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Pentalenene synthetase catalyzes the cyclization of trans,-
trans-farnesyl pyrophosphate (1) to pentalenene (2), the parent
hydrocarbon of the pentalenolactone family of sesquiterpene
antibiotics.!"? We have previously presented evidence supporting
a mechanism in which ionization and cyclization of farnesyl py-
rophosphate generates humulene (3) by electrophilic attack on
the si-face of C-11 and deprotonation at C-9 (Scheme I). Re-
protonation of humulene at C-10 and attack on the C-2,3 double
bond is proposed to generate cation 4, which can undergo hydride
migration and further cyclization involving the C-6,7 double bond
with loss of one of the H-8 protons of the farnesyl precursor to
yield pentalenene.! Additional studies have reinforced this
mechanistic picture and established that a single enzyme catalyzes
conversion of farnesyl pyrophosphate to pentalenene, based on
the demonstrated internal return of one of the original H-9 protons
of farnesyl pyrophosphate to C-10 of the intermediate humulene.?

Farnesyl pyrophosphate itself is formed by the condensation
of dimethylallyl pyrophosphate (DMAPP, 5) with isopentenyl
pyrophosphate (IPP, 6).*  Extensive studies of the prenyl
transferase-catalyzed condensation reaction have shown that the
key bond-forming steps take place by a stepwise sequence of
ionization—electrophilic addition—elimination® with net
stereochemistry and inversion of configuration at C-1 of the allylic
pyrophosphate.® The first step in the cyclization of farnesyl
pyrophosphate to pentalenene would appear to be the intramo-
lecular analogue of the prenyl transferase reaction.” We now
report that the ring-forming reaction, a formal intramolecular Sg’
reaction, occurs with net anti stereochemistry.

The requisite substrates, (9R)- and (95)-[9-*H,4,8-1*C]farnesyl
pyrophosphate (1a and 1b), were prepared enzymatically from
(1R)- and (15)-[1-*H]DMAPP (5a and 5b), respectively, and
[4-'*C]IPP (Scheme II). The (1R)-[1-*H]DMAPP (Sa) was
prepared by reduction of 3-methyl-2-butenal (7) by using liver
alcohol dehydrogenase (HLADH) coupled with catalytic NAD*
and [1-*H]cyclohexenol®”® followed by pyrophosphorylation of the
resulting (1R)-[1-*H}dimethylallyl alcohol.!®!! Incubation of
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step, as expected. Hydrolysis of 5a followed by similar analysis confirmed
complete retention of configuration during the pyrophosphorylation reaction.

(10) Cramer, F.; Boehm, W. Angew. Chem. 1959, 71, 775.

0002-7863/88/1510-4081$01.50/0

4081
Scheme 1
Scheme 11
A/\ apo
\N W %\Li/\)\:ip [
Hy Hg 6

Lt
o
Ty

NADT Hs

T OH s F =
Ha [e5]
ta H,=T, Hg=H, R=PP

th Hy=H, Hg=T, R=PP
8 R=CONPh,

Scheme III

1a H,=T, Hg=H
1b Hg=H, Hg=T ga/gb  p-cis-diol
/ 2a/2b \\103/10ba—cis-diol
Hy °

Ha

m CO?Me m COZMe

SO N

°” 13b 12a/12b ::: ::;;
5a and [4-“C]IPP with avian prenyl transferase!* gave 1a which
was treated with acid phosphatase. The resulting farnesol, after
addition of inactive carrier, was converted to the diphenylurethane
8a!! which was recrystallized to constant activity and isotope ratio
(Table I). For the synthesis of (15)-[1-*H]DMAPP (5b), [1-
3H}-3-methyl-2-butenal was first prepared by reduction of 7 with
sodium [*H}borohydride followed by reoxidation with PCC.
Stereospecific reduction of [1-3H]-7 with HLADH and excess
NADH gave (15)-[1-*H]dimethylallyl alcohol which was con-
verted to DMAPP 5b. Mixture with [4-“C]IPP and incubation
with prenyl transferase!?® gave (95)-[9-*H,4,8-1“Clfarnesyl py-
rophosphate (1b) which was separated from DMAPP, IPP, and

(1 1) Cane, D. E.; Iyengar, R.; Shiao, M.-S. J. Am. Chem. Soc. 1981, 103,
914

(12) (a) Homogenous prenyl transferase used in the preparation of 1a was
a generous gift from Professor C. D. Poulter. (b) Prenyl transferase for the
preparation of 1b was punﬁed from chicken liver!? through the hydroxylapatite
step to a specific enzyme activity of 30 nmol/min/mg protein (0.03 U/mg).
In a typical procedure, 1.26 nmol of (15)-[1-*H]DMAPP (5b) (64 uCi/umol)
and 1.05 nmol of [4-'*C]IPP (6) (50 uCi/umol) were incubated with 0.13 U
of prenyl transferase for 2 h at 37 °C in 6 mL of 20 mM bicyclo[2.2.1]-
hept-5-ene-2,3-dicarboxylic acid buffer'*!* (pH 7.0) in the presence of 1.0 mM
MgCl,, 10 mM B-mercaptoethanol, and 0.01% bovine serum albumin.
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Table I. Conversion of (9R)-[9-*H,4,8-'*C]Farnesyl Pyrophosphate (1a) and (95)-[9-°H,4,8-1*C]Farnesyl Pyrophosphate (1b) to Pentalenenes 2a

and 2b by Pentalenene Synthetase and Distribution of the Label

compd SH/MC atom ratio compd SH/MC atom ratio

1a 1.43 (1:2)° 1b 0.577 £ 0.007 (1:2)

8a 1.45 £ 0.02 1:2% 8b 0.497 £ 0.009 1:2

(8a) 1.28 £ 0.03 0.88:2¢

2a 1.48 £ 0.04 1:2 2b 0.502 £ 0.006 1:2

%9a 1.49 £ 0.06 1:2 9b 0.486 £ 0.009 1:2

10a 1.47 £ 0.002 1:2 10b 0.478 £ 0.010 1:2

11a 1.46 £ 0.04 1:2

11a 0.45 £ 0.02 0.31:2¢

12a 1.44 £ 0.04 1:2 12b 0.014 £ 0.006 0.03:2
13b 0.525 £ 0.023 1.1:2

9Prepared by prenyl transferase reaction; based on the derived farnesyl diphenylurethane. ?Prepared from farnesyl pyrophosphate (1a) reisolated
from incubation with pentalenene synthetase. ‘Derived from farnesol reisolated from the pentalenene synthetase incubation and subjected to suc-
cessive HLADH oxidation-borohydride reduction. ¢Exchanged with 0.2 N NaOD in D,0O-dioxane.® Predicted value 0.24:2 (cf. footnote 17).

geranyl pyrophosphate by reverse-phase ion-pairing HPLC.'¢ The
derived farnesyl diphenylurethane (8b) was recrystallized to
constant activity (Table I).

For the conversion to pentalenene, (9R)-[9-*H,4,8-14C}farnesyl
pyrophosphate (1a) was incubated with crude pentalenene
synthetase,’ and the resulting pentalenene (2a) was diluted with
unlabeled pentalenene. Treatment of 2a with OsO, gave diols
9a and 10a,’ each of which was recrystallized to constant activity!’
(Table I). The incubation with (9.5)-[9-H,4,8-“C}farnesyl py-
rophosphate (1b) was carried out by using 130-fold purified
pentalenene synthetase which had been shown to be free of
phosphatase, prenyl transferase, and isomerase activities.'® Half
of the resulting labeled pentalenene (2b) was diluted with inactive
pentalenene, and the derived diols 9b and 10b were each re-
crystallized as before (Table I).

The precise location of the tritium in each sample of labeled
pentalenene was established by a combination of chemical and
microbiological methods® (Scheme I1I). Thus hydroboration—
oxidation of 2a gave the ketone 11a, which lost greater than 92%
of the predicted amount of label from C-8 upon base-catalyzed
exchange (Table I). The absence of any tritium at H-1« of 2a
was established by feeding 2a to intact cultures of Streptomyces
UCS5319 and isolation of the resulting labeled pentalenic acid
methyl ester 12a which had not lost any tritium.3 By contrast,
when the sample of 2b was fed to cultures of Streptomyces
UC5319, the derived 12b had lost all tritium, whereas the co-
metabolite epi-pentalenolactone F methyl ester (13b)2° showed
an unchanged 3H/'C ratio (Table I).

The above results establish that in the cyclization of farnesyl
pyrophosphate to pentalenene, H-9re of 1 becomes H-8 of pen-
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the remainder was oxidized to farnesal by incubation with HLADH and
NAD*. Sodium borohydride reduction of farnesal and recrystallization of the
derived diphenylurethane (*H/'C 1.28) established the presence of 12% of
the tritium label at H-1re of the recovered farnesol, indicating that a portion
of the DMAPP in the preparation of 1a had been converted to
(1R,5R,9R)-[1,5,9-*H]farnesyl pyrophosphate by the combined action of
endogenous DMAPP-IPP isomerase and prenyl transferase subsequently
shown to be present in the crude pentalenene synthetase preparation. The
proportion of tritium label at H-9re of the farnesyl pyrophosphate sample was
therefore calculated to be 76%.
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to a specific enzyme activity of 545 nmol/h/mg protein. For the preparative
scale incubation, 1b (0.40 nmol) was incubated for 1 h at 30 °C with 25 ug
of pentalenene synthetase in 200 mM Tris, pH 8.4, containing 20 mM MgCl,
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talenene, while H-9si undergoes net intramolecular transfer to
H-1a of 2, presumably by a deprotonation-reprotonation mech-
anism. Since the cyclization has already been shown to involve
electrophilic attack on the si face of the 10,11-double bond of 1,2
the formal Sg’ reaction takes place with net anti stereochemistry.
This conclusion is completely consistent with the previously in-
ferred RSR-CT conformation®2122 of the cyclizing substrate, which
prevents access by any enzymic base to the H-9re proton.
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In recent years, dramatic advances have been made in meth-
odology for the asymmetric hydrogenation and epoxidation of
alkenes.? However, the best optical yields are obtained with
functionalized alkenes that are capable of two-site binding to the
reagent or catalyst. In the case of Rh(I)-catalyzed asymmetric
hydrogenation, only alkenes that are substituted with polar groups,
such as a-amino acrylic acid derivatives, are reduced in significant
optical yields.! Similarly, Ti(IV)-catalyzed asymmetric ep-
oxidation is most effective for allylic alcohols.2 To our knowledge,
no homogeneous binding agent exists that efficiently and pre-
dictably discriminates between the enantiofaces of simple mo-
nosubstituted alkenes H,C==CHR .>-*

(1) This literature is extensive. For recent lead articles, see: (a) Landis,
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