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Abstract

Polycyclic diterpenes exhibit many important biological activities, but de novo synthetic access to
these molecules is highly challenging due to their structural complexity. Semisynthetic access has
also been limited by the lack of chemical tools for scaffold modifications. We report a
chemoenzymatic platform to access highly oxidized diterpenes by a hybrid oxidative approach that
strategically combines chemical and enzymatic oxidation methods. This approach allows for
selective oxidations of previously inaccessible sites on the parent carbocycles and enables abiotic
skeletal rearrangements to additional underlying architectures. We synthesized a total of nine
complex natural products with rich oxygenation patterns and skeletal diversity in ten steps or less
from entsteviol.

One Sentence Summary:

Synthesis of nine complex diterpenes through combined chemical and enzymatic C—H oxidation
methods.

The ent-kauranes, ent-atisanes and ent-trachylobanes (Figure 1A) are biosynthetically-
related families of diterpene natural products with wide-ranging biological activities (1).
These activities include inhibition of ion channels, signal transduction cascades and the
inflammasome (2,3,4). The main structural difference between the three natural product
families lies in the carbocyclic architecture of their C/D rings: ent-kauranes share a common
[3.2.1] bicyclic ring system while ent-atisanes and ent-trachylobanes are characterized by
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the presence of a [2.2.2] bicycle and [3.2.1.0] tricycle, respectively. These three distinct ring
systems are thought to arise from a common precursor (5), ent-copalyl pyrophosphate,
through several Wagner—Meerwein shifts following initial formation of ent-pimarenyl cation
(Figure S1). Oxidative tailoring and oxidation-enabled rearrangements could then take place
on the minimally-oxidized carbocyclic skeleton, contributing to the enormous diversity
found in the three natural product families. Despite recent discoveries on terpene synthases
involved in the production of these families (6,7,8), most of the oxygenases that are
responsible for the subsequent tailoring events have yet to be identified. Such limitations
have rendered synthetic biology access to these privileged structures difficult.

Due to their intriguing architectures and promising biological activities, ent-kauranes, ent-
atisanes and enttrachylobanes have been the subject of many synthetic studies, more
commonly through the use of de novo approaches (see refs. 9,10 for recent reviews; see
Figure S2 for full graphical summary). Semisynthetic efforts, while not as popular, have also
been pursued, including Mander’s pioneering synthesis of 6,7-seco-ent-kauranes from
gibberellic acid (11) and recent syntheses (12,13) of atisane-type diterpene alkaloids (e.g.
10, Figure 1B) and neotripterifordin from stevioside. These examples suggest the possibility
of developing a more systematic pursuit of highly oxidized ent-kauranes from stevioside,
which at $0.65/g, represents an attractive starting point for synthesis. However, the
realization of this concept has been hampered by the lack of useful methods for scaffold
modification. As steviol (stevioside aglycone, 9) lacks any appropriate functional handles
within its A, B or C ring, semisynthetic elaborations of the framework have mostly relied on
the use of C19 functionality in Hofmann-Lo6ffler—Freytag or Suarez hypoiodite reactions
(12,13), which currently only allow modification of the C20 methyl group. Remote chemical
oxidation of steviol has remained unexplored, likely due to the incompatibility of its C16—
C17 exo olefin with C—H oxidation conditions. To the best of our knowledge, such oxidation
has only been performed electrochemically (14) on isosteviol ethyl ester (11), an ent-
beyerane compound lacking any olefin, producing the corresponding C2-keto product. An
efficient, remote, and site-selective C—H functionalization toolkit that can act on ent-kaurane
skeleton would overcome a major roadblock in converting steviol to ent-kauranes containing
multiple oxidations on their A, B and/or C rings (e.g. auricuoside I, Figure 1B).
Furthermore, oxidized ent-atisanes and ent-trachylobanes remain hard to access using
semisynthetic approaches due to the need to convert the C/D ring of entkaurane to those of
ent-atisane and ent-trachylobane in a facile manner (< five steps).

We have developed a chemoenzymatic synthetic strategy to access a wide array of oxidized
entkauranes, ent-atisanes and ent-trachylobanes. A key feature of this strategy is the
application of a hybrid oxidative approach featuring a combination of remote biocatalytic
hydroxylations and ‘guided” C—H oxidation methods (15) to access to a variety of oxidation
patterns previously unattainable using purely chemical means. In prior applications of C-H
functionalization in natural product synthesis, each of these oxidation strategies has been
employed independently (16,17), and our approach illustrates the value in combining them
in a synergistic fashion. We also designed a skeletal reorganization sequence towards ent-
atisane and ent-trachylobane frameworks starting from steviol (Figure 1C), which can enter
analogous oxidation series to afford highly decorated members of these families. A total of
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nine natural product targets were synthesized with high synthetic ideality, as well as redox-
and step-economy, highlighting the enabling nature of our strategy.

Enzymatic Tool Development for Scaffold Modifications

The overarching premise of our synthetic strategy is to identify biocatalytic oxidation
methods to address the methodology gap in the selective functionalization of the A, B, and C
rings of minimally oxidized ent-kaurane, ent-atisane and ent-trachylobane skeletons. Each of
the newly introduced hydroxyl groups is viewed as a gateway for further manipulations to
access many members of these diterpene families through a combination of functional group
interconversions and chemical C-H oxidation methods (Figure 1C). To access the ent-
atisane and ent-trachylobane frameworks, we drew inspiration from the postulated
biogenetic relationship between the two and the ent-kaurane framework. One hypothesis
proposed that they arise from a common carbocation via divergent alkyl/H shifts (5). As
such rearrangements could potentially be reversible in nature, we hypothesized that under
suitable conditions, an ent-beyerane skeleton could be converted to an ent-atisane or ent
trachylobane product. Synthetic entry into this sequence could be achieved readily via the
well-precedented conversion of the ent-kaurene stevioside to the ent-beyerane isosteviol
(18). We postulated that further carbocation generation at C12 would trigger a Wagner—
Meerwein rearrangement to an ent-atisane product, from which access to the ent
trachylobane framework could be realized via C—-C bond formation between C13 and C16.
Following such skeletal reorganization, an array of oxidative transformations on minimally-
oxidized ent-atisane and ent-trachylobane skeleton would provide rapid access to targets
such as spiramilactone C (5) and the mitrephorones (7, 8).

Successful execution of the aforementioned strategy would thus hinge on the identification
of the appropriate enzymes for selective and practical oxidations of the A, B and C rings of
steviol. Prior investigations in this area (Figure S3) have not resulted in the development of
synthetically-useful methods. Recent characterization of the platensimycin biosynthesis
pathway has revealed the presence of several dedicated ent-kaurane hydroxylases for
selective C-H oxidations (19,20). Early in the pathway, a P450 monooxygenase, PtmO5,
catalyzes a remote C—H hydroxylation at the C11 position of ent-kauranol, followed by an
intramolecular cyclization to form the ether bridge. Next, two functionally-redundant a.-
ketoglutarate-dependent dioxygenases (Fe/aKGs), PtmO3 and PtmO6, hydroxylate the C7
carbon from the B face en routeto the construction of the enone functionality of
platensimycin. If these enzymes possess sufficient substrate promiscuity to accept steviol or
ent-kaurenoic acid as substrate, and could do so with high reaction efficiency, they would
comprise ideal biocatalysts for use in our synthetic campaign. PtmO3 and PtmQ6 are highly
homologous (99% identical). However, the latter was better overproduced upon expression
in E. coli and was used exclusively here. Selective C7 hydroxylation of 9 and 13 could be
observed with high total turnover numbers (Figure 2), suggesting this enzyme could be
useful for preparative-scale B ring oxidation of ent-kauranes.

Annotated as a class | P450, PtmO5 requires a separate reductase partner to support its
function. We have previously employed the CamA/B reductase system for the functional
characterization of PtmO5 (19) but found that this system gave very low reaction conversion
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in whole-cell and lysate reactions. This observation prompted us to examine alternative
reductase partners. Given prior successes (21,22), artificial fusion with a reductase partner
were deemed as a particularly viable solution. Among the chimeras tested, PtmO5-RhFRed,
generated by linking PtmO5 with the reductase domain of P450rpg, provided the most
promising outcome in the hydroxylation of 9 and 13. Further co-expression of PtmO5-
RhFRed, GroES/EL chaperone and the phosphite dehydrogenase Opt13 for NADPH
regeneration in a single £. coli C41(DE3) strain allowed selective C11 hydroxylation of 9 to
be attained with 88% isolated yield on preparative scale.

Variants of P450g)3 have proven to be highly effective biocatalysts for selective oxidations
of readily available terpene scaffolds (Figure S5, 23), including the A ring oxidation of
decalin-containing terpenes (24,25,26,27). Furthermore, they have been shown to exhibit
exceptional substrate promiscuity and excellent evolvability for new reactions. Based on
these precedents, we postulated that some of these variants would be capable of performing
similar oxidation on 9 or 13. To test this hypothesis, we conducted preliminary screening of
P450g)\3 alanine-scanning variants in our enzyme library (27) for the hydroxylation of 9 or
13. No hydroxylation activity could be observed with 9, but oxidized product(s) were
formed from 13 with some of the variants tested. Variant BM3 MERO1 M177A in particular
produced the C2-hydroxylated product 18 selectively without any over-oxidation or
formation of C16—-C17 epoxide side product. These results demonstrate the ready tunability
of these oxidation biocatalysts to achieve selective reaction in the presence of other reactive
functional group(s), a notable advantage over chemical oxidation methods. Importantly, this
discovery identified a solution for the A ring oxidation problem.

Chemoenzymatic synthesis of oxidized ent-kauranes

Preliminary substrate scope examination of PtmO6, PtmO5-RhFRed and BM3 MERO1
M177A (Figure S6) suggested that they are able to accept other ent-kaurane and ent-atisane
substrates bearing alternative functional group arrangements. This observation, in
combination with the promiscuity of many other bacterial oxygenases (17,28) suggested that
they could be useful for divergent synthesis. We initially targeted three ent-kauranes that
would require the use of only remote B ring oxidation (Figure 3): mitrekaurenone (21),
fujenoic acid (23), and pharboside aglycone (25). These three molecules contain different
oxidation states and stereochemical configurations at C6 and C7, and their divergent
synthesis would provide an ideal testbed for the synthetic versatility of biocatalytic oxidation
with PtmO®6. Steviol (9) was first converted to ent-kaurenoic acid (13) via a two-step
protocol involving brominative displacement of the 3° alcohol and radical dehalogenation.
The use of PtmO6 on 13 allowed selective installation of a 2° alcohol at C7, delivering the
product as a single diastereomer with good conversion and yield. This transformation could
be carried out routinely on gram scale using clarified lysate of £. coli cells expressing
PtmO6. Conversion of alcohol 15 to the corresponding ketone (20) was accomplished by
treatment with DMP. Introduction of the C6 a.-OH of mitrekaurenone would require
oxidation from the more hindered face of the skeleton. Thus, a strategy featuring an Sy2-
type displacement of a B-disposed leaving group at C6 by the C19 acid was pursued. a-

Science. Author manuscript; available in PMC 2020 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

oxidation with pyridinium tribromide was found to elicit simultaneous intramolecular
lactonization by the C19 acid, thereby completing the synthesis of 21 in five steps.

To access fujenoic acid (23), a net ten electron oxidation needed to be carried out on the B
ring of the scaffold. Chemical methods for a-hydroxy ketone synthesis were initially
attempted on 20 but we fortuitously found that PtmO6 is capable of installing the C6 alcohol
with superior yield. Oxidative cleavage of the C6—C7 bond with NalOy, followed by
hemiketal oxidation with DMP furnished 23 in seven steps from 9. Pharboside aglycone
(25), on the other hand, contains a p-disposed syr+diol motif at C6 and C7. While 22 could
potentially be a viable synthetic intermediate, the conversion of its a-hydroxy ketone
functionality to the desired diol motif would require a difficult reduction from the more
hindered face. As an alternative, the 2° alcohol of methyl ester 24 was dehydrated to the
corresponding olefin with Burgess reagent, thereby allowing the C6,C7 syr-diol motif to be
introduced via dihydroxylation. The use of 0OsO4 and NMO simultaneously converted the
two olefins to the corresponding syr-diol units and completed the synthesis of 25 in six steps
from steviol.

Next, we sought to demonstrate the utility of our strategy in the preparation of ent-kauranes
that contain oxidations on multiple rings (Figure 4), such as rosthornins B (3) and C (30),
and fischericin B (2). These targets were chosen to highlight how multiple enzymatic
hydroxylation reactions could be combined together or used strategically in combination
with the concept of innate and guided C-H functionalization logic (15). Access to 3 and 30
from steviol would require hydroxylation at C7 and C11 with PtmO6 and PtmO5-RhFRed,
reduction of the carboxylic acid at C19, and introduction of a carbonyl group at C15. To
install the two alcohols at C7 and C11, a strategic decision had to be made in terms of the
ordering of the two enzymatic hydroxylation steps. Performing C11 hydroxylation prior to
C7 hydroxylation would necessitate nontrivial differentiation between the two alcohols for
subsequent acetylation at C11 and stereochemical inversion at C7. Conversely, oxidation at
C7 prior to that at C11 would allow the use of a carbonyl motif at C7 as a ‘masking’ group
for the C7 a-OH and minimize potential chemoselectivity issues in subsequent
manipulations. We found that ketone 26, accessed in two steps from 9 via PtmO6
hydroxylation and PDC oxidation, could undergo a regioselective hydroxylation at C11 with
PtmO5-RhFRed, albeit with only moderate conversion. Using lysates of £. coli expressing
PtmO5-RHFRed and Opt13, C11 hydroxylation of 26 could be carried out with 65%
isolated yield. The use of Ac,0 and DMAP allowed selective acetylation of the C11 alcohol
without any undesired side reaction with the 3° alcohol at C13. At this stage, the C19
carboxylic acid needed to be reduced to the alcohol without concomitant removal of the
acetate group at C11. This was achieved by first converting the acid to the corresponding
acyl imidazole (28), followed by treatment with NaBH,4, which also led to concomitant
reduction of the C7 ketone to the a-disposed alcohol. Installation of the enone unit on the D
ring via selective C15—-OH oxidation with SeO, and IBX completed the synthesis of
rosthornin C (30) in seven steps overall. Finally, conversion of 30 to rosthornin B (3) could
be effected via selective acetylation of the primary alcohol at C19.

Fischericin B (2) contains a caged ether motif that is reminiscent of platensimycin and a
bridging lactone ring between C19 and C20. Synthesis of 2 would thus provide an
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opportunity to develop a hybrid strategy that combines enzymatic hydroxylation at C11 and
alkoxy-radical-based C—H functionalization at C20. Our synthesis commenced with PtmO5-
catalyzed C11 hydroxylation of 9. Using information gleaned from prior biosynthetic studies
of platensimycin (19), the hydroxylated product could be treated with strong acidic
conditions to construct the desired caged ether motif. In the presence of this motif, the C13
tertiary alcohol proved inert to conversion to the corresponding bromide for subsequent
radical debromination. As a workaround, the free acid of 31 was first methylated and a
Barton deoxygenation was performed on its C13 tertiary alcohol. The key hypoiodite—
mediated C20 functionalization under Suarez conditions (13,29) cleanly delivered
iodoaldehyde 35, which could be further oxidized and subjected to intramolecular ring
closure to complete our synthesis of fischericin B (2) in just nine steps.

Oxidation-enabled skeletal rearrangement to ent-atisane and ent-

trachylobane

Access to minimally oxidized ent-atisane and enttrachylobane skeletons commenced from
isosteviol (36), an ent-beyerane available in one step via acid-catalyzed degradation/
rearrangement of stevioside (Figure 5A). Execution of our synthetic blueprint required the
installation of a functional group at C12 that is suited for subsequent carbocation generation.
We envisioned first C11 hydroxylation of 36 with PtmO5-RhFRed, followed by a C11 to
C12 transposition of the resulting alcohol. Hydroxylation of isosteviol with PtmO5-RhFRed
unexpectedly proceeded at its C12 carbon instead of C11, thereby obviating the need for any
further functional group interconversions. Furthermore, this reaction proceeded with high
conversion and yield, and could be carried out routinely on multi-gram scale in a single pass.
The unexpected switch in regioselectivity could be rationalized by the difference in C ring
conformation of ent-kaurane and ent-beyerane. PtmO5 oxidizes the axial C11 B-H of its
native substrate. In contrast, the equivalent C11 B-H on 36 adopts an equatorial
configuration, and is therefore inaccessible for abstraction by the active Fe(IVV)-oxo species.
Instead, C—H abstraction takes place at the adjacent axial C12 -H. Treatment of 37 with
TfOH initiated the intended Wagner—Meerwein rearrangement, delivering 38, which
contains the requisite ent-atisane [2.2.2] C/D ring bicycle. Access to enttrachylobane
skeleton from 38 required the formation of a new C—C bond between C13 and C16.
Examination of several different methods (30) to forge this bond led to the discovery of a
reductive rearrangement in the presence of BF3*Et,0 and Et3SiH, which afforded an ent
trachylobane product 40 from 39 in 61% yield after 3x recycling. We propose that this
rearrangement proceeds via ionization of C13 alcohol, followed by formation of a non-
classical carbocation and selective reductive quenching at C15. Overall, this synthetic
sequence provides rapid and controlled access to ent-atisane and ent-trachylobane
frameworks from isosteviol in two and four steps respectively and is made possible by the
use of PtmO5-catalyzed hydroxylation of 36.

Preliminary investigation suggests that 38, bearing high structural resemblance to the native
ent-atiserenoic acid precursor of plantensin (6,20), is a useful intermediate for accessing
more oxidized ent-atisanes via enzymatic hydroxylation (Figure 5B). It is capable of
undergoing oxidation at C7 with PtmO6 and is hydroxylated in a more efficient fashion than
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its C13-deoxy counterpart. Wolff—Kishner deoxygenation of C13 ketone and PDC oxidation
of C7-OH afforded ketone 42, which represents a potential intermediate towards
spiramilactone C (5). In an alternative sequence, 38 could first be oxidized at C2 with BM3
MERO1 M177A to acid 43 without any observable epoxidation of its C15-C16 olefin.
Wolff-Kishner reduction delivered 44, which possesses the appropriate functionalities to be
converted to the diterpenoid alkaloid cochleareine (6).

Chemoenzymatic synthesis of the mitrephorones

Intermediate 40 could be used to divergently prepare mitrephorones A, B and C (7, 49, 8,
Figure 5C). In accord with its structural similarity to 9 or 13, C2 oxidation of 40 with BM3
MERO1 M177A proceeded very efficiently. At high enough enzyme-to-substrate ratio, this
process also led to iterative oxidation to install a ketone moiety at C2. Enzymatic oxidation
with PtmO&6, followed by PDC oxidation, furnished diketone 45. As is the case with fujenoic
acid (27), PtmO6 was capable of installing C6-OH on 45. Intermediate 46 proved to be
unstable, requiring rapid methylation of the C19 acid and mild oxidation at C6. Thus, the
synthesis of mitrephorone C (8) was completed by methylation of the C19 acid with CH,N5,
and further oxidation at C6 with DMP, followed by keto-enol tautomerization.

Synthesis of mitrephorone B (49) from 40 commenced via C7 enzymatic oxidation with
PtmOS6. Initial attempts focused on the dehydration of the C7-OH to the corresponding
olefin, followed by a ruthenium-catalyzed direct oxidation (31) to install the C6-C7 dione
moiety. Unfortunately, this sequence was found to be low yielding and accompanied by
significant amounts of side-product even at low conversion. It is also worth noting that this
sequence provided no desired product at all when the C2 carbon exists in the ketone
oxidation state (i.e., for the mitrephorone C series). As a workaround, 40 was oxidized to the
corresponding ketone (48), enzymatically hydroxylated at C6 with PtmO6, and then
methylated and oxidized with PDC. While this route led to one more step than the
dehydration/oxidation sequence, it provided a superior overall yield. According to
Magauer’s report (32), conversion of 49 to mitrephorone A (7) could be achieved through
the use of electrochemical oxidation or White’s Fe(PDP) catalyst. We found serendipitously
that 49 is capable of undergoing a slow autoxidation to form 7 (45% yield after 7 days, or
65% yield after 14 days). Such autoxidation did not take place with 8, suggesting that distal
substituents are capable of modulating the reactivity of the diosphenol motif of 49. This
discovery allowed us to divergently prepare the entire known family members of the
mitrephorones from 40. The use of enzymatic oxidations with PtmO5-RhFRed, PtmO6 and
BM3 MERO1 M177A proved to be highly enabling as all three members of the family could
be prepared in less than ten steps, a marked improvement over previous routes to the
mitrephorones (32,33).

Conclusion

Using this chemoenzymatic strategy, we prepared nine highly oxidized ent-kaurane and ent
trachylobane natural products in less than ten steps each. Central to this strategy is the use of
three selective and scalable biocatalytic processes that are able to hydroxylate the A, B and
C rings of the parent carbocyclic structures with site-selectivity and functional group
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compatibility unmatched by any known small-molecule reagents or catalysts. Leveraging the
newly-introduced hydroxyl groups in a series of carbocationic rearrangements enables rapid
traversal of the diterpene landscape spanning the ent-kaurane, ent-atisane and ent-
trachylobane families. By virtue of the substrate promiscuity of the enzymes, the
biocatalytic oxidations can also be carefully permuted and used in conjunction with
chemical C—H oxidations in multi-step synthetic sequences for streamlined access to
complex natural products with minimal functional group interconversions and protecting
group manipulations (34). The marriage of chemical and enzymatic C—H oxidations, in
particular, constitutes a powerful means to streamline access to highly oxidized terpenes and
avoids circuitous oxidative transformations, which are at times necessary in the ‘two-phase’
strategy for terpene synthesis (35) due to the exclusive use of small-molecule reagents or
catalysts. The strategy outlined here not only opens the door for rapid access to a wide array
of ent-kauranes, ent-atisanes and ent-trachylobanes, but also provides a blueprint for
combining emerging synthetic paradigms with biocatalysis in the preparation of privileged
molecular scaffolds. Generalization of this hybrid oxidative approach to other complex
terpene families can be readily envisioned by way of identifying and profiling new
oxygenases for site-selective modifications of building blocks (36) or late-stage
functionalization (37). Finally, continued advancement in enzyme engineering strategies (38)
and the development of new-to-nature transformations (39) will further expand the pool of
reactions available for use and ultimately encourage broader adoption of this strategy in
multi-step synthesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Selected examples of oxidized ent-kauranes, ent-atisanes and ent-trachylobanes. B.
Limitations of purely chemical C—H oxidation approaches in steviol-based semisynthesis. C.
Retrosynthetic analysis of oxidized ent-kauranes, ent-atisanes and enttrachylobanes
employing a hybrid oxidative approach that combines chemical and enzymatic C—-H
oxidations. Glc = B-D-glucopyranosyl.
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Discovery of three enzymes, PtmO6, PtmO5-RhFRed and BM3 MERO1 M177A for site-
selective oxidations at C7, C11, and C2 respectively. See Supplementary Materials for
plasmid construction (Figure S4) and reaction conditions. “Performed by co-expressing
PtmO5-RhFRed, Opt13 and GroES/EL in a single £. col/i CA1(DE3) strain.
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Application of PtmO6 in the chemoenzymatic total synthesis of mitrekaurenone (21),
fujenoic acid (23) and pharboside aglycone (25). See Supplementary Materials for reaction

conditions.
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Application of PtmO5-RhFRed in the chemoenzymatic total synthesis of rosthornins B (3)
and C (30) and fischericin B (2). See Supplementary Materials for reaction conditions.
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A abiotic skeletal rearrangement
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A. Conversion of isosteviol (36) to ent-atisane and ent-trachylobane products via site-
selective C12 hydroxylation and carbocationic rearrangements. B. Further site-selective
oxidations of 38 using PtmO6 and BM3 MERO1 M177A. C. Divergent chemoenzymatic
total synthesis of the mitrephorones starting from 40. See Supplementary Materials for
reaction conditions.
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