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Abstract

Oxidative cyclizations are important transformations that occur widely during natural product
biosynthesis. The transformations from acyclic precursors to cyclized products can afford
morphed scaffolds, structural rigidity and biological activities. Some of the most dramatic
structural alterations in natural product biosynthesis occur through oxidative cyclization. In this
review, we examine the different strategies used by Nature to create new intra-(inter-)-molecular
bonds via redox chemistry. The review will cover both oxidation- and reduction-enabled
cyclization mechanisms, with an emphasis on the former. Radical cyclizations catalyzed by P450,
nonheme iron, a-KG dependent oxygenases and radical SAM enzymes are discussed to illustrate
the use of molecular oxygen and S-adenosylmethionine to forge new bonds at unactivated sites via
one-electron manifolds. Nonradical cyclizations catalyzed by flavin-dependent monooxygenases
and NAD(P)H-dependent reductases are covered to show the use of two-electron manifolds in
initiating cyclization reactions. The oxidative installation of epoxides and halogens into acyclic
scaffolds to drive subsequent cyclizations are separately discussed as examples of “disappearing”
reactive handles. Lastly, oxidative rearrangement of rings systems, including contractions and
expansions will be covered.
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1. INTRODUCTION

The importance of natural products to human health is unquestioned. Many of the natural
products and their semisynthetic derivatives have served as front line therapeutics to treat a
wide variety of diseases, ranging from microbial infections, cancer, cardiovascular
conditions, and as immunosuppressants.1=3 The vast collection of bioactivities displayed by
natural products is a direct result of the immense structural diversity introduced during the
biosynthetic assembly.* Several major families of natural products have been classified
during the decades of isolation and structural characterization since the golden age of
antibiotics. Based on biosynthetic origin and fundamental building blocks, the major
families of natural products include polyketides (PKs), nonribosomal peptides (NRPS),
ribosomally synthesized and post-translationally modified peptides (RiPPs), isoprenoids,
alkaloids including phenylpropanoids and indole alkaloids, aminoglycosides, nucleosides,
etc.>

For the major families of natural products including PKs, NRPs, RiPPs, terpenes, etc., nature
builds structural complexity in two major phases. The first phase involves the
polymerization of building blocks, such as acetate for PKs, amino acids for NRPs and
RiPPs, and isoprene units for terpenes. The polymerization process builds the carbon
backbone of the molecules, and in most cases, cyclizes the molecule in a regioselective
fashion to yield a basic scaffold of the final natural product. This scaffold, which can be
called the aglycone in some cases, is then subjected to a barrage of post-assembly
modifications that serve a variety of purposes, such as rigidifying the molecule and fixing
the three-dimensional conformation; introducing polar groups to increase the water
solubility; reveal structural motifs and reactive sites as warheads for target inhibition; and
appending oligosaccharides that bind to specific DNA sequences. It is during the post-
assembly steps that the natural products can undergo significant structural morphing to result
in the final bioactive compounds. Obtaining a complete understanding of these enzymatic
transformations is therefore important to not only allow chemists to appreciate Nature’s
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chemical strategy to forge complex small molecules, but also increases the toolbox of
biocatalysts that can used to generate structural diversity and biological activities into both
biological and synthetic molecules.

The types of enzyme modifications that will be reviewed here are cyclization reactions
through redox alteration of acyclic substrates. We define oxidative (or reductive) cyclization
as 1) formation of new rings as a result of oxidative modification, such as in the case of
P450-catalyzed formation of phenyl ether rings during vancomycin biosynthesis; 2) a
tandem redox/cyclization combination, in which a discrete redox modification occurs to set
up the subsequent enzyme-catalyzed/spontaneous step that forges a new ring system. This is
exemplified in the epoxide-mediated cyclization of terpenes and polyethers, as well as the
cryptic oxidative halogenation steps that lead to cyclopropanation; and 3) oxidative
morphing of existing ring systems to either contract, expand or rearrange to a new ring
system. All cyclization reactions covered in this review must involve a net redox state
change in the starting substrates, i.e. addition or removal of electrons to drive the formation
of new intramolecular covalent bonds, although in many cases the overall reaction can be
redox neutral. Nonredox-mediated cyclization mechanisms are not covered except a brief
discussion of [4+2] cycloadditions that are setup by prior redox steps. Nonredox cyclizations
include acyltransferase/thioesterase catalyzed macrocyclization of PKs and NRPs,®
intramolecular Aldol and Claisen condensation reactions in aromatic PK biosynthesis,’
pyran synthase in many PK pathways,8 etc.

Oxidative cyclization can introduce some of the most dramatic structural changes in a
natural product biosynthetic pathway. The use of high-valent iron-containing enzymes such
as P450 and nonheme iron a-ketoglurarate (a-KG, also known as 2-oxoglutarate) dependent
oxygenases can result in the formation of radicals through homolysis of different types of
bonds in a molecules, including unactivated C-H bonds, phenolic O-H bonds, indole N-H
bonds and thiol S-H bonds.?10 The resulting radical can then be the starting point to
regioselective forging of new bonds that are otherwise difficult to construct. Section 2 will
cover this type of oxidative cyclization sorted by both enzymes and the types of bonds that
are formed. In addition to the one-electron manifold oxidation of substrates, Nature also uses
two-electron redox manifolds facilitated by the flavin and p-nicotinamide adenine
dinucleotide (phosphate), reduced form (NAD(P)H) cofactors. While enzymes use these
cofactors to catalyze oxidation/reduction of more reactive sites in the molecules, the
flexibility of the flavin cofactor, serving either as an electron sink in desaturation reactions
or as an electrophilic [OH*] equivalent, propels this family of enzymes into central
importance during oxidative cyclizations.1! Section 3 will discuss prominent examples of
nonradical-mediated oxidative cyclizations, including both flavin and NAD(P)H mediated
mechanisms. Several examples of [4+2] cycloaddition will also be discussed, although we
use these to highlight the importance of precise redox tuning of the acyclic substrates that set
up such dramatic transformations. Section 4 and 5 will discuss the use of reactive handles
installed by oxidative enzymes to initiate a cyclization sequence, ultimately forging new ring
systems while masking the use of the handles in the final molecules. Section 4 will discuss
the use of “disappearing” epoxides in promoting ring closing steps in a variety of natural
product pathways. Regioselective epoxidation of a double bond in the substrate can trigger a
cascade of cyclization steps that rigidify an otherwise linear precursor, as in the example of
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lanosterol biosynthesis. Section 5 will discuss the oxidative halogenation of natural products
as a strategy to initiate cyclization. Both the vanadium haloperoxidases (VHPOs) and a-KG
dependent families of oxidative halogenases will be discussed. In Section 6, oxidative ring
rearrangements catalyze by all major families of oxygenases will be discussed. Finally in
Section 7, a unifying discussion of the examples presented here will conclude the review.

Types of Redox Enzyme in Nature

Before we discuss the specific examples of oxidative cyclizations, a general introduction to
the types of enzymes that participated in these reaction will be briefly summarized here. The
mechanisms of the reactions have been well-worked out and have been reviewed in many
excellent articles and books that are cited throughout.

Iron and Heme-Dependent Cytochrome P450 Monooxygenases

P450s are ubiquitous oxidative enzymes that span across all organisms, from bacteria to
humans. P450s are heme-binding enzymes and share a highly conserved protein fold.12
These oxygenases form iron-porphyrin complexes to oxidize a vast multitude of different
substrates using molecular oxygen. Despite their substantial range of substrate diversity,
P450 oxidations can be highly stereoselective and regioselective. P450 enzymes in natural
product biosynthesis use a single-electron manifold to produce radical intermediates via a
high-valent oxoiron cationic radical (or Fe!V=0, ferryl) (Scheme 1).13-14 This Compound |
can readily abstract hydrogen from C-H, N-H, O-H and S-H bonds to yield a reactive radical
species.10:12 These reactive radical intermediates can lead to a variety of modifications
including hydroxyl rebound, epoxide formation, dehydrogenation, radical addition, diradical
combination, etc.1%:12 |n typical hydroxylation mechanisms, rebound of the [OH] from the
resulting Fe!V-OH leads to insertion of the oxygen atom which is derived from molecular
oxygen. Alternatively, the radical species can perform intramolecular addition (for example,
with an olefin) or recombination with another radical to forge new bonds in the product
scaffold. In this case, the net reaction is the four-electron reduction of molecular oxygen
without insertion of any oxygen atom into the final product. The use of these powerful
oxidative enzymes in natural product cyclization will be discussed in Section 2.2.

Nonheme Iron Dependent Oxygenases

In addition to heme-dependent oxygenases, nonheme iron-dependent oxygenases are also
widely found in biosynthetic pathways.15:16 In particular, mononuclear nonheme Fe(lD- a.-
KG-dependent oxygenases comprise a large family of oxidative enzymes that are widely
distributed in Nature.1”-18 Enzymes in this family utilizes an Fe!V-oxoiron intermediate to
initiate otherwise challenging oxidative transformations at unactivated sites, such as
hydroxylation, desaturation and halogenation.1® Mechanistic and structural studies of this
family of enzymes have clarified the catalytic cycle.®29 As shown in Scheme 2 using a
classical hydroxylation reaction as an example, the resting Fe!l is coordinated by two His
residues and the carboxylate from an Asp residue to form the 2-His-1-carboxylate facial
triad. This can be coordinated to three water molecules until binding of a-KG to the Fe!!
center displaces two of the three metal-bound water molecules. Binding of substrate (R-H)
to the enzyme active site displaces the remaining water molecule and vacates a site for
binding to the triplet O, molecule to generate the Fe!!'-superoxo intermediate. The distal
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oxygen atom of the Fe!!'-superoxo species can attack C, of a-KG to yield a
peroxohemiketal bicyclic intermediate, which collapses via oxidative decarboxylation to
release CO,. This step also sets up a high valence Fe!V=0 (ferryl) intermediate and a bound
succinate. It is this ferryl species (functionally analogous to compound I in the P450 cycle)
that can abstract a hydrogen atom from the substrate (R-H) to reduce the iron to the Fe!''-OH
state with concomitant formation of the substrate radical (Re). To complete the catalytic
cycle, hydroxyl radical rebound onto the substrate radical yields the hydroxylated product
(R-OH), returning the iron back to the Fe!! state with product and succinate release.
Examples of using this family of enzymes in natural product cyclization will be covered in
Section 2.3. The use of nonheme, noncofactor-dependent oxygeneases to perform oxidative
cyclization involving unactivated C-H bonds will be covered in Section 2.4. One notable
example is the Rieske oxygenase discussed in section 2.4.3. Similar to the a-KG-dependent
oxygenases, the iron within the Rieske nonheme iron-dependent oxygenases is also
coordinated by the 2-His-1-carboxylate facial triad.2! The key difference is that duing the
catalytic process, instead of using a-KG directly as the reductant, the Rieske oxygenases use
a [2Fe-2S] cluster to deliver the necessary electrons from an external reductant.?!

Radical SAM Superfamily

The radical S-adenosylmethionine (SAM) enzymes is a relatively new enzyme superfamily
discovered to catalyze radical reactions such as H-atom abstraction from an unactivated C-H
bond, mostly under anaerobic conditions in the bacterial world.?2 This family is rarely found
in eukaryotic organisms such as fungi and plants, but are vastly powerful biocatalysts in both
primary and secondary metabolisms of bacteria.22 As shown in Scheme 3, these enzymes
use a [4Fe-4S] cluster to transfer an electron from an external source (such as flavodoxin
shown) to SAM, which is homolytically cleaved to methionine and the reactive 5’-
deoxyadenosyl radical intermediate (5" dA¢).2324 This 5" dAs radical is able to abstract a
proton and an electron from unactivated substrate (R-H) to form 5”dA and generate a radical
(Re) that can participate in downstream oxidation and cyclization reactions. This superfamily
of enzymes, which has over one hundred thousand homologs in the database of which
mostly of unknown function, greatly expands Nature’s ability to use Fe-S clusters in
oxidative catalysis beyond the textbook examples of electron transport.2> Some examples
will be covered in Section 2.4.

Copper-Dependent Tyrosinase

Copper is a relatively rarely used metal cofactor in enzymes catalysis. Three notable
examples that have relevance to metabolism are cytochrome c oxidase,2® laccase,2’ and
tyrosinase28. The most well-studied example of tyrosinase is the hydroxylation of tyrosine to
yield L-3,4-dihydroxyphenylalanine (DOPA) as shown in Scheme 4.2%-31 |n the active site
of tyrosinase, six histidine residues coordinate to a pair of copper ions (Cu'') and one oxygen
molecule to give the oxy starting complex. The substrate monophenol (M) binds to one of
the copper metals and forms the oxy-M intermediate. This weakens the O-O bond, resulting
in cleavage and rearrangement of original trigonal bipyramidal active site and forming the
diphenolate (D) intermediate (met-D). The product is then oxidized to the quinone through
the transfer of two electrons to the coppers, with the active site in the reduced di-Cu' form
(oxy-red) to be reoxidized by molecular oxygen for a second round of catalysis.
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Flavin-Dependent Monooxygenase

Flavin-dependent monooxygenases (FMOs) are widespread enzymes that catalyze a large
variety of substrate oxidations such as dehydrogenation, hydroxylations, epoxidations,
Baeyer-Villiger oxidations, and sulfoxidations.32:33 FMOs use a flavin cofactor such as
flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN), to generate reactive
peroxyl species that serve as nucleophiles (peroxyflavin, Fl-4a-O0™) or electrophiles
(hydroperoxyflavin, Fl-4a-OOH) (Scheme 5A).11 After each round of catalysis, the flavin
cofactor can be reduced in the presence of NAD(P)H to repeat the catalytic cycle.

The oxidized flavin can also serve as electron sink in oxidases that catalyze dehydrogenation
reactions such as the berberine bridge enzyme family (Scheme 5B). Here the flavin is often
covalently attached to the active site through histidine and cysteine residues.343° During the
net two-electron reduction of molecular oxygen, a corresponding oxidation of substrate takes
place to generate a degree of unsaturation that result in an electrophilic carbon (C=N, C=0,
etc). This carbon is then subject to intramolecular attack by a nucleophile to forge a new
bond and a cyclized structure as will be shown in Section 3. The reduced flavin is oxidized
back to the Fl-ox form with release of hydrogen peroxide. As this species can be reactive
and toxic to the cell, an accompanying catalase is often found in the gene cluster for
detoxification.

NAD(P)H Dependent Reductases/Dehydrogenases

NAD(P)H-dependent enzymes catalyze reversible redox reactions including reduction and
dehydrogenation as shown in Scheme 6.36:37 The reduced form of the cofactor NAD(P)H is
employed in substrate reduction, while the oxidized form NAD(P)* are used in oxidative
dehydrogenation. During substrate reduction such as ketone/aldehyde to alcohols, NAD(P)H
is a hydride-donating cofactor. Delivery of a hydride from the dihydropyridine ring to
substrate in a stereospecific manner is coupled with oxidation of NAD(P)H to NAD(P)*. In
the reverse reaction of dehydrogenation, such as from alcohols to ketone/aldehydes, two
hydrogen atoms are removed from the substrate with one of them transferred as a hydride to
reduce NAD(P)* to NAD(P)H while the other as a proton to captures by the aqueous
solution. While NAD(P)H is typically a non-covalent cofactor in these enzymes, Erb and
coworkers observed a covalent ene intermediate between NADPH and a,p-unsaturated
carbonyl substrate during catalysis of crotonyl-CoA carboxylase/reductase.38:39 One notable
use of NAD(P)H as a reducing cofactor in oxidative cyclization is in the reductive release of
PK and NRP products that are bound as thioesters to the thiolation domains.*? Releasing the
products as aldehydes can trigger intramolecular cyclization reactions that are widely found
in many natural product biosynthetic pathways (Section 3.2).

2. RADICAL CYCLIZATION MECHANISMS

2.1 Introduction

This section will describe examples of oxidative cyclization in which radical intermediates
are formed through one electron oxidation of carbon or heteroatoms. The main enzyme
families involved are those use a high-valent ferryl oxoiron reactive species, including P450s
and nonheme iron a-KG-dependent oxygenases. Other enzyme families such as copper-
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dependent tyrosinases and radical SAM-dependent enzymes are also used for this purpose.
Structural morphing catalyzed by these enzymes are typically the most dramatic and
chemically challenging. Several recurring cases of radical mechanisms are summarized in
Scheme 7. In Scheme 7A, an otherwise unactivated C-H bond is subjected to homolytic
cleavage to yield a carbon radical, which can be further oxidized into carbocation or alcohol
through [OHe] rebound, and subject to intramolecular nucleophilic attack. This mechanism
is observed in the synthesis of nitrogen heterocycles, as in the formation of methlyproline
from either L-leucine or L-isoleucine (Scheme 46). In Scheme 7B, an X-H bond is oxidized
to the corresponding Xe, which can intramolecularly add to an electron-rich double bond to
form a cyclized intermediate and form a new C-radical. This is followed by an additional
one electron transfer to the iron center to yield the doubly oxidized product. There are
increasing evidences to support this mechanism in oxidative cyclization, such as during
spirocycle formation during griseofulvin biosynthesis (Scheme 25). In Scheme 7C, two
successive oxidations at two different sites in the same molecules result in formation of
diradicals that can be combined to form the cyclized product. For many reactions listed in
this section, both mechanisms B and C can be proposed, such as for the two C-C bond
forming steps during rebeccamycin synthesis (Section 2.2.2). Differentiation between the
two mechanisms has come from crystal structures, computational analysis or both. The
remaining section will be grouped by enzyme families that catalyze these reactions.

2.2. Cyclization Catalyzed by Heme-dependent Enzymes

This section will discuss oxidative cyclization catalyzed by heme-dependent enzymes. In
each example, the cyclization process starts with abstraction of one hydrogen and generation
of a radical intermediate. In most examples, the oxygenation half of the reaction is not
completed as in the P450 catalytic cycle (no water rebound), and instead the radical is
combined internally with an electron rich site (Scheme 7B), or with another radical to forge
the new cyclizing bond (Scheme 7C). Mechanisms can be proposed using either scheme for
many of the cyclizing reactions. We will first discuss the P450 catalyzed cyclization during
the biosynthesis of vancomycin and rebeccamycin families, each featuring multiple C-C and
C-O coupling steps. This will be followed by examples of cyclization categorized by the
different types of atoms coupled to carbon.

2.2.1. P450-Catalyzed Phenyl Crosslinking in Glycopeptide Biosynthesis—The
members of glycopeptide family compounds are a class of antibiotics of microbial origin,
exemplified by the anti-infective antibiotics vancomycin (1) and teicoplanin (2) (Scheme
8A).4142 Compounds in this family are considered to be the last line of defense against
antibiotic resistant bacteria, especially methicillin resistant Staphylococcus aureus.*! The
heptapeptide backbones for both are derived from NRPS assembly lines, incorporating a
number of unnatural amino acids that have dedicated biosynthetic enzymes in the gene
clusters.4142 Using 2 as an example, seven nonproteinogenic aromatic amino acids are
introduced, including three 4-OH-phenylglycine (rings B, E and G), two 3-chloro-tyrosine
(rings A and C), and two 3,5-dihydroxyphenylglycin (rings D and F). Extensive phenyl-
coupling reactions take place after completion of linear peptide synthesis to effectively
crosslink the side chains and introduce architectural rigidity that is crucial for the biological
properties. The five phenol-couplings are catalyzed by five dedicated P450
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monooxygenases. In a related compound complestatin (3), there is also a C-C coupling
between the phenyl ring of 4-OH-phenylglycine and the phenyl ring of the tryptophan.3:44
In the biosynthesis of arylomycin A, (4), a lipopeptide anti-infective agent, similar P450
catalyzed coupling reaction was proposed for C-C coupling between two phenyl side
chains.45-47

Two different types of P450-catalyzed phenol coupling reactions take place between the
different phenol rings: ortho-ortho C-C coupling and orthio C-O coupling. Both coupling
regioselectivity will be seen in many other examples in this section of the review and is
therefore useful to examine the possible mechanisms (Scheme 9). Based on structural and
mechanistic studies of these P450s,48-55 diradical coupling mechanisms were proposed for
these reactions. In a single round of iron reduction from compound 1 (Fe!V=0) to Fe!ll-OH,,
two sequential hydrogen abstraction steps from two phenolic hydroxyl groups of 11 yields
the diradical 12. In the C-O coupling case, delocalization of one phenoxyl radical to the
ortho carbon to give 13 is followed by diradical combination to yield the new C-O bond in
14 which can rearomatize into the diphenyl 15 as seen with three of the four coupled rings.
If resonance delocalization of both radicals in 12 takes place to the ortho position as in 16a,
diradical combination forges the new C-C bond in 17 and can similarly rearomatize to 18 as
in the case of D and E rings. Single-electron transfer and nucleophilic addition via 16b can
also be proposed for the C-C bond forming step. Current state of research favors the
diradical mechanism over the radical addition mechanism, although more data are needed to
fully distinguish the two. The radical addition mechanism will be presented for other
coupling pathways in this section, some of which are favored over diradical coupling.

The order of these P450 reactions during maturation of 2 is shown in Scheme 8B. All the
coupling steps take place after the heptapeptide is assembled and while still attached to the
thiolation (T) domain as a thioester 5. The new C-C and C-O bonds are introduced in a
stepwise fashion: i) OxyB catalyzed C-O coupling of A/B phenyl rings to yield 6; OxyE
catalyzed C-O of the F/G phenyl rings to yield 7; iii) OxyA catalyzed C-O coupling of B/C
phenyl rings to yield 8; and iv) OxyC catalyzed C-C coupling of D/E phenyl rings to yield 9.
The rigidified aglycone 10 is then released from the NRPS assembly through hydrolysis by
the terminal thioesterase domain, which can be further glycosylated to yield the mature
glycopeptide 2. The crystal structures of all four P450s in the pathway have been solved,
giving insights into the mechanistic proposal in Scheme 9 and their differences in substrate
specificity.#8-50.55 |n addition, the structural basis of the interaction between the P450s and
the NRPS enzyme was recently elucidated by Cryle and coworkers.>® They showed that
there is an X domain present in the last module of the teicoplanin NRPSs. While the X
domain is structurally similar to the Condensation (C) domains used by NRPS for peptide
bond formation, it is catalytically inactive due to mutations in the active site. Extensive
protein-protein interactions are present between the X domain and the suite of P450s as
shown by crystal structure and biophysical characterization.6:57 The working model is that
together with the adjacent T domain, the X domain is crucial in the recruitment of P450
enzymes to the NRPS for on-assembly line oxidative cyclization.
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2.2.2. Oxidative Coupling in Indolocarbazole Biosynthesis—Rebeccamycin (19),
together with staurosporine (20), and K-252a (21) (Scheme 10A), are examples of the
indolocarbazole superfamily of natural alkaloids produced by actinomycete strains.>®
Members of this family have been found to exhibit a broad spectrum of antitumor
activities.®® For example, 20 and 21 are potent inhibitors of protein kinase C, and 19 is an
inhibitor of topoisomerase 1.59-61 Biosynthetic studies revealed that the aglycones of these
compounds are derived from two molecules of L-tryptophan via a series of oxidative
coupling transformations.52-68 The pathway to the aglycones follow a unified route.
Variations in biosynthetic routes of this family include the chlorination step in the pathway
of 19 and the different oxidation state of the pyrrole-derived five-membered ring.

During the biosynthesis of the aglycone, the first oxidative cyclization is the coupling of two
L-tryptophan derived indole-3-pyruvate imine (IPAI, 22) to form the key biosynthetic
intermediate chromopyrrolic acid (CPA, 27), catalyzed by the heme-dependent oxidase
RebD and its homologs (Scheme 10B).62:66 The cytochrome b protein RebD first generates
two IPAI radicals 23 and catalyzes the formation of the new C-C bond to yield the adduct
24. Tautomerization of one of the imines to an enamine forms a free amine group in 25,
which can attack the remaining imine group to form the dihydropyrrole 26. Finally, the
pyrrole ring in 27 is formed by removing the ammonia. Recent mechanistic studies revealed
that during the C-C oxidative coupling step, RebD can use both peroxidase and
peroxygenase chemistry as shown in Scheme 10C.59

Although current studies of RebD provide evidence for the diradical coupling mechanism to
form 27, the radical addition route is still not ruled out. As shown in Scheme 11 the first step
in this mechanism is the tautomerization of the first molecule of 22 to yield a free amine 28.
This can serve as the nucleophile to attack the imine group of a second molecule of 22 to
form an intermolecular C-N bond and 29. This intermediate can lose ammonia to form the
imine 30. RebD can then catalyze the hydrogen abstraction at the allylic position to generate
the C-radical 31, which can lead to radical addition to the C=C double bond in the left half
of the molecule to form the new C-C bond in 32 that can also form pyrrole radical 33.
Abstraction of a second hydrogen following radical migration yields 34 which can followed
by tautomerization to yield the pyrrole ring and complete the biosynthesis of 27.

The next biosynthetic step in the biosynthetic pathway is the oxidative C,-C, coupling of the
two indole rings in 27 to form the indolocarbazole aglycone 41. This reaction is catalyzed by
a second P450, StaP in the staurosporine pathway or RebP in the rebeccamycin pathway
which works on the 7,7-dichloro-CPA.58 Recent X-ray crystal structural studies suggested a
catalytic mechanism for StaP as shown in Scheme 12.%5 The first step is the one electron
oxidation of the one indole NH by StaP to afford 35 or 36, which can undergo hydrogen
abstraction to form the A-radical 37. From here both diradical combination and radical
addition mechanisms can be proposed. In the diradical route g, a second hydrogen
abstraction of the other indole yields the second nitrogen radical 38. Following migration of
both radicals to the C, carbons and C-C coupling to give 39, tautomerization of the adduct
forms the indolocarbazole ring and 41. In the radical addition route 5, migration of the single
radical of 37 to C, can lead to addition to the other indole ring and generate a C3 radical
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intermediate 40, which can be followed by electron transfer to the heme to form the final
product 41. In both mechanisms, a single round of iron reduction from the ferryl state to the
Fe!ll state is sufficient to perform the C,-C, coupling. In the Scheme 15, a P450-catalyzed
indole couple with C3-Cs’ regioselectivity is discussed.

Shaik and coworkers performed both computational and experimental studies with StaP to
propose a new mechanism (Scheme 13).70 The first step is again hydrogen abstraction from
one of the indole NH to yield a Atradical 37. This is followed by radical addition to form the
C,-C,’ bond together with a single electron transfer from the NH of the recipient indole 42
to heme-iron to form the iminium 43 and the Fe!'l-hydroxide species. Abstraction of a
proton gives 44 and returns the heme to the Fe!''-OH state followed by indole
tautomerization of 45 yields the indolocarbazole ring system.

In the structures of 20 and 21, one additional ring is formed via two C-N bonds between the
indolocarbazole aglycone and the deoxysugar 2,3,6-trideoxy-3-aminoaldohexose.
Biosynthetic studies revealed that this ring formation is catalyzed by the P450 StaN in the
pathway to 20.71 The first C-N bond is formed by StaG, an Nglycosyltransferase using the
TDP-activated form of the deoxysugar and K252c¢ (46) as substrates. This yields holyrine A
47 which then undergoes intramolecular oxidative cyclization by StaN to yield staurosporine
20. A proposed mechanism is shown in Scheme 14. The first step is the hydroxylation on the
Cs through the rebound mechanism shown in Scheme 2.1A to form a hemiketal 48a, which
undergoes dehydration to form the oxonium ion 48b. The amine from the indole ring can
then act as a nucleophile to attack the oxonium ion to form the new C-N bond in 49, which
is further transformed to 20 by both O- and N-methylations. Therefore, in the remarkably
complex biosynthetic pathway of 20, a total of three P450 enzymes are recruited to form two
C-C bonds and one C-N bond.

2.2.3. C-C Coupling

2.2.3.1. Fungal P450 Catalyzed Cyclization: Communesins (65-67) are fungal indole
alkaloids produced by various Penicillium species and have been noted to have strong
insecticidal properties.”2=76 There are ~ 10 members of this family isolated, each containing
a heptacyclic core that is among the most complex observed in fungal alkaloids. The seven
interconnected rings consist of two indole containing fragments fused through a vicinal
quaternary C-C bond and two aminal bonds. Four contiguous stereocenters run through the
junction of two fragments. While numerous total syntheses of communesin have been
reported,’’-87 the biosynthetic pathway was only recently uncovered from A. expansum and
was shown to be highly efficient (Scheme 15).88:89 The two indole-containing building
blocks are tryptamine (50) derived from decarboxylation of L-tryptophan, and (-)-
aurantioclavine (53) derived from the decarboxylative cyclization of 4-
dimethylallyltryptophan. A P450 enzyme (CnsC) was found to be solely responsible in
combining the two fragments to generate the core structure 63, which is one AV-methylation
step away from the stable communesin K (65).89 65 is then further elaborated through
epoxidation and N-acylation to yield communesin A (66) and communesin B (67).
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Characterization of the P450 using either yeast based-biotransformation and/or in vitro
microsomal assay showed formation of the three bonds between 50 and 53 is regioselective
as no other products are formed.89 Formation of the two aminal bonds (N1-C»-N;- and N1o-
C,’-N1g’) in 63 requires ring opening of the pyrroloindole 60 to generate the aniline species
62. The AL hydrogens on the indole nitrogens of both 50 and 53 were found to be required
for coupling, as A-methyl substituents were not reactive. The P450 displayed broad substrate
promiscuity towards Cs-substituted indoles. When Aj;p-methyl tryptamine (51) was used in
place of 50, a coupled “isocommunesin” product 59 with alternative aminal bond
regioselectivity was the major product (4:1 ratio between isocommunesin 59 and
communesin scaffold 64). The isocommunesin scaffold of 59 is not naturally observed and
is derived from the direct N1-C»-N1g’ and N1/-C,’-N1g aminal bonds formation after C3-Cs-
coupling.

Density functional theory (DFT) calculation was performed to assess whether a radical
addition mechanism, involving a tryptaminyl radical addition to the indole of 53, takes
place.89 Computation showed the radical addition has a 10° preference for the formation of
C3-C,” adduct, therefore excluding this mechanism and favoring the diradical coupling
between 52 and 54 as shown in Scheme 15. Other mechanisms such as radical cation
addition, electrophilic aromatic addition were also ruled out based on C-C coupling
regioselectivity. Further calculation on the aminal formation steps showed that formation of
the isocommunesin scaffold 59 is energetically favorable and is predicted to take place
spontaneously from 56 via 57 or 58, while formation of the communesin scaffold 63 from 55
is energetically uphill in the pyrroloindole ring opening step (60 or 61 to 62). Hence, it was
proposed that CnsC is responsible for the formation of all three bonds: first catalyzing the C-
C coupling to yield 55, followed by promoting the regioselective aminal bond forming steps
(while suppressing isocommunesin formation).

In parallel with the biosynthetic studies, Movassaghi and coworkers developed an efficient
total synthesis of 65 using a strategy that mimics the diradical coupling strategy shown in
Scheme 16.87 In their strategy, the two indole fragments were first synthesized as azepine 68
and cyclotryptamine 69. Coupling of the two fragments can yield the sulfamide 70 on a
gram scale. Chemoselective oxidation in the presence of A-chloro-A-methylbenzamide and
2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine yields the
diazene 71, which can be subjected to photoexcitation and release of N5 to yield the
diradical 72 that can be coupled to forge the quaternary C-C bond in 73. This reaction yields
a single diastereomer, which can be reacted in three more steps to yield 65. Such later stage
coupling strategy can be applied to the synthesis of other homo- and heterodimeric indole
alkaloid natural products.

Mycocyclosin (82) is a cyclized diketopiperazine (DKP) produced by Mycobacterium
tuberculosis (Scheme 17).90 Two genes are responsible for the biosynthesis. The first is
Rv2275, which is a cyclodipeptide synthase (CDPS) that synthesizes cyclo-Tyr-Tyr (cYY,
75) using two molecules of tyrosyl-tRNAT" (74).91 The second is a P450 CYP121 that was
shown to perform the C-C coupling of 75 to yield 82.%0 Interestingly, CYP121 is essential
for M. tuberculosis viability, as knockout of the gene requires plasmid complement of
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cyp121 to survive.%2 The activity of CYP121 was confirmed in vitro, and the structure in
complex with 75 was solved.? It was shown that the DPK ring of 75 is perpendicular to and
offset from the center with respect to the heme, with one phenol pointing at the iron and the
other pointing away. A diradical combination mechanism was proposed in route 4, in which
the first radical is formed on the phenolic oxygen in the presence of Compound I, followed
by delocalization of the radical in the benzene ring. This is followed by rotation around the
DKP core and placing the other phenol at the iron center to undergo second hydrogen
abstraction by Compound Il to yield the diradical 80.%0 Computation modeling of the
reaction steps and energetics led to a later proposal that the second radical formation may be
due to proton-coupled electron transfer (PCET) instead of substrate rotation.® Diradical
combination of the C-diradical 81 that yields 79 likely takes place in bulk solution and is
followed by aromatization to yield the rigidified 82. An alternative mechanism involving
radical addition can also be proposed in route &, in which the first radical 77 directly adds to
the ortho position of the second phenyl ring to forge the C-C bond and yield 78. This can be
followed by a second step of hydrogen abstraction and formation of the diketone 79 which
can aromatize into 82. CYP121 was shown to be highly specific to 75, as alternative DKP
substrates were not recognized. The physiological role of 75 and 82 in M. tuberculosis
virulence are not clearly understood, however, the indispensable role of CYP121 in M.
tuberculosis viability makes it an intriguing therapeutic target.

A similar P450-catalyzed intramolecular coupling of phenols can be seen in herquline A
(93) and herquline B (91), which are platelet aggregation inhibitors produced by Penicillium
strains.24—97 93 has also been shown to inhibit replication of the influenza virus without
notable toxicity to humans.%* In contrast to the DKP core of 82, 91 contains a reduced
piperazine core, likely derived from a multitude of reductions on the L-Tyr-L-Tyr dipeptide.
Both radical addition (route &) and diradical combination (route 6) mechanisms can be
proposed starting from diphenylpiperazine precursor 83 and the phenoxy radical 84 as
shown in Scheme 18. Whereas the C-C coupled product 89 can undergo aromatization in
mycocyclosin pathway, here 89 is proposed to be further reduced to yield the fused
cyclohexanone structure 90. While the stereochemistry of the coupling reaction is not known
(and is also masked in mycocyclosin), it is expected that the two cyclohexanone rings will be
oriented in ant/-fashion to minimize steric and electronic clashes. Selective methylation of
one of the nitrogen yields 91, which may undergo isomerization to yield the a-p unsaturated
92 that be subjected to intramolecular 1,4-addition to yield 93. The extensive number of
reduction steps involved in herquline biosynthesis thus provide stark contrast to that of
mycocyclosin.

Usnic acid (98) is a polyketide-derived substance widely found in lichens.98-100 The
biosynthetic proposal is shown in Scheme 19 in which two molecules of
methylphloroacetophenone (94) are coupled regioselectively via radical intermediates 95 to
form the dienone 96. Again both radical addition and diradical combination (shown) can be
proposed for this coupling step. As in the herquline pathway and will be seen repeatedly in
following examples, 1,4-addition of the phenoxy oxygen to the dienone establishes the 6-5-6
ring system in hydrated usnic acid 97, which can readily dehydrate to form 98.
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Viridicatumtoxin (105) is a meroterpenoid (polyketide-terpene hybrid) synthesized by the
fungus Penicillium aethiopicum (Scheme 20).101.102 The spirocycle-containing compound
shows strong antibacterial properties especially towards methicillin resistant Staphylococcus
aureus (MRSA).103 The entire biosynthetic pathway of 105 has been mapped from genome
sequencing and biochemically studied.104105 The anhydrotetracycline-like aglycone is
synthesized by a polyketide synthase using malonamyl-CoA as a starter unit. A
prenyltransferase VrtC was shown to perform Friedel-Craft like alkylation of the C ring with
geranylgeranyl diphosphate as the electrophile to yield 99.196 The linear prenyl chain then
must undergo two cyclization steps and form two new C-C bonds to yield 105, a reaction
that was surprisingly shown to be catalyzed by a single P450 VrtK.104 The proposed
mechanism, which is supported by DFT calculations, is shown in Scheme 20. The allylic
Cy7 position is first proposed to undergo hydrogen abstraction to yield the radical 100. A
second electron transfer to the heme yields the allylic cation 101. [OHe] rebound at the
allylic radical site follow by loss of water may also lead to the cation 101. From there, it was
suggested that a C15-C1g cyclization step can yield the C, tertiary carbocation 102, which
can undergo concerted 1,2-alkyl shift and 1,3-hydride shift to yield a new Cy5 tertiary
carbocation 103. The origin of the two hydrogen atoms on C19 (shown in blue) is consistent
with prior labeling studies using C3-2H-labeled mevalonate. From 103, quenching of the
carbocation by the aromatic D-ring (C7) forges the second C-C bond (C7-C45) in 104 and
rearomatization yields 105. VrtK represents the first example of a P450 capable of
catalyzing terpene cyclization, although its exact catalytic role in the C-C bond forming
steps are not known.

The last example in P450 catalyzed C-C cyclization in fungi is that of brefeldin A (111), a
potent inhibitor for blockade of secretory cargo moving from the endoplasmic reticulum to
the Golgi organelles.197-109 111 s a bicyclic polyketide containing a cyclopentane fused to a
13-membered macrolide. Biosynthetic reasoning suggests the cyclopentane ring is formed
via an intramolecular C-C coupling within the 16-membered macrolactone. The likely bref
biosynthetic cluster was found in Eupenicillium brefeldianum. 110 Reconstitution of the bref:
PKS and an associated hydrolase in yeast led to the formation of the triene acid 106, which
is of the same length (16 carbons) and expected functionalization required for formation of
111.120 The gene cluster encodes four P450 enzymes, one of which is proposed to be
responsible for a radical mediated cyclization shown in Scheme 21. The activities of the
P450s have not been reconstituted, thereby leaving timing of the cyclopentane formation in
question. The inability of the reconstituted PKS to form the macrocycle provides some
evidence for cyclopentane formation to proceed macrocyclization, with the former possibly
rigidifying the hydrocarbon backbone for macrolactone formation. The P450 catalyzed C-C
coupling can either take place on the PKS-bound intermediate 107 or the isolated linear acid
106. Abstraction of the Cq hydrogen to give 108 followed by radical addition to Cs yields
the allylic radical 109, which can undergo [OHe] rebound to yield 110. Further modification
including C; hydroxylation and macrocyclization would yield 111. A detailed study of the
roles of the P450s is needed to complete the biosynthetic pathway.

2.2.3.2. Plant P450 Catalyzed Cyclization: P450-catalyzed C-C couplings are widespread
in the plant kingdom, especially during alkaloid and phenylpropanoid biosynthesis.111-113
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Recently, comparative transcriptome analysis has enabled the identification of many plant
biosynthetic pathways in their entirety and has revealed the key P450 steps that have been
elusive for many years.114-116 A case in point is the biosynthetic pathway of morphine
(117), which has been referred to as the king of alkaloids. A key step in forging the
morphine scaffold is the C-C coupling of R-reticuline (112) to yield salutaridine (116)
(Scheme 22A). In the 1950s, Barton and Cohen proposed that such a connection can be
formed via phenolic coupling.11” A P450 activity that catalyzes this reaction was first
observed in the microsomal fractions of Papaver somniferum capsule.118:119 Zenk et al
observed that both NADPH and O are required for the reaction, indicative of heme
chemistry. Kutchan and coworkers identified CYP719B1 is the responsible P450, by first
comparing P450 transcriptome profile to non-producing £ somniferum strains, followed by
expression in insect cells and activity confirmation.120 The enzyme exhibited very strict
substrate specificity towards 112 and has essentially no activity towards all other structurally
related isoquinoline alkaloids. Both radical addition via 114 (route 4) and diradical coupling
via 115 (route 6) have been proposed for this reaction, with either one starting with
abstraction of one phenolic hydrogen to generate the phenolate radical 113. Under either
mechanism, a single cycle of iron redox is sufficient to turn over the coupled product 116. At
nearly the same time, Sato and coworkers discovered a comparable P450 CYP80G2 in the
biosynthetic pathway of magnoflorine (120) in Coptis japonica, which can perform phenolic
coupling on S-eticuline (118) to yield S-corytuberine (119) (Scheme 22B).121 Both
CYP719B1 and CYP80G?2 are close sequence homologs to berbamunine synthase (CYP80),
which was discovered to catalyze C-O phenolic coupling during biosynthesis of
bisbenzylisoquinoline alkaloids in higher plants.122

The Amaryllidaceae alkaloids which include galantamine (125), marithidine (128) and
lycorine (131) display a variety of biological activities (Scheme 23).123 125 inhibits
acetylcholine esterase and binds to nicotinic receptor, and has been used in the treatment of
Alzheimer’s disease.124 These related alkaloids are all multicyclic compounds derived from
L-Phe and L-Tyr, and go through a common intermediate norbelladine.12> Following O-
methylation by a specific methyltransferase to give 4-O ~methylnorbelladine (121)126, a
P450 is suggested to initiate phenolic coupling by hydrogen abstraction from the B ring.
Delocalization of the radical on the ortho and para positions of the ring can lead to different
coupling regioselectivity as shown in Scheme 23. Both radical addition and diradical
combination mechanisms can be written for the coupling steps. Formation of different
dienone intermediates are proposed depending on the coupling regioselectivity, each can
undergo spontaneous 1,4-addition by either the phenolic oxygen in ring B or the secondary
amine nitrogen to yield tetracyclic products. The paraa-parag connection, which occurs
most readily under chemical conditions, leads to dienone 126. Intramolecular 1,4-addition
forms noroxomaritidine (127) (C-N bond) which can be reduced and methylated to yield
128. The P450 enzyme CYP96T1 responsible for the coupling was identified from
transcriptome analysis of producing plants.22” The para-orthog coupling product 123 can
undergo 1,4-addition to yield the dibenzofuran 124, which can be A-methylated to yield
125.127 The orthoa-parag coupling product 129 can be converted to noroxopluviine 130,
which is the precursor to 131.127 The tandem P450-coupling/1,4-addition steps for
Amaryllidaceae alkaloids parallel closely that of herquline A biosynthesis (Scheme 18),

Chem Rev. Author manuscript; available in PMC 2017 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 15

although the former is from the plant world while the latter is found in fungi, demonstrating
converging biosynthetic strategy to construct the constrained alkaloids.

The homo-coupling of monolignol (£)-coniferyl alcohol (132) to yield (+)-pinoresinol (136)
is an essential step in the biosynthesis of plant lignans (Scheme 24).128 One electron
oxidation of 132 can readily generate the phenoxy radical 133. Delocalization of the radical
in the phenyl ring through resonance can lead to 134 and coupled products with different
regioselectivity and stereoselectivity, in a process that at first appears random. Lewis and
coworkers discovered a noncatalytic dirigent protein from Forsythia intermediathat is
responsible for controlling the coupling step between the allylic coniferyl alcohol radical
134 to yield exclusively (+)-Cg-Cg’ linked product 135, which can undergo addition by the
hydroxyl group to yield the furanofuran 136.128 Mechanistic studies showed the dirigent
proteins bind to the radical 134 with an apparent Ky, of 10 nM, ~40,000-fold lower than that
of the weak binding 132, suggesting the radical species is the substrate and the dirigent
protein spatially controls the diradical combination outcome.12° Schaller and coworkers
subsequently purified an enantiocomplementary dirigent protein from Arabidopsis thaliana
that mediates the exclusive formation of (-)-pinoresinol (137).130 A P450 CYP81Q1
catalyzes methylenedioxy bridge formation in 136 to yield sesamin (138),131 a cyclization
mode that will be discussed in Scheme 33 (Section 2.2.4). In addition to serving as a lignan
build block, 136 is also the biosynthetic precursor to the antitumor podophyllotoxin as
shown in Scheme 39 (Section 2.3.1).

2.2.4. C-O Coupling—In addition to catalyzing C-C bond formation and cyclization,
P450s are also widely involved in the formation of C-O bonds. We have already seen an
example of this in the formation of aryl ethers during vancomycin biosynthesis (Scheme 9,
Section 2.2.1). This section will provide more examples of oxidative cyclization via C-O
bonds catalyzed by P450s. As in the previous section, both radical addition or diradical
combination mechanisms can be written for many of the reactions described here.

The first example is the formation of the grisan spirocycle in griseofulvin (146) biosynthesis
(Scheme 25). Griseofulvin in a “classical” fungal polyketide that helped established the
polyketide hypothesis. It was originally used as an antifungal drug, but recently has been
shown to disrupt mitotic spindles and as a potential antitumor compound.132-135 146 is
produced by various Aspergillus and Penicillium species, and the biosynthetic pathway from
P, aethiopicum was elucidated first.105136 The carbon backbone is synthesized from a
nonreducing PKS and undergoes one aldol and one Claisen cyclization to yield the
benzophenone scaffold seen in griseophenone. Methylation and chlorination of the nascent
cyclized product afford griseophenone B (139), which is the substrate of P450-catalyzed
conversion to the grisan product desmethyl-dehydrogriseofulvin A (145). An additional &
methylation and enoylreduction yield the final product 146.

The P450 GsfF catalyzes the oxidative transformation of benzophenone 139 to grisan
structure 145 and formation of a oxa-spiro core. The activity was verified using yeast
microsomes containing overexpressed enzyme. Two mechanisms (B and C) were initially
proposed (Scheme 25). Mechanism B involves the formation and recombination of a
diradical intermediate 142 through two successive phenolic hydrogen abstraction steps. In
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mechanism C, the enzyme catalyzes epoxidation of A ring to 143 followed by nucleophilic
opening of the epoxide by the B ring phenol to yield the hemiacetal 144 that can be
aromatized to yields 145. The C-O coupling step was studied computationally by Grandner
et al, in which they concluded a third, mechanism A, is the most likely and energetically
favorable.137 This is the radical addition mechanism in which the enzyme performs the O-H
abstraction on B ring to give 140, but avoids diradical formation. Direct attack of the
phenoxy radical on A ring leads to ring closure and intermediate 141, subsequent phenolic
O-H abstraction by the heme affords 145.

An interesting contrast to the use of GsfF in forming the spirocycle is found in the (+)-
geodin (150) and trypacidin (154) pathways, which contain a similar 6-5-6 spiro grisan
structure derived from benzophenone precursors (Scheme 26). 150 is a common fungal
metabolite produced by many strains, most notably A. ferreus. After formation of
dihydrogeodin (147) by the polyketide synthase and accessory enzymes, a multi-copper
protein GedJ was found to be responsible for transformation into geodin.138:139 The enzyme,
dihydrogeodin oxidase (DHGO) shows significant sequence homology to other copper-
containing oxidases, including laccase and ascorbate oxidase. Based on the known
mechanisms of laccases,?’ formation of a phenoxy radical intermediate 148 and diradical
coupling of 149 have been proposed (Scheme 26). The closely related 154 isolated from A.
fumigatus was found to be a potential virulence factor and has a protective function against
phagocytosis during invasion.140.141 The gene clusters of 150 and 154 are highly
homologous and a side by side comparison suggests TynJ is the responsible copper oxidase
for C-O bond formation.141

Radical recombination is also proposed in the biosynthesis of tubocurarine (160), which is a
monocationic, dimeric benzylisoquinoline alkaloid isolated from the South American plant
Chondrodendron tormentosum.1*2 The compound is an acetylcholine agonist and has been
used as skeletal muscle relaxant in African arrow poison.143.144 The biosynthesis involves a
heterodimeric radical coupling between the enantiomers (/)-A-methyl-coclaurine (155) and
(S)- N-methyl-coclaurine (157) (Scheme 27). Both building blocks are derived from
dopamine and 4-hydroxyphenylacetaldehyde via Pictet-Spengler reaction (Section 3.2.2). A
P450-catalyzed dimerization mechanism has been proposed in which diradical species of
both enantiomers are formed. Two C-radicals are formed on the (S)-isomer in 156, while
two C-radicals are generated on the (/)-isomer via O-radical delocalization in 158. Two
regioselective C-O couplings between the diradical species forge two new C-O bonds in the
dimer 159, which can be methylated at one of the tertiary amine to yield 160.

Another pathway where the diradical combination mechanism is likely at play is during the
synthesis of aureothin (165), which is an antitumor, antifungal, and insecticidal compound
isolated from Streptomyces thioluteus (Scheme 28).145:146 The notable structural features
include a nitroaryl moiety and an exo-methylene tetrahydrofuran (THF) ring. Biosynthetic
studies revealed that the carbon backbone of aureothin is assembled by a modular PKS using
p-nitrobenzoic acid as the starter unit.247 Starting from 161, formation of the exo-methylene
THF moiety is catalyzed by a multifunctional P450 AurH, using a stepwise
mechanism.148-150 First, AurH catalyzes the hydroxylation of C- position to yield 162 using
standard hydrogen abstraction and [OHe] rebound mechanism. Two possible routes are
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likely to transform 162 into 165. Route a requires a second P450 catalyzed hydroxylation at
the Cg, position to yield 163, followed by cyclization and dehydration to form the THF ring.
Route & involves abstraction of two hydrogens from Cg, and the C7 hydroxyl group during a
single P450 catalytic cycle to generate the allylic C-radical and the C-radical in 164,
respectively. Diradical combination then furnishes the THF ring and the 165.

Like the previous example, two mechanisms can also be proposed for cyclic ether bond
formation during penitrem D (171) biosynthesis. Penitrems are tremorgenic mycotoxins
isolated from several Penicillium species and are the most complex indole diterpenes
isolated to date.151-154 These compounds contain a paxilline backbone fused with a 6-4-8
tricyclic ring system. Formation of the six-membered ring involves a ring-expansion step
that will be discussed in Scheme 135 (Section 6.2.6). Reconstitution of the biosynthetic
pathway of penitrem A in A. oryzae revealed that the P450 PtmU is responsible for the
construction of the eight-membered cyclized ether ring in 171 using secopenitrem D (166)
as a substrate (Scheme 29).15% The mechanism of the cyclization step is unresolved but is
expected to be analogous to that of the THF ring in 165. Two routes are proposed in which
route ais diradical 168 formation and recombination; while route b is via hydroxylation of
the cyclopentane ring in the paxilline core to give 169, followed by dehydration to 170 and
nucleophilic addition to arrive at 171.

Pyrrocidine B (173)1%6 and related compounds, such as hirsutellone B (172)1%7,
GKK1032A, (174)158 and embellicine A (175)159 (Scheme 30A), are multicyclic hybrid
PK-NRP compounds isolated from different fungal species with various biological
activities.160 These compounds share several common structural features: a fused 6-5-6
decahydrofluorene core, a 13-membered and strained paracyclophane, and a 5-
hydroxypyrrolidinone moiety derived from reductive cyclization catalyzed by PKS-NRPS
(see section 3.2).160 Early isotopic labeling studies of 174 carried out by the Oikawa group
established the biosynthetic origin of the carbon backbone of the molecule.161 Recently, Nay
and coworkers performed feeding studies of 173 by using doubly labeled 180,13C-L-tyrosine
176.162 The feeding studies confirmed that both of the labeled atoms were incorporated into
173, suggesting that oxygen atom of cyclophane ether is derived from the nucleophilic
phenoalic oxygen of tyrosine. Several P450-catalyzed cyclization mechanisms can be
proposed for morphing the acyclic PK-NRP product 177 into the paracyclophane as shown
in Scheme 30B. In route 4, cyclization is initiated through the allylic hydroxylation of the
terminal C1g methyl to give 178, which can trigger olefin rearrangement to yield a C4
carbocation that can be quenched by the phenolate oxygen to form paracyclophane 182. This
common intermediate for all three mechanisms can undergo intramolecular Diels-Alder
cyclization to yield the 6-5-6 ring system and 183. In route b, epoxidation of the acyclic
precursor to 179 can set up a general base/general acid catalyzed epoxide opening to form
the cyclohexane ring 181. Attack by the phenolate oxygen at C4 is followed by dehydration
to afford the Diels-Alderase substrate 182. Finally in route ¢, P450-catalyzed hydrogen
abstraction by the high-valent oxoiron yields a phenoxy radical 180 that can add to the triene
system with the Fe!V-OH as the second electron recipient to directly setup the diene and
dienophile system in 182. Following Diels-Alder cyclization, several tailoring steps
complete the biosynthetic pathway to 173. Regardless of which exact mechanism is used, it
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is worth noting the rapid construction of all the rings systems of this family of compounds
from a PK-NRP product via oxidation.

Salinamides are members of a family of unusual bicyclic depsipeptides with antibacterial
and anti-inflammatory bioactivities isolated from the marine actinomycete Streptomyces sp.
CNB-091 (Scheme 31A).163-165 The backbone of salinamides is assembled by a NRPS and
PKS hybrid biosynthetic pathway. A type | thioesterase performs an intermolecular
transesterification of the salinamide aglycone with a (4-methylhexa-2,4-dienoyl)glycine
handle to yield the monocyclic desmethylsalinamide C (184).166 Forging an intramolecular
C-O bond between the phenyl ring of the depsipeptide and the olefin of newly added handle
is followed by epoxidation to yield salinamide A (185). This reaction was shown to be
catalyzed by the P450 SIn10, but the exact mechanism is not known. A phenoxy radical
addition mechanism can be proposed as shown in Scheme 31B. Following one hydrogen
abstraction to yield the phenoxy radical 188, addition of the radical to the terminal double
bond in the ester handle yields a new radical species 189 that is stabilized by the conjugated
a-B double bond. Abstraction of a second hydrogen by the Fe!V=0 heme center affords the
exo-methylene intermediate 190. Epoxidation of this compound by the same P450 installs
the epoxide in 185. This epoxide can be subjected Sy2 ring opening by either CI~ or OH™ to
yield salinamide B (186) or salinamide F (187), respectively.

Allene oxides (193 and 196) are unstable vinyl epoxides and are key biosynthetic
intermediates to a series of plant signaling molecules.167 The epoxides are formed by the
enzymatic dehydration and cyclization of lipoxygenase-catalyzed peroxidation of
polyunsaturated fatty acids, such as linolenic acid (191) and arachidonic acid (194) (Scheme
32). The responsible enzyme for this transformation is the P450 allene oxide synthase
(CYP74A). A proposed mechanism is shown in Scheme 32 in which the first step is the
homolytic cleavage of the O-O bond of the peroxide (either 192 or 196) to generate an -
radical 197. This is proposed to be catalyzed by the Fe!l! state of the heme center. The O
radical can add to the adjacent C=C double bond to form the epoxide ring and an allylic C-
radical 198. One electron oxidation of this intermediate by the Fe!V=0 heme center yields
the allylic carbocation 199, which can form the vinyl epoxide by proton abstraction.
Recently another type of allene oxide synthase was identified from corals, which is a
catalase-like hemoprotein.168 The allene epoxide sets up significant morphing of the linear
fatty acid into jasmonic acid and clavulone | as described in Scheme 112 (Section 4.5).

The cyclized 1,3-benzodioxole functional group is a common structural unit found in many
plant and microbial natural products. A list of representative compounds (200-210) is shown
in Scheme 33A, in addition to the compounds already discussed in this review such as
lycorine (131)69 and sesamin (138)170. This ring system is formed via a methylenedioxy O-
C-O bridge between phenylic oxygen and an ortho methoxy carbon, catalyzed by P450
enzymes as shown in Scheme 33B.171-174 p450 catalyzes hydroxylation of the methoxy
group 211 via a hydrogen abstraction and [OHe] rebound to form the hemiacetal 212. After
dehydration to 213, the ortho hydroxyl group serve as nucleophile to attack the oxonium
cation to form the new C-O bond in 214.
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2.2.5. C-N Coupling—Two examples of P450-catalyzed C-N coupling and intramolecular
cyclization will be included here. The first is during biosynthesis of fumitremorgin C (219),
which is a L-Trp-L-Pro diketopiperazine mycotoxin produced by A. fumigatus that has been
well-characterized as a breast cancer resistance protein inhibitor (Scheme 34).175-177 219
contains a fused 6-5-6-6-5 rigid ring system that is formed after oxidative coupling between
the amide nitrogen in the DKP ring and a Cg prenyl chain grafted onto the indole ring. The
biosynthetic gene cluster of 219 was recently identified by Osada and coworkers and studies
showed the transformation from tryprostatin A (215) to 219 is catalyzed by the P450
FtmE.178 Two oxidative mechanisms can be proposed for this reaction. The first step is
hydrogen abstraction in the dimethylallyl unit to generate 216 of which the radical is
stabilized by both the indole ring and the A?-olefin. Subsequently in route &, a second
hydrogen abstraction from the amide nitrogen generates a diradical intermediate 217 that
can undergo recombination to yield 219. Alternatively in route b, a second electron transfer
from the allylic radical to the heme center yields the carbocation 218, which can be
quenched by the amide nitrogen to afford the rigidified ring system. It is interesting to note
in many indole alkaloid pathways, the amide nitrogen originally derived from tryptophan
acts as a nucleophile to attack the C, position of the indole ring to form a 6-5-5-6 ring
system. In these cases, the C-N bond formation is triggered by either epoxidation of the
indole ring as in the notoamide example (Scheme 106, Section 4.4.2), or alkylation of the Cs
position (such as prenylationl’® or methylation89). In the case of 219, the oxidative
cyclization occurs exo of the indole ring. 219 can still undergo indole epoxidation and
further structural morphing to yield the spirocyclic spirotryprostatin as shown in Scheme
107 (Section 4.4.2).

The indole alkaloids teleocidin B (220) and lyngbyatoxin A (221) are bacterial natural
products that share the same cyclic indole backbone (the indolactam V core, 222) (Scheme
35). These compounds are potent activator of various protein kinase C isozymes,181 making
them potentially valuable reagents in pharmaceutical research. Biosynthetic studies of these
compounds showed that 222 is cyclized from N-methyl-L-valyl-tryptophanol (223), which is
synthesized by a bimodular NRPS that releases product as a free alcohol.182-184 Cyclization
of 223 into the 9-membered ring indolactam V structure is catalyzed by a P450, such as
LtxB from the biosynthetic pathway of lyngbyatoxin A, via C-N coupling. Three different
routes have been proposed for the mechanism of ring construction. Route ais via
epoxidation on the phenyl ring of the indole moiety to give 224, followed nucleophilic ring
opening upon attack by the amine group to yield 225. Rearomatizing the phenyl ring
completes the cyclization to 222. Route & is via a diradical coupling between the C-radical
on the phenyl ring and the A+radical from the amine group in 227, presumably catalyzed by
two consecutive hydrogen abstraction (via 226) by the heme center. Route ¢ is via formation
of the A-radical 226, followed by radical addition to the phenyl ring and hydrogen
abstraction that affords 228 and rearomatization to 222. Alkylation of 222 by geranylgerany!l
diphosphate leads to 221.

2.2.6. C-S Coupling—Griseoviridin (229), belonging to the streptogramin family, is a
cyclic polyunsaturated macrolactam produced by S. griseoviridis and exhibits broad-
spectrum antibacterial activity (Scheme 36).185 229 contains a unique 9-membered lactone
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with a thioene connection (S-C, linkage). The macrolactam backbone of 229 is
biosynthesized by a hybrid PKS-NRPS assemble line featuring one oxazole derived from
cyclization and dehydration of serine (Scheme 68, Section 3.3.3).186 Gene inactivation
experiments identified that a P450 monooxygenase, SgvP, is responsible for forging the thio-
ene linkage starting with 232.187 Both epoxidation and radical mechanisms can be proposed
for the C-S coupling catalyzed by SgvP, analogous to those outlined for 220. Route a
initiates with epoxidation of the a-p C»-C3 double bond to 233, followed by nucleophilic
attack of the thiol to open the epoxide ring and forms the C-S bond in 234, and subsequent
dehydration leads to 229. Route & is the radical addition mechanism in which extraction of
the thiol hydrogen leads to a Sradical in 235 that can add to the C,-C3 double bond in 236.
Abstraction the C, hydrogen results in the thio-ene moiety. Two other examples of cyclic
natural products containing the thioether linkage, a-amanitin (230) and phallacidin (231)
have been isolated from the mushroom Amanita bisporigera. 18 The biosynthetic origin and
the enzymatic basis for these examples of C-S coupling remains unexplored.

2.3. Cyclization Catalyzed by Nonheme Iron a-KG-Dependent Oxygenases

In section 2.2, we have reviewed P450-catalyzed oxidative cyclization during natural
product biosynthesis. The use of a high-valent oxoiron heme center to abstract hydrogen
atoms from different scaffolds and heteroatoms is also catalyzed by nonheme iron a-KG-
dependent oxygenases (Scheme 2). As in the previous section, different mechanisms of the
transformations can also be proposed, including diradical recombination, radical addition,
and cyclization mediated through [OHe] rebound. The examples in this section will also be
grouped by the type of atom that is coupled to the carbon atom to forge the new cyclic
structures.

2.3.1. C-C Coupling—Cycloclavine (245) is an ergot indole alkaloid produced by the
fungus A. japonicas (Scheme 37).189 The most notable structural feature of 245 is a
cyclopropyl moiety fused to the ergot core. O’Connor and coworkers recently identified and
heterologously reconstituted the pathway in S. cerevisiae.r®0 The biosynthetic pathway, as
with other ergot alkaloids, is derived from the oxidative cyclization of 4-dimethylallyl-L-
tryptophan (237) through oxidation of the prenyl chain. Chanoclavine-I aldehyde (238) was
shown to be a precursor of 245, and is first proposed to undergo ene-reduction by the Old
Yellow Enzyme (OYE) EasA to 239 and cyclize to yield the imine 240 (Scheme 37A).
Tautomerization of the imine to enamine 241 then sets up the oxidative transformation by
the nonheme iron a-KG-dependent enzyme EasH as shown in Scheme 37B. Two likely
mechanisms of intramolecular cyclopropanation are shown. Route & involves the
hydroxylation of the enamine 241 to 242, followed by water elimination to 244. Although
chlorination of the same carbon is also possible using the mechanism discussed in Section
5.1, EasH lacks the active site motif that is signature of an oxidative chlorinase.
Alternatively, route & involves hydrogen abstraction at the same position and radical
migration to yield the intermediate 243, which can undergo a second hydrogen abstraction
by EasH to afford the iminium 244, which can be reduced by EasG to yield 245. In section
3.5.2, we discuss an alternative fate of 238 to yield lysergic acid.
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Nogalamycin (250) is an anthracycline antibiotic produced by the soil-dwelling S. nogalater
(Scheme 38).191 Unlike other anthracyclines, 250 is derived from a diglycosylated
anthracycline scaffold 246. The C5 position is glycosylated with D-olivose, while the
unusual bicyclic ring systems attached to C; and C, are derived from rhodosamine. The O;-
rhodosamine deoxysugar is further coupled to the C, position via a new C-C bond, but is
also epimerized at the C4 position to give nogalamine in the final product. Prior genetic
studies showed that the glycosyltransferase SnoD and SnoE are glycosyltransferases that
establish the classic O-glycosidic bonds at C; and Cy respectively in 246.192 Recently, two
a-KG dependent iron enzymes from the gene cluster were characterized.1%3 SnoK was
shown to catalyze the C-C bond formation of 248. The radical mechanism is shown in
Scheme 38, in which abstraction of Cg’ hydrogen to 247 and subsequently the C,-hydrogen
by the iron center can lead to radical coupling for formation of the new C-C bond in 248.
The other a-KG dependent iron enzyme SnoN was found to be the C4” epimerase that
affords nogalamycin R (249) via a diradical mechanism. It is interesting that SnoK and
SnoN share 38% sequence identity and have very similar active sites as determined by X-ray
crystallography, yet catalyze very different reactions in the late stage of this pathway.

In Scheme 24, we showed (+)-pinoresinol (136) is derived from the regioselective and
stereoselective coupling of coniferyl alcohol radical in the presence of a dirigent protein. In
mayapple, 136 is further modified into the antitumor natural product podophyllotoxin 262 as
shown in Scheme 39.114 The biosynthetic pathway of 262 is of considerable interest since
the semisynthetic etoposide (261) is a front-line anticancer drug.19419 The transformation
of 136 to (-)-pluviatolide (253) was known for some time, while the remaining pathway was
recently mapped by Satterly and coworkers using tobacco plant as a heterologous host.114
Successive introduction of candidate genes identified from transcriptome analysis enabled
the heterologous production of (—)-4-desmethylepipodophyllotoxin (260), which is the
precursor of the desired stereochemistry for 261 semisynthesis.1% Of note in the pathway
are several cyclization reactions, including dehydrogenation of (-)-secoisolariciresinol (251)
to (—)-matairesinol (252); P450-catalyzed formation of methylenedioxy bridge in 253, and
the key C-C coupling in (-)-yatein (254) to forge the nonaromatic, 6-membered central ring
of the 5-6-6-5 tetracyclic framework in (-)-deoxypodophyllotoxin (258). The responsible
enzyme 2-ODD is a nonheme iron a-KG-dependent enzyme of which the activity was
confirmed using purified enzyme. The proposed mechanism of 2-ODD is first the radical
mediated benzylic hydroxylation to yield 255, which can lose water to form the intermediate
256. Aromatic addition to the enenone furnishes the C-C bond in 257 and rearomatization
gives 258. Identification and reconstitution of the entire set of enzymes required to transform
pinoresinol to 260 sets the stage for a more scalable and cost-effective pathway to 261.

2.3.2. C-O Coupling—Returning to ergot alkaloids briefly, the ergopeptine are well-
documented toxins that can cause intoxications in mammals.1%” Dihydroergotamine (266) is
a known precursor to some of the ergopeptine natural products. Biosynthesis of the
diketopiperazine-derived core in 266 starts with two NRPSs, LPS1 and LPS2, that use D-
lysergic acid as a starter unit and adds L-alanine, L-phenylalanine and L-proline to yield a
tetrapeptide.198 Intramolecular cyclization releases L,L-dihydroergotamam (263) as the
product of the NRPS enzymes (Scheme 40). Cloning and characterization of ¢pEasH from
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the ergot fungus Claviceps purpurae demonstrated this nonheme iron a-KG-dependent
enzyme is responsible for the formation of the oxazolidinone ring found in 266.19 The
reaction mechanism is proposed to be first hydrogen abstraction at the a.-carbon of the
alanine unit in the DKP substrate to give 264, followed by [OH¢] rebound to yield the
transient hydroxylated intermediate 265. Spontaneous attack of the newly introduced
hydroxyl group on the prolyl amide carbonyl forms the oxazolidinone ring in 266. Structural
characterization of ¢pEasH was performed and showed this enzyme is highly similar to
phytanoyl-CoA hydroxylase PhyH from humans.

Orthosomycins are oligosaccharide antibiotics that contain at least one interglycosidic
spirocyclic ortho-6-lactone linkages between a pair of carbohydrates.199 This family of
natural products are exemplified by avilamycin A (267), everninomicin D (268), and
hygromycin B (269) (Scheme 41A), which are broad spectrum antibiotics.19° The orthoether
linkages are essential for the biological activities of these natural products. In both 267 and
268, methylenedioxy bridges are also present. The biosynthetic gene clusters of 267 and 268
are large and encode up to fifty enzymes, many of them with unknown biosynthetic
function.290.201 Recently, Bachmann and Iverson and coworkers identified a group of
conserved nonheme iron a-KG-dependent enzymes from the biosynthetic gene clusters and
solved their X-ray crystal structures.292 Although direct biochemical evidence is still
lacking, the presence of long substrate channels in these structures, and co-crystal structure
of HygX with 269 provide initial evidence that the orthoether linkages are forged by these
enzymes. Genetic inactivation abolished the biosynthesis, further demonstrating their
essential roles. The proposed mechanism for the orthoether linkage formation is shown in
Scheme 41B. After formation of the high-valent Fe!V=0 ferryl oxo species, abstraction of
hydrogen from the a.-carbon of one sugar unit 270 forms the C-radical 271 and Fe!''-OH. A
second hydrogen abstraction from the hydroxyl group forms the O-radical that can be
combined with the C-radical to form the spirocyclic structure 272 and return the iron to the
resting state. Although no direct evidence is available, the same enzyme may also catalyze
the methylenedioxy bridge 275 starting with 273 with the same mechanism as proposed for
P450 enzymes in Scheme 33 (Section 2.2.4), using a different prosthetic iron center.

Clavulanic acid (286) is a commercially important p-lactam that is produced by S.
clavuligerus (Scheme 42).203 |t has a bicyclic ring system, consists of one 4-membered -
lactam and one 5-membered oxazolidine ring. Like penicillin and cephalosporinp-lactams,
the multicyclic ring system is derived from oxidative cyclization of a linear tripeptide 276
(Scheme 42A).204 Following B-lactam formation to yield deoxyguanidinoproclavaminic acid
(277), a nonheme iron a-KG-dependent enzyme clavaminate synthase (CAS) plays key
roles in the remaining pathway.205-212 CAS first catalyzes the stereoselective C3
hydroxylation to yield guanidinoclavaminic acid (278), which can be hydrolyzed to
proclavaminic acid (279). CAS then performs oxidative cyclization between the C3 hydroxyl
group and the C4 position in the -lactam to yield dihydroclavaminic acid (281). CAS next
performs a third oxidation reaction to dehydrogenatively form clavaminic acid (285), which
can be eventually converted to 286. Scheme 42B shows two of the proposed mechanisms for
CAS in the cyclization step. Route ais similar to the mechanism discussed in the formation
of the orthoether linkage in Scheme 41. The hydrogen on Cy4’ can be first abstracted by the
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Fe!V=0 ferryl species to form the C-radical 280. A second hydrogen abstraction on the C3
hydroxyl group and accompanying C-O coupling forms the oxazolidine ring and 281. In
route b, the first hydrogen abstraction is on the hydroxyl group to form O-radical 282,
followed by a retro-aldol-like decomposition to form an aminoaldehyde and a C, radical
283. After another hydrogen abstraction from Cy4’ to yield the azomethine ylide 284, a 1,3-
dipolar cycloaddition between the ylide and the aldehyde forms the 281. Regardless of the
mechanism, CAS is a remarkable enzyme that catalyzes three different oxidation reactions
in one biosynthetic pathway: hydroxylation, C-O oxidative cyclization and dehydrogenation.
The crystal structure of CAS showed an unusual jellyroll fold uncharacteristic of this family
of enzymes 213,214

Another iterative nonheme iron a-KG-dependent oxygenase is hyoscyamine 6p-hydroxylase
(H6H) found in the biosynthetic pathway of the classic plant alkaloid scopolamine (290, also
known as S-hyoscine) (Scheme 43A).215-217 290 is a tropane alkaloid that is used in the
treatment of motion sickness and postoperative nausea. The tropane portion is derived from
putrescine (287), which originated from L-ornithine. The phenyl portion is derived from L-
phenylalanine via oxidative rearrangements catalyzed by P450. Conversion hyoscyamine
(288) to 290 is catalyzed by H6H via two successive oxidation steps (Scheme 43B). In the
first step, H6H catalyzes the hydroxylation at the Cg position via hydrogen abstraction and
[OHe] rebound to yield 6B-hydroxyl-hyoscyamine 289. The second step catalyzed by H6H is
the oxidative cyclization to form the epoxide. The likely mechanism is first abstraction of
hydrogen from C7 to generate a C-radical (291), followed by abstraction of hydrogen from
the freshly introduced Cg-OH to facilitate radical C-O coupling.

Verruculogen (292) is a tremorgenic mycotoxin produced by various Aspergillus and
Penicillium strains (Scheme 44A).218 The most unusual feature of 292 and its prenylated
derivative fumitremorgin A (293) is the eight membered endoperoxide ring bridging the two
middle rings of the 6-5-6-6-6 system. We have previously discussed the P450 catalyzed C-N
bond formation that gives rise to the unusual 6-5-6-6-6 system in fumitremorgin C (219)
(Scheme 34, section 2.2.5). Further modification in A. fumigatus converts 219 to
fumitremorgin B (294), which is Aprenylated in the indole ring and hydroxylated in the
middle ring (at C13). FtmOx1 is a nonheme iron a-KG-dependent oxygenase that connects
the two linear prenyl chains in 294 with molecular oxygen to yield the endoperoxide-
containing ring of 292.219 The crystal structure of FtmOx1 was solved and detailed
mechanistic studies were carried out by Zhang and coworkers.220 The results from the
assays with different ratios of a-KG/FtmOx1/substrate suggested one equivalent of a-KG
and two equivalents of O, were consumed during each turnover. The Cq3 ketone version of
292, 295, is the dominant product under the assay conditions. One important finding is that a
tyrosine residue (Y224) was confirmed to participate in the catalytic cycle of FtmOx1 during
endoperoxide formation.

A radical mechanism was proposed for the endoperoxide formation as shown in Scheme
44B. The first molecule of oxygen is activated to form the active species Fe!V=0. Then a
tyrosine (Y224) O-radical was formed through a hydrogen abstraction step. This phenoxy
radical then abstracts a hydrogen from the A-linked prenyl group to yield 296 which isa C-
radical that can be resonance stabilized. The C-radical then adds to a second molecule of
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oxygen to yield a peroxyl radical 297, which can undergo radical addition to the olefin
present in the prenyl chain of the neighboring ring to forge the endoperoxide ring and the C-
radical 298. Y224 is then re-oxidized to a tyrosine C-radical and affords 292. Starting from
here, two pathways are possible: in the first pathway, this tyrosine O-radical can restart the
catalytic cycle to turnover additional endoperoxide 292 from 294. In the second and more
dominant pathway observed under assay conditions, a two electron oxidation of the Cq3
hydroxyl group in 292 to 295 reduces the iron in FtmOXx1 back to the resting state.

2.3.3. C-N Coupling—The examples in this section are not direct radical coupling
between carbon and nitrogen atoms. Instead, these example illustrate a sequence in which a
nonheme iron a-KG-dependent enzyme catalyzes oxidation of unactivated C-H bond
leading to an electrophilic carbon that can be subjected to nucleophilic attack by a nitrogen
to form a new C-N bond and a cyclic structure. We previously illustrated this example in the
P450-catalyzed conversion of holyrine (47) to staurosporine (20) (Scheme 14, Section
2.2.2). In both examples here, formation of unnatural, cyclized amino acids that are
incorporated into NRP assembly lines are illustrated.

The tuberactinomycin family natural products, such as viomycin (299) and capreomycin I1A
(300) (Scheme 45) are pentacyclic NRPs produced by different actinomycetes and display
anti-tuberculosis activity.221 The common pharmacophore of this family has a number of
nitrogen-containing unnatural amino acids, including the cyclic guanidine 25, 3R-
capreomycidine (301), p-lysine and p-ureidodehydroalanine. The cyclic guanidine is
essential for the activity of the tuberactinomycin compounds and has been found to be
derived from L-arginine (302). Two enzymes are required for the cyclic C-N bond
formation.222.223 The first enzyme (VioC) is a nonheme iron a-KG-dependent oxygenase
that hydroxylates the g-position of 302 to yield 35-OH-L-arginine 303. The second enzyme
(VioD) is a pyridoxal phosphate (PLP) dependent aminotransferase that reacts with 35-OH-
L-arginine to form an PLP-imine 304. Elimination across a-f carbons affords (£)-2,3-
dehydroarginine/PLP adduct 305, which can undergo cyclization by nucleophilic attack of
the guanidine amine to give 306 and subsequent product release to afford 301.

Methylproline residues are found as building blocks in numerous NRP natural products,
such as echinocandin B (307)224, nostopeptolide A1 (308)%2°, polyoxypeptin B (309)225,
griselimycin (310)227, perthamide C (311)%28, and monamycin D (312)22° (Scheme 46A).
Different combinations of methyl substitution regioselectivity and stereochemistry on the
prolyl ring have been observed, including 25,4R-4-methylproline (317), 25,45-4-
methylproline (321), and 25,3 5-3-methylproline (326). The dedicated biosynthetic
machinery for synthesizing 317 and 321 have been found, all originating from the acyclic
aliphatic amino acid L-leucine (313) (Scheme 46B). In the echinocandin pathway, formation
of 317 requires EcdK, a nonheme iron a-KG-dependent oxygenase.230 Enzyme assays
support the mechanism of consecutive hydroxylation of the terminal methyl to yield 4 7-5-
OH-leucine first then the gem diol product 314, which can dehydrate to form the -y-methyl-
glutamic acid-y-semialdehyde (315) that can exist in equilibrium with the cyclic imine 3/-
methyl-AL-pyrroline-5-carboxylic acid (316). Subsequent reduction in an NAD(P)H-
dependent fashion can afford 317. Although no such reductase was found in the ecd
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pathway, it was proposed that the pyrroline-5-carboxylate reductase from the proline
biosynthetic pathway could be shared. In the biosynthesis of 321 for nostopeptolide
assembly in Nostoc sp. GSV224.6, Moore and coworkers showed following the first
hydroxylation to yield 455-OH-leucine (318), an NAD* dependent alcohol dehydrogenase
NosE catalyzes the dehydrogenation of the hydroxyl group to form the aldehyde 319,231,232
The cyclized imine 320 can be reduced by NosF, a dedicated reductase to yield the building
block 321. Ogawa subsequently found an a-KG dependent leucine 5-hydroxylase in NMostoc
punctiforme that can hydroxylate 313 to 318, suggesting this enzyme is widely present in
other Nostoc species, including the nostopeptolide producer.233 Hence the two examples
above provide contrasts in biosynthetic strategy to generate the 4-methylproline piece. In
fungi, a radical mechanism via a-KG oxygenase is employed all the way to the aldehyde
product, while in bacteria the first hydroxylation is radical dependent but the second
oxidation is NAD™ dependent, a route that will be discussed more in section 3.5. Although
the exact enzymes in biosynthesis of 326 have not been identified, it is expected that similar
transient oxidation of the Cs position in L-isoleucine (322) followed by cyclization and
reduction are involved (Scheme 46B).

2.4. Other Fe-Dependent Oxygenases and Oxygen-Independent Radical Cyclases

Besides P450 and nonheme iron a-KG-dependent oxygenases, nature also uses an arsenal of
other iron-dependent oxygenases in oxidative cyclization. These include i) mononuclear,
nonheme dependent oxygenase, such as HppE involved in epoxide formation in fosfomycin
biosynthesis, and isopenicillin N synthase (IPNS) in penicillin biosynthesis; and ii) Rieske-
type oxygenases that are non-heme iron-dependent oxygenases using a [2Fe-2S] cluster as
one electron mediators.

In addition there is an extensive set of molecular oxygen—independent cyclases that work by
radical mechanisms. These are the radical SAM enzymes that use bound 4Fe-4S clusters to
cleave SAM into methionine and 5"dAs, the latter serving as the radical initiator. This
section will cover notable examples of cyclization catalyzed by enzymes in each of these
subfamilies.

2.4.1. Noncofactor Fe-Dependent Peroxidase: Fosfomycin Biosynthesis—
Fosfomycin (332) is a representative member of the phosphonate family of natural products,
all of which contain a C-P bond that is rarely observed among primary metabolites (Scheme
47A).234235 332 js a clinically useful antibiotic produced by various Streptormyces and
Pseudomonas species.236 The warhead of 332 is the epoxide ring and its biological target is
uridine diphosphate (UDP)-A-acetylglucosamine enolpyruvyl transferase (MurA), which
catalyzes the first committed step in bacterial cell wall peptidoglycan assembly.237
Biosynthetic studies had shown that the biosynthesis of all phosphonates start with the
action of PEP mutase, which isomerizes phosphoenolpyruvate (327, PEP) into
phosphonopyruvate (328). Following decarboxylation to 329, aldehyde reduction to HEP
(330), and C-methylation by a radical SAM-and cobalt-dependent enzyme (Fom3), the
immediate precursor to 332, (S)-2-hydroxypropylphosphonate (331, $-2-HPP) is formed.238
The last step is the oxidative cyclization of 331 to form the epoxide ring and 332, which is
catalyzed by a mononuclear non-heme iron dependent enzyme HppE.239240 HppE has a
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cupin fold that is associated with other noncofactor dependent oxygenases.24! The
mechanism of HppE remained elusive, especially with regard to the nature of the oxidant.
Recent studies by Liu and coworkers confirmed that HppE is actually a non-heme iron
peroxidase.242

The mechanism for the H,O»-driven epoxide ring formation is shown in Scheme 47B: the
substrate 331 is first coordinated to the active site Fe!! through the C, oxygen and one of the
phosphate oxygen atoms (in addition to two His and one Asp residue from HppE) to give
333. Reduction of H,05 to H,0 leads to the formation of the high-valent Fe!V=0 reactive
species 334, which abstract a hydrogen from the C; methylene to form 335 and is followed
by an additional one electron oxidation to form a C4 carbocation 336 that can be stabilized
by the adjacent phosphonate. Quenching of the carbocation 336 by the C, oxygen forms a
new C-O bond and completes the biosynthesis of the epoxide ring in 332. The notable
feature of the overall reaction catalyzed by HppE is that the oxygen atom in the epoxide ring
originates from the Co-hydroxyl group of 331, not from H,0, or O,. During the mechanistic
studies of HppE, this enzyme was shown to catalyze two interesting reactions when
alternative substrates are used (Scheme 47C): R-2-HPP (337) is converted to the ketone 338,
while S1-HPP (339) is converted to the aldehyde 340 via oxidative 1,2-phosphono
migration reaction.243.244

2.4.2. Noncofactor Fe-Dependent Oxidase: Penicillin and Cephalosporin
Biosynthesis—Penicillins and cephalosporins are well known p-lactam antibiotics for the
treatment of bacterial infections. The B-lactam antibiotics irreversibly inhibit the function of
transpeptidase that are essential to the biosynthesis of the bacterial cell wall
peptidoglycan.245 The shared precursor to penicillins and cephalosporins is isopenicillin N
(345), which is synthesized in two steps (Scheme 48A).246:247 |n the first step, a trimodular
NRPS ACV synthetase assembles the tripeptide precursor 6-(L-a-aminoadipoyl)-L-
cysteinyl-D-valine (ACV) (344). The linear tripeptide 344 is then oxidatively cyclized into
the fused 4,5-ring system in 345 by the non-heme iron dependent oxidase, isopenicillin N
synthase (IPNS). In the biosynthetic pathway to cephalosporins, 345 will be epimerized to
penicillin N, followed by ring expansion of the 4,5-fused ring system into the 4,6-fused ring
system by deacetoxycephalosporin C synthetase, another non-heme iron dependent enzyme,
which will be discussed in Scheme 131 (Section 6.2.2).

Mechanistic studies of the IPNS have been performed for decades and we will only briefly
summarize here as other reviews can provide more detailed analysis. As shown in Scheme
48B, the reaction proceeds in two stages, each resulting in a two electron oxidative
cyclization via C-H bond cleavage. The net result in terms of oxygen consumption is that
one O5 is reduced by four electrons into two water molecules, therefore the cofactor a-KG is
not needed. In the first stage, the substrate 344 and molecule oxygen bind to the active site
iron center, forming the peroxide radical 347, which can abstract a hydrogen from the p-
carbon of the cysteine residue to form the C-radical 348 (first C-H cleavage). After this, a
C=S double bond and 349 is formed with one electron reduction of the Fe!!! to Fe!!.
Nucleophilic attack of the valinyl amide nitrogen on the thioaldehyde forms the p-lactam
ring in 350, this is accompanied by cleavage of the peroxo bond to generate Fe!V=0 and loss
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of water. In the second stage, a valinyl radical 351 is generated via hydrogen abstraction by
the ferryl-oxoiron (second C-H cleavage). Attack of the valinyl radical on the sulfur yields
the new C-S bond and thereby the thiazolidine ring in 352 and completes the penicillin core
structure that is released as 345. Recent transient-state kinetics and spectroscopic methods
with labeled substrates led to the identification of both C-H cleavage intermediates (348 and
351), thus validating the proposed mechanism.248 We also note the comparison to the 4,5-
lactam-oxazolidine ring system formed during clavulanic acid (286) biosynthesis in Scheme
42 (Section 2.3.2). There the p-lactam ring is formed nonoxidatively and a.-KG is used as
cofactor by CAS to generate the high valent ferryl oxoiron required for the oxazolidine ring
formation.

2.4.3. Rieske Oxygenase: Prodiginine Biosynthesis—Prodiginines, including
metacycloprodigiosin (353)249, streptorubin B (354)2%0, and marineosin A (355)25!, are a
family of red-pigmented compounds containing the tri-pyrrole moiety (Scheme 49A). These
10- and 12-membered carbocycles have different bioactivities, such as immunosuppressive
and anticancer activities, and are produced by both Gram-positive and Gram-negative
bacteria.252:253 The most interesting connectivities in the structures of members in this
family is the C-C bond between the pyrrole ring and the unreactive alkyl side chain.
Oxidative cyclizations of the carbocycle from the acyclic precursors in 353 and 354 are
catalyzed by the Rieske non-heme iron-dependent oxygenases McpG and RedG,
respectively.2>* The substrate of these enzymes is the linear undecylprodigiosin (356), which
is derived from the condensation of 4-methoxy-2,2"-bipyrrole-5-carbaldehyde and 2-
undecylpyrrole.2%5 The differences in regioselectivity and stereoselectivity of the C-C bond
forming step lead to different products as seen in Scheme 49A.

Rieske oxygenases are non-heme iron-dependent oxygenases with a A-terminal [2Fe-2S]
cluster and a C-terminal nonheme iron center. Electron transfer from the [2Fe-2S] cluster to
the iron center is facilitated by a hydrogen bond network between them. The proposed
catalytic cycle of RedG is shown in Scheme 49B: after the substrate 356 and oxygen
sequentially bind to the nonheme iron center, and with the assistant of one electron transfer
from the [2Fe-2S] cluster, the Fe!''-OOH complex abstracts the pro-R hydrogen from the
alkyl chain of 356 and generates the Fe!V=0 species.?56 The C-radical in the 357 then adds
to the pyrrole ring stereoselectively to form the new C-C bond and the (S)-configured
carbocycle 358. Anaother hydrogen abstraction from the hydropyrrole ring by the ferryl
oxoiron, followed by rearomatization forms the pyrrole ring and the product 354. Reduction
of the active iron center to the resting state releases the product.

In the biosynthetic pathway of 355, the enzyme responsible for the oxidative cyclization is
MarG, which is a homolog to RedG and McpG.2% The C-H cleavage and C-C bond forming
steps of MarG are similar to RedG starting from the acyclic 359 and the radical
intermediates 360 and 361. A subsequent nucleophile attack of the terminal hydroxyl group
on the double bond of 362 forms an additional 6-membered ring fused to the carbocycle
(Scheme 49C).

2.4.4. Radical SAM Enzyme: C-C Coupling—The mechanism of radical SAM
enzymes is shown in Scheme 3. Although radical SAM-mediated oxidative cyclization is not
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as widespread as the other iron-dependent enzymes shown above, several notable examples
warrant discussion here. Because of the autoxidizable 4Fe/4S cluster that is the donor of one
electron to the bound SAM substrate, the radical SAM enzyme family not only does not use
05, as cosubstrate, this enzyme family is inactivated by O, so these reactions run in
anaerobic microenvironments.

Streptide (363) is a ribosomally biosynthesized peptide (RiPP) that produced by
Streptococcus thermophiles, a non-pathogenic streptococcal model strain used in the
fermentation of dairy products.2%8 Previous studies by Monnet and co-workers demonstrated
that 363 is a nonapeptide processed from a 30-mer ribosomally translated precursor
364.259-261 Recently, Seyedsayamdost and coworkers solved the structure of this compound
and elucidated the biosynthetic pathway (Scheme 50).258 A macrocycle is generated by
forming a C-C bond between the Cg of the terminal lysine residue and C7 of the phenyl ring
of a tryptophan residue. This key oxidative cyclization step is catalyzed by a radical SAM
enzyme StrB acting on the 30-mer precursor peptide 364. A mechanistic model for the
oxidative coupling of the otherwise unreactive carbons is shown in Scheme 50. The first step
is to form the radical reagent, 5”-dAe, from SAM and iron-sulfur clusters in the active site of
StrB. The 5’-dAe initiates the radical mediated cyclization by first abstracting a hydrogen
from the Cg of the Lys residue to form a new C-radical 365. This is followed by radical
addition to the phenyl ring of the Trp residue, creating the Lys-to-Trp crosslink and an
indolyl radical 366. Reduction of the auxiliary iron—sulfur cluster together with
deprotonation and rearomatization complete the biosynthesis of the cross-linked peptide
367, which can be further processed by a protease to give 363.

Menaquinone (374), also known as vitamin K2, is a membrane-soluble molecule that
delivers electrons to protein complexes in the respiratory chain. The classic biosynthetic
pathway of 374 involves eight steps starting from chorismate.262 Dairi and coworkers
discovered an alternative chorismate-derived pathway to menaquinone biosynthesis, named
the futalosine pathway (Scheme 51).263 Futalosine (368) is converted to dehypoxanthine
futalosine (DHFL, 369) by the hydrolase MgnB, followed by a C-C coupling step that
affords cyclic-DHFL (CDHFL, 372) by the radical SAM enzyme MqnC. The spirocyclic
372 is further converted to 1,4-dihydroxy-6-naphthoic acid (373), the precursor to 374. The
proposed mechanism of the oxidative cyclization catalyzed by MgnC?2%4 is a radical addition
mechanism that parallels that proposed for the cyclization step of streptide shown above.
After 5"-dAs mediated generation of the C-radical 370, radical addition to the phenyl ring
forges the new C-C bond in 371. Deprotonation and one electron oxidation yields 372.

Jawsamycin (FR900848, 378) is a potent antifungal natural product produced by
Streptoverticillium fervens HP-891 (Scheme 52A).2% It is one of only two natural products
isolated to date that contain the highly unusual polycyclopropanated fatty acyl chain, which
has resemblance to the jaws of sharks that accounts for the compound name. In 378, the
polycyclopropanyl chain is amidated with 5”-amino-5"-deoxy-5,6-dihydrouridine. Feeding
studies suggested the fatty acyl chain is derived from a polyketide pathway, while the
methylene groups of the cyclopropane units are derived from L-methionine.266:267 Recently,
Oikawa and coworkers identified and heterologously reconstituted the biosynthetic pathway
of 378.268 A notable finding is that a set of three enzymes are responsible for forming the
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polycyclopropanated polyketide, they are the iterative PKS Jaw4 (KS-AT-DH-ACP), the
associated ketoreductase Jaw6 and the radical SAM enzyme Jaw5. Based on the lack of
polyketide production in the absence of Jaw5, and the incorporation of the cyclopropanated
acyl fragments into the final product, it is proposed that Jaw5 functions on the a—8
unsaturated polyketide acyl chain after each iteration of chain extension, ketoreduction and
dehydration.

Two possible mechanisms are proposed for the Jaw5-catalyzed cyclopropanation, using the
first polyketide intermediate crotonyl-ACP 375 as an example (Scheme 52B). The two
mechanisms use reactive species of SAM generated by 5’-dAe, hence two SAM per catalytic
cycle are consumed as in other radical SAM methyltransferases.269 The first hydrogen
abstraction facilitated by 5"-dAe yields the SAM methyl radical 383, which may receive an
electron from the [4Fe-4S] cluster to become the SAM ylide 384 (Scheme 52C). In route 4,
SAM ylide 384 performs a 1,4-addition on 375 to generate the adduct 379, which can
eliminate SAH to yield the methylcyclopropyl thioester 376. In route b, direct attack of the
SAM radical 383 on the double bond in 375 yields the adduct 380 that can afford 376
through the elimination of the SAM radical carbocation, which can be further reduced to
SAH by receiving one electron from the [4Fe-4S] cluster. The cyclopropanated polyketide
intermediate 376 is then proposed to undergo additional chain extension to assemble the full
length polyketide product that will be ligated to 5" -amino-5"-deoxy-5,6-dihydrouridine.
Effectively, Jaw5 becomes part of the PKS programming cycle to stereoselectively convert
the a—P unsaturation into the ~-cyclopropane. Interestingly, the timing of Jaw5 is stringently
controlled as three of the unsaturations are retained in the final structure, suggestive of close
coordination of the three enzymes during construction of the remarkable compound.

2.4.5. Radical SAM Enzyme: C-S Coupling—Biotin (389) is used as an enzyme
cofactor in many enzyme-catalyzed reactions involving CO», such as carboxylation,
decarboxylation, and trans-carboxylation (Scheme 53). The structure of 389 contains a
ureido (tetrahydroimidizalone) ring fused to a thiophane ring (5,5-ring system). The last step
in biotin biosynthesis is the insertion of sulfur into dethiobiotin (385) to form the thiophane
ring, and is catalyzed by a radical SAM enzyme named biotin synthase. Mechanistic studies
confirmed that the [4Fe-4S] cluster is responsible for the 5”-dAe formation, while a separate
[2Fe-2S] cluster is responsible for sulfur insertion and cyclization.270-274 A brief
mechanism is shown in Scheme 53: following homolytic cleavage of the C-H bond in the
methyl group by 5’-dAe, attack of the resulting C-radical 386 on the z-sulfide within the
[2Fe-2S] cluster forms the first C-S bond and 9-mercaptodethiobiotin 387. Subsequently, a
new 5’-dAs radical cleaves a second C-H bond in the methylene group. The new C-radical
388 attacks the same sulfur atom completes thiophane ring formation and releases 389 from
biotin synthase.

The 35-residue head-to-tail cyclized subtilosin A (390) is a ribosomally synthesized
antibiotic produced by soil bacterium Bacillus subtilis (Scheme 54A).275:276 |t belongs to
the sactipeptide family that features unusual sulfur to C, thioether bridges that rigidify the
macrocycle at multiple positions. In 390, there are three thioether bridges of which two are
between cysteine thiol and C-Phe and one is between cysteine thiol and C,-Thr. Recent
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biosynthetic studies showed that the formation of all three thioether bridges are catalyzed by
aradical SAM enzyme AlbA that acts on the linear 43-mer precursor peptide.276:277 Similar
to streptide biosynthesis (Scheme 50), completion of oxidative cyclization is followed by
leader peptide cleavage and macrocyclization to yield 390, which is exported to the
extracellular space by an ABC transporter.

A C-S radical coupling mechanism was first proposed to account for the reaction catalyzed
by AlbA.276 As shown in Scheme 54B, the reaction is initialed by the removal of a proton
from the thiol group to form the iron-sulfur coordinate bond in 391, with the iron coming
from the [4Fe-4S] cluster. Then cleavage of SAM generates a 5”-dAe radical that can cleave
the C4-H bond in either the Phe or Thr residue. The resultant C-radical 392 is then coupled
to the cysteine thiol to release from the [4Fe-4S] cluster and form one thioether bridge. More
recently, Berteau and coworkers performed mutagenesis studies on AlbA and proposed a
different nucleophilic addition mechanism (Scheme 54C).277 The first step is proton
abstraction from the cysteine thiol but no Fe coordination. The second step remains the 5’-
dAe mediated cleavage of C,-H bond to form the C radical 393. However, instead of
radical coupling as in Scheme 54B, the C, radical migrates to become an O-radical 394
through resonance, and is further transformed to an imine 395 by one electron oxidation.
Finally, the C-S thioether bond is formed through the nucleophile addition of deprotonated
thiol to imine.

3. NONRADICAL CYCLIZATION MECHANISMS

3.1. Introduction

The previous section dealt with a set of cyclizations initiated by oxidative reactions
proceeding through carbon radical intermediates, many of them driven by enzymatic
reductive activation of molecular oxygen. Analogously, the next section in this review deals
with oxygenases in the form of epoxide-mediated cyclizations.

In this section we consider ring formations attendant with or subsequent to two electron
redox pathways. These can, in a few cases involve enzymatic reductions that set up
cyclizations, as in nostocyclopeptide, saframycin and ikarugamycin assembly, but are largely
cyclizations enabled by oxidation of substrates. The oxidations can involve hydride transfers
from substrates as in the berberine bridge and related flavoenzymes, or can yield carbonyl
groups that undergo intramolecular capture, as in spirocycle formation in reveromycin.
Internal capture of transient imines occurs in scaffolds as simple as the pipecolic acid
building blocks and as complex as in fumiquinazolines C and D and saframycin.

We also take up a set of biosynthetic transformations that are formal [4+2] cyclizations,
including solanapyrone, lovastatin, spinosyn, abyssomycin and pyrroindomycins. In some of
these enzyme cases evidence for Diels-Alder concerted mechanisms is gradually accruing.
The cyclizations themselves, whether stepwise or concerted, are nonoxidative and will be
covered in a review by Liu et al in this issue. However, the prior enzymatic steps, setting up
the diene and dienophile combinations are oxidative. Viewed in this context we look at the
two step enzymatic logic for such biosynthetic cyclopentyl and cyclohexyl ring
constructions.
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Scheme 55 depicts four general possibilities for the reactions in this section. Scheme 55A
involves reduction of a carboxylic acid derivative (typically a thioester) to the aldehyde,
followed by internal capture by an amine nucleophile. Scheme 55B schematizes
intramolecular attack by a nucleophile concomitant with, or after, hydride transfer out of a
substrate. Scheme 55C reflects oxidation of a substrate alcohol or amine group to the
carbonyl or imine followed by internal capture by a nucleophile. Often subsequent reduction
occurs as in pipecolate formation. Scheme 55D suggests assembly-line redox transformation
to set up the diene or dienophile for subsequent [4+2] (or perhaps [6+4]) ring-forming
reaction.

3.2. Reduction-Enabled Cyclization

In the biosynthesis of polyketide and nonribosomal peptide frameworks by PKS and NRPS
assembly lines, the polyketide or peptidyl chains grow as a series of elongated thioesters,
tethered to carrier protein domains.2’8 The canonical mechanism of product release is
through the redox-neutral mechanisms of hydrolysis, esterification and amide
formation.#0-279 This is the basis for forming most macrocycle natural products. There are
also increasing examples of NAD(P)H-dependent reduction as a release mechanism. The
mechanism involves first the reduction of the thioester 396 to the thiohemiacetal 397 by
hydride transfer, and this tetrahedral adduct decomposes spontaneously to release the
aldehyde product 398 (Scheme 56A). Sometimes the aldehyde can persist, but in many cases
the aldehyde is captured by intramolecular nucleophilic attack to form a cyclized product.
Attack by alcohol can yield hemiacetal, while attack by amine can lead to imino formation.
Alternatively, in PKS-NRPS assembly lines, the aldehyde can be attacked by the C, carbon
of the 1,3-diketo group of the polyketide fragment to yield tetramate or pyrrolidone
structures. These examples are abundant, here only a few will be highlighted.

3.2.1. Nostocyclopeptide: Reductive Release from NRPS—Nostocyclopeptides,
such as nostocyclopeptide A2 (401), are cyclic peptides produced by terrestrial
cyanobacterium Nostoc sp. ATCC53789 (Scheme 56B).280 Several features of 401 are worth
noting, including the incorporation of the unnatural amino acid such as 4-methylproline of
which the formation was discussed in Scheme 46 (Section 2.3.3). The imino linkage
between the a-amino group of Tyrl and the carbonyl of Phe7 suggests reductive release of
the nascent linear heptapeptide 399. This was reflected in the last module of the NPRS in
which a Reductive domain (R) was found.281 The formation of an aldehyde intermediate 400
in an NADH fashion and the subsequent capture by amino of Tyrl was confirmed in
vitro.282 The carbinolamine adduct loses water and the cyclic imine is stable as found in the
accumulating product.

3.2.2. Saframycin: Iterative Pictet-Spengler Condensations—Saframycins
including saframycin A (413) are NRP-fatty acid hybrid compounds produced by
Streptomyces and Pseudomonas species, and are members of the tetrahydroisoquinoline
natural product.283 This family displays strong antitumor properties and is best represented
by the saframycin analog ecteinascidin 743 (ET-743) which is approved for treating soft-
tissue sarcoma.284.285 The central pentacyclic core of 413 from S. /avendulae and ET-743
are the same, thereby attracting interests to understand saframycin biosynthesis towards
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rational engineering the pathway to afford ET743, of which a likely biosynthetic gene
cluster was identified through metagenomic approach.286.287

Oikawa and coworkers showed a reductive NRPS assembly line release mechanism is in
play (Scheme 57).288 Three peptidyl aldehydes (405, 409 and 411) are formed transiently
via hydride-mediated release from the carrier protein thiol arm of the NRPS assembly line.
The first is the A-acyl-Ala-Gly dipeptidyl aldehyde 405 derived from thioester 404. It is
condensed with the amine of the tyrosyl-derived methyl DOPA-S-carrier protein
intermediate 403. The initial imine 406 is then captured intramolecularly (Scheme 57A) by
C, of the catecholic ring, acting as an accessible carbanion by virtue of the adjacent phenol
oxygen. This adduct 408 then undergoes a second cycle of NADPH mediated reductive
release to yield 409. It then is captured by the identical aminoacyl-S-carrier protein 403 for a
second Pictet Spengler reaction, creating the second bicyclic scaffold 410. This peptidyl
thioester is now subjected to a third NADPH-mediated reductive release cycle to give 411.
When 411 is captured internally by the indicated secondary amine to yield 412, a stable
cyclic carbinolamine ring is formed and accumulates (Scheme 57B). The iterative strategy of
three reductive release steps on increasingly complex peptidyl thioesters builds the three
core six member rings in the saframycin pentacyclic scaffold.

3.2.3. Leporin: Inverse Electron-Demand Diels-Alder—The 2-pyridone leporin B
(419) is synthesized by a PKS-NRPS hybrid enzyme from A. flavus (Scheme 58A).289 The
biosynthetic gene cluster was identified from overexpression of a transcription factor in the
cluster which led to the overproduction of the metabolite.28% 419 was shown to form a
trimeric complex with iron, which was attributed to its antiinsectan and antifeedant
properties.289 The biosynthesis of 419 involves a number of initially unobvious biosynthetic
transformations.289 The initial expansion of the five member tetramate product 414 from
PKS-NRPS to the 6-membered 2-pyridone 415 was shown for aspyridone?%° was described
in Scheme 134 (Section 6.2.5). It is proposed that the subsequent steps begin with enzymatic
reduction of the exocyclic ketone 415 to the alcohol 416. Its subsequent elimination as H,O
creates the exocyclic double bond in 417. Although mechanistic details are not yet available,
one formulation of the next step is an inverse electron-demand Diels-Alder reaction creating
two rings in 418 simultaneously, involving the pyridone carbonyl as the surrogate diene. N-
hydroxylation completes the assembly of tetracyclic 419.

The hetero Diels-Alder reaction was investigated using synthetic strategies as shown Scheme
58B.291 Knoevenagel condensation of 4-hydroxy-5-phenyl-2-pyridone (420) with 2-
methyl-6 £,8 £-decadienal (421) forms the unstable O-quinone methide intermediate 417 that
is also proposed for the biosynthetic transformation. A one pot experiment with 420 and 421
in ethanol and trimethylamine at 160°C for 20 hours afforded the desired inverse electron-
demand Diels-Alder product 418 with 35% yield. A majority of products were the adduct
422 that displayed alternative stereochemistry as well as the normal Diels-Alder cyclization
spiro-adduct 423. The latter also be formed from the Claisen rearrangement of 422 (but not
418). Therefore, the synthetic studies suggest enzymatic control is required during leporin
biosynthesis to ensure formation of the required leporin intermediate. In the unrelated
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marine compounds dibenzo-p-dioxins, Moore and coworkers proposed a P450-catalyzed
quinone formation leads to a hetero Diels Alder cycloaddition.292

3.2.4. lkarugamycin Cyclization: Hydride-Mediated Coupling—Ikarugamycin
(428) is isolated from Streptomyces sp. and displays a variety of potent biological
activities.29 It is a member of the polycyclic tetramate macrolactams (PTMs) family that
also includes clifednaminde (429)2%4, dihydromaltophilin (HSAF, 430)2% and frontalamide
A (431)2%_ The PTMs are PK-NRP hybrid metabolites with a tetramic acid moiety and most
notably 5,6,5 or 5,5,6 fused tricyclic element itself embedded in a 16-membered
macrolactam.297 Later in this section of the review we will note the spinosyn system where a
[4+2] enzymatic reaction has been shown for the comparable 5,6,5 tricyclic system (Scheme
83, Section 3.10.4). The logic of assembly of this structural element in ikarugamycin (and
presumably its congeners) is completely distinct (Scheme 59).

Zhang and coworkers elucidated the enzymatic basis for forming 428, which involves only
three enzymes.2%8 The PKS-NRPS IkaA synthesizes the acyclic tetramic acid 424 that
consists of two polyenyl fragments (pentaene and tetraene). IkaB has sequence homology to
phytoene desaturase family enzymes, and has been proposed to be responsible for forming
the first two rings (5,6 system), although the mechanism is not understood. Formation of the
third ring is catalyzed by IkaC, an enzyme with sequence homology to alcohol
dehydrogenase.2?8 The strategy to form this five-membered ring was shown to be reductive,
driven by a hydride donation from NADPH on the terminus of the conjugated 1,6-dienone
moiety in 425 (Scheme 59). The incipient carbanion (can be written with charge density all
the way out on the oxygen) can mount a transannular attack on the terminus of the
conjugated dienyl amide building the indicated cyclopentane ring in 426. Following IkaC-
assisted isomerization (to yield 427) and ketonization, the natural product 428 is formed.
The 1kaABC cassette therefore represents an exceptionally concise enzymatic pathway;
unsurprisingly, these three genes are well-conserved in the gene clusters of all PTMs family
of products,296:298-300

3.2.5. Iridoid and Related Plant Metabolites—The 5,6-fused oxazepine system is
found in iridoid plant metabolites as noted in Scheme 60, including nepetalactone (432)301,
aucubin (433)302 and catapol (434)302-303 The iridoid intermediate nepetalactol (439) is an
on-pathway metabolite to secologanin and strictosidine, the latter of which is the branch
point for medicinally important monoindole alkaloids such as camptothecin and
vinblastine.394 The bicyclic framework of iridoid arises ultimately from the common
monoterpene building block geraniol (435). The C1-OH undergoes oxidation to the aldehyde
while one of the terminal methyl groups is oxygenated twice in succession to yield the
acyclic C1-Cg dialdehyde 8-oxogeranial (436). The enzyme iridoid synthase (ISY)
responsible for the cyclization was identified using comparative transcriptome analysis from
Catharanthus roseus.3% 1SY has sequence homology to progesterone 5p-reductase
(P5BR)3%, a short-chain NADPH-dependent dehydrogenase. ISY mediates transfer of a
hydride equivalent from NADPH to the C4 olefinic terminus of the enone 436 and generates
an enolate anion 437. This sets up intramolecular cyclization to create the fused 5,6-bicyclic
ring system in 439. This could happen in a stepwise fashion, by a Michael addition to form
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the cyclopentane 438a and then the oxazepine 439. Alternatively, a hetero Diels-Alder

reaction, vide supra, as shown with 438b would construct both rings simultaneously as
shown in the scheme. The product c/s-trans 439 are in equilibrium with the ring opened
iridodial (440).

The O’Connor group subsequently obtained the crystal structure of ISY to demonstrate the
most likely pathway is the stepwise enolization and 1,4-addition.3%” The backbone amide of
Ile145 and the phenol of Tyr178 form an oxyanion anchor that stabilizes the enolate anion
437. The orientation of the active site and cocrystalized NADP* is also consistent with the
stereochemistry of the product. The enzyme is also proposed to undergo conformation
change after enolate formation accommodate folding of the substrate and subsequent
cyclization.

3.3. Oxidation Enabled Cyclization

The subsequent examples of ring formations during natural product assembly in this section
proceed by oxidative not reductive mechanisms as depicted in Scheme 55B. The first set
(Section 3.3) involves O-C, N-C, or C-C bond formation at the site where a hydride is
ejected from the substrate and passed to FAD in the active site of the relevant enzyme. The
second set (Section 3.5) involve oxidation of alcohol or amine groups to the corresponding
carbonyl which are then captured by internal nucleophiles. A somewhat distinct mechanistic
category that epitomizes oxidative ring construction are disulfide bond formations between
two sulfhydryl groups in a metabolite.

3.3.1. Berberine Bridge Enzyme: Nucleophilic Attack with Hydride Transfer to
FAD—The best characterized enzyme in this mechanistic class is the berberine bridge
enzyme (BBE), involved in plant alkaloid biosynthesis.34:3%:308-315 The enzyme converts
(S)-reticuline (118) derived from L-tyrosine, to (S)-scoulerine (443) which is on the way to
more complex benzophenanthridine alkaloids including berberine (205). BBE constructs a
new C-C bond between the A-methyl and the catechol ring in 443 as shown in Scheme 61.
The puzzling element in the reaction had been how the unactivated A~methyl group in 118 is
converted to the bridging CH, in 443 in a low energy path. Interestingly, there is no known
synthetic counterpart to this reaction.

As shown in Scheme 61A, the BBE enzyme continues the theme of hydride transfer to or
from substrates during biosynthetic ring constructions elaborated in Section 3.2. In this case
it is FAD that is the hydride acceptor from substrate rather than NADPH the donor to
substrate that sets off the reaction flux. The X-ray crystal structure of Eschscholzia
californica BBE in complex with 118 showed a glutamic acid E417 is the catalytic base in
deprotonating the phenol, and site-directed mutagenesis of this residue had significant effect
on catalysis.311 This mechanistic investigation suggested hydride transfer and Sy2 carbanion
attack to form the C-C bond in 441 occur in a concerted fashion, facilitated by the
deprotonation of the phenol (resonance contributor to the phenolate anion in a single
transition state). More recently, a series of deuterium Kinetic isotope effect studies were
conducted with both the wild type BBE and the E417Q mutant, suggesting that
deprotonation does not occur before or during C—H bond cleavage.310 Therefore, a step-wise
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mechanism for BBE enzyme was proposed (Scheme 61B), in which hydride transfer from
the N-methyl to the bivalently attached flavin cofactor leads to formation of the iminium
cation 442, followed by attack of the ortho phenolate anion to forge the C-C bond to
generate 441, which can aromatize to yield 443.

3.3.2. Mechanistic Analogies to the Berberine Bridge Enzyme Transformation
—A mechanistically comparable pathway to the plant BBE transformation was found
through genome mining from A. fumigatus. Transcriptional factor overexpression
accompanied with comparative metabolomics found the fsg cluster is able to synthesize the
tricyclic isoquinoline fumoisoquins A (449) and B (450) and the related benzoquinone
fumisoquins C (451).316 Formation of the berberine-like C-C bond is proposed to arise from
a modified dipeptidyl-S-enzyme intermediate 444 on a two module NRPS assembly line
(Scheme 62). On-assembly line M-methylation and catechol formation by dissociated
enzyme partners generate the identical arrangement 445 for a BBE-like oxidative cyclization
catalyzed by the flavin-containing enzyme FsgB to give 448. The reaction was diagrammed
as a two-step process, hydride transfer to 446 followed by cyclization to 447 in the original
publication (Scheme 62A), but has not been investigated for timing and could happen in one
transition state as proposed above for the BBE, with hydride extrusion and C-C bond
formation occurring synchronously to give 447 before rearomatization (Scheme 62B).

The last steps in tetrahydrocannabinol (455) assembly involves cyclization of the geranyl
side chain in 452 onto the electron rich aromatic polyketide moiety to form the tricyclic
framework of the cannabinols.317 Scheme 63 illustrates a comparable chemical logic as BBE
for ring construction catalyzed by THCA synthase. X-ray structure of THCA synthases
showed a bivalently attached flavin cofactor, identical to that in the BBE enzyme.317 Phenol-
assisted ejection of a hydride ion from the benzylic position in 452 to enzyme-FAD
generates (perhaps in a single transition state) the conjugated dienone 453 that acts as
electrophile for the m electrons of the terminal double bond. The pyran ring in 454 may be
formed in the same transition state as suggested in Scheme 63. The immediate result is
formation of the fused tricyclic platform of tetrahydrocannibinol is C-C and C-O bond
formation. Tetrahydrocannabinolic acid (454) is readily decarboxylated to for 455, the active
ingredient of marijuana.

Lankacidins, including Lankacidin C (459) produced from S. rochei are macrocyclic
antibiotics that display significant antibiotic activities towards many bacteria, and are used in
agriculture to treat porcine infections.318-323 The acyclic substrate LC-KAO5 (456) is
formed by a hybrid NRPS-PKS assembly line with -y-lactone formation as the termination
and product release step.324 Concerted desaturation of the secondary amine to the product
iminium (457) and capture by the enol carbon to create the new C-N bond that forms the 17
atom macrocycle lankacidinol A (458) is catalyzed by the enzyme LkcE (Scheme 64).
Subsequent oxidation of a-OH and deacetylation affords 459. It is of note here that the
macrocyclic framework of 458 has an embedded lactone but its formation is not the route to
the macrocycle.

An additional example of hydride removal to create an electrophilic center captured in ring
formation is provided during biosynthesis of the mycotoxin cyclopiazonic acid (464)
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(Scheme 65). The pentacyclic metabolite, fashioned from polyketide, amino acid, and
isoprenoid building blocks in a short, three enzyme pathway325:326 and is a nanomolar
inhibitor of Ca2*-ATPase327 (Scheme 65). CpasS is a two module PKS/NRPS hybrid
assembly line, notable for a Dieckmann type cyclization as release mechanism to generate
the tetramic acid cycloacetoacetyl-tryptophan (461).328 CpaD is a prenyltransferase
specifically installing the prenyl group at C, of the indole ring to give 462.32% The third
enzyme is the redox catalyst. CpaO contains covalently bound FAD and is proposed to
utilize the indole NH as neighboring group to expel a hydride ion from the indicated
methylene center to FAD.330-332 The conjugated indole iminium 463 is an electrophile
capturable by the m electrons of the A3%-olefin of the prenyl group. Simultaneous
participation of the amide nitrogen from the tetramic acid moiety (analogous to the —-OH
participation in tetrahydrocannabinol construction just above) would again create two rings
at once and give the angular pentacyclic framework of the potent mycotoxin 464.

Chlorizidine A (467) provides the sixth and final example in this subsection of a hydride
expulsion/ring forming logic, in this case to make a new N-C bond rather than the O-C and
C-C bonds noted thus far (Scheme 66).333 467 is a tetrachlorinated metabolite isolated from
a marine Streptomyces, and contains an unprecedented pyrrolo-isoindolone ring system,334
The precursor molecule 465 shown in the scheme is derived a polyketide assembly line in
which two molecules of dichloropyrrole are used as building blocks. Following pyrrole
nitrogen mediated chain release and cyclization, phenolate-assisted expulsion of a CH»-
derived hydride ion to FAD yields the conjugated enone 466 that is capturable by the
dichloroimidazole nitrogen atom to produce the 5,5 bicyclic system.

These examples provided in this section highlight the ability of the two most abundant
cellular redox coenzymes, NAD(P)H and FAD, to engage in hydride transfers, as donor and
acceptor respectively, in the biosynthetic directions. This hydride transfer capability
undergirds the central enabling chemical logic for this structurally and functionally diverse
array of biosynthetic reductive and oxidative cyclizations in plants, bacteria and fungi. These
are two electron pathways that lead to a variety of fused ring systems, in contrast to the
manifold one electron pathways in the prior Section 2 which also enable great diversification
of natural product frameworks.

3.3.3. Peptidyl Oxazoles and Thiazoles—A number of microbially generated nascent
proteins can be morphed into small molecule stable frameworks containing five membered
oxazole and thiazole rings.335-337 These include members of the cyanobactin family such as
patellamides A (468) and C (469)338, telomestatin (470)339, and the thiocillin class of
antibiotics (471) with a trithiazolylpyridine tetracyclic core340 (Scheme 67).

The oxazole (477) and methyloxazole (478) rings arise from cyclization of Ser (472) and
Thr (473) residues to the corresponding oxazolines, respectively.34! The thiazole ring (479)
arises from Cys residues (474) via comparable thiazolidine intermediates.341 The cyclization
reaction manifolds begin by attack of the Ser/Thr/Cys oxygen or thiolate side chain in the
upstream carbonyl (Scheme 68). The resultant tetrahedral adducts 475 are enzymatically
phosphorylated on oxygen by a cyclodehydratase that uses ATP as cosubstrate.342:343
Breakdown of the phosphorylated adduct in the front direction involves elimination of the
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elements of phosphoric acid to create the oxazoline and thiazoline rings (476).342:343 These
are hydrolytically labile.

The redox step happens next. An FMN-containing dehydrogenase enzyme catalyzes proton
abstraction from C,4 and hydride transfer from Cg of the dihydroheterocycles 476 to create
the 2,3-olefin that completes heteroaromatization to the oxazole and thiazole rings.34! These
are stable and represent a dramatic morphing of the peptide backbone of the protein
precursors into these protease-resistant heterocycles. The patellamides and telomestatin have
heterocycles embedded within the macrocycle where some of the oxazolines have not
undergone desaturative aromatization.338:339 The thiocillin biosynthetic pathway creates the
three central thiazoles first with pyridine ring construction simultaneous with 26 atom
macrocycle formation as the last biosynthetic step.344:34

3.4. S-S Bond Formation from Dithiols

The formation of disulfides from dithiols is featured as a common posttranslational
modification in proteins excreted from cells into oxidizing environments. The dithiol-
disulfide redox equilibrium is also central to primary metabolism to keep intracellular
protein thiols essentially fully reduced.3*6 The agent for this function is typically the
tripeptide glutathione, or its relatives in a variety of prokaryotes and single cell eukaryotes.
Reduced glutathione is accumulated in a 10/1 ration over the glutathione disulfide by the
enzyme glutathione reductase which uses hydride equivalents from NADPH, run through the
bound FAD in the enzyme (Scheme 69A).347

There are a relatively small number of natural products which utilize disulfide bridges as
conformationally rigidifying and activity-conferring structural elements. Among them are
the histone deacetylase (HDAC) inhibitor spiruchostatins of which FK228 (Romidepsin,
481) has been approved as a therapeutic agent,348:349 holomycins (485)3°0, and the
epidithio/disulfide forms of the fungal DKP toxins, of which gliotoxin (483)3%! is the best
known (Scheme 69B). All of these metabolite sets are made by the producing microbes as
the dithiol forms (480, 482 and 484) and in the last or penultimate biosynthetic steps, then
oxidized to the disulfides by flavoenzymes in the glutathione reductase superfamily.352-356
The disulfide forms impart specific conformations to the pathway end products and may
confer the toxigenic properties since they can react with thiols of cellular constituents (e.g.
proteins) to form covalent mixed disulfide adducts.3%7

Two disulfide variants in natural products are worth mention. One is the disulfide monoxide
link found in the DNA damaging macrocyclic leinamycin (488) produced from S.
atroolivaceus (Scheme 70A).3%8:359 Enzymatic oxygenation of the disulfide 487 fromed
from dithiol 486 is the likely origin of the disulfide monoxide group. The higher oxidation
state of the sulfoxide destabilizes the S-S linkage and makes the sulfoxide more likely to
depart in the presence of a nucleophile. Thus, one can consider this to be an activated form
of a typical disulfide electrophile.

The second intriguing variant is found in the dimeric echinomycins (492) (Scheme 70B).
These are formed from the A-acylated-Ser-Ala-N-MeCys-N-MeVal tetrapeptidyl-S-enzyme
species by head to tail dimerization as the release mechanism from the biosynthetic NRPS
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assembly line.360 The bislactones 489 have the two Cys-SH side chains in proximity across
the macrocyclic ring and are subject to oxidation to the disulfide 490 as shown. This could
be nonenzymatic via a sulfenic acid, now electrophilic for capture by the transannular -SH
partner. Of special note is that the bridging disulfide can undergo a catalyzed rearrangement
to the thiomethy! thioether in 492 in the presence of S-adenosylmethionine and via
intermediate 491.361 Unlike the disulfide which is labile to reduction, the thioether bridge
formation should be irreversible and may provide a locked in conformation that is relevant to
its bioactivity.

3.5. Capture of Transient Carbonyls

Perhaps the most straightforward two electron route to oxidatively enabled ring formations
during natural product biosynthesis is the use of NAD (or less often FAD) as hydride
acceptor during transient oxidation of a substrate alcohol or amine to the corresponding
ketone or imine. Capture by an intramolecular nucleophile could generate a stable ring
system on its own (Scheme 55C, Section 3.1). If not, coupled re-reduction by the just
generated NAD(P)H would yield the stable cyclic product.

3.5.1. Pipecolic Acid: Hidden Redox Mechanism—The enzymatic conversion of the
proteinogenic amino acid L-lysine (497) to the six-member heterocyclic pipecolic acid (501)
is a simple example of this ring-forming logic (Scheme 71).362:363 Enzymatic oxidation at
the C, amine yields the acyclic imine 498 and NADH. Capture by the Cg amine gives 499,
and loss of NH3 from the tetrahedral adduct yields the A -cyclic imine 500. Now transfer of
the hydride back from NADH to C, yields the cyclic 501. The redox process is cryptic, does
not show up in the reaction stoichiometry. 501 is the next higher homolog of the amino acid
proline. It is incorporated into several PK-NRP hybrid natural products, among them
rapamycin (493)364, FK506 (494)365, meridamycin (495)3%6 and antascomicin B (496)367
(Scheme 71). 493 and 494 are macrocycles that have been approved as therapeutic
immunosuppressive agents. In these pathways, 501 is activated by the terminal NRPS-
module and appended to the growing chain as an amide thioester, which is macrocyclized
through an internal hydroxyl group to yield the macrolactone/lactam. 368-372

3.5.2. Lysergic Acid: Formation of the Fourth Ring—Lysergic acid (505) and its
biosynthetic offsprings are members of the ergot alkaloids from the spores of the fungus
Claviceps purpurea.3'® These alkaloids can elicit a number of digestive, circulatory and
neurological responses in humans. 505 is derived from the tricyclic intermediate
chanoclavine-1 (502), which is derived from the oxidative cyclization of 4-
dimethylallyltryptophan (237). A comparable cyclization strategy to 501 is in play in the
conversion of 502 to 505 (Scheme 72).373 NAD-linked dehydrogenation of the primary
alcohol in 505 yields chanoclavine-I aldehyde(238) and NADH. The aldehyde can be
attacked by the exocyclic A-methyl amine to give the carbinolamine, then the iminium ion
503 as shown. Addition of hydride back from NADH yields the stable cyclic amine in
agroclavine (504). This metabolite is three oxygenations away from 505, all involving
successive oxygen transfers to the methyl group. The last olefin isomerization to be in
conjugation with the indole is thought to be spontaneous. The reversible oxidation of alcohol
502 to aldehyde 238 and back reduction of iminium 503 to secondary cyclic amine 504
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hides the redox process from cursory inspection of reaction stoichiometry. 505 can then
serve as a highly unusual starter unit for the LPS NRPS, which can ultimately lead to the
formation of ergotamine peptide 266 that is discussed in Scheme 40 (Section 2.3.2).

3.5.3. Reveromycin: 6,6-Spirocycle—The spiroacetal reveromycin A (515) from
Streptomyces sp. SN-593 is a 35-carbon branched polyketide metabolite that can inhibit
bone resorption by induction of apoptosis in osteoclast.374:375 The nascent polyketide RM-
A2a (506) released from the polyketide synthase machinery undergoes a truncation and
spiroacetalization tailoring by RevG and RevJ (Scheme 73A).376 A P450 mediated
hydroxylation at C4g in 513 then introduces an OH group in 514 that is the site of
subsequent hemisuccinylation in 515.

The distinguishing 6,6-spiroacetal feature of reveromycin A is installed by action of the
short-chain dehydrogenase RevG for NAD-dependent dehydrogenation of the C15-OH in
506 to the ketone in the acyclic precursor 507. Intramolecular hemiacetal formation creates
the first six membered ring 508. Elimination of water by action of RevJ and transient
formation of the oxonium ion 510 sets up stereospecific attack by the C11-OH to complete
formation of the stable 155 acetal RM-A3a (512) while creating the spiro arrangement. In
the absence of RevJ, the cyclization cascade can also occur, but affords a 3:2 ratio of the 155
to 15/ isomers. Comparable 6,6-spiroacetal moieties are found in tautomycin (516)377,
avermectin Bla (517),378 and spirangien A (518)37° which may utilize the same
dihydroxyketone functional group array for spiroacetalization (Scheme 73B). The spiroketal
formation in avermectin biosynthesis was characterized by Liu and coworkers in vitro378,
On the other hand, the 5,6-spiroacetal linkage in monensin rises via epoxyketone cyclization
as described in Section 4.2.1.

3.5.4. Fumiquinazoline C and D: Hemiacetal and Hemiaminal—A. fumigatus
strains make fumiquinazoline peptidyl alkaloids constitutively.389 We note the formation of
fumiquinazoline A and related tryptoquialanine in the Section 4 on epoxidative cyclizations
at the 2,3-position of indole rings. In Scheme 74 the further enzymatic processing of
fumiquinazoline A (519) to fumiquinazoline C (521) and D (522) by the FAD-dependent
enzyme Af12070 is depicted.381 The enzyme oxidizes the secondary amine in the C ring of
the quinazolinedione tricyclic moiety to the imine 520. This can be captured
intramolecularly by the C3-OH of the imidazoindolone moiety to give 521 as the kinetic
product. This spiroheptacyclic structure has a hemiacetal linkage. It can revert back to and
equilibrate with the imine 520. The thermodynamic product that accumulates,
nonenzymatically, at later time is the corresponding hemiaminal in 522, resulting from imine
capture instead by the -NH of the imidazoindolone group, yielding an altered heptacyclic
connectivity scaffold.

During tryptoquialanine biosynthesis, oxidation of 15-methyl-2-gp/-fumiquinazoline A
(523) by TqaG yields the analogous imine product 524 (Scheme 74B).382 The imine is then
hydrolyzed by water to yield the acid 525, which can be captured by the C3-OH to form the
five-membered lactone deoxytryptoquialanone (526), which is three steps (ketone reduction
and acetylation, imidazo-nitrogen hydroxylation) from tryptoquialanine.
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3.6. Transient Oxidation of Catechols to Set up Cyclization

Two examples of oxidative cyclization of catechols are shown in Scheme 75. The first is the
conversion of L-DOPA (528) to cyclo- L-DOPA (531), revealing the logic of oxidative
conversion of catechol 528 to orthoquinone 529 to function as electrophile in intramolecular
1,4-addition by the amine group (Scheme 75A).382 The tyrosinase is a copper-containing
oxidase functioning with a binuclear copper mechanism as described in Scheme 4. A related
biosynthetic logic applies in the conversion of the indicated chalcone 532 to aurone (536) by
aureosidine synthase.384-386 Ayrones are responsible for the yellow color in flowers such as
yellow snapdragon flower, from which the first aureosidine synthase was cloned from.
Enzymatic oxygenation of the phenol 532 to the catechol 533 and then to the orthoquinone
534 creates the electrophile that determines the regiospecificity of attack of the phenol
oxygen on the neighboring double bond which gives 535. Aromatization creates the
conjugated aurone system in 536 and the yellow color (Scheme 75B).

A third example of catechol oxidation is found in the maturation of the phenalenone tricyclic
framework, fused tricyclic hydroxyperinaphthenones.38” Dozens of these aromatic tricyclic
metabolites are known in plant and microbial metabolism. The fungal product phenalenone
(540) and related compounds are synthesized by the strain 2 herquei38” Earlier labeling
studies suggested the molecules are synthesized from polyketide pathways, which was
confirmed with studies using an identified p/n biosynthetic pathway.388-39 Yeast
reconstitution studies showed that only PhnA and PhnB are required to synthesize 540. A
nonreducing PKS PhnA was shown to synthesize the angular, hemiketal-containing naphtho-
¥-pyrone prephenalenone (537) (Scheme 76). A FMO PhnB then catalyzes the
hydroxylation of 537 to the trihydroxyphenol product 538 through abstraction of the -y-
pyrone hydroxyl proton. The hydroxylated product 538 was then proposed to be more prone
to C3-proton abstraction by general base, which can drive the formation of the C-C bond
from Cg of the catechol onto the Cy3 ketone to afford 539. Subsequent loss of water gives
the stable, aromatic perinaphtheneone framework in 540. This core structure can then be
subjective to a variety of madifications, including prenylation, methylation, and dimerization
yield a large assortment of more complex products.

3.7. Enterocin: Favorskii Rearrangement

S. maritimus produces the polyketide enterocin (547) with an unusual tricyclic core that has
undergone a skeletal rearrangement from the linear nascent product 541 released from
aromatic polyketide synthase using benzoic acid as a starting unit.391:392 |n particular, the
C,-C3 bond has been cleaved while a new C,-C4 connectivity has been established along
with a new lactone (C7-oxygen to C3 ketone) (Scheme 77A). The connectivity alterations are
mediated by an FAD dependent enzyme EncM that functions as a C4 oxygenase, yielding
the transient Cs, C4, Cs triketone 543 (via the C,-OH 542).393:3%4 |t is proposed that this
undergoes a Favorskii type rearrangement, through a cyclopropanone 544 formation and
subsequent opening to 545 that is the connectivity altering step. The direction of
cyclopropanone opening is controlled by the participation of the C;-OH in lactone
formation. The remaining two rings of the tricyclic core are then proposed to be established
by intramolecular aldol condensations (Cg-C1g, C2-Cg) from 545: a short path to the unique
and compact tricyclic core of 547. Mechanistic and structural examination of the key EncM
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catalyst revealed the first example of an Ns-oxide of FAD (548) as an on pathway oxygen
transfer agent (Scheme 77B).395:3%

3.8. Piperazic Acid: N-N Bond Formation

We noted the enzymatic cyclization of lysine to pipecolic-acid (501) in Scheme 71 (Section
3.5.1) above, creating the proline homolog that gets inserted into rapamycin (493), FK506
(494) and related NRP-PK cyclic scaffolds. A related building block homolog to pipecolic
acid is piperazic acid (549), with an unusual N-N (hydrazo) bond. Piperazate residues are
found in several nonribosomal peptide frameworks including sanglifehrin A (550)397,
kutzneride 1 (551)3%, polyoxypeptins (309)3%9, dentigerumycin (552)4%0 and azinothricin
(553)401 (Scheme 78A). The mechanisms of N-N bond formation is not fully understood but
the first step is enzymatic Ag-hydroxylation of L-ornithine (554) by a flavin-dependent
oxygenase (Ktzl from kutzneride pathway).4%2 Whether the -OH group in N5-OH-Orn (555)
is further functionalized (top pathway in Scheme 78B) to a leaving group 556 for N-N bond
formation or some other oxidative cyclization route to the hydrazo linkage in 557 occurs is
yet to be determined.

3.9. Aurafuron

Aurafuron (562) is a 5-alkenyl-3 3(2H) furanone metabolite from myxobacterium
Stigmatella aurantiaca DW4/3-1.403 It is included in this review because of an oxygenative
cleavage of the nascent polyketide chain 558 that simultaneously creates the five ring
furanone scaffold (Scheme 79).404 The cleavage is also proposed to be the release step of the
truncated chain 561 from its thioester tether 558 on the polyketide synthase AufG. As
shown, “on assembly line” oxygenation at C, by a cytochrome P450 to yield 559 is followed
by action of a flavoenzyme Baeyer-Villigerase AufJ to create the tetrahedral adduct/oxoester
560 which can decompose to the released triketone. Cyclization of the 6-OH of the enol 561
onto the C, ketone yields the product 562.

3.10. [4+2] Cyclizations Enabled by Prior Oxidations

As noted in the introduction of this section, there are a set of biosynthetic transformations
creating 5 and 6 membered carbocycles that can be written as formal [4+2] cyclizations of
diene and dienophile.495:496 Those ring-forming reactions do not involve formal redox
chemistry. However, many of them occur in pathways immediately after an oxidative step,
often one creating the third olefin in the substrate that then undergoes the ring-forming
reaction in the next step. We examine those pairs of steps in six examples below.

3.10.1. Sordarin—Sordarin (569) is a glycoside antibiotic with a tetracyclic diterpene
aglycone produced by the mold Sordaria araneosa Cain (Scheme 80).407 It is an antifungal
agent that targets elongation factor 2.408:409 | aheling studies indicated that the diterpene
cycloaraneosene (563) is a biosynthetic precursor of 569.410 Recently, the sordarin
biosynthetic gene cluster was identified and the diterpene cyclase responsible for the
biosynthesis of 563 was biochemically characterized.*1! It was proposed the flavin-
dependent monooxygenase SdnN is a multifunctional enzyme that converts the diol 564 to
569 by catalyzing dehydrogenation of 564 to the a-hydroxyl ketone 565, Baeyer-Villiger
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oxygenation to generate the ester 566, and hydrolysis and dehydration to yield the aldehyde
567 that can undergo [4+2] cycloaddition to furnish the ring system in sordaricin (568). The
exact mechanism of SdnN and the oxidative cascades are not known. Further glycosylation

and methylation complete the biosynthetic pathway to 569.

3.10.2. Solanapyrone—Solanapyrones are a phytotoxin isolated from the plant pathogen
Alternaria solani**? The solanapyrone case is somewnhat distinct from the next four example
that follow in that the three olefinic components are present in the precursor alcohol
metabolite 570, which does not engage in the putative Diels-Alder type cyclization. Instead
the next enzyme, an FAD dependent dehydrogenase converts the exocyclic alcohol to the
aldehyde 571 (Scheme 81).413:414 At this point the exo-and endo- derived product
solanapyrones A (572) and D (574) are generated, putatively from the indicated transition
state geometries. The argument has been made that the conjugated aldehyde in 571 affects
the orbitals of the olefin adjacent to and in conjugation with the pyrone to lower the energy
barrier for the c/s-decalin formation. Interestingly, the biosynthetic pathways continue
through reduction of the aldehyde back to the alcohol to yield solanapyrone B (573) and E
(575), masking the introduction of the aldehyde during the cycloaddition step.

3.10.3. Lovastatin—Lovastatin (581), the prototypic statin that spawned the synthesis of a
range of approved statin drugs, has been extensively examined for biosynthesis over the past
two decades (Scheme 82).41> The compound is biosynthesized from a polyketide pathway in
which the nonaketide synthase LovB has been intensively studied.#16-419 |_ovB together
with the enoylreductase LovC catalyze eight chain elongation cycles and reductive tailoring
to yield the decalin containing intermediate dihydromonacolin L (580).417 Formation of the
endo decalin core is proposed to take place during the elongation step at the hexaketide stage
using the acyclic intermediate 578. The electron deficient diene (a-B unsaturated carbonyl)
and the dienophile are set up by the precise reductive tailoring of the iterative LovB together
with LovC. LovC selectively skips three enoylreduction steps at the diketide 576, triketide
577 and hexaketide 578 stages to yield the enzyme-tethered 579 (Scheme 82). The exact
domain responsible for the cycloaddition has not been uncovered, but the activity must
reside in the multidomain LovB as in vitro reconstitution with LovB and LovC alone were
sufficient to generate dihydromonacolin L.417 While the synchronicity or lack thereof of
decalin construction is still debated in the /ov system, the presence of the decalin ring
system in natural products has become a default suggestion of [4+2] enzymatic cyclization
chemistry.417

3.10.4. Spinosyn—The polyketide spinosyn A (588) produced from Saccharopolyspora
spinose is the active ingredient of highly effective insecticides use today.420 588 is a
structurally complex polyketide natural product containing a perhydro-as-indacene moiety
fused to a 12-membered macrolactone. Formation of the 5,6,5 tricyclic system embedded
within the polyketide macrolactone framework has been intensively studied for the timing
and mechanism of cyclization.#?1 The SpnF enzyme has been purified to homogeneity,
characterized for enzyme activity and X-ray structure determination.#22 It accelerates a
nonenzymatic reaction from the macrocyclic precursor 584 to the 5,6-bicyclic system 585
(Scheme 83) by 50-fold. This modest but real acceleration indicates that many of the diene/
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dienophile substructures are poised to react nonenzymatically and the enzymes may be
lowering energy barriers but not changing the intrinsic reactivity profiles of their substrates.
While a transannular [4+2] mechanism can be written to produce the 6,5 fused bicyclic 585
in the SpnF reaction, calculations of the energy barriers?23 have also suggested that a [6+4]
electrocyclization could proceed to first form 586, followed by a rapid Cope rearrangement
to get to the observed product 586. Glycosylation of 585 by the glycosyltransferase SpnG
affords 587.

The steps immediately antecedent to SpnF action are catalyzed by SpnJ and SpnM to create
a ketone from an alcohol 582 and then dehydration to the y-hydroxy a,p-enone 583 from
which dehydration unveils the diene 584 required for SpnF action. Thus the three enzymes
SpnJ, SpnM and SpnF can be viewed as an oxidative generation of the diene that can then
undergo the cyclization reaction.

Completion of the tricyclic core in 588 from 587 is achieved by the next enzyme SpnL, a
homolog of SAM-dependent methyltransferases, to form five-membered cyclopentene C
ring (Scheme 83). A Rauhut-Currier reaction mechanism#21, has been proposed but not
validated. The Rauhut-Currier reaction “involves the coupling of one active alkene/latent
enolate to a second Michael acceptor, creating a new C-C bond between the a.-position of
one activated alkene and the p-position of a second alkene under the influence of a
nucleophilic catalyst”.424 This reaction was also proposed for nepetalactol (439) formation
from 8-oxogeranial (436) (Scheme 60, Section 3.2.5), but was ruled out after structural
studies of ISY.307

It is worth comparing the chemical logic and enzymatic machinery to create the 5,6,5
tricyclic core in 588 with the related 5,6,5 core in ikarugamycin (428) in Scheme 59 (Section
3.2.4). In the ikarugamycin case the last cyclization was initiated by a hydride transfer from
NADH rather than the proposed Rauhut-Currier route, while formation of the first two 5,6
ring system is not completely understood.

3.10.5. Abyssomicin—The abyssomicins, including abyssomicin C (593) are polyketide
metabolites isolated from marine Streptomycete collected from the abyss in the Sea of
Japan.#25 They act as irreversible inhibitors of para-aminobenzoate synthase in bacterial
metabolism.*2> Recent studies on the enzymes AbyA4, AbyA5 and AbyU have provided
evidence for a [4+2] cyclization catalyzed by AbyU426 (Scheme 84) on the acyclic 591 to
create the indicated two ring 5,6-spirocycle 592 at the core of the 593 framework. The Aby4
and Aby5 enzymes act on the precursor tetronate ring 589 to acetylate (to give 590) and then
eliminate the -OH group to produce the exo methylene double bond in 591. This oxidation
process creates the dienophile that then participates in the AbyU cyclization reaction.

3.10.6. Pyrroindomycins—The pyrroindomycin B (597) biosynthetic pathway is noted
here not so much for how the substrates are manipulated by biosynthetic enzymes to create
the diene and dienophile partners but rather because two enzymatic [4+2] transformations
occur in consecutive steps in the maturation pathway (Scheme 85). PyrE3 is known to
produce the characteristic monounsaturated cis-decalin moiety 595 from 594.427 It is argued
to arise from a [4+2] process as shown. Then the next enzyme Pyrl4 reprises the AbyU
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logic, this time on an exo methylene tetramate rather than an exo methylene tetronate to
produce the spiro 6,5-bicyclic moiety 596. In two enzymatic steps remarkable complexity
has been built into the aglycon of the pyrroindomycin framework. An enzyme catalyzing the
analogous cycloaddition as Pyrl4 to yield the spirocycle in versipelostatin.428

4. CYCLIZATION VIA EPOXIDATION

4.1. Introduction

Olefin epoxidation is a widely employed functional group transformation in both synthetic
organic chemistry, and in natural product biosynthesis across the major structural classes of
secondary metabolites.#2%-435 Conversion of the olefin via reaction of its r electrons to the
three membered oxygen ring (epoxide = oxirane), creates a potential electrophile. The
epoxide group can and does persist in many natural product scaffolds. These can
subsequently react with nucleophilic groups (Nu) on cellular targets and lead to covalent
adducts that can be sources of problematic toxicity.438

The susceptibility of epoxides to ring opening reactions by covalent capture by nucleophiles
is a key strategic element of the biosynthetic logic in a wide range of natural product
scaffold maturations, as detailed in this section. Scheme 86 shows five schematic contexts in
which epoxides are generated and then used as key functional groups for ring-forming
reactions. The two steps of epoxide formation and then nucleophilic opening to larger ring
systems constitute a general strategy for oxidative cyclizations. When the two steps are taken
together, the epoxide is a “disappearing” functional group, not persisting in the maturing
scaffold, but essential for ring creations.

In Scheme 86A, intramolecular attack on either the proximal or distal carbon of an epoxide
by a nucleophile (Nu) represents as a common pattern will be exemplified in lasalocid and
aurovertin production, among others. Scheme 86B represents intramolecular capture of the
epoxide by the oxygen atom of a tetrahedral adduct arising from (prior/simultaneous)
nucleophilic attack in a carbonyl group. This is a common route to polycyclic ethers in
monensin and nanchangmycin assembly. Scheme 86C shows a prototypic bis-epoxidation of
a pair of olefins with water attack as the external nucleophile, leading to cyclic ether
formation, as found in glabrescol and solamin assembly. Scheme 86D involves regiospecific
epoxidation of one among multiple olefins that sets off a cascade of carbocycle formation as
the other olefins react as nucleophiles via their  electrons. This is the classic oxidosqualene
cyclase cascade, among others, that turns a linear substrate into a rigidified polycyclic
product. Scheme 86E is a variant of D in which a terminal intramolecular nucleophile
initiates the olefin cascade on the epoxide and is seen in meroterpenoid assembly.

Routes to Epoxide Formation—Before taking up the specific examples of epoxide-
mediated cyclizations in this section we note in Scheme 87 that the two major classes of
monooxygenases, flavin-based and iron-based- can each deliver one oxygen atom from O,
to olefinic cosubstrates. The schematic mechanism for the hemeprotein P450 oxygenases
can be formulated as a one electron pathway with donation of one electron from the olefin to
the high-valent oxoiron species and then collapse of the Fe!V-O-carbon radical to the
coordinated epoxide by an effective [OHe] transfer (Scheme 87A). As shown in Scheme
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87B, the proposed oxygen transfer route in the flavin-based epoxygenases (such as
squalene-2,3-epoxidase) is from the flavin-4a-OOH and delivery of an [OH*] equivalent to
the rt electrons of the olefin as nucleophile, result in olefin epoxidation and oxidized flavin.
A NAD(P)H-dependent two-electron-reduction of the flavin completes the catalytic cycle of
epoxygenases. In all the pathways noted in the subsequent subsections the first step of the
two step epoxide formation/epoxide opening with attendant ring formation is always
catalyzed by one of the above forms of epoxygenases. Epoxidation can also be catalyzed by
nonheme iron a-KG dependent oxygenase and is shown in an example of ring contraction in
Section 6.1.1.

4.2. Formation of Cyclic Polyethers via Epoxide Intermediates

4.2.1. Polyether Formation—The formation of the large class of polyethers has been
intensively investigated for decades and has borne out seminal hypotheses that the placement
and stereochemistry of cyclic ether rings in the isoprene and polyketide-derived class can be
explained by conversion of nascent polyolefinic frameworks to epoxides which could then
be opened in intramolecular cascade reactions.*3” Scheme 88A shows such a transformation
of the acyclic hexaene 598 into glabrescol (600) with five furan rings via hexa-epoxide
intermediate 599.438 Six of the seven oxygens in 600 derive from molecular oxygen, the
seventh from the water molecule that initiates the epoxide opening furan-forming cascade.
Analogously, the paired furan and pyran rings in the ionophore lasalocid A (604) arise by
action of Lsd19 on bisepoxyprelasalocid (602) as shown in Scheme 88B. The flavin-
dependent epoxidase Lsd18 first oxidizes the two E£-olefins in prelasalocid A (601) into
epoxides to give 602. Water initiated cyclization into 604 occurs in two tandem epoxide
opening steps, catalyzed by a didomain epoxide hydrolase Lsd19.43%-442 The Atterminal
domain Lsd19A catalyzes the 5-exo-tet cyclization of 602 to form the tetrahydrofuran ring
in 603, while the C-terminal domain Lsd19B catalyzes an ant/-Baldwin 6-endo-tet
cyclization to form the pyran ring and give 604.443 The X-ray crystal structure of Lsd19
showed that Lsd19A and Lsd19B are arranged in a head-to-tail manner. The substrate
binding pocket of Lsd19A is unoccupied while Lsd19B contains the product 604,444
Comparison of lasalocid A-Lsd19B and product analogue-Lsd19B complexes shows that the
change of conformation of Lsd19B active site residues as well as precise three-dimensional
arrangement of the substrate are needed to overcome the thermodynamically disfavored 6
endo cyclization (while suppressing 5-exo-tet cyclization) under enzymatic catalysis.*44
Computation modeling of the crystal structure of Lsd19B supports the mechanistic proposal
for favoring 6-endo-tet under enzymatic catalysis conditions.443:444

Scheme 89 and 90 depict analogous strategies of epoxidation during monensin A (611) and
nanchangmycin (615) assembly, respectively. The formation of the initial hydroxypyran 606
from the linear substrate 605 in monensin is an example of Scheme 86B, where a tetrahedral
adduct oxygen is the initiating nucleophile in the epoxide opening cascade. Interestingly,
although the MonBI/MonBI| pair are functional parallels of Lsd19A/Lsd19B, MonBI/
MonBII have been shown to catalyze three ring opening reactions (via 607, 608 and 609) to
afford the pentacyclic structure 610.445446 The X-ray crystal structure of MonBI dimers
suggested that a KSD motif is important in MonBI1/MonBlI | interactions.*47 Likewise, in
formation of the cyclized intermediate 614 of nanchangmycin (615), following formation of
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the bisepoxide 613 from the PKS-bound 612, one of the spiro pyran/furan pair arises by
Scheme 86B while the second pair exemplifies the mechanism Scheme 86C.448

The family of heronapyrroles A-D (620-623), which contains an unusual nitropyrrole
moiety attached with an oxidized farnesyl chain, represents alternative fates of epoxide ring
opening from two bis-epoxide regioisomers (617 and 618) vs the tris-epoxide metabolite
(619) (Scheme 91).449 In heronapyrroles A (621) and B (620), the two isolated epoxides of
617 are opened hydrolytically without neighboring group participation in ring formations;
whereas in heronapyrroles D (622), neighboring group participation in 618 generates the
tetrahydrofuran ring. By comparison, the tris-epoxide (619) can be opened with
intramolecular formation of the indicated bis furan grouping in heronapyrrole C (623).4%0

4.2.2. Formation of Other Cyclic Ethers—The conversion of muricadienin (624) into
solamin (626) is another example of the “disappearing” epoxide biosynthetic logic as shown
in Scheme 92A.4%1 Double epoxidation of two Z-olefins in 624 yields the bis-epoxide 625
that is the progenitor to the indicated dihydroxy furan functionality in 626. The
stereochemistry of the epoxidation step dictates the outcome of the two hydroxyl groups to
be either trans (shown) or cis.*52 Aurovertins are polyketide metabolites from fungal strains
that have potent cytotoxic activities and are noncompetitive inhibitors of ATP
synthases.#534%4 Bjosynthesis of the simplest member, aurovertin E (632) was studied in the
endophytic fungus Calcarisporum arbuscula.*>® Formation of 632 from its hexaene-pyrone
polyketide precursor 627 reflects three epoxidative steps by the only one FMO AurC
(Scheme 92B).4%5 The first two epoxidations of the (£, 2) terminal diene 628 yield the
indicated bis-epoxide 629 which gets converted in a water-addition/epoxide opening cascade
to the now anticipated dihydroxyfuran 630 by the hydrolase AurD. A subsequent
epoxidation of the exocyclic double bond (the third overall from AurC action) to 631 sets up
an intramolecular anti-Baldwin 6-endo-tet cyclization under the catalytic aegis of AurD
again to generate 2,6-dioxabicyclo [3.2.1]-octane ring scaffold of 632. Overall only four
enzymes are required to assemble aurovertin E, representing a remarkably efficient
biosynthetic pathway.

4.3. Cyclizations via Epoxides on Terpene Scaffolds

4.3.1. 2,3-Oxidosqualene Cyclase and Triterpenes—The most famous of the terpene
cyclizations that proceed via an epoxy substrate are those carried out by oxidosqualene
cyclases.#56-458 |n this tandem epoxidation-cyclization reaction, the head-to-head coupled
C3p hexaenoic hydrocarbon squalene (598) is morphed into polycyclic six- and five ring
fused triterpenes that account for all of the steroids in plants (cycloartenol, 642),4%9 animal
and fungi (lanosterol, 647) (Scheme 93).460 While 598 itself can be cyclized by the
squalene-hopene cyclase (SHC) into hopene (652) and hopanol (653) (Scheme 94),461.462
for the context of this review, the majority of discussion will be devoted to the epoxidative
route.

The relevant substrate arises by the action of the FAD-containing squalene epoxidase which
selects one of the terminal double bonds in 598 to form 3S-2,3-oxidosqualene (633) via the
general mechanism of Scheme 93.4%7 The effect of this action is to polarize the squalene
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scaffold and results in epoxide at the end serving as an electrophilic functional group.
Oxidosqualene cyclases then catalyze the cascade of cyclization steps, starting from a pre-
chair-boat-chair configuration, to form the proposed protosterol cation intermediate (640).
The epoxide opening step is facilitated through the concerted protonation of an active site
Brensted acid. The implications of which will be discussed in subsequent section. Following
a series of 1,2-hydride and methyl shifts, abstraction of a proton leads to the internal double
bond and yield 647, as catalyzed by lanosterol synthase. Under different cyclases from
different organisms, the cation 640 can also undergo rearrangement to form the Cq4 cation
641, which can be quenched by either @) new C-C bond formation catalyzed by cycloartenol
synthase in biosynthesis of 642 that results in cyclopropane ring formation.463 This is the
starting point of all steroids in plants;*64 4) migration of the cation from Cy; to Cg in 648
followed by quenching via proton removal yields the internal olefin placement in
cucurbitadienol (650) by cucurbitadienol synthase;*6° ¢) C, proton elimination to yield
parkeol (649).466 This is just gliding over the surface of the many variants that can leak out
of squalene oxidocyclase active sites. Baruol synthase from Arabidopsis thaliana can leak up
to 22 minor products, reflecting cations quenched at eleven carbon sites in the tetracyclic
sterol framework.4°8

A different cyclization of 633 by a cascade of four internal olefins yields the classic
tetracyclic scaffold of the sterol natural product family, as the dammarenyl cation (643).467
This is the path directed by the Lupl variant of the oxidocyclase plant family.
Rearrangement of the 643 via the remaining olefin yields the lupeny! cation (644), which
can be quenched by loss of a proton to afford the pentacyclic lupeol (645), which has a
variety of biological activities.#®® Further rearrangement of the 644 yields the ring expanded
oleanyl cation, which can be quenched by proton abstraction to yield B-amyrin (646),469 the
most abundant cyclic triterpenes in most higher plants.

In some triterpene cyclization pathways, the squalene epoxidase can further epoxidize the
other terminal olefin in 633 to yield bis-epoxide intermediate 634. This can be cyclized into
24,25-oxido-lanosterol (636) by lanosterol synthase, the derailed product preonocerin (635)
or the epoxydammarenyl cation (637) in the presence of Lup1.467 The latter cation 637 can
be captured as pentacyclic scaffolds with a pyran or furan to yield the epoxydammerane
products 638 and 639. This pathway shows that the epoxidase can actually act also on the
other terminal olefin to form 634 which can be carried through all the way to 636 by the
lanosterol synthase member of the squalene oxidocyclase family.

The reaction catalyzed by oxidosqualene cyclase exemplifies the role of the epoxide in
facilitating the electrophilic cyclizations observed in many other families of natural
products, including indole diterpenes and meroterpenoids. The concerted protonation and
anchimeric addition of the C4-C7 double bond is facilitated by the presence of a Brgnsted
acid residue in the terminal end of the active site. Crystal structure of the human lanosterol
synthase showed a conserved Asp residue donates an syn proton that is hydrogen-bonded to
two Cys residues.?>6 In SHC (Scheme 94), protonation of the terminal double bond of 598 is
more challenging and requires the presence of a stronger Bransted acid.*61 In turn, crystal
structure showed the SHC performs protonation with the anti-oriented Asp acid proton.461
The acidity of the proton is further increased through a specialized amino acid network that
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includes a protonated histidine side chain that polarizes the Asp acid carbonyl, and hydrogen
bonded water molecule that bridges the carboxylated oxygen and a tyrosine side chain. In
turn to take advantage of this strong active site Brgnsted acid, the SHC was rationally
engineered into a protonation based biocatalyst (protonase).4’0 Structural based mutagenesis
to enable better binding of smaller substrates led to the isolation of the Y420W or Y420W/
G600F mutant that can stereoselectively cyclize S46,7)-epoxygeraniol (654) to
hydroxylcyclogeraniol (656) via 655.470

A very different cyclization pattern is observed in yardenone (659) and abudinol (662 and
663), which are triterpenes isolated from marine sponges Ptilocaulis spiculifer*™* Multiple
epoxidations on different olefins of squalene 598 are proposed to initiate the cyclization
cascades (Scheme 95). The formation of the pentacyclic framework of 659 requires
formation of the tris-epoxide 657. An epoxide-opening cascade on the right half of the
precursor substrate is accompanied by an analogous capture of a proton as stand-in
electrophile, on the left hand side of substrate. These cyclizations build the 7/5 and 7/6
bicyclic rings in 658 respectively, on the route to the final 659 (with an additional furan
moiety).472 The formation of abudinol A (662) and B (663) is proposed to start from the
tetra-epoxidized substrate 660.473-475 Once the epoxide-opening cascade on the left half of
661 is completed, abstraction of Hy4 could induce the tandem cyclization on the right half of
the molecule to generate 662 and 663 through different epoxide opening regioselectivity.

4.3.2. Indole Terpenes—Three examples of cascade reactions on the terpene side chains
in three indole terpene biosynthetic pathways illustrate the applicability of the
“disappearing” epoxide logic in this hybrid class of natural products. One is the conversion
of 3-farnesyl indole (664) into xiamycin (667) (Scheme 96). XiaO catalyze the epoxidation
on the terminal olefin of the Cy5 664 to form the 3-(epoxyfarnesyl)-indole (665). Like a
terpene cyclase, XiaH sets up the enzyme-mediated cyclization cascade to form the 6,6
bicyclic system in preindosespene (666).476 Further, epoxidation of the indole ring sets the
fifth ring, bridging six membered ring and a ring expansion to the seven membered cyclic
ether in ring D of 667 (see section 4.4.2).

The second case is the related processing of fungal indole diterpene family compounds, such
as paxilline (675) and emindoles (679 and 680) (Scheme 97). This is a large family of
natural product frequently found in fungal sclerotia and exhibit potent insecticidal
properties.#’7:478 Construction of these molecules starts with the Cs-alkylation of indole-3-
glycerol phosphate to yield geranylgeranyl-indole 668. In biosynthesis of 675, regiospecific
epoxidation is effected at the third of the four olefins in the Cyq side chain by PaxM to 669,
as preamble to the intramolecular epoxide ring opening by PaxB through cations 670 and
671, yielding a pentacyclic framework of 672 with one remaining olefin.4”9 A second
epoxidation by PaxM on the residual olefin yield 673 and capture by the indicated -OH
group creates the pyran ring in 674 as the sixth ring in the paxilline scaffold. The final
enzymes in the pathway are the P450s PaxP and PaxQ which are involved in creation of the
enone functionality and hydroxylation in the end product 675. The emindole framework
represents an alternative capture and diversion of the indicated cationic intermediate 671 by
Ats5B1 to create another tetracyclic framework 676 with one remaining olefin. Subsequent
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epoxidation of the residual olefin by AtmM to yield 677 and pyran formation in 678 create
the connectivity and architecture found in the prenylated emindole PA (679) and emindole
PB (680).480

Scheme 98 is an expansion of the enzymatic processing of one of the cation intermediates
(670) in the pathway of the previous Scheme 97. Unlike PaxB, AtS2B or AfB cyclases can
catalyze three additional rearrangements of cation 670 with i) quenching by proton removal
of 682 yields the anominine (686) scaffold, which is a proposed precursor of tubingensin
A/B (690 and 691) catalyzed by an unidentified FMO or P450, following an indole 2,3-
oxidation induced cyclization (for 690) and a further series of cation shifts induced
rearrangement (for 691, like xiamycin biosynthesis, Scheme 108) ; ii) instead of quenching
682, two additional intervening cation rearrangements via cations including 683 and 684
yield the olefins in the context of the highly rearranged congeners of aflavinine (687) with
endocyclic (689) and exocyclic (685) olefin regioisomers. Interestingly, the anominine and
aflavinine cyclases (AtS2B and AfB) were found to be separated from the enzymes that
produce 686, suggesting the likelihood of siphoning this substrate from other indole
diterpene pathways.*8 The unclustered cyclases was found using a genome-guided,
heterologous reconstitution approach in yeast. The activities of these compounds as strong
insecticidal natural products found in the sclerotia of fungi hints likely differential regulation
of these unclustered genes. Overall, the ability of cationic intermediates to drive skeletal
rearrangements in these reactions and the promiscuity of epoxidases allows evolution of new
skeletal frameworks in natural products.

4.3.3. Fungal Meroterpenoids—Meroterpenoids constitute a large family of molecules
of mixed terpene-polyketide origin, exhibit diverse chemical structures and a wide range of
biological activities (Scheme 99).481 Compounds in this family share a modular assembly
pathway and can diverge in structure during the oxidative cyclization and rearrangement
steps (Scheme 100).482 The typical sequence of biosynthetic steps is i) synthesis of an
aromatic polyketide unit such as methyl-orsellinic acid; ii) Friedel-Craft alkylation of the
polyketide with either farnesyl-PP or geranylgeranyl-PP; iii) epoxidation of the terminal
olefin in the prenyl chain to set up the cascade of cyclization steps; iv) protonation-assisted
cyclization of the prenyl portion; and v) oxidative rearrangement of the scaffolds. The
tandem epoxidation/cyclization steps therefore serve as the key steps in defining the cyclized
skeleton of the final products.

The first completely elucidated pathway for compounds in this family is that of the pyridine-
containing pyripyropene A (695), followed by related compounds oxalicine (696 and 697)
and decaturins (698-703) (Scheme 99).483-487 695 produced from A. fumigatus is one of the
strongest acyl-coenzyme A: cholesterol acyltransferase (ACAT) inhibitor, and is a potential
antihypercholesterolemia drug.#84 The polyketide building block, 4-hydroxy-6-(3-
pyridinyl)-2H-pyran-2-one (HPPO) is synthesized by a nonreducing polyketide synthase,
using nicotinyl-CoA as the start unit.*88 Attachment of farnesyl group to the C3 position of
the pyrone yields the linear precursor farnesyl-HPPO (692). The flavin-dependent enzyme
Pyr5 installs the epoxide at the terminal olefin to yield 693. Pyr4 was discovered as the first
membrane-bound cyclase that can perform the proton-initiated cyclization of 693 to yield
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the cyclized deacetyl-pyripyropene E (694).488 The cyclization cascade can be written as in
Scheme 99 to initiate from the pyrone 4-hydroxyl group, an example of the mechanism
shown in Scheme 86E. The result of the cyclization step is a pentacyclic product 694, which
contains a fused pyrone-pyran-two carbocyclc core. Further hydroxylations and acetylations
yield the natural product 695. In the oxalicine and decaturin pathways, more oxidative
rearrangements are responsible for the spirocycle formation. 487

Additional complexity/versatility in meroterpenoid biosynthesis continues in Scheme 100,
which represents alternative fates of one common polyketide precursor 3,5-
dimethylorsellinic acid (704) to different complex meroterpenoid scaffolds through regio-
and stereo-selective prenylation and epoxidation.#82 For example, tropolactone D (708)
arises from the S-farnesyl adduct 705 in an epoxide opening cascade (via 706) to provide
tetracyclic intermediate (707) exemplifying Scheme 86B. This is followed by oxidation of
the cyclohexanol of 707 to the ketone, hydroxylation and a Baeyer-Villiger enzymatic
conversion to the lactone that gives tropolactone D.489

Alternatively, action of the ~R-specific C15 prenylation (AdrG/AusN/Trt2) to 709 leads
ultimately to more complex andrastin (713)/austinol (715)/terretonin (717) and
novofumigatonin (721) scaffolds.#90-493 Unlike biosynthesis of 708, the S-configuration
epoxidation opening cascade starting from 718 leads to the formation of a cationic
intermediate 719 instead of tetracyclic intermediate 707 in 708 biosynthesis.494-496
Quenching via H-shift results in the formation of spirocyclic intermediate 720, which is
proposed to be the precursor of 721.493 Another set of epoxidases (AdrH/AusM/Trt8) with
different product selectivity yield ~R-configuration epoxidation intermediate 710. When the
initiating nucleophile in the epoxide-opening cascade is not the pyrone-OH or the tetrahedral
adduct oxygen, but instead the olefin to form the cation intermediate 711, the frameworks of
713, 715 and 717 are generated through loss of different protons in 711. One lesson is that
the pyrone moiety can employ three distinct nucleophiles in the intramolecular cascade of
epoxide opening to enter into three distinct kinds of scaffold connectivity and complexity.

One more pathway for anditomin (726) biosynthesis requires conversion of 704 to phthalide
(722), a transformation catalyzed by a chimeric protein (AndK) consists of P450
monooxygenase and hydrolase domains.#97498 Although R-specific C15 prenylation is
installed on 722 by AndD to yield 723, the epoxide opening cascade follows that of the S
configured 724 via 723, and afford a tetracyclic intermediate preandiloid A (725) that can be
further morphed into 726 with extensive oxygenation and rearrangement.4%8

4.3.4. Quinolone and Quinoline Alkaloids—Two insecticidal quinolone alkaloids,
penigequinolone A/B (737 and 738) (from A thymicola) and aspoquinolone A/B (742 and
743) (from A. nidulans) feature the same quinolone alkaloid core (as in quinolinone B, 729)
attached with differently cyclized C10 terpenoid pieces (Scheme 101).499-501 729 is derived
from 4’ -methoxyviridicatin (728), which is rearranged from the cyclic dipeptide 4’-
methoxycyclopeptide (727) by the PhyH-like dioxygenase AsgJ through an epoxidation
reaction (see Section 6.1.1).592 Following formation of 729, two prenyltransferases Penl and
PenG sequentially transfer twvo DMAPP molecules, together with the action of a FAD-
dependent dehydrogenase PenH, to form the hydroxylated, acyclic precursor 730. The most
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striking result of using three enzymes to install the ten-carbon chain in 730, instead of a
direct geranylation, is the installment of a C3 hydroxyl group that is critical for the
subsequent epoxide rearrangement reactions.>03

In both pathways, a flavin-dependent monooxygenase (PenE and AsqG) is responsible for
epoxidizing the terminal olefin in 730 to yield the epoxide 731, which can readily undergo
the canonical 5-exo-tet cyclization to yield the tetrahydrofuran containing yaequinolone C
(732).504.505 732 was initially thought of as an intermediate towards the formation of
penigequinolone and aspoquinolone. Subsequent feeding and biochemical studies, however,
demonstrated this is a shunt and co-metabolite.>%6 A dedicated epoxide hydrolase is encoded
in each pathway to further accelerate the formation of 732 as a cometabolite. In the
penigequinolone pathway, a carotenoid hydratase-like enzyme, PenF, catalyzes a novel
cationic epoxide rearrangement to yield the aldehyde 734, which can spontaneously cyclize
to form the hemiacetal yaequinolone D (735).5% This compound can be dehydrated and
reduced to form the pyran-containing 737 and 738. PenF is proposed to not only suppress
the favorable 5-exo-tet cyclization, but more impressively, to promote a discrete epoxide
cleavage step to yield the carbocation 733, which can undergo a Meinwald-like
rearrangement to afford 734 and the quaternary Cg. Such reaction requires strong acid in
organic synthesis, but occurs under physiological condition in the active site of PenF which
was proposed to have a strong Brgnsted acid as found in SHC (Scheme 94). In the
aspoquinolone pathway, a dehydratase (AsqC) catalyzes the loss of water from epoxide 731
to form the dienyl epoxide 739. The ability of PenF to catalyze cationic epoxide
rearrangement was further demonstrated through converting 739 to the aldehyde 740. A
related Brgnsted acid enzyme AsgqO was found in the aspoquinolone pathway to catalyze the
3-exo-tet cyclization of 739 followed by intramolecular quenching of the carbocation 741 to
yield the cyclopropyl furan containing 742 and 743. Hence, the dienyl epoxide 739 can be
directed towards two distinct epoxide opening pathways dependent on exposure to either
PenF or Asq0.506

Aurachins are secondary metabolites produced by the myxobacterium Stigmatella aurantiaca
Sg al5 (Scheme 102).597 The gene cluster was found by Miller and coworkers to be
localized on two separate regions in the genome.>% The bicyclic quinolone aurachin D

(744) is converted to the tricyclic ring system of aurachin A (751) under the auspices of two
oxygenases. AurG is proposed to transiently epoxidize the quinolone double bond of
aurachin C (745), the A-hydroxylation product of 744 to 746, which is then opened
intramolecularly with assistance by the A-OH functionality of 745. 1,2-Migration of the
farnesyl side chain of epoxide-opened 747 through a proposed semi-pinacol rearrangement
that gives 748 is followed by reduction of ketone to hydroxyl group by AurH to give
aurachin B (749). Yet another epoxidation of the proximal olefin of the farnesyl side chain in
749 to 750 is followed by capture by the adjacent -OH group via a 5-exo-tet cyclization.
This forms the fused pyran ether and the side chain -OH in 751.

4.3.5. Oxetane Formation During Taxol Maturation—During the late stages of taxol
(756) biosynthesis, the tricyclic C,q hydrocarbon taxadiene core is oxygenated at multiple
sites around the periphery and acylated with acyl groups of differing complexity.5%° The
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most striking oxygen functionality in mature taxol is the four membered oxetane ring with
an acetoxy side chain. The formation of the oxetane is postulated to arise as shown in
Scheme 103. Epoxidation of the exocyclic olefin 752 to 753 would lead to subsequent
internal opening by the oxy anion of a tetrahedral adduct of the acetoxy side chain to yield
the adduct 754. The oxy anion from the opened epoxide could attack 754, becoming the four
membered Oxetane 755 as the acetoxy group is reconstituted, now with a net 1,2 shift.

4.4. Arene Oxides as Biosynthetic Intermediates

4.4.1. Phenyl Ring Epoxidations—Among the most notable proposed arene oxides in
biosynthesis of natural products are those in the pathways to epidithiodioxopiperazines, such
as acetylaranotin (760) and the notorious fungal metabolite gliotoxin (483).510:511 Ag
depicted in Scheme 104, 760 assembly from the epidisulfide adduct of the Phe-Phe
diketopiperazine 757 is proposed to occur via action of a cytochrome P450 oxygenase
(AtaF) that acts on both phenyl rings to form a proposed bis-epoxide intermediate 758.
While the arene oxides could rearrange to the phenols, a typical outcome, they are instead
captured intramolecularly by the amide nitrogens of the diketopiperazine ring. This action
forms the two C-N bonds and generates the cyclohexadienol forms of the pentacyclic
precursor 759 that can be converted to 760.510 Action of a cognate arene epoxide enzyme
(GIiC or GliF) on 761 during 483 assembly yields the dithiol form 482 of gliotoxin, thought
to oxidize to the disulfide 483 as shown in Section 3.4 as the producing A. fumigatus cells
export the metabolite®12. Ring expansion oxygen insertion (discussed in Section 6.2.4)
occurs in the cyclohexadienol rings of 760 but not in 483.

4.4.2. Indole 2,3-Epoxidations—The heterocyclic pyrrole ring in the bicyclic indole
system has recently been found to undergo epoxidation by a class of flavin-dependent
oxygenases involved in fungal natural product biogenesis, exampled as fungal alkaloids
fumiquinazoline A (519), tryptoquialanine A (767), notoamide D (778) and spirotryprostatin
A (781).513 Scheme 105 shows the conversion of the indole moiety of fumiquinazoline F
(763)°14 in the presence of Oy, a single module NRPS (used for activation of L-alanine), and
an epoxidase (AF12060 or TgaH) into the annulated imidazoneindole tricyclic ring structure
of 519.382:515 The proposed 2,3-epoxyindole 764 can be in equilibrium with the indicated
hydroxyiminium form that can be captured by the amine group of the NRPS-bound alanine
or aminoisobutyrate cosubstrate 765 to yield 766; and then the indoline NH can complete the
annulation by capture of the aminoacyl thioester carbonyl and yield 519. Further elaboration
of the fumiquinazoline scaffold gives both fumiquinazoline D (522) (see Scheme 74) or 767.
Scheme 105 also depicts additional fungal peptidyl alkaloids 768-772 that arise via
comparable indole ring epoxidation.516-520

Another example in the indole epoxidation manifold is provided for the biosyntheses of
notoamide C (776) and D (778) from notoamide E (773) (Scheme 106). When the proposed
2,3-epoxyindole 774 catalyzed by NotB is formed, two pathway of the epoxidation
intermediate could be occurred. Like fumiquinazoline scaffold biosynthesis, 778 is pictured
as arising by internal capture of the hydroxyiminium tautomer 777 by the diketopiperazine
amide nitrogen, giving rise to the complex 6,6,5,5,6,5 hexacyclic framework of 778.521
Alternatively, a comparable participation of the para-oxygen lone pair on the substituted

Chem Rev. Author manuscript; available in PMC 2017 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 53

phenol 774 yields 775, followed by ketonization of the carbinolamine and a migration of a
C-C single bond yields the isomerized framework of 776, which result in shift of the reverse
prenyl group from C, to C3 in indole ring.

The spirotryprostatins produced by A. fumigatus are fungal peptidyl alkaloids with
antimitotic properties.>22 The key feature is the quaternary carbon at the nexus of a 5,5-spiro
center. Scheme 107 shows the third example for indole epoxidative rearrangement of
fumitremorgin C (219) into spirotryprostatin A (781). In this case the lone pair of electrons
on the methoxyphenol moiety of 779 is suggested as the internal initiating nucleophile. The
tetrahedral carbinolamine adduct 780 rearranges with C-C bond migration leading to
produce the spiro system in 781.523 A different oxidative rearrangement mechanism that
affords spirotryprostatin G is shown in Section 6.1.5.

The indole epoxidation mechanism is proposed to be involved in bacterial alkaloid xiamycin
(667) biosynthesis.>24 The indole epoxidation “disappears” (shown in Scheme 108) as an
early step in creation of the carbazole framework in 667.524 The proposed 2,3-epoxyindole
783 can be in equilibrium with the indicated hydroxyiminium form 784 that can be captured
by the adjacent double bond to form a new C-C bond and generate a cation intermediate
785. The product after cation quenching and water elimination is the pentacyclic
cyclohexene intermediate 786, which can be ring-expanded to form 667.

Except FMOs, the indole 2,3-epoxidation can also be catalyzed by P450 enzymes. Two
distinct plant cytochrome P450s convert the plant secondary metabolite brassinin (787) into
spriobrassinol (789) or cyclobrassinin (790) as depicted in Scheme 109.115 Internal opening
of the putative indole epoxide 788 at either carbon center by the thioimidate yields the 5 or
6-membered nitrogen and sulfur heterocycles.

4.5. Additional Epoxide-Mediated Cyclizations

The hybrid polyketide/peptide amides, known as heronamides, from Heron Island in
Australia feature two kinds of cyclizations in proceeding from heronamides C (791) and F
(792) to heronamide A (797) and B (798), respectively. (Scheme 110). The completed
natural products contain a 5,5 ring system embedded within the larger polyene
macrocycle.525 The first cyclization follows the O,-mediated regioselective epoxidation of
one of the seven double bonds in substrate to yield 795. The exact trigger of this epoxidation
is unclear and was proposed to be possible without enzyme catalysis. Spontaneous internal
capture by the amide nitrogen builds the first five membered ring in 796.526 The subsequent
conversion to the 5,5- bicyclic 797 and 798 is thought to be either a [4+2] or a direct [6+4]
(followed by a facile Cope rearrangement) cyclization route.52” The starting macrocyclic
compounds 791 and 792 can also be cyclized into heronamide B (793) and heronamide E
(794) when exposed to UV light.

Pseurotin A (804) produced by A. fumigatus arises from a short, hybrid nonribosomal
peptide/polyketide assembly line (Scheme 111).528 Chain release from the tethered thioester
enzyme intermediate 799 is mediated by reduction to the thiohemiacetal and dissociation of
the free aldehyde 800 as shown in Scheme 56A. Tetramate ring formation in 801 is proposed
to occur by attack of the acetoacetyl enolate on the aldehyde 800. An extensive list of
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oxidative tailoring steps ensues to afford the oxo-spirocyclic framework in 804. An
interesting enzyme encoded in the gene cluster is an unusual didomain PsoF, which contains
a A-terminal methyltransferase domain and a C-terminal FMO domain.®29:530 The MT
domain was shown to be essential for introducing the a.-methyl group in the polyketide
portion of the 799.531 The FMO domain was shown to be required for the formation of the
0x0-spiro structure of 803.531 The proposed mechanism of PsoF is the epoxidation of the
endocyclic olefin in the pyrrolidone portion of 801 to yield 802, which sets up an internal
opening/capture by the enol to produce 803. Recent studies by Watanabe and coworkers
show that fransto cisisomerization of the diene portion requires a glutathione S-transferase
PsoE.532 PsoF was shown to be responsible for an additional epoxidation step to introduce
an epoxide which can be hydrolyzed to yield the #rans diol found in 804.530

Jasmonic acid (808), the important regulator in plant responses to biotic and abiotic stresses
as well as in development, is a long chain fatty acid-derived plant hormone biosynthesized
from linolenic acid (191).530 As shown in Scheme 112A, S-hydroperoxide 192, installed by
lipoxygenase, is the internal source of the resultant epoxide oxygen in the allene oxide 193
(see Scheme 32). One electron opening by allene oxide cyclase yields a delocalized radical
pair (805 and 806) that can cyclize and unravel to the cyclopentenone core intermediate
807.533 Further chain shortening through B-oxidation as well as reduction leads to the 808.
On the other hand as shown in Scheme 112B, the R-hydroperoxide 195 from arachidonic
acid (194) is the precursor of clavulone I (809), which possibly carries a similar pathway of
808.534 Additionally, instead of B-oxidation and reduction, the post-modification steps
including hydroxylation, acetylation and O-methylation are required for biosynthesis of 809
following opening of the allene oxide 196.

5. CYCLIZATION VIA HALOGENATION

5.1. Introduction: Haloperoxidases and Oxygen-Consuming Halogenases

In synthetic organic transformations, the displacement of halogen substituents by
nucleophiles can constitute efficient substitution reactions. In natural product biosyntheses
two of the four major classes of biosynthetic halogenases can participate in oxidative
cyclization processes. The two halogenase classes that can carry out the generalized
transformations noted in Scheme 113 are hydrogen peroxide-dependent vanadium
halogenases, known as vanadium haloperoxidases (VHPOs), and mononuclear nonheme iron
oxygen-dependent halogenases. The VHPOSs can engage directly in concomitant
halogenation and cyclization as exemplified in Scheme 113A and 113B. The iron-dependent
halogenases are part of a two-step process (Scheme 113C), where a second enzyme carries
out intramolecular displacement of the halide.

Scheme 114A shows the catalytic cycle for VHPOSs in which H,05 is the exogenous source
of oxidizing equivalent for the halide ions. HOOH replaces a coordinated water molecule as
a vanadium ligand. Binding of a halide, typically chloride or bromide ion (in seawater
microenvironments) leads to generation of a hypochlorite or hypobromite equivalent ligated
to the vanadium. The -OX species acts as an [X*] equivalent: the polarity of chloride and
bromide ions has been reversed from X~ to X* and can be captured with nucleophiles.
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Scheme 114B depicts the ligand sphere around the nonheme Fe!! with chloride as a first
sphere ligand. Reaction of O, with the iron halogenases yields a high-valent Fe!'V=0. In a
typical oxygenase mode it would cleave a bound C-H to yield a carbon centered radical and
transfer an [OH+] equivalent in a rebound step to effect substrate hydroxylation. In
halogenase mode, instead a [Cle] equivalent is transferred to a carbon radical to produce the
halogenated product.

5.2. Vanadium Haloperoxidases as Cyclization Catalysts

The biosynthetic capability of VHPOs as a cyclization catalyst is demonstrated in the
merochlorin biosynthetic pathways (Scheme 115). Tetrahyrdoxynaphthalene (THN, 810) is a
prototypic aromatic polyketide arising from utilization of five molecules of malonyl-

CoA 535536 Installation of a rearranged farnesyl moiety by Mcl23 creates the substrate 811
for haloperoxidase-mediated chlorinations.537:538 Mlc24, the vanadium-dependent
chloroperoxidase, catalyzes a site-selective naphthol chlorination to 812a and initiates
oxidative dearomatization to afford cation intermediate 812b. This triggers terpene
cyclization to create the possible cation 813. Two possible cyclization routes complete the
stereochemically complex carbon framework of merochlorin A (814) and merochlorin A
(815) in one more step.

A third variation in route leads to merochlorin C (820). As in the other two cases above,
chlorination can occur on a nucleophilic carbon orthoto a phenol in 817 to yield
merochlorin D (818). Then generation of the cyclic chloronium ion at the terminal olefin in
819 can be followed by attack of the indicated OH to install a second chlorine substituent as
the macrocyclic ether 820 forms.539

Scheme 116 shows a route from the same starting substrate 810, with ortho chlorination and
also double prenylation, with a C5 and a Cqg unit to yield SF2415B1 (821). Again, attack of
the terminal olefin on V-OCI in the haloperoxidase active site by NpaH1 leads to a species
shown as a cyclic chloronium ion intermediate 822, which is captured by the indicated OH
to create the pyran ring fused to the original naphthalene core to form SF2415B3
(824).540.541 | the case of bromine activation, formation of the bromonium 823 lead to the
bromo-SF2415B3 (825) as shown. In some organisms, 824 can be elaborated to a further
chlorinated product A80915C (826) by a comparable olefin attack on a vanadium-
coordinated [CI*] equivalent.

Two examples of brominated isoprenoids induced cyclization are displayed in Scheme 117.
In Scheme 117A the laurencin (828) and prelaureatin (830) are generated by attack on the V-
OBr by the olefins in laurediols (827 and 829), respectively. The source of the [Br*] is from
KBr shown in the scheme.>#2 Cyclic brominated eight-membered ethers are the core
frameworks in the products. In Scheme 117B, the origin of the three a-,-and -y-snyderols
(834-836) is the isoprene nerolidol (831). The nascent cation 833 from attack of the olefin
on the bromonium ion 832 can be quenched by loss of a proton from the endocyclic (a-
snyderol, 834 and y-snyderol, 836), or exocyclic (B-snyderol, 835) position.543
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5.3. Iron Halogenases and Partner Cyclases

Three examples of two step enzymatic processes to convert an unactivated carbon center into
a cyclopropyl group are shown in this subsection. In all three cases the halogenases act on a
precursor metabolite tethered in thioester linkage to an acyl carrier protein domain/subunit
that is part of either a PKS (curacin, 841) or a NRPS (coronatine, 847 and kutzneride, 851)
assembly line. The nonheme iron halogenases as noted in Scheme 114B reductively activate
and cleave O, while generating a high-valent Fe!V=0 active site reagent that can cleave an
unactivated C-H bond in a bound substrate. The resultant carbon radical is thought to capture
the [Cle] in a rebound step.

As shown in Scheme 118 the CurA halogenase has effected a radical chlorination of the
unactivated terminal methyl group of the Z3-prenyl-acyl carrier protein 837.544-546
Subsequent conjugate addition of a hydride equivalent from NADH by the enolyl reductase
(ER) domain component of the PKS assembly machinery yields the C, thioester enolate
anion 839. This carbanion equivalent can now carry out an intramolecular Sy2 displacement
on the chlorine substituent. In this ring-forming reaction the cyclopropane 840 has been
created on its thioester, ready to be incorporated as a building block in the assembly line to
841.

Coronatine 847 is a hybrid PK/NRP produced by phytopathic bacteria as a mimic of the
jasmonic acid hormone noted in Scheme 112. It causes opening of the stomata in plant
leaves allowing the pathogenic Pseudomonas syringae producers to gain access to the
internal nutrients of the leaf.547-548 The aminocarboxycyclopropane building block is
generated from L-a//o-isoleucine (842) by a comparable strategy to the curacin case
(Scheme 119).549 842 is selected, activated and tethered on its peptidyl carrier protein CmaD
by the CmaA enzyme to yield 843. CmaB is an O,-requiring, nonheme mononuclear iron
halogenase that regiospecifically chlorinates the unactivated C.,, methyl group to afford 844.
CmaC can remove the activated C,-H as a proton, generating the thioester enolate 845. That
has carbanion character at C, and can react in an intramolecular Sy2 displacement of the
chlorine under the catalytic agency of the enzyme CmacC. The result is the cyclopropane-
containing aminocarboxy building block known as coronamic acid (846) that gets
incorporated into the hormone agonist 847.

The third example is embedded in the antifungal hexapeptidolactone kutzneride (851)
(Scheme 120). All six amino acid constituents are nonproteinogenic, signaling its
nonribosomal peptide synthetase assembly line origin.5®0 The 2-(1-methylcyclopropyl)-D-
glycine is the most unusual residue. The details of mechanism in this case are not clearly
worked out but KtzD is again an oxygen-reducing mononuclear iron halogenase so a cryptic
chlorination mechanism for cyclopropane 850 formation starting with the KtzC-tethered
isoleucine 848 is anticipated.>®1 Despite the fact that a corresponding C,, carbanion
equivalent derived from the chlorinated 849 will not suffice for formation of the
methylcyclopropyl glycine scaffold (but can form 850).
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6. OXIDATIVE RING REARRANGEMENT

Ring sizes in natural product scaffolds can expand or, less often, contract during enzyme-
mediated transformations, many of these occur during iron-dependent oxygenase
catalysis.>®2 As noted in Section 2 the hallmark of iron-based oxygenases are the
involvement of carbon-centered radicals at different stages in the catalytic cycles and those
can drive scaffold rearrangements, both to larger and smaller rings systems.

6.1. Ring Contractions

6.1.1. Viridicatin: Diazepinone Contraction—4’-methoxyviridicatin (728), the
precursor of penigequinolone and aspoquinolone discussed in Section 4.3.4, contains a 6,6
quinolone scaffold. This core structure is derived from cyclic dipeptide 852 built from
cyclization of anthranilate and O-methyl-tyrosine by a two module NRPS assembly line.502
The biosynthesis of 728 from cyclic dipeptide substrate 852 was confirmed through /n vitro
biochemical analysis of a dioxygenase enzyme AsqJ.502:553.554 The experiments revealed
two key roles of AsqJ in driving scaffold rearrangement and expulsion of methylisocyanate
(857). As noted in Scheme 121, the first transformation effected by AsgJ is a net
desaturation to generate an exocyclic olefin 854 on the diazepinedione moiety. It is shown as
a radical process in which the carbon centered radical 853 arising from the initial C-H
homolysis step transfers a second electron to the Fe!!l-OH rather than experiencing an [OHe]
rebound. This exocyclic olefin 854 is then substrate for a second catalytic cycle by the AsqJ
enzyme, this time resulting in a more typical epoxide product 855. This epoxide is
spontaneously opened by neighboring group participation of the m electrons of the
anthranilyl aromatic ring, creating a tetracyclic framework 856. This can break down with
expulsion of 857 and yield the phenyl substituted dioxoquinolone 858 framework in
viridicatin.

The net result is a ring contraction of the seven member diazepinedione of the starting cyclic
dipeptide 852 to the six member dioxopyridine ring in the quinolone product 858. The one
carbon bridge between the phenyldiazepinedione and the methoxyphenol ring in starting
substrate is the carbon atom that gets extruded as 857, along with one of the two nitrogens in
the diazepine ring.

6.1.2. Gibberellic Acid 12: Cyclohexanol Contraction—The gibberellins are cyclic
diterpenes that have a variety of hormonal and developmental effects in plants.>5°
Gibberellic acid 12 (GA1,, 864) is generated from ent-7a-hydroxykaurenoic acid (859) by
the steps catalyzed by P450 CYP88A, involving two oxygen transfer events (Scheme
122).556.:557 The first step is an exceptional one. Homolytic cleavage of the indicated C-H
bond by the high-valent oxoiron in the CYP88A active site yields a radical 860 that
rearranges rather than undergoing immediate hydroxylation. The net result is conversion of
the B ring of the initial substrate radical from a hydroxycyclohexane to a cyclopentane with
an exocyclic «CHOH functional group as in 861. At this juncture the [OHe] rebound occurs
to give the product as an aldehyde hydrate 862, which is in equilibrium with the aldehyde
863. A second CYP88A mediated oxygenation of the aldehyde 863 to carboxylic acid
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functionality creates 864. The net result of CYP88A action is to trap out the ring-contracted
gibberellic acid framework in the form of the aldehyde intermediate 863.

6.1.3. Saliniketal: Macrocycle Opening and Dioxabicyclo[3.2.1]octane
Formation—Saliniketals (872 and 873) from Salinospora arenicola block transcription of
the gene encoding ornithine decarboxylase, the gatekeeper enzyme in polyamine
biosynthesis.5®8 The ansa bridge is reminiscent of rifamycin framework. Moore and
colleagues have shown that rifamycins and saliniketal share common biosynthetic
intermediates and then diverge at the stage of 34a-deoxyrifamycin W (865) (Scheme
123).559 The cytochrome P450 CYPSare1259 is proposed to oxidize the C3, methyl group
up to the carboxylate (866) (via three successive oxygen transfer events). At this juncture
loss of the carboxylate as CO», is enabled by the vinylogous keto group to stabilize the
product enol 867. Dioxygenative cleavage of that 11, 12-double bond would generate the
acyclic keto acid 868, breaking up the macrocycle. Subsequent reductive saturation of the
28, 29-double bond gives a conformationally mobile chain 869 for hemiketal 870 formation.
The oxyanion of the hemiketal is postulated to act as trans-annular nucleophile for
displacement of the original 27-OH group. This generates the dioxabicyclo-[3.2.1]octane
ring system 871, the precursor of 872 and 873 prior to C-N bond cleavage. In a formal sense
the large macrocyclic bridge of the rifamycin precursor has been replaced by the much more
compact bicyclooctane in 871.

6.1.4. Griseorhodin A: Ring Contraction in a 6,6- to a 6,5- Spiroketal System—
Griseorhodin A (881) is a member of the rubromycin family of spiroketal-containing
polyketides, assembled by oxidative cleavage and rearrangement of the angular tridecaketide
collinone (874) (Scheme 124).560.561 From gene deletion and heterologous expression
studies, Piel and colleagues showed that the 6,6-spiroketal 875 is further along the
biosynthetic pathway and need to lose one more carbon atom to form 881. An FAD-
dependent oxygenase (GrhOG6) was identified as the catalyst likely to contract the 6,6-
spiroketal framework into the 6,5-spiroketal framework in the rubromycin family.62 One of
two possible routes proposed was the Baeyer-Villiger pathway (route 4) to the carbonate
ester 876 followed by water attack to the hydroxy acid (877). Decarboxylation attendant to
ring closure would generate the contracted 5,6-spiroketal 880. In route 4, the transformation
would start with hydroxylation at the B/C ring juncture to yield 878. Loss of CO, would be
driven by rearomatization that generates a transient cyclic oxonium ion 879 that gets
captured in 6,5 spiroketal 880 formation.

6.1.5. Spirotryprostatin: Ring Contraction in a 6,5- to a 5,5- Spiroketal System
—We noted the formation of spirotryprostatin A (781) in Scheme 107 via a proposed 2,3-
indole epoxidation route. Spirotryprostatin G (887) differs from 781 by an additional
desaturation in the C ring. Scheme 125 shows the proposed route from fumitremorgin C
(219), involving both spirocycle formation and ring contraction of the C ring of the
substrate. FqzG is the responsible P450 oxygenase.>23 First it inserts an -OH group at the
C/D ring juncture via the C-radical 882 to yield 883. In its second catalytic cycle FqzG starts
the reaction by homolysis of a specific C-H bond in the substrate to give a new C-adical
884. In this instance it is in resonance with radical density at the lower B/C ring juncture and
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gives the indolyl radical 885. That is the site of delivery of [OH¢] in the rebound step to give
the diol 886. The diol is proposed to be the transient species which rearranges, with ring
contraction, to the spirocycle framework of 887 as the initial -OH group is expelled from the
C/D bridgehead position and the second -OH group becomes the indolone carbonyl.

6.1.6. Xenovulene A: Cyclopentenone Formation via a Ring Expansion-
Contraction Mechanism—Active against human GABA receptor, xenovulene A (899) is
a meroterpenoid consist of a sesquiterpene fused with 2,4-dihydroxyl-3,6-dimethyl-benzoic
acid (888).562 The sesquiterpene portion in 899 is reminiscent of the humulene scaffolding.
Its biosynthesis is remarkable for a net contraction of a fused methyl phenol in substrate to a
fused cyclopentenone ring in 899.564 Most remarkably, the starting phenol 889 first
undergoes catalyzed ring expansion to a tropolone 891 (Scheme 126) before two successive
ring contractions by extrusion of formyl groups and their subsequent hydrolytic elimination
as formic acid. The rearrangements are set off by three oxygenation steps that produce the
5,6-hydroxy formyl intermediate 890 which rearranges to the 5,7-trisubstituted tropolone
891. In turn that can ring contract to an alternate aldehyde 893 from which loss of formic
acid regenerates a fused 5,6-ring system in 894 with the six-membered ring now a catechol.
One more oxygen transfer yields the trihydroxybenzene metabolite 895 which can undergo a
second round of ring contraction and formyl group extrusion to give 897. Repeat of the
hydrolytic loss of formate yields the tautomer 898 of the final 5,5-hydroxycyclopentenone
ring of 899.

6.2. Ring Expansion Processes

6.2.1. Baeyer-Villigerases: Cyclic Ketones to Lactones—A predominant route to
ring expansions in cyclic ketones is the oxygen insertion adjacent to the carbonyl group
carried out by oxygenases that act as Baeyer-Villigerases.>65-568 Most of those enzymes are
flavoproteins, using the flavin-4a-OO™ as the initiating nucleophile on the substrate carbonyl
group to generate a covalent Criegee intermediate (Scheme 5A). We note below one
example in the hemeprotein cytochrome P450 family during maturation of the
brassinosteroid plant hormones.

Pentalenolactone (906) is a Streptomyces sesquiterpenoid antibiotic with good activity
against both Gram-positive and Gram-negative bacteria as well as a variety of fungi and
protozoa.>69:570 |t features a unique 5-5-6-3 fused cyclic structure within the lactone ring
proposed to be synthesized from the expansion of intermediate 901, the oxidative product of
pentalenene (900). Scheme 127 shows the expansion of the methylcyclopentanone ring in
901 to the ring-expanded isomeric lactones to yield pentalenolactone D (904) or
neopentenolactone D (903) that can arise from the migration of either neighboring carbon
after formation of the Criegee intermediate 902.571-573 |t is notable that 904, the precursor
of 906 is not the favored product based on migratory aptitude (2° vs. 3°) by Baeyer-Villiger
reactions. Further dehydrogenation by an nonheme a.-KG iron dependent oxygenase yields
an exo olefin that can be epoxidized by the same enzyme to yield pentalenolactone F (905),
which is one additional oxidation step away from the final product 906.573
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Baeyer-Villigerases catalyzed ring expansion is also widely found during fungal
meroterpene biosynthesis, such as the transformation of preaustinoid A (907) to preaustinoid
Al (909) (Scheme 128). The FMO AusC inserts one oxygen atom between C, and C3 to
yield 909 forms the 7-membere lactone.>”* The Criegee intermediate 908 is shown and in
this case the preferred migratory aptitude is followed in the ester formation.

A novel Baeyer-Villigerase that can catalyze transformation of a ketone to a carbonate
functionality was confirmed in the biosynthetic pathway of cytochalasin E, a PK/NRP
hybrid angiogenesis inhibitor produced by A. clavatus.37>576 Through /n vitro biochemical
characterization, the FMO CcsB was confirmed to catalyze the transformation of
cytochalasin Z16 (918) from ketochalasin (910) via two successive oxygen insertion
reactions (Scheme 129).577 The first step converts the 11-membered macrocyclic bis-ketone
910 to the 12-membered ketolactone 912 via the Criegee intermediate 911, notable for the
size of the cyclic ketone expanded. The second oxygen insertion creates a cyclic carbonate
918 with a 13-membered macrocyclic ring. While a similar Criegee intermediate can be
written for the second oxygen insertion, Scheme 129 depicts a route via epoxy intermediate
that might be in play for generation of the unique cyclic carbonate functional group.>’” The
mechanism starts with the 1,4-addition of the flavin-peroxo anion onto 912 to yield the
adduct 913. This leads to formation of the epoxide 914 that can ring open to give the a-
alkoxide 915. Subsequent attack of the alkoxide yields the tetrahedral intermediate 916 that
can collapse to yield the conjugated carbonate 917. Ketonization of 917 then affords 918 that
is two more oxidation steps away from cytochalasin E. This mechanism depends on the 1,5-
vinylogous diketone functionality located on the southern portion of the starting 910, with
the distal ketone serving as an electron sink during the transformation. The discovery of
CcsB expands the repertoire of activities of Baeyer-Villigerase and provides a possible
synthetic strategy for transformation of ketones into carbonates.

The biosynthesis of the brassinosteroid plant hormones (924) involves a cytochrome P450-
mediated Baeyer-Villiger expansion of the B-ring ketone in castasterone (922) as shown in
Scheme 130.578 CYP85A3 in tomato plants can convert 6-deoxycastasterone (919) to 922,
by double hydroxylation at Cg (first to the alcohol 920, then to the ketone hydrate 921, in
equilibrium with the ketone 922).579 922 is then the substrate for a third oxygen transfer via
CYP85A3, this time as a Baeyer-Villigerase ketone to lactone expandase to yield 924. The
Fe!ll-OOH is the presumed species attacking the 6-keto group of 922 to yield a Criegee
intermediate 923.

6.2.2. Penicillin N to Desacetoxycephalosporin C: B-Lactam Expandase—
Perhaps the most famous of the enzymes with expandase activity in natural product
biosynthesis is the desacetoxycephalosporin synthase (DAOCS), catalyzing the conversion
of the penicillin class of B-lactam antibiotics into the cephalosporin class.>8% The penam to
cephem conversion involves expansion of the 4,5- bicyclic scaffold penicillin N (925) to the
4,6-scaffold in desacetoxy-cephalosporin C (929) with an endocyclic double bond in the six-
membered ring. As schematized in Scheme 131, DAOCS is a Fe(ll)/a-KG-dependent
dioxygenase, reducing O, with no oxygen insertion into product, while generating substrate
radicals 926 and 928 via C-H bond homolytic cleavages.?81:582 The rearrangement of the
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initial methyl radical species 926 to the episulfide radical 927 and its opening to the 4,6
bicyclic system is depicted. Quenching of the product radical 928 by He transfer to iron,
creates the endocyclic cephem double bond in 929 and returns the active site iron to its
starting Fe!! oxidation state. Semisynthetic versions of the cephem antibiotics, in which the
4,6 bicyclic warhead is conserved and synthetic changes to the aminoadipate and 3-methyl
substituent implemented, are among the bestselling antibiotics globally.

6.2.3. Stipitatic Acid: Tropolone Ring Formation—A variety of natural products
contain the 7-membered hydroxy cycloheptatrienone ring system known trivially as
tropolone.583 A short fungal pathway converts 3-methylorcinaldehyde (930) (from action of
polyketide synthase TropA) to the 5,7-scaffold of stipitatic acid (935) by way of the
tropolone intermediate stipitaldehyde (934) (Scheme 132).584 TropB is a flavoenzyme
oxygenase that hydroxylates orthoto the phenolic oxygen, producing a dearomatized
cyclohexenone scaffold 931. Nonheme iron a-KG-dependent oxygenase TropC is proposed
to oxygenate the adjacent methyl group in 931 to the primary alcohol 933 via a rebound
mechanism, which sets off the ring expansion to the 934 as shown.58% We noted an
analogous ring expansion to a tropolone in xenovulene biosynthesis in Scheme 126 before
an iterated set of ring contractions that takes troplone down to a cyclopentenone. A different
mechanism for tropolone ring formation via an epoxide intermediate was confirmed in the
degradation of phenylacetyl-CoA,%88 and was proposed in the biosynthesis of omega-
cycloheptyl fatty acids. %87

6.2.4. Acetylaranotin: 4,5-Dihydrooxepine Ring Formation—We have noted an
aspect of acetylaranotin (760) biosynthesis in Scheme 104 (Section 4.4), where the focus
was on enzymatic formation of the aromatic epoxide and its internal capture by the amide
nitrogen of the diketopiperazine neighboring group to construct the C-N bonds from each of
the DKP nitrogens as the pentacyclic scaffold is created. We also noted the likely route to
epidisulfide formation in Scheme 69 (Section 3.4).510 A brief return to acetylaranotin
maturation here is on the conversion of each of the cyclohexadienol esters in 936 to the ring
expanded 4,5-dihydrooxepines in 760, catalyzed by the cytochrome P450 monooxygenase
AtaY (Scheme 133). The likely route is via a transient epoxide with ring opening to the
seven-membered oxepine 937 followed by a second round of ring expansion to 760, but the
exact mechanism of this transformation remains unresolved.

6.2.5. Aspyridone: Tetramic Acid to Pyridone—Aspyridone (945) was first isolated
from A. nidulans following targeted overexpression of the transcription factor that controls
the transcription of the apd biosynthetic pathway.>88 Subsequent expression of the hybrid
PKS-NRPS ApdA bimodular enzyme in the heterologous host S. cerevisiae results in release
of the tetramic acid preaspyridone (939) shown in Scheme 134. This is the starting
compound for expansion of the five member tetramic acid ring to the 2-pyridone ring found
in 945, tenellin, and related metabolites.58% The P450 enzyme ApdE (and related ones in
other pathways) is proposed to carry out homolytic C-H cleavage as the initiation step at the
benzylic CH, group to yield 940.2%0 While direct [OH*] rebound can yield the off-pathway
hydroxy metabolite 941, a competing internal rearrangement to the cyclopropanol radical
942 can lead to the ring expansion as shown in Scheme 134. Capture of that ring-expanded
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carbon radical 943 by [OH*] rebound yields the hydroxy precursor 944 to aspyridones. The
delivery of an OH radical equivalent after the substrate radical has rearranged is reminiscent
of the spirotryprostatin G biosynthetic sequence in Scheme 125.

6.2.6. Ring Expansion During Penitrem E Biosynthesis—Penitrem A (950) and the
deschloro-version penitrem E (949) are the most complex indole diterpenes isolated from
filamentous fungal species to date.153 The fully tailored natural product features a
contiguous decacyclic ring system including a 4,6-bicycle fused to the indole phenyl ring.
Formation of the nine-membered macrocyclic ether ring in penitrem D (171) from
secopenitrem D (166) was covered in Scheme 29 (Section 2.2). Formation of 166 itself
involves an unusual oxidative ring expansion step with unresolved mechanism. The
prenyltransferase PtmE was shown to catalyze the prenylation-initiated cationic cyclization
between DMAPP and the prenylated paxilline derivative 946 to yield PC-M4 (947). The
reaction starting from 947 catalyzed by the P450 PtmK has been reconstituted in the
heterologous host A. oryzae (Scheme 135).5%0 A possible mechanism is shown where
consecutive C-H bond homolytic cleavage of the two methyl group, first in 947 followed by
948, leads to expansion of the cyclopentane to a cyclohexane ring and exo methylene
formation in 166.%91

6.2.7. Ring Expansion During Anditomin Biosynthesis—A dazzling arrays of
oxidative modifications catalyzed by two nonheme iron a-KG-dependent oxygenases AndA
and AndF are proposed for the transformation of preandiloid C (951) to anditomin (726).°74
The epoxide-mediated formation of the meroterpenoid scaffold was discussed previously in
Scheme 100 (Section 4.3). Starting with 951, generation of the bicyclo[2.2.2]octane ring
system in andiconin (956) is catalyzed by AndA (Scheme 136). Methyl C-H bond homolytic
cleavage in 951 yields the substrate radical 952, which can initiate the C-O bond cleavage to
form fused 1,3-cyclohexanedione-furanone radical intermediate 953. The radical then adds
to the newly exposed exo methylene to form a new seven-membered ring radical
intermediate 954. This radical adds to the furanone double bond to yield a new C-C bond
and eventual quenching of the newly formed intermediate 955 arrives at 956. After an
identical Baeyer-Villiger ring expansion as depicted for preaustinoid Al (909) in Scheme
128 to afford andilesin C (957), AndF receives the oxidative relay baton and cleaves the C-H
bond in the middle cyclopentane ring to form 958. Following an [OHe] rebound that gives
959, a ring expansion step takes place to expel water and form 726. The sequence of [OH¢]
rebound followed by elimination to drive rearrangement is observed once more in this
example (See Scheme 134 and others). In total the dramatic morphing from 951 to 726
forges three new carbon-carbon bonds and represents one of the most complicated sequence
of rearrangements characterized to date.

6.3. Additional Oxidative Ring Rearrangements

6.3.1. Fumagillin: Multifunctional P450-Catalyzed Morphing—The A. fumigatus
metabolite fumagillin (970) has a meroterpenoid structure, reflecting convergence of an
isoprenoid and polyketide biosynthetic pathways.%92 970 displays anti-angiogenic activities
and has been considered as an antitumor lead.>93 The key structural feature is the heavily
oxidized cyclohexanone ring, including the bis-epoxide moiety. The epoxide groups are
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sufficiently reactive as electrophiles to target the methionine aminopeptidase in protein
biosynthesis.594-5% |dentification and reconstitution of the fumagillin biosynthetic pathway
revealed several interesting enzymes. First the sesquiterpene cyclase (Af520) that
synthesizes B-frans-bergamotene (960) from farnesyl-diphosphate was the first membrane-
bound Class I-type terpene cyclase discovered.592 Af520 converts farnesyl-PP to the
corresponding nerolidyl-PP and then cyclization via a bisabolyl cation to the indicated 4,6-
bicyclic hydrocarbon product.

Second, the P450 Af510 was shown to be a powerful, multifunctional oxidase/oxygenase
that converts 960 into the bis-epoxide ketone intermediate 968 (Scheme 137).51 This
remarkable transformation by Af510 corresponds to a net eight-electron oxidation of the
substrate. The first oxygen-transfer to the bridgehead alcohol to yield the monohydroxylated
961. From there several mechanistic proposals have been presented, two of which are shown
here.5%7 In route 4, C-H bond cleavage in the prenyl portion that affords 962 is followed by a
second one electron oxidation to yield the carbocation intermediate 963. This species is then
attacked by the Iron-peroxo anion to form the heme-bound peroxide 964, which can collapse
to the epoxy-ketone 967 in a concerted series of electron transfer from the bridgehead
hydroxyl to the iron center. An alternative mechanism is shown in route b that excludes
formation of the secondary carbocation 963. Here Af510 installs another alcohol group in
the prenyl side chain to yield a doubly hydroxylated bergamotene product 965. The third
catalytic cycle of Af510 results in fragmentation of the bicyclic framework to yield the
indicated cyclohexanone radical 966. A fourth P450 cycle converts the side chain alcohol to
the epoxide 967 before the exo methylene is itself epoxidized (five Af510 catalytic cycles) to
create the bisepoxide framework 968. To finish the fumagillin pathway, 968 is further
oxidized at the ortho position, methylated and finally reduced at the ketone to yield
fumagillol (969). 969 is then acylated with a pentaene polyketide product to yield
prefumagillin, of which the terminal olefin can be oxidative cleaved to yield 970.

6.3.2. Roquefortine to Meleagrin: Reconfiguring Connectivity in a Tetracyclic
Framework—~Roquefortines, natural products produced by fungi that are named for their
cheese associations, are simple C3-prenylated diketopiperazine metabolites.598:599
Roquefortine D (971) arises from a tryptophanyl-histidine NRPS bimodular assembly line
by internal cyclizing release as the DKP forms.800.601 Sybsequent prenylation at C5 of the
indole is attended by amide nitrogen attack on the incipient indoline at C, to create the
tetracyclic core of 971 (Scheme 138).602 RogR in analogy to AsgJ in viridicatin biosynthesis
(Section 6.1) effects a homolytic desaturation of the bridge between the DKP core and the
pendant imidazole to produce roquefortine C (972).692 Gene-knock out results indicate that
two oxidative enzymes (P450 RogM and FMO RogO) are responsible for transformation of
972 to glandicoline B (976). First, A-hydroxylation by RogM generates an electrophilic
imino N-oxide roquefortine L (973). The second hydroxylation catalyzed by RoqO is
proposed to occur at the C/D ring juncture to yield a carbinolamine 974, which reverts to the
carbonyl, mediating a transannular disconnection and produce a nine-member ring
intermediate 975. Now another amide nitrogen from the L-histidine portion of DKP core can
attack at C, of the indole-A-oxide, which creates the crowded tetracyclic scaffold of 976 and
then meleagrin (977) after O-methylation. The connectivity of the tetracyclic framework
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between 971 and 977 has been distinctly altered, from a 6,5,5,6 starting array to a 6,5,6,5
order in the product.

6.3.3. Xantholipin: Quinone to Xanthone Ring Conversion—The angular
heptacyclic antitumor antibiotic xantholipin (986) produced by S. flavogriseus is assembled
by a type 11 polyketide synthase.524:603 The conversion of the quinone D ring of the
pentatcyclic polyketide intermediate 978 to the xanthone D ring in 985 on the way to 986 is
initiated by a FMO XanO4 (Scheme 139).604 Two successive oxygenations are proposed for
the C and D rings of the substrate 978. The first oxygenation via the adduct 979 yields 980,
which is an arene oxide in the C ring. The second adduct 981 leads to transient ring
expansion to the oxazepine 982 that undergoes hydrolysis to liberate the OH group in 983
that attacks the adjacent C ring epoxide and afford 984. The system is now set up for
decarboxylation (and expulsion of methanol), effectively carving out the carbon atom that
had been at the top of the D ring. Simultaneously, the oxygen atom from the second Baeyer-
Villiger oxygenation reaction has been inserted as the xanthone forms in ring D to arrive at
985. Subsequent P450-mediated formation of the methylenedioxy bridge and pyridone ring
completes the complex heptacyclic scaffold of 986.

6.3.4. Chartarin: Linear to Angular Polyaromatic Framework—The DNA-binding
antitumor agent chartreusin (993) produced by S. chartreusis is a disaccharide of a
pentacyclic aromatic polyketide aglycone chartarin (992).595 As shown in Scheme 140, 992
is derived from a linear tetracyclic anthracycline framework 987. The conversion to the
rearranged connectivity in 992 is initiated by the oxygenase ChaZ which cleaves the B ring
quinone as indicated, yielding the acyclic hydroxy ketone 988.506 Rotation around the C-C
single bond precedes reclosure with C-C bond formation as indicated to yield the angular
framework 989. The quinone is restored but the connectivity between the B and C rings has
been flipped. This twist places the carbomethoxy substituent close to the indicated -OH
group in 990 which engages in lactone formation to yield 991. A cupin-like dioxygenase
ChaP is proposed to mediate the last step: an oxygenative removal of one of the carbonyl
carbons in the cyclohexadienone 991 to 992 by successive possible reactions including
hydroxylation, ring opening and lactonization as CO5 is released. The oxidative carving out
of the one carbon unit as CO5 has analogies to the xantholipin logic above.

6.3.5. Jadomycin: Quinone to Oxazolidinone—Jadomycin A (1001) is a type-II
angucycline polyketide produced by Streptomyces sp. with antitumor activity.807.608 Ag
shown in Scheme 141, the benzo[d]naphthopyrone framework of 1001 derives from
benz[a]anthracene precursors such as dehydrorabelomycin (994), the starting substrate, via a
series of substantial rearrangements in ring construction, especially ring C cleavage.809-611
An FMO JadG and its reductase JadY partner work together to hydroxylate the C ring of
994, as well as to carry out a Baeyer-Villiger type oxygen insertion to create the seven-
membered hydroxylactone intermediate 996. Hydrolytic opening of 996 yields the aldehyde
acid 997. Next, incorporation of L-isoleucine can lead to formation of 1001. Two possible
mechanisms are proposed for this step. In route &, a Schiff base intermediate 998 is formed
via the reaction of isoleucine amine group with aldehyde in 997, this is followed by attack
on the quinone ring to form the oxazolidinone ring in 1001. Alternatively in route b, attack
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of cosubstrate isoleucine amine group in a 1,4-Michael addition to the B ring quinone takes
place first to yield 999. The acid group initially present in the B-ring quinone can now
decarboxylate in a low energy pathway since it is a p-ketoacid, and forms 1000. Attack of
the a-NH on the aldehyde in 1000 creates a tetrahedral adduct whose oxyanion can react at
the isoleucine carboxylate to create the oxazolidinone ring in the end product 1001.
Combined with the examples of xantholipin and chartarin, this is the third example of an
oxidative strategy to carve out one carbon unit from a polycyclic framework during
biosynthetic morphing.

6.3.6. PD116198: Anthracycline to Angucycline—The benz[a]anthraquinone
antibiotic PD116198 (1011) has also undergone skeletal rearrangement from the anticipated
octaketonyl-S-PKS enzyme intermediate.612:613 As suggested in Scheme 142, the initial
oxidative tetracyclic metabolite 1003 derived from the released product 1002 from the PKS
enzyme undergoes oxygenative Baeyer-Villiger type expansion of the D-ring ketone to the
lactone 1004, catalyzed by BexE.814 Hydrolysis to the hydroxy acid 1005 allows rotation
and reformation of an angular ketone 1008, thereby altering the connectivity from the linear
tetracyclic starting substrate. A second Baeyer-Villiger insertion by the BexM enzyme to
afford 1009 is proposed to be followed by a ring contraction back to the indicated hydroxy
cyclohexanone 1010. One more hydroxylation by BexK yields the end metabolite 1011.614

6.3.7. Aflatoxin Structural Rearrangement from Anthraquinone—The most
famous fungal toxin aflatoxin B1 (1034) is produced by many filamentous fungi. The
biosynthesis of 1034 involves significant structural morphing from an aromatic polyketide
product to the final product that is hardly recognizable to be derived from polyketide
origin.81% Many of the oxidative rearrangement cascades observed in the previous examples,
including Baeyer-Villiger ring expansion, lactone cleavage and CO5 expulsion will again be
in play in this pathway.816:617 As shown in Scheme 143, the biosynthetic pathway of 1034
involves at least 21 steps starting from the polyketide product norsolorinate anthrone (1012),
which can undergo oxidation into the anthraquinone 1013, and reduction of the benzylic
ketone to yield norsolorinic acid (1014).506.618-620 From there the structural morphing can
be artificially divided into four stages.

The first stage results in formation of the hydroxyl-tetrahydrofuran ring in 1'-
hydroxyversicolorone (1018). Cs’-hydroxylation of 1014 by the P450 AvnA to (1’5,

5’ S5)-5’-hydroxyaverantin (1015) is followed by dehydrogenation of the newly introduced
hydroxyl group yields the 5’-ketone intermediate (5”-oxoaverantin, OVAN, 1016).521 This
can be converted to (1°S, 5’ S)-averufin (1017) by the OAVN cyclase via intramolecular
acetal formation.522 Subsequently, based on /n vivo knockout results in the sterigmatocystin
pathway, the P450 StcB and FMO StcW are responsible for converting 1017 to 1018.623
Based on the isotope labeling together with feeding of synthetically prepared analogs, either
a cation- or radical-dependent mechanism can be proposed for this unusual oxidative
rearrangement.624-626

The second stage includes four reactions to construct the pentacyclic intermediate
versicolorin A (1022) which contains the bisfuran moiety. 1018 is first converted to
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versiconal hemiacetal acetate (1019) via a Baeyer-Villiger reaction, during which the
aliphatic ketone is converted to an ester.623.627.628 Hydrolysis of the acetate reveals the
terminal hydroxyl group as in versiconal (1020), which can be cyclized into versicolorin B
(1021) by versiconal cyclase.629:630 The terminal tetrahydrofuran ring can be
dehydrogenated to form 1022.

The third stage converts 1022 to demethylsterigmatocystin (1030), which converts the
linearly fused anthraquinone to the angular xanthone, both pentacyclic compounds. Two
enzymes, a P450 AfIN and a probable NADPH-dependent oxidoreductase AflM are
involved in this transformation.%31 First, P450-mediated aryl epoxidation by AfIN affords
the arene oxide 1023. Oxirane opening converts ring A in 1023 into the hydroxylated
dienone in 1024. AfIM mediated reduction of the dienone followed by dehydration yield the
triketone intermediate 1026. Next, as observed in the xantholipin biosynthesis in Scheme
139, the quinone ring is converted to xanthone through Baeyer-Villiger oxygen insertion to
1027, hydrolytic cleavage to 1028, xanthone formation to 1029, and expulsion of carbon
dioxide and water to yield demethylsterigmatocystin (1030).

The fourth stage starts with methylation of 1030 to yield O-methylsterigmatocystin (1031),
which is morphed into 1034 in a net ring contraction sequence.832:633 The exact order of
reactions and the corresponding enzymes have not been elucidated. It is proposed that a
P450-catalyzed hydroxylation to give 1032, an additional Baeyer-Villiger oxidation to give
1033 are required for the ring expansion, rearrangement and contraction steps.534-636

6.3.8. Betalamic Acid: Catechol to Tetrahydropyridine Dicarboxylate—Betalamic
acid(1036) (Scheme 144) is the chromophore in a variety of plant pigments, including
betacyanins (1037 and 1038) and betaxanthins (1039), which are red and yellow pigments
respectively.537.638 |t forms spontaneously from 4,5-seco DOPA (1035), which arises from
action of regiospecific plant dioxygenases on the abundant metabolite L-DOPA (528).639
The enzyme is a member of the extradiol dioxygenase family, cleaving adjacent to one of the
catechol-OH groups.540 The classic product pattern is conversion of the phenol carbon to the
carboxylate and the adjacent carbon to the aldehyde, and that is the structure of 1035. The
enol isomerizes to the Cg ketone that is then captured by the amine. Loss of water generates
the 1036 with its dicarboxy tetrahydropyridine framework. The resulting aldehyde can
engage in imine formation with several amines in plant cells to form the chromophoric
betalins.

7. CONCLUDING THOUGHTS

Ubiquity of cyclic structures in natural products

The preponderance of the >500,000 natural products contain one or more carbocyclic or
heterocyclic rings and most of those have multiple fused rings in their scaffolds. Five and
Six membered rings predominate although we have delved in depth into the great
biosynthetic versatility of the three atom epoxide rings. Seven member diazepinediones and
tropolone, and eight member cyclooctanes are also found. In the polyketide family of
macrolides, macrolactones from 12-22 atoms are generated by producer microorganisms.
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The structural and functional group diversity of cyclic natural product frameworks is nothing
short of awesome and have inspired generations of synthetic and medicinal chemists. Many
of these scaffolds have still not yielded to total synthesis and the complex ones that have
been prepared are typically not suitable for industrial scale production compared to the
biological sources. Complexity generation in the conversion of simple, primary metabolic
building blocks to polycyclic product architectures can occur by short efficient enzymatic
pathways, as noted several times in the several sections of this review.

Several hypotheses have been advanced to comment on the utility of cyclic frameworks to
producer organisms. The enzymatic conversion of acyclic precursors into cyclic natural
products pays the energy costs upfront for building in entropic constraints. The resulting end
products have order of magnitude higher affinities for particular biologic targets (DNA,
RNA, Proteins, bacterial lipid 11, peptidoglycan) than the linear precursors. This argument
for cyclic architectures has the built-in assumption that these natural products are generated
by producers for such specific recognition/ligation. The putative functions of the small
molecule secondary metabolites span a spectrum of signaling, antibiotic activity, plant
defense against predators (phytoalexins, phytoanticipins), development, and pheromone
functions.641

Many of the natural products that have been active in human pharmacology assays are
unlikely to have been the intended targets by the microbial or plant producers. They may
reflect shapes, polarities and functional group arrays that have universal chemical properties
for interaction with proteins (e.g the immunosuppressive fungal molecules FK506 and
rapamycin) or DNA (bleomycin), just to pick two types of human targets.

Nonoxidative cyclizations: outside the scope of this review

In this review we have considered the chemical logic and enzymatic machinery for only a
subset of cyclizations of natural products, those that are enabled by or directly involve one or
more redox steps. Three examples of large families of nonoxidative cyclizations include
macrolactonizing release of polyketides of the erythromycin, fidaxomycin class*? and the
aromatization of polyketonic intermediates into tri-and tetracyclic aromatic ring frameworks
(e.g. tetracenomycin)7:642.643 (By contrast, prior reduction of the Cq ketone to the alcohol
reflects a redox-controlled cyclization to pretetramid, the precursor to tetracycline). The
third major non-redox cyclization route is exemplified by the plethora of cation-driven
rearrangements of mono-, sesqui-, di-, and triterpenes into many thousands of mono, bi-, tri-,
and tetracyclic product scaffolds.544-648 The bacterial squalene-hopene cyclases run in
parallel to the oxidosqualene cyclases (Section 4.3), reflecting the alternate (and probably
earlier evolutionary route) of initiating tetracyclic triterpene formations by either H* (non-
oxidative) or epoxide (oxidative from the previous enzymatic step) as initiating
electrophiles.649-651

Redox-Driven Cyclizations in Natural Product Assembly

The biosynthetic cyclizations that are covered in this review encompass C-C, C-O, C-N, C-
S, N-N, and S-S bond forming steps in ring formations and occur in all the major classes of
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natural products. We have noted two distinct logics in play for the multitude of C-C and C-O
bond formations: one electron and two electron reaction manifolds.

One Electron Routes

While radical chemistry is relatively rare in primary metabolism, it is a signature route for
the hundreds to thousands of iron-based oxygenases that are sprinkled liberally through so
many biosynthetic maturation pathways. The iron-based oxygenases generate high-valent
oxoiron species as powerful active site-contained oxidants that can cleave unactivated C-H
bonds homolytically in bound substrates. That sets off two possible downstream reaction
manifolds. One is [OHe] rebound leading to oxygen transfer. The second is a competing
intramolecular reaction/rearrangement of the carbon centered radical (often with electron
transfer from internal olefins) that results in ring formations without any net transfer of
oxygen atoms to product. The broad reach of these alternate product-determining routes are
the subject of Section 2. In many of the examples evidence has not yet accrued to distinguish
between formation of a radical pair that combine vs pathways that involve migration of the
initial radical with bond formations before transfer of a second electron to the oxoiron
cofactor in the enzyme active sites.

The enzymatic generation of the penicillin and cephalosporin classes of -lactam
antibiotics,246:247 historically the most widely used antibiotics globally over the past forty
years, illustrates the separation of O,-reductive activation, carbon-centered substrate
radicals, and the formation of carbacylic and heterocyclic fused ring systems (Section 2.4).
The separation of O,-induced substrate carbon radicals from [OHe] rebound is also
emphasized in the O,-dependent halogenases noted in Section 5. In those cases chlorination,
like epoxidation, can be a transient fate on the way in those cases to intramolecular Sy2
eliminations to cyclopropane rings.

Among the various examples of radical-mediated coupling and ring formations the
biosynthesis of the glycosylated indolocarbazole staurosporine stands out for having three
radical steps during assembly (Section 2.2.2).64.6568.71 The first is in construction of the C-
C bond in chromopyrrolic acid, the second in the C-C coupling of the two pyrrole rings of
the indole moieties to create the hexacyclic indolocarbazole platform. The third is the second
N-C bond-creating step in bicyclic attachment of the sugar to create the final octacyclic
staurosporine metabolite.

Other prominent examples of biosynthetic generation of radical species on electron rich
aromatic rings of pathway intermediates include the oxidative coupling of five side chains in
vancomycin and all seven in the heptapeptide framework of the teicoplanin family of
antibiotics (Section 2.2.1).41:42 These one electron manifolds for C-C bond formation also
occur in a key step in morphine biosynthesis, (S)-reticuline to salutaridine (Section 2.2.3).120

At the other end of the oxygen availability spectrum are a set of S-adenosylmethionine
(SAM)-dependent radical reactions that require anaerobicity because of attendant auto-
oxidizable iron/sulfur clusters as electron donors. More than a hundred thousand predicted
radical SAM open reading frames are in protein data bases, suggesting that an enormous
range of anaerobic radical chemistry, most of it in secondary metabolism, awaits
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discovery.22:23.25 SAM is progenitor to the 5’-deoxyradical as initiator of C-H bond
homolytic cleavages to set one electron reaction manifolds in motion (Section 2.4).23 It is
likely that the radical SAM logic and enzymatic machinery evolved early on in anaerobic/
microaerophilic organisms before O, rose to current levels of 20% in the atmosphere and
aerobic enzymatic machinery came into widespread distribution in secondary metabolic
pathways.

The biosynthetically most useful feature of oxygenase chemistry is olefin epoxidation
(Section 4). As in synthetic organic chemistry, the epoxides are a useful staging point for
further complexity generation.430:652.653 The three member oxirane ring provides either of
two carbon atoms for attack by nucleophiles, intramolecular in all the cases discussed in
Section 4. Further, the epoxide oxygen as it is opened by nucleophilic attack at the adjacent
carbon center can function as nucleophile, most clearly illustrated in the two step
biosynthetic conversion of olefins into furan- and pyran-containing cyclic polyether
metabolites.

The most celebrated pathway for two step creation then ring-opening of an epoxy
intermediate is in the conversion of squalene to thousands of cyclic triterpene sterol-like
frameworks, via 2,3-oxidosqualene. Epoxide-induced cyclizations are also prevalent in
indole terpene biosynthesis®8 and in the tri-epoxide skeletal morphing in aurovertin E
biosynthesis.#*° In addition to aliphatic epoxide creation and opening are several examples
of arene and heteroarene epoxidative intermediates, exemplified in gliotoxin biosynthesis®12
as well as spirotryprostatin spirocycle formations.>23

Two Electron Routes

A second major route to biosynthetic ring formations during the assembly of natural
products involves two electron pathways. These involve heterolytic mechanisms for C-C
bond formations, with carbanion equivalents capturing electrophilic partners. Not
surprisingly the enzymes that set up these cyclization routes use the two most readily
available redox coenzymes of cellular metabolism, NAD(P)H and FAD.

NAD(P)H is the prototypic diffusible reduction currency in cells. In its reduced form it is a
hydride donor; in its oxidized form, NAD(P)+ is a hydride acceptor. FAD by contrast is
almost always tightly bound to its partner redox enzymes because in its dihydro form it is
rapidly autoxidized by O, This is a crucially useful feature for FAD-enzymes to function as
oxygenases, as noted through examples in Sections 3.6-3.10. But for the reactions in Section
3.3 it is the ability of FAD to accept hydride ions from substrates undergoing oxidation that
is determinative.

Hydride Transfers to Drive Ring Formations

Both reductive and oxidative two electron pathways can be utilized to drive ring formations.
The ikarugamycin case emphasizes how a hydride ion transfer from NADPH to an olefin
sets off a transannular 1,6 carbonyl addition that builds a cyclopentane ring (Section
3.2.4).2%8 |n a different context NADH-mediated reductive cleavage of peptidyl thioesters
from an NRPS assembly line yields the nascent peptidyl aldehyde that can be cyclized to the
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imine and then captured in an intramolecular Pictet-Spengler reaction, twice, on the way to
the antitumor scaffold of saframycins (Section 3.2.2).288

The oxidative transformations that feature hydride transfer to enzyme-bound FAD during
cyclization are illustrated by the berberine bridge enzyme in alkaloid assembly (Section
3.3).654 Comparable hydride transfer logic to Enzyme-bound FMN converts peptidyl
thiazoline and oxazoline rings to the stable heteroaromatic thiazole and oxazoles in such
metabolites as patellamides and telomestatin (Scheme 67 and 68).337 Likewise, hydride
transfer to flavoenzymes sets the cyclization cascade in tetrahydrocannabinol (Scheme 63)
and in cyclopiazonate (Scheme 65) framework maturations.317:330-332

Transient Formation of Carbonyls as Cyclization Electrophiles

An alternative logic for two electron reaction manifolds to generate electrophiles employs
enzymatic oxidation of alcohols to aldehydes or ketones and of amines to the corresponding
imines. Capture of such transient carbonyls is at work in pipecolic acid formation for FK506
and rapamycin (Scheme 71)363, chanoclavine-1 to lysergic acid (Scheme 72)373, and
flavones to the yellow pigment aurones (Scheme 75)384:386_ Notably this hydroxy ketone
route is the path to assembly of the 6,6-spirocycle in reveromycin (Scheme 73).376 (In
passing we note this oxygen-independent route to spirocycles differs from the O,-dependent
routes, e.g. to griseofulvin (Scheme 25)136.137  reflecting independent routes to this
geometry-imposing bicyclic unit.).

Oxidations that Set up [4+2] Cyclizations

We have dealt briefly in this review with examples of [4+2] cyclizations that have
differential accrued evidence for concerted (Diels-Alder) vs stepwise mechanisms (Section
3.10). Although the five and six-member ring-forming steps themselves do not involve
oxidation or reduction, the enzymes catalyzing the prior step(s) do carry out oxidative
transformations to set up the diene/dienophile reactive array. This can be manifested
differently in solanapyrone (Scheme 81) where a conjugated aldehyde lowers energy
barriers*13:414 versus the lovastatin (Scheme 82)#17, spinosyn (Scheme 83)#2, and
abyssomicin (Scheme 84)*26 systems where the prior enzymes create either the dienophilic
olefin or the diene array. The pyrroindomycin (Scheme 85)427 case illustrates the two
observed types of [4+2] cyclizations in two successive steps of one biosynthetic pathway.

The hirsutellone maturation logic is worth note at this juncture (Scheme 30). There are three
distinct routes for C-C bond formation: (1) epoxidation, (2) radical coupling with phenolate,
(3) an apparent Diels-Alder to create the 6-5-6 tricyclic scaffold element.162

Redox Dependent Morphing of Existing Ring Structures

Sections 2-5 deal with transformations that create new ring systems in the maturing natural
products. Section 6 examines a distinct biosynthetic logic: the redox-dependent
interconversion of one ring type to another. In a formal sense the conversion of epoxides to
furans and pyrans in the polyethers by the epoxide hydrolases, considered on their own,
would also fall into this category. The conversion of the 4,5-fused p-lactam in penicillin N to
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the fused 4,6-p-lactam in desacetoxycephalosporin is a notable additional example (Scheme
131), by one electron, O,-dependent enzyme chemistry.580-582

The rearrangements can be divided into ring contractions and ring expansions. Notable
among the oxidative ring contractions are the 7-member diazepinedione to 2,3-
dioxoquinolone system in viridicatin assembly (Scheme 121)302 and also the cyclohexanol
ring contraction in 7-hydroxy-ent-kaurenic acid to gibberellic acid-12 (Scheme 122)%°7. As a
third route to a spirocyclic system the pathway from collinone to griseorhodin carves out one
carbon from a fused 6,6-bicyclic element to the 5,6-spirocycle in the end product metabolite
(Scheme 124562, perhaps the most convoluted molecular traverse is in xenovulene assembly
(Scheme 126)%64: a formyl catechol is first expanded to a tropolone then successively
contracted to a formyl cyclohexanedione and, via loss of formate, generates ultimately a
formyl cyclopentenone. Loss of a second formate results in oxidative carving out of two one
carbon units to create the final hydroxycyclopentanone ring.

Ring expansion as a route to interconvert an existing ring into a larger lactone is a common
strategy employed by Baeyer-Villigerases. Notable among the cadre of flavoenzyme Baeyer-
Villigerases is the double insertion of oxygen to convert a ketone macrocycle to a cyclic
carbonate ester in cytochalasin scaffold diversification (Scheme 129)°77. One identified
hemeprotein cytochrome P450 with Baeyer-Villiger lactonizing activity occurs at a late stage
in maturation of the brassinosteroid plant hormones (Scheme 130).579

Enzymatic ring expansion of a tetramate five ring into the six ring pyridone in aspyridone
assembly is proposed to proceed via an oxycyclopropyl radical intermediate (Scheme
134).290.589 Reconfiguring connectivity and/or ring identity within fused polycyclic
scaffolds also occurs in a number of biosynthetic pathways. One such is the conversion of
the linear tetracyclic connectivity in roquefortine D to the angular framework of meleagrin,
driven by a transient hydroxylation step (Scheme 138).601.602 Another example is in the
formation of the benz[a]anthraquinone polyketide antibiotic PD116198 (Scheme 142).614

The interchange of an internal benzoquinone to a xanthone in xantholipin (Scheme 139)504
and aflatoxin (Scheme 143)%31 formation, and of a comparable internal quinone to an
oxazolidinone in jadomycin maturation (Scheme 141)809.610 gre three examples of
remarkable interchanges of oxidized carbacycles to heterocycles with dramatic changes in
functional group properties in the products. An additional remarkable rearrangement is the
formation of the pyridazine ring in the phthalazinone meroterpenoid azamerone.55°

In sum, natural product biosynthesis pathways construct compact polycyclic metabolites
whose functional group arrays, connectivities, shapes, and polarities depend both on the
initial building blocks and the associated tailoring enzymes. Creation of the active, mature
scaffolds employs the two most available two electron redox coenzymes, NAD(P)H and
FAD and the one electron radical generators O, and SAM to drive an enormous range of
carbacycle and heterocycle architectures.
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