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Abstract 

Pyrazolo[3,4-d]pyrimidines display a wide variety of biological activities. This is due to 

their structural resemblance to purines, which prompted the investigation of their 

therapeutic significance. Pyrazolo[3,4-d]pyrimidines like Allopurinol or Ibrutinib are 

examples for the importance of these compounds, since they are used today in the 

treatment of chronic gout (Allopurinol) and lymphomas (Ibrutinib). 

In this master thesis, a series of pyrazolo[3,4-d]pyrimidines was synthesized. The 

targeted compounds were prepared using a synthesis approach that starts with the 

preparation of appropriately functionalized pyrazole precursors. 

The synthesized pyrazolo[3,4-d]pyrimidines are of interest as substrates for two 

different enzymes, xanthine oxidase and nitril reductase queF and will be used to 

explore their substrate scope. 

Xanthine oxidase catalyzes the last two steps of the purine degradation in mammals, 

the oxidation from hypoxanthine to uric acid. Most of the work on xanthine oxidase 

found in literature is focused on its inhibition, because of its importance in the 

treatment in a series of illnesses, e.g. gout.  

The second part of this master thesis was the development of an activity test for a 

specific human milk xanthine oxidase whole cell preparation.  
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Kurzfassung 

Pyrazolo[3,4-d]pyrimidine zeigen eine Vielzahl biologischer Aktivitäten, ausgelöst 

durch ihre strukturelle Ähnlichkeit zu Purinen. Diese Ähnlichkeit führte zur 

Untersuchung ihre therapeutischen Signifikanz. Pyrazolo[3,4-d]pyrimidine wie 

Allopurinol oder Ibrutinib sind Beispiele für die Relevanz dieser Verbindungen da sie 

heute als Medikamente zur Behandlung von Gicht (Allopurinol) und Lymphomen 

(Ibrutinib) eingesetzt werden. 

In dieser Masterarbeit wurde eine Reihe von Pyrazolo[3,4-d]pyrimidinen mittels eines 

Synthesesansatzes hergestellt, der mit der Synthese von korrekt funktionalisierten 

Pyrazolen als Ausgangsstoffe beginnt. 

Die synthetisierten Pyrazolo[3,4-d]pyrimidine sind als Substrate für zwei 

verschiedene Enzyme, Xanthine Oxidase und Nitril Reductase queF, interessant. Die 

Verbindungen wurden zur Erforschung der Substratspektren dieser Enzyme 

eingesetzt. 

Xanthine Oxidase katalysiert die letzten zwei Reaktionsschritte des Purinabbaus in 

Säugetieren, also die Oxidation von Hypoxanthin zu Harnsäure. Der überwiegende 

Teil der Literatur die bisher über Xanthine Oxidase veröffentlicht wurde beschäftigt 

sich mit der Inhibition dieses Enzymes, da die Inhibition von Xanthine Oxidase eine 

Rolle in der Behandlung einer Reihe von Krankheiten, wie zum Beispiel Gicht, spielt.  

Der zweite Teil dieser Masterarbeit beschäftigt sich mit der Entwicklung eines 

Aktivitätstests für eine spezifische Ganzzellen-Präparation menschlicher Xanthine 

Oxidase.  
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1 Aim of this work 

The aim of the first part of this master thesis was the synthesis of a series of 

pyrazolo[3,4-d]pyrimidines. The pyrazolo[3,4-d]pyrimidine nucleus (Figure 1) is an 

important drug-like scaffold that is present in many pharmacologically active 

compounds. This is due to their structural resemblance to purines which prompted 

biological investigations of their therapeutic significance as drugs with the potential to 

modulate purine activity or metabolism.[1]  

 

Figure 1. (I) purine scaffold; (II) pyrazolo[3,4-d]pyrimidine scaffold 

Pyrazolo[3,4-d]pyrimidines are prepared through 2 different pathways, starting either 

from pyrimidine- or from pyrazole precursors. For this thesis, the targeted compounds 

were synthesized using correctly substituted pyrazole precursors, as can be seen in 

Scheme 1.  

 

Scheme 1. Example of a synthesis scheme used in the preparation of the targeted compounds 

 

The synthesized pyrazolo[3,4-d]pyrimidines are possible substrates of xanthine 

oxidase (XO), the enzyme responsible for the last two steps in purine degradation.[2]  

The second part of this thesis was the development of an activity test for a specific 

whole cell preparation of a human xanthine oxidase expressing E. coli strain. It is 

important to note that human milk XO was used in this thesis, because most of the 

work on XO was done with enzymes from other sources (mostly bovine milk).  

Most of the work on XO found in literature is dealing with the inhibitory effect of a 

broad variety of substances. In this work, we wanted to find a reliable activity testing 

system for human XO using HPLC analysis. The prepared pyrazolo[3,4-d]pyrimidines 

will then be tested as possible substrates of XO.  
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Some of the prepared compounds were also used by this working group in the 

investigation of the substrate scope of a novel enzyme, nitrile reductase queF. This 

enzyme is able to reduce a nitrile function to its corresponding primary amine and is 

part of the biosynthetic pathway to queuosine.[3] 
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2 Introduction  

2.1 Pyrazolo[3,4-d]pyrimidines 

Pyrazolo[3,4-d]pyrimidines display a wide range of biological activities. Their 

structural resemblance to purines prompted biological investigations of their 

therapeutic significance. The pyrazolo[3,4-d]pyrimidine nucleus (Figure 2) is an 

important drug-like scaffold that is present in many pharmacologically active 

compounds. The continuing interest in pyrazolo[3,4-d]pyrimidine derivatives as drugs 

with the potential to modulate purine activity or metabolism leads to new approaches 

for the synthesis of these derivatives.[1] This chapter surveys nomenclature, synthesis 

and bioactivity of pyrazolo[3,4-d]pyrimidines. 

 

Figure 2. 1H-pyrazolo[3,4-d]pyrimidine 

2.1.1 Nomenclature of pyrazolopyrimidines 

The parent structure of the condensed ring system is the pyrimidine ring (III). The 

numbering according to IUPAC nomenclature can be seen in Figure 3.  

 

Figure 3. Numbering of the pyrazolopyrimidine system and its main compounds 

Italic letters are assigned to the bonds alphabetically (IV) to determine the bond 

connecting the pyrimidine ring to the smaller pyrazole moiety. The bond of the 

pyrazole ring (V) that is connected to the pyrimidine ring is determined by the numbers 

assigned to the bridge atoms in the uncondensed pyrazole. These numbers and 

letters are written in brackets prior to the parent compounds name.[4] Therefore the 

condensed system (VI) that can be seen in Figure 3 is named 1H-pyrazolo[3,4-

d]pyrimidine. It is then numbered starting from the pyrazole moiety. 
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2.1.2 Synthesis of pyrazolo[3,4-d]pyrimidines 

Beginning with the work of Robins[5] in the 1950s, researchers have dedicated much 

effort to investigating new approaches for the synthesis of pyrazolo[3,4-d]pyrimidine 

derivatives. There are two main strategies found in literature to build up the 

pyrazolo[3,4-d]pyrimidine scaffold, the first starting from the pyrazole moiety and the 

second starting from the pyrimidine moiety. Variations of these two routes to the 

condensed system are described hereafter. 

2.1.2.1 Syntheses using pyrazole precursors 

Robins synthesized differently substituted pyrazolo[3,4-d]pyrimidines starting from 

ethoxymethylene malononitrile. Reaction with hydrazine monohydrate and 

subsequently sulfuric acid produced pyrazole precursors which were used in 

condensation reactions with urea, formamide and thiourea to form 1,2-unsubstituted 

pyrazolo[3,4-d]pyrimidines. Substituents in positions 4 and 6 were altered using e.g. 

chlorination with phosphorus oxychloride followed by hydration or selective 

replacement reactions with different amines to get to another batch of 1,2-

unsubstituted pyrazolo[3,4-d]pyrimidines.[5] 

 

Scheme 2. Robins path to 1,2-unsubstituted pyrazolo[3,4-d]pyrimidines; (i) NH2NH2, EtOH, 
reflux; (ii) HCONH2, reflux; (iii) NH2CONH2, 180-200°C; (iv)NH2CSNH2, 180°C 
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2.1.2.1.1 Synthesis of the pyrimidine ring 

Some approaches to the formation of the two ring system are quite similar to this first 

approach by Robins. There are basically three different substituents in position 4 used 

to build up the pyrimidine ring, which can be seen in Figure 4.  

 

Figure 4. Different substituents used to build up the pyrimidine moiety  

Use of pyrazole (A) leads to the formation of an amino substituent in position 4 of the 

condensed system whereas the amide (B) and carboxylate (C) lead to a keto or 

hydroxy group.  

A variety of different methods for the formation of the pyrimidine moiety is found in the 

literature. Substituents in position 6 of the condensed system depend on the used 

reactants and method in the condensation reaction. The reaction with formamide e.g. 

leads to the formation of 6-unsubstituted pyrazolopyrimidines whereas the reactions 

with urea, thiourea or guanidine carbonate lead to the corresponding hydroxyl, 

mercapto and amino derivatives.[5][6][7]  

Another approach can be seen in Scheme 3.  

 

Scheme 3. Synthesis of 6-phenylamino-substituted pyrazolo[3,4-d]pyrimidines; (i) PPh3, Br2, 
TEA, 0-25°C; (ii) phenyl isocyanate, THF, 25°C; (iii) NH3, THF, r.t. ; (iv) MeOH, reflux 
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In situ generated dibromotriphenylphosphorane is reacted with pyrazoles of variants 

A or C to build up iminophosphoranes which undergo aza-Wittig reaction with phenyl 

isocyanate to produce carbodiimides. Treatment with ammonia and subsequent 

heating in methanol or ethanol gives, via the guanidine intermediates, the targeted 6-

phenylamino-substituted pyrazolo[3,4-d]pyrimidines.[8] 

This reaction with phenyl isocyanate is an example for the use of isocyanates or 

isothiocyanates in the synthesis of the pyrimidine ring. Chlorosulfonyl isocyanate and 

benzoyl isocyanate can also be used to synthesize differently substituted 

pyrazolo[3,4-d]pyrimidines.[9][10] Variant C pyrazole precursors are primarily used in 

this reaction strategy, whereas there are several other reaction strategies for variants 

A and B. 

 

 

Scheme 4. Synthesis of 4-amino-3-cyanomethylpyrazolo[3,4-d]pyrimidines;  (i) (EtO)3CH, Ac2O, 
140°C; (ii) NH3/EtOH, rT 

Scheme 4 shows a synthesis using the reaction of pyrazole precursors of variant A 

with ethyl orthoformate and subsequent reaction with ethanolic ammonia to build up 

3-cyano and 3-cyanomethylpyrazolo[3,4-d]pyrimidines unsubstituted in position 

6.[11][12] 

A similar approach by Bulychev et al. use dimethylformamide dimethylacetal to build 

a 5-dimethylaminomethyleneamino pyrazole which is boiled in ammonium hydroxide 

20% to build the pyrimidine ring (Scheme 5).[13] 

 

Scheme 5. Bulychevs approach to 3-cyano-4-amiopyrazolo[3,4-d]pyrimidines; (i) 
dimethylformamide diethylacetal, MeOH abs., reflux temperature; (ii) NH4OH 20%, reflux  
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Scheme 6. Syntheses starting from pyrazole variant A; (i) reflux; (ii) H2O2, KOH, 75°C; (iii) 
NH3/MeOH, 200°C; (iv) CH3COONa, 200°C 

Acylation of 5-amino-4-cyanopyrazoles (A) with organic acid anhydrides results in the 

formation of 5-acylamino-4-cyanopyrazoles. Subsequent treatment with H2O2 in 

alkaline solution gives 6-alkyl-4-hydroxypyrazolo[3,4-d]pyrimidines (Scheme 6).[14] 

With slightly altered reaction conditions and using TFAA as anhydride, this method 

can be used to build 6-trifluoromethyl-substituted pyrazolo[3,4-d]pyrimidines.[15] 

Another series of different pyrazolo[3,4-d]pyrimidines can be synthesized by reaction 

of variant A pyrazoles with different nitriles in methanolic ammonia at 200°C in a 

hydrogenation bomb (Scheme 6).[16] This method was altered by Oliveira-Campos 

and colleagues in 2008. They used microwave assisted organic synthesis (MAOS) 

and potassium tert-butoxide to introduce different substituents in position 6, including 

several heterocyclic rings like thiophen or furan.[17] 

Reaction with substituted benzamidine hydrochlorides and sodium acetate at 200°C 

can be used to synthesize 6-aryl-substituted derivatives (Scheme 6).[18] 

Syntheses of pyrazolo[3,4-d]pyrimidines using variant B precursors include the use of 

ethoxymethylene malononitrile to build up 1-substituted 4-hydroxypyrazolo[3,4-

d]pyrimidines[19], the reaction with different esters and sodium ethoxide to yield 1,6-

alkyl/aryl disubstituted pyrazolo[3,4-d]pyrimidines[20] and the condensation with 

aromatic aldehydes to arylidenamino pyrazoles with subsequent acidic cyclization 

(HCl, p-TSA).[21] These three strategies are depicted in Scheme 7. 
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Scheme 7. Syntheses starting from pyrazole variant B; (i) AcOH, r.t.  ; (ii) HCl or p-TSA, MeOH, 
reflux; (iii) DMF, reflux; (iv) C2H5ONa, EtOH, reflux 

 

2.1.2.1.2 Introduction of substituents in position 1 and 3 of pyrazolo[3,4-d]pyrimidines 

Substituents in positions 1 and 3 of the pyrazolo[3,4-d]pyrimidine scaffold are in most 

cases introduced during the synthesis of the pyrazole precursors. Substituents in 

position 3 are generated through the synthesis of correctly substituted reactants. 

These reactants are α,β-unsaturated nitriles, ketones, esters and acids.  

Substituents in position 1 are introduced by the use of monosubstituted hydrazine 

derivatives in the ring closure reaction with the above mentioned α,β-unsaturated 

compounds. Table 1 shows different starting materials and the corresponding 

pyrazole precursors generated in the reaction with hydrazine derivatives. 
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Table 1. Overview of reactants and corresponding pyrazole precursors 

reactant synthesized precursor substituents 
reference 
number 

  

R = H, CH3, C6H5, 4Cl-C6H4  [5], [22] 

 
 

R = H, C6H5 [23] 

  

- [22] 

 
 

X = CN, CONH2 
R = H, C6H5, 4Cl-C6H4,  

4NO2-C6H4 

[6] 

 
 

X = CN, CONH2 
R = H, C6H5, 4Cl-C6H4,  

4NO2-C6H4 
Ar = C6H5, 4Cl-C6H4  

4CH3O-C6H4 

[6] 

 
 

R = H, CH3, C6H5, CH3CO, C6H5CO, 
C6H5NHCO, NH2CO  

and others 

[12] 

 
 

X = 4-morpholino, SCH3 
R = C6H5, 4CH3O-C6H4,  

3,4-(CH3O)2-C6H3, 4Cl-C6H4, CH2C6H5  
and others 

R1 = H, C6H5 

[24] 

 
 

ref 1:  
R = CH3, C6H5, 4Cl-C6H4, 4CH3-C6H4, 

4CH3O-C6H4 and others 
R1 = CH3, (CH2)2OH, Aryls 

ref 2:  
R = 4Cl-C6H4-CH2, 4Cl-C6H4, 2,4diCl2-

C6H3, 3,4diCl2-C6H3 

R1 = H, CH3 

[7], [25] 

 
 

X = CN, CONH2 
R = H, C6H5, 4Cl-C6H4, 4NO2-C6H4 

[26] 

  

- [27] 
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2.1.2.2 Synthesis using pyrimidine precursors 

Syntheses starting from the pyrimidine ring are less frequently seen in literature than 

syntheses starting from the pyrazole moiety. Again, as in the syntheses for the 

pyrazole precursors, hydrazine derivatives are used to build up the pyrazole ring. 

Reaction of these hydrazine derivatives with pyrimidine precursors possessing an 

aldehyde or cyano functionality[28] at position 5 and a chloro function either in position 

4 or 6 yield the desired pyrazolo[3,4-d]pyrimidine scaffold. E.g. reaction of 2-Amino-

4,6-dichloro-pyrimidine-5-carbaldehyde with hydrazine hydrate yields 6-amino-4-

chloro-1H-pyrazolo[3,4-d]pyrimidine.[29]  

Aminations of the same precursor with equimolar amounts of different amines yield 

N4-substituted precursors. These precursors are cyclized under microwave irradiation 

in solvent free conditions.[30] 

Scheme 8 shows an approach by Slavish et al. who synthesized a library of different 

pyrazolo[3,4-d]pyrimidines starting from 2,4,6-trichloropyrimidine-5-carbaldehyde.[31] 

 

Scheme 8. Slavishs approach using a pyrimidine precursor; (i) RNH2, KHCO3, TBAI, DCM or 
THF/H2O, r.t. ; (ii) R1NH2, KHCO3, TBAI, DCM/H2O, r.t. ; (iii) R2NHNH2, THF, reflux 

Tetrabutylammonium iodide is used as phase transfer catalyst under basic conditions 

to react the carbaldehyde precursor with different anilines. The intermediates are 

subsequently cyclized with hydrazine derivatives. 

Another recent approach leading to 1-aryl pyrazolo[3,4-d]pyrimidines used 4,6-

dichloropyrimidine-5-carbaldehyde and aromatic hydrazines to form hydrazones 

which were subsequently cyclized using MAOS in acetonitrile at 200°C.[32]  
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2.1.3 Bioactivity of pyrazolo[3,4-d]pyrimidines 

As mentioned above, pyrazolo[3,4-d]pyrimidines display a wide range of biological 

activities. A complete review of these activities would go beyond the scope of this 

thesis. Therefore, a few examples were chosen to show the wide variety of activities 

and the importance of these compounds. 

2.1.3.1 Xanthine oxidase inhibition 

A well-known example of a biologically active pyrazolo[3,4-d]pyrimidine is Allopurinol 

(Zykloprim), depicted in Figure 5. Gertrude Ellion and George H. Hitchings worked on 

its inhibitory effect on xanthine oxidase (XO). XO is the enzyme responsible for the 

oxidation of hypoxanthine and xanthine to uric acid. Therefore, Allopurinol is used 

primarily to treat hyperuricemia (excess uric acid in blood plasma) and chronic gout. 

Its metabolite Oxypurinol (Figure 5) also is a potent XO inhibitor that binds tightly to 

the reduced form of XO, thereby inactivating it. Oxypurinol has a longer half life in the 

blood plasma (18-30 hours) than Allopurinol (90-120 minutes), but is not absorbed 

completely orally, which is why Allopurinol is used as prodrug for Oxypurinol.[33] 

 

Figure 5. (VII) Allopurinol; (VIII) Oxypurinol 

Gertrude Ellion and George H. Hitchings were rewarded the 1988 Nobel Prize for 

Physiology or Medicine together with James Black for their “discoveries of important 

principles for drug treatment”. Gupta et al. synthesized a series of other potent 

pyrazolo[3,4-d]pyrimidine XO inhibitors. The strongest effects on XO activity were 

observed for compounds possessing a glycine methyl ester-, cyano- , nitro- or 

trifluoromethyl- group bound to an aryl group in position 1 of the pyrazole moiety, 

exhibiting IC50 values near or below 2 µM (Allopurinol: IC50 24,4 µM).[34] 
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Figure 6. Structure of XO-inhibitors synthesized by Gupta et al. 
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2.1.3.2 Antitumor activity 

The antitumor effect of pyrazolo[3,4-d]pyrimidines is primarily dependent on tyrosine 

or serine/threonine kinase inhibition. In 2014, the pharmaceutical industry spent 

approximately half of their budget for development on kinases and their inhibitors. An 

example of a kinase inhibitor containing the pyrazolo[3,4-d]pyrimidine scaffold 

approved by the FDA for the treatment of lymphomas is Ibrutinib (Figure 7).[1] It acts 

as an inhibitor for bruton tyrosin kinase which is part of the B-cell antigen receptor 

signaling pathway connected to B-cell malignancies.[35] 

A series of other enzymes connected to various types of cancer is inhibited by a 

variety of differently substituted pyrazolo[3,4-d]pyrimidines. Figure 7 shows some 

examples of these active compounds and lists their associated inhibited enzyme type.  

 

Figure 7. Pyrazolo[3,4-d]pyrimidines inhibiting various types of enzymes; (IX) Ibrutinib; Btk[35] 
  (X) 1NM-PP1; SFKs[36] (XI) -; B-Raf[37] (XII) WYE-132; mTOR[38] (XIII) XL418; p70S6K[39] 
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2.1.3.3 Other biological activities 

In addition to their use in cancer and hyperuricemia treatments pyrazolo[3,4-

d]pyrimidines are also investigated as compounds for pain treatment. Diaz et al. 

synthesized compounds with acylamino- or cyclic substituents like a pyrazole moiety 

in position 4 of the pyrazolo[3,4-d]pyrimidine scaffold. These compounds displayed 

potent antinociceptive properties indicating that they act as antagonists to the 1-

receptor system which is linked to pro-nociception and is located in areas of the body 

responsible for pain control.[40][41] 

Pyrazolo[3,4-d]pyrimidines also display a variety of antimicrobial activities. Beyzaei et 

al. showed the inhibitory effects of 4-imino-5H-pyrazolo[3,4-d]pyrimidin-5-amines 

against gram-positive and gram-negative bacteria[42] and Ibrahim et al. reported 

antibacterial and antifungal effects of 1-phenyl-1H-pyrazolo[3,4-d]pyrimidine 

derivatives.[43] 

These examples show the importance of the pyrazolo[3,4-d]pyrimidine scaffold in 

present day research and in the treatment of various diseases. 
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2.2 Xanthine Oxidase 

Xanthine oxidase (XO, EC 1.17.3.2) is a molybdenum containing hydroxylase that 

catalyzes the last steps of the purine degradation. In mammals, it is one of two 

interconvertible forms of the enzyme xanthine oxidoreductase, the second one being 

xanthine dehydrogenase (XDH, EC 1.17.1.4). Xanthine oxidoreductases have been 

shown to catalyze the hydroxylation of purines, pyrimidines, pterins and aldehydes. [2] 

The last two steps in the purine catabolism, the oxidation of hypoxanthine to xanthine 

and of xanthine to uric acid, are depicted in Scheme 9. 

 

Scheme 9. The last two steps of the purine catabolism; Oxidation of hypoxanthine to uric acid 

Molybdenum hydroxylases were first discovered over a century ago in bovine milk by 

Schardinger. In 1902, he showed the discoloration of methylene blue by fresh milk 

when formaldehyde was added, although he did not identify a molybdenum containing 

enzyme as cause of this reaction. Mostly pure samples of XO were obtained by Ball 

and by Corran et al. in 1939. The enzyme has been studied intensively since then.[44] 

Molybdenum hydroxylases like XO are widely distributed throughout nature. They 

have been isolated from a broad variety of organisms including bacteria, plants, birds 

and a wide variety of mammals like rats, cats, dogs, pigs and cows.[45] The most 

popular source of XO used for scientific work is by far bovine milk.[46] 
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2.2.1 Structure of xanthine oxidase 

XOs from eukaryotes are large homodimers with a mass of about 290 kDa. Each of 

the monomers contains 4 redox active sites: a molybdenum containing active site, 2 

[2Fe-2S]-clusters and FAD.[47] FAD is the prototypical cofactor of molybdenum 

hydroxylases.[48] Figure 8 shows a 3D image of human milk xanthine oxidase taken 

from the protein data base (PDB).[49] 

 

Figure 8. 3D image of human milk xanthine oxidase[49] 

The overall dimensions of the dimeric enzyme are 155 Å x 90 Å x 70 Å. The two 

monomers form a butterfly like shape. Each of the monomer subunits can be divided 

into three different domains. Starting from the N-terminal end, the first domain 

contains the [2Fe-2S] clusters, the second domain the FAD cofactor and the larger 

third domain the molybdopterin-cofactor. It is sequestered in a way that puts the 

molybdopterin unit near the interfaces of the FAD and [2Fe-2S] domains.[50] 

According to Hille[51], the molybdenum ion in the active site is bound to 5 ligands: two 

sulfur atoms that link it to the pyranopterin cofactor, a double-bonded sulfur atom, a 

double bonded oxygen atom and a single bonded hydroxo-ligand. The structures of 

this molybdenum cluster and the pyranopterin cofactor can be seen in Figure 9. 
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Figure 9. Structures of the molybdenum cluster in the XO active site (XIV) and the pyranopterin 
cofactor (XV) 

There are two possible orientations for the natural substrate to enter the active site, 

one were the C-8 atom is positioned in the direction of the molybdenum cluster and 

the other were the C-2 atom is hydroxylated.[47] 

Figure 10 shows a stereoview on the active site of xanthine oxidoreductase with 

bound hypoxanthine. Hypoxanthine (labelled HX) is positioned in the second way 

described earlier.[48] 

 

Figure 10. Stereoview on the active site of xanthine oxidoreductase with bound hypoxanthine[48] 

As mentioned above, the two forms of the enzyme, XO and XDH, are interconvertible. 

The enzyme is synthesized in the XDH form and can be readily converted into the XO 

form. This can be done either irreversibly by proteolysis or reversibly by oxidation that 

leads to the formation of disulfide bridges. The main difference between the XDH and 

XO form is a changed reactivity of FAD towards the final electron acceptor. XO reacts 

rapidly with molecular oxygen, but slowly with NAD. For XDH, it’s the opposite.[46] 
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2.2.2 Reaction mechanism of xanthine oxidase 

The enzyme number of xanthine oxidase is EC 1.17.3.2. This means it is an 

oxidoreductase acting on CH or CH2 groups. The reaction mechanism is different from 

the oxidation mechanism of monooxygenases, which also catalyze hydroxylation 

reactions. Scheme 10 depicts the general reaction scheme of molybdenum 

hydroxylases. 

 

Scheme 10. General reaction scheme of molybdenum hydroxylases 

Molybdenum hydroxylases use water as the source of the hydroxyl group that is 

incorporated into the substrate.[48] 

 

Scheme 11. Reaction mechanism of xanthine oxidase[47] 
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Scheme 11 depicts the reaction mechanism of the oxidation of xanthine to uric acid 

by XO as published by Cao, Puff and Hille. The catalytic cycle is started by a base 

assisted nucleophilic attack. E 1261 (Glu1261 in the active site model above) 

abstracts a proton from the hydroxo-ligand which attacks the C-atom of the substrate. 

Hydride transfer to the Mo=S ligand results in the reduction of the molybdenum center 

from Mo(VI) to Mo(IV). The molybdenum center is then re-oxidized by electron 

transfer to the other redox active centers of the enzyme. The Mo-SH ligand is 

deprotonated and the bound product is released and displaced with hydroxide from 

the solvent to recreate the Mo-OH ligand.[47] 

2.2.3 Substrate scope and Inhibition of xanthine oxidase 

A lot of work on the inhibition of XO is found in literature. Considerably less work has 

been done on the substrate scope of XO. This chapter discusses both aspects and 

gives examples of substrates and inhibitors of XO. 

 

2.2.3.1 Substrate scope of xanthine oxidase 

Krenitsky et al.[52] tried to oxidize a variety of N-heterocyclic compounds using bovine 

milk XO. To enable comparison, all reaction rates of the compounds were expressed 

relative to the conversion of unsubstituted purine, which was set to be 100. The 

condensed heterocyclic core structures that showed XO activity are displayed in 

Figure 11, in order of decreasing reaction rates. The compounds with one oxo-

substituent are included as well as the natural substrate xanthine. 



22 

 

Figure 11. Condensed heterocyclic substrates of XO with their corresponding reaction rates; 
(XVI) 4-oxopyrido[3,2-d]pyrimidine; (XVII) xanthine; (XVIII) hypoxanthine; (I) purine; (XIX) 4-

oxopteridine (VII) Allopurinol; (XX) 4-oxopyrido[2,3-d]pyrimidine; (XXI) pteridine; 
(XXII) 7-oxotriazolo[4,5-d]pyrimidine; (II) pyrazolo[3,4-d]pyrimidine; (XXIII) quinazoline; 

(XXIV) triazolo[4,5-d]pyrimidine 

As can be seen in Figure 11, compounds with at least one oxo-substituent are 

converted faster than their unsubstituted analogs. Nearly all of the tested 

unsubstituted condensed pyrimidines showed XO activity. Quinoline and pyrrolo[2,3-

d]pyrimidine were the only two unsubstituted cores that showed reaction rates lower 

than 3 in the work of Krenitsky. The pyrazolo[3,4-d]pyrimidines (VII) and (II) were 

found to be XO substrates and they showed that oxidation of the pyrazolo[3,4-

d]pyrimidine scaffold in position 4 occurs prior to oxidation in position 6. 

Rosemeyer and Seela[53] investigated the effects of methylation in different positions 

of some pyrrolo[2,3-d]pyrimidines. They found that the purine N-7 is essential for 

oxidation in C-8 position. The methylation of a nitrogen in the pyrimidine moiety lowers 

the affinity of the substrate for XO or prevents the oxidation completely. This effect is 

stronger on the N-3 of the pyrrolopyrimidines than on the N-1. Furthermore, they 

showed that methylation on the pyrrole moiety did not have an influence on the 

oxidation reaction. 

Another aspect of the work that was done on XO is pro-drug activation. Krenitsky et al. 

demonstrated the conversion of 6-deoxyacyclovir to acyclovir, a clinically used 

antiherpetic agent, by XO oxidation.[54] Shanmuganathan et al. reported enhanced 
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brain delivery of 2’-F-ara-ddI, an anti-HIV nucleoside, through oxidation of 2’-F-ara-

ddP by XO.[55] Reigan et al. did work on the activation of thymidine phosphorylase 

inhibitors. Thymidine phosphorylase (TP) is highly expressed in many types of tumors, 

which makes it an interesting target for inhibition. They successfully oxidized three 

different types of prodrugs to form the known TP inhibitors 6A5BU, 7-DX and TPI.[56] 

These examples of prodrug activation are depicted in Figure 12. 

 

Figure 12. Examples of prodrug activation using XO 

Reigan et al. also used the same ring systems oxidized in either position 2 or 6 of the 

pyrimidine ring. They also reported oxidation of the unsubstituted pyrrolo[2,3-

d]pyrimidine, a conversion not found by Krenitsky et al.[52], as mentioned earlier. 

However, they reported that it was converted at a slower rate than the oxidized 

analogs. It is possible that conversion occurred also in the work of Krenitsky, but at a 

rate that was not detected. 

 



24 

Lee and Han reported the oxidation of a series of imidazo[4,5-g]quinazolines.[57] This 

shows that XO is able to oxidize compounds larger than its natural substrate xanthine. 

 

2.2.3.2 Inhibition of xanthine oxidase 

A lot of work on the development of XO-Inhibitors is found in the literature. Since the 

discovery of Allopurinol, a lot of new, more potent inhibitors of XO have been tested. 

This is not only due to the role of XO Inhibition in the treatment of gout, that was 

discussed earlier in the section on pyrazolo[3,4-d]pyrimidines. XO also plays a role in 

a lot of other diseases. High levels of uric acid play an important role in vascular 

diseases like hypertension, hypercholesterolemia, atherosclerosis and diabetes. 

Furthermore, XO generates superoxide, which is why its inhibition is beneficial in most 

pathophysiological states due to the reduction of oxidative stress. Therefore, XO 

inhibition can be beneficial in the treatment of a lot of other diseases including chronic 

heart failure, circulatory shock and ischemia-reperfusion (in liver, kidney, lung and 

other organs).[58] A complete review of XO-Inhibitors would go beyond the scope of 

this thesis. Therefore, Figure 13 gives examples of XO-Inhibitors found in the 

literature. 
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Figure 13. (VII) Allopurinol; (XXV) cinnamaldehyde; (XXVI) norathyriol; (XXVII) Apigenin; 
(XXVIII) Febuxostat; (XXIX) 4-hydroxy-3-(4-(trifluoromethyl)phenyl)-1H-pyrazole-5-carboxylic 

acid 

These examples show the diversity of structures that have been found to effectively 

inhibit XO. Compounds (XXV), (XXVI) and (XXVII) from Figure 13 are natural 

compounds. Cinnamaldehyde (XXV) was extracted from the essential oil from the 

leaves of Cinnamomum osmophloeum[59], norathyriol (XXVI) originates from a species 

of fern called Athyrium mesosorum[60] and Apigenin (XXVII) is a common flavonoid 

from plants.[61] Norathriol and Apigenin even surpass Allopurinol when their IC50 

values are compared. (0.92 µM and 1 µM compared to 5.9 µM of Allopurinol).[62]  

As for examples of synthetic compounds, Febuxostat (XXVIII) is an interesting one. It 

was as effective or even surpassed Allopurinol in clinical studies on the treatment of 

chronic gout and it can be used for the treatment of patients with Allopurinol 

hypersensitivity.[63] Another example of a non-purine synthetic XO inhibitor is 

compound (XXIX) 4-hydroxy-3-(4-(trifluoromethyl)phenyl)-1H-pyrazole-5-carboxylic 

acid. It was assessed alongside other differently substituted pyrazole compounds by 

Eli Lilly and Company and was chosen as example because of the pyrazole moiety 

present in the compounds synthesized in this work.[64] 
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3 Results and Discussion 

3.1 Synthesis of the targeted pyrazolo[3,4-d]pyrimidines 

The pyrazolo[3,4-d]pyrimidines depicted in Figure 14 were identified as interesting 

targets not only for testing of oxidation by XO, but also as useful for other work 

conducted in this working group.  

 

Figure 14. Targeted pyrazolo[3,4-d]pyrimidines 

4-amino-3-cyano-1H-pyrazolo[3,4-d]pyrimidine (1) and 3-cyano-4-oxo-1H-

pyrazolo[3,4-d]pyrimidine (2) were used to investigate the substrate scope of a novel 

enzyme, nitrile reductase queF. This enzyme is able to reduce a nitrile function to its 

corresponding primary amine and is part of the biosynthetic pathway to queuosine.[3] 

As described earlier, there are two main strategies for the synthesis of pyrazolo[3,4-

d]pyrimidines. The first one starting from pyrazole precursors, the second one starting 

from pyrimidine precursors. Functionalization of the smaller ring of the condensed ring 

system proofed to be challenging in earlier work of this working group on 

pyrrolopyrimidines. Therefore it was decided to synthesize the appropriately 

substituted pyrazole precursors which would yield the desired substituents at the 

desired positions of the pyrazolo[3,4-d]pyrimidines. Scheme 12 depicts the proposed 

synthesis route to pyrazolo[3,4-d]pyrimidines (1) and (2). 

 

Scheme 12. Proposed synthesis route to pyrazolo[3,4-d]pyrimidines (1) and (2) 

Following a synthesis protocol published by Dickinson et al.(Scheme 13)[65], 

semicarbazide-hydrochloride was dissolved in a mixture of EtOH and triethylamine 

and reacted with tetracyanoethylene at 0 °C to yield 5-amino-1-carboxamido-3,4-

dicyanopyrazole (8). The precipitated product was filtered from the reaction solution 



27 

and washed with EtOH. It was subsequently added to boiling H2O dest. to give 5-

amino-3,4-dicyanopyrazole (7) as dark red, needle like crystals that lost some of their 

color after recrystallization from water.  

 

Scheme 13. Synthesis of pyrazole precursor (7); (i) semicarbazide hydrochloride, EtOH, 
triethylamine, 0 °C; (ii) boiling H2O dest. 

The attempt to perform this two reaction steps in a one pot procedure using only H2O 

dest. as solvent was not successful because the removal of triethylamine during the 

purification made the overall procedure more complicated and resulted in a lower 

overall yield. Replacement of triethylamine with Na2CO3 as base did not yield the 

desired product. 

The condensation step yielding the pyrazolo[3,4-d]pyrimidine system proved to be the 

difficult part of the synthesis. Several different approaches are found in the literature 

and were found not to yield the desired ring system. The first approach tried was a 

condensation published by Taylor and Abul-Husn in 1965[12], depicted in Scheme 14. 

 

Scheme 14. Synthesis approach to (1) published by Taylor and Abul-Husn; (i) triethyl 
orthoformate, reflux, inert atmosphere (N2), 7 h; (ii) EtOH, ethanolic ammonia (saturated at 0 °C), 

r.t., 24 h 

The pyrazole precursor (7) was reacted with triethyl orthoformate under inert 

atmosphere at reflux temperature for 7 h to yield the ethoxymethyleneamino derivative 

(9). After removal of excess triethyl orthoformate under reduced pressure, (9) was 

dissolved in 2 M ethanolic ammonia and stirred at room temperature for 24 h. The 

reaction did not yield the desired ring system. Therefore, 7 N methanolic ammonia 

from a newly opened bottle was used in a second attempt to rule out a too low 

concentration of ammonia in the reaction mixture. In addition, the whole reaction was 

performed in inert atmosphere and EtOH abs. was used to rule out the interference 
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of moisture as cause of reaction failure. All this measures were unsuccessful and the 

approach by Taylor and Abul-Husn was dismissed. 

Tolman, Robins and Townsend[66] published a synthesis of a pyrrolo[2,3-d]pyrimidine 

starting from a pyrrol precursor similar to the pyrazole precursor (7). They used 

formamidine acetate in ethoxy ethanol at 140 °C to condense their precursor to the 

desired two ring system. Scheme 15 depicts their approach. 

 

Scheme 15. Pyrrolopyrimidine synthesis by Tolman et al.; (i) ethoxy ethanol, reflux, 36 h 

Since the precursor and the product only miss one nitrogen atom in a position not 

involved with the formation of the pyrimidine ring and the bromine substituent is not 

involved in the reaction, this reaction was the next approach tried to obtain 

pyrazolopyrimidine (1). 

Precursor (7) was reacted with formamidine acetate in 2-ethoxy ethanol at reflux 

temperature for 54 h, since TLC analysis showed that the reaction was not completed 

after 36 h. Even after 54 h, the precursor had not reacted quantitatively, so the 

reaction was stopped to see if the desired product had formed at all. The solvent was 

removed under reduced pressure to yield a brown slurry. A procedure found in 

literature[13] for the purification of the final product of the reaction uses 50 % aq. 

ethanol for recrystallization. Since the reaction product did not dissolve in the aq. 

ethanol even when heated to 100 °C, the hot solution was filtered and HPLC analysis 

(Method 1) of the filtrate was performed. The chromatogram showed a peak with the 

m/z ratio of 161, the m/z ratio of the desired product. Therefore, the solvent was 

evaporated and NMR analysis of the residue was performed. NMR results did not 

support the claim that product was formed. If the product was formed it was in a too 

low concentration to give the desired peaks in NMR analysis. The reaction was 

repeated with more material to see if product could be isolated, but the results were 

the same as in the first attempt.
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The next approach was to follow a synthesis protocol published by Robins et al.[5] that 

uses a precursor missing the cyano substituent in position 3 of the pyrazole precursor. 

The synthesis is depicted in Scheme 2 in the section on synthesis of pyrazolo[3,4-

d]pyrimidines.  

Formamide was mixed with CaO and stirred at 100 °C for 20 min before being distilled 

using reduced pressure. After distillation, the dry formamide was stored over a Union 

carbide type 3 Å molecular sieve. It was then added to pyrazole precursor (7) under 

inert N2 atmosphere and heated to 180 °C. After a reaction time of 7.5 h, the reaction 

solution was cooled to 0 °C with an ice bath and H2O dest. was added to the reaction. 

An orange precipitate formed and was separated from the solution by filtration. The 

crude product was insoluble in DMSO-d6. The insoluble part was removed by 

centrifugation and the supernatant was subjected to NMR analysis. The NMR 

spectrum showed a lot of impurities. Therefore, the crude product was dissolved in a 

basic solution and re-precipitated by neutralization with acetic acid. Additionally, an 

activated charcoal filtration was performed. HPLC analysis (Method 2) of the product 

showed the formation of two compounds with m/z ratios of 179 and 361, but no 

formation of the desired product. The m/z ratio of 179 corresponding to a molecular 

weight of 178 g/mol lead to the assumption that an amide substituent in position 3 of 

the pyrazolo[3,4-d]pyrimidine system had formed.  

Cataldo et al.[67] published that formamide can decompose at 185 °C to release 

ammonia. Ammonia could react with the cyano moiety to form an amidine, which upon 

hydrolysis at high temperature possibly formed the amide. The reaction was repeated 

at a temperature of 200 °C to see if that would lead to a different outcome. This 

resulted in an increase in the formation of the compound suspected to be the amide 

substituted ring system. The same reaction at 200 °C for 24 h resulted in a further 

shift towards the suspected amide. Treatment of the first reaction with NH3 aq. for 3 h 

at 120 °C resulted in the decrease of the second byproduct and the increase of the 

suspected amide, which reinforced the assumption that the formation of ammonia 

caused this compound to form. Figure 15 shows HPLC chromatograms of the first 

reaction (A), the first reaction after treatment with NH3 aq. for 3 h at 120 °C (B) and 

after 8 h at 120 °C (C). 
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Figure 15. HPLC chromatograms of the treatment of the condensation reaction using 
formamide with NH3 aq., HPLC method 2 

Two different methods to turn the amide into the desired cyano substituent were tried 

to see if the hypothesized amide formation did take place. Reactions with Ac2O and 

POCl3 did not yield pyrazolopyrimidine (1). Therefore, the reaction with formamide 

was dismissed.  

  

A

A 

B

A 

C

A 

m/z ratio 361 

m/z ratio 179 
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Another attempt to synthesize pyrazolopyrimidine (1) involved the exchange of a 

sulfone moiety in position 3 with the desired cyano substituent. Exchanges like this 

have been demonstrated on N-heterocycles e.g. by Martinez et al.[68] and Rankovic et 

al.[69]. Takahashi et al. used a sulfone-cyano exchange on a pyrazolo[1,5-

a]pyridine.[70] Scheme 16 depicts the proposed synthesis route.  

 

Scheme 16. Proposed synthesis route to pyrazolopyrimidine (1) starting from 2-
[Bis(methylthio)methylene]malononitrile 

Starting from 2-[Bis(methylthio)methylene]malononitrile (10), the pyrazole precursor 

(11) was synthesized following a synthesis protocol published by Tominaga et al.[6] 

(10) was reacted with Hydrazine-monohydrate in MeOH at reflux temperature for 2 h. 

The solvent was removed by evaporation and the product was recrystallized from 

MeOH to yield (11). Following the same protocol, the pyrazole precursor was reacted 

with formamide at reflux temperature under inert conditions. The precipitate formed 

after cooling with an ice bath was filtered from the reaction mixture and recrystallized 

from a MeOH/toluene mixture. The precipitate did not dissolve completely in hot 

MeOH. Therefore, the insoluble residue was separated from the solution by filtration 

through Celite. Addition of toluene to the filtrate and cooling yielded 

pyrazolopyrimidine (12) as an orange precipitate. Scheme 17 depicts the first two 

steps of this synthesis. 
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Scheme 17. Synthesis of 4-amino-3-methylthiopyrazolo[3,4-d]pyrimidine; (i) MeOH, reflux 
temperature, 2 h; (ii) reflux temperature, 12 h 

A screening of oxidation reactions was conducted to find the best method for the 

oxidation of the methylthio-moiety. 50 mg of (12) were used in each oxidation. 6 

different methods were tried, all oxidations were stirred at room temperature. Table 2 

gives an overview of the used methods.  

Table 2. overview oxidation screening 

variant oxidizing agent reaction solvent 

A KMnO4 CH3COOH glacial 

B KMnO4/MnO2 DMSO 

C H2O2 CH3COOH 

D H2O2 H2O dest./isopropyl alcohol 
1:1 

E NaIO4 acetone 

F Oxon/Al2O3 MeOH 

 

All variants did oxidize the methylthio moiety. However, only variant (A) did yield the 

sulfone quantitatively. All other methods yielded a mixture of sulfoxide and sulfone 

with the majority of the product being the sulfoxide. Therefore, method (A) was used 

for the oxidation of the methylthiopyrazolopyrimidine (12). Figure 16 shows the HPLC 

chromatogram after the reaction for methods A and C as an example of the variants 

not leading to the sulfone in the applied reaction time. 
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Figure 16. HPLC chromatogram after the oxidation screening, variants (A) and (C); UV signals at 
275.8nm; HPLC method 2 

The pyrazole precursor (11) was dissolved in glacial acetic acid and KMnO4 was 

added. The reaction mixture was neutralized after 3 h and the product was extracted 

from the reaction mixture with EtOAc.  

The synthesized 4-amino-3-methylsulfonylpyrazolo[3,4-d]pyrimidine (13) is a new 

substance not yet found in the literature. It was characterized by HPLC analysis and 

NMR spectroscopy. Figure 17 shows the 13C-NMR spectrum of (13) with the peaks 

assigned to the corresponding C-atoms.  

 

Figure 17. 13C-NMR spectrum of 4-amino-3-methylsulfonylpyrazolo[3,4-d]pyrimidine 

  

Variant A 

Variant C 
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The next step was the exchange of the methylsulfonyl moiety with the desired cyano 

substituent. Following the procedure used by Takahashi et al. on a pyrazolo[1,5-

a]pyridine, the reactant was dissolved in a mixture of THF and DMF. KCN was added 

and the reaction mixture was heated to 80 °C. After a reaction time of 12 h, there was 

no conversion to the desired product. Reaction with NaCN also did not yield any 

product. Therefore, a higher reaction temperature of 140 °C was applied, but did not 

lead to the formation of the desired pyrazolopyrimidine (1), as was confirmed by a 

HPLC measurement. Figure 18 shows the chromatogram measured after the 

reaction. 

 

Figure 18. HPLC chromatogram of the sulfone-cyano exchange; (A) scan mode; (B) reactant 
(sulfone) sim; (C) product sim; HPLC method 2 
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The fifth approach to the synthesis of 4-amino-3-cyano-1H-pyrazolo[3,4-d]pyrimidine 

(1) was a synthesis published by Bulychev et al. in 1984[13]. It is depicted in Scheme 

18. 

 

Scheme 18. Bulychevs approach to pyrazolopyrimidine (1); (i) MeOH abs., reflux temperature; 
(ii) NH4OH 20 %, reflux 

The first part of this synthesis is the reaction of 5-amino-3,4-dicyanopyrazole (7) with 

dimethylformamide diethylacetal to yield 3,4-dicyano-5-dimethylaminomethylene-

aminopyrazole (14). Since dimethylformamide dimethylacetal was available at the lab 

it was used for the reaction. The absolute MeOH used by Bulychev et al. was 

exchanged for DMF.  

The pyrazole precursor (7) was dissolved in DMF and the reacant dimethylformamide 

dimethylacetal was added. The solution was stirred at 78 °C for 1 h and 45 min. The 

solvent was evaporated under reduced pressure to yield (14). HPLC measurement 

proved the formation of intermediate (14). Figure 19 shows the chromatogram. 
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Figure 19. HPLC chromatogram of compound (14); (A) scan mode; (B) sim mode; (C) UV signal 
at 275.8nm; HPLC method 3 

NH4OH 20 % was added to the product of the first reaction step and the mixture was 

stirred at reflux temperature for 2 h. The product was separated from the reaction 

mixture by column chromatography to yield 4-amino-3-cyano-1H-pyrazolo[3,4-

d]pyrimidine (1) as a white powder.  

Figure 20 shows the 13C-NMR spectrum of compound (1) with the peaks assigned to 

the corresponding C-atoms.  

 

Figure 20. 13C-NMR spectrum of 4-amino-3-cyano-1H-pyrazolo[3,4-d]pyrimidine (1) 

 

A 

B 

C 
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After the synthesis of pyrazolopyrimidine (1) was successful, the next step was a 

diazotization reaction according to a synthesis protocol found in literature[12] to get to 

the also targeted 3-cyano-4-oxo-1H-pyrazolo[3,4-d]pyrimidine (2). The reactant (1) 

was dissolved in HCl 8 % and stirred at 0 °C. NaNO2 was dissolved in H2O dest. and 

added dropwise to the reaction solution over the course of 1 h. After 50 min of stirring 

at 0 °C, the reaction mixture was heated to 100 °C. After cooling, the reaction mixture 

was neutralized resulting in the precipitation of (2) as a white, crystalline powder. 

Figure 21 shows the 13C-NMR spectrum of (2).  

     

 

Figure 21. 13C-NMR spectrum of 3-cyano-4-oxo-1H-pyrazolo[3,4-d]pyrimidine (2) 
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The second synthesis carried out in this work was designed to yield 4-

aminopyrazolo[3,4-d]pyrimidine (3), 4-oxopyrazolo[3,4-d]pyrimidine (4, Allopurinol) 

and 4-chloropyrazolo[3,4-d]pyrimidine (5). The synthesis sequence is depicted in 

Scheme 19. 

 

Scheme 19. Synthesis route to targeted pyrazolopyrimidines (3), (4), and (5) 

The synthesis starts with the reaction of (Ethoxymethylene)malononitrile (15) with 

hydrazine hydrate to form the pyrazole precursor 5-Amino-4-cyanopyrazole (16), as 

described by Robins in 1956[5]. The reactant (15) was dissolved in hydrazine hydrate 

and the mixture was heated to reflux temperature for 45 min. Cooling yielded a brown 

solid, which was recrystallized from H2O dest. to yield the pyrazol precursor (16).  

The next reaction step was the condensation forming the two ring system. The 

reaction was carried out following a protocol by Murphy et al.[71] Scheme 20 gives a 

more detailed view of the first two reaction steps. 

 

Scheme 20. Synthesis of 4-aminopyrazolo[3,4-d]pyrimidine (3); (i) reflux temperature, 45 min; 
(ii) 180 °C, 8 h, inert atmosphere 

5-Amino-4-cyanopyrazole was dissolved in formamide under inert N2-atmosphere 

and heated to 180 °C. After 8 h of stirring at this temperature, the mixture was cooled 

to room temperature and H2O dest. was added resulting in the formation of an orange 

precipitate. The precipitate was filtered from the reaction solution and washed with 
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EtOAc. After drying under reduced pressure to remove formamide residues, the 

product of the reaction was analysed and it was confirmed that 4-aminopyrazolo[3,4-

d]pyrimidine (3) had formed.  

Figure 22 shows the 13C-NMR spectrum of (3).  

 

Figure 22. 13C-NMR spectrum of 4-aminopyrazolo[3,4-d]pyrimidine (3) 

To synthesize 4-oxopyrazolo[3,4-d]pyrimidine (4), a diazotization using (3) as reactant 

was carried out. Following the same synthesis protocol used in the synthesis of (2)[12], 

pyrazolopyrimidine (3) was dissolved in 8 % HCl and cooled to 0 °C. NaNO2 was 

dissolved in H2O dest. and added to the solution dropwise over the course of 1h. The 

reaction mixture was heated to 100 °C and stirred for 5 h. Cooling lead to the formation 

of a precipitate, which was removed from the reaction solution by filtration and washed 

with acetone and recrystallized from H2O dest.. Figure 23 shows the 1H-NMR 

spectrum of (4), Figure 24 shows the HPLC chromatogram of (4). 

 

Figure 23. 1H-NMR spectrum of Allopurinol (4) 
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Figure 24. HPLC chromatorgram of Allopurinol; (A) sim mode; (B) UV signal at 250.8nm; 
HPLC method 4 

The final step of this synthesis was the conversion of Allopurinol (4) to 4-Chloro-

pyrazolo[3,4-d]pyrimidine (5). The first attempt was an approach similar to a patent 

procedure published by Eli Lilly and Company in 2008.[72] They converted 

Allopurinol (4) into pyrazolopyrimidine (5) by reaction with phosphorus oxychloride in 

presence of the bulky base diisopropylethylamine. Since this base was not readily 

available, it was decided to use N,N-dimethylaniline instead.  

Allopurinol (4) was dispersed in Toluene and POCl3 and N,N-dimethylaniline were 

added. The mixture was heated to 80 °C and stirred for 6 h. The reaction was cooled 

to room temperature and poured into 2 M sodium phosphate dibasic. After an 

extraction with EtOAc and washing with cyclohexane to removed N,N-dimethylaniline 

residues, the product was analysed with HPLC-chromatography. The analysis 

showed the formation of the desired product (5) as well as the formation of a byproduct 

with a m/z ratio of 226.2. This compound was identified as 4-amino-N-Methyl-N-

phenylpyrazolo[3,4-d]pyrimidine. Its formation arose from the contamination of the 

used N,N-dimethylaniline with N-methylaniline. Figure 25 shows the HPLC 

chromatogram. 

A 

B 
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Figure 25. HPLC chromatogram of the first chlorination attempt; (A) sim mode m/z ratio 
compound (5); (B) UV signal 265.8nm; HPLC method 4 

The next approach was to exchange the base used in the reaction. Maxwell et al. 

used a similar method to chlorinate pyrimidines in 2005.[73] They exchanged the base 

for Et3N and the solvent for ACN. 

Therefore, Allopurinol (4) was dispersed in ACN and the other reactants were added. 

The reaction mixture was heated to 90 °C and stirred for 3 h. The reaction mixture 

was added dropwise to H2O dest. which was cooled to 0 °C and subsequently 

neutralized with NaOH. Extraction with Et2O yielded a mixture of the desired 

pyrazolopyrimidine (5) and a side product that was identified as 4-amino-N,N-

diethylpyrazolo[3,4-d]pyrimidine. The reaction was therefore repeated with Et3N 

purified by a short path vacuum distillation, yielding the same product mixture as the 

first attempt. 

The products of the two reactions that used Et3N as base were purified by column 

chromatography to yield 4-chloro-pyrazolo[3,4-d]pyrimidine as a white powder. 

 

 

 

 

 

 

 

A 
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3.2 Xanthine oxidase activity test 

The second part of this thesis was the development of an activity test for a specific 

whole cell preparation of a human xanthine oxidase (XO) expressing E. coli strain. 

Most of the work found in literature is on the inhibitory effect of a broad variety of 

substances on XO. This work concentrates on the ability of human XO to oxidize 

heterocycles other than its natural substrate Xanthine, especially on the development 

of a testing system with a reliable positive control. It is important that this work was 

done using human XO since most of the work found in the literature used XO from 

other sources, as was explained earlier. 

The preparation of the XO expressing cells was done at ACIB (Austrian Center for 

Industrial Biotechnology) and was given to this working group as frozen cell pellets. 

Along with the cells we received the description of a basic enzymatic assay, with 

which the preparation of whole cells was tested. It showed high levels of XO activity. 

The reaction conditions of the essay are described in the following paragraph. 

The whole cells were dispersed in a phosphate buffer solution (pH 7.5) and xanthine 

was added as 20 mM solution in 100 mM KOH to give a final concentration of 0.1 mM. 

The total reaction volume was 500 µl and Eppendorf vessels were used as reaction 

containers. After a reaction time of 16 h at 37 °C with shaking in a thermomixer at 

750 rpm, the supernatants were analyzed by HPLC/UV or HPLC/MS.  

Information on the concentration of whole cell lysate (enzyme concentration) used for 

the test was missing. Therefore, the first enzymatic conversion was a test with the 

natural substrate xanthine to determine a suitable enzyme concentration for the 

following conversions. Three different enzyme concentrations of 1.96 g/10 ml, 

1 g/ 10 ml and 0.5 g/ 10 ml were tested in combination with 3 substrate 

concentrations of 0.18 mM, 0.36 mM and 0.72 mM, yielding 9 combinations of enzyme 

and substrate concentration.  

In this first attempt to find a reliable testing system for XO activity, a simple approach 

using thin layer chromatography was used to analyze the samples. CHCl3/MeOH/NH3 

aq. in ratio 5:4:1 was identified as a mobile phase suitable for xanthine and was 

therefore used for TLC reaction monitoring. 
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A 200 mM sodium phosphate buffer with a pH of 7.5 was used for the enzymatic 

conversions. The substrate was dissolved in 50 mM KOH to yield a stock solution that 

was added to the reaction mixture at the beginning of the reaction. The enzyme stock 

solution was prepared by defrosting one of the frozen pellets and dispersing 1g of the 

cell preparation in 5 ml of the phosphate buffer using a vortex. The rest of the pellet 

was refrozen immediately afterwards. The reaction solutions were prepared by adding 

the enzyme stock to the buffer followed by the substrate stock to yield the desired 

enzyme and substrate concentrations. A substrate- and an enzyme blank were used 

for reaction control and treated exactly the same way as the conversion samples. The 

reaction volume was 500 µl, Eppendorf vessels were used as reaction containers. 

The vessels were then put on a thermomixer at 37 °C and 750 rpm. 

The reactions were monitored by TLC using CHCl3/MeOH/NH3 aq. in ratio 5:4:1 as 

mobile phase. The reaction was ended after 22.5 h reaction time. Figure 26 shows an 

example of a TLC chromatogram after the end of the first enzymatic conversions. 

 

Figure 26. TLC chromatogram of the first enzymatic conversion; (R1) c xanthine 0.72 mM, 
c enzyme 1.96 g/10 ml; (R2) c xanthine 0.72 mM, c enzyme 1 g/10 ml; (R3) c xanthine 0.72 mM, 

c enzyme 0.5 g/10 ml; (SB) substrate blank; (EB) enzyme blank 

Although no new spot appeared on the chromatograms that could be assigned to uric 

acid (UA), the reactions were rated to be complete due to the disappeared spot for 

xanthine. Therefore, all tested enzyme concentrations were suitable for the 

conversion. 

The reactions were quenched by the addition of 100 µl MeOH and subsequent 

treatment on a thermomixer at 70°C and 1400 rpm for 10 min. The samples were 

centrifuged and the supernatant was transferred into other vials and frozen. 
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Along with the natural substrate xanthine as a positive control, 5 small heterocycles 

of interest were the first targets for oxidation using human XO in a second batch. The 

targets for this second batch are depicted in Figure 27. 

 

Figure 27. possible small molecule targets for XO; (i) 2-cyanopyridine; (ii) 3-cyanopyridine; (iii) 
2-cyanopyrazine; (iv) 2-cyanopyrimidine; (v) 2-cyanopyrrole; (vi) xanthine 

These targets containing a cyano moiety were chosen due to a possible further 

enzymatic conversion using a nitrilase to synthesize hydroxy-carboxylic acid-

derivatives after the oxidation reaction. These derivatives are of interest as educts in 

the synthesis of various compounds. E.g. the pyrimidine derivatives are used in the 

synthesis of antibiotic-like compounds[74] and the pyrimidine derivatives are used as 

HIV-integrase inhibitors[75].  

Two different mobile phases were tested for the targeted compounds to achieve a 

target Rf-value of 0.7 to 0.8 for the starting compounds, because the hydroxylated 

products are more polar.  The tested mobile phases were 

Toluene/MeOH/CHCl3/Et3N/H2O in ratio 1.5:1:2:0.05:0.05 and 

EtOAc/EtOH/H2O/Acetone in ratio 20:2:1:2. These mobile phases were used in this 

working group in work with similar compounds. The mobile phases gave similar 

results with Rf-values between 0.73 and 0.8 for the targeted compounds.  

The conversion samples were prepared in the same matter as described for the first 

reaction batch, using two different enzyme concentrations of 1.96 g / 10 ml and 

0.5 g / 10 ml along with a substrate blank for each compound.  

The TLC chromatograms of these reactions were inconclusive. Therefore, the 

supernatants separated from these reactions were analyzed with HPLC/MS.  
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HPLC analysis was done using a reversed phase phenomenex gemini RP-18 column. 

HPLC methods (methods 5 and 6) were developed for the analysis of the prepared 

samples using gradient elution with a mobile phase combination of NH4OAc and ACN. 

Figure 28 shows the HPLC chromatogram of the conversion of 2-cyanopyridine. No 

conversion could be detected.  

 

Figure 28. HPLC chromatogram of the XO conversion of 2-cyanopyridine; (A) reaction with c 
enzyme 1.96 g/ 10 ml; (B) reaction with c enzyme 0.5 g/ 10 ml; (C) substrate blank; (D) enzyme 

blank c enzyme 1.96 g/ 10 ml; HPLC method 5 

All other conversions gave similar results, therefore a conversion using Xanthine as 

substrate was also analyzed with HPLC as positive control and to substantiate the 

claim that the conversion was successful under the applied conditions. Unfortunately, 

the HPLC method (method 7) used was not suitable for xanthine because of a to short 

retention time.  

 

 

 

 

A 

B 

C 
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A reliable positive control for the conversions was needed. Therefore, samples of 

xanthine and uric acid were dissolved in KOH 50 mM and used for HPLC method 

development. Using gradient elution with increasing amounts of ACN, good 

separation was achieved for the natural substrate and the product of the enzymatic 

conversions. Figure 29 shows the chromatogram. 

 

Figure 29. HPLC chromatogram of xanthine and uric acid; UV signal at 262.8 nm; 
HPLC method 8 

A new reaction batch using Xanthine as substrate was set up in the way described 

earlier and the resulting samples were analyzed using the developed HPLC method 

(method 8). It was discovered that the xanthine and uric acid signals shifted to a very 

low retention time when dissolved in the buffer system used for the enzymatic 

conversions. Therefore, samples of xanthine, uric acid and enzyme stock solution in 

the buffer system were prepared for HPLC method development. Isocratic 

measurement with only 1% ACN and 99% NH4OAc resulted in the chromatogram 

depicted in Figure 30. 

 

Figure 30. HPLC chromatogram of xanthine and uric acid in the buffer system; UV signal at 
270.8 nm; HPLC method 9 

This HPLC method can be used to separate xanthine and uric acid but was not 

suitable for a reliable positive control of XO activity. Impurities originated from the 

enzyme stock overlap with the peaks given by the substrate and the product peaks of 

the reaction.  
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Figure 31 shows a HPLC chromatogram of the reaction supernatant (C) along with 

the chromatograms of the substrate- (A) and enzyme blanks (B). 

 

Figure 31. HPLC chromatogram of XO conversion reaction during the development of a positive 
control for the activity test; (A) substrate blank; (B) enzyme blank; (C) conversion; UV signals at 

270.8 nm; HPLC method 9 

As can be seen in Figure 31, this system is not suitable as a reliable positive control 

when the enzyme preparation is used in the way described earlier. Too many 

impurities are extracted from the reaction solutions and can not be separated from 

the natural substrate and product peaks.  

  

A 

B 

C 
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Since the mobile phase used on the phenomenex gemini column could not be 

switched because it was in use for other projects of this working group, the next 

approach to get to a reliable positive control was to switch to another known substrate 

of XO, 4-pyrimidinone.[76] It was chosen as substrate because it was commercially 

available and soluble in the buffer system used. It is converted to uracil by XO. 

Scheme 21 depicts the conversion. 

 

Scheme 21. Conversion of 4-pyrimidinone by XO 

4-pyrimidinone has a too short retention time on the phenomenex gemini RP-18 

column. Therefore, a LiChrospher® 100 DIOL (5 μm) column was examined as 

possible analytical system. Kazoka and Madre used a similar system to separate 

uracil derivatives under normal phase conditions using 4% (v/v) ethylene glycol in 

ethyl acetate as mobile phase[77]. H. Kazoka also used the LiChrospher® 100 DIOL 

column for the separation of purines and pyrimidines under normal–phase conditions 

in 2008.[78] The mobile phase used was water/isopropanol/hexane 3:30:67 (v/v).  

The exact mobile phase could not be recreated because hexane was not available in 

HPLC-grade purity. It was exchanged for N-heptane and different ratios of n-

heptane/isopropanol were tried during method development. Variation of column 

temperature was also tried. The resulting peaks for 4-pyrimidinone were too broad 

and tailing occurred over 5-10 min. Figure 32 gives an example of such a 

chromatogram. 

 

Figure 32. HPLC chromatogram of 4-pyrimidinone on the LiChrospher® 100 DIOL column; 
HPLC-method 10 
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The Diol column was also tested using RP-conditions. Isocratic measurement with 

50% ACN and 50% NH4OAC gave good results for the separation of 4-pyrimidinone 

from uracil. Figure 33 shows the chromatogram. 

 

Figure 33. HPLC chromatogram of uracil (retention time 13.62 min) and 4-pyrimidinone 
(retention time 15.06 min); HPLC method 11 

The biggest problem of this system is the high amount of ACN used for the analysis. 

This makes the system unsuitable for application it is needed for because the analysis 

procedure becomes too expensive. 

In conclusion, the two tested columns, a phenomenex gemini RP-18 and a 

LiChrospher® 100 DIOL would be suitable for the 4-pyrimidinone/uracil approach for 

the XO activity test under the applied HPLC conditions if pure enzyme or purer 

enzyme preparation are available. 
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4 Conclusion and outlook 

During this master thesis, the targeted pyrazolo[3,4-d]pyrimidines depicted in Figure 

34 were successfully synthesized. 

 

Figure 34 Synthesized targeted pyrazolo[3,4-d]pyrimidines 

The synthesis of compounds (1) and (2) proved to be difficult but was achieved 

following a synthesis starting with the preparation of the appropriately functionalized 

pyrazole precursor. During the attempts to synthesize this two compounds, the 

additional two pyrazolo[3,4-d]pyrimidines depicted in Figure 35 were synthesized. 

 

Figure 35 Pyrazolo[3,4-d]pyrimidines synthesized additionally to the targeted compounds 

4-amino-3-(methylsulfonyl)-1H-pyrazolo[3,4-d]pyrimidine (13) is a new compound not 

reported in the literature up to this day.  

The compounds (1) and (2) were tested in the investigation of the substrate scope of 

nitrile reductase queF, a novel enzyme which is able to reduce a nitrile function to its 

corresponding primary amine and gave promising results. 

As for the xanthine oxidase activity test, the systems and conditions tested were not 

suited as testing system. We could not separate the natural substrate xanthine from 

the impurities derived from the whole cell preparation of the enzyme under the tested 

enzyme assay and HPLC conditions.  
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The two tested HPLC columns gave satisfactory results for the separation of the 

targeted compounds, but are not suitable as a reliable positive control of XO 

conversion when the whole cell lysate enzyme preparation is used. Therefore, this is 

the main problem that must be addressed in the future. One possible step would be 

to separate the enzyme from the whole cell preparation, but this would require a 

complex purification. If pure enzyme or a purer enzyme preparation is available, all of 

the tested systems are possible analytical choices for a testing system. 

Continued work with the enzyme preparation used for this thesis is difficult. The peaks 

given by the impurities shift at rates very similar to those of the natural substrate of 

the enzymatic conversion. Therefore, they seem to have similar physical properties 

which suggests that extraction or separation will be difficult. 

As for the second substrate tested as positive control, 4-pyrimidinone, the 

LiChrospher® 100 DIOL column has to be tested under the exact conditions given by 

Kazoka[78] to see if the system can be applied.  

Since the buffer system used seems to be of great importance for the HPLC results, 

this is one point were optimization might lead to a reliable system. Other buffer 

systems might have a less severe influence on retention times than seen with the 

used sodium phosphate buffer system. 
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5 Experimental 

5.1 General Methods 

All synthesis were carried out under air unless stated otherwise. Work with air- / 

moisture sensitive materials was performed under inert atmosphere, using a dual 

vacuum/nitrogen line and standard Schlenk techniques. Flasks needed were heated 

under reduced pressure and ventilated with inert gas. 

5.1.1 Thin Layer Chromatography 

Merck precoated aluminum silica gel 60 F254 plates were used for TLC. Spots were 

visualized by radiation with UV light at a wavelength of 254 nm. Mobile phases used 

were varied and are noted in the description of each synthesis. 

5.1.2 Column Chromatography 

Merck silica gel 60 with a particle size of 63 – 200 µm was used for column 

chromatography purifications. The thirtyfold to fiftyfold amount of the adsorption agent 

was used and light pressure was applied if necessary. 

5.1.3 High Performance Liquid Chromatography 

HPLC analysis was carried out on an Agilent 1200 series system consisting of a 

G1379B Degasser, a G1312 Binary Pump SL, a G1267C High Performance 

Autosampler SL, a G1330 FC/ALS Thermostat, a G1316B thermostated Column 

Compartment SL and a G1365C Multiple Wavelenght Detector SL coupled with an 

Agilent Technologies 6120 quadrupole LC/MS Detector with a G1918B Electrospray 

Ionization source. 

Demineralized water was filtered through 0.2 µm cellulose nitrate membrane filters for 

HPLC-buffer preparation. In most cases, a combination of ammonium acetate 20 mM 

buffer and acetonitrile was used as mobile phase. Gradient elution was applied as 

well as isocratic elution at various concentrations and mixtures. All solvents used as 

mobile phases were of HPLC grade purity.  

The analyses were carried out using two different columns. The first column was a 

phenomenex Gemini-NX 3 C18 110A (150 x 2.0 mm) column, the second one a 

LiChrospher® 100 DIOL (5 μm) with LiChroCART® 250-4 guard column.  
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Method 1: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Stepwise gradient starting with 95% solvent B and 5% solvent A. Hold for five minutes, 

increase to 20% A over a period of 8 minutes, increase to 60% A over a period of 3 

minutes, hold for 2 minutes, decrease to 5% A in one minute, hold for 6 minutes. 

Method 2: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Stepwise gradient starting with 95% solvent B and 5% solvent A. Hold for five minutes, 

increase to 20% A over a period of 3 minutes, increase to 60% A over a period of 2 

minutes, hold for 2 minutes, decrease to 5% A over a period of 3 minutes, hold for 10 

minutes. 

Method 3: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Stepwise gradient starting with 95% solvent B and 5% solvent A. Hold for five minutes, 

increase to 20% A over a period of 3 minutes, increase to 30% A over a period of 2 

minutes, hold for 4 minutes, increase to 50% A over a period of 2 minutes, hold for 2 

minutes, decrease to 5% A over a period of 1 minute, hold for 6 minutes. 

Method 4: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Stepwise gradient starting with 95% solvent B and 5% solvent A. Hold for five minutes, 

increase to 20% A over a period of 3 minutes, increase to 40% A over a period of 2 

minutes, increase to 60% A over a period of 2 minutes, hold for 2 minutes, decrease 

to 5% A over a period of 1 minute, hold for 10 minutes. 

Method 5: Measurement of cyanopyridine, cyanopyrazine and cyanopyrimidine. 

Column: phenomenex Gemini; mobile phase A: ACN; mobile phase B: NH4OAc; 

column flow: 0.2 ml/min; column temperature: 20 °C. Isocratic measurement with 10% 

solvent A and 90% solvent B over a period of 15 minutes. 

Method 6: Measurement of cyanopyrrole. Column: phenomenex Gemini; 

mobile phase A: ACN; mobile phase B: NH4OAc; column flow: 0.2 ml/min; 

column temperature: 20 °C. Isocratic measurement with 20% solvent A and 80% 

solvent B over a period of 10 minutes. 

Method 7: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Stepwise gradient starting with 98% solvent B and 2% solvent A. Hold for eight 
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minutes, increase to 40% A over a period of 5 minutes, decrease to 2% A over a 

period of 2 minutes, hold for 5 minutes. 

Method 8: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Stepwise gradient starting with 99% solvent B and 1% solvent A. Hold for six minutes, 

increase to 40% A over a period of 4 minutes, decrease to 1% A over a period of 2 

minutes, hold for 10 minutes. 

Method 9: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Isocratic measurement with 5% solvent A and 95% solvent B over a period of 20 

minutes. 

Method 10: Column: LiChrospher® 100 DIOL; mobile phase A: n-heptane; 

mobile phase B: Isopropanol; column flow 0.3 ml/min; column temperature: 40 °C. 

Isocratic measurement with 10% solvent A and 90% solvent B over a period of 30 

minutes. 

Method 11: Column: LiChrospher® 100 DIOL; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow 0.3 ml/min; column temperature: 20 °C. 

Isocratic measurement with 50% solvent A and 50% solvent B over a period of 20 

minutes. 

Method 12: Column: phenomenex Gemini; mobile phase A: ACN; 

mobile phase B: NH4OAc; column flow: 0.2 ml/min; column temperature: 20 °C. 

Stepwise gradient starting with 95% solvent B and 5% solvent A. Hold for five minutes, 

increase to 20% A over a period of 3 minutes, hold for 2 minutes, increase to 30% A 

over a period of 2 minutes, hold for 2 minutes, increase to 50% A over a period of 2 

minutes, hold for 2 minutes, decrease to 5% A over a period of 1 minute, hold for 6 

minutes. 

5.1.4 Nuclear Magnetic Resonance Spectroscopy 

1H-NMR and 13C-NMR were recorded on a Bruker AVANCE III spectrometer with 

autosampler (1H-NMR: 300.36 MHz, 13C-NMR: 75.53 MHz). Chemical shifts for 

1H-NMR are reported in ppm related to Me4Si as internal standard. Signal multiplicities 

were assigned with the subsequent abbreviations: s (singlet), br s (broad singlet), 

d (doublet), br d (broad doublet), dd (doublet of a doublet), t (triplet), q (quadruplet) 

and m (multiplet). Depending on the solubility of the substances, deuterated 
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dimethyl sulfoxide (DMSO-d6) or deuterated chloroform (CDCl3) were used as 

solvents. 

5.1.5 Biotransformations 

Phosphate-buffer preparation: 

Buffers were prepared fresh before each experiment. 5.76 g of Na2HPO4 and 1.12 g 

of NaH2PO4 were dissolved in 250 ml H2O dest. to yield a 200 mM pH 7.5 sodium 

phosphate buffer. 

Whole cell enzyme preparation: 

The preparation of the XO expressing cells was done at ACIB (Austrian Center for 

Industrial Biotechnology) and was given to this working group as frozen cell pellets.  

Samples were taken either by cracking up a frozen pellet and weighing or by 

defrosting a pellet and sampling the then slimy whole cell preparation and refreezing 

immediately afterwards. 

The cells were then dispersed in the phosphate buffer by rotation of a spatula or 

vortexing to yield the enzyme stock solution. 

Enzymatic conversions: 

Substrates were dissolved in 50 mM KOH. The reaction solutions were prepared by 

adding the enzyme stock to the buffer followed by the substrate stock to yield the 

desired enzyme and substrate concentrations. The reaction volume was 500 µl, 

Eppendorf vessels were used as reaction containers. The vessels were then put on a 

thermomixer at 37 °C and 750 rpm with opened covers to ensure sufficient O2 supply. 

The reactions were quenched by the addition of 100 µl MeOH and subsequent 

treatment on a thermomixer at 70°C and 1400 rpm for 10 min. The samples were 

centrifuged and the supernatant was transferred into other vials and frozen. 
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5.2 Synthesis of pyrazolo[3,4-d]pyrimidines 

4-amino-3-cyano-1H-pyrazolo[3,4-d]pyrimidine (1) 

 

4-amino-3-cyano-1H-pyrazolo[3,4-d]pyrimidine was prepared according to a modified 

literature procedure.[13] 

DMF (4ml) and dimethylformamide dimethylacetal (2.8 ml, 19.4 mmol) were added to 

5-amino-3,4-dicyanopyrazole (2.35 g, 17.6 mmol) and the resulting mixture was 

heated to 80 °C. DMF (12 ml) was added in portions of 2 ml until all solids were 

dissolved. The reaction mixture was stirred at 80 °C for 1 h and 40 min. The solvent 

was evaporated in vacuum afterwards. The resulting solid (3.38 g) was dissolved in 

NH4OH 20% (25 ml) and the mixture was heated to 100 °C for 2 h, then cooled to 0 

°C and neutralized with HCl. The neutralized solution was stored in a fridge overnight. 

The resulting precipitate was collected by filtration and washed with cold H2O dest. 

The filtrate was reduced to half under vacuum and cooled with an ice bath to give 

another batch of precipitate. The combined precipitates were dried in vacuum and the 

product was purified by silica gel column chromatography (CH2Cl2/MeOH 20:1). White 

solid (0.43 g, 15 % yield).      

TLC: CH2Cl2/MeOH 10:1; Rf: 0.29 

1H-NMR (DMSO-d6): δ 7.61 (bs, 2H, NH2), 8.3 (s, 1H, H-6), 14.68 (bs, 1H, NH) 

13C-NMR (DMSO-d6): δ 100.57 (C-3a), 113.49 (CN), 116.2 (C-3), 155.11 (C-7a),  

     156.9 (C-4), 157.03 (C-6) 

The NMR data is in accordance to literature.[79] 

HPLC-MS, method 12; retention time: 13.372 min 
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3-cyano-4-hydroxy-1H-pyrazolo[3,4-d]pyrimidine (2) 

 

3-cyano-4-hydroxy-1H-pyrazolo[3,4-d]pyrimidine was prepared according to a 

modified literature procedure.[12] 

A suspension of 4-amino-3-cyano-1H-pyrazolo[3,4-d]pyrimidine (0.22 g, 1.4 mmol) in 

HCl 8% (4 ml) was stirred at 0 °C. NaNO2 (0.95 g, 14 mmol) was dissolved in 3.5 ml 

H2O dest. and added dropwise to the reaction mixture over the course of 1 h. 

Additional NaNO2 (0.19 g, 2.7 mmol) was dissolved in H2O dest. and added to the 

reaction mixture. HCl 8% (1 ml) was added and the mixture was stirred for another 50 

min at 0 °C. Subsequently, the reaction was heated to 100 °C, stirred for 10 min and 

then cooled to 0 °C again. The product was precipitated from the reaction mixture by 

neutralizing the solution with aqueous sodium hydroxide (2M). The precipitate was 

isolated by filtration and washed with cold H2O dest. and by cold acetone. The white 

precipitate was dried in vacuum to yield 0.10 g (yield 45%) of the desired product.  

TLC: CHCl3/MeOH/NH3 aq. 5:4:1; Rf: 0.67 

1H-NMR (DMSO-d6): δ 7.68 (s, 1H, H-6), 7.86 (bs, 1H, H-5), 11.39 (bs, 1H, H-1) 

13C-NMR (DMSO-d6): δ 107.72 (C-3a), 116.95 (C-3), 117.61 (CN), 142.54 (C-6),  

     158.02 (C-7a), 160.93 (C-4) 
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4-amino-1H-pyrazolo[3,4-d]pyrimidine (3) 

 

4-amino-1H-pyrazolo[3,4-d]pyrimidine was prepared according to a modified literature 

procedure.[71] 

Formamide (22.5 ml, 560 mmol) was added to 5-amino-4-cyano-1H-pyrazole (4.596 

g, 42 mmol) under nitrogen atmosphere. The mixture was heated to 180 °C for 8 h, 

cooled and stored in a fridge overnight. Cold H2O dest. (10 ml) was added, the 

precipitate was collected by filtration and washed with H2O dest. and EtOAc. The 

resulting solid was dried in vacuum to yield 4-amino-1H-pyrazolo[3,4-d]pyrimidine 

(5.0688 g, 90.11 % yield).  

TLC: CH2Cl2/MeOH 5:1; Rf: 0.35 

1H-NMR (DMSO-d6): δ 7.62 (bs, 2H, NH2), 8.09 (s, 1H, H-6), 8.15 (s, 1H, H-3), 

    13.35 (bs, 1H, H-1) 

13C-NMR (DMSO-d6): δ 99.57 (C-3a), 132.52 (C-3), 154.79 (C-7a), 155.79 (C-6),  

       157.98 (C-4) 

 

4-hydroxy-1H-pyrazolo[3,4-d]pyrimidine (4) / Allopurinol 

 

4-hydroxy-1H-pyrazolo[3,4-d]pyrimidine was prepared according to a modified 

literature procedure.[12] 

HCl (90 ml) was added to 4-aminopyrazolo[3,4-d]pyrimidine (4 g, 29.6 mmol) at 0 °C. 

NaNO2 (20.44 g, 296 mmol) was dissolved in H2O dest. (35 ml) and the resulting 

solution was added dropwise to the reaction mixture in the course of 1 h. The pH-

value was checked and another 10 ml of HCl were added to keep the reaction mixture 

strongly acidic. Another batch of NaNO2 (4.12 g, 59.7 mmol) dissolved in 15 ml H2O 

dest. was added to the reaction mixture in portions. The reaction mixture was stirred 
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at 0 °C for 2 h and afterwards heated to 100 °C. Another 2 g of NaNO2 were added 

and the reaction was cooled to r.t. after 3h and stirred overnight. The resulting mixture 

was cooled to 0 °C and the formed precipitate was collected by filtration and washed 

with H2O dest. and acetone. Yield: 76% 

TLC: CH2Cl2/MeOH 10:1; Rf: 0.25 

1H-NMR (DMSO-d6): δ 8.02 (s, 1H, H-3), 8.07 (s, 1H, H-6), 12.07 (bs, 1H, H-4), 13.76 

(bs, 1H, H-1) 

HPLC-MS, method 4; retention time: 5.881 min 

4-chloro-1H-pyrazolo[3,4-d]pyrimidine (5) 

 

4-chloro-1H-pyrazolo[3,4-d]pyrimidine was prepared according to a modified literature 

procedure.[73] 

1 ml Et3N was added to a suspension of 0.5 g (3.6 mmol) Allopurinol in 5 ml ACN. 

0.72 ml (7.7 mmol) of POCl3 were added dropwise and the resulting mixture was 

heated to 90 °C to yield an orange solution. The reaction was stirred for 3h and cooled 

to room temperature afterwards. H2O dest was cooled to 4 °C and added dropwise to 

the reaction. The resulting strongly acidic solution was neutralized with NaOH 2M and 

the product was extracted with Et2O. This yielded a mixture of the desired product 

with 4-diethylamino-1H-pyrazolo[3,4-d]pyrimidine. The reaction was repeated twice, 

once without ACN as solvent and once with distilled Et3N. All 3 attempts gave the 

same product mixture. The second attempt was done with 0.5 g of Allopurinol, the 

third with 2.02 g. The reactions were combined and the final product was isolated with 

silica gel column chromatography (CH2Cl2/MeOH 80:1). White powder, overall yield 

15%. 

TLC: CH2Cl2/MeOH 10:1; Rf: 0.7 

13C-NMR (DMSO-d6): δ 112.46 (C-3a), 132.78 (C-3), 153.38 (C-7a), 154.48 (C-6),  

       154.57 (C-4) 

HPLC-MS, method 4; retention time: 13.799 min 
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5-amino-3,4-dicyano-1H-pyrazole (7) 

 

5-amino-3,4-dicyano-1H-pyrazole was prepared according to a modified literature 

procedure.[65] 

Semicarbazide hydrochloride (8.71 g, 78.1 mmol) and triethylamine (10.9 ml, 

78.1mmol) were added to 200 ml of ethanol and stirred for 1 h to yield a light yellow 

suspension. The suspension was cooled on an ice bath and tetracyanoethylene 

(10.02 g, 78.1 mmol) was added in portions. The reaction mixture was stirred for 4 h 

and 30 min at 0 °C. Subsequently, the yellow reaction mixture was boiled for 30 min 

and the produced gas was captured in two successive traps of aqueous sodium 

hydroxide (5M). The reaction mixture was cooled to 0 °C and the formed precipitate 

was collected by filtration and washed with cold ethanol. The precipitate was added 

to boiling water in portions resulting in strong gas formation and foaming. The reaction 

mixture was refluxed for 1 h, then cooled and stored in a fridge overnight. The formed 

precipitate was collected by filtration, the filtrate was reduced to half in vacuum and 

cooled in the fridge to give another batch of product which was isolated by filtration. 

This was repeated two more times and the precipitates were combined and dried in 

vacuum to yield 6.28 g (60 % yield) of light red needle shaped crystals.  

TLC: CH2Cl2/MeOH 10:1; Rf: 0.36 

1H-NMR (DMSO-d6): δ 7.04 (s, 2H, NH2), 13.17 (s, 1H, NH)  

13C-NMR (DMSO-d6): δ 75.24 (C-4), 112.41 (CN), 112.56 (CN), 125.19 (C-3),  

     153.28 (C-5) 

The NMR data is in accordance to literature.[80] 

 

 

 

 

 



61 

5-amino-4-cyano-3-(methylthio)-1H-pyrazole (11) 

 

5-amino-4-cyano-3-(methylthio)-1H-pyrazole was prepared according to a modified 

literature procedure.[6] 

2-[Bis(methylthio)methylene]-malononitrile (5 g, 29.4 mmol) was dispersed in MeOH 

(100 ml). A hydrazine monohydrate solution (3.5 ml, 50% w/w N2H4, 35.2 mmol) was 

added and the reaction mixture was boiled at reflux temperature for 2 h. The reaction 

was cooled to room temperature and a fine black precipitate was removed by filtration. 

The solvent was removed in vacuum and the resulting solid was recrystallized from 

MeOH to give the desired product (3.91 g, 86.3 % yield)  

TLC: Toluene/MeOH/CHCl3/Et3N/H2O dest. 1.5:1:2:0.05:0.05; Rf: 0.43  

1H-NMR (DMSO-d6): δ 11.21 (bs, 1H, NH), 6.39 (s, 2H, NH2), 2.43 (s, 3H, CH3). 

13C-NMR (DMSO-d6): δ 154.04 (C-5), 146.79 (C-3), 114.29 (CN), 72.26 (C-4),  

     13.52 (-CH3). 

 

4-amino-3-(methylthio)-1H-pyrazolo[3,4-d]pyrimidine (12) 

 

4-amino-3-(methylthio)-1H-pyrazolo[3,4-d]pyrimidine was prepared according to a 

modified literature procedure.[6] 

4 ml formamide were added to 3.8 g (24.6 mmol) of  

5-amino-4-cyano-3-(methylthio)-1H-pyrazole and heated to 180 °C under stirring. 

After 3 h reaction time, TLC analysis showed that the reaction was not complete. 

Therefore, 2 ml of formamide were added and the reaction was stirred at 150 °C over 

night. After 10 h at that temperature, the reaction was heated to 180 °C again and 

stirred at that temperature for another 10 h. TLC analysis showed no more changes. 

Therefore the reaction was cooled with an ice bath and the formed precipitate was 
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filtered from the solution and washed with H2O dest.. The precipitate was 

recrystallized from MeOH/Toluol to give 4-amino-3-(methylthio)-1H-pyrazolo[3,4-

d]pyrimidine. Yield 75%.  

TLC: CH2Cl2/MeOH 10:1; Rf: 0.35 

1H-NMR (DMSO-d6): δ 13.39 (bs, 1H, NH), 8.16 (s, 1H, H-6), 7.18 (bs, 2H, NH2),       

      2.58 (s, 3H, CH3) 

13C-NMR (DMSO-d6): δ 157.59 (C-4), 156.19 (C-6), 156.03 (C-7a), 139.07 (C-3),  

      98.77 (C-3a), 15.50 (CH3) 

HPLC-MS, method 2; retention time: 13.4 min 

 

4-amino-3-(methylsulfonyl)-1H-pyrazolo[3,4-d]pyrimidine (13) 

 

4-amino-3-(methylthio)-1H-pyrazolo[3,4-d]pyrimidine (3.12 g, 17.22 mmol) was 

dissolved in 280 ml glacial CH3COOH. KMnO4 (9.53 g, 60 mmol) was added in 

portions under stirring to yield a violet solution. The reaction was stirred at room 

temperature for 3.5 h and then neutralized with MeOH and Na2CO3. This resulted in 

the formation of a large amount of salt. Extraction with EtOAc and subsequent solvent 

evaporation under reduced pressure yielded 0.53 g of the desired product (15% yield). 

The low yield is due to the not optimal treatment after the reaction. The reaction was 

not repeated because enough product for the testing of the next reaction step was 

derived from the first attempt. 

TLC: EtOH/EE/Et2O 1:1:1; Rf: 0.75 

1H-NMR (DMSO-d6): δ 8.34 (s, 1H, H-6), 8.24 (bs, 1H, NH), 7.24 (bs, 2H, NH2),  

    3.49 (s, 3H, CH3) 

13C-NMR (DMSO-d6): δ 156.94 (C-4), 156.86 (C-6), 155.79 (C-7a), 143.61 (C-3),  

      96.78 (C-3a), 43.37 (CH3) 

HPLC-MS, method 2; retention time: 12.522 min 
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5-amino-4-cyano-1H-pyrazole (16) 

 

5-amino-4-cyano-1H-pyrazole was prepared according to a modified literature 

procedure.[5] 

(Ethoxymethylene)malononitrile (10 g, 81.9 mmol) was added to hydrazine hydrate (8 

ml, 128.4 mmol) in portions under stirring. After half of the addition, the reaction 

mixture was cooled to 0 °C. Another batch of hydrazine hydrate (1 ml, 16.05 mmol) 

was added to dissolve the formed solid mass. The reaction mixture was heated to 

reflux for 45 min and then cooled to room temperature to give a solid mass again. H2O 

dest. (5 ml) was added and the reaction mixture was treated with an ultrasonic bath 

for 10 seconds. The resulting mixture was filtered and the precipitate was washed 

with cold H2O dest.. The solid precipitate was recrystallized twice from H2O dest. to 

yield the desired product (5.04 g, 57% Yield), which was used for the next reaction 

step without further purification. 

TLC: CH2Cl2/MeOH 10:1; Rf: 0.4 
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7 Appendix 

List of Abbreviations 

ACIB   Austrian Center for Industrial Biotechnology 
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