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ABSTRACT

Ab initio calculations were performed on a cyclohexane derivative to elucidate the mechanism of the formation of the five-membered C ring
in the biosynthesis of lanosterol from squalene. A conformational analysis of the side chain containing the double bond indicated that the
conformer that should give rise to the cyclized C ring is not a minimum on the potential surface. Consequently, it is suggested that it is very
likely that C-ring formation occurs in concert with formation of the A and B rings.

It has been well-established1,2 that in the biosynthesis of
lanosterol (1) at least one carbocation intermediate is formed
in the cascade of reactions following the epoxidation and
protonation of squalene (2) that gives rise to the tetracyclic
ring system (A-D) of steroids.3 Corey and co-workers have

shown that ring C is first formed as a carbocation intermedi-
ate with a five-membered ring (3)2 and concluded that3
undergoes a ring expansion to4 before the five-membered

D-ring (5) is formed. Corey’s findings were supported by
the theoretical studies of Jenson and Jorgensen.4 Very

recently we have suggested that conversion of3 to 5 might
instead involve expansion of the C-ring of3 in concert with
the formation of the five-membered D-ring in5, via transition
structure6.5 This concerted mechanism avoids the energeti-

cally unfavorable C-ring expansion with the conversion of
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the tertiary carbocation3 to the less stable secondary
carbocation4.

Here will be addressed the mechanism of the formation
of the five-membered C-ring intermediate3, for which there
is relatively little experimental or theoretical evidence.
Previously Corey showed that protonation of 2,3-squalene
epoxide and the formation of ring A are a concerted process.6

In two theoretical studies the same conclusion was reached,
and in both it was suggested that B-ring formation is also
likely to be in concert with A-ring formation.4,7 The question
that remains unanswered is whether the C ring is also formed
in concert with the A and B rings to give in essentially one
step the first confirmed intermediate (3) in the lanosterol
biosynthesis.

To attempt to answer this question ab initio calculations
were undertaken on the ring closure of carbocation7 to give
the bicyclic carbocation8.8-11 For the five-membered C ring

to form with a trans ring juncture to the B ring in the
squalene biosynthesis, the C ring must adopt a boat confor-
mation. Hence all calculations were performed on7 with a
boat conformation. For the side chain to close to form8, it
must adopt the appropriate conformation such that the double
bond can “attack” the electron-deficient C1. There is only
one viable staggered conformation about the C6-C7 bond,
the one in which the two hydrogens of C7 are bisected by
the C6-C5 bond. The other two staggered conformations
about this bond suffer steric interactions with the A and B
rings (that is, if the A ring is considered). In the case of
rotation about the C8-C9 bond, only one “staggered”
conformer is free of steric interactions when rotation occurs
about the C7-C8 bond, and that is the one that allows the
ring closure to occur. The problem of conformational analysis
of the side chain is therefore reduced to considering
conformers arising from rotation about the C7-C8 bond.

Examination of the C7-C8 bond in a model of7, which
has the “best” conformers about the C6-C7 and C8-C9
bonds as discussed above, indicates the three staggered
conformers and the three eclipsed transition structures linking
them do not suffer any significant steric strain other than
that from the eclipsing about the C7-C8 bond in the eclipsed
conformers. SCF/3-21G calculations were used to search for
these six conformers. Five of them were found without
difficulty and are shown in Figure 1 (9-13), with 10 and

12 being two of the staggered conformers. They are linked
by the eclipsed transition structure11 as was seen from the
normal mode of its one imaginary frequency. Transition
structures9 and13 are linked, as expected, in one direction
to 10 and12, respectively. It was thought that in the other
downhill direction they would lead to the third staggered
conformer. This is the conformer that would be expected to
give rise to the ring closure of7 to 8, since it would have
carbons C1 and C9 in close proximity. IRC calculations
indicated that initially rotation about the C7-C8 bond occurs,
which appeared to be leading to the third elusive staggered
conformer. However, it was found in both cases that, rather
than reaching this conformer, the pathways led instead to
the bicyclic product8 (see Figure 1). Furthermore using as
a starting geometry either9 or 13 in which a 60°rotation
was made about C7-C8 (in an attempt to find the third
staggered conformer), geometry optimization led only to ring-
closed8. This is strongly suggestive that this third staggered
conformer does not exist as a stable minimum.

The failure to locate the third staggered conformer has
strong implications about the mechanism of the formation
of ring C in the biosynthesis of lanosterol. It strongly suggests
that as the positive charge is developing at tertiary carbon
C1 during the formation of ring B, ring closure of ring C
begins. Hence, it is predicted that ring C formation is
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Figure 1. Conformers (10and 12), transition structures (9, 11,
13), and the ring-closed product (8) of 7. The “rotating” group is
highlighted in red. Structures shown are those from HF/3-21G
optimizations. Relative energies (B3LYP/6-31G* with ZPE cor-
rections) are given in parentheses in kcal/mol.
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concomitant with formation of rings A and B, and therefore
there exists no carbocation intermediates between 2,3-
oxidosqualene and the tertiary carbocation3. This does
presume that the enzyme holds squalene in the proper
orientation. On the other hand, as seen from the relative
energies of8 and9-13 (see below), even if squalene is only
loosely held by the enzyme, it is still likely that no
intermediate carbocation exists containing only the rings A
and B.

The structures shown in Figure 1 were used as starting
points for DFT geometry optimizations. In all cases but one
(see below) the found DFT geometries were very similar to
those obtained at the HF level with the 3-21G basis set. DFT
energies relative to the product8 are given in Figure 1.
Conformers10and12are predicted to be only about 4 kcal/
mol higher in energy than product8. Furthermore the barrier
to conformational change between10 and12 as well as to
their reactions to give8 are quite small. A referee suggested
that these energy differences will surely be influenced by
dialkyl substitution at C5 in7, principally by hyperconju-
gative effects. The corresponding dimethyl DFT structures
and energies of staggered conformer10 (14) and product8
(15) were obtained. The energy difference between these two

structures (3.62 kcal/mol) was found to be essentially
unchanged from that obtained without the two extra methyl
groups (3.55 kcal/mol).

An interesting result is the DFT geometry of8, which has
a very long C-C bond (Figure 2).12 This newly formed bond
varies in length depending upon the method of calculation
but in all cases is unusually long. As previously noted by
Pan and Gao, hyperconjugation is the likely source of the
elongation of such bonds in carbocations.7 However the long
C-C bond in8 obtained with the DFT method suggests that
other factors may also be involved. Examination of a model
of 8 indicates that steric and angle strain may also play a

role in the elongation of this bond. This is supported by
calculations on the tetramethyl cyclopentylcarbinyl carboca-
tion 16 (see Figure 3) for which the three methods, unlike
for 8, give very similar results.13

In conclusion, calculations performed for the model system
7 predict that there should be a very low activation barrier
for the formation of the five-remembered C ring in the
lanosterol biosynthesis. It is suggested that formation of rings
A-C is very likely to be a concerted process, once the
epoxidized squalene is protonated by the enzyme, which
means that carbocation3 is the first intermediatein the
cascade of reactions leading to the formation of rings A-D
in protosterol.

Supporting Information Available: Cartesian coordi-
nates, energies, and zero-point energies for structures8-16.
This material is available free of charge via the Internet at
http://pubs.acs.org.

OL027449C

(12) In fact at first this structure was thought to be aπ complex; however,
no bicyclic structure could be found with a “normal” C-C bond length.

(13) It is difficult to assess which of the correlated methods (DFT or
MP2) gives the more realistic structure for8. If the DFT method is closer
to reality, then this has definite implications about the mechanism of the
ring expansion of ring C and formation of ring D. Future studies will address
this point.

Figure 2. Optimized structures of8 (distances in Å).

Figure 3. Optimized structures of16 (distances in Å).
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