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Figure 1.-Scatter in the -AH of the adduct formation os. 
- A A H  of solvent transfer. 

cases, the enthalpies for the formation of the diethyl 
ether, tetrahydrofuran, and pyridine adducts cause 
additional difficulties. The predicted enthalpies are 
23.9, 28.9, and 41.8 compared to measured values of 
19.2, 20.0, and 33.3. These differences are in the op- 
posite direction of the expected solvent effect and may 
be due to the fact that steric effects outweigh any sol- 
vation effects. The larger discrepancy in the calcu- 
lated and experimental heats for T H F  than for diethyl 
ether indicate that this is not the whole story and that 
complications from solvation are again present. 

In  addition to these complications, an additional 
problem was encountered with diethyl sulfide and the 
free radical base 2,2,6,6-tetramethylpiperidine-N-oxyl 
(TMPN).I3 It was found that in C2H4C12 the adducts 
ionize. TMPN gives a molar conductance of 24 
ohm-' mol-' cm2 a t  1.2 X M concentration a t  
25" and diethyl sulfide gives one of 23 ohm-' mol-' 
cm2 a t  2 X M and 25". The conductance of 
many 1 : 1 electrolytes is of the order of magnitude of 
100 ohm-' cm2 mol-' (f 25). The ionization process 
occurring in 1,2-dichloroethane could be attributed to 
the equilibrium 

2SbC16.B SbC14(B)zt + SbCle- 

Ionization is favored by a high dielectric constant 
solvent and a high donor strength (apparently large C 
number) of the base. Such an ionization process 
greatly complicates the interpretation of any heat mea- 
surement. The conductances of all of the other ad- 
ducts reported here were minimal in 1,2-dichloro- 
ethane, but the results of similar measurements on 
many of the other systems reported in the literature3 
have not been published. 

In  conclusion and contrary to what we have been 
led to believe, SbC& investigated in the solvent 1,2- 
dichloroethane is a very poor reference acid for the 
quantitative determination of donor strength. Many 
of the applications in the literature of these donor num- 
ber data are probably correct because these applica- 
tions are very qualitative. Steric effects also influence 
the magnitude of the metal-ligand interaction in many 
of the transition metal ions to which these studies have 
been applied, so again such an effect would be in the 
same direction if the donor number were used, but we 

(13) Y Y Lim and R S Drago, J Amev Chetn SOC., 93, 891 (1071). 
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cannot expect the steric interaction in the transition 
metal ion complex to be quantitatively reproduced in 
SbClj. For all of the reasons described above, donor 
numbers clearly do not provide us with quantitative, 
fundamental information about the donor properties of 
bases. Complications arising from steric effects and 
the unusual solvating properties of 1,2-dichloro- 
ethaneI2 give rise to significant and unpredictable con- 
tributions to the measured enthalpy. The E and C 
numbers reported here should enable us to predict en- 
thalpies (in the absence of steric and appreciable sol- 
vent effects) to within 1 kcal mol-'. As can be seen 
from Figure I ,  we have not been able to find a reliable 
procedure that could be employed to correct the donor 
numbers for solvation effects. . 
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The complexes of cobalt(I1) halides with azines have 
been reported recently2 wherein compounds of the type 
R2C=N-N=CR2Co11X2 were found to be tetrahedral 
complexes (I) which could be obtained by direct reac- 
tion of cobalt(I1) halides with ketazines and aldazines 
or by condensation of bis hydrazine complexes of 
Co11X2 with ketones or aldehydes. The present work 

X 

I 

relates to the preparation of similar addition com- 
pounds of hydrazine derivatives with iron(I1) and 
nickel(I1) dichlorides as well as tin(1V) tetrachloride. 
The infrared and electronic spectra of the complexes of 
the transition metal halides were used to determine 
their probable structure, and resonance absorption of 
low energy y radiation (Mossbauer effect) has proved 
to be a very useful tool for the tentative elucidation of 
the structure of the tin(1V) compounds.3 

* Address correspondence to this author a t  Cincinnati h'lilacron Chemi- 

(1) Presented in part a t  the 161st National Meeting of the American 

( 2 )  C.  H. Stapfer and R.  W. D'Andrea, Inovg. Chem., 10, 1224 (1971). 
(3) For a general review of this field, see V. I. Gol'danski and R. H. Her- 

ber, "Chemical Applications of Mdssbauer Spectroscopy," Academic Press, 
h'ew York, N. Y. ,  1968. 

cals Inc. 
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Experimental Section 
Magnetic suceptibility was measured by the Faraday method, 

the electronic spectra of the solid complexes were recorded on a 
Perkin-Elmer EPS 3T spectrophotometer, and the infrared spec- 
t ra  were obtained from potassium bromide wafers on a Perkin- 
Elmer 337 grating spectrometer. The experimental details of 
the Mossbauer technique have been discussed earlier.2j4 All 
llgSn isomer shifts reported in the present paper are with respect 
to  the centroid of a room-temperature BaSnOs spectrum. Veloc- 
ity calibration was effected using a Pd (“Co) source a t  room tem- 
perature in conjunction with a standard 0.8-mi1, 99.99~o pure 
iron foil (NBS SRM 1541) and the calibration data of Spijker- 
man, et al.6 Spectra were accumulated so that a t  least lo6 counts 
per channel were recorded. Since the resonance effect magni- 
tude observed in these experiments was 2475, the minimum 
signal to  noise ratio was 240.  Data reduction was effected by 
standard computational techniques .6 

(Cyclohexanone azino)iron(II) Chloride.-Cyclohexanone (21 
g, 0.2 mol) was added to a suspension of 10 g (0.05 mol) of the 
bis hydrazine complex of iron(I1) chloridee in 50 ml of hexane 
and the reaction mixture was refluxed for 3 hr under nitrogen. 
Upon cooling, the resulting precipitate was filtered under nitro- 
gen atmosphere, washed with hexane, and vacuum dried. The 
15.7 g of an off-white amorphous solid represented a quantitative 
yield of (cyclohexanone azino)iron(II) chloride, sensitive to air 
and melting at 240’ with decomposition. Anal. Calcd for 
C1zHzoNzClzFe: C, 45.17; H ,  6.30; N,  8.77; C1, 22.22; Fe, 17.49. 
Found: C, 45.30; H ,  5.93; N, 8.80; C1, 22.09; Fe, 17.60. 
Infrared, cm-’: 2920 (vs), 1590 (vs), 1470 (s), 1400 (m), 
1300 (w), 1230 (w), 985 (w), 860 (w). Mol wt (by melting point 
depression in P-naphthol): 

[ (2,2 ’-Bipyridino)(cyclohexanone azino)]iron(II) Chloride.- 
A solution of 4.7 g (0.3 mol) of 2,2’-bipyridine in 50 ml of ethyl 
alcohol was added, at room temperature, to a solution of 1.2 g 
(0.1 mol) of anhydrous iron(I1) chloride in 50 ml of ethyl alcohol? 
The reaction mixture was maintained at 60” for 30 min under 
agitation and 1.9 g (0.1 mol) of cyclohexanone azine was added 
dropwise. After another 30 min of agitation at GO’, the solution 
was cooled in an ice bath and the crystallizing reaction product 
was filtered, washed with hexane, and recrystallized from ethyl 
alcohol to yield 4.5 g (70y0 theoretical) of [(2,2’-bipyridin0)- 
(cyclohexanone azino)] iron(I1) chloride in the form of deep red 
needles melting a t  275” with decomposition. Anal. Calcd for 
C Z ~ H ~ ~ N I C ~ Z F ~ :  C, 55.62; H ,  5.93; N, 11.78; C1, 14.92; Fe, 
11.74. Found: C, 56.01; H,  5.60; N, 11.63; C1, 14.88; Fe, 
11.92. Mol wt: calcd, 475, found, 459. 

(Cyclohexanone hydrazono)nickel(II) Chloride.-A suspen- 
sion of 13 g (0.1 mol) of anhydrous nickel chloride in 500 ml of 
ethyl alcohol was refluxed until complete dissolution. To this 
solution was added 19.2 g (0.1 mol) of cyclohexanone azine and 
1.8 g (0.1 mol) of water, and the reaction mixture was kept at 
reflux for 3 hr. Upon cooling, the resulting precipitate was 
filtered, washed with ethyl alcohol, and vacuum dried. The 
resulting 18.8 g of a pale green infusible solid represented a 78y0 
yield of (cyclohexanone hydrazono)nickel(II) chloride. Evap- 
oration of the mother liquor yielded 8 g of cyclohexanone. Anal. 
Calcd for CeHlzNzClzNi: C, 29.78; H,  5.00; N, 11.58; C1, 
29.33; Ni, 24.28. Found: C, 28.93; H, 4.93; N, 11.21; C1, 
30.00; Ni, 24.77. Infrared, cm-’: 3250 vs, 2900 s, 1565 vs, 
1440 m, 1290 m, 1235 w, 1170 vs, 970 m, 950 m, 585 vs, 500 w. 

(Cyclohexanone azino)tin(IV) Chloride .-A solution of 2.6 g 
(0.1 mol) of anhydrous stannic chloride in 50 ml of n-hexane was 
added dropwise, a t  room temperature and under nitrogen at- 
mosphere, to a solution of 1.92 g (0.1 mol) of cyclohexanone 
azine in 50 ml of n-hexane. 

A fine white precipitate formed instantly and was filtered, 
washed with hexane, and then dried in the absence of air. The 
resulting 4.5 g of a white amorphous powder represented a quan- 
titative yield of (cyclohexanone azino)tin(IV) chloride decompos- 
ing a t  room temperature upon extensive exposure to air. Anal. 
Calcd for C12H2oN2Cl4Sn: C, 31.82; H,  4.45; N, 6.18; C1, 

calcd; 319; found, 340. 

(4) See for example R.  H.  Herber, S. C. Chandra, and Y .  Hazony, J .  
Chem. P h y s . ,  OS, 3330 (19701, and references therein. 

( 5 )  J. J. Spijkerman, J. R. DeVoe, and J. C. Travis, Not.  Bu7. Stand., 
Spec.  Publ., 260-20 (1970); R.  H..Herber, “Mossbauer Effect Methodology,” 
Vol. 6, I .  Gruverman, Ed., Plenum Press, New York, N .  Y. ,  1971. 

(6) H. Franzen and 0. von Mayer, 2. Anoug. Chem.,  60, 247 (1908); B e y .  
SB, 3377 (1906). 

(7) A. Simon, W. Haufe, T .  Reetz, and R .  Preissler, Z .  Anovg. A&. Chem., 
280, 160 (1936). 

31.23; Sn, 26.21. Found: C, 32.03; H,  4.30; N, 6.09; C1, 
32.00; Sn, 25.56. Infrared, cm-l: 2910 (vs), 1650 (vs), 1430 
(vs), 1345 (m), 1310 (m), 1240 (w), 985 (w), 900 (w). Mol wt: 
calcd, 451; found, 470. 

Bis(benzalhydrazono)tin(IV) Chloride .-According to the 
general procedure outlined above, 2.6 g (0.1 mol) of anhydrous 
stannic chloride was dissolved in 50 ml of n-hexane and to this 
solution was slowly added 2.4 g (0.2 mol) of benzalhydrazone. 
The 36.5 g of an off-white amorphous solid obtained upon filtra- 
tion represented a 73% yield of bis(benzalhydrazono)tin(IV) 
chloride melting a t  110” with decomposition. Anal. Calcd for 
C I ~ H I ~ N ~ C ~ ~ S ~ :  C, 33.57; H,  3.22; N, 11.18; C1, 28.32; Sn, 
23.70. Found: C, 33.44; H,  3.51; N, 10.97; C1, 28.01; Sn, 
24.02. 3000 (s), 1615 (s), 1585 (s), 1560 (s), 
1480 (w), 1440 (m), 1300 (m), 1270 (m), 1200 (m), 1075 (s), 
940 (s), 850 (w), 740 (vs), 670 (vs), 495 (s). 

Bis(hydrazino)tin(IV) Chloride.-In order to ensure the suc- 
cessful preparation of this compound, it is necessary to use 
strictly anhydrous hydrazine, which can easily be prepared 
from hydrazine sulfate and liquid ammonia.8 In a modular dry- 
box, under nitrogen atmosphere, a solution of 2.6 g (0.1 mol) of 
anhydrous stannic chloride in 50 ml of n-hexane was added drop- 
wise to the heterogeneous mixture of 6.4 g (0.2 mol) of anhydrous 
hydrazine in 50 rnl of n-hexane. A white precipitate formed 
immediately, which, after agitation a t  room temperature for 2 
hr, was washed with hexane, filtered, and dried under vacuum 
in presence of PzOa. A quantitative amount of pure tin(1V) 
chloride dihydrazinate melting with decomposition a t  70-80’ 
was obtained. Anal. Calcd for SnrVC14(NzHa)2: H,  2.48; 
N, 17.26; C1, 43.69; Sn, 36.56. Found: H,  2.55; N, 17.31; 
C1, 43.83; Sn, 36.32. Infrared, cm-l: 3400 m, 3100 vs, 1570 
m, 1480 m, 1400 s, 1055 s, 925 s. 

Results and Discussion 
In  contrast to cobalt(I1) halides which form, a t  room 

temperature, brightly colored 1 : 1 complexes with 
azines,2 iron(I1) chloride, when allowed to react di- 
rectly with these ligands between 20 and looo, only 
yields uncharacterized viscous polymers. However, 
stable complexes of iron(I1) chloride containing one 
ketazine ligand can easily be prepared by condensation 
of the bis-hydrazine complex of iron(I1) chloride6 with 
a ketone, one hydrazine being displaced in the process 
(eq 1). 2,2’-Bipyridine can also be displaced from 

FeW12 + 2NzH4 ----f [ ( N Z H & F ~ ~ ~ C I Z ]  
[(R2C=N-N=CRZ)FeI1Cl~] + NZH4 (1) 

iron(I1) by ketazines and the reaction of tris(2,2’-bi- 
pyridino)iron(II) chloride’ with azines (AZ) a t  60” 
leads to mixed bipyridino azine complexes in good 
yields (eq 2). The last bipyridine ligand, however, 

Infrared, cm-’: 

RC=O 

EtOH AZ 
Fer1C12 + bipy [(bipy),FeTIClz] + 

[(bip~)(AZ)Fe~’Clzl + bipy (2) 

cannot be dislodged to obtain the simple azine com- 
plexes of eq 1. The complexes of iron(I1) chloride with 
ketazines are all soluble in N ,  N-dimethylformamide and 
conductometric titrations in that solvent indicate the 
formation of 2 : 1 electrolytes in which the two chlorides 
are replaced by the solvent. The reflectance spectra 
of azine complexes of the type R2C==N--N=CR2 
are characteristic of tetrahedral iron(I1) complexes. 
The sharp single absorption band observed a t  4100 
cm-1 is due to the 5E + 5Tz state transition and mag- 
netic moments, a t  room temperature, of 4.9-5.0 BM, 
reflecting a small second order orbital contribution, are 
also consistent with a tetrahedral structure. In  the 
infrared, the azine complexes of iron (11) chloride exhibit 
a characteristic N-N stretching absorption a t  900 cm-’ 

New York, N. Y., 1951, p 52. 
(8) L. F. Audrieth and B.  A. Ogg, “The Chemistry of Hydrazine,” Wiley, 
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which, according to prior observations, may be assigned 
to the bidentate character of the complexes. Several 
authors have reported the different N-N stretching 
vibrations of metal halide complexes containing 
bidentate2'9s10 and unidentate11"2 hydrazine groups, and 
i t  has been found generally useful to attribute these 
vibrations to bidentate hydrazine complexes when they 
occur in the 960-990-~m-~ region and to unidentate 
derivatives when they lie between 950 and 960 cm-l. 
Molecular weight measurements in @-naphthol indicate 
that  these complexes can exist in a monomeric form 
wherein the azine acts most likely as a chelating ligand 
thus imparting to the iron complexes a structure simi- 
lar to that of the cobalt complexes reported earlier.' 

While neither cobalt(I1) halides nor iron(I1) chloride 
form stable complexes with hydrazones, we have ob- 
served that when nickel(I1) chloride is allowed to react 
with cyclohexanone azine in the presence of water, 
cleavage of the azine occurs a t  one of the C=N bonds 
to form the green infusible (cyclohexanone hydrazone)- 
nickel(I1) chloride (eq 3 ) .  On the other hand, nickel- 

RzC=N--N=CR2 + NiIICIz + HzO 

[(RzC=N-NH~)N~IIC~Z] + R2C=O (3) 

(11) chloride does not react directly with hydrazones 
nor does i t  form azinates when allowed to react with 
azines in the absence of water. The hydrazone com- 
plex of eq 3 is insoluble in all organic solvents except 
ketones and aldehydes with which i t  reacts and thus 
i t  appears to be highly polymeric. I ts  electronic spec- 
trum exhibits several characteristic absorptions ac- 
countable for a tetrahedral structure. In  the visible 
region a sharp absorption a t  17,000 cm-I can be as- 
signed to the T1(F) --t TIP transition and a shoulder 
near 20,000 cm-I may be attributed to a charge-trans- 
fer absorption from the ultraviolet which may account 
for the green color of the complex. A somewhat 
weaker and broader absorption a t  8200 cm-l is as- 
signed to the T1(F) + A2 transition of the ds ion. In  
the infrared, a vibration a t  970 cm-l indicates the 
probable bidentate nature of the compound and a mag- 
netic moment, a t  room temperature, of 3.6 BM ac- 
counts for the loss of degeneracy of the ground state in 
tetrahedral nickel complexes containing dissimilar lig- 
ands. Tin(1V) chloride reacts readily with both 
azines and hydrazones, under anhydrous conditions, to 
form metastable 1:l complexes with azines and 2 : l  
adducts with hydrazones. The results of the resonant 
y-ray absorption measurements on several of these re- 
action products, along with tin(1V) chloride dihydraz- 
inate, are summarized in Table I. From the absence 

TABLE I 
MOSSBAUER PARAMETERS FOR COMPLEXES 

DISCUSSED IN THE TEXT" 
Compound T, OK I.S. Q.S. 

SnIVCl4(CHa)2C=N--N=C(CH8)z 83 0.339 0 

SnIVCl4(CaH5)CH=N-N=CH(C6H6) 85 0.356 0 
SnIVC14 [ (CsHj)CH=N-NHz] z 83 0.301 0 
SnIVC14 (NzH4 )Z 94 0.316 0 
a With respect to BaSnOs. 

SXlIYCl*(C6H10)C=N-~=C(CSHIO) 55 0.334 0 

(9) D. Nichols, M. Rowley, and R .  Swindell, J .  Chem. Soc. A ,  950, (1966). 
(10) L. Sacconi and A .  Sabatini, J .  Inorg. Nucl. Chem., 26, 1389 (1963). 
(11) W. G. Paterson and M.  Onyszchuck, Can.  J .  Chem., 39, 986 (1961). 
(12) K. Broderson, Z. Anorg. Allg.  Chem., 290, 4 (1959). 

of resolvable quadrupole splitting of the resonance line 
in these compounds, i t  is inferred that the electric 
charge distribution around the metal atom has essenti- 
ally cubic (octahedral) symmetry, despite the fact that 
two of the four nearest neighbor atoms are different 
from the remainder. Although all tetrahedral or octa- 
hedral organotin compounds of the type R2SnLz 
(wherein R is alkyl or aryl and L is a ligand having a t  
least one lone pair of electrons on the atom bonded to 
the metal) show a nonvanishing quadrupole interac- 
tion,l3,l4 the absence of such an interaction in octa- 
hedral compounds of the type SnL2X4 (X = halogen) 
has been well documented in the l i t e r a t ~ r e ~ ~ - ~ s  and 
the present results are consistent with such an octa- 
hedral configuration. The structure which emerges 
from these considerations is one in which the azine lig- 
and functions as a bidentate moiety through the two 
nitrogen atoms, each of which has a lone pair of elec- 
trons available for bonding into the sp3d2 orbitals of the 
metal atom. This assumption is consistent with the zero 
quadrupole splitting and the presence in the infrared 
spectra of these compounds of a band a t  985 cm-' 
which is characteristic of the bidentate N-N vi- 
brational mode. Since the ligand is too small to form 
a bonding of trans configuration on a single metal atom 
one may assume that such a trans complex would 
be polymeric. But the azine complexes of tin(1V) 
chloride are soluble in N ,  N-dimethylformamide in 
which they exist as undissociated monomers and a 
cis configuration (11) can reasonably be inferred. On 

R 

Sll'" 
c1 

c1 
I1 

the other hand, the bis hydrazine complex of tin(1V) 
chloride and bis(benzalhydrazono)tin(IV) chloride de- 
compose in iV,N-dimethylformamide, the latter yield- 
ing, upon cleavage of the hydrazone, benzaldazine and 
a mixture of tin(1V) chloride hydrazine and DMF ad- 
ducts. Since, on the basis of steric considerations and 
electronegativity arguments] one might expect the lone 
pair nitrogen of the hydrazone to be more basic than 
the protonated nitrogen] i t  is reasonable to assume that 
bonding into the metal atom occurs with the unproton- 
ated -fi= atom. The infrared spectra of the hydra- 
zine and hydrazone complexes exhibit a strong absorp- 
tion a t  940 and 925 ern-', respectively, which may ex- 
clude a bridging bidentate structure. Thus, the 
hydrazone seems to act as a unidentate ligand 
to form an octahedral 2 : l  complex (111). Steric 
considerations appear to favor the trans configuration 
although no definitive experimental evidence could be 

(13) J. J. Zuckerman, Advan.  Organometal. Chem.,  9, 2 1  (1971). 
(14) B. W, Fitzsimmons, N.  J. Seeley, and A. W. Smith, Chem. Commun.,  

390 (1968); R. R.  Berrett and B. W. Fitzsimmons, J. Chem. SOc. A ,  1979 
(1967). 

(15) R. H. Herber and H. S. Cheng, Inorg. Chem., 8, 2145 (1969). 
(16) C. A. Clausen and M. L. Good, ibid., 9, 818 (1970). 
(17) M. O'Rourke and C. Curran, J .  Ameu. Chem. Soc., 92, 1501 (1970). 
(18) N. N. Greenwood and J. N. R. Ruddick, J .  Chem. Soc. A ,  1679, 

(1967). 
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c1,+ CI 
I Sn" 

c1 I c1 
I 

HC=N- NHz 

I11 

obtained from our infrared data. Finally, i t  should 
be noted that the similarity of the isomer shifts of the 
bis hydrazine complex of tin(1V) chloride and bis- 
(benzalhydrazono) tin(1V) chloride does not necessarily 
imply that the metal-ligand interaction in the two 
cases is exactly identical. 

Attempts to grow stable single crystals of the com- 
plexes discussed in this paper have thus far been un- 
successful but one X-ray investigation relating to the 
tris hydrazine hydrochloride complex of cobalt(I1) 
chloride2 is in progress. 
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Tungsten Oxide Tetrafluoride Tetramer 
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The solid-state structure of tungsten oxide tetra- 
fluoride has been reported1 as a tetrameric unit with 
idealized symmetry Dlh (I) and site symmetry C 2 h .  

l7 I7 

I /F I /F 
F7W-O-,W-F 

I F I  0 
0 

F-W-0-W-F 
F/I F'I 

F F 
I 

The assignment of the oxygen atoms to  the bridging 
positions was based on the symmetry requirements of 
the space group and the stoichiometry of the com- 
pound. This assignment, which assumes an ordered 
structure, has been criticized2 on the basis of the infra- 
red and Raman spectra of (WOF4)4 in the solid state, 
In  addition to the spectroscopic evidence we find that 
the observed bond lengths are inconsistent with an 

(1) A. J. Edwards and G. R. Jones, J .  Chem. SOC. A ,  2074 (1968). 
(2) I. R .  Beattie and D. J. Reynolds, Chem. Commult., 1531 (1968). 

oxygen-bridged structure. All the data can be inter- 
preted by a disorder of two orientations of an asym- 
metrically fluorine-bridged structure, I1 and 111. The 

I1 I11 

idealized symmetry of the tetrameric unit is then C4h. 

This disorder of oxygen and fluorine atoms is not with- 
out precedent in oxymetal fluoride systems;3 e.g., in the 
cesium salt of Cr03F-, the anion occupies a position 
with site symmetry S 4 ,  and only one bond length (of 
1.53 8) is observed for the weighted average of Cr=O 
and Cr-F distances. 

The relative merits of oxygen- and fluorine-bridged 
structures can be evaluated on the basis of expected 
bond lengths. A simple symmetry-based molecular 
orbital treatment of the oxygen-bridged structure shows 
that one might expect significant n bonding and hence a 
short tungsten-oxygen distance. The molecular orbi- 
tals, after construction of the u framework, can be 
briefly described as follows for the Dlh oxygen-bridge 
model. Along each edge of the square array, per- 
pendicular to  the plane of the four metal atoms, a 
three-center W-0-W n-bonding system, consisting of 
d a  orbital from each metal and the corresponding 
oxygen pa orbital, would result in bonding, nonbond- 
ing, and antibonding orbitals. Two electrons, those on 
the oxygen, are available to populate the bonding levels, 
thus giving an out-of-plane a-bond order of 0.5. In  
the plane a more extensively delocalized system re- 
sults, but briefly the dn orbitals transform as A', + 
Bzg + E,' and the oxygen pn orbitals as A', + B1, + 
E,. The metal and oxygen A', and E, orbitals give 
rise to bonding and antibonding combinations of each 
symmetry. The eight available electrons are housed 
in the A', and E, bonding orbitals and the B1, non- 
bonding orbital (which remains localized on the oxygen 
atoms). Thus a total in-plane a-bond order of 3 is 
distributed among the eight equivalent W-0 linkages. 
The total u + ir bond order is then 1.875 for each metal- 
oxygen bond. The approximate bond order vs.  bond 
length curve of Cotton and Wing4 would suggest a 
W-0 bond of approximately 1.8 8 assuming that W-0 
distances parallel Mo-0 distances. However the ob- 
served W-"0" distances are normal (2.10 and 2.12 A) 
and correspond to  an approximate bond order of 1.0. 

Simple electron counting for a fluorine-bridged struc- 
ture suggests one oxygen per tungsten atom and the 
pattern of in-plane and out-of-plane tungsten ligand 
distances' suggests that the oxygen atoms lie in the 
plane of the four tungsten atoms. These require- 
ments allow three structures 11, IV, and V. The par- 
ticular arrangement and orientation of the tungsten 
atoms in this structure requires either or both of the 
diagonals to be coincident with symmetry elements, de- 

(3) J. A. Ketelaar and E. Wegerif, Red.  Tvaer. Chim. Pays-Bas, 68, 948 
(1939). 

(4) F. A. Cotton and R.  M. Wing, Inorg. Chem., 4, 867 (1965). 


