
S U B S T I T U T I V E  S U L F O T R I O X I D A T I O N  OF U N S A T U R A T E D  

A N D  A R A L I P H A T I C  O I t G A N O F L U O R I N E  C O M P O U N D S  

V.  F .  C h e r s t k o v ,  S. I t .  S t e r l i n ,  
L.  S.  G e r m a n ,  a n d  I .  L .  K n u n y a n t s  

UDC 542.91 : 547.431.6:547.541.6 : 
546.16 

It has p rev ious ly  been shown that  per f luoropropylene  reac t s  with SOa to give hexaf luoropropane- f i - su l tone  
[1-3]. It has, however,  recent ly  been  found that in the p r e s e n c e  of BFa, B20~ , or  B(OMe) 3 this reac t ion  follows 
a different  course  to give, in addition to hexaf luoropropane-f l - su l tone ,  pe r f luoroa l ly l  f luorosulfate (I) [4]. The 
mechan i sm of fo rmat ion  of (I) has been postulated [4] to involve the per f luoroa l ly l  cation: 

| F 
\ \ e /  

B--OSO2F q- CFsCF=CF2 -+ CF2--CF--CF2 -I- B 
/ / \  

T ~ OSO2F 

T \ SOa-- B--F-c CF2=CFCF20SO. ,F 
/ 

(I) 

Similar ly,  the fo rmat ion  of pe r f luorocye lobu tene -2 -y l  f luorosulfate (II) in the react ion  of perf luorocyclobutene 
with SO a has been r ega rded  as involving a m e s o m e r i c  ca rben ium ion [5]. 

The decis ive fac tor  in the synthes is  of the f luorosulfa tes  (I) and (II) is c l ea r ly  the al lyl  mobili ty of the F 
a toms,  which de te rmines  the s tabi l i ty  of the corresponding ca rben ium ions. Consequently, this react ion should 
be applicable to other  per f luoro  compounds which are  capable of genera t ing benzyl  or  a l ly l  cations. 

It has been found that  perf luorotoluene (III) reac t s  with SO 3 on heating (100~ 20 h) to give per f luorobenzyl  
f luorosuIfate  (IVa) [6]. Under  s i m i l a r  conditions, 4 -bromoper f luoro to luene  (IIIb) and 1 ,1 ,2 - t r i ch lo ro -3 ,3 ,3 -  
t r i f luoropropene  (IIIc) a lso  reac t  with SO3: 

RCF~ s_~o, RCF2OSO.~F 
(III a--c) (IV a--c) 

H = C~F5 (IIIa), (IVa); R = 4-BrCsF4 (IIIb), (IVb); 1t = CCI~=CC1 (IIIc), (IVc). 

Per f luoroal ly lbenzene  (V) r eac t s  even more readi ly  with SO3, the exo the rmic  react ion  giving a mixture of 
c i s -  (Via) and t r ans - f luo rosu l fa t e s  (VIb) together  with per f luorophenylpropene- f l - su l tone  (VII) in a ra t io  (Via): 
(VIb): (VII) = 5:69:2 6: 

: (VI6) : (VII) = 5 : 69 : 26 

C6FsCF2CF=CF2 ~ CsFsCF=CFCF2OSO~F ~- C6FsCF~CF--CF2 
I I 

O2S--O 
(V) , (Vl a--b) (VII) 

In the p r e sen ce  of catalyt ic  amounts of 13203 or HaBO4, the composi t ions and ra t ios  of the  react ion  prod-  
ucts undergo marked  changes,  the amount of the cis i s o m e r  (Via) inc reas ing  substantial ly,  and mixtures  of c i s -  
and t r an s -pe  r f luoropropyIbenzene (VIII) being formed.  The ra t io  (Via): (VIb): (VII): (VIII); = 14:56:12:17. 

In the reac t ions  of l -pe r f lno rohexene  (IX) and fi,T -d ich loroper f luoropropylbenzene  (XII) with SOa, f luoro-  
sulfates  a re  formed only in the p resence  of B2Oa, In the f i r s t  react ion,  in addition to the f luorosulfate (X) (-95% 
t r a n s  i somer) ,  the sultone (XI) is obtained: 

C~FTCF2CF=CF 2 SO3/[B20,i CsFTCF=CFCF~OSQF + C~FgCF__CF2 
I I 

O,aS-- O 
(Ix) (x a-b)  (XI) 
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8o,- [B~Oa] 
C~FsCF2CFCICF~CI L22' ~ CsFaCFCFCiCF2CI 

l 
OSO~F 

(XlI) (XlIi) 

Thus,  the ease  of f o r m a t i o n  of f luo rosu l f a t e s  d e c r e a s e s  in the sequence  (C6FsCF2CF = C F  2 >> CeFsCF 3 
4-BrCr  =CC1CF a >>C4FgCF = C F  2 ~CgFsCF2CFC1CF2CI) , in which the s tabi l i ty  of the c o r r e s p o n d i n g  
e a r b e n i u m  ions a l s o d e c r e a s e s  ~ e n z y l - a l l y l  > benzy l  o r  a l lyI  > subs t i tu ted  benzyl  o r  allyl).  

These  findings give r e a s o n  to suppose  that  in mos t  in s t ances  the fo rma t ion  of f luorosu l fa tes  occu r s  via a 
cyc l i c  t r ans i t i on  s ta te  which may  be e i t h e r  f o u r -  o r  s i x - m e m b e r e d .  F i s s i on  of the C - F  bond in the l a t t e r  is 
dependent  both on the mobi l i ty  of the leaving F a tom,  which is de t e rmined  by the same  f ac to r s  as  the s tabi l i ty  
of the c o r r e s p o n d i n g  c o r r e s p o n d i n g  e a r b o n i u m  ion, and on the type of Lewis  acid.  In the case  of compounds  
which can give r i se  to  more  s table  c a r b e n i u m  ions,  SOs can function d i r e c t l y  as  a Lewis  acid.  When the f o r m a -  
t ion  of the c a r b e n i u m  ion o c c u r s  less  readi ly ,  however ,  r eac t ion  o c c u r s  only in the p r e s e n c e  of  bo ron  eompouMs ,  
the Lewis  acid appa ren f ly  being a mixed anhydr ide  of the type > B - O S O 2 F  

F 
%FsCF2 f f ~  

. c e ~ c , c F c l \ / F  / 

00 /( ?- 
o//SNF 

F F 

C �9 C3F7 C x 

J %  / a  ' 

The p r o p o s e d  r e a e t i o n s e q u e n e e  is con f i rmed  by the s t e r e o i s o m e r ~ c  compos i t ion  of tile su l fo t r iox ida t ion  
p roduc t s  of pe r f l uo roa l ly lbenzene  and p e r f l u o r o - ! - h e x e n e .  In both cases ,  the p r inc ipa l  r eac t ion  p roduc t s  a re  
the t r a n s - f l u o r o s u l f a t e s  (VIb) and (Xa), the f o r m a t i o n  of which is r ead i ly  expl icable  in t e r m s  of a cyc l i c  t r a n s i -  
t ion  s ta te .  The a l t e rna t ive  m e c h a n i s m  involving c a r b e n i u m  ions [4] should give, in addit ion to  the t r a n s - f l u o r o -  
su l fa tes ,  c o m p a r a b l e  amoun t s  of the eis  i s o m e r s .  

TABLE i. Reaction of Fluoroolefins and Fluoroalkylbenzenes 

with SO a 

Starting Reaction 
material/method t pr~ 

Reaction bp, ~ Yield, 
conditions (p, mm Hg) % 

(IIIb)/A (IVE i00 ~ 3 days 85 (8) 27,6 

(ltic)/A (IVc) t00 ~ 7 days 42 (8) 94 19,42 
20,32 

(V)/A (Via) * Exothermic 75(6) 69 27.94 49,95 
(Vlb) reaction 28--7 -50.26 
( u  * 

(IX)/B (X)? 20 ~ 7 days 115-1t8 37 

(XI) t t00 ~ 3 h 42 
(XII)/B (XIII) 100 ~ 12 h 70-80(2) 58 42,34 15,74 

i5,8~ 
l 

�9 S t ruc tu r e  p r o p o s e d  on the bas i s  of ~gF NM~ spec t r a .  
The m i x t u r e  of (X)and  (XI) was  ana lyzed ;  s t r u c t u r e s  conf i rmed  

by  the tgF NMR s p e c t r a  and GC-MS. Mass s p e c t r u m  of (X): 380 
(M) +, 361 ( M -  F) +, 284 (CGFll)+, 231 (C5F9)+ , 131 (CaF5)+ , 83 
(SO2F). Mass s p e c t r u m  of (XI): 300 ( M -  803)+ , 297 (C~FllO)+ , 
131 (OaFs)+ , 83 (SO2F)+, 

Found/Calculated, % 

r 34,69 9,43 2J,94 
35,27 8,49 2L22 

t0,77 [ 
11,~4 [ 

'8.25 
8,42 

6,77 7- 21 
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T A B L E  2. 19F N M R  S p e c t r a  

Structural formula 6, ppm, J, Hz 

�9 ~ 3 
F F \ / 

- -  2 1 

/ \ 
F F 

2 I 
ChC~CC1CF._,O SO.~F (IVO" 

F F4 3 
\ / F F 

F / ~  1 I --\~/--C=CCF_oOS0~F 
7 / \ 2 
F F 

5 

(Vla) 

F \  / F  F 

F--<~--C~=CCF~OSO2F (Vlb) 

F F F 
6 5 3 

6 
F 

8 \ _ _  / 5 4  3 2 1  

/ \ O.~S --O F F 

F 
7 6 5 1 3 2  1 
CF~:]F~CFzC= CC F~O SO~F (X) 

6, =-i26,7 t.t., 62=-15,4 4-t., 6z=62,2 .% 6~=53,8m, 
1~-~=8,~, 1z-~=28, l i -~=2 

61=-126,8 t, 6~=15;8d, 1,-~=9,5 

6,=-i26,8t (iF), 62=-4,4m (2F), 6~=68 m (iF), 
6~=35 m (IF), 6~=60,5 m (2F), 6~=84 m (2F), 
67=70 m (iF) 

6,=-126,2 t , 6e=-5,7d.d.d, 5a=81,I d.L[, 
54=55d.d.t.m,65=58,5 m, 6~=83,6 m, 67=69,6 m, 

J~-5=12 

6t=4,2d.m (iF), 6z=li,td.m (t4 lines ) (iF) 
6z=60,0 m (iF), 64=t7,4 m (1F). 65=20,6 m (IF), 
66=60,9rn (2F), 67=68,85m (iF), 6s=86,9 m(2F), 
~,-2=i09, J~-5=320 (ABsystemir~ 

6~=-t26,2 t ,  
6z=-4,5d.d d, 5a=75,5d.d.t, 64=79,2d.t.~, 

a I 
F 

76 5 4 3 21 
CFsCFzCF~CF.~CF--CF.~ 

I I 
O~S - -  0 

F F 
\ / 
/2--% 8 2 1 F-- N /--CFCFCICF2CF 

7 /;=q l 
F F OSOzF 
6 5 

F F CFs 
\ / 
/=\ / 

F--\\ //--GF.~OCF 
6 2 - - - ~  3 1 \  F F CFa 

5 4 2 

CF3 

ChC=CC1CFzOCF / 
1 3 \  

CFs 
2 

F F 
\ / 

F--<-->--COCFCICF2CI 
5 -- /~\ 2 1 

F F 
4 3 

(xD 

(xlvb) 

(xitI) 

(XIVa) 

(xv~ 

6~=42,7d.d.t, 6~=5i,1 t ,  67=4,6 br.s 1~-2~9,4, 
]z-3~9,8, 1z-4=26,5; 13_~=132, 1~-5=27; l ~ _ ~ l O ,  
]6-5=i0 

6~=5,8d.m(iF), 62=9,8d.m (iF), 63=74,6 m (t F), 
6~=49m (2F), 5~=43,tm (2F), 6~=40rn (2F), 
67=4,8 m (3F) 

6~=i5,tm (2F), 62=51,4 m (iF), 53=31,2 m (iF), 
64=-i29,3 m (iF), 6s=83,4m (2F), 6~=58,7 m 
(2F), 57=69,7m (iF) 

61=68,9 m (IF), 6z=4,3 m(6F), 6s=-t8,7 m (2F), 
54=63,3 ms (2F), 
55=84,7 m (2F), 56=79 (iF) 

61=t6,7d.sep , 6a=3d.t, 6s=68,7d.sep , 
1,_2=2,6, I,_3=22,6, I2-3=2 

6t=-12,8m (iF), 62=53m (2F), 63=83,5m(2F), 
64=6t,2 m (2F), 65=70,8 m (tF) 

T h u s ,  m o s t  of  t h e s e  r e a c t i o n s  o b v i o u s l y  do  not  i n v o l v e  c a r b e n i u m  i o n s .  Only  in  one i n s t a n c e  d o e s  the  

c o m p o s i t i o n  of  t h e  r e a c t i o n  p r o d u c t s  i n d i c a t e  t he  g e n e r a t i o n  of  a k i n e t i c a l l y  i n d e p e n d e n t  c a r b e n i u m  ion ,  v i z . ,  t h e  

r e a c t i o n  of  p e r f l u o r o a l l y l b e n z e n e  i n  t he  p r e s e n c e  of  B203, w h e n  t h e  r e l a t i v e  a m o u n t  o f  t h e  c i s - f l u o r o s u l f a t e  (Via) 
r i s e s  t o  25% (in t he  a b s e n c e  of  t he  caha lys t ,  7%), and t h e  f o r m a t i o n  o f  a m i x t u r e  of  c i s -  and  t r a n s - p e r f l u o r o p r o -  

p e n z y l b e n z e n e s  i s  o b s e r v e d .  H o w e v e r ,  i n  v i e w  of t h e  p a r t i c u l a r l y  h i g h  s t a b i l i t y  of  t he  p e r f l u o r o p h e n y l a l l y l  c a t i o n  
t h i s  r e a c t i o n  a p p e a r s  t o  be  a n  e x c e p t i o n  to  t h e  g e n e r a l  r u l e .  

T h e  f l u o r o s u l f a t e s  o b t a i n e d ,  l i ke  p e r f l u o r o a l l y l  f l u o r o s u l f a t e  [4], u n d e r g o  n u c l e o p h i l i e  s u b s t i t u t i o n .  Thus ,  

t he  f l u o r o s u l f a t e s  ( IVa)  and  (IVc) r e a c t  r e a d i l y  w i t h  p o t a s s i u m  p e r f l u o r o i s o p r o p o x i d e  to  g i v e  h i g h  y i e l d s  of t he  

e t h e r s  (XIV): 

RCF2OSO~ F (CF~)~CFOK ~ RCF~OCF(CF3h 
--FSO..OK 

(XIVa -b)  
R = C~Fs(XIVa); R : CCI , :CC1  ( X I V  b) 
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We have previous ly  descr ibed  [6] the format ion of per f luorobenzyl  chloride and iodide when the fluorosulfate 
(IVa) reac ts  with LiC1 or  KI. 

It is ne c e s sa ry  to point out that in the discuss ion of the mechanism of the reac t ion  of the fluorosulfate (I) 
with nueleophilic reagents  in [4], the possibi l i ty  of nucleophilic substi tution at the fluorinated sp3-hybridized 
carbon atom is discounted, and an SN 2' react io~ mechanism is proposed.  While not denying such a possibi l i ty 
in the presen t  case, it is not possible to agree  with such a ca tegor ica l  a sse r t ion  in all cases.  The formation of 
the e thers  (XIVa-b) unambiguously indicates the possibi l i ty  of nucleophilic substitution at  the fluorinated sp 3- 
hybridized C atom. 

Despite the fact that f luorinated benzyl  and al lyl  f luorosulfates  are  powerful  alkylating agents, in the i r  
react ions  with nucleophiles they may display dual react ivi ty,  and reac t  depending on the nature of the nucleo- 
phile at e i the r  C or  S atoms. Thus, po tass ium perf luorosulfa te  reac t s  with the fluorosulfate (IVa) to give the 
e ther  (XIVa), whereas  react ion of the la t te r  with CsF gives pentafluorobenzyl  f luoride (XVa). Similarly,  the 
f luorosulfate (XII!) reac ts  with CsF at sulfur  to give the ketone (XVb)~ 

C~FsCRFOS0cF [CsFl C6FsCR=O 
--SO.,F2 

(XVa --b) 
P~ = F(XVa); R = CF2C1CFC1 (XVb) 

E X P E  R I M E  N T A  L 

19F NIV[R spec t ra  were  obtained on a P e r k i n - E l m e r  R-32 NMR sp ec t ro m e te r  (84.6 MI-Iz, ex terna l  standard 
CF3COOH) , and mass spec t ra  of a Var ian  CH-5 mass spec t romete r .  

The react ion conditions, yields,  boiling points, and e lementa l  analyses  of the fluorosulfates are  given in 
Table 1, and Lhe 19F NMR spec t ra  of (IVb)-(X~b) in Table 2. 

.Reaction of Fluoroolef ins  and Fluoroalkylbenzenes with SO.~. Typical  Experiment.  Method A. A mixture 
of equ imolar  amounts (50-100 mmole) of the s tar t ing  mate r ia l  and SO 3 and f resh ly  disti l led SO 3 was kept and (or) 
heated in a sealed ampul, and the reac t ion  products  were separa ted  by distillation. Method B. The reac t ion  
was ca r r i ed  out as in method A, but with the addition of 1.5-2.0% of B203 or  H3BO 4, 

Pe r f luoro i sopropy l  E thers  (XIVa-b). To a solution of po tass ium heptafluoroisopropoxide (from 5 g (0.03 
mole) of hexafluoroacetone and 1.75 g (0.03 mole) of KF) in 20 ml of diglyme was added at 0~C over  30 rain 10 g 
(30 mmole) of (IVa). The mixture  was s t i r r ed  for  2~5 h, poured into water,  the organic l ayer  separated,  and 
dist i l led over  conc. sul fur ic  acid to give 8.8 g (73%) of (XIVa), bp 73-75~ mm. Mass spectrum: Found 
401.9747 (M) +, 382.9732 (M - F) +. Calculated: fo r  C10F140. 401,9725; for  C10FI30 382,9741. Similarly,  f rom 
(IVc) the re  was obtained (XIVb), bp 134-136~ yield 6]%. Mass spect rum:  Found: 363.8853 (M) +, 365.8838 
(M) +, 367.8816 (M) +. Calculated for  CGF9C13 350 363.8869; fo r  C6F9C1235C!370 365.8840; for  C~F9C135C12370 
367.8811. 

React ion of Fluorosulfa tes  (XIII) and (IVa) with CsF. To 1 g (2.9 mmole) of (XIII) was added 0.1 g (0.6 
mmole) of CsF. When the exothermic  reac t ion  was complete,  slow dist i l lat ion of the react ion mixture gave 
0.74 g (98%) of (XVb), bp 185~ Found: C 31.07; C1 20.25%. C9F8C120. Calculated: C 31.12; CI 20.46%. 
Similar ly,  f luorosulfate  (I Va) afforded pentaf luorobenzoyl  fluoride (X-Va), bp 141-143~ (cL [7]), in quantative 
yields.  

C ONC LUSIONS 

Reaction of SO 2 or SO3/[]3203] with terminal fluoroolefins or fluoroalkylbenzenes gives the corresponding 
fluoroalken-2-yl fluorosulfates and fluorobenzyl fluorosulfates. 

1. 
2. 
3. 
4. 
5. 
6. 
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React ion of hexaf luoropropylene with SO 3 in the p r e sence  of catalyt ic  amounts of boron compounds affords 
a mixture of per f luoroa l ly l  f luorosulfate if) and hexaf luoropropane- f i - su l tone  [1, 2] (in the absence  of the 
catalyst ,  no if) is formed]  [3, 4]). 

We here  r e p o r t  a study of the reac t ion  of SO 3 with pe r f luoro i sopropy l  a l ly l  e the r  (II) (prepared as in [1]) 
and the i s o m e r i c  pe r f luoro i sopropyl  propenyl  e ther  (HI). The e ther  (H), like many of its homologs [1], is a 
substi tuted per f luoroa l ly l  sys tem,  and hence f luorosulfates ,  obtained f r o m  per f luoroa l ly l  e thers ,  r ep re sen t  a 
considerable  extension of the range of e lec t rophi l ic  f luoroalkylat ing agents. 

React ion of (II) with SO 3 in the p r e s ence  of 2-3 mole% of t~O 3 resu l t s  in the fo rmat ion  of i s o m e r s  of the 
f luorosulfate  (IV) (a mixture of eis and t rans  in the ra t io  6:4), together  with the sultone (V): 

(CF~)CFOCF2CF=CF2 SOJ[B~O~] (CF~)~CFOCF=CFCF2OSQF -}- (CF3)2CFOCF2CF--CF2 
l i 

QS--O 
(II) (iv) (v) 

In the absence  of B203, the sultone (V) is formed nea r ly  exclusively.  

The f luorosuffate ffV) appea r s  to be formed by the reac t ion  sequence proposed  for  the synthesis  of p e r -  
f luoroal lyl  f luorosulfate [2], If the a l te rna t ive  route,  involving a s i x - m e m b e r e d  t rans i t ion  s tate  [5], were  opera-  
t i re ,  much g r e a t e r  s t e reose lec t iv t ty  would be expected. 

The pathway involving p r e l i m i n a r y  e lec t rophi l ic  i somer i za t ion  of ffI) to fill) followed by inser t ion  of SO 3 
into the C - F  bond of the CF 3 group can a lso  be excluded; we have p rev ious ly  demons t ra ted  the poss ib i l i ty  of 
such a p r o c e s s  in the case of 1 , ! , 2 - t r i ch lo ro -3 ,3 ,3 - t r i f l uo rep ropene  [6]. It was found that  the e ther  (III) r eac t s  
read i ly  with SO3, but the sole reac t ion  product  is the sultone (VI): 

(CF3)2CFOCF=CFCF8 ~ (CFs)2CF(JCF--CFCF3 
I I 
O--SOs 

(IU) (vI) 

The e ther  (III) was obtained by i somer iz ing  (ID with SbF 5. The s t e r e o i s o m e r i e  composi t ion of fin) (cis: t rans = 
4:6) suggests  that the reac t ion  p roceeds  via the i somer i za t ion  of perf luoroal ly lbenzene  to c i s -  and t r a n s - p e r -  
f luoropr  openylbe nzene s [7]. 

The orientat ion of the addition of SO 3 to the e ther  (III) is conf i rmed by the reac t ion  of the sultone (VI) 
with nucleophiles.  Thus, t'he sultofie (VI) reac t s  with CsF  in diglyme,  undergoing cleavage to f o r m  hexaf luoro-  
acetone and ~- f luorosu l fonyl te t ra f luoroprop ionyl  fluoride. 

(VI) ICsF] (CFs)~C=O + CFaCFCOF 
I 
S02F 

However, on reac t ion  with a weaker  nucleophile (H20) , the C - O - C  bond is retained,  and the sultone (VI) 
me re ly  r e a r r a n g e s  to pe r f luorois  opropyl  ~ - f luorosul fonyl te t raf luoropropi  onate (VH): 
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