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It was found that the Ti4+ ion enters the tetrahedral 
as well as the octahedral site in the garnets. In  the 
system { Y3-z-yCaz+y )Zr,Ti,Ga~-,-,Ol2 single-phase 
specimens were prepared with x = 1.20 and 1.50 and 
y = 1.00 (Table I). Because the Zr4+ ions prefer 
exclusively the octahedral sites2 at least 0.20 and 0.50 
Ti4+ ion, respectively, were substituted tetrahedrally. 
When x = 0.30 and y = 2.00 the amount of tetrahedral 
Ti4+ is 0.30. By the same reasoning the garnet in the 
system { Y3-,--yCaz+y )Zr,Ti,Fes,,Olz with x = 
0.60 and y = 1.50 (Table I) contains at least 0.10 Ti4+ 
ion in tetrahedral coordination. 

The lattice constants of the svstems {Y3,Ca,]- 
TizM6--2012 (M = Ga3+ or Fe3+) increase with increas- 
ingx. When M = Fe3+ this increase may be attributed 
to the ea2+ ion, which is larger than the Y 3 +  ion," while 
the octahedral Ti4+ ion is probably a little smaller than 
the octahedral Fe3+ion. When M = Ga3+ most of the 
increase is caused by the Ca2f ion but some may be 
attributed to the tetrahedral Ti4+ ion, which is prob- 

(11) S. C. Abrahams and S. Geller, Acto Cuyst., 11, 437 (1958). 

ably larger than the tetrahedral Ga3+ ion. In this 
system xmar is larger when M = Ga3+ than when M = 
Fe3+, probably because the tetrahedral Ga3+ ion is 
smaller than the tetrahedral Fe3+ ion relative to the 
ionic size in octahedral coordination. This presum- 
ably leads to a more favorable octahedral to tetra- 
hedral metal-oxygen distance ratio relative to the 
requirements of the structure. 

In the systems { Y3..,Caz )Ti,hfs-,Olz and { Y s  1- 
[Cr,Mz-2](hf3)012 where hf = Ga3+ or Fes+, the maxi- 
mum amount of Ti4+ ion which can be substituted for 
M3+ is always greater than the maximum amount of 
Cr3+ ion which can be substituted within a given 
system. This results from the distribution of the Ti4+ 
ions over two sites which may lead to a more favorable 
structural situation in these garnets; it also suggests 
that the Ti4+ ion is larger than the Cr3+ ion. 
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Trifluoromethoxy sulfur pentafluoride and cis-bis(trifluoromethoxy)tetrafluorosulfur(VI) were prepared by the ult raviolet 
irradiation of gaseous mixtures of SF4 with either CFaOF or CF300CFa. The products have been characterized and the 
structures confirmed by mass, infrared, and nuclear magnetic resonance spectra. 

Trifluoromethyl hypofluorite can be added across 
double bonds with cleavage a t  the 0-F bond to yield, 
in the case of ethylene, CF30CH&H2F,2i3 and in the 
case of carbonyl fluoride, CF~OOCFS.~  I t  has now been 
found that trifluoromethyl hypofluorite also can be 
added to sulfur tetrafluoride to give trifluoromethoxy 
sulfur pentafl~oride.~ cis-Bis(trifluoromethoxy)tetra- 
fluorosulfur(V1) is also produced. 

Experimental 

Materials.-Trifluoromethyl hypofluorite6 was obtained as the 
product of a flow reaction of carbon monoxide and fluorine a t  
350'. Bistrifluoromethyl peroxide4 was prepared by passing 
streams of fluorine and carbon monoxide through a "catalytic" 
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(6) K. B. Rellogg and G. H. Cady, J .  Am. Chem. Soc., 70, 3986 (1948). 

flow reactor6 with the flow rates: FP,  4 l./hr., and CO, 2.7 l./hr. 
The products of this reaction were collected in a trap held a t  
-183'. The peroxide was refined by pumping the product 
mixture under vacuum through a train consisting of: ( I )  a 
0.75-m. length of' 30-mm. tubing packed with granulated soda 
lime, (2) a trap held a t  -78", and (3) a trap held at  -183". 
The F2, CFaOF, COZ, and COFZ present in the crude material 
were absorbed by the soda lime. The water and oxygen formed 
in the soda lime column, along with CF300CFa and CF4, then 
passed through the trap a t  -78" where water was condensed, 
then to the trap at  -183' where the peroxide was deposited 
while the CF4 and 02 present passed on to the vacuum pump. 
The CFaOOCF, obtained in this manner was used without 
further purification. Sulfur tetrafluoride was supplied by E. I. 
du Pont de Semours and Co., Inc., and was used directly from 
the cylinder. 

Reactions .-Equimolar amounts of gaseous CFBOF and SF4 
were introduced into a 3-1. Pyrex bulb to a total pressure of 252 
mm. A quartz glass finger containing a water-cooled Hanau 
4.5-watt mercury arc lamp projected ultraviolet light into the 
bulb. After irradiation for 3 days the volatile products were 
condensed and separated by fractional cod is till at ion.^ They 
were, in order of decreasing volatility, CFIOF, SiF4, COFa, 
SOZF2, SOF2, CFaOOCR, CFIOSFS, (CFaO)zSF4, and a small 
amount of a still less volatile material which was not identified. 

(7) G. H. Cady and D. P. Siegwarth, Anal. Chem., 31, 618 (1959). 



Vol. 3, No. 6,  June, 1964 PREPARATION AND PROPERTIES OF CF30SF6 AND (CF3O)SF4 851 

(C$O)*S< 

All of the above substances, except the last three, were identified 
by their characteristic infrared spectra. The yield of CFaOSFfi 
was approximately lo%, and that of (CF30)2SF4 about 8%, 
of that theoretically possible from the amount of SF4 used. 

A mixture of equimolar amounts of CFsOF and SF4 with a 
total pressure of 408 mm. was heated in a 1.5-1. nickel reactor 
which has been described previously.* The pressure was re- 
corded at frequent temperature intervals and it was found that 
the pressure of the mixture increased in direct proportion to the 
absolute temperature up to 150". Above this temperature the 
pressure vs. temperature curve "flattened," indicating a reac- 
tion which caused a decrease in the number of molecules. The 
product contained CF30SF6 and (CFaO)&F4, but the yields 
were small. 

The best yield (about 35%) of CFIOSF~ was obtained by the 
reaction of 2.5 g. of CFaOF and 2.5 g. of SF4 in a 5-cc. Monel 
tube held a t  100" for 1 week. The yield of (CF30)2SFd was 
negligible in this case. 

CF3OSF5 and (CF30)2SF4 were both obtained in about 10% 
yields from the ultraviolet irradiation, at room temperature, 
of an equimolar gaseous mixture of CF~OOCFB and SF4 with a 
total pressure of 500 mm. in a 3-1. vessel. 

General Methods.-Infrared spectra were studied using a 
Perkin-Elmer Model 21 infrared spectrometer with a sodium 
chloride prism. The gaseous samples were contained in a 10- 
cm. glass cell with silver chloride windows. N.m.r. spectra 
were obtained through the use of a Varian Model 4311B high 
resolution spectrometer with a 40-Mc. oscillator. Mass spectra 
were recorded using a Consolidated Engineering Corporation 
Type 21-103 mass spectrometer. Vapor densities were deter- 
mined using a glass bulb of 258 ml . volume. Liquid densities were 
found using a single capillary pycnometer. Melting points were 
obtained by warming the solids slowly in a closed 5-mm. 0.d. 
Pyrex tube contained in a cold isopentane bath. Vapor pressures 
were determined using a method previously described.6 

Properties of Trifluoromethoxy Sulfur Pentafluoride.-Ex- 
perimental measurements gave an average molecular weight of 
213.4 compared to  a molecular weight of 212.1 calculated for 
CFsOSF6. The density of liquid CFsOSFs, as determined a t  
five temperatures in the range -30 to -5' (see Table I), gave an 
extrapolated density a t  0' of 1.772 g./cc. and a volume coef- 
ficient of expansion a t  0' of 2.32 X 10-3. The observed melting 
point was -143.0 i 0.5'. Vapor pressures, shown in Table 
11, indicated a boiling point of - l l . O o ,  a molar heat of vapori- 
zation of 5.84 kcal., and a Trouton constant of 22.3 e.u. The 
experimental data fit the expression log pmm = - 1.2757/T X 
103 + 7.7485. 

TABLE I 
DENSITIES OF CFaOSFfi 

Temp., -29.5 -25.3 -19.5 -11.9 -4.5 

Density, 1.889 1.872 1.851 1.821 1.790 
O C. 

g./cc. 

(8) W. P. Van Meter and G. H. Cady, J. Am. Chem. Soc., 83, GOO5 
(l9GO). 

I- 
6 7  i 

P, 
mm. 

47.5 
76.2 

102.2 
137.8 
171.9 
206.8 
232.4 
262.6 
294.4 
341.0 

TABLE I1 
VAPOR PRESSURES O F  CFaOSF6 

Temp., P, 
OK. mm. 

214.3 378.9 
217.9 419.4 
222.6 466.3 
227.6 513.6 
231.5 553.9 
234.8 602.1 
237.1 650.2 
239.3 687.0 
241.6 717.7 
244.3 754.4 

(760.0) 

Temp., 
O K .  

246.7 
248.8 
251.1 
252.8 
255.0 
256.8 
258.5 
259.8 
260.9 
262.0 

(262.2) 

The infrared spectra a t  2 and 10 mm., shown in Fig. 1, con- 
tained strong bands a t  1275 cm,-l(7.84 p ) ,  1238 cm.+ (8.07 p ) ,  
and 1198 cm.-' (8.34 p )  due to  the CFa-0 group. The strong 
bands a t  934 em.-' (10.70 p )  and a t  854 cm.-I (11.70 p )  were 
attributed to the SFK group. Cross, et al . ,g  have shown that in 
compounds containing the SF5 group, intense absorption bands 
occur in the region from 850 to 920 cm.-l, and Sheppard'o has 
found that the lower limit of this region may be extended to  820 
cm.-l. It appears from the spectrum of CF30SF6 that the upper 
limit of this region must be extended to  a t  least 935 cm.-l. 
It is believed that the strong band at 698 cm.-l (14.30 p )  is also 
due to the SFs group. This band is within the -SFs absorption 
region 706 cm.-l for SF KC^^ and 690 cm.-' for SF6Br.11 The 
weak band centered a t  759 cm.-' (13.16 p )  and the strong band 
a t  990 em.-' (10.10 p )  were not assigned. The mass spectrum 
of CF30SF5 above mass number 44 included, in order of de- 
creasing intensity, the following ions: SF&+, CF3', SOFa+, 
COF+, SF3+, SF2+, SF+, SOF+, Sa4F5+, and SF4+. The nuclear 
magnetic resonance spectrum of this compound has been shown 
in another p u b l i ~ a t i o n ~ ~  to  be that expected for the structure 

Trifluoromethoxy sulfur pentafluoridz is colorless and low in 
reactivity as might be expected from its similarity to a saturated 
perfluoro ether.12 The analysis was accomplished on the prod- 
ucts of the fusion of a known quantity of the compound with an 
excess of sodium. Anal. Calcd.: S, 15.1; F, 71.2. Found: 
S, 15.0; F ,  70.2. 

Properties of cis-Bis(trifluoromethoxy)tetrafluorosulfur(VI).- 
Molecular weight determinations gave an average value of 378.2 
(theoretical, 278.1). Densities a t  four temperatures shown in 
Table I11 correspond to a volume coefficient of expansion a t  0" 
of 1.85 X 10-8. The melting point of this compound was not 
found. In all attempts the material became a glass when cooled 
below -130'. Vapor pressures shown in Table IV indicate a 
heat of vaporization of 6.89 kcal./mole, a normal boiling point 

CFIOSF~. 

(9) L. H. Cross, G. Cushing, and H. L. Roberts, Spectuochim. Acta, 17, 

(10) W. A. Sheppard, J .  A m .  Chem. Soc., 84, 3064 (1962). 
(12)  C. I. Merrill and G. H. Cady. to be published. 
(12) A. M. Lovelace, D. A. Rausb, and W. Postelnek, "Aliphatic Fluorine 

Compounds," American Chemical Society Monograph Series 138, Reinhold 
Publishing Co., New York, N. Y., 1958. 

344 (1961). 
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I 

Figure 3. 

TABLE I11 
DEXSITIES OF ( CF30)2SF4 

droxide solution for 3 months showed no reaction, and another 
sample showed no change on being contacted with calcium at 
100" for 1 hr. The analysis was carried out on the products of Temp., "C. 0 . 0  9 .7  20.2 35.2 

Density, g,,cc, 1,851 1,818 1.781 1,732 the reaction of this material with molten potassium. A n d .  
Calcd.: S, 11.5; F, 68.3. Found: S, 11.6; F ,  67.8. The FIQ 
n.m.r. spectrum of cis-bis(trifluoromethoxy)tetrafluorosulfur- 
(T71) a t  40 Mc. is shown in Fig. 3. The part of the spectrum due 
to  F atoms bound to the sulfur is a svmmetrical grouu of four- 

TABLE IV 
VAPOR PRESSURES OF ( CF30),SF, 

P!  
mm. 
52.8 

107.6 
137.6 
171.9 
214.1 
250.2 
281.9 
308.8 
339.2 
375.0 
413.6 

Temp.,  
O K .  

246.1 
258.5 
263.2 
267.4 
272.1 
275.6 
2'78.1 
280.1 
282.2 
284.6 
286.7 

p >  
mm 

449 5 
497 4 
537 5 
574 8 
607 4 
647 2 
681 4 
706 6 
736 9 
750 2 

(760 0) 

Temp.,  
OK. 

288.9 
291.8 
293.4 
295 , l  
296,5 
298.2 
299.4 
300.4 
301.6 
302.0 

(302.2) 

of 29.1°, and a Trouton constant of 22.8 e.u. The data fit the 
expressionlogP,, = -1.5061/T X lo3 + 7.8661. 

The infrared spectrum of (CF10)2SF4 shown in Fig. 2 had 
strong bands a t  1273 cm.-' (7.85 p ) ,  1242 cm.-l (8.05 p ) ,  and 
1146 cm.-l (872 p )  due to the CF3-0 group. The strong 
absorptions a t  935 cm.-' (10.69 p ) ,  840 cm.-' (11.89 p) ,  and 712 
an.-' (14.03 w )  were attributed to the SFI group. Another 
strong absorption occurred a t  972 cm.-' (10.28 p ) .  The mass 
spectrum was due to the following ions, in order of decreasing 
intensity: CF3+, SOPS+, SFs', SF2+, SOF', S3'Fdf, SOF2+, 
COF2+, and SF,'. The SFS+ peak, mass 127, was weak in rela- 
tive intensity and was attributed to a trace impurity of CF30SFj 
in this sample. 

The compound is colorless and does not react with water a t  
room temperature. A sample stored over a 10 M sodium hp- 

~- 
teen bands, each of which is split seven times. If, in this mole- 
cule, the trifluoromethoxy groups were trans, all of the SFn 
fluorine atoms would be equivalent, yielding a single resonance, 
split seven times by  the six neighboring CF3 fluorines. I t  is 
evident from this spectrum that the two trifluoromethoxy groups 
must be in a cis configuration,'3 giving rise to two different pairs 
of fluorine atoms bound to the sulfur. In order to show that the 
experimental spectrum was actually that of a cis-disubstituted 
derivative of SFe, a theoretical spectrum mas calculated for an 
92B2 model using a generalized seven-spin n.m.r. 
It was found that the computed spectrum could be matched to 
the experimental SFq portion of the spectrum (see Fig. 3)  using 
a chemical shift Av of 155.3 C.P.S. (3.88 p.p.m.) and a spin cou- 
pling constant J 1  of 146.0 C.P.S. The CF3 portion of the spectrum 
was shifted Av = 5700 C.P.S. (1425 p.p.m.) to higher field 
strength. Spin coupling constants between the CF and SF 
atoms were J2 = 7 and J3 = 9 C.P.S. 

I t  is interesting that in this case of "addition" of CF300CF3 
to sulfur tetrafluoride, exclusively the cis product is formed. 
This cis configuration has also been shown to  be thepreferred orien- 
tation in t he formation of tetrafluorobisfluorosulfonato sulfur- 
(VI)l3 and bis(pentafluorosu1foxo) sulfur tetrafl~0ride.l~ 
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