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Abstract: The [1,3] and [ 1,2] sigmatropic shifts of hydrogen in propene have been investigated at the MC-SCF level by using 
minimal and extended basis sets. A preliminary CI analysis was used to interpret the sigmatropic shifts in terms of the interaction 
and crossing of diabatic energy surfaces. On the basis of this analysis, transition structures were optimized at the MC-SCF 
level by using gradient methods and characterized by computing the Hessian matrix. The results show that the SCF level 
is inadequate in a large region of the potential energy surface. In particular, the [1,3] supra transition state does not exist. 
Of the two possible pathways toward rearrangement, the [1,2] supra transition state is ca. 10 kcal mol-' lower than the [ 1,3] 
antara transition state, but both are in strong competition with dissociation. 

Introduction 
Sigmatropic rearrangements have stimulated a great deal of 

theoretical interest, and many qualitative and quantitative studies 
have been reported on this subject.2-21 Much of the computational 
work has relied on semiempirical methods, and early investigations 
at  the a b  initio level assumed restricted geometries for the tran- 
sition The [1,2] shifts in closed-shell systems have been 
studied in more detailz2 including complete optimization and 
electron correlation, but only recently have calculations been 
reported on transition states for [ 1,3] and [ 1,5] rearrangements. 
The [ 1,3] and [ 1,5] shifts were fully optimized at the SCF 
however, a proper description of the entire surface may not be 
possible at the SCF level, especially if some species have diradical 
character. 

Propene has been chosen for the present study since it is the 
smallest realistic model for [ 1,3] sigmatropic shifts. Nevertheless, 
the number of valence orbitals to be considered as well as the 
geometric degrees of freedom make this a challenging problem 
with current methodology. Previous studies of this reaction by 
Radom and co-workers,23 with gradient optimization at  the 
HF/STO-3G and HF/4-3 1G levels, yielded two transition states 
for the [1,3] rearrangement. As shown in Figure 1, the "allowed" 
antara transition state has the migrating hydrogen located in the 
CCC plane with overall C2 symmetry, and the "forbidden" supra 
transition state has the hydrogen positioned directly above the 
central carbon. The allowed and forbidden structures are nearly 
equal in energy, 93 and 96 kcal M-' above propene with CEPA 
using a double-{+ polarization basis set2% In the present paper, 
we have reexamined this system with MC-SCF methods to de- 
termine if transition structures persist a t  higher levels of theory. 
Computations of the diabatic energy surfaces provide an under- 
standing of the breakdown of the SCF approach for this reaction. 
Transition structures for sigmatropic rearrangement have been 
fully optimized with a gradient procedure at  the MC-SCF level. 
Methods 

The calculations reported in this paper were carried out at the CI and 
MC-SCF level with minimal (STO-3G) and extended (4-31G) basis sets. 
Equilibrium geometries and transition structures were fully optimized by 
using MC-SCF gradients24 with both basis sets, and relative energies 
were recalculated using a size-consistent multireference linear coupled 
cluster approach25 with the extended basis set (MR-LCC/4-31G). In- 
tegral and derivative calculations were performed by using the 
GAUSSIANBO series of programs.26 The CI and MC-SCF programs are 
based upon the Unitary Group method and are described in ref 27. 

The CI wave function, q, used in the MC-SCF approach is a linear 
combination of configuration state functions, ak. The orbitals occurring 
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in the 91, are classified as (i) core orbitals, which are doubly occupied 
in all configurations, (ii) valence orbitals, which have all possible occu- 
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Figure 1. Antara and supra [1,3] sigmatropic shifts of hydrogen in 
propene (1 and 2, respectively). 
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Figure 2. Valence orbitals for the allyl plus hydrogen system a t  infinite 
separation consisting of the H system of allyl and the 1s orbital of hy- 
drogen. 

pancies in the ak, and (iii) virtual orbitals, which are unoccupied in all 
configurations. The set of configurations constitutes a full valence shell 
C I  and hence the energy is invariant to a transformation of the valence 
orbital among themselves. The MC-SCF energy is optimized with re- 
spect to core-valence, core-virtual, and valence-virtual mixing, as well as 
with respect to the CI  coefficients. 

For [ 1,3] and [ 1,2] sigmatropic rearrangements in propene, the mo- 
lecular orbitals can be constructed from two noninteracting subsystems, 
allyl radical and hydrogen atom. In the present study we have selected 
the three T orbitals of allyl and the 1 s  orbital of H for the valence space 
(see Figure 2). This choice is appropriate for the motions investigated 
since it allows proper dissociation of propene and trimethylene into allyl 
radical plus an hydrogen atom and also permits the correct description 
of a diradicaloid intermediate or transition structure. In this valence 
space, a complete CI for the singlet state has 20 configurations. 

With the valence space defined above, calculations have been per- 
formed a t  three levels of approximation. First, a preliminary survey of 
the surface was made without detailed optimization of the orbitals or the 
geometry. The orbitals were obtained by orthogonalizing the MC-SCF 
orbitals of the noninteracting fragments. The CI  coefficients were de- 
termined variationally, and the effect of orbital optimization was esti- 
mated by using second-order perturbation theory. The MC-SCF op- 
timized geometry of the isolated allyl radical was retained for the allyl 
fragment. Second, full MC-SCF computations were performed with 
complete orbital and geometry optimization. Finally, multireference 
linear coupled cluster calculations were carried out by using the MC- 
S C F  wave function as the reference space and with the core orbitals 
frozen. 

In the preliminary calculations, our objective was to decompose the 
surface into diabatic components, and to relate the intermediates and 
transition structures to the minima and intersections of these surfaces. 
The wave function for each diabatic surface was built from a subset of 
the full CI space. A given diabatic surface can be associated with a 
combination of “no-bond” configurations and corresponds to a particular 
spectroscopic state for each of the isolated fragments.28 To these con- 
figurations one must add charge transfer to describe bond formation. 
One combination of “no-bond” configurations plus related charge-transfer 
configurations represents a specific bonding situation and is referred to 
as a packet. 

Results and Discussion 
An MC-SCF/STO-3G computation of a planar allyl radical 

plus hydrogen atom at 20 8, shows that the ground state and first 
excited states of this system are described mainly in terms of the 
three “no-bond” configurations given in Scheme I. In particular, 
the ground state is dominated by configuration I (coefficient in 
the CI  expansion of 0.92), while the first excited state is dirad- 
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Figure 3. Intersection of diabatic energy surfaces for hydrogen moving 
1.1 A above a rigid allyl radical framework. The solid grid corresponds 
to the closed shell surface (packet A) and the dashed grid to the diradical 
surface (packet B).  
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Figure 4. Cross section of the diabatic surfaces of Figure 3 in a plane 
containing the CCC angle bisector (closed shell A, diradical B).  

ical-like and is described by an almost equal admixture of con- 
figurations I1 and 111 (coefficients of 0.66 and -0.64, respectively). 
As the fragments are brought together, the two diabatic surfaces 
are described by I or I1 + 111 plus configurations where electron 
transfer between “no-bond” configurations is allowed. 

Approximate Diabatic Surfaces. To obtain some preliminary 
information about the surface for suprafacial rearrangement, we 
have carried out a CI analysis of the hydrogen migration over the 
previously optimized allyl framework, using the orbitals obtained 
in the MC-SCF calculation at 20 A. A relatively coarse grid was 
used and the hydrogen atom was kept a t  1.1 8, above the allyl 
plane. The adiabatic surface corresponding to the full CI ex- 
pansion has been decomposed into two diabatic surfaces, one 
associated with configuration I plus all related one-electron 
charge-transfer configurations (packet A) and the other associated 
with configurations I1 and 111 plus charge transfer (packet B). 

As shown in Figure 3, the two diabatic surfaces intersect at 
almost constant energy and divide the adiabatic surface into two 
parts. In region A, the lowest energy is associated with config- 
urations that describe a closed-shell propene-like structure (packet 
A), and in region B the lowest energy wave function describes 
a trimethylene-type diradical (packet B). These results suggest 
that the S C F  level is satisfactory only in region A, while the 
diradical-like region B requires a t  least a 2 X 2 CI. Any single 
determinantal SCF calculation of the diradical state would be too 
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Table I. Total and Relative Energies 

MC-SCF/STO-3G MC-SCF/4-3 1 G MR-LCC/4-3 l G a  

structure &talb A E C  &tal b AEC AEC 

allyl radical plus hydrogen -115.54145 0.0 -116.82125 0.0 0.0 
[ 1,3] antara transition state -1 15.52894 7.9 -116.79448 16.8 28.3 
[ 1,2]  supra transition state -1 15.54757 -3.8 -1 16.80843 8.0 19.0 
trimethylene diradical -115.60736 -41.4 

a Calculated at the MC-SCF/4-31G geometry. In au: 1 au = 627.51 kcal mol - ' .  In kcal mol - ' .  
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Figure 5. Cross section of the diabatic surfaces of Figure 3 in a plane 
containing the C,C2 bond (closed shell A, diradical B). 

high in energy to intersect with the closed-shell surface. 
Cross sections through the surfaces in Figure 3 provide more 

detailed information about the behavior of the diabatic energies. 
Figure 4 shows the variation of the energy of the two diabatic states 
for motion of the hydrogen in the plane bisecting the CCC angle. 
The diradical-like state remains lower in energy except a t  very 
large distances from the central carbon. By symmetry this crossing 
will also be present on the adiabatic surface. A transition state 
for a [ 1,3] suprafacial migration corresponds to a maximum for 
motion perpendicular to the bisecting plane and a minimum for 
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motion within the plane. Thus the transition state can occur at 
the minimum in curve B, near the central carbon, or at the 
minimum in curve A, far from the central carbon. The latter case 
is well described at  the SCF level and has already been shown 
to optimize to the antara transition state. Therefore the search 
for a suprafacial transition state can be confined to the region 
around the central carbon. 

Figure 5 is a cross section of the diabatic energy surfaces for 
motion in a plane containing the CC bond axis. The two diabatic 
surfaces cross near a point above the middle of the CC bond and 
indicate the existence of a transition state for a [ 1,2] shift. Also 
the curves suggest that there is a minimum near the central carbon 
in the diradical surface. Since a [ 1,3] transition state must have 
a maximum at the central carbon for motion perpendicular to the 
bisecting plane, a [ 1,3] shift transition state perhaps does not exist. 

To summarize, preliminary computations of the diabatic sur- 
faces with the STO-3G basis predict that only the antara transition 
structure is well represented at  the S C F  level. Further, a [ 1,2] 
shift transition state is expected to be found while the supra [ 1,3] 
shift transition state found at  the S C F  level is predicted to be 
absent. 

MC-SCF Geometry Optimization. In a second stage, we have 
used a gradient procedure at  the MC-SCF level to optimize the 
structures suggested by the preliminary CI analysis. The geometry 
optimizations were performed in the complete 2 1 -dimensional 
space of internal coordinates with the STO-3G and 4-31G basis 
sets. Each critical point was characterized by computing the 
Hessian for the full set of internal coordinates excluding the C-H 
and C-C stretches but including all of the coordinates for the 
migrating hydrogen, for a total of 14 degrees of freedom. The 
energies for the transition states are found in Table I, and the 
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Figure 6. Optimized geometries computed at MC-SCF/STO-3G (no superscript) and MC-SCF/4-3 lG(asterisk): (a) allyl radical (C2" symmetry), 
(b) trimethylene-like structure (C, symmetry), (c) [1,2] supra transition state, (d) [ 1,3] antara transition state (C2 symmetry). The H C C C  dihedral 
angles are given in parentheses. 
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Table 11. knergy Decompo\ition Analysis of Propene 
and the 11.31 Antara Tran5ition State' 
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To gain some insight, we performed an MC-SCF energy de- 
composition analysisZ8 of the barrier, similar to Morokuma's 
method for S C F  c a l c ~ l a t i o n . ~ ~  Both propene in the eclipsed 
conformation and the antara transition state were decomposed 
into the corresponding allyl radical plus hydrogen. The results 
are shown in Table 11. The hEEs+Ex term denotes the electrostatic 
and exchange repulsion energy and is obtained by evaluating the 
energy of the system by using the MC-SCF wave function for 
the infinitely separated subsystems; the fragment in molecule 
configuration term, A E F I M C ,  is the stabilization due to valence 
charge transfer and is obtained by a full CI in the valence space; 

is associdled with the orbital polarization and residual 
charge-transfer effects (for details, see ref 28). 

The decomposition shows that the deformation energy of the 
allyl fragment makes a large contribution to the barrier (51.8 kcal 
mol-I). Further, the net effect of valence charge transfer in 
propene A E s + E X + h E F I M C  = 125.9 kcal mol-') is much larger 
than for the antara transition state (47.9 kcal mol-'). Thus one 
may conclude that the antara barrier has a simple interpretation 
in terms of a large deformation energy of the allyl fragment and 
much weaker bonding than propene. In contrast, the barrier for 
the [ 1,2] shift cannot be understood in these terms but must be 
treated as an avoided crossing. 

Energies of Competing Pathways. Both the [ 1,2] supra and 
the [ 1,3] antara hydrogen-shift transition states in propene are 
comparable in energy to C H  bond dissociation (Table I). The 
[1,3] antara transition state is calculated to be 7.9, 16.8, and 28.3 
kcal mol-' above allyl radical plus hydrogen atom at  the MC- 
SCF/STO-3G, MC-SCF/4-3 lG, and MR-LCC/4-3 1G levels, 
respectively; correspondingly the energy of the [ 1,2] shift is -3.8, 
8.0, and 19.0 kcal mol-' relative to allyl plus hydrogen. From 
CEPA calculations using a double-{+ polarization basis set 
Radom et al.23d have also suggested that the antara transition state 
may be above the dissociation limit. Although these energies are 
sensitive to basis set size and level of correlation, it is clear that 
the possibility of dissociation must not be ignored when sigmatropic 
shifts are considered in propene. The relative energy of the [ 1,2] 
and the [1,3] antara rearrangements is much less sensitive to the 
calculational level. At MC-SCF/STO-3G, MC-SCF/4-3 lG, 
and MR-LCC/4-31G, the [1,2] transition state is 11.7, 8.8, and 
9.3 kcal mol-I, respectively, below the [ 1,3] antara saddle point. 
However, once the molecule is on the trimethylene diradical 
surface, ring closure will be more favorable than the additional 
[ 1,2] shift required to complete the [ 1,3] rearrangement.3's33.34 

Conclusions 
It is clear that the SCF level is inadequate for a study of energy 

surfaces whose shape is dictated by the interaction and intersection 
of diabatic surfaces. If a [ 1,3] suprafacial hydrogen migration 
is attempted in propene, the hydrogen crosses into a region where 
the trimethylene diradical is more stable and a single determinantal 
SCF calculation cannot describe the wave function correctly. At 
least two configurations are needed (I1 and I11 from Scheme I, 
which correlate with an excited state of allyl), and the surface 
computed at  the MC-SCF level is dramatically different from 
the SCF surface. A minimum is found in the MC-SCF calcu- 
lation where the S C F  predicts a saddle point. Furthermore, the 
[ 1,2] shift transition structure can only be described if we take 
into account both of these diabatic surfaces, Le., three configu- 
rations, I, I1 and 111. Otherwise it does not exist. Only the [ 1,3] 
antara transition state is located on a single configuration surface 
where the SCF calculation is correct. 

The [1,2] transition state is ca. 10 kcal mol-' more stable than 
the [1,3] antara transition state. However, both the [1,3] antara 

(34) Waage and Rab inov i t~h~~  reported that the activation energy for the 
structural isomerization of trans-cyclopropane-d, to propene-d, is 3.7 kcal M-I 
higher than the geometric isomerization to cis-cyclopropane-d,. The latter 
proceeds via the trimethylene diradical and that suggests that it lies ca. 60 
kcal M" above propene and ca. 30 kcal M-] below the CH dissociation limit. 
It is conceivable that the structural isomerization proceeds by a path not 
involving trimethylene, and hence may not be pertinent to the [1,2] shift 
transition state. 
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energy term antara propene 

aEdeformC 51.8 0.0 
A E E S t E X  196.1 298.9 

~ E C T + P L  -10.9 -1.9 
~ E F I M C  -244.0 -424.8 

' In  kcal mol-'  with respect to  the isolated allyl radical plus 

Eclipscd conformation. 
hydrogen. at the MMC-SCFiSTO-3G optimized geometry. 

fragment in propene to the  geometry of the allyl fragment in t h e  
antara transition state. 

Energy required t o  distort the allyl 

corresponding geometries are illustrated in Figure 6. 
(i) Trimethylene-Type Structure. The optimization of this 

structure was started at the [ 1,3] supra transition state found by 
Radom et al.,23a in which the migrating hydrogen is directly above 
the central carbon. The MC-SCF/STO-3G optimization collapses 
to a structure containing a central CH2 group with nearly equal 
bond lengths and with a HCH angle almost bisected by the CCC 
plane (Figure 6b). The eigenvectors of the Hessian indicate that 
this is a saddle point, but not with respect to [1,3] migration. In 
fact, it corresponds to a transition state for disrotation of the 
terminal methyl groups and is a minimum in the subspace in- 
cluding conrotation and inversion of the terminal methylenes, ring 
closure, and [ 1,3] shift. Thus the structure is best discussed as 
a point on the topomerization surface of trimethylene diradical, 
rather than on the sigmatropic rearrangement surface of propene. 
Several other saddle points are likely to be found in the same 

They are all related by internal rotation-inversion, 
separated by only a few kilocalories per mole, and represent 
minima in the subspace excluding rotation-inversion of the ter- 
minal methylenes. Since our reference space was chosen spe- 
cifically to describe H migration over an allyl framework and thus 
is not suitable for trimethylene topomerization, these calculations 
were not pursued further and optimization was not carried out 
with the extended basis set. Several detailed investigations of the 
trimethylene surface have already appeared in the literature.2F3123 

(ii) Transition State for the [1,2] Shift. The starting point in 
the optimization was obtained from the preliminary CI analysis, 
and the final geometrical parameters computed at the MC- 
SCF/STO-3G and MC-SCF/4-31G levels are shown in Figure 
6c. At both levels, diagonalization of the Hessian indicates that 
this structure is a saddle point with a single, well-defined negative 
eigenvalue corresponding to the hydrogen moving parallel to the 
C-C bond. The transition state is located very close to the in- 
tersection of the diabatic surfaces computed in the preliminary 
CI analysis. As expected on the basis of the Hammond postulate, 
its geometry is closer to trimethylene, Figure 6b, which is ca. 60 
kcal mol-' less stable than propene. 

(iii) [1,3] Antara Transition State. The MC-SCF/STO-3G 
and MC-SCF/4-31G optimized geometries of the antara tran- 
sition state are presented in Figure 6d. With both basis sets the 
Hessian matrix shows that this is indeed the saddle point for the 
antara [1,3] shift and that the transition vector is dominated by 
the hydrogen migrating from one terminal carbon to the other 
in the CCC plane. The MC-SCF optimized CC and CHmigration 
distances are somewhat longer than the Hartree-Fock values. 
However, in all other aspects the MC-SCF optimized parameters 
do not differ significantly from those obtained at  the SCF leveLZ3 

In the diabatic representation, the [ 1,2] transition state is due 
to the avoided crossing between the two diabatic surfaces. 
However, the origin of the [ 1,3] antara transition state is less clear. 
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(31) Doubleday, C., Jr.; McIver, J. W., Jr.; Page, M. J .  Am. Chem. SOC. 

(32) Morokuma, K. J .  Chem. Phys. 1971, 55, 1236. Kitaura, K.; Moro- 
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1982, 104, 6533 and references cited therein. 
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rearrangement and the [1,2] shift are in strong competition with 
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than undergo a further [ 1,2] 

Acknowledgment. We wish to express our gratitude to NATO 
(Grant RG096.81) and to the donors of the Petroleum Research 

of this work. G.T. acknowledges a computational grant from 
CSI-Piemonte (Torino, Italy). 

dissociation. A supra [ 1,3] rearrangement does not appear to be 
possible, either as a direct shift from one terminal carbon to the 

transition structure does not exist because a diradical state is lower 
in energy than the closed-shell singlet. In the latter case, the 
towmerization via successive 11.21 shifts is unlikelv because the 
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Ab Initio Heats of Formation of Medium-Sized 
Hydrocarbons. The Heat of Formation of Dodecahedrane 
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Abstract: The use of ab initio molecular orbital calculations to predict accurate geometries and heats of formation has been 
studied for cyclohexane, cubane, adamantane, and dodecahedrane at the SCF level with use of the basis sets STO-3G, 4-31G, 
and 6-31G*. Good agreement with experiment is obtained for geometries in all cases. In the 6-31G* basis set, heats of formation 
of cyclohexane, adamantane, and cubane are in error by 0.5, 2.1,’and 9.9 kcal/mol, respectively; for dodecahedrane, the heat 
of formation is predicted to be -5.0 kcal/mol. This work has been somewhat hampered by the unreliability of experimental 
thermochemical data. 

Ab initio molecular orbital theory at  the SCF level has been 
shown to be capable of the accurate prediction of geometry and 
thermochemistry for small hydrocarbons (C,-C,). These pre- 
dictions require full geometry optimization at  basis set levels of 
split valence or double-{ (with d orbitals on all carbon atoms if 
there is appreciable strain energy)* and the construction of iso- 
desmic3 or preferably homodesmic4 thermochemical processes. 
All this notwithstanding, the application of these methods to 
hydrocarbons through C7 will soon become routine. 

The present work attempts to assess the feasibility of applying 
these methods to the larger systems cubane, adamantane, and 
dodecahedrane. The latter is of particular interest, because 
semiempirical molecular orbital5 and molecular mechanics6 
methods yield substantially different AH:98 values. One conclusion 
of this study is that the accuracy of calculated heats of formation 
is strongly dependent upon the quality of available zero-point 
energies, heat capacity data, and experimental heats of formation 
for species involved in a homodesmic reaction. 

Methods 
The ab  initio calculations were performed by optimized pro- 

grams developed by us (The Queens College Quantum Chemistry 
Package). The basis sets employed are STO-3G,7a 4-31G,7b and 
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6-31G*.7C For dodecahedrane, the 6-31G* energy was estimated 
by a procedure described below. 

for cubane, adamantane, and dodecahedrane are 
calculated from several homodesmic reactions. Heats of reaction 
at 0 K are computed from the ab initio energy differences corrected 
for zero-point energies. In the absence of experimentally deter- 
mined vibrational frequencies by which the latter could be cal- 
culated, values obtained from molecular mechanics are used. 
Enthalpies are converted from 0 K to 298 K according to the 
equations of Hehre et aL3 In the final step, the desired AH?98 
is obtained from these heats of reaction corrected to 298 K and 
the experimental AH:98. 

Results 
Table I contains the ab initio and zero-point energies for ethane, 

propane, isobutane, cyclobutane, cyclohexane, cubane, adaman- 
tane, and dodecahedrane; their AHfZs8 and enthalpy corrections 
from 0 K to 298 K are also included. All species are treated as 
ideal gases. The ab initio energy for each basis set corresponds 
to the geometry optimized in that basis with the sole exception 
of the 6-31G* energy of dodecahedrane, which is estimated as 
the sum of the 4-31G energy and a correction of 0.05645 au per 
carbon atom-one-fifth of the difference between the energies of 
planar cyclopentane in the two basis sets. This correction, nearly 
identical with that recommended by Hehre and Pople,Id is probably 
suitable for molecules with little angle strain. When applied to 
adamantane, it furnishes a 6-31G* estimate of the energy only 
1.3 kcal/mol too high, whereas for cubane the error is 8.4 
kcal/mol. 

Table I1 contains the optimized geometric parameters for cy- 
clohexane, cubane, adamantane, and dodecahedrane. The ge- 
ometries in the various basis sets are very similar and in good 
agreement with experimental values. For cubane, the calculated 
geometries compare well with previous STO-3G and 4-31G 
values,8a’b as well as recent “double-!: + d” results.8c 

for cyclo- 
hexane, cubane, adamantane, and dodecahedrane in the STO-3G, 
4-3 lG, and 6-31G* basis sets, which were obtained from the seven 

The 

Table I11 contains the calculated values of 
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