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Abstract

The Friedel-Crafts (F-C) reaction has been a fundamental pillar of both academic and industrial
synthetic organic chemistry since its discovery in 1873. Its success is based on the versatility
and applicability of F-C reactions on a wide range of substrates, and there have been an
impressive number of publications and patents describing catalytic F-C reaction methods. The
asymmetric version of the reaction was discovered about 100 years after the seminal work by
Friedel and Crafts, and has become a major area for research. While chemical methods having
much-improved efficacy and scope have been discovered, F-C reactions still suffer limitations.
Biocatalysis has the potential to be the best solution to this challenge because of the excellent
selectivity (enantio-, chemo, and regioselectivity) displayed by the enzymes. In the last two
decades, advancements in molecular biology techniques, bioinformatics, high-throughput
screening, directed evolution and process scale-up has led to biocatalysis becoming a mature
field. It is therefore not surprizing that researchers around the globe have developed several

biocatalysts to do asymmetric F-C reactions. Herein, we review recent developments in the
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design and use of catalytic and stereoselective strategies for performing the asymmetric F-C

reactions.

Keywords: Biocatalysis, asymmetric Friedel-Crafts reactions, artificial metalloenzymes, DNA-
based catalysts, Acyltransferases, methyltransferases, monoamine-oxidases, expanded genetic

code methods
Introduction

Since the pioneering work by Charles Friedel and James M. Crafts'*, the Friedel Crafts (F-C)
reaction has been one of the most powerful synthetic approaches for producing C-C bonds by
activation of C-H bonds in aromatics, with the potential for making millions of compounds at
both academic and industrial levels.? In addition to the petrochemical industries, F-C reactions
have broad applicability in pharmaceuticals, dye and agrochemical industries.*> In this typical
substitution reaction, an arene acting as a nucleophile is treated with an activated electrophile
to form a C-C bond. Traditionally, this would involve an alkyl halide to generate the
electrophile in the presence of a strong Lewis acid (aluminium chloride, zinc chloride, boron
trifluoride, etc.) or strong Bronsted acid (sulfuric acid etc.). The production of corrosive waste
during the workup and use of hazardous solvents has led scientists to explore milder and more

environmentally friendly alternatives.®”

The development of reusable catalysts such as
lanthanide trifluoromethanesulfonate®® showed some practical applications, but the scope has
been limited. The development of solid acid catalysts or heterogeneous catalysts (heteroploy
acids and their salts', resin-supported peptide catalysts'!, zeolites'?, clay montmorillonite'?,
mesoporous oxides!* and ionic liquids immobilized on polyacrylonitrile fibres', etc.) by
various research groups for performing F-C reactions gained some industrial relevance due to

their comparatively easy separation from products and high recyclability, but over-alkylation

of arenes and stereochemical configuration can lower the yield of the desired product.'® More

2



than 100 years after the work of Friedel and Crafts, Casiraghi and co-workers reported the first
example of an asymmetric version of this reaction by developing a method for ortho-specific
hydroxyalkylation of phenol,!” which was then expanded to a variety of aromatic compounds

and alkylating agents.'®!”

Enantioselective asymmetric synthesis is vital in the pharmaceutical, fragrance, and food
industries,?® and in this context, the enzyme-catalyzed chemical processes have shown
unparalleled chiral (stereoselectivity) and positional selectivity (regioselectivity) under milder
and greener conditions. Fewer by-products, acceptability towards a wide range of substrates,
and no need for protection and deprotection strategies to carry out the enantio- and
regioselective transformations has attracted chemists to explore potential enzymes for
asymmetric F-C reactions.?! In the last two decades, the field of biocatalysis has developed into
a mature technology because of advancements in molecular biology techniques and modern
bioinformatics and computer modelling-supported enzyme engineering that can be used to
design and produce desired enzymes rapidly.??~>> These advances have enabled several groups
to develop enzymatic asymmetric F-C reactions. Herein, we focus on past and significant recent
developments in bio-catalyzed/enzyme-catalyzed F-C reactions on non-natural acceptors.
Prenyltransferases are excluded from this article because Mori et al. recently published a

detailed review of this class of enzymes.?¢

Artificial metalloenzymes

Artificial matalloenzymes (ArMs) are gaining popularity for the opportunities they present to
do new-to-nature reactions.””*® As ArMs are, by definition, manufactured rather than
benefitting from billions of years of evolution, they showcase how advancement in human
understanding can enable the design of enzyme-like activity and selectivity for a particular

reaction using a combination of protein/DNA and transition metals.”’ In ArM synthesis, the



careful selection of a protein scaffold (computationally assisted and mechanistically
understood) and abiological metal cofactor can provide a rudimentary enzyme which can then
be subjected to synthetic biology approaches to develop highly active and selective enzymes

for new-to-nature reactions.’**! The promiscuity introduced by the abiotic metal ion creates

32,33

new opportunities to perform a wide range of chemical reactions.

Figure 1. Mutant LmrR protein scaffold was prepared by incorporating BpyAla is highlighted
in orange (M89). The blue colour shows the various other position chosen for mutagenesis in
addition to BpyAla. The best result was obtained with LmrR_M89BpyAla_F93W. The image

was created using PyMOL and PDB ID 3F8F.

One such enzyme, Lactococcal multidrug resistance regulator (LmrR), is a privileged protein
scaffold due to its flexibility and adaptability to accommodate a vast range of changes.’*3>
Through chemical modification and expanded genetic code methodologies,*® Gerard Roelfes
and co-workers developed various mutants of LmrR by incorporating metal-binding unnatural
amino acids into the protein scaffold.’” They studied F-C alkylations of indole with o,p-
unsaturated acyl-imidazoles by introducing the noncanonical amino acid (2,2'-bipyridin-
Syl)alanine (BpyA) at various positions, as shown in Figure 1.® The change at position 89

resulted in a mutant that could produce compound 3 in 80% enantiomeric excess. In addition

to that, additional mutation at position FO3 with tryptophan (FO93W) in LmrR protein and
4



copper (II)-phenanthroline ligand also gave compound 3 in 94% conversion and 83%

enantiomeric excess (Scheme 1).°® In contrast, the same group found that simple covalent

anchoring of the metal complex by a cysteine residue did not yield any F-C product.®*°

Conversion 82%
ce 94%

QacR_Y123Bpy_Cu(ll)

(0]
N
Q\/N\ H

o =

Conversion 94%
ee 83%

Scheme 1. F-C alkylations reaction catalyzed by ArMs.

For ArM synthesis, other multidrug resistance regulators, such as CgmR, RamR and QacR,
from the TetR family, were chosen because they have several aromatic residues surrounding
the catalytic site (Figure 2) that could be easily modified by in vivo incorporation of
noncanonical amino acids by amber stop codon suppression methods. Among these ArMs, the

modified QacR protein scaffold, QacR_Y123BpyA, gave proved very successful for catalysing



the F-C reaction giving compound 4 with enantioselectivity of 94% and a conversion rate of

82% (Scheme 1).*!

Figure 2. A) Surface representation of protein QacR in complex with ethidium (grey) (PDB
ID 3PM1), orange colour shows the amino acids changed by mutagenesis (Y103, Q96, Y123,
W61). B) Surface representation of protein CgmR in complex with ethidium (red) (PDB ID
2707Z), orange colour shows the amino acids (W63, L100, W113, F147) where modifications
were done. C) Surface representation of protein RamR in complex with ethidium (grey) (PDB
ID 3VVY), orange colour shows the amino acids (Y59, W89, Y92, F155) where unnatural

amino acids were incorporated.

Over the last decade, the catalytic potential of aniline has been widely exploited for the
formation of hydrazones and oximes.***? In this form of nucleophilic catalysis, aniline forms a
protonated Schiff base intermediate that enables transimination and accelerates the reaction.**
To expand further the scope of catalysis in F-C alkylation, Roelfes and his group used expanded
genetic code strategies to introduce the noncanonical amino acid para-aminophenylalanine
(pAF) at position 15 of the LmrR protein scaffold to harness the nucleophilic potential of the

aniline side chain (Figure 3).4546



Figure 3. The surface representation of Mutant LmrR,
LmrR_VI15BpyAF__L18R_S95G_MS&9N based on PDB ID 3F8F. The noncanonical amino
acid, pAF, is highlighted in orange (V15), and other positions (light blue) were chosen for

mutagenesis in addition to pAF. This particular mutant gave the best F-C results.

F-C alkylations were studied between a,p-unsaturated aldehydes and indoles using the
enzyme without the metal ion and chelating group.*’ They proposed that the pAF residue
helped in catalyzing the reaction by forming an intermediate iminium ion species with enal
substrates, and the protein scaffold provided stereoselectivity and rate acceleration. Their
alanine screening experiments showed the microenvironment created for catalysis by the
quartet mutant, LmrR_pAF_L18R_S95G_M89N (LmrR_pAF_RGN), was better than the
LmrR_pAF mutant (Figure 3). With hex-2-enal and an indole substrate, the
LmrR_pAF_RGN enzyme afforded compound 6 in 74% yield and 87% ee, following
reduction. The shorter chain but-2-enal gave an improved yield up to 95%, but ee decreased
to 58% (Scheme 2).*” In one of their recent articles, the same group showed the potential of
LmrR_pAF scaffold in performing the challenging tandem F-C alkylation-enantioselective

protonation (FC-EP).*8
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Scheme 2. F-C alkylation reaction catalyzed by LmrR_pAF_RGN ArMs.

Another noncanonical amino acid (8-hydroxyquinolin-3-yl)alanine (HQAIla) has also been
explored for catalysis of F-C reactions. Hydroxyquinoline has been used as an analytical
reagent for binding transition metals trhough an N-O bidentate binding mode.*’ 3 Previously,
Wang and co-workers incorporated HQAla into a Z-domain protein using amber stop codon
methodology and used it as a fluorescent probe and to complex a Zn>* ion which allowed
determination the protein structure by single wavelength anomalous diffraction (SAD)
phasing.’! Roelfes and his group introduced HQAla into LmrR protein scaffolds and studied
F-C alkylation reactions. With 9 mol% of Cu(NOs3) and a slight excess of

LmrR_V15HQAIla_Cu" catalyst, the final product 10 was obtained with 97% yield but



relatively low enantioselectivity (less than 5%).% They hypothesized that the high conversion
to product might be because of solvent exposure of HQAla at the mutation site as this could
also account for the low enantioselectivity. As HQAla has good affinity towards different
metal, ArMs incorporating this amino acid might provide a good approach for other unexplored

chemical reactions.

Q:T)k/\ LmrR_V15HQAla_Cu?*

120 mM MOPS, 150mM NaCl

. pH 7.0 N
MeQ
\m 10 MeO
S
b Yield 97%
9 e = 5%

Scheme 3. F-C alkylation reaction catalyzed by LmrR_V15HQAIla_Cu" ArMs.

An alternative, more simple approach for manufacturing ArMs is to adopt a supramolecular
strategy, in which the system self-assembles upon mixing the protein and metal complex
without covalent modification of scaffold. Roelfes’ group used this approach to develop LmrR-
based ArMs. The two tryptophan moieties (W96 and W96') of this homodimeric protein bind
to aromatic compounds by m—stacking, for example showing affinity with Cu®* complex of
1,10-phenanthroline. This supramolecular complex was used for F-C alkylation with substrates
shown in scheme 1, and compound 3 was obtained in 100% yield and 94% ee.”

Structural dynamics of enzymes/proteins, such as conformational changes (loop motions,
partial folding/unfolding, etc.), are essential to provide structural complementarity of the active
site to the transition state of the catalyzed reaction.’*3-¢ These changes can sometimes result

in alternative or secondary active sites. A subset of structural dynamics is the binding of



cofactors, or their exchange, between various cofactor-binding sites. While this feature is less
common in natural enzymes, in ArMs, which are artificial, it is quite possible that the binding
of cofactor can happen at more than one location and impact the outcome of the reaction. The
dynamic behaviour in terms of positioning the abiological cofactor has been studied in the
context of vinylogous F-C and tandem F-C alkylation reactions, as shown in Scheme 4. The
difference between these two reactions is that chirality is induced at the conjugate addition step
in the vinylogous F-C reaction. Whereas, in tandem F-C reactions, chirality is not rendered at

the conjugate addition step but in the subsequent protonation step (Scheme 4).

2820 mM MOPS pH = 7
s % 150 mM NaCl, 4 °C, 48 h,

o route 2
N‘H.
.
5
11

120 mM QacR
90 mM CUI:NDa}z

~1C
N Yield ee

H 2 Route 1 B1+14 9% 99%
Route 2 32 + 8% 64+6%
Route 3 38% 83%

Scheme 4. Route 1: Vinylogous F-C alkylation catalyzed by LmrR_A92E. Route 2 and 3:
tandem F-C alkylation reaction catalyzed by LmrR_W96A and QacR_C72A_C141S mutant

ArMs.

In these reactions, the Cu(II)-phen complex sandwiched between two tryptophan residues, W96

and W96/, is crucial for F-C reaction. A single point mutation at position A92E resulted in

10



product 3 of the vinylogous F-C reaction with the highest activity and selectivity (ee up to
99%). MD simulation data indicated that the A92E mutation generated a hydrogen bonding
network at the back of the active site and made the necessary structural rearrangements for the
Cu(II)-phen ligand to fit better there. However, very low enantioselectivity was observed in
the case of tandem F-C reactions, although the use of an inhibitor, Hoechst 33342, which blocks
the positioning of Cu(Il)-phen ligand, or a point mutation at W96A increased the
enantioselectivity of tandem F-C product 12.°7 Roelfes and co-workers explained this
dichotomy by proposing the cofactor dynamics shown in Figure 4, in which most cofactor
binds in between the tryptophan residues, which is the primary active site, however a small
fraction of cofactor could bind at a secondary active site on the LmrR protein scaffold. Similar
trends had been reported in DNA-based catalysis, where cofactors bind at multiple locations
reversibly, affecting the catalytic activity and selectivity.>® In both the F-C and tandem F-C
reactions, the outcome of catalysis was dominated by the primary active site, giving the F-C
product with high enantioselectivity, but no enantioselectivity in the case of tandem F-C
reaction. However, by blocking or eliminating the primary active site, enantiomeric excess of
the tandem F-C product was increased. They concluded that these changes in activity and
selectivity arise from dynamic interconversion of the binding position of the metal cofactor.’

Primary cofactor binding
site botwesn two tryptophan

—y T F‘i_" —
& o o=

Putative secondary
cofactor binding sito
olsewhoro on the protein

Figure 4. Proposed model about dynamics of cofactors in LmrR based ArMs scaffold. Most of
the metal cofactor binds at the primary site between two tryptophan residues, giving high ee in
F-C reactions that take place at this site. A small fraction of metal cofactor binds at a secondary

site which favours higher ee for the tandem F-C reaction.
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The potential of other members the TetR family of multidrug resistance regulator proteins
(QacR, CgmR, RamR and their mutants) for catalyzing F-C alkylation by the supramolecular
approach has also been explored.” These artificial metalloenzymes were created by self-
assembly of each protein and Cu(phen)(NOs3)> complex and resulted in an enantioselective F-
C reaction having ee up to 75%,% and a QacR_C72A_C141S mutant catalyzed the tandem F-
C reaction with 83% enantioselectivity (Scheme 4, route 3).°* In a recent report from the same
group, a supramolecular assembly of LmrR and copper (II)-phenanthroline complex was made
in the cytoplasm of E. coli cells, demonstrating that a whole-cell system could be active in
catalysis of enantioselective F-C alkylation reactions.®’ The incorporation of artificial
metalloenzymes into biosynthetic pathways is a significant step toward developing a hybrid
metabolism for synthetic cells.

Eppinger and co-workers designed and developed ArMs based on a fluorescent protein
scaffold, which they called mTFP*, and a natural amino acid anchoring strategy. ® The
resulting proteins showed high stability towards pH change, temperature and organic solvents.
Through site-directed mutagenesis, they developed two variants, mTFP“" and mTFPEHH
(Figure 5), both of which showed high affinities for several metal ions. The F-C alkylation
reactions performed with these mutants yielded compound 15 with up to 93% ee (Scheme 5).
By introducing amino acid motifs capable of chelating metal ions and creating a binding pocket
of adequate size and shape, they showed the catalytic application of a non-catalytic protein

scaffold. This strategy can open new pathways for engineering other catalytically active ArMs.
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Figure 5. Mutant fluorescent ArMs, named mTEP"H (yellow) and mTEPEH (blue) developed
by Fischer et al.®> This image was created in PyMOL using PDB ID 4Q9W. Mutated amino
acids are shown in orange [cysteine (I1197C), histidine (Y200H) and histidine (Y204H) in the
mTEP M glutamic acid (I197E), histidine (Y200H) and histidine (Y204H) in mTEPE! and

the fluorescent chromophore is shown in pink.

12 mol % mTEFCHHmTFPERH
10 mol % Cu(NO3)s
50 mM MES

N
4°C, 48 h %:N

Enzyme Yield ee
mTEFCHH 149, 929%
mTEFEHH 249, 929

Scheme 5. F-C alkylation by fluorescent protein mTFP“"H and mTFPEHE,
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Methyltransferases

Methyltransferases (MTase) catalyze the introduction of a methyl group into biologically
important molecules such as proteins, DNA/RNA and other small biomolecules.®® MTases are
a large group of enzymes that can be further divided into class I, II, and III proteins.®* In class
I MTases, the Rossmann protein fold helps in binding the cofactor, S-adenosyl-L-methionine
(SAM), by interaction with highly conserved acidic residues (aspartic acid/glutamic acid) and
a glycine-rich region that adopts a beta turn around the SAM (Figure 6).% The CouO and NovO
methytransferases from Streptomyces rishiriensis and Streptomyces spheroids, respectively,
use the cofactor SAM to transfer a methyl group for producing antibiotics Coumermycin A and
novobiocin.®®¢7-%8 Gruber-Khadjawi and co-workers showed that the sequence homology
between CouO and NovO was up to 84%. Both enzymes accepted a wide variety of substrates
(16) and chemically modified SAM derivatives (17) and the final products (18) were obtained

with excellent regioselectivity (Scheme 6).%
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Figure 6. Surface representation of protein methyltransferases from PDB ID 5MS58. The
binding of SAH cofactor (yellow) by Rossmann-like fold, just above the hydrophobic cavity
containing amino acids residues (R116, H117, H120, R121, F147, F164, W170, W178 and Y

216) shown in orange.
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Scheme 6. F-C alkylation through CouO and NovO
Another article explored the potential of other SAM-dependent methyltransferases such as
SfmM?2, SacF, SibL and Orf19 (Scheme 7).”° Compared to CouO and NovO, these enzymes
are highly substrate-specific, nonetheless, they can accept a broad range of cofactors. SacF and
SfmM2 are involved in the biosynthesis of 3'-methyltyrosine, an essential precursor of
tetrahydroisoquinoline moiety in safracin and saframycin antibiotics. Using wide varieties of
substrates and cofactors, they showed that these enzymes prefer the natural L-tyrosine
substrate, however, they can tolerate D-tyrosine. An increase in the size of the alkyl substituents
on SAM analogs decreases the conversion to product. SibL and Orfl9 enzymes showed
specificity towards only 3-hydroxykynurenine as substrate, however, the enzymes could

perform regioselective monoalkylation with a variety of SAM analogs. The limited substrate
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selectivity could be overcome by modifying these enzymes using site-directed mutagenesis and

expanded genetic code techniques.

O
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but-2-ynyl, benzyl
i Orf19 HO PP
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Scheme 7. F-C reaction by methyltransferases such as SacF, SfmM?2 and Orf19.

Burley and co-workers created a one-pot, two-step scalable biocatalytic platform for F-C
methylation or ethylation of aromatics with SalL. and NovO.”' To address the inherent
instability of SAM, diastereomer formation in chemical synthesis and difficulties in
purification, they used in situ production of the cofactor, SAM, and its analogs.72 Previously,
SAM was synthesized chemoenzymatically with the help of the enzyme SalL. from 5'-deoxy-
5-choloroadenosine (23) and methionine (24), which are relatively cost-effective.”® For the first
time, they utilized SalL for in situ synthesis of SAM analogues, followed by C-methylation of
aromatic substrates using NovO in one-pot procedure and obtained F-C product, 27, in
excellent yield. The authors performed their reactions on 20 mg of substrate, which they noted
was the first preparative-scale example of a tandem process with in situ formation of SAM.
The results demonstrate the potential for this scalable enzymatic approach, and also illustrate

that there is still some way to go to reach industrial scale reactions.
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Scheme 8. One pot, two enzyme processes involving in situ formation of SAM by SalLL enzyme

and C-methylation by NovO.

Acyltransferases

Acyltransferases play vital roles in numerous biosynthetic pathways that require transfer of
acyl moieties to biologically important substrates, such as membrane phospholipids,’
triglycerol and wax esters,” polyketides,’® lysozyme,”’ etc. Acyltransferases involved in
primary and secondary metabolic processes generally utilize acyl-CoA derivatives as donor
substrates.”® For detoxification of antibiotics like chloramphenicol, aminoglycosides,79

80 phosphinothricin,®' etc., CoA-dependent O- and N-acylation processes

streptothricin,
frequently occur in bacteria. Compared to O- and N-acylation, very few enzymes are known
for C-acylation. Kroutil and co-workers discovered that enzymes PpATase and PfATase,
isolated from bacteria Pseudomonas protegens and Pseudomonas fluorescens, catalyze F-C

acylation reactions.®?
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Figure 7. The crystal structure of PpATase protein was drawn using PDB ID 5SMGS. Structure
of phIACB (PhIA = orange and light orange, PhIB = red and PhIC = green and light green).

PhIB connects PhIA and PhIB. Below is the reaction catalyzed by PpATase.

PpATase is composed of three subunits (Figure 7): PhIA, PhIC and PhIB, which are arranged
as a PhI(A2C»):B4 heterododecamer, in which there are four copies of each subunit.’* The
expression of the entire PAIACB operon is necessary for catalytic function since mixing of
individual subunits after their expression in E. coli did not show any catalytic activity for F-C
reaction.’ It was found that this multi-component enzyme catalyzes a reversible
disproportionation reaction between monoacetylphloroglucinol (MAPG), phloroglucinol and
diacetylphloroglucinol (DAPG).®> Moreover, no cofactor is required for its catalytic activity.
After structural analysis, Gruber and co-workers showed that F-C acylation was carried out by
only the PhIC subunits.®* In another report, the same group identified various Pseudomonas
strains that have acyltransferase activities and standardized the conditions for expressing wild
type and recombinant proteins.®® PpATaseCH has been demonstrated to receive a variety of
acyl donors and transfer an acetyl moiety to a phenolic acceptor in an F-C acetylation, as shown

in Scheme 9 route 1.3 With DAPG as acyl donor, resorcinol derivatives were converted into
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the acylated product 32 with efficiencies up to 99%, and O-acylation was not detected.
However, with N-acylimidazole (N-Aclm) derivatives, O-acylated products were formed that
undergo Fries rearrangement in the presence of the enzyme, yielding final C-acylated F-C
products with moderate yield. Another acyl donor, isopropenyl ester (IPEA), led to the
formation of an O-acylated product similar to N-AcIm, but with higher conversion up to 98%.%
In another article, they explored the potential of vinyl acetate, non-activated aliphatic esters,
acetanilide derivatives, phenylacetate and their derivatives as acyl donors, as shown in scheme
9, route 2.8 No conversion was obtained with non-activated aliphatic esters and acetanilides,
but with phenyl esters, 99% conversion to F-C acylated product 33 was observed. The

phenylesters did not undergo Fries rearrangement, acting only as acyl donors for acylation of

resorcinol.
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Scheme 9. ATase catalyzed F-C acylation reaction
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Imidazole was found to increase conversion to the product. Hence, the effect of other amines,
e.g., methyl imidazole and 1,4-diazabicyclo[2.2.2]octane (DABCO), was also studied and it
was found that when using DABCO, fewer O-acylation products were observed but a more
moderate yield (73%) was obtained.” The catalytic power of PpATase enzyme for utilization
of thioesters as acyl donors was investigated by Kroutil and co-workers (Scheme 9, route 3).3
Among commercially available thioesters, ethyl thioacetate was the best acyl donor with a
conversion to product of 99% (88% isolated yield), but the enzyme was sensitive towards high
substrate loading, with lower yields at higher substrate concentration. The addition of
imidazole improved the conversion significantly with the butyl-substituted resorcinol
substrates. This method tolerated a wide variety of functional groups at the C-6 position of
resorcinol (Scheme 9, route 3).38

PpATaseCH transfers only acetyl or propionyl groups to resorcinol and its derivatives, with no
extended chain acyl donors, such as butanoyl, being accepted by the PpATase enzyme. Crystal
structure analysis of PpATaseCH (PDB 5MGS5) identified five residues, F148, L300, L.383,
Y386 and Y298, which were confining the active site space for the acyl group.®’ These selected
amino acids were substituted with sterically less demanding amino acids (e.g., alanine or
valine) using site-directed mutagenesis. A library of 12 variants was constructed and examined
for catalysis of the F-C acylation (Scheme 9, route 4). Notably, only the single point mutants
F148V or F148A displayed acceptance of longer chain acyl moieties such as butanoyl
phloroglucinol and hexanoyl phloroglucinols. A broad range of phenyl ester derivatives was
also investigated as donor substrates to catalyze the acylation reaction with resorcinol.
Conversion rates and yields with these sterically crowded acyl donors were moderate, but with
alkoxy alkyl phenyl esters, such as methoxyacetyl phenyl ester and ethoxylacetyl phenyl ester,
99% conversion and up to 99% yield was achieved.®’

CylK
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Cylindrocyclophanes 35 are cytotoxic natural chemicals produced by photosynthetic
cyanobacteria,which exhibit an unusual [7.7] paracyclophane ring structure.”® A team led by
Belakus discovered the enzymatic machinery for their biosynthesis and found the enzyme CylK
catalyzed stereospecific C-C bond formation between the aromatic and alkyl parts leading to
head to tail dimerization (Scheme 10).°! They subsequently explored the potential of CylK
using non-natural substrates.®” The study concluded that CylK accepts a wide variety of alkyl
halides as electrophiles (Scheme 11), but their acceptance of other aryl substrates (resorcinol

derivatives) is minimal.
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Scheme 10. Synthesis of cylindrocyclophane F, [7.7] paracyclophane scaffold, through head-

to-tail dimerization of (S, R)-33 by CylK.
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Scheme 11. CylK mediated F-CAlkylation

Under mild conditions, this unprecedented example of stereospecific and regioselective
alkylation at 2-position of resorcinol (38) has the potential to streamline the tedious synthesis
of benvitimod (39) which is currently in clinical trials to treat plaque psoriasis.®® Its multi-step
chemical synthesis involves harsh conditions and as is not stereoselective, making it
impractical for preparing derivatives other than the compound with the symmetrical isopropyl
group. However, the use of CyIK not only overcomes the above-mentioned drawbacks but also
shows potential towards other substrates, such as resveratrol derivatives (41). While CyIK can
be used to make chiral versions of benvitimod, so far only an analytical scale of the reaction
has been reported with low conversion to the product.”?> While this work represents an advance
in accessing stereoselective routes toward such drugs, there is clearly still much work to be

done to optimise and scale up such processes to reach an industrial process. Nonetheless, it is
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quite realistic to expect that enzymatic engineering techniques can expand their scope by
overcoming the existing limitations and giving the pharmaceutical industry a biocatalyst for

the stereospecific and regioselective synthesis in the future.

Figure 8. Crystal structure of CylK with ligand drawn using PyMOL from PDB ID 7FH7.%*
It consists of the N-terminal domain (NTD) and B-propeller domain (BPD) and active site at
the interface of the NTD and BPD. Inset is an enlarged view of the cavity with two molecules
of the substrate arranged in a head-to-tail fashion which brings the electrophilic group of each
substrate into close proximity with the nucleophilic benzene ring of the other substrate. The
important amino acids (Glu 374, His 391 and Asp 440) for binding and catalyzing the F-C
alkylation are shown in green. In addition, other important mutant variants prepared by site-
directed mutagenesis of amino acids at various positions [84 (threonine), 105 (arginine), 376
(aspartic acid), 414 (threonine), 457 (asparagine), 473 (tyrosine) and 499 (phenylalanine)] are

shown in cyan.
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Recently, Xiang and co-workers elucidated the crystal structure and catalytic mechanism of
CylK.** The structure of CylK proteins consists of an N-terminal domain (NTD) having 237
amino acids and B-propeller domain (BPD) having 415 amino acids. The long, flat and
extensive hydrophobic catalytic site is formed at the interface of the NTD and fPD domains.
From the crystal structure, free energy simulation and site-directed mutagenesis experiments,
they proposed a concerted double activation mechanism of F-C alkylation. They showed that
two substrate molecules bind in a head-to-tail fashion in the catalytic site (Figure 8). The C-Cl
bond of one substrate is activated by interactions with three key amino acids (Thr84, Argl105
and Tyr473). Simultaneously, another amino acid, Asp440, deprotonates the hydroxyl of the
resorcinol ring of a second substrate molecule, resulting in electron enrichment at C-2. This
nucleophilic carbon attacks the electrophile from the rear resulting inversion of
stereochemistry. In addition, they used mutagenesis experiments to prove that the negatively
charged amino acids, Glu374 and Asp440, are essential for the catalysis. This structural view
of the reaction mechanism will be helpful in further exploration of the full potential of this

enzyme.

o-Chymeotrypsin

The a-chymotrypsin enzyme is a member of the hydrolase family generally known for
proteolytic and esterolytic activity.> Its enzymatic properties and mechanism for hydrolysis of
peptide bonds, have been thoroughly explored since 1970.% Its low cost, stability for storage,
and abundant supply make this enzyme a good catalyst for potential applications.”” Guan and
co-workers used this enzyme to do F-C reactions between indoles and isatins to make 3-
hydroxyoxindole and 3,3-bis(indol-3-yl)indolinones.”® Both are essential scaffolds in the
number of natural and pharmaceutical products and have a wide range of biological activities
such as antiviral, anticancer, antibacterial and anticonvulsant activity.99 As demonstrated in
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Scheme 12, stereospecific 3-hydroxyoxindole (44) and 3,3-bis(indol-3-yl)indolinones) (45)
were synthesized in dichloroethane and methanol solvent systems, with the final products

obtained in up to 97% yield.”®
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Scheme 12. o-chymotrypsin catalyzed the F-C alkylation reaction between indoles and isatins.

Monoamine Oxidase (MAO-N)

Monoamine oxidase belongs to the flavin-dependent amine oxidases protein family, and it
carries out the oxidation of amine-containing substrates lacking an o-carboxyl group.!%10! In
1995, Schilling and Lerch identified this enzyme (MAO-N) from Aspergillus niger.'°> The

gene was later cloned and expressed in E. coli and oxidation of simple amines was carried out

but with low activity.'®® Turner and his team used directed evolution to improve this enzyme
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for a broader range of substrates.!®*!% They showed that the five-point mutant variant
(Asn336Ser/Met348Lys/Ile246Met/Thr384 Asn/Asp385Ser or MAO-N-D5; Figure 9) showed

excellent activity towards a variety of substrates.!*

Figure 9. Crystal Structure of MaO-N D5 drawn using PDB 2VVM. The spheres represent the

mutation sites (Asn336Ser/Met348Lys/Ile246Met/Thr384Asn/Asp385Ser).”®

The aza-F-C reaction is an enantioselective addition of aromatic and heteroaromatic
compounds to a-imino derivatives and usually needs to be performed in organic solvent and
with Lewis/Bronsted acid catalysis. Orru and co-workers displayed the potential of the MAO-
N D5 enzyme to accomplish aza-F-C reactions to synthesize chiral 2-substituted pyrrolidine
derivatives under green conditions.!”” They developed a one-pot, two-stage protocol in which
the amine a-carbon was first activated by biocatalytic oxidation before the addition of the
pyrrole derivative C-nucleophile without the need for further addition of catalyst (Scheme 13).
The final product, 48, was obtained as a single diastereomer in good yield (up to 85%) and high
enantioselectivity (up to 99%). The reaction was performed under standardized conditions
with a variety of other pyrrole and indole derivatives, leading to moderate to good yields with

high enantioselectivity. Moreover, N-methyl-pyrrolidines also undergo oxidative aza-F-C
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reaction but with low enantioselectivity. Nonetheless, this benign method can produce

industrially important, highly functionalized chiral small pyrrolidine molecules in one pot.

MAO-N D5

pH 7.5, KH,PO, buffer
2 equiv. pyrrole

Yield ee

X=0 67% 95%
X=C 85% 99%
Scheme 13. Chemoenzymatic oxidative Aza-F-C reactions by MAO-N D5.

DNA-based Catalyst and Deoxyribozymes

The concept of DNA-based chirality transfer catalysis was developed by Ben Feringa and his
team in 2005.!% In their approach, they made a hybrid catalyst by combining DNA with a
DNA-intercalating transition metal complex that can bind with reactants, stabilize the transition
state and transfer the chirality from the DNA helix to the product.'® Using this hybrid catalyst,
the enantioselective Friedel-Crafts alkylation process of 5-methoxyindole 9, with an ao,f-

).!'9 During optimization

unsaturated 2-acylimidazole 1, was performed in water (Scheme 14
of the process, it was found that the DNA sequence was the most crucial variable for success
of the reaction. Combining self-complementary oligonucleotide d(TCAGGGCCCTGA), with
a Cu(4,4-dimethyl-2,2-bipyridine) ligand yielded F-C product 10 with 93% ee.''® They
discovered that this DNA-based hybrid catalyst could be used multiple times without
decreasing yield and enantioselectivity, achieving 75% yield and 81% ee even in the third run.
A kinetic study of F-C alkylation reactions using similar substrates found that DNA not only

gave rise to the enantioselectivity, but also increased the reaction rate (9-27 fold) of F-C

reactions.'!!
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Roelfes and his team members used a thiazole moiety instead of N-methyl imidazole as the
copper-chelating substrate.!!'? F-C alkylations were performed with a-substituted enone [2-
methyl-1-(thiazol-2-yl)pro-2-ene-1-one] 11 and various indole derivatives in water. After
adding indole at the B-position, subsequent protonation at the prochiral acceptor produces a
stereocenter at the a-position. The 5-morpholinoindole derivative 49 gave tandem F-C product
50 with excellent 84% enantioselectivity (Scheme 14 route 2). Fluorescence and UV
spectroscopy data showed that 5-morphoindole was also bound to DNA in addition to the
metal. No side products were obtained in the presence of DNA, and reactions were significantly
faster. They demonstrated a large rate acceleration (at least 700-fold and up to 990-fold) due
to the DNA-based bimolecular scaffold.!!" After the kinetic and binding investigations, it was

found that the DNA grooves, where the reaction happens,'!*!!*

act like micelles concentrating
the substrates and other reaction components, resulting in acceleration of the reaction rate. The
high enantioselectivity of the reaction was attributed to second coordination sphere

interactions. These studies demonstrated that DNA-based catalysis could effectively complete

chemically challenging processes in water.'!?
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Scheme 14. The utilization of a DNA-based hybrid catalyst for enantioselective F-C reactions.
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The strong binding of cisplatin complexes to DNA was also exploited to develop a DNA-based
hybrid catalyst and applied in the F-C reactions.'!> However, in this covalent anchoring
approach, lower activity and enantioselectivity were obtained than the supramolecular
approach used previously. Instead of 4,4'-dimethyl-2,2'-bipyridine, Qiao and co-workers used
similar bisbenzimidazole derivatives, {N,N-bis(1H-benzimidazol-2-ylmethyl)-amine(IDB)
and N,N-bis(1H-benzimidazol-2-ylmethyl)-acetamide [IDB(N-acetyl)]} as catalytic ligands for
F-C asymmetric alkylation reactions (Scheme 14). F-C products were obtained with IDB(N-
acetyl) as the catalytic ligand, but no F-C alkylation was observed with IDB_Cu?*/st-DNA.!!®
Although the conversion rate was good (up to 99%) with IDB(N-acetyl) as catalytic ligand, the
stereoselectivity was very low (up to 27% ee). A series of spectroscopic assays (CD spectra,
UV-Vis titration assay, Raman spectroscopy, singular value decomposition analysis etc.) were
used to determine the binding modes of ligand-Cu?* complexes to DNA. They concluded that
binding of the ligand [IDB(N-acetyl)-Cu?** complex] closer to the centre of the DNA scaffold
might create an effective chiral environment for enantioselective synthesis. Overall, this
detailed spectroscopic study cast light on dynamics and mechanistic aspects of DNA-based
asymmetric catalysis.!!®

Inspired by previous works, Sugiyama and co-workers performed intramolecular F-C
reactions.!!” They demonstrated the synthesis of intramolecular F-C products 52 in up to 82%
ee with d(TGTGTGCACACA); as the oligonucleotide sequence in the presence of copper-5,6-
dimethyl-1,10-phenanthroline (5,6-dmp) complex (Scheme 15 route 1).!'® They claimed that
Z-DNA, a left-handed chiral scaffold, gave opposite enantioselectivity compared to B-DNA,

but with low enantiomeric excess.''®
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Scheme 15. Intramolecular F-C reaction catalyzed by DNA-based hybrid catalyst.
In the above studies, there is very little information about the position of the metal-ligand
complex in the DNA scaffold because controlling its location as a supramolecular complex
with DNA is challenging. Without knowing the precise position of the metal-ligand complex
in the DNA scaffold, it is difficult to understand structural and mechanistic aspects of the
reaction. Therefore, Sugiyama and his team developed new DNA-hybrid catalysts using a
covalent anchorage strategy in which a bipyridine derivative was incorporated in the phosphate
backbone of a 13-mer oligonucleotide sequence.!! They applied this advanced catalytic system
to intramolecular F-C alkylation, as shown in scheme 15, route 2. They found that the catalytic
behaviour depended upon several factors, including the counter base of the ligand, the size of
the binding pocket, neighbouring bases, and the disposition of ligands. High enantioselectivity
(up to 84%) was obtained with a DNA-based catalyst in which the intrastrand bipyridine ligand
was at the centre of DNA duplex, flanked by G and C nucleotides, and with cytosine as the
counter base on complementary DNA strand. Molecular modelling of the product 52 and DNA

hybrid catalyst indicated that the major groove was likely to be the binding site. Understanding

the catalyst structure can be helpful in further designing and tuning DNA-based hybrid
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catalysts, and this covalent attachment strategy made rationalization of the DNA-based hybrid
system relatively easy.!!”

Interestingly, it has been established that DNA base modifications at the 5-position of
pyrimidines are known to put the substituents in the major groove of the double helix, whereas
2-modifications put them in the minor groove.!'?*!*! Smietana and co-workers have considered
the fundamental importance of the metal-chelating ligand’s position!?? and developed tailored
oligonucleotide sequences (ODN1, ODN2 and ODN?3) with a bipyridyl ligand appended to a
thymidine/uridine nucleotide. Combining ODNs with complementary strand ODN4 generated
DNA duplexes (Scheme 16). To analyze the influence of the position of the metallic cofactor
on both reactivity and selectivity, they applied these catalytic systems to tandem F-C conjugate
addition/asymmetric protonation (Scheme 16). 2'-Modified bipyridine-containing duplex,
ODN2/ODN4, was the best bio-hybrid catalyst for tandem F-C alkylation, giving the tandem
F-C product 54 with enantioselectivity up to 86%.'?* Structural examination showed the role
of sugar conformation in controlling the stereoselectivity. They proposed that the sugar exists
in a puckered ring form in ODN2/ODN4 complex and forms a stable A-shaped cavity to
coordinate with a water molecule. The water molecule was sequestered between the 2'- and 3'-
O-subsitutents by hydrogen bonding and was readily available to protonate a prochiral enolate

intermediate.
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Scheme 16. Tailored oligonucleotide sequence for tandem F-C conjugate addition/asymmetric
protonation reaction.

G4 quadruplex DNA made up of a TTAGGG sequence is found at the end of human telomeres.
Mose and co-workers exploited these interesting structures as a chiral scaffolds for catalysis, '’
This aroused the curiosity of Li and co-workers to expand the scope of G4 quadruplex DNA to

F-C reactions.'?*

They investigated intermolecular F-C reactions with a number of G-
quadruplex complexes while using the substrates shown in Scheme 14, route 1, and identified
the importance of loop sequence of the G-quadruplex for achieving good enantiomeric excess
of product. A G4DNA metalloenzyme, simply assembled from G4DNA with Cu®* ions,
showed the highest catalytic conversion (99%) and enantioselectivity up to 75%, while its
combination with other metal ions showed poor results. Furthermore, they studied the impact

of conformation of the G-quadruplex on enantioselective induction by tuning the

concentrations of Na*, K* and PEG200 in the reaction mixtures. Without Na* ions, the G4DNA-
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Cu®* complex is in a labile antiparallel structure, and F-C product was obtained with 49% ee,
but with the addition of Na* ions, a stable and compact antiparallel structure of G4DNA formed

resulting in increased in enantioselectivity of up to 75% at 50 mM concentration. However, in

125,126

the presence of K* ions, G4DNA’s conformation was a hybrid type, and low

enantioselectivity was observed.

Addit Additives

itives -

- PEG200 K™ (100 mM)

Parallel Anti-parallel (2+2) Hybrid (3+1)

Figure 10. The changes in G4DNA conformation on adding potassium ion (K*) and PEG200

as additives.

Interestingly, the G-quadruplex’s conformation changed from antiparallel to parallel on
increasing the concentration of PEG200, but the enantioselectivity of final products was low.
Among the 21-mer oligodeoxynucleotide loop sequences, 5'-GGG(TTAGGG); showed 99%
conversion and 75% ee. Hence, they concluded that the DNA and loop sequences are essential
factors in obtaining activity and selectivity in F-C chiral catalysis.

Due to electrostatic interactions, Cu** bound with G-quadruplex sequence in a very nonspecific
way. As a result, it is difficult to identify the parameters that influence activity and selectivity
in these reactions. Previously, Jaschke and co-workers developed a hybrid catalyst for Michael
additions using a site-specific covalent anchoring strategy to introduce Cu(Il) ions to two
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established G-quadruplex-forming sequences (GQ), namely the human telomeric sequence and
a region of c-kit promotor (c-kit) sequence.!?”!*® Using a similar approach, they developed
modified double-stranded (ds) and G-quadruplex (GQ)DNA-based hybrid catalysts to
understand the role of different secondary structures in enantioselective F-C alkylation (Figure
11).'% In these catalysts, the Cu(Il)-coordinated bipyridine ligand was covalently attached to
the abovementioned DNA sequences by various sized linkers (Figure 11). Among GQDNA-
based catalysts, the best result of F-C catalysis was obtained with pentynyl-bpy-
dU12(GQ)+Cu?* quadruplex catalyst where 5-methoxyindole 9 with an a,B-unsaturated 2-
acylimidazole 1 gave the (-)-enantiomer (10) with 65% ee and 99% conversion, while a
dsDNA-based catalyst provided (+)-enantiomers in up to 62% ee and 27% conversion. With
an increase in linker length between the modified base and bipyridine metal complex, the
conversion rate was increased for the GQDNA-based hybrid catalysts, as shown in Table 1.
They proposed that long and flexible linkers can be crucial in developing selective catalysis.
Hence, the activity and selectivity of the F-C reactions were modulated by the position of DNA
modification, the secondary structure and topology of DNA, and both the nature and length of

the ligand.'®
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Alkynyl-bpy-dU10 (GQ) + Cu(ll)

Alkynyl-bpy-dUA12 (ds) + Cu(ll)

/
&
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Alkynyl-bpy-dU10 (ds) + Cu(ll)

Figure 11. Various modified DNA hybrid catalysts by double standard G-quadruplex

structures. This figure is reproduced from reference'?” under a Creative Commons CCBY4.0

licence (http://creativecommons.org/licenses/by/4.0/).

Table 1. F-C reaction catalyzed by modified double-stranded (ds) and G-quadruplex

(GQ)DNA-based hybrid catalysts'?3

(@]
<\/N\ + (l\lj@/
H

1

S.N. Linker-bipyridine
(bpy) complex

1 Propargyl-bpy
2 Butynyl-bpy

3 Pentynyl-bpy
4 Hexynyl-bpy
5 Heptynyl-bpy

DNA sequence

OMe

ndUl2-modified dUI2-modified DNA ds-dUl10-modified GQ-DNA dU10-modified ds-DNA
DNA

GQ-DNA

conv (%) ee (%) conv ee (%)

164

278

399

499

599

—23

-35

—65

-19

—22

(%)
27
48
63
79

99

+62

+16

+25

+8

-8

conv ee (%)

(%)
44
64
68
65

67

+17

+45

+14

+16

+10

conv ee (%)
(%)

23 +37
36 +21
49 <45
61 +31

88 +33
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6 Octynyl-bpy 699 +29 99 +7 66 +21 89 +40
7 Nonynyl-bpy 799 -13 99 -23 64 +8 89 +53

8 Decynyl-bpy 899 +8 99 -11 65 +7 91 +38

Arseniyadis and his group used L-oligonucleotides (ODNS5 and ODN6) and D-oligonucleotides
sequences (ODN7 and ODN) to show that L-DNA induced opposite stereoselectivity to D-DNA
(Scheme 17).'%° A series of experiments (entries 6-17 in Scheme 17) were carried out by mixing
various concentrations of oligonucleotides (ODNs) or salmon testes DNA (st-DNA) to
investigate the effect of sequence and length of DNA sequence on enantioselectivity. No chiral
bias was observed in the mixing experiments of ODN1 and ODN3 (entries 6-8); however, in
other experiments (entries 9-17), chiral bias is clearly marked. These findings show that
symmetry breaking could have resulted via the spontaneous production of specially selected
sequences from a prebiotic pseudo-racemic pool, as the abundance of left- and right-handed

structures is precisely equal.
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ODMNE = D-dCAGTCAGTACTGACTG)2 B5 +47
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CONBIODNT (25:75) ar +7
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Scheme 17. Asymmetric F-C reactions by L-DNA and D-DNA nucleotide sequence.

To address scalability and industrial use, the same group used commercially available
cellulose-supported DNA-based catalysts (CS-ctDNA) to perform enantioselective F-C
alkylation of 5-methoxyindole 58 with o,-unsaturated 2-acylimidazoles 59 (Scheme 18 route
2).3! Complete conversion and 81% enantiomeric excess of the final product 60 (R; = Me, R»
= H, R3 = OMe) was obtained. Other indole and a,B-unsaturated 2-acylimidazoles derivatives
under the same conditions gave almost quantitative conversion, but the highest
enantioselectivity of 83% was achieved with electron-rich indole derivatives. The authors
demonstrated that the cellulose material could be reused ten times without adding Cu and
dmbpy, underlining the potential cellulose-supported DNA for large-scale applications. They
also implemented the method in a single pass, continuous flow process,'** and discovered that
increasing the amount of immobilized DN A-biohybrid catalyst in the chromatography column
and a slow flow rate led to 96% conversion and 79% ee of the final product 60 (Scheme 18

route 3).'3!
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Scheme 18. a) route 1: F-C alkylations catalysed by DNA linked Hoechst 33258 derivative as

ligand."** b) route 2: F-C alkylations with Cellulose-supported ct-DNA (CS-ct-DNA) using

dmbpy as ligand.'®!. ¢) route 3: CS-ct-DNA-catalysed F-C alkylations under continuous-flow

process'?! by Arseniyadis and co-workers. d) route 4: dsRNA catalysed F-C reactions.!* e) F-

C alkylation with the deoxyribozymes by McNaughton and co-workers.'*

Several approaches have been discussed thus far for anchoring the metal complex to a DNA

chiral scaffold, including: intercalation of coordination complexes into natural dsDNA; second

coordination sphere interactions; and covalent attachment of metal ligands directly to DNA.

Arseniyadis, Smietana and co-workers developed a new anchoring strategy using the
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fluorescent DNA stain Hoechst 33258.'%* Hoechst 33258 binds to the minor groove of dsDNA,
preferring adenine and thymine rich regions.'**!3> Hence, they synthesized various bifunctional
flexible ‘Hoechst-amine’ and rigid ‘Hoechst-alkyne' type ligands by attaching metal chelating
agents to Hoechst 33258 for the coordination to a transition metal (Figure 12). Binding affinity
experiments using multiple techniques, such as UV-vis titration, thermal denaturation,
fluorescence and circular dichroism spectroscopy, revealed that amine-type ligands had a better
affinity towards calf thymus DNA (ct-DNA), poly(d(A-T)2) and various DNA sequences when
compared to the alkyne-type ligands. Amine linkers (61g and 61h) and alkyne linker (61e)
were selected for F-C alkylation with ct-DNA (Figure 12). Fluorescence titration assays
showed that DNA sequences containing AATT base pairs were the strongest binding site for
the complexes. In contrast, DNA sequences containing TATA sequences were the weakest
binding site for the ligand. So, two other oligonucleotide sequences, 5'-
d(CGAATTCGTTTTCGAATTCG)-3" and 5-d(CGTATACGTTTTCGTATACG)-3" were
also synthesized to examine their impact on the enantioselectivity of the F-C reaction (Scheme
18, route 1). They obtained moderate (47% ee) of (+)-enantiomer of product 60 (R; = Me, R»
= H, R3 = OMe) with ct-DNA and ligand h. However, the oligonucleotides having AATT and
TATA sequences, preferentially gave the (-)-enantiomer of product 60 in 26% and 23% ee,
respectively, with ligand h. Similar results were obtained for ligand g, while alkyne-linked
ligand e showed very low enantioselectivity (4-7% ee) with any of the DNA molecules.
Sequence-specific targeting ability opens new possibilities in DNA-catalysed enantioselective

F-C reactions with Hoechst ligands. (Scheme 18, route 1).
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Figure 12. Various bifunctional Hoechst 33258 based alkyne (a-f) and amines (g-k) ligands.

Naturally occurring ribozymes and artificial ribozymes have been used for catalysis of various
synthetic transformations, such as Diels-Alder reactions,'3® Michael additions,'?” and aldol
condensations.'* The role of ribonucleic acid (RNA) in asymmetric F-C alkylations was first
investigated by Arseniyadis and co-workers.!** Short and defined synthetic D- and L-
oligoribonucleotides sequences were used for asymmetric Cu?*-catalysed F-C alkylation,
leading to modest enantioselectivity up to 54% ee with 16mer [5'-
(CAGUCAGUACUGACUG)2] RNA sequence in the presence of a 4,4'-dimethyl-2,2'-
bipyridine (dmbpy) ligand (Scheme 18, route 4). Further understanding of the factors
governing enantioselectivity could help to rationalize and control the RNA chiral environment

to create a competitive chiral scaffold.
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In examples discussed thus far, DNA is used as a chiral scaffold, but metal complexation is
achieved through an added ligand. It is possible for DNA to take on the full role of the enzyme,
and DNA enzymes (deoxyribozymes) have also been investigated as catalysts for chemical
processes. The majority of deoxyribozymes in the literature are reported for bond-forming and

140 and Silverman has reviewed the use of DNA for

bond-breaking activities in nucleic acids,
catalyzing chemical reactions.!*! Subsequently, McNaughton and co-workers identified a 72
nucleotide deoxyribozyme catalyzing F-C alkylations using a gel-shift in vitro nucleic acid
screen (Scheme 18, route 5).14? They carried out the F-C reactions in two ways: in cis and in
trans. In cis reactions, acylimidazole (58) is linked with a particular sequence (M14 DNA) and
generated the F-C product with a 32% yield in the presence of Cu®*. However, in trans
reactions, neither reactant is attached with DNA, and F-C reactions were observed in the
presence of M14 DNA and absences of Cu®* ions. The F-C product 60 (R; = 4-
methyoxyphenyl, R> = H, R3 = OMe) was obtained in 72% yield when using 50 mol% of M 14
DNA in the presence of Cu”" ions, but as the amount of M14 DNA decreased, the yield also
reduced. Less than 10% product could be detected without Cu(NOs3)> or M14 DNA or when
using a random DNA sequence. Since the formation of the F-C product was dependent on

M14DNA, they hypothesized that the catalytic mechanism of deoxyribozymes may be different

from the DNA chirality transfer mechanism described above.

Table 2. Summary of all biocatalyst Friedel-Crafts reaction

No. ArMs yield % (up to) ee% (up to) Ref

1 Vinylogous LmrR_M89BPyA 92 80 38
2 F-C reactions LmrR_M89BPyA 94 83 38

_Fo3w

3 QacR_Y123BPyA 82 94 41
2 LmrR_pAF_RGN 74 87 47
5 LmrR_V15HQAIa 97 <5 52
6 LmrR_A92E 61 99 57
7 Tandem F-C reactions LmrR_W96A 32 64 57
8 LmrR_pAF 74 88 48
9 QacR 83 60
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10  Vinylogous mTEFHH 14 92 61
11 F-C reaction mTEFEHH 24 92 61
Methyltransferases
12 Regiospecific F-C CouO 99 --- 69
13 methylation NovO 99 --- 69
14 reactions NovO 97 71
Acyltransferases
15 F-C acylation PpATaseCH 99 82
87
88
16 ATase-F148V 99 - 89
CylK
17 Stereospecific F-C Cyl K 100 99 92
alkylation
Chymotrypsin
18 F-C reaction for 3- a-chymotrypsin from bovine 99 98
hydroxyindole pancreas
19 F-C reaction for 3,3- a-chymotrypsin from bovine 97 98
bis(indol-3- pancreas
yl)indolinones
Monoamine Oxidase
20 MAO-N D5 85 99 107
DNA based catalysts
deoxyribozymes
21 F-Calkylation d(TCAGGGCCCTGA), 78 93 110
22 Tandem F-C reaction st-DNA 83 84 112
23 F-Calkylation d(TCATGGCCATGA), 84.7 27 116
24 Intramolecular F-C~ d(TGTGTGCACACA), 45 82 118
25 alkylation 5’-GCATTGXCACGGT-3’ 84 71 119
3’-CGTAACCGTGCCA-5’
26 Tandem F-C reaction 5’-GCCAGCXGACCG-3’ 99 86 122
3’-CGGTCGGCTGGC-5’
27 F-Calkylation by 5’-GGG(TTAGGG)s-3’ 99 75 124
modified G-
28 quadruplex and ds-  Pentaynyl-bpy-dU12(GQ) 99 65 129
29 DNA Propagyl-bpy-dU12-ds-DNA 27 62 129
30 F-C alkylation CS-ctDNA 99 83 131
31 CS-ctDNA continuous flow 99 79 131
32 ct-DNA 99 47 133
33 L-(CAGUCAGUACUGACUG), 99 54 139
34 M14DNA 72 --- 141

Summary and outlook

The examples shown here in this article describe progress in the development of biocatalysts
for doing asymmetric Friedel-Crafts reactions. This C-C bond formation reaction has been the
backbone for synthetic organic chemistry in various industries, especially pharmaceuticals. But
the problem associated with the environmental costs of chemical synthesis has led to the

investigation of more eco-compatible methods. Biocatalysts present a sustainable approach for
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doing complex chemical transformations, and this strategy has also shown the potential to
overcome the historical limitation of a lack of regioselectivity and chemoselectivity in F-C
reactions. In addition to natural enzymes, modified enzymes have been applied to F-C
reactions. We have summarized various biocatalyst F-C reactions in Table 2. The table
demonstrates the breadth of reactions that can be achieved with both high yields and high
enantioselectivities. Roelfes and his group used the term ‘blank canvas’ for the LmrR scaffold
and proposed that the amino-acid side chains in the LmrR scaffold's pocket can be exploited to
promote a variety of catalytic processes.*® Using ArMs, excellent enantioselectivity up to 99%
(LmRr_A92E) was obtained. ArMs are a blossoming concept, and we firmly believe that their
industrial potential will be shown up in the near future. The CouO and NovO,
methyltransferases, showed broad acceptance substrates (naphthalene derivatives) for
methylation, yielding up to 99%.%° The potential of ATase-F148V to introduce long-chain acyl
moieties with a yield of up to 99% has potential to be exploited to produce various antiviral
agents.’ The biologically important scaffold [3-hyroxyindole and 3,3-bis(indol-3-
yl)indolinones derivatives] were synthesized in excellent yield using commercially available
a-chymotrypsin enzyme pointing toward its pharmaceutical potential.”® We think in the near
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future other biocatalysts such as squalene-hopene cyclases'® and variants of tryptophan

synthases! #4143

could also be exploited for doing F-C reactions using non-natural substrates.
The high level of enantioselectivity (up to 93%) of DNA-based catalysts is also very promising
if the processes can be scaled up.

Indeed, a key step that still needs to be addressed is that of reaction scale. It is common in the
literature that authentic samples of products may be prepared by chemical means on scales of
up to hundreds of milligrams, to support analysis of enzymatic processes which are themselves
investigated on sub-milligram scales. Bridging this scale gap for enzymatic reactions is a key

challenge to lead to industrial scale processes. In many cases, progress towards this goal is

44



being made, for example the development of a scalable platform for biocatalytic F-C reactions
using the NovO methyltransferase in with the methylating agent SAM is generated in situ,”!
but still a need remains to take reaction scales from tens of milligrams to gram and kilogram
scale processes. It may be that processes that exploit enzymes that are already prepared on an

industrial scale like chymotrypsin may prove to be most readily adopted by industry.

While enzymes can also be adapted by site-directed mutagenesis and directed evolution,
incorporating noncanonical amino acids, through reprogramming of the genetic code results in
new xenobiotic enzymes containing abiological functionalities and expands the catalytic
repertoire of biocatalysts to do new-to-nature reactions. Although these revolutionary
techniques have made a significant change in biocatalysis, many challenges need to be
addressed. For example, improving the yield and efficiency of de novo-designed biocatalysts
compared to naturally occurring evolved enzymes, reproducibility and recyclability of
biocatalyst, and being able to accurately predict an enzyme’s catalytic abilites from its
sequence. A synergistic blend of the approaches described in this review will most likely be
necessary to address these issues, and successfully create novel enzymes with desired activities.
Because of the exciting growth in biocatalysis during the last 7-10 years, it can be expected
that these issues will be solved in the near future. These advancements will establish
biocatalysis as a greener, cost-effective and atom-efficient method for synthesizing complex

molecules for the chemical, pharma, food and fragrance industry.
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