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I. INTRODUCTION 
We have shown recently’ that the interaction of 

sulfur and 2,6-dimethylocta-2,6-diene at 140°C. 
(a model system for the sulfur vulcanization of 
natural rubber) yields a complex mixture of prod- 
ucts, via., 2,6dimethylocta-2,4,6-triene (allo-oc- 
imene), the cyclic sulfides (I) to (IV), and cross 
linked polysulfides typified by (V)-(VIII) , where 

ings can be correlated by a general mechanism of 
olefinic sulfuration,2 supported by kinetic data,3 
which was developed from a study of monoolefinic 
systems4 and which requires that crosslinked poly- 
sulfides such as (V) and (VI) are the primary 
products and that the other products result from 
secondary reactions kinetically equivalent to those 
producing (V) and (VI). This view is contrary to 

the dotted lines indicate different possibilities for earlier postulates about the origin of the cyclic 
isomerism and z and y vary from 1 to 6. For sulfides.6 
short reaction times (5 hours), the polysulfide Sulfuration is now considered2r3 to proceed by 
mixture is composed largely of compounds typified a polar chain-type reaction which is initiated by 
by (V) and (VI), but at longer times (50 hours) the polarization of a polysulfide TS,.SbT (T = 
structures such as (VII) and (VIII) (z mainly 1-2) alkyl or alkenyl unit) by interaction with olefinic 
predominate, and the cyclic sulfides (I) to (IV) double bonds to form a reactive species TST. . . 
are formed in increasing amounts. These find- -SbT. The persulfenium ion (TS,f) then attacks 

a double bond to give a cyclic persulfonium ion 
257 

* Part XI, ref. 2. 
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adjacent carbon atoms in the hydrocarbon unit. 
[The active intermediates are referred to as ions, 
but this does not imply that free ions are involved 
in these reactions in essentially nonsolvating media; 
we envisage highly polarized molecules which, 
in the transition states of the various reactions, 
display the specific ionic character and reactivity 
associated with the analogous fully-formed ions.] 
Products reflecting these different modes of stabil- 
ization of the primary ionic complex result as 
indicated in the simplified Scheme 12; their pro- 

which either loses a proton to, or gains a hydride 
ion from, an olefinic molecule (thereby producing 
a carbonium ion which combines with molecular 
sulfur), or reacts with sulfur to re-form another 
persulfenium ion in which sulfur is attached to 

TSa*SbT * TSZ + TS; 
Polysulfides 
e.g., (V) 

1,B-Diene I 
+ 1,5-Diene \ 

<H-Transfer :+,' 
T S u  T S a  

-k & II,5-Diene 

5 
(71) 

I 
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(VII) ind (VIII) 
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TSa.1 

(E TSU ) 
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(1) TSa-1 Pol& fide 
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Scheme I 
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Scheme I1 

portions vary rationally in different olefinic sys- 
tems.' s 2 p 4  

Emphasis was directed2v3 to the persulfenium 
ion (TS,+) as the prime reactant with the olefin 
(,just as, for example, in the polar interaction of 
halogens (X,) with an olefinic double bond the 
halonium ion (X+) is regarded likewise6) because 
(a) substantial addition of sulfur groups to the 
double bonds occurs, even to form crp derivatives, 
e.g., (VI), and this is consistent with the electro- 
philic additive reactivity of TS,+ but not with the 
anticipated reactivity of a persulfenyl anion (TS;), 
which would be expected to add only to double 
bonds activated by an electron withdrawing sub- 
stituent2; and (b) the formation of the cyclic 
sulfides (I) to (IV) from 2,6-dimethylocta-2,6- 
diene is explicable on this basis12v3 but not via 
reactions initiated by TST. The main function 
of the latter has therefore been regarded as chain 
termination with carbonium and persulfenium ions 
to form cross-linked polysulfides, but a more 
positive function (as in Scheme 11) may be dis- 
played under suitable conditions. 

In  oct-1-ene, these reactions can only be of minor 
importance2v4; in 2-methylpent-2-ene1 while also 
not of major importance, they may account for the 
formation of a polysulfide having a tert-alkyl-S- 
linkage and the same unsaturation pattern as the 
olefin, i.e., mainly (IX) and/or (X) (see, however, 
ref. 2). It will be shown later that TS, ions may 
assume a more dominant role under other condi- 
tions which are of great technological interest. 

A notable feature of the polar mechanism of 
sulfurat>ion is that it provides an intelligible basis 

for explaining the action of the important and 
characteristically polar auxiliary vulcanizing agents 
such as metal oxides, fatty acids, and accelerators 
of the amine and complex thiol or disulfide types, 
in a way which a previously advanced free radical 
chain mechanism6.' never has done. [In view of 
the marked influence which certain carbon blacks 
exert on vulcanization, it is pertinent to note 
recent emphasis of their ionic surface proper tie^.^] 

We now report the effects of the typical auxiliary 
vulcanizing agents, zinc oxide, stearic acid, and 
2-mercaptobenzothiazole on the sulfuration of 
2,6-dimethylocta-2,6-diene, and attempt to corre- 
late chemical changes in the model systems with 
technological consequences in the vulcanization of 
natural rubber. This work extends earlier investi- 
gations of the effect of these additives on the pro- 
portion of cyclic sulfide to crosslinked polysulfide 
from the diene-~ulfuration,~ and of their effect on 
monoolefin-sulfur interaction10 where correlation 
with vulcanization data is necessarily limited 
owing to the importance of cyclization reactions in 
polyisoprenes. 

11. EXPERIMENTAL METHODS 

The methods used for the preparation, isolation, 
and characterization of the sulfuration products in 
the various systems have been described previously. * 

111. EXPERIMENTAL RESULTS 

Details of the reactions studied are given in 
Table I. Addition of zinc oxide increases the rate 
of sulfur combination and causes changes in prod- 
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TABLE I 
Reaction of 2,6-Dimethylocta-2,6-diene with Sulfur and Buxiliary Vulcanizing Agents a t  140°C. in vucw 

~~ ~~ 

Expt. 1" Expt. 2" Expt. 3 Expt. 4 Expt. 5 

Reactants 
Diene, g. 200 200 200 200 200 
Sulfur, g. 20 20 20 20 20 

20 20 20 Zinc oxide, g. - - 

20 20 Stearic acid, g. - - - 

4 ZMercaptobenzothiazole, g. - - 

Cyclic sulfide (C.S.) (I-IV), g. 10 41 26 9.5 4.5 
Polysulfide (P.S.), g. 24 49 37 20 22 

- - 
Reaction time, hr. 5 50 5 5 1.5 

Reaction Products 

S in P.S., yo 40 25 36 34 30 
Polysulfidic sulfur in P.S., mole fraction' 0.52 0.08 0.42 0.33 0.53 
Allo-ocimene, g. 1 .o 3.2 2.3 2.3 

Ratio of diene in C.S./diene in P.S., by weight 0.56 0.92 0.87 0.58 0.24 
Initial sulfur combined in cyclic sulfide, % 9.4 38 24 8.9 4.2 

- 
Ratio, C.S./P.S., by weight 0.42 0.84 0.70 0.48 0.20 

33 
._ 

polysulfide, yo 48 61 67 34 

a Data of Bateman, Glazebrook, and Moore.' 
Mole fraction of sulfur in polysulfide which is liberated as hydrogen sulfide on hydrogenolysis. 

TABLE I1 
Composition of Cyclic Sulfide Products, Wt.-'% 

~ 

Expt. no. (111) (IW (1) + (11) 

1 41 11 48 
2" 26 30 43 
3 46 17 37 
4 47 25 28 

~ 

(I Also contains -1 yo of 2-isopropyl-5-ethyl-5-methyl- 
thiacyclopent-Zene, probably formed by sulfur-catalyzed 
isomerization of (IV). 

uc t composition broadly paralleling those found 
on increasing the time of the diene-sulfur reaction 
(cf. expts. 1, 2, and 3); relatively more cyclic 

sulfide is formed, in conformity with its postulated 
mode of formation (Scheme I), and the amount of 
sulfur in crosslinks greater than -SZ- diminishes. 
When stearic acid is also present (expt. 4), the rate 
of sulfur combination is reduced below that of 
the straight diene-sulfur reaction (expt. l), but 
both sulfur and olefin are combined in similar 
proportions in the two types of products. The 
further addition of 2-mercaptobenzothiazole (expt. 
5) has a more profound effect; the rate of reaction 
is increased and the proportion of cyclic sulfide 
considerably reduced. 

The compositions of the cyclic sulfide fractions 
show a marked trend towards the formation of the 

TABLE I11 
Hydrogenolysis Products of the Polysulfides (Expressed as Wt.-% of Polysulfide) 

Mercapto- 
Dithiol cyclic sulfide 

C / E  ratio Polysulfidic Monothiol CloH18-zz~ CloHe,zoSz Products of 
Expt. no. of polysulfide sulfur" CloH1?.19SH (2SH) (1SH) higher M.W. Loss 

1 10/18.0 21 30 18 16 12" 3 

3 10/17.8 15 22 16 28 19 

5 10/16 .O 16 53 18 1 12d - 

- 2b 10/17.6 2 8 1 17 67" 

4 10/16.8 10 47 16 7 14 6 
- 

Sulfur liberated as hydrogen sulfide on hydrogenolysis. 
* Polysulfide contained ca. 5% of cyclic sulfide and uZlo-ocimene as impurity. c-c- - - - -c 

Sulfur combined mainly in 1 'W groupings, e.g. (VII), x = 1. 

Sulfur combined mainlv in didkenvl sulfide structures. 
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unsaturated constituents (111) and (IV) at the ex- 
pense of (I) and (11) in passing from the reaction 
without additive to those with zinc oxide and then 
zinc oxide plus stearic acid (Table 11). The signifi- 
cance of this trend, which is of wider generality, 
will be discussed later. 

Considerable differences occur in the polysulfide 
fractions as revealed spectroscopically and by the 
nature of the hydrogenolysis products obtained by 
lithium aluminum hydride reduction (Table 111). 

is approximately 31% of the total combined sulfur 
for experiment 1 and 47% for experiment 5. The 
amount of polysulfidic sulfur (-Sz,  column 
3), indicative of sulfur in crosslinks in excess of 
two atoms per link, is seen to be the same in both 
cases, but this does not imply that the polysulfidic 
crosslinks have the same average lengths, since 
the number of crosslinks is greater in the accelerated 
system. Comparison of the proportion of poly- 
sulfidic sulfur ( 4 ~ )  with that of sulfur com- 

TABLE IV 
Distribution of Combined Sulfur in Sulfuration Products (% of Total Combined Sulfur) 

1 2 3 4 5‘ 5” 6 

Expt. no.” 
1 12 11 43 L“ 5 . 5  5 . 5  7 h  
5 27 16 43 10 0.2 0 .2  4 c  

Figures refer to % of total sulfur which is combined in the circled sulfurated groups ( @ 1. 
Mainly thio-cyclic monosulfide groups, e.g. (VII), z = I .  
Mainly dialkenyl monosulfide. 

The effect of zinc oxide is to reduce the amount of 
“polysulfidic” sulfur (i.e., J: > 2) in the polysulfide 
and also the proportion of simple crosslinked struc- 
tures, e.g., (V), which yield monothiol on hydro- 
genolysis, but to increase the more complex struc- 
tures containing cyclic sulfide units, e.g., (VII). 
When stearic acid is also present, there is a greater 
retention of unsaturation (mainly trialkylethylenic) 
as shown spectroscopically and by the C/H ratio, 
there are more simple polysulfidic crosslinks which 
yield monothiol on hydrogenolysis, and there is a 
marked reduction in the cyclic sulfide-polysulfide 
units as in (VII) and (VIII) (J: 3 2) which yield 
mercapto-cyclic sulfides on hydrogenolysis. The 
addition of 2-mercaptobenzothiazole (expt. 5) 
further favors all these changes. 

From the data in Tables I and 111, the dis- 
tribution of the total combined sulfur in various 
sulfur linkages can be determined in detail. Ex- 
periments 1 and 5 are so compared in Table IV, 
and show clearly the superior efficiency of the 
“accelerated” system (expt. 5) for utilizing the 
sulfur for crosslinking. The sulfur combined in 
mono- or disulfidic crosslinks (given by columns 
1, 2, 5’, and about one third the amount of column 
6 for expt. 1 and the whole amount for expt. 5) 

bined otherwise in crosslinking units (i.e., 43/31 
in expt. 1, 43/47 in expt. 5 )  shows a reduction in 
length of about one-third in the latter system. 
As this length normally decreases with increasing 
extent of sulfur combination (cf. expts. 1 and 2), 
this reduction would be still greater if comparison 
were made a t  the same combined sulfur content, 
it being noted that sulfur combination is less in 
experiment 5 (ca. 37% initial sulfur) than in experi- 
ment 1 (ca. 57%). 

IV. DISCUSSION 

Comparison of Chemical and Physical Effects of 
Auxiliary Vulcanizing Agents 

1. Zinc Oxide. In the absence of fatty acid, 
zinc oxide has little effect on the rate of combination 
of sulfur with natural rubber (acetone-extracted) or 
on the properties of the resulting vul~a.nizate.~~ 
The latter feature is in keeping with the overall 
similarity in product composition of the diene- 
sulfur reactions in the absence and presence of 
zinc oxide, but the former is a t  variance with the 
increase in rate found in the model system (Table 
I), which has also been reported by Bloomfield.6 
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This difference is attributed to surface-promoted 
polarization of the polysulfide (or sulfur) : 

a+ 
TS,-SbT TSa- - - - - - -SbT (olefin) 

4 -  6 -  j - 
O=Zn O:=Zn 
c, 

TS, + 

6-Zn-sbT 
(XI) 

The zinc complex (XI) then either dissociates to 
reform the oxide and liberate a persulfenyl anion 
(TSB), or absorbs protons to form water, zinc 
sulfide, and another persulfenium ion : 

n 
Zn-SbT Zn-S-Sb- IT 

- I  + IL - 
H + &  -0 HO H +  

H20 + Zn=S + TS,'-, 

The absence of such catalysis in rubber-sulfur inter- 
action probably reflects much less facile adsorption 
and desorption processes due to the highly viscous 
medium and to poisoning of the oxide surface by 
nonhydrocarbon constituents of the rubber. The 
same effects undoubtedly account for the difficulty 
of catalytically hydrogentlting rubber (in solution) 
as compared with simple olefins. l2 

2. Zinc Oxide plus Stearic Acid. When zinc 
oxide is solubilized in rubber by conversion to a 
fatty acid salt, it then modifies the vulcanization 
process significantly. l1 The rate of sulfur com- 
bination is slightly reduced, as in the model ex- 
periments (Table I), but the number of crosslinks 
introduced (as measured by the elastic modulus at 
moderate extensions) is increased, in conformity 
with the higher proportion of combined sulfur in 
crosslinking groups in the model system, as shown 
by the higher yield of monothiol and lower yields 
of mercapto-cyclic sulfide and polysulfidic sulfur 
on hydrogenolysis (Table 111). The control on 
sulfur combination thus imposed, such that cross- 
linking is favored at the partial expense of the in- 
troduction of pendant cyclic sulfide groups along 
the hydrocarbon chain1 leads to polymer chains of 
greater structural regularity and therefore more 
prone to crystallize on stretching and cooling. 
Comparative measurements show this to be so,11 
although, since admixed stearic acid and zinc 
stearate act as nucleation sites and catalyze crystal- 
l i~ation, '~ the evidence is not critical. 

Detailed information on the function of the zinc 
salt is lacking, but an important fact is that as- 
sociated with the enhancement of crosslinking at 
the expense of cyclization is the retention of more 

olefinic unsaturation in the polysulfide (Table 
I11 and experimental section III), as is also found 
in vulcanizates.14 This implies that the action of 
the zinc salt is not confined to stripping sulfur 
atoms from prior-formed polysulfides such as (V) 
and (VI) (2: > 2), but that it interferes with the 
proton transfer processes shown in Scheme I, 
so that protons which would otherwise add to the 
double bonds (and in doing so would in part pro- 
mote cyclic sulfide formation) are removed from 
the site of reaction. Further pertinent observa- 
tions are: ( I )  that the action of a zinc salt is much 
enhanced by the presence of zinc oxide15; (2) that 
the formation of zinc sulfide, which proceeds con- 
currently with crosslinking in a vulcanizing system, 
does not occur in the absence of interaction of 
sulfur with the olefin, as, for example when poly- 
isobutylene is heated with a vulcanizing mixture'6; 
and (3) that magnesium oxide, which can replace 
zinc oxide in these reactions (in the presence of 
fatty acid) but does not undergo conversion to the 
sulfide," is far less effective in promoting cross- 
linking17 and, indeed, actually inhibits the action 
of zinc compounds in this respect.16 

The mechanistic conditions to be met, therefore, 
are (1) that zinc sulfide formation accompanies 
the introduction of  crosslink^,^^^^^^^^ although not 
necessarily with any definite stoichiometric rela- 
tionship with the amount of combined sulfur (con- 
trast, however, Adams and Johnson18); (2) that 
the soluble zinc compound promotes crosslinking 
and absorbs protons in the course of its conversion 
to zinc sulfide, and (3) that the overall rate of sul- 
fur combination is not substantially affected. These 
appear to necessitate that either the persulfenyl an- 
ion, TS;, or the derived perthiol, TSoH (see Scheme 
II), reacts with the zinc compound as in 
Scheme 111. These two possibilities are similar in 
involving a sequence of reactions in which a TS; 
ion is regenerated while sulfur is absorbed, and 
in requiring zinc oxide to capture the anion RCO, 
or acid RCO2H so as to replenish the zinc salt un- 
dergoing conversion to zinc sulfide. 

The reactivity of a persulfenyl anion towards an 
olefin and a zinc salt has not been investigated. 
It is known, however, that a sulfenyl anion RS- 
is a much stronger nucleophilic reagent than the 
corresponding alkoxyl ion RO- for substitutions 
at a carbon atom,1g and this may parallel a greater 
power of proton abstraction, altho-ugh in solvating 
solvents a correspondence between nucleophilic 
activity towards carbon and towards hydrogen is 
by no means general.20 Pending experimental 
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-6f p6- 

1 
TS; + Zn-0.CO.R -+ 

I 

TS,H+ 

IZn(OCO.R), 

Zn(O-CO-R)2 

$ 
TSb-Zn-SbT + 2RCOzH 

TSZb-,T + ZnS TS; 
+ H20 

+ HzO 
TS2b-1T + ZnS Zn(OC3R)z 

(TS; and isomeric counterparts) 
s, 

Scheme I11 

evidence, proton abstraction by the persulfenyl 
anion TSC (Schemes I1 and 111) is therefore ad- 
vanced with reserve, but there can be no doubt 
that this ion will act as a strong nucleophile towards 
the intensely electrophilic center which a charged 
or partially charged zinc atom provides.21 Equiva- 
lent interaction is apparent in the oxidation of 
thiols to disulfides by lead tetraacetate.22 By 
thus reacting, the zinc salt will divert TSK ions 
away from chain termination reactions with the 
cationic intermediates shown in Scheme I (leading 
to polysulfides capable of forming cyclic sulfide 
units) to the crosslinking reaction; evidence that 
this occurs is (a) the marked decrease in mercapto- 
cyclic sulfide groups in the polysulfidic product in 
experiment 4 (Table 111), (b) the increase in simple 
crosslinking units (indicated by the proportion of 
sulfur combined in monothiol, Table 111), and (c) 
the increased unsaturation of the polysulfide and 
cyclic sulfide products. The basic zinc salt anion, 
RCOz ZnO-, will have a strong affinity for protons, 
and this interaction offers the most direct route for 
transferring hydrogen from the olefin to the zinc 
oxide with formation of water. 

The importance of maintaining the concentration 
of soluble zinc during reaction is demonstrated in 
experiments in which sulfur and zinc benzothiazolyl- 
mercaptide as a vulcanizing system is compared 
with sulfur-zinc benzothiazolylmercaptide-zinc ox- 
ide and with sulfur-2-mercaptobenzothiazole-zinc 

The rate of sulfur combination is con- 
siderably greater in the first case, but the cross- 

linking efficiency is far less, and this is now inter- 
preted as due to a loss of “useful” zinc to zinc sul- 
fide in a nonreplenishing system. 

The greater unsaturation of the isolated poly- 
sulfide is accordingly ascribed to persulfenyl anions 
(TSC) being coypled either directly or indirectly 
into dialkenyl polysulfides (Scheme 111) instead of 
the addition of persulfenium ions (Scheme I) or pos- 
sibly perthiols (Scheme 11) to double bonds to 
give alkenyl alkyl polysulfides. Further, the 
dialkenyl polysulfides so produced will, on stereo- 
chemical grounds, be less prone to form cyclic 
sulfides by scission of an S-S bond via intramo- 
lecular interaction with a neighboring activated 
double bond (Scheme I), whereas alkenyl alkyl 
polysulfides can do so readily. Hence an increase 
in dialkenyl polysulfide groups is expected to 
parallel a decrease in cyclic sulfide units and to 
lead to  a vulcanizate in which the linearity of the 
base-poly chain is less disturbed by attached side 
groups and complex crosslinks. 

3. Zinc Oxide plus Stearic Acid plus 2-Mercap- 
tobenzothiazole. Technological effects of adding 
the thiazole to the zinc oxide-stearic acid mixture 
are further to increase elastic modulus and 
proneness to crystallization in vulcanizates having 
the same amount of combined ~ u l f u r , * ~ , ~ ~  and to 
increase the rate of reaction so that these properties 
develop in a shorter time.24 Again, these effects 
are reflected in the present chemical data (Tables 
I and 111). In passing from the straight diene- 
sulfur system, the sulfur combined in cyclic sulfide 
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N 
r------+ TS,-S*T ----+ M S 4 . T  + TS; 
I 
I 

I 
MBT + ZnO - - - - - +  MS- 

Scheme IV 

groups falls from about 25% (Table IV) to about 
12%, more crosslinks are associated with smaller 
polysulfidic chains, and the overall rate of sulfur 
combination is increased (Table I). 

Acceleration by 2-mercaptobenzothiazole (MBT) 
is known to depend on, or to be strongly influenced 
by, zinc oxide (or salt),15J8 fatty acid,15J8 and traces 
of a nitrogenous base.% It is evident, therefore, 
that the zinc or amine salts of the thiazole, or 
related complexes, are the actual accelerators,15*18,26 
which, in the presence of zinc oxide and stearic 
acid, enhance the effects induced by these last 
additives acting alone. This they appear to do in 
a manner consistent with their probable mode of 
increasing the rate of reaction. 

In view of the known sensitivity of polysulfides 
and sulfur to attack by anions12 the benzothiazole- 
sulfenyl anion (MS-) would be expected to facili- 
tate S-S bond heterolysis as shown in Scheme TV. 
This reactivity imposed on the sulfuration mecha- 
nism hitherto considered has two important conse- 
quences. First, the autocatalysis observed in 
sulfur-olefin reactions3 (which suggests superficially 
a zero-order reaction with respect to sulfur for 
rubber-sulfur interaction2’) will tend to be over- 
shadowed and a greater dependence on the concen- 
tration of unreacted sulfur will be evident during 
the course of the reaction. If ready anionic ac- 
tivation of sulfur is combined with efficient coupling 
and regeneration of persulfenyl anions, then the 
mechanism of sulfur-olefin interaction in the ab- 
sence of additives (see Scheme I) will be super- 
seded by one of different form: 

olefin (RH) 
MS- + S g  A MS; 

SS 
MSbH + R- RS; 

?. I 

I 
I 

I : ZnO, or Zn salt, then 1 RH (Scheme 111) 
I .1 

R- + R S S ~ ~ R  + ZnS + H?O 

in which attack by MS- or R- ions on sulfur is rate- 
determining (depending on the actual accelerator- 

activator system), leading to first-order kinetics 
for sulfur combination, as found e ~ p e r i m e n t a l l y . ~ ~ , ~ ~  
The second consequence is that as the above series 
of reactions come into prominence at the expense 
of those initiated by persulfenium ions (Scheme I), 
there should be a greater degree of unsaturation 
in the polysulfidic product due to alkenyl-S-units 
with trialkylethylene-type unsaturation, and an 
accompanying decrease in the proportion of cyclic 
sulfide structures, as found experimentally (Table 
IV and ref. 14). An equivalent trend towards 
simpler crosslinked products and the formation of 
dialkenyl polysulfides has been found in the MBT- 
accelerated sulfuration of simple monoolefins. lo 

Concluding Remarks 
To summarize, we conclude that the course of 

the interaction of sulfur with an olefin alone is deter- 
mined principally by the electrophilic reactivity 
of labile polysulfides and by the reactions of cat- 
ionic-type intermediates, and that the essential 
function of zinc salts is to stimulate the reactivity 
of complementary nucleophilic species. Accelera- 
tors of the thiazole-type specifically promote the 
latter reactivity, as almost certainly do other 
common vulcanization accelerators, e.g., certain 
a m i n e ~ , ~ ~  metal dithiocarbamates and xanthates, 
and thiuram sulfides. It may be noted, for ex- 
ample, that reaction of 2,6-dimethylocta-2,6-diene 
with sulfur, zinc dibutyldithiocarbamate, and zinc 
oxide a t  room temperature, i.e., under conditions 
where direct sulfur-olefin reaction does not occur, 
yields a dialkenyl polysulfide and negligible cyclic 
sulfide30 (a result also found with tetramethylthiu- 
ram disulfide and zinc oxide plus zinc propionate a t  
140°C.5), indicative of sulfuration by the nucleo- 
philic mechanism becoming almost fully dominant 
under especially favorable reaction conditions. 
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Synopsis 
The effects of zinc oxide, of zinc oxide and stearic acid, and 

of zinc oxide, stearic acid, and 2-mcrcaptobenzothiazole on 
the products of interaction of sulfur n ith the diisoprme, 
2,6-dimethylocta-2,6-diene at 140°C. have been investigated 
in detail. Zinc oxide alone produces little change in the 
composition of the complex product miuture, but in the 

pwscnce of stearic acid, and more so when the thiazole is 
also present, significant changes are produced in the distri- 
bution of combined sulfur which reflect more efficient use 
of the sulfur in crosslinking reactions, and which can be 
related rationally to important effects exerted by these 
additives on the sulfur-vulcanization of natural rubber. It 
has recently been advanced that sulfur-olefin interaction 
proceeds by a polar mechanism in which the dominant 
feature is the additive reactivity of persulfeniwn ionic 
species (TS.’) towards double bonds. Evidence is now 
presented that the chemical and technological effects of 
soluble zinc salts and of thiazole accelerators stem from 
their action in enhancing the role of reactions promoted by 
the complementary persulfenyl anionic species (TS;) which 
involve the displacement of hydrogen from, and the addition 
of sulfur to, carbon atoms adjacent to double bonds. Essen- 
tially similar mechanistic considerations appear to apply to 
systems accelerated by amines and hy metal dithiocarba- 
mates and xanthates. 

R6umQ 
On a 6tudi6 en details I’effect de I’oxyde de zinc, de 1’ 

oxyde de zinc et  I’acide stearique e t  de l’oxyde de zinc, 
1’ acide st4arique et  le 2-mercaptobenzothiazol en mblange, 
sur les produits d’interaction du soufre avec le di-isoprene, 
2,6-dim6thylocta-2,6diene B 140OC. L’oxyde de zinc seul 
produit peu de changements dans la composition du melange 
coniplexe, mais en presence de l’acide st6arique et  plus 
encore quand le thiazole est pr6sent, des changements 
significantifs sont produits dans la distribution du soufre 
combin6, ee qui montre d’autant mieux l’usage efficient du 
soufre dans les r6actions de pontage et  qui peut &re 
relie raisonnablement aux effets importants produits par 
ces additifs dans la vulcanisation de la gomme naturelle. 
On a reccmment avanc6 que I’int6raction soufre-olefine r6sul- 
terait d’un mecanisme polaire. Le fait dominant est la 
reactivit.4 additive des ions persulfhinne (TS:) B I’bgard 
des doubles liaisons. I1 semble que 16s effets chimiques e 
technologiques des sels de zinc solubles et du thiazol seraient 
dus au fait qu’ils facilitent le rBle des rdactions favoris6et 
par Ieurs anions persulf6nyles compl6mentaires (TS;) quis 
comprend le deplacement d’un atome d’hydrogbne de I’atome 
de carhone adjacent B la dortble liaison et I’addition A 
celui-ci d’un atome de soufre. Des consid6rations m6can- 
istiques essentiellement semblables peuvent s’appliquer a 
des syst&mes acc616r6s par des amines et par des dithio- 
carbamates et xanthates m6talliques. 

Zusammenfassung 
Die Einwirkung von Zinkoxyd, von Zinkoxyd und 

Stearinslure und von Zinkoxyd, Stearinsaure und 2- 
Merkaptobenzthiazol auf die bie 140°C aus Schwefel und 
dem Diisopren, 2,6Dimethylocta-2,6-dien, gebildeten Reak- 
t,ionsprodukte wurde eingehend untersucht. Zinkoxyd 
allein ruft nur geringe Verlnderungen in der Zusammensc- 
tzung des komplexen Reaktionsgemisches hervor, in der 
Gegenwart von Stearinsaure, und noch mehr ausgepragt, 
hei gleichzeitigem..Zusatz des Thiazoles, entstehen aber 
charakteristische Anderungen der Verteilung des gebun- 
denen Schwefels, die eine wirksamere A usnutzung des 
Schwefels fur Vernetzungsreaktionen erkennen lassen und die 
in einleuchtender Weise zu den wichtigen Funktionen in 
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Beziehung gebracht nerden kAnnen, die diese Stoffe bei der 
Mchwefelvulkanisation von Naturkautschuk ausuben. Kur- 
zlich wurde die Meinung geaussert, dass die Reaktion 
zwischen Schxefel und Olefinen iiber einen polaren Mechan- 
ismus verlauft, bei welchem die Additionsfahigkeit eines 
Ions vom Persulfeniumtyp (Ti?:) an die Doppelbindungen 
die massgebende Grosse ist. Es werden nun Beweise dafiir 
beigebracht, dass die chemische und technologische Wirksam- 
keit von loslichen Zinksalsen und Thiasolbcschleunigern 
auf ihrer Fiihigkeit beruht, die Bedeutung der Reaktionen 

zu steigern in denen die komplementaren Anionen vom 
Persulfenyltyp (TS;) eine Rolle spielen und bei welchen 
an den den Doppelbindungen benachbarten Kohlenstoffa- 
tomen Wasserstoff abgespalten und Schwefcl addiert wird. 
Im wesentlichen ahnliche Uberlegungen iiber den Reaktions- 
mechanismus konnen offenbar auf Systeme angewendet 
werden, die mit Aminen und Metalldithiocarbamaten und 
-xanthaten beschleunigt werden. 

Received May 29, 1958 


