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Enhancing Flavins Photochemical A ctivity in Hydrogen Atom
Abstraction and Triplet Sensitization through Ring-Contraction

Andreas Rehpenn, Stephan Hindelang, Khai-Nghi Truong, Alexander Pothig, and

Golo Storch*

Abstract: The isoalloxazine heterocycle of flavin cofac-
tors reacts with various nucleophiles to form covalent
adducts with important functions in enzymes. Molecular
flavin models allow for the characterization of such
adducts and the study of their properties. A fascinating
set of reactions occurs when flavins react with hydroxide
base, which leads to imidazolonequinoxalines, ring-
contracted flavins, with so far unexplored activity. We
report a systematic study of the photophysical properties
of this new chromophore by absorption and emission
spectroscopy as well as cyclic voltammetry. Excited,
ring-contracted flavins are significantly stronger hydro-
gen atom abstractors when compared to the parent
flavins, which allowed the direct trifluorometh-
ylthiolation of aliphatic methine positions (bond dissoci-
ation energy (BDE) of 400.8 kJmol™). In an orthogonal
activity, their increased triplet energy (E(S,—T;)=
244 kJmol ') made sensitized reactions possible which
exceeded the power of standard flavins. Combining both
properties, ring-contracted flavin catalysts enabled the
one-pot, five-step transformation of o-tropolone into
trans-3,4-disubstituted cyclopentanones. We envision
this new class of flavin-derived chromophores to open
up new modes of reactivity that are currently impossible
with unmodified flavins. )
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Introduction

The reaction of flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD) cofactors with nucleophiles
leads to covalent adducts. The exact reaction position
depends on the hard or soft nature of the nucleophile, and
also the steric properties of surrounding substituents.
Covalent adducts play a vital role in flavoenzyme-mediated
catalytic reactions (Figure 1A)."¥ The C4a-hydroperoxides
1 are formed by reductive activation of O, from air and are
the central cornerstone of oxygenating activity under
aerobic conditions.”! In recent years, these adducts have
been structurally expanded by the observation of similar N5-
hydroperoxides by the groups of Teufel and Moore.!¥
Covalent carbon-sulfur bonds, reversibly formed between
the C4a-position and a cysteine thiol group (2), are key
intermediates in light, oxygen, and voltage (LOV)
photoreceptors.”! With sulfites, covalent adducts are formed
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Figure 1. Covalent adducts of flavins with nucleophiles. A) Reversible
formation of covalent adducts is an essential step in flavoenzymatic
mechanisms. B) The reaction of molecular flavins with hydroxide
nucleophiles proceeds via divergent pathways depending on the initial
position of attack. R=Ribityl-ADP (FAD). ADP=Adenosine diphos-
phate.
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at the N5-position (3) and are central as intermediates for
forming mixed anhydrides.[! Carbanions also preferentially
attack the NS5-position, which is the pivotal first step in
nitroalkane oxidation by amino acid oxidases."”

The importance of covalent adducts with the isoallox-
azine core has prompted a series of synthetic studies, which
aimed to elucidate the reactivity of different heterocycle
positions towards incoming nucleophiles in the organic
laboratory. Bruice and Yoneda investigated the reaction of
simple isoalloxazines (4) with strong bases.”®! When exposed
to hydroxide nucleophiles,””’ the authors identified two sites
of initial bond formation, namely C4 and C10a (Figure 1B).
Both pathways lead to a heterocycle ring-opening and either
the formation of quinoxalinone 5 or 6, respectively. The
relative tendency of hydroxide attack to either position was
found to be dependent on the steric effect of the R’-
substituent. With a sterically demanding 2,6-xylyl substituent
(from flavin 4B), the C10a-position was found to be blocked,
and the addition at the C4-position dominated. Both
intermediates underwent irreversible C—N bond formation.
In the case of quinoxalinone 5, this led to spirohydantoin 7,
which does not possess a quinoid system and, therefore,
does not resemble a flavin analogue anymore. On the other
hand, quinoxalinone 6 cyclized to imidazolonequinoxaline 8,
which still contains the flavin-type quinoid system. No
studies regarding the properties and catalytic activity of this
compound class have been reported so far.

We aimed to systematically study the ring-contraction
reaction with modified flavin catalysts and to investigate
their photophysical properties. With these results in hand,
we were interested in their ability to participate in catalytic
transformations."™) Novel redox-active organic compounds
are also interesting regarding their application for energy
storage in batteries."”

Results and Discussion
Synthesis and Spectroscopic Characterization

Building on the initial reports by Bruice and Yoneda,
isoalloxazine 9 was first treated with lithium hydroxide, and
imidazolonequinoxaline 10 was obtained (Figure2). As
expected, this reaction was found to be very unselective, and
several reaction products were observed. The ring-con-
tracted flavin 10 could be isolated albeit in a low yield of
only 18 %. Interestingly, the analogous reaction was much
cleaner with the C6-CO,Me (11) and C6-C(O)NHMe (12)
derivatives,['”! resulting in ring-contracted flavins 13 (42 %)
and 14 (37%). We rationalized this improvement with
increased reactivity of the C4-position towards hydroxide
nucleophiles in flavins with electron-withdrawing substitu-
ents. The ring-contraction of flavin 11 occurred concomitant
to saponification, and carboxylic acid 13 was isolated. The
solid-state structure of 13 was elucidated directly from the
powder sample by continuous rotation 3D electron diffrac-
tion (3D ED, Figure 2 top right).'" The bulk product of 13
consisted of two isostructural polymorphs confirmed via
both complementary techniques, viz. 3D ED and X-ray
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Figure 2. Ring-contraction of flavins under basic reaction conditions.
Top right: ED structure of ring-contracted flavin 13 in the solid state
(see the Supporting Information for details).

powder diffraction (see the Supporting Information for
details).™ In order to have a complete set of flavins and
their ring-contracted analogs available, ester cleavage of
flavin 11 was performed under acidic conditions yielding
flavin 15, and the esterification of ring-contracted flavin
13 with methanol gave ester 16. This set of synthetic
procedures led to flavins and ring-contracted flavins with the
following substituents in the C6-position: H, C(O)NHMe,
CO,Me, and CO,H.

The redox potentials of ring-contracted flavins were then
determined by cyclic voltammetry. In the ground state,
N3,N10-dialkyl flavins (isoalloxazines) are weak oxidants
with E,,=-0.83V vs. SCE (CH,CN).'" The analogous
ring-contracted flavin 10 has a significantly more negative
redox potential of E;,=—1.68 V vs. SCE (CH;CN). In other
words, the imidazolonequinoxalines are less oxidizing in the
ground state, which can be explained by the missing
carbonyl group (Figure 3A). The carboxylic ester substituent
in ring-contracted flavin 16 (Figure 3B) slightly moves the
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Figure 3. Comparison study of flavins and ring-contracted analogs by
cyclic voltammetry. The unsubstituted core structures 9 and 10 are
shown (A), and also ester-substituted ring-contracted flavin 16 (B). All
data were recorded in acetonitrile solution with tetra-n-butylammonium
hexafluorophosphate (TBAPF;) as the electrolyte (see the Supporting
Information for details).
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redox potential back toward the positive direction with a
value of E;,=—1.56 V vs. SCE (CH;CN).

All ring-contracted flavins are colorless solids, which sets
them apart from the intensively yellow-colored parent
flavins."® The naturally occurring (—)-riboflavin has an
absorption maximum at A=443 nm (EtOH solution). In
contrast, both ring-contracted flavins 10 (Figure 4A) and 16
(Figure 4B) have similarly shaped absorption spectra with
maxima at A=352nm (10) and A=347nm (16), which
explains their appearance. Both compounds show
fluorescence emission at A, =395 nm. When determined
from the intersection of absorption and emission spectra,
both compounds have a similar singlet excited state energy
of E(Sy—S;)=319kJmol™, which is significantly higher
compared to (—)-riboflavin (E(Sy—S;)=244 kImol™).!¥l
Both compounds are relatively strong oxidants in the photo-
chemically excited singlet state (E*=1.63 V (10) and 1.75V
(16) vs. SCE). The phosphorescence signals of ring-con-
tracted flavins 10 and 16 were resolved by measuring the
two compounds in a saturated solution of potassium iodide
in ethanol,™ which led to E(Sy—T;)=244 kImol' when
measured at 77K in both cases (see the Supporting
Information for details). Again, this value is significantly
higher compared to (—)-riboflavin
(E(Sy—T,) =205 kI mol).118201

In addition to these photophysical characteristics, we
probed for the activity of ring-contracted flavins as hydrogen
atom abstractors in the excited state.! Model substrate 17
was chosen, which has a methine position (marked in red)
with a relatively high bond dissociation energy (BDE) of
400.8 kJmol™! (for CH,-CH,-CH(CH,),).” Indeed, deutera-
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Figure 4. Spectroscopic characterization of ring-contracted flavins

10 (A) and 16 (B). Absorption and luminescence spectra (excitation at
A=365 nm) were recorded in ethanol (80 pm solution). The phosphor-
escence spectra (50 ps delay) were recorded in a solution of saturated
potassium iodide in ethanol at 77 K.
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Figure 5. Deuteration experiment with ring-contracted flavin 16 as
hydrogen atom abstractor in the excited state. The irradiation (50 mm
with respect to 17) was performed at room temperature for 16 h.

tion of this methine position occurred and 17-d was detected
when irradiating a solution of substrate 17 and a catalytic
amount of ring-contracted flavin 16 in a mixture of D,O and
CD;CN (Figure 5). This result was observed by “H NMR
(see the Supporting Information for details).”! No deutera-
tion occurred under analogous conditions when flavin 11
was used as the catalyst. Evidence for a reaction between
excited flavin 16 and substrate 17 was also obtained by a
Stern—Volmer quenching study (see the Supporting Informa-
tion for details).

Catalytic Applications

The activity of ring-contracted flavin 16 in hydrogen atom
abstraction led us to commence the catalytic studies with a
reaction that initially requires this elementary step. The
trifluoromethylthiolation®?! of organic molecules is of
particular interest in pharmaceutical chemistry due to the
high hydrophobicity (Hansch parameter of n=1.44 vs. CF;:
n=0.88) and electron withdrawing properties (Hammett
parameter 6,=0.50 vs. CF5: 6,=0.54) of the SCF;-group.”
The trifluoromethylthiolation of substrate 17 with
N-(trifluoromethylthio)phthalimide 18 was studied by
Glorius and requires an oxidizing iridium photocatalyst
[Ir(dF(CF;)ppy).(dtbbpy)]PF, together with a hydrogen
atom abstraction catalyst such as benzoate.” We wondered
whether ring-contracted flavins would combine both cata-
lytic activities (Table 1). An initial series of experiments
revealed that the usual isoalloxazine-based flavins are
incapable of mediating the reaction independent of irradi-
ation wavelength and additional base (entries 1-3). Forma-
tion of thioether product 19 was observed when
tetra-n-butylammonium benzoate (BzONBu,) was added,
albeit in a low yield of 18% (entries4 and 5). It was
concluded that excited flavins serve as oxidants for benzoate
which in turn abstracts a hydrogen atom from substrate 17.
However, excited flavins themselves are incapable of
mediating the reaction.

Indeed, switching to ring-contracted flavins led to
product formation without any additive, consistent with a
stronger hydrogen atom abstraction strength (entries 6-9).
Only low levels of thioether 19 were formed with the
carboxylic acid-containing catalyst 13, while the unmodified
ring-contracted flavin 10 was completely inactive. Catalyst
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Table 1: The catalytic trifluoromethylthiolation mediated by flavins.

Research Articles

o)
F4CS-N

1.5equiv. o 18
10 mol% catalyst

Amax = 380-390 nm

H FsC
)\/\rosz ¢ S)‘\/\(osz

17 (CHCN) 19

Entry Catalyst with Substitution ~ Wavelength ~ Additive”  Yield™
1 Flavin 15 CO,H 451 nm - n.d.

2 Flavin 11 CO,Me 451 nm - n.d.

3 Flavin 11 CO,Me 451 nmH K;PO, n.d.

4 Flavin 15 CO,H 451 nm BzONBu, 18%
5 Flavin 15 CO,H 451 nm K;PO, n.d.

6 Contracted 13 CO,H 380-390 nm - 10%
7 Contracted 10 H 380-390 nm - n.d.

8 Contracted 14 C(O)NHMe 380-390 nm - 35%
9 Contracted 16 CO,Me 380-390 nm — 43 %4
10 Contracted 13 CO,H 380-390 nm K;PO, 45%
11 Contracted 16 CO,Me 380-390 nm K,;PO, 88%
12 TBADT 380-390 nm  K,PO, 19%
13 Benzophenone 365 nm K;PO, 3%

All reactions were run for 16 h at room temperature. [a] Applied in a
quantity of 5 mol %. [b] Yields were determined by NMR spectroscopy
versus the internal standard trimethyl 1,3,5-benzenetricarboxylate.
[c] Irradiation at 380-390 nm led to unchanged results. [d] The
analogous experiment without catalyst resulted in no product
formation. n.d. =No product was detected.

variants with amide (14) and ester (16) substituents led to
improved results of 35 % and 43 % yield, respectively. The
addition of potassium phosphate base improved the results
significantly and an optimal yield of 88 % was obtained with
ring-contracted flavin 16 (entries 10 and 11). The acetonitrile
solvent and an LED light source of 380-390 nm resulted
from an extended screening for reaction conditions (see the
Supporting Information for details). The established hydro-
gen atom abstraction photocatalysts tetra-n-butylammonium
decatungstate (TBADT) and benzophenone only led to
poor levels of product formation (entries 12 and 13).

The catalytic trifluoromethylthiolation with ring-con-
tracted flavins is not limited to model substrate 17, and ester
substituents with cyclopropyl (20), thiophenyl (21), and
pyridyl (22) groups are well-tolerated (Figure 6A). Based on
the deuteration experiment (cf. Figure 5), selective hydrogen
atom abstraction from the methine position by excited ring-
contracted flavin 16* is the plausible first step. Subsequent
reaction of carbon-centred radical 23 with SCF;-reagent 18
leads to the formation of thioether product 19. The latter
step releases a phthalimidyl radical, which likely regenerates
the ring-contracted flavin 16.**! This photochemically
excited catalyst 16* was also successful in abstracting a
hydrogen atom from aromatic aldehydes (see the Supporting
Information for a Stern-Volmer quenching study), and
allowed converting benzaldehyde derivative 24 into thioester
25 (Figure 6B).’" Trapping adduct 26 was detected when
the photochemical reaction was conducted in the presence
of the persistent radical TEMPO, which corroborates the
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Figure 6. Application of ring-contracted flavin 16 in catalytic reactions.
A) Trifluoromethylthiolation of the methine position in different
substrates (conditions analogous to Table 1, entry 11). B) Catalytic
conversion of aromatic aldehyde 24 into thioester 25. All yields refer to
isolated material. TMP: 2,2,6,6-Tetramethylpiperidinyl.

intermediate formation of acyl radicals by hydrogen atom
abstraction.

The sensitization activity of ring-contracted flavins was
then studied based on their significantly increased triplet
energy Ep (cf Figure 4).PY Cycloheptadiene (27) seemed a
suitable model substrate for probing reactivity differences
between flavins and their ring-contracted analogues since its
triplet energy E1(27)=228 kJmol ™' lies between that of the
two catalysts.”? It was already shown that ester-modified
flavin 11 is cleanly converted into the covalent adduct 28 by
photochemical excitation (Figure 7A).[') When an excess of
cycloheptadiene was used, the remaining material stayed
untouched during irradiation. In stark contrast, ring-con-

A
\? |
N /N\?O
Nn
1.0 equlv 1 H Bu
. (0]
=451 nmlal MeO” Y 0O°
27 . argon, (CD5CN)
2.3 equiv. 28
B |
NN
- ):O
N“TN
"Bu
MeO™ ~O 1.0 equiv. 16
27 Amax = 380 - 390 nm
2.3 equiv. argon, (CD5CN) 97%Mb], 29

Figure 7. Comparison of flavin reactivity and their ring-contracted
analogs towards cycloheptadiene (27). The substrate is not converted
by irradiation without a catalyst at either A,,,,=380-390 nm or

Amax =451 nm. [a] No conversion was observed when an LED of
Amax=380-390 nm was used. [b] This is a volatile product and the yield
was determined by NMR spectroscopy versus the internal standard
trimethyl 1,3,5-benzenetricarboxylate.
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tracted flavin 16 acted as a triplet sensitizer under analogous
conditions, and the clean formation of bicycloheptene 29
was observed (Figure 7B). This reaction was rationalized by
a triplet-sensitized E/Z-isomerization of cycloheptadiene
followed by a rapid, thermal cyclization to bicycloheptene
29, and highlights the divergent reactivity between flavins
and their ring-contracted analogues.”

Driven by the aim to apply ring-contracted flavins in a
sequential multi-step reaction that combines both activities,
namely energy transfer and hydrogen atom abstraction,
o-tropolones were chosen as substrates (Table 2).*! The
electrocyclisation of o-tropolone methyl ethers™ has at-
tracted widespread attention and found several applications
in total synthesis.m On the other hand, free a-tropolone was
studied much less, although an early report by Day describes
the formation of photoproducts 30 and 32 by direct
excitation.?”l With careful control of the reaction conditions,
intermediate 30 can be obtained by direct excitation at
300 nm,”¥ but preparative synthesis and further applications
of final product 32 (formed via its enol tautomer) are
elusive. When a-tropolone was irradiated at A, =380-
390 nm, product 32 was not accumulated in significant
quantities and decomposition dominated (entry1). The
reaction proceeded much cleaner in the presence of flavin
11. However, the predominant formation of intermediate 30
occurred at A,,,=380-390 nm, while A,,,=451nm was
ineffective (entries2 and 3). In contrast, ring-contracted
flavin 16 provided cyclopentenone 32 in good efficiency with
86 % yield (entry4). In the presence of piperylene as a
triplet quencher,® the formation of cyclopentenone 32 was
significantly suppressed. A diminished yield of only 44 %
was observed, while the overall mass balance was still good
(entry 5).

Based on seminal work by Day and Chapman on
tropolone photochemistry,*” the following mechanistic
rationale is plausible for explaining the results. A 4n-electro-
cyclization of a-tropolone to cyclobutene 30 is triggered by
direct irradiation at A,,,=380-390 nm (a-tropolone absorp-

Table 2: Three-step cyclization of unsubstituted o-tropolone.
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tion at A,,=354nm).*! However, this primary photo-
product is unstable under the reaction conditions, and the
second photochemical step seems inefficient under direct
irradiation at this wavelength. The subsequent reaction of
intermediate 30 to cyclopropyl ketene 31 resembles an initial
a-cleavage (C—C bond marked in red) of the photochemi-
cally excited enone and a subsequent C—C bond formation
between positions C4 and C6.%! The a-cleavage of cyclo-
pentenones and the formation of cyclopropyl ketenes are
well-studied, and it has been shown that these reactions can
proceed on the triplet hypersurface, which opens up the
possibility of using a triplet sensitizer.” Therefore, the
improved reactivity with flavin 16 is likely explained by
triplet sensitization of this second photochemical step, which
rapidly converts intermediate 30 into 32. Sensitization is
more efficient with a ring-contracted flavin due to its higher
triplet energy, and this second photochemical reaction is
suppressed by the triplet quencher piperylene. Consistent
with this analysis, the first photochemical step of the
reaction sequence is not affected by the added piperylene
(see entries 6 to 8 after only 15 min irradiation time). The
final conversion of cyclopropyl ketene 31 to cyclopentenone
32 is a thermal reaction that resembles the well-studied
isomerization of this substrate class.*! Careful monitoring of
the photochemical reaction in intervals of 15 min corrobo-
rated the improved activity of ring-contracted flavin 16 (see
the Supporting Information for details).

The three-step a-tropolone photoreaction was then
embedded into a one-pot reaction sequence mediated by
ring-contracted flavin 16. Based on the successful hydrogen
atom abstraction with aromatic aldehyde substrates (cf.
Figure 6B), we aimed to add acyl radicals, analogously
generated by flavin-mediated hydrogen atom abstraction, to
the cyclopentenone part of bicyclic photoproduct 32.*!
Indeed, when a mixture of aromatic aldehyde 24 and
a-tropolone was irradiated in the presence of ring-con-
tracted flavin 16, the formation of triketone 33 was
identified in the crude mixture (Figure 8). However, its high

o) 20 mol%

OH flavin | HO
—_— —
@ hv mj
(CDsCN) =8 4

30

Entry Catalyst Wavelength®
1 none 380-390 nm
2 11 380-390 nm
3 1 451 nm

4 16 380-390 nm
50 16 380-390 nm
6l none 380-390 nm
74 16 380-390 nm
gledl 16 380-390 nm

Q o
C o H
o
b
31 32
Tropolone® 30 320
- - 9%
8% 65% 18%
>99% - -
- - 86%
2% 41% 44%
35% 28% 4%
67% 23% 5%
70% 27% 3%

All samples were irradiated for 105 min (unless noted otherwise) at room temperature under an atmosphere of argon. [a] Wavelength of the LED
used for irradiation (). [b] Yields were determined by NMR spectroscopy versus the internal standard trimethyl 1,3,5-benzenetricarboxylate.

[c] With 10 equiv. of piperylene. [d] Only 15 min of irradiation.
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Figure 8. Sequential multi-step reaction leading to cyclopentanone 34.
The yield was determined with isolated material. It refers to the entire
five-step sequence and is given with respect to a-tropolone.

reactivity made purification attempts unsuccessful. We
therefore performed a subsequent methanolysis under acidic
conditions, which led to a clean cyclobutane ring opening
and trans-3,4-disubstituted cyclopentanone 34. The latter
was formed as a single diastereomer in 29 % yield, and the
relative configuration was determined by NOE (nuclear
Overhauser effect) contacts (see the Supporting Information
for details).

The a-tropolone was fully consumed during the reaction
and no other side products were detected in the crude NMR
spectrum. This observation was rationalized by the insta-
bility of the reactive photoproducts 30 and 32 under
prolonged irradiation, leading to a diminished yield. There-
fore, the order of reaction steps was switched. Methanolysis
of photoproduct 32 to the more stable cyclopentenone 35
was performed first, followed by acyl radical addition. This
reaction was initially probed with cyclopentenone material
that was generated separately by the photochemical method
(Table 3).1

Table 3: Acyl radical addition to cyclopentenone 35.

o)
p—’BuF’h)L H o
o) 24
)‘\/é 20 mol% 16 o)
(e]
Amax = 380 - 390 nm ~o p
~ 4 max 7,
° (CD;CN) gq o7 PIBUPh
16 as HAT-Catalyst
Entry Lewis Acid® 340
1 none -
2 BF,-OEt, 1%
3 LiCl 40%
4 ZnCl, 54%

Reactions were run for 16 h at room temperature. [a] One equivalent
of the Lewis acid was used. [b] Yields were determined by NMR
spectroscopy versus the internal standard trimethyl 1,3,5-benzenetri-
carboxylate.
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However, cyclopentenone 35 was significantly less reac-
tive towards radical addition when compared to bicycle 32,
and no product was formed initially (entry 1). Fortunately,
the addition of Lewis acids could restore catalytic activity.
While boron trifluoride and lithium chloride gave low to
moderate yields (entries2 and 3), the addition of one
equivalent of zinc chloride resulted in 54 % yield of the
corresponding trans-3,4-disubstituted cyclopentanone 34
(entry 4). The same stereoisomer was formed under these
reaction conditions compared to the previous addition to
bicycle 32 since the same enone face is blocked by the
substituent in the 4-position.

With these conditions in hand, the entire one-pot
reaction sequence was investigated (Figure 9). Photoproduct
32 was initially obtained within 105 min irradiation time (cf.
Table 2) and methanolic acetic acid was then added to the
reaction mixture. Methanolysis to cyclopentenone 35 was
completed after three hours as indicated by TLC analysis.
The crude solution was then combined with aldehyde 24 and
zinc chloride, and again irradiated for 16 h. Under these
conditions, the trans-3,4-disubstituted cyclopentanone 34
was isolated in a significantly improved yield of 52 %. No
product formation was detected with benzophenone, xan-
thone, or [Ir(dF(CF;)ppy).(bpy)]PF; catalysts in the analo-
gous sequence,””’ while dominant substrate and catalyst
decomposition was observed instead. This result highlights
the stability and effectiveness of ring-contracted flavin 16.

Different aldehyde reaction partners were then studied
and we were pleased to see that the one-pot, five-step
procedure worked for various substituted aromatic alde-
hydes (Figure 10). Both fluoro (36) and bromo (37) sub-
stituents gave similar or even higher yields compared to tert-
butyl derivative 34. Chloro substituents in para (38) and
meta (39) position were also tolerated. This new method
offers direct access to trans-3,4-disubstituted cyclopenta-
nones from a-tropolone with several handles for further
modifications.

O MeOH e}
OH 20 mol% 16 @ 1 AGOH
—_— —_— (@]
homax = 380-390 nm ! -
(CD4CN) H o
16 as Sensitizer 32 35
O
N o \ Catalyst 16: 9
p-BuPh” ~H ! yst18: 52%
24 S i Benzophenone:@ n.d.[F]
ZnCl, - / - ’
—_— o A— ! Xanthone:[ n.d.l
16 as HAT-Catalyst s o7 PPN [IF-Catalyst: n.d.ol

Figure 9. Sequential multi-step reaction leading to cyclopentanone 34.
The yield refers to isolated material and is given with respect to the
a-tropolone starting material. [a] Either by irradiation at A,,,,=365 nm
Or Ama=380-390 nm. [b] No product formation was detected with
these catalysts. [Ir]: [Ir(dF (CF5)ppy).(bpy)]PFe.
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o

52% 34%
38 39

Figure 10. Reaction products of the five-step sequence. All yields refer
to isolated material and are given with respect to the a-tropolone
starting material.

Conclusion

Imidazolonequinoxalines were obtained from modified mo-
lecular flavins by a selective ring-contraction reaction under
hydroxide basic conditions. The redox-active species main-
tain the crucial quinoid system and are characterized by a
weaker oxidation strength in the ground state. In the
photochemically excited state, they are significantly stronger
hydrogen atom abstractors and display a higher triplet
energy compared to their parent flavins. Catalytic applica-
tions for all increased activities are shown, and it is clear
that ring-contracted flavins unlock reactivity which is
otherwise inaccessible with flavins. By combining triplet
sensitization and hydrogen atom abstraction, we developed
a one-pot, five-step reaction sequence with ring-contracted
flavins. From unsubstituted o-tropolone, this method allows
direct access to trans-3,4-disubstituted cyclopentanones. We
envision these new redox-active organic molecules to find
various applications ranging from homogeneous catalysis to
other fields such as energy storage.

Supporting Information

The data that support the findings of this study are available
in the supplementary material of this article.

Acknowledgements

The Fonds der Chemischen Industrie (FCI, Liebig Fellow-
ship to G.S.) is gratefully acknowledged. The project was
funded by the Deutsche Forschungsgemeinschaft (Emmy
Noether Programme, STO 1175/3-1). We thank Dr. A.
Walter, Dr. J. GroBkopf and K. Hintzer for spectroscopic
and cyclic voltammetry measurements. Our group is sup-
ported by the Technical University of Munich through the
Junior Fellow Programme. We thank J. Zuber for powder
XRD measurements. G. S. is very grateful to Prof. T. Bach

Angew. Chem. Int. Ed. 2024, 63, €202318590 (7 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

for his continuous support. Open Access funding enabled
and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: Photochemistry - Homogeneous Catalysis - Flavin
Catalysis - Triplet Sensitization - Hydrogen Atom Abstraction

[1] For general catalytic activity of flavoenzymes see: C. T. Walsh,
T. A. Wencewicz, Nat. Prod. Rep. 2013, 30, 175-200.

[2] V. Piano, B. A. Palfey, A. Mattevi, Trends Biochem. Sci. 2017,
42, 457-469.

[3] a) V. Massey, J. Biol. Chem. 1994, 269, 22459-22462; b) E.

Romero, J. R. G'omez Castellanos, G. Gadda, M. W. Fraaije,

A. Mattevi, Chem. Rev. 2018, 118, 1742-1769; c) C. E. Paul, D.

Eggerichs, A. H. Westphal, D. Tischler, W.J. H. van Berkel,

Biotechnol. Adv. 2021, 51, 107712; d) A. Phintha, P. Chaiyen, J.

Biol. Chem. 2023, 299, 105413.

a) R. Teufel, A. Miyanaga, Q. Michaudel, F. Stull, G. Louie,

J.P. Noel, P.S. Baran, B. Palfey, B. S. Moore, Nature 2013,

503, 552-556; b) R. Teufel, F. Stull, M.J. Meehan, Q.

Michaudel, P.C. Dorrestein, B. Palfey, B.S. Moore, J. Am.

Chem. Soc. 2015, 137, 8078-8085; c) R. Saleem-Batcha, F. Stull,

J.N. Sanders, B.S. Moore, B. A. Palfey, K.N. Houk, R.

Teufel, Proc. Natl. Acad. Sci. USA 2018, 115, 4909-4914;

d) B. A. Beaupre, G.R. Moran, Front. Mol. Biosci. 2020, 7,

598912; e) A. Matthews, R. Saleem-Batcha, J. N. Sanders, F.

Stull, K. N. Houk, R. Teufel, Nat. Chem. Biol. 2020, 16, 556—

563; f) Y. Duan, M. Toplak, A. Hou, N.L. Brock, J.S.

Dickschat, R. Teufel, J. Am. Chem. Soc. 2021, 143, 10413-

10421; g) M. Toplak, R. Teufel, Biochemistry 2022, 61, 47-56;

h) R. Teufel, V. Agarwal, B.S. Moore, Curr. Opin. Chem.

Biol. 2016, 31, 31-39.

[5] a) Y. Sato, T. Iwata, S. Tokutomi, H. Kandori, J. Am. Chem.
Soc. 2005, 127, 1088-1089; b) K. Magerl, I. Stambolic, B. Dick,
Phys. Chem. Chem. Phys. 2017, 19, 10808-10819; c) A. Losi,
K. H. Gardner, A. Moglich, Chem. Rev. 2018, 118, 10659—
10709; d) R.N. A. Maia, D. Ehrenberg, S. Oldemeyer, E.
Knieps-Griinhagen, U. Krauss, J. Heberle, J. Am. Chem. Soc.
2021, 143, 12535-12542.

[6] For the reaction of molecular flavins with sulfite see: a)F.
Miiller, V. Massey, J. Biol. Chem. 1969, 244, 4007-4016;
b) T. C. Bruice, L. Hevesi, S. Shinkai, Biochemistry 1973, 12,
2083-2089.

[7] a) D.J. T. Porter, J. G. Voet, H. J. Bright, J. Biol. Chem. 1973,
248, 4400-4416; b) 1. Yokoe, T. C. Bruice, J. Am. Chem. Soc.
1975, 97, 450-451.

[8] a) S. B. Smith, T. C. Bruice, J. Am. Chem. Soc. 1975, 97, 2875-
2881; b) T. Harayama, Y. Tezuka, T. Taga, F. Yoneda, J.
Chem. Soc. Perkin Trans. 1 1987, 75-83.

[9] Hydroxide addition at the C10a-position is dominant in flavins
without N3-substitution: D. A. Wadke, D.E. Guttman, J.
Pharm. Sci. 1966, 55, 1363-1368.

[4

[}

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1039/C2NP20069D
https://doi.org/10.1016/j.tibs.2017.02.005
https://doi.org/10.1016/j.tibs.2017.02.005
https://doi.org/10.1016/S0021-9258(17)31664-2
https://doi.org/10.1021/acs.chemrev.7b00650
https://doi.org/10.1016/j.biotechadv.2021.107712
https://doi.org/10.1016/j.jbc.2023.105413
https://doi.org/10.1016/j.jbc.2023.105413
https://doi.org/10.1038/nature12643
https://doi.org/10.1038/nature12643
https://doi.org/10.1021/jacs.5b03983
https://doi.org/10.1021/jacs.5b03983
https://doi.org/10.1073/pnas.1801189115
https://doi.org/10.1038/s41589-020-0476-2
https://doi.org/10.1038/s41589-020-0476-2
https://doi.org/10.1021/jacs.1c04996
https://doi.org/10.1021/jacs.1c04996
https://doi.org/10.1021/acs.biochem.1c00763
https://doi.org/10.1016/j.cbpa.2016.01.001
https://doi.org/10.1016/j.cbpa.2016.01.001
https://doi.org/10.1021/ja0436897
https://doi.org/10.1021/ja0436897
https://doi.org/10.1039/C6CP08370F
https://doi.org/10.1021/acs.chemrev.8b00163
https://doi.org/10.1021/acs.chemrev.8b00163
https://doi.org/10.1021/jacs.1c03409
https://doi.org/10.1021/jacs.1c03409
https://doi.org/10.1016/S0021-9258(17)36377-9
https://doi.org/10.1021/bi00735a010
https://doi.org/10.1021/bi00735a010
https://doi.org/10.1016/S0021-9258(19)43784-8
https://doi.org/10.1016/S0021-9258(19)43784-8
https://doi.org/10.1021/ja00835a054
https://doi.org/10.1021/ja00835a054
https://doi.org/10.1021/ja00843a043
https://doi.org/10.1021/ja00843a043
https://doi.org/10.1039/p19870000075
https://doi.org/10.1039/p19870000075
https://doi.org/10.1002/jps.2600551207
https://doi.org/10.1002/jps.2600551207

GDCh
=

[10] For reviews on catalytic applications of molecular flavins see:
a) R. Cibulka, Eur. J. Org. Chem. 2015, 915-932; b) B. Konig,
S. Kiimmel, E. Svobodov4, R. Cibulka, Phys. Sci. Rev. 2018, 3,
45-72; c) A. Rehpenn, A. Walter, G. Storch, Synthesis 2021, 53,
2583-2593.

[11] For selected examples of flavins as photocatalysts see: a) T.
Hering, B. Miihldorf, R. Wolf, B. Konig, Angew. Chem. Int.
Ed. 2016, 55, 5342-5345; b) S. Bloom, C. Liu, D. K. Kélmel,
J.X. Qiao, Y. Zhang, M. A. Poss, W.R. Ewing, D. W. C.
MacMillan, Nat. Chem. 2018, 10, 205-210; c) A. Graml, T.
Nevesely, R. Jan Kutta, R. Cibulka, B. Konig, Nat. Commun.
2020, 11, 3174; d) M. Chilamari, J. R. Immel, S. Bloom, ACS
Catal. 2020, 10, 12727-12737; ¢) O. J. Knowles, L. O. Johannis-
sen, G. E. M. Crisenza, S. Hay, D. Leys, D. J. Procter, Angew.
Chem. Int. Ed. 2022, 61, €202212158.

[12] a) A. Orita, M. G. Verde, M. Sakai, Y. S. Meng, Nat. Commun.
2016, 7, 13230; b) D. G. Kwabi, Y. Ji, M. J. Aziz, Chem. Rev.
2020, 7120, 6467-6489; c)P.W. Antoni, C. Golz, M. M.
Hansmann, Angew. Chem. Int. Ed. 2022, 61, €¢202203064;
d) M. E. Baumert, V. Le, P.-H. Su, Y. Akae, D. Bresser, P.
Théato, M. M. Hansmann, J. Am. Chem. Soc. 2023, 145, 23334—
23345; e) D. Hey, R. B. Jethwa, N. L. Farag, B. L. D. Rinkel,
E. W. Zhao, C. P. Grey, Nat. Commun. 2023, 14, 5207.

[13] A. Rehpenn, A. Walter, G. Storch, Chem. Sci. 2022, 13, 14151-
14156.

[14] a) S. Tto, F. J. White, E. Okunishi, Y. Aoyama, A. Yamano, H.
Sato, J. D. Ferrara, M. Jasnowski, M. Meyer, CrystEngComm
2021, 23, 8622-8630; b) K.-N. Truong, S. Ito, J. M. Wojciechow-
ski, C. R. Gob, C.J. Schiirmann, A. Yamano, M. Del Campo,
E. Okunishi, Y. Aoyama, T. Mihira, N. Hosogi, J. Benet-
Buchholz, E. C. Escudero-Adan, F. J. White, J. D. Ferrara, R.
Biicker, Symmetry 2023, 15, 1555.

[15] Deposition Number(s) 2311324 (for polymorph a of 13),
2311325 (for polymorph B of 13) contain(s) the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

[16] R. Jurok, J. Hodagova, V. Eigner, H. Dvotdkovd, V. Setni¢ka,
R. Cibulka, Eur. J. Org. Chem. 2013, 7724-7738.

[17] a) J. M. Kim, M. A. Bogdan, P. S. Mariano, J. Am. Chem. Soc.
1993, 715, 23, 10591-10595; b) A. Walter, W. Eisenreich, G.
Storch, Angew. Chem. Int. Ed. 2023, 62, €202310634.

[18] For a full spectroscopic characterization of (—)-riboflavin see
Ref. [13].

[19] M. Mirz, M. Kohout, T. Nevesely, J. Chudoba, D. Prukata, S.
Nizinski, M. Sikorski, G. Burdzinski, R. Cibulka, Org. Biomol.
Chem. 2018, 16, 6809-6817.

[20] For alloxazine catalysts with increased triplet energies see:
a) V. Mojr, E. Svobodova, K. Strakovd, T. Nevesely, J.
Chudoba, H. Dvotdkov4, R. Cibulka, Chem. Commun. 2015,
51, 12036-12039; b) V. Mojr, G. Pitrovd, K. Strakové, D.
Prukata, S. Brazevic, E. Svobodova, I. Hoskovcova, G.
Burdzinski, T. Slanina, M. Sikorski, R. Cibulka, ChemCatChem
2018, 10, 849-858.

[21] Examples for hydrogen atom abstraction reactions with flavins:
a) H. Li, M.-T. Zhang, J. Photochem. Photobiol. A 2018, 355,
109-113; b) W. Zhang, K. L. Carpenter, S. Lin, Angew. Chem.
Int. Ed. 2020, 59, 409-417.

[22] a) W. Tsang in Energ. Stable Mol. React. Intermed., NATO Sci.
Ser. C, Vol.535 (Ed.: M.E. Minas da Piedade), Springer,
Dordrecht, 1999, pp. 323-352; b) Y.-R. Luo, Bond Dissociation
Energies in Organic Compounds, CRC Press, Florida, 2003,
p- 13.

[23] For similar deuteration experiments with tungsten-based
photocatalysts see: Y.-A. Zhang, V. Palani, A.E. Seim, Y.

Angew. Chem. Int. Ed. 2024, 63, €202318590 (8 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

Wang, K.J. Wang, A. E. Wendlandt, Science 2022, 378, 383—
390.

[24] For photochemical catalytic trifluoromethylations see: a) R.
Honeker, R. A. Garza-Sanchez, M. N. Hopkinson, F. Glorius,
Chem. Eur. J. 2016, 22, 4395-4399; b) W. Xu, J. Ma, X.-A.
Yuan, J. Dai, J. Xie, C. Zhu, Angew. Chem. Int. Ed. 2018, 57,
10357-10361; c) A. Lipp, S. O. Badir, R. Dykstra, O. Gutierrez,
G. A. Molander, Adv. Synth. Catal. 2021, 363, 3507-3520;
d) T. E. Schirmer, A. B. Rolka, T. A. Karl, F. Holzhausen, B.
Konig, Org. Lett. 2021, 23, 5729-5733; e) F. Doche, T. Poisson,
T. Besset, ACS Catal. 2023, 13, 14112-14120.

[25] For reviews on SCF;-functionalization see: a) X. Shao, C. Xu,
L. Lu, Q. Shen, Acc. Chem. Res. 2015, 48, 1227-1236; b) X.-H.
Xu, K. Matsuzaki, N. Shibata, Chem. Rev. 2015, 115, 731-764;
¢) Q. Shen, J. Org. Chem. 2023, 88, 3359-3371.

[26] C. Hansch, A. Leo, S. H. Unger, K. H. Kim, D. Nikaitani, E. J.
Lien, J. Med. Chem. 1973, 16, 1207-1216.

[27] T. Bootwicha, X. Liu, R. Pluta, I. Atodiresei, M. Rueping,
Angew. Chem. Int. Ed. 2013, 52, 12856-12859.

[28] S. Mukherjee, B. Maji, A. Tlahuext-Aca, F. Glorius, J. Am.
Chem. Soc. 2016, 138, 16200-16203.

[29] A radical chain process seems unlikely since previous studies
pointed out that phthalimidyl radicals are less discriminative
between tertiary and secondary positions (3°/2°~4): J. C. Day,
N. Govindaraj, D. S. McBain, P. S. Skell, J. M. Tanko, J. Org.
Chem. 1986, 51, 4959-4963.

[30] For another photochemical method for the formation of
thioesters from aldehydes see: S. Mukherjee, T. Patra, F.
Glorius, ACS Catal. 2018, 8, 5842-5846.

[31] For sensitized reactions with isoalloxazines see: a) J. B. Metter-
nich, R. Gilmour, J. Am. Chem. Soc. 2015, 137, 11254-11257,
b) J. B. Metternich, R. Gilmour, J. Am. Chem. Soc. 2016, 138,
1040-1045; c) K. Livingstone, M. Tenberge, F. Pape, C.G.
Daniliuc, C. Jamieson, R. Gilmour, Org. Lett. 2019, 21, 9677-
9680.

[32] C.M. Brennan, R. A. Caldwell, Photochem. Photobiol. 1991,
53, 165-168.

[33] a) Y. Daino, S. Hagiwara, T. Hakushi, Y. Inoue, A. Tai, J.
Chem. Soc. Perkin Trans. 2 1989, 275-282; b) Y. Inoue, S.
Hagiwara, Y. Daino, T. Hakushi, J. Chem. Soc. Chem.
Commun. 1985, 1307-1309.

[34] S. C. Coote, Eur. J. Org. Chem. 2020, 1405-1423.

[35] For examples in the solid state see: a) J. R. Scheffer, L. Wang,
J. Phys. Org. Chem. 2000, 13, 531-538; b) A. Joy, J. R. Scheffer,
V. Ramamurthy, Org. Lett. 2000, 2, 119-121; c) K. Tanaka, R.
Nagahiro, Z. Urbanczyk-Lipkowska, Org. Lett. 2001, 3, 1567—
1569.

[36] For examples see: a) N. Winter, D. Trauner, J. Am. Chem. Soc.
2017, 139, 11706-11709; b) A. E. Greene, M. A. Teixeira, E.
Barreiro, A. Cruz, P. Crabbe, J. Org. Chem. 1982, 47, 2553—
2564.

[37] A.C.Day, M. A. Ledlie, J. Chem. Soc. D 1970, 1265b-1266.

[38] a)J. A. Davy, J. W. Mason, B. Moreau, J. E. Wulff, J. Org.
Chem. 2012, 77, 6332-6339; b) J. A. Davy, B. Moreau, A. G.
Oliver, J. E. Wulff, Tetrahedron 2015, 71, 2643-2657.

[39] a) G.S. Hammond, J. Saltiel, A. A. Lamola, N.J. Turro, J. S.
Bradshaw, D. O. Cowan, R. C. Counsell, V. Vogt, C. Dalton, J.
Am. Chem. Soc. 1964, 86, 3197-3217; b) J. P. Guillory, C.F.
Cook, J. Am. Chem. Soc. 1973, 95, 4885-4891; c) T. Rosenfeld,
A. Alchalel, M. Ottolenghi, J. Phys. Chem. 1974, 78, 336-341.

[40] a) O.L. Chapman, J. D. Lassila, J. Am. Chem. Soc. 1968, 90,

2449-2450; b) A. C. Day, M. A. Ledlie, J. Chem. Soc. D 1970,

1265b-1266.

a) R. Croteau, R. M. Leblanc, Photochem. Photobiol. 1978, 28,

33-38; b) V.J. MacKenzie, H. K. Sinha, S. C. Wallace, R. P.

Steer, Chem. Phys. Lett. 1999, 305, 1-7.

[41

—

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1002/ejoc.201403275
https://doi.org/10.1002/anie.201600783
https://doi.org/10.1002/anie.201600783
https://doi.org/10.1038/nchem.2888
https://doi.org/10.1021/acscatal.0c03422
https://doi.org/10.1021/acscatal.0c03422
https://doi.org/10.1021/acs.chemrev.9b00599
https://doi.org/10.1021/acs.chemrev.9b00599
https://doi.org/10.1021/jacs.3c09153
https://doi.org/10.1021/jacs.3c09153
https://doi.org/10.1039/D2SC04341F
https://doi.org/10.1039/D2SC04341F
https://doi.org/10.1039/D1CE01172C
https://doi.org/10.1039/D1CE01172C
https://doi.org/10.3390/sym15081555
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.20230XXX
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.20230XXX
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1002/ejoc.201300847
https://doi.org/10.1039/C8OB01822G
https://doi.org/10.1039/C8OB01822G
https://doi.org/10.1039/C5CC01344E
https://doi.org/10.1039/C5CC01344E
https://doi.org/10.1002/cctc.201701490
https://doi.org/10.1002/cctc.201701490
https://doi.org/10.1016/j.jphotochem.2017.09.077
https://doi.org/10.1016/j.jphotochem.2017.09.077
https://doi.org/10.1002/anie.201910300
https://doi.org/10.1002/anie.201910300
https://doi.org/10.1126/science.add6852
https://doi.org/10.1126/science.add6852
https://doi.org/10.1002/chem.201600190
https://doi.org/10.1002/anie.201805927
https://doi.org/10.1002/anie.201805927
https://doi.org/10.1002/adsc.202100469
https://doi.org/10.1021/acs.orglett.1c01870
https://doi.org/10.1021/acscatal.3c03249
https://doi.org/10.1021/acs.accounts.5b00047
https://doi.org/10.1021/cr500193b
https://doi.org/10.1021/acs.joc.2c02777
https://doi.org/10.1021/jm00269a003
https://doi.org/10.1002/anie.201304957
https://doi.org/10.1021/jacs.6b09970
https://doi.org/10.1021/jacs.6b09970
https://doi.org/10.1021/jo00375a038
https://doi.org/10.1021/jo00375a038
https://doi.org/10.1021/acscatal.8b01519
https://doi.org/10.1021/jacs.5b07136
https://doi.org/10.1021/jacs.5b12081
https://doi.org/10.1021/jacs.5b12081
https://doi.org/10.1021/acs.orglett.9b03842
https://doi.org/10.1021/acs.orglett.9b03842
https://doi.org/10.1111/j.1751-1097.1991.tb03918.x
https://doi.org/10.1111/j.1751-1097.1991.tb03918.x
https://doi.org/10.1039/p29890000275
https://doi.org/10.1039/p29890000275
https://doi.org/10.1039/c39850001307
https://doi.org/10.1039/c39850001307
https://doi.org/10.1002/ejoc.201901230
https://doi.org/10.1002/1099-1395(200009)13:9%3C531::AID-POC293%3E3.0.CO;2-5
https://doi.org/10.1021/ol9903335
https://doi.org/10.1021/ol015857v
https://doi.org/10.1021/ol015857v
https://doi.org/10.1021/jacs.7b06815
https://doi.org/10.1021/jacs.7b06815
https://doi.org/10.1021/jo00134a011
https://doi.org/10.1021/jo00134a011
https://doi.org/10.1039/C2970001265B
https://doi.org/10.1021/jo300939f
https://doi.org/10.1021/jo300939f
https://doi.org/10.1016/j.tet.2015.03.043
https://doi.org/10.1021/ja01070a002
https://doi.org/10.1021/ja01070a002
https://doi.org/10.1021/ja00796a020
https://doi.org/10.1021/j100597a004
https://doi.org/10.1021/ja01011a060
https://doi.org/10.1021/ja01011a060
https://doi.org/10.1039/C2970001265B
https://doi.org/10.1039/C2970001265B
https://doi.org/10.1111/j.1751-1097.1978.tb06926.x
https://doi.org/10.1111/j.1751-1097.1978.tb06926.x
https://doi.org/10.1016/S0009-2614(99)00349-8

GDCh
~~

(42]

(43]

(44]

(45]

Angew. Chem. Int. Ed. 2024, 63, €202318590 (9 of 9)

H. Hart, S.-M. Chen, M. Nitta, Tetrahedron 1981, 37, 3323—
3328.

a) W. C. Agosta, A. B. Smith, A. S. Kende, R. G. Eilerman, J.
Benham, Tetrahedron Lett. 1969, 10, 4517-4520; b) W.C.
Agosta, A.B. Smith III, J. Am. Chem. Soc. 1971, 93, 5513—
5520; c) N. Jeremias, M. T. Peschel, C. Jaschke, R. de Vivie-
Riedle, T. Bach, J. Org. Chem. 2023, 88, 6294-6303.

a) W. E. Doering, W. R. Roth, Tetrahedron 1963, 19, 715-737,
b) W. E. Doering, W. R. Roth, Angew. Chem. Int. Ed. Engl.
1963, 2, 115-122; c¢) K. X. Rodriguez, N. Kaltwasser, T. A.
Toni, B. L. Ashfeld, Org. Ler. 2017, 19, 2482-2485; d) K. X.
Rodriguez, T.C. Pilato, B. L. Ashfeld, Chem. Sci. 2018, 9,
3221-3226.

For photochemical methods with acyl radical addition to a,p-
unsaturated ketones see: a) S. Esposti, D. Dondi, M. Fagnoni,
A. Albini, Angew. Chem. Int. Ed. 2007, 46, 2531-2534; b) D.
Ravelli, M. Zema, M. Mella, M. Fagnoni, A. Albini, Org.

Research Articles

[46]

[47)

Angewandte

intemationaldition’y) Chemie

Biomol. Chem. 2010, 8, 4158-4164; c) M. D. Vu, M. Das, X.-W.
Liu, Chem. Eur. J. 2017, 23, 15899-15902.

The formation of cyclopentenones from a-tropolone was
reported by direct irradiation: a) W. G. Dauben, K. Koch,
W. E. Thiessen, J. Am. Chem. Soc. 1959, 81, 6087-6088;
b) W. G. Dauben, K. Koch, S.L. Smith, O.L. Chapman, J.
Am. Chem. Soc. 1963, 85, 2616-2621.

The triplet energy of [Ir(dF(CF;)ppy),(bpy)]PFs is E;=
259.4 kJmol™": R. Martinez-Haya, L. Marzo, B. K6nig, Chem.
Commun. 2018, 54, 11602-11605. The triplet energy of
xanthone is Er=310.0 kJmol™": P.J. S. Gomes, C. Serpa, L. G.
Arnaut, J. Photochem. Photobiol. A 2006, 184, 228-233.

Manuscript received: December 4, 2023
Accepted manuscript online: February 10, 2024
Version of record online: March 6, 2024

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1016/S0040-4020(01)92380-4
https://doi.org/10.1016/S0040-4020(01)92380-4
https://doi.org/10.1016/S0040-4039(01)88739-6
https://doi.org/10.1021/ja00750a034
https://doi.org/10.1021/ja00750a034
https://doi.org/10.1021/acs.joc.2c01156
https://doi.org/10.1021/acs.orglett.7b00618
https://doi.org/10.1039/C8SC00020D
https://doi.org/10.1039/C8SC00020D
https://doi.org/10.1002/anie.200604820
https://doi.org/10.1039/c0ob00066c
https://doi.org/10.1039/c0ob00066c
https://doi.org/10.1002/chem.201704224
https://doi.org/10.1021/ja01531a064
https://doi.org/10.1021/ja00900a021
https://doi.org/10.1021/ja00900a021
https://doi.org/10.1039/C8CC07044J
https://doi.org/10.1039/C8CC07044J
https://doi.org/10.1016/j.jphotochem.2006.04.020

	Enhancing Flavins Photochemical Activity in Hydrogen Atom Abstraction and Triplet Sensitization through Ring-Contraction
	Introduction
	Results and Discussion
	Synthesis and Spectroscopic Characterization
	Catalytic Applications

	Conclusion
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


