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1 a j /V 

X \(a\my\j)\i[(Ej-Ea)-E}» (A5) 

For n = 0 or 1, any function,/^(is), symmetrical about (Ej 
— Ea) will give eq A5. The sum over a is over all populated 
(ground) states and that overy is over all states contributing 
to the band of interest. In our case, a and j are vibronic 
eigenstates of HT such as those ofeq24and45. Thus they are 
diagonal in HT and so 

En= (a\HT\a) 

Ej={j\H^\j) 

Thus from eq A5, A6, and 45 we obtain 

(A6) 

E = 

<«>f = 0 
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where 

and 

d0 = 

N* = exp(-E„fkT), N' = £ Nv> 

T77Z E E I < ^ + T ' | W7I^-T) |2 - (/?e/2)2 

A ( W 7 T,T' 

(A8) 

The sum over v is over all states for which E1, > Ey. We assume 
that all populated vibronic states are associated with the 
X(i/-)-fold degenerate states ip+ and \p-. 

These zeroth, first, and second moments are related to the 
integrated intensity, the mean energy, and the half-width, 
respectively, of the absorption band.17 Experimental moments 
are easily calculated by integrating the experimental dispersion 
using eq A3. They may then be compared as a function of 
temperature with theoretical moments (eq A7) based on E„>, 
E1,, and o?/„ factors calculated for particular e, \ , and W sets. 
This comparison should be valid for n = 0, 1. For n = 2, it 
should be valid if the line width, A, is much less than the mixed 
valence bandwidth. 

References and Notes 

(1) Department of Chemistry, Randolph-Macon Woman's College, Lynchburg, 
Va. 24504. 

(2) (a) A. Ludi and H. U. Giidel, Struct. Bonding {Berlin), 14, 1 (1973); (b) M. 
B. Robin and P. Day, Adv. Inorg. Chem. Radiochem., 10, 247 (1967); (c) 
G. Allen and N. S. Hush, Prog. Inorg. Chem., 8, 357 (1967). 

(3) (a) C. Creutz and H. Taube, J. Am. Chem. Soc, 91, 3988 (1969); (b) ibid., 
95, 1086(1973). 

(4) N. S. Hush, Prog. Inorg. Chem., 8, 391 (1967). 
(5) N. S. Hush, Electrochim. Acta, 13, 1005 (1968). 
(6) N. S. Hush, Chem. Phys., 10, 361 (1975). 
(7) J. K. Beattie, N. S. Hush, and P. R. Taylor, Inorg. Chem., 15, 992 

(1976). 
(8) R. L. Fulton and M. Gouterman, J. Chem. Phys., 35, 1059 (1961). 
(9) R. L. Fulton and M. Gouterman, J. Chem. Phys., 41, 2280 (1964). 

(10) H. U. Giidel, personal communication. 
(11) L. Pauling and E. B. Wilson, Jr., "Introduction to Quantum Mechanics, 

McGraw-Hill, New York, N.Y., 1935, Section 41. 
(12) In an octahedral complex, MLf*, C1Ia19) = Vk/n\ where k is the force 

constant and n\ is the mass of the ligand. Consequently, if the C1 are known 
(for example, from Raman data) for the monomers, the validity of the ap
proximation fcjjj = ku = kfc = kf, can be assessed. 

(13) W. P. Griffith, J. Chem. Soc. A, 899 (1966). 
(14) See for example, D. P. Craig and S. H. Walmsley, "Excitons in Molecular 

Crystals", W. A. Benjamin, New York, N.Y., 1968. 
(15) H. U. Gudel and E. R. Krausz, unpublished data. 
(16) M. A. Bobrik, K. O. Hodgson, and R. H. Holm, Inorg. Chem., 16,1851 (1977), 

and references cited therein. 
(17) C. H. Henry, S. E. Schnatterly, and C. P. Slichter, Phys. Rev. Sect. A, 137, 

583(1965). 
(18) S. B. Piepho etal., Chem. Phys. Lett, in press. 

Interaction of Walsh Orbitals in 
Trishomocycloheptatrienes and Related Hydrocarbons 

Jens Spanget-Larsen, Rolf Gleiter,* Michael R. Detty, and Leo A. Paquette* 

Contribution from the Institut fur Organische Chemie der 
Technischen Hochschule Darmstadt, D-6100 Darmstadt, West Germany, 
and the Department of Chemistry, The Ohio State University, Columbus, Ohio 43210. 
Received July 14, 1977 

Abstract; The photoelectron (PE) spectra of syn- and a«r/-3,5-bishomocycloheptatriene (1 and 2), syn- and <?«n'-l,5-bishomo-
cycloheptatriene (3 and 4), and syn,syn-, anti.anti-, and a«r/,.Fy«-trishomocycloheptatriene (5, 6, and 7) have been recorded. 
The first bands of their spectra have been assigned to ionization from molecular orbitals (MOs) derived from the highest occu
pied Walsh orbitals of the cyclopropane rings and the ir orbital of the ethylenic double bond. This analysis is based on a zero 
differential overlap (ZDO) model and substantiated by the results of semiempirical calculations. An important feature of the 
ZDO model is the admixture of "radially" oriented components into the highest occupied "tangential" Walsh orbitals which 
is necessary to improve the description of the conformationally dependent interaction between linked cyclopropyl groups. 

Introduction 

The interaction between the Walsh orbitals of three cyclo
propane rings has been studied recently in the case of diade-
mane.1 In this example, the dihedral angle between the cy
clopropane units is approximately zero and the conjugative 
interaction between Walsh orbitals composed of "tangentially" 

oriented 2p atomic orbitals (AOs) is a maximum. On the basis 
of photoelectron (PE) spectroscopic results the resonance in
tegral between linked 2p AOs of two adjacent eclipsed cyclo
propane rings was found to be —1.73 eV. 

In this paper, an evaluation is made of those hydrocarbons 
derived from cycloheptatriene in which the dihedral angles 
between the cyclopropane units deviate markedly from zero. 

0002-7863/78/1500-3005501.00/0 © 1978 American Chemical Society 
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Figure 1. PE spectra of 1-4. 

The hydrocarbons are syn- and ann'-3,5-bishomocyclohepta-
triene (1 and 2), syn- and a«n'-l,5-bishomocycloheptatriene 
(3 and 4), and syn.syn-, anti.anti-, and awn'.syrt-trishomocy-
cloheptatriene (5, 6, and 7). 

5 6 7 
The synthesis and the conformational features of 1-7 have 

been reported recently.2 We wish to demonstrate that the in
terpretation of the PE spectra of these compounds requires a 
representation of the Walsh orbitals in which the "tangential" 
orbitals are allowed to mix with "nontangential" (e.g., "radi
al") components. 

Photoelectron Spectra 
The PE spectra of 1-7 are shown in Figures 1 and 2 and the 

relevant data are listed in Tables I and II together with results 
of molecular orbital calculations. For the interpretation of the 
PE spectra of 1-7, Koopmans' theorem3 is used. In this ap
proximation the orbital energy E] is set equal to minus the 
vertical ionization energy /y,j: 

E1 =-I V J 

This enables correlation of the PE band positions with the or
bital energies obtained from model calculations. A ZDO model 
and the extended Hiickel (EH)4 method have been utilized for 
interpretation of the PE spectra. 

ZDO Model 
In this section, a zero differential overlap (ZDO) model 

involving the highest occupied Walsh orbitals of the cyclo
propane rings and the 7r orbital of the double bond is developed 
for these compounds. The only structural parameters which 
enter this model are the angles of twist around the a bonds 
connecting these units. The main emphasis is thus put on an 
analysis of the conformational dependence of the resulting 
orbital energies. 

A. Walsh Orbitals. The molecular orbitals (MOs) of cy
clopropane are best described in terms of the so-called Walsh 
orbitals.5'6 Consider the AO basis set consisting of the three 
tangentially and the three radially oriented carbon 2p orbitals, 
as indicated. Approximations to the frontier orbitals of cy-

TANGENTIAL 

clopropane, 3e' and 4e', can be obtained by constructing the 
following linear combinations (ZDO).5-6 ^(S) and ^(A) rep-

*I>IM 

1^(A) 
Se 

: 2 a - b - c ) 
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Table I. Observed Vertical Ionization Energies /v,j and Calculated 
ZDO Orbital Energies £j for Different Values of the Mixing 
Parameter x (eV)" 

Compd 
(01,02)' 

\c 

( 8 0 ° , - 5 0 ° ) 

V 
(80° , -130° ) 

3 ' 
(90°, - 9 0 ° ) 

4 
(70°, 0°) 

5<" 
( - 4 5 ° , 45°) 

6e 

(120° , -120° ) 

7 
( 45° , -120° ) 

/ v j 

8.90 
9.34 

10.1 
10.4 
11.1 

8.96 
9.37 
9.88 

10.9 
11.4 

9.0 
9.56 

10.0 
10.3 
11.4 

8.5 
9.8 

10.2 
10.5 
11.3 

8.8 
9.5 

10.0 
10.4 
10.75 
11.4 

9.0 
9.3 

10.0 
10.5 
10.9 
11.3 

8.88 
9.45 

10.0 
10.4 
10.85 
11.55 

Assign
ment 

ir 

Wa 

Wb 

Wa 

Wb 

TT 

wb 

Wa 

Wb 

Wa 

T! 

w', w", w" 

w' 

TT 

W 

W 

W 

W 

w' 
W" 

w', w" 
w" 
w' 

w' 
w" 

w', w" 
w" 
W' 

W 

W 

W 

W 

W 

W 

X = O 

-9 .16 
-9 .47 

-10.20 
-10.23 
-10.94 

-9 .16 
-9 .47 

-10.20 
-10.23 
-10.94 

-9 .20 
-10.20 
-10.20 
-10.20 
-10.20 

-8 .44 
-10.20 
-10.20 
-10.20 
-10.96 

-9 .20 
-9 .62 

-10.20 
-10.20 
-10.78 
-11.20 

-9 .49 
-9 .79 

-10.20 
-10.20 
-10.61 
-10.91 

-9.31 
-9 .74 

-10.20 
-10.20 
-10.66 
-11.09 

Ei 

X= l/VS 

-8.80 r f 

-9 .52 
-10.05 
-10.40 
-11.22 

-8.88 r f 

-9 .34 
-9 .83 

-10.84 
-11.11 

-8.78 
-10.20 
-10.20 
-10.20 
-10.62 

-8 .34 
-10.20 
-10.20 
-10.20 
-11.06 

-8 .87 
-9 .66 

-10.20 
-10.20 
-10.74 
-11.53 

-9 .03 
-9 .63 

-10.20 
-10.20 
-10.77 
-11.37 

-9 .03 
-9 .48 

-10.20 
-10.20 
-10.92 
-11.37 

" For details of the calculation see the text. * Twist angles O1 and B2 

are defined in the text. c The orbitals localized predominantly on the 
bicyclopropyl fragment are labeled according to a local approximate 
C2 symmetry. d k = /3WW/10; see the text. e The orbitals are labeled 
according to Cs symmetry. 

Table II. Observed Ionization Energies9 and Calculated ZDO 
Orbital Energies for Bicyclopropane (eV) 

Obsd 

9.6-9.75 

10.1-10.4 
11.0 

11.75-11.9 

Gauche (0 = 45°) 

-9 .73 (a) 
-10 .54(b) 
-10 .86(a ) 
-11.67 (b) 

Calcd" 

s-Trans(0 = 180°) 

-9 .57 (bg) 
-10.21 (ag) 
-11 .19(b u ) 
-11.83 (au) 

" The orbitals are labeled according to the irreducible representa
tions of the C2 (gauche) and the C2/, (s-trans) point groups. For details 
of the calculation see the text. 

resent the two degenerate highest occupied MOs (HOMOs) 
of cyclopropane, and ^ ( S ) and (//(A) correspond to the two 
degenerate lowest unoccupied MOs (LUMOs). S and A des
ignate the symmetry, symmetric and antisymmetric, respec
tively, with respect to the vertical plane of symmetry indicated 
by the broken line in each diagram. The representation of the 

9 10 11 12 13 14 15 16 

I.P. (eV) 

I.P. (eV) 

Figure 2. PE spectra of 5-7. 

HOMOs of cyclopropane given above was introduced by 
Walsh5 and the orbitals are known as "Walsh orbitals". A 
more adequate description of the LUMOs of cyclopropane 
would be obtained by constructing them from carbon s-p hy
brids,5-6 but the representation given above is sufficient for our 
purpose since we are only interested in the p contribution to 
these orbitals (see later). 

The representation of the Walsh orbitals given above is 
sufficient for most qualitative applications. This description, 
however, neglects the interaction between the HOMOs and 
the LUMOs. The results of more accurate models show that 
e.g., the HOMOs contain small admixtures of radially oriented 
components (e.g., ref 6a). For reasons which will become ap
parent in the following, this type of mixing plays an important 
role in the conformational dependence of the orbital pattern 
in compounds like 1-7. We will thus allow for a mixing of c^(S) 
and ^ ( A ) into (^(S) and <p(A): 

w(S) = V T ^ ? rfS) + X ^ ( S ) 

w(A) = V T ^ 3 (KA) - x ^ ( A ) (D 

The mixing parameter x is a small positive quantity. The re-
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suiting orbitals w(S) and w(A) represent the two HOMOs 
(Walsh orbitals) of cyclopropane, and are the essential building 
blocks in the present formulation. 

B. Bicyclopropyl. This species will serve as a simple example 
of the application of the ZDO model, and the results will fur
thermore be useful in the treatment of 1 and 2. The tangential 
and radial p orbitals are labeled in the following way. The 

5«« X >* 
TANGENTIAL RADI AL 

relative phases indicated above correspond to the eclipsed 
conformation, corresponding to a twist angle 8 = 0°. All 
overlaps between neighboring tangential p orbitals are thus 
defined to be negative1 and overlaps between neighboring ra
dial p orbitals are defined to be positive in the eclipsed s-cis 
conformation. From this set of p orbitals, the following four 
Walsh orbitals (1) are constructed. The small components 

W2 (A) 

^ v M S ) W2 (S) 

corresponding to the admixture of (/5'(S) and <p'(A), see eq 1, 
are not drawn in this diagram. For all conformations of bicy-
clopropane, i.e., for all values of 0, a C2 axis of symmetry is 
maintained. We may thus construct the following symmetry-
adapted combinations. The subscripts a and b indicate the ir-

VF 
!W1(A) + W2(A)) 

WJA) = -b(W,(A)-W,(A)) 
D V2 ' c 

,(S) = -Ir(W1(S)-I-W2(S)) 
3 V2 

WJS) ^=J=(W1(S)-W2(S )) 

reducible representation of the C2 point group. 
The next step is to estimate the matrix elements of the 

Hamiltonian energy operator. The energy of the Walsh orbitals 
of cyclopropane is taken as our reference point, i.e., 

(w(S) |^ |w(S)> = <w(A)|W|w(A)> = aw 

We then need to estimate the interaction of the p orbitals a and 
a' with the p orbitals d and d' (see above). The value of the 
resonance integral ( a | / / | d ) has been estimated by PE spec
troscopy to be 1.73 eV for A = O0.1 This quantity is parame
trized by means of the parameter 0WW 

<a| 5¥|d> = -cos0- /3„ (3) 

and the usual overlap dependence of the resonance integral is 
assumed (note that a and d are out of phase for 0 = 0°). The 
remaining resonance integrals involving a' and d' are slightly 
more complicated because the radial p orbitals are not oriented 
perpendicular to the central bond axis. The dependence of the 
results on the deviation from the perpendicular orientation has 

been investigated using proper expressions for the rotational 
dependence of the overlap integrals. A deviation of, for ex
ample, 30° has been found not to seriously affect the predicted 
trends. More importantly, the effect appears to be overridden 
by the interaction with the remaining a frame of bicyclopro-
pane (see later). We thus present here only the results obtained 
for the assumption that the radial p orbitals a' and d' are ori
ented perpendicular to the central C-C bond. The following 
simple expressions are thereby obtained: 

(a ' |W|d'> = cos0-/3w v 

<a |# |d '> = - s in0 - /3 w v 

<a'|W|d> = -s in (9 • /3W, 

(4) 

These permit construction of the expressions for the elements 
of the Hamiltonian matrix. The results for the basis orbitals 
W1(A), W2(A), W1(S), and W2(S) are given in the Appendix (eq 
Al ) , where computation of the element (wi (A) |# |w 2 (S)> 
is given as an example. The matrix elements for the symme
try-adapted basis orbitals wa(A), wa(S), wb(A), and wb(S) are 
similarly given in the Appendix. For reasons of symmetry, 
wa(A) and wa(S) will only interact with each other; the inte
grals are given in eq A2. The solutions to the 2 X 2 eigenvalue 
problem are 

E^ = « „ + [Vi(Ix2 - pcosf l 
± V3VcOs2 0 + 4X

2(1 - x2) sin2 0]0« (5) 

In the case of wb(A) and wb(S) the results are similar except 
for a change of sign (eq A3): 

E^ = aw - [V3(2x2 - I )COsO 
± VBVCOS2 0 + 4X

2(1 - x2) sin2 0]/3ww (6) 

It is recalled that the parameter x is a measure of the mixing 
of the simple Walsh orbitals <p(S) and <p(A) with their radial 
counterparts (see eq 1). For x = 0, the results (eq 5 and 6) take 
the simple form 

•0» £ a = 
4- 2/3 cos I 

Eh = 
aw - % cos 0 • /3W 

(7) 

The dependence of the orbital energies on the twist angle 9 for 
X = 0 is shown in the top of Figure 3. All four curves are seen 
to cross at the same point for 0 = 90°. This situation is clearly 
unrealistic and results because wa(S) and wb(S) have no am
plitude on the joined centers (see eq 2) and are thus unable to 
interact at all. The admixture of radial components enables 
these orbitals to interact through the resonance integrals listed 
in eq 4. It is seen in Figure 3 how the symmetry-forbidden 
crossings are avoided for nonzero values of x> weakly for x = 
Vio and quite strongly for x = 1 / V j . The latter value of x 
corresponds to 20% admixture of radial components. The ap
propriate value of x is not necessarily the same in cyclopropane 
and bicyclopropane. Furthermore, owing to the lower sym
metry of bicyclopropane it is possible to mix in more compo
nents of radial or related character than in the case of cyclo
propane. This may be simulated by an appropriate choice of 
the parameter x- It will appear in the following that x = 1 / V J 
is a reasonably adequate value. 

So far, interaction of the Walsh orbitals in eq 2 with the 
remaining a orbitals of bicyclopropane has not been introduced 
explicitly. In this connection, interaction with the tree and <r*cc 
type orbitals of the central bond is of particular importance, 
since similar interactions are not present in the case of cyclo
propane. Inspection of the orbitals wa(A) and wb(A) (see eq 
2) shows that they have a node on the central bond axis, and 
the interaction with ace and <r*cc can be expected to be small. 
wa(S) may interact with the lower lying <rcc orbital and be
come destabilized, while wb(S) may be stabilized by interaction 
with the higher lying CT*CC orbital. This can be represented in 
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K£b 

Figure 3. Orbital energies x = (aw - £)//3ww obtained by the ZDO model 
for bicyclopropane as a function of the twist angle B. Top to bottom: (i) 
X = 0, /t = 0; (ii) x = Vio, ̂  = O; (iii) X = 1 / V l , k = 0; (iv) X = V v 7 I , 
k =0WW/1O. Cf. eq5, 6, and 8. 

Figure 4. The four highest occupied orbital energies of bicyclopropane 
obtained bv the EH method as a function of the twist angle H. 

of an extended Hiickel (EH)4 calculation shown in Figure 4. 
This figure shows the dependence of the four highest occupied 
orbital energies on the twist angle 8 if an otherwise rigid 
structure is assumed.7 The similarity of the results of the ZDO 
model in Figure 3 (bottom) and the EH results in Figure 4 is 
striking, and indicates that the most significant terms have 
been included in the ZDO model. The analysis carried through 
in this paragraph may thus serve as a rationalization of the 
results of the EH method. The minor discrepancies are prob
ably mainly due to the simplified representation of the inter
action with non- Walsh orbitals in the ZDO model. The simple 
model, moreover, does not include interaction with the anti-
bonding Walsh orbitals;1 one could say that this contribution 
has been sacrificed in favor of the interaction with radial or 
related orbitals, in order to improve the description for twist 
angles close to 90°. 

The PE spectrum of bicyclopropane has been measured by 
Bodor, Dewar, and Worley,8 and by Asmus and Klessinger.9 

The interpretation is not straightforward since bicyclopropane 
is not rigid.7'' ° The PE spectra of the bicyclopropane deriva
tives cis- and ?rarcs-tricyclo[5.1.0.03'5]octane (8 and 9) have 

a qualitative way by raising the energy of the wa(S) orbital and 
lowering the energy of the Wb(S) orbital by a constant amount 
k (units of/3WW; note that /3WW < 0). The results (eq 5 and 6) 
then take the form 

a± = aw + [V3(2x2- Qcosg -V2A: 
± V3V(COs e - 'I2Ic)2 + 4X

20 - x2) sin 0]/3„ 

± _ a« 1 ) COS I [V3(2x2 — i ; cos u — V2A 

± V3V(COS 6 - 3I2Ii)
2 + 4 X

2 ( 1 - x 2 ) sin d]@ 

(8) 

In the bottom of Figure 3 are shown the results for x = 1/V~5 
and k = /3WW/10. The most important trend is the asymmetry 
of the plot: different orbital energy patterns are now obtained 
for the s-cis (0 = 0°) and the s-trans (8 = 180°) conformation. 
In particular, the difference in energy between the second and 
the third level, A23, is predicted to be smaller for the s-cis than 
for the s-trans conformation. An important observation is the 
finding that a simple, purely tangential Walsh orbital model 
can be expected to be a good model for twist angles close to 0°, 
but not for appreciately larger values; this is apparent from a 
comparison of the results for x = 0 and k = 0 (Figure 3, top) 
with those for x = 1/V5 and k = /3WW/10 (Figure 3, bottom). 
This can be explained by the fact that the contributions in
troduced by increasing x and k tend to cancel for small twist 
angles, but add for larger values (cf. eq 8). 

The results in Figure 3 may be compared with the results 

been measured by Heilbronner et al.1 The twist angle has been 
estimated to be 20° in the case of 8 and 40° for the most stable 
conformation of 9.1 The rather small difference between these 
two d values does not allow a sensitive test of the predicted 
conformation dependence of the energy level picture; the 
measured results1 correspond roughly to the situation in the 
left half of Figure 3, bottom, but the correspondence is not clear 
cut. In the following section we test the present model on the 
systems 1 and 2, and shall then reconsider the case of bicy
clopropane. 

syn- and a/iti-3,5-Bishomocycloheptatrienes (1 and 2) 

Investigation of the conformational features2 of the bicy
clopropane derivatives 1 and 2 indicates that the most stable 
conformations are the ones shown. The conformations can be 
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= - 9 .2 eV (10) 

Calcd. [a) 

Calcd. (b) 

Obsd. 

10 11 eV 

Calcd. (b) 

Obsd. 

9 10 11 eV 
Figure 5. Calculated and observed ionization energies of 1 and 2. (a) x = 
0, & = 0;(b)x= \/VZ,k =/3ww/10. 

characterized by twist angles for the bonds connecting the 
ethylene and the cyclopropane moieties. The conformation 
characterized by (6\, 62) = (0°, 0°) may be taken as the one 
where the double bond is cis-"bisecting" the adjacent cyclo
propane ring and the two cyclopropane rings are eclipsed. 
Plausible twist angles in the case of 1 are then (80°, - 50° ) and 
in the case of 2 (80°, - 130° ) . 

The circumstance that the d\ values for 1 and 2 are close to 
90° indicates that the interaction between the olefinic linkage 
and the bicyclopropane moiety is small; 8\ = 90° corresponds 
to minimum conjugation between the ethylenic IT orbital and 
the tangential components of the adjacent Walsh orbitals. In 
the application of the ZDO model, it is assumed that the 
symmetry-adapted basis orbitals wa(A), Wb(A), wa(S), and 
Wb(S) (eq 2) and their matrix elements (eq A2 and A3) used 
for bicyclopropane are appropriate also for the bicyclopropane 
moieties in 1 and 2. The matrix elements between these 
Walsh-type orbitals and the x orbital of the double bond are 
readily derived; the results are given in the Appendix (eq A4). 
Here /3W7r is the resonance integral for the linkage between a 
2pir AO of the ethylene fragment and a tangential 2p AO of 
the cyclopropane ring for 6\ = 0° (maximum conjugation). 

In order to obtain quantitative results, values must be esti
mated for the basis orbital energies aw and a x and the reso
nance integrals 0WW and /3wgr. The effective value of aw can be 
expected to vary slightly through the series 1-7 owing to the 
different inductive effects. For simplicity we shall use the same 
value for all compounds, namely, the mean value of the first 
six ionization potentials of the trishomocycloheptatrienes 5, 
6, and 7: 

a w = - 1 0 . 2 e V (9) 

This value is reasonably consistent withan extrapolation from 
the corresponding centers of gravity, /w , for bicyclo[4.1.0]-
heptane (10, /w = 9.7 eV), 8 (/w = 10.0 eV), and 9 (/w = 10.1 

o> o> 
10 11 

Values for the resonance integrals can similarly be taken from 
the literature. Under the assumption of purely tangential 
Walsh orbitals (x = 0), the values-1.731 a n d - 1 . 9 e V n have 
been obtained for /3WW and /3W7r, respectively. In the present 
model we must correct these values for the mixed character 
of the Walsh-type orbitals: 

ft™ = - 1 . 7 3 / ( 1 - x 2 ) e V 

eV).1 The value for a x we take from the estimated basis orbital 
energy for bicyclo[4.1.0]heptane-2 ( I I ) . 1 

/ ? w = - 1 . 9 / v T ^ e V (11) 

The 5 X 5 secular problem based on the four Walsh-type or
bitals and the ethylenic w orbital can now be formulated, using 
eq A2, A3, and A4, and solved for the parameter values given 
in eq 9, 10, and 11. Let us first consider the results for x = 0 
and k = 0. 

Because d\ is identical for 1 and 2 and the two 82 values are 
supplementary (see above), the ZDO model predicts identical 
orbital energies for 1 and 2 in the case of x = 0. The calculated 
results are included in Table I and are furthermore shown in 
Figure 5 where the observed ionization energies for 1 and 2 are 
also indicated. The comparison between the results obtained 
for x = 0 and the observed energies indicates that agreement 
is reasonably good in the case of 1, but not in the case of 2; in 
particular, the large gap between the third and fourth ioniza
tion energy of 2 is not reproduced by the model. This is con
sistent with the observation made in the previous section that 
the simple tangential Walsh orbital model characterized by 
X = 0 is a good model for bicyclopropane only for small twist 
angles; the results should thus be better for syn isomer 1 than 
for anti isomer 2. 

The results of the improved model with admixture of radial 
p orbitals and consideration of the interaction with <r and a* 
orbitals (x = I /V5", k = #Ww/10; see the previous section) are 
included in Table I and shown in Figure 5. The improvement 
in results is considerable. The different spacing of the PE bands 
of 1 and 2 is now well reproduced by the model, and a con
vincing numerical agreement is obtained. The first ionization 
energy corresponds in both cases to ejection of an electron from 
an orbital well described by the x orbital of the double bond, 
and the next four ionization energies can be assigned to ejec
tions from slightly perturbed bicyclopropane orbitals. The 
pattern described by the second to the fifth ionization energy 
of 1 and 2 can thus be directly compared with the theoretical 
diagram in the bottom of Figure 3 for 9 ~ 50° (1) and 8 ~ 130° 
(2). The good agreement realized may be considered as an 
experimental verification of the trends of this diagram and 
supports the analysis behind it (see the previous section). 

In view of the satisfactory results obtained for the bicyclo
propane derivatives 1 and 2 it may be of interest to again 
consider the results for bicyclopropane itself. The PE spectrum 
of bicyclopropane shows four main peaks in the region 9-12 
eV with a mean value of 10.7 eV,9 close to the corresponding 
value for cyclopropane, 10.9 eV.12 The results of the model for 
X = 1 / V ^ , k = /jww/10, a = — 10.7 eV, and /3WW given in eq 
11 are listed in Table II for the gauche {8 = 45°) and the s-
trans conformation (6 = 180°). These conformations are ex
pected to be present in the gas phase with the ratio gauche/ 
s-trans ~ 60:40.10 Comparison of the calculated levels with the 
measured ones (see Table II) shows a very satisfactory 
agreement. The assignment indicated in Table II is at variance 
with the one suggested by Asmus and Klessinger on the basis 
of MINDO/2 calculations.9 In consideration of the success 
of the ZDO model in the case of 1 and 2 we feel that the as
signment obtained for bicyclopropane is at least plausible. 

syn- and anti-1,5-BishomocycIoheptatrienes (3 and 4) 

The most stable conformations of 3 and 4 are the ones in
dicated.2 Hydrocarbon 4, however, undergoes rapid ring in-
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version at room temperature. The process is degenerate and 
gives rise to an identical molecule.2 If the conformations are 
characterized by the twist angles d\ and d2, and that having (0,, 

#2) = (0°, 0°) as the one where the double bond is cis bisecting 
both cyclopropane rings, the most stable structural arrange
ments can be defined as (90°, —90°) in the case of 3 and as ~ 
(70°, 0°) ^ (0°, 70°) for 4. The transition state of the ring 
inversion in 4 can be represented approximately as (40°, 
40°). 

Application of the ZDO model now becomes straightfor
ward. The basis orbitals indicated below have been adopted. 

W1 (A) 

w, (S) 

W2(A) 

W 2 (S) 

The nonzero out-of-diagonal matrix elements are given in the 
Appendix (eq A5). Using the aw, av, and /3W7r values given in 
eq 9, 10, and 11 the secular problem can be solved. The solution 
can be obtained in analytical form by a simple linear trans
formation of the Walsh orbitals. Consider the linear combi
nation 

W = ^ Z | w , > < w , | # | x > 

where the summation is over the four degenerate Walsh or
bitals and N is a normalization factor: 

TV = (zi(w,|^k)|2) 
-1/2 

The linear combination w interacts with the ir orbital with the 
matrix element 

(TT|W|W> = ( E | ( w , | ^ k ) | 2 ) 
1/2 

V3 
[ ( I - x

2 ) ( c o s 2 0 , +cos 2 # 2 ) 

+ X (sin2 0, +sin2 O2)]
 1 ^ 

The remaining three of the four linear Walsh orbital combi
nations which can be constructed will not interact with the x 
orbital if they are orthogonal to w. Rather, they remain de
generate with a common energy aw. The secular problem can 
thus be reduced to a 2 X 2 problem involving w and TT with the 
eigenvalues 

E = V2(«w + a , ± V ( a w - a 7 r ) 2 + 4<x|#|w>) 

where (7r|^/|w> is given above. The degeneracy of the three 
Walsh-type combinations is lifted when long-range interactions 
or interaction with other orbitals, such as a, a*, and ir*, are 
included in the model. The influence of the ir* orbital can be 
estimated to stabilize one of the three orbitals in question by 
less than 0.1 eV. The effect of the interaction with a- and a* 
cannot be simply represented as in the case of bicyclopropane 
(i.e., through the parameter k, see eq 8); we shall neglect these 

3 

Calcd. (a) 

Catcd, (b) 

Obsd. 

U 

Calcd, (a) 

Calcd. (b) 

Obsd. 

10 11 eV 

• 1 

9 10 11 eV 
Figure 6. Calculated and observed ionization energies of 3 and 4. (a) x '• 
0;(b) X=Vv^. 

contributions in the case of 3 and 4 (5, 6, and 7 are treated 
similarly). 

The results of the ZDO model for x = 0 and x = Vs are in
cluded in Table I and shown in Figure 6. The agreement with 
experiment is reasonably good; the results for x = 1/vT are 
only slightly better than the results for x = 0. The first ion
ization energy of 3 and 4 corresponds to ejection of an electron 
from an orbital with predominantly ir character. The ionization 
energy is 0.5 eV lower for 4 than for 3, which is easily under
stood in view of the different twist angles. The strongly over
lapping bands close to 10 eV in both PE spectra can be assigned 
to the three accidentally degenerate Walsh-type combinations. 
The fifth band at 11.3-11.4 eV can probably be assigned to the 
remaining Walsh-type orbital w, stabilized by interaction with 
the ir orbital, although the ZDO model appears to underesti
mate the stabilization of this level (see Figure 6). In the case 
of 3 the calculated results suggest that the ionization corre
sponding to this level may be hidden by the tail of the broad 
band close to 10 eV. 

The fact that 4 is not rigid does not affect the appearance 
of the PE spectrum; i.e., no band broadening or related effects 
are observed (see Figure 1). A reasonable explanation is that 
ring flipping produces an identical species with an identical PE 
spectrum. Furthermore, intermediate conformations can be 
expected to give rise to very similar PE spectra; the ZDO re
sults for the (70°, 0°) conformation and the estimated tran
sition state of (40°, 40°) are identical within a few hundredths 
of an eV. 

syn,syn-, anti.anti-, and anf/.syn-Trishomocycloheptatrienes 
(5, 6, and 7) 

The stable conformations of the trishomocycloheptatrienes 
5, 6, and 7 are represented.2 The conformations can be char-

acterized by the usual twist angles 6\ and B2- If {&\, S2) = (0°, 
0°) relates to the all-eclipsed cis, cis conformation, plausible 
values in the case of 5, 6, and 7 are (-45°, 45°), (120°, 
-120°), and (120°, -45°), respectively. The severe nonbonded 
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E 0 , Eo 

Figure 7. Orbital energies x = (aw - £ ) / ^ w w obtained by the ZDO model 
for C, conformations of trishomocycloheptatriene as a function of the twist 
angle B = -Bx = B2. Top to bottom: (i) x = 0; (ii) x = ' /10; (iii) X = 
1 /V5. 

interactions in the case of 5 make the twist angles difficult to 
estimate from usual molecular models, and the suggested 
values should be considered as rather tentative in this in
stance. 

0i A O2 

Application of the ZDO model to these species is similar to 
that employed for 3 and 4, except that the central TT orbital is 
replaced by a symmetric and an antisymmetric Walsh orbital. 

w, (A) 

W1 (S) 

W3 (A) 

w, (S) 

r̂ 
W2 (A) 

w, 

The nonzero off-diagonal matrix elements are listed in the 
Appendix (eq A6). The solutions to the 6 X 6 secular problem 
based on the six degenerate Walsh-type basis orbitals can be 

Figure 8. Orbital energies for C2 conformations of endo.exo-lvhhomo-
hexatriene obtained by the EH method as a function of the twist angle 

obtained in analytical form by means of an extension of the 
procedure applied in the previous section in the case of 3 and 
4. Independent of the twist angles and the choice of x value, 
two Walsh orbital combinations localized on the rings 1 and 
2 (see above) will remain degenerate with a common energy 
aw (this is similar to the case of 3 and 4 if the T* orbital is in
cluded in the basis set). The remaining four molecular orbital 
energies will be positioned symmetrically with respect to aw, 
two above and two below. For simplicity we give only the re
sults for conformations with a plane of symmetry bisecting the 
central cyclopropane ring, i.e., #2 = ~&\ = 6: 

a. E0 = aw 

E±' = aw ± 2Va2 + b2{3» 

a = -^= (1 - x2) cos d + J^= xVl - x 2 sin 1 

b = 
3Vl 

X 2 cos 6 — _ x v / l — x2 sin 1 

E0" = a . 

E±" = aw ± 2Vc2 + rf2(3ww 

(i - x2) cos e - -^xvT-7sin e 3Vl 

d = —7= x2 cos 

VZ* 
—7= x2 cos 6 + — = x Vl - x2 sin B 

Prime and double prime label the levels according to the irre
ducible representations of the Cs point group, a' and a", re
spectively. It is quickly seen that in the case of x = 0 the 
splitting of the nondegenerate levels is described by simple 
cosine relationships, 

EJ = 

± = a« 

2 
± —= cos 6 /3WV 

~> 
cos B /3„ 

3VI 
reminiscent of the case of bicyclopropane (eq 7). The confor
mational dependence of the levels for x = 0 is shown in the top 
of Figure 7; as in the case of bicyclopropane all levels cross for 
6 = 90°. The subsequent plots in Figure 7 show how the sym
metry-forbidden crossings are avoided for nonzero values of 
X. It is characteristic that the oscillations of the E' and E" 
curves become increasingly out of phase as x is increased, 
leading to a strong conformational dependence of the differ
ence E-' — E-" = E+" — E+'. The results in Figure 7 can be 
compared with the results of an EH calculation on trishomo-
hexatriene in Figure 8. To avoid the interaction between the 
terminal cyclopropane rings in the endo,endo configuration 
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the calculation was carried out for the endo,exo isomer. The 
conformational dependence was then investigated for con
formations with a C2 axis of symmetry. For the sake of com
parison with the results of the ZDO model, this procedure is 
adequate since the simple model does not distinguish between 
an endo,endo conformation of Cs symmetry and the corre
sponding endo,exo conformation of C2 symmetry. Comparison 
of the plot in the bottom of Figure 7 with the EH results in 
Figure 8 indicates that a number of significant trends are well 
reproduced by the ZDO model. In particular, the oscillatory 
behavior of the curves is well described. The degeneracy of the 
third and fourth level is lifted in the EH approximation, but 
the levels are still close together, particularly for 8 < 70°. The 
dependence of these levels on 8 is not simple, particularly not 
in the region below 90° where the crossings of the E^ curves 
in Figure 8 (corresponding to the E" curves in Figure 7) are 
only weakly avoided. The region of interest in the present in
vestigation is the region ~30-75° ; the ordering of the two 
highest and the two lowest levels obtained by the ZDO model 
in this region is confirmed by the results of the EH calcula
tions. 

The highest occupied non-Walsh orbital obtained by the EH 
method, labeled ace in Figure 8, is totally symmetric and has 
Cr character with respect to the connecting bonds; this is indi
cated by the independence of 8 of the orbital energy. The in
teraction of this orbital with the Walsh-type orbitals is small, 
as shown by the very weakly avoided crossing with the E3

+ 

orbital (see Figure 8). 
The compounds 5 and 6 can be considered as symmetric, 

with a plane of symmetry perpendicular to the central cyclo
propane ring through the methylene group.2 The estimated 
values of the twist angle 8 - —B\ = 82 are 45 and - 1 2 0 ° , re
spectively; the results of the ZDO model are periodic with a 
frequency of 180°, i.e., a value of 8 = -120° is equivalent to 
8 = 60°. The ZDO results relevant for 5 and 6 are thus found 
in Figure 7 for 8 = 45° and 8 = 60°, respectively. The results 
obtained for x = O and x = 1 / V l with the aw and /Sww values 
given in eq 9 and 11 are furthermore included in Table I and 
Figure 9. 

Comparison of the calculated results with the measured 
ionization energies draws attention to two points of interest. 
Firstly, when passing from 5 to 6 the first ionization energy is 
increased while the second is decreased (see Table I); a similar 
situation applies to the fifth and sixth level. This is inconsistent 
with the results of the ZDO model for x = O, where any shift 
in 8 is accompanied by parallel shifts of the two highest, as well 
as of the two lowest, levels. However, allowing for admixture 
of radially oriented components by increasing the value of x 
leads to a prediction in agreement with the measured trend. 
This is due to the different phase shifts as shown in Figure 7. 
Opposite shifts of the first and the second level, and of the fifth 
and the sixth level, under a change of 8 from 45 to 60° are 
predicted by the model for x = 1 / V J , although the predicted 
shifts of the second and the fifth level are smaller than mea
sured. The second point of interest is the "total width" of the 
spectrum as measured by the distance between the first and 
the sixth level. The widths predicted in the case of 5 and 6 for 
X = 0 are 2.00 and 1.42 eV, respectively, significantly smaller 
than the measured values (2.6 and 2.3 eV). The results for x 
= 1 /V 7 I are 2.66 and 2.34 eV, respectively; these values are 
obviously in much better agreement with experiment (see 
Figure 9). Finally, one could note again the overall good nu
merical agreement between calculated and observed levels of 
the unsymmetrical anti,syn isomer 7 (see Table I). A signifi
cant improvement is observed when x is increased from zero. 
All things considered, we believe that the ZDO model for in
teracting Walsh orbitals developed in this paper is a significant 
and relevant extension of the simple tangential picture for 
systems with nonzero twist angles. 
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Calcd. Ia) 

Calcd. (bl 

Obsd. 
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Calcd. (a) 

Calcd (b) 

Obsd 
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Calcd (a) 

Calcd. Ib) 

Obsd. 

10 11 eV 

10 11 eV 

10 eV 
Figure 9. Calculated and observed ionization energies of 5, 6, and 7. (a) 
X = 0 ; (b) x = l/Vf. 

Conclusion 

The aim of this study has been to elucidate the orbital in
teractions present between two and three linked cyclopropane 
rings as a function of the dihedral angles. Good agreement 
between PE measurements and model calculations can only 
be achieved if admixture of nontangential components into the 
highest occupied Walsh orbitals of the cyclopropane ring is 
considered. This leads to a refinement of the simple Walsh 
orbital picture. 

Experimental Section 

Compounds 1-7 were prepared by the methods previously described 
in the literature.2 The PE spectra were recorded on a PS 18 photo-
electron spectrometer (Perkin-Elmer Ltd., Beaconsfield). All spectra 
were measured at room temperature. Calibration was achieved with 
argon and a resolution of about 20 meV on the argon line was obtained. 
Each spectrum was recorded several times to ensure reproducibility 
of the results. 
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Appendix 

As an example of the derivation of the matrix elements be
tween the Walsh orbitals Wi(A), W2(A), W1(S), and W2(S) in 
the case of bicyclopropane we compute the element (Wi(A)-
l#|w2(S)>: 
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(W1(A)I^Iw2(S)) = 
(VT^5V51(A) - X ¥ , 1 ' ( A ) | ^ | V T ^ 5 V2(S) + x^'(S)) 

= (1-X2XyI(A)I^MS)) 
+ XvT£^( w (A) | ^ | ^ 2 ' (S ) ) 
+ X v f ^ ? < * i ' ( A ) | # | ^2(S)) 

-X2(w'(A)|^|<^2'(S)) 

= d - X 2 ) ^ ^ < 2 « - ^ - c | ^ | e - / ) 

1 1 
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+ XVT^2 x2VtV6(2a ~ b " Cm2d' ~ e' ~f) 

1 1 
+ x V T ^ ? ^ ^ (b' - c'\Ji\e -f) 

- v2 1 1 
X2^^(b'-c'm2d'-e'-f) 

= xVT^?2h(a\ft\d') = - 2 A x V T ^ l ? sin 0 • /3WW 

The remaining nonzero out-of-diagonal elements are given 
by 

(W1(A)I^Iw2(A)) = - | (1 - x2) cos 0 • /3WW 

(W1(S)I^Iw2(S)) = ~ x2 cos0. 0ww 

(W1(S)I^Iw2(A)) 

= (W1(A)I^Iw2(S)) = - - x v T ^ s i n 0-0ww (Al) 

The matrix elements over the symmetry-adapted Walsh or
bitals of bicyclopropane W3(A), wa(S), Wb(A), wb(S) (eq 2) 
are given as follows: 

<wa(A)|#|wa(A)) = a w - 2 / 3 ( l - x2) cos 0 • /3WW 

(wa(S) I -HI wa(S)) = aw + %X2 cos 0 • /3WW (A2) 

(W8(A)I^l W8(S)) = - 2 / 3 X v T ^ ? s i n 0 • 0WW 

(Wb(A)I^I wb(A)) = aw + 2 / 3 ( l - X
2 )cos0 . /3 w w 

(wb(S)|^|wb(S)> = aw - 2/3X
2 cos 0 •/3WW (A3) 

<wb(A)|#|wb(S)> = + 2 / 3 X V P ^ sin 6 • 0WW 

The matrix elements between these orbitals and an ethylenic 
orbital 1/V2 (Tr1 + T2) as in the case of 1 and 2 are given 
by 

(W 3 (A)I^ITT) = <wb(A)|#|ir) 

= V2 [-7= v T ^ ? cos 0i - -7= x sin fl,]j9, 1VrJ 
(W3(S)I^lTr) = (Wb(S)I^lTr) 

vT 

1 
= 1 / 2 [ ^ V T - ^ 5 c o s 0 1 + ^ = x s i n 0 1 ] / 3 W T (A4) 

The nonzero out-of-diagonal matrix elements between the 
Walsh orbitals W1(A), W2(A), Wj(S), and W2(S) and the x 
orbital 1 / V l (Tr1 + TT2) as defined in the case of 3 and 4 are 
given below: 

(W 1 (A)I^ITT) = - ^ T = V I - x2 cos 0i •/3W]r 

(W 2 (A)I^ITT) = + •—= V P ^ 2 cos 02 • /3W7r 

( W 1 ( S ) I ^ I T T ) = - ^ = x sinfl, ./Sw„ 

<W2(S)|#|TT> = + ^ = x sin 02 • /3WX (A5) 

The corresponding elements between the six Walsh orbitals 
in the case of 5, 6, and 7 are the following: 

(W1(A)I^Iw3(A)) 

= [ - ^ ( l - X 2 ) c o s 0 i - ^ = x V T ^ 2 s i n 0 1 ] ^ 

(W1(A)I^Iw3(S)) 

= [ " ^ = (1 " X2) cos 0, + j x V T ^ 5 sin 0, 

(W2(A)I^Iw3(A)) 

= [ - - ( 1 - X2) cos 02 + ~ x v T ^ 2 sin 02 

(W2(A)I^Iw3(S)) 

= [ + ^= (1 " X2) cos 02 + i x V T ^ 5 sin 02 

(Wi(S)I^Iw3(A)) 

= I - J XV7I - x2 sin 0, + —= x2 cos 0! 

(W1(S)I^Iw3(S)) 

= I ~~ TTr ^ V T - xz sin Vi--x' cos W1 
j _ 
Vr 

(W2(S)I^Iw3(A)) 

= I _ 3XV1 - x2 sin 02 - J 7 = x2 cos tf2 

vr 

/3« 

Pww 

Mww 

(W2(S)I^Iw3(S)) 

= [ + ^ x V T = l ? s i n 0 2 - j x 2 c o s 0 2 l ^ w w (A6) 
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