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The selective replacement of oxygen atoms by fluorine in many types of organic compounds has been accomplished with

SF,.
hydroxyl to fluorine.

Sulfur tetrafluoride (SFy), a relatively new chemi-
cal entity, has been found to be a remarkably ef-
fective reagent for the selective replacement of
carbonyl oxygen in organic compounds with fluo-
rine.? The reaction has broad scope and is effective

>c=o + SF, —> >CF2 + SOF,

with a variety of carbonyl compounds including
aldehydes, ketones and carboxylic acids. Dis-
covery of this reaction, one of few reactions useful
for introduction of fluorine at a specific site in a
molecule, makes available many new or relatively
inaccessible fluorine compounds. Reactions of SF,
with the various classes of organic carbonyl com-
pounds are discussed in the following sections.

Carboxylic Acids.—In the reaction of a carboxylic
acid with SF;, the carboxyl group is converted to a
trifluoromethyl group. This has proved to be the
most general and direct method known for syn-
thesizing compounds having CF; groups. Al-
though a trifluoromethyl derivative can be ob-
tained directly from a carboxylic acid, the reaction,
illustrated below for benzoic acid, proceeds in two
steps—formation of the acyl fluoride and replace-
ment of the carbonyl oxygen.

CeH;COOH + SFy —> CsH;COF 4 HF 4 SOF;
CGHE,COF —+ SF4 — CeHaCFa -+ SOFZ

The first step occurs readily at or below room tem-
perature, while the second step requires elevated
temperatures. Table I lists a wide variety of
aliphatic and aromatic carboxylic acids that react
smoothly with SFy. With polybasic acids, the
degree of fluorination may be controlled by the
amount of SF; used. Thus, from sebacic acid
either 1,1,1,10,10,10-hexafluorodecane or 10,10,10-
trifluorodecanoyl fluoride may be obtained as the
principal product.

6SF
HOOC(CH,)COOH —> CFy(CH,)%CF,

87
l 3S8F, %
CF3(CH:)sCOF + CF3(CH:)CF; + FCO(CH,);COF
459, 27% 21%

That the reaction of a carbonyl compound with
SF, possesses an unusual degree of specificity is
shown by the fact that olefinic and acetylenic bonds
are unaffected by SFs.  As a result, trifluoromethyl-

(1) For paper I of this series see C. W. Tullock, F., 8. Fawcett, W. C’

Smith and D. D. Cofiman, THIs JOURNAL, 82, 530 (1960).
(2) W. C. Smith, U. S. Patent 2,859,245 (November 4, 1958).

Typical reactions are the conversion of such groups as carboxyl to trifluoromethyl, carbonyl to difluoromethylene and
These reactions provide direct syntheses of many hitherto inaccessible fluorine-containing compounds.

ethylene and trifluoromethylacetylene are now
easily accessible in good yield from acrylic and pro-
piolic acids, respectively.

SF
CH,~CHCOOH —3> CH,—CHCF,

SFy
CH=CCOOH —> CH=CCF;

Other functional groups including fluoro, chloro,
bromo, nitro and methoxycarbonyl usually are
unaffected by SFy at temperatures up to 160°.

In some cases «,a,a’ o’-tetrafluoro ethers have
been isolated from reactions of carboxylic acids
and SFs For example, diglycolic acid yielded
2,2,6,6-tetrafluorodioxane as well as 2,2,2-trifluoro-
ethyl ether,

SF,

HOOCCH;OCH,COOH —>

CH,—CF;
>o

CH;—CFy

Acid Anhydrides, Salts and Acyl Halides.—Car-
boxylic acid anhydrides, salts and acyl halides
react with SF; to give products like those from the
acids (Table II), but more vigorous conditions are
required for reaction. Whereas phthalic acid
yielded a mixture of o-bis-(triflucromethyl)-ben-
zene (439 yield) and o-trifluoromethylbenzoyl
fluoride (239, vield) at 120°, the anhydride yielded
only phthaloyl fluoride (929 yield) at 180° and
required a temperature of 350° for conversion to o-
bis-(trifluoromethyl)-benzene (459, yield).

The anhydride ring may react without loss of the
ring oxygen atom, e.g., dichloromaleic anhydride
and SF, gave 3,4-dichloro-2,2,5,5-tetrafluoro-2,5-
dihydrofuran.

CIC—CO SF, CIC—CF;
0 ™ ahan®
CIC—C CIC—CF:

The reaction of an acyl fluoride with SF, pro-
ceeds in the expected manner to give a trifluoro-
methyl compound. The reaction of an acyl
chloride and SF,is not so straight-forward, however.
With benzoyl chloride, the initial reaction appears
to be halogen exchange of Clfor F. This is followed
by replacement of the carbonyl oxygen with two
fluorine atoms and also by chlorination of the ring.
The nature of the chlorinating agent is unknown.

CF,

CFyCH;0CH,CF; + o<

=
CeH;COCI + SF, — C(H,COF — l
X Cl
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TasLE 111
REAcCTIONS OF ESTERS WITH SFy
— Starting material — Moles Catalyst, Temp., Time, Products
Structure Moles SFy moles °C. hr, Structure Yield, 9, Properties
CeH;COOCH;"* 0.30 0.60  ....... 300 6 CeH;CF; 55 B.p. 98°
CsH;COF Trace B.p. 151°
p-Ce,(COOCH; ), .10 .60 BF; 0.03 130 8 p-CeHy(CF3): 16 B.p. 113-116°
p-CeHy(COF)(CFy) 26 B.p. 154-158°
p-CeH(COF), 4 M.p. 122-124°
CH,I® High ... .......
HCOOCH; .10 .32 HF, 0.05 200 6 CH;F and CHF;, yields high;
HCF,OCH,, yvield low®* .. ... ...,
;fﬁCOOCH“ 20 .60 BF,0.03 140 16 ECF 10 B.p. 42-43°
e At 250° for 6 hr., no reaction occurred. ? Analysis by mass spectrometry.
TABLE IV
REACTIONS OF AMIDES WITH SFy
,——g:xtcn:ugrematenal Moles MSOI!‘TS C%:rt?)llse’:t, Te"%}?” Tg?.e, Structure Yilz.{ccl),d %:t; Properties
C¢H:CONH, 0.20 0.41 ..., 150 8 CeH:CF; 13 B.p. 36-38° (64 mm.)
#%D 1.4150
CeH;CONHCH; .25 .50 BF;, 0.015 60 4 C¢H;COF 48 B.p. 90-94° (107 mm.)
CGHQCON(CH;{)Q .25 80 L 130 6 C6H5CF2N(CH3>_>“ 17 Bp 70-71° (15 mm)
CeH:COF 1.3  B.p. 50~55° (13 mm.)
2, CO - -
C\‘ NH .20 .69 BF;, 0.045 100 10 0-CsHy(COF)(CF3) 58 B.p. 176-178°
S eo”
e Anal. Caled. for CoH,NF,: C, 63.1; H, 6.5; N, 82; F, 222, Found: C, 64.0; H, 6.5; N, 80; F, 21.6.
TaBLE V
REACTIONS OF ALDEHVYDES WITH SF,
Product:
——— ——Starting material —————— Moles Temp., Time, ield,
Structure Moles SF: °C. hr., Structure % Properties
CH,CHO 0.60 0.75 50 14  CH,CHF? 35 B.p. above —34°%¢
CH;(CH;);CHO 0.25 0.37 60 8 CH;(CH,);CHF, 43  B.p. 118—119?, n2p 1.3688"
(HCHO); (a-polyoxymethylene) 2.33 2.30 150 6 CH,Fy® 49 B.p. —51.5°
FCH,OCH,F*° 21 B.p. 32-34°
H(CF;);,CHO 0.25 0.28 100 10 H(CF,),CHF:? 55 B.p. 68-70° .
CsH,CHO® .30 0.60 150 6 CeH;CHF,® 81 B.p. 130-135°’
p-CsHy(CHO), .15 1.00 150 8 p-CeHy(CHF3)2 88  B.p. 54° (20 mm.)
@ Under same conditions, with 0.30 mole SF;, no distillable product obtained. ? Analysis by mass spectrometry. ¢ This
product decomposes on storage, even at 4°, 4 Anal. Caled. for C;HyFyy: F, 75.3. Found: F, 74.8. ¢ Anal. Caled. for

C:H¢F.: F, 29.7. Found: F, 28.5. ' Anal.

German Patent 641,878 to I. G. Farbenindustrie A.G., 1937.
 Reported b.p. —52°; E. H. Hadley and L. A. Bigelow, ibid., 62, 3302
i Reported b.p. 133.5°; F. Swarts, Bull. acad. roy. Belg., 414 (1900).

Plueddeman, THIS JOURNAL, 65, 587 (1943).
(1940).

Orientation of the chlorobenzotrifluoride was estab-
lished by hydrolysis in concentrated sulfuric acid?
to give m-chlorobenzoic acid in high yield.
Esters.—Carboxylic esters (Table III) require
vigorous conditions for reaction with SF.. Again,
the products are trifluoromethyl compounds.
Thus, methyl benzoate did not react at 250° but
at 300° yielded benzotrifluoride and methyl fluo-
ride.
CSHDCOOCHz + 25F4 —_— CSHSCF;} + CHsF + 2SOF2

a,c-Difluoro ethers and acyl fluorides appear to
be intermediates in the conversion of an ester to
the trifluoromethyl compound. Although methyl
formate and SF, gave fluoroform and methyl
fluoride as the major products, the presence of
methyl difluoromethyl ether, HCF,OCHg, in the
crude product was indicated by mass spectrometry.
Also, very low conversion of ethyl acetate to a
product thought to be ethyl 1,1-difluoroethyl ether,

(3) G. M. LeFave, THis JoURNAL, T1, 4148 (1949).

Caled. for CgHeF,:

F, 42.7. Found: F, 42.9. ¢ Reported b.p. —26°;
* Reported b.p. 120°, #%p 1.3710; A. L. Henne and E. P.

CH,CF,OCH,CHj;, was indicated by the hydrogen
and fluorine nuclear magnetic resonance spectra of
the product, but the substance was not isolated
in a pure state. Acyl fluorides, which could be
formed either directly from the ester or by elimi-
nation of an alkyl fluoride from an «,«a-difluoro
ether, have been isolated in some cases from re-
actions of esters and SF,.

Although esters will react with SF, at 130° when
catalyzed by BF; or TiF,, the presence of HF is
without effect at temperatures to 170°. The latter
fact has enabled us to prepare terminal trifluoro
esters from monoesters of dibasic acids. For
example, ethyl 6,6,6-trifluorohexanoate has been
obtained from monoethyl adipate.

Amides.—In contrast to the sluggish behavior of
the ester group with SF,, the amide group is quite
sensitive. Reactions of amides and SFy are listed
in Table IV. Two types of amides may be dis-
tinguished: Those in which there is at least one
N-H bond and those without an N-H bond. In
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the first group, the carbonyl-nitrogen bond breaks
to give an acyl fluoride, which may then undergo
further reaction. Thus, benzamide and N-methyl-
benzamide yielded benzotrifluoride and benzoyl
fluoride. With amides having no N-H bond, the
carbonyl-nitrogen bond may or may not be broken.
As examples, tetramethylurea yielded dimethyl-
carbamyl fluoride, and N,N-dimethylbenzamide
yielded either benzoyl fluoride or N,N-dimethyl-
a,a-difluorobenzylamine.
SFy rﬁ CsH;COF

L—> C;H;CF:N(CHa):

The preparation of the difluoroamine could not
be repeated consistently and could not be ac-
complished when the starting material contained
small amounts of benzoic acid. These results sug-
gest that the reaction of an amide with SF; in
which the carbonyl-nitrogen bond is cleaved is
catalyzed by trace amounts of HF.

Aldehydes and Ketones.—The action of SF; on
aldehydes is typified by the preparation of benzal
fluoride from benzaldehyde.

CeH,CON(CHjs),

CsH;CHO —SE; CsH:;CHF,
Table V lists reactions of aldehydes with SF,.
In general, aldehydes having no «-hydrogen
atoms gave high yields of the expected difluorides.
Aliphatic aldehydes which possess a-hydrogen are
somewhat sensitive to SF; and the yields of the
difluorides were correspondingly lower.

Reactions of ketones with SF, are listed in Table
VI. Although ketones containing a-hydrogen are
also sensitive toward SF. acetone gave a 609
vield of 2,2-difluoropropane. By carrying out
the reaction below 50°, 1,1-difluorocyclohexane was
obtained from cyclohexanone.

Benzophenone is quite resistant to reaction with
SF; even at temperatures considerably higher than
those employed for other ketones, a fact which
probably reflects the steric hindrance of the car-
bonyl group. However, high yields of diphenyl-
difluoromethane were obtained from benzophenone
and SF, when a catalyst was employed. When
the catalyst used was BF;, AsF; or TiF,, the tem-
perature of reaction had to be moderated to prevent
complete charring of the benzophenone. With
vicinal polyketones, such as benzil and diphenyl-
triketone, all of the ketonic oxygen atoms are re-
placed.

Quinones.—Some quinones, such as anthra-
quinone and chloranil, react in the same fashion as a
ketone to yield products in which each carbonyl

0 F,
OH g, F.
HF
1 F
O 2

0 F,
o g
HO HF F,
F
(]

oxygen atom is replaced by two fluorine atoms.
Other quinones are irregular in their behavior with
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CH,;CF,CH,CIT,COOC,H;

95

160
® HF (0.05 mole) catalyst employed.

4 Infrared spectrum in agreement with structure shown.

b.p. 125° (10 mm.), #%p 1.5379; A. L. Henne and H. M. Leicester, ibid., 60, 864 (1938).

.48
CF; from CeHyCCLCCL; and AgFq in 1.3, vield, and give a b.p. 128-129°.

.48

42

CH;COCH,CH,COOC,H;*

1.9 18.0

5

e

6

7.9

‘l ”

4.8

62.3

CeH,CF,CH=CHCOOCH;

.23

CeH;COCH=CHCOOCH;
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, 1941); a compound having m.p. 122-123°, prepared

/ Reported
CF.-

¢ Water (0.028 mole) was added to this run; water gives HF catalyst by the reaction HyO +
¢ J. H. Simons and D. ¥. [lerman, ibid., 65, 2064 (1943), report the synthesis of CgHy

¢ Reported b.p. —0.1°%; A. V. Grosse und C. B. Linn, THtS JoUrNAaL, 64, 2289 (1942).

A U. 8. Patent 2,238,242 to du Pont {April 15

e At 50° the starting material charred.

from CeH;CCLCCLCsHs and HF and stated to be CeHsCF=CFCH;, is probably identical with the substance reported here.
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SFy. Some hydroxyquinones yielded substances
in which HF added to an unsaturated bond of the
initial product. Thus, 1,1,2,2,4,4-hexafluoro-1,2,3,-
4-tetrahydronaphthalene was obtained from 2-hy-
droxy-1,4-naphthoquinone and 1,3,3,4,4,6,6-hepta-
fluorocyclohexene from  2,5-dihydroxyquinone.
Quinone reacted with SF, and HF at 200° to give a
309 yield of 1,2,4-trifluorobenzene. This reaction
may proceed by 1,4-fluorination of the «,8-un-
saturated carbonyl groups, and then loss of a mole-
cule of hydrogen fluoride. Reactions of quinones
are listed in Table VII.
H F

fr F 7
' T /\—F
<
}‘*

Syntheses of Carbon Tetrafluoride.—Several
routes to carbon tetrafluoride from SFy (Table VIII)
have been found. The oxygen atoms of carbon
dioxide are replaced stepwise to give carbon tetra-
fluoride by way of carbonyl! fluoride.

SF, SF4
COy > COF; —>» CFy
Phosgene also gave CF, by way of carbonyl
fluoride, formed by an initial halogen exchange.
A recent publication* notes a related reaction be-
tween phosgene and PF; to give difluorodichloro-
methane.

Another interesting route to CFy is provided by
the reaction of carbon monoxide with SF,. When
approximately equimolar amounts of CO and SF,
are used, up to 889 of the fluorine may be found
in the product as CF,, along with smaller amounts of
carbon oxysulfide, carbonyl fluoride, thionyl fluo-
ride and free sulfur. Two reactions shown to occur
in this system are

3CO 4 SF; —> 2COF; 4 COS
3CO 4+ SOF; —> COF; + COS + CO;

Whereas temperatures near 500° are required for
reaction of CO and SF, alone, high yields of CF,
may be obtained at 150-250° by operating in
liquid HF.

Hydroxylic Compounds.—Compounds containing
hydroxyl groups react readily with SF; to introduce
a fluorine atom at the site of the hydroxyl group
(Table IX). As expected there is a rough correla-
tion between the acidity of the hydroxyl group and
the yield of product. The carboxylic and sulfonic
acids, which possess very acidic hydroxyl groups, are
easily converted in high yields to the acyl and sul-
fonyl fluorides. Moderate yields of fluorinated
products are given by less acidic compounds such
as tropolone, which is converted to «a-fluoro-
tropone.

Z\E,
ZS()I‘

0] o)

o = O

Compounds even less acidic, such as methyl,
ethyl and isopropy! aleohols, gave the corresponding

(4) R. N. Haszeldine and H. Iserson, Nature, 179, 1361 (1957).
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alkyl fluorides, but in these cases a major by-
product was the alkyl ether.

Catalysis and Mechanism.—The greater ease of
reaction of a carboxylic acid with SFy, as compared
to the anhydride, to give a trifluoromethyl com-
pound led to the discovery of catalysis of the re-
action by hydrogen fluoride. Since it had been
shown that a carboxylic acid reacted with SF;
even at room temperature to give the acyl fluoride
and hydrogen fluoride, it seemed reasonable that
hydrogen fluoride was catalyzing the fluorination
of the carbonyl group. Other evidence which
pointed to the same conclusion was the fact that
sodium benzoate yielded benzoyl fluoride, but no
benzotrifluoride, under the same conditions that
had been employed to convert benzoic acid to a
mixture of benzotrifluoride and benzoyl fluoride.
That hydrogen fluoride is actually a catalyst was
proved when the yield of diphenyldifluoromethane
from benzophenone and SFy was increased from 10
to 979 by addition of less than a stoichiometric
amount of HF. Other fluorides, such as BF;,
AsF,;, PF; and TiF,, subsequently proved to be
even more potent in their ability to catalyze fluori-
nations by SF,.

A possible route by which an oxygen atom is
replaced by two fluorine atoms is indicated in the
scheme

T f\ -

.
c o XFu, —c 0—xF, . S0,
e
L SF,
|
Pk \ Y
“C (F<—vc05F+\<Fn
Ve y\

XPM F

Y

—§~F + 0=SF, + XF,
F

The initial step is thought to be codrdination of the
fluoride XF, with the carbonyl compound to bring
about a polarization of the carbonyl group. The
complex may then react with SF, in the manner de-
picted. An alcohol probably reacts with SF, by
elimination of HF to give an intermediate R~O~SF;,,
which may further react with XF, in a manner like
that shown for >CF-O-SF;. Although the role
of XF, may be assumed by SF,, reactions proceed
under milder conditions when XF, is one of the cata-
lysts, HF, BF;, AsF; TiF;or PF;. The ability of
a substance to act as a catalyst can be correlated
with its strength as a Lewis acid with respect to a
carbonyl group. Fluorides which are not Lewis
acids do not act as catalysts.

Additional evidence that the reaction may be
initiated by coérdination of a Lewis acid to the
carbonyl group is provided by the behavior of
compounds having two strongly electron-attract-
ing groups attached to the carbonyl group. In
such compounds the Lewis base character of the
carbonyl group is so greatly reduced that co-
ordination to the Lewis acid is significantly de-
creased. Reactions of such compounds should
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TABLE IX
REeacTioNs oF HyproxvLic COMPOUNDS WITH SFy
Products b Analyses, %
,————Starting material————— Moles Temp., Time, Yield, X Calculated ~—Found—
Structure Moles SFs °C. hr. Structure A Properties C H [¢] H
o} 0
QOHG 0.02 0.065 60 10 7 F 28 M.p. 74-75° 67.7 4.0 67.7 4.3
0 1
a
Bﬁ/ﬁ‘“ 0.0033 0.02 60 8 Brz/ y\ r 57 M.p.134-142° 23.2 0.6 23.4 0.9
{ Br Br
Br—a== Br—a—

o Bxperiment included 5 ml. of benzene as solvent; reaction run in a sealed platinum tube (capacity 15 ml.) which was

heated while under nitrogen pressure in a shaker tube.

therefore require more vigorous conditions than
those without electron-attracting groups, and such
is found to be the case. Compounds having
fluoroalkyl groups or fluorine atoms attached to
the carbonyl group prove to be very sluggish in
reactions with SF, A temperature of 250° and
use of BF; catalyst was required to convert 2,2,3,3-
tetrafluoropropionyl fluoride to 1H-perfluoropro-
pane. Carbonyl fluoride similarly requires vigor-
ous conditions for transformation to carbon tetra-
fluoride. The conditions required for reaction are
far more vigorous than those necessary for acyl
fluorides and ketones having electron-releasing
groups attached to the carbonyl group.

Experimental

Details on the preparation and properties of SF; may be
found elsewhere.!

The reactions with SF; were carried out in stainless steel-
or ‘‘Hastelloy’’-lined shaker tubes of 80-ml. to 1000-ml.
capacity. Liquid or solid reactants were placed in the
shaker tube under a nitrogen atmosphere, the head was
screwed into place, the tube was cooled to solid carbon di-
oxide temperature, the nitrogen was removed with a vacuum
pump and gaseous reactants (HF, BF;, SFy, etc.) were con-
densed into the shaker tube. After being heated for the
prescribed period, the shaker tube was allowed to cool.
In cases where the gaseous products were of interest, these
were condensed into an evacuated stainless steel cylinder at
liguid nitrogen temperature; otherwise, excess SF; and
volatile by-products were vented from the tube. Liquid or

b Infrared spectra of products in agreement with structures shown.

solid products were recovered when the tube was opened,
and pure products were obtained by the usual processes of
distillation, recrystallization and sublimation. When it
was necessary to remove HF from the crude mixture, this
usually was accomplished by either (1) pouring the crude
mixture into water and recovering the product by filtration,
extraction or steam distillation, or (2) pouring the crude
mixture into a suspension of sodium fluoride (NaF 4+ HF
— NaHF;) in an inert solvent having a boiling point con-
siderably removed from that of the product desired, followed
by filtration and fractional distillation. In some cases re-
moval of HF from a solid or high boiling liquid was accom-
plished by vaporization of the HF and absorption into solid
NaF or NaOH. Reaction times and temperatures, amounts
of reactants, nature and amount of catalyst and identity and
yvield of products are given in the tables. Although the
vields of products obtained vary widely, in very few specific
cases has an effort been made to find optimum reaction con-
ditions. Where infrared and mass spectrometric analyses
were carried out, they are indicated in the tables and were in
agreement with the structural assignments. In all cases
the hydrogen and fluorine nuclear magnetic resonafice spec-
tra were in agreement with the structures of the products.

Acknowledgments.—We are indebted to Drs.
F. S. Fawcett, R. J. Harder, J. F. Hatris, C. M.
Langkammerer, R. V. Lindsey, E. L. Muetterties,
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By WiLriam C. SmiTH, CHARLES W. TuLLOCK, RONALD D. SMITH AND VAUGHN A. ENGELHARDT
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Organoiminosulfur Difluorides

An investigation of the chemistry of sulfur tetrafluoride has uncovered a new class of substances, the organoiminosulfur
difluorides. These compounds, which have the general formula RN=SF,, have been obtained by the reaction of sulfur
tetrafluoride with organic and inorganic compounds having carbon-nitrogen multiple bonds. The chemical and physical
data support the postulated iminosulfur difluoride structure for these substances The organoiminosulfur difluorides, unlike
the unstable C;H;N=8Cl,, have high thermal stability, but the nitrogen—sulfur bond is unstable toward water and ethanol,
and gross decomposition of the —N==SF, grouping takes place. Reaction of phenyliminosulfur difluoride, CiHsN=SF,,
with sodium methoxide and with phenyllithium was limited to the sulfur—fluorine bonds, however, and the new iminosulfur
derivatives, CeH;N=S(OCHj); and C¢H;N=S(C¢Hj;);, were prepared. A direct synthesis of the trifluoromethyl derivative,

CF3;N==SF,, from an inorganic thiocyanate, chlorine and a metal fluoride also is described.

The synthesis of a compound having the em-
pirical formula FsNS has been reported by Glemser
and Schréder.? This compound was assigned the

(1) Paper II, W. R. Hasek, W. C. Smith and V. A. Engelhardt,
THIS JOURNAL, 81, 543 (1960).

structural formula FN=SF; on the basis of chemi-
cal evidence and was the first example of an imino-
sulfur difluoride. An organoiminosulfur dichloride

(2) O. Glemser and H. Schrdder, Z. anorg. aligem. Chem., 284, 97
(19386).



