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Criegee19 on the deoxygenation of intermediates in the ozonation of ole
fins. 

(19) R. Criegee and P. GOnther, Chem. Ber., 96, 1564 (1963). 
(20) F. J. Lovas and R. D. Suenram, Chem. Phys. Lett., 51, 453 (1977). 
(21) P. E. Eaton and G. H. Temme III, J. Am. Chem. Soc., 95, 7508 (1973). 
(22) P. R. Story, J. A. Alford, J. R. Burgess, and W. C. Ray, J. Am. Chem. Soc, 

93,3042(1971). 
(23) Reference 4. These workers propose a basically different mechanism which 

involves a key step loss of carbon monoxide from an a-lactone. The gas-
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Oxygen transfer from (C6Hs)2C02 to diphenylketene can be 
readily diverted by TCNE or propionaldehyde. 

Finally returning to the case of di-rerf-butylketene (entry 
VIII) the question remains as to why a mechanism different 
from that observed in the ozonations of diphenylketene and 
diethylketene occurs. It may be that the initial ozonide is an 
open diradicaloid or zwitterionic intermediate due to the sta
bilizing influence of two tert-buiy\ groups. Singlet diradical 
and zwitterionic character represent a continuum which is 
affected by substituents.27 Rearrangement of these species to 
a-lactones via a peroxy oxide may be favored.2 Also the di
rer*-butyl groups may hinder trioxalone formation.28 (See 
Scheme V.) 
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Photoelectron Spectra of the Ozonides of Ethylene, 
Cyclopentene, and Cyclohexene. Experimental 
Evidence for the Magnitude of the "Pure" 
Inductive Effect of an Ether Oxygen on 
Ionization Energy 

Sir: 

While ozonides have been used as valuable synthetic inter
mediates for some time, relatively little structural information 
is available about them except in the case of ethylene ozonide 
( la ) , l a propylene ozonide ( lb) , l b and rra«5-2-butene ozonide 
( Ic ) . l b 

VV 

b R = H; R' = CH3 

c R = R' = CH3 ( c i s and t r a n s ) 

As part of our continuing effort2 to determine the effects of 
remote substituents on ionization energies (IP), we have pre
pared and determined the photoelectron spectra (PES) of the 
ozonides of ethylene (la),3 cyclopentene (2),4 and cyclohexene 
(3).5 From microwave data 1 exists in the gas phase in a half-
chair conformation having Cj symmetry.1 Importantly, 
however, the symmetry characteristics of the component 
oxygen orbitals of la offer a unique opportunity to assess the 
inductive effects of the peroxide and ether oxygens on each 
other in the absence of interferring conjugative effects. 

From an analysis of the PES of tetrahydrofuran (n0 = 9.47 
eV),6 cyclopentene (IT = 9.18 eV),7 and 2,5-dihydrofuran (4) 

(n0 = 10.59 eV, ir = 9.14 eV),6 Bain et al.6 concluded that, in 
the latter compound, the inductive stabilization of the x bond 
by the electronegative allylic oxygen (assumed to be 0.8 eV) 
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Table I. Vertical Ionization Energies (IP) and Assignments for 
Ozonides 1, 2, and 3 

compd ionization energy, eV° assignment 

Ethylene ozonide (I)* 

Cyclopentene ozonide (2) 

Cyclohexene ozonide (3) 

10.67 (^+ = 0.12 eV) n0~ 
(peroxide) 

10.96 n0 (ether) 
12.40, 13.38, 14.5, 15, 

16.15, 17, 18 
9.63 n0-

(peroxide) 
10.35 n0 (ether) 
9.61 n0~ 

(peroxide) 
10.26 n0 (ether) 

" Values have a precision of ±0.03 eV and are calibrated against 
argon. * Introduced into the spectrometer from a —95 ° bath through 
a glass-Teflon inlet system. 

was exactly compensated by a conjugative destabilization 
between n0 and ir, of a symmetry-allowed through-space or 
through-bond8 nature. In the case of 1, PES shows that the two 
highest occupied orbitals are the peroxide n0~ (10.67 eV)9 and 
ether oxygen n0 (10.96 eV) (Figure 1). Under the Co point 
group, the peroxide n0~ and ether n0 orbitals in 1 transform 
as a and b, respectively, and therefore cannot interact directly 
by a through-space mechanism (5). Similarly the pseudo-p 
orbitals located on the methylene units must also transform 
pairwise as a and b and cannot act as intervening orbitals in 
a through-bond fashion (6 and 7). Hence, when compared with 

the peroxide n0~ orbital in 1,2-dioxacyclopentane10 (Figure 
1) at 9.86 eV, the 0.8-eV stabilization1' of that orbital in 1 must 
be a result of the inductive effect of the ether oxygen.12 Ad
ditionally one notices that, when compared with tetrahydro-
furan (n0 = 9.57 eV),6 the ether oxygen of 1 (Table I) is sta
bilized by ~1.4 eV, owing to the inductive effect of the two 
peroxide oxygens. 

The ozonides from cyclopentene and cyclohexene (2 and 3) 
both show similar values for the n0 and n0~ IP's. In the absence 
of the ether bridge, we might reasonably assume that the 
peroxide n0~ orbital would have an IP of roughtly 8.9 eV.13 In 
both 2 and 3, the presence of the ether bridge stabilizes the 
peroxide n0~ orbital by roughly 0.7 eV, although the bicyclic 
framework causes the trioxacyclopentane portion to assume 
an envelope shape and reduces the overall symmetry. While 
a through-space interaction between the ether n0 and n 0

- is 
symmetry forbidden, a potential hyperconjugative interaction 
between the appropriate combination of ether C-O bonds or 
bridge C-C bonds and n0~ is allowed which might serve to 
destabilize the latter. This must be small, however, since the 
peroxide stabilization similar to that in ozonide 1 is observed. 
On the other hand, the ether oxygen at MO.3 eV in both 2 and 
3 when compared with that of model ethers such as tetrahy-

Figure 1. The PES of ethylene ozonide (1) and 1,2-dioxacyclopentane using 
Ar as an internal calibrant. For the latter, the first two ionizations are 
assigned as the peroxide n0~ orbital9 and an antisymmetric combination 
of bonding C-O a bonds.9 In the case of 1 the first two bands are assigned 
as n0~ and the ether n0 orbital. 

dropyran (9.50 eV),14a 7-oxanorbornane (9.57 eV),6 and di-
isopropyl ether (9.35 eV),14b appears to be stabilized in the 
presence of the peroxide unit by some 0.8-1.0 eV, somewhat 
less than in the case of 1. The reasons for this attenuation of 
the "inductive" effect of the peroxide on the ether could be 
related to substitution effects and/or interaction of the ether 
orbital with lower lying a levels within the six- and seven-
membered rings.15 

The PES of ozonide 1 with its unique symmetry character
istics allows experimental corroboration of the assumed 0.8-eV 
inductive stabilization6 of an allylic oxygen. 
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An Exceedingly Short Quadruple Bond Involving 
Tungsten and the Enigma of Heteronuclear 
Metal-Metal Bonds with Multiple Bond Character 

Sir: 

In recent years there has been considerable interest in de
veloping and understanding the chemistry of compounds with 
metal-metal bonds of multiple bond character. Especially 
compounds of Mo1 and W,2 having metal-metal triple bonds, 
and of Cr,3 Mo,4'5 Tc,4'6 and Re,4-7 having metal-metal qua
druple bonds, have been intensely investigated. An important 
question raised by recent results concerns the ability of tung
sten to participate in quadruple bonds, even though it is now 
well established that, like molybdenum, the tungsten atom can 
easily form stable triply bonded compounds.2 Whereas a 
plethora of quadruply bonded molybdenum compounds have 
now been prepared and structurally characterized,4'5 only one 
compound providing unequivocal structural evidence of the 
W-W quadruple bond has been reported. In this case, 
Li4W2(CH3)S-X CU-4THF,8 the W-W bond distance, 2.261 
(2) A, proved to be quite long compared with the bond distance 
of the closely related Mo2(CH3)S4-, for which J(Mo-Mo) = 
2.147 (2) A.9 This comparison implies that the W-W qua
druple bond should be much weaker than the corresponding 
Mo-Mo bond. 

By contrast, our previous report10 of the Mo-W bond dis
tance in iMoW[02CC(CH3)3]4) 1-CH3CN, 2.194 (2) A, with 
formal bond order 3.5, suggested that tungsten may enter into 
such bonds as strongly as molybdenum. This result, however, 
is somewhat indecisive since the bond order differs from 4.0 
and the comparatively tight binding of the axial ligands, I and 
CH3CN, exert an undetermined influence on the met'al-metal 
bonding. We have now completed the structure determination 
of MoW[02CC(CH3)3]4 in order to gain more definitive in
formation. 

The compound was prepared according to the previously 
reported procedure10 and crystals suitable for X-ray crystal-
lographic examination were obtained after slow recrystalli-

2C( I ) 

Figure 1, Structure and labeling scheme for the molecule Mo-
W[02CC(CH3)3]4. Thermal ellipsoids enclose 50% of the electron density. 
Metal positions are disordered and occupied with equal probability by 
either Moor W. 

Figure 2. Structure of MoWCl8H3- ion. Bridging Cl and H positions are 
statisically disordered in the real structure. Metal positions are occupied 
with equal probability be either Mo or W. Thermal ellipsoids enclose 50% 
of the electron density. 

zation from acetonitrile. The crystal used for data collection 
provided_ the following unit cell information: triclinic; space 
group P\;Z= Ua= 10.886 (4), b = 5.774 (l),c = 11.263(2) 
A; a = 92.81 (2), /3 = 109.63 (2), y = 89.61 (2)°. 

The molecular structure of MoW[02CC(CH3)3]4 is shown 
in Figure 1.'' Since the molecule occupies a site with inversion 
symmetry the metal positions are disordered and occupied with 
equal probability by either Mo or W. However previous work 
has shown that each molecule indeed contains one Mo and one 
W atom;10 so the disordering involves only statistical orien
tation of the molecules with respect to the direction of the 
Mo-W vector. Thus only average M-O distances can be ob
tained.12 

The important and surprising result revealed by the struc
ture determination is the remarkably short Mo-W bond dis
tance of 2.080 (I)A. This is 0.01 A shorter than the average 
Mo-Mo distance of 2.092 ± 0.004 A reported for several 
Mo2(O2CR)4 derivatives, including Mo2[02CC(CH3)3]4.13 

Only the Mo-Mo distance in Mo2(DMP)4,
14 2.064 (1) A, is 

shorter. In terms of the "formal shortness" suggested by 
Cotton, Koch, and Millar,14 the Mo-W quadruple bond found 
here has the value 0.800 which is exceeded among metal-metal 
bonds only by Mo2(DMP)4 and Cr2(DMP)4 with values of 
0.796 and 0.778, respectively. We conclude that tungsten can 
indeed form strong quadruple bonds and assert that other ex
amples are likely to be found as work in this field continues. 

Lest one too quickly concludes that it is the heteronuclear 
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