Maximum Overlap Study of Some Bridged Annulenes
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The electronic and geometrical structures of 9,10-methano[10Jannulene, 11,11-dimethyl-9,10
methano[10]annulene and 9,10-ethano-9,10 dihydronaphthalene are studied by the maximum
overlap method. It is found that the first two molecules have bisnorcaradiene structures possessing
very weak central bonds described by sp? hybridisation states. Bending of these hybrid orbitals is
highly pronounced indicating that the most probable place for electrophilic attack is the central
bond on the side opposite from the bridge. Their overlapping is, however, by no means negligible
concomitant with the experimental NMR evidence which suggests the presence of a direct bond
between the bridgehead atoms. The calculated bond angles are in good accordance with available
experimental data. The present results provide rationalization of the unusual dihedral angle of
136° found in 9,10-methano[10]annulene by X-ray measurements. Thus the current opinion
that bridged annulenes tend to achieve a planar configuration of the olefinic carbon atoms in
order to maximize conjugation between the rings should be revised.

Introduection ethano-9,10-dihydronaphthalene is not known, and
it is predicted by the iterative maximum overlap ap-
proximation (IMOA) method [9]. The electronic
structure of the molecules mentioned above is then
discussed in terms of the evaluated hybrid orbitals.

The local hybrid orbitals proved very useful in
discussing many physical and chemical properties of
hydrocarbons since the hybridisation ratio has a
profound effect on C-C, C-H and Si-C spin-spin
coupling constants [1], thermodynamic acidity [2]
and C-H stretching frequencies [3]. It affects also OQutline of the Calculations
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where A denotes the carbon nucleus in question and
the index j(j=1—4) specifies the particular orbital
placed on that nucleus. The variable parameter aa;
measures the relative contribution of 2s and 2p
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from CNDO/2 and SCC (self consistent charge) MO
wave functions overlap by amounts smaller than
0.1. The orthogonality conditions provide a set of
relationships of the form

(2)

where ;; represents the angle between the axes of
the hybrids y,; and v,;. The hybridisation param-
eters ay; are determined by the maximum overlap
criterion i.e. one searches for the maximum of the
sum of all bond overlap integrals in molecules

E=koc 2 Scc+kea 2. Scu.,
cZe S

agiasi+ (1 —ak) 2 (1 —aij) 2 cos¥;;=0,

(3)

where Syp=f ya ypdv is the overlap integral and
kcc and kcp are the proportionality constants be-
tween the bond energy and bond overlaps. We used
Clementi “double zeta” atomic wave functions [12]
and the bond energy weighting factors kcc and kg
of 121.2 and 135.9 kcal/mole, respectively. These
values reproduce the experimental bond energies in
methane and ethane. Consequently the requirement
of the maximum overlapping (cf. (3)) is in fact
equivalent to the requirement of the maximum of
the sum of all bond energies in a molecule. During
the calculations it was assumed that the hybrid
orbitals perfectly follow the C-H bonds as well as
C-C bonds belonging to acyclic parts of a molecule.
However, in cyclic molecules the so called bent
bonds necessarily appear [13 —15] and the hybrids
do deviate from the straight line passing through the
neighbouring nuclei.

The iterative maximum overlap method was
discussed in detail earlier [9]. Briefly, we found
that there are very good linear relationships between
Scc and Scy bond overlaps and the corresponding
CC and CH bond distances. These empirically
established relations enable the prediction of inter-
atomic distances * in an iterative fashion and this
provides a basis for the IMAO method. One starts
the calculation by assuming certain C-C and C-H
bond distances and carries out the usual maximum
overlap procedure. The resulting Scc and Scy over-
lap integrals are substituted into empirical correla-
tions and the new set of bond distances is deduced.
The whole cycle is repeated and the procedure con-
tinued until self consistency between the input and
output bond lengths is achieved. Usually four or five

* In strained systems one has to distinguish between
the bond lengths and bond distances. For a thorough dis-
cussion one should consult refs. [16, 17].
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iterations will suffice to obtain consistency. In order
to reduce the large number of parameters it was as-
sumed that atoms forming six-membered rings are
coplanar for molecules considered in this paper.

Results and Discussion

The molecules considered here and the numbering
of atoms are shown in Figure 1. 9,10-methano-
[10]annulene and 11,11-dimethyl-9,10-methano-
[10]annulene are very interesting 10t electron
systems. Their skeletons bear formal analogy to
naphthalene with the exception that the bond in
common of the two six-membered rings is replaced
by a non-conjugating bridge: either a methylene or
dimethyl-substituted methylene group. These mole-
cules can be considered as [10]annulenes on the
basis of NMR experiments which established the
delocalized nature of 10-electrons [18]. It was
argued that the X-ray crystal structure of 11,11-di-
methyl-9,10-methano[10] annulene is not concomi-
tant with the idea of 7-electron conjugation [19].
However, we would like to point out that the C-C
bond lengths are very insensitive to 7-electron bond
orders and that they are, in fact determined mainly by
the states of the bondig hybrids[20]and their overlap

Fig. 1. Schematic representation of 1,6-methano[10]an-
nulene, 11,11-dimethyl-1,6-methano[10]Jannulene and 9,10-
ethano-9,10-dihydronaphthalene.
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integrals [21], the a-electron correction being a
perturbation of the o-skeleton. The si-bond orders
are responsible for the variation of C-C bond lengths
only in planar molecules possessing the same state of
hybridisation e.g. benzenoid hydrocarbons [22].
Therefore, the bisnorcaradiene structure of 11,11-
dimethyl-9,10-methano[10] annulene revealed by
X-ray measurements does not necessarily imply that
the double bonds can be considered as perfectly
localised. Some delocalisation may take a part
without significant influence on the bond distances.
In fact, the calculated proton chemical shifts indicate
the presence of appreciable ring currents (vide infra).

The calculated hybrid orbitals and overlap in-
tegrals are presented in Table 1. The most striking
feature of the results is that the hybrids are of the
noninteger form although in many cases they are
close to the canonical sp? and sp? cases. The hybrids
describing the Cy4-C;y bond have very little s-
content being practically almost pure p-orbitals. The
corresponding overlap integral is relatively small
(0.46) but appreciable. Since it is not negligible,
we conclude that in 9,10-methano[10] annulene and
11,11-dimethyl-9,10-methano[10] annulene we have
a very weak and long (1.8A [19]) C,-C,, bond.
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This is in accordance with NMR evidence which
suggested the presence of a direct bond between the
Cy and C,, carbon atoms [25]. The hybrid orbitals
are very similar for 9,10-methano[10]annulene and
11,11-dimethyl-9,10-methano[10] annulene illustrat-
ing the well known fact that the hybrids describing
similar structural groups are transferable to a high
degree. The Cy;-H hybrid is of the sp?%¢ form being
very close to the sp?®2 composition found in cyclo-
butane. A very sensitive probe of the hybrid’s s-
character is provided by the spin-spin coupling
constants of the directly bonded nuclei. By using
the semiempirical relationship [1]:

J(C-H) =1079 a?n/ (1 + S¢w) —54.9Hz (4)

we calculated that the Cy-H coupling constant in
9,10-methano[10] annulene is 138.1 what is in fair
agreement with the experimental value of 142 Hz.
The deviation angles of the hybrid orbitals from
the straight lines passing through the neighbouring
atoms provide a qualitative measure of the angular
strain. One observes (Table 1) that the bridge is the
most strained part in these molecules. The largest
deviations are found in the weak Cy-C,, bond in-
dicating that this bond is the most probable position

Table 1. The calculated

Molecule Bond Hy})ridisation _Overlap Deviation hybridisation ratios, overlap
ratios® n-m integrals angles integrals and deviation angles for
9,10-methano[10]Jannulene,
C1—Cs 1.72—1.72 0.764 dey = 1.8° 11,11-dimethyl-9,10-methano-
82—83 g(l)i—g(l)g g;??s 312 = (2)32 gli)g)a(r;;;lulgne an(liltﬁl)l,llo-ethano-
4—C1o 14—2. . 23 = — 2. ,10-dihydrona. alene.
C10—Cn1 3.17—3.4 0.631 dionn = 22.7° ¥ P
Cy—Cio 6.95—6.95 0.4611 dg 10= 26.8°
C1— 2.15 0.741
C:—H 2.39 0.738 di110= 16.7°
Chn—H 2.66 0.724
12 13 C1—Cs 1.73—1.73 0.763 dg1 = 1.5°
s M1 C2—Cs 2.03—2.03 0.726 dig = 0.1°
7 J 2 C4—Cypo 2.13—2.16 0.712 dog = —1.5°
Ci0—Cn1 3.07—3.33 0.633 dionn= 22.7°
6 3 Cn—~Cre 2.72—3.20 0.661
5 4 9—Ciro 7.21—-17.21 0.460 dy 10= 26.1°
C;—H 2.18 0.741 di110= 17.2°
C—H 2.29 0.739
Cie—H 2.94
g 12 C1—Cs 1.63—1.65 0.773 dgy = —1.5°
7 A 2 02—03 2.24—-2.24 0.702 d12 = 0.9°
' C4—Cyo 2.22—-2.71 0.688 dyy = 0.1°
. 3 Cy—Cho 3.18—3.18 0.6429 dig = 0.1°
5 4 C10—C11 3.49—-3.72 0.625 dio11 = 7.79°
C11—Ci2 3.30—3.30 0.604 di110 = 8.3:
8;:% g% 8-7]1:1; d 0= 96 a The hybridisation ratio = is
Op—H 2.59 0.730 defined as n=a?/(1 —a2) where

a is a coefficient of the 2s orbital.
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of electrophilic attack. Needless to say, the cor-
responding hybrids are bent in the direction op-
posite from the bridge. The quantitative assessments
of the strain energies can be obtained by using the
available semiempirical correlations [7, 8].

The orthogonality conditions (2) enable the
theoretical prediction of the molecular angles. The
calculated angles for 11,11-dimethyl-9,10-methano-
[10]annulene are in reasonable agreement with ex-
perimental data (Table 1). In spite of the relatively
large deviation of the predicted dihedral angle from
the measured value (7.5°), the present results do
provide some rationalization of its unusual value of
136°. Thus the dihedral angle is determined mostly
by the hybridisation of the bridgehead carbon
atoms. This finding is not compatible with the cur-
rent opinion that bridged annulenes tend to achieve
the planar configuration of the olefinic carbons in
order to ensure the most effective overlapping of z-
orbitals, or in other words, the largest sz-conjuga-
tion. Therefore, we conclude that conjugation be-
tween two benzene moieties is substantially smaller
than that in naphthalene.

The chemical shift is a sensitive measure of the
electron charge redistribution accompanying the
formation of chemical bonds. According to Pople
[23], the magnetic shielding of a nucleus A can be
written as

OA=0q+0p+ 2 0aB, (5)
B=xA

where 04 is the diamagnetic term, o, the paramag-
netic term and o,p represents the effect of circula-
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tion of electrons localized on other atoms denoted
by B. If the conjugated systems are considered then
an additional term ¢’ arises in the expression (5)
originating in the circulation of ci-electrons. It is
called the ring current term. The paramagnetic term
0p includes mixing of the excited states and may be
neglected for hydrogens because the excited states
of this atom lie relatively high. However, the re-
maining three contributions 63, osp and o’ are
usually comparable in magnitude when shielding of
protons is calculated. Randi¢ and Majerski [24]
tried to relate proton chemical shifts to hybridisation
of the carbon atom in question and obtained the
following correlation

r=5(n-1). (6)

Employing the formula (6), the proton chemical
shifts in 9,10-methano[10]annulene and 9,10-
ethano-9,10-dihydronaphthalene are evaluated and
the results are displayed in Table 3. The estimated
chemical shifts are qualitatively well reproduced but
the quantitative agreement with measured values is
poor. One reason for this failure is the neglect of
the ring current effect in 9,10-methano[10] annulene.
However, if we take into acoount the ring current cor-
rections as estimated by Haddon [25] (Table 3),
the deviations from the experimental data are smal-
ler but they are still considerable. The linear rela-
tion between chemical shifts and p-character of the
wcr hybrid orbitals is apparently too simple to en-
compass a large variety of magnetic environments
of protons in molecules. This is not surprising

Table 2. Comparison between the

Molecule Bond distances Bond angles calculated and experimenta,] bond
Nerlatel < angles for 11,11-dimethyl-
Galon. o expetrli 9,10-methano[10]annulene and the
ments theoretically predicted geometry of
9,10-ethano-9,10-dihydro-
2 13 Co—C10—Cy =113.7° naphthalene. d
e W 1 Cg—C1—Cy = 121° 124°
7 | 2 C;—Ce—C3 =125.2° 123°
C12—C11—Cy3 = 111.6 109°
6 3 oad =1434°  136°
s 4
8 1y d(Cl—-Cz) = 1.320 09—010—04 = 115.7°
7 4 2 d(C1—Cy) =1.495 Cy—C;—C; =123.3°
) d(Co—Cro) — 1.542 Coq—Cro—Cry — 90.1°
6 3 d(Ce—C3) =1478 C10—C11—Cr2 89.9°
5 4 d(C10—Cp1) = 1.565 a2 = 130.2°
d(Cn—Clz) = 1.548
d(C;—H) =1.081
Zggfl_}g) _ } 832 2 o is a dihedral angle between the

planes of six-membered rings.
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Table 3. Comparison between the calculated and experi-
mental proton chemical shifts for 9,10-methano[10]an-
nulene and 9,10-ethano-9,10-dihydronaphthalene.

Molecule Chemical shifts Ring

current P

calculated experi- correction

mental?

1 =5.75 2.896 —1.144

72 = 6.95 3.182 — 0.820

711 =8.35 10.486 2.759

71 =6.05 4.50

72 = 5.85 4.50

11 =797 7.45

a Experimental data were taken from the review article:
R. C. Haddon, V. R. Haddon, and L. M. Jackman, Top-
ics in Current Chemistry 16, 103 (1971).

b Corrections due to ring currents were estimated by R. C.
Haddon, Ref. [25].
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