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The catalytic and selective construction of carbon—carbon bonds for
the generation of complex molecules is one of the most important tasks
in organic chemistry. This was clearly highlighted by the 2010 Nobel
Prize in Chemistry, which was awarded for the development of Pd-

catalyzed cross-coupling reactions. The underlying concept of cross-

linking building blocks to generate molecular complexity can also be
widely found in natural product biosynthesis. Impressive examples for
such natural cross-coupling reactions are biosynthetic processes for the

assembly of biaryl moieties in natural products— highly efficient
enzymatic reactions that often achieve synthetically yet unmatched
selectivities. This Minireview highlights selected examples that show-

case these fascinating biotransformations.

1. Introduction

Nature’s ability to generate its inexhaustible chemical
arsenal of bioactive natural products out of simple building
blocks is highly remarkable. By utilizing only a relatively
small set of chemical reactions, large families of secondary
metabolites with diverse structures are assembled, among
them alkaloids, terpenes, polyketides, and (non-)ribosomal
peptides.'! The impressive chemical space that is thereby
already opened up gets even extended by further alterations
that are catalyzed by tailoring enzymes during or after
assembly of the core structure. These biocatalysts decorate
metabolites, for example, by alkylation or glycosylation, or
a variety of Red./Ox. transformations, including halogenation
and hydroxylation reactions.”

A particularly interesting oxidative tailoring step gives
rise to a large number of medically important secondary
metabolites by introducing single or multiple biaryl linkages.
Such modifications can be found in many natural product
families across phylogenetically diverse producing organisms
and occur both inter- and intramolecularly. This results in
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a plethora of natural biaryl compounds
(Figure 1), ranging from isocyclic
congeners, for example, true dimers
such as (—)-gossypol (1) or unsym-
metric compounds such as (4)-knipho-
lone (2),°! over biaryls with fused
heterocycles, for example, blumeanine
(3), and heterobiaryls, such as streptonigrin (4)"! or even
N,C-fused examples such as murrastifoline F (5),* to bridged
biaryls, including (4)-schizandrin (6),” cavicularin (7),' and
biphenomycin A (8).''! As a result of the often rewarding
biological activities of such molecules, numerous synthetic
methods for their preparation have been developed.'? This is
a challenging task, as in many cases it not only requires
regioselectivity to be achieved and high steric repulsion to be
overcome, for example, for the installation of tetrasubstituted
axes, but also control of the stereochemical outcome to select
for the correct axial chirality in the case of configurationally
stable axes." Most of the current methods to construct
biaryls thus require prefunctionalization for substrate activa-
tion and/or to achieve regio-/stereoselectivity.'>¥! Much
more straightforward would be the direct, yet selective,
coupling of two unfunctionalized aryl fragments. Innovative
oxidative methods of this type are emerging,' but they are
still far from being applicable to a broad range of natural
product target structures.

But how does nature access such a diverse range of biaryl
secondary metabolites? The unifying principle behind the
construction of biaryls in natural product biosynthesis is
phenol oxidative coupling.'” This process is commonly
thought to involve an oxidative enzyme, such as a laccase,
a peroxidase, or a cytochromeP450 enzyme (CYP). The
biocatalyst generates a radical at the phenol substituent (or
amino group)—either by deprotonation and single-electron
transfer or by abstraction of a hydrogen radical—in the
coupling substrate, such as 9, thus creating intermediate 10.
This could either react with a second radical substrate formed
by the enzyme (Scheme 1) or by single-radical coupling with
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Figure 1. Examples of structurally diverse natural biaryls.
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Scheme 1. The basic principle of enzymatic oxidative coupling of
phenols.

a subsequent renewed overall abstraction of a proton and an
electron. Both reaction pathways ultimately lead to the
overall abstraction of two protons and two electrons with
installation of a biaryl or biaryl-ether bond. The radical 10 not
only has spin density at the oxygen atom (10a), but also at the
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ortho or para positions (10b—d). This gives rise to a large set of
possible regiodivergent products with C-O-C (or C-N-C) or
C-C linkages. As a mechanistic alternative, a radical-cation-
based pathway is often also feasible, where the order of the
electron and proton abstraction is reversed, that still leads to
the identical outcome of the overall reaction.

In this Minireview, we strive to highlight the versatility of
enzymatic biaryl construction in natural product biosynthesis
by discussing intra- and intermolecular variants of this
fascinating reaction for a small set of selected examples of
biomedically and structurally intriguing secondary metabo-
lites.

2. Intramolecular Enzymatic Biaryl Coupling
Reactions

2.1. Formation of Alkaloid Core Structures

The plant-derived benzylisoquinoline alkaloids constitute
a class of natural products that is well known for its
pharmaceutical activity, for example, morphine (11),1 which
is a narcotic and analgesic drug, and the sedative and
anxiolytic magnoflorine (12).'") These structurally complex
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compounds are assembled through formation of biaryl and/or
biaryl-ether bonds catalyzed by CYP oxidases.'>?" The
intramolecular C—C phenol coupling reaction in morphine
biosynthesis in the opium poppy is catalyzed by the highly
stereo- and regioselective salutaridine synthase CYP719B1
through a single cycle of iron oxidation.'¥! Thereby, (R)-
reticuline (13 a) is converted into salutaridine (14), a precursor
of 11 (Scheme 2). The magnoflorine precursor (S)-corytuber-
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Scheme 2. Oxidative phenol coupling reactions in the biosynthesis of
A) morphine (14), B) magnoflorine (15), and C) berbamunine (17).

ine (15) is generated by stereospecific oxidation of (S)-
reticuline (13b) by the oxidase CYP80G2.! In this case, the
coupling is postulated to proceed through a biradical reaction.
The biosynthesis of the bisbenzylisoquinoline alkaloid berba-
munine (16) from N-methylcoclaurin (17) in Berberis stolo-
nifera is an example of a regioselective intermolecular C-O-C
phenol coupling reaction (see Section 3) catalyzed by berba-
munine synthase CYPS0A1."!

Another highly interesting class of alkaloids that contain
biaryl bonds are the antitumoral indolocarbazoles.*!! The
most prominent examples are staurosporine®! and rebecca-
mycin.”®! The biaryl coupling reaction that forms these
compounds is catalyzed by the CYPs StaP and RebP,
respectively.”! In combination with the flavin-dependent
oxidoreductase StaC (or RebC),! chromopyrrolic acid (18)
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Scheme 3. Oxidative coupling in the biosynthesis of the indolocarb-
azole staurosporine.

is transformed into staurosporine aglycon (19) in a four-
electron oxidation sequence via 20 or 21 (Scheme 3).

2.2. Oxidative Cross-Coupling in Tannin Biosynthesis

Natural organic tannins form a structurally diverse class of
polyphenolic compounds with interesting pharmaceutical
properties, such as antimicrobial, antitumoral, or antiviral
activities.” Tannins can be further classified into hydro-
lyzable and condensable congeners. The latter consist of
polymeric flavonoid compounds, while hydrolyzable tannins
contain gallic acid esters with a polyol, typically -D-glucose.
A fully galloylated glucose is represented by the precursor
(22) of the hydrolyzable ellagitannins and gallotannins. The
ellagitannins are structurally characterized by oxidative aryl—
aryl coupling between adequately aligned galloyl moieties.
The conformation of the central glucose residue thereby
defines the regioselectivity of the coupling reaction. 2,3- and
4,6-cross-links are favored if the central glucose unit exists in
the energetically preferred ‘C; conformation, while the less-
stable 'C, conformer delivers 1,6-, 3,6-, and 2,4-linkages. The
resulting monomeric ellagitannins can be further processed
by intermolecular oxidative generation of a biaryl and/or
biaryl-ether bond, thus producing a tremendous structural
diversity of oligomeric derivatives. Investigations on the
biosynthesis of ellagitannins in 7Zellima grandiflora led to
the identification of an enzyme that selectively produces
tellimagrandin IT (23)”” (the pivotal precursor of many
ellagitannins®) and a second enzyme that oxidatively
dimerizes 23 to cornusiin E (24)®! (Scheme 4). The two
enzymes are assigned to the subclass of laccases,”® which
catalyze the oxidation of phenols by single-electron transfer
and simultaneous reduction of molecular oxygen."!

2.3. Formation of Cyclic Peptides by Oxidative Cross-Linking

A number of biomedically important peptides bear biaryl
structural elements between aromatic amino acid residues.
Such peptides are derived of nonribosomal peptide synthe-

tases (NRPS) or NRPS/polyketide synthase (NRPS/PKS)
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Scheme 4. Laccase-mediated oxidative cross-coupling in ellagitannin
biosynthesis.

hybrid enzymes. The biaryl and biaryl-ether cross-linking,
which has a tremendous influence on the shape and stability
of these molecules in vivo and as a consequence is essential
for their bioactivity,"!! is performed by CYPs. The most
prominent example of this class of natural products is
vancomycin (25, Figure 2), a glycopeptide antibiotic discov-
ered in the mid-1950s? that inhibits cell wall biosynthesis
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Me
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~ NH, HO —~OH
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Figure 2. CYP-mediated cross-coupling in vancomycin biosynthesis.

effectively.?™ 25 features three macrocycles formed through
installation of biaryl and biaryl-ether bonds. The cross-linking
reactions are performed by the three CYPs OxyA, OxyB, and
OxyC, which are encoded in the biosynthetic gene cluster.*"
Gene knockout studies in Amycolatopsis balhimycina, the
producer of the closely related balhimycin, indicate that ring
formation is catalyzed in the following order: OxyB —ring 1,
OxyA —ring 2, OxyC—ring 3.5'%! Until now, the exact
timing of the cross-linking reactions during peptide assembly
has not been unambiguously elucidated. However, knockout
mutants of A. balhimycina®™ and in vitro assays with purified
OxyB from the vancomycin producer Amycolatopsis orienta-
lis strongly indicate that either the linear hexa- or heptapep-
tide precursor bound to the penultimate or terminal carrier
protein of the NRPS, respectively, is the substrate for biaryl
construction, rather than the corresponding free acids.**-*!
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The oxidative cross-linking reactions install three ele-
ments of chirality in 25, one configurationally stable biaryl
axis and two biaryl-ether bonds that introduce planar
chirality. Although axial chirality has to be controlled by the
biaryl coupling step itself, this is less clear when looking at the
elements of planar chirality, where the chlorine atoms
situated on the tyrosine units are decisive. Nonpolar deletion
mutants of OxyABC from the balhimycin gene cluster
produced linear, non-chlorinated peptides (AoxyB) and
monocyclic or bicyclic, fully chlorinated peptides (AoxyA
and AoxyC, respectively).?*! This, together with the signifi-
cantly lower turnover of chlorinated hexa- and heptapeptides
by vancomycin OxyB invivo,”” raises the question of
whether fully chlorinated, linear peptides found in earlier
knockout studies®'™** are mere shunt products. In this case,
it is possible that halogenation occurs after the initial coupling
by OxyB,*” thereby making the halogenation reaction the
stereochemically decisive step.

Biaryl and biaryl-ether linkages are a common structural
feature across diverse biologically active peptides. Other
interesting examples include the antiviral complestatin (26)®
and arylomycin-type antibacterial lipopeptides (e.g. 27, Fig-
ure 3).%) In all cases, construction of the biaryl unit most
likely follows the above scheme,*'“**% although this has yet
to be proven experimentally.

OHH
o e
Cl

OH

Me

Arylomycin A2 (27)

Figure 3. Complestatin (26) and arylomycin A2 (27).

3. Intermolecular Enzymatic Biaryl Coupling
Reactions

3.1. Dimerization of Aromatic Peptides

Section 2.3 highlighted biaryl-forming reactions in glyco-
peptide biosynthesis, which revealed that the resulting cross-
links are crucial for the biological activity of the final
products. This can also be seen in the intermolecular case of
himastatin (28).!! Investigations into the biosynthesis of 28
have shown that the CYP HmtS catalyzes the dimerization of
the hexapeptide precursor 29 (Scheme 5).1? This is a remark-
able reaction, as the coupling substrates are free—that is, not
bound to a carrier protein. Interestingly, the candidate
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Me Himastatin (28)

Scheme 5. Oxidative dimerization towards himastatin (28).

enzyme HmtS is closely related to KtzM, a protein that is
thought to be responsible for the oxidative transformation of
a tryptophan moiety into hexahydropyrroloindole in kutz-
neride biosynthesis;* this structural feature is also found in
28. In the himastatin pathway, however, HmtS performs the
oxidative dimerization, while the formation of the indole
portion is catalyzed by HmtT.[*!

3.2. Biaryl Coupling Reactions with Aromatic Polyketides

A biosynthetically and structurally diverse class of me-
tabolites are the melanins.®! These macromolecules are
generally formed by oxidative polymerization of phenolic or
indolic compounds. One of the most important classes of
fungal melanins are the so-called DHN melanins (from 1,8-
dihydroxynaphthalene). The monomeric precursor 1,3,6,8-
tetrahydroxynaphthalene (30, THN) is assembled by a fungal
type I polyketide synthase (PKS 1),/ transformed into DHN,
and the latter oxidatively dimerized/polymerized by a lac-
case.”) Interestingly, 30 can also be biosynthesized by
a PKS III system in diverse Streptomycetes.!”! The PKS gene
is often flanked by a monooxygenase homologue momA and
a CYP homologue P-450mel ™! Although MomA is a qui-
none-forming enzyme, for example, oxidizing 30 to flaviolin
(31),* P-450mel catalyzes the dimerization of 30 by double
biaryl coupling to give hexahydroxyperylenequinone (32,
HPQ) in Streptomyces griseus (Scheme 6).*) Remarkably, the
homologous CYP158A2 in Streptomyces coelicolor A3(2) in
turn accepts 31 as a substrate, which results in the formation
of dimeric and trimeric flaviolin coupling products, such as, 33
and 34.5%

The dimerization of 31 by CYP158A2 lacks any regiose-
lectivity (no investigations on the stereoselectivity have been
reported). By contrast, the regio- and stereochemical out-
come of the coupling reaction is controlled efficiently in many
other polyketide-derived natural products.”! Particularly im-
pressive examples are the bicoumarins.”"! Hiittel and Miiller
illuminated the biosynthetic sequence from the monomethy-

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. A. M. Gulder et al.

OH OH

OH O
OH OH  P-450- P-450-
mel OH mel
—_—
AL, co
THN (30)
OH OH OH O
M°’“Al HPQ (32)
OH O
cYP HO
O‘ 158A2
HO oH ™ oH o°
o)
Flaviolin (31)

Scheme 6. Biocatalytic formation of THN (30) and flaviolin dimers 32—
34,

lated precursor 35 via orlandin (36) to (+)-kotanin (37;
Scheme 7). The CYP KtnC was shown to catalyze the biaryl
coupling reaction in vivo.*® Docking experiments with a ho-
mology model of KtnC furthermore gave the first structural
insights into the control of regio- and stereoselectivity during
the formation of 37. Feeding experiments for phlegmacin-
type fungal polyketides suggest similar biosynthetic pathways
for these metabolites.™
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— " MeO 0o.__0O

HO (0]
HO [ Xe} ‘

35 ¥ =
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Scheme 7. Biaryl coupling in the biosynthesis of kotanin (37).

3.3. New Biaryl Coupling Principles in the Biosynthesis of
Indoloterpenes and Pyrrols

Fenical and co-workers recently reported on the marino-
pyrroles, for example, marinopyrrole A (38), structurally
novel compounds with remarkable antibiotic activities from
the marine Streptomyces strain CNQ-418.°"! These metabo-
lites feature an M-configured biaryl axis that is biosynthet-
ically installed with perfect stereocontrol. Investigations into
the biosynthesis of 38 revealed that two flavoproteins related
to FADH,-dependent halogenases are involved in construc-
tion of the biaryl unit.”® Besides the common radical
mechanisms, this makes an entirely different coupling mech-
anism feasible. Starting from monomeric monodeoxypyolu-
teorin (39), C- or N-halogenation could lead to 40 or 41, which
after N- or C-nucleophilic attack, respectively, by a second
equivalent of 39 could ultimately yield 38 with formal loss of
HX (Scheme 8).

Another highly interesting novel class of natural products
in this context are the indolosesquiterpenes, for example,
xiamycin (42)F" and oxiamycin (43; Scheme 9)."® Investiga-
tions on the gene clusters encoding these metabolites not only
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Scheme 9. Product diversity of the single flavoprotein XiaH.

revealed an unprecedented cyclization sequence,™ but also
allowed the increased production of these compounds in
a heterologous host, thereby facilitating the characterization
of unique N,N (e.g. 44) and C\N dimers (e.g. 45) of xiamycin
(42).®! Remarkably, Hertweck and co-workers identified
a single flavoprotein, the FAD-dependent aromatic ring
hydroxylase XiaH, as the sole enzyme that not only forms
all the biaryl derivatives by radical coupling, but also catalyzes
the oxidative rearrangement of 42 to 43.1°

4. Conclusions and Outlook
The above examples clearly showcase the impressive
biocatalytic toolkit nature has evolved to efficiently conduct

the (oxidative) cross-coupling of aromatic compounds to form
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biaryl and biaryl-ether bonds. In the biosynthesis of small
secondary metabolites, laccases and in particular CYPs seem
to be the main players to construct these privileged structural
features. Despite intensive research in natural product
biosynthesis, the new biochemistry of the flavoenzymes
presented in Section 3.3 clearly shows that an enormous yet
untapped enzymatic repertoire is still likely to be discovered.
In addition, besides oxidative strategies for biaryl biosyn-
thesis, further natural concepts to form this structural element
exist. A remarkable example is the formation of the biphenyl
phytoalexins of the Pyrinae catalyzed by biphenyl synthase,
which elongates a benzoate starter unit by three malonate
units with subsequent decarboxylative cyclization of the
resulting polyketo chain to yield the second aromatic portion
of the biaryl system.”®!! Taking into consideration that even
long-known, for example, CYP-mediated oxidative cross-
coupling reactions, are far from being mechanistically well
understood, chemically utilized, or even biotechnologically
exploited, exciting decades of modern natural product
biomolecular research in this field are to be expected.
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