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Density functional calculations were performed on a model system of squalene oxide to
study the mechanism of the formation of ring A in the biosynthesis of lanosterol from
squalene. When (2Z)-6,7-epoxy-3,7-dimethyloct-2-ene was protonated, it was calculated to
undergo a very facile ring opening of the oxirane in concert with the formation of the six-
membered ring of the 4-(hydroxymethyl)-1,2,3,3-tetramethy1cyclohexyl cation. A study of
the reaction pathway (IRC) indicates a very early transition structure in which the carbon–
carbon double bond participates anchimerically in the ring-opening of the protonated
oxirane. It is suggested that the primary role of the enzyme in this first step of the
biosynthesis of lanosterol is protonation of the oxirane ring along with holding the sub-
strate in the proper conformation for the concerted ring-closure to occur. The similarity be-
tween this mechanism and that recently proposed for concerted C-ring expansion and
D-ring formation in the biosynthesis of lanosterol is discussed.
Keywords: Steroids; Terpenoids; Biosynthesis; DFT calculations; Ab initio; Reaction mecha-
nism; Epoxides; Cyclizations.

While the remarkable transformation of squalene (1) to lanosterol (2) has
fascinated both organic and biochemists for more than fifty years1, it has
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only been in the last few years that definitive progress has been made on
the details of the mechanism of the cascade of reactions which leads to the
formation of the tetracyclic system, the precursor to steroids. In 1998
Corey2, based on kinetic studies of the oxirane system 3, concluded
(Scheme 1) that “in the acid-catalyzed cyclization of 5,6-unsaturated
oxiranes to form a six-membered ring, the oxirane cleavage and cyclization

events are concerted”. Hence 3 on protonation gives rise to the isomeric
olefins 5 via transition structure 4. Corey concluded that the ring-opening
of the protonated 2,3-epoxidized squalene and cyclization of the A-ring in
the enzymatic conversion of squalene to lanosterol is also a concerted reac-
tion. In the same year Pan and Gao3 reported ab initio calculations on the
acid-catalyzed reaction on the related system 6 and found that the ring clo-
sure of 6 to 7 proceeded in a concerted fashion (Scheme 2).

Very recently we reported4 the results of a density functional study on
the concerted ring expansion of the cyclopentyl carbinyl carbocation 8
with formation via transition structure 9 of the bicyclic tertiary carbocation
10 (Scheme 3). These results suggest a possible answer to the question of
how the intermediate 11 in the biosynthesis of lanosterol is converted to
the intermediate 13. It had earlier been proposed5 that this conversion pro-
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ceeds first through the ring-expanded 12 which subsequently undergoes an
intramolecular cyclization to give 13. However, this mechanism would re-
quire the unprecedented rearrangement of a tertiary carbocation 11 to a

secondary carbocation 12. Our results provide an alternative mechanism
which avoids this unprecedented step (Scheme 4).

In fact the conversions of 6 to 7 and 8 to 10 share a common feature, the
participation of the double bond in an anchimeric fashion. In the former
case, the double bond of 6 assists in the ring opening of the protonated
oxirane, while in the latter case the double bond of 8 assists in the ring ex-
pansion of the five- to six-membered ring. Because of this we decided to
undertake calculations of the same type as those performed for the conver-
sion of 6 to 7 for the conversion of 8 to 10. Gao and Pan had performed
Hartree–Fock (RHF) calculations with the 6-31G* basis set on the former
conversion with single-point DFT calculations at the HF geometry, while
we had carried out DFT (B3LYP/6-31G*//B3LYP/6-31G*) on the latter con-
version. Furthermore while Gao and Pan’s calculations were performed
with formic acid as a catalyst, it is known that such oxiranes are quite sta-
ble in glacial acetic acid6,7. As they noted in their paper, this is consistent
with their quite high calculated activation energy for the acid-catalyzed re-
action of oxirane 6. In the enzymatic reaction Corey has proposed the acid-
ity of the catalyzing carboxylic acid is enhanced by the presence of a
protonated histidine6,8. As a consequence Gao and Pan also performed RHF
calculations on the cyclization of protonated 6. However, they did not lo-
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cate the actual transition structure for the conversion of the protonated
oxirane to the cyclohexane derivative. The calculations reported below
were therefore done on protonated oxirane 14 which would yield 7 on ring
opening of the oxirane and cyclization.

COMPUTATIONAL METHODS

Calculations were performed using GAUSSIAN 98W9. The density func-
tional method was employed using Becke’s three-parameter hybrid
method10 with the Lee–Yang–Parr correlation function11 and the 6-31G*
basis set12. All stationary points were characterized by computation of
second derivatives. Zero-point energies were calculated with unscaled
B3LYP/6-31G* frequencies obtained analytically with G98W. Internal reac-
tion coordinate calculations13 were used to determine the reaction pathway.

RESULTS AND DISCUSSION

A transition structure was located (15) which appeared to be that which
connects the protonated oxirane 14 with cyclized 7 (see Fig. 1). It is seen to
be an “early” transition structure in that the C–C bond which is forming
the cyclohexane ring is quite long14 (3.240 Å) and the breaking C–O bond
of the oxirane is 1.927 Å. Furthermore the carbon–carbon double bond has
increased only 0.005 Å in length from that of the starting material. In con-
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FIG. 1
Structures (B3LYP/6-31G*//B3LYP/6-31G*) of the protonated oxirane 14, the cyclohexane
product 7 and the transition structure 15 linking them. Bond distances are given in Å
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trast to this Pan and Gao calculated a significantly shorter C–C forming
bond of the cyclohexane ring (1.944 Å) in their formic acid catalyzed reac-
tion. This is not surprising, since in their transition structure the hydrogen
of formic acid is 1.403 Å from the oxygen, whereas in 15 the O–H bond is
0.977 Å in length. That is their transition structure is much further along
the reaction pathway. In order to determine if this significant difference in
the two transition structures was due to the method of calculation used to
optimize the geometries of the transition structures, we also optimized
structures 7, 14, and 15 at the RHF level (HF/6-31G*//HF/6-31G*) and these
optimized structures are depicted in Fig. 2. It is immediately seen by com-
parison of the two figures that there are no major differences in the DFT
and RHF structures.

In Table I are given the energies of 7 and 15 relative to the protonated
oxirane 14. It is seen from the Table that both RHF and DFT methods pre-
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FIG. 2
Structures (HF/6-31G*//HF/6-31G*) of the protonated oxirane 14, the cyclohexane product 7
and the transition structure 15 linking them. Bond distances are given in Å
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TABLE I
Relative energies of the three stationary points (corrected for zero-point energy with DFT fre-
quencies)

Species RHF/3-21G RHF/6-31G* B3LYP/6-31G*

14 0.0a 0.0b 0.0c

15 1.6 0.4 0.4

7 –22.3 –17.0 –13.0

a Total energy = –461.475216 a.u.; b total energy = –464.042260 a.u.; c total energy =
–467.154317 a.u.



dict a very low activation energy for the concerted ring-opening of the
epoxide and the formation of the cyclohexyl carbocation product. Both
methods also predict the product to be significantly more stable than the
reactant (an exothermic reaction).

In order to confirm that transition structure 15 indeed connects the reac-
tant 14 and product 7, IRC calculations were undertaken at the RHF/3-21G
level. The results of these calculations are summarized in Fig. 3, and relative
energies of the three stationary points are given in Table I. It is seen that
the 3-21G optimized structures are in good qualitative agreement with the
RHF/6-31G* and DFT structures shown in Figs 1 and 2, which suggests that
the IRC done at the lower level should give a reasonably good qualitative
picture of the reaction pathway. The results of the IRC confirm the “early”
nature of the transition structure in that the distance between the two car-
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FIG. 3
Selected points along the IRC pathway (HF/6-3-21gGHF) for the reaction of 14 via transition
structure 15 to yield 7. Distances shown are in Å
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bons which form the cyclohexane ring during the course of the reaction de-
creases by only 0.475 Å between the reactant 7 and the transition structure
15, while between 15 and product 14 it undergoes a decrease of 1.541 Å.
The main change between reactant and transition structure is the ring
opening of the protonated oxirane ring with the C–O bond length increas-
ing by 0.344 Å. Beyond the transition structure the oxirane ring continues
to open while the doubly bound carbons approach more closely the devel-
oping positive charge on C-2. In fact, in the early stages after passing the
transition structure, these two sp2 carbons remain very close to being equi-
distant from C-2 as well as undergo very little rehybridization, which is sug-
gestive of a π-complex15. However as the reaction proceeds further, C-7
begins to approach C-2 faster than C-6 does and C-7 begins more distinctly
its rehybridization to sp3. What is remarkable is that the C–C double bond
begins its interaction with the developing positive charge at a quite large
distance. This was also found to be the case for the concomitant C-ring ex-
pansion and D-ring formation mentioned in the introduction4. The transi-
tion structure 15 in fact has many similarities to the transition structure 16
found for the C- and D-ring formation (Fig. 4). In transition structure 16, as
in 15, the assisting double bond is quite distant from the carbon with the
developing positive charge as well as the sp2 carbons of the double bond be-
ing essentially equidistant from this carbon. In addition, the carbons of the
double bond in 16 are also essentially unhybridized. Hence we conclude
that for the these two processes (epoxide ring-opening and ring-expansion),
the mechanisms are closely related. That is, the double bond in both cases
participates in an anchimeric manner, not only presumably lowering the
energy of the process, but also directing the stereochemistry.
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FIG. 4
The transition structure (B3LYP/6-31G*) for ring expansion of the C-ring and formation of the
D-ring4. Distances shown are in Å
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Conclusions

DFT calculations on a system which models the A-ring formation in the
biosynthesis of lanosterol from squalene confirm the earlier results3 of Pan
and Gao. Given the very low calculated activation energy for the concerted
ring-opening of the protonated oxirane and six-membered “A-ring” forma-
tion, we suggest that the major role of the enzyme in this first step of the
cascade of reactions which leads to the formation of the tetracyclic ring-
system of lanosterol is the protonation of the oxirane of 2,3-epoxidized
squalene. The enzyme is presumably also responsible for holding the sub-
strate in the proper conformation for the ring closure to occur. Finally the
similarity between the mechanism of A-ring formation and that of C-ring
expansion and D-ring formation in the same cascade of reactions is noted.
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