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The mass spectral fragmentation patterns of various dialkyl thiolsulfonates, diethyl disulfide and trisulfide,
and dimethyl a-disulfone have been studied, using deuterium labeling and defocusing techniques to clarify the
mechanisms of a number of novel rearrangement processes. Among the more interesting processes seen are a frag-
mentation occurring via an apparently unprecedented 2,2,1-bicyclic transition state (or its stepwise counterpart),
the electron impact induced rearrangement of thiolsulfonates to sulfenyl sulfinates, nonspecific hydrogen transfer
in the formation of HSSH from diethyl disulfide, and the formation of HoS3 and EtSSSH from diethyl trisulfide.
Where information is available, electron impact induced processes for the compounds studied are compared with

thermal and photochemical pathways.

We recently reported a detailed study of the mass spec-
tra of dialkyl thiolsulfinates (1) and indicated the consider-
able utility of mass spectrometry in clarifying the mecha-
nism of thermal disproportionation of these unstable com-
pounds to thiolsulfonates (2) and disulfides (3).2 In this
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same paper? we indicated notable similarities as well as dif-
ferences between electron impact and thermally (and pho-
tochemically) induced processes for the thiolsulfinate es-
ters. The present paper extends our examination of elec-
tron impact induced processes of thermally and photo-
chemically labile organic sulfur compounds to include dial-
kyl thiolsulfonates (2), disulfides (3), trisulfides, and «-di-
sulfones (RS03S0OsR). Of these compounds, mass spectral
studies have been previously reported only for dialkyl di-
sulfides® and dimethyl trisulfide,* and these without sub-
stantiation for proposed fragmentation processes through
deuterium labeling.

It is of interest that, as with dialkyl thiolsulfinates,? dial-
kyl thiolsulfonates, disulfides, and trisulfides are found
naturally as components of the essential oils from plants of
the Allium species (onion, garlic, chives, caucas);>® dialkyl
trisulfides have also been detected in algae of the Dictyopt-
eris species®® and in ponerine ants.5¢ The fact that mags
spectrometry (generally in the form of GC-MS) is widely
used as the primary analytical tool in these studies of natu-
rally occurring organic polysulfide derivatives provided
further impetus for the study described herein.

Alkyl Alkanethiolsulfonate Esters. Thiolsulfonate es-
ters 2 are generally stable substances® while the isomeric
a-disulfoxide [RS(O)S(O)R (4)] and sulfenic-sulfinic
mixed anhydride [RS(O)OSR (5)], both variously postu-
lated as intermediates in thermal and photochemical reac-
tions involving thiolsulfonate as a final product,” have thus
far eluded isolation and are thought to be unstable.” Under
electron impact conditions we find evidence for the conver-
sion of certain thiolsulfonates 2 to isomeric species 4 or 5.
Thus, the unsymmetrical ethyl methanethiolsulfonate [Me-
SO,SEt (6)] gives substantial fragments corresponding to
both MeSO* and EtSO* with similar intensities (see
Scheme I); the identity of the fragments was established by
exact mass measurements as summarized in Table I. Simi-

. lar results were obtained with MeSO2SCD3; (MeSO*, rel in-

Scheme I
Mass Spectral Fragmentation Pathways for Ethyl
Methanethiolsulfonate (6)2

MeSO* <«— MeS(0)—O0SEt:* —> EtSO*
m/e 63(32) 6a m/e 7 (25)

Fer T

*Me
MeS*  <— MeS(OH);* < MeSO~SEt+ oty MeCHS"*

m/e 47 (20) m/e 81(69) 6,m/e 140 (48) m/e 60 (base)
2“4 'CHS
MeSO,SH* Etsso2 , EtSH+*
m/e 112 (10) MeSO,SCH,* m/e 62 (9)
m/e 125 (8)
Meso2 Ets*
m/e 19 (61) m/e 81 (80)

@ An asterisk indicates that a metastable peak was observed.
Figures in parentheses are relative intensities.

tensity 56; CD3SO, rel intensity 44). Other unsymmetrical
alkyl alkanethiolsulfonates studied fail to give significant
fragments corresponding to RSO* and therefore provide no
information on oxygen migration. The formation of a frag-
ment R’SO* from thiolsulfonate RSO,SR’ requires oxygen
transfer which may be accomplished through isomerization
of 2 to 5 as suggested in Scheme I (6 — 6a; this would be
analogous to the known ionic or electron impact induced
sulfone-sulfinate interconversion®) or, less likely, by oxy-
gen migration with retention of the S-S bond giving 4.°
The electron impact induced oxygen migration observed
with thiolsulfonates parallels that seen with a-disulfones
(see below) but is to be contrasted with the absence of simi-
lar rearrangements in thiolsulfinates.?

Another interesting rearrangement seen with alkyl thiol-
sulfonates is the formation of substantial fragments corre-
sponding to protonated alkanesulfinic acid, RS(OH)qs*.
This species constitutes a significant fragment in the mass
spectra of MeSOsSMe, MeSO,SEt [seen as MeS(OH)o+* at
mje 81112}, MeS0.SCD;3 [CH3S(OD)s*, m/e 83], Et-
S0:SMe, and EtS0.SEt [EtS(OH)o*, m/e 95!12]; this
species is not seen to any significant extent in the mass
spectra of MeS03S-i-Pr or MeS03S-t-Bu. In the case of es-
ters of the type RSO:SMe, RS(OH)o* must arise either via
an unprecedented 2,2,1-bicyclic transition (eq 1, path a
with R’ = H) or by sequential hydrogen transfer processes
(eq 1, paths b and b’).11k T'o compare the preference for the
novel fragmentation pathways of eq 1 with the preference
for pathways involving the more common 3,2,1-bicyclic
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transition state!? (or its two-step counterpart), we have
studied the fragmentation of specifically deuterated deriv-
atives (8 and 9) of ethyl ethanethiolsulfonate with the re-
sults shown in Scheme II. From the data in Scheme II (pro-
cesses a for 8 and ¢ for 9) it is seen that the pathways of eq
1 are favored over the alternative 3,2,1 transition state,!*
presumably reflecting the lability of C~H bonds adjacent to
the sulfur. The data available do not allow a choice be-
tween the concerted or stepwise routes to RS(OH).t in eq
1. Transfer of a single hydrogen to a sulfonyl oxygen via in-
termediate 7 (eq 1, paths b, ¢) or by a direct route d (eq 1),
processes analogous to those seen in diethyl sulfone!4 and
certain sulfonate esters,'? accounts for the base peaks in
the mass spectra of MeSOySEt (m/e 60, CoHS!2) and
MeS05S-i-Pr (m/e 74, C3HgS!!8), Consistent with the
mechanism of eq 1, paths b-c or d, is the formation of
CyDgHS.* rather than C3DgHoS.* from CD3CH,SOo-
SCH,CD; (8).

Scheme 11
Deuterium Distribution in Fragments from
Deuterated EtSQ,;SE¢t!3

a
CD;CH,S0,SCH,CD; — CD;CH,S(OH),* (67.5%),

8, 88% dg 12% d; CD;CH,S(OH)(OD)* (30.8%),

CD;CH,S(0D),* (1.7%)

8, —> CD,CH,SD (70%), CD,CH,SH (30%)
CH;CD,S0,SCD,CH; — CH;CD,S(0OD),* (58%),
9, 93% dy, 3% ds, CH,CD,S(OD)(OH)* (40%),
4% d, CH,CD,S(OH),* (2%)
9 —» CH,CD,SH (85%), CH,CD,SD (15%)

Two other fragmentation processes of dialkyl thiolsulfo-
nates have analogies in pyrolytic processes.® Of the several
thiolsulfonates studied by us, extrusion of SO, was signifi-
cant only in the mass spectrum of PhCH,S0,SCH,Ph (eq
2), a result consistent with previously described substituent

*
PhCH,SO,SCH,Ph+* —> (PhCH,),S** (11% base) (2)
2

effects on thiolsulfonate pyrolyses. The m/e 48 peak of Et-
SO0,8Me (90% base intensity) identified as MeSH!!2 and
the analogous m/e 62 (EtSH!'a) fragment identified in the
mass spectra of MeSO,SEt and EtSO,SEt are presumably
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Table I
High-Resolution Mass Spectral Data
Compd mie Formula Assignment s base
MeSO.SEt 60.0028 C.H,S MeCH==§"* 100
62.0177 C,H8 EtSH** 9
62.9884 CH;S0 MeSO~ 32
77.0059 C,H;SO EtSO* 25
80.9991 CH;S0, MeS(OH),' 69
(CD,CH.S), 179.9739  CH,DS, CH.DS," 7
EtSSSEt 97.9327 H,S; HSSSH:* 8
125.9629 C,HS, EtSSSH-* 1.4
EtSO,SMe 48.0028 CH,S CH,SH-* 85
95.0159 C,H-S0, EtS(OH),” 10
MeSO,S - 74.0168 C;HS Me,C==§-* 100
i-Pr

the consequence of competitive processes of the type de-
picted in eq 3 and 4. Studies with deuterated thiolsulfo-
nates 8 and 9 indicate that the fragmentation in eq 3 is sub-
stantially favored over that in eq 4 (see Scheme II, paths b
and d). Reaction 4 may also occur thermally.®

H R
7N
= '
> RSH* + CH,==CH, + SO, (3)
cH) (0
N
8
|
O .
H, S§T—FR
’J
R'—CH-Y+8=0 — R'SH* + R’CHS0, 4
No ‘
Rand R'= Me or Et;
R'=H or Me

Dialkyl Disulfides and Trisulfides. While the mass
spectra of a variety of dialkyl disulfides have been pre-
viously examined,? mechanistic speculations on fragmenta-
tion processes have not been supported by deuterium label-
ing. In the relatively simple mass spectrum of diethyl disul-
fide there are major peaks at m/e 94 (EtSSH*Y), 66
(HSSHT), and 29 (CoH;s™*) in addition to the molecular ion
(m/e 122), which is the base peak, and minor, yet signifi-
cant peaks at m/e 107 (EtSSCHy*) and 79 (MeSs+). The
formation of the m/e 94 and 66 fragments may be rational-
ized in terms of the sequential elimination processes of eq
5a% or 5b.1'b That this sequence cannot be the only frag-

CH—H . H—CH,
c;{}-—s'sm ~C.H, HSS'-—KCH_, e ~CH,
i ¥ —~ t
my/e 94 HSSH
/E/ + H\+/ CHi\ TCH me68
C{I! (SEt 2, ﬁQ (l‘H
~C.H,

moe 94

mentation path leading to m/e 94 and 66 is shown by the
data on bis(ethyl-1,1-d5) disulfide in Scheme III. Support
for the occurrence of-one-step hydrogen transfer processes
126 — 96 and 97, 96 — 66 and 67, and 97 ~> 67 and 88 is
provided by metastable analysis (metastable ions are seen
for all of these processes) and by direct analysis of daugh-
ter ions (DADI) studies'” of the m/e 126 and 96 species.
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Scheme II1
Deuterium Distribution in Fragments
from Bis(ethyl-1,1-d>) Disulfide

(CHSCDQS)2'+ -
m/e 1286,
96.5% d,
3.5% d;,
H,S, (64%, m/e 66)
[CH3CDszH-+ (87%, m/e 96)} — Hipszz(@;%fy;, m//e 67
CHscDZSSD‘* (13%, Wl/e 97) D2S2 (5%’ m/e 68)

Support for one-step nonspeeific hydrogen transfer pro-
cesses of the type indicated by the data in Scheme III is
also obtained from DADI studies on CD3sCH,SSCH,CD3.18
All of these studies show that the hydrogen transfers shown
in eq 5 are more favorable than the 1,2 or 1,3 shifts presum-
ably responsible for the m/e 97, 68, and 67 species of
Scheme III.

Analysis of the mass spectra of variously deuterated
samples of diethyl disulfide also allows the origin of the
m/e 79 rearrangement ion (CH3SS*) to be written with
some confidence as in eq 6, since the m/e 79 fragment is

S—CH,*
C,H,SSC,H, T —> s’ { H %5 cust 6
\/C—I}—CHZ m/je 79
mje 107

shifted to m/e 80 (CHsDSy*118) in (CD3CH2S)s and to m/e
81 (CDoHS*) in (CH3CDgS)s.1°

We have also examined the mass spectra of several dial-
kyl trisulfides with the results for diethyl trisulfide summa-
rized in Scheme IV. The composition of the m/e 126 and 98
fragments were established by exact mass measurements
(see Table I). Species of the type HoS; and RSSSH have
not been previously reported in the fragmentation of sulfur
compounds. That the EtSSSH fragment is of lower abun-
dance than the EtSSH fragment can perhaps be rational-
ized in terms of the process in eq 7 being more favorable
(because of the weak trisulfide S—S bond?) than the process
in eq 8.20 It should be pointed out that particularly gentle

[MGCH_\H ] —> MeCHS + EtSSH.* %)
D SSEt m/e 94

[CIE%_\. } - C,H, + EtSSSH+* (8)
CH,~SSSEt m/e 126

conditions must be used to obtain meaningful mass spectra
of the thermally labile trisulfides. Even with a redistilled
sample of EtSSSEt, for example, a substantial peak at m/e
122 corresponding to the parent ion of EtSSEt was ob-
served along with its fragment ions and metastable peaks.
That the m/e 122 peak corresponds primarily to EtSSEt
produced according to eq 9 rather than to eq 10 could be

EtSSSEt = EtSSEt + EtSSSSEt (9)
-5
EtSSSEt+* —> EtSSEt.* (10)

shown by (a) the simultaneous appearance in the mass
spectrum of EtSSSEt under GC-MS conditions of small
peaks corresponding to both EtSSEt and EtSSSSEt and
(b) the variation in the m/e 122/154 peak height ratio with
method of sample introduction and source temperature,
with ratios as low as 0.05 being observed under some condi-
tions. In none of the spectra of EtSSSEt examined was
there observed a metastable peak corresponding to the pro-
cess m/e 154 —S — m/e 122.
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Scheme IV
Mass Spectral Fragmentation of Diethyl Trisulfide?
EtSss* EtSSSH+* 2,  pHessH.*
/e 125 (5) m/e 126 (1.4) m/e 98 (6)
«Et * T -C 2H4
-CoH 8
EtSSH:* <——— FEtSSSEt.* — Et*
/e 94 (17) /e 154 (base) m/e 29 (87
*l.czr% * l.ms- » LEtS8 .
HSSH EtSs* EtS*
m/e 66 (20) m/e 93 (20) m/e 81 (85)

@ See Scheme I, footnote a.

Dialkyl a-Disulfones. The mass spectra of @-disulfones
have not been previously described.?! Scheme V summa-
rizes the fragments formed from dimethyl «-disulfone,
MeS02809,Me. The fragmentation processes generally par-
allel the thermal and photochemical results reported for
diaryl «-disulfones.?? In contrast to the fragmentation of
MeSOySMe, there is no indication of the formation of
MeS(OH)o* from MeS03S0sMe.

Scheme V
Mass Spectral Fragmentation of
Dimethyl a-Disulfone?
“MesSOg°

[MeSO,—0—S(0)Me]+* ———> MeSO*

*

T m/e 63 (5)
-MeSOp .50,
MeSO; <5 MeSO,S0,Me " —+ MeSO,Me+*
m/e 19 (100} ni/e 158 (5) m/e 94 (5)
0 l-Me'
MeS0,50,"
m/e 143 (T

@ See Scheme I, footnote a.

Experimental Section

Mass spectra were determined at the University of Missouri—
St. Louis on an A. E. I. MS-12 mass spectrometer at an ionizing
voltage of 70 eV using an all-glass inlet maintained at 100-150°
and at Drexel University on a Hitachi Perkin-Elmer RMU-6 mass
spectrometer operating under similar conditions. In the case of
thermally sensitive samples the material was placed in a finely
constricted melting point capillary or adsorbed on powdered
graphite and introduced via a probe directly into the source of the
mass spectrometer. Coupled gas chromatography-mass spectrome-
try was accomplished using a Hewlett-Packard Model 5750 gas
chromatograph (flame ionization detector) coupled, via an all-glass
Watson-Biemann separator, to the source of the A. E. I. MS-12
mass spectrometer. Exact mass measurements were made on an A.
E. I. MS-9 double-focusing mass spectrometer at Harvard Univer-
sity while defocusing and DADI studies were performed on a Var-
ian MAT CH5 double-focusing mass spectrometer at the Universi-
ty of Illinois—Urbana. The synthesis of all of the thiolsulfonates?
(except MeSO2SCDj3), the deuterated diethyl disulfide,? and di-
methyl a-disulfone?® have been described elsewhere.

Methyl-d; Methanethiolsulfonate. To 1.18 g (12 mmol) of bis-
(methyl-dg) disulfide? in 80 ml of 50% aqueous acetone was added
2.04 g (12 mmol) of silver nitrate and 1.22 g (12 mmol) of sodium
methanesulfinate.?>26 After stirring at room temperature for 1 hr,
the bright yellow suspension was filtered to remove AgSCD3 and
the filtrate was extracted with two 25-ml portions of ether. The
combined ether extracts were dried over NapSQ, arid the ether was
evaporated to yield 1.46 g (94%) of methyl-d3 methanethiolsulfon-
ate, bp 84° (1.7 mm), NMR (CDClj) 6 3.35 (singlet). Mass spectral
analysis indicated 98.4% methyl-d; methanethiolsulfonate and
1.6% methyl-ds methanethiolsuifonate.
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