Remote B-Ring Oxidation of Sclareol with an Engineered P450 Facil-
itates Divergent Access to Complex Terpenoids
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ABSTRACT: Though chiral pool synthesis is widely accepted as a powerful strategy in complex molecule synthesis, the effective-
ness of the approach is intimately linked to the range of available chiral building blocks and the functional groups they possess. To
date, there is still a pressing need for new remote functionalization methods that would allow the installation of useful chemical
handles on these building blocks to enable a broader spectrum of synthetic manipulations. Herein, we report the engineering of a
P450pMm3 variant for the regioselective C—H oxidation of sclareol at C6. The synthetic utility of the resulting product was demonstrated
in a formal synthesis of ansellone B and the first total synthesis of the 2,3-seco-labdane excolide B.

The use of chiral terpene building blocks as starting materials
constitutes a powerful approach for the chemical synthesis of
complex terpenoid natural products.'™ This approach, some-
times referred to as “chiral pool synthesis”, provides several
strategic advantages as many of these building blocks are avail-
able as single enantiomers at relatively low costs. However, chi-
ral pool synthesis relies heavily on the strategic manipulation of
existing functional groups on the building blocks to effect skel-
etal rearrangements or to rapidly generate structural complex-
ity. A recent review by Maimone and co-workers* called for a
greater assortment of methodologies to diversify the range of
available terpene building blocks and introduce additional
chemical handles from which new synthetic disconnections can
be made. Though significant effort has been devoted to expand-
ing the synthetic toolbox for the functionalization of chiral ter-
penes,’ overriding the innate reactivity profile of these com-
pounds in such functionalization remains challenging.

Motivated by the above limitation, our laboratory has devel-
oped an enzymatic C—H oxidation platform for the selective
functionalization of drimane-containing building blocks at po-
sitions that are previously inaccessible to contemporary chemi-
cal methods.*” This approach has proven particularly useful for
selective C3 functionalization, which in turn simplified syn-
thetic access to a variety of complex meroterpenoids. Neverthe-
less, applications of C—H oxidation methodologies on the gen-
eral drimane skeleton’ have resulted exclusively in A-ring func-
tionalization and this methodological gap has rendered the chi-
ral pool synthesis of complex terpenoids bearing B-ring oxida-
tion(s) inefficient (Figure 1). To illustrate, Tong and co-work-
ers® reported the total synthesis of ansellone B (1) via aldehyde
5. While this intermediate could be converted to 1 in five steps,
its preparation from sclareolide (4) required 17 steps compris-
ing several indirect functional group manipulations. In light of
this shortcoming, we sought to identify a robust biocatalytic ox-
idation method to access B-ring oxidized drimanes. This report
traces our discovery and engineering of a P450py; variant capa-
ble of efficiently catalyzing the C6 oxidation of sclareol and re-
lated drimane-containing structures, which subsequently facili-
tates concise synthetic access to ansellone B (formal synthesis)
and excolide B (first total synthesis), and a model study towards

pallavicinin. To the best of our knowledge, scalable and site-
selective B-ring C—H oxidation of sclareol and related drimanes
has not been reported.
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Figure 1. Representative examples of C6-oxidized terpenoids
and a lack of efficient method to directly oxidize at C6.

We began our work by screening a subset of our library of
P450gv3 variants for the hydroxylation of sclareolide and
sclareol (Figure 2A). While all variants from the MEROI line-
age gave exclusively C3 oxidation with both substrates, two
variants previously engineered by Reetz and co-workers™!® for
steroid oxidation (KSA15 and LG-23) afforded C6 oxidation
with sclareol. LG-23 in particular delivered exclusively the C6



oxidation product, albeit in low conversion. Notably, this vari-
ant was previously engineered for the selective C7 oxidation of
testosterone and contains substantially different active site mu-
tations relative to the MERO1-derived variants and KSA15.
LG-23 was next used as a starting point for further mutagenesis.
Prior directed evolution of P450g\s3 variants for terpene oxida-
tion has largely relied on a combination of saturation mutagen-
esis and HPLC or GC analysis.”'*!! For cases that do not permit
direct HPLC or GC detection, product derivatization with chro-
mophoric agents or chromogenic probe substrates are used.'? As

P450gy3 variant C3 Cé C3 Cé

MERO1 95% 0% 32% 0%
MERO1 L75A 95% 0% 40% 0%
MERO1 M177A 81% 0% 12% 0%
KSA15 86% 0% 19% 6%
LG-23 18% 0% 0% 10%
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sclareol has a high boiling point and does not possess any chro-
mophore, an alternative screen for direct product detection that
does not rely on HPLC or GC was sought. We hypothesized that
thin-layer chromatography (TLC) analysis could be adapted for
such purpose.!* Though this screen would not be quantitative,
we posited that it would still be sensitive enough to detect big
increases in activity. Furthermore, TLC analysis would allow
multiple variants to be assayed in parallel in a relatively short
time (~5 min/TLC plate), resulting in a comparable, if not su-
perior, throughput to HPLC-based detection.
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Figure 2. A. Initial screening of P450gy; variants for B-ring oxidation of 4 and 6. B. Directed evolution of LG-23 to improve its C6
oxidation activity. Note: Any discrepancies in conversions in Figures 2A and 2B arose because the reactions were performed under
different conditions. See Supporting Information for details. C. Substrate scope for C6 oxidation with LG-23 L181F L437G. Reac-

tions were conducted at 0.1 mmol scale.

Following assay development, six active site residues (L75,
L78, L82, L181, 1263 and L437) in LG-23 were targeted for
mutagenesis.'* As an initial foray, two focused libraries from
saturation at L75 and L437 were pursued with the use of NDT
+ GCG codon combination. The NDT degenerate codon avoids
stop codon, encodes for twelve amino acids with a variety of
biophysical properties and has been shown to result in libraries
with higher hit rates than NNK libraries.'> The GCG codon was
added to specifically encode for Ala in light of our previous
success in identifying beneficial mutations through alanine
scanning.*”'® As this design required the screening of 39
clones/site for 95% library coverage, the two saturation libraries
could be pursued within a single 96-well plate. Our first round

of screening yielded variant LG-23 L437G, which displayed ca.
4-fold improvement in the conversion of 6 to 9 upon hit valida-
tion while maintaining the exclusive oxidation regioselectivity
at C6 (Figure 2B). No beneficial mutation could be identified
from the L75X library. LG-23 L437G was used as a parent for
the next round of saturation mutagenesis, which targeted resi-
dues L181 and 1263. Two beneficial mutations, L1811 and
L181F, were identified from this round. Further hit validation
revealed that L1811 and L181F mutations conferred 1.2- and
1.5-fold improvement in C6 oxidation activity, respectively.
Unfortunately, further mutagenesis of LG-23 L181F L437G by
randomizing residues L78 and L82 failed to provide any further
improvement. In total, a six-fold improvement in reaction con-
version could be obtained from screening ca. 240 clones,



showcasing the effectiveness of our directed evolution ap-
proach. Preparative scale C6 oxidation of 6 could be performed
with lysates of E. coli that co-expresses LG-23 L181F L437G
and Opt13 for NADPH regeneration to provide >95% conver-
sion and 81% isolated yield of 9.

With an optimized catalyst in hand, the substrate scope of the
reaction was explored (Figure 2C). LG-23 L181F L437G ex-
hibited narrow substrate specificity and high sensitivity to even
minor alterations on its substrate structure. For example, the
fully reduced counterpart of 6 only displayed 51% reaction con-
version to product 10 and the use of 14, a constitutional isomer
of 6, completely abolished activity. No reaction could be ob-
served upon capping of the tertiary alcohols of 6 with acetate
groups (substrate 15) either. Interestingly, while the parent en-
zyme LG-23 showed a low level of C3 oxidation activity on 4,
the double mutant was not able to oxidize this substrate at all,
suggesting an activity trade-off during directed evolution. A
complete lack of activity was also observed with substrates 16
and 17. Despite the narrow scope, sclareol derivatives contain-
ing additional oxidation at C3 could be accepted in the reaction

to provide doubly-oxidized products (12 and 13) in moderate
yields, enabling access to unique building blocks for subsequent
synthetic campaigns (vide infra).

Docking studies were next pursued to understand the molecular
origins of the oxidation regioselectivity and the improved activ-
ity during the evolution campaign. Despite our best attempts, a
reasonable docking pose for sclareol in the active site of LG-23
could not be obtained. In contrast, a well-defined model could
be obtained for the double mutant—sclareol complex (Figure
S1). This model shows a notable hydrogen bonding interaction
between sclareol’s C8-OH with the backbone amide of P329—
W330. Mutations L181F and L437G also remodels the active
site to provide a suitable hydrophobic pocket to accommodate
the pendant prenyl chain of sclareol. These features combine to
orient the C6—oH bond toward the heme iron for productive ox-
idation. In accordance, Type I substrate binding assays revealed
a five-fold decrease in K4 (2.5 uM versus 0.50 uM, Figure S2)
for enzyme—sclareol complex after L181F and L437G muta-
tions.

Scheme 1. A. Formal synthesis of ansellone B from 9. B. Total synthesis of excolide B from 20. C. Synthesis of ent-pallavicinin
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The C6 oxidation products represent versatile synthetic inter-
mediates for the preparation of several complex terpenoids. As
noted earlier, aldehyde 5 served as a key intermediate in Tong’s
synthesis of ansellone B (1),® but it had to be prepared from
sclareolide in 17 steps. We sought to adapt several procedures'’
previously described for the conversion of sclareol to sclareo-
lide in the corresponding modification of 9 (Scheme 1A). This
effort yielded a two-step sequence featuring oxidative degrada-
tion with Pb(OAc)s and O3, followed by an oxidative ring con-
traction in the presence of mCPBA to afford 18. TBS protection
of the C6 alcohol was followed by a three-step sequence to per-
form one-carbon excision of the lactone moiety to the corre-
sponding aldehyde (5), which intercepts Tong’s synthetic route.
Opverall, this approach constitutes a 12-step formal synthesis of
ansellone B and shortens the previous route by 10 steps.

Next, we looked to take advantage of the ability to enzymati-
cally oxidize at C3 and C6 to access the 2,3-seco-labdane ter-
penoid excolide B'® (Scheme 1B). To this end, ketone 13 was
prepared in a three-step sequence from sclareol involving first
enzymatic C—H hydroxylation at C3, followed by DMP oxida-
tion and enzymatic C—H hydroxylation at C6. Though 13 was
obtained in low conversion in our substrate scope, the enzy-
matic oxidation conditions could be adjusted by increasing the
ODggo of the cell suspension and decreasing the substrate con-
centration to provide 13 in 46% isolated yield. Several methods
to effect an intramolecular ether ring closure on sclareol have
previously been reported.'® Though the use of FSO;H provided
superior diastereoselectivity to CAN-mediated cyclization, it
was found to be incompatible with the free alcohol at C6. For
this reason, we elected to move forward with CAN-mediated
etherification, even though the desired product was formed only



as the minor diastereomer (dr = 1.0:1.4) in the reaction. At this
stage, the C2 position of 21 was oxidized via enolate o.-oxida-
tion. Further oxidative cleavage with Pb(OAc)s, followed by
Pinnick oxidation completed the first synthesis of excolide B in
just 7 steps.

In the same vein, we designed a model study towards the pal-
lavicinin®® skeleton via a biomimetic Grob fragmentation-aldol
cyclization sequence (Scheme 1C). Towards this goal, the C3-
OH of 23 was protected as the TBS ether and the resulting prod-
uct was subjected to reduction with LiAlH4, followed by pro-
tection of the resulting primary alcohol to afford intermediate
24. Mesylation of the C6-OH and treatment of the product with
strong base (fBuOK) provided the Grob fragmentation product
(S17). During optimization, it was noted that prolonged reaction
times would result in the formation of a side product arising
from epimerization at C9. Under the best conditions, a diastere-
omeric ratio of 8:1 favoring the desired product could be
achieved. After a two-step conversion of the protected alcohol
at C3 to the corresponding ketone, an intramolecular aldol re-
action on 25 could be realized in the presence of ‘BuONa to
provide the signature bicyclic architecture of ent-pallavicinin.
Once again, precise control of the reaction time was key as an
unknown byproduct began to accumulate if the reaction was al-
lowed to proceed for too long. A key difference between our
biomimetic approach and that of Wong and co-workers*' is the
use of an aldehyde motif as the electrophile in the aldol cycliza-
tion in the latter, which necessitated additional functional group
manipulations to complete the core skeleton of pallavicinin.
Our work demonstrates that the correct product diastereomer
could be obtained from the methyl ketone precursor, further val-
idating the biosynthetic proposal for this natural product.*

In conclusion, we have engineered a P450gy; variant capable of
catalyzing the C6 oxidation of sclareol and related drimanes and
demonstrated the utility of this transformation in the synthesis
of several complex terpenoids. Starting from variant LG-23,
two rounds of directed evolution were performed to boost the
oxidation activity by six-fold. Though the resulting double mu-
tant exhibited a narrow substrate scope, it accepted several sub-
strates containing additional oxidation at C3. These insights al-
lowed us to streamline the synthesis of ansellone B by 10 steps
in a formal synthesis effort and realize the first synthesis of ex-
colide B in 7 steps. Future work in this area will focus on ex-
panding the substrate scope of the transformation through fur-
ther enzyme engineering. Based on our biomimetic approach
toward ent-pallavicinin, it is anticipated that a more general C6
oxidation platform would enable a divergent and efficient ac-
cess to an even broader range of seco-labdane natural prod-
ucts.”
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