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Abstract—A convergent synthesis provided a C25 and a C35 oxidopolyprene in which a farnesyl C15 unit is connected in a head-to-
head fashion to a geranyl C10 or a geranylgeranyl C20 unit. When incubated with recombinant b-amyrin synthase from Pisum
sativum the C25 oxidopolyprene was enzymatically converted to an unnatural novel tetracyclic sesterterpene, while the C35 analogue
did not afford any cyclization product.
� 2004 Elsevier Ltd. All rights reserved.
b-Amyrin synthase (bAS) (E.C. 5.4.99.-) catalyzes the
remarkable conversion of (3S)-2,3-oxidosqualene (1) to
b-amyrin (2), forming a 6/6/6/6/6-fused ring system with
a total of eight chiral centers in a single reaction.1 The
proton-initiated cyclization first produces the tetracyclic
dammarenyl C-20 cation, and the subsequent skeletal
rearrangements and 1,2-hydride shifts lead to formation
of the pentacyclic framework with the D12 double bond
(Scheme 1A). Interestingly, pentacyclic triterpene synth-
ases accept a variety of non-physiological substrate and
efficiently performs sequential ring-forming reactions to
produce a series of unnatural cyclic triterpenoids. We
have previously demonstrated that recombinant bAS
from Pisum sativum accepted 22,23-dihydro-2,3-oxido-
squalene (3) to yield a 4:1 mixture of euph-7-en-3b-ol
(4) and bacchar-12-en-3b-ol (5) (Scheme 1B).2 Further,
the enzyme efficiently converted 24,30-bisnor-2,3-oxido-
squalene into 29,30-bisnor-b-amyrin and its regioiso-
mers.3 On the other hand, it has been recently
reported that lupeol synthase from Arabidopsis thaliana
cyclized non-physiological 3-(x-oxidogeranylgeranyl)-
indole into petromindole, an indole diterpene with a 6/
6/6/6/6/5-fused ring system.4 Moreover, squalene:hopene
cyclase from a thermoacidophilic bacteria Alicyclobacil-
0040-4039/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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lus acidocaldarius accepted a C35 (geranylgeranyl-farne-
syl) polyprene hydrocarbon as a substrate to yield an
unnatural C35 hexacyclic polyprenoid with a 6/6/6/6/6/
5-fused ring system.5 Here in this paper, to further ex-
plorer the biosynthetic potential of the bAS enzyme,
we tested enzymatic conversion of newly synthesized
C25 and C35 oxidopolyprene in which a farnesyl C15 unit
is connected in a head-to-head fashion to a geranyl C10

or a geranylgeranyl C20 unit.

The convergent synthesis of the C25 (6a)6 and the C35

(6b)7 oxidopropyrene (both in racemic form) involved
the coupling of oxidofarnesyl phenylsulfone with gera-
nyl or geranylgeranyl bromide, which was followed by
dephenylsulfonation by LiHBEt3 in the presence of
catalytic amount of PdCl2 [1,3-bis(diphenylphos-
phino)propane] as described before (Scheme 2).5

When enzymatic conversion of the C35 oxidopolyprene
(6b) was attempted with the recombinant P. sativum
bAS,8 no cyclization product could be detected by
TLC or GC. Thus, the C35 oxidopolyprene was not
accepted as a substrate, suggesting that the catalytic site
of the bAS does not have enough space to accept the
larger substrate analogue with an additional C5 isoprene
unit. In contrast, enzyme reaction with the C25 oxido-
polyprene (6a) resulted in isolation of a single cycliza-
tion product (0.3mg, 0.3% yield).8 Spectroscopic data
(1H and 13C NMR, HMQC, HMBC, and MS)9 of the
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Scheme 1. Proposed mechanism for the conversion of (A) 2,3-oxidosqualene (1) to b-amyrin (2); (B) 22,23-dihydro-2,3-oxidosqualene (3) to a 4:1

mixture of euph-7-en-3b-ol (4) and bacchar-12-en-3b-ol (5); (C) C25 oxidopropyrene (6a) to compound 7 by recombinant P. sativum b-amyrin

synthase.
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Scheme 2. Reagents and conditions: (a) PBr3, hexane, �5 �C; (b)

PhSO2, DMF, 83%; (c) NBS, 20% THF/H2O, 28%; (d) K2CO3,

MeOH, 88%; (e) n-BuLi (1equiv), THF, �78�C, 72%; (f)

[PdCl2(dppp)] (10mol%), LiBEt3H (2equiv), 0 �C, 58%.
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product were characteristic of those of tetracyclic hydro-
carbon alcohols, and showed good agreement with
euph-7-en-3b-ol (4)2 except the signals due to the alkyl
side chain, suggesting the structure of a novel tetracyclic
sesterterpene alcohol (7) (Scheme 1C). The 6/6/6/5 ring
system was uniquely consistent with both biogenetic
reasoning and the heteronuclear correlation NMR
spectroscopy (HMQC and HMBC). Finally, the stereo-
chemistry of C-17 was confirmed by NOEs observed
between Me-19/Me-24 and Me-19/Me-25, but absent
between Me-18/Me-25 and Me-25/Me-21,22.

The enzymatic conversion of the C25 oxidopolyprene
(6a) (0.3% yield) by the recombinant bAS was much less
efficient than that of 22,23-dihydro-2,3-oxidosqualene
(3%)2 and 24,30-bisnor-2,3-oxidosqualene (30%).3 The
absence of the terminal C5 isoprene unit of 2,3-oxid-
osqaulene thus resulted in the poor yield of the cycliza-
tion reaction. As in the case of the enzymatic formation
of euph-7-en-3b-ol (4) from 22,23-dihydro-2,3-oxido-
squalene (3), a substrate analogue lacking the terminal
double bond of 2,3-oxidosqualene (Scheme 1B), bAS
initiated cyclization of 6a from a chair–chair–chair–boat
conformation to generate the Markovnikov damma-
rene-type tertiary cation with the 17b-isopropyl group.
Then, a backbone rearrangement (H-17a ! 20a, H-
13b ! 17b, CH3-14a ! 13a, CH3-8b ! 14b) with elim-
ination of H-7a proton yielded the unnatural tetracyclic
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product 7 with a Markovnikov five-membered D-ring
(Scheme 1C). It was remarkable that the stereochemistry
of the non-physiological product, whose structure is
apparently different from b-amyrin, was strictly control-
led by the enzyme, even in the absence of the terminal C5

isoprene unit. Interestingly, no evidence was obtained
for the formation of baccharene-type product with the
anti-Markovnikov six-membered D-ring in the reaction
mixture. Further analyses of the catalytic potential of
functionally divergent triterpene synthases promise to
reveal intimate structural details of the enzyme catalyzed
processes and suggest strategies for manipulating sub-
strate and product specificities of the polyene cyclization
reactions.
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