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ABSTRACT: Carbocation rearrangements relevant to sterol biosynthesis were
investigated computationally by using the model cyclopentylheptenyl carbocations 1A
and 1B. Five different rearrangement pathways of these equilibrating cations were
located at the potential energy surface (PES), all calculated at the B3LYP/6-31G(d) level
of theory. Each of these five distinct pathways differs from previous mechanistic

proposals, and each involves new and unusual intermediates.
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Introduction

I t is well established that all steroid hormones
and triterpenoids arise from 2,3-epoxysqualene
in enzymatic polycyclization reactions [1]. After the
introduction of the idea of a stepwise mechanism of
biomimetic olefin cyclization via conformationally
flexible carbocationic intermediates [2], attention
has focused on each step of the cyclization. Both
experimental and quantum chemical investigations
were undertaken to determine a detailed mecha-
nism and energetics underlying the cyclization
steps. In the quantum chemical approach, different
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model systems are used for the biomimetic study of
the corresponding cyclization reactions [3]. Of spe-
cial importance are cyclopentylheptenyl cation
models, which comprise both carbocationic and
olefinic moieties. Such substrates are appropriate to
model cation—olefin cascades, particularly the for-
mation of the four rings (A-D).

In a recent report, a mechanism for simultaneous
C-ring expansion and D-ring formation in lanosterol
biosynthesis was proposed [4]. This mechanism in-
volves the model 2-cyclopentyl-6-methyl-2-hept-5-
enyl carbocation (1A), which undergoes a concerted
ring expansion and ring closure, via the bridged
transition state structure TS1, to give the bicyclo
[4.3.0]nonyl tertiary carbocation 2 (Scheme 1).

Such a rearrangement would avoid the interme-
diacy of the unstable secondary cyclohexyl cation,
as well as violation of Markovnikov’s rule. At the

International Journal of Quantum Chemistry, Vol 107, 1772-1781 (2007)

© 2006 Wiley Periodicals, Inc.



DFT STUDY OF REARRANGEMENTS IN CYCLOPENTYLHEPTENYL CARBOCATIONS

1B

SCHEME 1. Ring enlargement and 1,2-hydride shift
processes in the carbocation 1A.

B3LYP/6-31G(d) level, the energy barrier of 7.8
kcal/mol has been calculated for this rearrange-
ment 1A — 2 [4].

For comparison, in the rearrangement of the
2-(2,2,3-trimethylcyclopentyl)-2-propyl cation, the
energy barrier required to expand this model ter-
tiary cyclopentyl carbocation (Scheme 2) [3a,b]
to the less stable secondary cyclohexyl cation
(1,1,2,2,3-pentamethyl-6-cyclohexyl cation) is ~5-6
kcal/mol higher than the barrier for the rearrange-
ment 1A — 2. However, structures involved in that
ring expansion reaction were calculated only at the
Hartree-Fock (HF)/6-31G(d) level of theory. At
both the density functional theory (DFT) and sec-
ond-order Mgller—Plesset (MP2) levels, it has been
found that the secondary structure of the 1,1,2,2,3-
pentamethyl-6-cyclohexyl cation is not a minimum,

G

SCHEME 2. Ring enlargement of the 2-(2,2,3-trimeth-
ylcyclopentyl)-2-propyl cation.
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SCHEME 3. 1,2-hydride shift in the 2-cyclopentyl-2-
propy! cation.

but it is converged to the corresponding tertiary
cyclohexyl cation via an intramolecular methyl shift
[5]. Hence, it is proposed that the biomimetic cas-
cade arising from the protonation of squalene ep-
oxide could occur without the necessity of going
through the higher-energy intermediate secondary
carbocation. To provide computation for this hy-
pothesis, the ring expansion process 1A — 2 has
been employed as a suitable model reaction.

However, our earlier experimental and quantum
chemical results [6] on the corresponding model
2-cyclopentyl-2-propyl cation (Ia in Scheme 3),
which is structurally related to cation 1A, suggest
that other possible (and more favorable) rearrange-
ment mechanisms for the model carbocation 1A
should be considered. In addition, we have found
that the computational results related to the model
cyclopentylcarbinyl carbocation 1A are sensitive
both to the substituent (see, e.g., Ref. [7]) and sol-
vent effects and to the level of theory employed (see
below, and see, e.g., Ref. [8]). In the present work,
we present several other mechanisms for the rear-
rangement of the cyclopentylcarbinyl carbocation
1A, which are relevant to sterol biosynthesis.

Computational Methods

The quantum chemical calculations were per-
formed using the Gaussian 03 program suites [9].
All structures were fully optimized using DFT hy-
brid methods with the B3LYP functional [10]. The
standard split valence and polarized 6-31G(d) basis
set was used for geometry optimizations and fre-
quency calculations. Optimized coordinates of all
structures are included in the Supporting Informa-
tion. Analytical vibrational analysis at the same
level were performed to determine the zero-point
vibrational energy (ZPE) and to characterize each
stationary point as a minimum (Nimag = 0) or
first-order saddle point (Nimag = 1). IRC calcula-
tions (intrinsic reaction coordinate as implemented
in Gaussian 03) were performed at the B3LYP/6-
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31G(d) level. The initial geometries used were that
of the corresponding transition states structures,
and the paths were followed in both directions
from that point. This method verified that a given
transition structure indeed connected the presumed
energy minimum structures [11]. Corrections for
ZPE (not scaled) are included in the calculated en-
ergies. A more complete treatment of electron cor-
relation was made by performing MP4(SDTQ)/6-
31G(d) single-point energy calculations for some
structures (1A, 1B, 2, 3,4, 5, 6, TS1, TS6, and TS6')
optimized at the MP2/6-31G(d) level. The inclusion
of MP4 correlation energy correction is necessary to
correctly estimate the relative energy differences for
carbocations involved in the processes under study.
The relative energies are given in kcal/mol with
respect to the carbocation 5 and are listed in
Table L

Results and Discussion

It is shown that the model carbocation Ia is not
static in solution, but undergoes rapid nondegener-
ate hydride shift over the low-energy Dbarrier
(Scheme 3), interchanging the 2-cyclopentyl-2-pro-
pyl cation (Ia) and the 1-(2-propyl)cyclopentyl cat-
ion (Ib). Experimental and quantum chemical stud-
ies have indicated that the equilibrium is shifted
toward the 1-(2-propyl)cyclopentyl cation (Ib), in
which the positive charge is located in the ring [6].
The carbocation Ia, in which positive charge is lo-
cated out of the ring, was found to be ~1.5 kcal/
mol less stable than the carbocation Ib, in which
positive charge is located in the ring [6]. In this
study, we demonstrate the computational evidence
that the similar applies to the model cyclopentyl-
carbinyl carbocation 1A. At the B3LYP/6-31G(d)
level of theory, the cyclopentylcarbinyl carbocation
1A, in which the positive charge is located out of
the ring, was calculated 1.2 kcal/mol less stable
(Table I) than the carbocation 1B with a positive
charge located in the ring (Scheme 1). This more
stable isomeric cyclopentylheptenyl carbocation 1B
has not been described earlier. It has a conforma-
tion favorable for the B-CC-hyperconjugative inter-
action between the C2-methyl group and a formally
vacant 2p orbital at the endocyclic carbon C1 (Fig.
1). The two isomers, 1A and 1B, undergo rapid
hydride shift via the transition state structure TS2.
It is a hydrido-bridged transition structure (Fig. 2)
characterized by an unsymmetrical C—H—C bond
(C1—H is 1.373 A, and C2—H is 1.330 A at the

B3YLP-6-31G(d) level), while the C1—C2 bond
length is shortened to 1.403 A as compared with the
averaged single C—C bond length. The only imag-
inary frequency (418i cm™') corresponds to the hy-
dride shift between C1 and C2 carbon atoms. At the
B3LYP/6-31G(d) level, this transition structure was
calculated ~4 kcal/mol less in energy than the
transition state structure TS1, which suggest that
the hydride shift process 1A — 1B is energetically
more favorable than the ring enlargement process
1A — 2. Therefore, instead of structure 1A, struc-
ture 1B should be considered as a starting point for
the corresponding cyclization process in which the
carbocation 2 is formed. This means that the calcu-
lated energy barrier for the overall ring expansion
process 1B — 2 (Scheme 1) is 10.6 kcal/mol (Table
I). As well, we assume that the carbocation 1B is a
better candidate to study rearrangement mecha-
nisms relevant to steroid biosynthesis. Indeed, it
was shown by Epstein that the 2-methyl-6-(1-hy-
droxycyclopentyl)-2-heptene (B), which is an alco-
hol precursor of the carbocation 1B, undergoes an
acid catalyzed cyclization to give l-isopropyl-7-
methylbicyclo[4.3.0]lnon-6-ene (C) in greater than
95% isolated yield (Scheme 4) [12]. This experimen-
tal result is consistent with the intermediacy of the
carbocation 1B and spiro carbocations 3 and 4, as
well as the carbocation 5. The 2-methyl-6-cyclopen-
tyl-6-hydroxy-2-heptene (A), which is an alcohol
precursor of the carbocation 1A, also forms the
1-isopropyl-7-methylbicyclo[4.3.0]non-6-ene (C) in
high yield which means that an initial fast 1,2-
hydride shift 1A — 1B (see Scheme 1) via TS2 must
occur prior to any cyclization process.

There are several possible mechanisms for the
rearrangement of the carbocation 1B. We have con-
sidered rearrangements which are consistent with
the experimental results and which involve carbo-
cation intermediates important for sterol biosynthe-
sis. The first rearrangement discussed is related to
the experimental work in which Epstein et al. [12]
postulated that acid dehydration of the 2-cyclopen-
tyl-6-methylhept-5-en-2-ol (A) and/or the 1-(6-
methylhept-5-en-2-yl)cyclopentanol (B) gives rise
to tertiary carbocation intermediate 5 (Scheme 4).
At the B3LYP/6-31G(d) level, the final carbocation
product 5 was calculated to be 11.5 kcal/mol more
stable than the bicyclo[4.3.0]nonyl carbocation 2,
the final product of the rearrangement process pro-
posed by Hess (Scheme 1). The carbocation 1B un-
dergoes five-membered ring closure, via the transi-
tion state structure TS3, to give the spiro-type
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TABLE |
Total energies, relative energy differences,® and number of imaginary frequencies calculated for structures
involved in rearrangements of cyclopentylheptenyl carbocations 1A and 1B.

Structure B3LYP/6-31G(d) [MP4/6-31(d)]° AE (kcal/mol) NImag® (v/em™")

1A —508.963068 13.4 0
(—507.091882) (22.5)

1B —508.965565 12.2 0
(—507.094422) (20.9)

2 —508.969206 1.5 0
(—507.132934) 3.2)

3 —508.964782 13.4 0
(—507.115918) (7.5)

4 —508.979218 4.9 0
(—507.127556) 0.2)

5 —508.984457 0 0

(—507.127831) ©)

6 —508.978115 3.2 0
(—507.123813) (2.5)

7 —508.984905 0.9 0

8° —508.928699 33.2 0

9 —508.934497 30.6 0

10 —508.967969 1.7 0

11 —508.950082 21.0 0

TS1 —508.948311 22.8 1

(—507.091161) (24.1) (247i)

TS2 —508.950904 19.0 1

(418i)

TS3 —508.964203 13.7 1

(127i)

TS4 —508.953581 19.3 1

(405i)

TS5 —508.972625 9.5 1

(202i)

TS6 —508.934326 31.2 1

(—507.085641) (25.8) (427i)

TS6' —508.927773 35.2 1

(—507.077371) 31.7) (654i)

TS7 —508.973919 8.3 1

(166i)

TS8 —508.927111 37.6 1

(370i)

TS9 —508.925544 36.1 1

(499))

TS10 —508.962382 13.8 1

(744)

TS11 —508.947228 23.5 1

(39i)

2 Relative energies (ZPE included) with respect to the most stable carbocation structure 5.

P Single-point energy calculations at the MP4/6-31G(d)//MP2/6-31G(d) level.

¢ B3LYP/6-31G(d) values.

9 The calculated structure of 1A is 1.6 kcal/mol more stable than its conformer reported earlier by Hess [4].

¢ The secondary carbocation 8 can be considered as either an artifact structure or transition state structure because, at the
MP2/6-31G(d) level of theory, it does not exist as a minimum.
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1

FIGURE 1. B3LYP/6-31G(d) optimized geometries of intermediates involved in rearrangements of cyclopentylhepte-
nyl type of carbocations. Bond lengths are in Angstroms (&), and angles are in degrees (°).

carbocation 3. The transition state structure TS3 is
calculated only 1.5 kcal/mol less stable than the
reactant 1B (Table I), and is characterized by one
imaginary frequency (127i cm™'), which corre-
spond to the formation of the C1—C5 bond (the
calculated distance of 2.144 A in Fig. 2). Spiro-type
carbocations 3 and 4 are interconnected via the
hydrido-bridged transition state TS4 (405i cm Y,
which is a rate determining transition state struc-
ture (the least stable transition state structure) for
the rearrangement pathway presented in Scheme 4.
Similarly to the geometry of TS2, the transition

state structure TS4 is characterized by unsymmet-
rical three-center two-electron C—H—C bond (Fig.
2). In this case of spiro-type carbocations it is found
again that the isomer 4, having positive charge in
the ring, is more stable (8.5 kcal/mol at the B3LYP/
6-31G(d) level) than the isomer 3, which has a pos-
itive charge on the exocyclic carbon. Both isomers, 3
and 4, are B-CC-hyperconjugatively stabilized car-
bocations with elongated C—C bonds involved in
hyperconjugation (Fig. 1). The carbocation 5, the
most stable intermediate in the corresponding rear-
rangement process (Table I), is easily formed from
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FIGURE 2. B3LYP/6-31G(d) optimized geometries of transition state structures involved in rearrangements of cyclo-
pentylheptenyl type of carbocations. Bond lengths are in Angstroms (A), and angles are in degrees (°).

the spiro cation 4 via the transition state structure
TS5. The only imaginary frequency (202i cm™') is
associated with the elongation of one C—C bond
(the calculated distance of 2.281 A in Fig. 1) and
simultaneous formation of another C—C bond (the
calculated distance of 1.653 A). The calculated over-
all energy barrier for the ring enlargement 1B — 5
(Scheme 4) is 7.1 kcal/mol, which is for 3.5 kcal/
mol lower that the barrier for the formation of the
carbocation 2 (Scheme 1). Thus, the rearrangement
of the carbocation 1B, via transition state structure
TS4 (Scheme 4), to the carbocation 5 is both ther-

modynamically and kinetically more favorable pro-
cess than the rearrangement of carbocation 1B, via
transition state structure TS1 (Scheme 1), giving the
carbocation 2. It is in accord with the experimental
results presented above. The results obtained also
indicate that the spiro-type carbocations (of type 3
and 4) should be considered as important interme-
diates in this type of rearrangements. Indeed, on
the basis of enzymic experiments on the 2,3-oxido-
squalene, van Tamelen et al. [13] proposed earlier
the biosynthetic route in which a lanosterol skele-
ton is produced via [5.5]-spiro intermediates.
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SCHEME 4. Mechanism of the acid catalyzed dehydration of cyclopentylheptenes A and B.

While the process 1B — 5 (Scheme 4) yields an
intermediate (indenyl cation 5), which is not impor-
tant to the biosynthesis of lanosterol, we have
tested another possible rearrangement of carboca-
tion 1B in which both the spiro-intermediates
of type 3 and 4 and the appropriate model
bicyclo[4.3.0lnonyl carbocation 2 are involved
(Scheme 5). In this pathway the spiro-carbocation 3
undergoes 1,4-hydride shift giving the spiro-carbo-
cation 6. Distant hydride shifts in spiro-type inter-
mediates were suggested by van Tamelen and
colleagues as alternative processes which are com-
pletely consistent with the body of biochemical
tracer experiments [13, 14]. In the case of the
squalene epoxide cyclization, van Tamelen’s group
proposed the 1,3-hydride shift as a more favorable
process. However, we have calculated, at the
B3LYP/6-31G(d) and MP2/6-31G(d) level, that the
1,3-hydride shift in the model reaction 4 — 6 is for

~4 kcal/mol less favorable process than the corre-
sponding 1,4-hydride shift in the model reaction 3
— 6. This is mostly due to unfavorable ring strain in
the transition state structure TS6’ (the calculated
bond angle of 75.7° in Fig. 2). The transition state
structure TS6 for the 1,4-hydride shift is located at
the B3LYP/6-31G(d) and MP2/6-31G(d) levels and
is characterized by unsymmetrical C—H—C bridg-
ing. The only imaginary frequency (427i cm ™" at the
DFT level) is associated with the movement of the
bridging hydrogen atom between the two neigh-
boring carbons. The ring enlargement process in the
spiro-carbocation 6, via the transition state struc-
ture TS7 (Fig. 2), yields the indenyl carbocation 7.
The cation 7 is then easily converted to the final
carbocation product 2 via subsequent low-energy
barrier hydrogen migrations already reported ex-
perimentally by van Tamelen et al. [15]. The calcu-
lated energy barrier for the ring expansion process
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SCHEME 5. 1,3- and 1,4-hydride shifts in spiro-type carbocations 3 and 4.

6 — 7 via the transition state structure TS7 is for
~20 kcal/mol lower than the calculated barrier for
the 1,4-hydride shift 3 — 6. Thus, the overall energy
barrier, calculated at the DFT level, for the rear-
rangement pathway 3 — 7 (— 2) is 17.8 kcal/mol.
The calculated energy barrier for the alternative
rearrangement 1A — 2 proposed by Hess [4] is only
9.5 kcal/mol. However, at our final level, i.e., MP4/
6-31G(d)/ /MP2/6-31G(d), the calculated relative
energy difference between the transition state struc-
tures TS1 (rearrangement 1A — 2 in Scheme 1) and
TS6 (rearrangement 3 — 7 in Scheme 5) is only 1.7
kcal/mol which suggests that these two rearrange-
ments could be competitive. It is recently shown
that the electron correlation using MPn methods is
superior to BBLYP DFT hybrid methods for struc-
tures with hypercoordinated hydrogens involved
in C—H—C bonds [16]. Therefore, MP4/6-31G(d)
single-point energy calculation for the MP2/6-
31G(d) optimized structures of TS1 and TS6 were
performed to account for a more complete treat-
ment of correlation and more accurate relative en-
ergies.

The third possible rearrangement pathway of
carbocation 1B involves the four energy minima
(1B, 8, 9, and 10) separated by three barriers
(Scheme 6). However, at the MP2/6-31G(d) level of

theory, the secondary carbocation structure 8 van-
ished from the corresponding potential energy
surface (PES) and converged to the structure 9.
Therefore, the corner-protonated cyclopropane in-
termediate 9 can be formed directly from 1B by an
uphill 1,2-hydride migration and simultaneous 1,2-
isopropyl shift. The structure 9 contains the proton-
ated cyclopropane moiety characterized by both
elongated CC bonds and partial bridging (Fig. 1).
Corner-to-corner hydride shift in 9, with simulta-
neous C—C bond cleavage leads, via the transition
state TS9, to the cyclohexyl type of carbocation 10.
This intermediate undergoes ring closure, via the
transition state structure TS10, giving the final
product 2. The highest stationary point at the PES of
this rearrangement pathway (Scheme 6) is the tran-
sition state structure TS9, which connects interme-
diates 9 and 10. Whereas the minimum structure 9
is characterized by a corner-protonated cyclopro-
pane moiety, the transition state structure TS9 is
characterized by an edge-protonated cyclopropane
ring (Fig. 2). The rearrangement 9 — 10 is analo-
gous to the rearrangement pathway of the model
1-(2-propyl)cyclopentyl cation reported earlier by
Vrcek et al. [6]. Although the rearrangement 1B —
10 is energetically less favorable than the three pro-
cesses described earlier in this paper, it is of special
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SCHEME 6. Rearrangement of 1B — 2 involves protonated cyclopropane intermediates.

interest due to the intermediacy of the protonated
cyclopropane intermediates (structures 9 and TS9).
Several investigators proposed protonated cyclo-
propanes as key intermediates in different mono-
and polycyclization reactions [17]. As well, quan-
tum chemical calculations for cyclohexyl and meth-
ylcyclohexyl cations reported by Lee and Houk [18]
show that substituted protonated cyclopropane
play the central role in the outcome of cation—olefin
cyclization.

Currently, we are exploring the rearrangement
pathway in which, instead of the ring expansion
process, the four-membered ring closure in 1A
takes place (Scheme 7). This mechanism is related
to the enzymatic cyclization in which the didem-
ethyloxidosqualene is predominantly converted
into the product with 6-6-5 fused A-B-C ring sys-
tem and a pendant four-membered “D”-ring [1, 19].
This unique cyclization is most easily explained by
internal trapping of the carbocation intermediate

1A ’

TS11 11

SCHEME 7. Formation of carbocation 11 with the
pendant cyclobutyl ring.

1A through the intramolecular reaction with the
electron-rich CC double bond. The transition state
structure TS11 (Fig. 2) for this ring closure process
was located at B3LYP/6-31G(d) level. It is calcu-
lated 10.1 kcal/mol higher in energy than the car-
bocation 1A, whereas the carbocation product 11,
with the pendant cyclobutyl ring (Fig. 1), is ~8 kcal
less stable than 1A (Table I). It comes out, as ex-
pected, that the four-membered “D” ring formation
is both thermodynamically and kinetically unfavor-
able process unless the enzymatic assistance is in-
volved.

Conclusion

The preliminary results also suggest that, to
make a more complete search, many other rear-
rangement mechanisms of model cyclopentylhep-
tenyl carbocations 1A and 1B are to be considered.
As well, all B3BLYP results are to be combined with
results obtained at higher levels of theory, such as
MPn, which can differently address electron corre-
lation effects [20]. These effects are of special im-
portance for structures with hypercoordinated hy-
drogens involved in three-center two electron
C—H—C bonds.

This study has shown five competitive rear-
rangements in cyclopentylheptenyl type carboca-
tions that were omitted from earlier discussions.
These distinct alternative processes are related to
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experimental findings already reported. A number
of new intermediates and transition state structures
were located along the corresponding reaction
pathways (Figs. 1 and 2). The calculated energies of
these stationary points allowed us to perform a
comparative study of all five rearrangements. The
rearrangement of 1B which involves spiro-type in-
termediates (Scheme 4) is, both thermodynamically
and Kkinetically, the most favorable process,
whereas the rearrangement of 1B which involves
protonated cyclopropane intermediates (Scheme 6)
is energetically the least feasible process.
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