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The reactions of pure ozone with a series of covalent hypohalites were examined. With ClOClO,, ClOSO,F, BrONO,, and 
BrOClO, oxidative oxygenations of the terminal halogen occurred giving respectively O,ClOClO,, O,ClOSO,F, O,BrONO,, 
and the new compound O,BrOC10,. Similar conditions with ClONO, produced exclusively NO,+ClO,-, constituting a new 
synthesis of this powerful oxidizer. With ClOCF , and BrOS0,F no oxidation was noted. For comparison, chlorine dioxide 
was also oxidized to chlorine hexoxide using the same experimental conditions. The nature of the products prepared by 
different methods and all having the empirical composition C1,0, was investigated by mass and infrared matrix-isolation 
spectroscopy. It is concluded that above its melting point “Cl,O, ” has the oxygen-bridged chloryl perchlorate structure 
Q2C1OC10,. The infrared spectrum of matrix-isolated CIO, was also recorded and its ssCI-37C1 isotopic shifts were meas- 
ured. 

~ n ~ ~ ~ ~ ~ c ~ ~ o ~  
Covalent hypohalite compounds are highly reactive and 

synthetically useful reagents.’ However, nearly all of the 
known chemistry of these materials centers on  their reactions 
involving cleavage of the halogen-oxygen bond. For exam- 
ple, BrOSQzF was used’ to replace the chlorines in CCl, 
giving C(OSOzF)4, while C10S02F was employed3 to  pro- 
duce ClOClO, from CsC104. In other cases, C10SOzF4 and 
C10&‘1035 were,shown to add acl;oss olefinic double bonds 
forming C1-C-$OSOzF and Cl-C-C-OC103 derivatives. It 
appeared interesting to  synthesize the corresponding halites, 
halates? or perhalates by oxidative oxygenation of the ter- 
minal halogen. The only report of such an oxidation was 
given b y  Schmeisser and Taglinger6 on the ozonization of 
BrON02 at -78” according to 

BrONO, + 2 0 ,  + O,BrONO, + 2 0 ,  

This successful synthesis of bromyl nitrate suggested the 
possibility of carrying out similar reactions of O3 with other 
XO species. Accordingly, we examined the reactions of 
ozone with C10C103, CIOSOzF, C10N02, CIOCFB, BrOC103, 
and BrOSOZF. For comparison, the known6” oxidative 
ozonizations of BrONOz and CIOz were carried out under 
our reaction conditions. 

Experimental Section 
Apparatus and Materials. The equipment used in this work has 

previously been described.8 Mass spectra were recorded on a Quad 
300 (Electronic Associates, Inc.) quadrupole mass spectrometer 
using a passivated all stainless steel inlet system. Infrared spectra 
were recorded on a Perkin-Elmer Model 457 spectrometer using the 
previously described matrix-isolation technique.’ Literature methods 
were used to  synthesize C10C10,,3 ClOSO,F,’ CIONO,,’a ClOCF,,” 
(!lo,,’’ BrOClO,,I3 and BrON0,.6 Since hypobromites cannot be 
transferred without decomposition, they were synthesized directly 
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in the ozonization vessel from Br, or BrCl and a slight excess of the 
corresponding hypochlorites. The undesired by-products and im- 
purities were removed prior to addition of solvent and ozone. 

Ozone was prepared by glow discharge of 0, (Matheson Co.) in 
a Pyrex U tube cooled with liquid nitrogen. A 15-kV power supply 
provided the discharge through internal copper electrodes and the 
conversion of 0, to 0, was followed manometrically. After volu- 
metric measurement, the 0, was immediately loaded into a precooled 
reactor. Approximately 1 mmol of 0, was obtained from each batch. 
Larger quantities could be easily prepared but were avoided for safety 
considerations. 

all the reactions. The freshly prepared, purified, and measured 
hypohalite was placed in the reactor at -196”. Solvent CF,Cl or 
CFCl,, when used, was added, followed by a measured amount of 
0, both being condensed into the reactor cooled to  -196”. The 
closed reactor was maintained at the desired reaction temperature 
in a freezer for a specified period. Subsequently, the reactor was 
recooled to -196” and the by-product 0, pumped away and meas- 
wed. Solvent, unreacted starting material, and products were sepa- 
rated by fractional condensation in a series of U traps cooled to ap- 
propriate temperatures. Product identification was based on com- 
binations of infrared and mass spectroscopy, vapor pressure meas- 
urements, and elemental analyses. 

Discussion 
Caution! Most of the hypohalites employed in this study 

are potential explosives. Also, the use of pure ozone can be 
hazardous and two explosions were encountered with it.  
Safety precautions must be adhered to  when working with 
these materials and the reactions should be limited a milli- 
mole scale. 

The results of representative reactions are summarized in 
Table I. The nature of the reactor (Le., 304 or 316 stainless 
steel cylinders and FEP Teflon or sapphire tubes all equipped 
with stainless steel valves) did not appear t o  influence the 
course of the reactions. 

The cIOc103~, System. For chlorine perchlorate it was 
found that oxidation occurred under a variety of conditions 
according to  the equation 

CIOClO, + 2 0 ,  -+ O,ClOClO, + 2 0 ,  

General Method. Essentially the same technique was applied in 

A virtually quantitative conversion of C10C103 to Clz06 was 
achieved as was also established by a very good oxygen ma- 
terial balance. When short reaction times were used, most 
of the unreacted O3 could be recovered undecomposed. This 
indicates that each O3 molecule contributed only one oxygen 
atom to  converting Cl,04 t o  C1206. Large excess of O3 did 
not cause any further oxidation of 02C10C103. Thus, 03- 
C1OC1O3 (Cl,O,) was never observed in these systems. 

Properties and Structure of C1206. The exact nature of 
“C1206” has as yet not been established. The two most 
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Table I. Ozone Reactions 
Amt of 0,, 

Hypohalite (mmol) mmol Solvent Temp, OC Time, hr Productsa (mmol) 
ClOC10, (1.30) 2.86 None -78 24 C1,0, (0.47). ClOClO. (0.83) 
c i o c i o ;  i i .35j  
C10, (1.23) 
ClOS0,F (1.06) 
ClONO, (0.73) 
ClONO, (1.08) 
CIONO, (1.03) 
ClOCF, (1.02) 
BrOC10, (1.59) 
BrOClO, (1.29) 
BrONO, (1.06) 
BrONO, (1.00) 
BrOS0,F (1.25) 

3.24 
3.16 
2.30 
2.55 
3.24 
4.04 
2.60 
2.98 
3.06 
2.80 
3.15 
3.37 

CF,C1 or none 
None 
None 
None 
CF,Cl 
CF , C1 
None 
None 
CF , C1 
CFCl, 
CFCl, 
None 

-45 
-45 
-45 
-45 
-45 
-45 
-4 5 
-4 5 
-45 
-45 
-23 
-45 

40  
18 
70 
66 
42  
72 

300 
72 
72 
72 

100 
130 

Cl;O, (1.35) 
Cl,O, (0.61) 
CiO,SO,F (1.03) 
NO,C10, (0.391, ClONO, (0.33) 
NO,ClO, (0.74), ClONO, (0.34) 
NO;ClO, (0.92), C1, " 

CIOCF, (0.98). COF, 
Br, + Cl, + BrCl (I . i8),  0, (7.41) 
BrO,C10, (1.28) 
BrO,NO, (1.01) 
0, (5.42), Brz, NO, 
0, (5.14), BrOS0,F (1.20), Br,, S,O,F, 

a Except where noted, by-product 0, was always found in ratios expected for no ,  + substrate --f n o ,  + substrate.0, in addition to small 
amounts of 0, resulting from the decomposition of 0,. 

likely structures are the symmetric C1-C1-brid ed model I 
and the asymmetric oxygen-bridge model II." Another struc- 
ture suggested" as very probable is the double-oxygen-bridged 
model 111. However, several severe shortcomings make this 
model unlikely. In both versions, IIIA and IIIB, at least one 
C1 must assume an energetically unfavorable pentacoordina- 
tion.', In addition, IIIA would be a diradical which disa- 

O o, IO\ lo 8 IO\ lo O\\ c1 lo\ c1: lo 
Cl c1. 

O\\ // 
C'Fi ; \ I \ \  ( \ I \  io oi 

Oil 0 0 0 0  0 0 0  0 
o=c1- c1= 0 

I I1 IIIA IIIB 

IV 
grees with the diamagnetism observed" for pure C1206. 

Most frequently, C1206 is considered'4i15 to  possess struc- 
ture I based on early workI8 which reported the detection 
of considerable paramagnetism in the liquid and solid phases. 
This paramagnetism was attributed to  the C103 radical being 
in equilibrium with the C1206 dimer according t o  C1206 
2C103. The surprisingly low value of 1.5 kcal/mol for the 
"dissociation energy" of this supposed quilibrium was general- 
ly interpreted as an indication for C1206 having structure I 
with an extremely weak C1-Cl bond. However, more recent- 
ly it was shown" that the paramagnetic species present in 
small concentrations in condensed C1206 is CIOz and that 
the uv-visible spectrum attributed to gaseous C103 closely 
resembles that of C10.15 Chlorine trioxide radicals are very 
difficult to  obtain and were found in C1206 only under ex- 
treme conditions, i.e., at -196" after irradiation by @Co y 
irradiation." Additional doubts about the validity of model 
I stem from its reaction ~he rn i s t ry '~  and the vibrational spec- 
trum of the solid'' which suggest the ionic structure C10,'- 
C104- (model IV). In view of the different known synthetic 
 method^^'^^'^ for preparing a product of the composition 
C1206 and of the known existence of two forms of (CIOz),, 
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i.e., ClO2I4 and oxygen bridged CI2O4? it appeared desirable 
to  establish the identity of the various C1206 compositions 
and, if possible, to  determine the structure of the isolated 
free species. For this purpose we have studied samples of 
C1206 prepared by  three different synthetic methods (eq 1-3). 

2C10, + 20,  -+ C1,0, + 20 ,  (ref 7) (1) 

ClOClO, + 20,  --i Cl,O, + 20 ,  (this work) (2) 

ClOClO, + Cl,O, (ref 3) (3) 

The identical nature of the different C1206 samples was es- 
tablished by  their elemental analyses after decomposition 
at elevated temperature, their physical appearance, and prop- 
erties. They were orange solids melting near 0" to form dark 
red liquids. They exhibited only several millimeters vapor 
pressure near ambient temperature. On standing at 22",  
slow gas evolution was noted and the gas pressure increased 
gradually. This was found to  be caused by  the decomposi- 
tion of C120, resulting in the formation of C102, C12, and 
02. 

Spectroscopic Studies. Additional support for the various 
C1206 compositions being identical was obtained by  mass and 
infrared matrix-isolation spectroscopy. Previous reports on 
the mass spectrum20i21 of C1206 show some discrepancy. 
Cordes and Smith2' observed a weak C103+ ion as the highest 
m/e from C1206. However, Fisher21 found no C10,' ions 
above C102+, but his samples showed appreciable amounts of 
HC104 as impurity. In this work, samples without HC104 
gave a small (5% of base) peak for C103+. Even samples with 
HC1O4 exhibited a modest but reproducible C103+ peak after 
the spectrum was corrected for that impurity. 

For the infrared study, C120, samples were isolated in an 
N2 matrix (MR 1 : 1000) at 4°K. All three samples exhibited 
the same characteristics. Unfortunately, the spectra were 
rather complex. In agreement with the previous esr study,17 
it was found that the gas phase above liquid C1206 consisted 
mainly of C102. The infrared spectrum of matrix-isolated 
CIOz closely corresponded to the well-known gas-phase spec- 
trum." The 35C1-37C1 isotopic shifts were measured for the 
matrix-isolated species. They are compared in Table I1 with 
the previous m e a s u r e m e n t ~ ~ ~ - ' ~  which showed considerable 
discrepancy. 
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Table BE. 35C1-37C1 Isotopic Shifts (cm-') of C10, 
Isotopic shifts 

jSCl freq Ref 24 
This study This study Ref 22 Ref 23 11 Uv 

v i  950 5.8 ?; 0.2 6.41 4.8 5.7 
v, 452 2.9 3.3 
v 3  1104 11.4 11.5 12.1 

No evidence could be found in our spectra for bands show- 
ing the frequencies and intensities expected for a free ClO, 
radical. This result agrees with the previous esr study17 and 
indicates either that C1206 does not appreciably dissociate 
into C10, or that the ClO, radical is highly unstable and 
rapidly decomposes into ClO, and oxygen. The first alter- 
native is more in agreement with our expectations for a struc- 
ture containing a strongly polarized oxygen bridge (see below). 
Thus, the 02C1-0 bond should be considerably weaker than 
the O-C103 bond and? therefore, the former should prefer- 
entially break. This should result in the formation of CIOz 
and (unstable) C104 instead of C103 radicals. 

In addition to C102, the matrix-isolation spectra always 
exhibited bands due to  HQC10,.25 To positively identify 
the bands due to HQClO, in an N, matrix, we have prepared 
a sample of pure HOClO, and recorded its spectrum. In ad- 
dition to bands attributable to the monomer, features due 
to associated HOClQ, were observed. The intensity of the 
latter was a function of the dilution ratio. 

To suppress the bands due to C10, and HOClO,, N, was 
rapidly swept over liquid Clz06 and immediately frozen out 
on the cold CsI window of the ir cell. Under these conditions, 
at least two novel species were observed in addition to C10, 
and HOC1Q3. These two species, designated A and B, show- 
ed the following principal absorptions (cm-'): A, 1275 (vs), 
1043 (s), 1041 (m), 1008 (w), 950,702 (vs), 658 (w), 648 
(w), 620 (w), 585 (s), 512 (w); B, 1240 (s), 1028 (vs), 624 
(vs), 484 (vs), 374 (vs). These bands exhibit frequencies 
and to some extent isotopic splittings in agreement with 
those expected for covalent chlorato or perchlorato com- 
pounds. In particular, species A shows a very intense band 
in the frequency region expected26 for an antisymmetric 
stretch of a C1-0-C1 bridge in addition to  bands occurring 
in the ClO, and C102 stretching modes region.26 Therefore, 
this set of bands might be due to  a C1-0-C1-bridged C1206 
species, such as model 11. [The set of bands ascribed to spe- 
cies B somewhat resembles that of FC1Q227 shifted to  a lower 
frequency. This indicates an XCIOz type species with X 
being less electronegative than F. Possibly, this species could 
be HOC102 which might be expected from the hydrolysis of 
02C10C103 according to 02C1QC103 -t H 2 0  -+ HOClO, -t 
HOC102.] However, unambiguous identification and assign- 
ment of the bands are not possible owing to the size and low 
symmetry of these species and to the complexity of the rest 
of the spectrum. 

In summary, our spectroscopic studies indicate that the 
three "C1,06" species obtained by the three different syn- 
thetic methods are indeed identical. Furthermore, the low- 
temperature, high-yield oxidation of the Cl-0-C1-bridged 
starting material ClOClO, combined with the results from the 
other more recent s t ~ d i e s ' ~ ~ ~ ~ ~ ' ' ~ ' ~  show that Clz06 has the 
oxygen-bridged structure I1 and not the Cl-Cl-bridged struc- 

(25) P. A. Giguere and R. Savoie, Can. J.  Chem., 40, 495 (1962). 
(26) K. 0. Christe, C. J .  Schack, and E. C. Curtis, Znorg. Chem., 
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10, 1589 (1971). 

Acta, 20,  1763 (1964). 

ture I. Therefore, the assumption of a previously postulated14 
rearrangement of C1,06 from model I t o  model I1 used to re- 
concile its reaction chemistry with a basic C1-C1-bridged struc- 
ture is unwarranted. On the other hand, for the oxygen- 
bridged structure I1 transformation into the ionic structure 
IV should be very facile requiring no significant rearrange- 
ments. The low volatility of C1206, its high melting point, 
and its readiness to change to an ionic structure in the solid 
also indicate for the liquid a strong polarization of the C1-0- 
C1 bridge in the direction toward 02Cl+OC103-. This struc- 
tural behamor of C1206 closely resembles that of N 2 0 5  which 
in the free state has a covalent oxygen-bridged structure but 
in the solid state has the ionic structure N02+N03-.28 

The BrOC103-03 System. The novel process for oxygena- 
tion of the terminal chlorine of ClOClO, was applied to  BrO- 
ClO,. Surprisingly, it was found that neat O3 and BrOC10, 
in the temperature range of -78 to -45" reacted to  cause 
their complete degradation to  the elements. An effort was 
therefore made to moderate the reaction through the use of 
CF,Cl as a solvent. This was successful and the reaction 
observed at -45" was 

BrOC10, + 20,  + O,BrOClO, + 2 0 ,  

This stoichiometry was confirmed b y  an excellent oxygen 
material balance and by elemental analysis of the product 
which showed six oxygen atoms were present for each BrCl. 
The novel compound OzBrOC103 is a bright orange solid that 
does not melt below -35". Since decomposition begins at 
higher temperatures and owing to  its nonvolatility, we were 
unable to determine reliably other properties. Additional 
proof for its composition was obtained b y  a displacement 
reaction with F N 0 2  carried out at  -45". The following 
reaction was observed 

O,BrOCIO, + FNO, + NO,ClO, -b [FBrO,] 

The displacement was slow, requiring several days. While 
the solid nitronium perchlorate was found in quantitative 
yield (1.35 mmol of N02C104 from 1.35 mmol of 0,BrOCl- 
O,), the FBr02 decomposed to the elements. 

The C10S02F-O, and BrOS02F-03 Systems. The reaction 
of chlorine fluorosulfate and ozone was examined in view of 
the above results and the fact that the predicted product (02- 
C10S02F) is well known from other  route^.'^,^^ The follow- 
ing reaction was observed 

ClOS0,F + 2 0 ,  -+ O,ClOSO,F + 2 0 ,  

Yields above 90% were readily realized at temperatures up 
to  0". The use of a solvent was not required and was not in- 
vestigated. With a large excess of O3 additional oxygen up- 
take was not observed. 

Bromine fluorosulfate and ozone reacted only incomplete- 
ly. The main reaction was decomposition of 0, to O 2  ac- 
companied by some degradation of the BrOS02F. No evi- 
dence for 02BrOS02F was obtained. 

not react at -78" in the absence of a solvent. However, 
when a solvent was used or the temperature was raised to 
-45", chlorine was surprisingly oxidized to the +VI1 oxida- 
tion state as shown 
ClONO, + 3 0 , d  NO,+C10; + 3 0 ,  

The C10N02-03 System. Ozone and chlorine nitrate did 

(28) R. Teranishi and J .  C. Decius, J.  Chem. Phys., 22, 896 

(29)  H. A. Carter, A. M. Qureshi, and F. Aubke, Chem. Commwn., 
(1954). 

1461 (1968). 
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Thus, the covalent hypochlorite group was oxidized to  the 
perchlorate anion. An excellent material balance was ob- 
tained for this reaction. Again only one oxygen from each 
ozone was added to  the substrate. Furthermore, it was 
found that with a deficiency of O 3  or with short reaction 
periods, the only products were nitronium perchlorate and 
unreacted chlorine nitrate. Other intermediate oxidation 
products were not observed and, hence, must have been more 
reactive than C10N02. The white solid was readily identi- 
fied as N02+C104- by its infrared spectrum3' and compari- 
son to  an authentic sample. This reaction represents a new 
process for preparing nitronium perchlorate. Its main ad- 
vantage consists of the elimination of C102, one of the two 
shock-sensitive materials required for the c ~ n v e n t i o n a l ~ ~  
NO ,+C104 - synthesis. 

previously been reported6 to  yield 02BrON02. We reinvesti- 
gated this system since it now appeared to  be a promising syn- 
thetic route to  the novel and interesting compound N02+Br- 
04-. All effort t o  this end, however, failed since at  or below 
-45", the only product was 02BrON02,  while at hgher tem- 
peratures, degradation of the bromyl intermediate was en- 
countered. 

The CF30C1-03 System. Prolonged contact of trifluoro- 
methyl hypochlorite with neat ozone at  -45" did not result 
in any oxygenation of the chlorine or other reaction. Thus, 
CF30C103, a compound recently obtained by another syn- 
thetic was not observed. 

Chem., 4, 1796 ( 1  965). 

dizers,'' Marcel Dekker, New York, N. Y., 1968, p 176. 

Chem. Lett.,  10, 449 (1974). 

The BrON02-03 System. The BrON02-03 reaction has 

(30) J .  W. Nebgen, A. D. McElroy, and H. F. Klodowski, Inorg. 
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General Aspects. Comparison of the results of the present 
study raises an interesting question. Whereas covalent hypo- 
chlorite groups are generally oxidized b y  0, t o  the 02C10 
group, i.e., to chlorine (+V), the chlorine in CIONOz is oxi- 
dized to the +VI1 state. This is surprising since ClOClO, and 
CIONOz are both covalent hypochlorites of similar structure 
and reactivity, and the perchlorato and nitrato group are of 
similar electronegativity. Comparison of the resulting ozoni- 
zation products, however, reveals a marked difference. The 
products, in which the original hypochlorite chlorine is oxi- 
dized to the +V oxidation state, are mainly covalent and 
polarized toward the C102+X- type structure where X- can 
be, for example, C104- or SO,F-. In the case of C10N02, 
however, the hypochlorite chlorine ends up in the anion of 
the product N02+C104-. Since cations are more difficult 
to oxidize and are stronger oxidizers than anions of the same 
oxidation state,16 oxidation of C10N02 to  N02+C104- is still 
possible, while formation of a covalent 03C10 group or of the 
hypothetical C103+ cation is not.  The ease of NO2+ forma- 
tion is due to the fact that XNOz type compounds, such as 
FN02 ,  are strong Lewis bases, whereas XCIOz type com- 
pounds are a m p h ~ t e r i c . ' ~ ~ ~ ~  
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Metal Complexes as Ligands. V.' The Crystal and Molecular Structures of 
Tris(bis(triphenylphosphine)silver(I)) Tris(dithiooxalato)iron(III) and 
aluminum(III), [Ag(P(CBH5)3)2]3M(02C2S2)3, M = Fe(II1) and AI(II1) 
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Tris(bis(triphenylphosphine)silver(I)) tris(dithiooxalato)iron(III), A, crystallizes in the trigonal space group PT with two 
molecules per unit cell. The cell dimensions are a = 19.984 (6) A and c = 15.302 (11) A. The cell dimensions of the 
corresponding, isomorphous, aluminum(II1) complex (B) are a = 19.896 (5) A and c = 15.251 ( 6 )  A. Intensity data for 
both A and B were collected with a four-circle computercontrolled diffractometer using the 8-28 scan technique. In both 
A and B the carbon atoms in the phenyl rings were constrained to refine as groups of fixed geometry, and all the remaining 
atoms were refined with anisotropic thermal parameters. Refinement by full matrix least squares of 157 parameters on 
2533 data for A and 157 parameters on 1862 data for B gave final R values of 0.051 for A and 0.052 for B. The central 
metal atom is octahedrally coordinated by the 0 , O  "bites" of three dithiooxalate ligands, and the Ag(PPh,),+ cations 
interact at the S,S "bite" of each ligand. Average values of selected structural parameters involving the silver and the 
central metal atom are as follows: For A: Fe-0, 2.003 (6) A; Ag-S, 2.59 (1) A; Ag-P, 2.47 (1) A; 4 (trigonal twist angle), 
36.9"; 0-Fe-0 (intraligand), 77.8 (2)"; S-Ag-S, 83.3 (1)'; P-Ag-P, 115.2 (1)'. For B: Al-0, 1.889 (8) R ;  Ag-S, 2.59 (1)  
A; Ag-P, 2.48 (1) A ; $ ,  47.0"; 0-Al-0 (intraligand), 82.5 (4)"; S-Ag-S, 83.2 (1)'; P-Ag-P, 113.4 (2)". 
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Introduction presence of four donor atoms and the possibilities ot charge 
delocalization on either the 0,O or the S,S "bite" results in 
a versatile ligand with unique coordination proper tie^.^ The 

In the dithiooxalate dianion (S2C20227 (Figure I ) ,  the 
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