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Abstract

The reaction of pentafluorothio(fluorosulfonyl)ketene with formaldehyde has yielded the novel solid ether [ SF{CH(SO,F)CH,],0, 1.
The crystal structure has been determined: crystal class tetragonal 14, ¢ =5 = 1 1.069(2) A, ¢=6.0780(1) A; a=B=y=90° V=744.7(2)

A% Z=2. Hydrogen bonding (C-H---0) is believed responsible for the solid state nature of this material.
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1. Introduction

A number of covalent fluorinated ethers containing the
pentafluorothio group are known, e.g., SFsCH=CHOCH,,
SF;CH,CH(OCH,), [1], SFsCHCICH,OCF,, SFCFCI-
CF,OCF, [2]. Itis possible also to include SFsO compounds
in this group although they are not true ethers (with C-0-C
structure), e.g.. SFsOCHs [3] and SF;OCH,CCILF,
SF;OCH-CH,F {4.5], (SF5),0, (SF;0),SF,, CF,OSF,-
OSF; and SF;OCF, [ 6.7]. Without exception, the true ethers
are C,—B-S-compounds.

In all of the above systems, the parent SF-organic ethers
are covalent liquids. It was quite unexpected to tind that the

SF; containing ether produced from the reaction of

SF5(SO,F)C=C=0 and formaldehyde was a solid. In order
to understand the solid-state properties of this compound, a
crystallographic analysis was undertaken.

2. Results and discussion

When SF;(SO,F)C=C=0 and trioxane (as a source of

formaldehyde) are heated together for 2 h at 155°C. under
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anaerobic conditions, a colorless liquid is produced. This
material, when stored at — 12°C in a glass container for sev-
eral weeks. produces a white crystalline solid. The latter solid
was isolated, recrystallized, and analyzed. Analytical results
indicate this material to contain SO,F and SF ('°F NMR
spectroscopy) in the ratio 1:1, two types of hydrogen in the
ratio 1:2, of which one hydrogen was in a low-field position.
Elemental analysis indicated it to have an empirical compo-
sition close to the formula C,H:F,Os,,S,. In order to deter-
mine the structure of this material, an X-ray structure analysis

Fig. 1. Thermal ellipsoid view of | SF;CH(SO,F)CH, |-0, 1.
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Fig. 2. Unit cell for I showing hydrogen bonds (dashed lines) and intermolecular fluorine distances.

Table 1
Crystal data for [ SFSCH(SO-F)CH, |,0. 1

Formula C,H.F .08,
a=b 11.069(2) A
& 6.0780(10) A
a=p=vy 90°

14 744.7¢2) AS
z 2

Fw. 490.33
Space group 4

T 2932y K

A (.71069 A
Pear 2187 Mgm

0.794 mm
R1=034d wR2=0.836
R1=0.0395 wR2=0.0878

Absorption coefticient
Final R indices
R indices (all data)

was carried out. Fig. 1 shows that the solid is an ether
containing B-SF; and SO.F groups. The molecule |SFs-
{SO,FYCHCH, ],O has nearly C,-symmetry (it is slightly
distorted) with the Cs-axis lying in the C-O-C plane. The
SFs-groups are thus on opposite sides of the planc (Fig. 2).
The arrangement, perhaps due to mutual steric repulsion of
the two SFs-groups, has interesting consequences lor the
arrangement of the molecules in the lattice. In Table I, the

Tauble 2
Atomic coordinates | X 10*] and equivalent isotropic displacement para-
meters [A*X 107 for 1

v v M Uleq)
S 37440 1) 2691(1) 2381(3) 581
Fot 3543(4) 2239(3) 4750(6) 100¢ 1y
ey 3253304 127604y 1045(8) 40( 1y
Oh 327814 —165(3) 4574(6) 74(1)
Fe2) 2428(3) 3200 3) 23007y 84(1)
Cey 4186(4) 6714 —409(7) 45010
S(2) 2542( 1) 163(1) 2760(2) 62(1)
0O2) 2164(4) —753(4) 1353(8} 85(1
F(3) 3987(3) 3233(3) 10(7) 92(1)
03 3000 0 890(7) 4401
Fed) S5088(3) 2269(3) 2456(8) 93(1)
F(5) J144(3) 3938(3) 3341(8) 102(2)
I-(6) 1464(3) 8481 3) 360208 101¢1)

t/(eq) is defined as one third of the trace of the orthogonalized U, tensor.

pertinent crystallographic data are listed while in Table 2. the
non-hydrogen atomic coordinates and isotropic thermal par-
ameters are found; selected bond lengths and angles are pre-
sented in Table 3.

It is profitable to compare bond lengths and angles with
values of related systems. For the following compounds, such
quantities were determined previously: F.S(SO,F)CHC-
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Table 3
Bond lengths ( A) and angles (°) for 1

StH-F(l) 1.541(4) S(H-F(4) 1.560(3)
St1Y-F(2) 1.562(3) S(1)-F(5) 1.562(3)
St 1 -F(3) 1.584(4) S(H-=C(1) 1.847(4)
Ci1)-C(2) 1.516(6) C(1H-S(2) 1.795(4)
O¢1)-S(2) 1L418(4) C(2)-0(3) 1.409¢5)
S$12)-0(2) 1.391(4) S(2)-F(6) 1.504¢4)
03)-C(2)! 1.409(5)

Fe)-St1)-F(4) 90.7(3) F(1)-S(H-F(2) 90.7(2)
F(4)-S(1-F(2) 176.3(2) F(1)-S(H-F(3) 88.8(2)
Fe)-Sch-F(5) 80.1(2) F(2)-S(1)-F(5) 87.6(2)
F(hH-St11-F(3) 176.3¢2) F(4y-S(1)-F¢3) BR.8(2)
F(2)-St1-F(3) 89.6(2) F(5)-S(1-F(3) 87.6(2)
Fe)=-S¢hH-Ci 1y 95.3(2) FiH)-SchH-Cch 92.2(2)
F(2)-S(1-C(1) 91.0(2) Fi5)-SchH-Cch 175.712)
F(3)-S(H-Cily 88.4(2) C(2)-Ch=-S(2) 109.5(3
Ci2)y-C(1)-S(1) 115.5(3) Se2)-C(1)-S¢ 1) L7103
O(3)-C(H)-Ce 1) 110.0¢(4) O(2)-S(21-0 1y HI7.6(3)
O(2)-S(2)-F(6) 10Y.8(3) O 1)-S(2)-Fto) 108.7(3)
O(2)-S(H-Cch 105.9(3) OhH-S(2)-Ccly 112.002)
Fi6)-S(H-C(h 101.5(2) Ci2)-0(3)-C(2)" 11904

‘Symmetry transformations  used to  generate  cquivalent  atoms:
—x+ .=y

(O)N(C-Hs5),(2) |8]; (FsSCH,CHO) , ( =atrioxane) (3)
191; FsS(SO,F)CC(O)OCH,  NHR, (4)% FO,SCH-
FCOOH (5) [11}. Some pertinent values are listed below
[pm].

2 3 4 5 Ether 1

SCHO,F

S-0¢1) 139.6 - 142.0 138.1 1418
S-0(2) 140.2 - 139.9 139.3 139.1
S-F 152.2 - 157.2 149.3 150.4
S(0-F)-C, 180.1 - 167.8 178.9 179.5
S(2)Fs

S—F(average) 154.8 156.8 158.3 - 156.2
StF-C, 185.6 178.9 177.3 - 184.7
CehH-Ce2) 154.4 151.0 144.0 152.2 I51.6

The S-O( 1) and $S-0O(2) bond length of compound 1 are
similar to those reported for other FSO, systems (compounds
2. 5) in which significant intermolecular hydrogen bonding
between the oxygens of FSO, groups and the methine hydro-
gen occurs (see Fig. 2 showing intermolecular hydrogen
bonding). The presence of highly electronegative SF; and
SO,F groups attached to the B-carbon brings about. through
induction, increased acidity of the methine hydrogen. The
increased charge on the methine hydrogen is responsible Tor
intermolecular hydrogen bonding. The C-H---O distance in
the ether is 3.278 A. This distance is long compared to normal
interactions involving O—H and N—H groups (2.3-2.8 A) but
is comparable to the value of 3.2 A reported for (HCN),

* This puper mislabelled a fluorine and oxygen. Some important revised
values are: S(2)-0¢4). 142.0(3) pm: S(2)-F(6). 157.2¢2) pm: C(1) -
SE-00H, T12.002)7: CON=S(2)-F(6). 104.5(2)% O(3)=-S(2)-0O(41.
H8.5(2)7:003)-S(2)1-F(6). 103.7(2)°. Also.several additional corrected
values are: C(2)-0(2), 133.7¢4) pm: C(H-C(2)-0c 1), 12443
ON=C(2H=002). 120.3¢3)7 [10].

[ 12] and to the values found for SF.CHCF,0S80, (3.177""
Aand 3.230 A) [ 13]. There is little doubt that the hydrogen-
bonded intermolecular network is responsible for the solid
state nature of [ SF;CH(SO,F)CH,]-0. It should be noted
that the bond distance between the hydrogen on one molecule
and the oxygen of another molecule is slightly shorter (233.4
pm) than the sum of the van der Waals radii of oxygen and
hydrogen | 14]. Robinson has drawn attention to the gener-
ality of hydrogen bonding in sulfonyl systems that lead to
higher boiling points or melting points [ 15].

TINTF

The SFs—-C and FSO,—C bond lengths are in agreement
with other covalent molecules containing SF5 and FSO,
groups: tor the anion 4 these values are significantly smaller.
The smaller values for 4 can be explained using an ionic
model where increased coulombic interactions due to higher
charge density at C, favor shorter F;S-C, FSO,—C, and C,—
C,distances | 10]. The sum of the angles at the carbon bearing
the sulfur substituents in 2, 4 and the ether 1, <S,—C,-
Cy+ <§5,-C =S, + <S,-C—C.. are, respectively, 334.6°,
359.1° and 342.1°. This shows that the amide 2 is more
strongly pyramidalized than the ether 1. On the other hand,
the value for the anion of 4 (359.17) shows that its anion is
almost flat while 2 is almost tetrahedral ( where the sum would
be 328.4%). The arrangement in ether 1 represents an inter-
mediate situation between the ncutral amide 2 and the anion
in 4. This may be explained by the cryptoacidic nature of the
hydrogen at C; which would increase the charge density at
C,. Agreement is found with the '"H NMR spectrum which
places this proton in a rather deshielded position. The rest of
the molecule is similar to the values found for diethyl ether
[16].e.g., <C-O-Care [ 11.65" and 112.02° (there are two
ether molecules of slightly different structure in an asym-
metric unit). while <C-0-C=111.9(4)° for 1. Compound
S. which also is a solid, shows that the atomic arrangement
of the fluorosulfony! uvnit is largely uninfluenced by other
substituents at C,,. This compound is also strongly pyrami-
dalized (sum of the angles of the three substituents, excluding
H.at C_ is 330.4°).

In Fig. 2, it is interesting to note that the SF5 groups ure
pointing inward thereby creating tunnels, the walls of which
are composed of SFs groups. The larger tunnels have a dis-
tance of 302 pm between the axial fluorine atoms of two
opposite SF5 groups. This distance. minus twice the van der
Waals radius of fluorine give an approximate upper limit
width of 22 pm. Therefore. these tunnels are too small to
absorb other molecules.

The infrared spectrum of the ether 1 has the characteristic
absorption band for the SF; and SO.F groups. Cross et al.
[17] have reported that compounds containing the SF
grouping have strong absorptions in the region 850-920
cm ' (S-Fstretching modes) and in the region of 600 cm ~ !
(one of the S-F deformation modes). For ether 1, the absorp-
tion in the 857-877 cm ™' is assigned to the S-F stretching
modes: the 600 cm ' band to the S-F deformation mode.
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Compounds containing —-SO,F functional group exhibit a
strong asymmetric (-SO,—) band in the 1400-1470 cm '
region and a strong (—SO,—) symmetric stretching band in
the 1200-1300 cm™ ' range; the strong S—F absorption band
of the SO,F group is usually located near 790 cm ™' [ 18.19].
For the ether 1, the absorption bands at 1431 cm ' and in the
1202-1222 ¢cm ' region are, respectively. assigned to the
SO, asymmetric and symmetric vibrations; the S--F stretch is
found at 803 cm~'. The C-H absorption bands are found
near 3000 cm ™~ ',

The '"’F NMR spectrum (AB,X) shows that the SF; fluo-
rine resonances consist of a AB, multiplet with B, equatorial
fluorines split into a doublet (band center at 68.3 ppm) and
the A part into a nine-line pattern (line 6 at 76.5 ppm);
coupling constant values are J,, = 146.6 Hz and J;«=11.7
Hz. The "H NMR spectrum consists of an ABX pattern with

2 =445 ppm and 83=4.51 ppm. The methine proton
(SFsCH) is found at 5.98 ppm. This value, as expected, is
intermediate between the proton resonances observed
SFsCH(SO,F)C(O)F (6.18 ppm} and SF;CH,SO,F (5.33
ppm) [20].

While some preliminary work has been done on the liquid
that was first isolated (possibly an SFs olefin) we have not
been able to determine exactly how it is formed or how it is
converted into the solid ether 1. It should be pointed out that
(CF;),C=C=0 gives a B-lactone when reacted with for-
maldehyde [21]. We would expect similar behavior with the
SF; ketene; however, we did not isolate a B-lactone deriva-
tive. Additional work is planned in order to resolve this unu-
sual reaction scheme.

3. Experimental details
3.1. Materials

The ketene was prepared by literature method [ 21 ]. Triox-
ane was obtained from American Tokyo Kasei and used as
received.

3.2. Generul methods

Volatile materials were manipulated in a conventional
Pyrex glass vacuum line, equipped with a Heise Bourdon
tube gauge and a Televac thermocouple unit. IR spectra were
obtained with a Nicolet 20 DX spectrometer. NMR spectra
were recorded on a Bruker AMX-400 (400 MHz. H; 375
MHz, F) instrument; CCl;F and Si{ CH; ), were used as exter-
nal standards and by convention, resonances appearing down-
field from CCI;F are assigned positive values whilc upfield
resonances are assigned negative values. A gas chromatog-
raphy—mass spectrometer ( Hewlett Packard HP 5970) with
DB 5 (25 m) column was used; temperature program was
50°C for 5 min then 10°C min ' to 280°C. Elemental analysis
was performed by Mikroanalytisches Laboratorium. Géttin-
gen, Germany.

The stable [ SFSCH(SO.F)CH,]-0 solid formed colorless
needles; the size of the crystal used in this study was
0.5x0.2X0.2 mm. The data collection was carried out on a
Siemens-Stoe AED 2 diffractometer employing MoK, radi-
ation (A=0.710 69 A) and a graphite monochromator. The
number of reflections collected was 2164 with 970 independ-
ent reflection (R;,,=2.24Y%). The structure solution was
obtained by direct methods. The goodness of fit was 1.56 and
the final difference map showed a residual of 0.47 electrons
A" *. The SHELXTL Plus (PC version) program led to res-
olution of all atomic positions.

3.3, Isolation of [SF;CH(SO-F)CH,].0O

In a 50-ml Carius tube, 0.66 g of FsS(SO,F)C=C=0,
2.64 mmol, and 0.08 g of trioxane. (.89 mmol, were heated
in vacuo at 155°C for 2 h. The mixture had darkened and 0.60
g of acolorless liquid was vacuum-transferred; a dark residue
was left behind. The volatile material contained three con-
stituents (by gas chromatography on a SE-30 column, 45/
60. of 3 m length at 95°C); the major constituent (R, =15
min) was collected via preparative gas chromatography with
the above column, yielding .25 g of product as a colorless.
mobile, volatile liquid of a peculiar odor. This liquid, upon
standing in a Pyrex glass tube at — 12°C is partially converted
{ ~2 weeks) to a solid.

'"H NMR spectrum (400 MHz, CDCl,, Si(CH,),): ABX:
0 =4.45 ppm, doublet of multiplet, probably a doublet of a
quintet, Jo = 12.9 Hz, 8, =4.51 ppm. doublet (each line has
shoulders). area A+B=2.00 (CH*H®), §.=5.98 ppm.
multiplet, area =0.85 (F;SCH).

"F NMR spectrum: (375 MHz, CDCl.. internal CCL,F);
AB,X: ¢,=76.5 ppm. nine lines (area=1.00), ¢, =68.3
ppm. skewed doublet. area=3.95. ¢=62.3 ppm. ill-
resolved pentet (some lines have shoulders), area=1.05,
Jap=146.6 Hz. Jy = 11.7 Hz.

Infrared spectrum (neat sample, KBr, cm™'): 2972, m:
2909, vw: 1431, vs: 1377. m: 1257, m; 1237, m, sh; 1222, s;
1202, m—s; 1143 5: 1080, m: 1060, m: 1045, m: 988, m; 940,
vw: 877, s—vs, sh; 857, vs: 803, 5; 743, m—s: 726, m—s; 706,
m: 677. m-s: 649, m: 634, m-s; 620. m—s: 600. m; 580, s—
vs: 554, 5,534, 5; 483, .

Anal. calc. for C,H:F,05,,S,: C,9.80: H. 1.23; F, 46.5: S,
26.15%. Found: C.9.99: H. 1.24; F, 45.7%.

4. Supplementary material available

Lists of structure factors, anisotropic thermal parameters
and hydrogen atom parameters have been deposited with the
British Library Document Supply Centre as Supplementary
Publication. Copies may be obtained through The Technical
Editor. International Union of Crystallography, 5 Abbey
Square. Chester CH1 2HU. England.
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