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Abstract

The molecular structures of styrene and (Z)-8-bromostyrene have been studied in the gas phase at nozzle temperatutes of 303
and 338 K respectively. For both molecules the electron diffraction data were consistent with the results from ‘ab initio
calculations which described the vinyl torsional motion. near the planar configurations, in terms of a double minimum:potential
function with barriers of 243 cal mol ™' (styrene) and 430 cal mol™ (bromostyrene) ut the planar form. and with the minimum
cnergy forms 27° (styrene) and 39° (bromostyrene) away. The perpendicular barriers were caleulated to 2.73 keal mol !
(styrene) and 1,10 keal mol™" (hromostyrene). The important distances (r,) and angles (£} obtained from lcast squares
refinements of the electron diffraction data are as follows: styrene, #(C-Hyy, = [.102(7) A, n(C=C) = 1.355116) A, /(C-
Chpn = 1.3992) A, HC-C~) = 1.475(23) A. 2C=C-C = 126.9(24)"; and bromostyrene. C—H), = 10820131 A, HC=() =
133102201 A, 1(C=C)py, = 1.400(2) A, (C—C=) = 1.465(20) A, (C=Br) = 1 893(8) A. 2 C=C-C = 132.823y°. 2 Br-(C=(C =
125701507 2C°=C'=C7 = 123.9(33). © 1997 Elsevier Science B.V.

Kevwords: Styrene; Structure: Conformation: Conjugation: Electron diffraction

1. Introduction at the perpendicular configuration. These data,
together with  fluorescence data, were later

The question of the eventual planarity of styrene
has been the subject of many spectroscopic [1-8]
and theoretical [9-22] investigations. Carreira and
Towns [1] analyzed low frequency Raman data of
gaseous styrene in terms of a torsional potential
with a minimum at the planar form and a high barrier

* Corresponding author.
' Dedicated to Professor Kozo Kuchitsu on the occasion of his
70th birthday.

reinterpreted by Hollas and Ridley [2] using a flat
torsional potential with the minium at the planar
torm. The weak rotational spectrum of styrene was
recorded by Caminati, Vogelsanger and Bauder |6]
using pulsed microwave Fourier transform $pectros-
copy. and the small inertial defect obtained snggested
the presence of a planar styrene. Theoretical calcula-
tions at the 3-21G level carried out by Bock,
Trachtman and George [16]. concluded that styrene
has a flat torsional potential with a minimum at the

0022-2860/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved

PII SO022-2860(97)00071-9



314 J.C. Cochran et al./Journal of Molecular Structure 413—414 (1997) 313-326

planar form, supporting the conclusion drawn by
Hollas and Ridley [2]. However, lower levels of
theoretical calculations [9,11] had suggested a non-
planar minimum for styrene. No complete structure
determination has been carried out on styrene.
Microwave spectroscopic studies of 3-iodo [3],
4-fluoro [4], and 4-chloro [5] styrenes were carried
out, and the presence of planar forms was confirmed.
However, 2-fluorostyrene was found by Villamanan,
Lopez and Alonso [8] to have a rather large inertial
defect and a zig-zag variation behavior of the
rotational constants with the torsional quantum num-
ber, suggesting that the torsional motion of the vinyl
group was governed by a double minimum potential
function in the region of the trans form (where the
vinyl group is cis to C®) with a barrier of 16 cm™.
This result is interesting in that the trans form of
2-fluorostyrene is sterically similar to styrene (Fig. 1),
since one would expect that the interaction between
the cis @3-proton on the vinyl group and the phenyl
ortho proton would be the major sterical factor
influencing the planarity of the vinyl group. We there-
fore decided to initiate investigations on the gas-phase
molecular structures and conformations of styrene and
(Z)-B-bromostyrene (Fig. 1), using the techniques of
electron diffraction and ab initio molecular orbital
calculation, with the hope to shed some light on the
preferred conformations of these two molecules.

2. Experimental

A commercial sample of styrene was obtained from
Aldrich and was used without further purification.
(Z2)-B-Bromostyrene was prepared from (E)-cinnamic
acid by the method of Cristol and Norris [23]. In a
three-necked flask fitted with dropping funnel, reflux
condenser, magnetic stirrer and ice-bath were placed
29.6 g (0.200 mol) of (E)-cinnamic acid in 200 mL of

H
8
A7 H 7 1~ TSBr

1 1 1
H 2 _H9 Fz 6 2 _H9

Fig. 1. Models of styrene, 2-fluorostyrene and (Z)-8-bromostyrene,
showing the numbering of atoms referred to in the text.

dry benzene. A solution of 32.0 g (0.200 mol) of
bromine in 20 mL of dry benzene was added dropwise
with rapid stirring. After 4 h the solid precipitate was
collected on a Buchner funnel and dried in a vacuum
desiccator. The yield was essentially quantitative.
This dibromide, 54.4 g (0.177 mol) and sodium
acetate, 44.6 g (0.531 mol) were dissolved in | L of
dry acetone. This mixture was heated under reflux for
8 h. The acetone was then removed on a rotary
evaporator and the residue dissolved in 600 mL of
water. The aqueous mixture was extracted twice
with ethyl ether, the ether dried over magnesium
sulfate and removed on a rotary evaporator. The
yield of (Z)-3-bromostyrene was 82%. The product
was confirmed via NMR chemical shifts.

The electron diffraction patterns were collected on
Kodak Electron Image plates using the Oslo apparatus
for styrene and the Balzers Eldigraph KDG-2
instrument [24,25] for bromostyrene, at nozzle tem-
peratures of 303—-305 and 338-340 K, respectively.
The voltage/distance calibration was done with
benzene as reference. The nozzle-to-plate distances
were as follows: 480.71 and 200.17 mm for styrene;
498.55 and 248.54 mm for bromostyrene. Six plates
from each camera distance were selected for both
molecules for use in the least squares analysis. The
optical densities were measured with a Joyce Loebl
microdensitometer.

3. Structural studies and results
3.1. Styrene

3.1.1. Theoretical calculations

The geometry of styrene was first studied by ab
initio calculations at the HF/6-31G" level using
GAUSSIAN 92. The conformer with a torsional angle
¢ [C°-C'-C"=C?¥] of 16.2° was found to have mini-
mum energy. In order to study the C'-C7 torsional
potential more closely, similar optimizations were
carried out also for other conformers, where the
torsional angle ¢ varied continuously between 0°
and 90°. A potential function with barriers of
0.020 kcal mol™" at 0° and 2.85 kcal mol™ at 90°
was obtained. Similar calculations were later carried
out by the GAUSSIAN g4 [26] program, using more
sophisticated methods, including electron correlation.
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Table 1

Energies and some angle parameters (in degrees) for styrene conformers” from MP2/6-31G* ab initio calculations
H(C1-CT) (*) AE (keal mol™) £C-C=C 2"’ C'-C-H LCCM -l
0 0.210 127.25 122,16 120.41 119.74
5 0.195 127.14 122.16 120.41 119.74
10 0.155 126.99 122.06 120.35 119.74
15 0.098 126.69 121.92 120.25 119.73
20 0.042 126.28 121.75 120.13 119.72
25 0.005 125.81 121.53 120.00 119.72
27418 0 125.53 121.39 119.94 11973
30 0.007 125.31 121.23 11983 L1972
40 0.190 124.32 120.76 119.59 119.73
50 0.642 123.64 120.36 [19.42 119.73
6() 1.278 123.26 120.21 119.38 119.70
90 2.556 123.13 120.03 119.49 119.5%

"The phenyl C—C and C~H bonds were assumed to be equal in the calculations,

Some relevant results from MP2/6-31G " optimiza-
tions are tabulated in Table I. The results are based
on a model with equal C-C and C—H bonds, respec-
tively, in the phenyl group. All other geometry
parameters were relaxed, except the C'-C’ dihedral
angtle. The results from these more advanced calcula-
tions show a ten-fold increase in the planar torsional
barrier. compared to that from the GaussiaN 92 HF/6-
31G " calculations (0.210 vs. 0.020 kcal mol"), while
the barrier at the perpendicular conformation is
somewhat reduced (2.556 vs. 2.850 kcal mol™"). The
C'-C’ torsion angle of the minimum energy con-
former increased from 16.2 to 27.4°. The torsional
potential energies corresponding to the data in Table
I are shown in Fig. 2.

In order to ascertain that the restrictions introduced
above in the geometry of the phenyl ring do not
significantly influence the position of the torsional
potentia]l minimum and the magnitudes of the tor-
sional barriers, MP2/6-31G "~ optimizations without
any geometry restrictions were carried out for the
minimum energy conformer and for the planar and
perpendicular conformers corresponding to the
torsional maxima. Table 2 shows the parameters
obtained for the minimum energy conformer tor
the unrestricted model (1A) and for the one with
equal C-C and C—H bonds in the phenyl ring (IB),
as well as for the planar (II) and for the perpendicular
(11 conformers. The calculated energy of the
unrestricted model is 0.2538 kcal mol™ lower than
that of the restricted model. The position of the torsion
potential minimum is only negligibly influenced by

the phenyl ring restrictions (27.21° vs. 27.42%),
while the planar and perpendicular torsional barriers
are both slightly increased (0.243 vs. 0.210 keal mol
and 2.730 vs. 2.556 kcal mol 'y when they are calcu-
lated from the fully relaxed structures presented in
Table 2.

The frequencies of the minimum energy fully
relaxed MP2/6-31G " styrene structure (Table 2. 1A)
have been calculated and are listed in Table 3, L
Column II shows the frequencies multiplied by
0.9427. as recommended for MP2/6-31G " frequencies
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Fig. 2. Torsional potential functions for styrene (fully drawn) and
(Z)-B-bromostyrenc (dashed) for rotation around the C'—C” bond.
as caleulated by ab initio MP2/6-31G and HF/6-31G optimiza-
tion. respectively.
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[27]. The calculated IR intensities are listed in column
3. Vibrational frequencies have been measured by
several groups [28-31], and those reported by
Condirston and Laposa [31] and by Mross and Zundel
[30] are included in Table 3. The assignments and
notations of the frequencies are those used by
Condirston [31]. The agreement between calculated
and experimental frequencies is far from perfect.
Generally the deviations are smallest when the calcu-
lated frequencies are compared to those of Condirston
et al. [31].

3.1.2. Gas electron diffraction study
The structural analysis was carried out after the ED

data were interpolated to integral g [(40/7)sin(6/2)]

Table 2

units. A calculated background [32] was subtracted
from the averaged long and short intensity data to
obtain two averaged experimental molecular intensity
curves. Least squares analyses were carried out simul-
taneously on these two intensity curves, following the
procedure outlined by Gundersen and Hedberg [33].
The elastic scattering and phase shift factors used in
all calculations were those tabulated by Schafer et al.
[34].

The amplitudes of vibration were calculated using a
force field similar to the one used for benzil {35]. In
the beginning of the study three assumptions were
made in order to reduce the number of parameters
needed to define the geometry of styrene. First, the
2/ CCC and £ CCH valence angles of the benzene ring

Results obtained by fully optimized (IA, IT and I11) MP2/6-31 G’ ab initio calculations for the minimum energy conformer of styrene (IA) and for
the planar (II) and perpendicular (111} forms at the torsional barriers. The numbers in brackets show the deviations from average C~C and C-H
distances in the phenyl ring. The results shown in IB are those obtained for a restricted model

1A 11(0°) 111(90°)
c'-¢c? 1.4046 (+0.0061) 1.4057 1.4021
ci-c? 1.3941 (-0.0041) 1.3930 1.3960
ci-ct 1.3974 (=0.0011) 1.3984(Av.) 1.3981 1.3965
ci-c’ 1.3964 (~0.0021) 1.3955 1.3966
ci-c* 1.3947 (—0.0038) 1.3948 1.3959
ct-¢' 1.4039 (+0.0054) 1.4043 1.4021
c'-c’ 1.4718 1.4754 1.4713 1.4849
Cl=C* 1.3429 1.3426 1.3433 1.3399
C’-H 1.0877 (=0.0001) 1.0873 1.0881
C’-H 1.0876 (=0.0002) 1.0876 1.0876
C*-H 1.0873 (—0.0005) 1.0876(Av.) 1.0873 1.0873
C*-H 1.0875 (-0.0003) 1.0875 1.0876
C°-H 1.0889 (+0.0011) 1.0890 1.0881
C’-H 1.0903 1.0903 1.0904 1.0907
C*Hns 1.0849 1.0849 1.0848 1.0856
C*-H,, 1.0858 1.0859 1.0854 1.0861
ct-c'-C? 118.48 (120 118.18 118.91
c'-¢c-¢? 120.64 (120) 120.73 120.55
ci-c-c? 120.31 (120) 120.44 120.13
ci-ci*-c? 119.59 (120 119.48 119.72
ci-ci-ct 120.06 (120) 120.00 120.13
ci-co-¢! 120.90 (120) 121.18 120.55
ci-c'-¢’ 122.04 121.39 123.11 120.54
cl-¢c’=ct 125.25 125.53 127.00 123.15
C'-C*-H 119.56 119.94 120.06 119.28
C'-C*-H 119.28 119.73 119.14 119.28
Cc-Cc’-H 118.72 118.60 117.98 119.43
C'-C*H 121.17 121.15 120.70 121.53
C'-C*-Hg, 122.09 122.19 122.95 121.35
$(-C'-C’~) 27.21 27.42 0.(Fixed) 90.(Fixed)
E (hartree) -308.5934390 -308.5930345 -308.593052 —308.5890887
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Table 3

Calculated frequences (in cm™") from a MP2/6-31G” optimized model of styrene (I. 1I), compared to experimentally obtained data for the
molecule

I {calc) 11 (x0.9427)48 Calc. IR Int. Description® Ref. [31] Ref. [30]
83 78 0.1 torsion (76)

191 181 1.0 X-s(yC-CHCH:) 212 213
235 221 1.0 X-s(BC-CHCH:) 241 239
397 374 0.1 ¢ C-C 407 33
409 386 1.7 X-s(¢ C-C) 433 400
462 436 3.8 X=s(a C-C-O) 442 500
494 466 0.2 B8 -C=C 554 554
570 562 38 a C~-C-C 621 620
633 597 0.1 Yu =CH; 640 67Y
679 640 9.1 ¢ C-C 699 698
743 700 67.2 v C-H 776 772
798 752 0.1 X-s(a C-C-C) 776 776
832 784 0.1 y C~-H 841 83¥
862 813 03 v, =CH. 909 909
885 834 0.1 vy C~-H 909 982
891 840 0.3 vy C-H 970 1019
918 865 38.2 v C-H 985 1032
1021 963 93 vy =CH- 992

1024 966 12.2 ring 999

1057 996 5.7 8 C-H 1019

1076 1015 0.2 8. =CH, 1032 1081
1132 1068 3.6 B C-H 1083 1108
1215 1146 0.0 8 C-H 1156 1156
1234 1164 0.1 B C-H 1181 1182
1259 1187 1.8 X—-s(»C-CHCH,) 1203 1245
1347 1270 1.6 B C-H 1289 1315
1376 1297 1.5 B8 =CH- 1303 1386
1462 1378 2.6 » C-C 1334 1413
1490 1405 49 8. =CH, 1411 1446
1510 1423 34 v C-C 1459 1492
1556 1467 11.5 v C-C 1494 1541
1651 1557 2.0 v C-C 1575 1576
1678 1582 1.7 v C-C 1603

1715 1617 33 v C=C 1630 1630
3198 3015 11.5 v, =CH, 2981 2940
3212 3028 74 v =CH- 3009 2979
3217 3033 1.3 v C-H 3029 3009
3220 3036 1.5 v C-H 3055 3029
3229 3044 8.2 v C-H 3061 3045
3237 3051 26.3 v C-H 3084 3059
3246 3060 13.2 v,s =CH- 3091 3080
3308 319 11.6 v C-H 3106 3087

“‘See Ref. [31] for an explanation of the symbols.

are assumed equal to 120°. Second, all the C—H bond
lengths are assumed to be identical, and third, all C—C
bond lengths in the benzene ring are assumed to be
identical. The geometrical parameters chosen are:
rHC-H),,, (C-C)p,, n=C-C), (C=C), LC=C-C,
¢ [torsion angle C*-C'-C’=C®). Preliminary RD

curves showed that the experimental curve was not
very sensitive to the value of ¢. Best results were
obtained for a nonplanar model with a torsion angle
of 18°. The experimental uncertainty of this parameter
was, however, large, and the other structure para-
meters were hardly influenced if the torsidnal angle
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Table 4

Structural results from least squares analyses of electron diffraction data for styrene and (Z)-8-bromostyrene®
Styrene (Z)-B-Bromostyrene
Dynamic model” Static model Static model

HC-H)a, 1.102(7) 1.100(7) 1.082(13)

HC-C)py, 1.398(2) 1.399(3)" 1.400(2)

nC’=C" 1.346(20) 1.355(16) 1.331(20)

nC'-C’ 1.486(22) 1.475(23) 1.465(20)

r(C-Br) 1.893(8)

zci-c'-¢’ 122.0(assumed) 122.0(assumed) 123.9(33)

PA ol o 126.5(24) 126.9(24) 132.8(23)

£2C=C-Br 125.7(15)

¢ 28(21) 29(14)

R* 5.75% 5.69% 7.60%

“Distances (r,) in angstroms and angles (£ ,) in degrees.

bR = [ 2 (lca]c “Iubs)z/ Z (Iohé.)zll/z'

“Potential function of the form V=V,[1 — 2%(¢/p,)" + (¢/p.)']: ¢ = 27.2° V= 0.243 keal mol .
Average value [(C'-C?): 1.405(3); (C*=C*): 1.395(3); (C*-C*): 1.398(3)].

Styrene

VARV
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0 l 2'0 Io s[o slo— 1!)0 1Lo a,A? ;Lo

Fig. 3. Experimental and theoretical GED molecular intensities for styrene and their differences.
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was fixed at 27.2°, corresponding to the minimum
energy conformer from the MP2/6-31G” calculations.
In the final refinements of the static styrene model
some constraints based on the MP2/6-31G” optimiza-
tion (Table 2, ITA) were introduced. These include the
magnitude of the CCH valence angles and the
differences between the CC bonds in the phenyl ring.

Refinements of the data using dynamic models with
(a) a flat torsional potential about the planar form and
{b) a double minimum potential function with a small
barrier at the planar form were carried out. All these
tests gave good agreement with the data and the struc-
tures obtained from the least squares refinements were
virtually identical. A model with the vinyl group per-
pendicular to the benzene ring gave, however, a much
poorer fit to the experimental data. Results from the
least squares refinement are summarized in Table 4
and the intensity and radial distribution curves corre-
sponding to the dynamic model are shown in Figs. 3
and 4 respectively.

Styrene

o

3.2. (Z)-B-Bromostyvrene

3.2.1. Theoreticul calculations

The geometry of (Z)-8-bromostyrene was fully
optimized at the ab initio HF/6-31G ™ level using
GAUSSIAN 94 [26]. The minimum energy contormer
was found to have a torsional angle ¢ ICI—C‘w
C’=C" of 39.3". In order to generate the torsional
potential and the barriers of the potential function,
full optimizations were also carried out for con-
formers with the torsional angle ¢ fixed at regular
intervals in the region between 0° and 90°. Barriers
of 0.43 kcal mol ™' at 0° and 1.10 keal mol ™" at 90°
were obtained. The results are tabulated in Table 5.
and the torsional potential function is shown in Fig. 2
We made attempts to carry out MP2/6-31G" optimi-
zations also for this molecule, but the requirements
regarding supercomputer memory and camputing
time were so demanding that we did not cdnsider it
worthwhile.

Expt.
Theo.
Diff.
T ; - i T [ ! 1 T | L
0 l é 3 ‘11 ; & 7 8 9 A

Fig. 4. Experimental and theoretical radial distribution curve for styrene and their ditferences.
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Table 5
Results from ab initio HF/6-31G" calculations for (Z)-B-bromostyrene” Similar data for the minimum energy form of styrene are included
Styrene
HC7=C8) 1.3214 1.3154 1.3190 1.3220
nc'ch 1.4774 1.4901 1.4809 1.4808
HC'CY 1.3959 1.3898 1.3916 1.3947
HCCY) 1.3832 1.3851 1.3851 1.3827
HC*CY) 1.3845 1.3856 1.3851 1.3876
HCCY 1.3857 1.3853 1.3859 1.3836
HCCY 1.3838 1.3854 1.3833 1.3855
HC'CYH 1.3956 1.3897 1.3935 1.3919
HC-Br) 1.8887 1.8879 1.8889
2C-Ccl-C® 117.96 119.10 118.62 118.17
LC'-c-C? 121.44 120.44 120.46 121.14
2Cr'-c’-C® 119.87 120.15 120.40 120.05
£C-c'-C? 119.44 119.71 119.63 119.45
<C*-Cci-c* 120.69 120.14 119.96 120.39
LC'-¢-c? 120.58 120.46 120.92 120.79
2C’-c'-c* 116.51 120.45 118.17 118.17
2C’-¢'-c? 125.53 120.45 123.21 121.39
2C'-Cc’=c? 134.87 127.45 131.21 127.2
£C’=C®-Br 129.00 124.71 126.99
@ 0° 90° 39.28° 27.42°
E 0.43 1.10 0.0

“Distances in dngstroms, and angles in degrees. £ = relative energies in kcal mot™'.

The CC and CH bond lengths of styrene, see Table
2, are not compatible with those of bromostyrene in
Table 5. It is well known that unsaturated CC bond
lengths obtained from HF optimizations are generally
too short, while those from MP2 calculations mostly
agree fairly well with experimentally obtained data. In
order to facilitate the comparison of the calculated
structure parameters of styrene and bromostyrene,
the results from the HF/6-31G” optimization of the
former are included in Table 5.

3.2.2. Gas electron diffraction study

Electron diffraction data reduction was carried out
in the usual way [33] and a calculated background
[32] was subtracted from the averaged long and aver-
aged short camera data in order to obtain experimental
molecular intensity curves. The average experimental
intensity curves for the two camera distances are
shown in Fig. 5. Scattering amplitudes and phase
shifts for all calculations were obtained from values
tabulated by Schafer et al. [34].

The amplitudes of vibration were -calculated
from the same force field as that used for styrene,
with the addition of the following parameters:

ky(C-Br) = 3.5 mdyn A”', k,(C=C-Br) = 0.65
mdyn Arad™, ky(Br—C-H) = 0.50 mdyn Arad™.

In order to simplify the model and to reduce the
number of parameters necessary to define the struc-
tures of this molecule, the following assumptions,
guided by the results obtained from ab initio calcula-
tions, were made: (1) all ZCCC and £HCC valence
angles of the benzene ring equal 120°, (2) ~C'-C"-H
=114.7° and (3) £C'=C*-H = 121.4°. The structure
of bromostyrene was defined by the following geome-
trical parameters: H(C—-H),,, #(C-C)pp, HC'-CTy,
nC’=C*, HC*-Br), £Br-C’=C’, ,C*=C’-C/
£C7-C'-C?, ¢ [C?-C'-C"=C" torsional angle].

Preliminary tests using models with ¢ values of 0°,
45° and 90° showed that the 45° model gave the best
agreement with the experimental RD curve. The 0°
and 90° models gave distances in the 4-6 A region
not compatible with the experimental curve. In later
refinements, the value of ¢ was allowed to refine
simultaneously with other geometrical and amplitude
parameters. The results from the final least squares
refinement are summarized in Table 4. The RD and
intensity curves corresponding to this model are
shown in Figs. 6, and 5.
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Fig. 5. Experimental and theoretical GED molecular intensities for (Z)-G-bromostyrene and their differences.

A dynamic model with a double minimum potential
with a barrier at the planar form was also tested. Test
refinements using different barrier heights showed
that the data were not sensitive to this parameter.
The location of minimum of the potential function
was tested at 60°, 40° and 20°. The 40° model gave
better agreement ( =~ (.5%) with the experimental
data than the 20° model, while the 60° model failed
to converge. The dynamic model gave a larger value
for ¢ than the static model because the static model ¢
value represented a weighted averaged value between
0° and 50° along the potential function. Values for the
other geometrical parameter were essentially the same
as those obtained for the static model.

4. Discussion

The results from the gas electron diffraction studies
of styrene and (Z)-B3-bromostyrene are summarized in

Table 4. Table 6 presents some of the structural results
for these and related molecules [36--39]. The experi-
mental C=C bond length for all six molecules are in
the range of 1.33 to 1.35 A. Substitutions by CI, Br, Ph
or both Br and Ph did not change the C=C bond length
significantly. Calculations at the HF/6-31G™ level
gave the following results: (1) there is a decrease of
the ethylene C=C bond due to Cl and Br substitutions,
(2) there is an increase in the ethylene C=C bond
length due to phenyl substitution and (3) there is a
decrease in the styrene C=C bond upon bromine sub-
stitution. Unfortunately all of the calculated bond
length differences due to substitutions are in the
range of 0.005 A. which is well within the error limits
of electron diffraction studies.

The results from the experimental GED study of
styrene indicate that the equilibrium conformer of
the molecule might be nonplanar, in agreement with
the theoretical MP2/6-31G” optimized structure. Due
to the insensitivity of the styrene GED scattering data
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Fig. 6. Experimental and theoretical radial distribution curve for (Z)-3-bromostyrene and their differences.

to the —C'-C’— torsion angle, the GED results do not,
however, verify beyond doubt that the equilibrium
styrene conformer is nonplanar. A structurally related
molecule, 2-tert-butyl-1,3-butadiene, was, however,
recently studied by gas electron diffraction [40], and
in this case it was possible to determine the preferred
nonplanar conformation with confidence, because this
molecule contains many CC distances that are
sensitive to the magnitude of the C=C-C=C torsion

angle. The minimum energy conformers of 2-rert-
butyl-1,3-butadiene and styrene are expected to be
governed by the same two factors, namely the 7-elec-
tron conjugation, favoring a planar conformer on one
side, and the nonbonded repulsion between the cis 8
vinyl proton and the ortho phenyl protons (analogous
for 2-tert-butyl-1,3-butadiene), favoring a nonplanar
form, on the other side.

In Fig. 7 structural details of the MP2/6-31G”

Table 6
Structural parameters of styrene, (Z)-3-bromostyrene and related molecules®
H,C=CH, H,C=CHCI H,C=CHBr CIHC=CHCI PhHC=CH, PhHC=CHBr
rC=C) 1.3391(13) 1.342(4) 1.348(8) 1.345(6) 1.346(20) 1.331(20)
1.3169 1.3116 1.3118 1.322 1.319
nC-X) 1.730(4) 1.881(7) 1.718(4) 1.893(8)
1.889 1.889
£LX-C=C 122.5(3) 122.8(3) 123.8(2) 125.7(15)
Ref. [36] [37] [38] [39] this work this work

“Distances in dngstroms and angles in degrees. Values without error limits are from ab initio HF/6-31G” calculations.

®X = Brand Cl.
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$(C=C-C=C) : 32.1(9.0)"
Loy 112170
Ly 126,20
2By 1 124.2¢

/By 1229

$C=C -C=C):27.2°
Zoy 1 122.0°
oy 1 126.2°
284 :119.6°

2By 122.1¢

Fig. 7. Details of structure results for styrene (from MP2/6-31G"
optimizations) and 2-tert-butyl-1.3-butadiene (from an experi-
mental GED study [40]).

optimized minimum energy conformer of styrene are
compared to analogous data obtained experimentally
for 2-rert-butyl-1,3-butadiene [40]. The structure
details in the two systems are strikingly similar.
According to the data presented for these two mol-
ecules they do both prefer nonplanar equilibrium con-
formations. The observed deviation from planarity in
2-tert-butyl-1.3-butadiene. ¢ = 32.1°, is somewhat
larger than that calculated for styrene, ¢ = 27.2°.
This seems reasonable, considering that the C'=C"
bond in 2-tert-butyl-1,3-butadiene is substantially
shorter than the corresponding bond in styrene
(1347 vs. 1.405 A).

Nearly all valence angles in the regions of interest
are remarkable similar in the two molecules, and their
absolute magnitudes reflect the problems connected to
internal nonbonded repulsions between atoms in close
proximity. The ab initio calculations show that the
valence angles C*-C'-C’, C'-C’=C?, ¢’=C®-p"
of the minimum energy conformer of styrene are
enlarged by 1.5°, 2.1° and 0.7°, respectively, relative
to the “’strainless™ perpendicular conformer. These
geometry changes do all contribute to reduction of
the nonbonded repulsion. 23, is considerably larger
in 2-tert-butyl-1,3-butadiene than in styrene. This is,
however, not surprising as it seems reasonable that it
will be easier to adjust 23, in 2-tert-butyl-1,3-buta-
diene in a manner that reduces the HH nonbonded
repulsion (i.e. by enlargement), than what is the case

for styrene. For the latter molecule, an increase in 23
will obviously imply stereochemical changes in the
phenyl ring as well, and the total effect on the energy
might be disadvantageous.

For (Z)-3-bromostyrene the nonplanar equilibrium
conformation has been established from electron dit-
fraction data, as well as from ab initio calculations.
Fig. 2 shows that the calculated torsional potentials of
(Z)-B-bromostyrene and styrene have similar shapes,
with maxima for the planar and the perpendicular
forms, and with sva energy minima ((Z)-3-bromo-
styrene: 39°; styrene: 27°). There are, however, also
significant differences between the two torsional
potentials. The perpendicular potential for (Z)-3-
bromostyrene 1s less than half that for styrene (1.1
vs. 2.7 keal mol '), while the situation for the planar
barrier is reversed (0.4 vs. 0.2 kcal mol ). These
differences are probably primarily due to larger non-
bonded repulsions in (Z)-G-bromostyrene conformers
over the entire sva region. The lower perpendicular
barrier in(Z)-8-bromostyrene is therefore probably
not due to stabilization of this conformer. but to
destabilization of the reference minimum energy
conformer. It can not, however, be ruled -out that
positive interaction between the bromine atom and
the 7 electrons of the phenyl ring might contribute
somewhat toward stabilizing the perpe¢ndicular
conformer.

The explanation of the torsional potential of (Z)-3-
bromostyrene suggested above is supported by the
angle parameters obtained from the experimental as
well as from the theoretical studies. The observed
values for /C'~C’=C* and ~C=C-Br (132.8° and
125.7°), which are crucial for the distance between Br
and the ortho H atom. are both very large. The calcu-
lated values for these angles are of similar magnitude.
For a planar conformer of (Z)-3-bromostyrene 2C'—
C’=C"is calculated to be 135°. This effect is. there-
fore, probably also responsible for the magnitude of
the planar barrier of (Z)-G-bromostyrene, relative to
that of styrene.

Table 7 shows experimentally obtained conforma-
tion results of styrene derivatives, other than those
that are studied in the present work. Most: ot these
molecules are reported to be planar, but in several
of the references it is stated that it is difficult to dis-
tinguish between a planar equilibrium confarmer and
a nonplanar one. where the torsional potential in the
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Table 7
Conformations of styrene derivatives obtained by experimental methods
Molecule £ (°)? Method Ref.
0 MW [2]
0 MW (6]
Y
(Cj/\/ 0 MW [41]
=
@A 0 MW 3]
: 0 MW 4]
> b
/'i@/\ 0 SIFS [42)
@/\ 0 MW (5]
Ct
0 SJFS® [43]
@/\
o o, nonplanar MW [8]
.
o~
25 SIFS® [44]
@Aﬂ 45 SIFS® [44]
m 50 SIFS® [44)
| 18 NMR [45]
0 NMR [47]
.
N
Ot O-cis: 38
e O-trans: 45 NMR [48]
129.6

“Torsion angle between the phenyl and vinyl groups.
®SIFS: Supersonic Jet Fluorescence Spectroscopy.

nearby region is characterized by a double minimum,
separated by a small barrier in the planar form.

A series of molecules of special interest regarding
the question of nonplanarity of styrene derivatives
was recently studied by Manea and Cable [44].
They recorded the electronic spectrum of the styrene
derivative, benzylidenecyclobutane, seeded in a
supersonic jet expansion, using resonantly enhanced
two-photon ionization spectroscopy [44]. Analysis of
the observed torsional levels revealed an exited state
with planar equilibrium geometry undergoing large-
amplitude motion, and a nonplanar ground state
having an energy minimum at a torsional angle of

25° between the phenyl and vinyl groups. Two other
B-cycloalkane derivatives, benzylidenecyclopentane
and benzylidenecyclohexane, are estimated to have
ground state torsional angles of 45° and 50°, respec-
tively [44]. The latter two (B-cycloalkane derivatives
are obviously sterically more hindered than styrene,
but in the cyclobutyl derivative the 8-Z substituent is
forced away from the ortho hydrogen because of the
angle requirements in the four-membered ring. It is,
therefore, not unlikely that the torsional potentials of
benzylidenecyclobutane and styrene are similar in the
syn region close to the planar form.

There are also some recently published NMR
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studies that are of great interest in relation to the
present investigation. High-resolution deuterium
NMR spectra of 2-vinylanthracene-a-d were studied
by Ni et al. [45]. The observed quadrupolar splitting
was used to calculate the torsional angle between the
vinyl and anthracene planes (18°). It is hard to see why
the minimum energy conformation in 2-vinylanthra-
cene should differ from that of styrene. Ni et al. have
also studied torsional angles in a series of alkenyl-
arenes by semiempirical MO methods [46]. These
results are, however, less convincing, as they differ
dramatically. depending on the choice of calculation
method.

Two other molecules listed in Table 7 have been
studied by NMR, namely phenylallene [47] and
formylstyrene [48]. Both studies are by Schaefer et
al., and the results are of great interest in relation to
the material presented in this contribution. Formyl-
styrene might assume different conformations,
depending on the orientation of the formyl group. In
the O-cis form, with the carbonyl group cis oriented
relative to the vinyl group, the viny! group is found to
be rotated 38° out-of-plane, while the torsional poten-
tial of the O-trans form shows two minima, one at 45°
(lowest) and another at 129.6°.

In the NMR study of phenylallene [47], it is con-
cluded that this molecule is planar. This seem reason-
able considering that this molecule has no @
substituent that might interact with the ortho proton.
The torsional potential was also studied by ab initio
HF/6-31G" calculations [47], which gave minimum
energy for the planar form, and a torsional barrier
for the perpendicular form equal to 3.86 kcal mol™".
This should be compared with our similar calculations
for styrene, which gave a double minimum potential
at * 16.2° and a perpendicular barrier of 2.85 kcal
mol . Schaefer [47] did also give results from MP2/6-
31G" calculations for the planar and perpendicutar
forms of phenylallene (PA), and the geometric para-
meters from these calculations are almost identical to
similar parameters calculated for the minimum and
maximum energy forms of styrene in the present
study (Table 2, 1A and HI), with the following
exceptions:

[A(d =27.2°) II(0°)  PA(0°) 1I1(90°) PA(9(")

c-c'-¢c’ 1220 1231 1219 1205 1204
C'-C’=C* 1253 1270 1248 1232 1225
C'-C*-H 1196 1201 1193 1193 1193

The increased sterical repulsion in styrene compared
to that of phenylallene is reflected in a torsional
barrier in the planar form and in enlarged angles in
the critical region.

The larger perpendicular barrier calculated for
phenylallene, relative to that of styrene (MP2/6-
31G™:  styrene, 2.73 kcal mol™; phenylallene,
3.83 kcal mol ') is probably to a large extent due to
the nonbonded HH repulsion present in the syn form
of styrene, but not in that of phenylallene.
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