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amounts of only one chair conformation. In
VII, however, the vicinal coupling constants
spanning from 3.1 to 8.4 Hz, appear to be
time-averaged values resulting from an equi-
librium between B and C in which C pre-
dominates.

Again the axial methyl proton signals appear
at lower field than the corresponding equatorial
methyl signals. The methyl signal of V (Fig. 1)
clearly demonstrates that axial and equatorial
methoxy substituents at arsenic give rise to
different stereo-specific substituent effects.

Experimental. H’he 60 MHz NMR spectra of
the eight compounds were examined in benzene
solutions (ca. 50 % v/v for the liquid com-
pounds). A small amount of TMS was added
and used as internal standard and lock signal
source. The spectra were run at ambient probe
temperature (ca. 30 °C) on a JEOL-C-60H
spectrometer.
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Conformational Energies and
Conversion Barriers for Cyclononane
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A novel approach to semiquantitative calcula-
tions of conformational energies of C,~C,
cycloalkanes has been suggested by Dale.! The
method is based on the reasonable assumptions
that the bonding energies are of minorimportance
and that the main part of the non-bonded
interactions can be included in the torsional
potentials. According to Dale, cyclononane has
three conformations which he denoted [333] (D,
symmetry), [234] (C,) and [12222] (C,) ¢f. Fig.
1). He found [333] to be the most stable form,
[234] and [12222] were found to be 1.4 and 2.8
kecal mol™ less stable, respectively. We used
these results as a starting point for the present,
more accurate calculation. Results for an addi-
tional conformation with C, symmetry con-
sidered by Bixon and Lifson,? are also included.

The conformational energies were calculated
according to the method first applied by
Westheimer,® and later used by many others in
various versions.*® A combination of the stee-
pest-descent and the Newton-Raphson method
was used to obtain the energy minima. The
computer program was written by one of us
(8.R.) in FORTRAN EXTENDED for CYBER
74. A subroutine for calculating the dependent
structural parameters for the molecule must be
provided.

For cyclononane we used the cartesian coor-
dinates for the carbon atoms as independent
parameters. The van der Waals energy was
calculated as described by Eliel et al.* with the
necessary constants from their book (g 452).
The intrinsic barrier to torsion about a CC bond
was given the value 2.65 kcal mol.* The CCC
angle was assigned the normal value 112° and
the bending force constant 1.086 mdyn A
rad—2%!° The normal value and the stretching
force constant for a CC bond were taken as
1.535 A and 4.534 mdyn A—1.2 The CH bond
lengths and the HCH angles were kept at the
fixed values 1.113 A and 112°. The planes
through HCH were assumed perpendicular to the
planes through CCC, bisecting the CCC angles.
No symmetry restrictions were imposed on the
models during the minimalization. The iteration
procedure was terminated when the absolute
value of the shifts in the independent parameters
were less than 10-2 A,

Table 1 gives the calculated conformational
energies and the corresponding torsional angles
and bond angles. Results obtained by Dale and
by Bixon and Lifson are also included. The
agreement is quite good. As in previous calcula-
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[12222]

Fig. 1. The conformations found for cyclononane.!*

tions %% we get the lowest energy for the [333]
form. Our results indicate that the [12222] form
is slightly more stable than the [234] form,
while Dale obtained a lower energy for the
[234] form. The *C NMR spectrum of cyclo-
nonane is consistent with D, symmetry for the
most stable form,’! and evidence for small
amounts of other conformers has also been
obtained.!?

In a second paper® Dale has dealt with
interconversions in cycloalkanes. The reasonable
path for the interconversion of [333] forms is
[333]—>[284]—+[234] (mirror image)->[333].
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The corresponding energy profile was com-
puted. The path linking [333] and [234] was
obtained by letting the torsional angle ¢, ; pass
through zero. Similarly, going from [234] to its
mirror image implies that ¢, , passes through
zero. The energies and structural parameters
corresponding to the transition states [1233]
and [1323] are included in Table 1. The energies
are seen to be in good agreement with those
calculated by Dale, though there are consider-
able differences in torsional angles and bond
angles.
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Table 1. Conformational energies (kcal mol!) and corresponding torsional and CCC bond angles (degrees)
in cyclononane. The CC bond lengths obtained were in the range 1.538— 1.554 A.

[333] [234] [12222] 0, [1233] [1323]
Ref. 1 Ref. 1 Ref. 1 Ref. 2 Ref. 1 Ref. 1
1-24 128 135 58 65 68 75 —65 —63 92 110 64 80
2-3 -57 56 51 50 —73 -85 120 121 0 0 52 45
3—-4 —57 —556 —131 —140 —48 —45 —74 —77 102 —95 -—137 —150
4—5 128 135 110 115 105 110 87 86 122 145 82 95
5—6 —87 - —56 —41 —40 —92 —100 —123 —120 —47 —65 0 0
67 —-67 -85 —B50 —055 105 110 87 86 —48 —40 —82 -95
7-8 128 135 137 150 —48 —46 —74 —T4 140 130 137 150
8—9 ~67 —66 —b52 —456 —43 -8 120 121 -—67 —56 —b52 —45
9—1 —67 -85 —70 —85 68 7% —65 —67 -—60 —60 —64 —80
9—-1-2% 113.7 ¢ 116.9 ¢ 1182 ¢ 1138 113 1208 ¢ 1175 ¢
1-2-3 113.7 117.3 116.1 113.0 113 1204 115.0
2—-3—4 1149 115.1 117.6 1148 114 1134 113.3
3-4-5 1137 113.1 115.2 1146 115 114.6 118.2
4-5—-6 113.7 114.7 115.4 114.6 115 114.3 118.2
6—6-7 1149 116.4 115.4 1146 116 113.6 113.3
6—-7—8 113.7 113.9 115.2 114.6 115 112.2 114.9
7—-8-9 1137 114.3 117.6 1148 115 114.2 117.5
8—-9~1 1149 117.4 116.1 113.0 113 1141 116.7
ES 0.15 0.22 0.17 0.08 0.28 0.26
Eg* 1.08 2.85 4.24 1.15 4.16 4.26
By 7.72 8.32 7.29 10.91 11.46 8.81
EgE —5.49 —4.57 —5.38 —6.20 —4.76 —~4.46
By 3.43 6.82 6.31 5.85 11.14 8.87
AR 0.0 0.0 339 14 289 2.8 242 311 771 8.6 544 5.6

4 Torsional angles. ¥ CCC bond angles. ¢ Dale assumed tetrahedral bond angles. 4 Bond stretching energies.
¢ Bond angle strain energies. / Torsional strain energies. § Van der Waals energies. # Total energies. * Con-
formational energies above the value for the [333] form.,
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