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Bromine(1) fluorosulfate has been shown to  react with a variety of nonmetal chlorides according to the general equation 
MC1, + YBrOSOzF = MC1,-,(OS02F)V + YBrC1. New compounds obtained in this manner were [C(O)OSO,F]2, c(0)- 
C1C(O)OSO2F, CFC120S02F, CFC1(OS02F)2, CCl(OS02F)3, C(OSO*F)d, SO(OS02F)2, POC120S02F, and SiCl*(OSO*F)2. 
Some evidence was also found for the compounds CClaOSOaF, CCL(OSOJFj2, SOClOSOzF, and POCl(OS02F)Z. 

The preparation of compounds containing the fluoro- 
sulfate group has received considerable attention in 
recent years. Methods for the preparation of a variety 
of nonmetal and metal fluorosulfates have been found. 
The majority of these methods employ fluorosulfuric 
acid or peroxydisulfuryl difluoride as the fluorosulfonat- 
ing reagent. This work describes the use of bromine(1) 
fluorosulfate in the preparation of some new nonmetal 
fluorosulfates. Previous work has shown that  Br- 
OSO2F is a strong oxidizing agent that  adds across the 
carbon-carbon double bond. 3-5 Because of the posi- 
tive nature of the bromine atom in BrOS02F it was 
thought that  the reaction of BrOSOzF with covalent 
chlorides could lead to the formation of bromine mono- 
chloride and a fluorosulfate. This has been found to be 
true and the following reactions were investigated 

YBrOSOzF f MC1, = YBrCl f MClZ-,(OSO2F), 

where MCl, = [C(0)C1l2, CFCI3, CCL, S0Cl2, POC13, or 
SiC14. 

The new fluorosulfates [C(O)OSO2F]2, C(O)ClC(O)- 

C(OSOyF)4, SO(OS02F)2, POC120S02F, and SiC12- 
(OSO2F)z were prepared. Evidence was also found for 
the existence of CC130S02F, CC12(0S02F)2, SOClOS02F, 
and POCI(OS02F)2. 

Experimental Section 

OSOzF, CFC120S02F, CFCl (OS02F) 2, CC1( OSO2F) 3,  

Reagents .-Bromine(1) fluorosulfate was prepared by the 
method of Roberts and Cady using a slight excess of S ~ O ~ F Z . ~  
Peroxydisulfurpl difluoride was prepared in the usual manner 
The chlorides were obtained from commercial sources and were 
purified by distillation. 

General Methods.-Each reaction was run in a 100-in1 Pyrex 
glass bulb fitted with a Fischer-Porter glass valve closed by a 
Teflon plug. The reactions were carried out by condensing the 
chloride onto the BrOSOzF cooled to - 183" and then placing the 
reaction bulb in a shielded bath at the appropriate temperature. 
The temperature for each reaction was chosen so that the chloride 
would be a liquid and so that the reaction was not too vigorous. 
After reaction was complete the products were separated by trap- 
to-trap distillation. The yields in the reactions were not deter- 

(1) Presented a t  the Fourth International Symposium on Fluorine Chem- 
istry, Estes Park,  Colo., July 1967. 

(2) Department of Chemistry, Northeastern University, Boston, Mass. 
02115. 

(3) J. E. Roberts and G. H. Cady, J .  A m .  Chem. Soc., 82, 352 (1960). 
(4) W. P. Gilbreathand G. H. Cady, Inova. Chem., 2, 496 (1963). 
( 5 )  B. L. Earl, B. K. Hill, and J. &I. Shreeve, ibid., 5, 2184 (1966). 
(6) J. IVI. Shreeve and G. H. Cady, Inovg. Syn., 7 ,  124 (1963). 
(7) A by-product (S03Fz) in the preparation of S208F2 is explosive: see 

D. D .  Des hiarteau and G. H. Cady, Inorg. Chem.,  6, 416 (1967). 

mined accurately but appeared to  be nearly qvantitativc ill tliat 
all of the BrOSOzF reacted to form BrCl and a fluorosulfatc. 
The reactions are summarized in Table I .  More explicit details 
are given below. 

Infrared spectra were taken with a 10-cm Pyrex glass cell fitted 
with silver chloride windows and a small trap. When the vapor 
pressure of the compounds was less than a few millimeters a t  
22", some of the compound was pumped under vacuum into the 
trap cooled to the temperature used for separating the compound. 
The spectrum was then taken of the gas in equilibrium with the 
liquid in the trap after warming the cell to  22'. Some of the com- 
pounds or their decomposition products reacted with the silver 
chloride windows. For SOClOSO*F, SO( OSOzF)*, and SiC12- 
(OS02F)Z the infrared spectra were taken with a thin film of Halo- 
carbon wax (series 1500) on the cell windows. A window with a 
film of nearly equal thickness was used as a reference. 

-4 Varian Model 4311 B high-resolution nuclear magnetic rcso- 
nance spectrometer was used to determine the nmr spectra a t  40 
Mc. Trichlorofluoromethane was used as an internal standard. 
The nmr samples were prepared by attaching an nmr sample 
tube to  the bottom of a trap. The compound was then pumped 
under vacuum through the trap cooled to the temperature used 
to separate the compound. After the appropriate amount of 
sample had been collected, CFCI3 was condensed in a t  -183" 
and the nmr sample tube was sealed under vacuum. Oxalyl 
fluorosulfate was only slightly soluble in CFCI, but it was soluble 
in a mixture of CFC13 and [C(O)ClI2. The sample used contained 
about 25% CFC13,25ql, [C(0)C1l2, and 50% [C(OjOSO,F],. 

Molecular weights were determined by Regnault's method for 
compounds having sufficient vapor pressure at 22". Determilla- 
tions w-ere made on successive fractions of each sample. 

Melting points were taken in a 1-mm tube using a setup similar 
to that used for the preparation of nmr samples. The nmr 
sample tube mas replaced by a 1-mm tube at the bottom of a 
trap and the sample was collected in a similar manner. The 
temperature was measured using a copper-constantan thernio- 
couple. 

Analysis of the compounds was carried out by hydrolyzing a 
weighed amount with standard aqueous sodium hydroxide 
(3.1840 N )  a t  100" for 3 hr. Xliquots of the resulting solutions 
were then analyzed for the amount of base consumed on hy- 
drolysis, sulfate, fluoride, chloride, and phosphate. The deter- 
minations were made using standard methods.* The analytical 
results are summarized in Table 11. 

Preparation of [C(O)OSO,F], and C(OjClC(OjOSO2F.- 
Oxalyl chloride (24.0 mmol) was condensed onto an equimolar 
amount of BrOS02F. On warming to -2" a smooth reaction 
took place forming a red-yellow gas and liquid. The reaction 
mixture was then held a t  0" while pumping off the volatile prod- 
ucts through traps a t  - 14 and - 183". The infrared spectrum 
of the material in the -183" trap showed the presence of BrCl 
and unreacted [C(OjCl]2 with small amounts of C(0)CL and 

(8) S. Chariot and D.  Beziei-, "Quantitative Inorganic Analysis," 3rd ed, 
English translation, John Wiley and Sons, Inc., New York, N .  Y., 1957. 
pp 424,428, 533, 583. 
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TABLE I proximately 7 and 50 mm, respectively. Vapor density for 
SUMMARY O F  BrOSOZF REACTIONS CFClZOSOzF and CFCl( OS02F)z: calcd, 200.96 and 264.57; 

found, 199.5 and 266.4. Br- 
Chloride" OSOzFa Temp, 'C 

[C)(O)Cl]z (24.0) 24 .0  -2 

CFCh (83.0) 30 .0  -55 

CFCli (20.0) 40 .0  -55 
cC14 (8.4) 33 .0  -22, 22 (1 hr) 
CCh (11.0) 33 .0  -22 
CCl4 (6.0) 1 2 . 0  -22 

CClr (30.0) 6 . 5  -22 

SOC1z (11.0) 22 .0  -50 
SOClz (60.0) 15.0 -50 

POCh (28.0) 25.0 65 (3 days) 
POCla (6.6) 13 .0  65 (7 days) 

SiCla (12.0) 24 .0  -30 

Major productsa 

(13.01, [C(O)OSOzFlz (5.6) 

CFCl(OS0zF)z (2.5) 

BrCl (24.0), C (0) ClC(0) OSOzF 

BrCl (30.01, CFClzOSOzF (25.0), 

BrCl (40.0), CFCl(OS0zF)z (20.0) 
BrCl (33.0), C(OS0zF)a (8.2) 
BrCl (33.0), CCl(OS0zF)a (11.0) 
BrCl (12.01, CClz (0SOzF)z (3.0), 

CClsOSOzF (1.5), 
CCl(0SOzF)a (1.5) 

CClz(OS02F)z (1.5) 
BrCl (6.5), CClaOSOzF (3 .5) ,  

BrCl (22.0), SO(OS0zF)z (10.5) 
BrCl (15.0), SOClOSOzF (71, 

SO(0SOzF) (4) 
BrCl (25.0) ,  POClzOSOzF (24.0) 
BrCl, POClzOSOzF, 

BrCl (24.0), SiClz(0SOzF)z (11.0) 
POCI(OSOzF)zb 

Preparation of C( OSOZF)~ and CCI( OSOzF)3.-Carbon tetra- 
chloride (8.4 mmol) was allowed to condense on to BrOSOzF 
(33.0 mmol), and the mixture was then warmed to -22'. After 
initial reaction stopped, the mixture was warmed to 22' and 
allowed to stand for 1 hr. The products were then pumped 
under vacuum through traps a t  0 and - 183'. The products in 
the -183" trap were BrCl with small amounts of Con, SZO~FZ, 
and CO(0SOzF)z." 

Pure CCl(OSOzF)3 was prepared by reaction of CCL (11.0 
mmol) with BrOSOzF (33.0 mmol) a t  -22'. The products were 
separated by pumping under vacuum through traps a t  - 15 and 
- 183". The infrared spectrum of the volatile material in the 
- 183" trap showed the presence of large amounts of BrCl, with 
a small amount of COC12, S205F2, COZ, and COC10S02F.12 Pure 
CCl(OSO2F)p collected as a white solid in the -15' trap. Te- 
trakis(fluorosu1fato)methane and CCl( OSOzF)3 were colorless 

Pure C( OSOZF)~ collected in the 0' trap. 

5 Millimoles. b See Experimental Section. liquids which had <1 and -2 rnm vapor pressure a t  22'. Both 

TABLE I1 
ANALYTICAL DATA 

c---~~ Cl--- 7 - 7 0  F------ -7% s--. ,-.Moles of OH-/mole- 
Found Calcd 

CFClzOSOzF 35.03 35.05 
CFC1( OS02F)z 13.50 13.40 
CCl(OSOzF)3 10.85 10.30 
C (OSOzF)4 
C(O)ClC(O)OSOzF 18.17 18.63 
[ C(O)OSO2Fl z 
POClzOS02F" 34.40 32.70 
SiClz(OSOzF)z 23.74 23.84 
SO(OS0zF)z 

a Anal. Calcd for POC120SOzF: P,  14.25. Found: 

Found 

18.65 
20.65 
15.94 
18.45 
10.16 
15.23 
8.62 

12.46 
15.30 

P, 14.21. 

S20SF2.9 Pure C(O)ClC(O)OSOzF (70%) collected as a color- 
less liquid in the -14" trap and [C(O)OSOZF]~ (30%) crystal- 
lized in the reactor. The vapor pressures of the compounds 
were approximately 7 and <1 mm a t  22'. Oxalyl fluorosulfate 
sublimed readily forming large transparent crystals which melted 
a t  57-59' under 1 atm pressure of dry air. Oxalyl chlorofluoro- 
sulfate formed white crystals which melted a t  -17.9 3= 0.5". 
Vapor density for C( O)ClC(O)OS02F: calcd, 190.46; found, 
189.5. 

Preparation of CFClZOSO2F and CFCl(OSOzF)z.-Trichloro- 
fluoromethane (83.0 mmol) was condensed onto BrOSOZF (30.0 
mmol) and warmed to - 55". A rapid reaction occurred forming 
BrCl. The reaction mixture was then held a t  -25" and pumped 
through traps a t  -45 and - 183" until approximately 90% of the 
mixture had distilled. The infrared spectrum of the material 
collected in the - 183" trap indicated large amounts of BrCl and 
unreacted CFC13 with small amounts of COClF,'O S20cF2, and 
CFC120S02F. Most of the CFClzOSOzF collected in the -45" 
trap and was contaminated with BrCl. The latter was removed 
by repeatedly warming to  22" and then cooling to -35" and 
pumping on the material momentarily while cold. The products 
remaining in the reaction bulb were CFC120SO2F and CFCl- 
(OS02F)2. Pure CFCl(OSO2F)2 was prepared by reaction of 
CFC13 (20.0 mmol) with BrOSOzF (40.0 mmol) a t  -55". The 
reaction products were pumped through traps a t  - 25 and - 183". 
The infrared spectrum of the material in the - 183" trap was that 
of BrCl with small amounts of Sz06Fe, COClF, and CFCl( OSOZ- 
F)2. 

Chlorofluorobis(fluorosu1fato)methane formed a glass on cool- 
ing to - l O O o ,  but CFClzOSOzF formed white crystals which 
melted a t  -90.4 + 0.5'. The vapor pressures at 22' were ap- 

Pure CFCl( OSOZF)~ collected in the -25" trap. 

Calcd 

18.90 
21.53 
16.53 
18.62 
9 .48  

14.94 
8.76 

12.80 
15.42 

Found 

15.80 
24.10 
26.00 
31.30 
16.30 
24.80 
14.43 
21.20 
38.20 

Calcd 

15.98 
24.20 
27.90 
31.40 
16.78 
25.20 
14.78 
21.60 
39.05 

Found 

7 .98 
9 .93  

11.86 
14.30 
5 .98  
7.96 
8.36 
8 . 0 5  
7.99 

Calcd 

8 .00 
10.00 
12.00 
14.00 
6.00 
8.00 
8.00 
8.00 
8.00 

formed white crystalline solids which melted a t  -11.3 zt 0.5 
and -7.0 to -5.7", respectively. 

Formation of CCl2( OS0zF)2 and CC130SO~F.-These com- 
pounds could not be obtained pure because of their instability 
and the difficulty in separating a mixture of CCls(OSOzF)2 and 
CClp0SO2F. The reaction of BrOSOzF (12.0 mmol) with CClr 
(6.0 mmol) a t  -22" formed about 50% CClz(OSOzF)z, 25% CClp- 
OSO2F, and 25% CCl(OS02F)3 based on the F19 nmr. The 
sample was collected by pumping through traps a t  -22 and 
-183'. The volatile products in the -183' trap were BrCl 
with small amounts of S2OsFp, COClZ, and COe. The reaction of 
BrOSOzF (6.5 mmol) with CCI, (30.0 mmol) a t  -30" formed 
about 70% CC130SOZF based on the Flg nmr. The sample was 
collected by pumping slowly through traps a t  -25 and -183'. 
The products in the - 183" trap were shown by infrared analysis 
to be BrCl and unreacted CC14 with small amounts of COClz, 
SZO~FZ, and Cog. 

Preparation of SO( OSOIF)2 and SOC10S02F.-Thionyl fluoro- 
sulfate was prepared by reaction of SOClz (11.0 mmol) with 
BrOSOzF (22.0 mmol) a t  -50". After the rapid reaction had 
stopped, the products were pumped through traps a t  -20 and 
- 183". The - 183" trap contained large amounts of BrCl with 
some SOz, SzOsFz, and other sulfur oxyhalides. Thionyl fluoro- 
sulfate collected as a colorless liquid in the -20" trap. It had 
<1 mm vapor pressure a t  22' and formed a glass when cooled to  
low temperature. 

A sample 
which was about 65% SOClOSOzF and 35% SO(0SOzF)z was 
prepared by reaction of SOClz (60.0 mmol) with BrOSOzF (15.0 
mmol) a t  -50". The sample was collected by pumping slowly 
through traps a t  -20 and - 183". The products in the - 183" 

Thionyl chlorofluorosulfate was not obtained pure. 

(9) Spectrum of Sz06Fz: 1500, 1248, 872, 824, 735, and 550 cm-1. 
(10) K.  Nakomoto, "Infrared Spectra of Inorganic and Coordination 

Compounds," John Wiley and  Sons, Inc., New York, N. Y., 1963. 

(11) M. Lustig, Inorg. Chem., 4, 1828 (1965). 
(12) R. Cauble and G. H. Cady (unpublished results) give the spectrum 

as: 1830, 1493,)1250, 1015, 870, 840, and 782 cm-1. 
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trap were BrCl and unreacted SOCI? with some Son, S205F2, 
and other sulfur oxyhalides. 

Preparation of POClzOSOzF and POC1( OS02F)p .-Phosphoryl 
chloride (28.0 mmol) was condensed onto BrOSOzF (25.0 mmol) 
in the usual manner. On warming to 22', BrOSOzF dissolved 
in the P0Cl3 forming a viscous yellow solution which slowly 
evolved BrC1. The mixture was then held a t  65" for 3 days. 
The reaction products were separated by pumping through traps 
at 0 and - 183'. The infrared spectrum of the material in the 
-183" trap mas that  of BrCl with some unreacted POCla and 
small amounts of SiF4, SnOjFe, and POClnF.13 The POCLOSOZF 
collected as a pale yellow liquid in the 0" trap. The yellow color 
was due to impurities but the amount was very small. The 
vapor pressure of POCLOS02F was <1 mm a t  22'. The sub- 
stance crystallized with considerable difficulty t o  a white solid 
which melted at  - 58" 

Phosphoryl chlorod fluorosulfate) was formed when Poc13 
(6.6 mmol) reacted with BrOS02F (13.0 mmol) a t  65' for 7 days. 
The reaction mixture mas then pumped on at 22" through a trap 
at -183" until a colorless liquid remained in the bulb. The 
material collected in the - 183" trap was largely BrC1, mith some 
S20jF2, POClzF, and probably unreacted POCla and BrOS02F. 
The FlQ nmr showed that the colorless liquid was approximately 
an equimolar mixture of POClzOSO2F and POCI(OSO~F)2 with a 
small amount of some unidentified impurities. The nmr con- 
sisted of a resonance identical with that observed for POC12- 
OS02F (4  -50.4) and another single resonance a t  4 -52.1. 
The areas were in the approximate ratio of 1 : 2.  

Preparation of Sicla( OSOZF)~ .-Silicon tetrachloride ( 12.0 
mmol) was added to BrOSOgF (24.0 mmol) and warmed to - 30'. 
A reaction took place forming a red-black solid in the liquid SiC14. 
The red-black solid reacted sloivly at  - 30" to give a yellow-red 
solution and gas. After reaction was complete, the products 
were pumped through traps a t  - 22 and - 183". The infrared 
spectrum of the material collected in the - 183" trap was that  of 
BrCl with small amounts of SiF4, SzO;F*, and other compounds 
containing Si-F bonds. Dichlorobis( fluorosu1fato)silane collected 
as a colorless liquid in the -22' trap. The vapor pressure of the 
SiCl2( OSO?F)2 was approximately 7 mm at 22'. The compound 
formed a glass on cooling. Vapor density for SiCI?(OSO2F)?: 
calcd, 297.05; found, 299. Attempts to prepare SiClaOSOzF 
and SiCl( OSOnF)3 were unsuccessful. 

Results and Discussion 
The reaction of BrOSOzF with covalent chlorides 

provides a convenient new method for the preparation 
of compounds containing the fluorosulfate group. 
Previous attempts have been made to prepare some 
of the compounds reported (or very similar ones) with- 
out success. These attempts have included the reac- 
tions of S206F2 with CCI,, SOC1F,14 CBr4,11 Poc13,15 
and 

Covalent bromides appeared to react in a manner 
analogous to the chlorides forming bromine. However, 
the reactions had the disadvantage of being so highly 
exothermic that frequently the desired product decom- 
posed. Furthermore it was difficult to separate bro- 
mine from some of the products. 

Several of the compounds reported were unstable a t  
ambient temperature. The decompositions were not 
studied quantitatively but appeared to be of two types 

and of Sic14 with HOSOZF." 

MOSOzF = MF -t SOa 

M(OSOaF)$ = MO f S206Fz 

(18) A hItiller. 0. Glemset., and E. Siecke, %. Ai iorn .  4 l l n ~ r l z .  C ~ P I I Z . ,  347, 

(14) J. M. Shl-eeve and G. H. Cads,  J .  Am. Chem. Soc., 83, 4521 (1961). 
(15) D. n. Des hiarteau, Ph.11. Thesis, University of Washington, 1966. 
(161 G. L. Gard, Ph.D. Thesis, University of Washington, 1984. 

275 (1966). 

TABLE 111 
ISFRARED SPECTRA ( a - 1 )  

-S=O-- 
Asym Sym S-F -----Other--- 7 

[C(O)OSOsF], 1490s 1250s 840s 1850, 1826 m (C=O), 1180 
m ,  br, ,520 m 

CIC(O)C(O)OSO~F 1498 s 1253 s 840 s 1823, 1740 s (C=O), 1140 s ,  
920 s,  782 m ,  555 s 

CFClzOSOzF 1490 s 1250 s 846 s 1137 sh, 1115s, 1083 m, 957 5 ,  

937 s, 693 m, 603 m ,  575 s, 
545 w, 510 w 

CFCl(OS02F)z 1453 s 1253 s 838 s 1170 m ,  1150 m ,  1055 s ,  
1030 s, 530 w, 795 m, 725 
N, 640 F, 667 m 

C(0SOzF)a 1502 s 1260 s 843 s 1090 s (C-0), 624 s ,  585 m 
CCI(0SOzF)a 1494 s 1252 s 835 s i n 4 2 ~ ( ~ - 0 ) , 1 0 2 n ~ h , 7 8 2 m ,  

642 m, 610 w,  570 w, 560 m 
C C I ~ ( O S O Z F ) ~ ~ , ~  1490 s 1250 s 835 s 550 s (C-O), 660 S 

CClaOS02Famb 1485 s 1245 s 840 s 955 s (C-O), 560 s 
SiClz(OSO2F)z 1473 s 1243 s 835 s 589 s (Si-O), 645 s (Si-Cl), 

SO (OSOzF) zb 1451 s 124.5 s 845 s 650 s 
SOCIOSO~F~JJ  1470 s 1235 s 830 s 670 m ,  500 m, 450 s 

515 s 

POClzOSOrF 1480 s 1241 s 847 s 1345 s (p=o), 907 s (P-o), 
725 m ,  630 s (P-Cl), 636 s 

POCl (OS0~F)P  1480 s 1240 s 840 s 1370-1890 m (P=O), 920 s 
(P-O), 640 m (P-CI), 
640 s 

Q From an impure sample contaminated with preceding com- 
pound. b A good infrared spectrum was very difficult t o  obtain 
because decomposition products were always present. The data 
presented here are a composite of many different spectra, and 
some weaker absorptions are probably absent. 

TABLE IT' 
SUCLEAR MAGNETIC RESOSANCE DATA 

+ Assignment 

[CO (0)OSOzFI z -43.2 SF 
CIC(O)C(O)OSOzF -47.0 SF 
CFClzOSOzF -49.2,14.5 SF, CFa 
CFCI( OS02F)z -51.4,31.6 SF, CFb 
C(OS0zF)r -51.9 SF 
CCl(OS0zF)a -50.9 SF 
CC1z(0S02F)zdTh -50.7 SF 
CClaOSOzFdmh -50.5 SF 
SiClz ( OSOzF)te -46.6 SF 
SO(OS0zFXf -52.7 SF 
SOC10S02F~~h -50.1 SF 
POClzOSOzF -50.2 SFc 
POCI(OSOZF)?~~~ -52.1 SF 

Doublet of doublets, J m  = 8.85 cps. b Doublet and a trip- 
let, J F F  = 9.55 cps. d After 20 hr 
a t  22' an additional resonance a t  4 -49.0 appeared. e Other 
resonances of low and varying intensity at 4 -45.1, -47.3, 
-47.9, 149.5, 150.0, and 157 appeared in various samples. f After 
20 hr a t  22' several additional resonances appeared at 4 -49.7 to 
-50.8 and -75.0 and -77.0 [C -77.0 was absent for SO- 
(OSOzF)2]. 0 Other small resonances at 4 -50.6, -50.9, and 
- 17.4 (doublet). * Contaminated with preceding compound. 

c Doublet, J p p  = 3.8 cps. 

The first type was observed for SiC12(0S02F)z and the 
second type for CC14-.(OS02F). (x = 1-4) Both 
modes of decompositions appeared to take place with 
SO(OSO2Fj2 and SOCIOS02F. The decompositions 
were observed by the infrared and nmr spectra taken a t  
22' as a function of time. The rates of decomposition 
were very slow for C(OS02Fj4 and CCl(OSOzF)3 but 
moderate for the other unstable compounds. 

The infrared spectra of the new compounds are surn- 
marized in Table 111. A11 of the compounds showed 
bonds characteristic of the fluorosulfate group. In 

(17) E. Hayek, J. Puschman, and A. C'aloun, M ~ i z a l s h . ,  85, 359 (1954) 
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agreement with other fluorosulfates, the S=O sym- 
metric and asymmetric and S-F stretching frequencies 
occurred over a narrow 11, 14, l8,I9 Some other 
tentative assignments are also given. 

The FI9 nmr results are summarized in Table IV. 
All of the compounds showed an F19 resonance in the 
fluorosulfate region a t  about 9 -50.20 The Flg reso- 

(18) D. D. Des Marteau and G. H. Cady, Inovg.  Chem., 6, 169 (1966). 
(19) D. D. Des Marteau and G. H. Cady, i b i d . ,  6, 1829 (1966). 
(20) F. A. Hohorst and J. M. Shreeve, ibid. ,  8 ,  2069 (1966). 

nance for the fluorosulfate group was shifted downfield 
as successive replacement of chlorine by fluorosulfate 
occurred. For the thionyl fluorosulfates the S-F 
resonance was slightly broadened. For SiClZ(OS0zF)z 
the high-resolution nmr showed a sharp resonance with 
a broad resonance slightly downfield. 
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By the use of improved procedures, the free heteropoly acids Ha[PMol~VOaol . 3 4 H ~ 0 ,  H~[PMOIOVZO~O] .32HzO, and Hs- 
[ P M O ~ V ~ O ~ ~ ]  . 34H20 were prepared reproducibly as orange crystalline solids. Potentiometric titration measurements showed 
that the number of replaceable hydrogen ions in these free acids is four, five, and six, respectively. The salts Na4[PMon- 
1 7 0 4 0 ]  .8H20 and ( N H ~ ) ~ H [ P M O I ~ V O ~ ~ ]  .7.5H20 were prepared for the first time. The molybdovanadophosphate 
anion had unusually high hydrolytic stability. Infrared, visible, and ultraviolet spectra were obtained for these salts. 
Thermogravimetric and differential thermal analyses were performed on H~[PMoIIVO~O] 3 32HzO and N ~ ~ [ P M o I I V O ~ O ]  - 
8Hz0. Potentiometric titration measurements with methanol as the solvent and NaOCHs as the titrant showed that the 
H ~ [ P M O U V O ~ ~ ]  acid is tetraprotic in solvents with low dielectric constants. 

Introduction 
The heteropolymolybdovanadates constitute an im- 

portant class of heteropoly compounds on which only 
limited research has been conducted. The most well 
known of these heteropolymolybdovanadates is the 10- 
molybdo-2-vanadophosphate(V) anion prepared by 
K0korin.l In  1964, Souchay and c o - w o r k e r ~ ~ - ~  were 
able to replace molybdenum in the 12-molybdophos- 
phate anion structure by up to three pentavalent vana- 
dium atoms,2 but the compounds prepared were not 
fully characterized and no analytical data were given.4 

In work published in 1964, Krivy and Krti16 assigned 
a basicity of 3 to the l0-molybdo-2-vanadophosphoric 
acid on the basis of radiometric titration studies em- 
ploying cesium-137. They gave the salt the formula 
CS&L [P(Moz07)5VzOs I .  

The present work elucidates the properties of the 
free acids and salts of the anions [ P M O ~ ~ V O ~ ~ ] * - ,  
[ P M O ~ ~ V Z O ~ ~ ] ~ - ,  and [ P M O ~ V ~ O ~ O ] ~ - .  The desired free 
acids were obtained in a reproducible manner by using 
detailed, improved procedures. Further characteri- 
zation of the properties of these anions was accom- 

(1) A.  I. Kokorin, J. Geiz. Chem. C S S K ,  24, 697 (1954). 
(2) M. P. Courtin, F. Chauveau, and P. Souchay, Compl. R e n d . ,  268, 1246 

(1964). 
(3) B. Charreton and G. Bertho, ib id . ,  261, 2903 (1965). 
(4) B. Charreton, F. Chauveau, G. Bertho, and P. Courtin, Chim. A n a l .  

( 5 )  I. Krivy and J. Kitil, Collecliolz Czech. Chern. Com?~un. ,  29, 587 (1964). 
(Paris) ,  47, 17 (1965). 

plished by physicochemical means discussed in this 
paper. 

Experimental Section 
Prepurified grade sodium metavanadate containing 27' water 

(Matheson Coleman and Bell) was used without further purifi- 
cation. 

Preparation of Compounds. (a) 11-Molybdo-1-vanadophos- 
phoricAcid.--NazHP04, 7.1 g, was dissolved in 100 ml of water 
and mixed with 6.1 g of sodium metavanadate that had been 
dissolved by boiling in 100 ml of water. The mixture was cooled 
and acidified to a red color with 5 ml of concentrated sulfuric acid. 
To this mixture was added a solution of 133 g of NaaMoO4.2HzO 
dissolved in 200 ml of water. Finally, 85 ml of concentrated 
sulfuric acid was added slowly with vigorous stirring of the solu- 
tion. With this addition the dark red color changed to a lighter 
red. The heteropoly acid was then extracted with 400 ml of 
ethyl ether after the water solution was cooled. In  this ex- 
traction, the heteropoly etherate was present as a middle layer; 
the bottom layer (water) was yellow and probably contained 
vanadyl species. After separation, a stream of air was passed 
through the heteropoly etherate layer to free i t  of ether. The 
orange solid that remained was dissolved in 50 ml of water, con- 
centrated to the first appearance of crystals in a vacuum desic- 
cator over concentrated sulfuric acid, and then allowed to crystal- 
lize further. The orange crystals that formed were filtered, 
washed with water, and air dried. The 
crystalline acid effloresces slowly a t  room temperature; thus the 
amount of water of crystallization varied slightly from sample to 
sample. Anal. Calcd for H ~ [ P M O I ~ V O ~ ~ ]  .32.5H20: P,  1.31; 
Mo,44.60; V, 2.15; H20,24.71. Found: P, 1.31; Mo, 44.54; 
V, 2.68; HzO (based on Mo), 24.86. The molar ratios are Mo to 
P, 10.97 to  1.00; and V to P, 1.24 to 1.00. Similar analyses were 

All other reagents used were Baker Analyzed grade. 

The yield was 28 g. 


