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The mechanism of 1,2-hydride shift in protosteryl C(20) cation (1A)
and in dammarenyl C(20) cation (2A) was investigated by the
semi-empirical AM1 method and ab initio quantum chemical calcu-
lations (HF/3-21G level). Stationary points 1A/1B and 2A/2B, and
the corresponding transition hydrido-bridged structures 1TS and
2TS were located on the energy surface. Process 1A—1B turned
out to be energetically more favorable than process 2A—2B by ca.
9 kcal mol~1, mostly due to the unfavorable steric repulsive inter-
action between the methyl group at C(14) and the S-oriented side
chain at C(17) in 1A and the lack of CC-hyperconjugative stabiliza-
tion in 1A. The exothermicity of processes 1A—1B and 2A—>2B
was increased by subsequent introduction of substituents (H, Me,
i-Pr, and ¢-Bu) at C(14). The more pronounced trend in 1A—1B
proves that the origin of the relative stability of 1B comes from the
steric interactions in 1A. Introduction of the halogen atom (F, CI,
and Br), due to its -I effect and relatively small size, changed the
direction of the equilibrium 1Ay/1By, and 1Ay was found to be by
ca. 3 kcal mol~! more stable than 1By.

Key words: steroid biosynthesis, quantum-chemical calculations,
carbocations, hydride shift.

INTRODUCTION
It has been established that the biological precursor of all steroids and

polycyclic triterpenes is 2,3-oxidosqualene obtained by enzymatic oxidation
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of squalene.l? In animals, 2,3-oxidosqualene adopts the »chair-boat-chair«
folding to generate the tetracyclic protosteryl C(20) cation (1A), the key in-
termediate step in the biosynthesis of lanosterol and all other steroid hor-
mones, compounds with a tetracyclic structure having the five membered D
ring (Scheme 1).2 In plants, however, 2,3-oxidosqualene assumes a pre-chair
conformation, yielding the tetracyclic dammarenyl C(20) cation (2A), which
is the first »stopping point« in the biosynthesis of phytosterols, compounds
with a pentacyclic structure having all six membered rings (Scheme 1).4

The first step in the cascade of rearrangements in the protosteryl cation
1A is the 1,2-hydride shift from C(17) to C(20). In contrast, in the damma-
renyl C(20) cation (2A), the key step in the series of rearrangements in-
volves the expansion (Scheme 1) of the five membered D ring, i.e. migration

2.3-oxidosqualene
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conformation conformation
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Scheme 1
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of carbon. Thus, the apparent C(17)-C(20) hydride migration or its lack in
the tetracyclic cation intermediates 1A and 2A, obtained after enzymatic
cyclization of 2,3-oxidosqualene, is the crucial determinant of whether the
subsequent rearrangements lead to formation of a tetracyclic steroid or
pentacyclic triterpenoid skeleton (Scheme 1).

Corey and Virgil® postulated that the protosteryl C(20) cation (1A) is ge-
nerated in the correct geometry for the C(17)-C(20) hydride migration, i.e.
rotation of only 60° about the C(17)-C(20) bond is needed to facilitate the
hydride shift. In the dammarenyl C(20) cation (2A), however, that angle is
much larger, so the necessary rotation prior to the hydride migration is not
favorable.

Experimental studies provide strong evidence that the pathway of rear-
rangement of 1A is thermodynamically driven and requires minimum assis-
tance from the enzyme.® Substrate analogue studies with the 2,3-oxidosqua-
lene cyclases suggest that the enzyme’s role during rearrangement is most
probably simply to shield intermediate carbocations from addition of water
or elimination by base, thereby allowing the hydride and methyl group mi-
grations to proceed down a thermodynamically favorable and kinetically
facile cascade.

In order to rationalize the striking difference in the rearrangements of
the two isomeric carbocations, we set out to compare theoretically the
1,2-hydride shift rearrangements in protosteryl C(20) cation (1A) and in
dammarenyl C(20) cation (2A) (Scheme 2), to describe the energy profiles of
these processes, and to characterize the stationary points along the corre-

Scheme 2
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sponding reaction pathways. In order to clarify the origin of the difference
between the rearrangements that take place in cation 1A and cation 2A,
particular emphasis was placed on studying how different substituents on
C(14) affect the energetics of the hydride shift. Remote substituent effects of
substituents located (steroid numbering defined in Scheme 3) on C(8), C(10),
or C(1), were also investigated.

Scheme 3

Theoretical investigations of the model carbocation structures relevant
to biomimetic polycyclization are rather scarce.” No quantum chemical cal-
culations of the carbocation intermediates involved in steroid biosynthesis
have been performed, except in the case of the protosteryl cation which has
been the subject of a molecular mechanics study.® Since complete applica-
tion of a high-level ab initio method (e.g. MPn) is generally prohibitive in
terms of computational effort for any but the smallest systems, in this paper
we present combined semi-empirical and Hartree-Fock methods used for a
systematic study of 1,2-hydride shifts in cations 1A and 2A. In particular,
we will demonstrate that the semi-empirical AM1 method and ab initio
Hartree-Fock (HF) level of theory with the 3—-21G basis set can provide rea-
sonable results for the carbocation structures which include subtle elec-
tronic and steric effects. We will also report the density function theory cal-
culations (at the B3LYP/3-21G level) performed to estimate the electron
correlation effects, which are critical for the accurate evaluation of carbo-
cation relative energies.

COMPUTATIONAL STUDIES

Quantum-chemical calculations were carried out with the Gaussian 94 program.’
Full geometry optimizations of carbocation structures and frequency calculations
were performed using the semi-empirical AM1 method,'° and the ab initio Hartree-
Fock (HF) level of theory with the 3—-21G basis set.!! Optimized AM1 and HF/3-31G
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geometries were subjected to single point energy calculations at the BSLYP/3-21G
level of theory.!?

All stationary points were characterized as minima (no imaginary frequencies)
or transition states (one imaginary frequency). The QST2 approach!® was used to lo-
cate transition state structures, followed by examining the imaginary frequency’s
normal mode. Zero-point energies (ZPE) of the HF/3-21G geometries were scaled by
0.92.1* The calculated energy barriers at the BSLYP/3—-21G//AM1 level are compara-
ble to the BSLYP/3-21G//HF/3-21G results (Table I). The relative energy differences
obtained at the B3LYP/3-21G//AM1 and B3LYP/3-21G//HF/3-21G levels of theory
are also similar (Table I). Thus, we found that the BSLYP/3-21G single point energy
calculation based on the AM1 optimized geometry (B3LYP/3-21G//AM1 method) was
the best compromise between speed and accuracy, and this approach was employed
as a reference method to determine relative energy differences of carbocations
throughout this work. This method was calibrated by comparison of the energetics of
the 2-propyl-2-cyclopentyl/2-cyclopentyl-2-propyl model system!® calculated at the
B3LYP/6-31G(d)//B3LYP/6-31G(d) level of theory. The results obtained both for rela-
tive stabilities of carbocations and the calculated energy barriers are in close agree-
ment, demonstrating the reasonable accuracy of the BSLYP/3-21G//AM1 method.

The conformation of the freely rotating C(17)-side chain was optimized by vary-
ing the torsion angles w; (Scheme 3) between 0 and 360° in 30° increments. The ro-
tamer having minimum energy calculated by the AM1 method was selected and used
for calculations of relative energy differences between the corresponding carboca-
tions.

RESULTS AND DISCUSSION

Mechanism of 1,2-Hydride Shifts

In protosteryl C(20) cation, which undergoes a C(17)-C(20) hydride mi-
gration, two minima, 1A and 1B, and an unsymmetrical hydrido-bridged
transition state structure 1TS were located on the energy surface (Figure 1).

The relatively high imaginary frequency (898 cm™) corresponds to the
hydride perturbation between C(20) and C(17) carbon atoms in the transi-
tion structure 1TS.

At the B3LYP/3-21//AM1 level of theory, the calculated activation ener-
gy (Table I) for the reaction 1A—1B is ca. 20 kcal mol~! (21 kcal mol-! at the
B3LYP/3-21//HF/3-21G level), while the overall reaction is exothermic by
ca. 9 kcal mol! (10 kcal mol! at the B3LYP/3-21//HF/3-21G level). The
C(20)-C(22) bond in the minimum structure 1B has the orientation that en-
ables B-CC hyperconjugation with the formally empty 2p orbital on a carbo-
cation center (Figure 1, hyperconjugative bond shown in black), since the di-
hedral angle between the empty p-orbital and the C(22)-C(20) bond in 1B is
about 4°. Therefore, the C(20)—C(22) bond in 1B is elongated, and the corre-
sponding C(22)-C(20)-C(17) angle is decreased (103°). In contrast, the spe-



806 V. VRCEK ET AL.

Figure 1. HF/3-21G optimized geometries of protosteryl C(20) cation (1A), protosteryl
C(17) cation (1B) and the transition state structure 1TS. Selected bond lengths are
in angstroms and bond angles are in degrees.

cific feature of the minimum structure 1A is the considerably increased
C(13)-C(17)-C(20) bond angle (116°) caused by unfavorable repulsive inter-
actions of the methyl group at C(14) position with the bulky cis-C(17)-side
chain. As a consequence of this interaction, no hyperconjugative interaction
with any CC bonds adjacent to the carbocation center occurs. These observa-
tions are in line with the large difference in energies of the two energy mini-
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TABLE I

Relative energy differences calculated for protosteryl carbocations 1A and 1B,
the transition state structure 1TS and their C(14)-substituted derivatives 1Ay,
1By, and 1TSy, respectively

AE/kcal mol™
C(14)-Y cation B3LYP/3-21G//AM1 B3LYP/3-21G//HF/3-21G

H 1A, 0 0
1TS, 17.3 19.5
1B, -34 -4.5

Me 1A 0 0
1TS 19.9 21.0
1B -8.9 -10.0

i-Pr 1A, 0 0
1TS, 24.1 23.7
1B, -13.0 -12.7

t-Bu 1A, 0 0
1TS, 26.3 33.2
1B, -19.9 -19.3

F 1A, 0 0
1TS, 20.1 26.5
1B, 2.4 8.3

Cl 1A, 0 0
1TS, 21.3 23.7
1B, 3.7 3.7

Br 1A, 0 0
1TS, 15.2 17.0
1B, 3.5 8.7

mum structures 1A and 1B, i.e. if the 1,2-hydride shift occurs yielding 1B,
unfavorable steric interaction is negligible, and the carbocation formed is
stabilized by CC-hyperconjugation. From the reactant 1A to the transition
state 1TS, the major structural changes are in that the C(17)-H bond dis-
tance increases from 1.09 A to 1.39 A, while the bond angle H-C(17)-C(20)
decreases by 46° (Table II). The structure of the 1TS is characterized by un-
symmetrical C-H-C bridging (Figure 1). The corresponding C(20)-H bond
distance in 1B is 1.08 A and the bond angle H-C(20)-C(17) is 109.6°.

In order to rationalize the apparent lack of the C(17)-C(20) hydride shift
in the dammarenyl cation 2A, we also simulated the 2A—2B process theo-



808 V. VRCEK ET AL.

TABLE II

Selected geometry parameters of 1A, 1B, 1TS, 2A, 2B and 2TS calculated at the
HF/3-21G level of theory

Coordinate? 1A 1TS 1B 2A 2TS 2B
Bond lengths/ A
C(13)-C(17) 1.598 1.507 1.475 1.618 1.515 1.469
C(17)-C(20) 1.470 1.417 1.464 1.457 1.412 1.475
C(16)-C(17) 1.546 1.515 1.497 1.549 1.501 1.495
C(20)-C(22) 1.487 1.497 1.640 1.467 1.500 1.601
C(17)-H 1.091 1.397 - 1.082 1.460 -
C(20)-H - 1.418 1.082 - 1.486 1.086
Bond angles/®° and dihedral angles/°
H-C(17)-C(20 104.7 59.0 - 107.8 60.4 -
H-C(20-C(17) - 60.5 109.6 - 62.3 107.3
C(13)-C(17)-C(20) 115.8 129.0 125.9 107.2 124.7 127.2
C(17)-C(20)-C(22) 122.8 121.1 103.1 124.6 121.9 107.3
C(13)-C(17)-C(20)-2p 30.1 - - 14.6 - -
C(22)-C(20)-C(17)-2p - - 3.7 - - 16.5

& Atom numbering defined in Scheme 3.

retically. As with the protosteryl cation 1A, semi-empirical and abd initio cal-
culations were carried out to locate the stationary points along the pathway
2A—2B (Scheme 2) and to define the overall energy profile. The results,
presented in Table III, show that C(17)—C(20) hydride shift in the damma-
renyl C(20) cation (2A) is energetically a less favorable process (by ca. 9 kcal
mol~! at the BSLYP/3-21G//AM1 level) than the corresponding 1,2-hydride
shift in the protosteryl C(20) cation (1A). At the same level of theory, the en-
ergy barrier for the 2A—2B process is 8 kcal mol™! lower than the corre-
sponding energy barrier for the 1A—1B process. The search for the transi-
tion state 2TS connecting 2A and 2B isomers was performed by the QST2
method as described above. The structure of 2TS is similar to the transition
state 1TS which connects 1A and 1B intermediates (Table II). The imagi-
nary frequency (900; cm™!) is mainly associated with the hydride perturba-
tion between C(20) and C(17) carbon atoms. The calculated geometries (Ta-
ble II) of 2A and 2B are comparable to those found for 1A and 1B, respec-
tively.

The important difference in the dammarenyl isomer is the position of
the C(14)-methyl group which is ¢rans relative to C(17)-side chain. Such an
orientation does not result in unfavorable steric interactions between the
C(14)-methyl group and C(17)-side chain which was found in the protosteryl
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TABLE III

Relative energy differences calculated for dammarenyl carbocations 2A and 2B,
the transition state structure 2TS and their C(14)-substituted derivatives 2Ay,
2By, and 2TSy, respectively

AE/kcal mol™
C(14)-Y cation B3LYP/3-21G//AM1 B3LYP/3-21G//HF/3-21G

H 2A, 0 0
2TS, 12.9 13.0
2B, 1.0 -2.8

Me 2A 0 0
2TS 11.9 17.1
2B 0.9 -2.8

i-Pr 2A, 0 0
2TS, 15.1 15.4
2B, 4.2 -3.8

t-Bu ZAY 0 0
2TS, 16.9 17.0
2B, -10.1 -9.3

F 2A, 0 0
2TS, 12.9 14.4
2B, 2.6 1.9

cl 2A, 0 0
2TS, 10.5 11.0
2B, 2.2 0.9

Br 2A, 0 0
2TS, 11.1 3.5
2B, 1.7 -0.4

C(20) cation (1A). Dammarenyl C(20) cation (2A) can more readily align its
C(13)-C(17) bond with the empty 2p orbital. This is not the case of the pro-
tosteryl C(20) cation (1A) in which the lack of the effective B-CC hyperconju-
gation results in poorer stabilization of the positive charge. Therefore, since
the gain in energy with the C(17)-C(20) hydride shift in protosteryl cation
1A is about 10 kcal mol~!, the migration occurs and 1B can be considered to
be the carbocation from which all steroid hormones can be derived. On the
other hand, the energy difference between 2A and 2B is almost negligible,
so the energetically more favorable ring expansion occurs, forming the six
membered D ring (Scheme 1). This conclusion is in accord with the results
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obtained with the 2-cyclopentyl-2-propyl cation, in which it was found that
the ring expansion of the cyclopentyl ring, through the barrier of about 12
kcal mol™! (AG*, —120 °C), is energetically more favorable by about 5 kcal
mol~! (at the BSLYP/6-31G(d) level) than the corresponding hydride migra-
tion process.!® According to the results presented above, the preequilibrium
process 2A—2B may occur in the dammarenyl cation. However, 2B is not
observed experimentally, since the rearrangement products can be derived
from 2A only.

The Effect of Substituents on 1,2-Hydride Shift

It is well known that substituent effects on reactive intermediates, such
as carbocations, are often much larger than the analogous effects on neutral
molecules.'® Semi-empirical methods have been successfully used to predict
energy trends arising from alternative conformations of steroids or substi-
tuent effects in a qualitative or semi-quantitative way.!” In order to test our
assumption that the relative instability of 1A in comparison with 1B origi-
nates almost entirely from the unfavorable repulsive interaction between
the methyl group at C(14) and the cis-located side chain at C(17), we stud-
ied the influence of different substituents at C(14) on the energy profiles of
the C(17)-C(20) hydride shift.

The relative effects of the substituents located at C(14) on the energy
changes in the minima and transition structures were studied systematical-
ly, both in the protosteryl cation and dammarenyl cation. Two types of sub-
stituents were introduced into molecules 1A/1B and 2A/2B; the first group
consists of alkyl groups increasing in size (H, Me, i-Pr, and ¢-Bu), and the
other of halogen atoms (F, Cl, and Br). The effects of the C(14)-substituents
on the relative stabilities of protosteryl cation derivatives 1Ay and 1By and
the transitions structures 1TSy (Y represents a given substituent at C(14)
atom) are presented in Table I.

As expected, the thermodynamic feasibility of the process 1Ay —1By in-
creases with the increasing C(14)-alkyl group size. Thus, in the case of the
C(14)-tert-butyl analogue 1A, 3, the process 1A, 5, —1B, 5, is 17 kcal mol™
(at the B3LYP/3-21G//AM1 level) more favourable than the corresponding
process with the C(14)-hydrogen analogue (Table I). This is understandable,
since 1A, p, suffers the most from the unfavorable repulsive steric interac-
tions of the bulky tert-butyl group with the §-C(17)-side chain. The best il-
lustration of this interaction is the characteristic increase of C(13)-C(17)-
C(20) bond angle in 1Ay as the C(14) substituent size increases. Thus, in
1Ay that angle is 105°, in the protosteryl cation 1A is 117°, while in 1A, g, it
is 126°. Even though the unfavorable steric interaction of the group located
at C(14) and C(17)-side chain has the largest influence on the relative sta-
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bility, other features of the structure also contribute to the overall energies.
Thus, it is of interest to note that the 1A, 5, analog exists as a CH-hyper-
conjugative isomer, whereas the 1Ay analog is characterized by CC-hyper-
conjugative stabilization of the positive charge at C(17). On the other hand,
the 1By analog exists as the CC-hyperconjugative isomer, and the 1B, 3, an-
alog as the CH-hyperconjugative isomer. This is also a consequence of the
strong repulsion of the groups located at C(14) and C(20), which prevents
the more effective CC-hyperconjugative stabilization. The lack of CC-hyper-
conjugation in 1A, 5, drives the equilibrium even further toward 1B, g,

The trend of an increasing activation barrier with successive introduc-
tion of the C(14)-alkyl substituents (H, Me, i-Pr, ¢-Bu) for the process 1Ay —
1By is obvious (Table I), but it is less pronounced than the substituent effect
on the energy minimum structures. The predicted energy barriers for the
process ranged from 17-26 kcal mol™! at the BSLYP/3-21G//AM1 level of
theory.

We found a dramatic change in the 1Ay —1By process energetics when
the halogen (F, Cl or Br) was introduced to C(14) position. The direction of
the equilibrium 1Ay / 1By was changed, and 1Ay was found to be ca. 3 kcal
mol~! more stable than 1By in all cases (Table I). These results can be at-
tributed to both the steric and the electronic characteristics of the halogen.
Unfavorable steric interactions are not present since the sizes of all halogen
atoms are smaller than the alkyl substituents. The electronic interaction be-
tween the side chain and the halogen is more important, in which, because
of the -I effect of the halogens, the f-orientation of the side chain is favor-
able. Somewhat unusually large energy barriers can be attributed to the in-
consistency of both methods (AM1 and HF/3-21G) for predicting the correct
transition state geometry, i.e. due to the lack of electron correlation in these
theoretical models. Calculations with halogen substituents suggest that the
equilibrium between the isomeric carbocations 1A and 1B can be readily
shifted by selective placement of the appropriate substituent at C(14) posi-
tion.

Similar effects are found in the case of the dammarenyl C(20) cation
(2A) as for the protosteryl cation 1A with alkyl and halogen substituents at
C(14). Even though the thermodynamic feasibility of the process 2Ay—2By
increases with increasing the C(14)-substituent size, both the energy change
(process 2A, 5, —2B, , is by ca. 10 kcal mol™! more favorable than process
2A—2By, Table III) and structural perturbations caused by C(14) substitu-
tion are less pronounced compared to those of the protosteryl cation. The
C(14)-substituent in the dammarenyl C(20) cation 2A is ¢{rans with respect
to the C(17)-side chain, which makes the steric interaction between the sub-
stituents less important.
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To ascertain whether a substrate modification in the A, B, or C steroid
rings could also perturb the energetics underlying the rearrangements de-
scribed above, we investigated the effects of C(1), C(8) and C(10) substitu-
tions (atom numbering defined in Scheme 3) on the relative stability of car-
bocations involved in steroid biosynthesis. Replacement of the C(1)-hydroxyl
group by either halogen atom or alkyl group does not change the relative en-
ergy differences between 1A and 1B, or 2A and 2B intermediates, neither
does it perturb the overall energy profile. However, introduction of different
substituents at either C(8) or C(10) positions does alter the energetics of the
investigated processes, although the effects are considerably smaller than
the effects of C(14) substitutions. For example, the introduction of isopropyl
or tert-butyl group at C(8) position in protosteryl cation reduces the exother-
micity of the hydride shift reaction by 5 kcal mol~! and 4 kcal mol-!, respec-
tively, in comparison with the 2A—2B process, while substitution of the
C(8) methyl with the hydrogen does not have any effect at all. In contrast,
introduction of isopropyl or tert-butyl groups at the C(8) position in the
dammarenyl cation did not cause any obvious change in the energy differ-
ence between the two corresponding energy minimum cations, while intro-
duction of hydrogen favors the hydride shift process by ca. 7 kcal mol~! more
than in 2A—2B. These findings strongly suggest that computational simu-
lations of steroid biosynthesis should not be limited to small model com-
pounds only, but should be also performed with the full carbocation struc-
tures.
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SAZETAK

Mehanizam 1,2-hidridnog pomaka u nekim karbokationima
ukljué¢enima u biosintezu steroida

Valerije Vréek, Ivana Vinkovié Vréek i Olga Kronja

Semiempirijskom metodom AM]1, te ab initio kvantno-kemijskim ra¢unima (teo-

rijska razina HF/3-21G) istrazivan je mehanizam 1,2-hidridnog pomaka u protoste-
rilnom C(20) kationu (1A) i damarenilnom C(20) kationu (2A). Na energijskoj plohi
locirani su minimumi 1A/1B and 2A/2B, te vodikom premostene prijelazne struk-
ture 1TS i 2TS. Proces 1A—1B energijski je povoljniji od procesa za 9 kcal/mol, zbog
sterickog odbijanja metilne skupine smjestene na C(14) i B-orijentiranog boénog lan-
ca smjeStenog na C(17), te zbog nepostojanja CC-hiperkonjugacije u 1A. Uvodenjem
rastuéih alkilnih skupina (H, Me, i-Pr i £-Bu) u polozaj C(14) primijec¢eno je pove-
¢anje egzotermnosti obaju procesa 1A—1B i 2A—>2B. Vece poveéanje egzotermnosti
u procesu 1A—1B upucéuje na to da relativna stabilnost 1B prema 1A potjece od ste-
ri¢kih interakcija u 1A. Uvodenjem atoma halogena (F, Cl, and Br), a zbog njegova -1
efekta i relativno malog promjera, mijenja se smjer u ravnotezi izmedu 1Ay/1By, u
kojoj je 1Ay za oko 3 kcal mol™! stabilniji od 1By.



