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Abstract

DESIGN, SYNTHESIS AND APPLICATIONS OF BIO-INSPIRED FLAVIN-BASED

ORGANOCATALYSTS

Mohammad Shawkat Hossain, PhD

The University of Texas at Arlington, 2015

Supervising Professor: Frank W. Foss Jr.

Oxidation reactions are one of the most important transformations in synthetic
chemistry. Most commonly used oxidants are metal oxides, which are neither green nor
selective towards multi-functional molecules. The efficiency of the reactions can be
improved by the introduction of a catalyst by lowering the activation energy. In nature,
oxidation reactions are highly specific and are controlled by enzymes, co-enzymes, and
availability of a renewable terminal oxidant, molecular oxygen. Among the various
enzymatic oxidative transformations, our research was inspired by the oxidations
controlled by co-enzymes FMN or FAD in the presence of flavoproteins and molecular
oxygen. Flavin mimics were often studied/used to oxidize heteroatoms; however, the goal
of this research was initialy focused on mimicking other chemoselective oxidations of
flavins, primarily at carbon centers.

In chapter one, the function of natural flavins in nature and different approaches
to perform nucleophilic and electrophilic oxidation using artificial flavin is described.

In chapter two, flavin reactivity was extended to the Dakin oxidation of electron-
rich benzaldehydes. This conversion of aryl aldehyde to phenol worked efficiently under
mild conditions with either hydrogen peroxide or molecular oxygen as terminal oxidant.

The mechanism was understood by various reaction rates studies. Substituent effects of



catalysts and substrates aided in the identification of the rate determining step. The order
of reagents and extensive pH studies reveal the various way flavin catalysts enable oxo-
transfer under mild, more neutral conditions, by altering both the pKa of the active
nucleophilic oxygen source, and by lowering the energy of the oxide leaving group, as
previously hypothesized by Briuce and coworkers.

In chapter three, pre-heteroaromatic compounds (initially investigated as possible
reducing agents for flavin mimics) were transformed to their aromatic form aerobically
using flavin catalyst in arguably the most mild methods described to date.

Chapters four through six describe the preparation and function of various
classes of flavins. Chapter four discussed the bioactivity of new flavin species against
cancerous and normal breast cells. Chapter five details the preparation of water-soluble
classes of flavins and their photochemical properties (O2 activation and Methyl Orange
degredation). And Chapter six discusses the preparation of redox active flavins that were
prepared for tethering to metal oxide photocatalyst and various electrode surfaces.

Chapter seven describes a new preparation of 5-deazaflavin cofactors -
deazariboflavin, 8-hydroxydeazariboflavin (an Fazo-precursor), and 10-methyl deazaflavin.
An improved route to these species is described, and their redox activity were
investigated in F420-dependent enzymes.

Finally, chapter eight shows a new, concise and high vyielding synthetic route
explored for the synthesis of flavin catalysts, which includes the synthesis of different o-

phenylenediamine derivatives and alloxan derivatives.
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Chapter 1
Introduction of flavin chemistry
1.1 Structure, function and mechanism of flavoproteins

1.1.1 Discovery and structures of flavins

More than 130 years ago, riboflavin was first isolated from cow milk as a bright
yellow pigment by Wynter Blyth. On the basis of the source, he termed the pigment as
lactochrome.1? Later the yellow pigment was synthesized and the structure was
confirmed by Richard Kuhn and Paul Karrer almost concurrently in 1934 and 1935.34 The
compound was recognized as a component of vitamin B complex and named as
riboflavin. The name was derived from the N-10 ribityl group and its characteristics yellow
color (flavous in Latin). In general, flavin is used as a generic term for the compounds
with the tricyclic core structure of riboflavin (isoalloxazine) and its isomer (alloxazine).

(Figure 1.1)

3
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(@)
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“Y Y
— NH —
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Figure 1.1 Riboflavin, isoalloxazine and alloxazine

Riboflavin derivatives function as cofactors in two forms — flavin mononucleotide
(FMN) and flavin adenosine dinucleotide (FAD) (Figure 1.2). Structurally, they are

different in N-10 side chain, which differentiates their biological function as cofactors.®
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Figure 1.2 Flavin mononucleotide (FMN) and flavin adenosine dinucleotide (FAD)

1.1.2 Flavoenzymes — Classification and Reactions

A number of flavin-dependent enzymes were reported and a large class of
reactions is performed by flavoenzymes. Depending on the reactivity, flavoenzymes are
classified as monooxygenases, hydroxylases, and dehydrogenases (Table 1.1).258
Monooxygenases catalyze a single oxygen atom transfer to substrate, whereas
hydroxylase catalyze hydroxylations and dehydrogenase catalyzes hydrogen molecule
abstraction from various substrates. A variety of substrate specific reactions, performed
by flavoenzymes are shown in Figure 1.3. Baeyer-Villiger monooxygenases (BVMOSs)
are a class of enzymes that catalyzes the oxidation of ketones to lactones or esters and
oxidation of some sulfides.® The cyclohexanone monooxygenase (CHMO),°
cyclopentanone monooxygenase (CPMO),10 and 4-hydroxyacetophenone
monooxygenase (HAPMO)!! are three examples of BVMOs that catalyze oxidation of
corresponding ketone as well as oxidation of thioanisole to the corresponding sulfoxide

with higher enantioselectivity® (Figure 1.4).



Table 1.1 Examples of flavoenzymes with functions®

Prototype Reactions Co-factor | Co-enzyme
p-hydroxybenzoate hydroxylase Hydroxylation, FAD NAD(P)H
epoxidation
Cyclohexanone monooxygenase Baeyer-Villiger, | FAD NADPH
N-oxidation
Luciferase Light emission, FMN/NAD(P)H
Baeyer-Villiger
p-hydroxyphenylacetate hydroxylase | Hydroxylation FAD/NAD(P)H
Styrene monooxygenase Epoxidation FAD/NAD(P)H
Tryptophan 7-halogenase Halogenation FAD/NAD(P)H
@)
“
N N
| | ~
Monooxygenases Oser NH
<~ °
o
Q \N,OH
o |
~...OH
;[ ] N
0 %%
HO | N o
V& /\)J\X
R o)
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/- o X
R OH (s
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Figure 1.3 Reactions catalyzed by flavoenzymes
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Figure 1.4 Substrate scopes for BVMOs?®

1.1.3 Catalytic cycle of flavin

Both the Bruice and Massey groups have intensively studied the role of flavins in
oxidation. The 4a-hydroperoxide was first proposed by Massey and coworkers in 1969.12
During the catalytic cycle of flavin (Figure 1.5), the oxidized flavin 1.6 can be fully
reduced to 1.7 either by a two-electron reduction process or by two one-electron
reduction processes. The single electron reduced flavin radical is defined as flavin
semiquinone 1.10. The reduced flavin activates molecular oxygen by donating one
electron to form the 4a-hydroperoxy flavin (FIOOH 1.8). FIOOH 1.8 oxidizes substrates to

products and converts itself to 4a-hydroxyflavin 1.9, which finally transforms to the



oxidized form of the flavin 1.6 by eliminating one water molecule. The oxidized flavin 1.6
can also be treated with H20: to form the FIOOH 1.8, which is known as the peroxide
shunt process. This process is clearly reversible, FIOOH 1.8 can eliminate H20: to form

the oxidized flavin FI (ox) 1.6.
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Figure 1.5 Catalytic cycle of flavin with single electron transfer process

1.1.4 Flavoprotein monooxygenase

Flavoprotein monooxygenases incorporate a single oxygen atom from molecular
oxygen to the substrate molecule. In this process, the oxidized flavin 1.6 undergoes
reduction by NAD(P)H 1.11. The reduced flavin 1.7, containing a polarized and electron
rich alkene, reacts with triplet molecular oxygen to yield hydroperoxyflavin 1.8. The
reaction between triplet and singlet molecules is a spin forbidden process because the
rate of chemical combination is faster than the rate of spin inversion. However, easily
oxidizable singlet organic molecules, such as reduced flavin 1.7, are able to couple with

triplet oxygen to form a resonance-stabilized radical, which subsequently interact with the



superoxide to form the triplet complex 1.10. The singlet 4a-hydroperoxyflavin 1.8 is

generated by spin inversion sequentially (Figure 1.6). 1314
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Figure 1.6 Mechanism of flavin monooxygenase

The O-O bond of 4a-hydroperoxyflavin 1.8 is inductively polarized by the
electronegativity of the N-1, N-5, N-10 and C=0 of the ring. This decreases the pKa of the
terminal proton of the FIOOH and increases the electrophilicity of the peroxide’s terminal
oxygen. FIOOH is a powerful reagent for the electrophilic N-oxidation of tertiary,
secondary and hydroxyl amines as well as S-oxidation of sulfides. These oxidations are
first order in both FIOOH and the substrate to generate N-oxide or S-oxide and the FIOH
pseudo base 1.9. The second order rate constant was determined to be higher than the

rate obtained with H202 and t-BuOOH by 104 to 10° times.>



In addition to electrophilic oxidations, the nucleophilic Baeyer-Villiger oxidation of
ketones to lactones or esters are known to be achieved by flavoproteins.16 Different types
of flavoenzymes and their reactivity were discussed in section 1.1.2.

The crystal structure study of these enzymes revealed that the monooxygenases has a
FAD-binding and NADPH-binding domains and the active site can be found at the
interface between these two domains. The active site has a conserved arginine (R 337 in
PAMO) (Figure 1.7), which plays an important role in the activation and stabilization of
the 4a-hydroperoxyflavin and the high-energy Criegee intermediate. However, recent
studies showed that the replacement of Arg 337 with aniline did not alter the reactivity of
these enzymes, questioning the need for the cationic activation and stabilization of this

transformation.”
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1.1.5 Flavin dehydrogenases

Dehydrogenase and reductase enzymes transfer electrons from one substrate to
another. Dehydrogenases oxidize a substrate with the use of a specific acceptor such as
NAD(P)* 1.12 while reductases transfer electrons from a specific electron donor such as

NAD(P)H 1.11 to the substrate. (Figure 1.8)

Dehydrogenase

SubH,

R R H
N N o \ / N N O
~ \I7 | \’7
= NH NH
o 0]
NAD(P)H NAD(P)*
1.6 1.11 1.12 1.7

Reductase

Figure 1.8 Role of flavin containing dehydrogenase and reductase

The introduction of a,B-unsaturation to carbonyl group is performed by an
important group of flavoenzymes. Acyl-CoA dehydrogenases involved the flavin
molecule.’® The mechanism designates the concerted removal of pro-R-a-hydrogen as a
proton and transfer of the corresponding pro-R-f hydrogen as a hydride to the N-5

positon of the flavin 1.6 (Figure 1.9).



Figure 1.9 Acyl-CoA dehydrogenase

Organocatalysis may be argued to have superior advantages over biocatalysis
and metal catalysis.2® Biocatalysis requires sensitive and specific enzymatic systems and
stoichiometric bio-reagents such as NAD(P)H, on the other hand organocatalysts have
broader substrate scope, more tolerance of concentration, heat, air and moisture as well
as relatively cheaper. Compared to metal catalysis, organocatalysts have the advantages
of lower toxicity and cost. Therefore, organocatalysts are very attractive in the
development of selective, mild, sustainable, and cost effective reaction processes.20

Currently, flavin organocatalyzed oxidations are limited to monooxygenase and
dehydrogenase chemistry. In addition to expanding the organocatalytic ability of flavin
mimics, atom economical reducing agents and flavin mimics with stability under higher
acid and base concentrations are also desirable. During the course of our work, it was
noted that improved synthetic routes for cost effective catalysts were also needed.

Because of higher reactivity towards electrophilic and nucleophilic oxidation
reactions, flavin organocatalysts were studied extensively for the last few decades. Both
alloxazine 1.3 and isoalloxazine 1.2 derivatives were synthesized and their specific

applications were studied in the literature. Both electrophilic and nucleophilic oxidations



with flavin molecules will be discussed in the following sections. Also, the importance of
flavin as photocatalyst, cancer cell growth inhibitor, dye degrader, drug delivery carrier
and tools for bio-image will also be discussed. Finally, an improved synthesis of related

7,8-didemethyl-8-hydroxy-5-deazaflavin (Fo) will be discussed.

1.2 Biomimetic Flavin organocatalysts
1.2.1. Flavin catalyzed electrophilic oxidation (Heteroatom (S, N) oxidation)

Murahashi and coworkers reported the oxidation of aliphatic and aromatic
sulfides, secondary amines, tertiary amines, and hydroxyl amines using lumiflavin derived
catalyst 1.15 (Figure 1.10), which is a milestone in flavin chemistry.2! The mechanistic
investigation indicates the peroxide shunt process of flavin catalytic cycle. The work was
as significant as the previous work reported by Bruice and coworkers.2223 Sulfoxides can

be further oxidized to sulfones with one additional equivalent of H20x.
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Figure 1.10 H20: oxidation of sulfides and amines with isoalloxazine catalyst

Murahashi and coworkers also reported the aerobic oxidation of sulfides to

sulfoxide with the same catalyst.?* To turn over the catalyst, the authors used hydrazine

as the reducing agent and they used molecular oxygen as the terminal oxidant instead of

hydrogen peroxide (Figure 1.11). The aerobic condition found to be effective under

fluorinated (more acidic) solvents like trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-

propanol because of the higher solubility of the oxygen in these solvents. The aerobic

oxidation was achieved with greater atom economy and greener way where the

byproducts are only nitrogen and water.
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Figure 1.11 Aerobic oxidation using isoalloxazine

Backvall and coworkers used an N,N,N-1,3,5-trialkylated alloxazinium catalyst to
accelerate the oxidation of a series of vinyl sulfides by hydrogen peroxide with great
chemoselectivity (Figure 1.12).25 No sulfones were isolated and the reactions were
performed in methanol. The use of alloxazinium catalyst over isoalloxazinium catalyst,
which was used by Murahashi and coworkers concluded that the elimination of water
molecule from the 4a-hydroxy flavin to form the oxidized flavin is enhanced due to
aromatization. Backvall and coworkers synthesized a series of alloxazinium catalysts with
different substituents at C-7 and C-8 positions of the catalyst. After studying the reaction

rate of different catalysts (Figure 1.13) on both S-oxidation and N-oxidation under the

12



given condition, they suggested that the presence of electronegative groups on the
alloxazinium increases the rate of substrate oxidation.2®6 The proposed reason was the
increasing electrophilicity of 4a-hydroperoxyflavin through inductive effects. Also
alloxazinium catalysts were better than isoalloxazinium due to faster elimination of water
molecule from the 4a-hydroxyflavin, under the reaction conditions, to form the oxidized
flavin.

Carboxylated flavin 1.31 immobilized in an ionic liquid ([BMIm]PFs) 1.32 was
used by Backvall and coworkers to perform highly selective oxidation of sulfides to
sulfoxides with hydrogen peroxide.?” (Figure 1.14) without any detectable over oxidation
to sulfone. The catalyst immobilized in ionic liquid was recycled seven times without the

loss of activity or selectivity.
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Figure 1.12 Oxidation of sulfides using alloxazinium catalysts

Cibulka and coworkers also studied the effect of alloxazinium and
isoalloxazinium catalysts on both the sulfide and amine oxidation.?® They reported that
both catalysts enhanced the rate of sulfide oxidation but in case of tertiary amine
oxidation alloxazinium derivatives work better than isoalloxazinium catalysts under basic
condition due to a change in the rate determining step. Cibulka and coworkers also
reported the synthesis of a series of amphiphilic alloxazinium and isoalloxazinium
derivatives and their effect on sulfide oxidation in different micellar media like sodium
dodecylsulfate (SDS), hexadecyltrimethylammonium nitrate (CTANOsz) and Brij 35

(Polyethylene glycol dodecyl ether). Amphiphilic alloxazinium catalysts 1.33 functioned

14



more effectively than the isoalloxaziniums 1.34 But the most effective catalyst was found

to be the non-amphiphilic 5-ethyl-1,3-dimethylalloxazinium perchlorate 1.34a in CTANO3

micelles.2®
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Figure 1.14 Sulfide oxidation with immobilized flavin
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Figure 1.15 Amphiphilic flavin catalysts

Cibulka and coworkers synthesized chiral, non-racemic N-1,N-10-ethylene-
bridged flavinium salts with a stereogenic center derived from L-valinol to catalyze the
oxidation of sulfides to sulfoxides and the oxidation of 3-phenylcyclobutanone to the
corresponding lactone at room temperature.®® The catalyst reacts with the hydrogen
peroxide to form flavin hydroperoxides 1.35, 1.36, which is the active catalyst. Due to the
3:1 asymmetric ratio 1.35 and 1.36 are unsuccessful for the asymmetric oxidation of
sulfides (Figure 1.16).

iPr OOH

@Iﬁ @iﬁ

Figure 1.16 L-valinol derived bridged flavinium catalysts

Cibulka and coworkers designed a novel planar chiral flavinium salt 1.37, which
bears a phenyl cap that covers one side of the isoalloxazinium skeleton plane (Figure

1.17). Chiral HPLC was used to separate the racemic precatalyst followed by N-5
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reductive alkylation to activate the catalyst. The catalyst performs oxidation of sulfides
with 34-54% e.e. at 20 °C.3! The same research group also synthesized the flavin
conjugated beta-cyclodextrin 1.38 for the oxidation of electron rich methyl phenyl sulfides
to sulfoxides efficiently by hydrogen peroxide.®? The reaction provided near quantitative
conversions with high enantioselectively, reaching up to 80% e.e. The reaction was also

performed in aqueous media with only 0.2 mol% catalyst loading.

S s
(+)-1.37 (5 mol%), H,0, ( 1 equiv) ' NYN‘
2:1 MeOH/H,0, - 20 °C

S ;
/@/ > (+)-1.38 (1 mol%), H,0, /©/S\ B /l
Phosphate buffer N/ N o

141 1.42 138 Kfo

Figure 1.17 Chiral sulfide oxidation using flavin catalyst
Overall the sulfide and amine oxidation depend on the structures of the flavin
catalysts, solvent effect, pH of the system, chirality within the catalyst. One of these

criteria can affect the overall reaction mechanism and the rate of the reaction.
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1.2.2  Flavin Catalyzed Nucleophilic Oxidation

During the flavin catalyzed nucleophilic oxidations, 4a-hydroperoxyflavin or 4a-
hydroperoxy flavin anion attack the electrophilic center of the substrate and transfer
oxygen to the substrate by forming the hydroxyl flavin. Hydroxy flavin eliminates one
water molecule to form the oxidized flavin.

Furstoss and coworkers used isoalloxazinium catalyst 1.41 in the Baeyer-Villiger
oxidation of cyclobutanones 1.39 to y-lactone 1.40 in t-BuOH with two equivalents of

H202. The reported reaction condition was limited to the four membered rings.33
o) o
. N_. _N_O
1.41 (5 mol%), H,0, (2 equiv) @[ 2 Y
@]
BnO t-BUOH, rt 3-24 h BnO N L N

1.39 1.40

Figure 1.18 Isoalloxazinium catalyzed BVO of cyclobutanones with H20:2

Since the oxidizing power of the flavin catalyst correlated to the acidity of C(4a),
electron deficient flavins were shown to be better oxidizing agents than the normal
flavins. On the basis of previous statement, Furstoss and coworkers synthesized two
flavin analogs 1.42 and 1.43 with nitrogen atom in the aromatic ring. This type of
derivatives were electron deficient and suggesting increased acidity of C(4a) and higher
catalytic activity. Under the same reaction condition 1.42 was found to be three times

active than 1.41. Unfortunately, 1.43 did not show any catalytic activity.3*
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Figure 1.19 Electron deficient flavin catalysts

Murahashi and coworkers reported asymmetric Baeyer-Villiger oxidation of
cyclobutannones by using a Cz-symmetric bis-alloxazinium perchlorate salt 1.44.35
Substrates with aromatic rings have pi-pi interaction with the catalyst to provide higher
e.e. The report showed a maximum of 74% e.e. at -50 °C in a solvent mixture of
CF3CH20H/MeOH/H20. Like the previous report, the reaction condition was limited to

cyclobutanones.

o) o)
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N
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Figure 1.20 Asymmetric BVO of cyclobutanones

Murahashi and coworkers also revealed the use of riboflavin derived

isoalloxazinium catalysts 1.47 to perform Baeyer-Villiger oxidation of cyclobutanones
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aerobically using Zn as the reducing agent to turn over the catalytic cycle of the
catalyst.3¢ The process used molecular oxygen as the terminal oxidant. Unfortunately, no

cyclopentanone or cyclohexanone oxidation was reported with the catalyst.
0]

1.47 (2 mol%), O,, Zn (1.5 equiv)
CH3;CN/EtOH/H,0O D[ ]%(

1.48 1.49

CIO4

Figure 1.21 Aerobic Baeyer-Villiger oxidation

In summary the oxidation with flavin catalysts depend on a number factors -
catalyst type - alloxazine or isoalloxazine, solvent, temperature, pH, additives, etc. The
following Table 1.2 showed a summary of the reactions.

Table 1.2 Summary of flavin catalyzed oxidations

Oxidation S-oxidation N-oxidation BV oxidation
Terminal oxidant H202 02 H20:2 02 H202 02
Catalyst 1 &1 &1 I I I I
Solvent MeOH | CFsCH20H | CFsCH20H | MeOH t-BuOH | Mixed
Reductant NH2NH2 NHzNH2 Zn

Type | = alloxazinium

Type Il = isoalloxazinium
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1.3 Role of Flavin as Photocatalyst

Riboflavin and its derivatives are yellow in color and able to absorb visible light
with a maximum absorption of blue light 440 nm. Upon exciting flavin with 440 nm, the
redox power increases by up to 2.48 eV.3” This represents the maximal (theoretical)
energy of light, which can be used in photocatalysis by flavins. The use of artificial flavin
in photochemical reaction has not been well investigated.

Flavin can exist in three redox states: oxidized, one-electron reduced
(semiquinone) and two electron reduced state (fully reduced). Depending on the pH of
the system each of these redox state can have three protonation states. All the states are

described in the following Figure 1.22.38
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Figure 1.22 Different redox and protonation states of flavins3®
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In principle, the flavin catalytic cycle can be used for reductions and as well as for
oxidations. To reduce substrates a sacrificial electron donor like EDTA, trimethylamine, or

triethanol amine is needed while for oxidation, the air is sufficient to reoxidize flavin.38-3°

1.3.1 Molecular oxygen activation
The use of riboflavin as photosensitizer for the oxidation of ascorbic acid was
reported in 1948 and the proposed mechanism considered the formation of water instead

of hydrogen peroxide as the product for interaction of riboflavin with O2.4°

RF + hv ~ RF*

ascorbic acid + RF* —— > oxidation product + RFH,

RFH, + 1/, O, RF + H,0

Figure 1.23 One of the first reported chemical reactions with flavins*0

Massey and coworkers summarized the chemical and biological versatility of
riboflavin and described the possible reactions of the reduced flavin with oxygen. When
oxidized flavin is irradiated with blue light the redox energy of the excited flavin is
sufficient to activate substrates with lower reactivity. But when the reduced flavin converts
back to the oxidized state, it can activate the molecular oxygen for subsequent reaction.
The photocatalytic effect of flavin is shown in Figure 1.24 with an example showing the

oxidation of benzyl alcohol aerobically.**
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Figure 1.24 Catalytic cycle of flavin redox reactions

Fukuzumi and coworkers reported the effect of metal ions on the oxidation power
of the photoexcited flavins. The effect of rare earth metals (Sc3*, Lud*, and La3*) is more
pronounced than the effect of Mg?* or Zn2* ions. The metal interacts with one or both
carbonyl groups of the flavin to shift the reduction potential of the singlet excited state
(*FI*) positively by 390 mV for Mg?* and even higher by 780 mV for Sc3+.42

Koénig and coworkers described that thiourea enhanced flavin photooxidation of
benzyl alcohol in acetonitrile solution. The turn over number (TON) for the system was
reported to be about 580. A possible reason for this observation was suggested to be the
coordination of the thiourea with the flavin to make the flavin more electron deficient.*3

Among the different photochemistry of flavin, Kénig and coworkers also reported
the oxidation and deprotection of primary benzyl amines, oxidative cleavage of styrene

and stilbenes, oxidation of benzyl ethers to esters or benzyl amides to the amides.**
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Figure 1.25 Examples of photocatalysis using flavin

Riboflavin tetraacetate (RFTA)
1.48

1.3.2 Flavin-sensitized organic molecule degradation

Riboflavin and derivatives of riboflavin were used as a photosensitizer for the
photocatalytic degradation of dyes and organic pollutants. Bio-cofactors FMN and FAD
were also studied as photosensitizers in dye degradation. Previous studies confirm the
degradation of amino acids,**#” pesticides,*® fungicides,*-%° herbicides,>-52 aromatic
amines,>® phenols,> glucose,®® trinitrotoluene,>® and triazines®” using riboflavin, FMN and
FAD. Due to the lower solubility and instability of the riboflavin and natural cofactors
ribflavin tetraacetate (RTA) 1.48 and 3-methyl riboflavin tetraacetate 1.51 were also used
for the degradation of organic compounds.58-5° The riboflavin was reported to be unstable
and degrades to lumiflavin 1.49 and lumichrome 1.50 by losing its ribityl chain at higher
and lower pH respectively. At neutral pH, riboflavin converts to lumichrome, which was

considered to be the active photosensitizer for the degradation of organic compounds.®°
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Figure 1.26 Flavin derivatives used for photo degradation of organic compounds
Two possible mechanisms were proposed for the degradation of organic
molecules. The first mechanism proposed the excitation of the singlet flavin molecule to
the triplet flavin using light. The triplet flavin can directly interact with the organic molecule
to form the product. The other mechanism involved the formation of singlet oxygen by the
interaction of triplet flavin with molecular oxygen. The singlet oxygen can interact with

organic compounds to form the degraded products (Figure 1.27).61-62
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Figure 1.27 Possible reaction mechanisms for organic molecule degradation

In summary, riboflavin and its derivatives are able to oxidize different classes of
organic compounds. An improvement in the flavin catalyst is required to increase the
stability and the solubility of the photosensitizer in water to study the degradation of dyes

and other organic environmental pollutants.

14 Medicinal importance of flavin

1.4.1 Flavin dependent enzymes in cancer progression

Epigenetic deregulation events are associated with every step of tumor
development and progression. Epigenetics involve DNA methylation, histone
modifications and expression of noncoding RNAs. All these modifications are
interconnected and may work to establish and maintain specific gene activity states in
normal cells (Figure 1.28).6% Treatments for cancer involve the alterations of these
modifications. Four epigenetic drugs were previously approved by US Food and Drug
Administration (FDA). Two of those are DNA demethylating agents, 5-azacytidine and

decitabine and two histone deacetylase (HDAC) inhibitors, vorinostat and valproic acid.
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Figure 1.28 Common pathways of epigenetics and inhibition84

Histone modification therapy of cancer is based on the generation of drugs that
are able to interfere with the activity of enzymes involved in histone modifications.

Histone methylation is a heritable modification, which influences the state of the
chromatin. Among the different histone modifications, methylation and especially
demethylation are poorly understood. Histone methylation can be either an activating or
repressing mark depending on the site and degree of methylation. Histone methylation
occurs on lysine and arginine residues and is mediated by lysine methyltransferase and
protein arginine methyltransferase respectively, which transfer a methyl group to the
substrate from the cofactor S-adenosyl-L-methionine. These abnormalities can cause
human diseases like cancer.5®

Shi and coworkers reported that histone methylation could be reversely modified
by histone demethylases. Lysine specific demethylase | (LSD-1) is an amine oxidase that

functions in concert with methyltransferase to maintain histone methylation patterns.%¢
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LSD-1 protein is a flavin dependent enzyme, which uses FAD to convert the methylated
product to the corresponding demethylated one. A possible mechanism is shown in
Figure 1.29 explaining the demethylation process by forming formaldehyde and H20: as
byproducts. Berger and coworkers also showed that p53, the tumor suppressor and
transcriptional activator, is also regulated by LSD1. In human cells, LSD1 interacts with
p53 to repress p53-mediated transcriptional activation and to inhibit the role of p53 in

promoting apoptosis.5”
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Figure 1.29 A possible pathway for demethylation of diMeK4H3 by LSD1

Fischer and coworkers reported the use of deazaflavin derivatives as the inhibitor
of p53 ubiquitination, which is known as tumor suppressor. p53 is central to the protection
of mammalian cells against genetic damage and p53 becomes dysfunctional in a large
proportion of the cancer cells.® The HDM2 and p53 genes are linked in a negative feed-
back loop, in which p53 activates HDM2 and the latter promoted degradation of p53
protein as an ubiquitin E3 ligase. To reactivate the p53 activities two strategies can be
applied — blocking the protein-protein interaction between p53 and N-terminal domain of
HDMZ2, or by inhibiting the E3 ligase activity of HDM2.

A series of deazaflavins were synthesized by the same group to study the

structure activity relationships (SARs) to HDM2 E3 ligase inhibition and 10-aryl
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substituted deazaflavins were found to be inhibit the E3 ligase. Most active structures
were given in the following table 1.3.

O
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Table 1.3 Inhibition of ubiquitination of p53 by HDM268

Type [R1 [R2[R3 [R4 [R5[R6 |R7[R8 [R9 [ ICso (UM)
| H |[H [H [CFRs|H [H H [H |- 17.5
| H [H [H [CFRs|H [H cl [H |- 11.9
| H |[H [H [CRs|H [Cl [H [H [- 15
| H |[H [H [CRs|H [CI [cl [H |- 10.7
| H |[H [H |[CFRs|H |F H [H |- 12.3
| H [H [H [CFRs|H [H F [H |- 13.1
| H |[H [H [CFs|H [CHs [H [H |- 8.4
I H [H [H [CRs|- |- - |H [Bn [>100

1.4.2 DNA modification using flavin
UV-radiation of the biosphere causes DNA damage by the formation of
cyclobutane pyrimidine dimers (CPDs), which can cause skin cancer. Photolyase, a

photoenzyme, responsible for repairing UV-damaged DNA.%® A number of biomimetic

29



systems have been synthesized to mimic the repair by photolyase. Although the DNA
repair is photolyase is very efficient with quantum yield 0.80-0.95 %° but the model
systems were low efficient , for example, 0.016-0.06 for flavin-thymine dimer systems™
and 0.06-0.40 for indole-thymine systems.” Zhong and coworkers reported the repair
model of CPDs using a biomimetic lumiflavin-thymine dimer adduct. The general
mechanism involves the donation of single electron from flavin to the CPD upon exciting
isoalloxazine ring with blue light. The cyclobutane ring then splits to the monomeric form

and returns the electron to the flavin. (Figure 1.30)

0 0
7 i HN NH
HN NH DNA damage Py Y
| PN 0“ >N N0
N O ) HH
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5 0 . o ¢ 0-3
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OH 7 F HO
Thymine dinucleotide N NH 6)(/ Cyclobutane pyrimidine dimer
(TpT) Ho G@ (CPD)
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FADH® “
| ) *
N O N (0]
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e N H
o} % .
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S} . S}
0 o DNA repair o o

Figure 1.30 Damaging and repairing of DNA using flavin dependent photolyase
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1.4.3 Flavin as biomarker

Riboflavin is an essential cofactor for cellular metabolism and highly regulated in
metabolically active cells. Tumor cells are highly energy demanding and required
relatively higher amount of flavin cofactors for the catabolic enzymes, Fabian and
coworkers designed FMN coated Ultra Small Super Paramagnetic Iron Oxide
nanoparticles (USPIO) (Figure 1.31) for the detection of riboflavin carrier proteins. High
efficiency of labeling of cancer cells like PC-3, DU-145, LnCap and other endothelial cells

were detected with this novel biomarker.”?
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Figure 1.31 Riboflavin derived biomarker for detecting tumor cell

1.4.4 Flavin drug carrier

Dodecin protein from Halobacterium salinarum has higher affinity towards
riboflavin. Nolls group developed a drug-riboflavin molecule bound to dodecin to deliver
the drug to the target position. Dodecin binds to the oxidized flavin with higher affinity and
the flavin is reduced with blue light, the drug can be delivered to the desired location at

higher accuracy.(Figure 1.32)73
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Figure 1.32 Blue light induced dissociation of flavin from dodecin

1.5 Deazaflavin
Generally 5-deazaflavins were known as deazaflavins. Due to the similar
structural features, both flavin and deazaflavin have similar chemistry like activation of
molecular oxygen. But in nature the role of deazaflavins has some characteristic

functions due to different redox potential compared to the flavins.”

1.5.1 Biological importance of deazaflavin

Deazaflavins are widely studied for their selective hydride transfer catalysis. 7,8-
Didemethyl-8-hydroxy-5-deazariboflavin is one of the members of deazariboflavin family,
known as Fas20, (Figure 1.33) is able to transfer hydride with NAD(P)H in equilibrium. To
study the biological importance of natural cofactors, a mimetic structure FO is used
widely that lacks the phosphate and the glutamate chain. Anionic FO was studied for the
repair of DNA as photolyase and recently it was found to be a light harvesting molecule in
Drosophila. Fa20 also plays an important role in the conversion of carbon dioxide to

methane enzymatically.”
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Figure 1.33 Structures of FO and Fazo

Yoneda and coworkers reported the total synthesis of F420 and also a series of
applications of deazaflavin derivatives. They reported the aerobic oxidation of the
benzaldehyde and benzylamine also the chiral reduction of ethyl benzoylformate in the
presence of chiral ligand (Figure 1.34).7578 A class of deazaflavins were reported as

cancer cell inhibitor (section 1.4.1).
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Figure 1.34 Oxidative chemistry of deazaflavins

A convenient method of synthesizing FO and report its binding capacity towards the Fno

enzyme is discussed later in chapter seven.

Outline of the dissertation

In this dissertation, we will discuss the reaction kinetics of the organocatalytic
Dakin oxidation with possible reaction mechanism. Aerobic oxidation of pre-aromatic
heterocyclic compounds will also be discussed. A major part of the dissertation will focus
on the development of new biomimetic organocatalysts depending on the applications
like dye degradation and molecular oxygen activation in homogeneous and
heterogeneous systems. The function of artificial flavins as MCF7 cell inhibitor will be
discussed with the synthesis of artificial flavins. We will also focus on the convenient

synthesis of FO and flavin catalysts.

34



Chapter 2
Flavin-catalyzed Dakin Oxidation
2.1 Dakin oxidation

Dakin reported the oxidation of hydroxy benzaldehydes and acetophenones and
related compounds in 1909.7° The reaction was found to be mechanistically similar to the
Baeyer-Villiger reaction, which was reported in 1899, but not fully understood until almost
60 years.8 The Dakin oxidation has been considered as a variant of the Baeyer-Villiger
oxidation since the mid-to late 70’s.
2.1.1 General reaction mechanism

Generally, both the Baeyer-Villiger oxidation and the Dakin oxidation involve the
nucleophilic attack of a peroxide or peroxy acid to the carbonyl group to form a high-
energy and tetrahedral Criegee intermediate, which degrades by 1,2-aryl(or alkyl)
migration. The Dakin oxidation involves an extra hydrolysis step of the Baeyer-Villiger
oxidized product (phenyl formate to phenol). Both mechanisms were compared in Figure
2.1. Usually in the Dakin oxidation, the substrates are electron rich aromatic aldehydes
and ketones and the reaction is base catalyzed. A variant of the Dakin oxidation includes
the acid-catalyzed reaction of electron-deficient aromatic aldehydes, however, this leads
to a different product due to migratory aptitude of substituents at the respective Criegee
intermediates.8! In many ways, the Dakin oxidation is simply a subset of a larger class of

Baeyer-Villiger oxidations, followed by in situ hydrolysis of the intermediate ester..
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Figure 2.1 General reaction mechanism for BVO and Dakin oxidation

2.1.2 Detailed reaction mechanism
The mechanism of Dakin oxidation consists of three major steps
1. Nucleophilic attack on the substrate

This step depends on the nucleophilic nature of the hydroperoxide anion and
electrophilicity of the substrate. The hydroperoxide with lower pKa will form a stronger
nucleophile in presence of base and also a substrate containing an electron withdrawing
group will form a better electrophilic carbonyl center.
2. 1,2-Aryl migration

This step depends on the ability of migration and stability of the leaving group.
The electron rich substrates will enhance the rate of migration and also a better leaving
group will enhance the rate of reaction.
3. Hydrolysis of the intermediate

The hydrolysis of the ester will be dependent on the pH of the reaction. A higher
pH of the reaction will increase the rate of hydrolysis. Also the presence of hydroxyl

group in the aromatic group enhances the rate of hydrolysis. Hansen and coworkers
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reported the hydrolysis of catechol monoacetate is more than 700 times faster than the
hydrolysis of phenyl acetate.8 Since the hydroxyl group is not a good leaving group, the
aromatic hydroxyl substituents may be able to provide strong anchimeric assistance for
the heterolytic cleavage of the O-O bond (o-hydroxyphenyl ~ p-hydoxyphenyl >>

phenyl).83

The role of reagents on the reaction mechanism
1. Role of base

The primary roles of the base are to deprotonate the salicylaldehyde (pKa ~
8.17), and the hydrogen peroxide (pKa ~11.75). Because of the large difference in pKa’s
of the substrate and nucleophile, it is important in the uncatalyzed Dakin oxidation to
have excess base, which will deprotonate the hydrogen peroxide to form a better
nucleophile (hydrogen peroxide anion). Additionally, the hydrolysis of the ester depends
on the basicity of the solution. With excess strong base, like NaOH, the reaction rate is
independent of the base concentration and the rate-determining step is considered to be
the 1,2-aryl migration of the intermediate. Hocking and his group studied the reaction rate
with variable amounts of NaOH and reported that the rate is dependent on the
concentration of NaOH. When the pH of the solution dropped to less than 10, the reaction
yield was low and this indicated the lower concentration of the hydroperoxide anion
(active nucleophile).8* Also, at higher pH (excess base) the phenol will exist as ionized

form, which undergoes 1,2-aryl migration faster than the protonated phenol.

2. Role of peroxide
In the Dakin oxidation, although hydrogen peroxide was used as an oxidant, the

active nucleophile is the hydroperoxide anion, which will form after deprotonation with
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base. The amount of nucleophile is dependent on the pH of the reaction. Due to the high
pH of systems with excess NaOH solution, the dissociation of the hydrogen peroxide did
not impact the reaction rate; however, in limited or weak base conditions the
deprotonation of the hydrogen peroxide could be rate determining. Peroxide structures
having more acidic protons will increase the capability to form the active peroxide anion
and thus enhance the rate of the reaction with limited amount of base. The structure of
the peroxide will also play an important role in the 1,2-phenyl migration step, if the leaving
group (RO") is stable after the migration, then the rate of reaction will be increased in the

presence of stabilized RO".

3. Role of substrate

The structure of the substrate plays an important role in forming the product and
also in determining the rate-determining step. Due to lower pKa of the phenolic group
compared to the H203, the deprotonated phenol will predominate in presence of base.?*
Deprotonated salicylaldehyde will affect the initial attack of the nucleophile on the
carbonyl carbon, which will decrease its electrophilicity by donation of electron density
from the phenolic oxygen through resonance. On the other hand, the deprotonated
phenol will increase the electron density on the migrating carbon to facilitate the 1,2-
phenyl migration to form the intermediate. Dakin, in his original report, showed the
successful oxidation of benzaldehyde derivatives with hydroxyl group at ortho or para
positions of the aldehyde group and some unsuccessful oxidations of benzaldehydes with
a hydroxyl group meta to the aldehyde group.”® This supports the claim that 1,2-phenyl
migration is slower than the deprotonation of salicylaldehyde, hydrogen peroxide, and the
nucleophilic attack of the peroxide anion on the carbonyl carbon in presence of excess

strong base.
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Several research groups studied the Dakin oxidation mechanism and the overall reaction
mechanism is shown in detail in Figure 2.2, using salicylaldehyde as substrate and
considering both higher and lower concentration of base. The introduction of weak base
limited the formation of hydroperoxide anion, which will lower the effective concentration
of nucleophile and hence lower the overall rate of formation of the product. The use of
limited base (or weaker base) may change the usual rate-determining step (1,2-aryl
migration) to the formation of the nucleophile.

Two alternate options can be utilized to change the rate-determining step and
enhance the reaction rate in presence of limited or weaker base. The first alternative is
the use of peroxide with lower pKa, which can be deprotonated at lower base
concentration (low pH) to restore the available concentration of the nucleophile. Also the
use of peroxide with stabilized “R” group will stabilize the leaving group “RO-” formed
after 1,2-phenyl migration to enhance the rate of the reaction. An alkyl peroxide with
lower pKa and more stable leaving group will be useful to successfully perform the Dakin

oxidation with weak bases.

39



o
R/O\O

Ox Ox o NaO
OH ONa /H
fast
—_—

fast
R = H, alkyl/aryl higher in concentration

Deprotonation with base Formation of the nucleophile

4

\m oNg H ONa OH
ONa _fast OH
/0\
slow Hydrolysis

R
+ HCOONa

(nucleophilic attack)

In presence of excess amount of base or stronger base

NaO |
slow e}
0. _H —_ PN
Ej/ fast ED/ONa R™O RO
R =H, alkyl/aryl imited i

limited in concentration

Deprotonation with base Formation of the nucleophile

m oNa H ONa OH
ONa o _fast _ OH
slow Hydrolysis

nucleophilic attack + HCOONa

In presence of limited amount of base or weak base

Figure 2.2 Plausible Dakin oxidation mechanism with strong and weak bases

2.2 Current methods for Dakin oxidation
Methyltrioxorhenium (MTO) 2.1 was used as a catalyst to accomplish Dakin
oxidation of meta- or para-methoxy or -hydroxyl substituted benzaldehydes to form the
corresponding phenols. The terminal oxidant used was H202 and the active oxidant was
the product formed with H202 and MTO, a bis-peroxo metal complex [CHsRe(O2)z], dpRe

2.3. The reaction was performed with excess H202, 2 mol% of MTO, at 50 °C and usually
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for 24 hours. In some cases noticeable amount of benzoic acid and unhydrolyzed ester

were also isolated.8>

0 .0 . _H202 00 o  H,0, 09 o

.Re~ . _e\(‘) O-Re-¢

H3C \O HZO H3C éH HZO H3C _OH

MTO mpRe dpRe
2.1 2.2 2.3

Figure 2.3 Methyltrioxorhenium (MTO), and oxidized derivatives

The same catalyst was also used in combination with ionic liquid [bmim]PFs 2.1
as solvent.?8 The reaction was found to be faster in ionic liquid than in the previously
reported organic solvent.

= OH
OH H,0,/MTO 2.1 - OH
[bmim]PFg 2.4, 50 °C, 6 h, 87%

25 26

Figure 2.4 MTO catalyzed Dakin oxidation in ionic liquid

Solvent free Dakin oxidation was accomplished by mixing benzaldehyde and
solid m-CPBA in a mortar-pestle. A range of non-hydroxylated benzaldehydes were
converted to the corresponding phenols in the absence of base.?”

Sodium percarbonate (Na:COs. 1.5 H202) 2.7 was also reported as
stoichiometric oxidant for the oxidation of a range of hydroxyl benzaldehyde and
acetophenones.®® Urea-hydrogen peroxide 2.8 was also used as stoichiometric oxidant
for the oxidation of benzaldehydes and acetophenones. The reaction was operated at 85

oc_90
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Figure 2.5 Dakin oxidation with different oxidants
Dakin oxidation was also reported to occur under acidic conditions. The reported
reaction conditions incorporate 5 equivalents of HsBOs, 2 equivalent of H202 and excess

H2S04; Benzoic acid was also formed as a byproduct.®®

2.3 Flavin catalyzed organocatalytic Dakin oxidation
Nature performs Baeyer-Villiger oxidation, sulfur and amine oxidation using flavin
dependent monooxygenases, which has been described in detail in section 1.1. Although
different reaction conditions were reported for Dakin oxidation, some of the conditions
required heat, metal catalysts, harsh pH, stoichiometric powerful oxidant and extended
reaction times. Due to the similarity in the mechanism of the Dakin oxidation and the
Baeyer-Villiger oxidation, we have designed an approach to study the Dakin oxidation

with biomimetic flavin catalysts and study the reaction kinetics in details.

2.3.1 Synthesis of Flavinium catalysts
To study the Dakin oxidation with artificial flavin analogs, five flavinium catalysts
were used initially which were synthesized and characterized by Dr. Chen in our lab

according to the Figure 2.5.91
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Figure 2.6 Synthesis of flavinium catalysts

2.3.2  Optimization of reaction condition
Dakin oxidation was studied using flavinium catalysts with H202 as the terminal

oxidant to mimic the H202 mediated shunt process of the catalytic cycle.
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Figure 2.7 Flavin catalytic cycle with the shunt process

43



The reaction conditions were optimized by studying the Dakin reaction of
salicylaldehyde in presence of different solvents ranging from polar protic to non-polar
solvents in combination with a series of bases (Table 2.1). All possible combinations of
solvents and bases (1 equiv.) were studied with H202 (1 equiv). Each reaction was
monitored by analyzing a reaction aliquot using high performance liquid chromatography
(HPLC) with a Phenomenex PFP column. Each reaction was performed with a known
amount of an internal standard. A 10 ul reaction aliquot was withdrawn just before adding
the terminal oxidant (H202). After the addition of H202, two reaction aliquots (10 ul) were
collected after 30 min and 60 min of the reaction and quenched with 2 mL of Na2S204
solution to monitor the consumption of the starting material (salicylaldehyde) and each
experiment was duplicated to confirm the reproducibility of the results. 85% Water and
15% acetonitrile with 0.1% formic acid was used as the mobile phase. Both control and
catalyzed reactions for each solvent-base pair were run in parallel at constant
temperature 25 °C. For the initial study, 7,8-diH alloxazinium catalyst 2.11C was used.
The reaction was studied with 1 equiv of base 1 mol% catalyst and 1 equiv H202. Figure

2.9- 2.22 indicates the effect of solvents and bases on the reaction rate.

OH
2.11c 1mol%, H,0, (1 equiv) @/ @[ \]7
base (1 equiv), MeOH:H,0O = 95: 5

2.110

O

N

2.5

Figure 2.8 General reaction condition for Dakin condition
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Table 2.1 List of solvents and bases

Solvents Base
Methanol NaOH
Ethanol KOH
iso-Propanol NaHCO3
tert-Butanol KHCOs3

DMSO Na2CO3
DMF K2CO3
THF

1,4-Dioxane

Trifluoroethanol

Il NaOH (Control)
Il NaOH (cat.)

Il KOH (Control)
I KOH (cat.)

[ NaHCO3 (Contral)
[ NaHCO3 (cat.)
Il <HCO3 (Control)
Il KHCO3 (cat.)
[ Na2CO3 (Control)
[ Na2CO3 (cat.)
Il <2CO3 (Control)
K2CO3 (cat.)

30
Figure 2.9 Effect of methanol:water (95:5) on bases
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Figure 2.10 Effect of aqueous ethanol on bases
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Figure 2.11 Effect of isopropanol on bases
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Figure 2.12 Effect of t-Butanol on bases
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Figure 2.13 Effect of DMSO on bases
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Figure 2.14 Effect of DMF on bases
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Figure 2.15 Effect of dioxane on bases
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Figure 2.16 Effect of THF on bases
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Figure 2.17 Effect of trifluoroethanol on bases
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Figure 2.18 Effect of solvents on NaOH
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Figure 2.19 Effect of solvents on KOH
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Figure 2.20 Effect of solvents on NaHCO3
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Figure 2.21 Effect of solvents on KHCO3

51



Il 'eOH (con)
I MeCH (cat)

100 I ELOH (con)

o]
o
1

'S

Salicylaldehyde (%)
o
1

2

Salicylaldehyde (%)

I EtOH (cat)
[ isoprop (con)
isoprop (cat)
Il +-buOH (con)
I t-buOH (cat)
I DMSO (con)
I DMSO(cat)
Il DVF (con)
] DMF(cat)
B THF (con)
B THF(cat)
Il Dioxane (con)
I Dioxane (cat)
TFE (con)

E]
[ TFE (cat)

30 60

Figure 2.22 Effect of aqueous solvents on Na2COs
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Figure 2.23 Effect of solvents on K2CO3s
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Among the solvents, protic polar solvents like methanol and ethanol increased
the reaction rate more than other solvents. No catalytic activity was observed when the
alcoholic solvents were used with nucleophilic bases like NaOH or KOH but with the
weaker bases like NaHCOs, KHCOs and Na2COs the rate of the catalytic reaction was
enhanced compared to the control reaction. In the presence of stronger bases, it is
possible that catalysts may undergo some degradation. The degradation of alloxazines in

presence of stronger base was followed by NMR (Figure 2.24).

NaO 0]
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N N O N N
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(0] 0]
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Figure 2.24 Possible flavin degradation under strong base
The kinetic data indicate about 60% conversion of the starting material after 30
min with methanol as solvent and NaHCOs as base. Due to the enhanced reactivity of the
flavinium catalysts with weaker bases and alcoholic solvents, we selected NaHCOs as

the base and agueous methanol as solvent for further study of the reaction kinetics.

2.3.3 Effect of different catalysts on overall reaction rate

To study the substituent effect on the catalyst, 2.11a-2.11e were used for the
Dakin oxidation of salicyaldehyde. Among the five catalysts the 7,8-dichloroalloxazinium
catalyst 2.11a was found to be the best and the reaction was complete within 10 minutes
with NaHCOs as base and aqueous methanol as solvent. Under the same reaction
condition, only 60% of the starting material converted to product with 7,8-
dimethoxyaloxazinium 2.11e catalyst. The result clearly demonstrated (Figure 2.26) that

the presence of electron withdrawing group (Cl, F) at 7- and 8-positions of the flavinium
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increases the rate of reaction but the electron donating groups (CHsz, OCHs) in those

positions decreases the reaction rate.
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Figure 2.25 Reaction conditions for the catalyst optimization
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Figure 2.26 Dakin reaction rate with different alloxazinium catalysts
To compare the reaction rates of catalyzed and control reaction with different
concentration of oxidants and catalyst loading, a set of experiments were performed with
7,8-difluoroalloxzinium catalyst 2.11b with the same solvent (95% ag. MeOH) and base

(NaHCO:s).
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Figure 2.27 Comparison of catalyst loading with hydrogen peroxide concentration
The relative reaction rate study showed that the use of catalyst will lower the use
of excess hydrogen peroxide (Figure 2.27). A catalytic reaction with 1 mol % catalyst and
1 equiv of hydrogen peroxide (purple) has the initial rate comparable to a control reaction
with 10 equiv of H202 (blue). With 5 mol % of the catalyst with one equivalent of H20:2
increases the rate of reaction (green) compared to the control reaction with 1 equiv. of

hydrogen peroxide.

55



2.3.4 Effect of reagent concentrations on overall reaction rate

To study the effect of substrate, base, hydrogen peroxide and catalyst on the rate
of reaction a series of experiments with varying relative concentrations of each
component was performed. The relative reaction rates are reported in the following Table
2.2 and 2.3. A combined plot for the effect of reagents on the reaction rate is shown in

Figure 2.28 and 2.30.

Table 2.2 Initial rate for the control reactions

Experiment | [SM]}/M | [NaHCOg3]/M | [H202)/M | Initial rate SD

1 0.1 0.5 0.5 1.90x 102 | 5.56x 10
2 0.2 0.5 0.5 1.95x 102 | 3.52x 10+
3 0.3 0.5 0.5 1.92x 102 | 5.66x 10
4 0.4 0.5 0.5 1.71x 102 | 1.51x 103
5 0.5 0.5 0.5 1.83x 102 | 6.44x 103
6 0.1 0.1 0.1 2.19x 10 | 1.55x 10®
7 0.1 0.2 0.1 4.88x 10+ | 3.55% 10°
8 0.1 0.3 0.1 7.72x 10* | 1.02x 10*
9 0.1 0.4 0.1 1.65x 102 | 3.55x 10
10 0.1 0.5 0.1 4.39x 10 | 1.24x 103
11 0.1 0.5 0.2 4.90x 102 | 1.62x 10*
12 0.1 0.5 0.3 8.78x 10° | 4.04x 105
13 0.1 0.5 0.4 1.25x 102 | 5.25x 10+
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Table 2.3 Relative reaction rate with variable reagent concentrations

Experiment | [SM]/ | [NaHCOgs]/ | [H202)/ | [catalyst] | Initial rate SD
M M M M

1 0.1 0.5 0.5 0.001 1.87x 102 | 1.31x 103
2 0.2 0.5 0.5 0.001 2.46x 102 | 1.21x 103
3 0.3 0.5 0.5 0.001 3.08x 102 | 2.79%x 103
4 0.4 0.5 0.5 0.001 3.12x 102 | 2.89x 10°
5 0.5 0.5 0.5 0.001 3.16x 102 | 3.07x 103
6 0.1 0.1 0.1 0.001 2.25x 10° | 3.39x 10
7 0.1 0.2 0.1 0.001 2.81x10° | 1.66x 10
8 0.1 0.3 0.1 0.001 3.21x10° | 3.35x 10
9 0.1 0.4 0.1 0.001 4.40x 102 | 5.55x 10
10 0.1 0.5 0.1 0.001 5.61x 102 | 5.00x 10°
11 0.1 0.1 0.2 0.001 1.48x 102 | 5.77x 106
12 0.1 0.1 0.3 0.001 2.05x 102 | 7.38x 10
13 0.1 0.1 0.4 0.001 2.11x 102 | 1.52x 103
14 0.1 0.1 0.5 0.001 2.82x 102 | 3.49x 103
15 0.1 0.1 0.1 0.002 3.96x 102 | 2.54x 10+
16 0.1 0.1 0.1 0.003 4.93x 102 | 9.29x 10°
17 0.1 0.1 0.1 0.004 5.83x 10° | 1.10x 10
18 0.1 0.1 0.1 0.005 6.82x 102 | 3.50x 10+

The rate of the Dakin reaction depends on the relative concentration of the reagents.

With one equivalent of base and one equivalent of starting material, the amount of base
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was increased from one equivalent to five equivalents (blue line) as shown in Figure 2.28
indicates a slow increase in the rate of reaction for the control reaction. In presence of
weak base in excess (0.5 M) compared to the Salicylaldehyde (0.1M) and hydrogen

peroxide (0.1M), the rate of the control reaction is comparable to the catalytic reaction

—a— SM (control)

—e— SM (catalyzed)

—a— Base (control)

—v— Base (catalyzed)

—— Peroxide (control}
Peroxide (catalyzed)

0.035

0.030
0.025

0.020

rate

0.0154
0.010

0.005 4

0.000

0.1 0.2 0?3 0.4 0.5
Conc. (M)
Figure 2.28 Effect of reagent concentrations on the reaction rate.
Red line [H202] = 0.5 M, [NaHCOs] = 0.5 M, Catalyst = [0.001 M]; Black line [H202] = 0.5
M, [NaHCOs3] = 0.5 M; Yellow line [SM] = 0.1 M, [Base] = 0.1 M, [catalyst] = 0.001 M;
Purple line [SM] = 0.1 M, [Base] = 0.5 M; Turquoise line [SM] = 0.1 M, [H202] = 0.1 M,

[catalyst] = 0.001 M; Blue line [SM] = 0.1 M, [H202] = 0.1 M.

rate with 1 mol% catalyst 2.11b (turquoise line). In the peroxide shunt process (Figure

2.7), the flavin catalyst will form the flavin hydrogen peroxide, which has lower pKa

compared to the hydrogen peroxide. Bruice and coworkers reported a lower pKa (~9.4)%
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for a similar flavin catalyst 2.9 compared hydrogen peroxide (pKa ~11.75). Limited
concentration of base could be sufficient to deprotonate the flavin hydroperoxide in the
catalyzed reaction and a slow increase in reaction rate indicates the lower effect of base
on the formation of nucleophile. The lower pKa of flavin hydroperoxide can also be
supported by comparing the reaction rate of the catalyzed reaction with limiting amount of
the base. The yellow line in Figure 2.28, represents the reaction rate with increasing
amount (0.1 M to 0.5 M) of hydrogen peroxide in presence of limited base (0.1 M
NaHCOs) and 0.1 M salicylaldehyde in presence of the catalyst. The rate of reaction
increases rapidly with the increase of peroxide in presence of limited amount of base. On
the other hand, with 0.1 M salicylaldehyde and excess amount of base (0.5 M) the
reaction rate of the control reaction also increases almost linearly with the concentration
of hydrogen peroxide. The excess base concentration helps the rate of deprotonation of
the hydrogen peroxide to form a nucleophile for the enhancement of the reaction rate

(magenta line).

pKa=94 pKa =11.75
2.9 2.10

Figure 2.29 Relative pKa of flavin hydrogen peroxide and hydrogen peroxide
The change in rate of reaction with the concentration of salicylaldehyde in limiting
base concentration also helps us to understand the role of base in rate determining step.
Both control (black line) and catalyzed reaction (red line) have the similar rate of reaction
in presence of excess 0.5 M base and 0.5 M hydrogen peroxide. As the concentration of

salicylaldehyde (containing a phenolic group) increases, the concentration of base
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decreases and lowers the extent of deprotonation of the peroxide. For the control
reactions, the reaction rate remained almost constant with the increasing amounts of
salicylaldehyde, which indicates that the reaction rate is independent of salicylaldehyde
and the deprotonation of the hydrogen peroxide is the slowest step to control the reaction
rate. The reaction rate of the catalyzed reaction initially increases with the concentration
of salicylaldehyde and then it slows down as the concentration of salicylaldehyde
approaches close to concentration of base. As the concentration of the salicylaldehyde
increases close to the base concentration, the base concentration decreases because of
the higher acidity of salicylaldehyde. The lower base concentration limited the
deprotonation of the flavin hydroperoxide to generate the reactive nucleophile.

The rate of reaction linearly increases with the concentration of the catalyst at
lower concentration of base (0.1 M) and peroxide (0.1 M) with 0.1 M salicylaldehyde
(Figure 2.30). As the catalyst amount increases, the rate of formation of flavin
hydroperoxide will increase via the peroxide shunt route. Due to the lower pKa of the
flavin hydroperoxide and the stability of the flavin oxide (leaving group) compared to the
hydrogen peroxide the flavinium salt is functioning as a catalyst in the Dakin oxidation.
The presence of electron withdrawing groups on the flavinium catalyst increase the rate

of reaction, which supports the rate enhancement with the stabilized leaving group.
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Figure 2.30 Effect of catalyst concentration on the reaction rate

A linear free energy relationship (Hammett plot) was plotted with the initial rate of
the Dakin oxidation with salicylaldehyde using five different catalysts (2.11la-e) to
determine the substituent effect and the reaction constant (from Figure 2.26). Three
different plots were generated by considering inductive substituent constant for meta (7-
substituent, blue line), para (8-substituent, red line) and meta+para (7 and 8 postions,
green line). All these plots generates a positive slope, which indicates the increment of
negative charge on flavin in the rate-determining step (Figure 2.31). The presence of
electron withdrawing groups on the flavinium catalysts stabilizes the negative charge on

the flavinium oxide (FIO") to form a better leaving group to enhance the rate of reaction.
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Figure 2.31 Hammett plot to relate initial rates with substituent effect

meta (7-substituent, blue line), para (8-substituent, red line) and meta+para (7 and 8

postions, green line.

2.3.5 Effect of temperature on reaction rate

For a general reaction,
> product

aA+bB +cC+dD
Reaction rate = k [A]?[B]P[C]¢[D]¢ k = rate constant
In(rate) = Ink + a In[A] +b In[B] + ¢ In[C] + d In[D]
For reactions at different temperatures with constant reactant concentration,

In (rate) a In k
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Figure 2.32 Relative reaction rates with temperature

The dependence of reaction rate on temperature was studied at three different
temperatures (30 °C, 35 °C and 45 °C) with salicylaldehyde (0.1 M), NaHCOs (0.1 M),
H202 (0.1 M) and 1mol% of 2.11 b. Reaction rates for both control and catalyzed reaction
increase but the temperature affects the control reaction more than the catalyzed
reaction, which indicates a lower activation energy for the catalyzed reaction (Figure
2.32). The relative lower slope of the Arrhenius and Eyring plot were also indicative of the
lower activation energy for the catalyzed Dakin reaction (Figure 2.33 and 2.34). Since
In(rate) is proportional to the In(rate constant), we are going to use In (rate) instead of Ink
to calculate the kinetic parameters.

The Arrhenius equation can be used to calculate the activation energy of a

reaction by calculating the reaction rate at different temperature.

63



k = Ae-EaRT

Ink =In A —Ea/RT

Ink = InA —(E«/R). 1/T

m control
1 ® catalyzed
-5.0
] . .
554
6.0 o
0 .
o
- -6.54
e n
-7.04
-7.54 -

T T T T T T r T T T T T T
0.00315 0.00318 0.00321 0.00324 0.00327 0.00330
i

Figure 2.33 Arrhenius plot for activation energy
The Eyring equation relates enthalpy of activation and entropy of activation to the rate

constant by In(k/T) = - AH¥R . /T + In(kg/h) + AS#R
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Figure 2.34 Eyring plot for kinetic parameters
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Table 2.4 Activation energy and kinetic parameters

Reaction Ea (KJ mol?) AH¥ (KJ molt) | AS* (JmoliK-1)
Control 67.2 64.6 -92.9
Catalyzed 24.8 22.2 -217.1

According to the Arrhenius and Eyring plots, both the activation energy and
enthalpy of activation decreases about 42 KJ mol? and the activation of entropy also
decreases by 124 Jmol'K1. Hocking and coworkers also reported the enthalpy of
activation and entropy for the control reaction as 65.7 KJ/mol and -16.3 eu.?® The lower
activation of enthalpy and entropy for catalyzed reaction indicates that the catalyzed
reaction follows a reaction with lower activation energy and it also undergoes through a

highly organized transition state.

2.3.6  Effect of substituents on Salicylaldehyde on reaction rate
The effect of substituents on the substrate was studied by using a range of
benzaldehydes with different substituents ranging from electron withdrawing to electron

donating groups.

Ox OH
Q OH 1 equiv NaHCO3, 5 equiv H,0, \ OH
| 1mol % 2.11b -
= =
R/ Methanol :H,O 95:5 R/

Figure 2.35 Reaction condition for substrate study
All the reactions were studied with a limiting amount of base (1 equivalent) and
an excess amount of hydrogen peroxide (5 equivalent). For catalyzed reaction 1 mol%

catalyst was used. Both the control and catalyzed reactions were monitored for 20 min. to
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determine the initial rates. For all the substrates the initial rates for catalyzed reaction
were greater than the control reaction. 5-Hydroxysalicylaldehyde showed a slower
reaction rate and no effect in presence of the catalyst. Due to the presence of two acidic
phenolic groups, under limited base concentration (1 equiv) the concentration of base
may not be enough to deprotonate the peroxide to form the peroxide anion. The
maximum reaction rate was observed in presence of electron donating groups like
methoxy and methyl. On the other hand, the presence of electron withdrawing groups like
NO: lowers the reaction rate. There was almost no reaction for the control reaction with
5-nitrosalicylaldehyde (Figure 2.36). The results directly correlates with the 1,2-aryl
migration as the rate determining step, which favors electron rich aromatic compounds.

Table 2.5 Relative reaction rates with different substrates

Substrate Catalyzed SD Control SD
(M sec?) (M sec?)

4-Methoxysalicylaldehyde | 4.1x102 9.5x104 7.6x103 1.9x103
5-Methylsalicylaldehyde 3.7x102 6.4x104 1.7x103 2.9x104
5-t-butylsalicylaldehyde 3.2x102 9.3x104 2.4x103 7.1x10°%
Salicylaldehyde 3.1x102% | 2.5x103 3.6x103 1.5x103
5-Methoxysalicylaldehyde | 2.9x102 1.7x103 1.7x10 8.3x10*
4-Methylsalicylaldehyde 2.2x107? 9.2x103 2.1x103 1.0x10*
5-Chlorosalicylaldehyde 2.0x107? 9.4x104 3.1x103 2.7x10*
4-Bromosalicylaldehyde 1.6x10 0 1.2x103 1.2x10*
5-Bromosalicylaldehyde 1.5x102 8.7x104 2.5x103 6.4x10°
5-lodosalicylaldehyde 1.0x102 1.7x103 1.9x103 2.5x104
5-Nitrosalicylaldehyde 2.8x103 2.7x104 6.5%x104 5.4x104
5-Hydroxysalicylaldehyde | 1.8x10%? 9.9x10°% 1.7x103 9.9x10°%
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Figure 2.36 Relative reaction rates with different substrates

2.4 Plausible mechanism for catalyzed reaction
The plausible reaction mechanism involves the formation of flavinium hydrogen
peroxide 2.11, which undergoes deprotonation to form flavin hydroperoxide anion
(nucleophile) 2.9 at relatively lower pKa which will attack the deprotonated
salicylaldehyde to form a Criegee intermediate 2.12. The 1,2-aryl migration of the
intermediate will form an ester and FIO- (leaving group) 2.13, which will be stabilized by
the electron withdrawing groups and also participates in the catalytic cycle. The rapid

hydrolysis of the ester will led to the catechol and a salt of formic acid.
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Figure 2.37 Plausible reaction mechanism for catalyzed reaction

2.5 Summary of the reaction kinetics

All the experiments with variable reagent concentrations, variable temperatures,
different catalysts and substrates indicate that the reaction rate is dependent on the
relative concentration of the base and peroxide anion. The lack of formation of peroxide
anion at lower base concentration will limit the consecutive steps to complete the
reaction.

Flavin hydroperoxide, having a lower pKa than H202, will form the flavin peroxide
anion at lower base concentration and the following nucleophilic attack on the substrate
will lead to the formation of product. Due to the higher rate of ester hydrolysis, the

hydrolysis step has no effect on the rate determining step.
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The temperature dependent experiments indicate the lowering of activation
energy, enthalpy of activation and entropy of activation. The probable reason would be
the formation of highly organized transition state and the relatively facile formation of the
peroxide anion.

Both the catalyst and substrate react alternatively in presence of the electron
withdrawing and electron donating substituents. Electron withdrawing groups on flavin
increases the rate of reaction and on the other hand electron withdrawing groups on
substrate decrease the rate of reaction. This suggests 1,2-aryl migration as the rate
determining step, which favors electron rich substrate and also enhance stability of the
anionic leaving group (FIO).

All the observations support the plausible reaction mechanism as shown in Figure 2.37.
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2.6 Application of catalysts on Dakin oxidation

The synthetic application of flavinium catalysts was investigated by using the
optimized reaction conditions and 2.11a as the catalyst. A number of benzaldehyde and
acetophenone derivatives were studied in the Dakin oxidation. Under optimized
conditions, only ortho- and para-hydroxyl containing benzaldehydes form the
corresponding phenolic product. The reaction condition and the yield for the different
substrates were shown in Figure 2.38. This work was done in collaboration with Dr.
Shuai Chen, who did most of the initial screening and isolation of the products. The
compounds highlighted in blue are reported in this dissertation.

The inactivity of acetophenones was also observed by Dakin in his original
research.” In this research, only 2-hydroxyacetophenone 2.9k was converted to the
catechol. It should be pointed out that this occurs in the presence of DMSO, a
serendipitous discovery, which we do not have a complete answer for at this point in
time. No product was observed with acetophenones without 2-hydroxyl group.

The outcome of this research indicates the importance of ortho and para hydroxyl
group on the benzaldehyde. Under basic conditions the deprotonated phenolic group
increases the electron density on the aromatic ring which facilitates the 1,2-aryl migration

of the Criegee intermediate to form the ester.
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Figure 2.38 Dakin oxidation of aldehydes and ketones with hydrogen peroxide
Carbery and co-workers reported the presence of electron withdrawing group on
benzaldehyde forms benzoic acid in presence of bridged flavinium catalysts.®* The
mechanism involved the 1,2-hydride transfer instead of aryl migration, which is

unfavorable due to the lack of electron density.
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Figure 2.39 Formation of benzoic acid from electron poor benzaldehydes by Carbery and

coworkers.%4

In summary, a plausible reaction mechanism of the flavin-catalyzed Dakin oxidation was
proposed after studying the initial rate using a range of substrates and catalysts, varying
the reaction temperatures, and varying concentration of reagents and catalysts. The
mechanism of the catalyzed process showcases the ability of flavinium catalysts to lower
the pKa of the effective peroxide, as well as the enhanced leaving group ability of the
flavin hydroxide as compared to the hydroxide ion. A wide variety of electron rich

salicylaldehyde derivatives were converted to the corresponding catechol within 30 mins.
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Chapter 3
Flavin catalyzed Heterocycle Aromatization
3.1 Heterocyclic aromatization reactions
Dihydropyridine, benzothiazole, benzimidazole and benzoxazole units are
important building blocks for numerous natural products and biologically active reagents.
Some of them are used as drugs and synthesized in pharmaceutical industry. A part of
the synthetic community focused on the convenient synthesis of these hetero-aromatic
compounds.
3.1.1 Dihydropyridine
Dihydropyridine was first synthesized by Arthur Hantzsch about a century ago.®®
The reaction synthesized 1,4-dihydropyridine (1,4-DHP) as an isolable intermediate,
which can be oxidized to pyridines. The synthesis attracted attention in 1980s when 1,4-
DHP was reported to treat hypertension. Amlodipine 3.1, felodipine 3.2, isradipine 3.3

and nifedipine 3.4 are among the bestselling 1,4-dihydropyridine drugs.® (Figure 3.1)

Cl
veooe. LI oY 9
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7 251 MeOOC| | Ot
N ~">NH N
H
H
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||
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Figure 3.1 Hypertension treating drugs with dihydropyridine core
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These drugs bind to the calcium channel and consequently decrease the
passage of the transmembrane calcium current. These relax the cardiac muscle by
reducing the contractility throughout the heart.®7-%8

Metabolically, these drugs were converted to the corresponding pyridine by the
action of P450 in the human liver.?® The result shows the enzyme P450 IIIA4 is probably
the major human catalyst involved in the dehydrogenase of many, but not all types, of
1,4-dihydropyridine. 1,4-DHP’s have similar structural features as NAD(P)H and natural
NAD(P)H undergoes oxidation in presence of flavin cofactors, but no report has provided
evidence of metabolic degradation of these drugs in presence of flavin containing
proteins in human body.

The oxidized products of 1,4-dihydropyridines were reported to exhibit anti-
hypoxic and anti-ischemic activity. One of the representative drug is Cerivastatin 3.5,
which is active in the treatment of atherosclerosis and other coronary diseases.
Therefore, the oxidative aromatization of 1,4-dihydropyrimidine attracts both organic and

medicinal chemists.

OH OH O
~o X OH

3.5

Figure 3.2 Cerivastatin to treat atherosclerosis
Several methods have been developed for the oxidative aromatization of 1,4-

dihydropyridines to pyridines.
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Ru(lllCl and molecular oxygen was developed to oxidize 1,4-DHP
catalytically.1°? The proposed mechanism involved single electron oxidation of DHP via
Ru(lll). The DHP went through radical intermediate and another single electron oxidation
forms the final oxidized pyridine. The reduced metal Ru(ll) will be reoxidized to Ru(lll) by

molecular oxygen to turn over the catalytic cycle.(Figure 3.3)

O HR O RuCl;, O, 0
RO ) OR AcOH,t RO | Xy~ “OR
N 12-100h N7
36 20-75% 3.11
O HR O Ru(lll) O HR O Ru(III)
Ru(ll) Ru(ll)
H+ H+

Ru(ll)+ 0, — = Ru(lll) + HO, — Ru(lll) + H,0,

Figure 3.3 Aerobic DHP oxidation using RuCls and molecular oxygen

A Keggin type heteropolyacid, HsPMo0gsV3040, 3.10 was used to oxidize a variety
of 1,4-dihydropyridine in high yield by refluxing with acetic acid and molecular oxygen

was used to regenerate the acid.102

Onp R O HPA 3.10 o R O
RO OR AcOH, reflux RO X OR
| | — |
N 15-300 min N"
;. 80-100% 311

Figure 3.4 DHP oxidation using Heteropolyacid (HPA)
The oxidation of 1,4-dihydropyridine was also achieved by using 1205 in water.103

The mechanism is believed to be a radical process with hypervalent iodine as the
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terminal oxidant. Another report converted DHP to pyridine effectively by using catalytic
amount of Pd/C in acetic acid at 80 °C.194 Potassium permanganate was also used to
oxidize the 1,4-dihydropyridine. The author observed the formation of a dealkylation
product when the 4-postion of the substrate contains benzyl or alkyl group like ethyl.

Single product 3.11 was isolated for C-4 aryl substituted dihydropyridines.19°

HR O 20 mol% 1,05
Hzo, rt
—_—
N 1-12 h
3l-(|3 92-100% 3.11
HR O 20 wt% Pd/C O R O
OR AcOH,80°C Ro X OR
— |
N 3-9h N/
3H6 84-98% 311
HR O Q
or 10 mol% KMnO, OR RO N OR
B ——_—
solvent N/
3.6 3.1 3.12

When R = Benzyl or alkyl group

Figure 3.5 Use of different oxidants for the DHP oxidation
1,4-Dihydropyridine was also converted to the pyridine by photoirradiation
(A>300) under an oxygen atmosphere.16 Mechanistically photoinduced single electron
transfer from the dihydropyridine to molecular oxygen occurs. The generated superoxide
radical anion (O2") is proposed to be responsible for the photochemical oxidation (Figure

3.6)
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O HR O O R O

MeCN, O, Pz
” N
3.6 3.1

Figure 3.6 Photo-induced oxidation of 1,4-dihydropyridine

3.1.2 Benzothiazoline

Benzothiazoles occur naturally,1%7 but a number of synthetic benzothiazoles are
biologically active. The acquisition of aromaticity in the benzothiazole is the driving force
for the oxidation of benzothiazoline. This property renders benzothiazoline as a useful
reducing agent and hydride transfer reagent.108

The use of benzothiazoline as hydrogen source was first reported by Aklyama
and coworkers for asymmetric reduction of ketimines 3.13 with catalytic amount of chiral
phosphoric acid 3.17. Benzothiazole 3.16 was formed as a byproduct. This is a simple

approach that gives higher enantioselectivity in the imine reduction. (Figure 3.7)10°

_PMP _PMP
N HN
P N 95-98% ee o. OH
Ar Ar
3.17

3.13 : 3.15 o
A7 N

Ar S—Ar

©:s> ©:s> 317

3.14 3.16

Figure 3.7 Chiral phosphoric acid catalyzed asymmetric ketamine reduction

Benzothiazoles are an important class of heterocyclic compounds that have
strong biological and pharmaceutical importance. Benzothiazole-containing compounds
possess biological activities, such as antimicrobial, anticancer, antifungal, anthelmintic

and anti-diabetic.11° (Figure 3.8)
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Anti-cancer activity

0
N >—4(CH2)4NH2
\>—©—NH H
S 2HCI
3.18

NSC710305
active against breast tumors, ovarian,
renal, lung, and colon cancer cells

o

active against E. coli, S. aureus, C. albicans

Anti-microbial activity

3.20

0
L
\
FsC S
o

3.19

active against human carcinoma cell line

S
N M—sCaHy
\>—<: >—NH
S
active against Schitosoma mansoni

3.21

Figure 3.8 Biologically active benzothiazole derivatives
There are many ways to synthesize benzothiazoles described in the literature.
Lang and coworkers used a multi-component one-pot palladium-catalyzed synthesis of
benzothiazoles directly from an aryl halide, tert-butyl isocyanide and an aminothiophenol

(Figure 3.9).111

Pd(OAC),, Cul
® o N~ dppf, Cs,CO4 R@[N%Ar

ArX - EBUTN=C Hs R DMF, 120 oC, 24 h Z s

3.22 3.23 3.24 3.25

Figure 3.9 Pd catalyzed one pot synthesis of benzothiazole
A metal-free synthesis was also reported which includes cyclohexanone 3.26 and
thiourea 3.27 in presence of catalytic amount of iodine and molecular oxygen as the

terminal oxidant under mild reaction condition.*'? (Figure 3.10)
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o 0y, |5, 30 mol%

S
)]\ R pTSA 5 equiv 7 N\ Ri
L HoNT N7 - U >N
R 2 \ DMSO, 75 °C S R,

Figure 3.10 Aerobic benzothiazole synthesis catalyzed by I2

A recently developed method to synthesize 2-benzothiazoles has been described
via a copper catalyzed condensation of 2-aminothiophenol 3.29 with nitriles 3.30.%13 This
method used ethanol as solvent and an inexpensive Cu catalyst.

NH Cu(OAC), (10 mol%), EtsN S
= Re )Rz
N Ethanol, 70 °C, 6h R N
SH 1
3.29 3.30 3.31

Figure 3.11 Cu-catalyzed benzothiazole synthesis in ethanol

The synthesis of 2-aryl benzothiazole from aryl ketone 3.33 and 2-
aminobenzenethiols 3.32 without metal and Iz free condition was described. This method
includes DMSO as solvent and higher temperature to obtain a good vyield.''4 (Figure

3.12)

O S
NH A
XN 2 PhCI/DMSO i
R )J\/ o R />_Ar
_ 0,, 140 °C N
SH
3.32 3.33 3.34

Figure 3.12 Aerobic benzothiazole synthesis in DMSO at higher temperature

79



3.2 Flavin-catalyzed aromatization of dihydropyridine and benzothiazoline
The use of organocatalysts has not been investigated for the oxidation of
benzothiazolines. After successful aerobic Dakin oxidation with Hantzsch ester as the
reducing agent and molecular oxygen as terminal oxygen, the research was focused on
the oxidation of pre-heteroaromatic compounds. The oxidation of the substrates will

reduce flavin and turn over the flavin catalytic cycle as shown in Figure 3.13.

) i Mo
N /NYO + H,0 D[ 7Y
A __NH N NH
N - H,O N O
Fl (ox) 0 3.35 O
FloH H SubO
pre-aromatic compound * 4
S . 20,
2e, 2H "o Sub
aromatic compound Ok

R N
ey 00
| NH
NH N
Ay Nol
HO
Fl(re) 3.36 FIOOH 3.37

Figure 3.13 Biomimetic cycle to oxidize pre-aromatic compounds

The optimization of the reaction condition for the dehydrogenation was done by
Dr. Chen in our group. To study the dehydrogenation, a series of 1,4-dihydropyridines
3.41-3.54 (Figure 3.14) were synthesized by following the report from Beifuss and

coworkers.115
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Allyl< UAllyl
S1CANAS S CALAS S GA
N N N
H H H
66% 71% 57%
3.45 3.46 3.47

78% 98%
3.53 3.54

Figure 3.14 Synthesis of 1,4-dihydropyridines

The oxidized products were synthesized and characterized by Dr. Chen. The
optimized reaction condition includes methanol as solvent, 5 mol% of the flavin catalyst
3.40 and room temperature. Quantitative yield was obtained by simply evaporating off the

solvent, and the purity of the product greater than 95% (Figure 3.15).
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— ~
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3.63 3.64 3.65

Figure 3.15 Alloxazine catalyzed aromatization of dihidropyridines

After successful oxidation of dihydropyridines using flavin as catalyst and
molecular oxygen as terminal oxidant, the tandem synthesis of pyridines was completed
using formaldehyde (37% in water) 3.66, ammonium acetate 3.68 and the corresponding
acetonacetates 3.67 (Figure 3-16) The synthesis was catalyzed by 2 mol% flavin catalyst
and air as the source of oxygen. Dr. Chen reported this one pot synthesis of pyridine

derivatives.116
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Figure 3.16 Multi-component synthesis of pyridines

C-4 Substituted dihydropyridines were not oxidized by using an alloxazine
catalyst over longer reaction time and at elevated temperature. Cibulka and coworkers
reported the greater electrophilicity of isoalloxazines than the alloxazines and also
reported that the use of acid increases the formation of oxidized flavin from the flavin
pseudo base.'l” After screening a set of acids, Dr. Chen used HCIO4 successfully as an
acid for the oxidation of C-4 substituted dihydropyridines with isoalloxazinum catalyst

3.71 in good to excellent yields (Figure 3.17).118
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Rz)‘:(\/lEN\RZ 3.71 (2 mol%), air RN R, ©:®;EH/N\
N Methanol, rt, 12-48 h Z N
H
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3.72d 3.72e 3.72f

Figure 3.17 Isoalloxazine catalyzed oxidation of 4a-substituted dihydropyridines

A plausible mechanism involves the reduction of the isoalloxazinium 3.71 to the
reduced flavin with dihydropyridine. The reduced flavin 3.71a will interact with the
molecular oxygen to form the flavin hydroperoxide 3.71b, which will eliminate H202 to
form the oxidized flavin 3.71. The elimination of H20:2 is enhanced by the presence of an

acid (Figure 3-18)
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Figure 3.18 The plausible mechanism for acid catalyzed aromatization

The benzothizoline compounds were oxidized to the respective benzothaizole
using the alloxazinium catalyst 3.40. Although it was reported that the benzothiazoline
undergoes autooxidation in presence of chloroform but distilled chloroform shows no
conversion of the product. In our acid and metal free catalyzed reaction, the reaction is
complete within 90 minutes. Some electron rich benzothiazoline 3.74d, 3.74g formed
20% and 25% benzothiazole under the control reaction condition (Figure 3.19). Most of

the substrates were used by Dr. Chen except the substrates 3.74c, 3.74e and 3.74f.
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Figure 3.19 Alloxazine catalyzed benzothiazoline aromatization

After successful conversion of benzothiazoline to benzothiazole, Dr. Chen also
reported the synthesis of a series of benzothiazole in a one-pot method using
aminothiophenol and an aldehyde with 5 mol% catalyst and in presence of air. (Figure

3.20)
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Figure 3.20 Two components one pot aromatization of benzothiazolines

In summary, a green and biomimetic oxidative aromatization was developed
using flavinium catalysts. A series of dihydropyridines and benzothiazolines were
oxidized to pyridine and benzothiazole using oxygen as terminal oxidant. One-pot
syntheses of benzothiazole and pyridine was also developed using 2-5 mol% of flavinium
catalyst at room temperature and shorter reaction time. The improvement in catalyst
design to incorporate on solid support will be very useful to increase the reusability of the
catalyst. This milder method of oxidation will open a new horizon for the selective,
efficient and sustainable oxidation of other prearomatic compounds including

benzimidazolines, benzoxazolines.
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Chapter 4
Flavin as cancer cell inhibitor
4.1 Introduction

A number of approaches have been developed to inhibit the growth of the cancer
cells. Among several classes of epigenetics drugs, DNA demethylating agents inhibits
DNA methyltransferase to reduce overall levels of DNA methylation. There are two types
of DNA demethylating agents, nucleoside DNMT (DNA methyl transferase) inhibitors and
nonnucleoside DNMT. First nucleoside DNMT was developed in 1960s'1° and the activity
of drug involves the incorporation with DNA. But the nonnucleoside DNMT does not
incorporate with DNA therefore less toxic and better tolerated in clinical settings.

Another class of drug known as histone deacetylase inhibiotrs (HDACis), which
alters the acetylation condition of the several membrane proteins. Due to the crosstalk
between different epigenetic mechanisms, a combination of drugs was used to treat the
cancer cell growth.

Histone methylation occurs on lysine and arginine residues and mediated by
histone methyl transfarases (HMTs) and protein arginine methyltransferases (PRMTS)
respectively. This modification correlated with a variety of human diseases including
cancer. Recently it has been reported that Lysine-specific-demethylase (LSD1) is an
amine oxidase that works with methyl transfarases to maintain the global methylation
pattern of histone. LSD1 is a FAD dependent protein, which forms formaldehyde and
Hydrogen peroxide after demethylation of the N-terminal methyl groups. Several reports
supports the role of LSD1 in tumorigenesis.®®

Fischer and coworkers screened a number of 5-deazaflavins as potent activators

of p53 to inhibit cancer cells.®
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4.2 Synthesis of artificial flavin analogs

A number of artificial alloxazine and isoalloxazine analogs with different types of
polar and nonpolar substituents were synthesized are synthesized using a novel
procedure via potassium salt of the alloxaziunium and isoalloxazinium.

The general procedure includes the synthesis of the core structure of the
alloxazine and isoalloxazine by condensing o-phenylenediamine 4.1 and N-Ph-o-
phenylenediamine 4.6 with alloxan monohydrate 4.2 in presence of boric acid and acetic
acid. The salt of the alloxazine 4.4 and isoalloxazine 4.8 were formed by heating with
K2COs in DMF. The isolated salt was used further without any extra purification step.
Depending on the final structure of the artificial flavin 4.5a-f and 4.10a-c, the alkylation of
the salt was performed in DMF.(Figure 4.1)

Previous synthetic protocol involved the one pot synthesis of flavin with K2CO3
and alkylating agent. The deportation of flavin required heating prior to alkylation and
some of the alkylating agents undergo elimination reaction in presence of base and heat
to lower the overall reaction rate. The two pot synthesis improves the overall yield of the

reaction by forming the potassium salt in absence of the alkylating agents.

H3BO3

@
NHz AcOHt Ny D0
Hy0 — \T? K,CO3, DMF, 110 °C TOT g
3h, 80% h, 80% N N K
NH2 o
o)
R
N._N__O
R-X, DMF,rt- 50 °C SO
— N.
4.5a RX = CHy N R

4.5b RX = C4HgBr
4.5¢ RX = PhCH,Br 46a-h
4.5d RX = BrCH,COOC,Hs .

4.5 RX = Br(CH,);COOC,Hs ~ 4:6aR=CH3,95%

4.5f RX = Br(CH,),N(CH3)Br ~ 4-6b R=C4Ho, 90 %
4.6¢ R = PhCH,Br 90%

4.6d R = CH,COOC,Hs, 85% 5N HCI_ 4.6g, 75%
4.6e R = (CH,);COOC,Hs, 86% 90 °C  4.6h, 70%
4.6f R = (CH,),N(CH3)3Br, 66%

Figure 4.1 Alloxazine derivatives synthesis
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Figure 4.2 Synthesis of 10-Ph isoalloxazine derivatives

Compound 4.6g, 4.6h and 4.11d were synthesized by acid hydrolysis of the

corresponding esters with 5N HCI at 90 °C.

The synthesis of compound 4.13 will be discussed in chapter 7 and the
compound 4.12 was synthesized according to the published report!2° 3,10-
dimethylalloxazine 4.14 was synthesized by condensing N-methyl-o-phenylenediamine

4.15 with alloxane monohydrate and followed by alkylation with methyl iodide in presence

of potassium carbonate.

NH 0
@[ \f _ H3BOg AcOH @[ _KaCO3, CHyl, DMF _ @[ \f
NH, overn|ght 65% 40 °C, 6h, 70%

Figure 4.3 Synthesis of 3,10-dimethyl isoalloxazine 4.14
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4.3 MCF7 and MCF10 cell inhibition

The artificial flavin compounds were screened for the growth inhibition of human
breast cancer cells MCF7 using MTT growth assay with cis-platin (ICso = 19.4 uM) as the
positive control.121-125 These results were produced in collaboration with Professor
Subhrangshu Mandal and coworkers. The inhibition results were tabulated in Table 4.1.
The 5-deazariboflavins 4.12 and 4.13 were found to be inactive (ICso = >100 uM) as
growth inhibitors. Among the alloxazine and isoalloxazine derivatives, 4.6a-h and 4.11a-
¢, compounds containing acidic, ammonium and ester groups at N-1 and N-3 positions
showed lower inhibition. In between the two classes, isoalloxazines with nonpolar groups
in N-3 and N-5 positions exhibited more inhibition than the alloxazines. Among the
compounds, 10-Ph isoalloxazine derivatives 4.11a (ICso = 14.8 uM) and 4.11b (ICso =
19.4 uM) inhibited the growth of MCF7 cells comparable to the cis-platin.

To study the selectivity of inhibition for cancer cells vs. healthy cells with artificial
flavins, two analogs 4.11a and 4.11b were screened against the non-malignant breast
epithelial cells (MCF10) using MTT growth assay. Surprisingly, compounds 4.11a and
4.11b showed significant selectivity towards breast cancer cells (MCF7) over non-
malignant breast epithelial cells (MCF10). In between these two artificial flavins, 4.11b
showed less inhibition of MCF10 cell growth compared to cis-platin. The result is shown

in Table 4.2.
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Table 4.1 Data for MCF7 cell inhibition

Substrate ICs0 (uM) | SEM Substrate ICs0 (uLM)| SEM
\ Ph
N. _N__O
@[ ST 451 [0.85 C[N /N\(O 148 |356
N
N/ ~ N/ N\
4.6a o 4.11a o
CaHo Eh N__O
Na N\fo 594 [1.55 @[ Y 194  |[2.15
A __N__Ph
P> - N ~
N Cafla 4.11b 0
4.6b 0o '
CH,Ph Ph
Ny NYO N._N._0O
@[/ N 67.7 |1.05 @[/ \,T >0 | NA
N “CH,Ph N (CH,);COOH
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9H2COOCZH5 ribose
N. _N__O N_ _N__O
T | e e | | ]
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Table 4.2 MCF10 growth assay with artificial flavins

Substrate ICs50 (UM) | SEM
Ph
N_ _N__O
o’
©: \l// 72.4 1.28
N NS
4.11a O
Ph
N_. N__O
©i ahd >100 | NA
NP NP
o)
4.11b
cis-platin 90.5 1.48

In summary, among the different classes of artificial flavins, isoalloxazines were found to
be better cancer cell (MCF7) growth inhibitors than alloxazines. Among the alloxazines,
compounds with smaller substituents at N-1 and N-3 positions inhibited the growth of

MCF cancer cells effectively.
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4.4 Docking experiment

Among the different proteins involved in cancer cells, LSD1 is a FAD (flavin
adenine dinucleotide) dependent protein, which controls the demethylation of lysine in
histone. The synthesized artificial flavins have the similar isoalloxazine core structures as
FAD. A docking experiment was studied to compare the possible binding capability of the
artificial flavins in the binding site of the FAD using Autodock.?® This computational study
was done in collaboration with Diego Lopez. To our delight, both active flavin analogs
4.11a and 4.11b have the ability to bind in the same binding site as FAD with similar
orientation and energy.

The relative binding energy of the substrates compared to the FAD is shown in
Figure 4.4, also the relative orientation and overlapping of substrates with FAD in the

active site are shown in Figure 4.5-4.6.

16 -
= [ |Binding Energy
14 -

10 ]

Binding Energy (Kcal/mol)
o]
1

4 S T B
FAD 411b 46c 4.11a 411d 46h 413 46a 46e 46b 414 46d 46g 46f

Substrate
Figure 4.4 Comparison of binding affinities with the natural substrate

(Binding energy is in negative scale)
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Figure 4.6 Comparison of binding orientation with natural cofactor (FAD)
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Figure 4.5 represents the overlapping of six of the artificial flavins in the active
site and figure 4.6 represents the relative orientation of artificial flavins with FAD in the
active site.

In summary, this is the first report to use the artificial flavin as the inhibitor for the
MCF7 type breast cancer cell. Initial screening of the flavin mimics showed the inhibition
for MCF7 but they are not active inhibitor for non-malignant MCF10 cells. The activity of
the artificial flavins may be related to the demethylation of histone in presence of LSD1 or
it may act as the 5-deazaflavins.58 This initial screening opened a research ground to
investigate the role of flavin in cancer cell inhibition specially to design new flavin
molecules with polar and non-polar substituents on the benzene ring of the N-3 and N-10

positions of 4.11b.
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Chapter 5
Water-soluble Flavin catalysts
51 Introduction

Natural flavins, flavin adenosine dinucleotide (FAD) 5.1 and flavin
mononucleotide (FMN) 5.2 exhibits important role as redox cofactors in enzymatic
processes. The stability and solubility of these natural flavins in different solvents limited
the investigation of the properties of flavin molecules. Robust flavin mimic structures are
required to study the functions of flavins in solvents comparable to natural system.
Synthetic alloxazine (I) and isoalloxazine (ll) are used for decades to investigate the
flavin propertied as well as to mimic the redox chemistry of natural flavins.'3127 To
improve the solubility as well as the reactivity of these artificial flavins, N-5 alkylation is an
essential step, which modifies the electronics of the tricyclic core structure but this
modification encumbers the natural substrate mimicking. The ribose moiety in FMN and
FAD decreases the stability of the natural flavins. Current research involves designing
new water soluble robust flavin analogs without N-5 alkylation and their application in
biomimetic research.

Chemical space modification of N-1 and N-3 positons of the alloxazine and N-3
position of the isoalloxazine lead us to design new highly water soluble flavin analogs.
We have introduced both positively and negatively charged side chains, which facilitates

the water solubility in a new synthetic approach.
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Figure 5.1 Structures of natural flavins and water soluble flavin analogs

5.2 Synthesis of water-soluble flavin molecule

The synthesis of alloxazine moiety (5.13) was accomplished by condensing o-
phenelynediamine (5.11) with alloxan monohydrate (5.12) in acetic acid in presence of
boric acid. The isolated product was used for alkylation with 5.14 and 5.15 at N-1 and N-3
position by using the regular methods used for in situ methylation.®® Due to different
reactivity and thermal stabilities of these alkylating agents compared to regular alkyl
halides, no desired product was isolated with 5.14 at room temperature and also at
higher temperature we isolated the N-1 and N-3 di methylated alloxazine product, which
is the indication of Hoffman elimination product (5.16) of the alkylating agent.

For an alternate route to introduce quaternary ammonium group at N1 and N3
positions we tried to use N,N-dimethylated reagent (5.17) instead of N,N,N-trimethylated
(5.14 or 5.15) reagent to introduce the tertiary amine followed by methylation to

synthesize the quaternary product.
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But the reaction between the alloxazine and the tertiary amine lead us to

intermolecular product (5.18) instead of alkylation.
N N.__0O
NH
2 _HgBO3, ACOH _ Y
rt, 85 % N
o

Dry DMF, K,CO;

5.14 or 5.15
No desired product

( one pot)
5.13 |
e
B /\/Ni Bre Brva\ B"@
r ©) 3 @
5.14 5.15

Dry DMF K2003

I
N. _N__O
©: 5.14, 100 °C ©:\
( one pot) N/ N

(0]

5.13 5.16
Dry DMF, K,CO3 ®/ Br

©: 5.17, 60 °C [ ]
(one pot)

| /@\ Bl’

5.18

Br/\/ ~
517 (isolated product)

Figure 5.2 Initial approach to install quaternary group
We have designed another approach to accomplish the synthesis of quaternary
amine containing flavin molecule, which comprises two steps — first the synthesis of di-
potassium alloxazine (5.19) species by heating alloxazine with potassium carbonate in
DMF and second treatment of the isolated salt with the desired bromo alkyl ammonium

species (5.14 or 5.15) in DMF to synthesize the desired product with higher yields.
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P NH 2.5.14 or 5.15, DMF N(CHy)Br
N 5 rt, 2 days 3)s
66-75%
5.13 ( °) 53,n=1 (66%
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Yor
— N ®
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dipotassium salt
5.19

Figure 5.3 Synthesis of quaternary ammonium derivative of alloxazine

The isolated dipotassium salt of alloxazine was also used to synthesize the water
soluble sulfonic acid derivatives of alloxazines. Both propane sultone (5.20) and butane
sultone (5.21) were reacted with the dipotassium salt of alloxazine to vyield the

corresponding sulfonic acid (5.5 and 5.6) in higher yields.

SO3H
W R 1. DMF, K,COs,
©: SN 105 °C, 4-5 hr ©:
A NH  2.5.200r5.21, DMF
N M/\sos
o rt, 6h
70 - 75%
5.13 ( °) 5.5 n= 89%
5.6,n =3 (88%)
/,
\\ S;O
5.20 5.21

Figure 5.4 Synthesis of sulfonic acid derivatives of alloxazine
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The tricyclic 10-Ph isoalloxazine (5.23) structure was synthesized by using N-
phenyl-o-phenylenediamine (5.22) and alloxan monohydrate (5.12) in acetic acid in the
presence of boric acid. Similar to the alloxazine, monopotassium salt (5.24) of the 10-Ph
isoalloxazine was synthesized by heating 5.23 with potassium carbonate in DMF and the
salt was used with corresponding alkylating agents 5.14, 5.15, 5.20 and 5.21 to

synthesize the compounds 5.7, 5.8, 5.9 and 5.10 respectively with good yields.

_H3BO3, AcOH_ ©:
NH2 rt, overnight

512
N N__O
e @
®
N N 105 °C, 4 hr NK
5.23 Ph
DMF, N_ _N__O
o’
5.14/5.15/5.20/5.21 ©: ;@(N
rt, 6 -48 h N Ry
o)
_Qro
(55- 85%) 5.7 R, = (CHy),N(CHa)sBr (80%)
5.8 R, = (CHy)sN(CHa)sBr (85%)
5.9 Ry = (CHg),SOsH (55%)

5.10 R; = (CH,),SO3H (75%)

Figure 5.5 Synthesis of water soluble 3- substituted 10-Ph isoalloxazine derivatives

5.3 Application of water-soluble water molecule
5.3.1 Electrochemical activation of molecular oxygen
The Flavin catalytic cycle involves the reduction of oxidized flavin, the reduced
flavin is capable to activate oxygen to form reactive oxygen species like H202. It was

already reported from our group the use of Hantzsch ester, benzothiazoline as the
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reducing agent. Since electrons are the cheapest reductant, we have studied the
electrochemical properties of water soluble flavins in N2 and O: atmosphere. The
research was conducted in collaboration with Dr. Rajeshwar using cyclic voltammetry. In
presence of oxygen, flavin (5.3) catalytically activates oxygen, which was indicated by the

large amount of current generation compared to the system with N2 atmosphere.(Figure

5.6)

0
0.85 065 045 .25 0.05
0.5
<
>
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Compound - 02 =
=
Compound - CO2 &
Compound - N2
1.5
Potential V vs. Ag/AgCl -2

Figure 5.6 Cyclic voltammetry of 5.3 with 0.1M Na2S04 and scan rate 0.02 V/sec

A comparison of cyclic voltammetry data of alloxazine (5.3) and isoalloxazines
(5.7, 5.8 and 5.10) indicates higher half potential for isoalloxazine than the alloxazines
(Figure 5.7). All the isoalloxazines have the similar half potential and all of the

compounds electrochemically activate the molecular oxygen (Figure 5.8).
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Figure 5.7 Cyclic voltammetry data comparing alloxazine and isoalloxazines
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Figure 5.8 Catalytic electrochemical activation of Oz using isoalloxazines
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5.3.2  Methyl orange degradation

The degradation of organic molecules with riboflavin as photosensitizer using
light is being studied extensively. The proposed mechanism involved the photo-excitation
of singlet riboflavin to the triplet state and relaxation of singlet riboflavin to triplet through
inter system crossing (ISC) and final relaxation to the singlet ground state. The emitted
energy can be transformed to the triplet oxygen to form reactive singlet oxygen. Reactive
oxygen can further degrade the organic products.

The instability of the riboflavin under UV-vis light indicates the formation of
lumichrome via the formation of lumiflavin and lumichrome is reported to be the active
photosensitizer for the degradation of flavin. Another drawback of the riboflavin is the
extremely lower solubility of the lumichrome and riboflavin.

To study the function of artificial alloxazine and isoalloxazines as photosensitizer,
this research was conducted in collaboration with Dr. Rajeshwar.

Alloxazine compound having the similar core structure as lumichrome is being
used to study the degradation of methyl orange. The synthesized water soluble
alloxazinium 5.3 was found to be an active photosensitizer under visible light (400W
medium pressure mercury light) in presence of O2. The rate of degradation of methyl
orange (100 uM) is higher for alloxazine 5.3 (100 uM) than isoalloxazine 5.7 (100 puM) in
presence of oxygen and TiO2. No significant photodegradation of methyl orange was
observed in the absence of light. The incorporation of TiO2 with alloxazine improved the
rate of degradation of dye slightly (Figure 5.9). In a different experiment, it was found that
TiO2 enhanced the degradation of flavin in presence of UV light. Also UV light itself
degrades alloxazine (5.3) slowly (Figure 5.10), but under visible light the flavin (5.3) is

highly robust (Figure 5. 11).
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Figure 5.9 Comparing conditions of MO degradation with F1 =5.3 and F4 = 5.7
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Figure 5.10 Degradation of alloxazine 5.3 under UV-vis light
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Figure 5.11 Degradation of alloxazine 5.3 under visible light
Due to instability of alloxazine (5.3) in presence of TiO2 and UV light, the degradation of
methyl orange (MO) was studied in presence of visible light (using 0.72M NaNO:2 solution
filter) and the result showed a rapid degradation of methyl orange (Figure 5.12). The
peak at about 550 nm represents the methyl orange where the peak at about 450 nm

represents alloxazine (5.3).
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Figure 5.12 Degradation of MO in presence of alloxazine and UV-vis light
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In summary, this research is the first report to use artificial flavins as the
photosensitizer. It also proved the higher stability and higher activity of alloxazine as a
photosensitizer than isoalloxazines. The outcome of the research will not limited to the
degradation of dyes, it can be extend to the removal of organic pollutant
photocatalytically. This preliminary data will encourage us to design new artificial flavins
with different substituents to tune both the stability and solubility. A heterogeneous

catalytic system could also be designed to increase the turn over number of the flavins.
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Chapter 6
Metal-flavin hybrid systems
6.1 Introduction
Among the metal oxides, TiOz is the most promising photocatalyst, which has
been studied for the degradation of organic pollutants, water dissociation, solar energy
conversion and disinfection.12® But due to the energy band gap of 3.2 eV, TiO2 can only
be excited by a small fraction of UV light of sunlight. The higher rate of electron-hole

recombination also results lower quantum yield and poor efficiency of TiO2.

Various attempts were made to sensitize TiO2 for much larger visible light regions
including doping of TiO2 with transition metal ions.'?® Chemical doping of transition metals
can introduce donor and /acceptor energy level in the forbidden band of TiO2 to exhibit
visible light response. Novel metals like Au, Ag, Pt doped TiO2 was also reported as
promoting organics degradation using TiO2 under UV irradiation.13%-132, Self-assembled
monolayers (SAMs) grown on the solid metal oxide using linker group containing organic
compounds was studied for the degradation of organic pollutents. Due to the lower cost,
nontoxicity and relatively higher efficiency of anatase form of TiO2 was used not only for
water and air decontamination3?® but also for self-cleaning applications.’3* The
photocatalytic degradation of organic pollutants involves the excitation of electrons from
the valance band to the conduction band creating electron-hole pairs. The holes are
trapped by H20 or OH- to form hydroxyl radicals and on the other hand, the electrons
reduce adsorbed oxygen to superoxide radicals. The generated reactive oxygen species
(ROS) attacks the organic pollutants to form the stable molecules such as CO2 and Hz0.
(Figure 6.1)1%5 The surface properties of the metal (Au, Ag) , metal oxides (SiO2, TiO2,
Al20s, BIOCI), and semiconductors (Si, GaN, InP) can be altered by the SAMs. This

modification can led to the phenomenon like wetting properties (hydrophobicity,
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hydrophilicity, and oleophobicity), electronic properties (affecting the band to form charge
conduction) and also to form a tailored three-dimensional supramolecular arrays by

attaching a specific molecule to an external functional group.

0, Organic pollutants

e e e e -
Conduction band O,

A

Light

recombination TiO, ho

Valence band
h* h* h* h* CO, + H,0 * .....
H+
H,0

Figure 6.1 Organic pollutant degradation using TiO2 as photocatalyst

Since both SiO2 and TiO:2 are capable of forming surface hydroxyls, the SAMs on
titania may resembles the SAMs on the silica. This similarity varies on the type of the
linker that connects the surface and the organic tails. Because of the different
electronegativity of Ti (1.50) compared to Si (1.90) the polarity of M-O bond of the oxide,

the zero charge of the oxide and the number of OH sites on the surface will be different.

SAMs of TiO2 with phosphonic acids were not clearly understood. The presence of P-O-
Ti, P=0, and P-OH indicated that mono-, bi- and tridentate surface phosphonate units
can be present in these monolayers (Figure 6.2). The composition of these bonds is

dependent on the tail group too.
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Figure 6.2 Different binding modes between phosphonic acids SAMs and TiO2
(&) monodentate, (b) and (c) bridging bidentate, (d) bridging tridentate, (e) chelating
bidentate3®
Because of the almost irreversible adsorption of SAMs on the TiO2 surface,
transforms TiO2-SAM as a tool to study fundamental phenomenon in photocatalysis as
they provide a way to decouple and reaction. SAMs are also utilized to study the so
called “remote degradation effect”, namely the effect of degradation of molecules, which

are far from the TiO2 surface.

6.2 Synthesis of flavins with metal-binding groups

To study the SAMs of metal oxide (TiOz2 and BiOCI) and flavins, a humber of
flavin derivatives were synthesized with different head groups. Among the head groups
we have synthesized carboxylic acid, phosphonic acids, sulfonic acid and 1° amine
containing compounds (Figure 6.3). The synthesis, characterization and application of

metal-flavin SAMs have been studied in Dr. Paz lab at Technion, Haifa, Israel.
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Figure 6.3 Flavin derivatives for SAMs study

Synthetically all the 10-Ph isoalloxazine derivatives were synthesized by using
potassium salt of the 10-Ph isoalloxazine (6.15), which has been synthesized by
condensation of N-phenyl o-phenylenediamine (6.12) with alloxan monohydrate (6.13).
The substituents at N-3 position of the isoalloxazine was introduced by either

synthesizing or commercially available reagents.

Carboxylic acids (6.1 and 6.2) were synthesized by acid hydrolysis of the
corresponding esters (6.18 and 6.19), which were synthesized using commercially

available ethyl bromocarboxylates (6.16, 6.17) respectively (Figure 6.4).

Phosphonic acids (6.3-6.7) were synthesized from the corresponding
diethylphodsphonates (6.25-6.29). Different bromo diethylphosphonates (6.20-6.24) were
reacted with the potassium salt of the 10-Ph isoalloxazine to form the N-3 substituted
phosphonates. A general Arbuzov reaction was used to synthesize the phosphonates

using a dibromoalkane and triethyl phosphite (Figure 6.5).
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Figure 6.4 Synthesis of carboxylic acid derivatives
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Figure 6.5 Synthesis of phosphonic acids
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Compound 6.8 and 6.9 were synthesized as mentioned in Figure 6.6 with good yields.
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Figure 6.6 Synthesis of phosphonic acid 6.8 and 6.9.
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Propane sultone and butane sultone were used to react with the potassium salt of the 10-
Ph isoalloxazine to form the sulfonic acids (6.10-6.11) as mentioned in Chapter 5 as 5.9
and 5.10.

6.3 Application of tethered flavin molecules

The synthesized flavins were used to for SAMs with TiOz2 and BiOCI to
investigate the use of redox properties of flavins. Among these phosphonic acids C8-
phosphonic acid 6.5 was found to form SAM with TiO: effectively and C-4 carboxylic acid
6.2 was effective with BIOCIl. To study the photodegradation of organic molecules,
ethanol was chosen as experimental standard and surprisingly the TiOz-flavin SAM is

found to be effective compared to the control. Figure 6.7 was shared from Dr. Paz lab.
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Figure 6.7 The kinetics for photodegradation of ethanol

TiO2-Flavin (purple triangle) and TiO2 only (red square)
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The degradation of salicylic acid was studied with BiOCI-Flavin SAM and the
initial screening shows the higher degradation rate of salicylic acid under visible light. A

comparison was shared from Dr. Paz lab (Figure 6.8).
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Figure 6.8 The kinetics of SA degradation
6.2/BIOCI (orange circles), 6.3/BiOCI (pink empty circles), 6.5/BiOCI (black asterisk) and
by 6.9/BiOCI (purple diamonds) (prepared in the dark) and in the absence of flavins (blue

diamond), absence of photocatalyst (red)

In summary, metal-flavin SAMs were showing effective degradation of small
organic molecules. A complete kinetic study will open the mechanism for “remote
degradation” effect. Synthetic alloxazine type derivatives can also be utilized to
investigate the chemistry of isoalloxazine and isoalloxazines. Future research can also

introduce photovoltaic cell using metal-Flavin SAM as the mediator between the

photosensitizer and metal oxide as acceptor.
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Chapter 7
Deazaflavins
7.1 Introduction

5-deazaflavins are structurally similar to flavin with carbon instead of nitrogen at
the 5-position. Due to this difference, the redox properties of deazaflavins resembles
pyridine nucleotides (nicotinamides) more than the flavin. The deazaflavoproteins
undergoes reduction at least 100 times slower than the flavoproteins, flavoproteins
usually do not show catalytic turn over, and also among the three main functions of
flavoproteins — (de)hydrogenation, Oz-activation and electron transfer, deazaflavoproteins
retained the reversible dehydrogenase of the specific substrate enzymes.

Cofactor Faxo (7.2, Figure 7.1), a 7,8-didemethyl-8-hydroxy-5-deazariboflavin
derivative, was discovered in the 1970’s 137138 and is functionally similar to nicotinamide
cofactors, NAD(P)*, while structurally reminiscent of the isoalloxazine tricyclic system
found in flavin cofactors, FAD and FMN. Found primarily in prokaryotes,38-144 F420 and its
precursor 5-deaza-7,8-didemethyl-8-hydroxy-5-deazariboflavin (FO, 7.1), are important
metabolites and unique organic redox-active coenzymes (E12 = -340 to -350 mV) capable
of reducing both NAD(P) (ca. -320 mV) and FAD/FMN (ca. -210 mV) in a
thermodynamically favourable manner.14> Due to the relatively acidic phenolic residue at
C8, the activity of these species is pH dependent. In the neutral state, reduced FO
(FOH) performs hydride transfer reactions with relatively enhanced reducing power as
compared to NADH. Deprotonated FO was discovered to be a light-harvesting molecule
for DNA photolyase in Drosophila. We set out to prepare FO synthetically as part of our
studies of Fa2o dependant NADP* reductase (Fno), an important enzyme for

methanogens, which convert CO2 to CH4.146
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In this part of the research, we are going to discuss a convenient approach to

synthesize the FO.

7.2 Synthesis of FO

R R oH
HO N N @) HO N N 0]
8 10717 +H, 8 107 1
8 A _NH _H, 7 AN
> 0 HsH O
FO and F420 FOH2 and F420H2

Figure 7.1 Structures and Properties of FO and Fazo

The final intermediates of FO biosynthesis4’ were recently identified from the
proposed shikimate pathway;4® however, robust biological systems for the generation of
FO and Faz0 are underdeveloped. One report isolated FO efficiently from the lysate of fruit
flies.149 Chemical approaches to deazariboflavins were defined prior to the discovery of
F420.15° However, only one synthesis of each naturally occurring deazaflavin (FO, by
Ashton et al.151152 and Fas20 by Yoneda and coworkers!®3154) has been communicated

(Figure 7.2).
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Figure 7.2 Prior syntheses of 7.1 and 7.2
These chemical preparations contain significantly unstable intermediates, making these
synthetic achievements quite impressive, but leave the field without convenient
preparations of FO or F420.1501%5 This work displays a preparation of FO in the context of
prior methods, which were instructional to the overall synthesis. Stability of intermediates
was gained by a protection strategy for 3- aminophenol that added a single step to the
synthesis and allowed for normal phase chromatography. The reported procedure does
not require anaerobic ion exchange chromatography.

The photo-degradation of riboflavin and related metabolites to lumichrome or
lumiflavin is indicative of the intermediate instability challenging syntheses of FO.156
Purification challenges for natural and non-natural deazariboflavins and riboflavins pre-
date FO and Fa420 syntheses, but the electron-rich and acidic 7-hydroxyl substituent of FO
and Fas20 increase the challenges to these preparations.’>” Prior work (Figure 7.2)

required anaerobic and dark conditions for early-stage intermediates, specifically
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involving compound 7.5, in addition to separations of polar, acidic intermediates by ion-
exchange chromatography.151.152,158

We wondered if a combination of prior approaches and steric O-protection of 3-
aminophenol could address the instability and related purification challenges of early-
stage polar intermediates. Redox shuttle additives in batteries (e.g. di-tert-butyl-1,4-
dimethoxybenzene) are kinetically stabilized by steric hindrance, rather than
thermodynamically stabilized by alteration of their electron density.1%® Satisfyingly, the
introduction of a tert-butyldimethylsilyl (TBDMS) protecting group to 3-aminophenol
addressed numerous issues, including: chemoselective O- vs. N-protection, enhanced
redox stability, and simplified purification. Furthermore, the protecting group imparted no
apparent affect on later transformations and, as described below, concomitant TBMDS-
O-deprotection was achieved during the final HCI-generating transformation. Related
silyl-protecting group, TBDPS-, was investigated, but negatively impacted the final
condensation cyclization and required an additional reaction for O-deprotection under
more harsh conditions. Conversely, benzyl-protection, used in Yoneda’s synthesis of
Fs20, yielded only 75% of the O-protected product, with the N-protected byproduct.
Unfortunately, the O-benzyl protected analogue of 7.12 did not cyclize with 7.6, leading
us to believe that the facile deprotection of TBDMS reveals the more electron-rich

phenolate, aiding in final cyclization.
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Figure 7.3 Synthesis of stable hydrophobic intermediates.

Selective O-protection of commercial 3-aminophenol 7.9 was achieved in 93%
isolated yield (Figure 7.3).180 Protected 7.10 and D-ribose were refluxed in dry methanol
to vyield N-ribosylaniline 7.11 as a white powder, which was purified by flash
chromatography (silica). The resultant N-ribosyl compound was reduced to the
corresponding N-ribitylaminophenol 7.12,'% as an amorphous white solid after
purification, again by normal phase flash chromatography. In our experience with the
prior literature, handling the unprotected ribityl species 7.5 was a major source of
anguish, especially during purification. This was presumably due to (photo)oxidation
products, i.e. careful anaerobic and dark techniques did improve yields by limiting, but not
eliminating, the formation of a brown multicomponent impurity, which could not be carried
through subsequent reactions. Purified 7.12 was stable at room temperature for a few
hours and could be stored at —20 °C for over a month with no noticeable degradation.

We found Yoneda'’s uracil derivative 7.6 to be the best condensation partner for
fragment 7.12. To prepare this species, barbituric acid 7.13 was converted to 2,4,6-

trichloro-5-formyluracil  7.14 by Vilsmaier—-Haack conditions.’®* The resulting
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trichloroformylpyrimidine 7.14 was converted to 6-chloro-5-formyluracil 7.6 in good yields
by Yoneda’s method.1%? The convergent synthesis of 7.1 was completed by condensation
of 7.6 and 7.12 at 130 °C in DMF for ca. 90 minutes. TBDMS-O was fully deprotected

during the cyclization, which generates HCI.

H POCI,;, DMF
0_N__O cl_ _N_ _CI
Y 130°C, 16 h | g
NH — N
62% ¢
O 713 Cl 7.14
K,CO3 H
cl N 0 712
EtOH/H,0 | NH _DMF. 130°C 74
rt, 4 h, 91% 1.5 h, 60%
7.8

Figure 7.4 Synthesis of uracil and condensation to 7.1, FO
7.3 Application of FO
The application of FO in enzyme kinetics was investigated by Dr. Kayunta
Johnson-Winters and the following data has been shared. The reduction of FO by
NADPH in place of Fazo in wild-type Fno (Figure 7.5) from Archaeoglobus fulgidus, which
was expressed and purified in C 41 DE3 E. coli cells. FO’s activity in Fno (200 nM) was
examined aerobically by steady-state kinetics with a saturating concentration of NADPH,
600 uM, and varying concentrations of FO from 2 uM to 30 pM. Standard Michaelis-
Menten kinetics were observed at pH 6.5 and 23 °C (Figure 2). The kcat for wt-Fno was

5.27+0.14 s
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k(sec™)

0 5' IIU 1r5 2‘0 2I5 3:0

[FO] (uM)
Figure 7.5. The steady state experiment of wt-Fno with constant [NADPH] and varying
Fo concentration. The data points were fit with the Henri-Michaelis-Menten equation

(= Fea 5
E +15]

).

The observed K for oxidized FO at 23 °C and pH = 6.5 was found to be 4.00 +
0.39 uM. Previously reported Km values of wt-Fno were: 20 uM at 65 °C for the natural
substrate, reduced FazoH2; and 10 uM at 65 °C for oxidized Fa20.163164 FO lacks the
charged poly-glutamate tail of Fso cofactor, eliminating putative points of contact
between the coenzyme and Fno’s binding site. However, oxidized FO still binds relatively

tightly to Fno, in comparison to Fazo.
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Chapter 8
Synthesis of new flavin derivatives
8.1 Objective

Initial screening of the flavin catalyst in different applications encourage us to
design and synthesize structurally different flavin molecules. The photodegration of
methyl orange using artificial flavin indicates the lumichrome as the most active
photosensitizer and also isoalloxazine derivatives are comparatively less reactive than
alloxazine. Molecular oxygen activation using flavin in aqueous solution helps us to
design catalyst to build a flavin coated electrode to generate reactive oxygen species in
aqueous solution. Self-assembled monolayer study indicates the importance of linker
group on alloxazine.

Mechanism of Dakin oxidation and aromatization reaction indicates the
importance of electron withdrawing groups other than halogens on N-5 alkylated
flavinium salts. Since groups like nitro (NO2) and nitrile (CN) are unstable towards strong
reductive environment, it is a great challenge to synthesize N-5 alkylated flavinium slats
with these groups.

In this part of the research we will discuss the synthesis of new flavin catalysts.

8.2 Synthesis of lumichrome derivatives
All the compounds except 8.11, 8.12 and 8.13 were synthesized by the
condensation of alloxan monohydrate with the corresponding commercially available o-
phenylenediamine (Figure 8.1). The synthesis of 8.11, 8,12 and 8.13 started with the
protection of o-phenylenediamine using either p-toluenesulfonyl chloride or thionyl

chloride, followed by nitration or bromination and finally the deprotection led to the o-
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phenyleneamine derivative and which can be condensed with alloxan monohydrate to

yield the desired product (Figure 8.2). .

N. N__O R N. N__O 1 H
N N N.__O
LY T Y
/N R N N/ NH
(6] (0] R 0O

8.1,R=H 8.6, R=CH, 8.12, R=Br
8.2, R = CHj 8.7, R=OCH,3
8.3,R=F 8.8, R=F
8.4,R=_Cl 8.9, R=Cl
8.5,R =Br 8.10, R = Br
8.11, R = NO,

Figure 8.1 Synthesized Lumichrome and its derivatives
All the lumichrome derivatives will be a series of compounds to study the effect of
substituents on the photosensitizer and also to study the date of degradation of methyl
orange.

8.1, R = H (80%)
8.2, R = CHj (85%)

H H
N. _N__O
Xy V2 © N\fo H3BO3, AcOH YOS \f 8.3, R=F (86%)
R NH Rw I J_ NH 8.4, R = COOH (70%)
= r,6-8h N 8.5, R = Br (70%)
o} o}

NH, ©O

H

H
R N N (0]
R NHz O ?©  HiB0,, AcOH NOY 86, R=CH; (75%)
NH oan A NH 8,7, R = OCHs (90%)
R NH, O 0 R N I 8.8, R=F (85%)

5 8.9, R = CI (80%)

Figure 8.2 General synthesis of lumichrome derivatives
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N NH, 16 h, 90% NH

8.19 8.13 8.14

)
Tos

jBrz, AcOH HNO3, AcOH | Brp, ACOH
Br ‘ ‘
N Tos Tos
\s O,N NH Br NH
N
O,N NH Br NH
Br, 820 8.15 Tos 8.16 Tos
FECI?” HCI aq, H2804 aq, H2804
Br 90 °C 90 °C
NH
z ON NH, Br NH,
O,N NH
Br 821 2 8.7 2 Br 8.18 NH,»
alloxan, H3BO3 alloxan, H3BO3 alloxan, H3BO3
AcOH AcOH AcOH
r
N i Y Y'Y
= NH j@[ = NH j@[ = NH
N O,N N Br N
o)
Br g12 © g1 © 8.10
Figure 8.3 Synthesis of 8.10-8.12
8.3 Synthesis of alloxazine catalysts with different 7,8d-disubstitution patterns.

The use of isoalloxazine derivatives for SAM on TiOz and BiOCI indicates the
effectiveness of flavin structures on degradation of small organic molecule. Due to the
higher stability of the alloxazine over isoalloxazines, we have designed a number of

alloxazine structures with one or two head groups.
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R
I
N._N._O N._N.__O
N N
©:/ \Nlé ©:/ \Nl//\
N ~ N R
o)

o}
8.22, R = (CH,);COOH 8.28, R = (CH,);COOH
8.23-8.27 R = (CHy),PO3H, 8.29 - 8.33 R = (CH,),PO3H,

n=306,810.12 n=306,810.12

R = linker with head groups

Figure 8.4 Alloxazine structure with one (left) and two (right) head groups
A general scheme to synthesize alloxazine with two linkers and one linker are

shown in Figure 8.5 and 8.6.

®
H K
N. _N.__O N. _N.__O
0,
©: NP KeCOs, DMF, 110 °C ©: Yo
= NH Z N K
N N o
o)
8.1 8.34
0 0
EtO\P HO\P
EtO
OE(t)Et 1. TMSBr, DCM _
. r,
\( || OEt """""""" \( || OH
2. MeOH
n=3,6,8,10,12 n=3,6,8,10,12
8.35 - 8.39 8.29 - 8.33

Figure 8.5 Synthesis of alloxazines with two linkers
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NH2 \léo H3BO3, AcOH ©: \ly

8.13 8.40

O
EtO-p
P
(I? Et0”

ye
Br P.

N N__O 1 >OEt
K,COs, DMF, 85 °C ©: \:[T(\I//w W\OEt ©: j%(\lé

AN

N \J

o
8.42

n=3,6,8,10,12

8.43- 8.47
n=3,6,8,10,12

8.23-8.27

Figure 8.6 Synthesis of alloxazine with single linker

To study the molecular oxygen activation in water, flavin coated electrode will be
a good tool for investigation. An amine containing derivative of both isoalloxazine and
alloxazines were synthesized as shown in Figure 8.7 and 8.8. These flavins can be

successfully coated on the oxidized glassy carbon electrode using peptide coupling

reaction.
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Ph b
N__N.__O N__N._O
©: #"SF" K,CO, DMF, 105 °C ©: 2
®
p NH P N K
N N e}
o) 0

Br/\/\
% o Iﬁ e 'y
DMF, 50 °C, 97% | 90 °C 95% N\/\/NHz

8.50 8.51

Figure 8.7 Synthesis of 10-Ph isoalloxazine amine

H <©
N. _N__O N. _N__O
X \( K,CO3, DMF, 110 °C X @\f ®
N __NH A __NK
N N e
o] o)
8.1 8.34

Peasiet ¥4

(0]
DMF, 50 °C C[N\ NYO
N N
N%{ ~ N
(0]

8.54

H K®
N. _N__O
STF T KoCOs, DMF, 85 °C Ny g\fo
N/ N\ Pz N
N ~N
o)
8.41 ga2 ©

Br/\/\N (o] k K(
8.52° @[ \f 12MHCL90°C @[N\ N0

~ N

DMF, 50 °C N ~

856 O

Figure 8.8 Synthesis of alloxazine derivatives with mono amine and diamine
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In summary, the proposed and synthesized flavin molecules have a great future
impact to study flavin catalyzed oxidase chemistry, photochemistry, electrochemistry and
electrochemistry. The synthesis of flavin compounds from the potassium salt of the flavin
improved the way of installation of linker groups efficiently. Flavin attached to solid
surface could be useful in making a heterogeneous catalysis system, which could be
useful for higher catalytic turnover number. The initial electrochemical and photocatalytic

results will encourage to design robust and active flavin molecules.
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Appendix A

List of abbreviations
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Cat
CPD
CTANO3
DCM
DMF
DMSO
DNA
equiv
ESI
FDA
HDAC
HEH
HPLC
HRMS
Hz

LSD
MO
mp
MS
NMR
PTSA
rt
SDS
TFE
TLC
TON

Catalyst

Cyclobutane pyrimidine dimers
Hexadecyltrimethylammonium nitrate
dDicholoromethane

N,N-dimethyl formamide

Dimethyl sulfoxide

Deoxy nucleic acid

Equivalent

Electron spray ionization

Food and Drug Administration
Histone deacetylase

Hantzsch ester

High performance liquid chromatography
High resolution mass spectrometry
Hertz

Infra-red

Lysine specific demethylase
Methyl Orange

Melting point

Mass spectroscopy

Nuclear magnetic resonance
p-toluene sulfonic acid

Room temperature

Sodium dodecylsulfate
2,2,2-trifluoroethanol

Thin layer chromatography

Turn over number
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Appendix B

General experimental procedure
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General procedure for reaction kinetics

0.1 mmol of the salicylaldehyde derivative, and 10 ul anisole (internal standard) were
dissolved in 1 ml of the 95% MeOH@aq in a one dram glass vial, 0.1 ml of 1M NaHCOs
was added, followed by the addition of 1-10 equiv (0.01-0.1 mmol) of flavinium catalyst
and finally the addition of 1-10 equiv of 35% H202. The control reactions were run without
the addition of catalyst. The initial (t = 0) aliquot was withdrawn just before the addition of
the hydrogen peroxide and the reaction aliquots were withdrawn at a certain time to
guench in 2 ml of 0.01M Na2S40s solution and the solution was used as sample for HPLC
to analyze the consumption of the starting material. Phenomenex PFP column was used
for separation and for mobile phase 85% water with acetonitrile with 0.1% formic was
used. The flow rate was in between 0.3-0.5 ml/min and retention time was varied on the
substrate structure.

The peak area of the starting material was normalized with the peak area of the internal
standard. The peak area was converted to the concentration considering the t=0 min as
0.1 M of the substrate.

Each experiment was either duplicated or triplicated for reproducibility and also to
minimize the error in the calculation.

The concentration vs time plot was processed with Origin 9.0 and the best fitted curve
was selected to determine the initial change in concentration for each experiment. The
initial rates at different temperatures were used to calculate kinetic parameter using

Arrhenius and Eyring equation.
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General Synthesis of 2.10a,c,e,j

A one dram glass vial was equipped with Salicylaldehyde derivative 2.9 (0.2 mmol), flavin
2.11a (0.02 mmol, 7.5 mg). 200 pL of 1M NaHCOs (1 equiv), 35% H20:2 solution (5 equiv)
and 2 ml of solvent (MeOH/H20 = 95/5) were added. The reaction was stirred at room
temperature and monitored by TLC. When completed, the reaction mixture was
transferred to a round bottom flask and 50 mg silica gel was added to adsorb the
compound and the solvent was removed using rotary evaporator. The product was

purified using flash chromatography with 1:3 ethyl acetate/hexane as eluent.

OH Catechol 2.10a, (20.3 mg, 92%) white solid, mp. 103 — 104 °C (lit. mp.
OH 102 - 103 °C).12 1H NMR (500 MHz, CDCls) 3: 6.90 - 6.84 (m, 2 H),

6.84 - 6.74 (M, 2 H), 5.19 - 5.06 (m, 2 H); 23C NMR (125 MHz, CDCls)

2.10a 0: 143.53,121.41, 115.61.
4-methoxycatechol 2.10c, (26.6 mg, 95%), white solid, mp. 56 — 57
OH
OH °C. (lit. mp. 49 — 51 °C).174 1H NMR (500 MHz, CDCls) &: 6.76 (d, J =
8.6 Hz, 1 H), 6.50 (d, J=2.9 Hz, 1 H), 6.34 (dd, J = 2.9, 8.6 Hz, 1 H),
2.10c
OCHj,4 5.52 (br. s., 2 H), 3.72 (s, 3 H); 13C NMR (125 MHz,CDCls) &: 154.31,
144.73, 137.37, 116.01, 105.50, 102.57, 55.92.
2,6-dimethylhydroquinone 2.10e, (25.1 mg, 91%), white solid, mp.
OH

148 - 149 °C (lit. mp. 145 - 148 °C).15 14 NMR (300MHz, DMSO-
ds) : 8.43 (s, 1 H), 7.38 (s, 1 H), 6.27 (s, 2H), 2.03 (s, 6 H); 13C
OH 2.10e NMR (75 MHz, DMSO-ds) &: 150.26, 145.94, 125.99, 115.09,

17.32.
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OH 2,6-dimethoxycatechol 2.10j, (30.0 mg, 88%) white solid, mp.
158 - 160 °C (lit. mp. 162 °C).17¢ 1H NMR (500 MHz, CDCIs) &:
H3;CO OCH;  5.84 (s, 2 H), 3.81 (s, 6 H); 13C NMR (125 MHz, CDClz) &:

OH 5 1
: 186.95, 176.78, 157.41, 107.51, 56.58.

General synthesis of 1,4-dihydropyrdines (3.41-3.47)

The synthesis of 1,4-dihydropyridines was followed by the report from Beifuss and
coworkers?15 Both 'H and 3C NMR spectra matched the reported spectra.

Generally paraformaldehyde (50 mg, 1.67 mmol), corresponding 1,3-dicarbonyl
compound (2 mmol) and ammonium acetate (193 mg, 1.5 mmol) were heated in a high
pressure round bottom flask at 80 °C for 10-20 mins and quenching with ice cold water.

Filtration followed by recrystallization from methanol yields 3.41-3.47.

0 0 3,5-Diacetyl-1,4-dihydro-2,6-dimethylpyridine 3.41, (3.9 g, 61 %),

yellow powder; mp. 215 - 217 °C, (lit. mp. 213 - 215 °C).115 1H NMR

||
N (500 MHz, DMSO-ds) &: 8.26 (s, 1H), 3.24 (s, 2H), 2.11 (s, 6H),
H

3.41 2.08 (s, 6H). 13C NMR (126 MHz, DMSO-D¢) &: 196.66, 145.27,

107.64, 30.13, 26.43, 18.71.

3,5-Bis(carbomethoxy)-1,4-dihydro-2,6-dimethylpyridine

] O
3.42, (2.8 g, 38%), yellow powder, mp. 211 - 213 °C. (lit. mp.
~o o~
| 210 - 212 °C).115 1H NMR (500 MHz, DMSO-ds) d: 8.32 (s,
N
H 1H), 3.58 (s, 6H), 3.13 (s, 2H), 2.11 (s, 6H). *3C NMR (126
3.42

MHz, DMSO-ds) 6: 167.48, 146.80, 96.91, 50.64, 24.81,

17.84.
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3,5-Bis(carbomethoxy)-1,4-dihydro-2,6-diethylpyridine, 3.43,
(6.2 g, 73%), yellow powder, mp. 130 - 131 °C, (lit. mp. 129 -

131 °C).115 14 NMR (500 MHz, CDCls) &: 5.36 (s, 1H), 3.69

(s, 6H), 3.26 (s, 2H), 2.60 (q, J = 7.5 Hz, 4H), 1.14 (t, J = 7.5
Hz, 6H). 13C NMR (126 MHz, CDCls) &: 168.05, 151.30, 98.22, 51.11, 25.71, 24.98,

12.71.

o o 3,5-di-tert-Butoxycarbonyl-1,4-dihydro-2,6-
)(O)i\/jil\ok dimethylpyridine 3.44, (3.9 g, 38%), white crystals,
| N | mp.152 - 155 °C (lit. mp. 151 - 153 °C).115 1H NMR (500
3.44 MHz, CDCls) &: 5.13 (s, 1H), 3.16 (s, 2H), 2.13 (s, 6H),

1.46 (s, 18H). °C NMR (126 MHz, CDCls) &: 167.70, 143.90, 100.90, 79.51, 28.45,

25.50, 19.27.
o o 3,5-diisopropoxycarbonyl-1,4-dihydro-2,6-
)\O)S\/jij\o)\ dimethylpyridine 3.45, (6.3 g, 67%), white solid, mp. 120
|
N - 123 °C, (lit. mp. 119 - 121 °C).**5 IH NMR (500 MHz,
H
3.45 CDCIz) © 5.21 (s, 1H), 5.03 (hept, J = 6.2 Hz, 2H), 3.22

(s, 2H), 2.16 (s, 6H), 1.24 (d, J = 6.2 Hz, 12H). 13C NMR (126 MHz, CDCls) & 167.75,

144.53, 99.89, 66.89, 24.93, 22.18, 19.31.
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3,5-Diallyloxycarbonyl-1,4-dihydro-2,6-

0 0 dimethylpyridine 3.46, (6.6 g, 71%), yellow powder,
N _
\/\Owo/\/ mp. 165 - 167 °C (lit. mp. 164 - 166 °C).115 1H NMR
N (500 MHz, CDCl3) & 5.95 (ddt, J = 15.9, 10.6, 5.4
3.46

Hz, 2H), 5.31 (dd, J = 17.1, 1.4 Hz, 2H), 5.20 (dd, J
= 10.5, 1.1 Hz, 2H), 4.62 (d, J = 5.4 Hz, 4H), 3.33 (s, 2H), 2.20 (s, 6H). 13C NMR (126

MHz, CDCls) 6 167.63, 145.42, 133.02, 117.29, 99.40, 64.48, 24.83, 19.30.

o 0 3,5-Dibenzyloxycarbonyl-1,4-dihydro-2,6-
Ph/\OwO/\Ph dimethylpyridine 3.47, (7.2 g, 57%), yellow solid,
N mp. 112 - 117 °C (lit. mp. 113 - 115 °C).77 1H NMR

3.47 (500 MHz, CDCls) &: 7.41 — 7.27 (m, 10H), 5.17 (s,
4H), 3.39 (s, 2H), 2.20 (s, 6H). 3C NMR (126 MHz, CDCls) &: 167.80, 145.67, 136.89,

128.55, 127.86, 127.75, 99.33, 65.53, 24.93, 19.28.

General synthesis of 3.48-3.54

The synthesis of 1,4-dihydropyridines followed by the report from Beifuss and
coworkerst1®

Generally acetaldehyde (500 mg, 11.4 mmol), corresponding 1,3-dicarbonyl compound
(22.7 mmol) and ammonium acetate (1.31 g, 17.0 mmol) were heated in a high pressure
round bottom flask at 80 °C for 10-45 mins and quenching with ice cold water. Filtration

followed by recrystallization from suitable solvent to yield 3.48-3.54.
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1,1'-(2,4,6-trimethyl-1,4-dihydropyridine-3,5-diyl)bis(ethan-1-one)
3.48, recrystallized from ethyl acetate (0.7 g, 15%), light yellow
solid, mp. 152 - 154 °C (lit. mp. 155 - 156 °C).17® 1H NMR (500

MHz, CDCls) &: 5.74 (s, 1H), 3.81 (g, J = 6.6 Hz, 1H), 2.31 (s,

6H), 2.28 (s, 6H), 0.96 (d, J = 6.6 Hz, 3H). 13C NMR (126 MHz,

CDClz) 6: 198.04, 143.34, 114.37, 30.01, 29.42, 22.23, 20.45.

Dimethyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-
dicarboxylate 3.49, recrystallized from methanol (2.5 g, 46%),

light yellow crystal, mp.150 - 152 °C, (lit mp. 153 - 155 °C).115

!H NMR (500 MHz, CDCls) &: 5.67 (s, 1H), 3.80 (q, J = 6.4
Hz, 1H), 3.71 (s, 6H), 2.27 (s, 6H), 0.95 (d, J = 6.5 Hz, 3H). 3C NMR (126 MHz, CDCls)

6: 168.35, 144.76, 104.50, 51.07, 28.51, 22.37, 19.51.

Dimethyl 2,6-diethyl-4-methyl-1,4-dihydropyridine-3,5-
dicarboxylate 3.50, recrystallized from methanol, (0.9 g,

15%), yellow solid, mp. 135 - 138 °C. 'H NMR (500 MHz,

CDCls) &: 5.67 (s, 1H), 3.80 (q, J = 6.5 Hz, 1H), 3.71 (s, 6H),
2.87 (dg, J = 14.8, 7.5 Hz, 2H), 2.49 (dg, J = 14.9, 7.5 Hz, 2H), 1.16 (t, J = 7.5 Hz, 6H),
0.94 (d, J = 6.5 Hz, 3H).13C NMR (126 MHz, CDCls) &: 167.84, 150.54, 103.64, 51.06,

28.45, 25.95, 22.03, 12.88.
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Di-tert-butyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-
dicarboxylate 3.51, recrystallized from hexane, (0.7 g,

10%), yellow solid, mp. 128-130 °C (lit mp. 126 — 130

3.51 °C).17% 14 NMR (500 MHz, CDCls) &: 5.35 (s, 1H), 3.75
(@, J = 6.4 Hz, 1H), 2.21 (s, 6H), 1.49 (s, 18H), 0.95 (d, J = 6.5 Hz, 3H). 13C NMR (126

MHz, CDCls) &: 167.40, 143.21, 106.13, 79.38, 29.26, 28.45, 22.24, 19.57.

Diisopropyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-
dicarboxylate 3.52, recrystallized from methanol, (1.6 g,

23%), yellow solid, mp. 129 - 121 °C." 1H NMR (500 MHz,

CDCls) &: 5.46 (s, 1H), 5.06 (hept, J = 6.2 Hz, 2H), 3.82
(g, J = 6.4 Hz, 1H), 2.25 (s, 6H), 1.26 (d, J = 6.2 Hz, 12H), 0.96 (d, J = 6.5 Hz, 3H). 13C
NMR (126 MHz, CDCls) &: 167.49, 143.91, 105.12, 66.78, 28.71, 22.32, 22.17, 22.08,

19.62.

Diallyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-
dicarboxylate 3.53, recrystallized from methanol,

(2.6 g, 78%), yellow solid, mp. 96 - 97 °C. 'H NMR

(500 MHz, CDCls) &: 5.97 (ddt, J = 15.8, 10.5, 5.2
Hz, 2H), 5.59 (d, J = 34.7 Hz, 1H), 5.33 (d, J = 17.2 Hz, 2H), 5.21 (d, J = 10.4 Hz, 2H),
4.64 (qd, J = 13.6, 4.8 Hz, 4H), 3.90 (g, J = 6.2 Hz, 1H), 2.28 (s, 6H), 1.00 (d, J = 6.4 Hz,
3H). 3C NMR (126 MHz, CDCl) &: 167.44, 144.80, 133.05, 117.25, 104.63, 64.45,

28.54, 22.45, 19.66.
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Dibenzyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-
dicarboxylate 3.54, crystallized from methanol, (5.2

g, quant.), yellow solid, mp. 118 -120 °C. *H NMR

(500 MHz, CDCls) &: 7.41 — 7.25 (m, 10H), 5.66 (s,
1H), 5.19 (g, J = 12.7 Hz, 4H), 3.98 (g, J = 6.4 Hz,
1H), 2.27 (s, 6H), 1.01 (d, J = 6.5 Hz, 3H). 23C NMR (126 MHz, CDCls) &: 167.56, 145.01,

136.95, 128.56, 127.84, 127.75, 104.58, 65.54, 28.59, 22.62, 19.67.

Synthesis of dimethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate 3.55

O Ph O Benzaldehyde (4.72 mmol), methyl acetoacetate (1.02 ml,
~o o~
| | 9.43 mmol) and ammonium acetate (546 mg, 7.08 mmol)
” were heated in a sealed round bottom flask at 80 °C for 10-
3.55

45 mins and quenching with ice cold water. Filtration
followed by recrystallization from methanol to yield 3.55 (427 mg, 30%). mp. 195-198 °C
(lit mp. 199 - 200 °C).18 14 NMR (500 MHz, CDCls) &: 7.27 — 7.25 (m, 2H), 7.21 (t, J =
7.5 Hz, 2H), 7.13 (t, J = 7.2 Hz, 1H), 5.64 (s, 1H), 5.00 (s, 1H), 3.64 (s, 6H), 2.34 (s, 6H).
13C NMR (126 MHz, CDCls) &: 168.10, 147.46, 144.23, 128.12, 127.72, 126.29, 104.03,

51.09, 39.35, 19.72.

140



General synthesis of benzothiazole 3.78, 3.80 and 3.81

Benzothiazoline derivative (0.2 mmol) flavin catalyst (0.01 mmol) and 2 mL of methanol

were added to a one dram vial and the vial was filled with oxygen with a balloon. The

reaction was monitored by TLC, after completion the solvent was removed by

evaporation to give the product. The product purity was more than 95% by NMR.
2-(4-nitrophenyl)benzo[d]thiazole 3.78 (49 mg, 96%),
yellow solid. mp. 225 - 226 °C (lit. mp. 226 — 228

N
\
©:S>_®*Noz °C).181 14 NMR (500 MHz, CDCls) &: 8.35 (d, J = 8.6

378 Hz, 2 H), 8.27 (d, J = 8.6 Hz, 2 H), 8.13 (d, J = 8.0 Hz,

1 H), 7.96 (d, J = 8.0 Hz, 1 H), 7.55 (t, J = 7.7 Hz, 1 H),
7.46 (t, J = 7.5Hz, 1H); 3C NMR (125 MHz, CDCls) &: 164.93, 154.19, 149.12, 139.28,
135.58, 128.33, 127.0, 126.3, 124.42, 124.03, 121.94.

2-(naphthalen-1-yl)benzo[d]thiazole 3.80 (50.7 mg, 97%),

white solid. mp. 126 - 127 °C (lit. mp. 126 °C).182 1H NMR (500

N MHz, CDCls) &: 8.57 (br. s., 1 H), 8.21 (d, J = 8.0 Hz, 1 H),

©:S O 8.12 (d,J =7.4 Hz, 1 H), 8.02 - 7.82 (m, 4H), 7.61 - 7.47 (m, 3
3.80

H), 7.40 (t, J = 7.2 Hz, 1 H); 3C NMR (125 MHz, CDCls) &:

168.22, 154.36, 135.24, 134.72, 133.29, 131.09, 128.94, 127.99, 127.69, 127.57, 127.00,
126.50, 125.36, 124.55, 123.35, 121.76.

2-(naphthalen-2-yl)benzo[d]thiazole 3.81 (50.2 mg, 96%),

N white solid. mp. 126 — 128 °C (lit. mp. 129.5 °C).18 1H

©:S\ O NMR (500 MHz, CDCIs) &: 9.09 (s, 1 H), 8.13(d, 7.4 Hz, 1

3.81 H), 8.01 (d, J = 8.6 Hz, 1 H), 7.93 (d, J = 8.0Hz,1H), 7.75
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(d,J=8.0Hz, 1 H), 7.67 (t, J = 7.4 Hz, 1 H), 7.58 (m, 2H),7.28 - 7.23 (m, 2 H), 7.22 -
7.13 (m, 2 H); 3C NMR (125 MHz, CDCl3) &: 160.49, 149.62, 134.08, 132.58, 132.30,

131.57, 131.33, 128.81, 128.01, 127.14, 127.05, 126.47, 126.23, 125.34, 125.02, 117.22.

Synthesis of benzo[g]pteridine-2,4(1H,3H)-dione 4.3
o-phenylenediamine 4.1 (324 mg, 3.0 mmol), alloxan monohydrate 4.2 (481 mg, 3.0
mmol), boric acid (186 mg, 3 mmol) and acetic acid (20
N\ H\’&O ml) was added to a 50 ml round bottom flask and the
@ ;Q(NH reaction was stirred at room temperature for 3 hours
N o 43 and a yellow solid started to form which was filtered and
washed with acetic acid (15 ml) and diethyl ether (30
ml) to remove excess acetic acid. The product was dried further with high vacuum pump
to yield a yellow solid 4.3 (514 mg, 80%). mp. 345 °C (dec), IR (cm1): 3173, 3085, 1735,
1690, 'H NMR (500 MHz, DMSO-ds) &: 11.91 (s, 1H), 11.73 (s, 1H), 8.13 (d, J = 8.2 Hz,
1H), 7.89 (s, 2H), 7.74 (s, 1H). 3C NMR (126 MHz, DMSO-ds) 5: 161.00, 150.67, 147.39,

143.14,139.71, 133.86, 132.22, 130.66, 128.93, 127.49.

General procedure for the synthesis of alloxazine 4.6 a-e

Benzo[g]pteridine-2,4(1H,3H)-dione 4.3 (1 mmol) and K2COs3 (4 mmol) and DMF (50 mL)
were mixed in a 100 mL round bottom flask. The reaction was heated at 110 °C for 6
hours and a bright yellow solid formed. The solid was filtered and washed with DMF (20
mL). The resultant solid was used for the next step without any further purification. The
solid was suspended in DMF (50 mL) and alkylating agent (4.5a-e, 4 mmol) was added
and stirred at room temperature to 50 °C under argon. The reaction mixture was filtered

and the filtrate was dried by blowing air. The resultant solid was dissolved in DCM-water
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(2:1, 50 mL) and the product was extracted with DCM (3x50 ml). The organic layer was
dried over MgSOa4 and solvent was removed and flash chromatography was used with 1-

2% MeOH in DCM to purify the products as yellow solids.

1,3-dimethylbenzo[g]pteridine-2,4(1H,3H)-dione 4.6a, light yellow solid, (230 mg, 95%),
mp. 253 °C (dec), IR (cm1): 1718, 1668, 1555, 774, 744. 'H
|

@N\ NYO NMR (500 MHz, CDCls) &: 8.35 (d, J = 8.5 Hz, 1H), 8.04 (d,
N;QVN\ J = 8.3 Hz, 1H), 7.91 (ddd, J = 8.4, 7.0, 1.2 Hz, 1H), 7.77

o 4.6a
(ddd, J = 8.2, 6.8, 1.1 Hz, 1H), 3.84 (s, 3H), 3.61 (s, 3H).
13C NMR (126 MHz, CDCIs) &: 159.91, 150.81, 145.43, 143.45, 140.10, 133.97, 130.91,
129.73, 129.25, 127.93, 29.70, 29.31. HRMS (ESI) m/z [M+Na]* calculated for

Ci12H10N4O2 265.0696, found 265.0681 .

1,3-dibutylbenzo[g]pteridine-2,4(1H,3H)-dione 4.6b, light yellow solid (294 mg, 90%), mp.
144-145 °C, IR (cm™): 1722, 1664,1558. 'H NMR (500

n-Bu
MHz, CDCls) &: 8.33 (d, J = 8.5 Hz, 1H), 8.02 (d, J = 8.5

|
Ny NYO
N Hz, 1H), 7.89 (ddd, J = 8.3, 6.8, 1.1 Hz, 1H), 7.78 — 7.71
N

“n-Bu
O 46b (m, 1H), 4.49 — 4.42 (m, 2H), 4.22 — 4.15 (m, 2H), 1.79 (p,

J =68, 6.2 Hz, 2H), 1.73 (p, J = 7.7, 6.8 Hz, 2H), 1.46
(ddd, J = 18.7, 15.1, 7.5 Hz, 4H), 1.02 (t, J = 7.4 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H). 13C
NMR (126 MHz, CDCls) &: 159.70, 150.28, 145.17, 143.53, 140.07, 133.74, 130.87,
129.91, 129.07, 127.99, 42.64, 42.49, 29.96, 29.74, 20.27, 20.21, 13.91, 13.88. HRMS

(ESI) m/z [M+H]* calculated for C1sH22N4O2 327.1816, found 327.1807.
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1,3-dibenzylbenzol[g]pteridine-2,4(1H,3H)-dione 4.6¢c, Light yellow solid (355 mg, 90%),
mp. 188-192 °C, IR (cm): 1723, 1669, 1560, 694. 'H

Ph
NMR (500 MHz, CDCls) &: 8.32 (d, J = 8.5 Hz, 1H),

N. _N__O
@ X \f 8.05 (d, J = 8.5 Hz, 1H), 7.90 (ddd, J = 8.3, 6.8, 1.1 Hz,
NP N._Ph

1H), 7.75 (ddd, J = 8.2, 6.9, 1.1 Hz, 1H), 7.59 (t, J =

O 4.6c
7.9 Hz, 4H), 7.34 — 7.26 (m, 6H), 5.65 (s, 2H), 5.38 (s,
2H). 3C NMR (126 MHz, CDClz) &: 159.65, 150.56, 145.02, 143.32, 140.30, 136.43,
136.33, 134.04, 130.90, 129.87, 129.61, 129.37, 129.13, 128.64, 128.62, 128.09, 127.98,
45.76, 45.72. HRMS (ESI) m/z [M+H]* calculated for C24H1sN4O2 395.1503, found

395.1500.

Diethyl-2,2'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)diacetate 4.6d, light yellow solid
(328 mg, 85%), mp. 265-266 °C, IR (cm>):
1731,1684,1561,1202. 'H NMR (500 MHz, CDCl3) &:
8.35 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.91

@];r\f o/\ (ddd, J = 8.3, 6.8, 1.1 Hz, 1H), 7.78 (ddd, J = 8.1, 6.8,
4.6d 1.0 Hz, 1H), 5.20 (s, 2H), 4.93 (s, 2H), 4.26 (g, J = 7.1

Hz, 4H), 1.32 — 1.28 (m, 6H). 3C NMR (126 MHz, CDCIs) &: 167.74, 167.33, 159.15,

150.10, 144.62, 143.14, 140.54, 134.34, 130.96, 129.68, 129.51, 128.97, 62.01, 61.98,

43.55, 43.28, 14.23, 14.20. HRMS (ESI) m/z [M+H]* calculated for C1sH1sN4Os 387.1299,

found 387.1290.
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Diethyl-4,4'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)dibutyrate 4.6e, light yellow solid
(380 mg, 86%), mp. 136-138 °C , IR (cm-): 1716,

) 1660, 1558. IH NMR (500 MHz, Acetone-ds) 8: 8.17

(d, J = 8.4 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.95

(ddd, J = 8.4, 6.8, 1.2 Hz, 1H), 7.80 (ddd, J = 8.2,

@EN\ N\(O 0 6.9, 1.3 Hz, 1H), 4.49 (t, J = 6.7 Hz, 2H), 4.16 (t, J =
N;EV)(N\/\)J\O/\ 6.9 Hz, 2H), 4.08 — 3.97 (m, 4H), 2.50 — 2.37 (m,

o8 4H), 2.12 (p, J = 7.0 Hz, 2H), 2.07 — 1.97 (m, 4H),

117 (t J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 13°C NMR (126 MHz, Acetone-ds) d:
172.49, 172.41, 159.34, 150.75, 146.00, 142.75, 139.62, 133.41, 131.54, 130.28, 128.74,
128.73, 127.74, 59.77, 41.59, 41.27, 31.24, 31.13, 23.08, 22.89, 13.71, 13.67. HRMS

(ESI) m/z [M+H]* calculated for C22H26N4Os 443.1925, found 443.1928.

Synthesis of 2,2'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)diacetic acid 4.6g and 4,4'-
(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)dibutyric acid 4.6h

Diethyl-2,2'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)diacetate 4.6d (1.15 g, 3 mmol)
or diethyl-4,4'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)dibutyrate 4.6e (1.3 g, 3 mmol)
was mixed with 5M HCI (100 mL) and the mixture was heated at 90 °C for 6 hours. The
reaction turned transparent and the solvent was removed by using rotary evaporator. The
dried reaction mixture was diluted with distilled water and a yellow solid formed. The
mixture was stirred for 3 hours and filtered to get the product. The product was washed
with diethyl ether to isolate the product 4.6g (743 mg, 75%) and 4.6h (811 mg, 70%)

respectively as yellow solid.
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2,2'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)diacetic acid 4.69, light yellow solid; (743
mg, 75%), mp. 206 °C (dec), IR (cm™): 1719, 1673,
OH 1557. *H NMR (500 MHz, DMSO-ds) d: 8.30 (d, J =8.4
Kgo Hz, 1H), 8.09 — 8.00 (m, 2H), 7.94 — 7.86 (m, 1H), 5.01

NN ) o
@ Q (s, 2H), 4.71 (s, 2H). 3C NMR (126 MHz, CD30OD) &:

= N
N OH

o 171.21, 170.80, 160.89, 151.50, 146.23, 144.36,

4.6
9 141.06, 135.43, 131.10, 131.00, 130.78, 128.97, 44.26,

43.95. HRMS (ESI) m/z [M-H] calculated for C14H10N4Os 329.0533, found 329.0528.

4,4'-(2,4-dioxobenzol[g]pteridine-1,3(2H,4H)-diyl)dibutyric acid 4.6h, light yellow solid,
(811 mg, 70%), mp. 200-202 °C. IR (cm): 2953,

oH 1721, 1691, 1666. *H NMR (500 MHz, DMSO-ds) &:

12.00 (s, 2H), 8.20 (d, J = 8.3 Hz, 1H), 8.08 — 7.90
N NYO o (m, 2H), 7.88 — 7.62 (m, 1H), 4.33 (t, J = 6.5 Hz,
@EN;EWN\/\)J\OH 2H), 4.01 (t, J = 6.8 Hz, 2H), 2.40 — 2.20 (m, 4H),
O Len 1.95 (p, J = 7.0 Hz, 2H), 1.86 (p, J = 7.1 Hz, 2H).

13C NMR (126 MHz, DMSO-ds) &: 174.71, 174.66, 159.88, 150.89, 146.11, 142.54,
139.28, 133.95, 132.02, 130.44, 129.31, 128.00, 41.87, 41.58, 31.62, 31.49, 23.22,

23.10. HRMS (ESI) m/z [M+Na]* calculated for C1sH1sN4Os 409.1119, found 409.1113.
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Synthesis of 2,2'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(N,N,N-trimethylethan-1-
aminium) bromide 4.6f
A mixture of Benzo[g]pteridine-2,4(1H,3H)-dione 4.3 (2.02 g, 4.7 mmol) and K2CO3 (1.98
g, 14.3 mmol) was dissolved in DMF (100 mL) and
© the mixture was heated at 110 ©C for three hours.
The resulted insoluble dark yellow solid was filtered
N\ N\l//o and washed with DMF (30 ml) and dried. The
©:N/]1WN\/\ | e Br® resultant dark yellow solid was the dipotassium salt
4.6f of the alloxazine which was used in the next step
without further purification. The proton NMR indicated the absence of N-H proton signals.
The resultant solid was suspended in DMF (2000 mL) and (2-
Bromoethyl)trimethylammonium bromide (2.50 g, 10.1 mmol) was added and stirred for
48 hours at room temperature and the product 4.6f was formed as light yellow solid. The
product was filtered and a hot ethanol wash was used to purify the product as light yellow
solid (1.71 g, 66%), mp. 305 °C (dec.), IR(cm): 1648, 1632, 1598. 'H NMR (500 MHz,
D20) &: 8.21 (d, J = 8.5 Hz, 1H), 8.14 (d, J = 8.6 Hz, 1H), 8.07 (ddd, J = 8.4, 6.9, 1.2 Hz,
1H), 7.93 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 4.95 (t, J = 7.5 Hz, 2H), 4.64 (t, J = 7.5 Hz, 2H),
3.83 (t, J = 7.5 Hz, 2H), 3.75 (t, J = 7.5 Hz, 2H), 3.39 (s, 9H), 3.34 (s, 9H). 13C NMR (126
MHz, D20) &: 160.82, 150.65, 144.28, 143.34, 139.56, 135.18, 130.71, 129.50, 129.43,
127.94, 61.94, 53.61, 53.52, 36.66, 36.25. MS (ESI) m/z [M+H]* calculated for

C20H30N6O22* 193.1209, found 193.1210.
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Synthesis of 10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 4.8

Alloxan monohydrate (10.0 g, 62.5 mmol), N-phenyl-o-phenylenediamine (11.5 g, 62.5
mmol) and boric acid (3.9 g, 62.5 mmol) were added to glacial
Ph acetic acid (250 mL) and the solution was stirred overnight at

N /N o
(:[ /:E[(\l\l/l/l-l room temperature (~15 h). The product precipitated as a dark
N 5 yellow solid. The resultant solid was filtered and washed with
4 acetic acid (20 mL) followed by deionized water. Finally, the
solid was washed with diethyl ether and dried in a desiccator to yield the product 4.8 as a
yellow solid (15.8 g, 87%), mp. >400 °C. IR (cm-1): 3025, 2833, 1659, 1537. 'H NMR (500
MHz, DMSO-ds) 8: 11.43 (s, 1H), 8.40 — 8.04 (m, 1H), 7.95 — 7.57 (m, 5H), 7.45 (s, 2H),
6.96 — 6.57 (m, 1H). 13C NMR (126 MHz, DMSO-ds) d: 159.56, 155.56, 151.75, 139.52,

136.10, 134.78 (2 peaks), 134.06, 131.39, 130.34, 129.83, 127.84, 126.02, 116.78.

Synthesis of 4.11a-4.11c

10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 4.8 (290 mg, 1 mmol) and K2COs (276
mg, 2 mmol) and DMF (50 mL) were mixed in a 100 ml round bottom flask. The reaction
was heated at 105 °C for 6 hours and a dark yellow solid formed. The solid was filtered
and washed with DMF (20 mL). The resultant solid was used for the next step without
any further purification. The solid was suspended in DMF (50 mL) and alkylating agent
(4.10a-c, 3 mmol) was added and stirred at room temperature to 50 °C. The reaction
mixture was filtered and the filtrate was dried by blowing air. The resultant solid was
dissolved in DCM-water (1:1, 50 mL) and the product was extracted with DCM (3x50 ml).

The organic layer was dried over MgSO4 and solvent was removed using rotary
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evaporator and flash chromatography was used with 1-2% MeOH in DCM to purify the

products as yellow solids.

3-methyl-10-phenylbenzo[g]pteridine-2,4 (3H,10H)-dione 4.11a, yellow solid (283 mg,
93%), mp. 307 °C (dec) IR (cm1):1661, 1551, 1271. 'H
NMR (500 MHz, CDCIs) ©: 8.38 — 8.33 (m, 1H), 7.71 — 7.56

Ph
N_ _N__O
@ 2 (m, 5H), 7.29 (d, J = 7.1 Hz, 2H), 6.89 (d, J = 8.5 Hz, 1H),
N7 NS
0

3.50 (s, 3H). 13C NMR (126 MHz, CDClz) 6: 159.66, 155.62,
4.11a
150.03, 137.79, 135.72, 135.42, 135.10, 134.25, 132.74,
130.92, 130.58, 127.59, 126.65, 117.15, 28.95. HRMS (ESI) m/z [M+Na]* calculated for

Ci17H12N40O2 327.0852, found 327.0842.

3-benzyl-10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 4.11b, yellow solid (342 mg,
90%), mp. 338-340 °C (dec), IR (cm™): 1645, 1548, 1485.
1H NMR (500 MHz, CDCls) &: 8.34 — 8.28 (m, 1H), 7.69 —

Ph
N /NYO
1 N pp 760 (m, 4H), 7.60 — 7.53 (m, 3H), 7.31 — 7.20 (m, 5H),
N
N
o]

. 6.88 (dd, J = 8.5, 0.9 Hz, 1H), 5.27 (s, 2H). 13C NMR (126

| MHz, DMSO-Ds) &: 159.25, 154.68, 150.53, 138.75,
137.24, 135.86, 135.07, 135.02, 134.00, 131.44, 130.36, 129.94, 128.21, 127.82, 127.65,
127.05, 126.18, 116.83, 44.03. HRMS (ESI) m/z [M+H]* calculated for CzsHisN4O2

381.1346, found 381.1334.

149



Ethyl-4-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)butanoate 4.11c,
yellow solid (344 mg, 85%), mp. 250 °C (dec), IR
(cm-1): 1723, 1699, 1644, 1549. *H NMR (500

E’h
N N (0]
Y9
MHz, CDClz) &: 8.33 (dd, J = 8.2, 1.3 Hz, 1H),
CLTT 8, oo >
(@)

1o 7.71 — 7.54 (m, 5H), 7.33 — 7.27 (m, 2H), 6.89 (d,

J = 8.5 Hz, 1H), 4.18 — 4.05 (m, 4H), 2.40 (t, J =
7.7 Hz, 2H), 2.06 (p, J = 7.4 Hz, 2H), 1.24 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCls)
5: 173.05, 159.52, 155.24, 150.15, 137.92, 135.78, 135.47, 135.14, 134.30, 132.79,
130.96, 130.61, 127.66, 126.69, 117.18, 60.55, 41.43, 32.03, 23.33, 14.36. HRMS (ESI)

m/z [M+Na]* calculated for C22H20N4O4 427.1377, found 427.1380.

Synthesis of 4-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)butanoic acid

4.11d

Ethyl-4-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)butanoate 4.11c (810
mg, 2 mmol) was mixed with 5M HCI (50 mL) and
the mixture was heated at 90 °C for 6 hours. The

I|3h
CLT
reaction turned transparent and the solvent was
]

4 11d removed by using rotary evaporator. The dried
reaction mixture was diluted with distilled water and

a yellow solid formed. The mixture was stirred for 3 hours and filtered to get the product.
The product was washed with diethyl ether to isolate product 4.11d (582 mg, 72%) as
yellow solid. mp. 250 °C (dec). IR (cm1): 1645, 1546, 1521. *H NMR (500 MHz, DMSO-
de) 5: 8.23 (d, J = 8.1 Hz, 1H), 7.80 — 7.61 (m, 5H), 7.44 (d, J = 7.3 Hz, 2H), 6.79 (d, J =
8.5 Hz, 1H), 3.91 (t, J = 6.8 Hz, 2H), 2.26 (t, J = 7.5 Hz, 2H), 1.81 (p, J = 7.3 Hz, 2H). 13C

NMR (126 MHz, DMSO-Ds) &6: 174.00, 159.23, 154.79, 150.40, 138.72, 135.83, 134.94,
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133.92, 131.42, 130.38, 129.93, 127.84, 126.10, 116.8, 40.22, 39.5, 31.09, 22.89. HRMS

(ESI) m/z [M+Na]* calculated for C20H16N4O4 399.1064, found 399.1074.

Synthesis of 10-methylbenzo[g]pteridine-2,4(3H,10H)-dione 4.16
Alloxan monohydrate 4.2 (1.0 g, 6.25 mmol), N-methyl-o-phenylenediamine 4.15 (764

mg, 6.25 mmol) and boric acid (390 mg, 6.25 mmol) were

N N\fo added to glacial acetic acid (50 mL) and the solution was

‘e
©:N;EH/NH stirred overnight (~15 h). The product precipitated as a light
o 416 brown-yellow solid. The resultant solid was filtered and

washed with acetic acid (20 mL) followed by deionized water. Finally, the solid was
washed with diethyl ether and dried in a desiccator to yield product 4.16 as a brownish-
yellow solid 4.16 (925 mg, 65%). mp. 350 °C (dec). IR (cm™1): 1681, 1547, 1271.*H NMR
(500 MHz, DMSO-ds) &: 11.40 (s, 1H), 8.19 — 8.07 (m, 1H), 7.95 (d, J = 4.9 Hz, 2H), 7.66
(t, J = 5.8 Hz, 1H), 3.98 (s, 3H). 3C NMR (126 MHz, DMSO-Ds) &: 159.74, 155.57,
150.90, 138.64, 134.95, 134.63, 133.30, 131.61, 126.06, 116.57, 31.88. HRMS (ESI) m/z

[M+H]* calculated for C11HsN4O2 229.0720, found 229.0648.
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Synthesis of 3,10-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione 4.14
10-methylbenzo[g]pteridine-2,4(3H,10H)-dione 4.16 (500 mg, 2.2 mmol) was stirred with
K2COs (912 mg, 6.6 mmol) and iodomethane (1.34 ml, 22

mmol) in DMF (50 mL) at 40 °C for 6 hours. The reaction

|

N /N \(O

N/ N mixture was filtered and the filtrate was dried by blowing air.
@)

4.14 The resultant solid was dissolved in DCM-water (1:1, 50 mL)

and the product was extracted with DCM (3x50 ml). The organic layer was dried over
MgSO4 and solvent was removed using rotary evaporator and flash chromatography was
used with 1-3% MeOH in DCM to purify the product as yellow solid (373 mg, 70%) mp.
253 °C (dec). IR (cm-Y): 1703, 1646, 1548. 'H NMR (500 MHz, CDCls) &: 8.34 (d, J = 8.1
Hz, 1H), 7.92 (t, J = 7.9 Hz, 1H), 7.71 — 7.58 (m, 2H), 4.14 (s, 3H), 3.53 (s, 3H). 13C NMR
(126 MHz, CDCI3) &: 159.83, 155.92, 149.41, 137.13, 135.98, 135.83, 133.51, 133.48,
126.76, 115.28, 32.20, 28.99. HRMS (ESI) m/z [M+H]* calculated for Ci2H10N4O2

243.0877, found 243.0876.

Synthesis of 7,8-dimethyl-10-((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)pyrimido[4,5-
b]quinoline-2,4(3H,10H)-dione 4.12

The product was synthesized by following the known procedure!20

mp. 280 - 282 °C, (lit. mp. 278 - 282 °C).18¢ 1H NMR (500
MHz, DMSO-ds) &: 11.05 (s, 1H), 8.89 (s, 1H), 7.97 (s, 1H),
7.90 (s, 1H), 5.15 (d, J = 4.9 Hz, 1H), 4.91 (d, J = 4.7 Hz, 1H),
4.82 (d, J = 5.8 Hz, 1H), 4.66 (d, J = 13.5 Hz, 1H), 4.51 (d, J =

5.4 Hz, 1H), 4.24 (s, 1H), 3.70 — 3.58 (m, 3H), 3.50 — 3.42 (m,

2H), 2.47 (s, 3H), 2.35 (s, 3H). 13C NMR (126 MHz, DMSO-
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Ds) 6: 162.24, 157.59, 156.41, 146.02, 141.08, 139.97, 133.64, 130.62, 119.70, 117.95,
113.78, 73.70, 73.70, 69.59, 63.48, 47.26, 20.97, 18.69.
5,5'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(N,N,N-trimethylpentan-1-aminium)
bromide 5.4
The synthesis of 5.4 was synthesized by following the procedure of 4.6f.
Yellow solid, (2.2 g, 75%) mp.180-182 °C, IR (cm-1):
e 1722, 1678, 1559. 'H NMR (301 MHz, D20) &: 8.08
—7.68 (M, 4H), 4.19 (t, J = 7.2 Hz, 2H), 4.01 (t, J =
| 6.9 Hz, 2H), 3.44 — 3.28 (m, 4H), 3.13 (s, 18H), 2.03
S —1.84 (m, 4H), 1.84 — 1.65 (m, 4H), 1.62 — 1.32 (m,
4H). 3C NMR (76 MHz, D.0) &: 160.47, 150.77,
144.24, 142.83, 138.54, 134.61, 130.05, 129.20, 128.81, 127.45, 66.46, 52.94, 42.34,
26.40, 26.28, 22.99, 22.87, 22.13, 22.03. HRMS (ESI) m/z [M+2H]?>* calculated for

C26H42N60O2 235.1679, found 235.1662.

Benzo[g]pteridine-2,4(1H,3H)-dione 5.13 was converted to the corresponding potassium
salt using potassium carbonate as previously described. The salt was stirred with
propane sultone 5.20 (3 equiv) or butane sultone 5.21 (3 equiv) in DMF to synthesize the
corresponding alloxazine sulfonic acid 5.5 and 5.6. After overnight reaction at room
temperature, the reaction was filtered and filtrate was dried using air blow. The resultant
solid was dissolved in minimum amount of water and acetone was added to the solution
to separate the product as precipitate. The precipitate was filtered and washed with

diethyl ether and dried under vacuum.
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3,3'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(propane-1-sulfonic acid) 5.5

Yellow solid (89%), mp. 280 °C (dec), IR (cm):
HO5S

1717, 1668, 1557, 1171, 1038. *H NMR (500 MHz,
Ng N\fo D20) &: 7.92 (d, J = 8.4 Hz, 1H), 7.89 — 7.79 (m,
©:N;EH/N\/\/SOBH 2H), 7.70 (t, J = 7.4 Hz, 1H), 4.30 (t, J = 7.0 Hz,
O 2H), 4.07 (t, J = 7.2 Hz, 2H), 3.01 — 2.87 (m, 4H),
2.06 (M, J = 4H). 3C NMR (126 MHz, D20) &:
160.26, 150.58, 144.06, 142.66, 138.40, 134.59, 130.14, 129.15, 128.50, 127.55, 48.72,
48.61, 41.63, 22.75, 22.62. HRMS (ESI) m/z [M-H] calculated for CisH18N4OsS2

457.0493, found 457.0498.

4,4'-(2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(butane-1-sulfonic acid) 5.6
Yellow solid (88%), mp. 278 °C (dec), IR (cm™):
SOgH 1666, 1557, 1177, 1042. H NMR (500 MHz, D-0)

5: 7.85 (d, J = 8.3 Hz, 1H), 7.83 — 7.73 (m, 2H),

N N
0
N;E'(N\/\/\S%H J =5.7 Hz, 2H), 2.92 (s, 4H), 1.74 (s, 8H). 13C NMR
o)

\(o 7.71—7.62 (m, 1H), 4.13 (t, J = 5.8 Hz, 2H), 3.94 (1,
5.6

(126 MHz, D20) &: 160.59, 150.78, 144.29, 142.89,
138.58, 134.54, 130.05, 129.17, 128.78, 127.53, 50.65, 42.24, 42.05, 26.98, 25.78,
21.76, 21.43. HRMS (ESI) m/z [M+H]* calculated for CisH22N4OsS2 487.0952, found

487.0943.
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Synthesis of 2-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)-N,N,N-

trimethylethan-1-aminium bromide 5.7

A mixture of 10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 5.23 (1.01 g, 3.4 mmol) and
K2COs (0.56 g, 4.08 mmol) was suspended in DMF
IIDh (100 mL) and the mixture was heated at 90 °C for

N /N 0]
@ _ \I\T | four hours. The resulted insoluble dark yellow solid
o) @I was filtered and washed with DMF (20 ml) and

5.7

dried. The resultant dark yellow solid, salt of the
5.23, was used in the next step without further purification. The resultant solid was
suspended in DMF (100 mL) and (2-Bromoethyl)trimethylammonium bromide (1.01g,
4.08 mmol) was added and stirred for overnight at room temperature and the product 5.7
was formed as light yellow solid. The solid was washed with hot ethanol to purify the
product (1.21 g, 80%). Yellow solid, mp. 260 °C (dec). IR (cm™): 1716, 1670, 1554. H
NMR (500 MHz, D20) &: 8.28 (d, J = 8.0 Hz, 1H), 7.89 (t, J = 7.6 Hz, 1H), 7.84 — 7.72 (m,
4H), 7.44 (d, J = 3.6 Hz, 2H), 7.16 (d, J = 8.5 Hz, 1H), 4.51 (t, J = 7.5 Hz, 2H), 3.67 (t, J =
7.5 Hz, 2H), 3.29 (s, 9H). 13C NMR (126 MHz, D20) &: 160.98 (K2C0O3), 160.57, 156.05,
150.40, 136.99, 136.67, 136.24, 134.81, 134.42, 131.31, 131.09, 130.91, 128.21, 127.26,
118.18, 62.14, 53.35, 35.73. HRMS (ESI) m/z [M+H]* calculated for C21H22NsO2

376.1768, found 376.1743.
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5-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)-N,N,N-trimethylpentan-1-
aminium bromide 5.8

A mixture of 10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 5.13 (1.01 g, 3.4 mmol) and
K2COs (0.56 g, 4.08 mmol) was suspended
,{j _ in DMF(100 mL) and the mixture was heated
C[N;Eﬂ/\f\/\/\/r\ll< at 90 ©C for four hours. The resulted
insoluble dark yellow solid was filtered and
washed with DMF (20 ml) and dried. The
resultant dark yellow solid salt of the 5.23 was used in the next step without further
purification. The resultant solid was suspended in DMF (100 mL) and (5-
Bromopentyl)trimethylammonium bromide (1.20 g, 4.15 mmol) was added and stirred for
overnight at room temperature and the product 5.8 was formed as yellow solid. The solid
was washed with ethanol to purify the product (1.42 g, 85%). Yellow solid, mp. 220 °C
(dec). IR (cm): 3053, 1680, 1652, 1543. *H NMR (500 MHz, D20) &: 8.19 (d, J = 7.9 Hz,
1H), 7.87 — 7.70 (m, 5H), 7.46 (dd, J = 7.4, 1.9 Hz, 2H), 7.12 (d, J = 8.6 Hz, 1H), 3.94 (t, J
= 7.3 Hz, 2H), 3.31 (t, J = 7.5 Hz, 2H), 3.10 (s, 9H), 1.89 — 1.79 (m, 2H), 1.71 (dt, J =
14.8, 7.5 Hz, 2H), 1.41 (dt, J = 14.9, 7.5 Hz, 2H). 13C NMR (126 MHz, D20) &: 160.64,
156.04, 149.35, 136.97, 136.44, 136.13, 134.50, 134.05, 131.25, 130.98, 128.26, 127.27,
118.14, 66.43, 52.86, 41.67, 26.27, 22.83, 21.93. HRMS (ESI) m/z [M+H]* calculated for

C24H28Ns02 418.2238, found 418.2239 .
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Synthesis of 3-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)propane-1-
sulfonic acid 5.9 and 4-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-

yl)butane-1-sulfonic acid 5.10

Both sulfonic acid derivatives of 10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione were
synthesized from the potassium salt of the isoalloxazine. 10-phenylbenzo[g]pteridine-
2,4(3H,10H)-dione 5.23 was converted to the corresponding potassium salt using
potassium carbonate as described early. The salt was stirred with propane sultone 5.20
(2 equiv) and butane sultone 5.21 (2 equiv) in DMF to synthesize the corresponding 10-
Ph isoalloxazine sulfonic acid 5.9 and 5.10. After overnight, reaction was filtered and
filtrate was dried using air flow. The resultant solid was dissolved in minimum amount of

water and acetone was added to the solution to separate the product as precipitate.

3-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)propane-1-sulfonic acid 5.9
Yellow solid (55%), mp. 348-350 °C(dec). IR (cm-
Ph 1): 3567, 3520,1702,1649, 1542, 1190. *H NMR
N /N 0]

©: \l// (500 MHz, D20) &: 8.05 (d, J = 8.0 Hz, 1H), 7.76 —

N N~ SOsH
S 7.64 (m, 4H), 7.61 (t, J = 7.6 Hz, 1H), 7.38 (d, J =

5.9

6.4 Hz, 2H), 7.00 (d, J = 8.6 Hz, 1H), 3.89 (t, J =
7.1 Hz, 2H), 2.90 — 2.79 (m, 2H), 1.95 (p, J = 7.4 Hz, 2H). 3C NMR (126 MHz, D20) d:
160.72, 156.54, 150.02, 136.79, 136.69, 135.79, 134.72, 134.20, 131.14, 131.08, 130.92,
127.96, 127.32, 118.11, 48.65, 40.90, 22.65. HRMS (ESI) m/z [M-H]  calculated for

C19H16N4OsS 411.0769, found 411.0789.
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4-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)butane-1-sulfonic acid 5.10
Yellow solid (75%), mp. 228-230 (dec), IR (cm1): 3433, 1705, 1650. 1228. 'H NMR (500
MHz, D20) &: 8.26 (d, J = 8.2 Hz, 1H), 8.03 — 7.75

zh /N\(O (m, 5H), 7.49 (dd, J = 7.7, 1.8 Hz, 2H), 7.15 (d, J =
©:N;£"/N\/\/\SO3H 8.6 Hz, 1H), 4.02 (t, J = 6.5 Hz, 2H), 3.00 (t, J = 7.1
510 © Hz, 2H), 1.88 — 1.76 (m, 4H). 3C NMR (76 MHz,

D2:0) ©: 160.40, 156.46, 149.82, 136.83, 136.48,

135.61, 134.62, 134.06, 131.10, 130.93, 127.95, 127.31, 118.10, 50.58, 41.61, 25.88,

21.63. HRMS (ESI) m/z [M-H] calculated for C20H18N4OsS 425.0925 found 425.0942.
Synthesis of diethyl (3-bromopropyl)phosphonate 6.20

1,3-dibromopropane (12.2 g, 60.2 mmol) was heated to 140 °C and triethylphosphite (2.0
ml, 11.7 mmol) was added dropwise and the reaction was

)
Br~ "> |':'>\/OEt heated at 140 °C for 12 h. The reaction was concentrated using

OEt
6.20 a rotary evaporator and the product was purified using flash

chromatography with two column volumes of dichloromethane followed by a gradient
elution from 10% diethyl ether in ethyl acetate to 100% ethyl acetate. Compound 6.20
(1.9 g, 63%) was isolated as a colorless oil. *H NMR (500 MHz, CDCls) &: 4.20-4.01 (m,
4H), 3.47 (t, J = 6.4 Hz, 1H), 2.20-2.09 (m, 1H), 1.98-1.83 (m, 2H), 1.32 (t, J = 7.1 Hz,
6H). 13C NMR (126 MHz, CDCls) &: 61.83 (d, J = 6 Hz), 33.74 (d, J = 18 Hz), 26.09 (d, J =

4 Hz), 24.54 (d, J = 125 Hz), 16.59 (d, J = 6 Hz).
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Synthesis  of diethyl  (3-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-

yl)propyl)phosphonate 6.25
10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 6.14 (500 mg, 1.72 mmol) was heated
with K2COs (600 mg, 4.3 mmol) at 105 °C for 4 h in
DMF (50 mL), the resultant dark yellow solid (K* salt
©: j%‘/N\/\/“ 8? of 6.14) was filtered and rinsed with ether and dried.

t

The solid was then suspended in DMF (50 mL) and
6.20 (534 mg, 2.1 mmol), was added and stirred
overnight. The reaction mixture was filtered and the filtrate was dried by blowing air. The
resultant solid was dissolved in DCM-water (1:1, 50 mL) and the product was extracted
with DCM (3x50 mL). The organic layer was dried over MgSOa4 and solvent was removed
and flash chromatography was used with 2% MeOH in DCM to purify the product as
yellow solid (580 mg, 72% over two steps). mp. 240 °C (dec), IR (cm -1): 1644, 1549,
1256, 1012. *H NMR (500 MHz, CDCIs3) &: 8.32 (d, J = 8.0 Hz, 1H), 7.77 — 7.52 (m, 5H),
7.30 (d, J = 7.3 Hz, 2H), 6.89 (d, J = 8.5 Hz, 1H), 4.27 — 3.99 (m, 6H), 2.16 — 1.93 (m,
2H), 1.89 — 1.75 (m, 2H), 1.29 (t, J = 6.9 Hz, 6H). 13C NMR (125 MHz, CDCls) &: 159.44,
155.11, 150.14, 137.87, 135.77, 135.49, 135.11, 134.28, 132.75, 130.92, 130.58, 127.63,
126.70, 117.18, 61.72 (d, J = 6 Hz), 42.31 (d, J = 25 Hz), (d, J = 141 Hz), 21.21, 16.6 (d,
J = 6Hz). 3P NMR (122 MHz, CDCls) &: 29.44. HRMS (ESI) m/z [M+Na]* calculated for

Ca23H25N40sP 491.1455, found 491.1450.
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Synthesis of (3-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)propyl)

phosphonic acid 6.3

Diethyl-(3-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)propyl)
phosphonate 6.25 (300 mg, 0.64 mmol) was dissolved in dry dichloromethane (25 mL)
and bromotrimetylsilane (660 pl, 3.2 mmol) was
added dropwise and stirred at room temperature
@[ :QH/N\/\/” 8: under argon for overnight. The solvent was
removed by using rotary evaporator and methanol
(20 mL) was added and stirred for 14 hr. The
solvent was removed by rotary evaporator and deionized water was added and stirred for
2 hr. A yellow solid started to form and the product 6.3 (211 mg, 80%) was isolated by
filtration and washed with diethyl ether and dichloromethane. mp: 189 °C (dec). IR (cm -
1): 1651, 1551, 1265, 1226, 1022. *H NMR (500 MHz, DMSO-de) d: 8.44 — 8.01 (m, 1H),
7.99 — 7.57 (m, 5H), 7.45 (s, 2H), 6.79 (s, 1H), 3.91 (s, 2H), 1.78 (s, 2H), 1.55 (s, 2H). 13C
NMR (126 MHz, DMSO-ds) &: 159.21, 154.76, 150.42, 138.71, 135.85, 134.99, 134.90,
133.96, 131.42, 130.37, 129.92, 127.84, 126.10, 116.78, 41.68, 25.89, 24.80, 21.45. 31P
NMR (122 MHz, DMSO-Ds) &: 29.44. HRMS (ESI) m/z [M+H]* calculated for

Ci19H17N4OsP 413.1009, found 413.0997.
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Synthesis of diethyl (6-bromohexyl)phosphonate 6.21

1, 6-dibromohexane (5 ml, 32.5 mmol) was heated at 140 °C

O
Br/\H/\B\/OEt and triethylphosphite (5.6 mmol, 32.5 mmol) was added drop
4

OFt wise using additional funnel. The reaction was heating at 140

- °C for overnight and the reaction was concentrated using

rotary evaporator. The product 6.21 ( 5.2 g, 53%) was purified as a colorless oil using
column chromatography with two column volume of dichloromethane and a gradient
elution with 10% hexane in ethyl acetate to 50% hexane in ethyl acetate. *H NMR (500
MHz, CHCls) &: 4.07 — 3.98 (m, 4H), 3.33 (t, J = 6.8 Hz, 2H), 1.79 (p, J = 6.8 Hz, 2H),
1.70 — 1.61 (m, 2H), 1.56 (dtd, J = 15.9, 10.6, 9.7, 5.1 Hz, 2H), 1.36 (tdt, J = 16.5, 10.3,
5.6 Hz, 4H), 1.25 (t, J = 7.1 Hz, 6H). 3C NMR (126 MHz, CDCls) 5: 61.43 (d, J = 6 Hz),
33.73, 32.44, 29.64 (d, J = 16 Hz), 27.62, 25.55 (d, J = 140 Hz), 22.27 (d, J = 5 Hz),

16.49 (d, J = 6 Hz).

Synthesis  of  diethyl  (6-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-
ylhexyl)phosphonate 6.26

10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 6.14 (2.0 g, 6.9 mmol) was heated with

K2COs (2.6 g, 18.8 mmol) at 105 °C for 4 hours in

Zh /N\(O o DMF (50 mL), the resultant dark yellow solid (K

|l . . .

©:N;EH/N\/H4\/P<8§ salt of 6.14) was filtered and rinse with ether and

6 260 dried. The solid was then suspended in DMF (150

mL) and 6.21 (2.2 g, 7.2 mmol), was added and

stirred overnight. The reaction mixture was filtered and the filtrate was dried by blowing

air. The resultant solid was dissolved in DCM-water (1:1, 100 mL) and the product was

extracted with DCM (3x50 ml). The organic layer was dried over MgSO4 and solvent was
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removed and flash chromatography was used with 2% MeOH in DCM to the product 6.26
as dark yellow solid (2.5 g, 70% in two steps). mp. 200-202 °C, IR (cm 1): 1645, 1551,
1258, 1030, 'H NMR (500 MHz, CDCls) &: 8.35 — 8.28 (m, 1H), 7.71 — 7.58 (m, 5H), 7.29
(d, J = 7.3 Hz, 2H), 6.87 (d, J = 8.3 Hz, 1H), 4.14 — 3.97 (m, 6H), 1.69 (ddd, J = 14.8,
10.9, 7.3 Hz, 4H), 1.63 — 1.52 (m, 2H), 1.46 — 1.33 (m, 4H), 1.29 (t, J = 7.1 Hz, 6H). 13C
NMR (126 MHz, CDCls) ©: 159.41, 155.25, 150.08, 137.95, 135.73, 135.38, 135.13,
134.28, 132.73, 130.92, 130.56, 127.67, 126.62, 117.14, 61.51 (d, J = 7 Hz), 42.07,
30.47 (d, J = 16 Hz), 27.67, 26.56, 25.74 (d, J = 140 Hz), 22.51 (d, J = 5 Hz), 16.60 (d, J
= 6 Hz). 3P NMR (122 MHz, CDCl3) &: 33.13. HRMS (ESI) m/z [M+H]* calculated for

Ca26H31N4OsP 511.2110, found 511.2131.

Synthesis of (6-(2,4-diox0-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)hexyl)
phosphonic acid 6.4
Diethyl-(6-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)hexyl)phosphonate
6.26 (900 mg, 1.8 mmol) was dissolved in
Ph
| .
©:N /N\fo 100 ml of dry dichloromethane and
(0]
N;[H/N\/\/\/\'F'(/OH bromotrimetylsilane (1.6 ml, 8.8 mmol) was
(@] OH . .

6.4 added drop wise and stirred at room
temperature under argon for overnight. The solvent was removed by using rotary
evaporator and 50 ml of methanol was added and stirred for 14 hr. The solvent was
removed using rotary evaporator and deionized water was added and stirred for 2 hr. A
yellow solid started to form and the product 6.4 (605.3 mg, 78%) was isolated by filtration
and washed with water and diethyl ether. mp. 185 °C (dec), IR (cm "1): 3472, 1643, 1549,
1135, 997. H NMR (500 MHz, DMSO-ds) &: 8.23 (d, J = 8.0 Hz, 1H), 7.79 — 7.60 (m, 5H),

7.45 (d, J = 7.4 Hz, 2H), 6.78 (d, J = 8.5 Hz, 1H), 3.86 (t, J = 7.2 Hz, 2H), 1.64 — 1.19 (m,
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10H).13C NMR (126 MHz, DMSO-Ds) &: 159.09, 154.73, 150.37, 138.63, 135.87, 135.00,
134.88, 133.99, 131.43, 130.35, 129.91, 127.86, 126.06, 116.77, 40.90, 29.87(d, J = 16
Hz), 28.15, 27.69 (d, J = 142 Hz), 27.08, 22.79 (d, J = 4 Hz). 3P NMR (122 MHz, DMSO-
Ds) O: 26.94. HRMS (ESI) m/z [M+H]* calculated for C22H2sN4OsP 455.1479, found
455.1486.
Synthesis of diethyl (8-bromooctyl)phosphonate 6.22

1,8-dibromooctane (5.0 g, 18.4 mmol) was heated at 140 °C

]
Br/\éﬁ/\lg/oa and triethylphosphite (1.53 g, 9.2 mmol) was added drop wise
6  “OEt

using additional funnel. The reaction was heating at 140 °C

o2 for overnight and the reaction was concentrated using rotary

evaporator. The product 6.22 ( 2.12 g, 70%) was separated as a colorless oil using
column chromatography with two column volume of dichloromethane and a gradient
elution with 10% diethyl ether in ethyl acetate to ethyl acetate. *H NMR (500 MHz, CDClz)
54.16 — 3.97 (m, 4H), 3.43 — 3.31 (m, 2H), 1.88 — 1.75 (m, 2H), 1.76 — 1.63 (m, 2H), 1.62
—1.48 (m, 2H), 1.45 — 1.19 (m, 14H).23C NMR (126 MHz, CDCls) &: 61.48 (d, J = 6 Hz),
34.04, 32.82, 30.54(d, J = 18 Hz), 28.98, 28.36 (d, J = 141 Hz), 26.30, 25.18, 22.44 (d, J

=5 Hz), 16.57 (d, J = 5 Hz).

Synthesis  of  diethyl  (8-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-
yloctyl)phosphonate 6.27
10-phenylbenzol[g]pteridine-2,4(3H,10H)-dione 6.14 (2.0 g, 6.9 mmol) was heated with

K2COs (2.6 g, 18.8 mmol) at 105 °C for 4 hr in DMF

Ph
|
N /N\(O o (100 mL), the resultant dark yellow solid (K salt of
“ N\/H\/B/OEt
N 6 “OEt 6.14) was filtered and rinse with ether and dried.
o
6.27 The solid was then suspended in DMF (150 mL)
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and 6.22 (2.2 g, 6.9 mmol), was added and stirred overnight. The reaction mixture was
filtered and the filtrate was dried by blowing air. The resultant solid was dissolved in
DCM-water (1:1, 100 mL)) and the product was extracted with DCM (3x50 mL). The
organic layer was dried over MgSOa4 and solvent was removed and flash chromatography
was used with 1-2 MeOH in DCM to purify the product as yellow solid. The product 6.27
was purified as dark yellow solid (2.6 g, 71% in two steps). mp. 158-160 °C, IR (cm -1):
3565, 3461, 1642, 1548, 1243, and 1019. 'H NMR (500 MHz, CDCls) &: 8.34 — 8.29 (m,
1H), 7.70 — 7.53 (m, 5H), 7.30 (d, J = 7.3 Hz, 2H), 6.88 (d, J = 8.4 Hz, 1H), 4.12 — 3.97
(m, 6H), 1.74 — 1.62 (m, 4H), 1.61 — 1.49 (m, 2H), 1.32 (m, 14H). 13C NMR (126 MHz,
CDCl3) &: 159.36, 155.25, 150.05, 137.95, 135.70, 135.34, 135.12, 134.25, 132.69,
130.90, 130.53, 127.65, 126.58, 117.12, 61.48 (d, J = 6 Hz), 42.18, 30.63 (d, J = 18 Hz),
29.18, 29.03, 27.77, 26.92, 25.74 (d, J = 140 Hz), 22.49 (d, J = 6 Hz), 16.59 (d, J = 6 Hz).
1P NMR (122 MHz, DMSO-Ds) &: 33.28. HRMS (ESI) m/z [M+Na]* calculated for
C2sH3sN4OsP 561.2237, found 561.2256.
Synthesis of (8-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)octyl)
phosphonic acid 6.5
diethyl (8-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)octyl)phosphonate
6.27 (467 mg, 0.87 mmol) was dissolved in dry

rfh dichloromethane (30 mL) and bromotrimetylsilane

N N (0]
Y 9
in_OH (572 pl, 4.3 mmol) was added dropwise and stirred
©:N;EH/N\/H\/P\OH

0 6 at room temperature under argon for overnight. The

6.5
solvent was removed by using rotary evaporator
and methanol (30 mL) was added and stirred for 14 hr. The solvent was removed using

rotary evaporator and deionized water was added and stirred for 2 hr. A yellow solid

started to form and the product 6.5 (293.8 mg, 70%) was isolated by filtration and washed
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with water and diethyl ether. mp. 215-218 (dec), IR (cm 1): 1645, 1552, 1178, 1001. H
NMR (500 MHz, DMSO-ds) &: 8.23 (d, J = 7.7 Hz, 1H), 7.83 — 7.56 (m, 5H), 7.45 (d, J =
6.9 Hz, 2H), 6.78 (d, J = 8.2 Hz, 1H), 3.85 (s, 2H), 1.62 — 1.11 (m, 14H). 13C NMR (126
MHz, DMSO-Ds) &: 159.06, 154.71, 150.35, 138.61, 135.86, 135.00, 134.89, 133.99,
131.42, 130.36, 129.92, 127.87, 126.07, 116.78, 40.89, 30.05 (d, J = 16 Hz), 28.63,
27.57 (d, J = 136 Hz), 27.33, 26.40, 22.75, 22.73. 3P NMR (122 MHz, DMSO-Ds) &:

27.43. HRMS (ESI) m/z [M+H]* calculated for C24H27N4OsP 483.1792, found 483.1808.
Synthesis of diethyl (10-bromodecyl)phosphonate 6.22

1,10-dibromodecane (18.06 g, 60.2 mmol) was heated at 140 °C and triethylphosphite (2
g, 12.04 mmol) was added drop wise using additional funnel.
(0]
UW_OEt  The reaction was heating at 140 °C for overnight and the
Br P.
e

N
OEt
reaction was concentrated using rotary evaporator. The product

o2 6.23 (1.9 g, 47%) was separated as a colorless oil using column
chromatography with two column volume of dichloromethane and a gradient elution with
10% diethyl ether in ethyl acetate to ethyl acetate. *H NMR (500 MHz, CDClz) &: 4.13 —
3.90 (m, 4H), 3.34 (t, J = 6.9 Hz, 2H), 1.78 (p, J = 6.9 Hz, 2H), 1.70 — 1.59 (m, 2H), 1.59
—1.46 (m, 2H), 1.40 — 1.16 (m, 18H). 3C NMR (126 MHz, CDCls) &: 61.43 (d, J = 6 Hz),
34.05, 32.84, 30.61 (d, J = 16 Hz), 29.38, 29.27, 29.07, 28.74, 28.17, 25.70 (d, J = 141

Hz), 22.42 (d, J = 5 Hz), 16.53 (d, J = 5 Hz) .
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Synthesis of diethyl (10-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-
yl)decyl)phosphonate 6.28
10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 6.14 (677 mg, 2.3 mmol) was heated with
o K2COsz (635 mg, 4.6 mmol) at 105 °C for 4 hr in
©:lll /N\(O (.?/OEt DMF (30 mL), the resultant dark yellow solid (K
N;[H/N\/HB\/P\OEt salt of 6.14) was filtered and rinse with ether and
6.28 ° dried. The solid was then suspended in DMF (50
mL) and 6.23 (1 g, 2.8 mmol), was added and
stirred overnight. The reaction mixture was filtered and the filtrate was dried by blowing
air. The resultant solid was dissolved in DCM-water (1:1, 50 mL) and the product was
extracted with DCM (3x50 mL). The organic layer was dried over MgSO4 and solvent was
removed and flash chromatography was used with 1-2% MeOH in DCM to purify the
product as yellow solid 6.28 (800 mg, 62% in two steps). mp. 185 °C (dec), IR. (cm-1):
3553, 3464, 2926, 1644, 1551, 1023, 955. 'H NMR (500 MHz, CDCls) &: 8.33 (dd, J =
8.1, 1.2 Hz, 1H), 7.71 — 7.53 (m, 5H), 7.30 (d, J = 7.2 Hz, 2H), 6.88 (d, J = 8.5 Hz, 1H),
4.15 — 3.98 (m, 6H), 1.72 — 1.63 (m, 4H), 1.61 — 1.51 (m, 2H), 1.39 — 1.24 (m, 18H). 13C
NMR (126 MHz, CDCl3) &: 159.34, 155.23, 150.03, 137.95, 135.67, 135.31, 135.11,
134.24, 132.67, 130.89, 130.51, 127.64, 126.55, 117.10, 61.44 (d, J = 6 Hz), 42.21,

30.69 (d, J

18 Hz), 29.49, 29.40, 29.38, 29.15, 27.78, 26.98, 25.75 (d, J = 141 Hz),
22.50 (d, J = 5 Hz), 16.58 (d, J = 6 Hz). 3P NMR (122 MHz, CDClz) &: 33.34. HRMS

(ESI) m/z [M+H]* calculated for C3oH39N4OsP 567.2731, found 566.2729.
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Synthesis  of  (10-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)decyl)
phosphonic acid 6.6
Diethyl(10-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)decyl) phosphon-
ate 6.28 (593 mg, 1.05 mmol) was dissolved in dry
N /N\fo o dichloromethane (30 mL) and bromotrimetylsilane
©:N;EH/N\/H\/B§8: (691ul, 5.24 mmol) was added dropwise and stirred
at room temperature under argon for overnight. The
solvent was removed by using rotary evaporator
and methanol (30 mL) was added and stirred for 14 hr. The solvent was removed using
rotary evaporator and deionized water was added and stirred for 2 hr. A yellow solid
started to form and the product 6.6 (470 mg, 88%) was isolated by filtration and washed
with water and diethyl ether. mp. 185 °C (dec) IR (cm): 2925, 2850, 1645, 1549. 'H
NMR (500 MHz, DMSO-ds) & 8.22 (d, J = 7.5 Hz, 1H), 7.84 — 7.51 (m, 5H), 7.45 (d, J =
6.7 Hz, 2H), 6.78 (d, J = 8.2 Hz, 1H), 3.85 (s, 2H), 1.63 — 1.09 (m, 18H).13C NMR (126
MHz, DMSO-Ds) & 159.59, 155.24, 150.88, 139.15, 136.39, 135.53, 135.42, 134.52,
131.95, 130.88, 130.44, 128.39, 126.59, 117.31, 41.42, 30.60 (d, J = 15 Hz), 29.49,
29.40, 29.35, 29.25, 28.12 (d, J = 136 Hz), 27.87, 26.96, 23.30 (d, J = 5 Hz). 3'P NMR
(122 MHz, DMSO-Ds) & 27.28. HRMS (ESI) m/z [M+H]* calculated for C2sH31N4OsP

511.2105, found 511.2104.
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Synthesis of diethyl (12-bromododecyl)phosphonate (6.24)
1,12-dibromododecane (19.75 g, 60.2 mmol) was heated at 140 °C and triethylphosphite
(2 g, 12.04 mmol) was added drop wise using additional funnel.
(0] . . .
n_OEt The reaction was heating at 140 °C for overnight and the
B () F g g

N\
10 OEt reaction was concentrated using rotary evaporator. The

024 product 6.24 ( 2.32 g, 32%) was separated as a colorless oil
using column chromatography with two column volume of dichloromethane and a
gradient elution with 10% diethyl ether in ethyl acetate to ethyl acetate. 'TH NMR (500
MHz, CDCls) &: 4.14 — 3.94 (m, 4H), 3.37 (t, J = 6.9 Hz, 2H), 1.82 (p, J = 7.0 Hz, 2H),
1.74 — 1.62 (m, 2H), 1.61 — 1.48 (m, 2H), 1.41 — 1.20 (m, 22H). 3C NMR (126 MHz,
CDCls) 0: 61.44 (d, J = 6 Hz), 34.13, 32.89, 30.68( d, J = 16 Hz), 29.58, 29.54, 29.48,

29.41, 29.15, 28.82, 28.23, 25.76 (d, J = 140 Hz), 22.46 (d, J = 5 Hz), 16.56 (d, J = 6 Hz).

Synthesis  of diethyl (12-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-
yl)dodecyl)phosphonate 6.29

10-phenylbenzol[g]pteridine-2,4(3H,10H)-dione 6.14 (560 mg, 1.95 mmol) was heated

with K2COs (550 mg, 3.98 mmol) at 105 °C for 4 hr

C[Eh:;l\l‘:fo Q/OEt in DMF (50 mL), the resultant dark yellow solid (K

NG N\/H\/P\OEt salt of 6.14) was filtered and rinse with ether and

6.29 © 10 dried. The solid was then suspended in DMF (50

mL) and 6.24 (900 mg, 2.33 mmol), was added

and stirred overnight. The reaction mixture was filtered and the filtrate was dried by

blowing air. The resultant solid was dissolved in DCM-water (1:1, 50 mL) and the product

was extracted with DCM (3x50 ml). The organic layer was dried over MgSO4 and solvent

was removed and flash chromatography was used with 2-5% MeOH in DCM to purify the
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product as yellow solid. The product 6.29 was purified as dark yellow solid (860 mg, 74%
in two steps). mp. 150-152 °C. IR (cm): 3578, 3462, 2920, 1644, 1551, 1023, 953. 'H
NMR (500 MHz, CDCls) &: 8.35 — 8.26 (m, 1H), 7.72 — 7.49 (m, 5H), 7.29 (d, J = 7.4 Hz,
2H), 6.87 (d, J = 8.4 Hz, 1H), 4.15 — 3.94 (m, 6H), 1.76 — 1.62 (m, 4H), 1.62 — 1.49 (m,
2H), 1.36 — 1.17 (m, 22H). 3C NMR (126 MHz, CDCls) &: 159.33, 155.24, 150.03,
137.95, 135.67, 135.31, 135.11, 134.23, 132.67, 130.89, 130.51, 127.64, 126.56, 117.10,
61.46, (d, J = 6 Hz), 42.24, 30.71 (d, J = 16 Hz), 29.63, 29.57, 29.47, 29.43, 29.19, 27.80,
27.01, 25.76 (d, J =140 Hz), 22.52, 22.48, 16.58 (d, J = 5 Hz). 3P NMR (122 MHz,
CDCl3) &: 33.36. HRMS (ESI) m/z [M+H]* calculated for C32H43N4OsP 595.3044, found

595.3058.

Synthesis of (12-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)dodecyl)
phosphonic acid 6.7
Diethyl (12-(2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)dodecyl)phospho
-nate 6.29 (845 mg, 1.42 mmol) was dissolved in
Ph 50 ml of dry dichloromethane and
N /N o o
@[ \f lg,OH bromotrimetylsilane (938pul, 7.10 mmol) was added
—
N \/éé\/ \OH ) )
o 10 dropwise and stirred at room temperature under
6.7
argon for overnight. The solvent was removed by
using rotary evaporator and 30 ml of methanol was added and stirred for 14 hr. The
solvent was removed using rotary evaporator and deionized water was added and stirred
for 2 hr. A yellow solid started to form and the product 6.7 (685 mg, 90%) was isolated by
filtration and washed with water and diethyl ether. mp. 176-178 °C (dec). IR (cm): 2920,
2850, 1648, 1553. *H NMR (500 MHz, DMSO-ds) &: 8.22 (d, J = 7.7 Hz, 1H), 7.99 — 7.55

(m, 5H), 7.45 (d, J = 7.1 Hz, 2H), 6.78 (d, J = 8.3 Hz, 1H), 3.85 (s, 2H), 1.60 — 1.11 (m,
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22H). 13C NMR (126 MHz, DMSO-Ds) &: 159.59, 155.25, 150.88, 139.15, 136.39, 135.53,
135.42, 134.52, 131.96, 130.89, 130.44, 128.39, 126.60, 117.31, 41.41, 30.69, 30.56,
29.58, 29.43, 29.37, 29.26, 28.13(d, J = 137 Hz), 27.86, 26.96, 23.31, 23.28. 3P NMR
(122 MHz, DMSO-Ds) &: 27.35. HRMS (ESI) m/z [M+H]* calculated for CasHasN4OsP

539.2418, found 539.2432.

Synthesis of diethyl p-tolylphosphonate 6.316¢

Diethyl p-tolylphosphonate 6.31 was synthesized by following a known procedure.1®¢The
product was isolated with small amount of the starting material and the
resultant crude material was used for the following bromination. Both H
NMR and 3C NMR indicated the formation of the product 6.31. *H NMR

EtO.
Et0” S0 (500 MHz, CDCls) &: 7.81 — 7.57 (m, 2H), 7.27 — 7.17 (m, 2H), 4.22 —
6.31
3.87 (m, 4H), 2.36 (s, 3H), 1.46 — 1.10 (m, 6H). 23C NMR (126 MHz,
CDCls) &: 143.00 (d, J = 3 Hz), 131.90 (d, J = 11 Hz), 129.27 (d, J = 15 Hz), 125.08 (d, J

=190 Hz), 62.02 (d, J = 5 Hz), 21.71, 16.39 (d, J = 6 Hz).

Synthesis of diethyl (4-(bromomethyl)phenyl)phosphonate 6.32
Diethyl (4-(bromomethyl)phenyl)phosphonate 6.32 was also synthesized also

synthesized by following the previous reference with the 6.31 as the

Br.
starting material. After bromination, the product 6.32 was also isolated
with a small amount of impurity and the isolated material was used as an
Etg:P\\ alkylating agent in the following step. Both 'H NMR and ¥C NMR
t 6.320 indicated the formation of mono brominated product 6.32. *H NMR (500

MHz, CDCls) & 7.77 (dd, J = 13.1, 8.1 Hz, 2H), 7.68 (dd, J = 13.1, 8.0 Hz,

1H), 7.47 (dd, J = 8.0, 3.7 Hz, 2H), 7.28 — 7.21 (m, 1H), 4.47 (s, 2H), 4.26 — 3.92 (m, 5H),
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1.43 — 1.19 (m, 8H).:*C NMR (126 MHz, CDClz) & 147.90, 139.92, 129.65, 128.20,

114.91 (d, J = 191 Hz), 62.01 (d, J =5 Hz), 32.77, 16.51 (d, J = 6 Hz).

Synthesis  of diethyl  (4-((2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-
yl)methyl)phenyl)phosphonate 6.33
10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 6.14 (484 mg, 1.67 mmol) was heated
with K2COs (346 mg, 2.51 mmol) in DMF at 90 °C
©:Eh /NYf/@/E\E?Et for 4 h, then the precipitate was filtered and used for
N;EH/N the next step. The resultant solid was stirred with
6.33 © 6.32 (615 mg, 2 mmol) in DMF for 12 hours at room
temperature. The reaction mixture was filtered and
the filtrate was dried by blowing air. The resultant solid was dissolved in DCM-water (1:1)
and the product was extracted with 3x50 ml of DCM. The organic layer was dried over
MgSO4 and solvent was removed and flash chromatography was used with 3-5% MeOH
in DCM to purify the product as yellow solid. The product was isolated as dark yellow
solid 6.33 (457 mg, 53%). mp. 288-290 °C. IR (cm):1650, 1548, 1020. 'H NMR (500
MHz, CDCls) & 8.31 (d, J = 7.9 Hz, 1H), 7.77 — 7.54 (m, 9H), 7.28 (d, J = 7.3 Hz, 2H),
6.89 (d, J = 8.5 Hz, 1H), 5.28 (s, 2H), 4.20 — 3.90 (m, 4H), 1.27 (t, J = 7.0 Hz, 6H). 13C
NMR (126 MHz, CDCls) & 159.67, 155.27, 150.37, 141.54, 138.09, 136.09, 135.94,
135.28, 134.51, 133.03, 132.39, 132.31, 131.18, 130.88, 129.88, 129.76, 127.83, 127.10,
117.48, 62.41 (d, J = 5 Hz), 45.22, 16.68 (d, J = 6 Hz). 3P NMR (122 MHz, CDCls)

19.45. HRMS (ESI) m/z [M+H]* calculated for C27H25N4OsP 517.1635, found 517.1636.
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Synthesis of  (4-((2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)methyl)
phenyl)phosphonic acid 6.8
Diethyl (4-((2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)methyl)phenyl)
phosphonate 6.33 (310mg, 0.6 mmol) was
©:Eh /NY\O/Q/ELOH dissolved in 50 ml of dry dichloromethane and
N;[H/N bromotrimetylsilane (400 ul, 3.0 mmol) was added
6.8 © dropwise and stirred at room temperature under
argon for overnight. The solvent was removed by using rotary evaporator and 30 ml of
methanol was added and stirred for 14 hr. The solvent was removed using rotary
evaporator and deionized water was added and stirred for 2 hr. A yellow solid started to
form and the product 6.8 (221 mg, 85%) was isolated by filtration and washed with water
and diethyl ether. mp. 356- 358 °C, IR (cm): 3189, 1645, 1548, 991, 957. 'H NMR (500
MHz, DMSO-ds) &: 8.20 (s, 1H), 7.77 — 7.33 (m, 11H), 6.77 (s, 1H), 5.08 (s, 2H). 13C
NMR (126 MHz, DMSO-Ds) &: 159.81, 155.16, 151.10, 140.66, 139.28, 136.36, 135.60,
134.49, 131.99, 131.07, 130.99, 130.91, 130.50, 128.35, 127.71, 127.60, 126.78, 117.39,

44.49. 3P NMR (122 MHz, DMSO-D¢) &: 13.30. HRMS (ESI) m/z [M+H]* calculated for

C23H17N4OsP 461.1009, found 461.1005.
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Synthesis of diethyl (E)-(4-methylstyryl)phosphonate 6.366

Tetraethyl methylenediphosphonate 6.35 (4.79 g, 16.6 mmol) was dissolved in 60 mL of
dry THF under argon. n-BuLi (2.5 M in hexane, 7.3 ml, 18.3 mmol)
was added slowly at -78 °C and the reaction was stirred for 20 min.
The reaction was warmed to room temperature and 4-methyl

benzaldehyde 6.34 (2.0 g, 16.6 mmol) was added and stirred

Z
_OEt

O//P\OEt overnight at room temperature. Diethyl ether (100 mL) and 100 ml of
6.36 NaHCOs (1.0 g in 100 ml H20) was added and extracted into (100 ml

x 2) Et20. The product 6.36 (3.8 g, 90%) was purified using flash
chromatography using 2% methanol in ethyl acetate as eluent. 'TH NMR (500 MHz,
CDCls) &: 7.47 (dd, J = 22.6, 17.5 Hz, 1H), 7.39 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 7.9 Hz,
2H), 6.19 (dd, J = 17.7 Hz, 1H), 4.25-4.01 (m, 4H), 2.36 (s, 3H), 1.34 (t, J = 7.1 Hz,
6H).13C NMR (126 MHz, CDCls) 6:148.91 (d, J = 6 Hz) , 140.74, 132.28 (d, J = 24 Hz),

129.69, 127.82, 112.68 (d, J = 192 Hz), 61.88 (d, J = 5 Hz), 21.55, 16.54 (d, J = 6 Hz).

Synthesis of diethyl (E)-(4-(bromomethyl)styryl)phosphonate 6.3716°
Diethyl (E)-(4-methylstyryl)phosphonate 6.36 (3.74 g, 14.7 mmol), N-bromosuccinimide (
2.61 g, 14.7 mmol) and 2,2'-azobis(2-methylpropionitrile)

o (241 mg, 1.47 mmol) was added to 60 ml of carbon
|1

< > //EtO/P\OEt tetrachloride and refluxed at 90 °C overnight. The
Br

reaction mixture was cooled by an ice-water bath and

6.37 filtered to remove the ppt. The filtrate was washed with

50 mL of water and 50 ml of brine. The CCl4 layer was dried with anhydrous MgSO4 and
filtered. The solvent was removed using rotary evaporator and the flash chromatography

was used to purify using 75% ethyl acetate with 25% hexane. The isolated product 6.37
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(2.3 g, 47%) was mixed with a small amount of starting material and the mixture was
used for next experiment without further purification. 'H NMR (500 MHz, CDCls) &: 7.69-
7.29 (m, 6H), 6.26 (t, J = 17.4 Hz, 1H), 4.48 (s, 2H), 4.21-4.09 (m, 4H), 1.35 (t, J = 6.9
Hz, 6H).13C NMR (126 MHz, CDCls) &: 147.91 (d, J = 7 Hz), 139.96, 135.07 (d, J = 24
Hz), 129.68, 128.23, 114.94 (d, J = 191 Hz), 62.03 (d, J = 6Hz), 32.80, 16.53 (d, J =6

Hz).

Synthesis of diethyl (E)-(4-((2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-
yl)methyl)styryl)phosphonate 6.38
10-phenylbenzol[g]pteridine-2,4(3H,10H)-dione 6.14 (2.0 g, 6.9 mmol) was heated with
K2COs3 (2.6 g, 18.8 mmol) at 105 °C for 4 hr in
Ph o)
,{1 /N\(O . |'I:'\0Et DMF, the resultant dark yellow solid (K* salt of
©:N;[H/N\/©N o 6.14) was filtered and rinse with diethyl ether
06_38 and dried. The solid was then suspended in
DMF (150 mL) and 6.37 (2.3 g, 6.9 mmol), was
added and stirred overnight. The reaction mixture was filtered and the filtrate was dried
by blowing air. The resultant solid was dissolved in DCM-water (1:1, 100 mL) and the
product was extracted with DCM (3x50 ml). The organic layer was dried over MgSO4 and
solvent was removed and flash chromatography was used with 5% MeOH in DCM to
purify the product as yellow solid. The product 6.38 was purified as dark yellow solid with
some impurity. The impurity was removed washing the solid with hexane, ether and ethyl
acetate. The final product was yellow solid (2.01 g, 54%). mp. 296- 298 °C (dec), IR (cm -
1): 1649, 1548, 1245, 1053, 1024. *H NMR (301 MHz, CDCls) &: 8.32 (d, J = 8.0 Hz, 1H),
7.70 — 7.49 (m, 7H), 7.48 — 7.34 (m, 3H), 7.34 — 7.26 (m, 2H), 6.89 (d, J = 8.5 Hz, 1H),

6.20 (dd, J = 17.6 Hz, 1H), 5.26 (s, 2H), 4.19 — 4.03 (m, 4H), 1.33 (t, J = 7.0 Hz, 6H). 3C
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NMR (76 MHz, CDCls) &: 159.39, 155.08, 150.08, 148.57 (d, J = 11 Hz), 139.07, 137.92,
135.80, 135.61, 135.05, 134.25, 132.77, 130.92, 130.61, 130.24, 127.85, 127.59, 126.79,
117.21, 115.17, 112.64, 61.96 (d, J = 4 Hz) , 44.91, 16.53 (d, J = 10 Hz). 31P NMR (122
MHz, CDCls) &: 20.24. HRMS (ESI) m/z [M+Na]* calculated for CasHz7N4OsP 565.1611,

found 565.1622.

Synthesis of (E)-(4-((2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)methyl)
styryl)phosphonic acid 6.9
Diethyl (E)-(4-((2,4-dioxo-10-phenyl-4,10-dihydrobenzo[g]pteridin-3(2H)-yl)methyl)styryl)
phosphonate 6.38 (1.0 g, 1.84 mmol) was
Eh _N_O e IOF}\OH dissolved in 100 ml of dry dichloromethane
©:N;E”/N\/©/\/OH and bromotrimetylsilane (1.22 ml, 9.2 mmol)
609 was added dropwise and stirred at room
| temperature under argon for overnight. The
solvent was removed by using rotary evaporator and 30 ml of methanol was added and
stirred for overnight. The solvent was removed using rotary evaporator and deionized
water was added and stirred for 2-3 hours. A yellow solid started to form and the product
6.9 (870 mg, 97%) was isolated by filtration and washed with water and diethyl ether. mp.
254-256 °C. IR (cm): 1641, 1545, 1177, 985. 'H NMR (500 MHz, DMSO-ds) &: 8.40 —
8.11 (m, 1H), 7.73 (t, J = 26.2 Hz, 5H), 7.60 — 7.27 (m, 6H), 7.15 (t, J = 18.8 Hz, 1H),
6.80 (d, J = 7.1 Hz, 1H), 6.46 (t, J = 15.6 Hz, 1H), 5.09 (s, 2H). 3C NMR (126 MHz,
DMSO-De) 6: 159.29, 154.67, 150.56, 142.53 (d, J = 6 Hz), 138.75, 138.56, 135.85,
135.08, 135.06, 134.40, 134.22, 133.98, 131.45, 130.38, 129.96, 127.99, 127.82, 127.30,
126.23, 116.86, 43.89. 3'P NMR (122 MHz, DMSO-Ds) 5: 13.94. HRMS (ESI) m/z [M+H]*

calculated for C2sH19N4OsP 487.1166, found 487.1188.

175



Synthesis of 3-((tert-butyldimethylisilyl)oxy)aniline 7.1016°
A mixture of 3-aminophenol 7.9 ( 2.0 g, 18.32 mmol) and imidazole (2.5 g, 36.7 mmol)
was dissolved in dry THF (100 mL) and the solution was
TBDMSO\@/NHZ stired for half an hour followed by addition of tert-
butylchlorodimethylsilane (4.14 g, 27.5 mmol) in portions. A
710 white solid forms immediately and the mixture was stirred for
6 more hours under argon at room temperature and the reaction was monitored by TLC.
After 6 hours, the reaction was quenched with water (100 mL). The reaction mixture was
extracted with diethyl ether (4 x 50 ml) and the organic fractions were combined and
dried over NaSO4. After removing the diethyl ether using rotary evaporator and the
product was separated as a colorless liquid 7.10 (3.8 g, 93%) by using silica gel
chromatography with 5% ethyl acetate and 95% hexane as eluent. Colorless oil: 'H NMR
(500 MHz, DMSO-Ds) &: 6.84 (t, J = 7.9 Hz, 1H), 6.16 (d, J = 7.9 Hz, 1H), 6.09 (s, 1H),
5.98 (dd, J = 7.9, 1.5 Hz, 1H), 5.00 (s, 2H), 0.94 (s, 9H), 0.15 (s, 6H). 13C NMR (126

MHz, DMSO-Ds) &: 155.85, 150.03, 129.44, 107.61, 107.26, 105.41, 25.58, 17.88, -4.46.

Synthesis of (3R,4R,5R)-2-((3-((tert-butyldimethylsilyl)oxy)phenyl)amino) tetrahydro-2H-

pyran-3,4,5-triol 7.11%8

A mixture of compound 7.10 (1.79 g, 8.0 mmol) and D-(-) ribose (1.3 g, 8.7 mmol) were
y dissolved in 30 mL of methanol and the mixture
TBDMSO\@/N% was refluxed under Ar. After six hours, the solvent
HOJ;)\OH was removed using rotary evaporator and the

7.1 o resultant solid was purified using flash

chromatography with 5% methanol and 95% DCM. The product 7.11 ( 2.3 g, 81%) was
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isolated as a white hygroscopic solid. White solid: 'H NMR (500 MHz, CDs0D) &: 7.00
(td, J = 8.0, 3.7 Hz, 1H), 6.40 (d, J = 8.0 Hz, 1H), 6.31 (dt, J = 13.1, 2.0 Hz, 1H), 6.23 (d,
J = 7.8 Hz, 1H), 4.83 (d, J = 7.9 Hz, 1H), 4.11 (br, 1H), 3.95 — 3.44 (m, 5H), 1.00 (s, 9H),
0.20 (s, 6H). 13C NMR (126 MHz, CDsOD) some overlapping of 13C peaks (may be
rotational isomer or cis/trans) &: 157.85, 157.81, 149.55, 148.55, 130.69, 130.63, 111.27,
108.69, 107.00, 106.94, 83.71, 83.54, 71.87, 69.04, 64.61, 26.21, 19.08, -4.23. HRMS

(ESI) m/z [M+Na]* calculated for C17H20NOsSi 378.1707, found 378.1700.

Synthesis of (2S,3R,4R)-5-((3-((tert-butyldimethylsilyl)oxy)phenyl)amino)pentane-1,2,3,4-

tetraol 7.12158

In a solution of compound 7.11 (2.0 g, 5.6 mmol) in 20 mL of ethanol, NaBH4 (0.43 g,
11.0 mmol) was added in portionwise at 0

H OH OH
N OH °C and after the addition of NaBH4, the

TBDMSO I
\©/ OH mixture was heated at 50 °C for 16 hours

7.12 under argon. The reaction was quenched

with 100 mL of saturated NH4Cl and extracted with DCM (5 x 50 ml). The DCM has been
removed using rotary evaporator and the product was isolated as a white sticky solid 7.12
(1.5 g, 75%) by using column chromatography with 10% methanol in DCM. White sticky
solid, *H NMR (500 MHz, CD30OD) &: 6.97 (t, J = 8.0 Hz, 1H), 6.34 (dd, J = 8.0, 1.5 Hz,
1H), 6.22 (t, J = 1.9 Hz, 1H), 6.15 (dd, J = 7.9, 1.6 Hz, 1H), 3.93 (td, J = 7.8, 3.4 Hz, 1H),
3.84 — 3.74 (m, 2H), 3.70 — 3.61 (m, 2H), 3.44 (dd, J = 12.9, 3.3 Hz, 1H), 3.12 (dd, J =
12.9, 7.9 Hz, 1H), 1.00 (s, 9H), 0.19 (s, 6H). 13C NMR (126 MHz, CDsOD) &: 157.88,
151.66, 130.65, 110.12, 108.13, 106.21, 74.72, 74.32, 72.23, 64.58, 47.55, 26.21, 19.05,

-4.24. HRMS (ESI) m/z [M+Na]* calculated for C17H31NOsSi 380.1864, found 380.1871.
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Synthesis of 2,4,6-trichloropyrimidine-5-carbaldehyde 7.14161
8.45 g of barbituric acid 7.13 (66 mmol) was dissolved in 40 ml of POCls and 5 mL of
DMF (65 mmol) was added dropwise at 0 °C and the mixture

Cl N Cl
| Y was stirred at 0 °C an hour followed by refluxing for 16 hours

OHC =N at 130 °C. The reaction was concentrated using rotary
Cl 714 evaporator and the thick reaction mixture was poured in ice-

water and stirred to form a beige solid. After filtration, the resultant crude solid was
purified using silica gel with 10% ethyl acetate in hexane to get the product as white solid

7.14 (8.6 g, 61.6%). IH NMR (500 MHz, CDCls) &: 10.39 (s, 1H). 3C NMR (126 MHz,

CDCl3) 6: 184.70, 164.18, 161.69, 123.10.
Synthesis of 6-chloro-2,4-dioxo-1,2,3,4-tetrahydropyrimidine-5-carbaldehyde7.8%62

A mixture of compound 7.14 (1.0 g, 4.73 mmol) and K2COs (0.65 g, 4.73 mmol) was

added to ethanol: water (2:1, 40 mL) and the solution was

Cl H 0 stirred for 4 hours at room temperature. The reaction was
| \Ié neutralized with CH3COOH (3-4 mL) and the reaction was
NH
OHC concentrated with rotary evaporator and kept at 4 °C for 3
O 78

days. The product was isolated as white crystalline solid 7.8
(760 mg, 91%) White solid, *H NMR (500 MHz, DMSO-Ds) &: 10.04 (s, 1H). 13C NMR

(126 MHz, DMSO-Ds) 6: 189.11, 171.50, 160.75, 159.07, 111.97
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Synthesis of 8-hydroxy-10-((2R,3R,4S)-2,3,4,5-tetrahydroxypentyl)pyrimido[4,5-

b]quinoline-2,4(3H,10H)-dione 7.1

A mixture of compound 7.8 (1.02 g, 2.9 mmol) and 7.12
(0.31 g, 1.8 mmol) were mixed with DMF (10 mL). And
the mixture was heated at 130 °C for 90 min and the

reaction was cooled at room temperature. About 20 mL

HO N N o of diethyl ether was added and the mixture was stirred
=

_ \,\ﬁ| and kept in freezer. The product was formed as golden

7 1 0 yellow solid 7.1 (390 mg, 60.3%) Golden yellow solid, *H

NMR (500 MHz, DMSO-D6) &: 11.24 (s, 1H), 10.97 (s,

1H), 8.88 (s, 1H), 8.02 (d, J = 8.7 Hz, 1H), 7.39 (s, 1H), 7.03 (d, J = 8.5 Hz, 1H), 5.11 (d,

J = 4.9 Hz, 1H), 4.94 (d, J = 5.2 Hz, 1H), 4.79 (d, J = 4.1 Hz, 2H), 4.65 (d, J = 13.1 Hz,

1H), 4.52 — 4.43 (m, 1H), 4.23 (s, 1H), 3.71 — 3.53 (m, 3H), 3.49 — 3.40 (m, 1H). 13C NMR

(126 MHz, DMSO-D6) 6: 164.48, 162.52, 158.19, 156.63, 144.06, 141.46, 133.71,
115.43, 115.34, 110.67, 102.21, 73.86, 72.77, 69.58, 63.38, 47.81, 39.52.

HRMS (ESI) m/z [M-H] calculated for C16H17N3O7 362.0994, found 362.0973.
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General synthesis of 8.1-8.9

The derivative of o-phenylenediamine (0.7-0.8 mmol, 1 equiv) was stirred with alloxan
monohydrate (0.7-0.8 mmol, 1 equiv) and boric acid (1.2 equiv) in acetic acid (20 ml) at
room temperature for 6-8 hours. A solid formed in the reaction which was separated by
filtration and washed with diethyl ether. NMR of some of these compounds indicate the

presence of acetic acid.

7-methylbenzo[g]pteridine-2,4(1H,3H)-dione and 8-methylbenzo[g]pteridine-2,4(1H,3H)-
dione 8.2 (isolated as mixture of two products)

’ Light yellow solid, (230 mg, 85%), 'H NMR (500 MHz,

HSC@[NX:K'O DMSO-ds) &: 11.76 (s, 2H), 8.21 — 7.22 (m, 3H). 3C NMR

7N I (126 MHz, DMSO-De) d: 161.07, 150.64, 147.44, 146.90,

o2 144.81, 143.29, 141.56, 139.83, 139.01, 136.17, 131.73,

131.30, 130.19, 129.11, 127.06, 126.17, 22.21, 21.59.

7-fluorobenzo[g]pteridine-2,4(1H,3H)-dione and 8-fluorobenzo[g]pteridine-2,4(1H,3H)
dione 8.3 (isolated as mixture of two products)

Light yellow solid, (210 mg, 86%),'"H NMR (500 MHz, DMSO-

F@[N\ H\]&O ds) &: 11.96 (d, 2H), 11.75 (s, 2H), 8.27 — 8.12 (m, 1H), 8.03

A N;Q(NH —7.89 (m, 2H), 7.89 — 7.75 (m, 1H), 7.75 — 7.52 (m, 2H). 13C

8.3 © NMR (126 MHz, DMSO-Des) &: 165.84, 163.82, 162.30,

160.83, 160.76, 160.32, 150.60, 147.94, 147.10, 144.44, 144.32, 140.41, 140.00, 139.90,

137.04, 133.49, 133.40, 132.91, 131.76, 129.83, 129.75, 124.12, 123.91, 119.40, 119.19,

113.88, 113.71, 111.22, 111.04.
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2,4-dioxo-1,2,3,4-tetrahydrobenzo[g]pteridine-8-carboxylic acid and 2,4-dioxo-1,2,3,4-
tetrahydrobenzo[g]pteridine-8-carboxylic acid 8.4 (isolated as mixture of two products)

Light greenish solid, (400 mg, 70%) *H NMR (500

Ho}i@N\ HYO MHz, DMSO-ds) 8: 12.40 — 11.63 (m, 2H), 9.03 —

4 = N/:ngH 7.46 (m, 3H). 3C NMR (126 MHz, DMSO-Ds) &:

8.4 O 166.96, 160.75, 160.70, 150.59, 148.55, 148.05,

145.26, 142.45, 141.30, 138.72, 134.99, 134.02,

133.67, 132.71, 132.42, 131.09, 130.67, 129.03, 127.92, 127.83, 40.53, 40.36, 40.20,

40.03, 39.87, 39.70, 39.53.

7-bromobenzo[g]pteridine-2,4(1H,3H)-dione and 8-bromobenzo[g]pteridine-2,4(1H,3H)-
dione 8.5 (isolated as mixture of two products)
Light purple solid, (320 mg, 70%), 'H NMR (500 MHz,
H DMSO-de) 6: 12.29 — 11.62 (m, 2H), 8.43 — 7.52 (m, 3H).
LN 0]
Br-- \( 13C NMR (126 MHz, DMSO-Ds) &: 160.74, 150.58, 148.05,
= N/ NH
o) 147.66, 143.52, 141.82, 139.80, 138.31, 138.24, 134.14,
8.5
133.19, 132.92, 132.71, 132.42, 129.53, 129.29, 129.09,

126.18.
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Compound 8.6, 8.7, 8.8 and 8.9 were synthesized by following the published report.11®
Benzoc][1,2,5]thiadiazole 8.19167
Yellowish red solid, (3.6 g, 83%), mp: 40-42 °C (lit. mp. 42-43 °C )85 1H
@jN\s NMR (500 MHz, CDCls) &: 8.01 (dd, J = 6.8, 3.2 Hz, 2H), 7.59 (dd, J =
8.19 6.8, 3.2 Hz, 2H).23C NMR (126 MHz, CDCls) &: 154.90, 129.42, 121.66,
4,7-dibromobenzolc][1,2,5]thiadiazole 8.201¢8

Beige solid, (1.2 g, 93%), mp: 191-193 °C (lit. mp. 189 — 190 °C )20 1H

Br NMR (500 MHz, CDCls) &: 7.72 (s, 2H).13C NMR (126 MHz, CDCls) &:
/N\
_ 153.10, 132.50, 114.05.
N
Br
8.20

3,6-dibromobenzene-1,2-diamine 8.21169

White solid, (900 mg, 82%), mp: 90 - 92 °C (lit. mp. 92 — 94 °C).168 14

Br NH NMR (500 MHz, CDCIs) &: 7.73 (s, 1H).13C NMR (126 MHz, CDCls) &:
2
153.13, 132.52, 114.07.
NH,
Br
8.21

6,9-dibromobenzo|g]pteridine-2,4(1H,3H)-dione 8.12

Light yellow solid, (310 mg, 80%), mp. >400 °C. IR (cm™):

Br H 3305, 3069, 1702, 1568. 'H NMR (301 MHz, DMSO-ds) &:
N N0
;@(\@ 12.27 (s, 1H), 11.89 (s, 1H), 8.14 (s, 1H), 8.02 (s, 1H). 13C
N
By 5 NMR (126 MHz, DMSO-Dg) &: 160.20, 150.50, 148.62,
8.12

141.65, 137.56, 136.79, 133.81, 132.20, 124.83, 121.03,
40.54, 40.37, 40.21, 40.04, 39.87, 39.71, 39.54. HRMS (ESI) m/z [M-H]- calculated for

Ci10H4Bra2N4O2 370.8608, found 370.8623.
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N,N'-(1,2-phenylene)bis(4-methylbenzenesulfonamide) 8.1417°

White solid, (12 g, 95%), mp. 204-205 °C, (lit. mp. 204 - 207 °C).187

H
@N\TOS IH NMR (500 MHz, CDCls) &: 7.56 (d, J = 8.3 Hz, 4H), 7.21 (d, J =
N"T° 8.1 Hz, 4H), 7.03 (dd, J = 6.0, 3.5 Hz, 2H), 6.95 (dd, J = 5.9, 3.6 Hz,

H
8.14 2H), 2.39 (s, 6H).23C NMR (126 MHz, DMSO-Ds) &: 144.20, 136.59,

130.27, 130.20, 127.46, 126.40, 123.90, 39.88, 39.71, 39.55, 21.55.
N,N'-(4,5-dinitro-1,2-phenylene)bis(4-methylbenzenesulfonamide) 8.15'7°

Light yellow solid, (2.1g, 92%), mp. 233-236 °C, (lit. mp. 248 -
H
OzNjijiN\ToS 250 °C)188, 14 NMR (500 MHz, DMSO-ds) &: 7.72 (s, 2H), 7.65

N/TOS (d, J = 7.7 Hz, 4H), 7.33 (d, J = 7.6 Hz, 4H), 2.33 (s, 6H).13C
H
8.15 NMR (126 MHz, DMSO-De) &: 144.69, 137.35, 136.56,

O,N

134.42, 130.50, 127.42, 115.80, 21.57.
N,N'-(4,5-dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide) 8.1617°

White solid (1.2 g, 65%), mp. 220 - 222 °C, (lit. mp. 218 - 220

H °C)18, 1H NMR (500 MHz, CDCls) &: 7.59 (d, J = 8.2 Hz, 4H),
Br N.
j@ IOS 7.28 (d, J = 8.1 Hz, 4H), 7.20 (s, 2H), 6.75 (s, 2H), 2.42 (s,
108
B N
r H 6H).23C NMR (126 MHz, DMSO-Ds) & 144.69, 136.17, 130.59,
8.16

130.48, 127.47, 127.24, 120.04, 21.58.

4 5-dinitrobenzene-1,2-diamine 8.17 was synthesized by a known procedure.'™® The

compound was used for the next step without further purification due to the reported

instability.
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4 ,5-dibromobenzene-1,2-diamine 8.18172

Beige solid, (1.2 g, 65%), mp. 150-151 °C, (lit. mp. 150 - 151

Br NH,
I:[ 0C)190, 14 NMR (500 MHz, DMSO-de) &: 6.77 (s, 2H), 4.88 (s,

Br NH2  4H).13C NMR (126 MHz, DMSO-De) 5: 136.87, 117.66, 109.17.

8.18
7,8-dibromobenzo[g]pteridine-2,4(1H,3H)-dione 8.10
Light yellow solid, (250 mg, 70%), mp. >400 °C. IR (cm):
Br N\ H\(O 3067, 1705, 1440. 'H NMR (500 MHz, DMSO-ds) &: 12.04
BrIjiN;ngH (s, 1H), 11.83 (s, 2H), 8.56 (s, 1H), 8.29 (s, 1H). 13C NMR
g10 © (126 MHz, DMSO-Ds) &: 160.55, 150.53, 148.23, 142.46,

138.97, 134.35, 133.74, 131.49, 129.60, 123.78. HRMS

(ESI) m/z [M+H]* calculated for C10H4Br2N4O2 370.8608, found 370.8622.

7,8-dinitrobenzolg]pteridine-2,4(1H,3H)-dione 8.11
Light yellow solid, (210 mg, 75% in two steps), mp. 304
ON NG HYO °C (dec). IR (cm): 3054, 1698, 1538. IH NMR (500
OZNIjN;Q(NH MHz, DMSO-ds) &: 12.51 (s, 1H), 12.05 (s, 2H), 9.08 (s,
g1 © 1H), 8.70 (s, 1H). 3C NMR (126 MHz, DMSO-Ds) d:
160.04, 150.42, 150.36, 144.76, 144.44, 139.86,
138.83, 137.10, 129.45, 125.36. HRMS (ESI) m/z [M-H] calculated for CioHaNeOs

303.0120, found 303.0132.
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General synthesis of 8.35-8.39

Benzo[g]pteridine-2,4(1H,3H)-dione 8.1 (500 mg, 2.3 mmol) was heated with K-COs (1.3
g, 9.2 mmol) at 110 °C for 6 hours and the resultant solid was stirred with 2.2 equivalent
of bromophosphonates in DMF at room temperature for overnight. The reaction mixture
was filtered and the filtrate was dried by blowing air. The resultant solid was dissolved in
DCM-water (1:1, 50 mL) and the product was extracted with DCM (3x50 ml). The organic
layer was dried over MgSO4 and solvent was removed and flash chromatography was

used with 2% MeOH in DCM to purify the product as greenish yellow liquid.

Tetraethyl ((2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(propane-3,1-diyl))bis
(phosphonate) 8.35
Greenish yellow liquid, (1.02 g, 75%), IR (cm™): 2980, 2934, 1720, 1560, 1219,
1022,955. 'H NMR (500 MHz, CDCl3) : 8.29 (d, J =
\\P\\OEt 8.5 Hz, 1H), 7.99 (d, J =8.5Hz, 1H), 7.87 (t, J=7.1

OEt
Hz, 1H), 7.73 (t, J = 7.2 Hz, 1H), 4.48 (t, J = 7.3 Hz,

©: 2H), 4.22 (t, J = 7.2 Hz, 2H), 4.17 — 3.96 (m, 8H),
jimN\/\/F"\OEt 2.17 — 1.96 (m, 5H), 1.95 — 1.77 (m, 4H), 1.34 —

1.17 (m, 12H). ¥C NMR (126 MHz, CDCls) &:
159.65, 150.20, 144.94, 143.39, 140.18, 134.04, 130.87, 129.69, 129.37, 127.97, 61.76
(d, J = 6 Hz), 43.02 (d, J = 29 Hz), 42.87 (d, J = 29 Hz), 23.49 (d, J = 142 Hz), 23.46 (d, J
= 142 Hz), 21.20 (d, J = 4 Hz), 21.01 (d, J = 4 Hz), 16.55 (d, J = 6 Hz).3'P NMR (122
MHz, CDClIz) &: 31.54, 31.52. HRMS (ESI) m/z [M+Na]+ calculated for C24H3sN4OsgP2

593,1901 found 593.1898.
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Tetraethyl ((2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(hexane-6,1-diyl))bis
(phosphonate) 8.36
Greenish yellow liquid (1.2 g, 78%), IR (cm-1): 2934, 1673, 1560, 1023, 956. 'H NMR

(500 MHz, CDCls) &: 8.29 (d, J = 8.7 Hz, 1H), 7.99

EtO.__O

foP (d, J = 8.5 Hz, 1H), 7.86 (ddd, J = 8.4, 7.0, 1.2 Hz,
1H), 7.72 (td, 3 = 7.6, 7.0, 1.1 Hz, 1H), 4.46 — 4.31
(m, 2H), 4.20 — 4.10 (m, 2H), 4.10 — 3.97 (m, 8H),
@[N\ N\(O 1.80 — 1.53 (m, 12H), 1.50 — 1.36 (m, 8H), 1.32 —
N/jirgN\/\/\E/to\/gj 1.21 (m, 12H). 3C NMR (126 MHz, CDCl3) &
8.36

159.64, 150.20, 145.08, 143.49, 140.08, 133.84,
130.84, 129.82, 129.15, 127.98, 61.48 (d, J = 6 Hz), 42.69, 42.52, 30.33 (d, J = 18 H2z),
30.29 (d, J = 18 Hz), 27.67, 27.37, 26.52, 26.44, 25.21 (d, J = 141 Hz), 25.19 (d, J = 141
Hz), 22.45 (d, J = 4 Hz), 22.44 (d, J = 4 Hz), 16.55 (d, J = 5 Hz). 3'P NMR (122 MHz,
CDCls) &: 33.03, 32.99. HRMS (ESI) m/z [M+H]* calculated for CsoHasN4+OgP2 655.3020,
found 655.3045.
Tetraethyl ((2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(octane-8,1-diyl))bis
(phosphonate) 8.37
Greenish yellow liquid (1.3 g, 81%), IR (cm1):2981, 2930, 1721, 1276, 1228, 1024, 956.

IH NMR (500 MHz, CDCls) &: 8.29 (d, J = 8.0

O~ __OEt
“OEt

Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.89 — 7.82
(m, 1H), 7.71 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H),
4.43 — 4.36 (M, 2H), 4.16 — 4.11 (m, 2H), 4.10

o —3.98 (m, 8H), 1.78 — 1.64 (m, 8H), 1.59 —

N._N
OE
C[N/L(N\/\/\/\/\P/ Et 151 (m, 4H), 1.42 — 1.27 (m, 28H). 3C NMR
o}
8.37

(126 MHz, CDCls) &: 159.66, 150.21, 145.11,
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143.51, 140.06, 133.79, 130.85, 129.87, 129.09, 127.97, 61.45 (d, J = 6 Hz), 42.79,
42.64, 30.62 (d, J = 19 Hz), 30.67, 29.07, 29.04, 27.81, 27.53, 26.91, 26.84, 26.26 (d, J =
139 Hz), 25.24 (d, J = 139 Hz),, 22.48, 22.44, 16.57 (d, J = 6 Hz). 3P NMR (122 MHz,
CDCls) &: 33.27, 33.23. HRMS (ESI) m/z [M+H]* calculated for CzsHssNOsP2 711.3646,

found 711.3677.

Tetraethyl ((2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(decane-10,1-diyl))bis
(phosphonate) 8.38

Greenish yellow liquid (1.4 g, 79%), IR (cm-1): 2927, 2854, 1721, 1676, 1560, 1231,

1025, 957. 'H NMR (500 MHz, CDCls) &:

EIS:P‘O 8.20 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 8.4

Hz, 1H), 7.78 (t, J = 7.2 Hz, 1H), 7.64 (t,

J = 7.2 Hz, 1H), 4.37 — 4.28 (m, 2H),

4.10 — 4.03 (m, 2H), 4.02 — 3.94 (m,

8H), 1.72 — 1.57 (m, 8H), 1.52 — 1.44

_0  (m, 5H), 1.31 — 1.16 (m, 38H). 13C NMR

8.38

EtO”
OBt (126 MHz, CDCl) &: 159.46, 150.04,

144.96, 143.32, 139.85, 133.59, 130.64,
129.72, 128.91, 127.80, 61.28 (d, J = 6 Hz), 42.64, 42.50, 30.50 (d, J = 16 Hz), 29.35,
29.32, 29.22, 29.20, 29.13, 29.11, 28.98, 28.97, 27.66, 27.38, 26.80, 26.71, 25.57 (d, J =
139 Hz), 22.32, 22.28, 16.40 (d, J = 6 Hz). 3P NMR (122 MHz, CDCls) &: 33.32, 33.29.

HRMS (ESI) m/z [M+Na]* calculated for CssHessN4OsP2 789.4092, found 789.4120.
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Tetraethyl ((2,4-dioxobenzo[g]pteridine-1,3(2H,4H)-diyl)bis(dodecane-12,1-diyl))bis
(phosphonate) 8.39

Greenish yellow liquid (1.6 g, 85%), IR (cm): 2924, 2853, 1722, 1560, 1054, 956. 'H

NMR (500 MHz, CDClz) d: 8.26 (d, J = 8.4

EIS?P‘O Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.83

(ddd, J = 8.3, 6.9, 1.1 Hz, 1H), 7.69 (ddd,

J=8.1, 6.8, 1.0 Hz, 1H), 4.41 — 4.35 (m,

2H), 4.14 — 4.09 (m, 2H), 4.08 — 3.98 (m,

8H), 1.80 — 1.61 (m, 8H), 1.58 — 1.47 (m,

p=0 4H), 1.35 — 1.17 (m, 44H). 13C NMR (126
EtO”

N N (0]
S
©: Z \I\T
N
(o} OEt

8.39 MHz, CDCls) &: 159.61, 150.18, 145.09,

143.47, 139.98, 133.70, 130.78, 129.83, 129.03, 127.92, 61.42 (d, J = 6 Hz), 42.79,
42.66, 30.64 (d, J = 18 Hz) 29.58, 29.56, 29.52, 29.40, 29.31, 29.29, 29.12, 27.80, 27.51,
26.94, 26.85, 25.67 (d, J = 139 Hz), 22.44, 22.39, 16.52 (d, J = 6 Hz). 3P NMR (122
MHz, CDCls) &: 33.36, 33.32. HRMS (ESI) m/z [M+H]* calculated for Cs2H72N4OsP2

823.4898, found 823.4922.

General synthesis of 8.43-8.47

3-methyl alloxazine 8.41 (300 mg, 1.3 mmol) was heated with K2CO3 (363 mg, 2mmol) at
80 °C for overnight to form the salt of the 8.41. After filtration the solid was stirred with 2
equivalent of the bromophosphonates for 6-8 hours at room temperature. The reaction
mixture was filtered and the filtrate was dried by blowing air. The resultant solid was
dissolved in DCM-water (1:1, 30 mL) and the product was extracted with DCM (3%x50
mL). The organic layer was dried over MgSO4 .The compounds were separated as light

yellow solid using flash chromatography with 1-2% MeOH in DCM.
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Diethyl  (3-(3-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-1(2H)-yl)propyl)phosphonate

8.43

Light yellow solid (370 mg , 70%), mp.140-142 °C. IR (cm): 1722, 1668, 1557, 1026. *H

N N (0]
Y
CLLY
(0]
8.43

NMR (301 MHz, CDCls) &: 8.35 (d, J = 8.4 Hz, 1H), 8.03
(d, J=8.4 Hz, 1H), 7.91 (t, J = 7.6 Hz, 1H), 7.77 (t, = 7.6
Hz, 1H), 4.54 (t, J = 7.2 Hz, 2H), 4.21 — 3.98 (m, 4H), 3.60
(s, 3H), 2.26 — 2.06 (m, 2H), 1.99 — 1.81 (m, 2H), 1.31 (t, J
= 7.1 Hz, 5H). 3C NMR (126 MHz, CDCls) &: 159.85,
150.51, 144.88, 143.38, 140.20, 134.03, 130.90, 129.66,

129.38, 127.98, 61.79 (d, J = 6 Hz), 43.06 (d, J = 21 Hz),

29.29, 23.47 (d, J = 144 Hz), 21.07 (d, J = 4 Hz), 16.57 (d, J = 6 Hz). 3P NMR (122 MHz,

CDCls) &: 31.51. HRMS (ESI) m/z [M+H]* calculated for CigH2sN4OsP 407.1479, found

407.1477.

Diethyl (6-(3-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-1(2H)-yl)hexyl) phosphonate

8.44

Light yellow solid (397 mg , 68%), mp. 82 °C IR (cm™):2927, 1722, 1670, 1559, 1081,

EtO._.
e P/O
EtO

951. 'H NMR (500 MHz, CDCls) &: 8.34 (d, J = 8.4 Hz, 1H),
8.02 (d, J = 8.4 Hz, 1H), 7.89 (t, J = 7.3 Hz, 1H), 7.75 (t, J
= 7.6 Hz, 1H), 4.48 — 4.36 (m, 2H), 4.16 — 3.96 (M, 4H),
3.59 (s, 3H), 1.83 — 1.59 (m, 8H), 1.52 — 1.45 (m, 4H), 1.30
(t, J = 7.1 Hz, 6H). 13C NMR (126 MHz, CDCls) &: 159.97,
150.47, 145.04, 143.51, 140.12, 133.90, 130.90, 129.72,

129.23, 128.03, 61.51,(d, J = 6 Hz) 42.77, 30.34 (d, J = 18
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Hz), 29.25, 27.41, 26.44, 25.75 (d, J = 141 Hz), 22.46 (d, J = 5 Hz), 16.58 (d, J = 6 Hz).
3p NMR (122 MHz, CDCls) & 32.96. HRMS (ESI) m/z [M+H]* calculated for

C21H29N4OsP 449.1948, found 449.1947.

Diethyl (8-(3-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-1(2H)-yl)octyl) phosphonate
8.45
Light yellow solid (403 mg , 65%), mp. 84 °C IR (cm): 2908, 1722, 1670, 1557, 1014,

955. 1H NMR (500 MHz, CDCls) &: 8.34 (d, J = 8.5 Hz,

EtO._.O
P/

EtO” 1H), 8.02 (d, J = 7.8 Hz, 1H), 7.89 (ddd, J = 8.4, 6.9, 1.3

Hz, 1H), 7.75 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 4.49 — 4.39

(m, 2H), 4.17 — 3.99 (m, J = 8.4, 7.8 Hz, 4H), 3.60 (s,

3H), 1.85 — 1.67 (m, 5H), 1.60 (s, 2H), 1.48 — 1.31 (m,

©:N\ N\fo 12H), 1.31 (t, J = 7.0 Hz, 8H). 3C NMR (126 MHz,
NJ;IO(N\ CDCl) &: 160.00, 150.47, 145.07, 143.54, 140.10,

845 133.88, 130.89, 129.72, 129.20, 128.03, 61.55, 42.89,

30.72, 30.59, 29.24, 29.10, 29.08, 27.57, 26.83, 22.50, 16.59 (d, J = 3 Hz). 3P NMR (122
MHz, CDCls) &: 33.20. HRMS (ESI) m/z [M+H]* calculated for C2sH33N4OsP 477.2261,

found 477.2261.
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Diethyl (10-(3-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-1(2H)-yl)decyl) phosphonate

8.46

Light yellow solid (460 mg , 70%), mp. 84 °C IR (cm™): 2912, 2850, 1722, 1671, 1557,
1014, 959. *H NMR (500 MHz, CDCls) &: 8.32 (d, J =

OEt
P~OEt 8.4 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H), 7.89 (t, J = 7.2

O=
Hz, 1H), 7.74 (t, J = 7.3 Hz, 1H), 4.48 — 4.37 (m, 2H),
4.16 — 3.97 (m, J = 8.9, 7.5 Hz, 4H), 3.59 (s, 3H),
1.78 (p, J = 7.5 Hz, 3H), 1.77 — 1.63 (m, 2H), 1.63 —
Ny N\fo 1.50 (m, 2H), 1.49 — 1.25 (m, 18H). 3C NMR (126
@ENIWN\ MHz, CDCls) &: 160.02, 150.49, 145.10, 143.56,
8.46O 140.10, 133.88, 130.89, 129.74, 129.21, 128.04,
61.54 (d, J = 5 Hz), 42.95, 30.72 (d, J = 18 Hz), 29.54, 29.44, 29.33, 29.25, 29.19, 27.60,
26.90, 22.50 (d, J = 5 Hz), 16.60 (d, J = 5 Hz). 3P NMR (122 MHz, CDCl3) &: 33.28.
HRMS (ESI) m/z [M+H]* calculated for C2sH37N4OsP 505.2574, found 505.2571.
Diethyl (12-(3-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-1(2H)-yl)dodecyl
phosphonate 8.47
Light yellow solid (499 mg, 72%), mp. 89 °C, IR (cm): 2915, 2850, 1722, 1671, 1557,
1048, 957. 'H NMR (500 MHz, CDCls) d: 8.34 (d, J = 8.4
Etg ” Hz, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.89 (t, J = 7.6 Hz, 1H),
7.75 (t, J = 7.6 Hz, 1H), 4.53 — 4.35 (m, 2H), 4.09 (s, 4H),
3.60 (s, 3H), 2.00 — 1.52 (m, 6H), 1.49 — 1.21 (m, 20H). 13C
NMR (126 MHz, CDCI3z) 0: 160.05, 150.51, 145.13, 143.59,

~N

CEN\:Q:/ o 140.13, 133.88, 130.93, 129.77, 129.21, 128.06, 61.59,
N

N S 42.99, 30.84, 29.69, 29.63, 29.51, 29.39, 29.28, 29.24,
8.47

27.63, 26.93, 22.56, 16.65. 3P NMR (122 MHz, CDCIls) &:
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33.30. HRMS (ESI) m/z [M+H]" calculated for C27H41N4OsP 533.2887, found 533.2883.

Synthesis of 3-(3-aminopropyl)-10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 8.51
10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 8.48 (2.3 g, 8.0 mmol) was heated with
K2COs (3 g, 22 mmol) was heated at 105 °C in DMF for 4 hours and the resultant solid
was filtered and stirred with N-(3-bromopropyl) pthalimide (2.5 g, 9.3 mmol) in DMF (100
mL) at 70 °C for overnight. A solid started to form after 2 hours. After overnight, DMF was
removed by rotary evaporator and the resultant solid was dissolve in DCM and washed
with water. The organic part was dried over MgSO4 and the product was purified using
flash chromatography with 1-2% MeOH in DCM. The product formed as a bright yellow
solid 8.50 (3.7 g, 97%)
3-(3-(1,3-dioxoisoindolin-2-yl)propyl)-10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione (1.0
g, 2.1 mmol) 8.50 was heated with 100 ml of conc. HCI at 90 °C for 12 hour and the
reaction turned clear. The reaction was dried using rotary evaporator. The sticky solid
was dissolve in minimal amount of acetone and a yellow solid started to form upon the
addition of ethanol. The solid was filtered and washed with ether and dried under high

vacuum. The product 8.51 was purified as a dark yellow solid (XXX mg, 95%).

3-(3-(1,3-dioxoisoindolin-2-yl)propyl)-10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 8.50
Light yellow solid (3.7g, 97%), mp. 324 °C. IR (cm1): 3053, 1704, 1650, 1545. 'H NMR
(500 MHz, CDCls) 6: 8.32 (d, J = 8.1 Hz, 1H), 7.83

Eh N .o O (dd, J = 5.4, 3.1 Hz, 2H), 7.73 — 7.55 (m, 7H), 7.31
@ENJ;(\IT\/\/N (d, J = 7.3 Hz, 2H), 6.90 (d, J = 8.5 Hz, 1H), 4.18 (t,
650 O © J=7.2Hz, 2H), 3.81 (t, J = 7.1 Hz, 2H), 2.13 (p, J =

7.1 Hz, 2H). 13C NMR (126 MHz, CDCls) &: 168.47, 159.43, 155.10, 150.16, 137.91,
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135.78, 135.44, 135.14, 134.30, 133.98, 132.77, 132.29, 130.92, 130.56, 127.67, 126.66,
123.37, 117.18, 39.82, 36.04, 27.39. HRMS (ESI) m/z [M+H]* calculated for C27H19NsO4
478.1510, found 478.1509.
3-(3-aminopropyl)-10-phenylbenzo[g]pteridine-2,4(3H,10H)-dione 8.51
Light yellow solid (695 mg, 95%), mp. 280-282 °C (dec), IR (cm): 3571, 3490, 1701,
1656, 1587. 'H NMR (500 MHz, DMSO-ds) 6: 8.22
Ph (dd, J = 8.1, 1.2 Hz, 1H), 7.81 (s, 3H), 7.78 — 7.59
N /NYO )
@ /]/\WN\/\/NHz (m, 5H), 7.43 — 7.36 (m, 2H), 6.78 (d, J = 8.5 Hz,
N
5 1H), 3.91 (t, J = 6.9 Hz, 2H), 2.89 — 2.76 (m, 2H),
8.51 1.86 (p, J = 7.2 Hz, 2H). 3C NMR (126 MHz, D20)
0: 161.19, 156.85, 150.16, 136.85, 136.71, 136.05, 134.74, 134.30, 131.21, 131.09,
130.90, 128.09, 127.26, 118.12, 38.84, 37.08, 25.17. HRMS (ESI) m/z [M+H]* calculated
for C19H17Ns02 348.1455, found 348.1441.
Synthesis of 2,2'-((2,4-dioxobenzol[g]pteridine-1,3(2H,4H)-diyl)bis(propane-3,1-
diyl))bis(isoindoline-1,3-dione) 8.53
Benzo[g]pteridine-2,4(1H,3H)-dione 8.1 (500 mg, 2.34 mmol) was heated with K2CO3
(1.3 g, 9.34 mmol) in DMF at 110 °C for 6 hours
and the resultant potassium salt was filtered and
stirred with N-(3-bromopropyl) pthalimide 8.52

o
(1.57 g, 5.88 mmol) in DMF at room temperature

©:N\ NYO O
N;KH/N\/\/N for 48 hours. The reaction turned cloudy and the
8.53 o © reaction was filtered and the resultant solid was
dissolved in DCM and washed with water. The
organic layer was dried over MgSOs4 and the product was purified using flash

chromatography with 2% MeOH in DCM as a light yellow solid 8.53 (1.1 g, 80%). mp.
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202- 204 °C. IR (cm): 1703, 1681, 1667, 718. *H NMR (500 MHz, CDClIz) &: 8.26 (d, J =
8.2 Hz, 1H), 7.85 — 7.76 (m, 5H), 7.75 — 7.65 (m, 6H), 4.54 — 4.43 (m, 2H), 4.29 — 4.18
(m, 2H), 3.83 (dt, J = 19.2, 6.9 Hz, 4H), 2.27 (p, J = 6.9 Hz, 2H), 2.18 (p, J = 7.0 Hz, 2H).
13C NMR (126 MHz, CDCIls) &: 168.45, 168.43, 159.63, 150.21, 144.99, 143.31, 140.16,
134.12, 134.04, 133.90, 132.22, 132.15, 130.89, 129.85, 129.25, 127.90, 123.41, 123.38,
40.52, 40.43, 35.80, 27.15, 26.71. HRMS (ESI) m/z [M+H]* calculated for Cz2H24NsOs
589.1830, found 589.1827.

Synthesis of 1-(3-(1,3-dioxoisoindolin-2-yl)propyl)-3-methylbenzo[g]pteridine-2,4(1H,3H)-
dione 8.55

10-phenylbenzo(g]pteridine-2,4(3H,10H)-dione 8.41 (300 mg, 1.31 mmol) was heated

with K2COs (363 mg, 2.6 mmol) in DMF at 85 °C for 6 hours.
The potassium salt of 8.41 will form which was filtered and
stirred with N-(3-bromopropyl) pthalimide 8.52 (421 mg, 1.7

)
mmol) in DMF (20 mL) at room temperature for overnight.

N\ N o
@ ;@(\’f The solvent was removed by rotary evaporator and the
N 5 h resultant solid was washed with DCM. The organic layer was
8.55 concentrated and sonicated with addition of hexane to
precipitate out the product as a light yellow solid 8.55 (496 mg, 46%). mp. 220 °C IR (cm-
1): 1709, 1672, 1556, 721. 'H NMR (500 MHz, CDCl3) &: 8.31 — 8.27 (m, 1H), 7.83 — 7.75
(m, 3H), 7.74 — 7.66 (M, 4H), 4.57 — 4.48 (m, 2H), 3.86 (t, J = 6.9 Hz, 2H), 2.27 (p, J = 7.0
Hz, 2H).13C NMR (126 MHz, CDCIs) &: 168.45, 168.43, 159.63, 150.21, 144.99,
143.31,140.16, 134.12, 134.04, 133.90, 132.22, 132.15, 130.89, 129.85, 129.25, 127.90,
123.41, 123.38, 40.52, 40.43, 35.80, 27.15, 26.71. HRMS (ESI) m/z [M+H]* calculated for

C22H17Ns04 416.1353, found 416.1357.
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MTT Assay protocol
Procedure:

Human Breast Cancer Cells, MCF7 and normal human breast epithelial cells,
MCF10 were obtained from ATCC (American Type Culture Collection) and grown in
Dulbecco’s modified Eagles media (DMEM) supplemented with 10% heat-inactivated
Fetal Bovine Serum (FBS), 2 mM L-glutamine and Penicillin/Streptomycin (100 units and
0.1 mg/mL) in a humidified CO:2 incubator maintained at 5% CO2. The cytotoxicity of all
the compounds was determined by using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay as previously described. In brief, ~10,000 MCF7 or
MCF10 cells were seeded into each well of a 96-well micro-titer plate and incubated for
24 h in 180 pL of DMEM media with appropriate amounts of supplements. The cells were
exposed to varying concentrations of each test compound (0.18 uM to 100 pM final
concentrations with total volume in each well-being 200 pL), described in Table 4.1 and
4.2. Control wells were treated with equivalent amounts of DMSO (the solvent used for
dissolving the stock solutions of test compounds). Cells were then incubated for 96 h
inside the tissue culture incubator. At the end of 96 h incubation of the cells with the test
compounds, 20 yL of MTT solution (5 mg/mL in PBS, (Phosphate buffer saline pH -7.4)
was added to each well, followed by incubation for an additional 3-4 h. After the
incubation ended, media was decanted off, 100 uL of DMSO was added into each well,
followed by gentle shaking for 1 h at room temperature (in dark) to dissolve the
precipitated formazan crystals. Cell viability was assayed by measuring the formazan
absorption at 560 nm using a 96 well plate reader, Flowstar-Omega (BMG Labtech). The
absorbance values at 560 nm values of drug treated MCF7 or MCF10 cells were normalized
to the absorbance values of MCF7 or MCF10 cells that were treated with the solvent

DMSO, respectively (with similar dilution pattern as described above). The percent cell
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viability, as a function of test compound concentration was plotted and ICso of the
compounds were elucidated. The concentration of the compounds at which the
conversion of MTT to formazan by viable cells is reduced to 50% in comparison to control
cells is defined as the ICso. Each experiment was performed in five parallel replicates and

experiments were repeated at least three times.
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Appendix C

NMR spectra of compounds
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