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CHAPTER I 

INTRODUCTION 

Organic sulfur compounds play an important role in a number of 

areas of chemistry. Hence, the investigation of the meclianisms of 

appropriate reactions of such compounds should be of importance and 

value to research workers in a number of fields of chemistry. One 

of the fascinating areas of research is the nature of the sulfur-sulfur 

bond. This is not only because the sulfur-sulfur bond is a struc

tural feature of widespread occurrence in both organic and inorganic 

sulfur chemistry, but also because the sulfur-sulfur bridge occurs 

so frequently in many proteins and enzymes and is therefore of great 

importance biochemically. 
p (j) 

Compounds of the type R-S-S-R possess a S-S bond and are referred 
6 0 

to in the literature as S,S,S',S' tetroxides, sulfonyl sulfones, a-

disulfones, or simply disulfones. The latter names are used by most 

chemists and also by Chemical Abstracts. This dissertation will 

refer to these compounds as a-disulfones. 

Even though a-disulfones have been known for over 80 years, 

there is much to be learned about them. For example, in environmental 
2 

chemistry there is a considerable interest in the reaction of photo-

chemically excited sulfur dioxide with hydrocarbons (RH), and work 

2a 
by Filby has shown that a-disulfones are one of the products of 

2a 
that reaction. Filby has postulated a reaction scheme in which 

the formation of a-disulfones is explained by the occurrence of the 

very rapid reaction sequence shown in Eqs. 1 and 2. His scheme is. 



Ri + SO2 

9 v^n " • 

- R S 0 2 -

> KbUrtiJUrtK 

however, strictly speculative and not based on any extensive experi-

(1) 

(2) 

2a mental observations. Therefore, even Filby himself avowed that 

evidently more research is needed to fully understand the details of 

the mechanism. 

3 
Kice and Kasperek showed some years ago that aryl a-disulfones 

were quite reactive toward nucleophiles (including water) and reacted 

with them to undergo substitution at sulfonyl sulfur (Eq. 3). Compari

son with data on the reactivity of a number of the same nucleophiles 

ArS02S02Ar + Nu — > ArS02Nu + ArS02 (3) 

4 
toward ArSO^Cl obtained by Rogne shows that the reactivity of a-

disulfones in such reactions is comaprable to that of sulfonyl 

chlorides. 

The spontaneous hydrolysis of the aryl a-disulfones (Eq. 3, 

3a Nu = H„0) was studied in some detail. This reaction differs from 

the previously investigated spontaneous hydrolysis of aryl sulfinyl 

sulfones (Eq. 4) only in that Eq. 3 involves nucleophilic substitu

tion at sulfonyl ([Ilî SO™) while Eq. 4 involves substitution at sulfinyl 

(2:;S0) sulfur. 

ArS(0)S02Ar + H2O »-2ArS02H (4) 

Comparing the data for these two reactions reveals that, although 

4 
substitution at sulfinyl sulfur is 10 times faster than at sulfonyl 



sulfur, the two reactions do not differ much in their detailed 

mechanisms, and that nucleophilic substitution at sulfinyl sulfur is 

faster only because of a more favorable activation energy. Also 

comparison of the spontaneous hydrolysis of a-disulfones with that 

of other sulfonyl derivatives (aryl sulfonic anhydrides and aryl 

sulfonyl chlorides) shows that in reactions involving attack at 

sulfonyl sulfur a change in the character of the leaving group is 

apparently much more likely to lead to a significant change in 

mechanism than changing the site where substitution occurs from 

sulfonyl to sulfinyl sulfur. 

3 
The kinetic data obtained by Kice and Kasperek and later by 

Kice and Legan provide data on the reactivity of over 20 nucleo

philes toward phenyl a-disulfone in 60% dioxane (Eq. 3, Ar = Ph). 

These data can be compared with data on the reactivity of most of 

these same nucleophiles toward an aryl sulfinyl sulfone, £-methoxy-

benzenesulfinyl p-anisyl sulfone , in the same solvent (Eq. 5, Ar = 

_g-CH,0C^H,). Since the leaving group is the same in both reactions 

(ArSO- ) this comparison shows how a change from 3̂ S0 to ^SO^ as the 

SO 

Nu" + Ar§-SAr > ArSNu + ArS02~ (5) 

electrophilic center at which the substitution takes place effects 

the order of relative reactivity of the nucleophiles. From the fact 

that, a plot of log k^ vs. log k^ ^ shows only a few data points 

deviating to any significant degree from a line of slope = 1, one 

concludes that, changes in the nucleophile reactivity pattern on 



going from the substitution at the sulfonyl sulfur of the a-disulfone 

to the substitution at the stilfinyl sulfur of the sulfinyl sulfone 

are actually rather modest. Therefore, as interpreted, the reactivity 

pattern for a series of nucleophiles toward ^SO will roughly parallel 

the one they exhibit toward ^SO^. This agrees with what Ritchie 

has shown for substitutions at a variety of electrophilic centers, 

i.e. that there is little variation in the nucleophile reactivity 

pattern with change in the electrophilic center. Comparison of the 

data for sulfonyl sulfur with analogous data on nucleophilic reactivity 

for a substitution at another electrophilic center, carbonyl carbon 

(2,4-dinitrophenyl acetate and l-acetoxy-4-methoxyp3n:idinium per-

chlorate as shown in Eqs. 6,7), reveals that the relative reactivity 

Nu" + C H ^ C - O — / 0 V N O 2 -̂^̂^̂  > CH^C-Nu + ~0-/ Q /"^^z ^^^ 

Nu~ + CH-C-0-/ O /—OCH^ ^̂^̂i > CH^g-Nu 

AMPP 

. , 3̂ ' ""3 

•h "0-1/ O V0CH3 (7) 

of all the nucleophiles toward sulfonyl sulfur can be predicted quite 

accurately from a knowledge of their relative reactivity toward carbonyl 

carbon in a substitution involving a leaving group of similar pK 
3. 

value and character. This suggests that in. general sulfonyl sulfur 

is very similar to carbonyl carbon as an electrophilic center. In 

terms of HSAB theory, sulfonyl sulfur would then be considered a 



hard e l ec t roph i l i c center . 
Q 

Kice and Favstritsky studied the thermal decomposition of aryl 

a-disulfones. The decomposition follows good first-order kinetics 

in diglyme and bromobenzene at 145-165 C, although the final reaction 

products are very complex. However, given such observations as the 

formation of a high yield of symmetric tetraphenylethane when the 

decomposition is carried out in the presence of diphenylmethane, 

and the fact that the entropy of activation for the decomposition 

is large and positive, the decomposition appears to involve initially 

the homolytic dissociation of the S-S bond in aryl a-disulfones 

(Eq. 8). Comparison of the rate and activiation energy (AH') for the 

op p 
ArS-SAr , 2 ArS0„- j-ArS-O-̂ Ar ».ArS0- + ArSO.- (8) 

1 a. 

decomposition of aryl a-disulfones with the same parameters for the 

thermal decomposition of aryl sulfinyl sulfones (Eq. 9) shows that 

the sulfinyl sulfone decomposes about 10 times faster and has a 13 

kcal/mole smaller AH'. This enormous difference in the ease of 

p p 
ArS-W > ArSO- + ArS02- > ArSOSAr (9) 
8 0 0 

homolytic dissociation of aryl sulfinyl sulfones and a-disulfones 

shows that the primary cause of the extremely facile radical dissocia

tion of sulfinyl sulfones is not destabilization of sulfinyl sul

fones due to repulsion between the two adjacent partially positively 

charged sulfur atoms. Further consideration and comparison of the 



data for sulfinyl sulfones, a-disulfones and several other compounds 

containing a single S-S bond suggest that compounds in which a sul

finyl group is one of the partners in the S-S bond dissociate homo-

lytically much more readily than those in which this feature is 

absent, and a likely explanation for such behavior is that ArSO* 

radicals may be a notably more stable species than either ArS- or 

ArS0„* radicals. 

Even though a systematic study of the reaction of nucleophiles 

with, and the thermal decomposition of, aryl a-disulfones has been 

carried out, nothing at all is known about either the thermal decomposi

tion of aliphatic a-disulfones or their reaction with nucleophiles. 

Based on the high reactivity of aryl a-disulfones toward nucleophiles, 

one might expect that alkyl a-disulfones would probably also be 

very reactive toward nucleophiles. However, when one considers the 

structural differences between aryl and alkyl groups, one realizes 

that there could at the same time be differences mechanistically in 

the reaction of aliphatic a-disulfones with nucleophiles, as compared 

with the behavior of aryl a-disulfones. Since they have no hydrogen 

on the a-carbon to the SO^ group the aryl compounds must react with 

nucleophiles exclusively via a direct substitution pathway (Eq. 3). 

For alkyl a-disulfones having a hydrogen on the carbon adjacent to the 

SO- group an elimination-addition pathway: Ĉ q* 10) involving production 

of a sulfene intermediate 2 becomes an alternate route by which the 

substitution product RCH_S0„Nu can be formed. Based on the behavior 

of a number of other reactive alkanesulfonyl derivatives it is quite 



RCH2g-gCH2R + Nu ^ J RCH2SO2 + NuH + RCH=S02 

RCH2SO + H 

(10) 

NuH 

RCH2SO2NU 

likely that this elimination-addition route should be important in the 

reaction of alkyl a-disulfones with many nucleophiles, particularly 

the more basic ones. 

Actually, it is well established that sulfenes (RR'C=S02) are 

present as intermediates in a number of organic sulfur reactions. 

9 
Wedekind and Schenk proposed the name "sulfene" in 1911. Sulfenes 

may be regarded either as the sulfonyl analogs of ketenes or as 

derivatives of sulfur trioxide formally obtained by replacement of 

one oxygen atom by a CRR' group. The reaction of diphenyldiazo-

10a 
methane and sulfur dioxide in the presence of water or alcohol 

(or thiols or amines ) was the earliest example providing evidence 

for the existence of sulfenes. It was followed much later by the 

photochemical ring opening of cyclic stiltones (Eq. 11) and the 

12 
cycloadditions with enamines (Eq. 12). 

(11) 

Q SO2OCH2 



rvO O 
Et N "^v^ 

CH3SO2CI —• *. CH2=S02 * \lj0^<^^ I I ^—' (12) -ct 0^:^05: 
That sulfenes can be intermediates in the reactions of bases 

with alkanesulfonyl chlorides was demonstrated in an elegant fashion 

13 14 

at about that same time by Truce , and by Durst and King . They 

reasoned that if' the reaction of a base with an alkanesulfonyl 

chloride were to proceed through a sulfene, then in the presense of 

D„0 (or a deuterated alcohol or amine, etc.) the substitution product 

would contain one atom of deuterium per molecule on the a-carbon. 

'Writing the sulfonyl chloride as RCH-SO-Cl and the deuterated sub

strate as DZ, one may formulate this as shown in Eqs. 13 and 14. A 

direct substitution of halogen by DZ or R_N would, of course, lead to 

RCH2SO2CI + R^N »-RCH=S02 + R3NH"'"C1~ (13) 

RCH=S02 + DZ >'RCHDS02Z (14) 

RCH„S02Z, and any random exchange of hydrogen for deuterium would 

give a mixture of CH-, CHD, and CD- products. Experimentally, in 

the presence of base, with a ninnber of sulfonyl chlorides, bases, 

13 14 
and substrates, the product was more or less entirely RCHDSO-Z ' 

Therefore, the reaction mechanism must follow the elimination-addi

tion process and the formation of sulfene is evidently the major 

result when those alkanesulfonyl chlorides (and bromides and an

hydrides also) which bear at least one a-hydrogen are treated with 



strong bases such as OH , Et-N, etc. 

The mechanism of formation of sulfenes by reaction of alkanesul

fonyl derivatives with bases has been studied enough to indicate that 

these reactions show some complexities. For example. King showed 

that in the reactions of aryl arylmethanesulfonates (ArCH^SO^OAr') 

with triethylamine (Eqs. 15,16) there is a tendency for the mechanism 

to change with change in leaving group or conditions. When Ar' = p-

nitrophenyl, the reaction proceeds by a reversible ElcB mechanism 

ArCH2S020Ar' + Et^N i ^^ ' ArCHS020Ar' + Et^NH (15) 

^̂ 2 
ArCHS020Ar' * ArCH=S02 + OAr' (16) 

+ 
(k ̂  [Et-NH]>k2). However, when Ar' = 2,4-dinitrophenyl, it follows an 

+ 
irreversible ElcB mechanism (k->k_^[Et_NH]). 

The present work has involved a study of the mechanism and 

reactivity of a representative series of alkyl a-disulfones toward 

a variety of different nucleophiles. First, one wished to determine 

in the various cases whether particular substitution reactions of 

alkyl a-disulfones with different nucleophiles go via the direct 

substitution pathway, the elimination-addition pathway, or a combina

tion of both. Experimentally the incursion of the sulfene pathway 

(elimination-addition pathway) can be detected in several ways: (a) 

Formation of appreciable amounts of sulfonate RCH2S0_ rather than 

the expected substitution product (RCH-SO-Nu) because of competition 

for the capture of the reactive sulfene intermediate between the 

nucleophile and solvent water; (b) By the fact that when the reaction 



10 

is carried out in D2O, the labelled product RCHDSO-Nu is formed 

rather than RCH2SO2NU. Second, from these results one would hope to 

be able to draw some conclusions about how the ratio of direct substi

tution to elimination-addition varies with both nucleophile and the 

nature of the alkyl group. Third, once one knows whether a given 

a-disulfone-nucleophile reaction is proceeding by elimination-addition 

or direct substitution one can then equate the rate constants obtained 

from kinetic studies of the rates of various nucleophile-a-disulfone 

reactions with rates for either elimination-addition (k ) or direct 
ea 

substitution (k. ). From these rate constants one can then see how 
ds 

k and k, depend on the nature of alkyl group and the nucleophile. 

Fourth, by then studying the behavior of an alkanesulfonyl chloride 

under the same conditions under which one has made an extensive study 

of the behavior of the corresponding a-disulfone one can obtain 

valuable information about how the nature of the leaving group affects 

the relative importance of direct substitution vs. elimination-

addition. Also, from comparisons of rates, one can see what kind of 

leaving group effect there is on k and k . 

Since it seemed likely that elimination-addition mechanisms would 

be involved for at least a number of the reactions of nucleophiles 

with alkyl a-disulfones, the plan also was to study such elimination-

additions further in order to determine the exact details of the 

elimination mechanism. One can imagine three possible mechanisms 

by which an alkyl a-disulfone could undergo elimination to give a 

sulfene. The first is a concerted E2 mechanism, the second is a 



11 

reversible ElcB mechanism, and the third is an irreversible ElcB 

mechanism. Within the E2 category there are also gradations, such 

as an ElcB-like E2 mechanism, or an El-like E2 mechanism. If possible, 

one would like to determine the exact type of elimination mechanism 

used in the elimination-addition pathway by alkyl a-disulfones. 

As mentioned before, aryl a-disulfones undergo thermal decomposi

tion by a slow homolytic scission of the S-S bond (Eq. 8). In 

solvents without easily extractable hydrogen atoms the ArSO-' radicals 

show some tendency to lose S0„. The thermodynamics of the process 

R* + S02?=iRS0 • suggest that loss of SO- from alkanesulfonyl 

radicals should be significantly easier than from ArSO--, and that 

its rate will increase as the stability of the radical R- increases. 

In the decomposition of the aryl a-disulfone there is also believed 

to be considerable cage recombination of initially formed ArSO-* 

radical pairs, both giving back a-disulfone and also forming the 

isomeric (and thermally unstable) compound 1, ArS(0)OSO_Ar (Eq. 8). 

It seemed likely that for many alkyl a-disulfones loss of S0_ from 

RSO-* could become faster than cage recombination. If this is so 

this should lead to a significant change in the products of decomposi

tion from what is observed under the same conditions with aryl a-

disulfones. Therefore, a systematic study of the thermal decomposition 

of alkyl a-disulfones including both the product study and a kinetic 

study (rate and activation parameters) in order to compare with the 

available data of aryl a-disulfones ought to be able to contribute 

to a better general understanding about the stability of a-disulfones. 



12 

The results of this dissertation will be presented in two 

separate parts. The first will deal with the work on the reactions 

of nucleophiles with alkyl a-disulfones. The second part will deal 

with the thermal decomposition of alkyl a-disulfones. Each part is 

subdivided, into three sections. The first presents the results, 

the second a discussion of the significance of those results, and 

the third the experimental details. 



CHAPTER II 

NUCLEOPHILIC SUBSTITUTION REACTIONS OF 

ALKYL a-DISULFONES(I): RESULTS 

Synthesis of a-Disulfones 

Several methods for the preparation of a-disulfones have been 

reported in the literature . However, most of the methods give 

very poor yields and, as described by the authors, present diffi

culties in purification of the product. The best method thus far 

was developed by Allen and co-workers in 1966. They found many 

a-disulfones could be prepared by oxidation of either the aryl or 

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

baltic sulfate (Eq. 17). When one attempts to use this procedure, 

2 RS02~ + 2 Co"̂ "̂  » RSO2SO2R + 2 Co"*"̂  (17) 

one finds that only certain alkyl a-disulfones can be synthesized 

through this method and also the yields are not as good as their 

aryl counterparts. 

n-Butyl a-disulfone and methyl a-disulfone can both be synthe

sized by the following general procedure: a slurry of sulfinic acid 

salt in equal volumes of 10 K H-SO, and _t-butyl alcohol is made up 

in a flask and a chilled solution of Co-(SO,)-, prepared electro-

chemically, is run into this solution until the blue color of Co(III) 

persists for one minute. The mixture is then immediately poured into 

four times its volume of cold water. In the ii-butyl case the a-disul

fone is insoluble in the final reaction mixture. Therefore, the crude a 

13 
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disulfone can be isolated in an easily purifiable form by filtration, 

since the other major product is the water soluble sulfonic acid. How

ever, in the methyl case the a-disulfone is rather soluble in water. 

Therefore, after the cobalt(III) oxidation reaction mixture had been 

poured into water, the aqueous solution was extracted with dichloro-

methane. The yield of methyl a-disulfone, however, is always very 

low, 7 to 10 percent. Attempts to apply Go(III) oxidation.for 

the synthesis of both benzyl and isopropyl a-disulfones were completely 

unsuccessful. This may be attributed to the fact that the rate of 

loss of sulfur dioxide from alkanesulfonyl radicals tends to increase 

as the stability of R* increases on going from methyl or butyl 

radicals to isopropyl and benzyl radicals. 

Hence, one has to synthesize these latter two a-disulfones 

through a completely different route, i.e., by means of oxidation 

of the corresponding thiolsulfinate RSSO-R with a proper oxidizing 

agent. A variety of oxidizing agents were examined in preliminary 

trial experiments. These included potassium permanganate, with or 

without the presence of crown ether (dicyclohexyl-18-crown-6) in 

dichloromethane solution; ruthenium tetraoxide in carbon tetrachloride 

solution; and ozone. Unfortunately, none of these reactions gave 

any significant amount of a-disulfone. In a number of cases some of 

the starting thitJisuLfonate was recovered unchanged. In contrast 

to the failure with these oxidizing agents the oxidation of the 

thiolsulfonate with two moles of m-chloroperbenzoic acid succeeded 

quite well, although it required a fairly long reaction time. 
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Except for isopropyl a-disulfone, most of the aliphatic a-

disulfones are crystalline solids. They are rather insoluble, but 

they do dissolve in certain solvents like dioxane, dichloromethane, 

etc. They all have fairly strong absorbances in the ultraviolet 

region in the range of 225-250 nm. The alkyl a-disulfones have 

strong bands at 1090-1110 cm" , 1305-1340 cm""*" in the infrared. 

These are ascribed to the assymmetric and symmetric 0=S=0 stretch, 

respectively. 

Substitution Products of Reactions of Alkyl a-Disulfones 
with Various Nucleophiles 

As mentioned before, one might expect that alkyl a-disulfones 

would be very reactive toward nucleophiles. Therefore, the first 

purpose one would like to achieve is to find out how these alkyl 

a-disulfones behave in the presence of nucleophiles. The reactions 

of various alkyl a-disulfones RSO-SO-R (R=methyl, ri-butyl, isopropyl, 

and benzyl) with nucleophiles were studied in 60% dioxane (v/v). 

Typical nucleophiles used were: (a) three amines of different 

basicity (piperidine, morpholine, and glycine ethyl ester); (b) two 

oxyanions of quite different basicity (hydroxide and acetate ions); 

(c) one anion of low basicity but relatively higher nucleophilicity 

(azide ion). The general procedure for the product studies of the 

reactions of alkyl a-disulfones with nucleophiles was as follows: a 

solution of 1.0 mmole of alkyl a-disulfone in 5-10 ml of dioxane was 

rapidly added with stirring to a solution of nucleophile in the 

proper dioxane-water mixture to make the final solution approximately 
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60% dioxane-40% water (v/v). The solution was allowed to stand at 

room temperature for a time adequate for the reaction to go to 

completion and then was poured into 50-100 ml of water. The result

ing mixture was extracted several times with ether or dichloromethane. 

The extracts were washed and dried over anhydrous sodium sulfate or 

magnesixm sulfate. The drying agent was filtered off, and the solvent 

was removed under reduced pressure. The residue was then pumped on 

under high vacuum to remove traces of dioxane, if needed, and the 

residue was recrystallized, weighed, and identified. The results 

demonstrate that nucleophilic substitution reactions do occur with 

alkyl a-disulfones and that stable substitution products RSO„Nu 

can be isolated in all cases except that of reaction with acetate 

ion. In the case of the reaction with acetate the product RSO„OAc 

formed initially is hydrolyzed to give the sulfonate RSO- . Table 

1 lists all of the substitution reactions investigated and the yields 

of the substitution products that were obtained. From Table 1, one 

sees that a reasonable yield of substitution product RSO„Nu is formed 

in every case. 

Incorporation of Deuterium into Substitution Product 
of Alkyl a-Disulfones 

There are two possible mechanisms by which a substitution pro

duct RSO-Nu could be formed by the reaction of an alkyl a-disulfone 

with a nucleophile. The first is the normal direct substitution 

mechanism (k, ), and the second is the elimination-addition mechanism 
ds 

(k ), as shown in Eqs. 18 and 19, respectively. 
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TABLE 1 

Substitution Reactions of Nucleophiles with 
Alkyl a-Disulfones in 60% Dioxane* 

a-Disulfones Nucleophiles Structure of Substitution 
Product Isolated (Yield) 

n-Butyl a-Disulfone 

Methyl a-Disulfone 

Isopropyl a-Disulfone 

Benzyl a-Disulfone 

hydroxide 

acetate 

piperidine 

morpholine 

glycine ethyl 

azide 

morpholine 

azide 

morpholine 

azide 

morpholine 

az ide 

n-C^HgSO^ (32%) 

n-C^HgSO^ (50%) 

n -C^HgS02N^^ (66%) 

n-C^HgS02N 0 (55%) 

e s t e r n-C^H S02NHCH2C00Et (68%) 

ii-C^HgS02N2 (91%) 

CH2SO2N 0 (44%) 

CH2SO2N3 (71%) 

(CH2)2CHS02N 0 , (42%) 

(CH3)2CHS02N3 (63%) 

PhCH2S02N 0 (68%) 

PhCH2S02N3 (52%) 

* o 
All reactions were carried out at 25 C, except for the reactions with 
acetate ion where a temperature of 50°C was used. 
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0 0 
RR'CĤ -SCHRR' + Nu~ — 

l b 

Scheme I 

ds 
-* RR'CHS02 + RR'CHS02Nu (18) 

Nu ,H20 

ea •* RR'CHSO- + RR'C=S0- 3 

Nu ,D20 

RR'CDS02Nu (19) 

By determining whether or not deuterium is incorporated in the 

substitution product when the reaction is carried out in the presence 

of D2O, one can determine whether a given reaction proceeds by direct 

substitution or elimination-addition. From Scheme I one can see 

that any substitution of an alkyl a-disulfone that proceeds via a 

direct substitution mechanism will yield a substitution product 

RR'CHS02Nu. No matter whether D-O is present or not, there will be 

no deuterium incorporated on the carbon adjacent to the sulfonyl 

group. On the contrary, when the substitution reactions proceed 

via an elimination-addition pathway, in the presence of D-0 the sub

stitution products will have a deuteriimi incorporated on the carbon 

adjacent to the sulfonyl group. Whether or not a deuterium is 

present on the a-carbon in the substitution product can normally 

be told very easily from the integrated NMR spectrum. Experimentally, 

a series of integration data for both the resonance associated with 

the protons on the carbon adjacent to the sulfonyl group and the 
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resonance for some other well-defined group of protons in the product 

were obtained and compared with each other in order to decide to 

what extent deuterium incorporation had occurred on the a-carbon. 

For example, for the products of the reaction of ii-butyl a-disulfone 

with nucleophiles, one can compare the integrated intensity of the 

methyl group of the n-butyl group with the methylene group adjacent 

to the sulfonyl group. A series of nucleophiles were reacted with 

a variety of alkyl a-disulfones in 60% dioxane-40% D-0 under the 

same general reaction conditions as used for the product isolation 

experiments in Table 1 and the substitution products were isolated 

and the extent of deuterium incorporation on the a-carbon was deter

mined from appropriate NMR integrals. The results are listed in 

Table 2. 

In the reactions involving n-butyl a-disulfone one sees that, 

except for the reaction with azide, the substitution product has 

exactly one atom of deuterium incorporated on the a-carbon adjacent 

to the sulfonyl group, i.e., the ratio of integrated intensities 

of signals of CH-- and -CHDS0„- is 3:1. On the other hand, in the 

azide case, there is no deuterium incorporated on the a-carbon, i.e., 

the ratio of integrated intensities of signals of CH_- and -CH_S0--

is 3:2. 

For the products of the reactions of isopropyl a-disulfone with 

nucleophiles, one can compare"the two equivalent methyl groups (6H) 

of the isopropyl group with the methine group (IH) adjacent to the 

sulfonyl group. The results are as indicated in the fifth column of 
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Table 2. In the reaction of isopropyl a-disulfone with morpholine, 

the substitution product morpholine 2-propanesulfonamide 4 has a NMR 

spectrxim where the methine proton of the isopropyl group is buried 

in the signal for the two methylene protons on the carbons adjacent 

to the nitrogen atom of the morpholine fragment. Therefore, .the 

degree of deuteration of the a-carbon to the sulfonyl group in the 

CH 

\ 8 ̂ ~̂  
/CHS-N 0 

CH3/ 8 V_7 , 

product of the reaction carried in dioxane-D-0 was estimated by 

comparing the integrated intensity of the multiplet centered at 

63.37 ( ::;CHS02 plus (CH2)2N) with that of the doublet centered at 

61.35 [(CH-)2CH]. One finds that the ratio is 4 to 6. Also in

dicative evidence that the methine proton of the isopropyl group is a 

deuterium is the fact that the NMR signal for the two methyl groups 

(6H) is changed from a doublet into a singlet. In the reaction of 

isopropyl a-disulfone with azide ion, the substitution product 2-

propanesulfonyl azide is determined to contain no deuterium from 

the NMR integrated intensity ratio (6:1) of the two signals at 1.51 

(methyl protons) and 3.53 (methine proton). In an expanded spectrtim, 

one can easily distinguish the methyl singlet for the deuterium 

incorporated product, i.e., morpholine 2-propane-2-d-sulfonamide, 

from the unchanged methyl doublet for a none deuterium incorporated 

product, i.e., 2-propanesulfonyl azide. 
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For the product of the reaction of methyl a-disulfone with 

morpholine, one can compare the integrated intensity of the methyl 

protons with the integrated intensity of the signals for the protons 

adjacent to the nitrogen or oxygen in the morpholine residue of 

methanesulfonyl morpholide 5. For imdeuterated 5 the NMR data are: 

S / — V 
CH-S-N 0 

8̂ \ I 

62.8 (methyl singlet, 3H), 3.23 (multiplet, 4H, (CH2)2N), 3.80 

(multiplet, 4H, (CH-)20). In dioxane-water solution, the isolated 

product has a NMR integrated intensity ratio of 3:4:4. However, in 

dioxane-D-0 solution, one finds a ratio of 2:4:4. Meanwhile, when 

the methyl peak is expanded, a split triplet can be observed. This 

proves that a single deuterium has been incorporated on the methyl 

group adjacent to the sulfonyl group. 

In the case of the reaction of N- with methyl a-disulfone, 

there are no other protons in the substitution product, methane

sulfonyl azide, besides those in the methyl group. Therefore; one . 

can not obtain a reliable integration ratio for comparison and in

stead an alternate method is needed to determine if deuteration has 

occurred. One method is by adding a known amount of a reagent which 

possesses a simple and easy detected proton peak as a reference to 

both the substitution products isolated from dioxane-D-0 and dioxane-

H2O (equimolar) . One can then compare the integrated intensity of 

the methyl signals in the two substitution products relative to the 
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standardized reference. A second method is by expansion of the NMR 

spectrtmi of the sulfonyl azide. To the extent that there is some 

incorporation of deuterium, and formation of CH-DSO^N-, the methyl 

peak will be split into a triplet (-CH-D). Experimentally one finds 

that the methyl peak in the product from the reaction in dioxane-

D-O remains just as sharp a singlet as that in the product from the 

reaction in dioxane-H-O, indicating that there has been no detec

table (<0.1 atom D) incorporation of deuteriimi into the methyl group 

in the reaction in dioxane-D-0. 

For substitution products (PhCH2S0-Nu) of the reaction of benzyl 

a-disulfone with nucleophiles, one can compare the integration ratios 

of the phenyl group (5H) to the methylene group adjacent to the 

sulfonyl group. The results are shown in the sixth colxomn of Table 

2. In the case of the reaction with morpholine the substitution pro

duct, morpholine a-toluenesulfonamide-a-1-d, gives a ratio of inte

grated intensities of 5:1.04 (phenyl group to methylene group). 

This means that 0.96 atoms of D have been incorporated on the a-

carbon. 

It was imporatnt to show, since the a-H of the benzyl group 

is considerably more acidic than the a-protons in the other alkane

sulfonyl derivatives, that the deuterium found in the substitution 

product is incorporated only during the substitution reaction itself 

and does not result to any significant extent from H-D exchange 

of already formed morpholine a-toluenesulfonamide 6. That such 

exchange involving 6 is not important under the reaction conditions 
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used was shown as follows: a solution of undeuterated morpholine 

/7\ ^< ^^ 

a-toluenesulfonamide was added to a solution of morpholine (6 mmoles) 

and DCIO, (3 mmoles) in dioxane-D20 and the solution was allowed to 

stand at room temperature the same period of time used for the 

reaction of morpholine with benzyl a-disulfone and then worked up 

in the usual fashion. The NMR spectrum of the recovered 6 showed 

a relative ratio of 5.025:2 (phenyl group to methylene group). This 

shows that there is no significant H-D exchange of the protons on 

the a-carbon to the sulfonyl group in 6 under the conditions used 

for its formation from the a-disulfone and morpholine. 

In the reaction of (PhCH2S02)^ with azide ion the substitution 

product, a-toluenesulfonyl azide, gives a ratio of integrated inten

sities of 5:1.29 (phenyl group to methylene group). This means that 

only 0.71 atoms of D have been incorporated on the a-carbon. 

Since some might question whether a species like azide ion 

could actually capture a sulfene in competition with water, it was 

important to show that the a-toluenesulfonyl-a-d azide did actually 

arise from capture of the sulfene by azide, followed by deuteration 

of the resulting intermediate, i.e., Eq. 20. This was done by the 

^2° 
PhCH=S02 + N *-PhCHS02N3 »- PhCHS02N3 (20) 

D 
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following set of experiments. First, it was shovna that a-toluene

sulfonyl azide (PhCH2S02N_) does not undergo exchange of its a-

hydrogens at a significant rate in 60% dioxane-40% D-O in the pre

sence of the tertiary amine, 1-methylimldazole. On the other hand, 

benzyl a-disulfone does undergo quite rapid decomposition in the 

presence of this tertiary amine, and given the manner of reaction 

of other tertiary amines with reactive alkanesulfonyl derivatives 

this undoubtedly takes place with the formation of PhCH=SO_ as an 

intermediate. When benzyl a-disulfone was decomposed in aqueous 

dioxane by 1-methylimidazole in the presence of added azide ion 

one found that a-toluenesulfonyl azide was produced as a product 

in 76% yield, and from the ratio of the integrated intensity of the 

phenyl to the methylene protons (5:1.04) that exactly one deuteriimi 

had been incorporated on the a-carbon, exactly as one would expect 

if this product is being formed via the reaction pathway shown in 

Eq. 20. This experiment shows that N_ is indeed able to trap the 

sulfene PhCH=S0_ effectively in competition with water, and demon

strates that the mono-deuterated o-toluenesulfonyl azide obtained 

from the reaction of azide alone with benzyl a-disulfone must indeed 

arise as a result of capture of PhCH=S02 by azide ion followed by 

deuteration (Eq. 20). In the presence of azide ion alone the forma

tion of the sulfene must occur as a result of azide ion acting as 

a base to remove a proton from the a-carbon of the a-disulfone. The 

fact that some undeuterated a-toluenesulfonyl azide ('̂-29%) is also 

formed could be due to the fact that with azide ion, which is an 
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excellent nucleophile but a relatively weak base, the rate for direct 

substitution (Eq. 18, k , Nu =N- ) is competitive with the rate at 

which elimination (Eq. 19, k , Nu =N_ ) takes, place with the same 
ea J 

nucleophile. 

From the results summarized in Table 2, one can conclude the 

following: (1) Although the reaction of azide ion with n-butyl a-

disulfone is via a direct-substitution pathway, all of the other 

reactions of this a-disulfone with nucleophiles (amines, oxyanions) 
fl 

occur exclusively via the elimination-addition pathway; (2) Changing 

the nature of the alkyl group in the a-disulfone from n-butyl to 

either methyl or isopropyl leads to no change in the preferred 

mechanism for substitution. A substitution that takes place by 

elimination-addition with the n-butyl a-disulfone proceeds by the 

same mechanism with the other two alkyl a-disulfones, and a substitu

tion (reaction with N„ ) that proceeds by direct substitution with 

the n-butyl compound also goes via direct substitution with the other 

two alkyl a-disulfones; (3) However, although the reactions of 

methyl and isopropyl a-disulfones with azide ion remain direct sub

stitutions, the reaction of benzyl a-disulfone, where the a-H's 

are considerably more acidic, with this same nucleophile takes place 

predominantly, although apparently not exclusively, by an elimination-

addition (sulfene intermediate) pathway. 

Kinetics of Reactions of Alkyl a-Disulfones with Nucleophiles 

Most of the kinetics of the reactions of alkyl a-disulfones with 

various nucleophiles in 60% dioxane were studied at 25 C, except for 
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reaction of n;-butyl a-disulfone with acetate ion where temperatures 

of 50 C and 40 C were used. In addition, in order to obtain a 

suitable data for comparison with the rates of H-D exchange reactions 

of alkyl trifluoromethyl sulfones, rates for several reactions were 

also determined in. 70% acetonitrile-30% water solution. The rates 

were measured under conditions where the nucleophile was always 

present in large stoichiometric excess over the alkyl a-disulfone. 

In most cases a buffer consisting of both the nucleophile and its 

conjugate acid was used. In some of the reactions studied, the 

rates of disappearance of alkyl a-disulfones were so rapid that the 

reactions had to be followed by stopped-flow spectrophotometric 

techniques. With the others, the rates were slow enough to be 

followed by conventional ultraviolet spectrophotometry. The nucleo

philes investigated fall into two general categories, a group of 

nitrogen bases of varying structure, and a group of anions. The 

detailed experimental procedures used for each of the two types of 

runs are given in the Experimental Section. In all cases the dis

appearance of the a-disulfone followed good first-order kinetics 

and duplicate runs showed excellent reproducibility. Pseudo-first-

order rate constants (k^'s) for each run were determined from the 

slope of plots of log(A.-A ) vs. time. The infinity value was 
t 00 

assumed to be the absorbance of the solution after a period of more 

than ten half lives. The plots were nicely linear and these first-

order rate constants are tabulated in Table 3. For each reaction 

where there is a simple first-order dependence on nucleophile concen-
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tration, k̂  should be equal to 

(RS02)2 

"1 " " k, = k^ [nucleophile] (21) 

so that k,/[nucleophile] should be independent of nucleophile con-
(RS02)2 

centration and equal to k^ , the second-order rate constant 

for each particular a-disulfone--nucleophileL reaction. The results 

show that there is indeed no apparent significant variation in 

k^/[nucleophile] with changing nucleophile concentration in most 

cases. However, from Table 3 one can see that for the reactions 

of benzyl ot-disulfone with azide and acetate ion, the variation of 

k̂  with [nucleophile] follows an expression of the form: 

k, = k + k, [nucleophile] (22) 
1 o Nu 

The k term in k.. is thought to arise primarily from a contribution 

to the rate from the reaction of hydroxide ion (arising from the 

equilibrium Nu + H-0 i> "* NuH + OH ) with benzyl a-disulfone as 

shown in Eq. 23. There may also be some contribution to k from the 

0 0 , 

II 11 ^OH 
20H + PhCH-S-SCH^Ph ^^—»" PhCH^SO- + PhCH-SO- + H^O (23) 

2|| II 2 Z 3 I I I 
0 0 

rate of spontaneous hydrolysis of (PhCH-SO-)^ under the reaction 

conditions, but it is thought that the contribution of the spontaneous 

hydrolysis rate to k is probably considerably smaller than that due 

to the reaction of OH with the a-disulfone. In a case where the de

pendence of k. on [nucleophile] follows Eq. 22, a plot of k. vs. 
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Ĉ  
EC 
CJ 
42 
PL, 

I 
O 
iH 

CM 

CN 
^—s 

CM 
O 
CO 
(U 

S 

fl 
o 

M 

<U 

•H 
N 

-sT 
I 
O 

CN 

CM 
o 
CO 
3 

P5 

h 

I 

o 

Cvl 

Cvj 

o 
CO 
!i 

PH 

•i| 

o o o o 

I 

o 

tH 

tN 

CN 

o 
CO 

CN 
as 
u 
42 
PU 

CJ 
O 

O 

4-> 
CO 

3 
o 

0) 
•H 

M 
to 
CJ 

(U 

(U 

13 
42 

a 

•H 

(U 

fl 
o 
3 
CO 

• H 
1 3 

I 
B 

r-l U 
>. 0) 
4J 4J 
3 CO 

43 CU 

flH 
- d 42 
fl 4J 
to 01 

C 0) 

o c 
•H -H 

O 
CU > > , 
•W t H 

t30 
II 

to 
4J 
(U 

a 
CO W 

M 
42 t a 
4443 

0) (U 
CO r - l 
O 43 

42 to 
4J H 

4-1 (U 
a. 42 
(U 44 
a 
X fl 
(U -H 

U 3 

° 2 
un 42 
C M CO 
to 

CO 
to 

CO CJ 
flo 
3 O 
u m 

-H T3 

d '=' 
<3 to 



32 

[nucleophile] should be linear with a slope equal to the second-order 
(RS02)2 

rate constant (k^ ) for reaction of the nucleophile itself 

with the a-disulfone and an intercept on the k̂  axis equal to k . 

From the slopes of these plots, one can therefore obtain k„. and 
OAc 

k^ for these particular reactions. 

For the reaction of n-butyl a-disulfone with acetate ion, the 

k values are measured at 40 C and 50 C. Therefore, in order to 

obtain k — 2 2 at 25 C, one has to use Arrhenius equation 
—Ea/RT 

(k. = Ae ) to estimate it. All of the second-order rate 

constants (k^ 's) for various reactions are listed in Table 4. 

From the data on deuterium incorporation in the products of the 

substitution reactions of a-disulfones, one can specify whether 

the rate constant for any particular a-disulfone-aucloophile reaction 

corresponds-to the rate constant for either elimination-addition 

(k ) or direct substitution (k, ). Hence, in Table 4, those 
ea ds 

specified indications are also enclosed in parentheses next to the 

rate constants. 

The kinetic data, for the reactions of _n-butyl and benzyl a-

disulfones with acetate ion in 70% acetonitrile-30% water solution 

(v/v) are tabulated in Table 5. The procedure for following the 

kinetics of the reaction of n;-butyl a-disulfone with acetate ion in 

70% acetonitrile was essentially the same as for the runs in 60% 

dioxane. However, for the benzyl a-disulfone case, it was done in the 

stopped-flow spectrophotometer instead of conventional ultraviolet 

spectrophotometer used for the runs in 60% dioxane. 
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Incorporation of Deuterium into Substitution Product in 
Reactions of 1-Butariesulfonyl Chloride with Nucleophiles 

In order to investigate to what extent a change in the leaving 

group from RSO to Cl would influence the preferred mechanism for 

substitution, the various nucleophiles that had been found to react 

with ii-butyl a-disulfone exclusively by an elimination-addition path

way were allowed to react with 1-butanesulfonyl chloride in 60% 

dioxane-40% D-O solution. All of the reaction conditions and work-up 

procedures were kept the same as those for the reactions of ii-butyl 

a-disulfone with these same nucleophiles. Also, the determination 

of the extent of deuterium incorporation on the a-carbon adjacent to 

the sulfonyl group was carried out in the same fashion as in the 

reactions with ri-butyl a-disulfone. In other words, the extent of 

deuteration of the a-position to the sulfonyl group was determined 

from the integrated NMR spectrum of the substitution product by 

comparison of the intensity of the signal for the methyl group to 

that for the a-methylene group. The results are shown in Table 6. 

They show that in the majority of cases the substitutions involving 

the sulfonyl chloride lead to less deuteration of the a-carbon of 

the substitution product than in the corresponding reaction of the 

a-disulfone. Only when the nucleophile is hydroxide ion is the 

extent of deuteration of the a-position the same. 

The results show that on changing the nature of the leaving 

group from RS02~ to Cl~, there is a significant tendency for the 

mechanism to change from an exclusive elimination-addition pathway 

for the reactions of a-disulfones to a combination of both elimination-
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TABLE 6 

Incorporation of Deuterium into Substitution Product in Reactions of 
1-Butanesulfonyl Chloride in 60% Dioxane-40% D O * 

Nucleophile ii-BuSO-Nu Analyzed 

Number of Deuterium Incorporated 
on a-Carbon Adjacent to Sulfonyl 
Group in n-BuSO-Nu 

Piperidine n-BuSO-N \ 0.72 + 0.05 

Morpholine n-BuSO-N 0 
2 \ I 

0.15 + 0.05 

Glycine E thy l 
E s t e r n.-BuS02NHCH2C00Et 0.24 + 0.15 

Deuteroxide 
Ion n-BuSO, 0.97 + 0.04 

Acetate Ion n-BuSO, 0.27 + 0.06 

*A11 reactions were carried out at 25°C, except for acetate ion where 
a temperature of 500C was used. 
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addition and direct substitution pathways for the reactions of the 

corresponding sulfonyl chloride. Furthermore, in the case of morpho

line, glycine ethyl ester, and acetate, which are all exclusively 

elimination-addition nucleophiles when reacting with the a-disulfone, 

the data point out that in their reactions with the sulfonyl chloride 

the direct substitution pathway actually predominates over the 

alternative elimination-addition pathway. Therefore, direct sub

stitution is clearly much more competitive in rate with elimination-

addition in reactions of 1-butanesulfonyl chloride toward various 

nucleophiles than it is in the reactions of n-butyl-a-disulfone 

toward the same nucleophiles. 

Kinetics of Reactions of Sulfonyl Chlorides with Nucleophiles 

Two sulfonyl chlorides were selected for study. The first was 

1-butanesulfonyl chloride which represents the alkanesulfonyl chloride 

having the same alkyl group as ii-butyl a-disulfone. The other was 

benzenesulfonyl chloride. Since it and the corresponding a-disulfone, 

PhS0„S0-Ph, can only undergo nucleophilic substitution by direct 

substitution, comparison of its rates of reaction with various 

nucleophiles with those for reaction of phenyl a-disulfone with the 

same species provides data on how a change from RSO2 to Cl as the 

leaving group effects the rate of direct substitution for such 

sulfonyl derivatives. The kinetics of the reactions of a variety of 

nucleophiles with 1-butanesulfonyl chloride and benzenesulfonyl 

chloride in 60% dioxane were followed by observing the change in 

absorbance. A, at suitable wavelength (see Table 7, column 6), using 
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conventional or stopped-flow spectrophotometry. In every instance 

plots of log(A-A_̂ ) vs. time were nicely linear, showing that the 

disappearance of the sulfonyl chloride followed good first-order 

kientics. The slope of such a plot, k^, is equal to the experimental 

first-order rate constant under those conditions. The results are 

tabulated in Table 7. Second-order rate constants, k^ , obtained 

from the slope of a plot of a plot of k̂  vs. [nucleophile] are given 

in Table 8. However, from Table 7 one can see that for the reactions 

of acetate ion with 1-butanesulfonyl chloride and benzenesulfonyl 

chloride, the variation of k with [acetate] follows an expression 

of the form (Eq. 24) very similar to that of Eq. 22. The k term in 
o 

^1 " ''o ̂  ^OAc^^''^^^^^^ ^24) 

om k is thought to arise primarily from a contribution to the rate fr 

the spontaneous hydrolysis of sulfonyl chlorides (k = k^ [H-0]). 
o H-0 I 

Hence, a plot of k̂  vs. [acetate] should be linear with a slope 
RSO2CI 

equal to second-order rate constant (k^. ) for reactions of 
OAc 

acetate ion with the sulfonyl chlorides and an intercept on the k̂  

axis equal to k . From the slopes of these plots one can obtain 
RSO2CI ° 
k-,. and the values are also listed in Table 8. OAc 

From the data on deuterium incorporation in the product studies 

of substitution reactions of 1-butanesulfonyl chloride, one can only 

specify the rate constant of the reaction of 1-butanesulfonyl 

chloride with hydroxide ion as k (elimination-addition). Since 
ea 

the rest of the reactions are competitive for both elimination-
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Table 8 

Rate Constants for Reactions of Sulfonyl Chlorides with 
Nucleophiles at 25°C in 60% Dioxane 

Nucleophile 

RSO2CI _^ _^ 
k,, ( M s ) for Nucleophilic Reaction of 

RS02C1^ 

R = n-Bu R = Ph 

Morpholine 

Glycine Ethyl 

Hydroxide Ion 

Acetate Ion 

Azide Ion 

Ester 

1.01 

0.096 

4070 (ea) 

0.028 (50°C) 

2.1 (ds) 

0.015 (ds) 

6.2 (ds) 

Pathway used for substitution: (ea) = elimination-addition, (ds) = 
direct substitution, t^ere no symbol is shown the reaction proceeds 
by a mixture of both pathways. 
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addition and direct substitution mechanisms, the experimentally 

measured second-order rate constants (k^ 's) for these reactions 

represent the sum of k and k, . Therefore, in Table 8, there is 
ea ds 

no specified indication enclosed in parentheses accompanying these 

rate constants. However, as mentioned before, those rates for 

reactions involving benzenesulfonyl chloride can be specified as 
k, , since there is no available a-H in benzenesulfonyl chloride 
ds' ^ 

for any possibility of an elimination-addition mechanism. 

Rates of Deuterium Exchange of n-Butyl and Benzyl Trifluoromethyl 
Sulfones 

Alkyl trifluoromethyl sulfones,- RCH-SO-CF-, undergo base-

catalyzed exchange of the methylene protons via the mechanism as 

shown in Eq. 25. The kinetic rate measurement of k can be followed 

'"B + - ^2° 
RCH SO2CF2 + B: ^-* BH + RCHSO2CF2 * RCHDSO2CF3 (25) 

by NMR technique. Two typical alkyl trifluoromethyl sulfones were 

used, n-BuSO„CF-, and PhCH2S02CF . Experimentally the exchange 

was followed by observing the disappearance of the NMR signal 

associated with the protons on the methylene group adjacent to the 

sulfonyl group. The exchange was monitored by comparing the inte

grated intensity of the signal for this methylene group with that of 

a suitable reference signal (for n-BuS02CF2, the methyl group was 

chosen as the reference peak, for PhCH2S02CF2, the phenyl group was 

chosen). A plot of log (integration ratio) vs. time gave k^^hange" 

The second order rate constant, k̂ , can be obtained from Exchange'' 
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CBase^. The solvent chosen was 70% CD2CN-30% D2O simply because of 

the need for this high percentage of the organic solvent to keep 

the alkyl trifluoromethyl sulfones soluble under the reaction con

ditions. The general procedure for the acetate-catalyzed H-D exchange 

experiments was as follows: a buffer solution of CD-COO~/CD-COOD 

(1:1) was added to a solution of the proper amount of alkyl tri

fluoromethyl sulfone in 70% CD„CN-30% D-O to make up 1 ml of solution 

with a desired acetate buffer concentration. The mixed solution 

was transferred into a 5 mm OD NMR tube and the NMR spectrum of the 

solution was monitored using a Varian XL-100 NMR spectrometer. Since 

the acetate catalyzed H-D exchange reaction for n-butyl trifluoro

methyl sulfone was very slow, the NMR tube was kept in a constant 

temperature bath at 50 C and the tube was removed from time to time 

to have its spectrum determined, and it was then returned to the 50 C 

bath. However, the acetate catalyzed reaction for benzyl trifluoro

methyl sulfone is fast enough that kinetic NMR data were determined 

directly with the probe of the NMR spectrometer thermostated at 25 C. 

The results for k , are shown in Table 9. Based on k , , 
exchange exchange 

the average k̂ . values are estimated as 7.8 x 10 M s for 
^ OAc — 

11-BUSO2CF2 and 3.9 x lO""̂  M"''"S~''" for PhCH2S02CF2. 

In the same solvent at 25°C in the presence of 0.01 M OD the 

rate of exchange of ii-BuSO-CF„ was very rapid. Even with a lower 

concentration of OD" of 0.002 M, the rate was still so fast that 

exchange was complete by the time (-̂45 sec) needed to mix the solu

tions of n.-BuSO-CF and 0D~, insert the tube into the NMR probe, and 
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Table 9 

Acetate Catalyzed H-D Exchange Reactions of Alkyl 
Trifluoromethyl Sulfone in 70% CD CN-30% D2O Solution 

Sulfone [CD-COO~], M [CD-COOD], M k ^ , s"-"- Temperature, °C 
3 — J — exchange '̂  ' 

n-BuS02CF2 0.015 0.015 

0.030 0.030 

PhCH2S02CF^ 0.010 0.010 

0.020 0.020 

0.040 0.040 

1.46 X 10" 

1.72 X 10"^ 

4.15 X 10"^ 

7.86 X 10"^ 

1.41 X lO"*^ 

50 

50 

25 

25 

25 
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integrate the relative intensities of the methyl protons and a-

methylene protons in the NMR spectrum of the sample. Therefore, under 

these conditions one estimates that the reaction half life, ^-./j' 

is less than 10 seconds. Hence, k , is larger than 0.069 s 
- .̂ exchange 

and k„„ is greater than 35 M~ s~ (k-_ = k , /[0D~]). 
OD * OD exchange 



CHAPTER III 

NUCLEOPHILIC SUBSTITUTION REACTIONS OF 

ALKYL a-DISULFONES(II): DISCUSSION 

Mechanistic Pattern of Reactions of Alkyl a-Disulfones 

One of the principal aims of this research was to find out the 

mechanistic pattern in the reaction of aliphatic a-disulfones with 

nucleophiles. The results in Table 2 show that the great majority 

of nucleophilic substitution reactions of various aliphatic a-

disulfones take place exclusively via an elimination-addition 

mechanism (Eq. 19) involving production of a sulfene intermediate 3. 

0 0 

RR'CHS-SCHRR' + Nu" > RR'CHSO-" + NuH + RR'C=SO-
11 11 ^ 3 ̂  
0 0 I ̂  

JNuH 
RR'CHS02Nu (19) 

Only when the nucleophile is one like azide ion that is weakly basic 

but highly nucleophilic can one observe reaction proceeding by a 

direct substitution mechanism (Eq. 26). Even with azide ion, one 

0 0 0 

RR'CHS-SCHRR' + N " > RR'CHS-N + RR'CHS02~ (26) 

nil 3 ^ -̂  
0 0 0 

finds that in the reaction with benzyl a-disulfone, the preferred 

pathway for substitution changes to the elimination-addition mechanism. 

To discuss the results described properly, one has to consider both 

the nucleophilicity and basicity of the nucleophiles and also the 

4£ 
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acidity of substrates. As is generally known, the rate for a direct 

substitution reaction depends on the nucleophilicity of the attacking 

nucleophile. On the other hand, the rate for an elimination 

reaction should depend on the basicity of the nucleophile, since 

the role of the nucleophile in this reaction is to act as a base 

to remove the acidic proton. Also, the protons on the carbon 

adjacent to the sulfonyl group should be much more acidic than any 

other protons in the alkyl group due to the fact that the strong 

electron-withdrawing sulfone group can stabilize an adjacent car-

banion. In addition, the acidity of these acidic a-protons depends 

not only on sulfone group, but may also depend on the structure of 

the rest of the alkyl groups. These various effects considered 

collectively determine the mechanistic pattern of these reactions. 

Azide ion is weakly basic in comparison with other nucleo

philes (see Table 10) while at the same time being a good nucleo

phile. Hence, it is not surprising to see that reactions with azide 

ion show a greater tendency to proceed by direct substitution than 

the reactions of the other nucleophiles. 

The a-protons in benzyl a-disulfone are considerably more acidic 

than the a-protons in the other alkyl a-disulfones used in Table 1. 

This is because a phenyl group can help to stabilize a carbanion 

through resonance of the negative charge with the aromatic ring. 

Because of the greatly increased acidity of the a-protons in (PhCH2-

SO-)- even the reaction with azide ion changes to go by elimination-

addition. 
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Table 10 

PK^ Values of the Conjugate Acid of Various 
Nucleophiles in Aqueous Solution 

Nucleophile 

Hydroxide ion 

Piperidine 

Morpholine 

Glycine ethyl ester 

Acetate ion 

Azide ion 

pK of NuH 
a 

15. 

11 , 

8, 

7. 

4. 

4. 

.70 

,12 

,33 

,90 

.76 

.68 

Since nucleophilicity does not normally parallel basicity, corre

lation of nucleophile reactivity in direct substitution reactions 

with basicity of the nucleophile is not normally observed. However, 

in an elimination reaction a correlation of reactivity with basicity 

is likely since the role of the nucleophile in such an elimination is 

to remove a proton from the substrate. 

Nearly sixty years ago, Br0nsted and Pedersen suggested that 

the effectiveness of the catalyst in an acid or base catalyzed re

action should be related to its strength as an acid or a base. For 

a base-promoted process, the relation is given by Eq. 27, where k 

is the rate constant for the reaction, K, is the ionization constant 

for the base, G is a constant, and 3 is a proportionality factor. The 

log k = 3 log K^ + log G = -3 PK^ + log G = 3 ( P V 1 4 ) + log G 
(27) 
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interesting aspect of the correlation is that 3 can be taken as a 

measure of the extent of transfer of the proton from substrate to 

base (nucleophile) in the transition state. If the proton is 

completely transferred to the base in the transition state, the 

difference in activation energies for reaction with two different 

bases should reflect fully the difference in their base strength, 

and 3 is expected to be unity. If the proton is not completely 

transferred in the transition state, the effect of a change in base 

strength on the activation energy will be less. Thus 3 should 

depend on the degree of bond formation between the attacking base 

and the proton in the transition state. The kinetic data in Table 

3 for the reaction of n-butyl a-disulfone with all nucleophiles 

except azide ion, provide the needed data on how k varies with 
ea 

nucleophile. A plot of log k for _n-butyl a-disulfone vs. the pK 

(in Table 10) of the various nucleophile is shown in Figure 1. It 

is linear with a slope (3) of about +0.62. A 3 value of this magni

tude indicates that transfer of the proton from the a-disulfone to 

the nucleophile has proceeded to a significant extent in the transi

tion state. In other words, more than half transfer of the proton 

is indicated, even though it is risky to draw any quantitative con

clusions about this. The 3 value for the elimination of ii-butyl 

a-disulfone is comparable to the 3 values reported for some other 

elimination reactions. For example, for the elimination of HBr 

from 2-phenylethyl bromide in its reaction with various substituted 

phenoxides (ArO") in ethanol solvent at 60 C, the Brjî nsted relation-
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tH 
I 

to 
CU 

&0 

o 

Figure 1. Plot of log k for n-Butyl a-Disulfone vs. pK of 

Various Nucleophiles. 
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ship results in a 3 value of +0.54^^. Also for the base-catalyzed 

formation of PhCH=S02 ^""^ 2,4-dinitrophenyl phenylmethanesulfonate 

a 3 value of •fO.60 is obtained."'"̂ '̂ ^ 

Mechanism of Sulfene Formation from Alkyl a-Disulfones 

There are three possible mechanisms for sulfene formation from 

alkyl a-disulfones: (1) a concerted E2 mechanism (Eq. 28); (2) a 

reversible ElcB mechanism (Eq. 29, k2 < k_̂ [BH'*']); (3) an irrever

sible ElcB mechanism (Eq. 29, k2 > k_^[BH'^]). Perhaps the most 

\.2 
B + RR'CHS02S0 R" = ^ 

-̂  R ^ 
6+ I 6-

B H C ™ SO2 SO2R" transition state 

BH + '^C=SO- + R"sa„~ (28) 
^^/ ^ 2 

B + RR'CHSO-SO R" :^==± BH + RC SO-SO-R" =-^ ^=S0- + R"SO. 
k , ' , R!^ ^ -1 R' 

7 (29) 

(ElcB^ : k2 < k [BH"*"] ; ElcB. : k > k_ [BH"*"]) 

frequently discussed alternative to the E2 reaction is the ElcB, 

for "elimination, unimolecular, from the conjugate base". Instead 

of simultaneous removal of the acidic a-proton and loss of the 

leaving group shown for E2 mechanism, the a-proton adjacent to 

sulfonyl group is removed first to give a carbanion intermediate 

7, and the leaving group is lost in a subsequent step (k- step). 

ElcB mechanisms can be divided kinetically into two categories, 

reversible ElcB and irreversible ElcB. Assuming a steady-state 
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treatment for the carbanion 7, one can obtain an overall rate equa

tion for reaction 28 as follows: 

k^k2[RR'CHS02SO R"][B] 

^^'^ k.^[BH+] + k2 (30) 

When return of the carbanion to starting material, a-disulfone, 

is faster than its decomposition to sulfene and sulfinate, one calls 

this a reversible ElcB mechanism (k2 < k [BH"*"] ). From Eq. 30 the 

rate of ElcB^ can be changed into the form shoxm in Eq. 31. This 

k k [RR'CHSO SO R"][B] 

"̂'̂^ = TTTBiPT (31) 

rate is still first order in a-disulfone and first order in base, but 

the inverse dependence on the concentration of the conjugate acid 

of the base affords the opportunity of a kinetic distinction between 

ElcB and the other two mechanisms (ElcB. or E2). From Table 3 

the reaction of n-butyl a-disulfone with acetate ion was followed 

kinetically under two different buffer ratios and the k.. value 

obtained is insensitive to the change of buffer ratio. Hence, 

kinetic evidence suggests that formation of a sulfene from an alkyl 

a-disulfone does not involve an ElcB mechanism. 

Other non-kinetic approaches also show that an ElcB mechanism 

is not involved. With an ElcB mechanism in D-0 medium, extensive 

r I 

H-D exchange on the a-carbon in the starting a-disulfone would 

occur prior to reaction to form substitution product. Therefore, 

one would find that the substitution products from the reactions 
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involving methyl, benzyl, or n-butyl a-disulfones would have signi

ficantly more than one deuterium incorporated on the a-carbon ad

jacent to the sulfonyl group. From Table 2 one can see that this 

is definitely not the case. There was only one deuterium incorporated 

on the a-carbon in every case. Hence, the reversible ElcB mechanism 

can definitely be ruled out. 

Furthermore one can also rule out a variant on the ElcB 
r 

mechanism that has been called an ElcB ion-pair (or ElcB ) 
r '^ xp 

mechanism. The ElcB. mechanism is a close cousin of the ElcB 
ip r 

mechanism. The difference is that in the former the free anion is 

not formed but exists as an ion pair with the protonated base as 

counter-ion. An example of a reaction that goes by this mechanism 

is the formation of bromoacetylene from cis-l,2-dibromoethylene 
21 

and triethylamine (Eq. 32). If the rate of elimination from 

Br ^Br 
\ / DMF 
^C=C + Et3N ^ = ± 
H ^ H 

Br ^ Br 

Et NH C=Cv 

H 
^ 8 

i 
Br-CHC-Br + Et NHBr (32) 

deuterated 1,2-dibromoethylene is compared to the rate from non-

deuterated material, k^/k^~l. Therefore proton abstraction is not 

+ -
involved in the rate-determining step. Because added Et^NDX does 

not affect the rate and because deuterium exchange with labeled 

solvent does not take place, the ElcB^ mechanism can not be involved. 
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Apparently the intimate ion pair either collapses to reactants or 

goes to products in a slow step without equilibrium with the solvent 

molecule. 

Benzyl a-disulfone should show the slowest rate for the k step 

in Eq. 28, since the carbanion PhCHS02S02CH2Ph is the most stable 

one of the carbanions from the a-disulfones in Table 2. In D 0 

the nitrogen atom of morpholine is deuterated, and so the ion pair 

formed on removal of a proton from benzyl a-disulfone by morpholine 

would have structure 9. Since a deuterium atom is already present 

/ ~ ~ \ . H . 
0 N+ CHS0̂ S0̂ CH.,Ph 

\p Y"""2'^"2""2^ 
Ph 

on the nitrogen in ion pair ̂ , exchange of deuterium for hydrogen 

on the a-carbon can take place directly in 9. There is no need for 

the conjugate acid of morpholine to diffuse out of the ion-pair and 

go through BH -BD exchange, as would be the case needed in 8. In 

other words, even if k_̂  for reaction of the a-sulfonyl carbanion 

with the conjugate acid of morpholine exceeds the rate of diffusion, 

one would still observe H-D exchange in the starting a-disulfone 

prior to the formation of substitution product in the reaction. As 

demonstrated before, there is no observation for such kind of 

result. Hence, one has to rule out any type of ElcB mechanism 

even including the ElcB. mechanism for the formation of sulfenes 
iP 
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from alkyl a-disulfones. 

If the carbanion ^ goes on to give sulfene much more rapidly 

than it picks up a proton to revert to starting material, one has 

an irreversible ElcB mechanism (k2 > k [BH^]). From Eq. 30 the 

rate of ElcB can be modified into the form shown in Eq. 33. This 

rate = k^[RR'CHSO SO R"][Bj (33) 

rate law is kinetically indistinguishable from that for the E2 reac

tion, the only difference being in the significance of the rate 

constant. In the E2 reaction, the constant refers to concerted 

cleavage of the a-carbon-hydrogen and sulfur-sulfur bonds, while 

in the rate-determining step of the ElcB. reaction, only the first 

of these two processes is occurring. This difference provides 

the basis for one approach to distinguishing between the two 

mechanisms, namely through the use of what has been called the "leaving 

group effect". 

Since the rate-determining step in the ElcB. mechanism is step 

k, , the removal of a proton from the a-carbon to the sulfonyl group, 

the only influence of the leaving group (R"S02~) on k̂ ^ is through 

the inductive effect of the leaving group to help to stabilize the 

carbanion 7 which is formed in the rate-determining, k^ step. On 

the other hand, in a concerted E2 mechanism the rate determining 

step involves synchronous breaking of the C-H and S-S bonds. Hence, 

the energy of the rate-determining transition state ought to be 

lower than that for the ElcB. mechanism and the reaction should 

proceed faster than would be predicted from just the simple indue-
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tive effect of the leaving group on the ease of removal of the a-

hydrogen. 

In order to use the "leaving group effect" to distinguish 

between ElcB^ and E2 mechanisms, one has to be able to estimate 

the inductive effect of the leaving group on k accurately. The 

determination of k^ for Eq. 25 for removal of a proton from RCH-SO-CF-

with acetate ion as the base (R = n-Pr or Ph) was outlined in Table 
RCH2SO CF 

9 of the Results, and provides the rate constant k-. for 
OAc 

the removal of a proton from the a-carbon of the sulfone. The rate 

constant for removal of a proton from the a-carbon of (RCH-SO_)_ by 

the same base under the same reaction conditions should be related 
RCH2SO2CF2 

to k̂ . as shown in Eq. 34. In this equation p* is the 
OAc 

reaction constant for removal of a proton from RCH-SO-Y by acetate. 

The term P*(.o*, - a* ), accounts for the manner in which the 
R SO- ^ -i 

intrinsic difference of inductive effect between CF and R"SO-
(RCH2S02)2 RCH2SO^CF3 

groups, should cause k̂ Cf,* N to be different from k 

(RCH-SO,), RCH SO CF 

22 
The o* values for CH S02CH2(+1.32) and CF3CH2(+0.92) are known . 

Assuming the usual relationship (Eq. 35) between a* and a*^ ^ this 

would make a* -^ equal to +3.3, and a* equal to +2.3 Hence, the 
CH-SO- 3 

(a*„ - a* ) term is calculated to be 1.0. For removal of a 
R"S02 CF-"̂  

a* = 2 5 a* (35) 
°X ^'^ CH2X 
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proton from PhCH2S020Ar (Ar=2,4-dinitrophenyl) by triethylamine in 

dimethyoxyethane-D20 p is +2.54^^, while for the deuteroxide ion-

catalyzed exchange of the proton adjacent to the sulfonyl group in 

an aryl alkyl sulfone ArS029-R', a p value of +2.8 has been report-

23 ^ 

ed . These results suggest that the p* for removal of a proton 

from PhCH2S02Y or n.-PrCH2S02Y by acetate ion should certainly be 

quite large. Let us assume that it would probably be similar to 

these p values. Using an average value +2.6 for p* one estimates 
(RCH2S02)2 

that \/Q^^\ for reaction of (n-PrCH2S02)2 with acetate ion at 

50°C in 70% CD2CN-30% D2O should be about 0.032 M'-'̂ S""'", while 

(RCH2S02)2 
kg/-, s for reaction of (PhCH2S02)- with acetate ion at 25 C 

in the same solvent should be 1.55 M s . The actual second-order 

rate constants (k ) for reaction of these two a-disulfones with 
ea 

acetate ion under the same conditions are measured and outlined 

in Table 5 of the Results. An average k value of 0.028 JI s 

for n-butyl a-disulfone at 50 C and 6.5 M s for benzyl a-disulfone 

at 25 C was obtained. In both cases one sees that the actual k 
ea 

for reactions of the a-disulfones with acetate ion is not very 

(RCH SO )2 
different from k̂ /oA -> ^^ estimated. Also, using the data 

n-BuSO CF 
(k ^ = 35 M s ) for reaction of n-BuS02CF2 with deuter-

(n-BuS02)2 
oxide ion at 25°C, one estimates that k ̂  ^ for reaction of 

(n-BuSO ) with OD" at 25°C in 70% CD2CN-30% D2O should be about 

(RS02)2 
13900 M s . Comparison of this value with the data (k^^ 

14000) for reaction of n-butyl a-disulfone with hydroxide ion in 
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60% dioxane-40% water solution, one also arrives at a conclusion 

very similar to what one draws more accurately for the reactions 

of a-disulfones with acetate ion, i.e., the leaving group R"S0-

has very little effect on the rate of sulfene formation from alkyl 

a-disulfone beyond what would be predicted from its purely inductive 

effect on the ease of proton removal from the a-carbon to the 

sulfonyl group. This suggests that there is little if any cleavage 

of the S-S bond in the transition state of the rate determining 

step. Hence the results agree better with an ElcB. mechanism (Eq. 

29, k > k_ [BH ]) than with a concerted E2 mechanism (Eq. 28). 

From certain aspects of their studies of sulfene formation 

19 
from aryl phenylmethanesulfonates Williams and his co-workers 

have come to the conclusion that when the pK of the conjugate acid 
3. 

of leaving group (ArOH) is very low, the rate for departure of 

ArO from carbanion intermediate PhCHS020Ar may become so rapid 

13 -1 
(estimated from the linear free energy relationship to exceed 10 s ) 

that the lifetime of carbanion is even less than a vibration fre

quency. When that happens, since the carbanion now has no finite 

lifetime, the reaction mechanism is forced to become concerted. 

Conventional structure-reactivity arguments might suggest that as 

the rate constant for loss of ArO from the carbanion becomes faster 

and faster the transition state will come to resemble the carbanion 

more closely with less and less buildup of negative charge on the 

aryl oxygen, and hence a smaller dependence of rate of loss of ArO 

on the pK of the leaving group than is found with the less acidic 
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phenols. However, Williams £t al. feel that even allowing for 

such considerations, one would still find that when the pK of 
a 

ArOH is low enough that the rate constant for expulsion of ArO" 

13 -1 
from PhCHS020Ar should exceed 10 s , and when this rate limit is 

13 -1 
approached (>10 s ) the mechanism must change to a concerted one 

because the intermediate carbanion can have no discrete existence. 

In such an "enforced to be concerted" mechanism the timing of the C-H 

bond breaking-process is, however, well advanced with respect to 

the S-0 bond cleavage and the transition state may be pictured as 

in Eq. 36. This can be considered to be an very ElcB-like E2 

I II 
B + H-C-S-OAr 

I II 
0 

0 
I II 

•C-S-OAr 
I II 

0 

+ 
-> sulfene (36) 

mechanism, having an "unsymmetrical" or "skewed" timing for bond 

cleavage. If one considers the elimination reactions of alkyl a-

disulfones, one recognizes that these also involve a leaving group 

which is the conjugate base of an acid of very low pK^. Hence, 

if the conclusions of Williams at al. about the very rapid rate 

for loss of leaving group from a-sulfonyl carbanions of the type 

-S-SO -Y are, in fact, correct, sulfene formation from a-disulfones 

may also probably actually take place by a very ElcB-like E2 

mechanism rather than by a true ElcB^ mechanism. 

Variation in k for a-Disulfones with Alkyl Group Structure 
ea ~ ~ 

Even though a number of reactions involving base-induced elimina-
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tion and sulfene formation from alkyl sulfonyl derivatives (RR'CHSO Y) 

24 
have been studied , very little is known about how elimination 

rates in such reactions depend on alkyl group structure. Study of 

the variation in k̂ ^ for a-disulfones with alkyl group structure 

provides an excellent system in which one can determine exactly 

how changes in alkyl group structure influence the rate of sulfene 

formation from reactive alkanesulfonyl derivatives. Knowledge of 

such information also provides further information relative to an 

understanding of exactly what type of elimination mechanism is in

volved in such reactions. 

From the data in Table 4, one can obtain the desired informa

tion about how k tends to vary with alkyl group structure. For 

(n-BuS02)2 (i-PrS02)2 
example, from the values of k^ vs. k̂  for three 

different nucleophiles (hydroxide, piperidine, morpholine) outlined 

in the third and fourth columns of Table 4, one can calculate an 

average value of 1 to 0.17 for the relative ratio of k . Also, 

(n-BuS02)2 (̂ Ŝ °2''2 ^^ 
from the values of k .... vs. k , , . outlined in the second 

morpholine morpholine 
and fourth columns of Table 4, one can calculate a ratio of 1 to 

(n-BuS02)2 (PhCH2S02)2 
65, and from the values of k^ vs. k̂ ^ for two 

nucleophiles (glycine ethyl ester and acetate ion) outlined in the 

fourth and fifth columns of Table 4, one can estimate an average 

value of 1 to 890 for the relative ratio of k ^. These data are 
ea 

collected together and listed in the first row of Table 11, using 

the _n-butyl group as the standard to which the reactivity of the 

others is compared. In the second row of Table 11 is shown 
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the reactivity pattern for the same changes in alkyl group structure 

for a classic E2 reaction, the ethoxide-initiated elimination of 

25 
HBr from RR'CHCH2Br . One can see that the variation of rate with 

variation in alkyl group structure observed for sulfene formation 

from the a-disulfones is completely different from the one found 

in a typical E2 reaction. On the other hand, the reactivity pattern 

for sulfene formation from methyl, n-butyl, and isopropyl a-disul

fones is quite similar to that for the Hofmann elimination of quater-

nary ammonium salts RR'CHCH_NMe- ' shown in the third row of 

Table 11. It is generally accepted that in the Hofmann elimination 
+ 

the change to the positive leaving group (-NMe-) causes the mechanism 

to shift toward the ElcB end of an El-E2-ElcB spectrum, because the 

charged groups exert a strong electron-withdrawing effect, making 

differences in acidity more manifest than they are with the less 

electron-withdrawing neutral groups. Therefore, the Hofmann elimina-

+ 
tion of RR'CHCH-NMe is normally considered to be an ElcB-like E2 

reaction. Thus the variation in k with alkyl group structure in 
ea 

Table 11 provides further support for the conclusion that the 

mechanism for sulfene formation from a-disulfones follows either 

an ElcB. or a very ElcB-like E2 mechanism. 

There is one difference between the reactivity pattern found 

for sulfene formation from the a-disulfones and that for the 

Hofmann elimination. In the elimination reaction involving the 

a-disulfone an a-phenyl group provides about 30 times less increase 

in rate than does the same group in the Hofmann elimination of 
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+ 
PhCH2CH2NMe3. One needs to provide an explanation for why this 

is the case. As shown in Table 11, in the elimination of the 

quaternary ammonium salt replacement of R' = ii-Pr by Ph results 

in a 33,000-fold rate enhancement. This can be explained by the 

resonance effect of the phenyl group which stabilizes the partial 

negative charge on the adjacent carbon and lowers the energy of the 

transition state. 

Why does an a-phenyl group not provide the same degree of rate 

acceleration in the eliminations involving (PhCH-SO-)„? One 

reasonable explanation would seem to be the following. 

28 
Given the X-ray crystal structure of phenyl a-disulfone , 

the preferred conformation for benzyl a-disulfone should be as 

shown in Newman projection 10 (centered axis along C-S bond). The 

required geometry for removal of an acidic proton from the a-carbon 

29 
adjacent to a sulfonyl group is known to be one where the hydrogen 

lies on the bisector of the angle between the two oxygens of the 

sulfonyl group. Also one might expect that as in most other elimina

tions the preferred geometry would have the hydrogen and the leaving 

group PhCH-SO-~ in an anti periplanar arrangement. Thus the confor

mation of the transition state for sulfene formation from benzyl 

a-disulfone should be as shown in ^ . 

Examination of molecular models of 11 reveals that maximum 
'\r\j 

resonance stabilization of the partial negative charge in 11 by the 

phenyl group encounters steric difficulties. To have maximum 

resonance stabilization of the negative charge the phenyl group 
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S02CH2Ph 

m.: 

^ 

B 

T ea 

^ 

S. 

S02CH2Ph 

'^<^5V'^^ 

H 

OA; 

should be positioned so that there is maximum overlap of the p-

orbital of the developing carbanion with the ir electron-cloud of 

the ring. In other words in drawing 11 the plane of the phenyl 

group should be perpendicular to the plane of the paper. However, 

if the phenyl group is positioned in this fashion one of the ortho 

carbons of the phenyl group and its attached hydrogen come close 

enough to one of the oxygens of the neighboring sulfonyl group so 

that there will be a definite unfavorable steric interaction between 

this portion of the phenyl group and that oxygen. In other words, 

if the phenyl group is positioned in 11 so that it provides maximum 

resonance stabilization of the negative charge, an energetically 

unfavorable steric interaction occurs. To avoid the unfavorable 

steric interaction between the phenyl and the oxygen, one must 

rotate the phenyl group enough that one no longer has the maximum 

possible stabilization of the negative charge by delocalization 

through the phenyl ring. Because of this the change of structure 
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from R' = n-Pr to Ph leads to a 37-fold smaller increase in rate 

in the RR'CHS02S02R" system than in the RR'CHCH2NMe- system. 

One may ask whether in the eliminations involving the other 

three alkyl groups (methyl, isopropyl, n-butyl) similar steric 

interactions with the oxygen are a problem. The answer is negative. 

For example, in n-butyl a-disulfone the carbon chain of butyl group 

can be bent toward a direction away from the oxygen of SO- group 

and thus avoid any unfavorable steric interaction of this kind. This 

can be seen from 12. 
OAi 

S02BU-

1 ) 

1 
1 

H 
1 

i^' 

-n 

H 
1 
1 

Nfit 
' 0 

'v\> 

Another variation in k with alkyl group structure that has 
ea 

been examined has been the variation in k with substituents in 

the aromatic ring for eliminations involving the substituted benzyl 

a-disulfones (ArCH2S02)2- A plot of log k̂ ^ for the reaction of 

glycine ethyl ester with various (ArCH2S02)2 (data outlined in 

Table 4) vs. a (for ̂ -methyl, -0.17; 2-chloro, +0.23; m-chloro, 

+0.37) Indicates a slope (p value) of +2.32 shown in Figure 2. This 

measured value represents the sum of the two separate p values, 

i.e., p , , = p, + p^ where p̂  is associated with substituents in 
obsd. 1 2 1 

the phenyl ring attached directly to the reaction site and P2 is 
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Figure 2. Plot of log k vs. (J for Reactions of Glycine Ethyl 
" ea 

Ester with Various (ArCH2S02)2-



67 

associated with substituents in the phenyl ring of the leaving 

group ArCH2S02 . One would expect that p should be much larger 

than P2 because p^ is associated with the aromatic ring which is 

directly attached to the carbon from which a proton is being removed. 

While one can not specify exactly how much larger it will be, a 

fairly reasonable estimate would seem to be: p ^ +1.9 and p. _< 0.4. 

A value of p^ in this range is comparable to the p values that 

had been reported for other sulfene-forming eliminations involving 

arylmethanesulfonate derivatives ArCH_SO-Y. King and Beatson have 

reported that for the pyridine-catalyzed formation of sulfenes from 

ArCH2S020-2,4-DNP (2,4-DNP = 2,4-dinitrophenyl) in 80% dimethoxy-

ethane-20% water solution p is +2.38. Similarly, for the triethyl-

amine-catalyzed reaction a pvalue of+2.7 was given. On the other 

hand, Williams et al. have reported a p value of +1.83 for the 

pyridine-catalyzed reaction under exactly the- same reaction condi-

20 tions. No matter which p value reported is more precise, this 

19 20 reaction is thought ' to proceed via a very ElcB-like E2 mechanism. 

The reaction of glycine ethyl ester with the substituted benzyl 

a-disulfones represents a reaction very similar to the pyridine-

catalyzed formation of sulfenes from ArCH2S020-2,4-DNP. Thus, the 

base attacking the sulfonyl compound is a weakly basic amine (gly

cine ethyl ester) and the solvent is 60% dioxane (rather than 80% 

DME-20% H2O). The fact that p for the (ArCH2S02)2-glycine ethyl 

ester reaction is very similar to the p values for the reaction of 

pyridine with ArCH2S020DNP provides additional support for the idea 
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that sulfene formation from a-disulfones proceeds either a very 

ElcB-like E2 or an ElcB. mechanism. 

Variation in k for a-Disulfones with Alkyl Group Structure 

The absence of any incorporation of deuterium into the sub

stitution product RSO2N- shows that the reactions of azide ion with 

methyl, n-butyl, and isopropyl a-disulfones, take place exclusively 

by a direct substitution pathway. Therefore, from the variation 

in rate with alkyl group structure for the reaction of azide ion 

with these three a-disulfones (data available on Table 4) one can 

determine how the direct substitution rate, k , is influenced by 

the nature of the alkyl group. These values are listed in the 

first row of Table 12, using the n-butyl group as the standard to 

which the reactivity of the other is compared. It is interesting 

to see how this compares with the variation in rate with the same 

change in alkyl group structure for substitutions at other electro

philic centers. In the second and third row of Table 12 are shown 

the reactivity pattern for the same changes in alkyl group struc-

30 
ture for a classic S 2 reaction at the CH„ group of RCH-Br and 

N ^ '• 

a nucleophilic displacement at the dicoordinate sulfur of a Bunte 

salt, RSSO- . One sees that the variation in k̂ ^ for RSO2SO2R 

with changes in the R group is quite similar to the other two 

direct substitution patterns. In these other two substitution 

reactions the geometry of the rate-determining transition state is 

thought to be a trigonal bipyramid where the entering and leaving 
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Table 12 

Effect of Alkyl Group Structure on Rates of Direct 
Substitution at Different Electrophilic Centers 

Direct Substitution Reaction 

^^\=n. Bu 

R=Me R=n-Bu R=i-Pr 

RSO2SO2R + N >-RS02N + RSO 10 1.0 0.15 

RCH2Br + EtO RCH20Et + Br 4.3 1.0 0.15 

* = 
RS-SO^ + SO-

A _ = 

•RS-SO- + SO, 3.3 1.0 0.03 
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groups occupy the two apical positions. The similarity in the rate 

pattern for the direct substitution involving the alkyl a-disul

fones suggests that the geometry of the transition state for its 

rate-determining step is probably also a trigonal bipyramid with 

the entering (N^) and leaving (RR'CHS02) groups in the two apical 

positions. 

If one compares the data in Table 11 and 12 for methyl, n-butyl, 

and isopropyl a-disulfones, one also sees that the change in k with 
ds 

R group structure is about the same as the change in k . Therefore 
ea 

generally speaking, for a given nucleophile, a change in the alkyl 

group from methyl, to ri-butyl to isopropyl will not normally alter 

the preferred reaction pathway for reaction with that particular 

nucleophile because both the elimination-addition and direct sub

stitution reaction rates should change to about the same extent 

with a change in alkyl group structure. 

Comparison of Nucleophilic Substitution of Alkyl 
a-Disulfones and Alkyl Sulfonyl Chlorides 

Comparison of the data in Table 6 for deuterium incorporation 

in the substitution products in reactions of 1-butanesulfonyl 

chloride with those in Table 2 for deuterium incorporation in the 

substitution products in reactions of n-butyl a-disulfone shows 

that changing Y in n-BuSO-Y from ri-BuS02 to Cl enables direct sub

stitution reaction (k, ) to complete more effectively with elimina-
ds 

tion-addition (k ). Rate data show that this arises from the 
ea 

reason that, for reaction with a given nucleophile, k̂ ^ for n-BuS02Cl 
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is significantly slower than k̂ ^ for the corresponding n-BuS02S0--

Bu-ri, while k for a sulfonyl chloride is faster than k, for the 
(i=> ds 

corresponding a-disulfones. The quantitative comparison of rates 

looks as follows: Table 4 shows that k for reaction of hydroxide 
ea •' 

4 -1 -1 
ion with (n-BuS02)2 is 1.4 x 10 M s while from Table 8 one sees 

that k for reaction of the same nucleophile with n-BuSO-Cl is 

3 -1 -1 
only 4 X 10 tl s under the same conditions. For hydroxide ion 

k (RS0-Cl)/k (RSO SO R) is thus 0.29. One might expect that with 

less reactive, and relatively more selective, nucleophiles this ratio 

would be somewhat smaller than what is obtained from reaction with 

hydroxide ion. Generally speaking values for k (RSO-Cl)/k (RSO--
63. im 63 ^ 

SO-R) in the range 0.1-0.3 seem likely. Unfortunately k for 

reaction of azide ion with ii-BuSO-Cl could not be measured accurately 

spectrophotometrically, and k, values for the reaction of n-butyl 
CIS 

a-disulfone with other nucleophiles are not available because those 

nucleophiles react with (n-BuS02)2 iiot via the direct substitution 

but rather via the elimination-addition pathway. Therefore, one 

has to use another set of sulfonyl chloride vs. a-disulfone rates 

in order to obtain an estimate of the probable value of k^^(RS02Cl)/ 

k (RSO SO-R). Since reactions of nucleophiles with the two aryl 

substrates, PhS02Cl and PhS02S02Ph, must, of necessity, take place 

by direct substitution, the rate ratios k(PhS02Cl)/k(PhS02S02Ph) 

for various nucleophiles provide information on the relative rates 

of direct substitution for a sulfonyl chloride vs. the corresponding 

a-disulfone. If one assumes k^^(PhS02Cl)/k^g(PhS02S02Ph) should be 



72 

approximately equivalent to k (n-BuSO-Cl)/k^ (n-BuSO,SO.,Bu-n) 
ds i- ds — 2 2 — ' 

from comparison of the rate constants for reaction of PhS02Cl with 

several nucleophiles (Table 8, column three) with those for reac

tion of PhS02S02Ph under the same conditions^ one estimates that 

k^jg(n-BuS02Cl)/k^^(n-BuS02S02Bu-n) = 5-10. For example, for 

glycine ethyl ester as the nucleophile, the ratio of k̂  (PhSO-Cl)/ 

ds I 

k^g(PhS02S02Ph) is 8 (2.10:0.26); and when acetate is the nucleo

phile, the ratio is 5 (0.015:0.0031). Similarly, for azide ion 

as nucleophile, the ratio is 6.6 (6.2:0.94). 
When one combines these estimates of k (RS0-Cl)/k (RSO„SO„R) 

ea 2 ' ea 2 2 
and k (RSO-Cl)/k,^(RSO„SO-R) they suggest that in general (k̂  /k ) a s ^ c i s z ^ QS ea 
for RSO-Cl = 17-100 (k, /k ) for RSO-SO-R. From this difference I ds ea 2 2 

in rate one can see how a direct substitution mechanism can dominate 

over the elimination-addition mechanism for the reaction of an 

alkanesulfonyl chloride with some nucleophiles such as morpholine, 

glycine ethyl ester, and acetate, while the same nucleophiles react 

with the corresponding a-disulfone exclusively via elimination-

addition pathway. The fact that stronger bases than morpholine 

react with the sulfonyl chloride either exclusively (hydroxide ion) 

or predominantly (piperidine) by elimination-addition indicates that 

k is more sensitive to nucleophile basicity than k . This con-
ea ds 

elusion is consistent with what is generally expected. 

It is interesting to discuss further about why k̂ ^ (RSO2CI) 

is smaller than k (RSCSCR). As mentioned before, in either an 
ea 2 2 

ElcB. or a very ElcB-like E2 mechanism the effect of the leaving 
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group on the rate is due essentially entirely to its inductive 

effect on the ease of proton removal from the a-carbon adjacent to 

the sulfonyl group. Since a*„._„ (+1.05) is less than a*„„ ^„ ^„ 

(+1.32), RSO2 is a stronger electron-withdrawing group than Cl. 

From Eq. 37, which is similar to Eq. 34, one can calculate the 

expected value for k^ for the rate of removal of a proton from 

n-BuSO-Cl by OH . Assuming the usual relationship (Eq. 35) between 

ii-BuSO-Cl n-BuSO.SO.Bu-n 

1°S 'S(OH) = 1°S '̂ OH •" P*(^Sl - ^"S02^ ^''^ 

a* and a* , a* should equal +3.3 and a*^, +2.6. Hence, (a*^ -
2 3 2 

a*„„-, ) = -0.7. Using the same value for p* (+2.6) that was used 
R S0_ 

^ n-BuSO-Cl _, _, 

in Eq. 34, this leads to an estimated value of k̂ /QjjN = 212 M s , 

This is in accord with the expectation based on the stronger electron-

withdrawing inductive effect of RSO2 as compared to Cl that removal 

of a proton from the a-carbon should be faster in the a-disulfone 

than in the sulfonyl chloride. However, this predicted value for 
n-BuSO.Cl 
k„, . is considerably smaller than the rate constant actually 
B (OH) 

found for the rate of reaction of OH with n-BuS02Cl, i.e., the 

sulfonyl chloride seems to undergo elimination significantly faster 

than would be predicted for an ElcB^ mechanism. Based on the leaving 

group effect discussed earlier, this faster rate for the sulfonyl 

chloride may indicate that the elimination of the alkanesulfonyl 

chloride is a less ElcB-like E2 reaction than the elimination of the 
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a-disulfone and that in the rate-determining transition state for 

the sulfonyl chloride elimination the S-Cl bond is cleaved to a 

^gnifleant extent. In other words, the reaction mechanism for 

the alkanesulfonyl chloride shifts toward the E2 direction of an 

ElcB-E2 spectrum. Such a shift can be mainly rationalized by the 

fact that Cl is a better leaving group than RS02~, although Cl has 

a weaker electron-withdrawing ability than RSO on removal of 

the a-hydrogens. 

In considering why k,.(RSO-Cl)>k, (RSO.SO-R) one has to be 
a° I as I I 

aware of the two different views concerning the normal mechanism 

for direct substitution at sulfonyl sulfur. Williams and Rogne 

favor a concerted mechanism where bond making and bond breaking 

occurs simultaneously in the rate-determining transition state (Eq. 

38). On the other hand, Ciuffarin believes that such substitutions 

Nu + RSO2L Nu S L RSO2NU + L (38) 

proceed by a stepwise mechanism with an actual intermediate, 13, on 

the reaction coordinate (Eq. 39). 

Nu + RSO2L ^=Y 
-a 

0 0 
\ 

RSO2NU + L (39) 

R 

In the concerted mechanism, there is obviously significant 

negative charge dispersed on the leaving group (L) in the transition 
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state. Since Cl is more stable than RSO ~, one would expect that 

the energy of the transition state would be somewhat lower when 

L=C1 than when L=RS02 and that k^g(RS02Cl) would be faster than 

k, (RSO.SO-R). 
ds I I 

Since both.Cl and RSO2 are very good leaving groups, in a 

stepwise mechanism (Eq. 39) involving the nucleophiles used in 

the present studies k, should be larger than k , and step k 
D -a a 

would therefore be rate-determining for these reactions. At 

first it might seem that in a mechanism such as Eq. 39 where step 

k was rate-determining one would not expect the sulfonyl chloride 

to react faster than the a-dlsulfone. However, in an intermediate 

like 13 the entering and leaving groups are not bonded to the 

sulfonyl group by ordinary single covalent bonds but rather by 

three-center four-electron (hjrpervalent) bonds which are different 
35 

from ordinary single bonds . From the evidence of the crystal 

35 
and molecular structure studies in the literature , the S-Nu and 

S-L bond lengths of hypervalent bonds are proved to be longer than 

the ordinary single covalent bond, consistent with a S-Nu or S-L 

bond order of less than unity. Therefore, in intermediate 13 there 

will be appreciable partial negative charge on both L and Nu. Under 

this circumstance, the intermediate 13 from sulfonyl chloride (L=C1) 

will be of somewhat lower energy than the one from the a-disulfone 

(L=RSO-). Hence the stepwise mechanism can also fit the observed 

rate difference of k^g(RS02Cl) k^g(RS02S02R). 



CHAPTER IV 

NUCLEOPHILIC SUBSTITUTION REACTIONS OF ALKYL 

a-DISULFONES(III): EXPERIMENTAL 

Preparation of Materials 

Sodium 1-Butanesulfinate 

1-Butanesulfinic acid was prepared in the same manner as for 

36 
the preparation of 1-dodecanesulfinic acid . The prepared aqueous 

sulfinic acid solution was neutralized with 1.0 N̂  sodium hydroxide 

solution and the sodium salt of the sulfinic acid was obtained by 

removing all the water from the neutralized solution under reduced 

pressure. 

The Grignard reagent prepared from 32 g (0.2 mole) of 1-bromo-

butane in 100 ml of ether was treated with 12.8 g (0.2 mole) of sulfur 

dioxide at -40 to -35 C as described by Houlton and Tartar . The 

reaction mixture was poured into cold aqueous ammonium chloride 

solution and the insoluble magnesium 1-butanesulfinate was filtered 

off and thoroughly washed with water. The salt was air dried and 

extracted with ether and with carbon tetrachloride to remove by

product n-octane. The magnesium salt was further washed thoroughly 

with hot 95% ethanol to remove any magnesium 1-butanesulfonate. The 

yield of magnesium 1-butanesulfinate was 12.1 g (45%). 

Freshly prepared magnesium 1-butanesulfinate dihydrate was 

ground to a fine powder and dissolved in water. The solution 

was then acidified with 50% sulfuric acid until the pH was <1.0. 

The acidified solution was extracted with ether several times, 

and the ether extracts were dried over magnesium sulfate. Removal 

76 
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of ether under reduced pressure using a rotary evaporator gave a 

residue of 1-butanesulfinic acid. This was dissolved in a small 

amount of water and the solution was then neutralized by titra

tion with 1.0 N̂  NaOH. The water was removed from the neutralized 

solution under reduced pressure giving sodium 1-butanesulfinate in 

approximately 90% yield based on the amount of magnesium 1-butane

sulfinate taken. IR (KBr): strong band 960-1020 cm""'' due to S0-~ 

group. 

Sodium Methanesulfinate 

Methanesulfonyl chloride (11.5 g, 0.1 mole), Aldrich Chemical 

Company, Inc., was reduced with sodium sulfite (25.2 g; 0.2 mole) 

in 100 ml aqueous solution under cooling with ice water. The solu

tion was kept basic by the addition of small portions of a 50% 

sodium hydroxide solution. Upon completion of the reaction, the 

water was removed by rotary evaporation and the residue competely 

dried. The dried residue was treated with absolute methanol to 

dissolve the sodium methane-sulfinate. The insoluble sodium sulfate, 

the other product from the reaction of sulfite with the sulfonyl 

chloride was removed by filtration, and the methanol was removed 

under reduced pressure. The sulfinate salt was then thoroughly 

dried in vacuo at 60°C. The yield was 10 g (98% yield), m.p. 279-281°C. 

IR (KBr): strong band 960-1040 cm" due to SO2 group. 

Sodium 1-Butanesulfonate 

This compound was prepared according to the procedure described 
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37 
by Houlton and Tartar . 47.6 ml (0.5 mole) of 1-bromobutane (Aldrich 

Chemical Company, Inc.), 72.45 g (0.575 mole) of sodium sulfite and 

375 ml of water were refluxed for 22 hours. The resulting solution 

was evaporated to dryness under reduced pressure. The residue was 

then pulverized and extracted twice with petroleum ether. The 

solid thus obtained was placed in a two-liter, round-bottomed flask, 

and 750 ml of absolute ethanol was added. The mxiture was heated 

to boiling, and filtered with suction to remove the excess sodium 

sulfite. The alcoholic solution was cooled overnight in a refrigera

tor and again filtered with suction. The sodium 1-butanesulfonate 

so obtained was then dried and recrystallized using one liter of 

alcohol per mole of salt (68.1 g, 85% yield). IR (KBr): strong 

absorption at 1200 cm due to SO- group. 

1-Butanesulfonyl Chloride 

Commercially available 1-butanesulfonyl chloride (Eastman Kodak 

Company) was further purified by fractional distillation under a 

water pump vacuum, b.p. 94-96°C (21 mm Hg). IR (neat): SO2 absorp

tions at 1160, 1372 cm" . 

Benzenesulfonyl Chloride 

Commercially available benzenesulfonyl chloride (Eastman Kodak 

Company) was further purified by fractional distillation under 

reduced pressure, b.p. 113-115°C (10 mmHg). 
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a-Toluenesulfonyl Chloride 

This compound can be either prepared according to the procedure 

described by Sprague and Johnson or bought from Aldrich Chemical 

Company, Inc. (The commercially available compound is only of 98% 

purity.) 

Benzyl Chloride 31.5 g (0.25 mol.) (J.T. Baker Chemical Company), 

19 g (0.25 mol.) thiourea (Fisher Scientific Company) and 100 ml 

of alcohol were heated under reflux for 1 hr. After the reaction 

was complete, the reaction mixture was added to 350 ml of water and 

placed in a three-necked flask fitted with a stirrer, a thermometer, 

an outlet tube leading to a hood, and an inlet tube connected to a 

chlorine tank. After cooling to 0 C in an ice-water bath, chlorine 

was passed into the solution at a temperature below 5 C for about 

1.5 hr. The white solid product was filtered off and recrystallized 

from hot benzene. The yield was 34.3 g (72%), m-p. 92.5-93.5 C 

(literature^^ 91-92°C). IR (KBr): SO2 absorption at 1132, 1154, 

1364 cm" . The spectrum appears to be identical to that reported 
39 

in the literature 

a-Toluenesulfonyl Azide 

Sodium azide (0.91 g, 0.014 mol.) was added in small portions 

with vigorous stirring at room temperature to a solution of a-

toluenesulfonyl chloride (1.905 g, 0.01 mol.) in 15 ml of absolute 

methanol over the course of 0.5 hr. The reaction mixture was 

stirred for an additional 0.5 hr and then poured into six times 

its volume of cold water. The resulting solution was extracted 
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three times with 50 ml portions of dichloromethane and the combined 

extracts were dried over anhydrous magnesium sulfate. The drying 

agent was filtered off and the dichloromethane solution was re

moved under reduced pressure. The crude product was recrystallized 

from ethanol, giving 1.8 g (91.4%) of a-toluenesulfonyl azide, m.p. 

53.5-55°C (Lit. , 54°C). IR (KBr): N^" absorption at 2105-2115 

cm ; SO2 absorptions at 1120-1160, 1353 cm" . NMR (CDC1-): 54.53 

(s, 2H), 7.47 (s, 5H). 

Morpholine a-Toluenesulfonamlde 

This compound was prepared according to the procedure described 

41 
by Truce and Christensen . To a solution of 0.013 mole (1.31 g) 

triethylamine, and 0.013 mole (1.13 g) morpholine in 3 0 ml tetra-

hydrofuran stirred under nitrogen and cooled to 0 C was slowly 

added a solution of 0.012 mole (2.286 g) a-toluenesulfonyl chloride 

in 10 ml tetrahydrofuran. 

The mixture was stirred for 1 hr. and the precipitated tri

ethylamine hydrochloride was filtered off. The filtrate was rotary 

evaporated under reduced pressure and the resulting solid was re

crystallized from 95% ethanol. The yield was 2.15. g (74.34%), m.p. 

174.5-176°C (Lit.'̂ -'-, 174-175°C). IR (KBr): SO2 absorptions at 1112, 

1155, 1324, 1350 cm"^. NMR (CDCI3): 63.10 (t, 4H), 3.62 (t, 4H) , 

4.24 (s, 2H), 7.42 (s, 5H), [literatur.-, 53.16 (m, 4H), 3.64 (m, 

4H>, 4.29 (s, 2H), 7.50 (s, 5H)]. 
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Potassium Triflinate 

This compound was prepared according to the procedure described 

42a 
by Hendrickson, Giga and Wareing . Trifluoromethanesulfonyl 

chloride (12.0 g, 0.0712 moles), Aldrich Chemical Company, Inc., 

was added over a course of ten minutes to potassium iodide (23.645 g, 

0.1424 moles) slurried in 100 ml of cold acetone. The solution was 

allowed to stand at -78 C with good stirring for 1.5 hours. After 

the reaction was finished, the acetone was removed on a rotary 

evaporator under reduced pressure. The black-purple residue was 

washed with 350 ml of dichloromethane solution to remove iodine, 

then with warm ethyl acetate to remove CF_SO-K from potassivmi 

chloride. The ethyl acetate solution was filtered using a little 

bit of charcoal and filter aid, and the ethyl acetate was then 

removed on a rotary evaporator under reduced pressure. The crude 

product was a slightly yellow solid (10.32 g), which was recry

stallized from dichloromethane, giving CF^SO K as a white solid 

(7.7 g, 62.8% yield), m.p. 141-143°C (Lit."̂ ^̂ , 180° dec; IR: 8.7, 

9.3, 9.9y). IR (KBr): S02~ absorptions at 997, 1075, 1135 cm 

(10.05, 9.3, 8.8y). 

n-Butyl Trifluoromethyl Sulfone 

This compound was prepared according to the procedure des-

42a 
cribed by Hendrickson, Giga and Wareing . n-Butyl bromide (1.03 

g, 6 mmoles) was added to a mixture of potassium trifluoromethane-

sulfinate (0.822 g, 6 mmoles), and sodium iodide (0.9 g, 0.6 mmoles) 

suspended in 30 ml of acetonitrile. The mixture was allowed to 
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reflux in boiling acetonitrile for seven days. After that, the 

acetonitrile was removed on a rotary evaporator under reduced 

pressure and the residue was treated with dichloromethane to dissolve 

n-butyl trifluoromethyl sulfone. The undissolved potassium bromide 

was filtered off, and the dichloromethane solution removed from 

the filtrate under reduced pressure. The residue was a slightly 

yellow liquid (0.707 g). This was further purified through vacuum 

distillation (this was carried out of a larger scale, i.e., 2.547 g 

of crude product from several runs was distilled, giving 1.05 g 

(25%) pure n-butyl trifluoromethyl sulfone). IR (Neat): SO ab-

NMR sorptions at 1121, 1368 cm" ; CF- absorption at 1198 cm""*". 

(CDCI3): 60.976 (t, 3H), 1.25-2.2 (m, 4H), 3.272 (t, 2H). 

Benzyl Trifluoromethyl Sulfone 

This compound was prepared also according to the procedure 

42a described by Hendrickson, Giga and Wareing . a-Bromotoluene 

(4.1 g, 24 mmoles) was added to a mixture of potassium trifluoro-

methanesulfinate (4.13 g, 24 mmoles), and sodium iodide (0.36 g, 

2.4 mmoles) suspended in 60 ml of acetonitrile. The mixture was 

allowed to reflux in boiling acetonitrile for 7 hr. The rest of 

the procedure was the same as that of n-butyl trifluoromethyl 

sulfone. The residue was a dark yellow solid (4g) which was re

crystallized from acetonitrile-ethanol, yielding 3.1 g of pure benzyl 

trifluoromethyl sulfone (57.7%), white crystals, m.p. 103-104.5 C 

(Lit."̂ ^̂ , 103°C). IR (KBr): SO- absorptions at 1128, 1358, 1370 cm" ; 
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CF^ absorption at 1193 cm . NMR (CDCl^) : 64.48 (s, 2H), 7.45 (s, 

5H). 

Sodium Tetrathionate 

This compound was prepared according to the procedure described 

43 
by Partington . A saturated solution of sodium thiosulphate (40 g, 

161.2 mmoles) was added dropwise with good stirring to a cooled 

solution of iodine (20.46 g, 80.6 mmoles) in alcohol, until only a 

pale yellow color remained. The tetrathionate precipitate was 

separated by filtration, washed with ethanol and recrystallized 

from water-ethanol. This was dried under vacuo and one obtained 22.5 

g (91.2% yield). 

Preparation of Disulfides 

The following disulfides were prepared according to the pro-

44a 
cedure by Milligan and Swan 

4,4'-Dichlorodibenzyl Disulfide 

A solution of 2,-chlorobenzyl chloride (10.2 g, 60 mmoles, 95% 

purity), Aldrich Chemical Company, Inc., and thiourea (4.56 g, 60 

mmoles), in 50 ml of ethanol, was heated under reflux for 1 hr. 

After the reaction was complete, the solvent was removed under 

reduced pressure and the residue was dissolved in '̂ 2̂00 ml of water. 

Then, the water solution was mixed gradually with sodium tetrathio

nate dihydrate (9.2 g, 30 mmoles) and the pH of the mixture was 

adjusted to 12 and maintained there for 1 hr. by addition of 4 N 
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sodium hydroxide. The resulting product was isolated by filtration, 

recrystallized from ethanol-water and then thoroughly dried in 

vacuo. The yield was 8.5 g (90% yield), m.p. 50-54°C (Lit."̂ ^̂ '*̂ , 

58-59°C). IR (KBr): Absorptions at 1083, 1410, 1490, 1593, 1640, 

1914 cm" . NMR (CDCl^): 63.583 (s, 2H), 7.02-7.38 (m, 4H, AB 

pattern). 

4,4'-Dimethyldibenzyl Disulfide 
t 

A solution of a-chloro-2.-xylene (21.08 g, 150 mmoles), ICN 

Pharmaceuticals, Inc., and thiourea (11.4 g, 150 mmoles), in 80 ml 

of ethanol, was heated under reflux for 1 hr. After the reaction 

was complete, the solvent was removed under reduced pressure and the 

residue was dissolved in '\J250 ml of water. Then the water solution 

was mixed with sodium tetrathionate dihydrate (22.9 g, 75 mmoles) 

and the pH of the mixture was adjusted to 12 and maintained there 

for 1 hr. by addition of 4 IJ NaOH. The resulting product was 

isolated by filtration, recrystallized from ethanol and dried in 
o 44c 

vacuo. The yield was 9.2 g (44.6% yield), m.p. 44.5-46.5 C (Lit. , 

44°C). IR (KBr): Absorptions at 1205, 1428, 1520 cm""*-. NMR (CDCl^) : 

62.345 (s, 3H), 3.61 (s, 2H), 7.145 (s, 4H). 

3,3'-Dichlorodibenzyl Disulfide 

A solution of m-chlorobenzyl chlor.ide (24.3 g, 0.148 mole, 

98% purity), Aldrich Chemical Company, Inc., and thiourea (11.26 g, 

0.148 mole) in 100 ml of ethanol, was heated under reflux for 1 

hr. The rest of the procedure was completely the same as that of 

file://'/j250
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4,4'-dlchlorodibenzyl disulfide. The resulting product was a liquid 

and was isolated by extracting the aqueous reaction mixture twice 

with 100 ml portions of ether. Then, the crude disulfide was further 

purified through column chromatography (silica gel). The main 

fraction of pure 3,3'-dichlorodibenzyl disulfide (12.8 g, 56.4%) 

was eluted by benzene. IR (KBr): Absorptions at 1079, 1206, 1231, 

1440, 1474, 1584, 1610, 2940, 3082 cm"-*". NMR (CDCI3): 63.565 (s, 

2H), 7-7.5 (m, 4H). 

Isopropyl 2-propanethiolsulfonate 

Isopropyl disulfide (0.03 mole, 4.69 g; Aldrich Chemical 

Company) was dissolved in 30 ml of chloroform and a solution of 

m-chloroperbenzoic acid (0.06 mole, 12.18 g) in 200 ml of chloro

form was added to the disulfide solution with good stirring at 0 C. 

After the addition was complete, the reaction mixture was allowed 

to warm to room temperature and stirred at room temperature for 

four to five hours. The precipitate of m-chlorobenzoic acid was 

then filtered off, and the chloroform filtrate was extracted with 

5% sodium bicarbonate solution to remove the last traces of m-chloro

benzoic acid. The chloroform solution was dried over anhydrous 

sodium sulfate and the chloroform removed under reduced pressure. 

The liquid residue was mainly the desired thiolsulfonate. It was 

further purified by column chromatography (silica gel) to separate 

it from isopropyl 2-propanethiolsulfinate (eluted with ether) and 

unreacted isopropyl disulfide (eluted early with benzene). The 
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pure thiolsulfonate which is a liquid^^ (eluted with benzene) was 

obtained in 45% yield (2.457 g). IR (Neat): SO2 absorptions at 

1117, 1312 cm , isopropyl group absorptions at 1370, 1388 cm"""". 

NMR (CDCI3): 61.505, 1.436; 1.496, 1.428 (two sets of doublets, 

12H); 3.36 (m, IH), 3.68 (m, IH). 

Benzyl a-Toluenethiolsulfonate 

Dibenzyl disulfide (2.46 g, 10 mmoles), Aldrich Chemical 

Company, was dissolved in 10 ml chloroform and a solution of 4.1 g 

of 85% m-chloroperbenzoic acid in 60 ml of the same solvent was 

slowly added at 0 C with stirring over the course of one hour. 

After addition was complete, the reaction mixture was allowed to 

warm to room temperature and stand for five hours. The white pre

cipitate of m-chlorobenzoic acid was removed by filtration. The 

filtrate was extracted three times with 5% sodium bicarbonate. It 

was washed with water and dried over anhydrous magnesium sulfate. 

The solution was then rotary evaporated under reduced pressure and 

the residue of crude thiolsulfonate was further purified through 

column chromatography (silica gel). The main fraction of pure benzyl 

a-toluenethiolsulfonate (0.86 g, 31%) was eluted by benzene, m.p. 

-.0 , „„o„ ,, . 46 ,„r,o. 
108 -109 C, (Lit. , 108 C). IR (KBr): SO2 absorptions at 1115, 

1313 cm"-"-. NMR (CDCI3): 64.03 (s, 2H), 4.215 (s, 2H), 7.25-7.38 (m, 

lOH). 

2^-Chlorobenzyl 4-Chlorophenylmethanethiolsulfonate 

4,4'-Dichlorodibenzyl disulfide (4 g, 12.7 mmoles), was dissolved 
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in 15 ml chloroform and a solution of 5.156 g of 85% m-chloroper

benzoic acid in 60 ml of the same solvent was slowly added at 0 C 

with stirring over the course of one hour. After addition was 

complete, the reaction mixture was allowed to warm to room tempera

ture and stand for 11 hr. The rest of the procedure was the same 

as that of benzyl a-toluenethiolsulfonate and the residue of crude 

thiolsulfonate was further purified through column chromatography 

(silica gel). The main fraction of ̂ -chlorobenzyl 4-chlorophenyl-

methanethiolsulfonate (0.62 g) was eluted by benzene. After re-

crystallization from ethanol, 0.31 g of pure product was isolated 

(7% yield), m.p. 125-127°C. IR (KBr): SO2 absorptions at 1093, 

1120, 1313, 1320 cm"-*-. NMR (CDCI3): 64.095 (s, 2H), 4.235 (s, 2H), 

7.14-7.46 (m, 8H). 

^-Methylbenzyl 4-Methylphenylmethanethiolsulfonate 

4,4'-Dimethyldibenzyl disulfide (8 g, 29.2 mmoles) was dissolved 

in 20 ml of chloroform and a solution of 12.18 g (60 imnoles) of 85% 

m-chloroperbenzoic acid in 120 ml of the same solvent was slowly 

added at 0°C with stirring over the course of 1 hr. After addition 

was complete, the reaction mixture was allowed to warm to room 

temperature and stand for 5 hr. The rest of the procedure was 

followed the same way as that of benzyl a-toluenethiolsulfonate. 

The crude thiolsulfonate (3.1 g) was eluted by benzene through 

column chromatography (silica gel), recrystallized from ethanol 

and obtained 0.75 g (8.4% yield), m.p. 33-84°C. IR (KBr): SO2 
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absorptions at 1113, 1316 cm"-"-, NMR (CDCI3): 62.34 (s, 3H), 2.36 

(s, 3H), 4.025 (s, 2H), 4.195 (s, 2H), 7.20 (m, 8H). 

m-Chlorobenzyl 3-Chlorophenylmethanethiolsulfonate 

3,3'-Dichlorodibenzyl disulfide (9.6 g, 30.5 mmoles) was 

dissolved in 30 ml of chloroform and a solution of 85% m-chloroper

benzoic acid (13.6 g) in 150 ml of the same solvent was slowly 

added at 0 C with stirring over the course of one hour. After 

addition was complete, the reaction mixture was allowed to warm 

to room temperature and stand for 21 hr. The rest of the pro

cedure was the same as that of benzyl a-toluenethiolsulfonate and 

the crude thiolsulfonate was further purified through column chroma

tography and mainly eluted by benzene. After recrystallization 

from ethanol, 2.262 g of pure thiolsulfonate was isolated (21.4% 

yield), m.p. 46-49°C. IR (KBr): SO2 absorptions at 1121, 1315-1325 

cm"-*-. NMR (CDCI3): 64.065 (s, 2H), 4.21 (s, 2H), 7.1-7.5 (m, 8H) . 

Preparation of a-Disulfones 

The a-disulfones were prepared either by the oxidation of the 

sodium salts of the respective sulfinic acids with an acidic solution 

of cobaltic sulfate according to the directions of Denzer, Allen, 

4 7 ir , • 

Conway and Van der Veen or by the oxidation of the respective 

thiolsulfonate with m-chloroperbenzoic acid. 

Preparation of Cobalt(III) Sulfate 

The cobaltic sulfate solution was prepared by electrolysis of 



89 

a saturated solution of cobaltous sulfate in 1.0 N H SO at 0°C 
— 2 4 ' 

as described by Swann and Xanthakos^^. A platinum anode 60 cm^ 

in area and a copper cathode were used. A current of 0.7 amperes 

at 3.0 volts was passed through the cell for 2 hours. Enough 10 N 

H2S0^ was added at 0 C, to dissolve the suspension of cobaltic 

sulfate. The resulting solution was filtered through a coarse 

sintered glass funnel with the aid of suction and used immediately 

in the oxidation of sulfinic acid salts. 

Oxidation of Sulfinic Acid Salts 

A solution or slurry of sulfinic acid salt in 50 ml of 10 IT 

H-SO, and 50 ml of _t-butyl alcohol was made up in a one liter 

Erlenmeyer flask. The chilled solution of cobaltic sulfate, as 

prepared above, was run into this with vigorous stirring until the 

blue color of Co(III) persisted for one minute. The mixture was 

immediately poured into four times its volume of cold water. The 

exact work-up from this point on varied somewhat depending on the 

nature of the a-disulfone. 

n-Butyl a-Disulfone 

In this case the a-disulfone was insoluble in the final reaction 

mixture and the crude a-disulfone was isolated by filtration. The 

crude a-disulfone was dried, and then recrystallized from benzene-

ethanol, m.p. 58-59°C (Lit.'̂ ,̂ 58.8-59.6°C); yield 31%. IR (KBr): 

-1 -1 
SO2 absorptions at 1102, 1339 cm ; C-H stretching at 2865-2960 cm . 

NMR (CDCI3): 60.986 (triplet, 3H), 1.53 (sextet, 2H), 1.986 (quintet. 
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2H), 3.46 (triplet, 2H). 

Methyl a-Disulfone 

Methyl a-disulfone is rather soluble in water. Therefore, 

after the cobalt(III) oxidation reaction mixture had been poured 

into water, the aqueous solution was extracted with dichloro

methane. The dichloromethane extracts were then rotary evaporated 

to dryness. The resulting white solid was recrystallized from 

absolute ethanol giving pure methyl a-disulfone, m.p. 168.5-171°C 

(Lit. , 167-168°C) in very poor yield (7-10%). IR (KBr): SO2 

absorptions at 1105, 1305-1325 cm"""". NMR (CDCl ) : 63.33 (singlet). 

Isopropyl a-Disulfone 

Isopropyl 2-propanethiolsulfonate (2.677 g, 14.71 mmoles) 

was dissolved in 40 ml of dichloromethane, and a solution of 6.569 g 

(32.357 mmoles) of 85% m-chloroperbenzoic acid in 60 ml of the same 

solvent was added to it at room temperature. The solution was 

stirred at room temperature for 6-7 days. The white precipitate 

of m-chlorobenzoic acid was removed by filtration. The filtrate 

was then extracted three times with 5% sodium bicarbonate to remove 

any m-chlorobenzoic acid left. It was then washed with water and 

dried over anhydrous magnesium sulfate. The solution was then 

rotary evaporated under reduced pressure and the resulting liquid 

residue was purified through column chromatography on silica gel 

using benzene as eluent. From the chromatography 1.49 g (47%) 

of isopropyl a-disulfone was obtained as a liquid. Purification of 
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this material by distillation was not attempted since elemental 

analysis an the compound obtained from the chromatography showed 

it to be already of extremely high purity. IR (Neat): SO- absorp

tions at 1087-1108, 1325-1331 cm"""". NMR (CDCI3): 61.56 (doublet, 

6H), 3.96 (septet, IH). Anal. Calculated for C,H-,0,S„: C, 33.63; 
0 14 4 2 

H, 6.58; S, 29.92. Found: C, 33.92; H, 6.65; S, 30.18. 

Benzyl a-Disulfone 

Benzyl a-toluenethiolsulfonate (1.3 g, 4.7 mmoles) was dissolved 

in 20 ml of dichloromethane and a solution of 2.21 g of 85% m-

chloroperbenzoic acid in 50 ml of the same solvent was slowly added 

at 0 C. The reaction mixture was allowed to warm to room tempera

ture and the solution was stirred for 3-4 days. The white pre

cipitate was removed by filtration, and the filtrate was then 

extracted three times with 5% sodium bicarbonate. It was then 

washed with water and dried over anhydrous magnesium sulfate. The 

solution was then rotary evaporated under reduced pressure. The 

crude solid residue was recrystallized from benzene-ethanol, yield

ing 0.448 g (31%) of benzyl a-dlsulfone, m.p. 178-180°C. IR (KBr): 

SO absorptions at 1105, 1315, 1336 cm"-"". NMR (CDCI3): 64.461 (2H), 

7.428 (5H). Anal. Calculated for Cii^\i^(^^^2'' ^' ^4.20; H, 4.55; S, 

20.67. Found: C, 54.12; H, 4.61; S, 20.75. 

£-Ghlorobenzyl a-Disulfone 

£-Chlorobenzyl 4-chlorophenylraathanethiolsulfonate (0.5035 g, 

1.45 mmoles) was dissolved in 15 ml of dichloromethane and a solu-
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tion of 1.2 g (5.8 mmoles) of 85% m-chloroperbenzoic acid in 25 ml 

of the same solvent was slowly added at 0°C. The reaction mixture 

was allowed to warm to room temperature and the solution was stirred 

for 133 hr. The rest of the procedure was completely the same as 

that of benzyl a-disulfone. The crude solid residue was recrystalliz

ed from ethanol, yielding 0.188 g (34.2%) of 2-chlorobenzyl a-di

sulfone, m.p. 184-185°C. IR (KBr): SO2 absorptions at 1100-1120, 

1163, 1315-1330, 1342 cm"""". NMR (CDCI3): 64.54 (s, 2H), 7.38 (s, 

4H). Anal. Calculated for ^ii^i2^'^2^e^^2'' ^' ^^''^'^'^ H, 3.19; S, 

16.91. Found: C, 44.60; H, 3.35; S, 16.72. 

2^-Methylbenzyl a-Disulfone 

2-Methylbenzyl 4-methylphenylmethanethiolsulfonate (0.6315 g, 

2.064 mmoles) was dissolved in 15 ml of dichloromethane and a 

solution of 1.676 g (8.255 mmoles) of 85% m-chloroperbenzoic acid 

in 25 ml of the same solvent was slowly added at 0 C. The reaction 

mixture was allowed to warm to room temperature and the solution 

was stirred for 36 hr. The rest of the procedure was the same as 

that of benzyl a-disulfone. The crude solid residue was recrystalliz

ed from ethanol, yielding 0.44 g (63.1%) of £-methylbenzyl a-disulfone, 

m.p. 162-163°C. IR (KBr): SO2 absorptions at 1115, 1163, 1320, 1340 

cm"-*-. NMR (CDCI3): 62.385 (s, 3H), 4.445 (s, 2H), 7.16-7.38 (m, 

4H). Anal. Calculated for ^I^\Q^I^^2' ^' ^6.78; H, 5.36; S, 18.95. 

Found: C, 56.69; H, 5.38; S, 18.79 
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m-Chlorobenzyl a-Disulfone 

m-Chlorobenzyl 3-chlorophenylmethanethiolsulfonate (0.932 g, 

2.66 mmoles) was dissolved in 15 ml of dichloromethane and a solu

tion of 85% m-chloroperbenzoic acid (2.16 g, 10.64 mmoles) in 20 

ml of the same solvent was slowly added at 0°C. The reaction 

mixture was allowed to warm to room temperature and the solution 

was stirred for 5 days. The rest of the procedure was the same as 

that with benzyl a-disulfone. The crude solid residue was re

crystallized from ethanol, yielding 0.267 g (26.5%) of m-chlorobenzyl 

a-disulfone, m.p. 168-170°C. IR (KBr): SO2 absorptions at 1115, 

1164, 1326, 1342 cm"""-. NMR (CDCI3): 64.52 (s, 2H), 7.2-7.5 (m, 4H). 

Anal. Calculated for C^^E^^Cl^Q^S^: C, 44.33; H, 3.19; S, 16.91. 

Found: C, 44.18; H, 3.39; S, 16.67. 

Purification of Solvents and Other Reagents 

1,4-Dioxane 

Commercial 1,4-dioxane (Fisher) was further purified by the 

method described by Gordon and Ford . A mixture of 300 ml water, 

40 ml concentrated hydrochloric acid and 3 liters dioxane was 

refluxed under an atmosphere of nitrogen for 12 hours. The solution 

was cooled down to room temperature, and then potassium hydroxide 

pellets were added until no more dissolved and a separate layer 

formed. The dioxane (upper) layer was decanted and dried with fresh 

potassium hydroxide. The dried dioxane was then refluxed over 

sodium overnight until the metal was bright. The pure dioxane was 
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distilled from sodium under a nitrogen atmosphere on a sixty 

centimeter, glass helices-packed, fractionating column, b.p. 97°C. 

Deuterium Oxide 

Commercially available deuterium oxide was used without further 

purification since it was certified by the manufacturer (Wilmad 

Glass Company, Inc.) to contain 99.8 atom % D. 

Piperidine 

Piperidine was purified by careful distillation from potassium 

hydroxide, b.p. 102 C. 

Glycine Ethyl Ester Hydrochloride 

Commercially available glycine ethyl ester hydrochloride 

(Aldrich Chemical Company, Inc.) was used without further purifica

tion. 

Morpholine 

Morpholine was purified by careful distillation from potassium 

hydroxide, b.p. 124 C. 

Perchloric Acid-D 

10 ml deuterium oxide was addad to 5 g perchloric acid and 

the mixed solution was rotary evaporated under reduced pressure to 

about 6-7 ml. This process was repeated three times and part of 

the final solution was titrated with standard sodium hydroxide 

solution. The concentration of perchloric acid-d_ in the final 

solution was found to be 8.0 N̂ . 
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godium Deuteroxide 

Commercially available sodium deuteroxide was used without 

further purification since it was certified by the manufacturer 

(Aldrich Chemical Company) to contain 30% solution of NaOD in D-0 

and 99"*" atom % D. 

Acetonitrile 

Commercially available acetonitrile (Eastman Kodak Company) 

was further purified as suggested by Gordon and Ford by distilling 

it from phosphorous pentaoxide, b.p. 77.6°C. 

Inorganic Acids 

Hydrochloric acid, sulfuric acid, and perchloric acid were 

analytical, reagent grade and were used without further purification. 

Acetic Acid 

Commercially available acetic acid (Fisher Scientific Company) 

was further purified by distillation, b.p. 118 C. 

Sodium Azide 

Commercially available sodium azide (Ventron Corporation, Alfa 

Products) was used without further purification. 

1-Methy1 Imidaz ole 

Commercially available 1-mathylimidazole was used without 

further purification since it was certified by the manufacturer 

(Aldrich Chemical Company, Inc.) to be of 99% purity. 
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Triethanolamine 

Commercially available triethanolamine (Aldrich Chemical Company, 

Inc.) was used without further purification. 

Tr iethylamine 

Commercially available triethylamine (Eastman Kodak Company) 

was further purified by fractional distillation (b.p. 85-88°C). 

Tetrahydrofuran 

Certified tetrahydrofuran (Fisher Scientific Company) was 

used without further purification. 

Procedure for Kinetic Runs 

Runs in 60% Dioxane 

All solutions were prepared fresh immediately prior to use. 

The procedure for the stopped-flow runs was as follows. A solution 

of the a-disulfone of the desired concentration in 60% dioxane was 

prepared and placed in one of the reservoir syringes of a Durrum-

Gibson Model D-110 stopped-flow spectrophotometer. A solution of 

hydroxide ion (or morpholine, or glycine ethyl ester, in the 

desired buffer) of the proper concentration in 60% dioxane was pre

pared and placed in the other reservoir syringe. Upon mixing, the 

course of the reactions was then monitored on the storage oscillo

scope at whatever wavelength had been determined in advance to be 

the best one at which to follow the reaction (for the runs with 

n-butyl a-disulfone and methyl a-disulfone this was 225 nm; for those 
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with isopropyl a-disulfone this was 240 nm; for the runs with £-

chlorobenzyl a-dlsulfone this was 246 nm; for those with m-chloro

benzyl a-disulfone this was 250 nm). 

In all cases duplicate runs showed excellent reproducibility. 

The runs with hydroxide ion and 1-butanesulfonyl chloride were 

carried out in a similar manner except that a solution of the sul

fonyl chloride was used instead of one of the a-disulfone. A 

wavelength of 225 nm was used. 

For the runs that were followed by conventional spectrophoto

metry 3.5 ml of a 60% dioxane solution containing the desired con

centration of the nucleophile, and, where appropriate, its conjugate 

acid was placed in a 1-cm spectrophotometer cell and thermostated 

at 25 C (runs for reactions of _n-butyl a-disulfone and 1-butane 

sulfonyl chloride with acetate ion were thermostated at 40° and 50°C) 

in the cell compartment of a ultraviolet spectrophotometer. Once 

the solution had reached thermal equilibrium, the reaction was 

initiated by the addition via microsyringe and rapid mixing of 

several microliters of a solution of the a-disulfone (or the sul

fonyl chloride) in pure dioxane with the solution in the cell. The 

change in absorbance with time was then followed at the most suit

able wavelength. The wavelengths used were: 230 nm for reactions 

involving ri-butyl a-disulfone; 250 nm reactions involving benzyl 

a-disulfone; 225 nm or 230 nm reactions involving 1-butanesulfonyl 

chloride; 255 nm or 270 nm for reactions involving benzenesulfonyl 

chloride; 240 nm for reactions with isopropyl a-disulfone; and 225 nm 



98 

reactions with dimethyl a-disulfone. 

Pseudo-first-order rate constants for each run were deter

mined from the slope of plots of log(A -A_̂ ) vs. time. The infinity 

value was assumed to be the absorbance of after a period of more 

than ten half lives. The plots showed excellent linearity. 

Runs in 70% Acetonitrile-30% Water Solution 

The procedure for following the kinetics of the reaction of 

n-butyl a-disulfone with acetate ion in 70% acetonitrile-30% water 

solution was essentially the same as for the runs in 60% dioxane 

and the kinetics of the reaction of benzyl a-disulfone with acetate 

ion in 70% acetonitrile-30% water solution was carried out on 

thie stopped flow spectrophotometer instead of the conventional 

ultraviolet spectrophotometer used for the runs in 60% dioxane. 

Procedure for Product Studies 

General Procedure for the Product Studies of the Reactions of Alkyl 
a-Disulfones with Nucleophiles 

A solution of 1.0 mmole of alkyl a-disulfone in 5-10 ml of 

dioxane was rapidly added with stirring to a solution of nucleo

phile in the proper dioxane-water mixture to make the final solution 

approximately 60% dioxane-40% water. The solution was allowed to 

stand at room temperature for a time adequate for the reaction to go 

to completion and then was poured into 50-100 ml of water. The 

resulting mixture was extracted several times with 30 ml portions 

of ether. The ether extracts were washed and dried over anhydrous 
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sodium sulfate or magnesium sulfate. The drying agent was filtered 

off, and the ether was removed under reduced pressure. The residue 

was then pumped on under high vacuum to remove traces of dioxane, 

if needed, and the residue was recrystallized, weighed, and iden

tified. 

Product Study of the Reaction of n^Butyl-
a-Disultone with Piperidine 

In Dioxane-Water Solution 

A solution of 0.242 g (1.0 mmole) of n-butyl a-disulfone in 

9 ml of pure dioxane was rapidly added with stirring to a solution 

of 0.51 g (6 mmoles) piperidine and 18.75 ml of 0.16^ perchloric 

acid (3 mmoles) in 60% dioxane. The solution was allowed to stand 

at room temperature for 5 minutes and then was poured into 85 ml 

of water. The resulting mixture was extracted three times with 30 

ml portions of diethyl ether. The combined ether extracts were 

washed with dilute hydrochloric acid to remove excess piperidine, 

then with water, and finally were dried over anhydrous sodium sul

fate. The sodium sulfate was filtered off, and the ether was 

removed under,reduced pressure. The residue was recrystallized 

from benzene-hexane and was identified as 1-butanesulfonylpiperidide 

(0.107 g, 52.2% yield), m.p. 42-44°C (Lit.^^ , 42-43°C). IR (KBr): 

SO2 absorptions at 1132, 1140; 1320, 1331 cm"^. NMR (CDCI3): 60.95 

52a 
(t, 3H), 1.63 (m, lOH), 2.90 (t, 2H), 3.25 (m, 4H). Lit. NMR 

(Acetone): T6.7 (4 protons), 7.1 (2 protons), 8.4 (10 protons). 



100 

9.0 (3 protons). Mass Spectra peaks at 40°C and 20 eV (intensity) 

m/e 205 (M"̂ , 80.88), 204 (M'^-I, 92.96), 148 (M'̂ -Ĉ Hg, 63.99), 

85 (C3H^^N, 100), 84 (C3H^QN, 100), 64 (SO2, 13.11), 57 (C^H^, 

91.73). Mass match on M : 205.1108033. 

In Dioxane-Deuterium Oxide Solution 

A solution of 1 mmole of ii-butyl a-disulfone in 9 ml of pure 

dioxane was rapidly added to a solution of 6 mmole piperidine and 

0.375 ml of 8.0 N perchloric acid-d. (3 mmoles) in 18.4 ml of 60% 

dioxane-40% deuterium oxide. The rest of the procedure was the same 

as the reaction carried on dioxane-water solution. The recrystalliz

ed residue was identified as 1-butanesulfonylpiperidide-l-d (0.1367 g, 

66.2% yield), m.p. 40-41°c'. NMR (CDCI3): 60.96 (t, 3H), 1.62 (m, 

lOH), 2.90 (t, IH), 3.3 (m, 4H). Mass Spectra peaks at 40°C and 

20 eV (intensity): m/e 206 (M"̂ , 3.73), 205 (M'^-I, 6.03), 149 (M"̂ -

C^Hg, 3.16), 148 (M'̂ -Ĉ HgD, 4.16), 85 (C^H^^N, 100), 84 (CgH^gN, 

100), 83 (C^H^gDN, 23.41), 58 (C^HgD, 31.04), 57 (C^H^D, 22.56). 

Mass match of M"*": 206.1172985 

Product Study of the Reaction of n-butyl > 
a-Disulfone with Morpholine in 'ploxane-Deuterium Oxide Solution 

A solution of 1.0 mmole of n-butyl a-disulfone was added to a 

solution of 6 mmole (0.522 g) morpholine and 3 mmole perchloric acid-d 

in 60% dioxane-40% D2O. The solution was allowed to stand for 30 

minutes and then worked up in exactly the same fashion for the 

reaction with piperidine. The resulting residue was recrystallized 
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from benzene-petroleum ether (0.1135 g, 55% yield), identified as 

1-butanesulfonyl morpholide-1-d, m.p. 40°C (Lit.^^, for 1-butane

sulfonyl morpholide 39°C). NMR (CDCl ): 60.97 (t, 3H), 1.25-1.8 

(m, 4H), 2.92 (t, IH), 3.27 (m, 4H), 3.76 (m, 4H). The integration 

ratio of methyl group to -CHDSO2- was 3.15 to 1. Mass Spectra peaks 

at 40°C and 20 eV (intensity): m/e 208 (M"̂ , 11.30), 87 (C.H NO, 

100), 86 (C^HgNO, 75.64), 58 (C^HgD, 10.96), 57 (C^H^D, 23.11), 56 

(C^HgD, 48.54), Mass match of M"*": 208.097490. 

Product Study of the Reaction of n.-Butyl-
a-Disulfone with Sodium Deuteroxide in 

Dioxane-Deuterium Oxide Solution 

A solution of 1.0 mmole of ri-butyl a-disulfone in 9 ml dioxane 

was rapidly added with stirring to a solution of 2.0 mmole sodium 

deuteroxide in 7.8 ml deuterium oxide and 3 ml dioxane. The solution 

was allowed to stand at room temperature for 5 minutes and then was 

rotary evaporated nearly to dryness under reduced pressure. The 

residue was treated with 5 ml of water and then acidified with 2.0 

II sulfuric acid (pH<l). The resulting acidic solution was extracted 

with 10 ml portions of ether three times to remove 1-butanesulfinic 

acid. The aqueous solution was then neutralized by titration with 

concentrated potassium hydroxide solution (pH = 7.16) and the water 

was removed on a rotary evaporator under reduced pressure. The 

residue was then transferred into an extraction thimble and a Soxlet 

extraction was run for 6 hours using absolute ethanol as extracting 

solvent. After the extraction was finished, the ethanol solution 
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was evaporated to approximately 10-15 ml volume on a rotary evapora

tor. The precipitate that formed gradually on cooling was filtered 

off and dried. This was identified as potassium 1-butanesulfonate-l-d 

-1 (0.056 g, yield 31.6%). IR (KBr): SO3 absorption at 1175-1200 cm 

NMR (D2O): 50.835 (t, 3H), 1.15-1.80 (m, 4H), 2.87 (t, IH). The 

integration ratio was 3.035 to 1. 

Product Study of the Reaction of n-Butyl 
a-Disulfone with Sodium Acetate 

In Dioxane-Water Solution 

A solution of 1.0 mmole of ii-butyl a-disulfone in 9 ml dioxane 

was rapidly added with stirring to a solution of 4.0 mmole sodium 

acetate and 1.0 mmole acetic acid in 8.0 ml water and 3.0 ml dioxane. 

The solution was allowed to stand under nitrogen at 50 C for 4 hours. 

At the end of this reaction, 30 ml of water was added and the 

solution was rotary evaporated to about 5.0 ml final volume. The 

resulting solution was then acidified with 2.0 IT sulfuric acid and 

was extracted three times with 10 ml portions of ether. After 

that, the aqueous solution was neutralized by titration with con

centrated potassium hydroxide solution and the water was removed 

on a rotary evaporator under reduced pressure. The residue was 

then transferred into an extraction thimble and a Soxlet extraction 

was run using absolute ethanol as the extracting solvent. After 

6 hours, the extraction was stopped and most of the ethanol was 

removed on a rotary evaporator until the volume remaining was 

about 10-15 ml. The precipitate that gradually formed was filtered 
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off and dried under vacuum. The white solid was identified as 

potassium 1-butanesulfonate. (0.0875 g, yield 50%). IR (KBr): SO3" 

2' 

1.80 (m, 4H), 2.87 (t, 2H). 

absorptions at 1180, 1214 cm . NMR (D„0): 60.84 (t, 3H), 1.15-

In Dioxane-Deuterium Oxide Solution 

The procedure was very similar to the one described above. 

The only difference was in changing from water to deuterium oxide 

and in carrying out the reaction of a larger scale, i.e., a solu

tion of 2.0 mmole _n-butyl a-disulfone in 13.5 ml of dioxane was 

added with 8.0 mmole sodium acetate, and 2.0 mmole acetic acid in 

4.5 ml dioxane and 12 ml deuterium oxide solution.' The resulting 

compound was identified as potassium 1-butanesulfonate-l-d, (0.135 g, 

38.4% yield). IR (KBr): SO " absorption at 1178-1191 cm"-"". NMR 

(D-0): 60.833 (t, 3H), 1.15-1.75 (m, 4H), 2.87 (t, IH). 

Product Study of the Reaction of n-Butyl 
a-Disulfone with Sodium Azide 

In Dioxane-Water Solution 

A solution of l.Q mmole n-butyl a-disulfone in 9 ml dioxane was 

added to a solution of 2.0 mmole sodium azide in 3 ml dioxane and 8 

ml water. The solution was allowed to stand at room temperature 

for two hours and then was poured into 85 ml of water. The result

ing mixture was extracted twice with 30 ml portions of dichloro

methane and the extract was dried over anhydrous sodium sulfate. 

After filtering off the sodium sulfate, the dichloromethane solution 
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was removed under reduced pressure. The residue was pumped on under 

an oil pump vacuimi to get rid of the last traces of dioxane. The 

residue was a colorless oil (0.1482 g, 91% yield) and was iden

tified from its spectral properties as 1-butanesulfonyl azide. 

Because of the thermal instability of azides it was not distilled. 

IR (Neat):S02 absorptions at 1151, 1190, 1360 cm""̂ . -N- absorption 

at 2117 cm" . NMR (CDCI3): 60.98 (t, 3H), 1.67 (m, 4H), 3.36 (t, 

2H). 

In Dioxane-Deuterium Oxide Solution 

The procedure was exactly the same as above except in changing 

water to deuterium oxide. The residue was also identified in the 

same way. IR (Neat): SO2 absorptions at 1152, 1190, 1360 cm" . -N-

absorption at 2114 cm"""". NMR (CDCI3): 50.99 (t, 3H), 1.66 (m, 4H), 

3.37 (t, 2H). 

Product Study of the Reaction of _n-Butyl 
a-Disulfone with Glycine Ethyl Ester 

In Dioxane-Water Solution 

A solution of 1.0 mmole n-butyl a-disulfone in 9 ml dioxane 

was added to a solution of 6.0 mmoles of glycine ethyl ester hydro

chloride and 3.0 mmole sodium hydroxide (3 ml of 1.0 N NaOH) in 3 

ml distilled water plus 6 ml 60% dioxane. The solution was allowed 

to stand at room temperature for two hours and then was poured into 

60 ml of water. The resulting mixture was extracted six times with 

45 ml portions of ether and the extracts were dried over anhydrous 
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magnesium sulfate. After filtering off magnesium sulfate, the 

ether was removed under reduced pressure. The residue was pumped 

on with an oil pump vacuum to remove traces of dioxane. The final 

residue obtained was a brown liquid (-0.138 g, 62% yield), iden

tified as glycine ethyl ester-1-butanesulfonamide on the basis of 

its infrared and NMR spectra. IR (Neat): SO2 absorptions at 1135, 

-1 
1325 cm . -C-OEt absorptions at 1750, 1205 cm" . ::N-H absorption 

0 _ 

at: 3300-3320 cm"""". NMR (CDCI3) : 50.953 (triplet, 3H, methyl group 

in 1-butyl group). 1.31 (triplet, 3H, methyl group in ethyl group). 

1.5-2.0 (multiplet, 4H, methylene hump in 1-butyl group). 3.13 

(triplet, 2H, methylene group attached to sulfonyl group). 3.96 

(singlet, 2H, methylene group in between carbonyl and -NH- group). 

4.27 (quartet, 2H, methylene group in ethyl group). 

In Dioxane-Deuterium Oxide Solution 

A solution of 1.0 mmole n-butyl a-disulfone in 9 ml dioxane 

was added to a solution of 6 mmole glycine ethyl ester hydrochloride 

and 3 mmole sodium deuteroxide in 7.7 ml deuterium oxide plus 3 ml 

pure dioxane. The rest of the procedure was exactly the same as in 

dioxane-water solution. The residue obtained was identified as 

glycine ethyl ester 1-butanesulfonamide-l-d (0.1508 g, 67.6% yield). 

IR (Neat): SO2 absorptions at 1125-1150, 1326 cm"\ Carbonyl 

absorptions at 1753, 1210 cm~\ Î NH absorption at 3315 cm" . NMR 

(CDCI3): 60.955 (triplet, 3H, methyl group in 1-butyl group). 1.31 

(triplet, 3H, methyl group in ethyl group). 1.5-2.0 (multiplet, 
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4H, -CH2CH2- group, 2 and 3 positions of 1-butyl group). 3.10 

(triplet, IH, methylene group attached to sulfonyl group). 3.96 

(singlet, 2H, methylene group in between carbonyl and :̂ NH group) 

4.277 (quartet, 2H, methylene group in ethyl group). 

Product Study of the Reaction of Methyl 
a-Disulfone with Morpholine 

In 60% Dioxane-40% Water Solution 

A solution of 1.0 mmole dimethyl a-disulfone in 9 ml dioxane 

was added to a solution of 6 mmole morpholine and 3 mmole perchloric 

acid (3 ml of 1.0 _N HCIO.) in 3 ml of water mixed with 6 ml 60% 

dioxane. The solution was allowed to stand for 5 minutes and then 

was poured into 60 ml of water. The resulting mixture was extracted 

four times with 40 ml portions of dichloromethane. The methylene 

chloride extracts were washed and dried over magnesium sulfate. The 

drying agent was filtered off and the solvent was removed under 

reduced pressure. The residue was pumped on under an oil pump 

vacuum to remove traces of dioxane and then was recrystallized 

from absolute ethanol. The compound was Identified as methanesul

fonyl morpholide (0.0512 g, 31% yield, m.p. 96°C) by comparison 

with an authentic sample of this material that was synthesized 

from methanesulfonyl chloride and morpholine in benzene solution 

(m.p. of authentic sample 92-94°C). IR (KBr): SO2 absorptions at 

1150, 1320 cm"""". The spectrimi was identical to that of the authen

tic sample. NMR (CDCI3): 62.805 (singlet, 3H). 3.225 (multiplet. 
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4H). 3.804 (multiplet, 4H). Lit.'^^'^^ NMR (CDCI3): 62.83 (s, 3H), 

3.23 (m, 4H), 3.80 (m, 4H). m.p. 93-94°c. 

In 60% Dioxane-40% Deuterium Oxide 

The procedure was the same as that just described except that 

3 mmoles of DCIO^ was used instead of HCIO^ and deuterium oxide 

instead of water. The resulting compound was identified as 1-d-

methanesulfonyl morpholide (0.073 g, 44.2% yield). IR (KBr): SO 

absorptions at 1144, 1322 cm"-"". NMR (CDCI3): 62.79 (singlet, 2H, 

when the peak was expanded, a split triplet could be observed).. 

3.23 (multiplet, 4H). 3.80 (multiplet, 4H). 

Product Study of the Reaction of Methyl 
a-Disulfone with Sodium Azide 

In Dioxane-Water Solution 

The procedure was very similar to that of n;-butyl a-disulfone 

with sodium azide. The only difference was that after mixing the 

reaction solution was allowed to stand at room temperature for one 

half hour instead of two hours. The resulting product after removal 

of the methylene chloride was identified as methanesulfonyl azide 

(0.086 g, 71% yield) by comparison with a known sample. IR 

(CCl^): SO absorptions at 1130-1210, 1325-1385 cm" . -N3 absorp

tion at 2110-2130 cm'""". NMR (CDCI3): 53.296 (singlet). 

In Dioxane-Deuterium Oxide Solution 

The reaction was carried out using exactly the same procedure 

as above but with the reaction medium changed to dioxane-deuterium 
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oxide. The resulting product (0.0848 g, 70.1% yield) was exactly 

the same as the methanesulfonyl azide formed in dioxane-water. 

IR (CCl^) : the same as for the product from reaction with N." in 

dioxane-water. NMR (CDCI3): 53.3 (singlet, which even after scale 

expansion showed no indication of any splitting into a triplet). 

Product Study of the Reaction of Isopropyl 
a-Disulfone with Morpholine 

In Dioxane-Water Solution 

Procedure was similar to that of n-butyl a-disulfone. The 

only difference was that the reaction solution was allowed to 

stand for 20 minutes at room temperature. After workup the residue 

remaining after removal of the extraction solvent was identified 

as morpholine 2-propanesulfonamide (0.0807 g, 41.8% yield, light 

yellow liquid) by comparison of its spectral properties with those 

41 
previously reported in the literature for this compound . IR 

(Neat): SO2 absorptions at 1108, 1135, 1320 cm" . 2-Propyl group 

absorptions at 1364, 1388 cm"-''. NMR (CDCI3): 61.35 (d, 6H), 3.367 

(m, 5H), 3.754 (m, 4H). 

In Dioxane-Deuterium Oxide Solution 

A solution of 0.214 g (1 mmole) of isopropyl a-disulfone in 

9 ml dioxane was added to a solution of 6.0 mmole morpholine, and 

3 mmole deuterated perchloric acid in 7.4 ml deuterium oxide mixed 

with 3 ml dioxane. The rest of the procedure was the same as 

above. The resulting product was identified as morpholine 2-propane-
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2-d-sulfonamide (0.0793 g, 41% yield). IR (Neat): SO2 absorptions 

at 1108-1138, 1315 cm . 2-Propyl absorptions at 1364, 1388 cm"""". 

NMR (CDCI3): 61.35 (singlet, 6H), 3.37 (m, 5H), 3.73 (m, 4H). 

Product Study of Reaction of Isopropyl 
a-Disulfone with Sodium Azide 

In Dioxane-Water Solution 

The same procedure was used as with methyl a-disulfone and 

ii-butyl a-disulfone but the reaction mixture was allowed to stand 

for six and a half hours at room temperature. After work-up and 

removal of the extraction solvent the residue was identified as 

2-propanesulfonyl azide (0.0813 g, 54.6% yield, yellow liquid) by 

virtue of its infrared and NMR spectra. Because of the thermal 

instability of azides no attempt was made to distill the product. 

IR (Neat): SO2 absorptions at 1143, 1350 cm . -N3 absorption at 

2120 cm"-*-. NMR (CDCI3): 51.51 (doublet, 6H), 3.53 (septet, IH). 

In Dioxane-Deuterium Oxide Solution 

The procedure was the same as above except that the solvent 

medium was changed to 60% dioxane-40% deuterium oxide solution. 

The residue (0.0937 g, 62.9% yield) was 2-propanesulfonyl azide, 

identical in all respects with the product formed from azide and 

the same a-disulfone in 60% dioxane-40% water. IR (Neat): the same 

as for the product from reactioa x̂ ith N3" in dioxane-water. NMR 

(CDCl ): 51.503 (doublet, 6H), 3.53 (septet, IH). 
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Product Study of the Reaction of 1-Butanesulfonyl Chloride 
With Morpholine in Dioxane-Deuterium Oxide Solution 

The procedure was very similar to that for the reaction of 

ii-butyl a-disulfone with morpholine in dioxane-deuterium oxide 

solution. The only difference was that after mixing the reaction 

solution was allowed to stand at room temperature for 8 minutes 

instead of 30 minutes. The crude residue was pimiped on under an 

oil pump vacuum to get rid of the last traces of dioxane giving 

0.14 g of crude 1-butanesulfonyl morpholide. After recrystalliza

tion from benzene-petroleum ether, 0.11 g of pure compound (54%), 

m.p. 41-5-42 C, that had undergone partial deuteration of the 

methylene group adjacent to the sulfonyl group was isolated and 

identified as 1-butanesulfonyl morpholide. IR (KBr): SO- absorp

tions at 1106-1140 cm""*"; 1320-1340 cm"-*-. NMR (CDCI3): 50.972 (t, 

3H), 1.25-1.95 (m, 4H), 2.926 (t, 1.85H), 3.27 (t, 4H), 3.76 (t, 

4H). The integration ratio of methyl group to -CH2SO2 was 3 to 1.85. 

Product Study of the Reaction of 1-Butanesulfonyl Chloride 
with Piperidine in Dioxane-Deuterium Oxide Solution 

A solution of 0.1567 g (1 mmole) of 1-butanesulfonyl chloride 

in 9 ml dioxane was added to a solution of 0.51 g (6 mmoles) 

piperidine and 0.47 ml of 6.4 N_ deuterated perchloric acid (3 

mmoles) in 7.53 ml deuterium oxide mixed with 3 ml dioxane. The 

rest of the procedure was similar to that for the reaction of n-
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butyl a-disulfone with piperidine. The crude residue was pumped 

under an oil pump vacuum to get rid of the last traces of dioxane 

and the crude piperidide 0.1645 g (80%) obtained. After recrystalli

zation (once from benzene-hexane, twice from benzene-petroleum 

ether), 0.062 g of extremely pure white crystals (first crop) 

was isolated and identified as 1-butanesulfonyl piperidide with 

partially deuterated methylene protons (second crop about 0.02 g, 

total yield 40.1%), m.p. 40-41.5°C. IR (KBr): SO absorptions at 

1120-1140 cm ; 1318-1332 cm" and the shape of other peaks iden

tical with that obtained from the reaction of n-butyl a-disulfone 

with piperidine. NMR (CDCI3); 60.947 (t, 3H), 1.25-1.95 (m, 4H), 

2.888 (t, 1.285H), 3.245 (m, 4H). The integration ratio of methyl 

group to -CH2SO2 was 3 to 1.285. 

Product Study of the Reaction of 1-Butanesulfonyl Chloride 
with Sodium Deuteroxide in Dioxane-Deuterium Oxide Solution 

The work-up procedure was similar to that of the reaction of 

ji-butyl a-disulfone with sodium deuteroxide. However, after 

removing solvent under reduced pressure, the residue was added 

to 15-20 ml of water, and then neutralized with concentrated KOH 

solution until the pH reached '>'10. The purpose of this was to 

turn chloride ion and the sulfonate into their respective potassium 

salts. The resulting basic solution was rotary evaporated to 

dryness under reduced pressure and the white residue obtained was 

transferred into an extraction thimble and a Soxlet extraction was 

run using absolute ethanol as the extracting solvent. After 12 hr., 
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the extraction was stopped and most of the ethanol was removed on 

a rotary evaporator until the volume remaining was about 10 ml. 

The precipitate that gradually formed was filtered off and dried 

under vacuum. The white solid was identified as potassium 1-

butanesulfonate-1-d (0.15 g, 85% yield). IR (KBr): SO," absorption 

at 1170-1200 cm"-'-. NMR (D2O) : 60.83 (t, 3H), 1.1-1.7 (m, 4H), 

2.81 (t, IH). The integration ratio of methyl group to CH-S0-~ 

was 3 to 1.034. 

Product Study of the Reaction of 1-Butanesulfonyl Chloride with 
Sodium Acetate in Dioxane-Deuterium Oxide Solution 

A solution of 1.0 mmole of 1-butanesulfonyl chloride in 9 ml 

dioxane was rapidly added with stirring to a solution of 5 mmole 

CD-GOOD (0.322 g) and 4 mmole sodium deuteroxide in 8 ml deuterium 

oxide and 3 ml dioxane. The solution was allowed to stand under 

nitrogen at 50°C for six hours. At the end of the reaction, 30 ml 

of water was added and the solution was rotary evaporated to about 

10.0 ml final volume. The resulting solution was then acidified 

with 2.0 N_ sulfuric acid and worked up by the same procedure used 

in the reaction of n-butyl a-disulfone with acetate. The crude 

solid was identified as potassium 1-butanesulfonate contaminated 

with some potassium acetate-d3 (0.226 g). Since the NMR spectrum 

indicated that no other impiurities were present (the contaminating 

CD coo" has no effect on the spectrum), further purification of 

this material was not attempted. IR (KBr): SO3" absorption at 

1170-1205 cm"^ NMR (D2O): 60.83 (t, 3H), 1.1-1.8 (m, 4H), 2.81 
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(t, 1.73H). The integration ratio of the methyl group to CH SO 

was 3 to 1.73. 

Product Study of the Reaction of 1-Butanesulfonyl Chloride with 
Glycine Ethyl Ester in Dioxane-Deuterium Oxide Solution 

The work-up procedure was the same as in the reaction of n-

butyl a-disulfone with glycine ethyl ester. The only difference 

was that the reaction mixture stood at room temperature for four 

hours instead of two hours. The final residue obtained was identi

fied as glycine ethyl ester 1-butanesulfonamide on the basis of 

its Infrared and NMR spectra (0.18 g, 80.7% yield). IR (Neat): 

;;;;S02 absorptions at 1125, 1320 cm . Ester absorptions at 1740 

cm" . :̂ NH absorptions at 3300 cm" . NMR (CDCI3) : 60.97 (triplet, 

3H, methyl group in butyl group). 1.4-1.95 (multiplet, 4H, methy

lene hump in butyl group). 1.313 (triplet, 3H, methyl group in 

ethyl group). 3.082 (triplet, 1.76H, methylene group attached to 

sulfonyl group). 3.946 (doublet, 2H, methylene group in between 

carbonyl and ̂ NH group). 4.25 (quartet, 2H, methylene group in 

ethyl group). 5.418 (triplet, IH, :=NH group). 

Product Study of the Reaction of Benzyl a-Disulfone 
with Sodium Azide in Dioxane-Deuterium Oxide Solution 

A solution of 0.31 g benzyl a-disulfone (1 mmole) in 9 ml 

dioxane was added with stirring to a solution of 0.13 g (2 mmoles) 

sodium azide in 3 ml dioxane mixed with 8 ml deuterium oxide. The 

solution was allowed to stand at room temperature for 20 minutes 
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and then was poured into 60 ml of water. The resulting mixture 

was extracted twice with 40 ml portions of dichloromethane. The 

combined dichloromethane extracts were dried over anhydrous mag

nesium sulfate. The dichloromethane solution was removed under 

reduced pressure and the crude residue was pumped on under an oil 

pimip vacuum to get rid of the last traces of dioxane giving 0.153 

g of crude a-toluenesulfonyl azide. After recrystallization from 

ethanol, 0.102 g of pure a-toluenesulfonyl azide (52%), m.p. 

53-54.5 C, was isolated. Its NMR spectrum showed the incorpora

tion of deuterium into the methylene group. IR (KBr): -N-" absorp

tion at 2105-2100 cm" . ;;:S02 absorptions at 1353, 1030-1050 cm""*". 

NMR (CDCI3): 64.55 (s, 1.29H), 7.47 (s, 5H). The integration ratio 

of methylene protons (-CH-SO-) to phenyl was 1 to 3.89. 

Behavior of a-Toluenesulfonyl Azide in the Presence of 
Various Tertiary Amines in Dioxane-D^O Solution 

With Triethylamine 

A solution of 0.197 g (1 mmole) of an authentic sample of a-

toluenesulfonyl azide in 9 ml dioxane was added with stirring to a 

solution of 0.404 g (4 mmoles) triethylamine and 0.31 ml of 6.4 

^ DCIO, ( 2 mmoles) in 8 ml deuterium oxide mixed with 3 ml dioxane. 

The solution was allowed to stand at room temperature for 25 minutes 

and then was poured into 60 ml of water. The resulting mixture was 

extracted three times with 40 ml portions of dichloromethane. The 

combined dichloromethane extracts were washed with dilute hydro

chloric acid to remove excess triethylamine, then with water, and 
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finally were dried over anhydrous sodium sulfate. The sodium 

sulfate was filtered off, and the dichloromethane was removed 

under reduced pressure. The residue was pumped on with an oil 

pump vacuum to remove traces of dioxane. The final residue ob

tained (0.0845 g) was recrystallized from ethanol and only 0.018 

g of pure crystals were isolated. Their IR spectrum was identical 

to that of the authentic sample, m.p. 53°C. NMR (CDCl ): 64.54 

(s, 0.67H), 7.48 (s, 5H). The integration ratio was 0.67 to 5. 

With Triethanolamine 

The procedure was exactly the same as above. Before adding 

the a-toluenesulfonyl azide solution, the pH of the triethanolamine 

buffer solution was measured and found to be 9.54 (pK of the con-
a 

jugate acid of triethanolamine is equal to 9.50 ). The residue 

obtained was identified as the starting material (0.1865 g). After 

recrystallization from ethanol, 0.082 g of very pure a-toluenesul

fonyl azide was obtained. NMR (CDC1-) : The spectrum was identical 

to that of an authentic sample and the integration ratio was 1.48 

(-CH2SO2) to 5 (phenyl). 

With 1-Methylimidazole 

The procedure was exactly the same as above. The pH value of 

1-methylimidazole buffer solution was measured as 7.16 (pK^ of the 

conjugate acid of 1-methylimidazole is equal to 6.95). The residue 

obtained was identified as the starting material (0.1154 g, 58.6% 

yield). NMR (CDCl.): identical with authentic sample of the sul-
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fonyl azide and with an integration ratio of 2 (-CH2SO ) to 5 

(phenyl). 

Product Study of the Reaction of Benzyl 
a-Disulfone with Sodium Azide in the Presence 
of 1-Methylimidazole in Dioxane-D 0 Solution 

A solution of 0.155 g (0.5 mmol) of benzyl a-disulfone in 9 ml 

dioxane was added to a solution of 0.166 g (2 mmoles) 1-methyl

imidazole, 0.156 ml of 6.4 IT deuterated perchloric acid (1 iranole) , 

and 0.065 g (1 mmole) sodium azide in 8 ml deuterium oxide mixed 

with 3 ml dioxane. The rest of the procedure was similar to that 

used in studying the reaction of benzyl a-disulfone with sodium 

azide alone. The residue was isolated and identified as a-toluene

sulfonyl azide-1-d (0.075 g, 76.1% yield), m.p. 53.5-55°C. IR 

spectrum was identical to that of the authentic sample, N absorp

tion at 2116 cm" ; SO- absorptions at 1355, 1145 cm" . NMR (CDCI3) : 

64.54 (s, IH), 7.48 (s, 5H). The integration ratio was 1.04 to 5. 

Behavior of Morpholine a-Toluenesulfonamide in the Presence 
of Morpholine in Dioxane-D^O Solution 

A solution of 0.241 g (1 mmole) morpholine a-toluenesulfonamide 

in 9 ml dioxane was added to a solution of 0.522 g (6 mmoles) 

morpholine, and 0.47 ml of 6.4 N DCIO^ (3 mmoles) in 8 ml deuterium 

oxide mixed with 3 ml dioxane. The solution was allowed to stand 

at room temperature for 5-6 minutes and worked up in the same 

fashion as used for work-up of the banzyl a-disulfone-azide reac

tion. The crude residue (0.64 g) was recrystallized from tetrahydro-
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furan-ethanol and giving the pure a-toluenesulfonamide 0.201 g (83.4%), 

m.p. 175-177 C. IR (KBr): SO2 absorptions at 1112, 1154; 1325, 

1349 cm ; (Same as authentic sample). NMR (CDCl ) : 63.10 (t, 

4H), 3.62 (t, 4H), 4.243 (s, 2H), 7.42 (s, 5H). Relative integra

tion ratios were 3.956:4.056:2:5.025. 

Product Study of the Reaction of Benzyl a-Disulfone 
with Morpholine in Dioxane-DpO Solution 

The procedure was the same as above; 1 mmole (0.31 g) benzyl a-

disulfone was used. After recrystallization, 0.1635 g of pure 

white crystals were isolated and identified as morpholine a-

toluenesulfonamide-a-1-d (67.8% yield), m.p. 175-177°C, IR (KBr): 

Identical with an authentic sample of morpholine a-toluenesulfona

mide. NMR (CDCI3): 53.10 (t, 4H), 3.62 (t, 4H), 4.24 (s, IH), 

7.42 (s, 5H) . Integration ratio for the a-toluene CH2 group to the 

phenyl group was 1.04 to 5. 

Procedure for Exchange Reactions 

Hydrogen-Deuterium Exchange Reaction of n-Butyl 
Trifluoromethyl Sulfone with Sodium Deuteroxide 

A solution of the proper amount of n-butyl trifluoromethyl 

sulfone (60 mg) in 1.0 ml of 70% CD3CN-30% D2O was transferred into 

a 5 mm NMR tube and placed in the cavity of a Varian XL-100 NMR 

spectrometer. After injecting 20 yl of a 0.1 N stock solution of 

sodium deuteroxide ([NaODj = 2X10"^ N) into the NMR tube, the solu

tion was rapidly mixed and as soon thereafter as possible (45 sec) 
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the NMR was again determined. It was found that even in this very 

short time the original triplet for the methylene group next to 

the sulfonyl group had already disappeared. In other words, the 

exchange reaction was complete within 45 seconds. 

Acetate-Catalyzed Hydrogen-Deuterium Exchange Reaction 
of n-Butyl Trifluoromethyl Sulfone ~ 

A solution of proper amount of n-butyl trifluoromethyl sulfone 

(10-20 mg) in 0.7 ml of 70% CD3CN-30% D2O was added to 0.3 ml of 

a CD3C02"/CD3COOD (0.1 M:0.1 M) buffer solution to make up 1 ml 

of solution with a 0.03 M acetate concentration. Similarly, 

another 1 ml of solution with 0.015 M acetate buffer concentration 

was made up in the same way. The mixed solution was transferred 

into a 5 mm NMR tube and the tube was kept in a constant tempera

ture bath at 50 C. After various periods of time, the tube was 

removed and the NMR spectrum of the solution was determined using 

a Varian XL-100 NMR spectrometer. The iategration ratio of the 

methylene group next to the sulfonyl group vs. methyl group were 

calculated. First-order rate constants for each run were deter

mined from the slope of plots of log (integration ratio) vs. time. 

Acetate-Catalyzed Hydrogen-Deuterium Exchange 
Reaction of Benzyl Trifluoromethyl Sulfone 

A buffer solution of 10 yl of CD3C00~/CD3C00D (1.0 M:1.0 M) 

was injected into a solution of 1 ml of proper amount of benzyl 

trifluoromethyl sulfone (10-20 mg) in 70% CD3CN-30% D2O to make up 

'\'l ml of solution with a 0.01 M acetate concentration. Similarly, 
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another two sets of solution, one with 0.02 M acetate buffer con

centration, the other with 0.04 M acetate buffer concentration, 

were also made up in the same way. The mixed solution was trans

ferred into a 5 mm OD NMR tube and the NMR spectrum of the solu

tion was determined using a Varian XL-100 NMR spectrometer at 25 C. 

Since the usual ambient temperature for NMR probe is not constant 

at 25 C, one has to use an additional temperature controller with 

liquid nitrogen cooling system attached to it to control the tempera

ture. The integration ratio of the methylene group next to the 

sulfonyl group vs. phenyl group were calculated. First-order rate 

constants for each run were determined from the slope of plots of 

log (integration ratio) vs. time. 



CHAPTER V 

THERMAL DECOMPOSITION REACTIONS OF ALKYL 

a-DISULFONES(I): RESULTS 

Kinetic Studies of the Thermal Decomposition of 
Alkyl a-Disulfones 

The most convenient method for following the decomposition of the 

alkyl a-disulfones proved to be measurement of the rate of evolution of 

sulfur dioxide. The apparatus used in all the kinetic studies is shown 

in Figure 3. Before the a-disulfone solutions were immersed in the 

constant temperature bath, they were deaerated by passing nitrogen 

through the solution at room temperature for at least 1 hr. The actual 

method of following the decomposition, which is described in detail in 

the Experimental Section (Chapter VII), consists of sweeping the sul

fur dioxide out of the solution as it is formed with a steady nitrogen 

stream and through chilled trap B which contains an aliquot of standard 

iodine solution. The time required for the disappearance of the iodine 

color is recorded, another aliquot of iodine is added, and the pro

cess repeated as many times as desired. Finally an excess of iodine 

is added, and an "infinity" sulfur dioxide yield is determined after a 

suitable period of time (> 10 half lives) by back titration of the 

excess iodine with thiosulfate. 

Two alkyl a-disulfones were studied. The first was benzyl a-di

sulfone. The other was 3-phenylpropyl a-disulfone. The thermal de

composition of both alkyl a-disulfones was found to follow satis

factory first-order kinetics. A plot of log (1-[S02]/[802]^) vs. 

time is linear and the experimental rate constant (k^ = slope) for 
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two runs at different initial concentration is independent of initial 

concentration of the a-disulfone (see Table 13). This indicates that 

the decomposition is in fact a true first-order reaction without 

important contributions from higher order terms. Table 13 lists all 

these first-order rate constants for various conditions. The de

composition reactions of the two alkyl a-disulfones were carried out 

at several different temperatures, thus enabling AH''' and AS^ to be 

calculated for these compounds from the expression for the rate con

stant derived by the transition state theory (Eq. 40). Actually AH''' 

, _ . k'T . AST/R -AH7RT , , 
k^ - ( ̂ ^ ) e e (40) 

can be calculated just as accurately from a plot of log k vs. 1/T 

where the slope = -Ea/2.303R and where AH* for any particular tempera

ture is then obtained by the relationship of AH'' = Ea-RT. 

The effect of solvent on the rate of reaction can also be seen 

in Table 13. For 3-'phenylpropyl a-disulfone, changing the solvent 

from bromobenzene to _t-butylbenzene or diphenylmethane does not alter 

the first-order rate constant to any significant extent. In other 

words, the rate of decomposition of alkyl a-disulfone is seemingly 

not very sensitive to solvent. 

Products of the Thermal Decomposition of Benzyl a-Disulfone 

The products of the thermal decomposition of benzyl a-disulfone 

in bromobenzene were investigated. The detailed procedure used for 

product identification is given in the Experimental Section (Chapter 
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Table 13 

Rate Constants for Thermal Decomposition Reactions 
of Alkyl a-Disulfones 

a-Disulfone, 
Concentration, 

M 

(PhCH„S0-)., 
0.02 ^ ^ ̂  

0.01 

Solvent 

PhBr 

Temp., , 

°C k̂ XlÔ s"-'- AH^kcal/mol As'̂ eu 

137.7 

127.3 

116.7 

38.1 

36.0 

11.3 

11.0 

2.92 

2.72 

37.8 17.3 

(PhCH-CH,CH-S0 ) , 
0.01 ^ ^ ^ ^ ^ PhBr 143.9 8.62 

0.01 

0.01 

0,25 

PhC(CH3)3 

Ph2CH2 

133.8 

133.5 

127.1 

126.2 

143.8 

8.12 

2.24 

2.10 

0.935 

0.872 

0.926 

10.32 

7.19 

8.58 

42.3 23.4 
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VII). The yields of the various identifiable products were as follows 

(mole/mole of benzyl o-disulfone) : SO2, 1.6; PhCH2CH Ph, 0.41; 

PhCH2S02CH2Ph, 0.12. 



CHAPTER VI 

THERMAL DECOMPOSITION REACTIONS OF ALKYL 

a-DISULFONES(II): DISCUSSION 

Determination of the Mechanism of the Thermal 
Decomposition of Alkyl a-Disulfone 

The thermal decomposition of alkyl a-disulfone follows good first-

order kinetics, suggesting that the rate-determining step is some 

unimolecular reaction of the a-disulfone. In principle, there are 

four possible mechanisms for the thermal decomposition of 

alkyl a-disulfone: (a) homolytic dissociation of the S-S bond without 

breaking any other bonds (Eq. 41); (b) homolytic dissociation of 

several bonds simultaneously, including both the S-S bond and S-C 

bonds (Eq. 42); (c) heterolytic dissociation of the S-S bond, or even 

both S-S and S-C bonds, to form various ionic species; (d) some kind 

of concerted rearrangement of the a-disulfone (Eq. 43). The large 

0 0 
II II 

RCH-S-SCH-R 
2|l II 2 

0 0 

2 RCH2S02* (41) 

0 0 
II II 

RCH-S-SCH-R 
'̂ ll II ^ 

0 0 

2 RCH2- + 2 SO2 

RCH2- + SO2 + RCH2S02' (42) 

0 0 
II II 

RCH-S-SCH-R 
'̂ ll II ^ 

0 0 

II '̂̂  '"X 
RCH„S- -SCH-R 

2|| II ^ 
0 0 

0 
II 

RCH-S-0-SCH-R 
2)1 II 2 

0 0 

(43) 
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positive AS value for the thermal decomposition of alkyl a-disulfone 

hardly seems consistent with either rate-determining heterolytic 

dissociation or with a concerted rearrangement. In solvents like 

bromobenzene ionic dissociations such as reactions of the tjrpe 

R X — • R + X generally have very negative entropies of activation 

and a concerted rearrangement would also be unlikely to have a large 

. . *n4 58 „ ^ , 4 

positive AS'. However, the large positive AS' is consistent with 

the rate-determining step being homolytic dissociation of the S-S 

bond in alkyl a-disulfones, since a number of examples of homolytic 

dissociations, such as the breaking of the 0-0 bonds in _t-butyl 
59 peroxide, benzoyl peroxide, or _t-butyl peracetate are known to have 

AS' values in the range of 13-17 eu. 

The products of the thermal decomposition of benzyl a-disulfone 

are also consistent with a homolytic dissociation mechanism. Forma

tion of bibenzyl and benzyl sulfone as the principal organic products 

can be accounted for by reactions involving PhCH2' and PhCH2S02' 

radicals shown in Eqs. 44, 45, and 46. Also, the fact that the rate 

PhCH2S02- ' »• PhCH2- + SO2 (44) 

2 PhCH2- > PhCH2CH2Ph (45) 

PhCH2' + PhCH2S02 > PhCH2S02CH2Ph (46) 

of thermal decomposition of 3-phenylpropyl a-disulfone is not signi-

licantly changed by a change in solvent is consistent with a mechanism 

involving rate-determining homolytic dissociation. Reactions involving 
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homolyt ic d i s s o c i a t i o n usua l ly exh ib i t l i t t l e or no e f f ec t of so lven t 

on r a t e . 

Comparison of t h e Thermal Decomposition Reactions of Aryl and Alkyl 
a -Disu l fones 

The thermal decomposition of a r y l a -d i su l fones has been shown to 

invo lve a r a t e determining homolytic d i s s o c i a t i o n . However, compari

son of t h e r a t e and AĤ  for the decomposition of ^ - t o l y l a -d i su l fone 

wi th the same parameters for the thermal decomposition of benzyl a-

d i s u l f o n e shows t h a t t h e benzyl a-disulfone decomposes ca . 60 t imes 

f a s t e r and has ca . 3 .1 kcal/mole smaller AH' ( r a t e da ta for 2 - t o l y l 

a - d i s u l f o n e , k- = 1.5 X 10 S a t 145 C ; for benzyl a - d i s u l f o n e , 

- 4 - 1 4 4 

k- was calculated to be 9 X 10 S by applying AH' and AS' values in 

Table 13 into Eq. 40 at 145 C). The much faster rate of thermal 

decomposition and lower AH' for benzyl a-disulfone as compared to p-

tolyl a-disulfone remind one of the fact that in the thermal decomposi

tion of peresters PhCH2C(0)00Bur-jt decomposes considerably faster 
4 59 

than PhC(0)00Bu-_t and with a lower AH'. Consideration of the 

perester decompositions and the explanation that has been given for 

the observed differences in rates and AH* for those decompositions is 

helpful in suggesting a possible explanation for the faster rate of 

thermal decomposition of benzyl a-disulfone as compared with £-tolyl 

a-disulfone. 

Many years ago, Bartlett and Hiatt^^ studied the thermal decomposi

tion reactions of a series of t̂ -butyl peresters, RC(0)00C(CH3)3, 

and found that on going from jt-butyl perbenzoate, CgH5C(0)OOC(CH3)3, 
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to ̂ -butyl phenylperacetate, CgH3CH2C(0)OOC(CH3)3, there is an 18 

fold rate acceleration at 60°C, a 4.8 kcal/mole smaller AH+, and a 

3.9 eu smaller AS . These changes in rate and activation parameters 

were interpreted to be the result of changes in the mechanism of 

homolytic dissociation, with _t-butyl perbenzoate undergoing primary 

cleavage only at the 0-0 bond (Eq. 47), and _t-butyl phenylperacetate 

undergoing concerted cleavage of both 0-0 and C-C bonds (Eq. 48). The 

0 
II 

CgH^C00C(CH3)3 • ^e^S^l' "̂  (CH3)3CO- (47) 

0 
II 

CgH^CH2COOC(CH3)3 > C^E^CR^- + CO2 + (CH3)3CO- (48) 

use of the concerted mechanism (Eq. 48) allows the resonance stabiliza

tion of the benzyl radical to contribute to the stabilization of the 

transition state and lowers AH from what it is for a perester like 

PhC(0)OOBu-_t. 

In the concerted mechanism the number of bonds about which rota

tion is restricted in the transition state should be larger than the 

number of bonds about which rotation would be restricted in a non-

concerted mechanism, in which only the 0-0 bond is being broken in 

the rate-determining step. These additional restrictions to rotation 

in a concerted homolytic decomposition should lead to a less positive 

entropy of activation than for the nonconcerted cleavage, which will 

partially offset the rate acceleration provided by the decreased 

value of AH'''. Thus in the thermal decomposition of CH3C(0)00Bu-_t 
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where only the 0-0 bond is cleaved in the rate-determining step there 

are no restrictions to rotation. On the other hand, in the concerted 

hemolysis of PhCH2-C(0)0-0Bu-^ rotation has to be restricted about 

two bonds, the C(0)-0 bond, so that there can be proper overlap of 

the developing p-orbitals on C and 0 that are to overlap to give the 

second C=0 of carbon dioxide, and the Ph-CH2 bond, so that there 

can be maximum stabilization of the developing p-orbital on the CH 

group of the benzyl radical being generated with the ir electron 

cloud of the aromatic ring. Bartlett and Hiatt concluded from examina

tion of the AS values associated with the decompositions of a large 

i 
number of _t-butyl peresters that AS""" was decreased, on the average, 

by about 7 eu for each bond about which rotation was restricted in 

the transition state. They were able to make a convincing argument 

that restrictions to rotation in the transition state for the decomposi

tion of peresters was entirely responsible for the decrease of AS^ 

that is observed on going from nonconcerted to concerted hemolysis. 

As noted above this decrease in AS' causes the rate acceleration that 

is observed for concerted hemolysis to be much smaller than would 

be expected from the decrease in AH'. 

The behavior of the peresters makes one wonder whether a similar 

explanation could be the ex̂ iilanation for why benzyl a-disulfone de

composes so much faster than aryl a-disulfones, i.e., hemolytic 

clevage of only one S-S bond in the thermal decomposition rate-

determining step for (ArS0-2)2 but cleavage of both S-S and a PhCH2-S 

bond in the thermal decomposition rate-determining step for (PhCH2S02)2-
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In an effort to explore the likelihood of this possibility further 

the kinetics of the thermal decomposition of 3-phenylpropyl a-disulfone, 

(PhCH2CH2CH2S02)2. were examined. Unlike benzyl a-disulfone, 3-phenyl

propyl a-disulfone would net yield a resonance stabilized alkyl 

radical upon cleavage of a C-S bond. If the cause of the much faster 

rate of thermal decomposition, and lower AH'', for (PhCH S0„)- as 

compared to (ArS02)2 is because the thermal decomposition of the 

benzyl compound involves hemolysis of two bonds, rather than one, in 

the rate-determining step, then the thermal decompsition of the 

3-phenylprepyl compound where only the S-S bond should undergo cleavage 

in the rate determining step should show a considerably slower rate 

of decomposition, a higher AH", and a more positive AS' than the de

composition of (PhCH-SO-)„. Therefore, comparison of both the rate 

and activation parameters for benzyl and 3-phenylpropyl a-disulfones 

ought to be able to provide a further test of whether a concerted 

hemolysis mechanism is actually involved in the thermal decomposition 

reaction of benzyl a-disulfones. 

From Table 12 one sees that the decomposition rate of benzyl 

a-disulfone is about 12 times faster, has a AH'' value 4.5 kcal/mole 

lower and a AS' value '̂'6 eu smaller than 3-phenylpropyl a-disulfone. 

Based on the behavior of the perester decompsitions this is exactly 

the sort of change in rate and activation parameters that one would 

expect to see if hemolysis of two bends is involved in the rate-

determining step of the thermal decomposition of benzyl a-disulfone. 

However, since this conclusion is at present based en a study of 
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AH* and As''' for only two alkyl a-disulfones, this conclusion must 

still be considered as tentative until additional a-disulfones that 

might be expected to undergo concerted hemolysis can be synthesized 

and the AH' and AS^ associated with their decompositions compared 

with the expectations based on theory. 

The nature of the products of the-thermal decompositions of aryl 

a-disulfones and benzyl a-disulfone shews that the behavior of the 

thermal decompositions of these two kinds of a-disulfones also differs 

after the homolytic dissociation step. Unlike an alkanesulfonyl 

radical such as PhCH-SO.*, loss of sulfur dioxide from an arenesul— 

fonyl radical, ArSO-*, is slew enough so that a kind of head-te-tail 

recombination of two ArSO-' plays an important role in producing the 

various decomposition products of aryl a-disulfone (Eqs. 8, 49, 50, 

and 51). Relatively little sulfur dioxide is observed as a product. 

0 

2ArS02' -> ArSOSAr 
y n 
0 0 

fast •* ArSO- + ArSO, (8) 

ArS02' + ArS03-

ArS02- + ArSO-

0 0 
II I 

-• ArSOSAr 

0 0 

0 
->• ArSOSAr 

on work-up ^ 2ArS03H 

fast —> ArSSAr + ArS03H 

(49) 

(50) 

ArSO, ^ SO2 + Ar-
ArSSAr Ar2S (51) 

One has just seen that the kinetic evidence suggests that 

cleavage of one CH2-S bond in benzyl a-disulfone occurs in the rate-
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determining step and that one mole of sulfur dioxide per mole of a-

disulfone is formed in this step. Loss of SO2 from the one PhCH2S0 • 

radical formed in the rate-determining step should also be quite rapid, 

and therefore it is not surprising that the major organic product 

of the decomposition is bibenzyl, or that 80% of the sulfur originally 

present in the a-disulfone-is;liberated as sulfur dioxide. The fact 

that a small amount of benzyl sulfone is formed indicates that some 

combination of PhCH2- and PhCH2S0-- radicals occurs. Given the fast 

rate expected for PhCH2S02- J-PhCH2- + SO , the fact that such 

a reaction is observed suggests that it may represent cage recombina

tion of PhCH2- and PhCH 802* in the initial solvent cage. Since the 

rate of loss SO2 from PhCH2S0-- would be fast, it is hard to believe 

that any original PhCH-S0„' that lived long enough to escape the 

solvent cage would still retain its SO™ group by the time it encountered 

a benzyl radical in the bulk solution. 



CHAPTER VII 

THERMAL DECOMPOSITION REACTIONS OF ALKYL 

a-DISULFONES(III): EXPERIMENTAL 

Preparation of Materials 

Benzyl a-Disulfone 

This compound was synthesized through the same procedure as 

described in Chapter IV. 

Sodium 3-Phenylpropane-l-sulfinate 

This compound was prepared according to the procedures of Houlton 

and Tartar as modified by Pinnick and Reynolds . l-Bromo-3-phenyl 

propane (20 g, 0.1 mol), Aldrich Chemical Company, Inc., was con

verted to the corresponding Grignard Reagent by reaction with mag

nesium (2.43 g, 0.1 mol) in diethyl ether. After the reaction was 

initiated by the use of a catalytic amount of iodine, the rest of 

the l-bromo-3-phenyl propane was added into the reaction medium at 

once, and the reaction mixture was refluxed for about an hour until 

all of the magnesium disappeared. Finally a grey-black colored 

Grignard reagent, PhCH2CH2CH2MgBr, was obtained. It was used immedia

tely in the next experiment. Sulfur dioxide (30 ml, 0.69 mol) was 

condensed in a dry flask at -78°C, and 100 ml of cold anhydrous ether 

was added. The Grignard solution of PhCH2CH2CH2Mg3r was added to the 

mixture of sulfur dioxide and ether, the resulting mixture stirred 

for another 30 minutes at -78°C, and then allowed to warm up gradually 

to room temperature. Then all volatile materials were removed by 

133 
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passing dry nitrogen gas through the solution at room temperature. 

This left a yellowish solid, the crude sulfinate salt, PhCH_CH-CH_S0--

MgBr. This crude sulfinate salt was immediately treated with 80 ml 

of aqueous ammonium chloride solution to dissolve it and the resulting 

solution was then acidified with 50% sulfuric acid. The acidic solu

tion was extracted twice with 150 ml portions of diethyl ether. The 

combined ether extracts were dried over anhydrous magnesium sulfate, 

the drying agent removed by filtration, and the ether removed under 

reduced pressure. The residue was a slightly yellowish liquid, 

PhCH-CH-CH-SO_H, which was dissolved in a small amount of water and 

then neutralized by titration with 1.0 IT standard NaOH solution. A 

volume of 50.8 ml of NaOH solution was used to neutralize the sulfinic 

acid solution. After titration the solution was extracted with 100 

ml of ether to remove traces of organic impurities. The water was 

removed from the neutralized aqueous solution on a rotary evaporator 

under reduced pressure. The sodium 3-phenylpropane-l-sulfinate so 

obtained was a white solid (10.5 g, 51% yield). 

3-Phenylpropyl a-Dlsulfene 

This compound was prepared by the oxidation of the correspond

ing sodium sulfinate salt (PhCH2CH2CH2S02Na) with an acidic solution 

of cobaltic sulfate according to the directions of Denzer, Allen, 

Conway and Van der Veen^^ The detailed procedure was the same as 

that used for the preparation of n-butyl a-disulfone in Chapter IV. 

The crude 3-Phenylpropyl a-dlsulfone was dried, and then recrystallized 
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from benzene-ethanol, m.p. 114-116°C, yield 18.6%. IR (KBr): SO2 

absorptions at 1113, 1345 cm"S C-H stretching at 2893, 2955, 3052 

cm-\ NMR (CDCI3): 5 2.306 (2H, quintet), 2.815 (2H, triplet). 

3.416 (2H, triplet), 7.10-7.46 (5H, multiplet). ,^al. Calculated 

^°'' ^18^22^2= ^' ^8-99; H,6,05; S, 17.50. Found: C, 59.10; H, 6.04; 

S, 17.56. 

Diphenylmethane 

Commercially available diphenylmethane (Aldrich Chemical Company, 

Inc.) was fractionally distilled, first at atmospheric pressure, b.p. 

252.5-253.5 C, and then under reduced pressure, b.p. 85°C (1.3 mmHg). 

_t-Butylbenzene 

Commercially available _t-butylbenzene (Aldrich Chemical Company, 

Inc.) was fractionally distilled, b.p. 161-162°C. 

Bromobenzene 

Commercially available bromobenzene (Eastman Kodak Company) was 

purified by shaking it with concentrated sulfuric acid, then washing 

with water, and drying ever anhydrous sodium sulfate. The material 

was then fractionally distilled, b.p. 148-149°C. 

Procedure for Kinetic Studies of the Rates of Decomposition of Alkyl 
a-Disulfones 

The apparatus used in determining the rate of sulfur dioxide 

evolution is shown in Figure 3. After a known amount of alkyl a-

disulfone was placed in flask A., the requisite amount of solvent was 
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added by pipette, and dry nitrogen gas was slowly bubbled through 

the solution at room temperature for at least 1 hr. Trap B was 

cooled in ice and served to retain traces of solvent entrained by 

the gas stream. Trap C contained a known amount of standard iodine 

solution and was also cooled in ice to prevent entrainment of iodine. 

In addition a small magnetic stirring bar was placed in the bottom 

of trap C to permit gentle stirring of the aqueous iodine solution. 

Bottle D and E were partially filled with mineral oil and served to 

prevent back-diffusion of air into the system. After nitrogen gas 

had been passed through the apparatus for one hour, flask A was 

immersed in a silicone oil constant temperature bath regulated to +0.1 C. 

Nitrogen was passed through at a slow rate throughout the decomposi

tion in order to sweep out sulfur dioxide as it was formed and carry 

it into trap C where it could react with iodine. The time at which 

the iodine color of the iodine solution in C faded was recorded, and 

a second aliquot of standard iodine was immediately added. This 

process was repeated until at least half of the theoretical amount 

of sulfur dioxide had been evolved. Finally, an excess of standard 

iodine was added, and after a suitable time an infinity value for the 

amount of sulfur dioxide liberated was obtained by titration of the 

remaining iodine with standard sodium thiosulfate. With benzyl a-

disulfone, the yield of sulfur dioxide in most runs was high, up to 

80% of the theoretical for evolution of two moles of SO2 per mole of 

a-disulfone. However, with 3-phenylpropyl a-disulfone the yield of 

sulfur dioxide was only about 40% of the theoretical amount expected. 
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In all cases the observed infinity yield of sulfur dioxide was used to 

calculate rate constants. Table 14 lists all of the kinetic data for 

each run. 

Product Studies of the Thermal Decomposition of 
Benzyl a-Disulfone 

The apparatus used for the product studies was the same as that 

for kinetic studies and shown in Figure 3. The desired amount (0.62 g, 

2 mmol) of benzyl a-disulfone was weighed into flask A, the requisite 

amount of bromobenzene (50 ml) added, and high purity nitrogen was 

slowly bubbled through the solution at room temperature for 1 to 2 

hr. After nitrogen had been bubbled through the solution the a-

disulfone solution was heated to reflux and maintained at that tempera

ture (137.7 C) for 6 hr. The SO2 liberated was determined in trap 

C, which contained a known amount of standard iodine solution. After 

decomposition, the reaction mixture was cooled to room temperature, 

and the bromobenzene was then carefully removed on a rotary evaporator 

under reduced pressure. The residue, which weighed 0.932 g, was 

chrematographed on silica gel. The chromatographic column was eluted 

with successive portions of: hexane, 1:8 benzene-hexane, 1:6 benzene-

hexane, 1:4 benzene-hexane, 1:2 benzene-hexane, 1:1 benzene-hexane, 

2:1 benzene-hexane, benzene, 1:1 benzene-ether, ether,' 1:1 ether-

methanel, and methanol. The products were collected in fractions of 

40 ml volume, the solvents removed, and the yield and identity of 

the various products was established as follows. 

Bibenzyl 

The first fraction eluted by hexane was a white solid whose IR, 
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Table 14 

Kinetic Data for Thermal Decomposition of 
Alkyl a-Disulfones^'° 

All times are given in minutes and concentrations in moles per liter. 
^Bromobenzene was used as solvent for all runs except run 14 where 
_t-butylbenzene was used, and runs 15, 16 where diphenylmethane was 
used. 

Run T( C) 

1 137.7 

((PhCH2S02)2), 

0.02 

Run T(°C) [(PhCH2S02)2] 

137.7 0.01 

Time 

13.3 

18.1 

22.8 

27.8 

32.5 

39.2 

46.4 

54.3 

64.0 

77.1 

95.4 

(S02)„ = 63.2% 
yield 

1-•(S02)/(S02)^ 

0.922 

0.843 

0.765 

0.687 

0.609 

0.530 

0.452 

0.374 

0.295 

0.217 

0.139 

theoretical 

Run 

3 

T(°C) 

127.3 

((PhCH2S02)2J, 

0.01 

Time 1-(S0^)/(S02)„ 

18.5 

29.0 

40.3 

52.4 

65.8 

0.937 

0.873 

0.809 

0.746 

0.682 

Time 

16.3 

26.4 

33.7 

43.5 

73 

104.8 

(S02)eo = 

1 

51% 

-(S02)/(S02)„ 

0.805 

0.600 

0.512 

0.41-4 

0.219 

0.121 

theoretical 
yield 

Run 

4 

T(°C) 

127.3 

((PhCH2S02)2], 

0.01 

Time 

17.7 

28.1 

39.0 

50.6 

63.3 

1-(S02)/(S02)„ 

0.938 

0.876 

.0.814 

.0.752 

0.690 
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Run T(°C) [(PhCH2S02)2l^ 

127.3 0.01 

Time 

80.3 

96 .3 

114.5 

134.8 

158.5 

186 .5 

219.3 

263.0 

z 

0.619 

0.555 

0.492 

0.428 

0.365 

0.301 

0.238 

0.174 

(SO-) = 77.9% theoretical 
V I °^ 

yield 

Run T(°C) ((PhCH2S02)2l 

4 127.3 0.01 

Time 1-(S02)/S02), 

77.4 

92.9 

111.0 

130.5 

153.5 
IBl.O 

264.0 

328.0 

0.628 

0.566 

0.504 

0.442 

0.330 
0.318 

0.194 

0.132 

(SO-) = 79.8% theoretical 
yield 

Run T( °C) 
5 116.7 

Time 

46 .0 

84.5 

126.5 

171.8 

221.0 

274.0 

334.0 

401.5 

478.0 

566.0 

674.0 

(S)2)» = 80.2% 
y i e l d 

[(PhCH2S02)2], 

0 .01 

1-(S02)/ (S02)„ 

0.938 

0.875 

0.813 

0.751 

0.688 

0.626 

0.563 

0.501 

0.439 

0.376 

0.314 

t h e o r e t i c a l 

Run T(°C) 

6 116.7 

Time 

52.5 

90.0 

140.5 

189.0 

240.5 

298.5 

364.5 

437.5 

519.0 

612.0 

(S02)co = 

((PhCH2S02)2)^ 

1-

80.4% 
y ie ld 

0.01 

•(S02)/(S02)„ 

0.938 

0.876 

0.814 

0.751 

0.689 

0.627 

0.565 

0.503 

0.441 

0.378 

t h e o r e t i c a l 
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Run T(' 

7 14; 

Time 

16.6 

28.2 

41.0 

54.0 

68 .3 

84.0 

101.0 

120.3 

141.4 

166.0 

194.5 

^^^iK = 

Run T(^ 

9 126 

Time 

79 

166 

265 

372 

492 

634 

3.9 

44.9% 
y i e l d 

'o 
i.2 

[(PhCH2CH2CH2SO, 

0.01 

l - ( S 0 - ) / ( S 0 - ) 
I 2 °° 

0.944 

0.889 

0.833 

0.777 

0.722 

0.666 

0.610 

0.555 

0.499 

0.444 

0.388 

t h e o r e t i c a l 

P]o 

[(PhCH2CH2CH2S02)^^ 

1-

0.01 

-(S02)/(S02)„ 

0.947 

0.894 

0.841 

0.789 

0.736 

0.683 

Run 

8 

Time 

17.0 

29.0 

41.4 

54.8 

69.2 

84.7 

102.1 

121.0 

143.0 

168.0 

(S02)„ 

Run 

10 

Time 

45 

87 

131 

179 

230 

285 

1 4 J 

) 

T(° 
133 

i.9 

46. 

C) 

.5 

[(PhCH2CH2CH2S02)2]Q 

0.01 

l - ( S 0 - ) / ( S 0 , ) 
I I "> 

0.947 

0.893 

0.839 

0.786 

0.732 

0.678 

0.625 

0.572 

0.518 

0.465 

7% t h e o r e t i c a l y i e l d 

[(PhCH2CH2CH2S02)2]g 

0.01 

1-(S02)/(S02)„ 

0.950 

0.899 

0.849 

0.798 

0.748 

0.697 
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Run 

9 126.2 

T(°C) [(PhCH2CH2CH2S02)2] 

0.01 

Run 

10 133.5 

T(°C) [(PhCH2CH2CH2S02) 2] ̂  

0.01 

Time 

802 

1210 

(S02^« = 

1-(S02)/(S02)„ 

0.630 

0.524 

47.3% theoretical yield 

Time 

349 

418 

496 

597 

(302^=0 -
•- 49, ,5% 

1--(SO )/(S0,)_̂  
I I «• 

0.647 

0.596 

0.545 

0.490 

theoretical yield 

Run T(°C) [(PhCH2CH2CH2S02)2V Run T(°C) r(PhCH2CH2CH2S02)2l ̂  

11 133 

Time 

40 

79 

120 

166 

215 

270 

331 

400 

480 

572 

(302)00 = 

.8 

• 

48% 

1-

0.01 

•(S02)/(S02)„ 

0.948 

0.896 

0.844 

0.792 

0.740 

0.688 

0.635 

0.583 

0.531 

0.479 

theoretical yield 

12 127.1 

Time 

73 

152 

237 

330 

428 

537 

657 

793 

947 

1446 

(SO-) = 54.8% 
I «> 

1-

0.01 

•(S02)/(S02)„ 

0.954 

0.909 

0.863 

0.817 

0.772 

0.726 

0.680 

0.635 

0.589 

0.452 

theeretical yield 
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Table 14 (Continued) 

Run 

13 

Time 

73 

149 

233 

320 

419 

522 

638 

764 

915 

(S02)„ 

T(° 

127 

} 

'o 
. 1 

59. 

[(PhCH2CH2CH2S0 

0.01 

1-(S02)/(S02)„ 

0.958 

0.916 

0.873 

0.831 

0.789 

0.746 

0.704 

0.662 

0.620 

,2% theoretical yi 

2>^„ 

eld 

Run 

14 

Time 

29.0 

53.0 

63.5 

75.5 

88.5 

103.0 

119.0 

138.0 

158.0 

182.0 

(S02)„ 

T(° 

143 

3 

C) 

.8 

39, 

((PhCH2CH2CH2S02)2J„ 

0.1 

1-(S02)/(S02)„ 

0.873 

0.747 

0.696 

0.645 

0.595 

0.544 

0.494 

0.443 

0.392 

0.342 

,5% theoretical yield 

Run T(°C) r(PhCH2CH2CH2S02)2]o Run T(°C) [(PhCH2CH2CH2S02)2]o 

15 143.8 0.01 16 143.8 0.01 

Time 

22 

34 

48 

63 

79 

97 

116 

138 

163 

(S02)« = = 37, 

1 

.4% 

-(S02)/(S02)„ 

0.946 

0.893 

0.839 

0.786 

0.732 

0.679 

0.625 

0.572 

0.518 

theoretical yield 

Time 

15 

28 

41 

56 

71 

88 

105 

125 

147 

173 

(SOẑ co = 34, 

1-

.5% 

-(S02)/(S02)„ 

0.942 

0.884 

0.826 

0.768 

0.710 

0.652 

0.594 

0.536 

0.478 

0.420 

theoretical yield 
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NMR spectrum, and melting point showed it to be bibenzyl. The amount 

of crude bibenzyl obtained was 0.156 g, m.p. 43-45°C, and it was 

recrystallized from ethanol, giving 0.150 g (41.2%) of rather pure 

bibenzyl, m.p. 50-53°C (Lit.^^, 52-53°C) IR (KBr): absorptions at 

1457, 1496, 1607, 2860, 2930, 3036 cm"^. NMR (CDCl ): 6 2.93 (s, 2H), 

7.23 (s, 5H). 

Benzyl Sulfene 

This fraction eluted by 1:1 benzene-ether was a white solid 

that weighed 0.065 g and was identified as benzyl sulfone. The crude 

product was recrystallized from ethanol, giving 0.060 g pure material, 

m.p. 145.5-147.5°C (Lit. ., 151-152°C). IR (KBr): SO2 absorptions 

at 1115-1128, 1275, and 1303 cm . This spectrum is completely 

identical with that of an authentic sample of benzyl sulfone. NMR 

(CDCI3): 6 4.13 (S, 2H), 7.40 (S, 5H). 

There were seme other compounds which were not completely iden

tified. Since they were net present in a significant amount, they 

are relatively less important than those compounds identified above. 

One compound, eluted mainly by 1:6 benzene-hexane and 1:4 benzene-

hexane, was isolated as a yellowish liquid (0.07g). It's NMR spectrum 

showed besides aromatic protons two singlets of equal intensity (or 

a doublet) at 6 4.04 and 6 4.23. This is similar to the NMR spectrum 

of benzyl phenylmethanethiolsulfonate in the region. However, the 

fact that PhCH SSO CH Ph is known to be a solid with m.p. 108 C 

sugg ests that the compound is in fact something else. The other 
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compound was eluted by methanol and was obtained as a brown solid 

(0.1 g) . The elution with methanol shows the compound must be very 

polar. The fact that its IR spectrum shows a strong absorption 

at 1180-1220 and 1050 cm , suggests the presence of a SO3 group. 
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