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ctivity of polysulfides: it's radical!†

Jean-Philippe R. Chauvin, Markus Griesser and Derek A. Pratt *

Olefin sulfurization, wherein alkenes and sulfur are heated together at high temperatures, produces

branched polysulfides. Due to their anti-wear properties, they are indispensible additives to lubricants,

but are also added to other petroleum-derived products as oxidation inhibitors. Polysulfides also figure

prominently in the chemistry and biology of garlic and other plants of the Allium species. We previously

reported that trisulfides, upon oxidation to their corresponding 1-oxides, are surprisingly effective

radical-trapping antioxidants (RTAs) at ambient temperatures. Herein, we show that the homolytic

substitution mechanism responsible also operates for tetrasulfides, but not trisulfides, disulfides or

sulfides. Moreover, we show that this reactivity persists at elevated temperature (160 �C), enabling

tetrasulfides to not only eclipse their 1-oxides as RTAs, but also hindered phenols and alkylated

diphenylamines – the most common industrial antioxidant additives. The reactivity is unique to higher

polysulfides (n $ 4), since homolytic substitution upon them at S2 yields stabilized perthiyl radicals. The

persistence of perthiyl radicals also underlies the greater reactivity of polysulfides at elevated

temperatures relative to their 1-oxides, since homolytic S–S bond cleavage is reversible in the former,

but not in the latter. These results suggest that olefin sulfurization processes optimized for tetrasulfide

production will afford materials that impart significantly better oxidation stability to hydrocarbon-based

products to which polysulfides are added. Moreover, it suggests that RTA activity may contribute to the

biological activity of plant-derived polysulfides.
Introduction

It was well recognized before the mid-20th century that the
oxidative stability of normally rened petroleum used for the
production of lubricants and other products was largely the
result of the small quantities of organosulfur compounds
naturally present and not the inherent stability of the hydro-
carbon fraction itself.1,2 However, great efforts were made to
remove the organosulfur compounds during the rening
process due to their propensity to form corrosion-inducing
acids. Over time, synthetic organosulfur compounds were
introduced into lubricants (and some other petroleum-derived
products) because of their excellent anti-wear properties,
particularly at extreme pressures,3–5 and those compounds with
the best balance of maximum anti-wear properties and
minimum corrosive effects were identied, developed, and
incorporated into commercial products.

Sulfurized olens (polysuldes), obtained by the treatment
of alkenes with elemental sulfur at elevated temperatures
(Scheme 1A), are among the most common organosulfur addi-
tives to petroleum-derived products.6,7 Polysuldes also gure
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prominently in the chemistry and biology of Allium species,
which include garlic and petiveria (Scheme 1B).8,9 Their
Scheme 1
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medicinal properties are well recognized, but the mechanism(s)
responsible – oen linked to their ability to inhibit oxidative
stress – are poorly understood.10,11 In an industrial context,
polysuldes are described as ‘secondary antioxidants’ since they
are known to react with hydroperoxides to produce alcohols,
inhibiting the auto-initiation of autoxidation chain reactions
that degrade hydrocarbons (Scheme 1C).2,12,13 Moreover, the
oxidation of polysuldes eventually leads to the formation of
sulfur oxyacids, which catalyze the decomposition of hydro-
peroxides by either dehydration or Hock fragmentation to
carbonyl compounds (Scheme 1C).14,15 This is in contrast with
‘primary’ antioxidants, such as hindered phenols (e.g. BHT) and
alkylated diphenylamines, which react with chain-carrying
peroxyl radicals to interrupt chain propagation (leading to
their classication as radical-trapping antioxidants – RTAs).4,5

In 1974, Koelewijn and Berger16 provided evidence that
organosulfur compounds can act as RTAs. They showed that di-
tert-butylsulde, upon oxidation to the corresponding sulf-
oxide, is a good RTA. They proposed that the sulfoxide
undergoes a Cope-type elimination to yield a sulfenic acid
(Scheme 2A), which they surmised would undergo fast reactions
with peroxyl radicals. Since sulfenic acids are transient species
that rapidly undergo self-condensation to yield thiosulnates,
they were unable to directly determine the kinetics of the
reaction, but estimated a rate constant of �107 M�1 s�1 based
on the rates of inhibited autoxidations of tetralin and sulfoxide
thermolysis (to produce t-BuSOH) at 60 �C. Several years later,
we showed that this sequence of reactions is also responsible
for the RTA activity of allicin and petivericin, the odorous thi-
osulnates derived from garlic and petiveria, respectively
(Scheme 2B).17–19 Unactivated thiosulnates were unreactive as
RTAs under the same conditions (37 �C).

We recently reported that trisulde-1-oxides react with per-
oxyl radicals with kinh ¼ 1–2 � 104 M�1 s�1 at 37 �C (Scheme
2C).20 As such, they are similarly reactive to the most common
Scheme 2

5000 | Chem. Sci., 2019, 10, 4999–5010
industrial RTAs (hindered phenols) and suggests that the anti-
oxidant activity of sulfurized olens may not stem solely from
secondary antioxidant reactions, but also from their reactivity as
RTAs. Experimental and computational investigations suggested
that the reaction proceeds via a concerted bimolecular homolytic
substitution by the peroxyl radical at the oxidized sulfur center,
liberating a highly-stabilized perthiyl radical. The corresponding
trisuldes were unreactive under the same conditions. We have
since wondered if higher polysuldes would be amenable to
direct substitution by peroxyl radicals. The rationale is straight-
forward; on going from the trisulde to tetrasulde (and higher),
the S–S bond strength weakens considerably (53.4 to
36.3 kcalmol�1, respectively),21 such that it approaches the RS(O)–
SSR bond strength (29.8 kcal mol�1).20 Moreover, we wondered
how this reactivity would translate from the biologically-relevant
temperatures at which we have studied the reactions of the acti-
vated thiosulnates and trisulde-1-oxides to more industrially-
relevant (elevated) temperatures. Would the polysuldes and/or
their 1-oxides be too labile to be effective in this capacity?
Herein we address these questions as part of a comprehensive
study of the RTA activity of polysuldes (n ¼ 1–4) and their cor-
responding 1-oxides at 37, 100, and 160 �C.
Results

tert-Butylated (poly)suldes were chosen as model substrates
because of their structural similarity to the common sulfurized
olen, sulfurized di(isobutylene) (see Chart 1). These
compounds were either obtained from commercial sources (1
and 2) or prepared in one step from tert-butylthiol and SCl2 (3)
or S2Cl2 (4). The corresponding 1-oxides 5–8 were obtained by
treating the parent (poly)sulde with one equivalent ofm-CPBA.
Complete details are available in the ESI.†
Inhibited autoxidation of 1-hexadecene

The reactivity of the tert-butyl polysuldes (1–4) and their
corresponding 1-oxides (5–8) as inhibitors of hydrocarbon
autoxidation was rst evaluated in 1-hexadecene at 100 �C
using the PBD-BODIPY co-autoxidation approach.22,23 This
method, which is illustrated in Fig. 1A and B, utilizes the
highly-absorbing and highly-autoxidizable PBD-BODIPY to
enable monitoring of the autoxidation by conventional spec-
trophotometry. The reactivity of the polysuldes and their 1-
oxides to peroxyl radicals can be derived from their ability to
suppress the initial rate of PBD-BODIPY consumption using
eqn (1) and the stoichiometry of the reaction determined from
Chart 1

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 PBD-BODIPY is the signal carrier in 1-hexadecene autoxidations (A), enabling determination of rate constants (kinh) and stoichiometries (n)
for reactions of inhibitors with chain-carrying peroxyl radicals (B). Co-autoxidations of 1-hexadecene (2.8 M) and PBD-BODIPY (10 mM) initiated
with dicumylperoxide (1 mM) in chlorobenzene at 100 �C (dashed black trace) and inhibited by 50 mMof organosulfur compounds 1–4 (C) and 5–
8 (D). Reaction progress was monitored by absorbance at 587 nm (3 ¼ 119 166 M�1 cm�1). Co-autoxidations of 1-hexadecene (2.8 M) and PBD-
BODIPY (10 mM) initiated with AIBN (6mM) in chlorobenzene at 37 �C (dashed black trace) and inhibited by 50 mMof organosulfur compounds 1–
4 (E) and 5–8 (F). Reaction progress was monitored by absorbance at 588 nm (3 ¼ 148 700 M�1 cm�1).
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the length of the inhibited period of the autoxidation using
eqn (2). Representative data for the polysuldes and their
corresponding 1-oxides are given in Fig. 1C and D, respec-
tively. Corresponding data obtained at 37 �C are shown in
Fig. 1E and F, respectively.

Of the polysuldes, only the tetrasulde (4) inhibited PBD-
BODIPY oxidation, with the initial rate giving rise to kinh ¼
(2.3� 0.4)� 105 M�1 s�1 at 100 �C. The stoichiometry of peroxyl
radical trapping was determined to be n ¼ 1.4 � 0.2, indicating
that each molecule of tetrasulde halts between one and two
chain reactions. The sulde (1), disulde (2), and trisulde (3)
This journal is © The Royal Society of Chemistry 2019
were unable to suppress the rate of autoxidation. In contrast,
each of the polysulde-1-oxides were inhibitors, albeit with
differing activity. The sulfoxide (5) and thiosulnate (6) were the
most reactive compounds, with kinh ¼ (1.4 � 0.6) � 106 and (2.8
� 0.6) � 106 M�1 s�1, respectively, but they had signicantly
different stoichiometries of n ¼ 0.4 � 0.1 and 1.0 � 0.1,
respectively. The trisulde-1-oxide (7) and tetrasulde-1-oxide
(8) were signicantly slower to react with peroxyl radicals,
yielding kinh ¼ (1.3 � 0.4) � 105 and (1.6 � 0.5) � 105 M�1 s�1,
while their stoichiometries were similar to that of the sulfoxide,
with n ¼ 0.4 � 0.1 and 0.5 � 0.1, respectively. None of the
Chem. Sci., 2019, 10, 4999–5010 | 5001
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polysuldes were able to inhibit the autoxidations carried out at
37 �C, whereas the trisulde-1-oxide and tetrasulde-1-oxide
were effective, yielding kinh ¼ (5.6 � 0.9) � 104 and (3.1 � 0.8)
� 104 M�1 s�1 with n ¼ 0.7 � 0.1 and 0.6 � 0.1, respectively –

fully consistent with previous observations.20 For comparison,
under the same conditions, BHT and an alkylated diphenyl-
amine have kinh ¼ 3.0 � 104 and 1.7 � 105 M�1 s�1 at 37 �C and
2.0 � 105 and 9.9 � 105 M�1 s�1 at 100 �C, respectively (see ESI†
for the data).
Fig. 2 Thermal equilibration of tetrasulfides. (A) Scrambling experi-
ment of 4 (20 mM) and 9 (20 mM) in PhCl at 100 �C under an atmo-
sphere of air (solid symbols) or nitrogen (empty symbols). Solid lines
are from numerical fitting of the data obtained under nitrogen to the
reaction mechanism shown above given the known rate constant of
perthiyl radical recombination of krec ¼ 6 � 109 M�1 s�1 (B).
Mechanism of polysulde reactivity

Since the tetrasulde lacks labile H-atoms and there is no
obvious reaction by which it could form a good H-atom donor in
situ, there are limited mechanisms that may account for their
good RTA activity. Each possibility must be consistent with the
observation that the tetrasulde is a good RTA under conditions
where the trisulde is not. Three possibilities were identied:
(1) the tetrasulde reacts with the dicumyl peroxide initiator (as
a secondary antioxidant), and therefore only appears to be an
RTA, (2) the tetrasulde undergoes homolysis to yield two per-
thiyl radicals, which can combine with chain-carrying peroxyl
radicals to yield stable products, and (3) the tetrasulde
undergoes homolytic substitution by a peroxyl radical similarly
to the reaction of trisulde-1-oxides and tetrasulde-1-oxides at
lower temperatures (i.e. Scheme 2C).20

It has been reported that the rate of reaction of polysuldes
with peroxides is proportional to the number of sulfur atoms in
the polysulde.24 On this basis, it is expected that the tetra-
sulde would react with either the initiating peroxide – or
product hydroperoxides – faster than the trisulde. To probe the
intervention of any secondary antioxidant behaviour by the
polysuldes under the reaction conditions, we heated
compounds 3 and 4 (1 equiv.) with either dicumyl peroxide or
a model hydroperoxide (tetralin hydroperoxide) (5 equiv.) at
100 �C (see ESI†). No signicant change was observed in the rate
of peroxide decomposition over three hours in each case (as
determined by HPLC; data not shown), excluding a role for
peroxide decomposition in the antioxidant activity of the tet-
rasulde under these conditions.

As mentioned in the Introduction, the central S–S bond in
a tetrasulde is 17 kcal mol�1 weaker than the S–S bond in
a trisulde due to the greater stability of perthiyl radicals over
thiyl radicals. To establish whether S–S homolysis is efficient
under the conditions of the autoxidation, an equimolar solution
of di-iso-propyltetrasulde (9) and di-tert-butyltetrasulde (8)
was heated at 100 �C under air and monitored by GC. Aer ca. 2
hours, roughly equimolar amounts of di-tert-butyltetrasulde,
di-iso-propyltetrasulde and tert-butyl-iso-propyltetrasulde
were observed, supporting the equilibrium in Fig. 2A. It is
important to note that the reaction progress was essentially
identical in the presence/absence of air, consistent with our
previous observations that perthiyl radicals do not react with
O2.20,23 (When analogous experiments were carried out with the
corresponding trisulde, no scrambling was observed –

consistent with its signicantly stronger S–S bond.) The data
were t to a kinetic model depicting the reactions shown in
5002 | Chem. Sci., 2019, 10, 4999–5010
Fig. 2A, where input of the concentrations of the starting
symmetrical tetrasuldes and the known recombination rate
constant (krec ¼ 6 � 109 M�1 s�1),20 yielded a homolysis rate
constant for the tetrasulde of 2.9 � 10�4 s�1 at 100 �C, in
reasonably good agreement with an estimated rate constant of
4.5 � 10�5 s�1 derived from the calculated S–S BDE (at 25 �C).
Thus, although homolysis of the tetrasulde may be competi-
tive with chain propagation, the highly-reversible nature of the
reaction suggests that insufficient perthiyl radical will accu-
mulate to intercept a chain-carrying peroxyl radical.

The remaining possibility – homolytic substitution – can
occur at either S1 or S2 of the tetrasulde, which yield similarly
stabilized perthiyl radicals (RSSSc and RSSc, respectively).20 As
such, the reaction at S2 may be expected on steric grounds. In
contrast, reactions of the trisulde at S1 and S2 yield perthiyl
and thiyl radicals, respectively. Given the far greater stability
of the former than the latter (�17 kcal mol�1),23 substitution at
S1 is expected to be the preferred path on thermodynamic
grounds, but because of steric hinderance of the adjacent t-
butyl group, chemistry may be directed to S2. Indeed, in our
previous work, we found substitution at the sulnyl (S1) sulfur
atom of the trisulde-1-oxides can be subject to profound
steric effects.20 This may explain why the tetrasulde displays
good RTA activity in the foregoing experiments while the
trisulde does not: the substitution on the most accessible
sulfur atom yields radicals of signicantly different stability.
This journal is © The Royal Society of Chemistry 2019
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To probe the regioselectivity of substitution, we examined
the reactivity of a less hindered tetrasulde (di-iso-propyl tet-
rasulde 9) and found it to be a slightly poorer inhibitor than di-
tert-butyl tetrasulde (compare kinh ¼ 1.3 � 0.2 to 2.3 � 0.4 �
105 M�1 s�1, respectively – see ESI† for the data). If substitution
at S1 were the mechanism, it is expected that the di-iso-propyl
tetrasulde would be far more reactive.25 To provide some
corroboration for homolytic substitution at S2 being operative
in the reaction of tetrasuldes with peroxyl radicals, we turned
to computations – the results of which are summarized in Fig. 3.
Fully consistent with the above considerations, peroxyl radical
attack is predicted by CBS-QB3 calculations to be most favour-
able at S2 of the tetrasulde (compare DG‡ ¼ 19.9 kcal mol�1 to
22.4 kcal mol�1 for substitution at S1 at 25 �C) and S1 of the
trisulde (compare DG‡ ¼ 21.2 kcal mol�1 to 26.4 kcal mol�1 for
substitution at S2 at 25 �C).26

The difference in calculated free energy barriers to substi-
tution at S2 of the tetrasulde and S1 of the trisulde
(1.3 kcal mol�1) corresponds to a difference in rate constant of
a factor of 7 at 100 �C, implying that retardation of the autoxi-
dations inhibited by the trisulde should be observed. In fact,
retardation was observed, but only at much higher concentra-
tions of trisulde (�1 mM), yielding kinh � 2 � 103 M�1 s�1 (see
ESI†). The larger difference in reactivity between trisuldes and
tetrasuldes determined experimentally (�100-fold) may result
Fig. 3 Computational insight on the regioselectivity of homolytic
substitution of peroxyl radicals on trisulfides and tetrasulfides at 25 �C.

This journal is © The Royal Society of Chemistry 2019
from greater steric hinderance in the experimental system
(wherein hexadecenylperoxyl radicals carry the autoxidation
chain) as compared to the computational model (which
employs methylperoxyl radicals for computational expediency).
Mechanisms of polysulde-1-oxide reactivity

Although the RTA mechanisms of the hindered sulfoxides and
thiosulnates (Cope elimination followed by H-atom transfer to
peroxyl radicals) and the trisulde-1-oxides and tetrasulde-1-
oxides (homolytic substitution by peroxyl radicals) are estab-
lished, the data in Fig. 1D and F underscore that their relevance
is highly temperature-dependent. At 37 �C, the sulfoxide and
thiosulnate show no activity, while the trisulde-1-oxide and
tetrasulde-1-oxide are effective inhibitors. At 100 �C, the
opposite is observed. Since Cope elimination from the sulfoxide
(k¼ 6.8� 10�6 s�1 at 96 �C) is faster than from the thiosulnate
(k ¼ 1.9 � 10�6 s�1 at 96 �C),27 sulfenic acid may build up that
does not trap peroxyls, but instead undergoes other reactions,
such as self-condensation or oxidation. When the autoxidation
is inhibited by the persistent 9-triptycenesulfenic acid,28,29

similar kinh ¼ (2.0 � 0.6) � 106 M�1 s�1 and n ¼ 0.5 � 0.1 are
observed (see ESI†), suggesting that oxidation depletes the
sulfenic acid, since 9-triptycenesulfenic acid cannot undergo
self-condensation. The importance of the competition between
radical-trapping and oxidation is highlighted when autoxida-
tions are carried out at varying rates of initiation. At a higher
rate of initiation (Ri) (dicumyl peroxide concentration was
doubled) the stoichiometry of the sulfoxide increased slightly
from n ¼ 0.4 to n ¼ 0.5. Conversely, at a lower Ri (dicumyl
peroxide concentration was halved) the stoichiometry
decreased slightly from n ¼ 0.4 to n ¼ 0.3. The thiosulnate
presumably has a larger n because it produces sulfenic acid
more slowly. Accordingly, its kinh increased from 1.5 to 3.5� 106

M�1 s�1 when Ri was halved (n ¼ 1 in both cases), but eroded
when Ri was doubled. In contrast, the RTA activity of tetrasulde
4 was independent of Ri. Please consult the ESI for all of the raw
data for the results given above.

In principle, at elevated temperatures, the trisulde-1-oxide
and tetrasulde-1-oxide could undergo b-elimination in
a manner similar to the thiosulnate and sulfoxide (cf. Scheme
2). Since the propensity of polysulde-1-oxides to undergo b-
elimination has not been reported beyond thiosulnates,27 we
calculated the barriers for this process for the trisulde-1-oxide
and tetrasulde-1-oxide using CBS-QB3 and compared them to
the sulfoxide and thiosulnate. The results are summarized in
Fig. 4.

The calculations predict DG‡ ¼ 31.2 and 31.1 kcal mol�1 for
the elimination of (perthio)sulfenic acid from the trisulde- and
tetrasulde-1-oxides, respectively – scarcely different from the
thiosulnate (DG‡ ¼ 30.0 kcal mol�1). Condence in these data
can be gleaned from the good agreement between rate
constants derived from the computed barriers for elimination
from the thiosulnate (1.9 � 10�5 s�1) at 100 �C with experi-
mental data determined by Block at 96 �C (1.9 � 10�6 s�1).27

However, the S–S bond dissociation free energies of the trisul-
de- and tetrasulde-1-oxide are only 12.9 and 16.1 kcal mol�1,
Chem. Sci., 2019, 10, 4999–5010 | 5003
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Fig. 4 Free energy barriers for b-elimination of excellent H-atom
donors from sulfoxides, thiosulfinates and polysulfide-1-oxides at
25 �C.

Fig. 5 Decomposition of di-tert-butyl trisulfide-1-oxide 7 (20 mM) at
100 �C in chlorobenzene yields di-tert-butyl thiosulfonate and 4 (A).
Product formation from the decomposition of 7 under air or nitrogen
atmosphere as a function of time (B).
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respectively, at 100 �C, suggesting that they will homolyze faster
than they undergo Cope elimination to produce a good H-atom
donor. Indeed, when we attempted to t the experimental data
from the polysulde-1-oxide-inhibited autoxidations to a kinetic
model involving initial elimination of (perthio)sulfenic acid
followed by H-atom transfer, only the sulfoxide- and
thiosulnate-inhibited autoxidation data could be t – yielding
inhibition rate constants of 2.0 � 107 and 1.2 � 107 M�1 s�1, in
excellent agreement with previous estimates of the reactivity of
unhindered sulfenic acids to peroxyl radicals.19

The foregoing suggests that the facile bond homolysis of the
higher polysulde-1-oxides may explain their lower reactivity at
elevated temperatures. In lieu of simply returning the starting
compound (as is the case of the tetrasulde, see Fig. 2),
homolysis of the weak S–S bond in the polysulde-1-oxides is
expected to yield redox inactive thiosulfonates from dimeriza-
tion of two sulnyl radicals.18a Fortunately, the other product,
a polysulde, is still reactive via homolytic substitution. To
support these expectations, the trisulde-1-oxide was injected
onto a gas chromatograph (inlet temperature set to 100 �C),
which revealed only the tetrasulde (tBuSSSStBu) and thiosul-
fonate (tBuSO2S

tBu) in the chromatogram. When the decom-
position products of tBuS(O)SStBu were monitored over time
(Fig. 5), the concentration of tetrasulde was steady at about
half of the initial concentration of trisulde-1-oxide whereas the
thiosulfonate concentration dropped to zero within 5 minutes
under an air atmosphere or within 15 minutes under a nitrogen
atmosphere. These observations suggest that the sulnyl
radical formed from the homolysis of the trisulde-1-oxide
reacts with O2, preventing the formation of thiosulfonate.
Initially, most of the mass balance is thiosulnate, which
corresponds to the loss in thiosulfonate, and which arises from
an unknown mechanism that is accelerated in air. Although we
cannot exclude a role for the sulfenic acids formed by elimi-
nation from the trisulde- and tetrasulde-1-oxides based on
the calculated energy barriers in Fig. 4, overall, these data
suggest that the RTA activity of the trisulde-1-oxide and
tetrasulde-1-oxide at 100 �C results primarily from homolytic
substitution on the polysulde derived therefrom and not the 1-
oxides themselves, which are unstable.
5004 | Chem. Sci., 2019, 10, 4999–5010
Inhibited autoxidation of hexadecane at 160 �C

Given the substantial temperature dependence of the reactivity
of both the tetrasuldes and the polysulde-1-oxides, and the
fact that sulfurized olens are oen used in applications at
elevated temperatures, we also carried out inhibited autoxida-
tions at 160 �C. n-Hexadecane was selected as the autoxidizable
hydrocarbon for these experiments, which were carried out
under a continuous ow of O2 to prevent mass transfer from
limiting reaction progress.30,31 Product hydroperoxides were
determined over the course of the autoxidation using a pro-
uorescent coumarin probe, which exhibits substantial uo-
rescence enhancement upon oxidation (Fig. 6A).15,38 Represen-
tative data sets are shown in Fig. 6B and C.

Again, of the polysuldes, only the tetrasulde was an
efficient inhibitor, producing an inhibited period lasting for
tinh � 6000 s. It is important to note that autoxidations carried
out at these temperatures are autocatalytic, precluding accu-
rate determination of the RTA stoichiometry from tinh as in
eqn (2) since Ri is not constant, but increasing with the
formation of product peroxides. Interestingly, and in contrast
with the results at 100 �C, the trisulde-1-oxide and
tetrasulde-1-oxide were most effective of the polysulde-1-
oxides (tinh � 3600 s), followed by the thiosulnate (tinh �
2700 s). The sulfoxide was completely ineffective at this
temperature, suggesting that Cope elimination to sulfenic acid
is so rapid that it is consumed immediately, precluding effi-
cient RTA activity. Evidently, the slower Cope elimination from
the thiosulnate is slightly better matched to the rate of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 A phosphine–coumarin conjugate (A) enables the quantification of hydroperoxides formed during inhibited uninitiated n-hexadecane
autoxidation at 160 �C (black squares) inhibited by 500 mM organosulfur compound (B and C). Hydroperoxide production over the course of a n-
hexadecane autoxidation at 160 �C initiated with 5 mM tetralin hydroperoxide (black square) and inhibited by 250, 500 and 1000 mM BHT (blue
circle) or 4 (green diamond) (D). Hydroperoxide production over the course of a n-hexadecane autoxidation at 160 �C initiated with 5mM tetralin
hydroperoxide (black square) inhibited by 250, 500 and 1000 mM tBu2DPA (purple triangle) and 4 (green diamond) (E).
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autoxidation, enabling it to inhibit. However, it is clear that the
higher polysulde-1-oxides are best. Nevertheless, they remain
less reactive than the tetrasulde, presumably since half of the
1-oxides are used to produce polysuldes that trap peroxyl
radicals – analogous to what was observed at 100 �C. Similar
results were obtained with analogous higher molecular weight
polysuldes and their 1-oxides, conrming that the lack of
activity for some of the lower polysuldes analogues is not due
to their volatility at 160 �C (see ESI† for further details).

Lastly, we sought to compare the reactivity of the tetra-
suldes to that of the common primary antioxidants:
a hindered phenol (BHT) and an alkylated diphenylamine
This journal is © The Royal Society of Chemistry 2019
(4,40-di-tert-butyldiphenylamine, tBu2DPA). Representative
results are presented in Fig. 6D and E, respectively. Interest-
ingly, we found that the tetrasulde was a better inhibitor of n-
hexadecane autoxidation at 160 �C than either BHT or tBu2-
DPA. This contrasts the order of reactivity seen at 37 �C, where
tBu2DPA > BHT [ tetrasulde and 100 �C, where tBu2DPA >
BHT � tetrasulde (see the ESI† for the data).
Discussion

The antioxidant mechanisms of organosulfur compounds are
generally believed to be ionic ‘secondary antioxidant’ processes,
Chem. Sci., 2019, 10, 4999–5010 | 5005
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where they react with (hydro)peroxides directly or via the
eventual formation of sulfur dioxide or sulfur oxyacids.3 More-
over, it is generally accepted that all polysuldes are equally
competent at inhibiting the oxidation of hydrocarbons when
normalized to the number of sulfur atoms in the chain (i.e.
a tetrasulde reacts as quickly as 2 eq. of disulde). This dogma
appears to stem from the work of Bridgewater and Sexton, who
studied the rates of reaction between polysuldes derived from
para-sulfurization of a hindered phenol and cumene hydro-
peroxide.24 Thus, our observations that the tetrasulde is
a much better inhibitor of autoxidation than the corresponding
trisulde, disulde and sulde initially provided a very strong
indication that a different mechanism was operative. In fact,
tetrasuldes are shown to be potent radical-trapping antioxi-
dants (k ¼ 2.3 � 105 M�1 s�1 at 100 �C) under conditions where
they are unreactive toward either hydroperoxides or initiating
peroxides, and our experimental and computational results
suggest that a homolytic substitution mechanism, which yields
a stable and persistent perthiyl radical, is responsible.

Similarly to the lower polysuldes, the lower 1-oxides (i.e.
sulfoxide and thiosulnate) are not activated to substitution
due to their stronger S–S bonds. Nonetheless, they can be
effective RTAs under certain conditions. Since their reactivity
relies on the irreversible elimination of a sulfenic acid, and the
sulfenic acid is not persistent under most conditions, the rate of
the elimination must be similar to the rate of radical genera-
tion. With careful manipulation of laboratory conditions this is
easily achieved – particularly for the sulfoxide at 100 �C, as the
free energy barrier for elimination of the sulfenic acid there-
from (30.0 kcal mol�1) is almost indistinguishable from that of
O–O bond homolysis of an initiating species (e.g.
30.9 kcal mol�1 for iPrO-OiPr). However, this similarity is
unlikely to consistently manifest itself in real-world contexts,
which is likely why suldes and their sulfoxides are not
commonly employed as RTAs.

The higher polysulde-1-oxides are, like the tetrasulde,
activated to substitution by peroxyl radicals. This mechanism is
clearly favoured over the elimination of sulfenic acid since they
are effective throughout the temperature range that was inves-
tigated. If their RTA activity relied on sulfenic acid formation –

which is predicted to take place at a similar rate to the thio-
sulnate – we would expect it to be effective only at 100 �C under
these conditions. However, for the same reason they are
Fig. 7 Possible fates of the peroxyl–perthiyl adduct formed from homoly

5006 | Chem. Sci., 2019, 10, 4999–5010
activated to substitution (weak S1–S2 bonds), the higher poly-
sulde 1-oxides decompose readily. Although the tetrasulde
has a similarly weak bond,36 its homolysis is reversible. When
the polysulde-1-oxides homolyze, the reaction is irreversible.
Instead, two sulnyl radicals combine to initially afford an
unreactive thiosulfonate and the perthiyls combine to give
a polysulde (exemplied above in the decomposition of the
trisulde-1-oxide).‡18a Thus, they are only roughly 50% as
effective as an authentic polysulde (Fig. 6).

Homolytic substitution of a peroxyl radical on a tetrasulde
produces a peroxyl–perthiyl adduct. The fact that this reaction
is predicted to be essentially thermoneutral implies that the
adduct must undergo a rapid subsequent reaction with some
driving force. Moreover, given that the observed stoichiometry
of radical-trapping reactivity of the tetrasulde is close to the
stoichiometry of 1.5 associated with the mechanism, the
product must be relatively innocuous (i.e. it does not propa-
gate the autoxidation). Given the structural similarity of the
adduct to the tetroxide intermediate invoked when two peroxyl
radicals combine to terminate an autoxidation chain, we
considered an analogous fate for the peroxyl–perthiyl adduct:
cleavage of the O–O bond, subsequent loss of sulfur monoxide
and then in-cage comproportionation of the thiyl and alkoxyl
radicals to yield a thiol and carbonyl (Fig. 7). CBS-QB3 calcu-
lations indicate that although the O–O bond is very weak, and
the overall reaction is 70 kcal mol�1 exergonic, the fragmen-
tation of sulfur monoxide from the alkylthiosulnyl radical is
not a particularly good reaction (requiring ca. 37 kcal mol�1).
This suggests that the alkoxyl radical would have plenty of
time to escape the solvent (substrate) cage and abstract an H-
atom to initiate a new chain reaction. However, explorations of
the potential energy surface near the O–O cleavage coordinate
generally converged on combination of the alkoxyl and
alkylthiosulnyl radical fragments to yield a thiosulfurous
acid diester, which was 47.5 kcal mol�1 exergonic relative to
the perthiyl–peroxyl adduct. Moreover, we were able to identify
a transition state structure for the concerted rearrangement,
which has a predicted barrier of DG‡¼ 12.4 kcal mol�1.37 Thus,
it seems reasonable to suggest that the perthiyl–peroxyl adduct
rearranges to a thiosulfurous acid diester – by either step-wise
bond homolysis and in-cage radical recombination or
concerted (1,2-)alkoxyl migration – nicely accounting for the
observed stoichiometry of radical-trapping.
tic substitution of a (model) peroxyl radical on di-tert-butyltetrasulfide.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Computed transition state for homolytic substitution of
a (model) peroxyl radical on the most common allotrope of elemental
sulfur (S8).
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Interestingly, we found that elemental sulfur (S8) did not
inhibit the autoxidations we carried out (see ESI†) even though
an analogous substitution reaction between it and a peroxyl
radical could be envisioned. Although a transition state for per-
oxyl radical substitution on octahedral sulfur was readily identi-
ed using the same CBS-QB3 calculations that were carried out
on the polysuldes (Fig. 8), the barrier for the reaction was pre-
dicted to be higher than that for the tetrasulde (DG‡ ¼
22.9 kcal mol�1 versus 19.9 kcal mol�1).35 In contrast with the
thermoneutral reaction of the peroxyl radical with the tetrasulde
(DG� ¼ �0.4 kcal mol�1), the substitution on S8 is endergonic
(DG� ¼ 8.5 kcal mol�1) due to the increased entropic cost of the
reaction (essentially an addition rather than substitution).
Moreover, while the facile rearrangement of the peroxyl–perthiyl
adduct to the thiosulfurous acid diester appears to drive the
reaction of the peroxyl radical and tetrasulde forward, there is
no obvious corresponding follow-up reaction of the peroxyl-S8
adduct to compete with the reverse reaction. Thus, it would
appear that olen sulfurization is not only a means to better
solubilize sulfur for use in hydrocarbon-based products, but also
to activate it to interception of peroxyl radicals.

The impressive RTA activity of the tetrasulde is maintained
at elevated temperatures (160 �C), where it is a more effective
inhibitor of n-hexadecane autoxidation than either the quin-
tessential hindered phenolic antioxidant (BHT) or a represen-
tative alkylated diphenylamine (tBu2DPA). At rst glance, this
result is perplexing given that the tetrasulde is signicantly
less reactive than both BHT and tBu2DPA at 37 �C. However, the
reactivity gap narrows upon increasing the temperature to
100 �C – fully consistent with the trends in Ea, viz. 0.8 kcal mol�1

(BHT),32 2.5 kcal mol�1 (diarylamine),33 and 9.9 kcal mol�1

(tetrasulde, computed).34 Of course, the length of the inhibited
period is dictated by the radical-trapping stoichiometry and not
simply the kinetics. BHT and related hindered phenols are
generally considered to trap a single radical at elevated
temperatures, whereas the stoichiometry of alkylated diphe-
nylamines vary wildly depending on reaction conditions. The
data in Fig. 6D suggest that the tetrasulde has an elevated
stoichiometry relative to the hindered phenol – and more so
than the 1.5 quantied at 100 �C. An explanation for this
enhanced stoichiometry arises upon consideration of the fate of
the initially formed peroxyl–perthiyl adduct discussed above.
The product thiosulfurous acid diester can be expected to
This journal is © The Royal Society of Chemistry 2019
undergo a 5-centre Cope-type elimination to produce the thio-
sulfenic acid which is responsible for the RTA activity of the
corresponding thiosulnate. We readily identied a transition
state for this reaction using CBS-QB3 which suggests that it has
a higher barrier (DG‡ ¼ 33.8 kcal mol�1) than the elimination
from the corresponding thiosulnate (DG‡ ¼ 30.0 kcal mol�1),
but still easily accessible at 160 �C. This also accounts for why
the tetrasulde has a higher stoichiometry than the thio-
sulnate at 160 �C, despite a similar stoichiometry at 100 �C.

The foregoing results suggest that preparations of poly-
suldes enriched in tetrasulde will impart greater oxidative
stability to lubricants and other hydrocarbon-based products to
which sulfurized olens are added. Of course, this must be
balanced against any negative impact this would have on the
extreme pressure anti-wear properties of the material, which
tend to be best exhibited by low order polysuldes (n# 4) due to
their increased stability. It would appear that 4 is the ‘magic’
number.

Conclusions

Inhibited autoxidations have revealed that the radical-trapping
antioxidant activity of (poly)suldes varies signicantly with
chain length. Of the rst four members of the series of di-tert-
butyl polysulde, only the tetrasulde is sufficiently reactive
towards peroxyl radicals to inhibit the autoxidation of 1-hex-
adecene and n-hexadecane at 100 and 160 �C, respectively. The
rate constant for the reaction of the tetrasulde with peroxyl
radicals was measured to be 2 � 105 M�1 s�1 at 100 �C; similar
to hindered phenols, the most common industrial antioxidant.
Moreover, the tetrasulde bested both hindered phenols and
alkylated diphenylamines at 160 �C. Computation and experi-
ment point to a homolytic substitution of peroxyl radicals on
the central sulfur atom(s) of the tetrasulde, which liberates
a highly stabilized and persistent perthiyl radical which simply
combines with another to reform a tetrasulde. Based on the
stoichiometry observed at 100 �C (ca. 1.5), the other product,
a perthiyl–peroxyl adduct, must decompose to other non-radical
products, which we have proposed to be a thiosulfurous acid
diester. By comparison, trisulde-1-oxide and tetrasulde-1-
oxide are better RTAs at ambient temperatures since they are
further activated to analogous homolytic substitution (at the
sulnyl sulfur atom), but their activity erodes at elevated
temperatures due to the irreversible cleavage of the S1–S2 bond.
Still, they retain activity, since this bond cleavage results in
formation of reactive polysuldes (tetrasulde and hexasulde,
respectively). It is anticipated that these ndings will prompt
researchers to develop olen sulfurization processes which
enrich the product in tetrasulde, and will result in an
expanded role of sulfurized olens in industrial and/or
commercial applications.

Experimental section
General

All chemicals obtained from commercial suppliers were used as
received unless indicated otherwise. 1-Hexadecene and n-
Chem. Sci., 2019, 10, 4999–5010 | 5007
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hexadecane were percolated through a column of basic alumina
and silica (3 : 1) twice before use. Column chromatography was
carried out with 40–63 mm, 230–400 mesh silica gel. 1H and 13C
NMR spectra were recorded on a Bruker AVANCE spectrometer
at 400 and 101 MHz, respectively, unless indicated otherwise.
High-resolution mass spectra were obtained on a Kratos
Concept tandem mass spectrometer (EI) and Micromass Q-TOF
(ESI). PBD-BODIPY was synthesized according to our previously
reported procedure.22 The hydroperoxide probe38 and the acid
probe15 were also synthesized as previously reported. Chloro-
benzene was dried over 4 Å molecular sieves before use. UV-
visible spectra were measured with a Cary 100 spectrophotom-
eter equipped with a thermostated 6 � 6 multicell holder.
Unless indicated otherwise, the reported errors correspond to
the standard deviation of at least three independent experi-
mental trials.
Inhibited autoxidations

1-Hexadecene autoxidations at 37 �C and 100 �C. These
experiments were carried out in a manner similar to those
which we have previously reported.23,39 Briey, a 3.5 mL cuvette
was loaded with hexadecene (2.0 mL) and PhCl (440 mL) and
placed in a preheated thermostatted sample holder of a spec-
trophotometer set to 37 �C or 100 �C. Aer 15 min, 12.5 mL of
a solution of PBD-BODIPY (2.0 mM in 1,2,4-trichlorobenzene)
was added followed by 50 mL of a solution of either AIBN (37 �C,
300 mM in PhCl) or dicumyl peroxide (100 �C, 50 mM in PhCl).
The solution was mixed thoroughly and the absorbance at
either 588 nm (37 �C) or 587 nm (100 �C) was monitored for
5 min aer which 10 mL of a solution of the test antioxidant was
added, the solution was thoroughly mixed and the absorbance
readings continued until roughly 20% of the PBD-BODIPY was
consumed. The data were processed as previously reported.22

The rate of initiation (Ri ¼ 1.3 � 10�9 and 9.2 � 10�9 M s�1 at
37 �C and 100 �C, respectively) was determined using PMC as
a standard, which has an established stoichiometry of 2.40

n-Hexadecane autoxidation at 160 �C. These experiments
were carried out in a manner similar to those which we have
previously reported.15 Briey, n-hexadecane (10 mL) was loaded
into test tubes placed within the pre-drilled holes of an
aluminum block and each tube was purged with nitrogen via
capillary tubes. While under the atmosphere of nitrogen, the
block was heated to 160 �C, at which point, the test compounds
were added to individual tubes (100 mL of a 50 mM solution in
dioxane). The initiator (tetralin hydroperoxide) was added to the
tubes (100 mL of a 0.5 M solution in dioxane) and the ow of
nitrogen was replaced with oxygen. Aliquots (�0.5 mL) were
removed at regular intervals and cooled to room temperature
for analysis. A small volume (5 mL) of each sample was loaded
into the wells of a 96-well microplate and diluted with 2-prop-
anol and methanol (1 : 4, 215 mL) using the automated reagent
dispenser of the microplate reader. Next, 30 mL of a solution
containing the uorogenic coumarin phosphine dye (100 mM)
and BODIPY acid probe (100 mM) in acetonitrile was added to
each well again using the automated reagent dispenser. The
plate, incubated at 37 �C, was stirred for 30 seconds, and aer
5008 | Chem. Sci., 2019, 10, 4999–5010
a 5 second delay, the uorescence of each well was measured
every second for 60 seconds (coumarin phosphine dye:
absorption 340 nm, emission 425 nm; BODIPY acid probe:
absorption 475 nm, emission 515 nm). The concentration of
hydroperoxide in each well was determined from the rate of
phosphine oxidation using the rate constant for the reaction of
the dye with secondary hydroperoxides (k ¼ 5.1 M�1 s�1),
assuming pseudo-rst-order kinetics.15 The acid concentration
in each well was determined from the average uorescence
reading over 10 s (RFU ¼ 359[acid] + 34925).15
Product studies

Tetrasulde scrambling at 100 �C. A solution of iPrSSSSiPr (9)
and tBuSSSStBu (4) (20 mM each) in chlorobenzene was heated
at 100 �C in a screw cap vial under an air or nitrogen atmo-
sphere. Aliquots (50 mL) were removed every 15 minutes and
diluted to 1 mL in a GC autosampler vial containing 900 mL of
hexanes and 50 mL of a hexylbenzene (internal standard) stock
solution (20 mM). The samples were analyzed by GC-FID (3 mL
injections, split 50 : 1, ow ¼ 125 mL min�1, inlet temperature
of 100 �C) on an instrument equipped with an Agilent HP-5
column (30 m � 0.320 mm � 0.25 mm) with a constant
helium ow of 2.5 mL min�1 according to the following
temperature prole: 100 �C, hold 0 min, 3 �C min�1 to 145 �C,
hold 0 min, 34 �C min�1 to 297 �C, hold 0 min, 35 �C min�1 to
100 �C. The detector temperature was set to 300 �C. The method
yielded retention times of 2.0, 10.2, 11.5 and 12.6 minutes for
hexylbenzene, iPrSSSSiPr, iPrSSSStBu and tBuSSSStBu,
respectively.

Trisulde-1-oxide decomposition at 100 �C. A solution of
tBuSOSStBu (7) (20 mM) in chlorobenzene was heated to 100 �C
in a screw cap vial under an air or nitrogen atmosphere.
Aliquots (50 mL) were removed at regular intervals and diluted to
1mL in a GC autosampler vial containing 900 mL of hexanes and
50 mL of a hexylbenzene (internal standard) stock solution (20
mM). The samples were analyzed by a GC-FID (3 mL injections,
split 50 : 1, ow ¼ 125 mL min�1, inlet temperature of 100 �C),
on an instrument equipped with an Agilent HP-5 column (30 m
� 0.320 mm � 0.25 mm) with a constant Helium ow of 2.5
mL min�1 according to the following temperature prole:
100 �C, hold 0 min, 3 �C min�1 to 145 �C, hold 0 min,
34 �C min�1 to 297 �C, hold 0 min, 35 �C min�1 to 100 �C. The
detector temperature was set to 300 �C. The method yielded
retention times of 1.5, 7.1 and 12.7 minutes for hexylbenzene,
tBuSO2S

tBu and tBuSSSStBu, respectively.
Computations

Calculations were carried out using the CBS-QB3 (ref. 41)
complete basis set method as implemented in the Gaussian 16
suite of programs.42 Except where indicated otherwise, the
calculations were performed at standard conditions.
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