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An Electron Diffraction Investigation of the Molecular
Structure of Bicyclopropyl with Vibrational Amplitudes
Calculated from Spectroscopic Data
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The molecular structure of bicyclopropyl has been reinvestigated
by the gas electron diffraction method. Root mean square amplitudes
of vibrations for various conformations have been calculated from
spectroscopic data and the resulting w-values which are dependent
on the dihedral angle of the central carbon carbon bond were applied
in least squares refinements of the intensity data.

The results are in accordance with a conformation composition
of about equal parts of trans and gauche conformers. The experi-
mentally determined geometrical parameters are the following.
r(C—H): 1.103 A; 7(C,—C,): 1.499 f 7(Cy —Cy): 1.507 A; £ C,C,Cqt
120.9°; £ H,C,C,: 110.5°; £ HCH: 110.5% the gauche dihedral angle:
48.7°. The bond distances are given as 74(1)-values.

Bicyclopropyl was investigated in 1965 by Liittke et al. using infrared and
Raman spectroscopy. They found that the molecule assumes a centrosym-
metric trans conformation in the solid state, while other conformations are in
equilibrium with the trans conformation in liquid phase. Bastiansen and de
Meijere ! performed an electron diffraction investigation of the bicyclopropyl
molecule in the gas phase at about the same time. They concluded that bi-
cyclopropyl in gas phase exists both in trans and gauche conformations and that
both conformers exhibit extended torsional motions around the central carbon
carbon bond. At about the same time Eraker and Remming ? did an X-ray
diffraction study of bicyclopropyl in the solid state and found the central
CC bond length to be considerably smaller than the other CC bonds (1.487 A
vs. 1.501 A and 1.510 A). As Bastiansen and de Meijere did not distinguish
the central CC bond from the other CC bonds and they also expressed doubts
concerning the large torsional amplitude of the frans conformer, it was of
interest to reinvestigate the molecular structure of bicyclopropyl.
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EXPERIMENTAL PROCEDURE

The sample of bicyclopropyl used in the present investigation was provided by Pro-
fessor W. Liittke, Gottingen, Germany. The electron diffraction pattern from the gas
was recorded on a Balzers Eldigraph KDG 2 at room temperature. Exposures were made
at nozzle to photographic plate distances of 50 cm and 25 cm. Four apparently faultless
plates were photometered and the data processed in the usual way.® The resulting molec-
ular intensity function extended from s=1.25 A1 to 8=30.50 A-l. s=(4x/1)sin(6/2)
where 4 is the electron wavelength (determined by diffraction from gaseous CO,) and 0
is the diffraction angle.

In order to obtain intensity data at higher s-values, exposures were also made at the
Oslo electron diffraction unit ® at a nozzle to photographic plate distance of about 19 cm.
The additional experimental data gave intensity values out to s=44.0 A-1, The modified
experimental molecular intensity function is shown in Fig. 5. The intensity data in the
outer s-range contain a large amount of noise.

Theoretical intensity functions were calculated from:

exp (— duy’s?)

i i in (R
sM(s) = z u%{’l(f)]cos [mi(s) — ”j('ﬂ]%
i#j

The sum extends over all atom pairs 1,j in the molecule. R;; is the internuclear distance,
u;; the root mean square amplitude of vibration. fi(s)=|fj(s)lexp(in;(s)) is the complex
atomic scattering factor of atom j.

Radial distribution functions were calculated by Fourier inversion of experimental
and theoretical intensity curves after multiplication with the artificial damping function
exp(—ks?).

STRUCTURE ANALYSIS

A molecular model of bicyclopropyl is shown in Fig. 1 which also gives
the numbering of the atoms. An experimental radial distribution function is
presented in Fig. 6. The peak at 1.1 A corresponds to the C— H bond distances,
while the peak at about 1.5 A contains contributions from the C—C bond dis-
tances. The peaks at about 2.2 A and about 2.6 A correspond to nonbonded
distances between carbon and hydrogen atoms and between two carbon atoms
over one bond angle, respectively. All these peaks contain contributions from
distances that are independent of the dihedral angle at the central carbon car-
bon bond. The conformation of the molecule must therefore be studied in the
outer part (r>2.8 A) of the radial distribution function. In accordance with
Bastiansen and de Meijere’s results ! refinements were first carried out on a
model with a mixture of -trans and gauche conformers with assumed torsional

Fig. 1. Bicyclopropyl. Molecular model
which shows the numbering of the atoms.
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movements around the central CC bond. It was first assumed that both trans
and gauche conformers had Gaussian distribution around equilibrium dihedral
angles. In order to describe the torsional motions a series of molecular models
with different dihedral angles was calculated. Each model was given weight
in accordance with the assumption of a Gaussian distribution. The dihedral
angle of the frans conformer is given by the symmetry of the molecule (180°),
while the equilibrium gauche dihedral angle had to be determined. The com-
puter (UNIVAC 1107) had a maximum storage capacity which made it possible
to include fifteen single structures, and ten trans structures and five gauche
structures were included in the following calculations.

If the carbon carbon bonds within the cyclopropyl groups are assumed to be
the same and all carbon hydrogen bond lengths are assumed to be equal, the con-
formations and geometry of the bicyclopropyl molecule are determined by ten
parameters. These include three bond lengths (C—H, C,—C,, C,—C;), three
bond angles (/ HCH, / C,C,H,, / C,C,C,), the equilibrium gauche dihedral
angle (/ ), the half widths of the trans and gauche Gaussian distributions (/ g
and / é), and finally the relation between frans and gauche conformers.

In order to calculate theoretical intensity functions it is necessary to know
the vibrational amplitudes (u;) in the molecule. At the beginning it was as-
sumed that the u-value for a particular distance (e.g. C;C;) was independent of
the C, — C, dihedral angle and therefore the same in all fifteen single structures.

Preliminary u-values were assigned by using the results from Bastiansen
and de Meijere’s! study and experimental data obtained for other similar
molecules.3,"?

The molecular structure was then refined by least squares calculations on
the intensity data using a diagonal weight matrix.> The half-widths of the
trans and gauche Gaussian distributions and the parameter determining the
conformation composition could not be refined in the least squares calculation.
A combined trial and error and least squares method was therefore applied,
in order to determine these parameters. The bond lengths and bond angles
were refined in least squares calculations, while the other parameters were kept
constant. In each run one of the constant parameters was changed slightly
and in this way each of these were varied systematically in their expected
range of values. The parameter in question was then determined on the criteria
of minimum square error sum and smallest standard deviation values for the
refined parameters. This method did not, however, give unambiguous results
for the torsional motions around the ¢rans conformation. Best correspondence
between theoretical and experimental functions was obtained for remarkably
large values of the trans torsional amplitude, but it was not possible to deter-
mine the halfwidth of the assumed Gaussian frans distribution accurately.
The results based on this model showed that the distributions of frans and
gauche conformers overlapped to a considerable extent. The results might
therefore indicate that there were almost free rotation around the central
carbon carbon bond in a remarkably large angle interval. This indication,
however, did not agree with the potential curve that Bastiansen and de
Meijere ! calculated for the nonbonded hydrogen hydrogen interactions as
functions of the C,—C, dihedral angle. Their calculations gave a potential
barrier of around 2 kcal/mol between trans and gauche conformations,
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Fig. 2. Bicyclopropyl. Calculated van der Waals potential energy functions for the

nonbonded interatomic interactions. Only contributions from distances that are dependent

on the C;—C, dihedral angle are included. Potential formulae according to: A, Jacob
et al.;* B, Hendrickson;"! C, Hill.}

To see if this picture changes when all nonbonded van der Waals interac-
tions were included, the van der Waals potential function for the H...H,
C.--H, and C...C nonbonded interactions were calculated according to Hill’s 10
formulae:

E, = ¢(— 2.25¢7% + 8.28 x 10° exp (— «/0.0736)
where « = r/(r,* 4 r,%), ry* =1.20 A, r* =170 A
&y...y =0.042 kcal/mol, e....;;=0.067 kcal/mol, é&.....=0.107 kecal/mol.

Only nonbonded distances that are functions of the C,—C, dihedral angle
were included in the calculation. The resulting van der Waals potential energy
function is shown in Fig. 2C. The potential barrier between ¢rans and gauche
conformations is here found to be only about 0.4 kcal/mol. The calculations
also gave the lowest energy for gauche conformation, in contrast to the results
obtained by Bastiansen and de Meijere.! Because of these discrepancies it was
necessary to calculate the van der Waals potential function by other expressions
than that given by Hill.10

Fig. 2, A and B, shows van der Waals potential energy functions calculated
according to energy expressions given by Jacob et al’? and by Hendrickson. 1!
The formulae given by Jacob et al.!? are the following:

E, . 4= 6.591 x 10° exp(— 4.08r) — 49.2/r8
E.. 4= 4471 x 10* exp(— 2.04r)/r6 — 124.9/r6
E.. .= 2.993 x 10512 — 325.2/r8

The expression for the H...H interaction is approximately the same as that
used by Bastiansen and de Meijere.l
Hendrickson’s ! expressions for the van der Waals energy are:

Ey =23 x10% exp(— 3.6r) — 49.2/r8
E.. = 4012 x 10® exp(— 3.4r) — 125/r8
E_...=10x 10 exp(— 3.2r) — 325/r8
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The potential functions calculated by Jacob’s and by Hendrickson’s
expressions (Fig. 2, A and B) were quite similar, but the energy barrier be-
tween trans and gauche conformations is somewhat lower when Hendrickson’s
energy formulae are employed.

The application of three different van der Waals energy expressions for
calculation of the potential energy does therefore yield three different potential
energy functions. If only the van der Waals contribution to the conformational
energy is considered one should expect almost free rotation around the central
CC bond according to Hill’s 1 formulae. Based on the other two potential
functions one should expect a mixture of gauche and trans conformers with
almost free rotation over a large range around frans conformation and also
with torsional motions around gauche conformation.

If in addition the torsional conformational energy is considered, whose
energy contribution may be expected to have minima at dihedral angles of
60°, 180°, and 300°, the maxima in the potential functions at about 75° and
285° will be somewhat reduced.

The obtained van der Waals potential energy curves combined with the
difficulties in establishing a Gaussian distribution of the ¢rans conformer in
the molecular model studied made it reasonable to test other molecular models
of bicyclopropyl with different conformation relations. In one of these models
free rotation over a very wide range around ¢rans conformation was assumed.
The other model was based on a mixture of trams and gauche conformers.
The latter was assumed to be Gaussian distributed around an equilibrium
gauche dihedral angle, while the trans conformation distribution was assumed
to be described by a potential well. This last model is in accordance with the
results obtained by Bastiansen and de Meijere.!

These two models were refined by least squares calculations, and the
combined trial and error and least squares method was applied in order to
study the distribution of the conformers and the conformation composition.
The root mean square amplitudes of vibrations for the bond distances could be
refined directly in the least squares calculations, while u-values for the non-
bonded interatomic distances had to be assumed.

The correspondence between experimental and theoretical radial distribu-
tion functions were not satisfactory for »>2.8 A for results obtained for any
one of the two models. There also appeared to be a high degree of coupling
between the CC bond distances and the C,C,C; bond angle. In addition it
was observed that the relation between the C,-—-C, and C,—C; bond lengths
was dependent on several of the vibrational amplitudes for the nonbonded
internuclear distances that could not be determined from the electron diffrac-
tion data. To arrive at an unambiguous conclusion about the molecular struc-
ture it was therefore necessary to obtain information about the root mean
square amplitudes of vibrations for the nonbonded interatomic distances.
It was not unreasonable to assume that some of the difficulties involved were
due to invalidity of the assumption that the u-values were independent of the
torsional motions around the central carbon carbon bond.

It is possible to calculate the molecular vibrational amplitudes if the
frequencies of vibrations are known. Vibrational frequencies observed by de
Meijere and Liittke ¥ were applied in order to establish an approximate force
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Fig. 3. Bicyclopropyl. Calculated root mean square amplitudes of vibration for the
carbon carbon nonbonded interatomic distances that are dependent on the C,—C,
dihedral angle.

field for bicyclopropyl. This force field was then used to calculate the mean
amplitudes of vibrations for the molecule. In the calculations it was assumed
that the force constants for the vibrations were independent of the C,—C,
dihedral angle. This approximation is insignificant compared to the assumption
made above about constant root mean square amplitudes of vibrations for
distances that vary with the C, — C, dihedral angle. We believe that the cal-
culated mean amplitudes are quite reliable, as it is well known 14 that even large
errors in the force constants affect the calculated mean amplitudes to only
minor extents. The results of the calculations are listed in Table 1, while Figs. 3
and 4 show calculated u-values for the carbon carbon distances and some of the
carbon hydrogen distances, respectively, as functions of the C, —C, dihedral
angle. The figures demonstrate convincingly that the assumption about
constant root mean square amplitudes for nonbonded distances that are con-
formation dependent is invalid.

The u-values for the bond distances determined by least squares refine-
ments were in good agreement with those obtained in the calculation from
spectroscopic data. The observed u-value for the C,—C, distance from least
square refinements is for example 0.0476 A, while the spectroscopic calcula-
tions give 0.0485 for this parameter. The agreement for the other bond distances
is of the same order of magnitude. The u-value for the C,C; distances was also
determined from the least squares calculations (0.0710 A).

In the further refinements the experimentally obtained u-values for C—H,
C,—C,, C3—C,, and C,C, distances were applied while the spectroscopically
calculated vibrational amplitudes were used for the other interatomic dis-
tances. Introduction of the calculated varying vibrational amplitudes led to
striking improvements in the least squares calculations for the model with a
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Fig. 4. Bicyclopropyl. Calculated root mean square amplitudes of vibration for some of
the carbon hydrogen nonbonded interatomic distances that are dependent on the C, —C,
dihedral angle.

mixture of trans and gaucke conformations. The agreement between experi-
mental and theoretical radial distribution functions for r>2.8 A was also
very much better in this case. At this stage it could be clearly decided that a
model including only the trans conformer, but with a large freedom of torsional
motion around trans conformation, was inferior to the one with a mixture of
gauche and trans conformers and was therefore rejected.

It was also at this stage necessary to apply the combined trial and error/least
squares method in order to determine the conformation composition, the half-
width of the Gaussian distribution around gawuche conformation (/ &), the
extension of the torsional well around trans position and / H,C,C,. Table 2
shows the results from least squares refinements when the conformation com-
position is varied systematically.

FINAL RESULTS

Bicyclopropyl is found to exist as a conformation mixture at room tem-
perature with about 47.5 9 trans conformer and about 52.5 %, gauche con-
former. The trans contribution is distributed in a large region ( +100°) around
the equilibrium ¢rans dihedral angle and the governing potential may be
approximated as a square well. The gauche contribution may be described as
a Gaussian distribution around an equilibrium gauche dihedral angle of 48.7°.
The root mean square amplitudes of vibrations in the molecule are calculated
from spectroscopic data for increments in the C; —C, dihedral angle of 15°,
and are listed in Table 1. Some of the calculated u-values are shown in Figs.
2 and 3 as functions of the C, —C, dihedral angle.
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Fig. 5. Bicyclopropyl. Experimental ( ) and theoretical (— — —) molecular
intensity functions and the differences between them.

The experimentally determined parameters for bicyclopropyl are presented
in Table 3. Fig. 5 shows the experimental molecular intensity function together
with the theoretical sM(s)-function calculated from the parameters listed in
Tables 1 and 3. The corresponding radial distribution functions are shown in
Fig. 6.

1 L " 1 " 1 1 1

10 20 30 40 'r,A

Fig. 6. Bicyclopropyl. Experimental ( ) and theoretical (— — —) radial distribu-
tion functions and the differences between them.
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Table 3. Bicyclopropyl. Experimentally determined molecular parameters and standard
deviation values, as resulting from least squares refinements of the molecular intensities.

Distance Mult. rg(1), A a(rg(1)), A u, A a(u), A
C-H 10 1.1034 0.0020 0.0766 0.0017
C,-C, 1 1.4993 0.0156 0.0485
C,—~C, 6 1.5069 0.0026 0.0476 0.0007
Angles Degrees o
£.C,CyCy 129.89° 1.0°
/,H,C,C, 110.5° @
b 48.74° 7.3°
L H,C;Hy 116.14° 0.9°
VA +100.0° a
£ 156.0° a

47.5 20 A (trans conformation).
52.5 Y%, B (gauche conformation).

4 No standard deviation values can be given for these angles (see text). ® /« represents the
angle corresponding to the gauche potential minimum. ¢ / f gives the extension of the torsional
well around ¢rans conformation. ¢ / ¢ represents the root-mean-square amplitude for Gaussian
distribution in gauche conformation.

DISCUSSION

From Fig. 6 it will be seen that there are still small discrepancies between
theoretical and experimental radial distribution functions for large » values.
One possible reason is the assumption that the C,C,C; bond angle is independent
of the C, —C, dihedral angle. This assumption is probably not valid. It is also
possible that the assumption about a Gaussian potential around an equilibrium
gauche conformation is not quite valid and that another potential function in
this case would give better agreement. These uncertainties will, however, not
affect the general conclusions drawn about the bicyclopropyl molecular
structure.

The molecular parameters from three different studies are compared in
Table 4 which also lists the relevant parameters from the study of cis and
trans isomers of tricyclo[5.1.0.0%.4]-octane. The X-ray study of bicyclopropyl
gave a central carbon carbon bond length (1.478 A) that was significantly
smaller than those within the cyclopropyl groups (1.501 A and 1.510 A).
Similar results were also obtained for the tricyclo[5.1.0.024Joctane isomers
(cis: 1.454 A vs. 1.513 A, trans: 1.440 A vs. 1.509 A). The central CC bond in
bicyclopropyl is found to be smaller than those in the cyclopropyl groups also
in the present study. When the error limits are considered they can, however,
not be claimed to be significantly different.

The determination of the conformation composition is in good agreement
with what could be expected from calculations of van der Waals conforma-
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Table 4. Comparison of the structural parameters for bicyclopropyl obtained in the present

study (A) with those from Bastiansen and de Meijere’s electron diffraction study (B)

and from Eraker and Remming’s X-ray investigation (C). Molecular parameters for
trans- (D) and cis-tricyclo[5.1.0.0%*]Joctane (E) are also listed.

Parameter A¢ B Ce D4 14
C,—-C, 1.499 A 1.517 A 1.487 A 1.440 A 14564 A
C,~C, 1.507 A 1.517 A 1.501 A 1.509 A 1.513 A
Ca—C, 1.507 A 1.517 A 1.510 A 1.509 A 1.513 A
C-H 1.103 A 1.094 A 1.010 A 1.111 A 1.108 A
£.C,C5C, 120.9° 120.5° 120.0° 120.0° 120.9°
/HCH 116.1° 117.3° 113.0° 117.7° (117.2°)
/.C,C,H, 110.5° 115.2° 113.0° 115.5° (115.5°)
X 15°

W +100° + 80°

Zat 48.7° 38°

% This work. & Ref. 1. ¢ Ref. 2. 4 Ref. 3. ¢ For definition of the angles, see Table 3.

tional energies according to formulae given by Hendrickson!! and by Jacob
et all? L e

The results for the conformation composition are also in accordance with
results obtained for vinylcyclopropane,” where a conformation composition
at 75 + 6 9, trans and 25 + 6 9, gauche was determined. The electron diffraction
investigation of cyclopropyl carboxaldehyde gave, however, as results that
the gas was a mixture of about equal amounts of cis and #rans conformers.

Even with an estimated uncertainty in the conformation composition of
about 5 9, it is obvious that the trans conformation has somewhat lower energy
than the gauche conformation. The difference is small though (probably less
than 0.5 kecal/mol).
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