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“Imagination is more important than knowledge. For knowledge is limited to 

all we now know and understand, while imagination embraces the entire 

world, and all there ever will be to know and understand.”  

Albert Einstein  
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LIST OF ABBREVIATIONS 

 

A - acceptor  

ADME - absorption, distribution, metabolism, elimination  

BBB - blood-brain barrier 

Caco-2  - Caucasian colon adenocarcinoma cell line 

D - donor 

DAAO - D-amino acid oxidase 

DIPEA - N,N-diisopropylethylamine 

DCM - dichloromethane 

DMF - dimethylformamide 

DMF-DMA - dimethylformamid-dimethylacetal 

EDC - 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

exoA - H-bond acceptor in exo position;  

exoD - H-bond donor in exo position;  

FAD - flavin adenine dinucleotide 

HATU - 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium-3-oxid hexafluorophosphate 

hDAAO - human D-amino acid oxidase 

HOBT - 1-hydroxybenzotriazole 

INH - inhibition 

ITC - isothermal titration calorimetry 

logD - pH dependent octanol-water distribution coefficient 

logP - octanol-water distribution coefficient 

MDCK-MDR1 - Madin Darby canine kidney cells with the MDR1 gene 

MR% - membrane retention (Percentage of material retained during the 

experiment) 

NMDAR - N-methyl-D-aspartate receptor 

NMM - N-methylmorpholine 

NMP - N-methyl-2-pyrrolidone 

pDAAO - porcine D-amino acid oxidase 

PDB – Protein Data Bank 
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PhP - pharmacophore  

PSA - polar surface area 

SAR - structure-activity relationship 

SD - standard deviation 

SR - serine racemase 

TEA - trimethylamine 

TFA - trifluoroacetic acid 

THF - tetrahydrofuran 
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1. CHAPTER 1 – INTRODUCTION 

Schizophrenia is a mental disorder characterized by the following 

main symptoms: abnormal behavior, strange speech, hallucinations (mainly 

voices) and decreased ability to understand reality. Other symptoms include 

misconceptions, confused thinking and reduced social and emotional 

reactions, while often have additional mental health problems as well. 

Genetic and environmental influences may be associated with the 

development of the disease.[1] 

Many genes are known to be involved in schizophrenia, each of small 

effect and unknown transmission and expression. If one parent is affected by 

the risk is about 13% and if both are affected by the risk is nearly 50% that 

their child will develop the disease.[2] 

Environmental factors primarily refer to the living environment. Of 

the environmental effects, maternal stress and infections affecting the 

development of the fetal nervous system are the most likely triggers.[3,4] 

Symptoms first appear in young adulthood, then gradually worsen and 

in most cases never resolve.[5] 

Psychotic symptoms can be divided into 3 categories: positive, 

negative and cognitive.[6] Positive symptoms include delusions, confused 

thoughts and hallucinations, while negative symptoms include a lack of 

normal human emotional reactions, and in addition to these symptoms, 

patients also struggle with learning and memory. Positive symptoms can be 

treated well with current medications, but negative and cognitive factors are 

less responsive to medication. Studies have shown that inhibition of D-amino 

acid oxidase enzyme and administration of D-serine may indirectly alleviate 

negative and cognitive symptoms.  

In this chapter I present the role of D-amino acid oxidase in the human 

body and how it is related to schizophrenia. Also discuss the inhibitors so far 

identified and their results in in vitro and in vivo tests. A detailed summary of 

these is presented in our recent review. [7] 
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1.1. Biology and structure of D-amino acid oxidase 

1.1.1. Function of DAAO 

D-amino acid oxidase is a flavoprotein that catalyzes the oxidative 

deamination of neutral D-amino acids to the corresponding imino acids, 

which is hydrolyzed to α-keto acids and ammonia in the presence of water, 

while the reduced FAD cofactor is reoxidized by molecular oxygen while 

hydrogen peroxide is formed as by-product ( Figure 1). 

  

 Figure 1. Reaction catalyzed by D-amino acid oxidase 

DAAO plays various roles in different organisms. For example it 

catalyzes the catabolism of D-amino acids for cell metabolism in 

microorganisms while has specific function in nematodes, insects and lower 

vertebrates.[8,9]  

In mammals DAAO is expressed in three different organs: brain, 

kidney and liver. Based on its physiological function, we distinguish the 

enzyme found in brain from liver and kidney. Detoxification and degradation 

of neutral D-amino acids originated from different sources (from nutrition or 

endogenous racemization) is performed by DAAO expressed in kidney and 

liver. In contrast, the main function of DAAO in brain is the regulation of the 

level of D-serine acting as a neurotransmitter by functioning as co-agonists of 

the NMDA receptor. 
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DAAO is mainly localized in peroxisomes [10,11], however in 

neuronal cells, the enzyme does not show peroxisomal localization 

exclusively. It can be found both in neurons [12] and glial cells [13]. 

Intensive research has been carried out on DAAO extracted from 

porcine kidney and yeast [8,14] and successfully produced and purified 

recombinant human DAAO expressed in E. coli as an active holoenzyme 

containing a non-covalently binding FAD per 40 kDa protein monomer.[15] 

Biochemical characterization of human DAAO (hDAAO) showed, 

that in contrast to porcine DAAO (pDAAO), hDAAO is always formed a 

homodimer [15] in solution by 347 residues per monomer and it is in 

equilibrium between the inactive apoprotein and the active holoenzyme state 

while all known DAAO apoproteins are monomeric. 

FAD binds to each monomer with low affinity. The Kd of FAD 

binding is 8 µM in the absence of ligand that changes to 0.3 µM in the 

benzoate complex [15]. Ligand binding not only increases the affinity of 

FAD but it also increases the thermal stability of the enzyme [16]. 

DAAO interacts with the small protein pLG72 that has been shown to 

genetically linked to schizophrenia [17]. Confronting observations on the role 

of pLG72 binding to pDAAO were reported; both increasing [17] and 

decreasing [13] enzymatic activity were detected. Despite the fact that human 

DAAO was already found in the human brain in 1966 [18], its role in the 

central nervous system remained unexplored until 1992. Due to the 

development of analytical methods, the presence of free D-serine was 

confirmed in rat brain. [19] 

 

1.1.2. Structural features of DAAO 

The first crystal structure was determined from pDAAO isolated from 

kidney in 1996 [20], and later, the three-dimensional structure of the human 

DAAO was successfully determined [21]. After the human enzyme was 

identified as a potential schizophrenia target, the structural investigation 

received increased attention and over a dozen experimental structures of the 
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wild-type enzyme in complex with different ligands and in free form have 

been published and deposited in the RCSB Protein Data Bank [22]. 

As mentioned earlier, the value of FAD Kd is 8µm for hDAAO. In 

contrast, this value is 0.2 µM for pDAAO while the Kd for yeast DAAO is 

0.02 µM. The affinity difference can be explained by the different protein 

environment of flavin O2. In the case of pDAAO and hDAAO, FAD binding 

can be explained by a partial positive charge induced by the C-terminal long 

helix which assumed to contribute stabilizing the negative charge on the 

reduced flavinone. Flavin O2 also binds to Thr317 in the case of human and 

pDAAO via hydrogen bonding as confirmed by site directed mutagenesis. 

[23]  

The difference between the human and the porcine enzyme can be 

attributed to the fact that the hydrophobic stretch is slightly offset from the 

FAD in the case of the human enzyme, [21] so the hydrogen bond between 

the flavin N5 atom and Ala49 does not develop. In yeast DAAO, the flavin 

O2 atom does not form one but two interactions with amino acids (Try338 

and Gln339), which can explain the significantly higher affinity. 

 The tertiary structure of hDAAO consists of two interconnected 

domains, a FAD-binding domain formed by residues 1-87, 140-195 and 286-

347; and a substrate-binding domain formed by residues 88-139 and 196-285 

(Figure 2a) [21]. A superposition of the available 3D structures of the 

hDAAO indicates that the conformational flexibility of the protein is 

generally low [24]. However, there are three regions with increased mobility 

and they include residues of the active site loop covering the entrance of the 

active site. It is notable that although DAAO from yeast and from mammals 

show overall structural similarity, mammalian DAAOs differ by having the 

active site loop whose movement regulates the access to the active site and 

ligand specificity. The slow conformational change of the active site loop and 

that of its key Tyr224 residue makes product release the rate limiting step in 

the DAAO catalyzed oxidation. 

The active site of hDAAO is delineated by the positively charged 

Arg283, the hydrogen bond donor Tyr228 and hydrogen-bond acceptor 
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Gly313 backbone carbonyl, the flexible Tyr224 and several hydrophobic 

residues including Leu51, Leu215 and Ile230 and the isoalloxazine ring of 

FAD. (Figure 2b). 

 

 

Figure 2. Structure of human DAAO in complex with benzoate (PDB: 

2DU8) [21]. a) Overall structure. α-helices and -sheets are in red and 

turquoise, respectively. FAD binding domain is at the bottom and ligand 

binding domain is at the top. b) Details of the active site. The benzoate ligand 

and the isoalloxazine ring of FAD are in grey. Interactions are indicated by 

dashed lines: yellow hydrogen-bond, cyan aromatic–aromatic. 

 

 The crystal structure of hDAAO was determined by molecular 

replacement of the porcine enzyme. The asymmetric unit contained four 

molecules of hDAAO in the form of two homodimers. [25] The crystal 

structure of hDAAO resembled the head-to-head structure of pDAAO and 

contained a FAD cofactor and a benzoate (inhibitor substrate analog) per 

subunit. 

1.2. Relevance of DAAO in schizophrenia 

Amino acids are peptide and protein building blocks but they also 

play important role as biochemical regulators, such as autophagy regulators 
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[26–29] and neurotransmitters. [30–33] In addition to the commonly 

occurring L-amino acids, their enantiomers, the D-amino acids are also 

present in living systems. The development of the sensitivity of analytical 

methods has greatly contributed to the detection of D-amino acids such as D-

serine, D-alanine and D-aspartate in mammals. [34–36] At the same time, the 

enzymes that synthesize or metabolize D-amino acids have been localized 

that allowed identifying the functions of the amino acids in the endocrine and 

nervous systems. [37–40] 

Among them, D-serine can be found in the nervous, and at a lesser 

extent, in the endocrine system. [41] D-serine rich regions in the central 

nervous system are the striatum, cerebral cortex and the hippocampus. D-

serine is also detectable in the cerebellum, midbrain and spinal cord of 

rodents and humans [19,42–44]. 

D-serine concentration is regulated by serine racemase (SR) [45] and 

DAAO. [46] It is synthesized by SR from L-serine. It was shown that SR can 

be found in neurons and astrocytes. [45,47–51]  

In the central nervous system, L-serine is produced in astrocytes from 

glucose by 3-phosphoglycerate dehydrogenase. Then L-serine, leaves the 

astrocytes and enters the neurons, where SR performs isomerization. 

Subsequently, D-serine is introduced into the synapse, where it regulates the 

activity of the NMDA receptor. In addition, D-serine can also be returned to 

astrocytes. 

D-serine is degraded by both SR itself and DAAO, the expression of 

the latter in the human brain is both age and brain region dependent. [52] 

Apart from the racemization activity, SR is capable to activate α,β-

elimination reaction. During this pathway both D- and L-serine are 

transformed to pyruvate and ammonia. Based on these results, SR controls 

the physiological level of D-serine. [53] 

The distribution of D-serine in the central nervous system is highly 

similar to that of the NMDA receptor. [42] The activation of NMDA receptor 

requires both glutamate and D-serine or glycine. Influencing the NMDA 

receptor has a profound effect on synaptic activity, learning, and memory. 
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[54–57] The dysfunction of NMDA receptors is involved in the positive 

(psychotic), negative and cognitive symptoms in schizophrenia. [58] Genetic 

studies have found association between schizophrenia and single nucleotide 

polymorphisms in DAAO and its regulator (G72). [17,59]  

Moreover, DAAO expression and enzyme activity have been reported 

to be increased in post mortem brain tissue samples from patients with 

schizophrenia compared to healthy controls. [60] In patients with 

schizophrenia, it was found that the SR / DAAO ratio was reduced, resulting 

in decreased SR levels and / or increased DAAO levels. [61] 

Studies have shown that serum L-serine levels do not show significant 

difference in patients with schizophrenia compared to the control group, 

however, the amount of D-serine and the D-serine - total serine ratio in serum 

and in cerebrospinal fluids were significantly decreased in schizophrenic 

patients. [61–63] 

The above findings suggest that increasing the body's D-serine levels 

is beneficial for treating schizophrenia, but to achieve optimum effect, high 

doses of D-serine are needed, which, in turn, is poorly tolerated due to 

nephrotoxic effects. Studies have shown that the cause of nephrotoxicity is 

the hydrogen peroxide produced by the degradation of D-serine metabolized 

by DAAO. [64,65] Another potential way to increase D-serine level is to 

inhibit the enzyme activity that is responsible for its metabolism. 

In the central nervous system, the incidence of DAAO is not uniform. 

DAAO expression is more significant in cerebellum, whereas, for example, in 

the forebrain DAAO concentration is low, and the expression of DAAO in 

different brain regions occurs in different cell types, like glial cells, neurons 

and astrocytes. In contrast, the concentration of D-serine is inversely 

proportional to the amount of DAAO, low in cerebellum, while high in the 

forebrain. [10,66] 

Based on these findings, an increase in D-serine level and recovery of 

the NMDA signal can be achieved through the inhibition of DAAO. 
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1.3. DAAO inhibitors, their in vitro properties and in vivo effects 

 Human DAAO is active preferentially on bulky aromatic D-amino 

acids like D-Tyr, D-Phe, and D-Trp, followed by small uncharged D-amino 

acids like D-Ser, D-Ala and D-Pro [24]. Many of the known inhibitors are 

similar to the endogenous ligands being small and polar compounds. It is 

notable that DAAO works optimally around pH 8, [67] the bound amino 

acids are deprotonated and bear a negative charge rather than being zwitter 

ionic. [68] In line with this finding, DAAO inhibitors are deprotonable and a 

significant amount of negatively charged microspecies is present around 

pH=8. [69] 

 The important binding motifs of DAAO inhibitors include a 

negatively charged moiety where two heteroatoms of the ligand form a salt 

bridge with Arg283, and a planar, electron rich moiety positioned parallel 

with the isoalloxazine ring of the FAD cofactor forming π-π interaction. 

Further interactions contributing to the binding of some of the ligands are 

hydrogen bonds to the backbone of Gly313 and to the sidechain of Tyr228 

and stacking interactions with Tyr224. It is worth noting that the binding 

pocket is highly polar at the Arg283 side while it is predominantly 

hydrophobic at the opposite side. 

Because of the properties of the active site of DAAO (relatively small 

and highly polar), examination of fragment size molecules as DAAO 

inhibitors seemed to be relevant. Fragment libraries are constructed from 

compounds with small size and low complexity.  The compounds must meet 

the following criteria [70]: 

 molecular weight less than 300 Da (or number of heavy atoms 

8≤Nheavy≤22),  

 number of hydrogen bond donors and acceptors ≤3 

 number of rotatable bonds ≤3 

 logPcalculated≤3 

 Polar surface area (PSA) is often restricted to PSA≤ 60 Å².  
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 A significant portion of DAAO inhibitors known in the literature meet these 

criteria. 

 Next we present DAAO inhibitors (Figure 3) and their structural, 

biochemical and pharmacokinetic properties together with in vivo effects 

where available. In addition to the potency cited from the scientific literature, 

as indicators of the evolution of ADME properties the PSA, the pH 

dependent octanol-water distribution coefficient (logD) and the acid 

dissociation constant (pKa) are also given. The inhibitors are classified to 

three classes as they evolved from small polar substrate analogues through 

compounds with acid mimetics to larger lead like compounds (Figure 3).  
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Figure 3. Examples of D-amino acid oxidase inhibitors 
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1.3.1. First generation DAAO inhibitors 

 The first generation DAAO inhibitors are carboxylic acids (Figure 3, 

compounds 1-9). The carboxylic group of these compounds interacts with 

Arg283 in the catalytic site. These molecules also contain a small aliphatic or 

aromatic group that is either a single ring or a fused double ring. Aromatic 

rings are advantageous in this position, as they form π-π stacking interactions 

with the isoalloxazine ring of the FAD cofactor and the side chain of Tyr224. 

An appropriately positioned hydrogen bond donor (4, 6-9) is able to form 

hydrogen-bond with the backbone carbonyl of Gly313.  

Compounds 1-9 are small and highly polar primarily owing to the 

carboxylic acid moiety. They are able to form a limited number of 

interactions with DAAO and their binding affinity is in the micro to 

millimolar range (Table 1). Their low pKa values render them to be 

deprotonated at physiological pH including the slightly basic pH of optimal 

DAAO activity. Although their polar surface area (PSA) is not particularly 

high due to the small size of the molecules, the negative logD values is in line 

with the high polarity and indicates susceptibility to low absorption and 

limited blood-brain barrier (BBB) penetration.  

Sodium benzoate, a widely used food preservative with beneficial 

safety profile [71] showed efficacy against schizophrenia in a clinical trial 

[72] and another trial is currently being planned. [73] Nevertheless, tested on 

mice, sodium benzoate mitigated phencyclidine-induced prepulse inhibition 

deficits and hyperlocomotion. Further studies have also shown that benzoate 

does not exert its effect via the activation at the glycine site of the NMDA 

receptor, but it is likely to affect the D-serine-L-serine cycle, although further 

studies are required to confirm this. In addition, it was also found that 

benzoate increases the glutamine-glutamate ratio in plasma and striatum that 

has an effect on NMDA receptor activation. [74] 

Moreover, in vivo and ex vivo studies of compound 4 proved that it 

not only shows a fairly good affinity to hDAAO (Ki= 0.39 µM) but it also 

exhibits a moderate half-life and a noticeable BBB penetration in rats. 
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Moreover, the oral chronic treatment of mice with 4 was found to normalize 

phencyclidine-induced hyperlocomotion. [75]  

Compound 5 was identified as a DAAO inhibitor following a large 

scale virtual screening campaign. It shows moderate activity toward DAAO 

and good selectivity against D-Asp oxidase and SR. It was shown to inhibit 

the DAAO activity of cultured mammalian cells. [76]  

Compounds 6 and 8 were first described as DAAO inhibitors by 

Sparey et al. [77] and 8 was later also investigated by Smith et al. [78] Both 

compounds exhibit high nanomolar activity toward rat and human DAAO 

and good selectivity against D-aspartate oxidase. Compound 6 was shown not 

to be an antagonist at the glycine site of NMDA receptors and to raise plasma 

D-serine levels after dosing intraperitoneal to rats. [77] Compound 8 has a 

beneficial rat pharmacokinetics and it significantly decreases kidney and 

brain DAAO activity in rats. However, it failed to significantly influence D-

serine concentration in rat cortical tissue and to produce antipsychotic and 

cognitive enhancing effects in vivo. [78] 

 

Table 1. Calculated PSA, logD and pKa values and measured IC50 values of 

first generation DAAO inhibitors  

Compound PSAa logDa pKa
a IC50 [µM] 

1 40.1 -1.48 4.08 46.9 [76] 

2 40.1 -1.71 4.71 357 [76] 

3 73.3 -1.70 0.41 2478 [79] 

4 68.8 -2.93 3.19 0.91 [75] 

5 40.1 -1.95 3.56 26 [76] 

6 69.1 -2.52 3.59 0.141 [76] 

7 55.9 -1.69 3.60 0.745 [77] 

8 55.9 -1.80 3.61 0.245 [77] 

9 106.2 -2.12 3,62 
not 

determined 

a calculated by the ChemAxon PSA, logD and pKa plugins [80] at pH=7.4 
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 The replacement of the single planar ring of compounds 1-5 by a 

planar anellated double ring with appropriate heteroatom pattern (6-8) is 

beneficial for the activity by allowing improved stacking and van der Waals 

interactions and forming hydrogen bond (Table 1). 

Interactions between DAAO and imino-DOPA (9) have also been 

investigated. For testing, substrate-free DAAO crystals were soaked in D-

DOPA solution, in which the DOPA entering the crystal was oxidized and 

present as imino-DOPA in the assays. Based on the results, the bulky side 

chain of the substrate produces H-bonds with Gln53 and His217 and 

hydrophobic interactions with the residues comprising the active site cavity. 

[81] 

1.3.2. Second generation DAAO inhibitors 

 In second generation inhibitors (10-14), the carboxylic group is 

replaced by a bioisosteric moiety, while maintaining the fused double ring 

structure. Various cyclic headgroups anellated with benzene or 6-member 

heteroaromatic ring were found to be potent DAAO inhibitors. The 

headgroups are 5- or 6-member rings with endo and exo heteroatoms. The 

DAAO affinity of these compounds is comparable or better than that of the 

carboxylic acid containing compounds, and appropriate substitution further 

increases potency. It is a general observation that the substitution of the core 

structures with small groups (F, Cl, Me) is potentially beneficial, while larger 

groups diminish affinity, however, for example, the use of bromine is 

preferred for potential halogen bonding. This finding can be well interpreted 

on the basis of available X-ray structures; these planar compounds bind in a 

position parallel with the isoalloxazine ring and they fill the available space 

when they are equipped with small substituents. The most active second 

generation DAAO inhibitors have IC50 values in the low nanomolar range. 

Compounds 10-14 are all deprotonable and according to their calculated pKa 

values a significant amount of their deprotonated form is present at pH=8. 

These compounds are similar in size to the first generation DAAO inhibitors 
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with carboxylic acid group, but their polarity is reduced and their higher logD 

values (Table 2) suggest potentially better ADME properties and blood-brain 

barrier crossing.  

 

Table 2. Calculated PSA, logD and pKa values and measured IC50 values 

against hDAAO of second generation inhibitors 

Compound PSAa logDa pKa
a IC50 [nM] 

10 49.1 0.78 5.85 188[82] 

11 52.6 1.58 8.46 80[83] 

12 52.2 0.69 6.84 6.9[84] 

13 65.1 -1.14 4.73 3[85] 

14 46.5 1.53 9.80 440[76] 
a calculated by the ChemAxon PSA, logD and pKa plugins at pH=7.4 [80] 

   

A series of substituted benzo[d]isoxazol-3-ol compounds were 

described as pDAAO inhibitors by Ferraris et al. [82]. The most potent 6-Cl 

derivative (CBIO, 10) shows IC50 of 188 nM that represents a 10-fold 

improvement compared to the unsubstituted compound. It has high 

permeability both in Caco-2 and MDR-1/MDCK cells the latter being an 

accepted model for in vivo blood-brain permeability. [86] Glucuronidation 

was found to be substantial but time dependent. [87,88] Bioavailability of 10 

is reported to be near to 30% both in rat and mouse with a modest brain 

penetrability (0.04 and 0.03 brain/plasma ratio in rat and mouse, 

respectively). Oral co-administration by D-serine and CBIO increased plasma 

D-serine concentration [89] both in mice and rats, moreover, it significantly 

increased the extracellular D-serine levels in the mouse frontal cortex and 

attenuated dizocilpine induced prepulse inhibition deficits. [89] However, 

contrasting results were reported by Rojas et al. [90] when monkeys are 

dosed by 10 intravenously and by D-serine orally. Although the plasma 

concentration of 10 remained constant during the intravenous administration, 

D-serine exposures and elimination were largely unchanged.  
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Berry et al. [83] synthesized and evaluated a series of 1-hydroxy-1H-

benzo[d]imidazol-2(3H)-ones. Several mono- and disubstituted derivatives 

were tested against human and porcine DAAO. The most active compounds 

show double-digit nanomolar activity. Compound 11 was given to mice 

orally with D-serine at 30 mg/kg dose both. Despite the activity shown on the 

enzyme kinetic assay, the plasma D-serine level increased only moderately 

and for a short time period in vivo. Possible explanation of the result is the 

poor oral bioavailability of 11. To support this, the metabolic properties of 

the compound were also studied in mouse plasma and liver microsomes. It 

was found that the compound undergoes phase II glucuronidation in the liver. 

The most likely site of glucuronidation is the 1-hydroxyl group, however, 

structure-activity relationship studies clearly show that this hydroxyl group is 

essential for activity, probably via its interaction with Arg283. 

A series of 3-hydroxyquinolin-2(1H)-one derivatives (compounds 12 

and 13) has been identified as DAAO inhibitors by high throughput screening 

in a functional assay [84]. They represent a structural class with significantly 

different characteristics compared to earlier DAAO inhibitors. They are 

composed of two six-member rings exhibit pKa values above 8 and showed 

low nanomolar activity and around 100-fold selectivity against human D-

aspartate oxidase. It is notable that many compounds of the series show lower 

inhibitory potency for the rat than for the human enzyme. The optimization of 

the substituents led to 13 with improved bioavailability and similarly high 

potency toward human and rat DAAO. The ability of this compound to 

increase cerebellum D-serine levels was evaluated in mice with 10 mg/kg 

subcutaneous injection. It was found that 13 has a free brain exposure 3-fold 

over its rat DAAO IC50 and it significantly increases cerebellum D-serine 

level. 

Compound 14 was identified as DAAO inhibitor by virtual screening 

followed by measuring inhibitory activity for isolated human DAAO enzyme. 

[76] The X-ray structure of the complex has been determined (PDB: 3ZNP). 

[91] Interestingly, the flexible Tyr224 residue adopts a conformation more 

resemble to that in the free enzyme than in the benzoate complex. Compound 
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14 has high nanomolar DAAO activity and increases D-Ala level in cultured 

mammalian cells. [76] It was later shown to be subject of high degree of 

glucuronidation in mouse liver microsomes in the presence of uridine 

diphosphate glucuronic acid. [87] 

1.3.3. Third generation DAAO inhibitors 

The third generation inhibitors (Table 3) are based on cyclic 

carboxylic acid bioisosters connected to bulky nonpolar moieties with a 

flexible linker. This type of inhibitors keeps the essential interactions of 

former inhibitors, namely those with Arg283, Tyr228 and the isoalloxazine 

ring of FAD and they extend in the direction perpendicular to the plane of the 

isoalloxazine ring. This extension is possible owing to the flexibility of the 

Tyr224 residue first observed in the X-ray structure of pDAAO complexed 

with imino tryptophan. [92] Flexibility of Tyr224 was detected in complexes 

of hDAAO with imino-DOPA (9) [81] and also with inhibitors containing 

phenethyl substituents. [91] 

 

Table 3. Calculated PSA, logD and pKa values and measured IC50 values 

against hDAAO of third generation inhibitors 

Compound PSA a logD a pKa
a IC50 [nM] 

15 46.5 3.55 8.76 100[93] 

16 49.3 2.03 9.60 3.9[84] 

17 64.5 1.53 7.08 1.5[84] 

18 78.5 -0.85 5.26 60[94] 

19 84.8 -1.12 5.21 70[95] 

20 84.8 -0.33 5.29 50[95] 

21 86.7 -0.55 3.65 37[96] 

22 111.1 2.30 7.35 20[96] 

a calculated by the ChemAxon PSA, logD and pKa plugins at pH=7.4 [80] 
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The first published hDAAO inhibitors with this structure are kojic 

acid derivatives.[93] This set of compounds, where a substituted aromatic 

ring and the kojic acid were connected via a two-atom linker (carbon-carbon; 

carbon-sulfur; carbon-oxygen) have IC50 in the range of hundreds of nM. 

Docking of compound 15 supports the binding mode with the 

phenylthiomethyl group residing in the subpocket extending towards the 

active site loop. 

 Hondo et al. investigated 3-hydroxypyridin-2(1H)-one (16) and 4-

hydroxy-6-phenethylpyridazin-3(2H)-one (17) series. [84] They found that 

the newly exploited subpocket accommodates substituents with a wide 

variety of size, aromaticity, and hydrophobicity and suggested to control 

physical properties and pharmacokinetic profile by varying the substituents. 

Compound 16 contains the same 3-hydroxypyridin-2(1H)-one warhead as 11 

and 12, but instead of having an anellated ring, it has a phenethyl substituent 

at position 5. Compound 16 exhibits nanomolar activity in isolated human 

DAAO enzyme assay, but it was found to induce cell cytotoxicity at high 

concentrations. Compounds with 4-hydroxy-6-phenethylpyridazin-3(2H)-one 

warhead were designed in an effort to identify compounds having similar 

interactions with DAAO and reduced cell toxicity. Compound 17 was found 

to exhibit the most beneficial combination of in vitro profile and brain 

concentration after oral administration and it was evaluated in a model of 

cognitive impairment associated with schizophrenia (MK-801-induced 

spontaneous alternation deficit using the mouse Y-maze task [97]). It 

significantly ameliorated the cognitive deficit induced by MK-801 supporting 

that DAAO inhibitors are effective in animal models of schizophrenia. [84] 

A series of 5-hydroxy-1,2,4-triazin-6(1H)-one compounds (18) were 

investigated by Hin et al. [94]. Double-digit nanomolar inhibitors were 

identified with a variety of linkers and aromatic rings. Some of the 

compounds were found to be liable to glucuronidation in mouse liver 

microsomes presumably due to the presence of the α-hydroxycarbonyl 

function. Compound 18 and several other derivatives, however, were 
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metabolically stable and 18 was found to exhibit reasonable plasma exposure 

after oral administration to mice. The co-administration of 18 with D-serine 

(30 mg/kg) resulted in a nearly constant D-serine level in the first 3 h that was 

followed by a decline with a clearance rate similar to that of D-serine alone 

treatment.  

Compounds from the related 6‑hydroxy-1,2,4-triazine-

3,5(2H,4H)‑dione series exhibit similar in vitro and in vivo characteristics 

[95]. Interestingly, compound 20 with a methylene linker shows comparable 

inhibitory activity to several compounds containing ethylene linkers, like 19. 

Compound 20 shows selectivity against a number of targets including the 

NMDA glycine site and no hERG inhibition up to the concentration of 25 

µM. Its metabolic stability and oral bioavailability were found to be superior 

to those of 17. Brain penetration of 20 is negligible in mice. Although it was 

not able to increase the maximum plasma concentration of D-serine when co-

administered with D-serine orally (30 mg/kg both) to mice, it was effective in 

reducing D-serine clearance for several hours. [95] Similar results were 

presented for both 19 and 20 in ref. [90]. Compound 19 was also tested as 

intravenous infusion (1 mg*kg-1*h-1) and elevated D-serine levels were 

sustained as long as the inhibitor was present in plasma. In contrast to the 

observations made in in vivo mice experiments, neither 19 nor 20 had 

significant effect on plasma D-serine levels in monkeys when inhibitors were 

administered in intravenous infusion (24h, 1 mg*kg-1*h-1) together with 

orally administered D-serine. Similarly, compound 19 failed to increase D-

serine level in dogs, although the inhibitor concentration in plasma was well 

above the Ki value of the compound. [90]  

In 2014, Terry-Lorenzo et al. [96] reported that during the screening 

of a computationally prioritized library, a structurally novel compound (7) 

was identified showing D-serine competitive inhibitory properties in the low 

nanomolar range. An analogue of 21 was synthesized by changing the 

carboxylic acid group to a bioisosteric hydroxyl-pyridazinone moiety to 

obtain compound 22 (Figure 4). 
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Figure 4. Novel DAAO inhibitors that interact with the flexible loop and the 

structural moieties of the lid-open type compounds. 

 

Compounds 21 and 22 represent a new kind of DAAO inhibitors 

because, in contrast to previous active site inhibitors, these compounds also 

interact with residues at the entrance of the binding pocket. X-ray structures 

of the complexes of 21 and 22 with DAAO [96] revealed that the pendant 

phenyl group interacted with the flexible loop formed by residues 218−224. 

(Figure 5) This loop acts as a lid that covers the entry of the binding pocket 

when small compounds are bound, and it remains open in the complexes of 

21 and 22. Compounds 21 and 22 have been shown to bind to human DAAO 

by stabilizing the lid-open conformation of the enzyme as shown in Figure 4. 

[96]  
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Figure 5. Key protein-ligand interactions identified for DAAO inhibitors. 

Small (a) and extended (b) inhibitors are exemplified by compounds 12 

(PDB 3G3E) [85] and 21 (PDB 4QFC) [96], respectively. Ligand carbon 

atoms are in black, protein amino-acids are shown in colored drops. 

Interactions are indicated by lines: magenta H-bond, green aromatic-aromatic 

interaction. 

 

Their carboxylic acid (21) and 4-hydroxypyridazin-3(2H)-one (22) 

groups interact with Arg283 as it was seen with their analogues, the phenyl 

linker extends quasi perpendicular to the isoalloxazine ring of the FAD, the 

7-hydroxy-2H-chromen-2-one moiety occupies the dominantly hydrophobic 

secondary pocket and its 4-phenyl group interacts with the active site loop 

that adopts an open-lid conformation. Comparing activity data with those of 

the analogues missing the phenyl substituent responsible for opening the lid 

shows that lid-opening did not enhance activity. However, these structures 

demonstrate a previously unexpected structural variability of DAAO 

inhibitors. Therefore, the compounds in this series can be used to explore the 

properties and optimal interactions of the flexible loop (amino acids 218–

224). Moreover, the absorption of this compound class is expected to be more 

favorable than that of small, polar compounds. The limited data available for 

21 and 22 include similar double-digit nanomolar activity against human 
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DAAO and an important variation in rat DAAO activity. Competitive 

inhibition mechanism was confirmed and low brain penetration when dosed 

intraperitoneally in mice was observed [96]. 

In vivo animal experiments are summarized in Table 4. 

 

Table 4. Summary of animal experiments reported for DAAO inhibitors in 

preclinical studies 

Compound Experimental 

subject 

Results and references 

Sodium Benzoate mouse single subcutaneous injection significantly 

increased the D-serine/L-serine ratio in 

striantum, and was effective against PCP-

induced hyperlocomotion [74] 

dog subcutaneous injection dose did not 

increase the level of D-alanine, a substrate 

for DAAO [98] 

3-methyl-1H-

pyrazole-5-carboxylic 

acid (4) 

rat intravenous administration resulted in 

moderate half-life and noticeable BBB 

penetration [75] 

mouse oral chronic treatment normalized 

phencyclidine-induced hyperlocomotion 

[75] 

4H-furo[3,2-

b]pyrrole-5-carboxylic 

acid (6) 

rat raised plasma D-serine levels after dosing 

intraperitoneally[77]  

4H-thieno[3,2-

b]pyrrole-5-carboxylic 

acid (8) 

rat intraperitoneal administration significantly 

decreased kidney and brain DAAO activity, 

but did not influence D-serine concentration 

and did not  produce antipsychotic and 

cognitive enhancing effects [78] 
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6-

chlorobenzo[d]isoxazol-

3-ol, CBIO (10) 

mouse 30% bioavailability with modest brain 

penetration; oral administration, co-

administration with D-serine attenuated 

dizocilpine induced prepulse inhibition 

deficits [89] 

rat 30% bioavailability with modest brain 

penetration; oral administration increased 

plasma D-serine concentration [89] 

monkey exposures and elimination of D-serine were 

largely unchanged when intravenously 

administered with D-serine (30 mg/kg, 

orally) [90] 

4,6-difluoro-3-hydroxy-

1,3-dihydro-2H-

benzo[d]imidazol-2-one 

(11) 

mouse oral administration with D-serine (30 mg/kg 

dose both), increased plasma D-serine level 

only moderately and for a short time period 

[83] 

5-chloro-6-fluoro-3-

hydroxy-1,8-

naphthyridin-2(1H)-one 

(12) 

mouse subcutaneous injection significantly 

increased cerebellum D-serine level [84] 

6-(3,5-

difluorophenethyl)-4-

hydroxypyridazin-3(2H)-

one (17) 

mouse oral administration significantly 

ameliorated the cognitive deficit induced 

by MK-801 [84] 

5-hydroxy-3-phenethyl-

1,2,4-triazin-6(1H)-one 

(18) 

mouse oral administration with D-serine (30 

mg/kg) resulted in a nearly constant D-

serine level in the first 3 h followed by a 

decline with a clearance rate similar to that 

of D-serine alone treatment [94] 
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6-hydroxy-2-phenethyl-

1,2,4-triazine-

3,5(2H,4H)-dione (19) 

mouse intravenous administration (1 mg*kg-1*h-1) 

with D-serine (30 mg/kg orally) resulted in 

elevated D-serine levels as long as the 

inhibitor was present in plasma [90] 

monkey intravenous administration (1 mg*kg-1*h-1; 

24h) with D-serine (30 mg/kg orally) did 

not show significant effect on plasma D-

serine levels [90] 

dog intravenous administration; failed to 

increase D-serine level, although the 

inhibitor concentration in plasma was well 

above the Ki value of the compound [90] 

6-hydroxy-2-

(naphthalen-1-ylmethyl)-

1,2,4-triazine-

3,5(2H,4H)-dione (20) 

mouse metabolic stability and oral bioavailability 

were better than for 18; brain penetration is 

negligible; effective in reducing D-serine 

clearance for several hours 

monkey intravenous administration (1 mg*kg-1*h-1; 

24 h) with D-serine (30 mg/kg orally) did 

not show significant effect on plasma D-

serine levels [90] 

3-(7-hydroxy-2-oxo-4-

phenyl-2H-chromen-6-

yl)propanoic acid (21) 

 

mouse dosed intraperitoneally; low brain 

penetration [96] 

4-hydroxy-6-(2-(7-

hydroxy-2-oxo-4-phenyl-

2H-chromen-6-

yl)ethyl)pyridazin-3(2H)-

one (22) 

mouse dosed intraperitoneally; low brain 

penetration [96] 
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2. CHAPTER 2 – RESULTS AND DISCUSSION 

In the next chapter I present the results of the design, synthesis and 

testing of compounds prepared during my doctoral work and the conclusions 

drawn from them. 

2.1. Fragments fit to the catalytic pocket 

As mentioned earlier, testing fragments as DAAO inhibitors seemed to 

be advantageous, so in order to identify new DAAO inhibitors, the first step 

was to filter the fragment size [6+5] type fused and spiro heterocyclic 

compounds as well as some alkyl chain-linked benzene and heterocyclic 

compounds through a virtual screening. 

The screening was performed by our research group, during which the 

structure of the interesting compounds were docked by Schrödinger 

Glide[99] into the hDAAO crystal structure selected from PDB. Compounds 

with high docking score were purchased or synthetized and tested in vitro. 

 

Table 5. Heterocyclic compounds tested for DAAO inhibition. 

Compound Structure 

Inhibition 

% at 

20µMa 

Compound Structure 

Inhibition 

% at 

20µMa 

10 (CBIO) 

[100] 
 

114 (3) 
23 (BIO) 

[100] 
 

101 (2) 

24[101] 
 

0 (0) 25[101] 
 

26 (1) 

26[100] 

 

0 (0) 27[103] 

 

46 (6) 

28[104] 

 

0 (0) 29[105] 
 

1 (0) 
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30[106] 

 

0 (0) 31[107] 
 

0(0) 

32[108] 

 

26 (1) 33[107] 
 

0 (0) 

34[109] 

 

7 (2) 35[110] 

 

0 (0) 

36[111] 
 

9 (2) 37[111] 

 

12 (3) 

a all measurements were performed in duplicates; standard deviation in percentage is 

shown in parenthesis  

 

 

Compound 10, 23 and 26 were commercially available, 24-33 were part 

of our fragment library, compounds 34-37 were prepared by me (Scheme 1). 

For compound 34 and 35 [110], preparation of 40 [112] was performed 

in a cycloaddition reaction. In case of 34, the ester group was hydrolyzed to 

carboxylic acid (41) followed by deprotection. To prepare 35, after a catalytic 

hydrogenation, the methods used in the previous case were performed. In 

order to synthetize  36 [111] and 37, the corresponding carboxylic acids were 

converted to acid chlorides, and the tetrazolone ring was formed in the 

presence of NaN3. 
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Scheme 1. Synthetic route of compound 34-37 

 

For the measurements, compounds 10 and 23 were used as positive 

control. Of the examined structures, 25, 27 and 32 showed promising of 

activity at a concentration of 20 µM. Among scaffolds, compound 27 with 

the isatin backbone showed the highest activity so in the next step we 

examined various derivatives. (Table 6) These isatin derivatives were 

commercially available. 

 

 

Table 6. DAAO inhibitory activity of isatin analogues. 

Compound Structure 

IC50 [µM] or  

inhibition% at 

20µMa 

Compound Structure 

IC50 [µM] or  

inhibition% at 

20µMa 

46[103] 

 

19% (1) 50[103] 

 

7.87(7) 
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47[103] 

 

0% (0) 51[103] 

 

49% (7) 

27[103] 

 

46% (6) 52[103] 

 

12% (2) 

48[103] 

 

13% (2) 53[103] 

 

8% (3) 

49[103] 

 

0% (0) 54[103] 

 

13.1(20) 

a all measurements were performed in duplicates; standard deviation in percentage is 

shown in parenthesis  

 

 

Among these compounds 50 and 54 show noticeable activity, but their 

low micromolar potency did not validate further efforts for optimisation. 

 

Figure 6. Experimental binding modes of 3-hydroxyquinolin-2(1H)-one and 

3-hydroxy-2H-chromen-2-one scaffolds. 

 

A comparative analysis of available DAAO inhibitor co-crystals 

showed that all known inhibitors bind to Arg283 to form H-binding 

interactions with guanidine-NHs. Taking into consideration the positively 

charged character of the Arg head group, these interactions can be improved 

by forming a significantly negative charged group on the stand. This was 

accomplished with a 3-hydroxyquinolin-2(1H)-one scaffold containing 
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deprotonable enol instead of the top carbonyl group of the isatin scaffold. It is 

interesting to note that the corresponding 3-hydroxy-2H-chromen-2-one 

scaffold may be adjacent to specify the residue. Compared to the binding 

modes of these compounds, an extra H-bond was formed between 3-

hydroxyquinolin-2(1H)-one NH and Gly313 carbonyl group (Figure 6). 

 

 

Figure 7. Design paradigm leading to the 1H-indazol-3-ol scaffold.  

 

The analysis of pharmacophore groups of these inhibitors lead us to a 

promising scaffold, 1H-indazol-3-ol. In the case of 1H-indazol-3-ol, the 

pharmacophore contains an endo H-bond donor (NH), an endo H-bond 

acceptor (N) and an exo H-bond donor (OH). This scaffold is very similar to 

the benzo[d]isoxazol-3-ol, but has a difference in the role of the heteroatom 

at position 1 in the heterocyclic ring. This change in that position seemed to 

be favorable because in case of [6+6] membered inhibitors with similar 

difference the one with H-donor had one-log lower IC50 value (Figure 7) 

because of the extra H-bond formed between the NH group and Gly313 

(Figure 6).  

 Consequently, the aim of our chemical program was to explore the 1H-

indazol-3-ol scaffold. Several 1H-indazol-3-ol fragments were prepared for 

this purpose (Table 7). 

To prepare the single heretocycle (57) [113] an addition reaction was 

performed on 55 followed by ring closure using hydrazine hydrate. For 
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compound 60, a chain extension step was performed on ethyl acetoacetate 

(58) followed by ring closure with hydrazine monohydrate. Synthesis of the 

benzo-condensed derivatives started with a diazotation reaction performed on 

substituted anthranilic acids and after a reductive step, the ring closure occurs 

under acidic conditions which resulted in 61-70[114]. 

 

 

Scheme 2. Synthetic route of compounds 57 and 60-70 

 

The prepared compounds were tested as DAAO inhibitors with the KYNA 

enzyme inhibitory assay. [115] Although D-serine is a natural substrate of 

DAAO, its metabolite is not suitable for fluorometric evaluation. However in 

the applied assay, D-kynurenine can be metabolized by DAAO [116] and the 

metabolite (KYNA) has a favorable fluorescence property. Thus it can be 

used for fluorescence measurements. [117] 
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Table 7. DAAO inhibitory activity of 1H-indazol-3-ol fragments. 

Compound Structure 

IC50 [µM] or 

% inhibition 

at 20µMa 

Compound Structure 

IC50 [µM] or 

% inhibition 

at 20µMa 

57 
 

0% (0) 60 
 

66% (2) 

61 

 

not measurableb 62 

 

19% (8) 

63 

 

34% (0) 64 

 

not measurableb 

65 

 

not measurableb 66 

 

not measurableb 

67 

 

0.15 (13) 68 

 

0.12 (42) 

69 

 

1.20 (25) 70 

 

10.1 (13) 

a all measurements were performed in duplicates; standard deviation in percentage is 

shown in parenthesis  
b Strong autofluorescence 

 

Although the heterocycle alone (57) did not show activity, both the 

phenethyl derivative (60) and the benzo-condensed derivatives proved to be 

active. Among the substituted derivatives of 1H-indazol-3-ol, compounds 

modified at positions 6 and 7 had significant activity, 6-chloro and 6-fluoro 

showed low nanomolar inhibition values. Compounds modified at position 4 
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showed moderate activity due to the steric hindrance due to the position of 

the substituent. 

The pKa values of the compounds were also measured (pKa values were 

determined at Gedeon Richter Pharmaceuticals) to better characterize the 

protonation of the derivatives under the conditions of the biological test. 

Table 8. Measured pKa values of representative compounds 

Cmpd pKa SD 

% of 

deprotonated 

microspecies 

(pH=7.4) 

% of 

deprotonated 

microspecies 

(pH=8) 

50 9.44 0.106 0.90 3.50 

61 8.16 0.004 14.8 40.9 

62 7.51 0.004 43.7 75.6 

63 7.51 0.002 43.7 75.6 

64 7.53 0.006 42.6 74.7 

67 7.59 0.009 39.2 72.0 

68 7.84 0.001 26.6 59.1 

69 6.52 0.005 88.4 96.8 

70 7.28 0.007 56.9 84.0 

 

The pKa values of the test compounds are typically between 7 and 8, 

suggesting at least partial deprotonation at the pH of the assay. This is a 

common property of DAAO inhibitors and endogenous ligand. Whether the 

compounds bind to the enzyme in a deprotonated form depends on the local 

environment within the binding pocket, however, our free energy 

perturbation calculations strongly suggest that the bound compounds of the 

1H-indazol-3-ol series are deprotonated and are carrying a negative 

charge.[69] This finding actually explains the reduced affinity of isatin (the 

pKa value of 50 is 9.44 and it has a low fraction of ionized microspecies at 

pH 8). It is further noted that the substituents on the benzole ring of the 1H-
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indazol-3-ol series affect pKa and affinity by interaction with DAAO. The 

acidity of the compounds (61-70) is effected by their electron withdrawing 

substituents. The presence of electron withdrawing groups in each case 

increases the acidity of compounds 62-70 (6.52≤pKa≤7.84) compared to the 

unsubstituted compound (pKa=8.16).  

Some compounds had strong autofluorescence properties, so they could 

not be measured using the available enzyme assay (interference or sensitivity 

problems in other assays used in the literature), but it was also possible to test 

compounds for enzyme binding by isothermal titration calorimetry. 

 

Table 9. Dissociation constants (Kd) from ITC and inhibitory activity (IC50) 

from D-kynurenine assay 

Cmpd IC50 [µM]a,b Kd ITC [µM] b 

4 - 0.15 (20) 

CBIO(9) 0.027 (36) 0.87 (3.4) 

BIO (23) 0.418 (9.0) 0.44 (32) 

54 13.140 (13) 8.23 (18) 

61 - 4.43 (37) 

64 - 0.78 (31) 

65 - 3.29 (25) 

66 - 1.20 (42) 

67 0.156 (13) 2.00 (20) 

68 0.123 (42) 1.00 (10) 

69 1.205 (25) 4.59 (38) 

70 10.139 (13) 3.31 (16) 

a all measurements were performed in duplicates 
b standard deviation in percentage is shown in parenthesis 

 

The advantageous in vitro potency of several 1H-indazol-3-ol 

compounds prompted us to further investigate their properties relevant for 

advanced leads. Compounds 67 and 68 with IC50=156 nM and 123 nM, 

respectively were selected for PAMPA test (Table 10) to characterize 
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absorption properties and microsomal/hepatocyte assay (Table 11) to 

characterize metabolic stability. These measurements were performed by 

Metabolic Drug-Interactions Research Group in Research Centre for Natural 

Sciences, Hungarian Academy of Sciences. According to the PAMPA test the 

6-Cl derivative (67) shows high and the 6-F derivative (68) shows medium 

permeability. These data demonstrate that these compounds, and more 

generally, appropriately substituted derivatives in the 1H-indazol-3-ol series 

have potentially advantageous intestinal absorption. Metabolic stability of 

compounds 67 and 68 in mouse and human hepatic microsomes as well as in 

mouse and human hepatocytes was also investigated. 

 

Table 10. Effective permeability (Pe*10-6cm*s-1) of representative 

compounds of the 1H-indazol-3-ol series 

Cmpd 

 

grad-pH 5.5-7.4 grad-pH 6.5-7.4 iso-pH 7.4 Permeability 

category Pe SD MR% SD Pe SD MR% SD Pe SD MR% SD 

67 9.53 0.34 6.7 0.5 7.43 0.90 9.7 0.3 4.47 0.29 2.5 1.1 High 

68 1.20 0.01 3.9 1.3 0.97 0.12 7.1 1.5 0.72 0.13 5.8 1.5 Medium 

 

Table 11. Microsomal and hepatocyte stability and predicted bioavailability 

of representative compounds of the 1H-indazol-3-ol series 

 
67 

 

Mouse 

microsomes 

Mouse 

hepatocytes 

Human 

microsomes 

Human 

hepatocytes 

t1/2
a (min) 56.51 52.21 215.90 450.38 

Clint
b (mL*kg-1*min-1) 11.67 68.19 0.76 2.54 

ClH
c (mL*kg-1*min-1) 9.504 29.275 0.714 2.075 

Fd (%) 93.981 81.459 97.966 94.087 
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 68 

t1/2
a (min) 79.52 178.32 182.34 411.51 

Clint
b (mL*kg-1*min-1) 8.29 19.96 0.90 2.78 

ClH
c (mL*kg-1*min-1) 7.137 14.371 0.835 2.232 

Fd (%) 95.480 90.898 97.619 93.637 

a elimination half-life; b intrinsic clearance; c hepatic clearance; d bioavailability 

 

Based on the beneficial in vitro DAAO inhibitory activity, good 

predicted absorption and metabolic stability we selected compound 68 for 

measuring its in vivo effect on mice D-serine level (measurements were 

performed by Department of Pharmacodynamics, Semmelweis University). It 

was found that the co-administration of 68 and D-serine results in a 

significant (p<0.05) increase of the D-serine level compared to the 

administration of D-serine alone (33% increase after 10 minutes and 27% 

increase after 60 minutes with corresponding blood levels of 13.1 µM and 

0.77 µM of 68, respectively). 

 

2.2. Inhibitors against the lid-open enzyme conformation 

2.2.1. Synthesis and biological evaluation of substituted (1H-

pyrrole-2-carbonyl)glycine derivatives  

To find novel structural classes in-house compound library [118–120] 

of over 2000 unique compounds at the Faculty of Pharmacy, University of 

Ljubljana was used for virtual screening. Compounds were docked into three 

DAAO structures. Two were taken from complexes of open-lid proteins 

(PDB: 4QFC[96] and 4QFD[96]). These two structures have different 

sequences with missing residues and they were used to create a complete 

structure that was used as the third target for docking. Protein and ligand 

preparations were performed with Schrödinger’s tools [99] with standard 
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settings and Glide [99] was used for docking and scoring (screening were 

performed by our research group). 

Hits were selected using Glide’s docking score. Docked poses of top 

scored compounds were visually inspected and the best 16 compounds were 

subject to in vitro testing with D-kynurenine assay. [117] This procedure led 

to the identification of compound 71 (Figure 8) as a micromolar DAAO 

inhibitor. The docked pose of 71 and its interactions are shown in Figure 8. 

Docking suggests that the deprotonated carboxylic acid interacts with Arg283 

forming a salt-bridge as it is observed in the X-ray structure of several 

complexes (Figure 5). There is not enough space for the pyrrole-carboxamide 

moiety to be in the plane of the carboxylate group, parallel with the 

isoalloxazine ring of FAD, and it leans towards loop 216-228. An interesting 

feature of the docked compounds is that their carboxamide moiety between 

the pyrrole rings adopts cis conformation. 

 

 

 

Figure 8. Binding pose (a) and interactions (b) of 71 as proposed by docking. 

Panel (a): Ligand carbon atom are in grey, FAD carbon atoms are in light 

blue and protein carbon atoms are in green. Interactions are indicated by 

dashed lines: yellow H-bond,. Panel (b): Ligand carbon atoms are in black, 

protein amino-acids are shown in colored drops. Interactions are indicated by 

lines: magenta H-bond, green aromatic-aromatic, orange halogen-bond. 

(a) (b) 
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We performed an SAR study based on the newly identified DAAO 

inhibitor, compound 71, with two objectives; first, to understand the 

structural requirements of lid opening, and second, to explore the interaction 

network around the inhibitor scaffold. 

Compounds 83-91 were synthesized to explore how the interaction 

with the lid contributes to the activity. These compounds either have reduced 

size presumably not interacting with the lid, or they have varied substitution 

pattern on the terminal pyrrole ring. As shown in Scheme 3, compounds 83-

91 were obtained from 72 [121]. Compound 72 and 92 were provided to us 

by University of Ljubljana. Reduction of 72 followed by acylation with the 

corresponding acid chlorides resulted in 74-82. These compounds were 

hydrolyzed in a mixture of dioxane and 1M sodium hydroxide solution 

resulting in 83-91. 

 

 

Scheme 3. Synthetic route of compounds 71 and 83-91. 

 

In order to explore the impact of the polar interaction network, 

specifically the role of the NH groups, methyl groups were added to the two 

amide N-atoms and also to the middle pyrrole ring N-atom. N-Methylation 

affects the H-bonding ability of the compounds, the space they fill and also 

their preferred conformation. For the preparation (Scheme 4) of these N-

methylated compounds (99, 102, 103), 92[122] was converted to 94 through 

hydrogenation, followed by acylation with 2,2,2-trichloro-1-(4,5-dibromo-
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1H-pyrrol-2-yl)ethan-1-one. To get 99, compound 94 was hydrolyzed to 

carboxylic acid 95 then 97 was formed with sarcosine methyl ester 

hydrochloride and HATU. Compound 99 was obtained from 97 via 

hydrolysis. In the cases of compounds 102-103, 94 was methylated with 

methyl iodide then hydrolyzed to 98. Compound 98 was coupled with the 

corresponding amino acid esters, followed by hydrolysis to get 102 and 103. 

The preparation of compound 109 started with the methylation of 92 and 

followed by an analogous procedure described above. 

 

 

Scheme 4. Synthetic route of compounds 99, 102, 103 and 109. Reagents and 

conditions: (i) Pd on carbon  (10 w/w%), 5 bar H2, methanol, r.t., 2h; (ii) 

2,2,2-trichloro-1-(4,5-dibromo-1H-pyrrol-2-yl)ethan-1-one, Na2CO3, DMF, 

100°C, 24h or 4,5-dibromo-1H-pyrrole-2-carboxylic acid, NMM, EDC, 

HOBT, DCM:DMF (1:1), 0→45°C, overnight; (iii) dioxane : 1M NaOH 

solution (1 : 1), r.t., 2h or THF: 1M LiOH solution (2:1), r.t., overnight (iv) 
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MeI, Na2CO3, DMF, r.t., 24h; (v) sarcosine methyl ester hydrochloride, 

HATU, DIPEA, DMF, r.t., overnight ; (vi) glycine methyl ester 

hydrochloride, HATU, DIPEA, DMF, r.t., overnight; (vii) 

tetrabutylammonium iodide, NaH, dry DMF, 0°C, 10 min, then MeI, r.t., 

overnight; (viii) glycine methyl ester hydrochloride, NMM, EDC, HOBT, 

DCM:DMF (1:1), 0→45°C, overnight 

 

Compounds designed, synthesized and tested as DAAO inhibitors are shown 

in  Table 12. 

 

 Table 12. DAAO inhibitory activity of designed linear open-lid compounds 

Compound Structure 
% INH at 

20 μMa 

IC50 

[μM]a 

71 

 

100 (0) % 5.2 (11) 

83 

 

39 (0) % - 

84 

 

100 (0) % 8.8 (26) 

85 

 

100 (0) % 6.7 (27) 

86 

 

45 (2) % - 

87 

 

% - 

88 

 

8 (1) % - 



46 

 

89 

 

100 (0) % 
0.39 

(5.1) 

90 

 

33 (8) % - 

91 

 

35 (4) % - 

99 

 

100 (0) % 
0.49 

(12) 

102 

 

0 (0) % - 

103 

 

0 (0) % - 

109 

 

32 (1) % - 

a all measurements were performed in duplicates; standard deviation in 

percentage is shown in parenthesis  

 

Data in  Table 12 show that all active compounds  include a terminal 

pyrrole ring with large substituents. Compounds with unsubstituted pyridine 

moiety (86, 87) or without the terminal substituted pyrrole (83, 88, 91) 

exhibit low inhibitory activity. Investigating their docked poses (cf. Figure 8), 

we observe the presence of a salt bridge between the carboxylate group and 

Arg283, but the compounds fail to form other interactions characteristic to 

high affinity DAAO inhibitors. No stacking with the isoalloxazine ring of the 

FAD and limited favorable interactions by the central part of the ligands are 

detected.  

Best activity in the series is obtained for compounds 89 and 99, both 

containing Br-substituents on the terminal pyrrole ring. It is notable that 

compound 85 having a single Br-substituent at the 4th position and 
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unsubstituted at the 5th has an order of magnitude lower activity that of the 

4,5 disubstituted compound 89. The importance of the substituent at the 5th 

position is underlined by the activity measured for compounds 71 (IC50=5.2 

M) and 84 (IC50=8.7 M) containing 5-Cl and 5-methyl substituents, 

respectively. The 10-fold increase in activity of the two latter compounds can 

be attributed to the presence of Br that is larger than either Cl or Me on one 

hand, and is able to form a halogen bond with Ser223 backbone carbonyl, on 

the other hand. 

The methylation of the central pyrrole ring leads to a significant loss of 

activity (compare compounds 89 and 109). This methyl group prevents the 

H-bond formation with Gly313 backbone and, according to the docked poses, 

it causes steric clash with the protein backbone. Methylation of the amide 

nitrogen close to the carboxyl end of the molecules does not affect activity 

according to the comparison of compounds 89 and 99. Docking studies 

suggest that this amide can adopt both cis and trans conformation without 

significantly affecting the position of the terminal substituted pyrrole ring in 

either 89 or 99. The trans amide conformation is proposed to be preferred for 

amide (89) and the cis conformation is proposed to be preferred for 

methylamide (99). [123,124] 

The amide group between the pyrrole rings is predicted by docking to 

adopt cis conformation. This results in a bend molecule that is accommodated 

in the binding pocket extended by the movement of loop 216-228 (lid 

opening). The presence of a secondary cis amide is notable, since amides 

have high preference for the trans conformation both in proteins [123] and in 

small molecules. [124] Nevertheless, there are examples where ligands bind 

to proteins with cis amide conformation (PDB: 1HTG, 1AJ6, 1YBH) 

showing that intermolecular interactions are able to compensate for the 

energy increase due to amide trans-cis transformation. Converting secondary 

amides to tertiary amides increases the propensity for cis conformation. 

Therefore, the methylation of the amide that is assumed to adopt cis-

conformation when bound may be able to increase activity by facilitating the 

adoption of cis conformation. Another effect of methylation, however, is the 
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increase of bulkiness. Docking of compounds 102 and 103 shows that this 

methyl group is close to loop 48-63. The effect of this steric clash observed 

for 102 and 103 was not possible to assess a priori since the conformation of 

this loop either varies (see e.g. PDB codes 3ZNQ and 4QFC) or is partially 

missing (3CUK and 4QFD) in available crystal structures that indicate 

structural flexibility. The complete loss of activity observed with the 

methylation of the amide between the pyrrole rings (compare compounds 89 

and 99 with 102 and 103) suggests that this loop is unable to adopt a 

conformation that allows accommodation of the methylated amide group. 

2.2.2. Synthesis and in vitro study of L-shaped molecules 

In our research group, previous studies have investigated how the 

substitution of the aromatic moiety of compound 22 affects activity. It was 

found that substitution of the phenyl group at positions 3 and 4 (Figure 9) 

results in a slight improvement in the activity (Table 13). In view of these 

results, new compounds have been designed that contain a phenyl group 

substituted at the same position as the previously produced 22 derivatives. 

 

 

Figure 9 Derivatives of compound 22 mono-substituted at the aromatic part 
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Table 13. Enzyme assay test results of 22, 110-114 

Compound IC50 [nM]a 

22 112 (15) 

110 119 (20) 

111 474 (2.5) 

112 69 (26) 

113 52 (17) 

114 73 (15) 

a Standard deviation in percentage is shown in parenthesis 

 

Here we focused on the linker region. Starting from the original linker 

used in compounds 21 and 22, we selected 1,5-dihydro-2H-pyrrolo[3,2-

d]pyrimidine-2,4(3H)-dione and 1,2,3,4-tetrahydroisoquinoline skeletons. 

(Figure 10) The structures are different from those used in 21, 22, however, 

we wanted to investigate the effect of different linker regions on activity. 

 

 

Figure 10. Linkers designed to replace the 7‐hydroxy‐2H‐chromen‐2‐one 

moiety used in 21 and 22. 

 

As a warhead, the best option would have been the pyridazine ring 

used in the original compound, but we failed to produce derivative 117, 

(Figure 11) suitable for the coupling reaction. Therefore, we decided to attach 

a known acidic headgroup of the pyrrole-2-carboxylic acid by using 

derivative 118. 
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Figure 11. Selected headgroups for the synthesis of open lid DAAO 

inhibitors. 

By combining the components selected, compounds 119-129 were 

prepared which contain the substituents identified in the prior research in the 

aromatic region.  

 

Figure 12. Designed compounds with new linker part. 

 

The synthesis of the halogen derivatives could not be carried out as 

described in Scheme 5 because of the catalytic hydrogenation used in the 

synthesis, and the bypass route was not successful. Among the compounds 

indicated, 1,5-dihydro-2H-pyrrolo[3,2-d]pyrimidine-2,4(3H)-dione (115), the 
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pyrrole-2-carboxylic acid derivative (118) and compound 119-122 were 

prepared by me. During the project, I worked together with Csilla Hargitai 

(Egis Pharmaceuticals). The preparation of 1,2,3,4-tetrahydroisoquinoline 

derivatives will be part of her thesis. 

 

Scheme 5. Synthetic route of compounds 119-122 

 

The prepared new compounds (119-122; Figure 12) were tested in the 

KYNA enzyme inhibitory assay, but unfortunately they did not show any 
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inhibitory activity at 20 µM concentration. Comparing these compounds with 

DAAO inhibitors 22 and 110-114 and with pyrrole-2-carboxylic acid 

containing inhibitors known from the literature [91,93] strongly suggests that 

it is the linker part of molecules 119-122 that prevents DAAO activity. The 

replacement of the 7‐hydroxy‐2H‐chromen‐2‐one linker of compound 22 

changes the interactions of the linker, in addition it modifies the exit vectors 

of both the acidic headgroup and the pendant aromatic moiety in compounds 

119-122. While the presence of H-bond to the Gln53 backbone is highly 

possible in DAAO complexes of 119-122, no H-bond acceptor to the water-

mediated interaction with Tyr224 can be assumed. Perhaps more importantly, 

the different orientation of the pendant aromatic group in 119-122 compared 

to compounds 22 and 110-114 might be responsible for the decreased 

activity. This group in derivatives 110-114 points toward the flexible loop 

formed by residues 218−224 and may not form beneficial interactions with 

the loop. These observations suggest that the linker contributes significantly 

to DAAO activity both by its interactions with the enzyme and by properly 

orienting the pendant aromatic moiety.  
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1. CHAPTER 3 - Experimental section 

3.1. General information 

Melting points were determined on an OptiMelt SRS (Sunnyvale, CA, USA) 

and are uncorrected. NMR measurements were performed on Varian NMR 

System 500 spectrometer (Palo Alto, CA, USA) or Varian NMR System 300 

spectrometer (Palo Alto, CA, USA), 1H and 13C-NMR spectra were measured 

at room temperature (25 °C) in an appropriate solvent. 1H and 13C chemical 

shifts are expressed in parts per million (δ) referenced to TMS or residual 

solvent signals. Reactions were monitored with Merck silica gel 60 F254 TLC 

plates (Darmstadt, Germany). All chemicals and solvents were used as 

purchased. HPLC-MS measurements were performed using a Shimadzu LC-

MS-2020 device (Kyoto, Japan) equipped with a Reprospher 100 C18 (5 µm, 

100 × 3mm) column and positive-negative double ion source (DUIS) with a 

quadrupole mass spectrometer in a range of 50-1000 m/z. Sample was eluted 

with gradient elution using eluent A (0.1% formic acid in water) and eluent B 

(0.1% formic acid in acetonitrile). Flow rate was set to 1.5 mL/min. The 

initial condition was 0% B eluent, followed by a linear gradient to 100% B 

eluent by 2 min, from 2 to 3.75 min 100% B eluent was retained, and from 

3.75 to 4.5 min back to initial condition and retained to 5 min. The column 

temperature was kept at 30 °C and the injection volume was 1 µL. High 

resolution mass spectrometric measurements were performed using a Q-TOF 

Premier mass spectrometer (Milford, MA, USA) in positive electrospray 

ionization mode. Hydrazine hydrate used in the experiments is highly 

carcinogenic! 
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3.2. Synthetic procedures 

2-Bromo-3-carboxy-7-azabicyclo[2.2.1]hepta-2,5-dien-7-ium 2,2,2-

trifluoroacetate (34) 

To the solution of 3‐bromo‐7‐[(tert‐butoxy)carbonyl]‐7‐

azabicyclo[2.2.1]hepta‐2,5‐diene‐2‐carboxylic acid (41, 100 mg, 0.316 

mmol) in DCM (5 mL), trifluoroacetic acid (240 µL, 3.16 mmol) was added 

and stirred for 60 min. After the reaction was complete the solution was 

evaporated. White solid (98 mg, 95%) was obtained. Mp: 131-133°C.   1H 

NMR (500 MHz, CDCl3) δ 4.97 (d, J = 5.5 Hz, 2H), 5.97– 6.07 (m, 2H) ppm. 

13C NMR (125 MHz, CDCl3) δ 113.03, 115.11, 117.22, 119.33, 132.29, 

133.87, 136.90, 137.76, 159.94, 160.17, 160.38, 160.59, 165.33 ppm.  

 

1-(3-Phenylpropyl)-1,4-dihydro-5H-tetrazol-5-one (37) 

To the solution of 4-phenylbutanoic acid (45, 2g, 12.2 mmol) in DCM (15 

mL) thionyl chloride (1.4 mL, 19.52 mmol) was added dropwise then stirred 

under reflux condition for 3 h. The reaction mixture was evaporated until 

dryness. The resulted syrup was dissolved in acetone (18 mL) and this 

solution was added dropwise to the solution of NaN3 (1.59g, 24.4 mmol) in 

water (25 mL) at 0-5°C and stirred for further 1 h at this temperature. The 

reaction mixture was washed with toluene (2x10mL), the combined organic 

phase was washed with brine (10mL), dried on MgSO4 and filtered. The 

resulted solution was stirred for 3 h at 95°C. The toluene was evaporated and 

THF (16 mL) was added to the isocyanide. To this solution NaN3 (1.79g, 

27.45 mmol) and the solution of aluminum(III)chloride (2.38g, 13.4 mmol) in 

THF (10 mL) were added and stirred under reflux condition for 24h. The 

residue was purified by flash column chromatography (hexane : ethyl 

acetate). White solid (800 mg, 32%) was obtained. Mp: 78-81 °C.  1H NMR 

(500 MHz, CDCl3) δ 2.20 (p, J = 7.3 Hz, 2H), 2.71 (t, J = 7.6 Hz, 2H), 4.00 

(t, J = 7.0 Hz, 2H), 7.19 – 7.23 (m, 3H), 7.30 (t, J = 7.6 Hz, 2H), 13.15 (s, 
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1H) ppm. 13C NMR (125 MHz, CDCl3) δ 30.05, 32.72, 44.23, 126.45, 

128.52, 128.56, 128.72, 140.32, 177.16 ppm. 

 

5-Phenethyl-1H-pyrazol-3-ol (60) 

Hydrazine monohydrate (560 mL, 11.5 mmol) was added dropwise to a 

stirred solution of ethyl 3-oxo-5-phenylpentanoate (2.5 g, 11.3 mmol) in of 

ethanol (25 mL). Stirring was continued for 90 min more. Solvent was 

removed and diethyl ether (20 mL) was added, then the syrup was 

crystallized and filtrated. White solid crystal (1,33 g, 6.89 mmol, 61%) was 

obtained. Mp: 167-169°C. 1H NMR (500 MHz, DMSO-d6) δ 2.70 – 2.79 (m, 

2H), 2.82 – 2.89 (m, 2H), 5.24 (s, 1H), 7.14 – 7.23 (m, 3H), 7.27 (t, J = 7.4 

Hz, 2H), 10.37 (brs, 2H) ppm. 13C NMR (125 MHz, DMSO-d6) 27.5, 34.5, 

88.2, 125.9, 128.3, 141.1, 143.7, 160.8 ppm; HRMS (ESI): (M+H)+ calcd. for 

C11H13N2O
+, 189.1028; found, 189.1028 

 

Methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73) 

Methyl N-(4-nitro-1H-pyrrole-2-carbonyl)glycinate (72, 500 mg, 2.2 mmol) 

was dissolved in methanol (40 mL) in an autoclave. The solution was purged 

with Ar, then 10 % Pd on carbon (50 mg) was added. The mixture was stirred 

vigorously under H2 (5 bar) for 2 h. Pd on carbon was removed by filtration, 

methanol was removed under reduced pressure. Brownish oil (430 mg, 0.5 

mmol, 99%) was obtained. The amine was not stable so we used it without 

further purification. 

 

General procedure for acylation with acid chloride 

To the solution of amine in DMF under inert atmosphere 3 equivalent of 

triethylamine was added, then 3 equivalent of acid chloride was added 

dropwise at 0°C and stirred for overnight at room temperature. After the 

reaction was completed, dimethyl formamide was removed and the residue 

was purified by flash column chromatography. 
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Methyl (4-acetamido-1H-pyrrole-2-carbonyl)glycinate (74) 

The reaction was carried out according to the general procedure, starting 

from methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 435 mg, 2.2 

mmol) dissolved in DMF (8 mL), acetyl chloride (0.9 mL, 6.6 mmol), 

trimethylamine (470 µL, 6.6 mmol), flash column chromatography on silica 

gel with pure ethyl acetate. Brownish solid (195 mg, 0.82 mmol, 37%) 

product was obtained. Mp: 180-183°C 1H NMR (500 MHz, DMSO-d6) δ 

1.96 (s, 3H), 3.64 (s, 3H), 3.94 (d, J = 5.9 Hz, 2H) , 6.74 (s, 1H) , 7.07 (d, J 

= 1.0 Hz, 1H) , 8.44 (t, J = 5.9 Hz, 1H) , 9.76 (s, 1H), 11.14 (s, 1H) ppm. 13C 

NMR (126 MHz, DMSO-d6) δ 23.0, 40.5, 51.6, 101.9, 111.6, 122.7, 124.1, 

160.8, 166.4, 170.7 ppm. 

 

Methyl (4-(nicotinamido)-1H-pyrrole-2-carbonyl)glycinate (77) 

The reaction was carried out according to the general procedure, starting 

from  methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 206 mg, 1.1 

mmol) dissolved in DMF (4 mL), nicotinoyl chloride (467 mg, 3.3 mmol), 

trimethylamine (235 µL, 3.3 mmol), flash column chromatography on silica 

gel with dichloromethane:methanol=50:1. White solid (106 mg, 0.35 mmol, 

34%) product was obtained. Mp: 236-239 °C;1H NMR (500 MHz, DMSO-d6) 

δ 3.65 (s, 3H), 3.97 (d, J = 5.9 Hz, 2H), 6.99 (s, 1H), 7.29 (d, J = 1.1 Hz, 1H), 

7.54 (dd, J = 7.9, 4.8 Hz, 1H), 8.27 (d, J = 8.0 Hz, 1H), 8.52 (t, J = 5.9 Hz, 

1H), 8.73 (dd, J = 4.7, 1.1 Hz, 1H), 9.09 (d, J = 1.7 Hz, 1H), 10.49 (s, 1H), 

11.32 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 41.1, 52.1, 103.3, 

113.1, 123.5, 123.9, 124.2, 130.7, 135.5, 148.9, 152.2, 161.2, 162.6, 171.1 

ppm.  

 

Methyl (4-(picolinamido)-1H-pyrrole-2-carbonyl)glycinate (78) 

The reaction was carried out according to the general procedure, starting 

from methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 206 mg, 1.1 

mmol) dissolved in DMF (4 mL), picolinoyl chloride (467 mg, 3.3 mmol), 

235 µL (3.3 mmol) triethylamine, flash column chromatography on silica gel 

with dichloromethane:methanol=50:1. Pale yellow solid (40 mg, 0.14 mmol, 
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13%) product was obtained. Mp: 168-171°C;  1H NMR (500 MHz, DMSO-

d6) δ 3.65 (s, 3H) , 3.96 (d, J = 5.9 Hz, 2H), 7.16 (s, 1H) , 7.34 (s, 1H), 7.65 – 

7.60 (m, 1H) , 8.04 (t, J = 7.6 Hz, 1H), 8.12 (d, J = 7.8 Hz, 1H) , 8.47 (t, J = 

5.8 Hz, 1H), 8.70 (d, J = 4.4 Hz, 1H) , 10.69 (s, 1H), 11.30 (s, 1H) ppm.13C 

NMR (126 MHz, DMSO-d6) δ 40.6, 51.6, 103.1, 112.7, 122.0, 123.0, 123.5, 

126.3, 148.3, 150.2, 160.8, 161.1, 170.6 ppm. 

 

General procedure for acylation with HATU 

To the solution of 1 equivalent carboxylic acid dissolved in DMF, 1.2 

equivalent of DIPEA and 1.1 equivalent of HATU were added and stirred for 

30 minutes at room temperature. Then the solution of 1.2 equivalent of amine 

dissolved in DMF was added and the reaction was stirred overnight. After the 

reaction was completed, DMF was removed and the residue was purified by 

flash column chromatography. 

 

Methyl (4-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (75) 

The reaction was carried out according to the general procedure, starting 

from 3,4-dichloro-5-methyl-1H-pyrrole-2-carboxylic acid (50 mg, 0.26 

mmol) dissolved in DMF (1 mL), DIPEA (54 mL, 0.31 mmol), HATU (109 

mg, 0.29 mmol), methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 62 

mg, 0.31 mmol) dissolved in DMF (0.5 mL), flash column chromatography 

on reverse phase silica gel (C18) with water:acetonitrile gradient from 9:1 to 

0:1. Solid (32 mg, 0.086 mmol, 33%) product was obtained. Mp: 180-182°C; 

1H NMR (500 MHz, DMSO-d6) δ 2.21 (s, 3H), 3.65 (s, 3H), 3.96 (d, J = 5.8 

Hz, 2H), 6.92 (s, 1H), 7.20 (s, 1H), 8.47 (t, J = 5.8 Hz, 1H), 9.32 (s, 1H), 

11.29 (s, 1H), 12.01 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 10.7, 

40.6, 51.6, 102.9, 108.1, 110.1, 112.4, 119.7, 123.1, 123.1, 127.3, 155.9, 

160.7, 170.6 ppm. 

 

Methyl (4-(4-bromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (76) 
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The reaction was carried out according to the general procedure, starting 

from 4-bromo-1H-pyrrole-2-carboxylic acid (50 mg, 0.26 mmol) dissolved in 

DMF (1 mL), DIPEA (54 mL, 0.31 mmol), HATU (109 mg, 0.29 mmol), 

methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 62 mg, 0.31 mmol) 

dissolved in DMF (0.5 mL), flash column chromatography on reverse phase 

silica gel (C18) with water:acetonitrile gradient from 9:1 to 0:1. Brown solid 

(20 mg, 0.054 mmol, 21%) product was obtained. Mp: 100-104 °C 1H NMR 

(500 MHz, DMSO-d6) 3.65 (s, 3H), 3.96 (d, J = 5.8 Hz, 2H), 6.74 (s, 1H), 

6.92 (s, 1H), 7.08 (s, 1H), 7.20 (s, 1H), 8.47 (t, J = 5.8 Hz, 1H), 9.32 (s, 1H), 

11.29 (s, 1H), 12.07 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 40.6, 

51.6, 96.1, 102.0, 111.6, 116.1, 122.7, 123.6, 124.1, 124.3, 156.4, 160.7, 

170.7 ppm. 

 

Methyl 4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxylate (94) 

The reaction was carried out according to the general procedure, starting 

from 4,5-dibromo-1H-pyrrole-2-carboxylic acid (110 mg, 0.409 mmol) 

dissolved in DMF (3 mL), DIPEA (86 mL, 0.49 mmol), HATU (172 mg, 

0.45 mmol), methyl 4-amino-1H-pyrrole-2-carboxylate (93, 69 mg, 0.490 

mmol) dissolved in DMF (1 mL), flash column chromatography on reverse 

phase silica gel (C18) with water:acetonitrile gradient from 9:1 to 0:1. Brown 

solid (132 mg, 0.338 mmol, 83%) product was obtained. Mp: 250-255°C; 1H 

NMR (500 MHz, DMSO-d6) δ 3.76 (s, 3H) , 6.83 (dd, J = 2.5, 1.6 Hz, 1H), 

7.05 (s, 1H) , 7.29 (dd, J = 2.8, 1.5 Hz, 1H), 9.96 (s, 1H) , 11.71 (s, 1H), 

12.80 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 51.1, 97.9, 105.1, 

106.2, 112.8, 114.3, 119.1, 124.1, 128.0, 156.1, 160.6 ppm. 

 

Methyl N-(4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)-N-methylglycinate (97) 

The reaction was carried out according to the general procedure, starting 

from 4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-carboxylic 

acid (45 mg, 0.12 mmol, 95) dissolved in DMF (2 mL), DIPEA (50 mL, 
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0.288 mmol), HATU (51 mg, 0.132 mmol), sarcosine methyl ester 

hydrochloride (20 mg, 0.144 mmol) dissolved in DMF (1 mL), flash column 

chromatography on reverse phase silica gel (C18) with water:acetonitrile 

gradient from 9:1 to 0:1.  Brown solid (45 mg, 0.097 mmol, 81%) product 

was obtained. 1H NMR (500 MHz, DMSO-d6) δ 3.66 (s, 3H), 3.73 (s, 3H), 

3.83 (s, 2H), 6.85 (s, 1H), 7.11 (s, 1H), 7.25 (s, 1H), 10.04 (s, 1H), 11.65 (s, 

1H), 12.81 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 35.8, 40.5, 51.5, 

98.2, 102.4, 104.8, 112.2, 112.9, 123.0, 123.4, 128.6, 156.0, 161.4, 170.7 

ppm. 

 

Methyl (4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (100) 

The reaction was carried out according to the general procedure, starting 

from 4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxylic acid (98, 37 mg, 0.096 mmol) dissolved in DMF (1 mL), DIPEA 

(41 mL, 0.23 mmol), HATU (40 mg, 0.106 mmol), glycine methyl ester 

hydrochloride (14 mg, 0.112 mmol) dissolved in DMF (0.5 mL), flash 

column chromatography on reverse phase silica gel (C18) with 

water:acetonitrile gradient from 9:1 to 0:1. Brown solid (39 mg, 0.084 mmol, 

87%) product was obtained. 1H NMR (500 MHz, DMSO-d6) δ 3.64 (s, 3H), 

3.84 (d, J = 5.1 Hz, 2H),3.91 (s, 3H) 6.85 (s, 1H), 7.11 (s, 1H), 7.25 (s, 1H), 

8.38 (t, J = 5.3 Hz, 1H), 9.97 (s, 1H), 11.59 (s, 1H) ppm. 13C NMR (126 

MHz, DMSO-d6) δ 35.4, 40.5, 51.3, 97.7, 104.9, 105.1, 112.5, 118.5, 122.1, 

122.4, 128.0, 156.9, 161.0, 170.6 ppm. 

 

Methyl N-(4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-

pyrrole-2-carbonyl)-N-methylglycinate (101) 

The reaction was carried out according to the general procedure, starting 

from 4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxylic acid (98, 37 mg, 0.096 mmol) dissolved in DMF (1 mL), DIPEA 

(41 mL, 0.23 mmol), HATU (40 mg, 0.106 mmol), sarcosine methyl ester 

hydrochloride (16 mg, 0.112 mmol) dissolved in DMF (0.5 mL), flash 



60 

 

column chromatography on reverse phase silica gel (C18) with 

water:acetonitrile gradient from 9:1 to 0:1. Brown solid (16 mg, 0.034 mmol, 

34%) product was obtained. 1H NMR (500 MHz, DMSO-d6) δ 3.66 (s, 3H), 

3.73 (s, 3H), 3.86 (s, 2H), 3.92 (s, 3H), 6.88 (s, 1H), 7.13 (s, 1H), 7.28 (s, 

1H), 10.06 (s, 1H), 11.52 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 

35.3, 35.8, 40.5, 51.0, 97.3, 103.5, 105.7, 112.2, 115.4, 122.4, 122.9, 128.3, 

157.1, 161.5, 170.7 ppm. 

 

General procedure for acylation with EDC 

To the solution of the amine, the carboxylic acid and N-methylmorpholine in 

CH2Cl2, EDC, HOBT and DMAP were added at 0°C and stirred for 1h. DMF 

was then added and the reaction mixture was stirred at 45°C overnight under 

argon. The solvent was removed, ethyl acetate was added and washed with 

1M HCl solution (2 × 20 mL), saturated sodium bicarbonate solution (2 × 20 

mL) and brine (2 × 20 mL). The organic phase was dried over sodium 

carbonate, then the solvent was removed under reduced pressure and the 

crude product was recrystallized from ethyl acetate. 

 

Methyl (4-(1H-indole-2-carboxamido)-1H-pyrrole-2-carbonyl)glycinate (79) 

The reaction was carried out according to the general procedure, starting 

from 1H-indole-2-carboxylic acid (90 mg, 0.558 mmol, 1 equiv), methyl N-

(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 110 mg, 0.558 mmol, 1 

equiv.) and N-methylmorpholine (184 µL 1.68 mmol, 3 equiv.) dissolved in 

DCM (10 mL), EDC (139 mg, 0,726 mmol, 1,3 equiv.), HOBT (15 mg, 0.111 

mmol, 0,2 equiv.) and DMAP (14 mg, 0.111 mmol, 0,2 equiv.) dissolved in 

DMF (10 mL). White solid (78 mg, 41%) was obtained. Decomp.>260°C; 
1H-NMR (400 MHz, DMSO-d6) δ 3.66 (s, 3H), 3.98 (s, 2H), 6.98 (s, 1H), 

7.05 (dd, 1H, J = 7.3 Hz, 7.3 Hz), 7.19 (dd, 1H, J = 7.6 Hz, 7.6 Hz), 7.30 (s, 

2H), 7.45 (d, 1H, J = 8.2 Hz), 7.65 (d, 1H, J = 8.1 Hz), 8.57 (s, 1H), 10.34 (s, 

1H), 11,35 (s, 1H), 11.66 (s, 1H) ppm. 13C-NMR (100 MHz, DMSO-d6) δ 

40.6, 51.7, 102.6, 102.8, 112.3, 112.4, 119.8, 121.6, 123.0; 123.4; 123.8, 
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127.2, 131.7, 136.6, 158.3, 160.9, 170.8 ppm. HRMS (ESI): calc. for 

C17H15N4O4 m/z 339.1093 [M-H]-, found 339.1088 

 

Methyl (4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (80) 

The reaction was carried out according to the general procedure, starting 

from 4,5-dibromo-1H-pyrrole-2-carboxylic acid (78 mg, 0.29 mmol, 1 

equiv), methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 57 mg, 0.29 

mmol, 1 equiv.) and N-methylmorpholine (96 µL, 0.87 mmol, 3 equiv.) 

dissolved in DCM (10 mL), EDC (72 mg, 0,377 mmol, 1,3 equiv.), HOBT (8 

mg, 0.058 mmol, 0,2 equiv.) and DMAP (7 mg, 0.058 mmol, 0,2 equiv.) 

dissolved in DMF (10 mL). Brown solid (66 mg, 51%) was obtained. Mp 

280-284 °C; 1H-NMR (400 MHz, DMSO-d6) δ 3.65 (s, 3H), 3.96 (s, 2H), 

6.87 (s, 1H), 7.10 (s, 1H), 7.21 (s, 1H), 8.55 (s, 1H), 9.97 (s, 1H), 11.32 (s, 

1H), 12.62 (s, 1H) ppm. 13C-NMR (100 MHz, DMSO-d6) δ 40.6, 51.7, 98.0, 

102.5, 105.0, 112.3, 112.8, 123.0, 123.5, 128.18, 156.1, 160.8, 170.8 ppm. 

HRMS (ESI): calc. for C13H11Br2N4O4 m/z 444.9147 [M-H]-, found 

444,9153; 

 

Methyl (4-(4,5-dichloro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (81) 

The reaction was carried out according to the general procedure, starting 

from 4,5-dichloro-1H-pyrrole-2-carboxylic acid (137 mg, 0.761 mmol, 1 

equiv), methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 150 mg, 

0.761 mmol, 1 equiv.) and  N-methylmorpholine (251 µL, 2.28 mmol, 3 

equiv.) dissolved in DCM (10 mL), EDC (190 mg, 0,990 mmol, 1,3 equiv.), 

HOBT (21 mg, 0.152 mmol, 0,2 equiv.) and DMAP (19 mg, 0.152 mmol, 0,2 

equiv.) dissolved in DMF (10 mL). Brown solid (153 mg, 56%) was 

obtained. Mp 269-274 °C; 1H-NMR (400 MHz, DMSO-d6) δ 3.65 (s, 3H), 

3.96 (d, 2H, J = 5.9 Hz), 6.87 (dd, 1H, J = 2.9 Hz; 1.3 Hz), 7,06 (d, 1H, J = 

2.2 Hz), 7.20 (dd, 1H, J = 2.7 Hz; 1.5 Hz), 8.54 (t, 1H, J = 6.0 Hz), 9,98 (s, 

1H), 11,32 (s, 1H), 12,83 (s, 1H) ppm. 13C-NMR (100 MHz, DMSO-d6) δ 
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40.6, 51.7, 102.5, 108.1, 109.9, 112.3, 115.2, 123.1, 123.4, 124.9, 156.2, 

160.8, 170.8 ppm. HRMS (ESI): calc. for C13H11Cl2N4O4 m/z 357.0157 [M-

H]-, found 357,0153. 

 

Methyl (4-(5-nitro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (82) 

The reaction was carried out according to the general procedure, starting 

from 5-nitro-1H-pyrrole-2-carboxylic acid (158 mg, 1.01 mmol, 1 equiv), 

methyl N-(4-amino-1H-pyrrole-2-carbonyl)glycinate (73, 199 mg, 1.01 

mmol, 1 equiv.) and  N-methylmorpholine (334 µL, 3.03 mmol, 3 equiv.) 

dissolved in DCM (10 mL), EDC (252 mg, 1.32 mmol, 1,3 equiv.), HOBT 

(27 mg, 0.202 mmol, 0,2 equiv.) and DMAP (25 mg, 0.202 mmol, 0,2 equiv.) 

dissolved in DMF (10 mL). Yellow solid (293 mg, 86%) was obtained. 

Decomp.>175°C; 1H-NMR (400 MHz, DMSO-d6) δ 3.65 (s, 3H), 3.97 (d, 

2H, J = 5.9 Hz), 6.92 (dd, 1H, J = 2,7 Hz; 1.6 Hz), 7.00 (d, 1H, J = 4.2 Hz), 

7.20 (d, 1H, J = 4.3 Hz), 7.27 (dd, 1H, J = 2,9 Hz; 1,5 Hz), 8.58 (t, 1H, J = 

6,0 Hz), 10.37 (s, 1H), 11.40 (s, 1H), 13.53 (s, 1H) ppm. 13C-NMR (100 

MHz, DMSO-d6) δ 40.6; 51.7; 102.4, 111.2, 112.4, 112.5, 123.2, 123.3, 

131.1, 138.7, 155.8, 160.8, 170.7 ppm. HRMS (ESI): calc. for C13H12N5O6 

m/z 334.0788 [M-H]-, found 334.0787. 

 

Methyl 4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-

carboxylate (106) 

The reaction was carried out according to the general procedure, starting 

from methyl 4-amino-1-methyl-1H-pyrrole-2-carboxylate (105, 154 mg, 1.0 

mmol, 1 equiv.), 4,5-dibromopyrrole-2-carboxylic acid (269 mg, 1.0 mmol, 1 

equiv.) and N-methylmorpholine (326 µL, 3.0 mmol, 3 equiv.) dissolved in 

DCM (10 mL), EDC (249 mg, 1,3 mmol, 1,3 equiv.), HOBT (27 mg, 0,2 

mmol, 0,2 equiv.) and DMAP (24 mg, 0.2 mmol, 0.2 equiv.) dissolved in 

DMF (10 mL). Slightly yellow crystals (348 mg, 86%) were obtained. Mp 

262-264°C; 1H-NMR (400 MHz, DMSO-d6) δ 3.75 (s, 3H), 3.86 (s, 3H), 6.88 

(d, J = 2.0 Hz, 1H), 7.07 (d, J = 2,2 Hz, 1H); 7.41 (d, J = 1.9 Hz, 1H), 9.99 
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(bs, 1H), 12.83 (bs, 1H) ppm. 13C-NMR (100 MHz, DMSO-d6) δ 36.3, 51.0, 

98.0, 105.2, 108.2, 112.9, 118.8, 120.7, 122.2, 127.9, 156.0, 160.7 ppm. 

HRMS (ESI): calc. for C12H10Br2N3O3 m/z 401.9089 [M-H]-, found 

401.9091; 

 

Methyl (4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-

carbonyl)glycinate (108) 

The reaction was carried out according to the general procedure, starting 

from 4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-

carboxylic acid (107, 100 mg, 0.256 mmol, 1 equiv.), methyl glycinate (35.3 

mg, 0.281 mmol, 1.1 equiv.) and N-methylmorpholine (111 µL, 1.024 mmol, 

4 equiv.) dissolved in DCM (10 mL), EDC (98 mg, 0.414 mmol, 2 equiv.) 

and HOBT (35 mg, 0,256 mmol, 1 equiv.) dissolved in DMF (10 mL). 

Yellow crystals (63 mg, 53%) were obtained. Mp 190-195°C; 1H-NMR (400 

MHz, DMSO-d6) δ 3.66 (s, 3H), 3.82 (s, 3H), 3.92 (d, J = 5.9 Hz, 2H), 6.87 

(d, J = 1.9 Hz, 1H), 7.11 (d, J = 2.0 Hz, 1H), 7.25 (d, J = 2.0 Hz, 1H), 8.50 

(dd, J = 5.9 Hz, 5.9 Hz, 1H), 9.99 (s, 1H), 12.79 (bs, 1H) ppm. 13C-NMR 

(100 MHz, DMSO-d6) δ 36.0, 40.6, 51.5, 98.0, 105.0 (2 signals) , 112.8, 

118.6, 122.3 (2 signals), 127.9, 156.0, 161.4, 170.7 ppm. HRMS (ESI): calc. 

for C14H13Br2N4O4 m/z 458.9304 [M-H]-, found 458.9299. 

 

Methyl 4-amino-1H-pyrrole-2-carboxylate (93) 

Methyl 4-nitropyrrole-2-carboxylate (92, 85 mg, 0.5 mmol) was dissolved in 

methanol (5 mL) in an autoclave. The solution was purged with Ar, then 10 

% Pd on carbon (8 mg) was added. The mixture was stirred vigorously under 

H2 (5 bar) for 2 h. Pd on carbon was removed by filtration, methanol was 

removed under reduced pressure. Brownish oil (70 mg, 0.5 mmol, 100%) was 

obtained.1H NMR (400 MHz, CDCl3) δ 3.80 (s, 3H), 6.45 (dd, J = 2.6, 1.9 

Hz, 1H), 6.49 (dd, J = 2.8, 1.9 Hz, 1H), 9.15 (s, 1H) ppm. 

  

Methyl 4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxylate (96) 
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Methyl 4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxylate (94, 50 mg, 0.128 mmol) was dissolved in DMF (2 mL) then 

sodium carbonate (15 mg, 0.141mmol) and methyl iodide (9 µL, 0.141 

mmol) were added and stirred for 24 hours at room temperature. The crude 

product was purified by reverse phase silica gel chromatography 

(water:acetonitrile gradient from 9:1 to 0:1). 26 mg (0.64 mmol, 50%) 

brownish powder was obtained. Mp: 220-223°C; 1H NMR (500 MHz, 

DMSO-d6) δ 3.76 (s, 3H), 3.91 (s, 3H), 6.83 (s, 1H), 7.11 (s, 1H), 7.30 (s, 

1H), 10.03 (s, 1H), 11.70 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 

35.4, 51.0, 96.9, 106.4, 110.9, 114.2, 114.3, 119.0, 124.1, 127.8, 156.8, 160.6 

ppm. 

 

General procedure for ester hydrolysis (with 1M sodium hydroxide solution) 

Starting material was dissolved in the mixture of dioxane:1M sodium 

hydroxide solution (1:1) and was stirred at room temperature for 2 hours. 

After the reaction was complete the solution was neutralised with 1M 

hydrochloric acid and evaporated under reduced pressure. The roduct was 

dissolved in ethanole then filtered to remove the inorganic salts. After 

removal of the solvent, the product was obtained. 

 

(4-Acetamido-1H-pyrrole-2-carbonyl)glycine (83) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-acetamido-1H-pyrrole-2-carbonyl)glycinate (74, 50 mg, 

0.021 mmol) dissolved in dioxane (3 mL) and 1M sodium hydroxide solution 

(3 mL). Brown solid (38 mg, 81%) product was obtained. Decomp.>220°C; 

1H NMR (500 MHz, DMSO-d6) δ 1.95 (s, 3H), 3.84 (d, J = 5.1 Hz, 2H), 6.72 

(s, 1H), 7.06 (s, 1H), 8.36 (s, 1H), 9.82 (s, 1H), 11.14 (s, 1H) ppm. 13C NMR 

(126 MHz, DMSO-d6) δ 23.0, 40.5, 101.9, 111.4, 123.0, 124.0, 160.7, 166.4, 

171.5 ppm. HRMS (ESI): calc. for C9H10N3O4 m/z 224.0671 [M-H]-, found 

224.0665.  
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[4-(3,4-Dichloro-5-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl]glycine (84) 

The reaction was carried out according to the general procedure, starting 

from) methyl (4-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)-1H-

pyrrole-2-carbonyl)glycinate (75, 8 mg, 0.017 mmol) dissolved in dioxane (2 

mL) and 1M sodium hydroxide solution (2 mL). Brown solid (4 mg, 51%) 

product was obtained. Decomp.>300°C; 1H NMR (500 MHz, DMSO-d6) δ 

2.20 (s, 3H) , 3.85 (d, J = 5.7 Hz, 2H), 6.96 (s, 1H), 7.22 (s, 1H), 8.43 (t, J = 

5.6 Hz, 1H), 9.29 (s, 1H), 11.32 (s, 1H), 12.03 (s, 1H) ppm. 13C NMR (126 

MHz, DMSO-d6) δ 10.7, 40.6, 102.9, 108. 1, 110.1, 112.5, 119.7, 123.2, 

123.2, 127.2, 156.0, 160.7, 171.7 ppm. HRMS (ESI): calc. for 

C13H11N4O4Cl2 m/z 357.0157 [M-H]-, found 357.0162.  

 

(4-(4-Bromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-carbonyl)glycine 

(85) 

The reaction was carried out according to the general procedure, starting 

from methyl N-[4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-

pyrrole-2-carbonyl]-N-methylglycinate (76, 8 mg, 0.017 mmol) dissolved in 

dioxane (1 mL) and 1M sodium hydroxide solution (1 mL). Brown solid (4 

mg, 51%) product was obtained. Mp: 144-146 °C; 1H NMR (500 MHz, 

DMSO-d6) 3.82 (d, J = 5.7 Hz, 2H), 6.68 (s, 1H), 6.81 (s, 1H), 7.03 (s, 1H), 

7.06 (s, 1H), 8.42 (t, J = 5.9 Hz, 1H), 9.27 (s, 1H), 11.29 (s, 1H), 12.07 (s, 

1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 40.6, 96.0, 101.8, 111.6, 116.1, 

122.7, 123.6, 124.0, 124.3, 156.3, 160.5, 171.9 ppm. HRMS (ESI): calc. for 

C12H10N4O4Br m/z 352.9885 [M-H]-, found 352.9878.  

 

[4-(Nicotinamido)-1H-pyrrole-2-carbonyl]glycine (86) 

The reaction was carried out according to the general procedure, starting 

from methyl [4-(nicotinamido)-1H-pyrrole-2-carbonyl]glycinate (77, 40 mg, 

0.132 mmol) dissolved in dioxane (3 mL) and 1M sodium hydroxide solution 

(3 mL). Brown solid (20 mg, 53%) product was obtained. Decomp.>210°C; 
1H NMR (500 MHz, DMSO-d6) δ 3.87 (d, J = 5.8 Hz, 2H), 6.92 (s, 1H), 7.30 
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(d, J = 1.1 Hz, 1H), 7.55 (dd, J = 8.0, 4.7 Hz, 1H), 8.28 (d, J = 8.0 Hz, 1H), 

8.53 (t, J = 5.9 Hz, 1H), 8.74 (dd, J = 4.5, 1.1 Hz, 1H), 9.10 (d, J = 1.7 Hz, 

1H), 10.51 (s, 1H), 11.33 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 

41.1,  103.3, 113.1, 123.5, 123.9, 124.2, 130.7, 135.5, 148.9, 152.2, 161.2, 

162.6, 172.1 ppm. HRMS (ESI): calc. for C13H11N4O4 m/z 287.0780 [M-H]-, 

found 287.0786.  

 

[4-(Picolinamido)-1H-pyrrole-2-carbonyl]glycine (87) 

The reaction was carried out according to the general procedure, starting 

from methyl [4-(picolinamido)-1H-pyrrole-2-carbonyl]glycinate (78, 40 mg, 

0.132 mmol) dissolved in dioxane (3 mL) and 1M sodium hydroxide solution 

(3 mL). Brown solid (36 mg, 95%) product was obtained. Mp: 249-251°C; 
1H NMR (500 MHz, DMSO-d6) δ 3.81 (d, J = 5.7 Hz, 2H), 7.16 (s, 1H) , 7.34 

(s, 1H), 7.59 – 7.56 (m, 1H) , 8.00 (t, J = 7.6 Hz, 1H), 8.08 (d, J = 7.8 Hz, 

1H) , 8.35 (t, J = 5.9 Hz, 1H), 8.68 (d, J = 4.4 Hz, 1H) , 10.65 (s, 1H), 11.26 

(s, 1H) ppm.13C NMR (126 MHz, DMSO-d6) δ 40.6, 103.1, 112.7, 122.0, 

123.0, 123.4, 126.3, 148.3, 150.1, 160.8, 161.1, 171.5 ppm. HRMS (ESI): 

calc. for C13H11N4O4 m/z 287.0780 [M-H]-, found 287.0777. 

 

(4-Nitro-1H-pyrrole-2-carbonyl)glycine (91) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-nitro-1H-pyrrole-2-carbonyl)glycinate (72, 50 mg, 0.220 

mmol) dissolved in dioxane (3 mL) and 1M sodium hydroxide solution (3 

mL). White solid (31 mg, 66%) product was obtained. Decomp.>196°C; 1H 

NMR (500 MHz, DMSO-d6) δ 3.91 (d, J = 5.9 Hz, 1H), 7.48 (s, 1H), 7.92 (d, 

J = 1.8 Hz, 1H), 8.84 (t, J = 5.8 Hz, 1H), 12.63 (s, 1H), 12.77 (s, 1H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 40.6, 105.6, 122.6, 126.5, 136.3, 159.6, 

171.0 ppm. HRMS (ESI): calc. for C7H6O5N3 m/z 212.0302 [M-H]-, found 

212.0308. 

 

 



67 

 

4-(4,5-Dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-carboxylic acid 

(95) 

The reaction was carried out according to the general procedure, starting 

from methyl 4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxylate (94, 50 mg, 0.128 mmol) dissolved in dioxane (2 mL) and 1M 

sodium hydroxide solution (2 mL). Brown solid (44 mg, 91%) product was 

obtained. Mp:213-215°C; 1H NMR (500 MHz, DMSO-d6) δ 6.84 (dd, J = 

2.5, 1.7 Hz, 1H), 7.14 (d, J = 2.7 Hz, 1H), 7.29 (dd, J = 2.7, 1.5 Hz, 1H) , 

10.31 (s, 1H), 11.49 (s, 1H) , 12.91 (s, 1H) ppm. 13C NMR (126 MHz, 

DMSO-d6) δ 98.0, 104.7, 106.1, 113.3, 113.7, 120.2, 124.0, 128.1, 155.9, 

161.7 ppm. 

 

4-(4,5-Dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxylic acid (98) 

The reaction was carried out according to the general procedure, starting 

from methyl 4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-

pyrrole-2-carboxylate (96, 26 mg, 0.064 mmol) dissolved in dioxane (2 mL) 

and 1M sodium hydroxide solution (2 mL). Brown solid (23 mg, 92%) 

product was obtained. Mp: 221-225 °C; 1H NMR (500 MHz, DMSO-d6) δ 

3.91 (s, 3H), 6.80 (s, 1H), 7.17 (s, 1H), 7.27 (s, 1H), 10.08 (s, 1H), 11.49 (s, 

1H), 12.23 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 35.4, 96.9, 106.2, 

110.8, 113.8, 114.2, 120.1, 124.0, 127.8, 156.8, 161.6 ppm. 

 

N-(4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-carbonyl)-N-

methylglycine (99) 

The reaction was carried out according to the general procedure, starting 

from methyl N-(4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)-N-methylglycinate (97, 30 mg, 0.065 mmol) dissolved in dioxane 

(2 mL) and 1M sodium hydroxide solution (2 mL). Brown solid (23 mg, 

80%) product was obtained. Mp: 283-285 °C;1H NMR (500 MHz, DMSO-d6) 

δ 3.69 (s, 3H), 3.70 (s, 2H), 6.85 (s, 1H), 7.15 (s, 1H), 7.22 (s, 1H), 10.01 (s, 

1H), 11.63 (s, 1H), 12.78 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ 
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36.9, 41.7, 98.3, 102.3, 104.6, 112.1, 112.8, 123.2, 123.3, 128.6, 156.0, 

161.4, 171.9 ppm. HRMS (ESI): calc. for C13H11N4O4
79Br81Br m/z 446.9127 

[M-H]-, found 446.9130. 

 

(4-(4,5-Dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycine (102) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-

pyrrole-2-carbonyl)glycinate (100, 32 mg, 0.069 mmol) dissolved in dioxane 

(1 mL) and 1M sodium hydroxide solution (1 mL). Brown solid (29 mg, 

95%) product was obtained. 1H NMR (500 MHz, DMSO-d6) δ 3.74 (d, J = 

5.1 Hz, 2H), 3.90 (s, 3H), 6.83 (s, 1H), 7.10 (s, 1H), 7.22 (s, 1H), 8.28 (t, J = 

5.1 Hz, 1H), 9.92 (s, 1H), 11.6 (s, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) 

δ 35.4, 41.5, 97.7, 104.9, 105.1, 112.5, 118.5, 122.1, 122.4, 128.0, 156.9, 

161.0, 171.6 ppm. HRMS (ESI): calc. for C13H11N4O4Br2 m/z 444.9147 [M-

H]-, found 444.9153. 

 

N-(4-(4,5-Dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)-N-methylglycine (103) 

The reaction was carried out according to the general procedure, starting 

from methyl N-(4-(4,5-dibromo-N-methyl-1H-pyrrole-2-carboxamido)-1H-

pyrrole-2-carbonyl)-N-methylglycinate (101, 8 mg, 0.017 mmol) dissolved in 

dioxane (1 mL) and 1M sodium hydroxide solution (1 mL). Brown solid (4 

mg, 51%) product was obtained. Mp: 195-198 °C; 1H NMR (500 MHz, 

DMSO-d6) δ 3.63 (s, 3H), 3.77 (s, 2H), 3.87 (s, 3H), 6.88 (s, 1H), 7.13 (s, 

1H), 7.28 (s, 1H), 10.02 (s, 1H), 11.45 (s, 1H) ppm. 13C NMR (126 MHz, 

DMSO-d6) δ 35.3, 35.8, 41.4, 97.5, 103.7, 105.9, 112.1, 115.7, 122.3, 122.6, 

128.5, 157.0, 161.7, 172.0 ppm. HRMS (ESI): calc. for C14H13N4O4Br2 m/z 

458.9304 [M-H]-, found 458.9307  

 

General procedure for ester hydrolysis (with lithium hydroxide solution) 
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To a solution of an ester in THF (0.1M) was added a solution of LiOH in 

water (1M, 4 equiv.) and stirred overnight (THF/water = 2/1). NaOH in water 

was then added (1M, 20mL/mmol) and washed with ethyl acetate (2x 10mL). 

Water phase was acidified to pH=1 and extracted with ethyl acetate 

(2x20mL), the combined organic phases were then washed with brine 

(1x20mL) and evaporated. The solid product was then further recrystallized 

with ethanol 

 

(4-(4,5-Dichloro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-carbonyl)glycine 

(71) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-(4,5-dichloro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (81, 113 mg, 0.314 mmol). Brown solid (24 mg, 22%) 

product was obtained. Mp 257-261°C; 1H-NMR (400 MHz, DMSO-d6) δ 

3.87 (d, J = 5.7 Hz, 2H), 6.86 (dd, J = 2.8 Hz; 1.6 Hz, 1H), 7.07 (s, 1H), 7.20 

(dd, J = 2.6 Hz; 1.6 Hz, 1H), 8.44 (t, J = 5.9 Hz, 1H), 9.98 (s, 1H), 11.31 (s, 

1H), 12.57 (bs, 1H), 12.85 (s, 1H) ppm. 13C-NMR (126 MHz, DMSO-d6) δ 

40.4, 102.9, 108.2, 109.8, 112.5, 115.4, 123.7, 123.9, 124.6, 155.9, 161.0, 

170.6 ppm. HRMS (ESI): calc. for C12H9Cl2N4O4 m/z 343.0001 [M-H]-, 

found 343.0011. 

 

(4-(1H-indole-2-carboxamido)-1H-pyrrole-2-carbonyl)glycine (88) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-(1H-indole-2-carboxamido)-1H-pyrrole-2-carbonyl)glycinate 

(79, 40 mg, 0.118 mmol). Slightly brown crystals (31 mg, 80%) were 

obtained. Decomp.>210°C; 1H-NMR (400 MHz, DMSO-d6) δ 3.88 (d, J = 

5,9 Hz, 2H), 6.96 (dd, J = 2.7 Hz; 1.5 Hz 1H), 7.06 (m, 1H), 7.20 (m, 1H), 

7.30 (s, 2H), 7.46 (d, J = 8.3 Hz, 1H), 7.66 (d, J = 8,1 Hz, 1H), 8.44 (t, J = 

5.8 Hz, 1H), 10.34 (s, 1H), 11.33 (s, 1H), 11.67 (s, 1H), 12.59 (s, 1H) ppm. 
13C-NMR (100 MHz, DMSO-d6) δ 40.9, 101.9, 102.2, 112.4, 112.5, 119.3, 

121.0, 122.7; 123.2; 124.2, 127.1, 131.7, 136.4, 158.7, 160.6, 170.2 ppm. 

HRMS (ESI): calc. for C16H13N4O4 m/z 325.0937 [M-H]-, found 325.0929; 
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(4-(4,5-Dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-carbonyl)glycine 

(89) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (80, 50 mg, 0.112 mmol). Slightly brown solid (6 mg, 

12%) product was obtained. Mp>300°C; 1H-NMR (400 MHz, DMSO-d6) δ 

3.87 (d, J = 5.8 Hz, 2H), 6,85 (dd, J = 2.9 Hz; 1.7 Hz, 1H), 7.10 (d, J = 2.3 

Hz, 1H), 7.20 (dd, J = 2.9 Hz; 1.5 Hz, 1H), 8.43 (t, J = 6.1 Hz, 1H), 9.96 (s, 

1H), 11.29 (s, 1H), 12.44 (s, 1H), 12.79 (s, 1H) ppm. 13C-NMR (100 MHz, 

DMSO-d6) δ 40.61, 102.2, 111.2, 112.4, 123.2, 123.5, 131.1, 138.6, 155.7, 

160.7, 171.7 ppm. HRMS (ESI): calc. for C12H9Br2N4O4 m/z 430,8991[M-H]-

, found 430,8982. 

 

(4-(5-Nitro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-carbonyl)glycine (90) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-(5-nitro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carbonyl)glycinate (82, 87 mg, 0.259 mmol). Orange solid (69 mg, 83%) 

product was obtained. Decomp.>280°C; 1H-NMR (400 MHz, DMSO-d6) δ 

3.88 (d, J = 6,0 Hz, 2H), 6.91 (dd, J = 2,6 Hz, 1,6 Hz, 1H), 7.00 (d, J = 4,4 

Hz, 1H), 7.20 (d, J = 4.3 Hz, 1H), 7.26 (dd, J = 3,0 Hz, 1,6 Hz, 1H), 8.48 (t, J 

= 6.0 Hz, 1H), 10.37 (s, 1H), 11.40 (s, 1H), 12.44 (s, 1H, COOH), 13.54 (s, 

1H) ppm. 13C-NMR (100 MHz, DMSO-d6) δ 40.6, 102.2, 111.2, 112.4, 

123.2, 123.5, 131.1, 138.6, 155.7, 160.7, 171.7 ppm. HRMS (ESI): calc. for 

C12H10N5O6 m/z 320,0631[M-H]-, found 320,0624; 

 

4-(4,5-Dibromo-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-

carboxylic acid (107) 

The reaction was carried out according to the general procedure, starting 

from methyl 4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1-methyl-1H-

pyrrole-2-carboxylate (106, 115 mg, 0.284 mmol). Brown crystals (105 mg, 

95%) were obtained. Mp 186-190°C; 1H-NMR (400 MHz, DMSO-d6) δ 3.82 
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(s, 3H), 6,72 (d, J = 1.4 Hz, 1H), 6.80 (s, 1H); 7.25 (d, J = 1,4 Hz, 1H); 9.61 

(bs, 1H), two protons are exchanged with water, ppm. 13C-NMR (100 MHz, 

DMSO-d6) δ 36.1, 96.9, 106.0, 107.1, 113.1, 118.3, 122.0, 122.7, 129.2, 

156.8, 163.5 ppm. HRMS (ESI): calc. for C11H8Br2N3O3 m/z 387.8932 [M-

H]-, found 387.8940.  

 

(4-(4,5-Dibromo-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-

carbonyl)glycine (109) 

The reaction was carried out according to the general procedure, starting 

from methyl (4-(4,5-dibromo-1H-pyrrole-2-carboxamido)-1-methyl-1H-

pyrrole-2-carbonyl)glycinate (108, 60 mg, 0.130 mmol). Slightly yellow 

crystals (50 mg, 86%) were obtained. Mp 167-170°C; 1H-NMR (400 MHz, 

DMSO-d6) δ 3.82 (s, 3H), 3.83 (s, 2H), 6.85 (d, J = 1,9 Hz, 1H), 7.11 (s, 1H), 

7.25 (d, J = 1.9, Hz 1,), 8.38 (t, J = 6.0 Hz, 1H), 9.97 (s, 1H), 12.79 (bs, 1H) 

ppm. 13C-NMR (100 MHz, DMSO-d6) δ 36.2, 40.6, 97.9, 104.3, 105.0, 

112.6, 118.4, 121.5, 122.5, 128.1, 156.0, 161.3, 171.6 ppm. HRMS (ESI): 

calc. for C13H11Br2N4O4 m/z 444.9147 [M-H]-, found 444.9141. 

 

 

Methyl 1-methyl-4-nitro-1H-pyrrole-2-carboxylate (104) 

To the solution of methyl 4-nitro-1H-pyrrole-2-carboxylate (92, 310 mg, 1.82 

mmol) and tetrabutylammonium iodide (67 mg, 0.18 mmo; 0.1 equiv.) in dry 

DMF (5 mL), 60 % NaH (91 mg, 2.28 mmol, 1.25 equiv.) was added under 

argon at 0°C. After 10 minutes iodomethane (227 µL, 3.64 mmol, 2 equiv.) 

was added and stirred overnight. Ethyl acetate (100 mL) was then added, 

washed with water (2 × 10 mL) and brine (2 × 10 mL) and the organic phase 

was evaporated. The crude mixture was purified with flash column 

chromatography using a gradient of hexane/ethyl acetate = 6/1 to 2/1. Yellow 

solid (218 mg, 65%) product was obtained. Mp 120-122°C; 1H-NMR (400 

MHz, DMSO-d6) δ 3.89 (s, 3H), 4.02 (s, 3H), 7. 45 (d, J = 2,0 Hz, 1H), 7.62 

(d, J = 2,0 Hz, 1H) ppm.  
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Methyl 4-amino-1-methyl-1H-pyrrole-2-carboxylate (105) 

Methyl 1-methyl-4-nitro-1H-pyrrole-2-carboxylate (104, 182 mg, 0.99 mmol) 

was dissolved in methanol (10 mL) in an autoclave. The solution was purged 

with Ar, then 10 % Pd on carbon (10 mg) was added. The mixture was stirred 

vigorously under H2 (1 bar) for 2 h. Pd on carbon was removed by filtration, 

methanol was removed under reduced pressure. Brownish oil (150 mg, 0.98 

mmol, 99%) was obtained. The amine was not stable so we used it without 

further purification. 

 

General procedure for the preparation of 5-substituted phenyl-1H- 

pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione derivatives (136a-d)  

To the solution of 1,3-dibenzyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-

dione (134) in NMP, CuBr (2.00 eq), Na2CO3 (1.05 equiv.) and the 

corresponding phenyl bromide (3.30 equiv.) were added, then the suspension 

was heated to 170 °C under argon atmosphere for 3 days. The mixture was 

filtered through celite and washed with THF twice, then purified by reverse 

phase flash column chromatography. After the isolation of the desired 

product (135a−d), it was dissolved in THF (30 mL). 300 m/m% Pd on carbon 

(10 m/m%) was added and hydrogenated in autoclave under 5 bar H2 

pressure for 3 days at 170 °C (the pressure at 170 °C was ca. 22 bar). It was 

cooled to room temperature, the suspension was filtered through celite and 

washed with THF. After removal of the solvent, the expected product was 

obtained. 

 

5-Phenyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (136a) 

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (134, 450 

mg, 1.36 mmol), CuBr (390 mg, 2.72 mmol), Na2CO3 (153 mg, 1.44 mmol) 

and bromobenzene (482 µL, 4.6 mmol) dissolved in NMP (4 mL). 1,3-

Dibenzyl-5-phenyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (135a, 

338 mg, 0.83 mmol, 61% yield) was obtained. LC-MS [M+H]+: 408 m/z. 1H-

NMR (500 MHz, CDCl3) δ 5.00 (s, 2H), 5.10 (s, 2H), 5.87 (d, J = 3.0 Hz, 
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1H), 6.83 (d, J = 3.0 Hz, 1H), 7.05 (dd, J = 8.2, 6.4 Hz, 1H), 7.09–7.14 (m, 

3H), 7.14–7.28 (m, 9H), 7.36 (d, J = 7.3 Hz, 2H) ppm. 13C-NMR (500 MHz, 

CDCl3) δ 44.48, 48.68, 96.22, 110.26, 125.54, 127.20, 127.34, 127.71, 

127.81, 128.23, 128.63, 128.67, 128.73, 131.04, 136.15, 136.87, 137.71, 

138.39, 151.61, 154.51 ppm. 

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-5-phenyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione 

(135a, 338 mg, 0.83 mmol) and Pd on carbon (1.01 g, 10 m/m%) to give 5-

phenyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (136a, 28.0 mg, 

0.125 mmol, 15% yield). LC-MS [M+H]+: 228 m/z. 1H-NMR (500 MHz, 

DMSO-d6) δ 6.07 (s, 1H), 7.36 (d, J = 4.1 Hz, 1H), 7.39–7.46 (m, 5H), 10.65 

(bs, 2H) ppm. 13C-NMR (500 MHz, DMSO-d6) δ 96.51, 109.30, 125.04, 

127.00, 128.46, 131.74, 137.29, 138.25, 151.11, 155.01 ppm.  

 

5-(3-Methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (136b)  

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (134, 450 

mg, 1.36 mmol), CuBr (390 mg, 2.72 mmol), Na2CO3 (153 mg, 1.44 mmol) 

and 3-bromotoluene (550 µL, 4.60 mmol) dissolved in NMP (4 mL). 1,3-

Dibenzyl-5-(3-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-

dione (135b, 388.0 mg, 0.915 mmol, 68% yield) was obtained. LC-MS 

[M+H]+: 422 m/z. 1H-NMR (500 MHz, CDCl3) δ 2.25 (s, 3H), 5.01 (s, 2H), 

5.11 (s, 2H), 5.88 (d, J = 2.5 Hz, 1H), 6.84 (d, J = 2.5 Hz, 1H), 7.02–7.09 (m, 

4H), 7.13 (t, J = 7.2 Hz, 2H), 7.15–7.23 (m, 6H), 7.36 (d, J = 7.4 Hz, 2H) 

ppm. 13C-NMR (500 MHz, CDCl3) δ 21.33, 44.48, 48.69, 96.04, 110.38, 

122.89, 126.15, 127.19, 127.36, 127.72, 128.23, 128.43, 128.69, 128.71, 

128.75, 131.08, 136.21, 136.77, 137.78, 138.39, 138.64, 151.67, 154.51 ppm.  

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-5-(3-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-

2,4(3H,5H)-dione (135b, 388 mg, 0.92 mmol) and Pd on carbon (1.16 g, 10 

m/m%) to give 5-(3-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-

2,4(3H,5H)-dione (136b, 31.0 mg, 0.128 mmol, 14% yield). LC-MS [M+H]+: 
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242 m/z. 1H-NMR (300 MHz, DMSO-d6) δ 2.34 (s, 3H), 6.06 (s, 1H), 7.12–

7.41 (m, 3H), 7.41–7.61 (m, 1H), 7.95 (d, J = 6.9 Hz, 1H), 10.65 (s, 

1H),10.97 (s, 1H) ppm. 13C-NMR (300 MHz, DMSO-d6) δ 20.87, 96.45, 

109.35, 122.27, 125.61, 127.73, 128.31, 132.34, 137.29, 138.00, 138.26, 

151.21, 155.06 ppm.   

 

5-(3-Methoxyphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (136c)  

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (134, 450 

mg, 1.36 mmol),  CuBr (390 mg, 2.72 mmol), Na2CO3 (153 mg, 1.44 mmol) 

and 3-bromoanisole (575 µL, 4.60 mmol) dissolved in NMP (4 mL).  1,3-

Dibenzyl-5-(3-methoxyphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-

dione (135c, 307 mg, 0.72 mmol, 53% yield) was obtained. LC-MS [M+H]+: 

438 m/z. 1H-NMR (500 MHz, CDCl3) δ 3.58 (s, 3H), 4.96 (s, 2H), 5.08 (s, 

2H), 5.85 (d, J = 3.0 Hz, 1H), 6.71 (dd, J = 8.3, 2.0 Hz, 1H), 6.75–6.80 (m, 

2H), 6.83 (d, J = 3.0 Hz, 1H), 7.01 (t, J = 7.3 Hz, 1H), 7.04–7.18 (m, 8H), 

7.33 (d, J = 7.4 Hz, 2H) ppm. 13C-NMR (500 MHz, CDCl3) δ 44.21, 49.04, 

55.11, 96.03, 109.94, 111.53, 113.15, 117.46, 126.94, 127.09, 127.44, 

127.96, 128.40, 128.46, 129.02, 130.94, 135.95, 136.69, 137.52, 139.15, 

151.34, 154.13, 159.36 ppm.  

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-5-(3-methoxyphenyl)-1H-pyrrolo[3,2-d]pyrimidine-

2,4(3H,5H)-dione (135c, 307 mg, 0.73 mmol) and Pd on carbon (921 mg, 10 

m/m%) to give 5-(3-methoxyphenyl)-1H-pyrrolo[3,2-d]pyrimidine-

2,4(3H,5H)-dione (136c, 40.0 mg, 0.155 mmol, 16% yield). LC-MS [M+H]+: 

258 m/z. 1H-NMR (500 MHz, DMSO-d6) δ 3.79 (s, 3H), 6.06 (d, J = 2.9 Hz, 

1H), 6.93 (dd, J = 8.3, 1.9 Hz, 1H), 7.00 (dd, J = 8.0, 1.3 Hz, 1H), 7.03 (t, J = 

2.0 Hz, 1H), 7.33 (t, J = 8.1 Hz, 1H), 7.43 (d, J = 2.9 Hz, 1H), 10.63 (s, 1H), 

10.95 (s, 1H) ppm. 13C-NMR (500 MHz, DMSO-d6) δ 55.31, 96.50, 109.30, 

111.05, 112.83, 117.06, 129.20, 131.80, 137.40, 139.31, 151.09, 155.00, 

159.14 ppm.  
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5-(4-Methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (136d)  

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (134, 450 

mg, 1.36 mmol), CuBr (390 mg, 2.72 mmol), Na2CO3 (153 mg, 1.44 mmol) 

and 4-bromotoluene (560 µL, 4.60 mmol) dissolved in NMP (4 mL).  1,3-

Dibenzyl-5-(4-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-

dione (135d, 380 mg, 0.90 mmol, 66% yield) was obtained. LC-MS [M+H]+: 

422 m/z. 1H-NMR (500 MHz, CDCl3) δ 2.23 (s, 3H), 4.99 (s, 2H), 5.10 (s, 

2H), 5.85 (d, J = 3.0 Hz, 1H), 6.81 (d, J = 3.0 Hz, 1H), 7.03–7.21 (m, 12H), 

7.36 (d, J = 7.3 Hz, 2H) ppm. 13C-NMR (500 MHz, CDCl3) δ 21.06, 44.45, 

48.66, 95.93, 110.35, 125.40, 127.18, 127.34, 127.69, 128.20, 128.71, 

128.75, 129.24, 130.97, 135.97, 136.20, 136.65, 137.76, 137.78, 151.64, 

154.52 ppm.  

The reaction was carried out according to the general procedure, starting 

from 1,3-dibenzyl-5-(4-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-

2,4(3H,5H)-dione (135d, 380 mg, 0.90 mmol) and Pd on carbon (1.14 g, 10 

m/m%) to give 5-(4-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-

2,4(3H,5H)-dione (136d, 37.0 mg, 0.153 mmol, 17% yield). LC-MS [M+H]+: 

242 m/z. 1H-NMR (300 MHz, DMSO-d6) δ 2.34 (s, 3H), 6.04 (d, J = 2.6 Hz, 

1H), 7.22 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 2.7 Hz, 

1H), 10.63 (s, 1H), 10.98 (s, 1H) ppm. 13C-NMR (300 MHz, DMSO-d6) δ 

20.54, 96.29, 109.36, 124.94, 128.94, 131.69, 135.92, 136.49, 137.12, 

151.18, 155.09 ppm.  

 

[(Benzyloxy)methyl](triphenyl)phosphonium chloride (138)  

To the solution of [(chloromethoxy)methyl]benzene (137, 11.30 g, 72.2 

mmol) dissolved in dry THF (100 mL), triphenylphosphine (20.70 g, 78.9 

mmol) was added and stirred at 90 °C for 16 h. The white precipitate was 

filtered and dried in vacuum. [(Benzyloxy)methyl](triphenyl)phosphonium 

chloride (138, 23.40 g, 55.9 mmol, 78% yield) was produced. Mp 170-173°C. 
1H-NMR (500 MHz, DMSO-d6) δ 4.72 (s, 2H), 5.76 (d, J = 5.0 Hz, 2H), 
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7.25–7.21 (m, 2H), 7.33 (t, J = 6.5 Hz, 3H), 7.75–7.84 (m, 12H), 7.93 (td, J = 

7.2, 3.0 Hz, 3H) ppm.  

 

Ethyl 4-[(2-(benzyloxy)ethenyl]-1H-pyrrole-2-carboxylate (140)  

The suspension of [(benzyloxy)methyl](triphenyl)phosphonium chloride 

(138, 9.00 g, 21.5 mmol) in dry THF (100 mL) was stirred and cooled to −78 

°C, then butyllithium solution (2.5 M in THF, 7.75 mL, 19.4 mmol)was 

added dropwise, and stirred at −78 °C for 30 min. To this solution, ethyl 4-

formyl-1H-pyrrole-2-carboxylate (139, 0.90 g, 5.38 mmol) dissolved in dry 

THF (10 mL) was added dropwise and the reaction was warmed to r.t. and 

stirred for 16 h. The organic layer was washed with water, dried over MgSO4, 

filtered and purified by flash chromatography in hexane–ethyl acetate to give 

ethyl 4-[2-(benzyloxy)ethenyl]-1H-pyrrole-2-carboxylate (140, 0.80 g, 2.95 

mmol, 55% yield). LC-MS [M+H]+: 272 m/z. 1H-NMR (500 MHz, CDCl3) δ 

1.35 (t, J = 7.1 Hz, 3H), 4.32 (q, J = 7.1 Hz, 2H), 4.97 (s, 2H), 5.27 (d, J = 

6.5 Hz, 1H), 6.17 (t, J = 5.9 Hz, 1H), 7.03 (s, 1H), 7.22 (d, J = 1.1 Hz, 1H), 

7.37 (m, 4H), 9.15 (s, 1H) ppm.  

 

Ethyl 4-(2-hydroxyethyl)-1H-pyrrole-2-carboxylate (141) 

To the solution of ethyl 4-[2-(benzyloxy)ethenyl]-1H-pyrrole-2-carboxylate 

(140, 0.217 g, 0.8 mmol) in methanol (15 mL), Pd on carbon (0.022 g, 10 

m/m%) was added and hydrogenated for 2 days at 110 °C. It was cooled to 

r.t., the suspension was filtered through celite and washed with methanol (3 x 

5 mL). After removal of the solvent, ethyl 4-(2-hydroxyethyl)-1H-pyrrole-2-

carboxylate (141, 0.11 g, 0.6 mmol, 75% yield) was obtained. LC-MS 

[M+H]+: 184 m/z. 1H-NMR (500 MHz, CDCl3) δ 1.33 (t, J = 7.1 Hz, 3H), 

2.71 (t, J = 6.5 Hz, 2H), 3.77 (t, J = 6.5 Hz, 2H), 4.29 (q, J = 7.1 Hz, 2H), 

6.78 (s, 1H), 6.80 (s, 1H), 9.40 (s, 1H) ppm.  

 

Ethyl 4-{2-[(methylsulfonyl)oxy]ethyl}-1H-pyrrole-2-carboxylate (142)  

To the solution of ethyl 4-(2-hydroxyethyl)-1H-pyrrole-2-carboxylate (141, 

1.27 g, 6.89 mmol) in dry THF (140 mL), triethyl amine (0.963 mL, 6.89 
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mmol) and methanesulfonyl chloride (0.535 mL, 6.89 mmol) were added at 

r.t. and stirred for 16 h. The solvent was evaporated and the crude product 

was used in the next step without further purification. LC-MS [M+H]+: 262 

m/z. 

 

General procedure for the preparation of ester derivatives 143a-d  

To the solution of 136a-d in acetonitrile, K2CO3 and ethyl 4-{2-

[(methylsulfonyl)oxy]ethyl}-1H-pyrrole-2-carboxylate (142) were added and 

stirred at reflux temperature for 16 h. The solvent was evaporated and the 

crude product was purified by reverse phase flash chromatography in 

water:acetonitrile ( from 10% AcN to 100% AcN) . 

 

Ethyl 4-[2-(2,4-dioxo-5-phenyl-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-

d]pyrimidin-3-yl)ethyl]-1H-pyrrole-2-carboxylate (143a)  

The reaction was carried out according to the general procedure, starting 

from 5-phenyl-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione (136a, 22.0 

mg, 0.097 mmol), K2CO3 (27.0 mg, 0.194 mmol, 2.00 equiv.) and ethyl 4-{2-

[(methylsulfonyl)oxy]ethyl}-1H-pyrrole-2-carboxylate (142, 28 mg, 0.10 

mmol, 1.10 equiv.) to give ethyl 4-[2-(2,4-dioxo-5-phenyl-1,2,4,5-tetrahydro-

3H-pyrrolo[3,2-d]pyrimidin-3-yl)ethyl]-1H-pyrrole-2-carboxylate (143a, 8.0 

mg, 0.0204 mmol, 21% yield). Mp: 75-79 °C; LC-MS [M+H]+: 393 m/z. 

 

Ethyl 4-{2-[5-(3-methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-

pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylate (143b) 

The reaction was carried out according to the general procedure, starting 

from 5-(3-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione 

(136b, 31.0 mg, 0.128 mmol), K2CO3 (35 mg, 0.26 mmol, 2.00 equiv.) and 

ethyl 4-{2-[(methylsulfonyl)oxy]ethyl}-1H-pyrrole-2-carboxylate (142, 37.0 

mg, 0.141 mmol, 1.10 equiv.) to give ethyl 4-{2-[5-(3-methylphenyl)-2,4-

dioxo-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-

pyrrole-2-carboxylate (143b, 13.0 mg, 0.032 mmol, 25% yield). Mp: 120-

123°C; LC-MS [M+H]+: 407 m/z. 
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Ethyl 4-{2-[5-(3-methoxyphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-

pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylate (143c)  

The reaction was carried out according to the general procedure, starting 

from 5-(3-methoxyphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione 

(136c, 21.0 mg, 0.082 mmol), K2CO3 (23.0 mg, 0.164 mmol, 2 equiv.) and 

ethyl 4-{2-[(methylsulfonyl)oxy]ethyl}-1H-pyrrole-2-carboxylate (142, 24 

mg, 0.09 mmol, 1.1 equiv.) to give ethyl 4-{2-[5-(3-methoxyphenyl)-2,4-

dioxo-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-

pyrrole-2-carboxylate (143c, 7.0 mg, 0.016 mmol, 20% yield). Mp: 94-98 °C; 

LC-MS [M+H]+: 423 m/z. 

 

Ethyl 4-{2-[5-(4-methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-

pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylate (143d)  

The reaction was carried out according to the general procedure, starting 

from 5-(4-methylphenyl)-1H-pyrrolo[3,2-d]pyrimidine-2,4(3H,5H)-dione 

(136d, 37.0 mg, 0.153 mmol), K2CO3 (42.0 mg, 0.306 mmol, 2.00 equiv.) 

and ethyl 4-{2-[(methylsulfonyl)oxy]ethyl}-1H-pyrrole-2-carboxylate 

(142,44 mg, 0.17 mmol, 1.10 equiv.) to give ethyl 4-{2-[5-(4-methylphenyl)-

2,4-dioxo-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-

pyrrole-2-carboxylate (143d, 15.0 mg, 0.0367 mmol, 24% yield). Mp: 160-

170 °C; LC-MS [M+H]+: 407 m/z. 

 

General procedure for the preparation of carboxylic acid derivatives 119-

122  

The solution of the corresponding esters (143a−d) in dioxane–1 M NaOH 

(1:1, 4 mL) was stirred for 2 h, then set to pH 7 with 1 M HCl solution and 

the solvent was removed. The resulting crude product was suspended with 

ethanol (2 mL) and filtered. After the evaporation of the solvent, the expected 

product was obtained. 
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4-[2-(2,4-Dioxo-5-phenyl-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-d]pyrimidin-3-

yl)ethyl]-1H-pyrrole-2-carboxylic acid (119) 

The reaction was carried out according to the general procedure, starting 

from ethyl 4-[2-(2,4-dioxo-5-phenyl-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-

d]pyrimidin-3-yl)ethyl]-1H-pyrrole-2-carboxylate (143a, 4.0 mg, 0.01 mmol) 

to give 4-[2-(2,4-dioxo-5-phenyl-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-

d]pyrimidin-3-yl)ethyl]-1H-pyrrole-2-carboxylic acid (119, 2.9 mg, 0.0079 

mmol, 80% yield). Mp: 238-242 °C; 1H-NMR (500 MHz, DMSO-d6) δ 2.73–

2.77 (m, 1H), 3.94 – 4.00 (m, 1H), 6.44 (d, J = 3.1 Hz, 1H), 6.73 (s, 1H), 6.90 

(s, 1H), 7.37 (td, J = 8.5, 3.9 Hz, 1H), 7.42–7.45 (m, 2H), 7.48 (d, J = 3.0 Hz, 

1H), 10.85 (s, 1H), 11.59 (s, 1H) ppm. 13C-NMR (500 MHz, DMSO-d6) δ 

25.17, 45.23, 59.80, 97.25, 109.91, 115.54, 121.06, 122.23, 122.94, 127.68, 

132.30, 138.66, 150.87, 154.80, 160.78 ppm. HRMS (ESI+) m/z [M+H]+ 

calcd. for C19H16N4O4Na: 387.1069, found: 387.1068. 

 

4-{2-[5-(3-Methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-

d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylic acid (120)  

The reaction was carried out according to the general procedure, starting 

from ethyl 4-{2-[5-(3-methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-

pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylate (143b, 7.0 mg, 

0.015 mmol) to give 4-{2-[5-(3-methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-

3H-pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylic acid (120, 

3.9 mg, 0.010 mmol, 61% yield). Mp: 284-290 °C; 1H-NMR (500 MHz, 

DMSO-d6) δ 2.33 (s, 3H), 2.73–2.77 (m, 2H), 3.94 – 4.00 (m, 2H), 6.42 (d, J 

= 3.0 Hz, 1H), 6.72 (s, 1H), 6.90 (s, 1H), 7.18 (d, J = 6.2 Hz, 1H), 7.21 (d, J 

= 7.9 Hz, 1H), 7.24 (s, 1H), 7.31 (t, J = 7.7 Hz, 1H), 7.45 (d, J = 3.0 Hz, 1H), 

10.83 (s, 1H), 11.59 (s, 1H) ppm. 13C-NMR (500 MHz, DMSO-d6) δ 21.27, 

25.17, 45.22, 59.80, 97.11, 109.93, 115.54, 121.06, 121.38, 122.16, 122.23, 

122.84, 122.94, 126.18, 128.32, 128.72, 132.26, 138.42, 138.61, 138.85, 

150.88, 154.74, 160.76 ppm. HRMS (ESI+) m/z [M+H]+ calcd. for 

C20H18N4O4Na: 401.1226, found: 401.1220. 
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4-{2-[5-(3-Methoxyphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-

d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylic acid (121)  

The reaction was carried out according to the general procedure, starting 

from ethyl 4-{2-[5-(3-methoxyphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-

pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylate (143c, 3.0 mg, 

0.0060 mmol) to give 4-{2-[5-(3-methoxyphenyl)-2,4-dioxo-1,2,4,5-

tetrahydro-3H-pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylic 

acid (121, 1.5 mg, 0.0038 mmol, 63% yield). Mp: 228-231 °C; 1H-NMR (500 

MHz, DMSO-d6) δ 2.71–2.78 (m, 2H), 3.77 (s, 3H), 3.95 – 4.01 (m, 2H), 

6.43 (d, J = 3.1 Hz, 1H), 6.73 (s, 1H), 6.90 (s, 1H), 6.93 (dd, J = 8.3, 2.4 Hz, 

1H), 7.00 (dd, J = 7.9, 1.2 Hz, 1H), 7.03 (t, J = 2.2 Hz, 1H), 7.33 (t, J = 8.1 

Hz, 1H), 7.50 (d, J = 3.1 Hz, 1H), 10.83 (s, 1H), 11.59 (s, 1H) ppm. 13C-

NMR (500 MHz, DMSO-d6) δ 14.86, 25.17, 25.61, 44.18, 55.82, 59.80, 

109.91, 111.66, 113.50, 115.55, 117.72, 121.05, 122.23, 122.94, 129.67, 

139.00, 139.70, 150.85, 154.75, 159.59, 160.77, 162.81 ppm. HRMS (ESI+) 

m/z [M+H]+ calcd. for C20H19N4O5: 395.1355, found: 395.1357. 

 

4-{2-[5-(4-Methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-pyrrolo[3,2-

d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylic acid (122) 

The reaction was carried out according to the general procedure, starting 

from ethyl 4-{2-[5-(4-methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-3H-

pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylate (143d, 7.0 mg, 

0.018 mmol) to give 4-{2-[5-(4-methylphenyl)-2,4-dioxo-1,2,4,5-tetrahydro-

3H-pyrrolo[3,2-d]pyrimidin-3-yl]ethyl}-1H-pyrrole-2-carboxylic acid (122, 

3.8 mg, 0.010 mmol, 63% yield). Mp: 222-227 °C; 1H-NMR (500 MHz, 

DMSO-d6) δ 2.34 (s, 3H), 2.72–2.77 (m, 2H), 3.94 – 4.00 (m, 2H), 6.41 (d, J 

= 3.1 Hz, 1H), 6.72 (t, J = 2.0 Hz, 1H), 6.90 (s, 1H), 7.23 (d, J = 8.3 Hz, 2H), 

7.30 (d, J = 8.3 Hz, 2H), 7.42 (d, J = 3.0 Hz, 1H), 10.74–10.88 (m, 1H), 

11.59 (s, 1H) ppm. 13C-NMR (500 MHz, DMSO-d6) δ 20.99, 25.17, 45.21, 

59.80, 96.98, 109.96, 115.53, 121.07, 121.38, 122.16, 122.23, 122.92, 

132.19, 136.30, 137.13, 138.70, 150.87, 154.80, 160.76 ppm. HRMS (ESI+) 

m/z [M+H]+ calcd. for C20H18N4O4Na: 401.1226, found: 401.1228. 
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3.3. Biological measurements 

D-2-Amino-4-(2-aminophenyl)-4-oxobutanoic acid (D-KYN) was used to 

measure D-amino acid oxidase activity based on the protocol described in ref. 

[115,117]. Human DAAO (purchased from TargetEx Ltd. (Dunakeszi, 

Hungary)) was used for the measurements. The buffer contained 20 mM 

TRIS-HCl and 100 mM NaCl. Flavin adenine dinucleotide (FAD – obtained 

from Sigma (St. Louise, MO. USA)) was also included in the assay. 

Compounds were dissolved originally in DMSO and the measured samples 

were diluted with the buffer solution (the final DMSO concentration was 

always below 5%). The mixed solution was incubated at 37°C for 1 hour. 

After the enzymatic reaction ZnCl2 dissolved in H2O was added and vortex-

mixed. Single point measurements were performed at 20 µm inhibitor 

concentration, for the IC50 measurements the inhibitors were used at 5 nM, 50 

nM, 500 nM, 2.5 µM, 5 µM, 10 µM, 50 µM. Measurements were carried out 

on a Citation3 cell imaging multi-mode microplate reader (BioTek 

Instruments, Inc., Winooski, VT, USA) with 364 well plates. The applied 

wavelengths were 340 nm and 396 nm. 

3.4. pKa measurement 

All pKa determinations were carried out in aqueous medium. The proton-

dissociation constants were determined by UV-spectrophotometric titration 

method using D-PAS technique (Sirius Analytical Instruments Ltd., Forest 

Row, UK; attached to a Sirius T3 instrument. The pKa values were calculated 

by Refinement Pro™ software. Absorbancies in the spectral region of 250-

450 nm were used in the analysis. All measurements were performed in 

solutions of 0.15M KCl under nitrogen atmosphere, at 25.0 ± 0.5 oC. All pKa 

values were measured in 6 replicates. 
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4. CHAPTER 4 – CONCLUSIONS 

4.1. Conclusions and thesis points 

During my doctoral study I quickly realized that the synthetic work 

done in the field of pharmaceutical chemistry was only the starting point for a 

long and thorough study. 

During this period, I came in contact with other scientific fields, 

without which we could not determine the efficiency, the mechanism of 

action and other absorption and stability properties of the materials produced. 

However, these properties must all be taken into account in drug research. 

In the course of work on this topic, the basic concept has always been 

established by examining known inhibitors in the literature and then by 

computer screening of the available database of the compounds previously 

produced by our research team or our partner. 

In order to identify fragment size DAAO inhibitors, we performed in 

vitro assays of several molecules containing different pharmacophore 

moieties, of which the isatin backbone was identified as a potential target. 

However, after testing derivatives of isatin substituted in different positions, 

it was concluded that the micromolar activity of the best derivatives does not 

justify further work on the scaffold. 

However, by combining inhibitors of the literature with the 

pharmacophore properties of the isatin backbone, we successfully identified a 

structure that was thought to be a potential DAAO inhibitor, thus starting to 

prepare 1H-pyrazol-3-ol and its benzo-condensed version, 1H-indazol-3-ol. 

Following the preparation of derivatives in vitro assays and pKa 

measurements were performed, as well as the protonation states of the 

compound family. During the enzyme assays, several compounds with 

nanomolar activity were identified, which were subjected to membrane 

permeability and metabolic stability experiments then in vivo efficacy of one 

of the derivatives was also proved. 

During the work with fragment size molecules, we have begun to 

identify potential targets that are no longer in the drug fragment range that 
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may exhibit inhibitory activity against the lid-open DAAO structure 

identified by Terry-Lorenzo et al.  

Compounds attached to this structure of the enzyme are no longer 

fragment-size, since a larger molecule is a prerequisite for anchoring the 

catalytic pocket flanking loop open. 

We have been in contact with the Faculty of Pharmacy of the 

University of Ljubljana to investigate these types of structures. We managed 

to identify a micromolar compound within a cooperative relationship, after 

which I spent 1 month at the University of Ljubljana where I synthesized a 

library of compounds from the previously identified compound. We wanted 

to investigate enzyme-inhibitor interactions with molecules produced at the 

entrance to the binding pocket. Several of the novel compounds had 

nanomolar activity, and the structure-activity relationships of the binding 

pocket with this type of structure were also investigated and the following 

conclusions were reached: 

  

The interaction of the compound with the flexible loop of the enzyme 

contributes significantly to the activity, methylation of N-1 does not affect 

the activity, while methylation of N-2 and 3 decrease the activity (in the 

former steric clash with Gly308, in the latter steric clash with the loop). 

Pyrrole having a large substituent has a favorable interaction with the loop, 

however, pyridine derivatives have a reduced activity, and in the case of 

pyrrole, the absence of bromine at position 5 reduces the activity (formation 

of a halogen bond with Ser223). 

We have also begun to prepare a compound library based on the 

inhibitor identified by Terry-Lorenzo. Our research group has previously 

investigated the interactions of the original chromenone compound with the 

loop moiety, so we wanted to modify the middle “linker” part of the molecule 

to investigate the role of the functional groups here. 
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We identified two possible linkers that seemed interesting in both 

functional groups and synthetic terms. These compounds were able to be 

extended at the appropriate positions and contained H-bond donor and 

acceptor groups to a lesser extent than the original chromenone linker. 

We wanted to use the pyridazine ring from the original compound as 

the moiety responsible for binding to the active center, but failed to produce a 

derivative that was capable of linking to the linker, so we selected an already 

known inhibitor, pyrrole-2-carboxylic acid to play this role.  

In my work, the 1,5-dihydro-2H-pyrrolo[3,2-d]pyrimidine-2,4(3H)-

dione linker and the carboxylic acid moiety responsible for the connection to 

the face side of the catalytic pocket were prepared. 

However, during the in vitro assay of the finished derivatives, we 

found almost complete loss of activity, based on the results, it was concluded 

that the H-bond network of the linker moiety plays an important role in the 

binding of this type of compound. In the case of the pyrrole[3,2-d] 

pyrimidine linker, the position of the pendant aromatic moiety was slightly 

different from that found in the original compound so this may also have 

played a role in the loss of activity.  

These results may be useful in the design of molecules with similar 

structure but with different secondary binding systems. My results are 

summarized in the following thesis points: 

 

1. I have identified low nanomolar DAAO inhibitors with 1H-indazol-3-

ol structure, which, in addition to enzymatic kinetics and titration 

calorimetry, have been subjected to protonation and tautomeric mapping, and 

their in vivo efficacy has been demonstrated following metabolic stability and 

membrane permeability assays. (ref. [69,125]) 

2. I synthesized linear compounds with polar terminus that is typical to 

DAAO inhibitors which have nanomolar activity and analyzed their 

structure-activity relationship by studying the derivatives produced. (ref. 

[126]). 



85 

 

3. I have produced compounds derived from a DAAO inhibitor that, in 

contrast to most known inhibitors, interacts with loop 218-224. This 

information may be useful in designing new compounds having better 

physicochemical properties and ADME profile. (ref. [127]) 

  



86 

 

4.2. Összefoglalás és tézispontok 

Doktori tanulmányom során hamar rájöttem, hogy a gyógyszerkémia 

területén végzett kutatások során az elvégzett szintetikus munka csak a 

kiindulópontja egy hosszú és alapos vizsgálati periódusnak. 

Ezen időszakban kapcsolatba kerültem olyan egyéb 

tudományterületekkel, amelyek nélkül az előállított anyagok hatékonyságát, 

hatásának mechanizmusát és egyéb, a szervezetebe való felszívódási és 

stabilitási tulajdonságait sem tudnánk megállapítani. Ezen tulajdonságokat 

azonban mind figyelembe kell venni a gyógyszerkutatás során. 

A témában végzett munka során az alapkoncepció felállítása mindig 

az irodalomban található vegyületek vizsgálatával, majd a rendelkezésünkre 

álló, a kutatócsoportunkban vagy együttműködő-partnerünk által korábban 

előállított vegyületeket tartalmazó adatbázis számítógépes vizsgálatával 

kezdődött. 

A fragmens méretű DAAO inhibitorok azonosítása során elvégeztük 

több különböző farmakofor csportot tartalmazó molekula in vitro vizsgálatát, 

amelyek közül az izatin alapvázat sikerült potenciális célpontként 

meghatározni. Az izatin alapváz különöző pozícióban szusztituált 

származékainak vizsgálata után azonban arra a következtetésre jutottunk, 

hogy a legjobb származékok által mutatott mikromólos aktivitás nem 

indokolja a vegyületcsaláddal való további munkát.  

Az irodalmi inhibitorok és az izatin váz farmakofor tulajdonságainak 

kombinálása során azonban sikeresen azonosítottunk egy olyan szerkezetet, 

amely potenciális DAAO inhibitornak véltünk, így megkezdtem az 1H-

pirazol-3-ol és benzokondenzált változatának, az 1H-indazol-3-ol 

származékainak az előállítását. A vegyületek (57, 60-70) előállítását 

követően in vitro vizsgálatokat és pKa meghatározást végeztünk, valamint a 

vegyületcsalád protonáltsági viszonyát is megvizsgáltuk. Az 

enzimvizsgálatok során több, nanomólos gátlási értékkel rendelkező 

vegyületet azonosítottunk, amelyeknél membrán permeabilitási és 

metabolikus stabilitási tulajdonságaik feltérképezését követően, az egyik 

származék in vivo hatékonyságának vizsgálata is megtörtént.  
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A fragmens méretű molekula azonosítása közben megkezdtük olyan 

lehetséges, már nem gyógyszerfragmens tartományba tartozó lehetséges 

célpontok azonosítását, amelyek a 2014-ben Terry-Lorenzo és 

kutatócsoportja által azonosított. Ezek a vegyületek lid-open állapotú DAAO 

szerkezettel szemben mutathatnak inhibitor tulajdonságot. 

Az enzim ezen szerkezetéhez kapcsolódó vegyületek már nem 

fragmens méretűek, ugyanis a katalitikus zsebet határoló hurok nyitott 

állapotban való rögzítésének feltétele egy nagyobb méretű molekula.  

Ilyen típusú szerkezetek vizsgálata során kerültünk kapcsolatba a 

Ljubljanai Egyetem Gyógyszertudományi karával. Az együttműködés 

keretein belül sikerült egy mikromólos vegyületet azonosítanunk. A közös 

munka során volt szerencsém 1 hónapot a Ljubljanai Egyetemen töltenem, 

ahol a korábban azonosított vegyületből kiindulva egy vegyület tarát 

szintetizáltam. Az előállított molekulákkal a katalitikus kötőzsebtől távolabb 

eső részeken fellépő enzim-inhibitor kölcsönhatásokat szerettük volna 

vizsgálni.  

Az új vegyületek közül több nanomólos gátlási értékkel rendelkezett, 

valamint a kötőzseb, ilyen típusú szerkezettel szemben mutatott szerkezet-

hatás összefüggéseit is sikerült megállapítanunk és az alábbi 

következtetéseket levonnunk: 

 

A vegyületnek az enzim flexibilis loopjával való kölcsönhatása 

jelentősen hozzájárul az aktivitáshoz, az 1-es nitrogén metilezése nem 

befolyásolja az aktivitást, míg a 2-es és 3-as metilezése csökkenti az 

aktivitást (előbbinél sztérikus gátlás a Gly308-cal, utóbbinál sztérikus gátlás a 

looppal). A nagyméretű szubsztituenst tartalmazó pirrol kedvező 

kölcsönhatást alakít ki a looppal, azonban a piridin származékok csökkent 

aktivitást mutattak, illetve a pirrolnál az 5-ös helyzetű bróm hiánya csökkenti 

az aktivitást (halogén kötés kialakulása a Ser223-mal). 
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Egy olyan vegyületkönyvtár előállításába is belekezdtünk, amely a 

Terry-Lorenzo által azonosított vegyületen alapul. Kutatócsoportunkban 

korábban az eredeti kroménon vegyület, looppal kölcsönhatást kialakító 

részének szubsztituálásával már vizsgáltuk az itt fellépő kölcsonhatásokat, 

így a könyvtár szintézise során a molekula középső, úgy nevezett „linker” 

részét szerettük volna változtatni, ezzel feltérképezve az itt lévő funkciós 

csoportok szerepét. 

Két lehetséges linkert azonosítottunk, amelyek mind 

funkcióscsoportok, mind pedig szintetikus szempontok tekintetében 

érdekesnek tűnt. Ezek a vegyületek a megfelelő pozíciókan továbbépíthetőek 

voltak, valamint az eredeti kroménon linkerhez képest kisebb mértékben 

tartalmaztak H-kötés donor és akceptor csoportokat. 

Az aktív centrumhoz való kötődésért felelős molekulrészként az 

eredeti vegyületben lévő piridazin gyűrűt szerettük volna használni, azonban 

nem sikerült olyan származékot előállítani, amely alkalmas lett volna a 

linkerhez való kapcsoláshoz, ezért alternatívaként egy már ismert 

inhibitorból, a pirrol-2-karbonsavból alakítottuk ki ezt a részt.  

Munkám során az 1,5-dihidro-2H-pirrol[3,2-d]pirimidin-2,4(3H)-dion 

linkert, valamint a katalitikus részhez kapcsolódásért felelős karbonsav részt 

állítottam elő, majd az előállított blokkokat kapcsoltam össze. 

A kész származékok in vitro vizsgálata során viszont az aktivitás 

közel teljes elvesztését tapasztaltuk. Az eredmények alapján azt a 

következtetést vontuk le, hogy a linker rész H-kötés hálózata fontos szerepet 

játszik az ilyen típusú vegyületek kötődésében. A pirrol[3,2-d]pirimidin 

linker esetén a szusztituált aromás rész helyzete kis mértéken eltért az eredeti 

vegyületben azonosítottól, így itt ez is szerepet játszhatott az aktivitás 

csökkenésében.  

Ezek az eredmények a későbbiekben hasznosak lehetnek hasonló 

felépítésű, de eltérő másodlagos kötésrendszerű molekulák tervezésében. 

Eredményeimet az alábbi tézispontokban foglalom össze: 
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1. Azonosítottam olyan 1H-indazol-3-ol szerkezettel rendelkező, 

nanomólos gátlási értékkel rendelkező vegyületeket, amelyeknek 

enzimkinetikai és titrálási kalorimetriás vizsgálatain túl, elvégeztük a 

protonáltsági és tautomer viszonyok feltérképezését, valamint metabolikus 

stabilitási és membrán permeabilitás vizsgáltokat követően in vivo 

hatékonyságukat is igazoltuk (ref. [69,125]) 

2. Szintetizáltam olyan, a DAAO inhibitorokra jellemzően poláris végű, 

lineáris vegyületeket, amelyek nanomólos gátlási értékkel rendelkezik, 

valamint az előállított származékok vizsgálatával feltérképeztem a 

vegyületcsaládra jellemző szerkezet-hatás összefüggéseket (ref. [126]) 

3. Előállítottam olyan ismert DAAO inhibitorból származtatható 

vegyületeket, amelyek a legtöbb ismert inhibitorral ellentétben 

kölcsönhatásba lép a kötőzsebet határoló 218-224-es hurokkal. Az így nyert 

információk hasznosak lehetnek olyan új vegyületek tervezésében, amelyek 

előnyösebb fizikai-kémiai tulajdonságokkal és ADME profillal rendelkeznek 

(ref. [127]) 
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