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Abstract

In nature, flavoenzymes mediate various chemical transformations including inter alia
reductions, oxidations, and oxygenations. This versatile reactivity can be explained by the
flavin’s ability to switch between distinct catalytically active states under thermal or
photochemical conditions. However, the limited stability and missing non-covalent substrate-
binding and stabilisation of reactive intermediates in the active site restrict the application of
molecular flavins in synthetic chemistry due to catalyst decomposition and decreased
reactivity. This work focuses on overcoming these limitations and aims for achieving catalytic
oxidations with molecular flavins in the organic laboratory. Here, the first biomimetic
halogenation strategy using a molecular flavin catalyst and inorganic LiBr as halide source in
organic media without the need of additional catalysts or mediators is presented. The designed
molecular flavin catalysts contain two stacked C6-amino functionalised isoalloxazines. This
structure increases the flavin’s stability and influences their reactivity, which allows for
selective bromination of oxidation-prone phenolic substrates while decomposition of both the
flavin and the substrate is significantly reduced compared to parent riboflavin tetraacetate
(RFTA). Additionally, a flavin catalysed sequential Saegusa-Ito oxidation epoxidation
sequence for the direct conversion of silyl enol ethers to a,5-epoxyketones is disclosed. The
reaction relies on the sequential combination of two orthogonal reactivities of the flavin,
namely the photooxidation of silyl enol ethers, followed by the reductive activation of Oo.
Again, the instability of RFTA under the reaction conditions prompted us to switch to an
improved molecular flavin catalyst. Sequential transformation of silyl enol ethers by flavin
catalysis is not limited to the Saegusa-lto oxidation epoxidation sequence, which is
highlighted by further transformations including inter alia a Saegusa-lto oxidation
trifluoromethylation sequence. These results demonstrate how adjusting the flavins reactivity
and stability by chemical modifications enable synthetically useful transformations. The
presented studies serve as a starting point for further site-selective and sequential

transformations.






Kurzzusammenfassung

In der Natur Katalysieren Flavoenzyme unterschiedliche chemische Reaktionen,
beispielsweise Reduktionen, Oxidationen und Oxygenierungen. Diese vielseitige Reaktivitat
lasst sich durch die Fahigkeit der Flavine erklaren, unter thermischen oder photochemischen
Bedingungen, zwischen verschiedenen, katalytisch aktiven Zustdnden zu wechseln. Die
begrenzte Stabilitit und die Abwesenheit nicht-kovalenter Substratbindung sowie
Stabilisierung reaktiver Intermediate im aktiven Zentrum schranken den Einsatz molekularer
Flavine in der organischen Synthese jedoch ein, da diese Katalysatorzersetzung sowie eine
verringerte Reaktivitat zur Folge haben. Das Ziel dieser Arbeit ist es, diese Limitierungen zu
uberwunden und molekulare Flavine als Oxidationskatalysatoren in der organischen Synthese
einzusetzen. Es wird die erste flavinkatalysierte, biomimetische Halogenierungsstrategie
vorgestellt, die anorganisches LiBr als Halogenidquelle in organischem L&sungsmittel
verwendet und keine zusétzlichen Katalysatoren oder Mediatoren benétigt. Die konzipierten,
molekularen Flavine beinhalten  zwei gestapelte, C6-aminofunktionalisierte
Isoalloxazineinheiten, wodurch die Stabilitat der Flavine erhéht und ihre Reaktivitat gesteuert
wird. Mithilfe dieser Flavine wird die Bromierung von oxidationsempfindlichen,
phenolischen Substraten ermdglicht, wéhrend im Vergleich zu Riboflavin-Tetraacetat (RFTA)
die Zersetzung des Flavins sowie der Substrate erheblich unterdriickt wird. Darlber hinaus
stellt diese Arbeit eine Saegusa-lto Oxidations-Epoxidierungssequenz zur direkten
Umsetzung von Silylenolethern zu «,/-Epoxyketonen vor. Die Transformation beruht auf der
sequenziellen Verkniipfung zweier orthogonaler Reaktivititen des Flavins, der Photooxidation
von Silylenolethern gefolgt von der reduktiven Aktivierung von O. Die Instabilitat von
RFTA unter den Reaktionsbedingungen fuhrte auch hier zur Entwicklung und Anwendung
eines molekularen Flavins mit verbesserter Stabilitat. Diese flavinkatalysierte, sequenzielle
Umwandlung von Silylenolethern ist nicht auf eine Oxidations-Epoxidierungssequenz
beschrankt, was durch weitere Reaktionsfolgen, u.a. einer Saegusa-lto Oxidations-
Trifluormethylierungssequenz verdeutlicht wird. Die Ergebnisse dieser Arbeit zeigen, dass die
erhdhte Stabilitat sowie angepasste Reaktivitat, die durch die chemische Modifikation der
Flavine erreicht wurden, synthetisch wertvolle Umsetzungen ermdglichen. Die im Zuge dieser
Arbeit durchgefiihrten Studien dienen als Ausgangspunkt flr weitere selektive und

sequenzielle Reaktionen.
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Introduction

1. Introduction

Flavoenzymes are one of the most versatile enzyme classes which rely on non-metal cofactors
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). Biosynthetically, both
cofactors are derived from riboflavin, commonly known as vitamin B2 (Figure 1A).[M
Riboflavin was first described in 1879 as a bright orange compound isolated from cow’s milk
and therefore named lactochrome.[? Different terms such as ovoflavinl®! and hepatoflavin(
were used as well, relating to the source the compound was isolated from. Within the first half
of the 20" century, its role as a constituent of the vitamin B complex was discovered™ and the
structure of riboflavin was determined and proven by chemical synthesis in the groups of Paul
Karrer®® and Richard Kuhnl™, both of which obtained the Nobel Prize for their research on
vitamins. With increasing interest, the name riboflavin, derived from its ribityl side chain and
its yellow colour (Latin: flavus - yellow), replaced the various terms previously used. Shortly
after the identification of riboflavin, FMN was identified as the first cofactor in
flavoenzymes®®! and its structure was confirmed in 1936 by chemical synthesis starting from
synthetic riboflavin.l®]l FAD was first mentioned in 1938 as the coenzyme in D-amino acid
oxidase from liver, kidney and yeast.’! Its previously postulated structure was confirmed in
1954 via synthesis from FMN. These discoveries represent milestones in flavin research
and since then a multitude of flavoenzymes, which mediate a variety of biochemical

transformations have been discovered.™!!

Despite the versatile reactivity of flavoenzymes, both cofactors FMN and FAD share the same
catalytically active moiety, the heterocyclic isoalloxazine core (Figure 1A). It can be excited
by visible light and undergoes one- and two-electron transfer processes, which allows the
flavin cofactor to switch between three distinct redox states: the oxidized (quinoid), the
one-electron reduced (semiquinoid) and the two-electron reduced (hydroquinoid) state
(Figure 1B).[*?1 Due to the presence of both acidic and basic centres at N1 and N5 (Figure 1B),
all redox forms exist in pH-dependent acid-base equilibria.l’®l These active states in
combination with the enzymatic scaffold are responsible for the versatile reactivity of

flavoenzymes in biochemical transformations.!*4

The largest class of flavoenzymes are the oxidoreductases,!**”! including flavin-dependent
oxidases, monooxygenases/hydroxylases and dehydrogenases/reductases.!**! They catalyse an
electron transfer from a suitable donor molecule to oxygen as an acceptor.l'8! The bright

yellow colour of flavins and their green fluorescencel*” is attributed to their absorption

1



Introduction

maximum in the range of blue light (A = 450 nmP!) and inspired chemists to use them in
photocatalytic applications. One of the first examples mentioned in literature is the
photocatalytic oxidation of indole acetic acid under aerobic conditions using synthetic

riboflavin reported by Galston in 1949128l

Both ground state and photoexcited state of flavin cofactors catalyse chemical transformations
via two separate half-reactions, namely an oxidative and a reductive half-reaction (Figure 1C).
The oxidative half reaction involves the reduction of the cofactor by electron transfer from a
substrate while the reductive half reaction describes the reduction of a substrate by the
hydroquinoid flavin.[**! The majority of flavin cofactors are bound to the enzymatic scaffold
via non-covalent interactions, most of which occur between the N10-ribityl carbohydrate
chain of the cofactor and the peptide scaffold.[*”! The enzyme controls the cofactors oxidation
state, tunes its reactivity and aligns substrates, reactants or reactive intermediates.l: %2
However, covalent linkage of the cofactor to an amino acid of the enzyme is observed in some
flavoenzymes as well, which influences the redox potential of the flavin.?®! Covalent linkage
is known to occur between either the C8a methyl group of FAD or FMN and a tyrosine,
histidine, aspartic acid, or cysteine moiety of the peptide or the C6 carbon of the FMN

isoalloxazine core and cysteine (Figure 1A, marked green).[?4

A Flavin Adenine Dinucleotide (FAD) B Sy e “Y oy
1 1
NH, N_N_O N O N _N_O
i i <TI0 N g sN
Flavin Mononucleotide (FMN) N //I 5 5 o) H o)
! N quinoid semiquinoid hydroquinoid
Fl FIH,
c ground state ; photoexcited state

hv

reductive oxidative
half-reaction half-reaction | oyidative reductive
Ij a half reaction half-reaction
P NH FIH,

2

Figure 1: A) Structure of flavin adenine dinucleotide; B) The three redox states of flavin cofactors; C) General mechanism

for the reduction and oxidation of flavin cofactors.




Activation of Molecular Oxygen in Flavoenzymes

2. Activation of Molecular Oxygen in Flavoenzymes

After reduction, hydroquinoid flavins are able to activate molecular oxygen via
single-electron transfer (SET) and radical combination, yielding flavin-C4a-hydroperoxide

intermediates (Figure 2).1*?

™ H ~ -
N_N_O o, N o N__N__O
Y Y — Y
Nl NH n OTNH IINJ%(NH
H oo N HO &
- OH
Oz

flavin-C4a-hydroperoxide

Figure 2: Reaction of hydroquinoid flavin with Oz to flavin-C4a-hydroperoxide.

Flavoenzymes, which mediate oxygenation reactions via the formation of flavin-C4a-
hydroperoxides are categorised as flavin-dependent monooxygenases while flavoenzymes that
use O2 as electron acceptor to regenerate the quinoid cofactor are categorised as flavin-
dependent oxidases.'> 161 Additionally, bluB, a flavin-dependent enzyme similar to
oxidoreductase, is involved in the biosynthesis of the lower ligand 5,6-dimethylbenzimidazole
(DMB) of vitamin B12. BluB demonstrates a unique O»-activation-fragmentation sequence,
where DMB is generated from a contraction of the isoalloxazine core of FMN along with D-
erythrose-4-phosphate, originating from the ribityl chain. The exact fragmentation mechanism
has not been elucidated so far. However, the proposed mechanisms involve initial formation
of a FMN-C4a-hydroperoxide from reduced FMN and 0O..%2 Further flavoenzymes that
activate molecular oxygen without the formation of C4a-hydroperoxide intermediates are
flavin-dependent dehydrogenases, which react slowly or not at all with 0.2 161 In the
following, the use and activation of molecular oxygen by flavoenzymes will be discussed in

more detail, highlighting crucial interactions between the cofactor and the enzymatic scaffold.
2.1. Flavin-Dependent Monooxygenases

Flavin-dependent monooxygenases react readily with molecular oxygen and can be further
classified into three categories: i) one-component monooxygenases that use FAD as cofactor
and have an additional binding site for NAD(P)H; ii) two-component monooxygenases where
the reduction of the cofactor is carried out by a NAD(P)H-dependent reductase and the
reduced cofactor is transported to the monooxygenase protein by diffusion; iii) internal
monooxygenases where the cofactor is reduced by a suitable substrate which is subsequently

oxygenated.[*?]




Activation of Molecular Oxygen in Flavoenzymes

Flavin-dependent monooxygenases rely on coenzyme NAD(P)H as hydride donor to generate
the hydroquinoid cofactor 2 (Figure 3A). The reduced cofactor reacts with O2 in a
single-electron transfer (SET) step to generate the semiquinoid cofactor 3 and a superoxide
radical (O2"), which form the flavin-C4a-hydroperoxide 4 by radical combination. Its
terminal oxygen atom can be transferred to a substrate molecule, via a neutral, electrophilic or
deprotonated, nucleophilic C4a-peroxide species (Figure 3B),*2 forming the oxygenated
product and flavin-C4a-hydroxy intermediate 5. Regeneration of the quinoid cofactor 1 is
achieved by elimination of one molecule of water. In the absence of a suitable substrate,
elimination of H0, occurs.'> 1 Oxygenation reactions catalysed by flavin-dependent
monooxygenases include inter alia electrophilic halogenation of tryptophan(?®l and
Baeyer-Villiger oxidation!*! (Figure 3C).

)/II IW e | OXOCUE 000

HO
NAD(P)* e .Ho
® —0 *o_

A

H >/
Product ” 0 electrophilic C4a-hydroperoxide nucleophilic C4a-peroxide
\ O
- H20, ¢
NH H
COZH PrnA

v, RebH BYMO_
4
\n Y - Baeyer-Villiger oxidation

N electroph///c halogenanon

Substrate CO2

Figure 3: A) General catalytic cycle for flavin-dependent monooxygenases; B) Electrophilic and nucleophilic flavin-C4a-
hydroperoxides; C) Chemical transformations catalysed by flavin-dependent monooxygenases; NAD(P)H: Nicotinamide

adenine dinucleotide (phosphate).

The half-lives of flavin-C4a-hydroperoxides of different monooxygenase enzymes in absence
of a suitable substrate differ a lot, which is attributed to stabilising interactions between the
hydroperoxide and the enzymatic scaffold.[) In two-component flavin-dependent
monooxygenase p-hydroxyphenylacetate 3-hydroxylase (HPAH), a conserved serine moiety
(Serl171) within the active site was found to stabilise the reactive intermediate by hydrogen
bonding interactions between the O of the Serl71 and the flavin N5-H, impeding the
deprotonation at this position and therefore slowing down the elimination of H20,.°! In the
same study, a conserved histidine moiety His396 was found to be involved in the formation of

the enzymes C4a-hydroperoxide intermediate, possibly by protonation of the peroxide.

4
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In addition to flavin-C4a-hydroperoxides, recent studies by the group of Teufel propose that
some flavin-dependent monooxygenases, such as RutA, which catalyses the oxidative
cleavage of uracil to 3-ureidoacrylate (Figure 4A) operate via a flavin-N5-hydroperoxide
intermediate 8. The latter is formed via SET from reduced, deprotonated flavin cofactor 6 to
Oz and radical combination (Figure 4B). O-pressurized X-ray crystallography of RutA
revealed an uncharged O»-binding site close to the N5 with non-polar amino acids Leu65,
Vall36, Ala206, Met67 and polar amino acids Thrl05 and Asn134 being present. Apolar
amino acids interact with hydrophobic O> while polar amino acids stabilize short-lived
hydrophilic O2" respectively. Replacing the polar amino acid residues with apolar residues
by mutation leads to drastically reduced activity, demonstrating the need for a controlled
environment for the O activation. The amino acid residues help to position O, close to the
N5-atom, almost perpendicular to the longitudinal axis of the isoalloxazine core, while the
distance to the C4a-atom is larger and the angle is less favourable for the formation of a
covalent adduct. Comparing the binding sites for Oz in RutA and HPAH, an enzyme whose
formation of flavin-C4a-hydroperoxides has been studied in detail, revealed that RutA features
a narrower binding pocket aligned with N5, presumably restricting the freedom of motion of
O2. Computational calculations also suggest that within the active site, substrate binding and
O- activation sites are spatially separated by FMN and located at the si- and re-side of the
cofactor, respectively. While the formation of a Cd4a-hydroperoxide intermediate would
displace the cofactor, which impedes substrate binding and orients the peroxide away from
the binding site, the flavin-N5-peroxide is bound similarly to the quinoid cofactor at the active
site and can undergo facile N5-inversion, locating the peroxide moiety close to the substrate.
The proposed mechanism (Figure 4C, left) involves nucleophilic attack of the deprotonated
N5-peroxide 9 on the uracil 10, generating a covalent intermediate 11 followed by C-N bond
cleavage as the rate-determining step. After O-O bond cleavage, ureidoacrylate 14 and a N5-
oxygenated flavin cofactor 13 are released from the enzyme, the latter of which is reduced to
the quinoid cofactor in the cell. In addition to the proposed mechanism, a hydroxide ion OH™,
cleaved from flavin-N5-peroxide could potentially mediate the reaction (Figure 4C, right).
However, the better nucleophilic properties of flavin-N5-peroxide due to the a-effect

compared to HO™ indicate that a covalent mechanism is more plausible. 2!
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Figure 4: A) Oxidative cleavage of uracil to 3-ureidoacrylate catalysed by RutA; B) Proposed mechanism for the formation

of flavin-N5-hydroperoxides; C) Proposed mechanism for the flavin-N5-peroxide catalysed cleavage of uracil.

Depending on the microenvironment of the enzyme’s active site, formation of either C4a-
hydroperoxides or N5-peroxides can be preferred. Comparing amino acid residues involved in
the formation of the O binding pocket of several group C flavin-dependent monooxygenases
revealed a conserved RutA-like O reactivity motif in many monooxygenases, suggesting that
that the N5-peroxide as oxygen-transfer species might be more prevalent.?8! To this date, only
a few enzymes that potentially utilize N5-peroxide intermediates as reactive intermediates
have been reported. Therefore, only little is known about the reactivity of flavin-N5-peroxides,

which are assumed to be primarily involved in carbon-heteroatom bond cleavage.?”]
2.1.1. Flavin-Dependent Halogenases

Flavin-dependent halogenases, belong to the class of monooxygenase enzymes. The first
isolation and purification of a flavin-dependent halogenase was described in 2000 by the
group of van Pée.?l The enzyme PrnA catalyses chlorination of tryptophane to 7-
chlorotryptophane. Since then, several halogenases that rely on FAD as cofactor and catalyse
regioselective chlorination of tryptophane or pyrrole moieties to form important intermediates
in the biosynthesis of natural products were identified.”®! Mechanistic investigations of
tryptophan-7-halogenases PrnA and RebH revealed that an active site lysine (Lys79) is
essential for the reaction.*! The formation of flavin-C4a-hydroperoxide 17 with NADH as
reductant under aerobic conditions occurs as discussed above (Figure 5A). In the presence of
chloride ions, hypochloric acid is formed. The loss of activity in PrnA is observed when both
residues, Lys79 and Glu346 are mutated to a different amino acid. The proposed mechanism
for PrnA suggests a hydrogen bonding interaction between hypochloric acid and the free

amine group of Lys79, as well as with the carboxylate of glutamic acid Glu346 (Figure 5B),

6
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which increases the electrophilicity of the chlorine atom and therefore facilitates the
nucleophilic attack of tryptophane. Additionally, it is proposed that hydrogen bonding to
Glu346 is vital for the precise positioning of the reactive intermediate as the reactivity is
inhibited when it is exchanged for aspartic acid, which also features a carboxylate. % For
RebH, the proposed mechanism includes the activation of chlorine by the formation of an N-

chloramine from Lys79 and hypochloric acid (Figure 5C).%!

A NADH, H* NAD* B c

)—& HN—Lys"®
erv N__O NLV N o JCOO fo-c
=
15 16 N
0 o)

Activation of O, 7
H,O and o7} H, _LysT9 CO0
Halide Oxidation Ch --H-NTLYS Hol
W o
'|-| +
wr:lm N._O Nrgv N__O ©\/\€
=z z !
pesetlibe G oA &
N N N NH o M-ty
18N ¢ 17 HO 3 CI=N—Y
W 3o i
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Figure 5: A) Proposed catalytic cycle for the O: activation and halide oxidation in flavin-dependent halogenases; B)
Proposed activation of hypochloric acid via B) hydrogen bonding to Lys79 and Glu346 in PrnA and C) via formation of a
chloramine species with Lys79 in RebH.

2.2. Flavin-Dependent Oxidases

In flavin-dependent oxidases the quinoid cofactor oxidizes a suitable substrate, leading to a
reduced flavin and the oxidized product. Oz is used as electron acceptor to regenerate the
oxidized flavin cofactor. Hydrogen peroxide is formed via a one-electron transfer from the
hydroquinoid cofactor 20 to O and either subsequent combination of both radicals to the
flavin-C4a-hydroperoxide 22 (Figure 6A, path A) or via a second electron transfer from the
semiquinoid flavin 21 to the superoxide radical (Figure 6A, path B).*2 31 Recent studies of
pyranose-2-oxidase (P20, Figure 6B, top) revealed that amino acid residues His548, Asn593
and Thrl69 within the active site influence the formation and stabilisation of
flavin-C4a-hydroperoxides. A protonated His548, located near the isoalloxazine, is suggested
to facilitate the formation of flavin-C4a-hydroperoxides via a proton coupled electron transfer
(PCET), where a proton from His548 is transferred to O, concomitant with the first single-
electron transfer from deprotonated, hydroquinoid flavin (Figure 6B, bottom). His548 and

Asn593 assist in the orientation of the resulting HOO" radical for the formation of the C4a-
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hydroperoxide, which is stabilized by hydrogen bonding interactions to His548, Asn593 and
Thr169.52]
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Figure 6: A) Proposed catalytic cycle for the Oz activation in flavin-dependent oxidases; B) Top: Oxidation of Glucose
mediated by flavin-dependent oxidase P20; bottom: Hydrogen bonding interactions involved in the formation and
stabilisation of flavin-C4a-hydroperoxide.

P20 is the first flavin-dependent oxidase known to form C4a-hydroperoxide intermediates. It
has been suggested that a cavity at the enzymes active site, which is also observed in
monooxygenases, might accommodate, and shield the hydroperoxide moiety in contrast to
other flavin-dependent oxidases, where limited space or the lack of a controlled environment

could inhibit the formation of flavin-C4a-hydroperoxides.l?2-%l
2.3. Flavin-Dependent Dehydrogenases

Flavin-dependent dehydrogenases do not rely on molecular oxygen to regenerate the quinoid
flavin. They exhibit no or only slow reactivity with O, generating H.0, and Oy".1*]
Cytokinin dehydrogenase (CKX) catalyses the oxidative cleavage of isopentenyladenine 23 to
adenine 25 and 3-methyl-2-butenal 26 (Figure 7). Electron transfer from the hydroquinoid
flavin to O, was found to be too slow for the latter to be the natural electron acceptor.
However, several quinoids and 2,6-dichlorophenol indophenol (DCPIP) show high reactivity,

suggesting that the innate electron acceptor is a similar compound.4

HN/\H)\ NANF NH,

H H
NN —>CKX NN E’ NN /\)\
LA LA LJg + oo
N N N N N N
23 dehydrogenation 24 25 26

Figure 7: Dehydrogenation of isopentenyladenine mediated by flavin-dependent dehydrogenase CKX.
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3. Activation of Oxygen by Molecular Flavins

The isolated flavin cofactor shows reduced activity®® and stability®®® in chemical
transformations compared to the whole flavoenzyme, presumably due to the lack of stabilising
interactions between the cofactor and the enzymatic scaffold.'®! In the case of oxygenase
activity, the lifetime of flavin-C4a-hydroperoxides generated by an isolated cofactor
compared enzyme bound flavin is strongly decreased, resulting in rapid elimination of H20,.5
37 Thus, two possibilities for the application of synthetic flavins in organic synthesis emerge:
i) utilisation of unmodified flavins as mild H.O> sources or ii) modification of the
isoalloxazine core to increase reactivity and stability of the intermediate C4a-hydroperoxide.

3.1. Use of Flavins as mild H202 Source

Non-enzyme bound flavins rapidly release H202, which can be utilised in further chemical
transformations. One example is the Fleming-Tamao oxidation of alkoxysilanes to the
respective alcohols. A NADH analogue, N-Benzyl-1,4-dihydronicotinamide (BzINAH), is
used as a thermal reductant for riboflavin tetraacetate (RFTA, Figure 8A) in the dark under
aerobic conditions.!®® The generated H2O is used to oxidize silanes (Figure 8B) in presence
of a fluoride source, which is proposed to stabilise reactive intermediates and transition

states.[38-39]

A OAc B
AcO,,,
OAc BzINA* RFTA 0,
OAc
N /NYO
_ NH BzINAH, H* RFTAH; H,0, ﬁ"'zo
N workup
S R—[Si] R-O[Si] —> R-OH
(-)-Riboflavin tetraacetate
RFTA

Figure 8: A) Chemical structure of RFTA; B) Proposed reaction cycle for the flavin catalysed Fleming-Tamao oxidation.

A detailed study concerning the aerobic reduction of olefins catalysed by cationic and neutral
flavins was published in 2011. While cationic flavins show higher activity, neutral flavin 27
(Figure 9A) is more stable and quantitative yields are achieved by increasing the reaction time.
Upon reduction with hydrazine (NH2NH.) under aerobic conditions, flavin 27 is proposed to
release H>O2, bound in a 1:1 flavin-H20, complex 30, along with one molecule of diimide
(Figure 9B). H>O> oxidizes a second molecule of NH2NH: to diimide via N-oxygenation and
dehydration. Reduction of the olefin along with N. formation proceeds from a 1:1 flavin-
diimide complex 31. Two molecules of diimide are produced in one catalytic cycle by

9
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combination of an anaerobic and an aerobic oxidation step. Acceleration of the reaction is
observed with increasing amount of NH2NH2, suggesting that the rate determining step is the
oxidation of NH2NHz by the flavin catalyst. With this system, reduction of nine olefins is
possible in high yields without the formation of side products such as sulfoxides in sulfur

containing olefins (Figure 9C).[*%!

A P Cc
B ¥ HN=NH,
/\f’)/'
FlH,-HN=NH Z
[FI-HN=NH| | I3 ] 28 27 (2 mol%)
31 anaerobic N s NH,;NH2H,0 (1 equiv.)
2 H,0 > S
o 2 process r‘ﬁ (MeCN), Oz
HoN=NH, NN, mzen
aerobic FIH, °
lFI HZOZI process
(o]
FIOOH 2
29

Figure 9: A) Chemical structure of flavin catalyst 27; B) Proposed catalytic cycle for the flavin-catalysed reduction of olefins;
C) Chemoselective hydrogenation of sulfur-containing olefins.

In 2016 the group of Konig reported the biomimetic chlorination of electron rich, aromatic
compounds using photoexcited riboflavin tetraacetate and acetic acid as a H.O> shulttle. para-
Methoxybenzyl alcohol is used as a reductant for photoexcited RFTA, generating H.O> under
aerobic conditions upon irradiation with blue light (Figure 10, left). Acetic acid is essential for
the chlorination as it forms peracetic acid, which acts as a mediator by generating an
electrophilic chlorination species upon reaction with CI”. This mimics an enzymatic
environment of halogenases, where the peptide scaffold is proposed to bring reactant and
substrate in proximity to each other as well as stabilise reactive intermediates. HCI is
necessary as a chloride source, as its strong acidity shifts the equilibrium between H>O> and
peracetic acid towards the peracid. With this system, chlorination of electron rich arenes and
acetophenones is feasible in good yields (Figure 10, right).[4]

Ar\/
hv= 455 nn’X

Figure 10: Proposed reaction cycle for the peracetic acid mediated formation of HOCI mediated by flavin-photocatalysis

RFTA (10 mol%)

o2 AcOOH . _ Hocl f o HOAc( 10equw) o
HCI (10 equiv.)
pMBA (6 equiv.) Yy, 66% (plo=5/1)
AcOH H*, CI” g

RFTAH; H,0, MeCN air, 455 nm
T= 45 °C,25h

RFTA

(left) and example for the application of flavin-catalysed biomimetic chlorination (right).

In 2018 Seel et al. reported the photobiocatalytic halogenation of aromatic compounds using
photoexcited FMN for H2O. generation along with vanadium-dependent haloperoxidases
(VHPOs) and a halide salt. As VHPOs are sensitive towards H>O2, a constant but low

10
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concentration is crucial for the reaction, which is achieved by a low FMN loading and can be
further controlled by adjusting the intensity of the light source. To circumvent the necessity of
an additional reductant for the flavin cofactor, buffer solutions, necessary in enzymatic
reactions for adjusting and maintaining pH-values, were tested for their ability to reduce FMN.
Those containing tertiary amines, such as MES-buffer were found to be suitable electron
donors, leading to H>O> production upon irradiation with blue light (Figure 11, left). With
AmVHPO from cyanobacterium Acaryochloris marina as the halogenating enzyme and KBr
as halide source, bromination of aromatic compounds is observed in moderate to good yields
and changing the enzyme to CiVHPO from Curvularia inaequalis as well as the halide salt to

KCI facilitates aromatic chlorinations (Figure 11, right).2

o : QMe AmVHPO OMe CIVHPO QMe
hv=455nm | 0.5 mol% FMN, KBr 0.5 mol% FMN, KCI
AN : MES-buffer/MeCN MES-buffer/MeCN
AL FMNT O FMN - veo OMe pH = 6.0, MeO OMe  pH=6.0, MeO OMe
O Br hv, 16 h hv, 16 h Cl
: 80% 94%
FMNH ; SOH
Atz 2 H0, MES-buffer: [~ N7
Activation of O, ' e}

Figure 11: Photocatalytic generation of H202 (left) and Application of FMN in the photobiocatalytic bromination (right).

In a recent example by the group of lida, RFTA was employed in an aerobic cross-
dehydrogenative coupling of toluenes and ortho-phenylenediamines to form
benzimidazoles.l*¥] Electron rich toluenes are transformed into the respective aldehydes by
benzylic oxidation in presence of O.. Mechanistic proposalsi*4 include a first SET from
toluene to the excited RFTA* followed by deprotonation, generating semiquinoid RFTAH*
and a benzylic radical, which is further oxidized to the respective arylaldehyde in presence of
0.. Semiquinoid RFTAH" is proposed to undergo disproportionation to RFTAH, and RFTA.
Condensation of arylaldehyde with the phenylenediamine yields benzimidazoline, which is
oxidized by RFTA to benzimidazole (Figure 12). Alternative pathways for the last step
involve oxidation by O, or H20..[*1 The reaction is limited by the excited state redox
potential of RFTA (E°(RFTA/RFTA™) =—0.81 V vs SCE)™I, which is only strong enough to

oxidize activated benzylic substrates, such as electron rich methoxytoluenes.[*4

RFTA* RFTA .0 A NHR .
0, H,0, R RFTA*/

i R R
Z N H,0,/0 N
NH X 202/0; A
A’ L—éi A o TZ> R'—(): —Ar —— R‘—O: )—Ar
O Z N Z =N
: H,0 H

Figure 12: Proposed reaction scheme for the RFTA-catalysed aerobic cross dehydrogenative coupling of toluenes and o-

phenylenediamines.

11



Activation of Oxygen by Molecular Flavins

The same group reported the use of RFTA in a flavin-iodine dual catalytic system for the
dehydrogenative coupling of chalcones 32 and amidines 33 to tetrasubstituted imidazoles 35
(Figure 13). RFTA as well as H20O, can regenerate I, by oxidation of iodide. lodine mediates
the coupling reaction by activating 32 via halogen-bonding. a-lodination of the product from
Michael addition of 33 to 32 leads to intramolecular cyclization to a 4,5-dihydroimidazole
intermediate 34, which is dehydrogenated to imidazole 35 by RFTA as well as H>O, 1> or
02_[46]

0 Ar  RFTA/H,0,/ O Ar

y /O,
Ar N <——— Ar N

/ /
N N RFTA [0} 32 +33
A 3;< A 3;< ’ 2
Ar Ar H,0
o H
Ar,N\n/Ar 5,05 34> 35

2H" RFTAH, H
32 33 Ny

Figure 13: Proposed mechanism for the dehydrogenative coupling mediated by an RFTA-iodine dual catalytic system.

3.2. Stabilisation of Flavin-Hydroperoxides via Synthetic Modification

The stability of enzyme-bound flavin-C4a-hydroperoxides in absence of a substrate depends
on the enzyme as well as the applied conditions. In bacterial luciferase isolated from Vibrio
campbellii, decomposition of the C4a-hydroperoxide occurs at a rate of 0.002 s* (T =4 °C,
pH = 8.0). The formation and collapse of enzymatic C4a-hydroperoxides can be monitored by
UV-VIS spectroscopy,*1 while non-enzymatic, flavin-C4a-hydroperoxides could not be
detected, presumably due to their fast decomposition.”- 41 Different approaches including
modifications at the N1, N3, N5 and N10 position for increasing stability of flavin-
hydroperoxides have been reported in the past in order to increase their applicability in

organic synthesis.[8 4%l

3.2.1. N5-Alkylation

One of the first approaches to stabilise flavin-C4a-hydroperoxides was to introduce
substituents at the N5-position. In 1977, Bruice compared the reactivity of reduced N5-
alkylated flavins towards O in protic solvents.[*®! Spectroscopic data revealed that N5-
alkylated flavins, in presence of a large excess of O», give flavin-C4a-hydroperoxide as major
product in methanol®®! and they were found to be stable in aprotic solvents, such as
dioxane.’ Flavin-C4a-hydroperoxides derived from flavinium salts can be accessed by
addition of H20; or by reduction of the flavin in presence of 02.5%1 Murahashi and coworkers

used a flavinium salt and H>O> in the oxidation of thioethers and secondary amines where
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flavin-C4a-hydroperoxides show a 10* times higher catalytic activity compared to H.0:

alone.BPl

Sulfide Oxidation

The first flavin mediated aerobic oxidation of sulfides and amines was reported by Imada and
Murahashi, catalysed by cationic flavinium salt 36 with hydrazine hydrate as reductant. The
overall mechanism (Figure 14A) involves the reduction of cationic flavin 36 via nucleophilic
addition of hydrazine to 36. After g-elimination, reduced flavin 38 and diimide are released.
Diimide itself is a strong reductant and transforms another equivalent of 36 to 38, which then
reacts with O, via SET and radical combination to flavin-C4a-hydroperoxide 39. Hammett
analysis of differently substituted sulfides suggests that oxygenation occurs via nucleophilic
attack of the substrate onto 39, generating the oxygenated product and flavin-C4a-hydroxide
40. Elimination of H2O closes the catalytic cycle.®? Acidic alcohols such as trifluoroethanol
as solvent were essential as they feature a high solubility of O, and prevent quenching of 39
by NHzNH. since hydrogen bonding interactions between the solvent and hydrazinel™
decrease its nucleophilicity.®? The elimination of H.O from 40 is determined to be the rate-
limiting step and only occurs in presence of an acid, which is released during the catalytic
cycle, and protonates 40.% Quantitative oxidation of sulfides and amines is achieved
without overoxidation. Secondary and tertiary amines require higher temperatures and higher
catalyst loadings, presumably due to the increased basicity of the substrates, leading to

neutralisation of the acid necessary for the regeneration of 36 from 40 (Figure 14B).52
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Figure 14: A) Proposed catalytic cycle for the aerobic sulfoxidation mediated by 36; B) Flavin catalysed aerobic oxidation of
dibenzylamine with N2H4+H20 as sacrificial reductant; C) Flavin catalysed aerobic oxidation of sulfides with ascorbic acid as

sacrificial reductant; D) Flavin catalysed aerobic oxidation of sulfides with HCO2H/TEA as sacrificial reductant.
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Following these results for the aerobic oxidation of sulfides and amines with hydrazine as a
reductant, Imada reported the aerobic sulfoxidation in aqueous media using ascorbic acid as
sacrificial reductant (Figure 14C). The mechanism proceeds as discussed above. The reaction
is strongly pH-dependent which is explained by pH-dependent protonation states of ascorbic
acid and a pH-dependent dehydration of 40 to 36.541 Besides ascorbic acid and hydrazine, a
mixture of formic acid/triethylamine (TEA) as reductant for cationic flavin catalyst 41 was
reported for the oxidation of sulfides (Figure 14D).[

Hydrogenation of Olefins

The group of Imada reported the use of flavinium salt 36 along with hydrazine for the
generation of diimide, which is then used in the reduction of olefins. Here, 36 as well as its
respective C4a-hydroperoxide 44 are used for the oxidation of hydrazine to diimide, which is
then used for the reduction of olefins. The oxidation of hydrazine proceeds as described
previously, yielding a 1:1 flavin-diimide complex 42 (Figure 15A). Hydrogenation of the
olefin occurs faster than the liberation of N2H., preventing its disproportionation to N> and
hydrazine. 43 then reacts with O, to 44, which oxidizes another equivalent of NH2NH> to
diimide. In aprotic solvents, the a-effect of NH:NH. is responsible for its strong
nucleophilicity, leading to rapid oxygenation by 44. High yields are obtained and functional
groups as amines and sulfides are tolerated in acetonitrile (Figure 15B). The selectivity of 36
can be switched by exchanging the solvent for acidic alcohols. % %€ Under otherwise identical
conditions, a thioether containing olefin is converted to the respective hydrogenated sulfoxide
as in trifluoroethanol, deactivation of NH2NH> via hydrogen bonding interactions occurs,
rendering it less nucleophilic.®® Thus, oxygenation of the more nucleophilic sulfide by 44 is
preferred. The rate of hydrogenation of olefins by cationic flavinium salts was found to be
strongly dependent on the O, concentration®”, as the reaction rate increases with increasing
O. content, while it shows only weak dependency on the NH>NH> concentration. This
suggests that the reaction between O2 and hydroquinoid 43 to 44 is the rate determining step.
In contrast to flavin 27, which is used in a similar reaction, the reaction is proposed to proceed
via a C4a-hydroperoxide and not via H20: released by the catalyst. Additionally, the rate
determining step for the hydrogenation of olefins catalysed by 36 is the regeneration of the
catalyst by elimination of H>O from 46 to 36, whereas for 27 the rate determining step is the
oxidation of hydrazine to diimide.[“?: 5]
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Figure 15: A) Proposed catalytic cycle for the reduction of olefins mediated by 36; B) Chemoselectivity of flavin-catalysed
reduction of olefins is influenced by the solvent.

Baeyer-Villiger Oxidation

An aerobic, chemoselective Baeyer-Villiger oxidation of cyclobutanones using riboflavin
derived flavinium salt 47 (Figure 16A, left) was reported by Imada. The overall mechanism
involves the reduction of 47 by zinc dust in the presence of molecular oxygen. Anionic,
deprotonated flavin-C4a-peroxide is proposed as an intermediate, which facilitates a
nucleophilic attack on the carbonyl moiety of the cyclobutanone 48. Rearrangement of the
Criegee intermediate (Figure 16B, right) then yields the respective lactone product 49. A
solvent mixture of MeCN and EtOAc with H2O as proton source was necessary to obtain high
yields (Figure 16B, left). No epoxidation and only traces of heteroatom oxidation is observed
in presence of olefins or sulfides in contrast to the use of a combination of flavin 47 and H20-
or mMCPBA.F"]

4 (2 mol%) o |
zinc (1.5 equiv.)

N._O _ '

z H -
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Figure 16: A) Chemical structure of flavinium salt 47; B) Example for the application of 47 in the aerobic Baeyer-Villiger

oxidation of cyclobutanones (left) and proposed Criegee intermediate (right).

Flavin/lodine Dual Catalytic System

N5-Alkylated flavinium salt 50 (Figure 17A) is used in coupled flavin-iodine catalytic
systems for sulfenylation of imidazo[1,2-a]pyridines with thiols (Figure 17B, left). Flavin 50,
I and Oy are essential for the catalytic system. The overall mechanism involves the flavin
mediated oxidation of iodide to Iz, yielding reduced FIEtH, which forms FIEtOOH in
presence of O (Figure 17B, right). FIEtOOH can again oxidise two equivalents of iodide to

I2 and after elimination of H2O, FIEt" is regenerated. The reaction works with both thiols and
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the respective disulfides as reactants, however GC monitoring of the reaction progress
revealed that sulfenylation takes place only after significant amounts of disulfide are formed,
presumably via oxidation with FIEt". In the | mediated catalysis a sulfenyl iodide is formed
which mediates the sulfenylation reaction by nucleophilic attack of imidazo[1,2-a]pyridines
onto the former. This reaction leads to product formation concomitant to the release of
iodide. 8!

A B : .‘(S—I
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Figure 17: A) Chemical structure of flavinium salt 50; B) Example for its application in a flavin-iodine mediated oxidative
C-S bond formation (left) and proposed reaction cycle for the flavin-iodine dual catalytic system (right).

3.2.2. N1-Functionalisation

N5-alkylated flavinium salts that lack substitution at the N10-position but feature additional
substitution at the N1-position are classified as alloxazinium salts. They differ from the N5-
alkylated isoalloxazinium salts in their chemical behaviour, as they are less electrophilic,
which can be determined by their flavinium salt-pseudobase equilibrium.l In contrast to
N5-alkylated alloxazinium and isoalloxazinium salts, N1,N10-ethylene bridged flavinium salts
form adducts with nucleophiles via addition to the C10a carbon atom, instead of the C4a

position or the N5-atom.[>

Alloxazinium salts

The group of Cibulka reported a method for the hydroxylation of boronic acids using
alloxazinium salt 51 (Figure 18A) under aerobic conditions. With this procedure,
stoichiometric amounts of strong oxidants such as mCPBA can be replaced by catalytic
amounts of 51, O and a sacrificial reductant. Flavin 51 is reduced by NH2NH: in presence of
0o, resulting in the respective C4a-hydroperoxide. Various aryl- as well as alkylboronic acids
are converted to the respective alcohols and functional groups prone to oxidation, such as
pyridines 52 are tolerated (Figure 18B, left). For substrates that are not compatible with
hydrazine (e.g., arylaldehydes and styrenes) a protocol using ascorbic acid as reductant was
developed. Reduction of the alloxazinium salt as well as hydroperoxide formation is
suggested to occur in analogy to the isoalloxazinium salts. Adduct formation between the
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boronic acid and the hydroperoxide followed by transformation to the respective borate

(Figure 18B, right) then leads to the release of the hydroxylated product 53.6%
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Figure 18: A) Chemical structure of alloxazinium salt 51; B) Example for the application of 51 in the aerobic hydroxylation

of arylboronic acids (left) and proposed borate intermediate (right).

The first aerobic Dakin oxidation of arylaldehydes with flavins was reported by the group of
Foss in 2012. N5-alkylated alloxazine-hydroperoxide 54 (Figure 19A) is synthesized by
reductive amination at N5 of the respective alloxazine and exposure to oxygen. For the
catalytic reaction, Hantzsch ester is used as a reductant in presence of O> for regeneration of
the hydroperoxide. NaHCOs is used as a mild base for the deprotonation of the flavin
hydroperoxide in combination with 5% water in acetonitrile as solvent to ensure solubility of
the base and hydrolysis of the aryl formate ester (Figure 19B). Electron withdrawing
substituents on the flavin hydroperoxides increased the efficiency in Dakin oxidation,
however, regeneration of the hydroperoxide by reaction of the hydroquinoid alloxazine with

O is slower. Therefore, unsubstituted flavin 54 turned out to be the most effective.[®l
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Figure 19: A) Chemical structure of alloxazine-C4a-hydroperoxide 54; B) Example for the flavin-catalysed Dakin-oxidation.

Several examples of flavin-iodine coupled systems using alloxazinium salts have been
reported by the group of lida. The overall reaction mechanisms for the respective
transformations are comparable to the one described for isoalloxazinium salts (see
section 3.2.1). Using this method, aerobic, oxidative formation of C—C, C—N and C—S bonds
gives access to various heterocyclic compounds.®? The same group reported an
electrochemical method for the aerobic oxidation of sulfides catalysed by an alloxazinium salt.
Chemical reductants are replaced by low voltage, and under Oz, high chemoselectivities are

observed. %3]
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N1,N10-Ethylene Bridged Flavinium Salts

Flavinium salt 55 (Figure 20A) has been applied in the benzylic oxidation of unactivated
benzylic substrates. Compared to neutral RFTA, the singlet excited state redox potential of 55
is significantly increased (E°(!55*/55*7) = +2.67 V vs. SCE, ECCRFTA*/RFTA™) = +1.67 V
vs SCE), allowing for oxidation of substrates, that are otherwise inaccessible for the oxidation
with flavins, such as para-trifluoromethyl toluene 56 and para-nitrobenzylic alcohol 58
(Figure 20B, left). In presence of O, oxidation of benzylic substrates yields the respective
benzaldehydes by flavin mediated oxidation. Depending on the nature of the substrate, a
photocatalytic as well as a thermal, organocatalytic pathway leads to the formation of the
respective benzylic acid 57.14%1 For para-nitrobenzylic aldehyde, transformation to the
carboxylic acid is observed exclusively via the organocatalytic pathway, presumably by
nucleophilic attack of flavin-C10a-hydroperoxide onto the aldehyde, as proposed by Carbery
(Figure 20B, right).[*4> 81 For para-trifluoromethylbenzylic aldehyde, photocatalytic
oxidation to the acid by excited flavin 55 in presence of O2 was found to take place as well.
Depending on the additives, chemoselective oxidation of para-nitrobenzylic alcohol 58 to
either the aldehyde 59 or the carboxylic acid 60 can be achieved (Figure 20C). Strong acids,
such as trifluoroacetic acid, prevent the formation of flavin-C10a-hydroperoxide, while
weaker acids, such as formic acid, allow their formation to some extent, facilitating the
organocatalytic oxidation pathway. The addition of molecular sieves to the reaction mixture

also prevents the formation of flavin-hydroperoxides by decomposing H20; to H,0.[*4]

A B H
\ 55 (5 mol%)
Ns NYO HCOOH (1.0 equiv) /—0‘\ Ar
AN F c (MeCN), o2 400 nm Y
FaC N Caflr7 : T=45°,8h
% o o 56 65% CsH17
Cc 55 (5 mol%)
CF3CO,H (1.0 equiv.) 55 (5 mol%) o]
/OAO MS 4 A /©/\OH HCO,H (1.0 equiv.) o
- Ay
O,N (MeCN), 0, 400 nm  o,N (MeCN), 0, 400 nm
59 T=40°C,16h 58 T=40°C.16h  O,N 60
59% 93%

Figure 20: A) Chemical structure of N1,N10-bridged flavinium salt 55; B) Flavin-catalysed benzylic oxidation of p-
trifluorotoluene to the respective benzylic acid (left) and proposed intermediate in the organocatalytic pathway (right); C)

Influence of the additives on the chemoselectivity.

In analogy to neutral flavins as well as N5-alkylated isoalloxazinium salts and alloxazinium
salts, a N1,N10-bridged flavinium salt has been applied in a flavin-iodine dual catalytic
system. The oxidative transformation of aryl tosylhydrazones to 1,2,3-thiadiazoles with sulfur

is realised in presence of catalytic amounts of flavin and NHal as iodine source. [¢°]
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3.2.3. N10-and N3-Functionalisation

Besides cationic flavinium salts bearing alkyl substituents to activate either C4a or Cl10a
positions, neutral flavins with modifications at the N10-backbone or N3-side chain have been

found to stabilise hydroperoxide intermediates as well.

Polymer supported flavin 61 with a peptide sequence tethered to the N3-position as a mimic
for the enzymatic scaffold has been found to stabilise hydroperoxide intermediates and
facilitates chemoselective, aerobic sulfide oxidation and Baeyer-Villiger reaction. Lumiflavin-
3-acetic acid was tethered to L-proline, which induces a y-turn into the peptide and brings it
close to the active site (Figure 21A). Tyrosine as the second amino acid is proposed to
undergo hydrogen bonding interactions with the C4-carbonyl group of the flavin while the
carboxylic acid moiety of aspartic acid as third amino acid is proposed to interact with the
Cda-hydroperoxide moiety. The length of the alkyl spacer with which the flavin was
immobilised on the polymer was found to influence the activity as well. Longer alkyl chains
increased the activity, presumably by increasing the flavins conformational flexibility and

facilitating substrate accessibility. 56!

A B \ proposed electrophilic transition state:
: I
| ' N._N._O
N /NYO 61 (10 mol%) o ! 2 d
:L'(N S« NHoNH,, Ho0 (4 equiv.) 8 N N
No ;\ (TFE/DCE), O, ©/ : H1lo
61-00H T =25 °C, 36 h, dark ' Q-
0 °N : ’ ' ~ -
AN 62 78% 63 DL TR o
. oA, PPN HT NH,
. | : ] 0
“_NH HoN
o Cc  proposed nucleophilic transition state:
o 61 (5 mol% : |
HN o Zn (3.5 equiv.) o ! N /NYO
o : H,0 (20 equiv.) .
(o) ‘ ' N
JH o [} N
11 NH o) bH (MeCN/toluene/EtOAc), O, ' Ph H o
64 T=35°C, 7 h, dark Ph" g5 ! Q
o 72% : s o8
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' \“ ‘O
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Q= polystyrene resin

Figure 21: A) Chemical structure of flavin-C4a-hydroperoxide obtained from flavin 61 with proposed intramolecular
hydrogen bonding interactions; B) Oxidation of thioanisole via electrophilic 61-OOH; C) Baeyer-Villiger oxidation of

cyclobutanone via nucleophilic 61-OOH.

Aerobic oxidation of thioanisole 62 (Figure 21B, left) using flavin 61 is achieved in almost
quantitative yield without overoxidation to the sulfone. A Hammett-study suggests that the
oxidation takes place via an electrophilic flavin-C4a-hydroperoxide, with the oxygen transfer
to the substrate being the rate determining step. Hydrazine is suggested to form an ion pair

with the carboxylic acid residue in the peptide, which renders the flavin-C4a-hydroperoxide
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intermediate more electrophilic (Figure 21B, right). The Baeyer-Villiger oxidation of 3-
phenylcyclobutanone 64 (Figure 21C, left) on the other hand is proposed to involve a
nucleophilic  flavin-C4a-hydroperoxide. Both coordination and activation of the
hydroperoxide and the carbonyl moiety of the ketone by the aspartic acid residue are proposed
to account for the nucleophilicity of flavin-C4a-hydroperoxide (Figure 21C, right). Since zinc
is used as reductant instead of hydrazine, participation of a cationic Zn species cannot be
ruled out. In both reactions, 3-methyllumiflavin and a polymer supported lumiflavin
derivative, both lacking the peptide sequence tethered to N3, show no significant activity,
highlighting the importance of the peptide sequence for catalytic activity. Participation of

singlet oxygen was ruled out as well by performing the reactions in the dark.[®!

In 2018 Chevalier et al. reported the aerobic Baeyer-Villiger oxidation in water mediated by
FMN incorporated in a water-soluble polyethyleneimine polymer modified with guanidinium
and octyl groups (PElguan-oct) in order to mimic an enzymatic environment. Electrostatic
interactions between the negatively charged phosphate moiety of FMN and the guanidinium
moieties of the polymer localise the cofactor within a hydrophobic microenvironment and
prevent it from being displaced by an excess of substrate (Figure 22A). Studies regarding its
reactivity towards NADH as an electron donor show significantly increased activity of the
FMN-polymer compared to unmodified FMN. Under aerobic conditions, the reduced cofactor
is anticipated to generate a flavin-C4a-hydroperoxide intermediate and potential stabilisation
via hydrogen-bonding interactions with the polymer could facilitate Baeyer-Villiger oxidation.
Asymmetric cyclobutanone 66 is chosen as a substrate to compare reactivity and
chemoselectivity of the catalytic system to other known oxygenation systems (Figure 22B). In
contrast to the use of mCPBA, no epoxide byproducts and a high selectivity for lactone 67
over 68 are observed, comparable to the results obtained with H.O, and acetic acid.
Increasing yields with increasing pH indicate a mechanism via a nucleophilic peroxide
species. A control experiment using H202 in the absence of FMN also leads to lactone
formation, which is why product formation via hydrogen bound H>O. cannot be excluded.
However, since a lower yield of 29% was observed in the uncatalyzed reaction participation

of both, H,02 and flavin-hydroperoxide is suggested.[®”]
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Figure 22: A) Proposed hydrogen bonding interactions between FMN and polyethyleneimine-polymer; B) Baeyer-Villiger

reaction catalysed by artificial flavoenzyme compared to conventional methods and pH-influence on chemoselectivity.
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4. Photochemistry of Flavins

Quinoid flavins absorb light in the visible spectrum with an absorption maximum in the blue
range (A = 450 nm).[! Upon excitation, flavins reach their singlet excited state, and undergo
fast intersystem crossing (ISC) to the longer lived triplet excited state (&1 = 0.375 £ 0.05 for
riboflavin in aqueous solution at pH = 7.0 &t = 0.54 for N3-Me-RFTA in methanolic
solutions!®).["1 photoexcitation of flavins leads to significantly increased redox potentials
(E°(RFTA/RFTA")=-081V vs SCE, E°CRFTA*/RFTA")=+137V vs SCE,
EOCRFTA*/RFTA™) =+1.67 V vs SCE)M! and therefore facilitates reactions that are not
feasible in the ground state. Due to its prolonged lifetime, the triplet excited state is the key
catalytic species in many photochemical transformations. However, both singlet and triplet
excited state can be involved in photochemical oxidations, occurring via SET from a suitable
substrate to the flavin, generating a flavin radical anion (reductive quenching).[’® Due to the
basicity of the latter, protonation can occur, which is known as a proton coupled electron
transfer (PCET), when proton- and electron transfer are concerted. Regeneration of the flavin
cofactor proceeds either via electron transfer to a sacrificial oxidant (Figure 23A) or to an
intermediate (redox neutral process, Figure 23B). Additionally, the long lifetime of the flavins
triplet excited state allows for photosensitization processes via energy transfer to a suitable
substrate. ]

A h VQ B hy Q
VR TN
FI FI* B Fl FI*
c At =» A-B* |a-B A
fy
A-B
A
Cred A-BteB g+

external oxidant C for catalyst regeneration redox neutral process

Figure 23: Reaction cycles for flavin based photocatalysis A) with the use of an oxidant C and B) for a redox neutral process.

4.1. Flavin-Mediated Photocatalytic Oxygenations

In the photocatalytic, aerobic oxidation of sulfides, two competing mechanisms are involved
(Figure 24A). Sulfoxidation can occur via a singlet oxygen pathway (Figure 24A, i), where
triplet excited SRFTA* facilitates triplet energy transfer to ground state 30, resulting in 102
and ground state RFTA. 1O, reacts with a sulfide to a zwitterionic persulfoxide intermediate
71, which reacts with a second sulfide to two molecules of sulfoxide 72. The competing
electron transfer mechanism (Figure 24A, ii and iii) involves reaction of a sulfide radical

cation 73, generated by oxidation with SRFTA*, with either superoxide anion O2" or 30
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followed by electron transfer, leading to the persulfoxide intermediate 71..["1 Significantly
increased efficiency of the photooxidation in deuterated MeOH compared to non-deuterated
MeOH indicates a singlet oxygen pathway, as the lifetime of 'O is higher in deuterated
solvents.[’*72 |n protic solvents such as MeOH or EtOH, the O, pathway predominates while
in MeCN/H20 mixtures, electron transfer mechanism is enabled as well, allowing for the
oxidation of sulfides, which are less susceptible to O (Figure 24B).["*"! To further improve
efficiency of flavins in the photocatalytic sulfoxidation Zhao, Guo and coworkers synthesized
C7,C8-dibrominated flavin 74 with the aim to improve ISC by the heavy atom effect
(Figure 24C). Indeed, flavin 74 showed enhanced photocatalytic activity compared to the
respective non-brominated flavin 75, presumably due to increased 'O sensitization and O,

generation.["]

A hv,1SC B
, RFTA (2 mol%
TN Ph,S @Emo%) . by s-0
SRETA*  RFTA (MeCN/H,0) = (85/15), O,
R,S + - R,S - , rt., hv=455nm, 8 h
%0 '10,—= R,S-0-0 —— 2 R,S-0 (i) .
? z 7 72 80%
""""""""""""""""""""""""""""""""""""""" c CgHi7 : flavin (0.5 mol%)
S~ - s - . : Mavin (0.5mol%)
3 ! .+ O . RS, +e + 1Bn,S Bn,S=0
S L - & @ @A BT
2 H 72 ! = , hy,
\S\ }\e‘i . R N NN 100 % (74)
. - RS _R , ‘R= : 50 % (75
30, *& 0, B2, R,sto-0" RS o Rr,sM 0 i) ;‘;;E_ar o ¢ (79)
73 R,S” ' 71 79 ‘R=

Figure 24: A) Flavin catalysed photochemical aerobic sulfoxidation via O2 sensitization (top) and electron transfer
mechanism (bottom); B) Photocatalytic, aerobic oxygenation of diphenylsulfide mediated by RFTA; C) Increased efficiency
of 74 compared to 75 due to improved ISC.

In a recent example, a RFTA-2Sc®* complex was used for the oxyfunctionalisation of alkynes
to a-keto ketals. O is used as oxidant for RFTA™, generating superoxide O>"". The increased
redox potential of photoexcited [RFTA-2Sc*]* (E°([RFTA-2Sc3*]*/[RFTA"-
25¢3*])=+2.45V vs SCE, E°(RFTA*RFTA")=+167V vs SCE) facilitates
single-electron oxidation of diaryl acetylenes 74 containing electron withdrawing groups
(Figure 25) and after nucleophilic addition of an alcohol R®OH, radical intermediate 75 is
generated. [RFTA-2Sc3*] then mediates a SET to O, generating O2"~, which is captured by
75, yielding the desired product 76 after nucleophilic addition of a second molecule R*OH
and elimination of H20. Labelling experiments with 80, and H,*®0 confirm the incorporation
of one oxygen atom from O3 into the carbonyl group and exclude H20 as oxygen source. The
addition of TEMPO to the reaction indicates the participation of radical species since product
formation is inhibited. Additionally, participation of 'O, produced by sensitization could be

excluded as the addition of the 'O, scavenger Co(acac)s as well as using deuterated MeOH
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does not influence the product yield. On the other hand, product formation is inhibited in

presence of a 1,3-diphenylisobenzofuran, a superoxide inhibitor.[’4]

. [RFTA-2Sc%* o
O 2 R', R? = aryl
hv 057 --8c® R = alkyl
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[RFTA-28c%7* [ 25¢™’] +OHR? +OHR3 R0 OR3
/ R R%0H 1\)\ ! !
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Rl—=——R? \_\ > v R2 \%\Rz +ROH R2
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Figure 25: Proposed catalytic cycle for the [RFTA-2Sc®*]-mediated oxyfunctionalisation of diaryl alkynes.

4.2. Flavins as Photooxidants

As mentioned previously, photoexcitation of flavins facilitates oxidation reactions that are not
feasible in its ground state. However, riboflavin shows limited photostability, resulting in
decomposition for example by intramolecular photoreduction or photodealkylation mainly via
activation of the ribityl side-chain.*®! Through acetylation of the ribityl backbone as well as
alkylation of the N3-position photostability compared to riboflavin can be increased.”™ In
aerobic reactions, where O is used to regenerate the oxidized flavin, removal of the H.O> by-
product during the reaction was essential to ensure sufficient stability of the catalyst. This can
be achieved by adding molecular sieves ! or iron complexes**l to the reaction mixture,

which decompose H20,.

RFTA is used as photocatalyst in various photochemical transformations in combination with
an oxidant for catalyst regeneration. In the photooxidation of in-situ generated hemiaminals
78 to amides 791 (Figure 26A) as well as E/Z isomerization of E-cinnamic acids 80 followed
by cyclisation to yield coumarins 818! (Figure 26B), O is used as terminal oxidant for the
reduced flavin, which is formed after a second SET/protonation step or hydrogen atom
transfer (HAT). Degradation of the catalyst was circumvented by addition of molecular
sieves®® or sequential catalyst addition”®. In the RFTA-mediated cyclisation of
thiobenzanilides 82 to benzothiazoles 83, K2S:Og is used for the reoxidation of RFTA™
(Figure 26C).I"1 N3-Methylated RFTA in combination with nitrobenzene for the regeneration
of quinoid flavin is used as photocatalyst in an azodicarboxylate-free version of the
Mitsunobu reaction (Figure 26D). The photoexcited flavin oxidises triphenyl phosphine to the
triphenylphosphine radical cation, which reacts with the alcohol or the carboxylic acid to
phosphoranyl radical intermediates. Further oxidation of the latter give the respective

alkyloxy- or acyloxyphosphonium species 84 and 85 respectively.l’
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Figure 26: Application of RFTA as photocatalyst with the use of external oxidants in A) the photooxidation of in-situ
generated hemiaminals, B) a coupled isomerization-oxidative cyclisation of E-cinnamic acids to coumarins, C) the oxidation
of thiobenzanilides to benzothiazoles and D) the oxidation of phosphines for an azodicarboxylate free esterification.

Examples for the application of flavins in redox neutral processes involve inter alia the
decarboxylative cyanation of aliphatic carboxylic acids 86 mediated by RFTA (Figure 27A).
A PCET to the catalyst followed by decarboxylation yields heteroatom stabilised carbon-
centred radicals which are coupled with tosylcyanide, yielding nitriles 87.["°1 Riboflavin
tetrabutyrate has been used in a similar approach by the group of MacMillan for the oxidative
functionalisation of C-terminal carboxylates 88 where the resulting stabilised radical 89 is
coupled with a Michael acceptor for site selective peptide functionalisation (Figure 27B).
Selectivity for C-terminal carboxylic acids over internal ones is achieved due to the higher
oxidation potential of the latter.[®] Water soluble cofactor FMN was used in an oxidative
dearomatisation of phenolic substrates 91 (Figure 27C). The proposed mechanism involves
the formation of a phenolate in aqueous buffer, facilitating the SET to form a phenoxyl radical,
which is trapped by O>. SET from the semiquinone leads to a peroxy intermediate, which is
transformed to the dearomatized product, possibly by oxidation of the buffer. Participation of
singlet oxygen is not fully excluded as the addition of an 'Oz quencher diminished the
yields.[8!]
gri oo
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Figure 27: A) Decarboxylative cyanation of aliphatic carboxylic acids; B) Site-selective decarboxylative alkylation of
peptides; C) Oxidative dearomatisation of phenols.
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While the redox potential of riboflavin derivatives is strong enough to perform the above-
mentioned transformations, oxidation of more challenging substrates with higher redox
potentials are not feasible. Several approaches were made to overcome these limitations by
optimizing the catalytic system or by modifying the catalyst itself via covalent modification of
the isoalloxazine core or by non-covalent interactions. One example for the latter is the
addition of Lewis acidic rare earth metal cations, such as Sc** which increases the excited
state redox potential of RFTA by forming a RFTA-2Sc®* complex and allows for the

oxidation of unactivated benzylic substrates(®?! and electron poor diaryl alkynes".

Chemical modification of the isoalloxazine core allows for tailoring of the ground state redox
potential of flavins as demonstrated by the group of Rotello. Several neutral flavins were
synthesized bearing substituents at positions C7 and C8. While electron withdrawing
substituents increase the redox potential compared to the unsubstituted analogue, potentials
decrease for electron donating methoxy or dimethylamine substituents.® The group of
Cibulka synthesized CFs-substituted isoalloxazine and alloxazine derivatives 91 —93 and
estimated their excited state redox potentials (Figure 28A). The electron withdrawing effect of
the CF3 substituent increases the redox potential of both 91 and 92 compared to RFTA while
it is still lower compared to 93 due to the lack of an additional positive charge. This allows for
selective oxidation of electron poor benzylic alcohols to the respective aldehyde without
overoxidation to the benzoic acid.[
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Figure 28: [a] conditions: 40 equiv. CF3COD, CD3CN (25 mm), O2-atmosphere, T =40 °C, irradiation; A) Redox potentials
of C7-CFz modified flavins compared to RFTA; B) Redox potentials of selected N1,N10-ethylene bridged flavinium salts.

A significant increase of redox potentials can be achieved by introducing a positive charge

into the flavin scaffold as demonstrated with N1,N10-ethylene bridged flavinium salts.[#4 &I
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The potential can be modulated further by introducing either electron withdrawing or electron
donating substituents at C7 and C8, some of which are depicted in figure 28B.1% With this
method, singlet excited state redox potentials between —2.2 and —2.8 V vs SCE can be
achieved as electron donating groups such as methoxy decrease, while electron withdrawing
substituents such as CFsz and Cl increase the potential. However, substitution also influences
the photostability of the flavins. Applying the catalysts to the reaction conditions used for the
oxidation of unactivated benzylic substrates, electron poor flavinium salts showed
considerably lower stability, as seen from their lifetimes, compared to their electron rich
analogues, rendering them less suitable for prolonged reaction times while electron rich
flavinium salts showed lower catalytic activity in the oxidation of deactivated benzylic

substrates in comparison with electron poor flavins.[®!
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5. Aim and Motivation

In the previous sections, an overview of the activation of molecular oxygen by flavoenzymes
as well as synthetic flavins is given. A special focus was placed on the influence of the
enzymatic scaffold on the mechanism as well as the stabilisation of reactive intermediates.
Challenges regarding the application of non-enzyme bound riboflavin and its derivatives in
chemical synthesis (e.g., low stability of flavin-hydroperoxides and fast elimination of H205)
were outlined. Current solutions involving the use of flavins as mild H.O> sources as well as
approaches to stabilise reactive intermediates and tune the flavin’s reactivity via covalent and

non-covalent modifications were presented.

The aim of this work is the design and synthesis of novel, flavin-based catalysts with
improved stability and reactivity compared to the parent cofactor (—)-riboflavin, as well as
their application in synthetically useful transformations. A non-cationic flavin catalyst is
desired due to increased (photo)stability compared to cationic analogues. As target
transformations, the biomimetic bromination of oxidation-prone phenolic substrates 98
(Figure 29A) and a sequential dehydrogenation-epoxidation sequence of silyl enol ethers 100

were chosen, both of which rely on the reductive activation of molecular oxygen (Figure 29B).

Bromination of phenolic substrates is traditionally achieved with bromine or electrophilic
bromine sources such as NBS, both of which are highly reactive and unselective and often
lead to overoxidation. Additionally, the high toxicity of bromine as well as the high reactivity
of brominating agents requires additional safety precaution. Therefore, a mild, non-toxic
bromination strategy for oxidation prone substrates with a high tolerance for functional
groups would be desirable. Desaturation of silyl enol ethers 100 to a,f-unsaturated ketones
101 is originally achieved by Saegusa-1to oxidation, which uses stoichiometric amounts of
palladium oxidants. Even though improved procedures to circumvent the use of
stoichiometric palladium exist, no one-pot strategy to directly transform the silyl enol ethers
100 into synthetically useful a,fp-epoxyketones 102 has been reported so far. Due to the
versatile reactivity of the flavins oxidation states, an oxidative transformation (e.g. Saegusa-
Ito oxidation of silyl enol ethers) via quinoid flavin could be coupled to a reductive process
(e.g. activation of O) via hydroquinoid flavin. This would allow for the direct transformation
of silyl enol ethers to a,-epoxyketones in a one-pot fashion.
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Figure 29: A) Biomimetic, flavin catalysed aerobic bromination; B) Sequential desaturation-epoxidation chosen as

proof-of-principle reactions.

To the best of our knowledge, no halogenation strategy mediated by synthetic flavins has been

achieved without the use of additional catalysts or mediators. The challenges herein involve:

1) tuning the flavins reactivity and stability by chemical modifications of the
isoalloxazine core to ensure sufficient activity but avoid unselective decomposition
of both the catalyst and the substrate.

i) employing a suitable functional group on the flavin, that mimics hydrogen bonding
interactions present in the enzymatic scaffold.

iii) identifying a suitable reductant, that is soluble in organic solvents, stable towards
reactive intermediates as well as unreactive towards other functional groups

present in the catalyst or the substrates.

The sequential desaturation-epoxidation sequence involves two orthogonal flavin activities,
namely the oxidation of silyl enol ether substrates to a,B-unsaturated ketones via quinoid
flavin, followed by the reductive activation of molecular oxygen for subsequent epoxidation
to a,B-epoxyketones via hydroquinoid flavin. A reliable method for the oxidation has to be
identified and at the same time, stability of the tailored flavin has to be ensured to allow for
successive reactivity. Additionally, suitable conditions that allow for subsequent epoxidation
without substrate decomposition have to be developed. After a reliable protocol for a one-pot
desaturation-epoxidation sequence has been established, the substrate scope will be evaluated
and furthermore, the applicability of the catalytic system will be demonstrated by realising

other sequential transformations.
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Alexandra Walter and Golo Storch*

Abstract: Flavoenzymes catalyze oxidations via hydroperox-
ide intermediates that result from activation of molecular O,.
These reactions—such as hydroxylation and halogenation—
depend on the additional catalytic activity of functional groups
in the peptide environment of the flavin cofactor. We report
synthetic flavin catalysts that contain C6 amino modifications
at the isoalloxazine core and are consequently capable of
mediating halogenations outside the peptide surrounding. The
catalysts are competent in the selective, biomimetic bromina-
tion of oxidation-prone phenols, flavones, and flavanones
using a halide salt in combination with 2,6-lutidinium oxalate
as a flavin reductant under visible-light irradiation. Our studies
show the beneficial effect of stacked bisflavins as well as the
catalytic activity of the flavin modifications. The designed
flavin catalysts outperform isolated natural (—)-riboflavin and
contribute to the continuing search for tailored flavins in
oxidation reactions.

In nature, flavoenzymes mediate a large variety of chemical
transformations relying on the identical cofactor flavin
adenine dinucleotide (FAD)."! Upon conversion to FADH,
by reduced nicotinamide adenine dinucleotide (NADH), they
are able to activate molecular oxygen from air, which occurs
via one electron reduction and HOO- radical recombination
with the cofactor (Figure 1 A, left side).” The resulting C4a
hydroperoxide is a highly activated reactive intermediate—
with more than 10*-fold increased reactivity for oxygen
transfer when compared to hydrogen peroxide"'—and medi-
ates reactions including olefin epoxidation," hydroxylation,”)
heteroatom oxidation,”” and Baeyer-Villiger oxidation.” A
unique subset of these oxidations is the conversion of
inorganic halide salts into hypohalites in halogenase enzymes.
Mechanistic studies suggest that hypohalites are transferred
to substrates via a lysine residue’s primary amino group,
which either serves as hydrogen bond donor when protonated
or is converted to an intermediate haloamine (Figure 1 A,
right side).®!
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Flavoenzymatic halogenations have also been transferred
to the organic laboratory,” highlighted by the successful
application of the fungal halogenase RadH in mono-bromi-
nation of monocillin I and other bioactive compounds
(Figure 1B, top)."”! While in general the potential of flavin-
mediated transformations for organic synthesis has been
recognized,"""! reports on biomimetic flavin-catalyzed halo-
genation are scarce—presumably due to the absence of
catalytically active residues, when the cofactor is isolated
from the enzymatic surrounding. One strategy was reported
by the Gulder laboratory and centered around the flavin
mononucleotide (FMN) cofactor, which was used for con-
version of O, from air to hydrogen peroxide in combination
with vanadium-dependent enzymes for halogenation of
aromatic substrates (Figure 1B, middle)."" The first fully
non-enzymatic flavin-mediated halogenation reaction was
reported by Konig et al. using (—)-riboflavin for hydrogen
peroxide generation and subsequent oxidation of hydrochlo-

A Activation of O, and Halide Oxidation Substrate Halogenation
R, —a R
Q 1
N_NL_O N_N._0 @S, X
2 2
SN SN )
o] 0 _-X
NADH t Ho™© !
R R HOX H
1

)
R = Ribityl; X = CI, Br
B OHO = 15 ph RadH

10 mM KBr, air
1 4 FAD, 2.5 1 NADH

HO ™ Potassium phosphate HO
buffer at pH 7.4
05 IR Micklefield 2017
monocilin Il

OMe

80%

Acaryochloris Marina

Vanadium-Dependent Hydroperoxidase Br
0.5 mol% FMN, KBr, air
MeO' OMe MES-buffer/CH;CN, A =455 nm gD OMe
Gulder 2018 93%
10 mol% RFTA
(o} HCI, HOAc, pMBA, air O
@ O CH,CN,A=d550m
Konig 2016 80%

Figure 1. Aerobic halogenation reactions with flavins. A) Mechanistic
proposal for flavoenzymatic halogenation. B) Representative strategies
for flavin-mediated halogenations in organic synthesis. RFTA: (—)-
Riboflavin tetraacetate.
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ric acid (Figure 1B, bottom)."*) The authors used para-
methoxybenzyl alcohol (pMBA) as reductant for photo-
excited (—)-riboflavin and identified acetic acid as crucial
catalytic shuttle for hydrogen peroxide via intermediate
peracetic acid formation under the acidic conditions.

We were intrigued by the idea to synthetically modify
non-enzymatic flavin catalysts in order to achieve activation
of molecular oxygen as well as electrophilic halogenation
without the need of additional catalysts or mediators. More-
over, we aimed to facilitate these reactions in organic solvents
and also to apply them successfully to oxidation-prone
substances containing free phenols, which would significantly
increase the synthetic utility of these reactions. Modification
of the isoalloxazine core with an amino group seemed
promising, since the resulting flavins were anticipated to be
less oxidizing," reducing substrate decomposition, while also
providing a synthetic handle for installing hydrogen bond
donors or nitrogen-based Lewis bases in analogy to the lysine
side chain activity. Two synthetic flavin designs were studied
(Figure 2A): First, in flavins based on amine 1, the C6
position is functionalized in order to position the “side arm™
close to the reactive quinoid center. Second. bisflavins 2,
based on trans-1,2-diaminocyclohexane,'” contain two iso-
alloxazines in a stacked arrangement, thereby locating the C6
functionality proximal to the opposite side’s quinoid center as
well.

Both synthetic procedures commence with 3-fluoro-2-
nitroaniline and consist of a sequence of Cbz protection, SyAr

A NH, o]
st N fL CzHas
| :l m-w) < N
i-ii) >
) f:l N &O
NHCy 1 G

NH,

S

NHChz HasCrz O
25' ‘ZN.‘LN“
4a -,
NO, oﬁ?’f*u,,_
—»
N

Figure 2. Synthesis of C6 aminoflavin catalysts. A) Route to amino-
flavin platform compounds. i) CbzCl, MgO, 71 %. Preparation of 1:

i) CyNH,, K,CO;, 93 %; iii) SnCl,, quant.; iv) alloxan, B,O;, 92%;

v) CiyHasl, K,CO;, 65%; vi) HBr, 77 %. Preparation of 2: i) (R,R)-DACH,
K,COs, 78 %; iii) SnCl,, 85%; iv) alloxan, B,Os, 78 %; v) C,Hl, K,CO;,
94 %; vi) HBr, 86%. B) Functionalization of 2: vii) 3,5-bis(trifluorome-
thyl)phenyl isocyanate, 48 %, viii) 3,5-bis(trifluoromethyl) phenyl isothio-
cyanate, 65%. Functionalizations of 1 were performed analogously.
DACH: 1,2-diaminocyclohexane.
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reaction, nitro group reduction, condensation with alloxan,
N3 alkylation, and Cbz deprotection (Figure 2A). Amines
1 and 2—bench stable, deep black compounds—were
obtained in multigram quantities and N3 dodecylation
ensures their solubility in a wide range of organic solvents.
The C6 amino groups were converted into urea (3) and
thiourea (4) functionalities, which serve as efficient hydrogen
bond donors (Figure 2 B).

With our synthetic route established, we then focused on
the reduction of the isoalloxazine core as the first crucial step
in aerobic flavin halogenation (see Figure 1 A). A number of
suitable reductants is known,"" including Hantzsch ester,
dithionite, zinc, and hydrazine, however, none of the common
reductants is (i) soluble in organic solvents, (ii) unreactive
towards other functional groups, and additionally (iii) not
quenched by oxidizing catalysis intermediates such as hydro-
peroxides, hypohalous acids, or hydrogen peroxide. Inspired
by studies on oxalate oxidase enzymes and the activity of
photoexcited (—)-riboflavin in CO, release from oxalic
acid,"” we became interested in using the latter as convenient
flavin reductant. Oxalic acid itself is insoluble in organic
solvent but 2.6-lutidinium oxalate (2:1 mixture, “LutOx™)
indeed acts as a competent reductant for (—)-riboflavin
tetraacetate (RFTA) in dichloromethane upon irradiation
with blue LED light (Figure 3 A and supporting information).

We then studied the reactivity of thiourea flavin 4 towards
hydrogen peroxide—as a mimic for flavin C4a hydroperox-
ides—in the presence of inorganic halide salt (Figure 3B).

A OAc OAc
2
40 J\fro /(j\ Aeoy OAc

OAc N
O 'Lutox H
OAc
Blue LED N H N
CO H 2CO;
N
Ozfrom air 1 [}
RFTA RFTA-H2
B o ey
HusCra= 4l y
oﬁ?f’* N, Ar =
i 3
LiBrorNaBr S\s Q‘N NaBr or Nal, 'LutOx'
}'H Nrf'i‘: 5 Blue LED
91% ’/' Ar-NH al \‘ 65%
CizHas
9 o}
HasCro~ £y HosCros 4
(oY i 10 iy
N {23 N2 Nz,
Ar—N ‘
N

H
N
2/ QN HN"
Z_NH NTfN Ar o)
5 ,‘«:o g ,{: pa
/ CigH .
Ar & 12H25 H CigHas
Figure 3. Reversible flavin reduction using 2,6-lutidinium oxalate
(“LutOx"). A) Reduction of RFTA in dichloromethane. B) Divergent

reactivity of thiourea flavin 4 upon exposure to aerobic conditions and
halide salt.

Angew. Chem. Int. Ed. 2020, 59, 22505-22509

08 00T ELLEITST

woxy

0z 2wy

rd

suonipuc) pue suu, 1 33§ {£Z0TN1/L1] vo Amiqrysuug £ “Kuruuan surigao)) &9 (9600

Lok

Ssuanr] suouno 2amrar 21qenddy A pousaod A SR V() a5 30 S K0f AregrT U0 [ HO

32



Synthetic C6-Functionalized Aminoflavin Catalysts Enable Aerobic Bromination of
Oxidation-Prone Substrates

GDCh
~~

Within minutes, we observed selective formation (91%
isolated yield) of disulfide-type compound 5 by a reaction
that proceeds especially well in dilute solution (1.5 mwm, see
supporting information) and is similar to the dimerization of
simple alkyl thioureas."" In stark contrast, when irradiated
with “LutOx” under otherwise similar conditions, clean
Jacobsen-Hugershoff-type!"”) reaction occurred and bis-2-
aminobenzothiazole flavin 6 was formed. This divergence is
also observed when 4 is treated with excess I, under argon,
which leads to 5 in the dark while 6 is formed predominantly
under blue LED irradiation. We assume that a photoredox
mechanism is operative under irradiation and outcompetes
sulfur-sulfur bond formation. Consistent with this analysis, the
thiourea derived from monoflavin 1 shows 2-aminobenzo-
thiazole (7) formation within minutes also when using H,O,
and LiBr since no competing intramolecular reaction partner
is present.

We then studied, whether benzothiazole flavins 6 and 7
are also reduced by “LutOx” via irradiation under inert
conditions (Figure 4). They appear as deep red compounds
with absorption in the visible range (A =420 (6) and 426 nm
(7) in CH,CL,) and show fluorescence (h,=410nm, see
supporting information) at Ay, =593 (6), and 573 nm (7).
This prompted us to apply blue LED light for excitation and
indeed, clean reduction of 7 occurred. When exposed to air,
the sample was re-oxidized concomitant to O, reduction. This
method was also suitable for bisflavin 6 albeit significantly
slower when compared to 7. Urea flavins 3 and 8 (urea
derived from 1) were reduced even more slowly (see
supporting information). Decomposition was observed when
applying the conditions to disulfide 5.

Before employing the flavin catalysts in aerobic halogen-
ation reactions with inorganic halide sources, we probed the

FiC,

o
[ ]

@ Nt szs Blue LED C[ fL «CozHzs

7 Hz
A |
j ° | 8 i
I I I . a?
Reoxidation under Air l';' .
>,
_.J e o ° l&“'g
L;l 1 & S
3nBue LED |-£
e ° @2
J‘ I 2
. - Lia A a7

“LutOx', no Light
86 B4 8.2 7.0 6.8 |
Chemical Shift [ppm] )

10 ’
Irradiation Time [h]

Figure 4. “LutOx" reduction of benzothiazole flavin catalysts. A) Under
argon, a sample of 7 and “LutOx" (5 equiv) in CD,Cl, was irradiated
for 3 h with a blue Kessil” LED (43% reduction). The tube was then
opened to air. B) Photochemical “LutOx” reductions of 6 and 7 under
O, with (red) and without (black) lithium bromide. Concentrations
were monitored by HPLC.
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stability of catalysts 6 and 7 under these conditions. When
irradiated (A, =457 nm, LED) under O, (Figure 4B, black
triangles) in the presence of “LurOx” reductant, 7 was
observed to be almost fully intact (>90%) after 2h.
However, when inorganic lithium bromide salt was added,
rapid decomposition occurred (red triangles). The catalyst
lifetime of 6 was much higher (red squares), presumably as
a result of the continuous slow generation of Br* equivalents.
This encouraged us to apply flavin 6 in catalysis.

As a proof-of-principle reaction, we chose the biomimetic
halogenation of model tyrosine 9 with molecular O, and
inorganic bromide salt in dichloromethane as solvent
(Figure 5). These conditions were expected to be compatible
with the oxidation-prone phenol as well as acid- (N-Boc) and
base-sensitive (methyl ester) protecting groups. Parent (—)-
riboflavin tetraacetate (RFTA) resulted in unselective sub-
strate decomposition, and only 12% bromination products
were observed (Entry 1). Shorter reaction times did not result
in increased yield. We then moved to C6 amino monoflavins
(entries 2-3) and observed that urea catalyst 8 led to less
decomposition of 9, but both reactions did not improve the
bromination yield. However, we noted that the experiment
with monoflavin 7 had decolored during the course of the
reaction, and after applying shorter reaction times, the yield
of bromination increased. We aimed for beneficial effects of

OH oxidalicn- OH
acid emna 5 mol% flavin catalyst Br R
sensitive o 6 equiv. 'LutOx
5 6 equiv. LiBr, 6 equiv. NaHzP%
BocHN Mmax = 457 nm LED, O; (balloon), BocHN
9 ——— RT, CH,Cl,, 8 h 10
COMS < onsitive R = H, Br CO2Me
H25012~N_« H25C|2\NJP
N /4 N ,4
Ar\ =y ’; > 4; ~
R R=H:6 C|ZHZS CH3 £H45
R = Me: 11 12
# Catalyst Reductant SM 9 (%) 10 R=H, %) 10 (, %)
1 RFTA Lutox' —(—" 3Py — (& g¥) 12 (10, ol
2 flavin8 ‘LutOx’ 50 17 17
3 flavin7 ‘LitOx" — — 10
4 bisflavin3  ‘LufOx' 61 1 "
5  bisflavind  ‘LutOx’ 82 7 7
6 Dbisflavin6  ‘LutOx’ 12 30 58
7 Dbisflavin®  HEH® 100 — —
8 bisflaviné  pMBA 49 — 7
9  bisflavin 11 ‘LutOx' 19 26 36

10 bisflavin 12 'LufOx’

Figure 5. Application of C6 aminoflavin catalysts in the aerobic,
biomimetic halogenation of model tyrosine 9. Sodium dihydrogen
phosphate was added as a mild proton source. Yields were determined
by NMR spectroscopy versus internal standard. [a] Reaction time 4 h.
[b] Reaction time 45 min. [c] No irradiation since Hantzsch ester
(HEH) reduces 6 in the dark. Ar=3,5-Bis(trifluoromethyl)phenyl. SM:
Starting material.
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slow and controlled formation of oxidizing species using
bisflavins 3, 5, and 6 under oxidative halogenation conditions,
and indeed decreased decomposition was observed in these
cases (entries 4-6). While 3 and 5 did not improve the product
yield, benzothiazole 6 resulted in 58% bromination with
a good overall mass balance of 70%. Control experiments
confirmed that light, flavin catalyst, and reductant are each
required (see supporting information, which also contains
a solvent screening). The optimal catalyst loading was
5 mol %, which highlights the flavin stability.

Hantzsch ester™ and para-methoxybenzyl alcohol®'!—
both competent flavin reductants—did not yield significant
quantities of 10 under our conditions (entries 7-8). Interest-
ingly, the N-methylated catalyst 11 showed diminished
activity, and positional isomer 12 did not even yield 10 in
any measurable quantity (entries 9-10). This observation
stimulated our interest in probing the catalytic activity of
the 2-aminobenzothiazole functionality during halogenation
catalysis. Therefore, we studied the activity of flavin 7 in two
different routes for bromination of tyrosine derivative 9,
which mimic the early and late stage processes of the full
biomimetic halogenation sequence. We first probed for
activity when using tert-butylhydroperoxide—as flavin C4a
hydroperoxide mimic—in combination with lithium bromide
under otherwise identical catalytic conditions (see supporting
information). Indeed, flavin 7 showed significant catalytic
activity. In a second approach, we used N-bromosuccinimide
as Br'-source and again found rate enhancement when using
flavin 7 as catalyst (see supporting information). Both experi-
ments point towards active catalytic participation of the 2-
aminobenzothiazole group in bromination catalysis.

Having observed bromination over unselective substrate
decomposition, we expanded our catalysis studies to different
kinds of oxidation-prone, phenolic substrates (Figure 6).
Other N-terminal tyrosine protecting groups such as Cbz

R R
OH OH Br
HO 0._Ph
" A, m
PGHN” “COMc  BocHN N COMe
oA ©

PG=Cbz 13, Fmoc 14 (R=H,Br)

15 (R=H,Br) 16
6:32% (13 R=H), 53% (13 ) 6: 35% (15 R=H), 6: 60%!
6:26% (14 R=H), 46% (14 %) 53% (15 %) g

; - traceat]
RFTA: tracel®l (13 5), tracal®l (14 ) RFTA: 11% (153) ~RFTA: trace

HO oo | 5
e Br O
17 18 o 19
6:34% 6:71% 6:62%
RFTA: tracel? RFTA: 26% RFTA: 8%

Figure 6. Application of bisflavin 6 in aerobic halogenation of oxida-
tion-prone substrates. Yields were determined by NMR spectroscopy
versus internal standard. See Figure 5 for reaction conditions, with
12 equiv “LutOx” used for 19 and 15 equiv “LutOx” for 16-18. [a] A
yield of <5% was observed. [b] Additionally, 29% (with 6) and 21%
(with RFTA) of dibromination observed. PG: Protecting group.
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(13) and Fmoc (14) are tolerated, which highlights the
compatibility with oxidation-prone benzylic positions. Dipep-
tides like Boc-Tyr-Val-OMe 15 are suitable substrates as well.
Additionally, a variety of flavones, umbelliferon, and flava-
nones resulted in efficient, regioselective mono-bromination
(16-19). Throughout all examples, (—)-riboflavin tetraacetate
led to decomposition independent of the chosen reaction time
(see supporting information).

In summary, we report the design and characterization of
a series of C6 aminoflavin catalysts and their reactivity under
aerobic conditions. We identified 2.6-lutidinium oxalate as
organic soluble, inexpensive, and traceless reductant for
photoexcited flavins. Applying this reduction strategy, we
observed selective transformations of thiourea flavins, result-
ing in 2-aminobenzothiazole functionalities. Under aerobic
conditions, stacked bisflavins were found to be very stable
catalysts, which slowly release oxidants upon activation of O..
Building on these studies, we developed a flavin-mediated
halogenation strategy for oxidation-prone substrates includ-
ing phenolic compounds, flavones, and flavanones. One key
advantage when compared to parent (—)-riboflavin is the
significantly suppressed substrate decomposition. Mechanis-
tic studies additionally revealed catalytic participation of the
2-aminobenzothiazole modification. The present study is,
therefore, anticipated to serve as critical starting point for
site-selective flavin catalysis.
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Abstract: Catalytic desaturations are important strat-
egies for the functionalization of organic molecules. In
nature, flavoenzymes mediate the formation of o.p-
unsaturated carbonyl compounds by concomitant cofac-
tor reduction. Contrary to many laboratory methods for
these reactions, such as the Saegusa-Ito oxidation, no
transition metal reagents or catalysts are required.
However, a molecular flavin-mediated variant has not
been reported so far. We disclose a photochemical
approach for silyl enol ether oxidation, which leads to
aB-unsaturated ketones (13 examples) in very good
yields. The flavin catalysts are stable throughout the
desaturation reaction, and we successfully applied them
in a subsequent aerobic epoxidation by simply changing
the reaction conditions. This protocol allowed us to
directly convert silyl enol ethers into e.p-epoxyketones
in a one-pot fashion (12 examples). Sequential flavin
catalysis is not limited to one specific reactivity combi-
nation and can, inter alia, couple the photochemical
oxidation with radical additions. We anticipate that
flavin-catalyzed desaturation will be applicable to other
substrate classes and that its sequential catalytic activity
kwill enable rapid substrate diversification.

Flavoenzymes mediate a fascinating plethora of
transformations."! The unique chemical environment around
the flavin cofactor controls its oxidation state and substrate
accessibility, allowing it to choreograph many different types
of reactions.”! In contrast to the rich enzymatic repertoire,
the use of molecular flavin catalysts in organic synthesis is
limited.” In the present study, we were particularly inter-
ested in the ability of molecular flavin catalysts to couple
two chemically distinct steps in an iterative one-pot
procedure, enabling rapid substrate diversification.!*! Cata-
lytic desaturation' and aerobic epoxidation were chosen
based on their synthetic utility and reported flavoenzyme
activity.

In flavin-dependent desaturase enzymes (Figure 1A),
flavin adenine dinucleotide (FAD) accepts a hydride to
release the oxidized product concomitant to being reduced

& HoH FAD FADH,

Mg " ey

W bz)eH
1

-
Dehydrogenase
o (o]
H FAD FADH, HN
HN H 4
A LHon > A OH
07N Dihydroorotate Dehydrogenase N
H 8 2 o
B
. o] ! i =]
OSiMe;  pg(oAc), . j’iﬂea O
'
)%/ —_— ] :Ph ? Ph |
\ 2
)
Saegusa-lto Oxidation \ electrochemically driven desaturati
“ FADH,
redu.,tant
\
” = Monooxygenase (FMO)

D Molecular o

o Flavin Cdldlyal Flavin Catalysl
OJH/ Candition A OJH]/ Condition B OJJ\EO
Figure 1. Desaturation and epoxidation catalysis. A) Flavoenzyme
desaturation. B) Saegusa-Ito reactions in the organic laboratory. C)

Flavoenzyme activity in epoxidation with O,. D) Our strategy for
combining both activities in sequential catalysis.

Molecular

to the hydroquinoid state (FADH,). Thiazoline (1, X=S)
and oxazoline (1, X=O) desaturation proceed via this
mechanism,”’ which is also operative in dihydroorotate
dehydrogenase. The latter forms orotidine precursor 2 for
uridine biosynthesis.” In the organic laboratory, desatura-
tion adjacent to carbonyl positions is typically achieved by
silyl enol ether formation and subsequent Saegusa-Ito
reaction (Figure 1B), which requires stoichiometric amounts
of a palladium oxidant."” The reaction is very valuable for
natural product synthesis and the preparation of active drug
molecules.” Significant improvements on the original con-
ditions have been reported, including catalytic strategies
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with a sacrificial oxidant,"™'" hypervalent iodine reagents,"”
photochemical generation of singlet oxygen,"” and electro-
chemical oxidation.""! However, with the exception of
enzyme-mediated examples,'” flavin-catalyzed desatura-
tions are still lacking as a synthetic method."""!

In an orthogonal reactivity, flavoenzymes activate mo-
lecular O, from air for oxygenation reactions (Figure 1C).!'")
These reactions require the reduced cofactor (FADH,) and
result inter alia in the formation of oxiranes."¥ In the
organic laboratory, such reactivity typically requires oxi-
dants such as mCPBA." It was the aim of this study to
enable molecular flavin-catalyzed desaturation and to
achieve sequential epoxidation in a one-pot reaction with
the same flavin catalyst. This strategy would enable the
direct conversion of silyl enol ethers into a.p-epoxyketones.

We initiated our studies with silyl enol ether 3 and
probed whether molecular flavins serve as oxidants for
desaturation in analogy to the enzymatic transformations.
However, no thermal reactivity was observed even under
elevated temperatures. This shifted our interest to photo-
chemical conditions,” since excited quinoid flavins are
strong oxidants with El“,z("4*/4")= +1.35V vs. SCE and a

| U |
N._N_DO N._N_O
Ly, CLLX
P
N "Bu ” "Bu
OTIPS 1 equv. O 5 o o}
ph)ﬁ/ 4 __ ~ ph)H]/
K max = 451 nm
1 equiv. (CD5CN), 2h s
3 94%

Figure 2. The stoichiometric Saegusa-Ito oxidation with a molecular
flavin under inert conditions in a | Young NMR tube. Reaction
conditions: Flavin 4 (1 equiv.) and silyl enol ether 3 (1 equiv)) were
irradiated at A, =451 nm in CD,CN solution for 2 h. The yield was
determined versus NMR internal standard. No silylated reduced flavins
were observed, which led to the conclusion that residual water serves
as a source of protons (see Supporting Information).

Table 1: Optimization of the flavin-catalyzed Saegusa-Ito oxidation.

Communications
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redox potential of E,,=+1.17V vs. SCE (CH:CN) was
determined for silyl enol ether 3 (see Supporting Informa-
tion). We combined flavin 4 with model substrate 3 in a
stoichiometric experiment (Figure 2) and irradiated the
mixture with blue light in deuterated acetonitrile under an
argon atmosphere. This resulted in clean conversion of the
quinoid flavin to its reduced counterpart 5, concomitant to
the formation of a.p-unsaturated ketone 6 in 94 % yield
(determined versus NMR internal standard; see Supporting
Information pages 38-40). When exposed to air, the solution
quickly regained the typical flavin color, and oxidation of
hydroquinone 5 to quinone 4 was observed. We concluded
that photochemical desaturation is indeed feasible with
molecular flavins and that all evidence points towards a
single-electron oxidation pathway.?!!

In the next step, we aimed for achieving the Saegusa-Ito
oxidation in a catalytic fashion (Table 1) with riboflavin
tetraacetate (RFTA). We quickly realized that a basic
additive (such as Na,HPO,) is required to avoid starting
material hydrolysis to ketone 7. The key to success was
finding a suitable sacrificial oxidant, which converts hydro-
quinoid flavin back to the quinoid form. Oxone® only
facilitated approximately one turnover, while DDQ and
K,S,04 performed better with 34% and 85% yield,
respectively (Entries 1-3). The oxidation with K,S,0g re-
leases hydrogensulfate,” which is quenched by Na,HPO,.
A stronger base such as Na;PO, was not suitable, presum-
ably as a result of catalyst decomposition (Entry 4).” No
reactivity was observed in the absence of flavin (Entry 5).
We noticed that the reaction solution lost its typical yellow
coloration after 2h of irradiation, indicative of flavin
catalyst decomposition. This prompted us to switch to
modified flavin 4, and the reaction times could be extended
to 8 h without risk of decoloration. Under these conditions,
the unsaturated ketone 6 was formed almost quantitatively
(Entry 6). No reactivity was observed without irradiation,
and omitting the base additive diminished the yield (En-
tries 7 and 8).

10 mol% flavin
QTIPS 1.0 equiv. oxidant
2.5 equiv. additive
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S
Lmax = 451 nm
(CH4CN), 15 °C
3 7 6
Entry Flavin Oxidant Additive Time SM* Yield (6)°
#1 RFTA Oxone® Na,HPO, 2h 35% 3%
#2 RFTA DDQ Na,HPO, 2h nd. 34%
#3 RFTA K;S,0s Na,HPO, 2h nd. 85%
#4 RFTA K,S,0; Na,PO, 2h 69% nd.
#5 none K,S,04 Na,HPO, 2h >99% nd.
#6 4b K,5,0; Na,HPO, sh nd. >999%"
#7° 4b K;S,0s Na,HPO, 3h 94% nd.
#3 4b K,S,04 none 8h nd. 589"’

[a] Determined versus NMR internal standard. [b]: Yield of isolated, volatile product 6: 74%. [c]: No irradiation. [d]: Significant hydrolysis to ketone
7 (approx. 30% yield). SM=Starting material. n.d. =none detected. RFTA=Riboflavin tetraacetate.
Angew. Chem. Int. Ed. 2023, 62, 202310634 (2 of 6)
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The scope of the catalytic desaturation was investigated
with a series of silyl enol ethers (Figure 3). Our focus was on
those substrates leading to aryl isopropenyl ketones, which

o] ] o
8 9 10
>99% (99%)? 85% 85%)? >99% (96% )
[o) o) o
/@)‘\n/ /0 m <O D)kn/
~o ~o o
1 12 13
88% 81% 71%
o} o] [}
14 15 16

66% (55%)°

o
: :COZMe
17

81% (77%)?

80% (58%)° >09% (>99%)°

o

18 19
86% i83%)* 85%

Figure 3. Substrate scope of the catalytic Saegusa-Ito reaction. Reaction
conditions: See Table 1. Yields are determined versus NMR internal
standard. [a] Yields of isolated material.

10 mol% OH o
oTIPS : o :
flavin o OTIPS
NS — + + Pn
P wag=dionm: o ph>ﬁ‘r o
O, (CD;CN) OTIPS
3 6 20 22
(_Zy ith flavin 4:2
N N o wi l 3
2 S 24% 6% traces
P N.
N CiaHas with flavin 21:2
NH; 54 O n.d. 62% 15%
B 20 OOH 22 20 =CH, 3.CH;
= 7 o
225h rechl | SRS O | I
480 min A || | | ST ] e
240min || Akl e |
12Cmin 1 AN L A =
60 min RN . —
30 min ) ’_ —
start e | I

" Chemical Shit (o Chernical Shift (opm)
Figure 4. Probing molecular oxygen as a terminal oxidant. A: Products
obtained from the reaction of silyl enol ether 3 under an oxygen
atmosphere. B: In situ NMR monitoring of the reaction with substrate
3 (1 equiv.) in the presence of aminoflavin 21 (1 equiv.) in CD,CN.
Irradiation was performed with a fiber optics setup and a 5 W LED
(%max= 455 nm; see Supporting Information for details). [a] Yields
determined versus NMR internal standard.
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are traditionally obtained by oxidation of the secondary
alcohol or C—C bond formation reactions, while Saegusa-Ito
protocols are not reported.”**! Alkyl-substituted arene
substrates (products 8-10) and phenol ethers (products 11-
13) led to clean conversion to the corresponding unsaturated
ketones. Substrates with electron-deficient arene substitu-
ents were found to be less reactive, however, para-chloro
(14) and para-fluoro substitution (15) worked reasonably
well. Biphenyl derivative 16 and methyl ester 17 were
equally successful. Our method is not limited to the
formation of disubstituted olefins, and cyclohexene product
18 serves as an example of a trisubstituted analog. It is also
not necessary to use aryl-substituted silyl enol ethers, which
is highlighted by the clean oxidation to unsaturated ketone
19.

We then probed whether molecular oxygen can serve as
an oxidant in our catalytic desaturation of silyl enol ether 3.
Interestingly, a catalytic amount of flavin 4 also led to the
formation of unsaturated ketone 6 under aerobic conditions,
albeit in a poor yield of only 24 %. The reaction proceeded
sluggishly, which can be explained by the competing
reactivity of silyl enol ethers with singlet oxygen generated
by flavin-mediated sensitization.'** In line with this ration-
ale, we identified silyloxy hydroperoxide 20 as a minor
byproduct (Figure 4A).”" This reactive compound could be
isolated, which prompted us to investigate its selective
formation. We hypothesized that a less oxidizing flavin could
be the key here since the excited state redox potential would
not be sufficient to oxidize the silyl enol ether, but
sensitization of molecular oxygen would still be possible.
This succeeded with aminoflavin 21,” which did not show
any Saegusa-Ito oxidation activity under the standard
conditions (see Table 1). However, when irradiated in the
absence of an exogenous oxidant under an atmosphere of
oxygen, silyloxy hydroperoxide 20 was formed in 62 % yield
and could be fully characterized by NMR spectroscopy and
HR-ESI-MS (see Supporting Information). This singlet
oxygen ene reaction was also monitored by in situ NMR
studies via illumination of the sample inside the magnet.””)
This setup allowed us to follow and characterize the
conversion to silyloxy hydroperoxide 20 and also to identify
aromatic ketone 22 as a third product of this reaction
(Figure 4B). The formation of both products can be
rationalized based on the competition between a prototropic
and a silatropic singlet oxygen ene reaction (Schenck ene
reaction").1*

Encouraged by the stability of flavin catalyst 4 under the
photochemical oxidation conditions, we next set out to
investigate a sequential reaction that requires the same
flavin catalyst to perform a second chemically distinct step
in the same reaction vessel. In an orthogonal approach to
the singlet oxygen generation under irradiation, reduced
flavins are known to react with O, via stepwise single-
electron transfer leading to flavin hydroperoxides and,
ultimately the release of hydrogen peroxide. All unsaturated
ketones shown in Figure3 are potential substrates for
epoxidation reactions, which made us wonder whether the
addition of a reductant to our reaction vessels after the
Saegusa-Ito oxidation and exposure to O, would trigger the

| Edition published by Wiley-vCH GmbH
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one-pot conversion to epoxyketones. The latter are syntheti-
cally interesting reactive electrophiles™ and also serve as
functional groups in proteasome inhibitors.™ In our one-pot
reaction sequences (Table 2), we commenced with silyl enol
ether 3 and used the catalytic conditions (c.f., Table 1) that
resulted in the nearly quantitative formation of the op-
unsaturated ketones. Our focus was initially on identifying a
suitable reductant for the second reaction step. Zinc is often
used as a reductant for flavins,” yet its application in our
reaction sequence resulted only in trace product formation
(Entry 1). A slight improvement was found with Hantzsch
ester (HEH) in combination with a carbonate base and
methanol as a co-solvent (Entries 2 and 3). Switching to
Cs,CO; and adding a small amount of water (0.1 equiv.)
improved the yield to 25 %, presumably by increasing the
carbonate solubility in the organic solvent mixture (Entry 4).
Increasing the reaction temperature to 40°C led to faster
epoxidation and increased levels of product formation
(Entries 5 and 6). All yields of epoxyketone 23 refer to the
two-step reaction sequence and are based on the silyl enol
ether starting material.

These results prompted us to investigate whether analo-
gous sequential reaction conditions can also be applied to
the entire set of Saegusa-Ito substrates shown in Figure 3.
We were pleased to see that all unsaturated ketones were
also smoothly converted into the corresponding epoxyke-
tones (Figure 5), with the only exception of ester 17, which
resisted oxygenation. Alkyl-substituted arenes were toler-
ated best (24-26), while electron-rich arenes showed slightly
lower levels of product formation (27-29). Halide- and aryl-
substitution of the aromatic ketones was well tolerated and
led to epoxyketones 30 to 32. Even the trisubstituted
epoxide 33 and aliphatic derivative 34 were obtained, albeit
in lower yields. In the latter cases, conversion was observed
to be incomplete and much slower.

Sequential flavin catalysis is not limited to the combina-
tion of desaturation and epoxidation. Subsequent to the
Saegusa-Ito oxidation step, flavin-catalysis also successfully
generates CF;-radicals from Langlois reagent

Table 2: Flavin-mediated one-pot desaturation and epoxidation.
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Figure 5. Products of the one-pot desaturation epoxidation sequence.
Reaction conditions: See Table 2. Yields were determined versus NMR
internal standard [a] Yields of isolated material.

(NaSO,CF;)."™! which results in addition product 35 in 60 %
yield over two steps (Figure 6A). In an orthogonal approach,
flavin catalysis leads to C—C bond formation by radical
addition to benzylidenemalononitrile (Figure 6B). In anal-
ogy to the initial report of this reactivity by Qoi/** this
requires an allylic radical which is generated by deprotona-
tion of the silyl enol ether radical cation after initial flavin-
mediated oxidation of substrate 36. While dichloromethane
performed poorly as a solvent in the Saegusa-Ito reaction
(see Supporting Information page 42), it was suitable here.
The anionic flavin semiquinone radical is proposed to

10 mol% flavin 4

then addition of:

K25,0g o} reductant o}
NagHPO, base
3 — —_—
AT, hopay = 451 nm m 0, dak ©)‘\§3
(CH4CN) (CHACN/MeOH)
6 23
4* as oxidant 4-H, as reductant for O,
Entry Reductant Base Co-Solvent Yield*
# Zinc (5 equiv.) None Water (10% v/v) 2%
#2 HEH (4 equiv.) None MeOH (25% v /v) nd.
#3 HEH (2 equiv.) K,CO; MeOH (25% v /v) 4%
#4 HEH (2 equiv.,) Cs,CO, MeOH (25% v [v)" 25%
#5 HEH (2 equiv.) Cs,CO, MeOH (25% v /v)° 53%
#6 HEH (2 equiv.) Cs,CO, MeOH (25% v/v)"* 60%°

All sequential catalytic reactions were initially irradiated for 8 h (Saeg

i

Ito ion) and then stirred overnight with reductant under an

atmosphere of oxygen. [a] Determined versus NMR internal standard. [b] With 0.1 equiv. water. [c] Reaction performed at 40°C. [d] Yield of isolated

material: 46%.
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DCh o -
QUC, Communications Chemie
A 10 mol% flavin 4 Conflict of Interest

K;8;0s o then addition of: o
. Na;HPO, NaSO,CF; The authors declare no conflict of interest.

Al Ry = 451 nm Fnax = 451 nm
{CHACN) (CH3;CN/MeOH) CcF,
fas 5 Ashor 3s Data Availability Statement

oxidant for 3 sulfinate oxidation  60% (one-pot)

B Ph
A
NC CN OTIPS 0o
OTIPS 10 r;\]ol% flavin 4 BT then addition of: "By -
= a,HPO, KZS 0y ;
By — Ph
fmax = 451 nm max‘451 nm
(CH,Cly) {CHZCN) NC”NCN
67% 1%
36 4° generates a7 4* for Saegusa-fto 38
aflylic radical oxidation 48% (one-pot)

Figure 6. Examples of the application of sequential flavin catalysis:
Saegusa-lto oxidation and subsequent radical trifluoromethylation leads
to ketone 35 (A). The B-functionalization of silyl enol ether 36 prior to
Saegusa-Ito oxidation results in elongated, o,f-unsaturated ketone 38
(B). Yields were determined versus NMR internal standard.

deprotonate the substrate intermediate, but adding the
additional base Na,HPO, led to further improvement (63 %
yield without base; see Supporting Information page 89).
The immediate silyl enol ether product 37 can then be
subjected to a subsequent flavin-mediated Saegusa-Ito
oxidation, which leads to o.f-unsaturated ketone 38 (individ-
ual steps: 67 % and 71 % yield; one-pot, two-step procedure:
48 % yield). An aerobic halogenation of phenolic substrates
with LiBr® is also possible after Saegusa-Ito oxidation (see
Supporting Information pages 85-87).

In summary, we report an unprecedented one-pot
strategy for directly converting silyl enol ethers into a.p-
epoxyketones which relies on the combination of two
orthogonal flavin catalyst activities, namely the photochem-
ical single-electron oxidation and the reductive activation of
O,. While common for flavoenzymes, our two-step reaction
sequence with a single molecular flavin catalyst paves the
way for similar combination strategies to be used in the
organic laboratory. Synthetically valuable sequential reac-
tions are anticipated, for example, by connecting the
reductive and oxidative activity of flavins with their function
as organocatalysts.
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8. Summary

For the biomimetic bromination, a reliable synthetic route for C,-symmetric bisflavin 104 was
developed which required six steps starting from commercially available 3-fluoro-2-
nitroaniline 103 (Figure 30). The amino group in the C6-position served as synthetic handle
for the introduction of biomimetic halogen bond donors such as thiourea. Bisflavin 105 as
well as monoflavin 106 were synthesized, to demonstrate the advantages of the stacked
bisflavin arrangement. Additionally, oxalic acid in combination with two equivalents of
lutidine was identified as a suitable reductant for flavins. This novel reductant “LutOx” is

readily available, inexpensive, and is oxidized to inert CO,.[8!

o)
HasCra~n-L

4a/

1,
; ; NH, OMN,,,/ o] Ny
N N0 7 st 6 st H '
Z \( steps seps 1step Ar’N N
PN NO, Q\
N
N

6 N “CigHas E
S NH (0] H N=c=N
106 103 104 (a) N\ Ar—NH 105 g N)=o
ar-NH Ar = 3,5-(CFy),Ph CizHos Ar = 3,5-(CF3),Ph CizHas

Figure 30: Synthesis of thiourea-containing bisflavin 105 and monoflavin 106 starting from 3-fluoro-2-nitroaniline 103.

The stability of bisflavin 105 under catalytic conditions was tested by irradiation in presence
of “LutOx” as reductant and a halide source under Oz, where a clean Jacobsen-Hungershoff-
type reaction to the respective bis-2-aminobenzothiazole 107 was observed (Figure 31). In
contrast, when the stability of 105 towards H202 in presence of a halide salt in the dark was
tested, clean and almost quantitative formation of disulfide 108 occurred. These findings can
be explained by a photoredox mechanism taking place upon irradiation, which kinetically
outcompetes the sulfur-sulfur bond formation. This hypothesis is supported by the finding that
monoflavin 106 forms the respective 2-aminobenzothiazole 109 in the dark in presence of
H202 and an inorganic halide salt, due to the lack of a second competing intramolecular

reaction partner. %l

HasC12~N—L H25C12\NJ( .
1 . i H f
OMN LiBr or NaBr NaBr or Nal, 'LutOx' o ' LiBr
HN/ Y0 H,0, dark Blue LED ;S_J\N/,, ! H0,, dark a6

—_— 0, o : [
Ar NYN < 91% 105 65% /QN@ o6 01% 2
H Z No

HN S N Ci2Hzs

s NHQ\N 0 o [ N Ny s
s N="=N o 2 ! S_Q/ N o | ) T
\\(N (0] ° O)H(O (ﬁ/ Arg /EN N= Nf E Ar—NH 109
s 108 O 'Lutox' M N 107 & oop.

C12H25 H CizHzs

Figure 31: Formation of 2-aminobenzothiazole flavins 107 and 109 as well as disulfide 108 from the respective thiourea

containing flavins 105 and 106.

43



Summary

Analysis of both 2-aminobenzothiazole flavins 107 and 109 in presence of “LutOx” revealed
clean reduction to the hydroquinoid flavin upon irradiation. To test the stability, both flavins
were irradiated in presence of “LutOx” and LiBr under aerobic conditions. After 2 h of
irradiation, over 80% of bisflavin 107 remained intact while only 37% of monoflavin 109
remained, presumably due to the slower generation of Br* equivalents by 107. A protocol for
the biomimetic halogenation was developed with Boc-Tyr-OMe 98 as a proof-of-principle
substrate, as it contains both acid- and base- sensitive protecting groups. Mono- and bis-
brominated tyrosine 99 was obtained in 58% total yield (Figure 32). This method was
successfully applied to eight phenolic substrates including tyrosines, flavones, a dipeptide, a

flavanone, and a coumarin.[6€]

OH oxidation- flayin 107 (5 mol%) OH
acid prone 'LutOx' (6 equiv.) Br R
sensitive . LiBr (6 equiv.) 8 examples
BocHN ,sensitive (CH,Cly), 0, BocHN

rt., Amax =457 nm, 8 h 99 CO,Me

98 CO,Me
’ 56% R=H,Br

Figure 32: Conditions for the biomimetic bromination of Boc-Tyr-OMe using bis-2-aminobenzothiazole flavin 22.

The advantages of bisflavin 107 were highlighted by comparing the results with RFTA and
monoflavin 109, where high levels of decomposition of both catalyst and substrate and low
yields were observed. Additionally, mechanistic studies using methylated derivatives of
2-aminobenzothiazole catalysts 107 and 109 indicated catalytic participation of the

2-aminobenzothiazole moiety. ¢!

In a second project, the multifunctionality of bisflavin 107 and flavin 110 was demonstrated
in sequential transformations by combining two orthogonal steps, namely the photooxidation
of silyl enol ethers followed by the reductive activation of molecular oxygen for sequential
epoxidation and bromination. Flavin 110 was used in the sequential dehydrogenation-
epoxidation sequence of silyl enol ethers 100, where the same flavin catalyst is used in two
orthogonal reactivities, a photocatalytic Saegusa-Ito-oxidation step followed by the reductive
activation of 02.71 Since no thermal reactivity could be observed, the excited state redox
potential of flavin 110 (E°(3110*/110") = +1.35 V vs SCE) as well as the ground state redox
potential of 100a (Ep2 =+1.17 V vs SCE) were determined and revealed that photochemical
oxidation of 100a by 110 was indeed feasible (Figure 33A). A reliable protocol for the
photocatalytic oxidative dehydrogenation of 100 to «,f-unsaturated ketones 101 under inert

atmosphere using 110 as well as an oxidant for catalyst regeneration was developed
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(Figure 33B). Alkyl-isopropyl as well as various aryl-isopropyl ketones bearing electron-
donating and electron-withdrawing substituents as well as an aryl-cyclohexyl derivative were
successfully converted using this method. RFTA also led to a certain degree of product
formation, but decomposed during the reaction, rendering it unsuitable for sequential
transformations. Catalyst 110 on the other hand remained stable, presumably due to the lack

of the sensitive ribityl backbone.]

A

| H
. OTIPS
N /NYO :
A N i N
N C4Hg :
110 0 : 100a
E%(110/110"") = -0.83 V vs SCE ; E,2(100a) = +1.17 V vs SCE
E°(110%/110) = +1.35 V vs SCE
B flavin 110 (10 mol%)
OTIPS K2S,05 (1 equiv.) 0 HEH (2 equiv.) 0
Na,HPO, (2.5 equiv.) Cs,CO3 (1.5 equiv.)
A 2 4 - -
“&)\( o e o
100 (MeCN), Ar, 101 (MeCN/MeOH/H;0), 0z, 4o,
T =15 °C, lyay = 455 nm T=40°C,o/n
8-10 h 13 examples 110-H, for reductive 12 examples
110* as oxidant for 3 66.09% activation of O, 26-73%

(over 2 steps)

Figure 33: A) (Excited state) redox potentials determined for 110 and 100a; B) Procedure for the one-pot Saegusa-Ito
oxidation-epoxidation sequence catalysed by 110.

Following these observations, reaction conditions for a one-pot procedure, Yyielding
a,f-epoxyketones 102 were identified. By exchanging the argon atmosphere for O and
adding Hantzsch ester (HEH) as sacrificial reductant after the first oxidation step, 12 silyl enol
ethers 100 were successfully converted into a,f-epoxyketones 102. Electron rich arenes
showed slightly lower product formation while alkyl-substituted arenes gave the best results
and aliphatic as well as trisubstituted epoxides were obtained in lower yields.®]

In an attempt to replace K2S;0sg as stoichiometric oxidant with molecular O, formation of
silyloxy hydroperoxide 111 as byproduct (Figure 34A, right) via a singlet oxygen pathway
was observed. Replacing flavin 110 with aminoflavin 113 (Figure 34A, left), which exhibited
no activity in the Saegusa-Ito oxidation but efficiently mediated O, sensitization, allowed for
selective formation of 111 via prototropic ene reaction. a-Silylperoxy ketone 112 (Figure 24A,
right) was identified as minor product, presumably formed via a competing silatropic ene
reaction. The formation of both products was monitored by in-situ NMR studies where 100a
was illuminated in deuterated MeCN in presence of 113 (Figure 34B). Both 111 and 112 were
successfully isolated by column chromatography and characterized using NMR-spectroscopy
and HR-ESI-MS. "]
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A z
: OTIPS HOO OTIPS 0
! N flavin 113 (10 mol%)
N N__O ' > +
2 G (MeCN), O, 00TIPS
& NS : 100a T=15°C, Apax =451 nm, 2 h 111 112
N C4Hg ; ;
. major minor
NH, 1130 ' 62% 15%
B 11-00H
n 111-CH,
} 112-Hy ~ 100a-CH,
225h ] 1 —
480 min 1 i N
240 min 1 L] ) AN
| (\»
120 min R N - SN
A
60 min— Ll JAN
30 min I N N
0 min - j\,
- O/ / —/
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 34: A) Chemical structure of C6-aminoflavin 113 (left) and transformation of 100a to 111 and 112 by 113 via 02
sensitization; B) Monitoring of the reaction by in-situ NMR illumination studies.

To highlight the applicability of our catalytic system other sequential transformations were
investigated. A one-pot procedure involving Saegusa-Ito oxidation of 100a and sequential
addition of a CFs-radical to the Michael system resulted in the formation of ketone 114
(Figure 35A). In the second reaction step, 110 mediates the formation of CFs-radicals from
Langlois reagent (NaSO2CF3) by oxidation. Additionally, C,-symmetric bisflavin 107 was
successfully applied in a Saegusa-Ito oxidation-bromination sequence of silyl enol ether 115,
which features a phenol moiety (Figure 35B). Oxidation to the respective «,f-unsaturated
ketone 116 by flavin 107 was successful, which highlights the flavins versatile reactivity.
Since flavin 107 remained stable over the course of the reaction and «,f-unsaturated ketone
116 contains the required structural motive for the biomimetic bromination mentioned above,
we developed a one-pot procedure for the transformation of silyl enol ether 115 to the
respective brominated phenol 117. By switching to the reaction conditions after the first
oxidation step to the ones presented for the aerobic bromination of phenols, the brominated

product 117 was obtained in a total yield of 40%.7]

The mechanism of the oxidation is anticipated to involve a single-electron oxidation of 100 by
flavin 110, followed by deprotonation by anionic, semiquinoid flavin, which results in a
neutral allylic radical. This radical species was successfully trapped by

benzylidenemalononitrile, yielding g-functionalised silyl enol ether 119 from silyl enol ether
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118 (Figure 35C). Using CHCl, instead of MeCN suppressed the competing Saegusa-Ito
oxidation of 118 and the addition of Na2HPO4 improved the yield slightly from 63% to 67%,
presumably by facilitating deprotonation of the radical cation. Successive Saegusa-Ito
oxidation of 119 was feasible as well by simply exchanging the solvent for MeCN and adding
K2S20s as sacrificial oxidant. With this method, functionalised a,f-unsaturated ketones 120
are accessible via a redox neutral g-functionalisation coupled with an photocatalytic Saegusa-
Ito oxidation.”)

A flavin 110 (10 mol%)
oTIPS K2S20g (1 equiv.) o
N NapHPO, (2.5 equiv.) NaS0,CF; (2 equiv.)
(MeCN), Ar (MeCN/MeOH),
100a T =15 °C, Amax = 451 nm 101a T=15"°C, xmax-451 nm 114
8h o/n 60%
110* as oxidant for 100a (over 2 steps)

B flavin 107 (5 mol%) 'LutOx' (6 equiv.)

OTIPS K»S,0g (1 equiv.) 0 LiBr (6 equiv.)

\ NaHPO, (2.5 equiv.) _ NaH,PO, (4 equiv) B

(MeCN), Ar (MeCN/CH,Cly,), O, HO

HO =15° = =15° =

115 T=15 C,;:T:]X 451 nm | HO 16 T=15 C,Z}T:‘x 451 nm 17

. (R= H Br): 40%
107* as oxidant for 115 107-H, for reductive
activation of O, (over 2 steps)
c )
(1.3 equiv.)
OTIPS
flavin 110 (10 mol%)
OTIPS
« Na,HPO, (2.5 equiv.) ”Bu)\( K,S,05 (1 equiv.)
"Bu)\( (CH,Cly), Ar 119 (MeCN), Ar
18 T =15°C, Amay = 451 nm T=15°C, xmax-451 nm
on 48%

110* as ox:dant for 119 (over 2 steps)

Figure 35: A) Saegusa-Ito oxidation-trifluoromethylation sequence mediated by 110; B) Saegusa-1to oxidation-bromination

sequence mediated by 107; C) Sequential g-silyl enol ether modification and Saegusa-Ito oxidation of silyl enol ether 118.

In conclusion, two flavin catalysts 107 and 110 with improved reactivity and stability
compared to RFTA were established. Bisflavin 107 was successfully applied in a biomimetic
bromination of oxidation prone phenolic substrates, where the 2-aminobenzothiazole moiety
was found to be advantageous for catalytic activity. Additionally, a one-pot Saegusa-lto
oxidation-bromination sequence using a phenolic silyl enol ether transformation was realised.
Flavin 110 was successfully applied in different sequential transformations including
Saegusa-Ito oxidation-epoxidation, Saegusa-Ito oxidation-trifluoromethylation as well as a f-
functionalisation-Saegusa-Ito oxidation sequence. Mechanistic experiments supported the
initial formation of a neutral allylic radical via single-electron oxidation and deprotonation by
110.
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10.List of Abbreviations

acac acetylacetone

Ar aryl

Bu butyl

BVMO Baeyer-Villiger monooxygenase
BzINAH N-Benzyl-1,4-dihydronicotinamide
CKX cytokinin dehydrogenase

DCE 1,2-dichloroethane

DCM dichloromethane

DMB 5,6-dimethylbenzimidazole

DNA deoxyribonucleic acid

EDTA ethylenediaminetetraacetic acid
Equiv. equivalent

Et ethyl

EtOAcC ethyl acetate

EtOH ethanol

FAD flavin adenine dinucleotide

FMN flavin adenine mononucleotide

HEH Hantzsch ester

HPAH para-hydroxyphenylacetate 3-hydroxylase
LutOx lutidinium oxalate

mCPBA meta-chloroperoxybenzoic acid

Me methyl

MeCN acetonitrile

MES 2-(N-Morpholino)ethanesulfonic acid
MeOH methanol

MS molecular sieves

NBS N-Bromosuccinimide

NAD(P)H nicotinamide adenine dinucleotide (phosphate)

49



List of Abbreviations

P20
PCET
Ph
pPMBA
PrnA
RebH
RFTA
RFTB
RutA
r.t

T

t
TEMPO
THF
TIPS
SCE
SET
VHPO

oxidase

proton coupled electron transfer
phenyl

para-methoxybenzyl alcohol
halogenase

halogenase

riboflavin tetraacetate

riboflavin tetrabutyrate
monooxygenase

room temperature

temperature

time
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
tetrahydrofurane

triisopropylsilyl

saturated calomel electrode
single-electron transfer
vanadium-dependent haloperoxidase

wavelength
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