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RECENT INDUSTRIAL ORGANOSULFUR CHEMISTRY 

EDWARD D. WEIL 
Polytechnic University 
3 3 3  Jay Street, Brooklyn, NY 11201 USA 

Abstract This review includes new developments in 
aromatic sulfide and sulfone thermoplastics, elec- 
troconductive and electrooptical polymers, polymeric 
sulfur cements and coatings, sulfonated polymers, 
and rubber vulcanizing agents. New agrochemicals 
include sulfonylurea herbicides, and tetrathiocar- 
bonate soil fumigants. A new cardiac drug is based 
on phenothiazine. Other recent developments include 
oil additives, ligands, surfactants, dye processes, 
textile finishes, and personal care products. 

INTRODUCTION 

This survey covers a range of topics showing the broad 
industrial applicability of organic sulfur chemistry. 

SULFUR-BASED POLYMERS 

Sulfur-containing polymers were surveyed very thoroughly 
by Duda and Penczek in an encyclopedia article published 
in 1989.1 In the present review, special attention will 
be given to the aromatic polymers with sulfur in the 
backbone, which are becoming increasingly important as 
engineering thermoplastics. 

Sulfide Polymers 
Polyphenylene sulfide is now used on a large scale for 
electrical and automotive parts in view of its good 
electrical properties, reasonably high heat distortion 
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temperature, high strength especially when reinforced, 
chemical resistance and inherent flame resistance. 
Reviews on polyphenylene sulfide have recently been 
publishedz-5 and production figures are available.6 
Polyphenylene sulfide is made by the displacement of both 
chlorine atoms of p-dichlorobenzene by sodium sulfide in 
a dipolar aprotic solvent. The reaction mechanism is not 
without controversy - there is some arguable evidence 
that it may actually involve radical ions.' 

The earliest commercial polyphenylene sulfides were 
not of very high molecular weight. One method to increase 
molecular weight is to allow some crosslinking by holding 
the polymer under air at elevated temperatures. A recent 
study shows the formation of new sulfide linkages and 
ether linkages.7 Chain extension and branching probably 
both occur. 

Phillips has found that by having an alkali metal 
carboxylate present during the nucleophilic displacement 
step, higher molecular weight linear polymer is 
obtained.3 Kureha found that by completing the reaction 
in a two-phase reaction mixture, a linear high molecular 
weight polyphenylene sulfide could be made.* Bayer has 
claimed that use of dimethylacetamide or anhydrous N- 
methylcaprolactam as solvent gives higher molecular 
weight . a  a 

While the chemistry used industrially for 
polyphenylene sulfide continues to be the original 
reaction of sodium sulfide with p-dichlorobenzene, a 
sulfide contaminated brine is produced as a byproduct and 
it is also difficult to remove all traces of sodium 
chloride from the polymer. Eastman has a series of recent 
patents on a route to polyphenylene sulfides containing a 
small fraction of disulfide linkages by the reaction of 
p-iodobenzene with sulfur, with recovery of the 
iodine.ab Tsuchida recently reported new synthetic routes 
in which diphenyl disulfide or thiophenol is polymerized 
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by Lewis acids or by various oxidative routes, including 
catalytic air oxidation in the presence of a vanadium 
catalyst.0 It is not yet evident whether high molecular 
weight polymer can be made by Tsuchida’s processes. 

Structural modifications of the polyphenylene 

sulfides continue to appear. Phillips, Kureha and Tosoh 
have described polyphenylene sulfide-ketones,loa-c and 
the recent product of this class introduced by Tosoh is 
said to have a 350oC heat deflection temperature when 
glass-filled.lod 

Sulfone Polymers 
The aromatic polysulfones tend to have very high glass- 
transition temperatures. The most familiar and oldest 
commercial example is the polysulfone from 
bis(4-chlorophenyl) sulfone and bisphenol A.11 used 
especially for electrical and automotive applications. 
Hybrids between the sulfide and sulfone polymers were 
first disclosed by Phillips in 1977 but have just 
recently been commercially introduced as Phillips’ RYTON 
S series.6a 

By reaction of 4,4’-dihydroxydiphenyl, which has 
recently become commercial, with bis(4-chlorophenyl) 
sulfone, a polysulfone with enhanced high temperature 
properties can be produced, Amoco’s RADEL R.1*113 

ICI has been developing new polysulfones with good 
solvent resistance but even higher glass transition 
temperatures than their polyether sulfone VICTREX PES. By 
copolycondensation reactions, a variety of aromatic 
structures have been introduced into the backbone of the 
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polysulfone, such as p-terphenylene and phenylenebis- 
sulfone units.14 Asahi Glass has developed a 
polysulfone-ether-sulfide with improved impact, heat 
distortion temperature and processing.14a 

A new synthetic approach to condensation polymers 
with aromatic backbones has been revealed recently by 
Union Carbide.15 With a NiO catalyst, zinc metal will 
effect reductive coupling of chloroaromatic compounds 
without the need for the chlorine to be activated. With 
bis(chloropheny1) intermediates, such as bis(4- 
chlorophenoxyphenyl) sulfone, polymers otherwise 
difficult to prepare can be made, such as the following; 

Conductive Thiophene Polymers 
Sulfur-based polymers are being evaluated in conductive 
polymer applications and in the newly-initiated field of 
optical computers. 

It was found by Elsenbaumer at Allied Signal that 
3-alkylthiophenes could be converted to conductive 
polythiophenes with much improved polymer properties.16 
One such polymer, poly-3-octylthiophene, is offered on a 
development basis by the Neste company (Finland) in 
admixture with polyvinyl acetate, as a conductive film." 
Elsenbaumer and others have shown that strong acids can 
be used for doping such conductive polymers; self-doping 
polythiophenes with sulfonic acid groups attached 
covalently to the polymer chainla or generated during the 
polymerization are under investigation.19 

By cocondensing bithienyls with benealdehyde, a 
family of conductive polymers with nonlinear optical 
properties has been prepared.20lz1 These appear to be 
promising as switching elements for optical computer 
circuits, which in theory could be orders of magnitude 
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faster than computers using electrorl conduction. This 
work is still in the laboratory but has attracted 
industrial support. 

Sulfur Cement and Plasticized Sulfur 
PoteriLially large torirlages of sulfur iiiight be used in the 
form of a condensation polymer of sulfur with 
dicyclopentadiene arid higher cyclopentadiene Diels-Alder 
oligomers (a cheap petrochemical byproduct) to make 
"sulfur cement".221 2 3  The structure of this polymer is 
riot known iri detail but apparently corisists of 
cycloperiterie rings linked by polysulfide chains. * 3 a  

ReceriLly reported tests show that sulfur cement (as 
sulfur coricrete) in coristructiori of chemically-resistant 
floors, walls arid foundations gives better long term 
chemical resistance than concrete based on portlarid 
cement. Sulfur concrete has unusual resistance to acids 
and salt erivirorinients. Recerltly sulfur ce~iierit has been 
shown by w o r k  in the US arid Holland to be very useful for 
leach resis tent encapsulation of low level radioactive 
arid toxic iiieLal-containing wastes.23b-d 

Recent p r o g r e s s  has been made by researchers at the 
0 .  M .  Scott & Sons Co. in the U. S .  on use of sulfur. 
plasticized by b i s ( l u L o x y c a r b o n y 1 e L h y l )  polysulfide as a 
fertilizer coating.24 

Sulfonated Polymers 
Exxon has shown that sulfonation of polystyrene or EPDM 
b y  acetylsulfate gives a highly controllable reaction 
with uniform sulfonation.25 Zinc salts of EPDM sulfonates 
form strong heat-stable complexes with a styrene- 
vinylpyridine copolymer, Such complexes can be used at 
low concentrations in hydrocarbon-based drilling fluids 
to form a gel strong enough to suspend rock chips, yet 
able t o  pass through a filter. 

Recent research at Dow has led to a process for 
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controlled surface sulfonation of a variety of polymers 
by SO3 in an inert carrier. Medical plastics which can 
bind heparin and which prevent blood clotting can thus be 
made. * 5 a 

RUBBER CHEMICALS 

A great deal of toxicological concern has been expressed 
recently regarding nitrosamines formed in rubber 
products from the secondary amine fragments of the 
accelerators. Consequently, there has been an interest in 
replacing these accelerators with primary amine-based or 
dibenzylamine-based products which have less tendency to 
form toxic nitrosamines.26 

A new Goodrich accelerator has a secondary amine 
radical from morpholine but situated on a thiocarbamyl 
group from which it does not readily release the amine.21 

Akzo’s new thiuram disulfide accelerator uses a 
secondary amine, dibenzylamine, but this amine has been 
shown not to produce a carcinogenic nitrosamine.Zal29 

A new approach to the classic problem of avoiding 
reversion (crosslink degradation) without loss of stress 
resistance is Monsanto’s development of a bifunctional 
Bunte salt , 3 0  

NaOSOz S ( CHZ ) 6 SSOZ ONa 

The inclusion of this salt in vulcanization produces 
thermally stable but flexible -SX ( CHZ 1 0  SX - crosslinks. 

Monsanto has found311 3 2 1  3 3  that the 0,O’-dialkyl 
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dithiophosphate accelerators, which give excellent 
reversion resistance, can be combined with a 
vulcanization retarder such as N-cyclohexyl- 
thiophthalimide to yield an unsymmetrical disulfide which 
has both good features - reversion resistant cure with 
freedom from "scorch" (premature vulcanization). 

0 
Akzo's laboratory in Obernburg, Germany has developed 

a catalytic air oxidation route to thiuram disulfidesJ4 
and a similar process for sulfenamides.35 The importance 
of such routes is that they have an environmental 
advantage, avoiding the formation of byproducts. Akzo 
has also recently announced manufacture of 
mercaptobenzothiazole by a new process (not disclosed) 
which avoids troublesome byproducts.35a 

New sulfur-containing antioxidants for rubber 
continue to be discovered. A dodecylthiomethylated 
polyphenol recently made at Goodyear361 3 7  has been found 
to be a self-synergizing antioxidant for uncured rubber. 

SULFUR-BASED AGRICULTURAL CHEMICALS 

Sulfur continues to be important in agrochemicals, as 
shown by the large variety of new sulfur-based crop- 
protection chemicals in current development around the 
world.38*38a*b The scope of  the present review allows for 
discussion of only a few selected examples. 

The sulfonylurea herbicides39 are about one to two 
orders of magnitude more active than the classical 
herbicides used f o r  weed control in agriculture. These 
sulfonylureas all share a common structural pattern. 
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The variations in the "right side" of the molecule as 
depicted above are relatively few; triazine and 
pyrimidine rings are allowed and substituents can be 
methyl, methoxy, or other small radicals. On the "left 
side", many variations are possible with a wide variety 
of aromatic, heterocyclic, and even aliphatic groups, 
nevertheless with very precise steric and electronic 
demands. Selectivity against various plant species is 
controlled by these structural variations. 

The sulfonylureas have been shown to be powerful 
inhibitors of acetolactic synthase, a key enzyme present 
in plants which is essential for the synthesis of 
branched chain amino acids, valine, leucine and 
isoleucine. The exact molecular site of action seems not 
to have been established as yet, although considerable 
information about it is known.40141 The binding site of 
the herbicide is close to but not exactly at the binding 
site for the natural pyruvate substrate. 

The manufacture of the sulfonylureas is described in 
the patent literature by way of the sulfonylisocyanates, 
which in turn are made from the sulfonamides by reaction 
with butyl isocyanate." 

A potentially large volume product, in terms of 
the amount of sulfur which might be consumed, is sodium 
tetrathiocarbonate, a new soil fumigant under field 
development by Union Oil Co. of California.43 This 
product is made from CSZ, sulfur and caustic soda. 
Tetrathiocarbonate gives broad spectrum control of 
nematodes, nitrifying bacteria, grape phylloxera and a 
wide range of soil fungi.440.s It is water soluble and 
can be added with irrigation water. Being low in 
phytotoxicity, it can be used even on some established 
plants such as citrus trees and grape vines. 

Familiar sulfur-containing agrochemical types 
continue to have new variations, mostly in the direction 
of increased activity on the target organisms and 
improved selectivity towards crops and other non-target 
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organisms, Thus, new S-benzylthiolcarbamate herbicides 
and new S-alkylthiophosphate anticholinesterase 
insecticides have recently been introduced.38 

In the manufacture of agricultural chemicals, 
several new technologies have been developed for some of 
the key intermediates. One area of current activity is 
the use of air oxidation in place of chemical reagents 
where an oxidative step is required. In the laboratory at 
Stauffer Chemical Co. (which is now part of Akzo Chemical 
Co.), an air oxidation process was developed for 
converting methyl dithiocarbamate to methyl 
isothiocyanate, carried out with a metal catalyst in the 
presence of a quaternary ammonium compound.46 

Touching briefly on pharmaceuticals, a new 
phenothiazine-based drug, moricizine, 

0 *'\cnpH2 - N m o  i a  
W 

effective against heart ventricular arrhythmias, was 
developed in the Academy of Medical Sciences in Moscow, 
and licensed recently to DuPont Pharmaceuticals for 
commercial introduction as Ethmozine.47 

OIL ADDITIVES 

The traditional sulfurized olefins, used for many 
decades, continue to have an important place in extreme 
pressure lubrication. There is some tendency now to avoid 
using halogen-containing components. In this connection, 
it has been recently found that the adducts of sulfur 
chloride and olefins can be dehydrochlorinated 
surprisingly well by just warming in the presence of a 
polar solvent such as formic acid.48 There is also a 
trend towards getting rid of the metal content of oil 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
1
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



40/(334] EDWARD D. WEIL 

additives - to change over to the so-called ashless 
types. It is hard to ascertain which additives are of 
this type are actually in commercial use, but to 
illustrate, a recent Exxon patent shows the use of a 
combination of an ashless dispersant, a sulfurized 
alkylphenol and a polysulfide derivative of 2 , 5 -  
dimercaptothiadiazole as a heavy-duty lubrication oil 
additive system.49 Mobil recently disclosed a new type 
of metal-free halogen-free oil additive, a 
sulfinylbis(dithiophosphate).50 

Along with load-bearing oil additives, oil-soluble 
antioxidants are important to protect oil from 
deterioration. Lubrizol found that by replacing the 
labile hydrogen on the phenothiazine nitrogen by an 
alkylthioethyl group, using alkylthioethanol as 
alkylating agent, the stabilizing activity was 
surprisingly increased.51 

SULFUR-BASED SURFACTANTS 

The linear alkylbenzenesulfonates continue to be the 
largest volume synthetic surfactants;J2 here, progress is 
not in the basic chemistry but in the engineering of the 
sulfonation process.53 However, Stepan has recently 
developed a series of alpha-sulfonated fatty esters, 
made by direct reaction of the ester with These 
products are mild to the skin, and are good hydrotropic 
ingredients and lime soap dispersants. Being made from a 
vegetable oil source, they are not dependent on 
petrochemicals. 

A new series of nonionic sulfur-based metal cleaning 
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surfactants is under development by Phillips Petroleum 
Co. These are made by partially oxidizing an alkylpoly- 
oxyethylenethioalkanol to the sulfoxide.55 

SULFUR-BASED LIGANDS IN CATALYSIS 

The use of sulfonic acid groups in phosphine ligands h a s  
attained some importance. A well-established example is 
the sulfonated triphenylphosphine used in Rhone- 
Poulenc's proprietary hydroformylation process. The 
water-soluble ligand makes product separation and 
catalyst recovery easier. 

Recently, work at Union Carbide Corp. has shown that 
a triphenylphosphine with an ortho-sulfo group is an 
especially useful bidentate ligand which, when bound to 
nickel, produces an active and highly selective catalyst 
for production of even-numbered alpha-olefins from 
ethylene. 5 6 

Research in Australia has uncovered a superactive, 
almost enzyme-like, catalyst for olefin oligomerization, 
although not highly selective. This is a readily-made 
complex of nickel with dithioacetylacetone and a 
phosphine.57 

R,P Hal hi' R,P Hal 
hi: Has d o  - s' 's 
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SULFUR DYES 

The largest volume dyes are still the sulfur dyes. The 
largest volume sulfur dye is still C. I. Sulfur Black 1 
(C. I. 53185).58 It is interesting that the chemical 
structure of Sulfur Black 1 is still not known!Sg 

New developments in sulfur dye technology have been 
stimulated by the problems of waste disposal. Up till 
recently, the reduction of sulfur dyes to the leuco form 
has often been performed using sulfide, which has obvious 
pollution problems. Recently, it has been shown that this 
reduction can be carried out by a reducing sugar, so that 
the byproducts and any unused reducing agent are readily 
biodegradable to harmless products.60 

SULFUR-BASED TEXTILE FINISH 

A successful commercial development of recent years is 
the stain-resistant carpet. The technology is based on 
certain sulfonated phenolic resins based on 4 , 4 ' -  

sulfonylbisphenol) which are substantive to the carpet 
fiber, generally nylon.61 

SULFUR-BASED PERSONAL CARE PRODUCTS 

The use of thioglycolic acid salts in hair waving 
preparations is well established but innovations continue 
to be made. Sulfite for "softer" curling is a more recent 
development, but the reduction of the hair disulfide 
linkages by sulfite is slow. A recent disclosure shows 
that a microbiologically-derived sulfur compound, 
thioredoxin, or a thioredoxin-like dithiol peptide, can 
catalyze the reduction of hair disulfide links by 
sulf i te ,62 
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OUTLOOK AND GENERAL COMMENTS 

The chemical versatility and low cost of sulfur make it 
a very attractive element for industrial products. 
However, we can expect environmental pressures regarding 
sulfur-containing byproducts. Therefore, it is advisable 
that in any research and development program in applied 
sulfur chemistry, attention should be directed to 
avoidance of troublesome byproducts. This requirement 
also presents an excellent stimulus for the invention of 
new sulfur chemistry. 
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