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CONSPECTUS:

The total synthesis of structurally complex natural products has challenged and inspired
generations of chemists and remains an exciting area of active research. Despite their history as
privileged bioactivity-rich scaffolds, the use of natural products in drug-discovery has waned. This
shift is driven by their relatively low abundance hindering isolation from natural sources and the
challenges presented by their synthesis. Recent developments in biocatalysis have resulted in the
application of enzymes for the construction of complex molecules. From the inception of the
Narayan lab in 2015, we have focused on harnessing the exquisite selectivity of enzymes
alongside contemporary small molecule-based approaches to enable concise chemoenzymatic
routes to natural products.

We have focused on enzymes from various families that perform selective oxidation reactions. For
example, we have targeted xyloketal natural products through a strategy that relies on a chemo-
and site-selective biocatalytic hydroxylation. Members of the xyloketal family are characterized by
polycyclic ketal cores and demonstrate potent neurological activity. We envisioned assembling a
representative xyloketal natural product (xyloketal D) involving a biocatalytically generated ortho-
quinone methide intermediate. The non-heme iron (NHI) dependent monooxygenase ClaD was
used to perform the benzylic hydroxylation of a resorcinol precursor, the product of which can
undergo spontaneous loss of water to form an ortho-quinone methide under mild conditions. This
intermediate was trapped using a chiral dienophile to complete the total synthesis of xyloketal D.

A second class of biocatalytic oxidation that we have employed in synthesis is the hydroxylative
dearomatization of resorcinol compounds using flavin-dependent monooxygenases (FDMOs). We
anticipated that the catalyst-controlled site- and stereoselectivity of FDMOs would enable the total
synthesis of azaphilone natural products. Azaphilones are bioactive compounds characterized by a
pyranoquinone bicyclic core and a fully substituted chiral carbon atom. We leveraged the
stereodivergent reactivity of FDMOs AzaH and AfoD to achieve the enantioselective synthesis of
trichoflectin enantiomers, deflectin 1a, and lunatoic acid. We also leveraged FDMOs to construct
tropolone and sorbicillinoid natural products. Tropolones are a structurally diverse class of
bioactive molecules characterized by an aromatic cycloheptatriene core bearing an a.-
hydroxyketone moiety. We developed a two-step, biocatalytic cascade to the tropolone natural

"Corresponding Author: Alison R. H. Narayan — Life Sciences Institute & Department of Chemistry, University of Michigan, Ann
Arbor, Michigan 48109, United States; Phone: +1 (734) 615-5505; arhardin@umich.edu.

The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chakrabarty et al.

Page 2

product stipitatic aldehyde starting using the FDMO TropB and a NHI monooxygenase TropC.
The FDMO SorbC obtained from the sorbicillin biosynthetic pathway was used in the concise total
synthesis of a urea sorbicillinoid natural product.

Our long-standing interest in using enzymes to carry out C—H hydroxylation reactions has also
been channeled for the late-stage diversification of complex scaffolds. For example, we have used
Rieske oxygenases to hydroxylate the tricyclic core common to paralytic shellfish toxins. The
systemic toxicity of these compounds can be reduced by adding hydroxyl and sulfate groups,
which improves their properties and potential as therapeutic agents. The enzymes SxtT, GxtA,
SxtN, and SxtSUL, were used to carry out selective C—H hydroxylation and O-sulfation in
saxitoxin and related structures. We conclude this account with a discussion of existing challenges
in biocatalysis and ways we can currently address them.

Graphical Abstract
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1. Introduction

Extracts of plants and microbes are a rich source of complex organic compounds used in
traditional medicine to remedy a host of human diseases.> Small molecules are often
responsible for these curative effects and can provide starting points in developing
pharmaceutical agents.® Natural products and their derivatives are the basis for more than
half of all the FDA approved anticancer drugs and antibiotics.> However, the challenges
associated with the synthesis of natural products have resulted in small-molecule based drug
discovery efforts to focus on synthetic molecule libraries.® The synthetic difficulties posed
by the complex architecture of natural products also hinder efforts to synthesize and
investigate natural-product analogs for drug-discovery efforts.>

Recent developments in biocatalysis have resulted in our potential to streamline the
challenges associated with synthesizing complex natural products (Figure 1a).%:” Advances
in DNA sequencing and bioinformatic technologies have enabled the identification of
secondary metabolite gene clusters that provide a blueprint for Nature’s synthetic approach.8
Parallel advances in protein engineering and evolution strategies have allowed for
manipulating these enzymes in heterologous expression systems to affect specific chemical
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reactions.? Most importantly, enzymes enable access to chemical scaffolds previously
intractable using traditional small-molecule based catalytic methods.1°

Biocatalytic methods offer several key advantages over conventional synthetic methods in
mediating chemical transformations.” These benefits include increased safety, sustainability,
and procedural simplicity, in addition to high selectivity profiles in a given chemical
reaction.11 Consequently, biocatalytic methods are becoming blended in the mainstream
synthetic organic chemistry repertoire.12:13 The advantages of enzymes in synthesis are
exemplified by the recent work published by Merck and Codexis in their development of a
five-step biocatalytic cascade of the HIV drug islatravir.14

Our research integrates the catalyst-controlled selectivity of enzymes along with the best
tools of contemporary synthetic organic chemistry to enable rapid access to complex
chemical architectures.3-15-23 \We are particularly interested in the application of
chemoenzymatic strategies for the synthesis of bioactive natural products and unnatural
analogs of these compounds that remain underexplored due to the synthetic challenges
presented by their complex structures to enable access to these fruitful sources of bioactive
compounds.1:24

This account presents examples of chemoenzymatic synthesis of complex natural products
developed in our lab since 2015.1-422 Qur team is particularly motivated by enzymes that
carry out selective oxidation reactions. The enzymes employed in our total synthesis
endeavors belong to the following classes of enzymes: a-ketoglutarate (a-KG) non-heme
iron (NHI)-dependent oxygenases,! flavin-adenine dinucleotide dependent oxygenases
(FDMOs),24 and Rieske oxygenases.322 The key oxygenation chemistry in each synthesis is
mediated by NHI-dependent enzymes or FDMOs. In particular, C-H hydroxylation and
oxidative dearomatization are used in concert with traditional synthetic methods to enable
access to natural products and their analogs.1:2:4

2. Biocatalysis in organic synthesis

We are motivated by enzymes that have the potential to solve reactivity and selectivity
challenges in synthesis. Starting by identifying reactions that are complexity-generating and
challenging to achieve, we next question if Nature has developed a strategy for mastering the
transformation in question and identify enzymes reported within secondary metabolite gene
clusters with a putative or demonstrated ability to carry out the target reaction.24-28 As a
starting point, we obtain a plasmid that encodes for the biocatalysts of interest through gene
synthesis, from the source organism or, from others that have worked with the target
biocatalyst.21 Common host organisms used for gene overexpression include £, coliand P
pastorifs. These organisms are transformed with a given plasmid and used to produce the
enzyme of interest (Figure 1b).

Within the academic community, several biocatalysis research groups, including ours, have
repositories of plasmids that encode for the production of biocatalysts and glycerol stocks of
heterologous hosts ready to produce enzymes on demand.1~# Such glycerol stocks can be
used to inoculate cultures grown for enzyme production and are easily distributed upon
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request.1~4 In this framework, the catalyst cost is minimal. Some equipment common to
biochemistry laboratories is required for chemists to easily produce biocatalysts on their
own, including a temperature-controlled shaking incubator, flasks for cultures, and reagents
for making media and buffers used for cultures and cell lysis and/or enzyme purification.2
The ability to produce the enzyme in house allows for enhanced ease of use and provides
flexibility in optimizing the platform for a specific reaction, such as choosing to run
reactions in either whole cells or with crude cell lysate.2!

Following the production of enzymes, biocatalytic reactions can be carried out in different
workflows on either analytical or preparative scales.2! Similar to traditional chemical
methods, biocatalytic reactions can be run in a variety of formats. For example, reactions can
be performed with the biocatalyst in multiple forms, including (1) whole-cells expressing
enzymes in live cultures (referred to as fermentation or biotransformation), (2) cells
containing enzyme collected from cultures and resuspended in a reaction buffer, (3)
harvesting and lysing the cells to form crude cell lysate, or (4) purified enzyme. Using the
purified enzyme of interest for /n-vitro reactions allows for more precise control over
biocatalyst stoichiometry but adds additional steps towards obtaining the biocatalyst. Post
biocatalytic transformation, the products can be extracted using liquid-liquid extraction with
common organic solvents and purified and characterized using standard methods employed
by synthetic chemistry labs.12

3. Chemoenzymatic total synthesis of xyloketal natural products

3.1. Introduction to xyloketal natural products

The xyloketals are a class of structurally complex natural products isolated from a mangrove
fungus of the X)/aria species.3? Each member contains at least one 5,6-bicyclic ketal
attached to an aromatic core (Figure 2a).30 Isolated xyloketals are chiral with absolute
stereochemistry conserved across the family.31 Xyloketals possess a bicyclic ketal cis-fused
with a methyl group on the five-membered ring synto the hydrogen and methyl substituents
at the 5,6-ring fusion, presenting a unique synthetic challenge (Figure 2a).31 Although this
class of molecules is relatively small, its members possess a wide range of structural
diversity and biological activities (see xyloketals A, B, and D, Figure 2a). Notably,
xyloketals A-D have demonstrated acetylcholine esterase (AchE) inhibition.32 AchE is an
essential enzyme in the human nervous system which transforms the active neurotransmitter
acetylcholine into inactive choline. Patients identified with Alzheimer’s disease or
Parkinson’s disease show decreased acetylcholine levels in nervous system tissue.32 One
strategy proven to be highly useful in diagnosing and treating these diseases is AChE
inhibition.32 Suppression of AchE activity decreases acetylcholine’s metabolism, thereby
increasing the neurotransmitter levels in the brain. In addition to AchE inhibition, select
xyloketals have demonstrated L-calcium channel inhibition, radical-scavenging activity,
antioxidant activity, and neuroprotective effects.31:32

Many of the strategies developed towards the synthesis of this class of molecules have
centered around constructing the bicyclic ketal moiety. One member, (-)-xyloketal D, has
been previously synthesized through gold-catalyzed cycloisomerization (Sarkar and Panda),
33 Michael-addition ketalization sequence (Florke),34 and through a Diels-Alder
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cycloaddition (Wilson).3% The Wilson strategy utilizes an ortho-quinone methide (o-QM)
derived from a morpholine-based precursor.3% Under thermal conditions, the -QM is
generated and captured by a chiral dienophile, leading to a 37% combined yield of 4
products.3® These products are in a 2:1 ratio of ketal to spiroketal isomers, which stem from
the dienophile’s isomerization under the thermal reaction conditions.3® We hypothesized that
this 0-QM strategy could be improved by generating a more active precursor through
biocatalytic oxidation.

3.2. Biocatalytic o-quinone methide formation

There are several reported examples in Nature in which 0-QMs are implicated in the
biosynthesis of natural products.36:37 These reactive intermediates can be captured with
nucleophiles or dienophiles through Michael-type additions or inverse-electron demand
Diels-Alder (IEDDA) cycloadditions, respectively (Figure 2b). Interception of -QMs allows
for rapid building of molecular complexity and has been employed in the total synthesis of
several natural products. Conventional methods for generating 0-QMs often require harsh
conditions such as strongly acidic3® or basic3? conditions or photolysis*° using low
wavelength (< 300 nm) UV light, microwave,*! heat,*2 or transition metal catalysts.*3 In
Nature, one approach to access 0-QMs is benzylic hydroxylation of ortho-cresol compounds,
followed by loss of water under mild physiological conditions.?> We were inspired by this
method and sought to develop a biocatalytic platform for benzylic hydroxylation of ortfio-
cresol compounds.

One class of enzymes that can affect this oxidation is non-heme iron (NHI) alpha-
ketoglutarate dependent oxygenases.** These enzymes are capable of activating molecular
oxygen at iron contained in the enzyme active site.*> Upon substrate binding, an iron(IV)-
oxo intermediate capable of hydrogen abstraction is generated (Figure 3).4> The resulting
substrate radical can recombine with the iron(I11)-hydroxy intermediate in a process referred
to as the rebound hydroxylation.*®> A similar process occurs in heme-containing enzymes,
such as cytochrome P450 hydroxylases; however, these enzymes often require an external
reductase to supply electrons for the reduction of O, and can present challenges in
scalability. Conversely, a-KG is oxidized to reduce O, in reactions with NHI enzymes,
which have been carried out on preparative scale.l:"46 These advantages allow for a
synthetically useful platform for benzylic hydroxylation and subsequent diversification of
products.t

Benzylic hydroxylation of ortho-cresol compounds provides a direct route to access o-QMs
through the loss of water (Figure 2b).2> Further elaboration of 0-QMs can often be
performed in one-pot chemoenzymatic cascades due to mild conditions under which
enzymatic production of benzylic alcohols with NHI enzymes occurs. In this strategy,
nucleophile or dienophile is added directly to the enzymatic reaction mixture to combine
with the /n situ generated 0-QM, eliminating the need to isolate the benzylic alcohol. This
one-pot strategy allows for the rapid building of molecular complexity, and we have
employed this strategy in the total synthesis of xyloketal natural products (vide infra).
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3.3. Chemoenzymatic synthesis of (-)-xyloketal D

Spearheaded by Doyon and Perkins, our lab used a NHI monooxygenase-centered strategy
to achieve the total synthesis of (-)-xyloketal D (Figure 4).1 This was carried out using
either CitB or ClaD (54% sequence identity), which were previously reported to perform
benzylic hydroxylation in fungal metabolite biosynthesis.2#25 Cox and coworkers
implicated CitB in citrinin biosynthesis in Monascus ruber,?* and ClaD was reported by Li
and coworkers to hydroxylate the penultimate step of peniphenone and penilactone
biosynthesis in Penicillium crustosum.2> Heterologous expression in £. coli provided access
to these enzymes that have demonstrated promiscuity in the benzylic hydroxylation of more
than thirty resorcinol substrates.! Resorcinol 4, the precursor to (-)-xyloketal D, was
converted to the corresponding benzylic alcohol 5 in excellent yield by ClaD. Following
enzymatic oxidation, dienophile 73° was added to the reaction mixture along with benzene,
and the mixture was refluxed at 80 °C to affect the desired cycloaddition. This
chemoenzymatic cascade generated (—)-xyloketal D (3) in 64% vyield in a 2:1 diastereomeric
ratio. Products resulting from the C6 0-QM (e.g. 8, Figure 4) were not observed, likely due
to strong hydrogen bonding interactions between the hydrogen of the C6 hydroxyl and the
C5 carbonyl’s oxygen. Additionally, we do not observe the formation of spiroketal products
(e.g. 10, Figure 4) as reported by Wilson and coworkers in their synthesis of xyloketal D.3°
This is attributed to the ease of conversion of benzylic alcohols to -QMs in our systems
compared to the morpholine derived precursor used by Wilson and coworkers.3> This allows
lower reaction temperatures to be employed and thus avoids isomerization of the dienophile.

Our chemoenzymatic synthesis of (—)-xyloketal D is performed in a one-pot manner,
providing rapid access to the enantioenriched product.2! The modularity of this method also
enables facile analog generation. This important synthetic attribute is useful for the
evaluation of xyloketal D as a potential therapeutic agent. Furthermore, xyloketal D’s
chemoenzymatic synthesis is expected to set the stage for the future total synthesis of
additional xyloketal family members using an analogous sequence.

The developed method for biocatalytic access to ortho-quinone methides has the potential to
enable the synthesis of numerous other natural products. Retrosynthetic analysis of natural
products that could arise from a cycloaddition or nucleophilic addition to an o-QM will
identify substrates for enzymatic benzylic hydroxylation. We anticipate that bioinformatic
and experimental profiling across NHI enzyme families will pinpoint enzymes that can carry
out efficient and selective hydroxylation on desired substrates in the path to other complex
molecules.

4. Chemoenzymatic total synthesis involving biocatalytic dearomatization

4.1. Introduction to oxidative dearomatization

The ortho or para-quinol motif (12-14, Figure 5a) obtained via oxidative dearomatization of
phenolic compounds forms several biologically important natural products’ core structure.
47-49 Chemical oxidants including I'"!, 1V, Pb!V: and Cu! reagents have been developed to
carry out oxidative dearomatization reactions.4’49 These oxidants have been used in a
variety of complex molecule synthesis.*”:4% However, small-molecule reagents that mediate
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oxidative dearomatization often suffer from several disadvantages. For example, these
oxidants are typically required in stoichiometric quantities and generate stoichiometric by-
products.*” Additionally, small-molecule based oxidants can provide stereocontrol; however,
achieving reagent-controlled site-selectivity is a tremendous challenge. Furthermore, side
reactions such as dimerization, rearomatization, and rearrangement®C are often observed
under the reaction conditions (Figure 5a). Enantioselective versions of oxidative
dearomatization reactions have been developed using chiral hypervalent iodine reagents and
superstoichiometric amounts of chiral metal complexes.*’ However, a catalytic platform for
controlling site- and stereoselective oxidative dearomatization remains elusive to small
molecule-based approaches.

To solve the limitations posed by the traditional methods, we chose to develop a biocatalytic
platform to carry out oxidative dearomatization reactions.2# Flavin-dependent
monooxygenases (FDMOs) have been implicated in the stereodetermining steps of several
biosynthetic pathways.1® Such monooxygenases bind flavin and require molecular oxygen
and a nicotinamide cofactor for catalysis (Figure 5b).1® FDMOs present an ideal platform
for oxidative dearomatization reactions as these operate under mild conditions with high
levels of the site- and stereoselectivity.1921 Qur research in this area was guided by the work
of Cox, Tang, Wang, and Watanabe groups.2:26-28:5152 Tang and coworkers characterized
the FDMO AzaH from a silent A. niger gene cluster and demonstrated its role in the C3-
hydroxylative dearomatization of resorcinol 20 to form the dearomatized azaphilone
intermediate 21 in the biosynthesis of azanigerone A (22, Figure 5¢).28 The initial
stereoselectivity of AzaH was not reported; however, studies from our lab demonstrated that
the newly formed stereocenter possesses the “R” configuration.2 Wang and coworkers
identified another FDMO, AfoD, which was implicated in the biosynthesis of asperfuranone
(25, Figure 5¢).27 This enzyme was initially proposed to catalyze enantioselective oxidative
dearomatization of a substrate (23) similar to the native substrate of AzaH (20).27:53
Research from our lab demonstrated that AfoD results in oxidative dearomatization with the
same site-selectivity yet complementary stereoselectivity to AzaH.2 Cox and coworkers
characterized the function of the FDMO TropB included in the gene cluster encoding for the
tropolone natural product stipitatonic acid (28, Figure 5¢).%14 TropB catalyzes the
hydroxylative dearomatization of resorcinol 26 to afford quinol product 27.4 The Cox group
also identified the FDMO SorbC from the sorbicillactone A (31, Figure 5c¢) biosynthetic
pathway and demonstrated its efficacy in mediating a C5 hydroxylative dearomatization of
its native substrate 29 to form the chiral quinol product 30.28 Although they perform similar
hydroxylative dearomatization reactions, SorbC offers different site-selectivity compared to
AzaH, AfoD, and TropB.4

We began our studies in oxidative dearomatization by heterologously expressing these
FDMOs in E. coliand subsequently conducting analytical scale biocatalytic reactions to
profile the substrate scope of each enzyme.2 We then developed preparative-scale
biocatalytic reactions towards the chemoenzymatic total synthesis of azaphilone natural
products, a urea sorbicillinoid natural product, and a tropolone natural product stipitatic
aldehyde, respectively (vide infra).2*
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4.2. Chemoenzymatic total synthesis of azaphilone natural products

Azaphilones are biologically active fungal natural products structurally characterized by a
pyranoguinone bicyclic core and a fully-substituted carbon atom.>® These natural products
bear diverse structural elements that are responsible for a range of interesting biological
actions, including anticancer,%6 anti-inflammatories,” and antiviral®8 activities (select
examples in Figure. 6a). Despite their high utility, the synthesis of azaphilones has proven
challenging due to their nonaromatic cyclic structures and the presence of a congested
stereocenter.>® Previously reported syntheses of azaphilones typically relied on the oxidative
dearomatization of prefunctionalized resorcinol intermediates using hypervalent iodine
reagents®® or Pb(OAC)4,50 enabling access to racemic azaphilones. To date, however, there is
a single reported method of the enantioselective synthesis of azaphilone core using a small-
molecule copper-oxo (-)-sparteine mediated dearomatization strategy reported by Porco and
coworkers.#” This state-of-the-art methodology requires superstoichiometric quantities of
both the oxidant and the chiral alkaloid ligand.47-61

The pivotal discovery of complimentary stereoselectivity provided by FDMOs AzaH and
AfoD enabled us to pursue a stereodivergent chemoenzymatic total synthesis of the angular
azaphilone natural product trichoflectin (39, Figure 6b).2 Trichoflectin was first isolated by
Sterner in 1998 and exhibits moderate antimicrobial activity and inhibition of 1,8-
dihydroxynaphthalene (DHN)-melanin biosynthesis in certain fungi.52 We envisioned setting
the C7-stereocenter of trichoflectin using stereoselective hydroxylative dearomatization of
enone 36 mediated by a FDMO.2 Following dearomatization, we envisioned constructing the
butanolide ring through acylation of the C7-hydroxyl group, followed by a spontaneous
intramolecular Knoevenagel condensation (Figure 6b).53

Hydroxylative dearomatization of enone 36 with AzaH afforded the azaphilone intermediate
(R)-37 in 96% yield and in >99% ee (Figure 5b).2 Acylation of (/)-37 using the acylketene
generated in-situ from precursor compound 38 provided (S)-trichoflectin, (5)-39, in 99%
yield.2 Notably, we were able to exclusively access the angular tricycle and found no traces
of the linear regioisomeric product.2 We attribute this to a difference in the electronic
properties of the bicyclic core and have observed experimentally that the C8 carbonyl is
more electrophilic than C6 (Figure 6b).2 An analogous sequence beginning with
hydroxylative dearomatization of enone 36 with AfoD resulted in (/)-trichoflectin, (/)-39,
in 98% ee. Access to each enantiomer of this compound provided evidence for the structural
revision of the natural product from (S)- to (A)- configuration at C7 based on optical
rotation, X-ray crystal data, and comparison of calculated and measured CD spectra.?

We next turned our attention to a chemoenzymatic total synthesis of (S)-deflectin 1a (43,
Figure 6¢).%4 Deflectins are reported to possess inhibitory activity of bacteria and
erythrocytes in addition to bearing cytotoxic activity.54 This class also shares a very similar
structural scaffold to trichoflectins.5* We began our chemoenzymatic synthesis with
hydroxylative dearomatization of methyl ketone 40 to produce the bicyclic intermediate 41
in 95% yield and >99% ee.2 Acylation and subsequent Knoevenagel condensation with
acylketene derived from 42 delivered (S)-deflectin-1a (43) in 87% yield.2 Further analysis of
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this synthetically prepared natural product also provided evidence for its structural revision
from (R)- to (S)-configuration at C7.

The final azaphilone natural product constructed using this methodology is lunatoic acid A
(47), which exhibits antibacterial and antifungal properties (Figure 6d).5> We envisioned
building lunatoic acid A from the intermediate 37, which was obtained through
hydroxylative dearomatization with AzaH en-route to (S)-trichoflectin, (5)-39 (Figure 6b).2
Starting with 37, we planned to access the carboxylic acid moiety in lunatoic acid through a
cross-metathesis reaction and envisioned appending the chiral aliphatic ester via acylation of
the C7-hydroxyl group.261 The first challenge that we encountered was the acylation of the
tertiary alcohol.2 Acyl chlorides or symmetric anhydrides consistently failed to provide the
desired ester.2 Most conditions afforded only the starting material, and forcing conditions
resulted in the decomposition of 37. We were finally successful in carrying out the desired
transformation using Yamaguchi’s conditions.56 However, after reaction optimization, a
maximum of 50% yield of intermediate 45 was obtained, starting with the mixed anhydride
44,57 We then carried out a cross-olefin metathesis with methyl acrylate and Grubbs second-
generation catalyst to access methyl ester 46 in a 48% yield.58 We discovered that
performing the metathesis before esterification resulted in starting material decomposition,
indicating that the protection of the C7-hydroxyl group increases the compound’s stability to
the metathesis conditions.2 The mass of Lunatoic acid A was observed by LCMS following
the saponification of 46 using LiOH.2 However, sufficient quantities of the pure compound
for NMR characterization could not be obtained. This observed instability parallels the
reported nature of the acid stability in the isolation literature; methylation of cell-culture
extracts was carried out to obtain lunatoic acid A methyl ester, which was characterized in
place of the free acid.285 All spectroscopic analysis of our synthetic methyl ester match
reported values, confirming the correct original assignment of the C7 stereocenter.2:6°

4.3. Chemoenzymatic total synthesis of stipitatic aldehyde and urea sorbicillinoid

Tropolones are a structurally diverse class of bioactive fungal natural products characterized
by an aromatic cycloheptatriene core bearing an a-hydroxyketone functionality (e.g., 49,
Figure 7a).>4.69 Synthetic approaches towards tropolones often rely on ring expansion
through two-electron rearrangements,’? or via radical based approaches from ortfo-
dearomatized catechols.”! Although highly successful, the existing synthetic methods to
access tropolones suffer from significant limitations in their generality, making it
challenging to access all tropolone based natural products.’® In contrast, Nature has devised
efficient methods to access tropolones in its biosynthetic machinery.# 72 We developed a
two-step, biocatalytic cascade to the tropolone natural product stipitatic aldehyde starting
with the resorcinol-derived quinol 27.472 Hydroxylative dearomatization of 26 using TropB
affords quinol intermediate 27 (Figure 5c). The quinol intermediate 27 undergoes oxidation
by an a-KG dependent NHI enzyme TropC to form the radical intermediate 48.472 We
propose that this radical intermediate undergoes rearrangement resulting in a net ring
expansion to form stipitatic aldehyde (49).72

Sorbicillinol (30) forms a core structural component of the vertinoid class of fungal
hexaketide-derived bioactive metabolites.”3 Sorbicillinoid urea natural product 51
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demonstrated antibiotic activity when it was first isolated by Cabrera and coworkers from
the fungus 2 marquandii’3 We accessed sorbicillinol (30) via SorbC mediated
dearomatization of resorcinol substrate 29 (Figure 5c). Sorbicillinol (30) was exposed to
bisacylated urea 50, leading to a facile [4+2] cycloaddition reaction.* Saponification of the
acetate groups was carried out on the crude reaction mixture to afford urea sorbicillinoid 51
in 21% yield over three steps.* This chemoenzymatic total synthesis is an excellent example
of rapidly building molecular complexity using biocatalysis. The FDMO SorbC was also
utilized by Gulder and coworkers in the stereoselective total synthesis of bissorbicillinoid
natural products.’#

5. Selective functionalization of paralytic shellfish toxins

Late-stage C—H functionalization of complex bioactive organic molecules offers a
streamlined route to access analogs for drug-discovery efforts.13 Enzymes often offer
outstanding levels of chemo, site- and stereoselectivity for C—H functionalization as
compared to small molecule based methods.13 Saxitoxin (STX, 53, Figure 8) is a paralytic
shellfish toxin naturally produced by freshwater cyanobacteria and marine dinoflagellates.”
The picomolar toxicity exhibited by paralytic shellfish toxins stem from their high affinity
for voltage-gated ion channels. Structurally related saxitoxin analogs bearing a higher level
of oxygenation or at least one sulfate group, such as gonyautoxin 5 (GTX 5, 56, Figure 8),
have reduced systemic toxicity and thus possess greater potential as safe pharmaceutical
agents.’>76

Several analogs of paralytic shellfish toxins possessing varying levels of toxicity are known
that are differently functionalized at the C11, C12, C13, and the N1 positions in the complex
tricyclic bisguanidinium ion-containing core (Figure 8).”> Accessing such analogs through
traditional synthetic methods can present a challenge that requires de-novo synthesis of each
saxitoxin analog with a different oxidation pattern.” In contrast, the use of enzymes to carry
out the divergent synthesis of analogs from a common advanced intermediate provides a
streamlined route, significantly reducing the time and effort for a given campaign.313.17.22

From tricyclic intermediates, we have developed enzymatic sequences to access
hydroxylated and sulfated saxitoxin analogs (Figure 8).3:22 We have characterized the Reiske
oxygenases SxtT and GxtA that each perform a C-H hydroxylation in a site- and
stereoselective manner.322 For example, the enzyme SxtT performs the stereoselective
hydroxylation of B-saxitoxinol (52, Figure 8), directly generating saxitoxin (53).22 The
enzyme GxtA mediates the stereoselective conversion of saxitoxin (53) to 11-B-hydroxy
saxitoxin (54).322 In addition to selective C—H hydroxylation catalysts, the paralytic
shellfish toxin biosynthetic pathway also provides biocatalysts for selective sulfation.3 We
characterized the enzyme SxtN from Aphanizomenon sp. NH-5,77:78 which mediates the
exclusive sulfation of the carbamate in saxitoxin (53), leading to the formation of GTX 5
(56).3 The enzyme GxtA also carries out an analogous hydroxylation of GTX5 (56) to afford
the natural product toxin M1p (57).3 We have also characterized the chemistry and substrate
promiscuity of the O-sulfotransferase SxtSUL from Microseira wollei, which effectively
carries out the sulfation of 11-B-hydroxy saxitoxin (54) to GTX 3 (55) and mediates a
similar reaction to transform M1 (57) to toxin C2 (58).322 Characterization of the enzymes
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SxtT, GxtA, StxN, and SxtSUL constitutes a powerful new approach for the direct
functionalization of saxitoxin core.317:22 Due to the high degree of systemic toxicity
exhibited by saxitoxin and related paralytic shellfish toxins, we carried out these reactions in
micromolar scales and analyzed product formation by comparison with authentic product
standards via LCMS and MS/MS analysis.322 We anticipate that this work will pave the way
for the development of novel saxitoxin analogs with enhanced therapeutic potential.

6. Conclusions

The powerful chemistry offered by biocatalytic reactions has resulted in increased adoption
of biocatalytic methods by the synthetic community and presents new opportunities for
blending small and large molecule catalysts to achieve the most efficient route toward target
molecules.”® However, physical enzyme availability as well as limited data on an enzyme’s
function and substrate scope can often be a significant hindrance to purely synthetic
chemists that are willing to embrace enzymatic catalysis.13 To tap into the vast array of
catalysts for which sequences are known, it is essential to accelerate the characterization of
the chemistry of this treasure trove of biocatalysts to provide a roadmap for how the
synthetic community can apply these tools in synthetic routes.89 We anticipate this gap will
be filled by solutions developed by both academic and industrial scientists. We predict that
expanding access to characterized biocatalytic enzymes will increase their adoption in
chemistry.

This account summarizes the chemoenzymatic total synthesis of complex natural products
developed by our group within the past five years.1™ As demonstrated in this account, the
use of biocatalysis in conjunction with contemporary synthetic methods can enable access to
concise syntheses of complex natural products that are not easily accessible using traditional
chemical methods alone. Biocatalytic synthetic methods have significantly expanded the
repertoire of transformations in organic chemists’ toolbox, allowing greater access to
chemical space than previously possible.® Furthermore, the procedural simplicity of such
reactions has enabled their gradual adoption by the mainstream synthetic community.®
Consequently, chemoenzymatic methods are becoming increasingly commonplace in
academic and industrial settings,1! and a variety of complex natural products are now
accessible by combining the best of small- and large- molecule catalysts.”® This synthetic
renaissance stands to change the way we think about making molecules.
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Figure 1.

a. Natural products form a rich source of complex organic compounds with high therapeutic
potential. b. Biocatalysis workflow.
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Figure 2.

a. Representative xyloketal natural products. b.ortho-Quinone methide formation and
diversification from o-cresol benzylic alcohols.
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Figure 3.
Non-heme iron a-KG dependent benzylic hydroxylation.
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Figure 4.
One-pot chemoenzymatic total synthesis of (—)-xyloketal D.
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Figure 5.
a. Challenges associated with chemical methods of oxidative dearomatization. b. Catalytic

mechanism of FDMOs. c. Catalytic activity of FDMOs AzaH, AfoD, TropB, and SorbC.
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Figure 6.

THF:MeOH:H,0

a. Representative examples of bioactive azapilones. b.Chemoenzymatic total synthesis of
trichoflectin. c. Chemoenzymatic total synthesis of deflectin. d. Chemoenzymatic total

synthesis of lunatoic acid.
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a. Chemoenzymatic total synthesis of stipitatic aldehyde. b. Chemoenzymatic total synthesis

of urea sorbicillinoid.
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Figure 8.
Enzymatic access to saxitoxin analogs.
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