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ABSTRACT 
The preparation and identification of four types of SO 3-sulfonated 
products of 1-alkenes are described, laC and, to a lesser extent, 1H 
nuclear magnetic resonance spectra are used to ascertain the struc- 
tures of 2-alkenesulfonic acids, ~3-sultones (as 2-methoxyalkanesul- 
fonic acids), 3'- and 8-sultones. The mass spectra of some methyl 2- 
methoxyalkanesulfonates and 4-alkyl-8-suhones are also studied. 
Sufficiently volatile mixtures are separated by gas liquid chromatog- 
raphy after methylation of the sulfonic groups. 

INTRODUCTION 

The SO3-sulfonation of 1-alkenes was developed on a 
commercial scale about 15 years ago. This reaction, how- 
ever, always gives complex mixtures containing mainly 
alkenesulfonic acids and suhones (1,2), and, despite the nu- 
merous studies effected in the laboratory since the earlier 
work by Suter et al. (3-7), the separation, identification and 
determination of these types of products are sometimes dif- 
ficult. 

Several publications (8-20) describe results on this sub- 
ject. We report here the analytical part of a study concern- 
ing the SO3-sulfonation of some linear and branched 1- 
alkenes (Cs to C14) in liquid phase according to the general 
scheme: 

SO 3 or dioxane-SO 3 
R-(CH2 )n-CH=CH2 ~ R-(CH 2 )m-CH=CH-(CH2 )n.m-SO~ H. 

solvent 
R-(CH2 )n-CH'CH2, R'(CHa )n-1 - 

t I 
0-S02 / 0 ~ S 0 2  

R-(CH2 )n-2 - ~ ) 

O-SO= 

In addition to chemical methods, e.g., degradative oxida- 
tion, the principal analytical techniques used in this work 
are gas liquid chromatography (GLC), mass spectrometry 
(MS), I H and 13C nuclear magnetic resonance (NMR). 

MATERIALS AND METHODS 

Reagents and Solvents 

Sulfur trioxide was used in 1,2-dichloroethane solution, 
alone or as its 1,4-dioxane 1:1 complex. It was prepared 
from sulfur dioxide and oxygen by the contact process (cat- 
alyst: V2Os) and distilled before being dissolved. No stabi- 
lizer was added. 

Dioxane (analytical grade) was stored over sodium wire. 
The absence of peroxide was checked. Methanol was dis- 
tilled over anhydrous barium oxide; its purity was greater 
than 99.5%. 1-Alkenes and 1,2-dichloroethane were reagent 
grade compounds. 

Sulfonations 

A double-jacketed reaction vessel (allowing the circulation 
of cold methanol) was fitted with a mechanical stirrer, a 

1 Author to whom correspondence should be addressed. 

silica gel tubing and a thermometer. In order to avoid any 
contact with air moisture, S03 was mixed with the solvent 
(on occasion with dioxane), then transferred to the reaction 
vessel by means of a device consisting of two bulbs and 
allowing pressure equilibration through silica gel tubing. 
Moreover, the apparatus was cautiously swept by dry nitro- 
gen before being filled. 

In a typical preparative experiment, a solution of 0.23 
mol SOs in 150 mL 1,2-dichloroethane was added by drops 
during a few minutes at room temperature to 0.23 mol 1,4- 
dioxane dissolved in 300 mL of the same solvent. The solu- 
tion of complex so obtained was then poured rapidly (15- 
20 sec) into a cooled solution of 1-alkene (e.g., 0.24 mol 1- 
hexene in 400 mL 1,2-dichloroethane). Just after this addi- 
tion, a temperature rise of ca. 10 C was observed followed 
by a rapid decrease to its initial value (~0 C). Analytical 
preparations were conducted in a similar manner but  on a 
smaller scale (ratio 1 : 10). 

Treatment of Sulfonated Products 

Alkenesulfonic acids. Mixtures of these acids were obtained 
either directly by evaporation of the solvent or after isomeri- 
zation of the corresponding ~-sultone (21). In the second 
case, the reaction medium was allowed to stand at room 
temperature for 4-5 days. Alkenesulfonic acids were either 
analyzed as such or converted to their methyl esters or so- 
dium salts, which were easier to purify. Quantitative methy- 
lation was achieved by diazomethane prepared from p-tolyl- 
sulfonylmethylnitrosamide (Diazald ® [22-24]). Methyl es- 
ters with no more than seven carbon atoms in the chain 
could be purified by distillation (p ~ 1 mm Hg). Sodium 
salts were prepared by mixing the acid with a stoichiometric 
amount  of sodium methanolate dissolved in methanol. The 
mixture was refluxed 30 min, filtered on sintered glass 
while hot, concentrated until the salt began to precipitate, 
and allowed to stand for 4 hr or more at -15 C. The solid 
was filtered off and dried at 70 C under reduced pressure 
(20 mm Hg). 

~3-Sultones. Sulfonation mixtures were treated with a large 
excess of methanol 30 min after the addition of SO3, al- 
lowed to stand overnight and concentrated. Thus,/~-sultones 
were analyzed as the corresponding 2-methoxyalkanesul- 
fonic acids or their derivatives (sodium salts or methyl es- 
ters). 

TABLE I 

Long-Chain Alkenesulfonic  Acids= 
Distribution of  Positional Isomers (in percent) 

Chain length n= 
(number of C atoms) 0 1 

11 17 80 3 <0.5  
12 2 93 4 1 
13 9 87 4 <0.5 
14 6 85 8 1 
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TABLE II 

laC Chemical  Shifts in Linear 2-Alkenesulfonic Acids (I H..R ~ n-alkyl, R 2 , R 3 ---- H) 

Chemical shifts ~ (ppm relative to TMS) a 

C~ C 2 C 3 C 4 C s 

R E Z E Z E Z E Z E Z 

C2H s 55.4 50.3 115.5 115.0 142.8 141.0 25.6 20.9 12.9 13.6 
n - C s H  7 55.4 50.5 116.7 115.9 141.1 139.2 34.6 29.5 22.0 22.4 
n-C4H 9 55.5 50.5 116.3 115.5 141.4 139.5 32.3 27.3 30.9 31.2 
n-C8 H17 55.4 50.3 116.9 116.2 140.7 138.9 32.7 28.9 29.4 29,4 
n-C9 H19 55.5 50.5 116.7 116.0 141,1 139.2 32,7 28.9 29.7 29.7 
n-C~0H2t 55.4 50.5 116.8 116,0 141.0 139.1 32.7 28.9 29.7 29.7 
n-CxlH2a 55.4 50.8 117.1 116.4 140.5 138.8 32.7 28.9 29.8 29.8 

al 3 C Nuclei farther f rom the sulfonic group show standard chemical shifts. 

TABLE III 

i a C Chemical  Shifts in Methyl  2-Alkenesulfonates (I Me) 

6 (ppm) relative to TMS 

C o m p o u n d  C I C 2 C a C 4 C s C 6 C 7 R 2 Ra 

R R 2 R 3 E Z E Z E Z E Z E Z E Z 

C2H s H a H 56.7 48.6 115.3 114.6 142.9 141.2 25.8 21.2 13.1 13.1 . . . . .  
n-C3H 7 H H 56.3 48.7 116.0 115.1 141.3 139.3 34.6 29.6 21.9 22.3 13.5 . . . .  
i-C3H ~ H H 56.5 48.4 113.1 112.3 148.0 146.3 31.2 27.2 21.8 21.8 . . . . .  
n -Cal l  9 H H 56.2 48.8 115.7 114.8 141.6 139.7 32.3 30.9 27.2 27.2 22.4 13.8 -- -- -- 
i-C4H 9 H H 56.2 48.8 116.8 115.6 140.3 138.3 41.8 36.6 28.1 28.4 22.3 . . . .  
C2H s c H 3 b  H 59.5 56.3 122.6 121.6 137.8 137.0 21.6 21.9 13.5 13.7 -- -- 16.1 23.6 
CH 3 CH3C CH 3 55.9 115.4 136.1 21.2 19.2 21.2 

alf  R 2 ~ H, 6OCHa = 53.6 -+ 0.2 ppm.  
b6OCH3 = 52.4 ppm.  
C6OCH3 = 55.1 ppm.  

TABLE IV 

13C Chemical Shifts in Sodium 2-Alkenesulfonates (I Na; R 3 ~- H) 

6 (ppm) relative to TMS 

C o m p o u n d  C1 C2 C3 C4 Cs C6 C7 

R R 2 E Z E Z E Z E Z E Z 

CH a H 56.5 -- 121.8 -- 136.1 -- 19.5 . . . . .  
C2H s H 56.0 50.9 119.0 119.0 142.1 140.5 26.4 21.7 13.8 14.6 -- -- 
n-C~H 7 H 56.2 51.2 120.3 119.6 140.5 138.7 35.5 30.4 23.0 23.5 14.6 -- 
n-C4H 9 H 56.4 51.3 120.9 120.3 140.2 138.3 33.5 32.5 28.4 28.4 23.5 15.2 
t-C4H 9 CH3 a 49.5 60.4 126.7 122.0 145.0 139.8 32.3 30.6 

a6 = 31.5 ppm.  

7- and/5-Sultones. T h e s e  w e r e  a n a l y z e d  a n d  s t u d i e d  as s u c h .  

Syntheses 

S o d i u m  ( E ) - 2 - b u t e n e s u l f o n a t e  w a s  p r e p a r e d  b y  t h e  r e a c t i o n  
o f  0 . 4  m o l  N a 2 S O 3  o n  0 . 2 1  m o l ( E ) -  c r o t y l  c h l o r i d e  fo r  t w o  
d a y s  ( S t r e c k e r  r e a c t i o n  [ 2 5 ]  ). 

/5-Sultones. T r u c e ' s  m e t h o d  ( 2 6 )  w a s  a d a p t e d  to  a l k e n e s u l -  
f o n i c  a c i d s  t o  g i v e / 5 - s u l t o n e s .  T h e  ac id  m i x t u r e  w a s  c a r e f u l -  
ly d i s t i l l ed  ( ~ 1  m m  Hg)  t o  a f f o r d  p u r e  4 - a l k y l - f - s u l t o n e s .  

3"-Sultones. We a p p l i e d  W i l l e m s '  m e t h o d  ( 2 7 )  to  a l k e n e s u l -  
f o n i c  ac ids .  A f t e r  p u r i f i c a t i o n ,  a m i x t u r e  o f  3'- a n d  /5- 
s u l t o n e s  w a s  a l w a y s  o b t a i n e d  w i t h  /5 - su l tone  as t h e  m a j o r  
p r o d u c t .  U n s u b s t i t u t e d  3'- a n d  /5 - su l tones  w e r e  ava i l ab le  
c o m m e r c i a l l y .  

Analyses 

Degradation. L i n e a r  s o d i u m  a l k e n e s u l f o n a t e s  f r o m  a l l  tO 
C14 w e r e  o x i d i z e d  a t  t h e  d o u b l e  b o n d  a c c o r d i n g  t o  L e m i e u x  
a n d  V o n  R u d t o f f  ( 2 8 , 2 9 ) .  

GLC separations. T h e  c a r b o x y l i c  a c id s  o b t a i n e d  f r o m  s o d i u m  
a l k e n e s u l f o n a t e s  we re  c h r o m a t o g r a p h e d  i s o t h e r m a l l y  as 
t h e i r  m e t h y l  e s t e r s  a t  1 1 0  C ( s t a t i o n a r y  p h a s e :  SE 30 ,  10% 
o n  C h r o m o s o r b  W N A W ;  1=2 m ;  O=  1 / 8 " ;  f l o w  ra t e  o f  t h e  
ca r r i e r  gas  (He)  : 50  m L  m i n  -1 ; t e m p e r a t u r e  o f  t h e  in jec-  
t i o n  p o r t :  2 5 0  C, t h e r m a l  c o n d u c t i v i t y  d e t e c t o r  t h e r m o -  
s t a t e d  a t  2 3 0  C).  

S u l f o n a t e d  p r o d u c t s  w i t h  u p  to  s e v e n  c a r b o n  a t o m s  in 
t h e  c h a i n  w e r e  c h r o m a t o g r a p h e d  i s o t h e r m a l l y  a t  1 3 0  C ( s ta -  
t i o n a r y  p h a s e :  D C - Q F  1, 10% o n  C h r o m o s o r b  W A W ;  1= 1.5 
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FIG. 1. 13C NMR spectrum of methyl 2-heptenesulfonate. 
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TABLE V 

Quantitative Analysis by t3C NMR (I Me; R2, R 3 ~- H) 

(E)-isomer percentages a 

Repolarization 
R Normal mode (pulse delay) Cr(acac)3 

C 2H s 70+- 2 66+-2 70+- 3 
n-C aH 7 64+- 2 64+ 1 65+- 3 
r/-C4H 9 67+_ 2 63 +- 1 67+ 2 

aFrom surfaces of C1 to C s signals. 

m;  O = 1 /8" ;  t empera ture  o f  the  inject ion port :  235 C ; o t h e r  
condi t ions  as already cited).  To avoid t o o  much  degradat ion 
of  the substances during the  analysis, the  sample must  be 
diluted with 1,2-dichloroethane.  To ensure good separat ion 
of  the peaks analysis somet imes  took  up to 1 hr. Peak as- 
s ignment  according to funct ional  groups was made easier 
by per forming some analyses on sulfonat ion media  before  
me thy la t ion  and adding a p reco lumn adsorbing all free sul- 
fonic acids. 

Mass spectrometry. Mass spectra were taken on a Riber  
spec t rometer  (Model QSM) with an ionizat ion energy of  70 
eV. Liquid samples were in t roduced  at 60 C. The pressure 
in the ioniza t ion  chamber  was 10 -s m m  Hg; perf luorotr i -  
butylamine  was used as a cal ibrat ion standard. 

taC and 1H NMR. Proton  decoupled  lSc  NMR spectra were 
taken at 15.08 MHz on a Bruker  (WP 6 0 ) P F T s p e c t r o m e t e r .  
Sulfonic  acids, methy l  sulfonates  and suhones  were analyzed 
in CDC13 with TMS as internal  standard. Sodium sulfonates 
were analyzed in DuO with d imethylsu l foxide  (DMSO) as 
internal  s tandard (6DMSO = 40.5 ppm).  

1 H NMR spectra were taken at 90 MHz on a Bruker (WH 

90) PFT spec t romete r  or  at 60 MHz on a Varian T 60 spec- 
t rome te r  in the solvent  systems already described. However ,  
in D20 ,  t e t ramethylphosphos i lane  (TMPS) was used as in- 
ternal standard. 

RESULTS A N D  DISCUSSION 

The  main products  formed during the SO3-sulfonat ion of  
16 1-alkenes in l iquid phase be low r o o m  tempera ture  were 
identified.  The substrates s tudied include linear hydro-  
carbons f rom Cs to Cs and f rom C n  to  Cl4 and some 
branched ones with no more than eight carbon atoms:  2-, 
3- and 4-methyl  1-pentenes, 2,3- and 3,3-dimethyl  1-bu- 
tenes, 5-methyl  1-hexene, 2 ,3 ,3- t r imethyl  1-butene and 
2,4 ,4- t r imethyl  1-pentene. The products  are alkenesulfonic 
acids, 3-, ')'- and 8-sultones. 

Alkenesulfonic Acids 

Position o f  the double bond. The carboxyl ic  acids p roduced  
by the  degradat ive oxida t ion  of  long-chain linear alkenesul- 
fonic acids ( C n  to  Cla) were analyzed by GLC as their 
me thy l  esters. Four  posi t ional  isomers may be considered as 
the precursors, the general formula  o f  which is: 

R-CH = CH-(CH 2 )n - SO3 H (n = 0,1,2,3). 

The  peak areas (in percentages) relative to these isomers are 
shown in Table  I. Under  the  chosen react ion condi t ions  (SO3- 
dioxane complex) ,  2-alkenesulfonic acid is by far the major  
product .  This remains t rue w i thou t  d ioxane,  though a some- 
what  lower  selectivity is observed in this case (21). 

13C NMR spectra. Alkenesulfonic  acids were studied ei ther  
direct ly (H) or  as their  methyl  esters (Me) or  sodium salts 
(Na). The only detectable  carbon resonances were those 
associated with (E)- and (Z)-2-alkenesulfonic derivatives 
I-(E) and I-(Z). 

TABLE VI 

1H Chemical Shifts in Sodium 2-Alkenesulfonates (I Na; R 3 ~ H) 

6 (ppm) relative to TMPS 

Compound H-C 1 

R R 2 E Z H_-C 2 =C a -H H-C 4 
CH3 

(CH2)n (in R) 

-CH 3 H 3.54 (d) - 5.67 (c) -- - 1.71 
-C2H s H 3.58 (d) 3.68 (d) 5.69 (c) 2.11 (m) - 0.98 (t) 
n-C3H7 H 3.51 (d) 3.62 (d) 5.62 (c) 2.04 (m) 1.38 (m) 0.87 (t) 
i-C3Hs H 3.53 (d) 3 .64 (d) 5 .56 (c) 2 .38 (sep) - 0 .98  (d) 
n-C4H 9 H 3.49 (d) 3 .60 (d) 5 .58 (c) 2 ,04  (m) 1.31 (c) 0 .84  (prt) 
n-CsHl7 to 
n-CxlH23 H 3.48 (d) 3.57 (d) 5.56 (c) 2.05 (m) 1.27 (c) 0.84 (prt) 
C2 Hs CH 3 a 3.51 (s) 3.62 (s) 5.41 (pro 2.03 (m) -- 0.93 (t) 

a6 = 1.79 ppm (s); s = singlet; d = doublet; sd = split doublet; t = triplet; 
m = multiplet; c = clump. 

prt = poorly resolved triplet ;sep = septet; 
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TABLE VII 

~3C Chemical Shifts in 2-Methoxyalkanesuifonic Acids (Ill H) 

TABLE IX 

~3C Chemical Shifts in Sodium 2-Methoxyalkanesulfonates (III Na) 

(ppm) relative to TMS a 

R C~ C 2 C 3 C a C s 

n-C3 H7 55.3 76.8 35.7 18.1 14.0 
r/-.C a H 9 55.4 77.1 33.0 26.9 22.5 
n-C s H H 55.1 77.4 33.7 24.5 31.8 
i-C s H11 55.0 77.1 31.1 33.5 28.0 
n'4[~ 9 H19 55.4 77.0 32.0 29.7 29.7 
n-CtoHzi 55.7 77.9 32.2 29.9 29.9 
n-C ~ ~ H23 55.4 77.1 32.1 29.8 29.8 
n-Cl2H2s 55.4 77.1 32.1 29.8 29.8 

at3c ouclei farther from the sulfonic group show standard chemical 
shifts;6OCH3 = 56.8 ± 0.1 ppm. 

TABLE VIII 

~3C Chemical Shifts in Methyl 2-Methoxyalkanesulfonates (III Me) 

(ppm) relative to TMS a 

R Ct C 2 C 3 C 4 C s C 6 C 7 

n-C 3 H 7 56.1 76.2 36.0 18.2 14.7 -- - 
n-Call 9 55.9 76.1 33.3 26.8 23.4 14.8 - 
n-CsH H 55.9 76.2 33.6 24.3 33.1 23.8 15.2 
i-CsH H 55.8 76.4 31.5 33.6 28.0 22.5 -- 

aEster group: 8OCH3 = 53.8 ppm; ether group: 8OCH3 = 57.3 _+ 0.1 
ppm. 

R R 2 R 3 R~ 
\ 3  2 /  \ / 

C = C C = C  
/ \ 1  / ", 

R 3 CH 2 -SO 3x; R CH 2 -SO 3 -2; 
I-(E) ¿-(Z) 

R ~ alkyl group 
R 2,R 3 ~ - H or C H  3 
2; -= H, Na or CH 3. 

Precise a s s ignmen t  of  the  C1, C2, C3 signals was done  by  
compar i son  o f  the  spec t ra  of  sod ium salts  wi th  t h a t  of  so- 
d i u m  (E) -2 -bu t enesu l fona t e  (I-[E] Na;  R = C H 3 ; R 2 ,  R3 = 
H) p repa red  f r o m  (E) -c ro ty lch lor ide  b y  the  S t recker  reac- 
t ion .  I t  t h e n  appears  t h a t  the  (E)- isomer  is near ly  always 
p r o d u c e d  in larger a m o u n t  t h a n  the  (Z) - i somer  and  th is  fac t  
he lped  wi th  t he  r ema in ing  ass ignments .  T he  co r r e spond ing  

6 (ppm) relative to TMS a 

R C I C 2 C 3 C a C s C6 C7 

n-C 3 H 7 55.8 78.5 36.7 18.9 14.7 - - 
n-C a H 9 56.0 78.9 34.3 27.8 23.4 14.8 - 
n-Cs Hll 56.4 78.9 34.9 25.6 33.1 23.8 15.2 

afiOCHa = 57.6 ± 0.2 ppm. 

chemica l  shifts  are s h o w n  in Tables  II-IV. A typica l  spec- 
t r u m ,  t h a t  o f  m e t h y l  2 -hep t enesu l fona t e  (I Me ; R -  n-Ca H9 ; 
R2,  R3 =-- H; m i x t u r e  o f  [E] and  [Z] isomers) ,  is p resen ted  
in Figure 1. A t t e m p t s  at p repar ing  a lkenesu l fon ic  acids 
f r o m  3 -me thy l  1 -pen tene ,  and  2 ,3 ,3 - t r ime thy l  1 b u t e n e  (16)  
were  unsuccessful .  

I t  shou ld  be no t i c ed  t h a t  3 ,3-dimethyl-1  b u t e n e  gives, 
a f te r  r e a r r angemen t ,  t he  same acid as 2 , 3 -d ime thy l  1 -bu tene  
(I;  R, R2,  R3 = CH3),  whereas  in the  f o r m e r  case, on ly  a 3"- 
su l tone  was m e n t i o n e d  by  R o b b i n s  (16).  In add i t ion ,  the  
ma in  p r o d u c t  o f  the  su l fona t ion  o f  2 ,4 ,4 - t r ime thy l  1-pen- 
t ene  seems to  be the  (Z) - i somer  o f  the  2-a lkene sul fonic  
acid,  r a the r  t han  the  1-a lkenesul fonic  acid p roposed  b y  
Bordwel l  and  Osborne  (11) .  

Quan t i t a t i ve  analysis  o f  (E)-and (Z)-  i somers  was ach ieved  
in th ree  ways:  (a) d i rec t  d e t e r m i n a t i o n  of  peak  areas, (b)  
i n t eg ra t i on  wi th  de lay  t ime  (10  sec b e t w e e n  two  pulses),  (c) 

a d d i t i o n  o f  a pa r amagne t i c  subs t ance  Cr(acac)3 at  var ious 
c o n c e n t r a t i o n s .  Table  V shows t h a t  the  E :Z ra t io  is a lways 
near  2:1.  This  may  be  exp la ined  by  ove rc rowd ing  o f  the  (Z) 
f o r m s  wi th  respec t  to  the  (E)-forms,  at  least  w h e n  R3 = H. 
F u r t h e r m o r e ,  all t h ree  approaches  give the  same resul ts  (up  
to  Cr[acac]  3 c o n c e n t r a t i o n s  of  0 .05 m) ;  so i t  is a p p a r e n t  
t h a t  spin la t t ice  r e l axa t ion  t imes  and  NOE can be  a s sumed  
to be  s imilar  enough  to  al low in t eg ra t i on  to  be  used  as a 
m e t h o d  o f  d e t e r m i n i n g  E :Z ratios.  

~H NMR spectra. Only  sod ium su l fona tes  (I Na)  were  stu- 
d ied  by  1 H N M R  (Table  VI).  In fact ,  salts were f o u n d  to  be 
m o r e  c o n v e n i e n t  for  two  reasons.  T h e y  can be  pur i f ied  by  
rec rys ta l l i za t ion  and  they  do n o t  possess CH3-O signal 
wh ich  would  m a k e  the  CH2-SO3-region  more  complex .  The  
signals o f  the  m e t h y l e n e  g roups  CH2-SO3Na were  assigned 
a f te r  the  quan t i t a t i ve  13C N M R  an-aalysis and  a f t e r  the  s imp- 
ler  spec t ra  o f  s o d i u m  (E)  2 - b u t e n e s u l f o n a t e  ( I - [E]  Na;  R = 
CH3 ; R2,  R3 = H) and  sod ium 2 -me thy l  2 -pen tenesu l fon -  
a tes  (I Na;  R -- C2Hs ; R2 = C H 3  ; R3 -= H) were measured .  

TABLE X 

1 H Chemical Shifts in 2-Methoxyalkanesulfonic Acids and Derivatives 

Compound 6 (ppm) relative to TMS (III H; III Me) or TMPS (I Na) 

R X; OCH3 a SO 3 -2; CH2 SO3 ~ CH'O-CH3 -CH2 -C H'OCH3 (CH2)n CH3 "CH2" 
I 

H 3.43 (s) 10.98 (s) 3.24 (m) - 1.47 (c) 1.47 (c) 0.96 (t) n-C3H 7 Me 3.38 (s) 3.89 (s) 3.23 (m) 3.71 (q) 1.47 (c) 1.47 (c) 0.94 (t) 
H 3.47 (s) 11.04 (s) 3.29 (m) -- 1.64 (c) 1.36 (e) 0.91 (t) 

n-C 4 H 9 Me 3.39 (s) 3.90 (s) 3.22 (m) 3.73 (q) 1.58 (c) 1.38 (c) 0.91 (t) 
Na 3.31 (s) - 3.00 (m) 3.56 (m) 2.00 (c) 1.56; 1.28 (c) 0.84 (t) 

I H 3.49 (s) 9.24 (s) 3.10 (m) 3.73 (m) 1.56 (c) 1.31 (c) 0.89 (t) 
n-C s HI~ Me 3.40 (s) 3.90 (s) 3.24 (m) 3.74 (q) 1.58 (c) 1.30 (c) 0.89 (t) 

Na 3.29 (s) - 2.96 (m) 3.51 (m) 2.02 (c) 1.49; 1.27 (c) 0.84 (t) 
n-C9 H19 ~ H 3.42 (s) 10.82 (s) 3.26 (m) 3.80 (m) 1.61 (c) 1.27 (c) 0.89 (t) 
n-CllHz3 

aether group, s = singlet; t = triplet; q = quintet; m = muhiplet; c = clump. 
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TABLE Xl 

'~C Chemical Shifts in 6-Sultones (IV) 

6 (ppm) relativeto TMS 

R C~ C2 C3 C4 Cs C6 Cr C, 

H 48.7 22.9 23.6 74.4 . . . .  
CH 3 47.0 22.3 30.7 83.2 21.2 -- -- -- 

C 2 H s 47.3 22.2 28.6 88.1 28.2 9.2 - - 
n-C 3 H~ 47.3 22.3 29.2 86.6 37.2 18.0 13.6 - 
n - C  4 n 9 47.3 22.3 29.2 86.9 34.8 26.9 22.3 13.9 

/3-Sul tones 

O c c u r r e n c e  o f  ~3-sultones ( I I )  in s u | f o n a t i o n  m i x t u r e s  was  
ev idenced  b y  m e t h a n o l y s i s  o f  these  c o m p o u n d s  giving 2- 
m e t h o x y a l k a n e s u l f o n i c  acids ( I I I ) .  

R - CH - CH 2 
1 ] +CH 3 OH ~ R-CH-CH 2 SO 3 H 

O -  SO 2 OCH3 

(If) (Ill H) 

T h e  s t r u c t u r e  o f  the  s u b s t a n c e s  o f  genera l  f o r m u l a  I I I  
w e r e  c o n f i r m e d  by  MS a n d  13C and  l H NMR.  

Mass spectra. F o u r  m e t h y l  es te rs  ( l l I  Me; R - - n - C 3 H T ,  
n - C o H g ,  n - C s H u ,  i - C s H l t )  w e r e  s tud ied .  T h e  p a r e n t  ion  
p e a k  is n o t  de tec tab le ,  as p r e v i o u s l y  desc r ibed  (30)  fo r  
m e t h y l  a l kanesu l fona t e s .  T h e  base  peak ,  a lways  s i tua ted  at 
m / e  153, resu l t s  f r o m  the  loss  o f  the  a lkyl  g r o u p  R: 

OCHs .. 

(III Me) 

..L_ 
. , 1  ] , I J I J , I t I , 

100 80 60 

, I t 1 

4O 

.l  
I = I , I 

p p m  
20 O 

FIG. 2.13C NMR spectrum of 4-methyl-~-sultone. 

T h e  p e a k  at  m / e  121 m a y  t h e n  be  i n t e r p r e t e d  by  the  loss 
o f  m e t h a n o l  f r o m  the  above  f r a g m e n t ,  a c c o r d i n g  to  the  
s c h e m e :  

CH 30 ÷ = CH - CH - SOaCH a I~ CH30+.CH=CH_SOaCHa 
I I 

H H 

-CH 3 OH 
+ 

CH=CHSO3 CH3. 

T h e  peaks  at  m / e :  87,  101, 115 ( respec t ive ly )  p r o c e e d  
f r o m  the  f o l l o w i n g  f r a g m e n t a t i o n  o f  the  m o l e c u l a r  peak:  

• * -~H 2 SO b CH3 (Ill Me) I~ CH30 + = CH - R. 

H o w e v e r ,  t he  b r a n c h e d  c o m p o u n d  ( I I I  Me ; R = i-Cs H n  ) 

TABLE Xll  

H Chemical Shifts in 6-Sultones (IV) 

6 (ppm) relative to TMS 

R H-CI H-C2 _HH-C3 H-C o _H-C s H-C a H-C7 

H 3.17 (t) 1.85 2.27 4.55 (t) - - -- 
CH 3 3.09 1.82 2.24 4.82 1.43 (d) - - 

C 2 H s 3.09 1.72 2.23 4.56 1.72 1.01 (t) -- 
n-C3H 7 3.07 1.62 2.20 4.64 1.62 1.62 0.91 (t) 

d = doublet; t = triplet; multiplet when unspecified. 

TABLE X l l l  

1~C Chemical Shifts in 7-Sultones (V) 

Compound (ppm) relative to TMS 

C a C7 
R1 R2 R3 R4 C1 C2 C3 C4 C s or R 1 or R2 

C 8 
or R 4 

H H H H 44.3 23.7 69.8 . . . . .  
H H C 2 H s H 45.8 29.1 84.3 28.2 9.4 -- -- -- 
H H n-C3H 7 H 45.8 29.6 82.9 37.1 18.4 13.6 -- - 
H H n ' C 4 H  9 H 45.8 29.6 83.1 27.9 34.8 21.7 13.6 - 
H H n-Cs Hxt H 45.8 29.6 83.1 35.1 24.8 31.3 22.3 13.9 
H H C2H s CH a 45.8 34.0 91.8 33.9 8.0 -- -- 25.2 
H CH a C2H s H 42.9 30.6 85.0 29.5 10.0 - 18.1 - 
H CH~ CH 3 CH~ 52.0 41.8 93.1 27.1 -- - 13.4 21.8 

CH 3 CH 3 CH 3 CH 3 59.0 45.4 95.1 23.6 -- 23.2 23.2 23.6 
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TABLE XIV 

t H Chemical Shifts in Some 7-Sultones (V) 

Compound (ppm) relative to TMS 

R 1 R 2 R 3 R 4 H - C  t n - c  2 n - c  3 R t R 2 R~ R 4 

H H H H 3.24 (t) 2.62 (q) 4.48 (t) . . . .  
H CH 3 CH 3 CH 3 2.8 -- 3.4 (c) -- -- 1.17(d) 1.53(s) 1.43(s) 

C H  3 C H  3 CH 3 CH 3 3.13 (s) - -- 1.23 (s) 1.23 (s) 1.43 (s) 1.43 (s) 

s = singlet; d = doublet; t = triplet; q = quintet; c = clump. 

behaves unusually and gives intense peaks at m/e :  87 and 
137. 

13C and 1H NMR spectra. The 13C chemical  shifts observed 
on the spectra of  some compounds  (III H, III Me and III 
Na) are presented in Tables VII-IX, respectively.  

13C NMR analysis was complemen ted  by a s tudy of  
some p ro ton  spectra, the results o f  which are shown in Table 
X. 

~-Sultones 

Five ~5-suhones o f  general formula  IV were s tudied by MS, 

(w)  

3 2 

O-SO 2 
R ~- H, CH3, C a Hs,n-C 3HT,n-C 4H 9 

13C and 1 H NMR. Excep t  for unsubs t i tu ted  6-suhone,  these 
substances were prepared pure f rom linear alkene sulfonat ion 
media (in which these suhones  are already present).  

Mass spectra. The base peak is found at m/e  135.  As with 
lactones (31), this f ragmenta t ion  involves the loss of  an 
alkyl radical R:  

S02 
+ 

Ring opening fo l lowed by loss of  sulfur dioxide gives the 
m/e  71 f ragment :  

o O 
\\ -SO 2 \\ 

I~ C-(CH2)3 - SO2 + I, C-(CH2) 2 CH2 +. 
/ / 

H H O--SO a 
+ 

NMR spectra. The 13C chemical  shifts observed in c o m p o u n d  
IV are shown in Table XI. Assignments  were made with ref- 
erence to the  spec t rum of  bu tanesuhone ,  already published 
(32), and by means o f  13C-1 H coupling. The  spec t rum of  4- 
methyl-~-sul tone (IV; R = CH3) is also given (Fig. 2). 

The results o f  the 1H NMR study o f  c o m p o u n d s  IV are 
presented in Table XII. 

~/-Sultones 

A series o f  7-suhones  belonging to type  V were analyzed by 
13C and 1H NMR. On one hand,  sul tones (V; R3 =--- n-alkyl;  
R1, Ra R4 = H) were p roduced  in small amounts  during 
the  sulfonat ion of  linear alkenes. 13C signals in mixtures  of  

isomeric 7- and ~i-sultones were assigned with reference to 
the  spectra o f  5-sultones (IV) (see above) and unsubst i tu ted  
7 -suhone  (32). On the  o ther  hand,  some branched  alkenes 
gave 3,-suhones as major  products .  These lat ter  ones could 
be studied in the  absence o f  6-sultones.  Thus,  sul tones (V; 
R1, R2 = H; R3 = CzHs ; R4 ~ C H 3 )  and (V; R1, R4 ~ H; 
R2 = CH3 ; R3 = C2H5 ) originate f rom 3-methyl  1-pentene.  
The  relative conf igura t ion  of  this la t ter  suhone  was assigned 
after comparison with the corresponding te t rahydrofuran  
(33). 

With respect  to the 3,-sultones, (V; R2, R3, R4 ~ CH3;  
R1 ~ H or  CH3),  they  come,  respectively,  f rom the sulfona- 
t ions of  3 ,3-dimethyl  1-butene and 2 ,3 ,3- t r imethyl  1-butene. 
The results o f  13C and 1H NMR of  compounds  V are shown 

]]I Tr 
X v 

A C2) 

(11 

(3) 

( I 

t (min. ) 2o 

iJl 

FIG. 3. Gas chromatogram of sulfonated products from 1-hexene 
(sample methylated by diazomethane): (1) methyl 2-hexenesul- 
fonate; (2) methyl 2-methoxyhexanesulfonate; (3) 4-ethyl-6-sul- 
tone; (4) 3-n-propyl-~,-sultone. 
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in Tables  XIII  and  XIV.  

R 2 
\ RI 

R3 / / / / ~ ~  I 

R,f/ 'oso" 

G LC Analysis of Sulfonation Mixtures 

A typ ica l  gas c h r o m a t o g r a m  p r o d u c e d  by  a sample  of  the  
su l fona t i on  m e d i u m  of  a low-molecu la r -weigh t  l inear  
1-alkene is s h o w n  in Figure 3. It  can be  divided in to  th ree  
regions:  region I con ta ins  the  peaks  of  volat i le  c o m p o u n d s :  
solvent ,  d ioxane  and  some  degrada t ion  p r o d u c t s ;  add i t iona l  
peaks  are observed  a f te r  m e t h y l a t i o n .  Region  II includes  
m e t h y l  esters  of  a lkenesu l fon ic  acids (I Me and  pos i t iona l  
i somers )  and  2 - m e t h o x y a l k a n e s u l f o n i c  acid (III Me). Reg ion  
III con ta ins  the  peaks  of  8- and  ~'-sultones IV and  V. 

The  c o m p o u n d s  isola ted dur ing  this  work  were used to  
assign c h r o m a t o g r a p h i c  peaks  by  the  over load ing  m e t h o d .  
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