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Abstract

Flavins are a ubiquitous compound class found in a variety of enzymes with vastly different
functions. While most flavoenzymes operate in ground-state oxidative reactions, the DNA
photolyase uses reduced flavin in a photomediated process for the cleavage of thymine dimers
to revert DNA damage. Additionally, it has been demonstrated that modified 'ene' reductases
are capable of stereoselectively reducing substrates under photoirradiative conditions in
synthetic transformations. Prior to this thesis, the use of reduced flavins outside of an
enzymatic environment was scarce. Here, we report the application of reduced flavins in the
photoreductive cyclization of barbituric acid derivatives using y-terpinene as sacrificial
reductant. Optimization of the reaction conditions was performed with a novel reduced flavin
that evades oxidation under air through a conformational bias strategy. Oxidized flavins can
be used as precatalysts and different electron acceptors (amides, haloalkanes, alkenes) were
successfully employed. Furthermore, substrates with multiple possible sites of reduction were
investigated to gain insight into reduced flavin reactivity in comparison to the rare-earth metal
reductant samarium (ll) iodide. Orthogonal conversion of barbituric acid derivatives and
reduction of O-methyl oximes which were resistant to samarium (ll) iodide reduction

demonstrate the additional utility of the novel reduced flavin method.
Zusammenfassung

Flavine sind eine ubiquitire Verbindungsklasse, die in verschiedenen Enzymen
unterschiedlicher Reaktivitat vorkommt. Wahrend die meisten Flavoenzyme an Oxidationen
im Grundzustand beteiligt sind, verwendet die DNA-Photolyase ein reduziertes Flavin in der
photomediierten Spaltung von Thymin-Dimeren zur Reparatur von DNA-Schaden. Zusatzlich
wurden modifizierte En-Reduktasen in der stereoselektiven Reduktion verschiedener
Substrate unter Bestrahlung benutzt. Bis zu dieser Thesis mangelte es an einer Anwendung
reduzierter Flavine auBerhalb einer enzymatischen Umgebung. Wir berichten die Anwendung
reduzierter Flavine in der photoreduktiven Cyclisierung von Barbitursdaurederivaten mit y-
Terpinen als terminales Reduktionsmittel. Optimierung der Reaktionsbedingungen erfolgte
anhand eines neuartigen reduzierten Flavins, welches aufgrund seiner Struktur durch eine
sterisch bedingte Tendenz in der Konformation gegeniber Luft stabil ist. Oxidierte Flavine

konne als Prakatalysatoren eingesetzt werden und verschiedene Elektronenakzeptoren

Vil



(Amide, Haloalkane, Alkene) wurden erfolgreich reduziert. Darliber hinaus wurden Substrate,
die verschiedene reduzierbare Funktionalititen beinhalten, untersucht, um Unterschiede
zwischen reduzierten Flavinen und Samarium(ll)iodid zu identifizieren. Orthogonale
Reaktionen von Barbitursaurederivaten und Reduktion von O-Methyloximen, welche nicht mit
Samarium(ll)iodid reagieren, demonstrieren die Nitzlichkeit der neuentwickelten Methode

reduzierter Flavine.
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1. Introduction

The earliest definition of oxidation can be found in Lavoisiers Traité Elémentaire de Chimie in
1789, where the incorporation of oxygen into a substrate is defined as oxidation and the
removal of oxygen from a substrate as reduction./*) A more modern interpretation consists of
the transfer of electrons or atoms from/to a substrate with an ultimate change of the
oxidation state and does not necessarily rely on oxygen participating in the reaction. Formally,
a redox reaction can be split into an oxidative and a reductive half-step.!?! The tendency of a
substance to undergo oxidation/reduction can be quantified by measuring the redox potential
against a known reference such as the standard hydrogen electrode. Reductants can be
classified by their mechanism of action and while two-electron reductants such as sodium
borohydride are crucial for selected reactions like the conversion of carbonyl compounds to
alcohols, one-electron reduction gives rise to radical ion intermediates that substantially differ
in reactivity and thus broaden the scope of reductive transformations. Redox reactions are

vital to different enzyme reactivities and can be catalyzed by a multitude of cofactors.

Flavoenzymes constitute a class of non-metal enzymes that rely on the flavin cofactor and are
involved in a plethora of secondary metabolite pathways.! Riboflavin (vitamin By) is essential
for the biosynthesis of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN)

which are both derived from the heterocycle isoalloxazine (Scheme 1A).[!
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Scheme 1: A) The structure of flavin cofactors. B) The three redox states of flavins. C) Covalent

flavin adducts involved in different enzymes.B!



After the first observation of a fluorescent pigment in milk in 1872 by Alexander Blyth, growth
enhancement in young rats that were given milk extracts eventually enabled isolation of old
yellow enzyme (OYE).! Finally, independent characterization in 1939 by Paul Karrer and
Richard Kuhn and recognition as an essential component for animal nutrition by Glatzle in
1968 established riboflavin as a subject of interest in the on-going research regarding

metabolic pathways and the associated enzyme reactivities.?!

In contrast to nicotinamide adenine dinucleotide (NAD), which is the most common cofactor
involved in redox transformations in primary metabolic pathways (i.e. processes, that are
essential for an organism's survival), flavin coenzymes are tightly, yet predominantly non-
covalently, bound to their apoproteins.! Flavins adapt three redox states: the quinoid (fully
oxidized) state, the semiquinoid (one electron reduced) state and the hydroquinoid (fully
reduced) state (Scheme 1B), the latter of which is suspected to be the reason for the tight
binding to the enzyme due to rapid oxidation outside the enzymatic scaffold. As a
consequence of the redox versatility of the isoalloxazine core, flavins exhibit one-electron and
two-electron reactivities (Scheme 1C) establishing them as the centerpiece in a multitude of
biologically relevant processes.®! This adaptability in regard to different mechanisms also
enables flavins to function as linkers between reagents that necessitate a particular reactivity
(e.g. the hydride donating nicotinamide adenine dinucleotide hydride (NADH) or one-electron

transferring iron-sulfur clusters).t®!



2. Flavines in Enzymes

2.1. Flavoenzymes

At least 151 enzymes of the 3870 enzymes cataloged in the ENZYME database are known to
use flavins as cofactors, making them one of the most common prosthetic groups.”? Most
flavin reactions in flavoenzymes can be divided into two half-reactions (Scheme 2A): a
reductive half-step, where an oxidized flavin is converted to the hydroquinoid state by
oxidation of a substrate (SH:), and a reoxidation half-step leading to a quinoid flavin by
reduction of an acceptor (S’) either by hydride transfer (two-electrons at a time) or stepwise
oxidation by molecular oxygen to a semiquinoid flavin.3! The semiquinoid flavin combines
with a superoxide radical anion to a flavin Cas-hydroperoxide adduct from which
hydroperoxide can be eliminated to liberate oxidized flavin. Many flavoenzymes operate by
oxidizing a substrate with flavin as the electron acceptor, but some examples with
hydroquinoid flavin as the catalytically active species such as 'ene' reductases!®! and DNA

photolyases® are reported as well.

2.1.1. Acyl-CoA dehydrogenase
A prominent example of flavoenzymes that are essential to human metabolism is the family
of acyl-CoA dehydrogenases.['% Generally, they catalyze the a,B-oxidation of fatty acid

thioesters 1 to the respective unsaturated compounds 2 (Scheme 2B).
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Scheme 2: A) General scheme of flavin mediated redox reactions. B) Simplified scheme of fatty
acid oxidation. C) Key step of MCAD-catalyzed fatty acid oxidation and general scheme of

flavin mediated redox reactions.[20]



Enzymes in this family are classified by the chain length of their substrates, however, they
operate by similar mechanisms and the medium-chain acyl-CoA dehydrogenase (MCAD)
which metabolizes fatty acid chains with 4 to 16 carbons is the best-studied member of this
enzyme family.[*% A deficiency in MCAD is also a common genetic disorder with serious

implications for patients, possibly resulting in coma or fatality if left untreated.*!]

In the first step, the enzyme and acyl-CoA substrate form a complex thus changing the protein
conformation and the enzyme fluorescence.l'?l Afterwards, o,B-dehydrogenation of the
substrate yields reduced flavin and enzyme-bound enoyl-CoA.[*% The mechanism of this
oxidation typically involves deprotonation by glutamic acid (Glu376) and concerted hydride
transfer to oxidized flavin N° (Scheme 2C). An important mechanistic feature of this reaction
is the pK; decrease of the a-proton of the substrate from pKa = 20 to pKa = 8 by coordination
of the carbonyl by secondary sites of the enzyme. After the reaction, another isomerization
takes place before reduced flavin is reoxidized by electron-transferring flavoprotein which
funnels the electrons into the respiratory chain. Interestingly, enoyl reductases performing
the reverse reaction of fatty acid oxidation, mostly do not utilize reduced flavin in the
reductive step except for FabK from Streptococcus pneumoniae, and instead, hydride transfer

from NADH is the determining mode of action.3!

2.1.2. Old yellow enzyme and reduced flavins in flavoenzymes

Old yellow enzymes constitute a family of flavoprotein oxidoreductases that rely on NADPH
as a reductant and can catalyze the reduction of unsaturated substrates.[!¥ In their function
as 'ene' reductases, OYEs are utilized in industry because of their broad substrate compatibility
and good accessibility by conventional genetic methods. As the OYE family is rather diverse,
no singular physiological role can be assigned to OYEs. Known functions range from
detoxification of electrophilic compounds and a role in oxidative stress response to specific
metabolic pathways. Across the OYE family, protein regions that are involved in catalysis and
cofactor/substrate binding are very similar and flavin is noncovalently bound, as is the case
for most flavoproteins. Another key feature in the active center is tyrosinigs, which acts as the
proton donor during catalysis and is conserved throughout the OYE family. Interestingly, it was
demonstrated that tyrosinigs is not essential to catalysis by mutation of this residue.[*! The

overall mechanism of OYEs as 'ene' reductases encompasses oxidation of NADPH by quinoid



flavin to form reduced flavin, which can transfer a hydride to activated alkenes, such as a,-

unsaturated ketones (Scheme 3).04]
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Scheme 3: Simplified mechanism of hydride transfer in OYE 'ene' reductases.[*]

The reductive half-reaction occurs by the formation of a Michaelis complex between enzyme-
bound FMN and NADPH (3) as a cofactor before a charge transfer complex is formed,
presumably due to m-it stacking between the pyridinium and isoalloxazine of the respective
components. From this complex, hydride transfer and subsequent NADP* (4) dissociation
follow. The reoxidation half reaction proceeds by transfer of the flavin N°> hydride to the B-
carbon of the acceptor 5, which is coordinated by histidine residues through the carbonyl
oxygen to facilitate hydride acceptation. In a concerted manner, tyrosineiss protonates the a-
carbanion with absolute stereospecificity trans to the hydride from FMNH; to form the
saturated product 6. Regarding the application of OYEs on an industrial scale, using NADPH as
a terminal reductant becomes a prohibiting factor due to instability and cost. Instead, several
recycling systems to replenish NADPH by oxidation of glucose with a variety of glucose

dehydrogenases are proposed.4

2.1.3. DNA Photolyase

Consisting of approximately 500 amino acids, photolyases are medium-sized monomeric
proteins.l’! The task of enzymes in this class is the reversion of UV-induced damage to the
DNA. This repair mechanism is mostly prevalent in simpler organisms like bacteria and archaea
and was lost in higher organisms like placental mammals in the course of evolution which

repair DNA by excision.'® When Escherichia coli is exposed to far UV light, a large fraction of



the bacteria die due to DNA damage.!® Subsequent subjection to blue light drastically

increases the overall survival rate and marks the significance of DNA photolyases in these

organisms.
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Scheme 4: A) Selected photodimerization products in DNA. T = thymine. C = cytosine. P = DNA

backbone. B) Secondary cofactors (photoantennas) of photolyases.[!

DNA photolyases can be further classified into two subgroups depending on the cleaved
photodimer (Scheme 4A).°! Cyclobutane pyrimidine dimers (T<>T) and the pyrimidine-
pyrimidinone (6-4) photoproduct (T[6-4]T) are the two major lesions in DNA and, although
the respective lyases are similar in structure and mechanism, no cross substrate compatibility
is found and hence photolyases are separated into pyrimidine dimer (CPD) and (6-4)
photolyases. Enzymes of both classes incorporate two noncovalently bound cofactors, one of
which is FAD, while the second one is either methenyltetrahydrofolate (7) or 8-hydroxy-7,8-
didemethyl-5-deazaflavin (8) (Scheme 4B). FAD is the catalytically active part of the enzyme
and is essential for substrate binding and thus the more important chromophore, as reactivity
was detected even in enzymes deficient in the secondary chromophore, while FAD omission
shut down enzyme activity entirely. The second chromophore is mainly assisting FAD by
energy transfer to ensure efficient DNA repair under limiting light conditions.®! While oxidized
FAD is a chromophore with intense absorption at Amax = 450 nm (depending on the
environment),['”! the active species in DNA photolyase FADH™ hardly absorbs in the blue light

region, hence necessitating the second assisting chromophore.!



Regarding their structures, photolyases share a sequence of about 150 amino acids, which is
responsible for FAD binding.”! No structural relation to flavin oxidoreductases has been
identified, presumably because of the photolyase operating with the ground state as well as
the excited state of the cofactor, which requires fundamentally different structural features
compared to a ground state reaction. In contrast to the flavin, which is bound very tightly to
the enzyme and can only be extracted after mild denaturation, the photoantenna folate
readily dissociates from the enzyme. Several photolyases have been crystallized and
structurally resolved and despite comparatively low homology, the structures are highly
similar with two well-defined domains. In a cleft between those domains the photoantenna is
located and reaches outside of the enzyme, which is in stark difference to the FAD
photocatalyst which is deeply buried within the enzyme. The flavin is bound tightly and cannot
diffuse out of the pocket, while a small hole in the domain allows for a thymine dimer to enter
the active site. A positively charged groove runs through the length of the enzyme and is
hypothesized to bind to the DNA thus flipping out the thymine dimer into the active site. The
distance and angular orientation between FAD and the photoantenna vary in different
photolyases and enable rationalization of different efficiencies of energy transfer depending

on the respective structure.l!

Mechanistically, photolyases follow Michaelis-Menten kinetics with substrate binding,
reaction, and product dissociation and absolutely require light for the catalytic
transformation, which sets photolyases apart from most enzymes.[®! The association of the
photolyase to DNA is structure-specific and not sequence-dependent. While the sequence
which surrounds the binding site may influence overall enzyme-substrate complex formation,
no significant difference in binding constants could be detected. After the formation of the
enzyme-substrate complex, excitation of FADH™ either by direct excitation or by energy
transfer from the photoantenna occurs (Scheme 5).1°! Excitation of the cyclobutane dimers has
been ruled out due to insufficient absorption at A > 250 nm and no charge-transfer complex
between enzyme and substrate could be detected. Then, photoexcited FADH™ transfers an
electron to the T<>T dimer 9 forming a dimer radical anion 9. Remarkably, this electron
transfer demonstrates distinguished efficiency with a quantum vyield of ¢ > 0.7 for the overall
photorepair. Likewise, energy transfer from the secondary chromophore deazaflavin occurs
with a quantum yield of nearly one. Time-resolved fluorescence experiments were conducted

by the group of Sancar to characterize the energy transfer of folate to FADH™.[!8] Efficient
7



guenching of the folate excited singlet state by FADH™ in E. coli photolyase was detected and
picosecond flash photolysis revealed accumulation of the flavin excited singlet state }(FADH)*
after (accelerated) decay of the folate singlet state. From the ratio of folate excited state decay
time with and without flavin, an energy transfer quantum yield was calculated. Using the
Forster equation, the chromophore distance was calculated to be R = 17.7 A, which is in good

agreement with the value determined by crystallography.
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Scheme 5: A) Simplified mechanism of photolyase catalyzed cycloreversion of thymine dimers

in damaged DNA.! PA: photoantenna.

Subsequent to electron transfer, the cyclobutane dimer splits into a pyrimidine and a
pyrimidine radical anion 10.0 Single electron transfer (SET) from FADH™ to the dimer has been
confirmed by time-resolved fluorescence with efficient flavin excited state quenching by a
thymine dimer.[*®! The occurrence of FADH™ rather than the neutral hydroquinoid FADH; in
photolyases has been attributed to avoiding a zwitterionic FADH,*-(T<>T)" state, which could
favor charge recombination rather than cycloreversion and thus decrease overall reaction
efficiency.[2% Notably, electron transfer is not the single determining factor of successful dimer

8



splitting.[?!] Transient absorption spectroscopy of the }(FADH")* electron transfer to different
dimers at low temperatures revealed inefficient dimer splitting below 200 K. This is attributed
to a polypeptide chain introducing strain to the dimer thus providing the decisive amount of
external energy in bond-breaking.®! Cleavage of a dimer radical cation from flavin-mediated
oxidation as an alternative pathway has been ruled out by comparison of isotope labeling
effects of the respective dimer radical cation/anion splittings.[?? Photolyases are not capable
of transferring enough energy to T<>T dimers to initiate an orbital symmetry-allowed
concerted [2+2] cycloreversion.®! The dimer radical anion undergoes symmetry-forbidden
cycloreversion, the activation barrier of which has been lowered by electron transfer so that
it can take place at ambient temperatures.?3! The catalytic cycle is closed by SET from the
pyrimidine radical anion 10 to semiquinoid FADH" forming product 11 which renders this

process an overall redox-neutral reaction.l®

2.1.4. Photochemical and redox properties of flavins

Oxidized flavins are bright yellow compounds in solution owing to the isoalloxazine core.?!
Characterization of the different oxidation states is crucial to develop a photochemical
understanding of the processes that drive the DNA photolyase as well as synthetic applications
of flavins and has been undertaken from an experimental?¥ (Figure 1) and a theoretical
perspective.l'’] The absorption spectrum[?* of oxidized FAD in solution (aqueous phosphate
buffer at pH = 7.4) shows two bands at Aamax= 450 nm (So = S1) and 375 nm (So = S2), FMN in
a flavodoxin protein shows a similar spectrum albeit with more distinct features (Aamax= 476,
454, 432 nm (So - S1) and 384 nm (So = Sz)). Maximal emission intensity is detected at Agmax
=530 nm (So - S1), in the enzyme flavodoxin a blue shift of the maximum of approximately
10 nm is observed for FMN due to the hydrophobic environment decreasing the solvation of
the excited state.[?] For FAD in solution, a drastic difference in emission intensity compared
to FMN has been determined.?®! The proposed reason is an intramolecular energy transfer
from the FAD isoalloxazine to the adenine moiety in a stacked conformer in solution.[?4 The
biexponential decay dynamics for FAD in solution show a lifetime of T = 2.5 ns which
corresponds to the FAD open form, while a fast decay of t = 9.2 ps has been ascribed to the
aforementioned energy transfer. These two peculiarities highlight the difference of flavin
spectroscopy in enzymatic environment and in solution. Apart from the special case of FAD in
solution, oxidized flavins all exhibit excited state lifetimes of several nanoseconds. It was also

demonstrated that oxidized flavins undergo intersystem crossing (ISC) to their respective
9



triplet states!?’! which is verified by the conversion of triplet oxygen to singlet oxygen under

flavin irradiation.[28!
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Figure 1: Absorption spectra of flavin in different oxidation states. (Reprinted with permission
from J. Am. Chem. Soc. 2008, 130, 39, 13132-13139. Copyright 2024 American Chemical

Society).[24]

In comparison to the quinoid flavin, literature regarding spectroscopy of the semiquinoid state
outside of the enzyme is rather scarce.[?) However, by using pulse radiolysis absorption
spectra of semiquinoid flavin were recorded in an atmosphere of N,0.?°! In an enzymatic
environment, the semiquinoid flavin is more easily accessible and stabilized, thus facilitating
spectroscopy of these species.[?] Neutral FMINH" absorbs strongly at Aamax= 340 nm, and also

exhibits a very broad absorption band tailing until 700 nm. Comparatively, the absorption
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maximum of deprotonated FAD~ is shifted to Aamax= 370 nm and there is tailing well beyond
Aamax = 550 nm.[24 Emission spectra of both semiquinoid species are weak in intensity and
show broad maxima at Agmax = 700 nm (neutral semiquinone) and Agmax = 510 nm
(deprotonated semiquinone), and for the latter, the maximum strongly depends on excitation

wavelength. The excited state lifetime for FMINH" was determined to t = 230 ps.[?4

As DNA photolyases belong to the small group of enzymes requiring light, the spectroscopic
properties of the active cofactor FADH™ are particularly valuable for mechanistic
understanding of this enzyme family.’! FADH" in photolyase exhibits an absorption maximum
at Aamax = 360 nm which, compared to oxidized flavins in enzymatic/non-enzymatic
environment, differs significantly from FADH™ in a chemical system (aqueous phosphate buffer
at pH = 8.5) with maxima at Aamax = 300 nm and a broad feature at Aamax = 400 nm.?*! The
absorption spectrum of neutral FADH; in solution (aqueous phosphate buffer at pH = 5.0) has
a similar shape as FADH"~, however the broad feature is shifted to Aamax = 350 nm. Next,
emission spectra for the reduced flavins are given with enzyme-bound FADH~ emission
peaking at Agmax = 515 nm and 545 nm, and a lifetime of T = 1.3 ns. For reduced flavins in
solution, drastically decreased emission intensity at Agmax = 455 nm (FADH™) and Agmax =
480 nm (FADHg,) is reported alongside rapid deactivation. Excitation wavelength influences the
emission strongly, which is attributed to deactivating mechanisms by conical intersections of

the ground state and excited state hypersurface.[?4l

The decreased intensity is attributed to a bending mode of reduced flavin that dissipates
excitation energy by a “butterfly” motion, while intramolecular energy transfer alike FAD in
solution has been ruled out.l?*! As opposed to oxidized flavins which are planar, reduced
flavins are bent in their ground state in solution. According to quantum mechanical
calculations,'”! in the enzymatic scaffold this bent geometry is much less pronounced due to
the cofactor being constrained by its environment. This also serves as an explanation as to
why reduced flavins’ absorption peak potentials are strongly dependent on whether they are
embedded in an enzyme.[?4 A low activation barrier (<20 kJ/mol)i3% bending motion along the
N°-N*0 axis that facilitates radiationless decay from the excited state to the ground state by
conical intersection of the respective potential energy surfaces is proposed.?¥ This claim is
supported by showing the dependency of the bending motion of solvent viscosity. In the

enzyme, this motion is restricted hence resulting in an excited state lifetime of several
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nanoseconds and ultimately higher emission intensity. Interestingly, in a recent report
reduced riboflavin emission was investigated with samples using EDTA in a photoreduction in
aqueous buffer.3 No significant fluorescence at room temperature was observed and instead
fluorescence at Agmax= 450 nm was detected and attributed to lumichrome, a common flavin
decomposition product. A previous study by Ghisla indicates that reduced flavoenzymes are
non—fluorescent at room temperature, however emission at cryogenic conditions (77 K)

occurs at Agmax = 500 nm. 32

To understand flavin reactivity, both in enzymes and in solution, apart from spectroscopic
properties assessment of redox potentials is crucial.?3 Depending on the pH values, unbound
flavins have redox potentials in the range of Erd (FI/FI") = -0.186V — -0.219V vs SCE
(saturated calomel electrode). The diversity of flavoenzyme-catalyzed reactions is in part
enabled by the ability of the enzyme to modulate the redox potential, a range of 500 mV (from
+100 mV to -400 mV) has been reported.** Flavoenzyme redox potentials can be determined
via potentiometric titration by determination of the measured potential dependent on the
concentration of oxidized and reduced species. The concentration is determined by
monitoring unique features like the UV-visible spectra of the oxidized and reduced species.

Using the Nernst equation, the potential of the redox couple can be determined.3%

A remarkable example of the potency of excited state reduced flavin as a SET reagent is found
in DNA photolyases.?>! The redox potential of the dimers that are reduced in the flavin-
mediated photorepair is Ered (thymine dimer/thymine dimer™) = -2.20V vs SCE. Using the
ground state redox potential Ereq (FIH™/FIH™) = =0.12 V vs SCE!3®! and the emission band (Ag,max
= 500 nm) of reduced flavin in DNA photolyases, 32! an excited state redox potential of
Ered (FIH-/FIH™*) = —2.6 V vs SCE can be estimated which is comparable to strong alkali metal
reductant sodium (Ered (Na*/Na) = -2.7 V vs SCE).7!
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3. Single Electron Reduction in Organic Synthesis

Alkali metals are considered among the strongest SET reagents!®”! and provide a reaction
mixture with solvated electrons which can be regarded as the smallest reagent.38 A

prominent example of this reactivity can be seen in the Birch reduction (Scheme 6).3°

~N

(0] (@) o)
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Li, NH3(y > © H* H*
MeOH

13

-78 °C
14 15

12

Scheme 6: Birch reduction of anisole (12) to 1-methoxy-1,4-cyclohexadiene (15).53°

Elemental lithium can be dissolved at -78 °C in liquid ammonia resulting in the solvation of
electrons indicated by a deep blue solution. Aromatic compounds such as anisole (12) serve
as acceptors and the resulting carbanions are protonated by a protic solvent.3? This reduction
specifically results in 2,5-dihydro aromatic compound 13 and over acid-mediated hydrolysis
and subsequent isomerization of intermediate 14 gives rise to a,B-unsaturated compound 15
which is a valuable building block as a Michael acceptor. While the Birch reduction enables an
important transformation, its applicability is limited due to several factors. Cryogenic
ammonia is inconvenient to work with, the solubility of substrates is rather limited, and alkali
metals typically show limited functional group tolerance because of their strongly negative
redox potentials, which lack tunability. This need for versatile and functional group tolerant
reductants drives the development of new reagents. These are either metal based or organic
and can act thermally or photochemically. Generally, reductive SET reactions operate by initial
electron transfer of a donor (D) to an acceptor (A) resulting in a radical anion (Scheme 7).[47!
In the case of alkyl halides (R-X), a commonly utilized substrate class for SET reactions,
dissociation of a halide anion occurs, leaving a carbon-centered radical (R’). A second SET can
occur to form the corresponding carbanion (R™) which can react with an electrophile E (net
conversion into a nucleophile). The carbon-centered radical can also combine with a donor
radical cation (D™*) and subsequently react with a nucleophile Y. A common side reaction is

hydrogen atom transfer (HAT) to the carbon-centered radical.[*°]

13



R-X
D \T?D +
te

RX] ™
b X_
+ o+ —
E - D . D + Y
R-E «—— R <+— R —» RD —>» R-Y
e
H Solvent
Conversion into a nucleophile Conversion into an electrophile
D = Electron donor R-H

Reductive termination
Scheme 7: General reaction scheme of SET processes.!0)

3.1. SET under thermal conditions

3.1.1. Samarium (ll) iodide

Samarium (1) iodide (Smly) is a SET reagent that can be readily prepared from samarium and
1,2-diiodoethane in tetrahydrofuran and was first reported by the group of Kagan.*! The
storable dark blue solutions (in tetrahydrofuran) can be used at ambient temperature and
under generally mild conditions. Tunability of the redox potential poses a crucial property
enabling the application of Sml; in a wide range of different reactions.l*?l Without any
additives, Sml; has a redox potential of Ereq (SM3*/ Sm?*) = =0.9 V vs SCE in tetrahydrofuran.
Coordination of Lewis bases to the Lewis acidic Sm?* center can significantly alter the redox
potential with Sml,-HMPA reaching potentials of up to -1.8 V vs SCE and even non-toxic Lewis
additives like water can enhance the reducing power (Ered = -1.0 V - -1.3 V, depending on the

amount of water added).*

SET -SMlz _H,0 o &V
0O = = O — 2 . ) Sml

17 0 18 ] Ilsomerlzatlon
16 miz H,O
o Sml2 o § OH 2
| H
OH
21 20

Scheme 8: Reductive cleavage of tetrahydro-2H-pyran-2-one with Sml-H,0.!43!
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Interestingly, the redox potentials do not necessarily depict the reactivity of samarium
adducts accurately, as demonstrated by the selective reduction of 6-membered lactones to
the corresponding diols (Scheme 8).1*3! The reduction of lactone carbonyls (Eres = -3.0V vs
SCE)™“2l by Sml; in tetrahydrofuran/water cannot be rationalized by comparison of the redox
potentials.l*3l Moreover, more strongly reducing Sml, adducts failed to show reactivity, and a
critical role is assigned to water. The suggested mechanism includes lactone 16 carbonyl
oxygen coordination to Sml; before a first SET occurs to form ketyl radical anion 17.
Protonation of the alkoxide to radical 18, stereoinversion and reduction of the carbon-
centered radical follows, yielding intermediate 19. The resulting lactol 20 is in equilibrium with
its open-chained form 21, the aldehyde is efficiently reduced to ketyl radical 22 and ultimately
to alcohol 23. Control experiments showed efficient reduction of 5-membered lactols
indicating that the chemoselectivity arises from initial reduction of the 6-membered lactone.
Lone pair stabilization of radical anion 17 is significantly higher than in conformationally more
labile rings and calculation revealed that the electron transfer to 6-membered lactones is

approximately 25 kJ mol™ more favorable than to 5-membered rings.[**!

O
Cl
OMe OMe
25
> OH cl
I Sml, Nil, (cat.),
THF (72 %)
26 Barbier reaction
27
Variecolin
RUC|3’ NaIO4 (65 OAJ)
0 0}
HO H Sml, Nil, (cat.), ol OMe
H, Y - light, THF o)
(72 %) |
o . o
Barbier cyclization 24
29 28

Scheme 9: Sml, mediated Barbier reactions in the synthesis of variecolin.*4

While Birch-type reductions can also be performed with Smiz(H20)n,*? reductions of alkyl

halides and carbonyl compounds remain the most important transformations realized with
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Sml,, especially in the context of total synthesis.[**] The Barbier reaction of alkyl halides and a
carbonyl compound can be carried out with Sml; and thus under homogenous and one-pot
conditions, compared to the stepwise preparation of Grignard reagents. In the total synthesis
of variecolin,**! the group of Molander employed Sml; in two separate steps exploiting

different reactivity of alkyl iodides and alkyl chlorides (Scheme 9).

Originally, coupling of 1,2-cis cyclopentane 24 with ketone 25 was planned.*# Intramolecular
cyclobutane formation was faster than intermolecular Barbier reaction and coupling of
alkyliodide 26 with ketone 25 was carried out instead using Sml, under thermal conditions
with catalytic Nil,. The exact function of the latter is unknown, but enhanced reaction rates
are typically observed.**! The intermediate ether 27 is oxidized and cyclized to lactone 28.4%
The second Sml;-mediated reduction of the alkyl chloride to furnish hemiketal 29 proceeds
under photoirradiative conditions.!®! Alkyl chlorides, in contrast to alkyl bromides and alkyl
iodides, cannot be directly reduced using Sml; without additives. However, irradiation with
light (A > 400 nm) leads to efficient reduction yielding the radical that can be further reduced
or intercepted by suitable reagents. This example highlights orthogonal reactivity with Sml;

by choosing appropriate reaction conditions.[*°]

Carbonyl-alkene couplings under Sml, conditions proceed by SET to form a ketyl radical which
can then attack an alkene in a net umpolung approach as demonstrated by the group of
Procter in their functionalization of barbituric acids (Scheme 10).[”] First, the monoreduction
of barbituric acids 30 to hemiaminals 31 was investigated. Sml>/H,0 proved to be suitable for
this transformation and a range of barbituric acids including functional groups prone to
reduction like arylbromide and trifluoromethyl were selectively reduced at the carbonyl amide
with excellent diastereoselectivity. Notably, no over-reduction was observed and other
additives (e.g. HMPA, amines) were unsuccessful despite lower redox potentials of the Sml;
adducts. The introduction of linkers in the C* position that can intercept a radical by addition
provided an array of substrates 32 which readily cyclized to the corresponding bicyclic
products 33. Unactivated alkenes and alkynes were tolerated in excellent diastereoselectivity.
This is ascribed to stabilization of the ketyl radicals by anomeric effects, i. e. the half-life of the
radical is increased by ny = SOMO interactions resulting in the tether assuming the lowest
energy conformer before cyclization. Mechanistic experiments suggest that proton transfer is

not rate-determining, however H,O concentration influences diastereoselectivity. This implies
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that the ketyl radicals are not instantaneously reduced to carbanions, probably because of
different Sml, complexations in dependence on water.[*8! The key function of water is the
stabilization of the radical anion after the initial SET. From here, either another SET or radical

interception and a SET occur to furnish bicyclic barbituric acid derivatives.*’]
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Scheme 10: SET reduction of barbituric acids with Sml.147]
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Scheme 11: A) Mechanism of Sml, mediated pinacol coupling.**! B) Pinacol coupling of

spirocyclic compound 37.[4!

Due to its ability to coordinate carbonyl oxygen atoms, the application of Sml, in pinacol
couplings has been reported in numerous total syntheses.[*”] The general mechanism involves
the reduction of one carbonyl moiety of a dicarbonyl compound 34 to form a ketyl radical 35
(Scheme 11A). For intermolecular reactions, radical addition to the second carbonyl occurs
stereoselectively in cis-fashion because of oxygen coordination to the Lewis acidic
samarium(lll). After a second SET, the cis-diol is liberated by protonation to give 1,2-diol 36.
This reaction is not limited to carbonyl-carbonyl coupling and nitriles or methoximes are also
suitable functional groups. One early example of Sml;-mediated pinacol coupling involves diol
formation in the spirocyclic compound 37 (Scheme 11B).*°! Reduction of the more electron-

deficient aldehyde is proposed to initiate cyclization by ketyl radical addition to the ketone
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carbonyl to ultimately form diol 38. Notably, the appended lactone is orientated in an anti-
configuration to the newly formed diol which is presumably caused by dipolar repulsion of the

lactone and the Sm3* chelate.*°!

3.1.2. Aromatic hydrocarbon anions

Radical anion intermediates, which result from the reduction of aromatic compounds can be
used as powerful reductants if no further reaction pathway as described in the Birch reduction
is possible.’% The reaction of alkali metals and naphthalene in polar ethers results in radical
anion species with strong reducing power, similar to elemental sodium. The choice of metal,
substrate, and solvent affect the equilibrium of the reaction and also the nature of the
mixture, i. e. whether the radical anion and metal cation form solvent-separated ions or
contact ion pairs. The highest degree of radical anion formation is typically achieved by using
lithium and ethylene glycol ethers due to their ability to form five-membered chelates with
the metal cation. Larger aromatic compounds (e.g. anthracene) also favor solvent-separated
ions due to better charge delocalization in comparison to naphthalene. However, a general
rule cannot be postulated, and an individual assessment of each reaction system is necessary.
Notably, free radical anions are not necessarily the most reactive species and ion pairing can
increase reaction rates for selected reactions. Another factor to be considered is dianion
formation. All arene-metal combinations tend to form the dianion in varying degrees, possibly
by the disproportionation of two radical anions.P! Because the dianion is a stronger base, this
may be undesired and can be circumvented by the utilization of highly polar solvents to
increase the amount of free radical anion formation which decreases the disproportionation

rate.[50]

A common reaction for these arene radical anions is the protonation by compounds with
pKa< 34.59 From that perspective, these reagents undergo Birch reductions under more
versatile conditions because cryogenic temperatures and the limited solubility of substrates
in ammonia are no longer limiting factors. This reactivity is of limited use and the application
of arene radical anions over conventional bases is restricted to cases where exact
stoichiometric addition is crucial because the amount of reagent can be monitored by its
intense color. SET is the more common reaction type of arene radical anions, and due to the

highly negative redox potential, a range of functional groups can be reduced.
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Aliphatic and aromatic halides are quickly converted to the corresponding radicals and halide
anions.’% A second reduction to form the corresponding carbanion rapidly follows, as
demonstrated by the interception of the radical anion to form a Grignard reagent? and the
debromohydrogenation of optically pure 1-bromo-1-methyl-2,2-diphenylcyclopropane with
net stereo retention indicating electron transfer that is faster than C(sp?) radical inversion.!3!
A particularly interesting case is the efficient elimination of vicinal dihalides to the respective
alkene (Scheme 12).%% The reduction of enantioenriched linear dibromo alkanes 39 by two
subsequent SET steps using sodium napthalenide was investigated to examine the
stereoselectivity of one-electron reductants. Due to efficient second SET to C(sp3) radical 40
forming the corresponding carbanion 41, interconversion of the stereodetermining
intermediates is suppressed and both enantiomers mostly retain their respective
configuration after 1,2-dehalogenation, albeit to a varying extent due to thermodynamic
preference for (E)-42. Another useful application of arene radical anions is found in
deprotection chemistry.® Alcohols that are protected as activated ethers (benzyl ethers, allyl
ethers, silyl ethers) can be deprotected with lithium powder in tetrahydrofuran using a
catalytic amount of naphthalene. Moreover, sulfonyl amides and carboxamides allow for
reductive cleavage under the same conditions establishing lithium napthalenide as important

reagent for convenient deprotection chemistry.[>°
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Scheme 12: Stereoretentive trans-elimination of 1,2-dibromo alkanes with sodium
napthalenide.l> Second SET occurs rapidly, thereby suppressing inversion of C-sp3 centered
radical 40. (S)-42 selectivity for trans-elimination is reduced due to (E)-42 being the

thermodynamically favored isomer.
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Although sodium napthalenide is a comparatively harsh reagent due to its strong reducing
potential, application in total synthesis is reported. In the total synthesis of cerorubenic
acid-111®, a precursor containing a carbon-halogen bond, a benzyl ether, and a conjugated
diene is subjected to sodium napthalenide, which results in reduction of all three moieties in
a one-pot procedure (Scheme 13). While the authors were able to carry out the reaction of
precursor 43 in two subsequent steps in a traditional sodium napthalenide/tetrahydrofuran
system by isolating the intermediate diene 44, the reaction of 43 in tetrahydrofuran/water
directly furnished product 45. The overall yield of the one-pot procedure with water was
better, however, the authors do not comment on the reason or possible problems due to

sodium napthalenide protonation.[>°!
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Scheme 13: Multiple site one-pot reduction of a precursor of cerorubenic acid-1ll by sodium

napthalenide.[>®!

The reduction of enantiopure 2-phenyl cyclohexanone 46 to the trans-alcohol 47

demonstrated the advantage of SET reagents over two-electron reductants in specific cases
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(Scheme 14).571 Sodium borohydride addition to the ketone yielded the undesired cis-
compound 48 because of steric interaction with the adjacent phenyl group. Sodium
napthalenide with acetamide as a proton donor selectively furnished the desired epimer,
presumably because of carbanion isomerization to the thermodynamically favored

intermediate.®”]

4 N\
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Scheme 14: Stereodivergent reduction of 2-phenyl cyclohexanone 46 with sodium

napthalenide in contrast to sodium borohydride.l!

The disadvantages of classical lithium napthalenide have led to the development of more
refined reagents such as Freeman’s reagent lithium di-tert-butylbiphenylide (LiDBB,
Scheme 15) that have a more negative redox potential and do not suffer from side reactivity
in the form of radical addition to napthalenide which is commonly observed in dehalogenation
reactions and drastically diminishes reaction yields.>® Radical addition to the arene radical
anion is suppressed by introducing steric bulk. Pyrroles, such as derivative 49, can be reduced
to 2,5-dihydropyrroles 50 and alkylated under ammonia-free conditions using arene radical
anions with LiDBB showing superior reactivity to lithium napthalenide (Scheme 15).5°

Interestingly, a disulfide is tolerated as electrophile when using LiDBB over napthalenide.
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Scheme 15: Pyrrole reduction with lithium di-tert-butylbiphenylide (LiDBB).[5!

3.1.2. Electron-rich olefins
Electron-rich olefins such as tetrakis(dimethylamino)ethylene (51) (TDAE) are strong metal-

free reductants under thermal conditions.[*) TDAE can perform two sequential SETs
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(Ered (TDAE*/TDAE) = —-0.78 V vs SCE in acetonitrile, Ereq (TDAEZ*/TDAE™*) = -0.62 V) with a
reducing power similar to zinc and the driving force of oxidation is steric repulsion of the
amines in planar conformation which is reduced in the oxidized form (Scheme 16A).[60
Synthetic application of TDAE includes the reduction of activated haloalkanes to radicals or
anions, that can be trapped by adequate acceptors. TDAE provides a mild method for the
reduction of bromodifluoromethyl heterocycles, such as 52, to the corresponding carbanions
that are subsequently trapped with aldehydes furnishing adducts like 53 (Scheme 16B).[611 A
range of difluorobromo benzoxazoles have been investigated toward their debromoalkylation
in the search for possible fluorinated reverse transcriptase inhibitors. Functionalization of the
substrates by electrochemical reduction or activated zinc failed because of protonation after
reduction. Formation of the organolithium compound resulted in decomposition. Hence the
authors investigated TDAE and found efficient reduction and coupling to aldehydes by
addition of the intermediate carbanion. After the reaction, TDAEBr; forms an insoluble salt
that can be easily separated by filtration. The authors confirmed two sequential SETs by
intercepting the radical after the first SET. Cyclic voltammetry confirmed the possibility of
electron transfer from TDAE to benzoxazoles and a range of products were synthesized by

using TDAE as a convenient SET reagent.[%
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Scheme 16: A) Redox states of TDAE.[®? B) Reduction and coupling of difluorobromoalkanes

by TDAE.[®1 C) Strongly reducing pyrrole derivative.®

In comparison to thermal metal reductants, organic electron donors can be easily tuned by
derivatization.[® This offers access to a library of different reductants with redox potential

significantly higher/lower than that of TDAE. Tetrathiafulvalene (TTF) is a derivative of TDAE
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with significantly less reducing strength (Ereq (TTF*/TTF) = +0.37 V vs SCE in acetonitrile,
Ered (TTF?*/TTF™*) = +0.67 V). It has been used to reduce diarylazoniumsalts for aryl radical
addition reactions to alkenes and the selective reactivity allows for the reduction of easily
reducible functional groups while functional groups that would react with stronger reductants
remain untouched. Likewise, TDAE derivatization can lead to stronger reductants with pyrrole
derivative 54 (Scheme 16C) being among the strongest thermal organic reductants
(Ered (55/54) = -1.50 V vs SCE in dimethylformamide).[®2! The reducing power is demonstrated

by several transformations including efficient reductions of Weinreb amide and tosylamides.

3.2. Photoredox Catalysis

Light-mediated catalysis benefits from reaction pathways that may be unattainable by thermal
methods.[®3! Photoexcited compounds can transfer the acquired energy by different
mechanisms including Dexter resonance energy transfer and photoredox catalysis which
involves different oxidation states of the catalyst. A characteristic property of many
photoredox catalysts such as Ir(ppy)s 56 is the possibility to act as an oxidant as well as a
reductant, depending on the chemical environment (Scheme 17). Absorption of the photon
elevates an electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). After internal conversion to the vibrational ground
state, the excited catalyst can either oxidize a donor to fill one of the single occupied molecular
orbitals (SOMO) or transfer its electron to an acceptor in a process labeled photoinduced
electron transfer (PET). In catalysts with efficient intersystem crossing, these processes can
also occur from the triplet excited state. Another feature of most photoredox catalysts is a
relatively low-wavelength absorption which prohibits unselective excitation of substrates or

additives.[®3!

3.2.1. Metal complexes as photoredox catalysts

Iridium polypyridyl complexes are a class of photoredox catalysts with excellent properties
such as absorption in the visible region (Amax = 375 nm), a long-lived excited state (t = 1.9 us),
and a remarkable triplet energy of 56 kcal mol1.1%3! Effective application in SET reactions as
oxidant (Ered (Ir'V/Ir*") = =1.73 V vs SCE) and reductant (Ered (Ir*"/Ir") = +0.31 V vs SCE) in the
excited state is possible. An example of photoredox catalysis activating substrates toward
functionalization that resembles conventional methods was reported in 2010 by the group of

Stephenson.[®* Tetrahydroisoquinolines, such as 57, can be oxidized to iminium ions which

23



react with nitromethane to form aza-Henry products like 58 (Scheme 18A). Initially, irradiation
of tetrahydroisoquinoline 57 with Ru(bpy)sCl; and diethyl bromomalonate as the terminal
oxidant in dimethylformamide was investigated. After purification by chromatography with
methanol, coupling product 59 was detected. Changing the solvent and omitting the oxidant
resulted in the same product suggesting that another component can act as the oxidant.
Finally, using Ir(ppy)2(dtbbpy)PFs as a catalyst with nitromethane as the solvent, aza-Henry
product 58 was isolated. Control experiments showed a very inefficient background reaction
without a catalyst. A small set of tetrahydroisoquinolines and nitroalkanes were converted in
excellent yields. N-phenyl pyrrolidine was also successfully oxidized albeit the reaction was
significantly slower. As for many metal-mediated photoredox processes, the catalyst loading

is very low (1%).164
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Scheme 17: Oxidative and reductive quenching after photoexcitation.[®3!

The reaction commences with the absorption of a photon by Ir(lll) to form photoexcited Ir(Ill)*
(Scheme 18B).[** Oxidation of the amine by SET occurs to form radical cation 60 and Ir(ll). The
latter is strongly reducing (Ereq (Ir(111)/Ir(11)) = =1.51 V vs SCE) and converts an oxidant to the
corresponding radical anion while replenishing Ir(lll) for the next catalytic cycle. The oxidant
is either nitromethane or oxygen, as demonstrated by lower yields under strictly degassed
conditions. The radical anion can abstract a hydrogen atom from ammonium radical cation 60
to form iminium 61. Deprotonated nitromethane adds to the sp? hybridized carbon to yield
aza-Henry product 58. The identity of the reduced nitromethane species is unclear and

nitrosomethane could not be detected. However, performing the reaction in
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dimethylformamide and a slight excess of phenyl nitromethane afforded the aza-Henry
product under degassed conditions, suggesting that nitromethane is involved in catalyst
regeneration. While singlet oxygen is known to oxidize amines to imines,®°! rate comparison
with a reaction with a singlet oxygen sensitizer suggests inefficient singlet oxygen formation,
and thus Ir(lll)* mediated SET is believed to be the prime activating mechanism in this
reaction.[®¥ Fluorescence quenching of the Ir(lll)* excited state by tetrahydroisoquinolines
was detected. Numerous nucleophiles were found to be adequate coupling partners in this

transformation in different reports.[®3!
A)
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\© MeNO, \©
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Scheme 18: A) Oxidative a-amino functionalization by iridium photoredox catalysis.[®* B)

Suggested mechanism.

Coupling of electron-deficient cyanoarenes 62 with N-arylamines 63 to a-functionalized
amines 64 in a net redox-neutral process by Ir(ppy)s photoredox catalysis has been reported
by the MacMillan group (Scheme 19).1%¢! This reaction has been discovered as a result of a
concept labeled “accelerated serendipity” consisting of high-throughput screening with
random combinations of possibly interesting coupling partners from a substrate pool and a

catalyst system in 96-well plates. The reaction outcome was assessed by gas
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chromatography/mass spectrometry and one potential hit was further developed into the
aforementioned coupling. The reaction tolerates cyclic amines of various ring sizes as well as
a linear amine. While electron deficiency was a key requirement of the coupling partners, a
range of cyanoarenes including heteroaromatics and sterically challenging substrates were
successfully coupled. The photoredox catalytic cycle begins with Ir(ppy)s photoexcitation to
Ir(I* which is a strong reductant (Ereq (Ir(IV)/Ir(IIl)* = -1.73 V vs SCE in acetonitrile) and
reduces an electron-deficient cyanoarene 65 to its persistent radical anion 66. Ir(IV) is a strong
oxidant (Ereq (Ir(IV)/Ir(lll) = 40.77 V vs SCE in acetonitrile) and oxidizes an amine 67 to its
transient radical cation 68, thereby closing the photoredox catalytic cycle without external
reductants or oxidants. The acidity of radical cation 68 is significantly increased and
deprotonation by sodium acetate results in neutral radical 69. Afterward, radical combination
leads to the C-C coupling intermediate anion 70. Cyanide is eliminated to liberate the coupled
product 71. The emission of the catalyst was quenched only by cyanoarenes and not by the

amines, which excludes initial amine oxidation as a possible mechanism.[®®!
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Scheme 19: A) Redox-neutral coupling of electron-deficient cyanoarenes with N-arylamines

by photoredox catalysis.[?®! B) Suggested photoredox mechanism.
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As demonstrated, photoredox catalysis enables the activation of substrates to highly reactive
intermediates that are otherwise challenging to generate. The combination of a photoredox
catalyst with a chiral organic catalyst can result in an asymmetric process as demonstrated by
the group of Melchiorre.[®”] Substituted a,B-unsaturated cyclohexenones, such as 72, were
converted to formal Michael addition products 73 wunder dual catalysis by
tetrabutylammonium decatungstate (TBADT) and an iminium ion precursor (Scheme 20). The
formed quaternary carbon is usually accessible by the addition of organometallic reagents
which require cryogenic conditions and a pre-formation of the respective organometallic
reagent. The authors envisioned the formation of a chiral acceptor by iminium ion catalysis

that would accept a radical with the preference of one site. However, the formed radical
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cation is presumed to undergo quick B-scission, thus reversing the reaction and rendering

radical addition unproductive.®”!

The development of an electron-relay catalyst 74 derived from carbazole proved successful in
the desired transformation.[®” The first step of the mechanism is the acid-mediated formation
of iminium 75. TBADT is a potent HAT reagent and transforms benzodioxole 76 into a neutral
carbon-centered radical 77. This radical adds to the iminium ion in B-position 75 to form a
radical in a-position in the process. This is the stereodetermining step and site selection occurs
by the carbazole moiety blocking the Si face from addition as confirmed by crystallization and
NMR studies. The electron-rich carbazole quickly performs a SET to reduce the proximate a-
iminyl radical 78. The resulting enamine 79 quickly tautomerizes to imine 80, hence
suppressing back electron transfer. The deprotonated photocatalyst TBADT# now reduces the
carbazole, thereby closing the photoredox cycle, and after amine dissociation of intermediate
81, enantioenriched product 73 is formed. The decisive step of fast intramolecular reduction
of the a-iminyl radical was further investigated by analyzing the reaction of a substrate that
bears a homoallyl substituent in B-position. Hypothetic 5-exo-trig cyclization was not
detected, confirming very fast SET from the carbazole moiety. To expand the scope of the
reaction, tertiary amines have been converted to a-amino radicals by SET using an iridium

catalyst. The radicals were successfully employed in the catalytic protocol.[®”]

3.2.2. Organic photoredox catalysts

Metal complex photoredox catalysis suffers from the use of precious materials and numerous
metal-free alternatives have been developed.®8 However, degradation occurs significantly
faster and hence catalyst loadings with organic photoredox catalysts are higher. Their
structural diversity enables fine-tuning to achieve novel reactivity and some compounds such
as enzyme cofactors can be easily accessed from biogenic sources, thereby providing an

interesting alternative regarding the scalability of photoredox processes. 68l

Acridinium salts are mostly applied as photooxidants, but by appropriate substitution can act
as potent reductants under photoirradiation as demonstrated by the group of Nicewicz.3”]
With an excited state redox potential of Ereq (Acr*/Acr*) = -3.36 V vs SCE, the novel acridinium
photoreductant 82 is similar to elemental lithium in reducing power. During their studies of

mesityl acridinium tetrafluoroborate which is a potent photooxidant, the authors discovered
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the generation of an indefinitely stable mesityl acridine radical 83 (Mes-Acr’) upon one-

electron reduction of the cationic chromophore (Scheme 21).B37
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Scheme 21: Mechanism of mesityl acridine (Mes-Acr’) mediated photoreduction for

challenging defunctionalization of electron-rich substrates.”) Redox potentials vs SCE.

Two main excited states of this radical have been identified: a lower-energy doublet state D1
and a higher-energy twisted intramolecular charge-transfer state 84 (TICT) with the latter
causing the estimated redox potential of -3.36 V.[37] The energies have been determined by
averaging one of the two emission maxima with the respective absorption signal identified
from excitation spectra. Quantum mechanical calculations suggest a SOMO localized on the
acridine core and a LUMO+1 localized on the N-phenyl ring of Mes-Acr’ with a small spatial
overlap suggesting a possible intramolecular charge-transfer state. Transient absorption
spectra of the acridine radical 84 show bleaching of the ground state absorption (Amax =
520 nm) after early pump-probe delays with concomitant broad increase of absorption

features centered at 550 nm and 650 nm. The features suggest the presence of an aromatic
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radical anion (broad absorption from 600 — 800 nm), an excited acridine radical (550 nm), and
a cationic acridinium core. Further computational experiments support the calculated excited
state energies and proposed molecular structures. The lower energy D1 state matches an
untwisted acridine radical excitonic structure and significant twisting (36 °) of the N-phenyl
ring in the higher energy twisted state is observed. A mechanistic experiment with brominated
N-phenyl acridine radical further supports the hypothesis of radical anion formation due to

efficient fragmentation to an aryl radical and a bromide anion.7]

To demonstrate the redox potential of the acridine radical 84, a range of aryl bromides and
aryl chlorides were subjected to the reaction with diisopropylethylamine as the terminal
reductant in acetonitrile under irradiation at 390 nm (Scheme 21).37] Dehalohydrogenation
was successful even with challenging substrates such as p-chloroanisole 85 (Ereq (85*/85)
-2.9 V vs SCE). Electron-deficient substituents sometimes negatively affected yields, possibly
due to decomposition and trifluoromethyl substituted substrates, such as 86, showed partial
defluorohydrogenation. Appended aliphatic ketones and carboxylic acids, however, were well
tolerated. Birch-type over-reduction was not observed, and no aliphatic substrates were
tested. Reductive detosylation of amines that is typically performed with strong metal
reductants was also successfully achieved with the described protocol as demonstrated in the
detosylation of compound 87. Interestingly, halogenated compounds were tolerated without
dehalohydrogenation in good yields. The authors ascribe this to the lower concentration of
the performed detosylation reactions. Notably, selective deprotection of tosyl amines over
mesyl-protected amines can be achieved and the reaction can be conducted on a gram-scale
with medicinally relevant heterocycles. The reaction mechanism proceeds by excitation of the
cationic acridinium 82 which is reduced by diisopropylethylamine to the acridine radical 83.
Another photon is absorbed to furnish the twisted intramolecular charge-transfer state 84
which performs SET to furnish acridinium 82 and a substrate radical which is saturated by

HAT.B7]
3.2.3. Flavins in photoredox catalysis

Owing to its function as a cofactor in flavoenzymes, riboflavin is readily available and can be
used outside of the enzymatic environment as a photocatalyst in various oxidations such as
the oxidation of carboxylic acids.[®®! Traditional preparation of aliphatic nitriles relies on
nucleophilic substitution of primary halides or treatment of carboxylic acids with strong bases
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and subsequent decarboxylation to generate carbanions. Irradiation with riboflavin
tetraacetate provides an alternative method without bases or metals from readily available

carboxylic acids, such as 88, and tosyl cyanide (Scheme 22A).16%
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Scheme 22: A) Flavin catalyzed cyanation by oxidation of carboxylic acids.[®®! B) Mechanistic

proposal.

A range of primary, secondary, and tertiary carboxylic acids were successfully decarboxylated
and functionalized to nitriles, such as 89.%°! While better yields were achieved with a-
heteroatom substituted derivatives due to better radical stabilization, some less stabilized
examples also reacted to the corresponding nitriles. The mechanism commences with
excitation of flavin 90 that quickly undergoes intersystem crossing to its excited triplet state
3FI" which is highly oxidizing (Scheme 22B). Proton-coupled electron transfer to carboxylic acid
91 furnishes semiquinoid flavin FIH" and a carbon-centered radical 92 which could be
intercepted by persistent radicals in mechanistical investigations. Addition to tosyl cyanide
and subsequent radical cleavage of intermediate 93 liberates nitrile 94 and a tosyl radical Ts".

Reaction of Ts™ with semiquinoid flavin by either SET and consecutive proton transfer or HAT
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closes the catalytic cycle. Owing to the high molar absorption coefficient of oxidized flavins,
90 % of the light is absorbed within 0.2 mm of the solution of this particular setup. To increase
the scalability of the reaction, the authors successfully demonstrated the application of their

method in a flow reactor by preparation of a pharmacological precursor on a 2 mmol scale.®!

Photoredox catalysis is not limited to chemical systems and can also be performed with
enzymatic catalysts as demonstrated by the group of Hyster.’% Flavin-dependent 'ene’
reductases do not require light for their physiological function, but several examples have

been shown to be competent in the enantioselective reduction of a,B-unsaturated amides.!”?
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Scheme 23: A) Reduced flavin as photocatalytic SET reagent in “ene”-reductases.l’® B)

Mechanistic proposal and deuteration experiments.

The reaction system typically includes a photocatalytic enzyme in a basic aqueous buffer with
catalytic NADP* as a cofactor.’% Glucose dehydrogenase ensures terminal oxidation of
glucose by reducing NADP* which in turn transfers electrons to the flavin cofactor. After initial
screening of different reductases, OYE1 has been identified as the most promising and
selective mutation revealed an enzyme with a phenylalanine changed to a glycine (OYE1-

F269G) optimized for the transformation. A range of moderately electrophilic amides, such as
32



95, were reduced to a-methyl amides, such as 96, in excellent yields and enantiomeric
excesses (Scheme 23A). It is also demonstrated that defluorohydrogenation and radical
interception by intramolecular 5-exo-trig cyclization can be carried out in an enantioselective

fashion (albeit with lower selectivity).[”!

After ruling out the possibility of a charge-transfer complex between enzyme-bound flavin and
the substrate, transient absorption spectroscopy was performed to elucidate the reaction
mechanism with the result that hydroquinoid flavin is capable of a SET to the substrate , such
as 95 after excitation.”® Concomitant with hydroquinoid flavin decay, a spectrum
corresponding to semiquinoid flavin FIH™ appears. Further decay to a combination of neutral
and anionic semiquinoid flavin takes place. This combination is relatively long-lived (T > 80 ns).
The formed radical anion 97 is quickly protonated to a prochiral neutral radical 98
(Scheme 23B). Radical termination occurs by stereodetermining HAT from semiquinoid flavin.
Deuterium experiments suggest that this step is slow. In a DO buffer with FMNH,, full
deuterium incorporation at the B-position occurs while the a-position showed only partial
deuterium incorporation. With FMND; in H;0, almost no deuterium was incorporated in the
a-position and in a mixed H,O0/D,0 buffer partial incorporation at both positions was
observed. These results indicate slow HAT, presumably from long-lived semiquinoid flavin

N>-position with slow exchange of the isotopic label.[”?!
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4. Aim and Motivation

The DNA photolyase was presented as a unique example of the usage of a reduced flavin as a
photoexcitable SET reagent in the splitting of thymine dimers. The photochemistry of this
reaction and overall reaction conditions in the enzymatic scaffold were described to identify
a possible strategy to utilize reduced flavins in a synthetic environment. The application of
reductants in several reactions has been outlined to point out interesting transformations that
could be targeted with reduced flavins. The use of molecular flavins in photocatalysis is known
for oxidative transformations and the strong reductive potential observed in the DNA
photolyase enables a range of possible reductions that could be carried out with flavins. The
objective of this work is to establish a catalytic system that enables the use of molecular flavins
as reductants under photoirradiative conditions. This includes rational catalyst design to
circumvent the problems associated with reduced flavins. The catalytic system is aimed to be
able to reduce challenging substrates in transformations that would otherwise require a
strong rare earth metal reductant. After establishing such a catalytic system, differences in
reactivity should be identified to expand the scope of the novel reduced flavin method over

the conventional method.
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Scheme 24: Motivation and target for molecular reduced flavin photoredox catalysis.

Prior to this report, exploitation of reduced molecular flavins in synthetic transformations of
organic substrates was scarce. This is surprising because the DNA photolyase poses an
example of reduced flavin being utilized as an SET reagent and synthetic use in 'ene'
reductases has been reported. The probable reason for the lack of research regarding
molecular reduced flavins in synthesis is their instability toward molecular oxygen which
impedes reliable application and thus the development of a catalytic protocol.
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5.1. Reduced Molecular Flavins as Single-Electron Reductants after

Photoexcitation

Bibliographic information:

Foja, R.; Walter, A.; Jandl, C.; Thyrhaug, E.; Hauer, J.; Storch, G., J. Am. Chem. Soc. 2022, 144,
11, 4721 — 4726. Published on 08.03.2022 (see on page 37).174

Summary:

A novel air-stable reduced flavin is synthesized by a steric bias approach and was characterized
by UV/Vis and fluorescence spectroscopy. Crystallization and characterization by XRD was also
realized. This air-stable reduced flavin and other oxidized flavins are employed as SET catalysts
under irradiation with y-terpinene as the sacrificial reductant. Barbituric acid derivatives are
reduced and the formed ketyl radical can undergo subsequent cyclization reaction to form 5-
membered bicyclic compounds in good to excellent yields and excellent diastereoselectivities.
Substituted alkenes, an allene, an alkyne and a precursor to a 6-membered bicyclic compound
are tolerated. Haloalkanes and o,B-unsaturated amides are also successfully reduced.
Measurement of the excited state lifetimes and the reaction quantum yield were performed

to rationalize the relatively long irradiation times (20 h).
Author contributions:

All synthetic and catalytic experiments were planned and analyzed by R. Foja. Catalyst design
was provided by R. Foja and G. Storch. The catalytic experiments were planned, performed
and analyzed by R. Foja. A. Walter performed and analyzed the cyclic voltammetry
measurements. Crystallographic data were gathered and analyzed by C. Jandl. Spectroscopic
measurements were performed and analyzed by E. Thyrhaug, J. Hauer and R. Foja. R. Foja
wrote the supplementary information file which contains all experimental data. The

manuscript was written by R. Foja, A. Walter and G. Storch.

35
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Catalysts
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Summary:

Barbituric acid derivatives with ketones in the side-chains were investigated regarding their
chemoselectivity upon reduction with either reduced flavins or samarium (ll) iodide. A
competition between pinacol formation and alicycle formation was chosen as method of
determining the initial site of reduction. It was found, that flavin selectively forms the alicycle,
while Sml; always forms the pinacol. By variation of the side-chain length, it was determined
that the appended ketone is reduced rather than the barbituric acid carbonyl, which
rationalizes the pinacol formation. Reduced flavins selectively reduced the barbituric acid
carbonyl due to the more positive redox potential of this carbonyl. N-methyl oxime derivatives

were prepared and cyclized with reduced flavin, which could not be realized with Sml,.
Author contributions:

All synthetic and catalytic experiments were planned and analyzed by R. Foja. Catalyst design
was provided by R. Foja and G. Storch. The catalytic experiments were planned, performed
and analyzed by R. Foja. A. Walter performed and analyzed the cyclic voltammetry
measurements. R. Foja wrote the supplementary information file which contains all

experimental data. The manuscript was written by R. Foja, A. Walter and G. Storch.
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ABSTRACT: Flavoenzymes mediate a multitude of chemical reactions and are catalytically active both in different oxidation states
and in covalent adducts with reagents. The transfer of such reactivity to the organic laboratory using simplified molecular flavins is
highly desirable, and such applications in (photo)oxidation reactions are already established. However, molecular flavins have not
been used for the reduction of organic substrates yet, although this activity is known and well-studied for DNA photolyase enzymes.
We report a catalytic method using reduced molecular flavins as photoreductants and y-terpinene as a sacrificial reductant.
Additionally, we present our design for air-stable, reduced flavin catalysts, which is based on a conformational bias strategy and
circumvents the otherwise rapid reduction of O, from air. Using our catalytic strategy, we were able to replace superstoichiometric
amounts of the rare-earth reductant Sml, in a S-exo-trig cyclization of substituted barbituric acid derivatives. Such flavin-catalyzed
reductions are anticipated to be beneficial for other transformations as well and their straightforward synthesis indicates future use in

stereo- as well as site-selective transformations.

lavins are versatile cofactors in enzymes and are involved

in a variety of chemical transformations either as flavin
adenine dinucleotide (FAD) or flavin mononucleotide
(FMN)." This diversity stems from the occurrence of different
catalytically active cofactor states and depends on oxidation or
reduction (FAD vs FADH,) as well as photochemical
excitation. Among the known reactions of flavoenzymes, the
cleavage of thymine dimers 1 by DNA photolyase is a
particularly interesting and relevant reaction, which is mediated
by excited hydroquinoid FADH™* (27%*). Thymine dimers
(T()T) 1 are the result of a UV-light-mediated [2 + 2]-
cycloaddition reaction between adjacent thymines in DNA,
and their formation hampers correct transcription or
replication. The enzymatic strategy to revert such DNA
damage relies on the excitation of reduced cofactor 2~ and
subsequent one-electron reduction of (T()T) 1 (Figure 1).”
Ketyl radical intermediate 1°~ undergoes rapid cyclobutane
ring-opening and back electron transfer to semiquinone 2°,
which leads to the release of both thymines and closes the
catalytic cycle. The very negative redox potential E(1/1°7) =
—2.2 Vvs SCE (in CH;CN) of thymine dimer 1 highlights the
strong reducing capacity of excited cofactor 27*.> Despite the
great potential for synthetic transformations, such one-electron
reductions have not yet been applied using molecular flavin
catalysts in the organic laboratory, although the photo-
sensitized" and oxidative® cleavage of thymine dimers with
molecular flavins has been studied. The general usefulness of
reduced flavin catalysts is highlighted by recent reductive
catalytic reactions with flavoenzymes® and a deazaflavin.” We
found it remarkable that in organic synthesis molecular flavins
are extensively applied for oxidations,” for example, using
commercially available (—)-riboflavin,” but they are not
applied for reductions. Therefore, we aimed for finding a
strategy to use molecular flavins in the reductive S-exo-trig
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cyclization of barbituric acid derivatives, which had previously
only been reForted with superstoichiometric metal reductants
(Figure 1B). e

We hypothesized that the instability of reduced flavins such
as 2 toward oxygen from air is one reason for the above-
described discrepancy since it renders studies of the reduced
cofactor very impractical. The instability itself is the result of a
rapid reduction of O, to O, and subsequent formation of
covalently bound flavin hydroperoxides.'* The initial reduction
of molecular oxygen [E(O,/O,™*) = —0.55 V vs SCE] by a
reduced NS-ethyl-flavin [E(FI**/Fl,) = —0.05 V vs SCE]
(both values in aqueous buffer at pH 4.6) is disfavored, but the
net reaction becomes exergonic upon formation of the
thermodynamically favored oxidized flavin and hydrogen
peroxide."> We decided to base our strategy for air-stable,
reduced flavin catalysts on a conformational bias for the
reduced form,'* which is typically bent along the N5—N10 axis
with a ring puckering angle of 27.3°."% Both the oxidized as
well as the semiquinone states are (almost) planar.'® The
conformational bias was achieved by double substitution of the
NS- and Cé6-positions via reductive alkylation of flavin 3 and
reduced catalyst 4 was obtained as an air-stable solid
(Figure 2A). However, unsubstituted analog § did not yield
the reduced flavin and was instead oxidized by air. Both
oxidized flavins have similar redox properties: E,,, = —0.78 V
vs SCE (3) and E,;, = —0.85 V vs SCE (5). The bent structure
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A. Thymine dimer cleavage mediated by DNA photolyase
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Figure 1. Mechanism of enzymatic thymine dimer 1 cleavage
mediated by DNA photolyase (A). In the key step, an electron is
transferred from excited cofactor 27* to dimerized thymine 1. Our
envisioned transformation using molecular, reduced flavin catalysts
relies on similar one-electron transfer (B). Carbonyl groups involved
in reduction are highlighted in green.
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Figure 2. Synthesis and characterization of an air-stable reduced
flavin. Conformational bias is realized by reductive alkylation (A),
which results in steric destabilization of the planar states (B). The
bent structure of flavin 4 is visible in the X-ray structure (C), and
cyclic voltammetry in CH;CN shows partially reversible electron
transfer.

of flavin 4 (Figure 2B) was further characterized by single-
crystal X-ray diffraction, and a ring puckering angle of 32.1°
was found along the N5S—N10 axis (Figure 2C). Cyclic
voltammetry confirmed that oxidation [E,,, = +0.46 V vs SCE
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(4) in CH4yCN] of reduced flavin 4 is at least partially
reversible (Figure 2C). When the measurement was continued
to more positive potentials, irreversible processes were
detected, an observation which is in line with our strategy of
destabilizing the planar oxidized states.

We then turned our attention to the photophysical
properties of air-stable flavin 4 and its oxidized counterpart 3
(Figure 3). The first major difference is the blueshift of the

Emission [a.u.]
Emission [a.u.]

Absorption [a.u.]
Absorption [a.u]

0.0
700

400 500 600
Wavelength [nm]

T 300

0.0
300 400 500 600 700 800
Wavelength [nm]

Figure 3. Normalized absorption (in black) and emission (in red)
spectra of flavin 3 (A) and reduced flavin 4 (B) in CH,CN solution.
Quinoid flavin 3: Ay, = 411 nm; Ag,,, = 620 nm. Hydroquinoid
flavin 4: Ay 1 = 324 nm; Ag = 567 nm.

absorption maximum, which is at A .. = 324 nm for the
reduced catalyst. The same trend is observed for the emission
with fluorescence occurring at Ag,,,, = 567 nm. In analogy to
the natural cofactor (FADH, vs FADH™), the emission of 4 is
shlfted to Agmax = 533 nm upon addition of triethylamine
base.”* We observed two long lifetime components of flavin 4
in the excited state (see the Supporting Information): 7
1.1 ns (78%) and 7 = 11.7 ns (22%).

With this information in hand, we started our catalysis
studies and chose barbituric acid derivative 6 as a promising
substrate for one-electron reduction due to its structural and
electronic similarity to thymine dimer 1. The S-exo-trig
cyclization of substrate 6 had prewously been reported using
6 equiv of rare-earth reductant Sml,'’ thus making this
reaction an ideal target for a mild catalytic protocol.
Optimization of the catalytic conditions (see the Supporting
Information for details) quickly revealed that 4 is indeed a
suitable electron donor in the excited state. Several sacrificial
reductants turned out to be applicable, but we decided to move
forward with p-terpinene, Wthh _is an inexpensive and
commercially available essential oil.'” With a catalytic amount
of triethylamine and a catalytic amount of cysteine as a
hydrogen atom donor,"® we obtained bicycle 7 in 90% yield
(Table 1, entry 1).

Leaving out the amine base resulted in no conversion. This
is in analogy to the enzymatic process, which relies on the
deprotonated cofactor FADH™ (entry 2).” The y-terpinene is
required as a sacrificial reductant, and only a trace amount of
product is formed in its absence due to imreversible catalyst
oxidation (entry 3). Cysteine improves the yield significantly
but is not essential for catalysis (entry 4). We also verified that
catalyst and irradiation are necessary (entries S and 6).
Increasing amounts of triethylamine led to quantitative
conversion (entry 7), and other bases such as quinuclidine
are also suitable (see the Supporting Information). Cystine and
cysteine perform equally well, which implies that the former is
efficiently reduced under the reaction conditions as well
(entry 8). Under our optimized conditions, in situ reduced
quinoid flavin 3 and even (—)-riboflavin tetraacetate 8 also led
to product formation (entries 9 and 10), which highlights the
applicability of our method. Consistent with the short excited-

https://doi.org/10.1021/jacs.1c13285
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Table 1. Flavin-Catalyzed Net-Reductive Cyclization of +H o
Substituted Barbituric Acid Derivative 6 —O—< y-terpinene \NJLN’
; [e] /r OH *+
o 5 mol% flavin 4 o y-terpinene ~ JL A 0o i .
L 2.0 equiv. y-terpinene JU N o@ n-Pr
SNTONT 15 mol% NEt; SNTONT 9 * o 7 9
10 mol% Ac-Cys-OMe OH Q n-Pr Q
o) (o) > 1) e N _N_O 9 N _N._O
n-Pr g *=365nm n-Pr | \NF " 7°-  para- - e \N?
b cymene e~
6 (CH4CN, 50 pM), 15 °C, 20 h 7 N o) y oN 0
R R O R R
N._N._O .-
P e of o orrrr Y
A B
Bu Bu N7 NH =H* " /\lr : o 6
NH K 0 o Q R O,
ﬁ, OAc OAc
4 3 2 =

8R = gr\c‘;\,OAc
c

entry deviation from standard conditions yield“
1 none 90%

2 no NEt, nd

3 no y-terpinene <5%
4 no Ac-Cys-OMe 39%

3 no flavin catalyst nd

6 no irradiation nd

7 with 4.0 equiv of NEt; quant.”
8 10 mol % (Ac-Cys-OMe), quant.
9° S mol % flavin catalyst 3 46

10° 5 mol % flavin catalyst 8 88

“Measured by NMR spectroscopy with internal standard. nd: Not
detected. “Isolated yield on 0.1 mmol substrate scale. “With 4.0 equiv
of NEt,.

state lifetime outside an enzyme environment,”""” increasing
the substrate concentration to 0.4 M led to accelerated product
formation (see Table SI-1, entry 7).

According to our mechanistic proposal, the catalytic reaction
is initiated by a one-electron reduction of barbiturate 6, very
similar to the first step in DNA photolyase (Figure 4). Our
flavin catalysis proceeds relatively slowly with a quantum yield
of ® = 1.8 X 107° (see the Supporting Information), and in
line with this observation, no significant fluorescence
quenching of 4™* occurs upon addition of substrate 6
presumably due to inefficient electron transfer. Additionally,
the low quantum yield points against a radical chain process.
The intermediate ketyl radical next undergoes rapid 5-exo-trig
cyclization to anion 7° which is further reduced and
protonated to yield bicyclic product 7. Hydrogen atom transfer
from p-terpinene (BDE of 1,4-cyclohexadiene is 77
kcal mol™)*° resulting in para-cymene (observed by NMR)
via 9 seems plausible for reduction of both intermediate 7°~
and semiquinone 4°. The latter species is also a strong
photoreductant and can be excited by visible light (neutral
semiquinones: A,,, & 330, 490, and _600 nm; anionic
semiquinones: 4., ~ 370 and 490 nm).”*' This opens up
the possibility for two catalytic cycles (A and B) in which
either the hydroquinoid or the semiquinoid catalyst acts as the
substrate reductant. Interestingly, the catalytic reaction also
proceeds at irradiation with 4 = 451 nm when using RFTA (8),
while no conversion was observed under these conditions with
flavin 4 (see the Supporting Information). When conducting
the reaction with flavin 4 in an NMR tube under inert
conditions, measurements after several time intervals only
show the hydroquinoid catalyst and no quinoid species (see
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Figure 4. Simplified mechanistic proposal for the flavin-catalyzed
reduction of barbituric acid derivative 6. The carbonyl groups, one of
which is initially reduced, are highlighted in green. For flavin 4: R =
NHAc and R’ = Et. For RFTA (methyl groups in the C7 and C8
positions not shown): R, R’ = H. Reduction of substrate 6 in cycle B
with RFTA is also possible via a HAT from the semiquinone or
electron transfer from the deprotonated form of the latter species

(resulting in the neutral quinoid flavin with a lone pair instead of R’ =
H).

the Supporting Information). We conclude that both cycles A
and B are plausible with RFTA, while a substituent in the
catalyst’s NS-position seems to hamper cycle B. The cysteine
cocatalyst was not included in this mechanistic discussion since
it is not necessary for product formation but its function as a
hydrogen atom donor leads to increased yields.

Gratifyingly, flavin catalysis also allows efficient reductive
conversion of a series of barbituric acid derivatives (Figure 5).

~ne o
NS
(0] [e] o
OH OH OH
o (R o wn-Pr O wn-Pr
n-Pr n-Pr n-Pr
10 1 1
73% (82% 61% (87%) 25% (88%)
0 o]
0 [¢]
J 5OH OH
o
O v
-P —Pr
o \\ n-Pr
12
40% (94%) 8% (74%) 77% (95%) 77% (15%

Figure 5. Application of the flavin catalysis to a variety of barbituric
acid derivatives. Reaction conditions: 5 mol % 4 (10 mol % for
product 11), 2.0 equiv of y-terpinene, 1.0 equiv of NEt;, 4 = 365 nm,
(CH;CN), 15 h. Results for the catalytic reactions with RFTA (8) are
given in parentheses. Yields were determined by NMR spectroscopy
with internal standard. Compound 14 was obtained as a mixture of
diastereomers with dr. & 2:1.
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The S-exo-trig cyclization is initiated with different substituted
alkene side chains (10-12) and di- as well as trisubstitution is
tolerated. With allene substrates, terminal alkene product 13 is
formed. An analogous cyclization forming six-membered rings
is also possible, but bicycle 14 was obtained as a mixture of
diastereomers. With terminal alkynes, S-exo-dig cyclization
results in exocyclic alkene 15.

We next probed for potential differences between flavin-
mediated reductions and conventional reactions using Sml,. In
this context, barbituric acid derivative 16 was chosen, which
was reported to result in pmacol coupling product 17 upon
reduction with Sml, (Figure 6).”” Here, three carbonyl sites

A o 5 mol% 4
si “~ )L . 15mol% NEt JL -
OH ‘{terplnene
4)6& O, T=aesm
L)
17 61% 18 HO
R=CHs R = n-Pr
: l
e 7’0: \n)LO'* Q
i CH;
19: X = i 2t:R'=P
20: xx_ L 53%°/49%° 1 2. gy 63%2 / 53%"

Figure 6. Application of flavin catalysis to other substrates. Reduction
of ketone 16 shows distinct differences between Sml,-mediated and
flavin-catalyzed reactions (A). Flavin catalysis also mediates the
reductive cyclization of alkyl halides (B) and the reduction of
unsaturated amides (C). Reaction conditions (i): 10 mol % 4,
2.0 equiv of y-terpinene, 4.0 equiv of NEt;, 4 = 365 nm (CH;CN), 20
h. “Measured by NMR spectroscopy with an internal standard.

compete for the one-electron reduction, and the formation of
the pinacol product was rationalized based on a favored (E =
—2.2 V vs SCE) initial reduction of a barbituric acid carbonyl
group compared to the ketone (E < —2.5 V vs SCE).** In
contrast, when applying flavin catalyst 4, no pinacol product
was obtained, and secondary alcohol 18 was formed instead.
This reactivity difference could be explained by substrate
chelation when using SmlI,, which allows flavin 4 to leave the
carbonyl groups in the heterocycle fully intact. Additionally, we
probed for flavin-catalyzed reductions of entirely different
substrate classes, which were previously described using
flavoenzymes.*** Fortunately, we observed product formation
in a reductive cyclization reaction of alkyl iodide 19, even when
using alkyl bromide analog 20 (Figure 6B). Reduced flavin 4
was also competent in the reduction of unsaturated amides 21
and 22 (Figure 6C), where it complements flavoenzyme
activity.

In summary, we report reduced molecular flavins as catalysts
in organic transformations. While so far such reduced flavins
have been exclusively used as O,-reductants, our combination
of the essential oil reductant y-terpinene, photochemical
excitation, and mild basic conditions allow the conversion of
other, useful organic substrates. Inspired by DNA photolyase,
we focused on barbituric acid derivatives in this study but
envision broad applicability to other substrate classes based on
the strong reducing power of excited flavins. Additionally, we
observed differences between traditional metal reductants and
flavin catalysts, which stimulate our continuing search for other
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challenging transformations as well as chiral catalyst versions
for stereoselective reductions.
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Abstract Photocatalytic reductive cyclizations are powerful methods
for obtaining structurally complex molecules. Achieving noninherent
reactivity in substrates with more than one potential site of reduction is
a difficult challenge. We disclose the use of flavin catalysis for the che-
moselective reductive cyclization of barbiturates with additional reac-
tive functional groups. Our method provides orthogonal selectivity in
comparison to the well-established reductant samarium(ll) iodide, which
preferentially reduces substrate ketone groups. Flavin catalysis first leads
to barbiturate reduction and allows a complete change of chemoselectiv-
ity in barbiturates with appended ketones. Additionally, flavin photocatal-
ysis enables the reductive cyclization of substrates with appended oxime
ethers in >99% yield, which is not possible with Sml,.

Key words flavin catalysis, photochemistry, chemoselectivity, reduc-
tive catalysis, barbiturates

The single-electron reduction of carbonyls to ketyl radi-
cals is a valuable strategy that has emerged as a powerful
tool in chemical synthesis.! A large part of the synthetic
utility stems from subsequent intra- or intermolecular re-
activity of the initially generated ketyl radicals, which facil-
itate a broad range of C-C bond formation reactions.z How-
ever, achieving desired reactivity becomes challenging for
substrates with multiple carbonyl groups, where chemose-
lective reduction is required. With samarium(Il) iodide as a
versatile single-electron donor,? orthogonal selectivity* has
been, for example, reported as a function of an added pro-
ton source in the reduction of unsaturated lactone 1
(Scheme 1A).> The reactivity difference results from the for-
mation of either the anionic ketyl radical or its neutral form
after protonation,® which leads to spirocyclic lactone 2 or
cyclobutane 3. However, these reactions still build upon the
same lactone position of initial reduction (green color).

o o o
~ J-L - Barbiturate- ~ JL - Ketone- ~ JL -
o N First NN First NNy
O Favin Phote- X O Sstoichiometric XX
catalysis Smiz

A. Samarium(ll) lodide Reduction: Switch of Selectivity by Proton Source

o HO . Eo
o P —— ' O o B
= (THF) Ao
1

with MeOH: 2 with ‘BuOH: 3
% 64%

B. Flavin-Catalyzed Reductive Cydlization of Barbiturates

o (A) 5 mol% RFTA 15 mol% NEtz, 0o
L 10 mol% cystine, 2.0 equiv. y-terpinene
FNINS % = 365 nm (MeCN), 88% Ay

o ) % o o
o (B)6 equiv. Smly (THFH:0), 74% O X )"

4 \F 5

C.Th iSOWO rk: Chemoselective Reductive Cyclization

o (o)
\NJLN/ Barbiturate- M Ketone- _ J| _
N™ N First

First N
HO o0 <~ — OH
b o 0 o OH
o N o) N
7 6 8

Scheme 1 (A) Reductive cyclization reactions with Sml, and (B) reduc-
tive flavin photocatalysis as an altemative method. (C) Chemoselective
reductions of hybrid substrates such as barbiturate 6 are the aim of this

study.

Chemoselective reductions of substrates containing sev-
eral different functional groups are, therefore, typically de-
termined by the relative inherent reactivity with the reduc-
tant. Reductions with noninherent selectivity require a
switch in the reduction mechanism or an alternate pathway
of substrate activation.” The Sml, reagent is active in the re-
duction of a wide variety of functional groups, including
barbiturates® such as alkyl-substituted derivative 4.° Be-
sides metal reductants, photoredox catalysis'? has emerged
as another powerful strategy for reductive C-C bond forma-
tion with ketone-containing substrates.'! In search for such
an orthogonal reduction reaction, we recently disclosed

© 2023. Thieme. All rights reserved. Synlett 2024, 35, 952-956
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that photochemically excited reduced flavins'*'* also serve
as reductants for barbiturates and yield the bicyclic hemi-
aminal 5 (Scheme 1B)." Similar reactivity is also found in
DNA photolyase enzymes, where excited hydroquinoid fla-
vins reduce thymine dimers and trigger DNA repair.'®

Reductive flavoenzyme chemistry offers diverging path-
ways such as direct excitation of the hydroquinoid flavin,'®
excitation of a charge-transfer complex between the re-
duced cofactor and a substrate,'” or the activity of the radi-
cal semiquinoid flavin.'® In contrast to reductions with
Sml,, aliphatic ketone functional groups tend to remain un-
converted by reductive flavin-dependent ‘ene’ reductases.'?
This study aimed to achieve flavin-catalyzed?® chemoselec-
tive reductive cyclizations. Substrates such as barbiturate 6
contain two different sites of potential initial reduction,
which ultimately leads to divergent reaction products
(Scheme 1C).

We initially probed the intrinsic reactivity of hybrid
barbiturate 6 towards Sml, (Scheme 2).2! This reaction pro-
ceeded with exquisite selectivity and provided the pinacol-
type product 8 exclusively.2? Both hydroxy groups are in a
cis arrangement, presumably as a result of chelation with
the samarium reductant.

12,13

o o
Ay " Ay
6.0 equiv. Smlp
— SR OH
o o (THF) o OH
) quant. (94%3)
6 8

Scheme 2 Samarium(ll)-mediated reduction of hybrid barbiturate 6.
The yield was determined by NMR spectroscopy versus internal stan-
dard. ? Yield of isolated material.

We then probed whether hydroquinoid flavins reduce
hybrid substrate 6 analogously under photochemical exci-
tation. Such a direct comparison experiment requires the
flavin reductant in stoichiometric quantities and we ex-
plored two strategies for achieving quantitative flavin re-
duction (Scheme 3A). The first approach (method A) builds
upon the photochemical reduction of the N-methyl (-)-ri-
boflavin tetraacetate 9 using y-terpinene as the reductant.?
The desired hydroquinone 10 was isolated in 71% yield and
was found to be stable towards air for several hours in the
solid state (see the Supporting Information for details). As
an alternative (method B), we reduced the quinoid flavin 9
with Pd/Al,0; under an atmosphere of dihydrogen and fil-
tered the solution under rigorously inert conditions. Hydro-
quinoid flavins obtained by both methods were then ap-
plied in the reduction of hybrid barbiturate 6 under irradia-
tion (Scheme 3B). These reductions typically benefit from a
base in analogy to the natural photolyase system, in which
FADH™" is the active single-electron donor.2* We studied tri-
ethylamine (NEt;), quinuclidine (Quin), and imidazole (Im).
The latter was added since it is just basic enough (pK, =ca.7

953

for the conjugated acid) to deprotonate the reduced flavin at
the N1 position (pK, = ca. 6).*° Imidazole was also chosen
based on the importance of histidine as a proton shuttle in
(6-4)-DNA photolyase.? We observed productive conver-
sion of substrate 6 in all cases, albeit in varying quantities
ranging from 4% to 44%. Incomplete conversions were to be
expected since the concomitantly formed quinoid flavin 9 is
very colorful and intense darkening of the solution prohib-
its efficient excitation of the remaining hydroquinone 10.
Interestingly, the flavin-mediated reduction did not lead to
pinacol 8, but exclusively resulted in the formation of alicy-
clic hemiaminal 7ygqne, which shows partial intramolecular
ring closure to 7,,. Deliberate reduction of the aliphatic
ketone with NaBH, converted the equilibrating mixture
into the secondary alcohol product 11.

A. Preparative-Scale Flavin Reduction

OAC OAc
ACOL, Ao A0, Aaac
OAc A5 equiv. vlerpmene OAc
N. _N Amax =455 i [o)
:@[ ’\F (MeCN)15016h I:[ ‘f/
AN
N B: 5% Pde|203
o}
9 (DMF), 25 °C,16h
B. Stoichiometric Reduction
1.5 equiv. 10 R )L 5 i
40 equrv base
e
(DMF) Jmax = 365 nm 0
Tiakne Tiacol
Organic bases:
1.2 equiv. NaBHs Ho
NEt; (_ 7 R o)
In (MeOH), 0°C, 1 h
X 96% OH
, 7 492
(5% 11

Scheme 3 (A) Stoichiometric reduction of (-)-riboflavin tetraacetate
(B) and its application as a reductant for barbiturate 6. * With hydroqui-
noid flavin 10 obtained by method B (Pd/Al,O; and H,) and determined
by NMR spectroscopy with an intemnal standard. ® With hydroquinoid
flavin 10 obtained by method A (photochemical reduction) and 8 equiv.
of 1H-imidazole.

With the stoichiometric reactivity of reduced flavins de-
termined, we turned our attention to finding a catalytic
method for the conversion of barbiturate 6 with the aim to
maintain the orthogonal reactivity compared to Sml,. We
chose the essential oil y-terpinene as a sacrificial reductant
and focused on using quinoid flavin 9 as a precatalyst,
which is reduced in situ (Table 1). Suitable conditions were
identified when using dimethylformamide as the solvent
and a catalyst loading of 20 mol% (entry 1).2728 Omitting the
stoichiometric reductant y-terpinene (entries 2-4) resulted
in no conversion with imidazole and quinuclidine. Minor
quantities (33%) of product 7 were observed with the tri-
ethylamine base, which indicates that it also serves as a re-

© 2023. Thieme. All rights reserved. Synlett 2024, 35, 952-956
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ductant for excited quinoid flavins. The flavin catalyst load-
ing could be lowered to 5 mol% with an unaltered high
product yield of 96% (entry 5). Switching the solvent to ace-
tonitrile was less favorable and also resulted in minor quan-
tities of the over-reduction product 11 (entry 6). At 5 mol%
of flavin catalyst, the three bases could also be used in cata-
lytic quantities (entries 7-9). No product formation was de-
tected in the absence of a flavin catalyst or without irradia-
tion (entries 10 and 11). The addition of Sm(OTf); as a Lew-
is acid did not alter the chemoselectivity of the flavin-
catalyzed reaction.

Table 1 Catalytic Flavin-Mediated Reduction: Barbiturate-First Mecha-
nism?

o] flavin catalyst 9 o
Ay hase -
2 equiv. y-terpinene HO.
o o (solvent), s = 365 nm o
o o
6 7
Entry  Flavin (mol%) Base Solvent® Yield (%)°
1 20 8 equiv. Im DMF 95
24 20 4 equiv. Im DMF n.d.
3¢ 20 4 equiv. Quin DMF n.d.
4 20 4 equiv. NEt, DMF 33
5 5 8 equiv. Im DMF 96
6 5 8 equiv. Im MeCN 25¢
7 5 40 mol% Im DMF 61
8 5 40 mol% NEt; DMF 83
9 5 40 mol% Quin DMF 35
10 none 8 equiv. Im DMF n.d.
11f 20 8 equiv. Im DMF n.d.

2 Compound 7 was obtained as an equilibrium between ketone 7., and
lactol 7,,.,, form.

® All reactions were performed at 15 °C with a substrate concentration of

0.2M.

< Determined by NMR spectroscopy vs internal standard.

¢ No y-terpinene was used.

¢ Additional over-reduction to secondary alcohol 11 was observed in 16%

yield.

" Noirradiation. n.d.: No product formation was determined.

The flavin-mediated formation of alicyclic hemiaminal
7 requires the initial reduction of one of the two barbituric
acid carbonyl groups highlighted in green (barbiturate-first
mechanism). On the other hand, the order of events is less
clear in the Sml,-mediated reduction to pinacol 8, which
can either be formed upon the initial reduction of the bar-
biturate or the aliphatic ketone.

We concluded that a telling mechanistic experiment
would be to separate the two reactive functional groups by
an aliphatic spacer of increasing length (Table 2). Ketone 12
resembles the hybrid barbiturate 6 but lacks the terminal
alkene group. We observed the selective formation of pina-
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col-type product 13 (entries 1 and 2) even in the presence
of 20% (v/v) water, which is typically added to Sml,-mediat-
ed ketone reductions in order to favor the formation of sec-
ondary alcohols.?® While the elongated ketone 14 still ex-
clusively yielded pinacol 15 in pure tetrahydrofuran, this
selectivity was completely reversed with the addition of
water, and secondary alcohol 16 was obtained as the sole
product under these conditions. Ketone substrate 17 con-
tains an additional methylene unit and secondary alcohol
formation (18) was observed independent of the reaction
conditions. These experiments clearly show that Sml, leads
to the initial reduction of the aliphatic ketone (ketone-first
mechanism) and cyclization with the barbiturate depends
on the spatial distance and the addition of water. Cyclic vol-
tammetry measurements (see the Supporting Information)
revealed that the initial site of reduction should indeed be
the barbiturate heterocycle (E = ca. -1.8 V vs SCE). However,
Sml, favored the reduction of the side-chain ketone.3%3!
This change of reactivity likely originates from the favored
formation of the ketone-derived ketyl radical samarium(III)
complex.?

Table 2 Variation of the Spacer Length in Sml, Reduction of Barbitu-
rates: Ketone-First Mechanism?

o} o 0
SNTNT 6.0 equiv. Smi, \NJ.LN/OH " \NJLN/
o o W %on 0 )
s ] n " »-OH
Substrate Pinacol Alcohol
Entry Substrate Additive Pinacol (%) Alcohol (%)

1 n=112 none >9913 0
2 n=112 20%H,0 (v/v) >99 13 0
3 n=214 none 7515 0
4 n=214 20%H,0 (vv) 0 4616
5 n=317 none 0 5918

2 All reactions were performed at 25 °C and required 30 min up to 24 h until
completion. See the Supporting Information for details.

We next aimed for flavin-mediated reductions that are
otherwise not possible with Sml, (Scheme 4) and moved to
aliphatic oxime ethers, which are suitable radical addition
partners.®* Indeed, no conversion of barbiturate 19 was ob-
served using Sml,.>* Here, productive reductive cyclization
seems to require efficient barbiturate reduction and subse-
quent C-C bond formation by radical addition to the oxime
ether. Flavin catalysis led to efficient reductive cyclization
and formation of the corresponding -amino alcohol 20. In-
terestingly, this chemoselective barbiturate-first reduction
occurs with high diastereoselectivity of 92:8. We assigned
the major diastereomer as trans-configured based on NOE
contacts (see the Supporting Information). The related hy-

© 2023. Thieme. All rights reserved. Synlett 2024, 35, 952-956
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brid substrate 21 again only leads to product formation if
the barbiturate is reduced first, and no conversion is ob-
served with Sml,. In contrast, flavin catalysis led to exclu-
sive cyclization with the more accessible terminal alkene to
form alicyclic hemiaminal 22 in >99% yield.

o
10 mol% flavin N | 20 mol% flavin

8 equiv. 1Himidazole

4 equiv. 1H-imidazole

4 equiv. yterpinene o) 4 equiv. yterpinene
(DMF), Zna = 365 nm R (DMF), max = 365 nm
299% (69%)° P >99% (85%)*
/ MeO ~N \

19 21
o R="Pr R= ; JOL
SN N N7 _\_ SNTONT
OH ,OMe HO
No conversion with Smiz
in both cases Y
dr.=928 '" MO/
20 22

Scheme 4 Chemoselective barbiturate-first reduction of oxime ethers
by flavin catalysis. Reductions with Sml, were attempted with 6 equiv. of
the reagent. No conversion was observed in THF solution, while unselec-
tive decomposition occurred in THF/H,0. * Yield of isolated material.

In summary, we disclose a series of chemoselective re-
ductive cyclizations mediated by flavin photocatalysis and
describe orthogonal selectivity when compared to the well-
established Sml, reductant. Systematic investigation of bar-
biturate substrates with appended ketones separated by a
varying number of methylene groups led to the conclusion
that flavin catalysis proceeds via the initial reduction of the
barbiturate core, while Sml, favors a first reduction of the
ketone. Building upon this orthogonal activity, barbiturate
substrates with appended oximes led to f-amino alcohol
products with flavin photocatalysis, while Sml, does not
serve as a competent reductant in these cases. We antici-
pate the flavin-catalyzed reductive cyclization method to
be beneficial for a variety of transformations that require
reductive activation of carbonyl functional groups.
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6. Summary

Since instability toward molecular oxygen is the main deactivation pathway for reduced
flavins, the molecular design and synthesis of air-stable reduced flavins were tackled first.
Adaptation of a synthetic protocol (reduction of flavin 99) developed in the group, led to the
isolation of N° alkylated reduced flavin 100 as a white or slightly yellow solid (Scheme 25A).
This compound showed remarkable stability under air, as it could be isolated by column
chromatography and showed only slow decomposition in solution under aerobic conditions.
Analogous reduction of flavin 101 did not result in a compound that could be isolated.
Reduced flavin 100 was successfully crystallized and a single-crystal X-ray diffractogram was
determined. A bent structure that has been proposed for reduced flavins?*! was confirmed
and the stability toward oxygen is rationalized by the concept of confirmational bias
(Scheme 25B).

A) B)
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N328204 I
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N N~P N _N._O
e NaBHsCN | ¥
— - »
N NnBu DMF N NnBu g \
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Scheme 25: A) Synthesis of air-stable reduced flavin 100. B) X-ray diffractogram and

rationalization of stability toward oxygen by conformational bias.

Upon oxidation of reduced flavin 100 a change in geometry must take place from a bent
structure in the reduced state to a planar structure in the oxidized state. Steric interaction of
the C® amide group and the N> ethyl group is presumed to hamper this process and thus
stabilize the resulting geometry in the reduced state. Cyclic voltammetry supports this
assumption as a partially reversible electron transfer at E1/2 = +0.46 V vs SCE in acetonitrile is
detected while an irreversible electron transfer is observed at more positive potentials. Next,

the photophysical properties of reduced flavin 100 were determined. An absorption maximum
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at Aamax = 324 nm and an emission maximum of Agmax = 567 nm were determined which is in
line with prior reports of reduced flavin spectroscopy. A shift of the emission maximum (Ag,max
=533 nm) is observed upon the addition of triethylamine as a base. The excited state decay
of the emission maximum is biexponential with t1 = 1.1 ns (78 % contribution) and 7, =11.7 ns

(22 % contribution).

After the determination of the properties of reduced flavin 100, application in a synthetic
protocol was developed. Samarium (ll) iodide as a strong earth-metal reductant is able to
reduce barbituric acids 102 with appended acceptors for radical addition furnishing bicyclic
products 103.121 This transformation was selected as an appropriate target because of its
resemblance to thymine dimers which are the natural substrates of the DNA photolyase. 5-
exo-trig cyclization of barbituric acids 102 were achieved under irradiation at A = 365 nm of
reduced flavin 100 as a catalyst in acetonitrile with triethylamine as a base, y-terpinene as
sacrificial reductant and a cysteine derivative as an additive (Scheme 26A). Apart from
cysteine, which increases the yield presumably as a HAT reagent, every component was
essential, and omission would shut down the reaction. Under these conditions, oxidized
precursor flavin 99 and even riboflavin tetraacetate which is derived from natural riboflavin
were active in the reaction after in situ reduction by y-terpinene. Changing the wavelength to
450 nm shuts down the reaction of air-stable reduced flavin 100 while riboflavin tetraacetate
still showed activity. This is rationalized by the fact that reduced riboflavin is still slightly
yellow. The scope of the reaction includes several barbituric acids with different alkenes as
acceptors for the addition of a ketyl radical (Scheme 26B). An alkyne and an allene were
employed as acceptors and a six-membered ring could be formed with appropriate chain-
length of the alkenyl chain. To expand the scope of the reaction, haloalkanes 104 and a,B-
unsaturated amides 105 that were demonstrated as suitable substrates for flavoenzyme
mediated reduction’% were synthesized and successfully employed in the catalytic protocol
yielding cyclized products 106 and saturated amides 107 respectively (Scheme 26C). Notably,
two substrates that were not reduced under flavoenzyme conditions could be reduced with
molecular reduced flavin. Barbituric acids with an appended ketone instead of an alkene were
reduced to the corresponding secondary alcohols while reduction with Sml; led to the

formation of the pinacols.
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Scheme 26: A) Reduced flavin 100 as the catalyst for cyclization of barbituric acid 102. B) Scope

of the reaction (NMR yield in parentheses).

The reaction is initiated by excitation of the reduced flavin 100 (Scheme 27). Reduction of a

carbonyl group of the barbituric acid 102a results in the formation of a radical anion and a

semiquinoid flavin. The radical anion performs a 5-exo-trig cyclization to radical anion 108a

which is reduced by y-terpinene 109 and protonated, yielding bicyclic compound 103a. The

semiquinoid radical is probably reduced by y-terpinene to regenerate reduced flavin 100.

However, an alternative pathway with another reduction by the semiquinoid radical resulting

in the oxidized flavin cannot be ruled out. The reaction quantum vyield is very low (® =

1.8 x 1073) possibly due to inefficient electron transfer and speaks against a radical chain

process.
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Scheme 27: Putative reaction mechanism. Cycle A describes reduced flavin as a photoexcited

SET reagent, while cycle B uses semiquinoid flavin as an active species.

1 7 RFTAMe (5 mol%) 0
N J\ g SN )J\ - Imidazole (15 mol%) ~ )J\ _
~_ Sml;, (0.1 m) y-terpinene (2.0 equiv) N~ N oH
OH THtF 1a5nhyd 365 nm LED @) o
r e (DMF, 50 ),
15°C,20 h (@)
111 (99%) 12 (050

Scheme 28: Divergent reactivity of hybrid substrate 110.

The reduction of ketone-appended barbituric acids was further investigated to elucidate
differences in the mechanism of flavin-mediated reduction and Sml,. Divergent reactivity for
ketone-substituted barbituric acid 102 inspired the synthesis of hybrid barbituric acid 110 with
a ketone and an alkene as appended linkers. Theoretically, both pinacol formation as well as
alicycle formation are possible upon the formation of a ketyl radical in the barbituric acid core

(Scheme 28). Treatment of ketone 110 with Sml; exclusively led to the formation of pinacol
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111 with no formation of the alicycle 112 observed albeit cyclization with the alkene is possible

in principle.
A) o o) % B)
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Scheme 29: A) Spacer length variation supports ketone-first mechanism with Sml,. B)

Stoichiometric reduced flavin. C) O-methyl oximes demonstrate reduced flavin utility.

To elucidate the difference in reactivity, barbituric acids with different spacer lengths and no
appended alkene were synthesized (Scheme 29A). Substrate 113a cyclized to 5-membered
pinacol 114a under dry and aqueous conditions. Substrate 113b is also cyclized to the
corresponding 6-membered ring in dry tetrahydrofuran. However, with water formation of
the secondary alcohol 115c was observed and substrate 113c exclusively formed the alcohol
115c even without water. This implies that the first site of reduction is at the ketone rather
instead of the barbituric acid for Sml,, presumably due to the coordination of Lewis acidic
Sm(ll) by oxygen. To investigate flavin reactivity, different methods to use reduced flavin as a
stoichiometric reagent have been explored (Scheme 29B). Precipitation of reduced flavin 116
as a solid after photoreduction proved to be successful and furnished reduced flavin as an
orange solid. No ketone reduction was observed when using reduced flavin stoichiometrically.

Instead, cyclization afforded product 112 which supports a barbiturate-first mechanism. Cyclic
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voltammetry suggests that this site should be preferentially reduced (Ereq = —1.8 V vs SCE) over

the aliphatic ketone.

Under modified flavin conditions (no HAT reagent, imidazole as base, dimethylformamide as
solvent), the formation of alicycle 112 was observed with catalytic use of flavin. Reduction of
the ketone to the secondary alcohol as a side reaction was suppressed by optimization of
reaction conditions. To further demonstrate the utility of flavin as a reductant in comparison
to Sml;, O-methyl oximes 117a and 117b were prepared (Scheme 29C). No conversion was
observed with Sml; as a reductant. Gratifyingly, the reduced flavin protocol resulted in the
formation of a,B-aminoalcohol 118a and alicycle 118b in excellent vyields. These
transformations demonstrate the utility of the newly developed method and call for further

research on reduced molecular flavins to find new unique and useful reactivities.
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7. Licenses

Reduced Molecular Flavins as Single-Electron Reductants after Photoexcitation
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Reprinted (adapted) with permission from Foja, R.; Walter, A.; Jandl, C.; Thyrhaug, E.;
Hauer, J.; Storch, G., J. Am. Chem. Soc. 2022, 144, 11, 4721 — 4726. Copyright 2022 American

Chemical Society.
Chemoselective Reduction of Barbiturates by Photochemically Excited Flavin Catalysts
DOI: 10.1055/a-2201-7141

Reprinted (adapted) with permission from Foja, R.; Walter, A.; Storch, G., Synlett 2023, 35, 09,
952 — 956. Copyright 2023 Thieme.

54


https://doi.org/10.1021/jacs.1c13285

Literature

[1]

[2]
[3]
[4]

[5]
[6]
[7]
[8]

[9]
[10]
[11]

[12]
[13]
[14]
[15]

[16]

[17]
[18]

[19]
[20]

[21]

[22]
[23]
[24]

[25]
[26]
[27]
[28]

[29]
[30]

P. Scheipers, V. Biese, U. Bleyer, M. Bosse, in Chemie: Grundlagen, Anwendungen,
Versuche (Eds.: P. Scheipers, V. Biese, U. Bleyer, M. Bosse), Vieweg+Teubner Verlag,
Wiesbaden, 1990, pp. 138-151.

M. W. G. de Bolster, Pure Appl. Chem. 1997, 69, 6, 1251-1304.

C.T. Walsh, T. A. Wencewicz, Nat. Prod. Rep. 2013, 30, 1, 175-200.

W. D. Lienhart, V. Gudipati, P. Macheroux, Arch. Biochem. Biophys. 2013, 535, 2, 150-
162.

C. A. Northrop-Clewes, D. |I. Thurnham, Ann. Nutr. Metab. 2012, 61, 3, 224-230.

C. Walsh, Acc. Chem. Res. 1980, 13, 5, 148-155.

B. N. Ames, |. Elson-Schwab, E. A. Silver, Am. J. Clin. Nutr. 2002, 75, 4, 616-658.

T. Kumar Roy, R. Sreedharan, P. Ghosh, T. Gandhi, D. Maiti, Chem. Eur. J. 2022, 28, 21,
€202103949.

A. Sancar, Chem. Rev. 2003, 103, 6, 2203-2238.

S. Ghisla, C. Thorpe, Eur. J. Biochem. 2004, 271, 3, 494-508.

E. Mason, C. C. T. Hindmarch, K. J. Dunham-Snary, Endocrinol. Diabetes Metab. 2023,
6,1, e385.

K. M. Peterson, K. V. Gopalan, D. K. Srivastava, Biochem. 2000, 39, 41, 12659-12670.
R. P. Massengo-Tiasse, J. E. Cronan, Cell. Mol. Life Sci. 2009, 66, 9, 1507-1517.

H. S. Toogood, J. M. Gardiner, N. S. Scrutton, ChemCatChem 2010, 2, 8, 892-914.

D.J. Opperman, B. T. Sewell, D. Litthauer, M. N. Isupov, J. A. Littlechild, E. van Heerden,
Biochem. Biophys. Res. Commun. 2010, 393, 3, 426-431.

D. Ramirez-Gamboa, A. L. Diaz-Zamorano, E. R. Melendez-Sanchez, H. Reyes-Pardo, K.
R. Villasenor-Zepeda, M. E. Lopez-Arellanes, J. E. Sosa-Hernandez, K. G. Coronado-
Apodaca, A. Gamez-Mendez, S. Afewerki, H. M. N. Igbal, R. Parra-Saldivar, M.
Martinez-Ruiz, Mol. 2022, 27, 18, 5998.

K. Schwinn, N. Ferre, M. Huix-Rotllant, Phys. Chem. Chem. Phys. 2020, 22, 22, 12447-
12455.

S. T. Kim, P. F. Heelis, T. Okamura, Y. Hirata, N. Mataga, A. Sancar, Biochem. 1991, 30,
47,11262-11270.

S. T. Kim, P. F. Heelis, A. Sancar, Biochem. 1992, 31, 45, 11244-11248.

T. Carell, L. T. Burgdorf, L. M. Kundu, M. Cichon, Curr. Opin. Chem. Biol. 2001, 5, 5, 491-
498,

T. Langenbacher, X. Zhao, G. Bieser, P. F. Heelis, A. Sancar, M. E. Michel-Beyerle, J. Am.
Chem. Soc. 1997, 119, 43, 10532-10536.

R. A.S. McMordie, T. P. Begley, J. Am. Chem. Soc. 1992, 114, 5, 1886-1887.

P. F. Heelis, R. F. Hartman, S. D. Rose, Chem. Soc. Rev. 1995, 24, 4, 289-297.

Y. T. Kao, C. Saxena, T. F. He, L. Guo, L. Wang, A. Sancar, D. Zhong, J. Am. Chem. Soc.
2008, 130, 39, 13132-13139.

C. Reichhardt, Wiley-VCH: Weinheim, 2003, 3rd ed.

G. Weber, Biochem. J. 1950, 47, 1, 114-121.

T. Shiga, L. H. Piette, Photochem. Photobiol. 1965, 4, 4, 769-781.

J. Baier, T. Maisch, M. Maier, E. Engel, M. Landthaler, W. Baumler, Biophys. J. 2006, 91,
4,1452-1459.

E.J. Land, A. J. Swallow, Biochem. 1969, 8, 5, 2117-2125.

C.T. Moonen, J. Vervoort, F. Muller, Biochem. 1984, 23, 21, 4868-4872.

55



[31]

[32]
[33]

[34]
[35]

[36]
[37]

[38]
[39]
[40]
[41]
[42]
[43]
[44]

[45]

[46]
[47]

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]

[58]
[59]
[60]
[61]
[62]
[63]
[64]

[65]
[66]
[67]

[68]

R. A. McBride, D. T. Barnard, K. Jacoby-Morris, M. Harun-Or-Rashid, R. J. Stanley,
Biochem. 2023, 62, 3, 759-769.

S. Ghisla, V. Massey, J. M. Lhoste, S. G. Mayhew, Biochemistry 1974, 13, 3, 589-597.
0.S. Ksenzhek, S. A. Petrova, J. Electroanal. Chem. Interf. Electrochem. 1983, 156, 105-
127.

S. L. Christgen, S. M. Becker, D. F. Becker, Methods Enzymol. 2019, 620, 1-25.

M. P. Scannell, D. J. Fenick, S.-R. Yeh, D. E. Falvey, J. Am. Chem. Soc. 1997, 119, 8, 1971-
1977.

R. F. Anderson, Biochim. Biophys. Acta 1983, 722, 1, 158-162.

I. A. MacKenzie, L. Wang, N. P. R. Onuska, O. F. Williams, K. Begam, A. M. Moran, B. D.
Dunietz, D. A. Nicewicz, Nature 2020, 580, 7801, 76-80.

T. Koike, M. Akita, Trends Chem. 2021, 3, 5, 416-427.

A. J. Birch, J. Chem. Soc. 1944.

J. Broggi, T. Terme, P. Vanelle, Angew. Chem. Int. Ed. Engl. 2014, 53, 2, 384-413.

P. Girard, J. L. Namy, H. B. Kagan, J. Am. Chem. Soc. 1980, 102, 8, 2693-2698.

M. Szostak, M. Spain, D. J. Procter, J. Org. Chem. 2014, 79, 6, 2522-2537.

L. A. Duffy, H. Matsubara, D. J. Procter, J. Am. Chem. Soc. 2008, 130, 4, 1136-1137.

G. A. Molander, M. S. Quirmbach, L. F. Silva, Jr., K. C. Spencer, J. Balsells, Org. Lett.
2001, 3, 15, 2257-2260.

K. C. Nicolaou, S. P. Ellery, J. S. Chen, Angew. Chem. Int. Ed. Engl. 2009, 48, 39, 7140-
7165.

W. G. Skene, J. C. Scaiano, F. L. Cozens, J. Org. Chem. 196, 61, 22, 77918-77921.

M. Szostak, B. Sautier, M. Spain, M. Behlendorf, D. J. Procter, Angew. Chem. Int. Ed.
Engl. 2013, 52, 48, 12559-12563.

P. R. Chopade, E. Prasad, R. A. Flowers, J. Am. Chem. Soc. 2004, 126, 1, 44-45.

G. A. Molander, C. Kenny, J. Org. Chem. 1988, 53,9, 2132-2134.

N. L. Holy, Chem. Rev. 1974, 74, 2, 243-277.

G. Levin, S. Claesson, M. Szwarc, J. Am. Chem. Soc. 1972, 94, 25, 8672-8676.

S. Bank, J. F. Bank, Tetrahedron Lett. 1969, 10, 52, 4533-4536.

J. Jacobus, D. Pensak, J. Chem. Soc. D 1969, 8, 400-401.

W. Adam, J. Arce, J. Org. Chem. 1972, 37, 3, 507-508.

E. Alonso, D. J. Ramdn, M. Yus, Tetrahedron 1997, 53, 42, 14355-14368.

X. Liu, J. Liu, J. Wu, C. C. Li, J. Org. Chem. 2021, 86, 16, 11125-11139.

G. Asensio, A. Cuenca, P. Gavifia, M. Medio-Simdn, Tetrahedron Lett. 1999, 40, 20,
3939-3940.

P. K. Freeman, L. L. Hutchinson, Tetrahedron Lett. 1976, 17, 22, 1849-1852.

T.J. Donohoe, D. House, J. Org. Chem. 2002, 67, 14, 5015-5018.

J. A. Murphy, J. Org. Chem. 2014, 79, 9, 3731-3746.

C. Burkholder, W. R. Dolbier, M. Médebielle, J. Org. Chem. 1998, 63, 16, 5385-5394.
H. S. Farwaha, G. Bucher, J. A. Murphy, Org. Biomol. Chem. 2013, 11, 46, 8073-8081.
M. H. Shaw, J. Twilton, D. W. MacMillan, J. Org. Chem. 2016, 81, 16, 6898-6926.

A. G. Condie, J. C. Gonzalez-Gomez, C. R. Stephenson, J. Am. Chem. Soc. 2010, 132, 5,
1464-1465.

G. Jiang, J. Chen, J. S. Huang, C. M. Che, Org. Lett. 2009, 11, 20, 4568-4571.

A. McNally, C. K. Prier, D. W. MacMillan, Science 2011, 334, 6059, 1114-1117.

J. J. Murphy, D. Bastida, S. Paria, M. Fagnoni, P. Melchiorre, Nature 2016, 532, 7598,
218-222.

N. A. Romero, D. A. Nicewicz, Chem. Rev. 2016, 116, 17, 10075-10166.

56



[69]
[70]

[71]

[72]

N. P. Ramirez, B. Konig, J. C. Gonzalez-Gomez, Org. Lett. 2019, 21, 5, 1368-1373.

B. A. Sandoval, P. D. Clayman, D. G. Oblinsky, S. Oh, Y. Nakano, M. Bird, G. D. Scholes,
T. K. Hyster, J. Am. Chem. Soc. 2021, 143, 4, 1735-1739.

R. Foja, A. Walter, C. Jandl, E. Thyrhaug, J. Hauer, G. Storch, J. Am. Chem. Soc. 2022,
144,11, 4721-4726.

R. Foja, A. Walter, G. Storch, Synlett 2023, 35, 09, 952-956.

57



