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The geometry and energy of 1,3-butadiene have been calculated using the 
6-311G** basis set as a function of the CCCC dihedral ang le -0  ~ (trans), 30 ~ 
60 ~ 75 ~ 90 ~ 120 ~ 135 ~ 150 ~ 165 ~ and 180 ~ (cis)-assuming that the vinyl 
groups remain planar. Potential minima are located at 0 ~ and 141.4 ~ with 
the trans structure more  stable than the gauche by 13.2 kJ tool -1. Potential 
maxima are located at 76.7 ~ giving a barrier  height of 25.4 kJ mo1-1 relative 
to the trans structure, and at 180 ~ giving a barrier  height of 3.0 kJ mo1-1 
relative to the 141.4~ structure. Using the 6-31G* basis set the 
inclusion of electron correlation, accounting for about 52% of the correlation 
energy, was found to produce no significant change in the shape of the potential 
energy curve. The magnitude of the expectation energy differences is such 
that both barriers with respect to the 141.4~ maximum structure can 
be categorized unequivocally as attractive-dominant,  whereas the values for 
the energy barrier with respect to the trans structure, although characteristic 
of a repulsive-dominant barrier at the 6-311G** level, are sufficiently small 
that higher level calculations might give the opposite result. Analysis of A Vnn 
for the conversion reactions cis+150~ trans-~60~ and 
trans ~ 90 ~ in terms of the individual contributions f rom the various 
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internuclear interactions shows that nonbonded interactions are important, 
not only in initiating the destabilization of the crowded cis structure, but also 
through-out the entire range of CCCC dihedral angles, 0 ~ to 180 ~ 

Key words: 1,3-butadiene--Rotational  barrier. 

1. Introduction 

It is well-established by electron diffraction, far infrared, infrared, NMR, micro- 
wave and Raman studies that the most stable conformer of 1,3-butadiene is the 
planar trans structure, see the references listed by Carreira [1]. But there are 
conflicting reports concerning the nature of the second less stable conformer, 
some favoring the planar cis structure [1-3], and others a nearby gauche structure 
resulting from a small rotation about the central C - - C  bond [4-6]. Furthermore 
it has been suggested that the energy difference between such a gauche structure 
and the cis structure might be so small that the zero-point torsional level would 
probably lie above the potential energy for the cis structure, making any distinc- 
tion almost meaningless [2, 3]. In addition, to calculate the torsional potential 
energy curve from experimental data assumptions and/or  approximations had 
to be made [7]. In view of these uncertainties, the results of molecular orbital 
calculations take on added significance. 

Without exception the calculations reported in the literature, no matter  whether 
utilizing standard geometry with rigid or flexible rotation [8], a rigid rotation 
model and an experimental trans geometry [8-12], or geometry optimization 
[12], all agree in predicting the trans conformer to be the most stable in accord 
with experiment. With only one exception [9], the second less stable conformer 
is predicted to be a gauche and not the cis structure, see Table 1. It is to be 
noted, however, that in the majority of the calculations the energy difference 
[ET(CiS)-ET(gauche)] is quite small, about 3 kJ mo1-1 or less, and in one set of 
calculations in particular [8] the potential energy curve was found to be very flat 
in the region 150 ~ to 180 ~ (cis). 

The height of the energy barrier separating the trans conformer and the less 
stable cis (or gauche) conformer calculated from spectroscopic data ranges from 
24 to 32kJmo1-1 [7], compared to a value of 21kJmo1-1 derived from 
calorimetric data [18], and a value of about 30 kJ tool -1 obtained by combining 
AH~ for the trans-~ cis conversion, 3.2 kcal tool -1, as determined by Mui and 
Greenwald [3], and an estimate of AH* for the cis ~ trans conversion, 3.9 kcal- 
mol 1, reported by Squillacote et al. [2]. The values calculated ab initio all lie 
well within the range of these experimental values, see Table 1. 

The previous calculations utilizing geometry optimization [12] did not explore 
the extent to which the potential energy curve is affected by the inclusion of 
polarization functions and electron correlation. Although CI was included in two 
of the other studies reported in the literature the results are in disagreement, a 
gauche structure being favored with respect to the cis in one case [9] and 
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vice-versa in the other [10], see Table 1. This could be a consequence of the use 
of trans geometries that were not optimized at the SCF level, the rigid rotation 
model employed, and the very different extent to which the correlation energy 
is accounted for. 

The calculations reported in this paper have been carried out to explore these 
two aspects. As Skaarup et al. did [12], it has been assumed that the vinyl groups 
remain planar throughout the rotation about the C- -C  bond, but otherwise full 
geometry optimization has been employed. 

The changes in bond lengths and bond angles, and the resulting change in nuclear 
repulsion energy indicative of a relaxation or contraction of the structure, are 
correlated with the change in total molecular energy as the CCCC dihedral angle 
is varied from 0 ~ (trans structure) to 180 ~ (cis structure). To analyse the relaxation 
or contraction of the structure in greater detail, a distinction has been made 
between internuclear distances, which, in a rigid rotation model, would be 
dependent upon the dihedral angle, and those which would not. In this way it 
becomes possible to assess the relative importance of changes in the geometry 
of the nuclear framework as distinct from changes due solely to the rotation of 
its component parts. 

2. Computational details 

All the calculations were carried out on a VAX 11/780 computer including a 
floating point accelerator using a modified version [ 19] of the Gaussian 80 program 
[20]. The standard basis sets 6-31G [21], 6-31G* [22] and 6-311G** [23] with 
gradient optimization were employed. To explore the effect of electron correlation 
further calculations were carried out with the HF/6-31G* optimized geometry 
using M011er-Plesset perturbation theory to second order (MP2) and to third 
order (MP3), and, in addition, configuration interaction (CI) using all double 
substitutions from the reference HF/6-31G* determinant. In the latter case the 
size correction introduced by Pople et al. [24] was also incorporated. 

As an indication of the magnitude of these calculations typical CPU times for 
one of the nonplanar structures were: 6-31G* geometry optimization about 6 h, 
6-311G** geometry optimization about 35 h, and a CID calculation using the 
6-31G* optimized geometry about 60 h. 

3. Results 

3.1. Energy 

The values of E-r for 1,3-butadiene at various CCCC dihedral angles, calculated 
using the 6-311G** basis set are listed in Table 2. The plot of these data in Fig. 
1 shows potential minima at 0 ~ the trans structure, and at 141.4 ~ for a gauche 
structure, with the latter less stable by 13.2 kJ tool -1. The potential maxima are 
at 76.7 ~ giving a barrier height of 25.4 kJ tool -1 relative to the trans structure, 
and at 180 ~ the cis structure, giving a barrier height of 3.0 kJ mol -~ relative to 
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Table 2. Total molecular energy, ET, and the nuclear repulsion energy, Vn,, 
for 1,3-butadiene as a function of the CCCC dihedral angle, calculated using 
the 6-311G** basis set 

Dihedral angle Era.u. (+154) V~, a.u. (-100) 

O~ -0.96054 +4.35036 
30 ~ -0.95732 +4.28738 
60 ~ -0.95146 +4.26625 
75 ~ -0.95087 +4.37111 
90 ~ -0.95126 +4.56067 

120 ~ -0.95440 +5.10782 
135 ~ -0.95540 +5.29528 
150 ~ -0.95533 +5.32838 
165 ~ -0.95470 +5.26320 
180 ~ (cis) -0.95437 +5.22662 

Fig. 1. Plots of the total molecular 
energy, ET, and the nuclear repulsion 
energy, Vn,, for 1,3-butadiene relative 
to the values for the trans structure, as 
a function of the CCCC dihedral angle. 
The maximum and minimum in the ET 
curve at 76.7 ~ and 141.4 ~ respectively, 
and in the V~, curve at 145.9 and 61.1 ~ 
respectively, have been calculated 
from the nearest three sets of data 
points in each case 
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trans 

Fig. 2. The structures of trans and cis 1,3-butadiene drawn 
according to the geometry calculated using the 6-311G** basis 
set, with the number scheme used to identify the bond lengths 
and angles 

2 2' 2 

c i s ~  ~ 
ment in ET and accounts for about 52% of the correlation energy 1, the 150 ~ 
structure (in the region of the gauche maximum) becomes 2.1 kJ tool -1 more 
stable relative to the trans structure, and the 90~ (near the gauche 
barrier) becomes 2.7 kJ mo1-1 more stable relative to the trans structure. However  
the shape of the curve in the region of the gauche minimum is still unaltered, 
the ET increments changing by only 0.1 kJ mo1-1, see Table 3. 

It is interesting to compare  these results with those obtained by Skaarup et al. 
[12] using a (7, 3) basis set and similar geometry optimization which gives ET 
values about 0.214 a.u. less negative than those obtained using the 6-311G** 
basis set. Assuming a dihedral angle of 140 ~ for the gauche minimum, the energy 
difference relative to the trans structure was found to be 12.0 kJ mo1-1, the height 
of the barrier  at 90 ~ to be 23.8 kJ mo1-1, and the energy difference between the 
gauche and cis structures to be 2.5 kJ mo1-1. 

It would thus appear  that the shape of the potential energy curve for rotation 
about  the C - - C  bond in 1,3-butadiene is very little affected by the addition of 
either polarization functions or the inclusion of electron correlation to basis sets 
of about double-zeta quality. 

3.2. Geometry 

Bond lengths and angles for 1,3-butadiene at various CCCC dihedral angles, 
calculated using the 6-311G** basis set, are listed in Table 4. Comparing these 
values, rounded off to 0.001 A and 0.1 ~ with those obtained by Skaarup et al. 
[12] given in parentheses in the table shows that the use of the more  extended 
basis set with the inclusion of polarization functions makes relatively little differ- 
ence to the C = C  bond length, increasing it by only 0.001-0.002 A. The C - - C  
bond length, on the other hand, is increased by 0.005-0.007 A, and all three 
types of C - - H  bond are increased in length by 0.004-0.005 A. The bond angles, 
however,  are very little affected. In ten cases there is a slight decrease, by about 
0.3 ~ on average: in three cases a slight increase, less than 0.2 ~ on average: and 

1 See Appendix for the calculation. 
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in three cases there is no change. Comparison with experimental values for the 
trans conformer [15], an electron diffraction r ~ structure, shows the 6-311G** 
basis set underestimates the C----C bond length by 0.020 ~,  overestimates the 
C--C bond length by 0.004 ~ ,  and underestimates the C--H bond lengths by 
about 0.016 A. 

With the greater number of points at dihedral angles between 0 ~ and 180 ~ it is 
now possible to establish the geometrical character of the structure corresponding 
to the gauche minimum and the gauche barrier more precisely. To do this, the 
bond lengths C=C,  C--C, C~--Ho, C~--H1 and C a - - H a ,  the bond angle 
CI=C2--Ca, and the non-bonded distances H0"" "Ho, and C1.. "Cr are plotted as 
a function of the dihedral angle in Figs. 3, 4 and 5. 

In addition to the gross features which show nonbonded repulsions to be present 
in the cis structure, namely the opening out the C = C - - C  angle by about 3 ~ 
relative to that in the trans structure [8, 11], and the tilting outward of the 
methylene groups [12], the calculations at the 6-311G** level provide further 
evidence for diminished electron delocalization in the cis structure. Not only is 
the C--C bond longer than in the trans structure by about 0.01 ~ [12] i.e. less 
double bond character, but the C = C  bond is a little shorter, i.e. more double 
bond character. As well as the outward tilt of the methylene group in the cis 
structure, as shown by the decrease in /HoC1C2 of 0.8 ~ and the increase in 

(.J 

J 
I 1 o <  

(.9 

(..) 
I,o< 

( 3  

128 E T ( m a x )  E T { m i n )  

127 

126 

125 

124 " 

I I I I I • 

1.323 - 

1,321 

1.319 

1.317 I 
I 

I I I I I 

1,490 [ ~ 1  

1,470 ~ . , , , ~  

1 46o I I I I k ~ I A 
' 0 30 60 90 120 150 180 

LCCCC 
Fig. 3. The carbon-carbon bond lengths, C2--C 2, and C1----C2, and the bond a n g l e / _ C I = C a - - C  2, as 
a function of the dihedral angle/_CCCC 



302 C. W. Bock et al. 

1.835 i 

Ho---H 1 

,& 
1.830 

3.500 

Cz-- -Cr  

,k 

3 . 0 0 0  

I I 

I I I I I I 

I I ~ I I I I 
30 60 9 120 150 180 

Z-CCCC 

Fig. 4. The distance between the nonbonded atoms H0...H 1 and C1" 'Cr  as a function of the dihedral 
angle/_CCCC 

"1" 
I o <  

G 

1.080 

I 
E T ( m a x )  I E T ( m i n )  

1.o78 - I 
i 

I I [ I I I I 

I - I 
I o <  

J 
1.076 

I I I [ I I 

I"076 1 ] ~  

I ~ <  I c2 [ p 
i i F I i I I p 

1.074 0 30 60 90 120 150 180 

/ C C C C  

Fig. 5. The carbon-hydrogen bond lengths C z -Ho ,  C 1 --Ha and C2--H2, as a function of the dihedral 
angle/-CCCC 



Rotation about the C-C bond in 1,3-butadiene 303 

/H1C1C 2 of 1.1 ~ these changes also serve to bring the two hydrogen atoms 
closer together, i.e. H0" 'H1 decreases by 0.0045 A, see Fig. 4. 

In general terms one can consider the 141.4~ structure to be more stable 
than the cis because nonbonded repulsions prevent the C = C  bond length from 
reaching what otherwise would be a slightly larger maximum value, and the C- -C  
bond length from what otherwise would be a considerably smaller minimum 
value as the CCCC dihedral angle approaches 180 ~ 

The crucial difference between the cis and the slightly more stable 141.4~ 
structure is revealed by the nuclear repulsion energy, which, as shown in Fig. 1, 
passes through a maximum over the same range of CCCC dihedral angles where 
the total molecular energy passes through a minimum. Relative to the cis structure 
the 141.4~ structure is thus more compact, even though rigid rotation 
from the cis geometry would result in the structure opening out and V,n becoming 
less positive, see the dotted curve in Fig. 1. This more compact structure is 
attributable to the decrease in C = C  and C - - C  bond lengths, and particularly to 
the decrease in t h e / _ C = C - - C  angle, see Fig. 3, so that there is no significant 
increase in the distance between the terminal carbon atoms as the dihedral angle 
changes from 180 ~ to 150 ~ , see Fig. 4. 

In their study using a rigid rotation model and the (7, 3) basis set, Skancke and 
Boggs found the gauche barrier to occur at a dihedral angle a little more than 
80 ~ (see Fig. 2, reference 11). With geometry optimization and the 6-311G** 
basis set the angle is a little less, 76.7 ~ see Fig. 1. Although the C - - C  bond 
length reaches its maximum value at about this angle, the minimum C = C  bond 
length is at a distinctly larger angle, about 83 ~ see Fig. 3. It may also be noted 
that the progressive decrease in/C1C2C2, in going from the stable gauche to 
the trans structure shows scarcely any perturbation in the region of 76.7 ~ see 
Fig. 3. 

Although the variation of the C - - H  bond lengths with dihedral angle is consider- 
ably smaller than the variation for the C = C  and C - - C  bonds there are neverthe- 
less quite regular trends, see Fig. 5. However there is no correlation with the 
maximum and minimum in the potential energy curve at 76.7 ~ and 141.4 ~ 
respectively. The C1--H0 bond length has its maximum value at about 95 ~ the 
Ca--H1 bond length at about 45 ~ and the C2--H2 bond length at about 105 ~ 
T h e / _ H C C  bond angles also show regular trends, but there are no maxima (or 
minima). /-HoC~C2 and /-H2C2C~ stay fairly constant as the dihedral angle is 
increased from 0 ~ to 120 ~ and then decrease a little from 120 ~ to 180~ 
on the other hand, stays fairly constant and then increases a little, see Table 3. 

Finally, the plot of Vn, in Fig. 1 reveals a feature of gauche structures in proximity 
to the trans which complements that of gauche structures in proximity to the 
cis. Rigid rotation at the cis geometry results in gauche structures with a less 
positive V, , ,  but calculation with geometry optimization finds V~n more positive, 
i.e. these gauche structures are more compact relative to the cis, see above. Rigid 
rotation at the trans geometry, on the other hand, results in gauche structures 
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with a more  positive V, , ,  but calculation with geometry optimization finds AV~, 
less positive, i.e. these gauche structures are less compact relative to the trans. 
This feature persists over quite a wide range of dihedral angles, f rom 0 ~ to about 
74 ~ with a minimum V , ,  value of - 220 .3  kJ mol -~ at 61.1 ~ It is to be noted 
that the gauche structure with a V~, of zero occurs at a dihedral angle, 74 ~ very 
close to that for the gauche barrier, 76.7 ~ . However  this may be fortuitous. 

3.3. The nature of the energy barriers [25-27]  

The finding that V , ,  is at a maximum at a CCCC dihedral angle very close to 
that for the gauche minimum, see Fig. 1, implies that AV~, for the approach to 
either the cis barrier or the gauche barrier from the gauche minimum is negative. 
Now for chemical reactions and the more "mechanical"  type of molecular process, 
e.g. rotation, it has been found [28] that AV. .  = AVee  , and as a consequence, 
except in some rare cases for which AV.. ,  mVee and AVe. are very small and 
comparable  in magnitude to AET, AV~. has the same sign as the total repulsion 
energy, 

AEre  p = A E  K + AWee "Jr- AWnn. 

Hence,  with AV,,  negative, for AET to be positive the attraction energy term 
AVe~ must be positive, and thus these two barriers with respect to rotation from 
the gauche minimum structure can be unequivocably classified as "at tractive- 
dominant"  [25-28]. Taking either the 135~ or the 150~ structure 
as typical of the gauche minimum, and the 75~ structure as typical of 
the gauche barrier, the decomposition of A E T  in terms of AV..  and A E ~  is 
given in Table 5, (i) a and b, and (ii) a and b. 

On the other hand the finding that the dihedral angle for the gauche barrier is 
so very close to the value at which V~. is the same as that for the trans structure, 

Table 5. Expectation energy differences" characterizing the barriers to rotation about the C - - C  bond 
in 1,3-butadiene, calculated using the 6-311G** basis set 

Approach to barrier AVnn AE~lec AETb Type c 

(i) a 135~ s t ruc tu re~  
barrier (cis structure) 

(i) b 150~ structure 
barrier (cis structure) 

(ii) a 135~ structure-~ 
barrier (75~ structure) 

(ii) b 150~ s t ruc tu re~  
barrier (75~ structure) 

(iii) trans-structure~ 
barrier (75~ structure) 

- 0 . 0 6 8 6 6  +0.06969 +0.00103 (2.7) A D N  

- 0 . 1 0 1 7 6  +0.10272 +0.00096 (2.5) A D N  

- 0 . 9 2 4 1 7  +0.92870 +0.00453 (11.9) A D N  

- 0 . 9 5 7 2 7  +0.96173 +0.00446 (11.7) A D N  

+0.02075 - 0 . 0 1 1 0 8  +0.00967 (25.4) R D N  

a Values in a.u., except those in parentheses which are in kJ mo1-1. 
b AE T = AVnn + AEelec ' where AE~lec = AEK + AVee + AVen. 
CADN and R D N  denote a t t rac t ive-dominant  endothermic  and repuls ive-dominant  endothermic  
respectively [25-28]. 
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see Fig. 1, leaves the nature 6f the barrier with respect to rotation from the trans 
structure somewhat in doubt. Taking the 75~ structure as typical of the 
gauche barrier gives a decomposition of AET indicative of a repulsive-dominant 
process, see Table 5 (iii). But, with the magnitude of AVnn and AEelec as small 
as this, it is quite possible that the use of a more  extended basis set, or geometry 
optimization including electron correlation could lead to a reversal of signs. 

3.4. Total atomic charges 

A principal drawback of population analysis is its insensitivity to subtle polariz- 
ation of the electron density, and, in addition, the results are often quite dependent  
on the basis set employed [29, 30]. So a preliminary survey was undertaken to 
establish how important  this might be in the case of 1,3-butadiene by carrying 
out calculations on the trans structure using different basis sets, see Table 6. 
Qualitatively all but one of the charge distributions is found to be independent 
of the basis set employed. 

The charge on the central C-atoms is little affected by the inclusion of polarization 
functions on the carbon, 6 - 3 1 G ~  6-31G*, although it does decrease a little at 
the 6-311G** level with the inclusion of polarization functions on the hydrogen. 
Although the charge on the terminal C-atoms is increased substantially by the 
inclusion of polarization functions on the carbon, it is then decreased even more  
by the inclusion of polarization functions on the hydrogen at the 6-311G** level. 
Nevertheless at all three levels the charge on the terminal C-atoms is greater 
than that on the central C-atoms. 

Inclusion of polarization functions on the hydrogen at the 6-311G** level 
increases the charge on all three types of H-a tom to a considerable extent. But, 
whereas the terminal side-chain H-atoms,  Ha and H r ,  still carry more  charge 
than the chain H-atoms,  H0 and Ho,, there is a reversal with respect to the charge 
on the central side-chain H-atoms,  H2 and H2,. At the 6-311G** level it is 
greatest  on these H-atoms,  but least at the 6-31G and 6-31G* levels. 

Considered against the background of these results the changes in charge on C1 
and Cr ,  C2 and C2,, Ho and Ho, and H1 and H r ,  calculated using the 6-311G** 
basis set as the CCCC dihedral angle is varied from 180 ~ through the region of 

Table 6. Total atomic charges on the C- and H-atoms 
in trans 1.3-butadiene, calculated using different basis 
sets with full geometry optimization 

Basis Set 
Atom 6-31G 6-31G* 6-311G** 

C1, C v 6.3754 6.4138 6.1787 
C2, C 2, 6.1378 6.1398 6.1313 
H o, H o, 0.8330 0.8153 0.8887 
H 1, H r 0.8356 0.8201 0.8979 
Hz, H 2, 0.8182 0.8110 0.9034 
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Table 7. Total atomic charges on the C- and H-atoms in 1,3-butadiene as a function 
of the CCCC dihedral angle, calculated using the 6-311G** basis set 

Atom 0 ~ (trans) 135 ~ 150 ~ 165 ~ 180 ~ (cis) 

c1, cv 6.1787 6.1828 6.1784 6.1716 6.1684 
c2, c2, 6.1313 6.1362 6.1371 6.1406 6.1427 
Ho, Ho, 0.8887 0.8910 0.8888 0.8868 0.8860 
H1, H1, 0.8979 0.8954 0.8980 0.9006 0.9016 
H2, H 2, 0.9034 0.8946 0.8977 0.9003 0.9013 

the gauche minimum, are likely to be quite reliable, see Table 7. The charge on 
the terminal C-atoms increases, while the charge on the central C-atoms 
decreases. The charge on the chain H-a toms increases, while the charge on the 
side-chain terminal H-a toms  decreases. The charge on the central side-chain 
H-a toms also decreases - to  an even greater  extent than the charge on the other 
H-atoms.  

In passing from the cis structure to the more stable gauche minimum structure, 
the terminal C-atoms and the chain H-a toms  thus tend to gain charge, whereas 
the central C-atoms and the other H-a toms  tend to lose charge. Finally, on 
approaching the trans structure, all these changes with the exception of that on 
C2 (and C2,) are reversed. 

4. Discussion 

The calculations reported above strengthen the conclusion that the potential 
energy curve for rotation about the C - - C  bond in 1,3-butadiene is very fiat in 
the region of the cis structure, and so the resulting gauche structures could well 
have comparable  populations making the identification of the second stable 
conformer as any one unique structure difficult if not impossible experimentally 
[2, 3, 31]. The shape of the curve appears to be remarkably insensitive to the 
choice of geometry,  the quality of the basis set employed, and the inclusion of 
electron cor re la t ion-very  similar results being obtained in the present study as 
those utilizing the STO-3G basis set and limited geometry optimization involving 
only the CCC valence angle [8]. 

The finding that the gauche structures in the neighborhood of the cis structure 
are actually more compact,  having more  positive values of V , ,  contrary to 
expectation based on a rigid rotation model, shows their slightly greater  stability 
relative to the cis structure to be due to a more favorable electronic energy, see 
Table 5, and not simply to a diminution in nuclear repulsion brought about by 
the torsion relieving the steric hindrance between the adjacent vinyl hydrogens, 
H1 and H r .  The gauche structures in the neighborhood of the trans structure 
on the other hand show just the opposite behavior, having less positive values 
of Vn~ relative to the trans structure, and are thus more relaxed. 
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To gain a more detailed understanding of the way these more compact and more 
relaxed gauche structures arise, V . .  for the interconversion 

cis structure--> 150~ structure 

and 

trans structure-> 60~ structure 

has been split up into the individual contributions from the various nuclear-nuclear 
interaction terms. 

Two types of internuclear distances can be distinguished - those which in a rigid 
rotation model would be dependent on the dihedral angle, and those which would 
not. With geometry optimization the latter undergo a small change, and the 
former have a small change superimposed on that due to the rotation. Bonded 
nuclei, in the chemical structure sense, are obviously rotation-independent,  
whereas nonbonded nuclei can be either, depending on the "bond"  about which 
rotation occurs. In the rotation about the C - - C  bond in 1,3-butadiene sixteen 
of the internuclear distances are rotation-dependent and twenty-nine are rotation- 
independent,  see columns 1 and 2 in Table 8. 

In the case of the 150~ structure the more positive Vnn relative to the 
cis structure, +267 kJ mo1-1, is due mainly to the rotation-independent interac- 
tions C 1 . . - C  2, and Ca .... C2, accounting for +224 kJ mo1-1, with the other carbon-  
carbon interactions contributing a further +33 kJ mo1-1. The carbon-hydrogen 
interactions in toto also make a positive contribution, +45 kJ tool-l;  whereas the 
hydrogen-hydrogen interactions make a negative contribution, - 3 5  kJ mol -a, 
due principally to the rotation-dependent H c . . H r ,  the internuclear distance 
increasing from 2.34205 to 2.48065 A thereby relieving the crowding in this 
region of the cis structure. 

The conversion of the trans structure into the 60~ structure presents a 
marked contrast. AVnn is negative, - 2 2 0  kJ mol -a, and the individual contribu- 
tions from the carbon-carbon interactions range in magnitude from about 90 to 
almost 600 kJ mol -a. But the interplay of contributions of opposite sign results 
in a net contribution of only +29 kJ mo1-1. In toto the carbon-hydrogen interac- 
tions make the major contribution, 161 kJ mol -~, with the hydrogen-hydrogen 
interactions contributing about half as much again, - 8 9  kJ mol -a. In this case it 
is to be noted that without exception rotation-dependent interactions make the 
largest contributions in each category, e.g. C a  "~ .C1, , H0...Ca,, & Ho .... Ca, H c " C r  
& H a  .... C1, H2 . . .Ca ,&H2 .... Cl, a n d H a " . H 2 , & H 1  .... H2. 

The existence of more relaxed gauche structures in the region of the trans 
conformer is apparently not a feature unique to 1,3-butadiene. In their study of 
rotation about the C - - C  bond in glyoxal Sundberg and Cheung [32], using an 
even-tempered basis set, O(9,5)C(6,4)H(4),  with partial geometry optimization 
for the gauche structures, found Vn, for the 15~ structure to be 
168 kJ mo1-1 less positive than that for the trans conformer. Comparison of the 
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Table 8. Contributions to AVnn for the conversion of (a) cis into 150~ 1,3-butadiene, (b) 
trans into 60~ 1,3-butadiene, and (c) trans into 90~ 1.3-butadiene, from the changes 
in individual nuclear-nuclear interaction terms 

8AVon kJ mo1-1 
Nuclear Cis -~ Trans -~ Trans + 
interaction(s) Type a 150~ 60~ 90~ 

C l = C  2 & Ci,-----C 2, 
C1...C 2, 8s C1,.. ,C 2 
C2--C2, 
Cl'"Cv R 

Ho--C a & Ho,--C r 
Ho'" "C2 & Ho," "C2, 
Ho'" "C2, & Ho,'" "C2 
Ho'"Cv & Ho,'"C1 R 
H1--C1 & Hr--C1, 
HI""C2 & H r "  "C2, 
Hi"" "C2, & Hr'"  'C2 
Hi '  "'C,, & Hr-. .C I R 
H2...C 1 & H2,...C 1, 
H2--C 2 & H2,--C 2, 
H2...C 2, • H2,.' .C 2 
H2"" "Cr & H2,'" "CI R 

Ho'" "H1 & Ho,'" "Hi' 
Ho'" "H2 & Ho"' "Hz 
Ho'" "H2' & Ho"" 'H2 R 
Ho'" "Hr & Ho," "H1 R 
Ho'" "Ho, R 
H1...H 2 & Hr . . ,H 2, 
H1...H 2, & H1,.. 'H 2 R 
Ha" 'Hr  R 
H2"" 'H2, R 

AVnn kJ mo1-1 

+33 +188 +229 
+224 -279 -357 

+34 -472 -506 
-34  +592 +1286 

+257 +29 +652 

- 5  - 9  -12  
- 9  +18 +23 

+10 -24  -29  
+7 +93 -198 
- 5  - 4  +4 

+23 +5 +12 
+70 -34  -47  
-59  +305 +694 
-25  +25 +24 
- I 0  - 7  -20  
-18  -75  -69  
+66 -454 -785 

+45 -161 - 7  

- 3  -1  - 2  
- 7  +6 +7 
+3 -29  -51 
+2 +28 +61 
+1 +4 +8 

0 +1 +1 
+19 -151 -250 
-33  +34 +85 
-17  +20 +48 

-35  -88  -93  

+267 -220 +552 

a "R"  indicates that in a rigid rotation model the internuclear distance depends on the CCCC dihedral 
angle, i.e. is "rotation-dependent", whereas the other internuclear distances are invariant. 

g lyoxa l  a n d  b u t a d i e n e  s t r u c t u r e s  in r e l a t i o n  to  t h e  aAVnn in c o l u m n  4 of  T a b l e  

8 sugges ts  tha t  t he  r o t a t i o n - d e p e n d e n t  H . - - O  in t e r ac t i ons ,  c o r r e s p o n d i n g  to  t he  

H 2 . . - C r  and  H2 ... .  C 1 i n t e r a c t i o n s ,  a r e  t h e  d o m i n a n t  fac to r .  H o w e v e r ,  s ince  t he se  

i n t e r a c t i o n s  a r e  jus t  as i m p o r t a n t  in r ig id  r o t a t i o n  w h e r e  t he  r e l a x a t i o n  of  t h e  

g a u c h e  s t r uc tu r e s  is n o t  p r e s e n t ,  it w o u l d  a p p e a r  t ha t  t h e  r e l a x a t i o n  o b s e r v e d  

o r i g ina t e s  in t h e  c h a n g e s  in g e o m e t r y  r e v e a l e d  by  t h e  o p t i m i z a t i o n .  

W i t h  d i h e d r a l  ang les  g r e a t e r  t h a n  a b o u t  74 ~ Vn~ for  t he  g a u c h e  s t r uc tu r e s  of  

b u t a d i e n e  b e c o m e s  m o r e  pos i t i ve  than  tha t  fo r  t h e  t rans  c o n f o r m e r  and  it is of  
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interest to establish which interactions are primarily responsible for this reversal 
in behavior. The 90~ structure, with a hVnn of +552 kJ mol-* relative 
to the trans, has been chosen for this purpose because of its significance from the 
point of view of valence bond theory. In contrast to the planar trans and cis 
structures, in which ~--electron delocalization is at a maximum, in the 90~ 
structure the 7r-bond planes are perpendicular and delocalization is at a minimum, 
although hyperconjugation might exercise a small stabilizing effect [33]. 

Comparison of the 3AVnn values in columns 4 and 5 of Table 8 shows that not 
only are the rotation-dependent interactions which are predominant in the 
trans ~ 60 ~ conversion also predominant in the trans ~ 90 ~ con- 
version, but in addition they are all much greater, on average about twice as big. 
The result of this is that even though 6AVnn for H2"" "C1, • H2 . . . .  C 1 and Ha" "H2' 
& H1 .... H2 are -785 and -250kJmo1-1 respectively, these very substantial 
negative contributions are completely outweighed by aAVnn for Ho ' "Cr  & 
H0 .... C1, HI""Cr  & H1 .... C1 and CI ' "Cr ,  +198, +694 and +1286kJmo1-1 
respectively. The increase for C1". "Cr is, in fact, so great that the net contribution 
from the carbon-carbon interactions is +652 kJ tool -1 for the 90~ conver- 
sion, compared to only +29 kJ tool -1 for the 60~ conversion. The net 
contribution from the carbon-hydrogen interactions is also, in effect, more 
positive, changing from -161 to -7  kJ tool -1. 

This kind of analysis brings out very clearly the importance of nonbonded 
interactions, not only in initiating the destabilization of the crowded cis structure, 
but also throughout the entire range of CCCC dihedral angles, 0 ~ to 180 ~ 

5. Appendix 

5.1. Estimation of the correlation energy for trans-l,3-butadiene 

The total molecular energy calculated from the expression E(molecule, fixed 
nuclei) = E(atoms, fixed nuclei) + AH~(0 K, molecule) 

-AH~(0 K, atoms) -Evib(0 K, molecule) 

using energy values from the following references E(atoms, fixed nuclei) [34], 
AH~(298 K, molecule) [35], H~98- H~(molecule) [36], AHT(0 K, atoms) [34] and 
Evib(0 K, molecule) [37], with the conversion factors 1 a.u. = 627.5095 kcal mo1-1 
and 1 kcal-= 4.184 kJ, is -156.0393 a.u.. 

The restricted Hartree-Fock limit molecular energy, ERHF, estimated from the 
SCF energy of -154.91905 a.u. obtained using the 6-31G* basis set, Table 2, 
and an Ermler-Kern factor [38] of 1.000534(35) based on data for C1 and C2 
hydrocarbons [39], is -155.0018(54)a.u.. 

The correlation energy, defined as E(molecule, fixed nuclei) -ERHv' is thus 
-1.0375(54) a.u. From the molecular energies given in Table 2 it follows that 
about 51% of the correlation energy is accounted for at the MP3 level, and about 
52% at the CI (size corrected) level. In the calculations of Dumbacher [9] and 
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Pincelli et al. [10] the inclusion of CI resulted in ET values more negative by 
0.0365 and 0.2666 a.u. respectively, thereby accounting for about 4% and 26% 
of the correlation energy. 
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