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Transannular (orbital} interactions in compounds 1—9 are
studied by means of He(l,)-PE spectroscopy. Unusually strong
through-space-dominated n,n interaction is found to be oper-
ative in the nonconjugated 1,6-dienes 1, 2, 7, and 8. The n,n
splitting of 1.9 eV for disecododecahedradiene 1 is even sur-

passed by the record value of 2.2 eV for disecodienedione 2,
which almost equals that in 1,3-butadiene (2.46 eV). The ex-
perimental results are explained by computational methods,
especially by analyses of the precanonical MOs.

Homoconjugation? — electronic interaction between
systems not directly linked to each other and operating
through space (OITS) as well as through bonds (OITB) —
is a much proven, chemically relevant phenomenon®, Spe-
cifically, orbital interaction through space has been exten-
sively studied for various subsystems under the aspects of
proximity, angular relationship, orbital energies. Yet, ex-
citement beyond routine arises, whenever “extremes” are in-
volved. Examples of this latter sort, bringing homoconju-
gation very close to classical conjugation, are the subject of
this paper.

7,8;12,19-Diseco-1,16-dodecahedradienes (*pagodadienes”)
B (X, Y = CR)) are pivotal intermediates in the synthetic
sequence from pagodanes A to dodecahedradienes D. It is
only after opening of the four-membered ring in A, that
opposite X,Y-positions are close enough to allow installa-
tion of the lateral bonds*®. By making recourse to Sx2-type®
methodologies, ring closures B— C and C— D have been
brought about in appropriately functionalized derivatives.
Functional-group eliminations lead subsequently to the par-
ent, 1,16-dodecahedradiene (D, R = H) and are being pur-
sued for the parent secodiene C (X=Y=CH,, R = H). The
special nature of the skeletons B and D guarantees the per-
fect synperiplanar arrangement of the two bridged n bonds
and also a surprisingly high kinetic stability of the increas-
ingly strained compounds.

The variation in transannular interaction with changing
geometry (varying X,Y-chain lengths) and the chemical con-
sequences are one of the fascinating topics emanating from
these novel molecular skeletons. In this paper we will deal
with dienes of type B.
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In disecododecahedradiene 1 (dienedione 2) the m,m dis-
tance (C1 —C12) 1s calculated (MM2) to be only 262 pm
(270 pm), what is probably only slightly too short™ In a
recent comparison of the calculated and experimental struc-
ture of a secodiene C a rather good agreement for the trans-
annular distances has been observed®,

Scheme 2

Distances in pm.
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There are indeed strong qualitative manifestations for n,m
interaction and m,r repulsion in neutral dienes B, . g. long-
wavelength UV absorption, transannular additions, com-
pensation for olefinic hyperstability. Strong transannular
bonding effects have been noted for charged species of this
sort — in cations E”, radical cations F!9 and, above all, in
o-bishomoaromatic dications G V.

Given the unusually favorable topology for n,n homo-
conjugation in the disecododecahedradiene skeletons, it was
tempting to look once more (cf. i.a. 10)'>' for direct 0,0
homoconjugative interaction in the biscyclopropanated de-
rivative 3. An X-ray analysis!? has confirmed the perfect
synperiplanar orientation of the cyclopropane rings, and
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thus of the relevant Walsh orbitals; yet, the C1—C12 dis-
tance of 317 pm (327 pm, MM2) is rather large!>'9,
Quantification of OITS effects in substrates 1, 2, and 3 is
being pursued, in continuation of our longstanding interests
in multichromophoric systems*”, by He(l,)-PE spectros-
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Figure 1. He(Z,)-PE spectra of 1—-9
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copy. The measured energy difference between neutral
ground state and radical cation is, by making use of Koop-
mans’ theorem*®, related to the respective © orbitals. In ad-
dition, various computational methods are applied in the
interpretation of the experimental spectra. Included in this
study are the disecoene 47, the parent pagodane 5'%, its
dione 6, and the molecular “halves” 7—9?" as model sys-
tems. Like 1—3, all these compounds are sufficiently stable
to allow vaporization without any decomposition.

Scheme 4
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PE Spectroscopy??

The PE spectra of 1—9 are shown in Figure 1, the rel-
evant band energies are graphically correlated in Figure 2.
In Table 1 results from semiempirical and ab initio calcu-
lations are compared with the experimental values. Obvi-
ously, the predictions from MNDO? and HAM/3%, as well
as from the STO-3G* method (the geometries have been
optimized by using the MM2 force-field program®) are in
good agreement with the experiment. It is not unusual®
that MNDO absolute energies are too high by about 1 ¢V,
the STO-3G values too low by 1—2 eV. Yet, orbital se-
quences and energetic splittings are reproduced in a rather
satisfying way.
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Figure 2. Correlation of PE data of 1—9

Disecododecahedradiene 1, Disecoene 4 and Diene 7

Disecoene 4 gives rise to a well-separated m-ionization
band with vibrational fine structure (v = 1200 cm ?), the
0,0 and 0,1 transition being of comparable intensity. Taking
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Table 1. Comparison of experimental ionization energies I7 with
calculated orbital energies ¢ (all energy values given in eV)

Com- MNDO HAM/3 STO-3G Exp.
pound Ass. - -€5 -€; I
T. 892 7.97 5.71 7.12

1 M 9.70 9.22 7.62 9.03
g 1146 10.28 9.88 10.38

T 917 8.32 6.17 7.48

n_ 1037 9.31 8.44 9.05

2 my 1037 9.64 8.74 9.70
ny  10.87 9.68 9.22 9.70

g 11.65  10.87 10.75  10.43

e, 1020 9.08 7.39 8.40

3 e, 10.22 9.11 7.98 9.00
e, 10.78 9.50 8.54 9.50

g 1109 9.87 9.13 10.00

4 T 9.30 8.66 6.89 7.9-83
s 1138 1021 8.97 9.30

by,  10.23 9.56 8.04 8.17

5 b, 10.88  10.20 9.10 9.05
a; 1120 10.35 9.95 9.76

g 1126  10.70 10.13  10.46

n_  10.20 9.11 6.41 8.65-

6 ny 10.36 9.22 6.58 -8.90
by, 10.76  10.06 6.87 10.00

[4 11.50 10.60 8.15 10.34

m_  9.45 8.59 6.94 8.25

7 . 10.04 9.19 8.39 9.45
o 11.83 11.02 9.35 10.24

n_  9.84 8.79 7.26 8.65

n. 10.60 9.57 8.58 9.30

8 . 10.80 9.68 8.82 10.25
n, 1158  10.24 9.98 10.70

o 11.89 11.71 10.15 11.24

n-  10.46 9.38 8.06 8.91

9 ny 1071 9.53 8.59 9.46
g 1134 10.09 9.30 10.43

the 0,1 component of the progression as reference maximum
I7 the introduction of a second additional © bond (as in 1)
should result in one © band at ca. 8.2 eV if no interaction is
possible. The experimental findings are excitingly different:
Compared with the spectrum of monoene 4, the spectrum
of diene 1 exhibits two m-ionization events at 7.12 and 9.03
eV, respectively, i.e. an energetic splitting Al, = 191 eV.
This is — as will be detailed below — by far the largest n,x
splitting measured hitherto in a nonconjugated diene. In
view of this record value and of the unique topology of the
involved framework, the PE spectrum of 1 will be discussed
in some detail.

Principally, the final energetic splitting A/, between the
HOMO (n_) and the SHOMO (rn,) for 1 may be a result
cither of OITB or OITS transmission. It has been frequently
shown that these two pathways can be distinguished within
the frame of chosen suitable models in a procedure proposed
by Heilbronner and Schmelzer®. In that way, starting from
an STO-3G ab initio calculation, first Localized Bond Or-
bitals (LBOs) are created, according to the localization cri-
terion of Foster and Boys®. As shown in Figure 3, the two
resulting localized m-orbital combinations are already sep-
arated by 1.98 ¢V, what approximately corresponds to the
final, i.e. canonical and experimental result.

The conclusion is justified that it is a direct orbital inter-
action, i.e. through-space homoconjugation, which is re-
sponsible for the energetic splitting found in the PE spec-
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Figure 3. Mixing of PMOs with the ., and the n_ combination
of 1

trum of 1. Indeed, subsequent mixing of the HOMO (n_,
b,,) with the relevant precanonical MOs (PMOs) 60 and 52,
both transforming as by,, and of the SHOMO (r ., a,) with
PMOs 41, 59, and 64, all transforming as a,””, does not
change the energetic m,m splitting. Both combinations are
destabilized to a similar extent, taking into account the var-
ious o orbitals of corresponding symmetry. The final situ-
ation in the canonical MOs (CMOs) excellently reproduces

the experimental splitting A7,

Scheme 5

PMO  60(b;,) 52(by)
41(0 59 Og 64(0)

1,6-Diene 7 represents one “half” of structure 1; it is not
rigid and equilibrates between a closed and an open
conformation®, Force-field calculations (MM2)* and 'H-
NMR studies give evidence of the prevalence of the closed
conformation with a transannular n,7 distance of 310 pm
and an interplanary (r,m) angle of 153° (cf. 180° for 1). In
addition, when used as starting geometry for the STO-3G
optimization procedure, the results obtained for the closed
conformation are in better agreement with the experimental
data.

In 7 the HOMO (n_) and the SHOMO (r ) are experi-
mentally separated by 1.2 eV, which constitutes an expect-
edly considerably smaller splitting than in 1. However, with
respect to the interaction pathway, the energetic splitting
between the HOMO and the SHOMO is again the outcome
of pure OITS.
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For the isomeric but rigid 1,6-diene 23 with its closer but
not perfectly synperiplanar C=C bonds (d,, = 278 pm;
® = 176°) the measured Al, = 1.25 eV has been attributed
to 0.9 eV OITS and 0.35 eV OITB*,

Disecododecahedradienedione 2, Pagodanedione 6 and
Diones 8/9

The PE spectrum of the multichromophoric disecodiene-
dione 2 is analyzed by using parent diene 1 and diones 8/9
as reference compounds. Interaction of the carbonyl lone
pairs in 6 totally occurs through the o frame, i.e. through
bond (OITB). This has been recently demonstrated for the
n,n OITB in polycyclic 1,5-diketones '’9, such as the “half”
dione 9. Whereas the PE spectrum of the latter exhibits two
distinct signals separated by 0.55 eV, OITB between the lone
pairs in pagodanedione 6 results in a broad, hardly resolved
band, “hiding” the n_ and the n, combination and prob-
ably a third band originating from the b;, Walsh orbital of
the cyclobutane fragment. According to the calculations an
energetic splitting A, of 0.1 —0.2 eV has to be assumed
which is to small to be identified. As a consequence, a com-
bination of both effects, OITS of the 1 MOs and OITB of
the n MOs, is expected in the “mixed” dienedione 2. How-
ever, it should be noted that, because of the molecular sym-
metry (Cs,), mixing is only allowed between the n_ and n,,
MO, both transforming as b,; n_.(a;) and n_(a,) have to be
assigned to different irreducible representations. The result-
ing orbital sequence in dicnedione 2 is shown in Figure 4,
and the n and = orbitals are illustrated schematically as
semilocalized symmetry-adapted combinations in Scheme 6.
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Figure 4. Simplified correlation diagram for 1, 2, and 4—6

Scheme 6
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Assuming that all four MOs in 2 are inductively stabilized
{the inductive stabilization energy can conveniently be de-
rived from the noninteracting orbitals n_(a,) and = _.(a,)],
mixing of m_(b,) with n_ (b,) results in a destabilization of
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the HOMO (n_), whereas the symmetrical lone-pair com-
bination n_ (b,) is shifted to higher ionization energies. The
7,1 splitting AT is consequently magnified up to a new rec-
ord of 2.2 eV and the n,n splitting AI, to 0.5 eV. Further-
more, the n, and =, MOs are now very close or identical
in their ionization energies, which explains the missing of a
fourth band and the increase in intensity of the third band
detected in the PE spectrum of 2 at 9.70 eV. According to
this assignment, which has been reproduced best by ab initio
STO-3G and HAM/3 calculations, the combined effects of
OITS and OITB in the multichromophoric dienedione 2
cause an energetic 7,1t splitting Al even larger by some 0.3
eV than in disecodiene 1.

The interpretation derived for the spectrum of 2 holds
also for that of dienedione 8. In line with the larger trans-
annular m,n distance of 350 pm (MM2) the initial 7, split-
ting Al is found to be smaller than in the disecodienedione
2.

In 8, as a result of the destabilization of the n_ combi-
nation, the 7,x splitting AZ; of 1.20 eV determined for diene
7 is increased by a similar amount as in 2 (0.4 eV) to 1.60
eV. Stabilization of the n, MO leads to a respectable cnergy
difference AI, of 1.40 eV.
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Figure 5. Simplified correlation diagram for 7—9
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Figure 6. Mixing of PMOs with the n,/x_ and n,/n_ combina-
tions of 8
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Pagodane (5)

The low-energy part of the PE spectrum of 5 consists of
several well-defined c-ionization events. According to the
calculations and symmetry considerations the two bands at
8.17 and 9.05 eV, respectively, can be assigned to the top-
most Walsh orbitals of the cyclobutane fragment. In 5 this
cyclobutane ring is forced to be planar. Because of its Dy,
symmetry, the two formerly degenerate e, orbitals of planar
cyclobutane itself*? split into a HOMO (bs,) and a SHOMO
(by) separated by 0.8 eV. The third band, observed at 9.76
eV, then corresponds to the a, Walsh orbital, and is desta-
bilized by 2.7 eV, when compared to a value of 12.5 eV
found in cyclobutane itself3?.

Scheme 7

Dihomodisecododecahedradiene 3

In the PE spectrum of 3, the dicyclopropanated diene 1,
the first band seems to consist of two ionization events.
According to calculations, these can be assigned to the sym-
metrical and the antisymmetrical combinations of the e,
Walsh orbitals, whereas the corresponding combinations of
the e, Walsh orbitals ionize at higher energies (around 10
eV). Apparently, no further energetic splitting caused by
OITS or by OITB between the two subchromophores is
observable in the experimental spectrum. At a transannular
distance of 317 pm between the inner cyclopropane carbon
atoms (X-ray)'¥ the extension of the Walsh orbitals is not
sufficient to provoke a measurable interaction. In fact, only
a small through-bond interaction is indicated by theory.

LA

10 11

Scheme 8

This is not an unexpected finding. He(Z,)-PE spectra of
related dicyclopropanated compounds, for instance 102"
and 11, exhibit a very similar pattern with broad, poorly
resolved bands at lower energies. Especially the PE spec-
trum of 10, a derivative of 23, shows three ionization events
at lower energies (I{' = 8.65¢V, Iy = 950 eV, I’ = 990
eV) to which the same orbital sequence (e, €, €,) as in 3
could be assigned. The corresponding absolute energies are
also in good accordance with the present findings for 3.

To put the interaction parameters of the 1,6-dienes 1/2
and 7/8 into a broader context, we present in Table 2 the
known values for selected prototypical (1,4-, 1,5-, 1,6-, 1,8)-
dienes (c.f. Scheme 9), which feature chains of varying
lengths between their syn/anti-n bonds. The observed split-
tings ranging from 0.25 eV for 19 to 1.6 eV for 20°¥ are
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in some cases largely due to through-space, in others largely
to through-bond coupling. Clearly, the through-space
homoconjugation in 1/2 and 7/8 is stronger than in 23, with
1.26 eV for through-space-dominated interaction the long-
time record holder.

Table 2. Encrgetic splittings Al of known unconjugated dienes (all
energy values given in eV)

Com- Al Com- A,
pound [eV] Ref.|pound [eV] Ref.
12 085 36| 19 025 34
13 036 37 20 1.60 35
14 048 38| 21 044 31
15 080 33| 22 087 41
16 097 37 23 126 31
17 115 39| 24 032 42
18 126 40| 25 <02 43
Scheme 9
12 13 14 15
16 17 18 19
7 /
20 21 22
23 24 25

In this context Wiberg’s 1,5-diene 25*¥ with its two-car-
bon bridges between the m bonds is a remarkable case. Like
in 1/2, the © bonds are enforced to be perfectly synperiplanar
and are, with an experimental n,n distance of 239 pm, even
more proximate than in 1/2. Strong pyramidalization (27.3°;
35.6°) and a shoulder at A = 235 nm (¢ &~ 1500, cyclo-
hexane) are, inter alia, observables of strong 7, interaction
(repulsion). Yet, in 25 through-space and through-bond con-
tributions practically compensate each other and thus the
., and n_ combinations are accidentally almost degener-
ate — giving rise to a well-resolved band at 8.6 V. From
calculations it is concluded, c.f. the situation in the series of
bicyclo[2.2.n]dienes*, that g, (g,_) decreases (increases) as
the nt distance is decreased, in line with the cross-ring bond-
ing (antibonding) nature of the respective (n, /m_) orbitals.
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Résumé

In the nonconjugated 1,6-dienes 1, 2, 7, and 8 an unusually
strong through-space-dominated 7,m interaction is opera-
tive. The n,m splitting of 1.9 eV for disecododecahedradiene
1 is even surpassed by the record number of 2.2 ¢V for the
disecodienedione 2, for which the interplay between n_(b,)
and n,(b,) intensifies the orbital splitting. Thus, Al in 2
almost equals that in 1,3-butadiene (2.46 eV*), the proto-
type for classical n,m conjugation. Obviously, dienes of type
B with X,Y chains of varying length constitute highly at-
tractive objects for further elaboration of the interplay be-
tween the carbon framework and m,n-homoconjugative in-
teraction. Unfortunately, efforts to prepare the [1.1.0.0]-
pagodane (A, X = CH,, Y = O) or to transform available
[2.2.1.1]/[2.2.2.2]pagodanes (A, X = CH,, Y = [CH;]y;
X = Y = [CH.]y) into the respective [2.2.1.1]/[2.2.2.2]-
dienes B have not been successful, yet. The isolation of the
disecodienetetrone B(X = Y = CO), a promising candidate
for the next “record”, has so far been thwarted by the ex-
treme propensity for hydrate/acetal formation*?. Qur efforts
to analyze OITS effects in secodienes C and dodecahedra-
dienes D do continue.
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