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Sulfur Co pounds as Antioxidants 
BETA-ALKY LMERCAPTOKETONES 

R. B. THOMPSON 
Universal Oil Products Co., Riverside, Il l .  

This study was made for the purpose of finding new anti- 
oxidants. 

I t  was discovered that certain types of sulfur-containing 
compounds are antioxidants. These compounds may be 
classified as p-alkylmercaptolcetones and have the follow- 

0 
I I I /  

ing general formula: R-S-k-C-k-R’. They may be 

prepared readily by the addition of mercaptans to a#- 
unsaturated ketones in the presence of acidic or basic 
catalysts. The most effective inhibitors were synthesized 
from di-a,@-unsaturated ketones with primary alkyl- 
mercaptans. 

A new type of inhibitor to retard autoxidation of organic 
materials has been developed, These compounds are very 
different from the usual aromatic amino or hydroxy com- 
pounds. 

I I  

N T H E  study of oxidation inhibitors for use in fats and oils I a new class of compounds which are effective antioxidants 
has been found (9). These materials constitute a radical de- 
parture from the usual inhibitors that  comprise hydroxy and/or 
amino aromatics. 

These new inhibitors are p-alkylmercaptoketones all containing 
R‘R“‘0 
\\ I/ 

I \  
the group RSCCC-R””, where the It’s represent hydrogen or 

R“H 
organic radicals of the type of alkyl, aryl, or heterocycle. Repre- 
sentative compouiids of this class are listed in Tables I to  111. 
In  general, all these compounds are antioxidants in lard, but they 
are not all of equivalent effectiveness. This paper reports the 
results of work intended to investigate the features of @-alkyl- 
mercaptoketones that  lead to high potency as antioxidants. 

p-Alkylmercaptoketones are readily prepared by the addition 
of mercaptans to  a,p-unsaturated ketones using either acid or 
basic catalysts. 

p’ft”’ ,R,lu P’ Y’’R’Itf 
1 1  / 

(1) 
! I  

C=C-k=O + RSH --3 RSC CI-IC=O 
R” R“ 

Posner (6) carried out a large number of additions of mercaptans 
to a,p-urisaturated ketones. However, usually he did not isolate 
the primary addition product but preferred to oxidize it to the 

corresponding sulfone, ordinarily a crystalline substance which 
can easily be isolated. Posner’s reactions were carried out using 
anhydrous hydrogen chloride as a catalyst; this acid type cata- 
lyst promotes addition, at the p-carbon atom, of a mercapto 
residue as well as reaction at  the carbonyl group to form dithio- 
acetals. 

R ’  Rll/  R f / / I  R! R!// E”// 
I /  .kcid I 1 /’ 

C=CC=O + 3RSH + RSC-CHC (SR)z + HzO (2) 
I I 

k f ,  kf, 
However, in some instances, dithioacetals are not formed, and 
the only reaction product is the one that results from addition 
of the mercaptan across the double bond according to Equation 1. 
Ruheman (8) repeated much of Posner’s work using basic cata- 
lysts which do not cause the formation of the dithioacetals but 
give reactions only of the type of Equation 1. Later Nicolet 
( 5 )  was able t o  carry out some of the reactions of Equation 1 
without any catalyst by heating the mixture of reactants to the 
temperature of a steam bath for short intervals of time. 

The addition of mercaptans to a,P-unsaturated ketones does 
not proceed with equal facility in all cases but depends on the 
nature of the ketone and the mercaptan. Thus ketones with 
two hydrogen atoms on the p-carbon atom add mercaptans most 
readily, those with only one hydrogen atom with more difficulty, 
and those with no hydrogen atoms least readily. Of the mer- 
captans those with long chains (10 or more carbons) are relatively 
sluggish and do not react readily. The primary mercaptans add 
much more easily than the tertiary. Mercaptans that  have 
polar groups-for example, thiocresol, mercaptoethanol, thio- 
glycolic acid, and thioglycerol-add most readily. 

Various ketones and mercaptans were employed as reactants 
to prepare p-alkylmercaptoketones. The potency of the products 
as antioxidants was determined using the Swift active oxygen 
method (A.O.M.) ( 3 ) .  In these tests lard was used as the sub- 
strate for testing purposes. Preliminary tests on a compound 
of this type indicate a low order of toxicity. Potency as anti- 
oxidant was found to depend on the nature both of the mercaptan 
and of the ketone. 

Table I, wherein products obtained from the reaction of mer- 
captans with mono-a,p-unsaturated ketones are shown, demon- 
strates the effect of varying the nature of the mercaptan on 
potency. Thus the products obtained by adding thiocresol 
or tert-butyl mercaptan to benzalacetophenone (compounds 3 
and 4) are less effective as compared to  the one prepared with 
chiefly primary mercaptans (compound 9). The same result is 
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TABLE I. MOKO-CY,~-UNSATURATED KETONES PLUS MERCAPTANS 

Compound Formula 
1. 7,8-Dihydroxy-5-thia-2-octanone CHzCHCHzSCHeCHzCOCHr 

b H  b H  
2. 4-Phenyl-4-ethylmereapto-2-butanone CeHsCHCHzCOCHs 

L H S  
3. w-Phenyl-w-teri-butylmeroaptopropio- CeHaCHCHzCOCeHs 

phenone I 
SC(CHs)a 

4.  w-Phenyl-w-(4-methy1phenylmercapto) CeHsCHCHeCOCeHs 
propiophenone 

$CeNICHs-P 
5 .  4-Phenyl-4-p-methylphenylmercapto-2- p-CHaCaH4SCHCHzCOCHa 

&He 

(&Ha)* 

butanone 

6 4-Methyl-4-p-methylphenylmereapto- p-CHsCsHaSCCHzCOCHs 
2-pentanone 

7 4-Alkylmereapto-‘2-butanone R’SCHeCHzCOCHad 
8 4-h~ethyl-4-ethylmercapto-2-pentanone CzHaSCCHzCOCHa 

&Ha)* 

AR’ 

9. w-Phenyl-w-alkylmercaptopropiophe- CsHsCH-CHzCOCsFIsd 
none 

a Could not he distilled or crystallized t o  get analytically pure sample. 
b 0.0277 by weight in 41/~-hour lard. 
c 0 108 by weight in 9-hour lard. 
d R ’ IS chiefly n-Dropyl obtained from sour gasoline. 
e 0 02% by weight in 9-hour lard. 

A.O:M. 
Melting Boiling Strtblllty 
Point, Point, Time, 

O c. O c. Hours 
a a 50-66 b 

10 962.6mm. 48-66b 

80-81 . . . . .  <16b 

113-114 . . . . .  <18b 

63-64 . . . . .  11c 

21 . . . . .  15C 

91-961s mm. 38 e 

45-508 mm. 25--34 6 

36-40 . . . . .  67-73 a 

shown in a comparison of Pmethyl-4p-methylphenylmercapto- 
%pentanone and 4-methyl-4ethylmercapto-2-pentanone (com- 
pounds 6 and S), the latter being the more effective of the two. 

In Table I1 the products that  have been prepared by adding 
mercaptans to  some linear di-a$-unsaturated ketones are listed. 
It is possible to add either 1 or 2 moles of mercaptan to  di-a,@- 
unsaturated ketones. For example, phorone reacts with ethyl 
mercaptan in the presence of piperidine as a catalyst t o  give 
chiefly addition of 1 mole of mercaptan, whereas with hydrogen 
chloride as a catalyst the chief product contains 2 moles of 
mercaptan. 

HCI I Piaeridine 

Z’erl-butyl mercaptan, which is more sluggish than ethyl mer- 
captan, requires more drastic conditions to  effect reaction with 
phorone than does the primary mercaptan. Only one molecule 
of the terb-alkyl mercaptan adds to dibenzalacetone; in this 
respect it is similar t o  s u l h i c  acids only one molecule of which 
adds to dibenzalacetone (4). 

As a whole the compounds prepared from the di- unsaturated 
ketones are more potent than those from the mono- unsaturated. 
Again the same less effective inhibitors result in those products 
prepared from tert-alkyl or aromatic mercaptans (compounds 10 
and 14). 

One other group of compounds has been prepared which 
belongs to  this class (Table 111). This group, discussed sepa- 
rately because the results show the effect of varying the nature of 
the ketone and are not in accord with those already reported, 
includes 3-ketotetrahydrothiophene and the products obtained 
by adding mercaptans t o  a,a’-dibenzal cyclic ketones. 3-Keto- 
tetrahydrothiophene (10) should be an inhibitor, since it contains 
a sulfur @ to  the keto group. Condensation of 2,4dibenzalketo-, 
tetrahydrothiophene with two molecules of mercaptan should 
give an inhibitor. In  Table I11 the products prepared from 
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ketotetrahydrothiophene aa 
well as from cyclopentanone 
and cyclohexanone are shown. 

2,4 - Dibenzal - 3 - ketotetra- 
bydrothiophene adds only one 
molecule of ethyl mercaptan 
under the same conditions that  
2,6-dibenzalcyclohexanoneadds 
two; likewise addition of two 
molecules of ethyl mercaptan 
to 2,5-dibenzalcyclopentanone 
is more difficult than to  the 
homologous cyclohexanone. 
As shown in the table the prod- 
ucts derived from ketotetra- 
hydrothiophene are less effec- 
tive inhibitors (compounds 19, 
20, and 21). In  keeping with 
this fact, the product prepared 
from cyclopentanone is also 
less effective (compound 22). 
However, the compound which 
contains a cyclohexanone ring 
is a more effective inhibitor 
(compound 23). 

In an attempt to  explain the 
results obtained with the cyclic 
ketones, models were con- 
structed. These models c!-arlv 

show that in 3-ketotetrahydrothiophene the sulfur and keto groups 
are held rigidly apart by the planar ring. In  the 2,5-bis(a- 
ethylmercaptobenzyI)cyclopentanone, because of the planar 
configuration of the five-membered ring, close approximation of 
the keto and sulfur groups is hindered; the same condition pre- 
vails with 2-( a-ethylmercaptobenzyl>4benzal-3-ketotetrahydro- 
thiophene. However, in 2,6-bis(~-ethylmercaptobenzyI)cyclo- 
hexanone these two groups can attain a close approximation 
because of the flexibility of the six-membered ring. It appears 
that some type of specific steric arrangement, possibly quasi- 
ring formation, involving close approach of the sulfur and the 
oxygen of the keto groups, is necessary in order to have a more 
effective inhibitor. There does not appear to  be any other 
explanation for all of the facts of (1) lower potency of some cyclic 
ketones and (2) lower potency of compounds derived from terf- 
alkyl and aromatic mercaptans. Thus the bulky tert-butyl 
group may also offer steric hindrance to  the proper spacial 
arrangement of the molecule necessary in a more effective 
inhibitor. In materials made with aromatic mercaptans steric 
hindrance does not appear to  be a valid explanation for lower 
potency; it is conceivable that  the free electrons on sulfur are 
too much involved in resonance with the nucleus to  participate 
in any sort, of ring formation that  may be necessary. 

In  order to  learn more about the importance of steric rela- 
tionships an attempt was made to prepare the diphenyltetra- 
hydrothiopyrone ( I )  by the reaction of 1 mole of hydrogen sulfide 
with 1 mole of dibenzalacetone to  yield I 

0 
// 

C 
A 

HzC CHz 

I I  
C ~ H ~ C H  ~ H C , H ,  

‘6 
which‘ would have sulfur p to  the carbonyl on both sides, un- 
like 3-ketotetrahydrothiophene; but because of the ring, 
close approximation of the keto and sulfur is prevented. On 
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TABLE 11. DI-~,@-UNSATURATED KETONES PLUS MERCAPT.4SS 

Compound 

A .O :?I. 
Melting Boiling Stability 
Point, Point, Time, 

Formula 0 c. c. Hours 
10. 1,5-Dipbenyl-2-te~t-butylmercapto-4- C K H ~ C H = C H C O C H ~ C H . C ~ H ~  99-101 , . , , , . , . <19Q 

penten-3-one 

11. 2,6-Dimethyl-2,6-diethylmercapto-4- 
heptanone 

12. 1,5-Diphenyl-1,5-diethylmercapto-3- 
pentanone 

13. 5,9-Diphenyl-1,2,12,13-tetrahydroxy- 
4.10-dithiatridecan-7-one 

14. 1,5-Diphenyl-l,5-bis-(4-methylphenyl- 
mercapto) -3-pentanone 

15. 2.6-Dimethyl-2-ethylmercapto-5- 

16. 2,6-Dimethyl-2,6-bis-(carboxymethyl- 
hepten-4-one 

mereapto) -4-heptanone 

[ C2Hd382CHa] CHa CO 

[ CsHsy HCHn] CO 

[ d H  (iH 
CeH6-CH-CHa 

2 

SCzHa a 

CIHJCH-CHz 
I 
SCHpCH-CHz 

C,H&Ha-p 1 t co 
CaHsSCCHnCOCH=C(CHs)z 

(CHdn 
(CHj)zC-CH 

[ ~ C H Z C O Z H I I ~ ~  

1 17. 2,6-Dimethyl-2,6-bis-(p-hydroxyethyl- 
mercapto)-4-heptanone 

18. 1.5-Diphenyl-1,5-di(alkylmercapto)-3- [ C ~ H ~ ~ ~ , C H I ]  CO 
pentanone 

2 

a 0.02% by weight in 41/z7hour lard. 
b 0 027 by weight in 9-hour lard. 
C 0:Ol.p by weight in 9-hour lard. 
d CoulJ not be distilled or crystallized to get analytically pure sample. 

R' is chiefly n-propyl obtained from sour gasoline. 

33-33 . , . . . 494Ka 

d z8-3n~ 

90-9 1 . . , . . , , . < 18a 

. . .. . 81- S 3 a . o r n r n .  59-636 

83-89 b 113-1 12 . . . . . . . , 

. . . . . i.io-i~,.~ rnm. 76-9nb 

. . . . .  . . . . , . . . 67-73b 

TABLE 111. . CYCLIC ~THIOKETONES 
A.O,M. 

Me1,ting Boiling Stability 
Point, Point, Time, 

Compound Formula 0 c. C. Hours 
10. 3-Ketotetrahydrothiophene CH,-CO . .  . 74.5iamrn. <18" 

AHz bH2 

' d  
20. 3-Keto-4-carhomethoxytetrahydro- CH30zCCHnCH-CO . .  

I 
CHI &Ha 

thiophene 

'S' 

128.5~0 mm. <la" 

21 2- a-Ethylmercaptobenzyl)-$- CsHsCH=C--CO 63-67 . . . . . <19a 
benzal-3-ketotetrahydrothio- &HZ &H-c-csHs 
pheneb 

'S' kC2Rs 

sC2Ha AHa---/CHa SC2Hs 

22 2,5-Bis(a-ethylmercaptobenzyl)- co 58-59 . I  ... <21" 
cyclopentanone 

CsHsCH-CH/ 'CH--CHCeHr 
I I 

23 2.6-Bis-(a-etbylmercaptobenzyl)- co 88-89 ..... 48" 
cyclohexanone 

CaHaCH--H6 ~ ' H - - C H C ~ H I  

$CnH' AHz &&Hr 

' C d  
a 0.02% by weight in Il/z-hour lard. 
b May also contain or be 4-a-ethylthioben~yl-2-benaal-3-ketotetrahydrothiophene or mixtures of these two 

materials. 

TABLE IV. ~,@-OLEFIKIC SYSTEMS PLUS MERCAPTANS 
A.O. M . 

Melting Boiling Stability 
Point, P$t, Time, 

Compound Formula c. C. Hours 
24. 1-Phenyl-I-alkylmeroapto-Z-nitroethane CsHsYHCHnNOa ... 111-11211 mm. 13-20b 

25. 1-Phenyl-I-tert-butylmercapto-Z-nitroethane CEHSCHCHZNOZ 64-65 . . . . . . . 20 b 

SR" 

BC (CHI) 8 

28. ,9-(carbomethoxymethylmercapto)propionitrile YHnSCHnCHnCN 1038.0 mm. < 18b 
COZCHI , 

a R' is chiefly ?-propyl obtained from sour gasoline, 
b 0.02% by weight in 9-hour lard. 

carrying out this reaction the 
expected cyclic compound was 
not obtained but instead a 
thermoplastic resin which pre- 
sumably is 11. 

'C&gHCHzCOCH&HCoHs1 
I 

Formation of a linear polymer 
rather than a six-membered 
cyclic monomer has been re- 
ported for divinyl sulfone with 
compounds that contain two 
active hydrogens such as nitro- 
paraffis ( 1 ) .  Dibenzalacetone 
may be regafded as an analog of 
divinyl sulfone, and hydrogen 
sulfide contains two active hy- 
drogens. 

Further consideration of the 
source of antioxidant activity 
in these materials led to ad- 
ditional experiments. Oxida- 
tion of 2,6-dimethyl-2,6-di- 
ethylmercapto-4-heptanone ( 7 )  
to the corresponding sulfone 
(111) gives a product which is 
completely inactive as an in- 
hibitor in lard. 

[(CH*)xT CHz] CO --+ [O] 

SCzH, z 

I t  appears, therefore, that the 
presence of a divalent sulfur 
is essential to obtain effective 
inhibitors. 

According to the patent 
literature (2) 0-thioaliphatic 
acids, 

0 

RSC€IzCH,C--OII, :LIT also 
,/ 

antioxidants for lard. Since 
the keto and carboxyl group 
differ markedly in many re- 
spects, mercaptans have been 
added to two other systems 
which contain an olefinic group 
conjugated with a diffrrent 
unsaturated group. These sys- 
tems comprise w-nitrostyrene 
and acrylonitrile. The nitro 
and nitrile groups are greatly 
different from the keto group, 
but systems C=CN02 and 
C=C-C=N react similarly 
to C=C-C=O in many 
1,4addition reactions, and 
it seemed possible that 
the products formed by con- 
densation of such systems 
with mercaptans might be 
inhibitors. The compounds 
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of this type shown in Table IV are indifferent inhibitors. It 
appears, therefore, that the keto group cannot necessarily be 
replaced with analogous groups and that the keto group has some 
function rather than merely acting as an activator for addition 
of the mercaptan since the nitro and cyano groups also fulfill 
this function. 

EXPERIMENTAL 

There is a large amount of literature available on the addition 
of mercaptans to a,@-unsaturated ketones; detailed experimental 
directions are not given for all of the compounds prepared. 

With those ketones 
which are liquid the mixture of ketone and mercaptan is cooled 
in an ice bath and saturated with anhydrous hydrogen chloride. 
If the ketone is a solid, a homogeneous solution can be obtained 
by using a small amount of acetic acid as a solvent; the solution 
is then saturated with hydrogen chloride as described. 

The acid solution is allowed to stand a t  room temperature for 
5 to 7 days (this long a time is unnecessary in many instances) 
and then poured into water. The organic material is extracted 
with a solvent as petroleum ether or benzene, washed several 
times with water, and finally with bicarbonate to  remove all the 
acid. After evaporation of the solvent, the residue may be 
crystallized or distilled in vacuo as is suitable. 

CONDENSATION WITH BASIC CATALYST. Although piperidine 
was used in the majority of condensations in this work, Triton 
B (benzyltrimethylammonium hydroxide) or benzyltrimethyl- 
ammonium butoxide (both from Rohm & Haas Co., special 
products department) is more effective. In  general i t  is more 
convenient to  use a basic instead of an acid catalyst. The 
catalyst, a few drops, is added to  the mixture of ketone and mer- 
captan. Frequently heat is liberated but some gentle heating 
may be desirable. If a solvent is necessary, ethyl acetate is 
satisfactory. After brief standing or heating the reaction mixture 
is dissolved in petroleum ether or ethyl acetate, washed with 
0.5% sulfuric acid to  remove all catalyst, and the solvent is 
evaporated. The residue may be suitably crystallized or dis- 
tilled. 

CONDENSATION WITH AN ACID CATALYST. 

SUMMARY 

p-Alkylmercaptoketones have been found to  be antioxidkts 
in lard. The best of these compounds are obtained by adding 
primary mercaptans to  di-a,p-unsaturated ketones. Potent 
inhibitors result from addition of primary mercaptans to  mono- 
a,p-unsaturated ketones. Addition of tertiary or aromatic 
mercaptans to either class of unsaturated ketones yields products 
which are less effective inhibitors. 

Study of some cyclic p-alkylmercaptoketones suggests that in 
the less effective inhibitors close approximation of the keto oxygen 
and the sulfur is hindered. In  the more effective antioxidants 
close approximation can be easily achieved. 
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VISCOSITY BEHAVIOR OF GASES 
L. A. BROMLEY AND C. R. WILKE 

University of California, Berkeley, Cali,f. 

l ‘he need has existed for a review of methods for prediction 
of gas viscosity including effects of pressure, temperature, 
and composition, and for presentation of these methods in 
convenient form for engineering use. 

Charts are presented for prediction of the effect of tem- 
perature at low pressures based on the refined kinetic 
theory of Chapman and Cowling as developed by Hirsch- 
felder, Bird, and Spotz. Required constants are tabulated 
for the common gases and methods for estimation of un- 
known values are presented. Detailed tables of tempera- 
ture functions are given for use when high accuracy is 
necessary. Graphs based on the work of Uyehara and Wat- 

NOWLEDGE of gas viscosity is essential in many problems K of fluid flow, heat and mass transfer. The rigorous kinetic 
theory of viscosity is extremely complex and many of the equa- 
tions presently available in the literature are not in most con- 
venient form for numerical calculations. In  the present paper 
some of the most useful relations for viscosity behavior are sum- 
marized and presented in simplified form for engineering use. 

Recently, Hirschfelder, Bird, and Spotz (8) have published 
tables of collision integrals based on the refined kinetic theory of 
Chapman and Cowling (3) which permits accurate calculation of 

son have been constructed for estimation of effects of 
pressure and temperature on viscosity of gaRes at high 
pressures. Constants for gas mixture viscosity equations 
are presented in graphical form to simplify the calculation 
of viscosity in multicomponent systems. Methods for pre- 
diction of gas viscosity are reviewed and compared. 

It is believed that this work will be of use in engineering 
where knowledge of viscosity of gases or gas mixtures is re- 
quired. The charts and simplified equations which are pre- 
sented should materially reduce numerical calculations 
ordinarily required, and yet yield results which are suffi- 
ciently precise for most purposes. 

viscosity for nonpolar smooth spherical molecules. This treat- 
ment assumes the form given by Equation 1 for the energy of 
interaction potential between two molecules. 

E(r)  = 4 E  [- (‘;.y + (‘;.J2] 
where E ( r )  = energy of interaction 

E = energy difference between the separated molecules 
and the molecules in the configuration in which 
they have the maximum energy of attraction 
ergs 


