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indication of the lack of a sufficient difference in the tin 
share of the electrons of the N-Sn and S-Sn dative 
bonds and the tin-halogen bonds. The above order 
and suggested similarities are reasonable, but the rela- 
tive polarities of donor-atom-to-metal dative bonds and 
metal-to-halogen bonds have not been clearly estab- 
lished to date. 

The large half-width of the absorption for SnBr?. 
CH30(CH2)20CH3, 1.61 mm/sec (which compares with 
1.8 mm/sec for the absorption envelope for the cor- 
responding chloride), strongly suggests an unresolved 
doublet. This complex and those of dimethyl sulfoxide 
are the only oxygen-donor complexes that failed to show 
quadrupole splittings. The infrared spectra of SnC14. 
2DICISO and SnBrl. 2I)hlSOlj indicate abnormally high 
0-Sn and Sn-halogen stretching frequencies. It is 
evident that a number of line widths do not differ sig- 
nificantly from the value 0.88 mm/sec observed for 
[ (CH3)4N]zSnC16, for which no appreciable deviation 

(15) T. Tanaka, I m u g .  Chim. Acta,  1, 217 (1967) 

from spherical symmetry of the tin electron cloud is ex- 
pected. 

If there are significant differences between the tin 
share of the electrons of the dative bond and the tin- 
halogen bonds, larger quadrupole splittings are expected 
for trans than for cis complexes. The electric dipole 
moment of SnC14.2(C1H9)3Pj 2.4 D, indicates that this 
complex, which shows the largest quadrupole splitting, 
is chiefly trans in solution. The large moments of the 
triphenylphosphine oxide complexes, Table 11, indicate 
a cis configuration, and the large values for Ae/X, for 
the partially dissociated tetramethylurea complexes, 
compared to values of 22 and 50 for solvated SnC1416 and 
SnBr4 and 19 for tetramethylurea, indicate a cis con- 
figuration for these complexes. The moment of SnBr4. 
2C4HsS, 8.0 D, indicates a cis configuration for this com- 
pound in solution, compared to a trans configuration re- 
ported for the solid from X-ray diffraction studies.17 

(16) T. J. Lane, P. A. McCusker, and C. Curran, J .  Am.  Chem. Soc., 64, 

(17) I. R.  Beattie, R.  Hulme, and L. Rule, J .  Chenz. Soc., 1581 (1965). 
2076 (1942). 
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The magnetic and spectroscopic properties of the oxopentachlororhenate(V1) ion have been examined and compared 
with the closely related MOCljz- d' ( A I  = Mo or W) and dZ (M = Re) systems. Partial hydrolysis of this ion results in 
the formation of an oxygen-bridged dimeric rhenium(V1) species, which has also been characterized. 

Introduction 
The chemistry of rhenium(V) oxohalide complexes 

has been thoroughly investigated. Thus the ReOXb2- 
and ReOX4- ions and neutral adducts of rhenium(V) 
oxotrichloride have been prepared and examined by sev- 
eral groups of workers, 1--5 and a complete X-ray deter- 
mination was carried out on (C6H6)4A~ [ReOBrb. CH3- 
CN].6 However the theoretically more interesting d' 
systems derived from rhenium oxotetrahalides have 
received scant attention. The magnetic properties 
of ReOCld7 and ReOF$ have been examined, but little 
has been reported on the reactions or spectra of these 
compounds or the related ReOXb- ions. Ippolitov and 
Nikolaevg first prepared the oxofluoride ion ReOFj- 
by partial hydrolysis of octafluororhenate(V1) com- 

( I )  R. J. Mawby and L. RI. Venanzi, J .  Chem. Soc.,  3447 (1962). 
(2) J. Chat t ,  J. D. Garforth, N. P. Johnson, and G. A. Rowe, ibid., 601 

(1964). 
(3) N. P. Johnson, C.  J. L.  Lock, and G. Wilkinson, ibid., 1054 (1964). 
(4) D. E. Grove and G. Wilkinson, ibid., 1224 (1966). 
(5) F. A. Cotton and S. J. Lippard, I?zovp. Chem., 4,  1621 (1965). 
(6) F. A. Cotton and S.  J .  Lippard, i b i d . ,  5,  416 (1966). 
(7) W. Klemm and H. Steinberg, Z.  Aiiorg. Allgenz. Chem., 210, 33 (1933). 
(8) G. B. Hargreaves and R.  D. Peacock, J .  Chem. Soc., 1099 (1960). 
(9) E. G. Ippolitov and N. S. Xikolaev, Russ. J .  I i i oyp .  Chem., 7 ,  940 

(1962). 

plexes and reported room-temperature magnetic sus- 
ceptibilities, and the corresponding complex chloride 
ion was prepared and briefly reported by the present 
authors.'O 

Here, we report in full the preparation and physical 
properties as well as some of the reactions of the oxo- 
pentachlororhenate(V1) ion and compare this ion 
with the ReOClj2-, NoOCl5*-, and WOC152- sys- 
tems. 

Experimental Section 
Analyses.-Rhenium was determined as tetraphenylarsonium 

perrhenate after dissolution of the sample in dilute sodium hy- 
droxide solution containing a little hydrogen peroxide. Halogen 
and oxidation state determinations were carried out as previously 
described." 

Physical Measurements.-Electronic spectra were recorded on 
the solid or in solution on an SP500 spectrophotometer in the 
range 10,000-30,000 cm-I. Cells adapted for vacuum line 
operation were used for obtaining the solution spectra of air- 
sensitive compounds. 

Magnetic susceptibilities were measured a t  room temperature 

(10) B. J. Brisdon and D. A. Edwards, Chein. Cornmuu., 278 (1966) 
(11) B. J. Brisdon and I<. A. U'alton, J .  C h e w  Soc., 2274 (1965). 
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TABLE I 
INFRARED AND MAGNETIC MEASUREMENTS 
k Far-ir 

Compound BM v ( R e - 0 ) .  cm-1 (200-500 cm-1 range) 

ReOC14 1 .  53a 1033 s, 1016 s . . .  
(C6Hs)4As[ReOClj] 1.65 968 s 350 s, b, 328 sh, 270 s, 228 s 
( C Z H ~ ) ~ N  [ReOC151 1.55 966 s 322 s, b, 257 s, 232 s, 220 s, b 
[ (CsHa)4AsIzRezOaCls 0.60 977 s, 970 sh, . . .  

725 m 

740 m 460 s 
[ (C~H6hNlzRezO&% Diamagnetic 977 s, 955 s, 312 s, 331 s, 340 sh, 361 m, 

CszReOCla O.8Ob 950 s 318 sh, 310 s, b, 227 sh, 214 s 
a Recorded on a 56.2% solution in chloroform. * Slightly field-dependent magnetic moment. 

Compound 

ReOC14 

TABLE I1 
VISIBLE AND ULTRAVIOLET SPECTRA 

Reflectance 
(10.0-30.0 range) 

-12.3 vb, sh, 18.1,  23 .9  

(CzHd4N[ReOCld 11.8 b, asym, 18.1,  22 .2  sh, 24 .0  

[ (CGHS)~AS] zReZO&ls 
[ (CZHS)~NI zRez03C18 
CszReOCls 10.9,  11.3, 20 .6  

11.8,  12.2,  17.1, 1 8 . 1 , 2 7 . 0  
12.0,  12.3,  17.4, 1 8 . 9 , 2 7 . 0  

(CM-’ x lo-*) 
Solution 

(10.0-50.0 range) (emax) 

12.6 vb (80), 17 .4  (520), 23 .3  (2000), 

11.2 (12), 11.7 (13), 12 .1  (12), 

11.6 ( l5 ) ,  12 .0  (15), 18.2 (120), 

34 .5  sh, 39 .0  (5400) 

18.0 (160), 23.0 (1200) 

22.2 sh, 24.7 (800), 32 .3  (ZOOO), 
42 .6  (17,000) 

. . .  

. . .  

. . .  

on a Gouy balance. The values reported below have been cor- 
rected for diamagnetism. 

Conductivity measurements were made on a Wayne-Kerr auto- 
balance bridge a t  20 & 1 ’. 

Infrared spectra in the 4000-650-~m-~ region were examined as 
Nujol mulls unless otherwise stated using a Perkin-Elmer 237 
spectrophotometer. Spectra to 200 cm-l were determined on a 
Grubb-Parsons DM4 spectrophotometer and the spectrum of 
(CeH&As[ReOClj] was recorded from 370 to 20 cm-l using a 
Grubb-Parsons ‘‘Iris” interferometer. 

X-Ray diffraction measurements were made using a Debye- 
Scherrer type of powder camera of 11.46-cm diameter, using 
nickel-filtered Cu KCY radiation (X 1.5405 A) .  Finely ground 
samples were loaded into 0.3-mm Lindemann glass capillaries 
and sealed. 

The molecular weight of rhenium oxotetrachloride was deter- 
mined on a chloroform solution of the compound in an atmosphere 
of dry nitrogen using a Mechrolab vapor pressure osmometer, but 
the accuracy of the result was low because of the sensitivity of 
the oxochloride toward traces of moisture. 

Materials.-Solvents used for the preparation of rhenium(V1) 
complexes and for spectral measurements were purified by several 
distillations in vacuo from fresh phosphorus pentoxide. Tetra- 
ethylammonium and tetraphenylarsonium chlorides were re- 
crystallized and pumped in vacuo to remove traces of water. 

Rhenium oxotetrachloride was prepared by the reaction of 
sulfuryl chloride on rhenium metal a t  400°.12 Anal. Calcd for 
ReOC14: Re, 54.2; C1, 41.2; mol wt, 344. Found: Re, 54.2; 
C1, 40.8; oxidation state, 6.01; mol wt on a 0.0395 M chloroform 
solution, 392. 

Oxopentachlororhenate(V1) Salts.-These were prepared in 
situ on the vacuum line by mixing concentrated chloroform or 
dichloromethane solutions of rhenium oxotetrachloride with solu- 
tions of tetraphenylarsonium or tetraethylammonium chloride 
in the same solvent. The salts precipitated out on standi ig a t  
room temperature as small red-brown crystals. These were 
filtered off, washed several times with small portions of dichloro- 
methane or chloroform, and then pumped in vacuo to remove ex- 
cess solvent. Anal. Calcd for (CP,H~)~AS[R~OC~~] : Re, 24.4; 

Line intensities were judged by eye. 

(12) D. A. Edwards and A. A .  Woolf, J .  Chem. SOL., A ,  250 (1966). 

C1, 23.3; C, 37.8; H, 2.64. Found: Re, 24.3; C1, 23.2; C, 
38.4; H, 2.64; oxidation state, 6.02; conductivity, 78 ohm-’ 
cm2 in M nitromethane. Calcd for ( C Z H ~ ) ~ N [ R ~ O C ~ ~ ]  : 
Re, 36.5; C1, 34.8; N, 2.75. Found: Re, 36.6; C1, 34.6; N, 
2.88. 

Both compounds were slightly soluble without reaction in 
dichloromethane and chloroform but insoluble in nonpolar sol- 
vents and soluble with subsequent reaction in polar solvents. 
The tetraethylammonium salt turned mauve on exposure for a 
short time to atmospheric moisture, whereas the tetraphenyl- 
arsonium salt was less sensitive toward hydrolysis. 

pOxo-bisoxotetrachlororhenate(V1) Salts.-Salts of this anion 
were formed on mixing anhydrous chloroform solutions of rhenium 
oxotetrachloride and the appropriate halide and allowing the red 
solution to stand in contact with the atmosphere. After a few 
minutes a deep mauve product precipitated out, was filtered off, 
washed with chloroform and then ether, and air dried. Anal. 
Calcd for [(C6H6)4As]zRez03C18: Re, 25.3; c1, 19.3; C, 39.2; H, 
2.74. Found: Re, 24.9; C1,18.9; C, 40.4; H, 3.22; oxidation 
state, 6.01. Calcd for [ ( C Z H S ) ~ N ] ~ R ~ Z O ~ C ~ ~ :  Re, 38.6; C1, 
29.5; N, 2.91. Found: Re, 38.4; C1, 28.9; N, 2.88; oxida- 
tion state, 5.99; conductivity, 124 ohm-’ cm2 in M methyl 
cyanide solution. 

Both complexes were soluble in methyl cyanide and nitro- 
methane to give mauve solutions which very soon turned color- 
less. The tetraethylammonium compound decomposed to a pink 
solid on prolonged exposure to atmospheric moisture. 

Cesium Oxopentachlororhenate(V).-This complex was ob- 
tained in almost quantitative yield by mixing concentrated hy- 
drochloric acid solutions of rhenium oxotetrachloride and cesium 
chloride. The fine yellow powder which immediately formed 
was filtered off and washed with concentrated hydrochloric acid 
and then ether. Anal. Calcd for CszReOCls: Re, 28.9; C1, 
27.4; Cs, 41.2. Found: Re, 29.1; C1, 26.9; Cs, 41.1; oxida- 
tion state, 5.00. 

Results 
Table I presents the infrared and room temperature 

(293OK) magnetic data collected on these compounds. 
Tables I1 and I11 contain details of their visible, ultra- 
violet, and X-ray diffraction data. 
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TABLE I11 
X-RAY DIFFRACTIOS DATA ----- Cs*ReOCIb------- 

dr,t>sd 

5 . 9 2  
3 63  
3 0 8  
2 946 
2 563  
2,35ti  
2 087 
1 ,  974 
1 . 8 1 1  
1 , 7 3 1  
1 . 6 2 1  
1 . 5 6 4  
1 . 5 4 5  
1 . 4 7 9  
1 . 4 3 7  
1 . 3 7 0  
1 , 3 8 6  
1 , 2 8 3  
1.20Y 
1 . 1 4 7  

doalwi 
(for cubic 

cell, 
a = 10 25) 

5 . 9 2  
3 . 6 3  
3 . 0 9  
2.Y59 
2.562 
2 . 3 5 1  
2 , 0 9 2  
1 , 9 7 2  
1 . 8 1 2  
1. i 3 3  
1 . 6 2 1  
1.5ti3 
1 . 5 4 5  
1 . 4 7 9  
1 . 4 3 5  
1 . 3 7 0  
1 . 3 3 4  
1 . 2 8 1  
1,208 
1.146 

l o b 4  

8 
10 
4 
4 
7 
2 
7 
4 
6 
3 
5 
1 
3 
4 
3 
6 
2 
2 
3 
3 

hkl 
111 
220 
:3 1 1 
222 
400 
33 1 
422 
333,  511 
440 
53 1 
ti20 
533 
622 
44 1 
551,  711 
642 
553, 731 
800 
M 0 ,  822 
840 

-(C;H~)AsReOCis- 
dobad l ohad  

9 . 4 6  5 
7 . 4 7  6 
6 . 7 1  10 
5 . 8 7  1 
4 . 9 7  7 
4 . 6 7  9 
4 . 4 2  4 
4 . 2 1  4 
3 . 9 8  5 
3 60 6 
3 32 3 
3.15 2 
2 . 9 6 8  6 
2.776:  3 
2 .  ti29 3 
2 . 4 9 8  1 
2 . 4 4 6  1 
2 . 3 4 7  2 
2 276 1 
2 219 1 
2 . 1 0 8  3 
2 . 0 6 0  1 
2 . 0 2 5  2 
1 . 9 5 3  1 
1.882 1 
1 . 8 4 5  2 
1,799 1 
1 . 7 5 2  2 

Discussion 
The structures of several oxotetrahalides have re- 

cently been determined, l 3 5 l 4  including that of ReOF4 
which is a fluorine-bridged polymer in the solid 
state.I3 The crystal structure of ReOCll is as yet un- 
known, but the oxotetrachloride and -bromide of 
tungsten occur as oxygen-bridged T;Sr0X1 units in the 
sslid state, l 4  so that two oxygen and four halogen atoms 
form a distorted octahedron around the tungsten atom. 
The presence of oxygen bridging is also indicated by the 
infrared spectrum of solid tungsten oxotetrachloride 
which shom a broad band in the 7Oi)-90O-cm-' region. l5 

In  the presence of a donor solvent, such as methyl cya- 
nide, ether, or carbon disulfide, the solid dissolves and 
the broad band in tho 700-900-cm-' region is replaced 
by a strong band around 1000 cm-', attributable to a 
terminal W=O stretching mode. 

Infrared ' measurements on rhenium oxotetrachlo- 
ride dissolved in carbon disulfide show a sharp, strong 
band at 1030 cm-','2 and for a Nujol mull, two bands 
are observed (1033 and 1016 em-') in good agreement 
with previous observations. l6 The small splitting of 
the band in Nujol is presumably due to very weak inter- 
actions between Re=O groups, but the position of the 
bands almost certainly precludes a polymer involving 
Re-0-Re bridges in the solid state. Further evidence 
for monomeric solid rhenium oxotetrachloride is 
provided by the physical characteristics of the com- 
pound, such as its low melting point and high solubility 
in most nonpolar organic solvents. 

A comparison of visible spectral measurements in 
(13) A. J. Edwards, G. K. Jones, and B. R. Steventon, Chein. Coinmtin.. 

,462 (1967). 
. (14) H. Hess and H. Hartung,  Z. Anovg. Allgent. C h r m . ,  334, 1.57 (1966) .  

(15) G. W. A. Fowles and J .  I,. Frost, J .  C h e m .  Soc., A ,  671 (19ti i ) .  
(16) K. W. Bagndll, V. Brown, and li. Colton, i b i d . ,  3017 (1964). 

the solid state compared with those of solutions of the 
oxotetrachloride in chloroform, in which the oxo- 
chloride is monomeric, reveals only very small differ- 
ences in band positions, as would be expected if the ab- 
sorbing species is unchanged by the phase change. 
However, the strong Re-0 interaction appears to almost 
exclusively determine the splitting of the d orbitals 
and hence makes the spectrum relatively insensitive to 
changes in stereochemistry. Thus,  six-coordinate 
ReOC14. CHaCN, with bands a t  12,500, 17,400. and 
23,000 cm-', has a spectrum almost identical with that 
of five-coordinate rhenium oxotetrachloride in chloro- 
form solution. l7 

The room-temperature magnetic moment of a 
solution of rhenium oxotetrachloride is very similar 
to the value (1.48 BM) found for the solid a t  293O.' 
Such a value about 0.2 Bhl  below the spin-only value is 
typical of a d '  heavy-metal oxo species. 

Addition of chloride ions to  solutions of rhenium oxo- 
tetrachloride in chloroform or dichloromethane re- 
sults in the formation of the oxopentachlororhenate 
(VI) ion which provides an interesting comparison 
with the ReOClb2-, MoOClj2-, and WOClj2- ions. 
Some of these relationships are s h o m  in Table IV. 

Cs2ReOC1S and (CfiHb)4AsReOClb show Re-0 stretch- 
ing frequencies a t  950 and 968 cm-I, respectively. 
Since the cations are different, it is impossible to state 
with absolute certainty that the increase in frequency 
is a result of the change in oxidation state of the 
rhenium, although such a shift might be expected in 
view of the increasing formal positive charge on the 
metal which should make it a better T acceptor. How- 
ever, if we compare the corresponding cesium salts of 
the W0ClS2- and ReOClb2- ions, we find bands a t  957 
and 950 cm-', respectively which give rise to very 
similar force constants (Table V).  The force constants 
of the M-0 bonds in the isolectronir species W0Xj2- 
and ReOXj- increase with increasing atomic number of 
the metal atom as previously noted for isoelectronic 
M04"- species.Ix 

The far-infrared bands of the oxopentachloro- 
rhenate(V) ion (Figure 1) have been assigned in Table I V  
by comparison with other such complexes belonging to 
the point group Cq,.*g In particular the ill-Cl stretch- 
ing and 21-0 rocking vibrations of this ion occur a t  
frequencies very close to these reported for the WOClj2- 
ions. l9 (C6Hb)& [ReOCIb] has an Y-cl  stretching 
frequency a t  328 cm-', and the band a t  228 cm-' is in 
the position expected for an 11-0 rocking frequency. 
The M-C1 stretching frequency of the tetraethylam- 
monium salt is about 6 cm-I lower than that of the 
tetraphenylarsonium salt, as expected for a smaller cat.- 
ion, but  still at a higher frequency than the M-C1 
stretch in the oxopentachlororhenate(V) ion. 

This leaves unassigned an intense band a t  257 cm-' 
in the tetraethylammoriium salt and the corresponding 
band a t  270 cm --I in the tetraphenylarsonium salt. 

(17) Unpublished observations. 
(18) F. A.  Cotton and I<. XI. Wing, Z n o r ~ .  C h e m . ,  4, 567 (1065) 
(1'3) A. Sabatini and I. Bertini, ib id . ,  5 ,  204 (1'366). 



Vol. 7 ,  No. 9, September 1968 OXOCIJLORO COMPLEXES OF RHENIUM(VI) 1901 

I I I I I I I I 

TABLE IV 
SPECTRAL, MAGNETIC, AND UNIT CELL MEASUREMENTS OF SOME MOXP- IONS 

Unit cell 
---Magnetic data-- type and 

Y ( M - 0 ) .  &a Lb Far-ir Reflectance spectra, dimensions, 
Compound cm-f cm -1 cm -1 (500-200 cm-1 range) cm-1 X 10-8 A 

(CeHa)rAsReOCla 968 450-980" 

CsJXeOCl,, 950 . . .  

CszMoOClj 952' 1260-1760' 

CSZWOCli 967d . . .  

RbtWOClj 960' 1000-2100e 

180-280~ 350 s, b (cation 
absorption), 328 s 
(Re-C1 str), 270 s 

318 sh (Re-C1 str), 
310 5 ,  b (Re-Cl str), 
227s (M-0 rock), 
214 m (M-0 rock) 

320 sh (M-C1 str), 
227 s (M-0 rock) 

309 b (M-Cl str), 
230 s (M-0 rock) 

400-6OOe 339 sh (M-Cl str),d 
317 s (M-C1 str), 
229 ms (M-0 rock) 

. . .  

18O-22Oe 329 s (M-C1 str),d 

. . .  333 w (M-C1 str),d 

11 8 v b ,  18 1, Noncubic 
-23 0 b 

10 9, 11 3, 20 6 Cubic 
1 0 . 2 5 f  0.0'7 

12.8 b, 22.7, 26.7, Cubic/ 
10.24 *0 .01  30. 68 

12 9, 14.7, 25 3 sh, Cubic1 
26. Se 1 0 . 2 4 f 0 . 0 1  

13.3, 14.6, 25.5, , ... . 
27 8 she 

A measures the split in the *TZ, term under the influence of an axial ligand field component. X is the spin-oibit fioupling constant 
A. Sabatini and I, Bertini, Inorg. Chem., 

D. 
of the central metal atom. 
5 ,  204 (1966). 

c Private communication with D. J. Machin and K. S. Murray. 
e B. J. Brisdon, D. A. Edwards, D. J. Machin, K. S. Murray, and R. A. Walton, J .  Cham. Sac., A ,  1825 (1967). 

Brown, ibid., 4944 (1964). 

TABLE V 
FORCE CONSTANTS FOR MOXP- IONS AND MOX4 COMPOUNDS 

Force 
constant,' 

Compound dyn/A 

CszMoOCls 7.32 
CSZWOClj 7.86 
CszReOCla 7.83 
(CzH&NIReOCl~] 8.10 
(CsH&As[ReOCli] 8.13 
(CgHsN) [WOCLl 8. 12a 
MoOC14 8.23b 
Woc14 9.20. 
ReOC14 9.200 

a - O  Force constants were calculated from M-0 stretching fre- 
quencies (solution values where available) given in: (a)  G. W. A. 
Fowles and J. L. Frost, J .  Chem. SOC., A ,  1631 (1966); ( b )  M. 
Larson and F. W. Moore, Inorg. Chem., 5,  801 (1966); (c) ref 12. 

long Re-C1 bond in the position trans to the oxygen 
atom. Crystallographic evidence has shown that 
the closely related d1 ion [MoOBr],- will loosely 
hold a water molecule in the sixth position,20 and 
esr measurements on MOBr62- species (where h/I = 
Mo or W) can be accounted for in terms of in-plane 
halogen-metal a bonding.21 With an increase in the 
formal oxidation state of the central metal atom, such 
a bonding should become more important and may 
cause the ligand trans to the strong metal-oxygen bond 
to become relatively weakly bonded. In  an attempt to 
provide further information on this problem, the in- 
frared spectrum of (C&l5)4As [ReOC&] was recorded 
down to 20 cm-' in order to compare the C1-M-C1 
deformation modes with those of the WOC162- ion 
(177-174, 164, and 84-85 cm-I Is). Only two bands 
were observed in the rhenium(V1) complex, one a t  173 
(vs) cm-l and the other a t  113 (m) cm-l, which suggests 
a halogen arrangement different from that in the 
WOCla2- ion. 

Magnetic and Spectral Data.-Magnetic studies on 
(CeH6)dAs [ReOC15]22 show that the spin-orbit cou- 
pling constant (A) of rhenium is reduced considerably 
from the free-ion value of -4000 cm-' by the multiple 
bonding between the rhenium and oxygen. A, whizh 
is a measure of the split of the *Tzg term under the in- 
fluence of an axial ligand field component, is pbsitive, 
indicating that the singly orbitally degenerate level 
(Bzg) lies lowest after the effects of the tetragonal ligand 
field as was the case for the molybdenum and tungsten 
oxyhalide complexes23 and that the splitting (450- 
980 cm-') is less than in these compleves Figgis and 
Lewis24 suggest that an increase in spin-orbit coupling 

(20) J G. Scane, Acta Cvyst , 23, 85 (1967) 
(21) H Kon and N E Sharpless, J Phys Chem , 10, 105 (1966) 
(22) D J Machin and K S Murray, private communication. 
(23) B J Brtsdon, D A Edwards, D J Machin, K. S. Murray, and 

(24) B N Figgis and  J. Lewis, Progr Znovg Chem , 6 ,  14Q (1964). 
R A Walton, J Chem. Soc., A ,  1825 (1967) 
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constant in going from M O O C ~ ~ ~ -  to ReOC16- would 
tend to nullify the effect of the asymmetric field due to 
the MO"+ unit. We find that X does increase slightly 
from Mo(V) to Re(V1) in these complexes, but in both 
cases it is greatly reduced from its free-ion value owing 
to the multiple bonding discussed above. 

Much has been written about the spectra of d1 
MOXbn-  ion^;^^-^* however, no general agreement 
about the interpretation of such measurements has been 
reached. 

Gray and Harez5 adapted the molecular orbital 
scheme proposed by Ballhausen and Grayz9 for the 
vanadyl ion, to explain the spectrum of the I~f0C16~- 
ions (M = Cr or Mo). They assigned the two lowest 
energy bands of the M O O C I ~ ~ -  ion a t  -14,000 and 
-23,000 cm-' to the essentially d-d transitions 2Bz + 
2E and 2Bz + 2B1 and considered the band a t  -27,000 
cm-I to be the first charge-transfer band involving the 
excitation of an electron from the metal-oxygen T -  

bonding orbital into metal atom orbitals. However, 
this scheme which included no halogen-metal B bonding 
could not account for the analogous bromide of 
molybdenum, nor the tungsten analogs. 

On the basis of electron spin resonance studies of 
several oxoanions of this type, Kon and Sharpless2'sug- 
gested that very strong metal-oxygen T bonding may 
cause the e, levels to fall below the metal-ligand u bond- 
ing orbital (b]), and then the first charge-transfer band 
would correspond to the forbidden bl --t bz transition. 
They also showed that the bromine hyperfine structures 
observed in the esr spectrum of the oxobromides of 
molybdenum and tungsten can be explained in terms of 
in-plane P bonding between the four halogens in the xy 
plane and the central metal atom. Further evidence 
that metal-halogen interactions cannot be neglected 
has been provided by Horner and Tyree. 27 

A recent study on the magnetic properties of the 
MOX62- ions (M = Mo or W, X = C1 or BrZ3) has 
shown that the splitting of the 2Tzg term under the in- 
fluence of an axial ligand field component is not more 
than 2100 cm-I for the cesium and rubidium salts of the 
MoOC16*- and WOC15z- ions, respectively. Also the 
free-ion spin-orbit coupling constant is reduced to 220 
cm-' or less for the molybdenum complex and is be- 
tween 400 and 600 cm-' for the tungsten complex. 
Thus the magnetic evidence suggests a very much 
smaller split of the 2Tz, term than the spectral data as 
assigned by Gray and Hare.25 If the first observed 
d-d band in these compounds at  -13,000 cm-I is not 
due to the *B2 + 2E transition, then we may assign this 
band to the 2B2 ---c 2B1 transition, and the second weak 
band in the 23,000-25,000-~m-~ region may be assigned 
to the Bf + 2Al transition. 

(bz + al*) - (bz + bl) = 3c then gives a measure of 
the excited-state splittings, which in turn should re- 

(25) H. B. Gray and C. R. Hare, Znovg. Chem., 1, 363 (1962). 
(26) E. A. All n, B. J. Brisdon, D. A. Edwards, G. W. A Fowles, and 

R .  G .  Williams, J .  Chem. Soc ,  4649 (1963). 
}. (27) S. M. Horner and S. Y. Tyree, Jr., InoYg. Nucl. Chem Lelteus, 1, 48 
(1965). 

(28) R. A. D. Wentworth and T .  S. Piper, J. Chem. P h y s . ,  41, 3884 (1965) 
(29) C .  J ,  Balllhausen and H. B. Gray, I n o v g .  Chem., 1, 111 (1862). 

flect the hI-0 bond order, if we assume that the degree 
of M-0 T bonding largely determines the bl*-al* 
separation in these MOXE~-  ions. For the two 
WOC1b2- salts listed in Table IV, x N 11,500 cm-I and 
for the M O O C ~ ~ ~ -  salt, x N 9900 cm-', thus reflecting 
the stronger W-0 bond. Further correlations using 
the Mo- and WOBr62- ions are not possible since i t  seems 
'likely from their extinction coefficients that the bands 
in the 20,000-25,000-crn-' region are charge transfer 
in nature rather than d-d. 

The solution spectrum of the ReOClj- ion shows only 
one band centered at  11,700 cm-I with a low enough 
extinction coefficient to consider i t  as a d-d band. By 
comparison with the WOClj2- ion, we assign this band 
to the bz --t bl* transition. It can be resolved into two 
or three components of separation 300-500 cm-l, and 
this fine structure we suggest is vibronic in origin. The 
band at  -18,100 cm-' has a rather high extinction 
coefficient for a d-d transition and hence is regarded as 
a halogen T --t b2 or b l +  bz transition, each of which is 
forbidden and expected to occur with relatively low 
extinction coefficients. This band is a t  rather low 
frequency for a charge-transfer band, but the high 
formal oxidation state of the rhenium must make a 
'(reduction" transition of this type relatively easy. 

Hydrolysis Products.-The reaction of rhenium oxo- 
tetrachloride with tetraphenylarsonium or tetraethyl- 
ammonium chloride in the presence of atmospheric 
moisture yields a mauve product in both cases. These 
solids are weakly paramagnetic and diamagnetic, 
respectively, although oxidation-state determinations 
show that the rhenium remains in the sexivalent state. 
The infrared spectra of these salts exhibit two main M-0 
bands, a doublet a t  about 970 cm-I, in the range found 
for terminal M-0 bonds, and another band a t  about 
730 cm-' which suggests M-0-M bonding. This evi- 
dence together with the analytical data suggests 
the formulation (R4M)zRez03C18 and two possible 
structures, one with cis oxygen atoms(1) and the other 
with trans oxygens (11). The M-0-M bridge may be 
linear or bent, but the greatest degree of M-0 T bond- 
ing will occur in a linear system. 

0 c1 0 c1 c1 c1 c1 c1 
I /  i /  

O=Re-0-Re=O 

c1 c1 c1 c1 

II/ II/ 
C1-Re-O-IZe-C1 

/ I  / I  /I / I  
c1 c1 c1 c1 

I I1 

Support for these formulations is provided by the 
conductivity of the tetraethylammonium salt in dry 
methyl cyanide, which has a value typical of a 2 :  1 
electrolyte in this solvent, and also by the greatly re- 
duced magnetic susceptibilities of both compounds com- 
pared with the ReOC15- ion. Similar reduced suscepti- 
bility values have been found for a number of linear 
oxygen-bridged ions of the heavier transition ele- 
m e n t ~ . ~ ~ ~ ~ ~  On the present evidence it is difficult to 
decide whether the oxygen atoms are cis or trans; how- 

(30) B. fezowska-Tresbiatowska and H. Prywarska, Bull. Acad .  Polon. 

(31) B. Jezowska-Tresbiatowksa, J. Hanuza, and W. U'njciechowski, J .  
Sci. Seu. Sci., Chim., 8 ,  429 (1955). 
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ever, Cotton, et al.,32 have suggested that for a linear 
arrangement of oxygen atoms in a similar bridged 
system, the electron-withdrawing effect of the ter- 
minal M-0 groups should result in a relative weakening 
of the bridging Re-0 bonds and hence a reduction in 
the frequency of this mode to 675-710 cm-’ in the case 
of Re203(py)4C14. The antisymmetric stretching 
mode of structure I might be expected in the more 
general range of frequencies found for oxygen-bridged 
systems of halo complexes, i e . ,  800-950 cm-l, and con- 
sequently structure 11 seems preferred. 

The reflectance spectrum of the Rez03C1g2- ion is very 
similar to that of the ReOC16- ion a t  long wavelengths, 
but a t  shorter wavelengths considerable differences 
occur. Unfortunately neither sample was sufficiently 
soluble in a solvent with which i t  did not react for ex- 
tinction coefficients to be determined, so no com- 
ments can be made on the nature of the bands. 

It is interesting to compare the reactions of 
rhenium oxotetrachloride described above with those 
previously reported. Bagnall, Brown, and Colton16 
were unable to isolate rhenium(V1) complexes by the 
addition of tetraalkylammonium chlorides to solu- 
tions of rhenium oxotetrachloride in thionyl chloride. 
Reduction occurred in this system and hexachloro- 
rhenate(1V) complexes were finally formed. It has 
been claimed33 that the reaction of ReOC14 with potas- 
sium chloride in concentrated hydrochloric acid yielded 
the rhenium(V1) oxochloro complex KzReOC16; but 
other workers34 using cesium chloride suggested the 
product was a mixture of CsReOd and Cs2ReC16. More 
recently the isolation of ReOC1a2- salts from concen- 
trated hydrochloric acid solutions of rhenium penta- 
chloride oxidized by atmospheric oxygen has been 
claimed. Wilkinson, et aLj4 were, however, unable 
to repeat this work, and, even when ozone was used as 
an oxidant, only ReOC1b2- salts were isolated. Even 
starting with a rhenium(V1) species (ReOC14) in 
concentrated hydrochloric acid, we have been unable 
to isolate a rhenium(V1) complex. The oxotetrachlo- 
ride dissolves immediately in ice-cold concentrated 
hydrochloric acid (11 M )  with the evolution of chlorine 
gas, and the addition of cesium chloride merely pro- 
duces CszReOCIB. Thus i t  appears that Re(V1) is 
capable of oxidizing HC1 to chlorine and is itself reduced 
to Re(V). C01ton~~ found that CszReOC15 was para- 
magnetic with a “spin-only” value for the magnetic 
moment, but as for the Cs2ReOC15 sample prepared by 

(32) F. A. Cotton, W. R.  Robinson, and R .  A. U‘alton, Inorg. Chem.,  6, 

(33) A. Bruckl and K. Ziegler, Chem. Ber., 66B, 916 (1932). 
(34) M. A. Hepworth and P. L. Robinson, J .  Inoug.  Nucl .  C h e m . ,  4,  24 

(1957).  
(35) R. Colton. A u s t i d i ~ n  J .  Chem.. 18, 435 (1965). 

223 (1967). 

one of the routes of Wilkinson,4 we find a much reduced 
moment which is slightly field dependent. The re- 
flectance spectrum of Cs2ReOC15 in the range 10,000- 
30,000 cm-’ (Figure 2) is quite different from the solu- 
tion spectra previously recorded for rhenium(V) in 
various concentrations of aqueous hydrochloric acid. 

, 

WAVELENGTH IN mp 

Figure 2.-Diffuse reflectance spectra of (a) (CBH~)~ASREOCI~, 
(b) ( ( C ~ H ~ ) ~ A S ) Z R ~ ~ O ~ C ~ * ,  and (c) CszReOCls. 

The X-ray powder pattern of Cs2ReOC16 could be in- 
dexed on the basis of a face-centered cubic lattice and i t  
seemed probable that it was isostructural with &PtCl6, 
having the anti-fluorite structure (space group no. 225, 
Fm3m, Oh5). The lattice parameter, ao, was found to 
be 10.25 =k 0.02 A and the observed and calculated d 
values are listed in Table 111. These data show CszReO- 
C15 as having a similar lattice parameter and as being 
isostructural with the group Cs2MOC15 (where M = 
Cr, Nb, Mo, or W> which is to have the 
KzPtC16 structure. Thus the R e 0 C 1 ~ ~ -  ions will be a t  
the corners and centers of the faces of a cubic unit cell, 
surrounded by eight Cs+ ions at  the corners of the cube. 

The powder pattern of ( C B H ~ ) ~ A S R ~ O C ~ ~  has also 
been examined but is obviously of much lower sym- 
metry and has not been indexed a t  this time; the ob- 
served d values and visually estimated intensities are 
given in Table 111. 
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