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Abstract: The electronic structure and bonding in alkenylidenecyclopropanes have been investigated using He(I) photoelec­
tron spectroscopy and CNDO calculations. The nature and magnitude of the interactions between the Walsh orbitals of the 
three-membered ring and the two w bonds of the allene chromophore are analyzed, and the forms of the five highest energy 
MO's are outlined. In addition to the interaction of the <x-type, in-plane Walsh orbital with the terminal allene double bond, 
our analysis indicates that one of the lower lying, degenerate pz 7r-type orbitals interacts significantly with the exocyclic dou­
ble bond. In prior discussions of the bonding in methylene- and vinylcyclopropanes, and related systems, the effect of interac­
tions with the pz 7r-type orbitals has been ignored. Substituent effects on the energies of the MO's are analyzed and are used 
to confirm orbital assignments. The interaction parameter S for the interaction of the terminal IT system with the in-plane 
Walsh orbital is 1.0, indicating that the resonance interaction in the alkenylidenecyclopropanes is ~83% that in 1,3-butadi-
ene. 

Photoelectron spectroscopy2 has been successfully used to 
characterize the nature of the electronic structure of a vari­
ety of conjugated systems,3 a number of which involve small 
rings.4"7 In these laboratories studies of the chemistry of al­
kenylidenecyclopropanes 

<V 
C3 

have indicated a significant interaction between the cyclo-
propyl and C4-C5 ir systems. In order to gain a more quan­
titative evaluation of the extent of this interaction, the 
He(I) photoelectron spectra of a series of these (1-9) and 
related compounds (10 and 11) have been measured. 
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Results for the cyclopropane-containing systems are 
given in Table I; typical spectra are shown in Figure 1. In 
all cases only the bands of lowest ionization potential are 
given, and attention is focused on the first five bands. These 
bands fall at ionization potentials lower than that expected 
for typical a- and 7r-type orbitals.2 In compounds 1-6 the 
areas of these five bands are approximately the same, there­
by indicating the same occupancy.8 The second band is 
sharp and in most cases exhibits vibrational fine structure 
with a spacing of about 1100-1300 cm - 1 . This frequency is 
close to the symmetric stretching frequency of allene9 and, 
apparently, this excited state of the radical cation behaves 
similarly to the cation produced by ionization of a symmet­
rically substituted allene. 

These molecules are amenable to the application of the 
linear combination of bond orbitals (LCBO) method10 

which provides a simplified, but useful, description of the 
orbital interactions between portions of molecules. We 
begin by considering interactions between those orbitals of 
the same symmetry that are closest in energy. In this fash­
ion, the highest energy occupied orbitals of an alkenylidene-
cyclopropane result from the linear combination of the IT or­
bitals of an allene with the degenerate pair of highest ener­
gy Walsh orbitals" of cyclopropane.12 As illustrated in Fig­
ure 2, the C4-C5 IT orbital interacts with one of the cr-type 
Walsh orbitals of appropriate symmetry in a bonding and 
an antibonding manner. The splitting Ai,2, and A3,4, is, 
thus, a measure of the magnitude of this interaction (see 
Table I for the values of the A's). According to this model 
the second highest orbital is the C1-C4 ir-type, which is ef­
fectively isolated from the methyl substituted ends of the 
molecule and their associated, low-frequency vibrational 
modes. Therefore, one expects to see characteristic ethyl-
enic vibrational structure in this band, with a frequency in 
the range 1000-1500 cm - 1 as observed. 

In order to identify the molecular orbitals giving rise to 
the other ionizations, we have examined in-detail the effects 
of substituents on the three-membered ring o'n the band po­
sitions. A discussion of such effects involves a number of 
complications which must be considered first. Substituent 
effects may affect the stability of the ion or molecule, or 
both. A second complication is that, in the photoelectron 
spectrum of both allene and cyclopropane, the first band is 
split by a final state effect, the Jahn-Teller distortion of the 
ion.2 Consequently, the net result of the final state effect 
and the substituent effects must be considered. In the fol­
lowing we show qualitatively that these complications may 
be understood, and that the simple model of Figure 2 is ba­
sically correct. 

For our purposes, the pragmatic approach of Brogli et al. 
is most useful.13 These authors note that, as the symmetry 
of the molecular ground state is removed by substituents, 
the Jahn-Teller effect becomes relatively less important 
and substituent effects become more important. For small 
substituent interactions, the magnitude of the splitting 
reaches a limiting value of about 0.5 eV. This behavior is 
modeled in terms of two parameters: one constant parame­
ter for the Jahn-Teller splitting and one for the substituent 
effect. It was found that the latter parameter was numeri­
cally similar to that found in systems free from Jahn-Teller 
effects.13 
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Table I. Ionization Potentials of Alkenylidenecyclopropanes 

Band 
notation 

1 

2 

3 
4 
5 

A. , 
Al 4 
A3,4 

Band 
notation 

1 

Ph 
2, Ph 
3 
4 

A>,2 
A.,4 
A3,4 

IP, 
eV 

7.87 
7.46« 
8.78 

9.42 
10.78 
11.21 
0.91 
2.91 
1.36 

1 

V, 

cm"' 

1230 
0 - 1 " 

IP, 
eV 

8.15 
7.73« 
8.80 
9.16 
10.67 
11.45 
1.01 
1.00 
0.95 

IP, 
eV 

8.00 
7.57" 
8.90 

9.72 
10.96 
11.63 
0.90 
2.96 
1.24 

7 

V, 

cm-' 

-1200 

V, 

cm*' 

IP, 
eV 

8.16 
7.76« 
9.00 

10.05 
11.09 
11.75 
0.84 
2.93 
1.04 

3 

V, 

cm"' 

1260 
0- I6 

IP, 
eV 

8.12 
7.63" 
8.80 
9.12 
10.44 
11.24 
3.30 
3.12 
3.18 

4 

IP, 
eV 

8.13 
7.70" 
8.98 

10.10 
11.08 

-11.9 
0.85 
2.95 
0.98 

8 

V, 

cm"' 

1300 
0 - 1* 

U, 

cm"1 

5 

IP, 
eV 

8.08 
7.65" 
8.96 

10.07 
11.24 
11.95 
0.88 
3.16 
1.17 

V, 

cm"1 

1190 
0 - 1* 

IP, 
eV 

8.11 
7.65« 
8.78 
9.06 
10.49 
11.29 
0.78 
0.80 
0.80 

6 

IP, 
eV 

8.01 
7.60« 
8.88 

9.79 
10.84 
11.72 
0.87 
2.83 
1.05 

9 

V, 

cm"1 

1280 
0- 1* 

L>, 

cm"' 

« Adiabatic ionization potential. bVibrational line of maximum intensity. 

Table II. Photoelectron Ionization Potentials of 
Compounds 10 and 11 

10 11 

Band 
IP, 
eV 

8.80 
(8.69)« 
9.56 
10.81 
0.76 

"(0-1). 
cm 

1270 

IP, 
eV 

8.66 
(8.41)« 
9.10 

10.80 
0.44 

"(0-1). 
cm 

1670 

H2-^ 

< ^ ^ 

^1,2 

\ / 
v 
i\ 

i \ 
i \ 

i — \ -
N \ 

A 3,4 

« Adiabatic ionization potential. 

Figure 2. LCBO model for alkenylidenecyclopropanes. 

8.0 
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Figure 1. He(I) photoelectron spectra of 2,2-dimethyl- (5) and 
2,2,3,3-tetramethylisobutenylidenecyclopropane (1). 

We choose to approach the analysis of the alkenylidene­
cyclopropanes from the point of view of substituted allenes 

Figure 3. Line spectral comparison of the IP's of the two highest energy 
MO's of 10,11, and 1,1-dimethyl- and 1,1,3-trimethylallene. 

because of the existence of the previous work on substituted 
allenes,13 and also because we have measured the spectra of 
two alkenylidenecyclohexanes (10 and 11). A significant 
conjugative interaction of the type in interest here (Figure 
2) is not expected in these latter compounds. Their IP's are 
given in Table II, and line spectra are compared with the 
related methyl-substituted allenes in Figure 3. Clearly, the 
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Allene 

o- Wolsh A I + B I 

Pi ir-type 

Figure 4. Illustration of the partial cancellation of the W,.-iri,4 interac­
tion by the CH3T-TT4,5 interaction in the absence of W17-T^s interaction 
and Jahn-Teller effects. 

cyclohexyl group behaves like two methyl groups, but with 
a somewhat smaller substituent interaction parameter. In 
these molecules the splitting Ai,2 between the first two IP's 
may be described13 by 

Au = YWVTf! 
where 5 is the substituent interaction parameter and r the 
Jahn-Teller splitting parameter. With T = 0.25 eV,13 10 
and 11 possess substituent parameters of 0.6 and <0.3 eV 
compared to 0.8 and <0.3 eV for 12 and 13. 

CH11. CH, 

CH; 
V = C = C H , 

12 

• 3 \ 

CH/ 
-C=C=CHCH, 

13 

For the cyclopropyl derivatives (Table I), both Ai >2 and 
Ai 4 are essentially independent of the degree of methyl 
substitution in 1-6. Therefore, we can take Ai,2 for the par­
ent ring unsubstituted compound 14 as 0.9 eV. This Ai,2 in 

c-< 
CH, 

CR1 

14 

the two-parameter model (with T = 0.25 eV) yields 5 = 0.7 
eV. This is clearly larger than the parameter for the cyclo­
hexyl compounds (<0.3 eV), and we attribute the differ­
ence to the interaction of the C4-C5 x system with the in-
plane cyclopropyl Walsh orbitals. 

A more detailed analysis based on the results of CNDO 
calculations indicates that one of the next lower lying pz 
ir-type orbitals of the three-membered ring interacts with 
the Cj-C4 -IT orbital. This interaction would tend to reduce 
A 1,2 (Figure 4). Let us consider first a tetrasubstituted al­
lene. The energy of 7rr will be affected by interaction with 

the orbitals on Xi, and similarly irx, by the orbitals on X2. 
When Xi and X2 are the same, the effects on the energy of 
Wx and Wy will be the same, and Tx and iry will be split 
mainly by the Jahn-Teller effect. In the specific case Xj = 
X2 = CH3 the net interaction parameter is <0.3 eV. In the 

{ 0-C-C1 

CM, CH, 

>-C»CH, O-C-CJ, IBa-(CHJ, CJt-(CH,), JBm-(CH1), (CH1), (CH1), 

- IO 

Py Allene 

19.87 
30.21 

/ 
/ / ' 

Je 

i-*''' 

1 / ' 

/ 

.—-'_ - — .--—---' 

Pj_r , 

""Wolsh B2 

Pz Allene 

-E 
(eV) 

ZZ.6 — ' 

Figure 5. Orbital energies and assignments of the highest energy MO's 
of various substituted alkenylidenecyclopropanes. 

case of the cyclopropyl compound 14 (X2 = X2 = 
-(CH2)2-, Xi = CH3), in the absence of any special inter­
action with (r-type Walsh orbital, the magnitude of the in­
teraction of the pr ir-type orbital with irx should be roughly 
the same as the interaction of iry with the methyls (Xi = 
CH3), and the irx and iry MO's will be split mainly by the 
Jahn-Teller effect. In reality the two interactions do not ex­
actly compensate each other, and we later calculate that rx 
is destabilized by ~0.1 eV relative to vy (Figure 4). This in­
dicates that a better value for 5 is 1.0 eV. Considering that 5 
= 1.2 eV in 1,3-butadiene, the value of 8 for the alkenyli-
denecyclopropane system indicates considerable conjugative 
interaction between the <r-type, in-plane Walsh orbitals and 
the C4-C5 7r orbital. This observation is consistent with the 
results of related studies.4-7 

The replacement of Xi by hydrogen removes the substit­
uent destabilization of xy relative to irx and results in a net 
substituent interaction parameter of 0.7 eV for methyl13 

and 0.6 eV for -CH2- (see above). Although experimental 
data are not available14 for 14 and 15, CNDO calculations 

H 

15 
(see Figure 5) indicate that the removal of the C5 methyl 
groups of 13 results in a substantial lowering in the energy 
of the Walsh Bi MO (the in-plane Walsh-ir^, combination), 
but only a small lowering in the energy of the T MO (the pz 
ir-type-ir* combination). Having established that & = 1.0 
eV for the interaction between the in-plane Walsh orbital 
and iry (i.e., the C4-C5 IT system), the removal of xy from 
14 to give methylenecyclopropane will lower the energy of 
the Walsh Bi MO below the -Kx MO. Thus, the HOMO of 
methylenecyclopropane is not the in-plane Walsh-type or-
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Figure 6. LCBO model for alkenylidenecyclopropane with interaction 
of ring methyls. The experimental values for 1 are given. The value of 
ac=c is about equal to the ionization potential of tetramethylallene as 
expected. Only one of the degenerate CH3 group orbitals is shown for 
simplicity. In addition, the C5 methyl and p r 7r-type interactions (Fig­
ure 4) are ignored. 

bital, but is an orbital arising from the interaction of the pz 

x-type orbital with the x system. The importance of the 
lower lying pz x-type orbitals of cyclopropan in orbital in­
teractions has not been recognized in the past.4"7 

In the interaction scheme depicted in Figure 2, Ai,2 and 
A3,4 should remain constant; however, such is not the case 
(see Table I). In the approach outlined in Figure 2, substit-
uent effects on the orbital energies are ignored, and it is 
doubtful the substituents should affect the energies of all of 
the MO's to the same extent. Inspection of the data present­
ed in Table I reveals that A3,4 increases with increasing 
methyl substitution on the ring. If one parameterizes this 
interaction (illustrated in Figure 6 for 1) in terms of 

0 = - [ ( " A - Z 3 K a C H 3 - Z 3 ) ] 1^2 '0 

where C*A is taken to be Z4 - Ai,2 and «CH3 = 14.2 eV,10 

and plots /3 as a function of the number of methyl groups at­
tached to the three-membered ring, one obtains Figure 7. 
The important conclusion derived from this correlation is 
that A3,4 — Ai,2 is predicted to be very small (~0.02 eV) in 
the absence of methyl groups on the three-membered ring. 
The plot in Figure 7 can be forced to go through the origin 
by arbitrarily increasing Ai,2 from 0.9 to about 1.0 eV. The 
difference, 0.1 eV, is suggested to result from the relative 
destabilization of the C1-C4 x orbital by interaction with 
the out-of-plane, pz x-type orbital compared to the interac­
tion of the C4-C5 x orbital interaction with the methyls at­
tached to C5, as discussed above. 

CNDO calculations (see Experimental Section for bond 
lengths and angles used) confirm the assignment of the na­
ture of the five highest energy occupied orbitals and provide 
additional insight concerning the orbital interactions and 
substituent effects on orbital energies. Figure 8 outlines the 
general forms and energies of the highest energy occupied 
MO's of ethenylidenecyclopropane. The HOMO and 
x-type MO's are formed as indicated in Figures 2 and 4. 

1.0 

0 2 4 
Number of Methyl Groups 

Figure 7. Plot of substituent interaction parameter vs. number of meth­
yl groups attached to the three-membered ring. 

PJ T-type A2 

Figure 8. Highest occupied MO's of ethenylidenecyclopropane. 

Although it is well known that the CNDO method over­
estimates orbital energies,15 and that they are not compara­
ble to experimental IP's, the MO's themselves, however, 
give a reasonable description of the bonding scheme, types 
of interactions, etc. Thus, a detailed analysis of the MO 
wave functions provides an interpretation of the observed 
substituent effects, and allows an independent means of as­
signment of the observed PE bands to specific MO ioniza­
tions. The magnitude of the interactions of a methyl group 
with the MO's will be proportional to the sums of the prod­
ucts of the coefficients of the AO's on the methyl and ring 
carbon atoms. Table III lists such sums for the six highest 
energy MO's, as calculated from the CNDO wave functions 
for 4 along with average changes in MO energy per methyl 
attached to the three-membered ring (see Figure 5 for a 
graphical summary of the MO energies and identities for 
1-5, 14, and 15). In the right-hand column are listed the 
observed changes in the IP's of the MO's per methyl, which 
are matched in relative magnitude to the calculated 
changes (the associated PE band number is indicated in pa­
rentheses). The correlation between AeV/CH3 is very good. 
Not surprisingly, for the deeper lying MO's, the ordering 
with respect to energy differs from the experimental IP's. 
(The ordering of the fourth and lower MO's as calculated 
by the CNDO method depends somewhat on the degree of 
substitution on the ring; see Figure 5.) The three highest en-
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Table HI. Comparison of Calculated and Observed 
Methyl Substituent Shifts for 4 

Calculated 

S c 3 C shift, Methyl shift, 
MO type pec. 4 eV/CH3 eV/CH3° 

B1WaISh 0.0282 -0.15 -0 .12(1) 
B2Tr 0.0161 -0 .03 0.08-0.12(2) 
A.Walsh 0.1225 0.5-0.6 -0 .33 (3 ) 
A.p^allene 0.0166 -0 .05 
A2pz7r-type 0.1613 0.4-0.5 -0.3-0.42(5) 
B1WaM 0.0500 -0.12 0.12-0.17(4) 

aBand number assignments given in parentheses. 

ergy MO's agree with the observed ordering, but the PE 
spectra indicate that bands 4 and 5 must arise from the 
Walsh Bi and A2 ?r-type MO's. 

Phenyl-Substituted Alkenylidenecyclopropanes. T h e pres­
ence of a phenyl group attached to the three-membered ring 
results in very little change in the IP of the HOMO relative 
to the dimethyl compounds (compare 3 with 9, and 4 with 8 
in Table I). An additional band appears in these spectra as 
expected, since benzene has an IP of 9.2 eV. This band re­
sults from ionization of a doubly degenerate MO which is 
expected to be split upon substitution (e.g., toluene, IP =* 
9.0, IP2 = 9.3 eV).2 Therefore, we assign the band at 8.8 eV 
(relative area 1) to one of the phenyl ionizations, and the 
band at 9.16 eV (relative area 2.5) to the other phenyl ion­
ization and the C1-C4 x ionization (band 2 in the previous 
notation). The lack of significant changes in the energies of 
the HOMO of the alkenylidenecyclopropane and the phenyl 
bands indicates that little conjugation exists between the -IT 
MO's of the aromatic ring and the Walsh orbital of the 
three-membered ring. This observation is consistent with 
the recent rationalization of the inability of the cyclopro­
pane ring to transmit or propagate resonance effects owing 
to the small coefficients of the appropriate AO's on the ipso 
and ring carbon atoms.16 The lack of a significant reso­
nance interaction between the aromatic and three-mem­
bered ring 7, 8, and 9 has also been deduced from the rates 
of reaction of these compounds with 4-phenyl-l,2,4-triazo-
line-3,5-dione (PTAD).17 

A comparison of the other low-energy IP bands of 7, 8, 
and 9 with 3 and 4 shows that the presence of the phenyl 
group leads to a lowering of the energy of the MO's, i.e., 
shifts to higher IP's. This again indicates little or no conju-
gative interaction, and that the phenyl group is acting pre­
dominantly as an electron-withdrawing group. Although 
A1,2 is not well determined in these compounds, both it and 
A3,4 are approximately equal to the values deduced for the 
unsubstituted alkenylidenecyclopropane above. 

Comparison of Alkenylidenecyclopropanes with Vinylcy­
clopropanes. Chemical , physical, and theoretical studies in­
dicate tha t the C4-C5 double bond of alkenylidenecyclopro­
panes interacts more strongly with the th ree-membered ring 
than does the double bond in vinylcyclopropanes. For exam­
ple, vinylcyclopropanes fail to undergo facile cycloaddition 
react ions with P T A D as does the alkenylidenecyclopro­
panes . 1 8 The difference (0.26 eV) in IP ' s of the H O M O ' s of 
16 (9.18 e V ) 1 9 and 17 (8.92 e V ) 1 9 is less than tha t between 

X X 
16 17 

tetramethylallene (taken as the average of the Jahn-Teller 
split bands, 8.72 eV) and isobutenylidenecyclopropane (es­
timated to be 8.39 eV) of 0.33 eV. This difference must be 
due to basic differences in the geometries of the two sys­
tems, i.e., differences in bond lengths of the C1-C4 bond 
and in the orientation of the ir-bond with respect to the ring, 
both of which reduce the overlap between the necessary 
AO's on the ring and attached carbon atoms. 

Experimental Section 

The photoelectron spectrometer used in these studies was con­
structed using information published by other workers.20 Spectra 
were obtained using He(I) radiation only. The resolution of the in­
strument was 25 mV (full width at half-height) at 5 eV electron 
energy. Calibration was carried out using an internal standard con­
sisting of the mixture of argon and xenon. 

The bond lengths used in the CNDO calculations are: C1-C2, 
C2-C3 , C i -C 3 , 1.524 A; C1-C4, 1.309 A; Ct-Cs, 1-309 A; C2 (or 
C 3 ) -CH 3 , 1.515 A; C 5-CH 3 , 1.500 A; C2 (or C 3 ) -H, 1.010 A; 
C 5 -H, 1.061 A; - C H 2 - H , 1.110 A. Bond angles are: H - C 2 - H (or 
H - C 3 - H ) , H-C 2 -CH 3 , H 3 C-C 2 -CH 3 , H 3 C-C 5 -CH 3 , H-C 5 -H , 
120°; C i -C 2 -C 3 , C 2 -C 3 -C 2 , C 2 -C 1 -C 3 , 60°. 

References and Notes 

(1) Supported in part by the donors of the Petroleum Research Fund, ad­
ministered by the American Chemical Society.' 

(2) D. W. Turner, A. D. Baker, C. Baker, and C. R. Brundle, "Molecular Pho­
toelectron Spectroscopy", Wiley-lnterscience, New York, N.Y., 1970. 

(3) See, for example, M. Beez, G. Bieri, H. Bock, and E. Heilbronner, HeIv. 
ChIm. Acta, 56, 1028 (1973). 

(4) P. Bischof, R. Gleiter, E. Heilbronner, V. Hornung, and G. Schroder, 
HeIv. ChIm. Acta, 53, 1645 (1970). 

(5) R. Gleiter, E. Heilbronner, and A. de Meijere, HeIv. ChIm. Acta, 54, 1029 
(1971). 

(6) E. Heilbronner, R. Gleiter, T. Hoshi, and A. de Meijere, HeIv. Chim. Acta, 
56, 1594(1973). 

(7) P. Bischof, R. Gleiter, M. J. Kukla, and L. Paquette, J. Electron Spec-
trosc. Relat. Phenom., 4, 177 (1974). 

(8) R. E. Ballard, Appl. Spectrosc. Rev., 7, 183 (1973). 
(9) R. C. Lord and P. Venkateswarln, J. Chem. Phys., 20, 1237 (1952). 

(10) H. Bock and B. G. Ramsey, Angew. Chem., Int. Ed. Engl., 12, 734 
(1973). 

(11) A. D. Walsh, Trans. Faraday Soc., 45, 179 (1949); Nature (London), 
159, 167, 712(1947). 

(12) Alternatively, one could construct the MO's of the alkenylidenecyclopro­
panes by combination of the orbitals of ethylene and methylenecyclo-
propane and ultimately arrive at the same conclusions. The indicated 
approach, however, sheds additional light on the interaction of orbitals 
in methylenecyclopropane not heretofore recognized. 

(13) F. Brogli, J. K. Crandall, E. Heilbronner, E. Kloster^Jensen, and S. A. 
Sojka, J. Elect. Spectros. Relat. Phenom., 2, 455 (1973). 

(14) Attempts to prepare 14 by the addition of dimethylallenecarbene to eth­
ylene (or propene) have failed; the alkenes are not sufficiently nuclec-
philic to react with the carbene. Procedures for the preparation of 15 
have not yet been worked out. 

(15) K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P. F. Heden, K. 
Hamrin, U. Gelius, T. Bergmark, L. O. Werne, R. Manne, and Y. Baer. 
"ESCA Applied to Free Molecules", North-Holland Publishing Co., Am­
sterdam, 1969. 

(16) C. F. Wilcox, L. M. Loew, and R. Hoffmann, J. Am. Chem. Soc., 95, 
8193(1973). 

(17) D. J. Pasto, J. K. Borchardt, T. P. Fehlner, H. F. Baney, and M. E. 
Schwartz, J. Am. Chem. Soc., preceding paper in this issue. 

(18) D. J. Pasto and A. F.-T. Chen, Tetrahedron Lett., 713 (1973). 
(19) D. F. Eaton and T. G. Traylor, J. Am. Chem. Soc., 96, 1226 (1974). 
(20) S. Evans, A. F. Orchard and D. W. Turner, Int. J. Mass Spectrom. Ion 

Phys., 7, 261 (1971); J. D. H. Eland and C. J. Danby, J. Sci. Instrum., 
406 (1968). 

Journal of the American Chemical Society / 98:2 / January 21, 1976 


