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Abstracs—MINDO/3 molecular orbital calculstions are performed for the ring closure of (Z)- and (E)-alkenes as 3
model for the DIC ring closure to steroids. It is shown that a lower activation eaorgy is seeded for cyclizations in
mmmmmm-mmmummntmn
comparisoa of (E)- and (Z)-alkenes. Cyciizatioa of the (E)-atkene in the chair or boat configuration is

favoured over the ring closure of (Z)alkewes. These results are in agreement with the Stork-Eschenmoser

hypotbesis.

hthehumdeedumuchmmhubeenmdem
the fieid of sieroid synibesis. The eiucidation of ibe
mechanism of the biosynthesis of lanosterol from 2,3-
epoxysqualene mondy accelerated the development of
mode! compounds.' lnupndmn.mwm

open chain polyenes must proceed via an anti-parallel
mechanism. Extension of this postulate would always
mnhmapolycychcpmduahmlhemu.m
trans, anti, trans geometry. This postulate, bowever, can
oaly accouat for the in vitro cyclization reactions. Under
in vivo conditions many exceptions are observed, of
which protolanosterol is the best known. This feature is
believed to be caused by specific substrate-enzyme in-
teractions. Recently, van Tamelen of al* claimed the
formation of some tetracyclic compounds via a tricy-
cliuﬁon.fumiu9.lomsmhemisu-ytosimuhu
the biosyatbetic conversion of 2,3-epoxysqualene 1o the
ptutuol.'!‘hnmplmuboatoonlmnono“hem-
membered ring

i
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conformational aspects of the olefinic ring closure. These
obocvlnouandtbewotkolm'l‘amden‘w
us to obtain qusntitative information on cyclization
reactions of (Z)- and (E)-alkencs vig a boat or chair
transition state. To this end Molecular Orbital cal-
culations were camried out on the cyclization of the
monocyclic cations 1a-¢ to the bicyclic cations 2a-¢. This
mdomnuhonmehacnuamodel fortu
found in the synthesis of several presteroids. '**
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COMPUTATIONAL ASPECTS

To obtain more insighi imio the course of ihe cyciizaiion,
we have studied the potential energy surface of the
reactions. To this end we optimized the geometry of the
compounds under study. The semi-empirical MINDO/3
program as developed by Dewar and co-workers,® is
used which is the best choice to perform semi-empirical
calculations on carbocation systems and which includes
an efficient geometry optimization procedure.”'® Since
the C,H,,* symmimuxtydeumoﬂmdom:t

sition state on the energy surface.

RESULTS
The course of the reaction may be characterized by
several parameters. It is found out that the distance
g(;)-fo)mthemmnaﬁvem(ﬁa
ra).
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First we studied the course of the reaction for the
parent system la-+2a. To calculate the geometry of 1s
Mhthcloﬂoyﬁuuumpﬁouhvebeenw.m
five-membered rings were optimized separately imposing
C, symmetry and using four parameters. The atoms
C(6)-C(9) in 1a are situated in a plane perpendicular to
the ring. The cyclobexane skeleton in 2a is optimized
sepanately in the 4-methylene cyclobexyl cation, with the
siz-membered ring in C, symmetry for the chair
m and in C,, symmetry for the boat
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geometry of the five-membered ring, acquired from the
average parameters of the cyclopentene ring in 1a and
2a. This will be a good approach for the geometry of the
transition state. In Table 1 this geometry is given. For
most other . \ 8 vdm’;_éh:(ve,)becnusid
(cg.  C(sp)-C(sp) =154 )= 150A;
Clsp’)-C(sp) = 1.4 A; c-n-m‘f Cisph =
109.5%; angle C(sp) = 120",

The distance C(4)-C(9) has been chosen as the reac-
tion coordinate. For all intermediate structures the fol-
lowing ten parameters have been optimized: the distance
C(7)-C(8): the angles (6,7.8), (56.7), (54.9), (24,D,) and
(89.D,); the rotations around the axis C(5)-C(6), C(6)-
C(7), rotation of D, around the C(8)-C(5) bond and
rotation of C(9) around the C(4)-C(S) bond. (D, and D,
are dummy atoms on the bisectrice of the angles (20.9,21)
md(l‘.S).mpecnvely) In Fig. 1 the heat of formation
(AH,") is plotted ocersus the C(4)-C(9) distance for the
ring opening of 2a via the chair (A) and boat (x) con-
formation. For the boat ring opening (x) the parameters
given above were optimized, which resulted in an
activation energy of 22 kcal/mol; in the case of the chair
ﬁuopcnin;thempnnmetmmopﬁmiudew
the angie (5,6,7) and the rotation around the C(5)-C(6)
axis. When this rotation was also taken into account, the
lcuvmonenenydrowedfromnlowww

During the cyclization some main characteristics
underwent a considerable change. The flow of positive
charge is shown in Fig. 2. The charge density on the
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Fig. 2. Change of the positive charge on C(3) (A), C(4) (x ) and
C(8) (@) during the boat ring opening of 2s.
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lllylicpo:itiomC(J)de«)drops.whileanhem
time the charge on C(8) builds up when the ring closure
reaction proceeds. AarbommuC(l)u.emud.
implying a change in the C(8)-C(9) distance, which

tm.c.p*)-cup’)bond(mk)to.cop’)-
C(sp’) bond (1.48 A). Another characteristic phenomenon
is the position of H(22), which rotates out of the plane of
the five-membered ring. The description of the reaction
path as a combination of the two most important dibedral
parameters (the rotations around the C(6)-C(7) and
around the C(7)-C(8) bond) showed to be very tortuous.
Stereochemical aspects arise when a hydrogen in 1a is
replaced by a methyl group, giving 1b and lec, respec-
tively. The energy of both reactants is obtained by
performing one SCF calculation. It is assumed that the
transition state for the cyclization of 1b.c is reached at
225A for the boat and at 2.30A for the chair ring
closure reaction, as was found for 1s. The transition
states (TS) of the reactions 1bc—»2be were calculated
by optimizing the afore mentioned ten parameters. In
Table 2 the energies and main charge densities of the
various species are gathered.

Table 2. Heats of formation and charge deasities

an,® charge density on
compownd (kcal/wol) cy cla (41 }]

1a 217.% 0.2)% c.283 -0.032

!_e. chair 218.1 0.066 0.122 0.42)

3_!. boat 217.) 0.06% 0.137 0.409

ll-"_.. T8, chalr 2.7 9.108 0.273 0.079

1ee2e. TS, bost M. 0.1 | 0.265 0.118

l_! . 208,2 0.234 0.202 -0.06)

ic e 0.2)3 0.202 -0.0%9

. oheir 216.¢ 0.062 0.114 0.419

2c, chalr 2117.? 0.064 0.112 9.414

Z_h. boat 221.9 0,057 0.119 0.41)

2c. boat 2178 0.0%) 0.0%4¢ 0.43%

1 2, T8, chalr 220.) 0.183 0.284 0.032

ic*2c, T8, chair 2.7 0.349 | c.242 2.004

g 2, T8, boat D)4 0.1% 0.2%9 0.083

icec, TS, bost 0.6 0.129 | 0.252 | o0.00

Note that the yclization of an (E)-compound via a
chair conformation leads to the anti configuration and
via the boat conformation to the syn configuration. A
similar argumentation for (Z)-alkenes leads to sya
products from a chair cyclization and an anti product

from the boat conformation. In Table 3 the activation
energies are given for the several ring closure reactions.
DESCUSIBON

The activation energies for the different cyclization
processes put the Stork-Eschenmoser hypothesis in quite

Table 1. Geometry parameters of the five-membered ring

1 2 ste ¢
Distance C{2)-C()) 1a & 1,093 1.307 1.501
Distance Ci3)-c(8) 1a R 1.419 1.9 1.308
angle (5.4.1) 116.06° 103.03° 109.94°
aagle (¢,3,9) 103.71° 11.02° 107.%0°
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a new perspective. The hypotbesis states that concerted
cyclizations of (E)alkenes yield trans-substituted
products, while (Z)-alkenes afford cis-substituted com-
pounds. This implies, as is confirmed by the calculations
and shown in Table II1, that in vitro synthesis will take
place preferentially via the chair conformation (the
thermodynamically favoured route) of the generated
cyclobexenyl cation.

In the second postulate of their hypothesis, Stork and
Eschenmoser pointed at the role of the enzyme during
vivo cyclizations. It is known that before cyclization of
2.3-epoxysqualenc takes place, the molecule is folded by
the enzyme in a chair-boat-chair conformation which
promotes the formation of protolanosterol. Thus, the
B-ring formation then proceeds in an energetically un-
favoured way (if the enzyme-substrate interaction is not
nkenmtoaccoum).tornowm(ﬁ)-dkm(q 23
epoxysqualene) is cyclized in a boat conformation. These
calculations substantiate once more the important role of
the enzyme-substrate interaction. It should be borne in
mind, however, that all calculations were performed with
total neglect of solvation energy.
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This approach is reasonabie, realizing that hardly any
activation energy should be involved whea cation 1 is
formed from the cyclopent-2-enol derivative upon
treatment with a proton acid or a Lewis acid. The initial
step of the cyclization process is the attack of the cation
on the double bond. Thus, these calculated results are of
at least qualitative accuracy in understanding the ring
closure mechanism.
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