Eleven-Step Chemoenzymatic Synthesis of Cotylenol
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ABSTRACT: Cotylenin A and fusicoccin A are two flagship members of the fusicoccane diterpenoid family that are capable of
acting as molecular glues to stabilize the interaction between the 14-3-3 proteins and their clients. Herein, we report a concise che-
moenzymatic synthesis of cotylenol, the aglycone of cotylenin A. Key features that contribute to the brevity of the route include the
union of two cyclopentene fragments in an allylative coupling, a one-pot Prins cyclization-transannular hydride shift sequence, and
a late-stage enzymatic oxidation to install the key tertiary alcohol at C3.

The fusicoccanes are fungal diterpenoids that are defined by
their 5/8/5 ring system.' Several members of the family, such as
cotylenin A (1) and derivatives of fusicoccin A (2), are known
to induce apoptosis and act as “molecular glues™ to stabilize the
protein—protein interaction (PPI) between the 14-3-3 hub pro-
teins and several of their partners.? The 14-3-3 proteins serve as
adaptor proteins that regulate many cellular processes by bind-
ing to a variety of disease-relevant signaling proteins, such as
Raf kinases and the YAP transcriptional modulator.® Given this
role, there has been a widespread interest in the development of
small molecules that are able to modulate these PPIs. Studies
by Ottmann and others* on cotylenin A and related natural and
semisynthetic fusicoccanes have begun to suggest that modula-
tion of PPI between 14-3-3 proteins and different binding part-
ners is possible by adjusting the oxidation patterns of the scaf-
fold. Interestingly, studies by Ohkanda and co-workers have
suggested that the absence of a secondary alcohol at C12 is a
key molecular determinant for cellular cytotoxicity.” Though
the sugar moieties contribute to a tighter ternary complex for-
mation, they are not critical for activity.® X-ray diffraction stud-
ies lend further support to this observation as the sugar moieties
are found to be partially solvent exposed in the crystal struc-
tures.” In agreement, cotylenol was observed to exhibit moder-
ate cytotoxicity on human myeloid leukemia cells and a crystal
structure of cotylenol in complex with 14-3-3c and a synthetic
C-terminal hexapeptide of TASK-3 has also been solved (PDB
ID: 3SP5).*

Despite their promising biological activities, access to 1 and 3
has been challenging as their native fungal producer,
Cladosporium sp. 501-7W, was reported to lose its ability to
proliferate during preservation.® Recent efforts in the synthesis
of the fusiccocanes notwithstanding,”™!! de novo preparation of
1 and 3 has also proven nontrivial. To date, only two total syn-
theses of cotylenol have been reported so far, proceeding in 29
steps (Kato and Takeshita, 1996)'? and 19 steps (Nakada, 2020)
respectively.'* Motivated by these synthetic shortcomings, we
sought to develop a concise chemoenzymatic strategy to access
cotylenol. In this Communication, we devised an eleven-step
synthesis of 3, which represents a significant improvement from
previous syntheses. Additionally, this work provided the first
foray towards establishing the biocatalytic utility and substrate
promiscuity of the key dioxygenase from the native

biosynthetic pathway of cotylenol. Beyond cotylenol, this work
also lays the foundation for a future family-level synthetic so-
lution to brassicicene congeners, including those with alterna-
tive skeletal connectivities,'* to enable further exploration into
their pharmacological properties.
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Figure 1. Representative members of the fusicoccane diterpe-
noid family and their activity as modulators of protein-protein
interactions with the 14-3-3 adaptor proteins.

Our approach towards cotylenol hinges on several late-stage ox-
idative maneuvers to install the hydroxyl groups at C3, C8 and
C9 in an expedient fashion. Based on Nakada’s work, the
C8,C9-trans-diol of 3 would be accessed from the C8-keto
counterpart through judicious redox manipulations. In addition,
we were aware of Dairi’s and Oikawa’s prior biosynthetic stud-
ies on 3 and the brassicicenes, which identified the role of the
non-heme dioxygenases (NHDs) BscD and Bsc9 in the genera-
tion of the C3 alcohol.*'” In the native biosynthetic pathway,
alcohol 8 undergoes an initial hydrogen atom abstraction at C1,



which leads to subsequent olefin isomerization and a net C-H
oxidation at C3 to produce 9 along with the shunt product 10.
Though the synthetic application of BscD and Bsc9 has not
been demonstrated, the biocatalytic oxidation transform was
deemed strategic and worth the risk, especially in light of the
challenges involved in installing the C3 alcohol in prior synthe-
ses. In a further departure from the native biosynthetic path-
way, our synthetic design would also apply the enzymatic oxi-
dation on 5 instead of 8. This decision posed an added risk as
the substrate promiscuity of the enzymes have not been investi-
gated. Nevertheless, the prospect of further minimizing unnec-
essary concession steps in the synthesis was viewed as a worthy
tradeoff. Ketone S would arise from synthons A and B through
two C—C bond forming events and the appropriate synthetic
equivalents of A and B could be found in cyclopentenes 6 and
7. In particular, Takeshita’s prior use'? of Nozaki-Hiyama-Ki-
shi-based allylation serves as a strategic inspiration due to its
ability to construct the key quaternary center at C11 with high
stereoselectivity.
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Figure 2. Retrosynthetic analysis of 3 featuring a late-stage en-
zymatic oxidation to install the challenging tertiary alcohol at
C3 and the use of a fragment coupling to generate the general
5/8/5 tricyclic ring system.

The key cyclopentane fragments 6 and 7 were prepared in five
steps each from (+)-limonene oxide (11) and (-)-limonene (12).
Though simplified variants of 6 have previously been prepared
from limonene, an efficient strategy to introduce the primary
allylic alcohol has yet to be described. Towards this goal, 11
was subjected to a regioselective epoxide opening, followed by
VO(acac),-catalyzed epoxidation to provide 13 as an inconse-
quential mixture of two stereoisomers. Treatment of this inter-
mediate with NaOMe effected an epoxide ring opening from the
less-hindered position and the resulting diol was oxidatively
cleaved in the presence of NalO4. An intramolecular aldol con-
densation completed the synthesis of cyclopentenal 6. This five-

step sequence could be routinely conducted on decagram scale
with satisfactory overall yield (39%). Synthesis of intermediate
7 proceeded through a known compound, 16, which was pre-
pared through slight modifications of a known route.'® Briefly,
catalytic hydrogenation of the isopropenyl unit of 12 in the pres-
ence of PtO, and ozonolysis of its trisubstituted olefin furnished
15 in 72% yield. An intramolecular aldol condensation and al-
dehyde reduction generated alcohol 16, which was chlorinated
in the presence of (COCl), and DMSO to complete the synthesis
of 7. Similar to the preparation of 6, this five-step route proved
to be robust, proceeding routinely on five-gram scale with 44%
overall yield.

Union of 6 and 7 was realized by employing Fiirstner’s modifi-
cation of the Nozaki-Hiyama-Kishi (NHK) reaction.!” This
method was chosen for two strategic reasons: (1) it features the
catalytic use of low-valent chromium salt, which has been noted
to pose physiological hazards, and (2) the use of TMSCI as the
reaction mediator allowed for simultaneous capping of the C1
alcohol as the TMS ether. With regards to the latter feature, we
observed in our initial forays that the free alcohol at C1 was not
compatible with the subsequent hydroboration step and its pro-
tection also improved the yields of the latter steps. Selective hy-
droboration of the isopropenyl unit and oxidation of the corre-
sponding primary alcohol to the aldehyde were combined in a
telescoped protocol to afford 18, whose stereochemical config-
uration was verified through single-crystal X-ray diffraction.
Submission of this intermediate to a Prins reaction in the pres-
ence of BF3*Et,O generated a 5/8/5 tricycle that contains all the
necessary chemical handles for accessing 3. At this stage, the
extraneous hydroxyl group at C1 needed to be excised. During
our attempts to deprotect the TMS group, it was found that the
use of TFA on 19 could lead to a complete deoxygenation at C1
along with the formation of a ketone moiety at C8. Though fur-
ther studies are still needed, this transformation likely proceeds
through selective ionization of the C1 hydroxyl group, which
initiates a transannular hydride transfer from the C8 carbon.

Using the above discovery as a starting point, we looked to
identify a suitable protocol to convert 18 to 20 in one step. An
extensive test of Lewis and Brensted acids for this conversion
eventually led to the development of a one-pot protocol featur-
ing an initial treatment with BF3+Et,O, followed by the addition
of tetra-n-butylammonium bifluoride (TBABF), which likely
reacts with BF; to generate HBF, in situ.'® In comparison,
stronger conditions tested led to simple elimination of the C1-
OH (see Table S4 in the Supporting Information). Prior synthe-
ses of 3 had established the viability of installing the C9 hy-
droxyl group via enolate a-oxidation with MoOPH. Due to
safety and toxicity issues associated with preparing MoOPH"
on large scale, an alternative set of conditions to effect this
transformation was sought. After an extensive screening, it was
found that a combination of LiOfBu and KH and molecular ox-
ygen in the presence of P(OMe); could be employed to afford 5
in high conversion, selectivity and isolated yield, though a mi-
nor byproduct arising from o-oxidation at C7 could also be ob-
served (see Table S5 in the Supporting Information). As a tes-
tament to the scalability of the route, the entire sequence toward
5 could be routinely conducted on gram-scale or near gram-
scale to provide ample material supply for our biocatalytic ex-
ploration of BscD and Bsc9.

While Bsc9 could be heterologously expressed as a N-Hisg-
tagged protein in £. coli, BscD was found to be completely in-
soluble. BscD and Bsc9 share ca. 70% sequence identity, and



the regions of divergence are primarily found in their N-termi-
nal domains, in which Bsc9 contains an additional 26-residue
sequence, and two insertion segments. Grafting of the N-termi-
nal domain of Bsc9 onto BscD was attempted, but this effort did
not lead to any improvement in soluble protein yield. Reaction
of § with Bsc9 in cell lysates provided a mixture of the desired
tertiary alcohol product (4) and shunt product 21 with moderate
conversion. In accordance, no reaction was observed with E.
coli lysates containing BscD. In their initial discovery of Bsc9,*
Dairi and co-workers proposed that the shunt product arises
from trapping of the tertiary radical at C3 with molecular

oxygen through the intermediacy of a dioxetane species. As no
further mechanistic studies were performed by Dairi and co-
workers, we sought to investigate whether 21 could have arisen
from 4 via enzyme-assisted oxidative cleavage. From the per-
spective of reaction optimization, we speculated that if 21 is ac-
tually derived from 4, the ratio of 4:21 could be readily modu-
lated by adjusting the reaction conditions. Subjecting 4 to the
enzymatic transformation provided no further conversion, dis-
proving this hypothesis. Importantly, this observation suggested
that optimization of the product composition in the reaction
would have to be achieved through alternative means.

Scheme 1. A. Eleven-step chemoenzymatic synthesis of cotylenol (3). B. Optimization of enzymatic oxidation to convert 5 to 4 and
22 to brassicicene I (23) through homolog screening and directed evolution. Phylogenetic tree was generated by aligning the homologs

on Clustal Omega and visualizing the alignment with iTOL.?

A
fragment preparation
Me
c. NaOMe, e. CsHy4N-
a.LDA MeOH CHO HOAc
—_—
b. VO(acac),, d. NaIO,, 39% over
TBHP 5 steps
Ilmonene
oxu:ie 1) 2 |somers)
Me Me
a. H, ¢’.CgHyN-  HO M COCI
PtO, HC HOAc
—_— —_—
b’. Og, o d’.NaBH, 83%
Me,S 0
Me  72% over Me 7:23 éoté)'\)/:r

)-limonene 2 steps
(12)

Me

k. Me,NBH(OLCiPr)5 H

-
87%

DhBsc9
CcBsc9
BvBsc9
MoBsc9
RsBsc9
Bsc9 "VR"
Bsc9 C304T
Bsc9 C304V
BscD

Bsc9

80
5 (%)

60
21 (%)

20 40

Product composition — m4 (%)

0

During our initial tests of Bsc9 in cell lysates, a large batch-to-
batch variability of the reaction outcome was observed. Even-
tually, this issue was rectified by developing a consistent and
rigorous lysis protocol and ensuring that the lysates were used
immediately for reaction. Addition of TCEP to the lysate was
also found to improve conversion. In line with this observation,
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purified Bsc9 readily formed precipitates, suggesting rapid de-
naturation. Bsc9 contains two cysteine residues, one of which
(C304) is predicted by homology model*! to be surface exposed.
We speculated that this residue could be targeted for mutagen-
esis to enhance the reaction outcome. While mutations C304V
and C304T in Bsc9 resulted in small improvements in



conversion, the ratio of 4:21 did not improve. Our homology
model also predicted that one of the insertion segments in Bsc9
(Alal03—Gly116, hereby referred to as “active-site insertion”)
lies opposite of the His-His-Asp iron-binding triad in the active
site. As this region might be implicated in substrate binding, we
generated a Bsc9-BscD chimera by swapping the Alal03—
Gly116 sequence of Bsc9 with the corresponding Val-Arg diad
from BscD. This chimera (Bsc “VR”) provided no reaction on
5, suggesting the importance of the active-site insertion seg-
ment for hydroxylation activity on 5.

The above observation prompted us to test additional homologs
of Bsc9 that diverge at the N-terminal and the active-site inser-
tion region. Ten homologs were identified by picking the top
ten hits from Genome Neighborhood Diagram (GND) analy-
sis*? and five of the ten were arbitrarily chosen for further char-
acterization. Gratifyingly, a homolog from Magnaporthe ory-
zae (MoBsc9, 54% sequence identity to Bsc9) displayed im-
proved conversion and ratio of 4:21, which translates to ca. two-
fold improvement in assay yield of 4. Interestingly, no terpene
synthase encoding genes could be identified within the vicinity
of MoBsc9, suggesting that this dioxygenase might be involved
in the biosynthesis of an entirely different natural product scaf-
fold. Though the native function of this enzyme is still unclear
to date, our discovery highlights the power of homolog screen-
ing in the unbiased discovery of superior enzyme(s) for a target
reaction.

A brief directed evolution campaign was conducted to further
improve the ratio of 4:21 in the enzymatic reaction. Based on
our homology model of MoBsc9, two hydrophobic residues in
the putative active site, L110 and Y112, were targeted for site-
saturation mutagenesis. Reetz’s “22-c trick” approach® to re-
duce codon redundancy was employed in combination with our
previously-developed thin layer chromatography-based (TLC-
based) screening strategy.?* In this round of screening, we iden-
tified mutation Y112M that afforded 8% improvement in selec-
tivity while maintaining the high reaction conversion. Concur-
rently, screening of the Y112X library for reaction with 22, pre-
pared via one-step reduction of 20, yielded variant Y112R that
produced brassicicene I (23) with 67% conversion and 51% se-
lectivity (defined as percent ratio of the desired product : total
products). As a comparison, WT Bsc9 provided only 37% con-
version and 43% selectivity in this reaction. Using these two
single mutants as parents, another round of evolution was per-
formed by randomly mutagenizing L110. While only marginal
improvement (less than 5%) could be obtained in testing the
Y112M L110X library on 5, the Y112R L110X library yielded
variant L110A that further improved the selectivity for the pro-
duction of 23 by 18%. Overall, our directed evolution campaign
allowed for 2.3-fold improvement in conversion and 1.8-fold
improvement in selectivity for the production of 4 and 2.6-fold
improvement in conversion and 1.6-fold improvement in selec-
tivity for the production of 23 relative to WT Bsc9. Preparative
scale biocatalytic reaction on 30-50 mg scale with MoBsc9
Y 112M could be conducted to afford 4 in 67% isolated yield. A
corresponding reaction on 22 with MoBsc9 L110A Y112R on
100 mg scale provided brassicicene I (23) in 64% isolated yield.
The final reduction to provide cotylenol proceeded uneventfully
under Nakada’s conditions,"? completing the synthesis in 11
steps (longest linear sequence) from commercial materials. Ad-
ditionally, we achieved the synthesis of brassicicene I in 10
steps from commercial materials.

To conclude, this work describes the development of a concise
chemoenzymatic synthesis of cotylenol, which was achieved in
just 11 steps. Salient features of our approach include the use of
a catalytic NHK reaction for the union of two cyclopentane
fragments that also set the key quaternary center at C11, the de-
velopment of a one-pot Prins cyclization/transannular hydride
transfer to construct the central cyclooctene ring of the target
molecule, and the application of a late-stage enzymatic oxida-
tion to generate the tertiary alcohol at C3. While Bsc9 provided
unsatisfactory yield for this reaction, a superior enzyme that re-
sulted in ca. 2-fold improvement in yield was identified through
screening of additional homologs. This work provides a blue-
print for developing a general and modular chemoenzymatic ap-
proach to other fusicoccanes bearing alternative oxidation pat-
terns and functional groups to further structure-activity relation-
ship studies on their ability to modulate 14-3-3 PPIL.
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