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A MIN D0 /3  study on the branching rearrangement mechanism for cycloalkanes is presented. Starting 
from cyclohexylium ion, a reaction path to methylcyclopentylium ion is found. T w o  different 
intermediates and several alternative transition states are localized, and then characterized by  hessian 
diagonalization after complete optimization of geometry. The barrier height calculated for the inverse 
path (methylcyclopentylium to cyclohexylium) (21.7 kcal mol-') agrees well with the unique available 
experimental datum (17 kcal mol-l) in the range of applicability of the MIND0/3 method. The 
mechanism proposed is consistent with the empirical mechanism suggested by  Brouwer for branching 
rearrangement of  linear alkanes. 

Catalytic isomerization, cracking, and dehydrogenation of 
hydrocarbons play an important role in chemistry of petroleum. 
Zeolites are the most active solid acid catalyst for these 
reactions ' * 2  and their activities can be modified after exchange 
with various  cation^.'^ In spite of earlier e ~ i d e n c e , ' ~  Corma 
and Minachev6 have recently found that acid forms of zeolite 
show great activity in reactions of saturated hydrocarbons even 
when no exchange with transition metal cations has taken place. 

that reactions on acid surfaces 
proceed uiu carbenium ions. It is generally assumed that such 
reaction mechanisms are valid for heterogeneous reactions on 
solid acid as well as for reactions in a 
homogeneous phase (superacid catalysts). ' 

The mechanism for alkane isomerization reactions involves 
(1) hydrogen transfer to give an alkylium ion, and (2) 
rearrangement of this intermediate carbenium ion. The latter 
step may include a series of elementary processes involving 
alternative rearrangement and hydrogen-transfer reactions, 
until the carbenium ion is destroyed. It is assumed that 
carbenium ion rearrangement is the slowest step, unless the 
initial hydrocarbon has no tertiary carbon atom; in this case, 
the slowest step will be hydrogen transfer. 

Rearrangements may be classified ' as (a) non-branching, in 
which the mechanism involves 1,2-alkyl and/or 1,2-hydrogen 
shifts (in agreement with experimental  result^,'^^'^) and (b) 
branching, where it is assumed that the mechanism involves an 
intermediate such as a protonated cyclopropane; l 2  for 
branching rearrangements the 1,2-alkyl and/or 1,2-hydrogen 
shift mechanism is discarded since it should lead to higher 
activation energies l 2 , I 3  resulting from the presence of primary 
carbenium ions. 

We present here a theoretical study of the branching 
rearrangement of cyclohexane. When cyclohexane flows 
through a solid acid catalyst 6a such as mordenite (containing 
no transition metals), isomerization to methylcyclopentane 
takes place along with other reactions. Isomerization of 
cyclohexane to methylcyclopentane takes place also in the 
homogeneous phase in the presence of superacid catalysts; 1 4 * 1 5  

the equilibrium mixture at 25 "C is composed of 23% of 
methylcyclopentane and 77% of cyclohexane. However, the 
tertiary 1-methylcyclopentylium ion (1) is more stable than the 
secondary cyclohexylium ion (2) by 6-10 kcal m ~ l - ' , ' ~ . ' ~  the 
estimated activation energy for the isomerization (1) __+ (2) 
being about 17 kcal mol-'. 12b 

We have chosen this reaction for two reasons: (a) it serves 
as a starting point and a model for the isomerization of 

It is now well established 

C 

methylcyclohexane to 1,3- and 1,2-dimethylcyclopentane and 
ethylcyclopentane, important processes in the petroleum 
industry; and (b) there are more experimental data relating to 
the isomerization of cyclohexane than of methylcyclopen tane, 
and we are concerned with the correlation between theoretical 
results and the general empirical mechanism suggested for 
branching rearrangements by Brouwer.' 

Methodology.-The theoretical model for the isomerization 
of cyclohexane to methycyclopentane has been studied by the 
MIND0/3 method; l 7  this method has been shown to be useful 
for studying classical as well as non-classical carbocations, 
particularly in calculating heats of formation and relative 
energies in the gas phase.18 Thus MIND0/3 is well adapted to 
study chemical reactions of hydrocarbons.' 8 * 1  Moreover, since 
it is a semiempirical method, total optimization of the geometry 
at each position on the reaction co-ordinate is feasible, whereas 
this would be impracticable at an ub initio level. 

As the MIND0/3 parametrization has been chosen to 
reproduce hydrocarbon experimental heats of formation, the 
results obtained from the calculations on pure hydrocarbon 
carbenium ions by MIND0/3 are as good as those obtained by 
ab initio methods in some cases, even when large basis sets are 
used, and including the calculation of electronic correlation 
energy.20.2 ' 

We have carried out the calculation of the minimum-energy 
reaction path (MERP) 22  for the isomerization of cyclohexylium 
(2) to 1-methylcyclopentylium ion (l), by defining the 
geometrical parameters related to the reaction co-ordinate, and 
optimizing all the other geometrical parameters at each point 
on the MERP, by means of the metric variable Rinaldi 
procedure.23 All the calculations were performed with an 
updated version of the program system GEOM0.24 The 
geometries were fully optimized by the Rinaldi algorithm, and 
with a gradient norm threshold of as convergence criterion. 
By diagonalizing the hessian matrix, the stationary points of the 
potential energy hypersurface were characterized. Diagonal- 
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Figure 1. MIND0/3 energy profile corresponding to the formation of 
the bridged intermediate from cyclohexylium ion 

ization was carried out using numerical derivatives (secant 
method) for interaction integrals and analytical computation 
for the density matrix (perturbation method). 

Results and Discussion 
First, the geometry of the cyclohexylium ion (2) was completely 
optimized, the heat of formation being 168.6 kcal mol-'. This 
value agrees with that calculated by Harris.25 

To describe the initial events in the isomerization of the 
cyclohexylium ion to the 1-methylcyclopentylium ion, the 
distance R between the electronically deficient carbon atom C-1 
and a carbon atom at the @-position, C-3, was chosen as the 
reaction co-ordinate (see Scheme 1). Figure 1 shows the 
variation of the heat of formation as a function of the distance R.  
All other structural parameters were optimized with respect to 
the total energy. A minimum appears at about 2.6 8, which 
corresponds to a cyclohexylium ion, and in the region 1.63- 
1.53 8, both a minimum I, and a maximum TS, appear. We 
cannot state that I, and TS, represent a true minimum or a true 
maximum (transition state), respectively, since we have imposed 
the constraint of a fixed value for R. To ensure that the selec- 
tion of the reaction co-ordinate does not project the potential 
energy hypersurface improperly, the reaction path between the 
minima was followed in the inverse sense. No effects of chemical 
hysteresis were observed. 

The geometry of the structure I, was completely optimized; 
all the eigenvalues of the hessian matrix were positive, hence this 
corresponds to a true minimum. The geometrical conformation 
of I ,  represents a structure where a hydrogen atom on C-3 has 
been partially transferred to C-2. This structure can be seen as a 
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Figure 2. Geometrical conformation of the bridged intermediate I,; heat 
of formation in kcal mol-' and distances in A; three-membered ring in 
ABCD plane, five-membered ring in EFXX plane 

hydrogen-bridged conformation of a protonated cyclopropane 
ring type (see Figure 2). 

To localize the transition state from the constrained maxi- 
mum TS,, the following steps 26 were carried out: 

(1) Complete geometry optimization of the constrained 
maximum TS,. 

(2) Diagonalization of the hessian matrix corresponding to 
the final geometry obtained in (1). Only one negative eigenvalue 
appeared, close to zero, identifying this structure as a pseudo- 
transition state. 

(3) Evaluation of the energy along the direction of the 
eigenvector associated with the negative eigenvalue in (2), since 
the displacement on the potential energy hypersurface in the 
region close to the true transition state must follow the 
eigenvector with negative eigenvalue." Thus, we have con- 
structed a displacement vector by multiplying this eigenvector 
by a scale factor h. 
(4) Search along h until a maximum in energy is found (at 

( 5 )  Complete geometry optimization of the conformation 
corresponding to Amax,. 

(6) Diagonalization of the hessian matrix corresponding to 
the final geometry obtained in (5) .  At this stage the unique 
negative eigenvalue is clearly far from zero. 

The evaluated energy of TS, is 12.1 and 0.3 kcal mol-I above 
the cyclohexylium ion and I , ,  respectively (see Figure 3). 

The C(l)C(2)C(3) angle, 8 seemed to be the best reaction 
co-ordinate for controlling the process starting from I, and 
proceeding to the secondary 2-methylcyclopentylium ion. For 
increasing values of 9, the process reaches the products, but 
some discontinuities appear. However, for decreasing values of 
8 the process is directed towards the cyclohexylium ion, and 
large discontinuities break the energy profile. In all these cases, 
chemical hysteresis phenomena occur. 

Therefore, one additional parameter was needed to describe 
the process. The distance R (as above) was chosen. Thus the 
minimum-energy reaction path on the bidimensional ( R  and 8) 
surface of the heat of formation was assigned as the reaction 
co-ordinate. This surface was calculated as a grid with a fixed 
step of 2" on the 8 co-ordinate and an average step of 0.02 8, 

hrnax.) .  
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Figure 3. Geometrical conformation of the transition state TS,; heat of 
formation in kcal mol-' and distances in A; three-membered ring in 
ABCD plane, five-membered ring in EFXX' plane 
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Figure 4. Projection of the MIND0/3 energy hypersurface for the 
P-cleavage of bridged intermediate I, 

on the R co-ordinate. All the other geometrical parameters were 
optimized at each R,8 point. The calculations were carried out 
by fixing the R value and performing a scan on the 8 values, 
starting from the I, geometry modified to have the required R 
and 8 values, and then optimized. Afterwards the scan was 
followed in inverse sense, to avoid chemical hysteresis 
phenomena when necessary; in such cases graphical interpola- 
tion between the two scans provides the final value for each R,B 
point. 

Figure 4 shows the surface of heat of formation uersus R 
and 8, starting from I ,  for increasing values of 8. Two valleys 
are present, corresponding to I ,  and the new intermediate I, 
(I, corresponds to a secondary 2-methylcyclopentylium ion), 
and an a proach to a saddle point, TS,', is located at about 
R 1.46 1 , 8 86.0". Complete opitmization gives the true 
transition state TS,' at R 1.464 A, 8 86.5", and diagonal- 
ization of the hessian matrix provides a unique negative 
eigenvalue. The structure of TS,' shows that the bridging 
hydrogen atom in I , has been completely transferred to C-2 (see 
Figure 5). Furthermore, on the TS,'- I, path the methyl 

1 A Hm= 1 0 5 4 8 8  TS; 
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Figure 5. Geometrical conformation of the transition state TS,'; heat of 
formation in kcal mo1-' and distances in A; three-membered ring in 
ABCD plane, five-membered ring in EFXX plane 
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Figure 6. Projection of the MIND0/3 energy hypersurface for the 
a-cleavage of the bridged intermediate I 

group is partially twisted to reach the minimum conformation 
of I,. In an analogous fashion to the characterization of TS,', 
complete geometry optimization and further hessian diagonal- 
ization showed that I, is a true minimum. The TS,' energy is 5.1 
and 6.6 kcal mol-' above I, and I,, respectively. 

An alternative way to describe the process I, -+ I, is given 
by use of decreasing values of 8. Figure 6 shows the energy map 
built as described above. In this case an alternative transition 
state TS," connects the I, and I, valleys. Choosing a geometry 
in the range R 1.43-1.44 A, 8 55-57", and optimizing this 
geometry completely, after diagonalization of the resulting 
hessian matrix, one obtains a peak, i.e. two negative eigenvalues, 
although one of them is very close to zero. Further efforts* to 
approach the true maximum (TS), which (following Murrell and 
Laidler 2 8 )  is close to any peak, were unsuccessful. We suggest 
that numerical problems arising from the non-quadratic nature 
of the hyper~urface,,~ along with the presence of a large negative 

* Such as calculations on a more narrow grid and diagonalization of the 
hessian matrix by either the secant or the perturbation method. 
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Figure 7. Geometrical conformation of the transition state TS,"; heat or 
formation in kcal mol-' and distances in A; three-membered ring in 
ABCD plane, five-membered ring in EFXX' plane 
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Scheme 2. 

eigenvalue and one near-zero eigenvalue ('Don Quixote' saddle 
point 29) due to different curvatures along the maximum and 
minimum cross sections, are the justification for the anomalous 
behaviour of the surface in this region. The structure of this 
pseudo-TS," resembles a distorted corner-protonated cyclo- 
propane ring (see Figure 7). The energy is 7.6 and 9.2 kcal 
mo t '  above the I ,  and I,, respectively. 

The intermediate I, transforms into a tertiary l-methylcy- 
clopentylium ion (1) via a 1,2-hydrogen shift between C-1 and C- 
3 (see Scheme 2). This process can be defined by the HC(l)C(3) 
angle, 8, and Figure 8 shows the energy profile versus 8. No 
discontinuities in energy and Wiberg indexes 30 are involved; 
hence it can be said that the 1,2-hydrogen shift occurs with no 
energy barrier, in agreement with MIND0/3  result^.^ 

The tertiary carbenium ion was also optimized and the 
hessian matrix diagonalized to verify its miminum nature. The 
energy is 15.2 kcal mol-' below I,. Figure 9 shows a scheme of 
the reaction profile in terms of the calculated heats of formation 
(see Table). 

We have thus found a mechanistic model which describes 
the branching rearrangement of a cycloalkane in a simple 
fashion, since only a few parameters are needed to depict the 
reaction co-ordinate. The isomerization of cyclohexane is a very 
good model for testing the branching mechanism based on 
protonated cyclopropane-ring type intermediates, because of 
the rigidity of the five-membered ring involved, which 
eliminates most of the geometrical variables from the reaction 
co-ordinate, and simplifies the computational procedure 
without any loss of physically significant information. 

The proposed overall mechanism, as shown in Figure 8, 
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Figure 8. MIND0/3 energy profile corresponding to 1,2-hydrogen shift 
in I, to give 1-methylcyclopentylium ion 
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Figure 9. Relative energies of the reactants, intermediates, transition 
states, and products involved in cyclohexylium ion isomerization to 1- 
methylcyclopentylium ion 

resembles closely the mechanism empirically suggested by 
Brouwer l 2  for linear alkanes (see Scheme 3). Our intermediate 
I, can be related to Brouwer's intermediate of the protonated 
cyclopropane type. Both mechanisms allow two alternative 
routes starting from the intermediate of cyclopropane type, uia 
a- or p-scission. Brouwer's mechanism for branching rearrange- 
ment of linear alkanes shows only the intermediates proposed. 
We have also calculated, characterized, and given the geo- 
metrical conformation of the transition states connecting them 
for the branching isomerization of cyclohexylium; the energy 
difference between TSz' and the 1 -methylcyclopentylium ion (1) 
(21.7 kcal mol-l) can be related to the activation energy, and 
agrees well with the experimental value (17 kcal mo1-1).12b The 
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Table. Standard heats of formation calculated by MIND0/3 (kcal mol- I )  

AHo 
168.609 
180.406 
180.729 
185.488 
188.133 
178.901 
163.750 

differences are ascribed to the known possible inaccuracies of 
the MIND0/3 method when one calculates the enthalpies of 
three-membered rings; hence we can conclude that the overall 
agreement is satisfactory. 

The proposed model mechanism accounts for most of the 
experimental facts, such as activation energy, intermediates, and 
product structure; in view of its simplicity it may serve as a good 
general model for branching rearrangements of alkanes. 
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