
2583

A. Rehpenn et al. Short ReviewSynthesis

SYNTHESIS0 0 3 9 - 7 8 8 1 1 4 3 7 - 2 1 0 X
Georg Thieme Verlag KG  Rüdigerstraße 14, 70469 Stuttgart
2021, 53, 2583–2593

short review
en
Molecular Editing of Flavins for Catalysis
Andreas Rehpenn◊ 
Alexandra Walter◊ 
Golo Storch* 0000-0002-6747-3035

Department Chemie, Technische Universität 
München, Lichtenbergstr. 4, 85747 Garching, 
Germany
golo.storch@tum.de

◊ These authors contributed equally

Corresponding AuthorGolo StorchDepartment Chemie, Technische Universität München, Lichtenbergstr. 4, 85747 Garching, GermanyeMail golo.storch@tum.de

N

N

NH

N O

O

1

N

N

N

N O

O
3

N

N

NH

N O

O
5

N

N

NH

N O

O
6

7

8

9

N

N

NH

N O

O

10

Improved Flavin Catalysts

(–)-Riboflavin

N

N

NH

N O

O

Received: 14.02.2021

Accepted after revision: 22.03.2021
Published online: 22.03.2021
DOI: 10.1055/a-1458-2419; Art ID: ss-2021-m0064-sr

License terms: 

© 2021. The Author(s). This is an open access article published by Thieme under the 
terms of the Creative Commons Attribution-NonDerivative-NonCommercial-License, 
permitting copying and reproduction so long as the original work is given appropriate 
credit. Contents may not be used for commercial purposes or adapted, remixed, 
transformed or built upon. (https://creativecommons.org/licenses/by-nc-nd/4.0/)

Abstract The diverse activity of flavoenzymes in organic transforma-
tions has fascinated researchers for a long time. However, when applied
outside an enzyme environment, the isolated flavin cofactor only shows
largely reduced activity. This highlights the importance of embedding
the reactive isoalloxazine core of flavins in defined surroundings. The lat-
ter include crucial non-covalent interactions with amino acid side chains
or backbone as well as controlled access to reactants such as molecular
oxygen. Nevertheless, molecular flavins are increasingly applied in the
organic laboratory as valuable organocatalysts. Chemical modification
of the parent isoalloxazine structure is of particular interest in this con-
text in order to achieve reactivity and selectivity in transformations,
which are so far only known with flavoenzymes or even unprecedented.
This review aims to give a systematic overview of the reported designed
flavin catalysts and highlights the impact of each structural alteration. It
is intended to serve as a source of information when comparing the
performance of known catalysts, but also when designing new flavins.
Over the last few decades, molecular flavin catalysis has emerged from
proof-of-concept reactions to increasingly sophisticated transforma-
tions. This stimulates anticipating new flavin catalyst designs for solving
contemporary challenges in organic synthesis.
1 Introduction
2 N1-Modification
3 N3-Modification
4 N5-Modification
5 C6–C9-Modification
6 N10-Modification
7 Conclusion

Key words flavin catalysis, organic synthesis, biomimetic chemistry,
organocatalysis

1 Introduction

Enzymes which rely on a flavin cofactor (flavoenzymes)

have been studied in detail and structural as well as mecha-

nistic insights are documented.1 The diverse areas of cata-

lytic activity have been of particular interest and the specif-

ic roles of flavoenzymes in many chemical transformations

have been addressed systematically.2 The cofactor itself is

either covalently linked to the enzyme backbone or held in

position by defined non-covalent interactions.3 Common to

all flavoenzymes is a reactive isoalloxazine heterocycle,

which is usually part of the flavin adenine dinucleotide

(FAD) cofactor 1 (Figure 1A). The quinoid structure of isoal-

loxazine is a strong oxidant which also is its primary reac-

tivity towards substrate molecules. A second typical reac-

tivity of flavins is substrate oxygenation, which is made

possible by activation of molecular oxygen from air fol-

lowed by formation of hydroperoxide intermediate 2 (Fig-

ure 1B).4 A fascinating aspect in flavoenzyme mechanisms

is the variety of oxidation states in which the cofactor is
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active and possesses individual reactivity characteristics.

The three most common oxidation states include the fully

oxidized quinoid state, the one-electron reduced semiqui-

none, and the fully reduced hydroquinone state (Figure 1C).

All of these properties taken together explain why the anal-

ogous cofactor is capable of mediating completely unrelated

transformations in flavoenzymes depending on a reducing

or oxidizing surrounding as well as additional parameters

such as availability of molecular oxygen.

Figure 1  Characteristic features of the flavin cofactor. (A) Structure of 
flavin adenine dinucleotide. (B) Covalent hydroperoxide intermediate 
which is formed upon activation of molecular oxygen. (C) The three 
most common oxidation states of the isoalloxazine core. ADP: adenos-
ine diphosphate.

Without an enzyme surrounding, the isolated flavin co-

factor loses a large part of its activity, which has been

demonstrated by direct comparison to flavoenzymes.5 This

observation underlines the crucial importance of the proxi-

mal surroundings of the isoalloxazine core and the involve-

ment of non-covalent interactions in efficient reaction pro-

cesses. However, in spite of the reduced activity, the isolated

cofactor, especially commercially available (–)-riboflavin,

has been used in the organic laboratory with growing inter-

est and flavin catalysis has been recognized as a useful tool

in synthesis.6 The fact that flavins can also be photoexcited

has been of additional interest and especially the strongly

oxidizing properties after irradiation have found wide ap-

plication in synthetic chemistry.7

It is the aim of this review to give an overview of how

alterations of the isoalloxazine core have been utilized to

design and apply molecular flavin catalysts for individual

catalytic reactions. Therefore, methods using the unmodi-

fied, natural (–)-riboflavin as catalyst will not be discussed.

Five different positions of alteration have been identified

and will be discussed in detail: N1-, N3-, N5-, C6–C9-, and

N10-modification (Figure 2). Upon N1-modification, some

of the resulting flavins are formally alloxazines or alloxaz-

inium salts. However, these compounds are still regarded as

alterations of the parent isoalloxazine and included in this

review.

Figure 2  The structure of isoalloxazine including the numbering 
scheme is shown in the top left box. Five positions of flavin alterations 
are discussed within this review and are highlighted in representative 
structures with grey spheres.

Throughout this review many flavin catalysts are modi-

fied at more than one of the above-mentioned positions. In

these cases, they are not mentioned twice, but are assigned

to the substitution position which impacts reactivity or se-

lectivity most.

2 N1-Modification

Unlike in flavoenzymes, isolated (–)-riboflavin does not

readily form covalent adducts with nucleophiles such as hy-

drogen peroxide or amines in solution. In order to increase

the molecular reactivity of flavin, the Sayre group reported

a straightforward synthesis of N1–N10-bridged flavinium

salt 3 in 2001.8 This compound was found to be a stronger

oxidant compared to the parent isoalloxazine and could

also be reduced reversibly. Interestingly, covalent adducts

with nucleophiles are not formed in the C4a-position

(which is known for flavin hydroperoxides in enzymes), but

rather in the C10a-position. This is exemplified by the reac-

tion with hydrogen peroxide resulting in adduct 4 (Scheme 1).

Scheme 1  Molecular structure of a N1–N10-bridged flavinium salt and 
its reaction with a hydrogen peroxide nucleophile

In 2010, the Carbery group built upon these studies and

reported the use of this class of flavinium catalysts for the

oxidation of aryl and alkyl thioethers with hydrogen perox-

ide (Scheme 2).9 They observed that especially electron-
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withdrawing substituents, like in chloro derivative 5, lead

to high catalytic activity. This reaction has been found to be

very robust and also allows catalytic application in mix-

tures of water and organic solvent.10

Scheme 2  Catalytic activity of flavinium salt 5 in the activation of hy-
drogen peroxide and oxidation of a series of thioether substrates

While thioether oxidation proceeds by nucleophilic at-

tack on flavin hydroperoxide intermediate 4, the latter was

also found to act as a nucleophile in combination with suit-

able substrates. Electron-deficient flavinium salt 6 was re-

ported to mediate the oxidation of aldehydes to the corre-

sponding carboxylic acids efficiently (Scheme 3).11 Similar

nucleophilic reactivity of the hydroperoxide intermediate

was used in Baeyer–Villiger oxidation with N1–N10-

bridged flavins.12

Scheme 3  Flavinium catalyst 6 is also active in oxidation of aldehyde 
substrates to carboxylic acids

The efficiency of the synthetic route towards flavinium

catalysts of the N1–N10-bridged type also stimulated the

exploration of chiral versions for enantioselective applica-

tions. The Cibulka group reported a variety of chiral flavini-

um salts 7, which are derived from enantiopure amino ac-

ids as the sole source of chiral information (Figure 3A).13

Derivative 7c showed high facial selectivity in the reaction

with hydrogen peroxide, yielding the hydroperoxide adduct

in >95:5 diastereoselectivity. Yamamoto and co-workers ex-

panded the series of chiral variants by flavinium salt 8, which

has two substituents at the N1–N10 bridge (Figure 3B).14

This catalyst was applied as an ion pair with chinchona

alkaloids and enabled the enantioselective Baeyer–Villiger

oxidation of cyclobutanone substrates.

Figure 3  Chiral variants of N1–N10-bridged flavinium catalysts; both 
types were applied in stereoselective oxidation reactions

The reduced form of N1–N10-bridged flavinium cata-

lysts, hydroquinoid compound 9, also reacts with molecular

oxygen in analogy to parent (–)-riboflavin. In unmodified

flavins, this reaction results in initial formation of hydro-

peroxides followed by fast and irreversible hydrogen perox-

ide elimination. However, reaction of 9 with molecular oxy-

gen results in hydroperoxide 4, which is the active interme-

diate in all previously described catalytic cycles using

hydrogen peroxide (Scheme 4).

Scheme 4  Activation of molecular oxygen occurs with reduced flavin 9 
and results in formation of C10a-hydroperoxide; Red: reduction

When eliminating hydrogen peroxide, hydroperoxide 4

is converted into the oxidized flavinium catalyst 3 (cf.

Scheme 1). This strategy for oxidation of the reduced flavin

catalyst intermediate 9 with molecular oxygen has been

used in various ways to close the catalytic cycle of oxidation

reactions. N1–N10-Bridged flavinium salts were found to

be exceptionally stable and well suited in this context. In

2011, the Carbery group used catalyst 6 for the oxidation of

hydrazine to diazene (N2H2). The latter subsequently served

as a reductant for C=C bonds.15 Re-oxidation of the reduced

flavin intermediate was achieved by molecular oxygen. The

same catalyst 6 was also successfully applied in the re-oxi-

dation of NAD(P)H to NAD(P)+ under aerobic conditions,

which made dehydrogenase activity possible with air as

terminal oxidant.16 Both N1–N10-bridged flavinium salts

and the corresponding hydroperoxides oxidize iodide to io-

dine and the catalytic couple 10 + I2 (or I–) was found to act

synergistically with iodine being constantly regenerated by

the flavin catalyst and molecular oxygen.17 The concept

was applied in the transformation of tosyl hydrazones to

1,2,3-thiadiazoles (Scheme 5).

Scheme 5  Flavinium catalyst 10 constantly re-cycles iodide to iodine 
under aerobic conditions. The catalyst couple 10 + NH4I was applied in 
1,2,3-thiadiazole formation. DMAc: N,N-dimethylacetamide.

Foss and co-workers showed in 2020 that re-oxidation

of flavinium catalyst 3 with O2 closes the catalytic cycle of

converting nitromethane into NO2
–.18 In a separate cycle,

the latter subsequently oxidizes TEMPOH to TEMPO+, which
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led to efficient CH-oxygenation of chromane substrates

(Scheme 6).

Contrary to oxygen nucleophiles, phosphorous nucleo-

philes react with N1–N10-bridged flavinium catalysts at

N5- and not at the C10a-position. These observations were

used by the Cibulka group in 2019 in order to replace stoi-

chiometric diethyl azodicarboxylate (DEAD) in Mitsunobu

esterification reactions.19 Addition of triphenylphosphine

to flavinium catalyst 11 results in covalent intermediate 12,

which has been fully characterized (Scheme 7). Attack of an

alcohol substrate on the phosphorus atom of the intermedi-

ate yields an oxyphosphonium cation (the reaction then

proceeds in analogy to the standard Mitsunobu esterifica-

tion) concomitant to release of the reduced flavin species;

the latter is re-oxidized with molecular oxygen. Under

these reaction conditions, no reactivity was observed with

neutral, N3-methylated (–)-riboflavin tetraacetate.

Scheme 7  Flavinium-catalyzed Mitsunobu esterification which does 
not require an azodicarboxylate for activation of triphenylphosphine; 
MS: molecular sieves

N1–N10-Bridged flavinium salts show characteristic ab-

sorption features in the visible spectrum around max ≈ 400 nm

and also show fluorescence at fl ≈ 470 nm. The Cibulka

group successfully used irradiation with visible light to in-

crease the redox potential of 11 from E = +0.01 V (vs. saturated

calomel electrode (SCE)) in the ground state to E = +2.67 V

(vs. SCE) in the excited state.20 Under these reaction condi-

tions, they could achieve even very challenging oxidations,

such as conversion of p-(trifluoromethyl)toluene (EOX = +2.61 V

(vs. SCE)) into the corresponding benzoic acid derivative

(Scheme 8). The methodology has since been expanded to

oxidations of benzylic positions and alcohols.21

Scheme 8  Strongly oxidizing flavinium catalysts in the excited state for 
challenging oxidations yielding carboxylic acids

A detailed subsequent spectroscopic study revealed that

contrary to the reactions in the dark, covalent hydroperox-

ide binding occurs at the C4a-position with formation of 13

when conducting the reactions with catalyst 11 photo-

chemically (Scheme 9).22 This observation was rationalized

based on a N5-blocking effect after initial proton-coupled

electron transfer (PCET), which results in N5-protonation.

Scheme 9  Evidence for C4a-hydroperoxide formation when conduct-
ing substrate oxidation under irradiation was obtained by using photo-
dissociation spectroscopy. In the depicted reaction, benzylic oxidation 
of the Ar-CH3 substrate first generates a reduced flavin semiquinone. 
The latter reacts with HOO• to give hydroperoxide 13.

Flavins which contain a substituent in the N1-position

but are not substituted in the N10-position formally belong

to the class of alloxazines. These compounds were found to

be especially suitable as triplet sensitizers due to their sig-

nificantly higher triplet energy when compared to isoallox-

azines. In 2015, the Cibulka group reported flavin 14 as a

competent photocatalyst for the [2+2]-cycloaddition of di-

ene 15 (Scheme 10).23 No product formation was observed

with (–)-riboflavin. This reactivity has also been observed

with immobilized flavin catalysts24 and an expanded sub-

strate scope.25

Scheme 10  Alloxazine catalyst 14 acts as sensitizer in the photocyc-
loaddition of diene 15

3 N3-Modification

The N3-position of flavins is easily deprotonated and

therefore the most straightforward choice for functionaliza-

tion with electrophiles such as alkyl halides. Alkyl substitu-

Scheme 6  Benzylic oxidation mediated by flavinium catalyst 3 in com-
bination with TEMPO
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ents at the N3-position are the most common way to mod-

ulate the solubility of the flavin catalyst in organic media

and these modifications will not be discussed here. Alkyla-

tion of the N3-position does not significantly alter the ab-

sorption and fluorescence spectra of flavin catalysts but has

been found to increase photostability when comparing

tetraacetylated (–)-riboflavin with and without N3-methyl-

ation.26 Redox properties are also only slightly changed due

to the missing binding site for hydrogen bonding interac-

tion.27 Therefore, significant changes in flavin catalytic ac-

tivity upon modification of the N3-position rely on attach-

ing substituents with additional functions that work in

concert with the isoalloxazine. In 2004, Cibulka, König, and

Vasold reported flavin 16, which was decorated with a Lew-

is acid binding site for substrate localization in proximity to

the quinoid active site (Figure 4A).28 The zinc(II)-flavin con-

jugate showed 30 times higher quantum yields for photo-

catalytic oxidation of alcohol substrates when compared to

flavins lacking the modification. Substitution of the N3-po-

sition also served as a strategy for immobilization of flavins

by polymerization. Gilmour, Ravoo, and co-workers demon-

strated the high catalytic activity of silica-supported flavin

17 (Figure 4B) in the E to Z isomerization of olefin sub-

strates.29 Related strategies have also been used to immobi-

lize flavin catalysts on gold nanoparticles30 as well as meso-

porous silica.31

Figure 4  Modifications of the N3-position which significantly enhance 
catalytic activity (A) or allow for immobilization of flavins (B); MEM: 
2-methoxyethoxymethyl

The Imada group reported flavin catalyst 18 with a pep-

tide substituent at the N3-position (Figure 5A).32 They

screened several turn sequences with the intention of facil-

itating the side chains of the peptide in reaching the reac-

tive quinoid center and intermediate hydroperoxide. They

identified 18 as the optimal catalyst for transformations

with flavin hydroperoxides, which usually require substitu-

tion of either the N1- or N5-position. This observation was

rationalized as a result of the carboxylic acid functionality

in the aspartic acid (Asp) side chain. The latter was suggest-

ed to form stabilizing non-covalent hydrogen bonds to the

flavin hydroperoxide intermediate (Figure 5B) thereby in-

creasing its stability. Conjugate 18 was applied in Baeyer–

Villiger reactions and thioether oxidations, which are both

not possible with (–)-riboflavin or simple isoalloxazines.

Figure 5  The peptide-flavin conjugate (A) was prepared by solid-phase 
synthesis on an amino-functionalized polystyrene resin, which is de-
picted as a grey sphere. Flavin 18 was then applied as a polymer-sup-
ported catalyst. The binding mode of the aspartic acid side chain to the 
hydroperoxide involves two hydrogen bonds (B).

4 N5-Modification

In 1976, the Bruice group reported that N5-alkylated

flavinium salt 19, unlike (–)-riboflavin, reacts with hydro-

gen peroxide and forms a covalent adduct at the C4a-posi-

tion (Scheme 11).33 This type of adduct formation and the

reactivity of hydroperoxide 20 was thoroughly studied

since it is an intermediate in many flavoenzyme-catalyzed

oxygenation reactions.34 Alkylation at the N5-position is

straightforward starting from the isoalloxazine and is typi-

cally achieved by reduction to the hydroquinoid state fol-

lowed by reductive amination with a suitable aldehyde.35

Typically, acetaldehyde is used and, therefore, N5-ethyl cat-

alysts are most common. Alternatively, the corresponding

C4a-hydroxy analogues, stemming from addition of a mole-

cule of water,36 can also be applied as pre-catalysts, which

are activated by acid and elimination of water.37 Absorption

and emission properties of N5-alkylated flavinium salts are

similar to those of the parent isoalloxazines yet bathochro-

mically shifted.38

Scheme 11  Alkylation of the flavin N5-position results in flavinium 
salts. Ethylated catalyst 19 reacts with hydrogen peroxide and forms 
the corresponding hydroperoxide intermediate 20.

In the context of studies towards elucidating flavoen-

zyme reactivity, early reports by the Bruice group in 1980

revealed that hydroperoxide 20 efficiently mediates the ox-

idation of amine substrates.39 Building on these observa-

tions, Murahashi and co-workers achieved a catalytic meth-

od and they showed that a variety of thioethers and sec-

ondary amines are oxidized by hydrogen peroxide in the

presence of 19 to the corresponding nitrones, sulfoxides, or

sulfones depending on the substrate and reaction condi-

N

N

N

N O

O17

OAc

AcO
OAc

OAc

N

N

N

N O

O

16

MEM

O

N

N

N

N

H
H

H

Zn
O

O

2 ClO4

2

A B

3

3

n

18

N

N

N

N O

O
NO

H
N

ON
H

O

H
N

ON
H

O

HO2C

11

HO

N
H

N

N

N O

O
O

O
H

O
O

H

BA

3

N

N

N

N O

O ClO4

H2O2

20

Et

19

N

N

N

N O

OEt
OOH

5 5

4a
Synthesis 2021, 53, 2583–2593



2588

A. Rehpenn et al. Short ReviewSynthesis
tions (Scheme 12).40 They noted, that hydroperoxide 20 had

a 104 times higher catalytic activity compared to hydrogen

peroxide.

Scheme 12  Application of N5-alkylated flavinium catalyst 19 in oxy-
genation reactions with hydrogen peroxide as oxidant

The significant rate acceleration of N5-alkylated flavini-

um salts in heteroatom oxidations with hydrogen peroxide

has been used in several variants41 including micellar sys-

tems42 and polymer-bound43 flavinium catalysts. The gen-

eral concept of hydrogen peroxide activation with flavini-

um catalysts of the 19-type was soon expanded to other re-

actions, in all of which (–)-riboflavin was not an active

catalyst. In analogy to C10a-hydroperoxide 4, Furstoss and

co-workers demonstrated in 1996 that C4a-hydroperoxide

20 also acts as a nucleophile and converts cyclobutanones

in Baeyer–Villiger reactions.44

In analogy to reduced N1-substituted flavin 9, the re-

duced counterpart 21 also reacts with molecular oxygen re-

sulting in hydroperoxide 20 (Scheme 13). This opens up the

possibility to replace hydrogen peroxide with oxygen from

air if a suitable reductant is used for converting flavinium

salt 19 into the hydroquinoid state.

Scheme 13  The reaction of reduced N5-alkylated flavins with molecu-
lar oxygen as an alternative way to generate hydroperoxide 20

In 2003, Murahashi, Imada, and co-workers demon-

strated that hydrazine hydrate serves as a competent reduc-

tant for this purpose.45 They showed that under these re-

ducing conditions, flavinium salt 19 catalyzes the oxidation

of thioether and amine substrates with molecular oxygen as

the terminal oxidant (Scheme 14). This strategy for replac-

ing hydrogen peroxide in oxidations was found to be broad-

ly applicable and was subsequently used in a variety of het-

eroatom oxidations.46 In addition to hydrazine hydrate, oth-

er reducing agents including formic acid47 and ascorbic

acid48 were found to be also suitable in electrophilic oxida-

tion reactions with N5-alkylated flavinium catalysts.

Yet another analogy of N1-substituted flavinium cata-

lyst 3 and N5-substituted analogue 19 is their ability to

form diazene from hydrazine, which then allows reduction

of C=C bonds (Scheme 15).49 Reaction of the reduced flavin

species with molecular oxygen closes the catalytic cycle

with hydrogen peroxide being released. The methodology

was successfully applied to a variety of olefin substrates.50

Scheme 15  Flavinium catalyst 19 serves as a source of diazene upon 
oxidation of hydrazine. The reduced flavin species is then re-oxidized by 
molecular oxygen.

The method of replacing hydrogen peroxide with mo-

lecular oxygen was also successfully expanded to transfor-

mations in which the flavin hydroperoxide acts as a nucleo-

phile. In this context, zinc was found to be an ideal reducing

agent in Baeyer–Villiger reactions using flavinium catalyst

22, which is derived from (–)-riboflavin (Scheme 16).51 Re-

oxidation of reduced N5-substituted flavinium catalysts

with molecular oxygen has since been broadly applied in-

cluding iodine-mediated reactions,52 catalytic water oxida-

tion,53 and catalytic oxygenation of methylrhenium trioxide

(MTO).54

Scheme 16  Metallic zinc serves as competent reductant in Baeyer–
Villiger oxidation of cyclobutanone substrates with molecular oxygen as 
terminal oxidant

A particularly active class of flavinium catalysts stems

from combined N1- and N5-substitution without a substit-

uent in the N10-position. Formally, these compounds are

N5-substituted alloxazines. In 1998, the Bäckvall group re-

ported reduced flavin 23 for heteroatom oxidation mediat-

ed by the corresponding C4a-hydroperoxide intermediate

(Scheme 17).55 This oxidation of N-methylmorpholine was

also applied in catalytic regeneration of OsO4 for olefin di-

hydroxylation.56 The higher activity of catalyst 23 com-

pared to N5-substituted isoalloxazines in heteroatom oxi-

dations with hydrogen peroxide was subsequently stud-

ied.57 The C4a-hydroperoxide from 23 was also successfully

applied in aldehyde oxidations.58 Analogous N1,N5-disub-
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stituted alloxazinium salts were additionally identified as

efficient catalysts in cyclobutane ring-opening reactions,59

in oxidative aromatizations,60 and in combination with io-

dine in aerobic oxidation reactions.61

Scheme 17  Flavin 23 was found to be a highly efficient catalyst for he-
teroatom oxidation with hydrogen peroxide

In nature, replacing the nitrogen at the N5-position with

a carbon atom is frequently observed and the correspond-

ing deazaflavins are also part of relevant biological mole-

cules (such as cofactors F0 and F420).62 The reactivity differ-

ences of molecular deazaflavins as well as their photophys-

ical properties have been thoroughly studied.63 They have

also been applied as catalysts in [2+2]-photocycloaddi-

tions.64 In 2020, König, Cibulka, Kutta, and co-workers re-

ported deazaflavin 24, which was successfully applied in

one-electron reductions under irradiation resulting in de-

halogenation of aryl halide substrates (Scheme 18A).65

These results are remarkable since their benchmark sub-

strate 4-bromoanisole is very resistant towards reduction:

Ered = –2.75 V (vs. SCE). In a very detailed spectro-electro-

chemical study, it was shown that the active catalyst spe-

cies is the photoexcited semiquinone 25* (Scheme 18B),

which is a very strong reductant E* = –3.3 V (vs. SCE).

Semiquinone 25 itself is generated from the oxidized

deazaflavin 24 upon photoexcitation and one-electron re-

duction with the sacrificial reductant N,N-diisopropylethyl-

amine (DIPEA). Therefore, the mechanism of action is a con-

secutive photoinduced electron transfer (conPET).66

Scheme 18  Deazaflavins as catalysts in one-electron reduction upon 
photoirradiation. (A) Catalyst 24 was used as pre-catalyst in dehaloge-
nation of aryl halide substrates using DIPEA as terminal reductant. 
(B) The photoexcited flavin semiquinone 25* was identified as the 
active catalyst species.

5 C6–C9-Modification

Alterations at aromatic positions also profoundly affect

the reactivity of flavin catalysts. In general, most flavin cat-

alysts are either unsubstituted in positions C6–C9 or they

are dimethylated in positions C7 and C8, depending on

whether they are synthesized entirely or derived from

(–)-riboflavin. Neither of these cases will be discussed here

in detail since these alterations are of synthetic origin and

not intended to change the reactivity of the catalyst. There

are, however, systematic studies that link the introduction

of electron-donating or electron-withdrawing groups to the

C7- and C8-positions to the redox potential of the resulting

flavin species. In this context, Rotello, Cooke, and co-work-

ers reported that the reduction potential E1/2 = –0.83 V (vs.

SCE) of unsubstituted flavin 26 was significantly lowered by

–0.15 V through two additional methoxy groups in flavin

27 while being raised by +0.16 V in dichloro derivative 28

(Figure 6).67 Throughout the previous examples, this effect

has been used by C7-substitution with a CF3 group in order

to increase electrophilicity and oxidation strength.

Figure 6  Representative examples for the modification of redox poten-
tials by substituents in the C7- and C8-positions. All values for redox po-
tentials were converted from the original data (vs. ferrocene) into SCE 
using the reported method.68

However, not all substitutions at the C6–C9-positions

are intended to engender changes to the redox potential. In

2016, Glusac and co-workers reported C9-iodoflavin 29

which benefits from a drastically faster intersystem cross-

ing (ISC) to the triplet state after photoexcitation (Figure

7A).69 They demonstrated that this heavy atom effect made

29 a more active catalyst for the oxidation of benzyl alcohol

to benzaldehyde when compared to the unsubstituted ana-

logue. Similar observations were made by Zhao, Guo, and

co-workers who reported the C7,C8-dibrominated flavin

30, again with the intention to benefit from the heavy atom

effect (Figure 7B).70 They showed that the superior catalytic
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activity of 30 in O2-sensitization and thioether oxidation is

a direct result of the increased rate of intersystem crossing.

Yoneda and co-workers showed that C6-functionaliza-

tion with a carboxylic acid results in flavin derivatives that

form stable semiquinone radicals 31 (Figure 8A).71 They ful-

ly characterized the latter and then apply these flavins as

catalysts in the sulfoxidation of thioethers. Dimerized flavin

32 is a special case of C7,C8-modification and additionally

contains a binding site for Lewis acids (Figure 8B).72 This

flavin served as ligand for various metal precursors and was

found to be active in oxidation of -hydroxycarboxylic acids

to the corresponding -keto acids. The C7- and C8-positions

have also been used to include the isoalloxazine in a crown

ether motif with high affinity for potassium cations.73

When irradiated, these catalysts showed high reactivity in

the oxidation of amino acid potassium salts.

Figure 8  Designed flavin catalysts with alterations at C6 and C8 (A) or 
C7 and C8 (B)

Our group has recently contributed a series of benzothi-

azole flavins which are obtained from the corresponding

thioureas upon oxidative cyclization.74 These catalysts were

readily reduced by 2,6-lutidinium oxalate ‘LutOx’ under ir-

radiation and especially the stacked bisflavin 33 was found

to be a very stable catalyst for reactions under aerobic con-

ditions (Scheme 19A). The catalysts were applied in the bio-

mimetic bromination of a series of tyrosine and flavone de-

rivatives (Scheme 19B). Using (–)-riboflavin resulted in un-

selective substrate decomposition.

6 N10-Modification

In all isoalloxazines discussed here, the N10-position is

attached to a carbon atom. In naturally occurring (–)-ribo-

flavin, a ribityl substituent is attached to this position and

all common variations of this sugar such as acetylation,

methylation, or acetal formation will not be discussed in

detail here. These alterations are not intended to change the

reactivity of the flavin but rather to block the potentially in-

terfering hydroxy groups. As an exception, the tetra-octa-

decanoyl functionalization of (–)-riboflavin significantly

changed the properties and resulted in flavin gelation upon

sonification.75 These gels have been applied in the hydra-

zine-mediated aerobic reduction of olefinic substrates. On

the other hand, when synthesizing flavins in the laboratory,

common N10-substituents include alkyl chains or aryl

groups, which again will only be discussed if they serve a

purpose beyond changing solubility.

An intriguing alteration of the N10-position was report-

ed by Murahashi, Imada, and Ono in 2002 in the context of

enantioselective Baeyer–Villiger oxidations.76 They showed

that enantiopure trans-diaminocyclohexane (DACH) served

as a suitable chiral source in order to completely control the

planar chirality of bisflavinium salt 34. Both isoalloxazine

cores are in a stacked arrangement and cannot rotate

around the N10–CDACH single bond, resulting in stable ste-

reoisomers. Additionally, each of the isoalloxazines serves

as a steric shield for the opposite one, which leads to an ef-

ficient facial selectivity regarding the approach of sub-

strates and reagents. Bisflavinium salt 34 was applied in the

oxidation of cyclobutanones and achieved lactone forma-

tion with 63% ee (Scheme 20).

Scheme 20  A C2-symmetric stacked bisflavinium catalyst 34 and its 
application in enantioselective Baeyer–Villiger oxidation. Rotation 
around the N10–CDACH single bond (highlighted by an arrow) is hin-
dered, leading to a stable planar chiral catalyst stereoisomer.

A similar concept was demonstrated by the Cibulka

group who reported a strategy to install an aryl shield

blocking one site of the isoalloxazine catalyst 35.77 Here, the

planar chiral enantiomers were separated by preparative

HPLC on a chiral stationary phase and again, hindered rota-

tion around the N10–CAr bond led to stable catalyst enan-

tiomers that did not racemize. Flavinium salt 35 was ap-
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plied in the enantioselective oxidation of thioethers and a

variety of modified and improved versions of this catalyst

class was also explored (Scheme 21A).78 In a different ap-

proach which also relied on planar chirality, the Shinkai

group developed flavinium catalyst 36 which is bridged be-

tween the N3- and N10-positions.79 This catalyst was also

found to be stable towards racemization and was applied in

thioether oxidation with enantioselectivities of up to 65%

ee (Scheme 21B).

Scheme 21  The N10-modification of flavinium salts was used in order 
to generate planar chiral flavin catalysts. This was either achieved by 
stacking with an aromatic substituent (A) or by connecting the N3- and 
N10-positions by an alkyl chain of suitable length (B). An arbitrary enan-
tiomer of 36 is drawn here in order to illustrate the planar chirality. The 
Shinkai group used enantiomerically pure catalyst with positive sign of 
optical rotation.

Apart from chiral modifications, the N10-position was

used by the König group in order to obtain flavin catalyst 37

with a thiourea functionality.80 This catalyst was shown to

exhibit superior properties in the oxidation of 4-methoxy-

benzyl alcohol and an electron-mediating effect of the

thiourea was identified (Scheme 22).

Scheme 22  Application of thiourea-modified flavin catalyst 37 in the 
oxidation of benzylic alcohol upon irradiation

The same catalytic reaction was also studied with flavin

38, which is substituted with a 2,6-dimethylphenyl group

in the N10-position (Scheme 23). Gschwind, König, Cibulka,

and co-workers showed that this increase in steric bulk on

both sides of the isoalloxazine core resulted in a significant-

ly decreased level of flavin aggregation.81 Flavin 38 was

found to be highly catalytically active, exceeding efficiency

of (–)-riboflavin in oxidation of benzylic alcohol by nearly

one order of magnitude (quantum yield of the transforma-

tion).

Scheme 23  The N10-modification with a 2,6-dimethylphenyl substitu-
ent results in non-aggregating flavin catalysts, which are highly effi-
cient in oxidations upon irradiation

The N10-position has also been used to bring a second

catalytically active site in close proximity to the isoallox-

azine core. Imada, Arakawa, and co-workers achieved dual

enamine catalysis with designed flavin 39, which contains a

secondary amine unit connected to the isoalloxazine core

with a proline linker.82 Catalyst 39 was applied in the

-functionalization of aliphatic aldehydes with TEMPO

(Scheme 24). The efficiency of the designed flavin com-

pared to unmodified analogues or (–)-riboflavin was ratio-

nalized by a significant increase in reaction quantum yield

of up to Φ = 0.80 with flavin 39.

Scheme 24  A designed flavin with an additional secondary amino 
group was found to be well-suited for the -functionalization of aliphat-
ic aldehydes by dual enamine catalysis.

7 Conclusion

In summary, the last decades of research on modifying

molecular flavins have already yielded a significant variety

of catalysts with improved reactivity or selectivity for spe-

cific applications. Initially, most transformations were in-

spired by fundamental studies with flavoenzyme model

compounds and often guided by proof-of-concept rather

than synthetic utility. This has changed significantly and

the catalytic ability of flavins to use molecular oxygen from

air as a green oxidant might just serve as one example of

how the field contributes to sustainable methods in organic

synthesis. A second example is the successful use of flavins

in photocatalytic processes, which also is an important con-

temporary research area. Within the last few years, modifi-

cations of molecular flavins have been increasingly geared

towards finding solutions for specific desired synthetic

transformations besides the classical set of known reactions

with (–)-riboflavin. This is a very exciting trend and a

promising point in flavin catalysis research. A quick look at

the incredibly diverse flavoenzyme reactivity encourages
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the anticipation of a growing variety of new designed mo-

lecular flavins for relevant synthetic challenges in the up-

coming years.
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