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The He(1)-PE spectra of the parent [1.1.1]-, [2.1.1]-, [2.2.1]-, and 
[2.2.2]triblattanes 1-4, of their unsaturated or ketonic conge- 
ners 5-13 and benzo derivatives 14-20 have been recorded. 
For 1-4, the energy difference between the highest occupied 
orbitals (e” and a’ mainly localized at  the central bicyclo- 
12.2.2loctane unit) and the subsequent MOs increases with in- 
creasing number of ethano bridges. This observation is ration- 
alized by using a first-order perturbation-theoretical approach. 

Orbitals of nonconjugated x-systems can interact with each 
other by a “through-space’’ (OITS) and/or “through-bond’’ mode 
(OITB)“]. The OITS mode is sometimes subdivided into the terms 
“homoconjugation”L21 and “spiroc~njugation”[~~. A prerequisite 
common to all of these OITS types is the spatially confined prox- 
imity and orientation of the nonconjugated x-fragment~[~I which 
can be achieved by their imbedding into a suitable o-system. In 
fact, record OITS values (2.2 eV) approaching that of classical R,T[ 

conjugation have been recorded for D2,,-bissecododeca- 
hedradiene~‘~], in which the specific carbon skeleton enforces unu- 
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The analysis of the PE spectra of the exo-methylene (5-7), 
ketone (8-lo), and endo-olefinic derivatives (11-13) unveils a 
strong n / o  mixing. The splitting of the n-bands in 7 (0.95 eV) 
and 13 (1.0 eV), respectively, is traced back to a stronger n/o 
mixing of the e MOs as compared to the a2 MOs. An analogous 
interaction causes the splitting of the first bands of the ketones 
8-10 (0.45- 1.49 eV). For the benzo derivatives 14-20 the split 
of the x-bands is relatively small (0.35 - 0.7 eV). 

14 15 16 

17 18 

19 20 

sually short transanular n,n distances of 2.6-2.7 A. In the OITBL6] 
mode the o-framework participates in the conjugation and there- 
fore is responsible for long-range interactions. Both OITS and 
OITB modes are important for the understanding of electron- and 
energy-transfer processes”]. 

For a further evaluation of the interplay of OITS and OITB 
interactions between various chromophoric units within a novel, 
structurally defined environment, the recently synthesized rigid 
[1.1.1]-, C2.1.11-, C2.2.11-, and C2.2.2ltriblattanes (1-4) together with 
their exo-methylene (5-7), ketone @-lo), olefinic (11-13), and ben- 
zoannulated derivatives (14-20) promised to be an attractive set of 

Particular interest was attached to the degree of 
“homoconjugation” in a D3-symmetrical cis,&,&-cyclododeca- 
1,5,9-triene moiety in 13 (formally a cyclic, Moebius-type perimeter) 
which originally had been considered as precursors of novel (CH),, 
valence isomers[8J11. 
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In this paper we discuss the results of our He(1) photo- 
electron-(PE-)spectroscopical studies of the degree of 7c/n 

and n/u interaction in these compounds. 

Results and Discussion 

For an interpretation of the PES results, the measured 
energy differences between the ground state of a molecule 
and the various ionic states have to be connected with the 
sequence of the valence electrons in the ground state. For a 
closed-shell molecule, to a good approximation the vertical 
ionization energies, Zvj, can be set equal to the negative value, 
-E~, of the occupied canonical molecular orbitals (MOs): 
Ivj = -E? This result is generally referred to as Koopmans’ 
theorem[l2]. To derive the energies of the occupied MOs, we 
make use of semiempirical methods such as Dewar’s 
MNDO procedure[’31 which has proven to be quite reliable 
for the prediction of geometries and orbital sequence of hy- 
drocarbons. Since the geometrical parameters of 1-17, 19 
and 20 were unknown, these were calculated by the MNDO 
procedure. A comparison with the X-ray structure of com- 
pound 18[91 confirmed the reliability of this approach. 

A) Photoelectron Spectra of C1.1.11-, 112.1.11-, C2.2.11-, and 
C2.2.21Triblattanes 

The PE spectra of 2-4 are shown in Figure 1, the recorded 
vertical ionization energies for the first bands are collected 
in Table 1. 

Table 1. Comparison between the recorded vertical ionization 
energies, IvJ, and the calculated orbital energies, cj, of 1-4, all values 

in eV 

Compound Band 1.J Assignment (MN&,2) 

1 1 
2 
3 

2 1 
2 
3 
4 

3 1 
2 
3 
4 

4 1 
2 
3 
4 

9.9 
10.25 
10.45 
9.3 
9.4 
9.7 

10.5 
9.06 
9.2 
9.5 

10.45 
8.57 
8.71 
9.27 

10.25 

6 at 11.39 
9e 11.42 
8e 11.78 

17a 11.0 
15b 11.21 
16a 11.28 
15a 11.62 
17b 10.92 
18a 1 1.02 
17a 11.07 
16b 11.62 

12e 10.86 
8 a, 10.96 

I l e  11.86 

Given the structural similarity of these hydrocarbons, the 
spectral discrepancies are at first sight somewhat surprising. 
While the PE spectrum of 1 shows only broad bands, an 
increase of vibrational fine structure with increasing number 
of ethano bridges is observed. 

For a discussion of the shape and energies for the valence 
orbitals of 1-4 we start with the valence orbitals of bicyclo- 
C2.2.21octane (21). The PE spectrum of this compound[‘41 
starts with a peak at ca. 10 eV clearly separated from the 
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Figure 1. He(1)-PE spectra of 2-4 
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higher energy region, a situation which is quite similar to 
that found for 2-4. This peak is assigned to three ionization 
events, 3e" and 4a'. The corresponding MOs are depicted 
schematically in Figure 2. They can be correlated with the 
ribbon orbitals of cyc lohe~ane[~~~ and with the highest oc- 
cupied MOs of 1-4; therefore, we will refer to them as "rib- 
bon orbitals" in the following discussion. 

3e'' @ 
4a' 

Figure 2. Schematic drawing of the highest occupied MOs of 
bicyclo[2.2.2]octane 

Although in 1-4 the central bicyclo[2.2.2]octane unit is 
twisted by ca. 30-40", the MO calculations indicate that 
the 3e" and 4a' combinations are hardly affected by this 
distortion. To derive 1-4 from 21 we proceed in two steps. 
First, we attach three or six methyl groups, respectively, to 
21 in such a manner that at least C3 symmetry is preserved 
(see 22 and 23), then we connect the CH3 groups in 22 to 
the skeleton to mimick 1, whereas in 23 we form an ethano 
bridge from each pair of opposing CH3 groups to generate 
4. 

22 1 

I \  n 

23 4 

In Figure 3 the highest occupied MOs are illustrated for 
these models as derived from MNDO calculations. The cal- 
culations reproduce the PE data in that there is only a small 
energy gap between the two highest occupied MOs and the 
rest in the case of 1, but a large gap in the case of 4. 

To rationalize this discrepancy, we consider the e MO of 
21 and 22 at the carbon centers 2 and 8 in conjunction with 
a p orbital at the carbon center of the CH3 groups (see 
below). If we bridge C-2 and C-8 with one CH2 group, an 
additional bonding interaction arises which stabilizes the e 
levels. If both CH3 groups at C-2 and C-8 in 23 form an 
ethano bridge, an additional antibonding interaction arises 
which destabilizes the e levels relative to 21. 

As a corollary of this rationalization it follows that we 
should expect high-lying PE bands for all [rn.n.p]triblattanes 

- E j lev1 

__.- ...... .......- 
..... 801 

...... 3e" .__.. -._... =::l:::: 601 ................... .- ....... 
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Figure 3. Comparison of the highest occupied MOs of 
bicyclo[2.2.2]octane (center) with those of [l.l.l]triblattane (left) 
and C2.2.2ltriblattane (right); the values are derived from an 

MND0/2 calculation 

with m, n, and p being an even number. This model is sup- 
ported by calculations performed on C3.3.31- and C4.4.41- 
triblattanes [l6I. 

In Table 1 the recorded ionization energies are compared 
with the calculated orbital energies of 1-4. Obviously, the 
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measured gap between the ribbon-type and the remaining 
orbitals in 2-4 is reproduced reasonably well. 

B) Photoelectron Spectra of [l.l.l]Triblattanes with 
Exocyclic Double Bonds 

1) exo-Methylene Groups 

A common feature of the PE spectra of 5-7 (Figure 4, 
Table 2) are bands with a steep onset at lower ionization 
energy and a vibrational fine structure which is typical of 
ionization processes from n-MOs. The comparison of the 
PE characteristics with those of other exo-methylene com- 
pounds such as methylenecyclohexane (Ivj  = 9.13 eV””) and 
2-methylenebicyclo[2.2.1]heptane ( Iv i  = 9.04 eV”’’) sup- 
ports the argument that the low-energy bands of 5-7 should 
be assigned to ionizations from z-MOS. The vibrational fine 
structure of the first band in the PE spectra of 5 and 6 
(+ = 1210 cm-’) compares well with those reported for other 
monoenes and diene~[’~-’’]. The energy difference between 
the first two bands of 6 and 7 amounts to 0.5 eV and 0.95 
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Figure 4. He(1)-PE spectra of 6 and 7 

eV, respectively. As expected from the comparison with 
other simple n-systems we observe a shift of the first 0-bands 
to higher energies with increasing number of exo-methylene 
groups. 

Table 2. Comparison between the recorded vertical ionization 
energies, Zvj, and the calculated orbital energies, E,, of 5-7, all values 

in eV 

-€j Band ZvJ Assignment‘”] (MND0,2) pound 

5 1 8.90 
2 9.75 

6 1 8.67 
2 9.18 
3 9.9 
4 10.3 

7 1, 2 8.73 
3 9.68 
4, 5 10.05 
6 10.2 
7 11.15 

9.77 
11.34 
9.63 
9.96 

11.29 
11.37 
9.63 

10.21 
11.29 
11.41 
12.02 

or = o-MO mainly centered at the triblattane skeleton (“ribbon” 
orbital). 

Our empirical assignment is fully confirmed by MNDO 
calculations which imply a further splitting between the n- 
MOs of 6 and of 7 due to through-bond interactionL6]. For 
7 a schematic drawing of the highest occupied MOs (I le  
and 6a2) is given in Figure 5. The considerable split between 
1 le  and 6a2 points to a much stronger interaction of the 
e-linear combination of the three isolated z-bonds (right side 
of Figure 6) with the 8e-linear combination of the 
[l.l.l]triblattane fragment (left side of Figure 6) than with 
the a*-linear combination of the n-bonds. The latter interacts 
with 4a2. As can be seen from Figure 6, the energy difference 
e(n) - 8e(o) amounts to ca. 1.8 eV and the difference a2(n) 
- 4a2(o) to 2.8 eV. Therefore, according to first-order per- 
turbation theory[lgl, the e(n)-e(o) interaction should be much 
stronger than the a2(n)-a2(o) interaction. 

A similar analysis of the n/o interactions in 6 again reveals 
that the splitting of the n-MOs in this compound is caused 
by their interaction with the o-frame. 

9, I 

9, 

Figure 5. Schematic drawing of the highest occupied MOs of 7 
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Figure 6. Interaction diagram between three ethylene fragments 
(right) and a [l.l.l]triblattane fragment (left) to yield the MOs of 

7; the values are derived from an MNDOj2 calculation 

2) Keto Groups 

In the PE spectra of the ketones 8-10 (Figure 7, Table 
3) we find at low energies one (8) and two (9, 10) peaks that 
are well separated from the other strongly overlapping 
bands. In the case of 10, the ratio under the area of the first 
two peaks is approximately 2: l .  The assignment of these 
bands is straightforward: They are due to the ionization of 
the 2p lone pair of the oxygen atom(s). Due to the high 
symmetry (D3) of 10, the first peak is assigned to the ioni- 
zation from the lle-linear combination. The first onset of 
the 0-bands is markedly shifted towards higher ionization 
energy with an increasing number of CO groups: 8: 10.25 
eV, 9 10.95 eV, and 10: 11.40 eV. 

Table 3. Comparison between the recorded vertical ionization 
energies, lvj, and the calculated orbital energies, sj, of 8-10, all 

values in eV 

Assignment la] (MND0,2) --&I pound ‘Om- Band 1.J 

8 1 
2 

9 1 
2 
3 

10 1 
2 
3 
4 
5 

8.76 
10.25 
9.0 
9.45 

10.95 

9.50 
10.26 
11.40 
12.20 

15 b(n) 10.30 
16 a ( 4  11.76 
17 a(n) 10.43 
16b(n) 10.82 

11 e(n) 10.72 
6 a 4 4  11.41 
7 a d 4  12.58 

10 40,) 12.96 

16 a(o3 12.20 

or = o-MO mainly centered at the triblattane skeleton (“ribbon” 
orbital). 
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Figure 7. He(1)-PE spectra of 9 and 10 
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Figure 8. Schematic drawing of the highest occupied MOs of 10 
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A comparison with the ionization energies of simple ke- 
tones (cyclohexanone: Zv,l = 9.14 eV[19]) or lP-diketones (cy- 
clohexane-1,4-dione: Z,,, = 9.65 eV, Zv,2 = 9.80 eVr201; 1,s- 
dimethylbicyclo[3.3.O]octane-3,7-dione: = 9.31 eV, = 
9.58 eVL2I1) confirms our assignment which is corroborated 
by MND0/2 calculations (Table 2). The predicted split of 
the n-orbitals for 9 and 10 comes close to the experimental 
one. Figure 8 displays the highest occupied MOs of 10 ( l l e  
and 6a2). A strong interaction between the 2p orbitals at the 
three oxygen centers and the o-frame is evident. 

C) Photoelectron Spectra of Triblattanes with Endocyclic 
Double Bonds 

An analysis of the PE spectra of the olefins 11-13 (Figure 
9, Table 4) can be derived from those of the parent com- 
pounds 2-4 which are formally related by replacement of 
the ethano bridges by C=C bonds. Such an exchange should 
increase the energy of the highest occupied o-MO by 
0.2-0.4 eV. This estimate stems from a comparison of the 

I I 1 I I I I I I 

I I I I I 1 I 

6 7 8 9 10 1 1  12 13 1 4  15 1 
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I (ev )  

Figure 9. He(1)-PE spectra of 12 and 13 

first o-onset in the PE spectra of bicyclo[2.2.2]octene = 
10.03 eV[l4]) with the first ionization energy in 
bicyclo[2.2.2]octane (Iv,, = 9.71 eVrl4]), cyclohexene = 
10.66 eV[I4]) and cyclohexane (Zv,l = 10.32 eV[l4]). 

Table 4. Comparison between the recorded vertical ionization 
energies, Ivj ,  and the calculated orbital energies, zj, of 11-13, all 

values in eV 

Com- 
pound Band -Ej 

(MND0/2) Assignment 

11 1 8.70 
2 9.66 
3 10.18 

12 1 8.4 
2 9.1 

9.5 
5 10.0 
6 11.0 

13 1, 2 8.5 
3 9.5 
4. 5 9.8 
6 10.3 
7 11.7 

9.65 
11.25 
11.27 
10.43 
10.82 
12.20 
12.43 
12.53 
12.58 
9.51 

10.13 
11.03 
11.42 
12.74 

la] or = o-MO mainly centered at the triblattane skeleton (“ribbon” 
orbital). 

On this basis we expect the first ionization energies to 
correspond to the ribbon orbital energies of 11 at 9.6 eV, of 
12 at 9.7 eV, and of 13 at 9.7 eV. With this estimate for the 
first o-ionizations we are left to attribute the first band in 
the PE spectrum of 11 and the first two peaks in the PE 
spectra of 12 and 13 to ionization events from n-MOs. The 
results of MO calculations listed in Table 4 are herewith in 
agreement. The measured splitting of the n-MOs in 12 (0.7 
eV) and 13 (1.0 eV) documents a significant n/o interaction 
which is represented by the l le- and 6a2-combinations of 
13 in Figure 10. Obviously, the n /o  interaction in l l e  is 
stronger than in 6a2, a situation quite similar to that en- 
countered for 7 and 10. 

Figure 10. Schematic drawing of the highest occupied MOs of 13 

D) Photoelectron Spectra of Benzotriblattanes 

As a start into this section, the benzotriblattanes 14-17 
lacking additional double bonds will be considered initially. 
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The first bands in the PE spectra of 14 and 15 can be in- 
terpreted by a first-order treatment as a superposition of the 
first PE bands of an o-dialkylbenzene such as o-xylene[2z1, 
and those of 2 and 4. Thus, the first two bands in both 
spectra at ca. 8.5 eV are identified as n-MOs from the ben- 
zene “es” and “eA” MOs. In case of 15 these bands are 
located close to the bands arising from the ribbon orbitals 
(21b, 23a, 22a), while the n-bands of 14 are well separated 
from strongly overlapping o-bands. 

Table 5. Comparison between the recorded vertical ionization 
energies, IvJ, and the calculated orbital energies, E ~ ,  of 14-18, all 

values in eV 

-Ej Band Zvj Assignment‘”] (MND0,2) pound 

14 1 8.3 
2 8.7 
3 9.6 

2 8.6 
3 9.1 
4 9.4 
5 9.6 
6 10.5 

15 1 8.25 

16 8.1 

8.6 
4 
5 
6 
7 

17 1 

6 
7 
8 

4 18 

9.6 
9.9 

10.1 
8.15 

8.7 

9.3 
9.6 
9.8 

10.8 

8.1 

i} 8.8 
6 

9.5 

V 10.3 
10 11.0 

;j to 

9.11 
9.26 

11.16 
9.16 
9.32 

10.94 
10.96 
11.16 
11.82 
9.06 
9.24 
9.31 
9.40 

11.22 
11.24 
11.60 
9.06 
9.25 
9.32 
9.41 

11.02 
11.10 
11.34 
11.87 
9.06 

9.29 
9.41 
9.42 

11.18 
11.54 

12.00 

la] or = o-MO mainly centered at the triblattane skeleton (“ribbon” 
orbital). 

The PE spectra of 16-18 can be interpreted analogously. 
Due to the n-MOs of the benzene rings we expect four (16, 
17) and six (18) bands at the low-energy part, followed by 
the ionization of the ribbon orbitals of 3 and 4. Indeed, this 
closely correlates with experiment (see Table 5, Figure l l ) ,  
and MO calculations (MND0/2) fully confirm the quali- 
tative arguments (Table 5). Due to the high symmetry of 18 
(D3), the 12a(n) MO is a linear combination of only eA frag- 
ments while 10a2(n) is composed only of the es fragment. 
The linear combinations 20e(n) and 19e(n) of 18 entail both 
types of benzene n-orbitals. 

1 I I I I I I I I I 
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Figure 11. He(1)-PE spectra of 18-20 
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According to a similar first-order treatment['81 the PE 
spectra of 19 and 20 can be interpreted by adding one or 
two ethylene x-bands to the PE spectra of 15 and 17. For 
the ionization energy of the n-band we estimate a value of 
ca. 9 eV from the PE spectra of 11 and 12. 

With this assumption we are able to assign the first two 
peaks in both spectra as ionizations from MOs centered 
either at the benzene ring or at the double bond(s). 

Along these lines of reasoning, the broad peak at ca. 10 
eV remains for the ribbon orbitals of the triblattane skeleton. 
MO-calculational results, listed in Table 6, corroborate 
these qualitative assignments. Furthermore, the calculations 
suggest that the band at ca. 11 eV in the PE spectra of 19 
and 20 should be allocated to the totally symmetric x-MO 
of the benzene fragments and to a o-MO at the benzene 
rings. The splitting between the x-bands in 16-18 and 20 is 
smaller as compared to 6, 7 and 12, 13. This is mainly due 
to the reduced overlap between the aromatic moieties as 
compared to the olefinic units. This can be traced back to 
the smaller A 0  coefficients at the centers which actually 
interact. 

Table 6. Comparison between the recorded vertical ionization 
energies, Zvj, and the calculated orbital energies, E ~ ,  of 19 and 2 0  all 

values in eV 

Com- 
pound Band AssignmentLa1 (MND0,2) -&I 

21 b(nd 9.13 
23 a(nd 9.26 

3 8.9 22a(n) 9.59 
4 9.3 20b(x) 9.98 
5 9.7 21 a(oJ 11.05 
6 9.9 29bfoJ 11.12 

19 i} 8.32 

7 10.1 
8 11.2 

3 8.7 
4 9.1 

9.5 

8 11.1 

tortion of the C2.2.21 core. As a consequence of structurally 
enforced, favorable orbital alignments, triblattanes with ex- 
ocyclic (5-10) or endocyclic double bonds display a sizeable 
splitting of the n-bands. For the two most relevant series of 
ketones 8-10 and endocyclic olefins 11-13 the trend and 
the degree of the OITB effects are graphically summarized 
in Figure 12. A comparison of the interaction schemes of 7, 
13 and 10 shows that in the first two cases the n-linear 
combinations e(x) and a2(7c) interact with 8e(o) and 5a2(o) 
of the [l.l.l]triblattane skeleton (left side of Figure 3). In 
the case of 10, however, the interaction takes place with 9e(o) 
and 5a2(o). This difference is due to the fact that the wave 
functions of 9e(o) are essentially perpendicular to e(x) while 
the same holds for 8e(o) and e(n). In comparison with the 
selected reference 1P-diketones and 1,5-dienes compiled in 
Scheme 1, homoconjugation in triketone 10 equals the very 
favorable situation found in 25, while that of the triene 13 
comes close to that in the structurally related ansaradiene 
27. The effect observed for 13, however, is clearly smaller 
than that operative in 28 or 29 because of the close to ideal 
orbital alignments within the latter[281. 

This experimental verification of an efficient through- 
bond interaction between the n-MOs, as mediated by the 

10.0 

11.0 

12.0 

1 8 9 10 11 12 13 

Figure 12. Comparison between the first PE bands of 1 and of the 
ketones 8-10 as well as of the endocyclic olefins 11-13 

Scheme 1 

la] nB = n-MO mainly centered at the benzene rings; o, = o-MO 
mainly centered at the triblattane skeleton ("ribbon" orbital). 

Summary and Conclusions 

Our PE investigations of the triblattanes 1-4 demonstrate 
that the ribbon orbitals of the twisted central bicyclo- 
[2.2.2]octane unit are clearly separated from the remaining 
o-MOs. This separation increases with increasing number 
of ethano bridges, most likely caused by the increasing dis- 27 1.05eV[2s1 28 1.2OeV[%] 29 1.60eV["] 
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orbitals of these snecific o-frames. is a Darticularlv assertive [*I W.-D. Fessner, Dissertation, University of Freiburg, 1986. 
reward for the 
the synthetic conception of these unusual cage com- oreceding 

which originally had triggered 191 H. Miiller-Botticher. W.-D. Fessner, J.-P. Melder, H. Prinzbach, 
S. Gries, H. Irngartinger, Chem. Ber. 1993, 126, 2275-2297, 

pounds'']. For the benzotriblattanes, on the other hand, the 
highest occupied MOs are located at the benzene rings be- 
tween which only relatively small interactions are operative. 

We are grateful to A.  Flatow for recording the PE spectra. We 
thank the Deutsche Forschungsyemeinschaft and the Fonds der 
Chemischen Industrie for financial support. 

Experimental 
The synthesis of 1-20 has been The PE spectra of 

the pure samples were recorded with a Perkin-Elmer PSI8 spec- 
trometer equipped with an He(1) light source. Spectra of 1-8, 11, 
and 12 were recorded at room temperature, those of the other 
samples at the following temperatures: 9 8 5 T ,  10: 106°C 13: 62"C, 
14 68"C, 15: 6 3 T ,  1 6  12"C, 17: 130°C, 18: 153"C, 1 9  63"C, 20 
126°C. The calibration has been carried out with Ar and Xe. A 
resolution of 20 meV was achieved for the single bands. 
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