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Ab initio HF/6-31G* and MP2/6-31G*//HF/6-31G* methods were used to calculate the relative energies of the impor-
tant energy-minimum conformations and transition-state geometries of all-trans-cyclododeca-1,4,7,1 O-tetraene; the
calculated energy-barrier for ring inversion of the crown (D,4) conformation is 36.1 kdJ/mol.
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Introduction

All-trans-cyclododeca-1,4,7,10-tetraene (1), with four ethyl-
enic chromophores alternatively inserted in the carbon—carbon
bonds of cyclobutane, could experience 8m-electron cyclic
interactions of the in-plane ©t-bonds of the four ethylenic moi-
eties, and might exhibit homoantiaromaticity.!> Although, the
synthesis®# and structural’® properties of all-cis-cyclododeca-
1,4,7.10-tetraene (2) have been the subject of several impor-
tant investigations, the extent of our knowledge concerning
the synthesis and conformations of the less stable all-trans-
isomer 1 is meagre. Compound (1) is of special interest as a
tetrahomo-8m-system, when all four mt-bonds are so arranged
that maximum interaction is guaranteed. This arrangement is
realised with the symmetrical crown (D,4) conformation. This
‘expanded cyclobutane’ is expected to manifest special con-
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formational properties, since the torsional strain and transan-
nular van der Waals repulsions, which play such a crucial rule
in determining the relative energies of the various conformers
of medium rings, will be greatly reduced.®’ This study was
undertaken to investigate the structural optimisation and con-
formational inter-conversion pathways of the cyclododecate-
traene 1 by comparing the geometries (HF/6-31G*) and
conformational energies (MP2/6-31G*//HF/6-31G*). The
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Fig.1 Calculated MP2/6-31G*//HF/6-31G* strain energy (kJ/mol) profile for ring inversion of all-trans-cyclododeca-1,4,7,10-

tetraene (1)
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results of MP2/6-31G*//HF/6-31G* calculations are used in
the conformational energies discussions below.

Results and discussion

Altogether seven geometries were found important for a
description of the conformational features of all-trans-
cyclododeca-1,4,7,10-tetraene (1). Four of these geometries
correspond to energy minima and three are one-dimensional
energy maxima (saddle points or transition states) as shown in
Fig. 1 and Tables I and 2. Based on the relative orientations of
the double bonds in compound 1, the three energy-
minimum conformations can be classified as parallel-parallel,
parallel-crossed, and crossed—crossed (see Fig. 1). The most
stable conformation of 1 is the symmetrical crown (D,g)
geometry of the parallel-parallel family, which is 7.8 kJ/mol
more stable than the best conformer (twist-chair, TC, C;) of
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the parallel-crossed family. The most stable conformation of
the crossed—crossed family is the C;-symmetric twist® form
which is 3.7 kJ/mol less stable than the global energy-
minimum conformation. The C,-symmetric twist geometry of
the crossed—crossed family is calculated to be 14.7 kJ/mol less
stable than the crown conformation. Conformations crown,
twist (C;), and twist-chair are important because they are
expected to be significantly populated at room temperature.
As the axial symmetrical twist form is 14.7 kJ/mol higher in
energy than the crown conformation, it is not expected to be
significantly populated at ambient temperature, unless the cal-
culations are rather seriously erroneous (see Fig. 1).

The simplest conformational process, and the one with the
lowest barrier, is the degenerate interconversion of the crown
conformation with itself via intermediates such as twist (C;),
twist-chair and twist (C,) geometries (Fig. 1). If this process is

Table 1

Calculated heats of formation (/kJ/mol), total and zero-point vibrational® energies (Hartree), relative energy (including

zero-point energy/kJ/mol) and structural parameters of energy-minimum conformations of all-trans-cyclododeca-1,4,7,10-

tetraene (1)

Feature Crown, D,y Twist, G Twist-Chair, C, Twist, C,
AM1 ab initio AM1 ab initio AM1 ab initio AM1 ab initio
AHY 202.7 202.9 202.1 199.6
AAH¢ 0.6 0.8 0.0 2.5
HF/6-31G*//HF/6-31G* -463.633091 -463.631034 -463.629746 -463.625779
MP2/6-31G*//HFI6-31G* —-465.165137 -465.163737 -465.162187 -465.159054
ZPE 0.264737 0.264522 0.264369 0.264765
EoP 0.0 4.9 7.9 19.3
el 0.0 3.7 7.8 14.7
ro 1.336 1.319 1.337 1.319 1.336 1.323 1.337 1.320
I3 1.494 1.516 1.493 1.516 1.493 1.512 1.494 1.528
N 1.494 1.516 1.493 1.516 1.492 1.512 1.490 1.518
I1s 1.336 1.319 1.337 1.319 1.337 1.323 1.337 1.320
I'sg 1.494 1.516 1.493 1.519 1.494 1.514 1.494 1.517
Is7 1.494 1.516 1.493 1.519 1.492 1.510 1.490 1.514
ryg 1.336 1.319 1.337 1.319 1.337 1.323 1.337 1.320
Igg 1.494 1.516 1.493 1.516 1.494 1.523 1.494 1.528
10 1.494 1.516 1.493 1.516 1.492 1.512 1.490 1.518
ro11 1.336 1.319 1.337 1.319 1.336 1.323 1.337 1.320
112 1.494 1.516 1.493 1.519 1.494 1.514 1.494 1.517
21 1.494 1.516 1.493 1.519 1.492 1.514 1.490 1.514
6123 123.2 124.6 123.1 126.3 123.0 124.9 122.2 124.0
6234 105.4 105.5 105.8 105.2 105.5 111.8 107.5 111.7
0345 123.2 124.6 123.3 126.2 123.7 123.9 124.3 122.7
Ous6 123.2 124.6 123.1 122.9 122.5 123.9 122.3 125.6
0567 105.4 105.5 105.9 107.8 106.1 106.3 107.4 103.9
G678 123.2 124.6 123.3 122.8 123.8 123.4 124.3 127.9
689 123.2 124.6 123.2 126.3 122.5 123.4 122.3 124.0
65910 105.4 105.5 105.8 105.2 106.6 106.3 107.4 111.7
91011 123.2 124.6 123.1 126.2 123.9 123.9 124.3 122.7
6101112 123.2 124.6 123.2 122.8 122.6 123.9 122.3 125.6
611121 105.4 105.5 105.7 107.8 106.1 106.4 107.4 103.9
61212 123.2 124.6 123.3 122.8 123.6 123.9 124.3 127.9
01234 -160.3 -158.1 -160.8 -159.8 -161.2 -161.8 164.1 162.3
92345 93.4 96.7 91.8 84.4 93.8 93.7 -55.0 -26.8
03456 -93.4 -96.7 -93.7 83.9 -95.5 -93.7 -87.0 -76.5
D567 160.3 158.1 161.1 -159.7 161.0 161.4 164.0 158.8
5678 -93.4 -96.7 -77.6 88.6 -67.5 -68.4 -55.6 -84.4
D789 93.4 96.7 -79.4 -88.1 -83.1 -82.4 -87.7 -98.5
078910 -160.3 -158.1 161.1 159.8 161.9 161.8 164.1 162.3
0891011 93.4 96.7 -92.6 -84.4 -65.1 -68.5 -55.6 -27.0
09101112 -93.4 -96.7 92.9 -84.1 -83.5 -76.5
91011121 160.3 158.1 -160.9 159.7 162.4 162.2 164.0 158.8
0111212 -93.4 -96.7 78.8 -88.6 -81.5 -82.3 -55.4 -84.4
912123 93.4 96.7 79.3 88.1 101.5 102.1 -88.3 -98.6

a Zero-point vibrational energy is scaled by a factor of 0.9135 to eliminate known systematic errors in calculation.
b Relative energy with respect to the most stable conformation from HF/6-31G*//HF/6-31G* calculations.
¢ Relative energy with respect to the most stable conformation from MP2/6-31G*//HF/6-31G* calculations.
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fast the time-averaged symmetry of the crown conformation
becomes Dy, which is the maximum symmetry allowed by
the chemical structure of 1.

Interconversion of the crossed—crossed and parallel—crossed
families of 1 can take place by swivelling of one of the double
bonds through the unsaturated bridge.® Thus, the twist (C;)
conformer can be converted into the twist-chair form via a
sterically congested unsymmetrical transition state. The calcu-
lated strain energy!? for this process is 28.3 kJ/mol. The swiv-
elling barrier for interconversion of the twist-chair and twist
conformers is 36.1 kJ/mol above the crown conformation.

Having found the conformational transition states and inter-
mediates for ring inversion of 1 (see Fig. 1), we still need to
determine whether the lowest path is found. Since the poten-
tial energy surface is highly multidimensional, it is not possi-
ble to explore all possibilities, but we have carried out

sufficient calculations to feel confident that the lowest path, or
something close to it, has been obtained.

Selected geometrical data for various geometries of 1 are
given in Table 1. The comparison of bond lengths and bond
angles shows fairly small differences. The internal angles are
close to the unstrained values in energy-minimum conforma-
tions, but are fairly deformed in the swivelling part of the mol-
ecule.

In summary, HF/6-31G* calculations provide a picture of
conformations of all-frans-cyclododeca-1,4,7,10-tetraene (1)
from both structural and dynamic points of view. Compound
1 is predicted to exist as a mixture of three conformations,
namely crown (D), twist (C;) and twist-chair (C;). Ring
inversion in 1 takes place via twist (C;), twist-chair and twist
(C,) intermediates and requires about 36.1 kJ/mol. It would be
valuable, of course, to have direct structural data on 1 for com-
parison with the results of the ab initio calculations.

Table 2 Calculated heats of formation (kJ/mol), total and zero-point vibrationala energies (Hartree), relative energy (including
zero-point energy kd/mol) and structural parameters of transition-state geometries of all-trans-cyclododeca- tetraene (1)

Feature (Crown=Twist, C)*, C, (Twist, C; =TC)*, C; (TC=Twist, C,)*, C
AM1 ab initio AM1 ab initio AM1 ab initio
AH? 232.2 224.9 227.7
AAHf 30.1 22.8 25.6
HF/6-31G*//HF/6-31G* -463.618326 -463.618912 -463.615774
MP2/6-31G*//HF/6-31G* -465.153822 -465.153576 -465.151393
ZPE 0.264661 0.264662 0.264727
EolP 38.6 37.1 45.5
ol 29.7 28.3 36.1
s 1.338 1.321 1.337 1.319 1.333 1.319
rs 1.497 1.529 1.493 1.531 1.501 1.536
3 1.493 1.521 1.493 1.513 1.491 1.514
s 1.333 1.321 1.337 1.321 1.339 1.322
Ise 1.496 1.5622 1.493 1.518 1.493 1.522
rs7 1.490 1.514 1.493 1.521 1.490 1.517
g 1.337 1.321 1.337 1.321 1.337 1.319
Igg 1.493 1.521 1.493 1.524 1.499 1.534
910 1.493 1.5625 1.493 1.515 1.490 1.514
o1 1.338 1.321 1.337 1.321 1.341 1.320
1112 1.493 1.521 1.493 1.525 1.502 1.520
Mo 1.494 1.518 1.493 1.526 1.489 1.525
6123 120.3 123.1 123.1 124.8 119.1 120.5
6234 105.5 105.6 105.8 107.9 111.4 111.4
6345 131.0 125.1 123.3 124.3 125.6 125.2
Oss6 123.0 122.1 123.1 125.9 122.7 124.6
Os67 114.7 104.1 105.9 103.5 109.5 106.1
Os7s 123.6 134.6 123.3 126.9 124.1 128.3
6759 125.9 121.3 123.2 120.4 123.5 124.4
08910 106.1 112.8 105.8 105.5 106.2 109.8
691011 122.8 124.1 123.1 134.2 125.4 124.2
6101112 124.6 125.8 123.2 120.9 119.5 122.6
611121 103.1 106.9 105.7 111.9 105.2 67.7
01212 123.8 127.3 123.3 125.3 134.2 134.7
01234 144.9 162.3 -160.8 -162.1 178.5 -177.1
D23a5 -70.8 —77.4 91.8 102.7 12.0 28.1
(3456 179.5 100.8 -93.7 -95.8 -104.1 -89.6
Dase7 174.0 -148.1 161.1 160.5 166.4 159.0
95678 -9.5 75.2 -77.6 -79.2 -52.2 -77.0
Pe789 61.9 174.1 -79.4 -82.6 -85.2 -101.9
Dr18910 -163.7 174.5 161.1 148.2 167.1 164.8
P891011 105.8 14.6 -92.6 -64.1 -64.6 -32.8
99101112 711 -83.0 92.9 -173.8 -87.8 -85.2
D1011121 -159.3 161.4 -160.9 -175.5 149.5 149.7
P111212 92.2 -82.1 78.8 -13.2 -54.2 -76.3
D12123 -101.1 —-92.1 79.3 92.6 -166.7 -172.3

a Zero-point vibrational energy is scaled by a factor of 0.9135 to eliminate known systematic errors in calculation.
b Relative energy with respect to the most stable conformation from HF/6-31G*//HF/6-31G* calculations.
¢ Relative energy with respect to the most stable conformation from MP2/6-31G*//HF/6-31G* calculations.



Computational details

Semiempirical calculations were carried out using the AMI1
method!! with the MOPAC 6.0 program package.'?!3 Energy-
minimum geometries were located by minimising energy,
with respect to all geometrical coordinates, and without
imposing any symmetry constraints. The geometries of the
transition states for conformational interconversion of the
equilibrium structures were obtained using the optimised
geometries of the equilibrium structures according to pro-
cedure of Dewar ef al.'* (Keyword SADDLE).

The AMI results were used as input for the ab initio mole-
cular orbital calculations, which were carried out using the
GAUSSIAN 98 program.!5 Geometries for all structures were
fully optimised by means of analytical energy gradients by
Berny optimiser with no geometrical constraints.!® The
restricted Hartree—Fock calculations with the split-valence 6-
31G* basis set which include a set of d-type polarisation func-
tions on all non-hydrogen atoms were used in these
calculations.!” Single point energy calculations at MP2/6-
31G*//HF6-31G* level were used to evaluate the electron cor-
relation effect in the energies and order of stability of
conformers.

Vibrational frequencies were calculated at the 6-31G* level
for all minimum energies and transition states, which were
confirmed to have zero and one imaginary frequency, respec-
tively. The frequencies were scaled by a factor of 0.91!8 and
used to compute the zero-point vibrational energies.

Theoretical calculations provide energy differences and
structural parameters for isolated molecules at 0 K. Therefore,
theoretical calculations are not expected, in principle, to
reproduce the experimental values quantitatively.!'?
Nevertheless, it is possible to carry out ab initio calculations
at the Hartree—Fock level, from which many properties and
structural features can be obtained with an accuracy that is
competitive with experiment.?0-22 Since the theoretical results
are free from intermolecular interferences, they are a valuable
tool for a systematic study of conformational effects in simple
organic molecules.
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