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ABSTRACT

SYNTHESIS OF TRIDENTATE LIGANDS BASED ON THERORETICAL
DESIGN TO MIMIC HPCD ENZYME

Gokge, Muzaffer

M.Sc., Department of Chemistry
Supervisor: Assist. Prof. Dr. Salih Oz¢ubukeu

January 2018, 103 pages

There is an increasing interest on the aromatic oxidative ring opening reactions due
to their challenging features. Among these reactions, the ones using molecular
oxygen attract even more attention. In one of these aromatic ring opening reactions,
homoprotocatechuate dioxygenase (HPCD) enzyme is used as a catalyst. The active
site of this enzyme consists of either iron or manganese ions. In this work, two
tridentate ligands have been designed theoretically in order to mimic the active site
of this enzyme to perform the same reaction using smaller organic molecules
instead of enzyme. These ligands are composed of adenine, imidazole and
carboxylic acid moieties. Based on calculations, -NHz group on adenine would be
acting as a base which is involved in the hydrogen transfer from —OH group of
catechol to dioxygen on the metal center. This transfer is found to be lowering the
activation barrier of one intermediate. These designed ligands are attempted to be
synthesized using different strategies. Tremendous efforts have been spent
however, the synthesis of these designed ligands could not be succeeded so far.
There is still ongoing work to complete the synthesis of these ligands.



Keywords: artificial enzymes, computational chemistry, ligands, adenine,

imidazole.
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TEORIK TASARIM ILE HPCD ENZIMINI TAKLIT EDEN UC DiSLI
LIGANT SENTEZI

Gokge, Muzaffer

Yiiksek Lisans, Kimya Bolimii
Tez Yoneticisi: Yrd. Dog. Dr. Salih Oz¢ubukeu

Ocak 2018, 103 sayfa

Aromatik oksidatif halka acilmasi tepkimeleri zor gerceklesen tepkimeler
oldugundan dolay1 biiyiik ilgi gérmiistiir. Bu tepkimeler arasinda molekiiler oksijen
kullanan halka ag¢ilma tepkimeleri daha da ilgi ¢ekmektedir. Bu aromatik halka
acilmalarindan birinde Homoprotokatekolat dioksijenaz enzimi katalizor olarak
kullanilmaktadir. Bu enzimin aktif bolgesinde ise demir veya mangan iyonlari
bulunmaktadir. Bu caligmada, bu enzimin aktif bolgesini taklit edip daha kiigiik
organik molekiillerle ayn1 tepkimeyi yapmak icin ti¢ disli iki ligant tasarlanmistir.
Bu ligantlar adenin, imidazol ve karboksilik asit gruplarin1 igermektedir. Teorik
hesaplamalara gore, adenin tlizerindeki -NH2 grubunun, katekol {izerindeki —OH
grubu ile metal merkezi tizerindeki dioksijen arasinda hidrojen aligverigsinde baz
olarak davranabilecegi goriilmiistiir. Bu aligverisin bir ara iriiniin aktivasyon
enerjisini  diisiirdiigii bulunmustur. Bu tasarlanan ligantlar farkli yontemler
kullanilarak sentezlenmeye ¢alisilmistir. Biiyiikk caba gosterilmesine ragmen
tasarlanan ligantlarin sentezi simdiye kadar gerceklestirilememistir. Bu ligantlarin

sentezlenmesi i¢in caligmalar hala devam etmektedir.

Anahtar Kelimeler: Yapay enzim, hesaplamali kimya, ligantlar, adenin, imidazol.

vii



To my family

viii



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my supervisor Assist. Prof. Dr. Salih
Ozgubukcu for his valuable guidance, understanding and most importantly, his
friendship. It would have been impossible for me to accomplish this work without
his endless patience and encouragement. It has been great honor for me to be a part
of his research group as a graduate student.

I also would like to thank every single member of Ozgubukgu Reseach group,
Volkan Dolgun, Mehmet Seckin Kesici, Orkun Evran, Dr. Melek Parlak Khalili,
Gilizide Aykent, Tugece Yilmaz, Burcu Okyar and Medine Soydan for their

friendship, advices and helps.

I would also like to thank Dr. Aytiil Saylam for her precious guidance in this thesis
also her friendship and her motivational support.

| also would like to thank Muhammed Biiyiiktemiz and Assoc. Prof. Dr. Yavuz
Dede for the computational work of designing artificial enzymes.

I wish to thank NMR specialist Betiil Eymur for NMR analysis in our department

| wish to express my gratitude to the academic stuff of Department of Chemistry at
METU for their supports and guidance throughout my whole undergraduate and

graduate years.

A special thanks to my friends Ertugrul Eryigit and Asli Eda Aydemir for their

priceless friendships.

I would like to thank my wife Sevtap for her support, encouragement, patience and

unwavering love.

Finally, I would thank my family for their endless love.



TABLE OF CONTENT

ABSTRACT ..ottt sttt b ettt be bt nearenre s Y

OZ ettt vii

ACKNOWLEDGEMENTS ..ottt iX

TABLE OF CONTENT ...ttt X

LIST OF FIGURES. ... .ottt Xiii

LIST OF TABLES ...t XV

LIST OF SCHEMES. .......oo oottt e e XVi

LIST OF ABBREVIATIONS ...ttt XVii
CHAPTERS

1. INTRODUCTION ..ottt sttt 1

1.1 ENZYIMES oottt 1

1.0.0. COTACIOIS ..ouvieiiieiieeie ettt bbb nre s 2

1.1.2. Classification of ENZYMES.........c.coeiiiiiiiiiniiiieeeee e 2

1.1.3. Advantages of Using Enzymes in Chemical Reactions..................... 4

1.1.4. Disadvantages of Using Enzymes in Chemical Reactions................. 4

1.2, Artificial ENZYME .....ooiiiiiiii s 5

1.3. Reactions of Molecular OXYgen........cccocveveiiiiicie i 6

1.4, CatECNON ... s 6

1.5. Homoprotocathecuate 2, 3 Dioxygenese Enzyme..........ccccceevveveeivesneenne. 7

1.6. Oxidative Aromatic Ring Cleavage an Enzymatic Reaction ................... 7

1.6.1. Catalytic cycle of extradiol aromatic ring opening reaction of catechol.

.......................................................................................................................... 8

1.7. Computational ChemisStry ... 9

1.8. AIM OF the STUAY ...oooeiiii e 10

2. RESULTS AND DISCUSSION .....ooiiiiiiiiee e 11

2.1. A Theoretical Study Towards a Functional Model of Homoproto-

catechuate DIOXYgenase ENZYME .........coviiiiiiiieie e 11

2.2 Synthesis of compound 3 ..........oooiiiiiiiec 14

2.3 Studies towards synthesis of compound 1...........ccccoeeviieiiiiivie s 15

2.4 Studies towards synthesis of compound 2............cccceevieiiieniie e 19

X



2.5. Studies towards synthesis of Compound 4...........ccceeevveveeiecieseesen 22

2.6. CONCIUSION ..ottt bbb 29
CEXPERIMENTAL oottt e 31
3.1. Materials and Methods ..........cccoviieiieiiiieee s 31
3.2. Synthesis of 2-bromo-1H-imidazole ...........cccccoveiiiiniiieeee 31
3.3 Synthesis of glycine-benzyl Ster........cccovveiiiii i 32
3.4. Synthesis 0f 8-bromo-adenine..........ccocceverenieniniiene e 33
3.5. Synthesis of 1-benzyl-2-bromo-1H-imidazole............c.cccoovevviiirnenenne. 33
3.6. Synthesis of N-9-benzyladenine..........c.ccccoeveveiiiiieie e 34
3.7. Synthesis of 1-benzyl-2-lodo-1H-imidazole..........c.ccccooevveveiicieenne, 34
3.8. Synthesis of 1-benzylimidazole...........cccocovviviiiiiiiiiecce e 35
3.9. Synthesis of benzyl propiolate ..., 36
3.10. Synthesis of 3-benzyloXypropanol .............ccocvieieieienciineseeeee, 36
3.11. Synthesis of propanoic acid, 3-(phenylmethoxy)-, ethyl ester............. 37
3.12. Synthesis of 1-methyl-imidazole...........c.ccoooviieiiiiiie, 38
3.13. Synthesis of 1-methyl-1H-imidazole-2-carboxylate ...........c.ccccovenenee. 38
3.14. Synthesis of 9-ethyladenine............cccoceiveiieii i 39
3.15. Synthesis of 1-methyl-1H-imidazole-2-carbaldehyde.......................... 40
3.16. Synthesis of 1-Ethyl-2-methyl-1H-imidazole .............cccccevviievvennne. 40
3.17. Synthesis of 8-bromo-9-ethyl-9H-purin-6-amine .............cccccovevvvennne. 41
3.19. Synthesis of (1-methyl-1H-imidazol-2yl)methanol ...............ccccoce..... 42
3.21 Synthesis of 1-Methyl-2-(chloromethyl)imidazole hydrochloride........ 42
3.20. General ProCeaUIE 1 .......cveiieieiieieeie e seee e 43
3.21. General ProCeAUIE 2 .......ooiiieieieieie ettt 46
3.22. General ProCeAUIE 3 ........coviieieieieie e 48
3.23. General ProCEAUIE 4 .........cviieieieieie et 50
3.24. General ProCeAUIE 5 .......coviiiieieiere e 54
3.25. Synthesis of bis (1-methyl-imidazoyl)methanone...........c.cccccccvvvennnnne. 56
3.26. Synthesis of bis(1-methylimidazoyl)methane...........ccococniiiiiininnnn, 57
3.27. Synthesis of ethyl-bis(methylimidazol-2yl)propionate......................... 58
3.28. Synthesis of bis(methylimidazol-2-yl)propiolic acid..............c.cce...... 59
3.29. Synthesis of 9-ethyl-6-Chloro-purine...........cccocvveieiiiiineee, 60
3.30. Synthesis of compound 18 ..........ccccveiieiiiiiiiie e 60



REFERENCES.......co i 63

APPENDIDX A Lo 69
NMR DATA s 69
APPENDIX B ..o 95
GC-MS RESULTS ... s 95

xii



LIST OF FIGURES

FIGURES

Figure 1. Effect of enzyme on activation energy. ......ccccoccevvvevveiesieesecie e e 2
Figure 2. Isomers and names of benzenediols. ... 6
Figure 3. Homoprotocatechuate dioXygenase ENZYME. ........ccccererererenereeieennennes 7

Figure 4. (A) Extradiol cleavage of catechol. (B) Intradiol cleavage of catechol... 8
Figure 5. Theoretically designed moleCules. ..........cccovevveveiieeni e, 10
Figure 6. Theoretically designed molecules. ..........cccoveiveveieeie e, 11
Figure 7. Molecular representation of linearity between N-Hp-Op and Oc-Hc-N a-
L(0]1 TSP UPR PP 12

Figure 8. Activation energy versus angle graphics of theoretically designed li-

[0 L30T USSR 12
Figure 9. Mono, bi- and tri-dentate ligands studied in theoretical calculations by

DAE [24]. ..ottt 13
Figure 10. Retrosynthetic analysis of compound 1. ..........ccccceiiiiiininininiiceen, 15
Figure 11. Retrosynthetic analysis of compound 2. ..........cccccoevviieiiii e, 20
Figure 12. Retrosynthetic analysis of compound 4. ...........ccccoeeviieicci e, 23
Figure A 1. *H NMR spectrum of 2-bromo-1H-imidazole in DMSO................... 69
Figure A 2. 'H NMR spectrum of 8-Bromo-adenine in DMSO. ............cc.ccuvunn.e. 70
Figure A 3. *H NMR spectrum of N9-Benzyl-adenine. ...........ccceveeeeeeeerererenennne, 71
Figure A 4.'H NMR spectrum of 1-Benzyl-2-lodo-1H-imidazole in CDCls........ 72
Figure A 5. 'H NMR spectrum of 1-Benzylimidazole. .............cccccocuevvirererrnnnee, 73
Figure A 6.1H NMR spectrum of Benzyl propiolate. ...............ccoeevevrerevrererernennee, 74
Figure A 7. 'H NMR spectrum of 3-Benzyloxypropanol. ............c.cccceeeeeveverenennne. 75
Figure A 8. *H NMR spectrum of 1-methylimidazole. ............cccoeveveveeerererennnne, 76

Figure A 9. 'H NMR spectrum of Ethyl 1-methyl-1H-imidazole-2-carboxylate.. 77
Figure A 10. *C NMR spectrum of Ethyl 1-methyl-1H-imidazole-2-carboxylate.

............................................................................................................................... 78
Figure A 11. *H NMR spectrum of 9-ethyladening. ...........ccceveveeereeeeeeeeennne, 79
Figure A 12. C NMR spectrum of 9-ethyladenine. ...........ccccocovvvveeverivererernnnnne, 80

Xiii



Figure A 13.H NMR spectrum of 1-Ethyl-2-methyl-1H-imidazole. .................. 81

Figure A 14. *H NMR spectrum of glycine benzyl ster. .........cccccccvvvvevvveervnnnn. 82
Figure A 15. *H NMR spectrum of bis ( 1-methyl-imidazoyl) methanone........... 83
Figure A 16. C NMR spectrum of bis (1-methyl-imidazoyl) methanone............ 84
Figure A 17.'H NMR spectrum of bis( 1-methylimidazoyl) methane. ................ 85
Figure A 18.3C NMR spectrum of bis( 1-methylimidazoyl) methane. ............... 86

Figure A 19.*H NMR spectrum of ethyl-bis(methylimidazol-2yl)propionate. .... 87
Figure A 20. 13C NMR spectrum of ethyl-bis(methylimidazol-2yl)propionate. ... 88
Figure A 21. *H NMR spectrum of bis(methylimidazol-2yl)propionic acid. ....... 89
Figure A 22. 'H NMR spectrum of 1-methyl-1H-imidazole-2-carbaldehyde. ..... 90

Figure A 23. *H NMR spectrum of (1-methyl-1H-imidazol-2yl)methanol. ......... 91
Figure A 24.'H NMR spectrum of 9-ethyl-6-chloro-puring. ...........c.cocoevvvevennne. 92
Figure A 25.'H NMR spectrum of compound 18. ........cccccoeevereirerricrerieerereceenans 93
Figure A 26. C NMR spectrum of compound 18...........c.ccccceveierriceerriererecnennns 94
Figure B 1. GC-MS spectrum forl-Ethyl-1H-imidazole-2-carboxaldehyde. ....... 95
Figure B 2. GC-MS spectrum for 9-ethyladening. ...........ccoovvviienencicncicee 96
Figure B 3. GC-MS spectrum for ethyl 1-methylimidazole-2-carboxylate. ......... 97
Figure B 4. GC-MS spectrum for 1-Ethyl-2-methyl-1H-imidazol. ...................... 98
Figure B 5. GC-MS spectrum for 8-Bromo-9-ethyladenine ................cccoevevenee. 99
Figure B 6. GC-MS spectrum for 1-methyl-1H-imidazole-2-carbaldehyde. ...... 100
Figure B 7. GC-MS spectrum for 8-Bromo-9-ethyladenine. ...........cc.ccocevvnnnne 101
Figure B 8. GC-MS spectrum for 1-Methyl-1H-imidazole-2-methanol. ............ 102

Figure B 9. GC-MS spectrum for 2-(chloromethyl)-1-methyl-1H-imidazole. ... 103

Xiv



LIST OF TABLES

TABLES

Table 1. Effect of linearity on angle between NHyOp and OcHcN on activation
LT ATCT 0 ) TP UPR TP 13
Table 2. Coupling reactions with different parameters. ..........c.ccccvorvininienenn, 17
Table 3. Coupling reactions using Cul with different parameters. .............cc....... 19
Table 4. Coupling reactions with different parameters.............ccccoevveviiieveenee, 21

Table 5. Lithiation of ethyl adenine and reactions with various imidazole
derivatives under different reaction Conditions. ..........ccccovvveviveienienienie e 25
Table 6. Lithiation of ethyl adenine by LDA and reactions with various imidazole

derivative under different reaction CONAitioNS..........ovveeeeeeeeee e, 27

XV



LIST OF SCHEMES

SCHEMES

Scheme 1. Consensus mechanism for catalytic cycle of HPCD enzyme................ 9
Scheme 2. Synthesis of compound 3. 15
Scheme 3. Synthesis of starting materials 10 and 11. ..........ccocooviiiiiincninennn 16
Scheme 3. Test reaction With ETOAC ........ccceiiiiiiiiiic e 20
Scheme 5. Synthesis of compound 12............cccooiiiiiiiie i 23
Scheme 6. Synthesis of compound 13............cccoeiiiiiicie s 24
Scheme 7. Synthesis of COMPOUNT 14.........ccccviieiiiiiiiiee e 24
Scheme 8. Synthesis of compouNnd 15.........cccciiiiiiiiiiene e 24
Scheme 9. Synthesis of compound 16............cccocoeiieiiiie i 25

XVi



LIST OF ABBREVIATIONS

CDI: Carbonyldiimidazole

DCM: Dichloromethane

DIEA: N,N-Diisopropylethylamine

DMF: N,N-Dimethylformamide

DMSQO: Dimethyl sulfoxide

GC-MS: Gas Chromatography-Mass Spectroscopy
HPCD: Homoprotocatechuate dioxygenase

LDA: Lithium diisopropylamide

NBS: N-Bromo succinimide

NMR: Nuclear Magnetic Resonance Spectroscopy
THF: Tetrahydrofuran

TMS: Tetramethylsilane

XVil



XViil



CHAPTER 1

INTRODUCTION

1.1. Enzymes

All living organisms have to keep their metabolic activities in a certain rate, but the
rate of these chemical reactions is not enough to sustain the life. To increase the
rate of reactions, temperature can be increased but increasing temperature can be
fatal for the organism because at high temperatures, essential proteins may be
denatured. Another method for increasing the rate of reaction is decreasing the
activation energy to start the chemical reaction. The way to lower the activation
energy is using catalysts in chemical reactions [1]. Enzymes are produced in living
cells which act as catalysts in biological reactions. They all have the protein
structure which made up in living cells. Enzymes reduce the activation energy and
increase the rate of reaction enough up to 10%° to 10*° fold [2]. They can be seen in
almost every transformation which takes place in vivo [3]. Their capability of

catalyzing reactions is enormous.
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Figure 1. Effect of enzyme on activation energy [1].

1.1.1. Cofactors

Most of the enzymes are composed of proteins, which consist of amino acids. Side
chains of enzymes are limited because amino acids are limited in nature. That is
why, enzyme catalytic groups do not have efficient electron acceptors. To eliminate
this situation enzymes are evolved to use some metal ions which named as

cofactors. For instance, zinc ions are common as cofactors in many proteases [4].

1.1.2. Classification of Enzymes

Enzymes are classified into six categories based on the reactions that they catalyze
[5].

-Oxidoreductases

Oxidoreductase enzymes include electron shift (either one electron or two

electron in one step) one molecule to another molecule and changes oxidation



states of molecules.

A + B: E— A: + B
Lactate dehydrogenase is an example of this type of enzymes. Lactate
dehydrogenase enzyme catalyzes the reversible reduction of pyruvate to lactate
via oxidation of NADH to NAD" [6].
-Transferases
Transferases type of enzymes remove a group from a compound and attach to
another molecule.

A+ BX — AX + B
Peptidyltransferase can be given as an example of transferases.
Peptidyltransferase is a part of ribosome which catalyzes relocation of
aminoacids from tRNA to proteins [7].
-Hydrolases
This kind of enzymes can catalyze the hydrolysis of compound.

A+ H O — » B + C
Serine hydrolase is one of the most known hydrolases. Serine hydrolases
catalyzes reaction of hydrolytic cleavage of ester, thioester and amide bonds in
their substrates [8].
-Lyases
Lyases dissociates a molecule into two molecules without using water and
without doing any oxidation or reduction.

A E— B + C
Arginingosuccinate lyase is an example of lyases. Arginingosuccinate lyase
enzyme catalyzes the reversible dissociation of argininosuccinate to arginine
and fumerate in urea cycle [9].
-lsomerases
In biochemistry, isomerase is an enzyme that allows the structural
rearrangement of isomers.

Glucose isomerase can be given an example of isomerases. Glucose isomerase



enzyme catalyzes the isomerization reaction of glucose into fructose which is
the hydrolysis product of granular starch [10].
-Ligases
In biochemistry, ligase is an enzyme that combines two large molecules by
forming a chemical bond between them; usually a small chemical group of one
of these large molecules is hydrolyzed during the reaction.

A + B — AB
DNA Ligase is one of the most common ligases. DNA ligase catalyzes the

formation of phosphodiester bond while binding the DNA strands together [11].

1.1.3. Advantages of Using Enzymes in Chemical Reactions

Enzymes are not only used in biological reactions, they also have remarkable
applications in synthetic organic chemistry as catalyst. Using enzymes in chemical
reactions has several advantages. First of all, they are more environmentally
friendly than non-enzymatic catalysis which commonly requires transition or heavy
metals. Besides, using enzymes in aqueous media also adds to their environmental
value because they have excellent activity in aqueous media. However, it is also a
limitation for catalyzing substrates which are soluble in another solvent rather than
water. Their selectivity is also very good by means of both regioselectivity and
chemoselectivity. Since enzymes have the chiral active sites, products of enzymes

are enantiopure [12].

1.1.4. Disadvantages of Using Enzymes in Chemical Reactions

Despite all those advantages, there are also some disadvantages of using enzymes
in chemical reactions. First, enzymes are very delicate for pH changes. Also, at high

temperatures they may be decomposed. Enzymes can be found in nature in only one



enantiomeric form which reduces the variety of reactions that can be catalyzed by
them. Solvent for enzymatic reactions is usually water which is an advantage for
environmental considerations, but it is also a limitation since not all substrates are
water soluble. In addition to that, removing of the water is too difficult because of
its high boiling point and high heat of vaporization. Another disadvantage is that
enzymes are very sensitive for even little contaminations. Therefore, even little
amount of impurity in the substrate highly affects the reaction. The most critical
disadvantage is the high cost of extraction and purification of enzymes and they
require co-factors or co-substrates which raises the cost of production. This reason
discourages the uses of enzymes as catalysts in chemical reactions particularly in

fields that already have a viable and feasible procedures [12][3].

1.2. Artificial Enzyme

Mankind have been using enzymes since ancient times in making wine, beer, bread
and vinegar with fermentation via microorganisms. After pioneer works of Eduard
Buchner [4], it was revealed that enzymes do not require a living organism for being
active. Scientists started to isolate enzymes from bacteria and used them for the
same purposes. Recently, in order to imitate the functions of enzymes, artificial
enzymes (also known as enzyme mimic) are developed as catalysts for many
reactions. They have some advantages because of their adjustable structures and
catalytic performances, remarkable resistance to harsh media, lower cost and
requirement only synthetic ways for their preparation. For this reason, there are
many ongoing research in order to develop new artificial enzymes. There is already
a number of artificial enzymes that are currently used as catalysts, but these
enzymes increase the reaction rate up to 103-fold. However, for natural enzymes
this value is about 10°[13].



1.3. Reactions of Molecular Oxygen

Molecular oxygen is a very substantial oxidant both in industry and in natural
reactions. An example for industrial importance of molecular oxygen is the
synthesis of phenol and acetone from cumene using molecular oxygen as an oxidant
[8]. Reactions of molecular oxygen in nature have great importance. Other than the
respiration of aerobic metabolisms, these reactions are crucial for biodegradation
of nitroaromatics in soil, converting the heavy aromatic oils into lighter products

and sustaining energy for the organisms in soil [15,16].

1.4. Catechol

Catechol is the ortho isomer of the three isomers of benzenediol. Catechol is a
product of lignin which is the second most abundant natural polymer on earth. For
this reason, the chemicals which were produced from the lignin play an important
role because of economic considerations. Research for obtaining more effective
lignin depolymerization methods to get catechol still require significant effort.
Nevertheless, the studies published up to this time showed that presence of 2-
methoxyphenol (guaiacol) in lignin derived bio-oils is high. Because of high
volatility of 2-methoxyphenol, it can be separated and converted into catechol and

then catechol can be separated by using its acidic properties [17].
L
OH

Hydroquinone Catechol Resorcinol

OH
OH

OH
OH

Figure 2. Isomers and names of benzenediols.



1.5. Homoprotocathecuate 2, 3 Dioxygenese Enzyme

Figure 3. Homoprotocatechuate dioxygenase enzyme.

Homoprotocathecuate enzyme is extracted from Brevibacterium fuscum, Bacillus
macerans and Arthobacter globiformis microorganisms. These microorganisms
play an important role in extradiol oxidative cleavage for catechol derivatives in
nature by using the homoprotocathecuate dioxygenese enzyme as catalyst. This
enzyme catalyzes extradiol aromatic ring opening reaction with association of O>
[18].

1.6. Oxidative Aromatic Ring Cleavage an Enzymatic Reaction

Oxidative aromatic ring opening reactions are challenging reactions. That’s why,



there is an increasing interest for these reactions.

A B

oo e
R™ N oH R” N OoH
Figure 4. (A) Extradiol cleavage of catechol. (B) Intradiol cleavage of catechol.

These reactions can occur in two different ways. The first one is the extradiol and
the other one is the intradiol cleavage. In the case of intradiol opening, cleavage of
C-C bond is between the two hydroxyl groups whereas in extradiol case, bond
cleavage is adjacent to hydroxyl group. Natural enzymes’ active sites are different
for intradiol and extradiol cases. For intradiol aromatic ring opening reaction, active
site of enzyme contains two histidine, two tyrosine residues and iron(l11) ion as a
cofactor. However in the case of extradiol aromatic ring opening reaction, active
site of enzyme contains two histidine, one glutamic acid residues and iron(ll) ion
as a cofactor [19-21].

1.6.1. Catalytic cycle of extradiol aromatic ring opening
reaction of catechol

In the proposed mechanism, the first step of the reaction begins with the addition
of the substrate to the metal center, while the two water molecule is removed at the
same time. Then, molecular oxygen exchanges with the third water ligand from the
sixth coordination site. Afterwards, reduction of oxygen to the superoxide occurs
upon coordination of molecular oxygen to the metal center. Then with the help of
the external base, acidic hydrogen of catechol is captured and this superoxide makes
the peroxide bridge between substrate and metal center. Then the bond between the
two oxygens breaks while oxygen on the metal center abstract hydrogen from



external base. Afterwards, lactone formation occurs with Criegee rearrangement.
Eventually, OH radical attacks to the substrate and C-O bond cleavage occurs which

gives the final ring opening product [22].
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Scheme 1. Consensus mechanism for catalytic cycle of HPCD enzyme.

1.7. Computational Chemistry

Computational chemistry is a field which can be employed by all fields of
chemistry. In computational chemistry, there is a systematization of chemical laws,

standards and principles, their refinement and detailing, building in hierarchical



order. Computational chemists also use numerical and physical techniques to clarify
the structures and dynamics of chemical systems and to associate, comprehend, and
foresee their thermodynamic and kinetic properties. A computational chemist can
plan synthesis of new molecules using various computer programs. For this reason,
it is possible to consider the next step in synthetic chemistry by using computational

chemistry [23].

1.8. Aim of the Study

In this study, two tridentate ligands were designed theoretically in order to mimic
the active site of HPCD enzyme to perform the extradiol aromatic ring opening
reactions. These ligands are composed of adenine, imidazole and carboxylic acid
moiety. Based on calculations, -NH2 group on adenine would be acting as a base
which is involved in the hydrogen transfer from —OH group of catechol to dioxygen
on the metal center. This transfer is found to be lowering the activation barrier of
one intermediate. These designed ligands are tried to be synthesized using different
strategies. After the synthesis, their catalytic activity on catechol derivatives will be

investigated for the aromatic oxidative ring opening reaction.

=N _N
[~ SN—NH HN% [~ SN—NH HN&
N / )= N_ / =
Q /)\N N Q P N
N N
H,N \\(OH H,N OH
o)
2

0]

Figure 5. Theoretically designed molecules.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1. A Theoretical Study towards a Functional Model of Homoproto-
catechuate Dioxygenase Enzyme

General purpose of designing enzymes is to build up a new catalyst having desired
selectivity and activity. A promising approach of designing new molecules is to use
computational methods. Dede et al. showed that better mimicry of
homoprotocathecuate dioxygenese is possible by using an amine functional group
which mimics the external base in the second coordination sphere inside the

artificial enzyme [24].

In Figure 6, there are two molecules designed by using computational methods

which described previously by Dede et al. [24].

N N
~ NH HN/\§ = NH HN/\B
H,N \\«OH H,N OH
o) o)
2
Figure 6. Theoretically designed molecules.

Structural studies also showed that the external base of homoprotocathecuate
dioxygenase enzyme simultaneously takes one proton from hydroxy of catechol and
gives one proton to the dioxygen during the oxidative cleavage of cathechol [22].
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1

-

Figure 7. Molecular representation of linearity between N-H,-Op and Oc-Hc-N
atoms.

Theoretical studies also showed that linearity of N-H,-Op and Oc-Hc-N reduces the

activation energy [24].

10 1o, o

8
)
E)/\

e 1 o1l

.5 E ° v ¢ v ® Oc-Hc-
+ @
g g* e oo 1 N
=~
[&]
4 ) e ? e 2

o T T T 1

155 160 165 170 175
Angle (°)

Figure 8. Activation energy versus angle graphics of theoretically designed
ligands.
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Theoretical studies of some molecules with internal base are shown in Figure 9.

H

O H N N

N HN (N\ N D

¢ OH ~ | ) N AN
N__— y NH

HN—  H,N N N
NH, NH, A
NH,
Histidine | 1 1l
H

NN

K/NH 2 H,N \\Y(OH
o}
2

o}
v 1

Figure 9. Mono, bi- and tri-dentate ligands studied in theoretical calculations by
Dede [24].

Table 1. Effect of linearity on angle between NH,Op and OcHc¢N on activation
energy.

Ligand Z ya R R
system  AE  Oc-He-N  N-Hb-Ob  Ob-Hb  N-Hc
1 9.8 155.6 161.3 1514 1.313
3.6 161.9 1711 1.423 1.246
5.4 160.8 170.5 1.403 1.247
5.0 162.9 171.7 1322 1.262
2.4 162.1 172.5 1.350 1.210
3.6 161.9 171.8 1.394 1.207

o Ol WM

In the Table 1, the effect of linearity between Oc¢-Hc-N and N-Hp-Op on the
activation energy of intermediate is shown and when bidentate and tridentate
ligands are considered, it can be seen that as the angle of Oc-Hc-N and N-Hy-Op

approaches to linearity, the activation energy decreases.
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2.2 Synthesis of compound 3

From literature [25, 21], it is known that compound 3 mimics the
homoprotocathecuate dioxygenase enzyme by catalyzing aromatic oxidative ring
opening reaction. It is considered that our target molecules can be more effective
than compound 3, because it has no free amino group to mimic the external base
which involves in proton exchange between the dioxygen and catechol derivative.
Compound 3 was synthesized according to the literature procedure to see the effects

of this free amino group.

For the synthesis of compound 3, commercially available imidazole was converted
to 1-methyl-1H-imidazole (5) with using methyl iodide and sodium hydride.
Compound 5 was deprotonated with n-BuLi, then coupled with N,N-
dimethylcarbamoyl chloride in dry THF with presence of TMEDA as base to give
bis(1-methyl-1H-imidazol-2-yl)methanone (6) in 65% yield. Wolff Kischner
reduction of compound 6 using hydrazine hydrate with KOH produced bis(1-
methyl-1H-imidazol-2-yl)methane (7) in 88% vyield. Methylene proton of
compound 7 was then removed with n-BuLi and the anion was treated with ethyl
bromoacetate to obtain ethyl-bis(1-methyl-1H-imidazole) propiolate (8) in 61%
yields. Basic hydrolysis was yielded to 8 with KOH to obtain the compound 3 with
overall yield 30% from 1-methyl-1H-imidazole. *H NMR data of compound 3 is

consistent with literature [43].

14



/" 1) n-BuLi, THF, N O

N
| N> Mel, NaH, THF, 3h [ » TMEDA.15h - [ /
/ > N/ 0 N —N
N 73% 2)CI)LN/’3h /N\)
1H-imidazole 5 ! 65% 6
0
889, | H2NNHzHz0
KOH, 5 h
o) N/
HO [
N KOH, THF, 3 h 1) n-BuLi, THF, 1 h N/>_\ﬁN
L [ N =2 i N
N\ N/ N 85% )EtOJJ\/Br, overnight 7 Z
> 61%

Scheme 2. Synthesis of compound 3.

2.3 Studies towards synthesis of compound 1

Compound 1 is one of the target ligands which will be used as catalyst for the
reaction of aromatic oxidative ring opening. As shown in retrosynthetic analysis of
1in Figure 10, it is combination of three moieties: imidazole, adenine and glycine.
The synthesis was started with coupling of imidazole and glycine derivatives. For
this purpose, glycine was first protected with benzyl groups which can be easily

removed by catalytic hydrogenation.

HN AN HN o
W O R e ,
N L< — X N OH —— N oH
NH, 0] NH, SO: 2
adenine (@]

Figure 10. Retrosynthetic analysis of compound 1.
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Glycine was reacted with benzyl alcohol in SOCI; to give corresponding glycine
benzyl ester in good yield (51%). In order to generate a reactive coupling site on
imidazole, bromination of carbonyldiimidazole (CDI) with NBS was performed to
yield 2-bromo-1H-imidazole (9) [26]. To protect NH group on imidazole, it was
reacted with benzyl bromide in the presence of K2COsz in DMF. After stirring at
room temperature overnight, 1-benzyl-2-bromo-1H-imidazole (10) was obtained in
81% yield. Meanwhile, iodo derivative of 1-benzylimidazole was also synthesized.
But in this case, first imidazole is deprotonated by NaH in DMF, then reacted by
benzyl bromide. Afterwards, it was deprotonated by n-BuLi in THF from 2-
positions and further reacted by I, to give 1-benzyl-2-iodo-1H-imidazole in 37%

overall yield.
O H !3n
AN K,CO
N7 N/ZAN/\\ NBS, THF [/>—Br 2003 [N/>—Br
\—/ N 24h, rt 30% N BnBr, rt, DMF,
= ] N
9 ovenight 81% 10
CDI

o) 0]
o SOCl, B’

Scheme 3. Synthesis of starting materials 10 and 11.

After synthesis of compound 10 and compound 11, their coupling reactions were
tested under varying conditions which is summarized in Table 2 and 3. Different
bases, solvents, reaction durations were tested. Microwave heating was also tried
(Table 2, entries 5-6). However, no desired product was obtained. Then, copper

catalyzed coupling was also attempted but unfortunately it failed (Table 3).
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Moreover, instead of using benzyl protected glycine, benzyl amine was tried as a
simple model amine (Table 2, entries 13, 14; Table 3, entries 1, 2 and 5.). However,
they also did not give any desired product. Detailed screening of base, copper
sources, ligands, temperature and solvents might be necessary in order to obtain
desired products. However, at this stage, instead of performing intensive screening,

it is thought to continue with the synthesis of target molecule 2 instead of 1.

Table 2. Coupling reactions with different parameters.

R n .
Entry eazge t Reagent 2 Base Solvent  Temp. Time
!3n (0]
N H,N \)J\O,Bn
1 [N)—Br 0'?;_ MeOH rt Overnight
1.0 eq. 0.5 eq.
!3n 0]
N HoN \)J\O,Bn
2 [N/>_ Br EtN MeOH 50 °C 5h
1.0 eq.
1.0 eq. 0.5¢eq.
!3n O
N H2N\)J\ _Bn
3 [ )—Br O DIEA  1-Methyl-2- | o
N 2.0eg. pyrrolidinone 5h
1.0 eq. 0.5 eq.
Bn
N O
HoN _Bn
4 [N)_Br ? \)\O DIEA DMF 140°C  14h
0.5 e 0.8 eq.
1.0 eq. 2 €G-
!3n (0]
. [N%Br HzNJJ\O/B” DIEA MW
N/ 0.8 eq. MeCN 150°C 850 W
1.0 eq. 0.5 eq. 2h
!3n 0]
N HZN\)k _Bn MW
6 [ )—Br o DIEA .
N 08e MeOH 65 °C 850 W
.0 €Q. 3h
1.0 eq. 0.5 eq.
3 o)
Br  HyN
7 [N/>7 2 \)J\OH TZSCS; H.0 r.t. Overnight
1.0 eq. 1.0 eq. R
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Table 2. Continued.

10

11

12

13

14

H
N
[ />—Br
N
1.0 eq.
H
N
[ />78r
N
1.0 eq.

H
N

[ />78r
N

1.0 eq.
H

[:}—Br

1.0 eq.
H

N
[ />78r
N
1.0 eq.
H
N
W
N
1.0 eq.
H
N
W
N

1.0 eq.

o
HZN\)LOH

0.5eq.
0

HZN\)kOH

1.0 eq.
0}

HZNQkOH

1.0 eq.
0]

H2N\)kOH

2.0 eq.
O

HZN\)kOH

2.0 eq.

S

1.0 eq.

©/\NH2

2.0 eq.

K2CO3
2.0 eq.

K2CO3
2.5eq.

EtsN
10 eq.

K>COs3
1.0eq.

NaH
10.0

18

DMSO

DMSO

H>O

Phenol

6.0 eq.

Phenol
12 eq.

EtOH

DMF

r.t. overnight

r.t. Overnight

r.t. Overnight

120 °C 18 h

120 °C 18 h

r.t. 14 h

r.t. 2h



Table 3. Coupling reactions using Cul with different parameters.

Reagent

Entry 5

N
1 [N/>—'

1.0 eq.

H
N

[ />7Br
N

1.0 eq.
!3n

[

1.0 eq.
/Bn

[~

1.0 eq.
IBn

[~

1.0 eq.
!3n

[

1.0 eq.

N

w

SN

o1

(o3}

2.4 Studies towards synthesis of compound 2

Reagent 2

©/\NH2

0.5eq.

©/\NH2

0.84 eq.

o)
HZNQJ\OH

1.0 eq.

o)
HZN\)J\OH

1.0 eq.

©/\NH2

1.3 eq.

0
HZN\)kOH

1.2 eq.

Base

Cs,CO3 1.0 eq.
Cul 0.5 eq.
Trans-1,2-

cyclohexadiamine
0.5 eq.

Cs2C0O3 1.0 eq.
Cul 0.5 eq.
Trans-1,2-

cyclohexadiamine
0.5 eq.

K2C03 2.0 €q.
Cul 0.1 eq.
glycine 0.2 eq.

K,C0O3 2.0 eg.
Cul 0.1 eq.
glycine 0.2 eq.

K2C03 4.3 €q.
Cul 0.1 eq.
glycine 0.15 eq.

K2C0O32.0 eq.
Cul 0.1 eq.
Gly 0.25 eq.

Solvent

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

Temp.

90 °C

90 °C

90 °C

90 °C

reflux

Reflux

Time

15h

15h

15h

4h

24 h

24 h

After failing the coupling of imidazole and glycine derivative, second target

compound 2 was tried to be synthesized. The difference between compound 2 from

1 is having carbon atom in the conjunction point of each group instead of nitrogen.

Therefore, the retrosynthetic analysis was slightly changed as shown in Figure 11.
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In this retrosynthesis, imidazole and adenine moieties were used as nucleophiles

where in the previous target molecular 1, they were acting as electrophile.

HNTY N H HN/?]

H _
SeYa 9 NH{
7
NH, o) NH;
2
R:-CN, -Br, / H
H N
N HN
HNS o/ P - > 2=N
=y *t O . Ny~ % ©
1H-imidazole NH, R
adenine

Figure 11. Retrosynthetic analysis of compound 2.

The synthesis was started with imidazole and ester derivatives. Imidazole was
protected by benzyl group as discussed above. 2-position of imidazole was
deprotonated by n-BuLi in dry THF and reacted with ethyl acetate to test this
reaction. The desired product was obtained in low yield (19%).

Bn Bn
N 1) n-BuLi,THF N O
A W
N 2) O N
o ™
19%

Scheme 4. Test reaction with EtOAcC.

When ethyl bromoacetate was used as ester group, lithiated imidazole derivative
captured bromine atom to give 1-benzyl-2-bromo-1H-imidazole, instead of

attacking ester group. Furthermore, ethyl cyanoacetate were used as ester but no

20



desired product was observed although different reaction conditions were tried as

shown in Table 4 (entries 1-8). This might be because of quenching of lithiated

imidazole with the acidic hydrogen of ethyl cyanoacetate, instead of reacting with

the carbonyl group. Therefore, ethyl acrylate was chosen as an alternative ester

since it does not contain any acidic alpha hydrogen. Unfortunately, it also did not

give the corresponding product (Table 4, entries 9-10).

Table 4. Coupling reactions with different parameters.

Entry Reagent-

Reagent-2

0]
Br\)ko/\

1.0 eq.

0]

Ao

Base

n-BuLi
1.0 eq.

n-BuLi
1.0 eq.

n-BuLi
1.0 eq.

n-BuLi
1.0 eq.

n-BuLi
1.0 eq.

n-BuLi
1.0 eq.

n-BuLi
1.0 eq.

21

Solvent

THF

THF

THF

THF

THF

THF

THF

Time

0.75h+3 h

0.75h+3 h

0.75h+3 h

3h+3h

0.75 h+
overnight

3h+overnight

0.75h+3 h

Yield

19%



Table 4. Continued.

Bn
; O
N g
8 [ N Ao TR e anesn :
N 05e oes
1.0 eq. - €4
Bn
'\i 0]
s[> SHAo~ nBui THE o7sMe3n -
N 1.0 eq.
1.0 eq. 10eq a
Bn
N 1 BuLi
10 [ s Ao o ‘éq' THF 2h+3h -
N . .
1.0 eq. 1.0 eq.

2.5. Studies towards synthesis of Compound 4

In literature, when there are simple alkyl groups such as methyl or ethyl on the N-9
position of adenine and 1-position of imidazole, they give similar reactions that was
tried previously in this work. Benzyl group is sterically bulkier than methyl and
ethyl group. Therefore, it is thought that the reason of unsuccessful reactions for the
synthesis of compound 1 and 2 might be due to the bulkiness of alkyl group that
was used on imidazole which was benzyl group. Compound 3 which was used as a
catalyst to mimic of HPCD enzyme has methyl groups on 1-position of imidazoles.
Since there is no contribution of that positions on binding metal ion, it is thought
that a small alkyl groups like methyl or ethyl can be used instead of benzyl group
which was originally planned to be removed at the end of the synthesis to have free
NH groups. Therefore, a modified target molecule 4 with methyl and ethyl groups

on nitrogen was selected (Figure 12).
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NH>
N
\ N;I\
—— |
D | g k\N N>—>\N/
) NS

0 0
R %Jko/\’ }%JLH , ¢ “

NH
2 NH,

= N /
I\IK\)’\IIN\> ' [N/%R P NﬁINy_/{; )
N SNTN N
12) ) N/\)

Figure 12. Retrosynthetic analysis of compound 4.

First of all, N-9-ethyl adenine (12) was synthesized by following literature
procedure starting from commercially available adenine with ethyl iodide in the
presence of Cs;COz in DMF (Scheme 5). Ethyl-1-methyl-1H-imidazole-2-
carboxylate (13) was synthesized from imidazole in two steps. In the first step,
imidazole was methylated by methyl iodide after deprotonation with NaH in THF.
In the second step, 1-methyl-1H-imidazole was treated with ethylchloroformate in
the presence of EtsN as base in acetonitrile to give compound 13 in 61% vyield
(Scheme 6).

NH, NH,

N CSZCO& DMF Etl AN N
e - UL
K = 50 °C, overnight k Z~N

NN N _
12

Scheme 5. Synthesis of compound 12.
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/
/ N O
N O EtzN, CH;CN y /<
[ /> * )]\ N . > [ %
N CI~ O -20 °C, overnight N O~\
5 13

Scheme 6. Synthesis of compound 13.

1-Methyl-1H-imidazole-2-carbaldeyde (14) was synthesized starting from 1-
methyl-1H-imidazole by deprotonating with n-BuLi, then treated with DMF as
carbaldehyde source in THF (79% vyield) (Scheme 7).

. /
o N
Y TR,
N 2) DMF, 1 h, rt N
5 14

Scheme 7. Synthesis of compound 14.

(1-Methyl-1H-imidazole-2yl)-methylene chloride was synthesized in two steps
starting from 1-methyl-1H-imidazole. In the first step, it was treated with
paraformaldehyde to give the alcohol 15 in methanol with 42% yield (Scheme 8).
Then, it was converted to chloride derivative in neat SOCI> as chlorinating agent 16

(Scheme 9).

/ /
N (CH0),, MeCOH N OH
W, - [
N 150 °C, 1 h N
5 15

Scheme 8. Synthesis of compound 15.
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/ /
N OH sSocCl, N Cl
(- - [
N reflux, 15 min. N
15 16

Scheme 9. Synthesis of compound 16.

After the synthesis of imidazole ester 13, aldehyde 14, the reaction with lithiated
adenine derivatives were tested. The results are summarized in Table 5.
Deprotonation of ethyl adenine was performed by n-BuL.i. Surprisingly, instead of
addition of lithiated adenine to 13 and 14, n-BulLi itself was reacted to 13 and 14 to
to give addition products which were determined by GC-MS. This might be because
of the unsuccessful deprotonation of ethyl adenine by n-BuLi under reaction
conditions. When n-BuLi could not act as a base, then it was reacting as a
nucleophile to give addition products.

Therefore, excess amount of LDA was used as a bulky base to deprotonate ethyl
adenine to avoid addition products. However, under several reaction conditions
summarized in Table 6, LDA again acted as nucleophile instead of base and gave
addition products on 13, 14 and 16 which were determined by GC-MS.

Table 5. Lithiation of ethyl adenine and reactions with various imidazole

derivatives under different reaction conditions.

Entry Reagentl Reagent?2 Base Temp. Solvent Time

0 N/ o)
DI Wan
1 N7 N N O n-BuLi o
) < 1.0 eq -78 °C THF 0.75h+3h
1.0eq 1.0eq
e N o
D [
2 NN N O n-BuL.i -78 °C THF 2h+3h
) < 1.5¢eq.
1.0 eq. 1.0eq
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Table5. Continued.

NH,

N

3 ”@p
)

1.0 eq.
NH,

1.0 eq.

n-BuLi
1.0 eq.

n-BuLi
1.0 eq.

n-BuLi
0.9 eq.

n-BuLi
0.9 eq.

n-BuLi
0.9 eq.

n-BuLi
0.9 eq.

n-BuLi
0.9 eq.

26

=78 °C

-78 °C

-78 °C

-78 °C

-78 °C,
-30 °C,
-78 °C

-78 °C,
0 °C,
-78 °C

-78 °C,
0 °C,
-78 °C

THF

THF

THF

THF

THF

THF

THF

0.75h+3h

3h+3h

0.75h+3h

0.75h+3h

rt overnight

rt overnight

rt overnight



Table 6. Lithiation of ethyl adenine by LDA and reactions with various imidazole

derivative under different reaction conditions.

Entry Reagentl Reagent2 Base Temperature Solvent Time
NH2 /

N O
NN
IJI > [/> { " Lpa ]
1 U N D sley, 18 THE  1h+2h
1.0 eq. 1.6 eq
NH2 /
N N 0]
LY [N/: 5 : h+2h
2 N ; DA 78 °C THE  1h+2
5.1eq.
1.0 eq. 1.6 eq
NH2 /
NN N O
s L LY [N/ o DA 5. THE  1h+2h
N ; < 1.0 eq.
1.0 eq. 1.6 eq
NH,
/
N™ N\ N 0
s L N> [N/ / 5'-1De';‘q 78 °C THE  1h+ 2h
) 1.6 eq.
1.0eq
NH,
/
N N CI
6 |kN/ N> [N/F 5'.‘1[)2. -78 °C THF 1h+2h
) 1.6 eq.
1.0eq
NH,
/
N N Cl
7 L N> [N)J 1I._0Depc;. 78 °C THE  1h+2h
) 1.6 eq.
1.0 eq.
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In the literature, it is known that chloropurine derivatives are easier to deprotonate
from C-8 position than adenine derivatives. Chloropurines can be also converted
into adenine by reacting with ammonia solution at high temperature in sealed tube.
Since adenine derivatives were all failed to react with ester 13, aldehyde 14 and
chloride 16, it is decided to use chloropurine derivatives as an adenine precursor.

For this purpose, 6-chloropurine was converted into ethyl derivative by using

K2COs and ethyl iodide in DMF in 42% yield following literature procedure [54].

Cl Cl
N|)\iN\> KoCOs DMF Etl N\>
kN/ N overnight, 42% ﬁ Z~N

H N
\\

17

Scheme 10. Synthesis of 9-ethyl-6-chloropurine.

After lithiation of compound 17 using LDA at -78 °C, it was treated with aldehyde
14 to give corresponding alcohol 18 in poor yield (30%).

1)LDA THF on
N)\IN\> o NIk N N\
| - /
LN / N7 N>—§/\N

2)

(. N O
y /
17 [N/ 18
Scheme 11. Synthesis of compound 18.

After successful coupling of purine and imidazole derivatives, adenine moiety will
be obtained by treating with ammonia following literature procedures [52, 53, 42,

43]. The rest of the synthesis will be performed as in the synthesis of compound 3.
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The planned synthetic scheme for compound 4 from compound 18 is shown in
Scheme 12.

NH,

kﬁN*& __N_H_a_?ﬁ)__“@??_i kt W 02 ﬁN

toluene,110 °C

°C

18 19 20
| HoNNH,.H,0
' KOH, 5 h
Y
NH2 NH, NH,
N l)n -BuLi, THF, 1 h
X
AR P ﬁ g D
THF, 3 h ) 2y 9 kN/ N>—>\N/
) \) EtoJ\/Br ) N\)

16 h

22
21

Scheme 12. The planned synthetic scheme for compound 4 from compound 18.

2.6. Conclusion

In this work, the synthesis of two ligands based on theoretical design was tried with
various reaction conditions starting from adenine and imidazole. None of these
reactions were successful to get the desired products. Only some unexpected side

products were observed.

However, starting from 6-chloropurine instead of adenine derivatives gave
successful coupling product of purine and imidazole derivative which was the key

part of the synthesis of these ligands.

After converting chloropurine derivative into adenine, the synthesis of target

molecule 4 will be performed as planned.
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The test ligand (compound 3) was successfully synthesized following literature
procedures.

After completing the synthesis of compound 4, all the ligands will be tested in the
aromatic oxidative ring cleavage reaction of cathecol derivatives by Karadas

Research Group from Bilkent University.
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CHAPTER 3

EXPERIMENTAL

3.1. Materials and Methods

HPLC grade solvents were supplied from Sigma Aldrich, Germany.
6-Chloropurine was supplied from Chem Impex, IL, USA.

Other solvents are technical grade. They were purified, when necessary, using

distillation method.
The mass spectra were recorded on Agilent 7890 A 5975C VL MSD GC/MS.

Nuclear magnetic spectra were read in CDClz and CD30OD on Bruker Spectrospin
Advance DPX 400 spectrometer. Chemical shifts were received in parts per million
(ppm) with TMS as internal reference. NMR spectra of the compounds are given in
Appendix A.

Adenine and imidazole were supplied from Sigma Aldrich, Germany.

3.2. Synthesis of 2-bromo-1H-imidazole

H
N
[N/>—Br
Based on the literature [26], 1,1’-carbonyldiimidazole (2.05 g, 12.6
mmol) was dissolved in 50 mL of THF. To this solution, of NBS (4.49 g, 25.2
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mmol) was added at 0 °C and the mixture was warmed to room temperature.
Reaction mixture was stirred at room temperature for 24 h then the solvent was
removed under reduced pressure. 30 ml of water added to the solid and stirred for
30 minutes at 0 °C again. Precipitate was filtered and washed with water twice and
dried in a fume hood. Yellow solid (0.55 g, 3.80 mmol), was obtained as product.
Yield is 30%.

IH NMR (400 MHz, DMSO) &: 7.06 (s, 1H)

3.3 Synthesis of glycine-benzyl ester

o
HoN L o-B"

A mixture of glycine (0.38 g, 5.0 mmol) in benzyl
alcohol (26 mL, 0.25 mmol) was stirred at 0 °C. SOCI, (1.8 mL, 25 mmol) was
added drop wise to this mixture while temperature was kept constant at 0 °C. Then
the reaction temperature was increased to 90 °C and stirred at this temperature for
5 h. Reaction mixture was then placed in an ice bath and diethyl ether was added
drop wise until the color of the mixture turned to the cloudy. The resultant mixture
was filtered and the crude product was recrystallized from ethanol and diethyl ether.
White solid product was obtained with a yield of 51%.

IH NMR (400 MHz, DMSO) &: 8.46 (s, 2H), 7.51-7.29 (m, 5H), 5.23 (s, 2H), 3.86
(s, 2H)
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3.4. Synthesis of 8-bromo-adenine

NH,

NN
| S>—Br
kN/ H>_

Based on the literature [27], bromine (0.10 mL, 1.96
mmol) was added to 15 mL of water and adenine (140 mg, 1.0 mmol) was added to
this mixture. Then the mixture was stirred for 24 h at room temperature. Reaction
mixture was then extracted with DCM three times. Solvent was dried over
anhydrous Na>SQg, filtered and the solvent was evaporated using rotary evaporator
to give a white solid. The solid was then purified with flash column chromatography
(DCM:MeOH = 1:1) on silica gel and the target compound obtained (60 mg, 0.28

mmol) as a white solid. Yield is 28%.

IH NMR (400 MHz, DMSO) &: 13.61 (s, 1H), 8.11 (s, 1H), 7.43 (s, 2H)

3.5. Synthesis of 1-benzyl-2-bromo-1H-imidazole

!3n

[:%Br

Based on the literature [28], K2COs (0.78 g, 5.7 mmol) was
added to a stirred solution of 2-bromo-1H-imidazole (0.78 g, 0.57 mmol) and DMF
(10 mL). To this solution, benzyl bromide (0.11 g, 0.63 mmol) was added at once
and the reaction mixture was stirred at room temperature overnight. The mixture
was then filtered to remove excess potassium carbonate. The solid was washed with
DMF and the solvent was removed by using rotary evaporator. Resultant mixture

was extracted with ethyl acetate and 1 M NaOH solution three times. The organic
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phase was then dried over anhydrous MgSOs filtered and the solvent was
evaporated using rotary evaporator. Obtained mixture was purified with flash
column chromatography (EtOAc:Hexane = 1:1) on silica gel and obtained colorless
oil (109 mg, 0.46 mmol). Yield 81%.

3.6. Synthesis of N-9-benzyladenine

NH,

N7 XN

| \

kN/ N\>
Bn

Based on the literature [29], adenine (1.0 g, 7.41 mmol) was
dissolved in 20 mL of DMF. To the mixture NaH (0.178 g, 7.41 mmol) was added
slowly at 0 °C. Reaction mixture was stirred for 1 h at 25 °C. After an hour, of
benzyl chloride (1.70 mL, 14.8 mmol) was added slowly then the reaction mixture
was stirred overnight. The solvent was evaporated with using rotary evaporator.
Obtained solid was separately washed with diethyl ether and water. Crude product
which is N-7-benzyladenine and N-9-benzyladenine was purified by short column
chromatography on silica gel eluted with (EtOAc:Hexane=1:3) to give a white solid
(400 mg, 1.78 mmol). Yield is 24%.

3.7. Synthesis of 1-benzyl-2-lodo-1H-imidazole

Based on the literature [30], to a mixture of dry tetrahydro
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furan (5.0 mL) and benzyl imidazole (0.48 g, 3.0 mmol) n-BuLi (1.9 mL, 3.0 mmol)
from a 1.6 M solution in hexane were added slowly at -78 °C and stirred for 45
minutes. Then iodine (760 mg, 3.0 mmol) was added and stirred for 3 more hours
at 25 °C. The mixture was extracted with DCM and water. Organic phase was dried
with anhydrous Na»SOs filtered and the solvent was evaporated using rotary
evaporator. Residue was then purified by flash column chromatography
(EtOAc:Hexane = 3:1) on silica gel to obtain yellow solid (310 mg, 1.1 mmol).
Yield is 37%.

IH NMR (400 MHz, CDCls) &: 5.02 (s, 2H), 6.94 (s, 1H), 7.09-7.04 (m, 2H),
7.33-7.21 (m, 3H)

3.8. Synthesis of 1-benzylimidazole

Based on the literature [31], imidazole (1.42 g, 20.8 mmol) was
dissolved in 20 mL of 1,4-dioxane. This solution was mixed with a sodium hydride
(0.500 g, 20.8 mmol) and stirred for 1 h at 90 °C. In to the mixture, benzyl bromide
(3.24 g, 19 mmol) in 20 mL of 1,4-dioxane solution was added drop wise. The
resultant solution was stirred for 22 h at 90 °C. Solvent of resultant mixture was
then dried in vacuo and extracted with DCM adding 50 mL of water. Organic phase
was then dried with anhydrous sodium sulfate, filtered and the solvent was
evaporated under reduced pressure using rotary evaporator then purified by flash
column chromatography (EtOAc:Hexane = 1:3) and obtained brown solid (1.1 g,
6.96 mmol) with yield 34%.

IH NMR (400 MHz, CDCls) &: 7.47 (s, 1H), 7.33-7.21 (m, 3H), 7.10-7.04 (m, 2H),
7.01 (s, 1H), 6.82 (s, 1H), 5.04 (s, 2H).
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3.9. Synthesis of benzyl propiolate

Bn

AN
N,
Q

Based on the literature [32], potassium carbonate (4.47 g,
32.3 mmol) was dissolved in DMF (15 mL). In to this mixture, propiolic acid (2.00
mL, 23.3 mmol) in DMF (8 ml) was added and stirred at 0°C. After stirred for 10
minutes, benzyl bromide (3.2 mL, 26.9 mmol) was added and the reaction mixture
was allowed to warm to 25 °C. Reaction mixture was then stirred for 2 h and
extracted with adding 45 mL of water and EtOAc-Hexane 1:1. Organic phases were
mixed and extracted again with brine then the solvent was dried with anhydrous
sodium sulfate then solvent was evaporated with using rotary evaporator to obtain
brown liquid (2.5 g, 15.6 mmol). Yield is 67%.

'H NMR (400 MHz, CDCls3) &: 5.09 (s, 1H), 7.26 (s, 1H), 2.79 (s, 1H).

3.10. Synthesis of 3-benzyloxypropanol

B
HO/\/\O/ n

Based on the literature [33], to a solution of 1,3-propanediol
(0.420 ml, 6.0 mmol) in THF (2.0 ml) oil free sodium hydride (0.072 g, 3.0 mmol)
was added at 0 °C. The mixture was stirred at 0 °C for 1 h and benzyl bromide
(0.720 ml, 6.0 mmol) was then added. The reaction mixture was slowly warmed to
room temperature, stirred overnight, and saturated ammonium chloride solution
was added. Then the mixture was extracted with ethyl acetate three times and the

solvent was dried with anhydrous sodium sulfate and evaporated with using rotary
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evaporator to yield mono-benzyl ether (0.50 g, 50%) as a colorless oil.

IH NMR (400 MHz, CDCls) &: 7.58-7.08 (m, 5H), 4.51 (s, 2H), 3.74 (t, J=5.83
Hz, 2H), 3.64 (t, J=5.95 Hz, 3H), 1.86 (p, J = 6.0 Hz, 2H).

3.11. Synthesis of propanoic acid, 3-(phenylmethoxy)-, ethyl ester

o)

/\O)J\/\O,Bn

Based on the literature [34], to a solution of 3-
benzyloxypropanol (300 mg, 1.80 mmol) and acetone (6 mL), Jones reagent (0.8 ¢
chromium trioxide, 0.69 mL concentrated sulfuric acid, diluted with water to 3 mL)
was added dropwise at 0 °C. The temperature was increased to room temperature
and stirred for 2 h. The resultant mixture was filtered on silica gel and washed with
acetone. The solvent was removed and extracted with ethyl acetate and water three
times. Organic phase was combined and dried with anhydrous magnesium sulfate
and solvent was evaporated under high vacuum. Then ethanol (3 mL) and
concentrated HSO4 (0.1 mL) solution were added and the mixture was refluxed for
12 h. Solvent was evaporated and extracted with ethyl acetate and water then
combined organic phase was dried with anhydrous sodium sulfate. Solvent was

removed by using rotary evaporator to give colorless oil (0.169 g). Yield is 52%.

IH NMR (400 MHz, CDCl3) §: 7.36-7.28 (m, 5H), 4.54 (s, 2H), 4.14 (g, J = 7.0 Hz,
2H), 3.75 (t, = 6.2 Hz, 2H), 2.61 (t, J = 6.2 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H).
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3.12. Synthesis of 1-methyl-imidazole

)

N

Based on the literature [35], imidazole (1.0 g, 15 mmol) was
dissolved in 25 mL of THF. Into this mixture, oil-free NaH (700 mg, 29 mmol) was
added. Then methyl iodide (2.5 g, 18 mmol) was added to the reaction mixture and
stirred for 3 h. Solvent was evaporated by using rotary evaporator. The mixture was
extracted with DCM and water then organic phases was dried with anhydrous
sodium sulfate. Colorless liquid (0.9 g, 10.9 mmol) was obtained as product with
yield 73%.

IH NMR (400 MHz, CDCls) 5: 7.33 (s, 1H), 6.95 (s, 1H), 6.80 (s, 1H), 3.59 (s,
3H).

3.13. Synthesis of 1-methyl-1H-imidazole-2-carboxylate

Based on the literature [36] N-methylimidazole (0.32 g, 3.9 mmol)
was dissolved in 2 mL of dry acetonitrile. To this mixture, triethylamine (1.0 mL,
7.17 mmol) was added at -20 °C. Then ethylchloroformate (1.0 g, 9.2 mmol) was
added slowly while the temperature was about -20 °C and the reaction mixture was
stirred at room temperature for 18 h. The mixture was filtered to remove formed
triethylamine hydrochloride from reaction mixture. Solvent was removed under
high vacuum and the mixture was extracted with DCM and water. Organic phase
was dried with anhydrous Na,SOs filtered and the solvent was evaporated using
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rotary evaporator. Residue was then purified by flash column chromatography
(EtOAc:Hexane = 3:1) onsilica gel to obtain 370 mg colorless liquid (370 mg, 2.35
mmol). Yield is 61%.

IH NMR (400 MHz, CDCls) 8: 6.77 (s, 1H), 6.73 (s, 1H), 3.77 (g, J =7.3, 2H), 2.26
(s, 1H), 1.25 (t, J = 7.3 Hz, 3H).
13C NMR (100 MHz, CDCl3) &: 143.9, 126.7, 118.2, 40.6, 15.8, 12.7.

3.14. Synthesis of 9-ethyladenine.

NH>

NN
| N
kN/ N>

.

Based on the literature procedure [37] Adenine (0.7 g, 5.2
mmol) and cesium carbonate (2.0 g, 6.3 mmol) was dissolved in dry DMF under
nitrogen atmosphere at room temperature. To this mixture iodoethane (0.50 mL, 6.3
mmol) was added and the temperature was increased to 50 °C for 16 h. White
precipitate was removed by filtration then solvent was quenched with 5 mL of water
then solvents was evaporated using rotary evaporator. Yellow methanol and
chloroform (1:1) was added and mixture was partially soluble, insoluble materials
was filtered off. Obtained mixture was purified with flash column chromatography
(DCM:MeOH = 20:1) on silica gel and obtained white solid (420 mg, 2.58 mmol).
Yield 50%.

IH NMR (400 MHz, CDCl3) &: 8.30 (s, 1H), 7.77 (s, 1H), 6.11 (s, 2H), 4.20 (g, J
= 7.3 Hz, 2H), 1.48 (t, J = 7.3 Hz, 3H).
13C NMR (100 MHz, CDCls) &: 155.4, 152.7, 140.0, 38.9, 15.5.
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3.15. Synthesis of 1-methyl-1H-imidazole-2-carbaldehyde

/
[

Based on the literature [38]1-Methyl-imidazole (0.82 mL, 10 mol)
was dissolved in 10 mL of dry THF, under nitrogen atmosphere, the mixture was
cooled to -78 °C and was stirred for 15 min, to this mixture n-BuLi (6.2 mL, 10
mmol) from a commercial 1.6 M solution in hexane was added dropwise then DMF
(1.5 mL, 20 mmol) was added to the mixture and the solution was stirred at -78 °C
for 1 h then the mixture was allowed to warm to the room temperature and stirred
for 1 h more. Then 8 mL 2M HCI was added and stirred for 1 h more at room
temperature. The mixture was neutralized to pH 10 with using 40% NaOH and
extracted with DCM for three times and al organic phases were combined and
solvent was dried with anhydrous sodium sulfate then the solvent was evaporated
under high vacuum and obtained yellowish liquid. The resultant liquid was purified
with using flash column chromatography (Hexane:EtOAc =1:3) and obtained
colorless liquid (0.87 g, 7.9 mmol. Yield is 79%.

(400 MHz, CDCl3) &: 9.77 (s, 1H), 7.22 (s, 1H), 7.06 (s, 1H), 3.96 (s, 1H)

3.16. Synthesis of 1-Ethyl-2-methyl-1H-imidazole

e

N

Based on the literature [39], 2-methyl-1H-imidazole (0.82 g, 0.01
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mol), ethyl iodide (0.87 mL, 0.011 mol) and aqueous solution of 50% sodium
hydroxide (3 mL) were put together in a flask and was stirred for 10 min at room
temperature. The reaction temperature was increased to 30-40 °C after the
solidification to obtain liquid form of the solution. The solution was extracted with
30 ml of chloroform in three times. After washing with water, anhydrous sodium
sulfate was added to remove water residue. Finally, the solution was evaporated and
the obtained product was purified using the flash column chromatography
(DCM:MeOH = 10:1) on silica gel and obtained yellowish liquid (165 mg, 1.5
mmol). Yield is 15 %.

'H NMR (400 MHz, CDCls) &: 6.81 (s, 1H), 6.76 (s, 1H), 3.80 (q, J = 7.3, 2H),
2.29 (s, 3H), 1.30 (t, J = 7.3 Hz, 1H).

3.17. Synthesis of 8-bromo-9-ethyl-9H-purin-6-amine

NH,

N

mNﬁZ\%Br
(.

Based on the literature [40], bromine (0.24 mL, 4.65 mmol)
was added a solution of ethyl adenine (0.1 g, 0.6 mmol) in 20 mL of chloroform
and stirred for 18 hours at room temperature. After that, an aqueous saturated
solution of Na2S:0s was introduced to the resultant mixture. The obtained
precipitate was washed with water and dichloromethane after filtration. Product

obtained but couldn’t have been isolated.
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3.19. Synthesis of (1-methyl-1H-imidazol-2yl)methanol

/

L

Based on the procedure [41] N-methylimidazole (2.5 g, 30 mmol)
was mixed with paraformaldehyde (2.5 g, 82.5 mmol) then mixture was refluxed at
160 °C for 1 h. mixture was dissolved in MeOH and cooled to -18 °C and triturated
then precipitate was filtered. Resultant product was recrystallized in
methanol/petroleum ether to give 2-hydroxymethyl-1-methylimidazole as white
crystals (1.4 g, 12.5 mmol). Yield is 42%.

IH NMR (400 MHz, CDCls) &: 6.81 (s, 1H), 6.75 (s, 1H), 4.58 (s, 2H), 3.66 (s, 2H).

3.21 Synthesis of 1-methyl-2-(chloromethyl)imidazole hydrochloride

Based on the literature [45], 1-methyl-2-hydroxymethyl imidazole
(250 mg, 2.32 mmol) was added dropwise to SOCI, (0.42 mL, 4.26 mmol) and
refluxed at 75 °C for 15 min. Then resultant mixture was recrystallized in ethanol
and dried in high vacuum to give 1-Methyl-2-(chloromethyl)imidazole
hydrochloride (154 mg, 0.92 mmol). Yield is 40%.

IH NMR (400 MHz, CDCls) &: 7.28 (s, 1H), 7.10 (s, 1H), 5.11 (s, 2H), 3.91 (s, 3H)
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3.20. General Procedure 1

A similar literature procedure is followed [46]. To a solution of glycine in a solvent,
base was added and then halogenated imidazole derivative was added to this
solution and stirred at various temperature for a certain period of time. Sometimes

under microwave assisted conditions were tried.
Entry 1:

1-Benzyl-2-bromo-1H-imidazole (0.237 g, 1.0 mmol) and glycine benzyl ester (100
mg, 0.5 mmol) is reacted in methanol using EtsN (70 pL, 0.5 mmol) as base
following general procedure 1. After 14 h reaction duration, no product was

observed.
Entry 2:

1-Benzyl-2-bromo-1H-imidazole (0.237 g, 1.0 mmol) and glycine benzyl ester (100
mg, 0.5 mmol) is reacted in methanol using EtsN (70 pL, 1.0 mmol) as base
following general procedure 1. After 5 h reaction duration at 50 °C, no product was

observed.
Entry 3:

1-Benzyl-2-bromo-1H-imidazole (0.117 g, 0.5 mmol) and glycine benzyl ester (50
mg, 0.25 mmol) is reacted in 1-Methyl-2-pyrrolidinone using DIEA (68 pL, 1.0
mmol) as base following general procedure 1. After 5 h reaction duration at 150 °C,

no product was observed.
Entry 4:

1-Benzyl-2-bromo-1H-imidazole (0.117 g, 0.5 mmol) and glycine benzyl ester (50
mg, 0.25 mmol) is reacted in DMF using DIEA ( 34 uL, 0.4 mmol) as base
following general procedure 1. After 14 h reaction duration at 140 °C, no product

was observed.
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Entry 5:

A similar literature procedure is followed [47]. 1-Benzyl-2-bromo-1H-imidazole
(0.117 g, 0.5 mmol) and glycine benzyl ester (50 mg, 0.25 mmol) is reacted in
acetonitrile using DIEA (34 uL, 0.4 mmol) as base under microwave condition (850
W) following general procedure 1. After 2 h reaction duration at 150 °C, no product

was observed.
Entry 6:

A similar literature procedure is followed [47]. 1-Benzyl-2-bromo-1H-imidazole
(0.117 g, 0.500 mmol) and glycine benzyl ester (50 mg, 0.25 mmol) is reacted in
methanol using DIEA (34 uL, 0.40 mmol) as base under microwave condition (850
W) following general procedure 1. After 3 h reaction duration at 65 °C, no product

was observed.
Entry 7:

2-Bromo-1H-imidazole (0.292 g, 2.0 mmol) and glycine benzyl ester (250 mg, 2.0
mmol) is reacted in water using K>COz (414 mg, 3.0 mmol) as base following
general procedure 1. After 14 h reaction duration at room temperature, no product

was observed.
Entry 8:

2-Bromo-1H-imidazole (0.292 g, 2.0 mmol) and glycine (75 mg, 1.0 mmol) is
reacted in DMSO using K.COs (552 mg, 4.0 mmol) as base following general
procedure 1. After 14 h reaction duration at room temperature, no product was

observed.
Entry 9:

2-Bromo-1H-imidazole (0.292 g, 2.00 mmol) and glycine (150 mg, 2.0 mmol) is
reacted in DMSO using K2COz ( 690 mg, 5.0 mmol) as base following general
procedure 1. After 14 h reaction duration at room temperature, no product was
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observed.
Entry 10:

2-Bromo-1H-imidazole (0.045 g, 0.30 mmol) and glycine (23 mg, 0.30 mmol) is
reacted in water using EtsN (300 mg, 3.00 mmol) as base following general
procedure 1. After 14 h reaction duration at room temperature, no product was

observed.
Entry 11:

1-Benzyl-2-iodo-1H-imidazole (0.310 g, 1.10 mmol) and benzylamine (240 uL, 2.2
mmol) is reacted in ethanol using K2CO3s (304 mg, 2.20 mmol) as base following
general procedure 1. After 14 h reaction duration at room temperature, no product

was observed.
Entry 12:

1-Benzyl-2-iodo-1H-imidazole (0.284 g, 1.00 mmol) and benzylamine (105 pL,
1.00 mmol) is reacted in DMF using sodium hydride (240 mg, 10 mmol) as base
following general procedure 1. After 2 h reaction duration at room temperature, no

product was observed.
Entry 13:

A similar literature procedure is followed [50]. 2-Bromo-1H-imidazole (0.44 g,
3mmol) glycine (0.225 g, 3.00 mmol), and phenol (1.7 g, 18 mmol) were placed in
a flask and heated to 150 °C for 15 h. Then further glycine (0.225 g, 3.00 mmol)
was added to resultant mixture then heated 3 h more. Then the mixture was cooled
to room temperature and EtOAc was added for dilution and brown precipitates was
formed. The precipitates was filtered off but no product was observed.

Entry 14:

A similar literature procedure is followed [50]. 2-Bromo-1H-imidazole (0.095 g,

0.65 mmol) glycine (0.048 g, 0.65 mmol), and phenol (0.74 g, 7.8 mmol) were
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placed in a flask and heated to 150 °C for 21 h. Then further glycine (0.048 g, 0.65
mmol) was added to resultant mixture then heated 3 h more. Then the mixture was
cooled to room temperature and EtOAc was added for dilution and brown
precipitates was formed. The precipitates was filtered off but no product was
observed.

3.21. General procedure 2

A similar literature procedure is followed [44]. To a solution of primary amine in
dioxane, copper(l) iodide, base and ligand was added to this solution and stirred at

various temperature for a certain period of time.
Entry 1:

2-Bromo-1H-imidazole (0.147 g, 1.00 mmol) and benzylamine (54 mg, 0.50 mmol)
is reacted in dioxane using Cs,COs3 (325 mg, 1.00 mmol) as base, Cul (95 mg, 0.50
mmol) and trans-1,2-cyclohexadiamine (23 mg 0.2 mmol) as ligand following
general procedure 2. After 1.5 h reaction duration at 90 °C, no product was

observed.
Entry 2:

2-Bromo-1H-imidazole (0.147 g, 1.00 mmol) and benzylamine (92 uL, 0.84 mmol)
is reacted in dioxane using Cs2CO3 (325 mg, 1.00 mmol) as base, Cul (95 mg, 0.5
mmol) and trans-1,2-cyclohexadiamine (58 puL 0.50 mmol) as ligand following
general procedure 2. After 1.5 h reaction duration at 90 °C, no product was

observed.
Entry 3:

A similar literature procedure is followed [48]. 1-Benzyl-2-iodo-1H-imidazole
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(0.284 g, 1.10 mmol) and glycine (83 mg, 1.1 mmol) is reacted in dioxane using
K2COs3 (0.276 g, 2.00 mmol) as base, Cul (19 mg, 0.10 mmol) and glycine (15 mg,
0.20 mmol) as ligand following general procedure 2. After 1.5 h reaction duration,

no product was observed.
Entry 4:

A similar literature procedure is followed [48]. 1-Benzyl-2-iodo-1H-imidazole
(0.39 g, 1.1 mmol) and glycine (83 mg, 1.1 mmol) is reacted in dioxane using
K2COs3 (0.276 g, 2.00 mmol) as base, Cul (19 mg, 0.10 mmol) and glycine (15 mg,
0.20 mmol) as ligand following general procedure 2. After 4 h reaction duration at

90 °C, no product was observed.
Entry 5:

A similar literature procedure is followed [48]. 1-Benzyl-2-iodo-1H-imidazole
(0.39 g, 1.4 mmol) and benzylamine (193 mg, 1.80 mmol) is reacted in dioxane
using K>.COs (0.828 g, 6.00 mmol) as base, Cul (29 mg, 0.15 mmol) and glycine
(15 mg, 0.20 mmol ) as ligand following general procedure 2. After 24 h reaction
duration at 110 °C, no product was observed.

Entry 6:

A similar literature procedure is followed [49]. 1-Benzyl-2-iodo-1H-imidazole
(0.34 g, 1.2 mmol) and glycine (110 mg, 1.45 mmol) is reacted in dioxane using
K2COs3 (0.330 g, 2.4 mmol) as base, Cul (23 mg, 0.12 mmol) and glycine (22 mg,
0.3 mmol) as ligand following general procedure 2. After 24 h reaction duration at

110 °C, no product was observed.
Entry 7:

Magnesium turnings (120 mg, 5.00 mmol) and a small crystal of iodine was heated
in reflux and vigorously stirred in THF. tert-Butyl chloride (0.625 mL, 5.50 mmol)

was added to this solution and heated for 2 h to obtain tert-butylmagnesium
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chloride. Resultant mixture was added to benzyl imidazole solution in dry THF
under nitrogen atmosphere. Reaction mixture was stirred for 1 h at 0 °C. Then
benzyl propiolate (0.8 g, 5.0 mmol) was added to this mixture and stirred for 2 h at
0 °C. Resultant mixture was extracted with DCM three times. Organic phase was
then dried with anhydrous Na>SOs salt and solvent was removed under reduced

pressure. No desired product was observed.

3.22. General Procedure 3

A similar literature procedure is followed [30]. 1-Benzyl-1H-imidazole was
dissolved in 5.0 mL of dry THF, and n-BuLi was added to this mixture at -78 °C
and stirred for a certain period of time under nitrogen atmosphere. Then, ester
derivative was added to the mixture and stirred at room temperature for a certain
period of time. The solvent was then evaporated by using rotary evaporator. Crude
mixture was extracted with DCM and water three times for each. Combined organic
phases were dried with anhydrous sodium sulfate and filtered. After extraction part,

solvent was evaporated by using rotary evaporator.
Entry 1.

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 45 min. Then ethyl bromoacetate
(0.334 mL, 3.00 mmol) was added and reaction mixture was allowed to stir to the

room temperature and continued stirring for 3 h. No product was observed.
Entry 2:

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 45 min. Then ethylacetate (0.293

mL, 3.00 mmol) was added and reaction mixture was allowed to stir to the room
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temperature and continued stirring for 3 h and obtained 1-(1-benzyl-1H-imidazol-

2-yl)ethanone as colorless liquid with 19% yield.
Entry 3:

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 45 min. Then ethyl cyanoacetate
(0.95 mL, 9.0 mmol) was added and reaction mixture was allowed to stir to the

room temperature and continued stirring for 3 h. No product was observed.
Entry 4.

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 3 h. Then ethyl cyanoacetate (0.318
mL, 3.00 mmol) was added and reaction mixture was allowed to stir to the room
temperature and continued stirring for 3 h. No product was observed.

Entry 5:

1-Benzyl-1H-imidazole (0.475 g, 3.0 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in 1.6
M in hexane is stirred in THF at -78 °C for 45 min. Then ethyl cyanoacetate (0.318
mL, 3.0 mmol) was added and reaction mixture was allowed to stir to the room

temperature and continued stirring for 14 h. No product was observed.
Entry 6:

Following a similar literature procedure,[30] 1-benzyl-1H-imidazole (0.475 g, 3.0
mmol) and n-BuLi (1.9 mL, 3.0 mmol) in 1.6 M in hexane is stirred in THF at -78
°C for 3 h. Then ethyl cyanoacetate (0.318 mL, 3.0 mmol) was added and reaction
mixture was allowed to stir to the room temperature and continued stirring for 14

h. No product was observed.
Entry 7:

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 45 min. Then ethyl cyanoacetate
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(0.160 mL, 1.50 mmol) was added and reaction mixture was allowed to stir to the

room temperature and continued stirring for 3 h. No product was observed.
Entry 8:

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 3h. Then ethyl cyanoacetate (0.160
mL, 1.50 mmol) was added and reaction mixture was allowed to stir to the room

temperature and continued stirring for 3 h. No product was observed.
Entry 9:

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 45 min. Then ethylacrylate (0.32
mL, 3.0 mmol) was added and reaction mixture was allowed to stir to the room

temperature and continued stirring for 3 h. No product was observed.
Entry 10:

1-Benzyl-1H-imidazole (0.475 g, 3.00 mmol) and n-BuLi (1.9 mL, 3.0 mmol) in
1.6 M in hexane is stirred in THF at -78 °C for 2 h. Then ethylacrylate (0.32 mL,
3.0 mmol) was added and reaction mixture was allowed to stir to the room

temperature and continued stirring for 3 h. No product was observed.

3.23. General Procedure 4

To a mixture of 1.0 eq. of adenine and 5 mL of dry THF n-BuLi was added under
nitrogen atmosphere at -78 °C. Solution was stirred for certain period of time. Then
ester derivative of imidazole or aldehyde derivative of imidazole was added to this
mixture then mixture was allowed to warm to room temperature for certain period
of time. Solvent of mixture was removed under high vacuum. Residue was

extracted with DCM and water four times then organic solvent was dried with
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anhydrous sodium sulfate and was filtered then solvent was evaporated using rotary
evaporator.
Entry 1:

A similar literature procedure is followed [30]. Ethyladenine (0.49 g, 3.0 mmol)
and n-BuLi (1.9 mL, 3.0 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
45 min. Then, ethyl-1-methyl-1H-imidazolecarboxylate (0.46 mg, 3.0 mmol) was
added and reaction mixture was allowed to stir to the room temperature and

continued stirring for 3 h. No product was observed.
Entry 2:

A similar literature procedure is followed [30]. Ethyladenine (0.33 g, 2.0 mmol)
and n-BuLi (1.9 mL, 3.0 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
2 h. Then, ethyl-1-methyl-1H-imidazole-carboxylate (0.308 mg, 2.0 mmol) was
added and reaction mixture was allowed to stir to the room temperature and

continued stirring for 3 h. No product was observed.
Entry 3:

A similar literature procedure is followed [30]. Ethyladenine (0.49 g, 3.0 mmol)
and n-BuLi (1.9 mL, 3.0 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
45 min. Then 1-methyl-1H-imidazolecarbaldehyde (0.33 g, 3.0 mmol) was added
and reaction mixture was allowed to stir to the room temperature and continued

stirring for 3 h. No product was observed.
Entry 4:

A similar literature procedure is followed [30]. Ethyladenine (0.77 g, 4.7 mmol)
and n-BuLi (2.9 mL, 4.7 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
3h. Then, ethyl-1-methyl-1H-imidazole-carboxylate (0.72 mg, 4.7 mmol) was
added and reaction mixture was allowed to stir to the room temperature and

continued stirring for 3 h. No product was observed.
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Entry 5:

A similar literature procedure is followed [30]. Ethyladenine (0.70 g, 4.3 mmol)
and n-BuLi (2.4 mL, 3.9 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
45 min. Then, ethyl-1-methyl-1H-imidazole-carboxylate (0.66 mg, 4.3 mmol) was
added and reaction mixture was allowed to stir to the room temperature and

continued stirring for 3 h. No product was observed.
Entry 6:

A similar literature procedure is followed [30]. Ethyladenine (0.70 g, 4.3 mmol)
and n-BuLi (2.4 mL, 3.9 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
45 min. Then, 1-methyl-1H-imidazole-carbaldehyde (0.473 mg, 4.3 mmol) was
added and reaction mixture was allowed to stir to the room temperature and

continued stirring for 3 h. No product was observed.
Entry 7:

A similar literature procedure is followed [30]. Ethyladenine (0.49 g, 3.0 mmol)
and n-BuLi (1.7 mL, 2.7 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
45 min then reaction mixture was allowed to -30 °C and stirred for 30 min at this
temperature then again cooled to -78 °C. Then, ethyl-1-methyl-1H-imidazole-
carboxylate (0.46 mg, 3.0 mmol) was added and reaction mixture was allowed to
stir to the room temperature and continued stirring for 14 h. No product was

observed.
Entry 8:

A similar literature procedure is followed [30]. Ethyladenine (0.49 g, 3.0 mmol)
and n-BuLi (1.7 mL, 2.7 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
45 min then reaction mixture was allowed to 0 °C and stirred for 30 min at this
temperature then again cooled to -78 °C. Then, ethyl-1-methyl-1H-imidazole-
carboxylate (0.46 mg, 3.0 mmol) was added and reaction mixture was allowed to

stir to the room temperature and continued stirring for 14 h. No product was
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observed.
Entry 9:

A similar literature procedure is followed [30]. Ethyladenine (0.49 g, 3.0 mmol)
and n-BuLi (1.7 mL, 2.7 mmol) in 1.6 M in hexane is stirred in THF at -78 °C for
45 min then reaction mixture was allowed to 0 °C and stirred for 30 min at this
temperature then again cooled to -78 °C. Then, 1-methyl-1H-imidazole-
carbaldehyde (0.330 mg, 3.0 mmol) was added and reaction mixture was allowed
to stir to the room temperature and continued stirring for 14 h. No product was

observed.
Entry 10:

A similar literature procedure is followed [30]. 1-Methyl-1H-imidazole (0.20 g, 2.4
mmol) and n-BuLi (1.5 mL, 2.4 mmol) in 1.6 M in hexane is stirred in THF at -78
°C for 45 min. Then, ethyl-1-methyl-1H-imidazole-carboxylate (0.37 g, 2.4 mmol)
1-methyl-1H-imidazole (0.197 mg, 2.4 mmol) was added and reaction mixture was
allowed to stir to the room temperature and continued stirring for 3 h. No product

was observed.
Entry 11:

A similar literature procedure is followed [30]. 1-Methyl-1H-imidazole (0.25 g, 3.0
mmol) and n-BuL.i (1.88 mL, 3.0 mmol) in 1.6 M in hexane is stirred in THF at -78
°C for 45 min. Then, ethyl-1-methyl-1H-imidazole-carboxylate (0.46 g, 3.0 mmol)
was added and reaction mixture was allowed to stir to the room temperature and

continued stirring for 3 h. No product was observed.
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3.24. General Procedure 5

Following a similar literature procedure [50] to a mixture of LDA, in dry THF and
ethyl adenine in dry THF was added drop wise under nitrogen atmosphere at -78
°C. After 1 h a mixture of imidazole derivative in dry THF was added drop wise

and continued for stirring for 1 h. then solvent was evaporated.
Entry 1:

Following a similar literature procedure [50], LDA was prepared with using freshly
distilled diisopropylamine (0.88 mL, 6.28 mmol) in dry THF (5 mL) and n-BuLi
(3.9 mL, 6.3 mmol) in a 1.6 M hexane solution under nitrogen atmosphere at -78
°C. To this mixture ethyladenine (200 mg, 1.23 mmol) was added drop wise at -78
°C, after 1 h mixture of ethyl-1-methyl-1H-imidazole-carboxylate (302 mg, 1.96
mmol) was added drop wise. Then it was stirred for 1 h more at this temperature
then was allowed to warm to room temperature after 1 h, solvent was evaporated
and was extracted by DCM three times and organic phase was then dried with
anhydrous MgSOy, filtered and the solvent was evaporated under high vacuum. No

product was observed.
Entry 2:

Following a similar literature procedure [50], commercial LDA (3.05 mL, 3.05
mmol) in a 1 M solution in THF was added drop wise in a mixture of ethyladenine
(100 mg, 0.60 mmol) in dry THF and stirred for 1 h at-78 °C. Then ethyl-1-methyl-
1H-imidazole-carboxylate (150 mg, 0.98 mmol) was added dropwise. Then was
stirred at 1 h more at this temperature then was allowed to warm to the room
temperature after 1 h solvent was evaporated and was extracted with using DCM
three times and organic phase was then dried with anhydrous MgSOs, filtered and

the solvent was evaporated under high vacuum. No product was observed.
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Entry 3:

Following a similar literature procedure [50] commercial LDA (0.62 mL, 0.62
mmol) ina 1 M solution in THF was added drop wise in a mixture of ethyladenine
(100 mg, 0.6 mmol) in dry THF and stirred for 1 h at -78 °C. Then, ethyl-1-methyl-
1H-imidazole-carboxylate (150 mg, 0.98 mmol) was added drop wise. Then was
stirred at 1 h more at this temperature then was allowed to warm to the room
temperature after 1 h solvent was evaporated and was extracted with using DCM
three times and organic phase was then dried with anhydrous MgSQOyg, filtered and

the solvent was evaporated under high vacuum. No product was observed.
Entry 4:

Following a similar literature procedure [50] commercial LDA (3.05 mL, 3.05
mmol) in a 1 M solution in THF was added drop wise in a mixture of ethyladenine
(100 mg, 0.60 mmol) in dry THF and stirred for 1 h at -78 °C. Then, 1-methyl-1H-
imidazole-carbaldehyde (108 mg, 0.98 mmol) was added drop wise. Then was
stirred at 1 h more at this temperature then was allowed to warm to the room
temperature after 1 h solvent was evaporated and was extracted with using DCM
three times and organic phase was then dried with anhydrous MgSO, filtered and
the solvent was evaporated under high vacuum. No product was observed.

Entry 5:

Based on the procedure, [50] commercial LDA (3.05 mL, 3.05 mmol) ina 1l M
solution in THF was added drop wise in a mixture of ethyladenine (100 mg, 0.60
mmol) in dry THF and stirred for 1 h at -78 °C. Then iodine (108 mg, 0.98 mmol)
was added drop wise. Then was stirred at 1 h more at this temperature then was
allowed to warm to the room temperature after 1 h solvent was evaporated and was
extracted with using DCM three times and organic phase was then dried with
anhydrous MgSOsa, filtered and the solvent was evaporated under high vacuum.
Resultant mixture was purified with flash column chromatography (DCM:MeOH =
20:1) on silica gel and obtained yellow solid (98 mg, 0.34 mmol). Yield is 56%.
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Entry 6:

Following a similar literature procedure [50] commercial LDA (1.22 mL, 1.22
mmol) ina 1 M solution in THF was added drop wise in a mixture of ethyladenine
(40 mg, 0.25 mmol) indry THF and stirred for 1 h at -78 °C. Then 2-(chloromethyl)-
1-methyl-1H-imidazole (49 mg, 0.38 mmol) was added drop wise. Then was stirred
at 1 h more at this temperature then was allowed to warm to the room temperature
after 1 h solvent was evaporated and was extracted with using DCM three times and
organic phase was then dried with anhydrous MgSQzg, filtered and the solvent was

evaporated under high vacuum. No product was observed.
Entry 7:

Following a similar literature procedure [50] commercial LDA (0.46 mL, 0.46
mmol) in a 1 M solution in THF was added drop wise in a mixture of ethyladenine
(47 mg, 0.29 mmol) in dry THF and stirred for 1 h at -78 °C. Then 2-(chloromethyl)-
1-methyl-1H-imidazole (76 mg, 0.58 mmol) was added drop wise. Then was stirred
at 1 h more at this temperature then was allowed to warm to the room temperature
after 1 h solvent was evaporated and was extracted with using DCM three times and
organic phase was then dried with anhydrous MgSQyg, filtered and the solvent was

evaporated under high vacuum. No product was observed.

3.25. Synthesis of bis (1-methyl-imidazoyl)methanone

VN
N

e

0]

Based on literature procedure [42], to a mixture of 1-methyl-
1H-imidazole (1.43 g, 16.0 mmol) and dry THF (21 mL) TMEDA (2.4 mL, 16
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mmol) was added at -78 °C. Then n-BuLi (10.8 mL, 17.4 mmol) from a 1.6 M
commercial solution in hexane was added drop wise then the solution was stirred
for 1.5 h at 55 °C. Then N,N-dimethylcarbomylchloride (0.74 mL, 8.0 mmol) was
added drop wise at -78 °C. Reaction mixture was heated to the room temperature
and was stirred for 14 h. then a saturated solution of NH4Cl (8.0 mL) was added.
Solvent was removed in high vacuum, then aqueous layer was extracted with DCM
three times and organic phases were combined and was dried with using anhydrous
sodium sulfate, filtered and the solvent was evaporated with using rotary evaporator
and obtained yellowish oil. Resultant mixture was crystallized with acetone/hexane
to give 928 mg white solid. Yield is 65%.

IH NMR (400 MHz, CDCls) 5: 7.24 (s, 2H), 7.02 (s, 2H), 3.95 (s, 6H).
13C NMR (100 MHz, CDCls) &: 174.1, 143.0, 130.4, 126.7, 35.9.

2.26. Synthesis of bis(1-methylimidazoyl)methane

AN
N/>_);N
»
N
Based on the literature [42], hydrazinemonohydrate (2.25
mL, 46.5 mmol) and KOH (0.39 g, 7.0 mmol) were mixed with bis(1-methyl-1H-

imidazoyl)methanone (0.37 g, 19 mmol) and this mixture was heated to 120 °C

under nitrogen atmosphere for 2 h. Then reaction mixture was heated to 150 °C and
was stirred for 3 h more under reflux condenser. The mixture was cooled to room
temperature then the white solid was precipitated. DCM (3 mL) was added to this
mixture and separated. The remaining light brown liquid was extracted with DCM

three times and organic phases was dried with anhydrous magnesium sulfate and

57



filtered and solvent was removed with using rotary evaporator to obtain cream solid
(304 mg). Yield is 88%.

IH NMR (400 MHz, CDCls) 5: 6.83 (s, 1H), 6.71 (s, 1H), 4.16 (s, 1H), 3.59 (s, 1H).
13C NMR (100 MHz, CDCl3) &: 143.5, 127.2, 121.5, 33.1, 26.9.

3.27. Synthesis of ethyl-bis(methylimidazol-2yl)propionate

/ Nﬁ
N N\
»

N

o)
/%

Based on the literature [43] To the solution of bis (1-
methylimidazoyl)methane (0.176 g, 1.0 mmol) in THF, n-BuLi (0.63 mL, 1.01
mmol) from a 1.6 M commercial solution in hexane was added drop wise at -78 °C
under nitrogen atmosphere. The mixture was stirred for 1 h at this temperature.
Then ethyl bromo acetate (170 mg, 1.018 mmol) was added drop wise and the
temperature was allowed to increase to the room temperature and stirred for 14 h
resulted a yellowish white suspension. Water was added to this solution for
guenching and solvents were removed under high vacuum. Then resulted mixture
was extracted with ethyl acetate and water three times then organic phases dried
with anhydrous sodium sulfate filtered and solvents were removed with using rotary
evaporator resultant product was purified with flash column chromatography
(EtOACc:MeOH = 9:1) on silica gel to give ethyl-bis(1-methyl1H-imidazol-2yl)
propionate (159 mg).Yield is 61%.

IH NMR (400 MHz, CDCls) &: 6.89 (s, 2H), 6.70 (s, 2H), 5.07 (t, J =7.8 Hz. 1H),
4.08-4.03 (q, J =7.1 Hz. 2H), 3.44 (s, 6H), 3.30-3.21 (d, 2H), 1.12 (t, J = 7.1 Hz,
3H)
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13C NMR (100 MHz, CDCls) &: 170.9, 144.9, 126.6, 122.2, 60.9, 33.0, 14.0, 36.1,
34.0.

3.28. Synthesis of bis(methylimidazol-2-yl)propiolic acid

N
»

N
HO
O

Based on the literature Procedure [43], to a mixture of ethyl-
bis (methylimidazol-2-yl)propionate (157 mg, 0.597 mmol) and THF (1.5 mL)
NaOH (22.7 mg, 0.57 mmol) solution in water (1.5 mL) was added then the mixture
was stirred at room temperature for 3 h. Afterwards aqueous solution of HCI was
added to this mixture. Solvents was evaporated under high vacuum and obtained a
mixture of product and KCI as white solid. The mixture was dissolved in water and
washed with DCM (5x2.5 mL). The aqueous phase was dried in vacuo and the
residue was recrystallized with MeOH/Et;O to obtain bis(methylimidazol-2-

yl)propiolic acid hydrochloride as white solid. Yield is 85%.

IH NMR (400 MHz, CDCls) & ppm 8.46 (s, 3H), 7.51-7.29 (m, 5H), 5.23 (s, 2H),
3.86 (s, 2H)
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3.29. Synthesis of 9-ethyl-6-chloro-purine

Cl
NN

LAy

.

Based on the literature procedure[54] 6-chloropurine (6.0 g,
0.039 mol) and potassium carbonate (5.4 g, 0.039 mmol) was mixed in DMF (90
mL) and then ethyl iodide (3.1 mL, 0.039 mmol) was added and stirred for 24 h at
room temperature. The solvent was removed with using rotary evaporator. The
resultant mixture was extracted with DCM and water three times and combined
organic layers was dried with anhydrous magnesium sulfate filtered and solvent
was evaporated under high vacuum to obtain yellow solid. The yellow solid was
further purified by flash column chromatography (EtOAc:Hexane:MeOH
=3:1:0.05) on silica gel and obtained white solid (3.0 g, 0.016 mol). Yield is 43%.

IH NMR (400 MHz, CDCls) &: 8.69 (s, 1H), 8.10 (s, 1H), 4.31 (g, J = 7.3 Hz, 2H),
153 (t, J = 7.3 Hz, 3H).

2.30. Synthesis of compound 18

Following a similar literature procedure [55], LDA
(2.2 mL, 2.2 mmol) from a commercial 1 M solution in THF were added in 5 mL
of dry THF at -78 °C. 9-ethyl-6-chloropurin (0.364 g, 2.00 mmol) was added at this

temperature and the mixture was stirred for 5 min. 1-methyl-1H-imidazole-2-
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carbaldehyde (0.275 g, 2.00 mmol) was added to this mixture and stirred for 1 h at
-78 °C. Reaction mixture was warmed to 0 °C and stirred for an additional 1 h. The
mixture was then quenched with saturated NH4Cl solution and extracted with DCM
three times. Combined organic phase was dried over anhydrous MgSO4 and the
solvent was removed under reduced pressure. Product was the purified with column
chromatography (EtOAc:Hexane:MeOH= 3:1:0.05) of yellowish white solid was
obtained with a yield of 30%.

IH NMR (400 MHz, D,0) &: 8.49 (s, 1H), 7.29-7.26 (m, 2H), 6.53 (s, 1H), 4.25 (g,
J=7.3Hz, 2H), 3.42 (s, 3H), 1.19 (t, J = 7.3 Hz, 3H).
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APPENDIX A

NMR DATA

1 |

ppm (t1)

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Figure A 1. 'H NMR spectrum of 2-bromo-1H-imidazole in DMSO.

69




-

L
o
=<}
@

0T =
00z L

L

)

ppm (t1)

Figure A 2.

10.0

5.0

0.0

1H NMR spectrum of 8-bromo-adenine in DMSO.
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Figure A 3. 'H NMR spectrum of N-9-benzyl-adenine in CDCls.
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Figure A 4.'H NMR spectrum of 1-benzyl-2-lodo-1H-imidazole in CDCls.
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Figure A 5. 'H NMR spectrum of 1-benzylimidazole in CDCls.
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Figure A 6."H NMR spectrum of benzyl propiolate in CDCls.
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Figure A 7.*H NMR spectrum of 3-benzyloxypropanol in CDCls.
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Figure A 8. 'H NMR spectrum of 1-methylimidazole in CDCls.
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Figure A 9. 'H NMR spectrum of ethyl 1-methyl-1H-imidazole-2-carboxylate in
CDCls.
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Figure A 10. 3C NMR spectrum of ethyl 1-methyl-1H-imidazole-2-carboxylate
in CDCls.
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Figure A 11.*H NMR spectrum of 9-ethyladenine in CDCls.
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Figure A 12. 3C NMR spectrum of 9-ethyladenine in CDCls.
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Figure A 13.*H NMR spectrum of 1-ethyl-2-methyl-1H-imidazole in CDCls.
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Figure A 14. *H NMR spectrum of glycine benzyl ester in DMSO.
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Figure A 15. 'H NMR spectrum of bis (1-methyl-imidazoyl)methanone in CDCls.
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Figure A 16.3C NMR spectrum of bis (1-methyl-imidazoyl)methanone in
CDCla.
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Figure A 17.*H NMR spectrum of bis(1-methylimidazoyl)methane in CDCls.
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Figure A 18.3C NMR spectrum of bis(1-methylimidazoyl)methane in CDCls.
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Figure A 19. 'H NMR spectrum of ethyl-bis(methylimidazol-2yl)propionate in
CDCls.
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Figure A 20. 3C NMR spectrum of ethyl-bis(methylimidazol-2yl)propionate in
CDCla.
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Figure A 21. *H NMR spectrum of bis(methylimidazol-2yl)propionic acid in
CDCla.
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Figure A 22. *H NMR spectrum of 1-methyl-1H-imidazole-2-carbaldehyde in

CDCls.
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Figure A 23. 'H NMR spectrum of (1-methyl-1H-imidazol-2yl)methanol in
CDCla.

91



— 50000

i
i

5 Y Y Y
o - N N
© o o ©
@ S N ~ =
\ \
5.0 0.0

ppm (t1)

Figure A 24.'H NMR spectrum of 9-ethyl-6-chloro-purine in CDCls.
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Figure A 25.'"H NMR spectrum of compound 18 in D20.
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Figure A 26.*C NMR spectrum of compound 18 in D.0.

94



APPENDIX B

GC-MS RESULTS
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Figure B 1. GC-MS spectrum forl-ethyl-1H-imidazole-2-carboxaldehyde.
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Figure B 2. GC-MS spectrum for 9-ethyladenine.
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Figure B 3. GC-MS spectrum for ethyl 1-methylimidazole-2-carboxylate.
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Figure B 4. GC-MS spectrum for 1-ethyl-2-methyl-1H-imidazol.
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Figure B 5. GC-MS spectrum for 8-bromo-9-ethyladenine
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Figure B 6. GC-MS spectrum for 1-methyl-1H-imidazole-2-carbaldehyde.
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Figure B 7. GC-MS spectrum for 8-bromo-9-ethyladenine.
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Figure B 8. GC-MS spectrum for 1-methyl-1H-imidazole-2-methanol.
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Figure B 9. GC-MS spectrum for 2-(chloromethyl)-1-methyl-1H-imidazole.
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