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Abstract: MO quantities by CND0/2 method on several valence isomeric ketenes and structurally 
corresponding allene molecules were calculated to evaluate the influence of structural 
feature on magnitude of back-donation of oxygen n-electrons in ketene, and to ration- 
alize an unusual cycloaddition involved in diphenyl ketene. 

In connection with our study of physicochemical properties of c-quinonoid ketene which have 

been reported to undergo novel intramolecular cycloadditions with an aromatic ring,' and to be 

of interesting molecular orbital quantities,' we felt it also of interest and of importance in 

fully understanding the electronic detail involved in ketenes and probably in all other hetero- 

cumulene systems to investigate the structural variation exerting an influence on the molecular 

orbital quantities of various ketenes. In fact, it has been shown for diphenyl ketene to 

undergo unusual cT12, + a2a + T2s] cycloaddition with ethoxyacetylene to give an azulenone 

derivative along with the usually preferred [n2a + T12s] cycloaddition.3 This experimental fact 

actually led us to consider possibility of the presence of the special feature concerning the 

molecular orbiral quantities involved in such a ketene. 
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From these points of interest, we 

ketene' which is a valence isomer of 

undertook the molecular orbital calculation of phenyl 

o-quinonoid ketene, supported by CNDOIP approximation.5 - 

Although we focussed here our attention on the MO quantities of phenyl ketene, we also carried 

out the calculations of e-quinonoid ketene and several other related molecules (necessary for 

discussions described in this report) for comparison with the same level of approximation and 

parameterizations. 

We wish to report here the unique properties of phenyl ketene disclosed by such calculations, 

by which the above mentioned cycloaddition can be nicely explained in terms of frontier molecular 

orbital theory, and the influence of structural feature on the magnitude of back-donation of 

oxygen lone pair electron in ketene. 

1. Molecular orbital quantities of valence isomeric ketenes 

The molecular orbital calculation on the out of plane deformation considering all valence 

electrons introduces the complexity of o-'TI mixing, resulting in orbitals of unrecognizable shape. 

Thus, although geometrical optimization of phenyl ketene by MINDO/3 method showed that benzene 

ring is twisted from the xy plane of the ketene moiety by 42.3",6 the geometry of the phenyl 

ketene with Cs symmetry was taken for simplicity, since the computed energy difference between 
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such structures was in only 0.11 Kcal/mol,'j and the values of parameters adopted in the CNDO/Z 

calculations were the same as those in the original paper.' These approximations have proved 

useful in our hand for gaining fundamental insight into the reactivity (vide infra). -- 
The computed frontier molecular orbital coefficients and energies of J, and 5 were shown in 

Figure 1, together with those of g-quinonoid ketene, ,& for comparison.2a 

Figure 1 

eV 

4 

3 

2 
I 

-9 

-10 

-11 I 

NLUMO 
3.977 

3.516 
LUMO 

HOMO 
-10.563 

NLUMO 

3.823 

LUMO 

2.245 

HOMO 

-9.211 

I I 

8 

6 
t 

/ 
Q$b \ 

NLUMO 

3.824 

LUMO 

2.027 R 

HOMO 

-9.370 

Total energy -2161.351 eV -2160.848 eV -2160.741 eV 

Inspection of Figure 1 showed that variables in structural feature leave the nodal property 

and coefficient distribution of FM0 in ketene moiety as well as the energies of in plane IT*- 

orbital essentially unchanged due to orthogonality between the two a-systems. Major difference 

is in the pattern of frontier molecular orbital energies of i as shown. But, perhaps the most 

interesting properties of l is in the distribution of the LUMO coefficient; the @-carbon 

(the site of substitution) of benzene ring has the largest coefficient, suggestive for high 

reactivity at this carbon in case of that the reaction mainly involves the LUMO of phenyl ketene. 

2. Concerninq magnitude of back-donation of oxygen lone pair involved in conjugated ketenes 

Contrary to well established property that the propensity of ketene to undergo cycloadditions 

in an antarafacial fashion is the result of the electrophilicity of the central carbon of the 

ketene induced by in plane n*-orbital, the back-donating nature and magnitude of oxygen lone 

pair electron in ketene, which is in a n-type orbital with a node in the molecular plane, are 

poorly understood and, to our best knowledge, theoretical considerations have never been 

systematically examined. 

The computed FM0 energy pattern and nodal properties of an aromatic portion of phenyl ketene, 

1, were compared with those of mono-substituted benzene bearing typical three types of substit- 

uent; electron-donating group (dimethylaniline), electron-withdrawing group (benzonitrile) and 

conjugative group (styrene and cu-aminostyrene). 

As is shown in Figure 2, the orbital patterns of the HOMO and LUMO in the benzene moiety of 

phenyl ketene corresponds to bl and b, * in C2v symmetry* which is in the same pattern as styrene 

and benzonitrile. However, the HOMO energy is considerably higher than those of such compounds. 

This fact is indicative of a rather strong back-donation of oxgen lone pair in view of the 

substituent effect derived from "the general principle of orbital interaction". In fact, the 
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energy pattern of phenyl ketene is close to those of trans w-aminostyrene as is shown. 

Furthermore, in order to evaluate the influence 
Figure 3 
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3. FM0 analysis of [r2a + =2, + a2s] cycloaddition involved in diphenyl ketene 

For an analysis of this cycloaddition, the MO calculation on methoxy acetylene was also 

carried out. The MO energies calculated were shown in Figure 4. 

Although the relative energy diagram shows that the LUMO of alkoxy acetylene and the HOMO of 

ketene, 1, has the smallest separation in energy, the computed LUMO (4.267 eV) is largely 

polarized to the alkoxy moiety and the NLUMO (6.845 eV) is largely mixed with s-orbital at 

acetylene moiety,i.e.,a-bond character. Thus, we believe that the leading orbital interaction 

in the transition state should be in the LUMO of ketene and the HOMO of alkoxy acetylene, which 

is an orbital of full r-character with the same phase, provided that the transition state 

assumes to involve mainly single configuration. And also, it is known that in plane IT*-orbital 

of central carbon atom of ketene, which is not directly involved in the reaction, is responsible 

for inducing an orthogonal approach of each reactant with a charge-transfer stabilization by the 

three center bonding with ~TI component. This type stabilization also gives rise to the inter- 

action of HIT system with the orthogonal Pz orbital of the central carbon atom, the magnitude of 

which necessarily correlates with that of the HOMO coefficient of 2~ system."' 
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In these views, it can be best understood that the cycloaddition arises from the initial bond 

formations between the central carbon of ketene moiety and the carbon atom apart from alkoxy 

group in acetylene due to the larger HOMO coefficient (bond a), and also e-carbon of benzene 

ring and the other carbon atom of acetylene due to the large LUMO coefficient of phenyl ketene 

(bond b). Such bond formations bring about concomitant clockwise rotation of benzene ring and 

counterclockwise rotation of ketene axis, whose rotations also make the bond formation between 

C3 and C5 favorable with respect to orbital dihedra 

(bond c), as shown in Figure 5. 

Figure 4 
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Figure 5 

It should be noted that introduction of the second phenyl group to C3-position, i.e., diphenyl 

ketene would force the benzene ring to twist further with respect to the ketene xy plane due to 

a repulsive contribution from each other. This effect reduces the magnitude of the conjugative 

interaction between the ketene nz-system and aromatic n-system but the net effect leads to lower 

the LWMO energy and the resulting conformation would favor the bond formation of C3 and C5 in an 

antarafacial fashion. These combined factors led to the completion of unusual [n2a + a2a + T12s] 

cycloaddition along the predicted regiospecificity. 
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