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caused by the nitrate ion, using molar absorptivities 
of 80.9 and 19.2 reported by Bjerrum and Rasmussen 
for the pure cis and trans isomers. Comparison of 
samples 2 and 4 yields (80.4 - 77.0)100/(80.9 - 
19.2) or 5.5  mol % more trans ion in the nitrate solution 
than in the perchlorate. The other three pairs of 
samples-6 and 8, 10 and 12, and 14 and 16-yield, 
respectively, 4.7, 3.4, and 4.9 more mol %. 

Integration of the methylene proton peak areas 
in the pmr spectraa of the equilibrium mixtures in- 
dicated 4 f 2 mol % trans ion in 2 M perchloric acid. 
In 3 M nitric acid, the trans ion could not be detected. 
Both cis and trans salts gave the same equilibrium 
results. 

Nitric acid causes a significant rearrangement of 
the amino proton peaks from their positions in per- 
chloric acid solution ; the peak representing the amino 
groups trans to each other divides with half of it  moving 
downfield 0.6 ppm while the entire peak representing 
the amino groups trans to aquo groups moves downfield 
0.3 ppm. Sulfuric and hydrobromic acids produce 
similar changes of less magnitude, the positions varying 
with acid concentration as reported by Fung. lo 

The deshielding of amino proton peaks in such 
complex ions by anions has been recently interpreted 
by Millen and Watts1' to indicate ion association, 
possibly through proton bridges which lock the amino 
protons into axial and equatorial positions. The 
perchlorate ion reportedly does not engage in hydrogen 
bondingI2 and consequently only one peak, however 
broad, is evident for the amino protons trans to each 
other in perchlorate solution. 

Acknowledgment.-This research was supported by 
a grant through the Mankato State College Faculty 
Research Council. 
(10) B. M. Fung, J .  A m  Chem. Soc., 89, 5788 (1967). 
(11) W A Millen and D W. Watts, tbid , 89, 6858 (1967). 
(12) D. W. Watts, et al., Austvaltan J .  Chem., 19, 43, 51 (1966) 

CONTRIBUTION FROM ROCKETDYNE, A DIVISION OF 
NORTH AMERICAN ROCKWELL CORPORATION, 

CANOCA PARK, CALIFORNIA 91304 

On the Complex Formation of Chlorine 
Pentafluoride with Lewis Acids and Bases 

BY KARL 0. CHRISTE AND DONALD PILIPOVICH 

Receioed September 12, 1968 

Chlorine mono-, tri-, and pentafluorides are known 
to exist. Of these the first two compounds show 
amphoteric character and form ionic complexes with 
strong Lewis acids and bases. Thus, C1F forms with 
stpong Lewis acids the FClz+ cation' and with strong 
(1) K. 0. Christe and W. Sawodny, Inovg. Chem., 8, 212 (1969). 

Lewis bases the ClFZ- a n i ~ n . ~ - ~  Similarly, the ClF2+ 
cation6-12 and ClFd- a n i ~ n ~ ~ - l *  have been prepared 
from C1R. In spite of the fact that the existence of 
C1Fs was publishedlg 5 years ago, no data have been 
published on its complex formation with Lewis acids 
and bases. In this paper we wish to report on the 
preparation and some properties of adducts derived 
from CIFS. 

Experimental Section 

Materials and Apparatus.-The materials used in this work 
were manipulated in a well-seasoned 304 stainless steel vacuum 
line equipped with Teflon FEP U traps and 316 stainless steel 
bellows-seal valves (Hoke Inc., 4251F4Y). Chlorine penta- 
fluoride (prepared in this laboratory20) was purified by frac- 
tional condensation and stored in a stainless steel cylinder 
over dry CsF. Prior to use, the ClF6 was purified once more 
by fractional condensation. Nitrosyl fluoride was prepared 
from NO and F 2  a t  -196" and purified by fractional con- 
densation, Arsenic pentafluoride (from Ozark-Mahoning Co.) 
and BFa (from The Matheson Co., Inc.) were purified by several 
low-temperature vacuum distillations. Antimony pentafluoride 
(from Ozark-Mahoning Co.) was purified by vacuum distillation 
a t  ambient temperature. Hydrogen fluoride (from The Mathe- 
son Co., Inc.) was purified by removing all volatiles a t  -196", 
exposing the residue a t  ambient temperature for 12 hr to a fluo- 
rine pressure of 2 atm followed by removal of all volatiles a t  
- 1 9 6 O  in vucz10. Cesium fluoride (from IC & K Laboratories) 
was dried by fusion in a platinum crucible. The purity of the 
volatile starting materials was determined by measurements of 
their vapor pressures and infrared spectra. Because of their 
hygroscopic nature, materials were handled outside of the vac- 
uum system in the dry nitrogen atmosphere of a glove box. 

Preparation of CIF6.AsF6.--Ifi a typical experiment, C1Fs 
(51.65 mmol) and AsF5 (43.27 mmol) were combined a t  -196' 
in a U trap. The mixture was allowed to  warm up slowly until 
melting and reaction occurred. When the pressure inside the 
trap reached 760 mm, the mixture was cooled again to -196'. 
This procedure was repeated several times until the reaction was 
complete. Unreacted ClF6 (8.61 mmol) was recovered by dis- 
tillation a t  -78". Therefore, AsF6 (43.27 mmol) had reacted 
with ClFs (43.04 mmol) in a mole ratio of 1: 0.995, producing the 
complex ClFs.AsF5. 

Preparation of ClF5. SbF6.-Antimony pentafluoride (104 
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mmol) was transferred in the glove box to a Kel-F trap containing 
a Teflon-coated, magnetic stirring bar. The trap was connected 
to  the vacuum line and 30 ml of liquid H F  was condensed into 
the trap a t  - 196'. The contents of the trap were warmed t o  
ambient temperature and stirred until all SbFs had dissolved 
in the HF.  This trap was connected to a second trap by means 
of flexible Teflon tubing. The second trap contained liquid ClFj 
(201 mmol) a t  -78'. The trap containing the SbFb-HF solu- 
tion was inverted and the SbFj-HF solution was slowly added 
to  the liquid ClFj a t  -78' with shaking. The mixture was 
kept a t  -78' for 24 hr .  Subsequently, the HF solvent and 
excess ClFj were removed by vacuum distillation a t  -20". 
Weighing of the trap, empty, with SbFs, and after complex 
formation, indicated a ClFs to  SbF; combining ratio of 1:1.05. 
Similarly, the 1 : 1 adduct was also obtained when SbFs was com- 
bined with a large excess of CIFs a t  - 196" in a Monel cylinder. 
The cylinder was allowed to  warm to ambient temperature and 
was placed on a shaker for 60 hr. Excess ClFs was removed by 
vacuum distillation a t  ambient temperature. 

The BFZ-ClFs System.-Chlorine pentafluoride (14.41 mmol) 
and BFI (11.62 mmol) were combined a t  -196" in a U trap. 
The mixture was allowed to  warm up until the pressure inside 
the trap reached 900 mni. Then the trap was cooled again to  
- 196' I This procedure was repeated several times. The con- 
tents of the trap were warmed t o  -111.6" and a constant pres- 
sure of 94 mm was observed. Increasing the temperature of the 
mixture to - 95 .lo resulted in a water-clear liquid having a con- 
stant vapor pressure of 590 mm. All BFs together with some 
ClFj could be removed from the trap by vacuunl distillation a t  
-95.1". The residue. was identified by its infrared spectrum 
and consisted of pure ClFj. 

The NOF-ClFj System.-Chlorine pentafluoride (39.4 mmol) 
and KOF (39.4 mmol) were combined a t  -196' in a Teflon 
F E P  U trap. The mixture was allowed to  warm to -78.8" 
and was kept a t  this temperature for 24 hr. It remained a t  all 
times a water-clear liquid and no sign of solid formation could 
be observed. The vapor pressure above the liquid amounted to 
116 mm shortly after reaching -78.8" and decreased to  a coa- 
stant value of 92 mm in the course of the following 24 hr. Sub- 
sequently, the contents of the trap were examined a t  ambient 
temperature in the gas phase by infrared spectroscopy. Only 
CIFs and ?;OF could be detected. 

Dissociation Pressure Measurements.-The C1Fs' PLsF: com- 
plex was prepared in a Teflon F E P  U trap directly connected to a 
Heise, Bourdon tube-type gauge (0-1500 mm ( . t O . l % ) )  and the 
temperature of the cooling bath was determined with a copper- 
constantan thermocouple. To  be certain that an equilibrium 
existed at each temperature reading, a sample of the gas above the 
solid complex was pumped off and a constant pressure was re- 
established. True equilibrium existed a t  a given temperature if 
the pressures, before and after the pumping off procedure, were 
identical. Equilibrium pressures were always approached from 
below a given temperature. The following temperature ("c)- 
vapor pressure (mm) relations were observed: -31.20, 6.0; 

X-Ray Powder Data.-Debye-Scherrer powder patterns were 
taken using a Philips Norelco instrument, Type KO. 12046, 
with copper Kcu radiation and a nickel filter. Samples were 
sealed in Lindemann glass tubes (-0.3: and -0.5-mm 0.d.). 

Infrared Spectra.-The infrared spectra were recorded on a 
Beckman Model IR-7 with CsI interchange and a Perkin-Elmer 
Model 337 spectrophotometer in the ranges 700-200 and 4000- 
400 cm-I, respectively. The spectra of gases were obtained 
using 304 stainless steel cells of 5-cm path length fitted with 
AgCl windows. Screw-cap metal cells with AgCl plates or 
polyethylene disks and Teflon FEP gaskets were used for obtain- 
ing the spectra of solids as dry powders. The polyethylene disks 
were protected against interaction with the sample by a very 
thin Teflon sheet. Compensation for bands due to  the window 
material was achieved by placing an empty cell in the reference 
beam 

-25.33, 11.2; -0.18, 123; 5.18, 187; 9.69, 226. 

Results 
Synthesis.-Chlorine pentafluoride and AsF6, when 

mixed a t  -78", produced the 1 : 1 complex ClF:,.AsFs, 
a white, crystalline solid. The 1:1 combining ratio 
was established by quantitative synthesis and infrared 
measurements of the gas phase above the solid complex. 
The latter measurements shon7 that the complex is 
completely dissociated in the gas phase a t  25". Sim- 
ilarly, CIFj and SbFj, when combined either under 
pressure or in HF solution, formed the 1: 1 adduct 
CIFF,.S~F;. It was found advantageous to add the 
HF-SbF; solution slowly to excess ClFj with stirring. 
When the ClF6 was added to the HF-SbF5 solution, 
the ClFj to SbFj combining ratio increased to about 
1 : 1.36. The resulting compound had a wet appearance 
and a low melting point of about 35". Its infrared 
spectrum indicated the presence of polymeric anions 
of the type SbFE-.xSbFb. (Attempts to increase the 
melting point of this product by treating it  xvith a 
tenfold excess of C1Fs for 2 days a t  50' under autog- 
enous pressure and shaking were unsuccessful. N o  
C1F5 was consumed and the appearance and melting 
point of the product had changed only slightly ) Both 
adducts CIFj.AsFj and ClFj SbFj react violently with 
water or organic materials. Xo evidence was found 
for complex formation between ClF; and BF3. Strong 
Lewis bases, such as CsF or NOF, did not produce 
complexes with ClFj. 

Thermochemical Properties.-Based on the observed 
vapor pressure-temperature relations, a plot of log 
P,, vs. T-I (in OK) for the heterogeneous equilibrium 

ClFj.ilsFj(s) = ClFS(g) + AsF,(g) 

is a straight line. The equation 

2763.6 
T 

log P,, = 12.2008 - __ 

represents these data in the temperature range -31.2- 
9.7". By extrapolation, a dissociation pressure of 1 
atm was obtained at 23.4". At 25' the dissociation 
pressure amounts to 545 mm. From the slope of the 
log P,,, vs T-' curve, AHdoZ1 = 25.23 kcal mol-' was 
found. From A F o T y  = -RT In Kpatm, a free energy 
change AF02B8 = 0.694 kcal mol-' and from AS",. = 

(AH" - A F o T ) T - l ,  an entropy change AS'298 = 82.3 
cal deg-I mol-' were found for the dissociation process 
a t  25". A heat of formation of C1F4+XsFo-(s), A 
H1'29~ = -376.8 kcal mol-', was calculated based 
upon AH~0298[ClF6(g)]22 = -56.0 kcal mol-' and 
A H f " 2 ~ 8 [ A s F j ( g ) ] ~ ~  = -295.6 kcal mol-'. 

The CIFj. SbF complex, a white crystalline powder, 
is stable a t  room temperature. Its melting point 

(21) It is not strictly correct t o  infer t ha t  the measured heat of reaction 
for the dissociation process equals the thermodynamic heat of dissociation. 
This would only be appropriate if the complex were in the gas phase or if the  
heat of sublimation of the complex were zei-0. However, for convenience, 
AHdO will be used throughout the text to mean the heat of reaction of a 
complete dissociation process of the type: complex(s) = gas + gas. 

(22) I f .  F. Bauer and D. F. Sheehan, I m r g .  Chenz., 6, 1736 (1967). 
(23) P. A.  G. O H a r e  and W. N. Hubbard, J .  Plzys. &hem., 69, 4358 

(1965). 
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(measured in a sealed off Teflon FEP tube) varied for 
different preparations from 35 to 88". This variation 
could possibly be due to changes in the composition 
of the adduct. 

X-Ray and Nmr Data.-Debye-Scherrer powder 
patterns were obtained for C1Fs .SbF5. However, the 
pattern was too complex to allow determination of the 
crystal system and lattice parameters. Attempts to 
record the F I 9  nmr spectrum of the complex in H F  solu- 
tion failed owing to rapid exchange. 

Vibrational Spectra.-The infrared spectra of solid 
ClFs, ClF5.AsFB, and ClF5.SbF6 and the Raman spec- 
trum of ClF5.SbF6 have been recorded. The spectra 
of the adducts are best interpreted in terms of ionic 
structures containing the CIF4f cation. The latter 
most likely has symmetry CzV. Detailed results on 
the vibrational spectra of ClFd+, BrFdf, and IF4+ 
will be published in a separate papersz4 

Discussion 
The synthesis of a well-defined 1 : 1 adduct between 

ClF5 and AsFs presents no difficulties. In  the case 
of SbFb the reaction conditions must be controlled 
more carefully owing to  the absence of a common 
liquid range between ClF520 (bp -14' (760 mm)) and 
SbF5 (mp 7") a t  ambient pressure. Hence, either a 
common solvent, such as HF, or increased pressure 
should be used in the synthesis of C1Fb.SbFj. The 
formation of polymeric anions of the type SbFG-. 
xSbFj is not unexpected and has been observed in 
similar systems.25~zG It can be essentially avoided by 
adding the SbF5-containing solution slowly to excess 
CIFB or by carrying out the synthesis under elevated 
pressure using again a large excess of ClFb. Boron 
trifluoride appears to be too weak a Lewis acid for 
forming a complex with CIFj. The vapor pressure of 
590 mm measured above the liquid BF3-CIF6 system at 
-95.1' is only slightly lower than that of 594 mm 
calculatedz7 for two ideal liquids according to Raoult's 
law. Since CIFj had been used in excess (55 niol %) 
and has a negligible vapor pressurezo a t  -95", it can 
be concluded that there is practically no positive inter- 
action between BF3 and CIFe a t  temperatures as low 
as -95". The tendency to  form adducts with C1F.5 
decreases in the order SbFs > AsF5 > BF3 and is the 
same as that observed for other halogen fluorides such 
as C1F3,I0 ClF,l or IF5.28,29 The heat of dissociation,21 
25.23 kcal mol-', obtained for CIF53AsF5 is of the same 
order of magnitude as the values obtained for similar 
ionic complexes such as ClFz+BF4- 9 (23.6 kcal mole1) 
and NO+ClF4- (15.8 kcal mol-'). 

The failure to observe complex formation between 
ClF5 and Lewis bases is not surprising since the prep- 
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aration of ClFs by fluorination of Cs+C1F4- 2o had 
indicated no interaction between CsF and CIF6. 
Vapor pressure measurements on the liquid ClF5- 
NOF system (in a 1 : 1 mole ratio) a t  -78.8" showed 
only a small negative deviation from the value (1 16 mm) 
c a l c ~ l a t e d ~ ~ ~ ~ 0  for an ideal mixture according to Raoult's 
law. An infrared spectrum of the mixture after being 
kept at  -78" for 24 hr showed that no chemical 
reaction, such as oxidation of NOF, had occurred. 

The fact that ClF5 (having one free localized electron 
pair) is capable of forming adducts with strong Lewis 
acids but not with Lewis bases suggests that in chlorine 
fluorides the highest possible coordination number of 
pentavalent chlorine toward fluorine (or localized free 
electron pairs) is 6. The conclusion that ClF5 is satu- 
rated with respect to coordination number and hence 
also little associated in the liquid phase is further sup- 
ported by spectroscopic evidence31 and the low boiling 
point and Trouton constantz0 reported for ClFs. Based 
on these data, the preparation of a stable, mainly co- 
valent chlorine heptafluoride would be quite surprising. 
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The assumption that transition metal dithiolene 
complexes do not undergo ligand-exchange reactions 
has been shown to be in~orrec t .~  Using polarography, 
it has been possible to show that ligand exchange does 
occur between planar nickel bisdithiolenes in solution. 
We have subsequently found that similar exchange 
reactions occur between nitrosyliron bisdithioleiie 
complexes. 
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