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Part I Thiolsulfonates 

The stereochemistry of the thermal decomposition of aralkane- 

thiolsulfonates (eq. 1) has been investigated. Optically active phenyl 
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a -deuterio -a -toluenethiolsulfonate (II) was prepared from optically 

active ( -) benzyl -a -d alcohol (I) by the synthetic sequence shown 

below: 
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Decomposition of the optically active thiolsulfonate led to essentially 

completely racemic benzyl -a -d phenyl sulfide. The loss of optical 

activity was shown not to result from any racemization of the thiolsul- 

fonate prior to its decomposition or any racemization of the sulfide 

subsequent to its formation. The thiolsulfonate decomposition is thus 

much less stereospecific than such other internal substitutions as the 

decompositions of alkyl chlorocarbonates or chlorosulfites. 

Experiments with galvinoxyl showed that free radicals are not 

important intermediates in the thiolsulfonate decomposition. _ Evidence 

was obtained which suggests that the decomposition of an a- deuterio 

aralkanethiolsulfonate is subject to a substantial primary isotope ef- 

fect. That fact, the lack of stereospecificity, and the previous exper- 

imental evidence about the reaction, seem most consistent with a 

mechanism such as that shown below which involves breaking of an 

PhCH2SO2SPh -j 
i J® 
Ph- CH.... SO2 PhCH 

S -Ph HSPh 
Transition State 

+ SO2 

m O 
[PhH + HSPh]--, .17hCH2 SPh PhCH2SPh 

a -CH bond in the rate- determining step. 
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Part II Diazosulfones 

The thermal decomposition of benzyl and methyl benzenediazo- 

sulfones has been studied in benzene solution. The principal products 

from the benzyl compound are SO2 (75 %), benzaldehyde phenylhydra- 

zone, benzaldehyde benzylphenylhydrazone and 1- benzyl -l- phenyl -2- 

benzenesulfonylhydrazine. On the other hand, the methyl compound 

gives much less SO2 (17 %) and a large amount of biphenyl. Two other 

products as yet unidentified were also formed. The benzyl compound 

also seems to decompose considerably more readily than the methyl 

compound. Possible reasons for the abnormal behavior of the benzyl 

compound are discussed. 
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MECHANISMS OF INTERNAL SUBSTITUTION REACTIONS 

Part I Thiolsulfonates 

During the past few years, a considerable amount of informa- 

tion has been compiled concerning the thermal decomposition (eq. 1) 

of several thiolsulfonates (RSO2Sfe) (35, 36). Prior to this time, 

RSO2SR ° > RSI{ + SO2 (1) 

progress appeared to be hindered by some uncertainty as to 

the structure of thiolsulfonates, for, although thiolsulfonates had 

been known for almost one hundred years (50, p. 75; 59, p. 317) 

neither the structure nor the chemistry of these compounds had 

come under close scrutiny until recently. 

Until the work of Cymerman and Willis (12) three possible 

structures existed. The symmetrical disulfoxide structure (I) was 

favored by some (18; 25; 27; 28; 29; 82, p. 571), while others (20, 

p. 912) consideredthese compounds as mixed anhydrides (II). Still 

others, based on available physico -chemical evidence (19, 22, 55, 

71) had considered them as thiolsulfonates (III). 

R-SO-SO-R 
i 

R-SO-O-S-R R-SO2-S-R 
(I) (II) (III) 

Cymerman and Willis' interpretation from the infrared 



spectra of a number of aromatic disulfides, disulfones, and thiolsul- 

fonates, plus the characteristic absorption bands for the S -O, C -S 

and S -S linkage has now confirmed structure III as the correct struc- 

ture for thiolsulfonates. It is now apparent that all compounds with 

the SO2 group show two strong absorption bands at about 1150 and 

1340 cm -1. It should be emphasized that many of the early com- 

pounds which have been named disulfoxides (RSOSOR) are in reality 

thiolsulfonates (RSO2SR.). 

Much of the known chemistry of the thiolsulfonates involves 

displacement reactions (eq. 2), all of which appear to involve nucleo- 

philic attack on the sulfur- sulfur bond. However, in 1922 the 

RSO2SR + N9 : -3 RSO + RSN (2) 

thermal, decomposition of benzyl a- toluenethiolsulfonate 

(C6H5CH2SO2SCH2C6H5) was reported (72). This reaction yielded 

at least 70% of the theoretical amount of sulfur dioxide, but 

much of the value of this discovery was lost because it was incor- 

rectly assumed that the starting material existed as the disulfoxide. 

It was not until 1960 that Kice and his students (35, 36) re- 

ported a detailed study of this type of decomposition and concurrently 

proposed a tentative mechanism for this reaction. 

On being heated in an inert solvent at temperatures ranging 

from 130 -200° alkyl or aryl aralkanethiolsulfonates undergo thermal 

2 
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decomposition (35, 36). In almost every case sulfur dioxide is liber- 

ated in essentially quantitative yield, and the principal organic pro- 

duct from the decomposition of RSO2SR is the sulfide RSR. 

Examination of the kinetics of the reactions indicates that all 

the thiolsulfonate decompositions exhibit good first -order kinetics 

and that their rate is somewhat dependent on the polarity of the sol- 

vents used, the decomposition of a given thiolsulfonate normally being 

faster in relatively polar solvents (nitrobenzene, benzonitrile) than 

in non -polar solvents (bromobenzene, methylnaphthalene) (35, 36). 

The solvent effect is more pronounced for diphenylmethanethiolsul - 

fonates than it is for a- toluenethiolsulfonates, although in neither 

case does it seem as large as normally observed for such internal 

substitution reactions as the decomposition of chlorocarbonates (88) 

and chlorosulfites (4, 8, 23, 45, 46, 47, 69, 91) involving rate- 

determining ionization to well- defined ion pair intermediates. 

A further observation was that the thiolsulfonate decomposi- 

tion was subject to acid catalysis. When benzyl diphenylmethane - 

thiosulfonate was decomposed in bromobenzene in the presence of a 

0. 01 M acid, the relative rate of decomposition depended on acid 

strength in the following manner: none, 1; benzoic acid, 1; o- nitro- 

benzoic acid, 1.4; p- toluenesulfonic acid, 733. The principal pro- 

duct of the acid catalyzed reaction was the same as the principal 

product of the uncatalyzed decomposition. The decomposition of 

. 
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benzyl a- toluenethiolsulfonate (PhCH2SO2SCH2Ph) was not as suscep- 

tible to acid catalysis as that of benzyl diphenylmethanethiolsulfonate 

(Ph2CHSO2SCH2Ph). 

Another significant point was the fact that added benzyl di- 

phenylmethanethiolsulfonate did not appear to initiate the polymeriza- 

tion of styrene to any significant extent. The measurement of the 

amount of sulfur dioxide evolved under these conditions showed that 

the rate of decomposition of benzyl diphenylmethanethiolsulfonate 

was practically the same as in the pure solvent. This suggested that 

the thiolsulfonate decomposition does not apparently involve free radi- 

cal intermediates to any important extent. 

The rate of decomposition of thiolsulfonates (RSO2SR) depends 

markedly on the nature of both the R group and the R group. For 

example, for a series of diphenylmethanethiolsulfonates 

(Ph2CHSO2SR) the rate varies with R in the following manner: R 

(relative rate); Ph (25), PhCH2 (1), CH3 (O. 3), n -Bu(0. 2). This de- 

pendence of rate on R parallels the effect of R on the acidity of the 

corresponding mercaptans (RSH) (44), a plot of thiolsulfonate decom- 

position rate (log k1) vs. mercaptan acidity (pKa) being linear with 

a slope of about 0. 5 (44) (see Fig. 1). Recent work in this laboratory 

with a series of benzhydryl thiocarbonates (Ph2CHOCOSR) (38) re- 

vealed a somewhat similar correlation of the R group with the acidity 

of the corresponding mercaptans (RSH). These results suggest that 
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Fig. 1. Plot of log k1 for Ph2CHSO2SR# vs. pKa for R'SH. 
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the sulfide sulfur atom has some anionic character in the transition 

state of the thermal decomposition of thiolsulfonates. 

The dependence of the rate on the R group was investigated 

by varying R from benzhydryl to benzyl (35). Benzyl diphenylmeth- 

anethiolsulfonate (C6H5)2CHSO2SCH2C6H5) was found to decompose 

about 170 times faster than benzyl a- toluenethiolsulfonate 

(C6H5CH2SO2SCH2C6H5). This variation of rate with the nature of 

the aralkyl group is considerably smaller than the factor of 104 -105 

normally observed between benzhydryl and benzyl compounds in re- 

actions such as the solvolysis of the aralkyl halides (Table I) and the 

decomposition of aralkyl S- phenyl thiocarbonates (ROCOSPh) (Table 

II) (38) which involve formation of the aralkyl carbonium ion in the 

rate - determining step. When taken together with the failure of the 

thiolsulfonates to initiate polymerization, this result was interpreted 

to mean that the aralkyl fragment in these thiolsulfonate decomposi- 

tions had considerably less carbonium ion character in the transition 

state of the rate -determining step than in such a reaction as solvoly- 

sis of an aralkyl halide or the decomposition of aralkyl S- phenyl 

thiocarbonates. 

The evidence of these investigations indicated the thermal de- 

composition of thiolsulfonates was primarily a heterolytic reaction. 

The data in Fig. 1 demonstrated that the rate of decomposition of 

RSO2SR was markedly dependent on the nature of R, while the 



7 

TABLE I. Relative Solvolysis Rate of Benzyl and Benzhydryl Chloride 

Relative rate (1) 
Solvent Temp. PhCHzCl Ph2CHC1 

ethanol 50° (1. 0) 0. 35 x 104 

methanol 

70% acetone -water 

50° 

o 
25 

(1. 0) 

(1. 0) 

1. 75 x 104 

0. 9 x 104 

80% ethanol -water 500 (1. 0) 1. 1 x 105 

(1) ref. (77, p. 571 -600; 90) 

TABLE II. Relative Decomposition Rates of Benzyl and Benzhydryl 
S- Phenyl Thiocarbonates 

Relative rate (38) 
Solvent Temp. PhCH2OCOSPh Ph2CHOCOSPh 

Benzonitrile 186° (1. 0) 2. 6 x 104 



170 -fold increase in rate between R equal benzyl compared to benzhy- 

dryl suggests some dependence on the nature of R. 

One mechanism (36) which was in accord with these facts is 

shown in equation 3. This involved an initial reversible ionization 

O ka ® O 
R-S-SR -- [R-SO 

2* 
. . SR1 

10 

k-a IV 

V RSR + SO2 

or 
PSR'+ SO2 

V 

(3) 

of the thiolsulfonate to ion pair IV, followed by a rate -determining 

decomposition of IV to ion pair V. The principal product of the reac- 

tion could then be formed by the collapse of V. This mechanism is 

consistent with the observed first -order dependence on thiolsulfonate 

and the apparent distribution of charge in the activated complex 

during the rate -determining step. 

An alternative mechanism for the decomposition involved a 

rate -determining ionization to an intermediate such as VI (eq. 4). In 

VI R cannot be a full -fledged carbonium ion, otherwise a dependence 

RSO2SR [R. . SO2. . . .9SR J ->products + SO2 (4) r. d. 
VI 

of rate on R comparable to the solvolysis of halides should arise. It 

was also noted by Kice and students that intermediate VI is not the 

, [ 
[Re. : . 

8 

...SOZ....SR 7 

-i 
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only possibility. An intermediate such as VII could also be formed 

in which part of the positive charge was centered on the sulfonyl 

group. 
® R.... SO2 

. 

- . 

.0 . ,._ 
SR 
VII 

The evidence available at that time did not seem sufficient to permit 

a decision between these various alternatives. It did, however, sug- 

gest that a more detailed investigation of the interaction between the 

RS group and the R group during the product -forming step be pur- 

sued. 

Upon comparison of the behavior of the thiolsulfonate decom- 

position with known "so- called" SNi reactions like the decomposition 

of chlorosulfites (92), chlorocarbonates (88, 93), and thiocarbonates 

(38) one sees that the thiolsulfonate decomposition shows a somewhat 

similar dependence of rate on solvent ionizing power and takes the 

same principal course, which is represented as R -Y -X -- RX + Y. 

Some of the important characteristics of SNi reactions are 

the following: the rates of decomposition of a series of chlorosulfites 

(R- OSOCI) (92) or chlorocarbonates (R- OCOC1) (88, 93) parallel the 

stability of the carbonium ions (Re). This indicates that cleavage 

of the R -O bond is involved in the rate -determining step. Two 
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mechanisms have been suggested for these reactions, one (8, 88, 92, 

93), (eq. 5a) which involves a rate -determining fission of only the 

R -O bond and the other (4, 45, 46, 47, 92) (eq. 5b), which resembles 

equation 3, an initial equilibrium followed by rate -determining cleav- 

age of the R -O bond. 

O 
ROSOC1 R . . . \ Sfl - + SO2 (5a) --3 RC1 

Cl 

O 
ROS® . . .0C1 .°Cl + SO2 (5b) ROSOC1 r__ 

One problem has always existed in these mechanistic studies; (4, 8, 

45, 46, 47, 88, 92, 93) they have all involved the same group- - 

chlorine--in the place occupied by the ÁS -group in the thiolsulfonate 

decomposition. Work recently completed in these Laboratories on 

the decomposition of aralkyl thiocarbonates (ROCOSR ) (38) has shown 

that these compounds decompose in a manner similar to alkyl chloro- 

sulfites and chlorocarbonates. Thiocarbonates have shown a definite 

involvement of both the R -O and C -S bond in the rate -determining 

step, i. e. , carbonium ion character of R and anionic character of 

SR in the transition state. Although not conclusive, the result does 

suggest some degree of weakening of the C -Cl bond in the rate -de- 

termining step of the chlorocarbonate decomposition. The studies 

with thiolsulfonates have clearly shown that both the R -SO2 and 

SO2 -S bond are involved in these decompositions. The results from 

O : 
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the aralkyl thiocarbonate decompositions seem to be intermediate be- 

tween the chlorocarbonates and thiolsulfonates. It should be recalled 

that the chlorosulfite, chlorocarbonate and thiocarbonate decomposi- 

tions show a much more pronounced dependence of rate on R than the 

thiolsulfonate decomposition, while the RS- function of thiocarbonates 

and thiolsulfonates both show some anionic character in the transition 

state of the decomposition. Clearly one important goal of any further 

work on the thiolsulfonate decomposition had to be the clarification of 

the relationship between the thiolsulfonate decomposition and the 

chlorosulfite, chlorocarbonate and thiocarbonate decompositions. 

The stereochemistry of the alkyl chlorosulfite (4, 23, 45, 46, 

47, 91) and alkyl chlorocarbonate (88, 93) decomposition has been the 

basic criterion for determining whether decomposition has followed 

the SNi path. Under proper conditions the stereochemical course of 

the decomposition of chlorosulfites or chlorocarbonates of optically 

active alcohols is one leading to halides of predominantly retained 

configuration. For example, alkyl chlorosulfites often yield alkyl 

chlorides of retained configuration when decomposed under the proper 

conditions (eq. 6). The carbonium ion character of the ion pair 

intermediate (VIII) is reasonably certain, but as previously pointed 

out, the nature of the anion portion of intermediate VIII is still not 

definite because all studies have involved chlorine as the transferring 

group. Since retained configuration is contrary to the 



R R O R 

-OH + SOC12 --- R /// i -Ó S R ///GCl + SO2 C1 
R O 

O 

R Ill I 

Cl 

VIII 

12 

(6) 

stereochemistry of other substitution reactions involving carbonium 

ions as intermediates, it serves as a distinguishing characteristic 

of SNi reactions. The possible relationship between these reactions 

and the thiolsulfonate decomposition suggested that a study of the 

stereochemistry of the latter reactions be undertaken. If the stereo - 

chemistry of the thiolsulfonate decomposition products proved to be of 

retained configuration, this would provide definitive evidence for the 

mechanistic relationship to the SNi reaction. However, in view of 

the different magnitude of the dependence of rate on R, it is quite pos- 

sible that despite the apparent mechanistic similarity, the actual 

mechanism and the stereochemical outcome would be very different 

from that obtained from the decomposition of chlorosulfites and 

chlorocarbonates. 

The principal aim of the present research has been to deter- 

mine the real extent of the mechanistic relationship, if any, between 

R R 

. ' 
R'e 



13 

the thiolsulfonate decomposition and these other reactions through 

study of the stereochemistry of the decomposition of an optically 

active thiolsulfonate. 



14 

RESULTS 

Studies with Undeuterated a- Toluenethiolsulfonates 

In order to ascertain whether a a -deuterio- a -toluenethiolsul - 

fonate would be a suitable optically active system in which to study 

the stereochemistry of the thiolsulfonate decomposition three new in 

active a -toluenethiolsulfonates (C6H5CH2SO2SR) were prepared, 

where R = C6H5-, - CH2COOEt and - CH2COC6H5, and their decom- 

positions studied. As so often is the case, the information gained 

from these sidelights to the basic problem proved to be of value itself, 

Recalling that only one a -toluenethiolsulfonate 

(C6H5CH2SO2SCH2C6H5) had been studied in previous work, one could 

argue that the a -toluenethiolsulfonates actually might undergo decom- 

position by a different mechanism than the diphenylmethanethiolsul- 

fonates, especially if it is noted that the rate of decomposition of the 

diphenylmethanethiolsulfonates is only about 170 times greater than 

the rate for a- toluenethiolsulfonates, while the rate differences be- 

tween benzyl and benzhydryl derivatives in solvolysis reactions are 

of the order of 104 - 105. 

To eliminate the possibility of a difference in the mechanisms 

one needs to demonstrate that the dependence on R of the decomposi- 

tion rate of a series of a- toluenethiolsulfonates (C6H5CH2SO2SR ) 
parallels that observed with the diphenylmethanethiolsulfonates. 

- - 
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This was accomplished by studying the rates of decomposition of the 

compounds mentioned above. 

Synthesis of a - Toluenethiolsulfonates. Phenyl a -toluenethiol- 

sulfonate (PhCH2SO2SPh) was prepared from a -toluenesulfinic acid 

and benzenesulfenyl chloride using the general procedure outlined by 

Stirling (74) for the preparation of thiolsulfonates (eq. 7). 

PhCH2SO2H + PhSC1 PhCH2SO2SPh + HC1 (7) 

The method of preparation of a- toluenesulfinic acid proved to 

have a significant effect on the experimental results. In general a 

rapid sequence of reactions followed by immediate use of the acid 

proved to give the best yields. Even better over -all yields were ob- 

tained by by- passing the isolation of the acid and reacting the crude 

acid directly with the benzenesulfenyl chloride. However, the gen- 

eral procedure of Stirling (74) was followed in most respects (eq. 8). 

H2SO4 
PhCH SO Cl + Na2SO3 + H2O PhCH2SO2H + NaCl + NaH504 

(8) 

Benzenesulfenyl chloride was prepared by the method of Lecher and 

Holschneider (48) immediately before use (eq. 9). The introduction 

PhSH + C12 PhSC1 + HC1 (9) 

of chlorine proved to be a crucial factor for when insufficient chlorine 

was used, the major product was diphenyl disulfide, while over 

- 

-j 
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chlorination could lead to chlorination of positions other than the sul- 

fur atom. 

Carboethoxymethyl a -toluenethiolsulfonate and phenacyl a -tol- 

uenethiolsulfonate were prepared by the nucleophilic displacement of 

chloride from ethyl a- chloroacetate (C1CH2COOEt) and phenacyl 

chloride (PhCOCH2C1), respectively, by potassium a -toluenethiolsul - 

fonate (PhCH2SO2SK) (eq. 10 and 11). 

acetone 
PhCH2SO2SK + C1CH2COOEt 270H20 > PhCH2SO2SCH2COOEt + KC1 

PhCH2SO2SK + C1CH2COPh 
acetone 

(10) 

H20 PhCH2SO2SCH2COPh. + KC1 
(11) 

Because of the high reactivity of halides of this type in SN2 

displacement reactions (77, p. 571 -600), this method proved more 

successful here than in the usual case. 

Potassium a -toluenethiolsulfonate was prepared by the method 

of Belous and Postovsky (3). Benzyl chloride was first converted to 

sodium a -toluenesulfonate by prolonged heating with sodium sulfite 

in aqueous solution (eq. 12). Sodium a- toluenesulfonate was next 

60° 
PhCH2C1 + Na2SO3 PhCH2SO3Na + NaC1 (12) 

converted to a- toluenesulfonyl chloride via chlorination with excess 

phosphorous oxychloride (eq. 13). 

PhCH2SO3Na + POC13 PhCH2SO2C1 (13) 

8 hr. 

2°J 
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Finally, a -toluenesulfonyl chloride was reacted with a freshly 

prepared solution of potassium monosulfide (K2S), which had been ob- 

tained by saturating an aqueous solution of potassium hydroxide with 

gaseous hydrogen sulfide at 10 to 15 °. Through experience, a practi- 

cal experimental design involved placing the potassium monosulfide 

solution in an Erlenmeyer flask of ten times the "expected" volume, 

for upon the slow addition of a -toluenesulfonyl chloride, a large 

amount of hydrogen sulfide was evolved which caused a great deal of 

foam. Removal of water yielded potassium a -toluenethiolsulfonate 

which was suitable for use after recrystallization from n- butanol. 

Thermal Decomposition of a -Toluenethiolsulfonates. In order 

to ascertain whether these thiolsulfonates decomposed thermally in a 

manner similar to that found for benzyl a -toluenethiolsulfonate, the 

main products from the decomposition in methyl benzoate solution at 

172° were separated by alumina chromatography and identified. The 

identified decomposition products from phenyl a -toluenethiolsulfonate 

(yields in mmole /mmole thiolsulfonate) were: sulfur dioxide, O. 96; 

benzyl phenyl sulfide, O. 80; diphenyl disulfide, O. 03. Carboethoxy- 

methyl a -toluenethiolsulfonate yielded: sulfur dioxide, 1. 00; ethyl 

S- benzyl -thioglycolate, O. 52; some diethyldithiodiglycolate was also 

formed but the exact amount could not be determined. Phenacyl 

a -toluenethiolsulfonate yielded: sulfur dioxide, 0. 79 (fairly poor 

yield) and mainly a nondescript, unidentified mass which did not lend 
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itself to separation. The rate constant and the kinetic order are still 

in question for this compound. 

The decomposition rates for the first two esters were deter- 

mined in methyl benzoate solution at 172° by measuring the rate of 

evolution of sulfur dioxide, using the techniques of Kice and cowork- 

ers (35, 36). The decompositions followed first -order kinetic plots 

in each case. The results are shown in Table III together with a rate 

constant for the benzyl ester extrapolated from data at higher temper- 

atures taken from Kice and coworkers (36). 

The results in Table III show that the a -toluenethiolsulfonate 

decompositions exhibit a pronounced dependence of rate on the nature 

of R in much the same manner as did the diphenylmethanethiolsul- 

fonates. The nature of this dependence is again such as to parallel 

the effect of R on the acidity of RSH. Quantitatively the a- toluene- 

thiolsulfonate decomposition in methyl benzoate seems to be some- 

what less sensitive to changes in R, a plot of log k1, vs. pKa of RSH 

(44) having a slope of O. 4 (Fig. 2) rather than O. 5 as in the diphenyl- 

methanethiolsulfonate decompositions in nitrobenzene (Fig. 1). Even 

with this difference the data seems to require that in both cases the 

sulfide sulfur have appreciable anionic character in the transition 

state, and to imply that the basic mechanism of all the thiolsulfonate 

decompositions is essentially the same. Thus the original conclusion 

of Kice and coworkers (35, 36) that the aralkyl group had considerably 
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TABLE III. Rates of Decomposition of C6H5CH2SO2SR in Methyl 
Benzoate at 172° 

R (PhCH2SO2SR )O M 
k1x105 

se-1 
C6H5- 0. 080 3. 2 

0. 091 3. 5 

EtOOC CH2 - 0. 050 0. 82 
0. 10 0. 81 

C6H5CH2- 0, 26(1) 

(1)Rate constant for the decomposition in chloronaphthalene at 172 °. 
However, at 185° rate constants in chloronaphthalene and methyl - 
benzoate are identical (35), and previous work by Kice and co- 
workers (35) has also suggested ¿H# not noticeably solvent de- 
pendent. 
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less carbonium ion character in the transition state of the thiolsul- 

fonate decomposition than in the transition state of the halide solvoly- 

sis was unchanged. 

Study of the Stereochemistry of the Thermal Decomposition of an 
a -Deuterio- a -toluenethiolsulfonate 

Synthesis of Optically Active Phenyl a -Deuterio- a -toluene- 

thiolsulfonate. From our experience with the synthesis and decompo- 

sition of phenyl a -toluenethiolsulfonate, the decomposition of optically 

active phenyl a -deuterio- a -toluenethiolsulfonate appeared to offer a 

suitable system in which to investigate the stereochemistry of the 

thiolsulfonate decomposition. A particularly attractive feature of this 

system was that one would be able to relate unequivocally the absolute 

stereochemistry of the decomposition product (PhCHDSPh) to that of 

the starting optically active phenyl a -deuterio- a -toluenethiolsulfon - 

ate (PhCHDSO2SPh). 

Starting point for the synthesis was optically active D -( -)- 

benzyl-a-d alcohol (75, 76, 78, 79), whose synthesis is outlined in 

Chart I. Streitwieser and his students (75, 76, 78, 79) have pio- 

neered the use of optically active compounds of the type RCHDX to 

investigate reaction stereochemistry at primary centers. 

Benzaldehyde -d (IX) was prepared by the addition of benzo- 

nitrile to an etheral solution of deuterium chloride and stannous 



CHART I. Synthesis of Optically Active D(- )- benzyl -a -d Alcohol 

D 

PhCN + 3DC1 + SnC12 > PhC=ND DCl + SnC14 

n-PrMgBr + 

IX + X 

NaHCO3 
H20 

D 
PhC=O benzaldehyde-d 

IX 

OH 90% isoborneol 

r. t. 
benzene 

d- campho r 

j,..H 
OMgBr 

22 

(14) 

(15) 

X 
I s ob o rnyl o xym agne s ium 

bromide 

D 

O - Mg 
Br 

D 
H 

H20 Ph/ 
OH 

(- )-benzyl- a -d- 
alcohol 

.e. .H//illi 
> Phibit\ (16) 

1 

AIH4 

O 

--- " 

. ¡ " Cr 
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chloride (86). This mixture subsequently formed an aldimine deuterio- 

chloride - stannic chloride complex which decomposed into the alde- 

hyde upon the addition of a saturated sodium bicarbonate solution 

(eq. 14). 

Benzaldehyde -d was then added to isobornyl oxymagnesium 

bromide prepared from n- propyl magnesium bromide and 90 %:iso- 

borneol (eq. 15). Reduction occurs stereospecifically to give D -( -)- 

benzyl -a.-d alcohol (eq. 16). 

The optically active alcohol was converted to optically active 

D- (- )- benzyl -a -d- chloride in the following manner (eq. 17): Benzyl- 

Ph Ph Ph 
H 
/C COC12 i HI!MC 

I I dioxane 
HUNC (17) 

D OH D1 O Co A 
D/ Cl 

a D - 0. 728° (11, neat) a D - 0. 661° (11, neat) 

a -d alcohol, ' -0. 728° (11, neat), was first converted to the inter- 

mediate chlorocarbonate by an adaptation of the procedure given in 

Organic Synthesis (31, p. 167 -169). The chlorocarbonate was then 

freed of toluene and decomposed in refluxing dry dioxane to give 

benzyl -a -d chloride, a D -0. 661° (11, neat). 

Both the magnitude and sign of the rotation of the chloride 

(75, 76, 78, 79) suggest that the reaction proceeded with a high de- 

gree of retention of configuration. This result is therefore consistent 

with such results as those of Wiberg and Shryne (88) concerning the 

aD 
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stereochemistry of the decomposition of a- phenylethyl chlorocarbon- 

ate. 

The optically active (- )- benzyl- a -d chloride marked the start- 

ing point for all further synthesis of optically active deuterated com- 

pounds, as shown in Chart II. The synthesis of the thiolsulfonate 

from the chloride began with the conversion of the chloride to sodium 

a -toluenesulfonate -a -d (eq. 18). This reaction, which involves an 

SN2 displacement by sulfite on the chloride, should proceed with in- 

version of configuration. The sulfonate salt was then converted to 

a- toluenesulfonyl -a -d chloride by the action of phosphorous oxy- 

chloride (eq. 19), a step which should not alter the configuration of 

the asymmetric center. The sulfonyl chloride was then reduced to 

sodium a -toluenesulfinate-a -d with a weakly alkaline solution of 

sodium sulfite (eq. 20). 

Before completing the synthesis, the stereochemical integrity 

of these three steps was first checked by reacting the a -deuterio- a - 

toluenesulfinate with ethyl bromide at room temperature in dimethyl 

sulfoxide (eq. 21), and comparing the rotation of the ethyl benzyl -a -d 

sulfone so formed with that of a sample of the same sulfone prepared 

by reacting the starting benzyl -a -d chloride with ethyl mercaptide 

(eq, 23) (SN2 reaction, inversion of configuration) and then oxidizing 

the ethyl benzyl -a -d sulfide produced to the sulfone with permanga- 

nate in acetic acid (eq. 24). If the stereochemistry of the first three 



CHART II. Synthesis of Optically Active Deuterated Sulfur Compounds 

EtS 
eq. 23 
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/ SO2Et 
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D Cl eq. 18 ISO eq. 19 H SO2C1 

aD -0.661 

(11, neat) 
c 

a25 -0. 631 
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PhS 

eq. 25 

*different sample 
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[a1D + O. 384 (c15, dioxane) 
0. 88 ± O. 06 atoms D 

Ph 

D 
u;H S-Ph 

[a]D +0.29 

(c18, dioxane) 

Na2SO3 
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N , PhSC1 
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Ph 
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SO2Et 

[a]D -0.19 
(c20, dioxane) 
0. 68± 0. 02 atoms 

Ph 

DISC 
H NS02-S-Ph 

D 

[a] l5 + 0. 84 

(c5, dioxane) 
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steps of the synthesis is as predicted, the ethyl benzyl -a -d sulfone 

produced by this method should have the same specific rotation as that 

produced via the oxidation of benzyl -a -d ethyl sulfide (eq. 24). 

As can be seen from Chart II, although the sign of rotation is, 

as expected, the same, its magnitude is somewhat lower, the sulfone 

prepared from the a -toluenesulfinate having only 72% as high a rota- 

tion as that of the sulfone prepared by oxidation of the sulfide. Clear- 

ly some racemization of the asymmetric center has occurred during 

the first three steps. Such racemization could presumably occur 

either during the preparation of the sulfonate, due to reaction of chlo- 

ride ions produced during the reaction with some of the unreacted 

chloride (eq. 26), or through exchange of some of the deuterium 

Ph Ph 

C1 + Hpu, ) D;I + Cl (26) 

D Cl H Cl 

during the conversion of the sulfonyl chloride into a -toluenesulfinate, 

a step which involves the use of a mildly alkaline solution (eq. 27). 

D O 
PhCHSO2C1 = O- H PhCHSO2C1 H2O > PhCH2SO2C1 (27) 

That in fact exchange is almost entirely responsible for the racemiza- 

tion observed has been demonstrated by n. m. r. deuterium analyses 

of the two sulfones. The sulfone prepared from the sulfinate contains 

0 
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only 72% as much deuterium as the other sulfone. This clearly shows 

that the entire racemization arose from deuterium exchange. 

The fact that the degree of racemization did not exceed the de- 

gree of exchange indicates that the sulfonyl chloride must undergo ex- 

change with a very high degree of retention. This is consistent with 

recent reports (7; 9, p. 3696; 10). 

The final step of the thiolsulfonate synthesis (Chart II) in- 

volved the reaction of the a- deuteriotoluenesulfinate with benzenesul- 

fenyl chloride in a mildly acidic media (eq. 22). The possibility that 

any racemization could occur during this step of the synthesis seems 

very unlikely. Furthermore, the possibility of any deuterium ex- 

change during the reaction was ruled out by comparing the deuterium 

content of the thiolsulfonate with that of the benzyl -a -d ethyl sulfone 

synthesized earlier from the a -toluenesulfinate -a -d. The deuterium 

content of the benzyl -a -d ethyl sulfone is 0. 68+ 0. 02 atoms of deu- 

terium/molecule while that of the phenyl a -deuterio- a -toluenethiol- 

sulfonate is 0. 67 + 0. 04 atoms of deuterium /molecule. 

Optically Active Phenyl Benzyl -a -d Sulfide. In order to de- 

termine the stereochemistry of the decomposition of phenyl a -deu- 

terio-a-toluenethiolsulfonate one must, of course, have available a 

reference sample of phenyl benzyl -a -d sulfide of known stereochem- 

istry. Another sample of optically active benzyl -a -d chloride, 

a 25 0. 631° (11, neat) was converted to the optically active sulfide - 
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( [a] D + 0. 38 °) by an SN2 displacement of chloride by thiophenolate 

anion (eq. 25, Chart II). The resulting optically active sulfide is of 

the same stereochemical series as the thiolsulfonate. 

Stereochemistry of the Thiolsulfonate Decomposition. Opti- 

cally active phenyl a -deuterio- a -toluenethiolsulfonate, Ca] D + 

0. 837 °, was thermally decomposed in three inert solvents. The 

phenyl benzyl -a -d sulfide produced by the decomposition was isolated 

and its optical rotation determined in each case. The results are 

shown in Table IV. The possibility that the phenyl benzyl -a -d sulfide 

might have undergone racemization either after its formation or 

during the recovery procedure used for its isolation was ruled out by 

subjecting the reference optically active sulfide prepared in the pre- 

vious section to the same reaction conditions and workup procedures 

used in the thiolsulfonate decompositions (see Experimental for de- 

tails). The sulfide was found to undergo negligible racemization 

under all of these conditions. 

Noting that the starting benzyl -a -d chloride for the synthesis 

of the thiolsulfonate had a 4. 5'% larger rotation than the benzyl -a -d 

chloride used to synthesize the standard sulfide, one calculates the 

rotation of optically pure standard sulfide as +0. 402 °. However, since 

the optical purity of the starting thiolsulfonate is only 72% as large as 

that of the starting benzyl -a -d chloride, aD -0. 661 °, decomposition 

with complete retention would presumably give sulfide with a specific 



TABLE IV. Stereochemistry of the Decomposition of Phenyl a -Deuterio- -toluenethiolsulfonate 

Reaction conditions: 
solvent, temp. 

LaJ 5 j of Reaction 
PhCHDSPhl stereochemistry2 

C6H5Br, reflux 

C6H5COOCH3, 172° 

C6H5CN, 165 -170° 

-0. 022 

-0. 013 

-0. 048 

± 0. 

± 0. 

+ 0. 

006° 

006° 

006° 

8 ± 3% net inv. 

5 ±3 net inv. 

16 ± 3% net inv. 

1See Table VIII for conditions 

2On the basis of 72% optical purity for the starting thiolsulfonate the CajD for the sulfide would be 
+ 0. 29° for complete retention 
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rotation of +0. 29 °. From the rotations of the sulfide samples isolated 

it is clear that in methyl benzoate and bromobenzene the decomposi- 

tion occurs with effectively complete racemization. In benzonitrile 

there is a larger small net inversion. However, kinetic studies in- 

dicated the decomposition of the thiolsulfonate was not cleanly first - 

order in this solvent, and therefore there is some question whether 

the slight degree of inversion should be attributed to the usual decom- 

position. 

In order to be sure that all of the observed racemization oc- 

curs during the thiolsulfonate decomposition one must demonstrate 

that the thiolsulfonate is not undergoing substantial racemization 

prior to the decomposition. This was done by allowing a sample of 

the optically active thiolsulfonate to decompose in methyl benzoate 

to 50% reaction as measured by sulfur dioxide evolution. The reac- 

tion was then stopped and the undecomposed thiolsulfonate was re- 

covered. It was found to have undergone no decrease in rotation. 

Possibility of Radical Intermediates in the Thiolsulfonate 

Decomposition. The observations by Martin (51, p. 1561; 52) that 

substituents and solvent ionizing -power can exert effects of the rates 

of certain radical reactions which are similar to those normally 

found in ionic processes make it necessary for one to give considera- 

tion to the possibility that radicals are involved as intermediates in 

the thiolsulfonate decomposition. A definitive answer to the question 
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of whether radicals are formed during the thiolsulfonate decomposi- 

tion has therefore been of the utmost importance, and several meth- 

ods were applied to determine if radicals were in fact produced during 

the decomposition in appreciable amount. In no case could any evi- 

dence be found indicating substantial involvement of radicals in the 

thiolsulfonate decomposition. 

Specifically, it was first observed that benzyl and phenyl di- 

phenylmethanethiolsulfonate were ineffective as initiators of styrene 

polymerization (35). Second, a recent investigation in these Labora- 

tories 1 concerning the effect of the decomposition of phenyl diphen- 

ylmethanethiolsulfonate on the stable free radical galvinoxyl has 

brought forth further evidence that diphenylmethanethiolsulfonates do 

not yield any appreciable number of radicals on decomposition. 

A trial experiment with galvinoxyl showed that a solution of 

this stable free radical in bromobenzene undergoes no decrease in 

optical density on being heated for 10 hrs. at 115 °. Phenyl diphenyl- 

methanethiolsulfonate decomposes in bromobenzene at a quite reason- 

able rate (k1 = 2. 1 x 10 -5 sec -1). A series of experiments in 

which the rate of disappearance of galvinoxyl was measured during 

the decomposition of dilute bromobenzene solutions of this thiolsul- 

fonate was carried out, and the results are shown in Table V. One 

1Pawlowski, N. Unpublished research. Oregon State University, 
Corvallis, Oregon. 1964. 



TABLE V. Decomposition of Ph2CHSO2SPh in the Presence,of Galvinoxyl 

(G)0 

x 103, M 

(RSO2SR ) 

x 102, M 
Rate of 
N2 flow 

ko x 107 M(1) 
sec -1 

ko 
2k1 (RSO?SEE ) 

L 1 10.2 rapid 0.35 0. 08 

1. 1 5. 1 rapid 0.27 0. 13 

1. 1 5. 3 slow 0. 88 0.39 

1. 1 2.7 rapid 0.19 0.17 

(1) 
Zero -order rate of disappearance of galvinoxyl. Solvent, PhBr, temp. , 115° in all runs 

- 
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complicating factor in their interpretation is the fact that galvinoxyl 

can be destroyed by the sulfur dioxide liberated in the thiolsulfonate 

decomposition. This is evident from the much faster rate of fading 

observed when the flow rate of nitrogen used to remove the sulfur di- 

oxide from the solution is reduced. That a similar reaction is also 

responsible for at least part of the galvinoxyl consumed even in those 

experiments where a fast nitrogen flow rate was employed is sug- 

gested by the fact that the rate of consumption of glavinoxyl is not 

proportional to thiolsulfonate concentration, but instead ko /(RSO2SR ) 

becomes larger at low thiolsulfonate concentrations. 

The values of k0/2k1 (RSO2SR) in Table V show that in all the 

experiments employing rapid nitrogen flow the rate of consumption of 

galvinoxyl is only a small fraction of that expected if the decomposi- 

tion of the thiolsulfonate occurred by a radical mechanism. Further- 

more, the decrease in this ratio with increasing thiolsulfonate con- 

centration argues that the actual fraction of the decomposition which 

yields trappable radicals is, at the most, O. 08. Although it is con- 

ceivable that the thiolsulfonate decomposition could be a radical re- 

action and yet still have this low an efficiency of production of trap - 

pable radicals, it seems much more plausible to conclude that it is 

not, and that very likely almost all the consumption of galvinoxyl in 

the present system is due to other causes. 

The fact that neither of these two free- radical tests indicates 
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any significant production of radicals during the thermal decomposi- 

tion of phenyl diphenylmethanethiolsulfonate certainly suggests that 

the thiolsulfonate decompositions are not radical reactions. There- 

fore, these results require that the stereochemical and other results 

be explained by a mechanism involving other than radical intermedi- 

ates. 

Isotope Effect in the Decomposition of Phenyl a- Deuterio -a- 

toluenethiolsulfonate. It was noted earlier that partial decomposition 

of a mixture of deuterated and normal thiolsulfonate led to no de- 

crease in the optical rotation of the recovered thiolsulfonate. As a 

matter of fact, the recovered thiolsulfonate sample actually under- 

went a slight increase in rotation; specific rotation of the thiolsulfon- 

ate before decomposition, [a] D + 0. 651 

ane); after decomposition, [a] D + 0. 708 

± 0. 013° (12, c7. 5, diox - 

+ 0. 014° (12, c7. 6, diox - 

ane). The most reasonable explanation for this behavior is that the 

decomposition of the a- deuterio ester is subject to a small kinetic 

isotope effect, which causes it to decompose somewhat less rapidly 

than the undeuterated ester. Partial decomposition of a mixture of 

the a -deuterio and undeuterated thiolsulfonates will therefore lead to 

an enrichment of the remaining thiolsulfonate in the optically active 

a - deuterio compound. 

From the rotation ( +0. 651 °) of the initial sample used above 

and the fact that thiolsulfonate of [a] D + 0. 84 contains 0. 67 
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atoms D /molecule (Chart II) one calculates that the sample of thiol- 

sulfonate used in the experiment above consisted initially of 52% 

PhCHDSO2SPh (0, 52 mmoles) and 48% PhCH2SO2SPh (0. 48 mmoles), 

while after 50% of it had decomposed, the remaining thiolsulfonate 

consisted of 56. 5% PhCHDSO2SPh (0. 283 mmoles) and 43. 5% 

PhCH2SO2SPh (0. 217 mmoles). This change in the composition of 

the sample requires that the undeuterated compound decompose 1. 3 

times faster than the a -deuterio ester, i. e. 

PhCHDSO2SPh kD PhCHDSPh + SO2 (31) 

PhCH2SO2SPh kH > PhCH2SPh + SO2 (32) 

kH 

kD 

log Ho /H 
_ = 1. 3 

log Do /D 

An isotope effect of this size seems too large, especially con- 

sidering the other facts known about the reaction, to be passed off 

as a secondary a -deuterium isotope effect. Thus, although the theo- 

retical maximum per a-deuterium for reactions involving conversion 

of a tetrahedral carbon to a carbonium ion is 1. 4, Streitweiser (80, 

p. 173) has tabulated enough data on reactions of this type to make it 

clear that a value above 1. 20 has never been observed in practice. 

One should next consider whether this difference in rates 

could reasonably be ascribed to a primary isotope effect, that is, 
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one resulting from the fact that an a -CH bond is broken in the rate - 

determining step. In this regard one must remember that since the 

a - deuterio ester has one a -H and one a -D, the maximum kinetic iso- 

tope effect that can be observed is two, even though the actual rates 

for breaking a C -H and C -D bond differ by a much larger factor than 

this. If we assume that the observed rate of decomposition for the 

a -deuterio ester is the sum of the rates for two paths, one involving 

cleavage of the a -CD bond and the other involving cleavage of the 

a -CH bond, then we would calculate the true primary isotope effect 

(kH /krj) from the apparent kinetic isotope effect (kH /kD = 1. 3) as 

follows: 

kD = k H + kD 

kH = 2kH 

1.3 = (kH /kD) = 2k 
kH' + 

(k/ki)+1a 
3 

or (k1)' 
= 1. 54 - 1 = 0. 54 

(k/ki) = 1.85 

The maximum possible primary isotope effect at the temperatures 

involved is somewhere in the neighborhood of 4. 0 (87, p. 718), so 

that a value of 1. 85 certainly represents a perfectly reasonable pri- 

mary isotope effect for a reaction under these conditions. 

This result certainly suggests that the observed kinetic 

H 

kD \ \\ 
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isotope effect is much better explained in terms of a primary isotope 

effect than in terms of a secondary a -deuterium isotope effect. That 

being the case it appears that one must give very serious considera- 

tion to an entirely different mechanism for the thiolsulfonate decom- 

position than those previously suggested, namely, one which involves 

the breaking of the a -CH bond in the rate -determining step. In the 

Discussion we will consider a possible mechanism of this type and 

will see that it could be consistent with the observed reaction stereo - 

chemistry. 
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DISCUSSION 

The complex nature of the thermal decomposition of various 

thiolsulfonates in a series of solvents has been reviewed in the intro- 

ductory section of this thesis in terms of an ionic mechanism which 

proceeds through a transition state leading to either intermediates V, 

VI or VII. In particular, in the Introduction it was suggested that the 

thiolsulfonate decomposition might proceed by a concerted cyclic pro- 

cess (eq. 28). This would presumably produce a product of retained 

RSO2SR r. d. _ 
po 

-> products (28) 

'SIt 

-AQ A(5 
R....SO2 

VII 

configuration. The reasons for expecting a high degree of retention 

are that Rhoads and Michel (64) found the thermal decomposition of 

chloroglyoxalates (eq. 29), gave products with 57 -70% net retention 

ROC-CC1 -> 
O O 

- ,O 0.... C' 
*C=O -.- RCl + CO2 + CO (29) 

'C1 

of configuration and the chloroglyoxalate and thiolsulfonate decompo- 

sition both exhibit a similar rate increase with increasing solvent 

ionizing -power, similar substituent effects, and a negative entropy 

of activation. However, the actual stereochemistry of the thiolsul- 

fonate decomposition demonstrates that it does not proceed in this 

R 

> 

, 
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manner and that no close correlation can be drawn between the thiol- 

sulfonate decomposition and other known SNi reactions. 

Before considering a reaction mechanism in light of the new 

stereochemical evidence, it seems prudent to briefly summarize the 

present state of our knowledge concerning the thiolsulfonate decompo- 

sition: first, the decomposition of RSO2SR depends markedly on the 

structure of both R and R . The dependence of R parallels the acidity 

of corresponding mercaptans, R SH, while changing R from benzhy- 

dryl to benzyl brings about a 150-ZOO fold change in rate, with the 

compound with R equal benzhydryl decomposing faster. The rates of 

decomposition are also somewhat sensitive to the ionizing power of 

the solvent, with the decomposition rates for the diphenylmethane- 

thiolsulfonates more sensitive than those for the a-toluenethiolsul- 

fonates. Experiments with galvinoxyl and the failure of thiolsulfon- 

ates as polymerization initiators both suggest that radicals are not 

involved to any important degree in the decompositions. 

The dependence of the rate on thiolsulfonate structure and sol- 

vent ionizing -power certainly suggests that the rate -determining 

transition state possesses some ionic character with partial negative 

charge on the sulfide sulfur. Given this fact, what type of mechanism 

can be proposed which will be consistent with the extremely low 

stereospecificity observed and with the fact that the kinetic isotope 

effect observed for the decomposition of the a- deuterio ester seems 
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to be too large to be explained as a secondary isotope effect and ac- 

cordingly suggests that the a -CH bond is broken in the rate- determin- 

ing step? 

All the thiolsulfonates RSO2S141 whose decompositions have so 

far been investigated have had as R an aralkyl group with at least one 

a -hydrogen. The fact that the reaction of a a -toluenethiolsulfonate 

seems to show a primary isotope effect when such a hydrogen is re- 

placed by deuterium suggests that the rate -determining step be form- 

ulated as shown in eq. 30. Before they have a chance to diffuse apart 

H - 

Ph - C. . . . SO2 hCH 
PhCH2SO2SPh - -- + SO2 (30) 

H....SPh 
t. S. 

HSPh 

[PhH + HSPhJ PhCH2SPh (31) 

the carbene and the mercaptan formed in eq. 30 could then react 

rapidly to give principally the sulfide (eq. 31). Formation of the sul- 

fide by such a path would certainly account for the singular lack of 

stereospecificity observed in the decomposition of the optically active 

thiolsulfonate. A rate -determining step such as eq. 30 is, of course, 

consistent with the observation of a primary kinetic isotope effect. 

With regard to eq. 31 one should note that Kirmse (40) has 

observed that an aryl carbene, diphenylcarbene, reacts readily with 

methanol to give the aralkyl methyl ether. Further, Kirmse has 

JO; . 
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demonstrated that in the case studied the sequence of steps shown in 

eq. 32 is involved, with the transfer of the proton to give the ion pair 

Ph2C + HOMe 
U+ a 

1hzCH OMeJ --- Ph2CHOMe (32) 

being the critical step. He has suggested that the more acidic the 

hydrogen of the proton donor the more effectively this reaction com- 

petes with other paths for the destruction of the carbene. If this is 

true in general for aryl carbenes, then reaction of phenyl carbene 

with the mercaptan to give initially the ion pair ChC 
2 OSPhJ and 

thence the sulfide should occur very readily indeed, given the acidity 

of the mercaptan hydrogen. 

Admittedly a mechanism postulating initial decomposition of 

the thiolsulfonate to a carbene, mercaptan and sulfur dioxide is some- 

what unorthodox and in the absence of definite evidence for formation 

of a divalent carbon intermediate must be regarded as tentative. 

However, given the kinetic isotope effect, the lack of stereospecific- 

ity, and the non -involvement of radicals, satisfactory alternatives 

are hard to find. In this connection one should note that the carbene 

and mercaptan could also arise by a mechanism involving initial de- 

composition of the thiolsulfonate to a sulfene and the mercaptan (eq. 

33), followed by rapid loss of sulfur dioxide from the former at the 

PhCH2SO2SPh r. d. PhCH =SO2 + PhSH (33) 

PhCH + SO2 

j l 

+ 

j 
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elevated temperatures involved. The existence of sulfenes as inter- 

mediates is now well established (5, 39, 84). Reaction of the sulfene 

itself with mercaptan would lead to regeneration of the thiolsulfonate 

(42). However, considering the elevated temperatures involved in the 

thiolsulfonate decompositions the postulate of rapid loss of sulfur di- 

oxide from the sulfene does not seem unreasonable. 

That the transition state for such a rate -determining elimina- 

tion of sulfene and mercaptan might both involve considerable anionic 

character for the sulfide sulfur and also exhibit a sensitivity to the 

nature of the aralkyl group the same as that observed seems perfectly 

possible. 

It is also interesting that the postulate of a carbene intermedi- 

ate can explain the formulation of certain by- products isolated earlier 

in diphenylmethanethiolsulfonate decompositions (35, 36) without the 

necessity of suggesting that in solvents such as bromobenzene a small 

amount of radical decomposition occurs in competition with the usual 

nonradical decomposition path. Thus, in the decomposition of 

Ph2CHSO2SR in such solvents there is always formed a small amount 

of tetraphenylethane (35, 36). This is a product which is rather 

generally formed from diphenylcarbene in the presence of a variety 

of hydrogen donors (41, p. 19; 61). Should a small fraction of the 

diphenylcarbene formed in the decomposition of a diphenylmethane- 

thiolsulfonate escape reaction with mercaptan it could yield 



Ph2C + RH > Ph2CH + R. 

2Ph2CH > Ph2CHCHPh2 
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tetraphenylethane via the general route outlined above. The mercap- 

tan would presumably react with some of the remaining thiolsulfonate, 

as shown in the scheme below. This scheme, which assumes eq. 30 

as the rate -determining step, summarizes the suggested over -all 

course of the decomposition of Ph2CHSO2SCH2Ph, based on the pro- 

ducts previously identified (35, 36). 

Ph2CHSO2SCH2Ph ate determining 
r - .. 

HSCH2Ph]--- Ph2C + HSCH2Ph 

RH 

Ph2CH 

(Ph2CH- )2 

Ph2CH2 +PhCH4 

PhCH=CHPh+ S 

Q+ - 
Ph2CH SCH2Ph 

/ . J 

Ph2CHSCH2Ph 

Ph2CHSO2SCH2Ph 

(PhCH2S- )2 

+ Ph2CHSO2H 

Ph2CH2 + SO2 

It was mentioned earlier that the thiolsulfonate decomposition 

has been found (35, 36) to be subject to acid catalysis. In view of the 

mechanism put forward above for the uncatalyzed decomposition, it 

now seems quite possible that the acid - catalyzed reaction involves an 

entirely different mechanism from that operative in the uncatalyzed 

SO2 + + 

/ 
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reaction. One such as that shown in eq. 34 suggests itself: 

H 
RSO2SR + H® RSO2S-R 

[R CD 
+ HSR]+ SO2 (34) 

RSR + H 

In the Introduction to this thesis attention was drawn to the 

possibility of a close mechanistic relationship between the thiolsul- 

fonate decomposition and the decomposition of chlorocarbonates, 

chlorosulfites, and chloroglyoxalates, and it was suggested that the 

observation of multiple bond cleavage in the rate -determining step of 

the thiolsulfonates might have significant implications for the mecha- 

nism of the latter decompositions. However, it is now apparent that 

the thiolsulfonate decomposition is in no way related to the usual SNi 

reactions and that one cannot draw valid conclusions about the mech- 

anism of these classic SNi reactions from the behavior of the thiol- 

sulfonate decomposition. 

- 
1 

© 
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EXPERIMENTAL 

All melting points and boiling points are uncorrected. Optical 

rotations of the deuterated compounds were taken with a Rudolph 

photoelectric precision polarimeter (0. 001 °). Recorded readings are 

the mean of at least ten readings for the polarimeter tube containing 

the optically active compound minus the mean of at least ten readings 

for the empty or solvent -filled polarimeter tube. The estimated er- 

ror is given as the standard deviation. Rotations of liquids were 

taken directly (neat). Rotations of solids were taken as a solution in 

the indicated solvent. All rotations were taken using center -filled 

tubes having a bore of 4 mm. 

The deuterium content of the deuterated compounds was deter- 

mined on an A -60 NMR spectrometer using an integrating method to 

compare the peak areas of the aromatic versus benzyl hydrogen. 

Due precautions were taken to avoid saturation. Trial runs on sam- 

ples of the non -deuterated compounds showed the method to be accu- 

rate to ± 0. 05 hydrogen atoms /molecule. Several of the samples 

were also analyzed for their deuterium content by Josef Nemeth using 

a combustion technique. 1 

1Josef Nemeth, 303 W. Washington Street, Urbana, Ill. 
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Synthesis and Decomposition of Undeuterated Thiolsulfonates 

Carboethoxymethyl a - Toluenethiolsulfonate. Potassium a - 

toluenethiolsulfonate was prepared by the procedure of Belous and 

Postovsky (3). The salt (O. 79 g. , 3. 5 mmoles) was dissolved in a 

solution consisting of 30 ml. of purified acetone and 1. 5 ml. of water. 

The solution was filtered and O. 43 g. (3. 5 mmoles) of ethyl chloro- 

acetate was added. The solution, which began to deposit potassium 

chloride almost immediately, was allowed to stand at room tempera- 

ture for 24 hr. The precipitated potassium chloride was then filtered 

off, the acetone -water removed under reduced pressure, and the 

residue taken up with 20 ml. of chloroform. The chloroform solution 

was dried over sodium sulfate. The chloroform was removed, and 

the solid residue was recrystallized from ethanol. There was ob- 

tained 0.42 g. (44 %) of carboethoxymethyl a -toluenethiolsulfonate, 

m. p. 75 -76° (37). 

Anal. Calculated for Ci1H14O4S2: C, 48. 15%; H, 5. 14 %; 

S, 23. 38%. Found: C, 47. 95%; H, 5. 12%; S, 23. 36%. 

Phenacyl a- Toluenethiolsulfonate. The same procedure as 

that described for the preparation of carboethoxymethyl a- toluene- 

thiolsulfonate was applied. Phenacyl a -toluenethiolsulfonate was ob- 

tained in 42% yield, m. p. 119 -120 °. 

Anal. Calculated for C15H14O3S 2: C, 58. 66 %; H, 4. 60%; 
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S, 20. 93%. Found: C, 58. 47%; H, 4. 45%; S, 21. 19 %. 

a- Toluenesuifinic Acid. Two different methods were used to 

prepare a -toluenesulfinic acid (21, p. 7; 74) from a -toluenesulfonyl 

chloride (3). 

Method A: Sodium sulfite (O. 2 mole) was dissolved in 125 ml. 

of water. The solution was placed in a separatory funnel, 19.1 g. 

(O. 1 mole) of the sulfonyl chloride was added, and the mixture was 

shaken. The pH of the solution was tested frequently, and whenever 

it dropped below 10, 1 ml. of 50% sodium hydroxide was added. After 

O. 5 hr. all the sulfonyl chloride was dissolved. The solution was 

then cooled and acidified with 50% sulfuric acid. A crystalline ma- 

terial first separated which then redissolved when more sulfuric acid 

was added. A total of about 70 ml. of acid was used. Some of the 

sulfinic acid precipitated from the final solution. This was filtered 

off, and the filtrate was extracted with three 30 ml. portions of ether. 

The solid sulfinic acid was dissolved in these ether extracts, and 

these were then washed with a small portion of water, dried, and the 

ether removed to leave an oil, which crystallized on standing in a 

vacuum desiccator, giving 7.4 g. (47%) of a- toluenesulfinic acid, 

m. p. 64 -68° (lit. , (30, p. 10) 61 -63 °). 

Method B: Two major changes were made in Method A. 

First, the a- toluenesulfonyl chloride was dissolved in 125 ml. of 

ether and the reaction mixture was then shaken. The separatory 
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funnel was periodically cooled in an ice bath, since under these con- 

ditions the reaction was much faster. Second, the a- toluenesulfinic 

acid was not crystallized but was used directly as the crude oil ob- 

tained after the removal of the ether. Overall yields were much 

higher by this latter method. 

Phenyl a - Toluenethiolsulfonate. Benzenesulfenyl chloride 

(48) (1. 45 g. , O. 01 mole) was dissolved in 90 ml. of benzene and this 

solution was shaken for 1 hr. in a separatory funnel with a solution 

of 1. 56 g. (O. 01 mole) of a- toluenesulfinic acid in 60 ml. of water. 

The layers were then separated; the benzene layer was washed first 

with 25 ml. of saturated sodium bicarbonate, then with water, and 

was finally dried over sodium sulfate. Removal of the benzene under 

reduced pressure gave a white crystalline residue. This was re- 

crystallized twice from absolute ethanol, giving 1. 5 g. (57 %) of phenyl 

a -toluenethiolsulfonate, m. p. 110 -111 °. Its infrared spectrum 

showed the expected strong sulfonyl group absorption at 1325 and 

1125 cm. -1 

Anal. Calculated for C13H1202S2: C, 59. 06%; H, 4. 58%; 

S, 24. 26 %. Found: C, 58. 83 %; H, 4. 48%; S, 24. 51 %. 

Procedure for Kinetic Runs. The procedure was the same as 

that previously described by Kice and coworkers (35, 36); also the 

methods used for the purification of the solvents were the same. 
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Identification of Decomposition Products. In all cases product 

studies were carried out using the reaction solutions remaining from 

decomposition in the kinetic apparatus. The solvent was removed by 

fractional distillation under reduced pressure through a short Vigreux 

column. 

In the case of the decomposition of phenyl a.-toluenethiolsul- 

fonate in methyl benzoate (37) the residue from the distillation was 

crystallized from 80% ethanol, yielding a portion of the benzyl phenyl 

sulfide in a pure state, m. p. 42 -43 °, identified by mixed melting 

point and infrared comparison with a known sample (63, p. 1406). 

The filtrate was evaporated and the residue was chromatographed on 

acid -washed alumina (50 g. /g. residue). Elution with hexane and 

various hexane- benzene mixtures gave first a small amount of phenyl 

disulfide, identified by comparison with a known sample, followed by 

the remaining benzyl phenyl sulfide. From a run involving 4. 0 

mmoles of thiolsulfonate there was obtained 3. 2 mmoles of sulfide 

and 0. 13 mmoles of the disulfide. The amount of sulfur dioxide 

evolved was 3. 84 mmoles. 

In bromobenzene and benzonitrile the phenyl a -toluenethiol- 

sulfonate decomposition products were not studied in detail, but were 

qualitatively similar. These experiments were carried out princi- 

pally to determine that the sulfide was indeed the major product in 

these solvents as well. 
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With the carboethoxymethyl a -toluenethiolsulfonate in methyl 

benzoate, the residue was chromatographed directly. Trial experi- 

ments with synthetic mixtures had shown that it was possible to sep- 

arate mixtures of ethyl S- benzylthioglycolate, diethyl dithiodiglyolate, 

and methyl benzoate in this manner if the column was eluted first 

with hexane, then with hexane- benzene containing gradually increasing 

amounts of benzene and finally with pure benzene. From a run in- 

volving 1. 37 g. of thiolsulfonate there was obtained 0. 543 g. of liquid 

having an infrared spectrum identical with that of a known sample of 

ethyl S- benzylthioglycolate (49). The identity of this material was 

confirmed by basic hydrolysis to the known S- benzylthioglycolic acid, 

m. p. 64 -65° (49). The only other product fraction from the chroma- 

tography (0. 25 g. ) was eluted at the point where diethyl dithiodiglyco- 

late would be expected to appear. However, although its infrared 

spectrum suggested it might contain some of this material, there was 

clearly much of the fraction which was not the disulfide since acid 

hydrolysis, which on a known sample of diethyl dithiodiglycolate (62), 

easily afforded dithioglycolic acid, m. p. 108 -109 °, gave only an oil 

which resisted all attempts at crystallization. 
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Synthesis, Decomposition and Optical Properties of the Deuterated 
Compounds 

Dehydration of Stannous Chloride Dihydrate. The Stephen 

Procedure (85, p. 197 -198): In a 400 ml. beaker was placed 102 g. 

(89.5 ml. , 1 mole) of redistilled acetic anhydride, and 113 g. of 

analytical reagent grade stannous chloride dihydrate (O. 5 mole) was 

added while the liquid was stirred. Dehydration was almost instanta- 

neous. The operation is best conducted in the hood. After 2 hr. , the 

anhydrous stannous chloride was filtered off on a sintered glass funnel 

and washed with four 50 ml. portions of anhydrous ether. The stan- 

nous chloride was dried over sulfuric acid in a vacuum desiccator for 

several days before use. 

Generation of Deuterium Chloride. The apparatus shown in 

Fig. 3 was employed. A few drops of deuterium oxide was run from 

the dropping funnel into the flask containing a two- to three -fold ex- 

cess of reagent -grade benzoyl chloride. The flask was gently heated 

until deuterium chloride was evolved at a satisfactory rate and the 

temperature was maintained at this level until all of the deuterium 

oxide had been added and the evolution of gas had slackened notice- 

ably. The temperature was then slowly raised to the boiling point of 

the benzoyl chloride and maintained there until gas was no longer 

produced. At the end of the reaction a slow stream of dry nitrogen 

was passed into the system through the dropping funnel (the refluxing 



generating 
flask 

trap manometer 

Fig. 3. Deuterium chloride generator. 

52 

to reaction 
flask 



53 

of the reaction mixture was not interrupted) to force the last traces of 

deuterium chloride to the receiving flask. A magnetic stirrer and a 

one -inch stirring bar was a useful addition to the reaction flask (6). 

Benzaldehyde -d. A typical run was as follows: In a 3 1., 

three -necked flask equipped with a reflux condenser, mechanical 

stirrer, gas inlet tube and gas outlet tube there was placed 666 g. 

(3. 5 moles) of anhydrous stannous chloride (85, p. 197 -198) plus 10 

g. of deuterium oxide. A total of 1200 ml. of anhydrous ethyl ether 

which had been dried over calcium hydride was distilled directly into 

the reaction flask. The deuterium chloride generated (see Fig. 3) 

by dropping 55 g. of deuterium oxide into excess benzoyl chloride 

(6) was passed into the slurry over a 4 -hr. period. The last remain- 

ing deuterium chloride was bubbled into the reaction flask by passing 

dry nitrogen though the generating flask. During the last hour it was 

necessary to stir the reaction mixture rather vigorously in order to 

prevent the stannous chloride from coagulating at the bottom of the 

flask. After the mixture had separated into two clear- liquid phases, 

the gas inlet tube was replaced by a dropping funnel and 309 g. (3 

moles) of benzonitrile (Eastman Kodak Co. ) was added to the reaction 

flask. The two -phase solution was stirred vigorously for 3 hr. and was 

allowed to stand for 48 hr. with intermittent stirring. At the end of 

this time the reaction mixture had separated into a solidphase and a 

clear solution. The reaction mixture was then worked up according 
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to the method of Williams (89). The aldimine deuteriochloride- stannic 

chloride complex was washed by decantation with two 500 ml. portions 

of dry ether to remove the deuterium chloride. Two liters of water 

and sufficient solid sodium bicarbonate were added to the residue to 

render the solution neutral to Congo Red. The mixture was then 

steam distilled until the odor of benzaldehyde -d ceased to occur in the 

distillate. The steam distillate was extracted with two 300 ml. por- 

tions of ether, and the ether was removed on the steam bath. The 

crude benzaldehyde -d was purified by means of the sodium bisulfite 

addition compound (85, p. 693). To do this, one adds an excess of a 

concentrated solution of sodium bisulfite in portions to the aldehyde 

with stirring or shaking. The paste of the benzaldehyde bisulfite com- 

pound is filtered, and the crystalline addition compound is washed 

with small portions of ether. The bisulfite compound is then immedi- 

ately transferred to a separatory funnel and decomposed by adding a 

slight excess of sodium carbonate solution. The liberated benzalde- 

hyde-d was extracted with ether, and the etheral extract was washed 

successively with sodium carbonate solution and water, and then 

dried with anhydrous magnesium sulfate. The ether was then re- 

moved by distillation. Benzaldehyde -d, b. p. 57 -58° (7 -8 mm), was 

obtained in a yield of 95 g. (78, 79) corresponding to an over -all 

yield of 28% based on deuterium oxide. 

Isoborneol. Reagent grade d- camphor (Eastman Organic 
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Chemicals) was recrystallized from ethanol, m. p. 177 -178 °, 

Cad D + 43. 6° (11, c4, ethanol). A solution of 90 g. (O. 6 mole) of 

d- camphor in 300 ml. of anhydrous ether was added over a period of 

1 hr. to a stirred refluxing suspension of 27 g. (O. 71 mole) of lithium 

aluminum hydride in 800 ml. of anhydrous ether. The mixture was 

refluxed 12 hr. to ensure complete reduction, and the excess lithium 

aluminum hydride was decomposed with water and 6 N hydrochloric 

acid. The ether layer was dried over anhydrous sodium sulfate and 

the ether was carefully evaporated to give a mixture of borneol and 

isoborneol (57), which was air dried, yield, 84 g. (93%). 

Isobornyloxymagnesium Bromide from n- Propylmagnesium 

Bromide. A 1 1.. , three- necked flask was fitted with a stirrer, drop- 

ping funnel, condenser and an inlet and outlet tube. The latter two 

were protected with calcium sulfate drying tubes. Under a nitrogen 

atmosphere 34. 2 g. (O. 278 mole) of n- propyl bromide was added to a 

suspension of 6. 75 g. (O. 278 mole) of magnesium turnings in 70 ml. 

of absolute ether. The slurry was stirred for 30 minutes, then 

cooled to 0 °, and 42. 2 g. (O. 278 mole) of the isoborneol -borneol mix- 

ture was added as an etheral solution. At the end of the addition a 

large amount of white precipitate was present. Isobornyloxymagne - 

sium bromide (78) is not soluble in ether. 

( +)- Hydrogen Benzyl -a -d Phthalate. Without any attempt to 

isolate the isobornyloxymagnesium bromide, the apparatus was 
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arranged for distillation with a Vigreux column, and 500 ml. of dry 

benzene was added to the flask. The mixture was distilled until the 

vapor temperature reached 75° at which time the solution was homo- 

geneous. After cooling the solution to room temperature, the flask 

was again arranged for stirring, and 18 g. (O. 17 mole) of benzalde- 

hyde-d was added with stirring. After stirring for 3 hr. at room 

temperature, enough water was added to stop the reaction and to form 

two phases. A clear organic phase and a thick white precipitate made 

up the two phases. The organic phase was decanted, and the precipi- 

tated inorganic salts were washed five times with small portions of 

ether. The combined organic phases were dried with anhydrous po- 

tassium carbonate. After removal of the ether by distillation, the 

liquid residue was added to 500 ml. of water. The aqueous mixture 

was directly steam distilled to remove the last traces of solvent until 

a white crystalline solid began to form on the condenser. The flask 

was then fitted with a 45/50 standard taper wide -bore tube containing 

a large removable coil condenser. Then the aqueous mixture was 

refluxed while powder formed on the coil condenser. In this manner 

most of the camphor, borneol and isoborneol were removed while the 

benzyl -a -d alcohol was retained in the water phase. After cooling 

the aqueous solution to room temperature, 300 g. of potassium car- 

bonate was added to reduce the solubility of benzyl -a -d alcohol. The 

aqueous mixture was then extracted five times with ether and the 
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combined etheral extracts were dried with anhydrous potassium car- 

bonate. 

Distillation of the solvent left the crude benzyl -a -d alcohol as 

a yellow liquid residue. To the crude benzyl -a -d alcohol was added 

32 g. (O. 215 mole) of phthalic anhydride. The resulting mixture was 

maintained at 110° for 14 hr. and was poured into a solution of 0.36 

mole of sodium carbonate in 1. 4 1. of water. The aqueous mixture 

was stirred for 30 minutes and was washed once with a small portion 

of ether to remove any remaining undissolved solid. After acidifica- 

tion to pH 2 with concentrated hydrochloric acid, an oily layer formed 

which solidified to a white crystalline mass on standing. The hydro- 

gen benzyl -a -d phthalate was recrystallized from benzene- cyclohex- 

ane. The yield was 65%based on benzaldehyde -d. The specific optical 

rotation was [a5461 + O. 284±0. 003° (12, c21, acetone). The original 

reported value (78) was [al 
5463 + O. 255 ± O. 005° (14, c20, acetone). 

However, A. Streitwieser later reports (79) an improvement of 10% 

in all rotations by a slight change in the method. Since this change 

was incorporated into the present preparation the expected rotation 

for the phthalate would be +0. 281 + 0. 005, in good agreement with 

the observed values. 

The procedure was repeated several times on a three -fold 

scale with approximately the same results. Optical measurements 

on later runs were made only on the pure alcohol obtained in the 



58 

subsequent step (vide infra). 

Preparation of (- )- Benzyl -a -d Alcohol (78, 79). In the usual 

manner 90 g. (O. 35 mole) of hydrogen benzyl -a -d phthalate was re- 

duced with 50 g. (1. 4 moles) of lithium aluminum hydride. The reac- 

tion mixture was allowed to stand overnight and subsequently the ex- 

cess lithium aluminum hydride was destroyed with water and 6 N 

hydrochloric acid. The solution was extracted five times with 75 ml. 

portions of ether. The product was distilled through a four -inch 

Vigreux column, b. p. 76 -80° (4 mm), yield, 32. 2 g. (95 %). The 

crude product was redistilled on a 20 -inch spinning -band column, 

b. p. 89 -90° (8 mm), a 5461 -1. 830 ± 0. 003° (12), 
C°'J 5461 -0. 870 

+ 0. 002° (12), yield, 31. 5 g. (93%). The reported rotation (79) was 

a 5463 
-3. 669 ± 0. 004° (14), aD -3. 006 ± 0. 004° (14). 

A second preparation of the alcohol had the following physical 

properties: b. p. 74 -75° (4 mm), aD -0. 728 + 0. 002° (11), [131325 

-0. 694 ± 0. 002° (11). 

Benzyl -a -d Chloride. In this preparation the optically active 

benzyl -a -d alcohol was first converted to the intermediate chlorocar- 

bonate using the procedure given in Organic Synthesis (31, p. 167- 

169) for the preparation of carbobenzoxychloride. The chlorocarbon- 

ate was then decomposed to the chloride. 

A typical preparation was as follows: A 200 ml. three -necked 

flask was fitted with a rubber stopper carrying an exit tube and a 

a30 
- 
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delivery tube extending to the bottom of the flask. The tubes were 

equipped with stopcocks so that the reaction flask could be disconnect- 

ed. In the flask was placed 60 ml. of dry toluene; then the apparatus 

was weighed. The flask was cooled in an ice bath, and phosgene was 

bubbled into the flask until 12. 6 g. (O. 126 moles) had been absorbed. 

The exit gases were passed through a flask containing toluene to re- 

move any phosgene and then through a calcium chloride tube to a gas 

trap. 

After the absorption of phosgene was complete, the connection 

to the phosgene tank was replaced by a stopper. The center stopper 

was replaced by a separatory funnel, and the reaction flask was 

stirred with a teflon- coated magnetic stirring bar while 11.8 g.(0. 108 

moles) of benzyl -a -d alcohol was added rapidly through the separa- 

tory funnel. The flask was allowed to stand in the ice bath for 30 

minutes then at room temperature for 2 hr. The solution was then 

concentrated under reduced pressure, at a temperature not exceeding 

60 °, in order to remove hydrogen chloride, excess phosgene and the 

toluene. The deuterated carbobenzoxychloride was diluted with 50 

ml. of dry dioxane, and the solution was refluxed for 36 hr. After 

the removal of the dioxane at reduced pressure, the benzyl -a -d 

chloride was distilled through an 18 -inch vacuum -jacketed Vigreux 

column, b. p. 68 -69° (15 mm), yield, 11.6 g. (85%). The rotations of 

the various samples of chloride prepared in this manner are shown 
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in column 3, Table VI. 

a -Deuterio- a -toluene sulfonyl Chloride. Optically active 

benzyl -a -d chloride was converted to optically active a- deuterio a -a- 

toluenesulfonyl chloride using the procedure employed by Belous and 

Postovsky (3) to convert benzyl chloride to a -toluenesulfonyl chloride. 

The samples of the sulfonyl chloride (average yield 75 %, m. p. 93 -94 °) 

had the rotations indicated in column 4, Table VI. 

Benzyl -a -d Phenyl Sulfide. A procedure similar to Pummer- 

er's (63, p. 1406) was followed, but with several important changes. 

In a 100 ml. three -necked flask which had been preswept with nitrogen 

was placed 1. 1 g. (10 mmoles) of thiophenol in 5 ml. of absolute etha- 

nol and 0. 56 g. (10 mmoles) of potassium hydroxide in 10 ml. of 95% 

ethanol. To this solution was then added 1.27 g. (10 mmoles) of 

benzyl- a -d chloride, a 5461 -0. 821° (11), in 10 ml. of absolute etha- 

nol. The mixture was stirred for 3 hr. at 60° under nitrogen, and 

then the precipitated potassium chloride was filtered off while the 

solution was still hot. The filtrate was cooled, and the sulfide was 

filtered off and recrystallized from 95% ethanol, m. p. 43 -45 °, yield, 

1. 6 g. (80%), [a] D +0. 384 + O. 007° (12, c15, dioxane). A deuterium 

analysis by J. Nemeth indicated the deuterium content to be 0. 88 

deuterium atoms /molecule. The deuterium analysis of a 0. 75 M 

carbon tetrachloride solution by the NMR method referred to earlier 

yielded a deuterium content of 0. 88 + 0. 06 deuterium atoms /molecule. 



TABLE VI. Preparation of Optically Active Benzyl -a -d Chloride and a -Deuterio -a -toluenesulfonyl 
Chloride 

1 2 3 4 

run Benzyl -a -d alcohol 

1 a 5461 -1. 830° (12) 

Benzyl -a -d chloride a.- Deuterio -a -toluenesulfonyl chloride 

25 
a 5461 

25 
2 a -1.830° (12) aD 

3 aD -0. 728° (11) aD 

0.821 +0. 005° (11) 

-0. 631 ± 0. 003° (11) 

-0. 661 + 0. 003° (11) 

ra D 0. 288 f 0. 006° (12, c18, dioxane) 

[a] D 0. 268 + 0. 006° (12, c20, dioxane) 

rotation not determined 

25 
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Benzyl -a -d Ethyl Sulfide. In a 100 ml. three -necked flask 

which had been preswept with nitrogen there was placed 1. 5 g. (24 

mmoles) of ethyl mercaptan dissolved in 5 ml. of absolute ethanol, 

1. 35 g. (24 mmoles) of potassium hydroxide in 15 ml. of 95% ethanol, 

25 and 3. 06 g. (24 mmoles) of benzyl -a -d chloride, al) -0. 661° (11), 

dissolved in 10 ml. of absolute ethanol. Potassium chloride precipi- 

tated immediately, but the mixture was heated at 50° for 1 hr. The 

salt was filtered off and washed with absolute ethanol. The ethanol 

was removed and the residue was vacuum distilled giving 1. 9 g. (52 %a) 

of benzyl- a -d ethyl sulfide, b. p. 96 -99° (13 mm). 

Benzyl -d Ethyl Sulfone from Benzyl- a -d Ethyl Sulfide. 

Benzyl -a -d ethyl sulfide (1. 9 g. , 12. 4 mmoles) was dissolved in 10 

ml. of glacial acetic acid. While the solution was being shaken vigor- 

ously, small aliquots of potassium permanganate (2. 36 g. , 14. 9 

mmoles) dissolved in water were added. The excess permanganate 

and manganese dioxide was destroyed with an aqueous 5% sodium 

hydrogen sulfite solution. The resulting mixture was added to three 

times its volume of cold water and the sulfone was filtered off. Re- 

crystallization from ethanol yielded O. 8 g. (35 %) of the sulfone, 

m. p. 79 -80 °, [a] D -0. 264 + 0. 007° (12, c17, dioxane). The deu- 

terium content of an 0. 75 M acetone solution as indicated by the NMR 

method was 0. 95 + 0. 05 deuterium atoms /molecule. 

a - Deuterio -a -toluenesulfinic Acid. Method B, previously 
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discussed for the preparation of a- toluenesulfinic acid, was used in 

all cases where the optically active a -deuterio- a -toluenesulfonyl 

chloride was used as a starting material to produce a -deuterio -a- 

toluenesulfinic acid derivatives. 

Benzyl -a -d Ethyl Sulfone from a -Deuterio- a -toluenesulfinic 

Acid. The a -deuterio- a -toluenesulfinic acid obtained from 10. 5 

mmoles of a -deuterio -a -toluenesulfonyl chloride was diluted with 2 

ml. of water and 30 ml. of dimethylsulfoxide (DMSO) and then neu- 

tralized with O. 88 g. (10.5 mmoles) of sodium bicarbonate. To this 

solution was then added 2 g. (17 mmoles) of ethyl bromide and the 

reaction was allowed to proceed at room temperature for 36 hr. 

The DMSO was removed by vacuum distillation, b. p. 45° 

(1 mm). The residue was then diluted with 40 ml. of water, cooled, 

and the sulfone was filtered off. The sulfone was recrystallized from 

75% methanol -water giving 0. 57 g. (30%) of product, m. p. 82 -83 °. 

The specific rotation of a sample prepared starting from benzyl- 

a-d chloride, aD -O. 661 (11), was {a] D -0. 189 ± 0. 013° (12, 

c20, dioxane). The deuterium content of a 0. 75 M acetone solution as 

indicated by the NMR method was O. 68 ± 0. 02 deuterium atoms/mole- 

cule. Upon comparing the decrease in the deuterium content and the 

reduction in optical rotation for this preparation with that for the pre- 

viously discussed sulfone obtained by oxidation, it was found that both 

the rotation and deuterium content were decreased by an identical 
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28. 5 %. It is therefore reasonable to conclude that within the limits of 

experimental error the decrease in optical rotation is due entirely to 

the loss in deuterium content. 

Phenyl a -Deuterio- a -toluenethiolsulfonate. The a -deuterio- 

a -toluenesulfinic acid, obtained from 10 g. (52. 5 mmoles) of a -deu- 

terio-a-toluenesulfonyl chloride was diluted with 10 ml. of water. A 

5% solution of benzenesulfenyl chloride (48) in benzene was added 

slowly with shaking until the orange color persisted. The layers 

where then separated; the benzene layer was washed with two 10 ml. 

portions of water and was dried over anhydrous sodium sulfate. The 

benzene was partially removed, and the thiolsulfonate was recrystal- 

lized from a 50 -50 benzene - hexane mixture. A yield of 73% was ob- 

tained based on a- deuterio- a- toluenesulfonyl chloride. A summary 

of the physical properties is given in Table VII. 

Optical Rotations of the Decomposition Products of Phenyl 

a -Deuterio -a -toluenethiolsulfonate. The product studies were car- 

ried out using the same apparatus as that previously described by 

Kice and coworkers (35, 36, 37) for the decomposition of thiolsul- 

fonates. Solvent purification was also carried out in a similar man- 

ner. Table VIII summarizes the experimental results. 

Optical Stability of Phenyl a - Deuterio- a -toluenethiolsulfonate 

in Methyl Benzoate. Optically active thiolsulfonate, [a]p + 0. 651 

+ 0. 013° (12, c7. 5, dioxane), was heated at 172° for one half -life 



TABLÉ VII. Preparation of Optically Active Phenyl a -Deuterio- a -Toluenethiolsulfonate 

Run m. p. 

25 
a of Benzyl - a -d 
chloride (11)(1) 

aD of Phenyl a -deuterio- 
a -toluenethiolsulfonate 

in dioxane 
Deuterium atoms/ 

molecule(2) 

1 108 -110° -0. 631 0. 660 + 0. 015° (12, c20) ' 
and (11, cll) 

0. 56 ± 0. 05(3 ) 

2 109 -110° -0. 631 0. 830 + 0. 020° (12, c5)Ì 

3 110 -110. 5° -0. 660 0. 837 + 0. 020° (12, c5) 0. 67 ± 0. 04 

( 
1 

aD of starting chloride 
(2) 

analysis by NMR spectrometer using an 0. 75 M acetone solution 

(3 ) The value, 0. 56 + 0. 05, was obtained for a sample consisting of 50% of the thiolsulfonate from 
run #1 and 50 %of the thiolsulfonate from run #2. J. Nemeth's deuterium analysis of the sample 
indicated 0. 62 deuterium atoms /molecule. 

-8 



TABLE VIII. Optical Rotation of Benzyl -a -d Phenyl Sulfide from the Decomposition of Phenyl a - 
Deuterio- a - toluenethiolsulfonate(1) 

Solvent 

Mmoles of Mmoles of 
starting sulfide 

thiolsulfonate recovered m. p. 

La] D of Benzyl- a -d 
phenyl sulfide 

(12, c16, 18, 16 dioxane) 
Deuterium atoms/ 

molecule( 

methyl benzoate 7. 6 4. 0 42 -43° -0. 013 + 0. 006° 0. 66 ± 0. 03(4) 

bromobenzene 7. 5 5. 5 41-42° -0. 022 ±-0. 006° 0. 66 ± 0. 03 

benzonitrile 7. 6 4. 0(5) 42-43° -0. 048 ± 0. 006° 0. 67 ± 0. 03 

(1) 
LaD +0. 837 + 0. 020° (12, c5, dioxane) 

(2) 
recrystallized from 75% ethanol 

(3)analysis by NMR spectrometer using an 0. 75 M carbon tetrachloride solution 

(4)The mixed thiolsulfonate (Table VII, footnote 3) gave on decomposition a sulfide with 0. 57 + 0. 05 
deuterium atoms /molecule according to the NMR spectrometer analysis while J. Nemeth found 
0. 62 deuterium atoms /molecule for this sample. 

(5)isolated by alumina chromatography 

( 2 

DS 

) 
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(5. 5 hr. ). The undecomposed thiolsulfonate was recovered by first 

removing the methyl benzoate by vacuum distillation and then extract- 

ing the residue with three 25 ml. portions of hexane. The insoluble 

residue was then recrystallized from a benzene -hexane mixture giv- 

ing the thiolsulfonate, m. p. 108 -109 °. The specific rotation of the 

recovered thiolsulfonate was rai D + O. 708 + O. 014° (12, c7. 6, 

dioxane). The increase in optical rotation was suggestive that the 

deuterated thiolsulfonate has a slower rate of decomposition, there- 

fore a deuterium isotope effect was considered as very likely (see 

Results). 

Stability of the Benzyl -a -d Phenyl Sulfide in Bromobenzene, 

Methyl Benzoate, and Benzonitrile. The sulfide was subjected to the 

same conditions as those used for the decomposition of thiolsulfon- 

ates. The benzyl -a -d phenyl sulfide was dissolved in 50 ml. of 

bromobenzene, methyl benzoate, or benzonitrile respectively, and 

the solution was heated under nitrogen. The solvent was subsequently 

removed by vacuum distillation, and the residual sulfide was crystal- 

lized from 75% ethanol -water. A summary of the optical rotations is 

given in Table IX. 

Stability of Benzyl -a -d Phenyl Sulfide on Acid Washed 

Alumina. Benzyl -a -d phenyl sulfide, [a] D +0. 362 + 0. 015 (12, c17, 

dioxane), was chromatographed on acid- washed alumina by elution 

with 200 ml. of hexane (25 g. /g. residue). The main fraction of 



TABLE IX. Optical Stability of Benzyl -a -d Phenyl Sulfide 

Solvent Temp. Time in hr. 
[a] D of Benzyl- a -d phenyl sulfide( 1) 

before heating after heating 

methyl benzoate 170° 60 +0. 384 ± 0. 006° +0. 388 ± 0. 009° 

bromobenzene refluxing 90 +0. 384 + 0. 006° +0. 376 ± 0. 009° 

benzonitrile 171° 78 +0. 394 + 0. 007° +0. 403 + 0. 007° 

(1) recovered sulfide recrystallized from 75% ethanol -water 
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recovered sulfide was recrystallized from 75% ethanol-water. The 

specific rotation of the sulfide recovered from the chromatography 

was Iai +0. 334 + 0. 009° (12, c17, dioxane). 
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MECHANISMS OF INTERNAL SUBSTITUTION REACTIONS 

Part II Diazosulfones 

Although the preparation of a diazosulfone (RN= NSO2I( ) was 

first reported by W. Koenigs (43) in 1877, surprisingly little has been 

reported concerning the chemical properties of such compounds. The 

original method of preparation involved the coupling of a diazonium 

salt with the sodium salt of a sulfinic acid (eq. 1). Variations 

+ G ® 0 
ArN2 X + RSO2Na ) ArN=NSO2R + NaX (1) 

on this synthetic procedure have been reported, (26; 43; 53; 83, 

p. 369 -429) but all variations appear to involve the same reactive 

species. 

Dutt reported (15) a novel synthetic procedure in 1924 whereby 

an aliphatic or aromatic sulfonamide (RSO2NH2) could be reacted with 

a diazonium salt (RNA= NX ). The reaction was formulated as is 

shown in equation 2. For example: when Dutt reacted methanesulfon- 

/ O 
RSO2NH2 + RN=NX > RSO2NHN=NR (2) 

RSO2N=NR + HX ( R-N 
OX 

RSO2H + R-N3 

amide (MeSO2NH2) with a benzenediazonium salt, he reported the 

isolation of a bright yellow compound, which was found to be 

G 
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benzenediazo methyl sulfone (PhN= NSO2CH3), plus a second product, 

phenylazide (PhN3). 

Dutt also discussed the attempted preparation of benzenediazo 

benzyl sulfone (PhN= NSO2CH2Ph) from a -toluene sulfonamide 

(PhCH2SO2NH2) and benzenediazonium chloride. However, the only 

product isolated from the reaction was phenyl azide. He was unable 

to isolate any diazosulfone. 

In Volume 9 of Methoden der Organischen Chemie (Houben and 

Weyl) (56, p. 334), which devotes 915 pages to a review of sulfur 

chemistry up through 1955, only one paragraph was needed to discuss 

the chemistry of diazosulfones. In this short review of their chemis- 

try it is indicated that these compounds on heating decompose into 

nitrogen and the corresponding sulfone (eq. 3). Examination of the 

R-N=NSO2R RSO2R + N2 (3) 

references (26; 43; 53; 83, p. 369 -429) shows, however, that none 

of the investigators cited ever actually confirmed that this was the 

course taken by the thermal decomposition of a diazosulfone. 

More recent work has dealt with the spectral properties (17 

24; 33, p. 28 -46) of diazosulfones prepared by the sulfinic acid meth- 

od (eq. 1), the use of diazosulfones as initiators for emulsion poly- 

merization, (68, 81) a study of Hammetttc values for the reaction 

of various substituted sulfinic acids (yC6H4SO2H) with phenyl 
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diazonium salts (N= RC6H4X) (66) and most significantly the thermal 

decomposition of benzenediazo phenyl sulfone (60, 67). Overberger's 

study of this diazosulfone indicated that the decomposition proceeded 

with formation of phenylazo and phenylsulfonyl radical fragments, but 

there still remained considerable question as to the exact pathway of 

thermal decomposition of diazosulfones. Although our original goal 

was to elucidate the mechanism of the thiolsulfonate decomposition, 

the isolation of benzenediazo benzyl sulfone suggested the desirability 

of investigating the fundamentals of the aliphatic diazosulfone decom- 

position: its products, decomposition rates, solvent effects and sub - 

stituent effects. The initial exploratory research in this area is dis- 

cussed in this thesis. The present work has shown that the entire 

subject of diazosulfone decomposition is much more complex than 

suggested by equation 1 and further, if one compares the work of 

Overberger (60) to that of our aliphatic system, a very dramatic dif- 

ference is observed. 
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RESULTS 

Synthesis and Decomposition of Benzenediazosulfones 

Synthesis of Benzenediazo Benzyl Sulfone. The first prepara- 

tion of a diazosulfoneinthis Laboratory turned out to be as novel as 

any yet attempted for the preparation of a diazosulfone. Based on the 

knowledge that many diazonium compounds tend to lose nitrogen very 

easily, we had set out to react benzenediazonium fluoborate with po- 

tassium a -toluenethiolsulfonate in the hope that a thiolsulfonate might 

be formed, directly or indirectly. Equation 4 represents the 

G O 
PhNEN BF4 + KSSO2CH2Ph -4 PhN=NSSO2CH2Ph (4) 

PhSSO2CH2Ph + N2 

stoichiometry that was hoped for. Our hope for initial formation of 

benzenediazonium a -toluenethiolsulfonate (I) was based on the work 

of Troeger (83, p. 369 -429) in which he reported the preparation of 

many aromatic benzenediazonium thiolsulfonates (ArN= NSSO2Ar). 

Troeger reported that these compounds were not completely soluble 

in alcohol, ether, or chloroform; but were completely soluble in car- 

bon disulfide. Consequently he used carbon disulfide for recrystal- 

lization of these compounds. 

In this Laboratory, when potassium a- toluenethiolsulfonate 

was reacted with benzenediazonium fluoborate, sulfur was observed 

Il 
y 
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to separate out during the reaction, and the organic product was the 

diazosulfone (eq. 5). This result definitely suggests that reinvestiga- 

O+ G 
PhNENBF4 + KSSO2CH2Ph ---> PhN=NSO2CH2Ph + S--d= KBF4 (5) 

tion of Troeger's work on the supposed preparation of aromatic di- 

azonium thiolsulfonates is probably desirable. An obvious point to be 

checked in view of Troeger's statements about the solubility of his 

compounds is whether he didn't actually have in hand a mixture of the 

diazosulfone and sulfur, the diazosulfone being soluble in all solvents 

mentioned but the sulfur portion of the mixture only in carbon disul- 

fide. There seems to be little value in speculating further at present 

on this point. 

In the present case much greater interest existed in the de- 

composition of the diazosulfone actually prepared. The above method 

is hardly the simplest method of preparing benzenediazo benzyl sul- 

fone. The preferred method involves the coupling of benzenediazoni- 

um fluoborate with the sodium salt of a -toluenesulfinic acid (eq. 6). 

0 NaHCO3 
PhNENBF4 + PhCH2SO2H 

H 
a PhN=NSO2CH2Ph + NaBF4 (6) 

2 

The benzenediazo benzyl sulfone precipitated immediately from the 

aqueous solution and was recrystallized from ether. 

Comparison of the product from this reaction with that of the 

first method showed that the compounds had comparable melting 

O 
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points and that the ultraviolet and infrared spectra were identical. A 

mixed melting point of the compounds from the two sources showed 

no depression. 

Synthesis of Benzenediazo Methyl and Ethyl Sulfone. Benzene- 

diazo methyl sulfone was prepared from sodium methanesulfinate (see 

next section) and benzenediazonium fluoborate; while benzenediazo 

ethyl sulfone was prepared from sodium ethanesulfinate and benzene - 

diazonium fluoborate (eq. 7 and 8 respectively). 

CH3SO2Na + PhNNBF4 PhN= NSO2CH3 + NaBF4 (7) 

e Q 
CH3CH2SO2Na + PhNNBF4 ) PhN =NSO2 CH2 CH3 + NaBF4 (8) 

Benzenediazo methyl sulfone was characterized by comparison 

of its melting point with the literature value (15) and by its infrared 

spectrum, which exhibited the expected strong sulfonyl group absorp- 

tions and a general overall pattern very similar to benzenediazo 

benzyl sulfone. 

Benzenediazo ethyl sulfone resisted all attempts toward crys- 

tallization, but the infrared spectrum was indicative that the diazo- 

sulfone had been formed. Final proof of the formation of this corn- 

pound was not obtained because of the inability to prepare a suitably 

pure sample for elemental analysis. A high vacuum distillation of a 

larger sample should alleviate this problem. 

Synthesis of Sodium Methanesulfinate. Previous methods for 

---) e 
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the preparation of sodium methansulfinate (1; 2; 58, p. 1272) general- 

ly involved a zinc or iron reduction of methanesulfonyl chloride which 

involved a considerable amount of time. 

The ease with which a- toluenesulfonyl chloride is reduced to 

a -toluenesulfinic acid by sodium sulfite (21, p. 7; 74) suggested that 

this method should be tried in this case. The resulting reaction pro- 

ceeded almost spontaneously when the methanesulfonyl chloride was 

added to a slightly basic solution of sodium sulfite (eq. 9). The 

NaOH 
CH3SO2C1 + Na2SO3 a CH3SO2Na + Na2SO4 + NaCl (9) 

H2O 

sodium methanesulfinate was then used in the preceding synthesis of 

benzenediazo methyl sulfone. 

Decomposition of Benzenediazo Benzyl Sulfone. When ben - 

zenediazo benzyl sulfone was decomposed in dilute benzene solution 

at 50° under a nitrogen atmosphere, a large amount of sulfur dioxide 

was liberated (O. 75 mmole /mmole of diazosulfone). Other principal 

products of the decomposition were isolated by removal of the solvent 

under reduced pressure followed by chromatography of the residue 

on alumina. The nature of the various products, the amount formed, 

and the way in which each was identified are described in the succeed- 

ing paragraph. 

The first product to be eluted from the alumina column was 

biphenyl (0. 01 mmole /mmole of diazosulfone). It was identified from 
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its infrared spectrum and a mixed melting point with a known sample. 

The two major organic products were benzaldehyde benzylphenylhy- 

drazone (PhCHNN(Ph)CH2Ph, O. 15 mmole / mmole diazosulfone) and 

benzaldehyde phenylhydrazone (PhCHNNHPh, O. 26 mmole /mmole 

diazosulfone). Each was identified by comparison of its infrared 

spectrum with that of a known sample as well as by mixed melting 

point. One product which still contained a sulfonyl group was iso- 

lated; it was shown to be 1- benzyl -l- phenyl- 2- benzenesulfonylhydra- 

zine (PhCH2NPhNHSO2Ph, O. 07 mmole / mmole diazosulfone) again 

by infrared comparison and mixed melting points with a known sam- 

ple (14, p. 36). The last fraction eluted from the column was identi- 

fied as 1- benzoyl- 2- phenylhydrazine (PhCONHNHPh, O. 10 mmole/ 

mmole diazosulfone). The isolation of this compound was quite sur- 

prising since the crude residue before being subjected to chromatog- 

raphy gave no evidence of a carbonyl absorption band in the infrared. 

Had the amount of 1- benzoyl -2- phenylhydrazine eventually isolated 

been present as such at that time, it seems almost certain that, at 

the least, a weak carbonyl band would have been evident. The indi- 

cations are then that this compound is actually generated from some 

precursor during the chromatographic work -up. 

Since 1- benzoyl -2- phenylhydrazine has been isolated as an 

oxidation product of benzaldehyde phenylhydrazone (11), it seemed 

important to determine whether or not the hydrazone was the source 
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of the compound. That it is not was shown by the fact that subjecting 

some of the hydrazone to the same work -up procedure did not yield 

any 1- benzoyl- 2- phenylhydrazine. The products isolated and their 

yields are given in tabular form in Tables I and II. 

It is abundantly clear that the course of the thermal decompo- 

sition of benzenediazo benzyl sulfone in no way resembles that shown 

in eq. 1 and suggested by Houben -Weyl to be the general path fol- 

lowed by such reactions. Perhaps even more surprising than the 

liberation of a large amount of sulfur dioxide is the fact that much of 

the nitrogen of the original diazosulfone is retained in the final reac- 

tion products. Because it was thought that at least part of the unus- 

ual behavior of benzenediazo benzyl sulfone might be due to the fact 

that it is an aralkyl benzenediazo sulfone, an investigation of the 

course of the decomposition of a simple alkyl benzenediazo sulfone, 

benzenediazo methyl sulfone, was carried out. 

Decomposition of Benzenediazo Methyl Sulfone. Benzenediazo 

methyl sulfone was subjected to thermal decomposition in dilute 

benzene solution in essentially the same manner as the benzyl analog. 

Much less sulfur dioxide was liberated, (the amount being 0. 17 

mmole /mmole diazosulfone). However, the principal organic pro- 

duct was again not the expected sulfone; in this case this would be 

methyl phenyl sulfone. Instead the decomposition gave a large 

amount of biphenyl (0. 31 mmole /mmole diazosulfone). It also 



TABLE I. Alumina Chromatography of the Decomposition Products of Benzenediazo Benzyl Sulfone 
in Benzene 

Elutent(1) 

pure hexane 

2:1 hexane 
-benzene 

1:2 hexane 
-benzene 

1:1 benzene 
- ether 

1:1 ether 
-methanol 

Compound eluted 

biphenyl 

benzaldehyde benzyl 
phenylhydrazone 

benzaldehyde 
phenylhydrazone 

1- benzyl -l- phenyl -2- 
benzene sulfonyl- 
hydrazine 

1- benzoyl -2- 
phenylhydrazine 

Reported 
Ref. m. p. 

70. 5° 

(54, p. 289) 108 -109° 

(70, p. 131) 156° 

(14, p. 36) 117 -119° 

168 -169° 

Mixed 
m. p. 

64 -69° 

108 -109° 

154 -155° 

117 -118° 

I. R. 

very similar 

identical 

identical 

identical 

167 -168° very similar 

(1)estimated solvent mixture at the time of elution of the identified products 

- - -- 
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TABLE II. The Decomposition Products of Benzenediazo Benzyl 
Sulfone in Benzene 

Product Moles /mole diazosulfone 

biphenyl 0. 026 

benzaldehyde 0. 15 
benzylphenyl- 
hydrazone 

benzaldehyde 0.26 
phenylhydrazone 

1- benzyl -l- phenyl- 0. 072 
2 -benzene sulfonyl- 
hydrazine 

1-benzpyl-2- 0. 095 
phenylhydrazine 

sulfur dioxide 0. 75 
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produced another compound which has so far not been positively iden- 

tified, but which appears to contain both an -N -H and a sulfonyl group. 

One possibility for this compound which suggests itself was 1-phenyl- 

2-methane sulfonylhydrazine (PhNHNHSO2CH3). A synthetic sample 

of this compound was prepared by a method similar to that used by 

Fischer for the preparation of 1- phenyl- 2-benzenesulfonylhydrazine 

(PhNHNHSO2Ph)(16, p. 132). However, the infrared spectrum of the 

authentic 1- phenyl -2- methane sulfonylhydrazine clearly showed, that 

although there were considerable similarities in the spectra of the two 

compounds, they were definitely not the same substance. Other possible 

structures for the product from the diazosulfone decomposition are 

zSO2CH3 H 
I 

Ph-N-N or Ph-N-N-S0 2CH3. 
SO2CH3 SO2CH3 

Further work which will permit the isolation and purification of 

larger amounts of the decomposition product is necessary to verify 

this hypothesis. 

The decomposition of benzenediazo methyl sulfone also yielded 

a third product, but as yet attempts to isolate significant quantities of 

it in a pure state have not been successful. However, the material 

is definitely not methyl phenyl sulfone nor could it contain significant 

quantities of the sulfone as an impurity. 

It is clear from the limited product studies to date on the 

H 
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methyl diazosulfone that its decomposition, although markedly differ- 

ent from that of the benzyl diazosulfone, also does not proceed ac- 

cording to eq. 1. The thermal decomposition of diazosulfones is ob- 

viously a very complex process and one in which small variations in 

diazosulfone structure can result in gross changes in the over -all 

reaction path. 

Polymerization of Methyl Methacrylate by Benzenediazo 

Benzyl Sulfone. The ability of benzenediazo benzyl sulfone to initiate 

the polymerization of methyl methacrylate was investigated in sealed - 

tube reactions at 49. 5 °. Table III summarizes the important points 

TABLE III. Polymerization of Methyl Methacrylate by Benzenediazo 
Benzyl Sulfone 

Initial concentration Time for Weight of 
of benzenediazo polymerization polymer 
benzyl sulfone in hrs. formed 

(1) 

(2) 

(3) 

2. 58 

2. 

5. 15 

x 10-3M 

57 x 10-3M 

x 10-3M 

3. 1 

6. i 

3. 1 

0.667 g. 

1. 028 g. 

0.911 g. 

concerning the initial concentration of initiator, polymerization time 

and weight of polymer formed. By means of a very superficial corn- 

parison between the free radical initiating property of 2- 2-azo -bis- 

isobutyronitrile (AIBN) to that of benzenediazo benzyl sulfone, it 
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appears that AIBN is a much more efficient free radical initiator (34). 

From this limited information few conclusions can be drawn 

other than that the reaction appears to proceed with some free radical 

character. 

Kinetic Aspects of the Decomposition. It is possible to study 

the kinetics of the decomposition of diazosulfones by measuring the 

rate of evolution of sulfur dioxide. The method is similar to that 

described by J. Kice and students for following the rates of decompo- 

sition of thiolsulfonates (35, 36). At present, the kinetic information 

suggests that the decomposition is first -order in diazosulfone. A 

comparison between the slope of the line in Fig. 1 to that in Fig. 2, 

keeping in mind the higher temperature at which benzenediazo methyl 

sulfone was decomposed, clearly indicates that benzenediazo benzyl 

sulfone evolves sulfur dioxide at a faster rate. 

A very surprising feature of the decomposition of the diazo- 

sulfones is that such a large induction period occurs in the case of 

the decomposition of benzenediazo benzyl sulfone, while none is ob- 

served in the case of benzenediazo methyl sulfone. The full signifi- 

cance of this observation is not completely understood as yet, but 

when this data is combined with the drastic variance in the amount of 

sulfur dioxide evolved, it does suggest a considerable variance in the 

possible pathways of the two decompositions. 
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Fig. 1. Plot of log 1- (S02 /SO2 co) vs. time for the decomposition 
of benzenediazo benzyl sulfone in benzene at 49. 50: 0, run 
with CI1= 0. 02M; 0, run with [I] = 0. 04M; Q, run with 
rzJ o = 0. 08M. 
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Fig. 2. Plot of log 1-(S02/S0200) vs. time for the decomposi- 
tion of benzenediazo methyl sulfone in refluxing ben - 
zene: O, run with [1]0 = 0. 135M. 
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DISCUSSION 

The decomposition of aliphatic benzenediazo sulfones has 

proven to be considerably more complex than a survey of the present 

literature would have led one to believe (56, p. 334; 60, .67). Both 

benzenediazo benzyl sulfone and benzenediazo methyl sulfone have 

produced equally novel decomposition products. The drastic differ- 

ence in the amounts of sulfur dioxide which was evolved from these 

two diazosulfones, 75% and 17 %, respectively, certainly suggests a 

significant difference in the modes of decomposition. The most im- 

portant information thus far gained from the study of the thermal de- 

composition of these diazosulfones has involved the structure of the 

decomposition products,for it had long been thought that diazosulfones 

decompose mainly by the evolution of nitrogen and the subsequent 

formation of the corresponding sulfone (56, p. 334). This very sim- 

ple explanation was subsequently disproved by Overberger and Rosen- 

thal when they showed that the main product from the decomposition 

of benzenediazo phenyl sulfone in benzene was not the simple sulfone, 

but actually a mixture of mainly biphenyl and benzenesulfinic acid 

(60). 

Equation 10 schematically represents the products which were 

identified from the decomposition of benzenediazo benzyl sulfone. 

The isolation of biphenyl, benzaldehyde benzylphenylhydrazone, 
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benzaldehyde phenylhydrazone, 1 -benzyl- l - phenyl - 2- benzene sulfonyl 

hydrazine and 1- benzoyl- 2- phenylhydrazine illustrate even more 

dramatically the gross oversimplification that had been assumed for 

the decomposition of diazosulfones. The decomposition of benzenedi- 

azo methyl sulfone (eq. 11) brought to light a second example of an 

aliphatic diazosulfone that decomposes without the formation of a 

sulfone. However, this is where the close similarity ends; for the 

major product was biphenyl (0.31 mmole /mmole diazosulfone) and 

only 17% of the available sulfur dioxide was evolved during the decom- 

position. Both of these observations are consistent with those made 

by Overberger (60) on benzenediazo phenyl sulfone. 

The data do not permit a concise statement concerning the 

kinetic aspects of these decompositions. At best it can only be noted 

that the appearance of sulfur dioxide appears to follow a first -order 

plot during most of the decomposition period. A more basic criteria 

for following the rate, such as direct disappearance of the diazosul- 

fone, could be a significant addition to a knowledge of the mechanism 

of this decomposition. 

The observed ability of benzenediazo benzyl sulfone to promote 

the polymerization of methyl methacrylate did indicate that decompo- 

sition proceeds with some production of free radicals. However, 

comparison of polymerization rates with 2, 2 azo -bis -isobutyroni- 

trile, AIBN, clearly indicates that the apparent decomposition rate 
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of the diazosulfone is much faster than the rate at which radicals 

which initiate polymerization are produced. 

Finally, an appreciable difference was observed between the 

rates of decomposition of benzenediazo benzyl sulfone and benzenedi- 

azo methyl sulfone, with the latter being considerably slower (Fig. 1 

and Fig. 2). Although the available data do not allow us to present a 

definite mechanism for either of these diazosulfone decompositions, 

some speculation concerning the possible route of formation of the 

various products may prove of value in suggesting the direction of 

further work. 

The data thus far obtained concerning the thermal decomposi- 

tion of these two diazosulfones do not allow us to decide definitely be- 

tween heterolytic or homolytic process. However, the large yield 

of biphenyl in the decomposition of benzenediazo methyl sulfone (BMS) 

in benzene and its similarity to benzenediazo phenyl sulfone (60) cer- 

tainly suggests that the decomposition of this diazosulfone is proceed- 

ing by a radical process. Homolytic decomposition of BMS (eq. 12) 

could lead to the formation of radical pair II. PhN2- can then easily 

yield a phenyl radical by loss of nitrogen. The phenyl could then at- 

tack a solvent molecule forming III (13). The abstraction of an H- 

atom could then be accomplished by the methanesulfinate radical. 

Finally equation 13 is suggested as one possible means of explaining 

the formation of a product which exhibits both an N -H and sulfonyl 
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absorption in the infrared. The possible formation of such disulfon- 

amides certainly warrants further investigation. 

It is harder to write a mechanism, either radical or non -radi- 

cal, for decomposition of benzenediazo benzyl sulfone, BBS, which 

explains the multitude of products formed. From the fact that the 

rate of initiation of polymerization of methyl methacrylate is appar- 

ently much lower than the over -all rate of disappearance of the diazo- 

sulfone in the absence of methacrylate one can conclude that either 

the decomposition proceeds by both a homolytic and heterolytic path 

or else that there is a large amount of induced decomposition of the 
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seems more reasonable to discuss the reaction in terms of a second al- 
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Analogous to the decomposition of BMS the initial decomposi- 

tion could yield a pair of radicals (PhN =N SO2CH2Ph) IV (eq. 14). 

Because of the resonance stabilization of a benzyl radical one would 

expect that PhCH2SO2 , once formed, would very rapidly lose sulfur 

dioxide. Indeed it might well do so more rapidly than a PhN2 radical 

would lose nitrogen. Cage recombination of PhN2 and benzyl would 

give PhCH2N =NPh VI, which is known (65, p. 23) to isomerize read- 

ily to benzaldehyde phenylhydrazone VII (eq. 15). 

Since the yield of biphenyl is much lower than in the case of 

BMS, the phenyl radicals formed in the decomposition (eq. 16) must 

react by other pathways than addition to the solvent. Two of the 

most plausible of these would appear to be hydrogen atom abstraction 

(1) from VI or VII, which yields VIII (eq. 17), or (2) from some of 

the remaining diazosulfone (eq. 18). All of these hydrogens would 

appear to be sufficiently more reactive in reactions of this type than 

those in the BMS system to explain why these reactions occur here to 

the virtual exclusion of biphenyl formation. 

Coupling of the radical VIII produced by hydrogen abstraction 

from VI or VII with a benzyl radical will, of course, give benzalde- 

hyde benzylphenylhydrazone IX, the other major organic product of 

the decomposition. 

It is possible to explain part of the induction period in the ap- 

pearance of sulfur dioxide in the BBS decomposition by assuming that 
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the other radical formed by H -atom abstraction, Xb, undergoes the 

sequence of reactions shown in eqs. 19 and 20 and that the unusual 

cyclic compounds formed as the product of these reactions then un- 

dergo subsequent although not immediate.desulfonylation (eq. 21 and 

22). 

It is known (73) that phenyl radicals will add fairly readily to 

sulfur dioxide to form a PhSO2 radical. Such a step would explain 

how one could get a phenyl attached to a sulfonyl, as is required in 

1- benzyl -l -phenyl - 2- benzene sulfonylhydrazine XIII 

[ Ph(PhCHZ)NNHSOZPh]. However, how one actually forms this par- 

ticular compound is not known. A very speculative route is offered 

in eq. 23, the benzenesulfinic acid required being formed by PhSO2 

abstracting a hydrogen from some source. 

No definite precursor for the 1- benzoyl- 2- phenylhydrazine 

formed via a secondary reaction during the workup procedures has 

been identified to date and as a result speculation on the origin of this 

product is unwarranted at this time. 

It should be reemphasized that this investigation has been ex- 

ploratory in nature and that the really important information gained 

thus far has been that the decomposition of diazosulfones does not 

yield the anticipated simple sulfones or sulfinic acid, but instead very 

complex mixtures of nitrogen- and sulfur- containing compounds. 
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EXPERIMENTAL 

The following instruments were used in the experimental pro- 

cedure: The infrared spectra were recorded on a Perkin -Elmer in- 

frared spectrophotometer, model 21. The ultraviolet spectra were 

recorded on a Beckman DB spectrophotometer. Molecular weight 

determinations were made with a Vapor Pressure Osmometer, model 

301, Mechrolab Inc. Gas chromatograms were obtained on Perkin - 

Elmer vaporfractometers, model 154 and 154B, using a diisodecyl 

phthalate column (A column). 

Synthesis and Decomposition of Benzenediazosulfones 

Benzenediazo Benzyl Sulfone. Two different methods were 

used to prepare benzenediazo benzyl sulfone. 

Method A: Potassium a- toluenethiolsulfonate (2. 26 g. , 10 

mmoles), prepared by the procedure of Belous and Postovsky (3), 

and sodium bicarbonate (0. 84 g. , 10 mmoles) were dissolved in 15 

ml. of water in a 250 ml. Erlenmeyer flask. Then phenyldiazonium 

fluoborate (85, p. 609) (1.92 g. , 10 mmoles) previously dissolved in 

30 ml. of water was slowly added to the rapidly swirled solution. A 

yellow precipitate formed immediately, plus a great deal of foam. 

After 3 hr. the diazosulfone was extracted with two 100 ml. portions 

of ether. The ether phase was filtered to remove what appeared to 
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be a colloidal sulfur, and it was then dried over anhydrous sodium 

sulfate. After removal of the sodium sulfate and careful evaporation 

of two- thirds of the ether, bright yellow crystals were obtained. 

Further recrystallization from ether yielded 0. 7 g. (27 %) of benzene - 

diazo benzyl sulfone, m. p. 92 -94° (dec. ). 

Anal. Calculatedfor C13H12N2O2S: C, 59.98 %; H, 4. 65%; N, 

10. 76 %; S, 12. 32 %. Found: C, 60. 38 %; H, 4. 64 %; N, 10. 64 %; S, 12. 54 %. 

The electronic absorption spectrum of the compound was en- 

tirely consistent with those of other known diazosulfones. For exam- 

ple: benzenediazo phenyl sulfone (17) has a Amax. at 295mµ.. and 425 

mµ. with loge of 4. 1 and 2. 3 respectively, while the above prepared 

diazosulfone has a Amax. at 295 mµ. and 436 mµ. with loge of 4. 0 

and 2. 2 respectively. The infrared spectrum showed the expected 

strong sulfonyl group absorptions at 1350 cm -1 and a doublet at 1160 

and 1143 cm-1. 

Method B: a -Toluenesulfinic acid (21, p. 7; 74) (1. 56 g., 10 

mmoles) and sodium bicarbonate (O. 84 g. , 10 mmoles) were dis- 

solved in 20 ml. of water in a 125 ml. Erlenmeyer flask and 1. 92 g. 

(10 mmoles) of phenyldiazonium fluoborate dissolved in 30 ml. of 

water was slowly added with swirling. After 15 minutes the bright 

yellow solid was extracted with three 30 ml. portions of ether. The 

combined ether fractions were washed with two 25 ml. portions of 

water, and the ether phase was dried over anhydrous sodium sulfate. 
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The ether was reduced to one -third of its original volume and the dia- 

zosulfone crystals were filtered off. The product was then redis- 

solved in 15 ml. of benzene and recrystallized by the slow addition of 

40 ml. of hexane. This procedure was repeated three times, finally 

yielding 1. 8 g. (69 %) of benzenediazo benzyl sulfone, m. p. 94 -95° 

(dec. ), A mixed melting point with the product from Method A gave 

no depression and the infrared spectra of the two samples were iden- 

tical. 

Sodium Methanesulfinate. Sodium sulfite (25. 2 g. , 0. 2 mole) 

was dissolved in a minimum amount of water and placed in a 250 ml. 

separatory funnel. To this solution was added 11.4 g. (0. 1 mole) of 

methanesulfonyl chloride in approximately 1 g. aliquots, accompanied 

by periodic shaking and cooling in an ice bath. The solution was kept 

basic, pH >10, by the addition of small portions of a 50% sodium hy- 

droxide solution. Upon completion of the reaction, the water was re- 

moved by vacuum distillation and the salts dried for 24 hr. in a 

vacuum desiccator. The dried salts were then extracted with abso- 

lute methanol. Upon removal of the methanol with a vacuum rotary 

evaporator 10. 0 g. (98 %) of adequately pure sodium methanesulfinate 

was obtained. The product was not characterized, but used at this 

purity in the following synthesis. 

Benzenediazo Methyl Sulfone. Benzenediazo methyl sulfone 

was prepared by adding 4. 4 g. (23 mmoles) of benzenediazonium 
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fluoborate dissolved in a minimum amount of water dropwise into 

2.65 g. (26 mmoles) of sodium methanesulfinate also dissolved in 

water. The bright yellow crystalline diazosulfone formed immediate- 

ly and was removed by filtration and washed with four 10 ml. portions 

of water. The product was air -dried for 30 minutes and subsequently 

dried overnight in a vacuum desiccator. 

After recrystallization from an ethanol -water mixture, 3. 0 g. 

(71 %) of benzenediazo methyl sulfone, m. p. 73 -75° (lit. (15) m. p. 

70 -71 °), was obtained. The infrared spectrum showed the expected 

strong sulfonyl group absorptions at 1340 cm -1 and a doublet at 1160 

and 1142 cm -1 corresponding closely to the spectrum reported above 

for benzenediazo benzyl sulfone. 

Benzenediazo Ethyl Sulfone. Benzenediazo ethyl sulfone was 

prepared in the same manner as the methyl diazosulfone. Solutions 

of sodium ethanesulfinate (32) and benzenediazonium fluoborate were 

mixed as before, but a yellow oil formed instead of a solid. All at- 

tempts to promote crystallization failed and due to the success with 

the methyl diazosulfone further investigation of this compound was 

not pursued. The infrared spectrum of the yellow oil was very simi- 

lar to those found for the methyl and benzyl compounds with an ab- 

sorption at 1340 cm -1 and a doublet at 1156 and 1141 cm -1. This 

strongly suggests that benzenediazo ethyl sulfone was indeed pre- 

pared, and it was not unreasonable to think that the ethyl diazosulfone 

. 
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may be a liquid at room temperature. 

Procedure for Kinetic Runs. The procedure was the same as 

that previously described by J. Kice and coworkers (35, 36). The 

solvents, reagent -grade benzene and toluene, were dried by refluxing 

them over freshly cut sodium and then were distilled through a 100 

cm. glass helix - packed column. 

Identification of Decomposition Products. After the decompo- 

sition of benzenediazo benzyl sulfone in benzene, the solvent was re- 

moved by vacuum distillation through a short Vigreux column. The 

residue from the distillation was chromatographed on acid -washed 

alumina (25 g. /g. residue) by elution with hexane, benzene, ether, 

methanol and mixtures of all these solvents. 

Table I and II summarize the important points in the separa- 

tion. The elution procedure involved the gradual changing of solvent 

mixtures, but only solvent mixtures that produced an identifiable pro- 

duct are reported. After the decomposition of 12. 50 mmoles of ben - 

zenediazo benzyl sulfone in 160 ml. of benzene, the following decom- 

position products were identified in a semiquantitative manner. Elu- 

tion with hexane first gave a small amount of biphenyl (0. 16 mmole) 

which was identified by melting point, infrared absorption spectrum, 

and subsequent comparison with a known sample. The next signifi- 

cant fraction was eluted with a 2:1 hexane -benzene mixture. This 

fraction was identified as benzaldehyde benzylphenylhydrazone 
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[ C6H5CHNN(C6HS)CHZC6HS1 
(1. 88 mmoles) by mixed melting point, 

and comparison of the infrared spectrum with a prepared sample (54, 

p. 289). The third fraction eluted with a 1:2 hexane -benzene mixture 

was identified as benzaldehyde phenylhydrazone (C6H5CHNNHC6H5) 

by a mixed melting point and comparison of the infrared spectrum 

with a known sample. The fourth fraction was eluted from the column 

with a 1:1 benzene -ether mixture. Identical infrared spectra and a 

mixed melting point proved the product to be 1- benzyl -l- phenyl -2- 

benzene sulfonylhydrazine [C6HSCHZ ( C6H5)NNHSO2 C6H5] ( i 4, p. 36). 

The last fraction was eluted with a 1:1 ether - methanol mixture. This 

fraction was identified as 1- benzoyl- 2- phenylhydrazine 

(C6H5CONHNHC6H5) by a mixed melting point and an infrared spec- 

trum which was very similar to a synthetic sample. 

Benzenediazo methyl sulfone was studied in a manner similar 

to that of benzenediazo benzyl sulfone, but in less detail. From the 

total decomposition of 3. 38 mmoles of benzenediazo methyl sulfone 

in 25.0 ml. of benzene approximately O. 60 mmoles (17 %) of sulfur 

dioxide was evolved. Upon alumina chromatography of the residue 

2. 16 mmoles of biphenyl was obtained, plus 110 mg. of a crude pro- 

duct melting at 122 -123° (dec. ). The molecular weight was 228 ± 2, 

measured in chloroform. After this crude product was recrystallized 

twice from ethanol, 20 mg. of this compound was obtained, m. p. 

129 -130° (dec. ). The recrystallized compound had a strong 
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absorption at 1370 cm -1 and 1160 cm -1, plus a weak absorption at 

3260 cm -1. A third material was isolated by chromatography, but 

could not be purified in large enough amounts for characterization. 

Polymerization of Methyl Methacrylate by Benzenediazo 

Benzyl Sulfone. Benzenediazo benzyl sulfone (0. 01379 g. , 0. 0529 

mmoles) and purified methyl methacrylate (34) (6. 00 g. ) were mixed 

with 14. 0 ml. of redistilled reagent -grade benzene. The polymeriza- 

tion was carried out in a 50 ml. heavy -walled tube after the solution 

been systematically degassed three times at 10 -2 mm. The tube 

was sealed and heated at 49. 5° for 3. 1 hr. The tube was then opened 

and the contents sprayed in 250 ml. of rapidly stirred methanol. The 

polymer was filtered on a weighed, fritted glass funnel; washed with 

four 10 ml. portions of methanol; and dried in a vacuum oven at 50° 

until a constant weight was attained. The weight of polymer recov- 

ered and the reaction times for three runs are listed in Table III. 

The Stability of Benzaldehyde Phenylhydrazone in Benzene. 

In an effort to determine if 1- benzoyl- 2- phenylhydrazine was formed 

via a secondary reaction of benzaldehyde phenylhydrazone the follow- 

ing possibilities were investigated: a prepared sample of benzalde- 

hyde phenylhydrazone (0. 44 g. , 2. 3 mmoles) was dissolved in 50 ml. 

of benzene and was subjected to a normal decomposition procedure 

at 54° for 22 hr. The benzene was removed by vacuum distillation. 

An infrared spectrum of the recovered product was identical to that 

had 
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of benzaldehyde phenylhydrazone except for a weak absorption band at 

1700 cm -1. The recovered product was then chromatographed on 

acid- washed alumina (60 g. /g. residue). Only 4 mg. of a material 

eluting at the position of 1- benzoyl -2- phenylhydrazine was recovered. 

It therefore appears that the 1- benzoyl -2- phenylhydrazine is 

not formed by either prolonged heating, solvent effects or by the 

chromatography on alumina. This, however, does not completely 

rule out a secondary process of the more complicated system. 

1- Phenyl -2- methanesulfonylhydrazine. From an analysis of 

the infrared spectrum of the only other compound isolated from the 

decomposition of benzenediazo methyl sulfone besides biphenyl it 

seemed that 1 - phenyl -2- methane sulfonylhydrazine 

(C6H5NHNHSO2CH3) should be considered as a possibility. It was 

prepared by a method similar to that used by Fischer for the prepara- 

tion of 1- phenyl- 2- benzenesulfonylhydrazine (16, p. 132) 

(C6H5NHNHSO2C6H5). Phenylhydrazine (10. 8 g. , 0. 1 mole) dis- 

solved in 25 ml. of ether was added slowly to methanesulfonyl chlor- 

ide (5. 7 g. , 0. 05 mole) also dissolved in 25 ml. of ether. The pre- 

cipitate which formed was then washed several times with small por- 

tions of ether and the hydrazide was freed of phenylhydrazine hydro- 

chloride by dissolving the mixture in a 50% water -ether mixture and 

subsequently washing the ether phase with three 25 ml. portions of 

water. The ether phase was separated and dried over anhydrous 
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sodium sulfate. After removal of the ether and recrystallization from 

absolute ethanol 2. 5 g. (30 %) of 1- phenyl -2- methanesulfonylhydrazine 

was obtained, m. p. 126 -127° (dec. ). 

Anal. Calculated for C7H10N202S: C, 45. 14 %; H, 5. 41 %. 

Found: C, 45. 23%; H, 5. 46 %. 

Molecular weight: Calculated 186. 2. Found: 187. 5 + 0. 5 in 

chloroform. 1 The infrared spectrum showed the expected strong 

sulfonyl bands at 1331 cm -1 and 1147 cm -1, also the expected N -H 

absorption at 3260 cm -1. Therefore, recalling that the decomposition 

product showed strong absorption at 1370 cm -1 and 1160 cm -1, it 

appeared that this compound was not the correct one, but the com- 

plete spectrum suggests that the correct structure is very similar to 

1- phenyl -2- methanesulfonylhydrazine. The possibility of a simple 

sulfone still exists, but in that event one must assume that the weak 

N -H absorption observed was due to impurities. Further work is 

therefore definitely planned on this decomposition and its products. 

'Average of two concentrations, 33.4 mg. /10 ml. and 77. 2 mg. /10 
ml. 
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