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Sulfur tr ioxide inserts in to  the carbon-halogen bond o f  acid fluorides and acid chlorides under mild conditions. 
The  acyl fluorosulfates so formed are more stable thermally t han  the acyl chlorosulfates, but both types of prod- 
uct  can revert t o  starting materials a t  elevated temperatures. As a class, these mixed anhydrides are strongly elec- 
trophilic, and examples o f  cationic polymerization and ether cleavage are presented. One example o f  formation of 
a methy l  acyl sulfate f rom sulfur tr ioxide and a methy l  ester is also described. 

Although polyfluoroacyl fluorides were prepared earlier 
from sulfur trioxide and alkyl polyfluoroalkyl ethers,lg2 the 
reaction of sulfur trioxide with the product acid fluorides 
was not reported in the l i t e r a t ~ r e . ~  As is shown in this 
paper, such reactions provide a convenient route to poly- 
fluoroacyl fluorosulfates in quantity. Previous syntheses of 
fluoroacyl fluorosulfates involved mainly reactions of 
peroxydisulfuryl difluoride with substrates such as fluo- 
rinated anhydrides: trifluoroacetyl bromide: and bis(tri- 
fluoromethyl) ketene.6 

Acyl Fluorosulfates. Preparation. Sulfur trioxide adds 
readily to fluoroacyl fluorides a t  25-looo, with the required 
time and temperature dependent on the specific acid fluo- 
ride. For example, trifluoroacetyl fluoride reacted under 
pressure over a period of weeks with sulfur trioxide a t  25O 
to form trifluoroacetyl fluorosulfate (l), whereas both a- 
H-hexafluoroisobutyroyl fluoride and perfluoromethac- 
ryloyl fluoride give 2 and 3, respectively, in mildly exother- 

0 0 
I1 II 

R&F + SO3 - RFCOSO~F 
RF =i CFZ (1) 
R F  =CH(CFA (2) 
RF =C(CFJ+F* (3) 
RF = CHFCF, (4) 
RF CF(CFj)SO,F (5) 

mic reactions. Yields were good in all cases, and the fluo- 
roacyl fluorosulfates have been purifiable by distillation 
provided the temperature is kept well below looo. The re- 
action is reversible, and a t  elevated temperatures signifi- 
cant amounts of acid fluoride and sulfur trioxide are 
p r e ~ e n t . ~  Thus fluorosulfate 3 distilled as such at  46-48O 
(20 mm), but when heated at  1 atm to 125-140°, 3 distilled 
as a mixture of its precursors at  ca 49O. 

Side reactions are possible in some cases where a-H is 
present. Thermolysis of 2 at 120-155’ (1 atm) gave 37% of 
bis(trifluoromethy1) ketene along with a-H-hexafluoroiso- 
butyroyl fluoride. No such elimination of HF was observed 
when fluorosulfate 4 was pyrolyzed. 

Carbonyl fluoride proved to be a special case. Reaction 
with sulfur trioxide occurred slowly in a glass vessel at  looo 
under pressure to give products apparently derived from 
fluorocarbonyl fluorosulfate. Major products were carbon 
dioxide, pyrosulfuryl fluoride, and bis(fluorosulfony1) sul- 
fate along with a trace of sulfuryl fluoride and small 
amounts of higher fluorosulfonyl compounds. The low yield 
of sulfuryl fluoride is an indication that fluorocarbonyl flu- 
orosulfate is formed, but reacts readily with sulfur trioxide 
to form higher anhydrides which are degraded with loss of 
carbon dioxide to give fluorosulfonic anhydrides. The reac- 
tion should provide an attractive route to pyrosulfuryl fluo- 
ride, although one attempt to reproduce it on a molar scale 
a t  125O in a metal bomb failed. Perhaps the equilibrium at 
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125' favors starting materials so greatly that an effective 
ceiling temperature near 100' was exceeded. 

J or 
r o  1 

1 1 - CO, + FSO,OSO,F 
FCOSO,OSO,F 

\Q 
\4 

Cop + FSO,OSO,OSO,F 

These reactions of sulfur trioxide with acid fluorides may 
proceed via preliminary coordination of sulfur trioxide to 
fluorine, followed by an ionization to acylium and fluo- 
rosulfate ions which recombine to product. However, the 
polarization of acid fluorides is such that another mecha- 
nism for these reactions should also be considered, one 
which involves an initial reversible cycloaddition to the 
carbonyl group. Assuming a conventional cycloaddition in 
accord with the Woodward-Hoffman rules, this addition 
would probably be stepwise and proceed by attack on the 
negatively charged carbonyl oxygen by sulfur trioxide to 
form a dipolar intermediate. Similar [2 + 21 cycloadducts 
af sulfur trioxide with fluoro olefins are well known.8 1-3 
migration of fluoride ion from carbon to sulfur with con- 
comitant ring-opening gives the more stable acyl fluorosul- 
fate. With carbonyl fluoride, proposed intermediate fluoro- 
carbonyl fluorosulfate can react further with sulfur triox- 
ide, as observed, and elimination of carbon dioxide pro- 
vides an irreversible pathway to sulfuric anhydrides. 

rn-Trifluoromethylbenzoyl fluoride easily forms rn-tri- 
fluoromethylbenzoyl fluorosulfate (6) at low temperatures. 
Other negatively substituted benzoyl fluorides and benzoyl 
fluoride itself will presumably give similar adducts. Distil- 
lation of 6 could be carried out at  low temperature without 
appreciable sulfonation of the ring, but reversibility of the 
synthesis reaction hampered efforts to isolate the pure ad- 
duct. 

0 

6 

Reactions. As indicated above, the acyl fluorosulfates 
dissociate near looo, so that their isolation and reactions 
must be conducted at  moderate temperatures. The prod- 
ucts react violently with water, and those of sufficient vola- 
tility fume in air. Another indicator of reactivity is the at- 
tack of the acyl fluorosulfates on sodium chloride prisms, 

which necessitated the use of calcium fluoride plates for re- 
cording infrared spectra. 

The acyl fluorosulfates exhibit pronounced electrophilic 
character. Compound 1 efficiently polymerized tetrahydro- 
furan to high molecular weight polymer, indicating high re- 
activity as a cationic initiator. Molar amounts of acyl fluo- 
rosulfate with an ether easily give the corresponding fluo- 
rinated ester. Thus, 2 reacted with diethyl ether at  0' to 
give a solid oxonium adduct which decomposed at  25O, 
leading to ethyl a-H-hexafluoroisobutyrate in 72% isolated 
yield. Similarly, 3 reacted with dimethyl ether to form 
methyl fluorosulfate and methyl perfluoromethacrylate (7). 
The mixture was difficult to separate by fractional distilla- 
tion, but passage over sodium fluoride at  275' served to re- 
move methyl fluorosulfate and allowed isolation of pure 7 
in 79% yield. This synthesis is superior to known routes? in 
that the ester is obtained from a simple sequence of reac- 
tion free of the saturated adduct with hydrogen fluoride. 

CFJ I 
+ CHJOCHJ - CFZ=C-COOCH, + CH,,WO,F 

Acyl trifluoromethanesulfonates are reportedlo to acyl- 
ate benzene at  20'. The possibility that fluoroacyl fluo- 
rosulfates would serve as acylating agents of equal potency 
was tested by mixing 2 and benzene at  25'. Since no reac- 
tion was observed, the reactivity of the fluoroacyl fluorosul- 
fates must be less than that of the acyl trifluoromethylsul- 
fonates. This result may be a direct consequence of the 
greater difficulty in forming fluoroacylium cations than 
acylium cations. At any rate, the amount of sulfur trioxide 
in equilibrium with the fluoroacyl fluorosulfate at 25' must 
be negligible, since the known exothermic reaction of sulfur 
trioxide with benzene did not occur. Therefore, the fluoro- 
acyl fluorosulfates may prove useful in acylating activated 
rings. 

Acyl Chlorosulfates. Few descriptions of acyl chloro- 
sulfates are found in the literature. Acetyl chlorosulfate, as 
an example, is said to have been obtained from acetyl chlo- 
ride and chlorosulfonic acid at  25' as a thermally unstable 
oil.ll The 1:l adduct from acetyl chloride and sulfur triox- 
ide was also assigned the chlorosulfate structure on the 
basis of conductometric, cryoscopic, and infrared studies of 
its behavior in polar media, in which solutions acylium cat- 
ion and chlorosulfate anion were detected.l* In the same 
study, however, chloroacetyl chloride was concluded to 
have formed only a complex in which sulfur trioxide was 
coordinated with the carbonyl oxygen; the evidence was 
lack of conductance in solution and a decrease in the car- 
bonyl infrared frequency rather than an increase as ob- 
served with acetyl chloride. 

In our work, reactions of two acid chlorides were exam- 
ined. Heptafluorobutyroyl chloride combined with sulfur 
trioxide at  100' under pressure to form n-heptafluorobuty- 
royl chlorosulfate (8). The latter appeared to revert to 
starting materials near 50' a t  1 atm, a temperature much 
lower than that required to dissociate the related fluorosul- 
fates. 

7 

0 
I t  

CF3CF2CFZCOCl + SOj - CF3CF*CF,COSOzCI 
8 

Benzoyl chloride combined exothermically with sulfur 
trioxide to form benzoyl chlorosulfate (9), which was distil- 
lable a t  very low pressure with slight decomposition. No 
mention of this reaction was uncovered in the literature, al- 
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though i t  is well known that at higher temperatures (110- 
160°), benzoyl chloride and sulfur trioxide form m- 
carboxybenzenesulfonyl chloricle.13 The latter reaction and 
perhaps others, such as  the  rearrangement of acetyl chloro- 
sulfate to sulfoacetyl chloride above 45' ,I1 can now be un- 
derstood to proceed by preliminary dissociation of a chloro- 
sulfate t o  acid chloride and sulfur trioxide. 

0 

9 

P a r t  of t h e  proof of structure for 9 rests on t h e  shift of 
carbonyl infrared absorption to shorter wavelength than 
that of benzoyl chloride. This  direction of shift is compat- 
ible with formation of the mixed anhydride in which a 
group more negative than chlorine is attached t o  the car- 
bonyl, resulting in  a more covalent double bond. Complex 
formation by association of sulfur trioxide with the carbon- 
yl oxygen, on t h e  other hand, would have resulted in a sub- 
stantial shift of t h e  carbonyl bond t o  longer ~ a v e 1 e n g t h . l ~  
T h e  mixed anhydride structure is also supported by t h e  
facile reaction of 9 with dimethyl ether t o  give methyl ben- 
zoate, isolated in 60% yield. T h e  possibility that complexed 
sulfur trioxide was present t o  form dimethyl sulfate with 
dimethyl ether, and dimethyl sulfate subsequently methyl- 
ated benzoyl chloride t o  give methyl benzoate after aque- 
ous work-up, was excluded by showing that dimethyl sul- 
fate does not react at 2 5 O  with benzoyl chloride. Dissocia- 
tion of 9 does occur readily, however, since reaction with 
benzene occurs exothermically to give only base-soluble 
products and a small amount  of diphenyl sulfone. No ben- 
zophenone was detected. 

Insertion into an Ester. In  the only such case exam- 
ined, methyl pentafluoropropionate slowly added sulfur 
trioxide at reflux t o  form methyl pentafluoropropionyl sul- 
fate (10). This  compound could be isolated by vacuum dis- 
tillation at low temperature, but it also dissociates on heat- 
ing. An a t tempt  to interact 10 with benzene at reflux re- 
sulted in the formation of methyl pentafluoropropionate. 

0 0 
II II 

CF3CFLCOCHj + SO, a CF,CF2COSOZOCHj 

10 

Experimental Section15 
Trifluoroacetyl Fluorosulfate (1). Into each of two 100-ml 

heavy-walled polymer tubes were loaded 20 g (0.25 mol) of so3 
and 32.5 g (0.28 mol) of trifluoroacetyl fluoride. The tubes were 
sealed and allowed to stand at  25' for 3 weeks, after which time 
single phases were present. Excess trifluoroacetyl fluoride was al- 
lowed to escape and the combined contents of both tubes were dis- 
tilled to give 67.5 g (69%) of colorless product, bp 44-47' (ref 5, bp 
46.5'), 19F NMR +47.7 (s, 1, -0S02F) and -74.5 ppm (s, 3, CF3). 

Polymerization of Tetrahydrofuran. Into a flame-dried 
round-bottomed flask was injected 44.4 g (50 ml) of purified tetra- 
hydrofuran. The contents were blanketed with dry N2 and stirred 
at  -25O while 0.10 ml of trifluoroacetyl fluorosulfate was injected. 
Stirring was continued while the mixture was allowed to warm to 
25O. After 1 day the mixture was too viscous to be stirred magneti- 
cally. After 2 days, the polymerization was quenched in 250 ml of 
water containing 10 g of NaOH. This mixture was warmed and 
stirred for 1 hr, and the resulting semisolid polymer was washed 
with three 250-ml portions of hot water, then dried under vacuum 
to give 32.7 g (74%) of solid polytetrahydrofuran, n,nh 0.80 (0.1% so- 
lution in benzene at  25O). 

a-H-Hexafluosoisobutyroyl Fluorosulfate (2). Addition of 
50 g (0.25 mol) of a-H-hexafluoroisobutyroyl fluoride to 24 g (0.30 
mol) of sulfur trioxide resulted in a mildly exothermic reaction. 
After 2 days the mixture was distilled to afford 48.2 g (69%) of a- 
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H-hexafluoroisobutyroyl fluorosulfate: bp 49" (50 mm); ir 3.37 
(saturated CH, weak), 5.47 (C=O), 6.76 (SOzF), and 7.2-8.5 fi  (CF, 
SOz); 'H NMR 4.22 ppm [septet, JHF = 7 Hz, CH(CF&]; 19F 
NMR +46.6 (s,l,OS02F), -64.6 ppm [d, 6, CH(CF&]. 

Anal. Calcd for C4HF704S: C, 17.27; H, 0.36; F, 47.82. Found: C, 
17.61; H, 0.69; F, 48.53. 

Perfluoromethacryloyl Fluorosulfate (3). Equimolar 
amounts of perfluoromethacryloyl fluoride and so3 gave a mildly 
exothermic reaction to form an adduct. Attempted distillation at  
125-140' and 1 atm resulted in cracking, presumably to starting 
materials, bp -49'. 

A 10-g sample of the distillate above, bp 49" (1 atm), was dis- 
tilled under reduced pressure to give 7.5 g of perfluoromethac- 
ryloyl fluorosulfate: bp 46-48" (20 mm); ir 5.53 (C=O), 5.91 
(C=C), 6.79 (SOzF), and 7.2-8.5 fi  (CF, SO,); 19F NMR +45.0 (s, 1, 
OS02F), -47.7 (m, 2,=CF2), and -60.4 ppm (m, 3, CF3). 

Anal. Calcd for C4Fs04S: C, 18.61; F, 44.17. Found: C, 18.78; F, 
44.49. 

Methyl Perfluoromethaerylate (7). Excess dimethyl ether 
was distilled into a flask topped by a -80' condenser and contain- 
ing 41.7 g (0.16 mol) of perfluoromethacryloyl fluorosulfate main- 
tained at 0'. The mixture was stirred at 0' for 1 hr and then al- 
lowed to warm to 25' while excess dimethyl ether was vented. The 
crude product was passed over a bed of dry NaF pellets in a hot 
tube at 275O (5 mm). After two passes, only traces of by-product 
methyl fluorosulfate remained and nearly pure methyl perfluo- 
romethacrylate was collected in 79% (23.9 g) yield. Identity and 
purity were determined by comparison of the ir spectrum and GC 
retention time with those of an authentic sample. 

a-H-Tetrafluoropropionyl Fluorosulfate (4). A mixture of 37 
g (0.25 mol) of a-H-tetrafluoropropionyl fluoride and 10 ml of sul- 
fur trioxide was heated in a Carius tube overnight on a steam bath. 
Distillation gave 45.6 g (80%) of a-H-tetrafluoropropionyl fluo- 
rosulfate, bp 49' (65 mm). 

Anal. Calcd for CsHFj04S: C, 15.80; H, 0.44; F, 41.67; S, 14.06. 
Found: C, 15.86; H, 0.60; F, 41.57; S, 14.07. 

Pyrolysis of 4 in a platinum tube at 500" (1.6 mm) gave no indi- 
cation of ketene formation. 
a-Ftuorosulfonyltetrafluoropropionyl Fluorosulfate ( 5 ) .  

The mixture of 46 g (0.20 mol) of a-fluorosulfonyl tetrafluoropro- 
pionyl fluoride and 16 g (0.20 mol) of sulfur trioxide was heated in 
a Carius tube overnight on a steam bath and the product distilled 
to afford 15.1 g (24%) of 5: bp 71' (190 mm); ir 5.40 (C=O), 6.66, 
and 6.76 fi  (S02F); 19F NMR +52.1 (9, JFF = 9.1 Hz, into d, JFF = 
4.0 Hz, 1, CSOzF), +47.0 (9, 1, OS02F), -74.1 (d, JFF = 9.1 Hz, 
iht0 d, JFF = 8.1 Hz, 3, CFS), and -161.6 ppm (9, JFF = 8.1 Hz, 
into d, JFF = 4.0 Hz, 1, CF). 

Polysulfuryl Fluorides from COFz and SOa. A 100-mi heavy- 
walled glass tube was charged with 6.9 g (0.10 mol) of carbonyl flu- 
oride and 16.0 g (0.20 mol) of sulfur trioxide, sealed, and heated at 
looo for 5 days. Gaseous products identified by ir were carbon 
dioxide with traces of sulfuryl fluoride, sulfur dioxide, and silicon 
tetrafluoride. Distillation of liquid products gave 7.34 g (40%) of 
pyrosulfuryl fluoride, identified by comparison of the infrared 
spectrum with that of an authentic sample and by the presence of 
a single 19F NMR peak at +48.6 ppm. A second product, trisulfur- 
yl fluoride, FSOZOSO~OSO~F, bp 64' (120 mm), 2.04 g (12%), was 
identified by ir and NMR (singlet 19F NMR peak at +49.8 ppm).'6 

m-Trifluoromethylbenzoyl Fluorosulfate (6). Addition of 7.5 
g (0.094 mol) of SO3 over a 10-min period to 19.2 g (0.10 mol) of 
m-trifluoromethylbenzoyl fluoride proceeded exothermically. 
Temperature was maintained at 30-40' by external cooling. After 
addition was completed, infrared analysis of the mixture showed 
strong bands at 5.49 (C=O) and 6.84 fi  (-OSO2F). Distillation at 
42-47' (0.15-0.25 mm) afforded 14.2 g (-55%) of liquid. NMR 
analysis of a late fraction by 19F NMR showed peaks at +45.3 (s, 1, 
-0S02F) and -64.1 ppm (8 ,  3, CF3) with -COF peak present indi- 
cating -9% starting acid fluoride as impurity; ir 3.23 (aromatic 
CHI, 5.48 (C=O), 6.18 and 6.27 (aromatic C=C), and 6.84 fi  
(OS02F). 

a-Heptafluorobutyroyl Chlorosulfate (8). Reaction of hep- 
tafluorobutyroyl chloride with SO3 at  25' did not proceed satisfac- 
torily, as indicated by the continued presence of two phases after 3 
days. The two reactants, when heated in a sealed glass tube at 100' 
for 2 hr, formed a homogeneous solution. After an additional 2 hr 
a t  loo', the reaction mixture was cooled and transferred to a still. 
Distillation of about % of the mixture occurred readily at 33-34' 
with the pot at -50'. Ir analysis of the distillate indicated it to 
contain a high proportion of heptafluorobutyroyl chloride (hp 
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39'); the corrosive, fuming nature of the distillate indicated so3 to 
be present in at least small amounts. 

Ir analysis of the still pot contents showed it to contain not only 
heptafluorobutyroyl chloride (5.51 and 5.58 p for C=O), but also 
heptafluorobutyroyl chlorosulfate (5.46 for C=O, 7.10 p for 
OSO2Cl). 

Benzoyl Chlorosulfate (9). Benzoyl chloride (14.1 g, 0.10 mol) 
was stirred under dry Nz while 8.0 g (0.10 mol) of SO3 was added 
over 10 min with occasional cooling to keep the temperature at 
30-40'. After the addition was completed, the mixture was allowed 
to stand for 1 hr, then distilled through a short Vigreux column to 
give 21.9 g (99%) of yellow oil, bp 37' (7.5 p ) .  IH NMR showed mo- 
nosubstituted phenyl, nearly unchanged in chemical shift and in 
pattern from that of benzoyl chloride; ir 5.57 (C=O), 6.27 and 6.32 
(aromatic C-C), and 7.07 p (OSO2Cl). 

Methyl Pentafluoropropionyl Sulfate (10). To 27.0 g (0.15 
mol) of methyl pentafluoropropionate stirred at 0' was added 
dropwise 12.0 g (0.15 mol) of 803. No exotherm was observed, so 
the reaction mixture was heated slowly to reflux (53'). Reflux was 
continued for 60 hr, at which time the pot temperature had leveled 
off a t  73'. Distillation afforded 10.1 g (26%) of methyl pentafluoro- 
propionyl sulfate: bp 38" (5 mm); ir 3.35 (saturated CHI, 5.47 
(C=O), 6.87 and 6.98 (SOz), and broad 8 p (CF); 'H NMR 8 4.26 
(OCH3); 19F NMR -83.3 (t, JFF = 1.6 Hz, 3, CF3) and -121.6 ppm 
(9, JFF = 1.6 Hz, 2, CF2). 

Anal. Calcd for C4H3F505S: C, 18.61; H, 1.17; F, 36.80; S, 12.42. 
Found: C, 18.67; H, 1.33; F, 36.55; S, 13.04. 
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The hydrolyses of an unsymmetrical ketene 0,O-acetal (2,2-dichloro-l-ethoxy-l-phenoxyethylene, 1) and of 
two ketene 0,s-acetals [2,2-dichlor0-l-ethoxy-l-ethylthioethylene (2) and 1-ethylthio-1-phenoxyethylene (3)] 
have been studied in acidic solution at  30'. The observed catalysis by hydronium ion and acetic acid, the deuteri- 
um solvent isotope effect ( k H / k D  = 3.0 with 3), and the nonlinear dependence of rate on buffer concentration at 
constant pH (with 3) are in accord with a mechanism in which proton transfer to the olefinic bond is rate deter- 
mining in HCl and HC104 solutions, and at low concentrations of acetate buffer. A t  high buffer concentration, the 
rate-limiting step is suggested to be the decomposition of a carbonium ion intermediate. The variation in the na- 
ture of the products of hydrolysis of 2 (mainly eater a t  "2104 € 1 M ,  and mixtures of eater and thiol ester a t  high- 
er acidity) is taken as evidence for a second intermediate on the reaction pathway. The products of hydrolysis of 1 
and 3 are phenol and ethyl dichloroacetate or ethyl thiolacetate, respectively, and are essentially independent of 
acidity in the ranges examined, The pathways of breakdown of tetrahedral addition intermediates of varying 
structure are discussed. 

A useful approach t o  the  study of t h e  elusive, highly re- 0 ,s-acetal  were employed in the assignment of the rate- 
active, tetrahedral addition intermediates which are  
formed in many acyl transfer reactions consists of the  gen- 
eration of these or closely related substances via reactions 
which d o  not lie on the  reaction pathway for acyl transfer.2 
Extensive use has been made of t h e  hydration of imidate? 
a n d  thioimidate* esters to investigate the properties of the 
intermediates formed in  the  aminolysis of esters and  thiol 
esters, a n d  in the  alcoholysis of amides. In recent publica- 
tions, the  results of a study5* of t h e  hydrolysis of a ketene 

limiting steps in the acid-catalyzed formation5b and hydro- 
lysis5a of thiol esters. The present paper describes experi- 
ments  with additional ketene 0,s-acetals  and with a n  un-  
symmetrical ketene 0,O- acetal, and was designed t o  pro- 
vide further information on the  factors which control the 
pathways of breakdown of the intermediates formed in the 
hydrolysis and alcoholysis of esters and thiol esters. In the  
course of this research, kinetic data have been obtained 
which suggest the  occurrence of a change in  rate-determin- 


