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. INTRODUCTION
This report covers a 3-year period and describes Rocketdyne's research
efforts in the area of inorganic reagents applied to the synthesis of
novel fluorocarbons which have potential military and space applications.
The objectives of this program were:

1. Study the synthesis and properties of fluorocarbon model com-
pounds containing CF30— and SFSO- substituents and the devel-

- opment of preparative routes for SFSO- substituted perfluoro-
alkyl ethers.

2. Conduct an investigation into the possible synthesis of SFSO-
substituted fluorocarbon fluorosulfates as monomers, prepoly-
mers, and/or crosslinkers.

" 3. Investigate the reaction chemistry of inorganic reagents for

development of novel synthetic methods for selective introduc-

tion of fluorine into fluorocarbons including aromatics.
Most of the objectives have been accomplished and much useful informa-

tion has been obtained toward a better understanding of the relevant

chemistry. These results are described in detail in this report.

R1/RD 80-152
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DISCUSSION

SFSO- AND CF3O- CHEMISTRY

An area of prime interst to this program was that aimed at the incorpo-

ratiorn of SF_0- ligands into fluorocarbon backbones to improve their

5

useful properties while retaining their demonstrated chemical inertness.
Several inorganic SFSO- species are known which have potential in this

regard. These include SFSOCI, SFSOOSOZF, SFSOOSFS' and SFSOF. Based on

our successful work with related "positive'" chlorine species such as

CIOCIO3 and CIOSOZF (Refs. 1, 2, and References therein), reaction of

SF_0C1 and fluorocarbon halides was anticipated as a possible route to

5

RfOSF5 derivatives. However, the substrates CF3CFBrCF28r, CF3I, and

i-C_F_l, investigated in this regard failed to undergo the desired sub-

37
stitution., The bromine material catalyzed the decomposition of SF_OCI,

5

while the iodides underwent fluorination to RFIF2 species. In view of
the fact that Br and | should be about the most easily displaced ligands
in fluorocarbons, additional substrates such as chlorides were not
tested. |t appears therefore that SF_O0C! is not useful in such displace-

5

ments under the present conditions.

2F, SFSOOSFS, 2

under this contract and have been described in manuscripts form (Appen-

Improved syntheses of SFSOOSO and FOZSOOSO F were developed

dix A). The mixed perixode, SF500502F, was reacted with CF_I| as a possi-

3

ble means of substituting iodine by SF_0-. At ambient temperature the

5

observed reaction was:

i (N}
CF3I + SFSOOSOZF ——DCFBOSOZF + SOFu + F

Since iodine is readily oxidized to the +lI| oxidation state, the follow-
ing mechanism appears plausible. 1t involves the oxidative addition of
-0SF_ and -OSOZF to the iodine atom, followed by an intramolecular rear-

5

rangement, SFSOI elimination, and decomposition of the latter.

R1/RD 80-152
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!
Attempts to alter or prohibit this mode of reaction by lowering the {

temperature failed, and the system was abandoned for its lack of potential f
. . |

with respect to generation of RfOSF5 compounds .

A third SFSO- compound examined as a source of this group into fluoro-

carbons via substitution reactions was SF_N0SF_.

5 5 However, the thermal
activation required (155°C), to achieve reaction was too great to allow

. . .
simple substitution to occur. Instead uncontrolled fluorination was

\
observed producing CFb as the only carbon containing derivative.

In summary, it has been demonstrated that the synthesis of SFSO- fluoro-
carbons via substitution reactions employing thermal activation is not a
viable scheme. This applies to all three of the tested SFSO- sources,
SF_0C SF_0 F F..

5 1, 5 OSO2 , and SFSOOS 5

ADDITION REACTIONS

While substitution reactions were not effective, several addition reac-
tions yielded products which incorporate the SFSO- group into fluorocar-
bons. The efficiency of SFSOOSOZF in adding to olefins was discovered on
this program (Ref. 3). To date, this reaction has been carried out suc-
cessfully utilizing three olefins, CF3CF=CF2, CF2=CF2, and CF2=CFC1, as
substrates. Several reactions of the first two were studied under
varying conditions to determine possible product variance. With hexa-
fluoropropylene at room temperature, no reaction with the mixed peroxide
was observed. However, a reaction occurred readily at 95 C. The ten-
dency was for more of the olefin to be consumed on a molar basis than the

Ri/RD 80-152
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peroxide, indicating the formation of telomer products. While on one
occasion it appeared that a nearly 1:1 addition occurred, it was not pos-
sible to duplicate that result. Rather the adducts were of the type
SFSO-(C3F6)n-OSOZF wherein n=2-4. At a reaction temperature of 35 to
Lo € the degree of telomerization was lowered to about 2. Partial sepa-
ration of the more volatile components and examination by infrared, mass,

and ]9F nmr spectroscopy have shown two isomers to be the main products.

CF, CF, CFy CFy

i | ]
SFSOCFCFZCFCFOSOZF and SFSOCFCFZCFCFZOSOZF

Because the nmr spectra are second order, their analysis is exceedingly
complex, a situation exacerbated by the presence of isomer mixtures.
Preparations using a large excess of SFSOOSOZF relative to C3F6 were also
tried, with the aim of minimizing oligomer formagion by limiting the
amount of available olefin (Ref. 4). Separation of the addition products
was attempted by gas chromatography using two different column packings,
Chromosorb-T and Poropak PS, at several temperatures. Unfortunately, a
clean separation of components was not realized. Three relatively minor
forepeaks were generally followed immediately by two major peaks of simi-
lar area but these were not adequately separated to afford pure material
for definitive characterization. |In addition, under some GC conditions,
the second major peak showed a tail indicating still another component
was present. Although these SFSO— containing oligomers could not be
successfully separated under the conditions described above, their excel-
lent thermal stability (no decomposition being noted in several days at
150 to 200 C even in the presence of strong oxidizing agents such as

BrSO_F and S 06F2) indicates the usefulness of these compounds.

3 2

RI/RD 80-152
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With tetrafluorcethylene, SFSOOSOZF addition was observed at 115 C,
ambient temperature, or even -10 C. Originally a colorless, liquid

product was obtained, but with a high degree of telomerization.

= >
SFSOOSOZF + CFZ CFZ———CPSFSO(CFZCFZ)nOSOZF {(n > &)

Vacuum distitlation of lower molecular weight fractions was attempted and
was partially successful. However, too little material was obtained for
a practical study. In an effort to secure more material additional syn-
theses were conducted at room temperature. For reasons as yet unclear,
these preparations gave more extensive polymerization than before, n 2 1§
based on material balance. These reactions gave, essentially no liquid
adducts, but rather a white solid which appears spectroscopically as an
SFSO- and —0502F end capped Teflon. Variations in reactant ratio and
even lower temperature were then employed to preclude polymerization.
Some liquid product was obfained; however, GC separations presented the
same problem encountered with the propylene derivatives. An alternate

path to the parent compound (n=1) was developed (see below).

The reaction of chlorotrifluoroethylene with SFSOOSOZF has only been

examined at 115 C. As with the other olefins, addition occurred but oligomers
formed. These were again, colorless, viscous fluids of low volatility whose
infrared spectra showed all the expected features of SFSO(CFZCFCl)nOSOZF

type materials. These products were also shown to undergo the expected

(Ref. 1) CsF catalyzed elimination of SOZFZ'

-+
SFSO(CFZCFCI)nosozF + CsF-—.-SFSO(CFZCFCI)n_] CFZCFCIO Cs + 502F2
Vac. Pyrol.
0
SFSO(CFZCFCI)HCFZCF

Ri/RD 80-152
6




No evidence of any other degradation was obtained, indicating that the
SFSO- group was unaffected by this procedure. Acyl fluorides are, of
course, useful starting materials for several other functionalities or

anionic polymerizations (Ref. 5).

DENSITIES OF SFSO- SUBSTANT IAL FLUOROCARBONS

One of the useful properties of fluorocarbon materials is their high
density and one of the principal reasons for wanting to incorporate SF50-
groups into fluorocarbons is to obtain still higher density materials.

In order to determine initially the approximate impact of an SF_0- group
on the density of a simple fluorocarbon, the density of one of the com-
pounds (SFSO- CZFACQ) prepared on this program was measured (kg/cc = 1.820
- 0.0027 tc). Comparison to similar compounds which have been reported

(Refs. 6 to 8) are given in Table 1.

TABLE 1. LIQUID DENSITIES (20 C)=

CF3Br 1.58 CF3OSF5 v1.57
CZFSBr 1.65 CZFSOSFS 1,61
ClCthBr 1.8 (est.) CQCZFQOSFS 1.77
FO3SBr 2.25 F03SOSF5 1.84
Br-Br 3.12 FSSOOSF5 1.96

%A1l values were corrected for 20 C

From the data it is apparent that incorporation of the SFQO- group into
simple fluorocarbons increases the density by about the same amount as a

bromine substituent.

R1/RD 80-152
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CF30- Substituted Fluorocarbons

One of the objectives of this program was the synthesis of CF30-
analogues of the SFSO- containing species. This should allow comparison
of properties of compounds containing one of these two substituents.
Accordingly, the preparation of CF3OOSOZF was undertaken for use as a
reactant with olefin substrates. Three literature reports concerning the

synthesis of this compound are illustrated by the equations.

250°

CF,OF + 50, 2208 CF10050,F
COF. + S.0,F. + KF —22 9 CF.00S0.F + KSO.F
2 * 3.06F, 30050, 3
75°

CF3000CF3 + 5206F2—-—>2CF300502F + 1/202

The first equation, while elegantly simple, suffers from a poor yield
(Ref. 9). In the second equation, a better yield is reported (50%)

{(Ref. 10) but as we have observed (Ref. 2) in the case of SF500502F, this
three-component system requires precise conditions for good results. A
better yield (87%) was obtained with the third reaction (Ref. 11),

Unfortunately, the trioxide reactant is not readily available.

Another possible reaction was considered which was based on the use of
SO3F radicals generated from 5206F2 as scavengers for CF

erated from CF300CF3 (Ref. 12).

0 radicals gen-

3

220°
CF3OOCF3 + 5206F2 —_— ZCFBOOSOZF

Reputedly this process is quantitative and it was used by thnse authors
as a trap and measure of the production of CF30 in a kinetic study of the
pyrolysis of CF3OOCF3. Obviously, it should also be of synthetic utility,

and it was examined in that regard by us. It was found that using

RI/RD 80-152
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stainless steel cylinders as containers, vs the nickel vessel of Descamps
300502F was
attained at 240 to 250 C in about 16 hours. The yields were gencrally 50

and Forst {(Ref. 12), the optimum conversion and yield of CF

to 70% and some recyling of unreacted s*arting materials was possible.
Thus, this reaction served for this preparation. An attempt was “ade to
apply this thermal process for the gencration of SFSOOSOZF from SFSOOSFS

and 5206F2; however, the maximum yield realized was only 47 and it was

not pursued any further.

Investigation of olefin reactions of CF300502F have been made with tetra-

fluoroethylene and hexafluoropropylene.

110°
CF300502F + C3F6 > CFBO(C3F6)nOSOZF n~>2

CF 00502F + CzFu —ﬁ—' CF

0(C,F,) 0SO.F n 2 3
3 or -10° 2747002

3

These results parallel closely those found for similar SFSOOSOZF systems.
The tendency to telomerize appears about equal under comparable condi-
tions. Generally, these products are again low volatility, thermally
stable, colorless liquids. Partial separation by fractional condensation
is possible. The compounds of lower n obtained thereby, when examined
spectroscopically, appear to contain always one CF30- and one -SO3F uni t

in each chain for the n=1-3 range investigated.
INTRODUCTION OF FUNCTIONAL GROUPS

Finally, in the areas of SFSO- and CF_0- chemistry, the functionaljzation

3

of simple, known SF_0- and CF30- fluorocarbons was investigated. Thus

5

SF5OCF2CF2C1 and CF30CF2CFZC1 (Refs. 13, 14) were prepared and reacted

with ClSO3F/Br2 at 140 C to substitute -C1 with -OSOZF.

SF OCFZCFZCI - SF

5 OCF_CF

g0CF, 20502F

CF.,O0CF CF C1—-—>CF30CF2CF

30CF,CF, OSOZF

2

R1/RD 80-152
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This conversion was successful and infrared spectra of the products are
given in Fig. 1 and 2. These spectra are presented as an illustration of
the utility of infrared spectroscopy in identifying the important groups
in this simple molecute. Thus in the SF50~ compound, the SO2 stretch in
-0S0,F is at 1499 em™!, the C-F stretches at 1300-1200 cm ', the C-0
strentch at 1088 cm-], the S~F stretches (for -OSOZF and SFSO-) in the
range 950-900 cm-], the S-0 stretch at 862 cm—], and the important SFb
bending mode at 586 cm . The analogous material, SFSO(CFZCFZ)nOSOZF’
derived from SFSOOSOZF and CF2=CF2 has the same important bands with
increased C-F band intensity due to n being greater than one and somewhat

broadened bands owing to the liquid/solid physical state of the samples.

These new fluorocarbon fluorosulfates are readily converted to the cor-

responding acyl fluorides as shown.

CsF 8 '
_.-———’
SFSOCFZCFZOSOZF ~ SFSOCFZCF + SOZF2
0
CsF_ CF,OCF, EF + SO.F
CF30CF2CF20502F ——A—’ 3 2 2 2

This is a nearly quantitative reaction and its course is easily followed
via infrared spectroscopy as shown in Fig. 3 and 4. The disappearance
of the -SO3

of the acyl fluoride at ~1900 cm-] is obvious. Still another derivative

F group bands is evident and the appearance of the (=0 stretch

is the hypofluorite which was made by the reaction:

0
] CsF
CFBOCFZCF + f—'2 ——bCF3OCF2CF20F

The infrared spectrum of this compound is shown in Fig. 5 wherein the
absence of the C=0 absorption and the appearance of the weak -0F stretch

at 895 cm-] is noteworthy.

RI/RD 80-152
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Figure 1. SFSOCFZCFZSO3F
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Figure 2. CF30CFZCFZSO3F
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1800 1500

b:

1200 900
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SFSOCFZCFO (8 mm)

Figure 3. SFZOCF,CFO
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1800 1500 1200 300 600

WAVENUMBER (cm™ )

CFBOCFZCFO (9 mm)

Figure 4, CFBOCFZCFO
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CFBOCFZCFZOF (8 mm)

Figure 5. CFBOCF2CF20F
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Tables 2 and 3 give the observed icns in the mass spectra of several of

the SF_0- and CF30- species, both monomers and telomers. It is evident

5

that parent ions are not seen while nearly all other likely ion fragments

are formed. When only limited numbers of CF_ groups are present in a

3

compound which contains an SF5 group. then the latter is the base peak.

From the presence of the CZFhSO F* jon in both CF O C3 6) SO,F and

3 3
+
SFSO(C3F6)nSO3F together with CF3OCF2 and SFSOCF2 ions it can be deduced
that these telomers have mainly the structure illustrated.
CF
{3
RfO (CFZCF)nOSOZF (R —CF3, SF )

Only low intensity peaks assignable to R OC b ions were observed. These
reactions and additional characterizing data for the new compounds are
described more fully in manuscript form in Appendix C. These materials
are expected to be useful intermediates for reaction with epoxides and

olefins in ether formation (Ref. 1).

Iin addition to the olefin systems, the interaction of SFSOOSOZF and
hexafluoroproylene oxide (HFPO) was examined. At room temperature no
reaction occurred and at 95°C very little SFSOOSOZF reacted, but all the
HFPO was destroyed.

0 ¢
2\ SF_00S0,F CF,CF,CF

CF,CF-CF, —-——2>cr BF + cor, + some cr jcocr,

Involvement of the peroxide in this cleavage was evidenced by the forma-
tion of some COFZ. Generally HFPO in the absence of oxygen sources
thermally degrades to CF3C0F and :CF2 (observed as CF2=CF2 and c-C3F5)
Ref. 15). The failure of HFPO to form an adduct with the peroxide under
these radical conditions is in keeping with its normal behavior (Ref. 5).

it is very reactive under many other conditions.
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TABLE 2.

F_OCF
CF,0CF,CF,SO0,F

C
+
CZF

N+ MW+

CF,0C,F, SO
CF40C,F, S0
CF 0 50
F,SO,F

24773
+
F30C2Fb

c
c

+
CF30(CZF3)0
CF3°(C2:2)°
CF2503F

+
CFBOCF2

CF +
3OCF

+

SO_F

+r0 +

24
23

m MmN

c
c

o

SO F

CF; Base
SOF

CF3O(C3F6)nSOBF

(C3F6)n503F+(n=l,2)
+

cro(c3F6)no

(€ Foaey)? (a=1-6)

(CaFZa-I’O

+
cr30(c3F6)o

+
CF30(C3F5)0

+
(CFz)nSE3F
CF30CF7

CF.OCF+
3
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+
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+
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4+
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FLUOROCARBON HAL IDE-HALOGEN FLUOROSULFATE REACTIONS

Mono - or multifunctional fluorocarbons are of utmost importance as

monomers, crosslinking agents, etc. in fluorocarbon elastomer chemistry.
Previously (Ref. 1) we had shown the utility of a new and simple method
for introducing functional groups into fluorocarbon chains and tor step-
wise shortening of those chains. This work was continued and its scope

more carefully defined. The types of reaction were:

0SO_.F + HalX

RfHa] + XOSOZF—-be 2

The RfHal moieties are generally unreactive chlorides and bromides. Sev-
eral examples of this reaction have been elucidated. Ffrom these results,
it is evident that primary C! can only be displaced by -SO3F with diffi-
culty or not at all. Furthermore, it can be seen that secondary Br and
C!1 are not affected under comparable conditions. However, primary Br is
3F by
adding of small amounts of Br, to the reaction mixture enhanced the dis-

2
placement reaction. Even under these rigorous conditions, no C-C bond

easily displaced. Also it was shown that in situ generation of BrSG

cleavage occurred nor were ether functions such as CF,0- or SF_0- in

3 5
proximity to the displaced C1 disrupted (Appendix C).

Fluorocarbon iodides and C1S0,F reacted at low temperature to give at

3
least formally the iodine (ill) oxidation product of empirical formuta,
RfI(SO3F)2. if a primary iodide was used, the iodine {(l11) derivative

decomposed at ambient temperature to provide the RfSO F moiety in good

3
yield. |If a secondary iodide was used, a thermally stable, salt-like
3F7)2|]+[|(so3Fol’]f The scope and utility of

this halogen fluorosulfate displacement of halide from fluorocarbon

product resulted: [{i-C

chlorides, bromides, and iodides is fully described in manuscript form in
Appendix D.

Although the oxidation of iodine in to stable solid derivatives,

i-C3F7I,

has now been demonstrated for several cases (Ref. 3), it remained to be
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shown that this behavior is the result of iodine being a secondary

substituent. Thus several primary R_| substrates had been shown to

give unstable oxidative adducts thatfdecomposed to new substituted R,
species. However, no secondary-iodo isomer of these Rf'S, nor he primary
counterpart of i-C3F;, had been tested to determine if this unusual
behavior is specific to the secondary iodide. Therefore a sample of

n—C3F7I was reacted in the usual manner with a two-fold amount of CLSO3F.

- “h5T o -
n=CaFo 1 + 2 CuSOLF 12 C1, + [n-CoF 1(S04F) )]

amb.

n-C3F7SO3F + ISO3F

The reaction proceeded as written in 95.5% yield and therefore no stable
iodine (111) species was isolated, in sharp contrast to the previously
mentioned i-C3F7l case. An infrared spectrum of n-C3F7S03F, a new
fluorosulfate, is given in Fig. 6. The mass spectrum of the compound
showed no parent ion, which is often the case with perfluorinated fluoro-
sulfates. Intense ion peaks were observed, attributable to the ions

C,F *oer.soFt, cF.t, oo F, Y, so.Ft, cF.Y (base), SOF*, so*, and CFOY,

7 2773 25 274 2 3
all of which would be expected to arise from a compound of this type.
Vapor pressure-temperature data were measured and the relationship was
calculated (log Pmm = 7.4402 - 1488.3/T°K for the temperature range, -32
to 23 C). The extrapolated boiling point is 53 C; the heat of vaporiza-
tion is 6.8 kcal/mole; and the Trouton constant is 20.9. Other iodo com-
pounds were not investigated in this regard although it would be inter-
esting to see if another secondary iodide forms a stable iodine (ren)

salt.
FLUORQOCARBON IODIDE-CHLORINE NITRATE REACTION

In addition to these oxidized, rearranged ionic products, it should be

remembered that with SFSOCI, the oxidized but non-ionic fluorinated
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Figure 6. n-C3F7503F
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product, i-C3F IFZ, was formed. This diverse behavior made it of

7

interest to determine where the mild oxidizing agent, chlorine nitrate,

would fit in this system. The observed reaction was:

-45

i-CF. 1 P-CLF1(N

i C3F7 + 2CINO3 e C3 7l( 03)2 + Clz
The white solid formed is an iodine Ill species and is not ionic. It is
stable even as a melt (melting point 64 C}. In simple terms, this reac-

tion is a straightforward oxidation of iodine not involving rearrangement
of any sort. However, the stability of the product is unusual compared

to other Rfl(NO3) compounds (Ref. 16).

2
Table 4 lists infrared and Raman bands of this compound, together with
those of (CH3)ANI(N03)Q {(Ref. 17), and Sn(NO3)“ {Ref. 18). There are, of
course, similarities between these spectra but also significant differ-
ences. The tin compound is known to contain bidentate NO3 groups but the
iodine tetranitrate example has not been characterized sufficiently to
determine whether mono- or bi-dentate NO3 is present. lodine trinitrate,
I(NO3)3, has been investigated but its spectrum is complex and apparently
indicative of a polymeric species (Ref. 19). The thermal stability of
i-C3F7I(N03)2 may be due to bidentate nitrate ligands being present

because monodentate NO3 is not normally so stable in this type

environment.
DECARBOXYLATION REACTIONS

With carboxylic acids, acid salts, and anhydrides, the reaction of
chlorine or bromine fluorosulfate at ambient temperature or siightly

above was found to be a most facile decarboxylating agent,

RfCOZM + XSOBF-—-—P RfX + C02 + MSO3F

M = H, Na, Ag, CF3C0- x=Cl, Br

R1/RD 80-~152
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TABLE 4.

i-C3F7|(N03)2
Ir Raman
1610 s 1610 w
1557 s 1570 w
1417 w
1280 s,br 1280 w
1240 s,br 1245 w
1173 s
1138 s 1148 w
957 s,br 958 w
878 s,br 885 wm
773 s 756 m
774 s 735 m
711 s 720 wm
700 s 708 m
658 s 665 vw
615 w
533 s 542 w
L57 wvw 465 w
327 vs
295 w
277 w
240 s
218 w
182 m
159 w
145 m
88 w

INFRARED AND RAMAN SPECTRA (cm ') OF

a
(CH3)uNI(N03)h

Ir

1499 s
1319 w
1290 sh
1252 vs

971 ms

784 m

725
699

3

3

+
2 Bands assigned to the (CH3)AN ion were deleted.
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IODINE AND TIN
Sn(NOB)h
ir Raman
1657 s
1622 vs 1618 s
1556 m
1240 s 1228 w
1202 m
1170 m
994 m
978 s 989 m
802 s 808 m
783 s
696 m
344 vs
302 m
247 vw
98 m



Numerous examples were investigated. High yields were reali.ed and, in
fact, some moderation would appear warranted in some cases in order to

fSO3F'

reduce the sometimes observed secondary reaction leading to R

These results are included in detail as part of Appendix D.
FORMATION OF ACYL HYPOCHLORITES AND FLUOROCARBON ESTERS

Chiorine fluorosulfate reacted with the above-mentioned substrates at low
temperature to form isolable intermediate fluoroacyl hypochlorites.

These novel reactive compounds, synthesized from C1SOBF for the first
time on this program, were also shown to participate in typical positive
halogen addition reactions with olefins leading to novel syntheses of

fluorocarbon esters.

0 0

[N n
RfCOCI + CI“'3CF=CF2 —_— RfCOCFZCFC1CF

3
This work has been described in Appendix B.

ADDITION REACTIONS OF HALOGEN FLUOROSULFATES

Another example for the addition of CQSO3F to double bonds is its reac-

tion with perfluorocyclobutene.

F F F Fes
+ CLS0,F ——s
2 F Fot—

This reaction occurred in 95+ % yield to give the clear, colorless liquid

OSOZF

F

fluorosulfate derivative. An infrared spectrum (Fig. 7) of the product
readily shows the absorptions of the 503F group (1500 and 850-900 cm_])
and lack of unsaturation in the ring. Furthermore the mass spectrum of
the adduct had a weak, but detectable, parent ion, m/e 298 and 296 for

the chlorine isotopes. Many important ion fragments were observed and
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Figure 7. c-CuF6C1(SO3F)
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+
were attributable to: CAF6CQ0+’ CuFgl s CAF6+’ C“F50+, and numerous
others with CF being the most intense. The ease with which this reac-

3

tion occurred is in marked contrast to the ISO3F case where no reaction
occurred at all (see below). Perhaps this is due to the steric effect of
the large iodine but it may be simply caused by the lower reactivity and
oxidizing character of iodine fluorosulfate compared to chlorine fluoro-
sulfate. The cyclobutane derivative might be subject to a ring opening
reaction and as a 1, 2 hetero-substituted cyclobutane; there is also the
possibility of cis or trans addition having occurred. These aspects of

its chemistry were not investigated.
ADDITION REACTIONS OF 10DINE FLUOROSULFATE

lodine fluorosulfate has been known for some time (Ref. 20), but there
have been almost no reports of its reaction chemistry and none at all
involving organic species. Because incorporation of iodine and a fluoro-
sulfate group into an organic compound would generate two potentially
reactive sites for further manipulation, it was decided to investigate
the addition of 1SO_F to fluorocarbon olefins, With hexafluoropropylene,

3

a facile 1:1 addition reacticn was found

= CF_ SO_F
CF3CF CF2 + ISOBF——DCF3CFI 2503

Only one isomer was formed in an apparent directed polar addition. This
agrees with similar unpublished results obtained with CQSO3F in these
laboratories and elsewhere (Ref. 21). For comparison, the infrared
3CFXCFZSO3

and 9. In addition to the strong 503F group vibrations, it is interest-

spectra of the CF F, X=C2 or |, compounds are given in Fig. 8
ing to note the apparent splitting of the C-C stretching mode at about
900 cm-‘ which may be indicative of some hindered rotation about the

carbon-carbon bond, owing to the buiky iodo substituent. |In a similar

manner, the addition of 1S0,F to other olefins was demonstrated.

3
CF2 = CF2 + ISO3F——->lCF2CFZSO3F
CF2 = CFCL + ISO3F——>ICF2CFC1503F + ICFCILCFZSO3F
RI/RD 80-152
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Figure 8. CFBCFCICFZSO3F
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The observed order of reactivity for the three olefins was CZFQ~C3F6
-C2F3Ci with the tetrafluoroethylene reaction showing some tendency to he
quite vigorous, resulting in polymer formation. Under the same ambient
temperature conditions, perfluorocyclobutene did not react with ISGKF.
From CF2=CFCL, two isomers were obtained, as indicated above. Whvr;J\
the infrared spectra {Fig. 10 and 11} are not very useful for identitica-
tion of the isomers, their presence is clearly shown by mass spectroscopy

and ]9F NMR studies.
The following high yield, derivative forming reactions were demonstrated.

Csf
RfCFICFZSO3F —befCFICFO + SOZF2

The acy! fluoride function thus obtained is a reactive énd group with

well documented chemistry (Ref. 22). Infrared spectra of these fluoro-
carbon acyl fluorides are presented in Fig. 12 to 4. The iodo substi-
tuent is not affected during the reaction of the SO3F group and consti-
tutes a useful second reaction site. Therefore, ISOBF addition to olefins

is an excellent method of generating bifunctional reactants containing

two groups of different reactivity.

Another reaction of iodine fluorosulfate that was examined was its inter-

action with trifluoroacetic anhydride. The desired path was:

0 0

(cr3co)20 + ISOBF——-DCF;CSOBF + cr=3con

Fluorocarbon hypoiodites are unknown other than as unstable intermediates.
At ~20 C no reaction occurred, while at room temperature considerable

amounts of the expected byproduct, CF_COSO_F, were obtained. These were

3 3

¢
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Figure 10. lCFZCFClSO3F/ICFCICFZSO F
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Figure 14, ICFZCFO
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accompanied by significant portions of CFBCFO, but by no other volatile

species except for unreacted anhydride. |If the hypoiodite had formed and

decomposed, both CFBI and CO2 would have been expected. In part, the
CF3C0503F could have arisen from reaction with impurity |(SO3F)3_
1 (SO + (CF F F +0.
( 3F)3 ( 3co)20 — 20F ;C050, 0.5 0, + I50,F
However, the amount of CF3C0503F obtained was too great to be accounted

for wholly by that reaction. Any disproportionation reaction of the

hypoiodite should result in I2 formation and this would have been readily

apparent,

3 CF cozl——> I(OZCCF3)3 +

3 2

Thus the iodine species produced was not ascertained for this system and

time did not permit further investigation. Nevertheless, it was verified

that ISO3

adding hexafluoropropylene to the reaztor and observing the formation of

CF3CFICFZSO3F.

F was still present even after the (CF3CO)20 interaction, by

lodine Fluorosulfate Preparation

Before concluding this discussion of iodine fluorosulfate reactions, it
should be noted that two new routes for the preparation of that compound
were developed on this program. The literature procedure (Ref. 20) used

the peroxide as shown in the equation.

+ FOZSOOSOZF—é-Q-p 2 130,F

|2
The first method used in our study was simply to use the byproduct from

our Rfl-CRSO F displacement reactions.

3
Rfl + 2 CQSO3F-——> RfSO3F + Clz + |503F
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lodine fluorosulfate that had been formed in this reaction and had been
stored at room temperature for nearly 2 years was unchanged and still
suitable for addition reactions with olefins. Second, it was found that
the 1,~CiSO_F reaction also furnishes iodine fluorosulfate at tempera-

2 3

tures near -45 C.

12 + 2 C2503F——>2 ISO3

+ C.

F+¢C 5

This reaction makes more efficient use of starting materials. However,

care must be exercised to avoid further oxidation of iodine to the +3

jiodine fluorosulfate which can form when using too high a temperature or

more than stoichiometric amounts of C2503F- Details concerning iodine fluoro-

sulfate and its reactions with olefins are contained in Appendix E.
FLUQRINATION REACTIONS

The known methods for introducing fluorine into an aromatic ring are
quite limited and are often not generally applicable (Refs. 22 to 25). A
widely applicable reagent for carrying out substitution reactions on
aromatic systems would therefore be highly deésirable. The potential NFZ
salts in this regard seemed promising and were studied. Hydrogen
fluoride was used as a solvent because of the high solubility of NF:
salts in it, and because the diluent and heat dissipation properties of
solvated systems were expected to be beneficial in the anticipated vigor-

ous fluorination.

Numerous NFZ salts have been prepared at Rocketdyne, mostly by metatheti-
cal reactions (Refs. 26, 27) and some in multi-kilogram quantities; con-
sequently, these salts are readily available and are not just laboratory
curiosities. NFhBFh was selected for the present work because it can be
prepared in pure form by the low temperature uv photolysis of NF3-—F2—BF3
mixtures (Ref. 28), and because the counter-ion, BFA, was expected to be

noninterfering in the projected study.
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Fluorination of Aromatic Hydrocarbons

In one of our previous reports (Ref. 29), the reaction of benzene with
NFABFA in HF was described. These reactions were carried out by either
adding benzene vapor to a cooled solution of NFI‘BFI+ in HF or by <1wly
adding a solution of NFhBFb to a solution of benzene in HF. Gas evolu-
tion wcs noted on contact. When the addition was too rapid, some appar-
ent charring occurred. The stepwise substitution of H by F was observed

according to the general eguation:

HF

nNFl‘BFL‘ + C6H6 — C6H6-nFn + nNF3 + nBF3 + nHF
where n=1-5
The mass spectra of the volatile products (Table 5) illustrate the degree

of fluorination. Because the parent ion, C6F6+’ is the base peak in the
mass spectrum of hexafluorobenzene (Ref. 30), its absence is definitive
evidence for the ltack of that compound in the product mixture. The few
ions attributable to partially saturated species were of low intensity.
Unreacted benzene was the principal material present in this sample. The
fact that C6F6 was not produced, and little ring addition occurred, indi-
cates that this fluorination scheme may have special utility in generat-
ing aromatic fluorocarbons from their hydrocarbon analogues while leaving

select functions unaffected.

Because the selective introduction of fluorine into aromatic rings is of
great interest for the preparation of important fluorinated drugs and
steroids, as well as for the production of highly fluorinated fluids and
monomers, two aromatic compounds which had substituents already on the
ring were investigated. These were toluene and nitrobenzene. They were
chosen because of their well-known dissimilar activating effects in aro-
matic substitution processes. Because the methyl group is electron

donating and the nitro group is electron withdrawing it was anticipated
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TABLE 5.

m/e assign.
+
H
206 C6F7
+
188 c6F6H2
+
187 C6F6H
+
168 C6F5H
+
167 C6F5
+
150 CGFbHZ
+
149 C6F4H
+
143 C“FS
+
138 cSF‘*H2
+
137 CSFHH
+
136 CSFQ
132 C6F3H3
+
126 chFth
+
119 c5F3H2

MASS SPECTRUM OF BENZENE - NF, BF

4BFy, REACTION PRODUCTS

m/e_ assign. m/e assign,
+ +
115 C6F2H5+ 70 €, FHy
+
Mh o FH, 69 ¢, P
+ +
113 CgFHy 68 C,,FH
+
N2 ¢ F M)
6 CSHZ
101 CSFZH; 63 CSH;
100 CSFZH; 62 CSH;
+ L+
99 CSFZH 61 LSH
+ +
9% CoFH, 57 C5FH,
+
95 CFH)
+ +
9% CgFHy 52 N
+ +
93 C FH, 5 CyH
+ +
92 C,FH 50 CyH,
49 C4H+
+
88 CL’FZH2
+
81 ¢.Fu¥ f; ?rﬁ+
5 *2 3 3+
79 CF 38 C4H,
37 C3H+
+
78 C6H6+
77 C6H5+
76 C6H4+
75 C,H
6"3,
74 C6H2
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that the ortho-meta-para product distribution would allow one to

distinguish between an electrophilic and a free radical reaction path.

When toluene vapor was added to a stirred solution of NFQBFQ in HF at

-78 C, immediate gas evolution (NF3) occurred and was accompanicd by
darkening of the solution. After the addition of each increment of
toluene, the reaction was complete in seconds. A similar result was
observed when NFbBFh in HF was added to toluene in HF at -78 C. In these
systems the ratio of NFL.+ to toluene was in the range of 2-4:1. Thus,
considerable amounts of fluorine were available (assuming one F/NFQ+ is
available for substitution) and multisubstitution was expected. After

removal of the HF, BF and volatile components that passed a -78 C trap,

3’
the fluorinated products were examined. By infrared spectroscopy, reten-
tion of the aromatic character of the ring was established. Mass spec-

troscopy showed that fluoroaromatic toluenes were present with up to four

fluorines per ring.

HF
C6H5CH3 + NFQBFQ —_— C6F,1H5-nCH3

where n=1-4

It is important to note that no evidence was obtained for side chain
fluorination. Table 6 shows the mass spectrum of a typical product frac-
tion. The low relative intensity of m/e 69 and 51, for example, strongly
indicates that CF3 and CFZH groups are not present in the parent com-

pound. There are m/e values assignable to de-methylated products, e.g.,

C6F2H“ and C6FH however, these might also be recombination ions or even

5,
ions which have lost one ring carbon while retaining the methyl carbon
thereby giving the appearance, based on the C-F-H ratio, of being

benzenes.
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TABLE 6. MASS SPECTRA OF TOLUENE-NFABFQ REACTION PRODUCTS®

m/e intensity m/e Intensity
(assigned) (assigned)
164 11 CoF,H,° 9% 6 C,FH
74 6775
163 13 C_F,H
7473
83 12 CSFHH
b
146 L4 C7F3H5
145 70 C7F3H“ 81 12 C6FH2
b
128 53 C7F2H6 77 6 C6H5
127 100 C7F2H5 75 24 C6H3
1256 11 C7F2H3
69 7 C“FHZ/CF3?
119 4 C5F3H2
63 20 CSH3
114 3 C6F2H“ 62 9 CSH2
b
110 23 C7FH7 57 34 C3FH3
109 45 C7FH6
51 28 ChH3/CF2H?
101 9 C6F2H3 50 13 Cl’H2

a. Positive ion spectrum, charge sign deleted.

b. Parent ions.
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. . . \
Examination of the NMR spectra of the products, particularly the 9F NMR

confirmed again that a mixture of aromatic fluoro toluenes had been

formed. From the area ratios observed, a typical mixture was:

O-C6FH4CH3 m‘CéFHqCH3 D-C6FHZ‘CH3
(15%) (8%2) (152)
2,“-diFC6H3CH3 Mixed di- and tri-F 2,3,5.6 tetra F toluene
(30%) toluenes {tentative assignment)
: (25%) (7)

In one case, both mass spectroscopy and ]9F NMR indicated a small quan-
tity of p-C6FbH2 had been formed by loss of CH3 during fluorination. This
occurred in an experiment with a high relative amount of NF&BF“. The
dominance of ortho and para products for this electron-rich ring system

is compatible with an electrophilic substitution process.

Nitrobenzene reacted with NFhBFq (solution added to solution at -78 C) in
a milder fashion than either benzene or toluene. This was indicated by a
slightly slower rate of gas evolution, and the fact that the solution did
not become dark until late in the reaction when it was warmed to near 0 C.
This reaction was conducted using a 10:3 excess of 06H5N02 to NF&BF“.

Only very little volatile product at 0 C was found after removal of HF,

N .
F3, and BF3

which was observed in the mass spectrum for n=1. Carbon moieties in trace

This volatile product was mainly an NOZF(HF)n complex

amounts all lacked the NO2 substituent which, no doubt, contributed to
their volatility. The carbon compounds were of empirical formula

C6FnH6-n’ and thus aromatic. But again, they were only detected as trace

materials.
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The liquid product left behind at 0 C was mainly the excess C,_H.NO., with

6572
& mixture of fluoro-nitro derivatives:
O-C6FHQNO2 m-C6FH“N02 p-C6FHuNO2
(16%2) (62%) (7%)
2,6 or 3,5 di-F 2,4 di-F 2,3,5,6 tetra-F
nitrobenzene nitrobenzene benzene
(14%) (~12) (trace)

The main mono substitution product is the meta derivative, as expected
for an electrophilic substitution mechanism involving a substrate con-
taining a strongly electron withdrawing NO2 group. This depletion of
electron density in the ring also served to moderate the interaction with

NF4+ and much less char was formed.

From these screening experiments it is readily apparent that NFA+ salts
might be very useful reagents for the preparation of substituted fluoro-
aromatics, especially when multisubstitution is desired. No evidence for
addition reactions was observed, at Jeast not until 4 to 5 fluorines

had been introduced into the ring in place of hydrogen. Also, it is
apparent that milder and more controlled conditions are required to fully
exploit this very active reagent. More dilute solutions and lower tem-
peratures are obvious changes to be investigated. The main point, how-
ever, is that a new method of introducing fluorine into an aromatic ring
has been discovered which retains the aromatic character of the ring and

may not adversely affect saturated or oxidized substituents.

Fluorination of F'uorinated Aromatics
A

.

To obtain more data on the step-by-step reaction of aromatics with NFL’+
it was decided to examine systems which were highly fluorinated and thus
more inert toward a strongly fluorinating electrophilic reagent. This

was also expected to show whether the apparent tendency of these systems

to stop at the tetra- or penta-fluoro stage was general.
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Experiments were carried Out using three different fluorobenzene

starting
materials,

All reacted gradually at, or near, ambient temperature. The

fluorine uptake by the substrates was equivalent to one F/NF3 and the
liberated NF3 was recovered and measured. All solutions and products
were coloriess throughout the reactions. fxcess, unreacted NFQBF

L; Wl S
recovered and measured to confirm the observe

d stochiometey of Teadlion,

The products of these reactions were identified by infrared SpeCtroscupy

gas chromatography—mass spectroscopy, and NMR, Because some of the

products have been reported in the literature, their identification was

unequivocal. The overall results are shown by the equations.

F F
F F F
F > F
F F,
(94%)
H H f
F F F F
F F . 2 +
F F F P F F
F F 2
(65%) (25%)
y H F H H
. e F, F Fy F sz F
+ an
¢ F - > F F2 Fz F2 Fz Fz
v H FH HEF
4 (42%)
(47%) 5 i

In all cases, at least 92% of the starting material was recovered as

products or unreacted. The figures in parentheses are yields based on
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the aromatic starting material and the balance was either not recovered

or was unreacted starting compound.

It is at once noticeable that in these highly fluorinated aromatics, very
little or no hydrogen substitution occurred. This confirms the results
discussed above, showing that the electrophilic substitution of H by F
using NFABFQ is limited to almost four fluorines per ring. Beyond that
point, addition of fluorine becomes the dominant reaction. The addition
reactions are much slower than the substitution reactions, as shown by
the fact that reaction times of 1 or 2 days were required for the addi-
tion reactions with NFQ+' Also, the strong tendency of these compounds
to add fluorine in para positions and thus give as a first product, 1, 6b-

dienes, appears to be general. This is often the case with fluoroaromatics

but not so eleusively as here (Ref. 22, 23). The infrared spectra

(Fig. 15 to GB) which follow permit a comparison of two of the starting
materials with their NFL'+ fluorination products. These spectra illustrate
well the symmetry ongoing from the arene to the diene. Thus the strong
aromatic ring band near 1500 cm-] disappears and is replaced by the C=C

band near 1720 cm+.

For all of the three highly fluorinated benzenes, the addition of the
first two fluorines occurs in para position to each other (1,4 addition)
and ortho to any hydrogen, if present. The addition of a second pair of
fluorines cannot proceed by a 1,4 mechanism without changing the ring
into a bicycle form, which is generally encountered only under photolytic
conditions. Thus, the second pair of fluorines undergoes a 1,2 addition

to yield a cyclohexene.

For pentafluorobenzene, some substitution was also observed. At this
point, we cannot say whether this is the result of a true substitution or
of an addition-elimination reaction. In the case of p-C6FhH2’ the second
Fz addition produces the 1H, 4H-octafluorocyclohexene which has two pos-
sible geometric isomers. Trace quantities of the saturated product,

C6F , were also detected by mass spectroscopy.

1012

RI/RD 80-152
"




1500 1200 900 600

WAVENUMBER (cn")

C6F6 (4 mm)

Figure IS- C6F6

R1/RD 80-152
ks




1800

1500

1200 900 600
WAVENLMBER (cm")
I,h-C6F8 (9 mm)

Figure 16. ],L.'C6F8

RI/RD 80-152
L6




1800

1500

1200

WAVENUMBER (cm™
p-CG Fl}HZ (9 mm)

)

Figure 17. p—C6FhH2

RI/RD 80-152
47

900

600




¥ -

e Y SRS W R d A

nfenud

A

1500 1200
WAVENUMBER (cm™ 1)
1, 4=CeFeH, (7 mm)

Figure 18. 1 ,‘0-C6F6H2

R1/RD 80-152
48

300

600




R

B

These addition reactions are novel and offer a controlled high yield path
to dienes which have previously only been obtained as parts of complex
mixtures (Refs. 22, 31). A more detailed discussion of the synthesis and
characterization of these aromatic —NFL‘+ reaction products is given in

Appendix F,

The chemistry of electropositive chlorine compounds has played an impor-
tant part in this work and has been a long time interest of ours in both
organic and inorganic applications. Because of our long involvement in
this area, we were requested to prepare a review on flucrocarbon-positive
chlorine chemistry by the editors of the Israet Journal of Chemistry.

This review appeared in a special issue of the journal devoted to fluorine

chemistry and is contained in Appendix G.
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STATUS OF Tiil RESEARCH EFFCAT

Severa) different SFSO- and CF30- fluorocarbon fluids have been prepared.
Some of the simpler materials have been identified fully and character-
ized. Others are telomers and their purification and characterization

was limited.

Chlorine and bromine fluorosulfate have been shown to be effective in

displacing select halogen or hydrogen atoms in fluorocarbons by -SOBF.

The scope of this RfHa]—XSO F reaction system was defined and summarized

3

in manuscript form.

Functionalization and derivative formation was successiully accomplished

on SF_0- and CF_0- ethers and the results were written up as a manuscript.

5 3

Decarboxylation of carboxylic compounds with C1503F and BrSO,F provided a

3

facile route to RfC1 and RfBr moieties.

Combining the decarboxylation and -SO.F substitution processes provides a

3

valuable fluorocarbon chain-shortening technique.

The discovery of fluorocyl hypochlorites and their characterization and
use in the synthesis of fluorocarbon esters was carried out and describe

in a manuscript.

improved synthetic procedures were developed for some sulfur fluoride and

oxyfluoride peroxides, and this was published.

The discovery and characterization of several novel iodonium salts of the

general formula [(Rf)zl]+['xh]- was accomplished.
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The novel compounds i-C3F7IF2 and i-C3F7|(N03)2 were synthesized and

shown to be covalent, the latter being very stable.

The previously unknown reaction chemistry of iodine fluorosulfate with
fluorocarbons was discovered and new routes to iodine fluorosulfates were

defined.

Olefin-iodine fluorosulfate derivatives were synthesized, characterized,
and found to be potentially useful bifunctional species. A manuscript

was written describing this work.

A new method was discovered for the introduction of from 1 to 5 fluorines
in benzene rings, with retention of aromaticity, using NFL’BF,4 as a
fluorinating agent. This method has great potential for making important

aromatic fluorine compounds.

The same NFhBF“ fluorination technique was applied to highly fluorinated
benzenes and was found to give controlled addition of fluorine to the

ring, thereby generating 1,4-cyclohexadienes and cyclohexenes.

PERSONNEL

Dr. C. J. Schack has been the principal investigator on this program.
Valuable consultation on spectroscopic matters has been furnished by
Dr. K. 0. christe. Both Drs. Christe and L. R. Grant have provided help-

ful discussion.
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INTERACT IONS

PAPERS

An invited paper entitled ''"Reactions of Chlorine Fluorosulfate with
Fluorocarbons,' was presented at the 175th ACS National Meeting in
Anaheim, California in March 1978. This paper was part of the Symposium
on Positive Halogen Chemistry honoring Dr. J. M. Shreeve, the recipient
of the Fluorine Division Award for Creative Work in Fluorine Chemistry.

A paper entitled "SF_0- and CFBO- Containing Fluorocarbons,'' was pre-

5
sented at the Fourth Winter Fluorine Symposium sponsored by the Fluorine
Division of the American Chemical Society at Daytona Beach, Florida in

January 1979.

A paper entitled "Fluorine Perchlorate Reactions with Fluorocarbons'' was
presented at the American Chemical Society/Chemical Society of Japan

Chemical Congress at Honolulu, Hawaii in April 1979.

A paper entitled '""lodine Fluorosulfate Reactions with Fluorocarbons'' has
been accepted for presentation at the Fall 1980 ACS National Meeting in
San francisco. In addition, Dr. Schack has been invited to chair a ses-

sion at that meeting.
All of these papers were coauthored with K. 0. Christe.
CONSULTATION

Advice, consultation and material (several pounds) was provided to the
Science Center of Rockwell International regarding the properties and
handling characteristics of chlorine fluorosulfate. This was in support
of their work on Air Force Contracts No. F29601-78-C-0023 and No. F29601-
76-C-0070, Kirtland AFB, which were concerned with the use of CISOBF in
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the generation of singlet delta oxygen for application in a potential

iodine chemical laser system.

Experimental tests were conducted on the scavenging of CF“ by liquid
sodium in support of an Air Force krypton fluoride chemical laser study.

Consultation and mulitigram quantities of the salt 0;ASF6 were supplied to
the Science Center of Rockwell International in support of their Air
Force contract (No. F29601-78-C~0039) concerned with chemiluminescence of

thermally generated OZF’

A batch of a novel azido, nitramine compound was synthesized for another
group at Rocketdyne for testing as a platicizer on an Air Force program,
Contract No. F08635-79-C-0291, concerned with reduced flame temperature
propellants. In addition, the synthesis and analysis of two proprietary
energetic materials was carried out on company funds. These materials,
which are currently under test at Rocketdyne and the Science Center of
Rockwell international, have potential in high energy laser systems of

interest to the Air Force and Army.

PATENTS

Assistance was provided to the Air Force Patent Office, Boston, in updat-
ing and completing patent applications disclosed under this program.

These patents are expected to issue in the near future and are entitled:

1. "The Preparation of Fluorocarbon Halides Using Halogen Fluoro-

sulfates,” C. J. Schack and K. 0. Christe.

2. "The Synthesis of Fluorocarbon Esters,'" C. J. Schack and
K. 0. Christe.
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In addition, another patent disclosure was filed as a result of work on
this program and the application is being prepared for submission to the

Patent Office. This application is entitled:

3. "Introduction of Fluorine Into An Aromatic Ring,' K. 0. Christe
and C. J. Schack.

Recently, another disclosure was filed on the ISOBF-OIefin reactions and

is entitled:

L. "Fluorocarbon Fluorosulfate lodides,' by C. J. Schack.

PUBL ICATIONS

1. '"Reactions of Electropositive Chlorine Compounds with Fluorocarbons,"
by C. J. Schack and K. 0. Christe, Israel J. Chem., 17, 20 (1978).

2. ''Improved Syntheses of Some Sulfur Fluoride and Oxyfluoride
Peroxides," by C. J. Schack and K. 0. Christe, Inorg. and Nuclear
Chem. Letters, 14, 293 (1978).

3. "Fluoroacyl Hypochlorites and Ester Derivatives,' by C. J. Schack and
K. 0. Christe, J. Fluorine Chem., 19, 325 (1978).

4., "Introduction of Functional Groups into Some Chlorofulurocarbon
Ethers,'" by C. J. Schack and K. 0. Christe, J. Fluorine Chem., 14,

519 (1979).

5. '"Halogen Fluorosulfate Reactions with Fluorocarbons,'" by C. J. Schack

and K. 0. Christe, J. Fluorine Chem., to appear July 1980.

6. "lodine Fluorosulfate Reactions with Fluorocarbons,'" by C. J. Schack

and K. 0. Christe, to be submitted for publication.
7. "Substitution and Addition Reactions of NFhBFu with Fluorocarbons,"

by C. J. Schack and K. 0. Christe, to be submitted for publication.
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APPENDIX A
IMPROVED SYNTHESES OF SOME SULFUR FLUORIDE AND OXYFLUORIDE PEROXIDES

INORG. NUCL. CH™M., LETTERS Vol. l4, pp. 293-296, QO20-16507 T8 090 -0 9 4800 oa
& Pergamon Press Ltd. 1978. Printed in Great Britain

IMPROVED SYNTHESES OF SOME SULFUR FLUORIDE AND OXYFLUORIDE PEROXIDES
Carl J. Schack and Karl 0. Christe

Rocketdyne, A Division of Rockwell International, Canoga Park, California 91304
(Frmedoed 8 May 1978; rolocd Qv pudlizrion 2k o 1978)

INTRODUCT ION

The sulfur fluoride peroxides, SFSOOSOZF and SFSOOSF5' are potentially very useful sources for
introducing the SFSO-group into other substrates. Their utility in this regard has not been
widely explored. This is attributable in part to the relatively poor yields reported (1) for
the various synthetic procedures. Improvements in these methods were sought and the results
are described in this paper together with a simplified photolytic process for the synthesis of
FO,S00S0,F(5,0.F,).

EXPERIMENTAL

Materials and Apparatus, Volatile materials used in this work were manipulated in a well-

passivated (with C‘F3) stainless steel vacuum line equipped with.Teflon FEP U traps, 316 stain-
less steel bellows-seal valves and a Heise Bourdon tube-type pressure gauge. Metal fluorides,
CsF and KF, were fused in a platinum crucible, then cooled and powdered in a drybox prior to
use. Thionyl tetrafluoride was prepared from SOF2 and FZ according to Ruff and Lustig (2) and
SFSOCl (3), CsSFSO (4), and CISOBF (5) were synthesized by literature methods.

SF500502F. In a typical experiment, a prepassivated 30-ml stainless steel cylinder was loaded
;T?F-E:;T powdered CsF (19,6 mmol), After cooling to -196°, SOFh (6.36 mmol) and 5206F2 (4,55
mmol) were condensed into the cylinder. After warming to ambient temperature the cylinder was
placed for 2 1/2 days in an oven maintained at 35°. Work-up of the reaction mixture was
accomplished by vacuum fraction of the volatile products through a series of U traps cooled to
-78, -78, and -196°. By-product oxygen, a few cm3, was pumped away. The -196° trap contained
2.39 mmo) of a mixture of SOF“ and the by-product SOzF2 while the -78° traps contained the
500502F (3.67 mmol), 81% yield, based on 5206F2 which was identified by its
vapor pressure, Infrared and 19 nmr spectra (6,7). The weight gain of the solid (537 mg)

desired product SF

corresponded reasonably well with that calculated (512 mg) for the formation of 4.55 mmol of
CsSO3F and 1.19 mmol of CsSFSO. The latter number was calculated from the amount of SFAO not

recovered in the form of a volatile product,

SF;OOSFE. A 300 ml Pyrex bulb equipped with a Fischer-Porter Teflon stopcock and cooled to -196°
was loaded with SFSOCI (10.8 mmol). While allowing to warm to ambient temperature, the bulb was
irradiated for | hr, using a Hanovia 100-W utility lamp (Catalog No. 30620). The products
293
RI/RD 80-152
A-1




294 Sulfur Fluoride and Oxyfluoride Peroxides

were separated by fractionation through U traps cooled to =78, ~95, and -196°. The warmer
traps contained SF5005FS (4,60 mmol , 85% yield) which was ldentified by its vapor pressure.8)
and infrared and mass spectroscopy (3). By-product C1,, and the decomposition products,

SOF“ and SiF, were found in the -196° trap.

SZO6F2. Chiorine fluorosulfate (18.8 mmo)) was charged into a 500 w1 Pyrex bulb cooled to
-196°, After removing the -196° bath, the bulb and contents were irradiated with the Hanovia
lamp for 4 hr. The products were separated by fractional condensation through traps cooled to
-30, =78, and -196°. Only a trace of low volatility, orange lliquid presumably CIOZSOBF, was
retained at -30°, The -196° fraction consisted of 9.69 mmol of material which was identified
as Cl, with traces of SiF“ and CISOZF, In the trap cooled to -78°, pure, colorless 5206F2

2
(8.79 mmol, 94% yield) was obtained,

DISCUSSION

Two syntheses of SFSOOSOZF have previously been reported. {n the first, when equimolar
quantities of SFSOOSFE and 5206F2 were photolyzed, equal amounts of srsoosozr and of the
starting materials were found (6). Since the desired SFSOOSOZF cannot be physically
separated from 5206F2' the latter had to be destroyed by reaction with '2' Because this
synthesis is based on an equilibrium and the unreacted 5206F2 must be removed chemically,
the yield of this process is inherently low. The second reported method (9), involved

oxidation of SOFh with S_0 F, in the presence of KF.

2 2
SOF. + S.0.F. + KF—25"__KS0.F + SF_00S0.F
4 2°6 2 6 hr 5 2

Moderate yields were obtained {to 60%) due to the following side reaction.

SF OOSOZF + KF—————oKSFSO + SO F + 0.502

5 2

With CsF this side reaction was reportedly so fast as to preclude isolation of any SF500502F.
On attempting to repeat this reaction we found that very little SFSOOSOZF was formed with KF
but that with CsF at ambient temperature a high yleld (up to 91%) of SF;0050,F was realized.
Contact times of several days were required to achieve a complete conversion of the limiting
reagent, SZOGFZ. Attempts to increase the rate of formation revealed that the reaction is
very temperature dependent., Thus, after 3 days at 50° only decomposition products were
found, and after a similar period at 40°, the observed yield was only 343, Reproducible,
relatively high yields of 75-85% were obtained by heating the reaction mixture at 35° in an
oven for 2-3 days., Comparable ylelds were possible with | day reaction times if CsSFSO was
employed instead of CsF and SOF“. Thus, the procedure involving moderate heating of CsF,
SOF“. and 5206F2 in a static system appears to be the preferred synthesis for SFSOOSOZF.

The 5206F2 starting material is reaaily prepar:d from F2 and SO3 in small quantities in a
static reactor (9) and in larger quantities in a flow reactor using AgF, as a catalyst {10).
Two drawbacks to this reaction are, (I) elemental fluorine is required which many

laboratories are not equipped to handle and (II) the explosive by-product 503F2 is produced
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which must be disposed of and not collected (11). A simple alternative synthesis.involves

the photolysis of chlorine fluorosulfate (5).

2 C1050.F .ﬂ.szo

!
3 *e

6F2 2
Whereas previously this reaction was carried out at -78° for several hours, it has now beer
determined that an ambient temperature photolysis for 2-4 hr gives S, 0,F_ in 94-977 yield.

276 2
Thus, a practical alternate route is available to this peroxide.

Numerous methods have been described (1) for the prepartion of SFSOOSFS. but most of them
suffer from low yields (2-20%). The highest yield reported (12) was achieved in a photolytic
reaction of SFSCI and 02 which entailed circulation of the materials and continuous removal
of SFSOOSFS to preclude its decomposition. Previously we had noted (3) that SFSOCI, wher

subjected to UV-photolysis for several hours in Pyrex vessels, gave good yields (65%) of

SF_O0SF._..
5005Fg

hv
2 SFSOCI ————‘SFSOOSF5 + clz

1t has now been found that shortening the photolysis period to | hr from the time warming
begins increases the yields of peroxide to 8.%., This is comparable to the best results
achieved by any other method. In addition, the shorter irradiation time reduced the amount

of the inseparable by-product SFSOSF5 to less than 1% compared to the 3% preyiously observed
for this reaction (3), or the higher percentage observed for most other systems, Beginning
the photolysis immediately on warming above -196°, limits loss of SF_0C1 through decomposition

5
to Sth and CIF,

'n general then, it has been shown that simple, direct synthetic procedures are available
for the preparation of these sulfur fluoride or oxyfluoride peroxides in high yield.
Furthermore, these methods minimize by-product formation and involve by=-products which are
eas{ly separable from the desired product. These improved synthetic methods increase the

accessability of these compounds and should enhance their utilization,
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APPENDIX B
FLUOROACYL HYPOCHLORITES AND ESTER DERIVATIVES
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SHORT COMMUNTCATION

Fluoroacyl Hvpochjorites and Ester Derivatives

Carl J. Schack and Karl 0. Christe
Rochetdyne, a Division of Rochwell International

Canoga Park, California 91304

Recently Des Marteau [1] reported the preparation and 1solation of
CF3C0,C1 (and CFSSOSCX) by the low temperaturce reaction of the corresponding
acids with CIlF,

0
il . 70 1
CFCOH + CIF ZLll to-78 CFLOCL » HE

In this paper we would lLike to report the results of an independent simul -
taneous study. In our study, the chlorinating agent employed was chlorine
fluorosulfate [2] and either the acid or its alkali metal salt were used as

substrates.

- - -
78 to -45

1] H
R_COM + CISOSF R.COC1 + MSOSF

f £

Rf = CFS' ClCF2 M = H, Na

For cases where a volatile acyl hypochlorite is tormed, the use of (1S0.1
instead of CIF allows easier product separation because the by-product aSOSF
is much less volatile than HF, When salts are employed, essentially no
separation problems are encountered since the by-products are solids.
Although the reaction of CIF and acid salts was not tested, based on our
experience (3] ClSOsF is superior to ClIF in chlorinating anionic species.

In our preparations using ClSOsF somewhat higher reaction temperatures were
employed than those reported for CIF ([1]. Complete reaction of the ClSOsF
occurred. - The product acyl hypochlorite was essentially the only volatile
product formed and it was purified by fractional condensation in a vacuum

line with about 10% material loss due to decomposition during handling.

RI/RD 80-152
B-1

>




326

CFC05E1 16 oo v 1 T i

T

il P

2000 1800 1600 1400 1200 1000 800 600 200, 1800 1600 1400 1200 000 300 00

_1.
Freguency (em T

figure 1. Gas Thase Infrared Spectra

The properties observed for CF3C02C1 agree well with those given by
Des Marteau {1]. In addition, it was found that adequate passivation of
container surfaces and pretreatment with the compound itself permitted
reproducible gas phase infrared spectra to be obtained, The spectrum is
shown in Fig. 1 and the observed bands are consistent with an acyl hypo-
chlorite structure. Comparison with related species allows assignment of
particular bands. Thus, the band at 1844 cm-l is clearly the C=0 stretch
which occurs at 1852 cm-‘ in CFSCOZCF;[J;_ The three bands at 1308, 1241,
and 1206 cm.l are C-F stretching modes typically noted for CFS compounds
as strong bands inthis area {5,6]. The intense band at 1093 cm-1 is the
C-0 stretch which occurs in the range of 1109-1120 ::m_1 in a series of
RCOR !
vibration which is normally weak and occurs in the 800-900 cm’1 region in
1

ecters {7] while the weak band at 844 cm_x is the C-C stretching

similar compounds [5,6}. Of the remaining two bands, the one at 719 em’

can be assigned to the C1-0 stretching mode based on Des Marteau's obser-

vation of an intense polarized Raman band at 716 cm-1 and by comparison
. . . . -1
with other hypochlorites {8]. Finally, then, the medium wcak 765 ¢m

absorption is ascribed to the CF3 deformation mode which is in agrecment

with the 693-781 cm—1 range reported {5,6} for similar compounds.
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A reaction typical or positively polarized chlorine species (9] 1s

their additjon across C=C bonds. Such derivative forming reactions are

useful for the characterization of these species and in the present casc

also serve as a very convenient svnthetic method for fluorocarbon esters.

0 Q
" s7ge
RgCOCI + CF,=CFCF ;=== R.COCF ,CFCICF
ra “~

f 3

Rf=CF3. CICF2

The infrared spectrum of a typical ester is shown in Fig. 1 and its

19

“1

nmr spectrum is given in Fig. 2. Although two isomeric addition products

76.1 84.3 140.4 78.5 65.8 84.7 140.4
CF 3 co 2 CF 3 CFC1CF 3 C1CF¥ 2 co > CF 2 CFC1CF
s q,d t,q d,t

LLLZJ Le.sd

CFCl3 Internal Reference; S5, singlet; d, doublet;
t, triplet; q, quartet; m, multiplet

(Lol ]

Figure 2. 19F Chemical Shift in ppm Upfield Relative to

78.6

are theoretically possible, only the one expected for a directed, polar addition

was found in each reaction. Controlled hydrolysis of CFJCOZCFZCFCICF

CFCI3 solution proceeds according to:

C¥ .CO,CF

30, ZCFCICFS + “20 + CF,CO.H « {CFSCFClCFZOH]

3702
-HE

CFSCFCIC(O)F

Although hydrolytically unstable, these esters are stable at ambient tempera-

ture and can be stored in glass.
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EXPLRIMENTAL

Caution: Fluoroacyl hypochlorites are explosives, possibly even in the gas
phase, and should be handled with appropriate safety precautions.

Volatile materials were manipulated in a well-passivated (with CIFS)
stainless steel vacuum linc equipped with Teflon FEP U traps, 316 stainless
steel bellows scal valves and a Heise Bourdon tube-type pressure gauge.
Transfers outside the vacuum line were carried out in a drybox. Infrared
spectra were obtained using 5 cm path stainless steel cells with AgCl windows
and a PE Model 283 spectrophotometer. Mass spectra were measured with an
EAI1 Quad 300 quadrupole spectrometer and lgf nmr spectra were determined with
a Varian EM390 spectrometer operating Qt 84.6 MHz. Fluorocarbon starting

materials were purchased from PCR Inc. and CISOSF was preparcd as< reported {2].

95399291‘ A 30 ml stainltess steel cylinder containing CFSCO,Na (5.24 mmol)

was cooled to -196° and loaded with freshly purified CISOF (2.93 mmol).

The reaction cylinder was then maintained at -45° for 16 sr. The volatile
products were separated by fractional condensation through a series of U traps
cooled to -78, -112, and -196°. All material passed the -"8° trap while the
3Cl, COz. COF2 and C]:.

The material retained at -112° was a very pale yellow liquid. Removal of

-196° trap contained 0.6 mmol of a mixture of CF

part of this material to another trap followed by careful warming resulted
3Cl and COZ' The observed
weight change (38 mg) of the solids in the cylinder agreed well with that
calculated (41 mg) for the conversion of 2.93 mmol CF_CO,Na to NaSO.F. On

3772 3
one occasion, a sample of CFSCO,CI, when allowed to warm to a temperature

in decomposition to an equimolar mixture of CF

resulting in 40 mm vapor pressure, exploded in the vacuum line forming

mainly CF3C1 and CO2 but also some COF CFA’ C2F6' and Cl,. In carefully

passivated IR cells which were prexreafed with some CF3C02C1:13 reproducible
infrared spectrum of this acyl hypochlorite was obtained, cm ~; 1844(S),
1308(M), 1241(S), 1206(S), 1093(S), 844(W), 765(W) and 719(MW):

Fig. 1. Decomposition rates varied considerably from minutes to hours
depending on the sample. The primary decomposition product in the cells

was CFSCOZH indicating incomplete passivation despite the precautions taken.

C1CF,CO0,Cl1. Chlorodifluorcacetic acid (2.80 mmol) was placed in a 30 ml

LB )2

stainless steel cylinder. After cooling to -196° and evacuating, ClSOSF

(2.91 mmol) was condensed in and the reaction allowed to proceed at -45°
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for two days. Separation of the products was effected by heeping the ovlinder
at -30° (to retain H50.F) and pumping the volatile materials through U traps

cooled to -78 and -196°. The latter contained 0.24 mmol of 1, and SO,F_,

while the former contained the pale yellow liquid CICF,.COCL. A sample of
CICPZCOJCl, allowed to stand at ambient temperature in the vacuum line tor
two hours, was found to have completely decomposed to an eguimolar mixture
of CF,Clz and C0,. On one occasion i sample of CICF,CO,CE warmed to about
0° exploded when a valve was opened rapidly to altow it to expand. This

contained explosion produced primarily CF,Cl, and CO,, but 4 so some COF,

and C1,.

CF JC0,CFCFCICE ..

at -78%, hexafluoropropylenc (2.72 mmol) was slowly added. After several

To a 2.05 mmoi sample of CFSCO,CI contained tn a U-trap

hours the mixture was warmed to ambient temperature for 1 hour prior to
fractional condensation through traps cooled to -78 and -196°. The -l1ue®

fraction consisted of one mmol C and 0.27 mmol cach of CF;CI and Co,

"
The material retained at -78° was g colorless liquid and was idcntlflc& as
CFSCOZCF2CFC1CF3 (1.70 mmol, 84% yield} on the basis of its vapor density
molecular weight (297 found vs. 298.5 g/mol calculated), and controlled
hydgolysis to a l:1 mixture of CF3CFC1CF0 [10] and CFSCOZIL Its spectro-
scopic properties confirmed this identification: infrared, cm_l; 1850 (S),

1335 (M)}, 1297 (51, 1249 (\s), 1205 (S), 1137 (S), 1088 (VS), 970 (S),

850 (W), 740 (W), 671 (MW): mass spectrum, 40 ev; m/e (assign., rel.

intens.) 298 (M, 0.01), 279 (M-F, 0.03), 263 (M-Cl, 0.03), 244 (M-¥, Cl, 0.05),
229 (M-CFS, 0.14), 185 (C3F6C1, 4.7), 166 (C3F60; 0.04), 163 (CSF 0:, 0.06),
135 (CZFSO’ C2F4C1, 6.8), 131 (CSFS' 1.0), 119 (CZFS’ 0.3), Lle (C:FSCI, 1.8y,
113 (C2F302, 0.6), 109 (C3F30, 0.1}, 100 (C2F4, 3.3), 97 (C2F30, 30),

94 (CZF202, 0.7), 85 (CFZCl, 17), 81 (CZFS' 0.5), 78 (CZFZO' 0.9),

69 (CF3. 100}, 66 (C0F2, 1.7), 51 (CFC1, 0.6), 50 @Fz. 3.6), 47 (COF, 3.5),

44 (CO,, 3.6): lgF nmr; Fig. 2,

ng£2§92§£2CFClCF3. Using the above described conditions, ClCF2C02C1 (2.30
mmol) was reacted with CSF6 (2.46 mmol) to furnish 0.60 mmol each of
CFZCIZ and C02 together with 0.76 mmol of unrcacted Cst. The colorless
liquid ClCF2C02CFZ
scopically: infrared, cm-l; 1856 (S), 1300 (MS), 1270 (MS), 1238(\S),
1193 (8), 1135 (S), 1096 (VS), 985,975 (S, doublet), 848 (W), 736 (W),
690 (W, br), 617 (W): mass spectrum, 40 ev; m/e (assign., rel. intens.)
314 (M, 0.05), 295 (M-F, 0.03), 279 (M-Cl, 0.02), 245 (M«CFS, 0.02;,

CFC]CF3 (1.70 mmol, 74% yicld) was identified spectro-
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229 (M-CF,C1, 0.15), 185 (CzFbCI- 31), lee \(;bbo, 0.41), 150 (CqF, 0 3010,
W70 k0, 0.5), 135 10,1 0L, 12, 13l L R ¥ LS S R N ?75

5 ] 4 23

113 “'2"3‘):' 2.9, 100 b 7, 97 ((‘zrso, R AL

85 (UL, 100, 78 ((LEFLO, 60, bu |\'.)'.;,55 O O I T R A
47 4C0F, oy, 1 o, 24 xur nmr; Fig. 2. i
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SHORT COMMUNICATION
Introduction of Functional Groups into Some (hlorofluorocarbon Ethers

CARL J. SCHACK and KARL O. CHRISTE

Rocketdyne, a Division of Rockwell Internationat

Canoga Park, California 91304, U.S5.A.

The addition of hypochlorites, such as CFBOCI and SFSOCI. to
perfluoroclefins is a straightforward route to chlorofluorocarbon ethers
{1,2]. These materials are very stable entities. Both the hypochlirite
addiEion and the derived ethers would be more useful if functional ' oups
could be introduced into these compounds. This paper describes a method
to achieve this goal. It involves the conversion of the -CFZCI end group

into a -CFZOSOZF group:

Br2

RFOCFZCF2C| + ClOSOzF—> RfOCF CFZOSOZF + Ct

2 2

R _=CF

f SF

3 5

This reaction was found to occur in high yield (70-902) but at a stow
rate. Two to three weeks were required for complete conversion of the
sta?ling material at 110-140°. The addition of 10-20 mole % of broine
which results in in situ Br9S0,F formation was necessary to obtain

2
these reaction rates. Pure C1050.F or F0.S00S0.F did not produce

appreciable reaction under the sa;e condiiions.2 Higher temperatures
were not investigated since attack on the stainless stcel reactors
by the halogen fluorosulfates becomes significant. In view of the
general inertness of the -CFZCl group, it is encouraging that high

conversions are obtainable and that the ether function is unaffected.

The resulting fluorocarbor fluorosulfates can be conveited into
the corresponding acy! fluorides in essentially quantitative yield via

the CsF catalyzed elimination of sulfuryl fluoride (3].

0
R.OCF.CF.00.F —CSF0 R OCF.CF + SO.F. (R,=CF
R¢ §0¢F, 22 (Re

26,050, SF¢)

3’ 5
Both of these acyl fluorides have been reported as products from other

reactions. Thus, CF OCFZCFO was obtained in 3% yield from the thermal,

3

flow tube reaction of perfluoropropene and oxygen [4] ind also from

CF,OCFZCOZK (unspecified origin) [5] in 52% yield. Adcitional
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characterizing data for these compounds has been obtained (see
Experimenta! Section). The sulfur analogue was reported to result.
unexpectedly and inexplicably, from the reaction of orone and SFSCF=CFZ
with an estimated yield of 67%. Our observed properties are in good

agreement with those previously reported [6].

1t has previously been shown for SF50CFZCF0 that these acid
fluorides can readily be converted to typical derivatives, such as
acid and amide [6]. We have found that another derivative, the

hypofluorite, can readily be made in high yield.

LSt CF.OCF CFOF

cF OCFZCFO + FZ 3 2¢Fs

3

. . . . s . I
This reactive compound is easily identified by its 9F NMR chemical
shift,characteristic for the hypofluorite fluorine [7) as are the SFS-,

-SO3F' and -CFQ grouns which are summarized in Table V.

Table |: ]9F NMR Data Chemical Shifts (ppM)a and Coupling Constants (H7)

Compound RF 0- -CF., - ~CF, - -F
n 2 2
crzocrzcrzosozr 57.6(t) 92.1(q) 90.0{d) -49 6(t)
(J=8.6) (J=8.6) {J=8.2) (4=8.3)
crsocszcro 56.3(t) 79.6(q,d) -13.4(e)
(J=8.5) (J=2.8)
CF ,0CF ,CF ,OF 56.0(t)  85.8(a)° 98.1(d)  -138.8(q)
’ (J=8.%) (J=8.5) (J=8.5) (J=8.5)
srsocrzcrzosozr -60.2(ax.) 89.1(q) 88.u4(d) -49.7(v)
-72.5(eq.) (J=11.6) (J=7.9) (J4=7.9)
srsocrzcro ~ol1.4(ax.) 77.9(q.d) -13.2(0)
-72.0(eq.) (J=L§).7. (4=3.4)
3.

a) Upfield frominternal CFCT.. b) Apparent quintet due to approx.mately
equal coupling to CF30- aAd OF Fluorines

In summary, the above results demonstrate that the successfui
conversion of the -CF2C| group to a fluorosulfate utters a simple and
efficient route to a variety of voiventional functional groups.
FYXPLRIRENTAL

The apparatus and instruments used in this work have previously
been described [8]. Literature procedures were employed to prepare
CF3OCF CFZCI {1,2], SFSOCF2CF2C| [1,2], ClOSOzF {9), and 5206F2 [10].
CF30CF CFZOSOZF. A 30 ml stainless steel cylinder was loaded with
CF30CF CFZCI {1.38 mmol), CIOSOZF (2.10 mmol), and Br2 (0.2 mmol) at

NN

~
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-196°: After warming to ambient temperature the reactor w~as heated
for two weeks at 110°. Fractiona! condensation through U-traps

cooted to -45, -78, -112, and ~196" was used to separate the
CFJOCF:CFZOSO:F product from the by-products BrOSOzF. SZOSFZ' Br{l and

small amounts of unreacted CF30CF2CF2CI and C'0S0,F.  The desired
<

CF3OC‘7CF2050;F was retained in both the =78 and -112° traps and was
treated with Hi to remove traces of colored irmpurities lurnishing (e
purified material in 90 vield. The product was identified bv infrared,
cm-'; 1498(s), 1295(S), 1252(S) ., 1173(S}, 1157(S), 1143(S), 1091(S),
928(w), 915(W), BLO{M), 769(W), 682(v-W), 551 1. rmass srectrum, 40 ev,
M/e (assign. rel. intens.) 265 (M-F, 0.02), 252 M-0,, 0.02), 249
(M-0,F, 0.02). 199 (n-crjo. 0.9), 185 (H-SOBF, 0.8), 182 (c,F 0,. 0.35),

3 &
163 (LB.SOZ. G.06), 149 (CF SOJF. 3.7), 135 (C,F 0, &), 119 (C,F ., 45),

2 5 25
102 (s0,F,, 0.35), 100 (C,Fy. 070, 97 (52‘30- 4.5), 83 (50, 53) 80
(503. 6), 69 (cr3, 100}, 67 (sof 8), 64 (soz. 5). 50 (e, 3.5),

48 (S0 , &), and b7 (COF, 16): ' nmR.

SFGOCF CF,050,F. By analogy with CFLOCF,CF L1, a sample of SFLOCF,CF Cl
TTéiﬁ"FﬁEﬁ7_E§? reacted with C10SC,F (2.26 mmol) and Br, (0.5 mmoi) for
three weeks at 130°. The desired product was retained in the -78° trap
and was obtained in 71% yield after purification. Identification was
based on infrared, em '; 14951s), 1265(5), 1230(S). 1203(s), 1160(s),
1087(s), 947(s), 930(S), 870(s), B4S(S), B22(S), 766(M), 600(S), 557(M):
mass spectrum, 40 ev, M/e (assign. rel. intens.) 323 (M-F, vw),
310 (M-0,, vv), z43 (SFLO0C,F,, 0.03): 199 (rzrb503r, ¢.4),

193 (srsocrz, 0.2), 149 (cr2503r. 2.7}, 127 (SFS. 100), 119 (c2r5,
108 (sF,, 0.9}, 105 (SF30, 55), 100 (C,F,, 1.3), 97 (C,F0, 3,

89 (SFB' 11.5), 83 (s0,F, 60), 70 (sF,. 2.8), 69 (crj, 16), 67 (sFo, 11)
66 (CF,0, 2), 64 (s0,, 6.5), 51 (sF, 1), S0 (cFy), 8), 48 (s0, 8), and

47 (cFo, 25): "9¢ nmR.

46),

i}

CF30CF2CF0 and SFSOCFZCFO. Both compounds were prepared in 35 + % yield

by heating a sample (0.5 mmol) of the respective fluorosulfate in the

presence of 10 mmol CsF, for 14 hrs to 110°. The oniv volatile product
was SOZFZ. The acyl fluorides were obtained by vacuum pyrolysis of the
forwed salt, R(OCFZCF20Cs. For CFBOCF2CF0. the vapor densif7 was 179
g/mol (theory=182). The infrared spectrum observed was, ¢cm ; 1893(S),
1340(M), 1280(S), 1247(vs), 1198(M), 1145(vs), 1092(M), 925(W), 910(W},
831(vw), 760(vW), 732(vW), 700{VW) and the mass spectrum, 40 ev, M/e
(assign. rel. intens.), 135(M-CFO, 5), 97(n-cr3o, 10), 85(c730. 8).

78(c2rzo, 0.5), 69(cr3. 100), 66(CF20. 1.5), S0(CF,, 17), and 47(cCFO,
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28). The l9F NMR spectrum agreed with the literature [4]. For
SFSOCFZCFO the observed vapor density was 342 g/mol (theory=344). The
observed infrared spectrum was as reported [6) and in addition showed a
strong 603 cm-' band which was beyond the range of the previous study.
The mass spectrum noted was; 193{M-CFO, 1.6), 127(SF5_ 100) , \DS(SFh. 2},
105(SF30, 26), 97(M-SF 0, 12), 89(SF3‘. 15), 86(sF,0, 1), 83(s0,F, 0.5},
69(CF,, 28), 67(SF0, 2.6), 66(CF 0, 1.2), 50(CF,, 4.5), and 47(CFO, 23).

19

The “F NMR was as reported [6].
CF30CFZCFZOF. A sample of CFSOCFZCFO {0.27 mmol) was allowed to react with
with F_ (2.2 mmol) in the presence of CsF (A8 mmol) by slowly warming the

2
the condensed reactants to ambient temperature overnight. After removal of

the excess F7 by pumping at ~196°, the only volatile product found was
CFBOCFZCFZOF in 88% yield. In addition to the 19
ideptification of this hypofluorite was obtained from its infrared
spectrum, cm '3 1347(M), 1291(5), 1249(VS), 1214(S), 1194(s), 1156(vS),
1086 (M), 895(Mw), 804(W), 697(W). Below M/e 100 the mass spectrum was
qualitatively much like CF3OCF2CF0 but showed weak peaks at 201(M-F),
185(M-0F) and intense 135(c2F50). IIS(CZFS). and 116(C,F, 0) peaks.

F NMR spectrum further
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APPENDIX D
HALOGEN FLUOROSULFATE REACTIONS WITH FLUOROCARBONS

HALOGEN FLUOROSULFATE REACTIONS WITH FLUOROCARBONS

Carl J. Schack and Karl 0. Christe
Rocketdyne, a Division of Rockwell International

Canoga Park, Catifornia 91304

ABSTRACT

The scope of the reaction of simple fluoracarbon halides with
chlorine fluorosulfate and mixtures of chlorine and bromine fluorosulfate
to produce RfOSOZF compounds has been investigated. It is shown that in

many cases even primary chlorine in -CF_C1 groups can be replaced by

2

-OSOZF. Primary bromine or iodine in -CF_X are more readily replaced.

2
The mechanism of this replacement reaction has been established by the
isolation of the metastable iodine !Il intermediate Rf'(OSOZF)Z' Neither
secondary chlorine nor bromine in -CFX- groups is affected. With the
i-C4F, 1, the salt [(i-c3F7)2|]+ [1(050,F),17 is formed.
Furthermore, it has been found that CIOSOZF is capable of converting

fluorocarbon acids or their derivatives into fluorocarbon halides. A

secondary iodide,

combination of these two CIOSOZF reactions with the known conversion of
RfCF20502

yield chain shortening reaction for the otherwise unreactive fluorocarbon

F to the corresponding fluorocarbon acid offers a novel, high

halides according to:

R.CF _Hal + XOSOZF-—kR

§CFy CF20$0 F + HalX

f 2

MOH

RECF,050,F  —Cgp RLLOLM

RfCOZM + XOSOZF—b fo + MSO3F + coz
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INTRODUCTI1ON

Shortly after the discovery by Cady and coworkers [i-4! cf tre
halogen fluorosulfates and peroxydisulfuryl difluoride., their reacti. :»
with select fluorocarbon compounds was noted. This activity includec
addition to olefins [3,4], displacement of chlorine, bromine, or iodine
from methy! compounds [5,6) and a few others [7) to give ROSOZF Lcormon i
written RSO3F), as well as cleavage of anhydrides [8]. ‘odofluorocartons

- were also converted successfully to fluorocarbon fluorosulfates by
treatment with fluorosulfonic acid =t elevated temperature [9]. However,
the scope of these reactions, particularly the displacement of halogen
by fluorosulfate was not defined. Since many fluorocarbon halides would
be more useful if the halide could be replaced by a more reactive group
such as the fluorosulfate, it was the goal of this work to determine
the practical extent of this displacement reaction. In addition, the
utility of chlorine fluorosulfate in decarboxylating fluorocarbon acids

N was discovered. The combination of the displacement of -X by ~OSOZF’
followed by conversion to an acyl flucride or acid and decarboxylation,

opens a path for stepwise fluorocarbon chain shortening.
EXPERIMENTAL

Volatile materials were manipulated in a well-passivated (with CIF3)
stainless steel vacuum line equipped with Teflon FEP U traps, 316 stainless
steel bellows seal valves and a Heise Bourdon tube-type pressure gauge.
Transfers outside the vacuum line were carried out in a drybox. Infrared
spectra were obtained using 5 cm path stainless steel cells with Agl)
windows and a PE Model 283 spectrophotometer. Mass spectra were measured
with an EAl Quad 300 quadrupole spectrometer and ‘9F nmr spectra were
determined with a Varian EM390 spectrometer operating at 84.6 MHz, using

CFC\3 as an internal standard. Chlorine fluorosulfate was prepared from
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D-2

R -



CIF and SC, [10}. Lliterature methods were usec tc svnthes.ze

7-C3F7X {x=C1, Br, 1) {11}, CICFZCFZCF and C’BCFCICCZC! P12, Br{f ¥ o7 &

{13], and CF3CFUCFZSOSt [14]. Other fluorocarbor materials wers

purchased from PCR Researct Chemicals, Inc.

RfX’ Reactions. These reactions were carried our by loacinz ~easyres

quantities of the reactants, ReX, chlorine fluorosulfate. and Br .nere
noted in Table 1) into a precooled stainless steel cylinder. The regce v-s
were allowed to proceed by warming the cylinder to & given temnerature.
Products were separated by fractional condensation and residual react we
impurities, such as XSO3F or the halogens, were chemically remgved oy
treatment with Hg. Table | summarizes the results from the reactions.
Lomparison to reported spectroscopic data served to identify most of the

materials. Only new data and those for new compounds are presented herein.

F03SCF2CF2CF2503F. This compound was obtained from the reaction of

BrCFZCFZCFZBr with C?OSOZF. Its ‘9F nmr spectrum consisted of three peaks

with an area ratio of 2:4:2 which are assigned to —503F {-50.8), terrinal

—CF2° (83.7), and internal ~CF,- (128 ppm). The following infrared
spectrum was observed (cm-‘) 1500(S), 1320(M}, 125B(VS), 1220(S), 1150iSH,
1127(s), 992(vs), 865(M), 843(VS), 752(M), 608(W), 570(M), and 548(M) wnich
is similar to that of FOBSCFZCFZSO3F {3]. 1ions found in the mass spectrur
were m/e (assign. rel. intens.) 2h9(csr6so3r, 1, lss(czr“sosr, 0.5),
!69(c3F7, 2), 150(C3F6, 1, !hS(CFZSO3F, 8y, 1&7(C3FSD, 7, 119{c2r5,
100(C,F,, 14), 97(C2F30, 2), 83(502F, 100}, 69(CF3, 15), 67(sqF, 6),
66(cr20, 1, SO(CFz, 1), 48(S0,4), 47(CFO, 27). In addition, this compound

was characterized by its (sF catalyzed decomposition to 2 eguivalents of

L48),

SOzF2 and the corresponding acyl fluoride, OFCCFZCFO. The Tatter was
identified by comparison of its ,9F nmr, infrared, and mass spectra with

literature values [15]}.

A by-product of the reaction of the dibromide with CISOBF was
identified as CICFZCFZCFZSO3F, based on its infrared spectrum (cm-')
1498(s), 1320(M), 1255(vs), 1233(S), 1190(8), 1118(M), 1078(S), 102L(S),
965(S), B43(S), 756(w), 595(W) and 560(W); and mass spectrum m/e (assign.
rel. intens.) 2&9(C3F6503F, 0.3}, 199(C2Fh503F, IRBIR IBS(CBFGCI, 3},

169(C3F7. 25}, ‘SO(C3F6, 20), ‘“9(CF2503F, 8) !57(C3F50. 3}, ‘BS(CZFQC¥, 7,

RI/RD 80-152
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v, 28,

0oCTLL L,

00 2 ) 19N
, 100 czrb, 62, 9,(C2F30, Ly, 5_.LF2
LY SViSF, 21,

(4]

I31(C3F5, 3, ”9(C2F5‘ 4a)
83(s0,F, 70), 69(CF3, 100}, 671S0F, 10}, 64L(SO

48150, &), and L7{CFO, 35). Assignments for Cl containing iors were

\Jy

"
4

. 37 ) . .
confirmed by the presence of C! isotope ions of the expected one t~irc

intensity.
n-C7Fl5503F. The reaction of n-C7F]SI with a twofold excess of
CISO3F was conducted at -L45° because of the ease of oxidiation of iocine

by related hyprochiorites [16}. At that temperature, one mole of Cl. was
formed for each mole of Rfl and a white solid was produced. On waernc to
ambient temperature, the solid gradually decomposed furnishing the
7FISSO3F_?nd non-volatile ISOBV. The

infrared spectrum of n-C7F‘SSOB'F {em ") 15065(S), 1336{wW), 1258(vs),
1233(S), 1162(M), 1150(M), 1115(wW), 105L4(W), 1030(W), B68(M), 8h42(M),
760(W), 7h0(W), 730(W), 665(W) and 550(MW); and mass spectrum, m/e {assian.
rel. intens.) 449(C.F, SOF 0.3), 399(CcF ,SO5F, 0.1), 369(C,F o, 2),
3H7(C4F 30, 1), 319(C F 5, 1), 300(C.F,, 0.1), 28](C5F]], 2), 269(CgF,,.0.3)
247(c5F90, 0.1), 231(c5F9. 2), l99(c2rhso3F, 0.1), 197(cgr7o. 0.3) 181

(C“F7, 2), 169(C3F7, g), Ih9(CF2503F, 13), I3I(C3F5, 10), llg(czFS, 18),
100(C,Fy, 9), 97(C,F50, 3), 83(S0,F, 65), 80(503,u), 78(C,F,0, 1), 69

(cr3, 100), 67(SOF, 11}, 6u(s0,, 8), 50(CF,, 10), 4B(S0, 9) and 47(CFO, 35)

were used to identify the product. Additional proof was obtained by

_colorless liquid product, n-C

catalytically decomposing the fluorosulfate with CsF to furnish SOZF2 and
C6F)3CFO. The acy! fluoride was identified by infrared and mass spectra

which included a parent ion.

[(i-c3F7)Zl}+[l(so3F)A]'. Perfluoroisopropyl iodide and chlorine

fluorosulfate reacted in a 1:2 mole ratio at -45° liberating one mole of
Clz. The white, thermally stable, solid product of composition,
i-C3F7l(503F)2, was formed in guantitative yield; from 2.36 mmol i-C3F7l
was obtained 1.170 g solid (theory, 1.167 g), m.p. 101° (sealed tube).

The Raman spectrum of the solid is shown in Figure 1.

RfCOZM. Prepassivated stainless steel cylinders were loaded in the
drybo;-;T?F-heasured amounts of RfCOZM (M=H, Na, Ag, or CF3C=0). The
halogen fluorosulfate XSOBF (X=C! or Br) was loaded into the cooled

R1/RD 80-152
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=196°1 | evacuated cviincer fro- the vacau~ line. 4¥ter wgre oo oo

teciperature of 25-5C° for a giver perioc, the Prodults were <orarater

by fractional condensatior. Acid i=purities. nalocens, XS2_ T, g- -

COZ when necessary, were removed ‘rom the products Dy treat e~
aqueous base. All the products were icentified scelirosioriLe . oan:

the data for new moieties are listec.

C7F!5Cl. Sodiur perfluorooctanoate was reactec with 00507 fa

2
was the colorless liquid C7F15C1
infrared (cm-]) 1365(W), 1320(W), 1252¢vSy, 1223(S), 1160M:, 1121w,
1072(W), 99L(W), 780(W), 745(W), 706(wW), 678w}, 650(W), S565(w', anc

530(W); and mass spectra which did not exhibit a parent ion tul rac

2 days. |In addition to (0, and solid NaSng. the princiole proaouce

whose idertity was establisne: *ro-

. + + - +
numerous peaks corresponding to Cann, EnFZn»I , and CanHCI with
-+

{(n=1-7). A lesser quantity of the by-product C6F,3CFO was also formed

and identified spectroscopically as noted earlier.

RESULTS AND DISCUSSION

As shown in Table [, this reaction can be carried out ir high
yields for Hal being Cl1, Br, or I. The reactivitv of the haluuer
decreases in the order 1> Br > (1 and is reflected by the neceuwsar.
reaction temperatures. Whereas iodides react readily at te-oe-atures
as low as -45°, the chlorides require heating to about 130 Furtner-
more, iodides react regardless of their position in the 'luo Loardon
molecules, i.e. as primary or secondary iodides. In the case of
bromides and chlorides, only the primary halides were found to react,
and in the case of the chlorides, even some of the primary c¢chlorides
were found to be unreactive. These unreactive chlorides included
CZF Cy, C,F, .Ct, CF,CFCICF,, CF CFCICFZCI, CICFZCF SO_F, and

5 715 3 3’ 73 2773

CFBCFCICFZSO3F.

The reactivity of C\SOBF can be enhanced by the addition of

catalytic amounts of Br as demonstrated by examples 1, 3 and 4 of

21
Table 1. in the absence of bromine, only one chlorine atom is

replaced by -SO.F in 1,2-dichloro~tetrafluoroethane, whereas in the

3
-esence of about 10% of Br2 a signifcant amount of disubstitution
“ +served. RI1/RD 80-152
b-5




Table 1. Fluorocarbon Halide Displacement Reactions

mmo | Temp. Time
Reactant C1503F Br2 Reactant °C ayvs Products’
CICF,CF L1 6.42 - 3.10 130 5 CICF,CF SC Fise N
inqy 8
CF,CF,Cl 2.36 0.2 2.16 130 3 CFLCF,50,F 22
cRa
CICF,CF,C1 1.8 0.6 5.94 140 1 CICF,CF SO F 8¢ .
FOSSCF,CT S0 F i€
F Fi3]?}
CICF,CF,S0,F 4. 64 0.9 4,24 140 1k FOJSCF,CF,S0,F 3]
2 F F(76)°¢
CF,CFCICF,CT 5.10 0.6 2.35 25 15 CFCFCICF,S0,F(76)
CF,CF,Br 5.3] - 4.98 25 21 CFLCF,50,F (96)
a
BrCFZCFZBr 8.20 - 3.97 25 24 BrCFZCFZSOBF(bO)
CICFZCFZSOSF(S)
BrCF CF,Br 475 - 2.18 65 2 FO3SCF2CF2503F(6Q)
chFZCFZSOBF(3l)
Br(CF2)3Br 5.16 - 2.04 50 11 FOBSCFZCFZCFZSOBF(SO)
CICFZCFZCFZSOBF(IO)
C
- F F
CF,CFBrCF Br 4.78 2.15 25 21 CF3C BrCF,S0, (70)
n=CoF )l 6.05 - 2.73 25 7 -C, 15so F(85)
CFBCFICF3 5.20 - 2.34 -4 10 [(i- 7)2 1t
[1(s0 )u]
100
a) Ref. 4
b) Ref. 3
¢) Ref. 14

Additional cases showing the catalytic effect of Br2 are examples

2 and 5 of Table 1. However, the secondary halides in CF3CFBrCF3

CFBCFCICF SO3F were found to be unreactive even in the presence of Br

and

An isolated example of the displacement of secondary Br with 52 6 2 is

known [17], but in that instance it was adjacent to a carbonyl group,

CF3CFBrC(0)CF3. Interestingly, Fokir [7] reported that one of the
RI/RD 30-152
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“ <t

chliorines of the CFC!, arour in CICF_CFCI, is replaced b
4

2 2 3
CISO3F, but that the reaction recuires HSC3F catalysis. While we
cannot be absolutelv certairn that no HSOLF was present in Our suvste,
>
all efforts were made to exclude moisture. |n additicor it snhould te

noted that the above fluorosuifate substitution reactions do not
result in any C-C bond breakage and also that ether ‘unctiors are nct

affected [18].

The catalytic effect of bromine is best explained by the in situ
generation of the more reactive BrSOBF from Br2 and CISOBF. Since the
generated HalBr species are generally unstable and decompose bach to
Brz, only catalytic amounts of bromine are required.

By analogy with the known reaction chemistry of other positive
halogen compounds [16], fluorocarbon iodides and C1SO_F were expected

3

to undergo an oxidative addition, followed by -SO3F substitution

/Ll

Ret + clso3F-——> Rfl\
S0.F
05
/c1
Rfl\so - + CISOBF—>RFI(503F)2 + C'z

3

This compound may then undergo ISO3F elimination

SO_F + [SO_F

RfI(SO £505 3

JF) 7R

Depending on the thermal stability of the RfI(SO F), intermediate,

either this intermediate or the final RFSO3F proguci was obtained.
The formation of RfSO3F from this reaction had already previously
been established for CF3I[6,7]. The fact that this reaction indeed
proceeds through the above intermediate has now been demonstrated
for both n-perfluorohepty! iodide and perfluoroisopropyl iodide:
i-C,F,1 + 2C1SO0,F A iec.F 1(SO,F), + CI
37 3 37 372 2
-45°

n-C7F‘5! + 2c1503|-'——>n-c7f=|5|(so3t~')2 + c12

n=C,F 151 (S05F), 2o n-C_F, SOF + ISO,F

slow 715773 3
RI/RD 80-152
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Thus for the heptyl case, a clearly defined two-step substitution
process was noted. For the isopropyl case, the oxidative addition
product was stable even at its melting point, 101°. Examination

of its Raman spectrum (Figure !} showed that this solid adduct is
not a covalent iodine {1ll) compound, but has instead the ionic
structure [(i-C3F7b']+[I(SO3F3“]_. Thus, these RfI-CISO3F reactions
and products are analogous to those previously reported for Rfl -
ClOClO3 systems [19].

With carboxylic acids their salts, or anhydrides, C1S0,F or

3

BrSOBF acted at ambient temperature or slightly above as a most

facile decarboxylating agent (Table 2).

0
RfCOM + XSOBF—PRfX + CO2 + MSO3F
M=H, Na, Ag, CF_C=0 X=Cl, Br

3

High yields of RfX were generally encountered. Where lower, the
observed decrease was probably caused by either a lower purity starting
material (used as received) or a side reaction such as the decarboxylation

giving CF2C12 which reacted further to furnish CICF,SO,F, a known -

2773
interaction [20]. The RfCOZM + XSOBF reactions probably proceed through
the intermediate formation of RfCOZX. When the RfCOZM -CISOBF system

is moderated sufficiently, i.e. by lowering the temperature to -45°

or lower, then the intermediate acyl hypochlorite, RfCOZCI, may be
isolated [21].

0 0
)i i
RfCOM + CISO3F_>RfC0CI + MSO3F
RI/RD 80-152
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INTENSITY

80

60}

a0

20}

60}

401

20}

)
Cs*1SO3F)F | ’ N A

. + -
[(.-c3F7)2|] [n(so3r)h] ’

OR

C4F71(804F),

OW\MJ

) 1 { | J | ) 1 L ) | | .
1400 1200 1000 800 600 400 200 0
FREQUENCY (cm™1)
Figure 1. Raman Spectra of Cs+l(503F); and [(i-C3F7)2I]+[I(SO3F)A] Demonstrating
the presence of the I(SOBF); Anion in the Latter Compound
RI/RD 80-152
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Table 2. Fluorocarbon Acid and Derivative Reactionsa
Reactant mmo 1 X-SOBF mmo 1 Time(hr) Products:
) (
cr3c02H 4.30 el 4.30 5 cr3c1 30)
CF3C02H 2.46 Br 2.31 2 CF3sr(88)
c1cr2c02H 2.80 ol 2.91 3 CF2c12(85f
b
3
CFZ(CFZCOZH)Z 2.29 o 4. 86 18 CFZ(CFZC\)2ﬁ86: .
cxcrzcrzcr0(11», |
CICFZCF2CF2503F(1
CFBCFZCOZNa 2.82 cl 2.66 24 cr3CF2c1(79),
F
CF3:F2503 (2)
CFBCthozNa 2.54 Br 2.76 5 CFBCFZBr\€3)
C7F]5C02Na 2.26 o 2.19 48 c7F]5c1(78),
c6F13cro(18)
CFZ(CF2C02A9)2 2.38 c1 L.9y 48 CFZ(CF2C1)2(53),
c1cr2crzcro(8),
CF3CF3CF2C1(3)
CICFZCOZNa 2.11 cl 2.59 48 CF2c12(28), ]
CICF2503F(39) p
, CICFZCFO(I)
(CF4C0) 0 12,43 cl 2.42 24 CF3C1(80),
: CF3C(O)SO3F(85)d

a) Reactions generally run at ambient tempeature although some were
also heated at 50° for a short period

b} Ref. 12.
c) Ref. 20.

d) Ref. 8.

g

R1/RD 80-152
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SUMMARY

The above results show that CISOBF_and BrSO3F are useful reagents

for introducing a functional -SO3F croup into the generally unreactive

class of fluorocarbon halides and to convert fluorocarbon carboxvylic

acids to the corresponding fluorocarbon halides. A combination of both

reactions offers a unique, high yield metnod to carry out a crai-

shortening reaction for the otherwise highly "'inert" fluorocarben

halides according to
RfCFzHaI + XSO3F ———beCF2803F

RfCFZSOBF—-—D RfCOZM

RfCOZM + XSOBF——-DRfX + CO2 + MSO3F

Since the chain shortening product is a fluorocarbon halide, the

shortening cycle can be repeated as often as desired.
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APPENDIX E
JODINE FLUOROSULFATE REACTIONS WITH FLUOROCARBONS

JODINE FLUOROSULFATE REACTIONS WITH FLUOROCARBONS

Carl J. Schack and Karl 0. Christe
Rocketdyne, a Division of Rockwell International

Canoga Park, California 91304

ABSTRACT

lodine monofluorosulfate has been found to react with fluoroolefins in

the absence of a solvent to give the corresponding iodo alkyl fluorosulfates
by addition of -1 and -0502F across the double bond. The observed order

of reactivity was CF2=CF2>CF3CF=CF2>CF2=CFCI with perfluorocyclobutene being
unreactive. The observed products were ICFZCF2503F, CFBCFlCFZSO3F, and

the isomer mixture ICFZCFCISO3F and ICFCICFZSO3F. The iodine fluoro-
sulfate used for this study was synthesized from the reactions of either

l2 or Rel with CISO3

compound. These iodo fluorocarbon fluorosulfates are novel compounds and

F, with both reactions being new routes to this

were characterized by spectroscopy and by formation of the derivatives
CF3CFICF0 and ICFZCFO.

INTRODUCT ION

The halogen fluorosulfates are very reactive materials in general, being
capable of oxidation or substitution processes in either organic or in-
organic systems [1}. One of the earliest reactions described was the addi-
tion of XSO3

However, despite the fact that iodine monofluorosulfate became known at

F to carbon-carbon double bonds [2] where X=F, Cl1, or Br.
about the same time [3], no reports on similar reactions of IOSOZF have
appeared. Indeed, the chemistry of IOSOZF (commonly written, |SO3F) and

RI/RD 80-152
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I(SOBF)3 is practically non-existent [1,4] and no organic derivatives have
been reported.

In a previous study [5] of fluorocarbon halide-chlorine fluorosulfate
displacement reactions the following products were noted.

Rfl + 2CI1SO_F - c12 + [RfI(SO3F)2] -~ R.SO_F + ISQ._F

3 773 3

Based on the observed material balance, the by-product iodine fluorosulfate
was formed in nearly quantitative yield, but was identified only by its
physical appearance, i.e. a black solid at ambient temperature [3]. Thus
having samples of lSO3F readily available, it was interesting to determine
whether this compound would be useful for the preparation of simple organic

derivatives. We now report the results of experiments utilizing olefins.

EXPERIMENTAL

Volatile materials were manipulated in a well-passivated (with CIFB)
stainless steel vacuum line equipped with Teflon FEP U traps, 316 stainless
steel bellows seal valves and a Heise Bourdon tube-type pressure gauge.
Transfers outside the vacuum line were carried out in a drybox. Infrared
spectra were obtained using 5 cm path stainless steel cells with AgCl
windows and a PE Model 283 spectrophotometer. Mass spectra were measured

with an EAl Quad 300 quadrupole spectrometer and 19

F nmr spectra were

determined with a Varian EM390 spectrometer operating at 84.6 MHz, using
CFC!3 as an internal standard. Chlorine fluorosulfate was prepared from
CIF and SO3 [6]. The fluorocarbon starting materials were purchased from

PCR Research Chemicals, Inc., and used as received.

150,F Preparations
7

A 30 ml stainless steel cylinder was loaded with P (4.02 mmol) and

C1S0,F (8.09 mmol) and maintained at -78° overnight followed by a day at
o

-45°.

pumped from the cylinder and trapped at -1960. These consisted of Cl2 and

a trace of CISO3F (4.02 mmol total) indicating an essentially quantitative

While warming to ambient temperature the volatile products were

RI/RD 80-152
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reaction of the CISO_F. The weight increase of the cylinder corresponded to

3

that expected ftor the formation of I1SO_F. When this reaction was carrinrd

3
out in a Teflon ampoule, it was noted that the solid produc’ was orance
at low temperatures and only changed to the black color typical 1503F or
standing at 0o or higher for some time.
An alternative preparation of ISO_F used in this study was the reaction
of R_l with C1S0_F. Thus, n-C,F,!
f 3 4 MRy

. , . . . . o .
combined in a stainless steel cylinder and maintained at -45° for several

3
{(2.90 mmol) and ClSO3F (6.16 mrol) were

days. While warming to ambient temperature the volitale products were
separated by fractional condensation in traps cooled to -45, -78 and -1960.
The latter contained Cl2 (2.91 mmol) and a little C_F_SO_F and C_F_t

3773 37
The warmer traps contained only C3F7SO3F {2.77 mmol) in 95% yield. lodine
fluorosulfate remained in the cylinder, however, the observed weight (0.682q)
was somewhat higher than the theoretical weight (0.656g) r ssibly due to

the formation of some I(SOBF)3

as an impurity.

F
CF,CFICF,50,F

To the |503F(~2.90 mmol) formed from C3F7l and CISO3F was added CFBCF=CF2
(2.40 mmol) at -196°. The mixture was allowed to react by warming the
cylinder to room temperature for several days. The only volatile product
was CFBCFICF2503F (2.35 mmol, 98% yield), a coloriess liquid with a vapor
pressure of 13 mm at 250. This liquid was identified by its; ]9F NMR,
infrared, and mass spectra. IR, cm-] {intens.) : 1494 {vs), 1262 (vs),

1232 (vs), 1190 (W), 1115 (s), 979 (s), 962 (sh), 924 (w), 905 (m), 846 (s},
764 (m}, 727 (w), 611 {vw), 574 (m), and 537 (vw). Intense ions found in

the mass spectra were m/e (assign.):376 (C3F6l503F), 277 (C3F61), 249
(C3F6SO3F), 150 (C3F6), 149 (CF2503F), 131 (C3F5)' 127 (1), 100 (CZFH)’

83 (sozF), 69 (cr3, base), 67 (SOF), 64 (soz), 50 (CFZ), 48 (s0), and 47 (CFO).

1CF,CF,S0.F

A cylinder containing ISO3F {6.56 mmol), prepared from l2 and CISO3F,
was cooled to -196° and Cth (7.05 mmol) was added. The cylinder was placed

RI/RD 80-152
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in a liquid nitrogen/CO2 slush and allowed to warm slowly to ambient tempera-
ture. After a few days the volatile products were pumped through traps
cooled at -30, -78, and -196°. The latter contained a mixture (0.25 mmol)

of CICF,CF. SO F [2], C1 2 and an unidentified acyl fluoride. The -30°

272773

fraction cantained smal] amounts of FO3SCF CF 503F {7] and ICF2CF2503F

ZCFZSOBF {3.98 mmol, 61% vield)

colorless liquid with a vapor pressure of 24 mm at 22°. 7The remaining

while the -78° fraction was good quality ICF

unaccounted for reactants were found in the cylinder in the form of a white

solid polymer and dark oil, presumably 1(C Fb) 503F t(C “) , or FOBS(CZFA%

503F type materials which were not examined further. The lSO3F - CZFh

reaction was repeated using ISO3F (3.41 mmol) which was the 2 year old by-

product of a C7F15 - CISO3F reaction [5}. Together with CZFQ (3.96 mmol)

and a more controlled warm-up, this reaction produced a vield of purified

ICF cF SO3F of 76% based on (SO3F :vapor density obs'd. 330; calc'd. 326g/mol.

Spectral characterization included infrared, cm -1 (intens.); 1497 (vs), 1301
(ms), 1262 (vs), 1226 (ms), 1167 (s), 1147 (s), 1105 (s), 1080 (s), 952 (ms),

931 (ms), 845 (s), 792 (m), 600 (w), and 555 (w); mass spectra, m/e (assign.):

326 (¢ FhISO F), 227 (CZFMI]’ 199 (¢ FASO Fy, 177 (CFZI), 158 (CF1), 149

(cr S0 F) 127 (1), 119 (cst)’ 100 (C Fq) 97 (czeo), 83 (SOZF’ base)
81 (c§ , 69 (cr ), 67 (SOF), 64 (soz, 50 (crz), 48 (50) and 47 (CFO);

and “F NMR spectra (Table 1).
ICFZCFC!SOBF — ICFCICFZSOBF

A cylinder containing ISOBF {4.02 mmol) prepared from I2 and CISOBF

was cooled to 0° and CF2=CFCI(8.12 mmol) was gradually added with intermittent

shaking and keeping the pressure below 300 mm. After the first half of the
olefin was added the uptake of CF2=CFC1 became slow. Consequently, the

final 2 mmol was condensed at -1960 into the cylinder and the mixture kept

at ambient temperature overnight. Fractional condensation though traps
cooled at 0, -30, -78, and -196o served to separate unreacted CF2=CFCI

(1.22 mmol) retained at -|96°, and 1y (a few crystals) retained at 0°.

The other two traps contained a slightly purplish liquid which was recombined
and treated with Hg to remove 12 and refractionated through 0, -30, and -78°.
The -78° material (0.5 mmol) was mainly CICF,CFCISOLF based on its infrared
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]9F NMR spectra [8]. The 0 and -30° fractions (6.40 mmol total, 79.6-

and
yield) were colorless liquids with quite similar infrared, mass, and NMR
spectra. The latter showed clearly that three compounds were present in

the mixture; ICFZCFC]SO3F, ICFCICFZSO3F, and FO3SCFCICF2503F. Based on the
measured peak areas, the ratio of the first two isomeric materials was 1.5
and they comprised 95% of the sample. The infrared spectrum of the isomers
was recorded, cm-] (intens.): 1491 (vs), 1306 (ww), 1253 (vs), 1219 (m),
1167 (s), 1134 (s), 1080 (s), 1058 (s), 1010 (m), 987 (m), 945 (w), 927 (w),
860 (sh), 842 (vs), 780 (m), 700 (w), and 569 (m). Intense ion peaks noted
in the mass spectrum were m/e (assign.)(35CI only given): 342 (C2F3CIISO3F),
243 (C2F3C\l), 215 (c2F3C‘SO3F)’ 193 (CFCiY), 177 (Cle), 165 (CFCISO,F),
149 (cr2503r), 127 (1), 116 (C2F3CI), 113 (c,Fyct0), 97 (C,F;0), 85
(CF,C1), 83 (SO,F, base) 69 (CF3), 67 (SOF), 6? (CFC1), 64 (s0,), 63
(€C10), 50 (CF,), 48 (S0), and k7 (CFO). The '

Table 1.

3

F NMR spectra are listed in

CF,CFICFO

A 30 ml stainless steel cylinder containing CsF (1.24g) and CF CFICFZSO F

{(1.12 mmol) was placed in an oven at 100° for 1 hour. The productg volatilz
at 25o were removed from the cylinder by pumping and were found to be SOZFZ
(1.2 mmol) with traces of R~ material. Pyrolysis of the solid left in

the cylinder (heat gun, 15 min.) while pumping through a -1960 trap yielded
CF3CFICF0 (1.03 mmol, 92% yield). This compound was identified by its
vapor density; obs'd. 271g/mo}, calc'd. 274g/mol and spectral parameters.
Iinfrared bands were, cm-‘ (intens.): 1862 (vs), 1278 (vs), 1256 (vs),

1211 (vs),1117 (s), 974 (w), 954 (m), 886 (m), 755 (w), and 683 (m). The
intense mass fragments were, m/e (assign.): 274 (CBFS'O)’ 227 (CZFM')‘ 177
(CFZI), 147 (CBFSO)’ 128 (C3Fh0), 127 (1), 119 (CZFS)’ 100 (CZFA)]é 97
(c2F30), 81 (C2F3), 69 (CF3, base), 50 (CF,), and 47 (CFO. The '“F NMR

spectrum is listed in Table 1.
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ICFZCFO

A mixture of ICFZCFZSOBF (0.42 mmol) and CsF was heated at 100° for

2 hours, Recooling to room temperature and fractionation of the volatile
products through traps cooled at -126 and -1960 permited the separation of
502F2 and traces of RfCFO from ICFZCFO (0.38 mmol, 91.% yield) which was
retained at -126°. The observed infrared bands were, cm-] (intens.):

1870 (vs), 1243 (vs), 1175 (s),1083 (vs), 901 (s), 842 (w), and 645 (m).
The 19F NMR spectrum is listed in Table 1.
RESULTS AND DISCUSSION

lodine monofluorsulfate was found to add across olefinic double bonds

according to:
CF CF=CF2 + 150, F———m CF_CFICF_SO_F

3 3 3 2773
CF2=CF2 + lSO3F —— |CF2CF2503F
= + — |
CF2 CFC1 ISOBF CFZCFCISO3F + lCFC]CF2503F

The observed order of reactivity was CZFA>C3F6>C2F3C‘ with the tetrafluoro-
ethylene reaction sometimes being quite vigorous, reasulting in oily or
solid polymer formation. The chlorotrifluoroethylene reaction, however,
required little moderation and proceeded at a rather slow rate after about
half the available ISOBF was consumed. The least reactive olefin was
perfluorocyclobutene which did not react with ISOBF under comparable
conditions although it does add CISO3F readily to give C-CuF6Cl(SO3F).[6].

The reactions of ISO3F with the above olefins occur in yields of 76-98

in agreement with the anticipated 1:1 stoichiometry. All of the products are

mobile, colorless liquids of low volatility.

Measurement of the spectral pioperties of the products confirmed their
identity. The formulation as I-Rf-SO3F adducts was confirmed by the mass
spectra which in all cases exhibited a readily detectable m/e peak attri-
butable to the expected parent ion. This is in agreement with neneral
observations for iodofluorocarbons. The other mass fragments support the
formulated structures. Noteworthy is the fact that m/e 83, attributable to

+ . .
the SOZF jon, constitutes the base peak in those fluorosulfates lacking a
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a CF3- group. In the latter case, m/e 69 due to CF3+ is the peak. The

infrared spectra of these compounds show the bands characteristic for a
monodentate SO3F group (-1500 cm-l, vs, vas 502; -850 cm,-l S-0, S-F
stretch). In addition to the expected strong C-F stretching modes there are
moderately strong bands in the 900-1000 cm.I region due to both C-C and

C-0 stretching vibrations.

Table 1. ISF Chemical Shiftsa and Coupling Constantsb
CF, CFi CF, CFCI CF, SO.F Je (Hz)
ICFZCFZSOBF 64.8 85.3 -48.6 9 u 7,4 238
ICFZCFCISO3F 8.5 72.8 TN J]29.u,J239.h
CICFZCFCISOBF 69.0 75.8 -48.9 J]25.6,J239.6
FOBSCFCICFZSOBF 79.7 86.1 -50.6 9 8 0 J233.u
-49 4 J3~8 2
lcrc1crzso3r 78.0 82.3 -48.4 lell .8, J 9 3
J238 2
- I
CF3CFICF2503F 74.8 148.6 77.5 -48.1 lell 8, J|39 !
J 21! 8, J3 8.1
ICFZCFO 59.8 -7.8 9 3 7
cr3crlcro 76.9 142.9 -19.6 ]212 .3, J|38.8
J 326.8

a Ppm upfield from internal CFCI3. The observed area ratios, multiplicities
and coupling constants verified the above assignments.

b The subscripts of the coupling constants refer to the sequence of the
carbon or sulfur atoms in the molecular structures given in the first

column of the table and increase from left to right.

pefinitive results regarding the structure of the compounds was furnished
by their 19F NMR spectra which are summarized in Table 1. These data, when

RI/RD 80-152
E-7

_— .- - e e e e e g mmmme e . —




compared to literature values [9] for similar compounds, are very character-
istic. The -503F fluorine shift is always near -49 ppm, while other carbon-
fluorine groups exhibit well established and distinct chemical shifts. It
is noteworthy that the isomer ICFC\CF2503F shows hindered rotation about
the C-C bond up to at least 80° as evidenced by the magnetic non-equivalence
(Av=9.3Hz) of the two fluorines of the CF2 resonance. This is often found

for similar ethane derivatives [10].

Two of the new fluorocarbon fluorosulfates were catalytically decomposed

as shown in the equation.

CsF

R.CF_SO_F—®=—S0_F, + R_CFO (Rf=ICF

geFp305F R S0, + R CFyCFI)

2’ 3
These high yield reactions are very useful in furnishing a derivative for
identification of the parent compound [5,11]. The acyl fluorides obtained

were characterized in the same manner as the fluorosulfates.

Overall these reactions of 1SO.F and olefins resemble those of CISO3F

3
[12]. Thus, CF3CF=CF2 gives only the one isomer expected for a directed

polar addition, while CF =CFC| gives two, even though both systems might be

expected to proceed by tie same reaction path [13]. Steric factors cannot
be important in these cases since the double bonds are not sufficiéntly
hindered to account for the difference. Thus, a single mechanism to
explain this behavior is not readily apparent. Nevertheless, it has been

shown that potentially useful organic derivatives of ISO_F can be easily

3

made. Additional studies of 1SO,F reactions are planned. Also it should

3

be mentioned that lN03, generated in solution as a pyridinium salt, has

recently been successfully added to unsaturated hydrocarbon substrates [14].
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APPENDIX F
SUBSTITUTION AND ADDITION REACTIONS OF NFhan WITH AROMATIC COMPOUNDS

SUBSTITUTION AND ADDITION REACTIONS OF NF,BF, WITH AROMATI(C COMPOUNDS

Carl J. Schack and Karl 0. Christe
Rocketdyne, a Division of Rockwell International
Canoga Park, California 91304

ABSTRACT

Benzene, toluene, and nitrobenzene interact rapidly with NFQBF“
in anhydrous HF to give, almost exclusively, fluorine substituted aromatic
derivatives. With benzene, up to five hydrogens were replaced, while a
maximum of four hydrogens were displaced in C6H5CH3 and C6H5N02. Nume rous
mono and difluoro derivatives were also formed with mainly ortho and para F
for toluene and meta F for nitrobenzene in agreement with an electrophilic
substitution mechanism. Very little loss of CH3 or NO2 substituents occurred
and the CH3 group was not fluorinated. The highly fluorinated aromatic
compounds C6F6, C6F5H, and p~C6FbH2, reacted much slower with NFABFA in HF,
even at room temperature. During these reactions, almost no hydrogen substi-
tution occurred, but addition of 2 or 4 fluorines to the ring took place.
The addition of the first pair of fluorines always gave 1, 4-cyclohexadienes
in which the )CF2

the second pair of fluorines resulted in the formation of cyclohexenes.

group was ortho to hydrogen on the ring. The addition of

These reactions occurred in high yield and the products were characterized

spectroscopically and by comparison to literature data.

INTRODUCT | ON

The known methods for introducing fluorine into an aromatic ring are

limited [1]. Classically the Balz-Schiemann has been used for step-wise
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introduction of F, while more recently XeF2 {2] and CF30F [3] have been widely

investigated. Although capable of very specific fluorination in some cases

these two compounds have a limited degree of reactivity and are not useful

for multiple fluorine substitution. When hign.y fluorinated aromatic compounds

are desired,the approach has been to use metal fluorides at elevated tempera-
ture in an exhaustive fluorination leading to saturated compounds. These are
then rearomatized by defluorination or dehydrofluorination reactions. Since
substituents on the ring are either fluorinated, e.g. CHB*CF3 or displaced,
it is necessary to reintroduce required substituents through additional reac-
tions. Clearly there is a need for vigorous, yet selective, reagents which
can directly introduce fluorine into aromatic compounds. Being aware of the
highly reactive nature of NFZ salts by reason of several year's of work with
them in these laboratories {4,5], and yet knowing that these salts are very
tractable under the proper conditions, an investigation was begun into their
usefulness for substituting fluorine into aromatic rings. We now report the
results of our initial screening of NFHBFh in reactions with simple aromatic
hydrocarbons; C6H6, C6H CH3, and C6H.N0 : and also with highly fluorinated

5 572
aromatics; C6F6’ C6F5H and p-CGFhHZ'

EXPERIMENTAL

Volatile materials were manipulated in a well-passivated (with C]F3)
stainless steel vacuum line equipped with Teflon FEP U traps, 316 stainless
stee] bellows seal valves and a Heise Bourdon tube-type pressure gauge.
Hydrogen Fluoride work was carried out in an all Monel and Teflon vacuum
system. Transfers outside the vacuum line were carried out in a drybox.

Infrared spectra were obtained using 5 c¢cm path stainless steel cells with

AgCl windows and a PE Model 283 spectrophotometer. Mass spectra were measured

19

with an EAl Quad 300 quadrupole spectrometer and F nmr spectra were

determined with a Varian EM390 spectrometer operating at 84.6 MHz, using TMS or

CFCI3 as an internal standards. Positive chemical shifts are upfield from
CFC1, and downfield from TMS. Raman spectra were recorded on a Cary Model
283 using the 4880 R exciting line. Gas chromatographic data were obtained
using a Varian GC under isothermal conditions (1350) with a stainless steel

column (1/8" X 10') packed with Poropak PS. The solid NFABF“ was prepared

RI/RD 80-152
F-2

ERCESPNTNE. DEPVET N g

e e e e e e




from NF_-F -BF3 at low temperature using UV activation, which gives essentially

3 2
pure material [4].

NF,BF, Reactions With Aromatics

56£6' A sample of NFhBFh (4.07 mmol) contained in a Teflon (FEP) ampoule
was dissolved in anhydrous HF (4 ml) and cooled to -78°: Hexafluorobenzene
(1.25 mmol) was condensed into the ampoule which was then warmed gradually
while stirring magnetically. After being overnight at O—IOO, the clear,
colorless solution was cooled to -78° and the volatile material quickly
3 (1.24 mmol)

contaminated with traces of HF as shown by an infrared spectrum. The reac-

removed by passing to a —196o trap. The -196O trap contained NF

tion was allowed to continue another day at room temperature. While maintain-
ing the reaction ampoule at 00, the volatile products and HF were separated
by fractional condensation in a series of U-traps cooled at -45, -78, and
—1960. The -196o fraction, NF3 and HF, was discarded and the -45° trap

was empty. The -78° trap contained a white solid, which melted to a color-
less liquid above 0°. Examination of this material by infrared [6] and gas
chromatography showed it to be 1, U4 perfluorocyclohexadiene (1.18 mmol,
94.3% yield) with a slight amount (2-3%) of unreacted C¢Fg- Intense ions

in the mass spectrum were observed at m/e (assign.): 224 (C6F8), 205 (C6F7),
186 (CcFe), 174 (Cst)’ 155 (csrs, base), 136 (cst), 124 (c,F)), 117
(C5F3), 105 (ChF3)’ 93 (C3F3), 86 (CAFZ)’ 74 (C3F2), 69 (CF3),55 (C3F), and
31 (CF). The '°F NMR spectrum showed two equal area multiplets at 113.1 and
158.3 ppm in agreement with the literature [7] for l,h-C6F8. A white solid
remained in the reaction ampoule and it was shown by Raman spectroscopy

{4] to be NFhBFh (1.48 mmol).

265553 As in the preceding example, NFhBFh (4.29 mmol) in HF with
added C6F5H (1.35 mmol) was stirred and warmed from -78° for several hours
and then at room temperature overnight. Evolved NF3 was monitored and
about 3.3 mmol was noted. Several more hours stirring at room temperature
was followed by vacuum fractionation through U-~traps cooled at -45, -78,
and -1960. All material passed the -450 trap except for a small amount of
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NFQBF“ remaining in the reactor. The -I96° fraction was discarded. The
-78° trap contained 1.24 mmol of a colorless liquid whose infrared spectrum
indicated that it was composed of more than one cyclohexene [1770 (ms),

1740 (s), and 1720 c:m-I (vs)] as well as unreacted C6F Gas chromatography

H.
showed three components which were analyzed individual?y by mass spectro-

scopy. In order of elution they were; (1) 1, b-C6F8, 26.1% (2), lH-hepta-
fluorocyclohexa -1, 4-diene, 66.3%, and (3) CGFSH’ 7.6%. The mass spectra
of the fractions agreed very well with published data [B] for the assigned

19

compounds. In addition, the F NMR spectra confirmed the formulated
structures. For 1-H heptafluorocyclohexa -1, 4-diene,a literature report of
the NMR spectrum was not found, but by comparison with related compounds

[9, 10] it was apparent that the observed resonances and area ratios were
reasonablie for that structure, position of H or F, ppm or & (rel. F area):
1-H, 5.93; 2-F, 127.7 (1); 3-F, 115.2 (2); L4-F, 160 (1); 5-F, 155 (1),

6-F, 101.7 (2). Only 8% of the C6FSH was recovered unchanged. Of the reacted
material, 25% was obtained as 1, 10-C6F8 and 65% as 1, h-C6F7H. The balance

was not accounted for.

E-CEF!HZ. A mixture of NFhBFh {(4.18 mmol) and p—CGFhHZ (1.43 mmol)
in b ml HF at -78° was stirred and warmed to 0o over 3 hours, followed

by overnight stirring at 0-20°. Fractional! condensation at -78o and
-196o was used to separate HF and NF3 from the products which were retained
in the -78° trap. No unreacted NFbBFh remained in the reactor. The
original -78o fraction was further separated by refractioning through

-45 and -78° traps. The former contained 0.21 mmol of a colorless

liquid whose infrared spectrum showed a strong band at 1710 cm-' typical
for the double bond of a -CF=CH- group. Analysis using GC/MS procedures
showed this material to be 1H, LH-hexafluorocyclohexa -1, b-diene [11].
Prominent mass spectral peaks were found at m/e (assign.): 188 (C6F6H2),
169 (C6F7H2, 150 (CF H,), 138 (CSFqu), 137 (csrku), 119 (c5F3H2 base),

99 (cst“)' 94 (C3F3H), 93 (C3F3), 88 (C,FH,), 8 (csruz), 80 (CSFH),
75 (C3F2N), 69 (CF3), 68 (CAFH), 61 (CSH), 57 (C3FH2), 56 (C3FH), 51
(CF2H), 50 (CFZ), Ll (CZFH), and 31 (CF). The !'°F NMR spectrum for this
compound agreed with published data [11]. Similar analysis of the -78°

fraction showed it to be a mixture of unreacted p-C6FhH2’ the above
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described H, 4H cyclohexa -1, 4- diene, and a compound of empiracal formula
C6F8H2. An infrared spectrum of the latter compound showed bands at r.m-l
(intens.): 3070 (w), 2960 (w), 1710 (ms), 1380 (s), 1355 (w), 1260 (m),

1150 (s), 1065 (m), 1030 (m), 743 (mw), 637 (w), 580 (w), and 582 (w).

The bands near 3000 cm-‘ are assignable to ~C=C-H and C-H stretches
respectively while the 1710 cm-' peak is typical of a -CF=CH- stretching
vibration [12,13]. Strong ion peaks in the mass spectrum were at m/e (assian):
226 (CFgH,), 207 (CoFoH,), 186 (CoFo), 157 (CgFgHy) s Thb (C FeH) L 137
(cSFkH), 119 (CSFBHZ), 117 (c5F3), 113 (C3FbH), 94 (C3F3H). 93 (c3r3), 75
(CBFZH), 69 (cr3), 57 (C3FH2), 51 (CFZH), and 50 (CF,). The NMR spectrum
of the -78° fraction confirmed the presence of p-céFhHZ’ IH, bH-hexafluoro-
cyclohexa -1, b-diene, and 1H, 4H-octafluorocyclohexene, position of H or F,
ppm or & (rel. area): 1-H, 4.1 (1); 2-F, 121.5 (1), 3-F, 118.1 (2), 4-H,

L7 (1), 4-F, 1344 (1), 5-F, 130.3 (2), 6-F, 110.4 (2). Of the starting
material, 22% was recovered unchanged. Of that reacted, 47% was converted

to C6F6H2 and 42% to C6F8H2. The balance was not accounted for.

CEHSNOZ' To a stirred solution of C6HSN02 (10 mmol) in 5 ml HF at -78°
was added dropwise over 30 min., a solution of NFhBF“ (2.88 mmol) in 5 ml
HF. Reaction of the NFABFA was shown by an increase in pressure due to NF3
evolution. When all the NFhBFh had been added the reaction was gradually
warmed to 0° and feft overnight. During the warming, the reaction solution
changed from pale yellow to dark brown. Keeping the reaction ampoule at
-hSo, the NF_, HF, and other volatile materials were pumped away through
-78 and -196" traps. After the majority of the HF was removed, the reactor
was isaintained at 0°. Everything that passed the -78° trap was discarded.
The -78o fraction consisted of a few droplets of an almost non-volatile
liquid. Mass spectroscopy of the vapor from the drops showed minor amounts
of aromatic fluorocarbons which did not contain NO2 substituents. These were
of empiracal formula C6FnH6_n(n= 1-4). The principal ion peaks observed were
m/e (assign.): 85 (NOZF'HF), 49 (NOF), and 30 (NO). Examination of the liquid
remaining in the reactor by NMR spectroscopy showed that five fluorinated
compounds were present and all were found to be substituted nitrobenzenes
by comparison of the observed chemical shifts with reported values [9]. By

measurement of the area of the resonances the amount of each compound was

s
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calculated: o-C6FHhN02 (15%), m-CGFHbNOZ (622), P'C6FHAQOZ (6%), 2, 6- or

3, 5-difluoronitrobenzene (15%), and 2, 4-difluoronitrobenzene. The large
excess of 66H5N02 employed, and stil} present, masked the IH spectra of
these products and thus the 19

F spectra were relied on for identification.
CEHSCH3' Toluene and NF“BFA (1:4 molar ratio) were reacted by
condensing the hydrocarbon onto the stirred HF solution of the salt at
-780. Alternatively, toluene in HF at -780 was treated dropwise with a
solution of NF BF, (1:2 molar ratio). In either case instantaneous reaction
occurred and the solution became black. After warming to 0° for a few hours,
these reactions were worked up in the usual manner. Much tar like residue
remained in the reactor in each case. Examination of the veclatile species
trapped at -78o by infrared spectroscopy showed strong bands near 1500 cm
confirming the presence of aromatic species. Mass spectra of these fractions
showed in both experiments that only aromatic substitutjon products were

present; these were of empiracal formula; € Fan_n (n= 1-4). The low

intensity of the m/e 69 and 51 peaks indicaZed the probable absence of CF3
or CF2H groups in these compounds since the intensity noted for those peaks
can well be attributed to CI'FH2 and ChH3 ions. From the reaction using a
higher ratio of NFA there was found a significant but not large amount of
C6F“H2, indicating some displacement of CH3 from the ring. The NMR spectra
of these products confirmed that various fluorotoluenes were present [9],
approximately in the amounts given (%); o-C6FH“CH3 (15), p-C6FHqCH3 (15),
m-C6FHCH3 (8) 2, L-difluorotoluene (30), other di- and tri-fluorotoluenes
(25), and 2, 4, 5, 6-tetrafluorotoluene (7).

CEHE‘ Benzene and NFABFA were reacted using the same two technigques
described for toluene. |t was not possible to prevent charring and blackening
of the benzene. Nevertheless, isolation of the volatile products condensable
at -78° and examination of their mass spectra showed that substantial substi-
tution of H by F had occurred, C6FnH6-n (n= 1-5). No C6F6 was observed and

only minor amounts of addition products, C6F6H2 and C6F7H.
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RESULTS AND DISCUSSION

These experiments show a sharp difference in the reactions of NFQBFA
with aromatic hydrocarbons, on the one hand, and with highly fluorinated

aromatics, on the other hand. |In the case of the hydrocarbons it ws found

R . . . o . .
that a vigorous fluorination reaction occurred, even at -78 in HF solution.

This reaction resulted in the substitution of F for H on the ring with
X - . , . +
retention of aromaticity. With high ratios of NF, to 9 (-3), the number
of fluorines substituted was up to 5 in benzene as shown in the general
equation:
HF

"NFABFA + C6H6_—'C6FnH6-n + nNF3 + nBF3 + nHF

where n= 1-5

At the higher ratios of NFZ to substrate the reaction was more difficult

to control and more ''‘char'' formation was noted. Hexafluorobenzene was not
observed even though it is easily detected by mass spectroscopy since its
parent ion is the base peak in its spectrum [8]. Only trace quantities of

partially saturated species, C6F6H2 and C6F7H, were observed.

In order to determine whether the fluorination was an electrophilic
reaction, the reaction of two substituted benzenes, CGHSCHB and C6H5N02
was investigated. These were chosen because of their well known dissimilar
activating effects in aromatic substitution processes. Since the CH3 group
is electron donating and the NO2 group is electron withdrawing, it was
anticipated that the ortho-meta-para product distribution would allow dis-

tinction between an electrophilic and a free radical reactic: path.

The ratio of NFZ to toluene was in the range of 2-4:1, thus, con-
siderable amounts of fluorine were available (assuming one F/NFZ is

available for substitution) and multisubstitution was expected. As the

result of a very rapid -78o reaction the observed general reaction was:

nCH where n= 1-4

5-n7"3
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The low relative intensity of m/e 69 and 51 in the mass spectra of the products,

strongly indicated that CF, and CF_H groups were not present. Similarly no

other spectroscopic evidenie was oitained for CH3 group fluorination. For
wono and di-F products, a typical product ratio was:o-F (15), m-F (8),

p-F {15), 2, 4 di-F (30), ard mixed di- and tri-F (25). Obviously 0- and .-
products predominate for this electron rich ring, a result which is compati-

ble with a electrophilic substitution prucess.

For the nitrobcnzene reaction with NFQBFb a{i0:3) ratio, respectively,
of those reactants was used. Even with a@ higher concentration of C-H sites
of reaction, this reaction was milder as exemplified by a slightly slower
NF_ evolution and the lack of darkening of the solution until the mixture

3

was warined to about 0°. Fluorine substitution occurred to give CéFnHS_nNO2
(n= 1-4) compounds. Minor amounts of FNOZ-(HF)n were formed and traces

of c6FnH6-n species, but overwhelmingly, the NO2 was not displaced. The
observed products were mainly monosubstituted with the relative amounts being:
o-F (16), m-F (62), and p-F (7). The abundance of meta product was consistent
with a reaction in which an electrophile attacks a ring substituted with an

electron withdrawing group such as N02.

For nitrobenzene a yield of fluorinated products was not determined
since only a few volatile products were separated from the large excess of
¢N02. However, in view of the high relative amount of mono-F species and
the limited amount of charring, it is believed that the yield was quite
high. For the much more reactive C6H6 and C6H5CH3, yields varied widely.
Volatile, fluorinated species were observed equivalent to 30-60% of the

starting aromatic compounds.

From these screening experiments it is readily apparent that NFZ
salts might be very useful reagents for the preparation of substituted
fluoroaromatics, especially when multisubstitution is desired. No evidence
for addition reactions was observed until at least 4-5 fluorines had been
introduced into the ring. Also, it is apparent that milder, more controlled
conditions are required to exploit fully this very active reagent. More
dilute solutions and lower temperatures are obvious changes to be investi-
gated. Nevertheless a new method has been discovered for substituting F for
H which retains aromatic character and may not adversely effect saturated or

idized substituents.
ox! RI/RD 80-152
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To obtain more data on the step-by-step reactions of aromatics with
NF: it was decided to examine systems which were highly fluorinated and thus
more inert toward a strongly fluorinating eiectrophilic reagent. This
was also expected to show whether the apparent tendency of these systems to

stop at the tetra- or penta- fluoro stage was general.

Experiments were carried out using three different fluoro benzene
materials. All reacted gradually at, or near, ambient temperature. The fluorine
uptake by the substrates was equivalent to one F/NF3 and the liberated LFB was
recovered and measured. All solutions and products were ¢ 'orless thrcuagh-
out the reactions. Excess, unreacted NFABFA was recovered and measured (0O
confirm the observed stoichiometry of reaction. The products were identified

spectroscopically and many have been reported in the literature, making their

identification unquivocal. The overall results are shown by the equations.
F F)
F F F F
—_—
F F F F
F Fz
(94%)
H H F
—_— +
F F F F2 F F
F F F,
(65%) (25%)
H H B H H
F £ F, F F, F K F
_—r + and
H H ) F'H HOF
(47% 42%
i (42%) i
e
Vd
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For all of the three highly fluorinated benzenes, the addition of the
first two fluorines occurs in para position to each other (1, 4 addition)
and ortho to any hydrogen, if present. The addition of a second pair of
fluorines cannot proceed by a 1, 4 mechanism without changing the ring into
a bicyclo form, which is generally encountered only under photolytic condi-
tions. Thus, the second pair of fluorines undergoes a 1, 2 addition to yield

a cyclohexene.

For penta fluorobenzene, some substitution was also observed. At this
point, we cannot say hether this is the result of a true substitution or
of an addition - elimination reaction. In the case of p-CGFqu, the second
F2 addition produces the 1H, L4H-octafluorocyclohexene which has two possible
geometric isomers. Trace quantities of the saturated product, C6FIOH2' were

also detected by mass spectroscopy.

These addition reactions are novel and offer a controlled high yield
path to dienes which have previously only been obtained as parts of complex

mixtures [14].
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APPENDIX G
REACTIONS OF ELECTROPOSITIVE CHLORINE COMPOUNDS WiTH FLUOROCARBONS

Reactions of Electropositive Chlorine
Compounds with Fluorocarbons

Cart J. ScHack anp Kare O. CHristit
Rocketdyne. Division of Rockwell laternational. Canog. Park, Californis 914 USA

(Received 25 December 1977

Abstract. The reactions of simple chionine contaiming compounds of the general
composiion XCl are reviewed and discussed The compaunds included fo1 review are
CIF. R,OCL SF.OCI. CF.OOCI. SF.OOCI CIOSO,F. CIOCIO, and CIONO, i 1s
concluded that most of the known reaction chemistry of electropositive chlofine
compounds can be rationalized in terms of ewther addition of C-X across muinple
bonds or oxidativ e addition to atoms. such as 1odine or sulfur in their lower oxidation
states The chserved vanety of final reaction products can be explained by a multitude
of secondary reactions which can involve either ehminanions. further sddinons or
degradations The observed reactions are casily moderated and controlled and only

seldom 18 no reactivn encountered

INTRODUCTION

This review 1s concerned with the reactions of simple
chlorine containing compounds of the general composi-
tion XCl in which the chlorine atom has electropositive
character. The X* ~CI*" polarization of the XCI bonds
arises from the combination of chlorine with a group of
higher electronegativity. The compounds included for
review are CIF, R,OCl. SF,OCl, CF\OOCI. SF,00CI,
CIOSO;F. CIOCIO;, and CIONO;. Except for chlorine
monofluoride and chlorine nitrate, these compounds
have all been discovered within the last 15 years. Never-
theless during this relatively short period an extensive
reaction chemistry has developed involving both inor-
ganic and organic compounds. In particular. the incorpo-
ration of positive chlorine species in fluorocarbons and
their reactions with fluorocarbons are often unique. This
review was written because this area of investigation is
most interesting and fruitful and since 1t has not previ-
ously been reviewed.

By virtue of the combination of chlorine with a highly
clectronegative substituent, all of these materials are
medium to strong oxidizing agents. As a consequence of
this, care in their handling and use is mandatory. On the
other hand, it is this enhanced reactivity which promotes
and makes interesting their reactions with the “inert’
fluorocarbons.

CHLORINE MONOFLUORIDE
Synthesis and Properties
Chlorine monofluoride was first prepared in 1928 by
Rufl and Ascher' by a thermal reaction of the elements.
Because this reaction can be difficult to control, the
alternate method of Schmitz and Schumacher’ is com-
monly used to obtain CIF.

Ch,+ CIF, —— 3 CIF

Recent detailed descriptions of this method are available
for either flow’ or static’ conditions as well as flow
conditions for the reaction of the elements.’ The low mp
(~156°C) and bp (-100°C) of CIF facilitate its manipula-
tion in vacuum systems and permit contact and mixing
under moderating effect of low temperature. Extensive
reviews** have been published on the physical properties

Israel Journal of Chemisiry

and general chemustry of CIF and other interhalogen
fluorides.

Musgrave® has described carly reactions of halogen
fluonides with organic matenials. Others™ ' have touched
on the subject but have been more concerned with
systems leading to the addition of the elements of XF
(X = CL Br. 1) to organic substrates. The reagents used in
the latter reactions are generally not the interhalogen
fluorides themselves but rather muxtures of X and F
sources such as N-halosuccinimide and HF. The recac-
tions of CIF surveyed in these monographs attest to s
oxidizing character and vigorous nature

Based on the observed reaction chemustry and the
common acceptance of fluorine as the most electronega-
tive element, it was a consensus that the direction of the
polarization in chlorine monofluonde s CI*"-F'  Re-
cently, however, this concept was disputed by Ewing et
al.'" who, based on Zeeman eflect measurements, con-
cluded that the sign of the electric dipole 1n the molecule
should be CI*-F*. Shortly after this repur.
Hartree-Fock calculation by Greene'" and ESCA results
of Carroll and Thomas' were published which supported
the classical electropositive chlonine concept for CIF. At
about the same time, some of the original authors of the
Zeeman investigation reexamined'’ their results. While
no error in the experimental data was found it was
concluded that the marginal nature of the Zeeman dipole
measurements was insufficient to prove the direction of
the dipole. and that the measurement should be repeated
under higher resolution conditions. The ESCA expen-
ments fulfill this need and it is zafe to say that the polanity
in CIF is as expected. The reactions of CIF with
fluorocarbons which reflect this polarity, are divided by
type and summarized in the following paragraphs.

Chlorination

Reactions of CIF which have most often been used to
attain chlorination of a substrate are those involving
alkali metal salts, ~-OH, and ~CH functions. ln the case of
salts the formation of the alkali metal Ruoride provides
an effective driving force for the reaction. This method
provided the first synthesis of the perfiuoroalkyl hypo-
chlorites CF,OCI" and (CF,),COCL"

Vol. 17 1978 pp. 20-30
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KOCF, + CIF —— KF + CF.OCl
Assurance that only the salt and not its decomposition
products, COF; and KF. reacted. was achieved by con-
ducting the above reaction at a temperure of -78°C at
which no decomposiion of the KOCF, starting matenal
1s possible. The class of R,OCl compounds. which are
themselves positive chlorine species, will be discussed 1n
detail later

Cesium saits obtained as by-products in fluorocarbon
ester reactions were ideatified by treatment with CIF.™

CE.CI 0
]

CFLCHOCS » CIF — CE.CCE.Cl = HCL+ CsF
)

(CF).COCs + CIF ~ CF.C'CF, + CF,Cl + CsE

Here one would have expected an alkyl hypochlorite to
form. That it was not observed might be due to lack of
controlled reaction conditions causing decomposition of
the hypochlonites to the products shown. A simple
chlonination was noted™ for the trifiuoromethyl sulfinate
salt.

CF.S0.Cs + CIF = CFSO,Cl + CsF

Another effective driving force resulting in chlonnation
1s the formaton of HF. Several -OH compounds have
thereby been converted to the corresponding hypochlo-
rites.”

ROH + CIF —=% ROCI + HF

R = (CF.),.C-. (CF,),CH-, (CF,),CCH.. CF.CH-

However, perfluoropinacol gave only degradation pro-
ducts while ¢-butyl alcohol reacted explosively. From the
successful cases it was concluded that one CF, group in
the a position is all that is necessary 10 allow preparation
of the hypochlorite from the alcohol. Peroxy hydrogens
can also be substituted by chlorine using CIF.”

-1c

CF.O0H + CIF —— CF,00CI + HF

No O-O bond cleavage was observed and thus no
CF,OCl formed. The reported stability of the compound
at 25° has not been experienced by others™ although it is
sufficiently stable to be synthetically useful as will be
shown later. Quite recently DesMarteau® has utilized
this reaction path to prepare and isolate for the first time,
perfluoroacyl hypochlorites.

R,COH + CIF —— R,CO.Ci + HF

R, = CF], CsF'r

As expected the compounds have low thermal stability.
In addition they are explosive. Displacement of hy-
drogen from carbon need not occur if a more reactive site
is available in the substrate as in the case of the alcohols
described above. Lacking the presence of a more reactive
group, however, stepwise substitution of H by Cl can
occur. ™

CF,SCH,CHSCF, + CiF - CF,SCHCICH,SCF,
+ CF,SCCI,CH,SCF; + HF

In this relatively uncontrolled experiment, one and two
chlorines were substituted onto the same carbon indicat-
ing a preferential reactivity. This specificity is further
demonstrated by the fact that the sulfur is not affected

g}

even though sulfur s often attacked and ouidized by CIF
in simlar compounds.® Aromatic hvdrocarbons have
been studied by Gambaretto and Napoh ™ Uwsng
staichiometric quantities. monachloro substitution pro
ducts were obtained 1n all cases with vields ranging from
6-80% . Benzene gave chlorobenzence. and toluene prov
duced - and 4-chlorotoluene 1 a 21 ralio Stvrenc
reacted pnmanlhy via CIF addinon 1o the olefin side
chain, but this was succeeded by hinuted substituion
the para position only These aromatic chlonnations are
indicative of a directed electrophihe attack  In these
instances as in others, carefully selected reaction condy
tions, such as solvents. diluents, and low temperature.
resulted in controlled speaific chlonine substitution reac-
tions. Furthermore. m all the preceding examples Clk
reacted exclusinely as a positinve chlonne material

Fluorination

Non-oxidative fluorination. Relatively few ciases have
been reported 1n which CIF acts simply as a fluonine
substituting agent. One process imohang fluoninanon as
a significant pathway s the comversion of cvanunc
chloride to the fluonde ™

Cl F F.
NV/\N N/\ N CIN NC
N + ‘
CIK\/HO F Q F F:K/’) F:
N N N
Cl
1 1

Pure CIF produced 43% I and 17% II. while pure CIF,
gave only 1 but in the same yield. Presumably the
nitrogen lone pairs increase the negative character of the
ring chlorine thus facilitating its combination with CI*’
and replacement with fluorine. Perhaps a more plausible
explanation for the above reaction is the stepwise addi-
tion of CIF across a C=N double bond. followed by Cl.
elimination. Product Il could then be obtained from 1 by
a repeated CIF addition. The analogous reactions were
observed for the addition of CIF to nitriles. Although not
exclusively a fluorination process. the action of CIF on
tetrachiorobutadiene has been shown™ to be partially of
that nature.

CICH=CCICCI=CHC1 = CICF,CFCICFCICF.Cl (15% 1)
+ Ci,CFCFCICFCICFCI; (25% Il) + C,F.Cl. (50% III)

Most probably CIF addition to the double bonds occur-
red, followed by HF or HC! elimination. followed by
further CIF addition. As a net result, fluorination, chlori-
nation, and chlorofluorination all occurred, but the
former was dominant. For comparison, CIF, gave similar
products but the amounts of Il and Il were reversed as
would be anticipated in view of its higher fluorine values.
The displacement of chlorine from fluoroalkyl
chlorosulfites to furnish the fluorosulfite has been re-
ported.”

(0] o

| |
R,OSCl + CIF — R,OSF + Cl,
R, = CF,.CH, (CF;),CH-, (CF,);,CCH
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This halogen exchange could not be eftected by NaF or
KF even at 120°C. Side reactions were not encountered
and the fluoroalk vl fluorosuifites were found to have ven
good theemal stabitits AR of che foregomg reactions are
examples for the replacement of chlonne by fluonne

Oxidanive fluonnation. Dunng studies on lower valent
sulfur and nitrogen containing fluorocarbons. Shreeve
and coworkers have made sery skillful use of CIF
reactions. Some of their carly work has been summar-
ized. ™ Basically. it has been shown that CHF 1s capable of
eftecting stepwise oxidation of S(I1) to S(IV) and S(VD)
without Jarge amounts of C-8 bond cleavage. Generally.
this 18 achieved through careful reaction temperature
control, but somenimes the nature of substituents on
sulfur ts the dominant factor in determammg the final
oxidation state of sulfur in the product. Afthough these
are multistep fluorination reactions and probably involve
intermediate $-Cl moieties, these have not been ob-
served untf the § (V1) stage 1s attained as in RSF.CI

The first report™ of this kind of fluorinanon used a
-78°C reaction temperature which resuited in exclusive
conversion of S(11) to §(1V).

R/SR; + 2 CIF — R,SF:R;
Ri=CF.- R{=CF.-. CF.CF.-. CF.CF,CF-

Yields were greater than W% and no C-8 bond breakage
was noted. In contrast. when conventional fluoninating
agents (AgF., CoF, F:) were employed. only C-S§ scission
and degradation products were obtained. The use of CIF
at  higher temperatures resulted ine  additional
oxidation™" furnishing S(VI) derivatives. However,
these reactions were now accompamed by significant
amaouats of C-8 bond cleavage.

CF SCF, + CIF — CF.SF,CF, (48%) + CF,SF.C1 (25%)

CF.SCF.CF, + CIF — CF,SF.CF,CF, (13%)
+ CF,SF,Cl (13%) + CF,.CF.SF.CI (31%)

Interestingly. these (V1) compounds with pseudoocta-
hedral geometry were found by NMR to be mixtures of
cis and trans isomers. These reactions yic!ded the first
examples of the cis isomers, since previously published
electrochemical methods* provide only the trans isomer.
Also, if the substrate for the CIF reaction does not
belong to the R,SR, type but has one R, replaced by -Cl,
-SCF.." or R*™™ then again only the trans isomer is
formed.

R,SCl+ CIF— R,SF,CI (55% )
R, = CF_;‘, C;Fr. H—C\Fr-, n—C.Fw
R;SSR, + CIF —» R,SF,Cl (25-75%)
Ri= CF‘-, C;Fq—-
CF.SR + CIF - CF,SF.R (70%)
R= CHJ-. CzHg—
CF,SCH,SCF, + CIF — CF,SF.CH,SF.CF, (30%)
+ CF,SF.CH,F (15%)
For the R,SC! and R,SSR, cases there were observed
varying amounts of R,SF, products formed by the dis-
placement of Cl by F in R,SF,Cl. While in the R,SR~CIF
reaction the intermediate S(IV) products could be iso-
lated, R,SR and CIF were found to give hexavalent sulfur

only, even at low temperaure and with less than
stoichiometric amounts of CIF. Thus the presence of the
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alkyi group promotes considerablhy the case of onadation
of the sulfur central atom by thas clectrophibic reagent
Somewhat at vanance with these resualis are the hndings
of Haran and Sharp™ that are shown by the equation

CFCF,
' ]
CESCE.CECFCESCE. - ClF CHO

!

CESECECEORCE SE O
Both sulfur atoms were ondized bur onlv o SV
despite excess quanhnes of ClF bemng present In adds
tion. the refuctance of the sulfur to parnapate i this
reaction s reflected by the fact that 7370 of the starting
matenal remained unreacted  Appatently there s an
increasing tendency 1o resist oxidanion as the bulkiness o
the fluoroalksl part of the molecule increases Moge
examples are needed to venfy this trend Cvalic per
Auoroalkyl sulbdes are also capable of stepwise ondative
Auormation with chlonne monoflyonde

SF, S S
VN PN
FCTCE _(\‘ CF. b7
o A
FC—CF, ™ FOC—CF, " 10-—(l
(63%) 1740, )

Again only temperature controb s required to produce
either an SV} Ruonde or an SV fluonde in good
vield. Similar results were obtained for the room tempet
ature reachon of perfluora-1, -dithictane and perfluoro-
1, 4-dithsetane ™

S SE
F.-C/ >CF: + CIF — F:(‘: >(‘I-.. (40% )

s Sk,
S Sk,

Fz(‘/\CF, F;(‘/\(‘F;

l + CIF —— | I (32%)

F.C CF. F.C CF.
N7 NS
S SF,

Unfortunately no low temperature cxperimenis were
carried out with the dithietancs. but it is to be expected
that at lower temperature the sulfur (1V) luoride analogs
of these compounds could be prepared. Once more.
it should be noted that in all the fluorination reactions
examined involving cyclic or acyclic disulfides, the only
products isolated were those in which both sulfur atoms
are in the same oxidation state. S(IV) or S(VI). This is
characteristic for CIF since other oxidizing agents are
capable of forming molecules containing sulfur in two
different  oxidation states. In  particular, m-
chloroperbenzoic acid has exhibited selectivity in its
oxidizing action.™

CF,SCH,SCF, + 2 CICsH.CO.H —»
CF.SCH,S(O)CF, (%9%)

CF.SCH,SCF, + excess | — CF,SCH,S(O)CF, (80% )
+ CF,SCH,SO,CF, (20%)

Of the available sulfur atoms only one reacts giving a
suifoxide or a sulfone. This reagent does not oxidize
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bis-perfluoroalkyl sulfides. Sulfoxides are susceptible to
oxidative fluorination and several examples have been
reported. * *

i i

i /&

F,

/S\ N

EC O CF, .. FC CF

+ CIF —-— | !
F.C—CF;

O

It e
R,SR; + CIF ——— R,EF,R; (75-82%)

(94%)

R, = CFs-, C;Fx— R; = CF!_v CzFf“

Obviously, the Ruorination of the sulfoxides is a very
facile process as reflected by the low temperature condi-
tions employed and the high vields realized. In fact,
higher temperatures lead to C-S bond breaking. It
appears that doubly bonded oxygen on sulfur compared
to two fluorines enhances appreciably the oxidation from
S(IV) to S(VI) by providing increased electron density at
the sulfur. This parallels the results for electron donating
alkyl substituents on sulfur.™

The identification and characterization of the various
sulfur (1), (IV). and (V1) fiuorides and oxyfluorides is
generally quite precise. This is due to the "F-NMR
chemical shifts characteristic for the various species
containing sulfur in different oxidation states. The appli-
cation of this important tool to these systems has been
summarized by Shreeve.” A final instance of oxidative
fluorination of fluorocarbons via CIF has been described
for chloro(hexafluoroisopropylidenimino)sulfur(ll) and
bis(hexafluoroisopropylidenimino)disulfide.”

(CF.).C=NSCl + CIF
-
>7;—» (CF,),CFN=SF,

[(CF,)2C=NS}. + CIF

In each case sulfur (1) is oxidized to sulfur (IV) Auoride
by what is effectively a 1,3 addition of fluorine accom-
panied by a double bond shift and the cleavage of either
an S$~Cl or S-S linkage. Many other fluorinating agents
(e.g. NF,0, AgF;, CsF, but not KF) also gave the same
fluorination product from the corresponding sulfenyl
chloride. Once more, electron donating groups bonded
to sulfur are seen to promote oxidative fluorination.

Chlorfluorination

Addition. Saturation of multiple bonds by the addition
of CIF represents the most common usage of CIF. Usable
multiple bond systems include: C=C, C=0, C=§, S=N,
C=N, and C=N. Some of these reactions require catalysis
but most do not. Normally a directed polar addition
occurs in high yield but exceptions to this rule are also
known. In this section we will be concerned only with
simple additions. Systems that also undergo fluorination
or extensive bond cleavage will be discussed separately.
The use of solvents and cooling permits good conversion
of ethylene derivatives to the corresponding CIF adducts
without attack on hydrogen.’

CICH=CH, —— CIFCHCH,Cl  (12%)
CICH=CHCl —— CIFCHCHChL  (75%)
#CH=CH, —— ¢FCHCH,C1  (80%)
RI/RD 80-152
G-b

21
Markovnikov addition was observed 1n each case With
butadiene a vanety of chlonne fluonde additions ensued’
attnbuted to a 1, 2-Markovnikov addition as a first step
followed by an only partally directed second addition

CH="HCH=CH, —+ CICH,CHFCH=CH, "

CICH,CHFCHCICH.F (69%)) +
CICH.CHFCHFCH..Cl (317,

The intermediate 1s an allvhic type olefin and reactions of
other allyl substrates were shown also to gne mined
Markovnikov and anti-Markovnikov CIF addiion pro-
ducts. Calculated electronegativity values for R in the
RCH=CH: compounds were used by Gambaretto and
Napoli to explain the various obsers ed proportions of the
different adducts. Boguslovskava. et al. ™ also carned out
a study of CIF additions to R-allvl type compounds,
correlating the nature of R- with the direction of addr-
tion. In all cases mixed adducts were found but in varyving
amounts. Moldavskii et al.,™® as part of a studv on
perfluoropropene reactivity, showed that CIF forms cx-
clusively i-C,F.Cl, the Markovnikov predicted product.
in greater than 90% yield. Thus with the exception of
allylic precursors, the reported CIF addinons are over-
whelmingly directed electrophilic additions.

Carbony!l groups are not affected by CiF alone How-
ever, in the presence of Lewis bases, such as CsF. they
are attacked readily to gencrate fluorocarbon hypochlo-
rites.

N - |

C=0 + CIF —— F-COC]
v - i
This mode of addition was discovered at nearly the same
time by three groups.'"*“** The French workers™ efforts*
were himited to CF,OC! which was first found by them as
a secondary product in the reaction of COF,; and CIF, on
alumina. Compounds prepared by the base catalysis™* *
were: CF,OCI, C,F.OCl. i-C,F.OCI. CICF,CF(CF)OCI.
and CIO(CF,);OCl. The intermediacy of R,Q species is
established in these systems and is wholly analogous to
the preceding discovery® of base catalyzed fluorination
of carbonyls to give R,OF products. The induced polarity
of the C=0 bond together with the fixed dipole of CIF
allows only a directed addition to give FC-OCI. In fact,
the same net addition was also reported by Fox and
coworkers* when strong Lewis acids, such as HF, BF,, or
AsF,, were present. It was postulated that acid catalysis
promoted hypochlorite formation through interaction of
the acid with CIF thereby increasing the CIF polarity and
reactivity toward carbonyl groups. However, polariza-
tion of the carbonyl bond according to **C-Q* |— AsF,
cannot be ruled out as an alternative explanation. The
interesting chemistry of these hypochlorites will be dis-
cussed later.

Thiocarbonyl groups would appear to be ideal candi-
dates for additions of CIF. However, only one report of
such interaction has appeared.” the reported reactions
being:

FCN=C=§ + CIF — CISCF,N=C=§
;
FCSCF, + CIF — CISCFSCF,

CF.SgSCF, + CIF — CICF(SCF.),
Schack and Christe | Electropositive Chlorine Compounds
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Catalysts were not required to convert the thiocarbonyl
to a sulfenyl chloride. Also. sulfide hinks and other
unsaturation in the starting matenals were unaffected by
the CIF Polar additions of CIF to S{(VI=N bonds have
been studied by Yu and Shreeve ®

CF.SF=NCF. + CIF - CFSENCICF,

Cesium fluonide may be used to promote this addition,
but is not essential. When the double bond involves
tetravalent sulfur and nitrogen. CIF causes cleavage (see
below). Numerous compounds containing C=N linkages
have been investigated with respect to CIF additions
Without exception, these additions are polar and result
in saturation of the C=N bond without its rupture For
example. fluorinated isocyanates react as shown:*

R(N=C=0 + CIF — R,NCICFO (60-90%)
R, = CF+, CF.CO-. FCO-. CI-

These products are gencrated at room temperature or
below and have typical chloramine reactivity, 1.e. with
HCl, chlorine is eliminated and the amine formed. Other
positive chlorine species. such as (1,0 and CF.OCl, are
unreactive toward the isocyanates.

Fluorocarbon imines have been extensively studied by
Shreeve and coworkers. Acylimines.* haloimines,” and
alkylimines™ " all add CIF without C-N bond cleavage

0 0
[ -
R,CN=C(CF .}, + CIF —— R,CNCICF(CF.); (75-99%)
R, = CF,-, C;F
XN=CR'R + CIF —— XNCICFR'R (60-80%)

R=CF-,CILF R'=CF:.CLF X=CLF -N=CRR’

The directed polar additions found do not usually require
the presence of a catalyst., such as CsF, 1o take
place unless the imino carbon is peraikylated. Then a
catalyst may be necessary. If the product chloroamine
also has a chlonne bound to the adjacent carbon it can be
dechloninated readily to give a rew 1mine.

CICF=NF -+ CICF,NFCl —

CF=NF ~2+ CF.NFCl -/ — -Cl,

Typical alkylimine systems are shown in the equation.

RN=CR’R" + CIF — RNCICFR'R" (70~95% )

R = CF,-, (CF.),CF- R =CF.-. F- R”
= CF

An example® of an imine which even under stringent
conditions does not react without a catalyst with CIF is
illustrated.

X~ CF,SF.N=CFCF, + CIF ——s
CFSF.NCICF,CF, (100%)

It is also noteworthy that the SF,-N bond is retained

under these conditions while certain SF.-C or SF.~Cl

substrates” are subject to significant fluorinative cleav-
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age under milder conditions Previoushy. the simultane:
ous fluorination and clorofluonnation  of cvanunc
chloride with CIF™ had been deseribed More recenthy . it
has been demonstrated™ that cvanune Quonde o~ an
excellent precursor to the same chlorofluonnanion pro
duct

(FCN) = 3CIF - (F ONCH, (e

Quite unexpectedly this tnazacyddohevane was tound o
serve as 3 mild flnonnanng agent i several cases bemg
reduced to (FON)vand C); Boas very rare that € F bonds
functton as active fluonine sources In addition 1o the
many C=N additions cited above 1t i also well estab
lished that minles can add Cit "

R,CN + 2CIF — « R,CENCL (65 "6%0)
Ri=CFe CFe- CICH, . CF,

These additions were carnied out i the temperature
range of 0 to =78°C and no mono CIE adduct could be
detected. even when less than g stoichiometiie amount of
CIF was used. This s caused by the fact that this
mtermediate imine, ~CENCL s more reactinve toward
CIF than the mitnle atself. Cvanogen chlonde behaves
similarly. but the chloroamine spontancoushy dechlon
nates ™

CIN = ClCF:N(‘l:—H":,:‘ Cl, + CF=NCI

In contrast to this 1s the thermobysis'' of the RNCI,
compounds which require a higher temperatuie. 200°C,
and results in of formation fo the azo compounds
R(N=NR,.

Addition and fluonination. In the addition reactions of
CIF occasionally fluorination was also observed and
could not be precluded. These limited cases gencrally
involve imino-type unsaturation ™

XL CFCCIN=C(CF);
+ CIF 24 CECENCICHCE ),

This product is the result of a series of CIF additions and
Cl; eliminations promoted by CsF. One of the corres-
ponding intermediates has been isolated for the related
imine.

b

CF,CCIENCF(CF,);, ——— CF.CF=NCHCF,),
noCab

CF.CCIENCF(CF.), —— CF.CENCICH(CF ),

Thus the ability to lose Cl, from > CCI-NCi- groups
plays a dominant role in these cases. Less eastly ex-
plained is the following azine-CIF reaction.®

(CF),C=N-N=C(CF.); — (CFL,CFN=NCCICF\);

(CF1C=N-N=C(CF,); — (CF,),CFN=NCCKCF ),

+ (CF),CFN=NCF(CF,),

Without CsF, a 1,4-chlorine fluonde addition occurs
whereas with CsF a displacement of Cl by F is also
encountered. The yield of the latter reaction varied but
could not be completely supressed. Further-
more, CsF and CIF could not be made to give the
fluorinated products using the 1,4-CIF adduct as a start-
ing material.
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Cleavage of bonds. Whiy the preceding CIF addition
schemes involved httic or no bond breaking. there are
numerous systems in which bond cleavage is the main
result of the action of CIF. For example. treatment of
KSCN at -30°C gives a variety of products, but none of
these retans an $-C bond.™

KSCN + CIF — SF.Cl. CF.\NCl,, SF,. CF.N=NCF,

. .
In ike manner. suifinyl amines do not generate any N-$
dervatives * ¥

RN=§=0) + CIF — RNCl, + SOF,
R = CF- FSO,

When CINSO s subjected to CIF, nitrogen trichloride 1s
a likely intermediate, although it was not isolated.*

CINSO —24 NCl, + SOF, —» 1.5 Cl, + 0.5 N,

It was always observed that S(IV)}-N bonds did not
survive the action of CIF. This also appears to hold true
for iminosulfur difluorides.®

R,N=SF, + CIF — R(NC}, + SF,
R, = FCO-. CF\CO-, CF:-, i-C\F ~, F.SNCF.CF~

Efforts failed to 1solate a mono adduct retaining the N-S
linkage.

In the discussion of sulfide~CIF reactions, the impor-
tant bond cleavage reactions of R;SSR, and R,SR, have
been mentioned. Sulfinyl esters show at least two differ-
ent bond breaking paths:®

(CF.);CHOSCF, + CIF — (CF,),CHOSF + CF,Ci
and

| i
(CF)L,C(CH,)OSCEF, + CIF — (CF,),C(CH,)OCI1 + CF,SF

Because this particular process was not studied in much
detail, it is not possible to define the conditions favoring
either an S-O bond breakage to furnish an hypochlorite
or an $-C bond fission to produce a sulfinyl fluoride. A
synthetically useful C-O cleavage reaction brought about
by CIF was reported for fluorocarbonyl trifluormethyl
peroxide.”
o

] .
CF,00CF + CIF ——» COF, + CF,00CI (88%)

This procedure simplifies the synthesis of CF,00CI by
elimination of the previously required intermediate step
of hydrolyzing CF,O00CFO to CF,O0H.

Summary. It is evident from the above discussion that
CIF has recently been successfully exploited in a variety
of fluorocarbon reactions. The high reactivity of CIF
under a wide range of conditions generally resuits in
goaod to excellent yields of specific products. Quite often
these are unattainable by other means. It is likely that
similar judicious applications of CIF to other yet unexp-
lored cases will provide interesting and useful results.

R,OCVSF,0C)
The close rclationship between the fluorocarbon
hypochlorites and pentaftuorosulfur hypochlorite per-
mits a joint discussion of their chemistry.

RI/Rv 80-152
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Svntheses and Properties

The earliest reported syntheses of R,OCl were base
catalyzed CIF additions to carbony! funchons ™ “' Al
though not widely tested. CLO was also used as a positive
chlorine source to prepare the influoromethyl derna:
tive *

COF; + C1.O ——~ CF.OC} - (C5OC)

The base catalyzed chlorofluorinanon process was alwo
applied to thionyl tetrafluonde.” ™

SOF, + CIF —2= SF.OCI
207

This is directly related 1o Rufl and Lustig's fluonnation
procedure® for the synthesis of SF.OF. Soon after the
original reports, acid catalysis was shown to be effective
in this hypachlorite formation.* Subsequently, the reac-
tion of CIF and certain alcohols opened vet another route
to fluorocarbon hypochlorites.” All of these R,0OCQ1
syntheses have been described in the preceding Clb
reactions sections. Fluorocarbon hypochlontes and
SF.OC} are colorless liquids and gases Volauhty s
related to molecular weight and is consistent with typical
covalent fluorocarbons. For example. CF.OC1 has a bp of
-46°C and SF,OC] has a bp of 9°C. The thermal stabibhis
of the simpler compounds decreases rapidly from that of
CF,OCl in the following order: CF,QOCi» C.F.OCI -
i-C,F,0Cl ~ SF,OC1. When an a fluorine is not present
as in the ROH derived hypochlorites.” (CF).COCI,
CH,C(CF,),0CI, (CF,,CHOCI. etc.. then they are re-
ported to be stable to at least 80°C. The hypochlonites are
all susceptible to hydrolysis which is one of the major
problems in utilizing them.

Reactions

General. The R,OCI and SF.OC! chenustry encom
passes both radical and polar reactions As part of the
characterization of these compounds. the mfluence of
UV photolysis was examined.

2 CF,0CI = CF.Q0CF, + (i,

2 SF,0CI — SF,00SF, + Cl,

The high yields (90%)** of these peroxide formng
processes render them useful for preparing these com-
pounds. For CF,OC! the photolysis has been studied
under matrix conditions.®® Longer chain R,OC! with a
fluorines give only degradation products attributed to
rapid decomposition of the R,CF.O radicals. When the
alkoxy radicals are stabilized by some special structural
feature, then again peroxides can be obtained via photo-
lysis.®

CH,C(CF,),0CI —7._;—» CH,C(CF;),OOC(CF,),CH, (90%)

(CF:HCOCI - (CF;,CO0C(CF), (30%)

Other radical combinations are aiso known,™” e.g. with
NF; to produce CF,ONF, and SF,ONF,. A reaction
directly associated with the positive chlorine nature of
the hypochlorites is the increased tendency to combine
with negative chlorine. Seppelt has exploited this prop-
erty as illustrated.**®
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CF,0CI + HCl —2 CF,0H + Cl;

SF,0C} + HCl —— SF,0H + Cl,

Trifluoromethyl alcohol is the first example of an isolated
primary perfluoroaicohol. These have always been consi-
dered as nonexistent owing to their ready loss of HF. The
thermal stability of CF,OH is greater than that of SF.OH
(dec at -20° vs. ~60°C) even though the former’s decom-
position is thermodynamically more favored. This has
been explained in terms of the longer intramolecular H
-F distances in CF,OH compared to that in SF,OH

Ozxidation. Spontaneous insertion of carbon monoxide
into the OCI bond of these hypochlorites occurs in a near
quantitative manner.* This is formally an oxidation of
the carbon.

o

R,0C! + CO —=% R,0CCI

R, = CF,-, C;Fs, i-CsF», SF;. (CF:1C-. (CF),CH-, etc.

Hypofiuorites undergo this reaction only with activation,
while the best known alky! hypochlorite, (CH,),COCI,
does not react with CO to 80°C. Fluorocarbon hypochio-
rites add directly to SO, at room temperature or
below.”* Excellent yields of the correspanding
chlorosulfate are obtained by inserting the sulfur of the
$O; molecule into the OCI bond.

R.OCl+ SO,— R,080,Ci

R.= CFy-. i-C\Fs, (CF)1C-, (CF),CH-, CH,C(CF ),
CF,CH~

This represents a formal oxidation of S(IV) to S(VI).
Under the influence of UV light CF,OC! has been found
to oxidize bis(trifluoromethyl)sulfide and tetrafluoro-1. 3-
dithietane.”

CF.SCF, + CF.OC! —;X (CF):S{OCF,),

s S(OCF.)
Fc] >cr, + CF,OCl—F,C < >cr,
S S{OCF,)

However, the duration of the described experiment
seems incompatible with CF,OCI being the active agent
in this oxidation of S(11) to $(1V). Thus, CF,OCI under
UV irradiation decomposes rapidly to CF,O0CF, and
Cl,. Therefore, uniess the oxidation of S(II} to S(1V)
occurs quickly it would appear that CF,O0CF, slone, or
assisted by Cl;, must be the oxidizing agent.

Addition. The addition of R,OCI to olefins has been
investigated by several groups.”™*“* Rapid reaction was
generally noted.

|
ROCI+ Cxc{ — ROGC-CCI
Ro=CF~  Olefin= CFCF, CH=CH, CF=CFCl,

CH~CHCl, CF=CH, CF,CF=CF,, CF,OCH=CH,
CFC=CFCi

R;= i-C,F~  Olefin = CF~CF,
R,# (CF,),C-  Olefin = CF=CF,, CH=CH,
R,=SF~  Olefin = CF=CF,, CH;=CH,

Except for CF}CFC‘. CF)CF‘F:, and CF)OCH-CH;
one product only was formed in these directed additions.
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That product was the one predicted on the basis of the
chlorine from R,OCI adding to the most electronegatinve
carbon of the C=C bond Where 1o1al directnion was not
possible the ratio of isomers obtamed 0t reported s was

6 CFOCFCICF.Cl SCROCE U
and
T CFOCF.CFCICF. 3 CICE CFOCECH

if the addition was allowed to procecd withoat maodera
tion, some evidence for dimers and oils was noted ¥ thus
indicating that R,OClis capable of inducing radical chain
processes. The high wields (%0%) and factle, vet control-
lable reactions expenienced with these svstems are con
trary to those found for stmilar CF.OFY and SE.OF
additions which are extremely difficult to control Al
would be expected the fluorocarbon cther producis.
especially the perhalofluorninated oncs have outstunding
thermal stability.® Additional 1:1 adducts ot alefins and
both CF,OC! and SF,OCI have becn made and 4 vom
parison of their properties is being conducted ™ Because
of their desirable properties, these adducts should be 4
fernile area for investigation. Of all the oletine en-
amined.” only CF,CF=CFCF. failed to react along with
the butyne, CF.CsCCF. One additional report on the
addition of CF,OC! 1o a double bond has appeared ™

C.FN=CF, + CF.OCl— [C.ENCICF.OCF | -~
CENCICE, » COF,

Decomposition of the adduct 1s surprising. By way of
companson, CF,OF participates 1n this reacnon only at
250°C and then only to form the fluonnated product.
C.F.NFCF,.

CF,00CYSF 000
Syntheses and Properties
Chioroperoxytnfluoromethane has been prepared by
two methods.

CF,00H + CIF — HF + CF.00C! (95%)

o
] e
CF,OOCF + CIF ~— COF, + CF00C] (88%)

The former method”' was used for the oniginal synthesis
of the compound and gives a purer product. The second
route® pesumably proceeds via formation of CF.00C-
F,OC! which decomposes eliminating COF; to furnish
CF,OO0C!. Some dispute as to the stability of this pale
yellow liquid (bp -20°) has arisen. While Ratclifte, et al”
claimed that the compound was stable for prolonged
periods a1 25°C, Walker and DesMarteau reported only a
few hours half life at that temperature ¥ Recently, the
molecular structures of CF,O00C! and the related
CF,O0H and CF,OOF have been determined using gas
phase electron diffraction.™ For the chloro compound.
steric CF,~Cl interactions occur giving rise to two distinct
conformers. The synthesis of SF,OOCI was accom-
plished™ by reactions analogous to those cited above for
CF,00C!. The starting materials have been reported:
SF,O0H™ and SF,OOCFO.” Pentafluorosulfur peroxy-
pochiorite was obtained in 70% yield from the hyd-
roperoxide and in 90% yield from the fluoroacylperox-
ide. It is a straw-yellow liquid with an extrapolated
boiling point of 26.4°C but it decompuses rapidly at 22°C.
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Reactions

The primary reaction mode of these R,OOCI com-
pounds is the rupture of the terminal hypochlorite bond.
Both CF,00CI? and SF.OOCI™ add readily to olefins
below 0°C to form peroxides.

N\ < 11
R,00CI+ C=C — R,00C-CCl

i \ [
R,= CF.-. SF~ Olefin = C,H,, C.F,, C,F,Ci, CF,CH,,
CF,CCl,, CFHCHC, ¢is-CFHCFH

Yields vary and are usually higher for the CF,
compound. Normally, where isomers are possible, only
one product is formed in agreement with a directed,
electrophilic addition. Smaller quantities of R,O ethers
are also obtained. The R,O ether products are believed™
to arise from reaction of R,OCl, a decomposition pro-
duct of R,OOCI, with the olefins. The fluorocarbon
peroxides that are formed are colorless liquids, stable at
22°C. Perfluoro-2-butyne did not react with CF.Q0CI
and neither CF.OOCI nor SF;00CI reacted with per-
fluoropropene or perfluorocyclopentene. Earlier,” it was
shown that, unlike R,OCI type materials, the R,OOCI
moieties do not insert CO or SO, into the O-Cl bond.
Peroxyesters can be prepared from SF,QO0C! (and
SF,O0H) via acyl halide reactions” as shown by the
following example:

<') o
| i
SF,00CI + CH,CCl —— Cl, + SF,O0CCH, (90%)

This peroxyester is an ambient temperature stable com-
pound, as are others prepared from SF;OOH. Clearly,
these chloroperoxides behave as positive chlorine species
and are useful for the synthesis of many new peroxy
derivatives.

CHLORINE FLUOROSULFATE
Synthesis and Properties
Chlorine fluorosulfate was first prepared™ by Gil-
breath and Cady according to:

C; + S,0.F, — 2 CIOSO-F (100%)

More recently, a more convenient procedure was
developed™* using the readily available SO, as a starting
material.

CIF + SO,—— CIOSO,F (98%)

Chlorine fluorosulfate is a pale yellow liquid (bp 43°C)
which on standing or handling becomes red presumably
due to the formation of some CIiO,SO,F. It is stable at
room temperature and has been stored in stainless steel
for more than a year without significant decomposition.
Nonetheless, it is an extremely reactive material with a
host of substrates.

Reactions

Addition. At the time of its discovery, CIOSO,F (or
CISO,F) was shown to add to olefinic double bonds, i.e.
CF~=CF,.® Since then, these and similar reactions of
CISO/F have been studied by Moldavskii” and mainly by
Fokin and coworkers.%® |

CISOF + >c=< — cn;—(lfoso,r

Olefins = C;F,, CFCICFCI, G)F,Cl, C/F,, (CF,).C=CF,,
C.CL
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Except for C:F.Cl where two 1somers were noted. onh
one product was obtained following Markovntkov's rule
The order of reactvity with CISOF was C.F,:
CFCI=CFCl ~ CF=CFCl~ CF.CF=CF;- (CF).(C:-CF.
Although this order of reactivity s similar to that ob-
served for nucleophihc reagents. 1t was speculated” that
the high electrophilicity of CISO.F and the formation of
isomers with C;F.Cl are in keeping with an electrophilic
mechanism. Numerous aother double bonds are abwo
attacked by CISOF. For example imines react at low
temperature.™ ™

C:FN=CF, + CISOF - C,F NCICE.OSO.F

FN=C(NF,); + CISO.F -T= FNCIC(NF.LOSO.F

In contrast HSOF must be heated to react with

_CG,F.N=CF; and S;OF; does not react at all ™ These
“N-chloro compounds are stabie at ambient temperature

and are the only products. as expected for a directed
polar addition.
Fluorinated 1socyanates add CISOWF according to:*

o Q
3 - i
R.N=C=0 + CISO,F — R,NCICOSO.F ~—+ R,NCICF

R, = CF\ F-

Chlorine monofluoride adducts were similarly prepared*’
but other positive chlorine containing molecules, such as
C1,0, CF.OCl, CINCO, and CINSF.. did not react. For
CINSO., the CISOF additions™ were also analogous to
those of CIF.

2 CIN=S8=0 + 4 CISO,F — 3 Cl. + N; + 2 SO(OSO:F);

Only 2:1 addition was possible. and the intermediate
NCI; decomposed to the elements. Most unusual s the
ease with which CISO,F adds to hexafluorobenzene
below 20°C to give 1:1, 2:1, and 3:1 adducts depending
on the stoichiometry employed.*

CF, + CISOF — CF,CHOSO;F) + C.FCL(OSO.F),
+ CFCI(O0SO.F),

Peroxydisulfuryl diftuoride behaves similarly. Both com-
pounds give a para-adduct in the 1:1 addition, as demon-
strated by hydrolysis to 4-chloropentaflucro-2. S-cyclo-
hexadiene-one and fluoranil, respectively. These ben-
zene adducts have good thermal stability and are high
boiling liquids. Further details on their properties are
lacking. The triple bond of nitrile groups also adds
CISOSF in a 1:1 manner.”

FC(NO,),CN + CISOF — FC(NO,),C(OSO,FENCI
If a cyano salt is involved, both chlorination and addition
occur.
MC(NO,),CN + 2 CISO,F = MSOF +
CIC(NO,),C(OSO,F)=NCI

It should be remembered that ~-C=N and CIF reacted
only in a 1:2 stoichiometry.”

Substitution. Fokin and coworkers investigated the
replacement of chlorine and iodine by fluorosulfate in
selected fluorocarbon halides using CISOF.”

CFCI,CFCl, + CISO,F —» CFCI,CFCIOSO,F
Schack and Christe | Electropositive Chlorine Compounds
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CF,CICECI, + CISO,F ——+ CF,CICFCIOSOF (84%)

2 CE.CL + 3 CISOF =< CF,CHOSO,F) (37%) +
CE(OSOF); (29% )
CF,l + CISOF ——+ CF.OSOF (83%)

Catalysis by HSO,F was found to be necessary for these
reactions to proceed. In general, facile stepwise substity-
tion of chlorine in -CFCl; groups was observed. How-
ever, the method seemed restricted 1nasmuch as
CF.CFCICF,Cl was reported to be unreactive up to
100°C. Nevertheless in our ¢experience™ the Clin -CF.Cl
groups can be replaced as shown by:

CICF,CF,Ci + CISOF —"~ CICF.CF.OSOF (90%)

The terminal Clin CF,CFCICF . Cl has also been replaced
by -SOsF using CISO,F and a small amount of Br, as a
catalyst.™ Bromo compounds, as expected. react more
readily and some typical examples are:

C,F,Br + CISO,F —— C,F.OSO;F (96%)

BrCF,CF,CF,Br + CISO,F ——— CF{CF,080;F). (50%

In none of these cases was the presence of HSO.F
necessary to attain the desired reaction. Acid salts and
acids interact with CISO,F in an expected manner, but
the isolation of the unusuval CF.CO.;Cl intermediate was
surprising.”

CF,CO;H + CISOF — CF.CO,Cl— CF.C1 + CO;

As already mentioned above, the same compound has
only recently been reported by DesMarteau™ using CIF
as the source of positive chlorine.

CHLORINE PERCHLORATE
Synthesis and Properties
Chlorine perchlorate is easily prepared by the action of
CISO.F on certain perchiorate salts.”

MCIO., + CISO,F —Z% MSO,F + CIOCIO, (90%)

M =Cs’, NO;

Chlorine monofluoride has been used in place of CISO.F
but yields were very low and unreliable. Chiorine per-
chlorate (CIOCIO, or ClLO,) is a pale yellow liquid
(extrapolated bp 44.5°C) with only limited stability at
room temperatuse. It and nearly all of its covalent
derivatives are shock sensitive. Consequently, they
should always be treated with the respect appropriate for
potential explosives. As a member of the class of com-
pounds known as chlorine oxides, it is unusual because it
is the only one containing chlorine in two different
oxidation states, i.e. (+1) and (+ VII).

Reactions
When examined with Auorocarbon olefins, reaction
occurred rapidly at low temperature in a 1:1 mole ratio
providing colorless liquid products.™*
1
ch0.+ =€ — CIC-COCIO, (90%)

CiF., CF,Cl, CFCICFCQ), CsF,, CF~CFCF=CF,
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The terminal CHO bond of CIOCIO) . was alwavs cleaved
during these reactions. The mono-adduct of
Auorobutadiene decomposed cxplosively and spontane
ously at ambient temperature All the othor compounds
exhibit good to excellent (10 C) thermal stabihnn Onky
one isomer was noted i all cases For ClbLthis was the
Markovmkos  predicted product. CHCECOICE OO

while for CFChitwas the ant-Markosmkos compennd
CICF.CFCIOCIO. This s unesplained and ditterent
from CISOF™ and SFOOCT" which gave a4 ninnveaie of
isomers, and from CEF.OOCTT which pase oab the
expected CLCFCF.O0CF. Aromand fluorovarbens add
CLO. at low temperature” much us they do CIso ©
confirming the close relanonship of these two hvpochio
ntes. Some mmnor differences, however appear to oo
since a 1°2. but not a I 3 addition proadact s tonaied

CFo+ 2CLO, - = CEFLOIOCIO
CF.Cl- 2010, -

Both products are cvelohevenes and. based on SMR
only one 1somer 1s obtained 10 cach case They
colorless. viscous hquids With C.F.Br g more compley
reaction was observed entailing additton and ning open
ing. The exact nature of the product has not been
determined. Various fluorocarbon halides have been
found to react with CLO, resuling im o displacement of
the hahde by a perchlorate group ™ In saturated
fluorocarbon chlonides. primary and scoondary Chlennes
in either mono or dichloro groups hid not reacr T
chlorofluoromethane did react, but pave CORCL and
C1,O. as primary products Bromine compounds were
more susceptible to attack. as shown

l\(‘l

= CF OO,y

ate

BrCF.CF,Br + CLO, ——+ BrCE.CH.OCIOL 111
CF,CFBrCF,Br + CLO, - =+ CFOCFBICF.OCIO, 145

(C¥BrCF,Br), + CL,O, L CFBACF,OC IO, (W70 )

Geminal bromines. when substituted. led to decompos
tion products. If the hromune s on carhon adjacent 1o s
perflucrogroup. no substitution ensucd  Fluotocarbon
iodides reacted vigorously with C1,0, as shown

2RI+ 4 CLO— (R)I'HCION —
2 R,OCIO, 2K
R, = CF\—. Cth—. '—(‘J" —. '(‘F:(~F: . (‘J'f

With C;Fsl, i-C \F,l, and CF.l the intermedidte salt was
isolated and characterized ™' Thermal decomposstion of
the heptane salt afforded C.F..OCIO-. but the wsopropyl
and the aromatic compounds exploded before they could
give the simple covalent perchlorate. These conversions
of R,1 to R,OCIO, were high vield processes. The only
other known route to fluorocarbon perchlorates, which
does not involve the halogen perchloratces, s the reacuion
of gjcohols and alkoxides with Cl,Os, wherein the pro-
ducts normally were not isolated.”

CHLORINE NITRATE
Synthesis and Properties
Originalily chlorine nitrate was prepared from either
CLLO or ClO; with NO, of N;O.™ To avoid the use of the
hazardous chlorine oxides, the following alternate svn-
thesis was developed.”
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CiF < HNO,  Z« HF + CINO. (90%)
Commeraal anhvdrous mitne acid may be used The
formed CINO(CIONO; )18 a pale yellow igind (bp 23°C)
which undergoes slow decomposition at ambient temper-
atures, but which may be stored indefimitely at 40 C or
lower

Reuctions
Only one report on the addrion of CINO, to unsatu-
rated fluorocarbons has appeared

CINO,+  C=CX; = 0
e N o
[CIC-CXLONOL) "2 CICCX + XNOX - F. ()
i R Y

The vigorous reaction of CINO. with these olefins neces-
sitated dilution with solvents. When two halogens were
on the mtrate carbon, the tllustrated low temperature
decomposition occurred. This instability has discouraged
further work on fluorocarbon nitrates.

As part of a study on halogen nitrates,” the system
CF\JI-CINO, was examined with the following results

CEl + 2 CINO, 4 €L + CFI(ONOy), -

COF.. CF.l. N,O,, etc.

Thus. as with CLO,. an intermediate oxidized 10do
denivative 1s generated first. Unlike the perchlorate case
however. this does not decompose 1o a stabie R,NO,, but
degrades as shown. Naumann and coworkers have
studied these processes more carefully,™ isolating the
CF.I{ONO,). intermediate and obtaining still another
intermediate which they did not isolate.

CEJ + CINO, = CEICHONO:) —Z5 CEJ(ONO,).

A thorough, controlled decomposition scheme was
worked out for the dinttrato moiety above -20°C involv-
ing intermediates, such as CFJO and CF,l0,. The over-
all decomposinion equation is:

10 CEINO,), = SCFJd+ SCOF; + 10 N,O+ L+ tF,
+ [,O,

Raman spectroscopic characterization of CF,I(NO.),,
CFHNOL),, and related compounds has been reported.”
Even though CINO, has been available for a number of
years, it has not been cxtensively investigated with
respect to fluorocarbons. This might be explained by the
apparent instability of the products.

SUMMARY

Most of the known reaction chemistry of electroposi-
tive chlorine compounds can be rationalized in terms of
either addition of CI-X across multiple bonds or oxida-
tive addition to atoms, such as iodine or sulfur in their
lower oxidation states. The observed variety of the final
reaction products can be explained by a multitude of
secondary reactions which can involve either elimina-
tions, further additions, or degradations. The observed
reactions are easily moderated and controlled, and only
rarely was no reaction encountered. The CI**-X*~ polar-
ity of the CI-X bond in these compounds was demon-
strated by the “directed” nature of many of the reac-
tions. The strong electrophilic character of these com-
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pounds was also evident Because of the great reactuian
of these compounds and the hmited amount of work
done so farin this area, there are many opportunities for
future fruitful rescarch
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