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I. RAPID EXCHANGE BETWEEN DIMETHYL SULFIDE
AND A DIMETHYLMETHYLTHIOSULFONIUM SALT

The exchange reaction between dimethyl sulfide and dirnethyl-

methylthiosulfonium 2, 4, 6-trinitrobenzenesulfonate (I) has been

investigated.

(CH3)2S + CH
3
S-,S(CH

3
)

2
CH

3
S-S(CH3)2

+ (CH3)2S (4)

I

Mixing a dilute solution of salt I with an equimolar solution of

dimethyl sulfide leads to the collapse into a single sharp peak of the

separate resonances of the (CH3)2S- protons of the salt I and the

(CH3)2S protons of the sulfide, even at -40°.

Two mechanisms for the reaction depicted in equation 4 are

possible: (1) direct nucleophilic attack of the sulfide on the sulfenyl

sulfur of the salt I (equation, 9) or (2) a two-step process analogous

to an S 1 substitution (equation 10).



(CH
3

)
2
S + CH

3 3
(CH

3
) S-SCH

3
+ (CH

3
)
2

S (9)

CH S-S(CH
rate

3 3)2 determining> CH3S S(CH3)2

very
CH 3S+ + S(CH3)2 fast > CH

3
S-S(CH3)2.)3 2

Arguments using the Principle of Microscopic Reversibility, and

-basedon known behavior of reactions involving R 2S
SR' ions in

other systems shows that the mechanism in equation 9 must be the

correct one. The second order rate constant, k , for equation 9 was

estimated to be at least 105M -1
1sec , a striking contrast to the rate

of related mercaptide-disulfide exchange (equation 13), where

kM 0. 3 M
-1 sec -1

.

n BuS + n-BuSSBu-n -->n-BuSSBu-n + n-BuS (13)

One can show that this large difference in rate must be entirely due

to the difference in the nature of the leaving group in the two reac-
+

tions. One can conclude that ions of the type RS-SR' will undergo

nucleophilic substitution with extreme ease.

II. AN a-DISULFOXIDE INTERMEDIATE IN THE
OXIDATION OF A THIOLSULFINATE

An attempt has been made to detect and isolate the a-disulfoxide

intermediate in the trifluoroperoxyacetic acid oxidation of benzyl



a-toluenethiolsulfinate to benzyl a-toluenethiolsulfonate. The oxida-

tion was carried out at -400, and the course of the reaction was

followed by means of nuclear magnetic resonance spectroscopy. Ex-.

perimental evidence for the formation of benzyl a-disulfoxide could

not be obtained. The disappearance of the NMR signals for the

methylene protons of the thiolsulfinate closely paralled the appearance

of the methylene signals of the thiolsulfonate. A possible mechanism

for the oxidation is discussed.

III. THERMAL DECOMPOSITION OF AROMATIC a-DISULFONES

The thermal decomposition of aromatic a.-disulfones,

ArS0
2
SO

2
Ar, has been investigated. These a-disulfones are

thermally very stable and high temperatures (A1150°) are required

to effect decomposition at convenient rates. They decompose about

107 slower than the corresponding aryl sulfinyl sulfones, ArS(0)SO2Ar.

The rate of decomposition of para substituted aryl a-disulfones is

little affected by a change in the nature of aryl groups. Generally,

electron-withdrawing substituents in the aromatic ring accelerate

the decomposition slightly and electron-releasing groups retard it

somewhat.

The strict first-order kinetics of the decomposition of aryl a-

disulfones strongly suggest a unimolecular rate-determining decom-

position. Furthermore, it is very likely that the rate-determining



step involves the homolytic dissociation of the S-S bond of the disul-

fone into a pair of ArS02 - radicals.

ArS0
2

SO 2ArS0
2

Positive evidence pointing toward the involvement of radical inter-

mediates was obtained through two experiments. First, the thermal

decomposition of p-tolyl disulfone (VII) in diphenylmethane results in

the formation of a large amount of tetraphenylethane (1 mole/mole

VII). This result is consistent with the formation of ArS0
2

radicals,

which might be expected to abstract one of the methylene hydrogens

of diphenylmethane, forming diphenylmethyl radicals. The dimeriza-

tion of these radicals then gives tetraphenylethane. The second piece

of evidence is the isolation of phenyl p-tolyl sulfone from the decom-

position of the p-tolyl disulfone in bromobenzene. The formation of

phenyl p-tolyl sulfone is consistent with the following mechanism

involving the replacement of bromine by a ArSO7 radical.

+ ArS0
2

Br

SO}4.
2

A r

2Br Br

The identifiable products (in addition to solvent-derived pro-

ducts) are sulfur dioxide, p-toluenesulfonic acid, p-tolyl sulfide and a

trace amount of p-tolyl disulfide and p-tolyl p-toluenesulfonate. Pos

sible mechanisms for the formation of products are discussed.
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THE KINETICS AND MECHANISMS OF THE CLEAVAGE
OF SOME SULFUR-SULFUR BONDS

L RAPID EXCHANGE BETWEEN DIMETHYL SULFIDE
AND A DIMETHYLMETHYLTHIOSULFONIUivi SALT

INTRODUCTION

The first evidence for the existence of an alkylated disulfide

was obtained by Hilditch and Smiles (40) in 1907 in connection with

their work on the effect of mercuric iodide upon the rates of trialkyl-

sulfonium iodide formation. They showed that the reaction of diethyl

disulfide with ethyl iodide in the presence of mercuric iodide involves

initial alkylation on sulfur, forming diethylethylthiosulfonium iodide,

followed by its decomposition to the su.lfonium halide.

HgI2
H S-SC H +CHI H S- C H

2 5 2 5

S I

Recently, Helmkax-np and coworkers (36, 37, 77) have suc-

ceeded in preparing the stable dirnethylmethylthiosulfonium 2, 4, 6-

trinitrobenzenesulfonate (I) by the following synthetic route:

ArC1 + Na
2

S
2
0

5

HC1 >ArS0
3
H + SO2 + 2NaC1 (la)

4(CH3)20 BF3 3C<VH-CH2C1 + 2(CH )20

3(CH3)30 BF4 + [CH3OCH2- CH(CH2C1)O] B(1b)



ArS0
3
H + (CH )0 F -->ArS0

3
(CH ) 3° + HBF

4

ArSO3H + CH N + CH OCH--*ArS0
3

(CH 3)3O + N
2 3 3 3

N2

CH
3
SSCH

3
+ (CH ) 0 ArS03 3 3

CH
3
SS(CH 3)2 ArSO3 + (CH

3
)
2
0 (le)

I

Ar = 2, 4, 6-trinitrophenyl group

The above alkylation has also been applied to ethyl, n-propyl, sec-

butyl, n-butyl, phenyl, p-tolyl, and p-anisyl disulfides (36). Only

ethyl disulfide was found to behave in the same manner as the methyl

analog; with other disulfides the only pure product which could be

isolated was the sulfonium salt.

RSSR + (CH
3

)
3
0 ArS0--÷-RS(CH

3)
ArS0-

3 3

Although the thiosulfonium salt I is fairly stable and can be

kept for more than a week at _200 under vacuum with no evidence of

decomposition, it reacts readily with nucleophiles. For example

when I was dissolved in a solvent containing iodide ions, immediate

formation of iodine, methyl sulfide and methyl disulfide took place

(36).

CH3SS(CH3)2 I CH
3
SCH

3
+ (CH

3
SI)

2 CH
3
SI CH

3
SSCH3 + 12
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Our interest in the dialkyialkythiosulfoniurn ion stems from the

fact that such ions are thought to play a key role as reactive inter-

mediates in a number of alkyl sulfide catalyzed reactions of disulfides

(51) and thiolsulfin.ates anhydrides) (49, 50, 53). (See Charts

I and II).

Chart I. Mechanism of Sulfide Catalysis of the Disulfide-

Sulfinic Acid Reaction,

K
ArS0

2
H + ArSSAr + H , H2O

fast b Ar

R 2S + ArS-1 -§Ar c-77-77rate7.7> R2S-SAr ArSSAr
A r

fast ArS0
2

H 2ArSO

R S + ArS02SAr 2ArS02SAr

Chart II. Mechanism of the Sulfide Catalysis of the Thiol-

sulfinate-Sulfinic Acid Reaction.

P hgr h + H< P h+4SPh
H

(2a)

(2b)

(3a)

+
R S + PhS+

ratePh determining> R SSPh + PhSOH (3b)
off1

+ +
R2SSPh + ArSO2H fast Ar -SPh + R2S H (3c)

+
PhSOH + R

zS
+ H > R2SSPh + H2O (3d)

PhSOH + ArS0 H >ArSO2SPh + H2O (3e)



4

In both of the above mechanisms, the reactions of the thiosulfonium

ions with nucleophiles (equations 2b and 3c) have been postulated to

occur very rapidly. One of the important further points to test re-

garding the validity of these two mechanisms is whether or not reac-

tions of nucleophiles with dialkylalkylthiosulfonium ions are indeed

very rapid. The availability of compound I makes it possible to

investigate this matter directly. The way in which this was done in

the present work was to study the exchange reaction (equation 4)

+(CH)
2S

CH
3
SS(CH

3
) < (CH ) SSCH

3
+ (CH

3
)
2

S (4)

I

by means of nuclear magnetic resonance spectroscopy. A knowledge

of the rate constant for equation 4 should provide considerable insight

into whether or not attack of nucleophiles on R2SSR' species is

indeed as rapid as is required by the mechanisms in Charts I and IL

This study was therefore intended to serve as an important test of a

key aspect of these mechanisms.



RESULTS

Dirnethylti:fethylthiosulfonitun2,4, 6 -trinitrobenzenesulfonate (I) was

prepared by the alkylation of methyl disulfide with trimethyloxonium

2, 4, 6-trinitrobenzenesulfonate (equation le) utilizing a procedure

described by Helmkamp et al. (36).

CH
3
SSCH

3
+ (CH ArS0 --->CH SS(CH

3 3
ArSO3 + (CH )

3 3 2

(1

Figure IA shows the NMR spectrum of the salt I in CD3GN at 0°.

The larger singlet at 187 cps (TMS = 0 cps) corresponds to the

resonance of the two methyl groups attached to the sulfonium sulfur

(site A), the smaller singlet at higher field, 170 cps, corresponds to

the resonance of the methyl attached to the sulfenyl sulfur. Figure

1B shows the NMR spectrum of di/methyl sulfide in the same solvent:

it consists of a sharp singlet (site B), located 127 cps from TMS.

Figure 1C shows the spectrum of a 1:1 mixture of I and dimethyl sul-

fide in C
D3C

N at 0°, with both sulfide and thiosulfonium salt I

present at a concentration of Q. 15 M. One sees that the separate

resonances due to the methyl groups of the sulfide (site B) and the

sulfonium methyl groups, (CH
3

)
2
-S- (site A), have collapsed into a

single very sharp resonance centered exactly halfway (157 cps from

TMS) between the original positions of the site A and site B



A

(CH3)=S -SCH3

ArSOi

-S(GH3)1

S(

B

(CH3)2S

6

(CHAS + CH3S-&CH3)2 (CH3)2;-SCH3+ (CHJS

5 -1Itt 2- 10 M sec

;-s

C

Mixture of

(CH1015 + (CH312S-SCH3

Figure 1. NMR spectra of dimethylmethylthiosulfonium salt (I),
dimethyl sulfide and dimethyl sulfide-I mixture.



resonances. Obviously the methyl groups of the sulfide and those

attached to the sulfonium sulfur are undergoing exchange of environ-

rnent via equation 4 at a rate which is very rapid on the NMR time

scale.

Gutowsky et al. (3, 34) have developed a treatment for the ex--
change of protons between two equally populated sites A and B which

is applicable to our system.

A B (5)

If the line width of the NMR peaks in the absence of exchange is small

(in our case approximately 1 cps) compared to their separation in the

absence of exchange, Av, (in our case 60 cps), and if the mean life-

time of protons on site A, TA, is equal to the mean lifetime on site B,

TB, (which is naturally also valid for our system), then the first-

order exchange rate, k1, for the situation in which the separated

resonances of the exchanging protons in sites A and B have collapsed

into a single peak (i. e. where TA1, <
din

2 ) is given by

2

kl =
TA

1 Tr(Av)
2(W* - W") (6)

where W* is the observed full width, in cps, at half-maximum

intensity and W" is the full width, in cps, at half-maximum in-

tensity in the absence of exchange. Thus, an estimate of the rate of

the exchange process in equation 4 can be made by the application of
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equation 6. The measured value of W* was 1 cps (see Figure 1C),

and if one assumes that W" = 0. 6 cps, then equation 6 gives

ZT= 7 x 10-5 sec. This means that the first-order rate constant, k 1,

for the exchange reaction (equation 4) has a value of

k1 > 1. 5 x 104 sec

Actually the value of 2T= 7 x 10-5 sec represents an upper limit

for the average lifetime before exchange. Since peak widths at half-

maximum intensity for either the methyl groups of dimethyl sulfide

alone or the sulfonium methyls of I alone are about 1 cps (see

Figure 1), this suggests that taking (W* - W") = 0. 4 cps is a very

generous estimate for any exchange broadening of the combined

resonance in Figure 1C, and that something like (W* W") = 0. 1 cps

or less might be more realistic If a value of (W*- W") = 0. 10 cps

is used then 2TT becomes 6 x 10-6 sec and k1' = 1. 7 x 105 sec-1.

Some attempts to observe broadening of the collapsed exchange

peak (Figure 1C) were made by the use of more dilute solutions and

cooling. This was done for the following reasons. If the exchange

reaction in equation 4 is a bimolecular process then k
1

= k
S

(Me S),

and the magnitude of k1 would be decreased by dilution, perhaps

sufficiently to enable one to observe some broadening in the collapsed

resonance peak. Also, regardless of whether the exchange process

(equation 4) is bimolecular or unimolecular, a decrease in the
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temperature would retard the rate of exchange significantly, provided

that the activation energy for the reaction is not too small. A five-

fold dilution of the solution used for Figure 1C led to at best only a

very modest broadening of the collapsed resonance peak even at -40°.

Study of more dilute solutions than this was precluded by, (a) un-

favorable signal to noise ratios and (b) the fact that slow disap-

pearance of a significant fraction of I through irreversible reactions

with impurities in the solvent becomes important at these high dilu-

tions (0. 03 M).

Owing to the fact that for the methyl system (equation 4) we

were not able to achieve experimental conditions where the exchange

was slow enough to get appreciable broadening of the collapsed peak

by either the method of dilution or temperature variation or a com-

bination of both, we attempted to prepare an unsymmetrical dialkyl-

alkylthiosulfonium salt, tBuSS(CH3)2 (II), by the alkylation of

tBuSSCH
3

using the procedure of Helmkamp (36). The work of

Fava et al. (28, 29) indicates that for nucleophilic attack on the sul-

fenyl sulfur of RSSO3 or RSSR the rate is approximately 10 5 - 106

faster for R = CH
3

than for R = tBu. Therefore, one might hope

that the exchange reaction (equation 7)

(CH3)2S tBuSS(CH )z-->tBuSS(CH
(II) 3

(CH3)2S

should be sufficiently slow in CD3CN so that one could observe

(7)
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either two separate peaks which gradually coalesced on increasing

the concentration of the solution or raising the temperature, or, at

least, a single broad peak where one could make a more reliable esti-

mate of (W* - W") than can be done for the methyl system in equation

4.

It was hoped that methylation of methyl t -butyl disulfide with

Me 30
would occur almost exclusively on the less sterically hindered

sulfur attached to the methyl group, i. e.

t -BuSSCH
3 H3

+ (C ) tBuSS(CH3
II

+ (CH3)20 (8)

However, although the initial crude product liberated iodine when

treated with aqueous potassium iodide, indicating a possibility of a

sulfur-sulfur bond, the material obtained after recrystallization from

nitromethane or acetonitrile did not liberate iodine. Since a number

of variations of the alkylation conditions failed to give any, pure com-

pound consistent with the expected product, the synthesis of II was

abandoned.



DISCUSSION

A priori the exchange process depicted in equation 4 could be

taking place either by a direct nucleophilic attack of dimethyl sulfide

on the sulfenyl sulfur (equation 9), or by a two-step process analo-

gous to an S N1 substitution (equation 10).

ks
(CH

3
)
2

S + CH
3

S-%S(CH
3

)
2 H--> ( S - SCH

3
+ (CH

3
)
2
S (9)

3

CH
3
S-S(CH ) slow CH

3
S + S(CH )

CH
fast+ S(CH3)2 >CH

3
S-S(CH3 2

In principle the two mechanisms could be distinguished experi-

mentally by determining whether or not variation in the concentration

of dimethyl sulfide has any effect on the rate of exchange k1. For

the bimolecular mechanism in equation 9, k
1

= k
S
(Me S), while for

the mechanism shown in equation 10, k1 would be independent of the

concentration of dimethyl sulfide. A five-fold dilution of the solution

used for Figure 1C led to only very modest broadening of the col

lapsed resonance peak; study of more dilute solutions than this was

precluded by unfavorable signal to noise ratios and slow disap-

pearance of the thiosulfonium salt I through irreversible reactions

with impurities in the solvent. It should be stressed, however, that

failure of the five-fold dilution to lead to appreciable broadening of
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the collapsed peak should not necessarily be construed as evidence

for the mechanism in equation 10, but only as indicative of such a

very rapid rate of exchange even in 0. 03 M solution that the exchange

process leads to very little broadening of the resonance peak.

Although our results do not provide a decision between mecha-

nisms shown in equations 9 and 10, arguments using the Principle

of Microscopic Reversibility and based on, known behavior of reac-
+

tions involving R2S-SR' ions in other systems allow one to show that

the mechanism in equation 9 must be the correct one.

It is known (53) that the formation of R2S-SPh from phenyl

benzenethiolsulfinate (III) and an alkyl sulfide in acid solution in-

volves rate-determining nucleophilic attack of the sulfide on the pro-

tonated thiolsulfinate (equation 3b).

PhtSPh + H < Ph -SPh
OH

III

R S + PhS-rh---> R 2
S-SPh + PhSOH

(3a)

(3b)

Furthermore, study (50) of the sulfide and acid catalyzed racemiza-

tion of optically active III (48, 80) has demonstrated that the reverse

of reaction 3b, i. e.

R
2
S-SPh + PhSOH --->R 2S + PhS-Ph

6H

also occurs readily under the same reaction conditions. The
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Principle of Microscopic Reversibility requires that equation 11 take

place via nucleophilic attack of PhSOH on the sulfenyl sulfur of

R2S -SPh. If this is the manner in which such a thiosulfonium salt

undergoes substitution by PhSOH, it seems almost certain that sub-

stitution by (CH3)2S, which is presumably a better nucleophile, should

also proceed by a direct displacement (equation 9) rather than by

equation 10.

Given that the exchange proceeds by the mechanism shown in

equation 9, k
1

can be related to the actual bimolecular rate constant

for equation 9, kS, in the following manner:

and, therefore,

e S

1. 5
O

x
15

-1104 -1
1 x 105M- sec

We would stress that the value of 1 x 10
5

M
-1 sec -1 represents only

a lower limit for kS. Since five-fold dilution of the solution used for

Figure 1C (0. 15 1\4) does not lead to appreciable broadening of the

collapsed peak even at -40°, the true value of kp could easily be

several orders of magnitude larger than 10
5

M
-1 sec -1

. This result

clearly demonstrates that ions of the type R
2
S-SRt can undergo

nucelophilic substitution with extreme rapidity, and it therefore indi-

cates that the requirement that they do so in the mechanisms for the

R2S -- catalyzed reactions of disulfides and thiolsulfinates, suggested
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by Kice et al. (49, 50, 51, 53), in Charts I and II, is a perfectly

reasonable one.

A rate constant of at least 105M- 1 sec-1 for a bimolecular reac-

tion, while still a few orders of magnitude smaller than the rate con-

stants for extremely rapid bimolecular reactions (ey10
9

M
- sec -1

),

such as free radical termination,, which are essentially diffusion con-

trolled, is nevertheless very large. In particular it is of consider-

able interest to compare ks with the rate constant, km, for the

related exchange reaction between CH3S
3

(equation 12).

and methyl disulfide

kM
CH

3S
+ CH SSCH 3-> CH 3

SSCH
3

+ CH 3S (12)

Although that specific mercaptide-disulfide exchange was not studied

by Fava, sufficient data are available on other disulfide-mercaptide

exchange rates to enable us to estimate the rate constant, km, for

equation 12. Fava et al. (28) reported that the second-order rate

constant for the reaction of butanethiolate, n-BuS , with n-butyl

disulfide in methanol was 0. 26 M-1 sec -1

M?
n- BuS n-BuSSBu-n ----> n-BuSSBu-n nBuS

k = 0. 26 M
-1 sec -1 at 25e in methanol.

(13)

From the known effect of changes in the steric bulk of the alkyl group

R on the rates of both mercaptide-disulfide exchanges (28) and the



exchange reaction between organic thiosulfates and sulfite ion

(equation 14) (29),

*SO3= + R-S-S03 --->R-S-S03 + SO3

15

(14)

one can estimate that the rate constant, kM, for the exchange reac-

tion in equation 12 would be somewhat larger than 0. 26 M-lsec-1,

but certainly no greater than 0. 6 - 1. 0 M -1 sec -1 in methanol at 25°.

Thus it appears that the rate constant for the sulfide-thiosulfonium

salt exchange in CH
3
CN is at least 105 greater than the rate con-

,111.11

stant for the analogous mercaptide-disulfide exchange in methanol. At

present not enough data are available to enable one to compute

exactly the effect of a change from methanol to acetonitrile on the

rate constant for reaction 12. However, the work of Parker (17)

indicates that kM should be no more than 200 times larger in the

polar, aprotic solvent acetonitrile than it is in methanol, so that even

when kM is corrected for the possible solvent effect k

at least 103 larger.

is still

The difference in the intrinsic reactivity of the two nucleophiles

(CH3)2S
and CH3S involved in equations 9 and 12 can in no way be

responsible for any part of the much faster rate observed for the

sulfide-thiosulfonium exchange reaction (equation 9). Pearson et al.

(76) have determined nucleophilic reactivity constants, ript, which are

defined as logarithms of the ratios of the second-order rate constants
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of the nucleophile reacting with a very soft Pt(II) center divided by the

second-order rate constant for solvolysis of the Pt compound in

methanol. The value of lipt for (CH
3
) ZS is 4. 87 and ript for

C
6

H
5
S is 7. 17, CH3Sand although no data are available for ,

presumably a better nucleophile than phenylthiolate and should,

therefore, have a larger value of ript than 7. 17. Since sulfenyl

sulfur is also a very soft electrophilic center, it seems reasonable

to expect that the intrinsic reactivity of CH3S in a nucleophilic

substitution involving attack on a sulfenyl sulfur should be at least

several hundred times greater than that of (CH3)2S. Therefore, the

large (kS /kM) must be attributed entirely, to the fact that S(CH3)2 is

a much better leaving group than CH 3S in the respective exchange

it is

reactions.



EXPERIMENTAL

Materials

Methyl Disulfide
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Methyl disulfide (Matheson, Coleman and Bell) was distilled on

a spinning band column under nitrogen. The fraction boiling at

109-110° was collected and stored over molecular sieves (Linde,

Type 4A, 1/16" pellets).

Methyl Sulfide

Methyl sulfide (Matheson, Coleman and Bell) was distilled on a

spinning band column under nitrogen. The fraction boiling at 37-39'

was collected and stored over molecular sieves (Linde, Type 4A,

1/16" pellets).

2,4.6- Trinitrobenzenesulfonic Acid

The dihydrate of the acid was prepared by the reaction of picryl

chloride and anhydrous sodium metabisulfite as described by

Helmkamp and Pettitt (77). The anhydrous acid was prepared

shortly prior to its use by heating the hydrate over phosphorous

pentoxide for two to three hours at 80° and 1 mm pressure. The

product melted at 193-195°, (literature value (77), m. p. 193 - 195 °).
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Boron Trifluoride Dimethyl Etherate

The etherate was prepared by mixing dimethyl ether vapor with

boron trifluoride gas, employing the procedure of Laubengayer and

Finlay (61). The reaction was carried out in a 1 liter 3-neck flask in

which a vertical glass tube, about a foot in length and drawn to a jet

at the end, provided a means of escape for the excess gases. The

reaction flask was cooled with ice-water and swept out with ether

vapor. Then while a slow flow of the ether vapor was maintained

boron trifluoride gas was admitted at such a rate that a trace of it

exhausted through the jet. Since the BF3 fumed immediately on

contact with air, it acted as its own indicator. Vigorous combination

occurred and the etherate which collected in the reaction vessel was

purified by distillation under nitrogen through a short Vigreaux

column. The product was a colorless liquid which fumed in air, b. p.

66-68° (46 mm), (literature value (77), b. p. 73° (63 mm).

Trimethyloxonium Fluoborate

The oxonium salt was prepared according to the reported pro-

cedure (64). A three-neck, 1-liter flask fitted with a stirrer, a

dropping funnel with pressure equalizing sidearm, and a cold finger,

was immersed in a Dewar flask containing Dry Ice-ether slush. The

temperature of the reaction vessel was held at -35° by the addition of
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dry ice. At this temperature approximately 150 ml of methyl ether

was allowed to condense in the flask, followed by the addition of 30 g

(0. 26 mole) boron trifluoride dimethyl etherate. The mixture was

then stirred. Freshly distilled epichlorohydrin, 18. 2 g (0. 20 mole)

was dripped in during a 1/2 hour period. The stirring was discon-

tinued and the reaction mixture was allowed to stand for 2 1/2 hours.

Finally, the supernatant dimethyl ether was removed with the help of

suction. The crystalline substance which remained was washed

several times with cold anhydrous ether. Yield 24 g (83%), m. p.

175-177°, (literature value (77), m. p. 177* ).

Trimethyloxonium 2, 4, 6- Trinitrobenzenesulfonate

The trimethyloxonium salt was prepared from anhydrous 2, 4, 6-

trinitrobenzenesulfonic acid and trimethyloxonium fluoborate in

anhydrous nitromethane, as described by Helmkamp and Pettitt (77).

Upon rapid heating, the product melted with effervescence at about

115-130°, then resolidified and melted again at 182-183°. This

melting behavior was in agreement with the literature (77).

Dimethylmethylthiosulfonium 2, 4, 6-Trinitrobenzenesulfonate

The thiosulfonium salt was prepared by the alkylation of

freshly distilled dimethyl disulfide with trimethyloxonium 2, 4, 6-

trinitrobenzenesulfonate in anhydrous nitromethane as described by
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Helmkamp and coworkers (36). The cream-colored product melted

at 164-165°, (literature value (36), m. p. 164-165° ). The NMR

spectrum of the compound in acetonitrile-d3 showed two singlets in

the aliphatic proton region, at 7. 17 T and 6. 88 T with an intensity

ratio of 1: 2 respectively. Literature values (33) for the NMR spec-
+

arum of (CH3)2SSCH3*PF4 report two singlets in the ratio of E 2 -at

7. 20 T and 6. 90 T.

Methyl t -Butyl Disulfide

Methyl t -butyl disulfide was prepared following the dispropor-

tionation technique of Birch, Cullum and Dean, (11) by treating t -butyl

mercaptan with dimethyl disulfide in the presence of potassium

hydroxide. The unsymmetrical disulfide was purified by two frac-

tional vacuum distillations using a spinning band column. The frac-

tion boiling, at 36415 mm was collected,. (literature value (11), b. p.

69° /42 mm).

Gas chromatography of the disulfide, employing a five foot

apiezon L column maintained at 150°, showed the product to be more

than 98% pure. The NMR spectrum of the disulfide showed singlets

at 8. 67 and 7. 60 T with an intensity ratio of 3: 1.

Attempted Alkylation of Methyl L-Butyl Disulfide

A number of attempts to alkylate methyl t -butyl disulfide with
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trimethyloxonium 2, 4, 6 trin.itrobenzenesulfonate in anhydrous nitro-

methane yielded a white solid with a wide melting point range (170-

178° ). The carbon, hydrogen, nitrogen assay and NMR spectrum

were inconsistent with the expected alkylated compound. Although the

initial crude product liberated iodine when treated with aqueous po-

tassium iodide, indicating a possibility of a sulfur-sulfur bond, the

material obtained after recrystallization from nitromethane or ace-

tonitrile did not liberate iodide.

Solvents

Nitromethane

Commercial nitromethane (Matheson, Coleman and Bell) was

purified by the method of Riddick as given in Weissberger (93, p. 431).

The yield of the pure, anhydrous nitromethane was approximately

1/4 to 1/3 of the starting volume.

Acetonitrile

Reagent grade acetonitrile was twice refluxed over and dis-

tilled from phosphorus pentoxide through a four foot glass helices-

packed column. Only the fraction boiling at 82° was collected.
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Acetonitrile-d
3

Deuterated acetonitrile (Diaprep Incorporated) was refluxed

over and distilled from phosphorus pentoxide through a short Vigreux

column. Comparison of the NMR spectrum with that of the undeu-

terated acetonitrile indicated that the acetonitrile-d
3

was at least

97% deuterated.

Methyl Sulfide Stock Solution (1% TMS)

A 0. 30 M stock solution of methyl sulfide (_p 0. 846) in ace-

tonitrile-d
3

was made by carefully transferring 0. 22 ml of CH SCH
3 3

with a microliter syringe into a 10 ml volumetric flask already con-

taining about 9 ml of CD3CN. To this solution about 0. 10 ml of

tetramethylsilane (TMS) was added; then the solution was brought to

10 ml volume with CD
3
CN, stoppered, and mixed.

Procedure for NMR Runs

A weighed amount of dimethylmethylthiosulfonium 2, 4, 6-

trinitrobenzenesulfonate was dissolved in an equimolar solution of

methyl sulfide in CD3CN containing 1% TMS in a 1 ml volumetric

flask. About 0. 5 ml of the solution was quickly transferred to an

NMR tube, capped, and spectrum was recorded at a predetermined

temperature. NMR spectra of freshly made 0. 10-0. 20 M solutions
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were taken from - 40 to 20° at ten degree intervals. More dilute

equimolar solutions of the dimethylmethylthiosulfonium salt and sul-

fide were made by the dilution of freshly made 0. 15 M solutions.

The 0. 10 M and more concentrated solutions showed no change in the

appearance of the spectrum for at least four hours. However, solu-

tions more dilute than 0. 01 M gave extraneous peaks after 10 to 15

minutes at 0 °.
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IL AN a- DISULFOXIDE INTERMEDIATE IN THE
OXIDATION OF A THIOLSULFINATE

INTRODUCTION

a-Disulfoxides, IV, have been mentioned in the chemical litera-

ture for over a century. However, in 1924, Smiles and Gibson (83),

and a year later, Gilman, . Smith and Parker (32) suggested that the

supposed disulfoxides were actually thiolsulfonates, V.

R -S -S -R

IV

This structural assignment was confirmed in 1951 by Cymerman

and Willis (21), who determined the characteristic absorption fre-

quencies in the infrared for C-S, S-S, S-0 and SO
2

linkages and

demonstrated that all the compounds hitherto described as a-disul-
1

a- disul-

foxides did not show any absorption in the region 1050 cm , charac-

teristic of SO vibration. Instead, two strong bands at about 1150

and 1340 cm-1 were observed, at about the same frequency as in

sulfur dioxide and the sulfories.

Recent radiotracer studies on the reaction of an 35S-labelled

"disulfoxide" with a thiol by. Crenshaw and Owen (19) have proved

conclusively that structure V is the correct one. This was done by

making labelled R*S0 SR and RSO *SR, (R = p-tolyl), and cleaving
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the two compounds with 2-acetamidoethanethiol (R'SH). In each case,

the cleavage was entirely as predicted for the thiolsulfonate struc-

ture V; the radioactivity being found in each instance in the expected

product in essentially quantitative yield.

R*S0
2
-SR + R'SH --> R 'S- SR + R*S0

2
H

RSO2 - *SR + R'SH--> R'S-*SR + RSO H

Thus, the compounds referred to as a-disulfoxides in the early

literature are in reality thiolsulfonates.

In 1957, Barnard (7) attempted to prepare an authentic a-

disulfoxide by the action of zinc on either benzenesulfinyl chloride or

ethanesulfinyl chloride. Benzenesulfinyl chloride reacted smoothly

with zinc but gave, not diphenyl disulfoxide, but rather phenyl ben-

zenethiolsulfonate in quantitative yield. The crude product from re-

action of ethanesulfinyl chloride, however, contained a component

with an absorption band at 1118 cm -1, which was attributed to the

a-disulfoxide. Barnard considered the shift in frequency from a

simple dialkyl sulfoxide (1050 cm -1 ) in keeping with the expected

properties of the disulfoxide, since the vibrational frequencies of the

SO bonds in ethyl ethanethiolsulfinate and in ethanesulfinyl chloride

are found at 1093 cm -1 and 1159 cm -1 respectively. Attempted iso-

lation of the substance resulted in its decomposition.

Recently, Utzinger (90) claimed that the oxidation of cystine
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perchlorate with perbenzoic acid in anhydrous acetonitrile, (the

method employed by Lavine and Toennies (62, 86)), produced mainly

the ci-disulfoxide, whereas oxidation by performic acid in formic acid,

as carried out by Emiliozzi and Pichat (25), afforded the correspond-

ing thiolsulfonate. These two products have been reexamined by

Eager, Maclaren and Savige (81) and small differences in the infrared

spectra, cited by Utzinger, have been confirmed. Studies of the

polarographic reduction waves of these two products, and of their be-

havior on chromatography and electrophoresis showed that they were,

however, identical under all of these tests. Therefore, Utzinger's

views are still open to question.

Although no unequivocal evidence can be found for the existence

of an a-disulfoxide as a stable, isolable compound, some investi-

gators have proposed that IV may exist as a labile intermediate.

Barnard and Percy (8, 9) observed that oxidation of 35S- labelled

Ph*S(0) -SPh and PhS(0) - *SPh with H202 in acetic acid gave thiol-

sulfonates in which only 66% of the radioactivity was retained in the

original position (oxidized S atom used as reference). Two possible

explanations were proposed to account for the results.

The first is that oxidation can take place on both sulfur atoms

of the thiolsulfinate. When it occurs at the sulfinyl sulfur it gives

specifically labelled thiolsulfonate as the product. On the other hand

when it occurs on the sulfenyl sulfur the initial oxidation product is
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an unstable a-disulfoxide which rearranges to randomly labelled thiol-

sulfonate.

[0] PhS0
2

O

-',4SPh
Ph *S(0)-sph --> [ph* Ph > +

Ph *S02 -SPh

[0]

Ph*S0
2
-SPh

The observation that the oxidation of unsymmetrical aryl or alkyl

thiolsulfinates gives mixtures of all possible symmetrical and unsym-

metrical thiolsulfonates tends to support above mechanism.

[0]
ArS(0)SAri-->ArS0

2
SAr + ArS0 SAr° Ar'S02SAr A+ r'SOzSAr°

The second explanation, favored by the investigators, was that

at least the major path does not involve direct oxidation of thiolsul-

finate, but rather the induced disproportionation of the thiolsulfinate

caused by the presence of sulfinyl radicals, formed from the decom,

position of an intermediate a-disulfoxide. The following mechanism

was suggested:

[o]
PhS(0)SPh--->PhS(0)S(0)Ph

PhS(0)S(0)Ph---->2PhSO°

PhS0 + PhS(0)SPh---> PhSO2SPh + PhS

PhS + PhS(0)SPh -> PhSSPh
(JPhSSPh--- > PhS(0)SPh

+ P hS0.
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Barnard cited the following additional observations in support of the

above mechanism:

1. Disulfide was detected as a transient intermediate in

significant amounts (up to 30% maximum yield).

2. PhS(0)SPh was consumed faster than H
2
0

2
.

3. One equivalent of oxidant was capable of causing the

disappearance of several equivalents of PhS(0)SPh.

However, somewhat different results were obtained by

Marangelli, Modena and Todesco (63) who investigated the rates of

oxidation of a number of aryl disulfides, thiolsulfinates and thiolsul-

fonates with perbenzoic acid in dry dioxane.

kl
ArSSAr >ArS(0)SAr

k2
ArS(0)SAr 2S

Ar
k

ArS0
2

3
SAr ArS0

2
S(0)Ar

They found that k111./, k2 and k31.1vi (0. 01-0. 02)k1 or k2. Separate

studies of the oxidation of ArS(0)SAr to ArSO2S(0)Ar, and applica-

tion of the method of Frost and Schwemer (30) enabled them to calcu-

late another set of k
2

and k
3

values based on the scheme,

ArS(0)SAr 2
k

ArS0 SAr ---+ArS0 S(0)Ar

Their calculated values for k
2

were in close agreement with the

experimental values obtained from the direct oxidation of
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thiolsulfinates. However, the calculated values of k
3

were approxi-

mately ten times larger than those obtained from the direct oxidation

of thiolsulfonates. To account for this discrepancy, they proposed

that the initial product of oxidation of the thiolsulfinate is not the

thiolsulfonate but rather an, intermediate which is more easily oxi-

dizable, the a-disulfoxide.

[0]
ArS(0)SAr -> ArS-S-Ar] >ArS0 SAr

0:Ar SO )Ar
2S(

Modena and Todesco (68) also claimed to have obtained evidence that

disproportionation of the thiolsulfinate to disulfide and thiolsulfonate

did not occur during the course of the oxidation, since stopping the

reaction upon incomplete oxidation led to isolation of only thiolsul-

finate and thiolsulfonate. Also, the amount of oxidant used was in

good agreement with the amount of thiolsulfinate that was consumed

and the amount of thiolsulfonate that was produced.

The intent of the study described in this part of the thesis was

to study the possibility, of detecting an a-disulfoxide in the course of

oxidation of a thiolsulfinate and, if possible, to isolate it. If this

could be done one then wished to measure its rate of decomposition

and to determine whether that decomposition produced radical inter-

mediates.
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RS(0)SR--> R-S
.1 8
-N-R > 2RS0-

1:1

2RSO --> -->RSO SR

Other points of interest were whether any evidence could be found

for a sulfenyl sulfinate (RKOSR) as an intermedate and, if so, how

rapidly this compound rearranged to the thiolsulfonate.
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RESULTS

Previous studies (8, 63) have suggested that the initial product

of oxidation of a thiolsulfinate is probably the a-disulfoxide, which

then can isomerize rapidly into the thiolsulfonate.

---> [R- R-S-
0

VI IV

We chose to examine the oxidation of VI (R z-- PhCH2) to V with

peroxytrifluoroacetic acid in chloroform, by means of nuclear mag-

netic resonance spectroscopy. NMR spectra were taken of the three

compounds. RSSR, RS(0)SR and RSO2SR and the positions of the

resonances of the various methythene protons, (Table I), agree well

with the published values (1). A point of interest is the presence of

only a singlet for the methylene protons (b) adjacent to the sulfinyl

group of VI, indicating that in spite of the asymmetric sulfur the two

methylene protons have identical chemical shifts.

Since it is not known whether the methylene protons of benzyl

a-disulfoxide (IV) would be equivalent, our working hypothesis was

that if the a-disulfoxide IV were formed upon oxidation of VI and if

the conditions (excess oxidant and low temperature) were such that

its formation were faster than its rearrangement to V, then it might
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be possible to observe the concurrent disappearance of the methylene

peaks of VI and the appearance of one or more peaks in the region

240-270 cps attributable to the methylene protons of IV. Furthermore,

upon raising the temperature, it might then be possible to observe

the isomerization of IV to V.

Table I. NMR data of the methylene protons for benzyl disulfide,
VI and V (in cps TMS = 0 cps).

(a)
Ph-CH .-S-S-C -Ph

H2

(b) (c)
Ph-CH -S-S-CH -Ph (VI)

2 II
0

(a) 212 (singlet)

(b) 255 (singlet)

(c) 253 (singlet)

(d) I (e)
Ph-CH - -S- -Ph (V) (d) 255 (singlet)

Z

CH
11

2

(e) 245 (singlet)

Stability of VI in the Presence of Trifluoroacetic Acid

In the present study, the oxidizing agent employed was peroxy-

trifluoroacetic acid,, prepared by the action of 90% H2
0

2
on tri-

fluoroacetic anhydride in chloroform. Since an excess of oxidant

was desirable, and since the reaction of hydrogen peroxide with the

anhydride yields one mole of CF3CO2H for every mole of CF CO3H

produced, it was necessary, since trifluoroacetic acid is quite a

strong acid (pKa ti 0. 3), to determine whether the well-known acid
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catalyzed disproportionation of thiolsulfinates (91) would occur under

the reaction conditions chosen. The stability of VI in the presence of

excess CF
3
CO

2
H in CHC1

3
was studied at - 20° using NMR spec-

troscopy. The initial NMR spectrum of a solution containing 3:1

mole ratio of CF
3
CO

2
H and VI differed from the spectrum of VI in

CHC1
3

alone in that the two methylene peaks (b) and (c) which were

originally separated by 2 cps were now separated by approximately

4 cps and were somewhat broader. Furthermore, the separation was

due mainly to the shift of the 255 cps (b) protons to lower field. It

was determined that this shift was proportional to the acid concentra-

tion. In a 10:1 CF3CO21-1:VI solution, the separation was approxi-

mately 8 cps. After the initial shift, the spectrum of the 10:1

CF3CO2H:VI mixture remained unchanged for more than ten hours.

Therefore, the peak separation is very likely, due to hydrogen bonding

of the acid to the SO group, which could result in some further de-

shielding of the methylene protons (b) and a resultant shift of their

resonance to lower field.

Oxidation of VI with Peroxytrifluoroacetic Acid

The procedure employed for the NMR study of the oxidations

was as follows. To ten equivalents of a cooled chloroform solution

(- 60°) of the oxidizing mixture was added one equivalent of a pre-

cooled chloroform solution of VI, and the mixture was stirred at
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- 60° for approximately three minutes. Then approximately 1 ml of

the reaction mixture was quickly pipetted into an NMR tube, the tube

was capped and inserted into a Varian A-60 NMR probe maintained

at - 40°, and an initial spectrum was obtained. Under these condi-

tions, complete oxidation took approximately 12 hours. The initial

spectrum of the reaction mixture differed from the spectrum of VI

in chloroform only in that the two peaks were separated by 5 - 6 cps

and were somewhat broader (half-width approximately 3-4 cps).

This is the sort of effect produced by the presence of trifluoroacetic

acid (see previous section).

In discussing the details of our observations, the following

shorthand will be adopted. The broad shifted peak of VI (original (b)

protons) will be designated as 1 (for lower field), the broad unshifted

peak of VI at 252-255 cps will be designated as m (for medium field)

and the broad peak which eventually appears at 243 cps will be desig-

nated as h (for high field).

For the first two hours of the reaction a spectrum of the reac-

tion mixture was obtained every four minutes. By the end of this

period peak 1 had diminished in intensity and a very small h peak had

appeared, but no other extraneous peaks were observed. For the

next ten hours until the completion of the reaction a spectrum was

obtained every 15 minutes. In this period the h peak increased in

size with concurrent diminution of the 1 peak, until the intensity of
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m and h peaks were equal and peak 1 had disappeared. At no time

were any additional extraneous peaks observed. Addition of a small

amount of cooled chloroform solution of V at this point in another

independent run did nothing except to increase the intensity of m and

h peaks, confirming that these peaks were due to the methylene pro-

tons of the thiolsulfonate. V formed as the final oxidation product of

VI. Further change in the spectrum of the reaction mixture occurred

very slowly; no other peaks were observed for at least an hour even

when the reaction mixture was warmed to 20°.

In a separate run, the reaction mixture was warmed to 40° one

hour after the formation of V was complete and a spectrum was ob-

tained eight hour later. The peaks due to V were identified by the

addition of authentic V, and the extraneous peaks which had by this

time appeared were superimposible upon those of an NMR spectrum

of a crude sample of the sulfinyl sulfone, PhCH2S02S(0)CH2Ph.
1

From our observations on the oxidation of VI to V, the following

points are worthy of note:

1. Although it is unlikely that the methylene protons of IV

will have their chemical shift at the same place as peaks

m or h, it is possible that the methylene protons of IV

possess chemical shift in the region of peak 1,

1 Dr. K. Ikura, unpublished research.
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Z. The smooth disappearance of peak I (VI) paralleled by the

concurrent appearance of peak h (V) indicates that if IV

is formed its decomposition must be very much faster

than the overall rate of oxidation of VI to V.

3. Benzyl disulfide is not an observable intermediate in the

present study, since at no time was any peak detected in

the region of 212 cps, where, as Table I shows, one would

expect to find the methylene resonance of the disulfide.
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DISCUSSION

In our studies of the oxidation of benzyl a-toluenethiolsulfinate

(VI) to benzyl a-toluenethiolsulfonate (V), we were not able to observe

a simultaneous disappearance of the methylene protons of VI and the

appearance of any. NMR absorption peaks which might be attributed to

the methylene protons of benzyl a-disulfoxide (IV). Instead, the dis-

appearance of VI closely, paralleled the appearance of V. This by no

means excludes the possibility of IV as a labile intermediate. It is

unlikely that the chemical shifts of the methylene protons of IV will

be found in the same region as the methylene protons of V (peaks m

or h), but it is possible that they might have a chemical shift in the

same region as the lower field methylene peak of VI (peak 1). How-

ever, our observation that the decrease in the intensity of peak 1 is

closely paralleled by the increase in the intensity of the higher field

methylene peak of V (peak h) precludes any significant build up of the

a-disulfoxide IV. Since no benzyl disulfide peak in the region 212 cps

was evident, this would seem to eliminate the mechanism proposed

by Barnard (8), equation 15, This, as one will recall, involves a

disproportionation of the thiolsulfinate (equation 15c) induced by de-

composition of a small amount of a-disulfoxide formed by oxidation

of some of the thiolsulfinate.



RS(0)SR
k1

[01

k

RS(0)S(0)R > ZRSO (15b)

RSO + 3 RSO2SR + RS. (15c)

3$

> RS(0)S(0)R (15a)

k
RS. + RS(0)SR > RS - SR + RSO° (15d)

RSSR >RS(0)SR (15e)

According to Barnard (8) k
3

and k
4

in equation 15 are the fastest

steps in the above mechanism. If as other work has suggested (63),

k 1"`"
-v k5, we would expect that the concentration of benzyl disulfide

should reach sufficient levels during the course of a run so that it

would be detectable in the NMR. Since this does not happen, we are

inclined to believe that Barna.rd's mechanism (equation 15) is not in-

volved in the oxidation in the present system.

From the results of our work it is evident that if the a-disul-

foxide IV is formed as an intermediate, its rearrangement to V must

be faster than either (1) the oxidation of VI to IV or (2) further oxida-

tion of IV to the corresponding sulfinyl sulfone. Taking into account that

the S-S bond is ultimately broken in the oxidation of thiolsulfinates to

thiolsulfonates, as indicated by Barnard's observation (8) that the

oxidation of unsymmetrical thiolsulfinates gives mixtures of all pos-

sible symmetrical and unsymmetrical thiolsulfonates, we propose



the following mechanism:

RS(0)SR
kl

[0] -11-R

2 > 2RSO-

k
2RSO 3

k
4 > RSO2

SR

RS(0)S(0)R
k5

R
SC)

(0)R
2S[0]

k6

[0]
RSO SR > RSO

2S(
0)R

where k2, k3, k > > k > k5 > k6.
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(16a)

(16b)

(16c)

(16d)

(16e)

(16f)

The above mechanism (equation 16) is in accord with the studies of

Modena and coworkers (63, 68), who concluded that in the oxidation

of aromatic thiolsulfinates (R = Ar), k6 (0. 01 - 0. 02) k1 and

k
5

1() k
6

and that disproportionation of the thiolsulfinate to disul-

fide and thiolsulfonate does not occur during the course of the reac-

tion.

Finally, if benzyl o,- disulfoxide is indeed an labile intermediate

in the oxidation of benzyl a-toluenethiolsulfinate, the results of the

present study strongly suggest that the disulfoxide is extremely
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unstable even at - 40e under our reaction conditions and rearranges

very rapidly to the more stable benzyl a-toluenethiolsulfonate.



EXPERIMENTAL

Materials

Benzyl Disulfide

41

Benzyl disulfide (Aldrich Chemical Company, Inc. ) was re-

crystallized from ethanol, m. p. 71-72°, (literature value (35, Vol.

II, p. 63), m. p. 71-72°).

Benzyl a-Toluenethiolsulfinate (VI)

The thiolsulfinate was prepared by the oxidation of benzyl di-

sulfide with perbenzoic acid according to the procedure of

Bretschneider and KlOtzer (14). Recrystallization from ether-

chloroform afforded a white solid, m. p. 84-86', (literature value

(14), m. p. 86°). The infrared spectrum of the compound in CC14

-shows a strong band at 1080 cm 1 (9. 25 )

Benzyl a- Toluenethiolsulfonate (V)

The thiolsulfonate was prepared by the oxidation of benzyl di-

sulfide with 30% hydrogen peroxide in glacial acetic acid according

to the procedure of Bretschneider and Klo tier (14). Recrystalliza-

tion from ether-benzene afforded white crystals, m. p. 106-108°,

(literature value (14), m. p. 107°). The infrared spectrum of the
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compound in CC14 shows strong bands at 1335 cm
-1 (7. 50 1.),

1135 cm -1 (8. 80 p.) and 1115 cm -1 (8. 9511).

Trifluoroacetic Acid

Trifluoroacetic acid (Pierce Chemical Company) was distilled

through a Vigreaux column, b. p. 72-73°, (literature value (43), b. p.

72, 4° ).

Trifluoroacetic Anhydride

The anhydride (Pierce Chemical Company) was distilled

through a Vigreaux column, and only the fraction boiling at 41-42°

was collected. (Literature value (18), b. p. 39. 5 - 40. 5°. )

Chloroform

Spectroquality chloroform (Matheson, Coleman and Bell) was

used without further purification in the NMR studies.

Hydrogen Peroxide

Ninety percent hydrogen peroxide (Becco Chemical) was used

without further purification.
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Procedures

Stability of Benzyl a- Toluenethiolsulfinate in Trifluoroacetic Acid

A cooled solution (- 60°) of 2.62 g (0. 01 mole) of benzyl a-

toluenethiolsulfinate was mixed with 40 ml of a precooled chloroform

solution containing 0. 03 to 0. 10 moles of trifluoroacetic acid, The

mixture was stirred for one minute at - 60° ; then a sample was

quickly pipetted into an NMR tube, capped, transferred into the NMR

probe maintained at - 20°, and an initial spectrum was obtained. A

spectrum of the acid-thiolsulfinate mixture was then taken every 30

minutes for at least ten hours.

Oxidation of Benzyl a- Toluenethiolsulfinate

A solution of peroxytrifluoroacetic acid was prepared by the

method of Emmons and Pagano (26) from 2. 8 ml (0. 10 mole) of 90%

hydrogen peroxide and 17.0 ml (0. 12 mole) of trifluoroacetic an-

hydride in 40 ml of chloroform at 0°. The solution was then cooled

to - 60°. To this solution was added 2. 62 g (0. 01 mole) of benzyl

a-toluenethiolsulfinate in 10 ml of chloroform (- 60° ), and the mix-

ture was stirred for three minutes at - 60°. Then a sample was

quickly pipetted into an NMR tube, and the tube was capped and

placed into the NMR probe maintained at - 40°. An initial spectrum

was immediately obtained. For the first two hours of the reaction
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a spectrum of the reaction mixture was obtained every four minutes.

In the next ten hours until the completion of the reaction a spectrum

was obtained every 15 minutes.
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III. THERMAL DECOMPOSITION OF AROMATIC a-DISULFONES

INTRODUCTION

One of the most important and fascinating areas of research

in organic chemistry is the character of the sulfur-sulfur bond.

Owing to the presence of unshared electron pairs on the sulfur atom,

which can be utilized in the formation of covalent bonds with oxygen,

a variety of disulfide oxides are possible.

Compounds of the type R- R, are known in the literature

as S, S, 5', tetroxides, sulfonyl sulfones, a-disulfones, or simply

disulfones. The latter names are used by most authors as well as

by Chemical Abstracts; this thesis will follow the common practice.

The first synthesis of a disulfone was accomplished by Kohler

and MacDonald (60) in 1899. Their method consisted in reacting the

sodium salt of a sulfinic acid with a sulfonyl chloride.

ArSO2C1 + Ar'SO 2Na > ArSO2SO2Ar' + NaC1

By this general method the researchers were able to make not

only a symmetrical disulfone, p-tolyl disulfone, but also an unsym-

metrical disulfone, phenyl p-tolyl disulfone.

Some years later, Smiles and Hilditch (39, 84 ) found that di-

sulfones could be made by the potassium permanganate oxidation of

either alkyl or aryl sulfinic acids.
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In 1938 Karrer and coworkers (42) reported that the action of

copper powder on p-toluenesulfonyl chloride in anhydrous pyridine

gave a small amount of disulfone in addition to the major product, the

thioisulfonate (30%). Peri, Evans and Dehn (75) reacted the same

sulfonyl chloride with potassium and obtained the disulfone in

slightly better yield.

Backer (4) was able to obtain some disulfone by the oxidation

of tetrathioorthocarbonates in anhydrous chloroform with perbenzoic

acid.

C(SAr)4
(0)

> ArS0 2S° A r + ArS0
3

H

Very small amounts of disulfone were isolated by Barnard (6)

as a result of the action of ozone upon disulfides. Disulfones can

also be prepared in certain cases from the corresponding disulfides,

thiolsulfinates, and thiolsulfonates by the use of appropriate oxidiz-

ing agents (2, 32).

All the methods described thus far give very poor yields of the

disulfone (4 - 16%). Also product purification is sometimes difficult.

In 1966, Allen and coworkers (23) found that many disulfones could

be prepared much more expeditiously by the oxidation of either aryl

or alkyl sulfinic acids or their salts with an acidic solution of

cobaltic sulfate. The Co (III) oxidation method not only produces

a disulfone in relatively high yield (35 - 56%), but also in an easily
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purified form, since the principal byproduct is a water soluble

sulfonic acid.

Allen et al. proposed two possible mechanisms:

Mechanism A

RSO2 +
+3

RSO 2 Co+z

2RSO >RSO 2S° R

Mechanism B

ZRSO
2

+ Co
+3 ---> (RSO

2
)

2
Co

(RSO 2 2
) Co 0>RSO R + Co

+3
Co + Co > 2Co

+2

Mechanism A involves a one-electron transfer from sulfinate

to Co
+3 to yield a RS°2 free radical, followed by coupling of two

RSO radicals to yield the disulfone. Another possibility, mecha-

nism B, involves the preliminary coordination of two sulfinate ions

with one Co 3. One then has a two-electron transfer resulting in the

formation of the disulfone and reduction to Co , followed by rapid

oxidation of Co to Co
+2

by Co
+3

.

Aromatic disulfones are highly insoluble crystalline sub-

stances which melt with decomposition at high temperatures. How-

ever, they are soluble in aromatic solvents and alcohols to the extent

of about 10-3 M. All of the substituted phenyl disulfones have fairly
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strong absorptivity in the ultraviolet region with a X max in the

range of 237 - 277 millimicrons (log ezid 4). In the infrared a,-

disulfones have intense bands at 7. 5 p. and 8. 8 p, which are ascribed

to the asymmetric and symmetric 0-7-S=0 stretch, respectively (13).

Sketchy physical measurements (22, 73) suggest that the structure

of a disulfone consists of two tetrahedra, each with a sulfur atom at

the center; the sulfur atoms are joined by a single bond about which

there is possibility of rotation.

Despite the fact that disulfones have been known for almost 70

years, the chemistry of these compounds has received practically

no attention. Kohler and MacDonald (60) reported that alkaline

hydrolysis of disulfones yields sodium salts of the corresponding

sulfinic and sulfonic acids.

ArS0
2

SO
2

H2OAr + 2Na0H->ArS0 3Na + ArS0 Na +

Similarly, the treatment of disulfones with ammonia (84) or piperi-

dine (4) afforded sulfonamides and sulfinate salts.

ArS0
2
SO Ar + 2NH

3
-

2
>ArS0

2
+ (ArS02 )(NH 4)

Qur interest in aryl disulfones was prompted by the studies of

Kice and Pawlowski (52), who showed that the thermal decomposition

of aryl sulfinyl sulfones, A 8-Ar, occurs very readily, and that

this easy thermal decomposition apparently involves rate-determining
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rate > ArS0 ArS0- -->ArV-OSArdetermining 2
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Examination of the literature (52) suggested that aryl thiolsul-

fonates, Ar -SAr, and a-disulfones are, like aryl disulfides,

ArSSAr, much less prone to undergo thermal dissociation than the

sulfinyl sulfones. On the other hand, work by Fava (59) has shown

that aryl thiolsulfinates dissociate fairly readily, although somewhat

less so than the sulfinyl sulfones, These various results and some

unpublished work (66) suggest that the relative rates of dissociation

of the S-S bonds in Ar -8-Ar, Arg-SAr and ArSSAr are probably in

the ratio of something like 107 :1041. 1. That merely changes in oxida-

tion state of the sulfur atoms participating in an S-S bond could lead

to such profound changes in ease of homolytic dissociation of that

bond had not been recognized prior to the sulfinyl sulfone studies.

Even now it is not known for certain why some of the disulfide oxides

dissociate so much more readily than others.

Given the above facts, a systematic study of the ease of

homolytic dissociation of the different types of S-S bonds certainly

seems extremely important and potentially of great value.

Because absolutely nothing was known about the thermal sta-

bility of aryl a-disulfones, the intent of this part of the present

thesis was to undertake a study of the rates of thermal decomposition
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of some representative aryl disulfones and to determine the nature

of their thermal decomposition products.



51

RESULTS

Synthesis of Aromatic a-Disulfones

The a-disulfones used in the present study were prepared by

the oxidation of sodium salts of the corresponding sulfinic acids with

an acidic solution of freshly prepared cobaltic sulfate as described

by Denzer, Allen, Conway and van der Veen (23).

2ArS02 + 200+3 > ArS0
2

SO
2
Ar + 200+2

Kinetic Studies of the Thermal Decomposition of a-Disulfones

Owing to the sparing solubility of aromatic disulfones in most

solvents, it was necessary to select a method of following the ki-

netics of the thermal decomposition which would not require the use

of large amounts of material. Since a-disulfones have strong ab-

sorptions in the region 237 - 277 mil (log E*4), the use of ultra-

violet spectroscopy naturally suggested itself as a means of follow-

ing the progress of the decomposition. However, this choice auto-

matically precluded the use of common aromatic compounds as sol-

vents for the reaction, because they also absorb ultraviolet light in

the same region. Preliminary studies indicated that the thermal

decomposition could, however, be conveniently studied in diglyme,

CH
3
OCH

2
CH

2
OCH

2
CH

2
OCH3'

which has a boiling point 163. 5° and
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is essentially transparent in the ultraviolet region 235 - 280 mil.

Therefore, all the kinetic data for the thermal decomposition were

obtained using diglyme as solvent.

Kinetics of the Thermal Decomposition
of R-Toly1 a-Disulfone (VII)

The thermal decomposition of p-tolyl a-disulfone (VII) was

carried out under a nitrogen atmosphere in a specially designed ap-

paratus (see Experimental section) which permitted easy removal of

aliquots for UV measurements. The thermal stability of VII was

first investigated in refluxing diglynne (163. 5° ). A plot of logarithm

of (At - Ate) against time showed that the decomposition followed good

first-order kinetics, with a half-life of about $7 minutes (Figure 2).

The rate of decomposition was also measured at 154. 5° and 145. 0°,

and a plot of log k versus 1/T (Figure 3) is satisfactorily linear.

From its slope the activation energy for the decomposition, Ea, was

estimated as 39. 5 kcal/mole. A summary of kinetic data, as well

as the calculated activation parameters are shown in Table IL

Table II.. Kinetics of the decomposition of p-tolyl a-disulfone (VII)
in diglyme.

Temp, ° C
163. 5°
163. 5°

154. 5°
154. 5°

145. 0°
145. 0°

.61-4 = 38. 6 kcal mole

k x 104 sec -1
1. 39
1. 32

0. 445
0. 440

0. 140
O. 158

AS1 = + 11. 4 e. u.



20 60 100 140 180 220 260

Time, minutes
Figure 2. Plot of log (At - A00) versus time for p-tolyl disulfone in diglyme at 163. 5°. u-1

u.)
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Ea = 39. 5 kcal/mole

A1-1*= 38.6 kcal/mole

AS4' = +11. 4 e. u.

1/T x 103

Figure 3. Plot of log k versus 1/T for the decomposition of
p-tolyl disulfone in diglyme.



55

Products of the Decomposition of R-Toly1
a-Disulfone (VII) in Diglyme

The products of the decomposition of p-tolyl disulfone (VII) in

diglyme were investigated as follows. A known amount of VII, dig-

lyme and a few boiling stones was placed in an apparatus fitted with

a nitrogen inlet tube and a condenser. The top of the condenser was

connected with a length of tubing to a sulfur dioxide trap containing

an aqueous solution of BaCl
2

and H
2
0

2.
The initial concentration of

VII was approximately 100 times the initial concentration of the solu-

tion used for kinetic studies. The diglyme solution of VII was then

heated for 20 hours (> 13 half lives) to insure complete decomposi-

tion. At the end of the decomposition, the solvent was removed

under reduced pressure, leaving behind a black tarry residue. This

residue was dissolved in chloroform, and a small amount of silica

gel was added, after which the chloroform was removed. The re-

sulting black grainy residue was placed on the top of a column of

Merck acid-washed alumina and the column was successively eluted

with various solvents. The identiy of the various fractions eluted

and their yield was determined. Owing to the fact that most

chromatographic fractions contained highly colored oils which could

not be identified, only those fractions that could be identified are

discussed here.

p-Tolyl sulfide (0. 13 moles/mole VII) and p-tolyl disulfide
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(< 0. 05 moles/mole VII) were eluted as a mixture from the column

by pure hexane and 80% hexane-20% benzene. The isolation and

determination of the sulfide and disulfide from the eluted mixtures

are described in detail in the Experimental section. p-Tolyl p-

toluenesulfonate was eluted in a trace amount by 100% benzene. A

large amount of a dark oil (20% of the total weight) was eluted with

benzene and 80% benzene-20% ether. The infrared spectrum of this

oil in chloroform had strong bands at 7. 35 p. and 8. 50 p., suggestive

of an SO2 group. At first it was thought that this fraction might

consist mostly of p- toluenesulfonic anhydride, but a, comparison of

the infrared spectrum of the oil with the spectrum of an authentic

sample of p-toluenesulfonic anhydride showed them to be different.

The presence of a wide band of medium intensity in the aliphatic

proton region centered at 3. 4 p. suggests that this oil probably con-

tains one or more solvent fragments.

A considerable amount of sulfur dioxide (0. 38 moles/mole VII)

was evolved in the decomposition, as determined by the weight of

the barium sulfate formed in the BaC12-H2O2 trap attached to the

top of the condenser.

The amount of p-toluenesulfonic acid (O. 27 moles/mole VII)

produced in the decomposition was determined by extracting the

chloroform solution of the black residue with water. The water

washings were then titrated with 0. 10 N NaOH. In a control
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experiment one-half of the water washings were treated with S-

benzylisothiouronium chloride. This precipitates S-ben.zyliso-

thiouronium p-toluenesulfonate, which was isolated in a yield com-

parable to that expected on the basis of the titration results on the

other half of the sample. The results of the product studies are

shown in Table

Products of the Decomposition of p.-Tolyi
a.-Disulfone (VII) in Bromobenzene

The results of the product studies of the decomposition of p-

tolyl disulfone in diglyme suggested that the solvent plays a signifi-

cant role in the formation of the products, as evidenced by yields of

large amounts of highly-colored oils, apparently containing solvent

derived fragments. Therefore, it was desirable to investigate the

products of the decomposition of p-tolyl disulfone in a solvent which

does not possess easily abstractable hydrogens, and yet has a boiling

point close to that of diglyme in order to insure about the same

general conditions for the decomposition. Bromobenzene seemed

to be a particularly satisfactory choice.

Decomposition of VII was accordingly carried out in refluxing

bromobenzene (b. p. 156') and the products were isolated and identi-

fied in the same manner as the procedure utilized for the decompo-

sition in diglyme. As in the decomposition in diglyme, besides the



Table III. Products of the Decomposition of p-Tolyl et- Disulfone (VII)

Reactants, M Solvent Products, expressed in moles/mole VII

SO ArArS0
2 2

ArSO2SAr SO2 ArS0 3H ArSAr ArSSAr ArS0
2
OAr P hS°2Ar Reacted

ArSO2SAr
Ufireacted
ArSO2SAr

4.0 x 10 3M 0 Diglyme 0.38 0.27 0.13 <0.05 <0.01

4.0 x 10 3M 0 Bromobenzene 0.23 0.84 0.25 <0.05 <0.01 0.28

4.0 x 10-3M 1.15 x 103M Bromobenzene - 0.22 0.13 <0.01 0.30 0.19 0.10

Ar = Tolyl group.
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identified products significant amounts of unidentified colored oils

were also produced.

The yield of sulfur dioxide (0. 23 moles/mole VII) was some-

what less than in diglyme, but the quantity, of p-toluenesulfonic acid

(0.87 moles/mole VII) was much larger than in diglyme. The yield

of p-tolyl sulfide (0. 25 moles/mole VII) was approximately twice the

amount found in the decomposition in diglyme, and trace amounts of

p-tolyl p-toluenesulfonate and p-tolyl disulfide were also produced.

Most important, a new product, phenyl p-tolyl sulfone (0. 28

moles/mole VII) was eluted with 100% benzene and 95% benzene-

5% ether. Its identity was established by comparison of its proper-

ties with those of the authentic compound. These results are sum-

marized in Table III.

It must be noted that although Miller and Walling (65) have ob-

served the homolytic displacement of bromine by chlorine atoms in

several substituted derivatives of bromobenzene, the formation of

phenyl p-tolyl sulfone from the decomposition of p-tolyl disulfone is

the first observed instance of a homolytic displacement of an

aromatic halogen by sulfonyl radical.

Products of the Decomposition of p-Toly1 a-Disulfone (VII)
in Bromobenzene in the Presence of Added

Tolyl Toluenethiolsulfonate

If initial thermal decomposition of ArSO2SO2Ar occurs by a
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homolytic scission of the S-S bond and the two ArS02 radicals so

formed then undergo head-to-tail recombination, this would produce

1
a sulfinyl sulfonate, Ar -0-8Ar. Subsequent thermal cleavage of

such a sulfinyl sulfonate might well occur much more readily than

that of the original disulfone and could possibly give rise to the

formation of a thiolsulfonate, by the following route.

2ArSO2 --> Ar -->-ArS0 0. + ArSO

SAr

Since no E.-toly1 p-toluenethiolsulfonate was isolated from either the

decomposition of VII in diglyme or in bromobenzene, we were in-

terested in determining how the thiolsulfonate once formed would

behave under the present reaction conditions. To elucidate this

point the decomposition of. VII was carried out in the presence of

added p-tolyl p-toluenethiolsulfonate (0. 29 moles/mole VII) in the

same manner as the decomposition of VII alone in bromobenzene.

Only 35% of the thiolsulfonate originally added could be recovered.

The yields of p-tolyl sulfide (0. 22 moles/mole VII) and phenyl p-

toly1 sulfone (0. 30 moles/mole VII) were comparable to those ob-

tained in the absence of added thiolsulfonate. However, the yield of

p-tolyl disulfide (0. 13 moles/mole VII) was noticeably larger. In a

control experiment p-tolyl p-toluenethiolsulfonate was heated alone
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in refluxing bromobenzene for 14 hours. The reaction solution re-

mained colorless, and the only compound recovered was the unal-

tered starting material. Thus, it appears that while p-tolyl p-

toluenethiolsulfonate is thermally much more stable than p-tolyl

disulfone, it is subject to attack by intermediates produced during

the thermal decomposition of the a-disulfone and can be consumed

quite readily under such conditions, These results are also sum-

marized in Table III.

Products of the Thermal Decomposition of E-Toly1
a-Disulfone (VII) in Diphenylmethane

The products of the thermal decomposition of VII in diphenyl-

methane were also investigated. The reasons for doing this were

the following. If p- toluenesulfonyl radicals are being produced in

the decomposition of the a-disulfone they would be expected to ab-

stract a hydrogen atom quite readily from diphenylmethane, forming

the relatively stable diphenylmethyl radical. These radicals might

then be expected to disappear principally by dimerization. This

would lead to the formation of sym-tetraphenylethane, an easily

identified product. This sort of behavior of diphenylmethyl and other

benzylic-type radicals is well known and has often been used as a

test for the incidence of homolytic mechanisms (38, 44). Besides

any dimerization to sym-tetraphenylethane it was also hoped that
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some of the diphenylmethyl radicals might intercept some of the p-

toluenesulfonyl radicals giving rise to diphenylmethyl p-tolyl sulfone.

A solution of p-tolyl disulfone (0. 93 g, 3. 0 x 10-3 mole) in

diphenylmethane (130 g, 0. 78 mole) was heated at 156° for 20 hours

under a nitrogen atmosphere. The dark reaction mixture was ex-

tracted with water, dried over anhydrous sodium sulfate and after

the removal of most of the solvent was subjected to column chroma-

tography. From titration of the aqueous extracts the yield of p-

toluenesulfonic acid was 0. 95 moles/mole VII. Owing to the pres-

ence of large amounts of tars, only tetraphenylethane (1. 0 Mole/

mole. VII) could be isolated and identified. The infrared spectra of

all oils showed no strong absorptions in the region 7. 5 II and 8. 6 11,

indicating the absence of sulfones.

Influence of Disulfone Structure on Rate of Decomposition

The effect of variation in the structure of the aryl groups on

the rate of decomposition of some para substituted phenyl disulfones

was investigated in diglyme, using the same kinetic procedure as

described earlier for following the reaction as for p-tolyl disulfone

(VII). Plots of log (At - Ate) versus time for all of the disulfones

showed that all the decompositions followed good first-order

kinetics, with the possible exception of phenyl disulfone. The rate

of phenyl disulfone was four to eight times faster than any of the
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substituted disulfones. The reason for this is not understood at this

time, but one possibility is that it is due to the unsubstituted nature

of the para position which is being attacked by some radical, causing

induced decomposition. The mechanism of such an attack is also not

understood at this time. An indication that the mode of decomposi-

tion of phenyl disulfone probably differs from other disulfones is

evident in that, as noted earlier, the plot of log (At - Aco) versus

time contains some scatter (Figure 4). For the other para substi-

tuted a-disulfones there are no large changes in rate with change in

the nature of the aryl groups. Generally, electron-withdrawing sub-

stituents in the aromatic ring accelerate the decomposition and

electron releasing groups retard it, but the effect is small. The re-

sults of the various kinetic studies of this type are shown in Table IV.

Table IV. Influence of disulfone structure on rate of decomposition
in diglyme.

Disulfone Temp. , ®C k x 104sec°1
Phenyl 163. 5 6. 07

5. 02
p-Bromophenyl 1. 84

1. 79

p-Chlorophenyl 1. 52
1. 70

p- Tolyl 1. 39
1. 32

p-Methoxyphenyl 0. 684
0. 675

p-Bromophenyl 154. 5 0. 530
0. 566

145.0 0. 250
0.259

A144. = 39. 3 kcal mole AS-t- '.-+13. 8 e. u.
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Figure 4. Plot of log (At - A00) versus time for phenyl disulfone in diglyme at 163. 5'.
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An Attempted Preparation of Benzyl Disulfone--The
Reaction of Sulfinic Acids with Phenylsulfene

Prior to embarking upon the study of the thermal decomposi-

tion of aryl disulfones we attempted to investigate the thermal de-

composition of benzyl a-disulfone, PhCH2SO2SO2CH2Ph. As pre-

viously mentioned, homolytic dissociation of the S-S bond in an aryl

disulfone, ArS0
2

SO
2

s.Ar will yield a pair of ArS0 2 radicals. Be-

cause recombination of these radicals need not occur exclusively,

or even predominantly in head-to-tail fashion (equation 17a) there

may be a considerable amount of recombination of ArS02 radicals

simply to regenerate a-disulfone (17b), and the measured rate of

disappearance of a disulfone, kd' may well be somewhat less than

the actual rate of the initial homolytic dissociation of the S-S bond

in ArS0 SO Ar, k
2 2 d'

ArS0 S Ar r 2
SO. Ar -O-

2
A-Ar (17)

One type of a-disulfone, however, where there should be no

possible ambiguity between the rate of the initial dissociation of the

disulfone and its over-all rate of decomposition would be the com-

pound benzyl a-disulfone, PhCH2SO2SO2CH2Ph, because, here, in

contrast to the situation with the aromatic disulfones, the sulfonyl

radicals produced by the initial scission of the S-S bond will undergo
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immediate desulfon.ylation (45) (equation 18),

PhCH
2

-CH
2
Ph--)2PhCH

2
SO2

fast 2PhCH
2

+ 2S0
2

(18)
8

and there will be no likelihood of any sulfonyl radical recombination

regenerating the disulfone. Efforts to synthesize benzyl Q.- disulfone

by any of the usual procedures for a-disulfone synthesis reviewed in

the Introduction proved unsuccessful. Therefore, an attempt was

made to prepare this compound by a novel approach, the reaction of

a-toluenesulfinic acid with phenylsulfene.

In 1964, King and Durst (56), and Truce, Campbell and Norell

(88), showed that the reaction of sulfonyl halides of the type

RWCHSO
2
Cl with tertiary amines results initially in the formation

of a sulfene, RR'C = SO
2.

They proposed the following mechanism

for its formation.

RRiCHSO C

NEt
3 -C1

slow R> R SO
2C1 fast )RRiCH:7- SO2 (19)

Confirmation of the mechanism shown in equation 19 was provided by

King and Durst (57) who observed that in the presence of base, the

solvolysis of alkanesulfonyl chlorides is accompanied by exchange of

one and only one hydrogen, whereas in the absence of base no such

exchange occurs (equation 20).

RCH 0 Cl
B:

RCI-FS0
2

+ DZ---)RCHDSOzZ (20)
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Where Z may be OD, OCH3, NEt3, or NDPh. This result is con-

sistent only with a mechanism in which the loss of H and Cl pre-

cedes the addition of either Z or D; any mechanism involving

separate and distinct attack upon either sulfur or adjacent carbon

would not account for the formation of RCHDSO Z to the almost

complete exclusion of RCH2SO2Z and RCD2SO2Z.

We hoped that it might prove possible to use the following

synthetic sequence involving an appropriate sulfene intermediate to

prepare benzyl a-disulfone.

Et3N
PhCH

2
0 Cl PhCH

2
SO

2
---.---4P

(PhCH=S0
2

) PhCH
2

SO

Eta NH

-4

PhCHSO 0 CH
2
Ph

PhCH
2
SO SO

2 2
CH Ph (21)

Thus, the idea was that reaction of a-toluenesulfinate anion with

PhCH = SO2 (generated from Et 3N and PhCH2
SO

2
C1) might lead to

the ci-disulfone.

The reaction was carried out in anhydrous dioxane under a

nitrogen atmosphere using the following procedure. To a stirred

solution of a-toluenesulfinic acid (30 mmole) and triethylamine

(73 mmole) was slowly, added a solution of a-toluenesulfonyl
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chlorine (37 mmole) over a period of 45 minutes. The mixture was

then stirred for 30 hours, during which time it turned yellow and a

white precipitate formed. The reaction mixture was then poured into

ice-water and extracted with ether. The ether extract was washed

with water and dried over anhydrous sodium sulfate. After removal

of ether, a yellow residue remained. This residue was recrystal-

lized several times in ethanol and was identified as benzyl a-

toluenethiolsulfonate, PhCH2SO2SCH2Ph, (yield 6. 7 mmoles).

Although the reaction of phenylsulfene with sulfinic acid did not

give the desired sa-disulfone, we thought that further investigation of

this reaction was warranted, particularly in order to learn something

about the mode of formation of the thiolsulfonate. Therefore, the

experiment was repeated using p -.toluenesulfinic acid instead of a-

toluenesulfinic acid. Again, in this instance, the residue obtained

after the completion of reaction and removal of solvent was chroma-

tographed on a silica gel column. The identity and yield of each

identifiable product produced was determined and is shown (in order

of its elution from the column) in Table V.

The isolation of p-tolyl p-toluenethiolsulfonate leaves no doubt

that its precursor was p-toluenesulfinic acid; however, whether the

sulfene is involved as an intermediate in the formation of the thiol-

sulfonate or whether, alternatively, the thiolsulfonate simply arises

from disproportionation of the sulfinic acid was not known initially.
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To clarify this point, a mixture of triethylamine and p-toluenesul-

finic acid was stirred under a nitrogen atmosphere for 30 hours,

poured into ice-water, extracted with ether, and the ether extract

was dried over anhydrous sodium sulfate. After removal of ether

only a trace amount of triethylamine was found. Repetition of the

above procedure with a mixture of triethylamine, p-toluenesulfinic

acid and triethylamine hydrochloride gave the same result. Thus,

there seems to be little doubt that the formation of thiolsulfonate

must involve a prior sulfene-sulfinate interaction.

Table V. Products of the reaction of phenylsulfene with p-toluene-
sulfinate anion.

Reactants:
p-Toluenesulfinic acid 30 moles

a-Toluenesulfonyl chloride 37 moles

Triethylamine 71 moles

Dioxane 65 ml

Products, expressed in mmoles /mmole of sulfinic acid

trans -Sti lb ene 0. 030

p-Tolyl thiolbenzoate 0. 040

p-Tolyl p-toluenethiolsulfonate 0. 25

Benzyl p-tolyl sulfone 0. 033

Benzoic acid trace
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DISCUSSION

Evidence That Disulfone Decomposition Involves a Homolytic
Scission of the Sulfur-Sulfur Bond

With the possible exception of phenyl disulfone, the strict first-

order kinetics of the decomposition of aryl a-disulfones strongly

suggest a unimolecular rate-determining decomposition. Given the

fact that the rate-determining step in the decomposition is a uni-

molecular scission of the S-S bond, what is the mode of such a bond

scission? In diglyme the enthalpy and entropy of activation for the

decomposition of p-tolyl a-disulfone (VII) are 38. 6 kcal/mole and

+ 11. 4 e. u. respectively. These values of the activation parameters

are very similar to those for the decomposition of p-bromophenyl

disulfone, l = 39. 3 kcal/mole and AS4 = +13.8 e. u. This indicates

that both of the two 0,-disulfones presumably decompose by the same

mechanism.

The rather large and positive entropy of activation certainly

suggests that the S-S bond scission does not involve any concerted

cyclic rearrangement of the disulfone.

e"
Ar- - -Ar----> - (A ------Q\ Ar Ar

Another possibility is, of course, that the rate-determining

step is simply the dissociation of the S-S bond into a pair of



ArS0 radicals (equation 22).

Ar SO
2

SO
2
Ar -> 2Ar SO

71

(22)

In any system the best evidence for a radical decomposition is sup-

plied by the successful detection or trapping of the free radicals

thought to be involved. In this work positive evidence pointing

toward the involvement of radical intermediates was obtained through

two different experiments. First, there was the fact that thermal

decomposition of p -tolyl disulfone (VII) in diphenylmethane resulted

in the formation of a large amount of tetraphenylethane (1 mole/

mole VII). This result is consistent with the formation of ArS02

radicals, which might quite reasonably be expected to abstract one

of the methylene hydrogens of diphenylmethane, forming diphenyl-

methyl radicals. The dimerization of the diphenylmethyl radicals

then gives tetraphenylethane.

The second piece of evidence which suggests that the sulfur-

sulfur bond in the a-disulfone is broken homolytically is the isolation

of phenyl p -tolyl sulfone from the decomposition of the p-tolyl disul-

fone in bromobenzene. If the decomposition of the disulfone involved

a heterolytic cleavage of the S-S bond into a pair of charged ions,

i. e.

ArS0
2 2
SO Ar -> ArS0

2
+ ArS02
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then subsequent electrophilic attack of ArS0
2

on bromobenzene

would not lead to phenyl p-tolyl sulfone, but to a mixture of substi-

tuted bromophenyl p-tolyl sulfones. On the other hand the formation

of phenyl p-tolyl sulfone is consistent with the following mechanism

involving the replacement of bromine by an ArS0 2 radical.

2B r'

Br

ArSO2

Br

-->
SO2Ar

+ Br°

This mechanism for bromine atom displacement is analogous to that

studied by Miller and Walling (65) involving the reaction of chlorine

radicals with bromobenzene to give chlorobenzene and bromine.

The chlorine atom-bromobenzene reaction is thought to have an ex-

tremely fast bimolecular rate constant (N 10 10
M

- 1 sec-1) and an

activation energy of less than 2 kcal/mole (92).

2Br

Br

+ C1. ---->

) Br
2

Cl

Br
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Thus, the available evidence certainly seems to be satisfactorily

consistent with a mechanism for the thermal decomposition of the

a- disulfone which involves the rate-determining homolytic cleavage

of the sulfur-sulfur bond yielding a pair of ArS0 radicals.

Products of the a-Disulfone Decomposition

If the thermal decomposition of a disulfone involves an initial

rate-determining homolytic scission of the S-S bond, giving a pair

of ArS0
2

radicals (equation 22), then these radicals can (1) combine

in a head-to-tail fashion to give sulfinyl sulfonate (equation 23), (2)

loose sulfur dioxide to give aryl radicals (equation 24) or (3) react

with the solvent (bromobenzene or diglyme). We have already seen

that p-toluenesulfonyl radicals can react with solvent bromobenzene

to give phenyl p-tolyl sulfone (equation 25).

ArS0
2

SO
2
Ar

2ArS0
2

ArS0

+ArS0

2

2Br'

> 2ArSO,

AI-0-1)Ar

Ar + SO2

Br
2

(22)

(23)

(24)

(25)
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Similarly, our results suggest that ArSO2 radicals also inter-

act with diglyme, as evidenced by the isolation of a large amount of

highly colored oils which contain SO2 groups and solvent fragments.

With the exception of solvent-derived products discussed above,

the products of the thermal decomposition o f E-tolyl disulfone (VII)

in bromobenzene or in diglyme are identical (albeit in different

yields) and are as follows: sulfur dioxide, p-toluenesulfonic acid,

p-tolyl sulfide, p-tolyl disulfide, and p-tolyl p-toluenesulfonate (in

trace amounts) (See Table III). Below we present a possible route

for the formation of these decomposition products.

The formation of sulfur dioxide, as previously mentioned, re-

sults from the desulfonylation of some ArS0 radicals (equation 24)

ArS0 --->Ar + SO2
2

(24)

The formation of p-toluenesulfonic acid can be accounted for

as follows. The work of Oae and Ikura (71, 72) strongly suggests that

sulfinyl sulfonates Ar -0-tAr, which would be formed by the

head-to-tail recombination of a pair of ArS02 radicals (equation

23) are thermally unstable. They were able to isolate p-nitro-

phenylsulfinyl p-nitrobenzenesulfonate from refluxing chloroform

(72). However, when this compound was heated at 180' it decom-

posed, presumably into its corresponding sulfinyl and sulfonyloxy

radicals (71). In the present study we assume that any sulfinyl



sulfonate formed via equation 23 would decompose in the same

manner (equation 26).

A r ArS0
2

+ ArSO

ArS0 20 + RH 3 ArSO2OH +

2ArSO

75

(26)

(27)

(Arg-0-S-Ar)-4.-ArS0 SAr (28)

It has been reported that in solvents possessing easily abstracted

hydrogen atoms, such as diglyme, ArS0 20 radicals readily ab-

stract such hydrogens (79); this leads to the formation of sulfonic

acid (equation 27). In aromatic solvents, such as benezene, nearly

equal yields of phenyl arenesulfonate and sulfonic acid are obtained

(20) (equation 29).

0
H II

OSAr
+ ArS0 0

2
OS(0)2Ar 0

+ ArS03H

The fact that in the present study the decomposition of a-disulfone

VII in bromobenzene also resulted in a large yield of sulfonic acid

and no bromophenyl p-toluenesulfonate is thus at first puzzling in

terms of the scheme being suggested. However, if one takes into

consideration that the initial concentration of the a-disulfone was

( 2 9 )
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4 x 10-3 M in our experiments, then one possible explanation is to

assume that our aromatic solvent contains a small amount of some

impurity which is a good hydrogen atom transfer agent. Just what

this might be, however, is far from clear. That termination of

ArSO radicals, formed in equation 26, would give the thiolsulfonate

as the final product (equation 28) has been demonstrated by the work

of Topping and Kharasch (87). The fate of the thiolsulfonate once

formed will be discussed shortly.

The work of Kice and Pawlowski (52) suggests that the ArS0-

radicals formed in equation 26 can also terminate with ArS0

radicals in the following manner (equation 30).

ArSO + ArSO -0-S-Ar (30)

The sulfenyl sulfonates formed as the product of such a termination

are known to be unstable compounds which decompose thermally to

form disulfide and sulfonic acid (74), although exactly how they, do so

is still very unclear. We offer a following speculative mechanism to

account for the results.

-OSAr > + ArS (31a)ArS0
3

2° +ArS0 RH -> ArS0
3

H + R (31b)

2ArS- >ArSSAr (32)
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Consider the following facts: (1) no thiolsulfonate, ArS0 SAr,

and very little disulfide was detected in the usual thermal decomposi-

tions of the a-disulfone in bromobenzene, while decomposition of

the ct-disulfone in the presence of added thiolsulfonate in the same

solvent resulted in an appreciable consumption of the added thiol-

sulfonate and a nearly equivalent increase in the yield of disulfide;

(2) the yield of aryl sulfide is less or nearly equal to the theoreti-

cally available aryl radicals (based on the yield of SO2). Given

these facts, we propose the following scheme to account for the re-

sults (equations 33 - 35). In this scheme the ArS and Ar radicals

are initially derived from equations 31a and 24 respectively.

Ar- -SAr + ArS --->- ArS0
2

+ ArSSAr ( 33)

ArSSAr + A.r -----> ArSAr + ArS ( 34)

Ar + ArS0 0. ---> ArO- -Ar ( 35)

The above scheme is supported by the work of Pryor and Guard (78),

who reported that the radical attack on sulfenyl sulfur is extremely

rapid.

Homolytic Scission of Sulfur-Sulfur Bonds

Table VI shows the first-order rate constants for the thermal
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decomposition of various di-p-tolyl sulfur-sulfur bonded compounds.

Table VI. Dissociation of di-p-tolyl sulfur-sulfur bonded compounds.

Compound ki(sec -1) at 1000

1
Ar- - -Ar (VII)

Ar-S-S-Ar (VIII)

(IX)

-S-Ar (X)

(XI)

0
Ar - -

'-Ar
(XII)

0 0

5. 7 x 10-8

< 2 x 10-8 (a)

3.8x 10-5 (b)

more stable than IX

less stable than XII

1.6 x 10-1
(c)

Ar = p-tolyl group

(a) Calculated from data of Minch (66).

(b)Calculated from ,OH =34 kcal/mole, AS* =+ 12 e. u. given
by Koch and Fava (59).

(c) Calculated from data of Kice and Pawlowski (52).

The data indicate that the relative rates of dissociation of S-S b rids

in XII, IX, VII and VIII are in the ratio of something like 107:103:3:1.

Although no unequivocal evidence is available, studies in the present

thesis suggest that X is probably thermally more stable than VII.

Work in part II of this thesis also suggests that a-disulfoxides, such

as XI, are an extremely unstable class of compounds. If we assume
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that XI probably dissociates at least several orders of magnitude

faster than XII, then there would seem to be something over a factor

of at least 1010 difference in the ease of hornolytic dissociation of

the S-S bond in compounds VII-XII; and this rather staggering change

in behavior is the result of nothing more than changes in the oxida-

tion state of the sulfur atoms participating in the sulfur-sulfur bond.

At present we do not know for certain why some of the sulfur-

sulfur bonded compounds dissociate so much more readily than

others, although having a sulfinyl group as one of the partners in the

sulfur-sulfur bond appears to predispose a compound toward facile

homolytic dissociation. Therefore, one possible explanation is that

ArSO radicals are more stable than ArS or ArS0 ° radicals (52,

87) and that this is the reason that sulfur-sulfur bonds possessing

an Arl- fragment as one of the partners undergo more rapid homo-

lytic dissociation than those compounds in the group VII-XII which do

not.

It was suggested (74) that the easy decomposition of aromatic

sulfinyl sulfones (XII) also results in part from the unfavorable

repulsion between two adjacent electron-deficient sulfur atoms which

leads to an increase of the free energy of the sulfinyl sulfone and a

weakening of the S-S bond (structure XII*).

XII*
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Indeed the effects of para-substituents in benzenesulfinyl sulfone are

in qualitative accord with this concept, since electron-withdrawing

groups accelerate the rate of decomposition while the electron,

donating groups retard it. However, our studies leave no doubt that

the fast decomposition of XII cannot be due in any important way to

the dipole-dipole repulsion shown in structure XII*, for if it were,

one would then expect the a-disulfone VII, which has a greater

dipole-dipole repulsion (structure VII*)

VII*

to decompose even more rapidly than. XII, which, of course, it does

not.

The Reaction of Sulfinic Acids with Phenylsulfene

King and Durst (54) observed that a-toluenesulfonyl chloride

and triethylamine react either neat or in benzene solution to give

trans-stilbene (30%), triethylamine hydrochloride and some oxythio-

benzoyl chloride, Phc=S=0. They proposed the following mecha-
C1

nism to account for the formation of these products (Scheme I).
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Scheme I

PhCH2S02C1-->PhCHSO2C1---->PhHS02

.,,c3rvr
Cl

PhCH=S0 PhCH
2

SO
2
Cl

or Ph.CH7--SO 2)

PhCH: + SO2

PhC FFSO z
Phc H 0 CH

2
Ph

1 0

PhCH HPh Ph S=O + PhCH2SQ3H

$ Cl
PhCH = CHPh + SO2

From Scheme I we see that the nucleophilic attack of Cl

on sulfene takes place on the carbon atom; whereas the attack of

alcohol or amine on sulfene (equation 20) occurs on the sulfur atom,

Other studies (58) also suggest that in general nucleophilic attack on

the sulfene usually takes place more rapidly on the sulfur atom than

on the carbon. This can nicely account for the fact that trans-

stilbene was formed in appreciable yield only in the reaction in

Scheme I, where desulfonylation of sulfene can probably compete

more favorably with the slower nucleophilic attack on carbon.

Modification of the mechanisms in Scheme I and in equation

20 to include ArSO2 as a nucleophile can give a possible route for



82

the formation of major products observed in our study (see Table IV).

However, we must emphasize that this investigation has been ex-

ploratory in nature and the mechanisms shown below are highly

speculative.

Formation of p-tolyl p-toluenethiolsulfonate can be rationalized

as follows. Since ArSO2 is an ambident nucleophile, its reaction

with sulfene would be expected to take place predominantly via oxygen

attack on the sulfur atom of sulfene, analogous to reaction 20, giving

a sulfinyl sulfonate.

ArSO2 + PhCH = SO
2

- CH
2
Ph

XIII

The sulfinyl sulfonate XIII, at present an unknown compound, con-

tains a very good leaving group, PhCH2SO3 , and would be expected

to react readily with another molecule of ArS02 , giving sulfinyl

sulfone.

- - H2Ph1 + ArS0
2
----> -Ar + PhCH2

SO

Thermal decomposition of sulfinyl sulfone (t112 ce 4. 8 hours at 24°)

in a manner proposed by Kice and Pawlowski (52) would then account

for the formation of thiolsulfonate.



83

Ar TAr---> ArS02° + ArSO. -> Ar 0-SAr

gAr -0-SAr + ArS0 2 --> Ar -SAr + ArS0
3

Benzyl p-tolyl sulfone could have arisen from the reaction of

ArSO2 via sulfur attack on the carbon atom of sulfene, followed by

desulfonylation.

ArSO2 + PhCH=S0
2
--->A -QH-Ph

2

Art H
2
Ph + SO2

HNEt3

Formation of p-tolyl thiolbenzoate is difficult to explain. The

reaction of ArSO2 with oxythiobenzoyl chloride (formed as shown

in Scheme I) followed by oxygen transfer and rearrangement is one

possibility.

Ph -7

Ci

,0
ArSO2 Ph-C = S --OPPh-C-SV

mss' S

Ar Ar

XIV XV

+ SO2

0

In the suggested reaction sequence the rearrangement of XIV to XV

is not unlike a lot of other cyclic rearrangments (the Claisen, etc. ),



84

however, the rearrangment of XV to thiolbenzoate is one with rela-

tively little precedent. It need not necessarily be a concerted

process but might well involve something like

0
LO-SAr PhCO + SO + ArS

cage > ph -SAr +SO
2 recombination
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EXPERIMENTAL.

Materials

Preparation of Sulfinic Acid Salts

Sodium Benzenesulfinate. Commercial sodium benzenesulfinate

(Aldrich Chemical Company, Inc. ) was used without further purifica-

tion.

Sodium 2.- Toluenesulfinate. Sodium p-toluenesulfinate was pre-

pared by the reduction of commercially available p-toluenesulfonyl

chloride (Matheson Coleman and Bell) with zinc metal, as described

by Whitmore and Hamilton (31, p. 492-493). The dihydrate of the

salt was used without further purification.

Sodium R-Bromobenzenesulfinate. The hydrate of the salt was

prepared by the reduction of commercially available p-bromoben-

zenesulfonyl chloride (Aldrich Chemical Company, Inc. ) with sodium

sulfite in basic solution according to the procedure described by

Bgder and Hermann (5).

Sodium R-Chlorobenzenesulfinate. Sodium p-chlorobenzene-

sulfinate was prepared in the same manner as sodium p-bromoben-

zenesulfinate, using p-chlorobenzenesulfonyl chloride (Wateree

Chemical Co. , Inc. ).

Sodium R-Methoxybenzenesulfinate. p-Methoxybenzenesulfonyl
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chloride was prepared by the reaction of anisole with chlorosulfonic

acid in chloroform at -5 to 100, according to the directions of

Morgan and Cretcher (69). The sulfonyl chloride was reduced with

sodium sulfite to afford the sulfinic acid salt.

Preparation of Disulfones

The disulfones were prepared by the oxidation of sodium salts

of sulfinic acids with an acidic solution of cobaltic sulfate as de-

scribed by Denzer, Allen, Conway and van der Veen (23).

(a) Preparation of Co2(SO4)3 Solution. Co (III) solution was pre-

pared by electrolysis of a saturated solution of cobaltous sulfate

(90 g/800 ml) in IONH2SO4 at 0 - 50 using a platinum anode 42 cm2

in area and copper cathode. A current of three to five amperes was

applied for 10 - 12 hours. The light blue suspension of Co2(SO4)3

that collected in the porous cup (Coors No. 700) was transferred to

a larger beaker and mixed with equal volume of 10N< 1-12SO4 which

has been chilled to 0°. Then the almost clear blue solution was

quickly filtered through a coarse sintered glass funnel with the aid

of suction and used in step (b) immediately.

(b) Oxidation of Sulfinic Acid Salts. The chilled solution of

Co (III), made in step ( ), was run into a solution or slurry of the

sulfinic acid salt in 50 ml lON H2SO4 and 50 ml t -butyl alcohol

until the blue color of Co (III) persisted for one minute. The mixture
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was immediately poured into five times its volume of cold water,

and the insoluble disulfone was isolated by filtration, dried, and re-

crystallized at least two times from benzene-10% alcohol. The fol-

lowing disulfones were prepared by the Co (III) oxidation method.

Diphenyl Disulfone. Yield 68%, m. p. 195 196°, X max

(diglyme) 241 mp. (E = 2. 6 x 104). (Literature values (23),

196 - 196. 5°, X max 237 mil (E = 2 x 104).

Di-2 -toly1 Disulfone. Yield 58%, m. p. 221 - 222°, X max

(diglyme) 257 mil (E = 2. 8 x 104). (Literature values (23), m. p.

222° , X max 250 mil (E = 2. 3 x 104).

Di-2-bromophen.y1 Disulfone. Yield 50%, m. p. 235-236°,

max (diglyme) 266 mµ (E = 7. 2 x 104). (Literature values (23),

m. p. 205°, X max 262 mil (E = 1. 95 x 104). Anal. Calculated for

C12H8Br204S2: C, 32. 70; H, 1. 83. Found: C, 33. 02; H, 1.93.

Di-2-chlorophenyl Disulfone. Yield 56%, m. p. 231 - 232°,

X max (diglyme) 258. 5 rnµ (E = 2. 7 x 104). (Literature value (6),

m. p. 230°. )

Di-p-methoxyphenyl Disulfone. Yield 68%, m. p. 192 - 1938 ,

. max (diglyme) 284 TrI 7. 0 x 104). Literature values (23),

m. 232°, X max 277 mil (E = 2, 8 x 104). Anal. Calculated for

C 14H 14O6 S2.
C, 49. 20; H, 4. 13. Found: C, 49. 10; H, 4, 18.

The infrared spectra of all the disulfones showed strong ab-

sorptions in the region 7. 5 II and 8. 8 µ (KBr pellet).



Tolyl Toluene thiol sulfonate. p- Tolyl p-toluenethiolsul-

fonate was prepared by the disproportionation of p-toluenesulfinic

acid (47), m.p. 75 - 76°. (Literature value (47), m.p. 76°).

a- Toluene sulfonyl Chloride. a-Toluenesulfonyl chloride,
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m.p. 92 - 94°, was prepared from benzyl chloride using the proce-

dure employed by Belous and Postovsky (10). (Literature value (27,

p. 60), m.p. 93 - 94°. )

a -Toluenesulfinic Acid. a.-Toluenesulfinic was prepared from

the corresponding sulfonyl chloride by the method of Pawlowski (74,

p. 93). The purified acid melted at 70 - 72*, (literature value (74,

p. 93) m.p. 74° ).

R-Toluenesulfinic Acid. Sodium p-toluenesulfinate was con-

verted to p-toluenesulfinic acid according to the procedure of Kice

and Bowers (47). The recrystallized acid melted at 84-86°,

(literature value (16) m.p. 84 - 85°).

Solvents

Diglyme

Crude diglyme (Ansul Chemical Company) was twice refluxed

and distilled from sodium. Only the fraction boiling at 163 - 164°

was collected. An ultraviolet spectrum of diglyme versus distilled

water showed no appreciable absorbance in the region 320 - 240 mp,.
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Bromobenzene

Commercial bromobenzene (Matheson, Colemand and Bell) was

purified by shaking with concentrated sulfuric acid, washing with

water, drying over anhydrous sodium sulfate and distilling on an

Oldershaw column, b. p. 156°,

Diphenylmethane

Diphenylmethane, m. p. 25 - 27° (Matheson, Coleman and Bell)

was distilled in a spinning band column under reduced pressure, b. p.

78° (1 mm).

Dioxane

Reagent grade dioxane was further purified by the method given

by Wiberg (94, p. 245) and distilled on an Oldershaw column, b. p.

1 0 1 ° .

Procedures

Procedure for Kinetic Runs

In each run, a stock solution approximately 1 0
- 3M in a-disul-

fone was made up and two or three ml of this solution was pipetted

into a 100 ml volumetric flask. Freshly distilled diglyme was added
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to bring the volume to 100 ml. The solution was shaken, a few milli-

liters was transferred into a quartz Beckman UV cell, and the ab-

sorbance, A, of the solution at the X. max was determined with a Cary

Model 15 ultraviolet spectrophotometer. Then a sufficient additional

amount of the 10-3M a-disulfone stock solution was added with a cali-

brated pipet so that the solution in the 100 ml volumetric flask had

an initial absorbance of 1. 0 to 1. 1 at k max. This solution was then

transferred into the reaction vessel (Figure 5). The reaction vessel

and its contents were then deaerated by passing a gentle stream of

prepurified nitrogen through the solution for ten minutes. At that

point the vessel was heated with a mantle or placed in a constant

temperature bath. Once it had achieved temperature equilibration,

usually 20 - 25 minutes, the initial sample (time equal to zero) was

taken.

To remove an aliquot, nitrogen pressure in the system was

increased by turning stopcock A 180° from the position shown in

Figure 5, thus forcing part of the solution into the calibrated tube C

(usually 5 - 6 ml). The aliquot was trapped there by quickly turning

stopcock B 45° clockwise and returning A to its original position.

The sample in the tube C was then allowed to run out of the system

by turning stopcock B another 45° clockwise. A small amount was

allowed to run out of the delivery tube D into a waste beaker, and

the remainder was collected in a test tube, stoppered, and immersed



91

/
D

Figure 5. Reaction vessel for kinetic runs.
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in ice-water. When the solution cooled to room temperature, (ap-

proximately 30 seconds), it was transferred into a UV cell, and the

absorbance, A, was measured.

Product Studies

Products of the Decomposition of E- Tolyl Disulfone in Diglyme

p-Tolyl disulfone (1. 25 g, 4 x 10-3 mole), a few boiling stones,

and one liter of freshly distilled diglyme were placed in a two liter

three-neck flask fitted with a gas inlet tube and a condenser. The

top of the condenser was connected with a length of tubing to a sulfur

dioxide trap. The sulfur dioxide trap contained a solution of Z. 5 g

of barium sulfate dihydrate, 10 ml of 30% hydrogen peroxide and

90 ml water (85, p. 295). A vigorous stream of prepurified nitrogen

was allowed to pass through the solution and the rest of the system

for ten minutes before the flask was warmed with a heating mantle

and gently swirled to dissolve the a-disulfone. Once the disulfone

went into solution, a sheet of aluminum foil was wrapped around the

flask, the nitrogen flow was adjusted to a gentle stream, and the

colorless solution was heated to reflux (164°). After 20 hours of

heating, the sulfur dioxide trap was disconnected from the condenser,

the nitrogen flow was increased and the reaction mixture, which had

turned dark red, was allowed to cool. The solvent was distilled



93

under reduced pressure, leaving behind a black tarry residue. This

residue was dissolved in 100 ml of reagent chloroform, 0. 2 g of

silica gel was added and again the solvent was removed with a rotary

evaporator. The resulting black grainy solid was placed on the top of

a Merck acid-washed alumina chromatographic column and the

column was successively eluted with hexane, hexane-benzene, ben-

zene, benzene-ether, ether, ethanol-ether and ethanol. Upon re-

moval of solvent, almost all the eluted fractions contained yellow,

red, or dark tarry oils. Therefore, only fractions that produced

identifiable products are reported.

The amount of sulfur dioxide evolved in the decomposition was

determined by filtering, washing, drying and weighing the barium

sulfate that was formed in the sulfur dioxide trap.

The quantity of p-toluenesulfonic acid produced in the decom-

position was determined as follows. The black residue after the re-

moval of solvent was dissolved in chloroform and washed with 25 ml

portions of distilled water. The water washings were titrated with

0. 10 N NaOH. In a control experiment one-half of the water washings

was treated with S-benzylisothiouronium chloride, using standard

procedures (24), and S-benzylisothiouronium p-toluenesulfonate was

isolated in a yield equal- to 94% of that expected from the titration

results. The melting point, 179-180°, was undepressed on mixing

with authentic sample. (Literature value (24), m. p. 178°).
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Identification of Chromatographic Fractions

Elution with pure hexane and 80% hexane-20% benzene gave a

mixture of p-tolyl disulfide and p-tolyl sulfide. A pure sample of

each was isolated after repeated fractional crystallizations from

ethanol of the appropriate chromatographic fractions. Fractions in

which neither the sulfide or the disulfide could be cleanly separated

from each other were treated as follows to determine the amount of

disulfide in the mixture.

The sulfide-disulfide mixture was dissolved in anhydrous al-

cohol, excess sodium borohydride was added, and the mixture was

stirred for ten hours at room temperature. Then dilute hydrochloric

acid was added to the mixture to decompose the excess NaBH4, fol-

lowed by the addition of an equal volume of 50-50 pyridine-water

mixture. The resulting solution was titrated with standard iodine

solution to a permanent yellow coloration.

Control runs with mixtures of known sulfide-disulfide composi-

tion showed that this method was quantitative for determining the

amount of disulfide.

2-To ly1 Disulfide

The infrared spectra of pure samples of p-tolyl disulfide iso-

lated from the sulfide-disulfide mixtures were identical with the
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infrared spectrum of an authentic sample. The melting point 46 - 48°

(literature value (46), m. p. 45 - 46') was undepressed upon mixing

with an authentic sample.

E- Tolyl Sulfide

The infrared spectra of the samples of isolated p-tolyl sulfide

were identical with that of an authentic sample. The melting point,

58 - 60', (literature value (35, Vol. II, p. 451), m.p. 57. 30) was

undepressed on mixing with a known sample.

- Tolyl R- Toluene sulfonate

A trace amount, less than one percent by weight of the total

decomposition products, of yellow oil was eluted with 100% benzene.

In CC1
4

this oil had strong absorption bands in the IR at 7. 25

8. 35 [I, 8. 50 p, and 8. 70 suggestive of a sulfonate ester. Repeated

attempts to obtain a crystalline material proved unsuccessful.

However, an infrared spectrum of an authentic sample of the p-tolyl

p-toluenesulfonate, prepared by the reaction of p-toluenesulfonyl

chloride and p-cresol, as described by Neeman, Modiano and Shor

(70), m. p. 67. 4 - 68. 1°, was identical with that of the yellow oil.

Dark Oil

A large amount of a dark oil (20% of the total weight of



96

decomposition products) was eluted with benzene. The infrared

spectrum of this oil in CHC1
3

had strong absorptions at 7. 35 [J. and

8. 5011, and in CC14 strong bands at 7. 25 p., 8. 40 p. and 8. 50 sug-

gestive of a SO2 group. It differed from p-tolyl p-toluenesulfonate

by lacking an absorption at 8. 70 Comparison of the infrared

spectrum of this oil with the spectrum of an authentic sample of p!-

toluenesulfonic anhydride showed them to be different, The presence

of a wide band of medium intensity in the aliphatic proton region

centered at 3. 4 p. suggests that this oil probably contains one or

more diglyme fragments.

Products of the Decomposition of E- Tolyl Disulfone in Bromobenzene

The same procedure as was used in diglyme was also used to

investigate the products of the decomposition of p-tolyl disulfone in

bromobenzene. The decompositions were carried out at 156° on

10-3 M solutions of the a-disulfone.

2.-Toly1 Disulfide and 2-Toly1 Sulfide

p-Tolyl disulfide and p-tolyl sulfide were isolated and identified

in the same manner as described for the decomposition products in

diglyme.
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Tolyl E-Toluenesulfonate

A very small amount of yellow oil was eluted with 100% ben-

zene. The infrared spectrum of this oil was identical with the

spectrum of p-tolyl p-toluenesulfonate.

Phenyl R-Toly1 Sulfone

A pale yellow crystalline solid (20% by weight of the total de-

composition products) was eluted with 100% benzene and 95%

benzene-5% ether. Recrystallization from 95% ethanol afforded

colorless crystalline material. The infrared spectrum of the pro-

duct had strong absorption bands at 7. 7 p. and 8. 7 11. The infrared

and NMR spectra of an authentic sample of phenyl p-tolyl sulfone,

prepared by a Friedel-Crafts reaction using A1C13, p-toluenesulfonyl

chloride and benzene (15), were identical to the spectra of the

product. The melting point 126 - 127° (literature value (15), m. p.

125. 5°) was undepressed on mixing with the known sample.

Products of the Decomposition of R-Toly1 Disulfone in the
Presence of 2-To ly1 z-Toluenethiolsulfonate

The products of the decomposition of p-tolyl disulfone (1. 0 g,

3. 2 x 10-3 mole) in the presence of added p-tolyl p-toluenethiolsul-

fonate (0. 25 g, 9. 4 x 10-4 mole) in bromobenzene (800 ml) were
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investigated. The decomposition was carried out at 156° and the

residue obtained after the removal of solvent was subjected to

column chromatography. Only 35% of the originally added p-tolyl

p-toluenethiolsulfonate could be recovered. The other products of

the decomposition were the same as those obtained from the decom-

position of p-tolyl disulfone but their yields were changed in the

manner outlined in Table III.

In a separate experiment p-tolyl p-toluenethiolsulfonate (0. 93 g,

3. 2 x 10-3 mole) was heated in one liter of bromobenzene at 156° for

14 hours. The reaction solution remained colorless, and upon re-

moval of solvent the only compound isolated was the unaltered start-

ing material.

Products of the Decomposition of E- To ly1 Disulfone in the
Presence of Diphenylmethane

A solution of p-tolyl disulfone (0. 93 g, 3 x 10
-3 mole) in di-

phenylmethane (130 g, 0. 78 mole) was heated at 156° for 20 hours.

After the removal of most of the diphenylmethane by vacuum distil-

lation, a black oily residue remained. This oily residue was

chromatographed on alumina.

Owing to the presence of large amounts of tars, only sym-

tetraphenylethane (1 mole/mole of p-tolyl disulfone) could be iso-

lated and identified. The infrared spectra of all oils and tars eluted
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by benzene and benzene-ether mixtures showed no strong absorptions

in the region 7. 5 p. and 8. 6 p., indicating the absence of sulfones.

syrn- Tetraphenylethane

sym-tetraphenylethane in the yield of 1 mole/mole of p-tolyl

disulfone, was eluted by hexane-benzene following the elution of di-

phenylmethane. Its infrared spectrum was identical to that of an

authentic sample. The melting point 210 - 211° was undepressed on

being admixed with an authentic sample. (Literature value (41),

m. p. 210°. )

Reaction of Phenylsulfene with a-Toluenesulfinic Acid

a-Toluenesulfonyl chloride (7. 1 g, 37 mmole) was dissolved in

25 ml of anhydrous dioxane and added dropwise over 45 minutes to a

magnetically stirred mixture of a-toluenesulfinic acid (5. 0 g, 30

mmole) and freshly distilled triethylamine (10 ml, 7. 3 g, 73 mmole)

in 40 ml of dioxane. The mixture was stirred under nitrogen at room

temperature for 30 hours, during which time the solution turned

yellow, and a white precipitate formed. The reaction mixture was

then poured into 200 ml of ice-water and extracted three times with

100 ml portions of ether. The ether extract was washed with water

and dried over anhydrous sodium sulfate. After removal of drying

agent and evaporation of ether in a rotary evaporator, a yellow
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residue remained. This residue was recrystallized several times

in ethanol and was identified as benzyl a-toluenethiolsulfonate by

comparison of the infrared and NMR spectra. Its melting point,

106 - 108°, (literature value (14), m. p. 107°) was unaffected by

mixing with an authentic sample.

Reaction of Phenylsulfene with 2- Toluenesulfinic Acid

The above procedure was repeated using p-toluenesulfinic acid.

However, in this instance, the residue was chromatographed on

silica gel using as eluents successively, hexane, hexane-benzene

mixtures, benzene, benzene-ether mixtures, ether, and ether-

ethanol mixtures. The identity of each identifiable product, in the

order of its elution from the chromatographic column, was deter-

mined and is shown below.

trans-Stilbene

The infrared and NMR spectra of the trans-stilbene isolated

in the present work were identical to those of an authentic sample.

The melting point, 124 - 125 °, (literature value (35, Vol. N, p. 375),

m. p. 124°) was undepressed on mixing with an authentic sample.

Tolyl Thiolbenzoate

The infrared and NMR spectra of the isolated compound were
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identical to those of a known sample of p-tolyl thiolbenzoate, pre-

pared by the reaction of benzoyl chloride with p-toluenethiol (67).

The melting point, 75 - 76e, was undepressed on mixing with the

authentic sample, (literature value (67), m. p. 75 - 760).

2- Tolyl p- Toluenethiolsulfonate

The spectral properties of the isolated compound m. p. 75 -

76° were identical with those of an authentic sample. A mixed

melting point showed no depression.

Benzyl Q- Tolyl_ Sulfone

The infrared and NMR spectra of the isolated compound were

identical with those of a sample of benzyl p-tolyl sulfone, prepared

by a published procedure (82). The melting point, 144 - 146°, was

undepressed on admixture with the authentic sample, (literature

value ($9), m. p. 144° ).

Benzoic Acid

A trace of benzoic acid isolated in the present work was identi-

cal in all respects to the authentic benzoic acid. Its melting point,

120 - 122°, was undepressed on mixing with a known sample,

(literature value (35, Vol. I, p. 255), m. p. 122°).
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Reaction of 2- Toluenesulfinic Acid with Triethylamine

p-Toluenesulfinic acid (7. 1 g, 37 mmole) and triethylamine

(10 ml, 7. 3 g 73 mmole) were dissolved in 60 ml of anhydrous

dioxane and stirred under nitrogen at room temperature for 30 hours.

The reaction mixture was then pured into 200 ml of ice-water and

extracted three times with 100 ml portions of ether. The ether

extract was washed with water and dried over anhydrous sodium sul-

fate. After removal of drying agent and evaporation of ether, only

a very small amount of triethylamine was found, and no thiolsul-

fonate.

Reaction of 2- Toluenesulfinic Acid with Triethylamine
and Triethylamine Hydrochloride

p-Toluenesulfinic acid (7. 1 g, 37 mmoles) and triethylamine

(10 ml, 7. 3 g, 73 mmoles) were dissolved in 60 ml of anhydrous

dioxane. To this solution 10. 0 g (73 mmoles) of triethylamine hydro-

chloride was added and the mixture was stirred under nitrogen at

room temperature for 30 hours. The reaction mixture was then

poured into ice-water and extracted with ether. The ether extract

was dried over anhydrous sodium sulfate. After the removal of

ether in a rotary evaporator only a minute amount of triethylamine

remained, no thiolsulfonate was formed.



103

BIBLIOGRAPHY

1. Allen, P. , Jr. , P. J. Berner and E. R. Malinowski. Structure
of thiolsulphonates: Proton NMR spectra of dibenzyl disulphide,
ditolyl disulphide and related oxygen-containing compounds, II.
Chemistry and Industry, 1963, p. 208 - 209.

2. Allen, Paul, Jr. and John W. Brook. Preparation of alkyl thiol-
sulfinates, thiolsulfonates, and a-disulfones. Journal of Organic
Chemistry 27:1019-1020. 1962.

3. Allerhand, Adam, H. S. Gutowsky, J. Jones and R. A. Meinzer.
Nuclear magnetic resonance methods for determining chemical-
exchange rates. Journal of the American Chemical Society 88:
3185-3194. 1966.

4. Backer, H. S. Oxydation des tetrathioorthocarbonates aromatique
Recueil des Travaux Chimiques des Pays-Bas 70:254-259. 1951.

5. Bder, Erich and Hans Dieter Hermann. Neue Methoden zur
Darstellen von Sulfonaminen (IV. Mitteilung: Polymerisation
and Polymerisationkatalystoren). Berichte der Deutschen
Chemischen Gesellschaft 88:41-49. 1955.

6, Barnard, D. Oxidation of organic sulphides. Part IX. The re-
action of ozone with organic suphur compounds. Journal of the
Chemical Society, 1957, p. 4547-4555.

7. Barnard, D. The reaction of sulphinyl chlorides with zinc.
Journal of the Chemical Society, 1957, p. 4673-4675.

8. Barnard, D. and E. J. Percy. Oxidation of thiolsulphinates to
thiolsulfonates. Chemistry and Industry, 1960, p. 1332-1333.

9. Barnard, D. and E. J. Percy. Oxidation of organic sulphides.
Part XI. The synthesis of specifically labelled phenyl (35S)
benzenethiol sulphinate and phenyl ben.zenethiol(35S)sulphonate.
Journal of the Chemical Society, 1962, p. 1667-1671.

10. Belous, M. A. and I. Ya. Postovsky. On pseudoallicin. Journal
of General Chemistry of the USSR 20:1761-1770. 1950. (Trans-
lated from Zhurnal Obschei Khimii).



104

11. Birch, S. F. , T. V. Cullum and R. A. Dean. The preparation
and properties of dialkyl di- and poly-sulphides. Some dispro-
portionation reactions. Journal of the Institute of Petroleum
39:206-219. 1953.

12. Borowitz, Irving J. Cycloaddition reactions of sulfenes. Journal
of the American Chemical Society 86:1146-1149. 1964.

13. Bredereck, Hellmut, Adolf Wagner, Heinz Beck and Rainer-
Joachim Klein. Die Struktur der Sulfingaureanhydride.
Chemische Berichte 93:2736-2742. 1960.

14. Bretschneider, H. and W. KlOtzer. Uber Dibenzyldisulfid-
monoxyd, -(a-Aminopropionsaure)-benzyldisulfid, sowie
uber einen Vergleich des Umsatzes eines Disulfides and eines
tertilren Amins mit aktivem Sauerstoff. Monatshefte ftir
Chemie 81:589-597. 1950,

15. Buehler, C. A. and John E. Masters. The identification of
aromatic sulfones. Journal of Organic Chemistry 4:262-265.
1939.

16. Burkhard, R. K. , Douglas E. Sellers, Frank De Con and Jack
L. Lambert. The pKa's of aromatic sulfinic acids. Journal of
Organic Chemistry 24:767-769. 1959.

17. Clare, B. W. , D. Cook, E. C. F. Ko, Y. C. Mac and A. J.
Parker. Solvation of ions. IX. The effect of anion solvation
on acid dissociation constants in methanol, water, dimethyl-
formamide, and dimethyl sulfoxide. Journal of the American
Chemical Society 88:1911-1916. 1966.

18. Clark, Reginald F. and J. H. Simons. Aromatic esters of
fluorocarbon acids. Journal of the American Chemical Society
75:6305-6306. 1953.

19. Crenshaw, R. R. The structure of thiolsulphonates; a chemical
distinction between thiolsulphonate and disulphoxide formulations.
Proceedings of the Chemical Society, 1961, p. 250-251.

20. Crovatt, Lawrence and R. L. McKee. Some properties of ben-
zenesulfonyl peroxide, Journal of Organic Chemistry 24:2031-
2033. 1959.



105

21. Cymerman, J. and J. B. Willis. The infra-red spectra and
chemical structure of some aromatic disulphides, disulphones,
and thiolsulphonates. Journal of the Chemical Society, 1951,
p. 1332-1337.

22. Dawson, I. M. , A. McL Mathieson and J. Monteath Robertson.
The structure of certain polysulphides and sulphonyl sulphides.
Part I. A preliminary X-ray survey. Journal of the Chemical
Society, 1948, p. 322-328.

23. Denzer, George C. Jr. , Paul Allen, Jr. , Patrick Conway and
James M. van der Veen. The preparation of a-disulfones by
cobalt (III) oxidation. Journal of Organic Chemistry 31:3418-
3419. 1966.

24. Donleavy, John, L. The utilization of S- benzyl thiuronium
chloride for the isolation and identification of organic acids.
Journal of the American Chemical Society 58:1004-1005. 1936.

25. Emiliozzi, Romeo and Louis Pichat. Methode simple de pre-
paration d'acide L (+) amino-2-sulfino-3 propionique (acide
cysteine sulfinique). Bulletin de la Societe Chimique de France,
1959, p. 1887-1888.

26. Emmons, William D. and Angelo S. Pagano. Peroxytrifluoro-
acetic acid. IV. The epoxidation of olefins. Journal of the
American Chemical Society 77:89-92. 1955.

27. Engebrecht, Ronald H. Mechanisms of internal substitution re-
actions. Ph. D. thesis. Corvallis, Oregon State University,
1964. 112 numb. leaves.

28. Fava, Antonino, Antonio Iliceto and Ettore Camera. Kinetics
of the thiol-disulfide exchange. Journal of the American
Chemical Society 79:833-838. 1957.

29. Fava, Antonino and Antonio Iliceto. Kinetics of displacement
reactions at the sulfur atom. II. Stereochemistry. Journal
of the American Chemical Society 80:3478-3479. 1958.

30. Frost, Arthur A. and Warren C. Schwemer. The kinetics of
competitive consecutive second-order reactions: The saponi-
fication of ethyl adipate and ethyl succinate. Journal of the
American Chemical Society 74:1268-1273. 1952.



106

31, Gilman, Henry and A. H. Blatt (eds. ) Organic syntheses. 2d ed.
Vol. 1. New York, Wiley, 1941. 580 p.

32. Gilman, Henry, Lloyd E, Smith and Harold H. Parker. The
constitution of disulfoxides. Journal of the American Chemical
Society 47:851-860. 1925.

33. Goodrich, Ruth A. and P. M. Treichel. The thermal rearrange-
ment of phosphorus pentafluoride adducts of dimethyl ether and
dimethyl sulfide. Journal of the American Chemical Society
88;3509-3511. 1966.

34. Gutowsky, H. S. and C. H. Holm. Rate processes and nuclear
magnetic resonance spectra. II. Hindered internal rotation of
amides. Journal of Chemical Physics 25:1228-1234. 1956.

35. Heilbron, I. M. and H. M. Bunbury. Distionary of organic com-
pounds. New York, Oxford University, 1953. 4 vols.

36. Helmkamp, George K. , Howard N. Cassey, Barbara Ann Olsen
and David J. Pettitt. Alkylation of organic disulfides. Journal
of Organic Chemistry 30:933-935. 1965.

37. Helmkamp, George K. and David J. Pettitt. Stable oxonium
salts and alkylation of episulfides and disulfides. Journal of
Organic Chemistry 28:2932-2933. 1963.

38. Hey, D. H. , B. W. Pengilly and Gareth H. Williams. Homolytic
aromatic substitution. Part XI. The phenylation of toluene,
ethylbenzene, and isopropylbenzene. Journal of the Chemical
Society, 1956, p. 1463-1475.

39. Hilditch, Thomas Percy. Aromatic a-disulphones. Journal of
the Chemical Society 93:1524 -1527. 1908.

40. Hilditch, T. P. and S. Smiles. The influence of mercuric iodide
on the formation of sulphonium iodides. Journal of the
Chemical Society 91 :1394 -1399. 1907.

41. Johnston, K. M. and Gareth H. Williams. Homolytic reactions
of aromatic side chains, Part I. Reactions of t -butyl peroxide
with aromatic compounds. Journal of the Chemical Society,
1960, p. 1168-1171.



107

42. Karrer, P. , W. Wehrli, E. Biedermann and M. della Vedova.
Uber den Umsatz organischer Halogenverbindungen mit Kupfer
bei Anwesenheit von Pyridin. Halvetical Chimica Acta 11:233-
239. 1938.

43. Kauck, E. A. and A. R. Diesslin. Some properties of perfluoro-
carboxylic acids. Industrial and Engineering Chemistry 43:
2332-2334. 1951.

44. Kharasch, M. S. Henry C. McBay and W. H. Urry. Reactions
of atoms and free radicals in solution. VIII. The reaction of
diacetyl peroxide with alkylbenzenes. A new synthesis of hex-
esterol dimethyl ether. Journal of Organic Chemistry 10 :401-
405. 1945.

45. Kice, John. L. Desulfonylation reactions. In: The chemistry of
organic sulfur compounds, ed. by Norman Kharasch and Cal Y.
Meyers. Vol. II. Oxford, Pergamon, 1966. p. 115-136.

46. Kice, John L. and Kerry W. Bowers. The mechanism of reac-
tions of sulfinic acids. II. The reaction of p-tolyl disulfide
with p-toluenesulfinic acid. Journal of the American Chemical
Society 84:2384-2389. 1962.

47. Kice, John. L. and Kerry W. Bowers. The mechanism of the dis-
proportionation of sulfinic acids. Journal of the American
Chemical Society 84:605-610. 1962.

48. Kice, John. L. and George B. Large. Synthesis of optically
active phenyl benzenethiolsulfinate by asymmetric oxidation
of phenyl disulfide. Tetrahedron Letters, 1965, p. 3537-3541.

49. Kice, John L. and George B. Large. Mechanisms of reactions
of thiolsulfinates (sulfenic anhydrides). II. The thiolsulfinate-
mercaptan reaction. Journal of Organic Chemistry, 33:1940-
1944. 1968.

50. Kice, John L. and George B. Large. The relative nucleophili-
city of some common nucleophiles toward sulfenyl sulfur. The
nucleophile- and acid-catalyzed racemization of optically active
phenyl benzenethiolsulfinate. Journal of the American Chemical
Society 90:4069-4076. 1968.

51. Kice, John L. and Eva H. Morkved. Mechanisms of the reactions
of sulfinic acids. VI. The mechanism of the disulfide-sulfinic



108

acid reaction. Journal of the American Chemical Society 86:
2270-2278. 1964.

52. Kice, John L. and Norman E. Pawlowski. The decomposition
of aromatic sulfinyl sulfenes (sulfinic anhydrides). The facile
homolysis of a sulfur-sulfur bond. Journal of the American
Chemical Society 86 :4898 -4904. 1964.

53. Kice, John L. , Clifford B. Venier and Leslie Heasley. Mecha-
nisms of reactions of thiolsulfinates (sulfenic anhydrides). I.
The thiolsulfinate-sulfinic acid reaction. Journal of the
American Chemical Society 89:3557-3565. 1967.

54. King, J. F. and T. Durst. Geometrical isomerism about a
carbon-sulfur double bond. Journal of the American Chemical
Society 85:2676-2677. 1963.

55. King, J. F. and T. Durst, Rearrangement of benzylsulfonyl
chloride with tertiary amines: A route to a little-known class
of sulphur compounds. Tetrahedron Letters, 1963, p. 585-589.

56. King, J. F. and T. Durst. The existence of sulfenes. Journal
of the American Chemical Society 86 :287- 288. 1964.

57. King, J. F. and T. Durst. Sulfenes in the base-induced solvoly-
sis of alkanesulfonyl chlorides. Journal of the American
Chemical Society 87:5684-5692. 1965.

58. King, J. F. , P. de Mayo, E. Markved, A. B. M. A. Sattar and
A. Stoessl. Photochemical syntheses. V. Sulfenes as photo-
chemical intermediates. Canadian Journal of Chemistry 41:
100-107. 1963.

59. Koch, Paolo and Antonino Fava. The thermal racemization of
aryl arenethiolsulfinates. An extraordinary rate acceleration
of the inversion of sulfoxide sulfur. Journal of the American
Chemical Society 90:3867-3868. 1968.

60. Kohler, Elmer P. and Margaret B. MacDonald. Disulphones
and ketosulphones. American Chemical Journal 22:219-226.
1899.

61. Laubengayer, A. W. and G. R. Finlay. Donar-acceptor bonding.
I. Etherates of boron trifluoride. Journal of the American
Chemical Society 65:884-889. 1943.



109

62. Lavine, T. F. , G. Toennies and E. C. Wagner. An intermediate
oxidation product of cystine. Journal of the American Chemical
Society 56:242-243. 1934.

63. Marangelli, Ugo, Giorgio Modena and Paolo Edgardo Todesco.
Ricerche sulla ossidazione dei solfuri organico. Nota VIII.
Su lla ossidazione dei disolfuri aromatici. Gazzetta Chimica
Italiana 90:681-693. 1960.

64. Meerwein, Hans, et al. Tertiary oxonium salts. Journal fUr
Praktische Chemie 147:257-285. 1937. (Abstracted in Chemical
Abstracts 31:1760-1761. 1937)

65. Miller, Bernard and Cheves Walling. The displacement of aro-
matic substituents by halogen atoms. The Journal of the
American Chemical Society 79:4187-4191. 1957.

66. Minch, Michael J. Kinetic studies of the homolytic scission of
the sulfur-sulfur bond. B. S. thesis. Corvallis, Oregon State
University, 1965. 22 unnumb. leaves.

67. Miyaki, Komei and Saburo Yamagishi. Thiol esters. I.

Journal of the Pharmaceutical Society of Japan 76:436-440.
1956. (Abstracted in Chemical Abstracts 50:13808. 1956)

68. Modena, Giorgio and Paolo Edgardo Todesco. Sulla ossidazione
di aryl-tiosolfossidi. La Ricerca Scientifica 30:1788-1790.
1960.

69. Morgan, Marcus S. and Leonard H. Cretcher. A kinetic study
of alkylation of ethyl arylsulfonates. Journal of the American
Chemical Society 70 :375 - 378. 1948.

70. Neeman, N. , A. Modiano and Y. Shor. Studies in selective
toxicity. II. Substituted phenyl benzoates and benzene sulfonate s.
Journal of Organic Chemistry 21:671-672. 1956.

71. Oae, Shigeru and Katuyata Ikura. Rearrangement of tertiary
amine oxide. XV. The reaction of heterocyclic N-oxides with
p-nitrobenzenesulfinyl chloride. Bulletin of the Chemical
Society of Japan 39:1306-1310. 1966.

72. Oae, Shigeru and Katuyata Ikura. Rearrangements of tertiary
amine oxide. XVIII. The reaction of 4-substituted pyridine N-
oxides with p-nitrobenzene sulfenyl chloride and p-nitrobenzene-
sulfinyl chloride. Bulletin of the Chemical Society of Japan 40:
1420-1425. 1967.



110

73. Oesper, Peter F. and Charles P. Smyth. The dipole moments
and structures of diketone and of certain acid anhydrides and
related oxygen and sulfur compounds. Journal of the American
Chemical Society 64:768-771. 1942.

74. Pawlowski, Norman Edward. The mechanisms of the scission
of sulfur-sulfur bonds. Ph. D. thesis. Corvallis, Oregon. State
University, 1966. 134 numb. leaves.

75. Pearl, Irwin A. , Theodore W. Evans and William M. Dehm.
Reactions of sodium and potassium on acid chlorides. Journal
of the American Chemical Society 60:2478-2480. 1938.

76. Pearson, Ralph G. , Harold Sobel and Jon Songstad. Nucleo-
philic reactivity constants toward methyl iodide and trans-
(Pt(py) 9C19). Journal of the American Chemical Society 90:
319-32t. 1968.

77. Pettitt, David J. and George K. Helmkamp. Episulfonium ion
intermediates in an addition reaction of cyclooctene. Journal of
Organic Chemistry 29:2702-2706. 1964.

78. Pryor, William A. and Harold Guard. Walden inversion by
radicals. The reaction of phenyl radicals with disulfides.
Journal of the American Chemical Society 86:1150-1152. 1964.

79. Razuvaev, G. A. , L. M. Terman, V. R. Likhterov and V. S.
Etlis. Radical decomposition of various peranhydrides and
peresters. Journal of Polymer Science 52:123-129. 1961.

80. Savige, W. E. and A. Fava. Asymmetric synthesis and racemi-
zation of disulfide monoxides. Chemical Communications,
1965, p. 417-418.

81. Savige, W. E. and J. A. Maclaren. Oxidation of disulfides, with
special reference to cystine. In: The chemistry of organic
sulfur compounds, ed. by Norman Kharasch and Cal Y. Meyers.
Vol. IL Oxford, Pergamon, 1966. p. 367-402.

82. Shriner, R. L. , H. C. Strude and W. J. Jarison. The prepara-
tion and properties of certain sulfoxides and sulfones. Journal
of the American Chemical Society 52:2060-2069. 1930.

83. Smiles, Samuel and David Templeton Gibson. The constitution
of disulphoxides. Part I. Journal of the Chemical Society
125:176-183. 1924.



111

84. Smiles, Samuel and Thomas. Hilditch. Camphor- p -sulphinic
acid and camphorylsulphonium bases. Journal of the Chemical
Society 91:519-528. 1907.

85. Steyermark, Al. Quantitative organic microanalysis. 2d ed.
New York, Academic Press. 1961. 665 p.

86. Toennies, Gerrit and Theodore F. Lavine. The oxidation of
cystine in non-aqueous media. V. Isolation of a disulfoxide of
1-cystine. Journal of Biological Chemistry 113:571-582. 1936.

87. Topping, Richard M. and Norman Kharasch. Sulfenic acids and
their derivatives. XLI. Sulfenyl nitrates and sulfinyl radicals.
Journal of Organic Chemistry 27:4353-4356. 1962.

88. Truce, W. E. , R. W. Campbell and J. R. Norell. Sulfene, an
intermediate in the alcoholysis of methanesulfonyl chloride.
Journal of American Chemical Society 86:288. 1964.

89. Truce, William E. and Eric Wellisch. Michael type condensa-
tions with methyl vinyl sulfone. Journal of the American
Chemical Society 74:2881-2884. 1952.

90. Utzinger, G. E. The discrimination of various cystine sulf-
Oxides. Experientia 17:374-376. 1961.

91. Venier, Clifford George. The mechanisms of some reactions
of thiolsulfinates (sulfenic anhydrides). Ph. D. thesis.
Corvallis, Oregon. State University, 1967. 145 numb. leaves.

92. Walling, Cheves and Bernard Miller. The relative reactivities
of substituted toluenes toward chlorine atoms. Journal of the
American Chemical Society 79:4181-4187. 1957.

93. Weissberger, Arnold, et al. (eds. ), Technique of organic chem-
istry. Vol. VII. Organic solvents. Rev. 2d ed. New York,
Interscience, 1955. 552 p.

94. Wiberg, Kenneth B. Laboratory technique in organic chemistry.
New York, McGraw-Hill, 1960. 262 p.


