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ABSTRACT: A combined approach toward syntheses of epox-
yguaiane sesquiterpenes is presented. By use of a fungus
sesquiterpene cyclase, guaian-6,10(14)-diene was produced
through metabolic engineering of the isoprenoid pathway in E.
coli. (−)-Englerin A, (−)-oxyphyllol, (+)-orientatol E, and
(+)-orientalol F have been synthesized in two to six steps. This
strategy provided rapid access to the epoxyguaiane core structure
and would facilitate syntheses of (−)-englerin A and its analogues
for evaluation of their therapeutic potentials in drug discovery.

S ince its isolation by Beutler and co-workers from
Phyllanthus engleri found in East Africa, englerin A (1)

has attracted extensive attention from chemists, biologists, and
physicians.1 Englerin A demonstrates potent and selective
inhibitory activity toward renal cancer cell lines, whereas
englerin B (2), lacking the glycolic ester moiety, shows no
significant cell growth inhibition.1a Members of the NCI
Urologic Oncology Branch reported that englerin A induces
glucose addiction through activation of protein kinase C-θ
(PKCθ), while simultaneously starving the cell of glucose
through inhibition of transport.2 Additionally, Waldmann and
co-workers discovered that englerin A is a potent and selective
activator of transient receptor potential canonical (TRPC)
calcium channels and it induces cell death by elevated Ca2+

influx and Ca2+ overload.3 Englerin A has a complex
architecture, which consists of a rare epoxyguaiane skeleton
and seven stereocenters. Its structure and antirenal cancer
ability make it an appealing and however challenging synthetic
target. Based on the structure proposed by Beutler and co-
workers, the Christmann group synthesized the enantiomeric
(+)-englerin A for the first time using a ring-closing metathesis
(RCM) strategy from trans,cis-nepetalactone and established
the absolute configuration of (−)-englerin A.4 Several research
groups have reported the syntheses of englerin A via different
approaches, including gold-catalyzed cyclization,5 [4 + 3]
cycloaddition,6 [3 + 2] cycloaddition, and so on.7 Besides
englerins A and B, some epoxyguaiane sesquiterpenes (Figure
1a) isolated from Phyllanthus oxyphyllus bearing the same
scaffold have been synthesized using the similar above-
mentioned strategies.6b,7k,8 Until now, all these published
syntheses are totally based on chemical synthetic approaches.
Herein, we report an efficient strategy, which combines

microbial production of the guaiane skeleton in Escherichia
coli with concise chemical transformations.9

The key to efficient syntheses of epoxyguaiane natural
products is how to construct the molecular scaffold in a
stereoselective and efficient manner. We envisioned that by use
of a guaiene sesquiterpene synthase, the guaiane skeleton can
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Figure 1. (A) Epoxyguaiane sesquiterpene natural products. (B)
Products of guaiene synthase STC5.
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be produced through metabolic engineering of the isoprenoid
pathway in microbes and further be converted to (−)-englerin
A and other epoxyguaiane natural products.10 However, the
biosynthetic machinery of these natural products from P.
engleri and P. oxyphyllus has not been elucidated, and the
cyclase gene has not been cloned. In this scenario, we
proposed using a guaiene cyclase from other species to fulfill
this purpose. In 2010, Kumeta and Ito characterized three
synthases from Aquilaria, which could produce α-guaiene and
δ-guaiene.11a In 2016, Dickschat and co-workers reported
STC5, a guaiane sesquiterpene synthase identified from plant
pathogenic fungus Fusarium fujikuroi.11b The absolute
configuration of its product (6) (Figure 1b), guaian-
6,10(14)-diene was confirmed by enantioselective synthesis.
Comparing the structures of these enzymatic products and
epoxyguaiane natural products, we noticed that the STC5
product, compound 6 consists of the same trans-fused
bicyclo[5.3.0]guaiane-type moiety and three stereocenters
with the same configurations as (−)-englerin A. Retrosyntheti-
cally, the epoxy group and two secondary hydroxyl ester
groups of the core structure can be transformed from the two
CC bonds. Therefore, we planned our syntheses using
compound 6 as a synthetic precursor.
We began with heterologous production of compound 6

through engineering the isoprenoid pathway in E. coli (Figure
S1). Previously, some groups have reported the microbial
production of monoterpenes, sesquiterpenes and diterpenes in
E. coli and Saccharomyces cerevisiae.12 By modulating the
expression of the terpene synthase gene and the isoprenoid
pathway, several terpenoids, including the precursor of
artemisinin and Taxol, have been produced in E. coli or S.
cerevisiae with titers in the g/L range. Inspired by these studies,
we divided the mevalonate pathway into two operons. The first
synthetic operon consists of an acetoacetyl-CoA thiolase (atoB,
E. coli), a HMG-CoA synthase (mvaS, Staphylococcus aureus),
and a truncated HMG-CoA reductase (mvaA, S. aureus). The
second synthetic operon consists of a mevalonate kinase
(mvaK1), a phosphomevalonate kinase (mvaK2), a phospho-
mevalonate decarboxylase (mvaD), and an isopentenyl
diphosphate isomerase ( fni) from Streptococcus pneumoniae.
All the genes were codon-optimized and the two operons were
subcloned into two multiple-cloning sites of pACYCDuet-1.
The first operon converted acetyl-CoA to mevalonate, which
was further transformed to isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP) by the second operon.
The genes encoding farnesyl pyrophosphate synthase (ERG20,
S. cerevisiae) and the sesquiterpene synthase (STC5, F.
fujikuroi) were subcloned into two multiple-cloning sites of
pETDuet-1. The expression of all the genes was under the
control of a bacteriophage T7 promoter. The strain containing
both plasmids was tested for compound 6 production under
two-phase flask cultivation. To our delight, a peak with
molecular mass of m/z 204.2 was observed from the organic
phase after 72 h of induction (Figure 2). The compound was
purified and its 1H NMR, 13C NMR, and mass spectra were
identical to the spectra reported by Dickschat and co-
workers.11b A guaian-6,10(14)-diene titer of 119.4 ± 24.0
mg/L was obtained.
With compound 6 in hand, we embarked on synthesis of

(−)-englerin A (Scheme 1). Regio- and stereoselective
epoxidation of compound 6 with m-CPBA provided
compound 8 in 49% yield. We also tested Jacobsen’s catalysts
to improve the diastereoselectivity. However, neither (R,R)-

nor (S,S)-Jacobsen’s catalyst13 gave higher yield with better
diastereoselectivity. Compound 8 was subjected to Co(II)
catalyst with PhSiH3 and offered the alkene isomerization
product compound 9.14 We also tested Grotjahn’s catalyst15

but did not observe any isomerization product. Compound 9
underwent the Sharpless asymmetric dihydroxylation reac-
tion,16 followed by treatment with acid to give the
epoxyguaiane intermediate 10 in one pot. We followed Loṕez’s
procedure to complete the transformations from compound 10
to (−)-englerin A in three steps.6c Herein, the synthesis takes
only six steps with 14.2% overall yield.
We then used compound 8 to synthesize (−)-oxyphyllol,

(+)-orientalol E, and (+)-orientalol F (Scheme 2). Compound
8 was subjected to Mukaiyama hydration17 conditions followed
by acid treatment to provide (−)-oxyphyllol (3). After

Figure 2. (A) GC−MS analysis of compound 6 produced by E. coli.
(B) Mass spectrum of compound 6 produced by E. coli.

Scheme 1. Synthesis of (−)-Englerin A
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protection of the hydroxyl group as an acetate, compound 12
was selectively oxidized under Fuchs’ condition18,6b to give
intermediate 13. Deprotection of the acetyl group furnished
(+)-orientalol E (4). Compound 13 underwent elimination
under acidic conditions and was further deprotected to give
(+)-orientalol F (5).
In summary, we have developed a combined biosynthetic

and chemosynthetic approach toward collective syntheses of
(−)-englerin A, (−)-oxyphyllol, (+)-orientalol E, and (+)-ori-
entalol F. Our strategy enabled rapid access to epoxyguaiane
natural products in a step- and redox-economical manner19

and highlighted the power of combining microbial production
and organic synthesis.20 Syntheses and evaluation of potent
and bioavailable englerin analogues via this strategy is
undergoing in our laboratory and will be reported in due
course.
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