 0.014 — 0.015

In Figure 5.1, the densities of the primary and secondary mer-
captans are plotted along with thosc of the corresponding alcohols.
There is a sharp drop from methyl to ethyl on account of the
decrease in the percentage of sulfur. From ethyl the density rises
slowly. The increase in density duc to the higher percentage of
carbon is largely compensated by the decrease in sulfur con-
tent,

The melting points of primary wmercaptans, alcohols, alkyl
bromides, and hydrocarbons are given in Table 5.1 for compari-
son. The similarities are closer if propanc is put with ethyl mer-
captan, ethyl alcohol and ethy! brownide, and so for the higher
members of the series. The melting points arc more alike when
the molecules have the same number of licavy atoms rather than
the same number of carbons.
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promides, and hydrocarbons. The patterns for RSH, RBr, and
RMe are very similar.

The melting points of the 2-mercapto and the 2-methyl hydro-
carbons are in Table 6.1.
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Ficure 5.1.  Densities, 25/4, of Primary and Secondary Mercap-
tans and Alcohols, Plotted against Number of Carbon Atoms

TaBLE 5.1

Melting Points of Mercaptans, Alcohols, Alkyl Bromides, and

Melting Points of 2-Mercapto- and 2-Methyl-Hydrocarbons

TABLE 6.1

RCH(SH)CH; RCH (Me)CH;
Propane -130.7 ~145.0
Butane -165.0 -160.9
Pentane -169.0 -160.5
Hexane —147.0 —155.0
Heptane -141.0 -111.3
Octane - 790 - 800
Nonane - 69.0 - 747

Hydrocarbons Having Like Numbers

of Heavy Atoms

R RSH ROH RBr Rme
Me -123.0 - 970 - 93 -183.2
Et —147.3 -114.6 -119.0 -187.7
Pr -113.3 -126.1 -110.0 -138.3
Bu -1159 - 89.8 -1124 -129.7
Am ~ 757 — 785 — 880 - 953
Hex - 81.0 — 516 - 85.0 - 906
Hep ~ 434 ~ 341 - 389 - 56.8
Oct, - 492 - 15.0 - 540 - 53.7
Non - 20.1 - 50 - 308 - 297
Deec — 6.0 - 296 - 256
Und — 15.8 - 13.1 - 06
Dod — 239 - 96 - 6.2

These data are plotted in the upper part of Figure 4.1, from
which it is seen that the melting points of the alcohols make a
pattern that is entirely different from those of the mercaptans,

These are plotted in Figure 6.1. There is a similarity in the two
melting point patterns, though they are close together only a part
of the way.
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Ficure 6.1. Melting Points of 2-Mercapto- and 2-Methyl-Hy-
drocarbons, Plotted against Number of Carbon Atoms

As for the monomercaptans in Table 3.1, in Table 7.1 data are
given for the boiling points of the dimercaptans and glycols.
Unfortunately, the available data for the glycols are scanty and,
except for the first two, not very accurate.
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Tastk 7.1

Association of Dimercaptins

Dimercaptans Glycols ¥
Eleva- Eleva- ;‘;,
No. B.p. tion T/T" Mwhe. r Bp. tion T/T Mwhe r ¥
2 1460 602 1168 1255 133 1974 1875 1663 1573 253
3 1729 589 1153 1415 131 2140 1688 1530 1686 222
4 1956 556 1.134 1561 128 2300 153.0 1445 1802 200
5 2173 532 1122 1709 126 2390 1330 1350 1862 1.79
6 2371 506 1110 1853 123 250.0 117.0 1290 1955 165
7 2522 447 1093 1972 120 2620 1050 1243 2050 155
8 2693 420 1.083 2109 118
9 2840 381 1.073 2237 1.16
10 2971 335 1.062 2350 114
11 3088 288 1053 2457 112
12 3193 233 1.043 2553 1.09

Table 8.1 lists the elevations of the boiling point of a hydro-
carbon caused by the introduction of the first and second —=SH or
-OH groups.

TasLeE 8.1

Elevation of Boiling Point by First and Second Substitutions of
SH Groups

1st SH 2nd SH 1st OH 2nd OH

Ethane 123.0 111.3 166.7 118.8
Propance 112.5 104.9 141.7 116.8
Butanc 98.5 97.6 118.2 1123
Pentane 90.5 90.8 101.8 101.6
Hexane 2.8 85.6 87.8 93.5
Heptane 77.8 76.0 779 827
Octane 73.5 70.2 69.1 —

Nonane 69.5 63.8 62.8 —

With ethanc and propane, the introduetion of the second —SH
or ~OH group has less effect than that of the first, but for the
higher hydrocarbons there is little difference. The figures in the

Mercaptans
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literaturc for the boiling points of the higher
pherie pressure are probably not accurate.

AMonothioglyeol, HRCH.CH2OH, boils at about 160°. The 1n-
troduction of the —SH group into ethanol raizes the boiling point
88°, while the substitution of ~OH for a hydrogen of ethyl mer-
captan ralses the boiling point 154°.

The melting points of polymethylene dimercaptans, glycols,
and dibromides are given in Table 9.1, along with those of the
n + 2 hydrocarbons. As with the mono-derivatives, it scems best
to contrast compounds having the same number of heavy atoms.

elveols at atmos-

TasLE 9.1
Melting Pownts of Polymethylene Compounds

No. HS-SH HO-OH Br-Br Me-Me
2 412 -11.2 10.0 -138.3
3 -79.0 -55.0 -34.2 -129.7
4 -539 19.5 —21.1 -95.4
5 -72.5 -18.0 -29.5 -90.6
6 -21.0 42.8 2.3 -56.8
7 -38.1 22.5 —41.7 -53.7
8 09 63.0 16.0 -29.7
9 -17.5 458 -22.5 -25.6

10 17.8 72.5 274 96
11 -54 62.2 -10.6 -6.2
12 284 80.8 36.8 5.5

These are plotted in the lower part of Fig. 4.1. The melting
points of the glycols form a pattern which is very different from
those of the other series. The patterns of the dimereaptans and
dibromides are strikingly alike. From hexamethylene on up the
melting points of the dibromides arc alternately above and below
those of the mercaptans. Starting with heptamethylene, any
dimercaptan, the corresponding dibromide and the hydroearbon,
n 4 2, melt at very nearly the same temperature.

There are selenium,?* 7% and tellurium % compounds corre-
sponding to the mercaptans but they are not well known. The
boiling points are given in Table 10.1, along with those of the
mercaptans.
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TaBLE 10.1
Botling Points of RSH, RSeH '** and RTeH 37

Alkyl RSH Difference RSeH Difference RTeH
Methyl 6.0 6.0 12,037 450 57
Ethyl 34.7 188 53.5 36.5 90
Propyl 67.5 16.5 840 370 121
Butyl 98.0 16.0 1140 37.0 151

The boiling point given for methyl selenomercaptan appears
to be too low a figure; nearer to 20° would look better. Other
data are: EtSeH d 24/4 1.3954, np 1.47715; PrSeH d 20/4 1.3020,
np 1.47560; BuSeH d 24.5/4 12352, np 1.47446; '*4 i-PrSeH b.
70 to 75°; 441 DecSeH by 128 to 129°; 9% cyclohexaneselenol b.
170 to 172°, do 1.1223.405

Physical Properties of Mercaptans

Many studies have been made of the physical properties of
mercaptans, frequently for comparison with alcohols. The heats
of combustion and of formation have been measured for several
mercaptans.®® 66 617 The data have been summarized and dis-
cussed. The heat of formation of the C-S linkage is greater in
the sulfides than in the corresponding mercaptans and still
greater in carbon disulfide.®®® The valence force potentials in
methyl mercaptan and in methyl sulfide are only slightly differ-
ent.’® The possibility of resonance structures has been consid-
ered.853

Cryoscopic measurements 1® 37 and the Trouton constants 614
indieate no association. The fluidities of a series of mercaptans
have been compared with those of the alcohols.7% 67 They like-
wise show that the association is low; it decreases as the number
of carbon atoms increases. The fluidity at any temperature is
given by the equation:

logv = A + B/2.03 RT.

The constants A and B are characteristic of individual mercap-
tans.®%® The parachors of aleohols indicate association, while
those of the mercaptans do not.?¢?
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The refractivitics and parachors of a number of mereaptans
have been determined. %7 The refractivities of the isomerie propyl
and butyl mercaptans have been determined for nine wave

lengths.#12¢
The refractive index of a normal primary mercaptan, from

8 cthyl to nonyl, is given by the equation:

n25/D = 14720 — 0.2190/(C 4 2.881)

C is the number of carbon atoms. For the secondary, from s-butyl
, to s-nonyl, the equation is:

n25/D = 14730 — 02759/(C + 3.075).153

L. The mean values for atomic refractivity of sulfur have been given
- as rq 7.63, Tp 7.69, rg 7.83, 1, 7.98.42% From all available data,
® the atomic refractivity of sulfur in mercaptans has been cal-
" culated by three methods. The value proposed is 7.766 = 0.011.4#

Another survey gives 7.81 = 0.04 for aliphatic and 8.56 for aro-
matic.8*

The heat of vaporization of methyl mercaptan, as a function
of temperature and pressure, has been compared with data for

© other compounds.26!

The effect of a sulfur atom on the magnitude of optical rota-
tion #8 382 687 and whether or not a Walden inversion 33! takes
place during the introduction of a mercapto group have been
studied. The rotations of the sulfonic acids from the oxidation
of MePhCHSH, EtPhCHSH, ;-PrPhCHSH and BuPhCHSH are
opposite to those of the mercaptans.38t

The surface tension of ethyl mercaptan is much less than that
of alcohol.2> 278 The densities and dielectric constants of ben-
zene solutions of the isomeric propy! and butyl mercaptans have
been measured.*124

The polarographic behavior of the —-SH group has been studied.
p-Thiocresol gives two anodic waves between pH 2 and pH 12
in propanol-2.532

Appearance potentials have been determined for several gase-
ous ions formed by electron impact on ethyl, propyl, and ¢-butyl
mercaptans.?16

In the infrared, mercaptans have a well-defined absorption
band at 3.8 %! or at 3.85.% %2 Other bands have been noted at
2.00u,83 gt 2.27 and 2.92.288 Tables are given for the positions
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of the absorption hands due 1o thie ==2=11 o different mereap-
tans =82 The dnfrared absorption and diffusion spectra show
that the C=x and C-0O honds in methyl mercaptan and methanol
are highly polarized, giving high dipole moments.'%* The wave
lengths of the observed bands have been correlated with the
known Raman frequencies.®'® The bond-stretching frequencies
for RSH are lower when R is t-Bu, CH;:CHCH, or PhCHa,, than
when R is a saturated alkyl.?® The presence of sulfur in a mole-
cule does not affect the observed frequencies greatly.*®®

There have been many studies of the ultraviolet absorptions
of mercaptans.!: 76 89, 230, 346, 428, 491, 612, 613 The extinction curve
for ethyl mercaptan begins at about 300 uu and has a maximum
at about 185.#%! There are bands at 193.5 uu and at 225.3% The
energies of dissociation of some mercaptans have been calculated
from the edge of the continuous absorption in the ultraviolet.?3%
The absorption by thiophenol in cthanol is altered greatly by the
addition of sodium ethylate.?'2

The dispersion equivalent of sulfur in mercaptans has heen
compared with its value in other sulfur compounds.?**

The Raman spectra of a number of mercaptans show the fre-
quency shifts of 2573, 739, and 657, of which 2573 is attributed
to the S~H oscillation and the other two to the oscillations of the
C-S. The 2573 shift has been observed in hydrogen sulfide.®3*
Mercaptans and other sulfur compounds show characteristic fre-
quencies.t*?  Photographs have been made of the spectra of
methyl 185 638, 6t4a othy] 638, 644b 1 bropy] 497 (propy] 1508, 497
n-butyl??® s-butyl, t-butyl?® mn-amyl®® {-amyl] 50> 610
t-amyl 3% cyclopentyl #51 phenyl 180 326, 349, 351 332, 418, 533, 670 gp (]
benzyl?*® The spectra of FtSH and EtSD have been com-
pared.28!

Dipole moments of a number of mercaptans have been meas-
ured and compared with those of alkyl sulfides, alecohols and
ethers,300a, 300b, 459, 645 674 The moments of alkyl sulfides are
lower than those of the corresponding ethers, but with the mer-
captans and aleohols, this is reversed. The diamagnetic suscepti-
bilities have been used as a means of determining structure. 131, 143
The dielectric constant of cthyl mercaptan vapor has been deter-
mined.362

The ionization constants of mercaptans are of the order of
10—113 The pK values of scveral arc: phenyl 8.3, benzyl 11.8,
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etl]}'l 12.0. hexyvl 13,5 (»M)'I 13,8, anud (I(»l[t‘t'}'] 13.841% The aeld-
ities of thiophenol and ol several substituted thiophenols Lave
been determined in 60 and in 1007 ¢ ¢thanol.*7 55 Their acidities
are about two liundred times as great as those of the ecorrespond-
ing phenols.s*% A more elaborate comparison has been made.??"
Butyl, phenyl, and tolyl mercaptans show no conduetivity in
liquid hydrogen sulfide.**”

Solutions of thiols in concentrated sulfuric acid are deeply col-
ored and show paramagnetie absorptions. Certain similarities
have been observed in all the thio compounds, indicating that
similar species in all of them contribute to the paramagnetism.?83

Mercaptans form azcotropes with some hydrocarbons but not
with others®™ The data in Table 11.1 arc taken from recent
studies. 16, 199, 299, 371b Qome azeotropes with aleohols 3 and a
ketone 372 are in Table 12.1.

Azcotropes Lave been used in the separation of mereaptans and
alcohols 3™ Completely fluorinated organic compounds have been
recommended for the azeotropic separation of mercaptans from
hydrocarbons.1#

TasLE 11.1

Azeotropes with Hydrocarbons

Azeotrope

Bop. Bp. Bp. RSH

Mercaptan °C Hyvdrocarhons °C °C %
Methyl 6.00 -Butane -11.70  -13.00 149"

Ethyl 35.04 I-Pentanc 27.90 25.72 29.0

n-Pentane 36.15 30.46 51.0

2-Methyl-2-butene 37.20 33.00 60.0

Cyelopentance 4935 34.95 89.0

Neohexane 49.70 3441 83.0

n-Propyl  67.82 i-Hexane 60.40 59.20 23.9

2.3-Dimethylbutanc 58.10 57.50 16.3

n-Hexane 68.75 64.35 52.6

Methylevelopentane 7185 66.45 64.2

Neoheptane 79.20 67.20 813

22 3-Trimethylbutane 80.80 67.60 874

Cvelohexane 80.85 67.77 97.6

-Propyl 52.60 Cyelopentane 49.35 47.75 35.3

Neochexane 49.70 47 41 37.7

23-Dimethylbutane 58.10 51.24 67.5

i-Hexane 60.40 51.70 75.9

3-Methylpentune 63.35 52.40 87.0
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TasLe 11.1 (Continued)
Azeotrope
B.p. B.p. Bp. RSH
Mercaptan  °C Hydrocarbons °C °C Y%
n-Butyl 98.58 2 3-Dimethylpentane 89.90 89.50 15.1
1-Heptane 90.10 89.74 154
trans-13-Dimethyl-
cyclopentane 90.80 90.50 12.7
cts-1,2-Dimethyl-
cyclopentane 99.60 96.30 520
3-Methylhexane 91.60 91.20 228
n-Heptane 98.40 9545 494
2,2 4-Trimethylpentane 99.30 95.50 503
Methylcyeclohexane 101.00 97.00 58.2
Ethylcyclopentane 103.40 97.80 72.1
Neooctane 106.80 98.01 788
2,5-Dimethylhexane 109.10 98.20 88.0
3,3-Dimethylhexane 112.20 98.60 97.6
s-Butyl 8515 Neoheptane 79.20 78.60 23.1
24-Dimethylpentane 80.50 79.50 28.1
Cyclohexane 80.85 79.97 255
1,1-Dimethylcyclopentane 87.90 83.90 64.1
2,3-Dimethylpentane 89.90 84.20 68.6
1-Heptane 90.10 84.30 721
3-Methylhexane 91.60 84.70 808
trans-1,3-dimethyleyclo-
pentane 90.80 84.70 78.1
1-Butyl 88.72 Neoheptane 7920 79.10 103
24-Dimethylpentane 80.50 80.30 14.1
Cyclohexane 80.80 80.70 117
2,2 3-Trimethylbutane 81.00 80.60 164
1,1-Dimethylcyclopentane 87.90 85.70 442
23-Dimethylpentane 89.90 86.30 54.1
trans-1,3-Dimethylcyclo-
pentane 90.80 87.00 58.6
cis-1,2-Dimethyleyelo-
pentane 99.60 88.50 98.6
3-Methylhexane 91.60 87.20 62.8
Heptane 98.40 88.50 91.3
2,2 4-Trimethylpentane 99.30 88.40 90.0
t-Butyl 64.35 2,3-Dimethylbutane 57.80 56.10 21.1
i-Hexane 60.40 59.50 30.4
3-Methylpentane 63.30 61.50 46.5
Hexane 68.70 63.80 75.8
Methyleyclopentane 71.80 64.40 95.3
With other compounds
Ethyl 35.04 Ether 34.60 31.50 40.0
Methyl formate 31.90 27.00 70.0
t-Propyl chloride 36.30 36.20 45.0
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TasLe 12.1

Azeotropes with Alcohols and a Ketone

Azeotrope
Bp., °C % RSH

RSH ROH
Bp., °C B.p., °C
Propyl 67.5 97 4
Butyl 98.0 1170
i-Amyl 1180 1320
RSH MeCOEt
Propyl 67.5 79.6

66.2
97 4
115.3

65.5

91.35
85.16
77.11

75.00

Data for several properties of the primary mercaptans, from

.methyl to n-nonyl, and of the secondary, from i-propyl to s-nonyl,

are in Tables 13.1, 14.1, and 15.1. The melting points,%® boiling
points, densities, indices of refraction,’® and fluidities *™® were

TasrLe 13.1

. determined on the same samples. The dissociation constants are

Melting Points, Botling Points and Densities
of Mercaptans *8*

Expansion

Alkyl Mp,°C Bp,C d’% dm** d®, 1° X 10°
Methyl -123.0% 5.96%7 08948 0.86689 0.85991 16239
Ethyl -1473 347% 08617 0.83754 0.83147 1.4562
Propyl -1133 67.5 0.8617 0.84091 0.83572 1.2430
Butyl -115.9 98.0* 0.8601 0.84122 0.83651 1.1261
Amyl - 757 126.5 0.8595 0.84190 0.83750 1.0517
Hexy! - 81.0 1515 0.8591 0.84243 0.83826 0.9949
Heptyl - 434 176 .2 0.8589 0.84292 0.83891 0.9551
Octyl - 492 199.1 0.8590 0.84344 0.83956 0.9252
Nonyl - 20.1 2202 0.8591 0.84393 0.84015 0.9008
1-Propyl -130.7 529 0.83559 0.81393 0.80851 13397
s-Butyl -165.0 84.5 0.84906 0.82948 0.82459 1.1870
s-Amyl -169.0 1129 0.85068 0.83269 082815 1.0969
s-Hexyl -147.0 138.9 0.85217 0.83483 0.83050 1.0437
s-Heptyl -141.0 163.6 0.85171 0.83525 0.83114 0.9900
8-Octyl - 790 186.4 0.85281 0.83691 0.83292 0.9542
s-Nonyl - 69.0 208.2 0.85313 0.83770 0.83384 0.9254

* Average of 97.3 and 98.7°.

** Calculated from d9% and d254.
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froms Yabrofi® Tle determined the =olabifioes o owarer of
normal mercaptans. ethvl to amyl and tound thae their Toga-
rithi=. swhen plotted agadnst the number ol carbon atoms=, lic on

a straight line. The values given in the table were ealeulated
from this line.

TaBLE 14.1
Refractivity, Fhadity, and Solubility in Water of Mercaptans

MR Solubility in
Caleu-  Tluidity Water at 20°
Alkyl np™ Tound lated at20°  grams/liter X x 10"

Methyl — — — — 23.30 2.00
Ethyl 1.4270 19.19 19.13 333.5 6.76 2.52
Propyl 1.4351 23.77 23.74 2474 1.96 2.26
Butyl 1.4401 2841 28.36 200.3 057 221
Amyl 1.4440 33.04 32.98 154.7 0.164 2.00
Hexyl 1.4473 3768 37.60 121.6 0.047 —
Heptyl 1.4498 4233 4222 94.7 0.0138 1.77
Octyl 1.4519 46.97 46.83 73.8 0.0040 —
Nonyl 1.4537 51.62 51.45 59.5 0.00115 —
-Propyl 1.4223 23.97 23.74 265.4 — —
s-Butyl 1.4338 28.46 28.36 — — —
s-Amyl 1.4386 33.06 32.98 183.7 — —
s-Hexyl 1.4426 37.69 3760 143.1 — —
s-Heptyl 1.4452 4235 4222 1115 — -
s-Octyl 1.4481 47.00 46.83 86.9 — —
s-Nonyl 1.4500 51.64 51.45 67.5 — —

Secondary mcreaptans are about 15% more fluid than primary

mercaptans.

TasLe 15.1

Boing Pownts (°C.) of Mercaptans at Reduced Pressures 184

No. 30mm. S0mm. 70mm. 90mm. 110mm. 130 mm. 300 mm.

Primary

5 — — 579 — 68.7 76.7 95.9
6 —- 724 — 86.4 — 99.7 i20.1
7 81.2 — 101.2 — — 121.6 1429
8 99.8 — 120.6 — — 14211 164.0
9 117 4 — 1387 — — 160.8 184.1
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Tavre 1531 tContinned)

No. 30mm. 30mm. 70mm  90mm. 110mm. 150 mm. 300 mm.
Secondary
5 — — — — 55.9 63.9 836
6 — 60.6 — 742 — 87.5 1073
7 69.6 — 89.2 — — 109.5 1304
8 88.9 — 109.1 — — 130.1 151.7
9 106 8 — 128.1 — — 1499 1724

The usually determined properties of a numher of mercaptans
are assembled in the following tables. Reference should be made

.to Tables 13.1 to 15.1 for certain properties of particular groups.

All available data are given for cach property of each mercaptan.
This shows the statc of our knowledge of that mercaptan; the
references list the chemists who have preparcd it. A study of
the data in these tables reveals the sketchiness of our knowledge
of physical properties. For only a few compounds have accurate
determinations of physieal propertics been made. Credit for a
compound is claimed by the first chemist who made it. Credit
should go to the one who prepares a product of known purity and
supplies accurate data on its physical properties. For any mer-
captan, therc are as many sets of data as there are authors.
Small differences are to be expccted in independent determina-
tions of any property, but glaring discrepancies are frequent.
We find two melting points, 32.5° and 56°, for octadecyl mer-
captan. The higher one ig probably the melting point of the
disulfide which was mistaken for the mercaptan. This may be
true in other cases.

Distillation temperatures, taken under unknown barometric
pressure with any thermomcter that may be handy and uncor-
rected, masquerade as “boiling points.” At low pressures the
“boiling points” arc even less reliable, since the vapor pressures
have little slope and a small error in reading the manomcter
vitiates the result. We find in the tables n-hexyl bgo 86.4° and
b1oe 84°, n-decy] by 96°, b 96° to 97° and oleyl bgg; 171° to 175°
and by 171° to 178°. Boiling points at pressures less than 1 mimn.
may have little meaning.

Densities are frequently given at odd temperatures as ethyl mer-
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captan d 16.7/4 0.8428. The ds; 0.835 may mean d 21/21 or 21 /4.
It is impossible to compare such data with determinations at
standard temperatures. It is desirable for densities to be given
at two temperatures, 0/4 and 20/4 or 25/4, so that densities at
other temperatures may be calculated. Discrepancies between
determinations at the same temperature may be attributed to
impurities in the samples. Thus for ethyl mercaptan, we find
for d 25/4 0.83147 and 0.8373.

For many compounds there is a sad deficiency of data. Thus
we find for 2-mercaptoisohexane only [a] 20/D 21.2°, for pen-
tanethiol-3 only b. 105° and for nonanethiol-5 only by 72°,
Densities, but no refractive indices, are given for some com-
pounds and vice versa for others.

Physical Properties of Aliphatic Mercaptans

Methyl, CH,SH, m. ~130.5°113. 635 _]2],0° 60, 618 _]23 ]° 608
_123.0" ; 527 b. 5_960,40, 527 7'2°’138 6° ; 9, 12, 278¢, 646b b752 5‘80,19, 344b
bgor 0°, 152 by —90.7°, by —75.3°, by -67.5°, bag —58.8°, by —49.2°,
bao —43.1°, b1go —34.8°, bago —22.1°, bygo —7.9°, brep 6.8°, baat 26.1°,
bgat 55.9°, bioat 83.4°, bagar 117.5°, bagar 140.0°, bygsr 157.7°,
bgoat 172.0°, bgoat 185.0°; critical temperature 196.8°; critical
pressure 714 at.; Ty,/T. 0.598; 8 vapor-pressure equation: 527

log p = 182749 — 1769.05/T — 3.70248 log T

d 0/4 0.8961, d 26.3/4 0.8589, d 35.5/4 0.8472, d 49.7/4 0.8267,
d 78/4 0.7840,% d 0/4 0.894.2 Heat of fusion 1411.4 cal./mole,
heat of vaporization 5872 cal./mole, entropy 60.16 cal./degree/
mole,?27 60.91 at 25°.#° The heat of combustion at constant pres-
sure is 298.81 cal. and the heat of formation 5.37, at constant
volume 43.75.517 A late value is =17.172.%6 The heat capacity at
25°, 12.12 cal./degree/mole, and other properties have been de-
termined.#® The Raman spectrum has been studied %% and
valency forces and bond distances determined.18sb, 219

Ethyl, CH;CH.SH, m. —147.90° 401 _147.97°156 _147.89° 262
—147.3°,808 _147.0° 618 _144.4°; 113, 635 |, 35()0° 282, 401 35 ()4° 156
34.7° 80 buse 34.4-4.6°,18% hogg 35.3°300a 3620 19, 387b, 440, 646b, 646
330’614 3607 278¢c, 646b 370,12, 61la, 113, 635 36‘5_70,644b b1 _76.10’ b5
=59.1°, by =50.2°, bag —40.7°, bye —29.8°, by —22.4°, b1gp —13.0°,
baao 1.5°, baoo 17.7°, brge 35.0°, baat 56.6°, brar 90.7°, bapatr 159.5°,
baoat 184.3°, bagat 204.7°, bgoat 220°; €0 d 0/4 0.86174,18% 0.8609,432
0.8623,%° d 20/4 0.8375,1°¢ 0.83907,44° (0.8391,%1% 177 ().83914,262
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0.83983"a ( 16.7,/4 0.8428:9 (duy 0.835240 dy5 (0,843 br6a, axab
d 21/4 0.838011% 35 ( 25 4 0.83147,'% 0.8373,'% 0.83316,2%
d 15.4/4 0.8454,d 23.7/4 0.8357,d 31.7/4 0.8259, d. 38.7/4 0.8102,
d 48.4/4 0.8043, d 78.4/4 0.7652; ® n 20/D 1.4318,1%¢ 1.43055,**"
1.4306,177 143119300 14305581 €1 n 25/D 1.4270.2% Critical
temperature 206.9° 499 228° 196 228 3° 635 225.5°; 60 critical pres-
sure 54.2 at.® 63.5 at.; 85 Ty,/T, 0.616; % solubility in water
1.5 g./liter,2™ 7 g./liter at 20° or 0.112 moles/liter,® 13 g./liter

B at 25°; 2% surface tension 23.63 dynes/em. at 2° and 21.62 at

VE 16.7° 499 21 .82 at 20°.272 At 99° the vapor density is 2.201 com-
£ pared to air, calculated 2.144.1%% Explosive limits 2.8 and 182%

by volume of vapor; minimum ignition temperature 299° in air,
261° in oxygen.322 The Trouton constant indicates no associa-

¥ tion.®* The association at boiling point is 1.23.646c The heat of
¥ formation is 19.5 cal.’® 13.27 at constant pressure and 90.03 at
" constant volume.®” The heat of combustion is 455.65 cal. at

constant pressure.817 At 25° the entropy is 70.6 cal./degree /mole

and the heat capacity 17.6 cal./mole.#® The heat of vaporization
is 6860 cal* The diamagnetic susceptibility is 46.97.22% The
dielectric constant is 7.95 and the association factor 1.04.190% 646
Its dipole moment in benzene at 15° is 1.38 X 1071554 1.39,300a

] ‘1 Ethyl mercaptan and ethyl sulfide are V-shaped molecules.3002

The dipole moment has been compared with those of 250 other
compounds.#® The first ionization potential is 9.7 v.*" The
viscosity has been measured in several solvents.®** The viscosities
of mixtures of ethyl mercaptan and ethanol are slightly below
the calculated.’®® Its Raman spectrum has been compared with
those of ethyl alcohol and of halides.®*#® In liquid ammonia
sodium ethyl mercaptide has a dissociation constant of about
22.5, which is about six times that of sodium phenate.3%® The
thermodynamic properties have been thoroughly studied.** 01

n-Propyl, CH;CH,CH,SH, m. -113.3°5% -113.80°1%
—111.5°; 618 b, 67.82° 156 £7-8° 19, 519, 668a 68-8.5° 618 67°, 12 278
67.5° 632 hygs 63—7° 3000 by 65.10°; #12¢ d 20,/4 0.8407,17¢ 0.8337° 51
0.8391,39% d 25/4 0.83598; 412 n 20/D 1.434830°> 1.4380,1¢ 632
1.4391 81a, 616 p 25/ 1435532 1.43511;412¢ 3,5-dinitrobenzoate
m. 86°.3% The solubility in water at 20° is 0.025 mole or 1.90
g./liter.6® The Raman spectra of a number of n-propyl and
i-propyl compounds have been compared.*” The critical oxida-
tion potential is 0.812 for n-PrSH and 0.819 for :-PrSH; 199 the
diamagnetic susceptibility is 58.51.13
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7-Propyl, Me,CHSIL m. -130.63°.19% —130.77; h. 32.0° 15
56° 28 57607 19 128 5890895 |00 49.00° M2 (| 074 0.83559, 1%+
d 20/4 0.8142,156 25 /4 0.80851,"% 0.80895; +12¢ 1 20 /1) 1.4236,196
n 25/D 1.4223184 1,42154; 412¢ 3 5_dinitrobenzoate m. 86°.3%5 The
lines of the Raman spectra have been determined.15%

n-Butyl, CH;CH,CH,CH,SH, m. -115.9°%% _116.12°; b.
98.58°,156 b 98.0° 184 9R° 632 97°12 97-8° 11, 19, 6la, 249 95-7° 80
brgo 98.7°,32% brgg 97.2° 3000 b 96-8° 164 by 96.10°; #12¢ ¢, 0.858,
dig 0.84353* d 0/4 0.86006,%* d 20/4 0.83973000 ().833361a
0.8408,'5¢ d 25/4 0.83651,'%* 0.83679; 412 n 20/D 1.4411 300
1.44402,518, 610 1 4426,156 144074 ,412¢ 1.4431,632 | 4420164 | 442 11
n 25/D 1.4401.1% The solubility in water at 20° is 0.0066 mole
or 0.596 g./liter.*™® The heat of immersion of silica gel in n-butyl
mercaptan is 25.9 cal./g., in water 25.4, and in hexane only 7.9.556
This mercaptan has been included in a study of Raman spectra.32
The ionization constant in aqueous ¢-butanol is 11.51.207

1-Butyl, Me;CHCH,SH, b. 88.72°,156 8g° 278, 299 }_.. Q66
7.8°%,4% bro0 96.10°; 412¢ d4 5 0.848,299 d 20/4 0.8350,1%6 (0.83573 177,
440.d 25/4 0.82880; #12¢ n 20/D 1.4386,15% 1.43859 177, 440 1y 25/T)
1.43582.#412¢

s-Butyl, CH;CH.CH (SH)CH;, m. -165.0°;18¢ p, 85.15° 156
84.5°,18¢ 84-5°318 83-5°331 80-91°200 Y., 37.4°;412¢ d (/4
0.84906,'%* d 17/4 0.8289 (d 25/4 0.8211) 513 d 20/4 0.8294,156
0.8290,49% d 25/4 (0.82459,18t (0.82456; 12¢ n 20/D 1.4367 156
1.4365,%3% n 25/D 1.4338,1%¢ 1.43385; 412¢ [ b, 83—4°; [a] 20/D
—-11.99°; 498 d b, 85-95°; [a] 20/D 15.71°380c 12 45° 215

t-Butyl, Me;CSH, m. 1.26°%02 1.11°262 (.82° 156 (° 23 573
—0.5%;°1% b, 64.22°,402 64.2°262 6435° 136 £3.3° 28 578 (30 42
63.9-4.3°3%0  65-6°162 63.7-4.2°P515 64°21  63-5°314 0o
61.60°; **¢ d 20/4 0.7999,136 (0.79815% 0.80020,262 d 25/4
0.79472 262 402 (0.79426,412¢ d 30/4 0.78929; 262 1y 15/D 1.4249 23 573
n 18/D 1.4212** n 20/D 1.4230,15% 14225573 14231314 14235341
1.42320,%%2 n 25/D 1.42007,262 492 1.41984 *12¢ 30,/ 1.41697; 262
viscosity, surface tension and derived funections; 262 solubil-
ity in water at 20° 0.0107 mole or 0.964 g./liter.5"® The thermo-
dynamic properties have been thoroughly investigated from
0°—-1000°K #02

n-Amyl, CH;CH,CH,CH,CH-SH, m. —75.83° 201 _757°; 262, 605
b. 126.64°701 126.5°,18% 262 ]26°12, 476 126_7° 278 25 (° 25
bss 1257; 4390 d 0/4 0.8595,184 d 20/4 0.8390,%39 0.84209,262 { 25 /4
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0.8375,™ 0.83763, d 30 4+ 0.83317.2% 1, 144366, n 20 D
1.4450,139 144692262 n 25,D 14440 144439, n 30/D

. 1.44180; ¥2 viscosity, surface tension and derived functions; 26*
; solubility in water at 20° 0.0015 mole or 0.156 g./liter; 6™ hLeat
b of formation 34.65 cal® Thermodynamic properties have been
thoroughly investigated.20t

i-Amyl, Me.CHCH,CH,SH, b. 117°361 118-20° 386 119.8° 37

| 110.5°%9 116.6-8.0° 177 440, 490b | 116.5°; 338 d, 0.8548,357 dyy
E-0.835,361 d 20/4 0.83475,177, 440, 490b () 83272 439> 1y 20/D 1.4420,338
 1.44118,177, 440, 490b" ] 4445 - 4390 (ielectric K 4.35 at 22°338 4.9 at
f 18°, 44 at 26° and 4.25 at 33°; 1™ molecular volume at 0°
E 121.6; 2% critical temperaturce 320.92°.196

p-2-Methylbutyl, CH;CH,CH (CH;) CHoSH, b. 118-9.5° 98 67

b boys 117.4-7.6° 270 116-7°3%08 110-21°; 648 d 25/4 0.8403 9% 657
b dys 0.848333,270 duy 0.8415; 48 [a] 2.20° 9% 657 [a] 13/D 2.04° 270
F [a] 23/D 3.21°5 [a] 25/D 2.99° 380

s-Amyl, CH;CH-CH,CH (SH)CHj, m. -169.0°, b. 112.9°; d 0/4

B 0.85086, d 25,4 0.82815; n 25/D 1.4386; 134 act. b. 112°; [a] 20/D
B 66050

Pentanethiol-3, CH;CH-CH (SH)CH>CHj, b. 105° 404
t-Amyl, CH;CH,CMeoSH, b. 78° 714 g7° 20 972.9.4° 350 G

& 100°; n 20/D 14379211

n-Hexyl, CH,CH.CH,CH,CH,CH.SH, m. -81.03°;6% b,

B 150.5°,15 147°,12 152-3° 96 145-8° 472 [51-2° 35 brgg 149°, 2150, 2780
| byy 86.4°,151 by, 8495170 0/4 085011, d 25/4 0.83826,%
0.8367,17% d 20/4 0.8326,439 dy, 0.8486; 275, 278 1y 25 /1) 1,473,184

1.4460,17% n 20/ 1.4490.43%

s-Hexyl, CH;CH.CH-.CH-CH (SH)CHj3, m. -147.0°; b. 138.9°,
181 142° 187 by 60.6°; d 0/4 0.85217, d 25/4 0.83050; n 25/D
1.4426,18¢ 1.4418.80

Hexanethiol-3, CH;CH-CH.CH (SH) CH.CHj, bes 57°; d 20/4
0.831°; n 20/D 1442857

2-Mercaptoisohexane, Me,CHCH.CH (SH) Me, partially re-
cemized [a] 20/D 21.2° 380

n-Heptyl, CH;(CH.)s—CH.SH, m. —43.4°; 6% b, 176.2°, bso

" 812018 b, 174-5°888 174°12 174-6°1 176-7° 25 by 90-3°; 1908

d 0/4 0.85894, d 25/4 0.83801,'8 0.8309; 9% 1 25,1 1.449815

1.4488.790n :
s-Heptyl, CH,;(CH,),CH (SH)CH,, m. -141.0°; b. 163.6°,

bao 69.6°,18 bres 164-5°; 2780, 210 4 (/4 0.85181, d 25,4 0.83114,154
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dag 0.8353; =780 270 n 25D 1.4452,1% n 20/ 1.44596; =7rd. 279
solubility in water at 20° 0.009 g./liter.67®

Heptanethiol-4, (CH3;CHyCH,),CHSH, b. 135-8°,10+ 157-9°
by 40° 3390

2,4-Dimethylpentanethiol-3, -Pr,CHSH, b. 110-3°.%04a

n-Octyl, CH3(CH,)sCH.SH, m. -49.2°;8% b, 199.1°, bz
99.8° 184 b, 199-200°,25 bys 83—4° 1790 198-200°; 32¢ d 0/4 0.85998,
d 25/4 0.83956,18¢ 0.8349; 17 n 25/D 1.4519,18¢ 1.4460; 17 jon-
ization constant 11.72.297

s-Octyl, CH3(CH,:)sCH(SH)CH;3, m. -79.0°; b. 186.4°,8¢
bo.s 69-71°137 by 88.9° 184 by, 78-80°,331 hyy 85°; 170¢, 180a ( (/4
0.85281,18% do5 09023137 d 25/4 0.83293,1%¢ (.8314; 170c. 190a
n 25/D 1.4481,18+ 1.4455170c, 1908 ] 4586137 [q]y 9.30°.3800

1-Octyl, CgHy7SH, big 75°, d 20/4 0.8280; n 20/D 1.45100.%2
61b

2-Ethylhexyl, CH;CH.CH.CH,CHEtCH,SH, bjy 80°,19%2 by
90°; 1990 d 25/4 0.8467; 1902, 190> 1y 25 /T) 1.4524,1900 | 4541 1902

t-Octyl, (CHj;)3CCH,C(CH;),SH, bse 76-7°,17% 755-6.5°;
n 20/D 1.4538.581

n-Nonyl, CH3(CH.),CH.SH, m. -20.1°; 608 b, 220.2°184 b, 4
75-6°,25 by 95-6°,521 by 117.4°,184 by, 100-4°; 450 d 0/4 0.85907,
d 25/4 0.84015,'% d 20/4 0.8371,%%° 0.8425; 621 n 20/D 1.45197 #5°
1.4560,%41 n 25/D 1.4537.184

s-Nonyl, CH3(CH2)GCH(SH)CH3, m. ——6900, b. 208.20, b30
106.8°; d 0/4 0.85313, d 25/4 0.83384; n 25/D 1.4500.184

Nonanethiol-5, Bu,CHSH, b, 72°33%

2,6-Dimethylheptanethiol-4, ¢-Bu,CHSH, b. 155-8° 1042

n-Decyl, CH3(CHz) sCH2SH, bg 96°,%21 by 96-7° 25 byz 114-5°96
bis 125-7°, bars 126.5-6.8°; 57 d 20/4 0.8395,4%° 0.8414;9% n
20/D 1.45367,%50 1.4576,%21 1.4569.570

n-Undecyl, CH3(CH2) CH2SH, bs 103—4°,25 bey 139.9-40.0° 570
bo; 138—41°; d 20/4 0.8417; n 20/D 1.45816,*° 1.4588,570

n-Dodecyl, Lauryl, CH3(CH2)10CH2SH, m. 18-20°; 135 by, 5
05-6°,805 hy 111-2°,25 by 124°,3%7 be 5 114-6°,353 b5 142-5° 179, 182
276b hyyo 5 153.7-3.9°,570 bay 153-5°,450 hyg 155°,1700 hye 165-9°; 680
d 20/4 0.8435,4° d 25/4 0.8411; n 25/D 14558,'" n 20/D
1‘45886,450 1'4589.214. 363, 570

4-Butyloctanethiol-1, Bu,CHCH,CH,CH.SH, bss 98-9°; d
20/4 0.858; n 20/D 14625214

Dodecanethiol-6, CH3;CH.CH.CH.CH.CH (SH) CH,CH>CH-
CH;CH,CHs, bip 129°; d 20/4 0.857; n 20/D 1.4566.214
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- 5-Propylnonanethiol-5, Bu.PrCSH, h.; 84°; d 20/4 0.860;
#£ n 20/D 14633214
4 2-Methylundecanethiol-2, Me,C (SH) CyHy,, by 3 73-5°; d 20/4
i 0.853; n 20/D 1.4558.214
i t-Dodecyl, C1oHosSH (from triisobutylene), b. 227-8°.52
i n-Tridecyl, CH;(CHz)1;CH2SH, beo 162-6°,%5° 169.6-71.7°; 570
f d 20/4 0.8453; n 20/D 1.45906,450 1.4595 570
j, n-Tetradecyl, myristyl, CH3 (CH,)12CH2SH, m. 7°; by, 179.8-
b 80.9°; 570 boy 176-80°; d 20/4 0.8469; n 20/D 1.46005,450 1.4607 570
i n-Pentadecanethiol-8, (C;H,5):CHSH, m. —10.5°; by 158-60°;
i n 25/D 1.4580.170¢, 190
¢ Cetyl, CH3(CH.);,CH.SH, m. 19°322 18°3L 206, 674 52° * 135
‘ 50.5° *; 221 by 5 123-8°,296 by 150°,1700 by 173-5°, byg 187-9°,*2 by
b 135-40°; 67¢ magnetic susceptibility —390.4.143
t  n-Heptadecanethiol-7, CH;(CH.)sCH (SH) (CH2),CHs, b,
b 153°; d 25/4 0.8384; n 25/D 1.4594.170¢
¢ n-Heptadecanethiol-9, (CsH;;)2CHSH, bys 196-7°.190a
n-Octadecyl, CH3(CH2)sCH,SH, m. 56° *135 32.5°557
Melissyl, CH3(CH,) 2sCH2SH, m. 94.5° 477
- Allyl, CH.:CH-CH,SH, b. 90°,109. 155, 288 §3._6° 493 (6 7° 21
E 67-9°,2267-8°; d 23/4 0.9250,°¢ d 20/4 0.9304; n 20/D 1.4680; 43
3,5-dinitrobenzoate, m. 52° 3%
: Crotyl, 2-butenethiol-1, CH;CH:CH-CH,SH, b. 99-101°; d
£ 23/4 0.8830.9°
'ﬁ 1-Butenethiol-4, CH,:CH-CH,*CH.SH, b. 98-103°; d 22/4
£ 0.9087.95
¥ Methallyl, i-butenyl mercaptan, i-butenethiol-3, b. 93.5°22 b.
- 92.5°; d 20/4 0.9137; n 20/D 1.4872.804
= 1-Pentenyl, 1-pentenethiol-5, CH.:CH-CH.CH,CH.SH, b.
E 135-7°; d 18.5/4 1.0748.95
&  2-0-Pentenyl, 2-i-pentenethiol-4, (CH,;),C:CH-CH,SH, b.
@ 125-7°; d 18/4 0.8987.95
¢ Oleyl, CH3(CH.);CH:CH(CH.);CH.SH, bge; 171-5°, by-
171-8°; n 20/D 1.4669, n 17/D 1.4712.375
Cyclopenty!l, (*CH.CH,).CHSH, b. 131.5-2°3%1 130°,2° 130~
T 24°351 1205-30.5°;61° d 20/4 0.9485,920 09551;6° n 20/D
1.4882,620 14871 619
Cyclohexyl, CH,(CH.CH.).CHSH, b. 158-60° /3% 155°528b
brss 150-2°,495 bygg 157°,146 boy, 156°,146 157-62° 334 158-60° 832

i * Probably disulfide.
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155*6507573 162_50’55;‘ bl'_‘ 4107442 blOO 90'3’170(‘, 180a, 190b, 605, 620
88-9°,519 hgy 93-7°051 by, 51-4°;62 d, 0.9905, dy, 0.9782 405
d 20/4 0.9525,51% 0.9584,520 (.9486; 170¢ 190a ;| 481,405 18 /D
1.4988,#42 n 20/D 1.4933,170¢: 190a, 652 ] 4910,619 14911620 n 25/D
1.4738.575

Cyclopentylmethyl, C;HyCHoSH, b. 170°; 3. 43¢ (,, 0.9] 43
des 0.938; 131 n 25/D 1.4770.433, 431

Cycloheptyl, (-*CH:CH.CH:). CHSH, by; 74°.391

3-Methyleyclopentylmethyl, MeC;H CH,SH, b. 180°; dg;
0.928; n 25/D 1.4675.438, 434

2-Methylcyclohexyl, m. 0°; 442 b. 161°,528% [65° 146 b, 56° 442

3-Methyleyclohexyl, b. 172-4° 83> 168° 5250 145° b, 80-2° 681

cis-3-Mcthyleyclohexyl, b. 165°; dos 0.916; n 25/D 1.4647; 433,
134 [, —2.74° 433

trans-3-Mcthyleyclohexyl, b. 171°; ds; 09140; n 25/D
1.4663; 433, 181 ], 5.50°.133

4-Methyleyclohexyl, b. 169° 528p

3-Methyleyclohexylmethyl, CH3CeH10CHoSH, b. 190°; 433, 434
das 0.9350; %3¢ 0.932; 483 n 25/D 1.4720.483, 434

B-Tetrahydronaphthyl, bi; 151-1.5°; d 20/4 1.0884; n 20/D
1.5972 620

p-Decahydronaphthyl, bey 122°%83 byy 122°; 434 dy; 0.980,33
dag 0.9950; 3% n 25/D 1.5110.#33. #3¢

1-Cyclopentenyl, C;H,SH, b. 116°; d 19.5/4 0.8947.95

2-Cyclohexenyl, C¢HoSH, b. 156°; d2s 0.953; n 25/D 1.4686.43+

p-Cyclohexylethyl, C¢H;;CH,CH.SH, b, 50-2.5°; n 25/D
1.4910.129

2,26,6-Tetramethyleyclohexyl, Mc,C¢H,SH, m. 36°; b; 81—
20.363

e-Cyclohexylamyl, C¢H;:CH.CH.CH,CH,CH.SH, b; 89.5-
91°; n 25/D 1.4820.12¢

d- (B-Tetrahydronaphthyl)butyl, C;oH;;CH.CH.CH.CH,SH,
b, 143°; n 25/D 1.5569.129

d- (B-Decahydronaphthyl) butyl,  C;,H;;CH.CH,CH,CH,SH,
bos 124°; n 25/D 1.5092.120

Cholesteryl, Co;HysSH, m. 99.5°; 3% 645 [q],, —23.85° 645

Furfuryl, C;H;OCH.SH, b. 155°*% bgy 84°; 243 342 ( 20/4
1.13186; n 20/D 1.5329 342

S-Methylfurfuryl, MeC,HOCH,SH, by 70°; n 20,/D 1.5258.34

2-Thiophencthiol, C4H38-SH, b. 171.1°197 166° 123 b, 86°; d
19.5/41.168;n 15/D 1.5750,% n 20,/D 1.6201; 197A¢., b. 230-2°.423
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3-Thiophenethiol, CyHS-=H, b. 171°; d 254 1.247; n 20/D
1.6157. 1

2-Ethyl-3-thiophenethiol, b. 195-7°.114

Trimethylsilyl, MegSiSH, b, 77-8°.119

Dimercaptans
gem-Dithiols, RCH(SH), and R,C(SH),1!?

H.C(SH):, bse 58°; n 25/D 1.5840; diBz., m. 119.5°
EtCH (SH)q, b. 142°, by 60°; d 25/4 1.043; n 25/D 1.5214;

E diAc, bos 61-2°: n 25/D 1.5150.

MeCMe,CH.CHMeCH-CH (SH)», by s 60-3°; d 25/4 0.935; n

b 25/D 14875; diAc., by 96-100°; n 25/D 14930.

Me,C(SH)g, m. 4-8°; b, 113-6°, byes 61-2°; d 25/4 1.006; n

25/D 1.5063.

Et,C (SH) s, byr 80-2°; 0 25/D 1.5042.

H.C (CH.CH,).C(SH)s, b 69-73°; d 25/4 1.083; n 25/D
1.5440.

PhCH (SH)s, bey 74-6°; n 25/D 1.6218; diAc., m. 38°; bos

122°; n 25/D 1.580°; diBz., m. 138°.
TaBLE 16.1
Some Properties of a,w-Dimercaptans 2°°
Latent
m.p. bio Do breo Heat of
No. °C °C °C °C d% d“/s n*/p Vaporization

2 -412% — — 1460 1.1454 1.1192 1.5558%"  —

3 — 1046 1729 11007 10775 15371 —

4 539 745 1277 1956 1.0621 1.0395 15265 11,135
5 725 90.1 1472 2173 1.0375 10158 15194 11,842
6 210 1060 1638 2371 10102 09886 1.5077 12,246
7 381 1195 1780 2522 09900 09707 14950 12,845
8 09 1320 1924 2693 09814 09620 15009 13,217
9 -175 1450 2065 2840 09698 09510 1.4940 13,897

10 178 1610 2195 2971 — 09432  1.4950 14,590
11 -54 1715 2306 3088 — 0.9368 1.4931 15,090
12 284 1815 2410 3193* — 09270t — 15,660

* Extrapolated.
T d®/a.

The boiling points at 10 mm. are from distillations, those at
100 and 760 mm. were taken with the Cottrell apparatus.
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The dimercaptans are weak acids; their normal acidity poten-
tials at 20° in alcoholic solution in volts are in the Table
17.1.

TaBLE 17.1
Acidity Potentials of the Dimercaptans, HS(CH,),SH 5

Alcohol

Volume n—2 3 4 5
%% H.X HX HX HX' H.X HX’ HX HX-
95.0 -0.6758 —  -0.7055 — 07413 — 0.7528 —
780 -0.6487 — -06734 (-0812) -0.7031 (-0.826) -0.7119 (-0.808)

60.0 -06248 (-0811) -0.6474 -0.769 -06680 -0.770 —0.6869 -0.771
423 -0.5958 (-0.789) -0.6137 -0.703 -06355 -0.726 -06486 -0.720

Properties of Some Dimercaptans

Ethylene, ethanedithiol-1,2, HSCH,CH.SH, m. —41.0°; b.
146-6.5° 266, 621 146° 8, 19, 155, 422, 616, 654 |y, 43 4° |y, 46-7° 568
beo 67°3%8 by; 53-5°191a bye 54.2° 412 hooo 140-1°;5% 4 20/4
1,122,566 11243412 dy3 5 1.123,%5¢ d 23/4 1.123,° d 25/4 1.1185;
n 20/D 1.5590,41%2 n 25/D 1.5558; 266, 627 diAc, m. 60°5% 69°;
diBz. m. 95° 412

Trimethylene, HSCH,CH:CH.SH, m. -79°; 47 b 172.9° 266
169° 260. 627 160-70°17 170-1° 82 bype 160-1° 54 by5 63°,4128 by,
94° 566 byap 110°,720 by 104.6°; 266 4 0/4 1.1007, d 25/4 1.0775,
d 20/4 1.0772,%%2 1.0783; 412 n 20/D 1.5392,%82 1.5406,%122  25/D
1.5371; 2% diAc., boy 152°,120 by 104-5°; d 20/4 1.1401; n 20/D
1.5406,412 n 24/D 1.5209; 120 diBz., m. 56.3°.41%

Propanedithiol-1,2, CH;CH (SH) CH2SH, b. 152° 19 474, 489 .
51-2°,368 by 72-4°; 145 4 20/4 1.061.56

Tetramethylene, HSCH.CH.CH-CH,SH, m. -53.9°; b.
195.6°,266 by 105621 by 75-6; 4% diBz., m. 49° 918 49 .5° 549

Butanedithiol-2,3, CH;CH (SH)CH (SH)CHj;, bsy 86-7°.368

Pentamethylene, HSCH,CH,CH,CHCH,SH, m. —72.5°; b.
217.3°,268 by 108-9°, by 123°,15 b5 107-8° 549 by 110°; 212 diBz.,
m. 450_15, 9la

2,2-Dimethylpropanedithiol-1,3, HSCH,C(CHj),CH.SH, bss
7202

Hexamethylene, HSCH,CH,CH,CH.CH,CH,SH, m. -21.0°;
b. 237.1°,266 b5 118-9°; diBz., m. 57°.91s
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Hexanedithiol-1,2, CH;CH,CH,CH,CH (SH) CH,SH, biy 99°;
n 19/D 1.5071.26

Decamethylene, HSCH,(CH,)gCH,SH, m. 17.8°,7266 2(0°;91a
b. 297.1° 268 by 176°,912 by 99-102°; 179 {iBz., m. 55°.912

2,6-Dimethyloctanedithiol-3,7, by 132°; n 17/D 1.5025.442

2,6-Dimethyloctanedithiol-2,6, by 110°; n 16/D 1.4971.442

Pentadecanedithiol-7,8, CsH3sCH(SH)CH (SH)C;Hy5, bie
1067 ° 368

Octadecamethylene, HSCH, (CH;) 1CH.SH, m. 52°.26¢

Cyclohexanedithiol-1,2, CeHyo (SH) 2, byz 97°.145

1,1-bis (mercaptomethyl) cyclohexane, C¢H,;o(CH2SH),, bys

P 136°.24

3/4-Thiophenedithiol, C,H2S (SH)g, be 120-5°; d 25/4 1.446;

b 1 20/D 1.70.27

Propanetrithiol-1,2,3, trithioglycerol, HSCH.CH (SH)CH,SH,

' bo.« 60°,% by 80°,%26 by; 115-20°; 516 69 d 20/4 1.231;566 n 22/D
b 1.6105.426

Neopentanetetrathiol, C(CH.SH),, m. 73°.190

Properties of Some Aromatic Mercaptans
Thiophenol, C¢gHsSH, m. —14.9°; 466 b, 169.5°,85. 87, 138 168 3° 876

b 168°,377, 677 165° 630 [72.5° 6. 155 [0 168-9° 208 by, 168-70° 603
E bso 86.2°,85 84° 367 b9 103.6°,%5 byy 77° 150 bay 68°,242 byy 68°; 620
F d20/4 1.0780,520 d 23.2/4 1.0739,87. 180 4 24 /4 1.078,195. 639 4 25/4
e 1.0728;647 n 14/D 1.593180d p 20/D 1,587 11, 87 1.5888 820
E 1.58552#2 n 23/D 1.55613,18 n 25/D 1.5805; %8 heat of fusion
i 24.90 cal./g.; specific heat at 25° 0.3829; entropy at 25° 52.6 *66
‘ viscosity, surface tension and parachor.®3¢

o-Thiocresol, CH3CsH,SH, m. 15°;8 296 817 |, 194.3°%5

187—80,377 bz;o 1060, b100 124.70.85

m-Thiocresol, b. 195.4°38 195°78 606 pyy 90-3°, by, 107°,806

L bso 107.5°, broo 126°; % p-nitrobenzoate m. 96°.5

: p-ThiocreSOI, m. 43.50’198 430’294, 318, 367, 377, 494, 603d 43_4‘3;203
b. 195° 85 194° 122, 631 1G(_2° 140 187 _8° 377 ;44 124.9°85

o-Ethylthiophenol, bz 207-9°267 bqgs 210.1-09°; d 20/4
1.0349; n 20/D 1.56995.220

p-Ethylthiophenol, bye 3 91-3°.483

2,4-Thioxylenol, b. 207-8° 233

2,5-Thioxylenol, b. 205-6°.233

o-Propylthiophenol, bqze 219-21° 267
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o-1-Propyithiophenol, bryy 225-7°.267

p-7-Propylthiophenol, byy 100-4.5°; d 20,4 1.0009; n 20/D
1.5542 241

o-Allylthiophenol, C3H;C¢H,SH, by; 183-90°; n 21 /D 1.6098 302

2-Allyl-4-methylthiophenol, Me(C3H;) C¢HSH, by, 190-6°;
n 21/D 1.692]1 3¢2

o-Phenylthiophenol, CsH;CH,SH, by, 160° 92

p-Phenylthiophenol, CcH;CH,SH, m. 111°.231

o-Chlorothiophenol, b. 204-6° 148 205-6°; 228 d,4, 1.2752.148

m-Chlorothiophenol, b. 205-7°; dj2.5 1.2637.148

p-Chlorothiophenol, m. 54°; 148 461, 603d , 205 7° 148

2,5-Dichlorothiophenol, bs, 112-6°.23%

o0-Chloro-p-phenylthiophenol, m. 196° 214

o-Bromothiophenol, by 96.5°,548 byg 117-8°; n 24/D 1.6321.6%

m-Bromothiophenol, bog_o 119-21°,88 by, 123—4°;7 n 20/D
1.63387% n 25/D 1.6310.565

p-Bromothiophenol, m. 75°45. 86
230-1°; % Ac. m. 52°; Bz. m. 84.5°.665

o-lodothiophenol, by; 119.5° 548

m-Iodothiophenol, by, 121.3°.548

p-lodothicphenol, m. 85°,8% 8¢° 46

o-Nitrothiophenol, m. 61° 327 58° 378 56° #20 45° 74

m-Nitrothiophenol, 0il.7® 372

p-Nitrothiophenol, m. 77°.228. 661b

2,4-Dinitrothiophenol, m. 132°2# 131°; 9612 Bz m, 113° 661>

2,4,6-Trinitrothiophenol, m. 114° 661a

2,4-Nitrobromothiophenol, m. 110° 7

2,4-Nitrochlorothiophenol, m. 122°,74 120° 286 213°50

2,5-Nitrochlorothiophenol, m. 171°.5°

m-Methylsulfonylthiophenol, m. 69°.629

p-Methylsulfonylthiophenol, m. 68°.%

Benzyl, b, 195° 1, 170¢, 1902 1G4_5° 226 ), 64.5-5,5° 518 b, 100° 120
bse 99°; d 25/4 0.8097; n 20/D 1.5779,170¢ 190a | 576 11

o-Nitrobenzyl, m. 29.5°; by; 149.5° 490a

m-Nitrobenzyl, m. 12°3% 14°; by 164°.490a

p-Nitrobenzyl, m. 52.5°.4%0a

a-Phenylethyl, b. 119-20° % b;; &7-8°,289 by, 81-3°288 |,
83-47; d 18/4 1.0396,%8+ 57 ( 20/4 1.022; 8% n 18/D 1.5691,574
n 20/D 1.557; [a] 26/D 105.6°, -105.6°; 289 Ac., byy 123-5°;
d 20/4 1.0698; n 20/D 1.5480.28%

280, 295 710-603C, 6034 b
s .

J[m raptans 73

B-Phenvicthsl, by 1047 s b1, OG-8 A6+ 574 I)H Of- /°. LN (Y
105°: 910 (1 18/4 1.0318; n 19, 1> 1.5643; 7 A, by 134-5°; ¢ 204
1.0730; n 20,/D 1.5478 zsan

a-Phenylpropyl, by; 103-4° 880e

y-Phenylpropyl, big 109° 1P b,y 120-2°; 464 574 4 17 /4 1,010,164
1.0107; 5% n 19/D 1.5492,** 1.5543 57

B-Phenylpropyl, by 74°; n 20/D 1.5510; Ac., b, 105°; n 20/D
1.5429; 198 5 byy 70-1°; [a] 25/D 93° 3%

B-Phenyl-i-propyl, bie 105-10°; d 19/4 0999; n 20/D
1.5312.38¢

p-3-Phenylbutyl, by s 81°; [a] 25/D 7.0°.3%

e-Phenylamyl, by, 132-4° %10

a,B-Diphenylethyl, b, 146-8°.2%

o-Methylbenzyl, by 57-8°; n 25/D 1.5702.2%4
_m-Methylbenzyl, by, 90°.%

p-Methylbenzyl, by; 89-90°% by 118°3%

2-Nitro-p-tolyl, m. 58°.280

a-{0-Tolyl) benzyl, b, 149-50° %74

a- (p-Tolyl) benzyl, bg 159-62° 220

o-Chlorobenzyl, bey 120-1°% bas 126-8°; n 25/D 1.5840,3%%
1.5650.77

m~-Chlorobenzyl, by 120-1°; n 25/D 1.5810.385

p-Chlorobenzyl, m. 85°;316 b,, 66-7°38

24-Dichlorobenzyl, bag 151-2°; n 29/D 1.5993.77

3,4-Dichlorobenzyl, by 87-90°3% by 170-1°; n 29/D
1.6003.77

p-Bromobenzyl, BrC¢H,CH,SH, m. 75°.315

a-Phenyl-p-chlorobenzyl, p-CICsH,CHPhSH, b;g 168-9°.229

3-Hydroxy-5-methoxybenzyl, bggs 75-80°; n 20/ 1.5940 340

Cinnamyl, C¢H;CH:CHCH.SH, m. 7-8°; byy 124-5°7% b,
116-8°; 375 3 5-dinitrobenzoate m. 115°.3%3

f,v-Diphenylallyl, by 105-6°; 3,5-dinitrobenzoate m. 157°.39

4.4’-Dichlorobenzhydryl, bsg 168-9° 229

Triphenylmethyl, PhyCSH, m. 107°; 33 335, 641 Ac m. 139-41°;
Bz, m. 185° .64

a-Thionaphthol, b. 285° 5934 by, 208.5°, by 187.2°, byy 161° 338
ba 138-40°, by 142-2.5° 620 by; 152.5-3.5°; d 0/4 1.1729, d 23/4
1.1549,358 4 20/4 1.607; n 20/D 1.6802; 62¢ Bz., m. 118° 603

B-Thionaphthol, m. 81°' 338 b, 286°, 5 b1ao 210 5°, brg 189°, bag
162.7°, by; 153.5°,3%8 by, 153-4°.688
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4-Chloro-a-thionaphthol, . 44°.603d
4-Bromo-a-thionaphthol, m. 56°.603d
2-Nitro-a-thionaphthol, m. 70-3°39¢ 205°; Ac., m. 103°.28%
4-Nitro-a-thionaphthol, m. 77-9°.3%
5-Nitro-a-thionaphthol, Ac., m. 182° 3285
1-Nitro-f-thionaphthol, m. 98-100° 3%

Some Selenomercaptans

Phenyl selenomercaptan, b. 182°.603¢
o-Selenocresol, bgs 99°.209
m-Selenocresol, big 89°.29
p-Selenocresol, m. 47°.603¢
p-Bromoselenophenol, m. 77°.803¢
p-Chloroselenophenol, m. 55°.8%3¢
a-Selenonaphthol, bge 167°.803¢

TasrLE 18.1

Acidity Constants of Some Substituted Thiophenols in 48%
Ethanol at 25° 7

Substituent pKa Substituent pKa Substituent pKa
p-HO 8.30 p-Br 6.99 m-Cl 6.74
p-Me 8.03 p-Cl 6.96 m-NO: 5.90
p-MeO 7.99 p-1 6.94 m-MeSO. 588
m-Me 7.96 m-1 682 p-MeSO: 557
H 7.76 * m-Br 6.77 p-NO: 5.11
m-MeO 745

* PhSH 8.05*

Aromatic Dimercaptans

Dithio-catechol, 0-C¢H7(SH)s, m. 28°;482 b, 238-9° 727 by;
119-20°; diAc., m. 88.5°.482

Dithioresorcinol, m-CeH4(SH)s, m. 27.1°32%8 27° 471 25°; 202
483, 691 b 2450’202 2430}85 b17 123",202, 691 b28 1410,202 b20 1320,
b100 176.5° .88

Dithiohydroquinone, m. 98° 348, 411b, 465, 689

4,5-Dimethyldithioresorcinol, bys 150-1°; diAc., m. 49°.48¢

2,4-Dimethyldithioresorcinol, m. 121° 483

4-Ethyldithioresorcinol, bge 150-2°.483

Mercaptans 75

2,5-Dichlorodithioresorcinol, m. 85°.235
1,4-Naphthalenedithiol, m. 181°; by; 210° 256
1,5-Naphthalenedithiol, m. 119° 18 118-21° 411>
2,6-Naphthalenedithiol, 196.5° #11r 178°.97
2,7-Naphthalenedithiol, m. 187°411b 18]1° 256 174° 174
2,2’-Dimercaptobiphenyl, m. 79° 35
4,4'-Dimercaptobiphenyl, m. 179-81°, 411t 176° 231
9,10-Anthracenedimethanethiol, m. 145°.6%7
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Formally this is an e<ter of thiobenzoie acid, PhCOSRIT. There-
fore, the esterifieation of mereaptans is considered in the chapter
on thioacids.

Mercaptals and mercaptoles are formed by the reactions of
mercaptans with aldechydes and ketoncs:

RCHO 4 2ESH — RCH(SE), 4 H,0
MeCO 4 2ESH - Me,C(SE), -+ H,O

These reactions are discussed under thiones and thials.

The formation of disulfides, trisulfides, and tetrasulfides by
the rszactions of chlorine and sulfur chlorides with mereaptans arve
menmoncd in this ehapter, but come up again in the chapter on
disulfides.

Merc.aptan reactions, not of the classes mentioned, are dis-
cussed in this chapter. The chief interest has been in the possible
use of most of these reactions for getting rid of the mercaptans
t.hat are found in petroleum distillates. In discussing such reac-
tlons_, the bulk of the space will be given to actual, or proposed
apphcations for the removal of mereaptans from petroleum dis—7
tlllgtes. Even then, it is impossible to go into detail. Some
articles and patents will be listed.

Of all the classes of sulfur compounds which are found in
getroleum distillates, the mercaptans are the worst offenders
Some desulfurization processes have been designed for the soI(;
purpose of eliminating mercaptans, while others have been in-
tended to take care of sulfur compounds in general. As mer-
captaxlls are involved in all cases, it scems proper to give hrief
attention to desulfurization processes in gencral in this Cllﬂl)t(%l".

Reference is made to some of the innumerable articles on sulfur

compounds in petroleum . 7. =0, 268, 269, 640, 13, 603, 8632. 1002b, 1003,

1028, 1059, 1248n, 1245, 1260, 1381, 104, 1196, 16712 Specia] attention i
Special g n 1s

ca»l!ed ico a book by Kalichevsky and Stagner %° in which desul-
furlzz.\tlon processes are considered from the standpoint of the
gasoline refiner.

Thc: presence of sulfur compounds in gasoline is objeetion-
able %30 1150 on gecount of odor and because they ]mnm;to guni
formation, development of color, corrosion of metals {mdhtho
formation of deposits in the engine 267 143, 449, 5160, 550, 07, 5, 909,

919, 1130, 1424, 1521, 1690, 172
2 %1728 All sulfur compounds cut down the lead

response of a gasoline. The worst offenders arc the mereaptans
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and alkv] disulfides and poly=nlfides which may be conzidered as
dorived from them. The suliae dioxide fromn the eonbustion of the

sulfur compounds niay cause corrosion in the cngine #% AT

152 and eylinder wear ™™

High-molccular-weight merceaptans must he absent from cable
Oils.llﬂﬁ

In lubricating oils, sulfur compounds may causc deterlora-
tion 1113, 16710 though it is believed that some of those naturally
present are bencficial, acting as antioxidants.369, 847, 1153

The rating of Diesel fuels is raised by the addition of some
sulfur compounds,$¥ 13% hut the wear on the engine increases
with the sulfur content.’’’ High-sulfur fuel may increase venti-
lation requirements on account of the oxides of sulfur given off 122
598

Mereaptans account for only a minor proportion of the sulfur
in manufactured gas, but they must be taken care of in its purifi-

cation o, 76. 921, 547, 617, 619, 747, 157, 776, 177, 787, T90c, 874, 952, 960, 1163,

1198a, 1300, 1343, 1378, 1602
Reference is made to a number of general articles on the re-

moval of organic sulfur compounds from petroleum distillates.t™
141, 144, 180, 260, 262, 417c, 446b, 5316a, 516N, 537, 630, 706, 722, 839, 880, 1119, 1322,

1327, 1363, 1422a, 1422b, 1528, 1606¢, 1665, 1724, 1725b, 1734, 1761a Many more
articles and hundreds of patents will be mentioned in connection
with particular methods.

Formation of Addition Compounds

Ethyl mereaptan unites with water to form the hydrate,
C,H;SH-18H,0 8515, 1157 This is stable at low temperatures only.
An addition compound, CoH;SH-TiCly, has been reported.®®® Ni-
tric oxide forms a blood-red addition compound with ethyl mer-
captan.?6® The same mercaptan forms an addition compound
with hydrogen fluoride which dissolves in hydrogen fluoride.5%3
Primary straight-chain mercaptans can be recovered from such
solution unchanged, while benzyl mercaptan is converted to the
sulfide, with climination of hydrogen sulfide.?¢ The combination
of mercaptans with hydrogen fluoride may be the basis for the
effectiveness of this agent for removing sulfur compounds from
hydrocarbons. 4% 482 1410, 1428 Or the removal may be due to
some catalytic action of the hydrogen fluoride, rather than to its
solvent power alone.'%%®
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Bo_r_on ﬂuuri'de also appears to have an affinitvy for mereap-
tans ™ Its mixtures with hydrogen fluoride have been recom-
bmended for the desulfurization of hydrocarbons.234e 180 At _78°

oron hydride and methyl merca iti :
aptan form an add
S e 1tion compound,

Straight chain mercaptans form addu i imi
cts with
those of the hydrocarbons.1768 ures simllar to

Decomposition of Mercaptans

By Various AgeNTS

Light seems to split ethy]l mercaptan into EtS— and H- which

end 1
ISn 16;13) as ethyl disulfide and hydrogen. The over-all reaction

2BSH —>  ES'SEt -+ H,

Th.e q1'1an.tum. efficiency with respect to hydrogen is less than
unity, indicating that there are other reactions. Traces of higher
unsaturates and 10% of ethylene are also formed.1°™ With
n.lethyl.mercaptan and the mercury line 2537A, the quantum effi-
flle}rllcy 1s 1.7.1488 Tn the presence of activated carbon, ultraviolet
plfgo (’;ucc};:?ggis mercaptan vapors to sulfur-containing condensation
X-‘rays, beta and gamma rays convert a mercaptan, in water
§oluthn, to the disulfide. The number of molecules ox’idised per
lon pair was 3 for x-rays and beta rays and 23% less for gamma
rays.8? It has been proposed to sweeten naphthas containing
mercaptans by exposing them to x-rays and air.1980 ¢
.Aromatie hydrocarbons may be alkylated by passing them
with mercaptans over catalysts 15863, 1386.5 g may involve the
decomposition of the mercaptans; the products are what would
be expec‘tcd from the reactions of the olefins. Tertiary mercap-
tans, which decompose most readily, are the most eiﬁcient.493~5p

THERMAT, DECOMPOSITION

There have been many investigations of the thermal decom-
pgs.ltlon of mercaptans, usually with the object of finding con-
dl.tlc.ms under which the mercaptans can be destroyed with a
minimum of damage to hydrocarbons that may accompany them
To destroy completely 0.5% of mercaptans, which may b(;
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present in a gasoline, without altering any of the dozens of hydro-
carbons, that make up the other 99.5%, is out of the question,
but much has been accomplished.

Naturally the start has been made with pure individual mer-
captans, without catalysts, other than the walls of the con-
tainer, but most of the work has been done with catalysts. As
the catalyst does not usually change the direction of the decom-
position but only its speed, the catalytic and nonecatalytic de-
composition of mercaptans can be considered together. Many
of the scientific articles and practically all of the technical ones
are concerned with both kinds. The aim is to convert as much as
possible of the sulfur into hydrogen sulfide.

Hydrogen sulfide is split off of a mercaptan at around
300°.1385.5, 15%0a, 1598 Branched-chain mercaptans are less stable
than their normal isomers. The decomposition into the olefin and
hydrogen sulfide appears to be unimolecular. Between 380° and
410°, ethyl mercaptan and ethyl sulfide decompose homogene-
ously. The rate curves show an induction period, which has been
attributed to the formation of an intermediate. No one of ten
gases altered the course of the reaction materially.1¢* This ex-
planation has been doubted.?®s A tertiary mercaptan, like a ter-
tiary alcohol, goes to the olefin at a moderate temperature.128: 19945
Cyclohexyl mercaptan acts more like a tertiary, giving only 12 to
15% of the sulfide, the rest going to cyclohexene. 1397 1398 The de-
composition of n-propyl mercaptan leads to a pseudo-equilibrium
of propylene, hydrogen sulfide, and ¢-propyl mercaptan. 978

In general, the C—S bond is harder to break than a similarly
situated C—O bond. The presence of a carbonyl or cyanogen
group or a sulfur atom on a B-carbon weakens the C-S bond
just as it does the C—O. The same factors influence the strength
of both bonds in the same direction. This subject has been re-
viewed.1574

An octyl mercaptan,®** allylic mercaptans,'**® and a-thionaph-
thol ®#8 go to the sulfides when heated. Mercaptans are con-
verted to alkyl sulfides and hydrogen sulfide by passing their
vapors, at elevated temperatures, 300 to 500°, over catalysts, such
as Sulﬁdes Of cadnlium,54°' 1347, 1454a, 1455 Zinc,540' 1454a, 1455 tin’
bismuth, aluminum, or iron.!*»> These may be on carriers.
Higher-molecular-weight mercaptans and other sulfur compounds
may be formed under such conditions.’*! More or less of the sul-
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fide is decomposed to the olefin wnd Lydrogen sulfide. The rela-
tive proportions of sulfide and olefin produced depend on the
mercaptan and the temperature. Catalyst poisons may be re-
moved by passing the mercaptan over activated earbon.”™™ When
passed over a silica-alumina catalyst at 250°, decyl mercaptan
gives 30% of deey! sulfide along with decene-1, but at 300° there
is no sulfide.®® Over the same catalyst at 300°, thiophenol 13983
and m-dimercaptobenzene go to benzene, thiophenol, and thian-
threne.1"% Nickel catalysts decompose mercaptans at 200 to
3000.452, 453, 1570a

Phosphoric acid is an efficient catalyst for the decomposition
of mercaptans 58 975 1057, 1044, 1125b - A tertiary mercaptan is split
cleanly into olefin and hydrogen sulfide when its vapor is passed,
at. 300 to 450°, over charcoal impregnated with phosphoric acid.™

To get information which might apply more closely to petro-
leum distillates, the pyrolysis of mercaptans, in solution in vari-
ous hydrocarbons, has been investigated.194% Tt has been hoped
that conditions could be found under which the mercaptans can
be decomposed without too much destruction of the hydrocar-
bOnS.lsBOb

References are given to articles and patents in which the de-
sulfurization of petroleum distillates is the objective and to
others in which it is only incidental to cracking. There have been
numerous reviews 83 316c, 816 1370, 15802 16268 gnq digcussions
Of eXpeI‘imental I‘eSultS.lgl‘ 257, 314a, 485, 572, 605, 636a, 691, 768, 944, 1361,
1870, 1586 Reference is made to several articles on the nature and
treatment of the sulfur compounds that result from cracking.®®
445a, 446¢, 517, 685, 736, 866, 1092, 1283, 1403, 1507, 1714

The desulfurization of petroleum by heating, 439 #42b, 475, 782,
13620 or by heating with stcam, lias been claimed. 1140 288 313, 4as,
#89¢, 934, 786, 914, 980, 1106 The addition of various substances to
oils is said to aid the decomposition of the mercaptans. Among
these are: cresol,1%! furfural 2% terpenes,302 agphalt 9412, 1338
drying oils,**% petroleum residuum,!1%4 159 caleinm cyanamide, 7
the sodium addition compounds of anthracene and the like 1452
citrus fruit acids,' and cellulosic materials.**®® Ammonium pen-
tachlorodizineate and chloride 694 are said to aid decomposition
in the vapor phase.

It is impossible to make a sharp distinction between substances
that aid the decomposition simply as catalysts and those that
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take part in the reactions. Alumina is probably only a catalyst
while eopper combines with the sulfur. Other additives may func-
tion, to a greater or less degree, in both ways.

Many proposals have been made for desulfurizing petroleum
distillates by passing their vapors at elevated temperatures over
Catalysts,”‘“" 1520, 1767b SuCh as metauic OXideS,447ﬂ’ 529¢, 529, 557,
609, 812, 1290, 1544, 1560 feI'I'OUS Sulﬁdeyﬁ)ﬁﬁ, 1295 iI'OI] OXide, 329b, 335b, 529a,
529e, 1046b, 1099, 1304, 1345, 1426, 1427, 1481b, 1486a, 1513, 1558 thiS Wlth addi_
tions,ﬁlia, 238, 760b, 810, 1123c, 1232, 1352 OXides Of mOlybdenum,
nickel 2% or lead oxide with sodium and aluminum hydroxides 233
alumina”fﬁ()a, 760b, 761, 1215, 1530a, 1725b Silica71725b alumina Wlth mag_
nesite, 7 magnesite alone 33t 7600, 761, 1215 gylfides of alumi-
num,’%42 mercury 34 or cadmium,'®™ zirconia,’*¥3¢ and acti-
vated carbon.#61. 592, 834 Bauxite 20 43, 117, 141, 227b, 413, 470, 615, 634,
638, 644, 678, 684, 723c¢, 725, 760a, 774, 857, 873, 990, 1134b, 1208, 1259, 1271, 1434,
1436, 1530a, 1690, 1734 fuller’s Carth,20’ 10a, 116, 141, 357, 432, 608d, 609, 613,
706, 835, 1134b, 1250, 1275b, 1642, 1651, 1725b, 1761a Clays, 82, 193¢, 306, 442a, 474,
649, 812, 977, 1046a, 1046b, 1061, 1366, 1433b, 1690 and clay Wlth COpper or
chromium oxide,*% are used in various ways, either with the hot
liquid or the vapor. Vapor-phase treatment over clay is especially
efficient.1#5% 1528 Carbon monoxide is mixed with hydrocarbon
vapors 87 which may be passed over hot alumina.’®® Hydrocar-
bons are desulfurized by heating them with iron 292 3358, 457, 939 op
by contacting their vapors with nickel, iron, or cobalt.®® 375
910, 1188, 1570a, 1570b, 1570c¢, 1707 ‘A pyrophoric n‘letal iS effective_ls'fﬁc
Oils may be heated with metals 155 or their vapors passed through
metal packing.12# They may be distilled from metals,*¢ either
molten 1672 or emulsified,!°%® or their vapors may be passed over a
molten metal 127 1354 By the use of a selective silica-alumina cat-
alyst, the sulfur compounds of a distillate may be cracked without
much change in the hydrocarbons.”®® Coal gas is desulfurized
over cobalt, iron, or nickel thiomolybdate 10713

Oils may be treated with metallic soaps 1%
oil-soluble salts of lead, ™% 114t copper, or iron.”*3 A hot oil, or its
vapor, with 331 1134 or without hydrogen chloride 320 691 927¢ 15
contacted with various metals or their salts. Solutions of salts of
various metals Lave been recommended for treating hydrocarbon
vapors,®**

Aluminum chloride forms complexes with mercaptans and with
other sulfur compounds.?#1a. 167, 391, 680. 1460 T¢ «plits off hydrogen

394,

386, 529b, 560, 1108 (.
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sulfide from mereaptans, leaving the alkyl sulfide®® or some
other product.®? It causes a tertiary mercaptan to alkylate ben-
zene,'97* but this does not go with a primary.?*2 It has been em-
ployed extensively in the treatment of crude petroleums and of
distillates. It effects desulfurization along with extensive altera-
tions of the hydrocarbons. It attacks alkyl sulfides and thio-
phenes as well as mercaptans. Under mild conditions, it may
react preferentially with the sulfur compounds. In its use, prac-
tice has far outrun theory. Reference is made to a number of
articles 131, 141, 535a, 631, 632, 651, 721a, 753, 842, 846h, 1004, 1267, 1404b, 1608,
1727, 1761a, 1761b, 1765 and tO some Of the patents.5’ 111, 162a, 220, 352a,
398, 419, 535b, 656, 667, T21b, 781, 837, 843, 928c, 938a, 1005, 1006¢c, 1009, 1042a,
1254, 1338c, 1469, 1471, 1495, 1512, 1537, 1547, 1564b

Zine chloride has been recommended for the desulfurization of
petroleum diStillateS.104d’ 141, 311, 351c, 352b, 352c, 440b, 447d, 568, 569, 586,
667, 781, 843, 855, 869¢c, 026, 927h, 0284, 938b, 1136, 1138b, 1166, 1278a, 1468 Z'lnc

hydrOXide,1165 Oxide’204, 11344 Sulfate,447b’ 928a, 1134c, 1660 and ZinC
ore 227 3512 or silicate 352¢ have been suggested for this purpose.

Several chromium compounds have been recommended for de-
sulfurization.2?7 2354, 941b, 2070 Tithiym chloride is used with
aluminum chloride 1338 or silicic acid.!?%82 Lithium carbonate has
been claimed.!*®® Chlorides of a number of metals have been
suggested.2??

Desulfurization of petroleum distillates may be effected by
heating them With 1ime,114a' 124, 247, 292, 327, 717b, 957, 1046b, 1369 diS"
tilling them over lime 359, 4892, 511, 5294, 712, 13692 or hyy passing their
vapors over lime 90, 24b, 404, 893, 1412, 15302 (Cglcium carbonate may
be substituted for the lime.®81 1120, 1524 A egleium pyrophosphate
is claimed.1040

Various catalysts and reactants have been proposed: gravel 581
granite ®® a reforming 1732 or aromatizing 2% catalyst, beryllium
chloride,®%® montmorillonite,?¥® boron phosphate,?2° magnesium
silicate,%? precipitated silicic acid,?%® mercuric chloride 332 47
#7d titanium chloride, 3% %92 tin dichloride 843 and tetrachlo-
ride,?2?> 692> phosphoric anhydride,1039. 1399 this with a metal hal-
ide 1038, 1039 5 Jiquid sulfonic acid,!0% gulfuric acid with a metal
oxide,30%* vanadium oxide316 borax,13a. 1189, 177 godium sili-
cate,®®® sodamide,*™ nitrides of various metals,'*!! metallic ar-
senic %% 11832 caleium and magnesium chlorides, ™! 8692 and po-
tassium hydroxide or carbonate on charcoal 138¢ Sulfites or other
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reducing agents mayv bhe added to an oil during distillation. .t
An improved fuel is said to be obtained by adding an organic
sulfur compound to an oil, cracking, and desulfurizing.30%s. 678

Desulfurization by Hydrogenation

Raney nickel, containing occluded hydrogen, reduces mercap-
tans and other sulfur compounds, dissolved in absolute alcohol,
to the parent hydrocarbons.194 1068, 1508 The gulfur compounds in
gasoline are eliminated by this treatment.t!: 8 Thiophene is de-
sulfurized.®t Thiophenol and a-thionaphthol, in xylene, go to the
sulfides 680-5

Hydrogenation, in the presence of molybdenum sulfide under
300 lb. pressure, converts phenyl mercaptan, in ¢yclohexane solu-
tion, to benzene at 200°. Carbon disulfide goes to methane at
250° and thiophene to butane at 300°.265 Mercaptans, sulfides,
and thiophenes are desulfurized by passing their vapors, with hy-
drogen, over cobalt molybdate at 440°.242 The hydrogen is elimi-

nated as hydrogen sulfide.?*2 Butyl mercaptan, with hydrogen .

over vanadium oxide, goes to butane and hydrogen sulfide.®®?

The hydrogenation of methyl mercaptan over nickel sulfide is of
the first order with reference to the mercaptan. The rate is lower
than with cobalt sulfide.32¢

Various molybdenum compounds have been suggested as cata-
lysts but, regardless of what is put in, the active catalyst appears
to be a sulfide. There appears to be an equilibrium:

MoS, -+ S 2 MoS,

Hydrogen reduces the trisulfide to the disulfide which then picks
up sulfur.’® This conforms perfectly to Sabatier’s conception
of a catalyst as a carrier, an element which ean go up or down
from one valency to another, taking up or giving off sulfur. The
remarks about molybdenum apply equally to other metals, such
as nickel and cobalt. Whether they are put in as metals, oxides,
or salts, they are converted to sulfides. Polysulfides of indefinite
composition appear to be formed. One author, however, claims
better results with oxides than with sulfides.!'™ Mixed catalysts
are common.

The catalytic hydrogenation of petroleum distillates is increas-
ingly important. It is the most thorough way of getting rid, not
only of mercaptans, but of all other classes of organic sulfur
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compound=. The =uliur ix ehminated as hydirocen =ulfide. T
costs considerably more than other. les= eflicient desubiurization
processes, but there wre other =ubstantial benefits which earry g
part of the cost,

The hydrogen pressures run from atmosplieric to thousands of
pounds. The most common temperatures are from 300 to 450°,
but higher and lower are mentioned. As catalysts, metal ox-
ides 4022, 808, 1616 gre ysed. As stated before, these are probably
converted to the sulfides.

Several mercaptans, in kerosene solution, were heated 2 hours
at 230° in the presence of molybdenum sulfide. The percentages
decomposed werce: for phenyl mercaptan 94, for ethyl 83, and for
t-amyl 59%. About 3% of the aliphatic mereaptans were con-
verted to the sulfides, but nonc of the phenyl.1109

Molybdenum compounds are mentioned frequently 2t 78 300s,
300c, 318.5, 319, 377, 644, 739, 780a, 789¢, 790a, 791a, 8135, 817, 851, 1091, 1109, 1173,

1174, 1198b, 1198¢, 1253, 1296, 1297, 1485, 1546, 1603, 1623, 1627b, 1628a, 1628b, 1629,
1630 Cobalt molyhbdate, or thiomolyhdate as it is sonictines called,
iS a faVOI'itrC Cﬁtalyst.llg’ 241b, 241c, 300a, 626, 762.5, 790a, 941b, 1072.5, 1072.7
It is probably more accurate to consider it a mixture of the two
sulfides, or polysulfides. Cobalt and compounds of cobalt are fre-
quently ment’ioncd.SIQ, 478, 639, 644, 713a, 789a, 789D, 789c, T894, 1073, 1174,
161 X-ray examination of the used catalyst shows the presence
of cobalt sulfide.™3® Tungsten sulfide appears as an alternate, or
associate, of molybdenum sulfide.?, 193, 300a. 300c, 300d, 301, 319, 377,
59, T89c, 1485, 1603, 16252 Rythenium sulfide has been used.318-5
Nickel, the most popular catalyst for ordinary hvdrogenations
and one that is so casily poisoned by the merest traces of sulfur

compounds, becomes an efficient sulfur-insensitive catalyst when
lt iS loaded “.ith Sulfur'lf)ﬁ, 228, 241e, 300a, 3004, 301, 310, 319, 326, 477, 478§,
523, 546, 618, 633, 629, 632, 738, 7894, 790b, T9la, SL1. S05, 815, 817, 1000, 1001,
1065, 1078, 1173, 1379, 1461 Nickel, or other metal, may be introduced
as a carbonyl.'#®

Iron and its oxides arc mentioned in many patents as cat-
alyStS.Ta’ 105, 24lc, 300a, 30ve, 319, 478, 789b, 801, 814, 1000, 1174, 1379a, 1380,
1448, 1461, 16272 The vapors may be passed over iron sulfide before

]l}'drogenation.“’”l Copper’ﬂl, 193, 319. 478, 639, 713a, 804, 814, 1379a. 1379b,
1498 ChrOn]iuln,73’ 300¢, 319, 564, 78%a, 791a, 937, 1174, 1198b, 1623 manga-

I]CSC,TB‘ 300¢c, 319, 814 Zin(‘,73' 195, 319, 644, 756, 789a, 814 cadlnium’IOTS, 1498
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tin M ziveonium 2 titaniu A thortam 21" aluminum =" and
vanadium 3¢ 1T compounds are claimed as catalysts.

A cculent containing 23%, or more, of alumina, with or without
metals, is elainied as a eatalyst.” An oil and hydrogen arc passed
over coke at 330°.25% An oil, hydrogen, and phosgene are con-
tacted with charcoal.#4% An oil is heated with aqueous zinc
chloride #%¢ or with aluminum chloride 1°® in the presence of
Lydrogen.

The nccessary hydrogen may come from the action of steam
on metals which may serve also as catalysts.”8% 1078 1415 The oil
may he passed over a catalyst at a suitably high temperature
along with ammonia 1% or a light hydrocarbon®® or a hydro-
aromatic 372 compound to furnish hydrogen. An oil may be sub-
jected to the simultaneous action of sodium and hydrogen at
300° to effect desulfurization.”™® 82 The hydrogen may be gen-
crated in contact with the oil by the action of steam on the
sodium.?40d

It has been proposed to desulfurize oils by means of acet-
ylenc 2% or a metal carbide.154 1007a, 1135

In the “Platforming’’ process gasoline and hydrogen are passed
over a supported platinum or palladium catalyst. It is claimed
that sulfur compounds are converted to hydrogen sulfide almost
completely 158, 164, 641, 840d, 854 A treatment of this sort was sug-
gested 1n 1906,35% hut only lately has beeome important.

Hydrogenation by nascent hydrogen, generated in various ways,
haS b(‘on SuggOSt(‘d.GL 63. 630, 683, 1083, 1110, 1123a, 1415, 1588, 1674 Tho
use of atomic hydrogen has been claimed . Several more or less
related processes have been proposed. 333, 7904, 3256, 1605, 1619

Curiously enough, the hydrogenation may be effected by hy-
drogen sulfide,®™ which may well be added along with the
hydrogen 1628, 1629 Tpn destructive hiydrogenation, the presence of
sulfur is benefieial 2571

Consideration has been given to the thermodynamics of de-
sulfurization by hydrogenation in the presence of metals and
their oxides.130?

It is well known that coal can be converted to liquid produets,
hy-drocarbons for the most part, by heating with hydrogen at high
pressures.’® Oils are transformed into lighter oils and gases 13310
and are improved by such treatment.*** Distillation residues arc
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desulfurized.®®® Carbon oxysulfide in an oil and hydrogen give
hydrogen sulfide.}4%6 Heating with hydrogen under pressure causes
polymerization of unsaturates and of part of the sulfur com-
pounds.®** The sulfur is eliminated as hydrogen sulfide.11234

The hydrogenation of a shale oil without a catalyst gives
products containing considerable sulfur, but with a catalyst the
sulfur is almost completely removed.11™ Desulfurization of oils
is effected if sulfur-resistant catalysts are present.123. 216. 300b, 341,
565, 701b, 8§25, 1206, 1268, 1269, 1040 T gne case it is reported that the
sulfur content of a distillate from a cracked brown coal tar was
reduced from 3.84% to 0.029%.1627 1630 A ghale oil was com-
pletely desulfurized.!172

Oxidation

By OxyeeN

The oxidation of a pure mercaptan by air goes on extremely
slowly, if at all, but in the presence of a catalyst it may be rapid.
Catalysts are not mentioned in the recorded oxidation of benzyl
mercaptan,!®* 4-mercaptobiphenyl?® p-nitro- ¢ and p-bromo-
phenyl,””® mercaptans and dimercaptomethyl sulfide 33 by air, but
some may have been present. The most effective catalysts are
the copper and iron protoporphyrins; with dithiols the distance be-
tween the groups influences the rate.’® In fact, all copper and
iron compounds speed up the rate of oxidation.’™® A number of
metals and their oxides are claimed as catalysts.11990, 1620

Air may be freed from noxious mercaptans by passing it over
such catalysts.”2?¢ Gases containing mercaptans are mixed with
air and passed over catalysts 020, 732 809, 169 Qylfate turpentine
can be purified by air oxidation.307

Petroleum distillates are freed from traces of mercaptans by
contacting them with various metallic compounds in the presence
Of air<279, 281, 378, 391, 575, 623, 771b, 1135a, 1257

The oxidation of a mercaptan to the disulfide may be effected
by passing its vapor with air over a catalyst, such as bauxite,1088
iron 5475, 1790 ¢opner or other metals 5475 or an alunmina-base
catalyst.”™® Activated charcoal at 100°, or above, has been recom-
mended.’%*® 1612 Oxides of nitrogen may be used as oxygen car-
riers 870, 1479, 1480 With their aid, the oxidation may go on to the
sulfonic acid.!29?
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In alkaline solution, mercaptans are oxidised by gaseous oxy-
gen 183 Ammonium hydroxide may serve as the base.!**¢¢ This
oxidation can be speeded up by catalysts. 2630 497 824 Ap organic
nitroso compound,!? a substituted phenylenediamine,**77-5 N,N’-
tetrabutyl-p-phenylencdiamine#*5 and a phenolic compound
which can be oxidised to a quinone 7% may serve as catalysts.
Oxidation is slowed down by hydroquinone 2%3* and by hydro-
cyanic acid.9"® The metals that aid the alkaline oxidation, ar-
ranged in order, are: arsemic, copper, antimony, zinc, cadmium,
silver, iron, and nickel.!?® The oxidation is aided by supplying
the oxygen under pressure.5%3¢ It is facilitated by the presence of
finely divided solids and by the dispersion of the air in fine
bubbles.558b: 925 Tn a solution buffered with sodium bicarbonate,
sodium indigodisulfonate is a catalyst for the oxidation.**™ Elec-
trolysis in alkaline solution is effective 19, 230 558, 559, 118%¢ Tt jg
claimed that, when hydrocarbons are placed in an electric field,
the impurities collect at the electrodes.?2®

In a quantitative study, it was found that the rate of oxidation
is the faster the more concentrated the alkali. It decreases in the
order: propyl, butyl, amyl, benzyl, and phenyl. Somewhat more
oxygen than that calculated to produce the disulfide is taken
up.1738 This excess oxygen probably goes to form sodium sul-
finate. It is known that dry sodium mercaptide takes up oxygen
to form the sulfinate.8%®

EtSNa 4+ O —  EtSO;Na

A lubricating oil is refined by treatment with oxygen in the pres-
ence of metallic sodium.!®'* The above reaction may be involved.

B-Mercaptopropyldimethylamine, MeCH (SH)CH;NMe,, is
oxidised rapidly by air in alkaline solution.!®*? The spontaneous
oxidation of B-amincethyl mercaptan may be attributed to its
basicity.??

In the petroleum industry, it is common practice to regenerate
the alkaline solutions, that have been used to extract mercaptans
from distillates, by blowing them with air. The disulfides, which
are insoluble in alkali, separate out. This will be taken up later
on when alkaline extraction is considered.

The rapid oxidation of mercaptans in alkaline solution by air
should be taken into account in making derivatives, such as alkyl
sulfides. Sometimes it is stated that “the mercaptan was added
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to the alkall dropwise with stirving.” This would give excellent
opportunity for oxidation whicl would lead to the contamination
of the product with the disulfide. Tt i< hetter {o mix the mer-
captan and alkyl halide in a suitable solvent and add the alkali,
dropwise if necessary to control the reaction. /

By Oxipising AGENTS

The simplest case is the conversion of a mereaptan to the di-
sulfide by the disulfide corresponding to another mercaptan. An
equilibrium is established:

ProSo  +  2DecSH &2 2PrSH 4 Dec,S,

This reaction is brought about by heating 283 395 or by the pres-
ence of catalysts, sodium hydroxide or mercaptide, or by a halo-
gen acid.58¢

Quinones have been uscd in the classification of mercaptans as
to oxidisability. Several mercaptans are given in the order of
decreasing oxidation potential: mercaptobenzothiazole, tertiary
mercaptans, such as butyl and dodecyl, primary mercaptans, such
as ethyl and butyl, aromatic, such as phenyl and benzy].1071a

The cffectiveness of active oxygen from several sources in de-
creasing order is: peracids, hydrogen peroxide, hypochlorites, and
persulfates. Anodic oxidation is effective.”® With persulfate, the
rate is higher at pH 13 than at pH 10.99

Oxidation of mercaptans by hydrogen peroxide may give the
disulﬁde,-ﬁ', 56, 109, 464, 1008.5, 1058, 1359 the Sulfonic}fﬂ, 68, 1487 or the
sulfuric acid % according to conditions.™¢ A high yicld of the
sulfonic acid can be obtained from tertiary mercaptans.6% 8
f-Aminomercaptans are oxidised to the disulfides.® 1176 The oxi-
dation of thiophenol by benzoyl nitrate is quantitative.’?® The
use of organic peroxides, or hydroperoxides, ¢ or of hydrogen
peroxide for removing mercaptans from petroleum distillates has
been prOpOSCd‘ITS’ 224c¢, 302a, 718, 1042b, 1238, 1675, 1716a Sodiun] per_
borate in alkaline solution has been recommended.l125® Metal
peroxides are said to be useful in the purification of sulfate tur-
pentine 973

Ozone has been suggested as an agent for removing mercaptans
from distil]ates 30, 224a, 406, 441b, 675, 1051, 1137b, 1557, 1617 and fron]
water, 1444-

Nitric acid oxidises mercaptans readily, usually taking them
all the way to the sulfonic acids. In many cases, the yields are

Reactions of Mereaptans 121

110211’1\' t[leOI.etiCaI"_’S;’. 201, 364, 4650 570, 3960 THU. SOHGa. D07, 035, 965, 969Dh,
1164, 1168, 1244, 1409, 1639, 1693, 31721 Qometimes the optical rotation is
reversed.?? Petroleum distillates have been treated with nitrie
acid to remove mercaptans 528 892, 1173a, 1289, 1388, 1589 Nitrie acid
has been added to oils during distillation »#%¢ 1720

This is an excellent way to prepare sulfonic acids when the re-
quired mercaptans are available. Concentrated nitric acid diluted
with 1 or 2 parts of water is put in a flask with reflux condenser.
A small portion of the mercaptan is added through the condenser.
The onset of the oxidation is shown by the evolution of red fumes.
Heat is applied as required. Portions of mercaptan or of nitric
acid arc added from time to time to keep the reaction going. Care
must be taken to avoid an accumulation of both, otherwise the
reaction may become violent. When the oxidation is judged to be
complete, the liquid, which should be clear, is poured into a dish
and evaporated on the stcam bath to a syrup. To remove nitrie
acid, water is added and the solution cvaporated again. This
should be repeated several times. The product is pure enough for
many uses. Incomplete oxidation may give the disulfide 29 907
994, 1037, 12262, 1643 51 gometimes the thiosulfonic ester. 269 994, 1242

Nitrous acid has been recommended for preparing disulfides
from mércaptobenzothiazole %7and other mercaptans*6%5 Nij-
trous acid and oxides of nitrogen have been proposed for use in
desulfurizing hydrocarbons.28d, 889, 1125¢, 1289

Potassium permanganate oxidises mercaptans to sulfonic
acids, 74 304, 508, 1195, 1346, 1700 The oxidation potentials of various
mereaptans have been determined by permanganate titration.*#®
Tt has been proposed to purify petroleun: distillates by treatment
\Vith pern]anganat()s}.‘i.‘).?, 688, 1007h, 1128¢, 1321, 1541, 1542 manganese dl—
oxide,#% 151 1342 or other manganese compounds, 1 3280, 1011

The oxidation of mereaptans by potassium persulfate is a reac-
tion of the first order with reference to the persulfate. The rate
constant is independent of the kind of mercaptan and of its con-
centration.®®? Tt is faster in the presence of an unsaturate.®%!
The use of persulfates in the treatment of petrolecum distillates
has been proposed.?Sa 685, 11872

A varicty of other compounds effect the oxidation of mereap-
tans: chromates 304 #18, 766, 1057 gyides of chromiuin,®* #1¢ scle-
nium dioxide, 181 1691 chloropierin,'** a diazonium compound,'*
various salts,!8™® and nitrosyl chloride 8% 940 1773

In the presence of alkali, ammonia, or an amine, sulfur converts
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a mercaptan to the disulfide.t¢3 7502, 1028, 1219, 1220 This may be
supposed to be a reaction of the mercaptide with either sulfur or
with sodium polysulfide:

2RSNa  + S —> RSSR + Na,S
2RSNa 4+ NasS, —> RSSR 4+  2Na,S

Widely different proportions of the reactants may be used. Exten-

sive use has been made of these reactions in the refining of dis-
tillates.139a, 141, 234a, 235¢c, 246, 417b, 503c, 515, 555, 728, 740, 764a, 1060, 1128a,

1145, 1146a, 1324, 1441b, 1525, 1526, 1652

Ethyl mercaptan and sulfur, in a sealed tube at 150°, give the
disulfide and hydrogen sulfide 1% A sour petroleum may be dis-
tilled over sulfur.38! Conversely, an alkaline solution of the lower
mercaptans has been recommended for removing free sulfur from
hydrocarbons.’6 This subject will come up again under alkaline
extraction and again when the doctor treatment is considered.

Mercaptans are oxidised to disulfides by ferric compounds.
Ferric chloride has been used for the preparation of disulfides 673
1771b, 1792, 1778 and this and other iron salts for the sweetening of
petroleum distillates,107. 308, 311, 590, 687, 781, 792b, 843, 1128b, 1135a, 1186,
1319, 1676 Ferric Salts 26, 575, 1019 or ferric OXide 251, 329b, 330d, 331, 7924,
1692 may be on adsorbents or mixed with an alkali3%0%b 996 Bog
iron ore has been recommended.!%®® A mixture of lime, ferrous
sulfate, and sulfur is claimed for the sweetening of gas 0il.?8 Gascs
are purified by being brought into contact with ferric oxide in
aqueous suspension *55 479, 755, 970

Aromatic mercaptans are converted to disulfides, or polysul-
fides, by selenium tetrachloride.1369-5

Benzophenone is reduced to tetraphenylglycol, Ph.C(OH)C
(OH)Ph,, by thiophenol, which goes to the disulfide.1170-5

Octadecyl mercaptan catalyzes the transformation of a,0’-azo
(ethylbenzene) into phenylmethylketazine. In this the mercaptan
appears to give up hydrogen in one stage of the reaction and re-
capture it in another.33.3

A mercaptan and potassium bisulfite give the disulfide and
potassium thiosulfate. This is easier to understand if it is written
as two reactions:

4RSH + SO, —> 2RSSR + S + 2H,0
KoSO3 4+ § =  Ky5,0, 9395

g bl A et
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Sulfurie acid oxidises mercaptans.t The extent of the oxidation
naturally depends on conditions, suel as concentration of the acid,
temperature, and contact. The first product is the disulfide.?t: 11%
136, 374, 471, 472, 1226, 1235, 1416 Tithy] trisulfide has been identified
as a product, but it must have resulted from a secondary reac-
tion.13% An oxidation product of a disulfide, RSO."SR, has been
reported.’’?2 A mercaptan may be taken all the way to a sulfonic
aCid.149' 1835

Sulfuric acid has been used extensively in the refining of gas-
oline and other petroleum products. It is an all-purpose reagent,
taking care of all classes of sulfur compounds.?”® Tt oxidises
mercaptans, dissolves out alkyl sulfides, and sulfonates thiophenes.
When a gasoline is treated with a simple oxidising agent, the
mercaptans, which it may contain, are converted to the disulfides.
The odor is improved, but the amount of sulfur present is not
diminished. Sulfuric acid dissolves some, or all, of the disulfides
which it produces. Butyl disulfide has been recovered from the
acid sludge from the treatment of a naphtha. It was accompanied
by ethyl, propyl, butyl, and cyeclic sulfides.’®?* Methylethyl,
methylpropyl], cyclotetramethylene, and cyclopentamethylene sul-
fides were recovered from a similar sludge.1%®® These results show
that sulfuric acid acts as a selective solvent for alkyl sulfides. One
drawback to the use of sulfuric acid as a refining agent is that it
attacks unsaturates and aromatics, of which large amounts are
present in modern cracked distillates. This may cause serious
losses.

There have been wide variations in the ways of using sulfurie
acid for refining distillates. Various strengths of acid from 20%
up to fuming and even sulfur trioxide have been recommended.
The temperatures of treatment range from below freezing to

200°C. Reference should be made to a number of reviews
and discussions.Ql, 112, 139h, 141, 193b, 209, 260, 417c, 445b, 463, 567, 587,

602, 655, 1055, 1095, 1133c, 1167, 1235, 1270, 1387, 1450, 1528, 1577, 1667c, 1669,
1725b, 1727, 1728, 1734, 1761a Some patents are Iisted‘l.?, 18a, 58h, 59, 147,
350c, 358, 374, 382, 562, 599, 650, 877, 1013, 1020, 1032, 1124, 1135b, 1181, 1223,
1256, 1278b, 1279, 1289, 1362a, 1532, 1637, 1648, 1679

It has been found that the amount of sulfuric acid required is
much less and that the sulfating of olefins and sulfonating of
aromatics is reduced if the acid treatment is carried on at a low
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1431

Chlorosulfonie acid also oxidises mercaptans to disulfides.”

By HaLoGENS

The simplest case is the conversion of a mercaptan to the di-
sulfide by iodine:

2RSH + 1, == RSSR -+ 2HI

As hydriodic acid is a strong reducing agent, the rcaction does not
go to completion unless this acid is removed, either by solution in
water or by combination with a base®*® This is the neatest way
of preparing a pure alkyl disulfide from a mercaptan. The thiol
1s dissolved in a hydrocarbon, such as benzene, in a flask over
water. lodine is added so long as it is decolorized. The acid goes
into the water layer. Tlic benzene solution of the disulfide is
Sepal‘ated and fractionated‘GG, 133, 139a, 304, 3064, 487, 490, 750c, 773, 859,
882, 1071b, 1429, 1568, 1682, 1694.5 A lkali may be added to take care of
the hydriodic acid.1®®? In the case of an aminomercaptan, the
acid combines with the base and the reaction goes to comple-
tion.57 1509, 1510 The titration of mercaptans with iodine is taken
up in the analytical section.

With certain mercaptans the sulfenyl iodide, RSI, is formed
instead of the disulfide. This will be discussed in Chapter 3.

Bromine in dry carbon tetrachloride converts a mercaptan to
the disulfide rapidly and completely 36 90, 770, 17710 Ag hydro-
bromic acid is not a reducing agent, it does not reverse the reac-
tion. With bromine in water, the oxidation goes further: 1798

EtSH + 3Br, -+ 3H,0 — EtSO,H +  6HBr

In cold acetic acid, the sulfonyl bromide is formed: 709 1771a

PhCH,CH,SH 4+  3Br, + 2H,0 —  PhCH,CH,SO.Br 4+  5HBr

The addition of bromine to a mixture of two mercaptans gives
three disulfides, a mixed disulfide, RSSR’, along with the two
simple disulfides, RSSR and R’SSR’.1#%7

When an excess of bromine reacts with ethyl mercaptan, in the
absence of water, ethyl bromide, sulfur bromide, and lLydrogen
bromide are produced.>3¢

|
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An interesting case i= the oxidation of a wmereaptan by a di-
bl'()llli(l(‘: 13870, 13947

Me,CBICBrMe, + 2RSH —  Me,C:CMe, + RSSR + 2HBr
CL,CBrCBICl, + 2RSH — ClL,G:CCl, + RSSR -+  2HBr

The liberation of the bromine is due to the crowding.
It has been proposed to add bromine to a cracked distillate and
pass the mixture through clay 9 or treat it with piperidine.3*?
Chlorine also converts a mercaptan to the disulfide.®® The
difficulty is to conduct the reaction in such a way that it will not
become violent. In acetic acid950-5 1770, 17710 op in ice water,
chlorine oxidises a mereaptan to the sulfone chloride; 282 395, 1771a

RSH + 3Cl, + 2H,0 —> RSO, CI 4 5HCI

1f the temperature is not kept down, the product is the sulfonic
acid.

Any compound that gives up chlorine readily can be used in-
stead of free clilorine. Phenyl iodosochloride reacts with a sodium
mercaptide: 1763

PhiCl, + 2NaSEt —> EtSSEE  + Phl -  2NaCl

Sulfuryl chloride reacts similarly with either a mercaptan or a
sodium mercaptide: 370. #90. 1575

2RSH + SO.Cl, — RSSR + SO, + 2HCI
The oxygen of thionyl chloride may also take part in the oxida-

tion: 320, 750a, TH0b

4RSH 4 soCl, — 2RSSR 4 H, O + § + 2 HCl

Thionylaniline gives similar results: 700

4RSH + PhN:SO — ReSy; + RS, + H,O +  PhNH,
Phosphorus pentachloride gives up two atoms of chlorine:%®

2PhSH - PCly — PhsSPh  + PCl; + 2HC

A mercaptan can be converted to the disulfide by a chlorate
or a nitrite with hydrochlorie acid 73, 1607

Chlorine has been used in a variety of ways to sweeten petro-
leun] distil]ates.lﬁﬂa, 205, 2220 274, 3281, 345, 399, 489b, 491, 552a, 733, 77la,
TT2, 78S, 934, 9922, 1006a. 1006¢, 1087, 1184, 121¢, 1252b, 1302, 1492, 1501, 1576,

1579, 1659
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Chlorine, in the form of hypochlorites, usually sodium or cal-
cium and sometimes those of other metals, has been recommended
for the removal of mercaptans and other sulfur compounds. Occa-
sionally chlorine and water or hypochlorous acid have been used.
There are numerous articles 44, 138, 140, 141, 165, 193a, 232, 417a, 421, 424,
166, 537, 593a, 630, 706, 726, 846d, 1063, 1069, 1084, 1301, 1528, 1665, 1666, 1700,
1725b, 1726, 1734, 1759, 1767a, 1775 gnd patents on various ways of using

hypochlorites in petroleum refining.22a. 22b, 45, 162b, 183, 174, 208, 210.
244a, 303, 366, 416, 418, 420, 448d, 489%b, 528e¢, 552b, 608, 607, 611, 716, 792a, 833,

927a, 930, 993, 1006a, 1066¢c, 1087, 1132, 1137e, 1187, 1231, 1252a, 1252b, 1284, 1337,
1381, 1407, 1420, 1441a, 1492, 1514, 1564a, 1569b, 1578, 1582, 1591, 1592, 1675 When

a petroleum distillate containing various sulfur compounds is
treated with a hypochlorite, probably many different reactions go
on but, unless the treatment is not too vigorous, the mercaptans
are converted to disulfides which remain in the 0il.22" Oxidation
by a chlorite has been recommended.”¢ Oxidation by hypo-
chlorite in the presence of amines leads to condensation prod-
ucts.*8

The reactions of mercaptans with sulfur chlorides may be
classed as oxidations, since hydrogen is removed from the mer-
captan. However, the products are not always disulfides. They
may be trisulfides 23 or tetrasulfides; 750, 881b, 1238

2RSH 4 CLS = RSy + 2Hc

2RSH  + CLS, — RS, -+ 2HCI
It must be remembered that chlorine-sulfur and sulfur-sulfur
bonds are labile and that the sulfur chlorides are statistical com-
pounds. The alkyl polysulfides, obtained from them, are mix-
tures, though their compositions may approximate trisulfides or
tetrasulfides. This will be considered more fully in the chapter on
disulfides. The use of sulfur chloride in refining livdrocarbons has
been proposed.123%

Formation of Mercaptides

The most characteristic reaction of mercaptans, as Zeise recog-
nized, is the formation of mercaptides.

By the Zerevitinov method, a mercaptan shows the presence of
one active hydrogen 711, 1766

RSH -+ MeMgl — RSMgl -+ CH,
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Similar reactions take place with the alkvl compounds of alum-
inum, zine, cadmium, lead, boron, mercury, and bismuth.'1*
Sodium naphthalene reacts slowly.!**

Zeise found that hydrogen is evolved and a solid formed when
potassium metal is added to mercaptan. He recognized the prod-
uct as one in which a hydrogen atom had been replaced by a
meta1_1764n, 1764b, 1764c

The inactivation of metal hydrogenation catalysts by mer-
captans may be attributed to the formation of mercaptides. This
effect varies with the length of the alkyl chain.107

AMMONIUM MERCAPTIDES

When a mercaptan is added to liquid ammonia a mercaptide is
formed:

RSH -+ NH, — RSNH,

This reacts with sodium: 17%¢
RSNH, + Na — RSNa + NHy -+ H

Since ammonia is a weak base and mercaptans are feeble acids,
ammonium mercaptides are unstable and hydrolyze instantly on
contact with water. Thus the presence of water must be avoided
if it is desired to separate mercaptans from hydrocarbons by
means of these salts.’37% In dioxane solution, thiophenol forms
salts with amines.®2!

In order to eliminate mercaptans and other sulfur compounds
from petroleum products, it has been proposed to heat them with
ammonia to the temperature at which ammonia begins to dis-
sociate,?91, 992b, 1028, 12481, 1641 Ay oj]l may be heated with am-
monia under pressure, in the presence of a catalyst,?87 897 with
ammonia and ammonium persulfate, 287 or with ammonia and
steam.5¥2 The ammonia may serve as a source of hydrogen rather
than as a base.

ALxALI MERCAPTIDES

When 25% aqueous sodium hydroxide is saturated with methyl
mercaptan, the mercaptide, CH3SNa4.5H,0, separates out as
long flat needles, readily soluble in water and in alcohol. Its
water solution gives off mercaptan only slowly on boiling.!265
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Sodium ethyl mereaptide, EisNa i~ Teft as a \'ulnmil?“_”\ white
powder when sodium 1= added 1o an cther solution _ul the mer-
captan and the cther evaporared. Tt is hydrolyzed n=tantly by
\Vater.x‘&'lﬂ. KS1h .

When a 50% sodium hydroxide solution is agitated Wlth.a con-
centrated hydrocarbon solution of a mercaptan havintg elght or
less carbon atoms, the sodium mercaptide separates and may_be
filtered off.202 A sodium mercaptide may be made by the action
of sodium on a mercaptan in an inert medium,*™ or oD an alkyl
disulfide in liquid ammonia 7% or in ether1* _

As sodium reacts with mercaptans, its use for remOVing them
from petroleum distillates seems logical. At high temperatures
it reacts also with some hydrocarbons.3'* It has beel pfOPOS?d
to refine petroleum products by treating them with sodium in

5 719, 743b, 775
3 53, 20 255, 332, 362, 369, 469, 492b, 496, 499, % ’ '
various Ways.%q* 254, 253

888, 1033, 11264, 1142, 1393, 1554, 1563, 1586b, 1650, 1633a, 1653b, 1705 (ther
. . 1 332,
alkali metals are claimed in several of these patents. Caleium,

11260 harium, and magnesium ®32 are mentioned also.
H : : o, 881b
Dry sodium mercaptide is decomposed above 200°:

2CyH;SNa — (CyHz)oS  + Na,$
The stabilities of a number of sodium mercaptides have been

compared. The mercaptans were added to excess of 3N sod'ium
hydroxide solution and heated to 260° for 2 hours. T reactions

may take place:

RSNa 4+ NaOH — ROH +  Na,S
2RSNa = R, 4+ Na,§

The percentages decomposed are shown in Table 1.2

Tasre 1.2
Mercaptan Et Pr Bu i-Bu Am Hex  Hep
Total Decomposition 554 522 496 362 429 37.(1) 350
To RS 110 121 8.1 6.1 99 3 104
Secondary
Mercaptan i-Pr s-Bu s-Am s-Bex S‘I;IGP
Total Decomposition 65.4 59.1 56.0 458 47.0
To RS 52 26 6.3 36 153
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The tatal decomposition i~ greater with sceondary than with pri-
mary. The longer the earbon chain, the more stable is the mer-
captide, Tt is possible that the higher mercaptans were not on-
tirely in solution s

B-Phenylethyl mercaptan is split into styrene and hydrogen
sulfide by potassium hydroxide at above 200° but the a-isomer is
only slightly affected. y-Phenylpropyl mercaptan is partly de-
composed.1#29 1517

Thiophenol is taken out of an oil by contacting with fused po-
tassium hydroxide.* Dodecyl mercaptan is converted to lauric
acid by this treatment .8t 12024, 1205.5

An early patent for purifying naphthas by heating with sodium
hydroxide solution was granted in 1866.149° A still earlier pat-
ent 1% claimed the deodorizing of oil residuum with sodium hy-
droxide.™ There have been many recent patents on modifica-
tions of this process.16® 927d. 971, 1616, 1245, 1464, 1528 Alkali may be
added during the distillation of a petroleum 119 236, 284, 371, 442,
1086, 1112, 1150 Hydrocarbon vapors may be brought into contact .
with sodium hydroxide or other alkali.19a 193¢, 390a, 1126a, 1261, 1323,
1367, 1874, 1695 This may be done counter-current-wise 6712, 871, 872
Terpenes may be freed from mercaptans by treatment with al-
kali.’**" High-boiling mineral oils are purified by a caustic alkali
wash.690a

Solid sodium hydroxide is effective in removing mercaptans.23se
1477, 17610 Tn the substantial absence of water, sodium and potas-
sium hydroxides remove mereaptans and sulfur from hydrocar-
bOnS.lgh’ 145, 379, 848, 1526, 1632, 1709, 1710, 1761b FOI‘ taking thionaph—
thalene out of naphthalcne, dry alkali and a high temperature
are desirable.’®® The alkali may be used in an anhydrous sol-
vent.1*91a  The particles of alkali may be of colloidal dimen-
sions.®* A naphtha and molten caustic may be passed through
a colloid mill.

A suspension of magnesium hydroxide has becn proposed.?¥

Removal of Mercaptans by Alkaline Extraction

This subject has been ably reviewed.®6* The usc of lead tetra-
ethyl to raisc the octane number of gasolines has brought about
a radical change in the methods of dealing with mercaptans. For-
merly they were objectionable only on account of odor and cor-
rosion. The “sour” gasoline was “sweetened” by converting the
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merecaptans into disulfides. The odor was improved and corro-
sion diminished, but the actual sulfur content remained the sanie.
Mercaptans counteract the beneficial effect of lead tetraethyl. The
disulfides are cven worse in this respect.!4% 193b, 512, 668, 689, 704, 748,
846a, 875, 903, 911, 943, 964, 1316, 1356, 1437, 1606a, 1622, 1690, 1717, 1746 Mathe_

matical relationships between the amounts of different classes of

disulfides and the lowering of octane rating have been worked

out.& 263 1395 Digulfides are also antagonistic to antioxidants 1748
and cause instability in gasolines.’?®® Therefore, it is necessary to
remove mercaptans from the gasoline instead of oxidising them
to disulfides.17250

Alkaline extraction has to do with mercaptans and with them
only. It has been studicd scientifically and quantitative measure-
ments have shown just what can be done and how to do it. This
information has been applied to practice on a huge scale. Within
the last few years, the importance of mercaptans has diminished
since smaller quantities of them are produced in present day cata-
lytic cracking.

The solubility of mercaptans in aqueous alkali was one of the
first properties noted by their discoverer, Zeise. Early makers of
mercaptans recommended separating them from by-product sul-
fides by solution in aqueous sodium hydroxide from which they
were subsequently liberated. Fermentation gave huge quantities
of ethanol and by-product fusel oil supplied generous laboratory
quantities of n-propyl, i-butyl and i-amyl alcohols. Most investi-
gations were based on these starting materials. The mercaptans
corresponding to these alcohols are soluble in aqueous alkali.
When it became desirable to take mercaptans out of petroleum
distillates, it was natural to try extraction with aqueous alkali.
It was found that ethyl, i-propy!l and ¢-butyl mercaptans can be
taken out by this means.'?%* Fortunately the chief mercaptans
present in petroleum distillates are the lower ones from butyl on
down.

When it comes to the higher mercaptans, extraction with aque-
ous alkali becomes progressively less efficient. The mercaptans
are acidic but weakly so. Values of the dissociation constant,
K, for several mercaptans 173? are given in Table 2.2. Assuming
2% 10-11 for the higher normal mercaptans,'™® calculation
shows that in 1 N aqueous sodium hydroxide, the concentration
of the ionized portion of the mercaptan is two thousand times
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that of the unionized. Thus the total amount of a mercaptan
that can be dissolved by 1 liter of 1 V alkali is to be found by
multiplying the solubility in water by 2000. The data are in
Table 2.2. The solubilities of the mercaptans in aqueous alkali
fall off rapidly. Above nonyl, they would be very low.

TaBLE 2.2

Solubilities of Some Mercaptans in Water and in
1 N NaOH Solution

(grams per liter)

Mercaptan K x 10" In water In 1 N NaOH
Methyl — 23.30 very soluble
Ethyl 2.52 6.76 very soluble
Propyl 2.26 1.96 very soluble
Butyl 221 0.57 very soluble
Amyl 2.00 0.164 328.0
Hexy! @ 0.047 94.0
Heptyl 2) 0.0138 27.6
Octyl ) 0.0040 8.0
Nonyl 2) 0.00115 23

If there is a hydrocarbon layer in contact with an aqueous
solution of alkali, any mercaptan that may be present will be
partitioned between the two. Naturally the same equilibrium
will be established regardless of whether the mercaptan was orig-
inally in the hydrocarbon or in the aqueous layer. There have
been several investigations of partition coefficients and from them
the extent of removal of a given mercaptan by a specific treat-
ment can be calculated.32%: 682, 918, 1618, 1739 Qince 5 mercaptan is
only partially removed by one extraction, successive treatments

are required. Many plant designs and operating methods have
been described.l 10c, 28, 29, 32, 41, 46, 50, 104f, 235b, 263b, 273, 415, 492a, 574,

671a, 749, 840c, 1027, 1121c, 1247, 1318, 1320, 1368, 1371b, 1433a, 1450, 1518, 1530d,
1717, 1734, 1750¢

The extent of the removal of a mercaptan is influenced some-
what by the nature of the hydrocarbon but depends chiefly on the
nature and molecular weight of the mercaptan. Measurements
have been made of the extraction by aqueous sodium hydroxide
of several mercaptans from naphtha, containing amounts of mer-
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captans equivalent to 0.05 to 0.08%¢ of sulfur.?™® ¥ Some of the
results are in Table 3.2

TaBLE 3.2

Ezxtraction of Several Mercaptans from a Naphtha
by Different Strengths of Alkali

076 N NaOH 218 N 292 N 6.06 NV

Mercaptan Ye o Yo o

n-Butyl 62 83 78 69

s-Butyl 56 76 75 63

n-Hexyl 12 26 18 18

s-Hexyl 10 17 14 10

n-Nonyl 11 13 11 11

s-Nonyl 6.2 10 6.2 6.2

In another investigation, the extractions were: #17. 417

% /) Yo
Ethyl 97.1 7-Propyl 872 7-Butyl 62.8
n-Propyl 888 n-Butyl 632 1-Amyl 33.0

In the extractions given in Table 3.2 the amount of sodium hy-
droxide was twenty to two hundred times that required by the
mercaptans. The 2.18 N alkali removed more of the mercaptans
than either the weaker or stronger alkali. Other investigators
have found that there is no advantage in using alkali stronger
than 2 N.1094, 1782 Apparently the mercaptan is salted out by the
strong alkali. It has been proposed to treat hydrocarbons with
alkali under such conditions that three layers will be formed:
the hydrocarbon, the eaustic alkali solution, and the alkali mer-
captide.1745¢

It is to be noted in Table 3.2 that less of the secondary mer-
captans is taken out than of the isomeric primary. The secondary
are more soluble in water but arc weaker acids.

Exact determinations have been made on the extraction of
methyl mercaptan from a butane-butene mixture and of ethyl
from a pentanc-pentene mixture.’? The results are in Table 4.2
The “ratio” is the mereaptan in the aqueous layer divided by that
in an equal volume of the hydrocarbon layer. The chief interest
herc is in the effect of a large or small excess of alkali.
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TapLE 4.2

Latraction of Mercaptuns by 2.2 N NaOH Solution

{The figures are in grams of sulfur per liter)

After Je RSH 9% NaOH

Original  extraction In NaOH  Ratio  extracted neutralized
MeSH 13.20 0.018 13.8 733 99.86 19
21.60 0.036 21.56 600 99.84 30
38.40 0.089 38.31 432 99.77 54
MeSH 5430 0.264 54.04 205 99.52 77
59.80 0443 59.36 134 99.26 84
EtSH 10.61 0.069 1054 153 99.35 15
28.40 0.223 28.18 126 99.21 40
42,70 0.501 42.20 84 98.83 60
5750 1.160 56.34 49 97.98 79

The figures show that the extraction of these mercaptans is prac-
tically complete, even when there is only about 209 excess of
the alkali.

The partition of mercaptans hetween henzene and water and
sodium hydroxide solutions at 25° has been studied. The con-
centrations of mercaptans were 0.1 to 0.5 N, corresponding to
0.4 to 2.0% of sulfur. The amounts of the lower mercaptans taken
out were equivalent to 50 to 80% of the alkali. The percentages
are those of the total mercaptan found in the agueous laver. The
results are in Table 5.24% and are plotted in Figure 1.2, curves [
and II.

TABLE 5.2

Percentages of Mercaptans Taken out of Benzene
by Aqueous Sodium Hydrozide

NaOH 0 0.225 0626 1.69
Methyl 565 97.1 97.9 —
Ethy! 214 89.0 94.0 —
n-Propy! 032 64.0 770 —
-Propyl 042 67.0 780 —
n-Butyl 0.077 32.0 47.0 —
s-Butyl 0.121 29.0 450 —
n-Amyl 0.021 10.1 184 28.0
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TaBLE 5.2 (Continued)

NaOH 0 0.225 0.626 169
s-Amy! 0.027 84 16.0 25.0
n-Hexyl 0.0070 — 6.3 15.0
s-Hexyl 0.0083 — 53 85
n-Heptyl — — 1.8 28
s-Heptyl — — 13 1.90
n-Octyl — — 0.50 0.72
s-Octyl — — 035 0.45
n-Nonyl — — 021 026
s-Nonyl — — 0.16 0.14
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Ficure 1.2. Partition of Mercaptans between Hydrocarbons
and Aqueous Sodium Hydroxide with or without Methanol
Curve 1. Extraction of Primary Mercaptans from Benzene by
0.626 N NaOH

Curve II. The Same for Secondary Mercaptans

Curve III. Extraction of Primary Mercaptans from Isooctane by
05N NaOH

Curve IV. The Same with 50% Methanol

For methyl mercaptan, the extraction is nearly complete with the
weakest alkali which was in only slight excess. The stronger al-
kali took out only 0.26% of the n-nonyl. Any secondary mer-
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captan is more soluble than the corresponding primary but, with
the exception of isopropyl, is more difficult to extract. The greater
acidity of the primary more than compensates for its lower solu-
bility. This was noted in Table 3.2

The nature of the hydrocarbon has some effect. The results of
extraction from three hydrocarbons are shown in Table 6.2.4580

TasLE 6.2
Percentage of Mercaptans Ezxtracted by 0.42 N Sodium
Hydroxide
Benzene n-Heptane Cyclohexane

Ethyl 93.70 97.30 97.60
n-Amyl 13.90 21.70 21.90
s-Amyl 12.30 17.20 19.00
n-Octyl 0.32 1.07 043
5-Octyl 0.23 0.72 0.20

The extraction from the nonaromatic hydrocarbons is better than
from benzene.

Similar experiments have been made, using isooctane (2,24-tri-
methylpentane) as a solvent for the mercaptans.'’® The results
are in Table 7.2.

TasLE 7.2

Extraction of Mercaptans from Isooctane with 0.5 N Aqueous
Sodvum Hydroxide at 20° and with Water

Mercaptan Water 0.5 N NaOH
Methyl 8.400 99.70
Ethyl 4.250 98.70
n-Propyl 0.990 93.00
n-Butyl 0.220 78.10
t-Butyl 0.380 71.00
n-Amyl 0.052 42.40
t-Amyl 0.071 26.60
n-Hexyl 0.012 13.70
n-Heptyl 0.0026 3.20
n-Octyl 0.0006 0.72
n-Nonyl — 0.15
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In the introduction to Tahle 2.2 it was shown that the solubilitics
of the higher mercaptans in 1 N sodium hvdroxide are approxi-
mately 2000 times as great as in water. In Table 7.2 it is seen
that 0.5 N alkali extracts 1230 times as much heptyl mercaptan
from isooctane as does pure water. For octyl mercaptan this
ratio is 1200. These figures are in rcasonable agreement. The
tertiary mercaptans are more soluble in water than the primary
but are less acidic.

Since the solubility of mercaptans in water increases as the
temperature is lowered, extraction is improved. In Table 8.2 are
the results of extracting n-butyl mercaptan from isooctane with
water and with 0.5 N szodium hydroxide.!??

TaABLE 8.2

Ezxtraction of n-Butyl Mercaptan from Isooctane
at Different Temperatures

°C Water 0.5 N NaOH
0 0.245 88.2

20 0.230 782

25 0.225 73.6

40 0.215 63.5

Taking the figures of Table 5.2 for 0.626 N alkali, the cffeets of
successive extractions can be caleculated (see Table 9.2).

TasLE 9.2

Percentages Remaining in Benzene after Several Extractions
with 0.626 N Alkali

Mercaptan 1 2 3 4 5
Methyl 2.1 0.044 0.009 0.0002 —
Ethyl 6.0 0.360 0.021 0.00 —
n-Propyl 23.0 5.290 1.220 0.28 0.06
1-Propyl 22.0 +.840 1.060 0.23 0.05
n-Butyl 53.0 28.100 14.900 7.90 4.20
s-Butyl 55.0 30.200 16.600 9.10 5.00

n-Amyl 81.6 67.000 54.000 44.00 36.00
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TasrLe Q.2 «Continued)
Mereaptan 1 2 3 4 5
s-Amyl 84.0 71.000 59.000 50.00 42.00
n-Hexyl 93.7 88.000 82.000 77.00 71.00
s-Hexyl 94.7 90.000 85.000 79.00 76.00
n-Heptyl 98.2 96.000 95.000 93.00 91.00
s-Heptyl 9R8.7 97.000 96.000 95.00 94.00

Extraction from nonaromatic hydroearbons would be somewhat
better, but it is obvious that the extraction of the higher mer-
captans is impracticable.

An alkaline salt, such as tripotassium phosphate 12002, 1376b, 1552e
and quaternary ammonium 12000, 1744, 17432 gnd tertiary sulfon-
ium 12006, 17450 hages have been recommended instead of the
alkali.

By extracting in two stages, first with a solution of an organic -
base, or weak alkali, and later with a strongly alkaline solution,
strongly acidic compounds and mercaptans can be taken out sepa-
rately 280 1375, 1729 Tpdividual mercaptans may be taken out of
hydrocarbons by selective absorption.3232

Solutizers

Emphasis has been put on the fact that the difficulty of extract-
ing mercaptans by an aqueous alkali wash is due to their slight
solubility in water and to their low acidity. Nothing can be done
to raise their acidity, but their solubility in the aqueous layer
can be increascd by the addition of various substances. Anything
that has this effect is called a “solutizer.” It is frequently ob-
served that the solubility of an organic compound in water is
greatly diminished by the presence of salt or other inorganie
substance. Thus propanol may be “salted out” of its aqueous
solution by the addition of potassium carbonate. Conversely,
the solubility of a mercaptan in water may be increased by the
presence of water-soluble organic compounds.

The effect of the addition of methanol to water and to 0.5 N
sodium hydroxide on the extraction of mercaptans is shown in
Table 10.2. Some of the figures are quoted from Yabroff and
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White and some are caleulated from their data. others are
extrapolated, 171

TasLE 10.2

Extraction of Mercaptans from Isooctane by 50% Methanol, by
0.5 N Sodium Hydroxide, and by 0.5 N Alkali in 50% Methanol

Methanol 50% 0 50%  Improvement

NaOH 0 05N 05N %
Methyl 24.10 99.7 99.3 —
Ethyl 11.30 98.7 98.7 —
n-Propyl 4.39 93.1 95.3 23
n-Butyl 1.77 78.1 88.7 13.5
¢-Butyl 247 710 81.3 14.5
n-Amyl 0.73 424 75.0 780
t-Amyl 1.05 26.6 49.1 85.0
n-Hexyl 0.30 13.7 53.8 290.0
n-Heptyl 0.134 32 321 900.0
n-Octyl 0.039 0.72 14.0 1840.0
n-Nonyl 0.019 0.15 57 3700.0

The extraction of methyl and ethy! is so good with aqueous alkali
that there is scarcely room for improvement, but with the higher
mercaptans the effect is great. These results are plotted in Figure
7, curves III and IV.

Almost any water-soluble organic substance added to aqueous
alkali will serve as a solutizer and assist in the extraction of mer-
captans. To be useful as a solutizer, any proposed compound
must meet certain requirements. Obviously it must be stable in a
high concentration of alkali, not only at low temperatures but
also at high, when the mercaptans are driven out by steaming.
It must not be extracted by the hydrocarbons from which the
mercaptans are to be removed. Methanol meets these require-
ments, but has the disadvantage that it is volatile and goes over
with the mercaptans. However, it can be recovered and put back
in the alkali.

There has been much interest in solutizers176e. 193b, 259b, 887,
978, 1204b, 1747, 1750d, 1751c  Methanol has received much atten-
tion.IOOb, 143, 201, 219, 402c, 498, 696, 1017, 1041a, 1067 The “Unisol” prOCESS
iS based on it‘115, 218, 518, 985, 1119, 1690
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Many substances have been claimed as solutizers, lower alco-
hols,1018, 10414 ethylene,1751e propylene 1724 hutylene 7412 and tri-
methylene,’™20 glycols, diglycols,'"#2¢ polyethylene glycols,1750¢
alkyl glycols,'™* monoethers of several glycols,}™% diamines,
alkanolamines, diaminoalcohols, aminoglycols, other amines, 501
1203, 1240, 1740¢c, 17410 gy pitroparaffins.836® It has been proposed
to use salts of the lower aliphatic acids,259%. 328b, 1204a, 1553a, 1750a,
17512 of naphthenic acidsS5e 166, 349, 1030, 15538 of phenylacetic
acid,!?1 1752 of acid 0ils,1%! of dicarboxylic acids,172¢ of hy-
droxyacids,™?" of aminoacids,*® 17319 of cymic acid,!22® of ether-
acids,* of sulfide-acids,®> 1280 of thiophosphoric!?'# and of sul-
fonic acids.1202b. 15532 Halogen substituted acids, which are subse-
quently hydrolyzed, may be put in.89% 1398 Qalts of phenols or
cI‘eSOlS, alone 116, 214, 698a, 700, 723d, 1202¢, 1553b, 1752¢ or mixed Wlth
those of aliphatic acids 170a 1750b, 1752d op of thiophenols,8* may
also be used. Salts of naphthenic acids may be combined with
cresols,170¢ 698 with Cellosolve, %" or with glycols or amines.6%
Tar acids,!” 62 1926 wood tars,'?'? anisol,28 and polyhydroxybi-
phenyl %8¢ have been mentioned. The reaction products of alkali
with shellac,!™ copal,® rosin,$® 1533¢ and yacca gum 72 are said
to be useful. Tannic acid, with or without oxygen, is an important
solutizer.348. 929, 987, 1214, 1614b Tiylsion breakers are useful with
SOlutiZerS.75' 343, 1191a, 1193

Potassium isobutyrate has been specially recommended.166. 175,
176, 259¢, 263c, 1743, 1746, 1748, 1749 The ysual solution is 3 N potas-
sium isobutyratc and 6 N potassium hydroxide. As this contains
378 g. of the salt and 336 g. of the alkali in 1 liter of solution not
much room is left for the water. The peculiar thing about iso-
butyric acid is that its alkali salts are not salted out by the high
concentration of alkali. The natural oxidation inhibitors, which
are supposed to be alkylated phenols, are removed by the iso-
butyrate solutizer but not by the mixed tsobutyrate-alkyl-
phenate.!™8 These natural inhibitors may be rcturned to the
Oi1'542a

A solutizer may be added to the alkaline solution with which
hydrocarbon vapors are contacted for the removal of mercap-
tans'1202a

Phenols and other weakly acidic substances, as well as mer-
captans, can be removed from nonmiscible solvents by alkaline
extraction,!75%
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So far solutizers were discussed that are intentionally put into
the alkaline wash liquors. Actually considerable amounts of solu-
tizers are acquired by these liquors in the course of the cxtrac-
tions. Naphthenic acids, alkylphenols, and other acidic com-
pounds which may be present in the naphthas pass into the
alkaline solution and serve as solutizers.®®®® The sodium mer-
captides from the solution of the lower mercaptans serve as
solutizers for the higher mercaptans.?6!

Solutions of alkali in methanol or ethanol or a mixture of
alCOhOlS haVe been recommended.QQ, 104e, 276, 1201a, 1251, 1305b, 1371a,
1713 Ag the solubilities of the undissociated mercaptans in such
solvents are high, the extractions are complete. The disadvan-
tages in their use are the cost and the difficulty of recovery and
reconditioning the solvent for reuse.

Regeneration of Wash Liquors

Regeneration of the spent wash liquor is essential to economic
operation. The mercaptans that have been taken up must be
removed so that the wash liquor can be reused. This may be
accomplished in three ways: steaming out, oxidation to disulfides,
and extraction.

Earlier in this section, it was pointed out that a considerable
proportion of the mercaptan is present in the molecular form
along with its ions mn alkaline solution. This must be in equi-
librium with its vapor above the solution. With rise in tempera-
ture, the solubility of a mercaptan in water decreases while its
vapor pressure increases. If the vapor above the solution is
removed, some of the undissociated mercaptan will evaporate to
restore the equilibrium. This causes some of the dissociated mer-
captan to revert to the undissociated form. If the vapor is
continuously removed, all of the mercaptan will eventually pass
out of the solution. Mercaptans, provided they are reasonably
volatile at 100°, can be steam distilled out of even strongly
alkaline solution. Curiously enough methyl, which is the lowest
boiling, goes over more slowly than those for some distance above
it. At 100° the vapor pressure of hexyl mereaptan is 150 mm., of
heptyl 70 mm., and of octyl 30 mm. All of these and those below
them go over with steam at good rates. Above nonyl, the vapor
pressures at 100° are too low, but the amount of these higher
mercaptans is negligible.

Advantage is taken of these facts for the regeneration of alka-
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line solutions that have been used for the extraction of mercap-
tans. The extraction is effected at a low temperature at which
the solubility of a mercaptan is high and its vapor pressure low.
The mercaptans are then steam-distilled out. Steam distillation
is applicable whether or not a solutizer is present. A volatile
solutizer goes over with the mercaptans and must be separated
from them in a special operation. A few references are given
Wlthout gOing into details.l()c, 28, 32, 85, 139a, 176a, 176c, 1764, 239, 542b, 704,
723b, 949, 950, 1041b, 1082, 1202a, 1470, 1555, 1742f, 1752b, 1753 It iS desir_
able to remove emulsifiers before steam-distilling 176, 1033, 1192
Any hydrocarbons that have been dissolved along with the mer-
captans will go over also.}20%¢

As extraction is a reversible process, it has been proposed to
extract the mercaptans from the alkaline wash by kerosene or
other suitable solvent.2!1, 263a, 373, 724b, 1191b

A method of regeneration that is used extensively is the oxida-
tion of the mercaptans to the disulfides which are not soluble
in the alkaline solution and can be separated from it. The oxida- .
tion may be effected by blowing with air27 497, 1740b, 1742a, 1745e
Some oxidation takes place spontaneously when steam distillation
is used.*1™ The oxidation may be facilitated by catalysts.te 169
170b, 172, 263e¢, 669c, 1204e¢, 1375, 1465, 1466 Oxidation may be eﬁ'ected
by oxygen at an elevated temperature and under pressure,%9%
1580d or by a compound containing active chlorine.'*3% The spent
liquor may be washed with a hydrocarbon containing sulfur:

2RSH 4 S — RSSR 4 H,§

The disulfide is taken up by a hydrocarbon.2352 779a, 1529

Various impurities accumulate which must be eliminated.™!
1201¢, 1711 Methods of analysis are available 883, 908

There is the possibility of recovering enormous quantitics of
mercaptans from the spent liquors.!™® As industry develops,
uses will doubtless be found for these or for products that may
be made from them.

The alkaline solution which has been used for extracting mer-
captans may be treated with chloracetic acid to make sulfide
acids, RSCH,COOH.886v

Heavy-Mera. MERCAPTIDES

One of the first things that Zeise noted about his new com-
pound, ethyl mercaptan, was its ability to form insoluble pre-
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cipitates when it was added to solutions of salts of the heavy
metals. He made sodium, potassium, platinum, mercury, gold,
copper, silver, and lead mereaptides 1764a, 1761b, 176ic, 17640 Vgt
reported sodium, lead, copper, mercury and silver mercaptides.1643
Klason prepared mercaptides of thallium, iron, nickel, cobalt,
zinc, cadmium, mercury, tin, platinum, and bismuth.®8a. 881b
Human made the ¢-butyl mercaptides of potassium, mercury,
lead, copper, and gold.”®* Lowig and Weidmann used ethylene
mercaptan for making mercaptides of the heavy metals.%6%. 069
Mercury derivatives of methyl,'21 propyl,*®¢® and ¢-butyl 388
mercaptans were early preparations.

Mercaptides have been prepared from the mercaptan and oxides
of gold, silver, and lead, but the usual way is to add the mercap-
tan to an aqueous solution of a salt of the metal.7” 708, 921, 1661,
1764a, 1764b, 1764c, 1764d The mercaptides of the heavy metals are so
insoluble in water that they precipitate immediately. However,
the acid liberated from the salt must not be allowed to accumu-
late, else the reaction will not be complete. Ammonia, or other
base, should be added so as to keep the pH just below 7. For
the higher mereaptans, which are insoluble in water, aleoholic
solutions are convenient. The precipitated mercaptide is filtered
off. It is well to wash it with water containing some of the mer-
captan to prevent hydrolysis. All mercaptides of metals are
decomposed by strong hydrochlorie acid into metal chlorides and
free mercaptans.®®4 Heavy-metal mercaptides of o-aminothio-
phenol are prepared by the addition of solutions of the salts to a
solution of its hydrochloride 1534

Although the mercaptides of the heavy metals are very slightly
soluble in water, the corresponding sulfides are still less so. There-
fore, the mercaptan is liberated and the sulfide precipitated when

hydrogen sulfide is passed into a water suspension of the mer-
Captide' 1264, 1764a, 1764c :

Hg(SMe), -+ HyS — HgS +  2MeSH

It has been proposed to convert the mercaptans in a petroleum
distillate into heavy metal mercaptides from which the naphtha
may be distilled.1198: 1207

Mercury

Mercuric mercaptides are most characteristic and have been
relied upon for the isolation and identification of mercaptans.
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They are readily prepared by preecipitation from mercuric salts
or by treating mercuric oxide with the mercaptan 6125 614 739
8625 Shaking a solution of a disulfide with mercury gives the
mercaptide 84 939

Mercury mercaptides can be recrystallized from organic sol-
vents and many of them have satisfactory melting points. A
number of these are given in Table 11.2 in the section on the
identification of mercaptans.

The ethyl mercaptide is monoclinic and the propyl, amyl,
hexyl and heptyl mercaptides are isomorphous with it, while the
octyl is triclinic and the butyl is tetragonal 158

With mercuric ions, eysteine and reduced glutathione give three
mercaptides each, according to conditions.135%-%

The mercaptans in petroleum fractions have been isolated and
identified by converting them into the mercury derivatives. 53
17sb At 180 to 190°, these mercaptides decompose into mercury
and the disulﬁde: 401, 939a, 12264, 17644

Hg(SE), —> Hg -+  EiSSEt

A mercuric mercaptide reacts with carbon disulfide to form a
trithiocarbonate and a complex: 1401

3Hg(SE, 4 2CS, — 2SC(SE), +  Hg(SEt),*2 HgS

Mercuric benzyl mercaptide, in benzene solution, is decom-
posed by ultraviolet light into mercury, mercuric sulfide, and
benzyl disulfide. In sensitivity to light, the mercury mercaptides
are in this order: benzyl > n-propyl > i-propyl > t-butyl >
pheny.3625

Phenylmercury and phenyl mercaptan, heated together, give
mercury, phenyl disulfide, mercury phenyl mercaptide, and ben-
zene'909.5

Under certain conditions the half mercaptides, EtSHgBr,
MeSHgCl, EtSHgl, AmSHgCl, PrCH (Me) SHgCl, Et,CHSHgCl,
DecSHgCl and DodSHgCl, are precipitated. 130. 153, 384, 741b, 820,
828b, 1311e Thege may be formed from the mercaptide and mercuric
chloride.”™% There is an equilibrium:

2RSHgCl =  (RS),Hg +  HgCly

The ethyl and phenyl compounds, EtSHgCl1 and PhSHgCl, are
formed when ethyl and phenyl thioacetates are treated with mer-
curic acetate and then with sodium chloride 1400, 1401.5



144 Organic Chemistry of Bivalent Sulfur

Albumin, which contains a mercaptan group, precipitates the
half mercaptide, ASHgCl, from mercuric chloride solution.*37-

EtSHgCl does not melt at 260° but PrSHgCl melts at 182°.
These form addition products with mercuric chloride: EtSHgCl-
HgCly, m. 151° and PrSHgCl-HgCl,, m. 139°.27 X-ray studies
have been made of these.5282 Similar compounds from mercuric
nitrite are known: RSHgNO, and (-CH,SHgNOQ,),.1811a, 1314
Ethylmercaptomercury acetate, EtSHgOAc, nitrate, EtSHgNOs,
carbonate, (EtSHg).CO;, and benzoate, PhCO:HgSEt, have been
reported.’% Derivatives of mercaptosulfonic acids will be dis-
cussed in Chapter 4.

A mercury mercaptide may react with an alkyl halide:

EtSHgSEt 4 Etl - EtSHgl =+ EtyS
EtSHgl + El — Hgl, -+ Et,S
Et,S + El - EtySl

The sulfonium iodides form double salts with mercuric iodide,
MegSI-Hgls, and Et;SI-Hgl,, 741n, 741b

Dissolved in ethyl acetate, phenyl mercury mercaptide reacts
with mercuric chloride:

(PhS)sHg 4+ HgCl, 2= 2PhSHgCI
This is reconverted to the mercaptide by phenyl mercaptan:
PhSHgCl 4 PhSH —  (PhS);Hg -+ HcCl
It decomposes when heated: 939b
2PhSHgCl = PhyS, <+  Hg,Cl,

Mercury derivatives have been prepared from thioborneol.186
673, 1736

An alkylmereury hydrosulfide, RHgSH, has been claimed as a
fungicide and insccticide.***® Mercury methyl mereaptide is a
catalyst for the addition of methyl mercaptan to allyl al-
coho) 832

Many complicated compounds have been reported from mer-
curic mercaptides with mercury salts and alkyl halides. The alkyl
mercapto-mercurie nitrites, RSHgNO,, react with alkyl iodides to
form such compounds as MesSoHglMel, m. 162°, EtoS,HgLEtI,
m. 112°, Et.8Hgl,Mel, m. 86°, MeEtS.Hgl,Etl, m. 67°,
MePrS,Hgl,PrI, McBuS:Hgl,Bul and even more complicated
ones.1311s, 1311b, 1314 Fthylmercaptomercuric bromide reacts with
iodoform to give 2 (EtS).Hg'HCI;, m. 85.5°.820
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Ethylmercury cthyl mercaptide, EtHgSEt, from EtHeCl and
EtSH, is a vellow oil, m. =3 to 07, which can be distilled n vacuo.
The mixed mereaptide, EtHgSPh, melts at 61°.1192

Phenylmercury aryl mercaptides have been prepared from
phenylmercury and p-chlorophenylmercury chlorides and the aryl
mercaptans. The melting points of PhHgSAr and CICeH,HgSAr
are: phenyl 103.5°, 140°; o-tolyl 169°, 141°; p-tolyl 104°, 145°;
benzy! 135°, 130°; a-naphthyl 154.5° . . 15715

Mercaptans can be removed from distillates by contacting
them with solutions of mercuric chloride,6t. 1303a. 134 op gee-
tate1"® with mercuric oxide ¥ or with metallic mercury !¢
11492 or amalgam.114%9, 1149 Aflethyl mercaptan can be taken out
of gases by a 3% solution of mercuric chloride.!18?

Copper
Copper mercaptide was supposed to be the cupric compound,
(CoH58)2Cu, until Klason showed that the reaction product of
a mercaptan with a cupric salt is a cuprous mercaptide mixed
with the disulfide: 8814

2CuSO, - 4CH:SH — 2C,H;SCu - CyHZSSC,H, 4 2H,80,

It is curious that this seems to have been overlooked by a number
of chemists who still write formulae for cupric mercaptides.
This reaction offers a convenient method for the estimation of
mercaptans in hydrocarbons which will be discussed in the ana-
Iytical section. It has been suggested that unstable cupric mer-
captides arc the first products. If so, they decompose quickly: 893

2Cu(SR); — 2CuSR 4 RS'SR

Cuprous mercaptides have been prepared, from primary and
secondary mercaptans up to nonyl, by shaking an aqueous solu-
tion of copper acetate with a benzene solution of the mercaptan.t2
The cuprous derivatives of the normal primary and of ¢-propyl
and s-butyl mercaptans are insoluble in benzene, or in ether, but
those of the higher secondary are soluble.

When a naplhtha containing a mercaptan is treated with copper
acetate and then steam-distilled, it comes over “swect” and
brings with it the disulfide, if this is sufficiently volatile. The
amount of this may correspond to from one half to two thirds of
the original mercaptan. The disulfides from the higher mercap-
tans are scarcely volatile with steam.183, 185
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A cuprous mercaptide reacts with sulfur: 1489

2CuSR 4+ 2SS —> 2CuS -+ RS'SR

More sulfur may be taken up to form the trisulfide.!**® It com-
bines with carbon disulfide to make a trithiocarbonate: 42

CuSR  + €S, = CuSCSSR

Cupric sulfide reacts with a mercaptan in benzene solution:
2CuS -+ 4HSR - 2CuSR 4 RS'SR 4+ H.S

As the cuprous mercaptides that are formed from the primary
and lower secondary mercaptans are insoluble in the hydrocarbon
they remain on the surface of the copper sulfide while those from
the higher secondary go into solution. It is remarkable that such
an insoluble substance as copper sulfide should be dissolved by
a mercaptan. As this takes place in hydrocarbon solution the
reaction is probably not ionic.!*¥® Amorphous copper sulfide is
said to be effective in removing sulfur compounds from hydro-
carbons.®12

It is known that a mercaptan and hydrogen cyanide corrode
copper rapidly.'%® Copper powder reacts with a mercaptan,
probably with the aid of the oxygen of the air: 387 3870

2Cu 4+ O, 4+ 4HSR —> 2CuSR + RS'SR 4 2H,0

In two experiments, the disulfide formed was equivalent to 47
and 48% of the mercaptan that disappeared.!™$

Cuprous mercaptides from sulfurized terpenes are claimed as
additive agents for lubricating oils.519. 998

Copper and copper compounds have been used extensively for
desulfurizing petroleum distillates.10d, 387a, 387b. T43a, 846e, 1438b, 17258
An early desulfurization method was the Frasch process. This at-
tained considerable importance and has been described in a num-
ber Of articles.ﬁg' 141, 156, 271, 527, 706, 865b, 1248b, 1351, 1486a, 1727 ’:[‘he
first of twenty Frasch patents, U.S. 378,246, Feb. 21, 1888, was
apphed fOI‘ Feb 1’ 1887.5288., 528b, 528c, 528d, 328e, 529a, 529b, 529¢, 529d,
529, 330 Tt included the oxides of eleven other metals. Compounds
of metals other than copper are claimed in subsequent patents,
some of which ignore copper. The last appeared in 1900. It is
of interest to note that the same inventor was responsible for the
superheated-water process for inining sulfur.

It is claimed that 99.7% of the sulfur contained in an oil is
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removed by passing its vapor through packed and compressed
copper turnings.**'* Copper has been used for desulfurizing
vegetable and animal o0ils.™'" The oxides of copper are desulfur-
iZing agents'546, 798, 1170, 1236, 1263, 1291, 1484, 1646, 1673, 1725b There are
a host of articles and patents covering the use of copper, copper

oxide or salts, either in liquid petroleum products or in their va-
pOI‘S.231' 3304, 831, 344, 354, 375, 528e, 603, 608c, T94b, 867, 890, 891b, 894, 945, 975,

976, 1099, 1127d, 11494, 1162, 1170, 12054, 1207, 1210, 1275a, 1276, 1277, 1355, 1481b,
1494, 1560, 1570b, 1645, 1647

In some cases copper and its compounds appear to act cata-
lytically in the oxidation of mercaptans to disulfides, while in
others, the sulfur is removed as copper sulfide. Several kinds of
reactions may be involved in what appears to be a simple opera-

tion.

The oxidation of glutathione by oxygen in the presence of cop-
per ions depends on the pH of the solution, which should be above
%7 1760

Much attention has been given to the use of cupric chloride for
the oxidation of mercaptans in the sweetening of petroleum dis-
tillates. It is used in a variety of ways, in solution or spread on
the surface of a solid, such as bauxite. It may be considered as a
catalyst or oxygen carrier for air oxidation. There are numerous

articles on the use of copper chloride 51: 314b. 7178, 729, 763, 846e, 864,
1054, 1414, 1143, 16260 an( many patents.102 104 106, 110, 167, 226, 272,

332.5, 350h, 355b, 448¢, 524, 525, 526, 703, 764b, 763a, 928b, 1089, 1090, 1127b, 1129b,
1138b, 1138¢, 1255, 1262, 1328, 1435, 1439, 1444, 14438, 1445b, 1657, 1662,

The use of copper sulfate has been described %! and several
ways of applying it have been patented.355a. 48a, 1317, 1442a, 1462, 1516,
1660, 1681 Copper hydroxide,lsb' 105, 862, 1020a, 1126¢ VariOUS SaltS,302c’
328e, 544, 879, 1266a, 1734 acetate’GOSa, 608b Oil-soluble Salts,279 naphthe_
nates, 848 705, T8fe gleate 1198 and silicate °%3® have been recom-
mended. Copper hydroxide may be mixed with the hydroxides of
other metals.’29® The use of an ammoniacal solution of a copper
salt has been proposed.tl, 318, 769, 1129b, 1159, 1774 Nercaptans may
be converted to cuprous mercaptides which are removed by filter-
ing through granular material 11292 1266 o1 extracted by means of
an alkyl amine.!?319 Means have been proposed for taking care
of residual copper compounds remaining in the 0i].104b. 380, 429, 1240c,

1417a, 1438a, 1442b, 1446, 1475, 1530¢ Various units and cycles have been
proposed.lob, 330b, 710, 1177, 1722
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Cadmiune and Zine

Cadmimn mereaptides have been made as a matter of course,
along with thosc of other heavy metals, by workers with mercap-
tans, but nothing of special interest has been recorded about
them.®¥* Pure ¢-butyl mercaptan has been prepared from the
cadmium mercaptide. 10015

Cadmium nitrate has been used in analyses for the removal of
hydrogen sulfide and mercaptans.’®™ Cadmium hydroxide, in
one way or another, has been suggested for the removal of mer-
captans from petroleum products.tob. 150, 390c, 1203¢, 17454 (g dmium
metal and salts have been recommended for the same purpose.333b,
612, 1503a

The cadmium mercaptide from o-aminothiophenol is claimed as
a fungicide and bactericide 1534

Zinc mercaptides are mentioned in many of the early articles
on mercaptans but little is said about them. Zinc merecaptides
are formed when disulfides are reduced by zine.1226b 1534 They
dissolve readily in acid and thus are not isolated. They can be
prepared from aryl mercaptans in an inert solvent and zine
oxide.1%31 The mercaptides of zinc and of some other metals form
persulfides which are said to be accelerators.?®

Silver

Silver mercaptides are readily formed and are extremely insolu-
ble. 287 3% This accounts for their use in qualitative tests for
mercaptans and in their quantitative determination as outlined
in the section on analysis. A coordinated silver mercaptide,
Ci1oH1508Ag:AgNO3-H0, is formed from thioleamphor.40? Silver
mercaptides which arc soluble in thiosulfate may be added to a
photographic fixing bath.®™ Silver removes mercaptans from
hydrocarbons.™3 Some silver mercaptides are said to hiave thera-
peutic value.11%¢

Iron, Nickel, and Cobalt

Dinitroso-iron mercaptide, (NO).FeSC,H;, m. 78°, is formed
from ferrous mercaptide, or from mercaptan and ferrous hydrox-
ide, and nitric oxide: 7% 1047a, 1329

Fe(SCoHz)y + 3NO —  (NO)FeSC,H; 4 (NO)SC,H,
2Fe(OH); + 2NO + CyH;SH — (NO)FeSC,Hy; -+ Fe(OH), + H,0
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Ferrous hydroxide, mercaptan, and carbon monoxide give a
complex, Fe(SEt) (CO)3, m. 67°, which may have the double
formula.133% The same compound is obtained from iron carbonyl
and mercaptan. There is a similar one, Co(SEt) (CO)s, from
cobalt ecarbonyl.”>" Iron carbonyl has been suggested as an agent
for the removal of mercaptan.t00. 23¢d

A complex nickel compound, Niz(NO) (SEt) 36H-0, is formed
from a nickel salt, mercaptan, and nitric oxide. If nickel hydrox-
ide is used instead of the salt, the product is Ni{NO)SEt. Carbon
monoxide decomposes this, forming nickel carbonyl 10476, 1048, 1330
The poisoning of nickel catalysts by mercaptans has becn
studied 13573

Nickel mercaptides, Ni(SR)., are diamagnetic. Their proper-
ties indicate that they arc high polymers. The nickel salt of di-
thiooxamide is also polymeric.58

Antimony and Bismuth

These are mentioned here though they will be taken up in other
chapters. The chief objective in making mercaptides of antimony
and bismuth has been to get these clements into medicinals. The
most of the compounds prepared have contained solubilizing
groups, either salt forming or hydroxyl. These will be discussed
in the chapters on mercaptoacids and on hydroxymercaptans.

The compounds of the general formula Sb(SR)s; may be re-
garded either as mercaptides of the metal antimony or as the
esters of trithioantimonous acid. Actually they are liquids and
behave more like esters. They will be mentioned in Chapter 3
along with esters of trithiophosphorous and trithioarsenious
acids.

Since antimony chloride is hydrolyzed in water, except in the
presence of an exccss of acid, it is not convenient to make anti-
mony mercaptides in the usual way. They can be obtained from
anhydrous antimony chloride ecither with a sodium mercaptide or
with a mixture of a mercaptan and a tertiary amine.®? The
higher members of the series have been prepared by adding the
mercaptans, octyl to octadecyl, to a warm chloroform solution
of antimony trichloride. Up to the decyl they are liquids, the
higher are solids, dodecyl m. 40°, tetradecyl m. 51°, cetyl m. 52°
and octadecyl m. 59°.1% 294 295 The p-nitrophenyl mercaptide
has been made similarly. .17t
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A few bismuth mercaptides have been made.®® The triethyl,
Bi(SEt);, a solid melting at 200°, appears to be a mercaptide
rather than an ester which is in keeping with the metallic char-
acter of bismuth.®8s 962 The phenyl mercaptide, Bi(SPh)s, has
been made by adding phenyl mercaptan to an acid solution of
bismuth trichloride.”®®5 1624 Tt can be obtained from triphenyl-
bismuth:

PhyBi + 3PhSH —  Bi(SPh); + 3PhH

There are intermediate compounds, PheBiSPh, m. 160°, and
PhBi(SPh).. A pentavalent compound, Ph3Bi(SPh),, m. 44° is
known.?8® Triethylbismuth reacts similarly.1182

Antimony and bismuth compounds have been made from par-
tially hydrolyzed keratin."3® Bismuth mercaptides have been
proposed as therapeutic agents 108 79%e, 1156, 1515

Gold, Platinum, and Palladium

Auric chloride and a mercaptan give an aurous mercaptide and
the disulfide:

AuCly; 4 3RSH —> AuSR + RSSR + 3HcCl

The mercaptide decomposes at 150°: 71¢

2ASR - 2Au 4+  RSSR

Some, at least, of the paints used in gilding china appear to con-
tain gold mercaptides which decompose in this way during the
firing. Gold mercaptides have been proposed as therapeutic
agents 408, 794c, 07, 1156, 1315 ©ogt of the compounds prepared for
such use have contained solubilizing groups, either salt forming
or hydroxyls. These will be taken up in chapters on mereapto-
acids or on hydroxymercaptans.

Platinic mercaptide, Pt (SEt) 4, decomposes in a vacuum at 100°
into the platinous mercaptide and the disulfide.™* Many com-
plex compounds have been prepared starting with platinum or
palladium mercaptides'?{& 739, 1311c, 13114, 1312

Other Metals

Trimethylaluminum reacts to give dimethylaluminum methyl
mercaptide, a liquid whose vapors give a molecular weight corre-
sponding to (MezAlSMe),.338
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Tin mercaptides have been made, but there is little to say about
them. Some Lave been elaimed as mordants.®* The stannie com-
pounds, Sn(SR) 4, are csters rather than mercaptides and are in-
cluded in Chapter 3. The stannic phenyl mercaptide, (PhS) 8n, is
more reactive than the corresponding lead, mercury, and bismuth
compounds.?®5 An alkali stannite has been recommended for
taking out polysulfides.®®

The compound, (MeS)3B, is trimethyl trithioborate and be-
longs in Chapter 3.281-%

Several thallous mercaptides have been prepared.!- 58P

Lead Mercaptides

Lead mercaptides have been of great importance on account
of their formation as intermediates in the well-known ‘doctor”

_ process for sweetening gasoline®® They are precipitated in-

stantly when a mercaptan is added to an aqueous solution of a
lead salt. For preparing the mercaptides from the mercaptans
above dodecyl, the mercaptan is added to a boiling alcobolic solu-
tion of lead acetate. The mercaptides crystallize out on cooling.5*

The lead mercaptides are yellow and resemble organic com-
pounds in being soluble in organic solvents and in having melting
points.1%%¢ The lead mercaptides are oxidised by the oxygen of

' the air and become insoluble. There is little, if any, change in

appearance. The products have peroxide properties!**®* Some
disulfide is formed also: 1140

2Pb(SR)y, + O, —> 2RSSR + 2PbO

Triethyllead mercaptide, Et;PbSEt, is from the reaction of
triethyllead hydroxide with the mercaptan.®® Lead tetraphenyl
and thiophenol give lead phenyl mercaptide, phenyl disulfide and
benzene.%09-5

Lead mercaptides have been used for making other derivatives.
They react much like the alkaline mercaptides: 82 88, 514, 1211

(MeS)sz + 2MeCOClI —  2MeCOSMe PbCI2
(RS),Pb  + Iy — RSSR +  Pbl,

They are oxidised by nitric acid to the corresponding sulfonic

- acids 1104

At 180 to 190° a lead mercaptide decomposes into an alkyl or
aryl sulfide and lead sulfide: 550 8814, 1226¢

Pb(SEt), — Et;S + PbS
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The doctor solution may be used to take out elemental sul-
ful‘.731’ 827a, 1483, 168fe

The operation may be continuous 836 634 1327 and may be car-
ried out at above 90°.32%¢ An aleoholic solution has been recom-
mended.*8%0. 18870 Certain organic compounds are claimed as solu-
tizers.7248. 1141 Mercuric chloride,'®® lead antimonate,’® and
powdered antimony 4% have been suggested as useful additions to
the doctor solution.

The addition of hydrogen sulfide to the naphtha before treat-
ment is said to be beneficial 1241, 1306

There has been much discussion as to the role of lead sulfide in
sweetening 11210, 1686 Tt seems to serve as a catalyst in promoting
the reactions involved.® 1989 Experiments with several mercap-
tans added to sulfur-free naphtha showed that oxygen alone does
not sweeten and the addition of lead sulfide does not help, but
oxygen, lead sulfide, and sodium hydroxide do sweeten.1140 The
lead sulfide acts as a catalyst when a sour gasoline is blown with
air in the presence of sodium plumbite solution.??®

The study of this effect lead to experiments in which lead
plumbite, the characteristic constituent of the doctor solution was
left out.138% 1383, 1456 Tp the “Stratco” process, a naphtha is blown
with sodium hydroxide in which lead sulfide is suspended.1® 40
1197, 1550, 1587b reshly precipitated lead sulfide is more effec-
tive.’®® A minor amount of cupric hydroxide is a useful addition
to the sodium hydroxide and lead sulfide.?¢® QOxygen may be
supplied by sodium peroxide.158% It is claimed that the sweetening
process goes on in the absence of oxygen if the solution is kept
substantially free of lead salts by the regulated addition of
sodium sulfide.2'” After all, the lead plumbite may be present
though it was supposed to have been left out. It is known that
lead sulfide is oxidised easily to lead sulfate, which may dissolve
in the alkali to form lead plumbite.

Sweetening is effected by treating an oil with alkali, lead sul-
fide, and sulfur.59¢. 783

As far as odor is concerned the doctor treatment is entirely
satisfactory.'®*® It is frequently combined with other treatments
to giVe a ﬁnished pI‘Oduct.ub' 436, 528c, 594, 953b, 11224, 1283

The regeneration of the doctor solution and the recovery of lead
and other substances from it have received considerable atten-
tion but cannot be gone into here. A few references are given.10
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81, 85, 02, 12006 3210 3480 4700 8920 414 484, 500, 503b, 593h, T23a, TR0, THl, K76,
1062, 1076, 1085, 1131, 12210 12450 1209, 1307, 1315, 1413, 1497, 1543, 1621, 1656,
1713, 1716Db

Various ways of using lead sulfide have been proposed.1®3: 539

871b, 672a, S41b, 979, 999

Lead naphthenate and sulfur, in the presence of water, are rec-
ommended for the removal of mercaptans. 872 An intimate mix-
ture of calcium hydroxide, lead oxide, and sulfur has been pro-
posed for sweetening naphthas24% 2% Gasoline may be treated
with sodium -hydroxide and sulfur and then with dry powdered
lead plumbite.?4?®

The doctor process is said to be applicable to the removal of
mercaptans from secondary alcohols.**

Many factors are involved in doctor sweetening.?8!- %83 A large
volume would be required to describe its many modifications and
its applications and adaptations to various oils. All that can be
done here is to list a few articles 1#1 144, 197, 396, 430, 459, 561, 669D, 670,

708, 995, 1133b, 1486¢, 1528, 1727, 1728, 1734 and some Of the patents.97~ 137,
148, 157, 207, 215, 234c, 237, 297. 330a, 336, 348, 44la, 460, 462, 503a, 509, 653, 659,

732, 746, 765b, T79h, 785, 836a, 841a, 858, 898, 915, 972, 982, 986, 1012, 1102, 1127a,
1205a, 1209, 1228, 1240d, 1357, 1457, 1467, 1474, 1511, 1531a, 1548, 1565, 1587a, 1655,
1687a, 1718

Physical Methods for the Removal of Sulfur Compounds

These do not properly come under reactions of mercaptans but

- are mentioned briefly for the sake of completeness.

SOLVENT EXTRACTION

The refining of petroleum distillates would be beautifully sim-
ple if a solvent could be found which would selectively extract all
of the undesirable and none of the desirable constituents. In spite
of many efforts this dream has not been realized. Solvents have
been found which dissolve the sulfur compounds preferentially
but none that take them out completely and exclusively. A seri-
ous difficulty is that the good solvents for sulfur compounds are

_also good solvents for olefins, which are present in cracked dis-

tillates, and for aromatics, which abound in the catalytically
cracked fractions. This is the same difficulty which has been en-
countered with sulfuric acid treatment. A few articles and patents
are noted.
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Liquid sulftr dioxide 1= the solvent mext frequently recom-
n]Cnded.u“' 12h, 69, 141, 2020 41%a, 417c, 435, 436, 436G.5. 454, 4650 630, 1138a,
16670, 1734 Tt may be used with carbon dioxide %% 1962 swith pro-
pane, "% 155 o1 with pyridine.”

Furfural has met with some favor.#¢. 624, G25. 1052, 13862 Pheng],
cresols and mixtures containing them 2598 610, 1364, 1531¢, 13320 gpp.
line,2®® aminobiphenyl?8% alcohols, 23, 530, 657, 676. 1615 amingal-
coholg, 1171, 1458 gamines, 7% glycols,’"?* 1941¢ formic esters, 96a, S00,
997 nitrobenzene,SOID’ 1364 amyl acetate’lﬁRé aCetOnC,?’]' 225, 1364, 1644
aldehydes,™ 353, 171t ethylene and propylene oxides,**” and
water,?%" particularly at a high temperature under pressure,*6: 839
have been proposed. Phenol is recommended for lubricating
Oils'lﬁi’lﬂn

At low temperatures, sulfuric acid may be considered as a
selective solvent, but its use has already been discussed under
oxidation. Phosphoric acid is of some value.121?

Extractions with selective solvents are carried out extensively
in the petroleum industry, but the removal of sulfur compounds
is only incidental 845"

DESTLFURIZATION BY ADSORBENTS

While adsorption is primarily a physical process, it is fre-
quently accompanied by oxidation, polymerization,192 666 867 gp(d
other chemical changes in the substance adsorbed. Probably all
adsorbents are more or less selective, but none has been found
that takes out sulfur compounds and nothing else. As was stated
about selective solvents, olefins and aromatics tend to go along
with the sulfur compounds. Adsorbents are used extensively in
the petroleum industry for purifying oils, particularly for the less
volatile types, but desulfurization is only one item. The elimina-
tion of gum formers and color bodies is usually the main objec-
tive. Oxidising 3*® and other agents are sometimes added. This
subject can be treated only bricfly lere.

Silica gel is discussed in a number of articles. 14! 188, 744, 74, 891a,
891b, 1056d, 1404c, 1665, 1667a, 1668, 1670a, 1670b, 1728, 1731a. 1761a A ChI‘On)a-
tographic separation of paraffing, olefins, aromatics, and sulfur
compounds can be made with a eolumn of silica gel.?%5 67 Tt is
said to take thiophenol out of phenol?#17¢ A few patents are
listed.330c, 734, 752, 1417b, 1698 Tt mgy be combined with alumina
gel 1266 which may be used alone.2®% 1728 Alcohols and mercap-
tans may be separated by silica gel.18-5
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F“HCI"‘S E‘ﬁl‘tl] 340 2400 J0n0 SN0 5820 GURL 629, 172K ('IHV 328a, 434, 890,
5§96, 1481a, 1663a Hn(l b{lu.\'it(’:w' 108, 200, 212, 367, 417a, 417c, 423, 425, 426,
628b, T23e, 762, 13402 have received muel attention. Activated char-
Coal 28G. T47, T9GDb, 801a. 1353, 1697, 1755, 1776 ‘dnd Ot‘her adsorbents 3, 328b,
390c, 840a, 1049, 1050, 1080, 1098, 1536 ha‘\'e been l‘CCOlnanded.

Various additions, methods of activating adsorbents by addi-
tions or by special treatments, and different ways of using them
have been proposed but cannot be expanded on here.

DESuLFURIZATION BY FREEZING

In some cases, a major portion of the hydrocarbons can be
solidified by strong cooling and the sulfur compounds left in
the liquid part.1'*® This method has been used to free benzene
of thiophene.?38. 1636

SEGREGATION BY DISTILLATION

In some cases, considerable concentration of the sulfur in
certain fractions, or in the residue, may be effected by careful
fractionation, either straight or azeotropic. This may lighten the

load on the desulfurizing process 643 647. 932, 1105, 1391, 1445b, 1486b,
1530b, 1581, 1730

Detection of Mercaptans

On account of the importance of mercaptans in the refining
of petroleum products, much attention has been given to their
detection and estimation. In practice, usually the “doctor” test
is used for this purpose. A distillate supposed to contain mer-
captans is shaken with lead plumbite solution from which it is
separated. A hydrocarbon containing a small percentage of free
sulfur is added. The formation of a black precipitate of lead
sulfide indicates the presence of a mercaptan. If no such pre-
cipitate forms, the gasoline is said to be “sweet.” 1107, 1171, 1702
For the chemistry of this test, refcrence should be made to the
section on the “doctor” treatment. It is extremely sensitive,
capable of detecting a molar concentration of 0.00006% mer-
captan.?® The sensitivity varies with the mercaptan, being
0.002% for methyl, 0.0002% for butyl, and 0.00009% for
heptyl.197 Tt has been maintained that it is unnecessary to refine
a gasoline until it can pass so severe a test. 381 +4, 669b, 670, 912, 984
It should be noted that diolefins and some terpenes react with
the doctor solution.ll!». 1386 Qrganic peroxides give a dark
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precipitate of lead peroxide in the doctor test.**® Standardized
conditions for making the test are important.3%?

Conversely, the doctor test can be used to show the presence
of sulfur in a naphtha. A mercaptan, such as butyl, is added
to the suspected naphtha which is then shaken with the lead
plumbite solution. Different authors give the sensitivity of this
test as 2.5 to 20 parts of sulfur per million of gasoline.13. 983
1057a, 1632, 1723

There are several color tests for mercaptans. Isatin in sulfuric
acid gives a green color with a mercaptan 368 1339, 1613 A mixture
of fuchsin, formaldehyde, and sulfuric acid will show the presence
of mercaptans or of thioacids.!®? Ferric chloride,81¢ 1308 tetra-
nitromethane, trinitrochloromethane, trinitrobromomethane,**%
and chloropicrin 1318 give colors. The alkyl thionitrites, RSNO,
from nitrous acid, have distinctive colors, red for primary and
secondary, and green for tertiary.!*#® Sodium nitroprusside is
employed in several tests©6l, 1086c, 1222, 1309, 1769 A red-violet
color is produced by 0.0001% mercaptan sulfur in solvents or
petroleum fractions. This is said to be the most sensitive test.?335
It is quicker than the “doctor” test.5265 Grote’s reagent gives a
purple-red color.%2” The acceleration of the reaction of sodium
triazotate with iodine can show the presence of a mercaptan.t®t
495 This is more sensitive to mercaptans than to other sulfur
compounds.’®® Bismuthtriethyl and lead tetraethyl serve to
detect the sulfhydryl group.’’® 182 A disulfide reagent, 2,2’-
dihydroxy-6,6’-naphtholdisulfide, has been recommended as a re-
agent for detecting the presence of mercaptan groups in pro-
teins.86-5 Mercaptans can be detected by the use of the blood
of larvae of actia caja.t?!

(Gases containing mercaptan vapors may be passed through
alecohol having mercuric oxide in suspension, or mercuric chlo-
ride 130 or cyanide 2" 1185 in solution. An aqueous solution of
cadmium chloride, or acetate, may be used.!%?% 1171 By adjusting
the acidity, a distinction can be made between mercaptans and
hydrogen sulfide.!3%% 1483 Tiquid hydrocarbons containing mer-
captans can be shaken with one of these solutions.!58 Detailed
directions of tests for aliphatic and aromatic mercaptans have
been given.333:5

The corrosion of a copper strip is a test much used indus-
trially.49b, 407, 451, 66%a, 1077, 1386 Tp making this test control of
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time and temperature is important.?% 1336 A gilver strip is
similarly affected.**® 19" Alercury may also be used.t077. 1386
Elemental sulfur is cven more corrosive than mercaptans 37 and
must be eliminated before testing for mercaptans. The corrosive
effects of several mercaptans have been compared with those
of other sulfur compounds.®7 ‘

Petroleum peroxides give a black precipitate with mercury.3?

Estimation of Mercaptans

Methods for determining mercaptans have been reviewed,292-5
A commonly used method for determining mercaptans is the

 titration with iodine:

2RSH 4 I, & RSSR 4 2HI

Since hydriodic acid is a strong reducing agent, the reaction
does not go to completion unless it is removed. The mercaptan
is dissolved in a hydrocarbon, such as benzene, under which
there is a water layer to take care of the acid. A standard
solution of iodine is run in as long as it is decolorized. Naturally,
high values are obtained if unsaturates are present. This can be
checked by titrating the acid in the water layer. By taking
proper precautions, an accuracy of about 0.1% may be at-
tained.870, 882, 1189a, 1217, 1378, 1383, 1405 Ap gleoholic iodine solution
containing pyridine has been used."*® A tertiary mercaptan
may take twice as much iodine and go to the sulfenyl iodide
instead of the disulfide: 89%¢

RSH + I, — RSl 4 HI

Much attention has been given to the iodometric titration of
cysteine 922 936, 989, 1482, 1634 The oxidation does not always stop
at the disulfide stage, but may go on to cysteic acid.1472 1478

A mercaptan can be titrated with lead tetraacetate.946

It has been proposed to determine a mercaptan by its reducing
action on cupric chloride. The resulting cuprous chloride is
titrated with permanganate.1440

When a mercaptan reacts with a cupric salt, a cuprous mer-

Z.. captide is formed:

2CuCl, -+ 4RSH — 2CuSR -+ RSSR 4 4HC!

The cuprous mercaptide is a pale yellow and the disulfide is

colorless, or nearly so. To determine a mercaptan, a standard
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ammoniacal solution of a cuprie salt ix run in until the blue
color persists'2a. 916 1476 Iy opder to have the reaction take
place in a single phaxe, when a mercaptan is i hydrocarbon
solution. a standard solution of eupric oleate or naphthenate in
keroscne has been proposed. This is added as long as the color
is changed to a pale yellow.'™ A cupric alkyl phthalate may
be substituted for the oleate. Cupric octyl phthalate, which is
readily soluble in hydrocarbons, is used for mercaptans in gaso-
line, while cupric butyl phthalate is suitable for alcoholic solu-
tions.160? The cupric oleate method has been used for determining
mercaptan warning agents in natural gas.®7 1238 1499 Cuypric
acetate has also been uscd for this purpose.#363

Silver nitrate is particularly uscful in the detection and esti-
mation of mercaptans. A black precipitate with it is a sensitive
test for the presence of mercaptans in distillates!’™ This has
been compared with the doctor test.!'%7 As the precipitation of
silver mercaptides is quantitative, this gives a method of estima-
tion. A naphtha, from which hydrogen sulfide has been re-
moved, is shaken with a measured volume of standard silver
nitrate solution, the excess of which is determined by titration.'®
The original method has been modified and improved in various
Ways.25’ 78, 101, 1043, 1045b, 1056b, 1606b, 1723 The silver mercaptides
may be filtered off and weighed.?! Elementary sulfur does not
interfere.1418 An automatic recorder for plant control uses silver
nitrate.1282

Mercaptans can be titrated potentiometrically 349 1572 1578 or
amperomctrically 521, 899b, 900, 1878, 1545 with the aid of silver
nitrate. An acidimetric method is based on the liberation of
acid by the reaction of a mercaptan with silver sulfate 1036 or
mercuric chloride.'*®® A polarographic method has bcen pro-
posed.570-

A mercaptan can be determined colorimetrically by the aid
of phosphotungstic acid.1+3%

A single volatile mercaptan, resulting from a chemical reac-
tion, may be distilled into a lead acctate 183 1189b, 1385, 1459 op
mercuric cyanide solution. 127> 1183 14575 By weighing the pre-
cipitate and determining its metal content the amount and
molecular weight of the mercaptan can be found.

The widely used lamp method for the determination of the
total sulfur in distillates 492, 828, 1057b. 187 35 gpplicable to mer-
captans,®® 1762 put only when no other sulfur compounds are

5
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present. It mayv give low results with mercaptans, particularly
when large anmounts arve present, 6 1670 16700 Qinee g large

sample of the naphtha may be burned, the lamp method is
particularly applicable to the estimation of small percentages of
sulfur compounds. An aryl mercaptan can be oxidised over
platinum gauze at 900° and the sulfur weighed as barium sul-
fate.495.5

The oppusite of the lamp method is passing the hydrocarbon,
containing the sulfur compounds, with hydrogen, over a catalyst
which converts them to hydrogen sulfide, which is determined 1390

In the determination of a mercaptan in the oxygen bomb, the
oxygen pressure should not be less than 35 atmospleres35™
Lead nitratc may be used to precipitate the sulfuric acid.!™?c
There is always the possibility of the formation of more or less
of a sulfonic acid which resists further oxidation and is not
precipitated by barium or lead ions.®® The bomb method is not
applicable to low percentages of sulfur compounds, since the
size of the sample is limited. The Parr bomb may be used.**3?
It is subject to the same limitations as to size of sample. Pre-
liminary oxidation of the mercaptans with bromine or nitric
acid reduces their volatility. 1672

A given petroleum distillate may contain hydrogen sulfide,
free sulfur, alkyl sulfides and disulfides, and thiophenes, along
with mercaptans. The usual question is: How much of the total

-« sulfur is accounted for by cach of these classes? To answer this
_requires a number of analyses and some arithmetic. Several

schemes have been proposed.!0t: 213, 486a, 551, 84Gb, 1237, 1689 The
total sulfur is determined, usually by the lamp method. Hydrogen
sulfide is removed by shaking with cadmium chloride or sodium
bicarbonate 213 solution, and free sulfur with mercury. Mercap-

o tans are determined by any appropriate method. Disulfides
', -are reduced by zine and acid and estimated as mercaptans.

Some determinations may be made in succession and some on
aliquots. Alkyl sulfides are precipitated with mercurous nitrate
or titrated with bromine.l? Any undetermined sulfur is credited

- to thiophenes.

To determine mercaptans in a sodium hydroxide solution which
has been used to extract them, the solution is acidified and
?Xtracted with a sulfur-free naphtha. They are then estimated
In the hydrocarbon.?¢

Conversely, mercaptans can be used as analytical reagents.
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One in particular, 3 4-tolucnedithiol, serves well for the detection
and estimation of molybdenum, tungsten, rlienium, and tin, with
which it gives distinctive colors. ™ 184 250, 638 1006, 1274, 1478
2-Mercaptobenzoxazole serves for the determination of rho-
dium.13%¢ Several substituted mercaptoimnidazoles give charac-
teristic colors with heavy metals.??® The extensive use of 2-mer-
captobenzothiazole for this purpose will be discussed when this
compound is considered in a later chapter.

Ethyl mercaptan has been employed in the separation of the
metals of the platinum group. It gives a yellow coloration with
a solution of 1 part of palladium in 1 million parts of water.!2

Identification of Mercaptans

The mercuric derivatives, (RS),Hg, which were among the
first mercaptides to be prepared, have convenient melting points
and have been used frequently for identification.13%. 267, 126
They serve well for distinguishing the isomeric propyl and butyl
mercaptans. Their melting points are given in Table 11.2, along
with those of other derivatives. s-Butyl mercaptan has been
identified by the mercury derivative s-BuSHgCl.3?2 The lead
mercaptides have been prepared, but their melting points are not
satisfactory and get worse on recrystallization.?®* This is prob-
ably due to air oxidation.!22sb

The alkyl a-anthraquinone sulfides are easily prepared from
the mercaptans in alkaline solution with a salt of a-anthraquinone
sulfonic acid:

C14H;0,80;Na  +  NaSR =  CH,0,SR  +  NaySOy

With the higher mercaptans, some alcohol should be added to
promote solution. These sulfides crystallize well and have good
melting points. They can be oxidised to the sulfones.t352, 737, 1526

The p-nitrophenyl alkyl sulfides, NO.C¢H4 SR, melt low but
can be oxidised to sulfones.'®®* The 24-dinitrophenyl alkyl
sulfides, 2,4- (NO2z) :C;H3SR, which can be made from 2,4-dinitro-
chlorobenzene and the mercaptide, and their sulfones are good
derivatives,18% 190

The melting points of the aryl p-nitrothiobenzoates,
p-NO-CgH,COSAr, are conveniently high, but those of the alkyl
esters are too low.522 The alkyl 3,5-dinitrothiobenzoates melt
somewhat higher but hardly high enough. The 3-nitrothio-
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phthalates melt high enough, but the spread is small.?®* Pscudo-
saccharin chloride gives satisfactory derivatives with many
aliphatic mercaptans.10743

Triphenylmethyl chloride reacts with a mercaptan in ether
solution:

PhCCl 4+ HSR — Ph,CSR +  HCl

The methyl derivative melts at 105°, the ethyl at 125°, and
the phenyl at 105°.19% This looks like a promising reagent.

3 4 Diphenylcarbamyl chloride, PhoNCOC], reacts with mercaptans

“ to give Ph,NCOSR. The ethyl ester melts at 108° and the

benzyl at 125°.481 More of these should be made.

The melting points of a number of these derivatives are
given in Table 11.2. An inspection of the data shows that much
remains to be done. There are many blanks in the table, par-
ticularly with the higher mercaptans and several of the series
show rather narrow spreads.

The mercury derivatives serve for some of the mercaptans.
For the normal mercaptans, the spread is not great and data
are lacking for the higher. The u-anthraquinone derivatives for
the lower mercaptans are good but are also lacking for the

‘higher. The p-nitrophenyl sulfones are good as far as they go

but their preparation involves two steps. The only series that

- are fairly complete are IV and V, 24-dinitropheny! sulfides and

sulfones. As the sulfones are made from the sulfides by a
simple oxidation, two derivatives are made from one sample of
mercaptan. Except for the first three members, the spread is not
large in either series. The melting points of the 3,5-dinitro-
benzoates, series VI, are inconveniently low. So far as made, all
of the 3-nitrophthalates melt between 132° and 149°.

Physiological Effects

Methyl mercaptan acts on the central nervous system of fish

" to produce paralysis.2®® It is relatively nontoxic, 0.5% by volume
“of the vapor being required to produce paralysis in rats.®® The

toxicity of ethyl mercaptan vapors has been compared with that
of other vapors.1913 It depresses the activity of catalase and per-

¢ oxidase 7 1191 and inhibits the growth of yeast?® but may serve

as a source of sulfur for the growth of cellar mold.3%® It counter-
acts chloropicrin.’® Less than 1% in anesthetic ether has little



164 Organic Chemistry of Bivalent Sulfur

TaBLE 11.2

Melting Points of Some Mercaptan Derivatives

I* 11 * IIT * v V* VI* VII*
Methyl 176 = 221" 1425% 128'*® 18951 — —
Ethyl 85° 184* 1385% 115 160" 62° 149°¢
Propyl 72¢  151% 114X 84 1275' 52 137°¢
Butyl 86 <* 1125" 564% 66 92! 49° 144°
Amyl 75° 1288 — 80! 83! 40° 132°
Hexyl 581 11391 — 74! 97! — —
Heptyl 77 9591 — 82! 101" 53°  132°¢
Octyl 710 9521 781 08! — —
Nonyl — 1171 — 86" 92! — —
Decyl — — — 85™ 93 ™ — —
Undecy! — — — 9™ g7 ™ — —
Dodeceyl — — — g9 ™ 101 = — —
Tridecy! — — — 945" 101.5" — _—
Myristy!] — —_ — 94" 104.5° — —
Pentadecyl — — — — — — —
Cetyl — — — 96 ¢ 105 ™ — —
Heptadecyl — — — 99" 106.5" — —
Octadecyl — — — 975" 107.5" — —
i-Propyl 63 © 134! 1153% 947 — 84° 145°
i-Butyl 95 ¢ 1449 3F 76 %8 1057 64°¢ 136°
s-Butyl 189 ¢ — — — — — —
t-Butyl 160 * — — — — — —
7-Amyl 100 © 867 — 80° — 43° 145°
t-Amyl 60 & — — — — — —
Cyclohexyl 78° — — 148 ™® 172m™ — —

*1 = (RS):Hg, IT = a-Anthraquinone SR, III = p-0.NC.H.SO:R, IV =
2,4'(02N)QCiiHBSR, ‘r = 2,4—(02N)2C'6H3802R, VI = 3,5-(02N)2C6H}COSR,
VII = 3-Nitrophthalic.

References
* 153 ° 1347 ' 4582 ™ 189 2425
b 1764d t 1349 1737 " 514 r 1703.5
< 1694 & 816 k1654 ° 1677 * 17615
41053 b 1326 ' 190 " 1885 ¢ 15175
Other data

1 1780 153 2850 134, 1053 3 1260 1703.5 4 1130‘170"..5 5 810 83.50 242.5 6950 188.5
T 920’24‘_’.5 & 720“1703.5 o 1470’2425 1450’1701.5 1460.1517.5

effect.1% A review has been written on the toxicology of ali-
phatic mercaptans.®*® m-Nitrothiophenol has been compared with
a number of other compounds as an anticoccidal agent.1%%*5 The
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thioeresols ave about four times ax toxie as the eresols™™ Thio-
phenol lowers the blood sugar in rabbits. 1385

The relations between the structure of thiols and their reactions
with antibiotics have been traced.*™ Streptomyein is inaetivated
by f-aminvethyl mercaptan and by cysteine 3™ The activation of
papain by various mercaptans has been studied.!*3!

Ethyl mercaptan breaks the dormancy of potato tubers 1100, 111
and p-thiocresol does the same for peach buds.%3?

It was noted that the parts of roots in which growth by cell
division normally occurs most rapidly gave the strongest test with
nitroprusside, indicating a concentration of sulfhydryl com-
pounds.®® Ethyl mercaptan improves the root system of to-
bacco.1?'® These observations led to experiments on the skin of
animals and eventually on humans. These have demonstrated
that mercaptans do aid in the healing of wounds. The one used
most extensively has been p-thiocresol with benzyl mercaptan in
Second place.ﬂ), 5035, 660, 662, 664, 665, 1118, 1331, 1332, 1333, 1335, 1336, 1600,
1112 Tt has been found that thioglucose %93 1334 and thioglycerol 1566
1567 are also effective.

Uses of Mercaptans

As INTERMEDIATES

The industrial uses of mercaptans are small compared to those
of some other classes of organic compounds, such as aleohols and
amines, but some of them arc important. The disagreeable odors
of the lower mercaptans have been a serious handicap. Only re-

cently have the higher mercaptans become available.

The reactivity of mcreaptans and the variety of compounds

that can be made from them make thein attractive starting mate-

rials. Ethyl mercaptan has long been employed as one of the
starting materials for making sulfonal, MeyC(SO.Et).. The
lower mercaptans, which are obtained in the process of refining
gasoline, are available in quantity and await applications.
Methyl mercaptan has come into demand for the industrial

8ynthesis of methionine.

Mercaptans may be starting materials for making plastics,®®
1419, 1583 wetting agents, pharmaceuticals and insecticides 1422

Mercaptans can be made to combine with acctylene to give
vinyl sulfides, RSCH:CH,, to which mercaptans can be added,
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giving derivatives of ethanedithiol, RSCH.CHSR’. These prod-
ucts have varlous uses, %2

As Opogs

The powerful odor of ethyl mercaptan, which has been against
other uses, makes it desirable for disclosing leaks in distribution
systems for natural gas. About eight pounds per million cubic feet
of gas is sufficient to disclose leaks in underground pipes.1161. 1408
It may be added to methyl chloride and other refrigerants as a
warning agent.?®® Amyl mercaptan also has been recommended
for this purpose.’®3 Butyl mercaptan has been used for emer-
gency warning in mines.5" “Cal-Odorant,” presumably a mix-
ture of the lower mercaptans from the refining of high-sulfur
petroleum, is used as an odorant in natural gas.3%6. 758, 1892a

During World War I, n-butyl mercaptan was proposed as a
camouflage gas. A quantity of it was manufactured at the Amer-
ican University in Washington, but there is no record of its use.?”

As ANTIOXIDANTS AND INHIBITORS

The antioxidant and stabilizing power of mercaptans is attrib-
uted to the removal of catalytic quinones.2! Mercaptans in gen-
eral, and thioglycolic acid in particular, inhibit the catalytic effect
of copper salts in oxidation.14302

Various mercaptans are claimed as stabilizers for polysulfone
resing.8® Butyl mercaptan, 0.1% or less, stabilizes chlorine com-
pounds, such as carbon tetrachloride, trichloroethylene and per-
chlorethylene.?%% 1540 Ethyl mercaptan stabilizes ethylene sulfide
and similar cyelie sulfides.'1%®* n-Hexyl and -naphthyl mercap-
tans are recommended as antioxidants for white oil, a petroleum
product.!*®? Lauryl mercaptan and Z2-mercaptobenzothiazole are
claimed as stabilizers for pyrethreum-DDT aerosol rixtures.1757
t-Butyl and other mercaptans stabilize alkyl thionitrites in fuel
blends.324

In the pickling of steel sheets, 0.03% of i-propyl, :-amyl, benzyl
or B-naphthyl mercaptans is said to be sufficient as an inhibitor.243
The higher alcohols, which are by-products in the methanol syn-
thesis, may be turned into mercaptans for this use.?®® The decom-

. position of tetralin peroxide is greatly influenced by the presence

of propyl and phenyl mercaptans. 173
Unsaturated fatty oils are said to be stabilized by reacting with
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a higher mercaptan in the presence of a catalvxt.19%* Aolding
powders are improved by the addition of a small amount of a
mercaptan 533, 1079
One per cent, or less, of a mercaptan and an aliphatic amine
« prevent gum formation in cracked petroleum distillates.23% A
gelenomercaptan has the same effect.¥7 19405 Mercaptans are
“ yseful in various 0ils.36 They prevent corrosion by antifreeze
. liquids.2® 428 Certain mercaptans are added to lubricating oils
to prevent bearing corrosion.t33 18326 §_A]kylaminomercaptans,
RNHCHMeCH,SH, in which R may be lauryl or cyclohexy!l, are
recommended as oxidation retarders.”™<¢ A colloidal dispersion
of zinc salts and mercaptans added to latex improves its qual-
ities.2%8 A study has been made of the addition of mercaptans to
‘petroleum products.?®7-5
The use of mercaptans to control polymerization is probably
connected with their antioxidant properties. They may be used
to modify the polymerization of various monomers,312-5, 128¢, 898.5,
1658 of butadiene,’®® of other hydrocarbons% and of methy!
- methacrylate.168: 298 They lead to synthetic rubbers of improved
= qualities.?*® 1084 Studies have been made of the relation of the
'+ thiol structure to this effect #2! and of the reaction of the thiol
-+ with the catalyst.?*® The role of mercaptans in regulating poly-
- merization has been discussed.$6*3 This use of mercaptans has
:’ grOWn to large proportions.”’ 613, 795b, 89%9a, 913, 1143, 1504
Mercaptans promote the isomerization of straight-chain paraf-
. fins to branched 4% and of a,-unsaturated acids from the cis to
- the trans form.!*%3

As PEesTICIDES

+~ Mercaptans and mixtures containing them have been tried out
«as pestiCideS.128’ 223, 372, 637, 795a, 917, 966, 1341, 1599.5, 1638, 1756 Mer_
.+, taptans and other sulfur compounds prepared from chlorinated
~ higher aliphatic hydrocarbons are said to be useful in combating
pests.™® Lauryl mercaptan is claimed as an insecticide and fungi-
cide.800
. Ethyl mercaptan has been tried against a number of insects
. With varying success.!11+ 1178 1522 Of five lower mercaptans, it is
the most toxic to rice weevils, 17 mg. per liter.136° It increases the
o attractiveness of food to flies.?2% 123¢ Butyl mercaptan was found
to be a repellant for white rats, but not for ordinary wild rats.513
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It repels flies ¥ 123 and is a fumigant against weevils 1178 1360
Pheny] mercaptan increases the effeetiveness of hydroeyanie acid
somewhat.’%®  f-Thionaphthol is moderately effective against
mosquito larvae **7 and aphids,' but not against Japanese bee-
tles.?1% Tt is not toxic to silk worms,”®® but damages bean foli-
age.1115

In FrorATION

Mercaptans are useful in flotation along with the widely used
xanthates. Terpene mercaptans are recommended.!?” 1310, 1390
Mercaptans alone, or mixed with alkyl sulfides, are claimed for
the flotation of copper sulfide ores.7?0. 988, 1148 Qodium, zine and
lead mercaptides are said to be useful in flotation.®6 119 The
mixed mercaptans from the higher alcohols of the methanol syn-
thesis are claimed.?%6

MisceELLANEOTUS UsEs

Thioeresol aids the dispersing of Paris green in water 1'% A
linear polymer can be made by the reaction of a diisocyanate with
a dithiol such as decamethylene dimereaptan.?®! Resins can be
obtained by heating phenol and sulfur chloride with a mixture of
mercaptans, such as is extracted from petroleum.!*7#® Mercapto-
ethylamines, HSCHCH.NHR and HSCH.CH:NR,, may be
starting materials for making vuleanization acecelerators. 806
2-Mercaptoarylthiazoles serve the same purpose® Sulfurized
turpentine or pine oil, supposed to contain terpene mercaptans, is
recommended as a plasticizer for chlorinated rubber.1224

Polymerie organic sulfides are plasticized by the joint action
of a mercaptan and an unpolymerizable disulfide.’* The addi-
tion of multivalent mctal salts of a terpenethiol reduces mate-
rially the milling time in compounding rubber.%¥  Particular
concentrations of ethyl mercaptan stabilize colloidal solutions of
sulfur.8?® In alkaline solution, mercaptans have a depilatory ac-
tion which may be utilized for removing hair from hides, 1610, 1611.
1719 They may be constituents of depilatories for human use *:
1338 The u=c of wercaptans in hair waving will be taken up in
connection with thioglveolic acid. The addition of a small amount
of a mereaptan to a fuel 1s =aid to suppress carbonization of metal
parts 1924 Tn the oxidation of methanol to formaldehyde, mer-
captans are claimed to diminish the formation of undesirable by-
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product="=¥2 Tt i« reported that thiophenol, used inothe high-

temperature digestion of wood, gave marked improvement in plas-

- tie properties. %45 Jlereaptans are used in one way or another in

making extreme-pressure lubricants 337 4%, 1204 1294 Filiy] and
butyl mercaptans are said to aid in the production of asphalt from
petroleum residues.!®'* Octadecyl mercaptan and sulfide have
been recommended for the moistureproofing of Cellophane.2?”
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J. Bragg, U.S. pat. 604,515 (1898).

R. C. Brandon to S. O. Dev. Co., U.S. pat. 2,436,550
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K. M. Brown, World Petroleum, /8, No. 8, 72-4 (1947)—
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(e) 2401334 (1946)—C.A. 30, 607; 33, 8004; 35, 3809;
33,4776; 37, 2566; 41, 5297.

A. M. Burke and 8. Wright, U.S. pat. 65,999 (1867).
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¥

Reactions of Mercaptans 183

261.  W. E. Catlin to Du Pont Co., T8, pat. 2,284,637 (1942)
—C.A. 36, 6707.

262. R. A. Cattell, H. P. Wheeler, Jr., et al., U.S. Bur. Mines,
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Blick Crawley and R. H. Griffith, J. Chem. Soc., 1938,
720-3, 2034-6—C.A. 32, 6138; 33, 3243.

R. H. Crosby and B. R. Carney, Petroleum Z., 30, No. 11,
5-6 (1934)—C.A. 28, 4873.
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69-71 (1928)—C.A. 22, 2657.

H. T. Darlington to Oil Corp. of America, (a) U.S. pat.
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S. 0. Co. of Calif., US. pat. 1,705,809 (1929)—C.A. 23,
2290.

348. W. N. Davis and M. M. Holm to S. O. Co. of Calif., U.S.
pat. 2,013,203 (1935)—C.A. 29, 7062.

349. C. A.Day, Jr., to Richfield Oil Corp., U.S. pat. 2,084,575
(1937)—C.A. 31, 5994,

350. D. T. Day, (a) U.S. pat. 826,089 (1906); 1,004,632
(1911); (b) 1,365,894 (1921); (c) 1,411,237 (1922)—
C.A.1,117; 6,292; 15,944; 16, 1863.

351. R. B. Day to U. O. Prodts. Co., (a) US. pat. 1970,284
(1934); (b) 1970,281, 1,970,282, 1,970,283 (1934);
2,058,958 (1936); (c¢) 2,001,185 (1935)—C.A. 28, 6295;
31, 249; 29, 4572.

352. R. B. Day to U. O. Prodts. Co., (a) U.S. pat. 2,029,757
(1936) ; (b) 2,055,027 (1936); (¢) 2,063,491 (1936); (d)
2,189,058 (1940)—C.A. 30, 1991, 7835; 31, 346; 34,
4562.

353. R. B. Day to U. O. Prodts. Co., US. pat. 1,920,247,
1,920,248 (1933)—C.A. 27, 4916.

354. R. B. Day to U. O. Prodts. Co., US. pat. 1937,873

(1933); 2,001,185 (1935); 2,063,082 (1936); Brit. pat.
400,901 (1934)—C.A. 28, 1179; 29, 4572; 30, 7835; 28,
6295.
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R. B. Day to U, O, Prodts, Co., tay UN. pat. 1,948,503
(1934); (bi 2,051,939 (1936)—C.A. 28, 2891; 30, 6938,
W. L Dayhuff to 8. O. Co. of Calif.. U8, pat. 2322617
(1943)—C A, 38, 242

R. Dean, U.S. pat. 342,500 (1886).

Romolo de Fazi, Brit. pat. 17,030 of 1909; 27,679 of 1911;
Fr. pat. 451,382 (1912); Ger. pat. 269,348 (1912)—1J.
Soc. Chem. Ind., 24, 999 (1910); C.A. 8, 1871; 7, 3412;
8, 2059.

Romolo de Fazi, Brit. pat. 25496 of 1911; U.S. pat.
1,108,351 (1914)—C.A. 7, 1607; &, 3500.

Melvin De Groote to Tretolite Co., U.S. pat. 1,844,883
(1932)—C.A. 26, 2047.

Julius Dehnst, Ger. pat. 178,771 (1903) ; U.S. pat. 1,112.-
602 (1914)—C.A. 1, 2201; &, 3856.

Christian Deichler and Rudolf Lesser, Ger. pat. 160,717
(1905)—C. 1905, 11, 731.

F. T. G. Delbridge, Natl. Petr. News, 22, No. 35, 40-1
(1930).

Marcel Delepine and Simon Eschenbrenner, Bull. soe.
chim., [4] 33, 703-11 (1923)-—C.A. 17, 3161.

Eugéne Demargay, Bull. soc. chim., [2] 20, 132-3 (1873).
H. D. Demoulins and F. H. Garner, Brit. pat. 216918
(1923)—C.A. 19, 397.

H. J. Dempsey to S. O. Dev. Co., U.S. pat. 2,320,223
(1943)—C.A. 37, 6885.

G. Deniges, Compt. rend., 7108, 350-1 (1889).

G. H. Denison, Jr., Ind. Eng. Chem., 36, 477-82 (1944)—
C.A. 38, 3461.

R. Denkelwater, M. A. Cook, and M. Tishler, Science,
102, 12 (1945)—C.A. 39, 3809.

C. F. Denney, U.S. pat. 2,105,523 (1938)—C.A. 32, 2334.
E. R. de Ong, Ind. Eng. Chem., 22, 836-9 (1930)—C.A.
24, 4888.

T. L. De Pastrovich, Riv. ital. petrol., 10, No. 1, 15-22
(1942)—C.A. 38, 3464.

G. F. De Ridder to Shell Dev. Co., U.S. pat. 2,356,980
(1944)—C.A. 39, 411.

Martin DeSimo and A. P. Brady to Shell Dev. Co., U.S.
pat. 2,168,256 (1939)—C.A. 33, 9324.

J. J. B. Deuss, Rec. trav. chim., 27, 145-8 (1908) ; ibid.,
28, 13641 (1909)—C.A. 2, 2552; 3, 1746.

Deutsche Gold-u. Silber-Scheideanstalt vorm Roessler, Fr.
pat. 711,046, 711,520 (1931)—C.A. 26, 1756, 2047.
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Deutsehe Petroleum A. G., Ger. pat. 464253 (1928) —
C. 1928, 11, 1513.

L. T. Devol and W. J. Ayres to Tide Water Assoc. O1il
Co., US. pat. 2,508,817 (1950)—C.A. 46, 2288.

S. J. Dickey, U.S. pat. 1,949,786 (1934) —C.A. 28, 2891.
M. A. Dietrick and C. J. Pedersen to Du Pont Co., U.S.
pat. 2,411,958, 2,411,959 (1946)—C.A. 41, 1084.

S. H. Diggs, Ind. Eng. Chem., 20, 16-7 (1928)—C.A. 22,
1032.

S. H. Diggs, J. M. McGee, and T. S. Cooke to S. O. Co.
of Ind., U.8. pat. 1,858,394 (1932)—C.A. 26, 3913.

W. J. D. van Dijek to Shell Dey. Co., U.S. pat. 2,160,607
(1939)—C.A. 33, 7547.

R. A. Dinerstein, J. Am. Chem. Soc., 73, 1357 (1951)—
C.A. 45, 9483. ,

G. U. Dinneen, C. W. Bailey, J. R. Smith, end J. 8. Ball,
Anal. Chem., 19, 992-8 (1947)—C.A. 42, 3941.

Peter von Ditmar, U.S. pat. 1,448,643 (1923); Brit. pat.
191037 (1922)—C.A. 17,1886; C. 1923, 11, 1131.

Egbert Dittrich, (a) Brennstoff-Chem., 74, 2834 (1933);
tbid., 15, 1489 (1934); (b) ibid., 20, 348-9 (1939)—C.A.
27,5933; 28, 5806; 34, 7779.

Leonard Dobbin, J. Chem. Soec., 57, 641 (1890).

F. J. Dobrovolny to Roessler and Hasslacher Chem. Co.,
U.S. pat. 1,905,817 (1933)—C.A. 27, 3542.

C. E. Dolbear to Philip Wiseman, P. K. Wiseman, and
C. E. Dolbear as Trustees, (a) U.S. pat. 2,034,712 (1936) ;
(b) 2,090,190 (1937); (c) 2,221,183 (1940)—C.A. 30,
3215; 21, 7239; 35, 1982.

C. E. Dolbear and Philip Wiseman, U.S. pat. 2,154,424
(1939)—C.A. 33, 5641.

B. F. Dooley, Jr., to The Texas Co., U.S. pat. 1,926,515
(1933) ; 2,022,558 (1935)—C.A. 27, 5961; 30, &51.

A. B. Doran to Dorex Corp., U.S. pat. 2,314,576 (1943)—
C.A. 37, 5581.

J. L. Dorman to Basic Patents Corp., U.S. pat. 1,828,734
(1931)—C.A. 26, 839.

I. B. Douglass and T. B. Johnson, J. Am. Chem. Soc.. 60,
1486-9 (1938)—C.A. 32, 5777.

D. B. Dow, Bur. of Mines, Repts. of Investigations, No.
2191, 4 p. (1920); No. 2462, 13 p. (1923); Natl. Petro-
leum News, 75, No. 20, 99-111 (1920)—C.A. 16, 1313;
17, 2638, 2360.
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413.
414,
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Dow Chem. Co., Brit. pat. 401210 (1933)—C.A. 28,
2363.

W. F. Downs, U.S. pat. 1,568,812, 1,568,813 (1926)—C.A.
20, 661.

T. Drake, U.S. pat. 471,963 (1892).

J. E. Drapeau to Glidden Co., U.S. pat. 2,115,063 (1938)
—C.A. 32, 4766.

Eugen Dreher and Robert Otto, Ann., 754, 178-82 (1870).
H. E. Drennan to Phillips Petroleum Co., (a) U.S. pat.
2,300,877 (1942) ; (b) 2,408,920 (1946) ; 2,422,826 (1947);
(c) 2,452,040 (1948)—C.A. 37, 2554; 41, 772, 6274; 43,
2423,

A. M. Drummond and D. T. Gibson, J. Chem. Soc., 1926,
3073-7—C.A. 21, 908.

C. P. Dubbs to U. O. Prodts. Co., U.S. pat. 1,787,570
(1931)—C.A. 25, 808.

J. A. Dubbs, (a) U.S. pat. 407,182 (1889); (b) 470,911
(1892).

P. F. D. Dubois, Fr. pat. 757,379 (1933)—C.A. 268, 2880.
René Dubrisay, Ann. combustibles liquides, 8, 871-4
(1933)—C.A. 28, 621.

J. V. Dubsky, A. Okac, B. Okac, and J. Tritilek, Chem
Obzor, 9, 173-4, 189-91 (Eng. 191) (1934)—C.A. 29,
2875.

A. M. Duckham and J. S. Morgan, U.S. pat. 1,527,847
(1925) ; 1,568,886 (1926)—C.A. 19, 1357; 20, 659.

A. P. Dumesny, Fr. pat. 845453 (1939)—C.A. 35, 1062.
W. E. Duncan and Emil Ott, J. Am. Chem. Soc., 53,
3940-9 (1931); 54, 4463 (1932)—C.A. 26, 390; 27, 35.
W. E. Duncan, Emil Ott, and E. E. Reid, Ind. Eng. Chem.,
23, 3814 (1931)—C.A. 25, 2381.

H. V. Dunham, US. pat. 1,324,649 (1919)—C.A. 14, 470.
R. A. Dunham, U.S. pat. 1,982,577 (1934)—C.A. 29, 595.
C. L. Dunn to Shell Dev. Co., U.S. pat. 2,285,696 (1940)
—C.A. 36, 7295.

A. E. Dunstan, J. Soc. Chem. Ind., 39, 290A; Petroleum
Times, 11, 63-5 (1924); J. Inst. Pet. Tech., 10, 51-82,
201-5 (1924); Chem. Weekbld., 21, 193-9 (1924); Mon.
petrole Roumain, 25, 29-33 (1925)—C.A. 18, 749, 1563,
2072; 19, 1343.

A. E. Dunstan, (a) Oil Gas J., 27, No. 30, 1389 (1928) ;
(b) 7bid., No. 42, 169, 175 (1929); (c) Fuel Sci. Pract,,
8, 441-456 (1931)—C.A. 23, 1742, 3335, 5563.
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A. E. Dunstan, Austrian pat. 8,805 (1922); Brit. pat.
139,233 (1918); 184,281 (1921); 201,233, 204,078 (1922);
T.8. pat. 1,435,824 (1922); 1,492,969 (1924); 1,549,469,
1,552,830 (1925)—C. 1922, 1V, 909; C.A. 14, 2079; 17,
206; 18, 325,899; 17,467; 18,2072; 19, 3013, 3586.

A. E. Dunstan, Brit. pat. 119,751 (1917); 204,078 (1922)
—C.A. 13,259; 18, 899.

A. E. Dunstan to Anglo Iranian Oil Co., Ltd., U.S. pat.
1,999,041 (1935)—C.A. 29, 4164.

A. E. Dunstan and B. T. Brooks, Oil Gas J., 21, No. 16,
14 (1922); Petr. Times, &8, 424 (1922); Petr. World, 19,
428 (1922); Ind. Eng. Chem., 14, 1112-5 (1922)—C.A.
17, 205.

A. E. Dunstan and F. B. Meadhurst, Brit. pat. 186,955
(1921)—C.A. 17, 1137.

A. E. Dunstan and F. G. P. Remfry, Brit. pat. 190,553
(1921)—C.A. 17, 295S.

A. E. Dunstan and F. B. Thole, Oil Gas J., 28, No. 1, 190,
194-5 (1929)—C.A. 23, 4054. '

A. E. Dunstan and F. B. Thole, U.8. pat. 1,457,656 (1923)
—C.A. 17, 2499,

A. E. Dunstan, F. B. Thole, and F. G. P. Remfry, J. Soc.
Chem. Ind., 43, 179-88T (1924)—C.A. 18, 2802.

F. 1. Du Pont, U.S. pat. 1,609,349 (1926)—C.A. 21, 317.
E. I. du Pont de Nemours & Co., (a) Brit. pat. 424,572
(1935); (b) 473,292 (1937); (c) Fr. pat. 821,580 (1937)
—C.A. 29, 5216; 32, 3061, 3766.

C. G. Dyer and Charles Wirth, III, to U. O. Prodts. Co.,
U.S. pat. 2,297,751 (1942)—C.A. 37, 1859.

LeRoy Eabey, Oil Gas J., 40, No. 37, 25-7 (1942)—C.A.
36, 4699; 37, 5228.

R. L. Eager and C. A. Winkler, Can. J. Research, 26B,
52740 (1948)—C.A. 43, 120.

DuBoeis Eastman to The Texas Co., U.S. pat. 2,395,806
(1946)—C.A. 40, 2619.

L. T. Eby to S. O. Dev. Co., U.S. pat, 2,382,700 (1945)—
C.A. 40,723.

0. Eckart, Seifensieder-Ztg., 54, 82-3 (1927).

Lazar Edeleanu, U.S. pat. 911,553 (1909); Brit. pat.
11,140 of 1908—C.A. 3, 1082, 1213.

Lazar Edeleanu to Edeleanu-G. m. b. H., US. pat.
1,776,752 (1930)—C.A. 24, 5475.

Lazar Edeleanu and W. Hess, U.S. pat. 1,526,665 (1925)
—C.A. 19, 1345.
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Edeleanu-G.om. b, Ho Ger. pat. 670, 396 (19391—C.AL 33,
6581.

. Harold Edelhoeh, Ephraim Katchalski, R. 1L Maybury,

- W. L. Hugles, Jr., and J. T. Edsall, J. Am. Chem. Soe.,

438.
439.

440.

441,

442.

443.

444,

445.

446.

447.

448.

449,

75, 5058-72 (1953)—C.A. 4§, 1124,

E. A. Edwards, U.S. pat. 439,745 (1890).

J. E. Eggleston to S. O. Co., U.S. pat. 908,400 (1908);
1,018,040 (1912)—C.A. 6, 930.

Gustav Egloff to U. O. Prodts. Co., {a) U.S. pat. 1,703,—
616 (1929); (b) 1,954,867 (1934); 2,291,886 (1942);
(¢) 1,960,624 (1934); (d) 1,962,182 (1934); (e) 2,009,879
(1935)—C.A. 23, 2030; 28, 3886; 37, 1259, 2§, 4589,
4897; 29, 6414.

Gustav Egloff to U. O. Prodts. Co., (a) U.S. pat. 1,575,
905 (1926); (b) 1,803,964 (1931); (c) 2,325,115 (1943)
—C.A. 20, 1514; 25, 3822; 38, 642.

Gustav Egloff and H. P. Benner, (a) U.S. pat. 1,535,653
(1925) ; (b) 1,569,835 (1926) ; (c) 1,608,089 (1926) —C.A.
19, 1944; 20, 817; 21, 318.

Gustav Egloff and C. D. Lowry, Jr.,, Ind. Eng. Chem., 20,
83943 (1928)—C.A. 22, 3520.

Gustav Egloff, C. D. Lowry, Jr., and Paul Truesdell,
Natl, Petroleum News, 22, No. 24, 41-3; No. 25, 69-72;
No. 26, 79-80 (1930); Petroleum Z., 26, 919-27 (1930)
—C.A. 24, 5473.

Gustav Egloff and J. C. Morrell, (a) Chem. Met. Eng,,
28, 6335 (1923); (b) Oil Age, 20, No. 5, 27-8 (1923);
(c) 0il Gas J., 25, No. 39, 140-1 (1927)—C.A. 17, 2046;
18, 324; 21, 1543.

Gustav Egloff and J. C. Morrell, (a) Refiner Natural
Gasoline Mfr., 2, No. 7, 5-7, 11-8 (1923); (b) Petroleum
Times, 17, 777-8 (1927) ; (¢) Petroleum, 24, 303-7 (1928).
Gustav Egloff and J. C. Morrell to U. O. Prodts. Co.,
(a) US. pat. 1733656 (1929); (b) 2,040,366 (1936);
(¢) 2,057,424 (1936); (d) 2,063,494 (1936)—C.A. 24,
495; 30, 4660, 8596; 31, 846.

Gustav Egloff and J. C. Morrell to U. O. Prodts. Co.,
(a) US. pat. 1,725,068 (1929); (b) 1,969,302 (1934);
(c) 1,988,114 (1935); (d) 1,997,861 (1935)—C.A. 23,
4814; 28, 6295; 29, 1618, 3818.

Gustav Egloff, J. C. Morrell, W. L. Benedict, and Charles
Wirth, III, Ind. Eng. Chem., 27, 323-9 (1935)—C.A. 29,
2716.
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[ von Elebwald, Gero pat. 399628 UX. pat. 1,350,523
{1925 —C A, 20, 108.

A. 8. Eigenson and E. P. Toporova, Neftyanoe Khoz., 26,
No. 2, 479 (1948)—C.A. 42, 7514.

J. C. Elgin, Ind. Eng. Chem., 22, 1290-3 (1930)—C.A. 25,
1663.

J. C. Elgin, G. H. Wilder, and H. S. Taylor, Ind. Eng.
Chem., 22, 1284-90 (1930)—C.A. 25, 1663.

L. P. Elliott and M. H. Holm to Calif. Research Corp.,
U.S. pat. 2,440,258 (1948)—C.A. 42, 8456.

Carleton Ellis and J. V. Meigs, Gasoline and Other Motor
Fuels, D. Van Nostrand Co., New York, 1921

Carleton Ellis, T. C. Whitner, and W. V. Keegan to S. O.
Dev. Co., U.S. pat. 2255417 (1941)—C.A. 36, 648.

E. W. Ellis and Thomas Barker, Anal. Chem., 23, 1777-9
(1951)—C.A. 46, 2964.

J. Ellis and E. C. Kattell, US. pat. 63,789 (1867).

L. M. Ellis, Jr,, and E. E. Reid, (a) J. Am. Chem. Soc.,
54, 1674-87 (1932) ; (b) Read before the Petroleum Divi-
sion A. C. 8. Kansas City, April 1936—C.A. 26, 2697.

P. W. Emery, Natl. Petr. News, 32, No. 34, R 302-3
(1940).

A.F. Endres to 8. O. of Ind., U.S. pat. 1,996,236, 2,022,847
(1935}—C.A. 29, 3509; 30, 851.

W. F. Engel to N. V. de Bataafsche, Dutchi pat. 61,745
(1948) —C.A. 43, 390.

E. F. Engelke, U.S. pat. 1,986,565 (1935)—C.A. 29, 1238.
C. Engler, Dingler’s Poly. J., 250, 316-321 (1883).

C. Engler and H. Broniatowski, Ber., 37, 3274-6 (1904).
C. Engler and L. Ubbelohde, Z. angew. Chem., 26, 177-78
(1913)—C.A. 7, 2299.

B. A. Englin, Neftyanoe Khoz., 1939, No. 8, 36-40—C.A.
34, 3483.

B. A. Englin and V. T. Brazhnikov, Novosti Tekniki,
1939, No. 35-6, 26-7; Vostochnaya Neft, 1939, No. 4-3,
49-55; Khim. Referat. Zhur., 71940, No. 6, 110—C.A. 34,
4893; 36, 5339.

O. L. Erdmann, J. prakt. Chem., 34, 447 (1845).

Erdsl- u. Kobhle-Verwertung A.-G., Ger. pat. 469,228
(1928)—C. 1929, 1. 2850.

C. Erkstrand, U.S. pat. 1,388 415 (1921)—C.A. 15, 4048.
Emil Erlenmeyer, Zeit. f. Chemie, 1861, 660.

Emil Erlenmeyer and Lisenko, Jahresh., 1867, 590.
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Emil Erlenmeyver and J. A, Wanklyn, Ann., 735, 129-51
(1865).

J. C. Ernest to Mid-West Refincries, Inc., U.S. pat. 2,421 ,-
320 (1947)—C.A. 41, 7104.

Ferd Escherich, Bruno Pretzsch and Otto Danguillier,
Ger. pat. 392,206 (1924)—C. 1924, 1, 2655.

R. H. Espach and O. C. Blade, Bur. Mines, Tech. Paper,
513, 22 p. (1931)—C.A. 26, 1106.

E. V. Evans, U.S. pat. 1,257,829 (1918)—C.A. 12, 994.
E. V. Evans and So. Metropolitan Gas Co., Brit. pat.
22,147 of 1914; Fr. pat. 480,129 (1916)—C. A. 10, 1266;
11, 1296.

0. B. Evans, Gas Record, 15, 215-6 (1919) ; Gas Age, 43,
475-6 (1919)—C.A. 13, 1380.

R. L. Evans and E. G. McDonough, Brit. pat. 521,240
(1940)—C.A. 36, 1144.

T. W. Evans and W. M. Dehn, J. Am. Chem. Soc., 52,
3645-7 (1930)—C.A. 24, 5028.

B. L. Evering, A. P. Lien, and J. M. Page, Jr., to 8. O. Co.
of Ind., U.S. pat. 2,450,588 (1948)—C.A. 44, 2228.

W. L. Evers to Socony-Vae. Oil Co., U.S. pat. 2,088,193
(1937)—C.A. 31, 6867.

L. M. Fanning, Oil Gas J., 24, No. 19, 352 (1925).

W. F. Faragher, J. C. Morrell, and S. Comay, Ind. Eng.
Chem., 20, 527-32 (1928)—C.A. 22, 2459.

W. F. Faragher, J. C. Morrell, and G. 8. Monroe, (a) Ind.
Eng. Chem., 19, 12814 (1927); (b) ibid., 1647—C.A.
22, 2266.

M. W. Farlow, Madison Hunt, C. M. Langkammerer,
W. A. Lazier, W. J. Peppel, and F. K. Signaigo, J. Am.
Chem. Soc., 70, 1392-4 (1948)—C.A. 42, 5420.

E. H. Farmer and F. W. Shipley, J. Chem. Soc., 1947,
1519-32—C.A. 43, 995.

A. Farrar, (a) US. pat. 96,097 (1869); (b) 100,876
(1870) ; (e) 129,014 (1872).

Heinrich Fasbender, Ber., 21, 1470-2 (1888).

H. W. Faucett and T. McGowan, U.S. pat. 133,425 (1872).
C. B. Faught, (a) Refiner Natural Gasoline Mfr., 10, No.
4,179; No. 5,70 (1931); (b) 1bid., 11, No. 4, 272 (1932)
—C.A. 25, 4112; 26, 3097.

E. W. M. Fawcett and E. S. Narracott to Anglo-Iranian
0il Co., U.S. pat. 2,389,659 (1945)—C.A. 40, 1531.

C. F. Feasley to Socony-Vac. Oil Co., U.S. pat. 2,502,001
(1950)—C.A. 44, 6617.
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Fritz Feigl, Mikrochemie, 15, 1-8 (1934) —C.A. 28, 6393.
Fritz Feigl and G. F. Dacorso, Ministério agr., Dept.
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C.A. 4, 1542,

G. Free, Brennstoff Chem., 18, 25-31 (1937)—C.A. 31,
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4663.

P. K. Frolich to S. O. Dev. Co., U.S. pat. 2,035,121 (1936)
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683 (1930); (b) 1,825,861 (1931); (¢) 1,937,113 (1933);
1,952,751 (1934); (d) 2,019,184 (1935)—C.A. 24, 4624;
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656.

657.
658.

659.
660.
661.
662.
663.
664.

665.

F. W. Hall to The Texas Co., U.S. pat. 2,091,239 (1937)
—C.A. 31, 7638.

F. W. Hall and C. E. Lauer to The Texas Co., U.S. pat.
1,936,086 (1933)—C.A. 28, 887.

T. G. Hall, US. pat. 372,672 (1897).

W. A. Hall, U.S. pat. 1,239,100 (1917)—C.A. 11, 3427.
H. J. Halle to U. O. Prodts. Co., U.S. pat. 1,681,638
(1928)—C.A. 22, 3984.

Albin Haller and E. Michel, Bull. soc. chim., (3) 15,
1065-70 (1897).

Albin Haller, Paul Sabatier and J. B. Sanderens, Fr. pat.
376,490 (1906)—C.A. 3, 245.

R. L. Hallett to Natl. Lead Co., US. pat. 1,678 984
(1928)—C.A. 22, 3772.

R. L. Hallett and W. H. Sowers, Petroleum Engr., I
No. 8, 78-81 (1930)—C.A. 24, 3892.

E. G. Hallonquist, Modern Plastics, 27, No. 12, 100, 152
(1950)—C.A. 44, 8157.

R. A. Halloran, Oil Gas J., 26, No. 29, 36, 147 (1927);
Natl. Petroleum News, 25, No. 30, 35-6, 38, 40 (1933);
World Petr. Cong., London, 1933, Proc. 2, 3-6—C.A. 22,
1465; 27, 5523.

R. A. Halloran, M. L. Chappell, and J. H. Osmer, U.S.
pat. 1,872,446 (1932)—C.A. 26, 6116.

H. Halvorson, U.S. pat. 305,181 (1894).

J. H. Hamence, Analyst, 65, 152-4 (1940)—C.A. 34,
2729.

W. G. Hamilton, R. G. Follis, and H. P. McCormick,
U.S. pat. 1,993,140 (1935)—C.A. 29, 2731.

F. 8. Hammett, Protoplasma, 13, 331-47 (1931)—C.A.
26, 1349,

F. S. Hammett and S. S. Chapman, J. Lab. Clin. Med.,
24,293-8 (1938)—C.A. 33, 5018.

F. S. Hammett and D. W. Hammett, Protoplasma, 16,
253-86 (1932)—C.A. 27, 3009.

F. S. Hammett and S. P. Reimann, J. Exptl. Med., 50,
445-8 (1929) —C.A. 23, 5479.

F. 8. Hammett and Dorothy W. Smith, Protoplasma, 13,
261-7 (1931)—C.A. 26, 1037.

F. 8. Hammett and Louise P. Wilson, Growth, 7, 183-97
(1943)—C.A. 38, 416.

y
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672.

673.

674.

674.5.

675.
676.

677.
678.
679.

680.

680.5.

07(](1777( (hmmsf)y of Bzzalmt *ulfm

Ww. T. Han(()(k U.S. pat. 2,097,097 (1937); 2,162,/15
(1939) ; 2,225,172 (1940); 2,260,617, 2,260,018, 2,260,620
(1941); 2,288,131, 2,303,547 (1942); 2,308,172 (1943)—
C.A. 32, 344; 33,7999, 35, 2710; 36, 1481, 1173, 1478; 37,
524, 2920, 3923.

W. T. Hancock, to Hancock Oil Co. of Calif., U.S. pat.
2,316,954 (1943)—C.A. 37, 6120.

T. K. Hanson and K. F. Coles, J. Inst. Petroleum, 33,
589-97 (1947)—C.A. 42, 3164.

John Happel and S. P. Cauley, (a) Refiner Natural Gas-
oline Mfr., 19, No. 6, 89-92 (1940); (b) ibud., 19, 205-8
(1940) ; Proc. Am. Petroleum Inst., 10th Mid-Year Meet-
ing, Sect. III, 21, 96-104 (1940); (c) Ind. Eng. Chem., 39,
1655-9 (1947) CA 34, 5638, 7095; 42, 1412,

John Happel, S. P. Cauley, and H. 8. Kelly, Proc. Am.
Petroleum Inst., 23, II1. 67-77 (1942); Petroleum Re-
finer, 21, 406-13 (1942) ; Oil Gas J., 41, No. 27, 136, 139,
140, 142, 147, 148, 150, 152 (1942)—C.A. 37, 1250, 6863.
John Happel and D. W. Robertson, (a) Ind. Eng. Chem.,
27, 941-3 (1935); (b) Oil Gas J., 36, No. 46, 125-6, 128
(1938)—C.A. 32, 8752.

John Happel, Jr., and D. W. Robertson to Socony-Vaec.
0il Co., (a) US. pat. 2,102,796 (1937); (b) 2,273,263
(1942)—C.A. 32, 1439; 36, 4327.
Joseph Haraszti, J. prakt. Chem.,
—C.A. 32, 528.

Dorothy Haresnape, F. A. Fidler, and R. A. Lowry, Ind.
Eng. Chem., 41, 2691-7 (1949)—C.A. 44, 2214.

D. P. Harnish and D. A. Tarbell, Anal. Chem., 21, 968-9
(1949)—C.A. 43, 8978.

C. Harries, Ber., 52, 65-72 (1919)—C.A. 13, 1590.

C. Harries to Siemens and Halske, Ger. pat. 439,005
(1926)—C. 1927, 1, 1256.

D. Harrington and J. H. East, Jr.,
7246, 7 p. (1943)—C.A. 37, 6765.
P. J. Harrington to S. O. Dev. Co., U.S. pat. 2,293,205
(1942) ; 2,367,348 (1945)—C.A. 37, 1259, 39, 3923
D. C. Harrison, Biochem. J., 27, 335-46 (1927)
2594,

W. W. Hartman, L. A. Smith, and J. B. Dickey, Ind. Eng.
Chem., 24, 1317-18 (1932)—C.A. 27, 71.

Heinrich Hauptmann, Blanka Wladislaw, Lucy L. Na-
zario and W. F. Walter, Ann., 576, 45-60 (1952)—C.A.
47, 3814,

[2] 749, 301-10 (1937)

U.S. Bur. Mines, Cir.

CA. 21,
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682,
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684.

685.
686.
687.

688.
689.

690.

691.
692.

693.
694.
695.
696.
697.

698.

699.

700.

701,

702.

B v. Hawes, T8, pat. 444, 833 (1?\‘)1)

F Haw l(;) Ind. Eng. Chem., 9, 866-71 (1917)—C.A.
]],. 3008.
A. Hayes, U8, pat. 1428885 (1922)—C.A. 16, 3751.
H. L. Hayes to Phillips Petroleum Co., U.S. pat. 2,378,079
(1945)—C.A. 39, 3658.
J. W. Healy and W. R. Hertwig, ACS Meeting, Sept. 18
23 (1949), Atlantic City.
R. Heap and B. C. Saunders, J. Chem. Soc., 7949, 2983-8
—C.A. 44, 3880.
F. W. Heath to Shell Dev. Co., Can. pat. 327,496 (1932);
U.S. pat. 1,888,382 (1932)—C.A. 27, 1154, 1497,
E. Heber, Brit. pat. 10,004 of 1903.
L. E. Hebl, T. B. Rendel, and F. L. Garton, Ind. Eng.
Chem., 25, 187-91 (1933)—C.A. 27, 1493.
W. O. Heilmann to S. O. Dev. Co., (a) U.S. pat. 2,273,104
(1942); (b) 2,324,927 (1943)—C.A. 36, 4327; 38, 482.
G. H. Hellsing, Brit. pat. 9,180 of 1907—C.A. 2, 487.
T. Hellthaler, (a) U.S. pat. 1,643,272 (1927); (b) 1,645,-
530 (1927)—C.A. 21, 3739; 22, 162.
R. V. Helm, W. E. Haines, and J. S. Ball, U.S. Bur. Mines
Rept. Investigations, 4566 (1949).
C. J. Helmers and G. M. Brooner, Petroleum Processing,
3, 133-8 (1948)—C.A. 42, 9142.
L. M. Henderson to Atlantic Refg. Co., U.S. pat. 1,940,861
(1933)—C.A. 28, 1521.
L. M. Henderson to Pure Oil Co.,
(1943)—C.A. 37, 6121
L. M. Henderﬂon M. S. Agruss, and G. W. Ayers, Jr.,
Anal. Chem., 12, 1 3 (1940) —C.A. 34, 1604.
L. M. Henderson and G. W. Ayers, Jr., to Pure Oil Co.,
(a) US. pat. 2,292,636 (1942); (b) 2,297,621 (1942);
(c) 2,312,820 (1943); (d) 2,317,054 (1943); (e) 2,341,917
(1944)—C.A. 37, 1260, 1860, 5581, 6121; 38, 5076.
L. M. Henderson, G. W. Ayers, Jr., and D. C. Bond to
Pure 01l Co., U.8. pat. 2,317,055 (1943)—C.A. 37, 6120.
L. M. Henderson, G. W. Ayers, Jr., and Timothy Mc¢Na-
mara to Pure Oil Co., U.S. pat. 2,341,918 (1944)—C.A.
38, 5076.
L. M. Henderson, G. W, Ayers, Jr., and C. M. Ridgway,
Oil Gas J., 38, No. 46, 114, 118 121 (1940)—C.A. 34,
4551.
L. M. Henderson and D. C. Bond to Pure Oil Co., U.S.
pat. 2,317,056 (1943)—C.A. 37, 6120.

US. pat. 2,317,053
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707.
708.
709.
710.
711.
712.
713.
714.
715.
716.
717.
718.
719.
720.
721,
722.

723.

I.. M. Henderson and H. C. Cowles, Jr., to Atlantic Refg.
Co., U.S. pat. 1,815,563 (1931)—C.A. 25, 5551.

L. M. Henderson, W. B. Ross, and C. N. Ridgway, Ind.
Eng. Chem., 31, 27-30 (1939)—C.A. 33, 1128.

L. M. Henderson and Arthur Schroder to Pure Oil Co.,
U.S. pat. 2,297,620 (1942)—C.A. 37, 1859.

A. Henriksen, Natl. Petr. News, 19, No. 42, 64-8 (1927);
Refiner Natural Gasoline Mfr., 6, No. 10, 51-2, 93
(1927); Oil Gas J., 26, No. 21, 130-1 (1927)—C.A. 22,
158.

C. Henry, Brit. pat. 1,664, of 1898; Ger. pat. 107,239
(1898)—C. 1900, 1, 840.

L. Henry, Ber., 2, 495-7 (1869).

O. Henry, J. prakt. Chem., 46, 160-2 (1847).

R. W. Henry, J. A. Reid, and W. A. Schulze to Phillips
Petroleum Co., U.8. pat. 2,089,373 (1937)—C.A. 31, 7242.
Harry Hepworth and H. W. Clapham, J. Chem. Soc., 119,
1188-91 (1921)—C.A. 15, 3088.

S. M. Herber, U.S. pat. 1,111,580 (1914)—C.A. &, 3628.
8. H. Herglotz and A. Lissner, (a) Z. anorg. Chem., 260,
141-53 (1949); (b) ibid., 261, 23747 (1950)—C.A. 44,
10474.

F. Hermann, Ber., 3§, 2814 (1905).

D. A. Hermanson and J. L. Biles to Socony-Vac. Oil Co.,
U.S. pat, 2,537,999 (1951)—C.A. 46, 2288.

P. R. Hershman, U.8. pat. 2,064,541 (1936)—C.A. 31,
850.

E. C. Herthel to Sinclair Refg. Co., (a) U.S. pat. 1,733,-
800 (1929); (b) 1,772865 (1930)—C.A. 24, 496, 5147,
Jean Herzenberg, Erdél u. Teer, 9, 436-9, 448-51 (1933);
Brit. pat. 424,564 (1935)—C.A. 28, 3566; 29, 5260.

Jean Herzenberg and S. Ruhemann, Braunkohle, 26, No.
23/24, 526-32, 558-64 (1927).

R. W. Hess to Barrett Co., Can. pat. 313447 (1931);
U.S. pat. 1,904,461 (1933)—C.A. 25, 4510; 27, 3436.

F. Heusler, (a) Z. angew. Chem., 9, 318-321 (1896); (b)
Ger. pat. 83,494 (1894)—C. 1895, 11, 1142.

H. H. Hewetson, Oil Gas J., 27, No. 29, 118, 181, 182
(1928)—C.A. 23, 2281.

A. P. Hewlett to 8. O. Dev. Co., (a) U.S. pat. 2,218,610
(1940); (b) 2,316,691 (1943); (c) 2,336,174 (1943);
(d) 2,337,467 (1943)—C.A. 35, 1624; 37, 6121; 38, 3825.
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725,
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727.
728.
729,
730.
731.
732.

733.
734.

735.
736.
737.

738.
739.

740.

741,
742.
743.

744.

A. P. Hewlett and H. C. Paulsen to S. O. Dev. Co., (a)
U.S. pat. 2,348,623 (1944); (b) 2,428,623 (1947)—C.A.
39, 806; 42, 749.

A. P. Hewlett and G. E. Phillips to 8. O. Dev. Co., U.S.
pat. 2,391,091 (1945)—C.A. 40, 1025.

W. G. Hiatt, Oil Gas J, 23, No. 48, 22-3, 175 (1925);
Natl. Petr. News, 17, No. 16, 26-9 (1925)—C.A. 19, 1943,
W. Hieber and P. Spacu, Z. anorg. allgem. Chem., 233,
353-64 (1937)—C.A. 31, 8411.

E. C. Higgins, Jr., and F. T. Gardner, U.S. pat. 1,977 631
(1934)—C.A. 29, 334.

H. M. Hill and M. L. Wolfrom, J. Am. Chem. Soe., 69,
1539 (1947) —C.A. 41, 5851.

J. B. Hill to Atlantic Refg. Co., U.S. pat. 1,667,550,
1,682,562 (1928)—C.A. 22, 2054, 3985.

E. S. Hillman to Anglo-Saxon Petrcleum Co., Brit. pat.
214,733 (1923)—C.A. 18, 2804.

J. H. Hirt to L. J. Hirt, US. pat. 1,809,554 (1931);
1,910,288 (1933)—C.A. 25, 4395; 27, 4070.

L. E. Hirt, U.S. pat. 1,250,879 (1917)—C.A. 12, 531.

W. G. Hockberger to S. O. Dev. Co., U.S. pat. 2,469,726
(1949)—C.A. 43, 5584.

W. H. Hoffert and G. Claxton, Fuel in Science & Practice,
9, 359-66, 440-7, 476-81 (1930)—C.A. 24, 5967.

W. H. Hoffert and K. Wendtner, J. Inst. Petroleum, 35,
171-92 (1949)—C.A. 43, 5932.

W. S. Hoffman and E. E. Reid, J. Am. Chem. Soc., 45,
1831-8 (1923)—C.A. 17, 3338.

A. W. von Hofmann, Ber., 4, 163 (1871).

A.W. von Hofmann and Auguste Cahours, J. Chem. Soc.,
10, 320 (1858).

Fritz Hofmann and Robert Uloth, Brit. pat. 306,421
(1929) ; Ger. pat. 595,349 (1934)—C. 1929, 11, 963; C.A.
28, 4213.

K. A. Hofmann and W. O. Rabe, (a) Z. anorg. Chem., 14,
293-6 (1897); (b) ibid., 17, 26-34 (1898).

K. A. Hofmann and O. F. Wiede, Z. anorg. Chem., 9, 295~
303 (1895).

H. Hofmeier and S. Wisselinck, (a) Brennstoff-Chem.,
14, 101-3 (1933); (b) bid., 286-8—C.A. 27, 3802, 5933.
H. Hofmeier, S. Wisselinck, and A. Miiller, Angew. Chem.,
47, 513-5 (1934)—C.A. 28, 6289.
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745.

746.

747.

748.
749.

750.

751.

752.
753.

754.
755.
756.

757.

758.
759.

760.

761.

762.

Max Hofsass and Internationale Bergin Comp. voor Olie-
en-Kolen Chemie, Brit. pat. 213,661 (1923); U.S. pat.
1,729.943 (1929)—C.A. 18, 2426; 23, 5568.

W. W. Holland to Petroleum Conversion Corp., U.S. pat.
2,125,636 (1938)—C.A. 32, 7715.

H. Hollings, Inst. Gas Engrs., Copyright Pub. No. 175/64;
4-7, 51-64 (1937); Gas. J., 220, 475-6, 479-85, 667 ; Gas
World, 107, 379-83, 471-6, 563—C.A. 32, 6437.

C. Holloway, Jr., and W. S. Bonnell, Ind. Eng. Chem., 37,
1089-91 (1945)—C.A. 40, 1303.

F. A. L. Holloway and D. O. Wilkes to 8. O. Dev. Co.,
U.S. pat. 2,317,770 (1943)—C.A. 37, 6447.

Bror Holmberg, (2} Ann., 359, 81-99 (1908); (b) Ber.,
43, 226-7 (1910} ; (c) Arkiv Kemi, Mineral. Geol., 124,
No. 14, 10 p. (1937); (d) ibid., 12B, No. 17, 3 p. (1938);
(e) ibid., 134, No. 8, 9 p. (1939)—C.A. 2, 1690; 4, 1047,
31,4292; 32,4151, 33, 6278.

A. Holmes and L. Burgess, U.S. pat. 1,832,461 (1931)—
C.A. 26,1114,

H. N. Holmes, U.S. pat. 1,882,146 (1932)—C.A. 27, 593.
H. N. Holmes and Norvil Beeman, Ind. Eng. Chem., 26,
172-4 (1934)—C.A. 28, 1697.

H. N. Holmes, A. L. Elder, and Norvil Becman, .J. Phys.
Chem,, 36, 2981-93 (1932)—C.A. 27, 1491.

W. C. Holmes & Co. Ltd., Charles Cooper, and J. I.
Priestley, Brit. pat. 593,253 (1947)—C.A. 42, 1412.
Ronald Holroyd, D. H. P. Peel, and Imp. Chem. Ind,,
Brit. pat. 577,813 (1946)—C.A. 41, 2236.

J. C. Holtz, The Origin and Decomposition of Organic
Sulfur Compounds under Gas-Making Conditions with
Particular Reference to the Role of the C—S Complex,
Johns Hopkins Univ., 83 p.—Reviewed, Ind. Eng. Chem.,
22,1261 (1930).

Lee Holtz, Gas-Age Record, 66, 341-5 (1930)—C.A. 24,
5977.

Holzverkohlungs-Ind. A. G. and J. Varga, Brit. pat.
313,505 (1929)—C. 1930, 1, 2666.

J. J. Hood, (a) Brit. pat. 145,818 (1919} ; (b) U.S. pat.
1,404,293, 1404294 (1922)—J. Soc. Chiem. Ind., 39, 651A
(1920); C.A. 16, 1148,

J. J. Hoad and Oil Refining Improvements Co., Ltd.,
Japan. pat. 35,796 (1920)—C.A. 14, 3788.

J.J. Hood and A. G. Salamon to Oil Refining Improve-
ments Co., U.S. pat. 962,840 (1910)—C.A. 4, 2568.
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i 764.
765

766.
? 767.

| 768,

b 769.

L 770,

L 771,

L 772

E 773,
E 774,

= 7
g 778

E 770,

763.

775.

776.

762.5. H. Hoog, Rec. trav. chim.. 69, 1289-90 (1950)—C.A. 42

4435.

C. O. Hoover, Petroleum Refiner, 27, 355-9 (1948)—C.A.
42, 7963.

C. O. Hoover to Air Reduction Co., (a) U.S. pat. 2,329,-
615, 2,329,616 (1943); (b) 2,418 834 (1947); (c¢) 2,423,-
238, 2,430,981, 2,430,982 (1947); 2,455,061 (1948)—C.A.
38, 1352; 41, 7103, 6398; 42, 1415, 1412; 44, 4237.

C. O. Hoover to Bennett-Clark Co., (a) U.S. pat. 2,042 -
050, 2,042,051, 2,042,052, 2,042,053, 2,042,054 (1936) ; Re-
issue 20,938 (1938} ; (b) 2,042,055 (1936)—C.A. 30, 5024;
33, 2321; 30, 5024.

J. Houben and Hans Doescher, Ber., 39, 3503-9 (1906)—
CA. 1, 304.

E. J. Houdry to Houdry Process Corp., U.S. pat. 2,259,469
(1941)—C.A. 36, 892.

E. J. Houdry, W. F. Burt, A. E. Pew, Jr., and W. A.
Peters, Jr., Oil Gas J., 37, No. 28, 40-3, 45, 48 (1938);
World Petroleum, 9, No. 11, 6871, 132, 134; Natl. Petro-
leun News, 30, R570-2, 574, 576-80; Refiner Natural
Gasoline Mfr., 17, 57482, 619—C.A. 33, 4005.

W. R. Hounsell, Natl. Petr. News, 20, No. 1, 83-6 (1928} ;
Refiner Nat. Gasoline Mfr., 7, No. 3, 59-60, 112 (1928);
0Oil Gas J., 27, No. 44, 34 (1929)—C.A. 23, 3336.

Theo van Hove, Bull. soc. chim. Belg., 13, 206-24 (1927)
—C.A. 22,62

R. D. Howard to Petroleum Research Corp., (a) U.S. pat.
2,205,410 (1940); (b) 2,338,941 (1944)—C.A. 34, 7593;
38, 4430.

H. F. Howell, Brit. pat. 2410 of 1879; U.S. pat. 216,518
{(1879).

H. Hubner and Julius Alsberg, Ann., 156, 308-32 (1870).
T. B. Hudson and J. O. Turner to Phillips Petroleum Co.,
U.S. pat. 2,371,298 (1945)—C.A. 39, 4471.

Hugo Hiitz, Ger. pat. 374,928, 385,761, 387,593 (1923)—
C. 1923, 1V, 346; 1924, 1, 1132, 1133.

W. J. Huff, Proe. 2nd Intern. Conference Bituminous
Coal, 2, 814-5 (1928) —C.A. 23, 4047.

W. J. Huff and Llovd Logan, Am. Gas. Assoc., Proc,,
18, 724-33, 733-52, 754-9 (1937)—C.A. 31, 5134.

J. R. Huffman and J. M. Whiteley, Jr., U.S. pat. 1,995,012
(1935)—C.A. 29, 2976.

E. C. Hughes to S. O. Co. of Olio, (a) U.8. pat 2,148470
(1939); (b) 2,211,695 (1940)—C.A. 33, 3980; 35, 586.
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780.

781.
782.
783.
784.
785.
786.
787.

788.
789.

791.

792.

793.

794.

795.

796.

E. C. Hughes, W E. Scovill, C. H. Whitacre, R. B. Faris,
J. D. Bartleson, and S. M. Darling, ACS Meeting, Hous-
ton, Tex., March 26-30, 1950.

Huiles, Goudrons ¢t Derivés, Fr. pat. 601,172 (1926)—
C. 1926, 11, 149.

S. H. Hulse to 8. O. Dev. Co., U.S. pat. 2,402,893 (1946)
—C.A. 40, 6247.

S. H. Hulse and J. O. Collins to S. O. Dev. Co., U.S. pat.
2,288 401 (1942)—C.A. 37, 525.

E. Human, Ann. chim. phys., [3] 44, 337 (1855); Ann,,
95,256 (1855).

E. B. Hunn to S. 0. Dev. Co., U.S. pat. 1,786,246 (1930)
—C.A. 25, 588.

J. B. Huston, U.S. pat. 486,406 (1892).

W. K. Hutchison, Inst. Gas Engrs., Copyright Pub.
175/64; 844, 51-64; Gas. J., 220, 475-6, 479-85, 667
Gas World, 107, 379-83, 471-6, 563—C.A. 32, 6437.

E. M. Hyatt, U.S. pat. 1445,683 (1923)—C.A. 17, 1547.
I. G. Farben., (a) Australian pat. 17448 (1928); Brit.
pat. 327,194 (1930); (b) 247,584, 247,585 (1926) ; 348,690
(1931); (e) 333,511 (1930); (d) 364,655 (1932) ; Fr. pat.
717,301 (1932)—C. 1930, 1, 2667 ; C.A. 24, 5150; C. 1926,
I1, 2256; 1931, 11, 1233, 1, 194; 1932, II, 485.

I. G. Farben., (a) Brit. pat. 315,439 (1930); (b) 320,921
(1928); (c) 340,016 (1929); (d) 365,619 (1930)—C.A.
24, 1734, 2595; 25, 2838; 27, 1738.

1. G. Farben., (a) Fr. pat. 655,230 (1928); (b) Brit. pat.
300,900 (1927); 327,463 (1928): 345,738 (1931)—C.A.
23,3934, 4061 ; 24, 5149; 26, 589.

I. G. Farben., (a) Brit. pat. 274,828 (1927); (b) 276,427
(1926) ; (c) 321,406 (1928); (d) 340,470 (1929)—B.A.
1928, 702B; C.A. 22, 2462; 24, 2821; 25, 4108.

I. G. Farben., (a) Fr. pat. 652,243 (1928); (b) 772,002
(1934) ; Brit. pat. 361,357 (1930); 435,113 (1935)—C.A.
23, 3523; 29, 1436; 27, 1890; 30, 1068.

I. G. Farben., (a) Ger. pat. 705,850 (1930); (b) Brit.
pat. 362,964 (1930); (c) 465,291 (1937)—C.A. 26, 329;
27,1535, 33, 3810.

I. G. Farben., (a) Fr. pat. 767,044 (1934); (b) 843,903
(1939) ; Brit. pat. 519,730 (1940); (e¢) 497,939 (1938)—
C.A. 29, 2655, 34, 7143; 36, 295; 33, 3810.

I. G. Farben., (a) Brit. pat. 291,817 (1927); (b) Ger.
pat. 708,933 (1941); (c) Belg. pat. 451,249 (1943)—C.A.
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I. G. Farben. (Max Bockmiihl, Walter Perscl, and Wal-
ter Kross), Ger. pat. 365,064 (1930)—C.A. 27, 1093.

I. G. Farben. (F. A. Henglein and Hermann Hagenest),
Ger. pat. 558,940 (1927)—C.A. 27, 543.

I. G. Farben. (Karl Keller), Ger. pat. 557,245, 559,739
(1930)—C.A. 27, 310, 730.
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pat. 471,076 (1926)—C.A. 23, 2313.

I. G. Farben. (Alvin Mittasch and Wilhelm Pungs), Ger.
pat. 556,369 (1921)—C.A. 26, 5749.
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pat. 651,763, 651,811 (1937)—C.A. 32, 834.
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I. G. Farben. (Walter Reppe and Fritz Nicolai), (a) Ger.
pat. 617,543 (1935) ; 624,345 (1936); (b) 631,016 (1936)
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Chemie, Dutch pat. 13,594 (1925) ; Fr. pat. 559,787, 632,-
509 (1926)—C.A. 20, 495; 22, 3773.
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774,343 (1934)—C.A. 29, 2338.

Vladimir Ipatieff to U. O. Prodts. Co., U.S. pat. 2,037,
789, 2,037,790, 2,037,791, 2,037,792 (1936)—C.A. 30,
4000.
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F. Jardine, J. Soc. Automotive Engrs., 17, 605-6 (1925).
A. R. Javes, J. Inst. Petroleum, 37, 129-53, 343-6 (1945)
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J. J. Johnston, U.S. pat. 31982 (1861); 91,447 (1869).
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2,185,768 (1940) ; 2,258,249 (1941) ; (b) 2,318,495 (1943);
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826.
C.A. 40, 4352,
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1,601,216 (1926)—C.A. 20, 2583, 3799.
828.
—C.A. 33, 8467; 42, 5409.
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(1947)—C.A. 41, 3605; 42, 5650.
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42, 5651.
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(1925)—C.A. 20, 661; 19,1049; 27, 1157; 22, 162.
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M. L. Kirk to M. P. Kirk & Son, Inc., U.8. pat. 1,977,993
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pat. 2,250915 (1941)—C.A. 35, 7703.
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V. J. Loyd to Socony-Vac. Oil Co., U.S. pat. 2,315,530,
2,316,092 (1943)—C.A. 37, 5855.
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155 (1931)—C.A. 26, 1225.

C. C. Lucas and E. J. King, Biochem. J., 27, 2076-89
(1932)—C.A. 27, 3164.

O. D. Lucas and E. L. Lomax, U.S. pat. 1,615,286 (1927)
—C.A. 21, 819.

O. D. Lucasg, T. C. Palmer, and F. M. Perkin, Brit. pat.
108,019 (1916)—C.A. 71, 2961.

O. D. Lueas and V. L. Oil Processes Ltd., (a) Brit. pat.
214,871 (1923); (b) 219,403 (1923)—C.A. 18, 2804; 19,
726.

Reactions of Mcrcaptans 221

993.
994,
995.
996.
997.
998.
999.
1000.
1001.
1001.5.

1002.

1003.

1004.

1005.

1006.

1006.5.

1007.

1008.

k- 1000,
1010.
b 1011,

0. Lugo, U.S. pat. 60,757 (1867).

Lukaschewicz. Z. f. Chemie, 71868, 641.

G. Lunge, Z. angew. Chem., 7, 69-74 (1894).

G. Lupton, U.S. pat. 110,054 (1870).

Martin Luther and Kurt Pieroh to I. G. Farben., U.S. pat.
1,732,371 (1929)—C.A. 24, 234.

W. A. Lutz and E. R. Butcher to Gulf Oil Co., U.S. pat.
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138, 1424 (1942)—C.A. 37, 518.
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Jean Maurin and René Piris, (a) Compt. rend., 237,
1297-8 (1950); (b) J. chim. phys., 48, No. 9/10, Trans-
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10011.

E. B. Maxted, Brit. pat. 490,775 (1938)—C.A. 33, 1478.
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(1946)—C.A. 40, 6502.
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6117.

J. Merrill, US. pat. 32,704 (1861).



226

1087.
1088.
10&9.
1090.
1091.

1092.
1093.

1094.
1095.
1096.
1097.

1098.
1099.

1100.
1101.
1102.
1103.

1104.
1105.

1106.
1107.

1108.

1109.

Organic Chemistry of Bivalent Sulfur
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