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Abstract

Inspired by promising quantum chemical predictions, a methylisoalloxazine (MIA)
difluorinated in 7- and 8-position was synthesized and its photophysical properties
were investigated in collaboration with the groups of P. Gilch and C.A.M. Seidel. The
results, together with details of two other flavin derivatives, 9-F-MIA and a riboflavin
derivative difluorinated in 7- and 8-position, have been published in: ChemPhoto-
Chem 2023, 7, €202200334. The experimental data were in excellent agreement with
the quantum chemical predictions, showing an increased fluorescence quantum
yield of 0.42 for 7,8-dF-MIA compared to non-fluorinated MIA with 0.22.

Another theoretical study (ChemPhotoChem 2022, €202200040) revealed flavin
derivatives with major structural changes at the pteridine moiety as promising candi-
dates for a potential shift of the emission maximum and an increased triplet quantum
yield, respectively. Based on this, the synthesis of a 1-deazalumiflavin fluorinated in
1-position was developed, allowing the investigation of its photophysical properties.
The synthesis was based on the common synthetic pathway to 1-deazaflavin deriva-
tives combined with a late-stage electrophilic fluorination. In addition, the synthesis
of flavin derivatives trifluoromethylated in 2- and 4-position, respectively, was inves-

tigated via several synthetic approaches.



Zusammenfassung

Inspiriert durch vielversprechende quantenchemische Vorhersagen wurde
ein in 7- und 8-Position zweifach fluoriertes Methylisoalloxazin (7,8-dF-MIA) syn-
thetisiert und seine photophysikalischen Eigenschaften in Kooperation mit den
Gruppen von P. Gilch und C.A.M. Seidel untersucht. Die Ergebnisse wurden zusam-
men mit Details zu zwei weiteren Flavin-Derivaten, 9-F-MIA und einem in 7- und
8-Position difluorierten Riboflavin-Derivat, in der folgenden Publikation veroffent-
licht: ChemPhotoChem 2023, 7, €202200334. In hervorragender Ubereinstimmung
mit den quantenchemischen Vorhersagen konnte fiir das 7,8-dF-MIA eine experi-
mentelle Fluoreszenzquantenausbeute von 0.42 bestimmt werden, was eine deutli-

che Verbesserung gegeniiber dem unfluorierten MIA mit 0.22 darstellt.

Eine weitere quantenchemische Untersuchung von Flavinen mit starken struk-
turellen Modifikationen des Pteridinrings (ChemPhotoChem 2022, €202200040) er-
gab vielversprechende Kandidaten mit einer potentiellen Farbdnderung der Emissi-
on bzw. einer potentiell erhéhten Triplettquantenausbeute. Basierend auf diesen Er-
gebnissen wurde die Synthese eines in 1-Position fluorierten 1-Deazalumiflavins ent-
wickelt, wodurch die spektroskopische Untersuchung seiner photophysikalischen Ei-
genschaften ermoglicht wird. Die Synthese basiert auf den iiblichen Syntheserou-
ten zu 1-Deazaflavinderivaten und schlief$t mit einer spdten Funktionalisierung mit-
tels elektrophiler Fluorierung ab. Dariiber hinaus wurde die Synthese von in 2- bzw.
4-Position trifluormethylierten Flavinderivaten iiber verschiedene synthetische An-

sdtze untersucht.
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1 Introduction

Flavins, a class of yellow redox-active chromophores, play an important role in
enzymatic processes of living organisms.!!! All flavin derivatives are derived from
riboflavin, commonly known as vitamin B2.!!! However, the majority of the natu-
rally occuring riboflavins are bounded to enzymes, mainly as flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD). Figure 1.1 shows the structures of
riboflavin, FMN as well as FAD. Intrinsically, these riboflavin derivatives consist of
a dimethylisoalloxazine core, a ribityl side chain at 10-position and other essen-
tial components. For instance, on the basis of the dimethylisoalloxazine backbone
with the ribityl side chain, FMN has a 5’-phosphoryl group installed, while FAD is

extended with adenosine monophosphate.?

With their ability to undergo both one- and two-electron transfer processes,
flavins are unique in nature.!! Since they are additionally versatile regarding sub-
strate scope and variable in terms of redox potentials, they are involved in numer-
ous essential reactions in metabolism. In general, three redox states are accessible:
oxidized, semiquinone and hydroquinone. For each state, acid-base equilibria with
specific pKa values provide three different protonation states. The pKa values given
in Scheme 1.1 refer to free flavins in solution, since a protein environment can signif-

icantly change its redox properties and pKa values.!'-%

In addition to their redox-activity, flavins are known for their pivotal role as ab-
sorbing chromophores in light-sensing processes of bacteria and plants.[”? For in-
stance, the light-oxygen-voltage (LOV) domain is one of the three major flavin pho-
tosensor classes.!® This blue-light sensing photoreceptor binds FMN noncovalently
and plays a role in the light-induced regulation of protein activities.’»9 As a domain
of phototropin it is involved in various biological processes such as the regulation of

the circadian rhythm, phototropism, and chloroplast movement.®-'"! The excitation

1
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Isoalloxazine
ring system
\1
Qa N 10a N 2~0 2
i
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Riboflavin J
O NH,
FMN N > Adeni
SN enine
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FAD N N/
O Pl
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Figure 1.1 Structures of riboflavin, FMN and FAD. The isoalloxazine ring as the catalytic
core system consists of a xylene, pyrazine and pyrimidine ring. Riboflavin has a ribityl chain
at N10, while FMN additionally exhibits a 5’-phosphoryl group and FAD is further extended
with adenosine monophosphate. The term nucleotide in FMN and FAD may be considered
inaccurate due to the absence of a glycosidic linkage between the ribityl chain and N10 of the

isoalloxazine core.[1-3!

of the flavin chromophore, followed by intersystem crossing (ISC) as well as the for-
mation of a covalent bond between a nearby cysteine and C4 of the isoalloxazine ring
is initiated by blue light. The whole process takes place on a microsecond time scale
(Scheme 1.2).19-12]

The remaining two major flavin photosensor classes are designated as blue-light
sensor using FAD (BLUF) proteins and cryptochromes (CRYs)."® Different from LOV
domains, both BLUF proteins and CRYs possess FAD as a cofactor. They support
functions like sensory transduction in processes like the circadian timekeeping, or as
photomagnetoreceptors in insects, migratory birds and fish.®91-15 Upon blue-light
excitation, BLUF proteins undergo hydrogen bond network rearrangements, in con-

trast to CRYs where redox reactions occur as a response. 1116

Overall, photoexcitation triggers a series of conformational changes in flavin-

binding photosensors, starting from the chromophore and transmitting through the

2
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Scheme 1.1 One- and two-electron redox processes as well as acid-base equilibrium of free

flavin in oxidized state (FLoy), semiquinone (FLsq) and hydroquinone (FLeq) in solution.!®
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Scheme 1.2 Proposed LOV domain photocycle. Before photoexcitation, the LOV domain
binds to FMN non-covalently. Upon photoexcitation and non-radiative relaxation via ISC,
the triplet state is stabilized by deprotonation of a nearby cysteine of the LOV domain, fol-
lowed by formation of a cysteinyl-FMN adduct. These structural changes can completely

recover in darkness.[10-12]
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microenvironment, eventually reaching the surface of the photosensory domain.
On the whole, these conformational changes affects the protein-protein interaction

network, thus leading to the biological response.!!!

In addition to their role in light sensing, flavin-binding fluorescent proteins
(FbFPs) were discovered to be useful for placing cellular processes under light con-
trol (optogenetics) and as fluorescent tags.!'!) Another prominent candidate for this
purpose is the green fluorescent protein (GFP), that has been discovered in the early
1960s by Osamu Shimomura.'” Nowadays it is highly relevant in cell biology for
in vivo and in vitro analysis of protein localization, interaction, expression and

movement,!18:19]

Although GFP is widely applicable, it has some limitations that require an alter-
native. For instance, it shows dimmed or no fluorescence in low-oxygen environ-
ments.!'823 Tt is quite bulky with 240 amino acids, which has been reported to po-
tentially hinder the functionality of the protein due to steric constraints.!'321-2I In ad-
dition, it is pH sensitive and exhibits slow fluorescence maturation (10-40 minutes
for half maximal fluorescence recovery), which hinders real-time imaging of gene
expression dynamics or viral infection and localization tracking.!”321-24 For these
purposes, FbFPs are a good alternative as their fluorescence has been shown to be
oxygen independent.!1820-23] They are quite small with 110-118 amino acids and show
rapid fluorescence maturation with <3 min.["1321-24 [n addition, they allow for a wide
operational pH range (pH 4-11) and are additionally stable at temperatures up to
60 OC.[7'23]

For the application as a fluorescent tag, LOV already fulfills the basic require-
ments as the contained flavin chromophore shows emission with a maximum at
around Aepm max = 535 nm and an excitation maximum at around ey max = 450 nm.!”!
Also, fluorescence quantum yields (FQYs) of LOV domains of up to &5 =0.39 allow this
application.!'!! However, their photocycle upon excitation, involving a FMN-cystein
bond formation, is responsible for the fluorescence loss of FMN.[”! Therefore, the
structure of the LOV domain was altered by mutations to replace the responsible cys-
teine with alanine or serine, successfully avoiding any covalent bond formation.!!
The mutation resulted in a hypsochromic shift of the fluorescence emission (Aem max

=495 nm), but the excitation maximum was unaffected.!”
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Certainly, FbFPs are not free of drawbacks and limitations. For instance, their FQY
is significantly lower (&4 = 0.2 - 0.4) compared to that of GFP (&g = 0.6).12!) Also, while
a wide range of GFP variants with fluorescence emission colors over the whole vis-
ible spectrum exists, FbFPs are typically green fluorescent depending on the flavin
chromophore.'” Additionally, in some cases cellular growth rate was reduced due
to overexpression of FbFPs and the associated metabolic stress.”” Summarizing, im-
provements concerning photostability, brightness and cellular expression need to be

addressed by further engineering.!”!

In literature, several modulations of LOV-based FbFPs with improved properties
such as brightness and photostability have been reported.'?!! For instance, new LOV
variants have been engineered by Christie et al., revealing one with enhanced fluo-
rescence, named iLOV.?* Furthermore, iLOV has been found to be more suitable for
repeated laser scanning as it proves to be spontaneously recoverable, in contrast to
GFP, which photobleaches irreversibly at high light intensities.’** Another LOV vari-
ant called phiLOV showes a strongly increased photostability but at the expense of
a reduced FQY."?!! Overall, numerous genetically distinct LOVs are available, with im-
proved properties such as pH tolerance, thermal stability, brightness and photostabil-
ity, respectively. However, there is still a need of further improvements.?! To achieve
considerable changes like a variation of color, LOV domain mutations might be in-
sufficient, as only small shifts of emission (~10 nm) have been reported, caused by

changes in hydrogen bonding. 212526l

An approach for brightness improvements and emission wavelength shift could
be the replacement of the flavin chromophore by novel synthetic flavin derivatives.
In the literature survey, several derivatives have been reported, often featuring alkyl-
or halogenyl-functional groups at the xylene moiety. Due to its minor role regarding
protein interaction, a relatively large flexibility exists for functionalization in 6-, 7-, 8-

and 9-position. "

Several flavin derivatives have been reported to exchange the FMN in LOV such as
naturally occuring roseoflavin, riboflavin and FAD.!?¢-3! An exchange with synthetic
flavins has been for instance reported by Mansurova et al. with 8-isopropylribo-
flavin (8-iPr-riboflavin) and 7,8-didemethylriboflavin (7,8-ddeMe-riboflavin) (Fig-

ure 1.2).2% Even the increased steric constraints generated with 8-isopropylriboflavin

5



Introduction

was proven to be acceptable and showed the naturally occurring photocycle includ-
ing spontaneous thermal recovery.’?® Moreover, an enhancement of FQY with in-
corporation into LOV from &g = 0.27 to 0.40 was observed for 8-isopropylriboflavin,
confirming the combination of chemically designed novel flavin derivatives with LOV

domains could be promising with respect to its fluorescence labeling property.?"
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Figure 1.2 Schematic illustration of riboflavin derivatives which have been successfully
used for an exchange of the naturally incorporated FMN (left) within LOV domains. The
riboflavin derivatives are roseoflavin, 7,8-ddeMe-riboflavin, 8-iPr-riboflavin, 8-Br-riboflavin

and 8-CFs-riboflavin (right side, from top to bottom).[2%:31,32]

Another research work done by Gértner et al. reported the photophysical prop-
erties of 8-CF3- and 8-Br-riboflavins in solution and their embedment into the LOV
domain (Figure 1.2).52 In solution, 8-Br-riboflavin showed a considerably promoted
triplet quantum yield of &1 = 0.97 compared to riboflavin with &1 = 0.60, which could
be particular important for singlet oxygen generation in the context of photodynamic
therapy as well as photoredox catalysis in organic syntheses.??! The high triplet quan-
tum yield could be attributed to the heavy atom effect and the associated promi-
nent spin-orbit coupling.’®?33 Derivatization with a trifluoromethyl functionality
attached at 8-position, resulted in a strongly increased FQY of &5 = 0.70 compared
to riboflavin with ¢4 = 0.27. In both cases, embedding into the LOV domain was
successful and the typical photocycle upon blue light excitation was observed. How-

ever, both chromophore-protein adducts are limited by their instability compared

6
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to the adducts with naturally occurring flavin and alkyl-modified flavins such as

8-iPr-riboflavin. 2932

Gilch, Czekelius et al. reported the synthesis of three different monofluorinated
methylisoalloxazines (MIAs) with fluorine substituents in 6-, 7- or 8-position. With
this substitution pattern, they demonstrated a significant impact on the photophys-
ical properties depending on the position of substitution, including both, hypso-
chromic (8-F-MIA) and bathochromic (6-F- and 7-F-MIA) shifts of transition up to
500 cm .34 Furthermore, triplet quantum yields and FQYs are affected, giving for
instance a 50% increase of FQYs in the case of 7-F-MIA compared to non-fluorinated
MIA (from &g = 0.22 to 0.33). These findings open up new perspectives for fluores-

cence labeling applications.’®

I\I/Ie
Fg N__N__O
Fo e N
F o)

Figure 1.3 Structure of monofluorinated MIAs with fluorine substituents in 6-, 7- or 8-
position, synthesized and characterized by Gilch, Czekelius and coworkers.** Bonds to

fluorine atoms are dashed to represent different options of monofluorinated MIAs.

Kleinschmidt and coworkers reported the reproduction of the results by quan-
tum chemical calculations.®® Furthermore, they offered an explanation for the
influence of fluorine substituents in 6- to 9-position on the photophysical proper-
ties of MIAs.B% In vacuum, ISC from the first singlet state S; of 77~ character to the
second triplet state T, of nm™ character is accessible and fast since it is El-Sayed-
allowed. In aqueous medium, conversely, T; is strongly destabilized making this ISC
channel no longer accessible. Instead, the third triplet state T; of 77" character will
undergo a dramatically redshift all the way down below T, and even slightly below S;.
Herein, ISC to this state is El-Sayed-forbidden, but becomes accessible via vibronic
spin-orbit coupling. Last but not the least, the first triplet state T, is of 77" character
and separated from S; by 0.5 eV. This large energy level separation in combination
with the El-Sayed rule, determining this transition as forbidden, will eventually lead

to small vibronic rate constants for ISC to this triplet state. 338!

Depending on the position of fluorination, all the aforementioned states are

shifted differently. For instance, fluorination in 6-position lowers the Tj state

7



Introduction

Aqueous medium

:

)
)

=
I
iR
o

Ymy )

S, LL,%‘

Sy
T
3y 1) 2 T T3
3(my 1) Tl 3(my ) Tl
<
J

Yy 1) 3(ny 1)

M(’

Y
5
So '
ey Absorption v~ nternal Conversion
Fluorescence M Intersystem Crossing

Figure 1.4 Schematic visualization of singlet and triplet states of MIAs in the gas phase and
aqueous medium. 3% In the gas phase, non-radiative deactivation via ISC is fast due to the El-
Sayed-allowed, accessible T state of nr" character. In aqueous medium, this state is strongly
destabilized while the Tj state of 77~ character becomes thermodynamically available by

vibronic spin-orbit coupling.[3°-38!

energy.® A fluorine substituent in 8-position causes a blue shift of all 7= state ener-
gies and fluorination at 9-position has a similar effect as fluorination at 6-position. 3!
For 7-F-MIA, the high FQY obtained in the experiment was confirmed by quantum
chemical calculations.*3% Explanations are based on a slight blue shift of the T;
state, which brings S; and T3 into close proximity. Even small modifications of this
gap have a strong influence on the calculated ISC rate constants, providing a new
perspective for further optimization of the MIA substitution pattern.®% If it would be
possible to influence the S,/T3-gap so that Tj is shifted above S;, ISC rate constants

would be decreased while enhancing the FQY.?353¢l



2 Motivation

For application in optical imaging, limitations of FbFPs such as the low FQY or rather
the brightness (®g x 1% £1,,,) need to be addressed.*¢3 So far, only limited effects
have been achieved by protein mutations. Therefore, an alternative strategy would be
to replace the naturally incorporated flavin chromophore with new synthetic flavin
derivatives. Especially, modification with substitutents exerting a strong electronic

effect on the photophysical properties of the chromophore are promising.

For this purpose, fluorine substituents are particularly beneficial, as they exert
a strong electon-withdrawing effect.!364041 With their small size, the steric impact
on the protein binding would be low, avoiding a negative impact on the biological
activity of the targeting protein.*2 The synthesis of xylene ring mono- and poly-
fluorinated flavin derivatives, with the aim to increase the FQY for application in op-

tical imaging, has been desribed in the first part of this dissertation.

For the selection of a suitable xylene-ring substitution pattern, a quantum chem-
ical study by Kleinschmidt et al. was consulted, which focused on the effects of
xylene ring fluorination on the singlet and triplet states of MIAs.3 As aforemen-
tioned (Section 1), the results from calculations revealed the S,/T;-gap as responsi-
ble for the high FQY of 7-F-MIA (see also Figure 1.4).343% Therefore, further modi-
fications of this gap towards smaller values or even a shift of T; above S; would be
a reasonable starting point to achieve high FQYs.!3¥ In their study, Kleinschmidt and
coworkers found a method to easily predict the effects caused by polyfluorination rel-
ative to the properties of non-fluorinated MIA.% By simply summarizing the effects
caused by monofluorination, they observed the shifts induced by polyfluorination
and calculated them for all possible xylene ring substitution patterns.’®> These re-
sults were screened for flavin derivatives with a significant impact on the S,/T;-gap

giving one promising derivative, 7,8-dF-MIA.



Motivation

With difluorination in 7- and 8-position, the first singlet state S; is slightly up-
shifted by 0.01 eV compared to non-fluorinated MIA. The third triplet state T3 on
the other hand, mainly responsible for non-radiative deactivation via ISC, is blue-
shifted by 0.15 eV.®* Since the S,/T3-gap is intrinsically not far apart, this unnegligi-
ble blueshift could potentially lead to a Ts-shift above the S, state, thus decreasing
the ISC rate constant to this triplet state (Figure 2.1).

Therefore, the synthesis of the difluorinated MIA, 7,8-dF-MIA, was investigated
in this work. For completeness as well as validation of quantum chemical postula-
tions, investigations were made to synthesize 9-F-MIA as well, a monofluorinated
MIA which has not been reported in the past. Both derivatives were characterized
with respect to their photophysical properties.?8 As an initial approach towards in-
corporation into proteins, the synthesis of 7,8-dF-riboflavin (7,8-dF-RIA) was addi-

tionally investigated.

F Me
£ N /NYO
Tz CH,OH
P NH
N HO...
o)

Ty 9-F-MIA OH
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Figure 2.1 Schematic visualization of the S;/Ts-gap whose small value was made respon-
sible for the high FQY of 7-F-MIA.[343% The structure of 7,8-dF-MIA is shown on the right,
whose fluorination pattern exerts a strong impact on this gap according to quantum chemi-
cal predictions.!3%! 7,8-dF-RIA as the difluorinated riboflavin analogue is an initial approach

towards a potential protein incorporation.

In the spirit of altering the emission wavelength of FbFPs for optical imaging, con-
siderable modifications to the flavin chromophore are required. In collaboration with
Kleinschmidt et al., new flavin derivatives with fluorine substituents at the pteridine
moiety of the isoalloxazine core were discussed.’®® Their photophysical properties
investigated by quantum chemical calculations, mainly performed by Dr. M. Bracker,

have been reported.’®® For this purpose, the quantum chemical method already ap-
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plied in the past was complemented with further high-level calculation methods. 3538
The synthesis of flavin derivatives fluorinated at the pyrimidine ring with the target
to significantly shift the emission maximum for multicolor optical imaging, has been

described in the second part of this dissertation.

Convincing flavin derivatives include 1-fluoro-1-deaza-MIA (1-F-MIA) and
2-difluoromethylidene-2-deoxo-MIA (2-CF,-MIA), as their S, states are suggested
to be highly stabilized according to quantum chemical calculations.®® This stabiliza-
tion leads to a deactivation of the ISC channel to the T; state and to a striking shift in
their emission maxima towards the red to near-infrared (NIR) region.® Specifically,
Kleinschmidt and coworkers indicated emission maxima at 844 nm for 2-CF,-MIA
and 765 nm for 1-F-MIA. However, nonradiative deactivation could be a potential
competitor for fluorescence as declared by the energy gap law.3%43 These consid-
erations are confirmed by high level quantum chemical calculations, whose results
predicted them to be the dominating deactivation process for both derivatives.3®
Nevertheless, to validate these quantum chemical calculations, the synthesis of

1-fluoro-1-deazalumiflavin (1-F-lumiflavin) was investigated in this work.

Me F I\Ille F
N_A_o N__N %F
P N N/]%( NH
ol o
1-F-MIA 2.CF, MIA

Figure2.2 Structures of 1-F-MIA and 2-CF,-MIA as promising flavin derivatives with shifted
emission maxima. For both derivatives, the emission maxima are projected to shift towards

the red to NIR-region. 38

Kleinschmidt et al. also reported flavin derivatives with considerable modifica-
tions at the pyrimidine moiety which were expected to enhance ISC.13® These deriva-
tives could be promising as potential triplet sensitizer for singlet oxygen generation
in terms of photodynamic therapy or for photocatalytic applications.!'32144-49 [n the
third part of this dissertation, synthetic investigations of flavin derivatives with con-
siderable modifications at the pyrimidine ring have been described, which poten-

tially lead to favored ISC as deactivation process.

Two promising flavin derivatives were highlighted by Kleinschmidt and cowork-

ers, namely 2-trifluoromethyl-2-deoxo-MIA (2-CF3-MIA) and 4-trifluoromethyl-4-

11



Motivation

deoxo-MIA (4-CF3-MIA).38 For both derivatives, the second triplet state T, of nz"
character is expected to be strongly stabilized, even in polar solvents. This stabiliza-
tion is pronounced enough to enable the fast El-Sayed-allowed transition from S; to
T,, thus quenching fluorescence reliably. Herein, the synthesis of both derivatives

was investigated in this work.
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Figure 2.3 Schematic representation illustrating the impact of trifluoromethyl groups in-
troduced at 2- or 4-position, respectively, on the singlet and triplet states of MIAs. These
considerable structural modifications lead to remarkable stabilization of the second triplet
state T, which is of nr" character, facilitating an efficient El-Sayed-allowed ISC channel. No-
tably, this stabilization is more pronounced when the trifluoromethyl group was attached at

4-position. 38!
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3 | Partl:Xylene Ring

Derivatization of Flavins

3.1 Literature Overview of Flavins Derivatized

at the Xylene Ring

Up to the present, several flavins with different functionalizations on the xylene ring
motif have been reported in the literature such as 8-CF;-, 8-Br-, 8-iPr-riboflavin,
7,8-didemethylriboflavin and roseoflavin.3%3259 Often, the synthetic pathways begin
with the corresponding functionalized (amino-/nitro-) anilines and alloxan mono-
hydrate as the building blocks.345051 After functionalization of the aniline with a
ribityl side chain, it is coupled with alloxane monohydrate in the presence of boric
acid. The utilization of boric acid in the context of this condensation was first de-
scribed by Kuhn et al. in 1935.5% This procedure is perfectly adaptable to MIAs,
which bear a methyl group at 10-position instead of a ribityl group.® This was
demonstrated by Gilch, Czekelius and coworkers with the synthesis and spectro-
scopic characterization of 6-, 7- and 8-F-MIAs (4).%% They reported a synthetic
route which begins with the methylation of commercially available fluorinated ni-
troanilines (1), followed by reduction of the N-methyl-nitroanilines (2). The herein
formed 1,2-diaminobenzene derivatives serve as fundamental building blocks for
the subsequent condensation with alloxan monohydrate (3) according to the Kuhn

condensation. 3452

The one-pot procedure used for N-methylation of nitroanilines 1 was initially
reported by Brown and Rizzo and is particularly advantageous due to its concise

preparation.’® Both, trifluoroacetamide protection and phase-transfer conditions,

13



Part I: Xylene Ring Derivatization of Flavins
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2. BnEt3NCI Me Me
\ 1. Pd/C, Ho !

R! NH,  (CH30)2SO0, 1 |
I;[ NaOH 50% ww © NH " AcOHH,0 41, rt. R NN \]&o
R? NO2  toluene, r.t. R2 NO, 2 B(OH)s, AcOH, reflux g2 N;E[( NH

R3 3 H 3
R o N o R (@]
1 2 Y 4
o NH
o = R p2 _ 3 _ .
6-F-MIA: R',R==H,R°=F 3 o H.O

7-F-MIA:R'R3=H,R?=F
8-F-MIA:R2R®=H,R' = F

Scheme 3.1 Synthetic route to 6-, 7- and 8-F-MIAs reported by Gilch, Czekelius and cowork-
ers which begins with the methylation of the corresponding fluorinated nitroanilines. The
final condensation with alloxan monohydrate in the presence of boric acid was derived from
the method described by Kuhn er al. in 1935.3452]

effectively prevent the amine from multiple methylation.®¥ This outcome is ex-
plained by the enhanced acidity of the amide, which enabled N-alkylation within
biphasic conditions. Once the protecting group is hydrolyzed, the N-alkylation of
the free amine will considerably be slow down.*¥ A disadvantage of this procedure
is the moderate yield. This limitation is hardly improvable due to the fact that the
hydrolysis of the protecting group and methylation of the amide are competitive with

each other.
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3.2 Synthesis of 9-F-MIA: Corroborating Quantum
Chemical Calculations for the Rational Design

of Novel Flavins

Recently, it was shown that monofluorination at 6-, 7- or 8-position, respectively,
induces shifts of transition which influences the FQYs of MIAs depending on their
substitution pattern.’®¥ These experimental results were subsequently reproduced
quantum chemically and besides, predictions were made regarding 9-F-MIA, a mono-
fluorinated flavin derivative whose optical properties have not been reported in the

past.%

All computational results are based on MIAs as simplified structures, as a high
number of atoms lead to strongly increased quantum chemical computation times
and resources."® To allow a comparison with these theoretically investigated flavin
derivatives, it would be advantageous to rely on similar structural motifs, when exper-
imentally investigating fluorinated flavin derivatives. Therefore, Gilch, Czekelius and
coworkers also used MIAs as model compounds, which are derivatized with a methyl
group at 10-position instead of a ribityl group.?*+3% Consequently, this structural mo-

tif was also chosen for the 9-F-flavin derivative.

1. (CF3C0),0
2. BnEtz;NCI
F (CH30),S0, F Me  1.PdC,H,
NH, NaOH 50% w/w NH AcOH/H,0 4:1, r.t. (t[
toluene, r.t. 2. Alloxan * H,O :LWNH
NO2 64% NO2 B(OH)3, AcOH, reflux
67%
5 6 °

Scheme 3.2 Synthesis route to 9-F-MIA (7) beginning with fluorinated nitroaniline 5
according to the typical procedure by Kuhn et al. via reduction of the N-alkylated nitro-
aniline followed by coupling with alloxane monohydrate in the presence of boric acid.®? The

N-methylation was performed using the one-pot procedure reported by Brown and Rizzo.¥

According to the most commonly used synthetic approach reported by Kuhn
et al., the synthesis of 9-F-MIA begins with the corresponding commercially available
fluorinated nitroaniline 5.3452! On the basis of the aforementioned one-pot proce-
dure by Brown and Rizzo, methylated nitroaniline 6 was obtained.®® As described

in Section 3.1, the observed moderate yield of 64% is primarily attributed to the
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competing hydrolysis of both amides, methylated and non-methylated, leading to
either product formation or starting material recovery. Nevertheless, the particular
simplicity of preparation, reaction rate and straightforward purification rational the

reason behind application of this method despite the low yield.

The reduction of methyl-nitroaniline 6 was performed by heterogeneous cataly-
sis with palladium and hydrogen. The resulting 1,2-diaminobenzene derivative is
highly air-sensitive so that it is advisable to avoid air-contact until condensation with
alloxan monohydrate (3), necessitating the omission of an intermediary work-up pro-
cedure. Instead of a typical work-up procedure, the 1,2-diaminobenzene derivative
was directly filtered through a syringe filter into a degassed mixture of alloxane and
boric acid in acetic acid. The utilization of a syringe filter is feasible for the purpose of
palladium catalyst removal when handling small quantities, as it contributes to gen-
erate particularly little decomposition products. For larger scales, filtration through
a Biichner funnel under a continuous stream of nitrogen is more practical, taking the

higher amount of decomposition products into account.
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Scheme 3.3 Mechanism of the alloxazine by-product formation, occuring during heating of
MIAs in the presence of acids.**! The mechanism is illustrated using the example of 9-F-MIA
(7), resulting in 9-F-alloxazine (9). Depending on the substitution pattern at the xylene ring,
the rate of this formation varies significantly from either exceptionally rapid to only barely

noticeable.

Following the condensation with alloxan monohydrate, the poorly soluble 9-F-
MIA (7) precipitated promptly from the reaction mixture with a satisfying purity. As
spectroscopic analyses of photophysical properties require a particularly high degree
of purification, many attempts were made to achieve further purification. The lim-
ited solubility hamper the application of conventional methods such as flash chro-
matography (FC) or HPLC. Nevertheless, recrystallization appears to hold promise,
though the number of viable solvents is limited. Purification protocols reported in

the literature often involve solvents such as acetic acid or formic acid. However, the
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propensity of MIAs to form alloxazine by-products upon heating with traces of acid
hinders the utilization of such organic acids for recrystallization (Scheme 3.3). In this
context, trifluoroethanol (TFE) was employed as a proper alternative based on its po-
larity without being acidic or nucleophilic. After recrystallization from TFE, 9-F-MIA
(7) was obtained in high purity, allowing the study of its optical properties.
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Figure 3.1 Absorption and fluorescence emission spectrum of 9-F-MIA (7) in water com-
pared to the corresponding spectrum of non-fluorinated MIA in water. The fluorescence
emission spectra are normalized to their FQY and were obtained by tuning the excitation to

420 nm. This graph was created in collaboration with W. Haselbach. 3!

The theoretical study by Kleinschmidt and coworkers suggested a similarity
of the photophysical properties of 9-F-MIA (7) with the ones of 6-F-MIA.B43! In
collaboration with W. Haselbach, the photophysical properties of 9-F-MIA were
investigated.® In Figure 3.1 its absorption and emission spectra are shown, together
with the spectra of non-fluorinated MIA for comparison. The absorption spectrum
of 9-F-MIA (7) shows two strong bands that are only slightly shifted with respect to
the bands of MIA. Similar shifts have been reported for 6-F-MIA by Gilch, Czeke-
lius and coworkers.®¥ The emission spectrum is scaled according to the FQY that
was determined relative to coumarin 153 in ethanol (®g = 0.5449), visualizing its

decrease to &g = 0.12 with fluorination in 9-position compared to non-fluorinated
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MIA with ¢4 = 0.22 and matching the FQY of 6-F-MIA with &4 = 0.12 that has been
previously reported by Gilch, Czekelius and coworkers.?43% Impressively, the experi-
mental results are in line with the theoretical prediction.’® A detailed discussion of
the photophysical properties of 9-F-MIA (7) can be found in Ref. [36], Chapter 10.
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3.3 Synthesis of 7,8-dF-MIA: A Compound Exhibiting
Favorable Attributes for Fluorescence Labeling

Purposes

By summarizing the impact of monofluorination on singlet and triplet states, the
shifts resulting from multiple fluorination can be determined.®® Since monofluorina-
tion in 7-position induces a proximity between the first singlet state S; and the third
triplet state Ts, polyfluorinated MIAs were screened for an optimized substitution pat-
tern with respect to a more pronounced blueshift of the T; state.® The 7,8-dF-MIA,
fluorinated at both 7- and 8-position, was found to show a significant destabiliza-
tion of the T; state.®® Noticeably, this particular fluorination pattern could plausibly
prompt the Tj; state even surpass the S; state, which makes the fluorescence more
favorable.® This potentially increased brightness of this flavin derivative renders it

particular promising for optical imaging.

As aforementioned, to allow comparability between experimental results and
theoretical suggestions, it is advantageous to employ MIA as a simplified structure
for the 7,8-dF-flavin derivative. The synthetic route to 7,8-dF-MIA (14) begins with
the corresponding difluorinated nitroaniline 10 (Scheme 3.4). When the practical
and facile one-pot procedure by Brown and Rizzo was applied on nitroaniline 10 for
its methylation, a strong tendency towards the formation of side-products was ob-
served, including unknown monofluorinated products.®¥ Probably, upon addition of
sodium hydroxide, the fluorine substituent in para-position to the nitro functionality

was substituted by the nucleophile.

An alternative way to introduce a methyl-substitutent in N-position of nitro-
aniline 10 is in a multi-step manner via Boc-protection, similar to the procedure
described by Xie and Liao et al. in Ref. [56] for the methylation of a monofluorinated
nitroaniline. The procedure used for Boc-protection involved 4-(dimethylamino)-
pyridine (DMAP) as catalyst and triethylamine (NEt;) as base and was initially re-
ported by Wojciechowski and Hudson.5” The combination of both additives, DMAP
and NEt;, enables Boc-protection of amines exhibiting a low nucleophilicity and

leads to a bis-N-Boc-protected intermediate.’®®5”! Subsequently, one of the Boc-
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protecting groups was removed reliably under acidic conditions. To avoid the risk
of a nucleophilic aromatic substitution, sodium hydride as a non-nucleophilic base
was utilized for the subsequent methylation cooperating with methyl p-toluene-

sulfonate.l®® Eventually, the Boc-protecting group is removed under acidic condi-

tions.®
1. (CF3C0),0
2. BnEtzNClI Me
E NH (CH30)2S0; Me  1.Pd/C, H, F N. N, O
j@[ 2 NaOH 50% w/w F NH ACOH/H,0 4:1, r.t. j@: 2 Y
F NO» toluene, r.t. ﬁ 2.B(OH)3, ACOH, 1.t 29% ¢ N/j/\[f NH
F NO, H S
10 13 Oy N \fo 14
NH 0
1. Bocz0, EtsN, DMAP TFA 0 3 :
CHyCly, r.t. ; 0 -
2. TFA, CHyCly, rt. g;/zmz, rt H
73% ° ¥
H
Boc Boc F Ny N._0
F NH Me-Tos, NaH F N‘Me ﬁ \I&
N P NH
j@ DMF, 0°C —>rit. m F N
F NO, 66% F NO2 (0]
11 12 15

Scheme 3.4 Synthesis route to 7,8-dF-MIA (14) begins with difluorinated nitroaniline 10.
The one-pot procedure by Brown and Rizzo®¥ proved to be unrealistic for methylation, as it
led to unexpected nucleophilic aromatic substitution. Therefore, nitroaniline 10 was methyl-
ated over three steps via Boc-protection. This route, involving bis-Boc-protection and partial
deprotection, have been already implemented by Xie and Liao et al. for the methylation of
a nitroaniline monofluorinated in para-position to the nitro functionality.%®! The reaction
conditions for the final condensation with alloxan monohydrate (3) were derived from the
procedure reported by Kuhn and coworkers.3*52] However, the tendency of 7,8-dF-MIA (14)

to form alloxazine by-product 15 necessitated some adaptation to these conditions.

The methylated nitroaniline 13 was reduced by hetergeneous catalytic reduc-
tion, followed by condensation of the resulting 1,2-diaminobenzene derivative with
alloxan monohydrate (3) as described before. Application of the condensation pro-
cedure demonstrated in the synthetic route to 9-F-MIA (7, Section 3.2), led in the
synthesis route to 7,8-dF-MIA (14) to a mixture with many different side-products
including alloxazine 15. Several attempts to purify this mixture via recrystallization
and FC were unsuccessful. The increased solubility of 7,8-dF-MIA (14) affected by
difluorination enabled the utilization of purification procedures such as FC. However,
due to various side-products in high amounts, the desired product could merely be

isolated in low yield with minor impurity. In the context of recrystallizations, the
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Synthesis of 7,8-dF-MIA

slight increase in solubility led to only minimal precipitation.

Figure 3.2 Fluorescing
7,8-dF-MIA (14) during FC.

Therefore, an optimization of the reaction condi-
tions was indispensable. The avoidance of exposing
7,8-dF-MIA (14) to any heat, especially in the pres-
ence of acids, turned out to be an essential factor and
suppressed the formation of alloxazine by-product 15
significantly. Specifically, the condensation was con-
ducted at room temperature, astonishingly achieving
full conversion within one hour. While the unsolu-
ble 9-F-MIA (7) promptly precipitated from the reac-
tion mixture as soon as it was formed, the increased
solubility promoted by difluorination prevented spon-
taneous precipitation of 7,8-dF-MIA (14). Therefore,
the solvent of the reaction mixture was reduced in vol-
ume under high vacuum conditions at ambient tem-
peratures to a few milliliters, thus inducing precipita-
tion. The raw material consisted of a mixture of the
main product 14 with alloxazine 15 and an unknown

mono-fluorinated side-product in a ratio of 1.0 : 0.4 :

0.2, which was determined from its NMR-spectra. The relatively high purity of the

raw product made purification via FC feasible, using TFE as solvent for column load-

ing (see experimental for further details). By applying this procedure, 7,8-dF-MIA

was obtained in a high purity allowing the study of its optical properties.

Quantum chemical calculations for 7,8-dF-MIA (14)
revealed an increase in FQY facilitated by the pro-
nounced destabilization of the T; state potentially be-
yond the S; state. In collaboration with W. Haselbach,
the experimental photophysical properties of this MIA
derivative were investigated. In Figure 3.4 the absorp-
tion and emission spectrum of 7,8-dF-MIA (14) are
shown, together with the spectra of non-fluorinated
MIA for comparison. The absorption spectrum of 7,8-
dF-MIA (14) shows two strong bands that are only

Figure 3.3 Fluorescing
7,8-dF-MIA (14) in water.
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Part I: Xylene Ring Derivatization of Flavins

slightly shifted with respect to the bands of MIA. The emission spectrum is scaled
according to the FQY that was determined relative to coumarin 153 in ethanol (®q
= 0.5445%), visualizing the increased FQY to ®g = 0.42 with difluorination in 7- and
8-position compared to non-fluorinated MIA with ®g = 0.22.136! Again, the experimen-
tal results are in line with the theoretical assumptions.®! A detailed discussion of the
photophysical properties of 7,8-dF-MIA (14) can be found in Ref. [36], Chapter 10.

wavelength A / nm
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Figure 3.4 Absorption and fluorescence emission spectrum of 7,8-dF-MIA in water in
comparison with the spectrum of non-fluorinated MIA in water. The fluorescence spec-
tra are normalized on the basis of their FQY. This graph was created in collaboration with
W. Haselbach. 36!

Within optimization tests of the condensation, reaction conditions reported by
Hasford and Rizzo were tested including the utilization of methanol as solvent for
the reduction of nitroaniline 13.5%8 By applying this method, a side-product was ob-
tained in small amounts with one fluorine substituent and one methoxy functionality.
Presumably, 7-fluoro-8-methoxy-MIA (8-MeO-MIA, 17) has been formed, consider-

ing the activated para-position to the nitro functionality with respect to nucleophilic
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aromatic substitution. Since this flavin-derivative has not been reported in literature,
further investigations regarding its characterization could be desirable. Alternatively,
the synthesis of 8-MeO-MIA (17) according to the typical synthetic procedure would
begin with the corresponding functionalized nitroaniline 16, which is commercially
available but extravagant.’3*5259 Qptimization of the reaction conditions and purifi-
cation of the product has not been pursued, as this work was focused on other fluori-

nated flavin derivatives.

1. Hp, Pd/C 10%

F NO, 2 Alloxan - HZO NH
HCI 10%, 60 °C

R=F 10

OMe 16
Scheme 3.5 Schematic illustration of the synthetic route of 8-MeO-MIA (17) beginning with
difluorinated nitroaniline 10, which was obtained by following the procedure described by
Hasford and Rizzo."® The same product can likely be obtained beginning with the suitably
functionalized nitroaniline 16, following either the method by Hasford and Rizzo or the com-

monly used procedure by Kuhn and coworkers. 3452581
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3.4 Synthesis of 7,8-dF-RIA: An Initial Approach

Towards Protein Incorporation

For the application of FbFPs in optical imaging, a further improvement of their
brightness is necessary.3¢39 Due to the increased FQY of 7,8-dF-MIA with &g = 0.42
in comparison with the FQY of non-fluorinated MIA with &4 = 0.22, a flavin derivative
difluorinated in 7- and 8-position could be a convincible candidate for a chro-
mophore exchange in FbFPs. Especially advantageous would be the combination
with appropriate protein mutations, which have an additional effect on the FQY.[21:24
As an initial approach towards protein incorporation, the synthesis of 7,8-dF-RIA was

investigated.

CH,0OH

1. Ho, Pd/C 10% HO/ OH

F?@[NHz AcOH/water 4:1, r.t. Fj@iNHz D-ribose, NaCNBH3 Kfo\H
F NO, 2. Boc,0, NaHCOg3 F NHBoc MeOH, reflux F. NH
4

dioxane/water 1:1, r.t.

e
10 67% 18 F NHBoc

19
4 M HCI
dioxane, r.t.
H
CH,OH Oy _N.__O CHo0H
HO., *H0
. HO,
OH NH3 " OH
OH . o = OH
F NN \fo B(OH)s, AcOH, rt.  F NH
P 2%
NH X
F N (over two steps) F NH,
(6]
21 20

Scheme 3.6 Schematic illustration of the synthetic route to 7,8-dF-RIA (21) beginning with
difluorinated nitroaniline 10 derived from the procedures described by Girtner et al.’®"
By initial reduction of the nitro group, the risk of fluorine substitution was minimized sig-
nificantly. Since the free 1,2-diaminobenzene derivative was highly air sensitive, the Boc-
protection of one amine functionality in situ was proven necessary (18). After ribityl installa-
tion and Boc-deprotection, the free ribityl-1,2-diaminobenzene 20 and the 7,8-dF-RIA (21),
subsequently obtained from condensation with alloxan monohydrate (3), required careful

handling.[36:52]

The synthetic route to 7,8-dF-RIA (21) shown in Scheme 3.6 was inspired by the

synthetic route to 7,8-didemethylriboflavin reported by Gartner and coworkers.%52
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Additionally, the procedures described by Carlson and Kiessling were consulted for
comparison.!® To minimize the risk of a nucleophilic aromatic substitution (see Sec-
tion 3.3), the reduction of the nitro functionality was selected to initiate the synthesis.
An amine functionality was then Boc-protected to prevent the 1,2-diaminobenzene
18 from decomposition upon contact with air. The subsequent reductive amination
was conducted with D-ribose and sodium cyanoborohydride, which is a mild reduc-
ing agent and is typically used for the reduction of imines.®!! Since it was difficult
to achieve a complete conversion to 19, the reductive amination can be designated
as the bottle neck reaction regarding yield. For instance, after refluxing for three
days with two equivalents of both, D-ribose and sodium cyanoborohydride, 59% Boc-
protected 1,2-diaminobenzene 18 was recovered. To improve the yield, it was tested
to add excess equivalents of both reagents successively over several days. However,
this method led to nonignorable side-product formation and a decrease in yield. Con-
versely, while the excess equivalents of both reagents were added at the beginning, a
moderate yield of 45% could be afforded.

After Boc-deprotection and coupling with alloxan monohydrate, 7,8-dF-RIA (21)
required precautious procedures due to its sensitivity to light and heat. These chem-
ical properties are comparable to the particular light sensitivity of riboflavin (RF)
reported in the literature.'®?-4 Upon illumination, the ribityl chain is known to be
photooxidized to deliver a broad spectrum of photoproducts, including formyl-
methylflavin (FMF), carboxymethylflavin (CMF), lumiflavin (LF) and lumichrome
(LC).162-641 Consequently, all purification procedures necessitated careful operation
in the dark. Additionally, the heat sensitivity, which was already reported for 7,8-dF-
MIA (14, see 3.3), required conduction of all procedures at ambient temperatures

(see Experimental for details).

On account of the detailed discussion of the photophysical properties of 7,8-dF-
RIA (21) in Ref. [36], Chapter 10, only selected details will be mentioned in this con-
text. One vital observation was the decrease of FQY by installation of a ribityl side
chain at 10-position instead of a methyl substituent. Specifically, a FQY of &4 = 0.27
was obtained for 7,8-dF-RIA (21) which is significantly lower than the one of 7,8-dF-
MIA (14) with ®g = 0.42.3¢1 Spectroscopic analyses in deuterated water as solvent,
performed by D. Sretenovi¢, demonstrated the strong influence of water quenching
on the FQY.5¢
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CH,OH

o} o}
OH HJ\H HJ\OH
o o /
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Figure 3.5 Structures of photoproducts, which are formed when riboflavin is illumi-
nated with light. Besides several unknown products, formylmethylflavin (FMF), carboxy-

methylflavin (CMF), lumiflavin (LF) and lumichrome (LC) are formed.[62-64

The synthesis of all flavin derivatives with fluorine substituents at the xylene
ring facilitated the evaluation of the accuracy of quantum chemical predictions for
the purpose of rational design of new flavin derivatives. Overall, an excellent agree-
ment between computational predictions and experimental results was observed.
With a rational chemical estimation, novel flavin derivatives can be designed and
their photophysical properties predicted by quantum chemical calculations. Conse-
quently, this method is a powerful implement for application purposes such as op-
tical imaging, singlet oxygen generation (photodynamic therapy) or photocatalytic

applications.!3®!

26



4 Part I1: 1-F-Lumiflavin -

Targeting a Shift of Emission

For applications such as optical imaging, the utilization of fluorescent proteins of
different emission wavelengths is advantageous because it allows the comparison of
multiple protein fates or gene expression levels.®® In contrast to GFP, which offers
colors over the entire range of the visible spectrum, the emission color of FbFP is lim-
ited to the emission of the flavin chromophore, which is in the green region. There-
fore, the modification FbFPs with the target to shift the emission wavelength is still a

subject of research.

Only limited effects achieved by protein mutations have been reported in the lit-
erature with respect to an altered emission color. For instance, shifts of up to 10 nm
have been reported which were caused by changes in hydrogen bonding.?1:2>26] Con-
sequently, replacing the flavin-chromophore with new synthetic derivatives would
be an alternative strategy.?*>26! In order to screen for suitable flavin derivatives, the
quantum chemical method described in Chapter 3 can be utilized as a powerful tool.
This has been initiated by Kleinschmidt and coworkers, who investigated the photo-
physical properties of flavins derivatized at the pyrazine- or pyrimidine-ring, yield-
ing several hits with potentially shifted emission maxima.®¥ For instance, the struc-
tures of 1-F-MIA and 2-CF,-MIA are shown in Figure 4.1, whose emission maxima
were predicted to shift to 765 nm and 844 nm, respectively, giving emission colors in
the red to NIR region.®® These wavelengths are particularly advantageous for optical
imaging because they are less absorbed by living tissue, thus enabling deep tissue
imaging.[3866671 Additionally, photoexcitation is possible under mild conditions with

green light, which is less harmful for living tissues.!®8!

Notably, a substantial limitation of both derivatives is their potentially reduced
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Figure 4.1 Structures of 1-F-MIA and 2-CF,-MIA which were part of the screening by Klein-
schmidt ef al. of flavin derivatives modified at the pyrazine- or pyrimidine-ring. Both MIAs

were predicted to show strong shifts of emission from the green to the red to NIR region. 38!

FQY, caused by high nonradiative transition rates due to the strong stabilization of
their singlet states S,.343 This behavior is literature known and is called the en-
ergy gap law.®®43! It was also confirmed by high-level quantum chemical calcula-
tions, which identified internal conversion (IC) as a pronounced non-radiative deac-
tivation process for both derivatives.'® Possibly, the characteristics of 1-F-MIA and
2-CF,-MIA are comparable to those of the non-fluorinated 1-deazaflavin derivative,
which has been investigated in several studies.'®®-"% Specifically, its fluorescence has
been reported to be observable on a picosecond time scale with an emission maxi-
mum at about 700 nm and a FQY well below one.'®-"° However, the predictions by
Kleinschmidt and coworkers regarding the shifts of emission caused by these con-
siderable structural changes in 1- and 2-position hold promise for multicolor optical
imaging.'®® In addition, the synthesis and characterization of the two featured flavin
derivatives would facilitate the experimental evaluation of the high-level quantum
chemical calculations, introduced by Kleinschmidt et al. for the prediction of IC rate

constants.38!
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4.1 Literature Overview of 1-Deazaflavin Derivatives

The study by Kleinschmidt and coworker revealed two flavin derivatives, 1-F-MIA and
2-CF,-MIA (Figure 4.1), with promising photophysical characteristics.*® To evaluate
these theoretical predictions, synthetic investigations are required for experimental
characterization. For both derivatives, no synthetic approach existed in the litera-
ture, but several approaches to a possible precursor, 1-deazariboflavin, have been
reported.®%6%71721 Since the calculated emission maxima of both derivatives are in
the red to NIR region, the focus was set on the synthesis of a 1-F-flavin derivative and

the synthesis of the 2-CF,-flavin derivative was not further investigated.®

The first synthetic approach to 1-deazariboflavin (25) was reported by Rogers et al.
in 1977.7Y This route became the most commonly used route to 1-deazaflavin deriva-
tives and begins with ribityl-1,2-diaminobenzene 22. The two main steps are 1) The
coupling of 1,2-diaminobenzene 22 with bromooxoglutarate 23 followed by sponta-

neous air oxidation giving 24 and 2) The ring closure with ammonia (Scheme 4.1).7!

CH,0H 0

R HO. IS, Etogc\HbCozEt " R
Br 23 N NH3 N = 0
OH =~ “COLEt
K>CO3, DMF, r.t. MeOH, r.t. = NH
NR “ N
N” >CO,Et
22 24 25 O
NH,

Scheme 4.1 Synthetic approach to 1-deazariboflavin (25) reported by Rogers et al. in

1977.171 Two main steps can be emphasized: 1) The pyrazine ring formation by coupling with

bromooxoglutarate 23 and 2) The final ring closure with ammonia.

Due to its difficulty and poor reproducibility, the synthesis of 1-deazariboflavin
remained largely unmodified until 2004, when Carlson and Kiessling published op-
timized protocols for the synthesis of ribitylated 1,2-diaminobenzene 22 and for the
coupling with bromooxoglutarate 23.° They mono-Boc-protected the commercially
available 1,2-diaminobenzene 26, followed by reductive amination to introduce the
ribityl side chain.!®” Finally, the Boc-protecting group was removed using conven-
tional procedures.®” By utilization of the more soluble cesium carbonate in the sub-
sequent coupling with bromooxoglutarate 23, they significantly improved the yield of

the quinoxaline intermediate 24 from 20% to 55%.!507! After cyclization with ammo-
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nia, the 1-deazariboflavin was obtained with an overall yield of 11%. This approach

was reproduced by Gértner et al. in 2008 with a total yield of 21%.!5"

CH,0OH
- R< HO.,.
NH 1. D-ribose, NaCNBH3 OH
j@[ 2 BocyO, NaHCO3 ;@ENHZ MeOH, 92%
- - OH
H20, dioxane 2. 4 M HCI, dioxane
NH 20, :
2 66% NHBoc ™ 999 NH
26 27 22
NH»
(0]
EtO,C CO.Et
23

Cs,C0O3, DMF/CHCly
55%

R
|
N~ _ NHg MeOH
1% Z>CO,E
N NH 33%
I COLEt
25

Scheme 4.2 Synthetic approach to 1-deazariboflavin (25) reported by Carlson and
Kiessling.[®"! They demonstrated an optimized protocol for the synthesis of ribitylated 1,2-
diaminobenzene 22 and for the coupling with quinoxaline 24, resulting in an improved yield

of 55%.169 A similar approach was reported by Gértner et al. with an overall yield of 21%. 59

In 2015, Richter et al. published optimized protocols for each step of the com-
mon synthetic route shown in Scheme 4.2 and reported an impressive overall yield
of 61%./72 They achieved improved yields primarily for three steps: 1) The Boc-
protection of 1,2-diaminobenzene 26 (66% — 92%), 2) The coupling of ribityl-1,2-
diaminobenzene 22 with bromooxoglutarate 23 (55% — 77%), and 3) The final
ring closure with ammonia (33% — 92%).["? The protocol for the Boc-protection
of 1,2-diaminobenzene 26 is similar to that reported by Carlson and Kiessling./6%7!
For the coupling of ribityl-1,2-diaminobenzene 22 with bromooxoglutarate 23, they
screened numerous solvent systems and were able to reproduce the yield of 55% re-
ported by Carlson and Kiessling.!®*7? In addition, by using a mixture of dry methanol
and dichloromethane, they were able to increase the yield to 77%, arguing for a
better miscibility and a sensitivity of the reaction to moisture.[”? The subsequent
cyclization was conducted in a stoppered flask with a saturated solution of ammo-
nia in methanol, which was freshly prepared at -78 °C.["? However, no purification

procedure of the crude product was reported within this work.!"!
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4.2 Synthesis of 1-F-Lumiflavin: A Flavin Derivative
with a Predicted Modified Emission Color

To enable comparability with recently published fluorinated flavin derivatives and
theoretical suggestions, a simplified structure for the 1-F-flavin derivative was envi-
sioned.?*38 However, the poor solubility observed for 9-F-MIA (7) and 7,8-dF-MIA
(14) proved problematic in terms of purification. Instead, lumiflavin (Figure 3.5) as
a simplified structural motif holds promise, since the methyl-substituents in 7- and
8-positions contribute to the solubility, while exerting only a negligible effect on the
photophysical properties of the flavin. Consequently, the structural motif investi-

gated was 1-F-lumiflavin (33), whose synthetic approach is depicted in Scheme 4.3.

a) 1. (CF3C0)20
2. BnEtsNCI
NH (CH30)2S0, Me Me
2 NaOHaq, 50% NH 1. Hp, Pd/C 10%, MeOH, r.t. N
j@E - : —— A ekt
NO, toluene,0°C —rt. 2. o P
71% NO, EtO.C CO,Et N™ "COoEt
28 29 B 23 30
NaH003, CH20|2, r.t. NHS/MGOH, r.t.
15%
(over 3 steps)
Me F O
| BF4
Nt 4
LT e )@
N TFE, 80 °C
o 25%
33
b) o B 0]
2
EtO.C COoEt
EtOzC\)JvcozEt CH,Cly, -78 °C — r.t.
o Br
58%
34 23

Scheme 4.3 a) Synthesis route to 1-F-lumiflavin (33) beginning with nitroaniline 28. The
first part is adapted from the typical synthetic route of MIAs with one-pot methylation
and heterogeneous catalytic reduction in situ.13436:525458] The following two steps, involv-
ing condensation with bromooxoglutarate 23 and ring closure with ammonia, are inspired
by the synthetic routes discussed in Section 4.1.150:60.71,72] 1_E-Lumiflavin (33) was finally ob-
tained via late-stage electrophilic fluorination with a N-F-pyridinium salt.[”3! b) Formation

of bromooxoglutarate 23 by conversion of oxoglutarate 34 with bromine.7?!

The synthetic approach to 1-F-lumiflavin (33) begins with methylation of nitro-

aniline 28 by applying the one-pot procedure by Brown and Rizzo.*3654 Subse-
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quently, the nitro functionality was reduced with hydrogen by heterogeneous catal-
ysis to form a 1,2-diaminobenzene derivative.?*3653 Due to stability issues, the
1,2-diaminobenzene derivative was coupled in situ with bromooxoglutarate 23 (see

Section 3.2 for more details on stability issues).

The bromooxoglutarate 23 utilized for the formation of quinoxaline 30 was freshly
prepared following a procedure by Richter et al.’?! In general, a mixture of product
and starting material was formed with a highly variable ratio of product to starting
material ranging from 50 : 50 to 77 : 23 (obtained from raw NMR-spectra), with-
out significant variation in the experimental procedures. Purification of the mix-
tures via FC was attempted, however with little success, as only a slight improve-
ment of the product/starting material ratio to 88 : 12 was achieved. Remarkably,
despite its alleged instability, the product mixtures appeared to be stable at -40 °C
for months.8%72! Also, the formation of multiply
brominated products as reported in the litera-

ture was not observed.["?

Due to the unsuccessful purification of
bromooxoglutarate 23, the product/starting ma-
terial mixture was consequently used for cou-
pling with the 1,2-diaminobenzene derivative
to form quinoxaline 30. First attempts using
reaction conditions derived by Richter et al.
(cesium carbonate, MeOH/CH,Cl,) produced a
wide range of different compounds.”? This mix-
ture appeared impossible to purify, thus imped-
ing the identification of the desired product (Fig-
ure 4.2).

Assuming that bromooxoglutarate 23, which

is reported in the literature to be quite unsta-

ble, may decomposes prior to condensation

reaction, its stability was assessed within dif-  Figure 4.2 Product mixture ob-
ferent environments.!%%721 The assessment was tained from the coupling to quinox-
aline 30.

conducted in CH,Cl, solution at room temper-

32



Synthesis of 1-F-Lumiflavin

ature under TLC monitoring. With the addition of cesium carbonate, bromooxo-
glutarate 23 was completely consumed within half an hour, presumably forming a
deprotonated species followed by intramolecular substitution of the bromine sub-
stituent. When sodium bicarbonate was added instead, this effect was less pro-

nounced.

When the reaction conditions were adapted by utilization of sodium bicarbonate
as base, considerable product formation was observed. Since it was still accom-
panied by the formation of various by-products, a determination of the yield of
quinoxaline 30 proved difficult. This was only possible by accepting high losses
caused by poor separation on FC, resulting in a yield of 16%. Instead, for rough
estimation and comparison of reaction conditions, weight percentages of roughly
separated product fractions were calculated, giving yields of 30 — 50 w% for test

batches and 64 w% for large scale.

For yield optimization, the reaction conditions reported by Carlson and Kiessling,
Rokita et al. and Gértner et al. were additionally tested, involving cesium
carbonate as base in a DMF/CH,CIl, solvent system.5%6%74 For this purpose, the
reduction of nitroaniline 29 required an additional solvent exchange step. There-
fore, the 1,2-diaminobenzene derivative was precipitated as hydrochloride to avoid
decomposition, resulting in a very stable product 35 (Scheme 4.4).[” For conden-
sation with bromooxoglutarate 23, it was redissolved directly in the DMF/CH,Cl,
solvent mixture. By applying this procedure, a yield of 63 w% was already obtained
for a small-scale reaction, which promises even higher yields for upscaled batches.
Further adaptations, such as replacing the base with sodium bicarbonate, could
exert additional positive effects on yields due to less decomposition of bromooxo-

glutarate 23.

In Table 4.1, the reaction conditions tested for the formation of quinoxaline 30 are
listed with their yields in weight percent obtained from roughly separated product
fractions. Applying the conditions reported by Richter et al. (No. 1, Table 4.1), no prod-
uct formation was observed.”? Possibly, the deprotonation of bromooxoglutarate 23
with subsequent intramolecular nucleophilic substitution of the bromine was faster
than coupling with the 1,2-diaminobenzene derivative. When sodium bicarbonate

was utilized as a base, product formation was observed and gave yields of 30 — 50 w%
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Scheme 4.4 Scheme of quinoxaline 30 formation beginning with nitroaniline which was
reduced and precipitated as hydrochloride in situ.l” 1,2-Diaminobenzene hydrochloride 35
was then dissolved for the condensation reaction with bromooxoglutarate 23 giving a yield of

63 Ww%. [50,60,74]

(No. 2, Table 4.1). Finally, the reaction conditions repeatedly reported in the literature
(No. 3, Table 4.1) gave the best yield within this study, which could be promising for

upscaling.50:60.74]

Table 4.1 Overview of small-scale syntheses of quinoxaline 30 using different reaction
conditions.960.72.74] yijelds are given in weight percent and are obtained by rough purifica-
tion of the poorly purifiable raw material. All yields refer to nitroaniline 29 regardless whether

an intermediate work-up was performed.

Starting Yield [w%]
No. material for Solvent system  Base based on
condensation nitroaniline 29
1 29 MeOH/ CHzClg C52C03 n.d.
2 29 MeOH/ CH2C12 NaHCC)g 30-50
3 35 DME/ CHzClg C52C03 63

In general, a mixture of E-/Z-isomers of quinoxaline 30 was visible in the NMR
spectra with a ratio of 1.00 : 0.70 in chloroform-d. The ratio is not expected to affect
the subsequent 1-deazalumiflavin (31) formation, as a zwitterionic resonance struc-

ture is conceivable, as shown in Scheme 4.5./%

For the subsequent ring closure with ammonia (Scheme 4.3), the reaction con-
ditions proposed by Richter ef al. included condensation of ammonia at -78 °C and
warming to room temperature in a closed reaction vessel.[”?! By applying this method

with a pressure tube, low yields of about 7% were obtained. In contrast, cyclization
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Scheme 4.5 Resonance structure of quinoxaline 30 with formation of zwitterionic
quinoxaline 36. Due to the loss of rotation barrier, the yield of 1-F-lumiflavin (33) is inde-

pendent of the E-/Z-isomer value.!>"

using a solution of ammonia in methanol, previously prepared by simply purging
ammonia through methanol until the volume stopped increasing, gave moderate
yields of 15%.5% The poorly soluble product precipitated promptly from the reaction
mixture, allowing isolation via filtration and washing with several solvents such as
EtOAc and CH,Cl,, so that the raw material was already in a sufficient degree of pu-

rification for yield calculation.

For spectroscopic purposes, a particularly high purity is mandatory. Hence, vari-
ous purification methods were tested, including FC and recrystallization.! Chromato-
graphic purification of flavin derivatives is often challenging due to their usually low
solubility. Therefore, it is advantageous to completely dissolve the flavin and dis-
tribute it over a large surface area by adding silica gel prior to solvent evaporation.
The "loaded" silica gel obtained in this way can be applied to a column analogous
to Celite™ diatomaceous earth. Depending on the solubility of the flavin derivative
being treated, up to a hundred times the amount may be required to ensure good sol-
ubility on FC. Therefore, this method is only applicable for small amounts and mod-
erate solubilities, as otherwise the column size and solvent volume quickly reach im-
practical dimensions. The same applies to the dissolution of the flavin prior to silica
gel loading. Any solvent or solvent mixture can be used as long as it is easily remov-
able. However, if the solubility of the flavin is too low or a large amount needs to be

purified, other purification methods should be considered to avoid wasting solvents.

For 1-deazalumiflavin (31), a sixfold amount of silica gel was sufficient to obtain
good solubility on FC. Only the poor separation impeded a successful purification,
thus relying instead on recrystallization methods. In his bachelor thesis, D. Niiren-
berg tested solvent mixtures such as formic acid/ acetic acid/ water and formic

acid/ water, but struggled with low precipitation rates.[”® Therefore, after the suc-

1. Some tests were performed by D. Niirenberg as part of his bachelor thesis!75!.
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cessful employment of TFE as a potent recrystallization solvent for the purification
of 9-F-MIA (7) (see Section 3.2 for further details), it was also successfully applied
to the purification of 1-deazalumiflavin (31). For its recrystallization, two options
are possible, both leading to a very pure product. One is to cool the solution of
1-deazalumiflavin (31) in TFE extremely slowly and allow recrystallization at low
temperatures over a long period of time (for further details, see Experimental Sec-
tion 7.3.5). This time-consuming procedure is then rewarded by the formation of
needles of 1-deazalumiflavin (31), which are probably suitable for analysis in X-ray
crystallography. A much faster procedure is to induce precipitation of 31 from TFE
by layering with EtOAc (for further details, see Experimental Section 7.3.5), a method

suitable enough to quickly remove small amounts of impurities.

Since efficient purification methods were de-
veloped for 1-deazalumiflavin (31), it could be
considered omitting the rough purification of
quinoxaline 30 and accept a lower degree of pu-
rity of crude 1-deazalumiflavin (31). These sug-
gestions resulted from the comparison of the
yield of quinoxaline 30 and 1-deazalumiflavin
(31) with respect to nitroaniline 29, which are in

the same range at about 16%. Since quinoxaline

30 additionally appears to decompose slowly

- : Figure 4.3 Needles formed b
during FC, this procedure may need to be ad- 2 * eedles formed by

slow recrystallization of 1-deaza-

dressed to optimize the overall yield.
p yi lumiflavin from TFE.

For the late-stage functionalization of 1-
deazalumiflavin (31) in 1-position (Scheme 4.6), an electrophilic fluorination was
conducted. For this type of reaction, several reagents exhibiting a positively polarized
fluorine source have been developed and are nowadays commercially available. "=
Their development in the 1980s was driven by the need for safe and easy to han-
dle electrophilic fluorinating agent, as the formerly used elemental fluorine is highly
toxic and requires special handling techniques./”-"® The most common utilized N-F
reagents provide a high stability that allow for easy and less hazardous handling,
while maintaining sufficient reactivity for fluorination under mild conditions.!”="

They can be either neutral compounds or quaternary ammonium salts with non-
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nucleophilic anions as counter ions, that can exert an additional effect on the reactiv-
ity of the salt.l"7-8%

I\I/Ie I\|/Ie F
ID:N 0 F-reagent :C[Nji;(o
Nm LT
31 © 33 ©

Scheme 4.6 Late-stage functionalization of 1-deazalumiflavin (31) with formation of 1-F-

lumiflavin (33).

For instance, Takeuchi er al. reported the utilization of Selectfluor™ (40), a
DABCO derivative with two quaternary ammonium centers and probably the most
popular N-F reagent, for the synthesis of 3-fluorooxoindoles (39) from indoles
(37).181L82] For this purpose, two equivalents of Selectfluor™ (40) are necessary, as the
initially introduced fluorine substituent is attacked by water to form an

oxoindole 38, which is finally fluorinated.®"

Me Me F

Me
Selectfluor Selectfluor
> TMecNO o 0
N 2 N N
H H H 57%
37 38 39
s
Selectfluor: F—N*_/~N*~/
N 2BFs
40

Scheme 4.7 Scheme of the formation of fluorooxoindoles 39 from indoles 37 via double

fluorination with Selectfluor™ (40) reported by Takeuchi er al.'8"

This example illustrates the degree of activation required for fluorination with N-F
reagents. Typically, the functionalization of highly nucleophilic structural motifs such
as enols, enamines and carbanions, for instance deprotonated malonates or Grig-
nards, has been demonstrated.””-""1 However, recent studies have revealed several
fluorination reagents that allow functionalization also in aromatic positions./””="
This large variety of available N-F reagents with different reactivities and selectivities
allows precise fine-tuning of reactions. Therefore, several studies have focused on a
ranking for quantitative or qualitative classification. A comprehensive summary was

provided by Rozatian and Hodgson in 2020.78-80]

A qualitative ranking of N-fluoropyridinium salts was reported by Umemoto
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et al., who compared the reaction conditions required to obtain a high conversion
of fluorination.®% The results correlated with the electron withdrawing or donating
character and position of the substituents on the pyridine. Consequently, the "fluo-
rination power" decreased with the introduction of electron donating substituents
such as methyl groups with respect to the unsubstituted N-fluoropyridinium salt. In
contrast, electron withdrawing substituents such as Cl- and CO,Me groups increased
the reactivity, especially when located at 2-, 4- and/or 6-position, together with an

increasing number of those substituents. /8

N+ c C
o Me0:C N" COMe

| S X X- = -OTf, BF -

Figure 4.4 Relative representation of "fluorination power" of N-fluoropyridinium salts
found by Umemoto et al. and summarized by Rozatian and Hodgson.”?8% The "fluorination

power" correlates with the character and position of the substituents at the pyridine ring.

Mayr et al. published in 2018 a quantitative ranking of five different fluorination
reagents, derived from kinetic studies of reactions with carbanions and
enamines./”®™ Interestingly, the fluorination reagents considered in this study dif-
fered strongly, as in addition to N-fluoropyridinium salts, Selectfluor™ and
N-fluorobenzenesulfonimide (NFSI) have been investigated. According to their
results, Selectfluor™ is the reagent with the highest reactivity, closely followed by
2,6-dichlorosubstituted N-fluoropyridinium salt. The reactivity of NFSI can be clas-
sified in the middle range and both unsubstituted as well as 2,4,6-trimethylated
pyridinium salts are rather less reactive reagents.[”®! Similar results were obtained
in a kinetic study by Hodgson et al. in 2018 by fluorination of 1,3-dicarbonyl com-
pounds.®! They generated a reactivity ranking of nine different N-F fluorinating

agents with respect to Selectfluor™.[783 The structures are illustrated in Figure 4.5
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and ordered on a relative reactivity scale.
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Figure 4.5 Ranking of the reactivity of various fluorinating agents with respect to
Selectfluor™ as reported by Hodgson er al. and similarly reported by Mayr and cowork-
ers. First row, from left to right: 2,4,6-Trimethyl- N-fluoropyridinium salts, NFSI, Synfluor™
and Selectfluor™. Second row, from left to right: Unsubstituted N-fluoropyridinium

salt, 2,6-dichloro- N-fluoropyridinium salts and fully substituted chloro- N-fluoropyridinium
salt.178.79,83]

Initially, electrophilic fluorination of 1-deazalumiflavin (31) was tested with
Selectfluor™ (Scheme 4.8).18Y It soon became apparent that solvent and solubility
will be limiting factors, as large amounts of the starting material remained unaf-
fected in the solid state. Moreover, the slightly increased solubility with introduction
of a fluorine atom in 1-position led to the risk of consumption of 1-F-lumiflavin (33)
if the reaction conditions were too harsh. This resulted in the formation of side-
products which made product identification difficult as they exhibited product-like
signals in their NMR spectra (Figure 4.6).

I\I/Ie I\IIIe F
A Selectfluor™ AN
31 © 33 ©

Scheme 4.8 Initial electrophilic fluorination tests of 1-deazalumiflavin (31) with
Selectfluor™ with side-product formation, which exhibited product-like signals in their
NMR spectra.8l

Overall, the electrophilic fluorination of 1-deazalumiflavin (31) required opti-
mization of the reaction conditions. A considerable difficulty was the partially con-
trary solubility and stability of both Selectfluor™ and 1-deazalumiflavin (31). For

instance, Selectfluor™ is fairly soluble in acetonitrile, cold water and dilute hydro-
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Figure 4.6 'H-NMR spectrum of the product obtained from fluorination reaction with
Selectfluor™ in methanol at room temperature (green) compared to the 'H-NMR spectrum
of 1-F-lumiflavin (33) (red). For better comparison, both aromatic proton signals and the sig-
nals of both methyl groups have been expanded to illustrate that the shifted signal set can be

misinterpreted as that of 1-F-lumiflavin (33).

chloric acid, but poorly soluble in lower alkanols and acetone, which can be im-
proved by the addition of small amounts of water or organic acids.®?' It decomposes
rapidly in solvents such as DME DMSO and dilute sodium hydroxide.®? In contrast,
1-deazalumiflavin (31) shows moderate solubility in DMSO, but is hardly soluble
in acetonitrile, cold water and lower alkanols except TFE where moderate solubil-
ity is observed. A good solubility is obtained in dilute acids, which is one of the
few overlaps with the solubility of Selectfluor™, but is accompanied by the risk of

decomposition of 1-F-lumiflavin (33) with increasing temperature.

Several solvents and solvent systems were screened, including methanol, formic
acid, TFE, MeOH/TFA/water, formic acid/water, formic acid/MeCN, formic acid/
water/CHCIl3 and TFE/water/CHClI3, to some extent performed by D. Niirenberg as
part of his bachelor thesis.[”®! In all cases, product formation was observed when one
equivalent of fluorinating agent was used, sometimes accompanied by the forma-

tion of various side-products. The results were not quantitatively evaluated, since
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the purification of 1-F-lumiflavin again proved to be difficult, a typical phenomenon
in the synthesis of flavins already described for 9-F-MIA (Section 3.2), 7,8-dF-MIA

Figure 4.7 Color change of

1-deazalumiflavin (31, left) upon
fluorination in 1-position to form
1-F-lumiflavin (33, right).

(Section 3.3), 7,8-dF-RIA (Section 3.4) and
1-deazalumiflavin (current Section). Therefore,
the products from the reactions in different sol-
vents were qualitatively evaluated with respect
to product and side-product formation as well

as practicality with respect to product isolation.

Electrophilic fluorination in TFE, formic
acid/water/CHCl;, TFE/water/ CHCl; or MeOH/
TFA/water gave 1-F-1-deazalumiflavin (33) as
the main product. Fluorination in other sol-
vents and solvent systems resulted in the forma-
tion of side-product in equal or predominant
amounts (see Experimental Section 7.3.6 for fur-
ther details). A remaining challenge was the
large amount of 1-deazalumiflavin (31) which
remained untouched, leading to only little prod-
uct formation, e.g. 7-12 mg of product 33 was
obtained from 20-100 mg of 1-deazalumiflavin
(31). Higher equivalents of Selectfluor™ re-
sulted in increased side-product formation with
consumption of 1-F-lumiflavin (33). However,
to complete the conversion it proved necessary
to fluorinate with superstoichiometric quanti-
ties of fluorinating agents. Since the consump-
tion of 1-F-lumiflavin (33) had to be avoided at

the same time, several fluorinating agents were selected for fluorination tests, based

on the rankings by Mayr et al. and Hodgson et al.'’®7983 These reagents exhibited re-

activities across the entire Hodgson reactivity scale (Figure 4.5) and are depicted in

Scheme 4.9.

With utilization of each fluorinating agent shown in Scheme 4.9, the forma-

tion of 1-F-lumiflavin (33) was observed at room temperature, except for the two
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Scheme 4.9 Electrophilic fluorination of 1-deazalumiflavin (31) to form 1-F-lumiflavin (33).
For this reaction type, a wide variety of fluorinating agents are commercially available, allow-
ing precise fine-tuning of the required reaction conditions. The selected fluorinating agents
exhibited reactivities across the entire reactivity scale created by Hodgson et al. and are or-

dered by increasing reactivity from left to right.[7879,83]

N-pyridinium salts, 41 and 32, which required elevated temperatures of 90 °C and
80 °C, respectively (see Experimental Section 7.3.6 for further details). All fluorinat-
ing agents were tested in TFE, as it provided sufficient solubility and allowed heating
without decomposition of the flavins. The resulting raw NMR spectra from these tests
were then evaluated qualitatively. In contrast to the results obtained from fluorina-
tion with Selectfluor™, the use of all other reagents resulted in exclusive formation of
1-F-lumiflavin (33). It is still unclear whether this is due to the lower reactivity of the
fluorinating agents or a phenomenon related to the structure of Selectfluor™. How-
ever, by increasing the amounts of fluorinating agent, an increase in side-product
formation and consumption of 1-F-lumiflavin (33) was observed for all reagents
regardless of their reactivity. Therefore, the N-F reagent that gave the purest raw
NMR spectrum, the unsubstituted N-pyridinium salt 32, was selected for large scale

synthesis and the incomplete conversion was taken into account.

For the purification of 1-F-lumiflavin (33), methods such as HPLC, FC and re-
crystallization were tested. Interestingly, the use of HPLC increased the level of
impurities in the sample, suggesting a water sensitivity of 1-F-lumiflavin (33), espe-
cially with slight heating as required for the removal of acetonitrile via rotary evap-
oration. Therefore, solvent removal was performed analogously to the procedure
described for 7,8-dF-MIA and 7,8-dF-RIA in Sections 3.3 and 3.4 under high vac-
uum at ambient temperature followed by lyophilization. By applying this method,
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pure 33 was obtained in small amounts (5.5 mg from four HPLC runs). However,

since a larger amount of material is required for extensive spectroscopic charac-

terization, a combination of FC and recrystallization was additionally tested. Sole

purification via FC did not provide a suffi-
cient degree of purification, but at least sepa-
ration from 1-deazalumiflavin (31) starting ma-
terial was achieved. The increased solubility
caused by the introduction of a fluorine atom in
1-position facilitated column loading dissolved
in TFE, a procedure already described for 7,8-
dF-MIA (14) in Section 3.3. Finally, successive
recrystallizations from TFE and DMSO gave 1-
F-lumiflavin (33) in a high degree of purifica-
tion (see Experimental for further details). For
structure validation, the crystal structure of 1-F-

lumiflavin (33) was measured by P. Schmeinck

Figure 4.8 Needles formed by
slow recrystallization of 1-F-lumi-
flavin from DMSO.

and L. Karl. This unambiguous evidence for the formation of the desired 1-F-

lumiflavin (33) together with the high degree of purification allows its spectroscopic

characterization.

Figure 4.9 Molecular structure (thermal ellipsoid plot) of 1-F-lumiflavin (33) measured by

P. Schmeinck. Structure solution was done in collaboration with L. Karl. Incorporated DMSO

was omitted for clarity. Thermal displacement ellipsoids are drawn at the 50% probability

level.
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5 | PartIIl: Trifluoromethylated
Deoxolumiflavins - Targeting an

Increased Triplet Quantum Yield

The recent screening of flavins derivatized at the pyrazine- or pyrimidine-ring by
Kleinschmidt and coworkers revealed two more flavin derivatives with promising
calculated characteristics. Instead of the typical carbonyl functionality in 2- and
4-positions they exhibit a trifluoromethyl functionality, respectively, and are there-
fore referred to as 2-CF;- and 4-CF;-MIA (Figure 5.1). This functional exchange re-
sults in an additional double bond at the pyrimidine ring and removal of the hydro-
gen atom in 3-position. These considerable structural changes enable rapid El-Sayed-
allowed ISC due to a strong stabilization of the second triplet states of nr character,
which are typically inaccessible in aqueous medium.3® This effect is predicted to
reliably exceed fluorescence and is expected to be more pronounced with a trifluo-

romethyl functionality in 4-position than in 2-position. 38!

IYIe I\I/Ie
N N CF3 N N__O
OGN ® &1
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2-CF3-MIA 4-CF3-MIA

Figure 5.1 Structures of 2-CF;- and 4-CF3-MIAs reported by Kleinschmidt and coworkers
which exhibit considerable structural changes resulting in promising calculated properties, a

possible increased triplet quantum yield. 38!

Increased triplet quantum yields offer great potential for singlet oxygen genera-

tion in the context of photodynamic therapy.”?!! For instance, LOV-based FbFPs have
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been reported to be highly phototoxic proteins that generate sufficient amounts of
singlet oxygen. For this purpose, it would be beneficial if the triplet quantum yield
of the incorporated flavin would be increased.?!4"-4984 [n addition to medicinal ap-
plications, flavins with high triplet quantum yields could be used as photosensitizers
for chemical purposes.®® Several substrates have been successfully photooxidized by
flavin derivatives, rendering them as green and versatile organocatalysts.!858! Clearly,

some limitations such as their poor photostability require further investigations.®!

5.1 Synthetic Pathways to Flavins Beyond
the Kuhn Synthesis

Besides the common flavin synthesis by Kuhn et al. via coupling of 1,2-diamino-
benzene derivatives with alloxan monohydrate, several synthetic strategies have
been reported in the literature.5>8-9! For instance, the so-called Tishler condensa-
tion (Scheme 5.1) is a classical synthetic route first published in 1947 and was devel-
oped due to availability difficulties of alloxan monohydrate and stability issues with
the 1,2-diaminobenzene derivative.'® Therefore, the Tishler condensation is based

on the coupling of barbituric acid (47) with o-aminoazo-compounds (46).889091

0-Aminoazo compounds 46 are commonly obtained via azo-coupling of suitably
functionalized anilines (44) with para-substituted anilines (45) that are diazotized
in situ. The coupling can be challenging due to the formation of three potential iso-
mers: 2-azobenzene 46, 6-azobenzene 49 and triazene 50.19 The ratio of the azo-
isomers to triazene 50 can be influenced to some extent by adjusting the reaction
conditions, as their formation is strongly pH dependent.’®?! Very low pH values sup-
press any coupling, since protonation of amine 44 impedes activation of the benzene
by the positive mesomeric effect (+M-effect) of the amine.'? In contrast, neutral or
very weakly acidic solutions favor coupling with the free amine, which represents the
position of highest electron density, thus leading to triazene 50 formation."? Conse-
quently, the pH must be adjusted individually to enhance the formation of the de-
sired 2-azoaniline (46), which was for instance demonstrated by Erlenmeyer et al.,
who reported the exclusive formation of 2-azobenzene (46, R=Me) in 85% formic

acid.o
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Scheme 5.1 Scheme of Tishler condensation as an alternative synthetic approach to flavin
derivatives. Functionalized aniline 44 is coupled with a para-substituted aniline 45 to form
an azobenzene (46), which is then reacted with barbituric acid (47). The azo-coupling can
occur in three positions with formation of different isomers: 2-Azobenzene 46, 6-azobenzene

49 and triazene 50.!88:90,91]

Another synthetic approach to flavins has been reported by Erlenmeyer et al. in
1959 which is based on the coupling of anilines 51 with violuric acid derivatives
(52a - 52e).189 By application of this method they demonstrated the synthesis of vari-
ous roseoflavins derivatized in 2- and/or 4-position, such as thio- and imino-flavins
(53a - 53e).®% For this purpose, they prepared the corresponding violuric acid build-
ing blocks (52a — 52e) from suitably functionalized barbituric acid derivatives via

nitrosation.89

Me H 'Yle

X< N_Y

HoN NH . b ,H2N N /NVY

Me X X
51

52a x=Y=0 53a - 53e
52b x=0,Y=5

52Cc X=NH,Y=0

52d x=0, Y=NH

52e X=Y=NH

Scheme 5.2 Synthetic approach by Erlenmeyer et al., who obtained roseoflavin derivatives
functionalized in 2- and/or 4-position (53a - 53e) via condensation with violuric acid deriva-
tives 52a — 52e. 89

In 1972, Yoneda et al. developed a synthetic approach to flavin derivatives via
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the formation of isoalloxazine-N-oxides (56, Scheme 5.3).1%! They coupled 6-chloro-
uracil (54) with functionalized anilines 44 and closed the pyrazine ring using sodium
nitrite to form the isoalloxazine-N-oxides 56 and 57.1! By subsequent deoxygena-
tion, riboflavin (48), lumiflavin (48) and other flavin derivatives (58 - 60) were
accessible.®¥ In 1976, they extended the cyclization method with a protocol utilizing

sodium nitrate.!**

R H Ry R
| CIN_O N__N__O N__N__O
oyt U — JOTUE e LI
NH AcOH L
0 o O 0
44 54 55 56
N8.23204
H,O

R R
N._N._Ph N__N__O
My Y 7
R NN R P NH N._N._O
. b
o O o)

57

N R= ' _ 7 .8-di- o}
R = H, Me, Et 58 X=N,R=NP,R '7,8d|MeiO 48
R = H. 7-Me. 9-Me. 7-OMe 59 X=N, R =ribityl, R' = 7-Me,8-Pr
8-OMe, 6,7,8-ri-OMe 60 X=CH, R = ribityl, R' = 7,8-di-Me R = Me, Ribityl

Scheme 5.3 Synthetic procedure published by Yoneda et al. in 1972, in which aniline 44
is coupled with 6-chlorouracil (54) and the pyrazine ring is subsequently closed by sodium
nitrite.%3! By utilization of a similar route, the syntheses of 2-phenylflavin N-oxides 57,
di-MeO- (58) and iPr-flavin derivatives (59) as well as 5-deazariboflavin (60) have been
reported.!5%.6095-97 This illustration does not show all published compounds, for more de-

tails see references cited above.

This synthetic approach has been successfully applied to several flavin deriva-
tives, such as 2-phenylflavin-N-oxides (57), 7,8-di-MeO-isobutylflavin (58), 8-iPr-
riboflavin (59) and 5-deazariboflavin (60) (Scheme 5.3).050.60.95-97 QOften, difficulties
regarding the coupling with 6-chlorouracil (54) were reported, such as low yields or
isolation problems."**6%97 Therefore, several modifications of this step are available
in the literature.®*6%98 For instance, Carlson and Kiessling as well as Gértner et al. re-
ported a catalytic effect of malononitrile.56%9! [n addition, Gartner et al. observed a
positive effect, when freshly prepared 6-chlorouracil (54) was used and the coupling

was conducted under well maintained dry conditions."

Typically, 6-chlorouracil (54) was obtained from the partial hydrolysis of
2,4,6-trichloropyrimidine (62) with sodium hydroxide. Instead of initially preparing
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6-chlorouracil (54), aniline 61 can be coupled directly with 2,4,6-trichloropyrimidine
to form tertiary amine 63, as demonstrated by both Gértner et al. and Fenner and
Hochhuth.B2%! In Scheme 5.4, this approach is exemplified by the synthesis of
8-Br- and 8-CFs-riboflavins reported by Gértner and coworkers.'3? The protection
and deprotection steps of the ribityl side chain reported in the original procedure
were omitted within this context for clarity.®?! Following the formation of tertiary
amine 63, the remaining chloro-substituents at the pyrimidine ring were hydrolyzed
in two steps via introduction of benzyloxy-functions, giving 64. Eventually, reduc-
tive deprotection yielded the hydrolyzed derivative 65.°%9! Notably, a disadvantage
of this approach occurs when coupling is performed with trichloropyrimidine 62
instead of 6-chlorouracil (54), as the formation of two possible isomers has been

reported, thus affecting the overall yield.!>%%)
R R
R Cl N Cl  KHCO3; \ ! , !
R NH . | \?\J/ BuNBr R N |N\\|/CI BnONa R N |N\\rOBn
oG R DO
Me Cl
Cl OBn
62 63

61 64

‘ Ho, Pd/C
R } Ry
R’ N.__N_.O R N__N_O R’ N.__N_.O
= Na28203 = NaNOZ
: i ” 17/“ < \N]T" AcOH | \rll//l-|
Me N Me N* Me
(0] O O (0]
67 66 65
R = Ribityl
R' = Br, CF3

Scheme 5.4 Synthesis of 8-Br- and 8-CF3-riboflavins reported by Gértner et al. via coupling

of aniline 61 with 2,4,6-trichloropyrimidine (62) and ring closure with sodium nitrite.3?! The
protection and deprotection steps of the ribityl side chain were omitted for better clarity. For
further details see Ref. [32].

Yoneda et al. reported another approach to flavins in 1976 via heating of amino-
uracils 68 with excess of nitrosobenzene. The resulting flavin derivatives 69 alkylated
in 10-position were formed already after 20 min (Scheme 5.5).%4 In 1979, the range of
products accessible by this approach was complemented by the synthesis of 10-aryl-
3-methylisoalloxazines by Yoneda et al. and in 2013 by the synthesis of isoalloxazines

non-functionalized in 3-position by Cibulka et al.!8610%
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| H
N
Y \f
N AcOH/A02O
o reflux
68 R = Me, Et, Aryl 69
R'=H, Me

Scheme 5.5 Synthetic approach to flavin derivatives 69 via heating of aminouracil deriva-

tives 68 with nitrosobenzene.86:94,100]
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5.2 Investigations on the Synthesis of
Trifluoromethylated Deoxolumiflavins:
Flavin Derivatives with Predicted Enhanced

Triplet Quantum Yields

To ensure comparability with previously reported flavin derivatives and suggestions
from quantum chemical calculations, lumiflavins were considered as simplified
structures for the trifluoromethylated flavin derivatives. These considerations are
based on several advantages already discussed in Sections 3.2, 3.3 and 4.2. In addi-
tion, the synthesis of trifluoromethylated lumiflavin derivatives substituted with a
neopentyl group in 10-position was investigated. The introduction of a neopentyl
group results in two improvements: 1) A better stability with respect to alloxazine
formation (for further details regarding alloxazine formation, see Section 3.2) and 2)

An improved solubility, which facilitates purification.

For the synthesis of 2-trifluoromethyl-2-deoxolumiflavin (75, 2-CF;-lumiflavin)
and 4-trifluoromethyl-4-deoxolumiflavin (79, 4-CF;-lumiflavin) and their neopentyl-
analogs, 2-CF;-neopentylflavin (76, 2-CF3;-NP-flavin) and 4-CF;-neopentylflavin (80,
4-CF3-NP-flavin), similar methods were investigated. Therefore, the syntheses will
be discussed collectively in the following section. Within this work, the investiga-
tion of three different approaches will be discussed: 1) via Kuhn-condensation, 2)

via Tishler-condensation and 3) via N-oxide formation. 32528899

The synthetic approach via Kuhn condensation required suitably trifluoro-
methylated alloxan derivatives 72 and 78 (Scheme 5.6). Their syntheses were investi-
gated beginning with the corresponding barbituric acid derivatives 71 and 77, respec-
tively, following the protocol for the oxidation of barbituric acid with chromium oxide
to alloxan monohydrate.5>1%!! The oxidation products were then used for the follow-
ing coupling with suitably functionalized 1,2-diaminobenzene derivatives, according
to the condensation protocol by Kuhn et al. in the presence of boric acid.’?! Heteroge-
neous catalytic reduction of nitroaniline 29 gave N-methyl-1,2-diaminobenzene 70.
N-Neopentyl-1,2-diaminobenzene 74 was prepared via reductive amination with

initial amide formation of nitroaniline 28 with pivaloyl chloride, followed by reduc-
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tion with borane dimethylsulfide to form neopentylnitroaniline 73.11921031 Eventually,
the nitro functionality was reduced by heterogeneous catalysis for the final Kuhn

coupling. 3452

Me
Me Me !
3 NH  H, Pd/C NH I:[N /N\”/CFS
:@ AcOH/ :@[ N NN
NO2 H,0, r.t. NH; 0
29 70 75
HO.__N__CF, Os_N._CF3
~ AN
| Y Cr03 Y B(OH)3
_N ——————— HO-A__N 1 AcOH. refl
AcOH/H,0 HO CT, refiux
OH 50 °C OH
71 72
NH, - Pivaloyl chioride >H >H *
2 NEts, CHoCly, r.t. Ho, Pd/C N_ _N_ _CFs

X . Py
NO, 2 BHg - SMe, j@ AcOH/ D[ J K
toluene, 90 °C H50, r.t. N
28 79% N02 NH27 o)
73 74 76

b) R
NH
HO._N._OH 0s_N_OH ;@[ ?
Y CrOg N NH | N /N\(o
_N ——— = HO—/ N P N
ACOHH,0  HO B(OH)s, AcOH, reflux N

CFs3 50 °C CFs3 CF
77 78 R=Me 79 °
R=NP 80

Scheme 5.6 a) Synthetic approach to 2-CF3-lumiflavin (75) and 2-CF3-NP-flavin (76) anal-
ogous to the Kuhn condensation.!5>191 [t is based on the oxidation of trifluoromethylated
dihydroxypyrimidine 71, followed by coupling with 1,2-diaminobenzenes 70 and 74, respec-
tively. The coupling resulted in an unidentified product mixture. b) Similarly, the synthe-
sis of 4-CF3-lumiflavin (79) and 4-CF3-NP-flavin (80) was investigated. The formation of
4-CFs-flavin derivatives 79 and 80 was hardly achieved in any of the coupling experiments

performed.

When 1,2-diaminobenzenes (70 and 74) were coupled with the material observed
from the oxidation of barbituric acid derivative 71, various products were obtained,
some of which were colorful and/or fluorescent. This mixture of products was pre-
purified via FC and the fractions obtained were analyzed via mass spectrometry.
However, the masses of the desired flavin derivatives 75 and 76, respectively, could

not be measured. Consequently, this route was not further investigated as the large
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amount of side products proved to be detrimental with respect to reasonable yields
of the desired products. When the 4-CF;-flavin precursor 78 was coupled with
1,2-diaminobenzenes 70 and 74, respectively, hardly any product formation was

observed. So, this synthetic approach was also not investigated further.!

The synthetic approach via Tishler-condensation (Scheme 5.1) required an azo-
compound (85), that is coupled with barbituric acid derivative 71 to form 2-CFj3-
lumiflavin (75). To synthesize azo-compound 85, dimethylaniline 81 was initially
methylated in a three-step manner via Boc-protection. The thus functionalized
N-methylaniline 82 was then utilized for azo-coupling studies.®¥ However, triazene
side-product 84 was formed exclusively under the usual buffered conditions. When
the pH was adjusted with dilute hydrochloric acid, which was expected to reduce the
amount of neutral amine in the solution, triazene 84 was still the main product and
the desired 2-azo-compound 85 was obtained in very small amounts (Scheme 5.7).
Therefore, the following coupling with barbituric acid derivative 71 could not be

examined in this context.

Me
M N_N°NOR'
1. BocyO, THF, r.t. \©\
R 84

2. Mel, NaH, THF Me

I A NH
3. TFA, CHxCl, ;©/ 2 M HCI/NaOAc

0°C —>rit. or 25% HCI,0°C —r.t.

NH
o L,

N_ _N_ CF
oy
NN N
0
75

Scheme 5.7 Investigations on the synthesis of azo-compound 85 via typical azo-coupling
procedures. In general, the formation of triazene 84 was predominant and azo-compound
85 was formed only in small amounts, thus hampering investigations with respect to the sub-

sequent coupling with barbituric acid derivative 71.

1. The procedures were performed in parts by D. Niirenberg under my instruction.
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As an alternative synthetic approach to a suitable azo-compound, a method pub-
lished by Parquette et al. was tested as shown in Scheme 5.8. It is based on the cou-
pling of a nitroso group with an aromatic amine to form an azo functionality./'*%
Analogous to the synthetic route reported by Parquette et al., methylated nitro-
aniline 29 was initially protected as acetamide to give 86.!!4 The nitro group was
then converted to a nitroso functionality via a reduction-oxidation sequence. Sub-
sequently, the azo-formation was performed with m-nitroaniline analogous to Par-
quette et al.'%*1%! Acetamide deprotection under basic conditions led to the forma-
tion of the product in small amounts. Since purification via FC provided no sufficient
purity, a yield calculation and full characterization of the product was impossible.
Further purification attempts were omitted due to the small amount of material
available. Since NMR spectroscopic analysis revealed a signal set, indicating the
possible formation of azo-compound 89, the mixture was used for cyclization tests
with barbituric acid derivatives 71 and 77, respectively. The cyclization was initiated
with various acids, including organic acids such as acetic acid or trifluoroacetic acid
and inorganic Lewis acids such as ZnCl,, Yb(Tf); or Sc(Tf)s, respectively. However,
conversion to trifluoromethylated flavin derivatives 75 and 79 was hardly achieved
under any of the conditions tested, indicating that this route is unsuitable for this

purpose.

Since both previously discussed synthetic approaches to trifluoromethylated
flavin derivatives were unsuccessful, a third synthetic approach via N-oxide for-
mation was investigated. In this context, two routes are possible: 1) Following the
route published by Yoneda et al. by utilization of a trifluoromethylated 6-chloro-
uracil derivative and 2) analogous to the procedures by Gértner ef al. and Fenner and
Hochhuth using a trifluoromethylated dichloropyrimidine derivative.!32939! Since
the second option was developed due to the problematic coupling of anilines to
6-chlorouracils, the focus was on the route to 2-CF3-lumiflavin (75) via coupling
with a trifluoromethylated dichloropyrimidine derivative 90.32:50:60.97.99.1071 The gyn-
thetic preparation of this compound has already been described in the literature,
which begins with commercially available trifluoromethylated dihydroxypyrimidine
71.11981 Accordingly, chlorination of dihydroxypyrimidine 71 with phosphorus oxy-
chloride was the first step in the synthetic route towards 2-CF3-lumiflavin (75) shown

in Scheme 5.9. Subsequent coupling with functionalized aniline 82 gave tertiary
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Scheme 5.8 Synthetic approach to 2-CFs-lumiflavin (75) and 4-CF3-lumiflavin (79) via cou-
pling with 2-azo-aniline 89, obtained by applying a protocol by Parquette er al.1%4 In the final
cyclization tests hardly any conversion was observed, indicating that this approach is unsuit-

able for the synthesis of trifluoromethylated flavin derivatives 75 and 79.

amine 91 after only a few hours at room temperature, possibly promoted by the ef-
fect of the electron-withdrawing trifluoromethyl group.! In addition, the methyl sub-
stituent in N-position of aniline 82 exerts significantly lower steric hindrance than

the common ribityl substituent at anilines utilized in the literature.32-50:60,97,99,107]

The substitution of the chloro substituent was achieved via a straightforward pro-
tecting group strategy demonstrated by Girtner et al. and Fenner and Hochhuth. 329!
Therefore, a benzyloxide functionality was introduced first, followed by heteroge-
neous catalytic reductive deprotection. The subsequent ring closure to N-oxide 94
was tested with sodium nitrite, giving an orange product already at ambient tempera-
ture. After deoxygenation with sodium dithionite, the raw material was analyzed via
mass spectrometry, which revealed the mass of 2-CF;-lumiflavin (75), indicating that
it might have been formed. However, it could only be isolated in very small amounts

and at low purity, which prevented its full characterization. Specifically, from 200 mg

1. The procedures were performed in parts by D. Niirenberg under my instruction.
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of tertiary amine 93, only 11 mg of potential product was obtained in low purity and
most of amine 93 was recovered from the reaction mixture. All attempts to complete
the conversion, such as gentle heating to 50 °C, remained unsuccessful, as they re-
sulted in mixtures of unknown compounds that were difficult to purify. After deoxy-
genation trial of this mixture, the desired product 75 could not be identified, sug-
gesting that N-oxide 94 might be unstable at higher temperatures in acetic acid (see

alloxazin formation in Section 3.2).!

Me

NH Me

HO N CF3 I
/\ \lNr POC|3 NEts \r N | N\\rCFS
reflux 63% MeOH _N BnONa (5 M)
OH mol. sieve 3 A, r.t. L Itr(;ISgr%Hreﬂux
71

91 77%
over two steps

Bn

Me Hz Pd/C 10%
CF CF MeOH, r.t.
j@ 3 NazS0 \I/ 3 NaNO, j@/ Y 94%
Water/EtOH AcOH
94

Scheme 5.9 Synthetic approach to 2-CF;-lumiflavin analogous to the procedures described
by Gértner et al. and Fenner and Hochhuth.!32%9! It was based on the formation of ter-
tiary amine 93 via protecting group strategy, followed by N-oxide formation and subsequent

deoxygenation.

Due to the stability problems observed in context of the N-oxide formation to
2-CF;-N-oxide (94), the synthesis of 2-CF;-NP-flavin (76), an alternative trifluoro-
methylated deoxoflavin derivative, was additionally investigated. This structural mo-
tif provides two essential advantages: 1) A higher resistance against alloxazine forma-

tion and 2) A better solubility facilitating purification.

The synthetic approach to 2-CF3;-NP-flavin is shown in Scheme 5.10 and was
planned analogous to the route described above (Scheme 5.9). For this approach,
a suitably functionalized aniline 95 was required, which was prepared via reduc-
tive amination. For this purpose, an amide was formed by coupling with pivaloyl

chloride that was subsequently reduced with borane dimethylsulfide.!'%%1%3 The cou-
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pling of NP-aniline 95 with dichloropyrimidine 90 gave 96 in good yields. However,
the increased steric hindrance significantly reduced the reaction rate of this coupling,
thus necessitating heating over a long period of 12 days. For this purpose, TFE was
utilized as solvent instead of methanol as it allowed slightly higher temperatures. All
attempts to increase the coupling rate, such as the addition of sodium bicarbonate
derived from the protocol by Gértner et al. and Fenner and Hochhuth, or the addition
of malononitrile as reported by Gértner et al. and Carlson and Kiessling, led either
to the consumption of dichloropyrimidine 90 and remaining NP-aniline 95 or to the

formation of side-products.!32-50:60,98,99]

Cl_N._CFs

[
N
1. Pivaloyl chloride 1( *
NHz  NEts, CH,oCly, r.t. ¢ 90
2. BHz * SMe, NH TFE ;©/ Y BnONa (5 m)
toluene, 100 °C mol. sieve 3 A, reflux in BnOH

toluene, reflux

55% 82% 83%

81 95

3Pd/c:10/o 98%
j@( e Meomj@ = ;@ Y
5°C —>rt.

99

Ho, Pd/C 10%
MeOH, r.t.

Scheme 5.10 Synthetic approach to 2-CF;-NP-flavin (76) via protecting group strategy and
N-oxide formation.329%109 Cyclization with nitrosyl tetrafluoroborate yielded exclusively
N-oxide 99. However, the low purity of the raw material prevented a yield calculation. For
the subsequent deoxygenation to 2-CF3-NP-flavin (76), the reaction conditions are given,
with which the mass of 2-CF3-NP-flavin (76) was observed when the product was analyzed
by mass spectrometry. Until now, pure material was hardly obtained mainly due to stability

reasons.

The substitution of the chloro substituent was again achieved by applying the
straightforward protecting group strategy via introduction of a benzyloxy function-
ality and subsequent heterogenous catalytic reductive deprotection. The tertiary

amine 98 obtained by this sequence was utilized for cyclization tests to N-oxide 99
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with subsequent deoxygenation to 2-CF;-NP-flavin (76). However, using the conven-
tional cyclization method with sodium nitrite, even at high temperatures, complete
conversion was hardly achieved.3250:5394991 In addition, significant side product for-
mation upon heating hampered the identification of N-oxide 99 and increased the
difficulty of the following deoxygenation due to low yields and problematic purifica-
tion. Instead, an alternative cyclization protocol by utilization of nitrosyl tetrafluoro-
borate was developed that required strict oxygen and water-free conditions.!'% Using
this protocol, N-oxide 99 was formed without residual starting material and with only
little side-product formation. However, the low purity of the raw material hampered

any yield calculation and purification was omitted due to stability reasons.

Typically, the deoxygenation of N-oxides to flavins is performed with reagents
such as sodium dithionite or sodium thiosulfate as demonstrated by Gartner et al.,
Averill et al. and Yoneda et al.l¥2°%5394 However, the conversion of N-oxide 99 with
sodium dithionite formed an extremely delicate product that decomposed rapidly
in contact with solvents such as TFE and methanol. In degassed deuterated DMSO
(Figure 5.2), three signals were visible in the aromatic region and one at ~12 ppm.
This signal and an additional one at ~7 ppm (Figure 5.2, marked in red) disappeared
after addition of deuterated water. The structure could not be elucidated unambigu-
ously, but a structural motif as shown in Figure 5.2 would fit to the obtained signal
set and a mass obtained by mass spectrometry of the raw material. When deoxygena-
tion was performed by heterogeneous catalytic reduction, the mass of the desired
2-CF;-NP-flavin (76) was detected by mass spectrometry, indicating that the desired
product was formed. However, its rapid decomposition rendered purification very

challenging, so 2-CF;-NP-flavin (76) was not yet unambiguously identified.

The synthetic approach by Girtner et al. and Fenner and Hochhuth via pro-
tecting group strategy and N-oxide formation was also tested for the synthesis of
flavin derivatives with a trifluoromethyl group in 4-position.?%! Similar to the syn-
thetic investigations described for 2-CF;-flavin derivatives, a lumiflavin as a minimal
structural motif was first investigated for the 4-CF;-flavin derivative. For this pur-
pose, trifluoromethylated dihydroxypyrimidine 77 was chlorinated analogous to the
method described above (Scheme 5.11).1%! In contrast to dichloropyrimidine 90
utilized for the synthesis of 2-CF3-flavin derivatives, the corresponding dichloro-

pyrimidine 100 used for the synthesis of 4-CF;-flavin derivatives exhibited no C, axis,
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Figure 5.2 Comparison of NMR-spectra of the raw material from deoxygenation of N-oxide
99 with sodium dithionite in degassed DMSO-ds and degassed DMSO-dgs with deuterated
water. Based on the behavior upon addition of deuterated water and a mass obtained from

mass spectrometry of the raw material, the structural motif shown is proposed.

thus enabling the formation of two coupling products, namely 101 and 102. In the
literature, this phenomenon has already been reported by Fenner and Hochhuth
when 2,4,6-trichloropyrimidine (62) was utilized for this purpose.® However, when
dichloropyrimidine 100 was coupled with suitably functionalized aniline 82, exclu-
sively one product was formed after only a few hours at room temperature. Analysis
by NOESY-experiments showed a spatial proximity between the aromatic protons
and the CH of the pyrimidine ring. Together with a similarity to the NOESY results of
tertiary amine 91 formed in the synthesis of 2-CF3-lumiflavin (75), it was suggested
that the desired product 101 was formed. This suggestion was finally unambiguously

validated via X-ray crystallography (Figure 5.3).!

The substitution of the chloro substituents was again achieved by applying the
protecting group strategy shown above.?%! The introduction of the benzyloxy func-

tionality was straightforward, but the purification of the product 103 proved chal-

1. The experiments were performed in parts by D. Niirenberg under my instruction.
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Scheme5.11 Synthetic approach to 4-CFs-lumiflavin (79) via protecting group strategy and
N-oxide formation.32:9%199 When dichloropyrimidine 100 was coupled with aniline 82, the
formation of two isomers was possible. However, NMR experiments indicated that only
chlorinated amine 101 was formed. The purification of benzyloxy-derivative 103 proved chal-
lenging, forcing the utilization of poorly purified material in the subsequent synthetic step.
When deprotection was performed by heterogeneous hydrogenation, reduction of a double
bond at the pyrimidine ring was observed, forming dihydropyrimidine 106. Therefore, de-
protection was performed via silyl-ether formation.['1%111 The cyclization of flavin precursor
104 with nitrosyl tetrafluoroborate showed no conversion. Instead, an attempt to deproto-
nate dihydropyrimidine 106 followed by ring closure with nitrosyl tetrafluoroborate gave a
mass two protons lower than expected for 108, suggesting the formation of 107 or a related

compound. In addition, a mass of the desired 4-CF3-lumiflavin (79) was detected.
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lenging, forcing the use of a poorly purified material for the subsequent synthetic
step. The use of typical heterogeneous catalytic reductive deprotection conditions
resulted in an additional reduction of a double bond at the pyrimidine ring, giving
dihydropyrimidine derivative 106 (Figure 5.3). Therefore, a method by Schinazi et al.
was used, which was already successfully applied by S. A. Malaczynski for the synthe-
sis of an 8-bromoflavin derivative within his master thesis.!'!%!'! It is based on the
formation of a silyl-ether and subsequent hydrolysis with methanol.''%!'!l By apply-
ing this method, the desired product 104 was obtained after only a few hours at room

temperature.!

Figure 5.3 Molecular structure (thermal ellipsoid plot) of dihydropyrimidine 106 measured
by P. Schmeinck. Cocrystallized reduced dihydroxypyrimidine 77 was omitted for clarity.

Thermal displacement ellipsoids are drawn at the 50% probability level.

For the cyclization of flavin precursor 104, the protocol developed for the synthe-
sis of 2-CF3;-NP-N-oxide (99), which is based on the utilization of nitrosyl tetrafluoro-
borate under strict oxygen- and water-free conditions, was applied. However, in the
context of N-oxide 105 synthesis, hardly any product formation was observed after
several days at -5 °C, room temperature and finally at 50 °C. Only some new spots
were detected on TLC, but without any indication of 4-CF3-N-oxide (105) formation,
suggesting a too low nucleophilicity in vicinal position to the trifluoromethyl group.

Instead, dihydropyrimidine derivative 106 could be advantageous, since it could be

1. The experiments were performed in parts by D. Niirenberg under my instruction.
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deprotonated causing an increased nucleophilicity. Consequently, its deprotonation
was attempted using a combination of sodium hydride and diisopropylamine at low
temperatures, followed by the addition of nitrosyl tetrafluoroborate. Already at 0 °C,
a yellow fluorescent spot was observed on TLC, giving a mass spectrometry result
that was two protons lower than expected for 108, but which was consistent with
a suspected product such as 107. In addition, a mass matching the desired 4-CF;-
lumiflavin (79) was detected. However, due to purification problems the structures

have not yet been unambiguously identified.

In addition, the synthesis of 4-CF;-NP-flavin (80) was investigated in order to pre-
vent purification problems caused by alloxazine formation (see Section 3.2 for fur-
ther details of alloxazine formation). The investigated synthetic route is shown in
Scheme 5.12.

H< Cl\d\ll\lrm

NH TN T Y BrONa (5 )
D/ CF;  mol. sieve 3 A, reflux = N in BnOH
76% CF toluene, reflux
95 100 109 “"3 93%
N N OBn
| N
;©/ \LfN
110 CFs
1. TMSI, CHxClo, r.t.
H 2. MeOH, r.t.
\f O NaNO, N N?o 87%
j@[ j/\r D: or NOBF4 j@/ LN
~
CF3 CFS CF3
1 1 2 111

Scheme 5.12 Synthetic approach to 4-CFs-NP-flavin (80) via modified protecting group
strategy and N-oxide formation.3299109-111] After a straightforward synthesis of flavin precur-
sor 111, its cyclization remained unsuccessful using both sodium nitrite in acetic acid and
nitrosyl tetrafluoroborate, respectively, suggesting a low nucleophilicity in ortho-position to

the trifluoromethyl group.

The route begins with NP-aniline 95 that was utilized for coupling with dichloro-
pyrimidine 100, forming only one of two possible isomers. Structure elucidation was
achieved via X-ray crystallography in collaboration with P. Schmeinck, presenting the

desired isomer 109 (Figure 5.4).
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Part III: Trifluoromethylated Deoxolumiflavins

Figure 5.4 Molecular structure (thermal ellipsoid plot) of tertiary amine 109 measured by

P. Schmeinck. Thermal displacement ellipsoids are drawn at the 50% probability level.

The substitution of the chloro substituent was again achieved by applying the
adapted protecting group strategy via introduction of a benzyloxy functionality and
subsequent deprotection via silyl-ether formation. By conducting this multi-step
procedure, flavin precursor 111 was obtained.29110.111 However, cyclization to
N-oxide 112 was again unsuccessful, as already described within the discussion of
the synthetic investigation to 4-CFs-lumiflavin (79). Specifically, no conversion was
observed with either sodium nitrite in acetic acid or nitrosyl tetrafluoroborate, sug-
gesting that the nucleophilic attack at the nitrosyl cation is typically initiated from
the pyrimidine ring. Replacing the keto functionality with a trifluoromethyl group in
vicinal position seems to reduce its nucleophilicity and increases the steric shielding,
resulting in chemical inertness for this type of reaction. Instead, the synthetic ap-
proach discussed for the synthesis of 4-CF;-lumiflavin (79) via partial reduction of
the pyrimidine ring and subsequent deprotonation followed by addition of nitrosyl

tetrafluoroborate could be a promising alternative.
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6 Conclusion and Outlook

Fluorinated flavin derivatives have been extensively investigated with three differ-
ent goals: 1) Increasing the FQY to overcome brightness limitations of FbFPs for ap-
plication in optical imaging, 2) Shifting the emission maximum to achieve a varied
emission color and enable multicolor optical imaging using FbFPs and 3) Increasing
the triplet quantum yield for application in photodynamic therapy or as photosensi-
tizers for chemical purposes. In general, the selection of suitable flavin derivatives
was carried out in close collaboration with theoretical chemists, in particular Dr. M.
Bracker, who developed a method to reliably predict the photophysical properties of
new flavin derivatives by quantum chemical calculations.®>38 The results of these
calculations were found to be in excellent agreement with previously reported ex-
perimental photophysical properties of monofluorinated MIAs published by Gilch,

Czekelius and coworkers.34

The structural changes applied on the isoalloxazine core of flavin derivatives
investigated in this work differ strongly with the desired goal (Figure 6.1). For in-
stance, multiple fluorination at the xylene ring, specifically in 7- and 8-position, was
predicted to increase the FQY due to a destabilizing effect on the third triplet state
T3, which is mainly responsible for non-radiative deactivation via ISC in aqueous
solution.®® In contrast to the xylene ring functionalization, considerable modifica-
tions of the pyrimidine ring were predicted to exert strong electronic effects, result-
ing in either a shifted emission maximum or an increased triplet quantum yield
(Figure 6.1).18 For instance, the emission maximum of 1-F-lumiflavin is predicted
to shift to the red to NIR region, since its first singlet state S; is suggested to be
strongly stabilized. In contrast, the replacement of the keto-functionalities in 2- and
4-positions by trifluoromethyl functionalities, respectively, is predicted to increase

the triplet quantum yield due to activating of an El-Sayed allowed ISC channel to the
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Figure 6.1 Fluorinated flavin derivatives synthesized and investigated in this work. 7,8-dF-
MIA was synthesized with the goal to increase the FQY and was published together with
two other flavin derivatives in Ref. [36]. The synthesis of 1-F-lumiflavin was developed,
which allows the investigation of its photophysical properties. Finally, several synthetic ap-
proaches to trifluoromethylated flavin derivatives 2-CF3-lumiflavin, 2-CF3-NP-flavin, 4-CF3-
lumiflavin and 4-CF3;-NP-flavin were investigated. Although a promising approach was de-
veloped, hardly any product has been unambiguously proven, so further investigations are

required in this context.

To evaluate the accordance of quantum chemical suggestions by Kleinschmidt
and coworkers with experimental results, two xylene ring functionalized fluorinated
flavin derivatives were synthesized: 7,8-dF-MIA (14) and 9-F-MIA (7).53% Both deriva-
tives were synthetically accessible via the common synthetic approach by Kuhn et al.
with individually tailored procedures for N-alkylation (Scheme 6.1).534%2I The synthe-
sis of both flavin derivatives has been published in Ref. [36] together with their ex-
tensively studied photophysical properties, mainly determined by W. Haselbach and
D. Sretenovi¢. Indeed, the experimental results were in excellent agreement with the
quantum chemical predictions, giving for instance an increased FQY of &g = 0.42 for
the difluorinated MIA compared to the non-fluorinated MIA with &g =0.22.3536 As an
initial approach towards protein incorporation, the synthesis of 7,8-dF-RIA (21) was
additionally published in Ref.[36] (Scheme 6.1). This derivative was synthetically ac-
cessible via functionalization of a difluorinated 1,2-diaminobenzene derivative with
subsequent Kuhn condensation, a synthetic approach to riboflavin derivatives de-

rived from Gértner et al.l>*5?
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Scheme 6.1 Synthetic routes to a) 9-F-MIA (7), b) 7,8-dF-MIA (14) and c) 7,8-dF-RIA (21) as
published in Ref. [36]. All shown flavin derivatives were synthetically accessible by applica-
tion of the Kuhn procedure to suitably functionalized 1,2-diaminobenzene derivatives, which

were N-alkylated by individually tailored procedures.3450,52]

In addition to xylene ring functionalization, flavin derivatives exhibiting con-
siderable structural changes at the pteridine moiety of the isoalloxazine core were
discussed and investigated by quantum chemical calculations, mainly performed
by Dr. M. Bracker, resulting in the publication Ref. [38]. Based on the promis-
ing results predicting a shift of the emission maximum into the red to NIR region,
the synthesis of 1-F-lumiflavin (33) was developed. It proved to be synthetically
accessible by preparation of the 1-deazaisoalloxazine core following reported proto-
cols for the corresponding deazariboflavin and subsequent late-stage electrophilic
fluorination.!%60.71.72.78-81.831 Tg optimize the overall yield of this route, the purifica-
tion of quinoxaline 30 could be omitted, as its purification via FC seemed to be
accompanied by product decomposition. This would lead to a less pure raw mate-
rial of 1-deazalumiflavin (31), which could be subjected to the optimized purification
protocol. Another focus of optimization could be the synthesis of bromooxoglutarate

23, since a mixture of product and starting material was always obtained. This
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value could possibly be positively influenced with superstoichiometric quantities
of bromine. Eventually, since the optimized purification protocol for 1-F-lumiflavin
(33) yielded spectroscopically pure material, allowing its structure to be confirmed
by X-ray crystallography, its photophysical properties can be examined by spectro-

scopic methods.

a) 1. (CF3C0),0
2. BnEtsNCl
NH (CH30)2S0, Me Me
2 NaOH,q, 50% 1. Hy, Pd/C 10%, MeOH, r.t.
NO, toluene, 0 °C — r.t. 2. 0} P
71% NO; EtO,C COEt N” > COEt
28 29 8 23 30
NaHCO3, CH.Cly, r.t. NH3/MeOH, r.t.
15%
(over 3 steps)
Me F G
i . BFs
rry —re Il
NP NH TFE, 80 °C
o 25%
33
b) o 5 o)
2
Et02CW)J\/COQEt
E10,C._J_ COEt CHoCly, -78 °C — rit.
o, Br
58%
34 23

Scheme 6.2 a) Synthesis route to 1-F-lumiflavin (33) via formation of the 1-deaza-
isoalloxazine core and subsequent late-stage electrophilic fluorination.%60.71.721 b) Forma-

tion of bromooxoglutarate 23 by conversion of oxoglutarate 34 with bromine.

The quantum chemical study by Kleinschmidt and coworkers of pteridine func-
tionalizations additionally revealed trifluoromethylated deoxo-flavin derivatives that
were predicted to exhibit enhanced triplet quantum yields.® Therefore, the synthe-
sis of 2-CF;-flavin (75 and 76) and 4-CF;-flavin derivatives (79 and 80) was investi-
gated via several synthetic approaches. The most promising approach via protecting
group strategy and N-oxide formation is shown in Scheme 6.3 and is an approach to-
wards 2-CF;-NP-flavin (76).13299199 Typically, the synthesis of MIAs or lumiflavins has
been pursued as simplified structures of flavins, as it has the advantage of direct com-
parability with recently published flavin derivatives and with the derivatives investi-
gated by quantum chemical calculations.®*3638 But due to numerous challenges in
the synthesis of flavin derivatives with trifluoromethyl groups in 2-position, it proved

advantageous to eliminate the risk of alloxazine formation and improve solubility by
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replacing the methyl group in 10-position with a neopentyl group. Although the mass
of the desired 2-CF3-NP-flavin (76) was found by mass spectrometry, stability and pu-
rification problems prevented to provide unambiguous evidence for its formation so
far.

Cl\_N._CFs

T
1. Pivaloyl chioride NN *
c 90

NH2 NEtg, CHQC|2, r.t. N N\ CF3
2. BHg * SMe, NH TFE ;©/ | \Nr BnONa (5 )
toluene, 100 °C mol. sieve 3 A, reflux = in BnOH
55% 82% al toluene, reflux
° (o)
81 95 26 83%

s
D/NT\I\;\(CFs

Ho, Pd/C 10%
MeOH, r.t.
98%

>H CF3 PdIC10% Pd/C10% >H
j@[ j%fY MeOH, r.t. j@[ MeCN ;©/ \gr\(
-5°C —>rit.
99

Scheme 6.3 Synthetic approach to 2-CF3-NP-flavin (76) via protecting group strategy and
N-oxide formation.329%109 N_oxide 99 was formed by cyclization with sodium tetrafluoro-
borate, however yield calculation was hampered due to the low purity the raw material and
stability problems. The formation of 2-CF3-NP-flavin (76) have not yet been unambiguously

proven.

For the synthesis of a flavin derivative with a trifluoromethyl group in 4-position,
the most promising approach is shown in Scheme 6.4 and was tested for the syn-
thesis of 4-CFz-lumiflavin (79).3299109-1111 Dye to the decreased nucleophilicity in
vicinal position of the trifluoromethyl group at the pyrimidine ring, the cyclization to-
wards a flavin derivative required activation. This was attempted by deprotonation of
dihydropyrimidine 106, followed by cyclization with nitrosyl tetrafluoroborate, yield-
ing a product that most likely matches hydroxylamine 108. However, its structure

could not be unambiguously clarified so far.

Both trifluoromethylated flavin derivatives require further investigation with re-
spect to their synthesis. Although the right mass was found by mass spectrometry
for both derivatives, 2-CF;-NP-flavin (76) and 4-CF;-lumiflavin (79), their formation
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Scheme 6.4 Most promising synthetic approach to a 4-CFs-flavin derivative via protecting
group strategy with reduction of a double bond at the pyrimidine ring, followed by cycliza-
tion activated by deprotonation. However, the cyclization product shown (108) has not been

unambiguously evidenced. The same applies to the formation of 4-CF3-lumiflavin (79).

could not be unambiguously proven so far. In particular, their rapid decomposition
and challenging purification were limiting factors within this context. For the synthe-
sis of 2-CF;-NP-flavin (76), especially the final deoxygenation of 2-CF3-N-oxide (99)
and the purification procedure require optimization. For the synthesis of a flavin
derivative trifluoromethylated in 4-position, a promising modification would be to
apply the deprotonation approach to the synthesis of 4-CF3;-NP-flavin (80), as it is
characterized by an increased resistance to alloxazine formation and a better solubil-

ity, facilitating purification.
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7 | Experimental Section

7.1 General

In all experiments chemicals by the companies Merck, Acros, Fluka, Sigma Aldrich,
TCI, Fluorochem, J&K, Euristop, Apollo Scientific, Carbolution and BLDPharm were
used and if necessary purified by recrystallisation or distillation before use. The sol-
vents n-hexane, ethyl acetate, dichloromethane and acetone for work-up and purifi-
cation were purchased in technical purity and distilled before use by a rotary evap-
orator Rotavapor R-210 by Biichi and diaphragm pumps by vacuubrand. All other
solvents as well as those used for syntheses were purchased in analytical purity, dried
over molecular sieve if necessary and used without further purification. Dry solvents
like dichloromethane, acetonitrile, toluene and diethylether were taken from a sol-
vent drying system MBraun MB SPS-800.

Air-sensitive reactions were carried out under exclusion of oxygen and water on a
combined vacuum-nitrogen line using conventional Schlenk techniques. Glass appli-
ances were dried in a compartment dryer overnight at 120 °C and additionally heated
under high vacuum with a heat gun by Meterk. High vacuum was generated by a ro-
tary vane oil pump by vacuubrand. Nitrogen was dried by molecular sieve (3 A) and
orange gel before use and nitrogen flow was checked by a bubble counter. Liquids
were transferred by syringe through a septum and solids were added to the reaction
flask in nitrogen countercurrent. If necessary, reaction mixtures or solvents were de-

gassed by purging with nitrogen or by freeze-pump-thaw.

For stirring a PTFE-coated stirring bar and magnetic stirrers with heating plates by
Ika RCT or Heidolph MR were used, equipped with a thermometer and a silicone oil

bath. Room temperature reactions were considered within a range of 18-30 °C. An ice
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water bath and an acetone dry ice bath were used to generate temperatures of 0 °C
and -78 °C. The rotary evaporator Rotavapor R 210 of the company Biichi and a di-

aphragm pump of the company vacuubrand were used to remove solvents in vacuo.

Chromatography

Thin layer chromatography was performed on Alugram® XTRA SIL G/UV,s, standard
silica aluminum plates by Macherey-Nagel to check the progress of reactions and
flash chromatographies. The spots were detected by means of UV light (254 nm) and
if necessary by staining with a potassium permanganate solution of the composition
3.0 g KMnQy, 20 g K,CO3, 5.0 ml 5% NaOH and 300 ml H,O followed by developing
with a heat gun by Meterk. For flash chromatography silica gel 60M by Macherey-
Nagel was used. Flash chromatography was either performed manually with nitrogen
pressure or by using a MPLC system by Biichi including a Control unit C-620, a Frac-
tion collector C 660, a UV Photometer C-640 and Pump Modules C-605. Reversed
Phase HPLC was performed using the following devices: Knauer HPLC Pump 64,
Merck-Hitachi L-6250 Intelligent Pump, Knauer Dynamic Mixing Chamber, Knauer
Automatic HPLC Valve, Latek HMV-P, Knauer Variable Wavelength Monitor, Merck-
Hitachi L-4000 UV Detector, Erma Degasser ERC-3510, Waters Fraction Collector II,
Lichrospher® 100 RP-18 (5 um) Sorbent Lot No. HX391811 Hibar® RT 250-25, Knauer
Eurospher 100-C18 (5 pm), 4.0 MMID. For data processing, the software Clarity was

used.

Analytics

For mass spectrometry a Bruker Daltonic UHR-QTOF maXis 4G (HRMS) or an Advion
expression CMS (APCI) with an Advion plate express or an ASAP was used. Mass

spectra were recorded from samples in solution (acetone, methanol) or in solid state
on TLC plates or via ASAP.

For IR-spectroscopy a Jasco FT/IR-6200 spectrometer was used. Infrared spectra
were recorded from samples as a film on a sodium chloride single crystal or on a
diamond plate. For evaluation, the absorption band intensity was designated with

the following abbreviations: very strong = vs, strong = s, medium = m and weak = w.
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Melting points were measured on a Biichi B-540 melting point apparatus and are
uncorrected. For mass spectra (HRMS) a Bruker Daltonics UHR-QTOF Maxis 4G spec-

trometer was used.

For NMR spectroscopy chloroform-d, methanol-d, and dimethylsulfoxide-d
were used. The standardization of NMR spectra was performed using the follow-

ing solvent residual proton signals!!!2!;

Chloroform-d: 'H-NMR 5 =7.26 ppm.
IBC-NMR 5 =77.16 ppm.

Methanol-d,: TH-NMR 5 =3.31 ppm.
BC-NMR 5 =49.00 ppm.

Dimethylsulfoxide- d: 'H-NMR 5 =2.50 ppm.

IBC-NMR 5 =39.52 ppm.

For evaluation, the NMR-signal multiplicity was abbreviated as follows: singlet =s,
doublet = d, triplet = t, quartet = g and multiplet = m and combinations of these. Cou-
pling constants J are given in Hertz (Hz) and chemical shifts § in ppm. The following

devices were used for recording of NMR-spectra:

NMR-Spectroscopy 'H-NMR Bruker Avance III - 300, 300 MHz
Bruker Avance III - 600, 600 MHz
I3C-NMR Bruker Avance III - 300, 75 MHz
Bruker Avance III - 600, 151 MHz
I9E-NMR Bruker Avance III - 300, 282 MHz
Bruker Avance III - 600, 565 MHz

NMR spectra were visualized with MestReNova Version 14.2.0 by Mestrelab Re-
search S.L. and schemes were drawn with ChemDraw 20.1.1.125 by PerkinElmer In-

formatics.
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7.2 Synthesis of 8-MeO-MIA (17)

7.2.1 7-Fluoro-8-methoxy-10-methylbenzo[g]pteridine-
2,4(3H,10H)-dione (17)

4
2 s e
Meojc[N N \]70
PO N/L( NH,
o)

The reaction was done by adapting the method by Hasford and Rizzo®®: Difluori-
nated nitroaniline 10 (81.5 mg, 433 pumol) was dissolved in MeOH (2.20 mL) and
Pd/C (10%, 7.6 mg, 7.1 umol, 0.02 eq) was added. The mixture was degassed by purg-
ing with N, for 30 min before it was set under H, atmosphere and stirred vigorously
overnight. HCI (10%, 8.30 mL) was degassed by purging with N, for 45 min followed
by addition of 1,2-diaminobenzene through a syringe filter. Alloxan monohydrate (3)
was added and the mixture was stirred at 60 °C overnight. The precipitate was filtered

off yielding the product as a green powder (33.8 mg, 122 ymol, 28%).

ITH-NMR (600 MHz, DMSO-dg) § 11.31 (s, 1H, H-5),8.06 (d,  =11.0 Hz, 1H, H-1), 7.44
(d, ] =7.8Hz, 1H, H-3), 4.15 (s, 3H, H-4), 4.02 (s, 3H, H-2) ppm.

9F{'H}-NMR (565 MHz, DMSO-dg) ¢ -134.76 ppm.

MS (APCID): m/z =277.0 [M+H"] (calculated: 277.0).
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7.3 Synthesis of 1-F-Lumiflavin (33)

Scheme 7.1 shows an overview of the synthetic route to 1-F-lumiflavin (33) beginning

with nitroaniline 28.

1. (CF3C0),0
2. BnEtgNCI
NH (CH30)2S02 Me Me
2 NaOH,q, 50% 1. Hp, Pd/C 10%, MeOH, r.t.
:@E aq NH 5, Pd/C 10%, MeOH, r.t N coset
NO, toluene, 0°C —rt. 2. 0] P
71% NO, EtO.C COzEt N CO2Et
28 29 B 23 30
NaHCOg, CH,Cly, rt. NHz/MeOH, r.t.
15%
(over 3 steps)
Me F O
! + BFy
PO @i T m
N7 NH TFEs0C
5 25%
33
o) B 0
2
EtOzcw)j\/COQEt
E0,6._J_COEt CH,Cly, -78 °C — r.t.
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34 23

Scheme 7.1 Overview of the synthetic route to 1-F-1-deazalumiflavin (33).

7.3.1 N,4,5-Trimethyl-2-nitroaniline (29)

The reaction was done analogous to the method by Brown and Rizzo"®¥: 4,5-Dimethyl-
2-nitroaniline (28) (8.06 g, 48.5 mmol) was suspended in toluene (97.0 mL) and the
mixture was cooled to 0 °C. Trifluoroacetic anhydride (13.0 mL, 19.6 g, 93.5 mmol,
1.9 eq) was added and the mixture was stirred for 30 min at r.t. before successive
addition of benzyltriethylammonium chloride (9.16 g, 40.2 mmol, 0.8 eq), dimethyl
sulfate (5.80 mL, 7.73 g, 61.3 mmol, 1.3 eq) and NaOH (50% w/w, 48.0 mL). The mix-
ture was stirred at r.t. for 1 h before sat. NH,Cl-solution (150 mL) and CH,Cl, (150 mL)
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were added. The layers were separated and the aqueous layer extracted with CH,Cl,
(3 x 150 mL). The combined organic layers were dried over Na,SO,, filtered and the
solvent was removed in vacuo. After purification via FC (n-hexane/CH,Cl, 7:3 — 3:7),
the product was isolated as an orange-red powder (6.18 g, 34.3 mmol, 71%). The

spectroscopic data are in agreement with the literature!!3!,
Ry (n-hexane/EtOAc 7:3): 0.70.

1H-NMR (300 MHz, chloroform-d) 6§ 7.93 (s, 2H, H-1,5), 6.61 (s, 1H, H-4), 3.00 (d, ] =
5.1 Hz, 3H, H-6), 2.28 (s, 3H, H-3), 2.18 (s, 3H, H-2) ppm.

7.3.2 N'4,5-Trimethylbenzene-1,2-diaminium chloride (35)

The reaction was done by adapting the method by Gilch, Czekelius er al.?¥ and Averill
et al.®¥ for reduction of the nitro group, with the work-up procedure by Skibo et al.l>":
A solution of nitroaniline 29 (1.03 g, 5.71 mmol) in MeOH (95.0 mL) was degassed by
purging with N, for 1 h. Then, Pd/C (10%, 85.5 mg, 80.3 ymol, 0.01 eq) was added.
The mixture was set under H, atmosphere and stirred at r.t. for 2 h, before it was
filtered through a syringe filter. Conc. HCI (3 mL) was added and the solvent was

removed in vacuo to yield the product as colorless crystals (1.27 g, 5.66 mmol, 99%).
Ry (n-hexane/EtOAc 7:3): 0.47.

IH-NMR (600 MHz, chloroform-d) ¢ 7.28 (s, 1H, H-1/4), 7.21 (s, 1H, H-1/4), 3.08 (s,
3H, H-5), 2.32 (s, 3H, H-2/3), 2.31 (s, 3H, H-2/3) ppm.

BC{IH}-NMR (151 MHz, chloroform-d) § 139.45, 139.35, 130.37, 126.20, 124.61,
124.43, 36.87, 19.36, 19.29 ppm.

IR (Film): 7 [cm™!] 3345 (m), 3228 (w), 2920 (m), 2693 (m), 2467 (m), 2361 (m), 1636
(m), 1594 (m), 1513 (s), 1459 (m), 1294 (w), 1277 (w), 1141 (w).

HRMS (ESI): m/z =149.1071 [M+H"*] (calculated: 149.1073).

M.Pt.: 190.7 -192.2 °C.
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7.3.3 Diethyl 2-bromo-3-oxopentanedioate (23)

The reaction was done following a method by Richter er al.l’?: Diethyl 3-oxoglutarate
34 (30.0 mL, 33.4 g, 165 mmol) was dissolved in CH,Cl, (460 mL) and the mixture
was cooled to -78 °C before Br, (8.38 mL, 26.1 g, 164 mmol, 1.0 eq) was added drop-
wise. After 45 min, the cooling bath was removed and the mixture was stirred at r.t.
for 45 min. Sat. NaHCO;-solution (320 mL) and sat. Na,SO3-solution (100 mL) were
added and the phases were separated. The aqueous phase was extracted with CH,Cl,
(3 x 200 mL). The combined organic layers were washed with brine (100 mL), dried
over MgS0O, and filtered. The solvent was removed in vacuo to yield the raw product
as a light-brown oil in a mixture with the starting material (42.8 g, 63% product, 37%
starting material) which was utilized for the next synthetic step without further pu-
rification (calculated yield: 27.0 g, 96.1 mmol, 58%). The spectroscopic data are in

agreement with the literature.!”?!
Ry (n-hexane/EtOAc 8:2): 0.31.

'H-NMR (300 MHz, chloroform-d) ¢ 5.02 (s, 1H, H-3), 4.24 (m, 9H, H-2,5 + starting
material), 3.87 (d, ] = 16.4 Hz, 1H, H-4), 3.76 (d, J = 16.4 Hz, 1H, H-4), 1.29 (m, 13H,
H-1,6 + starting material) ppm.

7.3.4 Ethyl-3-(2-ethoxy-2-oxoethylidene)-4,6,7-trimethyl-3,4-
dihydroquinoxaline-2-carboxylate (30)

10
Me 7
3 foN B o
peey
(0]
o
2 y Ng\_
O 3 9

The reaction was done by adapting the method by Richter et al.'”?: N-Methylnitro-
aniline 29 (12.0 g, 66.6 mmol) was suspended in MeOH (200 mL) and the mixture was
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degassed by purging with N, for 30 min. Then, Pd/C (10%, 960 mg, 902 ymol, 0.01 eq)
was added, followed by setting the mixture under H, atmosphere and vigorous stir-
ring at r.t. overnight. Bromooxoglutarate 23 (42.8 g) was dissolved in CH,Cl, (200 mL)
and degassed by purging with N, for 30 min. Then, NaHCO; (5.59 g, 66.5 mmol,
1.0 eq) was added followed by addition of reduced aniline 29 in MeOH which was
filtered directly through a syringe filter into the reaction mixture. It was stirred at r.t.
overnight before filtration of the reaction mixture, followed by evaporation of the sol-
vent in vacuo. After purification via FC (n-hexane/EtOAc 9:1 — 7:3), the pre-purified
product was isolated as a red oil and was utilized for the next synthetic step without

further purification (7.65 g, 64 w% with respect to nitroaniline 29).
Ry (n-hexane/EtOAc 7:3): 0.50.

'H-NMR (300 MHz, chloroform-d) ¢ 7.42 (s, 1H, H-1), 7.16 (s, 1H, H-4), 4.31 (q, J =
7.2 Hz, 2H, H-6/8), 4.18 — 4.02 (m, 3H, H 6/8+EtOAc), 3.42 (s, 3H, H-10), 2.39 (s, 3H,
H-3),2.29 (s,3H,H-2),1.36 (t, /] =7.2Hz,3H,H-7/9), 1.32-1.19 (m, 5H, H-7/9+EtOAc)

Instruction for coupling with 1,2-diaminobenzene hydrochloride 35:

The reaction was done by adapting the method by Carlson and Kiessling!®®: Bromo-
oxoglutarate 23 (2.65 g) raw material was dissolved in DMF (38.0 mL) and CH,Cl,
(44.0 mL) followed by addition of 1,2-diaminobenzene hydrochloride 35 (1.00 g,
4.47 mmol). Cs,COj; (2.82 g, 8.67 mmol, 1.9 eq) was added and the mixture was
stirred at r.t. overnight before it was filtered. Water (70 mL) was added to the filtrate
and the phases were separated after extraction. The aqueous phase was extracted
with EtOAc (3 x 30 mL) and the combined organic phases were dried over MgSQOy,,
filtered and the solvent was removed in vacuo. The residue, still containing DME
was diluted with EtOAc (30 mL) and washed with water (5 x 20 mL). After removal of
the solvent in vacuo and purification via FC (n-hexane/EtOAc 85:15 - 6:4), the pre-
purified product was isolated as a red oil (511 mg, 61 w% with respect to nitroaniline
29).
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7.3.5 5,7,8-Trimethylpyrido[3,4-b]quinoxaline-1,3(2H,5H)-
dione (31)

5
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The reaction was done by adapting the method by Richter et al.”?: MeOH was purged
with NH3 under gentle cooling in a water bath until the volume stopped increasing.
Pre-purified quinoxaline 30 (7.65 g) was dissolved in NH;/MeOH-solution (700 mL)
and the flask was stoppered with a balloon as pressure compensation. The mixture
was stirred at r.t. overnight before addition of NH;/MeOH (7 M, 700 mL) and stirring
at r.t. for one more night. The precipitate was filtered off and washed with EtOAc
until the filtrate appeared colorless. Subsequently, it was dried in vacuo to give the
raw product as a deep-purple powder in a high purity already sufficient for yield cal-
culation (2.51 g, 9.83 mmol, 15% with respect to nitroaniline 29, Section 7.3.4, over
three steps, deep purple powder). A fraction of the raw material (486 mg) was sub-
mitted to the optimized purification protocol (see below) yielding material of high
purity grade that was sufficient for spectroscopic purposes (324 mg). The yield of this
product was calculated accordingly over three steps with regard to nitroaniline 29 as

starting material (1.67 g, 6.54 mmol, 10% deep-purple powder).
R (CHCl3/MeOH 95:5): 0.20.

'H-NMR (300 MHz, DMSO-dg) 6 11.16 (s, 1H, H-7), 7.63 (s, 1H, H-1), 7.51 (s, 1H, H-4),
5.32 (s, 1H, H-6), 3.51 (s, 3H, H-5), 2.40 (s, 3H, H-3), 2.30 (s, 3H, H-2) ppm.

IR (Film): 7 [cm™!] 3078 (w), 2799 (w), 1690 (m), 1618 (s), 1578 (s), 1560 (s), 1518 (m),
1460 (m), 1412 (w), 1319 (m), 1256 (s), 1198 (w), 1013 (w).

HRMS (ESI): m/z = 256.1082 [M+H?*] (calculated: 256.1081).

M.Pt.: >300 °C.

Optimized purification protocol:

Raw product (486 mg) was dissolved by heating in 200 mL TFE followed by hot filtra-

tion. The filtrate was cooled and 200 mL EtOAc was layered on top. The precipitate
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was filtered off and dried in high vacuum at 80 °C yielding 328 mg product with 13w%
TFE incorporated.

7.3.6 4-Fluoro-5,7,8-trimethylpyrido[3,4- blquinoxaline-
1,3(2H,5H)-dione (33)

The reaction was done by adapting the method by Umemoto et al.™®: 1-Deaza-
lumiflavin (31, 519 mg, 2.03 mmol) was suspended in TFE (215 mL) and heated to
100 °C. Before addition of N-F-pyridinium salt 32 (459 mg, 2.48 mmol, 1.2 eq) the
heat was lowered to 80 °C. The mixture was stirred for 5.5 h before removal of the
solvent. After purification via FCs and recrystallizations (for details see optimized
purification protocol), the product was isolated as a dark purple powder (140 mg,
511 pumol, 25%).

R;(CHCl3/MeOH 95:5): 0.33.

'H-NMR (300 MHz, DMSO-ds) § 11.62 (s, 1H, H-6), 7.55 (s, 1H, H-1), 7.36 (s, 1H, H-4),
3.71 (d, ] =4.8 Hz, 3H, H-5), 2.38 (s, 3H, H-3), 2.28 (s, 3H, H-4) ppm.

9F{'H}-NMR (282 MHz, DMSO-d;) ¢ -167.91 ppm.

IR (Film): 7 [cm-1] 2995 (w), 1707 (m), 1639 (m), 1581 (m), 1519 (m), 1470 (m), 1404
(m), 1377 (m), 1302 (m), 1267 (m), 1184 (m), 1169 (m), 1136 (m), 1032 ().

HRMS (ESI): m/z =274.0988 [M+H"] (calculated: 274.0986).

M.Pt.: Sublimation >250 °C, no visible decomposition up to 300 °C.

Optimized purification protocol for photophysical measurements:

The raw material was pre-purified via FC (applied in TFE, CHCIl3/MeOH 98:2 — 95:5)
to give 128 mg “FC-pure” product and a mixed fraction that was collected sepa-
rately. The mixed fractions were purified via five successive FCs (CHCl;/MeOH 99:1
- 95:5) yielding another 79.2 mg "FC-pure" product. “FC-pure” product obtained
from first FC (128 mg) was recrystallized from 10 mL TFE, filtered hot and chilled
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at r.t. overnight and at 0 °C over 3 d. Filtration gave 67.0 mg pure product, which
was considered for yield calculation. "FC-pure" product obtained from FCs 2 - 5 and
residues from earlier recrystallizations were separately recrystallized from DMSO
giving 39.0 mg and 33.5 mg pure product, respectively, which were also considered
foryield calculation. To obtain spectroscopically pure product, the product obtained
from recrystallization from TFE (67.0 mg) was again recrystallized from TFE (5 mL)
and from DMSO (3 mL, 100 °C bath-T), respectively, to yield 39.9 mg spectroscopi-

cally pure product as dark purple needles.
Crystallization protocol for X-ray crystallography:

1-F-Lumiflavin (33) (approx. 5 mg) was dissolved in a NMR-tube in DMSO-d;
(0.6 mL) by heating with a heat gun. Cooling to r.t. formed needles which were

subjected to X-ray crystallography.
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Test batches with different fluorination agents:

Table 7.1 Test batches of electrophilic fluorination of 1-deazalumiflavin (31) with the
selected fluorinating agents: Selectfluor™ (40), NFSI (42), Synfluor™ (43), N-fluoro-
pyridinium tetrafluoroborate (32) and N-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate
(41). The qualitative evaluation was based on the appearance of 1-F-lumiflavin (33) signals

in the NMR-spectra.

No. Reagent Eq Solvent ;ll“zrlrrlger- Time Efgg(l)l;:[z For-
1 40 2.0 MeOH reflux 48 h no
2 40 1.0 MeOH L.t. 0.5h no
3 40 1.0 MeOH I.t. 4h no
4 40 1.0 MeOH r.t. 24h yes
5! 40 1.0 MeOH/TFA/H,0 r.t. 4h yes
6! 40 1.0 MeOH/TFA/H,0 r.t. 24h yes
7! 40 1.0 formic acid L.t 24h yes
8! 40 1.0 formic acid r.t. 24h yes
9! 40 1.0 formic acid/H,0 r.t. 24h yes
100 40 1.0 formic acid/MeCN L.t 24h yes
11 40 1.0 formic acid/H,O/CHCl3 r.t. 4h yes
12 40 1.0 formic acid/H,O/CHCl3 r.t. 24 h yes
13 40 1.0 TFE/H,0O/CHCl3 I.t. 4h yes
14 40 1.0 TFE r.t. 4h yes
15 42 6.0 TFE r.t. 6h no
16 42 1.0 TFE 60 °C 3h yes
17 43 0.5 TFE L.t. 7d yes
18 43 0.5 TFE I.t. 24h yes
19 43 1.5 TFE L.t. 3d no
20 32 1.0 TFE 80 °C 24 h yes
21 32 1.0 TFE 80 °C 24h yes
22 32 9.0 TFE 80 °C 24 h yes
23 41 3.0 TFE 90 °C 3d yes

! Procedures were performed by D. Niirenberg. (76!
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7.4 Investigated Synthesis of 2-CF;-Lumiflavin (75)

Scheme 7.2 shows the most promising synthetic approach to 2-CF;-lumiflavin (75).!

HO. _N._ _CF

NH, i
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OH

1. BocyO, THF, r.t.
2. Mel, NaH, THF

0°C —>rt. POCI3, NEt3
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MeOH toluene, reflux =N
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Water/EtOH AcOH, r.t
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Scheme 7.2 Most promising synthetic approach to 2-CFs-lumiflavin (75) via protecting

group strategy and N-oxide formation. 3299

The synthetic procedures for the most promising synthetic approach via N-oxide
formation are described initially, followed by the procedures for the synthetic ap-
proaches via Kuhn condensation and via Tishler condensation. For the schemes of

the latter two synthetic approaches see Scheme 5.6, Scheme 5.7 and Scheme 5.8.

1. Parts of the procedures were performed by D. Niirenberg under my instruction.
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7.4.1 tert-Butyl(3,4-dimethylphenyl)carbamate (113)

The reaction was done by adaption of a protocol by Lavrard and Popowycz!'!4):
Aniline 81 (3.09 g, 25.5 mmol) was dissolved in THF (25.0 mL), followed by Boc,O
(6.00 mL, 5.70 g, 26.1 mmol, 1.0 eq) addition. The mixture was stirred at r.t for 3.5 h
before removal of the solvent in vacuo yielding the product as a white powder, which

was subjected to the next synthetic step without purification.
Ry (n-hexane/EtOAc 7:3): 0.76.

IH-NMR (300 MHz, chloroform-d) § 7.19 (s, 1H, H-1/2/5), 7.03 (d, J/ = 1.4 Hz, 2H,
H-1/2/5), 6.36 (s, 1H, H-6), 2.23 (s, 3H, H-3/4), 2.20 (s, 3H, H-4/4), 1.51 (s, 9H, H-7)
ppm.

7.4.2 tert-Butyl(3,4-dimethylphenyl) (methyl)carbamate (114)

The reaction was done following a synthesis instruction by Guan et al.''®: Boc-
protected aniline 113 was dissolved in THF (20.0 mL) and the mixture was cooled
to 0 °C before NaH (60% dispersion in mineral oil, 1.23 g, 30.7 mmol, 1.2 eq) was
added. Then, Mel (1.90 mL, 4.33 g, 30.5 mmol, 1.2 eq) was added and the mixture
was stirred for 5 more minutes at 0 °C and at r.t. overnight. Finally, ice was added
slowly followed by addition of water (30 mL). The aqueous phase was extracted with
CH,Cl; (3 x30 mL) and the combined organic layers were washed with brine (30 mL),

dried over Na,SO, and filtered. After removal of the solvent in vacuo, the product
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was isolated as a bright yellow oil (6.45 g) and was used for the next synthetic step

without purification.
Ry (n-pentane/Et,0): 0.53.

IH-NMR (300 MHz, chloroform-d) 6§ 7.07 (d, J = 8.0 Hz, 1H, H-1/2/5), 7.01 (d, J =
2.3 Hz, 1H, H-1/2/5),6.95 (dd, J = 8.0, 2.4 Hz, 1H, H-1/2/5), 3.23 (s, 3H, H-7), 2.24 (s,
3H, H-3/4), 2.23 (s, 3H, H-3/4), 1.45 (s, 9H, H-6) ppm.

7.4.3 N,3,4-Trimethylaniline (82)

The reaction was done analogous to the method by Han et al.!''¢l: Boc-protected
N-methylaniline 114 (6.45 g) was dissolved in CH,Cl, (16.0 mL) and the mixture was
cooled to 0 °C. TFA (7.00 mL, 10.4 g, 91.4 mmol, 3.6 eq) was added over 10 min and the
mixture was stirred at 0 °C for 10 more minutes and then at r.t. for 4 h. Sat. NaHCO3-
solution (60 mL) and CH,Cl, (30 mL) were added slowly. The phases were separated
and the aqueous phase was extracted with CH,Cl, (2 x 30 mL). The combined or-
ganic layers were dried over Na,SO,, filtered and the solvent was removed in vacuo.
The residue was again dissolved in CH,Cl, (8.00 mL) and the mixture cooled to 0 °C.
TFA (3.80 mL, 5.66 g, 49.6 mmol, 1.6 eq) was added slowly and the mixture was stirred
at 0 °C for 5 more minutes and then at r.t. overnight. Then, the mixture was again
cooled to 0 °C and TFA (2.00 mL, 2.98 g, 26.1 mmol, 1.0 eq) was added before stirring
atr.t. for 4.5 h. Sat. NaHCO;-solution (60.0 mL) and CH,Cl, (60.0 mL) were added, the
phases were separated, and the aqueous phase was extracted with CH,Cl, (2 x30 mL).
The combined organic layers were dried over Na,SOy,, filtered and the solvent was re-
moved in vacuo. After purification via FC (n-hexane/EtOAc 99:1 — 95:5), the product
was isolated as a bright yellow oil (3.17 g, 23.5 mmol, 92% with respect to aniline 81).

Ry (n-hexane/EtOAc 7:3): 0.67.
1H-NMR (300 MHz, chloroform-d) 6 6.96 (d, J = 8.0 Hz, 1H, H-2), 6.43 (m, 2H, H-1,5),
3.51 (s, 1H, H-6), 2.82 (s, 3H, H-7), 2.22 (s, 3H, H-4), 2.17 (s, 3H, H-3) ppm.
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13C{1H}-NMR (75 MHz, chloroform-d) § 147.72, 137.31, 130.34, 125.34, 114.42, 110.02,
31.20, 20.14, 18.78 ppm.

IR (Film): 7 [cm™!] 3406 (br-m), 2920 (m), 2878 (m), 2808 (w), 1617 (s), 1513 (vs), 1446
(m), 1320 (s), 1262 (m).

HRMS (ESI): m/z =136.1121 [M+H?*] (calculated: 136.1121).

7.4.4 4,6-Dichloro-2-(trifluoromethyl)pyrimidine (90)
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The reaction was done analogous to the method by Madding et al.'%!: pyrimidine 71
(2.02 g, 11.2 mmol) was suspended in POClI; (5.00 mL, 8.23 g, 53.6 mmol, 4.8 eq) and
NEt; (3.10 mL, 2.25 g, 22.2 mmol, 2.0 eq) was added over 10 min. The mixture was
heated to 130 °C for 3 h and after cooling to r.t. it was poured onto an ice/water mix-
ture (80.0 g) in one batch. The aqueous phase was extracted with CH,Cl, (3 x 30 mL)
and the combined organic layers were dried over MgSQO,, filtered and the solvent was
removed in vacuo. After purification via distillation under reduced pressure (approx.

50 mbar), the product was isolated as a colorless liquid (1.52 mg, 7.01 mmol, 63%).
R (CH,Cl,/MeOH 95:5): 0.93.
'H-NMR (300 MHz, methanol-d,) ¢ 8.06 (s, 1H, H-1) ppm.

13C{'H}-NMR (75 MHz, methanol-d,) § 164.61, 157.51 (q, / = 38.8 Hz), 125.91, 119.84
(q, ] =275.1 Hz) ppm.

19F{'H}-NMR (282 MHz, methanol-d,) § -72.31 ppm.

IR (Film): 7 [cm™!] 3115 (w), 2358 (w), 1549 (vs), 1418 (m), 1389 (m), 1269 (m), 1232
(m), 1169 (m), 1110 (w).

84



Investigated Synthesis of 2-CF;-Lumiflavin (75)

7.4.5 6-Chloro-N-(3,4-dimethylphenyl)- N-methyl-2-
(trifluoromethyl) pyrimidin-4-amine (91)

6
L e
4
N N CF3
T
1 7~eN
3 2
Cl

This reaction was done by adapting the method by Gértner et al®?: Aniline 82
(902 mg, 6.67 mmol) and dichloropyrimidine 90 (1.52 g, 7.01 mmol, 1.1 eq) were
dissolved in MeOH (60.0 mL). Molecular sieve (3 A) was added and the mixture was
stirred at r.t. overnight before filtration and removal of the solvent in vacuo to yield
the product as a beige powder in a good purity (2.46 g), which was utilized for the

next synthetic step without purification.
Ry (n-hexane/EtOAC 95:5): 0.45.

'H-NMR (300 MHz, chloroform-d) § 7.26 (d, ] = 7.9 Hz, 1H, H-2), 7.02 - 6.90 (m, 2H,
H-1,5),6.28 (s, 1H, H-7), 3.50 (s, 3H, H-6), 2.32 (s, 3H, H-3/4), 2.31 (s, 3H, H-3/4) ppm.

13C{'H}-NMR (151 MHz, chloroform-d) § 163.77, 159.47, 156.39 (q, J = 36.7 Hz),
140.51, 139.48, 137.32, 131.76, 127.56, 123.85, 120.12 (q, ] =275.49 Hz), 104.78, 38.74,
20.02, 19.59 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -71.32 ppm.

IR (Film): 7 [cm] 2926 (w), 1575 (vs), 1508 (m), 1408 (m), 1385 (m), 1199 (s), 1172
(m), 1148 (m), 999 (w).

HRMS (ESI): m/z = 316.0828 [M+H*] (calculated: 316.0823).

M.Pt.: 84.6 - 86.6 °C.
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7.4.6 6-(Benzyloxy)-N-(3,4-dimethylphenyl)- N-methyl-2-
(trifluoromethyl) pyrimidin-4-amine (92)
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This reaction was done by adapting the method by Gértner et al.®?. BnONa was pre-
pared following a method by Leonelli, Piancatelli and coworkers!!'”': To a cooled flask
(0 °C) containing NaH (60% dispersion in mineral oil, 1.56 g, 39.0 mmol, 5.9 eq) was
added BnOH (7.75 mL, 8.10 mg, 74.9 mmol, 11 eq). Then, the ice-bath was removed
and the mixture was stirred at r.t. for 30 min. Toluene (80.0 mL) was added, followed
by addition of tertiary amine 91 (2.46 g) and the mixture was heated to reflux for 3 h.
After cooling to r.t., it was filtered over silica and the solvent was removed in vacuo.
After purification via FC (n-hexane/EtOAc 98:2 — 95:5), the product was isolated as a

colorless oil (2.00 g, 5.17 mmol, 77% over two steps).
Ry (n-hexane/EtOAC 95:5): 0.54.

'H-NMR (300 MHz, chloroform-d) § 7.42 — 7.28 (m, 5H, H-9,10,11), 7.19 (d,
J=79Hz, 1H, H-2),7.00 - 6.88 (m, 2H, H-1,5), 5.64 (s, 1H, H-7), 5.32 (s, 2H, H-8), 3.47
(s, 3H, H-6), 2.28 (s, 3H, H-3/4), 2.26 (s, 3H, H-3/4) ppm.

13C{'H}-NMR (151 MHz, chloroform-d) § 169.79, 164.88, 155.50 (q, J = 35.8 Hz),
141.79, 138.86, 136.48, 136.25, 131.37, 128.70, 128.60, 128.31, 127.94, 124.19, 119.73
(q, ] =276.0 Hz), 88.48, 68.50, 38.30, 19.97, 19.50 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -71.39 ppm.

IR (Film): 7 [cm™] 3032 (w), 2945 (w), 1597 (vs), 1506 (m), 1426 (m), 1318 (m), 1287
(m), 1237 (m), 1195 (s), 1144 (s).

HRMS (ESI): m/z = 388.1636 [M+H*] (calculated: 388.1631).
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7.4.7 6-((3,4-Dimethylphenyl) (methyl)amino)-2-
(trifluoromethyl) pyrimidin-4(1 H)-one (93)
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This reaction was done by adapting the method by Gértner et al.®?: To a mixture of
benzyloxy derivative 92 (2.00 g, 5.17 mmol) in MeOH (30.0 mL) was added Pd/C (10%,
275 mg, 258 ymol, 0.05 eq). The mixture was set under H, atmosphere and stirred at
r.t. for 1.5 h. After filtration, the solvent was removed in vacuo to yield the product as
a white powder (1.45 g, 4.88 mmol, 94%).

Ry (CH,Cl,/MeOH 97:3): 0.32.

I'H-NMR (300 MHz, chloroform-d) § 7.21 (d, J = 7.9 Hz, 1H, H-2), 7.05 - 6.89 (m, 2H,
H-1,5),5.53 (s, 1H, H-8), 3.47 (s, 3H, H-6), 2.29 (s, 3H, H-3/4), 2.28 (s, 3H, H-3/4) ppm.

13C{!H}-NMR (75 MHz, chloroform-d) § 168.49, 164.31, 153.76 — 151.73 (m), 141.35,
138.92, 136.55, 131.39, 127.82, 124.06, 118.89 (q, J = 276.5 Hz), 88.02, 38.43 (d, J =
2.4 Hz), 19.98, 19.52 ppm.

19F{IH}-NMR (282 MHz, chloroform-d) § -71.12 ppm.

IR (Film): 7 [cm™] 3023 (w), 2949 (w), 2661 (w), 2551 (w), 1624 (s), 1556 (m), 1516 (m),
1435 (w), 1397 (w), 1358 (w), 1197 (vs), 1173 (w), 1139 (s).

HRMS (ESI): m/z = 298.1166 [M+H*] (calculated: 298.1162).

M.Pt.: 203.4 - 205.2 °C.
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7.4.8 7,8,10-Trimethyl-4-0x0-2-(trifluoromethyl)-4,10-
dihydrobenzo[g]pteridine-5-oxide (94)
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This reaction was done by adapting the method by Gértner et al.®?: Flavin precur-
sor 93 (205 mg, 688 ymol) was dissolved in AcOH (3.40 mL) and NaNO, (237 mg,
3.43 mmol, 5.0 eq) was added in the dark. The mixture was stirred at r.t. for 3 h before
addition of water (2.80 mL). Stirring was continued for 2.5 h before the solvent was re-
moved in vacuo at ambient temperature. The residue was used for the next synthetic

step without purification.

7.4.9 7,8,10-Trimethyl-2-(trifluoromethyl)benzo[g]pteridine-
4(10H)-one (75)
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This reaction was done by adapting the method by Girtner et al.®?: 2-CF;-N-oxide
(94) raw material was suspended in EtOH (24.0 mL) and Na,S,0, (212 mg, 1.04 mmol,
1.5 eq), dissolved in water (24.0 mL), was added in small portions. The mixture was
stirred at r.t. for 1.5 h before removal of the solvent in vacuo at ambient tempera-
ture to a rest amount of 5 mL, forcing precipitation. The precipitate was filtered off,
washed with water and dried in a desiccator overnight. The raw material was sub-
jected to FC (CH,Cl,/MeOH 98:2 - 95:5) to achieve separation from remaining start-
ing material. Thereby, a product mixture (11.2 mg) was obtained, showing 'H-NMR

signals which would match the desired product.

IH-NMR (300 MHz, DMSO-dg) § 7.64 (s, 1H, H-1), 7.40 (s, 1H, H-4), 3.64 (s, 3H, H-5),
2.40 (s, 3H, H-3), 2.30 (s, 3H, H-4) ppm.
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19F{'H}-NMR (282 MHz, DMSO-dg) 6 -85.09 ppm.

HRMS (ESI): m/z =309.0963 [M+H?*] (calculated: 309.0958),
341.1225 [M+MeOH+H"] (calculated: 341.1220).

Procedure B: via Kuhn condensation:

The reaction was done by adapting a method by Gilch, Czekelius and coworkers®*
and Averill et al®¥: Nitroaniline 29 (224 mg, 1.24 mmol) was suspended in water
(1.5 mL) and AcOH (6.1 mL) and the suspension was degassed by purging with N, for
30 min. Pd/C (10%, 18.8 mg, 17.7 umol, 0.01 eq) was added, the flask was set under
H, atmosphere and stirring was continued at r.t. overnight. CF;-alloxan derivative 72
was dissolved in AcOH (15.5 mL) followed by addition of B(OH); (487 mg, 7.87 mmol,
6.3 eq). This mixture was degassed by purging with N, for 30 min followed by addition
of 1,2-diaminobenzene 70 via syringe filter. It was stirred at r.t. for 1.5 h, at 70 °C for
1.5 h and at reflux for 1.5 h before several work-up and purification procedures were

tested. No desired product could be obtained.
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Procedure C: via Tishler condensation:

The reaction was done by adapting a method by Neti and Poulter®!, Folkers et al.[''®!

and Tishler et al.'88!:

General procedure: Azo-compound 89 was suspended in the particular solvent and

catalyst was added. The conversion of the reaction was monitored via TLC.

Table 7.2 Synthetic attempts to 2-CF3-lumiflavin (75) via Tishler condensation. With all

tested reaction conditions no conversion could be observed.

No. Solvent Catalyst Temperature Time
1 n-BuOH AcOH 120 °C 35h
2 n-BuOH TFA r.t. - 150 °C 3d
3 DMF ZnCl, r.t. —150°C 3d
4 DMF Yb(Tf)3 r.t. - 150 °C 2d
5 DMF Sc(Tf); r.t. - 150 °C 2d
6 THF ZnCl, rt.—75°C 6h
7 THF Yb(Tf); r.t.—75°C 6 h
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7.4.10 5,5,5-Trihydroxy-2-(trifluoromethyl)pyrimidin-4(5H)-
one (72)

Os N._CF3
v
3 HO% N
HO

2 OH
1

The reaction was done by adapting a synthesis instruction by Holmgren and
Wenner!!%!: CF;3-Dihydroxypyrimidine 71 (30.0 mg, 167 ymol) was added to a so-
lution of CrO; (25.2 mg, 252 ymol, 1.5 eq) in AcOH (500 pL) and water (50 pL). The
mixture was stirred at 80 °C for two days before cooling to 5-10 °C and addition of
H,SO; (1.0 mL). The solvent was removed in vacuo and the raw material was directly

uitlized for the next synthetic step.
'H-NMR (300 MHz, methanol-d,) no signals visible.

19F{'H}-NMR (282 MHz, methanol-d,) § -77.56 ppm.

7.4.11 N,4,5-Trimethyl-2-((nitro-)phenyldiazenyl)aniline (85)

General instruction with buffered conditions:

The instruction was adapted from a method by Neti and Poulter®!, Folkers et al.'!8
and Tishler et al.®®: Aniline or 4-nitroaniline, respectively, was dissolved/ suspended
in water and conc. HCI and cooled to 0 °C. NaNO, was added in small portions, keep-
ing the temperature at 0 °C. The mixture was stirred for 30 min at 0 °C before it was
added to a mixture of Methyl-aniline 82 and NaOAc in water and conc. HCI followed
by stirring for 3 h at 0 °C. The ice bath was removed and at 15 °C was added NaOAc
dissolved in water, to adjust the pH to approximately 4 inducing precipitation. The

precipitate was filtered off and dried in vacuo.
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Azo-coupling with aniline:

Aniline (390 mL, 399 mg, 4.28 mmol, 1.0 eq) in water (3.40 mL) and conc. HCl
(1.50 mL); NaNO, (297 mg, 4.30 mmo], 1.0 eq); Methyl-aniline 82 (581 mg, 4.30 mmol)
and NaOAc (1.45 g, 17.7 mmol, 4.1 eq) in water (8.00 mL) and conc. HCI (1.50 mL);
NaOAc (727 mg, 8.86 mmol, 2.1 eq) in water (5.50 mL). The precipitate was filtered
off to give triazene side-product 84 (739 mg).

Azo-coupling with p-nitroaniline:

p-Nitroaniline (595 mg, 4.31 mmol, 1.0 eq) in water (3.40 mL) and conc. HCI (1.50 mL);
NaNO, (295 mg, 4.27 mmol, 1.0 eq); Me-aniline 82 (583 mg, 4.31 mmol) and NaOAc
(1.46 mg, 17.8 mmol, 4.1 eq) in water (8.00 mL) and conc. HCI (1.50 mL); NaOAc
(731 mg, 8.91 mmol, 2.1 eq) in water (5.00 mL). Purification via FC (n-hexane/EtOAc
99:1 - 92:8) gave triazene side-product 84 (955 mg).

Instruction with a 25% HCI solution:

The reaction was done by adapting a method by Becker ef al.®?: Aniline (350 mL,
358 mg, 3.84 mmol, 1.0 eq) was dissolved in HCI (25%, 1.00 mL) and the solution was
cooled to 0 °C. NaNO, (262 mg, 3.80 mmol, 1.00 eq) dissolved in water (1.50 mL) was
added slowly, keeping the temperature below 5 °C. Methyl-aniline 82 was dissolved
in HCI (1 M, 3.80 mL), cooled to 0 °C and added slowly to diazotized aniline. The mix-
ture was slowly warmed to r.t. and stirred overnight before addition of sat. Na,COs-
solution to pH 9 and adjusting with HCI (1 m) to pH 7 - 8. CH,Cl, (10 mL) was added
and the phases were separated. The aqueous phase was extracted with CH,Cl, (3 x
10 mL) and the organic phase was dried over Na,SO,, filtered and the solvent was
evaporated in vacuo. After purification via FC (pentane), the product was isolated as

a yellow oil in a purity not sufficient for yield calculation (8.1 mg).

IH-NMR (300 MHz, methanol-d,) § 7.83 -7.73 (m, 2H, H-7), 7.58 - 7.42 (m, 3H, H-8,9),
7.11 (d, J=8.6 Hz, 1H, H-1), 6.59 (d, ] = 8.6 Hz, 1H, H-4), 2.93 (s, 3H, H-5), 2.61 (s, 3H,
H-3), 2.25 (s, 3H, H-2) ppm.
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7.4.12 N-(4,5-Dimethyl-2-nitrophenyl)acetamide (115)

The reaction was done by adapting a method by Parquette et al.'%: Nitroaniline
28 (2.22 g, 13.3 mmol) was suspended in AcOH (8.00 mL) and Ac,0O (1.40 mL, 1.51 g,
14.8 mmol, 1.1 eq) was added before stirring at reflux for 3 h. Then, water (45 mL) and
CHCIl; (10 mL) were added and the phases were separated. The aqueous phase was
extracted with CHCl; (3 x 10 mL) and the combined organic phases were dried over
Na,S0,, filtered and the solvent was removed in vacuo. After purification via FC
(n-hexane/EtOAc 9:1 - 8:2), the product was isolated as yellow needles (2.61 g,

12.5 mmol, 94%). The spectroscopic data agree with the literature.!?!
Ry (n-hexane/EtOAC 8:2): 0.41.

'H-NMR (300 MHz, CDCl3) ¢ 10.27 (brs, 1H, H-5), 8.52 (s, 1H, H-1), 7.95 (s, 1H, H-4),
2.33 (s, 3H, H-3), 2.26 (s, 3H, H-2), 2.26 (s, 3H, H-6) ppm.

7.4.13 N-(4,5-Dimethyl-2-nitrophenyl)- N-methylacetamide (86)

The reaction was done by adapting a method by Parquette et all'®: N-methyl-
nitroaniline 29 (3.00 g, 16.7 mmol) was suspended in AcOH (8.50 mL). Ac,0 (1.70 mL,
1.84 g, 18.0 mmol, 1.1 eq) was added and the mixture was refluxed for 2.5 h and
stirred at r.t. overnight. Additional Ac,0O (1.00 mL, 1.10 mg, 10.6 mmol, 0.6 eq) was
added and refluxing was continued for 2 h, followed by addition of AcOH (5.00 mL)
and Ac,0 (1.00 mL, 1.10 g, 10.6 mmol, 0.6 eq). Heating was continued for 3 h before
quenching with water (55 mL) and extraction with CHCl; (3 x 30 mL). The combined

organic phases were washed with water (30 mL), dried over Na,SOy, filtered and the
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solvent was removed in vacuo. After purification via FC (n-hexane/EtOAc 1:1), the

product was isolated as a yellow powder (3.64 g, 16.4 mmol, 98%).
Ry (n-hexane/EtOAC 1:1): 0.27.

IH-NMR (300 MHz, chloroform-d) ¢ 7.82 (d, ] = 3.1 Hz, 1H, H-4,4’ (2 rotamers)), 7.08
(d,/J=17.4 Hz, 1H, H-1,1"), 3.37 (s, 0.5H, H-5"), 3.18 (s, 2.5H, H-5), 2.42 — 2.28 (m, 6H,
H-2,2'3,3"), 2.23 (s, 0.5H, H-6"), 1.80 (s, 2.5H, H-6) ppm.

BC{IH}-NMR (75 MHz, chloroform-d) § 171.43,170.12, 144.99, 144.52, 143.86, 143.67,
138.82,137.34, 135.36,135.10, 131.61, 130.57, 126.52, 126.26, 39.35, 36.71, 22.04, 20.57,
19.98, 19.53, 19.41 ppm.

IR (Film): 7 [cm™] 2925 (w), 1670 (s), 1611 (w), 1572 (w), 1522 (s), 1401 (w), 1372 (m),
1343 (s), 1302 (w), 1146 (w), 1030 (w).

HRMS (ESI): m/z = 223.1082 [M+H*] (calculated: 223.1077).

M.Pt.: 87.7-90.2 °C.

7.4.14 N-(4,5-Dimethyl-2-nitrosophenyl)- N-methylacetamide (87)

The reaction was done by adapting a method by Parquette et al.!'°y: Methylacetamide
86 (4.22 g, 19.0 mmol) was dissolved in THF (20 mL) and Rh/C (5%, 140 mg, 68 ;zmol,
0.004 eq) was added. The mixture was cooled to 0 °C and hydrazine monohydrate
(1.01 mL, 1.05 g, 20.9 mmol, 1.1 eq) was added over 3 h. Then, the mixture was
filtered through celite and silica gel, followed by removal of the solvent in vacuo.
The residue was dissolved in THF (900 mL) and cooled to -78 °C before addition of
t-BuOClI (2.36 mL, 2.27 g, 20.9 mmol, 1.1 eq) in one portion, followed by stirring
for 30 min in the dark. The solvent was evaporated in vacuo and purification of
the residue via FC (n-hexane/EtOAc 1:1 - 3:7) yielded the product as yellow crystals

whose full characterization was omitted due to instability (1.62 g, 19.0 mmol, 41%).

Rf(n-hexane/EtOAC 1:1): 0.27.
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1H-NMR (300 MHz, chloroform-d) § 7.32 (s, 1H, H-4), 6.16 (s, 1H, H-1), 3.56 (s, 3H,
H-5), 2.36 (s, 3H, H-3), 2.27 (s, 3H, H-2), 1.92 (brs, 3H, H-6) ppm.

7.4.15 N-(4,5-Dimethyl-2-((3-nitrophenyl)diazenyl) phenyl)-N-
methylacetamide (88)

The reaction was done by adapting a method by Parquette et al.!'%: Nitroso-derivative
87 (1.57 g, 7.60 mmol) was dissolved in AcOH (62 mL), followed by addition of
3-nitroaniline (1.16 g, 8.36 mmol, 1.1 eq). The mixture was stirred at 100 °C for
2.5 h before it was diluted with CHCl; (150 mL) and extracted with water (5 x 100 mL).
The organic phase was dried over Na,SO,, filtered and the solvent was removed in
vacuo. After purification via FC (n-hexane/EtOAc 1:1 — 4:6), the product was isolated

as an orange powder (550 mg, 1.69 mmol, 22%).
Ry (n-hexane/EtOAC 1:1): 0.26.

'TH-NMR (300 MHz, chloroform-d) ¢ 8.75 (t, ] =2.1 Hz, 1H, H-7), 8.33 (ddd, ] = 8.2, 2.3,
1.1 Hz, 1H, H-8), 8.11 (dt, J = 8.2, 1.3 Hz, 1H, H-10), 7.72 - 7.61 (m, 2H, H-9,4), 7.19
(s, 1H, H-1), 3.32 (s, 3H, H-5), 2.38 (s, 3H, H-2/3), 2.37 (s, 3H, H-2/3) 1.82 (s, 3H, H-6)
ppm.

13C{IH}-NMR (75 MHz, chloroform-d) § 171.29, 153.14, 149.13, 145.87, 143.67, 141.76,
138.01, 130.26, 129.99, 125.85, 125.46, 120.64, 117.98, 38.12, 22.71, 20.23, 19.78 ppm.

IR (Film): 7 [cm™] 2923 (w), 1663 (s), 1604 (m), 1530 (s), 1493 (m), 1447 (m), 1401 (m),
1352 (s), 1309 (m), 1146 (w).

HRMS (ESI): m/z = 327.1452 [M+H*] (calculated: 327.1452).

M.Pt.: 163.6 - 167.0 °C.
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7.4.16 N,4,5-Trimethyl-2-((3-nitrophenyl)diazenyl)aniline (89)

The reaction was done by adapting a method by Parquette et al.!'%Y: Protected Azo-
compound 88 (480 mg, 1.47 mmol) was suspended in EtOH (10 mL) and water
(10 mL), followed by addition of KOH (1.65 g, 29.4 mmol, 20 eq). The mixture was
refluxed for 2.5 h before EtOH was evaporated and the residue was diluted with water
(10 mL). The product was extracted with CHCl; (3 x 24 mL) and the combined organic
phases were dried over Na,SO,, filtered and the solvent was removed in vacuo. The
raw material was subjected to FC (n-hexane/EtOAc 95:5 — 8:2) yielding a moderately
pure red powder that showed 'H-NMR signals which indicated the formation of the
desired product (48.2 mg).

Rf(n-hexane/EtOAc 9:1): 0.47.

I'H-NMR (300 MHz, chloroform-d) ¢ 8.87 (s, 1H, H-10), 8.60 (t, / = 2.1 Hz, 1H, H-6),
8.18 (ddd, J = 8.2, 2.3, 1.1 Hz, 1H, H-7), 8.10 (ddd, J = 7.9, 1.9, 1.0 Hz, 1H, H-9), 7.68
—-7.56 (m, 2H, H-1,8), 6.60 (s, 1H, H-4), 3.02 (d, J = 5.2 Hz, 3H, H-5), 2.33 (s, 3H, H-3),
2.26 (s, 3H, H-2) ppm.
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7.5 Investigated Synthesis of 2-CF3-NP-Flavin (76)

Scheme 7.3 shows the most promising synthetic approach to 2-CF3;-NP-flavin (76).

Cl._N.__CF;

9
1. Pivaloyl chloride X
NH, NEts, CHxCly, r.t. cl 90 N._N__GCFs
2. BHy * SMe N TFE j@/ | \Nr BnONa (5 M)
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81 95 96 83%
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98%
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99

Scheme 7.3 Most promising synthetic approach to 2-CF3-NP-flavin (76) via protecting

group strategy and N-oxide formation.

The synthetic procedures for the most promising synthetic approach via N-oxide for-
mation are described initially, followed by the procedures for the synthetic approach
via Kuhn condensation. For an overview of the synthetic approaches via Kuhn con-

densation see Scheme 5.6.
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7.5.1 N-(3,4-Dimethylphenyl)pivalamide (116)
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The reaction was done following the method by Mei and Lu [1%2l: To dimethylaniline
81 (5.01 g, 41.3 mmol) dissolved in CH,Cl, (140 mL) was added NEt; (8.50 mL, 6.17 g,
61.0 mmol, 1.5 eq) and the mixture was cooled to 0 °C before pivaloyl chloride
(6.00 mL, 5.87 g, 48.7 mmol, 1.2 eq) was added dropwise. The mixture was stirred
for 30 min at 0 °C and for 1.5 h at r.t. before NH,Cl-solution (150 mL) was added.
The pH was adjusted to pH 1 using 5 M HCI ( 5 mL) and the aqueous phase was ex-
tracted with CH,Cl, (3x70 mL). The combined organic layers were dried over Na,SOy,
filtered and the solvent was removed in vacuo yielding the product as a white pow-
der which was utilized without purification in the next synthetic step (9.40 g). The

spectroscopic data are in agreement with the literature.1%?
Ry (n-hexane/EtOAc): 0.48.

IH-NMR (300 MHz, chloroform-d) § 7.36 (d, J = 2.3 Hz, 1H, H-2), 7.27 - 7.17 (m, 2H,
H-1,6), 7.06 (d, J = 8.1 Hz, 1H, H-5), 2.24 (s, 3H, H-3), 2.21 (s, 3H, H-4), 1.30 (s, 9H,
H-7) ppm.

7.5.2 3,4-Dimethyl- N-neopentylaniline (95)

8
7H<
4 5
1

8 2

The reaction was done by adjusting a method by Otvos and Kappel'%3:
Pivalamide 116 (9.40 g) was suspended in toluene (140 mL) and cooled to 0 °C.
BH;-SMe, (4.40 mL, 5.66 g, 74.5 mmol, 1.8 eq) was added dropwise and the mix-
ture was stirred for 15 min at 0 °C followed by heating to reflux. After 3.5 h additional
BHj3-SMe, (2.00 mL, 2.57 g, 33.9 mmol, 0.8 eq) was added and refluxing was continued
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for 2 h. Then, 10% Na,COj3 (50 mL) was added slowly and the mixture was stirred at
r.t. overnight. The phases were separated and the aqueous phase was extracted with
toluene (3 x 40 mL). The combined organic phases were dried over Na,SO,, filtered
and the solvent was removed in vacuo. After purification via FC (n-hexane/EtOAc
98:2-96:4), the product was isolated as a light purple oil (4.36 g, 22.8 mmol, 55% over
two steps).

Ry (n-hexane/EtOAc 9:1): 0.70.

IH-NMR (300 MHz, chloroform-d) § 6.96 (d, J = 8.0 Hz, 1H, H-2), 6.53 — 6.40 (m, 2H,
H-5,1), 3.51 - 3.45 (brs, 1H, H-6), 2.91 (s, 2H, H-7), 2.23 (s, 3H, H-4), 2.19 (s, 3H, H-3),
1.02 (s, 9H, H-8) ppm.

13C{'H}-NMR (75 MHz, Chloroform-d) § 147.47,137.32,130.36, 124.96, 114.67, 110.16,
56.38, 31.94, 27.80, 20.17, 18.77 ppm.

IR (Film): 7 [cm™!] 3415 (w), 2953 (s), 2865 (m), 1619 (s), 1583 (w), 1513 (s), 1477 (m),
1364 (w), 1321 (m), 1257 (m), 1216 (w), 1173 (w), 1126 (w).

HRMS (ESI): m/z = 192.1749 [M+H"] (calculated: 192.1747).

7.5.3 6-Chloro-N-(3,4-dimethylphenyl)- N-neopentyl-2-
(trifluoromethyl) pyrimidin-4-amine (96)

The reaction was done by adapting the method by Gértner et al.®?: Neopentylaniline
95 (1.00 g, 5.25 mmol) and dichloropyrimidine 90 (800 nL, 1.27 g, 5.84 mmol, 1.1 eq)
were dissolved in TFE (50.0 mL) with molecular sieve (3 A) and the mixture was re-
fluxed for 12 days. Then, celite (9 g) was added, the solvent was removed in vacuo
and the residue was purified via FC (n-hexane/EtOAc 8:2). After additional purifica-
tion via recrystallization from n-hexane/EtOAc 95:5, the product was isolated as a
beige powder (1.60 g, 4.31 mmol, 82%).

Rf(n-hexane/EtOAc 9:1): 0.66.
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1H-NMR (300 MHz, chloroform-d) § 7.23 (d, J = 7.8 Hz, 1H, H-2), 7.04 — 6.93 (m, 2H,
H-1,5), 6.27 (s, 1H, H-8), 3.96 (s, 2H, H-6), 2.31 (s, 3H, H-4), 2.30 (s, 3H, H-3), 0.90 (s,
9H, H-7) ppm.

13C{'H}-NMR (75 MHz, chloroform-d) § 164.85, 159.61, 155.94 (q, / = 37.0 Hz), 140.80,
139.18, 136.91, 131.46, 128.41, 124.96, 117.38 (q, /] = 276.1 Hz), 104.57 (d, J = 2.6 Hz),
61.46, 34.48, 28.61, 20.09, 19.60 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -71.41 ppm.

IR (Film): 7 [cm™] 2953 (w), 2871 (w), 2358 (w), 1577 (vs), 1523 (m), 1503 (m), 1397
(w), 1324 (w), 1190 (s), 1148 (s), 1119 (m), 1083 (w).

HRMS (ESI): m/z = 372.1452 [M+H*] (calculated: 372.1449).
M.Pt.: 125.1 -126.8 °C.

7.5.4 6-(Benzyloxy)-N-(3,4-dimethylphenyl)-N-neopentyl-2-
(trifluoromethyl) pyrimidin-4-amine (97)
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The reaction was done by adapting the method by Gartner et al.??. BnONa was pre-
pared following a method by Leonelli, Piancatelli and coworkers!''”: To NaH (60%
dispersion in mineral oil, 553 mg, 13.8 mmol, 5.0 eq) cooled in an ice bath was added
benzyl alcohol (2.80 mL, 2.93 g, 27.1 mmol, 9.8 eq). The ice bath was removed and
the mixture was stirred vigorously for 30 min. Toluene (15 mL) was added followed by
tertiary amine 96 (1.03 g, 2.76 mmol) dissolved in 15 mL toluene. The mixture was re-
fluxed for 2 h before it was filtered over celite and the solvent was removed in vacuo.
After purification via FC (n-hexane/EtOAc 98:2) followed by recrystallization from
n-hexane/EtOAc 95:5 ( 3 mL) and several recrystallizations of the respective filtrates

from n-hexane/EtOAc 99:1, the product was isolated as a colorless powder (1.02 g,
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2.29 mmol, 83%).
Rf(n-hexane/EtOAc 95:5): 0.67.

'H-NMR (300 MHz, chloroform-d) ¢ 7.45 — 7.28 (m, 5H, H-10 - H-12), 7.17 (d, J =
7.8 Hz, 1H, H-2), 7.03 - 6.91 (m, 2H, H-1,5), 5.61 (s, 1H, H-8), 5.32 (s, 2H, H-9), 3.95 (s,
2H, H-6), 2.28 (s, 3H, H-4), 2.27 (s, 3H, H-3), 0.90 (s, 9H, H-7) ppm.

13C{'H}-NMR (75 MHz, chloroform-d) § 169.87, 165.92, 154.96 (q, / = 36.0 Hz), 142.13,
138.60, 136.45, 135.90, 131.12, 129.01, 128.79, 128.61, 128.33, 125.42, 119.76 (q, J =
275.7 Hz), 88.26, 68.48, 60.98, 34.44, 28.63, 20.04, 19.51 ppm.

19F{IH}-NMR (282 MHz, chloroform-d) § -71.46 ppm.

IR (Film): 7 [cm™!] 2952 (m), 1596 (vs), 1538 (m), 1486 (m), 1427 (m), 1397 (w), 1362
(m), 1335 (w), 1286 (m), 1234 (m), 1192 (s), 1145 (s).

HRMS (ESI): m/z = 444.2260 [M+H"*] (calculated: 444.2257).

M.Pt.: 96.7 - 98.3 °C.

7.5.5 6-((Dimethylphenyl) (neopentyl)amino)-2-
(trifluoromethyl) pyrimidin- 4(1 H)-one (98)
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This reaction was done by adapting the method by Girtner et albB?:
Benzyloxy derivative 97 (1.50 g, 3.39 mmol) was suspended in MeOH (20.0 mL) and
Pd/C (10%, 188 mg, 176 ymol, 0.05 eq) was added. The mixture was set under H,
atmosphere and stirred vigorously for 4 h before filtration and evaporation of the

solvent. After purification of the residue via FC (CH,Cl,/MeOH 95:5), the product

was isolated as a colorless powder (1.18 g, 3.33 mmol, 98%).

Ry (CH,Cl,/MeOH 95:5): 0.29.

IH-NMR (300 MHz, chloroform-d) § 7.18 (d, J = 7.8 Hz, 1H, H-2), 7.03 — 6.91 (m, 2H,
H-1,5), 5.50 (s, 1H, H-9), 3.92 (s, 2H, H-6), 2.28 (s, 3H, H-4), 2.27 (s, 3H, H-3), 0.88 (s,

101



Experimental Section

9H, H-7) ppm.

13C{'H}-NMR (75 MHz, chloroform-d) § 168.61, 165.38, 152.18 (q, / = 37.1 Hz), 141.69,
138.66, 136.24, 131.18, 128.91, 125.23, 118.91 (q, J = 276.4 Hz), 87.94, 61.13, 34.37,
28.59, 20.06, 19.53 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -71.16 ppm.

IR (Film): 7 [cm™!] 2970 (m), 2659 (w), 1622 (m), 1544 (m), 1497 (m), 1439 (m), 1398
(w), 1364 (m), 1285 (w), 1192 (s), 1146 (m), 1089 (w).

HRMS (ESI): m/z =354.1792 [M+H*] (calculated: 354.1788).

M.Pt.: 242.4 —-248.9 °C.

7.5.6 7,8-Dimethyl-10-neopentyl-4-oxo-2-(trifluoromethyl)-4,10-
dihydrobenzo[g]pteridine 5-oxide (99)
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This reaction was done by adapting the method by da Silva Emery et al.1%: Flavin
precursor 98 (34.4 mg, 97.3 ymol) was suspended in MeCN (2.00 mL) and the suspen-
sion was cooled to -5 °C. NOBF, (30.1 mg, 258 ymol, 2.7 eq) was added and stirring
was continued at -5 °C in the dark for 10 days. After addition of more NOBF; (106 mg,
909 umol, 9.3 eq), stirring was continued at -5 °C for 4 days, followed by addition of
NOBF, (126 mg, 1.07 mmol, 11 eq) and stirring at -5 °C for 7 days. Then, the cool-
ing bath was removed and stirring was continued at r.t. for 7 days before addition of
ice and water (5 mL). The precipitate was filtered off, washed with water and dried
in a desiccator overnight and under high vacuum for 2 days giving the product as
an orange powder in a moderate purity not sufficient for yield calculation (19.6 mg).

Purification was omitted due to stability reasons.

R (CH,Cl,/MeOH 95:5): 0.37.

'H-NMR (300 MHz, DMSO-ds) § 8.30 (s, 1H, H-1), 8.29 (s, 1H, H-4), 5.36 —4.37 (m, 2H,
H-5), 2.55 (s, 3H, H-3), 2.48 (s, 3H, H-4), 1.01 (s, 9H, H-6) ppm.
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Investigated Synthesis of 2-CF;-NP-Flavin (76)

13C{IH}-NMR (151 MHz, DMSO-dg) § 162.77, 157.14 (d, J = 35.3 Hz), 153.61, 147.34,
138.69, 136.19, 133.74, 127.99, 119.38, 119.07, 118.99 (d, J = 278.0 Hz), 53.51, 34.98,
28.24, 19.80, 18.77 pprm.

9F{'H}-NMR (282 MHz, DMSO-dg) ¢ -71.63 ppm.

HRMS (ESI): m/z = 381.1535 [M+H*] (calculated: 381.1533).
M.Pt.: Decomposition >170 °C.

Instruction for cyclization with sodium nitrite:

This reaction was done by adapting the method by Gértner et al.®?: Flavin precur-
sor 98 (51.7 mg, 146 pumol) was dissolved in AcOH (1.50 mL) followed by addition of
NaNO, (60.1 mg, 871 umol, 6.0 eq) and stirring at 50 °C overnight. After cooling to
r.t.,, NaNO, (58.6 mg, 849 umol, 5.8 eq) was added and stirring at 50 °C was continued
overnight. The mixture was cooled to 0 °C and the precipitate was filtered off, washed
with water (3.00 mL) and dried in a desiccator yielding an orange powder (24.3 mg).

The raw material was used for the next synthetic step without purification.

7.5.7 7,8-Dimethyl-10-neopentyl-2-(trifluoromethyl)
benzo|[g]pteridine-4(10H)-one (76)

6
>H5
3 4
N N CF3
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Instruction for deoxygenation using sodium dithionite:

This reaction was done by adapting the method by Gartner et al.’®?: Raw material
from cyclization with sodium nitrite (24.3 mg) was suspended in EtOH (5.00 mL) and
Na,S,0,4 (39.0 mg, 224 ymol, 1.5 eq) dissolved in water (5.00 mL) was added slowly.
The mixture was stirred at r.t. before the solid was filtered off, washed with degassed
water (purged with N,) and dried in a desiccator overnight to yield a yellow powder
that shows two more signals in the 'H-NMR spectrum than expected, which disap-
peared upon addition of D,0 (16.4 mg).
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'H-NMR (300 MHz, DMSO-dg) ¢ 11.82 (s, 1H), 7.17 (s, 1H), 6.40 (s, 1H), 6.22 (s, 1H),
3.58 (s, 2H), 1.95 (s, 3H), 1.89 (s, 3H), 0.93 (s, 9H) ppm.

Instruction for deoxygenation via heterogeneous catalytic reduction:

Raw material from cyclization with sodium nitrite (44.9 mg) was suspended in MeOH
(1.00 mL) and Pd/C (10%, 9.5 mg, 8.9 umol, 0.08 eq) was added. The mixture was set
under H, atmosphere and stirred vigorously at r.t. for 30 min. Several work-up and
purification procedures were tested. However, no pure material that was sufficient

for yield calculation or full characterization was obtained.
MS (APCI): m/z = 365.4 [M+H"] (calculated: 365.2).
Instruction for approach via Kuhn condensation:

The reaction was done by adapting a method by Gilch, Czekelius et al.®* and Aver-
ill et al.®®: Neopentylnitroaniline 73 (31.1 mg, 131 ymol) was suspended in water
(500 pL) and AcOH (1.00 mL) and the suspension was degassed by purging with N,
for 15 min. Pd/C (10%, 3.8 mg, 3.6 umol, 0.03 eq) was added, the flask was set under
H, atmosphere and stirring was continued at r.t. overnight. CF;-alloxan derivative 72
was dissolved in AcOH (2.00 mL) followed by addition of B(OH)3 (52.5 mg, 849 pmol,
6.5 eq). This mixture was degassed by purging with N, for 30 min followed by addition
of 1,2-diaminobenzene 74 via syringe filter. It was stirred at r.t. for 7 days, at 60 °C for
5 days and at 90 °C for two days. The solvent was removed in vacuo and the residue
was dissolved in water (5 mL) and CHCI; (3 mL). The phases were separated and the
aqueous phase was extracted with CHCI; (3 x 3 mL). The combined organic phases
were dried over Na,SQOy, filtered and the solvent was removed in vacuo. The residue
was subjected to FC (CH,Cl,/MeOH 99:1 - 95:5) giving several fractions which were

subjected to analysis by mass spectrometry. No desired product could be obtained.
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Investigated Synthesis of 2-CF;-NP-Flavin (76)

7.5.8 N-(4,5-Dimethyl-2-nitrophenyl)pivalamide (117)

The reaction was done following the method by Mei and Lu 1%: Nitroaniline 28
(10.0 g, 60.2 mmol) was dissolved in CH,Cl, (200 mL) and cooled to 0 °C. NEts
(12.6 mL, 9.15 g, 90.4 mmol, 1.5 eq) was added followed by the addition of pivaloyl
chloride (8.90 mL, 8.71 g, 72.3 mmol, 1.2 eq). The mixture was stirred at r.t. overnight
before dilution with CH,Cl, (50 mL) and sat. NH,Cl-solution (200 mL), followed by
pH adjusting to 1 using 1 M HCI. The phases were separated and the aqueous phase
was extracted with CH,Cl,, dried over Na,SO,, filtered and the solvent was removed

in vacuo. The raw material was utilized for the next synthetic step without purifica-

tion.

7.5.9 4,5-Dimethyl- N-neopentyl-2-nitroaniline (73)

The reaction was done by adjusting a method by Otvios and Kappe!'%3:
Pivalamid 117 raw material was dissolved in toluene (200 mL) and cooled to 5 - 10 °C.
BHj3-SMe, (6.40 mL, 8.24 g, 108 mmol, 1.8 eq) was added slowly and the mixture was
heated to 90 °C for 4 h before addition of 10% Na,COs3-solution (30 mL) and stirring
at r.t. overnight. The phases were separated and the aqueous phase was extracted
with toluene. The combined organic phases were dried over Na,SOy, filtered and the
solvent was removed in vacuo. After purification via FC (n-hexane/EtOAc 99:1), the

product was isolated as a red powder (11.3 g, 47.7 mmol, 79%).

Rf(n-hexane/ EtOAc 95:5): 0.49.
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IH-NMR (300 MHz, chloroform-d) § 8.20 (s, 1H, H-4), 7.92 (s, 1H, H-5), 6.64 (s, 1H,
H-1),3.06 (d,] =5.2 Hz, 2H, H-2), 2.26 (s, 3H, H-7), 2.17 (d, 3H, H-6), 1.06 (s, 9H, H-3)

13C{'H}-NMR (75 MHz, chloroform-d) § 147.40, 144.94, 129.64, 126.47 (d, ] = 1.6 Hz),
124.17,114.22 (d, ] =2.8 Hz), 54.98, 31.87, 27.74, 20.84, 18.65 (d, ] =2.7 Hz) ppm.

IR (Film): v [cm™] 3377 (w), 2959 (s), 2869 (m), 1574 (s), 1514 (m), 1457 (m), 1407 (s),
1367 (m), 1299 (m), 1280 (m), 1242 (s), 1188 (m), 1154 (m), 1058 (m).

HRMS (ESI): m/z =237.1599 [M+H"*] (calculated: 237.1598).

M.Pt.: 94.2 -96.3 °C.
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Investigated Synthesis of 4-CF;-Lumiflavin (79)

7.6 Investigated Synthesis of 4-CFs-Lumiflavin (79)

Scheme 7.4 shows the most promising investigated synthetic approach to 4-CFj3-

lumiflavin (79).!
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Scheme 7.4 Investigated synthetic approaches to 4-CFs-lumiflavin (79) via protecting
group strategy. The most promising approach proved to be via activation of dihydro-

pyrimidine 106 by deprotonation. 3299

The synthetic procedures for the most promising synthetic approach via protecting
group strategy and activation by deprotonation are described initially followed by
the procedures for the synthetic approach via N-oxide formation, via Kuhn conden-
sation and via Tishler condensation. For an overview of the synthetic approaches via

Kuhn condensation and via Tishler condensation see Scheme 5.6 and Scheme 5.8.

1. Parts of the procedures were performed by D. Niirenberg.
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Experimental Section

7.6.1 2,4-Dichloro-6-(trifluoromethyl)pyrimidine (100)

Cl N Cl
Y

1 ~N
CF3

The reaction was done analogous to the method by Madding et al.'%®: Pyrimidine 77
(2.00 g, 11.1 mmol) was suspended in POCl; (5.00 mL, 8.23 g, 53.6 mmol, 4.8 eq) and
NEt; (3.00 mL, 2.18 g, 21.5 mmol, 1.9 eq) was added over 10 min. The mixture was
stirred at 130 °C overnight and after cooling to r.t., it was poured onto an ice/water
mixture (60.0 g) in one batch. The aqueous phase was extracted with CH,Cl, (3 x
20 mL), the combined organic layers were dried over MgSQ,, filtered and the sol-
vent was removed in vacuo. After purification via distillation under reduced pressure
(50 mbar), the product was isolated as a colorless liquid (1.37 mg, 6.31 mmol, 57%).

The spectroscopic data are in agreement with the literature.!!2%
R (CH,Cl,/MeOH 95:5): 0.92.
'H-NMR (300 MHz, methanol-d,) ¢ 8.10 (s, 1H, H-1) ppm.

13C{'H}-NMR (151 MHz, methanol-d,) ¢ 166.40, 162.37, 159.63 (q, / = 37.4 Hz), 120.87
(q,J=274.7Hz),118.75 (q, /] = 2.9 Hz) ppm.

19F{'H}-NMR (282 MHz, methanol-d,) § -71.34 ppm.

7.6.2 2-Chloro-N-(3,4-dimethylphenyl)- N-methyl-6-
(trifluoromethyl) pyrimidin-4-amine (101)

This reaction was done by adapting the method by Gértner et al®?: Dichloro-
pyrimidine 100 (400 mg, 1.84 mmol) and aniline 82 (248 mg, 1.84 mmol, 1.0 eq)
were dissolved in MeOH (23.6 mL) on molecular sieve (3 A) and stirred at r.t. for 24 h.

The mixture was filtered and the solvent was removed in vacuo. After purification via
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Investigated Synthesis of 4-CF;-Lumiflavin (79)

FC (n-hexane/EtOAc 99:1 - 95:5), the product was isolated as a white powder (415 mg,
1.31 mmol, 71%).

Ry (n-hexane/EtOAc 8:2): 0.77.

IH-NMR (300 MHz, chloroform-d) § 7.25 (d, J = 7.4 Hz, 1H, H-2), 7.01 — 6.88 (m, 2H,
H-1,5), 6.40 (s, 1H, H-7), 3.49 (s, 3H, H-6), 2.32 (s, 3H, H-3/4), 2.30 (s, 3H, H-3/4) ppm.

13C{'H}-NMR (151 MHz, chloroform-d) § 164.24, 161.55, 155.05 (q, J = 35.5 Hz),
140.31, 139.56, 137.56, 131.79, 127.44, 123.75, 120.34 (q, J = 274.9 Hz), 100.00 (d, J =
4.1 Hz), 39.04, 20.00, 19.60 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -70.36 ppm.

IR (Film): v [cm™] 2921 (w), 1616 (s), 1508 (s), 1434 (m), 1410 (m), 1323 (m), 1290 (s),
1232 (m), 1209 (m), 1187 (m), 1142 (vs), 1108 (w).

HRMS (ESI): m/z = 316.0826 [M+H*] (calculated: 316.0823).

M.Pt.: 124.6 - 126.2 °C.

7.6.3 2-(Benzyloxy)-N-(3,4-dimethylphenyl)- N-methyl-6-
(trifluoromethyl) pyrimidin-4-amine (103)

This reaction was done by adapting the method by Gértner et al.®?. BnONa was pre-
pared following a method by Leonelli, Piancatelli and coworkers!!!'”: To a pre-cooled
flask (0 °C) containing NaH (60% dispersion in mineral oil, 978 mg, 24.4 mmol, 5.1 eq)
was added benzyl alcohol (4.80 mL, 5.02 mg, 46.4 mmol, 9.6 eq). Then, the ice-bath
was removed and the mixture was stirred at r.t. for 30 min. Toluene (50.0 mL) was
added, followed by addition of tertiary amine 101 (1.52 mg, 4.82 mmol) and the mix-
ture was heated to reflux for 3.5 h. Then, it was filtered over celite and the solvent
was removed in vacuo. After purification via FC (n-hexane/EtOAc 95:5 — 9:1), a pre-
purified product was isolated as a colorless oil (2.22 g) and utilized for the next syn-

thetic step without further purification.
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Ry (n-hexane/EtOAc 95:5): 0.23.
IH-NMR (300 MHz, chloroform-d) § 7.55 — 7.46 (m, 2H, H-9), 7.40 — 7.29 (m, 3H, H-

10,11), 7.22 (d, ] = 7.9 Hz, 1H, H-2), 7.00 - 6.88 (m, 2H, H-1,5), 6.19 (s, 1H, H-7), 5.44
(s, 2H, H-8), 3.45 (s, 3H, H-6), 2.31 (s, 3H, H-4), 2.29 (s, 3H, H-3) ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -70.62 ppm.

7.6.4 4-((3,4-Dimethylphenyl) (methyl)amino)-6-
(trifluoromethyl)-5,6-dihydropyrimidin-2(1 H)-
one (106)

This reaction was done by adapting the method by Gértner et al.®?: Pre-purified
benzyloxy derivative 103 (2.22 g) was dissolved in MeOH (24.0 mL) and Pd/C (10%,
260 mg, 244 umol, 0.05 eq) was added. The mixture was set under H, atmosphere and
stirred at r.t. for 4.5 h. After filtration, the solvent was removed in vacuo. After purifi-
cation via FC (CH,Cl,/MeOH 95:5 - 9:1) followed by recrystallization from toluene,
the product was isolated as a colorless powder (362 mg, 1.21 mmol, 25% over two

steps).
Ry (CH,Cl,/MeOH 95:5): 0.26.

IH-NMR (300 MHz, chloroform-d) § 7.20 (d, J = 7.9 Hz, 1H, H-2), 6.96 — 6.84 (m, 2H,
H-1,5),6.47 (d, ] =4.0 Hz, 1H, H-7), 3.98 — 3.80 (m, 1H, H-8), 3.46 (s, 3H, H-6), 2.53 —
2.39 (m, 2H, H-9), 2.29 (s, 6H, H-3,4) ppm.

BC{IH}-NMR (151 MHz, chloroform-d) § 164.91, 160.49, 140.64, 139.01, 137.54,
131.30, 127.79, 124.72 (q, J = 283.2 Hz), 124.09, 50.14 (q, J = 31.4 Hz), 39.51 (q, J =
3.7 Hz), 22.94, 19.80, 19.41 ppm.

19F{'H}-NMR (282 MHz, chloroform-d) ¢ -78.21 (d, / = 7.1 Hz) ppm.
IR (Film): 7 [cm™!] 3231 (w), 1669 (m), 1557 (vs), 1505 (w), 1455 (m), 1390 (m), 1259
(s), 1208 (w), 1170 (m), 1127 (m).
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Investigated Synthesis of 4-CF;-Lumiflavin (79)

HRMS (ESI): m/z = 300.1318 [M+H?*] (calculated: 300.1318).
M.Pt.: 199.1 -211.2 °C.
Crystallization protocol for X-ray crystallography:

Dihydropyrimidine 106 (575 mg) was dissolved in toluene (15 mL) at 125 °C. The heat-
ing bath was removed and the solution was cooled slowly to r.t. followed by chilling

in an ice bath to yield crystals suitable for X-ray crystallography.

7.6.5 5-Hydroxy-7,8,10-trimethyl-4-(trifluoromethyl)-4,4a,5,10-
tetrahydrobenzo|[g]pteridin-2(3 H)-one (108)

Dihydropyrimidine 106 (31.4 mg, 105 pmol) was dissolved in CH,Cl,
(2.70 mL) and cooled to -78 °C. Then, NaH (60% dispersion in mineral oil, 11.0 mg,
275 pmol, 2.6 eq) was added followed by DIPA (1.0 uL, 7.2 mg, 71.4 ymol, 0.68 eq).
The mixture was warmed to 0 °C before addition of NOBF, (72.4 mg, 620 pmol,
5.9 eq). Stirring was continued at 0 °C for 2 days before addition of NOBF, (118 mg,
1.01 mmol, 9.6 eq) and stirring at 0 °C overnight. Then, the mixture was cooled to
-78 °C and NaH (60% dispersion in mineral oil, 104 mg, 2.60 mmol, 24 eq) and DIPA
(0.11 mL, 79.4 mg, 785 umol, 7.5 eq) were added, followed by warming to -40 °C and
addition of NOBF, (113 mg,970 ymol, 18 eq). The mixture was warmed to 0 °C and
stirred for 3 days before addition of ice and water (10 mL) and extraction with CH,Cl,
(4 x 5 mL). The solvent of the combined organic phases was removed in vacuo at
ambient temperature to yield a yellow oil (126 mg) which was subjected to mass

spectrometry, giving a mass two H* lower than expected.

MS (APCID): m/z=299.9 [106+H*] (calculated for 106: 300.1), 326.9 [108-2H*+H*] (cal-
culated for 108: 329.1).
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7.6.6 6-((3,4-Dimethylphenyl) (methyl)amino)-4-(trifluoromethyl)
pyrimidin-2(1 H)-one (104)

67
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The reaction was done by adapting the method by Schinazi et al.''%: Pre-purified
benzyloxy derivative 103 (85.7 mg) was dissolved in CH,Cl, (2.50 mL) and TMSI
(100 L, 141 mg, 703 pmol, 3.2 eq) was added. The mixture was stirred at r.t. overnight
before addition of MeOH (5 mL), followed by evaporation of the solvent in vacuo. Af-
ter purification via FC (CH,Cl,/MeOH 95:5), the product was isolated as a bright
yellow powder (61.5 mg, 207 pmol, 28% over two steps).

R (CH,Cl,/MeOH 95:5): 0.27.

IH-NMR (300 MHz, chloroform-d) 6§ 12.63 (s, 1H, H-7), 7.22 (d, ] = 7.9 Hz, 1H, H-2),
7.00-6.88 (m, 2H, H-1,5), 5.78 (s, 1H, H-8), 3.50 (s, 3H, H-6), 2.31 (s, 3H, H-4), 2.30 (s,
3H, H-3) ppm.

13C{'H}-NMR (75 MHz, chloroform-d) ¢ 164.10, 159.33, 143.16 (q, J/ = 37.0, 36.6 Hz),
140.58, 139.12, 137.35, 131.38, 127.77, 124.12, 119.20 (q, / = 274.7 Hz), 91.80, 39.45 (d,
J=2.0Hz),19.91, 19.52 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -69.12 ppm.

IR (Film): 7 [cm™] 2924 (w), 2764 (w), 1644 (s), 1550 (m), 1497 (s), 1447 (m), 1401 (m),
1364 (m), 1281 (m), 1200 (m), 1152 (m).

HRMS (ESI): m/z =298.1162 [M+H*] (calculated: 298.1162).
M.Pt.: 215.5-217.7 °C.
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Investigated Synthesis of 4-CF;-Lumiflavin (79)

7.6.7 7,8,10-Trimethyl-2-0x0-4-(trifluoromethyl)-2,10-
dihydrobenzo[g]pteridine 5-oxide (105)

3 4
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This reaction was done by adapting the method by da Silva Emery et al.'%: Flavin
precursor 104 (20.0 mg, 67.3 pumol) was suspended in MeCN (2.00 mL) and cooled to
-5 °C before addition of NOBF, (18.5 mg, 158 umol, 2.4 eq). The mixture was stirred at
-5 °C for 10 days before addition of NOBF, (17.0 mg, 146 umol, 2.2 eq) and stirring at
r.t. for 4 days and at 50 °C for 7 days. No product formation was observed.

7.6.8 2,5,5-Trihydroxy-6-(trifluoromethyl)pyrimidin-4(5H)-
one (78)

The reaction was done by adapting a synthesis instruction by Holmgren and
Wenner'!: CF;3-Dihydroxypyrimidine 77 (30.3 mg, 168 ymol) was added to a so-
lution of CrO; (25.6 mg, 256 ymol, 1.5 eq) in AcOH (500 pL) and water (50 pL). The
mixture was stirred at 50 °C overnight and at 80 °C for three days before addition of
CrO; (17.5 mg, 175 umol, 1.0 eq). Stirring at 80 °C was continued for 5 days followed
by removal of the solvent in vacuo. The residue was dissolved in MeOH, filtered
and the solvent was removed in vacuo. The raw material was utilized for the next

synthetic step without purification.
'H-NMR (300 MHz, methanol-d,): no signals visible.

19F{'H}-NMR (282 MHz, methanol-d,) ¢ -73.01, -78.51 ppm.
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7.6.9 7,8,10-Trimethyl-4-(trifluoromethyl)benzo[g]pteridine-
2(10H)-one (79)

Procedure A: via Kuhn condensation:

The reaction was done by adapting a method by Gilch, Czekelius ef al.®* and Averill
et al.®3: Nitroaniline 29 (22.8 mg, 127 ymol) was suspended in water (400 pL) and
AcOH (1.00 mL) and Pd/C (10%, 1.9 ug, 1.8 pmol, 0.01 eq) was added, the flask was
set under H, atmosphere and the mixture was stirred at r.t. overnight. CF;-Alloxan
derivative 78 raw material was dissolved in AcoH (1.60 mL) followed by addition of
B(OH); (50.3 mg, 814 umol, 6.4 eq). This mixture was degassed by purging with N,
for 30 min followed by addition of 1,2-diaminobenzene 70 via syringe filter. It was

stirred at r.t. for 2 h and at 100 °C overnight. No product formation was observed.
Procedure B: via Tishler condensation:

The reaction was done by adapting a method by Neti and Poulter®!), Folkers et al.[!'®

and Tishler et al.'88!:

General procedure: Azo-compound 89 was suspended in the particular solvent and

catalyst was added. The conversion of the reaction was monitored via TLC.

Table 7.3 Synthetic attempts to 4-CFs-lumiflavin (79) via Tishler condensation. With all

tested reaction conditions no conversion could be observed.

No. Solvent Catalyst Temperature Time
1 n-BuOH AcOH r.t. - 100 °C 1d
2 n-BuOH TFA r.t. - 100 °C 1d
3 DMF 7ZnCl, r.t. - 100 °C 3d
4 DMF Yb(Tf);3 r.t. - 100 °C 3d
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Investigated Synthesis of 4-CF;-NP-Flavin (80)

7.7 Investigated Synthesis of 4-CF3;-NP-Flavin (80)

Scheme 7.5 shows the investigated synthetic approach to 4-CFs-lumiflavin (79). For

an overview of the synthetic approach via Kuhn condensation see Scheme 5.6.
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Scheme 7.5 Investigated synthetic approach to 4-CF3;-NP-flavin (80) via modified protect-

ing group strategy and N-oxide formation.

7.7.1 2-Chloro-N-(3,4-dimethylphenyl)- N-neopentyl-6-
(trifluoromethyl) pyrimidin-4-amine (109)

The reaction was done by adapting the method by Gértner et al.®?: Neopentyl-aniline
95 (32.5 mg, 170 umol) and dichloropyrimidin 100 (45.3 mg, 186 ymol, 1.1 eq) were
dissolved in TFE (4.00 mL) and some 3 A molecular sieve was added. The mixture
was heated to reflux for 3 d before filtration through silica gel and evaporation of the
solvent in vacuo. After purification of the residue via FC (n-hexane/EtOAc 98:2), the

product was isolated as a pale yellow powder (48.2 mg, 130 yumol, 76%).
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Ry (n-hexane/EtOAc 9:1): 0.65.

IH-NMR (300 MHz, chloroform-d) § 7.22 (d, J = 7.8 Hz, 1H, H-2), 7.02 — 6.91 (m, 2H,
H-1,5), 6.39 (s, 1H, H-8), 3.97 (s, 2H, H-6), 2.31 (s, 3H, H-4), 2.30 (s, 3H, H-3), 0.91 (s,
9H, H-7) ppm.

13C{'H}-NMR (75 MHz, chloroform-d) § 165.34, 161.12, 155.17 (q, J = 35.3 Hz), 140.51,
139.22, 137.11, 131.44, 128.24, 124.87, 120.35 (q, J = 274.8 Hz), 99.70, 61.32, 34.59,
28.65, 20.06, 19.61 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -70.33 ppm.

IR (Film): 7 [cm™] 2955 (m), 1596 (vs), 1497 (s), 1429 (s), 1397 (m), 1365 (w), 1333 (m),
1299 (m), 1283 (m), 1231 (s), 1200 (m), 1150 (s), 1113 (m), 1081 (m).

HRMS (ESI): m/z = 372.1455 [M+H"] (calculated: 372.1449).
M.Pt.: 106.7 - 108.2 °C.
Crystallization protocol for X-ray crystallography:

Tertiary amine 109 (1.47 g) was dissolved in n-hexane (2 mL) at 85 °C. The heating
bath was removed and the solution was cooled to r.t. followed by chilling in an ice

bath to yield crystals suitable for X-ray crystallography.

7.7.2 2-(Benzyloxy)-N-(3,4-dimethylphenyl)- N-neopentyl-6-
(trifluoromethyl) pyrimidin-4-amine (110)

The reaction was done by adapting the method by Gértner et al.??. BnONa was pre-
pared following a method by Leonelli, Piancatelli and coworkers!!'”: To NaH (60% in
mineral oil, 78.1 mg, 1.95 mmol, 7.1 eq) at 0 °C was added BnOH (400 xL, 418 mg,
3.87 mmol, 14 eq) under vigorous stirring. The mixture was stirred at r.t. for 30 min
before it was diluted with toluene (2.70 mL). Tertiary amine 109 (102 mg, 274 pmol)

was added and the mixture heated to reflux for 1 h. Then, it was directly applied on
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FCyielding the product as a colorless resin (113 mg, 255 ;mol, 93%).
Ry (n-hexane/EtOAc 95:5): 0.32.

IH-NMR (300 MHz, chloroform-d) § 7.48 (d, J = 7.3 Hz, 2H, H-10), 7.42 - 7.28 (m, 3H,
H-11,12), 7.19 (d, J = 7.8 Hz, 1H, H-2), 7.02 - 6.91 (m, 2H, H-1,5), 6.16 (s, 1H, H-8),
5.43 (s, 2H, H-9), 3.94 (s, 2H, H-6), 2.30 (s, 3H, H-4), 2.28 (s, 3H, H-3), 0.87 (s, 9H, H-7)
ppm.

13C{!'H}-NMR (151 MHz, chloroform-d) § 166.45, 165.22, 155.75 (q, J = 34.3 Hz),
141.51, 138.71, 137.06, 136.39, 131.17, 128.75, 128.47, 128.04, 127.93, 125.32, 120.98
(q, ] =274.7 Hz), 95.46 (q, / =3.3 Hz), 69.07, 60.79, 34.29, 28.72, 19.86, 19.42 ppm.

9F{'H}-NMR (282 MHz, chloroform-d) ¢ -70.55 ppm.

IR (Film): 7 [cm™!] 2952 (m), 1599 (s), 1548 (m), 1499 (m), 1441 (s), 1406 (s), 1343 (vs),
1278 (m), 1255 (m), 1200 (m), 1145 (s), 1099 (m), 1067 (m), 1048 (m).

HRMS (ESI): m/z = 444.2257 [M+H?*] (calculated: 444.2261).

7.7.3 6-((3,4-Dimethylphenyl) (neopentyl)amino)-4-
(trifluoromethyl) pyrimidin-2(1 H)-one (111)

The reaction was done by adapting the method by Schinazi et al.''%: Benzyloxy
derivative 110 (102 mg, 229 pumol) was dissolved in CH,Cl, (2.50 mL). TMSI (100 pL,
141 mg, 703 pmol, 3.1 eq) was added and the mixture stirred at r.t. for 4.5 h. MeOH
(5.00 mL) was added and the solvent was removed in vacuo. After purification via FC
(CH,Cl,/MeOH 98:2 - 95:5), the product was isolated as a colorless powder (70.0 mg,
198 ymol, 87%).

Rf(CHZCIZ/MeOH 95:5): 0.32.
1H-NMR (300 MHz, chloroform-d) § 7.18 (d, J = 7.8 Hz, 1H, H-2), 7.02 — 6.91 (m, 2H,
H-1,5), 5.81 (s, 1H, H-9), 4.05 (s, 2H, H-6), 2.29 (s, 3H, H-4), 2.28 (s, 3H, H-3), 0.87 (s,
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9H, H-7) ppm.

13C{'H}-NMR (75 MHz, chloroform-d) § 165.35, 159.10, 143.22 (d, J = 38.2 Hz), 140.79,
138.71, 136.90, 130.98, 128.74, 125.42, 119.34 (q, J = 274.8 Hz), 91.92, 60.45, 34.32,
28.59, 20.00, 19.57 ppm.

19F{IH}-NMR (282 MHz, chloroform-d) § -69.10 ppm.

IR (Film): 7 [cm™] 2925(w), 2758 (w), 1646 (s), 1551 (w), 1477 (s), 1420 (w), 1370 (m),
1336 (s), 1268 (w), 1201 (s), 1154 (s).

HRMS (ESI): m/z =354.1791 [M+H"] (calculated: 354.1788).

M.Pt.: 247.4-261.9 °C.

7.7.4 7,8-Dimethyl-10-neopentyl-2-o0xo-4-(trifluoromethyl)-2,10-
dihydrobenzo|[g]pteridine 5-oxide (112)

é’ CF3

Instruction for the cyclization with sodium nitrite:

This reaction was done by adapting the method by Gértner et al.'®?: Flavin precursor
111 (81.7 mg, 231 pmol) was dissolved in AcOH (4.00 mL) followed by addition of
NaNO; (247 mg, 3.58 mmol, 16 eq) and stirring at 60 °C for 3.5 h, at 70 °C for 1 h and

at 140 °C overnight. No product formation was observed.
Instruction for the cyclization with sodium tetrafluoroborate:

This reaction was done by adapting the method by da Silva Emery et al.'®: NOBF,
(20.0 mg, 171 pumol, 2.1 eq) was dissolved in CH,Cl, (2.20 mL) and cooled to 0 °C.
Flavin precursor 111 (29.3 mg, 82.9 umol) was added and the mixture was stirred at

r.t. overnight and at 40 °C for 3 h. No product formation was observed.
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7.7.5 7,8-Dimethyl-10-neopentyl-4-(trifluoromethyl)
benzo[g]pteridin-2(10H)-one (80)

AL

Instruction via Kuhn condensation:

The reaction was done by adapting a method by Gilch, Czekelius et al.®* and Aver-
ill er al.®®: Neopentylnitroaniline 73 (31.7 mg, 134 ymol) was suspended in water
(500 pL) and AcOH (1.00 mL) and the suspension was degassed by purging with N,
for 15 min. Pd/C (10%, 4.3 mg, 4.0 umol, 0.03 eq) was added, the flask was set under
H, atmosphere and stirring was continued at r.t. overnight. CF;-alloxan derivative 78
was dissolved in AcOH (2.00 mL) followed by addition of B(OH)3 (53.0 mg, 857 pumol,
6.4 eq). This mixture was degassed by purging with N, for 15 min followed by addi-
tion of 1,2-diaminobenzene 74 via syringe filter. It was stirred at 110 °C for 3 days. No

product formation was observed.

119



8

Bibliography

Edwards A. M., In Flavins and Flavoproteins: Methods and Protocols (S. Weber,
E. Schleicher, eds.), Springer, New York 2014, pp. 3-13.

Drenth J., Fraaije M. W., In Flavin-Based Catalysis (R. Cibulka, M. W. Fraaije,
eds.), Wiley-VCH, Weinheim, Germany 2021, pp. 29-65.

Massey V., Biochem. Soc. Trans. 2000, 28, 283-296.

Gadda G., In Encyclopedia of Biophysics (G. C. K. Roberts, ed.), Springer, Berlin,
Heidelberg 2013, pp. 771-775.

Svoboda J., Schmaderer H., Konig B., Chem. Eur. J. 2008, 14, 1854-1865.

Pavlovska T., Cibulka R., In Flavin-Based Catalysis (R. Cibulka, M. W. Fraaije,
eds.), Wiley-VCH, Weinheim, Germany 2021, pp. 1-27.

Mukherjee A., Schroeder C. M., Curr. Opin. Biotechnol. 2015, 31, 16-23.

Revuelta J. L., Ledesma-Amaro R., Jiménez A., In Industrial Biotechnology of
Vitamins, Biopigments, and Antioxidants (E.]J. Vandamme, J. L. Revuelta, eds.),
Wiley-VCH, Weinheim, Germany 2016, pp. 15-40.

van der Horst M. A., Hellingwerf K. J., Acc. Chem. Res. 2004, 37, 13-20.
Crosson S., Rajagopal S., Moffat K., Biochemistry 2003, 42, 2-10.

Losi A., Gartner W., Annu. Rev. Plant Biol. 2012, 63, 49-72.

Liscum E., Hodgson D. W,, Campbell T. J., Plant Physiol. 2003, 133, 1429-1436.

Losi A., Photochem. Photobiol. 2007, 83, 1283-1300.



Bibliography

Cashmore A. R., Jarillo J. A., Wu Y.-]., Liu D., Science 1999, 284, 760-765.
Briggs W. R., Christie J. M., Trends Plant Sci. 2002, 7, 204-210.

Tokonami S., Onose M., Nakasone Y., Terazima M., J. Am. Chem. Soc. 2022, 144,
4080-4090.

Cantrill S., Nat. Chem. 2008.

Drepper T., Eggert T., Circolone E, Heck A., Kraul§ U., Guterl J.-K., Wendorff M.,
Losi A., Gartner W., Jaeger K.-E., Nat. Biotechnol. 2007, 25, 443-445.

Chudakov D. M., Lukyanov S., Lukyanov K. A., Trends Biotechnol. 2005, 23, 605—
613.

Tsien R. Y., Annu. Rev. Biochem. 1998, 67, 509-544.

Buckley A. M., Petersen J., Roe A. J., Douce G. R., Christie J. M., Curr. Opin.
Chem. Biol. 2015, 27, 39-45.

Jullien L., Gautier A., Methods Appl. Fluoresc. 2015, 3, 042007.

Mukherjee A., Walker J., Weyant K. B., Schroeder C. M., PLoS One 2013, 8§,
€64753.

Chapman S., Faulkner C., Kaiserli E., Garcia-Mata C., Savenkov E. 1., Roberts
A. G, Oparka K. J., Christie J. M., Proc. Natl. Acad. Sci. 2008, 105, 20038-20043.

Christie J. M., Hitomi K., Arvai A. S., Hartfield K. A., Mettlen M., Pratt A. J., Tainer
J. A., Getzoff E. D., J. Biol. Chem. 2012, 287, 22295-22304.

Wingen M., Potzkei J., Endres S., Casini G., Rupprecht C., Fahlke C., Krauss U.,
Jaeger K. E., Drepper T., Gensch T., Photochem. Photobiol. Sci. 2014, 13, 875-
883.

Crosson S., Moffat K., Proc. Natl. Acad. Sci. 2001, 98, 2995-3000.
Mathes T., Vogl C., Stolz J., Hegemann P, J. Mol. Biol. 2009, 385, 1511-1518.

Mansurova M., Scheercousse P, Simon J., Kluth M., Gartner W., ChemBioChem
2011, 12, 641-646.

121



Bibliography

(30]

(31]

(37]

Zirak P, Penzkofer A., Mathes T., Hegemann P., Chem. Phys. 2009, 358, 111-122.

Tyagi A., Penzkofer A., Mathes T., Hegemann P, J. Photochem. Photobiol. B: Biol.
2010, 101, 76-88.

Mansurova M., Simon J., Salzmann S., Marian C. M., Gartner W., ChemBioChem
2013, 14, 645-654.

Koziar J. C., Cowan D. O., Acc. Chem. Res. 1978, 11, 334-341.

Reiffers A., Torres Ziegenbein C., Engelhardt A., Kithnemuth R., Gilch P, Czeke-
lius C., Photochem. Photobiol. 2018, 94, 667-676.

Bracker M., Dinkelbach E, Weingart O., Kleinschmidt M., Phys. Chem. Chem.
Phys. 2019, 21, 9912-9923.

Kubitz M. K., Haselbach W., Sretenovi¢ D., Bracker M., Kleinschmidt M., Kiih-
nemuth R., Seidel C. A. M., Gilch P, Czekelius C., ChemPhotoChem 2023, 7,
€202200334.

Salzmann S., Tatchen J., Marian C. M., J. Photochem. Photobiol. A: Chem. 2008,
198, 221-231.

Bracker M., Kubitz M. K., Czekelius C., Marian C. M., Kleinschmidt M., Chem-
PhotoChem 2022, €202200040.

[UPAC, In The "Gold Book" (A. D. McNaught, A. Wilkinson, eds.), 2. ed., Black-
well Scientific Publications, Oxford 1997, online version (2019-) created by S. J.
Chalk. ISBN 0-9678550-9-8. https://doi.org/10.1351/goldbook.

Medina B. M., Beljonne D., Egelhaaf H.-]., Gierschner J., J. Chem. Phys. 2007,
126,111101.

Smart B. E., J. Fluor. Chem. 2001, 109, 3-11.
Biffinger J. C., Kim H. W,, DiMagno S. G., ChemBioChem 2004, 5, 622-627.
Englman R., Jortner J., Mol. Phys. 1970, 18, 145-164.

Fukuzumi S., Tanii K., Tanaka T., J. Chem. Soc, Perk. Trans. 2 1989, 2103-2108.



Bibliography

[49]

[52]

[57]

(58]

[59]

Rehpenn A., Walter A., Storch G., Synthesis 2021, 53, 2583-2593.
Konig B., Kiimmel S., Svobodovd E., Cibulka R., Phys. Sci. Rev. 2018, 3.

Mironova K. E., Proshkina G. M., Ryabova A. V., Stremovskiy O. A., Lukyanov
S. A, Petrov R. V,, Deyev S. M., Theranostics 2013, 3, 831-840.

Qi Y. B,, Garren E. ], Shu X,, Tsien R. Y., Jin Y., Proc. Natl. Acad. Sci. 2012, 109,
7499-7504.

Ryumina A. P, Serebrovskaya E. O., Shirmanova M. V., Snopova L. B., Kuznetso-
va M. M., Turchin I. V, Ignatova N. L., Klementieva N. V,, Fradkov A. E, Shakhov
B. E., Zagaynova E. V, Lukyanov K. A., Lukyanov S. A., Biochim. Biophys. Acta
Gen. Subj. 2013, 1830, 5059-5067.

Mansurova M., Koay M. S., Gartner W., Eur. J. Org. Chem. 2008, 2008, 5401-
5406.

Imada., Iida H., Ono S., Masui Y., Murahashi S.-1., Chem. Asian J. 2006, 1, 136—
147.

Kuhn R, Reinemund K., Weygand E, Strobele R., Ber. Dtsch. Chem. Ges. (A and
B Series) 1935, 68, 1765-1774.

Kumar V,, Woode K. A., Bryan R. E, Averill B. A., J. Am. Chem. Soc. 1986, 108,
490-496.

Brown S. A, Rizzo C. ]., Synth. Commun. 1996, 26, 4065-4080.
Rurack K., Spieles M., Anal. Chem. 2011, 83, 1232-1242.

Cheng K., LiS., LvX, Tian Y., Kong H., Huang X, Duan Y., Han J., Xie Z., Liao C.,
Bioorg. Med. Chem. Lett. 2019, 29, 1012-1018.

Wojciechowski E, Hudson R. H. E., J. Org. Chem. 2008, 73, 3807-3816.
Hasford J. J., Rizzo C. J., J. Am. Chem. Soc. 1998, 120, 2251-2255.

FisherScientific, = 4-fluoro-5-methoxy-2-nitroaniline | 125163-12-4 |
mfcd00247494. https://www.fishersci.com/shop/products/4-fluoro-5-
methoxy-2-nitro-1g/502190803, accessed: 09/03/2023.

123



Bibliography

(60]

Carlson E. E., Kiessling L. L., J. Org. Chem. 2004, 69, 2614-2617.

[61] Abdel-Magid A. E, Carson K. G., Harris B. D., Maryanoff C. A., Shah R. D., J. Org.

[63]

[64]

(65]

(66]

(67]

(68]

[71]

Chem. 1996, 61, 3849-3862.

Sheraz M. A., Kazi S. H., Ahmed S., Anwar Z., Ahmad 1., Beilstein J. Org. Chem.
2014, 10, 1999-2012.

Metzler D. E., Cairns W. L., J. Am. Chem. Soc. 1971, 93, 2772-2777.
Smith E. C., Metzler D. E., J. Am. Chem. Soc. 1963, 85, 3285-3288.
Heim R., Tsien R. Y., Curr. Biol. 1996, 6, 178-182.

Weissleder R., Ntziachristos V., Nat. Med. 2003, 9, 123-128.

Marx V., Nat. Methods 2014, 11, 717-720.

Slavov C., Mansurova M., Holzwarth A. R., Gartner W., Photochem. Photobiol.
2010, 86, 31-38.

Salzmann S., Martinez-Junza V., Zorn B., Braslavsky S. E., Mansurova M., Mari-
an C. M., Géartner W,, J. Phys. Chem. A 2009, 113, 9365-9375.

Silva-Junior M. R., Mansurova M., Gartner W., Thiel W., ChemBioChem 2013,
14, 1648-1661.

Ashton W. T., Graham D. W,, Brown R. D., Rogers E. E, Tetrahedron Lett. 1977,
18, 2551-2554.

Wood A. C., Knight D. W,, Richter G., Tetrahedron 2015, 71, 1679-1683.
Umemoto T., Kawada K., Tomita K., Tetrahedron Lett. 1986, 27, 4465-4468.

Su Q., Boucher P. A,, Rokita S. E., Angew. Chem. Int. Ed. 2017, 56, 10862—-10866.
Skibo E. B., Islam I., Heileman M. J., Schulz W. G., J. Med. Chem. 1994, 37, 78-92.

Niirenberg D., Preparation and Fluorination of Lumiflavin Derivatives. Bache-

lorarbeit, Heinrich-Heine-Universitidt Diisseldorf 2021.

Lal G. S., Pez G. P, Syvret R. G., Chem. Rev. 1996, 96, 1737-1756.



Bibliography

Timofeeva D. S., Ofial A. R., Mayr H., J. Am. Chem. Soc. 2018, 140, 11474-11486.
Rozatian N., Hodgson D. R. W.,, Chem. Commun. 2021, 57, 683-712.

Umemoto T., Fukami S., Tomizawa G., Harasawa K., Kawada K., Tomita K., J.
Am. Chem. Soc. 1990, 112, 8563-8575.

Takeuchi Y., Tarui T., Shibata N., Org. Lett. 2000, 2, 639-642.

Banks R. E., Mohialdin-Khaffaf S. N., Lal G. S., Sharif I., Syvret R. G., J. Chem.
Soc., Chem. Commun. 1992, 595-596.

Rozatian N., Ashworth I. W,, Sandford G., Hodgson D. R. W., Chem. Sci. 2018, 9,
8692-8702.

Shu X.,, Lev-Ram V,, Deerinck T. J., Qi Y., Ramko E. B., Davidson M. W,, Jin Y.,
Ellisman M. H., Tsien R. Y., PLoS Biol. 2011, 9, €e1001041.

Konig B., Kiimmel S., Svobodovd E., Cibulka R., Phys. Sci. Rev. 2018, 3.

Dad’ova J., Kimmel S., Feldmeier C., Cibulkova J., Pazout R., Maixner J.,
Gschwind R. M., Konig B., Cibulka R., Chem. Eur. J. 2013, 19, 1066-1075.

Lambooy J. P, In Methods Enzymol., vol. 18, Academic Press 1971, pp. 437-447.

Tishler M., Pfister K., Babson R. D., Ladenburg K., Fleming A. J., J. Am. Chem.
Soc. 1947, 69, 1487-1492.

Hemmerich P, Prijs B., Erlenmeyer H., Helv. Chim. Acta 1959, 42, 1604-1611.
Hemmerich P, Fallab S., Erlenmeyer H., Helv. Chim. Acta 1956, 39, 1242-1252.
Neti S. S., Poulter C. D, J. Org. Chem. 2016, 81, 5087-5092.

Becker H. G. O., Berger W., Domschke G., Fanghénel E., Faust J., Fischer M.,
Gentz E, Gewald K., Gluch R., Mayer R., Miiller K., Pavel D., Schmidt H., Scholl-
berg K., Schwetlick K., Seiler E., Zeppenfeld G., Beckert R., Fanghinel E., Habi-
cher W. D., Metz P, Organikum - Organisch-chemisches Grundpraktikum, vol.
21. Wiley-VCH, Weinheim 2001.

125



Bibliography

(93]

(101]
[102]
[103]
[104]
[105]
[106]

(107]

(108]

126

Yoneda E, Sakuma Y., Ichiba M., Shinomura K., Chem. Pharm. Bull. (Tokyo)
1972, 20, 1832-1834.

Yoneda E, Sakuma., Ichiba M., Shinomura K., J. Am. Chem. Soc. 1976, 98, 830—
835.

Yoneda E, Mori K., Ono M., Kadokawa Y., Nagao E., Yamaguchi H., Chem.
Pharm. Bull. (Tokyo) 1980, 28, 3514-3520.

Ali H. 1., Tomita K., Akaho E., Kambara H., Miura S., Hayakawa H., Ashida N., Ka-
washima Y., Yamagishi T., Ikeya H., Yoneda E, Nagamatsu T., Biorg. Med. Chem.
2007, 15, 242-256.

Legrand Y.-M., Gray M., Cooke G., Rotello V. M., J. Am. Chem. Soc. 2003, 125,
15789-15795.

Safat P, Povazanec E, Cepec P, Pronayové N., Collect. Czechoslov. Chem. Com-
mun. 1997, 62, 1105-1113.

Fenner H., Hochhuth D., Arch. Pharm. 1990, 323, 873-879.

Yoneda E, Shinozuka K., Tsukuda K., Koshiro A., J. Heterocycl. Chem. 1979, 16,
1365-1367.

Holmgren A. V., Wenner W., Org. Synth. 1952, 32, 6.

Mei C., Lu W,, J. Org. Chem. 2018, 83, 4812-4823.

Otvés S. B., Kappe C. O., ChemSusChem 2020, 13, 1800-1807.

Tie C., GallucciJ. C., Parquette J. R., J. Am. Chem. Soc. 2006, 128, 1162-1171.
Li E, Frett B., Li H.-y., Synlett 2014, 25, 1403-1408.

Furst A., Berlo R. C., Hooton S., Chem. Rev. 1965, 65, 51-68.

Dehmlow E. V,, Thieser R., Zahalka H. A., Sasson Y., Tetrahedron Lett. 1985, 26,
297-300.

Madding G. D., Minielli J. L, Mattson R. J., Process of large-scale
production of bmy 21502. https://worldwide.espacenet.com/patent/
search/family/023695332/publication/US4963678A?q=pn1990, uS4963678A.



Bibliography

[109]

(110]

[111]

[112]

[113]

(114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Gil de Melo S. M., de Rezende L. C. D., Petrilli R., Vianna Lopez R. E, Goulart M.
O. E, da Silva Emery E, Dyes Pigments 2020, 173, 107885.

Goudgaon N. M., Naguib E N. M., el Kouni M. H., Schinazi R. E, J. Med. Chem.
1993, 36, 4250-4254.

Malaczynski S. A., Synthese von Flavinderivaten zur selektiven Tyrosin-
oxidation - Anwendung in der CIDNIP-Spektroskopie. Masterarbeit, Heinrich-
Heine-Universitat Diisseldorf 2022.

Fulmer G. R., Miller A. J. M., Sherden N. H., Gottlieb H. E., Nudelman A., Stoltz
B. M., Bercaw J. E., Goldberg K. 1., Organometallics 2010, 29, 2176-2179.

Jhulki I., Chanani P. K., Abdelwahed S. H., Begley T. P, J. Am. Chem. Soc. 2016,
138, 8324-8327.

Lavrard H., Popowycz E, Eur. J. Org. Chem. 2017, 2017, 600-608.
Chen M., Ren Z.-H., Wang Y.-Y., Guan Z.-H., J. Org. Chem. 2015, 80, 1258-1263.

Han X., Javanbakht H., Jiang M., Liang C., Wang J., Wang Y., Wang Z., Wei-
kert R. J., Yang S., Zhou C., Novel dihydoquinolizinones for the treatment
and prophylaxis of hepatitis b virus infection. https://patentimages. sto-
rage.googleapis.com/40/b3/8b/d0f003cb1257b1/US20150210682A1. pdf 2015,
uS20150210682A1.

Leonelli E, Capuzzi M., Bodo E., Passacantilli P, Piancatelli G., Carbohydr. Res.
2008, 343, 1133-1141.

Heyl D., Chase E. C., Koniuszy E, Folkers K., J. Am. Chem. Soc. 1951, 73, 3826—
3827.

Gao Y, Mao Y,, Zhang B., Zhan Y., Huo Y., Org. Biomol. Chem. 2018, 16, 3881-
3884.

Schlosser M., Lefebvre O., Ondi L., Eur. J. Org. Chem. 2006, 2006, 1593-1598.

Sheldrick G., Acta Cryst. 2008, A64, 112-122.

127



Bibliography

[122] Dolomanov O. V,, Bourhis L. J., Gildea R. J., Howard J. A. K., Puschmann H., J.
Appl. Crystallogr. 2009, 42, 339-341.

[123] Macrae C. E, Sovago 1., Cottrell S. J., Galek P. T. A., McCabe P, Pidcock E., Pla-
tings M., Shields G. P, Stevens J. S., Towler M., Wood P. A,, J. Appl. Crystallogr.
2020, 53, 226-235.

128



9 | Appendix

9.1 NMR Spectra

129



Appendix

F

_

0.99—=

N.__O

A

3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

T T T
120 115 110

T T T
105 100 9.5 9.0 8.5

T T
65 60 55 50 45 40
f1 (ppm)

TH-NMR spectrum (600 MHz, DMSO-dj) of 16.

Figure 9.1
I\I/Ie
MeO NN \[40
/jiﬂ/NH
N
0
b -‘30 -“10 -%0 -éO -7‘0 -éO -éO -lbO -1‘10 -1‘20 -1‘30 -1‘40 -1‘50 -1‘60 -1‘70 -1‘80 -1‘90 -2b0
f1 (ppm)
Figure 9.2 '9F{!H}-NMR spectrum (565 MHz, DMSO-dg) of 16.

130



NMR Spectra

1
I\I/Ie
NH
)@[ - 2 HCl
NH,
L l L JuL
Lo 4 kel
12.0 11.5 11‘.0 10.5 10.0 9‘.5 9.0 8.5 8.0 7‘.5 7.0 6.5 6‘.0 5.5 5.0 4.5 4.0 3.5 3.0 2‘.5 2.0 1.5 1‘.0 0.5 0.0
f1 (ppm)
Figure 9.3 'H-NMR spectrum (600 MHz, methanol-dy) of 35.
Me

8 I A O AN O

60 50 40

T
80 70

T T T T T T T
150 140 130 120 110 100 90
f1 (ppm)

Figure 9.4 '3C{!H}-NMR spectrum (150 MHz, methanol-d,) of 35.
131

T T T T T
200 190 180 170 160



Appendix

A

T a4 ) Y g3
= &S & S =3s!
S S s - Ao
T T T T T T T T T T T T T T T
. 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5

f1 (ppm)

Figure 9.5 'H-NMR spectrum (300 MHz, DMSO-d) of 31.

l\llle F
1 INﬁf
ez NH
N
(¢}

3.02-1
3.00
3.04L

T T
3 g 8
3 33
T T T T T T T T T T T T T T
1.5 1.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
f1 (ppm)

Figure 9.6 'H-NMR spectrum (300 MHz, DMSO-dj) of 33.

132



NMR Spectra

Me F

|

N O

/
Pz NH
N
(¢}
T T T T T T T T T T T T T T T T T T T
-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190

f1 (ppm)

Figure 9.7 '"F{!H}-NMR spectrum (282 MHz, DMSO-dp) of 33.

==CDCI3

o

-200

I 7T ) 443
& 5] a = NE
= N s - )
T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 11.0 105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

f1 (ppm)

Figure 9.8 'H-NMR spectrum (300 MHz, chloroform-d) of 82.

133



Appendix

Me

L

== CDCI3

T T T T T
200 190 180 170 160 150

Figure 9.9

T T T T
140 130 120 110 100 90 80

f1 (ppm)

[

70 60 50 40 30 20 10

13C{!H}-NMR spectrum (75 MHz, chloroform-d) of 82.

|

1.00=

Figure 9.10

134

T T T T
75 70 65 60 55 50
f1 (ppm)

4.5 4.0 3.5 3.0 2.5 2.0 15 1.0

TH-NMR spectrum (300 MHz, methanol-d,) of 90.

0.5



NMR Spectra

Cl~_N._CF;
s
\%/N

Cl

o

T T T T T T T T T T T T T T T T T T T T ]
200 190 180 170 160 150 140 130 120 110 100 0] 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 9.11 3C{'H}-NMR spectrum (75 MHz, methanol-dy) of 90.

Cl~_N._CF4
“r
L(N
cl
0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200

f1 (ppm)

Figure 9.12 F{'H}-NMR spectrum (282 MHz, methanol-d,) of 90.

135



.
1y 1
12‘ 0 11‘..5 11.0 10.5 10.0 9‘.5 9.0 8‘.5 8‘.0 715 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3.5 3.0 2.! 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
Figure 9.13 'H-NMR spectrum (300 MHz, chloroform-d) of 91.
I\I/Ie
N _N._CFs
N
JOR®:
cl
' ‘ | L ,
260 1‘90 léD 1‘60 1‘50 1‘40 150 1‘20 1‘10 160 9‘0 éO 7‘0 éD F;O 4‘0 30 20 10
f1 (ppm)
Figure 9.14 3C{'H}-NMR spectrum (151 MHz, chloroform-d) of 91.

136



NMR Spectra

l\llle
N. _N.__CFs
T
N
Cl
T T T T T T T T T T T T T T T T T T T T
-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200

f1 (ppm)

Figure 9.15 '“F{!H}-NMR spectrum (282 MHz, chloroform-d) of 91.

N N CF3
AN
D/ | 1/ 4 ~ rt
= - A

f1 (ppm)

T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0
f2 (ppm)

Figure 9.16 NOESY spectrum (300 MHz, chloroform-d) of 91.

137



I\Ille
: : N N._CF;
\E?/
_N
(¢}

YV 41 2 e
11.5 11.0 10.5 10.0 9.5 8.5 8.0 75 710 6.5 6‘.0 5‘.5 5.0 4.5 4.0 3‘5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
Figure 9.17 'H-NMR spectrum (300 MHz, chloroform-d) of 92.
I\Ille
N._N._CFs
h
o
E)
‘ ‘ l AL
200 190 180 160 150 140 130 120 110 100 % 80 70 60 50 40 30 20 10 0
f1 (ppm)
Figure 9.18 3C{'H}-NMR spectrum (151 MHz, chloroform-d) of 92.

138



NMR Spectra

T
-200

6 -iD -20 -éO -“10 -éO »éD -}0 -éO -‘90 -160 -1‘10 -1‘20 -1‘30 -1‘40 -1‘50 -1‘60 -1‘70 »1‘80 -1‘90
f1 (ppm)
Figure 9.19 '“F{'H}-NMR spectrum (282 MHz, chloroform-d) of 92.
Me
N_ _N._ _CFy
Xrex
N
o}
dﬁ Jo
Y Ny ) Ly
12‘.0 11‘.5 11‘.0 16.5 16.0 9‘.5 9‘.0 8‘.5 8‘.0 715 7‘.0 é,S 5‘.5 5‘.0 4‘.5 4‘.0 3‘. 3‘.0 2‘.5 2‘.0 1.5 1‘.0 0‘.5 0‘.0
f1 (ppm)
Figure 9.20 'H-NMR spectrum (300 MHz, chloroform-d) of 93.

139



Appendix

Me
| H
N__N_ _CFs
T
N
(6]
bbb A A A AR
190 180 170 160 150 140 130 120 110 100 % 80 7 60 S0 40 30 20 10 0
f1 (ppm)

Figure 9.21 3C{'H}-NMR spectrum (75 MHz, chloroform-d) of 93.

T T T T T T T T T T T T T T T T T T T T T
0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)

Figure 9.22 '“F{'H}-NMR spectrum (282 MHz, chloroform-d) of 93.

140



NMR Spectra

T T T T T T T T
11,5 11.0 105 10.0 9.5 9.0 8.5 8.0

0.93—=
1.00—=<
3.65—=
1 314<
3.27=

T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

T T T T T T
35 30 25 20 15 10 05
f1 (ppm)

Figure 9.23 'H-NMR spectrum (300 MHz, DMSO-d) of 75.

l\llle
N N _CF;
LY
= N
N
(e}

AL
Ne ¥
358
-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)
.
Figure 9.24

YF{TH}-NMR spectrum (282 MHz, DMSO-dj) of 75.

141



Appendix

= CD30D

0 NYCF3
HO—_~N
HO

OH

N B

T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 110 105 100 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0

f1 (ppm)

Figure 9.25 'H-NMR spectrum (300 MHz, methanol-dy) of 72.

o NYCF3
HO—__N
HO

OH

T T T T T T T T T T T T T T T T T T T T
0 -10 -20 -30 -40 -50 -60 -70 -80 -90 4100 -110  -120  -130  -140  -150  -160  -170  -180  -190
f1 (ppm)

Figure 9.26 '9F{'H}-NMR spectrum (282 MHz, methanol-d,) of 72.

142



NMR Spectra

oo T Toror
8 8 8 & 5 8 &
F 6 3 3 N s
T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 110 105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

f1 (ppm)

Figure 9.27 'H-NMR spectrum (300 MHz, methanol-dy) of 85.

d T ) 0 Y

T T
120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 L5 1.0 05 00
f1 (ppm)

Figure 9.28 'H-NMR spectrum (300 MHz, chloroform-d) of 86.

143



Appendix

Sty
NO,

MMWWMJ‘MWWMMWM NETVPIRVRFVAY IRVRIURPOMUIN | SRS | SR

T T T
40 30 20

T
10

T
0

T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 9 80 70 60 50
f1 (ppm)

Figure 9.29 3C{'H}-NMR spectrum (75 MHz, chloroform-d) of 86.

1.00=
0,99

3.04-1

7 338

3101

T T T T T T T T T T T T T T T T T T T
120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
f1 (ppm)

Figure 9.30 'H-NMR spectrum (300 MHz, chloroform-d) of 87.

144



NMR Spectra

N , JJLMJ NI

T T T T T T T T T T T T T T T T T T T T
120 115 110 105 100 95 90 85 80 725 720 65 60 55 50 45 40 35 30 2
f1 (ppm)

0931
1.16-
1,001
205

1.02=3

Figure 9.31 'H-NMR spectrum (300 MHz, chloroform-d) of 88.

A

T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 El) 80 70 60 50
f1 (ppm)

T T T
40 30 20 10
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Figure 9.63 !'3C{'H}-NMR spectrum (75 MHz, chloroform-d) of 109.
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Crystallographic Data

9.2 Crystallographic Data

Crystal Structure Determination

Crystal structures were measured by P. Schmeinck on a Rigaku XtaLAB-Synergy S
diffractometer. Structure solution and refinement was done with Olex2 by OlexSys
Ltd. and SHELX.[21122] Structure solution of 1-F-lumiflavin (33) was supported by
L. Karl. The figures (thermal ellipsoid plots) were created with Mercury by the Cam-
bridge Crystallograpic Data Centre.!'?3!

Figure 9.71 Molecular structure of 1-F-lumiflavin (33) with DMSO. Thermal displacement
ellipsoids are drawn at the 50% probability level.

Figure 9.72 Molecular structure of dihydropyrimidine 106 with incorporated reduced
dihydroxypyrimidine 77. Thermal displacement ellipsoids are drawn at the 50% probabil-
ity level.
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Crystal Structure Table

Compound 33 106 109

Empirical formula ClGngFN?,OgS C19H21F6N503 C18H21C1F3N3

Formula weight 351.39 481.41 371.36

[g/mol]

Crystal shape needle, block, colorless block, colorless

and color dark purple

Size [mm?3] 0.5%x0.1x0.1 0.5x0.1x0.1 0.5%x0.5%x0.1

Temperature [K] 100.15 100.15 99.97(14)

Crystal system monoclinic triclinic monoclinic

Space group P2i/c p-1 I2/a

Lattice a=7.4254(6) a=9.0590(3) a=19.2990(9)
arameters [A] b=31.689(4) b =9.4978(3) b =10.0635(5)

p € =6.8984(7) c=13.7425(5) c=19.9488(11)

166

o =108.784(3)

Angles [°] 3 =101.983(9) 5=91.287(3) 3 =103.850(5)
v =97.502(2)
Volume [A3] 1587.8(3) 1107.23(7) 3761.7(3)
Z 4 2 8
pealc [g/cm?] 1.470 1.444 1.311
p [mm 2.103 1.172 2.101
F(000) 736.0 496.0 1550.0
Radiation CuKa (A=1.54184) | CuKa (A\=1.54184) CuKa (\=1.54184)
20 range [°] 5.578 to 104.184 6.81 to 157.966 9.132 to 142.866
7<h<7 -11<h<10 -23<h <23
Index ranges -17<k<29 -12<k<12 -12<k<10
5<1<7 -17<1<17 23<1<24
Reflections 3062 13724 9356
collected
Independent 1601 4390 3474
reﬂegﬁons (Rint = 0.0344, (Rint = 0.0256, (Rint = 0.0583,
Rsigma = 0.05 16) Rsigma = 00254) Rsigma = 00648)
Final R-value Ry =0.0822 Ry =0.0430 R; =0.0987
([>=20 (D)) wRy = 0.2257 wR> = 0.1159 wR> = 0.2603
Final R-value R; =0.0953 Ry =0.0467 R1=0.1449
(all data)'@ wRy = 0.2367 wR> =0.1193 wR> = 0.2960
Completeness 89.9 99.9 99.5
Data/restraints/
1601/0/222 4390/0/301 3474/0/231
parameters
OGS%%?SS'Of'ﬁt 1.066 1.042 1.038
Largest diff. peak, 0.80, -0.38 0.71, -0.30 1.04, -0.43

hole [e A3]

@) R} = 3||Fol-|Fe||/ S|Fol; wR2 = [Ew(Fo2-Fc2)2/SwFo21 2, w = 1/[02Fo2+(@P)2+bP] with P = (Fo2+2F¢2)/3
b] GooF = [Sw(Eo2-F¢2)2/ (NR-Np)]1/2 with NR = Number of reflexes and Np = Number of parameters
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Increasing the Fluorescence Quantum Yield and Lifetime of

[T

the Flavin Chromophore by Rational Design

Mira K. Kubitz,” Wiebke Haselbach,” Dragana Sretenovi¢,'” Mario Bracker,
Martin Kleinschmidt, Ralf Kilhnemuth,'? Claus A. M. Seidel,*“ Peter Gilch,*® and

Constantin Czekelius*™

A previous quantum chemical study (M. Bracker etal., Phys.
Chem. Chem. Phys. 2019, 21, 9912-9923) on the excited state
properties of fluorinated derivatives of the flavin chromophore
promised an increased fluorescence performance of the deriva-
tive 7,8-difluoro-10-methyl-isoalloxazine (7,8-dF-MIA). Here, we
describe the synthesis of 7,8-dF-MIA, its ribityl derivative, and
for reason of comparison 9-F-MIA. The compounds dissolved in
water (H,O and D,0) were characterized by steady state, time
resolved, and fluorescence correlation spectroscopy. The experi-
ments confirm the increase of the fluorescence quantum yield
of 7,8-dF-MIA (0.42 in H,0) compared to MIA (0.22) predicted by
quantum chemistry. The anticipated reduction of the

Introduction

Flavins, a class of yellow redox-active chromophores, are an
essential moiety of many photoreceptor proteins like crypto-
chromes, phototropins or photoactivated adenylyl cyclase."”
Upon absorption of blue light, photochemical processes of
biological importance are induced. Among others, the circadian
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fluorescence quantum yield for 9-F-MIA is also confirmed
experimentally. The quantum chemical computations as well as
the spectroscopic observations attribute the increased
fluorescence quantum yield of 7,8-dF-MIA predominantly to a
decrease of the rate constant of intersystem crossing. Switching
from H,O to D,O as a solvent is shown to increase fluorescence
quantum yields (0.53 for 7,8-dF-MIA) and lifetimes of all
fluorinated MIA derivatives. This can be attributed to a Forster
type energy transfer from the excited chromophore to vibra-
tional overtones of water and further water-mediated deactiva-
tion processes.

rhythm or the induction of flowering are related to flavin
compounds."*'? Flavin derivatives bound to these proteins are
most often flavin mononucleotide (FMN) or flavin adenine
dinucleotide (FAD).'*% Both are ubiquitous in nature and are
also known to act as cofactors in enzyme catalysis. Due to their
redox activity, they can participate in both one- and two-
electron transfer processes and have therefore been employed
in photo-redox catalysis.*%'%"®

By modifying the isoalloxazine core system, their photo-
physical properties can be altered."”?? If the fluorescence
quantum yield @4 and peak absorption coefficient of the first
transition (1% ¢,,,,) are maximized, application areas like optical
imaging, where a high sensitivity (1% ¢,,,,x®y) is needed, will
benefit while high triplet quantum vyields could be useful in
terms of singlet oxygen production, photodynamic therapy and
photochemically induced radical reactions.”*

Fluorine substituents are highly suited for electronic
modifications as they exert a strong electron-withdrawing
effect.”*? When they are introduced at different positions of
the core system, shifts of absorption as well as an increase/
decrease of fluorescence and triplet quantum yields are
observed.”?" At the same time, the sterical impact on protein
binding and associated biological activity should be compara-
bly small 283

As shown in our previous studies,””” substitution of hydro-
gen with fluorine substituents at the left A-ring of the 10-
methyl-isoalloxazine (MIA) core system (6-, 7- and 8-position)
led to a distinct impact on the photophysical properties,
depending on the position of fluorination (Figure 1). In
particular, for 6-F- as well as 7-F-MIA bathochromic and for 8-F-
MIA hypsochromic shifts of up to 500 cm™' were observed. The

19]
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E
increased even further by using heavy water (D,0) as a solvent. Z
For potential applications in fluorescence microscopy in %
F N} analogy to riboflavin, the corresponding equivalent 7,8- g
difluoro-10-ribityl-isoalloxazin (7,8-dF-RIA) was synthesized and 3

. Jitge its fluorescence properties were also characterized.

Figure 1. Chemical structure of 10-methylisoalloxazine (MIA). Fluorine sub-
stitution positions are color coded, and the coding was continued from the
reference!’” and is used throughout the paper.

derivative with fluorine in 7-position proved particularly
interesting due to its 50% increased fluorescence quantum
yield compared to the non-fluorinated MIA. These experimental
observations were reproduced by quantum chemical
computations.?”

According to this study the S, state of mm* character is
separated from its triplet counterpart T, by ca. 0.5 eV in MIA
and its fluorinated derivatives in aqueous medium. Intersys-
tem crossing (ISC) to this triplet state is El-Sayed-forbidden
and the large energetic separation also leads to small vibronic
rate constants for ISC (ca. 5-10°s™"). In vacuum, the second
triplet state T, is of nmt* character, energetically below the S,
state and ISC to this state is El-Sayed-allowed and fast (ca.
2-10°s7"), but in aqueous medium, this state is so strongly
destabilized that it plays no role for radiationless deactivation
of the S, state anymore. The next triplet state T, is of mm*
character again. In water, it is shifted energetically below the
T, state and also slightly below the S, state (0.0-0.2 eV
depending on the mono-fluorination pattern). ISC to this state
is also El-Sayed-forbidden, but the close energetic vicinity of
the S, state as well as of the T, state (causing admixture of
nm* character by out-of-plane vibrations) leads to consider-
able vibronic ISC rate constants (ca. 3-10%s7"). The T, state is
considered to be decisive for non-radiative decay by ISC.
Therefore, the energetic upshift of the T; state above the S,
state decreases the non-radiative decay and increases the
fluorescence yield.

Fluorination in 7- and 8-position both cause a blue shift of
this T; state. For vertical energies, it was shown that the effect
of multiple fluorination on the photophysical properties can be
predicted by simply adding the shifts of the mono-fluorinated
derivatives.”™ According to this analysis, it is expected that di-
fluorination in 7- and 8-position will bring the T; state energeti-
cally above the S, state, effectively hindering ISC and thus
increasing fluorescence quantum vyield. The computational
study also predicts a decrease in fluorescence quantum yield
for 9-F-MIA, a derivative that was not previously available and
is also considered in this paper.

In this work, 7,8-dF-MIA as well as 9-F-MIA were synthesized
and their photophysical properties were investigated experi-
mentally to compare them with computational ones. This
demonstrates that the spectroscopic properties of chromo-
phores can be tuned using a rational design approach.
Following the work of Klehs etal.”"” we tested whether the
fluorescence properties of all fluorinated MIA derivatives can be

ChemPhotoChem 2023, 7, 202200334 (2 of 11)

Results and Discussion
Synthesis

Following the reported synthesis route,"***>¥ 9-F-MIA (3) was
obtained starting from the corresponding fluorinated nitroani-
line. As illustrated in Scheme 1, nitroaniline 1 was methylated
in a two-step-one-pot reaction. Then, reduction of the nitro
group and condensation with alloxan monohydrate gave 9-F-
MIA (3) in an overall yield of 43%. For spectroscopic measure-
ments particularly high purity of material is mandatory. Due to
the generally low solubility of MIA derivatives, recrystallization
methods often employ solvents such as formic acid or acetic
acid. However, the concomitant formation of alloxazines by
demethylation, which is commonly observed upon heating
with traces of acid, renders the purification quite challenging.
By screening other solvents trifluoroethanol proved to be
highly suitable as it is very polar and not particularly acidic or
nucleophilic.

In contrast to the monofluorinated derivatives, methylation
of 4,5-Difluoro-N-methyl-2-nitroaniline (4) following the one-
pot procedure shown above® proved to be troublesome due
to a high propensity for fluorine substitution in para-position to
the nitro group. Therefore, a modified synthesis route via Boc-
protection and alkylation with methyl p-toluenesulfonate was
developed.?¥ Finally, reduction of the nitro group and con-
densation with alloxan monohydrate"®** gave 7,8-dF-MIA (8) as
the main product in a mixture with the corresponding
alloxazine 9 in a ratio of 1:0.4 (Scheme 2).

1. (CF3C0),0 1. PdIC, H,
2. BnEt;NCI AcOH/H,0 4:1, rt. F  Me
F (CH30),S0, F Me 2. Alloxan * H,0 N. N._O
NH, NaOH 50% wiw NH B(OH)s, ACOH, reflux 27
_ Naon Uk Wiy — BiOf)s, AGOH, refiux
Toluene, rt. 67% N NH
NO, 64% NO,
o
1 2 3
Scheme 1. Synthesis route to 9-F-methylisoalloxazine (3).
1. (CF4C0),0
2. BnEt;NC " Me
c NH (CH30),80, e 1 pac, Hy E N N O
j@ 2 NaOH 50% wiw F. NH ACOH/H,0 4:1, it j@[ Z \(
E NO, Toluene, r.t. Fj@[ no, 2 B(OH)3, AcOH F N/LTNH
H
4 7 o N\(O 8 O
NH *H20 '
1. Boc,0, EtsN, DMAP, TEA, [9 Che
CH,Cly, rt o 29% H
2. TFA, CH,Cl rt. g;/zcb ot :
73% ° . 8o
N N
Boc Boc j@[ SO
F. NH Me-Tos, NaH F Nve F N
DMF, 0 °C > rt. 9 o
F NO, 66% F NO,
5 6

Scheme 2. Synthesis route to 7,8-dF-methylisoalloxazine (8) and formation
of alloxazine by-product 9.
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The already mentioned formation of the alloxazine by-
product turned out to be very problematic for the purification
of this MIA derivative. Since alloxazines are less soluble than
methylisoalloxazines, recrystallization was again the first choice.
However, slow precipitation and fast formation of alloxazine
by-product 9 during recrystallization were observed along with
substantial degradation by nucleophilic fluorine substitution.
Finally, using a combination of optimized reaction conditions®”
and work-up and purification methods, spectroscopically pure
product was obtained (see Supporting Information Chapter 1
for details). Specifically, heating should be avoided in general
for this delicate compound and solvents evaporated only under
high vacuum conditions. It was further found that a flash
chromatography method applying the raw product as a
solution in trifluoroethanol/methanol proved to be essential for
purification.

7,8-Difluoro-10-ribityl-isoalloxazin (referred to as 7,8-dF-RIA,
13) was synthesized following a modified protocol by
Mansurova etal® as illustrated in Scheme3. To avoid
nucleophilic substitution of fluorine substituents, the nitro
group was reduced first. Since the diamine was highly air-
sensitive, Boc-protection was performed in situ to give the less
sensitive protected derivative 10. Ribitylated diamine 11 was
obtained via reductive amination with D-ribose. Boc-deprotec-
tion was followed by condensation with alloxan monohydrate
which is best performed under inert conditions in order to
prevent fast oxidation of the 1,2-diaminobenzene derivative.
Additionally, 7,8-dF-RIA 13 showed pronounced light sensitivity
which made its purification in combination with the well-
known continuous formation of poorly soluble alloxazines and
the sensitivity of the fluorine substituents towards nucleophiles
even more challenging. Therefore, it was renounced to heat the
product at any point due to a very fast formation of side
products. Instead, the solvent of the reaction mixture was solely
removed at ambient temperature using high vacuum con-
ditions. Multiple recrystallizations from different solvents led to
a pre-purified product, which was finally purified by HPLC.

1. Hy, PAIC 10% HO. Nop
ch["""? AcOH/water 4:1 Fj@i"““z D-ribose, NaCNBH;
| e, eblsiinai bt OH
F F

NO,  2.Boc,0, NaHCO; NHBoc  MeOH,refux NH
dioxane/water 1:1 45% D[
4 10
67% F NHBoc
"
4MHCl
dioxane
H
CHOH o N o CHaon
HO.. ~“Non T HO
NH
o OH
0 OH

OH
Fj@[N /N\fo B(OH)3, ACOH  F. NH
A __NH 2% j@:
F Nx{ (over two steps) | NH,
o
13

Scheme 3. Synthesis route to 7,8-difluor-10-ribityl-isoalloxazin (7,8-dF-RIA,
13).
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Spectroscopy
Steady state spectroscopy

First, we studied the impact of the fluorine substitution pattern
on the optical properties of the two fluorinated derivatives 9-F-
MIA and 7,8-dF-MIA in water. The absorption spectra exhibit
two strong bands in the visible and near UV region (Figure 2
and Table 1). The position of these bands is close to the ones of
MIA."92°37 Eor MIA, the lowest-energy absorption maxima were
reported at 431 nm (Wyomo—Mumo transition, absorption
coefficient  £,3,=8470 M 'cm )" and 345nm (g5 =
6250 M~'cm™")." Quantum chemical calculations predict the
first excited state to be unaltered upon fluorination in the 9-
and 7,8-positions.” Experimentally, a slight redshift of
—54cm™' for 9-F-MIA is observed compared to MIA, the
absorption coefficient decreases by ~21%. For 7,8-dF-MIA, the
peak wavelength of 431 nm is retained and the absorption
strength for the lowest energy absorption increases by ~31%.

For MIA, the emission peak is at 524 nm."® 7,8-dF-MIA has a
higher energy for the fluorescence peak (519 nm) and 9-F-MIA
has a lower energy (535 nm) compared to MIA. This translates
into a lower Stokes shift for 7,8-dF-MIA and a higher one for
9-F-MIA.

As shown in the previous work by Reiffers etal."” and
Bracker etal,”” fluorination also has an effect on the
fluorescence quantum yields @;. The yield was determined
using coumarin 153 in ethanol as a reference (&} =0.544)"%
and is clearly the highest for 7,8-dF-MIA (0.42) of all fluorinated
derivatives studied so far. The yield decreases with fluorination
at position 9 (0.12) compared to MIA (0.22). This finding was
predicted by quantum chemical computations.””

Values for the 0-0 energies 7y, Stokes shifts A, and

radiative rate constants k%, were derived from the steady-state

wavelength A / nm

700 600 500 400 300
06 1 1 1 1 1

u —MIA I 12000 _
8 9F-MIA p
S ——7.8F-MIA K3
& 10000 5
E ~
= =
2 8000 &
® 2
Q [
= o
3 L6000 5
a &=
g 8
S L4000 ©
= c
° S
= a
© L2000 S
o 8
©

Lo
T T T T
15000 20000 25000 30000 35000

wavenumber v / cm’

Figure 2. Absorption (absorption coefficients) and fluorescence emission
spectra (recorded with constant wavelength bandpass and converted to
constant wavenumber bandpass) of 9-F-MIA and 7,8-dF-MIA in water. For
the fluorescence emission spectra, the excitation was tuned to 420 nm. The
corresponding spectra of MIA in water" are shown for comparison. The
fluorescence spectra are scaled according to their fluorescence quantum
yield.
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Table 1. Spectroscopic and photophysical parameters for MIA and various fluorinated MIA derivatives in H,0.”!
Parameters MIA? 6-F-MIA" 7-F-MIA" 8-F-MIA" 9-F-MIA 7,8-dF-MIA
1% Aimax [NM] 431 430 441 422 432 431
1% g IMTem ™ 8470 7880 9400 10220 6669 1117
1 f - - - - 0.185 0.251
Aem [NM] 524 524 533 534 535 519
2™ Jmax [nm] 345 364 331 348 357 328
2" e IMTTem™] 6250 8630 6640 5420 7679 5468
Voo [em™] 20750 20590 20300 21320 20393 20894
Avg [em™] 4640 5030 4520 4740 4900 4150
Dq (£5%) 0.22 0.12 0.38 0.24 0.12 0.42
1% £ XPp [M'cm™'] 1863 946 3572 2453 800 4669
K, 1107 s7'] (£5%) 445 3.94 4.66 5.94 3.51 5.94
5 s (£ 10%) 4.94 3.04 7.08 4.04 3.40 7.01
Talns] (£ <10%) 5.00 3.56 7.74 4.46 3.64 7.31
D1 (£20%) 0.5 0.4 0.2 0.5 04 0.3
kisc [107 s7'] (£20%)"® 10.0 11.2 26 11.2 11.0 4.1
D¢ (£20%) 03 0.5 0.4 0.3 0.5 0.3
ki [107 57T (20 %)™ 5.6 13.5 52 5.8 13.2 3.8
7y [us] (£10%) 5(0.5); 39 (0.5) 11 (0.5); 44.(1) 10 (0.5); 21 (1) 43(1)

44 (0.5) 47 (0.5)

[a] Wavelength maximum for the 1* and 2" bands with the lowest absorption energies and the fluorescence maximum were determined via a Gaussian fit.
The values given refer to spectra in the wavelength domain. The wavelength for absorption and emission were received from measurements with constant
wavelength bandpass. Stokes shifts A7, and 0-0 excitation energies v, are derived from spectra redrawn according to the transition dipole
representation.®” Fluorescence quantum yields @ were determined using coumarin 153 in ethanol as a reference (@}, =0.544).”® Radiative rate constants
k%, were obtained from Strickler-Berg analysis.**~*” A prediction of the fluorescence lifetime 7;’ can be achieved via 7;} = @, /k; and compared to the
Tameasured by TCSPC. Triplet yields @ were obtained from nanosecond transient absorption measurements with thioxanthone in methanol as a reference.
[b] The values were calculated by using ks = @1/t and ke = @ /74 and the specified @;. Using the yields @; and @, intersystem crossing rate
constants kisc internal conversion quantum yields @, could be determined. [c] The value was updated by measurements in this study. [d] The fluorescence
lifetime measurements have an average precision < 0.05% and an accuracy given by instrument calibration and linearity < 1%. [e] The relative amplitudes
for the respective compounds are given for 550 nm.

spectra. For the 0-0 energies, absorption and fluorescence
were redrawn as a function of wavenumber v to arrive at the
transition dipole representation.®¥ In this representation, the
absorption spectrum is redrawn according to &(¥)/¥ and the
fluorescence spectrum according to S(¥)/7*. These spectra
were then normalized to their maximum. The intersection of
these spectra was taken as the experimentally measured value
for the 0-0 energy (here reported in wavenumber units, 74, see
Table 1). The 0-0 energy of 9-F-MIA obtained in this fashion is
shifted by —357 cm ™' compared to the one of MIA. 7,8-dF-MIA
exhibits an upshift of + 144 cm™'. Shifts of these magnitudes
and signs were predicted quantum chemically.”” The Stokes
shift A, of 9-F-MIA is larger than the one of MIA, and it is the
other way around for 7,8-dF-MIA. Quantum chemical computa-
tions predict a smaller Stokes shift for 9-F-MIA (4436 cm ') and
7,8-dF-MIA (4033 cm ™).

ChemPhotoChem 2023, 7, 202200334 (4 of 11)

The radiative rate constants k%, were determined from the
spectra using the Strickler-Berg approach.?**% In this analysis,
an integral needs to be computed that covers the lowest
electronic transition in the absorption spectrum. A procedure
requiring the use of the respective fluorescence spectrum was
used here (see ref.***" for details). According to this analysis, all
derivatives feature rate constants of ~5-10” s™'. The one of 7,8-
dF-MIA (5.94-107 s7") is higher compared to MIA (4.45-107 s7"),
whereas 9-F-MIA (3.51-10”s™") has a lower one. The quantum
chemical computation for 7,8-dF-MIA (5.87-107s™") is in
excellent agreement.

The computed value for 9-F-MIA (4.01-10" s") deviates by
only 14% from the experimental one. Together with the
fluorescence quantum vyield, the radiative rate constants allow
predictions for the fluorescence lifetime 7;° using 730 = @4/,
The corresponding fluorescence lifetimes are expected in the
range of 3-7 ns.

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Time-resolved spectroscopy

The fluorescence lifetimes were measured experimentally by
time-correlated single photon counting (TCSPC) (Figure 3).
Measured decays are characterized by a single-exponential
function (see Methods) and obtained fluorescence lifetimes ty
are given in Table 1.

The lifetimes measured by TCSPC are longer than the ones
calculated via the Strickler-Berg method, but the deviations are
rather small (<10%). Together with previously"” reported
values we see a characteristic influence of the fluorination
substitution. For 6-F-MIA, 8-F-MIA and 9-F-MIA the fluorescence
lifetime is reduced and for 7-F-MIA is prolonged in comparison
to MIA (5.00 ns). Interestingly, the fluorescence lifetime of the
difluorinated derivative 7,8-dF-MIA is prolonged. It is in
between its mono-fluorinated counterparts, but it is closer to
7-F-MIA than to 8-F-MIA.

For all MIA derivatives studied, the fluorescence quantum
yields are well below one. Therefore, the non-radiative decay
processes dominate. To specify the type of non-radiative decay
(ISC or internal conversion (IC)), measurements were performed
on a nanosecond transient absorption instrument. From these
experiments, the triplet quantum yields @; and hence the rate
constants for ISC can be derived. The effects of fluorination on
triplet yields were investigated using a relative method detailed
in Ref. [19]. The difference absorption signals at time zero of
the sample (4A_;(45)) and a reference (4A;_,(4p)) (see
Supporting Information, chapter 4, Figure S3) were recorded.
Thioxanthone in methanol served as a reference. The respective
difference absorption coefficient spectra Aer(4p,) and Aer(4p,)
of the sample and reference were obtained from the signals
AA_(Ap,) as well as 4A;_,(Ap,) and the respective ground state
bleaches (see Supporting Information, chapter 4, Figure S4).
With these inputs and the triplet quantum vyield of the
reference @, the yield was calculated via Equation (1):

@ :AAt:O(}«Pr) Aer(Ap,)
T Aer(Ap) AAL,(Ap)

P; M

5
10 Solvent: H,0
MIA
—_ 1044 ——6-F-MIA
8 10 ——7-F-MIA
S — 8-F-MIA
Q 9-F-MIA
3
L 10 ——7,8-dF-MIA
2 ——IRF
g2
o 104
2
£

101_

L :
i ‘""‘r'*ﬂ\':“-*ﬂwwlf‘l

10°-

Time [ns]

Figure 3. Fluorescence decays in H,O measured by TCSPC. The correspond-
ing decays in D,0 are shown in Supporting Information Figure S1.
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The triplet yields @ obtained in this fashion are lower for
9-F-MIA (0.4) and 7,8-dF-MIA (0.3) compared to MIA (0.5).

By using the triplet quantum yields and fluorescence
lifetimes, the rate constants for ISC ks can be computed via
kisc = D+/74. For 9-F-MIA (11.0-107 s7"), a higher rate constant
was computed than for MIA (10.0-10”s™"), 7,8-dF-MIA
(4.1-10 s) has a lower rate constant. The magnitude ~10%s™"
of the ISC rate constants match the previously published data
of Bracker et al.””

For the fluorinated MIA derivatives studied, the determined
quantum vyields of fluorescence and triplet do not sum up to
one. Thus, the derivatives also undergo the IC process in
competition with the radiative decays and the ISC process. The
IC quantum yield derived from & =1 — @, — @ is larger for
9-F-MIA (0.5) compared to MIA (0.3) and comparable for 7,8-dF-
MIA (0.3). Using the relation k. = @ /7y, the respective IC rate
constants can be determined. 9-F-MIA (13.2-107s™") has a
higher IC rate constant compared to MIA (5.6-10” s™"), while
7,8-dF-MIA (3.8-10” s7") has a lower one.

Finally, we want to discuss the experimental sensitivity'
(1" €max X @q) in potential bioanalytical applications that is
governed by the product of the absorption coefficient 1% ¢,,,,
and the fluorescence quantum yield @4. According to Table 1,
fluorine substitution at the positions 7 and 8 of MIA result in
increased absorption coefficients. This effect is even additive,
SO that 7,8-dF-MIA has the largest value
1% gax = 11117 M™' cm™'. At the same time, the fluorescence
quantum yield stays very high due to the small rate constant of
intersystem crossing. Altogether, the newly designed derivative
7,8-dF-MIA has the highest sensitivity
(17 €max X Pq) =4669 M~"cm™' of all MIA and flavin derivatives
studied in this work.

42]

Impact of the deuterated solvent D,O on the fluorescence

Next, we measured the fluorescence lifetimes in both H,0 and
D,O with a very high precision (<0.05%) to characterize the
non-radiative deactivation processes in more detail. Similar to
Maillard et al.” we observed longer fluorescence lifetimes in
D,O for all MIA derivatives (Table 2) which indicates that the
MIA derivatives are between 13 to 33% brighter, while the
absorption and fluorescence spectra as well as the absorption
coefficients remain unchanged. For 7-F-MIA and 7,8-dF-MIA the
fluorescence enhancement in D,O is largest so that their
fluorescence quantum yields are raised to 0.51 and 0.53,
respectively.

To analyse the nature of the quenching reaction by H,0 in
more detail, we consider H,O molecules as quenchers with an
effective pseudo-first order rate constant k,, of the bulk (given
by the water concentration). The fluorophores dissolved in D,O
are considered as “unquenched”. The measured fluorescence
lifetime 7, in H,O and D,O relate to all deactivation processes
[Eq. ()1

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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(H,0) 1 derivatives (a) to (f) (filled dots in Figure 4). Indeed, in Figure 4
= we observe a linear relation with an average quenching

krad + kI(SHCZO) + k:gzo) + kqw

and

L0:0 _ ! 5
! krad + kI?CZO) + kI(EZO) ( )

As absorption and fluorescence spectra are not affected by
switching from H,0 to D,O, the same radiative rate constant
k.4 applies for both situations. This allows us to compute kg,
and the corresponding quenching yields, ®,,, according to
Eqg. (3) for all compounds.

o =1/ 1200
and
¢qw = kqw'rﬁlHZO) (3)

We became interested, to which extent the quenching
constant has a systematic dependency and whether this is a
universal feature™ for all fluorinated MIA derivatives. Therefore,
we formulate a Stern-Volmer correlation like Equation (4) (see
Supporting Information, chapter 2) with an average quenching
constant m which is equivalent to Equation (3).

A =1 4 Ky
assuming

kioa + kist” + k™
krad + kI<SHCZO) + kl(?ZO) - (4)

Here, we also implicitly test the validity of the underlying
assumption that the ratio of the sums for the internal radiative
and non-radiative rate constants in H,O and D,0 is unity for the
distinct derivatives. In the following, we apply eq. 4 to the MIA

Table 2. Fluorescence lifetimes 74 of MIA derivatives in H,O and D,O
measured by TCSPC.

Parameters MIA  6-F- 7-F- 8-F- 9-F- 7,8-dF-
MIA MIA MIA MIA MIA

79 ns®  5.00 3.56 7.74 4.46 3.64 7.31

% [ns]? 576 420 1032 5.01 424 9.29

BP0 0.25 0.14 0.51 0.27 0.14 0.53

@, 0.13 0.15 0.25 0.11 0.14 021

kqw 11075719 26 43 3.2 25 39 29

[a] The fluorescence lifetime measurements have an average precision

< 0.05% and an accuracy given by instrument calibration and linearity

< 1%. [b] The water quenching yields [Eq. (3)] have an average precision
<0.15% and an accuracy given by the fluorescence lifetime measurement
<1%. [c] The quenching constant of water k,, was computed by Eq. (3)
with a precision of <0.15%.
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constant kq_W=0.029 ns~' and an intercept, which is very close
to unity. This value is in good agreement with the mean value
of the individual quenching constants for MIA and its
fluorinated derivatives of 0.033 ns™' (see Table 2). Notably, the
small deviations from linearity confirm our approximation in
eqg. 3 and at the same time display its limits. From this we can
conclude that, although the water quenching rate constants
are quite similar (kq, =2.9-107 s™' =19%) for all MIA derivatives,
the resulting water quenching yields @, =0.17427% and the
corresponding enhancement factors in D,O vary slightly more
because of the different fluorescence lifetimes.

Our analysis confirms the hypothesis that the quenching
reaction of water is roughly comparable for all fluorinated MIA
compounds and that the quenching yields depend on the
specific S, lifetimes. This result is in very good agreement with
studies of Maillard et al.** on the universal quenching by water
and alcohols for 42 common organic fluorophores emitting in
over the whole visible spectrum. Considering dyes with similar
singlet energies of 7,,~20500 cm™' (2.5 eV), the authors report
values of kq, in the range of 3+£1-107 57", that excellently agree
with our values in Table 2.

In view of the structural diversity of the studied fluoro-
phores, we tested the hypothesis that the universal quenching
process by water is majorly mediated by internal conversion®”
and that intersystem crossing can be modulated to a minor
extent (visible by the observed small deviations that are larger
than our experimental uncertainties). Therefore, we applied full
fluorescence correlation spectroscopy (FCS)**™” to study the
influence of H,0 and D,0O on the stationary triplet population

Tey and characteristic triplet relaxation time t; of 7-F-MIA. We

1.4
Intercept = 1.02 + 0.05
Slope = kg, = (0.028 + 0.007) ns™ ce
1.34
Q
I a: MIA
= b: 6-F-MIA
& 124 ¢ 7-F-MIA
e d: 8-F-MIA
e: 9-F-MIA
114 f78dF-MIA dae
: g: 7,8-dF-RIA [ ]
h: Lumiflavin h
i- Riboflavin
1.0 T T T T T

0 2 4 6 8 10 12

4w [ns]

Figure 4. Stern-Volmer plot: The ratio of fluorescence lifetimes in D,O over
H,0 against the lifetimes in D,0. Compounds with a methyl group at
position 10 of the isoalloxazine are depicted as dots and compounds with a
ribityl group with the cross. The symbols of fluorinated compounds are
displayed in black and the compounds with the naturally occurring 7,8-
dimethyl-isoalloxazine (flavin) core are displayed in red. The linear regression
is only applied to compounds of MIA family (a to f, filled dots). The slope
corresponds to an average quenching constant in water, kq_w=0.028 ns.
The standard errors were not shown as they are smaller than the symbol
size.

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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selected 7-F-MIA for several reasons: (1) very high brightness,
(2) a strong fluorescence enhancement in D,0O, and (3) the rate
constants kg, and kisc are approximately equal in H,0, so that a
potential change of intersystem crossing in D,O could be
detected with high sensitivity. The normalized full correlation
curves G(t.) of 7-F-MIA are displayed as a function of the
correlation time t. in Figure 5.

In both solvents, the correlation curves exhibit similar
distinctive features in the three characteristic time regimes
antibunching, triplet and translational diffusion. The rise term
in D,0 is slower because the excited state lifetime is prolonged.
Notably, the triplet terms in H,O and D,O are quite similar in
air-saturated solution. Thus, a significant difference of the
underlying key triplet parameters, rate constant for intersystem
crossing kisc and triplet depopulation k;, can be excluded. The
value of kg of 258-10"s' recovered by FCS for both
conditions excellently agrees with result obtained by transient
absorption spectroscopy in Table 1. The triplet decay is faster in
the FCS experiment due to oxygen from air. The kinetic scheme
(Figure 6) and a detailed description of analysis procedure for
determining the triplet parameters is given in the experimental
section. The final decay of G(t.) due to translational diffusion is
slightly longer in D,0, because its viscosity is approximately

4 [ Triplet [T diffusion|
7-F-MIA
c e aeotas —H50

KEIULN T1eq/NS t —D0
(G
E
o
Z 2H -

1

107 10° 10° 10" 10"

Correlation time t_[ms]

Figure 5. Normalized and averaged full correlation curves G(t,) of 7-F-MIA in
air-saturated H,0 and D,O at nanomolar concentrations. The detailed
analysis and the fitted model function [solid lines, Equations (6), (7)] are
described in the experimental section. The overall and unnormalized
amplitude of G(t,) is related to the inverse number of bright molecules in
the singlet state N,. The obtained triplet parameters were the triplet fraction
T1q=0.56+£0.01 and the triplet relaxation time t; =(1.02+0.06) ps for H,0
and T, =0.59+£0.01 and t; =(0.92 £ 0.07) ps for D,0. The dashed lines
represent the contributions of the translational diffusion and triplet term to
the fitted model function [Eq. (6)] with the following additional parameters:
ty =37 ps, z,/w, =6 (fixed), AB=1 (fixed), tyg =6.0 ns for H,0 and ty =54 ps,
2,/ w,_6 (fixed), AB=1 (fixed), t\s =8.1 ns for D,0.

S, {l}f

e ——0LL
ko | o kkm , ko kg
Tr o1 —(kot+kisc) 0
0 kisc —kz
So

Figure 6. Assumed kinetic scheme (left side) and the rate matrix (right side).
The solution of the kinetic scheme is given in Equations (7)-(9).
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25% higher.”®* To conclude, our FCS measurements show
that the triplet properties of 7-F-MIA are not majorly changed
in D,0, i.e. FCS confirms our hypothesis that the fluorescence
enhancement in D,0 cannot be caused by a reduction of rate
of intersystem crossing but by a reduction of internal
conversion.

Impact of the ribityl group

Finally, we studied the effect of the ribityl residue at position
10 of the isoalloxazine ring. For this, we compared the
fluorescence lifetimes of 7,8-dF-RIA (13) with the natural
analogue riboflavin and studied the accord with the corre-
sponding derivatives incorporating a methyl group at position
10 (7,8,10-trimethyl-isoalloxine referred to as lumiflavin)
(Table 3). In both ribityl derivatives, the fluorescence lifetime in
H,O is reduced and the quenching constant of water kg, is
increased by approx. 20% as compared to the corresponding
methyl-substituted compounds 7,8-dF-MIA and lumiflavin
(Table 3). Moreover, from the comparison between the 10-
ribityl- and 10-methyl derivatives, it obvious that the ribityl
substitution leads to a reduction of fluorescence with the rate
constant kg, that has a similar order of magnitude as water
quenching k,, and is solvent independent. It is remarkable that
both quenching constants k,, and kg;, are three times smaller
for non-fluorinated flavin derivatives as compared to fluori-
nated derivatives. Notably, the significantly lower fluorescence
reduction of non-fluorinated flavin derivatives by the ribityl
substituent is also visible in the Stern-Volmer analysis in
Figure 4 (red symbols).

Again, we applied FCS to investigate which non-radiative
deactivation process is influenced by the ribityl substituent.
The analysis of the correlation functions of 7,8-dF-MIA and 7,8-
dF-RIA in D,O (see Supporting Information, Figure S2 and
chapter 3) shows that ki (1.54-107 s7'421%) of 7,8-dF-RIA is

Table 3. Fluorescence lifetimes 7, of 7,8-dF-RIA in relation to flavins in H,O
and D,0 measured by TCSPC.

Parameters 7,8-dF-MIA 7,8-dF-RIA Lumi- Ribo-
flavin flavin
7 [ns]® 7.31 535 5.23 4.80
729 [ns]® 9.29 6.53 5.70 532
D, 0.21 0.18 0.07 0.08
Kqw /1107 5719 29 3.4 1.6 20
Ko 1107 s 5.0 17
Koz 1107 s 46 13

[a] The fluorescence lifetime measurements have an average precision
<0.05% and an accuracy given by instrument calibration and linearity

< 1%. [b] The water quenching yields [Eq. (1)] have an average precision
<0.15% and an accuracy given by the fluorescence lifetime measurement
<1%. [c] The quenching constant of water k., was computed by
Equation (3) with a precision of <0.15%. [d] The quenching constant of
the ribityl chain kg, was computed by

Kapip = 173> o) _q jglMerdenaie) \vith a precision of < 0.15%.

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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not increased with respect to 7,8-dF-MIA. Thus, the reduction
of the fluorescence lifetime by the ribityl substituent is caused
by additional internal conversion processes.

Conclusion

To develop bright fluorophores, it is essential to minimize non-
radiative  deactivation processes that compete with
fluorescence.

In previous work,! we have demonstrated that rational
design regarding the photophysical properties of new flavin
derivatives using quantum chemical calculations works to
predict state energies as well as radiative and ISC rate
constants. To find even brighter MIA derivatives, we had
applied these methodologies and computed the properties of
the electronic states of further MIA compounds, 9-F-MIA and
7,8-dF-MIA. Here, these derivatives were also synthesized and
characterized experimentally. The predicted similarity of 9-F-
MIA with 6-F-MIA was reproduced experimentally. Moreover,
the predicted high fluorescence quantum yield of 7,8-dF-MIA
was also experimentally confirmed. The small rate constant of
intersystem crossing due to a higher energy of the *ma*" state
can be rationalized by the additivity of the energy shifts of
both 7-F-MIA and 8-F-MIA (Figure 7).

This shows that quantum chemical calculations are already
on a very high level to make tailor design of fluorescence
probes for microscopy feasible. Additionally, the fluorinated
flavin derivative 7,8-dF-RIA as a first example of a fluorescent
probe for analytical applications and fluorescence microscopy
was synthesized. The fluorescence lifetime measurements of
7,8-dF-RIA revealed that the incorporation of the ribityl group
reduces its fluorescence by 27%, so that its fluorescence
quantum yield drops to 0.31 (Table 3). Nevertheless, it is still
brighter than natural flavin with @, =0.20.*” The fluorescence
enhancement of all MIA derivatives in D,O demonstrates that
the quenching by protic solvents is also significant. The FCS
measurements of 7-F-MIA in H,O and D,O (Figure 5) reveal that

19-20]

internal conversion is the main process caused by water
quenching. Millard et al.”*' studied the fluorescence quenching
of 42 distinct dyes by protic solvents in detail. For dyes with £,
<2.1eV, they suggest that an efficient universal and water-
specific deactivation by dipolar coupling between the fluoro-
phore and water by Forster resonance energy transfer from the
electronic (vibronic) excited fluorophore state and isoenergetic
vibrational oscillators of the solvent. Comparing D,0 with H,0,
the absorbance by O-D stretching vibrations is more than
order of magnitude smaller.®" For other fluorophores and our
flavin derivatives with E,,~2,6 eV, the predicted rate constant
of FRET quenching drops to ~2-10°s™' so that additional
solvent-mediated deactivation processes are proposed.”>~*
Altogether, we predicted and synthesized the new MIA
derivative 7,8-dF-MIA that has the highest sensitivity
(17 gpax X Pq) =4669 M~ cm™' of all MIA and flavin derivatives
studied in this work. Its fluorescence quantum yield is
enhanced even further in D,0 (¢ = 0.53) in concord with a
very long fluorescence lifetime (z{*®’ = 9.3 ns) that makes 7,8-
dF-MIA a promising probe for bioanalytical applications.

Experimental Section

Steady-state measurements

Absorption spectra were carried out with a two-beam absorption
spectrometer from PerkinElmer (Lambda 19). Steady-state
fluorescence measurements were carried out using a HORIBA
Scientific instrument (FluoroMax-4). The spectral sensitivity of the
instrument as well as the solvent background were corrected.
Absorbance was adjusted for all fluorescence measurements to be
less than 0.05 per cm at the excitation wavelength (420 nm) to
avoid inner filter effects.

Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) was performed
using a fluorescence lifetime and steady-state spectrometer (FT300
with hybrid PMT detector, PicoQuant, Germany). Excitation was

25000 3.10
- 3am* 3hm* 3nmc*
& 22500 nn nn S Ise =D& 3 S [279
2 S Is . 3 @ Isc
~ R u —
1> Tt N — & =8 | T \© - 1 2
Z — 1919 § e — g p— 3 kU -
o) 3 —u \ o 3w nn o
& 20000 - nT T nn -2.48 3
[S 17 e Spxy 5
g c
5 @
b
17500 — o L2417
= S S T 3nn*
3% —
s S
15000 -MIA 6F-MIA 7E-MIA E-MIA 9F-MIA 7.8F-MIA 186

Figure 7. Schematic representation of experimental and calculated adiabatic energies for MIA as reference and the fluorinated derivatives in aqueous
solution.”” Gray bars represent experimental 0-0 energies of the singlet states for the respective compounds. Black bars represent the quantum chemical
ones.”” The values include zero-point vibrational energy (ZPVE) corrections for the equilibrium geometries.?” Note that the changes in the rate constant of
the intersystem crossing correlate with the energetic transition between the 'z* and *7*" states in the mono-fluorinated derivatives. The additive behaviour
of the energy shifts explains the small rate constant of the intersystem crossing in the di-fluorinated compound.
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achieved with a supercontinuum laser excitation source (EXW-12
with EXTEND-UV spectral extension unit, NKT Photonics, Denmark)
running at a repetition rate of 11.1 MHz. Excitation wavelengths
were set by tuning the frequency doubler. They were selected to
match the absorption maxima. MIA, 6-F-MIA, 9-F-MIA and 7,8-dF-
MIA were excited at 430 nm, 7-F-MIA at 440 nm, and 8-F-MIA at
420 nm. Emission was detected under magic angle conditions
(excitation polarizer 0 — emission polarizer 54.7 ). Input and output
slit widths were set to 1000 pm which corresponds to a detection
bandpass of 5.4 nm. Detection wavelengths were selected to
match the fluorescence maxima, i.e. 525 nm, 530 nm, 535 nm,
510 nm, 540 nm, and 520 nm for MIA, 6-F-MIA, 7-F-MIA, 8-F-MIA, 9-
F-MIA, and 7,8-dF-MIA respectively. Measurements were performed
at 20 C. All samples were measured in Quartz Macro Cell type 111-
QS cuvettes (Hellma) with a light path of 1cm and a sample
volume of 3 mL. As solvents, double-distilled water (H,0) and
heavy water (D,0) from Aldrich (99.9 atom% D) were used. The
concentration of the sample was in the range of 107 to 107> M in
all measurements. For the instrument response function (IRF),
Ludox HS-30 colloidal silica water suspension (Aldrich) with a zero
lifetime was used. Fitting was performed with the program
ChiSurf.®? The instrument response function (IRF) full width at half
maximum was around 100 ps, and it was taken into account in the
fit via convolution. A single exponential fit function including a
constant offset to account for detector dark counts and after-
pulsing was applied to the data to obtain the fluorescence lifetime
of a sample.

Nanosecond transient absorption spectrometer

Nanosecond transient absorption data were acquired using a
transient absorption spectrometer from Edinburgh Instruments in a
right-angle geometry (LP980).°¥ The excitation source was a Nd:
YAG laser (Spitlight 600, InnoLas, repetition rate 5Hz, pulse
duration of 12 ns (FWHM), diameter of the pump beam ~8 mm)
with an excitation wavelength of 355 nm which was generated by
frequency-tripling. The average pulse energy amounted to 0.5 mJ.
A pulsed xenon lamp (Osram XBO 150 W/CR OFR) was used as a
probe beam. Fused silica flow-through cuvettes from the manu-
facturer Hellma were used, with a path length of 5mm in the
pump and 10 mm in the probe direction. The absorption was
adjusted to 0.65 per cm at the excitation wavelength. The
transmitted probe light was dispersed with a grating monochroma-
tor and detected by using a Hamamatsu photomultiplier covering
the UV/Vis spectral range (PMT-900). To acquire transient spectra,
kinetic traces were recorded every 5 nm and averaged over 80
acquisitions. Typical data are shown in Supporting Information
Figures S3 and S4. The nanosecond transient absorption data
AA(4,t) were analysed by global multi-exponential fit function via
Equation (5).°4%

AA(A, 1) = IRF® Y AA(R)e " )
i=1

The exponential decay functions were convoluted with the
response function (IRF) of the instrument (FWHM; 12 ns). 4A;(4)
stand for the decay associated difference spectra with the
respective time constants 7.

Fluorescence correlation spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) measurements were
performed using a confocal fluorescence microscope (FV1000,
Olympus) with extension for time-resolved experiments.”® The
samples were excited by a laser diode at 440 nm (LDH-D-C 440,
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PicoQuant) in continuous wave mode. The laser beam was directed
by a dichroic beam splitter into the microscope objective (Olympus
60X, NA 1.20, water immersion) and focused in the sample close to
the diffraction limit. The emitted light was separated into polar-
isations parallel and perpendicular relative to the excitation beam
(PBS 101, Thorlabs). In each channel the light, after passing a
dichroic beam splitter (BS 560, AHF) and a bandpass filter (HC520/
35, AHF) was focused on a single photon sensitive detector
(PDM50-CTC, Micro Photon Devices). The photon trace was
recorded by a TCSPC module (HydraHarp 400, PicoQuant). Custom
software (LabVIEW based) was used to analyse the received data.
The full correlation curves were measured in air at nanomolar
concentrations of 7-F-MIA at 23 C for 30 minutes and repeated
four times each.

The setup was calibrated measuring the translational diffusion
times of Rhodamine 110 in H,0 and D,0O (t;=45 ps and 56 ps,
respectively). To this end, the following model function was fitted
to the FCS curves [Equation (6)]:

1 1 1
G(t.) = offset + T

NS 1 +m 1 " .
(&)1l (6)

(1 — |Tieal + | Treql .e*(ﬁ)) . <1 — |AB| - e*(ﬁ))

with the number of bright molecules in the singlet state N, their
translational diffusion time t;, the axial ratio of the detection
volume element z,/w, and T, tr, AB and t,; the amplitude and
relaxation time corresponding to the triplet kinetics and the
antibunching, respectively.

The known diffusion coefficient of Rhodamine 110 of
43.10"°cm?s™" at 22.5 C in water®™ was rescaled to the exper-
imental conditions using Stokes-Einstein equation and the temper-
ature-dependent viscosity of the two solvents (H,0: 0.9321 mPa:-s
at 23 G D,0: 1.1562 mPa-s at 23 C.*¥ A constant hydrodynamic
radius of R110 was assumed. This way the radial extension of the
confocal detection volume element w,=0.276 pm was confirmed
to be identical within the experimental error (+5%) in both cases.

We used the reported absorption coefficient of ¢=9400 M~'cm™

at 441 nm"™ to compute excitation rate ky, in the next step. In
agreement with Maillard etal.,® we find no differences for the
absorption spectra and absorption coefficients of 7-F-MIA between
H,O and D,0.

To avoid losses by reflection, we measured the laser power P at the
sample with an immersion power meter: P=65 pW. Widengren
et al.”’ showed that the size of the confocal observation volume
defined by the pinhole slightly affects the effective value for the
average irradiance I,, in the top hat approximation. As lower limit
for the mean irradiance, we estimate 1,, =12 P/ (7 w;) =32.6 kW/
cm? for H,0 and D,0, which results in an excitation rate constant of
koy =0.26-107 s, This is a slight underestimation of the absolute
value of I,,, since a confocal aperture of about 1.5 AU was used to
collect photons most efficiently. Thus, we compute also an upper
limit for the mean irradiance by ,,=1.6 P/(m w})=43.5 kW/cm?,
which results in an excitation rate of ky =0.35-10"s"'. The
characteristic rise time of the antibunching term t,g describing the
population of the S, state is related to the whole kinetic scheme
according to Equation (9). The time regime of the antibunching
was too noisy to give reproducible results but served to stabilize
the fit.

To relate the FCS observables, the amplitude connected to the
triplet fraction T,,, and the triplet relaxation time t;, the kinetic
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scheme (left side) with the corresponding rate matrix (right) must
be solved.

k/SC k/SC ) k01

Tieq = 7 Seq =
1ea kT 1ea km'(klsc+kT)+kT'(ko+k/sc) %

(ko + kot + kisc + kr)?

t-2 —4(kokr + korkisc + korkr + kisckr) ®)

+ko + ko1 + Kisc + kr

(ko + kot + kisc + kr)*—
1 1

te 2| \ 4(kokr + korkisc + korkr + kisckr) ©)

+ko + ko1 + kisc + kr

Considering the independently measured fluorescence lifetimes
(=1/ky) of 7.74ns (H,0) and 1032 ns (D,0), the experimental
results are consistent with an intersystem crossing rate of k.=
2.58-10” s7" and a triplet depopulation rate of k; =0.043-10" s™' for
both cases, assuming excitation rates k,, =0.34-10" s™' (H,0) and
ko =0.31-10" 5! (D,0). This would correspond to a 10% smaller
focal area in H,0, well within the experimental error. A significant
difference in triplet depopulations has not been observed for the
two solvents.
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1 Synthesis

1.1 General description
Chemicals and equipment

In all experiments chemicals by the companies MERCK, ACROS, FLUKA, SIGMA ALDRICH, TCl,
FLUOROCHEM, J&K, EURISOTOP, APOLLO SCIENTIFIC, CARBOLUTION and BLDPHARM were used
and if necessary purified by recrystallisation or distillation before use. The solvents n-hexane,
ethyl acetate, dichloromethane and acetone for work-up and purification were purchased in
technical purity and distilled before use by a rotary evaporator ROTAVAPOR R-210 by the
company BUCHI and diaphragm pumps by VACUUBRAND. All other solvents as well as those
used for syntheses were purchased in analytical purity, dried over molecular sieve if necessary
and used without further purification. Dry solvents like dichloromethane and toluene were taken
from a solvent drying system MBRAUN MB SPS-800.

Air-sensitive reactions were carried out under exclusion of oxygen and water on a combined
vacuum-nitrogen line using conventional Schlenk techniques. Glass appliances were dried in
a compartment dryer overnight at 120 °C and then additionally heated under high vacuum with
a heat gun by METERK. High vacuum was generated by a rotary vane oil pump by VACUUBRAND.
Nitrogen was dried by molecular sieve (3 A) and orange gel before use and nitrogen flow was
checked by a bubble counter. Liquids were transferred by syringe through a septum and solids
were added to the reaction flask in nitrogen countercurrent. If necessary, reaction mixtures or

solvents were degassed by purging nitrogen through or by freeze-pump-thaw method.

For stirring, a PTFE-coated stirring bar and magnetic stirrers with heating plates by IKA RCT
or HEIDOLPH MR were used, which were equipped with a thermometer and a silicone oil bath.
Room temperature reactions are considered within a range of 18-30 °C. An ice-water bath and
an acetone dry ice bath were used to generate temperatures of 0 °C and -78 °C, respectively.
The rotary evaporator ROTAVAPOR R-210 by BUCHI and a diaphragm pump by VACUUBRAND

were used to remove solvents in vacuo.

Chromatography

Thin layer chromatography was performed on ALUGRAM® XTRA SIL G/UV2ss standard silica
aluminum plates by MACHEREY-NAGEL to check the progress of reactions and flash
chromatography. The spots were detected by means of UV light (254 nm) and/or by staining
with a potassium permanganate solution of the composition 3.0 g KMnQO4, 20 g K2COs3, 5.0 ml
5% NaOH and 300 ml H,O and then developed with a heat gun by METERK. For flash

2



chromatography silica gel 60M by MACHEREY-NAGEL was used. Flash chromatography was
either performed manually with nitrogen pressure or by using a MPLC system by BUCHI
including a CONTROL UNIT C-620, a FRACTION COLLECTOR C-660, a UV PHOTOMETER C-640
and PuMP MODULES C-605. Reversed Phase HPLC was performed using the following devices:
KNAUER HPLC PUMP 64, MERCK-HITACHI L-6250 INTELLIGENT PUMP, KNAUER DYNAMIC MIXING
CHAMBER, KNAUER AUTOMATIC HPLC VALVE, LATEK HMV-P, KNAUER VARIABLE WAVELENGTH
MONITOR, MERCK-HITACHI L-4000 UV DETECTOR, ERMA DEGASSER ERC-3510, WATERS
FRACTION COLLECTOR Il, LICHROSPHER® 100 RP-18 (5 MM) SORBENT LOT NO. HX391811 HIBAR®
RT 250-25, KNAUER EUROSPHER 100-C18 (5 MMm), 4.0 MMID. For data processing, the program
CLARITY was used.

Analytics

For NMR-spectroscopy chloroform-d, methanol-ds and dimethylsulfoxide-ds were used. The
standardization of the NMR spectra was performed using the following (residual) proton signals

of the solvents:["

Chloroform-a- "H-NMR 5 =7.26 ppm.
BC.NMR & =77.16 ppm.

Methanol-d.: "H-NMR 5 =3.31 ppm.
BC-NMR & = 49.00 ppm.

Dimethylsulfoxide-des: "H-NMR 0 = 2.50 ppm.
BC-NMR & =39.52 ppm.

For evaluation, the multiplicities of the NMR-Signals were abbreviated as follows: singlet = s,
doublet = d, triplet = t, quartet = q and multiplet = m and combinations of these. Coupling
constants J are given in Hertz (Hz) and chemical shifts & in ppm. The following devices were

used for recording of the NMR-spectra:
NMR-Spectroscopy "H-NMR BRUKER AVANCE Il - 300, 300 MHz
BRUKER AVANCE |l - 600, 600 MHz
BC-NMR BRUKER AVANCE |l — 300, 75 MHz
BRUKER AVANCE Il - 600, 151 MHz

For IR-spectroscopy a JASCO FT/IR-6200 spectrometer was used. Infrared spectra were

recorded from samples as a film on a sodium chloride single crystal or on a diamond plate. For
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evaluation, the intensities of the absorption bands were designated with the following

abbreviations: very strong = vs, strong = s, medium = m and weak = w.

Melting points were measured on a BUCHI B-540 melting point apparatus and are uncorrected.
For mass spectra (HRMS) a BRUKER DALTONICS UHR-QTOF MAXIS 4G spectrometer was

used.

1.2 Experimental details

1) Synthesis of 9-F-MIA (3)

9-F-MIA was synthesized via the following route (Supporting Scheme 1).

1. (CF3C0),0 1. PdIC, H,
2. BnEt;NCI ACOH/H,0 4:1, rt. F Me
(CH30),S0, F Me 2. Alloxan + H,0 N N, O
NaOH 50% wiw NH B(OH);, AcOH, reflux @[ 2 \[4
Tquene r.t. 67% N;ngH
64% NO,
(0]
2 3

Supporting Scheme 1. Synthesis route to 9-F-MIA.

2-Fluoro-N-methyl-6-nitroaniline (2).

5
F Me

1@6«-{“
2 Z7NO,
Analogous to the method by Brown and Rizzo®?, 6-fluoro-2-nitroaniline (1) (1.02 g, 6.55 mmol)
was suspended in toluene (15.0 mL) and the mixture cooled down to O °C. Trifluoroacetic
anhydride (1.80 mL, 2.72 g, 12.9 mmol, 2.0 eq) was added and the reaction mixture stirred for
80 min at r.t. resulting in formation of colorless crystals. To the mixture were successively
added benzyltriethylammonium chloride (1.50 g, 6.57 mmol, 1.0 eq) and dimethyl sulfate
(0.780 mL, 1.04 g, 8.24 mmol, 1.3 eq) and the mixture stirred for 25 min before 50% w/w NaOH
(6.60 mL) was added. The mixture was stirred for 3 d at r.t. before sat. NH4Cl-solution (30 mL)
and CHCl, (20 mL) were added. The layers were separated and the aqueous layer extracted
with CH2Cl2 (4 x 20 mL). The combined organic layers were dried over Na>SO., filtered and
the solvent removed in vacuo. Purification via flash chromatography (n-hexane, then
n-hexane/EtOAc 6:4) gave the product as red crystals (715 mg, 4.20 mmol, 64%). The
spectroscopic data are in agreement with the literature®®: 'H-NMR (300 MHz, CDClz) & 7.94
(dt, J=8.8, 1.6, 1.6 Hz, 1H, H-3), 7.83 (s, 1H, H-4), 7.17 (dddd, J = 13.9, 7.8, 1.6, 0.6 Hz, 1H,
H-1), 6.55 (ddd, J = 8.8, 7.8, 4.5 Hz, 1H, H-2), 3.25 (dd, J = 7.5, 5.5 Hz, 3H, H-5) ppm.



9-Fluoro-10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (3).

] N_N._0O

L

’ o

Analogous to the method by Gilch and Czekelius et al.! and Averill et al.®), a solution of
nitroaniline 2 (499 mg, 2.93 mmol) in AcOH/H20 4:1 (14.0 mL) was degassed by purging N:
for 30 min. Pd/C 10% (40.5 mg, 38.1 mmol, 0.01 eq related to Pd) was added and the mixture
stirred vigorously under H> atmosphere overnight. Then, it was filtered through a syringe filter
directly into a degassed (30 min) mixture of alloxan monohydrate (611 mg, 3.81 mmol, 1.3 eq)
and B(OH)3(1.14 g, 18.5 mmol, 6.3 eq) in AcOH (37.0 mL). After refluxing for 1 h, the product
was obtained by filtration. Addition of water (150 mL) in this step turned out to be helpful for
precipitation. The raw product was obtained as a green powder (494 mg, 1.97 mmol, 67%)
with a purity of 98% and 2% of AcOH incorporated. mp: Decomposition >280 °C. "TH-NMR
(300 MHz, DMSO-ds) & 11.49 (s, 1H, H-4), 7.97 (dt, J = 8.1, 1.2 Hz, 1H, H-3), 7.83 (ddd, J =
14.4, 8.2, 1.5 Hz, 1H, H-1), 7.60 (td, J = 8.2, 4.8 Hz, 1H, H-2), 4.09 (d, J = 7.2 Hz, 3H, H-5)
ppm. *C{'H}-NMR (151 MHz, DMSO-ds) d 158.53, 154.48, 151.13, 149.71 (d, J = 250.3 Hz),
138.83, 135.97, 127.66 (d, J = 3.6 Hz), 125.06 (d, J = 8.9 Hz), 122.80 (d, J = 6.2 Hz), 120.75
(d, J = 23.2 Hz), 35.41 (d, J = 15.9 Hz) ppm. "*F{'H}-NMR (282 MHz, DMSO-ds) 5 -120.48
ppm. IR (Film): & [cm™] 3186 (w), 3067 (w), 1665 (m), 1614 (w), 1582 (m), 1547 (m), 1508 (m),

1466 (s), 1400 (m), 1271 (m), 1246 (m), 1204 (s), 1065 (w), 1022 (w). HRMS (ESI): m/z =
247.0626 [M+H"] (calculated: 247.0626).

Purification procedure for photophysical measurements:

The raw product (198 mg) was dissolved in CF3CH2OH (90 mL) by heating to 80 °C and the
solution filtered hot through a BUCHNER funnel. The filtrate was cooled to 0 °C for 7 days before
the product was filtered off through a BUCHNER funnel giving a pre-purified product (118 mg).
Then, this material was again dissolved in CFsCH2OH (40 mL) by heating to 80 °C, EtOAc
(10 mL) was layered on top, and the two-layer system stored at 0 °C overnight. The product
was filtered off, giving the product in >99% purity as a green powder with <1% CF3;CH,OH
incorporated (59.8 mg).



2) Synthesis of 7,8-dF-MIA (8)

7,8-dF-MIA was synthesized via the following route (Supporting Scheme 2):

E NH, 1-BoczO, EtsN, DMAP Boc Boc
D[ 2 CH,Clj rt. NH _ MeTos,NaH _ F Ny,
e
2. TFA, CH,Clj r.t. j@ DMF, 0 Cart
F NO 2Cla,
2 73% 66% F NO,
4 6
TFA
CHzclz, r.t.
98%
1. Pd/C, Hy Me

j@[ ACOHM,0 4:1, 1t F NH
F NO,
NYO 7
j%(NH " H20
0

o0 29%
Supporting Scheme 2. Synthesis route to 7,8-dF-MIA (8).

tert-Butyl (4,5-difluoro-2-nitrophenyl)carbamate (5).
4

Oy O
2

F NH

Fji;[No2

Analogous to the protocol by Xie and Liao et all® 4,5-fluoro-2-nitroaniline (4) (296 mg
(1.70 mmol) was dissolved in CH2xCl, (4.20 mL) and Boc;O (830 pL, 789 mg, 3.61 mmol,
2.1 eq) as well as NEt3 (360 uL, 261 mg, 2.58 mmol, 1.5 eq) were added dropwise. The
mixture was stirred at r.t. for 5 min before addition of DMAP (20.8 mg, 170 ymol, 0.1 eq) and
stirring for 35 min continued. Then, the solvent was evaporated and the residue dissolved in
CH2Cl» (780 pL). To the solution cooled to 0 °C TFA (200 pL, 298 mg, 2.61 mmol, 1.5 eq) was
added slowly and the mixture stirred at 0 °C for 5 min and at r.t. for 2h. To complete
conversion, additional TFA (200 uL, 298 mg, 2.61 mmol, 1.5 eq) was added, and the mixture
stirred at r.t. for 10 min. Then, sat. NaCOs-solution (6.00 mL) was added, the phases
separated, and the aqueous phase extracted with CH.Cl, (4 x 3 mL). The combined organic
phases were dried over Na;SO., filtered and the solvent removed in vacuo. Purification via
flash chromatography (n-hexane/EtOAc 99:1) gave the product as a yellow powder 339 mg
(1.24 mmol, 73%). m.p. 94.5 — 97.3 °C. 'TH-NMR (600 MHz, CDCls) & 9.76 (s, 1H, H-3), 8.59
(dd, J = 13.0, 7.5 Hz, 1H, H-1), 8.09 (dd, J = 10.1, 8.0 Hz, 1H, H-2), 1.54 (s, 9H, H-4) ppm.
BC{'H}-NMR (151 MHz, CDCls) & 155.02 (dd, J = 259.4, 12.9 Hz), 152.03, 144.28 (dd, J =
249.2, 14.3 Hz), 134.65 — 134.28 (m), 130.97, 114.96 (dd, J = 22.5, 3.2 Hz), 109.29 (d, J =
6



25.4 Hz), 82.80, 28.28 ppm. "*F{'"H}-NMR (565 MHz, CDCl3) 5 -121.14 (d, J = 23.0 Hz), -141.64
(d, J = 23.0 Hz) ppm. IR (Film): # [cm™"] 3366 (M), 3104 (w), 3088 (w), 2983 (m), 2936 (w),
1739 (vs), 1599 (s), 1530 (vs), 1456 (s), 1343 (s), 1312 (s), 1285 (vs), 1232 (s), 1148 (vs),
1069 (m). HRMS (ESI): m/z = 297.0653 [M+Na*] (calculated: 297.0657).

tert-Butyl (4,5-difluoro-2-nitrophenyl)(methyl)carbamate (6).

#/4
Oy O
2

pouy

F™ N7 NO,

The reaction was done analogous to the method by Xie and Liao et al.!®: To a pre-cooled (0 °C)
solution of Boc-protected amine 5 (4.91 g, 17.9 mmol) in DMF (90.0 mL) NaH, 60% dispersion
in mineral oil (1.47 g, 36.8 mmol, 2.1 eq) was added. The mixture was stirred for 10 min at
0 °C before methyl p-toluenesulfonate (3.00 mL, 3.70 g, 19.9 mmol, 1.1 eq) was added and
the mixture stirred for another 10 min at 0 °C before being stirred at r.t. for 5 h. Finally, ice was
added in small portions followed by water (180 mL) and EtOAc (80 mL). The phases were
separated and the aqueous phase extracted with EtOAc (2 x 80 mL). The combined organic
layers were dried over Na SOy, filtered, and the solvent removed in vacuo. Purification via flash
chromatography (n-hexane/EtOAc 99:1 — 9:1) gave the product as a yellow powder (3.41 g,
11.8 mmol, 66%). m.p. 75.2 — 76.5 °C. 'TH-NMR (300 MHz, CDCls) d 7.83 (t, J = 8.6 Hz, 1H,
H-1), 7.18 (dd, J = 10.2, 7.1 Hz, 1H, H-2), 3.25 (s, 3H, H-3), 1.55 — 1.20 (m, 9H, H-4) ppm.
BC{'H}-NMR (75 MHz, CDCl3) & 152.80 (dd, J = 260.0, 13.6 Hz), 152.79, 147.76 (dd, J =
254.0, 13.6 Hz), 142.11, 135.15, 118.06 (d, J = 19.2 Hz), 114.86 (d, J = 22.2 Hz), 82.26, 37.58
(d, J=33.4 Hz), 28.06 (d, J = 32.5 Hz) ppm. "*F{'H}-NMR (282 MHz, CDCl;) & -126.15 (dd, J
= 84.8, 21.6 Hz), -135.07 (dd, J = 89.6, 21.7 Hz) ppm. IR (Film): & [cm™"] 2979 (w), 2362 (w),
1714 (s), 1605 (w), 1543 (s), 1346 (s), 1263 (m), 1153 (m). HRMS (ESI): m/z = 289.0994
[M+H*] (calculated: 289.0990).

4,5-Difluoro-N-methyl-2-nitroaniline (7).



The reaction was done analogous to the method by Xie and Liao et al.l®: To a pre-cooled (0 °C)
solution of methylated Boc-protected amine 6 (603 mg, 2.09 mmol) in CH2Cl> (1.00 mL) TFA
(250 uL, 372 mg, 3.26 mmol, 1.6 eq) was added and the mixture stirred at r.t. for 3.5 h. Then,
additional TFA (120 yL, 179 mg, 1.57 mmol, 0.8 eq) was added and the mixture stirred at r.t.
for 2.5 h. Sat. Na2COs-solution (10 mL) was added, the phases separated, and the aqueous
phase extracted with CH,Cl» (5 x 3 mL). The combined organic layers were dried over Na>;SOa,
fitered, and the solvent removed in vacuo. Purification via flash chromatography
(n-hexane/EtOAc 99:1) gave the product as a yellow powder (386 mg, 2.05 mmol, 98%).
m.p. 114.6 — 116.0 °C. 'TH-NMR (300 MHz, CDCls) & 8.05 (m, 2H, H-1,3), 6.60 (dd, J = 12.5,
6.7 Hz, 1H, H-2), 3.00 (d, J = 5.1 Hz, 3H, H-4) ppm. *C{'H}-NMR (75 MHz, CDCls) & 156.50
(dd, J=259.4, 14.5 Hz), 144.89 (d, J = 11.0 Hz), 140.88 (dd, J = 241.8, 14.8 Hz), 126.60 (m),
115.25 (dd, J = 21.6, 3.7 Hz), 100.95 (d, J = 22.6 Hz), 30.22 ppm. "*F{'H}-NMR (282 MHz,
CDCls) 6 -121.86 (d, J = 23.2 Hz), -150.91 (d, J = 23.9 Hz) ppm. IR (Film): & [cm™] 3384 (m),
3074 (w), 1648 (m), 1578 (s), 1527 (vs), 1457 (m), 1407 (s), 1310 (m), 1262 (s), 1235 (s),
1028 (s). HRMS (ESI): m/z = 189.0469 [M+H*] (calculated: 189.0470).

7,8-Difluoro-10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (8).

FJCEN /NYO

F ; N;Q(NH“

0

The reaction was done following the method by Gilch and Czekelius et al.*! and Averill et al.l®
A solution of N-methyl-nitroaniline 7 (1.39 g, 7.39 mmol) in AcOH (36.0 mL) and water
(9.00 mL) was degassed by purging N2 through for 20 min. Then, Pd/C (10%, 111 mg,
105 umol, 0.01 eq) was added, the reaction vessel set under H;-atmosphere and the mixture
stirred at r.t. overnight. The colorless mixture was filtered through a syringe filter directly into a
degassed mixture (N2-purge for 30 min) of alloxan monohydrate (1.53 g, 9.56 mmol, 1.3 eq)
and B(OH)s (2.88 g, 46.5 mmol, 6.3 eq) in AcOH (90.0 mL). It was stirred for 1 h at r.t. before
the solution was concentrated using high vacuum to 5-10 mL. The residue was suspended
with cold water and filtered using a glass frit. The precipitate was washed with cold water and
cold EtOH in small portions giving the raw product as a green powder (2.26 g). NMR-
spectroscopy showed a mixture of product, alloxazine and unknown monofluorinated side
product 1:0.4:0.2. A fraction of the raw material (1.93 g) was submitted to the optimized
purification protocol (see below) and the yield of pure product calculated accordingly (482 mg,

1.82 mmol, 29% orange-yellow powder). m.p. decomposition >200 °C. 'H-NMR (300 MHz,
DMSO-ds) 6 11.45 (s, 1H, H-4), 8.35 (dd, J=10.5, 8.4 Hz, 1H, H-1), 8.18 (dd, J=12.5, 7.4 Hz,
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1H, H-2), 3.93 (s, 3H, H-3) ppm. *C{'H}-NMR (75 MHz, DMSO-ds) 159.40, 155.38, 153.59
(dd, J=271.1,14.4 Hz), 150.84, 147.55 (dd, J = 248.3, 15.3 Hz), 139.08 (d, J = 3.7 Hz), 131.64
(d, J =10.7 Hz), 131.33 (d, J = 10.7 Hz), 118.77 (d, J = 17.7 Hz), 105.61 (d, J = 24.0 Hz),
32.68 ppm. "*F{'H}-NMR (282 MHz, DMSO-ds) d -124.56 (d, J = 23.6 Hz), -139.03 (d, J =
23.8 Hz) ppm. IR (Film): & [cm™] 3028 (w), 1712 (m), 1643 (m), 1547 (s), 1537 (s), 1504 (s),
1395 (m), 1298 (m), 1275 (s) 1238 (vs), 1211 (s). HRMS (ESI): m/z = 265.0532 [M+H"]
(calculated: 265.0532).

Purification procedure of 7,8-dF-MIA (8) for photophysical measurements:

1.93 g of raw product 8 was subsequently suspended in ca. 5 mL CF3;CH>OH and ca. 5 mL
MeOH and the supernatant solution applied onto a prepacked column (silica gel). Flash
chromatography was performed with EtOAc/MeOH 95:5 as eluent. The undissolved residue of
material was dried in vacuo and suspended again in CFsCH>.OH and MeOH, respectively. With
this procedure 15 consecutive flash chromatographies were performed giving a total yield of
482 mg product with a purity of >99% and <1% CF3CH>OH incorporated.

2) Synthesis of 7,8-dF-riboflavin (13)

7,8-dF-Riboflavin  (7,8-dF-RIA) was synthesized following a modified protocol by

Gartner et al.ll according to the synthesis route shown in Supporting Scheme 3.

CH,OH
1. Hy, Pd/C 10% HO.. oy
Fj@:"‘“z AcOH/water 4:1 FQNHZ D-Ribose, NaCNBH;
_— OH
F NO, 2.Bocy0, NaHCO3 F NHBoc MeOH, reflux F NH
dioxane/water 1:1 45% j@:
4 67% 10 F NHBoc
1
4 M, HCI
Dioxane

CH,OH fe) H

N (0]
CH,OH
Ho, Y
" OH NH *H0 HO,,.
r oj/j( OH

(0]

OH - 0 OH
F N /N\fo B(OH), ACOH F NH
F N (over two steps) E NH,
O
13 12

Supporting Scheme 3. Synthesis route to 7,8-dF-RIA (13).



tert-Butyl(2-amino-4,5-difluorophenyl)carbamate (10)
Fj@[NHz
F7 Nk
O)\O
A

Nitroaniline 4 (3.00 g, 17.2 mmol) was dissolved in a mixture of AcOH (85.0 mL) and water
(21 mL) and Pd/C (10%, 246 mg, 231 ymol, 0.01 eq) was added. The mixture was degassed
by purging N2 through for 30 min before purging with Hz for 5 min and finally setting the flask

I

under Hz atmosphere. After stirring atr.t. for 5.5 h, the flask was set under nitrogen atmosphere
overnight. The mixture was filtered through a syringe filter into a new flask and the solvent was
removed under inert conditions using high vacuum. Dissolving the residue in a degassed
mixture of dioxane (120 mL) and water (120 mL) was followed by addition of NaHCO3 (1.45 g,
17.3 mmol, 1.0 eq) and Boc,O (4.00 mL, 3.80 g, 17.4 mmol, 1.0 eq). After stirring at r.t. for
24 h and 42 h additional Boc,O (1t 1.50 mL, 1.43 g, 6.53 mmol, 0.38 eq; 2"%: 1.00 mL,
950 mg, 4.35 mmol, 0.25 eq) was added. After stirring for 44 h altogether, water (210 mL) was
added and the product extracted with 3 x 150 mL CH2Cl,. The combined organic phases were
washed with 100 mL sat. NaHCOs-solution and 100 mL brine, dried over Na SOy, filtered, and
the solvent removed in vacuo. Flash chromatography (n-hexane/EtOAc 9:1 — 6:4) furnished
carbamate 10 as a beige powder (2.81 g, 11.5 mmol, 67%). m.p. 142.2 — 144.9°C. '"H-NMR
(300 MHz, CDCl3) 6 7.31 — 7.18 (m, 1H, H-5), 6.57 (dd, J = 11.4, 7.6 Hz, 1H, H-1), 6.15 (brs,
1H, H-3), 3.59 (brs, 2H, H-2), 1.51 (s, 9H, H-4) ppm. *C{'H}-NMR (75 MHz, CDCl3) & 153.69,
147.98 (dd, J = 244.5, 13.4 Hz), 143.64 (dd, J = 239.1, 13.4 Hz), 136.13, 120.85, 113.43 (d, J
= 20.3 Hz), 105.96 (d, J = 20.1 Hz), 81.22, 28.40 ppm. ""F{'H}-NMR (282 MHz, CDCls)
0 -141.22, -148.31 ppm. IR (Film): & [cm™"] 3440 (m), 3361 (m), 3290 (s), 3049 (w), 2993 (m),
1677 (vs), 1508 (vs), 1439 (s), 1369 (m), 1282 (m), 1221 (m), 1156 (m). HRMS (ESI): m/z =
245.1099 [M+H*] (calculated: 245.1096).
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tert-Butyl(4,5-difluoro-2-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)phenyl)

carbamate (11)

1.

Boc-protected aniline 10 (1.43 g, 5.85 mmol) was dissolved in MeOH (120 mL) and D-ribose
(3.43 g, 22.9 mmol, 3.9 eq) and NaCNBHs (1.47 g, 23.4 mmol, 4.0 eq) were added. The
mixture was purged with N2 for 30 min and refluxed overnight before evaporation of the solvent.
To the residue was slowly added 1M HCI (60 mL) until gas formation stopped and
subsequently neutralized using sat. NaHCOs-solution. After extraction with 4 x 90 mL EtOAc
were the combined organic phases dried over Na,SOs, filtered and the solvent removed
in vacuo. Flash chromatography (CH2Cl,/MeOH 95:5 — 9:1) gave the desired riboaniline 11 as
a white powder (1.01 g, 2.66 mmol, 45%; recovery starting material: 423 mg, 1.73 mmol, 30%).
m.p. 49.8 — 53.4 °C. 'TH-NMR (300 MHz, MeOD) & 7.09 (dd, J = 11.6, 8.4 Hz, 1H, H-14), 6.62
(dd, J =13.3, 7.8 Hz, 1H, H-1), 3.93 (ddd, J = 7.6, 6.1, 3.3 Hz, 1H, H-4), 3.84 — 3.57 (m, 4H,
H-6,8,10), 3.38 (dd, J = 12.9, 3.4 Hz, 1H, H-3), 3.16 (dd, J = 12.8, 7.7 Hz, 1H, H-3’), 1.50 (s,
9H, H-13) ppm. ®*C{'H}-NMR (75 MHz, MeOD) & 156.68, 149.97 (dd, J = 241.3, 12.9 Hz),
142.50 (dd, J = 234.6, 13.7 Hz), 142.07, 120.60 (dd, J = 7.5, 3.0 Hz), 115.96 (d, J = 19.6 Hz),
101.06 (d, J = 22.3 Hz), 81.41, 74.47, 74.38, 71.87, 64.64, 47.32, 28.65 ppm. "F-NMR
(282 MHz, MeOD) & -142.89 (d, J = 22.3 Hz), -155.70 (d, J = 22.5 Hz) ppm. IR (Film): & [cm™]
3312 (w), 2972 (w), 1685 (m), 1525 (s), 1368 (m), 1233 (m), 1155 (s), 1051 (s). HRMS (ESI):
m/z = 379.1682 [M+H"] (calculated: 379.1675).

7,8-Difluoro-10-((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)benzo[g]pteridine-2,4-(3H,10H)-
dione (13)
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Boc-protected riboaniline 11 (500 mg, 1.32 mmol) was dissolved in dioxane (15.0 mL) and
conc. HCI (7.50 mL) was added slowly. The mixture was degassed by purging N> through for
15 min and then stirred at r.t. under N2> atmosphere for 2.5 h. The solvent was removed
in vacuo, the residue dissolved in water (150 mL) and extracted with 3 x 30 mL Et,O. The
aqueous phase was lyophilized and the ribitylated aniline 12 as the residue directly dissolved
in AcOH/water 4:1 (11 mL). Alloxan monohydrate (40.7 mg, 254 ymol, 3.6 eq) and B(OH);
(16.4 mg, 265 umol, 3.8 eq) were added, the mixture degassed by purging N2 through for
30 min and stirred at r.t. overnight. The solvent was removed in vacuo and the residue
suspended in toluene/water 1:1 (20 mL). It was stirred for 10 min before removal of the solvent
in vacuo to give 337 mg raw product. A fraction of the raw material (80.0 mg) was submitted
to the optimized purification protocol (see below) and the yield of pure product calculated
accordingly (11.0 mg, 28.5 umol, 2.2% yellow powder). '"H-NMR (300 MHz, MeOD) & 8.13 (dd,
J=12.4,7.4 Hz, 1H, H-12), 8.01 (dd, J = 10.0, 8.3 Hz, 1H, H-1), 4.93 — 4.77 (m, 2H, CHOH),
4.32 (dt, J=9.0, 3.7 Hz, 1H, CHOH), 3.81 — 3.52 (m, 4H, H-2,9) ppm. "*F{'H}-NMR (282 MHz,
MeOD) & -124.22 (d, J = 21.7 Hz), -139.10 (d, J = 21.8 Hz) ppm. HRMS (ESI): m/z = 385.0954
[M+H"] (calculated: 385.0954).

Purification method for photophysical measurements:

80.0 mg raw product was dissolved in water (150 mL) and the solution concentrated at max.
38 °C stepwise in a 50 mL flask to an amount of ~5 mL. The residue was stored in a fridge
overnight. The precipitate was filtered off using a glass frit. The filtrate was disposed and the
solid (54.5 mg) redissolved in water (50 mL). Evaporation of water was performed following
the described procedure and the concentrate (~4 mL) stored in the fridge until precipitation
occurred. The solvent was removed via pipette and retained (filtrate 1). The precipitate was
dissolved again in water (30 mL), evaporated to ~4 mL and stored in the fridge until
precipitation occurred. The solvent was removed via pipette, combined with filtrate 1 and the
solvent was removed in vacuo. The residue was dissolved in MeOH (6 mL), filtered and the
solvent removed in vacuo before dissolving in MeOH (4 mL) again and addition of Et,O
(80 mL) in one batch. The solvent was removed via pipette and the residue dissolved in 8.0 mL
CF3CH20H, filtered, and evaporated. The residue was dissolved in MeOH (2 mL) and purified
via two separate HPLC runs with water/MeOH 95:5 — 9:1 (60 min). The product was obtained

in pure form as a yellow powder (2.6 mg).
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2 Impact of the deuterated solvent D2O on the fluorescence

Fluorescence lifetimes were measured by time-correlated single photon counting (TCSPC) in
both H>O and D0. All the investigated dyes have significantly longer fluorescence lifetimes in

D20. Fluorescence decays in D-O are shown in Supporting Figure 1.

10°
Solvent: D,0
—MIA
—— 6-F-MIA
10* —— 7-F-MIA
) —— 8-F-MIA
c —— 9-F-MIA
2 10° —— 7,8-dF-MIA
S —IRF
>
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£
10’
10°
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Supporting Figure 1. Fluorescence decays in D,O measured by TCSPC.

In order to elucidate the impact of the deuterated solvent D,O on the fluorescence lifetimes,
we need to introduce a quenching constant in water, kqw. Since we are interested in a
systematic dependency for all MIA derivatives, we assume that all the derivatives have the

same quenching constant and therefore, the term average quenching constant, k,,, is used.

Assuming that quenching is present in water, the rate constants of S1 depopulation kss in H.O

and D0 differ by the quenching constant:

o o o o T
K = KD 0 40 e
KD = KB + 2+ 220 2

The solvent is marked in the superscript. The radiative rate constant k.q is obtained from the
Strickler-Berg analysis and presents the rate constant for the emitter with no non-radiative
transitions. The internal conversion and intersystem crossing rates are given in Table 1, and
for the sake of simplicity, a non-radiative rate constant is introduced as a sum of these two

constants (eq. S3).

kny = kic + kisc (S3)
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Finally, the respective lifetimes in H.O and D.O can be expressed as following using the

experimental observation that the shape of the spectra in H.O an D»O does change (i.e.

k(Hzo) — k(Dzo) =k

rad rad rad
1 1
(H20) _ _
fl — , (H,0) — H,0 — (84)
k2D pga + k52O + Rg
1 1
(D20)
T = =
1l D0 D,0 (S3)
k22 kpga + k27

Their ratio is equal to:

(D20) H,0 —
Tfl : _ krad + kT(lTZ ) + kqw (86)
H,0) — D,0
L kraa + k2%

Taking into account the following assumption:

Kyaa + k229 = kygq + k29 (S7)
we gain:
(D20) T
U g aw (S8)
H,0 D,0)"
e kraa + k527
This equation can be rewritten as a Stern-Volmer type equation:
TJE?ZO) (D;0)
T D,0
o) = 1+ kqw " 75 2 (S9)
rﬂ

The dependency r}fzo)/rjﬁfzo) against r}ffzo) is called the Stern-Volmer plot, and it is shown in

Figure 4 in the main text of the manuscript. The average quenching constant in water kq—w is

obtained as the slope of the linear regression.
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3 Impact of the ribityl group

7,8-dF-MIA and 7,8-dF-RIA in DO were measured at 20.5 °C, excited with P = 96 yW and
detected employing Hybrid PMTs (HPM-100-40, Becker&Hickl) under otherwise identical
conditions as 7-F-MIA. Besides the formal fit (combination of egs. 1-4) was fit to the averaged
FCS-curves using a custom script in ORIGIN 8.6 (OriginLab Corporation) to directly yield the
rate constants corresponding to the kinetic model in Figure 7. In these fits the fluorescence
rate constants ko were fixed using the independently measured fluorescence lifetimes in D,O
(7,8-dF-MIA: 1 = 9.29 ns, 7,8-dF-RIA: 11 = 6.53 ns). Due to the high correlation between the fit
parameters also the excitation rate needed to be approximated and fixed in the fit. To that end,
the best fit of the excitation rate from 7-F-MIA measured in DoO was scaled for the different
excitation power and the different extinction coefficient (¢ = 10560 M-"'cm™! at 440 nm for 7,8-
dF-MIA in H20, the ratio for the two molecules is assumed to be identical in D-O and H20).
Thus an excitation rate for 7,8-dF-MIA of ko1 = 0.51 107 s"is estimated. This assumption yields
an intersystem crossing rate of kisc = 2.3 10" s (+ 13%) and a triplet depopulation rate of kr =
0.039 107 s (+ 10%) for 7,8-dF-MIA in D2O. Under our measurements conditions, we observe
a high triplet fraction of 7,8-dF-MIA, so that the signal in the centre of the detection volume is
saturated. This results in a broadened correlation function and a systematically smaller kisc ©!
Under these circumstances the values of kisc obtained by FCS and transient absorption
spectroscopy (Table 1) are consistent. Notably, FCS obtains very similar values of 7-F-MIA in
water kisc = 2.58 107 s,

Assuming the same excitation rate for 7,8-dF-RIA in DO, kisc = 1.54 107 s (+ 21%) and kr =
0.051 107 s™" (+ 17%) are obtained. Error bars are standard errors of the fit and do not include
possible systematic errors due to uncertainties in the excitation rate or the inhomogeneous
illumination profile (see description in Methods). The corresponding quantum yields for
intersystem crossing for 7,8-dF-MIA and 7,8-dF-RIA in D20 are @;5¢c = 0.22 and &;5¢ = 0.10,

respectively.

15



Antibunching Triplet | T lati | diffusion |

—— 7,8-dF-MIA D20
—— 7,8-dF-RIA D90

Norm. G(t))

107 10° 10 10™ 10’

Correlation time t_[ms]

Supporting Figure 2. Normalized and averaged full correlation curves G(t;) of 7,8-dF-MIA and
7,8-dF-RIA in D20. The dashed lines represent the contributions of the translational diffusion
and ftriplet term to the fitted model function (eq. 6) with additional parameters listed in

Supporting Table 1.

Supporting Table 1. Parameters of formal fits (eq. 6) to the averaged curves

Sample Ns ta/ ps Zo/ Wo Tieq | tr/ s AB tae / ns
7,8-dF-MIA/D>O | 25.1 | 70][a] 10 (fixed) | 0.69 0.75 1 (fixed) 8.7
7,8-dF-RIA / DO 3.5 52 10 (fixed) | 0.47 1.01 1 (fixed) 6.2

[a] due to the high triplet fraction, the signal is saturated that results in a broadened correlation

function with increased apparent diffusion time tq. Due to the smaller fluorescence quantum
yield of 7,8-dF-RIA, the triplet population is significantly smaller, so that G(t.) is much less

saturated.
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4 Triplet quantum yield (relative method)

Nanosecond transient absorption data were acquired as described in the methods section.

Typical data are shown in Supporting Figures 3 and 4.
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Supporting Figure 3. Nanosecond transient absorption time trace at 600 nm for the samples

and the reference. The recorded time zero signals of the samples (AA—o(1p,)) and the

reference (AA{_,(1p;)) were on the order of ~5 mOD and 60 mOD, respectively. The sample

solutions (nitrogen-purged water) as well as the reference (thioxanthone (Tx)) solution

(nitrogen-purged methanol) were excited at 355 nm. Tx was measured before the sample

solutions (Tx 1) and afterwards (Tx 2).
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Supporting Figure 4. Relative method for determining difference absorption coefficients

Asr (V). A: The ground state bleach of the time zero spectrum AA_,(A) (dark orange) is aligned

with the ground state absorption spectrum (orange), respectively, exemplified for 9-F-MIA. B:

Triplet difference absorption coefficients Asr(A) for all MIA derivatives studied in this paper.
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Spectrum 1 "H-NMR spectrum (300 MHz, DMSO-ds) of 9-fluoro-
10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (3).
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Spectrum 2 BC{'H}-NMR spectrum (151 MHz, DMSO-ds) of 9-fluoro-
10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (3).
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Spectrum 3 "*F{'"H}-NMR spectrum (282 MHz, DMSO-ds) of 9-fluoro-
10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (3).
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Spectrum 4 'H-NMR spectrum (600 MHz, CDCls) of
tert-butyl (4,5-difluoro-2-nitrophenyl)carbamate (5).
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Spectrum 5 BC{'H}-NMR spectrum (151 MHz, CDCl5) of
tert-butyl (4,5- difluoro-2-nitrophenyl)carbamate 5).
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Spectrum 6 "*F{'H}-NMR spectrum (565 MHz, CDCls) of tert-butyl (4,5-difluoro-2-
nitrophenyl)carbamate (5).
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Spectrum 7 'H-NMR spectrum (300 MHz, CDCls) of
tert-butyl (4,5-difluoro-2-nitrophenyl)(methyl)carbamate (6).
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Spectrum 8 *C{'H}-NMR spectrum (75 MHz, CDCls) of
tert-butyl (4,5-difluoro-2-nitrophenyl)(methyl)carbamate (6).
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Spectrum 9 "F{'"H}-NMR spectrum (282 MHz, CDCl;) of
tert-butyl (4,5-difluoro-2-nitrophenyl)(methyl)carbamate (6).
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Spectrum 10 "H-NMR spectrum (300 MHz, CDCls)
of 4,5-difluoro-N-methyl-2-nitroaniline (7).
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Spectrum 11 C{'H}-NMR spectrum (75 MHz, CDCls)
of 4,5-difluoro-N-methyl-2-nitroaniline (7).
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Spectrum 12 "°F{'H}-NMR spectrum (282 MHz, CDCl3)
of 4,5-difluoro-N-methyl-2-nitroaniline (7).
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Spectrum 13 'H-NMR-spectrum (300 MHz, DMSO-ds) of 7,8-difluoro-
10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (8).
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Spectrum 14 3C{'H}-NMR-spectrum (75 MHz, DMSO-ds) of 7,8-difluoro-
10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (8).
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Spectrum 15 "°F{'H}-NMR-spectrum (282 MHz, DMSO-ds)
of 7,8-difluoro-10-methylbenzo[g]pteridine-2,4(3H,10H)-dione (8).
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Spectrum 16 "H-NMR spectrum (300 MHz, CDCls)
of tert-butyl(2-amino-4,5-difluorophenyl)carbamate (10).
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Spectrum 17 3C{"H}-NMR spectrum (75 MHz, CDCls)
of tert-butyl(2-amino-4,5-difluorophenyl)carbamate (10).
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Spectrum 18 "°F{'"H}-NMR spectrum (282 MHz, CDCls)
of tert-butyl(2-amino-4,5-difluorophenyl)carbamate (10).
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Spectrum 19 "H-NMR spectrum (300 MHz, MeOD) of tert-butyl(4,5-difluoro-
2-(((2S,3S,4R)-2,3,4,5-tetrahyroxypentyl)amino)phenyl)carbamate (11).
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Spectrum 20 *C{'H}-NMR spectrum (75 MHz, MeOD) of tert-butyl(4,5-difluoro-
2-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)phenyl)carbamate (11).
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Spectrum 21 "°F{"H}-NMR spectrum (282 MHz, MeOD) of tert-butyl(4,5-difluoro-
2-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)phenyl)carbamate (11).
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Spectrum 22 "H-NMR spectrum (300 MHz, MeOD) of 7,8-difluoro-10-((2S,3S,4R)-2,3,4,5-
tetrahydroxypentyl)benzo[g]pteridine-2,4(3H,10H)-dione (13).
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Spectrum 23 "F{'H}-NMR spectrum (282 MHz, MeOD) of 7,8-difluoro-10-((2S,3S,4R)-
2,3,4,5-tetrahydroxypentyl)benzo[g]pteridine-2,4(3H,10H)-dione (13).
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Computer-Aided Design of Fluorinated Flavin Derivatives

by Modulation of Intersystem Crossing and Fluorescence

Mario Bracker,™ Mira K. Kubitz,™ Constantin Czekelius,®

Martin Kleinschmidt*?

This study aims at finding fluorinated flavin derivatives with
modified intersystem crossing (ISC) and fluorescence properties.
In total, photophysical properties of 8 derivatives were inves-
tigated computationally using combined density functional
theory and multireference configuration interaction methods.
On top of a screening procedure, the excited-state decay
mechanisms of selected chromophores were investigated in
detail. Kinetic schemes including fluorescence, ISC as well as
internal conversion (IC) channels were set up to unravel the
complex excited-state decay kinetics. We find two chromo-
phores that exhibit promising properties with respect to
fluorescence microscopy. Distinctive stabilization of the bright

Introduction

Diverse photoreactive proteins carry a flavin moiety."” Among
photoreceptors, phototropins are plasma-membrane-associated
proteins mediating primarily phototropic plant movement.®'%
In phototropins, the optically active flavin mononucleotide
(FMN) is incorporated into light, oxygen and voltage sensitive
(LOV) domains. Upon characteristic blue-light absorption,™'™"
the photosensing LOV domain undergoes a photocycle: The
lowest-lying triplet state of FMN is efficiently populated via
intersystem crossing (ISC). Accompanied by another ISC, a
metastable adduct between the cofactor and a nearby cysteine
residue is formed transducing a structural signal to an effector
domain."*® Eventually, the adduct decomposes thermally on
the timescale of seconds."® Various modified flavins (8-
isopropyl,"” 1- and 5-deaza,"® 8-bromo and 8-trifluorometh-
yli?  roseoflavin®?” as well as methyl substitution

[a] M. Bracker, Prof. C. M. Marian, Dr. M. Kleinschmidt
Institute of Theoretical and Computational Chemistry, Heinrich-Heine-
University Diisseldorf, D-40204 Diisseldorf, Germany
E-mail: Martin.Kleinschmidt@hhu.de
[b] M. K. Kubitz, Prof. C. Czekelius
Institute of Organic and Macromolecular Chemistry, Heinrich-Heine-
University Diisseldorf, D-40204 Diisseldorf, Germany
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cptc.202200040
W An invited contribution to a Special Collection on Emissive Materials for
Orgamc Light Emitting Diodes
N © 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

ChemPhotoChem 2022, 6, €202200040 (1 of 11)

Christel M. Marian,” and

S, mm* state results in absorption in the green wavelength
region and emission of (infra-)red light. The '(mm,m,)~3(Ty 7))
ISC channel of the flavin chromophore was found to be
deactivated upon both modifications, but nonradiative deacti-
vation of the fluorescence by IC appears to be a problem.
Alternative modifications of the pteridine dione moiety were
found to result in a marked stabilization of nz* states along
with activation of El-Sayed allowed ISC channels. For the latter
two compounds, we predict fluorescence to be quenched by
ISC followed by efficient population of the long-lived T, state
via IC.

patterns''’?>*) in positions 7 and 8) have been incorporated

into LOV domains. Riboflavin-5'-phosphate (FMN) can be
divided into two parts: Lumiflavin (LF) and the ribophosphyl
chain attached to the nitrogen atom in position 10 of the core
ring (see Figure 1). The latter is involved in the signal trans-
duction upon excitation of the LF moiety by blue-light
absorption. The photophysics of FMN is dominated by the
isoalloxazine core ring and the experimental absorption as well
as emission spectra of FMN and LF are found to be very
similar.""'? LF exhibits two methyl groups in positions 8 and 9
(see Figure 1), which have minor influence on the
photophysics.?!

Ho"
ul 2
I(]
s‘ N/élu

Figure 1. Chemical structures of flavin mononucleotide (FMN) and 10-
methylisoalloxazine (MIA). The structure highlighted in blue colour is the
lumiflavin (LF) chromophore and the ribophosphyl chain is illustrated in
wine-red colour.
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Modulation of intersystem crossing

The ISC channels of naturally occurring flavins have been
analyzed in several previous studies, either linked to the
mechanism of photoreception"*'** or describing the isolated
chromophore.**?*?" |n this study we focus on the core ring
(MIA, see Figure 1). Starting from the equilibrium geometry of
the S, sy, state of MIA, three triplet states have been found
to be decisive for the efficiency of ISC: T,, T, and T,. The
electronic structure of the T, state corresponds to the one of
the bright S, state, the T, state exhibits nitrogen-centered [N(1
+5)] ny* character and the T; m,_;7; transition is an internal
charge transfer (ICT) from the benzene (A) ring to the
peridinone (B) rings of MIA (see Figure 1). The role of the latter
two states for deactivation strongly depends on the polarity
and proticity of the environment: Polar interactions cause a
strong blueshift of the na* states and a stabilization of the ICT
state (see Figure 2, middle scheme). As a result, the fast El-
Sayed allowed '(mgr,)~*(nyt,) channel, accessible in vacuum
and apolar media, is deactivated and ISC relies on spin-vibronic
interactions instead.”**’ S,~T, and S,~T, ISC are promoted by
a Herzberg-Teller-like intensity borrowing mechanism:25"
Invoking vibrational spin-orbit coupling, the wz* states parti-
ally adopt nz* character thus increasing the ISC probability.
Reiffers et al. determined ISC of MIA in aqueous medium from
femtosecond transient absorption and nanosecond laser flash
photolysis experiments (ksc = D /1) to take place with a rate
constant of about 1x10%s7.” With the aid of advanced
quantum chemical methods, '(7t,m,)~>(y_,7;) 1ISC was identi-
fied as the productive channel featuring a rate constant of
3 x 10% s™', approximately two orders of magnitude faster than
the alternative ()~ m,) channel®*?” 3(m,_m,)~(mw,m,)
internal conversion (IC) takes place at the femtosecond time-
scale (> 10" s™', see Section S8 in the Electronic Supplementary
Information (ESI)). The *(sy_,or,) population is thus rapidly
transferred to the T, 3(m,m,) state. The experimental triplet
quantum yield of MIA amounts to @; = 0.5 (£0.1) in aqueous
solution.” With a rate constant of approximately 5x10” s™
and a quantum vyield of @, =0.22 (£0.01) fluorescence is
nearly competitive to ISC in MIA.”**” This finding raises the
question, whether and how the decay mechanism of MIA
following photo excitation could be modified to either increase

(anL)
(TCH 1T
maximizing 5 maximizing
@ (anL) @,

Figure 2. Schematic depiction of adiabatic energies associated with in-
creased fluorescence quantum yield (left) or increased triplet quantum yield
(right), respectively. The middle scheme illustrates the adiabatic energies of
MIA in aqueous solution. Dashed states are thermodynamically inaccessible
from the ' (747,) state and the thickness of the arrows correlates with the
magnitudes of the rate constants.
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the fluorescence quantum yield or the triplet quantum yield of
the chromophore.

In principle, there are two approaches to modulate the
complex ISC mechanism of flavins: a) modify the chromophore
itself'81921273132 o b) adjust the polarity and proticity of the
environment.”?**¥ This study focuses on the modification of the
MIA chromophore in aqueous solution. Activation of an El-
Sayed favoured ISC channel is anticipated to result in high ®;
and deactivation of the '(mm)~>3, ;) channel is taken as
the best-case scenario for raising ®; (see Figure 2).

Modification of the flavin chromophore

To find potential chromophores suitable for each scenario
depicted in Figure 2, we use a screening method that is
motivated by our latest work on flavin derivatives fluorinated in
the A-ring of MIA.?” Fluorine is a very potent substituent when
it comes to tailoring photophysical properties.?®?**37 For one
thing, it is the element with the highest electronegativity and
therefore a strong impact on the electronic structure is
expected. Secondly, the steric change when substituting hydro-
gen by fluorine is small®®** A positive side effect is the
stabilization with respect to photo-oxidation.“**" In the present
study, fluorine is incorporated into the B-rings (Figure 3). In
particular, the substitution pattern focuses on the carbonyl
groups and the nitrogen atoms in positions 1 and 5 of the
pteridine dione unit (see Figure 1 for atom labels). The studies
address the influence of a single fluorine atom or geminal
disubstitution by fluorine. Compounds 2CF,-MIA and 4CF,-MIA,
in which the C=0 moiety is replaced by a difluoromethylidene
group, incorporate an electron-deficient enamine. In solution,
acid-catalyzed tautomerization to the corresponding pteridi-

N N N N o
Cr I ]
A A _NH N NH
: ¥ v N
2F,-MIA \ 4F,-MIA
fo) F
N_ _N._ O
S . ‘ _NH
S~ N 5
2crz V[IA 4CFy MIA
CF,
_~_ N_ N_ __O
e~ A~ NH
o
lF MIA 5F-MIA
F o
N N o
Z \I/
2CF3- VlIA 4(‘F3 \’llA

Figure 3. Chemical structures of flavin derivatives investigated in this work.
Derivatives highlighted with red background are studied in detail with
respect to excited state kinetics.
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none may occur, which is prevented e.g. by N-alkylation
rendering the depicted compounds suitable models for calcu-
lation.

Our previous in-depth study on the fluorination of carbon
centers in the A-ring revealed that shifts of vertical electronic
energies with respect to the parent compound at the ground-
state geometry can be used to estimate adiabatic electronic
energies of excited states with reasonable precision.”” In the
present study, we rely on this observation and, in a first step,
characterize the derivatives at the ground state geometry. The
most promising candidates are then investigated in further
detail with respect to their excited state kinetics.

Methods and Computational Details

Ground state geometries were optimized at the density functional
theory (DFT) level utilizing the Turbomole 7.3 program
package."* The B3LYP functional®*' combined with the TZVP
basis set" was employed. For excited singlet states, full linear
response equations were solved®”’ and for triplet states the Tamm-
Dancoff approximation“® was chosen to avoid triplet instabilities.
Unless otherwise stated, a C; symmetry constraint was applied for
geometry optimization. Vibrational frequency analyses were carried
out using numerical second derivatives with the SNF program.”’
Subsequent DFT/MRCI®® single-point calculations were performed
with the original parametrization established by Grimme and
Waletzke.®" DFT/MRCI is a semi-empirical multireference config-
uration interaction ansatz based on Kohn-Sham orbitals
(BHLYP)***? as a one-particle basis. For the construction of two-
electron integrals, the TZVP auxiliary basis set®™ from the
Turbomole library was applied for the resolution-of-identity
approximation.®¥ In the case of singlet states 12 roots were
computed and for triplets 8 states were considered. DFT/MRCI
computed line spectra were broadened in the cm™' regime using a
Gaussian function with a standard deviation of o = 1500cm™" and
then converted to nm. Environment effects of aqueous solution at
ambient temperature were mimicked applying the implicit solva-
tion model COSMO® with a relative permittivity of &, = 80 to the
ground state optimizations as well as DFT/MRCI calculations.
Solvation effects at the excited state geometries were included by
introducing state-specific energy shifts as described in reference
[56]. Wavefunction analysis based on Lowdin orthogonalization of
the one-electron density matrix was carried out using the
TheoDORE program.””*® We computed spin-orbit coupling matrix
elements (SOCMEs) at the DFT/MRCI level of theory using the
program package SPOCK®**®® developed in our laboratory. The
coupling is described by a spin-orbit mean-field (SOMF)
approximation®? of the Breit-Pauli spin-orbit operator. Non-
adiabatic coupling matrix elements (NACMEs) were obtained with
our newly developed program DELTA.®® ISC and IC rate constants
at ambient temperature were computed via the generating
function approach as implemented in the program VIBES.®%*%% For
all ISC channels, numerical derivatives of the SOCMEs were
computed at the respective equilibrium geometries. Corresponding
generating functions, G, and G,., can be found in references [64]
and [56] respectively.

+oo
kivt =z / Gy €™ dt 1)

Z=Y e /" is the canonical partition function for vibrational
motion in the initial electronic state and AE,, is the adiabatic
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separation of states a and b. Fluorescence rate constants are given
by

a—b __
kg

= Wﬁfzbwab\z , )

where /i, is the transition dipole moment and in this case 4E,,
represents the vertical energy of electronic states a and b.
Fluorescence spectra were computed with the program VIBES to
include explicit vibrational broadening.

Results and Discussion
Screening of derivatives

Figure 4 illustrates the influence of each modification on the
electronic energies of selected states at the ground state
geometries in aqueous medium. The depicted shifts refer to
the vertical excitation energies of the stem compound MIA. The
respective data of MIA is summarized in Table 1. The character
of the electronic states is determined by the leading config-
uration and the values in parentheses represent the squared
coefficients of the contribution. The numbering of the ny
orbitals refers to the energetic order of the different linear

0.08 006 013 013 2F,

021 013 016 025 A4F,

022 024 2CF,

0.04 0.04 = 023 4CF,

0.07 | 028 1F
027 mR:EE SF

-0.23 -0.17  -0.26 2CF,

-0.29 025 -0.28 4CF,

1Y{nn*)1Y{nn*) 13(nn*) 23(nn*) 13(nn*)
S2 S1 Tl T3 T2
Figure 4. lllustration of the impact of modification on the electronic energies
of the S1 as well as T1-T3 states in aqueous medium. For 2/4CF;-MIA the

!(nm*)state is included. The blue-/redshifts in eV are computed at the ground
state geometries and refer to the vertical excitation energies of MIA.
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Table 1. Excited states properties of MIA in aqueous solution.

State Electronic structure (|c|?) AE, i / €V ()
NEA) y — 7,(0.83) 2.96 (0.275)
Y(nym,) Ny, — 7,(0.76) 347

3 () y — 7,(0.88) 2.33

}(y_qt,) Ty, — m,(0.81) 2.86

3(nyt,) Nyy — 7,(0.70) +ny, — 7,(0.14) 3.12

combinations. In the case of the deaza-compounds, only one
ny orbital remains and for 2CF;- as well as 4CF;-MIA a third ny
orbital is introduced. Corresponding oxygen-centered n,
orbitals are strongly stabilized in polar environment.?*?”
However, the n, orbital gains significance for the nz* states of
the deaza-compounds. The notation of states without subscript
(e.g. S1 instead of S,) refers to the order of the electronic states
at the ground-state equilibrium geometry.

For 2CF,- as well as 4CF,-MIA, the '(ny,) state is added as
the na*states are strongly stabilized. For the other molecules,
the '(nym,) state is blueshifted and therefore neglected.
Molecular orbitals and tables summarizing excited state proper-
ties are presented here only for the most interesting deriva-
tives, i.e., 1F-, 2CF,, 2CF;- as well as 4CF;-MIA. Corresponding
data for the remaining fluorinated flavins is displayed in Section
S1 in the ESI. Fragment-based analysis, absorption spectra,
orbital energies, transition dipole moments and additional
depictions of molecular orbitals are collected in Sections S2-6
in the ESI.

2CF,-MIA and 4CF,-MIA. 2CF,-MIA and 4CF,-MIA differ from
the stem chromophore MIA by an isolobal replacement of the
oxygen atom in 2- or 4-position by difluoro-methylidene.
Interestingly, these substitutions have vastly different effects on
the energetic location of the first excited singlet state. While
the S1 state undergoes a small blueshift of 0.04 eV in 4CF,-MIA,
in the corresponding derivative modified in position 2 the
"(mym,) state is strongly redshifted by more than half an
electronvolt (—0.56 eV). This remarkable difference is not
reflected in the main character of the excitation, in both cases
the S1 state is described as 7, — 7, transition by about 80 %.
The molecular orbitals generally are destabilized upon intro-
duction of CF,. Whilst the effect is similar for the s, orbitals, the
energetic shift of the s, orbital is far less pronounced for
modification in position 4. To rationalize this finding, the m,
orbitals have to be inspected (compare Figures 5, and S1 in the
ESI): In both cases we find a strong electron withdrawing effect
diminishing the electron density on the benzene core and for
modification in position 2 of the B2-ring, the nodal structure on
the B1-ring is changed. The same applies to the T1 state, which
is redshifted by —0.65 eV for 2CF,-MIA compared to —0.35 eV
for modification in position 4. The blueshift of the *(nym,) state
is almost the same for both derivatives, whereas the destabili-
zation of the *(m,_,,) state strongly depends on the position
of modification. The more pronounced blueshift of the latter
excitation in 2CF,-MIA (0.22 eV compared to 0.04eV) is
explained by the remarkably high admixture of the m, ,m,
excitation to an extent that the main character changes
(Table 2). As a consequence, the S1 and T1 states of 2CF,-MIA

Figure 5. Frontier orbitals (isovalue =0.03) of MIA, 2CF,-MIA, 2CF;-MIA, 4CF;-MIA, and 1F-MIA in aqueous solution (top to bottom).
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Table 2. Excited states properties of 2CF,-MIA in aqueous solution.

State Electronic structure (|c|?) AE, erica / €V ()
Ny, 7, — ,(0.80) 2.40 (0.271)
3 ()  — 7,(0.85) 1.69
3 (y_p,) Ty, — m,(0.35) + 7, — m,(0.29) 3.08
+ 1y — 7,.,(0.16)
3(nyt,) Ny, — 7,(0.72) +ny, — 7,(0.10) 3.36

are separated energetically from higher lying states and
depopulation of the S1 state via ISC is limited to the El-Sayed
forbidden () ~3(wym) channel. In accordance with the
mirror image rule, the fluorescence wavelength is predicted to
be strongly redshifted by more than half an electronvolt
resulting in emission of (infra-)red light. This prediction is
confirmed by further studies in Section 3.2. In the case of 4CF,-
MIA, the impact on the energetics of the () ~>(m,_,m;) 1SC
channel is found to be minimal and the *(n,m,) state remains
inaccessible. Whilst the energetic position of the bright S1
absorption band barely changes, an increase of the transition
dipole moment by about 20 % results in an oscillator strength
of f = 0.412.

2F,- and 4F,-MIA. Substitution of the oxygen atom in
position 2 by two fluorine atoms results in a weak blueshift of
the considered states. The effect ranges from 0.06 eV for the
}(myom,) state to 0.13 eV for the higher triplets and the S1 state
is destabilized by 0.08 eV. The explanation for this uniform
effect lies within the electron distribution of the s, orbital
(compare Figures 5 and S1 in the ESI): In the stem compound,
MIA, it describes a w-system spanning the whole chromophore.
The removal of the oxygen atom interrupts the z-system in
position 2 and diminishes delocalisation. 4F,-MIA, in all aspects,
is very similar to 2F,-MIA. Destabilization of the s, orbital goes
hand in hand with blueshifting the considered electronic states.
The replacement of the oxygen atom attached to C(4) results in
more pronounced shifts (0.13 eV-0.25 eV). Inspecting the m;
orbital of MIA, it is not surprising that the destabilization for
4F,-MIA turns out to be stronger: Electron density on the B2-
ring is mainly localised in positions 4, 4(a) and 10(a). Contrary
to the m, orbital, the 7, orbital does not possess a significant
amount of electron density in position 2 as well as 4 and
consequently modification does not have a marked impact. The
picture is similar for the o-bonds described by the n,, orbitals.
In conclusion, the modifications investigated are not expected
to have a strongly modulating effect on ISC. The absorption
spectra resemble that of MIA aside from the general blueshift.
The oscillator strength of the bright ' (77,7, ) absorption band is
reduced by about 28 % upon replacement of the oxygen atom
bound to C(2) by two fluorine atoms, whereas it does not
decrease for modification in position 4 as the impairment of
the transition dipole moment is much weaker and the increase
in energy counteracts the effect. In agreement with the overall
trend, the fluorescence wavelengths are predicted to be
blueshifted by about 0.1 eV for 2F,-MIA and 0.2 eV for 4F,-MIA.

2CF;- and 4CF;-MIA. 2CF;- and 4CF;-MIA are modified in
positions 2/4 as well as 3. The carbon atoms in positions 2/4

ChemPhotoChem 2022, 6, €202200040 (5 of 11)

are equipped with trifluoromethyl groups and the hydrogen
atom in position 3 is removed, thus introducing an additional
double bond in the B2 ring. For 2CF;- and 4CF;-MIA, all
considered states are computed to be stabilized (Tables 3 and
4), regardless whether the state exhibits 7r* or nz* character.
The striking feature here is that the stabilization of ns* states is
significantly stronger, which is a direct consequence of
removing the hydrogen atom in position 3. As a result, a third
nitrogen-centered ny orbital is introduced and the nitrogen
atom N(3) has a significant share in the energetically highest-
lying ny; orbital (Figure 5). The general redshift of all excitations
is explained by a comparatively strong impact of the
modification on the s, orbital as it is stabilized to a higher
extent than the other sz orbitals. The principal difference
between the s, orbitals of MIA and those of 2CF,- and 4CF,-
MIA is that the out-of-plane p orbital of the oxygen atom
directly contributes to the s-system, whereas the trifluorometh-
yl group influences the m-system via hyperconjugation.
Remarkably, for 4CF;-MIA all redshifts are computed to turn out
even more pronounced. We attribute this effect to the clear
quinoid structure of the z-system in the B-rings. As is to be
expected, the stabilization of the considered states is reflected
in the absorption spectra of 2/4CF;-MIA: The characteristic
absorption bands are redshifted by >0.2 eV. Regarding the
3(nym,) state of 4CF;-MIA, the share of the oxygen lone pair is
negligibly small. The enhanced stabilization of nyz* states for
4CF;-MIA is predicted to have profound effects on the excited
state kinetics of the chromophore. The '(ny,) and '(m,m,)
minima are estimated to be nearly isoenergetic, so that
additional ISC channels are introduced. The El-Sayed allowed
Y(ym,)~3(n*) channel is computed to be activated for both
derivatives.

1F- and 5F-MIA. 1F- and 5F-MIA are deaza-compounds in
which the corresponding N(1) or N(5) atom was exchanged by
a C—F group. Unlike the ground-state geometries of MIA and
the modifications discussed previously, the S, equilibrium
geometry of 1F-MIA is not planar. Steric interaction of the

Table 3. Excited states properties of 2CF;-MIA in aqueous solution.

Electronic structure (|c|?) AEyeriica / €V ()

Yy, m, — m,(0.81) 2.73 (0.275)
Y(nym,) Nys — ,(0.75) 294
3(ymy) 7, — 7,(0.90) 217
(7t4-471,) 7y — m,(0.84) 2.60
3(nyt,) Nys — ,(0.70) +ny, — 7,(0.13) 2.74

Table 4. Excited states properties of 4CF;-MIA in aqueous solution.

Electronic structure (|c|?) AE, eriica / €V ()

! (7ty,) my — m,(0.81) 2.67 (0.271)
Y(nym,) Ny — 7,(0.81) 2.80
() , — 7,(0.89) 2.09
) Ty — m,(0.82) 2.58
3(ny,) nys — ,(0.78) 2.60
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methyl group in 10-position and the fluorine atom gives rise to
a shallow energy barrier of 0.05 eV (see Section S7 in the ESI).

5F-MIA is the derivative that experiences the strongest
blueshifts. The effect ranges from 0.27 eV for the *(,m,) state
up to preeminent 0.89 eV for the nst* triplet. Comparison of the
excitation energies of 1F-MIA and 5F-MIA (Tables 5 and S4 in
the ESI) reveals that both chromophores behave fundamentally
different. The importance of the position of modification is best
demonstrated for the m,—m, transition: The electron density
distribution in the s, orbital of 5F-MIA (Figure S1 in the ESI) is
almost unchanged with respect to MIA. The corresponding
orbital of MIA (Figure 5) does not exhibit density on the N(5)
atom at all and therefore modification in this position has no
marked effect. By contrast, the same modification in position 1
leads to strong destabilization of the s, orbital. For TF-MIA, the
largest contribution to the molecular orbital is centered on the
C(1) atom and the orbital exhibits antibonding character for the
C(1)-F bond (Figure 5). The resulting strong destabilization of
the 7, orbital leads to a redshift of the S1 and T1 states
(~0.5 eV). The blueshift of the m,,7r, and m,_,7, states of 5F-MIA
is related to the destabilization of the s, orbital. In analogy to
the 7, orbital of 1F-MIA, the shift of the orbital energy is caused
by the pronounced antibonding character of the introduced
C—F bond (Figure S4 in the ESI). The stronger destabilization of
the 3(m,m,) state compared to the corresponding singlet is
explained by the larger weight of the m,—m, transition in the
triplet wavefunction (Table S4 in the ESI). The effect on the nz*
triplet depends on the position of the modification as well. In
either case, the energy of the remaing n, orbital is lowered due
to the removal of a nitrogen-centered lone pair. As a result, the
n, orbitals gain significance. While the nym, character clearly
remains dominant in 1F-MIA, the lowest nz* excitation of 5F-
MIA is of ng,7, type.

Table 5. Excited states properties of 1F-MIA in aqueous solution.

Electronic structure (|c[?) AE, erica / €V (f)

In spite of the fundamental changes in the electronic
structure of the 5F-MIA chromophore, two ISC channels remain
active because the blueshifts of the S1, T1, and *(,_,7,) states
are rather similar. Nonetheless, the substantial destabilization
of the nzt* states is expected to have an indirect impact on the
El-Sayed forbidden channels as vibronic interaction between
the w* and nz* states is handicapped by their larger energy
gap. In fact, a fluorescence quantum yield of &, =0.52 has
been observed for a closely related chromophore, 5-
deazariboflavin,”" which might be traced back to this effect. In
the case of 1F-MIA, the strong stabilization of the m,7, states is
predicted to have profound impact on the ISC channels. Only
the El-Sayed forbidden () ~*(m,r;) channel remains active
and the nz* states are energetically separated from the .7,
states hampering intensity borrowing via vibronic SOC. Pre-
vious experimental as well as quantum chemical studies on the
related 1-deazariboflavin chromophore revealed a strong bath-
ochromic shift of the S1 absorption maximum.="

Relaxation pathways

To get an estimate of the adiabatic energies of the derivatives
in aqueous solution, we calculated approximated values by
adding the computed blue-/redshifts at the ground-state
geometries (see Figure 4) to the adiabatic energies of MIA in
water. Deviations of the approximated adiabatic energies and
those computed from optimized excited-state geometries of
the derivatives are found to be below 0.10 eV. The resulting
values for the '(m,m,)~T,_; transitions are listed in Table 6 and
enable clear assignment of the molecules to one of the
scenarios sketched in Figure 2.

The screening reveals promising derivatives with respect to
energetic schemes associated with increased @, or &,
respectively. The strong stabilization of nz* states for 2CF,- and
4CF;-MIA opens up the El-Sayed allowed '(m.mr)~>(nyr,)
channel. In the cases of 2CF,- and 1F-MIA, the S; and T, states
are largely separated from the other excited states resulting in

Y(mym,) 7y — 7,(0.82) 245 (0.238) only one remaining El-Sayed-forbidden ISC channel. Therefore,
s we selected these four derivatives for a detailed examination of
(7r,) my — 7,(0.88) 1.76 . . o .
(1)) T — 7,(0.73) 203 their excited state pathways. The application of the harmonic
3(ny,) ny — ,(0.49) +ny, — 7,(0.11) 3.40 approximation with substantial adiabatic energy gaps of about

Table 6. Adiabatic excitation energies of the lowest triplet states of MIA and screened flavin derivatives with respect to the corresponding ' (777,) minimum
in aqueous solution. Values in bold print are computed from excited states geometries and the remaining entries are best estimates calculated from the
adiabatic energies of MIA and the shifts for the screened derivatives at the ground state geometries (see Figure 4).

AEgiabaric / €Y

:sdny woiy papeojumo( ‘L ‘78T ‘TE60LIET

adona-nst

Derivative 3wy (M) 3(nyt)

MIA — —0.56 — —0.10 — 0.16
2F,-MIA —0.58 —0.05 0.21

4F,-MIA —0.62 -0.15 0.20

2CF,-MIA —0.65 —-0.74 0.68 —1 0.96 —
4CF,-MIA —0.95 —-0.10 0.35

2CF;-MIA —0.50 —0.49 -0.13 —-0.11 0.01 0.00
4CF;-MIA —0.52 —0.56 —0.09 —0.05 —0.07 —0.16
1F-MIA —0.62 —0.65 0.48 —1 0.95 —
5F-MIA -0.38 —-0.18 —

Geometry of this state not optimized, as it is thermally inaccessible; "Energy not estimated due to change of electronic structure.
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2 eV is not reliable for computing the nonradiative deactivation
of the S, state to the ground state. Comparison with an
experimentally determined rate constant for IC of MIA in
aqueous solution at room temperature (2 x 107 s7")® shows,
however, that our computed value (5 x 10’ s') has the right
order of magnitude. Information on the nonadiabatic coupling
matrix elements (GS|V,|S1) and the most important coupling
vibrational modes is provided in Section S8 in the ESI. Electric
dipole transition moments are summarized in Table S9 in the
ESI.

2CF,- and 1F-MIA. Following green light absorption in the
Franck-Condon region at 2.45eV (1F-MIA) or 2.40 eV (2CF,-
MIA), respectively, relaxation of the geometry to the S,
minimum mainly results in changes within the pteridine moiety
(see Section S7 in the ESI). The S, and T, minimum geometries
(1F-MIA) do not exhibit C, symmetry. Like in the electronic
ground state, steric interaction of the fluorine atom in position
1 and the methyl residue in position 10 causes the chromo-
phore to lose planarity with a barrier of about 0.05eV
separating both minima. The S; and T, geometries are very
similar, which can be traced back to the dominant 7, — 7,
excitation contributing well above 80 %. In contrast, the
geometries of the two m, — 7, states of 2CF,-MIA differ
markedly due to symmetry breaking of the T, state. TDDFT
leads to very shallow double minima for symmetry-restrained
optimizations of the 7, — 1, states (first-order saddle points).
At the DFT/MRCI level of theory, however, the C, symmetric
structure of the S, state is lower in energy, which is not the
case for the corresponding triplet.

The kinetic schemes in Figure 6 suggest that T, and T, are
thermally not accessible from the S, minimum so that S,~T,
remains as the only reasonable triplet population pathway. For
flavins, typically the S,~T, ISC rate decreases exponentially
with increasing energy difference: The transition is described
by the weak coupling case as defined by Englman and
Jortner® The adiabatic S,~T, energy of 1F-MIA in aqueous
solution is computed to 0.65 eV compared to 0.55 eV for MIA.
The efficiency of the vibronic spin-orbit coupling mainly
depends on the energetic separation of the s, states from
the nitrogen-centered ns* states in each domain and the
magnitude of the matrix elements (' (anL)|ﬁso\3(nNnL)> as

l(anL)i 11 i
' 2x107st (mym,) '
i i 3x107s!
] 3( )
i T, T,) '

7 -1 [} ]

X S 1
E 1:(10105'1

, ¢ 1E-MIA ¢ 2CF,-MIA

Figure 6. Adiabatic relaxation schemes of 1F- and 2CF,-MIA in aqueous
medium. The solid vertical arrows originating from the ' (r,7t,) states refer
to fluorescence, the dashed ones to IC.

ChemPhotoChem 2022, 6, €202200040 (7 of 11)

well as (*(m,m,) | Hso|'(ny1,)). Herzberg-Teller-like intensity
borrowing is most effective for small energy gaps and strong
spin-orbit coupling. Despite the pronounced destabilization of
the nym, states for 1F-MIA, we compute the S;~T, ISC rate
constant to be increased by one order of magnitude. The gain
in efficiency can be traced back to stronger SOCMEs in terms of
intensity borrowing (see Section S8 in the ESI). Despite the
increased rate constant of the S;~T, channel, ISC in total is
hampered because the productive '(7z,07,)~>(,,_,7) channel of
MIA is deactivated. Overall, the rate constant is decreased by
about a factor of 5 to 2 x 107 s™. Due to the atypical deviation
of the S, and T, geometries of 2CF,-MIA, the transition does no
longer comply with the weak coupling case.’” As a conse-
quence, the adiabatic energy of 0.78 eV causes more efficient
vibrational overlap. In the case of 2CF,-MIA, overall, ISC is
computed to be slowed down to proceed at a rate constant of
3x107s7".

As described by equation (2), the fluorescence rate constant
depends on the transition dipole moment ji,s, (1F-MIA: 4.73 D,
2CF,-MIA: 5.40 D) as well as the vertical S, — S, transition
energy (1F-MIA: 1.68 eV, 2CF,-MIA: 1.59 eV). The former enters
the expression quadratically and the energy cubically. Hence,
the characteristic redshift of the m,m states results in a
decreased fluorescence rate constant as well and we obtain a
value of 2 x 107 s™' for both chromophores.

1F-MIA and 2CF,-MIA exhibit particularly interesting char-
acteristics with respect to fluorescence microscopy. They can
be addressed under milder conditions than the stem com-
pound MIA or the related riboflavin which is the core
chromophore of many blue-light receptors. Photoexcitation by
green light is expected to cause fewer photochemical damages
than blue-light irradiation. Furthermore, the wavelength win-
dow 650-900 nm is transparent in living tissue because
hemoglobin, water and lipids do not absorb at those wave-
lengths and infrared light scatters much less in living tissue
than visible light.**¢”) The unequalled redshift of the S, state of
2CF,-MIA results in an emission spectrum covering mainly near
infrared wavelengths. The maximum of the emission spectrum
(see Figure 7) is computed at 844 nm and half maximum is
reached at 691 as well as 1211 nm. The emission spectrum of
1F-MIA peaks at 765 nm and covers the wavelength region
640-1020 nm above half maximum.

The energy gap law typically makes nonradiative deactiva-
tion a serious competitor of infrared emission.”**® The rate
constant for the S;~S, IC of MIA, computed in harmonic
approximation, was found to be about twice as large as the
experimental value. Hence, we expect the calculated IC rate
constants for the S,;~S, IC of 1F-MIA and 2CF,-MIA to be
overestimated as well, but to have roughly the right order of
magnitude. Two factors enhance the probability of nonradia-
tive deactivation of the S, state by IC to the S, state in relation
to MIA: a better overlap of the vibrational wavefunctions of the
accepting modes due to the smaller energy gap and the
nonplanarity of the excited-state geometry resulting in larger
NACMEs (see Section S8 in the ESI). While fluorescence and I1SC
appear to be competitive in both compounds (Figure 6), the
computed IC rate constants of ~ 8 x 108s™' (1F-MIA) and

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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400 600 800 1000 1200 1400
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Figure 7. Emission spectra of 1F-MIA and 2CF,-MIA as well as the stem
compound MIA (normalized to intensity = 1) with explicit vibrational
broadening. The vibrational overlaps are scaled by the squared transition
dipole moments ji2,,. The maxima of the computed emission spectra are
found at 1.47 eV (2CF,-MIA), 1.62 eV (1F-MIA) and 2.40 eV (MIA).

~ 10" s™' (2CF,-MIA) suggest that nonradiative deactivation is
the dominating process. We therefore expect 1F-MIA and 2CF,-
MIA to emit fluorescence in the (infra-)red spectral range with
comparatively small quantum yields. Unfluorinated 1-deaza-
flavins have been investigated thorougly in the past."8*"%7" 1-
deazariboflavin does not show triplet quantum yield at all and
fluorescence quantum yields have been reported to be well

Ynym,)

1
131 3
A0S 1x10%s! _(_nNnL)

i . gty R
Hmym )\ 10% 3.3_3’(1?125 '
E (nH-lnL):
P 7x102s 513 )
3x107s? | \ >1°¢ s
1x10%s? =
3

' (mym,)

i

v

Figure 8. Adiabatic relaxation scheme of 2CF;-MIA in aqueous medium. The
solid vertical arrow originating from the ' () state refers to fluorescence,
the dashed one to IC.

4T)
>1013 sl

Figure 9. Adiabatic relaxation scheme of 4CF;-MIA in aqueous medium. The
solid vertical arrow on the left side refers to fluorescence of the ' (,,7,)
state, the dashed one to IC.
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below 1% in aqueous solution and acetonitrile."*”"” However,

the reason for the lack of fluorescence remained unclear and
ultrafast spin-allowed nonradiative processes were contem-
plated to quench spin-allowed radiation. In the case of 1-deaza-
FMN incorporated into the LOV domain of the YtvA protein
from Bacillus subtilis, Silva-Junior et al. proposed a mechanism
of internal conversion through a biradicaloid conical intersec-
tion of S, and S,."® Similar photochemical reactivity of 1F-MIA
or 2CF,-MIA in the S, state cannot be ruled out within this
study.

2CF;- and 4CF;-MIA. In the cases of 2CF;- and 4CF;-MIA,
the 3(m,_,7,) state and first singlet and triplet nz* states are
energetically accessible after ' (7o) absorption and hence are
added to the kinetic schemes (Figures 8 and 9). For all states, C;
symmetric geometries are used. Complications arose while
searching the minima of the '(,7,) and 3(my_,7,) potentials:
TDDFT optimization favours C,-symmetric structures, whereas
DFT/MRCI scans along the concerned out-of-plane modes
reveal flat potential energy surfaces. Artificial symmetry break-
ing deformations at the TDDFT level have been observed for
various ketones®®’?”? and have been reported for the flavin
chromophore®?” as well. In such occasions we replace the
imaginary frequency by a real value corresponding to the outer
branches of the TDDFT potential energy profile. In case of the
S, state we utilize the T, equilibrium geometry as a proxy: Both
states are characterized by the 7, — 7, transition contributing
well above 80 % and the DFT/MRCI energy for the S, state is
found to be slightly lower at the T, TDDFT minimum.

Following excitation to the Franck-Condon region of the
bright () state (2CF;-MIA: 2.73 eV, 4CF-MIA: 2.67 eV),
relaxation to the equilibrium geometry goes hand in hand with
substantial geometrical changes within the pteridine moiety. In
the cases of 2CF;- and 4CF;-MIA, the C(4)-C(4a) and
C(4a)—C(10a) bonds are shortened and the C(4a)—N(5) as well as
C(4)-0 bonds are elongated considerably (see Section S7 in the
ESI). The excited state decay kinetics of both derivatives are
strongly influenced by the nz* states.

In the case of 2CF;-MIA, we compute the ' (yr,) and ny,
triplet states to be almost isoenergetic. According to the
calculations, the El-Sayed allowed ISC proceeds at a rate
constant of 1x 10°s™". The direct electronic coupling is
increased to 249 cm™' compared to 8.8cm' for MIA. The
enhancement of the spin-orbit interaction can be traced back
to the coupling of the out-of plane p orbital at the N(3) center
(77,,) with the lone pair that results from removing the hydrogen
atom (nys). In addition to the activation of the (7 m,)~>(nym))
channel, we find '(m.m)~3m,m) ISC to be efficiently
promoted by vibronic interactions. The rate constant of 10°s™'
is an estimate oriented towards the El-Sayed allowed process,
because the 7,7, and nym, triplets are almost degenerate at
the S, geometry resulting in oversized numerical derivatives.
Unsurprisingly, the S,~T, channel can be neglected as
relaxation pathway: The sequential transitions via the T, and T,
states are found to be drastically more efficient. Internal
conversion from the nsa* triplet to the 3(m,_,m,) state is
computed to take place on the timescale of 10'?s . Subse-
quent IC to the T, state is found to be even faster occuring on

1
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the femtosecond timescale. The alternative direct IC channel,
3(nyrt)~>(mym,), is computed to be slower by almost two orders
of magnitude (6 x 10" s"). The primary reason for this finding
lies in the size of the electronic coupling: The magnitude of
NACMEs is antiproportional to the vertical energy difference of
the interacting states®® at the initial geometry and the energy
gap for the ultrafast *(m,_,m,)~>(@m,0m) IC amounts to 0.11 eV,
whereas is it about four times as big for the slower channels
B(nym)~3(m,m): 0.44 eV, 3(nym)~3(m,, ) 0.38 eV]. Nonradia-
tive transition of the initially excited S, state by IC to the
electronic ground state is estimated to proceed with a rate
constant of ~ 1 x 10° s and might therefore be competitive
deactivation channel. The '(nym,) state lies adiabatically
0.16 eV above the '(myr,) minimum and does not play an
important role in the triplet population of 2CF;-MIA.

In contrast, we compute the first nz* and wr* singlets to be
adiabatically almost isoenergetic for 4CF;-MIA [E(mt*—nm*) =
0.01 eV] in polar environment. Hence, two El-Sayed allowed ISC
channels have to be taken into account. '(mym)~"(ny)
internal conversion and vice versa is computed to
6 —7 x 10" s7'. The reason for the surprisingly slow equilibra-
tion is a moderate change in geometry combined with the
vanishingly small adiabatic energy difference resulting in small
overlap of the nuclear wavefunctions. The transition between
the equilibrium geometries causes a substantial change of the
C(4)—0 coordinate as the w,; — 7, excitation is accompanied by
an elongation of the bond by 4.0 pm. Figure 9 depicts the
fastest ISC channels starting from either S, or S,. The computed
rate constant for the '(nyr,)~>(m,m) ransition amounts to
4 x 10 57", The rate constant increases to 1 x 10" s™' for the
Wmym)~>(nyr) channel. Consistently, the direct spin-orbit
coupling for the faster channel is stronger: The matrix elements
amount to 31.2cm™' and 12.8cm™', respectively. The geo-
metrical changes of both ISC channels are closely related due
to the similarity of the '(ny,) and 3(nyz,) (as well as m,m,)
geometries (see Section S7 in the ESI). As is the case for 2CF,-
MIA, the depicted rate constant for '(m,m,)~>(,_,7,) I1SC is an
estimate oriented towards the El-Sayed allowed process. Within
the triplet domain, we find the nymr,~m,m, transition to occur
with a rate constant of 8 x 10 s™". Interestingly, the direct
transition from the m,_, 7, triplet to the T, state is computed to
be preferred over the cascade via the nz* triplet: The rate
determining step, (m,_;m;)~3(ny,) 1C, turns out to take place
with a rate constant of 3 x 10" s™'. The vertical energy
differences of the interacting triplet states amount to 0.2 eV for
the productive channels [*(nym,)~>(m,m,): 0.20 eV, 3z, ,m)~
3(mrm,): 0.23 eV], whereas it is about twice as large (0.42 eV) for
the slower IC channel.

As expected, the timescale of fluorescence of the bright
Y(myr,) state (107s7") does not change for the investigated
modifications and the radiative rate constant of the '(nym,)
state of 4CF;-MIA is substantially slower (2 x 10* s™"). Therefore,
radiative depopulation cannot compete against the El-Sayed
allowed ISC channels. The nonadiabatic coupling at the ' (m,1,)
geometries as well as the '(nym,) minimum of 4CF;-MIA is
found to be similar in size to MIA: The couplings of the five
most efficient promoting modes vary between 0.054a;' and

ChemPhotoChem 2022, 6, €202200040 (9 of 11)

0.02 a;" (see Section S8 in the ESI). The computed value for the
S;~S, IC rate constant of 4 x 10®s™' is considered an upper
estimate showing that IC cannot compete with the much faster
ISC in this compound. In summary, we expect the triplet
quantum vyield to be significantly increased for both derivatives
in comparison to MIA.

Summary and Conclusions

In this work, we have investigated various fluorinated flavin
derivatives with respect to increasing triplet or fluorescence
quantum vyield, respectively. Based on shifts of electronic
energies of selected states at the ground state geometries, we
identified promising chromophores for detailed characteriza-
tion of excited-state decay mechanisms. We find two deriva-
tives with promising properties concerning fluorescence micro-
scopy: In the case of 1F-MIA and 2CF,-MIA, the 7,7, transitions
are strongly stabilized and separated energetically from higher-
lying states. We predict both compounds to absorb in the
green wavelength region, redshifted by more than half an
electronvolt compared to MIA. Particularly interesting for in-
vivo fluorescence microscopy, the stabilization of the bright
7y, singlet state is computed to result in emission of (infra-)
red light. Using advanced quantum chemical methods, we find
fluorescence and ISC to proceed on the same timescale
(107 s7") for both compounds. Estimates of the S,—S, IC rate
constants unfortunately suggest that nonradiative deactivation
outcompetes the two former processes in 1F-MIA and 2CF,-
MIA. We therefore expect the photoluminescence quantum
yields of these compounds to be low.

Aiming at increased triplet quantum yields, we detected
two other promising derivatives: 2CF;-MIA and 4CF;-MIA.
Removal of the hydrogen atom in position 3 is found to result
in a marked stabilization of the nz* states. As a consequence,
even in polar environments, El-Sayed allowed ISC channels
become accessible and our computations predict fluorescence
to be efficiently quenched by those. We have set up kinetic
schemes including fluorescence as well as ISC and IC channels
of the excited states. In the case of 2CF;-MIA, we compute
Ymym)~3(nym) ISC to take place with a rate constant of
1x 10%s™" in aqueous solution, surpassing fluorescence by
almost two orders of magnitude (3 x 107 s7"). For the derivative
modified in position 4 we have found the '(nymt,) state to
exhibit a markedly higher dipole moment resulting in a less
distinct destablization by polar environment and ultimately
further accessible El-Sayed allowed ISC channels. We compute
ISC of 4CF,-MIA (1 x 10" s7') to proceed considerably faster
than for MIA or even 2CF;-MIA, which can be traced back to
stronger electronic coupling (direct and vibronic SOC) as well
as more efficient vibrational overlap for the '(mym,)~*(nym)
channel. Subsequent to ISC, we compute the long-lived T, state
to be populated on the picosecond timescale for both
derivatives.
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