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A. The Exchange of Oxygen-18 from Oxygen-18 Labelled Aryl
Sulfinic Acids in Acetic Acid-Water

Except for the p-methoxy compound, oxygen- 18 labelled sulfinic

acids exchange their oxygen- 18 with solvent at a rate which is many

times faster than they form the corresponding sulfinyl sulfene (29).

In the p-methoxy case at (ArSG2H) 0.20 M, the rate of exchange

is only about three times as fast as the rate of formation of the sul-

finyl sulfone.

The acidity dependence, dependence on aryl substituent, and

dependence on sulfinic acid concentration indicate that the mechanism

for the exchange reaction of all sulfinic acids is that shown in Chart I.



Chart I. Mechanism of the Exchange of Oxygen-18 in Oxygen-18
Labelled Sulfinic Acids in Acetic Acid-Water.

ArSO2H + H ArS0
2

H2

ArS0
2

H2 + CH3CO2H
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+
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3
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(3)

Indicates the compound is labelled with oxygen-18.

In the case of the sulfinic acids where Ar = E-C1C6H4, C6H5,

and E-CH3C6H4 the intermediate VI is partitioned between eq. 3,

which leads to sulfinic acid with loss of label and eq. 4 which leads

On OH k;
CH4ir + ArS0

2 2
H CH CO H + A PAr (4

3
)

to sulfinyl sulfone (29). Most of these intermediates return to sul-

finic acid.

In the 2-methoxy case the fate of the intermediate VI is slightly

different. In that case the formation of the sulfinyl sulfone is through

unimolecular decomposition of the intermediate VI to give ArO (eq. 5)

which can then react with sulfinic acid to form the sulfinyl sulfone

(29) (eq. 6). The intermediate VI thus can return to sulfinic acid or

CH CO91-{Ar CH' CO + Ar&)
3 + 3 2 (5)



Ar&D + ArSO H ArtisiAr + H+
2

O
(6)

go on to sulfinyl sulfone. In this case the preponderance of return

to sulfinic acid is not as great as with the other sulfinic acids, at

least at the sulfinic acid concentrations used in the exchange reac-

tion.

B. The Nucleophile and Acid-Catalyzed Exchange of Oxygen-18 in
Oxygen-18 Labelled E-Toluenesulfinic Acid in 60% Aqueous
Dioxane

In 60% aqueous dioxane, oxygen-18 labelled E-toluenesulfinic

acid undergoes nucleophile and acid-catalyzed exchange of its oxygen-

18 with the water in the solvent. The nucleophile and acid dependence

indicate that the exchange takes place through the mechanism shown

in Chart II, which involves rate determining attack by the nucleophile

on the protonated sulfinic acid to displace water and produce ArS(0)Nu.

This species is then rapidly hydrolysed to give the sulfinic acid with

loss of label.

The rate-determining step (k
Nu) involves attack of the nucleo-

phile on sulfinyl sulfur, and so k
Nu provides a direct measure of

the relative reactivity of nucleophiles toward sulfinyl sulfur. Since

the leaving group in this case is water the re sults of the present

study can be compared with those for the nucleophile catalyzed



hydrolysis of sulfinyl sulfones (30), in which the leaving group is

ArSO2, thereby giving information on whether the nature of the

leaving group has any effect on the relative order of reactivity of

various nucleophiles toward sulfinyl sulfur.

Chart II. Mechanism of the Nucleophile and Acid-Catalyzed Exchange
of oxygen-18 in oxygen-18 Labelled p-Toluenesulfinic Acid
in 60% Aqueous Dioxane

K1
ArS0 H + H+ ArS0

2H2

ArS0
2
* +

+ Nu
k

Nu ArNu + H0
2

Alu + H20 ArLi + Nu +H+

(7)

Four nucleophiles were studied, bromide and chloride ions,

thiourea, and thiodiglycol. According to Pearson and Songstad (56)

one would predict that bromide ion, thiourea, and thiodiglycol, all

of which are softer bases than chloride ion, would be less reactive

relative to chloride in the exchange reaction than they are in the

sulfinyl sulfone hydrolysis. What was found was that although

bromide ion and thiourea are slightly less reactive relative to

chloride ion, thiodiglycol is actually more reactive. This would

seem to indicate that the symbiotic effect of the leaving group sug-

gested by Pearson and Songstad is not particularly important in



this particular case.

C. The Nucleophile and Acid-Catalyzed Exchange of Oxygen-18
from Oxygen-18 Labelled Phenyl Benzenethiolsulfinate in 60%
aqueous Dioxane.

The exchange of oxygen- 18 in oxygen-18 labelled phenyl benzene-

thiolsulfinate was found to be acid and nucleophile catalyzed in 60%

aqueous dioxane. The rate of exchange was found to be first order

in both nucleophile and added strong acid, just as Kice and Large (33)

found the rate of racemization of the corresponding optically active

thiolsulfinate to be. The rate of exchange was found to be much

slower than the rate of racemization.

On the basis of these observations the mechanism shown in

Chart III has been suggested for the exchange. In this mechanism

the k's have been numbered in accordance with the corresponding

steps in the mechanism of racemization (29). Attack of a nucleophile

on the sulfenyl sulfur of the sulfinyl protonated thiolsulfinate produces

sulfenic acid (PhSOH) and the adduct PhSNu (eq. 11). These species

then can react with one another to return to protonated thiolsulfinate

and nucleophile (designated k-2) or they can undergo the reactions

designated k -4 or k
4 respectively.



Chart III. Mechanism of the Nucleophile and Acid catalyzed Exchange
of Oxygen-18 from Oxygen-18 Labelled Phenyl Benzene-
thiolsulfinate in 60% Aqueous Dioxane

K a (10)

(11)

(12)

(13)

(14)

PhSSPh + H+ Ph SPh

HO
PhSPh + Nu PhSOH + PhSNu<

k-2
k

4PhSNu + H20 PhSOH + Nu- + H+
k -4

+

k-4
PhSOH + Nu +H PhSNu + H20

k -2 HO
PhSOH + PhSNu > PhSPh + Nu

A detailed kinetic analysis of this system shows that (ka /kexch)

will be given by

ka /kexch = 1 + [k2Kak__ fic 4kt]a(Ts)z 4 4
= k

4
(H

2
0)

From the present data,which show that (ka /kexch) is from 60-

280 at 0.05 M thiolsulfinate for the range of nucleophiles n-Bu2S,

Br , and I, it is clear that (k_2/k_4k14) is larger than 104 in every

instance. Consideration of this rate constant ratio suggests that this

is almost certainly the result of the fact that (k /k'
4)

is much larger

than one This means that even when a high concentration of water



is present PhSNu is much more likely to react with PhSOH than with

water. This is probably the reason why thiolsulfinates are invariably

the first isolable product of the hydrolysis of sulfenyl halides.

One final point is of interest in connection with the above kinetic

analysis. We see that ka/ kexch should vary with the square root of

the concentration of thiolsulfinate. Attempts will be made by another

worker to check this.
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KINETICS AND MECHANISM OF OXYGEN-18 EXCHANGE OF SOME
OXYGEN-18 LABELLED SULFUR COMPOUNDS

I. MECHANISTIC STUDIES OF THE EXCHANGE OF OXYGEN-18
IN OXYGEN-18 LABELLED AROMATIC SULFINIC ACIDS

INTRODUCTION

Sulfinic acids are a class of organo- sulfur compounds of the

general formula RSO2H,
discovered in 1868 by Gtto (51). A certain

amount of controversy has arisen from time to time concerning their

structure. In particular, opinions have varied concerning the place-

ment of the acid proton. The infrared spectrum of the crystal was

found by Bredereck and coworkers (5) to contain a band at 3.9-40 p,

which might be due to an S-H stretch. Some workers (18) have as

signed the structure RH on the basis of this data, but Bredereck

and coworkers have also studied the ultraviolet spectrum of dilute

solutions of sulfinic acids and concluded that there are unpaired elec-

trons on the sulfur. They have therefore concluded that RSOH is the

correct structure for sulfinic acids.

Sulfinic acids have been observed to undergo a large variety of

reactions. Some of these of interest in connection with the current

thesis are discussed in the succeeding paragraphs.

In 1962 Kice and Bowers (23) discovered that disulfides react

quite readily with sulfinic acids in a strongly acid solution in the man-

ner shown in Eq. 1. From their initial work and subsequent studies

by both Kice and Morkved (36), and Kice, Venier and Heasley (42),
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it is now known that the mechanism for this reaction is the one shown

4ArS0
2H + ArSSAr ---> 3A /-SAr + 2H20 (1)

in Chart I. In this mechanism one has the formation from disulfide

and sulfinic acid of the reactive intermediate I in an initial equilibri-

um. This intermediate then undergoes rate-determining decomposi-

tion both by way of nucleophilic attack. of a second molecule of disul-

fide on the divalent sulfur of I (eq. 3) and by unimolecular dissociation

Chart I. Mechanism of the Disulfide-Sulfinic Acid Reaction

4.0
ArSO2H + ArSSAr + H ArSS gAr + H2O

Ar

ArSSAr + ArS-aAr 3 + ArSgAr
Ar slow Ar

k
4pi

ArS- 8 SA/. >ArS+ + ArSgArslowAr

(2)

(3)

(4)

ArS- SAr + ArS0 H very > ArSSAr + ArSSAr + H+ (5)
2 fast llllAr

ArS+ + ArS02H fast
very > AqSAr (6)

O
2ArS02H + ArSSAr quite

> 2ArSSAr + H2O (7)
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(eq. 4). The thiolsulfonate is then formed by the rapid subsequent

steps shown as eqs. 5-7. The more nucleophilic a disulfide is the

more important eq. 3 is compared to eq. 4 as the pathway by which

I goes to products. Thus with aryl disulfides both eq. 3 and eq. 4

are important, but with the more nucleophilic n-alkyl disulfides, like

n-butyl disulfide, only eq. 3 is important.

Since eq. 3 involves nucleophilic attack by the disulfide on the

intermediate, this suggests that it should be possible to catalyze the

disulfide- sulfinic acid reaction by adding to the solution species which

are more reactive nucleophiles toward I than a disulfide. This has

indeed been shown to be the case (23, 36). Both alkyl and aryl sul-

fides catalyze the disulfide-sulfinic acid reaction quite dramatically

and kinetic studies of their catalysis have shown that this is due to

the occurrence of the reaction shown in eq. 8. Because of the much

greater nucleophilic reactivity of R2S as compared to ArSSAr k
8

is

k8
R S+ > R2S+5Ar + ArSSAr (8
2

)

Ar

R
2

A
fastSAr + ArSO2H > Ar SAr + R 2S + H+ (9)

much faster than k
3

and intermediate I is converted to products much

more rapidly than in the absence of the added sulfide.

Sulfinic acids have also been observed to react with mercaptans.
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Von Braun and Weissbach (4) studied the reaction of n-butanesulfinic

acid with benzyl mercaptan and claimed that it exhibited the stoichi-

ometry shown in eq. 10. Later, however, Marvel and Johnson (46)

studied the reaction of n-octanesulfinic acid with n-octyl mercaptan

2R' SH + 2 RSO2H --+ R SR + R'SSR' + 2H20 (10)

in a weakly acid medium and reported that they got only thiolsulfonate

and no disulfide as products (eq. 11). They felt that the divergent

results could be rationalized in terms of the reaction scheme shown

3RSO H + RSH--÷2R SR + 2H20

in eqs. 12-14 if one assumed that in the n-octyl system the sulfinic

acid (RSO2H) reacts with the sulfenic acid (RSOH) produced in eq. 12

R' SH + RS02 H RSOH + R' SOH (12)

RSOH + RSO 2H--->I4SR + H20 (13)
0

R' SOH + R'SH ---÷R'SSR' + H20 (14)

much more rapidly than the mercaptan does, while in Von Braun and

Weissbach's (4) system benzyl mercaptan was, for some reason,

much more reactive toward PhCH
2
SOH than was n- BuSO2H.
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There is, however, another explanation of these results that

seems more likely to be correct. First, it seems likely that a thiol-

sulfinate (sulfenic anhydride), formed as shown in eq. 15, should be

the key intermediate in the reaction rather than a sulfenic acid. Kice

-H20 -H20
RSH + RSO2H > RSSR < 2RSOH (15)

and Large (32) have found that sulfinate ion (RS02) reacts with a

thiolsulfinate (eq. 16) much faster than a mercaptan reacts with the

same species (eq. 17). However, mercaptans react with thiolsul-

finates much faster than a free sulfinic acid (RSO
2H) does. Thus,

RS02 + RIR + H+
16

> R
9SR + RSOH (16)

RSH + RS? 17 RSSR + RSOH kl
6
>) k

17
(17)

whether one gets any disulfide as a product or not will depend on

whether the acidity of the medium is so high that there is practically

no sulfinate ion present. If that is true then disulfide may be the pre-

dominant product. On the other hand, in the weakly acid solutions

used by Marvel and Johnson (46) the concentration of RS02 should

still be high enough so that it rather than the mercaptan will capture

almost all of the thiolsulfinate formed and little or no disulfide will

be produced.
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Another reaction of sulfinic acids worth mentioning is the pecu-

liar oxidation-reduction reaction they undergo with alkyl sulfides in

strongly acid medium (eq. 18). This reaction, first discovered by

Kice and Bowers (24) in 1962, has been studied in greater detail

H+
0

5ArS0
2

H + (RCH2)2S 2Ar SAr +Ar SCH2R + RCHO + 3H20 (18)

subsequently by Kice and Morkved (35, 37) and by Kice et al. (40).

These studies have revealed the following relevant facts pertinent

to the mechanism of the reaction: In acetic acid-1% water as solvent

the reaction is first-order in sulfinic acid and first order in sulfide;

it is also strongly acid catalyzed. a, a -Dideuteriobenzyl sulfide,

(PhCD2)2S reacts only 0.18 times as fast as undeuterated benzyl

sulfide, showing that one of the a -C-H bonds of the sulfide is being

broken in the rate-determining step of the reaction. Secondary alkyl

sulfides are also oxidized; in this case a ketone rather than an alde-

hyde is formed. In the case of an unsymmetrical sulfide such as

CH
3

CH
2

SCH(CH
3)2

cleavage of the sulfide could, of course, lead to

either CH
3

CHO or (CH
3

)
2

CO. Kice et al. (40) have investigated the

cleavage of this and other unsymmetrical alkyl sulfides. They found

that there was a slight preference, but only a slight preference, for

cleavage to occur in the direction of the more highly alkylated a-car-

bon. In the case of an unsymmetrical aralkyl alkyl sulfide,



PhCH2SCH2CH3, cleavage of the benzyl group was favored over

cleavage of the ethyl group by a factor of about 20 to 1. Study of

the rate of reaction of a series of sulfides R2S in which the electron-

withdrawing character of the R group was systematically varied re-

vealed that electron-withdrawing groups retard the rate, showing

that the electron density on the sulfide sulfur is significantly lower

in the transition state of the reaction than it is in the sulfide itself.

These various facts seem most readily accounted for in terms

of the mechanism shown in Chart II. In this mechanism the intermed-

iate II, produced in an initial equilibrium involving the sulfide and the

sulfinic acid,undergoes a rate-determining cleavage of one of the

a-C-H bonds of the sulfide with transfer of the, proton to the,

sulfinyl group of II. The new intermediate III thus formed then

Chart II. Mechanism of the Alkyl Sulfide-Sulfinic Acid Reaction
0
II -J-

ArS02H + (RCH2)2S + H
+

ArS-S(CH2R)
2

+ H2O (19)
II

Ar- (CH2
R)2

O

RCH-------A.CH
2R

rate CH
2R,/ fast

determining r
g

A --SN ArSOH + RCH=CHR. n
OH NCHR

III (20)
H20 2ArS02H

> RCHO + RCH2SH >ArSCI-11:t + A1SAr

ArSOH + ArS0
2 2
H --->ArbSAr FI0

O

(21)

(22)
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rapidly dissociates in the manner shown in eq. 20. The sulfenic acid

and the ion RCH=CH2R form the final products of the reaction by

the routes outlined in eqs. 21 and 22.

The reaction of sulfinic acids of most interest in connection

with the present thesis, however, is their disproportionation (eq..23).

0
it

3ArSO2H SAr + ArS0
3H + H2O (23)

This reaction, first reported by Otto (50, 53, 54) in 1868, was not

investigated from a mechanistic point of view until rather recently.

Based on a study of the behavior of the reaction in dioxane and certain

other aprotic solvents, Bredereck and co-workers (5) suggested

the mechanism shown in eqs. 24-27.

2ArSO2H 2 2
H+ + ArSO2

ArS02H2 ArO + H2O

Ar&D + ArS0
2H

0
ArS- Ar + H+

O

IV

lowArps- Ar + ArSO2H Ar SAr + ArSO3H
6

(24)

(25)

(26)

(27)

This mechanism was unable to stand the test of time, however.

Kice and Bowers (22) studied the disproportionation of
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R-toluenesulfinic acid in acetic acid containing sulfuric acid (0.0-

1. 0 M) and a small amount of water (0.22-2.2 M). They found that

although the reaction was somewhat acid-catalyzed, and strongly

retarded by an increase in the concentration of water, as required

by Bredereck's mechanism, it was only second order in sulfinic acid

and not third order, as Bredereck's mechanism would predict. They

suggested that although the sulfinyl sulfone(IV) was still the key inter-

mediate, Bredereck's mechanism should be modified to the one shown

in eqs. 28-30. In this modification the rate-determining step is a

unimolecular rearrangement of the sulfinyl sulfone to a sulfenyl

sulfonate (V). The latter then reacts very rapidly with a molecule

of sulfinic acid (eq. 30) to afford the thiolsulfinate and the sulfonic

acid.

kf 9
2ArS0 H 'Ar§4Ar + H2O

2 kr id 0

kd
ArR-Ar > ArSlAr

0 rate determining

V

fastArSO Ar + ArS02H
>, SAr +ArS0

3H

(28)

(29)

(30)

Definitive proof of the correctness of the mechanism shown in

eqs. 28-30 was provided by several subsequent studies (31, 38, 39).

In the first of these Kice and Pawlowski (38, 39) investigated the
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thermal decomposition of E-toluenesulfinyl E-toly1 sulfone

(IV, Ar = E-CH3C6H4) in anhydrous dioxane in both the presence

and absence of added E-toluenesulfinic acid. These studies showed

that the rate of disappearance of the sulfinyl sulfone is independent

of the concentration of added sulfinic acid, as it should be if the

mechanism shown in eqs. 28-30 is correct, but as it would not be

if Bredereck's mechanism (5) were correct. Although sulfinic acid

has no effect on the rate of disappearance of IV, the products of the

decomposition in the presence of the sulfinic acid are different from

those formed in its absence, and, furthermore are those expected

from the stoichiometry of eqs. 29 and 30.

This study also provided evidence indicating that the thermal

decomposition of IV involves an initial homolytic dissociation of the

S-S bond of the sulfinyl sulfone (eq. 31) which yields a pair of free

9
Ar SO + Ar SO2 (31)

ArSO2 + Ark Ar OSAr (32)
Os

radicals. These then recombine in a head-tail fashion, as shown in

eq. 32, to give the sulfenyl sulfonate.

Later Kice, Guaraldi and Venier (31) investigated the equilibri-

um between sulfinic acid and sulfinyl sulfone (eq. 28) in some detail

under the same reaction conditions as those under which Kice and
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and Bowers (22) had measured the rate of disproportionation. They

determined not only the equilibrium constant but also the rates of

the forward (kf) and backward (kr) reactions of the equilibrium. If

the mechanism in eqs. 28-30 is correct, k2, the measured second-

order rate constant for the disproportionation should be given by eq.

33. Since kd for eq 29 is known from the work of Kice and Pawlowski

(38), one can take it and the values of kf and kr obtained from the

k
k2 = 31cf kr

d
+ kd (33)

study by Kice, Guaraldi and Venier and calculate from eq. 33 ex-

pected values of k
2

for various reaction conditions, which one can

then compare with the actual values observed by Kice and Bowers

(22). Such a comparison showed that the calculated and experimen-

tal values were in extremely close agreement and thus provided a

rigorous and final verification of the correctness of the mechanism

in eqs. 28-30 for the disproportionation of sulfinic acids.

The study of Kice, Guaraldi and Venier (31) also revealed other

interesting facts about the disporportionation reaction. Although kd

is independent of the acidity of the medium, kr is strongly acid cata-

lyzed. Second, E.a for kd is about 10 kcal/mole larger than Ea for

kr, while the entropy for kr is quite negative. Consequently, at high

Utemperatures (90) and low acid concentration (acetic acid-1%
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water -0. 10 M sulfuric acid) kd actually becomes larger than kr,

so that under such conditions kd is no longer the rate-determining

step of the disproportionation, as it is at lower temperatures and/or

higher acidities. Thus by a large enough increase in temperature

one can quite easily arrive at reaction conditions where the forma-

tion of the sulfinyl sulfone (kf), rather than its thermal decomposi-

tion (kd), is the rate-determining step of the disproportionation.

Kice and Guaraldi (29) attempted to learn more about the

mechanism of the kr step by studying the hydrolysis of various sul-

finyl sulfones in acetic acid-water-sulfuric acid solvent. They found

that the rate expression consists of both an acid dependent term and

an acid independent term. For the sake of simplicity the mechan-

isms of the acid dependent and acid independent reactions will be

discussed separately. The acid dependent reaction will be discussed

first.

The acid dependent reaction was found to have a solvent isotope

effect of kHOAc/kDOAc = 0.72. Thus the reaction is faster in deuter-

ated media than in undeuterated media. This indicates that an equi-

librium protonation of the sulfiny sulfone occurs before the rate-

determining step. In addition, a rather novel dependence on the

nature of the aryl substituent was noted. This is shown in Table 1.
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Table 1. Dependence of the rate of sulfinyl sulfone hydrolysis on
aryl substituent.

Y of YC
6

H45(0)- X of XC
6

H45(02)- kr x103 sec-1 a, b

CH3O CH3O 110

CH3 CH3 4.2

Cl CH3 1.6

Cl Cl 4.5
H H 2.6

aAc0H-0.56 M H,0-1.0 M H2SO4

bRef.
29

Two features of this data are worthy of note. First, the rate of

solvolysis of the p- anisyl compound is far faster than the rate of sol-

volysis of any of the other sulfinyl sulfones. This remarkable in-

crease in rate suggests that a significant change in mechanism oc-

curs when the aryl substituent is changed from one that is electron-

withdrawing (p- C1) to one which is strongly electron-donating like

E-CH3O. The second feature is that replacement of an electron-

withdrawing substituent on the aromatic ring attached to the sulfonyl

sulfur by an electron-donating substituent leads to a decrease in the

rate of solvolysis. This means that it is the p- anisyl group attached

to the sulfinyl sulfur which is solely responsible for the fast rate of

solvolysis of that compound and implies that, in general,



14

electron-donating substituents attached to the sulfinyl sulfur acceler-

ate the rate of the acid-catalyzed solvolysis. These observations can

be accounted for by a mechanism (27) involving the aforementioned

equilibrium protonation (eq. 34) followed by rate-determining cleav-

age of the sulfur-sulfur bond and transfer of the proton to the ArS0

moiety without nucleophilic assistance (eq. 35) by the solvent when

Ar = E-anisyl, or with nucleophilic assistance of the solvent (eq. 36)

when Ar = E-C1C6H4, E-CH3C6H4 or C6H5.

OH
then -S Ar

if Ar = 2.-CH30C6H4

OH
ArV-VAr +

uu

OH 0
or Ar +HOAc---->

Ar

-H---q
SAr
0

AcOH

+ ArSO2H

H2O Ar SO2 H + H+

HOAc
fast

(34)

(35)

0
--->ArgOAc + ArSO2H + H+

if Ar = E-C1C6H4, C6H5 or p- CH3C6H4

H20
ArS02H + H+fast

(36)

In acetic acid-5% water solutions containing 0.00-0.10 M sul-

furic acid, the acid dependent solvolysis contributes much less to

the overall rate than does the acid independent solvolysis. Kice and
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Guaraldi studied the acid independent (28) solvolysis under these

conditions and showed that the rate of solvolysis increases rapidly

as the water concentration increases. For example, the rate is 80

times faster in acetic acid-40% water than it is in acetic acid-5%

water. Their studies also showed that the dependence of solvolysis

rate on aryl substituent was quite different from that found for the

acid dependent solvolysis. In acetic acid-5% water the rates increase

in the order E-CH30 < p_-CH3 <H< p- CI, with the increase being quite

regular, i.e., no one sulfinyl sulfone has an anomalously high or low

rate. The simplest mechanism that accounts for these facts is that

given in eq. 37.

--+ArS02H + ArSOzH (37)

It involves a nucleophilic attack of water on the sulfinyl sulfur con-

current with cleavage of the sulfur-sulfur bond and transfer of one

of the protons of the attacking water to the departing ArSO2 - group.

Since, depending on the aryl substituent, either eq. 35 or 36

is the rate-determining step for the acid-catalyzed solvolysis of

sulfinyl sulfones, by the Principle of Microscopic Reversibility the

rate-determining step for the acid-catalyzed formation of sulfinyl

sulfones is also known, and is therefore simply either the reverse

of eq. 35 or eq. 36, depending on the nature of the aryl substituent.
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If one started with an oxygen-18 labelled sulfinic acid,

ArS0 18H formation of the sulfinyl sulfone from this acid and its

subsequent hydrolysis back to the acid by either eq. 35 or 36 will

lead to the exchange of the oxygen-18 with the solvent. If this is the

only important pathway for oxygen-18 exchange for the acid, the

rate of the exchange reaction will be equal to kf' the rate constant

for the formation of sulfinyl sulfone. On the other hand, if other pos-

sible pathways of oxygen-18 exchange, such as either eq. 38 or eq. 39

ArS0 8H + AcOH H+
2

>Ar OAc + H2018

18

H2 0
>Argox + AcOH

18

ArS0 12 8H
+ H+ )Ar&D,18 + H2018

H2O
>Ar OH + H+

18

(38)

(39)

occur more rapidly, then kexch will be much larger than kf. Further-

more, by suitable determination of the dependence of kexch on vari-

ous reaction variables it should be possible to decide just what type

of reaction sequence is responsible for exchange under such condi-

tions. Such information could well provide important clues regard-

ing the nature of equilibria involving the sulfinic acid which occur
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prior to the rate-determining step for sulfinyl sulfone formation. It

could thus provide an even more detailed picture of the early stages

of the disproportionation reaction.

One aim of the present research was therefore to prepare

oxygen-18 labelled sulfinic acids and to determine the rate at which

they underwent exchange of oxygen-18 in the same acetic acid-water-

sulfuric acid media that had been used to study both the dispropor-

tionation of ArS0 2H (22) and the formation and solvolysis of aryl

sulfinyl sulfones (29, 31).

Once such oxygen-18 labelled sulfinic acids were in hand they

could also be employed in another useful way as will become evident

after reading the next series of paragraphs.

Further studies of the hydrolysis of sulfinyl sulfones by Kice

and Guaraldi (25-27, 30) both in acetic acid-water and dioxane-water

as solvents have shown that under certain conditions the reaction is

subject to marked catalysis by various nucleophilic additives. Nucle-

ophiles which have been observed to act as catalysts include: alkyl

sulfides, thiourea, iodide, thiocyanate, bromide, chloride, acetate,

and fluoride. From study of the nucleophile- catalyzed hydrolysis of

aryl sulfinyl sulfones in 60% diqxane Kice and Guaraldi (30) were able

to obtain values of kNu
in eq. 40 for a wide spectrum of different

nucleophiles. Such data, of course, provide a direct measure of

the relative reactivity of various nucleophiles toward sulfinyl sulfur
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in that solvent. Such information is of particular interest in connec-

tion with the theoretical concepts regarding nucleophile reactivity

9 k
NuNu + ArAr

II
g> Ar + ArS02 (40)g -S

0

that have been advanced by Pearson and Edwards (13) and Pearson

and Songstad (56).

Pearson and Edwards (13) suggested that many of the variations

in the reactivity order of a series of nucleophiles which are observed

upon comparing the order for substitutions at one type of center with

the orders for substitutions at other types of centers can be under-

stood in terms of the differences in the polarizability and basicity

of the series of nucleophiles involved and the differing relative im-

portance of polarizability as compared to basicity in different types

of substutions. Pearson and Songstad (56) have more recently shown

that the Theory of Hard and Soft Acids and Bases (55) can also pro-

vide a framework for understanding the variations in behavior which

are observed. This Theory predicts that hard bases (species, like

fluoride ion or hydroxide ion, of low polarizability and high electro-

negativity) should react particularly readily with hard electrophilic

centers like tetracoordinate phosphorous or carbonyl carbon, while

soft bases (species, like iodide ion or thiocyanate ion, of high polariza-

bility and low electronegativity) enjoy a special advantage in
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substitutions at soft electrophilic centers such as peroxide oxygen

or PtII.

The data obtained by Kice and Guaraldi (30, 21) on the relative

reactivity of a series of nucleophiles toward sulfinyl sulfur are shown

in Table 2 together with analogous data for the relative reactivity of

the same nucleophiles toward peroxide oxygen (a soft center) and sp3

carbon (a somewhat less soft one). One sees that the reactivity pat-

tern for sulfinyl sulfur is very similar to that for substitutions at the

sp3-carbon of methyl bromide and quite different from that for the

substitution at peroxide oxygen. This indicates that sulfinyl sulfur

should be classified as an electrophilic center of hardness compar-

able to sp3 carbon, i. e. that it is a moderately soft center.

Table 2. Relative reactivity of some common nucleophiles in
substitutions at sulfinyl sulfur, peroxide oxygen and
sp3 carbon.

Nucleophile Sulfinyl sulfur a

kNu/k
Cl 3Peroxide sp

oxygenb carbonb

F 0.37 _._ 0.10

AcO 0.75 too slow to 0.48
measure

Cl (1.00) (1.00) (1.00)

Br 5.4 2.8 x 102 7.0

SCN 14.0 5.0 x 102 54

I 83.0 2.0 x 105 1.0 x 102

Thiourea 2.9 x 102 too fast to 2
measure 2.3 x 10

a Ref. 30 b Ref. 56
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Pearson and Songstad (56) have suggested that having a soft

base for a leaving group in a substitution tends to enhance the reac-

tivity of a given center toward soft nucleophiles and having a hard

base as the leaving group tends to make the same center more reac-

tive toward hard nucleophiles than it would otherwise be. In this con-

text it was of interest to see if the relative reactivity of a series of

nucleophiles toward sulfinyl sulfur showed any easily observable de-

pendence of this type on the character of the leaving group. It was

felt that study of the nucleophile and acid-catalyzed exchange of

oxygen-18 from oxygen-18 labelled sulfinic acids in 60% dioxane and

comparison of the relative order of reactivity of nucleophiles in this

reaction with that found in eq. 40 by Kice and Guaraldi (30) should

provide evidence of whether such leaving group effects were signifi-

cant for substitutions at sulfinyl sulfur, since the leaving group in the

oxygen-18 exchange reaction would be H2O, which is derived from a

much harder base than the ArS02- group which is the leaving group

in eq. 40.

The second objective of this study was therefore to investigate

the acid and nucleophile catalyzed oxygen-18 exchange of ArS02
8

H

in 60% dioxane and to determine the relative reactivity of as many

common nucleophiles as possible as catalysts for this exchange.

In summary then there were two goals for this work. The first

was to study the exchange of oxygen-18 from various labelled sulfinic
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acids in moist acetic acid containing sulfuric acid in order to deter-

mine the mechanism by which exchange takes place under such condi-

tions and how rapidly it occurs. It was hoped that this might provide

more detailed information than was previously available on the equi-

libria that precede the formation of a sulfinyl sulfone from a sulfinic

acid in this medium. The second goal was to investigate the nucleo-

phile and acid-catalyzed exchange of oxygen-18 in oxygen-18 labelled

R-toluenesulfinic acid in acidic 60% dioxane. Such a study should

provide data which, when compared with data obtained by Kice and

Guaraldi on the relative reactivity of various nucleophiles towards

4ulfinyl sulfur in sulfinyl sulfones, will give an idea of how the na-

ture of the leaving group affects the relative reactivity of nucleo-

philes toward this center.
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RESULTS

Preparation of Oxygen-18 Labelled Sulfinic Acids

There are several general methods for the preparation of sul-

finic acids. Among these are the reduction of sulfonyl chlorides with

sodium sulfite (eq. 41) (17), the reaction of organometallic compounds

ArS0 C1 + Na
2

SO
3

+ H2O *ArSO2H + Na
2

SO4 + HC1 (41)

with sulfur dioxide (eq. 42) (20, 63, 64), and the chlorination of

mercaptans or disulfides (eq. 43) followed by hydrolysis of the sulfur

Ph.MgBr + SO2 PhSO2MgBr

-70ArSH(ArSSAr) + 2(3)C1
2 CHC1) ArSC1

3
+HC1(ArSC1

3)
2 2

trichloride thus formed to the sulfinic acid (eq. 44) (10-12). The

-15ArSC1
3

+ 2H20 ArSO2H + 3HC1

(42)

(43)

(44)

first method would require synthesis first of an oxygen-18 labelled

sulfonyl chloride and subsequent reduction of it to the oxygen-18

labelled sulfinic acid. This would presumably involve reactions

similar to those used in the third method and so would be no im-

provement on it. The second method would require use of oxygen-18
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labelled sulfur dioxide, which may or may not be readily available.

The third method, however, uses materials which are all readily

available and so was the method of choice. A problem, apparently

connected with the instability of certain of the sulfur trichlorides

at temperatures above that of a dry ice-acetone bath, was solved by

use of oxygen-18 labelled acetic acid instead of water for the solvoly-

sis of the sulfur trichloride. Oxygen-18 labelled acetic acid is sol-

uble in methylene chloride and so could react even at dry ice tem-

perature. The reactions utilized in this synthesis are shown in eq.

45-47.

-700

ArSH + 2C12 CH C1 >
ArSC13 + HC1

2 2

-700 18

ArSC1
3

+ CH CO218H ArCl + CH
3 CH

2
C12

018 18

ArgC1 + H20 18 ---->AA018H + HC1

(45)

18

Cl + HC1 (46)

(47)

In carrying out the synthesis, measured quantities of a mercap-

tan or disulfide and oxygen-18 labelled acetic acid are dissolved in

methylene chloride and placed in a 3-necked flask equipped for mech-

anical stirring. Stirring is commenced, and the solution is cooled

to dry ice temperature. A measured quantity of chlorine is then
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added and subsequently the reaction mixture is allowed to warm to

-15o. After about 15 minutes the pale yellow solution is allowed to

warm to room temperature. The solvent and the acetyl chloride

formed in reaction46 are then removed under reduced pressure.

At this point the labelled sulfinyl chloride is allowed to react with

oxygen-18 enriched water, resulting in rapid formation of a white

solid. This solid is dissolved in sodium bicarbonate and the sulfinic

acid is precipitated by addition of concentrated sulfuric acid. The

sulfinic acid is recrystallized from ether-hexane solution. Specific

examples are given in the experimental section of this thesis.

Utilization of Oxygen- 18 Labelled Arylsulfinic Acids to
Investigate Some Aspects of the Sulfinic Acid-Sulfinyl

Sulfone Equilibrium in Acetic Acid-Water

As noted in the Introduction, the disproportionation reaction of

sulfinic acids has received a great deal of attention recently (5, 22,

26, 28, 29, 31, 38, 39). A key step in the mechanism of the dispro-

portionation is an initial equilibrium between two moles of sulfinic

acid and the corresponding sulfinyl sulfone (eq. 48). This equilibrium

has been studied by Kice and coworkers (25-31) and the rate-determin-

ing step for the forward and reverse steps in the equilibrium has been

O
2ArSO2H <-7-77 ArS4Ar + H2O

0
(48)
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elucidated. It was felt, however, that investigation of the exchange

of oxygen-18 in oxygen-18 labelled sulfinic acids would add needed

detail, namely, it would indicate whether or not other equilibria

intervene before the rate-determining step in the formation of the

sulfinyl sulfone and allow some study of those equilibria.

Kinetics of the Exchange of Oxygen -18 in
Oxygen-18 Labelled Sulfinic Acids

The exchange was investigated with various aryl sulfinic acids

in acetic acid containing 1-2% water. Varying amounts of sulfuric

acid were added to serve as a strong acid catalyst. The runs were

carried out by dissolving the appropriate amount of sulfinic acid in

the solvent and placing the resulting solution in a kinetic apparatus

designed to allow isolation of small amounts of the solution without

contamination of the remainder. At appropriate intervals one milli-

liter aliquots were removed, and the sulfinic acid in them was pre-

cipitated out as a benzenediazonium aryl sulfone (eq. 49) by addition

of five milliliters of a water solution of benzenediazonium fluoborate

(60, 44). The diazosulfone was collected by filtration and then

0
ArSO2H + PhN

2
BF

4
N=NPh + HBF4

pyrolyzed in an oxygen analysis apparatus of the type described by

Doering and Dorfmann (9). The resulting labelled carbon dioxide

(49)
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was collected by freezing it out in specially designed tubes immersed

in liquid nitrogen, and analyzed for oxygen-18 content with a Consoli-

dated Engineering Corporation Residual Gas Analyzer. This analysis

gives the ratio of the amount of carbon dioxide of mass 46 to the

amount of carbon dioxide of mass 44. From this ratio and the 46/44

ratio of normal carbon dioxide one can calculate the atom percent

excess of oxygen-18 in the carbon dioxide from the pyrolysis of the

diazosulfone by use of the equation derived by Doering and Dorfmann,

but for purposes of investigating the kinetics of the exchange it is

simpler to use directly the ratios mentioned above. That is, if Ro

is the 46/44 ratio of the carbon dioxide from the initial sample, Rt

is the 46/44 ratio of the carbon dioxide derived from a sample taken

at time t, and Rd, is the 46/44 ratio of normal carbon dioxide, then

eq. 50 should give the percent of excess oxygen-18 retained at a par-

ticular time. The log of this quantity when plotted against time should

Rt - R
% of oxygen-18 retained at time t

P. - R (50)
o

be linear since the only quantity changing is the amount of the oxygen-

18 label. The concentrations of sulfinic acid, sulfuric acid and water

all remain constant. The slope of this line will give the rate constant

for the particular exchange. A typical run is shown in Figure 1.
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Figure 1. Plot of the exchange of oxygen-18 from oxygen-18 labelled 2-toluenesulfinic
acid in acetic acid-2% water-0.20 M sulfuric acid at 23.1°. (2-Ch3Cd-14S0211).

= 0.20 M.

27
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Dependence of the Rate of Exchange on the Sulfinic Acid Concen-

tration. The kinetic order in sulfinic acid can be determined by vary-

ing the initial concentration of sulfinic acid and observing the effect

this has on kexch' the experimental first-order rate constant for the

loss of oxygen-18 from the oxygen-18 labelled sulfinic acid. Table

3 contains the results of runs performed to establish the order in

sulfinic acid. As can be seen, doubling the concentration of sulfinic

acid has no effect on the rate of exchange, indicating that the reaction

is first order in sulfinic acid.

Table 3. Dependence of the rate of exchange on sulfinic acid
concentration. a

(ArS0
2

H)b M (H2SO4) M (H2O)
ij--

kexch x 104

sec-1

0.10 0.20 0.56 1.2

0.20 0.20 0.56 1.2

aBoth runs in acetic acid at 23.10.
bAr = p-CH3C6H4

Dependence of the Rate of Exchange of R- Toluene sulfinic Acid

on the Acidity of the Medium. The rate of exchange was found to be

strongly dependent on the acidity of the medium. The nature of this

dependence was assessed from the results of two series of runs. In

the first series the exchange was run in acetic acid-0.56 M water

with varying amounts of added sulfuric acid. In the other series

the sulfuric acid concentration was held constant at 0.20 M while
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the stoichiometric concentration of water was varied. The results

of these experiments are given in Table 4. A plot of log kexch versus

the Hammett acidity (-Ho) (57) is shown in Figure 2. The points, ex-

cept for the one for 2% water fall very close to a line with a slope of

0.95. The point for 2% water falls somewhat below this line.

Table 4. Dependence of the rate of exchange on concentrations of
added sulfuric acid and water. a

(H
2

SO4) M (H20) M kexch x 104
sec. -1

0. 10 0.56 0.46

0.20 0.56 1.20

0.30 0.56 2.30

0. 20 1.12 0.48

aAll runs: (CH
3

C
6
H

4
SO2H) -= 0.20 M in acetic acid at 23. 10.

Dependence of the Rate of Exchange on Sulfinic Acid Structure.

In their studies of the solvolysis of sulfinyl sulfones in acetic acid - 1%

water, Kice and Guaraldi (29) observed that there apparently was a

significant change in mechanism when the aryl substituent was

changed from E-chloro or a-methyl to E-methoxy. It was of inter-

est to see if this was also true for the exchange reaction. There-

fore, a series of experiments was performed utilizing oxygen-18

labelled sulfinic acids with varying aryl substituents. The results
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0
2% H20

. 2 M H
2

SO4

1 I I I I I i I I

---

---

-2.0 -1.8 -1. 6 -1.4
Ho

-1.2 -1.0

Figure 2. Variation of the rate of exchange in 2-toluenesulfinic acid with H.
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of these experiments are given in Table 5. As shown in Figure 3 a

plot of log ArS02H /kPh SO2 H versuskexch o- + (6,7) is reasonably linear
exch

with a slope of p+ = -1.23. The nature of the plot does not seem to

indicate that there is any significant change in the mechanism of the

exchange reactions with a change in aryl substituent from one which

is electron-withdrawing like E-chloro to one which is strongly elec-

tron-releasing like E-methoxy.

Table S. Dependence of the rate of exchange
a

on sulfinic acid structure.

Ar k x 104 sec-1

E-CH
3

OC
6

H4

E-CH3C
6

H4

C6H5

E-C1C
6
H4

4.97

1.20

0.77

0.35

aAll runs: (ArSO2H) = 0.20 M in acetic acid-1% water -0. 20 M sulfuric acid at 23.10.

Dependence of the Rate of Exchange inp-Methoxybenzene-

sulfinic Acid on the Acidity of the Medium. A change in the

mechanism of the exchange reaction might also show up as a

change in the dependence of the rate of exchange on the acid-

ity of the medium when the aryl substituent is changed. For

this reason a series or runs was made to determine whether

the dependence of the rate of exchange of oxygen-18 in oxygen-

18 labelled p- methoxybenzenesulfinic acid on acidity was
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4-

3-H

2_

-0.8 -0.6

0
pCH 3C6

H4-

0 C6H5-

0
pC1C6 H4-

-0.4 -0.2 0 0.2

Figure 3, Variation of the rate of exchange in aryl sulfinic acids with (r+.
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different from that found for the p-tolyl compound in Table 2. The

results are shown in Table 6. A plot of log kexch versus the Hammett

acidity function, -Ho (57) is shown in Figure 4. The points fall close

to a line with slope 0.92, so that the dependence of the rate on acidity

appears to be same as for the E-tolyl compound.

Table 6. Dependence of the rate of exchange of E-methoxybenzene-
sulfinic acid on the acidity of the medium. a

(R-CH30C6H4S02H) M (H2SO4) M kexch x 104 sec -1

0.20 0.05. 1.05

0.20 0.10 2.36

0.20 0.20 4.97

aAll runs .in acetic acid-0.56 Mwater at 23. 10.

Utilization of Oxygen-18 Labelled 2- Toluenesulfinic Acid
to Determine How the Nature of the Leaving Group

Affects the Relative Reactivity of Various
Nucleophiles Toward Sulfinyl Sulfur

As noted in the Introduction, it was also of interest to examine

the nucleophile and acid-catalyzed exchange of oxygen-18 in oxygen-18

labelled sulfinic acids in 60% dioxane to determine, by comparing the

results with those for nucleophilic reactions at sulfinyl sulfur in

sulfinyl sulfones (eq. 51)(30) how the nature of the leaving group
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9-
8-

7
6-

5-

4_

3

-2. 0 -1.8 -1. 6

Ho

-1.4 -1.2 -1.0

Figure 4. Variation of the rate of exchange in p-rnethoxybenzenesulfinic acid with Ho.
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affects the relative reactivity of various nucleophiles toward sulfinyl

sulfur. As shown in eq. 51 the leaving group in the sulfinyl sulfone

reaction is Ar502 ' The leaving group in the exchange would be H2O,

a leaving group derived from a much harder base than is sulfinate ion.

Nu
kNu

+ Ar5- Ar > ArS9Nu + ArSOz
6 '

Kinetics of the Nucleophile and Acid-Catalyzed
Exchange in 60% Aqueous Dioxane

(51)

The exchange was run in 60% dioxane-water containing varying

amounts of perchloric acid added to serve as a strong acid catalyst

and in most cases a nucleophile to provide nucleophilic catalysis.

Isolation of the sulfinic acid and analysis of it for its oxygen-18 con-

tent was carried out in the same manner as described for the work in

acetic acid. Analysis of the raw data was also the same.

In the absence of added nucleophile the exchange in acidic aque-

ous dioxane was found to be very slow, having a rate constant of

only 0.04 x 10-5 sec 1. This can be seen from Figure 5. Addition

of any of several nucleophiles to the reaction solution, however, re-

sulted in a large increase in the rate of exchange as can be seen by

comparing Figure 6, which shows a typical run with added nucleo-

phile with Figure 5, which shows a run under the same conditions but

without added nucleophile. For convenience the results of these two
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Figure S. Plot of the exchange of oxygen-18 from oxygen-18 labelled 2.-toluenesulfinic
acid in 60% dioxane-0.50 M perchloric acid in the absence of added nucleo-
ophile at 23.1°.
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Table 7. Effect of added nucleophile on the rate of exchange in 60%
dioxane. a

(p-CH3 C
6

H
4

SO
2

H) M (Br-) M x 105 sec-1kexch

0.20 0.00 0.04

0.20 0.05 0.568

aBoth runs in 60% dioxane-water-0.50 M perchloric acid at
23. 1 °.

Dependence of the Rate of Exchange on the Concentration of

Added Nucleophile. The kinetic order with respect to nucleophile

concentration was assessed by making two runs at a constant acid

concentration but with different concentrations of added bromide ion.

The results are shown in Table 8. The close correspondence of the

values given in column three indicate that the exchange is first order

in nucleophile.

Table 8. Dependence of the rate of exchange on the concentration
of added nucleophile. a

(Br T) M x 105 sec 1 kexch-kexch k
Nu

=

(Br )

x 104, M-lsec-1

0.05
0.10

0.568
1.12

1.14
1.12

aBoth runs: (p- CH3C6H4SO2H) = 0.20 M (HC1O4) = 0.50 Min
60% dioxane at 23.10.
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Dependence of the Rate of Exchange on the Perchloric Acid

Concentration. The dependence of the rate of exchange on the con-

centration of added perchloric acid was determined by making a

series of runs in which the reaction conditions differed only in the

acid concentration. The results of this series of runs is shown in

Table 9. The relatively constant value of the numbers given in

column three indicate that the rate of exchange varies linearly with

the first power of the concentration of added strong acid.

Table 9. Dependence of the rate of exchange on the concentration of
added perchloric acid. a

(HC10 ) M x 105 sec 1

4
kexch [kexch/(HC104)]

x 104, M-1 sec-1

0.25 0.568 2.23
0.50 1.12 2.24
0.75 1.85 2.46

aAll runs: (E-CH3C6H4S02H) = 0.20 M, (Br-) = 0.10 M in
60% dioxane at 23.1°.

Dependence of the Rate of Exchange on the Nucleophile. The

rate of exchange depends not only on the acid or the nucleophile con-

centration but also on the particular nucleophile used as catalyst. It

was of interest to determine the relative effectiveness of various

nucleophiles in catalyzing the exchange so a series of experiments

were run to obtain such information. The results are shown in

Table 10.
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Table 10. Effect of changing nucleophiles on the rate of exchange. a

Nu 5
(Nu) kexch x 105 kNu x 10 = kexch

M
sec-1 x105/(Nu),M-lsec-1

(HOCH
2
CH2)2S 0.50 0.329 0.658

Cl 0.10 0.381 3.81

Br 0.10 1.12 11.2

H2NC(S)NH2 0.01 1.85 185

aAll runs: (E-CH3C6H4S02H) = 0.20 M and (HC1O4) = 0.50 M
in 60% dioxane at 23.10.

Various factors limited the range of nucleophiles which could

be used. In order to make sure that the sulfinic acid does not dispro-

portionate to any great extent under the conditions used here, the

rate of disproportionation was determined at 89 0 in the presence of

chloride and bromide ions and an attempt was made to measure the

same quantity for runs with added iodide or thiourea. Chloride and

bromide worked all right and the rates of disproportionation were

small enough to indicate that the amount of disproportionation occur-

ring during the duration of the exchange reactions is insignificant.

Accurate determination of the rate of disproportionation was found to

be impossible in the presence of added iodide or thiourea, however,

apparently due to the intervention of side reactions between sulfinic

acid and the nucleophile under these particular reaction conditions.
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When iodide was used, free iodine was liberated so it could not be

used as a catalyst at all. Thiourea reacted in some manner such as

to destroy the end point sought. Nonetheless, attempts were made

to use thiourea as a catalyst in the exchange but the results were

erratic and not reproducible. The rate given in Table 10 is there-

fore suspect. Nucleophiles such as thiocyanate, acetate, and fluor-

ide could not be used because at this acid concentration, 0.50 M,

they are, of course, completely protonated.
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DISCUSSION

The Exchange of Oxygen-18 in Oxygen - 18 Labelled
Sulfinic Acids in Acetic Acid-Water

Previous studies by Kice and co-workers (22, 25-31, 38, 39)

have shown that the disproportionation of sulfinic acids takes place

by the mechanism shown in eq. 52-54. The sulfinyl sulfone,

ArS(0)SO2Ar, is first formed in a reversible step from the sulfinic

acid. It then undergoes thermal decomposition (eq. 53) yielding two

kf
2ArS02H ArS-SAr + H20

kr

kd

(52)

> Ark + ArS02-- ArSJAr (53)

o 0
ArSOSAr + ArS02H ArS0

3H
+ Ar"S r (54)

free radicals (38, 39) which recombine in a head-to-tail fashion to

form the sulfenyl sulfonate, ArSGS02Ar. This latter compound then

reacts rapidly with a third mole of sulfinic acid to form the final

products of the disproportionation.

In order to learn more about the sulfinic acid-sulfinyl sulfone

equilibrium (eq. 52) Kice and Guaraldi (29) measured the equi-

librium constant, Ke,kfikr, associated with the reaction in the acetic



43

acid-water and determined the rate of solvolysis of the sulfinyl sul-

fones, kr, under these same conditions. Their studies showed that

in acetic acid-1% water containing 0.40 M or greater sulfuric acid

solvolysis of the sulfinyl sulfones occurred almost exclusively via

an acid-catalyzed mechanism. The dependence of the rate of this

acid-catalyzed reaction on the nature of the substituent in the aro-

matic ring, (E-Me0>> E-Me > a-C1> a -H) (29), led them to suggest

that the solvolysis of the E-Me0 compound occurred by a somewhat

different mechanism than that of the other sulfinyl sulfones. Spe-

cifically, they suggested that in the solvolysis of the E-C1, E-H and

a -Me sulfinyl sulfones there was extensive nucleophilic participation

by the solvent in the transition state of the rate-determining step (eq.

56), while with the E-methoxy compound, because of the ability of

?r
H

Aro- Ar + H + A4-gAr (55)

Ar + HGAc
+8 determining

rate o--H
ArS---

Ac 1-1'"

9H
ArOAc + ArSO2H (56)

fast >ArS02H + H+H20

the E-Me0 group to stabilize a positive charge on sulfur, there was

much less, if any, nucleophilic participation by the solvent in the

rate determining step (eq. 57).



H rate 0H--
A4-gAr Ardetermining

VII

+ ArS0 2H

fast
H 0 >ArS02H + H+

2
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(57)

Once one knows the rate-determining step for the solvolysis of

sulfinyl sulfones, by the principle of microscopic reversibility, one,

of course, also knows the rate-determining step for their formation.

Thus Kice and Guaraldi's results would lead them to postulate that

the reverse of either eq. 56 or eq. 57, depending on the aryl substitu-

ent, should be the rate-determining step for the formation of sulfinyl

sulfones from sulfinic acids in acetic acid-1% water under acid-cata-

lyzed conditions.

A study of the rate of exchange of oxygen- 18 from ArS02
8

H

under the same conditions should presumably add more detail to our

understanding of the sulfinic acid-sulfinyl sulfone equilibrium for the

following reasons. Formation and hydrolysis of the sulfinyl sulfone

obviously would lead to exchange. If exchange occurs only by this

pathway, the rate of the exchange reaction should depend on the

square of the sulfinic acid concentration, and kexch should be equal

to kf(ArS0
2
H). If, however, exchange can occur through other more

rapid pathways not involving the formation of the sulfinyl sulfone,

the kexch should be much larger than kf(ArS0 2
H). For this reason,

various oxygen-18 labelled sulfinic acids were synthesized and the
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rate of their exchange of oxygen-18 with solvent was studied in moist

(1-2% water) acetic acid containing varying amounts (0.05-0.20 M)

of sulfuric acid. The results of those studies will now be discussed.

The Exchange Compared to the Rate of
Formation of Sulfinyl Sulfones

Investigation of the kinetics of the exchange showed that for all

sulfinic acids except the E- methoxy compound the rate of the exchange

reaction was much larger than the rate of formation of the sulfinyl

sulfone (29) under the same conditions. This can be seen from Table

11, which shows a comparison of the rate constant for exchange,

kexch' and kf(ArS02H). While kexch>> kf(ArS0 2H) for the 2-C1,

2.- H and a-Me compounds, it is only about three times larger than

kf(ArSO2H) for the p.-methoxy compound at 0.2 M sulfuric acid. The

implications of this relatively close correspondence of rate of ex-

change and rate of sulfinyl sulfone formation in the case of the

E-methoxy compound but not for the other sulfinic acids will be

considered after we discuss what our present results tell us about

the mechanism of the exchange reaction.
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Comparison of the rate of exchange of oxygen-18 from
oxygen-18 labelled sulfinic acids with the rate of forma-
tion of the corresponding sulfinyl sulfona.

Ar 4a 4bkexch x 10 k
f
(ArS02H) x 10 kexch

sec-1 sec-1 kf(ArSQ
2H)

E- C1 0.35 0.0082 43

E-H 0.77 0.0102 73

E-CH
3

1.2 0.034 35

E-CH30 4.97 1.6 3.1

a-All runs (ArSO2H) = 0.20 M, (H2SO4) = 0.20 M in Acetic
Acid-1% Water

bData taken from Ref. 29

Mechanism of the Exchange Reaction

Two sets of data are of greatest value in suggesting a mechan-

ism for the exchange. These are, first, the dependence of rate on

acidity, and, second, the dependence of the rate of exchange on the

nature of the aryl substituent. The rates of exchange of both the

p_ -Me and the E -MeO compounds follow -Ho in their acidity dependence.

This along with the fact that a plog of log kexch versus p+
gives a good

straight line ( p+=-1.23) suggests that the mechanism of the exchange

for the E-Me0 compound is the same as that for the other sulfinic

acids. The dependence of the rate of exchange on the nature of the
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aryl substituent indicates that there is a decrease in electron density

on the sulfur atom of the sulfinic acid on going from the acid itself

to the transition state for the exchange reaction.

The strong acid catalysis indicates that the mechanism involves

the protonated form of the sulfinic acid, ArS0 H+

2 2. Since the reaction

does not appear to show any significant dependence on the concentra-

tion of water present in the medium, except insofar as this influences

the acidity, it is unlikely that water is involved as a nucleophile in the

exchange reaction. The lack of any very pronounced dependence of

the rate of exchange on the nature of the aryl group, as shown by a

p+ value of only -1.23, suggests that ArA0 is not formed. The simp-

lest mechanism which is consistent with the various experimental

results is shown in eqs. 58-60. This involves formation and hydroly-

sis of the protonated mixed anhydride I.

ArS0
2H

+ H
+ )ArS02H2

Hy
ArS0

2

*
H2 + CH

3
CO2H

> Ar80 CH3 + H20

VI

HO
DC

A+0

CH
3

+ H20
k

2 SOH + CH
3

CO2H
+ H+

(58)

(59 )

(60)

At first glance, the dependence on aryl substituent ( p+=-1.23)

might be thought to be a little small for protonation on the sulfinyl
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oxygen, but Stewart and Yates (61) have shown that p+ for protonation

of ketones is only +2.17 and Modena (47) has shown that p+ for pro-

tonation of sulfoxides is about the same, so this dependence is quite

reasonable.

As noted earlier, from Kice and Guaraldi's (29) studies eq. 61

is thought to be the rate-determining step for the formation of sulfinyl

sulfones from sulfinic acids in the cases of those compounds where

Ar = C6H5, E- C1C6H4, or E-CH
3

C
6
H4. From the results with these

sulfinic acids which show kexch>> kf(.ArS0
2H) it can be seen that

k -2 (H
2G) is indeed much faster than k3(ArSO2H) at (ArSO2H) = 0. 20 M.

HO OO k H
ArSO2H + A4OCH

3

3
O

I> A/1- Ar + CH
3

CO
2H

(61)

Therefore for these sulfinic acids the mechanism proposed for the

exchange is entirely compatible with that proposed for the formation

and solvolysis of the corresponding sulfinyl sulfones.

But what of the p-methoxy compound? In that case, at

(ArSO2H) = 0.20 M kf(ArS0 2H) = 0.3 kexch' and yet the results

of the exchange studies indicate that the mechanism of the exchange

reaction is the same for the 2- methoxy compound as for the other

sulfinic acids. The question that arises is simply this. If one has

the mechanism given in eq. 62-66, for both the exchange and the

formation of the sulfinyl sulfone in the E -MeO case, as would seem



to be required by the information available from both the exchange

studies and the data of Kice and Guaraldi on the solvolysis of the

E-methoxy sulfinyl sulfone, at (ArS02H) = 0.20 M, k_2(H20) is
ka k

4(
ArS02H)

getting perilously close to -k . At somewhat higher
-a

sulfinic acid concentrations (ka/ k -a )k4(ArSO2H) should actually

Exchange

*ArS0 + H
2

H2

CH3CO2H + ArS0
2H2

+
k2

> CH

H2O + Ar 0

OH
OAr + H2O

VI
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(62)

(63)

A3OH + CH
3

CO2H
+ H+ (64)

Sulfinyl Sulfone Formation: Ar = E- CH3OC6H4

HO k
ArOCCH3c k

a Ark) + CH3CO2H (65)
-a

ArO + ArSO2H
k

4 Ar(PAr

VII

(66)

become larger than k_2(H20) and when that happens eq. 66 will no

longer be the rate-determining step for the formation of this sulfinyl
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sulfone. Rather, under conditions where (ka /k
- a

)k,,(ArS02H)>k2(H20),

eq. 63 would be the rate-determining step. Yet Kice and Guaraldi

found no evidence that anything other than eq. 66 was the rate-deter-

mining step for the formation of the E-anisyl sulfinyl sulfone under

their conditions. Is this an apparent contradiction of the present

results? The answer is that it is not because Kice and Guaraldit:s

studies were done at sulfinic acid concentrations of less than 0.02 M,

or 10-20 times less than the concentrations of sulfinic acid used in

the present study of the exchange reaction. Under their conditions _

(k
a.

/k -a
)k4(ArS02H)

would always be much smaller than k -2 (H20)

and so the possibility of a change in rate-determining step with chang-

ing sulfinic acid concentration did not arise. It is presumably, the

high concentration of sulfinic acid used in the exchange experiments

which gives rise to the close correspondence between exchange rate

and rate of sulfinyl sulfone formation in the case of the E -MeO com-

pound under the present conditions.

Presumably one might check this explanation in the following

way. One might determine kf at these much higher sulfinic acid

concentrations, and see if one observed a change in rate-determining

step with increasing sulfinic acid concentration. Unfortunately, the

method used by Kice and Guaraldi to determine kf makes it extremely

difficult to determine kf experimentally at such high concentrations

of sulfinic acid and until some very special experimental apparatus is
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available this test cannot be carried out.

One might wonder why the species ArgO, which is thought to

be formed both by scission of the sulfur-s-41fur bond in species VII

(29) (eq. 57) and by decomposition of species VI (eq. 65), is not

formed by loss of water from the protonated form of E-methoxy-

benzenesulfinic acid. If it were, then a mechanism such as that

shown in eqs. 67 and 68 would be expected for the exchange reaction

of this sulfinic acid. We have seen, however, that the acid depend-

ence of the rate of exchange and the correlation of the rate of exchange

ArS0
2H2

ArgOI + H20 (67)

ArS 0 + H2O --->AAOH + (68)

of this sulfinic acid with p + show that the mechanism of exchange of

this sulfinic acid is the same as that of the other sulfinic acids, that

is, eqs. 62-64. So Ar0 is not readily formed via eq. 67. Why?

We feel that the reason for this is that production of this spe-

cies from the protonated sulfinic acid is structurally less favorable

than its production from either VII or VI. Specifically, in the cases

of the protonated sulfinyl sulfone VII and the protonated mixed an-

hydride VI, the proton can be transferred to the leaving group through

either a five or six-membered cyclic structure, i. e.

Ar
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but in the case of the protonated sulfinic acid an analogous proton

transfer would have to involve a much less favorable four-membered

cyclic structure, i. e.

Thus the energy barrier for production of Ar0 from ArS0
2

H2 would

be higher than for its production from the other two species. Evi-

dently it is enough higher effectively to prevent eq. 67 from occur-

ring at a fast enough rate for it to be competitive with eq. 63.

The Nucleophile and Acid-Catalyzed Exchange of
Oxygen-18 in Oxygen-18 Labelled

Toluenesulfinic Acid in 60%
Aqueous Dioxane

The second reason for synthesizing oxygen-18 labelled sulfinic

acids was to investigate the nucleophile and acid catalyzed exchange

of their oxygen-18 in aqueous dioxane. It was thought that this might

provide information on the relative reactivity of various nucleophiles

toward sulfinyl sulfur with H2O as the leaving group. Such data could

then be compared with the data of Kice and Guaraldi (30) on the reac-

tivity of nucleophiles toward sulfinyl sulfur in sulfinyl sulfones (eq.

69), in which the leaving group is ArSO2, to give some idea of

k
NuNU + ArVAr ArSNu + ArS0-

20
(69)
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whether the nature of the leaving group has any substantial effect

on the relative reactivity of nucleophiles toward sulfinyl sulfur. In

this section the results of this study will be discussed and such a

comparison made.

Mechanism of the Exchange

The exchange reaction in 60% aqueous dioxane was assumed to

be first order in sulfinic acid since it was found to be so in acetic

acid. The reaction is acid-catalyzed, the rate of exchange increas-

ing in a first-order manner with the concentration of added perchloric

acid. The exchange reaction proceeds only very slowly in the absence

of added nucleophile but is strongly catalyzed by the presence of added

nucleophiles. The nucleophile catalysis is first order in added nucleo-

phile.

The simplest mechanism which accounts for these observations

is an attack of the nucleophile on the protonated sulfinic acid with dis-

placement of a mole of water (eq. 71). Subsequent hydrolysis of the

* +
ArSO2H + 'ArS0-

2
H

2

0+ rateArS0 H + Nu ArIA
2 2

Nu + H2Odeterniining

(70)

(71)

ArLu + H2O Arig0H + Nu- + H+ (72)
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adduct ArS(0 )Nu by normal water accounts for the exchange (eq. 72).

The Relative Reactivity of Various Nucleophiles
Toward Sulfinyl Sulfur in Protonated

Toluenesulfinic Acid

Equation 71 involves attack of the nucleophile on the sulfinyl

sulfur of the protonated sulfinic acid with displacement of water as

the leaving group. The relative reactivity of a series of nucleophiles

in eq. 71 can be compared with their relative reactivity in a displace-

ment on the sulfinyl sulfur of sulfinyl sulfones (eq. 69), where the

leaving group is ArSO2 rather than water. Such a comparison of the

data for eqs. 69 and 71 should give an idea of how the nature of the

leaving group affects the relative reactivity of nucleophiles toward

sulfinyl sulfur. Table 12 lists the results of the present studies of

the acid and nucleophile catalyzed oxygen-18 exchange together with

data from the work of Kice and Guaraldi on eq. 69. No information

is available for the catalysis of the sulfinyl sulfone hydrolysis by

thiodiglycol and so the rate constant for n-butyl sulfide is given.

Inductive effect considerations argue that n-butyl sulfide is probably

a somewhat better nucleophile than thiodiglycol, and so the number

given for n-butyl sulfide in Table 12 represents an upper limit for

what would be expected for thiodiglycol and is probably somewhat

larger than the actual value would be.
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Table 12. Relative reactivity of various nucleophiles toward sulfinyl
sulfur with two different leaving groups.

kNulk Cl

Nu Exchange reactions
Sulfinyl sulfone

hydrolysisb

(HOCH2CH 2)2S
0.173 0.03

Cl (1.00) (1.00)

Br 2.92 5.4

H2NC(S)NH2 48. 6 290

aAll runs, (2.-CH3CH4S02H) = 0.20 M and (HC1O4) = 0.50 M
in 60% aqueous dioxane at23.1.

bReference 30. All runs in 60% aqueous dioxane at 21.4

As noted in the introduction, Pearson and Songstad (56) have

suggested that having a soft base for a leaving group will enhance

the reactivity of a given center toward soft nucleophiles while having

a hard base for a leaving group will enhance the reactivity of a given

center toward hard nucleophiles. If this "symbiotic effect" actually

exists then changing the leaving group from one derived from a soft

base, ArSO2, to one derived from a harder base, H2O, should tend

to increase the relative reactivity of chloride ion compared to the

other nucleophiles in Table 1, which are all softer bases than Cl.

The data of Table 12 do not seem to indicate that there is much

of an effect of this type, for while the reactivity of both the thiourea

and bromide relative to chloride is somewhat less in eq. 71 than in
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eq. 69, the relative reactivity of thiodiglycol, which is also a softer

base than chloride, has actually increased on going from eq. 69 to

eq. 71. Thus the present data suggest that no large symbiotic effect

is produced in a substitution at sulfinyl sulfur by changing from

ArSO2 to H2O as the leaving group.
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EXPERIMENTAL

Preparation of Materials

Oxygen-18 Labelled p- Toluene sulfinic Acid

Oxygen-18 labelled E-toluenesulfinic acid was prepared in two

ways, both modifications of the methods used by Douglass (10- 12).

The first method involved chlorination of E-toluenethiol in methylene

chloride solution at dry ice-acetone temperature, followed by hydroly-

sis of the resulting p-toluenesulfur trichloride to 2- toluenesulfinyl

chloride with an equimolar amount of oxygen-18 enriched water. Dry

air was then passed through the solution to carry away any excess

chlorine and the hydrogen chloride formed in the reaction. Removal

of the solvent by rotary evaporation under water pump vacuum left

the labelled sulfinyl chloride, a pale yellow viscous liquid, which

was then hydrolysed with an equimolar amount of labelled water to

the doubly labelled sulfinic acid. The sulfinic acid was immediately

dissolved in saturated sodium bicarbonate solution from which the

sulfinic acid could be recovered by addition of cold concentrated

sulfuric acid according to the procedure of Kice and Bowers (22).

Recrystallization from ether-hexane gave, typically, a 75% yield

of the acid based on the amount of p-toluenethiol used, m. p. 89 -91 °,

containing 1.02 atom percent excess oxygen-18. Literature m. p.
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84- 850 (22).

The second method differed from the first in that the sulfinyl

chloride was generated by re action of the sulfur trichloride with

oxygen-18 labelled acetic acid which had been added in the required

amount to the 2-toluenethiol-methylene chloride solution before

chlorination. The acetyl chloride (b. p. 50-52°) generated in the

reaction was removed by rotary evaporation for ten minutes at 500 ,

after all of the methylene chloride had been evaporated off. Genera-

tion of the sulfinic acid and recrystallization as above gave an 80%

yield of p-toluenesulfinic acid, m. p. 84-85°, containing 1.33 atom

percent excess oxygen-18.

Oxygen-18 Labelled Benzenesulfinic Acid

Oxygen-18 labelled benzenesulfinic acid was prepared from

thiophenol in the same manner as labelled p-toluenesulfinic acid was

prepared from p-toluenethiol. The first method proved ineffective

but the second method gave the sulfinic acid in good (70%) yield. The

benzenesulfinic acid had m. p. 81-83°, and contained 1.08 atom per-

cent excess oxygen-18. Literature m. p. 81.5-83°(52).

Oxygen-18 Labelled 2- Chlorobenzenesulfinic Acid

Oxygen-18 labelled p-chlorobenzenesulfinic acid was prepared

from bis-(4-chlorophenyl) disulfide in the same manner as
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benzenesulfinic acid was prepared from thiophenol. Since chlorine

cleaves a disulfide to give two moles of sulfur trichloride, only half

as much disulfide as thiol is used, otherwise the synthesis is the

same. The p-chlorosulfinic acid had m.p. 93 -95° and 1.04 atom

percent excess oxygen-18. Literature m.p. 94-96o
(65).

Oxygen-18 Labelled E-Methoxybenzenesulfinic Acid

Oxygen-18 labelled p-methoxybenzenesulfinic acid was prepared

from p-methoxythiophenol in the same manner as benzenesulfinic acid

was prepared from thiophenol. The p-methoxybenzenesulfinic acid had

a m. p. 94-96o and 0.99 atom percent excess oxygen-18. Literature

m.p. 98-99°(52).

Oxygen-18 Labelled Sodium Acetate

Oxygen-18 labelled sodium acetate was prepared by hydrolysis

of acetonitrile (Matheson, Coleman and Bell; reagent grade) with

oxygen-18 labelled sodium hydroxide in ethanol according to the

procedure of Oae (49).

Oxygen-18 Labelled Acetic Acid

Oxygen-18 labelled acetic acid was prepared from the previously

prepared oxygen-18 labelled sodium acetate by the following proced-

ure.
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8.2 gm. (0. 1 mole) of oxygen- 18 labelled sodium acetate was

placed in a 200 ml three-necked flask equipped with a mechanical

stirrer and a reflux condenser with drying tube. To this was added

100 ml of anhydrous ether, stirring was commenced and anhydrous

hydrogen chloride was passed into the flask for several minutes.

The gas was then shut off and vigorous stirring was continued for

several hours with periodic checks made to make sure that there

was still free hydrogen chloride in the flask. After three to five

hours had elapsed the mixture was filtered and the salt left behind

was washed several times with anhydrous ether. The ether was then

evaporated off and the residual oxygen-18 labelled acetic acid dis-

tilled. Yield 5.1 gm (85%) 1.41 atom percent excess oxygen-18.

R-Methoxybenzenethiol

R-Methoxybenzenethiol was prepared by the reduction of

p-methoxybenzenesulfonyl chloride with zinc and sulfuric acid as

described by Adams and Marvell (16, p. 492). Because the product

is a liquid it was separated from the water following the steam dis-

tillation by extraction into ether. After the ether solution was dried

over calcium chloride, the ether was evaporated and the residual

p-methoxybenzenethiol was used without further purification. The

p-methoxybenzenesulfonyl chloride was supplied by George J.

Kasparek.
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p- Toluenethiol

p- Toluenethiol (Matheson, Coleman and Bell Chemical Co.;

Reagent grade) was used without further purification.

Thiophenol

Thiophenol (Aldrich Chemical Company Inc. ) was used without

further purification.

Bis-(4-Chlorophenyl) Disulfide

Bis-(4-chlorophenyl) disulfide (Wateree Chemical Company,

Inc.; technical grade) was recrystallized from 95% ethanol prior to

use.

Oxygen-18 Enriched Water

Water enriched to approximately 1.59 atom percent excess

oxygen-18 was obtained from the Yeda Laboratories.

Benzenediazonium Fluoborate

Benzenediazonium fluoborate was prepared according to the

procedure of Starkey, Dunken and Jenkens (61).
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Acetic Acid

Reagent grade glacial acetic acid was refluxed for 24 hours with

reagent grade acetic anhydride in a ratio of approximately one pint of

acetic anhydride to three liters of acetic acid. It was then fraction-

ally distilled through a 20 theoretical plate, Oldershaw, bubble-cap

column at a reflux ratio of 10:1, b. p. 117.5-118°.

Dioxane

Dioxane (Mallinckrodt Chemical Works: reagent grade) was

purified according to the procedure of Wiberg (68; p. 245) and stored

over the sodium ketyl of benzophenone. It was distilled immediately

before use.

Stock Solutions

Acetic acid-0.56 M water solutions were made up by weighing

out 10.09 gm. of water and diluting it to one liter with glacial acetic

acid at 200. Solutions containing sulfuric acid were made up with

concentrated sulfuric acid (Baker and Adamson Chemical Co; reagent

grade) which had been titrated with 0.10 M sodium hydroxide and

found to be 93. 65% sulfuric acid. The remaining 6.35% was assumed

to be water, and stock solutions were made up by weighing out the

correct amount of sulfuric acid, adding the required amount of water
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to bring the stoichiometric water content of the final solution to

0.56 M and then diluting to volume with glacial acetic acid at 20o.

60% Dioxane (v/v) solutions were made up on a volume-volume

basis with freshly distilled dioxane and distilled water. Stock solu-

tions of 2.41 M and 0.79 M perchloric acid were made up by dilution

of concentrated perchloric acid (J. T. Baker Chemical Co.; reagent

grade) with distilled water. The concentrations were then determined

by titration with 0.10 M sodium hydroxide solution. The amount of

water in these stock solutions were then used with the proper amounts

of distilled dioxane and distilled water to make up the reaction solu-

tions of acidic 60% dioxane. In those runs in which a nucleophile was

used the nucleophile was added as a stock solution in distilled water.

In all cases the solutions were used immediately and any excess was

discarded.

Procedure for Kinetic Runs

Acetic Acid-Water

The proper amount of sulfinic acid was weighed into a small

beaker and dissolved in the correct volume of acetic acid-0.56 M

water-sulfuric acid stock solution. The solution was then placed in

the kinetic apparatus (Figure 7) and deaerated by passing prepurified

nitrogen through it for five minutes. The apparatus was then placed



Figure 7. Apparatus used for making kinetic runs.
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constant temperature bath and allowed to equilibrate for an additional

five minutes, after which a sample was taken for the initial point.

Samples were then taken at appropriate intervals until four additional

samples had been taken. The technique of sampling was as follows.

A slight excess of benzenediazonium fluoborate was weighed

into a 10 ml beaker and dissolved in five ml of water. With nitrogen

passing through the solution and the stopcocks initially positioned as

shown in Figure 7, stopcock A was rotated 180°; this forced solution

into the graduated tube C . When about 1 1/2 ml were contained in

the tube it was trapped by a 45° counter-clockwise rotation of stop-

cock B. Stopcock A was then rotated back to its original position

and one ml of the solution was allowed to flow out of the delivery tube

into the benzenediazonium fluoborate solution by a further 450 rota-

tion of stopcock B. If a previous sample had been taken, a small

amount of the initial delivery was used to rinse the tube and was

discarded. Any solution remaining in tube C was allowed to drain

back into the kinetic apparatus by rotating stopcock B back to its

original position. The murky solution formed by mixing the two

component solutions was set aside for four to six hours or until pre-

cipitation was complete. At that time the diazosulfone, which had

precipitated, was filtered off, dried, and then pyrolsed in an apparatus

similar to that described by Doering and Dorfman (9). The technique of

pyrolysis and collection of the re sulting carbon dioxide will be
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discussed shortly.

Dioxane - Water

Two procedures were used for kinetic runs in dioxane-water.

In the first, a ten ml stock solution of dioxane, water and perchloric

acid was made up as described above. The correct amount of sul-

finic acid was weighed out and dissolved in 5 ml of the stock solution.

One ml portions of this solution were then pipetted into pyrex tubes

which were subsequently deaerated by freezing the contents, evacu-

ating the tubes and filling them with nitrogen. The tubes were then

sealed off and placed in a constant temperature bath. After five

minutes of temperature equilibration an initial sample was taken by

removing one of the tubes from the bath, breaking off one end and

pouring the contents into a five ml solution of benzenediazonium

fluoborate. At intervals the others were removed and treated in

the same manner. When precipitation was complete the samples

were filtered, dried and pyrolysed as described earlier.

The second technique used for runs in dioxane-water was the

same as that used for the runs in acetic acid.

Disproportionation Studies with Unlabelled
p.- Toluenesulfinic Acid

All runs were made in dioxane-water solution. In each run, a
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sample of non-labelled p-toluenesulfinic acid was weighed out and

dissolved in the solvent in the same manner as with the exchange

studies except that 20 ml of solution were made up instead of six.

The solution was then placed in a kinetic apparatus similar to that

used for the exchange studies, deaerated, temperature equilibrated,

and a two ml initial sample taken in the same manner as before ex-

cept that in order to insure accuracy in the sampling technique, about

three ml of solution were allowed to flow into a 10 ml beaker and

from this two ml were pipetted into a dry 30 ml beaker. At this time

15 ml of 2.41 M perchloric acid was added and the amount of sulfinic

acid in the sample was determined by titration with 0.1 M sodium

nitrite solution according to the procedure of Kice and Bowers (22).

The same two ml pipet was used for all points.

Description of Apparatus

The apparatus used for pyrolysis of the oxygen-18 labelled

samples is shown schematically in Figure 8 (9). It consists of the

following components: A -A needle valve to control the flow of pre -

purifiedpurified nitrogen, B -a tube containing copper and copper oxide pel-

lets for removing any traces of oxygen or hydrogen from the nitrogen

and a furnace to heat this tube -to approximately 500o. C is a three-_
way stopcock. D is a U-tube containing ascarite and anhydrone which

remove carbon dioxide and water from the nitrogen. E is a gas flow
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Figure 8. Apparatus used for pyrolysis of samples.
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meter used to monitor the rate of gas flow through the apparatus.

F is a three-way stopcock used in conjunction with three-way stop-

cocks G and J to determine the direction of gas flow through H, a

quartz pyrolysis tube packed for part of its length with 50% platinized

carbon heated to 900° by furnace I. Tube K is another U-tube

packed with ascarite and anhydrone; it removes hydrogen sulfide and

hydrogen chloride formed in the pyrolysis tube. Tube L is a tube

packed with iodine pentoxide which when heated to 120° oxidizes the

carbon monoxide formed in the pyrolysis tube to carbon dioxide.

Tube M is a U-tube which is immersed in a dry ice-acetone bath. It

traps the iodine formed when the carbon monoxide is oxidized. Tube

N is a U-tube which when cooled to liquid nitrogen temperature traps

out the labelled carbon dioxide. Tube 0 is another U-tube packed as

before with ascarite and anhydrone. It is used to isolate the system

from such atmospheric gases as carbon dioxide and water vapor

which if drawn into the system would lead to spurious results.

Procedure for Pyrolysis of Samples and Collection
of Labelled Carbon Dioxide

The apparatus was used as follows: a three to ten milligram

sample was weighed into a small platinum boat. The plug was re-

moved from the open right hand end of the pyrolysis tube and the

boat was placed in the tube at a point about five centimeters from
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the packing. The plug was then replaced and stopcocks F, G, and J

were positioned such that the gas flow was from F through J, back-

ward through H and out of the system through G. The gas flow was

then set at 20 milliliters per minute and the system was allowed to

backpurge. After about ten minutes the stopcocks were positioned

for normal gas flow and a Dewar flask containing liquid nitrogen was

placed over U-tube N. At this time the gas flow rate was reduced to

ten milliliters per minute and the pyrolysis carried out as follows.

A Bunsen burner with low flame was positioned as close to the

right hand end of tube H as possible without burning the plug. It was

then moved slowly to the left until it was positioned below the boat,

at which time the heat was increased to a maximum. After heating

the boat for five minutes the Bunsen burner was moved slowly again

until it was next to the furnace, where it was left for five more min-

utes and then shut off (time elapsed to this point; about 25 minutes).

The system was then allowed to purge for 15 minutes during which

the majority of the oxygen from the sample was collected in U-tube

N as carbon dioxide. At that point the stopcocks on N were closed

off, it was removed from the system, and the nitrogen in it was

pumped out under vacuum. Usually the carbon dioxide was trans-

ferred before analysis to a straight tube equipped with a stopcock and

a #12 ball joint, since the mass spectrometer inlet system was

through a #12 socket.
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Mass spectroscopic analysis of the carbon dioxide gave the ratio

of the amount of carbon dioxide of mass 46 to that of mass 44. This

ratio along with the 46/44 ratio of normal carbon dioxide was inserted

into equation 73 (9). One then solves the equation for x, the atom

percent excess oxygen-18 in the sample.

0.99796x + 0.00204(1-x ) 46/44 (sample)
0.00408 (1-x) 46/44 (tank CO2) (73)

However, in calculating the points to be plotted for the kinetic

runs it is simpler to use the 46/44 ratios rather than the percentages.

That is, if Ro is the 46/44 ratio of the initial sample, Roo is the 46/44

ratio for tank carbon dioxide, and Rt is the 46/44 ratio for samples

taken at time t, then the percent of excess label retained at a given

time is given by equation 50, p. 26.

A plot of the log of the number thus calculated against time

should be linear. Its slope gives the rate constant for the particular

exchange being studied.
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II. MECHANISTIC STUDIES OF THE EXCHANGE OF
OXYGEN-18 FROM OXYGEN-18 LABELLED

PHENYL BENZENETHIOLSULFINATE

INTRODUCTION

Thiolsulfinates are a class of organo-sulfur compounds with

the general formula R(S 0)R. A detailed review of their structure

and chemistry can be found in the introduction to the Ph. D. thesis

of Clifford G. Venier (65). As a consequence only a limited amount

will be said about them here, just enough to give an idea of the impor-

tance of this particular class of organo-sulfur compounds.

Thiolsulfinates are the first product formed on the treatment

of disulfides with a variety of oxidizing agents (19, 34, 45, 58, 60).

This fact, combined with the finding by Vinkler and Kliveny1(66, 67)

that thiolsulfinates are always the first isolable product in the hydrol-

ysis of sulfenyl halides, and the finding by Kice and coworkers (23,

36) that a thiolsulfinate is an important intermediate in the reaction

of disulfides with sulfinic acids, indicates that thiolsulfinates are

often important as intermediates in the reactions of a variety of types

of sulfur compounds, even though they are, because of their reactiv-

ity, not often isolated as the final products of these reactions.

Originally, there were thought to be two distinct types of com-

pounds with the general formula R(SzO)R, the first RSOSR, the an-

hydrides of sulfenic acids (69 -73 ), and the second, RS(0)SR, the
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esters of the h.ypotheticalthiolsulfinic acid (1, 3, 19, 34, 45, 58, 60).

Recently Vinkler and Klivenyi (66, 67) proved, however, that those

compounds originally assigned the structure of the sulfenic anhydrides

in the earlier literature actually have the thiolsulfinate structure.

The compounds originally thought to be sulfenic anhydrides

(VIII) had been isolated from the hydrolysis of sulfenyl halides "(69-

73 ) (Eq. 74), while those originally formulated as thiolsulfinates IX

2RSC1 + H2O ).RSOSR + 2HC1

VIII

(74)

had been isolated either from the controlled oxidation of disulfides

(19, 34, 45, 58, 60) (Eq. 75), or from the reaction of sulfinyl

0
RSSR + (0) RigSR

IX

+ RSH

(75)

(76)

chlorides with mercaptans (Eq. 76)(1,3).

Vinkler and Kliv6nyi (66, 67) were able to show by two lines of

investigation that the products of all of these reactions have the

same type of structure and that this structure is, in fact, that of the

thiolsulfinate. Evidence for the thiolsulfinate structure for these

compounds comes first from their infrared spectra. These exhibit

an intense band at 1100 cm
1 which must be due to the sulfinyl group

of IX since it occurs at the right wavelength and with the expected
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intensity (14, 15). A strong band at 1100 cm
1 would not be expected

if the compounds had structure (VIII). Second, although less compel-

ling, there is the fact that the monooxidation of a disulfide is hardly

likely to lead to scission of the sulfur-sulfur bond and insertion of

oxygen. Final confirmation that IX is in fact the structure for all

these compounds comes from some work by Backer and Kloosterziel

(1). They pointed out that if structure VIII was correct for the reaction

product of a mercaptan and a sulfinyl chloride then reaction of

RS(0)C1 with R'SH should lead to the same product as the reaction

of R'S(0)Cl with RSH. On the other hand, if the correct structure

for thiolsulfinates is IX, then reaction of RS(0)C1 with R'SH will lead

to a product isomeric with one from reaction of R'S(0)C1 with RSH,

as is illustrated below. They found that in reacting benzenesulfinyl

RSOSRI, or JS?SR' and R' SR

with p-toluenethiol and p-toluenesulfinyl chloride with thiophenol they

did in fact get two isomeric thiolsulfinates. As a consequence the

structure of thiolsulfinates must definitely be that of IX.

Knowing this we can make a guess as to how thiolsulfinates

arise during the hydrolysis of sulfenyl halides. Presumably they

arise as a result of reactions such as those given in eqs. 77-79 (67).

RSC1 + H2O RSOH + H+ + Cl (77)
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RSOH + RSC1 > R5SR + H+ + C1 (78)

RSOH + RSOH + H20 (79)

Thiolsulfinates undergo a large variety of reactions. Barnard

(2) noted that in acid solution thiolsulfinates undergo acid-catalyzed

disproportionation to thiolsulfonate and disulfide with the stoichiome-

try given in eq. 80. Kice et al. (43) found that this acid-catalyzed

disproportionation could be dramatically accelerated by the addition

of small amounts of alkyl sulfides.

2AASAr > ArSSAr + Ar SAr

Kice, Venier, and Heasley (42) also found that under acidic

conditions thiolsulfinates react with sulfinic acids (eq. 81) much

(80)

2ArS02H
+ (1+2x) ArSAr --> (2+ x) iSSAr + xArSSAr (81)

faster than they undergo disproportionation. The exact stoichiometry

of the reaction varies somewhat with reaction conditions and with the

concentration of starting materials, x usually falling between 0.1

and 0.2.

Another reaction of thiolsulfinates is their reaction with mer-

captans (58). In acetic acid-1% water as solvent Kice and Large (32)

found that this reaction was acid-catalyzed and had the stoichiometry

ArSSAr + 2RSH > 2RSSAr + H20

found in eq. 82.

As with the disproportionation, the rates of both the

(82)
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thiolsulfinate-sulfinic acid reaction and the mercaptan-thiolsulfinate

reaction can be increased rather dramatically in acetic acid by the

addition of small amounts of alkyl and aryl sulfides. The stoichiome-

try of the sulfide-catalyzed thiolsulfinate-sulfinic acid reaction is also

slightly different (eq. 83) from that shown for the normal reaction in

H+2ArSO2H + ArsSAr 2Ar SAr + H2O (83)
R

2S
0

eq. 81 in that only thiosulfonate is formed, no disulfide (42).

Under a given set of reaction conditions both the sulfide-cata,

lyzed thiolsulfinate-mercaptan reaction (32) and the sulfide-catalyzed

thiolsulfinate-sulfinic acid (42) reaction have the same formal kinetics

and the same rate constant. Both are first order in thiolsulfinate and

catalyzing sulfide and both are strongly acid catalyzed. Their rates

do not depend upon the concentration of sulfinic acid or mercaptan,

however. This, of course, means that both reactions have the same

rate-determining step and that sulfinic acid or mercaptan do not inter-

vene until after the rate-determining step. The solvent isotope effect

and the dependence of rate on the acidity of the medium both suggest

that the acid catalysis is of the specific lyonium ion type, rather

than being general acid catalysis. Varying the character of the

R groups in the catalyzing sulfide R 2S reveals that electron-

withdrawing substituents retard the rate p = -2. 0). This means

that the electron density on the sulfide is much lower in the transi-

tion state than in R2S itself and is consistent with the idea that the
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sulfide catalyzes the reaction by acting as a nucleophile.

A mechanism (32) which accounts for all these observations is

shown in Chart III. This involves nucleophilic attack of the sulfide

on the protonated thiolsulfinate in the rate-determining step. The

intermediate R
2

SPh formed in this rate-determining step then reacts

rapidly with either mercaptan or sulfinic acid to produce the observed

products. The sulfenic acid ( PhSOH) also produced in the rate-deter-

mining step is converted to products either by direct reaction with

mercaptan or sulfinic acid (eq. 87) or by first being converted to

R
2

SP11. (Eq. 88) which then reacts rapidly with these same reagents.

Chart III. Mechanism of the Sulfide-Catalyzed Reactions of Thiolsul-
finates with Sulfinic Acids and Mercaptans

OH
PhSSPhPhSSPh + H+ >PhOPh (84)

1-1

PhSSPh + R S rate PhSR + PhSOH (85)
2 determining 2

PhAR
2

+ ArS0 H(R'SH) fa- st )Phakr(PhSSR') +R S +H+ (86)
2 2

PhSOH + ArSO
2

H(R'SH) N'PhS Ar(PhSSR') + H2O (87)

PhSOH + H+ + R2S < R SPh + H2O (88)

In the absence of added mercaptan or sulfinic acid the inter-

mediates R
2

SPh and PhSOH simply return to protonated thiolsulfinate
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and sulfide (eq. 89). The occurrence of this reaction was demon-

strated by showing that in acetic acid-l% water optically active phenyl

PhSGH + PhAR > Ph;Ph + S
R2

(89)

benzenethiolsulfinate undergoes acid and sulfide-catalyzed racemiza-

tion at essentially the same rate as the ordinary thiolsulfinate under-

goes acid and sulfide-catalyzed reaction with either mercaptan or

sulfinic acid (43).

Acid and nucleophile-catalyzed racemization of optically active

phenyl benzenethiolsulfinate can also be observed in 60% aqueous

dioxane (33). In this medium in the absence of added nucleophiles

racemization proceeds quite slowly in solutions containing 0.10-0.50

M perchloric acid. However, the addition of as little as 104 to 102

M of various nucleophiles leads to rapid loss of optical activity.

Ultraviolet measurements show that the loss of optical activity is

due entirely to racemization of the thiolsulfinate and not to any con-

version of this compound to other substances incapable of optical

activity, since the ultraviolet spectrum of the solution at the time

that the rotation has dropped to zero is identical with that at the start

of the experiment. When n-butyl sulfide was used as the nucleophilic

catalyst for the acid and nucleophile-catalyzed racemization in this
kmedium, the measured solvent isotope effect (H2 0/k D20) was 0.54.

This shows that the acid catalysis involved in the racemization is
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specific lyonium ion catalysis. The rates of the acid and nucleo-

phile-catalyzed racemization were found to depend on the first power

of the nucleophile concentration in all cases, regardless of whether

the nucleophiles were sulfides or anionic nucleophiles such as the

halide ions. At constant ionic strength the rate varied linearly with

the stoichiometric concentration of added strong acid, showing that

the reaction is first order in hydrogen ion concentration.

Studies with several sulfides as catalysts showed that electron-

withdrawing R groups in R2S
decrease the effectiveness of the sulfide

as a catalyst. This again is consistent with what would be expected

if the role of the sulfide as a catalyst involves its acting as a nucleo-

phile.

In 60% dioxane (33), as in acetic acid-l% water, phenyl benzene-

thiolsulfinate also undergoes acid and nucleophile-catalyzed reactions

with sulfinic acids or mercaptans. The rates of these acid and nucle-

ophile-catalyzed reactions are independent of sulfinic acid or mercap-

tan concentration. More important, within experimental error, these

reactions have the same rate as the racemization under a given set

of reaction conditions.

Since in aqueous dioxane the rates of all three reactions are

the same under similar conditions, they must all have the same rate-

determining step. Since the sulfide-catalyzed reactions of the thiol-

sulfinate with either sulfinic acid or mercaptan show the same kinetic
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behavior in 60% dioxane as they do in acetic acid-1% water, the reac-

tions in both media presumably involve the same mechanism and rate-

determining step. For this reason the scheme shown in Chart IV (33)

has been advocated for the various acid and nucleophile-catalyzed

reactions of the thiolsulfinate in 60% dioxane. The rate-determining

step is attack of the nucleophile on the protonated thiolsulfinate. This

attack leads to intermediates (PhSNu and PhSGH) which can react with

sulfinic acid (eq. 93 and eq. 95) or with mercaptan (eq. 93 and eq. 95)

to produce the products of those reactions. In the absence of added

sulfinic acid or mercaptan these intermediates return to nucleophile,

proton and racemized thiolsulfinate as shown in eq. 92.

Chart IV. Mechanism of Acid and Nucleophile-catalyzed Reactions
of Phenyl Benzenethiolsulfinate in 60% Aqueous Dioxane

OH
(-1-)P1Ph + H+

K1
( +)PhSPh

H k
2(+)Ph SPh + Nu-

PhSNu + PhSGH

> PhSNu + PhSOH

k-2
> (±)P1Ph + Nu- + H+

PhSNu + ArS0 H(R'SH)
k

3 >Ar SPh(R'SSPh) + Nu- +H+

k
+ 4 ) PhSNu + H20PhSGH + Nu H <

k -4

(90)

(91)

(92)

(93)

(94)

PhSGH + ArSOzH(R'SH)--> Ar SPh(R'SSPh) + H
2G (95)
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One question, however, which could not be answered by this

earlier work was the relative rate of the k
2

step (eq. 92) compared

to the rates of either the forward (k 4) or reverse (k -4) steps of the

equilibrium shown in eq. 94. This is a question which can be an-

swered by study of the acid and nucleophile catalyzed exchange of

oxygen-18 from PhS(018)SPh in 60% dioxane and comparison of

the rate of exchange (k ) with the rate of racemization ofexch

( +)- PhS(0)SPh, ka
under the same reaction conditions. If the

rate of eq. 92 is much greater than the rates of either the forward

or reverse steps of eq. 94 then ka /kexch will be much greater than

one. However, if it is much smaller than the rates of either of these

two reactions k /kexch will equal unity. Thus such a study should

reveal how the rate of eq. 92 compares with those of the forward

and reverse steps of the equilibrium shown in eq. 94. Such informa-

tion will in turn give some idea of the behavior of the species PhSNu

and PhSOH in solution. Since the nature of these species is such that

neither can be studied directly in an aqueous solution indirect infor-

mation about their behavior such as would be provided by this study

represents the only way of studying them and could provide some

extremely interesting results. These then are the reasons for mak-

ing this study of the acid and nucleophile-catalyzed exchange of

18oxygen- 18 in PhS(0 )SPh in aqueous dioxane.
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RESULTS

Synthesis of Oxygen-18 Labelled Phenyl Benzenethiolsulfinate

There are several methods for the preparation of thiolsulfinates.

Among these are monoxidation of disulfides (19, 34, 45, 58, 60) (eq.

96), and reaction of a sulfinyl chloride with a mercaptan (1, 3) (eq.

97). In addition, the first isolable hydrolysis product of a sulfenyl

RSSR + (0) RgSR (96)

Rgci RSH + H+ + Cl (97)

halide is the thiolsulfinate (69-73) (eq. 98). Since an easy method

for obtaining oxygen-18 labelled sulfinyl chlorides was available

2RSC1 + H2O > RgSR + HC1 (98)

from the work of Douglass (10- 12), the reaction of sulfinyl chlorides

with mercaptans was chosen for synthesis of the oxygen- 18 labelled

thiolsulfinate. The reactions utilized in this synthesis are shown in

eqs. 99-101. A typical synthesis is described in the Experimental

-PhSH + 2C1
2 CH

70
Cl

> PhSC1
3

+ HC1
2 2

(99)
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PhSC1
3

+ CH
3 11

O
18H + CH

3
gc1 + HC1 (100)C

018
18 18

Ph.go. + PhSH > Ph.SgPh + HCI (101)pyr.
18 18

section of this thesis.

Kinetics of the Exchange of Oxygen-18 in Oxygen-18
Labelled Phenyl Benzenethiolsulfinate

The exchange was studied in 60% aqueous dioxane containing

some added perchloric acid using a kinetic apparatus designed to

allow isolation of small amounts of the reaction solution without con-

tamination of the remainder. At the proper intervals small aliquots

(4 ml. ) were removed and the thiolsulfinate in them was precipitated

out by the addition to the aliquot of an equal volume of water. After

the thiolsulfinate was collected by filtration and purified by recrystal-

lization from chloroform-hexane it was analyzed for its oxygen-18

content in the same manner as described in the Results section of

this thesis for oxygen-18 labelled sulfinic acids. As in that case

mass spectroscopic analysis of the carbon dioxide from pyrolysis

of the samples gave the ratio of the amount of carbon dioxide of mass

46 to the amount of carbon dioxide of mass 44. The atom percent

excess oxygen-18 in the sample can then be calculated using the equa-

tion derived by Doering and Dorfmann (9) by simply putting in the
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46/44 ratio of the sample and the 46/44 ratio of normal carbon diox-

ide. For purposes of investigating the kinetics of the exchange, how-

ever, it is simpler to use the 46/44 ratios of the carbon dioxide de-

rived from the various samples directly. That is, if Ro is the 46/44

ratio of the carbon dioxide derived from the initial sample, Rt is the

46/44 ratio of the carbon dioxide derived from a sample taken at

time t, and Roo is the 46/44 ratio of normal carbon dioxide, then

eq. 50 (p.26) will give the percent of excess label remaining at a

given time. A plot of the log of eq. 50 versus time is nicely linear,

demonstrating the first order nature of the kinetics of the exchange

reaction. A typical run is shown in Figure 9.

Dependence of the Rate of Exchange on the
Concentration of Added Strong Acid

The rate of exchange was found to be strongly dependent on the

concentration of added perchloric acid. The exact dependence of the

exchange reaction on acid was determined by running a series of reac-

tions in which the concentrations of all reactants except that of per-

chloric acid were kept constant. Because the rate of exchange is also

dependent upon the ionic strength of the reaction solution, lithium

perchlorate was added to keep the ionic strength constant. The re-

sults of this series of experiments is shown in Table 13 along with

one run without added lithium perchlorate to demonstrate the effect
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Figure 9. Plot of the exchange of oxygen-18 from oxygen-18 labelled phenyl
benzenethiolsulfinate in 60% dioxane-0.10 M perchloric acid-10-4 M
iodide ion at 39. 6°,



86

of ionic strength. At constant ionic strength the rate of exchange

varies in a first order manner with the concentration of added per-

chloric acid.

Table 13. Dependence of the rate of exchange on the concentration
of added strong acid. a

(HC104) M (LiC10
4

)M kexch x 106 kexch/(HC104)

sec -1 x 105

0. 10

0.10

0. 20

0.00

0.40

0. 30

4.26
2.93

6. 00

2.93

3. 00

aAll runs (PhS(0)SPh) = 0.05 M, (I ) = 10-4 M in 60% dioxane-
water at 39. 6°.

Dependence of the Rate of Exchange on the
Concentration of Added Nucleophile

The dependence of the rate of exchange on the nucleophile con-

centration can be assessed from the results of a series of experiments

in which only the concentration of the nucleophile was changed. Table

14 lists the results of these experiments for iodide, bromide and

n-butyl sulfide.

The ratio k /kexch in Table 14 is the ratio of the calculated

rate of racemization of ( +)- PhS(0)SPh under the conditions of the

exchange to the rate of exchange of oxygen-18 in PhS(018)SPh. The
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ratios for iodide and bromide remain effectively constant as the con-

centration of nucleophile is changed, demonstrating a first order de-

pendence of the rate of exchange on the nucleophile concentration,

since the rate of racemization also has a first order dependence on

the nucleophile concentration.

Table 14. Dependence of the rate of exchange on the concentration
of added nucleophile.

Nu (Nu)aM kexch x 106 kab /kexch

sec-1

I 0.0001 4.26 300

0.0002 10.3 260

0.0004 19.0 280

Br 0.03 14.2 72

0.02 8.75 77

n-Bu2S 0.008 25.3 41

0.004 8.1 64

aAll runs (H+) = 0.10 Min 60% dioxane.

bTaken from Reference 33.

For the two runs with n-butyl sulfide in table 14 (ka /kexch) is

quite different. Since a kinetic analysis (see discussion) shows that

(k
a

/kexch) cannot depend on nucleophile concentration, this is prob-

ably caused by the presence of appreciable amounts of thiolsulfonate
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in the samples analysed for the run at 0.008 M n-Bu 2S. It appears

that a significant amount of disproportionation, which yields thiol-

sulfonate, occurred during the duration of the run under these condi-

tions. This was not realized when that run was made and no allow-

ance was made for it. The value of (kai kexch) for the run at

(n-Bu2S) = 0.004 M therefore almost certainly is much the more

accurate since attempts were made to remove all of the thiolsulfon-

ate from the samples from this run before they were pyrolysed.

Dependence of the Rate of Exchange on the Nucleophile

The dependence of the rate of exchange on the nucleophile was

determined by running a series of experiments in which only the

nucleophile used was changed. The results of these experiments

are shown in Table 15. The ratio of the calculated rate of racemiza-

tion of (+)-PhS(0)SPh under the conditions of the exchange to the rate

of exchange of oxygen-18 in PhS(0 18 )SPh, ka/ kexch' is of primary

interest so it is also shown.

Table 15. De endence of the rate of exchange on the nucleophile.

Nu (Nu) k
exch

x 106 (la /kexch)b
M -1

sec

I 0.0001 4.26 280

Br 0, 03 14.2 75

n-Bu2S 0.004 8.1 64

a All runs (PhS(O *)SPh) = 0.05 M. (HC1O4) = 0. 10 M in 60% dioxane-water at 39. 6°.

b Ica, is taken from Ref. 33.
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DISCUSSION

As noted in the Introduction, Kice and coworkers (32-34, 41-43)

have shown by a variety of studies that both the nucleophile and acid

catalyzed reactions of thiolsulfinates with either aryl sulfinic acids

or mercaptans, and the nucleophile and acid catalyzed racemization

of optically active thiolsulfinates, have the same rate-determining

step, which consists of attack of the nucleophilic catalyst on the sul-

fenyl sulfur of the sulfinyl protonated thiolsulfinate (Introduction,

Chart IV, eq. 91, p. ). The detailed mechanisms of these several

reactions are summarized in Chart IV. The previous work has also

shown that with (RSH) = 10-3 M and with (ArS0 2H) = 10-3 M,

k3(ArSO H) andk!
3
(RSH) are both much greater than k- 2(PhSOH)

in aqueous dioxane.

The previous studies, however, gave no idea of the relative

rates of the k -2
step and either the k4 or k -4 steps. This informa-

tion is of interest because a knowledge of the relative rates of these

reactions would give some idea of the behavior of the intermediates

PhSOH and PhSNu in aqueous solution. Direct study of the chemistry

of either of these species under such conditions is, of course, not

possible.

Study of the acid and nucleophile-catalyzed exchange of oxygen-

18 in oxygen-18 labelled phenyl benzenethiolsulfinate and comparison
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of the results with the behavior of the acid and nucleophile-catalyzed

racemization of ( +)- PhS(0)SPh under the same conditions could well

provide this information. For this reason, PhS(018)SPh was synthe-

sized and the exchange of its oxygen-18 with solvent was studied in

60% aqueous dioxane. The results of that study will now be discussed.

Mechanism of the Exchange

Kinetic studies of the exchange showed that exchange is first

order in the concentration of added strong acid and in the concentra-

tion of added nucleophile in the case of the iodide and bromide ion

catalyzed reactions. This is exactly the same dependence on acid

and nucelophile shown by the racemization reaction. There is a

difference, however, in the rate of the exchange reaction and the rate

of racemization. The iodide ion catalyzed rate of racemization was

faster than the iodide-catalyzed exchange by a factor of about 280

and the bromide catalyzed racemization was faster than the bromide

catalyzed exchange by a factor of about 75.

This situation will arise if most of the PhSNu and PhSOH formed

by step k2 undergo recombination to thiolsulfinate (step k_2) before

400*

PhgSPh + H+
a Ph SPh

k
Ph SPh + Nu PhSO*H + PhSNuk-2



k
PhSNu + H2O 'PhSOH + Nu- + H+k

4

-4

PhSOH + H + Nu

PhSOH + PhSNu

k -4
> PhSNu + H2Ory

k-2
> PhSPh + Nu

there is an opportunity to equilibrate the oxygen atom of the sulfenic

acid with the water of the solvent via the occurrence of steps k4 and

k-4. In this case kexch <ka , as is observed. The overall scheme

for exchange is shown in eqs. 102-106.

The exact manner in which (ka
/kexch) will depend on the vari-

ous rate constants and reaction variables is evident from the following

detailed kinetic analysis.

Application of the steady state hypothesis to the concentration

of PhSNu gives the steady state concentration of this intermediate as

i -
(PhSNu) = [K (k /k )(k /k )]2(Ts)2' (Nu )(H+)ss a 2 -2 4 -4 (107)

where k4 k
4

(H
2
0) and (Ts) = (PhS(0)SPh). For the mechanism

shown in eqs. 102-106 the rate of the nucleophile catalyzed exchange

of oxygen-18 from PhS(0 18 )SPh is given by eq. 108 in which (*) indi-

cates that the compound so labelled contains excess oxygen- 18.
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--d(Ts )/dt = k
2

ka(H+)(Nu )(Ts *)- k
2
(PhS0 H)(PhSNu) (108)

We can now set up the expression for the steady state concentra-

tion of PhSO*H as shown in eq. 109. Substituting this expression into

k
2
Ka (H+)(Nu )(Ts )

-

(PhS0 H) ss k -2 (PhSNu) + k-4 (H
+)(Nu)

eq. 108 and rearranging we obtain

k (H+)(Nu)dln
d(Ts

) + -4kPa (H )(Nut k -2(PhS0H) + k -4 (H
+ )(Nu )

(109)

(110)

We can now substitute into eq. 110 the expression for the steady state

concentration of PhSNu given in eq. 107. After some rearrangement

this gives the following rate expression for the exchange reaction

dl
dt

n( Ts )
k2 Ka (H

+
)(Nu )

1

k
2
Ka k

21 + [ x x Tsr
-4 -4

(eq. 111). Finally we can divide the rate expression for

-dln(+-Ts)/dt = k2Ka(Nu)(H+)

the racemization reaction (eq. 112) by eq. 111 to obtain eq. 113.

(112)



ka /kexch = 1 +
k2 K ak-2 2

k-4 k
4

_t.

1

Ts)2
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(113)

This expression shows that (k a/ kexch) should be independent of

(Nu) and (H+), as has indeed been found for both the iodide and

bromide ion catalyzed reactions. As noted earlier, accurate data

on this point have not yet been obtained for the n-butyl sulfide cata-

lyzed system.

The above kinetic analysis, however, brings to light a new prob-

lem. It was hoped that the results of this study would provide some

idea of the comparative rates of k -2 and either k4 or k-4. We see,

however, that it is impossible to do this because there is no way of

separating k4 and k_4. We can get an idea of the magnitude of

(k -2/k -4 4kt ) though, since the racemization results give k
2
Ka, and

we know the concentration of thiolsulfinate. The results of such cal-

culations are shown in Table 16. As we can see, k
2

is much larger

than k -4 4ki in all cases, but beyond this little can be said since the

magnitudes of 1(4 and 1(...4 are known only as a composite compared

to k_2. We do feel, however, that most of the size of the ratio

k2Icak-2/k-4k4 is due to the contribution of k -2/ k4. The reactions

involved in the k
2
Ka steps and the k -4 steps are similar and PhSOH

should be less stable than PhS(0)SPh so the ratio_k2Ka/ k-4 should

not be large. The ratio k 2/k4 then should be large.
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Table 16. Comparison of the relative rates of certain of the steps
in the mechanisms of exchange of PhS(0 18 )SPh and of
the racemization of (+)-PhS(0)SPh.

Nu k a
a /kexch

I 280 1.98 1.99

Br 75 0.10 56

n-Bu
2S 64 O. 485 1.75

aAll data taken from reference 33.
b
All runs in 60% aqueous dioxane with (HC1O4) = 0.10 M at

39.6°.

If k -2 4/k ' is large, as we have seen it should be, this suggests

that the reason the thiolsulfinate is the first isolable product of the

hydrolysis of sulfenyl halides is not that PhSOH is really so prone

to go over to thiolsulfinate and water but that PhSNu is much more

likely to react with PhSOH than to undergo hydrolysis, that is, the

k -2 step is quite fast. Modena (48) has suggested this from his stud-

ies of the hydrolysis of sulfenyl halides in wet chloroform, but in

that solvent the concentration of water was, of course, much lower

than in the present studies. Evidently this is true even with a large

concentration of water present.

We observe quite a variation in the magnitude of (k ik k ').-2 -4 4
Because of the composite nature of the rate constants, however, this
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could be due to a variety of causes so we will not attempt to explain

it.

One final point is of interest in connection with the above kinetic

analysis. We see that ka ikexch should vary with the square root of

the concentration of thiolsulfinate. A later worker will attempt to

check this.



96

EXPERIMENTAL

Preparation of Materials

Oxygen -18 Labelled Phenyl Benzenethiolsulfinate

Oxygen-18 labelled phenyl benzenethiolsulfinate was prepared

by first synthesizing oxygen-18 labelled benzenesulfinyl chloride ac-

cording to the procedure of Douglass (10-12) and then reacting this

with thiophenol in the presence of pyridine in ether solution following

the procedure of Backer and Kloosterziel (1).

Thiophenol (2. 2 grams, 0.02 moles) and oxygen-18 labelled

acetic acid (1.2 grams, 0.02 moles) were dissolved in 75 ml of

methylene chloride and placed in a 200 ml three-necked flask equipped

with a drying tube and a mechanical stirrer. This solution was cooled

in a dry ice-acetone bath while being stirred vigorously. Dry chlor-

ine (1. 8 ml liquid, 0.04 moles) which had been collected and meas-

ured earlier was allowed to vaporize and recondense in the thiophenol-

CH
3

CO
2
18H-methylene chloride solution, which turned first red, and

then yellow. Finally, as the last of the chlorine was added, a pale

yellow slush formed. The dry ice-acetone bath was then removed

and replaced with a brine solution cooled to -15°. As the reaction

mixture warmed to this temperature a rapid reaction occurred with

evolution of a large amount of hydrogen chloride and formation of a
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pale yellow solution. The solution was then warmed to room temper-

ature and purged with dry air to remove any excess chlorine and any

remaining hydrogen chloride formed in the reaction. At this time

the solvent and the acetyl chloride formed in the reaction was re-

moved by rotary evaporation. To make sure all of the acetyl chlor-

ide was gone the flask was heated to 50° and rotary evaporation was

continued for ten minutes after all of the solvent was gone. The

oxygen-18 labelled benzene sulfinyl chloride thus formed was used in

the next step without further purification.

The labelled sulfinyl chloride was dissolved in 50 ml of an-

hydrous ether and placed in a three-necked flask equipped with a

drying tube and a mechanical stirrer. To this solution was added

a solution of thiophenol (2.2 grams, 0.02 moles) and pyridine (1.58

grams, 0.02 moles) in 50 ml of anhydrous ether. A bright yellow

solution was formed along with a large amount of a precipitate of

pyridinium hydrochloride. The precipitate was filtered off and the

ether solvent was removed by rotary evaporation. The residue after

removal of the solvent was dissolved in chloroform and washed first

with dilute sulfuric acid, then with 5% sodium bicarbonate solution,

and finally twice with distilled water. It was then dried with mag-

nesium sulfate and the solvent was removed by rotary evaporation.

The crude oxygen-18 labelled phenyl benzenethiolsulfinate was re-

crystallized twice by dissolving in a minimum amount of chloroform,
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adding hexane until a slight murkiness appeared, and then cooling to -

-200. Bright yellow crystals, m. p. 690 (Literature m. p. 68-69

(60) were obtained. Analysis showed 1.17 atom percent excess of

oxygen-18.

Oxygen-18 Labelled Acetic Acid

Preparation of the oxygen-18 labelled acetic acid used in the

above synthesis was described in the Experimental section for the

sulfinic acid work.

Nucleophiles

Reagent grade potassium iodide and sodium bromide were

recrystallized from water and dried overnight in a vacuum oven.

n-Butyl sulfide was distilled before use.

Apparatus Used for the Kinetic Runs

The apparatus (Figure 7) used for the kinetic runs was of the

same type as that used for the sulfinic acid work and has been de-

scribed in the Experimental part of that section of this thesis. The

oxygen analysis equipment is also described there (Figure 8).

Procedure for the Kinetic Runs

Oxygen-18 labelled phenyl benzenethiolsulfinate (0. 234 grams,
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0.001 moles) was dissolved in freshly distilled dioxane. To this

solution was added enough perchloric acid, nucleophile, and pure

water to make 20 ml of a 60% dioxane solution 0.05 M in thiolsul-

finate and containing the desired amounts of perchloric acid and

nucleophile. This solution was placed in the kinetic apparatus

(Figure 7), purged with dry nitrogen for five minutes, and then low-

ered into a constant temperature bath. After a further five minutes

had been allowed for temperature equilibration an initial sample of

four ml of the solution was isolated and put in a ten ml Erlenmeyer

flask using the same procedure used for isolating the sulfinic acid

samples. An equal volume of water was then added and the murky

solution was cooled to -20o. The resulting precipitate was isolated

by filtration and recrystallized from chloroform-hexane solution

before pyrolysis.

If in the initial precipitation with water an oil rather than a

solid was formed, the oily layer was taken up in chloroform. This

chloroform solution was then dried with magnesium sulfate and the

chloroform was removed by rotary evaporation. The residue was

then recrystallized from chloroform-hexane solution before pyroly-

sis.

The pyrolysis and collection of the resulting carbon dioxide was

carried out in the same manner as described in the Experimental

part for the sulfinic acids. Analysis of the carbon dioxide for
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oxygen-18 content was done with a Consolidated Electrodynamics

Corporation Residual Gas Analyzer. This analysis gives the ratio

of the amount of carbon dioxide of mass 46 to the amount of carbon

dioxide of mass 44. This ratio along with the 46/44 ratio of normal

carbon dioxide, when put into eq. 73 (p. 71) gives x the atom percent

excess oxygen-18 in the sample.

One can, of course, arrive at the kinetics of the exchange by

calculating x for each sample, then if xo is the atom percent excess

oxygen 18 of the initial sample, xt is the same for a sample taken

at time t and xto is the same for normal carbon dioxide, then eq.

114 gives the percent of the label retained at time t. The log of this

quantity plotted against time will be linear, and the slope of the line

so obtained will be the rate constant for the particular exchange

x -t
-

xco
% label retained at time t = x (100)

0
X00

(114)

being followed.

It is simpler, however, to use the 46/44 ratios directly. If

R0 is the 46/44 ratio of the initial sample, Rt is the 46/44 ratio of

a sample taken at time t, and Roo is the 46/44 ratio of normal carbon

dioxide then eq. 115 gives the percent of the label retained at time t.

Again, the log of the quantity so obtained when plotted against time

will be linear and its slope will be the rate constant for the particular
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exchange. More important is the fact that the rate constant obtained

Rt Roo
(17c label retained at time t = 100) (115)

Ro

from eq. 115 is the same as the rate constant obtained from eq. 114

and the number of calculations necessary to use eq. 115 is smaller

than that to use eq. 114.
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