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Molecular mechanics is an inductive methodl in 
which a set of energy functions, deduced from a large 
amount of experimental data, is used for the predic- 
tion of observable properties of a series of molecules. 
The method was pioneered by Westheimer,2 put in a 
form suitable for electronic computing by Hendrick- 

and recently reformulated carefully by Karplus 
and W a r ~ h e l . ~  The energy of the molecule relative to 
the energy of a hypothetical strain-free molecule is 
calculated as the sum of four components 

E = E,(r) + E&@ + E,($) + E,,,(d) 
where E ,  and EO are bond length and bond angle de- 
formations, E ,  is the torsional eclipsing energy, and 
E n b  is the nonbonded interaction energy. Sometimes 
the first term is split in two, E,(r) and ET(r) ,  related 
to c and x bonds. 

For each of the above terms, there are well-known 
expressions, and the only problem is one of choice. 
We calculated the r-electron energy by Huckel’s 
theory (for a more sophisticated approach see ref 5). 
For E ,  and EO a harmonic potential was assumed: 
E&) = 0.5hr(r - re)2 and EO(@ = 0.5kd6 - 8e)2, 
where appropriate experimental values for force con- 
stants and equilibrium geometrical parameters were 
included. The torsional energy for threefold barrier 
we took as E,($) = (K/2)(1 + cos 3$), where $ is the 
angle of twist and K was taken from experiment; the 
torsional energy for sixfold barriers was ignored. For 
nonbonded interactions initially we used Hendrick- 
son’s formulas and parameters. Later, wanting to 
make calculations with a simple set of formulas and 
parameters, we shifted to the potential given by Bar- 

These functions are similar to those used so suc- 
cessfully by Kitaigorodsky in his studies of the inter- 
molecular interaction energies in organic crystals.7 

Application of molecular mechanics has been suc- 
cessful in many areas of physical organic chemistry. 
Most of these areas, concerned with the study of 
properties of single molecules, have been reviewed re- 
cently in a paper8 which assesses the predictive abili- 
ty of molecular mechanics in calculations of structur- 
al parameters and enthalpies of formation of saturat- 
ed hydrocarbons. 

We were interested mainly in the conformation of 
organic molecules that, due to their size, are not suit- 
able for microwave or electron diffraction investiga- 
tion, or for ab initio quantum mechanical calcula- 
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tions. X-Ray diffraction data were collected for such 
molecules to determine conformation in the solid 
state. Although in general packing forces do not sig- 
nificantly change the geometry of organic molecules, 
and in particular do not change bond lengths, inter- 
molecular forces in crystals can affect the angle of 
rotation around single bonds. Molecular mechanics 
was chosen as the most practical tool to obtain the 
conformation of the isolated molecules. Then we in- 
cluded intermolecular interactions for molecular 
crystals to determine if this would lead to the correct 
conformation in the crystal. The agreement between 
calculated and experimental conformation in the 
crystal would then give us confidence that the calcu- 
lated geometry for the isolated molecule was in fact a 
good approximation. To support this indirect argu- 
ment we used for the intermolecular atom-atom po- 
tential the same nonbonded interaction functions 
that were used in the isolated molecule calculations. 

For such a problem, biphenyl is a classical exam- 
ple. The twist angle between the two phenyl rings is 
about 40’ in the gas phaseg and 0’ in the crystalline 
phase.1° Our calculations for the isolated molecule in- 
cluded as variable parameters the inter-ring distance 
r, the twist angle 6 between the rings, and the CCH 
angle 2 for hydrogen atoms in ortho position.ll The 
minimum of energy was obtained for r = 1.51, 8 = 
35’, X = 121’. The experimentally observed values 
are r = 1.49 A, 6 = 40°, and X is assumed to be 120’. 
The calculation for the crystal was made by locating 
the center of mass of molecules in the experimental 
position, so that only six variables were needed: the 
internal variables r, 8, X, and three Euler angles, &, 
$ 2 ,  $3. A t  our minimum the molecule was planar, 
with r = 1.518 A (observed value of 1.507 A), and the 
orientation gave a discrepancy index, R, of 0.15, to be 
compared to the values 0.17 for the h01 zone and 0.15 
for the Oh1 zone obtained by the experimentalist. 

We turned then to p,p’-bitolyl. The crystal struc- 
ture determination12 has shown that the monoclinic 
crystals contain two molecules in the asymmetric 
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unit with the long molecular axes parallel to the b 
axis of the cell and with twist angles of 36 and 40". 
Conformational energy calculations were carried out 
with center of mass and axes in the experimental po- 
sition, assuming regular carbon and hydrogen hexa- 
gons and allowing four degrees of freedom to the sys- 
tem: namely, the angle of rotation & (i = 1-4) around 
the molecular axes of the four phenyl rings. 

The minimum energy was found for $l = 20°, 4 2  = 
5 5 O ,  43 = -18", 4 4  = -58" (experimental values 41 = 
20", 4 2  = 55", 4 3  = -18", 4 4  = -58"). I t  is gratifying 
that the orientation of the rings corresponds to with- 
in 1". With para substituents, the packing is such 
that the two rings are twisted by about the same 
angle as in gaseous biphenyl while, as mentioned, bi- 
phenyl itself is planar in the solid state due to pack- 
ing forces. As an example of a biphenyl derivative 
with only one substituent, we determined the crystal 
structure of p-nitr0bipheny1.l~ Crystals of this com- 
pound are orthorhombic, with eight molecules in the 
unit cell. For the isolated molecule the variables were 
the inter-ring distance r, the twist angle 8" between 
the phenyl rings, and the rotation angle $" of the 
nitro group with respect to the phenyl ring. 

At the energy minimum we found r = 1.51 A, 8 = 
35", $ = 0". In crystal packing calculations, the refer- 
ence molecule was given two degrees of freedom: 
namely, the dihedral angles 4' and 4" of the first and 
second phenyl ring with respect to the same ring in 
the experimental conformation. The minimum ob- 
tains for 4' = 3", 4" = 2". The dihedral angle be- 
tween the phenyls is 32" (experimental value, 33O), 
and the molecule as a whole is only slightly rotated 
by 2.5" with respect to the experimental conforma- 
tion. For this molecule we needed some new atom- 
atom potentials. These were taken from Kitaigorod- 
sky's except for the N - - - N, N - C, N - e 0 H 
interactions, where we used potentials recently pro- 
posed by Mirskaja and Nantchitel, as quoted by 
Ahmed and Kitaig0rod~ky.l~ 

For comparison we note that disubstituted 4,4'- 
dihydroxybiphenyll6 shows coplanarity of the two 
rings, although here formation of hydrogen bonds has 
some effect, the 4,4'-dinitrobiphenyl being rotated by 
about 35".17 So it seems reasonable to infer that the 
value of about 35" for the dihedral angle between 
phenyl rings is a rather typical feature of the isolated 
molecules of para-substituted biphenyls, regardless 
of the nature and number of substituents. In crystal- 
line state, molecular packing can play a different role 
in different situations, and each crystal must be con- 
sidered specially. 

The crystal structure determination of 2-bromo- 
l,l-di-p-tolylethylene18 has shown that a phenyl ring 
cis to the bromine atom is turned 69" out of the eth- 
ylene plane, while the second phenyl is 24" out of the 
same plane. In conformational calculations for the 
isolated molecule the minimum energy is obtained a t  
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angles of 55 and 25", respectively. However, if the op- 
timum conformation is determined for the molecule 
in the crystal, the calculated twist angles very satis- 
factorily become 69 and 25". Another example is 1,l- 
bis(p-nitrophenyl)ethylene, a monoclinic crystal with 
four molecules in the unit cell.lg The calculated ge- 
ometry for the isolated molecule shows the following 
features: 81 = 192 = 35", 41 = $12 = O" ,  rc=c = 1.336 A, 
0's are the twist angles Letween phenyl rings and eth- 
ylenic fragments and 4's are twist angles for the nitro 
groups. 

The C2 axis along the double bond was not im- 
posed, but resulted from the calculations. For the 
model crystal the results are: 81 = 36", 82 = 35O, $1 = 
0", 4 2  = 5", rc=c = 1.336 A, rc-c = 1.508 A. The ex- 
perimental values are 01 = 38", 82 = 40", 41 = 12O, 42 
= 14", rc=c = 1.33 A, rc-c = 1.49 A. The results are 
not as good as usual, but a better analysis of libra- 
tional motions should be carried out on X-ray data, 
since the direction of highest thermal libration for 
the oxygen atoms is the one normal to the N-0 
bonds. 

Let us consider now 2-bromo-1,l-diphenylprop-l- 
ene. The structure had been solved earlier20 and it 
was found, not unexpectedly, that the ring cis to bro- 
mine is rotated by 45" and the one cis to methyl by 
71". However, the geom'etry obtained a t  the end of 
least-squares refinement had two very unsatisfactory 
features: the double bond length was 1.31 A and the 
Cethylenic-Cmethyl bond length was 1.57 A. We decided 
to see if conformational energy calculations could im- 
prove the situation.21 First, the minimum energy ge- 
ometry of the isolated molecule was calculated, and 
the interesting geometrical parameters were: 81 = 
55", 02 = 65", rc=c = 1.35 A, rc-c = 1.52 A. 

The packing forces were included in this model 
molecule, resulting in the following geometry in the 
crystal: 81 = 47", 02 = 66", rc=c = 1.35 A, rc-c = 1.52 
A. We calculated for this geometry structure factors 
and a reliability index of R = 8.6%, exactly the value 
we had obtained a t  the end of the least squares re- 
finement. Thus the R function appears to have two 
minima of equal value, but for some reason the least- 
squares procedure always leads to the one with an 
unrealistic molecular geometry. Of course it is not 
surprising that carbon atoms in proximity to a bro- 
mine are difficult to locate by X-ray diffraction tech- 
niques. 

In the following example, packing calculations 
helped us to refine a structure. In nucleophilic substi- 
tution reactions a t  aromatic carbons, a mechanism 
involving an activated complex or an intermediate as 
shown (I) was proposed a long time ago. In some spe- 
cial cases it has been possible to isolate the interme- 
diate. One example is the reaction of symmetric trini- 

- 
rCethylene-Clst phenyl - rCeth lene CZnd phenyl = le508 A, where 
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Figure 1. Conformations for polyethylene chains. 

trophenetole with alkali ethoxide, leading to a 
Meisenheimer salt (11). 

NO NO2 

The crystal structure of phenetole was solved 
first.22 The nitro group para to the ethoxy group is al- 
most coplanar with the benzene ring, while the two 
ortho groups are rotated by 32 and 61°, the oxygen is 
in the plane of the ring, and the two carbons in the 
ethoxy group lie in the plane perpendicular to the 
ring through the oxygen atom. 

The structure of the Meisenheimer salt shows two 
molecules in an asymmetric unit.23 Both were locat- 
ed, but we could determine the position of only three 
of the four ethoxy groups; the fourth group was ap- 
parently disordered. On a difference-Fourier synthe- 
sis a large positive region appeared instead of definite 
peaks. Again, packing calculations were the remedy. 
We assumed normal bond lengths and angles in the 
ethoxy group, and after locating all the other atoms 
in the asymmetric unit in their known positions, we 
allowed rotation of the CzH5 group around the C-0 
bond and of the CH3 group around the 0-C bond and 
calculated the repulsion energy of all pairs of non- 
bonded atoms whose distance was less than the 
touching distance. This energy surface showed t w a  
minima of about the same value. We assumed that 
each ethoxy group of that  kind had a 50-50 chance to 
be in one or the other of these two positions. We put 
half the C atoms in positions corresponding to the 
energy minima and successfully proceeded with our 
least-squares refinement, which finally led us to an R 
value of 6.4% and to reasonable bond angles and 
lengths for all atoms, including the disordered ethoxy 
chain. The three nitro groups are roughly in the 
plane of the ring, in both molecules. 

We also applied the method to study the confor- 
mation of crystalline p ~ l y e t h y l e n e . ~ ~  The calculation 
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Figure 2. Energy levels for polyethylene as a function of the wave 
number. 

was carried out in two steps. First, we determined the 
most stable geometry of a single chain by a quantum 
mechanical computation, using the SCF-MO method 
in its CNDO a p p r o x i m a t i ~ n . ~ ~  Initially we assumed 
all angles to be tetrahedral, allowing variation of 
bond lengths, and we found for the configuration sug- 
gested by spectroscopic evidence the following order 
of stability: (T), > (TG), > (TGTG'), > (G), (see 
Figure 1). When the energy for the most stable con- 
formation was calculated, including variation of bond 
angIes in the minimization procedure, the following 
geometry was found: rc-c = 1.52 A, rc-H = 1.13 A, 
LCCC = 114O, LHCH = 105'. Bond angles satisfy 
orthogonality conditions. 

Figure 2 shows the energy levels as a function of 
wave number k, in atomic units per CH2 group. Filled 
and vacant orbitals are well separated, as expected 
for a good insulator. In the second step, the energy 
for the crystal energy was minimized for (T), chains 
of different geometry as a function of the orthorhom- 
bic unit cell parameters a and b and of 6 ,  the angle 
between axis a and the projection on the a b  plane of 
the C-C bond through the origin. As expected, the 
most stable conformation of the chain in the crystal 
turned out to be the same as for the isolated chain; 
the calculated lattice parameters were a = 7.078 A, b 
= 4.97 A, and 6 = 42O, to be compared with experi- 
mental values a = 7.478 A, b = 4.97 A, and 6 = 4 2 O .  
The packing energy per CH2 unit is 1.95 kcal/mol, 
while the experimental heat of fusion was found to be 
of the order of 1 kcal/mol. 

Since molecular mechanics had proved to be such 
an effective tool in understanding the relationships 
between conformations of isolated and packed mole- 
cules, we turned to the solution of a crystal structure 
by means of intermolecular potentials. We started 
with a very interesting molecule, 1,6:8,13-propane- 
1,3-diylidene[l4]annulene. [14]Annulene is a mole- 
cule with a ring made of 14 C-H groups. However, 
the molecule is not stable in this configuration owing 
to the overlap of the hydrogen atoms pointing inside 
the ring. Professor Vogel very elegantly managed to 

( 2 5 )  J. A. Pople and G. A. Segal, J. Chem. Phys., 44,3289 (1966). 
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Figure 3. Bond lengths in ll,ll-dimethyltricyc10[4.4.1.0~~6]undeca- 
2,4,7,9-tetraene. 

relieve the strain by introduction of two CH2 bridges, 
and to further relieve the strain between the bridges 
(again due to hydrogen overlap) by means of a third 
CH2 group. He kindly supplied us with a few crystals 

m 
of this precious compound, and we undertook the 
crystal structure determination. In the meantime, we 
calculated the geometry of an isolated molecule by 
the usual method. 

Bond distances and angles involving H atoms were 
always assumed. We also assumed m m 2  symmetry 
for the molecule and the same value (1.397 A) for all 
the C-C bond lengths in the annulene ring. The car- 
bon skeleton then has nine degrees of freedom. The 
energy was minimized with respect to all of them. 
The orientation of the molecular model in the ortho- 
rhombic unit cell was determined by comparing over- 
lap of Patterson functions calculated for different 
orientations with the same function as obtained by 
X-ray experimental data. 

The position of the reference molecule in the unit 
cell was determined by shifting the oriented molecule 
along the axes x and y ( z  is. a polar axis) and calculat- 
ing a t  each point the sum of nonbonded interactions 
between each atom of the model and each atom of 
molecules generated by symmetry around the refer- 
ence molecule. One very clear minimum was found. 
From this point, the structure was refined by the 
least squares technique, to a final R of 0.06%.26 The 
annulene ring is aromatic, in accordance with its 
chemical and spectroscopic behavior. Bond lengths in 
the ring are between 1.38 and 1.41 A (mean value 
1.395 uncorrected, 1.401 corrected), and molecular 
m m 2  symmetry is preserved within experimental 
error. Experimental and calculated (by the Scho- 
maker-Trueblood method27) thermal parameters are 
in good agreement for all 17 carbon atoms. The ring 
is not planar, but the distance from the best plane is 
<0.6 A. Torsional angles around the C-C bond in the 
ring reach the maximum value of 28’. 

(26) A. Gavezzotti. A. Muenoli. M. Raimondi. and M. Simonetta, J .  
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A second example of solution of a crystal structure 
by means of the atom-atom potential approach 
was 11,l l-difluoro-1,6-methano [l Olannulene ,28 The 

@ 
method of solution followed the same route as for the 
preceding compound. The molecule shows chemical 
and spectroscopic aromatic behavior. C-C distances 
in the ring range from 1.33 to 1.47 A. The compound 
could valence-isomerize to a bisnorcaradiene struc- 
ture. However, no evidence to support this was 
found, since one “double bond” is 1.44 A and the 
C1-CG distance is 2.25 A. We also determined, this @em \ / 

time by conventional techniques, the crystal struc- 
ture of a compound in which the bisnorcaradiene 
form obtains, namely, 11,ll-dimethyltricyclo[4.4.- 
1.01,6]undeca-2,4,7,9-tetraene.29 The crystal is triclin- 

ic, space group P1, with two moleles in the asymmet- 
ric unit. The average molecular structure is shown in 
Figure 3. Chemical and spectroscopic behavior sup- 
port this finding.30 

Now the question arises: why is the difluoro com- 
pound an annulene and the dimethyl not? In the lat- 
ter compound there is a cyclopropane ring, with a 
very long C-C bond, perhaps the longest C-C bond 
ever found. In the fluoro derivative, the bond has dis- 
appeared. In both cases, there is a strong internal 
strain acting on this bond. In our opinion, the differ- 
ence in the two compounds is due to electron substit- 
uent effect. Using the Walsh model for describing or- 
bitals in a cyclopropane ring, Hoffmann has shown 
through molecular orbital analysis that r-electron-at- 
tracting substituents weaken the adjacent bonds and 
strengthen the opposite one, while a-electron donors 
weaken all bonds in the ring.31 To substantiate such 
qualitative arguments we made an ab initio MO cal- 
culation, using the SCF-GTO-3G technique proposed 
by P0ple.3~ This is a complete SCF calculation in- 
cluding all valence electrons. The valence shell orbit- 
als are expressed as linear combinations of three 
gaussians, with coefficients and exponents that make 
the orbital as close as possible to a Slater orbital. We 
considered cyclopropane and 1,l-difluoro- and 1,1- 

, dimethylcyclopropanes. Although the effects are 
weak, the results are in complete agreement with the 
qualitative  prediction^.^^ 

Another example of the use of molecular mechan- 
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ics to study the conformation of organic crystals is 
1,6:8,13-b~tane-1,4-diylidene[l4]annulene.~~ The iso- 
lated molecule was assumed to have point group sym- 
metry 2 C 2 ,  and all bond lengths in the ring were 
taken as 1.397 A. The energy was minimized with re- 
spect to the eleven internal degrees of freedom of the 
C-atom skeleton. Standard values were assumed for 
the C-H bond length, and the direction of these 
bonds was determined by the orthogonality condi- 
tions for the hybrid carbon orbitals. The minimum 
energy was found to correspond to mm2 symmetry. 
In view of this symmetry and of the fact that the 
space group was Fmm2 with four molecules in the 
unit cell, we had only to find which axis was polar 
and to check two possible orientations of the mole- 
cule, rotated by 90’ with respect to each other. Only 
for one position was the packing energy reasonable 
(-2.5 kcal/mol); for all others some contacts were too 
short to be admissible. The R index was 0.24, a good 
starting point for least squares refinement. The final 
molecular parameters are shown in Figure 4. The 
molecule was expected to behave like a rigid body in 
undergoing thermal libration. The tensors T, L, S, 
corresponding to vibrations along a straight line, 
along an arc, and along a helical path, were comput- 
ed. Agreement between the observed and the calcu- 
lated anisotropic thermal factor coefficients, BL1’s, 
was good. 

This time we also tried to  utilize further the atom- 
atom potential, comparing experimental anisotropic 
thermal parameters with the mean-square ampli- 
tudes calculated by means of the lattice dynamics 
model suggested by P a ~ l e y . ~ ~  The results were en- 
couraging. For example, for a carbon atom in position 
2 we have35 

Bli B 2 2  1333  B13 B 2 3  

exptl 26 6 1  157 -7 -4  -9 
calcd 18 52 117 -3 - 2  -1 

Agreement for all other atoms is of this order. Thus 
we see a potential new field of application for atom- 
atom potential functions, in the calculation of the dy- 
namical matrix for molecular crystals. Calculations of 
“crystallographic” temperature factors have been 
carried out for a number of rigid organic molecules 
with satisfactory results.36 

The same atom-atom potential has been used to 
evaluate vibrational frequencies, dispersion curves 
along principal directions, and the density of states. 
Where available, experimental data are in good 
agreement with the results of our calculations. A 
careful study of the mathematical techniques in cur- 
rent use in the interpretation of thermal motion in 
molecular crystals of rigid molecules has shown that 
serious difficulties may arise, and that a lattice-dy- 
namical treatment, when feasible, is to be preferred. 
Sampling the Brillouin zone turned out to be a point 
of paramount importance for a correct dynamical 

(33) C. M. Gramaccioli, A. Mugnoli, T. Pilati, M. Raimondi, and M. Si- 
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monetta, Acta Crystallogr., Sect. B, 28,2365 (1972). 

(1972). 

Lett., 20,23 (1973). 

Chem. Phys., 59,5088 (1973). 

Figure 4. Bond lengths in 1,6:8,13-butane-1,4-diylidene[l4]annu- 
lene. 

treatment.37 From frequencies obtained for all sam- 
pled points a density of states can easily be con- 
structed, from which it is possible to calculate a num- 
ber of thermodynamic functions for the molecular 
crystal, such as enthalpy of sublimation, specific 
heats a t  constant volume or pressure, entropy, free 
energy, and vapor pressure.38 

It is gratifying that the atom-atom potentials that  
have been calibrated to fit structural parameters of 
isolated molecules or of static crystal structures lead 
to satisfactory values for dynamical observables, such 
as infrared and Raman vibration frequencies, aniso- 
tropic temperature factors, and thermodynamic 
functions. On the other hand, experimental data of 
this kind could be used to calibrate the functions for 
atoms other than carbon and hydrogen, where reli- 
able potentials are still needed. Here we made the 
same observation that occurred to Schleyer, et al.,8 in 
their work in the area of isolated molecules: the 
choice of the potential function is not of crucial im- 
portance to obtain good agreement between calculat- 
ed and experimental data. 

I will now mention our work on 7-methoxycar- 
bonyl-anti-1,6:8,13bismethano[14]annulene.39 Since 

dOOCH, 

the hydrocarbon has a low melting point, Professor 
Vogel kindly provided us with good crystals of the 
methoxycarbonyl derivative. Starting from [14]annu- 
lene, the st,rain was relieved this time by means of 
two CH2 bridges placed on different sides of the ring. 
Spectral data and chemical behavior predict a non- 
aromatic structure. The crystal structure was solved 
by direct methods to a final R = 0.051,40 and the final 
geometry for the molecule is shown in Figure 5. The 
striking feature is the systematic succession of long 
and short bond distances in the annulene perimeter, 
at, variance with the results found for similar annu- 
lenes. 

(37)  G. Filippini, C. M. Gramaccioli, M. Simonetta, and G. Suffritti, Acta 

(38) G. Filippini, C. M. Gramaccioli, M. Simonetta, and G. Suffritti, to  be 
Crystallogr., Sect. A, 30,189 (1974). 

uublished. 
(39) E. Vogel, U. Haberland, and H. Gunter, Angew. Chem., In t .  Ed. 

(40) C. M. Gramaccioli, A .  Mimun, A. Mugnoli, and M. Simonetta, 
Engl., 9, 513 (1970). 

Chem. Commun., 796 (1971); C.  M. Gramaccioli, A: Mimun, A. Mugnoli, and 
M. Simonetta, J .  Amer. Chem. Soc., 95,3149 (1973). 
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Figure 5.  Geometrical parameters in 7-methoxycarbonyl-anti- 
1,6:8,13-dimethano[l4]annulene. a 

We compared six annulenes with known crystal 
structures. The difference in bond length along the 
perimeter could not be attributed to a more pro- 
nounced deviation from planarity of the perimeters. 
Butano[14]annulene9 which shows the highest devia- 
tion from planarity, does not show the highest devia- 
tion in bond lengths. The olefinic or aromatic behav- 
ior can instead be attributed to the misalignment an- 
gles &j between the directions of adjacent 2p, orbit- 
als on carbon atoms i and j in the ring. The maxi- 
mum value is shown in the anti derivative. The reli- 
ability of our assumption was substantiated by 
means of Huckel molecular orbital calculations for 
the 7r electrons in the ring in which the angles q5ij 
were kept constant and equal to the experimental 
value; the C-C distances were initially assumed all 
equal to 1.4 A, and the exchange integral f l  was taken 
as /3 = flOSlS0, where S is the overlap integral in the 
considered geometry and SO is the overlap integral 
for two Slater 2p, carbon orbitals with parallel axes 
a t  a distance of 1.4 A. At  the end of the calculation, 
6-C bond orders and hence bond distances were 
evaluated, and new f l  integrals were calculated. The 
calculation was repeated (always with the experimen- 
tal & j )  till consistency obtained. The results shown in 
Figure 6 for the anti compound and butano[14]annu- 
lene are in very satisfactory agreement with experi- 
ment, suggesting the adequacy of the proposed expla- 
nation. 

In conclusion, we wish to point out two new areas 
where one may confidently apply molecular mechan- 
ics when intermolecular interactions are added to the 
intramolecular potential. Such intermolecular inter- 
actions can be evaluated by means of the usual intra- 
molecular nonbonded potential functions. The first 
area is crystal and molecular structure determination 
by X-ray diffraction; molecular mechanics can be 
used as an aid (to avoid false minimaz1 and to take 

b 
Figure 6. Experimental (solid line) and calculated (dashed line) 
bond lengths (8) for bonds C(l)-C(2) t o  C(14)-C(1) in the annu- 
lene ring: ( a )  7-methoxycarbonyl-anti-1,6:8,13-dimethano[l4]- 
annulene; (b)  1,6:8,13-butane-1,4-diylidene[l4]annulene. 

care of disorder23) or as an alternative (to solve the 
crystal structure ab i n i t i 0 ~ ~ 1 ~ ~ )  to the traditional 
techniques. In this context molecular mechanics can 
be used to relate the structure of an organic com- 
pound, as measured in a crystal, to the structure of 
the isolated molecule. Molecular mechanics seems 
also to be an extremely powerful technique in the 
field of lattice dynamics and for the calculation of 
thermodynamic functions of molecular crystals. Re- 
sults already obtained for a number of hydrocar- 
b o n ~ ~ ~ - ~ ~ * ~ ~  are quite satisfactory. 
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