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Thermochemical and Kinetic Study of the Carbocation Ring Contraction of Cyclohexylium
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The isomerization of cyclohexylium to methylcyclopentylium is a model for a key step required in sterol
and triterpene biosynthesis and is important in catalytic processes associated with ring-opening reactions
in upgrading petroleum fractions. Using high-level, correlated wave function techniques based on QCISD,
the mechanism for this isomerization was found to be very different from that first proposed more than
35 years ago. On the basis of our mechanism, a first-order rate constant expression was derived and used
with complete basis set-extrapolated QCISD(T) energies to oBain 6.9 kcal/mol andA = 10118571

in excellent agreement with values of 7441 kcal/mol andA = 10'?+13 571 measured in the gas phase.

The B3LYP and MP2 methods, two commonly used computational approaches, were found to predict incor-
rect mechanisms and, in some cases, poor kinetic parameters. The PBE method, however, produced a reac
tion profile and kinetic parameters in reasonable agreement with those obtained with the complete basis
set-extrapolated QCISD(T) method.

Introduction subject of several simulation studies involving the use of
semiempiricaf Hartree-Fock, and density functional theory
(DFT).” Most recently, Viek et al. used MgllerPlesset
techniques to determine the reaction profile for the rearrange-
ment of the 1-(2-propyl)cyclopentyl cation to the 1,2-dimethyl-

The isomerization of cyclohexyliuni)to the 1-methylcyclo-
pentyl (1) cation (1) was studied by Olah et al. using NMR.
Hydride abstraction from cyclohexane by F${-SbFs at —60
°C produced 1-methylcyclopentyl cation on a time scale that ; R . .
was too fast to allow observation of the cyclohexyl cation by él.h-cylcloheExyI cau?rz 'fl'hilrbﬁrglngz were :jrlRagree?;?dnt with
NMR. Using similar acidic conditions, Saunders and Rosenfeld € argg are‘?ore_ _o_r y _aun ers an ) ose_n o
later obtained an Arrhenius activation enerdig)(of 18.2 + Reaction1 is significant in understanding ring-opening
0.1 kcal/mol and logk) = 13.6+ 0.1 for 1.2 The rearrangement ~ '€actions in the ypgradlng of petroleum fract|on§. Insights into
mechanism was proposed to involve a protonated cyclopropanethe details ofl will help to understand ring-opening processes
intermediate, and the results of later semiempirical modeling in Naphthenes containing two or more rings. The hydrogenation
work by Viruela-Martin et al. were found to be consistent with ©f aromatic compounds yields a minor improvement to the
that mechanisr.The first gas-phase study yielding Arrhenius ~ cetane number of fuel constituents. However, the ring-opening
parameters fot was conducted by Attinat al4 who measured ~ Of these compounds can lead to very large increases in cetane
a substantially smalleg, value of 7.4+ 1 kcal/mol and a lower ~ number? The catalysis of the cracking of cyclohexane using
log(A) = 12 + 1.3. These findings imply that solvation may acidic zeolites is therefore important. The cyclohexylium inter-

have a substantial influence on the kineticd ofhe mechanism ~ mediates formed during the catalytic processes can undergo
may also be effected by solvation. isomerization to methylcyclopentylium, a process that may facil-

itate ring-opening. In the context of C6 cyclization, Thomson'’s
group has studied in the gas phaseand on zeolite models
using DFT. They computed thathas an energy barrier of 9.6
= ) kcal/mol %12 substantially lower than the value reported in ref
2 and close to that obtained from the gas-phase measurements
I [ of Attina et al*
We are motivated to understand the details of the thermo-
The importance ofl extends beyond that associated with a chemistry and kinetics of by its importance in biochemistry
prototypical carbocation rearrangement. Reacfigfor, more and petroleum refining and by the apparent discrepancies
accurately, the reverse dj is a model for a key step in the  petween reported experimental and calculated activation ener-
enzymatic cyclization required in sterol and triterpene biosyn- gies. In this work, we apply high-level wave function techniques
thesis? Not surprisingly, these rearrangements have been thetg elucidate the reaction profile and thermochemistry.ofhe
data are then used together with a derived kinetics expression
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SCHEME 1: Reaction Mechanism for 1, Originally SCHEME 2: QCISD(T)/CBS(QCISD)//QCISD/
Proposed in Reference 13 6-311++G(d,p) Reaction Mechanism for 1
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The mechanism of, originally proposed by Nenitzestu
and supported by Olah et alis illustrated in Scheme 1. The O
rearrangement was thought to involve a protonated cyclopropane
intermediate and avoids the formation of primary carbocations Iy

during the reaction. Later semiempirical modeling by Viruela-

Martin et al. supported the proposal that the first intermediate illustrates the relative energies of the stationary points for that
is an edge-protonated bicyclic specid¢sowever, the modeling mechanism. In the experimental study of the thermal isomer-
predicted the formation of a secondary methylcyclopentylium ization ofl,* the cation is produced via hydride-ion abstraction

cation as the second intermediate, via a protonated cyclopropandrom cyclohexane. Abstraction of a hydride from either an axial

transition-state (TS) structure, prior to conversionlto A or an equatorial position leads to structureg tiiat are either
second, higher-energy reaction path connecting the first andflat (If) or puckered|I(;) about the charge center (see Figure 2).
second intermediates was also identiffed. A third isomer also exists in which the GH to the charge

More recent DFT work by Joshi et #l.suggests that the  center lies out of the plane of the ring. We label this distorted
mechanism ofl is somewhat more complicated than earlier structure adq (see Figure 2). Both, andlq are energetically
proposals? They found three low-energy conformations for more stable thaiy by ~3.4 and 1.1 kcal/mol, respectively. As
One of these structures was found to directly form a secondary can be seen in Figure 1, the calculations show that the three
methylcyclopentylium cation through a cyclopropane transition structures are able to easily interconvert. The TS structures
state structure. The secondary cation was predicted to convertconnectingls to I, and tolg (TS, and TS-,) are 2.4
directly to Il without passing through a TS. This pathway is and 3.0 kcal/mol, respectively, higher in energy than that.of
similar to the low-energy pathway predicted by Viruela-Martin  The TS structure connectirlg andlq (TS—,) is 1.5 kcal/mol

et al® A second structure for was predicted to convert tid higher in energy thah. These TS structures are shown in Figure
by a high-energy pathway through a TS structure with substan- 3.
tial primary carbocationic character. From cyclohexylium, the reaction proceeds to an intermediate

In our own initial attempts to establish the reaction profile structure,lin;, via two pathways, with TS structures that are
of 1, we used B3LYP® (a hybrid DFT method) and MP2 (a  formed by ring contractions and hydrogen transfers between
correlated wave function method) with 6-31G(d) basis &ets. ring carbons.l; cannot directly convert tdiy but must first
Immediately obvious from the preliminary work was that the convert tol, or lq. 14 converts td iy via TS ., andl, converts
pathways ofl that are predicted by theory are highly sensitive 10 lint Via TS —,,. The main difference between these structures
to the methods employed. Additional calculations performed is whether the out-of-plane ring methyl group is puckered above
with larger basis sets (6-315(d,p), 6-31%+G(d,p), 6-31#+GC- or below the plane of the pentyl ring relative to the migrating
(2d,2p)) revealed that the predictions for reaction pathways are hydrogen (see Figure 3). Despite the similarities, however, steric
also basis set dependent, as are the relative energies of théepulsions between the out-of-plane methyl and above-plane
intermediate and TS structures of those pathways. The readepentyl ring hydrogens in T;S-;;, cause it to be higher in energy
is directed toward the Supporting Information (SI) for specific than TS, by 3.3 kcal/mol. The barriers to conversionl{g
examples of the failures of these methods with smaller basis
sets.

It was clear from our initial test calculations that we needed
to resort to higher-level theory to resolve the reaction pathways
of 1. For this, we chose to use the QCISD method with
6-311++G(d,p) basis sets. The QCISD approach has been
shown by others to predict accurate geometries and energie
for TS structures for open-shell systeM$ur own tests give
us confidence that the reaction pathways and structures we!
computed using this approach are well converged with the
selected basis set$However, the relative energies of points
along the reaction profile converge more slowly than do the
geometries, and we required more extensive treatments of
correlation. We therefore performed calculations to estimate the
QCISD(T) energies at the complete basis set (CBS) Ihoit
the QCISD/6-31%+G(d,p)-optimized structures (QCISD(T)/
CBS(QCISD)//QCISD/6-311+G(d,p))?? i

Our proposed mechanism faris shown in Scheme 2, and Reaction Coordinate
the structural details of the stationary points along the reaction
path are provided in Sl. Figures 2 and 3 illustrate some of the Figure 1. Relative energies of stationary points along the
structures associated with Table 1 contains and Figure 1  QCISD(T)/CBS(QCISD)//QCISD/6-311++G(d,p) reaction profile.
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Figure 2. Optimized structures associated with the minima along the reaction profilesafe Scheme 2.

are predicted to be much larger for the lowest-energy cyclo-
hexylium structure, (12.4 kcal/mol), compared tby (6.8
kcal/mol). Nevertheless, both pathways will contribute to the
kinetics of1 because this barrier height difference will be offset
by the larger (Boltzmann) population &f relative to that of

lg.

Our calculations predicti; to have an asymmetric struc-
ture with a CH group above and closer to one side of an
incipient z-bond of the cyclopentene-like ring (see Figure 2).
The CH; group has one hydrogen interacting strongly with a

ring carbon and is on the same side of the ring as the puckered

CH, group. Analysis of the charge distribution indicates that

the positive charge is largely centered on the tertiary carbon.

This structure ofl i is 0.9 kcal/mol lower in energy thaln.

In the final step of the rearrangemehf; converts tal via
TS,,—u. This TS structure resembles a secondary methylcyclo-
pentylium carbocation, with the charge residing on the ring
carbon in thex-position relative to that of the exocyclic methyl
group; see Figure 3. The energy barrier of the last step in
is calculated to be 6.7 kcal/mol higher than that Fgr. The
overall rearrangement is predicted to bel2.2 kcal/mol
exoergic.

Kinetics of 1

where
k'f"'d k'dﬁI int
kidg'lf + kidﬂlp + kId"lint kiintﬂlp—i_ klint"ld + kiint"II
d,= K K
71— lin g dint
kldﬁlf + k'cﬁ'p + k'd"'im k'int"'p + k'im"'d + k'im_’”
klp"'int
+ + *
ki irlt*'I p ki irlt*'I d k| int*'”
il k'u”'im
k'd“'f + kld"'p + k'u“'im k'in?'p + k'in?'d k'in?”
d; =
1 line—Ta k' dint
k'c?'f + k'n?'p + k'd_'llm klintﬁlp + klintﬁld + k'im*”

andKgp = ki—/ki—- The details of the derivation of eq a are
given in the SI. Using QCISD(T)/CBS(QCISD)//QCISD/6-
311++G(d,p) energies corrected for zero-point vibration ener-
gies and calculated partition functions, we calculdtgdver a
number of temperatures. These were used to obtain an Arrhenius
activation energyE, = 6.9 kcal/mol, and a pre-exponential
factor, A = 10118571 for 1. These data compare extremely
well with those measured by Atfiret al., namely, 7.4- 1 kcal/

On the basis of our calculated mechanism (Scheme 2), wemol andA = 10t##13 5714

were able to derive an expression for the rate constant.for

Using a quasi-steady-state approximation, we determined the

rate constant expression for the forward reactlanto be

B kh.r“(d4 + dsKyp)

k=—""77 Kp (2)

Performance of Other Theoretical Approaches

We have a high degree of confidence in the thermochemical
and kinetic predictions made by QCISD(T)/CBS(QCISD)//
QCISD/6-311-+G(d,p) for 1. As such, we are able to assess
the other theoretical approaches used during our preliminary
investigations for the mechanism afagainst our high-level
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Figure 3. Optimized transition-state structures associated with the interconversion of the minimum-energy structures (illustrated in Figure 2)
for 1.

results. We are particularly interested in the performance of the obtained using the theoretical approaches (i.e., QCISD(T)/CBS-
B3LYP functional because it is commonly applied and the MP2 (MP2)//method, where method represents the technique used
wave function approach because it is often used as a check offor geometry optimization). These energy data are useful because
results obtained by DFT methods. We are also interested in thewhen compared to QCISD(T)/CBS(MP2)//QCISD/6-311G-

PBE functional® because it has been implemented in programs (d,p) energies, they provide a single metric for assessing the
that incorporate periodic boundary conditidAsyhich may be quality of a predicted structure against those obtained by using
useful for studyindL in a zeolite environment. We relegate most QCISD/6-31H1+G(d,p). Relative energies using QCISD(T),

of the large body of data that we computed fousing these MP2, B3LYP, and PBE for the structures along the reaction
various methods to the S| and discuss only those points thatprofile of 1 are collected in Table 1. Kinetic data obtained using
are relevant to accurate predictions associated with the mech-eq a and the energies from the various methods are presented
anism and energies. All of the results discussed in this sectionin Table 2.

were obtained using 6-3#HG(2d,2p) basis sets, which are MP2. The MP2 approach performs rather poorly for several
large enough to ensure that all structures are converged withpoints along the reaction profile df. With the exception of
respect to basis set size while also being of practical8iv¢e two structures, the relative energies predicted with MP2/6-
also computed QCISD(T)/CBS(MP2) enerdgfefor structures 311++G(2d,2p) agree with those obtained with QCISD(T)/



4008 J. Phys. Chem. A, Vol. 112, No. 17, 2008 Mackie et al.

TABLE 1: Relative (to I) Energies (kcal/mol) for Optimized prediction made by MP2 will not greatly effect relative

Structures Calculated by QCISD(T)/CBS(QCISD)//QCISD/ energetics provided that QCISD(T)/CBS(MP2) (or some suit-
6-311++G(d,p), MP2, B3LYP, and PBE able, high-level alternative) is employed.
structure  QCISD(F) ~ MP2 B3LYP® PBE The MP2-predicted structure of TS, closely resembles that
TS, +2.4 +2.2 +2.4 +3.0 obtained using QCISD. However, the relative energy of %
Ip —34 —5.2 —-16 —1.4 is ~6.1 kcal/mol lower in energy than that determined by
;'—S'f*'d J_?(l) i’gg igg iig QCISD(T)/CBS(QCISD). This implies that MP2 overstabilizes
'IFSPﬂld 415 07 +4.2 +35 secondary carbocations. This overstabilization do_es not hav_e a
TS i +9.0 +6.5 +15.2 +11.3 pronounced effect on structure, and the relative energies
TSt +5.7 +2.7 +12.0 +8.1 determined using QCISD(T)/CBS(MP2) with either QCISD or
lint —0.9 —4.2 +2.4 +1.7 MP2 geometries are within 0.2 kcal/mol.
S S A A Although the QCISD(T)/CBS(QCISD)/QCISD/6-314 G-

] ) (d,p) and MP2/6-31++G(2d,2p) relative energies for 1.,
*QCISD(T)/CBS(QCISD) energies obtained for the QCISD/6-  5re similar, the predicted structures are noticeably different (cf
gétlsJ.r+G(d,p)-opt|m|zed geometrie Using 6-311-+G(2d,2p) basis Figures 4a and 2). Specifically, the MP2 TS structure has a
more pronounced catiam-type bridging interaction than does
TABLE 2: Calculated Arrhenius Parameters for 1 Based on the QCISD structure. This results in a C{IJ(2)—C(3) angle

the Mechanism Shown in Scheme 2; Arrhenius Activation in the TS structure that is SGmaller than that predicted by
I(:Tgerglfs,Ea (kcal/mol), and Pre-exponential Factors, Logk) QCISD. The effect of this overly stable bridging interaction can
9(s™) be recognized in a 1.9 kcal/mol difference in QCISD(T)/CBS-
Ea A (MP2) energies of the QCISD and MP2 structures of TS
QCISD(T} 6.9 11.18 With the exception of TS, all of the MP2 structures have
MP2 7.6 12.49 QCISD(T)/CBS(MP2) relative energies that lie within 0.4 kcal/
Eg'-EYP 1%-‘; ﬁi‘é mol of those of the QCISD-optimized structures.
experimerit 7441 12+ 1.3 The kinetic parameters determined by MR, € 7.6 kcal/

mol, A= 101249571 see Table 2) do show moderate agreement
with our benchmark data and excellent agreement with Attina
et al.’'s measured values. This concurrence reflects the fact that

CBS(QCISD) to within~3.0 kcal/mol. MP2 erroneously pre- MP2 predicts barrier heights _for the individual stepsliin
dicts theCs symmetric form ofi, to be a transition state. The close agreement to those obtained by QCISD(T)/CBS(QCISD)/
distorted versions of this isomer are 0.04 kcal/mol lower in QCISD/6-31}+G(d,p), despite the fact that some MP2 relative
energy at the MP2 level. The bonds G(Z)(3) and C(5)-C(6) energies are poorly predicted. We may therefore conclude that
have a difference of 0.11 A with MP2/6-331#G(2d,2p) the agreement between the kinetic parameters calculated by MP2
compared to the QCISD-optimized structure. This distortion is @and QCISD(T) is fortuitous.
maintained when the aug-cc-pVTZ basis set is employed. The B3LYP. Overall, the B3LYP method displays even worse
distortion is not determined by any other method or, for that performance than MP2 for the reaction profile Iowith several
matter, with MP2 and smaller basis sets and would appear tolarge errors in relative energies8 kcal/mol). Particularly
be an artifact of MP2. problematic are TS-,, and T, for which the errors in
The MP2 method incorrectly predidtg; to have a symmetric,  the relative energies are 6.2 and 6.3 kcal/mol, respectively.
bicyclic structure; see Figure 4a. The overstabilization of Interestingly, the B3LYP-optimized TS.,, and TS, struc-
charged, bridged intermediates is a recognized shortcoming oftures compare quite well with the corresponding QCISD TSs,
MP227 and results in the incorrett structure being~2.7 kcal/ and this is verified by the small differences in the QCISD(T)/
mol too low in energy. However, the QCISD(T)/CBS(MP2) CBS(MP?2) relative energies obtained for both sets of structures
method, using either QCISD or MP2 geometries, predicts the (<0.4 kcal/mol). Additional tests with BHandHLYP and BLYP
symmetric bridged structure to be fairly close in energy to the produce similar results, whereas B3P86 and PBE predict relative
asymmetrid . This indicates that the potential connecting the energies that are in accord with the QCISD results (see
two structures is fairly flat and that the erroneous structural Supporting Information). These findings suggest that the LYP

a QCISD(T)/CBS(QCISD)//QCISD/6-314+G(d,p). Ref 4.

(a) (b) (©)

Figure 4. Selected structures erroneously predicted by other theoretical approaches ({52), (b) TS—, (MP2), () lint (MP2).
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correlation functional may be responsible for the poorly  Supporting Information Available: Structure coordinates,

predicted energies for TSy, and TS, calculated energies, and details of the kinetic modeling. This
B3LYP also predicts an incorrect structure fgg, in which material is available free of charge via the Internet at http://

there is no interaction between a hydrogen atom of the exocyclic pubs.acs.org.

CHgs group and a ring carbon; see Figure 4c. The orientation of

the CH; group in the B3LYP structure suggests that is a References and Notes
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