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Friedel-Crafts alkylation and acylation reactions are important
methodologies in synthetic and industrial chemistry for the
construction of aryl-alkyl and aryl-acyl linkages that are
ubiquitous in bioactive molecules. Nature also exploits these
reactions in many biosynthetic processes. Much work has been
done to expand the synthetic application of these enzymes to
unnatural substrates through directed evolution. The promise
of such biocatalysts is their potential to supersede inefficient
and toxic chemical approaches to these reactions, with mild

Introduction

In the late 19™ century, seminal work by Friedel and Crafts
demonstrated that aryl-alkyl and aryl-acyl C—C bonds could be
forged from benzene with alkyl and acyl chlorides respectively,
through the use of Lewis acid catalysis.” The original conditions
reported were harsh, requiring super-stoichiometric quantities
of aluminium trichloride and refluxing neat reactions, some-
times for multiple days. The concept laid out in these pioneer-
ing studies proved to be a powerful one, whose generality was
further honed over the following century. Today, these
reactions remain a main-stay of the synthetic organic chemist,
thanks, in part, to the development of milder methodologies.”
In particular, the development of many new metal- and organo-
catalysed processes has enabled the formation of both benzylic
and adjacent stereo-centres, which appear frequently in bio-
logically active compounds.”! Outside of the research labora-
tory, both newer and more traditional variants of the Friedel-
Crafts reaction are applied in industrial processes for the
synthesis of pharmaceuticals, although they feature less
frequently in medicinal chemistry than some decades ago.”!
Increasingly, industrial chemical processes are being adapted to
adhere with the principles of green chemistry, reducing waste,
energy consumption, toxicity and so forth.®! Many industrial
processes for Friedel-Crafts reactions employ stoichiometric
amounts of hazardous Lewis acids, require high-temperatures
and undesirable organic solvents and as such, they are sub-
optimal according to several sustainability metrics, and there-
fore can benefit significantly from more efficient catalytic
methodologies.

The importance of these reactions is not limited to their
exploitation by humankind; nature also employs Friedel-Crafts
reactions in the biosynthesis of amino acids, antibiotics and
alkaloids. The mild reaction conditions under which Friedel-
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operating conditions - the hallmark of enzymes. Complemen-
tary work has created many bio-hybrid Friedel-Crafts catalysts
consisting of chemical catalysts anchored into biomolecular
scaffolds, which display many of the same desirable character-
istics. In this Review, we summarise these efforts, focussing on
both mechanistic aspects and synthetic considerations, con-
cluding with an overview of the frontiers of this field and routes
towards more efficient and benign Friedel-Crafts reactions for
the future of humankind.

Crafts enzymes operate should translate into a significant
reduction in the environmental impact of industrial synthetic
methodologies if they can replace the current chemical
methods used.” In some cases, these enzymes have inherent
substrate promiscuity that facilitates their direct application in
societally relevant transformations with efficiencies superior to
their chemical counterparts, as is demonstrated in the industrial
synthesis of L-DOPA.” In other cases, their activity towards non-
native substrates can be honed through mutagenesis or
directed evolution to achieve activities relevant for application
in synthesis. Aside from increasing the benignity of these
processes, Friedel-Crafts enzymes can also provide regioselec-
tivities that cannot be achieved with chemical catalysis.
Furthermore, they often have exquisite compatibility with other
enzymes, allowing several reaction steps to be conducted in
one pot.”! This can be leveraged either to increase the simplicity
of the substrates added, or the complexity of the products
produced.

Our group and others have focused on creating artificial
Friedel-Crafts enzymes by combining chemical catalysts with
biomolecular scaffolds, creating hybrid systems that facilitate
these reactions under the mild operating conditions for which
natural enzymes are prized.” In this review, we summarise
recent work on applying both several classes of natural (and
engineered) enzymes, as well as artificial enzymes and DNA
catalysts for Friedel-Crafts reactions. We pay particular attention
to the mechanisms by which these catalysts operate, which
often differ significantly from chemical catalysts. We discuss the
relative merits of these enzymes in terms of the substrates they
employ for both the arene and electrophilic reactants, and their
proclivity towards substrates significantly removed from their
natural ones. Finally, we provide our views on the frontiers of
this field that, if addressed, will lead the way towards the
increasing application of enzymes in Friedel-Crafts reactions to
both create a more sustainable future and potentially facilitate
access to new useful molecular products.

Tryptophan Synthase and Tyrosine Phenol
Lyase

Tryptophan Synthase (TrpS) and Tyrosine Phenol Lyase (TPL) are
two pyridoxal 5'-phosphate (PLP) dependent enzymes that can
catalyse the formation of the alkyl-aryl linkages present in
tryptophan and tyrosine, respectively. Both enzymes exploit an
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amino-acrylate intermediate activated by the PLP cofactor,
which can be observed by UV-vis (ultra-violet and visible) and
NMR (nuclear magnetic resonance) spectroscopy,"® and whose
highly electrophilic -carbon can undergo nucleophilic attack
by either indole or phenol (Scheme 1)."" A notable difference is
that whilst TrpS uses serine to form the amino-acrylate
intermediate, TPL, whose native activity is tyrosine catabolism,
forms the same species instead from pyruvate and ammonia.
The indolium resonance structure facilitated by the nitrogen
lone-pair in the indole substrate gives significant stabilisation to
the Wheland intermediate in TrpS, consistent with kinetic
isotope data obtained with a 3-?H-indole substrate."’* In
tyrosine catabolism by TPL, both kinetic isotope and crystallo-
graphic studies indicate a concerted process with simultaneous
protonation/elimination of the phenol moiety, rather than the
formation of a formal Wheland intermediate, despite the fact
that keto-resonance structures enabled by the oxygen lone-pair
in phenol could stabilise this intermediate."'*® Tryptophan
indole-lyase (Trpase, a PLP dependent enzyme involved in
tryptophan catabolism) also employs a concerted mechanism
for indole cleavage. To the best of our knowledge, kinetic
isotope studies with TPL using 4-*H-phenol as substrate have
not been performed."? Nevertheless, according to the principle
of microscopic reversibility, tyrosine synthesis by TPL should
also not involve a Wheland intermediate.

Both enzymes have been subject to engineering efforts to
expand the scope of arene substrates that they can accept, and,
in the case of TrpS, also the substituent at the amino-acrylate {3-
carbon can be varied.” Since the seminal work from Schultz
demonstrating the site-selective incorporation of unnatural
amino acids through amber-stop-codon suppression, interest in
these products has increased drastically, principally for their
applications in chemical biology."" Moreover, unnatural amino
acids have also found application in the design and engineering
of natural and artificial enzymes,™ and also garner interest for
their potential applications in therapeutics.®

Several examples, starting as early as 1974, leveraged the
natural substrate promiscuity of tryptophan synthase using
purified, partially-purified or freeze-dried cell-lysates to synthe-
sise tryptophan analogues, including halogenated products
(Scheme 2), isolobal tryptophan derivatives with aromatic-
carbon-to-nitrogen (Scheme 2A) substitutions and products
with other heterocycles containing oxygen, sulphur and
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Scheme 1. Mechanism of action of the PLP dependent enzymes TrpS and
TPL. For TPL, tyrosine synthesis, as shown, is the reverse process with respect
to natural reactivity. Amino acrylate intermediates are formed from either
serine or pyruvate and ammonia by reaction with lysine-bound PLP, which
can undergo nucleophilic attack by indole or phenol. The amino acid
products are released after transimination by the same lysine residue.
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Scheme 2. Early examples of tryptophan analogue synthesis exploiting the
natural substrate promiscuity of tryptophan synthase from E. coli. (A) or S.

enterica (B) for non-native indole derivatives, full reaction conditions can be
found in references.
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selenium."7'® Despite these successes, protein engineering
efforts were hampered by the complex hetero-dimeric structure
of TrpS that consists of a- and - subunits. The a-subunit is
responsible for the production of indole from indole glycerol
phosphate, but also provides allosteric activation to the f-
subunit for its Friedel-Crafts alkylating reactivity (Figure 1A).
Thus, purification of the TrpB subunit in isolation gives only
inactive enzyme.

Given the fact that engineering and application of multi-
meric enzymes can be inconvenient, and that indoles are far
preferable substrates compared to their glycerol-phosphate
counterparts from a synthetic standpoint, the identification of a
TrpB subunit with “stand-alone” activity was pursued by Arnold,
Buller and co-workers."” By screening approximately 2,500
clones from EP-PCR (error prone polymerase chain reaction)
libraries, mutations were identified in the f-subunit of a
thermostable TrpS from Pyrococcus furiosus that could recapit-
ulate the allosteric activation normally provided by the a-
subunits (Figure 1B). This TrpB variant (PfTrpB®®?) bearing six
mutations gave catalytic activities surpassing the natural PfTrpS
multimer and was severely inhibited, rather than activated, by
addition of PfTrpA. Kinetic investigations revealed that, as with
the TrpA subunit, the mutations introduced affect a stabilisation
of the amino-acrylate intermediate, indicating a recapitulation
of the effect induced by allostery through directed evolution."
More recently, a computational study suggested the role of
distal mutations in creating paths of interactions throughout
the protein structure that tailor the conformation of the active
site to favour various steps of the reaction pathway.”” More-
over, this analysis also allowed the prediction of activating
mutations, which were experimentally validated.”?” Remarkably,
transferring some or all of the mutations found in the campaign

towards PfTrpB® to TrpB homologues from other organisms
allowed the creation of other active TrpB variants that could
address limitations in the substrate scope of PfTrpB®? to include
a broad range 5-substituted indoles (Figure 1C, Scheme 3B) @

By screening the lineage of PfTrpB®? with threonine instead
of serine, an intermediate mutant was identified that could
produce quantities of the corresponding 3-methyl tryptophan
product. Further directed evolution produced the improved
PfTrpB® mutant (Scheme 3A) .?¥ Micklefield and co-workers
also demonstrated efficient synthesis of f-methyl tryptophan
and derivatives by introducing a single leucine-to-valine
mutation into TrpS from Salmonella typhimurium.”” Expanding
the substrate scope of TrpB to 3-ethyl serine was enabled by a
similar mutation in PfTrpB that gave activity sufficient for
medium-throughput screening techniques.”® Once this muta-
tion was made, directed evolution proceeded smoothly to
identify a highly active variant that could also accept -propyl
serine. After conducting another directed evolution campaign
starting with an intermediate mutant along the PfTrpB®’
lineage for challenging indole-substrates (containing electron-
withdrawing groups that destabilise the indolium intermediate),
Arnold and co-workers had collected a panel of TrpB mutants
from various organisms capable of producing an array of
tryptophan derivatives with substituents in the 4-, 5-, 6-, and 7-
positions (Scheme 3B).*”" Continuous evolution can also be
applied to TrpB knocking out TrpS in a yeast strain to produce a
tryptophan auxotroph.”® The application of this technique to
TrpB from Thermotoga maritima produced highly mutated
variants with differing degrees of substrate selectivity and
promiscuity for non-natural indole substrates. Most recently, a
variant of TmTrpB was identified that could exploit azulene as
nucleophile to create a deep-blue fluorescent amino acid on
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Figure 1. A. TrpA (pink) provides allosteric activation to TrpB (blue), which is responsible for tryptophan synthase activity in the heterodimeric complex from
Pyrococcus furiosus, the lysine-bound PLP cofactor is shown as yellow spheres with hetero-atoms coloured (PDB: 5E0K)."? B. Screening libraries of PfTrpB over
multiple rounds produced a ‘stand-alone’ variant bearing six mutations, PfTrpB?* that does not require the TrpA subunit. Positions of the mutations are
shown as spheres on the PfTrpB structure and the lysine-bound PLP cofactor is shown as in (A) (PDB: 5DVZ). C. Some of all of these mutations could be
transferred by homology to TrpB homologues from Thermotoga maritima (TmTrpB) and Archaeoglobus fulgidus (AfTrpB) to create further ‘stand-alone’ TrpB
enzymes.”” TmTrpB already contains alanine at position 321 in the wild-type sequence and thus this mutation did not need to be transferred. Structures

shown were produced with AlphaFold, obtained from the uniprot database.””
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Scheme 3. A. tryptophan analogues with (-alkyl substituents synthesised
from e.g., threonine and indole using various tryptophan synthase
mutants.”>2 B. Synthesis of tryptophan derivatives with deactivating
substituents on the indole moiety using a variety of engineered TrpB
mutants.”” C. Synthesis of a deep-blue fluorescent amino acid from azulene
by an engineered TrpB mutant.”” See references for reaction conditions and
complete description of mutations.

preparative scale (Scheme 3C).”" The use of TrpB variants is
being expanded further to include non-aromatic carbon
nucleophiles including nitroalkanes, oxindoles and even
ketones.”

The products from these engineered TrpB mutants can be
further diversified by the concurrent utilisation of other
enzymes. Buller and co-workers demonstrated the use of a PLP-
dependent tryptophan decarboxylase to produce tryptamine
analogues on preparative scale from tryptophan analogues
produced in situ from indole derivatives by PfTrpB*®®, obtaining
the products in 12-100% yields, corresponding to 30-
200 mg.B" Serine-isotopologs can also be accepted by PfTrpB*°,
which can be conveniently produced from deuterated
formaldehyde and/or "*C-labelled glycine by L-threonine aldo-
lase to give tryptophan isotopologs with up to 4 isotope
substitutions, on an analytical scale, augmenting previously
described methods.®? PfTrpB™ was applied in a cascade
together with a ring-opening tryptophan 2,3-dioxygenase,
Tar13, to produce chlorokynurenine and bromokynurenine, the
former molecule being a current antidepressant drug
candidate.”” Co-immobilisation of these two enzymes gave a
heterogeneous catalyst capable of producing hundreds of
milligrams of the products, but activity was rapidly lost upon
catalyst-recycling. The same study demonstrated the antide-
pressant properties of both chlorokynurenine and bromokynur-
enine in mice.

Examples of the application of TPL to prepare unnatural
amino-acids are certainly limited compared with those of TrpB,

ChemCatChem 2022, 14, €202200636 (5 of 19)

however non-natural phenol substrates can indeed be accepted
in the reverse reaction of TPL for tyrosine-analogue synthesis.*¥
Early work on this topic demonstrated synthesis of L-DOPA
from catechol, pyruvate and ammonia,** a process that is now
conducted on an industrial scale with an efficiency besting
chemical routes.”” However, most other substituted phenols
showed severely retarded reaction rates compared to the
natural substrates.®® Kroutil and co-workers addressed this
limitation through targeted mutagenesis to reduce steric bulk
in the active site of TPL from Citrobacter freundii identifying a
single mutant, M379V, with a particularly broad scope for ortho-
substituted phenols which was applied from preparative
tyrosine-analogue synthesis (Figure 2A and B).®¥ The reasonable
organic solvent tolerance of the enzyme allowed substrate
concentrations up to 0.24 M, and this biocatalytic approach
rendered an otherwise four-step chemoenzymatic synthesis in a
single step from commercially available starting materials.
Building on this work, the invivo synthesis of 2-fluoro-
tyrosine from 2-fluoro-phenol using TPL and its concurrent
incorporation into recombinantly expressed proteins has re-
cently been demonstrated.® In a similar vein, Wang and co-

CITPLM379V |ysate (1.33 gL ') R Ij/\rcoz'
PLP (0.04 mM) .
R e NH;

pyruvate (120 mM)
HO NH,CI (100 mM)
43 mM (NH4)2S04 (40 mM)

isolated yields
R = Me, 68 %

R = OMe, 60 %
R=F, 83 %
R =Cl, 26 %

HO
s NH*

CfTPLF3eL

Cc

HO
\s: :

TPL mutant (10 mgL™)

or 0.04 mM PLP 40 % isolated yield
HO )
HO pyruvate (60 mM) CO;
N NH4CH3CO, (30 mM) N NHy*
I = l %
CfTPLM288S/F448C
10 mM

40 % isolated yield

Figure 2. A. active site of CfTPL showing the lysine-bound PLP cofactor as
balls and sticks coloured according to the atom type, the positions of
important mutations are shown as spheres (PDB: 2EZ1). B. Synthesis of 3-
substituted tyrosine derivatives in one pot from ortho-substituted phenols
using a rationally designed CfTPL mutant.** C. Preparative synthesis of
unnatural amino acids with application in biochemical studies employing
CfTPL mutants identified by screening site-saturation libraries with TLC.®”
Full details of reaction conditions can be found in the references listed.
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workers screened libraries of TPL variants by TLC (thin-layer
chromatography) for their ability to produce two unnatural
amino acids with interesting applications in biochemical studies
(Figure 2C) .7 In both cases, the mutants obtained resulted in
reduced steric crowding in the active site. When employing 2-
(methylthio)phenol as arene substrate, the best mutant con-
tained one apolar-to-apolar side-chain substitution. Contrast-
ingly, the best mutant obtained with 8-hydroxyquinoline
introduced new polar residues, but their role in catalysis was
not determined. By using the relevant substrates with their
identified TPL mutants they produced the corresponding
unnatural amino acids on preparative scales that (after HPLC
purification) were then incorporated into proteins as a cross-
link mimic and fluorescence modulator, respectively, using
stop-codon suppression. Notably, the latter amino acid, dubbed
HQAIla, can also be used to create de novo metal binding sites
in proteins.?”** Despite this considerable promiscuity of TPL
with regard to the phenol substrate, the use of pyruvate
analogues with extended chains to produce [-substituted
tyrosine derivatives has not been realised. Perhaps the use of
high-throughput screens®” or new variants created through
large neutral drifts in continuous evolution experiments can
make this a reality.”®

The combination of TPL with other enzymes, either for
in situ substrate synthesis or derivatisation of products, has
been demonstrated in several studies. Combination of TPL with
the P450 BM3 monooxygenase allowed preparative synthesis of
tyrosine derivatives starting from mono-substituted benzenes in
one-pot (Scheme 4A).#" Tyrosine ammonia lyase (TAL) from
Rhodobacter spharoides can be used to produce cinnamic acids
from tyrosine derivative products of TPL that can then be
converted into styrenes by ferulic acid decarboxylase (FDC)
from Enterobacter sp. (Scheme 4B).*? These styrene products
can be subsequently hydrated in a Markovnikov fashion in one
pot to produce enantioenriched benzylic alcohols by using a
rationally designed FDC mutant."

P4soBM3Y2 (4 uM)

A
NADP* (0.4 mM) R

GDH (12 UmL™") ;@
HO

O
Glucose (39 gL™)

40mM  catalase (1200 UmL™)
one pot

100 mM K,HPO, (pH 8.0 - pH stat)

DMSO (1 vol%)

Aromatic Prenyl-Transferases (aPTases)

These enzymes transfer prenyl groups to a broad array of
aromatic substrates, and play an important role in secondary
metabolism in bacteria, plants and fungi®’ including their
involvement in the biosynthetic pathway towards ergot alka-
loids, which exhibit a range a biological activities.* This broad
enzyme family is often divided into three categories: Mg**
-dependent membrane-bound UbiA-type enzymes, dimeth-
ylallyltryptophan synthase (DMATS)-type enzymes, and ABBA-
type enzymes.*® The first type are found in bacteria, plants and
fungi and contain an aspartate-rich motif for metal-ion binding,
whilst the latter two types are not found in plants, and contain
no metal-binding motif.

Observation of isotope scrambling employing "0 labelled
dimethyl-allyl-pyrophosphate (DMAPP) with a tryptophan pre-
nylating enzyme (DMATS) from Aspergillus fumigatus, along
with ?H KIE experiments with a tryptophan isotopologue
deuterated at the prenylation site suggest that these enzymes
operate via formation and stabilisation of carbocations in the
active site.”” Various homologues of this enzyme have been
identified that regioselectively prenylate tryptophan and trypto-
phan containing compounds in the 4-, 5-, 6-, and 7-positions
(Scheme 5A).8 The resulting products are biosynthetic inter-
mediates for a variety of different indole alkaloids.*” The prenyl
donor and prenylation site can be successfully reprogrammed
by rational mutagenesis advised by structural analysis.*® For
instance, just two mutations in the 6-DMATS enzyme from
Micromonospora olivasterospora are sufficient to shift the
regioselectivity of tryptophan dimethylallylation from the 6- to
the 5-position and just one mutation gives a ten-fold boost in
product vyield with the non-native geranyl-pyrophosphate
prenyl-donor (GPP). In two studies, single mutations were
sufficient to switch the preference of fungal prenyl-transferases
from DMAPP to GPP, and in one case even allow the mutant to
accept the even longer chain farnesyl-pyrophosphate (FPP)
donor.”” Some aPTases also accept unnatural prenylating-

CITPLM379V (3 gL-1)
(lyophylised lysate)

PLP (0.04 mM) RD/\(C%
ruvate (22 gL +
py (22gL™) HO NH3

NH,4* (180 mM)

R = Me, 34 % isolated yield
R = OMe, 49 % isolated yield

B OH
R .| RsTAL R R
o, orrpLrey | R €021 Egrpc NN ESFDCVEE
I Z NH3* | > | Z

HO HO HO HO

R = 2-F, 69% R =2-F, 84 % (78% ee)

R =2-Cl, 68 % R = 2-Br, 58 % (88 % ee)
R=3-F, 77 % R =3-F, 72 % (85 % ee)
R =3-Cl, 83 % R =3-Cl, 29 % (92 % ee)

(isolated yields) (isolated yields)

Scheme 4. Cascade reactions involving TPL. A. In situ P450 catalysed synthesis of phenols as substrates for TPL to form 3-substituted tyrosine derivatives.“" B.
Derivatisation of the tyrosine products of TPL by sequential de-amination and decarboxylation to form styrenes that can be optionally further hydrated in a

regio- and enantioselective manner.****
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B COy
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A PP 5 AN
N (o) /_: N
N R 85N
H H
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aPTase R Position(s) HPLC yield (%)
FgaPT2 (CH),CH3 5- and 6- (1:1) | 38
(CH),CH,CH3 | 6- 37
Ph 5- 58
Ac5-DMATS| (CH),CH3 5- and 6- (1:1) |44
(CH),CH,CHj3 | 8- 91
Sa6-DMATS| (CH),CH4 6- 51
(CH),CH,CH3 | 6- 91
Ph 6- 14

Scheme 5. A. aTPases from a variety of fungal organisms that prenylate
tryptophan regioselectively at the 4-, 5-, 6- or 7- positions.*®**%3 B_aTPases
that can accept non-natural prenylation substrates.”'*? See references for
detailed reaction conditions. OPP = pyrophosphate.

substrate analogues including methyl-allyl-pyrophosphate
(MAPP), 2-pentenyl-pyrophosphate (2-pen-PP) and benzyl py-
rophosphate (Scheme 5B).5" In many cases, the native regiose-
lectivity of the particular aPTase is overridden by the non-native
substrate, resulting in convergence in the regioisomer distribu-
tion towards 6-substitution of tryptophan with many different
aPTases.”?

In 2017, Dai, Sun and co-workers identified a highly
promiscuous DMATS-type aPTase from the Aspergillus terreus
fungus.®¥ This enzyme, called AtaPT, was recombinantly ex-
pressed in E. coli and the purified enzyme was subsequently
screened against 106 pharmaceutically relevant substrates,
using DMAPP, geranyl-pyrophosphate GPP and FPP as prenyl
donors, finding mono- di- or tri- prenylation with 72 of the
substrates tested at either aromatic carbon or hydroxyl sites.
Elucidation of the crystal structure of AtaPT identified a ring of
tyrosine residues about the prenylating-substrate binding site,
thought to form a ‘shield’ that stabilises carbocation formation,
a motif also observed in the crystal structure of another fungal
aPTase (Figure 3A)."* Complexation with a variety of inert
substrate analogues revealed multiple conformations of these
tyrosine sidechains, as well as of a flexible loop, thought to
permit acceptance of both multiple prenylating-substrates and
aromatic substrates, respectively. Of particular interest is the
modification of genistein by AtaPT, where prenylation with
DMAPP or GPP gives derivatives of this compound that have
slightly improved potency against three cancer cell lines (Fig-
ure 3B). With DMAPP, some O-methylation was observed with
wild type AtaPT; a mutant, G326M, gave improved conversion
in this reaction and significantly reduced O-methylation.

Aside from tryptophan, tyrosine can also by prenylated at C-
3 by a fungal prenyltransferase (Scheme 6).° This enzyme,
FgaPT2, was found to have a significant promiscuous activity
for this transformation, along with its native tryptophan
prenylation activity. Structural analysis and rational mutagenesis
of FgaPT2 produced a mutant, K174F, with nearly 5-fold higher
tyrosine prenylation activity and almost complete loss of native
activity. para-Amino phenylalanine could also be subjected to
the same transformation by FgaPT2 enzyme.’” This enzyme
and other aPTases can also prenylate ortho- and meta-tyrosine,
although many give O-prenylation as the sole product with
tyrosine.”® Similar products can be obtained with O-prenyl-
transferases via Claisen rearrangement.”® One of the above
studies attempted to rule this pathway out by HPLC reaction-
monitoring, not finding evidence for any intermediates.”” This
suggests that either this pathway does not occur, or else, that it
is both rapid and enzyme-mediated. Moreover, some of the
regio-isomers obtained cannot be formed by this process, thus

HO

B
DMAPP or GPP
OH

major product

genistein

R = dimethylallyl, 50 % total product yield
or R = geranyl, 95% total product yield

Figure 3. A. crystal structure of AtaPT from Aspergillus terreus (PDB: 5KCL) with (inlay) tyrosine shield thought to be responsible for substrate activation.** The
substrate analogue dimethylallyl S-thiolodiphosphate (DMASPP) is shown in in blue with the heteroatoms coloured. B. Application of AtaPT to modulate the
anti-cancer activity of genistein, major products shown, minor products are other regioisomers. See reference for detailed reaction conditions.
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Scheme 6. Prenylation of positional isomers of tyrosine as well as para-
amino phenylalanine by FgaPT2 and a single mutant.***” See reference for
detailed reaction conditions.

a Friedel-Crafts reaction pathway must be responsible for at-
least some of the product formation.

Some relatively simple aromatic compounds can also be
prenylated, for example fungal aPTases are also known that can
prenylate hydroxynapthalenes®® and acylphloroglucinols.””
Hydroxy benzoic acid (HBA), that can be produced in vivo via
the chorismate pathway, can be prenylated by the divalent-
metal dependent UbiA-type®® prenyltransferase  XimB
(Scheme 7).%? The authors of this study produced an engi-
neered E. coli strain with biosynthetic pathways for the
production of GPP and HBA from glucose, although far higher
product titres were obtained by direct feeding of HBA. Using
this feeding approach, other HBA derivatives were also
geranylated in vivo. Other prenyl pyrophosate derivates with
shorter and longer chain lengths could also be produced
in vivo, and XimB showed promiscuity for these prenyl donors,
and titres of ~2-7 mgL™' of HBA alkylated with dimethylallyl,
farnesyl and geranyl-geranyl groups could be obtained. Very
recently, Suga and co-workers identified a cyanobacterial
prenyltransferase, LimF, which can prenylate histidine, and
histidine analogues with altered main chain structures, in
peptides at the C-2 position.”® The creation of a database of
prenyl transferase reactions, PrenDB, has allowed the prediction
aPTases catalysing prenylation of unexplored aromatic sub-

/©/COOH
HO

2 mgL™" from glucose or

“IOH HBA 250 mgL™" :
B = | >90 mgL™" from HBA
OH COOH
D-glucose chorismate l
2gL" pathway XimB
HBA
GPP
, ~ GBA
Engineered E. coli R = geranyl

Scheme 7. Geranylation of hydroxy-benzoic acid by XimB, where the
substrates can be produced in vivo from glucose by an engineered E. coli
strain.®? See reference for detailed reaction conditions.
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strates by computer-aided comparison of the similarity to
known substrates.*” This approach was experimentally vali-
dated, giving substrate conversion in over half the cases tested,
and may help further expand the synthetic potential of these
enzymes.

A recent study identified the structural basis for catalysis by
a new subclass of aPTases, whose folds are most similar to
squalene synthase, and whose sequences were annotated as
such.” These enzymes prenylate carbazole substrates, using
active-site-bound magnesium ions to affect the abstraction of
pyrophosphate from the prenyl donor. An aspartate residue
anchors and stabilises the aromatic substrate by hydrogen
bonding with its catechol moiety.

The potential of aPTases to produce biologically active
compounds has recently been furthered in their application
toward improving heterologous cannabinoid biosynthesis®®
and in the chemoenzymatic synthesis of daptomycin analogues
with activity modulation.”” The discussion on this diverse
enzyme family provided here is far from exhaustive, and for
further information we direct the reader to recent reviews on
the topic.***® The broad range of aromatic substrates identified
with various aPTases, as well as their frequent acceptance of
alternative and non-natural prenyl-donors, makes them appeal-
ing biocatalysts for the preparation of many alkyl-aryl linkages.

Methyl Transferases (MTases)

S-adenosyl methionine (SAM) dependent enzymes are respon-
sible for the methylation of a diverse range of substrates. They
have garnered significant interest for their potential to modu-
late the properties, e.g., lipophilicity, of biologically active
compounds, to replace toxic methylating reagents in organic
synthesis, and to selectively label DNA and proteins.**7® SAM
contains a sulfonium centre where the reactive methyl group is
attached, and the S-adenosyl homocysteine (SAH) forms a
leaving group in this methylation reagent. Whilst the majority
of MTases catalyse O-, N- and S- methylation, a few MTases
catalyse the C-methylation of aromatic substrates. These
enzymes include NovO and CouO from Streptomyces and Coq5
from Saccharomyces cerevisiae, all of which have been structur-
ally and mechanistically characterised, with a high degree of
similarity found in both their folds and modes of action.”" Coq5
is involved in coenzyme Q biosynthesis, and has yet to find a
synthetic application on non-natural substrates (Figure 4).7'@
CouO and NovO catalyse methylation steps in the biosynthesis
of coumermycin A, and novobiocin, respectively. However, they
can also methylate a variety of (amino)coumarins, derivatives of
their natural substrates, and CouO can also methylate some
naphthalene diol isomers.1*%7'"?

A remarkable aspect of SAM dependent methyl-transferases,
including those catalysing Friedel-Crafts alkylation, is their
broad acceptance of cofactor analogues with non-natural alkyl-
substituents at the sulfonium centre, which can be prepared
chemically.” As early as 2009, Gruber-Khadjawi and co-workers
demonstrated that CouO and NovO could use these unnatural
cofactors to install vinyl, crotyl, alkyne-containing and benzyl
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Figure 4. Overlay of the crystal structures of Cog5 (orange, PDB: 40BW), NovO (blue, PDB: 5SMGZ) and (CouO green, PDB: 5 M58) and their native methylation
reactivities. CouO is active for methylation at several points through the synthesis of the dimeric coumermycin A, biosynthesis, an intermediate with half of

the total dimeric-coumarin structure is shown

groups onto aromatic substrates.”?? The library of SAM
analogues they used were prepared by a general methodology
from SAH and seven different alkyl-bromides, using silver(l)
triflate as Lewis acid catalyst (Scheme 8A). Coumarin derivatives
reminiscent of the native substrates of CouO and NovO were

A
"0,C._NH;" NH, "0,C. _NH;" NH,
N ~N N ~N
N N
T\ ST T\ I
NN RBr, AgOTf s NN
— =
s 5 HCOOH r*S o
SAH rt SAM analogue
OH OH OH OH
E OH HN OH HN
H N\ NovOor H N\
OOy~ —=— Yo
o] (o]
HO [l 0] HO (€2 ¢)
SAM SAH R
analogue
o R = CHg, N, 20
full conversion (HPLC)
C
. SacF or =
/@/\‘/COZ SimM2 CO,
+ +
HO NHs / ; HO NHs
SAM  SAH R
Pz
analogue R=CHy, XN, :‘a/ %
14 - 87 % conversion (HPLC)
D HO OH L-Met or
L L-Ethionine
AN
o'
ﬁ Cl SalL
HaN N
N2 cibA
SAM or SAE  SAH OH

OH H
H N__Ph
(N N S YT
g o)
o NovO HO 0 o
HO O o)

R R=CHy~50 %
R = CH,CHs ~20 %

Scheme 8. A. Chemical synthesis of SAM analogues by Lewis-acid catalysis.
Application of SAM analogues for the alkylation of (B.) coumarin derivatives
by CouO and NovO and (C.) tyrosine by SacF and SfmM2."%27 D, In situ
synthesis of SAM or SAE from CIDA by SalL, and their concurrent application
as substrates in the methylation or ethylation of a coumarin substrate by
NOVO.UQ]
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employed (Scheme 8B). In many cases excellent conversions
were obtained, and in some cases, their reactivities were
complementary, with each filling in gaps in the other's
substrate scope. The same group also demonstrated that two
MTases, SacF and SfmM2, involved in 3-methyl-tyrosine biosyn-
thesis, could also accept a variety of SAM analogues, to produce
tyrosine derivatives with alkyl groups at C-3 (Scheme 8C)."
SacF performed better than SfmM2 in general and L-DOPA and
D-tyrosine could also be methylated, although the former
substrate only gave traces of product. Another MTase, Orf19,
involved in the biosynthesis of Anthramycin could also be used
to alkylate 3-hydroxykynurenine, accepting the SAM analogues
with substrate conversions ranging from 3-50%.

Another class of methyl transferases active on aromatic
substrates, exemplified by TsrM, utilise a B, cofactor (cobala-
min) to mediate transfer of the methyl moiety from SAM to the
aromatic substrate.”” TsrM is involved in the biosynthesis of
thiostrepton, a ribosomally synthesized and post-translationally
modified peptide (RiPP) with antibacterial activity against both
Gram-negative and some Gram-negative bacteria.” Specifically,
TsrM catalyses the C-2 methylation of tryptophan, which
eventually forms a quinaldic acid moiety in the natural product.
This enzyme has an intriguing structure to its catalytic
machinery. It contains a [4Fe-4S] cluster, typically involved in
radical mechanisms by related enzymes, yet aromatic meth-
ylation by TsrM does not involve radical intermediates, as
indicated by structural, spectroscopic, and feeding studies.””!
Instead, the mechanism involves nucleophilic action of the
cobalt centre to abstract a methyl cation from SAM. The
methyl-cobalamin intermediate formed can then be subject to
nucleophilic attack from C2 of the tryptophan substrate,
affording the C2-methylated product after re-aromatisation
(deprotonation). As well as the native tryptophan substrate, a
variety of tryptophan and tryptamine derivatives were con-
verted by TsrM.”® Substituents on the indole ring affected the
regioselectivity of the methylation, and some tryptamine
substrates were also methylated at the main-chain nitrogen.
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In recent years, the biocatalytic, often in situ, preparation of
SAM analogues has been a burgeoning field of research. For
example, methionine adenosyltransferases (MATs) have been
used to realise the biocatalytic preparation of SAM analogues
from methionine analogues and adenosyl triphosphate (ATP),®”
and can combined with ATP regeneration enzymes to such that
only methionine (derivatives) and polyphosphate need to be
added to the alkylation reaction.®” Burley and co-workers
demonstrated that the chlorinase SalL could be used to
produce SAM derivatives with modified alkyl substituents,
nucleobases, and carboxyl moieties exchanged for tetrazoles
from methionine analogues and 5'-deoxy-5-chloroadenosine
(CIDA) analogues.” These could be subsequently utilised by
NovO for methylation and ethylation of coumarin substrates
(Scheme 8D)."" Halide methyltransferases (HMTs) have been
applied for SAM synthesis from S-adenosyl homocysteine (SAH)
and simple alkyl halides, which facilitates use of catalytic SAH
loadings.®? This methodology has also been expanded to the
preparation of SAM analogues containing fluoromethyl, ethyl,
propyl and allyl substituents.®® Enzymatic carboxylation of SAM
or S-adenosyl ethionine (SAE) by CmoA has been used to
produce unnatural cofactors utilised by MTases to transfer the
resulting carboxyl-containing alkyl groups on to nitrogen or
oxygen centres.® Not all of the diverse array of SAM analogues
have been applied with Friedel-Crafts alkylating MTases. In the
future we may expect to see, for example, cascades using HMTs
and MTases to alkylate aromatic substrates with an array of
alkyl chains starting from alkyl-iodides, and using catalytic
amounts of SAH.

Acyl Transferases

Friedel-Crafts reactions conducted by chemists are broadly
divided into two categories: alkylations and acylations. Whilst
the enzymes discussed so far all catalyse the former category of
transformations, some natural acyl-transferases (ATases) have
recently been discovered that can transfer acyl groups to arene
acceptors.® In their native reaction, these enzymes transfer an
acetyl group from one molecule of mono-acetyl-phlorglucinol
(MAPG) to another. This process is effectively a disproportiona-
tion reaction, affording di-acetyl-phlorglucinol (DAPG) and
phlorglucinol (PG) (Figure 5B). The reaction is reversible; thus
DAPG can also act as acetyl donor for the PG substrate. To date,
at least four ATases catalysing this reaction have been identified
by BLAST searches, with sequence identities of 80-99%, all of
which originate from Pseudomonas strains.®™ That from
Pseudomonas brassicacearum (PpATase) gives good activities in
the cell-free extract upon codon-harmonisation and recombi-
nant expression in E. coli. The protein is a hetero trimer, having
three stop-codons in the gene sequence, and its complex
heterododecameric ~ structure  has  been  determined
crystallographically.®™® Computational studies based upon this
structural information suggested a mechanism for PpATase
where a catalytic cysteine forms a thioester intermediate upon
acylation by the acyl-donor. Two histidines and a tyrosine in
proximity to the catalytic cysteine shuttle protons to and from
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Figure 5. A. Heterotrimer structure (part of the larger heterododecamer) of
PpATase with PG bound, and inlay showing key residues in the active site
(PDB: 5MG5).! B. Native reaction of PpATase. Application of PpATase (C.)
with resorcinol and native and non-native acyl-donors, (D.) on a variety of
resorcinol derivatives and, (E.) application of a single-mutant for the transfer
of bulky acyl-groups to resorcinol.®®*® See references for full description of
reaction conditions.

the hydroxyl groups of the substrate to aid the formation and
reprotonation of quinoid and phenolate intermediates (Fig-
ure 5A).%7

PpATase exhibits promiscuity with regard to the aromatic
substrate, and can acetylate a variety of resorcinol derivatives
with substituents in the 4- or 5-positions. Most of these
substrates give moderate or excellent conversions in the
presence of a 1.5-fold excess of a native acetyl donor, DAPG
(Figure 5D).%*®! Obtaining high conversions with these non-
native substrates suggested that these reactions, unlike the
native one, are irreversible. This is a useful property for the
application of PpATase, yet also suggests a strong preference
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for the native acyl-donor. The native DAPG acyl-donor is a
desirable substrate by comparison to the structurally complex
and costly acyl-CoA used by other acyl-transferring enzymes.
Nevertheless, DAPG is not commercially available, spurring the
search for alternative acyl-donors (Figure 5C). N-acyl-imidazole
could serve as a some-what effective DAPG-surrogate, becom-
ing very effective with the addition of an equal concentration of
imidazole, affording the products with poor to excellent
isolated yields. The imidazole additive proved a general method
to switch PpATase to accepting acetyl donors commonly used
with lipases, such as vinyl- and isopropenyl- acetate as well as
phenyl acetate and its derivatives®™®® |nterestingly, as
revealed by reaction monitoring with HPLC, changing the acetyl
donor introduces a new reaction pathway where O-acetylation
precedes a Fries-rearrangement reaction to give the C-acety-
lated products, which is not observed with DAPG. Thioesters
could also be employed as acetyl-donors, where, in some cases,
only small loses in yield were seen when imidazole was omitted
from the reaction.®® However, large excesses of thioester were
still needed to achieve good product yields. The wild-type
PpATase cannot transfer acyl-groups larger than propionyl.
Rational engineering aimed at reducing steric bulk around the
catalytic cysteine identified a beneficial mutation, F148V, that
allows PpATase to transfer a range of acyl groups with bulkier
side chains to resorcinol substrates using the corresponding
phenyl-esters as acyl-donor.®® Currently, little progress has
been made towards expanding aryl-substrate acceptance of
PpATase; all substrates demonstrated so far are resorcinol
derivatives. Whether this is the result of particular intricacies in
the substrate binding site, or the result of inherently lower
reactivity of the enzyme-acyl intermediate, is yet to be
determined.

Squalene Hopene Cyclases (SHCs)

These enzymes are a class of triterpene cyclases that protonate
their linear poly-unsaturated substrates using a catalytic
aspartic acid residue forming a tertiary carbocation. This starts a
poly-carbocyclisation cascade that results in the stereoselective
formation of multiple carbon-carbon bonds.® With the native

squalene triterpene substrate, the catalytic action of these
enzymes forms five new C—C bonds in the product, and
termination of the process by either deprotonation or hydrox-
ylation gives terminal isopropenyl (hopene) of isopropanol
(hopanol) substituents in the products, respectively. The hydro-
gen bonding network around the catalytic aspartic acid gives
the proton an anti-orientation with respect to the carbonyl
moiety, increasing its acidity to the point where it can
protonate these carbon-carbon double bonds that do not
possess particular basicity.”™ Of particular interest are the SHCs
from Alicyclobacillus acidocaldarius (AacSHC) and Zymomonas
mobilis (ZmoSHC) that show both significant substrate promis-
cuities as well as a proclivity towards laboratory evolution to
expand upon these non-native activities (Figure 6A).°" For
instance, when non-native substrate analogues with terminal
hydroxyl-, carboxyl-, of keto-groups are employed with this
enzyme, very low to moderate degrees of formation of products
containing cyclic ether, lactone, or enol-ether moieties are
observed by alternative termination mechanisms.”? AacSHC is
particularly well-suited to targeted mutagenesis. Altering the
steric bulk at 16 residues within 15 A of the catalytic D376
created a library single of mutants with differing degrees of
non-native activities.”® When screened on a variety mono-
terpene derivatives, including those described as inactive with
SHCs, hits in the library were found that could effectively form
the resulting cyclohexane products with large increases in
conversion compared to the vanishingly small conversions
obtained with the wild-type, and excellent stereoselectivities
(Figure 6B). Again, these products were formed by termination
of the carbocation intermediate with an internal accepting
moiety.

When the substrate is designed to have an arene moiety,
the formed carbocations can alkylate the arene ring, giving the
resulting Friedel-Crafts products.®” A substrate that forms two
carbocycles in this process is required for this reaction, and
both AacSHC and ZmoSHC show low conversions.”***! However,
for AacSHC, which has good evolvability, the desired reaction is
competed by a undesired hydration process that gives an
alcohol product without an aryl-alkyl bond.* Screening of a
library of 66 AacSHC mutants, mostly at the positions previously
described, identified some positions important for both con-

B
o — /10H : AacSHCI281A Q
or I
OH OH
N OH | o #oH

AacSHCF385C 15 9,

>..

AacSHCEB00F gg o,

OH
o
(0]

AacSHC 3 %
(~1:1)

AacSHcY420F/G600L 29 %
(only alkylation)

Figure 6. A. Active site structure of AacSHC showing the catalytic aspartic acid residue, and residues targeted for mutagenesis shown as spheres (PDB: TUMP).
B. Unnatural reactions catalysed by AacSHC mutants where the wild-type gives less than 1% conversion.”® C. Friedel-Crafts alkylation and hydration side-
product by wild-type AacSHC and the best performing double mutant identified.®™ See references for detailed reaction conditions.
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version as well as product selectivity. Saturation libraries at
these positions were screened, and hits that gave improved
selectivities were found, although conversion with the most
selective mutants was still very low. Eventually, by combining
mutations identified from this screening, with ones identified
through a consensus-approach from perfectly selective homo-
logues (that gave only low conversions and were less mutable
than AacSHC) a double mutant was produced that gave perfect
selectivity for alkylation and a conversion of 29%, a more than
ten-fold increase compared to the wild-type. To date, only one
substrate has been demonstrated, and substrates that could
form three or more carbocycles do not undergo Friedel-Crafts
alkylation with the SHCs tested.”” However, the impressive
catalytic plasticity of SHCs makes the future discovery of further
SHC-catalysed Friedel-Crafts reactions seem likely.

An enzyme from Cylindrocyclophane F
Biosynthesis

Cylindrocyclophane F is part of a larger family of cytotoxic
compounds of cyanobacterial origin, all of which share a
peculiar [7.7]paracyclophane ring structure® In the early
1990s, feeding experiments revealed the biosynthetic origin of
their polyketide component, and suggested that the ring
structure was formed through a head-to-tail dimerization
reaction.”” The putative enzymes for this reaction catalyse the
Friedel-Crafts alkylation of resorcinols with alkyl chlorides, a
reaction of striking similarity to its chemo-catalytic counterpart,
and thus were thought to hold powerful synthetic potential. In
2017, Balskus and co-workers revealed the identity of one such
enzyme, CylK as part of their investigation of the biosynthetic
pathway to Cylindrocyclophane F in Cylindrospermum
licheniforme.”® In vitro assays of CylK with its substrate revealed

A <
Cl
B CylK 0y \ :
HO OH N
‘ : \
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B n-Bu
2 R/\( . wn-Bu 88 % (X = Cl) ’
+ X 76 % (X = Br)
HO OH HO OH 299 (X =1) As
CylK 0% (X = F)
N -
n-CgHyg ik [R= \n/ \/\SJJ\/\:% 0 C 0 Cl
a
C
R
HO.

significant Cylindrocyclophane F formation after 20 hours of
incubation, which is formed in a step-wise manner via a mono-
alkylated intermediate (Figure 7A). When the (S,S) configured
substrate (inverted position of the chloride) was incubated with
CylK no reaction occurred, showing that the alkylation occurs in
a concerted manner with inversion of stereochemistry, consis-
tent with an Sy2 mechanism.

In a later study, Balskus and co-workers went on to probe
the biocatalytic potential of CylK with non-natural substrates.””
Consistent with the formation of the mono-alkylated intermedi-
ate they previously observed, the ability of a substrate to form a
[7.7]paracyclophane ring is not necessary for CylK, and non-
natural resorcinol and alkyl-chloride substrates can be coupled
to one another in high conversions with turnover numbers
exceeding one thousand in some instances. Again, the stereo-
center was inverted compared with that of the alkyl-chloride
substrate, and utilisation of a racemic alkyl chloride substrate
gave the product with 88% enantiomeric excess, showing that
CylK is selective for a certain substrate absolute configuration.
CylK can also convert other alkyl halide substrates with
conversion decreasing from chloride to bromide and iodide,
however alkyl fluoride substrates were not converted (Fig-
ure 7B). Simple resorcinols could also be accepted as substrates,
giving low to moderate conversions (Figure 7C). Simple alkyl-
chloride substrates were not converted by CylK, neither were
phenol nor indole, and conversion of a pharmaceutically
relevant stilbene substrate gave conversions of 1-4% depend-
ing on the alkyl-chloride substrate.

Two recent studies revealing crystal structures of CylK found
it to be a fusion of Ca’* binding and B-propeller domains, with
multiple Ca** binding sites supporting the fold."® Through a
combination of structural, mutagenesis and simulation studies,
the location of the active site was identified in the dimer
interface. Here, critical arginine (R105) and tyrosine (Y473)
residues are responsible for enabling chloride abstraction and

E374) / &

-z\ - Y473

Figure 7. A. Action of CylK in the final biosynthetic step of Cylindrocyclophane F.*® Application of CylK with unnatural substrates with different halide groups
(B.) and (C.) with simple resorcinols.*® D. Crystal structure of CylK (PDB:7FH6) reveals fused Ca>* binding (light orange) and propeller (pink) domains,

supported by many Ca*"
insert.
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binding sites (Ca shown in blue). Important residues in the active site for binding chloride (green) and resorcinols are shown in the
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Figure 8. A. Biomolecular scaffolds to create bio-hybrid catalysts including DNA and the proteins QacR (blue, PDB: 1JTY) and LmrR (orange, PDB: 3F8B) whose
homodimeric structures are shown in different shades. Methods to assemble the biohybrid catalysts, including (B.) supramolecular assembly, and (C.) the use

of unnatural amino acids incorporated into proteins biosynthetically.

bridge the two domains. Glutamic acid (E374) and aspartic acid
(D440) residues are essential for positioning and binding of the
resorcinol hydroxy groups. Several mildly- or non-deleterious
mutations at positions around the active site were also
identified, giving good prospects for future engineering of CylK
towards activity in more societally relevant transformations.

Artificial Enzymes and DNA Catalysts

As well as natural, promiscuous and engineered enzymes that
catalyse the Friedel-Crafts alkylations discussed above, bio-
hybrid catalysts that utilise both synthetic (chemical) and
biological components have also been described in the
literature. These systems take their inspiration from the chemo-
catalytic approaches to Friedel-Crafts alkylations and exploit
catalytic machinery similar to small molecule catalysts for this
reaction. These chemical moieties are incorporated into bio-
logical scaffolds such that the scaffold either imparts selectivity,
bolsters activity, or provides both of these functions (Fig-
ure 8A)."°" The biological scaffold can variously be either
protein or DNA, and several methods for incorporation of the
catalytic moiety exist, including supramolecular assembly and
biosynthetic introduction of unnatural amino acids with cata-
lytically relevant side-chains (in the case of protein scaffolds,
Figure 8B and C)."* In all cases demonstrated to date, and in
contrast to most other enzymes discussed in this review,
biohybrid catalysts for the Friedel-Crafts reaction exploit a
vinylogous mechanism. During the reaction, an o,f3-unsaturated
bond is subject to a conjugate addition by the arene
nucleophile, thus no leaving-group is required, and the
reactions have perfect atom economy.

The first bio-hybrid Friedel-Crafts catalyst was reported by
our group in 2009, and consisted of a copper () complex with
4,4-dimethyl-2,2'-bipyridine ligand supramolecularly bound (i.e.
intercalated) to DNA (Scheme 9A)."%? The copper complex acts
as a Lewis acid catalyst, binding an a,f-unsaturated imidazole
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Scheme 9. A. Inter-"°? and (B.) intra-molecular'® Friedel-Crafts reactions
catalysed by DNA catalysts consisting of copper(ll) complexes bound to
DNA. C. Tandem Friedel-Crafts alkylation-enantioselective protonation reac-
tion by DNA catalysis."'” See references for full reaction conditions.

ketone substrate and lowering its LUMO energy, which allows it
to undergo conjugate addition at the [-position by an indole
nucleophile. This mechanism bears a similarity to that of TrpB.
However, the Michael acceptor moiety in this case is preformed,
rather than undergoing dehydration during the activation
process. Furthermore, the activation relies on Lewis acid-base,
and not covalent, interactions. The imidazole ketone substrate
contains an alkyl or aryl group at the 3-position and is thus pro-
chiral. The Friedel-Crafts product was formed with enantiomeric
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excess despite the copper complex itself being achiral, thus the
chirality of the DNA influenced the stereomeric outcome of the
reaction. Indeed, the identity of the DNA could have large
effects on the enantiomeric excess, with ee values ranging from
10 to 93% with single or double-stranded DNA. Decent ee
values (64-82%) could be obtained with DNA from salmon
testes, which is commercially available as a lyophilised powder,
and thus allowed preparative scale reactions to be conducted.
The system proved efficient, and loadings of the copper
complex as low as 0.3mol% could be employed without
decrease in enantiomeric excess, although largely increased
reactions times were required for full conversion. According to
the binding affinity of the copper complex for DNA, only 16 %
was bound at these concentrations, however good enantio-
meric excess was maintained by the fact that binding of the
copper to the DNA causes a 30-fold rate acceleration in
catalysis, and thus the unbound majority of the copper species
do not contribute significantly to product formation."” Rate
acceleration by DNA proved a general effect for a variety of
substrates in the Friedel-Crafts reaction, although in some other
copper-catalysed reactions DNA causes a decrease in rate."*”
The identity of the DNA could affect the apparent rate by
around a factor of 2. A variety of organic co-solvents were
found to increase the rate of this reaction, which facilitated
preparation of some products on a gram-scale."® Custom DNA
sequences can easily be prepared, including those with nucleic
acids featuring the unnatural L-configuration. By using DNA
sequences previously described for the Friedel-Crafts reaction,
along with their mirror images, Smietana, Arseniyadis and co-
workers could selectively prepare either enantiomer of the
product."® This impressive result showed the versatility of DNA
scaffolds in catalysis; however it is not applicable to preparative
synthesis.

Intra-molecular Friedel-Crafts reactions have also been
demonstrated with bio-hybrid catalysts by Park and co-
workers."” They employed substrates with both o,B-unsatu-
rated imidazole ketone and indole moieties with a spacer
length appropriate to form a 6-membered ring in the resulting
product (Scheme 9B). In these reactions, the C—C bond is
formed at the less reactive C-2 position of the indole, since the
C-3 position is already occupied in the substrate. Here, the
ligand used for the copper complex had significant effect on
the enantioselectivity and yield, with 5,6-dimethyl-1,10-phenan-
throline (5,6-dmp) giving the best results. Computational
studies of this reaction concluded that the origin of the
observed enantioselectivity (S) was increased affinity of the pro-
S substrate conformer for the DNA scaffold."® Further studies
into this reaction employed DNA conjugates with bipyridine
ligands synthetically incorporated into the phosphate
backbone." Through varying the position of the ligand and
the surrounding nucleobases, the effect of the DNA scaffold on
the copper catalysis was elucidated.

o,B-unsaturated substrates with substituents on the a-
position have also been employed in Friedel-Crafts bio-hybrid
catalytic reactions, although the N-methyl imidazole moiety
must be exchanged with a thiazole moiety to allow substrate
chelation at copper and thus a planar conformation
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(Scheme 9C).""? In these reactions, after formation of the C—C
bond, a prochiral enolate species is formed, and thus a stereo-
centre is formed by protonation, a process notoriously difficult
to control with small molecule catalysts."" DNA provides a
chiral environment for the copper complex that allows the
protonation of the enolate to occur with facial selectivity giving
ee values up to 84%. In the tandem Friedel-Crafts/enantiose-
lective-protonation process, the DNA also affects a rate
acceleration of up to ~ 103 far higher than observed with other
Friedel-Crafts reactions. This is thought to be due to a
localisation of all the reaction components in close proximity to
the DNA helix, resulting in high effective molarity, which
provides a major contribution to rate enhancement.

The effect of DNA sequence on both rate-acceleration and
enantioselectivity is rather complex. This is partly due to the
heterogeneous nature of DNA catalysts: many distinct environ-
ments contribute towards the overall activity. Sequences
containing G tracts of at least three consecutive G's (or C's)
were found to give rise to the highest rate and enantioselecti-
vites in a Diels-Alder reaction."'? However, in the Friedel-Crafts
reaction, DNA sequence gave less significant effects on the
enantioselectivity and rate acceleration."™ Further possibilities
for optimization are limited; higher order DNA structures have
been used, but they do not provide a clear improvement."™
Moreover, more complex, protein like structures (DNAzymes)
are limited by the fact that free nucleotides (not involved in
base pairing) bind the copper, blocking vacant coordination
sites and thus severely reduce catalytic activity."'” In protein
engineering, separation of the library members is easily
permitted via the production of colonies on solid media, which,
in turn, allows a plethora of analysis methods. Such a workflow
is not available for engineering DNA sequences, and thus some
kind of binding or immobilisation is commonly used to identify
improved library members, which limits the scope of reaction
that can be screened and may produce sequences with high
substrate specificity."™

In more recent years, our group has focussed on developing
artificial enzymes with protein scaffolds, rather than DNA,
several of which also catalyse Friedel-Crafts reactions. The
protein scaffold we employ is called the Lactococcal multidrug
resistance regulatory protein (LmrR) that features a large and
promiscuous hydrophobic binding pocket at the interface of its
homo-dimeric structure (Figure 8A).'"" Two tryptophan residues
(W96 and W96') in the centre of this binding pocket give
significant contribution to the strength of the ligand interac-
tions. The range of ligands that can be bound there extends to
the copper(ll) complexes previously employed in DNA catalysis,
although their low micromolar binding constants are far higher
than some other known ligands."' Thus, like with DNA,
copper(ll) complexes can be incorporated supramolecularly into
LmrR, and the resulting artificial enzymes give good conver-
sions in the vinylogous Friedel-Crafts reaction with ee values up
to 93%. Mutation of tryptophan 96 to alanine abrogates both
copper complex binding and enantioselectivity in the reaction,
illustrating the role of the chiral protein environment in the
reaction. This artificial enzyme can also catalyse the tandem
Friedel-Crafts-alkylation enantioselective-protonation process
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previously described above, however here the LmrR scaffold
contributes in a different and somewhat more cryptic
manner.""” Without the copper complex, LmrR alone gives the
opposite enantiomer than in its presence, and the WO96A
mutation has little effect on the reaction outcome, suggesting
that this reaction may employ a different part of the protein
environment, rather than the binding pocket.

Aside from supramolecular catalyst assembly, artificial
enzymes with LmrR can also be assembled through the
incorporation of catalytically relevant UAAs. These UAAs can be
incorporated biosynthetically during recombinant expression in
E. coli through the use of amber stop-codon suppression
technology pioneered by Schultz* In practice, this is easily
implemented with a two-plasmid system where one-plasmid
encodes the LmrR protein with an in-frame amber stop-codon,
and another encodes the orthogonal translation system respon-
sible for UAA incorporation. This concept was first demon-
strated in LmrR using (2,2"-bipyridin-5-yl)-alanine (BpyA), which
has a 2,2-bipyridine moiety in its side-chain and thus can bind
copper(ll) (Figure 80).""™ When BpyA was incorporated at
position methionine 89 in LmrR and copper(ll) was added, the
ee obtained in the Friedel-Crafts reaction was higher than with
other positions, up to 83% with the best substrate (Sche-
me 10A). Another copper-binding UAA, 2-amino-3-(8-hydroxy-
quinolin-3-yl)propanoic acid (HQA - note, this is a different
isomer to the formerly mentioned HQAIa) can perform a similar
function to BpyA in this context, albeit it with lower conversion
and ee (Figure 8C, Scheme 10A) .** BpyA could also be used to
create active catalytic sites in several other proteins, from the
TetR family of MDR (multi-drug resistance) regulatory proteins,
producing the opposite enantiomer of some Friedel-Crafts
products with up to 94% ee when incorporated into QacR.!""”
These TetR family proteins were also capable of performing the
same reaction with modest ee values by simple addition of
copper (ll) without ligand, and no binding site deliberately
incorporated.”"?”

The use of unnatural amino acids to create catalytic sites in
LmrR where the side-chain participates directly in catalysis,
rather than acting as a ligand to bind metals, has also been
demonstrated."”"" Here, we took inspiration from organocatal-

ysis, selecting the UAA para-aminophenylalanine (pAF) for its
aniline side-chain, which we envisaged could condense alde-
hyde substrates to form activated iminium-ion intermediates
(Figure 8C)." Indeed, when pAF was incorporated at position
valine 15, forming LmrR_pAF, iminium ion intermediates
formed by condensation with benzaldehyde could be trapped
by reduction with sodium cyanoborohydride and the adduct
observed by mass spectrometry.'*" Initially work focussed on
the use of this artificial enzyme for hydrazone formation, a
reaction known for aniline small-molecule catalysts, and by
using a chromogenic substrate a directed evolution campaign
was conducted identifying a triple mutant that had a catalytic
efficiency increased by nearly two-orders of magnitude.*® In
order to switch to Friedel-Crafts alkylation reactivity, o,-
unsaturated, rather than aromatic, aldehydes were
employed."* These substrates create iminium ion intermedi-
ates, activated at the B-position for attack by indole nucleo-
philes. The iminium ion intermediate is reminiscent of the
amino-acrylate intermediate in TrpB and TPL, but is more
closely related to intermediates produced by MacMillan
imidazolidinone catalysts. Despite the considerable structural
differences between these organocatalysts and pAF, LmrR_pAF
proved an adequate catalyst for this transformation, although
the product yields and ee were modest (Scheme 10B)."* Two
rounds of directed evolution and one round of rational
combination of individual beneficial mutations improved these
metrics markedly, with the best triple mutant giving 87 % ee,
and showing improved reactivity and selectivity with every
tested substrate over the parent. This approach was also
extended to a-substituted a,f-unsaturated aldehydes, where
the stereo centre is formed by enantioselective protonation of
an enamine intermediate (Scheme 10C)."* LmrR pAF affords
the product with 88% ee without the need for any further
mutations.

Several strategies have recently been reported for the
creation of artificial enzymes with multiple catalytic compo-
nents acting either in concert or subsequently, including an
artificial Friedel-Crafts alkylase that performs a vinylogous
alkylation reaction.'”’ The crotonic acid substrate is produced
in situ from vinyl crotonate by the same enzyme, since it

Artificial Enzyme
LmrRCCu'(Phen)(NO3), |[full, 93 % ee

\ LmrR_M89BPyA.Cu" 94 %, 83 % ee
QacR_Y123BPyA.Cu" (82 %, 94 % ee (opposite enantiomer)
QacRcCu! 78 %, 34 % ee

| Conversion, ee

(0]

c
LmrR_V15pAF HJ\"/ HO___ (.
+ LmrR_pAF
A\
N
H

~—n-Pr 42 %, 45 % ee

NaBH
(NaBHy) o\ LmrR_V15pAF_RGN m ( 4) A\
(evolved) N
. 74 %, 87 % ee H

71 %, 88 % ee

Scheme 10. A. Friedel-Crafts alkylation catalysed by artificial enzymes based on copper(ll) and MDR protein scaffolds.!''®''®-'? B, Organocatalytic artificial
enzyme catalysed Friedel-Crafts alkylation*” and (C.) tandem-enantioselective protonation reactions."* See references for full reaction conditions.
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features a designed catalytic triad based esterase active site.!'*”"’

Design of the second active site of this enzyme made use of the
native esterase site to install a copper(ll) complex with a
suicide-inhibitor motif in the ligand back-bone. This machinery
then catalysed the formation of 3-phenylbutyric acid with
perfect enantioselectivity, despite the lack of a chelating moiety
in the crotonic acid substrate, but the mode of substrate
binding to copper was not elucidated. Remarkably, the artificial
enzyme operated under mild conditions whilst this reaction
otherwise requires long reaction times with refluxing neat
substrates with strong Lewis-acids, and copper(ll) complexes
are not reported to catalyse the reaction. Only one substrate
was demonstrated, thus the synthetic potential is, so far,
unknown.

Summary and Outlook

Friedel-Crafts enzymes can be compared and contrasted based
on a few categories, namely (1) their mechanism of action, (2)
scope of alkylation substrates employed, and (3) the scope of
arenes that can be alkylated.

(1) Most of the mechanisms employed by the enzymes
discussed here differ significantly from those by which the
original, and still widely used, chemical Friedel-Crafts reactions
operate. They can be divided broadly into two categories:
leaving-group strategies and vinylogous (conjugate addition)
strategies. Both prenyltransferases and methyltransferases em-
ploy the former strategy, using pyrophosphate and SAH as
leaving groups to create electrophilic alkylating reagents. CylK
too employs this strategy, but rather uses a chloride leaving
group, activated in a binding site, and is perhaps thus most
reminiscent of the original Friedel-Crafts reactions. By utilising
activated esters as acylation substrates, the Friedel-Crafts
acylase could also be considered to operate via a leaving group
strategy, although the process is markedly different in that it
proceeds via a covalently bound complex.

The artificial enzymes described all employ a vinylogous
strategy where alkylation occurs at an sp*hybridised carbon,
activated through Lewis acid or iminium ion chemistry. The
Friedel-Crafts reaction catalysed by SHCs can also be considered
a conjugate addition reaction, since an arene nucleophile and
proton act to desaturate either end of a conjugated system,
however, a cyclisation also occurs at the centre of these two
processes. The PLP dependent TrpB and TPL have a mechanism
that has both characteristics, since both catalyse a formal
dehydration (i.e. water as a leaving group) in order to form an
electrophilic sp? carbon that undergoes a conjugate addition.

One mechanistic feature exhibited by most of the enzymes
described here that is perhaps most distinct from Friedel-Crafts
reactions as they are known in organic synthesis, is explicit
activation of the arene component. In most cases this takes the
form of hydrogen-bonding interactions to hetero-atom moieties
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in the arene, increasing its nucleophilicity, as well as stabilising
the subsequent dearomatized intermediates.

(2) Alkylation substrates of Friedel-Crafts enzymes are quite
diverse, although typically each particular class of enzyme
shows lesser or greater extent of rigidity in accepted substrate
structures, in accordance with its particular mechanism. Both
prenyl- and methyl-transferases can exhibit a high degree of
promiscuity towards alkylating substrates, so long as the
appropriate leaving group is present. The complexity of the
SAH leaving group means that unnatural nucleosides can also
be tolerated. However, for both classes of enzymes, the high
costs associated with their substrates renders them unsuitable
for large scale synthesis, unless they can be (re)generated in situ
as is the case with SAM (analogues). Furthermore, these
enzymes do not accept substrates with the leaving-group
placed on a secondary carbon-centre, and thus cannot be used
to impart product stereochemistry.

TPL and TrpB both use abundant and simple alkylation
substrates to produce amino acids with standard main-chain
structures, but whilst engineered TrpB variants can produce
some non-standard main-chain structures, TPL does not accept
non-native alkylation substrates. Moreover, including ethyl- or
propyl-substrates in the product main-chain with engineered
TrpB variants requires the use of expensive non-standard amino
acids.

The abundance of chemical and enzymatic methods to prepare
alkyl-halides makes enzymes that utilise them for Friedel-Crafts
reactions, such as CylK, highly appealing for synthesis. In
practice, as with the native substrates of CylK, non-native
substrates demonstrated with this enzyme so far all have
complex structures, and demonstration of useful products is
limited. This may be improved with directed evolution, however
the chances of efficient recognition and catalysis with simple
chloro-alkanes seems slim.

With squalene hopene cyclases, intramolecular reactions are
greatly preferred, thus the alkylation substrate and arene must
be linked. This presumably will only permit the production of
products with fused polycyclic constructions of six-membered
rings. However, the proven malleability of these enzymes
through active-site mutagenesis signals good prospects for the
selective production of particular stereo- and regio-isomers of
such products.

Artificial Friedel-Crafts enzymes often permit large changes in
the alkylation substrate to stereoselectively afford products
with a variety of alkyl groups. Where these artificial enzymes
operate via Cu" Lewis-Acid catalysis though, a chelating moiety
is always required in the substrate. These are rarely found in
useful products, and thus must be further interconverted to
reach the target structure. Here, the aldehyde substrates used
by the organocatalytic artificial Friedel-Crafts enzyme LmrR_pAF
provide an advantage since this functional group can be
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interconverted with fewer steps under mild conditions, and
possibly even enzymatically.

(3) Whilst almost all of the enzymes discussed here have some
degree of promiscuity with regard to the arene substrate, a
clear trend, and potential limitation with regard to the
production of non-natural products, is the exclusive presence of
heteroatoms. These provide stabilisation to the Wheland
intermediates that may be formed during the reaction, and also
show improved performance in chemical Friedel-Crafts reac-
tions. Indeed, electron poor substrates are challenging for
chemical Friedel-Crafts reactions."*® In Friedel-Crafts enzymes,
they also provide hydrogen-bonding handles for substrate
binding and thus it is challenging to envisage, for example,
how an enzyme that alkylates benzene might be engineered.

With these characteristics in mind, we can identify frontiers
for further improvements to Friedel-Crafts enzymes, and
considerations for their future applications in (industrial) syn-
thesis. The characteristic of only accepting electron rich arene
substrates can be addressed by designing synthetic routes that
use these moieties as handles for further functionalisation, e.g.
cross-coupling reactions,"* to obtain the target structure.
Moreover, the combination of Friedel-Crafts enzymes with
enzymatic aromatic hydroxylation to form the activated arenes
in situ demonstrates the power of multi-enzyme cascades to
form complex products from simple feedstocks.*"” The diversity
of alkyl/acyl groups that can be installed varies greatly by
enzyme class, and reducing strict specificity in this regard
represents an obvious avenue for engineering efforts. However,
the substrate used for alkylation must also be considered for its
ease of preparation and the handles it provides for further
functionalisation. In all, the frontier can be summarised as the
creation artificial enzymes, or the engineering of natural ones,
that expand the repertoire of Friedel-Crafts enzymes away from
chemistry required by nature, and towards that required by
modern society.*® The fact that a Friedel-Crafts enzyme is
already applied the industrial synthesis of L-DOPA signals
promise in such endeavours, that they may play an important
role in the move towards more sustainable chemistry.
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