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Formation of the B Ring in Steroids and Hopanoids from Squalene
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A theoretical conformational study based on density func-
tional calculations provides evidence that the sterol and non-
sterol cyclizations of squalene to triterpenes are controlled by
conformational effects as has been previously suggested. It
was found that different conformers of a model system of
squalene give rise to the chair−boat conformation found in

Introduction

It has been well established that squalene is the precursor
to many naturally occurring tripterpenes.[1] Eukaryotic ox-
ido-squalene cyclases convert squalene through its epoxide
to the tetracyclic protosterol cation, while the bacterial cycl-
ases convert squalene directly to pentacyclic 3-deoxytriterp-
enes (e.g., hopanoids). These two cyclizations also differ in
other aspects, the most notable being the conformation of
the ring B of the polycyclic products. In the case of the
steroid biosynthesis ring B is formed with a boat confor-
mation, whereas in the hopanoids this ring has a chair con-
formation. This results in a chair�boat�chair confor-
mation of rings A�C in the former case, and a
chair�chair�chair conformation in the latter (see
Scheme 1). It has been conjectured that the enzymes hold
the squalene precursors in different conformations to allow
the two stereochemically different cyclizations to occur. In
both cases the cyclizations involve carbocations in which
either a forming or a formed carbocation interacts with a
neighboring double bond to bring about ring-closure. Pre-
vious ab initio studies indicate that these ring closures are
likely to proceed without the intervention of reactive inter-
mediates.[2,3] Similar studies (density functional theory)
have also been reported on the closure of rings A,[4] C,[5]

and D.[6] Herein a detailed theoretical conformational
study[7�11] of the model system 1 in its ring closure to 2 is
reported, the results of which can account for these two
stereochemically different pathways in the biosynthesis of
steroids and hopanoids.

[a] Department of Chemistry, Vanderbilt University,
Nashville, Tennessee 37235, USA
Fax: (internat.) � 1-615-322-2790
E-mail: bahessjr@aol.com
Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

Eur. J. Org. Chem. 2004, 2239�2242 DOI: 10.1002/ejoc.200300684  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2239

the steroids and the chair−chair conformation of the penta-
cyclic 3-deoxytriterpenes for their A and B rings. It is sug-
gested that the enzymes play a key role in holding the sub-
strate in the proper orientation for these cyclizations to occur.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Scheme 1

Density functional theory (DFT) was used throughout to
locate the stationary points on the potential surface. It is
felt that for this type of conformational study, DFT will
provide a good qualitative description of the potential sur-
faces studied. In support of this is Wiberg’s finding that
DFT results for the rotation of the ethyl group in equatorial
and axial ethylcyclohexanes were very similar to those ob-
tained with MP2 calculations.[12]

Results and Discussion

First to be considered is the sterol ring-closure of 1 in
which ring A is in a chair conformation and ring B is
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formed in a boat conformation. Examination of a model of
1 indicates that for the ring closure to occur only one of the
possible staggered conformations of the C6�C7 bond can
lead to ring closure. In order for the boat conformer to
be formed in the cyclization, a particular conformer of the
C8�C9 bond is also required. Hence, the conformational
study is reduced to locating the conformers about the
C7�C8 bond of 1. This is a typical butane-like C�C bond,
and as a consequence one would expect to find three stag-
gered conformers. In fact, a careful density functional the-
ory (DFT) search for these three conformers yielded only
two conformers, 3 and 4 (see Figure 1). An eclipsed con-
former (TS34) was located, and it is the transition structure
linking 3 and 4. A second eclipsed transition structure
(about the C7�C8 bond) was also found (TS35), from
which its structure one would expect to be the transition
structure that links 3 with the elusive third staggered con-
former of 1.

A DFT intrinsic reaction coordinate (IRC) calculation
initially appeared to be leading to this third staggered con-

Figure 1. The formation of the sterol B ring from 1; relative ener-
gies (in parentheses) are in kcal/mol; the dotted lines show the for-
ming bonds, and these distances are given in Å
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former. However, the potential surface is very flat in the
region where the staggered conformer would be expected,
and the IRC proceeded to a chair�boat conformer of 2
(structure 5 in Figure 1). A third transition structure (TS46)
was located, but surprisingly, it was not eclipsed about the
C7�C8 bond, but rather is a staggered conformation in
which there has been only a 2° rotation around the C7�C8
bond from that of the staggered conformer 4. However, the
distance between C1 and C10 has decreased by more than
0.2 Å, which suggests that this transition structure might
lead directly to the cyclized product. This was confirmed
by an IRC calculation in that the pathway led directly to a
second chair�boat conformer of 2 (structure 6 in Figure 1).
Conformer 6 is calculated to be 2.4 kcal/mol more stable
than 5. A transition structure (TS56) linking these two
chair�boat conformers of 2 was found, and it was only
0.3 kcal/mol higher in energy than 5.

Conformational considerations similar to those for the
formation of the chair�boat discussed above hold for the
conformers of 1 that would yield the chair�chair con-
former of 2. In order for the B ring to close to a chair
conformation, the C4 group attached at C8 must be rotated
by 180° from those conformers discussed above (3 and 4)
that lead to the chair�boat conformation of 2. Again two
staggered conformers were found (7 and 8) and an eclipsed

Figure 2. The formation of the nonsterol B ring from 1; relative
energies (in parentheses) are in kcal/mol; the dotted lines show the
forming bonds, and these distances are given in Å
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Figure 3. Views of points along the IRC pathway (SCF/3-21G) for the conversion of 8 into 10 through the transition structure TS810;
the top views show the rotation about the C7�C8 bond and the bottom views show the rotation about the C6�C7 bond

transition structure (TS78) that links them (see Figure 2).
A second eclipsed transition structure (TS79), which as in
the case of the chair�boat cyclization, did not lead to a
third staggered conformer, but instead to the chair�chair
structure 9.

A third eclipsed transition structure (TS810) was located,
but it did not collapse to conformer 9 as indicated by an
IRC calculation. Instead continued rotation around the
C7�C8 bond from TS810 is accompanied by simultaneous
rotation around the C6�C7 bond. The net effect is a simul-
taneous conformational change about the C6�C7 and
C7�C8 bonds. In retrospect, this is not a surprising result
since the C1 and C9 methyl groups begin to impinge on
one another as further rotation occurs about the C7�C8
bond. The second rotation (C6�C7) occurs to relieve this
steric strain (see Figure 3).

Examination of the energies of the conformers shown in
Figure 2 again indicates that going from the staggered con-
former 7 to the chair�chair bicyclic 9 is a low energy pro-
cess, having an activation energy of only 1.8 kcal/mol. The
chair�chair conformer 9 was calculated to be 5.6 kcal/mol
lower in energy than the higher energy chair�boat con-
former 6. This is in remarkably good agreement with the
experimental value of 5.1 � 0.9 kcal/mol for the energy dif-
ference between chair�chair and chair�boat trans-deca-
lin.[13]

These conformational results can provide some insight
into the mechanism of the formation of the A and B rings
in the biosynthesis of steroids and hopanoids. It has pre-
viously been suggested that the ring closure of these two
rings might very well be a concerted rather than a step-wise
process, though it was noted that ‘‘It is not known, however,
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whether there is any temporal overlap between the formation
of the A and B rings.’’[1b] It is suggested here that the failure
to find the third staggered conformer in the conformational
results presented above for either the chair�boat or
chair�chair formation of the B ring may be taken poten-
tially (see below) as computational support for the con-
certed nature of the A and B ring closures. A possible expla-
nation for the failure to find these two conformers is that
the proximity of the C9�C10 double bond to the positive
charge on C1 in 1 would be such that this conformer would
simply collapse to conformer 2. If one takes structure 4,
and rotates it clockwise about the C7�C8 bond by 120°,
one obtains staggered conformer 11. It can be seen that
the positively charged carbon atom in 11 is indeed in close
proximity to the double bond.

Conclusion

This detailed conformational analysis of the ring closures
of the B rings in the steroid and hopanoid pathways indi-
cates that in both cases the staggered conformer that would
be expected to give rise in one case to a boat conformer of
the B ring and in the other case to a chair conformer of the
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B ring does not probably exist, because of the close proxim-
ity of the positively charged carbon atom to a double bond.
This result suggests that a concerted pathway for the forma-
tion of rings A and B in the biosynthesis of steroids and
hopanoids might exist. It is quite probable that the ‘‘miss-
ing’’ third staggered conformers in Figures 1 and 2 would
exist in the absence of a nearby positive charge. If the en-
zyme holds the squalene chain in such a conformer, during
the ring-closure of ring A the double bond in the chain,
which gives rise to the B ring, would be in close proximity
to the developing positive charge on ring A; and it is likely
B ring formation would begin prior to completion of the
A ring formation (hence concerted formation of A and B
rings).[14] However, these results by no means require that
A and B ring formation is a concerted process in the enzy-
matically controlled cyclizations of squalene to the steroids
and hopanoids. It is suggestive that if these are step-wise
processes (with the intermediacy of a carbocation arising
from the formation of ring A), then the intermediate car-
bocation is likely formed in a conformer that must undergo
a rotation about a C�C bond (energy barrier) for forma-
tion of the B ring. A very recent QM/MM study reported
by Rajamani and Gao on the formation of the hopanoid
ring system from squalene found the formation of rings A
and B to be a stepwise process, which involved an activation
energy of only 4 kcal/mol. However, the AM1 method used
might not properly describe the interaction of a carbocation
with a double bond. A further test of the concertedness of
the A�B ring formation would be to study the ‘‘double’’
ring closure of a system such as 12. If a transition structure
for the ‘‘double’’ ring closure of the A and B rings in 12, in
which the side chain had the appropriate staggered confor-
mation about the C7�C8 bond, could be located; this
would confirm the existence of a concerted pathway,
though this need not necessarily be the pathway actually
followed in the enzymatic cyclization. To make the final de-
termination which pathway is operative would require
modeling studies in which both pathways (concerted and
stepwise) were examined.
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