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Molecular mechanics (MM3) calculations were carried out on the title compounds. Comparison between the MM3 
results and those of semi-empirical and ab initio calculations and experiment indicates that the MM3 results are at 
least as good as results of much more expensive calculations. The MM3 calculations predict that unlike corannulene 
and cyclopentacornnnulene, the transition state of the bowl-to-bowl inversion of the related CmHI0 is non-planar, 
and the activation barrier is too high for this motion to occur. 

The discovery of the stability of buckminster- 
fullerene'*Z and the fact that it can be prepared in 
macroscopic quantities generated much interest in the 
structures and chemistry of fused polycyclic carbon 

Of particular interest are the curvature and 
flexibility of small carbon clusters. The carbon frame- 
work of corannulene (l), which can be considered to 
represent the polar cap of buckminsterfullerene, is 
surprisingly flexible. The bowl-to-bowl inversion takes 
place more than 200000 times per second at room 
temperature! 4,5 The inversion barrier of corannulenyl- 
dimethylcarbinol, which can be considered close to that 
of corannulene itself, was deduced from a temperature 
dependent NMR study to have AG' 
= 10.2 f 0.2 kcalmol-' (1 kcal=4-184 kJ); indeed, a 
recent experimental study determined the inversion 
barrier of corannulene to be 11-12 kcalmol-'.9 These 
are in agreement with the barrier of corannulene 
calculated by ab initio 3-21G (10-3 kcalmol-l),'o and 
local density functional (LDF) (1 1 SO kcal mol-')' 
methods. However, the barrier calculated by the 
ab initio 6-31G* Hartree-Fock method, 8.8 kcal/ 
mol-', lo is lower. 

It is expected that the larger members of the similar 
structures (CnH)lo (n = 3-5) will be more rigid. Both 
experiment and theoretical calculations have been pro- 
posed to investigate the structure and inversion barrier 
of C30HlO (3). I '  However, presumably owing to the size 
of the molecule and the complicated fused-ring struc- 
ture, there has been no previous report of any such 
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studies. In a recent experimental study of the rigidity 
of the corannulene carbon framework, Abdourazak 
et al. '' successfully synthesized cyclopentacorannulene 
(2), and on the basis of a dynamics study they con- 
cluded that the lower limit of the bowl-to-bowl inver- 
sion barrier of 2 is ca 26 kcal mol-', suggesting that the 
bowl-shaped geometry of corannulene is effectively 
'locked' by the additional five-membered ring, but no 
experimental structure is yet available. 

During the past 20 years, molecular mechanics has 
become a powerful method for studying molecular 
structure and energetics. l3  However, molecular 
mechanics results on these molecules and the larger 
fullerenes are often not reported but only used as 
starting points for the much more expensive a b  initio or 
semi-empirical calculations. In this paper, we present 
results of our MM3 calculations on the structures and 
energetics of the title compounds, and show that the 
MM3 method is at least as reliable as the a b  initio and 
semi-empirical methods for these molecules. 

Our calculations used the MM3(92) program* and 

* The MM3 force field is described in detail by Allinger et a/.'4 
The MM3 program is available to all users from Technical Uti- 
lization, 235 Glen Village Court, Powell, OH 43065, and to 
commercial users only from Tripos, 1699 South Hanley Road, 
St Louis, MO 63144, and to academic users only from the 
Quantum Chemistry Program Exchange, University of 
Indiana, Bloomington, IN 47405. The current version is 
available to run on most types of computers, and interested 
parties should contact one of the distributors directly. 
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the standard procedure, that is, the conjugated pi 
systems were treated by semi-empirical variable electron 
SCF (VESCF) theory, I' and the force field parameters 
were adjusted according to the calculated bond orders. 
The calculated MM3 CC distances of the equilibrium 
structures are shown in Table 1. The available exper- 
imentalI6 and ab initio" results on corannulene are 
also included for comparison. As is shown, the MM3 
CC distances for corannulene are in better agreement 
with experiment than the much more expensive ab 
initio STO-3G and 6-31G* results. The out-of-plane 
angle between the plane of the five-membered ring and 
the edge of the inner portion of the six-membered rings, 
which describes the deviation of the carbon skeleton 
from planarity, is calculated to be 25.4", in good agree- 

ment with t t e  experimentalI6 and ab initio 6-31G* 
values, 26.8 and 25.5', respectively. The same angle 
in C3oHlo is calculated to be 34.9', indicating more 
substantial curvature than in corannulene. The MM3 
heats of formation are 120-4, 126.1 and 
278 5 kcal mol- for corannulene, cyclopentacorannu- 
lene and C30Hl0, respectively. There have been no 
experimental reports of the heats of formation of these 
molecules. For corannulene itself, the heat of for- 
mation was predicted by Schulman and co-workers, '' 
using the group equivalent scheme of Ibrahim and 
Schleyer" and the ab initio STO-3G and 6-31G* ener- 
gies, to be 123.4 (STO-3G) and 116.8 (6-31G*) 
kcal mol-I. As was shown in the studies of many classes 
of compounds," this combined ab initio energy and 



MOLECULAR MECHANICS OF CORANNULENES 553 

Table 1. Calculated and experimental CC bond lengths 

Length (A) 
Compound Bondb MM3 STO-3G' 6-31G" Exptld 

CzoHIo (1) a 1.421 1.423 1.413 1.413 
b 1.373 1.361 1.361 1.391 
c 1.450 1.462 1.451 1.440 
d 1.389 1.363 1.370 1.402 

CzzHlz (2) a 1.386 
b 1.449 
c 1.377 
d 1.427 
e 1.477 
f 1.386 
g 1.449 
h 1.386 
i 1.425 
j 1.424 
k 1.465 
1 1.384 

m 1.428 
n 1.367 
o 1.524 
p 1.587 

b 1.385 
c 1.442 
d 1.381 
e 1.474 
f 1.366 

C3OHlO (3) a 1.443 

"MM3 bond lengths are r,, the ab inifio bond lengths are re and the 
x-ray bond lengths are r,. 

'Ref. 10. 
dRef.  16. 

Labeling of bonds is given on the structures. 

group equivalent scheme is about as reliable as good 
experimental measurements, and the agreement 
between the MM3 heat of formation and those of 
Schulman and co-workers suggests that all are approxi- 
mately correct. The reliability of the MM3 prediction is 
also supported by a recent studyIg of the heat of for- 
mation of c60, in which the MM3 heat of formation per 
carbon atom, 9.6 kcalmol-', is in much better agree- 
ment with the measured result, 9.1 kcal mol-', than 
those of AM1 (16-2), MNDO (14.5) or ab initio 
6-31G*//STO-3G (1 1 a2 kcal mol-') calculations. 

Previous AM1 calculations have concluded that the 
planar structure of corannulene is the transition state 
for the bowl-to-bowl inversion. In agreement with the 
AM1 result, MM3 vibrational analysis of the planar 
corannulene also indicates one imaginary frequency 
(106i cm-'), corresponding to the inversion of the bowl 
structure. The MM3 energy difference between the tran- 
sition and equilibrium structures is 14-7 kcal mol- ', 
which is in fair agreement with the experimental result, 

11-12 kcalmol-'. The AM1 calculation gave a higher 
barrier of 16.9 kcalmol-'.5 

The MM3 calculations on the planar cyclopenta- 
corannulene (CZZHIZ) structure indicate that it is also 
the transition state (one imaginary frequency at 
121i cm-') for the bowl-to-bowl inversion. This is in 
agreement with the AM1 results of Abdourazak et al. l 2  

The MM3 energy barrier for the inversion is 
32.1 kcalmol-', which is lower than the AM1 value, 
39 kcal mol-'. As the AM1 calculations overestimate 
the inversion barrier of corannulene by about 
5 kcalmol-I, if a similar overestimation by AM1 for 
cyclopentacorannulene occurs, the MM3 and AM 1 
results are consistent with one another. 

For the half-bowl-shaped C30Hl0, the MM3 calcu- 
lation indicates that the planar D5h structure is not a 
transition state, as there are three imaginary frequen- 
cies, one at 179i cm-' and a doubly degenerate pair at 
53i cm-'. This is in agreement with our expectation, as 
the perimeter of the c 3 0  framework is too small and 
would invoke too high a strain to force all the carbon 
atoms to be simultaneously coplanar. The transition 
structure was located by geometry relaxation along the 
degenerate imaginary modes. It was found to be 
49- 1 kcal mol-' lower than the planar structure, and to 
have a single imaginary frequency of 147i cm-'. This 
transition structure is shown (4). If one assumes the 
perimeter of the C ~ O  framework to be roughly on a 
plane, the transition structure can be visualized as half 
of the molecule above the plane and half under it. The 
MM3 energy difference between the transition state and 
the ground state structures is 161 - 5  kcalmol-', indi- 
cating that the C3oHlo molecule is very resistant to the 
bowl-to-bow1 inversion. In fact, with such a high energy 
barrier, the carbon framework would be expected to 
break rather than pass through the transition state. 

The Cartesian coordinates of all the MM3 structures 
are given in the supplemental material. These represent 
good starting geometries for further high-level theor- 
etical studies. 

We also checked to see what MM2 would show us 
about the structure of corannulene, since it normally 
gives fairly good results with conjugated or aromatic 
hydrocarbon systems. Indeed, the structure found was 
very similar to that found by MM3. The molecule is 
bowl shaped in the ground state, and the planar form 
represents a barrier 8 kcal mol-' higher than the ground 
state. [A reviewer indicated that in his hands MM2 gave 
a planar configuration for corannulene. We checked 
this specifically with MM2(91), which is the current 
version of MM2, which is available from the Quantum 
Chemistry Program Exchange (see earlier footnote). It 
is perhaps worth a comment here because this problem 
frequently comes up, and it may occur from either of 
two reasons. First, there are many imitations of MM2 
in wide use today. Some are better than others, but 
most give inaccurate results for some calculations. We 
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can only speak for the authentic version of MM2. If 
one uses some other variant of MM2, not provided by 
us, any defects in the program must be taken up with 
the provider of that program. Second, it should also be 
noted that geometry optimizations are just that, they 
are not necessarily energy minimizations. If one begins 
the calculation with a planar structure, one is on a tran- 
sition state, and there are no forces acting to deform the 
molecule from planarity. Accordingly, one will nor- 
mally obtain a planar structure after the geometry 
optimization. If one wants to obtain a minimum energy 
structure, one must start at least slightly off the planar 
conformation, so that there will be forces acting to 
deform the system into the correct non-planar confor- 
mation. So-called ‘energy minimizations’ as commonly 
carried out in molecular mechanics are usually ‘ge- 
ometry optimizations,’ and this is usually, but not 
necessarily, the same thing. The results quoted to us by 
the reviewer are surely a result of one or the other of 
these errors; either he used a defective imitation of 
MM2 instead of the actual program, or he used too 
poor a starting geometry. The actual MM2 results are 
almost the same as the MM3 results.] 

Supplementary Tables S 1 -S6, containing the Car- 
tesian coordinates of the MM3 equilibrium and tran- 
sition structures for corannulene, 
cyclopentacorannulene and the half-ball-shaped 
C ~ O H ~ O ,  are available as supplementary material directly 
from the authors. 
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