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Friedel-Crafts Reactions for Biomolecular Chemistry
Jun Ohata*®

Chemical tools and principles have become central to biological and medical research/applications by leveraging a range of
classical organic chemistry reactions. Friedel-Crafts alkylation and acylation are arguably one of the most well-known and
used synthetic methods for preparation of small molecules but its use in biological and medical fields are relatively less
frequent than the other reactions, possibly owing to the notion about its plausible incompatibility with biological systems.
This Review demonstrates advances of Friedel-Crafts alkylation and acylation reactions in a variety of biomolecular
chemistry fields. With the discoveries and applications of numerous biomolecule-catalyzed or —assisted processes, the
reactions have garnered considerable interests in biochemistry, enzymology, and biocatalysis. Despite the challenges of
reactivity and selectivity of biomolecular reactions, the alkylation and acylation reactions demonstrated its utility for
construction and functionalization of all the four major biomolecules (i.e., nucleosides, carbohydrates/saccharides,
lipids/fatty acids, and amino acids/peptides/proteins), and their diverse applications in biological, medical, and material
fields are discussed. As the alkylation and acylation reactions are often fundamental educational components of organic
chemistry courses, the Review is intended for both experts and nonexperts by discussing their basic reaction patterns (with
the depiction of each reaction mechanism in the Electronic Supplementary Information) and relevant real-world impacts in
order to enrich chemical research and education. The significant growth of biomolecular Friedel-Crafts reactions described
here is a testament to its broad importance and utility, and the further development and investigation of the reactions will
surely be the focus in the organic biomolecular chemistry fields.

chemistry.17 In other words, translation of classical chemical
reactions has been one of the major approaches to create
chemical tools for biological and medical applications.18 This
Review discusses classical organic chemistry reactions, Friedel-
Crafts alkylation and acylation in the multifaceted areas of
biomolecular chemistry (Scheme 1B).

Friedel-Crafts reactions are alkylation and acylation
processes inducing C-C bond formation. The original reaction
was discovered by Friedel and Crafts in the late 19th century, as
the historical account has been documented in previous
literature.®2° The reactions are often considered one of the
basic organic chemistry reactions, as the reactions represent

1. Introduction
Organic chemistry reactions are the core element for
advancement of fields at the interface of chemistry and biology,
offering control over bond formation and scission processes of
polyfunctional biomolecules. Even if biomolecules and cellular
systems differ substantially from small molecule substrates in
many ways such as unique three dimensional structure and
presence of multiple copies of certain functional groups, the
principles of reaction development in synthetic organic
chemistry are still applicable to that of reactions for
biomolecular study that addresses reactivity and selectivity
challenges. Indeed, many of the state-of-the-art strategies for

studying and utilizing biomolecules are predicated heavily on
classical organic chemistry reactions (Scheme 1A).1712 Many of
those reactions follow basic mechanistic patterns often taught
in undergraduate-level courses yet enabled a wide range of
powerful strategies including activity-based
proﬁIing/sensing/imaging,13’14 enhancement of drug
potency,15 drug delivery,16 and bioorthogonal chemistry/click
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Electronic Supplementary Information (ESI) available.

quintessential examples of electrophilic-aromatic substitution
covered in most of undergraduate-level textbooks,21 and,
therefore, have been an important subject in the chemical
education community.zz_24 Beyond the educational
significance, chemical industry relies on the reactions for
production of numerous carbon-based molecules over a
century t00.2%:26
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A examples of classical organic reactions in biological and medical fields

reaction type application examples

i} boronate oxidation

reaction type application examples

v) amide formation (amine acylation)
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Scheme 1. Classical organic reactions in biological and medical fields. (A) Examples of the classical organic reactions including: (i) boronate oxidation,*2 (ii), Sy2 reactions with fluoro-
and iodoacetamide,3* (iii) Diels-Alder reactions for bioorthogonal chemistry,5¢ (iv) imine and relevant C=N bond formation such as hydrazone and oxime,”# (v) amide formation such

as protein expression and native chemical ligation,®1° (vi) 1,4-addition to a carbonyl group such as acrylamide and maleimide,'%12 (vii) Cope rearrangement,2’-2% and (viii) Huisgen
cycloaddition or azide-alkyne cycloaddition.183% The organization of the reactions is based on the appearance in an organic chemistry textbook (Marc Loudon and Jim Parise. Sixth

edition). (B) Friedel-Crafts alkylation and acylation for biomolecular chemistry as a theme of this Review.

Diverse reaction types have become possible for Friedel-
Crafts reactions through mechanisms different from traditional
carbocation and acylium generations (Scheme 2 and Fig. S1).
Their simple and traditional examples involve alkyl or acyl
chloride starting materials that undergo generation of
carbocation or acylium ions by aluminum chloride, which
eventually react with an aromatic molecule to form carbon-
carbon bond (Scheme 2A). Broader definition of the alkylation
and acylation reactions is also based on the process of carbon-
carbon bond formation often catalyzed/mediated by acids but
with a wide collection of nucleophiles, electrophiles, and
catalysts/additives (Scheme ZB).31 In addition to hetero-
aromatic compounds (i.e., aromatic molecule with heteroatoms
such as nitrogen, oxygen, and sulfur in the ring system), even
nonaromatic  alkenes can be considered possible
nucleophiles.32 While separation of a distinct leaving group
from an electrophile is a hallmark of the traditional reaction
pattern, electrophiles such as carbonyl and epoxide derivatives
are also considered Friedel-Crafts reaction reagents. Aluminum
chloride remains a common catalyst/reagent but many other
additives now are known to be able to induce the alkylation and
acylation reactions including Brgnsted acids and enzymes.33
Notably, even additive- or catalyst-free reactions have been
realized by use of fluorinated alcohol as a reaction solvent.3
Unsurprisingly, a number of review articles have been published

regarding growth of the reactions from a synthetic organic
chemistry viewpoint.3’3’35_37

Friedel-Crafts alkylation and acylation are increasingly used
and studied for biomolecular chemistry more recently. It is
interesting that the alkylation and acylation reactions have not
been as much studied as the other classical chemistries,
perhaps due to the idea of potential incompatibility of reactive
intermediates and strong Lewis acids with biological samples.38
In fact, even though toxicity of aluminum at high concentration
is known,39 aluminum salts have been used as vaccine adjuvant
widely from the early 20t century.40 In addition, the alkylation
and acylation does not always involve the generation of
carbocation or acylium intermediates. Those attributes
probably enabled the study and development of biomolecular
Friedel-Crafts reactions. This Review is not intended just for
experts of the chemistry fields but also instructors and students,
by focusing on basic reaction patterns and representative
applications of each method. Thus, rather than a
comprehensive the previous
publications, only selected examples of notable reactions and
applications are discussed. Two major sections of the article are
reactions  catalyzed/mediated by  biomolecules and
synthesis/functionalization of biomolecules. Each
described below is labeled with alkylation (red rectangle with
depiction of carbocation species) or acylation (blue rectangle

collection of all research

reaction
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with depiction of acylium species) as visual aids for readers,
even though those species are not always the active
intermediate of a given reaction. In order to clarify the
mechanistic details, arrow-pushing mechanisms of each
the Electronic Supplementary
Information (available as both pdf and ChemDraw files).

reaction are shown in
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Scheme 2. Friedel-Crafts reactions. (A) Traditional alkylation (top) and acylation (bottom)
processes with aluminum chloride through carbocation and acylium ion generation,
respectively. Even though reactions may not always proceed via such carbocation and
acylium intermediates, all the reactions described below in the following sections are
labeled as alkylation (red rectangle) and acylation (blue rectangle) as visual aids for
readers. Leaving groups are highlighted with arrows. The mechanisms are shown in Fig.
S1 (ESI). (B) Examples of more broadly defined substrates and
catalysts/additives than the traditional versions with alkyl and acyl chlorides with

reaction

aluminum chloride.

2. Friedel-Crafts reactions mediated by
biomolecules (biocatalysis)

Similar to many classical organic chemistry reactions, a class
of Friedel-Crafts reactions can be also mediated by enzymes
(i.e., proteins) and other biomolecules. An enzyme act as a
catalyst to facilitate a reaction through various mechanisms
such as stabilization of reactive intermediates in a unique
environment of the biomolecule binding pockets.41:42 Examples
of such biomolecule-catalyzed reactions include Diels-Alder
reactions*? and cyclopropanation.** Alkylation reactions of
nucleotide base (i.e., cytosine methylation) are also enzyme-
mediated processes, and though their formal reaction patterns
would appear to be Friedel-Crafts alkylation of a
heteroaromatic group, the reactivity enhancement mechanism
occurs through formation of non-aromatic species which would
not be considered an electrophilic aromatic substitution
reaction (Fig. S2, ESI).%5 A class of enzymes can catalyze Friedel-
Crafts reactions through various mechanisms such as activation
of eletrophiles without generation of carbocation and acylium
intermediates, as proposed reaction mechanisms of the
enzymatic Friedel-Crafts reactions are shown in Figs. S2-S6
(ESI). Other types of biomolecules such as DNA,46 RNA,47 and
carbohydrates (saccharides)*® are also known to catalyze a
series of organic reactions. While such biomolecule-catalyzed or

—assisted chemical reactions are known in living systems,
utilization of such biomolecule catalysts are also possible for
reactions with unnatural reactants, allowing for synthetic
applications of the catalytic transformation. There have been
comprehensive review articles about such biocatalytic Friedel-

Crafts reactions,??50 and the following sections are
representative  examples of (1) natural and (2)
artificial/unnatural Friedel-Crafts reactions mediated by

biomolecules.
2.1. Natural Friedel-Crafts reactions in living systems

Enzymatic modification of proteins with carbohydrate
groups occurs in mammals and viruses through Friedel-Crafts
alkylation of a tryptophan residue (Scheme 3A). Proteins
produced according to genomic sequence often undergo
additional modification processes called post-translational
modification,5! and this Friedel-Crafts reaction of tryptophan
amino acid is such modification through attachment of
carbohydrate to a protein (known as C-mannosylation or more
broadly glycosylation).52 This alkylation process is found in
diverse species including mammals and Ebola virus and has
relevance to types of disease and disorder such as
developmental disease.>3 Indole groups of tryptophan residues
(1a) act as nucleophiles with the aid of electron donation from
the nitrogen atom in the ring system, and elimination of the
phosphate as a leaving group would occur when the
carbohydrate electrophile (2a) is nucleophilically attacked, as
recent structural biology study suggested (Fig. S3, ESI).>4

A metabolite with electron-rich benzene rings and
chloroalkanes is known to cause an enzymatic homo-
dimerization process, generating a cytotoxin in cyanobacteria
(Scheme 3B). Cylindrocyclophane derivatives are cytotoxins,
and their biological importance is increasingly studied.>> With
two hydroxyl groups and one alkyl group, the aromatic ring
would be a great nucleophile that reacts with the secondary
alkyl chloride in another molecule. Balskus and co-workers
revealed the mechanism of action for the enzymatic
biosynthesis pathways, showed activation of the
nucleophiles through deprotonation of the phenolic proton by
the aspartate residue of the enzyme during the alkylation
reaction (Fig. S4, ESI).56.57

Plants utilize formation of 2,4-
diacetylphloroglucinol through enzymatic acylation reactions
for their disease control against certain bacteria (Scheme 3C).
The product of the acylation reaction 2,4-diacetylphloroglucinol
(3b) displays antibiotic activity and is of agricultural importance.
In this acylation reaction, two identical acetylated aromatic
compounds react with each other, where formally one of the
molecules acts as nucleophile and the other electrophile/acetyl
donor.%85% Normally, ketone groups would not typically
participate in Friedel-Crafts acylation as an electrophile since C-
C bond would not be easily broken to liberate a leaving group,
this reaction occurs in the enzymatic pocket activating the
acetyl group to generate a thioester group linked onto an
enzyme (Fig. S5, ESI). Afterward, nucleophilic attack by the
other molecule to the thioester group causes the acylation
reaction to produce the bis-acetylated product. Plants utilizes

which

antibiotics
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certain bacteria (Pseudomonas fluorescens) that can induce the
acylation reaction to produce the antibiotics controlling
pathogens in soil, which highlights the interplay between plants
and a type of bacteria mediated by the acylation reaction.©
Recently, a nucleotide derivative with an aminoimidazole
group was found to undergo enzymatic acylation reactions with
fatty acid in bacteria during fermentation (Scheme 3D).6!
Imidazole derivatives can cause a nucleophilic attack often at
the nitrogen atom in the ring.62.63 Likely, for this particular case
of the nucleotide derivative, nucleophilicity of the ring system
is increasing the nucleophilicity of the carbon center through
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the electron donation by the amine substitution, leading to the
C-C bond forming reaction (Fig. S6). Carboxylic acids are not a
typical electrophile of Friedel-Crafts acylation reactions due to
the modest leaving capability of the OH group as well as poor
electrophilicity of a deprotonated form of the COOH group, and
this reaction proceed through activation of the carboxylic acid
to its derivative by the action of the enzyme. The acylated
imidazole product is further modified by enzymatic reactions to
be connected with adenosine triphosphate (ATP), enabling the
fermentation process in bacteria.
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Scheme 3. Friedel-Crafts reactions that occur in living systems catalyzed by a series of enzymes. Leaving groups are highlighted with arrows. Simplified mechanisms with selected
amino acid functions of enzymes are shown in Figs. S3-S6 (ESI). (A) Mannosylation (glycosylation) of proteins through an alkylation of a tryptophan residue with phosphorylated
mannose in living organisms such as mammals and Ebola virus.>* (B) Formation of a cytotoxin cylindrocyclophane (5) in cyanobacteria through intermolecular dimerization by
alkylation reactions.>¢ (C) Formation of antibiotics 2,4-diacetylphloroglucinol in bacteria Pseudomonas fluorescens.® (D) Attachment of fatty acid to an imidazole derivative in bacteria

Streptomyces sp. OUCMDZ-944.51

2.2. Biomolecule-catalyzed or -assisted Friedel-Crafts
reactions of unnatural substrates

Inspired by natural reactions occurring in living systems,
Friedel-Crafts alkylation and acylation reactions of unnatural
reactants have been developed. Although some enzymes tend
to show high substrate specificity and may not be able to host
unnatural substrates, other classes of enzymes indeed would
not recognize a slight structural modification of substrates, and
such reactions of unnatural substrates can be facilitated by
modulation of enzyme pockets/structure through mutation
processes (i.e., change of an amino acid residue). For instance,
alkylation reactions of phenol derivatives with unnatural allyl
phosphate electrophiles (known as prenyl phosphates with

trisubstituted alkene groups) have been realized using the
natural enzyme with a slight modification on their amino acid
composition (Scheme 4A and Fig. S7, ESI).* Similarly, indole
derivatives can be also alkylated in an unnatural fashion.6> By
employing the natural enzyme mentioned above (Scheme 3C),
acylation reactions of aromatic compounds bearing a hydroxyl
group(s) with several electrophiles such as esters and acyl-
imidazoles has been demonstrated (Scheme 4B and Fig. S5,
ESI).66 While those enzymatic reactions are performed in a test
tube with a pure enzyme and substrates, Roelfes and co-
workers showed that enzymatic Friedel-Crafts reactions of
unnatural substrates in vivo are also feasible.®”
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Peptides and DNAs can act as auxiliary ligands for copper-
catalyzed alkylation reactions with a,B-unsaturated carbonyl
compounds electrophiles. Aforementioned enzymatic reactions
(i.e., protein-catalyzed reactions) offer high reaction efficiency
and chemo-/regio-/enantio-selectivity. Without the large,
intricate three-dimensional structures of enzymes, types of
smaller biomolecules such as peptides could also exert
enantiocontrol (Scheme 4C) even in the presence of competing
aromatic rings (e.g., a substrate with a methoxy-substituted
benzene ring shown on the right of Scheme 4C).58.6° Unlike
typical Friedel-Crafts reactions that involve activations of

catalyst or ligand

ARTICLE

electrophiles through elimination of a leaving group such as
halides, a,B-unsaturated carbonyl compounds could be an
electrophile of the alkylation reaction through 1,4-addition,
forming a new chiral center at the B position (Fig. S8, ESI). Such
a class of reactions generating a specific enantiomer over the
other (i.e., asymmetric reactions) has been an important
diversification of Friedel-Crafts alkylations.31.36.70-72 A similar
asymmetric transformation is also possible with double-
stranded DNA as a ligand that binds to the copper catalyst
(Scheme 4D).73

other unnatural substrate examples
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Scheme 4. Biomolecule-catalyzed or —assisted Friedel-Crafts reactions of unnatural substrates in test tubes. Leaving groups or bonds that undergo cleavage are highlighted with
arrows. Mechanisms of the reactions are shown in Figs. S7, S5, and S8 (ESI). (A) Enzyme-catalyzed alkylation of benzoic acid derivatives with allylic phosphates.®* Predicted structure
of enzyme XimB is from AlphaFold Protein Structure Database (uniprot code: Q96H96). (B) Enzyme-catalyzed acylation of phenol derivatives with esters.5¢ Partial structure of enzyme
PpATaseCH is from Protein Data Bank (PDB ID: 5MG5). (C) Copper(ll)-catalyzed alkylation reaction of pyrrole with a,B-unsaturated carbonyl compounds assisted by a peptide as a
ligand to the metal catalyst.®® (D) Copper(ll)-catalyzed alkylation reaction of indole derivatives with a,B-unsaturated carbonyl compound assisted by a double-stranded DNA as a

ligand to the metal catalyst.”?

3. Friedel-Crafts reactions for synthesis and
functionalization of biomolecules

Friedel-Crafts alkylation and acylation are commonly used
for synthesis of biomolecules/their analogues as well as
addition of unique functionalities to biomolecules through
formation of a stable carbon-carbon bond. The four basic
biomolecules contain components for the Friedel-Crafts
alkylation and acylation reactions including aromatic rings in
nucleosides and amino acids/peptides/proteins, alkyl group
with a leaving group on carbohydrates, and acyl groups in fatty
acids and amino acids/peptides/proteins. As nature takes

advantage of those functional groups (e.g., tryptophan,
mannose, and fatty acid in Scheme 3), numerous strategies
were developed for various purposes of synthesis and
functionalization of biomolecules. The following sections
discuss the synthesis and functionalization of biomolecules and
are organized based on biomolecule types: nucleosides,
carbohydrates, fatty acids, and amino acids/peptides/proteins.

3.1. Synthesis of nucleoside analogues through Friedel-Crafts
alkylation

Friedel-Crafts the canonical aromatic
nucleobases in ribonucleic acid (RNA) and deoxyribonucleic acid

(DNA) are not facile processes without protection strategies or

reactions on
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enzymatic aids (Scheme 5A). Probably due to the presence of
the amine groups and electron-deficient nature of nucleobases,
Friedel-Crafts reactions of natural nucleotides are virtually
unknown both in nature and for synthetic purposes. As
discussed above, frequently occurring methylation of cytosine
in nature are not considered electrophilic aromatic substitution
reaction (Fig. S2, ESI),*> and other nucleotide methylation
occurs on nitrogen atoms rather than a carbon-carbon bond
forms.”* Indeed, the enzymatic acylation reaction of DNA
analogues in living systems has not been reported until recently
(Scheme 3D).51 Nucleobase acetylation is a well-known natural
process among many species but the amine acylation (i.e.,
amide bond formation) is a predominant pathway.’> Friedel-
Crafts reactions for synthesis or functionalization of natural
nucleobases/nucleosides/nucleotides have not been
reported,’® though synthesis of RNA analogues through the
acylation is known (Scheme 5B and Fig. S9, ESI).7” The challenges
of nucleotide synthesis and functionalization may not only be
because of the reactivity of amines and nucleobases, but
compatibility of acid catalysts/additives may also be relevant, as
binding of nucleobases to metals have been commonly
observed including an example of cisplatin a platinum-based
anti-tumor agent.’® Thus, synthesis of nucleoside analogues
often rely on functional group protections as shown below.
Synthetic analogues of nucleosides with unique
photophysical capabilities can be prepared through Friedel-
Crafts alkylation reaction with ribose derivatives (Scheme 5C,D
and Figs. 59,510, ESI).79.80 As nucleosides are constructed with
carbohydrate (i.e., ribose or deoxyribose) and nucleobase units,
one of the general strategies for synthesis of nucleoside
analogues is to use nucleobase analogues as nucleophiles with
carbohydrate electrophiles bearing a leaving group on the
anomeric position—that is an acetal carbon in a cyclic ether.
The OH and NH; groups are normally protected as an ether,

ester, and imine/amidine, likely to suppress side reactions on
those elements as well as to increase solubility of the starting
materials and products in organic solvents for synthetic ease.
Protecting groups could enhance stereoselectivity of the
alkylation process as well (e.g., Silyl-Hilbert-Johnson type
mechanism), as the actions of the groups during the reactions
are depicted in Figs. S9-S11 (ESI). It is noteworthy that the
desired alkylation reactions by fluorescent aromatic groups in
those examples occurs in the presence of other arene groups,
even though some substrates (e.g., pyrene 1i) may not be
significantly more electron-rich compared to the alkoxy-
substituted benzenes.

The synthetic analogues with the fluorescent aromatic rings
are useful for visualization of molecular events and behaviours
of oligonucleotides such as DNA damage and conformational
changes. Conjugated aromatic rings can offer fluorescence
capabilities with sensitivity toward changes of local
environments. One of the applications of pyrene nucleotide is
detection of DNA damage (Scheme 5E).81 The pyrene groups are
known to display fluorescence color change and increase upon
a noncovalent dimerization process known as excimer
formation,®2 and the design by Kool and co-workers took
advantage of the excimer formation when DNA undergoes
deletion of a specific nucleotide.8! In addition to pyrene as a
fluorescence reporter, thienoguanosine with a sulfur atom in
the ring structure is also a fluorescent analogue with ability of
Watson-Crick base pairing (Scheme 5F).83 Thienoguanosine-
based nucleotides possesses unique photophysical features84
making it useful for numerous applications including detection
of DNA conformational changes (Scheme 5F)8 and
compatibility with gene-editing processes.86 Many other
examples of applications of fluorescent nucleotides were
described in a review by Kool and co-workers.87
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Scheme 5. Friedel-Crafts alkylation reactions for construction and applications of synthetic nucleoside analogues. Leaving groups are highlighted with arrows. Mechanisms of the
reactions are shown in Figs. S9-S11 (ESI). (A) Chemical structures of natural (left) and synthetic (right) nucleosides. (B) Synthesis of a guanine analogue.”” (C) Synthesis of pyrene-
substituted DNA.”® (D) Synthesis of sulfur-containing RNA (thienoguanosine).8° (E) An application of pyrene-substituted nucleotide for detection of DNA damage.®! (F)
Complementarity of the sulfur-containing synthetic RNA analogue (thienoguanosine) with cytosine through Watson-Crick base pairing.83 (G) An application of the sulfur-containing
RNA (thienoguanosine) for detection of left-handed helical structure.®5 The images of the cyan fluorophore solutions were reproduced with permission.85 Copyright 2014, Royal
Society of Chemistry.

3.2. Functionalization of carbohydrate derivatives through
Friedel-Crafts alkylation

carbohydrate groups with useful capabilities,8® and the
alkylation reactions of carbohydrates with a leaving group on
the acetal position can be a convenient approach. For instance,
an intermediate molecule during total synthesis of saptomycin
B (15) with antitumor and antibacterial activities®® was
facilitated by the scandium-mediated alkylation process with a
carbohydrate group bearing an acetate moiety. (Scheme 6B and
Fig. S12, ESI).°1 Another example includes a formation of an
intermediate species for total synthesis of chafuroside B (16) by
the silyl triflate (MesSi-OTf)-mediated alkylation reaction;%2 the
synthesis may have been motivated by the light protection
abilities of the natural product (Scheme 6C and Fig. 513, ESI).93
Noteworthy, those reactions allowed for isolation of specific
diastereomer products.

With the carbon- and oxygen-based scaffolds, carbohydrate
(or saccharide) units are often used as electrophiles of Friedel-
Crafts alkylation reactions to construct intricate, functional
molecules (Scheme 6A). Monomeric carbohydrates typically
have no aromatic rings,88 and the presence of the acetal group
known as anomeric position enables generation of cationic
intermediate from carbohydrate derivatives. The reaction
patterns for the carbohydrate alkylation processes follow those
in the DNA section of ribose where carbohydrates act as
electrophiles (Scheme 5), and the alcohol groups are often
protected in a similar fashion to the ribose system. Many
biologically active small-molecule products are composed of
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Fries-type rearrangement that are mechanistically related
to Friedel-Crafts reactions provides opportunities for
stereoselective functionalization of carbohydrate derivatives
(Scheme 6D and Fig. S14, ESI).?* Fries-type rearrangements are
reactions of phenol derivatives transferring substitution on the
phenolic oxygen to its ortho position.?> The elimination of a
phenolic anion as a leaving group generates cation
intermediates on the carbohydrate group, assisted by electron
donation from the oxygen in the ring system. An electrophilic
aromatic substitution-type process occurs afterward to form
the ortho-substituted product. Although the rearrangement
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Journal Name

can be considered an intermolecular reaction between the
phenolic anion and oxonium cation intermediates, the
characteristic inversion of the stereochemistry at the anomeric
position is often observed. One of the rationalizations of such
stereospecificity is that the generated cation and anion would
have intimate charge-charge interaction (as an ion pair),%6.97
which may spatially control the orientation of two
intermediates in a specific position to give the specificity. Many

similar intramolecular chemistry examples have been reported
t00.98-100

saccharide-containing molecules
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Scheme 6. Friedel-Crafts alkylation reactions for construction and applications of carbohydrate derivatives. Leaving groups are highlighted with arrows. Mechanisms of the reactions

are shown in Figs. S12-514 (ESI). (A) Chemical structures of common, abundant (left) and complex (right) carbohydrates. (B) Formation of an intermediate for total synthesis of

saptomycin B (15) that may have potentials of anti-tumor and anti-bacteria applications.?%91 (C) Formation of an intermediate for total synthesis of chafuroside B (16) that may have

a potential of a light-protection application.?293 (D) Fries-type rearrangement of a carbohydrate derivative causing the C—C bond formation on the oxygen-rich aromatic ring.%*

3.3. Functionalization of fatty acids through Friedel-Crafts
reactions

Long alkyl chains of fatty acids are useful for chemical and
biological materials including detergents, and carboxylic acid
moieties of the fatty acids can be employed for synthesis of such
materials through Friedel-Crafts acylation (Scheme 7A). Fatty
acids are essential components in life forms and also abundant,

useful building blocks for organic synthesis. Furan-based

detergent with enhanced stability for hard water can be
synthesized through Friedel-Crafts acylation using anhydride
form of lauric acid (Scheme 7B).191 With use of a solid acid
catalyst mesoporous aluminosilicate, the reaction of furan
nucleophile and lauric anhydride electrophile produced the
product through the acylation reaction. Mechanistic study of
the reaction with the alumino-silicate catalyst suggested that
activation of the acylating reagent would occur through
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activation of the acyl group by an oxygen atom on the catalyst
(Fig. S15, ESI).102 The acylated furan was further reduced to the
alkyl product 22 that was tested in hard water where micelle
aggregation tends to be disrupted.19! Indeed, compared to
frequently used detergent 23 that became turbid at higher
concentration of calcium ions, solution of alkyl-furan detergent
(22) remained clear, demonstrating the practical utility of the
furan detergent made from the fatty acid through the acylation
and reduction reactions.

As the breadth of nucleophilic reactivity of alkene groups is
well-known, unsaturated fatty acids with an alkyl-substituted,

nonaromatic alkene are also known to act as nucleophiles for
Friedel-Crafts reactions (Scheme 7C).193 Friedel-Crafts reactions
with nonaromatic alkene nucleophiles have been known for
decades and actively studied to date.32 Even if the nonaromatic
systems are a relatively rarer type of Friedel-Crafts reactions
than the aromatic counterparts, a number of alkylation
reactions with nonaromatic alkene nucleophiles are reported in
synthetic organic chemistry fields.104-107 Such nonaromatic
reactions often produce regioisomers, depending on which
alkene carbons forms a new o bond with an electrophile (Fig.
S16, ESI).
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Scheme 7. Friedel-Crafts acylation reactions of fatty acids. Leaving groups are highlighted with arrows. Mechanisms of the reactions are shown in Figs. $15-516 (ESI). (A) Chemical
structures of natural fatty acids (left) and detergent molecules that contain fatty alkyl chains. Linear alkylbenzene sulfonates are often a mixture of isomers but a single isomer
structure (23) is shown for brevity. (B) Formation of an intermediate for synthesis of furan-based detergents that display higher tolerance to hard water (right). The image of hard
water was reproduced with permission.1%1 Copyright 2016, American Chemical Society (https://pubs.acs.org/doi/10.1021/acscentsci.6b00208). (C) An acylation reaction of oleic acid

as a nucleophile using its alkene group, rather than aromatic rings for typical Friedel-Crafts reactions.103

3.4. Synthesis and functionalization of amino acids, peptides,
and proteins through Friedel-Crafts alkylation

Although Friedel-Crafts reactions can be useful strategies
for constructing carbon-carbon bonds in amino acid-based
biomolecules (Scheme 8A), selectivity of the reactions in the
presence of other nucleophilic functional groups often is a
substantial challenge. Among the 20 canonical amino acids, four
aromatic amino acid residues could be potential nucleophile
substrates: phenylalanine with an alkylbenzene, tyrosine with a
phenol, tryptophan with an indole, and histidine with an
imidazole. In particular, phenol (tyrosine) and indole
(tryptophan) are relatively electron-rich aromatic systems and
often good nucleophiles for Friedel-Crafts reactions as
similar/relevant substrates are covered in the previous sections
(e.g., Scheme 4) whereas an alkylbenzene (phenylalanine) with
a mildly electron-donating alkyl group and imidazole (histidine)
with the C=N bond acting as an electron-withdrawing group are

often challenging substrates. In the presence of the four
potentially reactive aromatic amino acids, nature addresses
reactivity and selectivity challenges through enzymatic
processes as discussed above (e.g., acylation of imidazole
derivatives shown in Scheme 3D). Theoretically, carboxylic acid
and its derivatives could serve as electrophiles of acylation
reactions, though such reactions can be challenging or require
harsh conditions in practice.198 The following sections describe
putative synthesis of a type of amino acid in the early Earth
(chemical evolution), functionalization of amino
acids/peptides/proteins, and their potential implications and
applications will be discussed.

3.4.1. Potential formation of tryptophan in a prebiotic era

through Friedel-Crafts alkylation

Tryptophan amino acid was found in a deep ocean crust, and
its formation in a prebiotic time was proposed to happen
through Friedel-Crafts alkylation of an indole molecule with
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pyruvate (Scheme 8B, top). Origin-of-life or chemical-evolution
research is dependent highly on organic chemistry as one of its
main focuses is to better understand how biomolecules
originated without life forms or molecular machinery like in the
current organisms and cells.109.110 |n other words, the research
field is pursuing a plausible explanation for generation of
biomolecules such as amino acids from simpler building blocks
through chemical reactions in the early Earth. Geochemical and
astrochemical evidence is one of the powerful materials to this
end,111.112 35 preserved prebiotic chemical information could be
buried within such systems. The discovery of tryptophan amino
acid in a deep ocean crust (serpentinized harzburgite from
Atlantic Massif)113 led to the hypothesis that indole and
pyruvate derivatives were connected to one another through
Friedel-Crafts alkylation.114 Iron is considered present in the
prebiotic time,!!> and iron mineral was proposed as a potential
Lewis acid for the process. Their proposal is that replacement of
the oxygen unit of pyruvate to amine group of the amino acid
backbone would proceed through some kind of amination
reaction—perhaps the proposed process would be similar or
related to transamination process of the present time.116 It is
true, however, that mechanistic details of the tryptophan
formation have not been thoroughly discussed in the report and
that tryptophan may not have been stable enough in the
prebiotic time due to an intensified ultraviolet at the time.117

The proposed formation of tryptophan amino acid (Scheme
8B, top)!* may be relevant to an enol form of pyruvate
derivatives (Scheme 8B, bottom). No literature precedents in
synthetic chemistry fields exist about the reactions of non-
substituted indole and pyruvate eventually producing
tryptophan or even derivatives. Nonetheless, there was a report
of a reaction of indole with a ketone analogue bearing an O-
acylated enol group (Scheme 8B, i and Fig. S17, ESI).118 Although
the keto-acylated enol compound is not an exact pyruvate
derivative, the chemical structure is akin to the enol form of
pyruvate to a certain extent (Scheme 8B, ii), perhaps suggesting
that an enol form of pyruvate derivatives may be a reactant of
the proposed tryptophan formation in the prebiotic time.
Indeed, phosphoenolpyruvate (Scheme 8B, iii) is ubiquitous
pyruvate derivatives with an enol unit as an intermediate
species of glycolysis pathways in the living systems.11° A recent
report also suggested that the phosphoenolpyruvate
intermediates might have been present in the prebiotic time
100,120 and even though further experimental investigations
would be necessary to support those speculations, the set of the
evidence may be crucial to account for the prebiotic origin of
tryptophan.

3.4.2. Functionalization of amino acids through Friedel-

Crafts reactions

Utilization of unnatural amino acids has become essential
strategies in diverse chemistry fields, and the
monomeric biomolecules can be synthesized through Friedel-
Crafts acylation of unprotected canonical amino acids (Scheme
8C). Akin to the synthetic analogues of the nucleosides (Scheme
5), unnatural amino acids could offer a useful capability that
enables their biological, medical, or material applications.

chemical

10

Advancement in genetic engineering technologies allows for
incorporation of such amino acids onto proteins (e.g., viaamber
stop codon suppression and a unique protein synthesis
machinery), and there have been a series of unnatural amino
acids that can be genetically encoded.12! For instance, upon
photo-irradiation, benzophenone-based amino acid or benzoyl-
phenylalanine (3p) would generate radical species that can
react with functional groups in proximity to induce crosslinking
between biomolecules.122 This crosslinking process has become
a common approach to understand what kind of biomolecules
communicate with each other in cellular systems.123 One of the
synthetic methods for preparation of benzophenone-based
unnatural amino acids is the direct functionalization of
phenylalanine natural amino acid with acetyl chloride (Scheme
8C and Fig. S18, ESI).124 Use of the extremely strong acid
(trifluoromethanesulfonic acid or triflic acid. pKa < —14) is
plausibly necessary in order to fully suppress reactivity of the
amine group through protonation.

Friedel-Crafts acylation can be of use for chemical synthesis
of natural, noncanonical amino acid 3,4-
dihydroxyphenylalanine (DOPA) that can exert adhesive effects
(Scheme 8D). DOPA is a naturally occurring amino acid with
adherent properties (as mussel adhesion is enabled by the
property) though the natural amino acid is not one of the 20
canonical/proteinogenic amino acids. Since the adhesive
property is effective even underwater conditions, synthetic
glues often relies on DOPA compositions as a bioinspired
material.125.126 Simply speaking, though direct
hydroxylation/oxidation of tyrosine amino acid would provide
DOPA by formally inserting an oxygen atom to the C-H bond,
phenol derivatives tend to undergo formation of various
oxidation products include ortho-benzoquinone unless there is
an enzymatic control of reactions,?? representing a synthetic
challenge of DOPA. An approach originally reported by Boger
and co-workers was a selective acetylation reaction toward the
aromatic ring of the tyrosine starting material using excess AICl3
at 100 °C (Scheme 8D and Fig. S19, ESI), followed by a unique
oxidative C-C bond cleavage of the acetyl group to form
protected DOPA.128.129 The use of harsh reaction conditions with
excess Lewis acid and high temperature is presumably key to
achieve the selective acylation of aromatic rings over amines.
However, such harsh conditions could induce loss of the
enantiopurity  (i.e., racemization) through keto-enol
tautomerization of the backbone carbonyl of the amino acid.130
In this context, asymmetric alkylation of amino acid
derivatives/precursors could be a complimentary strategy, 3! or
development of milder reactions would be necessary as
described in the next section.

3.4.3. Functionalization of peptides and proteins through

Friedel-Crafts alkylation
Friedel-Crafts reactions of unprotected peptides and
proteins have not been achieved until recently, probably
because of challenges related to the presence of various
nucleophilic functional groups (e.g., amines in lysines and
guanidines in arginines) and their incompatibility in many
organic solvents. The amino acid labeling conditions including
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use of nitromethane, AICls, triflic acid, 100 °C (Scheme 8C,D)
would not be compatible with proteins, as denaturation or
aggregation of proteins would be inevitable.’32 Aqueous
solutions would be often ideal for study of proteins to conserve
their structure/activity/function, but aqueous Friedel-Crafts
reactions are quite limited for specific reactants such as small
molecule enzyme substrates and a,B-unsaturated carbonyl
compounds as discussed above (Scheme 3,4). To this end, an
alternative approach using nonaqueous media that are
potentially compatible with both Friedel-Crafts alkylation and
protein substrate has been devised (Scheme 8E).133
Tryptophan-selective labeling of peptides and proteins were
achieved by use of hexafluoroisopropanol (HFIP) as a solvent

ARTICLE

that is known to stabilize carbocation and enhance peptide
secondary structure (i.e., a-helices).134 The alkylation process is
effective with thiophene-ethanol reagents which eliminate a
hydroxyl group assisted by Lewis acid prior to the nucleophilic
attack (Fig. S20, ESI). The nonaqueous labeling method was
applicable to modification of a large, intricate protein such as
an antibody. Antibodies are essential for treatment and
diagnosis of a multitude of diseases, and chemical modification
of antibodies grants additional capabilities for diverse
applications such as visualization of cancer through positron
emission tomography (PET)3> and creation of antibody—drug
conjugate a potent medicine with less side effects.136

11

Please do not adjust margins



https://doi.org/10.26434/chemrxiv-2024-rd9wn
https://orcid.org/0000-0002-3614-7472
https://creativecommons.org/licenses/by-nc/4.0/

Please do not adjust margins

ARTICLE Journal Name

A amino acids peptides and proteins

I
Ho, NMz  po  NH Ho, NH | o EHZ
R
I R
| (NH QWP
' Ho N
I
phenyl- 1 o R
alanine (24) tyrosine (25) ptophan (26) | peptide insulin enzyme antibody

B
Ho, N2

iron NH; H,0 * .
CUY , o P wedes U 0 Bg® == %
No* R
H o amination N ® ® che;n;cal (:. fQ tryptophan found
H evolution in oceaninc crust
potentially relevant reaction and species
i) reaction of indole and pyruvate analogue 0 1 ii) pyruvate tautomers | i) pyruvate
o o*‘( NO; | I derivative
o] I I
NOz  zncl o} OH 9
A o4 2 £hlh I'H HO, | 1
QI o Lol 2o w0, L
N Ikylati I'HO \
H O/ alkylation N | o] o | M OH
< N | 0
10 20 H 30 | keto form enol form |
Cc
o o NH identifying interaction of biomolecules in nature
Ho NH N FsC-S-OH d
Cl O

v

s TS A T & (| —> 0o

.-uS O 0 photo-
crosslinking
1p 2p 3p cellular system
D NH ! mussel
Ho NHa HO 2 : l adhesion
J \CI AICH 4 \ by DOPA
+ Y - | ﬂ
o] acylation ! underwater
HO .—!6 HO d : Qt:: glue using
DOPA
1q 2q 3q ' )
E I potential applications of antibody modification:
R HN-R I
R HN R | antibody conjugates
% In(OTf)3 Y « medicine (e.g. cancer,
o - " . 0 | m % m muscular dystrophy)
AN HO alkylation N |
H ..*‘<: H | | radioisotope  drug  biomolecule | * diagnosis (e.g. PET)
1r 2r 3r ‘

Scheme 8. Friedel-Crafts reactions of amino acids, peptides, and proteins. Leaving groups are highlighted with arrows. Mechanisms of the reactions are shown in Figs. S17-520 (ESI).
(A) Chemical structures of amino acids (left) and peptides/proteins (right). Structures of insulin (shown in magenta) and enzyme PpATaseCH (shown in blue) are from Protein Data
Bank (PDB ID: 5CNY and 5MGS5, respectively). (B) Formation of tryptophan from indole and pyruvate, proposed as one of the chemical evolution pathways in prebiotic eras.14 An
image of a part of the oceanic crust (serpentinized harzburgite from Atlantic Massif) is shown on the right. The crust image was reproduced with permission.!13 Copyright 2011, the
American Geophysical Union. Potentially relevant reactions to the proposed chemical evolution reaction are shown at the bottom: (i) Reaction of indole and pyruvate analoge
(oxygen-substituted a,B-unsaturated carbonyl compound),18 (ii) Tautomerization of pyruvate forming hydroxy-substituted a,B-unsaturated carboxylic acid as an enol form, and (iii)
Chemical structure of phosphoenolpyruvate (a,B-unsaturated carbonyl compound with a substitution on the oxygen of the enol unit) that is a known intermediate for the modern
glycolysis®® as well as a possible species in the prebiotic time.120 (C) Reaction of phenylalanine and benzoyl chloride forming benzophenone-substituted unnatural amino acid!?4 that
is useful for identification of interactions between biomolecules in cellular systems through irradiation of ultraviolet light (photo-crosslinking).122 (D) Acetylation of tyrosine with
acetyl chloride forming acetyltyrosine as an intermediate for chemical synthesis of 3,4-dihydroxyphenylalanine (DOPA).128129 Schematic description of utility of DOPA as a natural
adherent is shown on the right. (E) Reaction of tryptophan residues in peptides or proteins with thiophene-ethanol, which can be used for labeling of antibodies.133 Examples of
antibody conjugates are shown on the right.
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Conclusions

Since its inception approximately 150 years ago, Friedel-
Crafts reactions have proven its significance not only for
synthetic methods of small molecule compounds but also for
biomolecular chemistry. Even during the past decade, a series
of natural Friedel-Crafts reactions in living systems have been
unraveled, and it would be reasonable to assume that there
may be many other examples of undiscovered natural Friedel-
Crafts reactions. Discovery of the natural reactions would
expand the field of enzymology in conjunction with
bioengineering strategies such as directed evolution.137 Many
synthesis and functionalization methods of biomolecules
described above are dependent on protecting group strategies
which require additional synthetic efforts and cost, and unique
reaction control approaches for unprotected biomolecules
would be an important focus for future development. In
addition to the aforementioned relevance to chemical evolution
(Scheme 8A), Friedel-Crafts alkylation has been employed for
study of autocatalysis in part relevant to self-replication
processes in the early Earth.138 As such, the alkylation and
acylation reactions remain to be essential for diverse aspects of
chemistry and biology research fields.

It is interesting that, despite the significant advance in
biomolecular Friedel-Crafts reactions, there have not been any
examples of bioorthogonal Friedel-Crafts reactions reported to
date. Many classical reactions can be used to achieve
bioorthogonal chemistry such as Diels-Alder reactions®> and
even imine/hydrazone/oxime formation in certain
circumstances’ (Scheme 1A. iii, iv, and viii). Challenges of such a
bioorthogonal Friedel-Crafts reaction may be related to general
incompatibility of traditional Friedel-Crafts reagents (i.e., acyl
chloride and aluminum chloride), although generation of acyl
chloride in cellular environments could be possible at a low
concentration.’3® However, reagents that are frequently
considered too reactive/unstable in aqueous solutions (e.g.,
Wittig140 and diazo'4! reagents) have been successfully used in
cellular applications too, which indicates potential feasibility of
Friedel-Crafts reactions in cellular systems. Development of
methods with unique media could potentially be an alternative
approach, as discussed above (Scheme 8E).133 Even if intact
small molecule reagents would not be usable for cellular
contexts, there are other unique chemical strategies such as
genetically encodable amino acids and peptides as
bioorthogonal tags'4? as well as encapsulation methods of
reactive molecules in aqueous solutions.143 Biomolecular
Friedel-Crafts reactions have rapidly grown in multiple ways,
and alongside technological and strategic advances of chemical
methods in various fields, the full potentials of the alkylation
and acylation chemistry in biological systems may not have
been seen yet.
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