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The molecular structure of the cross-conjugated compound 2-ethynyl-1,3-butadi-
ene has been studied experimentally using the gas-phase electron diffraction
method, and theoretically by ab initio HF and MP2 calculations, using the
6-31G* basis set. The molecule was found to have a planar anti conformation. The
cross-conjugated C = C bond was observed to be ca. 0.01 A longer than the other
C=C bond, in agreement with the C = C bond differences calculated in the theo-
retical studies. The agreement between the observed and calculated molecular

geometry is generally excellent.

Cross-conjugation is a phenomenon that has been much
less widely studied than through-conjugation, even
though cross-conjugated compounds are not uncommon
in organic chemistry. Examples are found in quinones,
fulvenes, radialenes,' many dyestuffs, fused-ring aromat-
ics, as well as in cross-conjugated polymers (den-
dralenes).”

Among the cross-conjugated hydrocarbons 3-methyl-
ene-1,4-pentadiene (2-vinyl-1,3-butadiene) and 3-methyl-
ene-penta-1-en-4-yne (2-ethynyl-1,3-butadiene) are the
simplest ones. The former compound was thoroughly in-
vestigated a few years ago by gas-phase electron diffrac-
tion, as well as by vibrational, NMR and ultraviolet spec-
troscopy.® The cross-conjugated bond in this molecule
was observed to be slightly longer than the other CC
double bonds. The GED data revealed the presence of
only an anti,skew conformation, consisting of an anti 1,3-
butadiene fragment, with the vinyl substituent in 2-posi-
tion having a 40° dihedral angle, relative to a local s-cis
conformation (0°). When the two n-systems of 1,3-buta-
dienyl and vinyl are connected to a cross-conjugated mol-
ecule, the preferable arrangement of the combined n-sys-
tem would be compatible with a coplanar molecule. In
principle there are three possible planar conformations of
2-vinyl-1,3-butadiene (anti,anti, anti,syn and syn,syn). All
of these do, however, give rise to substantial non-bonded
repulsions, and the observed anti,skew conformation ap-
pears to be the result of a compromise between favour-
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able m-electron interactions and unfavourable van der
Waals forces.

When a 1,3-butadienyl and an ethynyl m-system are
connected to form a cross-conjugate molecule the only
possible coplanar n-system arrangements are those that
might exist in 1,3-butadiene (anti or syn). As substitution
of an ethynyl group in the 2-position of the energetically
favoured anti 1,3-butadiene conformer is not expected to
give rise to severe non-bonded repulsion, the 2-ethynyl-
1,3-butadiene molecule is expected to retain a planar anti
minimum-energy conformation. The vibrational spectra
of 2-ethynyl-1,3-butadiene in the vapour, liquid and crys-
talline state were recently studied by Priebe et al.* Their
data indicated that the molecule exists as a s-trans (anti)
conformer in all three aggregation states, although the
possibility of small amounts of a second conformer could
not be excluded.

The present study is aimed at determining the geometry
of the 2-ethynyl-1,3-butadiene molecule with highest pos-
sible precission, using experimental as well as theoretical
methods.

Electron diffraction structure study

Experimental. The title compound was prepared by py-
rolysis of 1,2-hexadien-5-yne in a flow reactor at 770 K.’
An analytically pure sample was obtained from the pyros-
ylate by preparative gas chromatography (Carbowax,
60°C). Electron diffraction diagrams were recorded with
the Oslo apparatus® using a nozzle-tip temperature of
293 K. The electron wavelength was 0.06466 A, as cali-
brated against the diffraction pattern of benzene. The
estimated uncertainty in the determination of the wave-
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Fig. 1. Experimental and theoretical molecular intensities for
2-ethynyl-1,3-butadiene and the difference curves. L.C.:
Long camera data; S.C.: short camera data. The theoretical
curve is calculated from the parameters in Tables 1 and 2.

length is 0.19;. Electron diffraction photographs were re-
corded on Kodak Electron Image plates at nozzle-to-
plate distances of 485.13 mm (6 plates) and 205.13 mm
(6 plates). The scattering ranges of the data were 1.50—
18.75 and 7.00-43.25 A ', with As increments of
0.25 A~ '. The intensity data beyond 5= 36.00 A~ ' were
not used because of their low signal-to-noise ratio. The
experimental data were treated in the usual way,” and the
modification function used was s - fc2. The scattering
amplitudes and phases were calculated® using the partial-
wave method, based upon the analytical HF potentials
for the C atoms® and the best electron density of bonded
hydrogen for the H atoms.'® The inelastic scattering fac-

tors used were those of Tavard er al.'' The experimental
molecular intensity curve is presented in Fig. 1.

Structure determination. The molecular structure of
2-ethynyl-1,3-butadiene was studied by interactive least-
squares intensity refinements. The non-bonded inter-
atomic distances of the molecular model were calculated
on the basis of r, parameters, which include corrections
for shrinkage effects.'?

Normal coordinate calculations were carried out for a
molecular model of 2-ethynyl-1,3-butadiene, yielding the
vibrational amplitudes (u;) for all interatomic distances,
as well as the perpendicular correction coefficients (K,)
necessary for carrying out a GED study, including shrink-
age corrections. The normal coordinate analysis was
based on the quantum-mechanical force field for 1,3-buta-
diene.'® The calculated vibrational frequencies were gen-
erally in good agreement with those observed.*

Even though 2-ethynyl-1,3-butadiene is a small mol-
ecule, a large number of parameters is necessary to define
its geometry. All CC bond lengths are, for example, ex-
pected to be unequal. In the present study the molecular
model was defined by 14 geometric parameters, compris-
ing five different CC bonds (C'=C", C'=C*, C*-C’,
C>-C% C=C), two CH bonds (CZSP—H and C,,—H),
three C=C-C angles (C'=C>-C?, C*-C*=C* and
C'=C2-C%), three C=C-H angles [terminal C=C-H
(except for C*=C*-H'"), C*=C*-H'"' and C*=C’-H"]
and the C' = C>~C’ = C* dihedral angle. Inherent in this
model are the assumptions of equal C,,>—H bond lengths,
of linearity of the C—C = C-H fragment and of equality of
the terminal C = C-H valence angles, with the exception

Table 1. 2-Ethylnyl-1,3-butadiene: geometric parameters obtained from GED least-squares intensity refinements and from

theoretical calculations.?

GED
VBD (GED)
R, R, HF/6-31G* MP2/6-31G* R,
Bonds
c'=c? 1.357(8) 1.350 1.328 1.352 1.349(18)
3=c* 1.342(10) 1.320 1.321 1.342 1.342(10)
cé=c*® 1.215(3) 1.206 1.188 1.223
c>-¢c3 1.418(3) 1.475 1.478 1.470 1.479(3)
c:-c® 1.433(4) 1.431 1.447 1.436
C,,—H 1.062(72) 1.032 1.057 1.067
C,,»—H 1.091(16) 1.073 1.075 1.086 1.091(3)
Bond angles
c'=c2-¢?® 122.0(7) 121.4 121.4 121.7(1.4)
c>-c3=c* 126.0(1.0) 125.7 124.6 125.2(6)
c'=c%-c® 120.0(1.1) 120.0 120.2 118.7(2.7)
C=C-H 123.0(1.0)° 121.5° 121.3°
C*=C3—H°® 120.0° 119.7 120.0
Dihedral angle
c'=c*>-c3*=c* 180.0° 180.0° 180.0°

o

? Distances are in A, angles are in

and 20 values are in parentheses. Relevant parameters determined for 2-vinyl-1,3-

butadiene (VBD)? are shown for comparison. ° The terminal C=C—H angles are assumed to be equal. ° Fixed.
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Table 2. 2-Ethynyl-1,3-butadiene: calculated and observed vibrational amplitudes and the standard deviations.®

Ra/Ab obs/A calc/A Ra/A obs/A u(:tak:/A
C'=C?(1.357) 0.039 0.042 C®:-H (2.69) 0.082 0.096
c®=Cc*(1.342) 0.039 0.042 C®--H" (2.77) 0.165 0.180
C=C(1.215) 0.033; (2) 0.036 c'--H® (2.66) 0.120¢ (20) 0.135
c>—C3®(1.481) 0.045 0.048 c3--H® (2.76) 0.082 0.097
02—05 (1.433) 0.043 0.046 c2--H' (2.89) 0.121 0.136
c'-Cc%(2.41) 0.060 0.061 c®--H® (3.41) 0.195 0.135
Cc'-c3(2.48) 0.059 0.061 c3--H (3.47) 0.195 0.135
C? - C*(2.50) 0.060; (2) 0.062 c® - H’ (3.55) 0.163] (31) 0.103
c3-c®(2.50) 0.063 0.065 C2 - H' (3.48) 0.158 0.098
C? - C%(2.64) 0.049 0.050 c®--H® (3.42) 0.161 0.100
c* - €5(2.93) 0.085  (6) 0.104 C? .- H"? (3.68) 0.146 0.086
c'--Cc%(3.51) 0.081 0.078 c®--+H'° (4.01) 0.115 0.126
c3--C®(3.58) 0.086 0.083 C*---H® (4.06) 0.096} (23) 0.106
c' .- c*(3.70) 0.066 ( (4) 0.063 c'--H'" (4.20) 0.123 0.134
c*--c%(3.71) 0.149 0.146 C'---H" (4.50) 0.111 0.120
C®-H (1.086) 0.072 0.074 ct---H® (4.56) 0.156 0.165
C'-H (1.09) 0.075} (4) 0.077 Cc' - H'° (4.58) 0.100 0.109
C3—H(1 09) 0.075 0.077 c*---H (4.62) 0.1271 (13) 0.135
c* - H%(2.12) 0.101 0.098 c*---+H? (4.53) 0.199 0.207
Cc?-H'°(2.13) 0.101 0.098 c3®---H'? (4.56) 0.117 0.126
c2-H7 (2.15) 0.101| (7) 0.098 cé---H® (4.57) 0.097 0.106
C?-H® (2.15) 0.101 0.098 Cc8----H'" (4.75) 0.165 0.174
c-H'""(2.21) 0.101 0.098 ce----H' (3.20) (0.221) 0.221
c?-H° (2.17) 0.105 0.102

C® - H"(2.26) 0.082 0.079

a

The interatomic distances are given in parentheses. °
the atoms.

of that involving the sterically somewhat strained H''
atom. The assumption about the equality of the three ter-
minal C = C-H valence angles is supported by results ob-
tained from ab initio calculations, in which these angles
were found to be nearly equal.

It was not possible to detect any sign of deviation from
the planarity of the molecule, and in order to reduce the
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Fig. 2. Experimental and theoretical radial distribution curves
for 2-ethynyl-1,3-butadiene. The theoretical curve is calcu-
lated from the parameters given in Tables 1 and 2. The num-
bering of the atoms that has been applied is illustrated. The
vertical bars indicate the positions of the various non-bonded
CC distances.

The number of dots indicates the number of bond angles separating

number of parameters the C' = C>~C* = C* dihedral angle
was fixed at 180° in the final refinements. It was further
necessary to exclude the C* = C*~H?’ angle from the re-
finement scheme, as reliable results could not be obtained
for this parameter.

Table 1 shows the final structural results obtained from
the GED study of 2-ethynyl-1,3-butadiene. In this model
all geometric parameters, except £C*=C>-H?’ and the
C' = C>-C? = C* torsion angle, have been refined, as well
as most of the vibrational amplitudes (in groups). The
results obtained for the latter are presented in Table 2,
where the corresponding data resulting from the normal
coordinate calculation are also included. The theoretical
intensity curve calculated from the parameters given in
Tables 1 and 2 is shown in Fig. 1, together with the ex-
perimental intensity curves, while the corresponding theo-
retical and experimental radial distribution curves are pre-
sented in Fig. 2.

Theoretical structure study

The theoretical ab initio calculations were carried out us-
ing the program GAUSSIAN92.'"* They include HF'> as
well as MP2'® calculations, using the 6-31G* basis set,
and including complete geometry optimization. The cal-
culations were performed on a CRAY Y-MP at SIN-
TEF/NTH in Trondheim. The results from the calcula-
tions are presented in Table 1.

991



TRATTEBERG AND HOPF

Discussion

The electron diffraction study shows that the 2-ethynyl-
1,3-butadiene molecule exists in a planar anti equilibrium
conformation in the vapour phase, in contrast to the
structurally related cross-conjugated molecule 2-vinyl-
1,3-butadiene, which has a gauche or skew oriented 2-vin-
yl group (6(C' = C>-C° = C®): 39°) and a planar anti 1,3-
butadiene skeleton.® This is, however, hardly surprising,
as the internal nonbonded repulsions between the
cross-conjugation unsaturated groups of a coplanar
anti,anti conformation of 2-vinyl-1,3-butadiene would be
substantially larger than is the case for 2-ethynyl-1,3-
butadiene. However, non-bonded repulsion between the
cross-conjugating groups is to some extent also present in
2-ethynyl-1,3-butadiene and influences the structure pa-
rameters of the molecule. Table 3 shows the geometrical
parameters for 2-ethynyl-1,3-butadiene and for the two
fragment molecules, 1,3-butadiene and 1-buten-3-yne, as
obtained by ab initio MP2 calculations, using 6-31G* ba-
sis sets. Experimental GED results for the three mol-
ecules are given in parentheses. Compared to the (equal)
C = C-C angles in 1,3-butadiene, the C! = C>~C? angle in
2-ethynyl-1,3-butadiene is decreased by 2.3°. while the
C*-C*=C* angle is increased by 0.9°. Both these modi-
fications have the effect of increasing the distances be-
tween the atoms of the two cross-conjugating groups.
When the 1-buten-3-yne skeleton is compared with the
similar fragment in 2-ethynyl-1,3-butadiene the same ef-
fect is observed, as the C' = C?>-C® angle is reduced by
3.1° in the latter molecule.

Theoretical studies'’~' of bond orders in cross-con-
jugated hydrocarbon systems indicate that the n-electron
distribution in cross-conjugated polyenes differ system-
atically from those in linear polyenes. The main effect of
cross-conjugation should be one of n-bond delocalization
in the direction through the C=C double bond. In the
present case the experimental as well as the theoretical
structural results are in agreement with this description,
as the cross-conjugated C'=C? bond is found to be

0.010-0.015 A longer than the other C=C bond. The
observed difference between the crossconjugated C' = C?
and the other C=C bond length is larger in 2-ethynyl-
1,3-butadiene (0.015 A) than in 2-vinyl-1,3-butadiene
(0.007 A), where the skew,anti conformation prevents an
optimal interaction of the m-orbitals. The observed dis-
tributions of CC distances in the two molecules are there-
fore reasonable and in agreement with current theories of
the effect of m-electron crossconjugation. It should, how-
ever,be noted that when the error limits of the observed
C =C bond lengths are taken into account, the observed
bond length differences support the theoretical descrip-
tions of crossconjugated hydrocarbons, but they can
hardly be used as proofs.

From Table 1 it might be seen that the R,—R, CC bond
differences obtained for 2-ethynyl-1,3-butadiene are
smaller then 0.010 A, except for C* = C*, where this dif-
ference is 0.022 A. R, represents the distance between
average atomic coordinates, and a large R,—R,, difference
may therefore indicate that relatively extense internal ro-
tations or vibrations are taking place. In the present case
the R-values obtained for the C*=C* bond may be in-
terpreted as a result of oscillations of the relatively light-
weight vinyl group to both sides of the plane of the equi-
librium conformation.

It is of interest to compare the structural parameters
determined for 2-ethynyl-1,3-butadiene with those of its
building blocks: 1,3-butadiene®* and 1-buten-3-yne.”
Both molecules have been studied by GED?**?* and we
have additionally carried out theoretical ab initio MP2/
6-31G* calculations with full geometry optimization for
2-ethynyl-1,3-butadiene as well as for its two fragment
molecules. The theoretical and experimental data for the
three molecules are presented in Table 3. The agreement
between the experimental and theoretical results is gen-
erally very satisfactory.

The lengthening effect due to crossconjugation has
been commented on above, and the observed and cal-
culated differences between the C'=C? bond lengths in
2-ethynyl-1,3-butadiene and 1,3-butadiene are equal

Table 3. Structural parameters (distances in A, angles in °) obtained by ab initio MP2/6-3 1G* calculations and by experimental
GED studies (in parentheses) for 2-ethynyl-1,3-butadiene and its building fragments, 1,3-butadiene®® and 1-buten-3-yne®>.

I

I

)\/ NS )
r(C'=C? 1.352 (1.357) 1.344 (1.349) 1.344 (1.341)
ric3=c?) 1.342 (1.342) 1.344 (1.349)
r(c?—c3) 1.470 (1.481) 1.458 (1.467)
r(c2—C®) 1.436 (1.433) 1.430 (1.431)
r(C=C) 1.223(1.215) 1.223(1.209)
LC'=c?-C3 121.4(122.0) 123.7 (124.4)
£.c%-c3=c* 124.6 (126.0) 123.7 (124.4)
L C'=c?-C® 120.2 (120.0) 123.3(123.0)

E(MP2/6-31G*)

—233.763 1432

—155.422 6363 —154.205 5804
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(0.008 A). The C?>-C? bond in 2-ethynyl-1,3-butadiene is
observed to be 0.014 A longer than in 1,3-butadiene, in
good agreement with the calculated bond differences
(0.012 A). A smaller bond length difference (0.006 A) is
calculated for the C% ~C,, bonds in 2-ethynyl-1,3-buta-
diene and 1-buten-3-yne, while the corresponding experi-
mental bonds were nearly equal (A = 0.002 A). The error
limits of the experimental data do not justify a discussion
of the significance of experimental bond distance differ-
ences of the order of 103 A, but it is gratifying that the
observed variation in the Czsp—CSp bonds are in general
agreement with the results from the theoretical calcula-
tions.

The calculated C*>-~C® and C?>-C’ single bonds in
2-ethynyl-1,3-butadiene are found to be slightly larger
than in the fragment molecules 1,3-butadiene and
1-buten-3-yne. The effect from cross-conjugation through
the CC single bond is expected to be very small, but
should eventually result in 7-electron localization and a
slightly smaller C-C bond, in contrast to what is found
in this study. A possible explanation of the calculated
lengthening of the C>~C* and C>-C® bonds, relative to
those in the two reference molecules, could be connected
to the differences in C = C-C valence angles, as discussed
above. In 2-ethynyl-1,3-butadiene both relevant C=C-C
angles are smaller than in the fragment molecules, cor-
responding to a reduced s-character in the substituent hy-
brid orbitals used in the formation of the C-C bonds.
This is, however, not a very convincing argument, as the
bond lengthening is calculated to be larger for the C>-C?
than for the C2>~C> bond, whereas the C> hybrid orbital
in 2-ethynyl-1,3-butadiene according to the same argu-
mentation should have slightly increased s-character, ow-
ing to a small increase (0.9°) in £ C>—~C? = C*. Theoreti-
cal ab initio MP2/6-31G* geometry optimizations of the
molecules 1,3-butadiene, 2-methyl-1,3-butadiene and 2,3-
dimethyl-1,3-butadiene give C*~C® bonds of 1.458, 1.467
and 1.478 A. The C>-C® and C>-C° bond lengths dis-
cussed above for 2-ethynyl-1,3-butadiene are therefore
probably primarily a result of substitution and not of
crossconjugation.
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