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Abstract-The photoelectron spectra of the six propellanes 1 to 6 have been recorded. Those bands 
which correspond to ejection of an electron from a n-orbital have been assigned, using the concept of 
through bond and through space interaction. Homoconjugative interaction between the n-systems of 
the two butadiene moieties of 6 is of the same order as that of the Ir-orbit& in norbomadiene. 

Polyenic propellanes seem to be suitable templates 
for investigation of the interaction of semilocalized 
T-orbitals. The recent synthetic availability of 
[4,4,2]propell-l l-ene (1) and a number of more 
highly unsaturated analogs (2-6)*-4 presented the 
opportunity to evaluate the level of such effects. 
That interactions are present in such systems is 
attested to by the signitkantly different electronic 
spectra of, for example, 4 [A:!, 268 (E 2,400) and 
276sh nm (2,100)] and 6 [AimyXaane 247 (E 2,500) and 
290nm (2,100)].5 However, such shifts in band 
positions are due not only to overlap controlled 
electron delocalization of “through space” and/or 
“through bond” type,5 but also to a large extent to 
energy delocalization in the electronically excited 
state.6 Trying to gain insight into the former type 
of mechanism, we have recorded the photoelec- 
tron (PE.) spectra of hydrocarbons 1 to 6. The 
results are summarized in Table 1 and in the corre- 
lation diagrams of Figs 1 and 2. The orbital ener- 
gies cJ correspond, according to Koopmans’ 
theorem,’ to the vertical ionization potentials I,, J) 

2 

i 

i.e., to the position of the PE. band maxima: Fig 1. Correlation diagram for the “observed” orbital 
EJ=-I"J . * energies of the compounds 1 to 3 (see Table 1). 

Table 1. Vertical ionization potentials I,,, (in eV) for the hydrocarbons 1 to 6 
The following abbreviati ns 

P 
have been us d 

2 
for the characterization of th rr-orbitals: rr+ = 

(ltb+ffJ/ 2;Ir-=(7ra--1Tb)/ 2or(7rb--nJ/ti;?r;=(Tr~+7rJ/ 2;?lJ-=(lr,-Tr?Te)/ 2. 2 $ 
or.+ nb)/fi or 

Band 1 2 3 4 5 
Compd. I,,, O&t. I,,* orbt. I”,3 orbt. I,*, orbt. I,., o*t. I, (u-Onset) 

1 9.0, bg(lra) 9.6 
2 8.9 a’ (lr-) 9.4 a’(n+) 9.8 
3 8.7 b,(p,) 8.9 al(%) b%(G) 10.0 
4 8.0 a”(&) 9.4 

1i.k 
a’(riJ * a’ CT: ) 10.0 

5 8.0 a”(7L) 9-4 a’(n_) 9.2 a’(n+) 10.5 aI 10.0 
6 8.1 a4(?r4) 8.5 b,(n$) 9.2 ha(rb) lo*3 by(G) - 10.8 al(vl) 105 
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Fig 2. Correlation diagram for the “observed” orbital 
energies of the compounds 2,4,5 and 6 (see Table 1.). 

1 2 3 

4 5 6 

The exact conformations of compounds 1 to 6 
are not known. For the purpose of the following 
discussion we have assumed idealized conforma- 
tions of C, (2, 4, 5) and C,, (1, 3, 6) symmetry, 
which place the basis rr-orbitals in the relative 
orientations shown in diagrams A and B. 

z 
I 

The orbital labels in Table 1 and in Figs 1 and 2 
refer to these symmetries. For convenience we 

have dropped the normalizing coefficients of the 
linear combinations given in brackets. 

Although assignment of the “observed” rr- 
orbital energies of 1, 2 and 3 to particular orbitals 
may seem to be straightforward, we believe that it 
is not possible to derive a unique assignment in 
view of the complexity of the interaction mechan- 
ism between P,, ?rb and rrc. Indeed, the small 
differences in observed orbital energies are prob- 
ably the resultant of partially compensating “through 
space” and “through bond” interactions,” the size 
of which depends critically on the exact conforma- 
tion of the molecules. 

Previous experiences has shown that the suc- 
cessive introduction of non-conjugated double- 
bonds into a mono- or polycyclic monoene shifts 
the mean of the n-orbital energies l m by -O*l, to 
-0*2eV, per added double bond towards lower 
energies. In contrast, we observe that EW is 
shifted positively along the series 1, 2, 3: -E(P) = 
9*05 eV for 1; 8*95 - 9.0 eV for 2; g-9 eV for 3. This 
can be construed as an indication that there must 
be substantial interaction with lower lying u- 
orbitals, as has been shown previously for cyclo- 
octa- 1,5-diene (7)# or syn-tricycle-[4.2.0.02_51- 
octadiene (II),‘O where the rr-orbitals assume 
similar relative positions as in 2 or 3. 

The rr-orbital energies of cyclobutene” and 
cyclohexenel’ are -9.4 and -9.1 eV respectively. 
In 1 the cyclobutene ring carries four alkyl sub- 
stituents in a P-relationship to the double bond, 
which shifts Ab = E(P~) by -to*35 eV. Similar 
substitution in a -y-orientation to the double bond 
of the six membered ring in the unstudied com- 
pound 9 would presumably produce a shift of 
-+O*leV in A, = e(rrTTB). The simultaneous 
presence of ‘IT, and ?rb in 2 demands a correction’ 
of -0*15 to -0_2eV, which yields basis orbital 
energies A, = -9. lr, to -9.2 eV and Ab = -9.2 to 
-9.2, eV for the rr-orbitals rra and ?rb of 2. For 
simplicity, we shall assume accidental degeneracy, 
i.e. A, = Ab = -9.2 eV. 

The same argument applied to the three basis 
+orbitals of 3 will lead to A, = Ab = A, = -9-4 
eV. 

If n, and ?rb of 2 interacted only by a “through 
space” mechanism (resonance integral &,) we 
would expect, relative to A, = A,,, a lower lying 
orbital rr+ = (rr, + ?rb) / fi and a higher lying orbi- 
tal (?ra-?rb)/fi such that (~(rr,) +~(?r_))/2 = 
A,= Ab = -9.2eV. However, ?r+ will interact 
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Fig 3. Interaction diagram’ for the orbit& na and We in 2. 
The two linear combinations GT+ and n_ are shown qua&- 
tively. Their interaction has been partitioned into a 
through space part (&, = -0.15 eV) and a through bond 

part @(?r+) = 0.3; 8(a_) = 0.15 eV). 

with the CC-u-orbital as shown in the top diagram 
of Fig 3 and, perhaps to a smaller extent, with the 
Walsh-type orbital of the cyclobutene moiety 
(Walsh orbital of cyclobutane12 and cyclobutene”: 
E((T; Walsh) = -ll~OeV’*). This will result in a 
positive displacement of E( r+) by an increment 
Lb, (r+). The latter type of interaction may also 
occur for E(r_), albeit to a lesser degree: &,.,,&~_). 
As a working hypothesis we shah assume that the 
interplay of these effects results, as shown in Fig 
3, in an orbital sequence of r_ above r+. This is 
also the one given in Fig 1 and in Table 1. 

If the parameter Par, = -0.15 eV (see Fig 3) is 
carried over to compound 3, we obtain with A, = 
A,, = A, = -9.4 eV the linear combinations pl, n2, 
r3 of n-orbitals shown at the top of Fig 4 and the 
orbital energies l (m1) = -9.6 eV, E(T~) = -9.4 eV 
and E ( 7r3) = -9.2 eV. A second order perturbation 
treatment suggests that the displacement &,.,,&PJ 
experienced by E(P~) of 3 should be roughly three 
time as large as Sth.M. (P,) in 2, i.e., &h.M.(7r1) i= 
0*9eV. This would make b,(n,) the top occupied 
orbital in 3. On the other hand Sth.bd(rS) must be 
almost zero for symmetry reasons and thus bl(rZr3) 
correlates with band 3 in the PE. spectrum of 3. 
This leaves the central 7r-orbital at -8.9eV to be 
assigned to al(vJ, which demands Sth.M.(rz) = 
0.5 eV. This displacement is larger than twice 
&,,.,,,,.(.rr_) observed for 2, but still within reason- 
able limits for through-bond interaction with the 
Walsh orbital of the four-membered ring. 

It should be emphasized that the resulting cor- 
relation diagram, i.e. the assignment of particular 

Basis Th. sp only 6 (exp.1 

I 

a 

: 

’ a, h,) 

l,- 

-9.0 :t’ 

& =& = -045 ev t&AT, )=0,9eV 
8&7@=0.5eV 

Fig 4. Interaction diagram for the orbitals To, To and or, 
in 3. The linear combinations 7ri = IF. + 2~~ + T,; lrg = 
?r.--lr,andrra=lr,- 27~ + or, are shown qualitatively to- 
gether with the (+ orbitals of the same symmetry. The 
interaction between these orbitals has been partitioned 
into a through space part (&,=&=--O.EeV) and a 

through bond part @(?r,) = 0.9 eV; 8(7r& = 0.5 eV). 

orbitals to the first two or three PE. bands of 2 or 3 
is largely guesswork and should at best be con- 
sidered only as a working hypothesis. However, 
this hypothesis is compatible with the results of 
an analysis of the PE. spectra of other polycyclic 
polyenes,8-10 where the interpretation is more 
clear-cut. 

The main purpose of having presented this 
hypothesis in such detail is to show how complex 
the analysis of a seemingly simple PE. spectrum 
can be and to drive home the message that the 
interpretation of such spectra is not always as 
straightforward as sometimes assumed. 

Correlation &----S------6 

With the above reservation in mind we shall now 
examine the PE. spectroscopic data of 4, 5 and 6 
(Fig 2). 

In one respect these data are much simpler to 
interpret, because of the presence of the s-cis 
diene moieties, whose r-orbital energies can be 
estimated with some confidence. Furthermore, 
electron ejection from these orbit& yields bands 
in the PE. spectra, which are well detached from 
those at higher ionization potentials and therefore 
easy to identify. This is a result of the fact that 
direct conjugative interaction of rrd with re and 
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nt with wg is governed by a resonance integral 
Bde = BIB = -1.2 eV, as derived from the PE. 
spectra of, e.g., butadiene13 or cyclohexa-1,3- 
diene.” Furthermore the homoconjugative inter- 
action of pd with IT, and of re with nI is presumably 
through space dominated, i.e., describable by a 
resonance integral B,r = Bds.. This leads to the 
following four symmetry adapted linear combina- 
tions for 6, which belong to four different irredu- 
cible representations of the group Czv: 

a 

Ir4 =(7r~-7r,+7r~-ngY2 
c(B~) =A,-Bde-Bet 

6=8 

lr$= (.rrd-n,-.rr,+lrp)/2 
E(Q) = A,--Bti+B,, 

B, 

B* 

AI 

The orbital scheme given in Fig 2 for 6 is self- 
explanatory. Because of the relationship Be 4 Ber, 
the first two bands must correspond to an ioniza- 
tion process in which the electron vacates ad(?rd or 
bl(mg), orbitals, which are essentially r4 or v3 in 
character. From l (aZ(qq)) - &(83)) = O-4 eV, we 
deduce B,*= -0*2eV, which corresponds to a 
resonance integral between the homoconjugating 
2p-atomic orbitals of &. = -0.4 eV. This agrees 
with what has been observed for the homoconjuga- 
tive interaction of two 2p atomic orbitals in e.g. 
norbomadieneS (/3h.c. = -0.4 eV), bicyclo[2.2.2]- 
octadiene ( /3h.c. = -0.3 eV) or cis-cis-cis-1,4,7- 
nonatriene14 (/3,,c. = -0.6 eV). The mean value of 
e(az(r63), l (b(~&, &d(rr,)) and l (al(lrl)) is I = 
A, = -9*4eV. This value is rather uncertain, 
because the two bands associated with electron 
ejection from bz(?rz) and aI are strongly over- 
lapped by the band system due to ionization from 
a-orbitals. Nevertheless the value is reasonable. 
The interaction described by Bde is obtained 

a=ordb to iI++( +h(Ir,)) -dbZ(n)) - 
e(a, (r,))]/4 = -1*15 eV = Bde, which is in good 
agreement with the value -1.2 eV quoted above. 
This leaves b,(n,,) with l (bz (7~~)) = -9.2 eV. 

The correlation with the orbitals of 4 and 5, 
which is indicated in Fig 2, is straightforward. 
Small deviations are probably due to changes in 
bond angles and twist angles, which are difficult 
to assess from molecular models. 

The preceeding discussion emphasises the fact 
that whenever r-orbital interactions in non-planar 
systems are discussed, u/lr-interaction has to be 
considered explicitly. In the case of the propel- 
lanes 1,2,3, through bond interaction overrules the 
inductive effect, which the alkyl moieties exert on 
the basis n-orbital energies. In contrast, the posi- 
tions of the n-bands in the PE. spectrum of 6, and to 
a lesser degree of 4 and 5, are mainly determined by 
through space conjugation of the classical and/or 
hyperconjugative type. 
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