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ABSTRACT 

The G protein-coupled receptor (GPCR) superfamily with more than 800 members is one of 

the most important target classes for drug development. After an agonist binds to the receptor, 

it induces a conformational change leading to the activation of a heterotrimeric guanine 

nucleotide-binding protein (G protein). G proteins play a key role in signal transduction from 

GPCRs activated by extracellular signals to intracellular second messenger systems. GPCRs 

are involved in almost all physiological and pathophysiological processes. About 100 of the 

more than 800 human GPCRs are so-called orphan receptors, whose endogenous ligands remain 

to be identified or confirmed.  

In 2001, Dong et al. discovered a subfamily of orphan receptors comprising over 50 rodent and 

human GPCRs, which were termed Mas-related gene receptors (MRGs). Later, in 2002, Lembo 

et al. discovered the same GPCR family to be expressed in rat primary cultures of dorsal root 

ganglia (DRG) and designated them sensory neuron-specific receptors (SNSRs). The current 

nomenclature declared by the International Union of Pharmacology (IUPHAR) of these orphan 

receptors is Mas-related G protein-coupled receptors (MRGPR).  

This receptor family can be divided into nine distinct subfamilies (MRGPRA-H and -X). They 

beORQg WR WKe į-branch of class A, rhodopsin-like GPCR subgroup. Among the nine subfamilies 

of MRGPRs, four members (MRGPRX1-4) are primate-specific. Due to their expression 

profile, they are supposed to be involved, e.g., in pain transmission, immune responses, itching 

and wound healing.  

The present study was aimed at developing potent, selective ligands as pharmacological tool 

compounds for investigating the poorly studied subtypes MRGPRX2 and -4 based on 

previously discovered hit compounds. 

To achieve this, we initially developed an optimized synthesis of carboxamides of 5,6-

diaminouracils, which are crucial intermediates for the synthesis of xanthines, a novel scaffold 

for MRGPRX4 agonists. Subsequently, their physicochemical properties were examined in 

detail. These studies led to two publications (Marx, D., Wingen, L.M., Schnakenburg, G., 

Müller, C.E., Scholz, M.S. Synthesis of 6-amino-5-carboxamidouracils as precursors for 8-

substituted xanthines. Front. Chem., 2019, 7, 56, 1±15 and Marx, D., Schnakenburg, G., 

Grimme, S., Müller, C.E. Structural and conformational studies on carboxamides of 5,6-

diaminouracils±precursors of biologically active xanthine derivatives. Molecules 2019, 24, 

2168).  
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The optimization of the synthesis of key precursors for MRGPRX4 ligands provided the basis 

for the development of a large number of diverse MRGPRX4 agonists, and part of this study 

was submitted as a patent application (Marx, D.; Müller, C.; Alnouri, W.; Riedel, Y.; 

Namasivayam, V.; Pillaiyar, T.; Thimm, D.; Hockemeyer, J. MRGPRX4 agonists and 

antagonists. UBN0005(EP) 2020). Since no synthetic procedure for the synthesis of these 

selective and highly potent MRGPRX4 agonists was known in the literature, a broad range of 

chemical methods had to be investigated to finally obtain the desired target compounds in 6 to 

9 synthesis steps. This reaction usually starts with 6-aminouracils, which can be selectively 

alkylated at the N3 position, followed by nitrosylation and subsequent reduction to obtain 5,6-

diaminouracil derivatives. A further regioselective amide coupling reaction yields the 6-amino-

5-carboxamidouracil derivatives described above. With diethyl(4-iodobutyl)phosphonate as 

alkylating agent, followed by a ring closure reaction using 2N NaOH, the desired xanthine 

derivatives bearing a alkyle phosphonate group in the N3 position can be obtained after 

cleavage of the protective group of the phosphonic acid ester. 

The compounds were designed supported by molecular modeling, synthesized and structure-

activity relationship (SARs) were analyzed.  Homology models were established, and molecular 

docking studies were performed to support the drug development efforts. In cooperation with 

pharmacologists, the potencies of the newly synthesized compounds were determined in 

calcium mobilization aQd ȕ-arrestin assays.  

A further patent application describes the design, synthesis and structure-activity relationships 

of a series of novel tricyclic benzimidazole derivatives as antagonists for MRGPRX2 (Müller, 

C.; Alnouri, W.; Riedel, Y.; Thimm, D.; Marx, D.; Namasivayam, V.; Gattner, S.; Herdewyn, 

P.; De Jonghe, S.; Leonczak, P.; Verdonck, S. MRGX receptor antagonists. US16/670,149 

2019). The new MRGPRX2 antagonists were shown to inhibit mast cell degranulation and thus 

constitute potential novel therapeutics for asthma, allergic rhinitis, anaphylaxis, chronic 

urticaria, atopic dermatitis and other inflammatory diseases.  

The final part of the present cumulative thesis describes the development of MRGPRX2 

antagonists that show significantly improved water solubility compared to the compounds 

disclosed in the above-mentioned patent.  

The present thesis constitutes a significant advance in the field of MRGPRX receptors and their 

modulators, which have great potential as future drugs.   
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1. Introduction 

1.1. Drug discovery 

The European Medicines Agency defLQed a dUXg aV ³a substance or combination of substances 

that is intended to treat, prevent or diagnose a disease, or to restore, correct or modify 

physiological functions by exerting a pharmacological, immunological or metabolic action.´ 

These substances may be of natural, synthetic or semi-synthetic origin. Very early in history, 

people were aware that different plants could cause different biological effects in humans.1 For 

a medicinal product to be effective, it must interact at a molecular level with a component of 

the body or an infectious microorganism. Many plants contain a large number of chemical 

molecules, some of which can exert disease-modifying properties on humans. But they also 

contain numerous substances that have toxic and undesirable properties on the human organism. 

The goal in early drug development at the beginning of the 19th century was the identification 

and isolation of individual substances from plants, microbes or animals that were able to 

alleviate or prevent diseases and cause as few or no side effects as possible. After several 

successful and still used drugs such as morphine from the plant Papaver somniferum L. (opium 

poppy) could be isolated, progress in organic synthesis led to the semi-synthetic and synthetic 

production of biologically active substances. The first synthetic drug was the hypnotic chloral 

hydrate (1, Figure 1), which was discovered in 1869 and is still marketed today under the trade 

name Noctec®.1-2  

 

Figure 1: Structure of the hypnotic chloral hydrate, the first synthetic drug.   
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Modern drug discovery often follows the following procedure. First a target is identified and 

selected for further discovery. This is often designated as target validation procedure.3 

Currently, the most important classes of drug targets are G protein-coupled receptors (GPCRs, 

33%), ion channels (18%), nuclear receptors (16%) and kinases (3%). Together they account 

for 70% of all drug targets.4  

 

Figure 2: Overview of the most important drug targets.4  

 

Target validation is an extremely versatile process, ranging from in vitro techniques and animal 

models to clinical testing in suitable patients. Target validation can include among others, 

transgenic animal models for the observation of phenotypic endpoints, monoclonal antibodies 

or chemical genomics which is defined as the study of genomic responses to chemical 

compounds.3 The next step is the identification of a hit molecule. A breakthrough in drug 

development was the establishment of high throughput screening (HTS) which had its origins 

in the 1980s and 1990s.1 This method has now been further developed to ultra-high throughput 

screening (uHTS), which can screen more than one million compounds for biological activity 

in less than two days.5 Since this method can usually be used to find weakly effective hit 

molecules, these must be optimized with regard to their biological activity, selectivity, 

physicochemical and pharmacokinetic properties. Methods such as homology modeling, 

molecular docking and quantitative structure-activity relationship (QSAR) support the process 

of hit to lead compound development.6  

In the field of small molecules, researchers often follow the Lipinski rule of five, which states 

that:  

- a drug should typically have a molar mass of less than 500 Dalton,  

GPCRs
33%

Ion channels
18%

Nuclear 
receptors

16%

Kinases
3%

Other
30%

OVERVIEW OF DRUG TARGETS
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- a drug should have less than 5 hydrogen bridge donors,  

- a drug should feature less than 10 hydrogen bridge acceptors,  

- a drug should have a logP of no more than 5.          

Further in vitro assays are used to obtain important information about absorption, distribution, 

metabolism and excretion properties (ADME). Different assays for the determination of water 

solubility, LogD value, the determination of peroral bioavailability, possible blood-brain barrier 

permeability, microsomal stability, CYP450 inhibition, and various toxicological screenings 

are required.3 Once a substance has been found that meets most of the above requirements, this 

compound can further be tested in in vivo models. The pharmacodynamic and pharmacokinetic 

properties of the drug candidates will then be determined in a suitable animal model.  

 

Figure 3: Overview of the development of drugs, from target validation up to their approval by a drug 
approval authority such as the U.S. Food & Drug Administration (FDA) or the European Medicines 
Agency (EMA) for the EU market.3 

Once the preclinical studies have been successfully completed, the drug candidate can be tested 

in clinical trials on humans. These are divided into four different phases. In phase one, the drug 

is tested for safety in a small group of healthy volunteers. After successful completion of phase 

one, the drug candidate can then be tested for the first time in patients (phase II). Different doses 

are evaluated to determine active and at the same time safe doses, and the efficacy of the active 

substance is usually tested against placebo and/or the current gold standard. If this second phase 

is also successful, the active substance is tested on a very large number (often more than 1000 

patients, depending on the indication) for efficacy and rare side effects to evaluate the risk-

benefit ratio. If the first three phases have been successfully completed, the drug candidate can 

be approved for marketing by the relevant regulatory authorities. In a fourth phase, the long-

term effects of the substance as well as side-effects in large groups of heterogenous patients 
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under less controlled conditions can then be examined.7 The costs for the development of drugs 

are mostly in the hundreds of millions or even billions of Euros,  and it can take more than 10 

years from the discovery of the hit molecule to approval.8 

Since 1982, after the approval of the first biological drug insulin, biopharmaceuticals have 

played an increasingly important role in drug development. In 2018, 59 new drugs were 

approved by the FDA, of which 42 were new chemical entities (NCE) and 17 were biologicals, 

meaning that almost one third of the approved drugs are now biological molecules such as 

antibodies or enzymes.9  However, the development of biologicals is often more costly and 

risky compared to NCEs, and peroral application is not feasible at present.10 Therefore, small 

molecules are still the most important substance class in drug development, and between 2007 

and 2016, 212 (77%) of the 275 new FDA-approved drugs were small molecules.11 Many of 

these synthetic compounds have a natural origin in plants or animals.    
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1.2. Importance of the xanthine scaffold in medicinal chemistry 

Plants are at the beginning of the food chain, as they belong to the autotrophic organisms that 

are able to produce their food autonomously via photosynthesis. Plants, algae and 

phytoplankton are therefore primary producers and usually consumed by heterotrophs.  To 

protect plants from herbivores and microbes, they have developed many defense mechanisms 

over the course of evolution. Plants are using mechanical defense systems such as spines, 

thorns, hooks, trichomes, glandular and stinging hairs, or chemical defense systems known as 

allelochemicals or secondary metabolites (SM).12 They have no immune system to protect 

themselves against microbes and herbivores and are therefore dependent on SMs. Maplestone 

et al. defined SMs aV ³naturally produced substances which do not play an explicit role in the 

internal economy of the organism that produces it´.13 SMs can be distinguished into nitrogen-

containing SMs and SMs without nitrogen (terpenoids, phenolics, fatty acids, steroids or 

waxes). The largest group of nitrogen-containing SMs are alkaloids which are biosynthesized 

from amino acids.14  

1.2.1. Classification of alkaloids  

At the beginning of the 19th century, in 1804, the first bioactive plant alkaloidmorphine (1) was 

extracted by the young German pharmacist Friedrich Sertürner. TKe WeUP ³aONaORLd´ ZaV 

introduced in 1819 by the pharmacist Carl Friedrich Wilhelm Meißner.15 An exact definition 

for alkaloids is sometimes debated today, but in general they are known as natural nitrogen-

containing cyclic molecules of limited distribution.16  

1.2.2. Structure, biosynthesis and catabolism of xanthine alkaloids 

An important subgroup of alkaloids are xanthines. The main methylxanthines (Table 1) are 

caffeine (1,3,7-trimethylxanthine, 2), theobromine (3,7-dimethylxanthine, 3), theophylline 

(1,3-dimethylxanthine, 4) and methyluric acid (5). The methylxanthines are frequently 

consumed central stimulants present, e.g., in tea (Camellia sinensis L.), coffee (Coffea sp.) and 

cacao (Theobroma cacao L.).17 Methylxanthines were isolated and characterized at the 

beginning of the 19th century and could also be produced synthetically by Emil Fischer at the 

end of the 19th century, for which he was awarded with the Nobel Prize in Chemistry in 1902. 

In plants, the methylxanthines are biosynthetically formed from purine nucleotides. The first 

initial precursor, xanthosine (6), can be produced by de novo purine synthesis (de novo route), 
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from the cellular adenine nucleotide pool (AMP route), from adenosine (7) released from the 

S-adenosyl-L-methionine cycle (SAM cycle route) or from the guanine nucleotide pool (GMP 

route). The de novo pathway represents the synthesis of inosine-5'-monophosphate (IMP, 8) 

from 5-phosphoribosylamine (PRA). PRA can be synthesized from 5-phosphoribosyl-1-

pyrophosphate (PRPP), which is obtained by ribose-5-phosphate, an intermediate of the pentose 

phosphate pathway. For the synthesis of xanthosine, IMP (8) is dehydrogenated by the NAD+-

dependent IMP dehydrogenase to the nucleotide xanthosine monophosphate (XMP, 10). 

Finally, XMP (10) is converted by a 5'-nucleotidase to the nucleoside xanthosine (6). In the 

GMP route, guanine monophosphate (GMP, 11) is first dephosphorylated to guanosine (12) and 

afterwards converted to xanthosine (6) by guanosine deaminase. In the SAM cycle S-adenosyl-

L-homocysteine (SAH), obtained by the methyl group donor S-adenosylmethionine (SAM), is 

hydrolyzed to homocysteine and adenosine (7). Adenosine monophosphate (AMP, 13) is 

obtained by transformation of adenine (14) via adenine phosphoribosyl transferase and can be 

further converted to IMP (8, Scheme 1).18-19  

 

Scheme 1: Biosynthesis of xanthosine (7), the initial intermediate in the purine alkaloid synthesis.18-19 
The important enzymes involved are as follows: AdK (adenosine kinase, EC 2.7.1.20), PNP (purine 
nucleoside phosphorylase, EC 2.4.2.1), APRTase (adenine phosphoribosyltransferase, EC 2.4.2.7), 
AMPD (adenosine 5'-monophosphate deaminase, EC 3.5.4.6), IMPDH (inosine-5ƍ-monophosphate 
dehydrogenase, EC 1.1.1.205), 5¶NT (5'-nucleotidase EC 3.1.3.5), GDA (guanine deaminase, EC 
3.5.4.3).  

 

Most of the methylxanthine derivatives are then formed via a four step synthesis.17 The first 

step is the conversion of xanthosine (6) to 7-methylxanthosine (15) catalyzed by 

7-methylxanthosine synthase. The next step is the hydrolysis of 15 to 7-methylxanthine (16) 

followed by a methylation to theobromine (3), which is catalyzed by the S-adenosyl-L-
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methionine (SAM)-dependent N-methyltransferase(s). Further methylation yields the caffeine 

(2) and is catalyzed by the dual-functional caffeine synthase (Scheme 2 and 3).18  

 

Scheme 2: Proposed biosynthesis of the purine alkaloids caffeine (5) and theobromine (7) in plants.18-19 
The important enzymes involved are as follows: 7-NMT (N-7-methyltransferase, EC 2.1.1.158), N-
MeNase (N-methyl nucleosidase, EC 3.2.2.25), MXMT (theobromine synthase, EC 2.1.1.159), CCS1 
(caffeine synthase, EC 2.1.1.160).  

Another proposed biosynthetic approach is the synthesis of xanthine (17) from xanthosine (6) 

which can be further methylated to theophylline (4) and caffeine (2).  

 

Scheme 3: Further approach for the biosynthesis of the purine alkaloids caffeine (2) and theophylline 
(4) in plants.18-19 The important enzymes involved are as follows: PNP (purine nucleoside 
phosphorylase, EC 2.4.2.1) and MXMT (monomethylxanthine methyltransferase, EC 2.1.1.159).  

 

There are two theories about the physiological role of purine alkaloids. One assumes that purine 

alkaloids serve as chemical defenders of the plant to protect itself from herbivores and 

pathogens. Hollingsworth et al.20 verified in tobacco plants that caffeine acts as a neurotoxin 

against snails and kills or expels them. The second theory assigns purine alkaloids an important 

role in allelopathic or autotoxic function. It is assumed that caffeine is released in the seed coat 

and the falling leaves in the soil and prevents the seeds from germinating around the parent 

plants.21-23 Methylxanthines differ in their molecular structure by the number and position of 

N-methyl groups (see Table 1).  
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Table 1: Structure and occurence of most important methylxanthines.  

Name R1 R2 R3 Occurrence 

Xanthine 

(17) 

H H H Product of the purine degradation pathway. Oxidation product of 

hypoxanthine by xanthine oxidase.24  

Paraxanthine 

(18) 

CH3 H CH3 Paraxanthine is the main product of caffeine metabolism catalyzed by 

cytochrome P450 (subtypes 1A2 and 2E1).25  

Theobromine 

(3) 

H CH3 CH3 Theobromine occurs mainly in cocoa products and in smaller amounts 

in tea.26-28  

Theophylline 

(4) 

CH3 CH3 H Theophylline is found in green coffee beans29, in smaller amounts in 

black tea (Camellia sinensis)28 and in traces in cacao cotyledon and 

dried mate.30  

Caffeine 

(2) 

CH3 CH3 CH3 Caffeine can be found in more than 60 plant species including coffee, 

tea, cacao beans, guarana, mate, and kola nuts.31  

 

In the catabolism of caffeine (2) and other methylxanthines in plants the compounds are first 

degraded by demethylases to xanthine (17). Xanthine (17) is afterwards oxidized to uric acid 

(19) via xanthine oxidase or NAD+-dependent xanthine dehydrogenase. The uric acid (19) is 

then converted to allantoin (20) by an uricase via several intermediate steps. In the next step 

allantoin (20) is degraded into allantoate (21) catalyzed by an amidohydrolyase. After 21 has 

been converted to ureidogycolate, it can be excreted as ammonia and CO2 (Scheme 4).18-19   
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Scheme 4: Catabolism of caffeine (2) and other methylxanthines in bacteria and fungi. Caffeine (2) is 
first demethylated to xanthine (17) in the caffeine metabolism pathway and afterwards degraded during 
the purine catabolism pathway over several steps catalyzed by numerous enzymes and finally excreted 
as CO2 and NH3. The most important enzymes are as follows: demethylase enzymes  (EC 1.13.12.-); 
XDH (xanthine dehydrogenase or xanthine oxidase, EC 1.17.3.2); uricase or uricate oxidase (EC 
1.7.3.3); amidohydrolyase and ureases  (EC 3.5.1.5).18-19  
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1.2.3. Pharmacology of methylxanthines 

Caffeine (2) and theophylline (4) are known for their CNS stimulation and their diuretic and 

antiasthmatic effects. Caffeine (2) is a component of numerous beverages, such as coffee, tea 

or energy drinks, and is therefore considered the most consumed psychoactive substance in the 

world.32 The psychoactive reactions that can be triggered by cocoa, coffee and tea are mediated 

by the blockade of adenosine receptors (ARs) caused by these methylxanthines (Table 2).33 

ARs are activated by the important signaling molecules, the nucleoside adenosine (7). The AR 

family comprises four subtypes A1±, A2A±, A2B± and A3ARs, which belong to the large family 

of GPCRs.34-35 GPCRs are characterized by their 7 transmembrane Į-helices and will be 

discussed in more detail in chapter 4.   

The A1AR is highly expressed in the brain36 but also present in heart37, kidney38, adipose 

tissue39 and pancreas. Adenosine (7) and most naturally occurring methylxanthines show high 

affinity for this receptor subtype (Table 2). The A1AR is a Gi/o coupled receptor, and upon 

activation the A1AR leads to an inhibition of adenylate cyclase (AC) activity resulting in 

decreased cAMP production. This leads to reduced protein kinase A (PKA) activity.  

The A2AAR is coupled to Gs and Golf (olfactory neuron specific G protein). In peripheral tissues 

or in the brain, activation of A2AAR increases AC activity and the increased cAMP 

concentration stimulates the cyclic AMP-protein kinase A (PKA) pathway. This leads to the 

phosphorylation of various proteins, ion channels and phosphodiesterases.34, 36, 40-41 Identified 

A1AR-A2AAR heterodimers might be involved in the regulation of neurotransmitter release.42  

A deficiency of the neurotransmitter dopamine plays a decisive role in Parkinson's disease. 

Parkinson's disease (PD) is the second most common neurodegenerative disease after the 

Alzheimer's disease (AD) and is characterized by symptoms such as bradykinesis, akinesia, 

rigor and tremor. It is caused by a lack of dopamine in the brain due to a progressive 

degeneration of dopaminergic neurons in the pars compacta of the substantia nigra, possibly 

caXVed b\ aQ accXPXOaWLRQ Rf PLVfROded Į V\QXcOeLQ. DRSaPLQe UeceSWRU agRQLVWV VXcK aV 

ropinirol are used to increase the dopamine level. But also the non-SURWeLQRgeQLc Į-amino acid 

levodopa (L-DOPA), which is a precursor in the biosynthesis of messenger substances such as 

adrenalin and dopamine, plays an important role in the therapy of PD. Due to the colocalization 

of A2A and D2 receptors in the striatum and the adeonsine-dopamine antagonism, A2AAR 

antagonists are potential novel therapeutics for the treatment of PD, and the first drug with this 

mechanism of action, istradefylline, has been approved in Japan and the USA.43   
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The A2BAR shows a lower affinity for adenosine compared to the AR subtypes A1 and A2A. 

The receptor is ubiquitously expressed, but at low levels under physiological conditions. 

However, it can be significantly upregulated upon hypoxia, inflammation, and cancer. Blockade 

of the A2BAR has been proposed for the treatment of asthma, cardiopulmonary disease and 

cancer.40 The A2BAR is a Gs and Gq/11 coupled receptor and activation of the A2BAR can 

increase AC and phospholipase C (PLC) activity. 41  

The A3AR can be found in lung, kidneys, placenta, eye, microglia and astrocytes and inhibits 

AC activity via a GiGq/11 coupling. The receptor is proposed to have cardioprotective and 

analgesic effects and might have an important antitumoral role.44  

Table 2: Adenosine receptor affinities of natural occuring xanthines.  

Natural xanthine 
derivatives 

A1 
[nM] 

A2A 
[nM] 

A2B 
[nM] 

A3 
[nM] 

Caffeine (2) 10,700 (h)45 23,400 (h)46 33,800 (h)47 13,300 (h)45 
  44,900 (h)46 9,560   (h)45 10,400 (h)48 >100,000 (r)49 
  41,000 (r)50 45,000 (r)51 20,500 (h)52 

 

  44,000 (r)51 32,500 (r)53 30,000 (r)54 
 

   48,000 (r)45 13,000 (m)54 
 

Theophylline (4) 6,770 (h)55 1,710 (h)55 9,070 (h)48 22,300 (h)45 
  14,000 (r)56 6,700 (h)45 74,000 (h)52 86,400 (h)55 
  8,740 (r)45 22,000 (r)56 15,100 (r)48  >100,000 (r)49 
   25,300 (r)45 5,630 (m)57 85,000 (r)58 

Theobromine (3) 105,000 (r)56 >250,000 (r)56 130,000 (h)59 >100,000 (r)49 
  83,400 (r)59 187,000 (r)59 

  

Paraxanthine (18) 21,000 (r)56 32,000 (r)56 4,500 (h)60 >100,000 (r)49 
h: human, r: rat, m: mouse 

Methylxanthines mainly act as antagonists for ARs but further mechanisms like 

phosphodiesterase inhibition, direct effects on ryanodine receptors inducing intracellular 

calcium release, modulation of GABAA receptor activity, or histone deacetylase activation were 

described for caffeine and also suggested for other methylxanthines.33, 61  
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1.2.4. Approved xanthine drugs 

1.2.4.1. Caffeine and theophylline 

The first described synthesis of xanthine derivatives was that of caffeine (2) and theophylline 

(4) by Emil Fischer and Lorenz Ach. Emil Fischer was awarded with the Nobel Prize for 

Chemistry in 1902, based on his research on the synthesis of sugars and purines.62-64 The 

synthesis starts with a amide coupling reaction of 1,3-dimethylurea (22) with malonic acid 

yielding 1,3-dimethylbarbituric acid (23) followed by nitrosation and reduction to the 5-amino-

1,3-dimethylbaributric acid (24). Potassium cyanate is used to convert 24 to the urea derivative 

25. Cyclization reaction yields 1,3-dimethyluric acid (26). After chlorination (27) using PCl5 

and dehalogenation with HI the methylxanthine theophylline (4) can be obtained. Methylation 

of the N7 position yielded the widely consumed stimulant caffeine (2, Scheme 5).      

 

Scheme 5: Total synthesis of theophylline (4) and caffeine (2) by Emil Fischer.62 

 

Caffeine (2) is produced on a large scale both synthetically and by extraction. Decaffeination 

produces caffeine (2) as a by-product, which can then be resold. The industrial synthesis of 

caffeine (2) and theophylline (4) is based on the Traube purine synthesis (Scheme 5). The 

largest producers of caffeine (2) are companies such as CSPC and Shandong Xinhua from 

China, Kudos Chemie Limited from India and BASF for the European market. In 2018, the 

global caffeine market amounted to around US$340 million and is expected to grow further in 

the coming years.65 The synthesis also starts with ring closure reaction using 1,3-dimethylurea 

(22) and 2-cyanoacetic acid to obtain 6-amino-1,3-dimethyluracil (28). The next steps are quite 

similar as described for the first total synthesis of caffeine by Emil Fischer, including nitrosation 

to 29 followed by reduction to diaminouracil 30 and subsequent amide coupling to the 6-amino-
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5-amido-uracil derivative 31, which is further cyclized to caffeine (2) under basic condition 

(Scheme 6).   

 

Scheme 6: Modification of the Traube purine synthesis for the large-scale production of caffeine (2).66 

 

Due to their biological activity, xanthine derivatives have gained increasing attention with 

regard to the development of new drugs. After Emil Fischer showed that the compound class 

could also be produced synthetically, numerous modifications were made to the basic structure 

of xanthine, on the one hand to increase biological activity, and on the other hand to increase 

the selectivity for specific targets. In order to highlight the medical significance of this class of 

compounds, a systematic analysis of the approved drugs and those in clinical trials was carried 

out. According to the DrugBank database, 12 xanthine derivatives are approved as drugs (Table 

3) and another 13 are currently in clinical trials (data from February 2020). Further xanthine 

derivatives are approved in individual countries in the Far East or have a high significance in 

research and development. The FDA has assigned the suffix ³fylline´ to the theophylline and 

caffeine derivatives and analogs.  

Henry Hyde Salter reported for the first time in 1859 about the effects of methylxanthines for 

the treatment of bronchoconstriction. Salter was an asthmatic and studied the effects of strong 

coffee on his respiratory symptoms.67 After theophylline (4) was first used as a diuretic, various 

clinical studies were carried out by the US American David I. Macht in 192168 and by Samson 

Hirsch from Germany in 1922,69 which showed that theophylline (4) is a much more effective 

agent for the relaxation of smooth muscles than caffeine (2).67 Theophylline was clinically 

approved as  ethylenediamine salt known as aminophylline (32) or in its pure form for asthma 
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treatment in 1922.70 This makes theophylline (4) one of the oldest and for a long time most 

prescribed drugs for the treatment of asthma and chronic obstructive pulmonary disease 

(COPD) worldwide.71 However, due to its narrow safety window, it is nowadays not used as a 

first-line treatment anymore. Derivatives of theophylline (4) have also been approved over time, 

such as 8-bromotheophylline (33), the active ingredient in pamabrom®, which is metabolized 

to theophylline (4) and then develops its weak diuretic action and can be used to treat primary 

dysmenorrhea and premenstrual syndrome.72 8-Bromotheophylline (33) can be synthesized 

from theophylline (4) by the addition of bromine under acidic conditions.73 Oxtriphylline (34) 

the choline salt of theophylline (4) is also used to relax the smooth muscles of bronchial and 

pulmonary vessels and to induce antiasthmatic effects.74 Theophylline (4) and the other 

methylxanthines have a moderate water solubility and sometimes incompatibilities and 

unpleasant effects when administered.  

In 1946, the group around Maney75 synthesized the N7-dihydroxypropyl-substituted 

theophylline derivative dyphylline (35) with good tolerability and less nausea compared to 

aminophylline (32). Xanthine derivative 35, also known as diprophylline, is marketed under the 

trade name Dilor® (U.S.) for the treatment of respiratory diseases such as asthma, cardiac 

dyspnoea and bronchitis due to its bronchodilating and vasodilating effects.76-77  

A further disadvantage of 4 is the possibility of  severe CNS toxicity at high plasma 

concentrations.78 In addition, the plasma half-life of 4 can vary considerably due to 

unpredictable metabolic rates.79 In order to avoid the disadvantages of 4 mentioned above, 

further substitutions were made to the theophylline scaffold by Persson's group. Persson et al. 

developed the 3-propylxanthine (enprofylline, 36) in 1981 and identified it as a clinical 

candidate due to its bronchodilator effects.80  

The replacement of the N1-methyl group by a 5-oxohexyl group resulted in the drug 

pentoxifylline (37), which was approved by the FDA in 1984 for the treatment of intermittent 

claudication, a symptom of peripheral arterial occlusive disease (PAD).81 Pentoxifylline acts 

primarily by inhibiting PDE, which leads to increased cAMP levels. This results in an increased 

synthesis of thromboxane and prostacyclin (prostaglandin I2) leading to a reduction in blood 

viscosity and a decrease in the potential for platelet aggregation and thrombus formation.82  

By further functionalization of the N7-position of theophylline (4), other important drugs such 

as the vasodilator xanthinol (38) and the antihypertensive drug Akrinor® (39) a mixture of 

cafedrine and theodrenaline (20:1) were obtained.83-84   
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By derivatizing the C8-position of the xanthine scaffold it was possible to produce selective 

AR antagonists, such as the drug istradefylline (40) developed by Kyowa Kirin (Japan). After 

the FDA rejected approval in the USA in 2008, the drug was approved in Japan in 2013 as the 

first A2AAR antagonist for the treatment of Parkinson's disease. Six years later, on 28 August 

2019, istradefylline was finally approved by the FDA in the USA as NOURIANZ® on the basis 

of new clinical studies.  

 

 

Scheme 7: Istradefylline (40) synthesis.85-86 

 

Due to the variety of possibilities for derivatizing the xanthine scaffold, it has been possible to 

target other enzymes than PDEs and other receptors than ARs. In 2007, Boehringer Ingelheim 

developed linagliptin (41), a selective dipeptidyl peptidase 4 (DPP-4) inhibitor, which was 

approved in 2011 in Europe and the U.S for the treatment of type 2 diabetes.87-88 The drug was 

also approved in Germany but the Institute for Quality and Efficiency in Health Care (IQWiG) 

was unable to demonstrate any additional benefit compared to the alternative treatment options 

with metformin and sulfonylurea. The synthesis of Linagplitin (41) is shown in Scheme 8.89  
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Scheme 8: Preparation of the DPP-4 inhibitor linagplitin (41).89  
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Table 3: Xanthine derivatives approved as drugs*  

Name 

(Trade name) 

Structure Target Disease 

Caffeine (2) 

(Cafcit®, NoDoz®, 

Vivarin®, Revive®, 

Stay Awake®, 

Enerjets®, Lucidex®) 
 

Nonselective AR antagonist, PDE 

inhibitor and HDAC activator.33, 

61 

Caffeine citrate (Cafcit) has been shown to reduce the incidence 

of premature apnea.90-91 Furthermore, caffeine can be taken as a 

stimulant in capsule form (NoDoz, VLYaULQ,«).92 

Theophylline (4) 

(Uniphyl®, 

Theochron®) 

 

Nonselective AR antagonist, PDE 

inhibitor and HDAC activator. 

Theophylline is indicated for the treatment of chronic asthma 

and other chronic lung diseases such as emphysema and chronic 

bronchitis and remains the most widely prescribed anti-asthma 

drug worldwide.93-94 

Aminophylline (32) 
(Norphyl®) 

 

Nonselective AR antagonist95, 

PDE Inhibitor (isoenzyme type III 

and IV)96 and HDAC activator97. 

Approved for asthma or other chronic lung diseases such as 

chronic bronchitis and emphysema to relieve the symptoms of 

reversible airway obstruction. Also approved for the prevention 

of apnea in premature infants.98 

8-Bromotheophyllin 

(33) 

(Pamabrom®) 

 

Nonselective AR antagonist, PDE 

inhibitor and HDAC activator.61, 

99 

The weak diuretic pamabrom is effective in the treatment of 

primary dysmenorrhea and premenstrual syndrome. The active 

xanthine derivative of pamabromo is theophylline. It has been 

shown to relieve adenosine-induced angina-like chest pain, 

postdural puncture headache and pain during experimental 

ischaemia in humans.72, 100-101 
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Oxtriphylline (34) 

(Choledyl SA®) 

 

Nonselective AR antagonist PDE 

inhibitor and HDAC activator. 

Oxtriphylline is the choline salt of theophylline and is converted 

into it after ingestion. Theophylline then relaxes the smooth 

muscles of the bronchial and pulmonary vessels and reduces the 

reaction of the airways to histamine, methacholine, adenosine 

and allergen.102-103 

Dyphylline or 

Diprophylline (35) 

(Dilor®, Lufyllin®) 

 

Nonselective A1-, A2AAR 

antagonist and PDE inhibitor. 

Used in the treatment of respiratory diseases such as asthma, 

heart dyspnoea and bronchitis due to its bronchodilator and 

vasodilator effects.76-77 

Enprofylline (36) 

(Nilyph®) 

 

Nonselective AR antagonist and 

PDE inhibitor.  

Due to its bronchodilator effects it is used in the treatment of 

asthma.104-105 

Pentoxifylline (37) 

(Trental®, Pentoxil®) 

 

Nonselective AR antagonist PDE 

inhibitor and HDAC activator. 

Pentoxifyllin increases the walking distance of patients with 

intermittent claudication compared to placebo or vasodilators.106 

    

Xanthinol (38) 

(Complamina®) 

 

Increased synthesis and secretion 

of prostaglandin D2 

Used for cerebrovascular disorders, peripheral vascular disease 

and other conditions. Xantinol nicotinate is a peripheral 

vasodilator and, when injected intralesionally in OSMF patients, 

leads to increased mouth opening, tongue protrusion, cheek 

flexibility and relief of burning sensation.83 
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Cafedrine/Theodrenal

ine 20:1 (39) 

(Akrinor®) 

 

Proposed interaction with 

ȕ1-adrenoceptor, 

as PDE inhibitor and with 

Į1-adrenoceptor107 

Approved as an anti-hypotensive agent.84 

*Unless otherwise stated, the data were taken from the DrugBank database.  
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1. Article I: Fast, Efficient, and Versatile Synthesis of 6-Amino-5-

carboxamidouracils as Precursors for 8-Substituted Xanthines 

Daniel Marx, Lukas M. Wingen, Gregor Schnakenburg, Christa E. Müller* and Matthias S. 

Scholz  

 

The characterization and synthesis of methylxanthines originated at the end of the 19th century 

through work by Emil Fischer and Lorenz Ach. Today the synthesis of xanthine derivatives is 

mostly performed by nitrosylation of the 5-position of 6-aminouracils with subsequent 

reduction to the corresponding 5,6-diaminouracil derivatives. These intermediates can be 

selectively coupled with carboxylic acids to the corresponding 5-amidouracils thereby 

introducing different substitution patterns at the 8-position of the final xanthine scaffold. This 

coupling reaction is often performed by using hazardous chlorinating reagents to convert the 

carboxylic acids into the activated carboxylic acid chlorides or using the irritant and moisture-

sensitive 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl). These 

reactions show several drawbacks, because, on the one hand, long reaction times are required, 

and, on the other hand. the yields are only moderate. In the following article a novel, fast and 

versatile synthesis without the necessity of hazardous coupling or chlorinating reagents to 

obtain 5-amido-6-aminouracils is described.  
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The coupling reagent COMU proved to be a safe and convenient alternative to the classical 

coupling reagents. COMU contains no explosive benzotriazole moiety and is characterized by 

high solubility and stability in various solvents. It can be easily removed from the system, since 

only water-soluble by-products are generated. With the described method, significantly 

accelerated reaction times of only five to ten minutes with quantitative yields and 99% purity 

were achieved without the requirement of complex column chromatographic purification 

procedures.  
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Fast, Efficient, and Versatile
Synthesis of 6-amino-5-
carboxamidouracils as Precursors
for 8-Substituted Xanthines
Daniel Marx 1†, Lukas M. Wingen1†, Gregor Schnakenburg 2, Christa E. Müller 1* and
Matthias S. Scholz 1

1 Pharmaceutical Chemistry 1, Pharmaceutical Institute, University of Bonn, Bonn, Germany, 2 Department of Chemistry,

Institute of Inorganic Chemistry, University of Bonn, Bonn, Germany

Substituted xanthine derivatives are important bioactive molecules. Herein we

report on a new, practical synthesis of 6-amino-5-carboxamidouracils, the main

building blocks for the preparation of 8-substituted xanthines, by condensation

of 5,6-diaminouracil derivatives and various carboxylic acids using the recently

developed non-hazardous coupling reagent COMU (1-[(1-(cyano-2-ethoxy-2-oxo

ethylideneaminooxy)dimethylaminomorpholinomethylene)]methanaminium hexafluoro

phosphate). Optimized reaction conditions led to the precipitation of pure products

after only 5 to 10min of reaction time. The method tolerates a variety of substituted

5,6-diaminouracil and carboxylic acid derivatives as starting compounds resulting in

most cases in more than 80% isolated yield. Regioselectivity of the reaction yielding only

the 5-carboxamido-, but not the 6-carboxamidouracil derivatives, was unambiguously

confirmed by single X-ray crystallography and multidimensional NMR experiments.

The described method represents a convenient, fast access to direct precursors of

8-substituted xanthines under mild conditions without the necessity of hazardous

coupling or chlorinating reagents.

Keywords: amide, COMU, purine, uracil, xanthine, X-ray crystal structure

INTRODUCTION

Xanthines are privileged structures in medicinal chemistry (Jacobson et al., 1993; Scammells et al.,
1994; Kim et al., 2000; Baraldi et al., 2004; Müller and Jacobson, 2011). The methylxanthines
caffeine (compound 1, Figure 1), theobromine (2) and theophylline (3) are frequently consumed
and therapeutically applied natural products (Franco et al., 2013). The biological activities of 1
and 2, including central nervous system stimulatory, diuretic and antiasthmatic effects, are due to
their blockade of adenosine receptors (ARs). The ARs, which belong to the family of G protein-
coupled receptors (GPCRs), are (potential) drug targets for several diseases, in particular for heart
and brain diseases (Baraldi et al., 2008; Müller and Jacobson, 2011; Chen et al., 2013). Recent
findings point toward a great potential of A2A and A2B AR antagonists in immuno-oncology
(Leone et al., 2015; Müller et al., 2018).
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FIGURE 1 | Xanthine-based drugs. a(Franco et al., 2013); b(Slawsky and Givertz, 2009); c(Park and Stacy, 2012); d(Borrmann et al., 2009); e(Alciato et al., 1990);
f (Sauer et al., 2000); g(Hockemeyer et al., 2004); h(Ozola et al., 2003); i(Jacobson, 2009); j(Gallagher, 2004); k(Baraldi et al., 2007); l(Costante et al., 2015).
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Caffeine and theophylline are weak, non-selective AR
antagonists (Nieber, 2017; Oñatibia-Astibia et al., 2017).
Replacing the hydrogen atom at C8 by a larger residue, in
combination with suitable substituents at the xanthine nitrogen
atoms, may result in highly potent and subtype-selective AR
antagonists (Baraldi et al., 2007; Müller and Jacobson, 2011).
Inspired by the natural methylxanthines, several drugs have
been developed, which were designated by the suffix “fylline”
(Figure 1) (Alciato et al., 1990; LeWitt et al., 2008). An
example is rolofylline (KW-3902, 4, Figure 1), which carries
a bulky noradamantanyl residue at the 8-position and acts as
a selective A1 AR receptor antagonist (LeWitt et al., 2008).
Istradefylline (KW-6002, 5, Figure 1), a potent, selective A2A

AR antagonist was approved for the treatment of Parkinson’s
disease (PD) in Japan (LeWitt et al., 2008; Dungo and Deeks,
2013; Kondo and Mizuno, 2015). It features a styryl residue
at the xanthine 8-position and ethyl groups at the xanthine
N1 and N3 nitrogen atoms. An N1-propargyl residue in
combination with a C8-styryl substitution yielded the potent
and selective A2A AR antagonist MSX-2 (6b) and its prodrug
MSX-3 (6c) prepared from the precursor MSX-1 (6a) (Sauer
et al., 2000; Hockemeyer et al., 2004). PSB-601 (7a), PSB-0788
(7b) and PSB-603 (7c) are potent, selective A2B AR antagonists.
These xanthines carry a para-sulfonamido-substituted phenyl
ring at the 8-position and are potential therapeutics for the
treatment of asthma, pain and cancer (Feoktistov et al., 1998;
Yan et al., 2006; Singh and Yadav, 2016; Hinz et al., 2018;
Müller et al., 2018). The tricyclic purine derivatives PSB-
10 (8a) and PSB-11 (8b) are selective A3 AR antagonists
(Müller et al., 2002; Ozola et al., 2003).

Crystal structures of the AR subtypes A1 (Cheng et al., 2017;
Glukhova et al., 2017) and A2A (Doré et al., 2011; Liu et al., 2012;
Sun et al., 2017) showed that large 8-substituents of xanthine
derivatives point out of the receptor binding pocket toward
the extracellular space. This makes C8 a privileged position for
the attachment of fluorophores (Köse et al., 2018), solubilizing
moieties (Daly et al., 1985), spin labels for electron paramagnetic
resonance (EPR) studies (Ilaš et al., 2005) or linkers for dual-
acting compounds (Jacobson, 2009). An example of a dual ligand
is compound 9 (Jacobson, 2009).

Receptors other than ARs, and enzymes can also be addressed
by selecting appropriate substituents at the xanthine scaffold.
Stacofylline (10) inhibits the enzyme acetylcholinesterase; it
contains a diethylaminocarbonylpiperazinyl residue connected
via a propyl spacer to the 8-position of caffeine (Gallagher, 2004).
Bamifylline (11), a phosphodiesterase inhibitor, carries a benzyl-
substituent at C8 and is used as an analgesic, bronchodilatory and
vasodilatory drug (Alciato et al., 1990). The phosphodiesterase
inhibitor laprafylline (12) features, similar to stacofylline (10), a
piperazinyl residue attached by an ethyl linker to the 8-position
of 1-methyl-3-isobutylxanthine. Recently, dipeptidylpeptidase
4 (DPP-4) inhibitors have gained attention for the treatment
of type 2 diabetes (Crepaldi et al., 2007; Costante et al.,
2015). Xanthine-derived compounds, such as CN103373999A
(13), bearing a piperazinylmethyl residue at the xanthine
8-position have been identified as potent DPP-4 inhibitors
(Costante et al., 2015).

8-Substituted xanthines can be synthesized by reacting
5,6-diaminouracil derivatives with carboxylic acids or
aldehydes (Scheme 1).

Different routes have been employed to obtain the required
xanthine precursors. Condensation of 5,6-diaminouracils with
aldehydes forming the corresponding imines [5-(arylidene-
or alkylidene-amino)-6-aminouracils] as precursors, followed
by oxidative cyclization is a commonly used route for
the synthesis of 8-substituted xanthine derivatives (Hayallah
et al., 2002; El-Sabbagh et al., 2007). However, aldehydes
are less stable than the corresponding carboxylic acids, and
commercial availability is often limited (Procedure A, Scheme 1)
(Daly et al., 1985; Hayallah et al., 2002). Alternatively,
6-amino-5-carboxamidouracils can be prepared, which are
the most frequently utilized xanthine precursors, that can
be cyclized using a variety of methods, e.g., by sodium
hydroxide or methylate, trimethylsilyl polyphosphate (PPSE),
hexamethyldisilazane (HMDS) (Hayallah et al., 2002), or
phosphorus pentoxide (Müller et al., 2008), depending on their
reactivity and stability.

An established method for their preparation is the coupling
of 5,6-diaminouracil derivatives with carboxylic acids in
the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC-HCl) as a coupling reagent (Procedure B,
Scheme 1) (Sauer et al., 2000; Hayallah et al., 2002; Hockemeyer
et al., 2004; Basu et al., 2017). Another method requires
the activation of the carboxylic acid by formation of the
carboxylic acid chloride (Procedure C, Scheme 1) (Jacobson
et al., 1989; Hockemeyer et al., 2004). Procedure C had been
used to establish a multigram-scale synthesis of istradefylline (5).
Drawbacks of this reaction are long reaction times (16 h) for
the formation of the amide, only moderate yields (65%), and
importantly, an additional step due to conversion of the acid into
the corresponding acid chloride using hazardous chlorinating
reagents. Furthermore, carboxylic acid chlorides are less stable
than the corresponding carboxylic acids rendering storage and
handling more demanding (Hockemeyer et al., 2004). Coupling
reactions with the irritant and moisture-sensitive EDC-HCl also
suffer from rather long reaction times, and typically provide
moderate yields requiring tedious purification (Sauer et al., 2000;
Hockemeyer et al., 2004).

All of these disadvantages motivated us to search for an
alternative amide coupling procedure for the preparation of 6-
amino-5-carboxamidouracil derivatives being the most stable
and easily storable xanthine precursors. Our aim was to
develop a fast and effective coupling method applicable to
a variety of diaminouracils and carboxylic acids that would
allow simple work-up and straightforward isolation of the
desired product (Scheme 3).

EXPERIMENTAL

Chemicals were purchased from Merck (Darmstadt, Germany),
ABCR (Karlsruhe, Germany) or TCI (Eschborn, Germany).
Analytical thin layer chromatography (TLC) was performed
on TLC plates F254 (Merck) and analyzed using UV light.
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SCHEME 1 | Syntheses of 8-substituted xanthine derivatives.

High resolution mass spectra (HR-MS) were recorded on
a micrOTOF-Q mass spectrometer (Bruker), low resolution
mass spectra (LR-MS) on an API 2000 (Applied Biosystems)
mass spectrometer. 1H NMR and 13C NMR spectra were
recorded in CDCl3 or (CD3)2SO on a Bruker Ascend 600
MHz NMR-spectrometer operating at 600.18 MHz (1H), and
150.93 MHz (13C). Chemical shifts (δ) are reported in ppm
and are referenced to the chemical shifts of the residual solvent
proton(s) present in chloroform δ [(CHCl3) = 7.26 ppm for
the 1H NMR spectra and δ (CDCl3) = 77.16 ppm for the
13C NMR spectra] and in dimethylsulfoxide δ ((CH3)2SO)
= 2.50 ppm for the 1H NMR spectra and δ ((CD3)2SO) =

39.52 ppm for the 13C NMR spectra. Multiplicity: s, singlet;
d, doublet; q, quartet; m, multiplet. Coupling constants (J) are
shown in Hertz (Hz). The infrared spectra were recorded as
solid samples on an ALPHA-T (Bruker) with a Platinum ATR
Module using the Opus software. The IR spectra were measured
in the attenuated total reflection (ATR) mode in the region
of 4,000–385 cm−1 (s, strong; m, medium; w, weak) and are
reported in cm−1.

General Amide Formation Procedure
To a solution of the respective carboxylic acid (1.0 equiv.)
and COMU (1.1 equiv.) dissolved in a minimum of
dimethylformamide (DMF), a mixture of diaminouracil
(1.1 equiv.) and N,N-diisopropylethylamine (DIPEA)
(1.1 equiv.) dissolved in a minimum DMF was added
dropwise. The reaction was stirred for 5–10min at room

temperature, and water was added. The resulting precipitate
was filtered off, washed with water and dried under
reduced pressure. Most of the reactions were performed
using 300mg of the respective diaminouracil and 4ml of
DMF. The product was precipitated using 20ml of water
and washed with small portions of water (10ml). The
reaction generally performed well from 60mg up to 1.5 g
of diaminouracil as a precursor. For the 1.5 g scale 8ml
of DMF were used for dissolution, and 40ml of water for
precipiation, and 20ml for the subsequent washing step.
All other conditions were identical, and virtually the same
percentage of yield as obtained independent of the scale of
the reaction.

(9H-fluoren-9-yl)methyl 4-(2-((6-amino-3-
methyl -2,4-dioxo-1,2,3,4-tetrahydro-pyrimi
din-5-yl)amino)-2-oxoethyl)piperazine-1-
carboxylate (21)
Yield: 62% (white solid); mp 181–184◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.48 (s, 1H, N1-H), 8.21 (s, 1H, CONH), 7.90
(d, J = 7.5Hz, 2H, Harom), 7.63 (d, J = 7.5Hz, 2H, Harom),
7.42 (t, J = 7.4Hz, 2H. Harom), 7.35 (td, J = 7.4, 1.1Hz, 2H,
Harom), 6.01 (s, 2H, NH2), 4.40 (d, J = 6.5Hz, 2H, CH2), 4.28
(t, J = 6.4Hz, 1H, CH), 3.40–3.32 (m, 4H, 2 × CH2), 3.06 (s,
3H, CH3), 3.05–3.01 (m, 2H, CH2), 2.48–2.37 (m, 4H, 2× CH2).
13C NMR (126 MHz, DMSO) δ 169.5 (CON), 160.7 (C6), 154.3
(OCON), 149.9 (CO), 149.7 (CO), 143.8 (2C, Carom), 140.8 (2C,
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SCHEME 2 | Formation of 6-amino-5-carboxamidouracils using COMU as a coupling reagent.

SCHEME 3 | Proposed reaction mechanism of amide coupling with COMU.

Carom), 127.6 (2C, Carom), 127.1 (2C, Carom), 124.9 (2C, Carom),
120.1 (2C, Carom), 86.7 (C5), 66.4 (CH2), 61.0 (CH2), 52.2 (2C,
2 × CH2), 46.8 (2C, 2 × CH2), 43.3 (CH), 26.4 (CH3). IR
(cm−1): ṽ = 3,556 (w), 33,481 (w), 3,327 (w), 3,208 (w), 3,010
(w), 2,949 (w), 2,895 (w), 2,811 (w), 2,757 (w), 1,730 (m), 1,688
(s), 1,655 (m), 1,556 (s), 1,505 (s), 1,458 (s), 1,442 (s), 1,289
(w), 1,237 (s), 1,203 (w), 1,124 (s), 1,082 (m), 1,006 (m), 966
(m), 755 (s), 737 (s), 641 (w),621 (w), 576 (m), 499 (s), 412
(s). HRMS (ESI-QTOF) calculated for C26H28N6O5 [M+H]+:
505.2194; found: 505.2190.

N-(6-amino-1-methyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)benzamide (22)
Yield: 78% (white solid); mp > 320◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.59 (s, 1H, N3-H), 8.83 (s, 1H, CONH), 7.99 (d,
J = 7.8Hz, 2H, Harom), 7.54 (t, J = 6.8Hz, 1H, Harom), 7.48
(q, J = 7.9, 7.3Hz, 2H, Harom), 6.65 (s, 2H, NH2), 3.27 (s, 3H,
CH3). 13C NMR (DMSO, 126 MHz) δ 166.6 (CON), 160.0 (C6),
153.7 (CO), 150.4 (CO), 134.7 (Carom), 131.2 (Carom), 128.1 (2C,
Carom), 128.1( 2C, Carom), 87.8 (C5), 29.2 (CH3). IR (cm−1): ṽ
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= 3,342 (w), 3,201 (w), 3,063 (w), 1,778 (w), 1,713 (s), 1,638
(s), 1,584 (s), 1,506 (s), 1,484 (s), 1,390 (w), 1,294 (m), 1,263
(w), 1,220 (w), 1,176 (w), 1,072 (w), 1,012 (w), 891 (w), 782
(m), 744 (w), 715 (s), 686 (w), 584 (m), 545 (s), 477 (s), 428
(w). HRMS (ESI-QTOF) calculated for C12H12N4O3 [M+H]+:
261.0982; found: 261.0981.

N-(6-amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-
tetrahydropyrimidin-5-yl)-4-methoxy-
benzamide (23)
Yield: 87% (off-white solid); mp 109–112◦C; 1H NMR (600MHz,
DMSO-d6) δ 8.73 (s, 1H, CONH), 7.95 (d, J = 8.9Hz, 2H, Harom),
7.00 (d, J = 8.9Hz, 2H, Harom), 6.65 (s, 2H, NH2), 3.86–3.82 (m,
2H, N1-CH2 or N3-CH2), 3.82 (s, 3H, OCH3), 3.75–3.68 (m, 2H,
N1-CH2 or N3-CH2), 1.57 (dt, J = 15.1, 7.5Hz, 2H, CH2), 1.51
(dt, J = 14.8, 7.6Hz, 2H, CH2), 0.89 (t, J = 7.4Hz, 3H, CH3), 0.83
(t, J = 7.5Hz, 3H, CH3). 13C NMR (DMSO, 151 MHz) δ 166.1
(CON), 161.6 (Carom), 159.2 (C6), 151.7 (CO), 150.4 (CO), 129.8
(Carom), 126.8 (Carom), 113.1 (Carom), 87.6 (C5), 55.3 (OCH3),
43.7 (N1-CH2 or N3-CH2), 41.8 (N1-CH2 or N3-CH2), 20.8 (2C,
CH2), 11.2 (CH3), 10.7 (CH3). IR (cm−1): ṽ = 3,416 (w), 3,348
(w), 3,219 (w), 2,963 (w), 2,939 (w), 2,877 (w), 2,841 (w), 1,695
(m), 1,636 (m), 1,605 (s), 1,488 (s), 1,415 (m), 1,381 (w), 1,259
(s), 1,191 (m), 1,114 (w), 1,080 (w), 1,029 (m), 901 (w), 852
(m), 762 (m), 551 (s), 513 (s). HRMS (ESI-QTOF) calculated for
C18H24N4O4 [M+H]+: 361.1870; found: 361.1885.

4-Nitrophenyl 4-((6-amino-3-ethyl-2,4-
dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-
carbamoyl) benzenesulfonate (24)
Product was purified by column chromatography
(CH2Cl2/MeOH, 95:5). Yield: 78% (yellowish solid); mp
203–206◦C; 1H NMR (500 MHz, DMSO-d6) δ 10.49 (s, 1H,
N1-H), 9.21 (s, 1H, CONH), 8.30–8.26 (m, 2H, Harom), 8.21–8.17
(m, 2H, Harom), 8.06–8.02 (m, 2H, Harom), 7.42–7.36 (m, 2H,
Harom), 6.22 (s, 2H, NH2), 3.75 (q, J = 7.0Hz, 2H, N3-CH2), 1.06
(t, J = 7.0Hz, 3H, CH3).13C NMR (DMSO, 126 MHz) δ 164.8
(CON), 160.3 (C6), 153.0 (Carom), 150.5 (CO), 149.7 (CO), 146.2
(Carom), 140.6 (Carom), 135.6 (Carom), 129.4 (2C, Carom), 128.2
(2C, Carom), 125.9 (2C, Carom), 123.3 (2C, Carom), 86.4 (C5), 34.4
(N3-CH2), 13.3 (CH3). IR (cm−1): ṽ = 3,304 (w), 3,185 (w),
3,078 (w), 2,971 (w), 2,917 (w), 2,851 (w), 1,734 (m), 1,627 (m),
1,507 (s), 1,480 (s), 1,374 (s), 1,349 (s), 1,314 (m), 1,293 (m),
1,203 (s), 1,153 (s), 1,091 (m), 1,012 (w), 866 (s), 757 (s), 733
(w), 692 (m), 630 (w), 606 (s), 564 (s), 500 (s), 445 (m). HRMS
(ESI-QTOF) calculated for C19H17N5O8S[M+H]+: 476.0871;
found: 476.0860.

(2R,3as,5S,6as)-N-(6-amino-2,4-dioxo-1,3-
dipropyl-1,2,3,4-tetrahydropyrimidin-5-
yl)octahydro-2,5-methanopentalene-3a-
carboxamide (25)
Most of the compound precipitated overnight. To increase the
yield, the filtrate was extracted with diethyl ether, dried over
MgSO4, and after filtration the solvent was removed in vacuo.
Yield: 99% (slightly brown solid); mp 153–157◦C; 1H NMR (600

MHz, DMSO-d6) δ 7.74 (s, 1H, CONH), 6.33 (s, 2H, NH2),
3.88–3.78 (m, 2H, NCH2), 3.74–3.62 (m, 2H, NCH2), 2.74–
2.69 (m, 1H, CH), 2.24 (s, 2H, Hadamantyl), 2.05 (d, J = 9.8Hz,
2H, Hadamantyl), 1.83–1.76 (m, 4H, Hadamantyl), 1.55 (p, J =

7.2Hz, 6H, Hadamantyl and CH2CH3), 1.49 (q, J = 7.4Hz, 2H,
CH2CH3), 0.88 (t, J = 7.4Hz, 3H, CH3), 0.82 (t, J = 7.4Hz,
3H, CH3). 13C NMR (DMSO, 151 MHz) δ 177.1 (CON), 158.9
(C6), 151.4 (CO), 150.3 (CO), 88.2 (C5), 54.7 (Cadamantyl), 46.8
(NCH2), 43.6 (NCH2), 43.2 (Cadamantyl), 42.3 (Cadamantyl), 41.8
(Cadamantyl), 37.0 (Cadamantyl), 34.5 (Cadamantyl), 20.8 (Cadamantyl),

11.2 (Cadamantyl), 10.7 (Cadamantyl). IR (cm−1): ṽ = 3,425 (w),
3,331 (w), 2,925 (w), 2,871 (w), 1,694 (s), 1,627 (m), 1,556 (s),
1,492 (s), 1,374 (w), 1,338 (w), 1,272 (m), 1,226 (m), 1,204 (m),
1,111 (w), 1,085 (w), 899 (w), 843 (w), 763 (w), 716 (w), 549 (m),
475 (w), 429 (w). HRMS (ESI-QTOF) calculated for C20H30N4O3

[M+H]+: 375.2391; found: 375.2389.

N-(6-amino-3-methyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)cyclopentane-
carboxamide (26)
Yield: 70% (white solid); mp > 320◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.38 (s, 1H, N1-H), 8.21 (s, 1H, CONH), 5.77 (s,
2H, NH2), 3.04 (s, 3H, NCH3), 2.74 (p, J = 8.0Hz, 1H, CH),
1.84–1.75 (m, 2H, Hcyclopentyl), 1.74–1.66 (m, 2H, Hcyclopentyl),
1.61 (qt, J = 10.3, 4.3Hz, 2H, Hcyclopentyl), 1.50 (dtt, J = 9.2,

5.6, 2.9Hz, 2H, Hcyclopentyl).
13C NMR (DMSO, 126 MHz) δ

176.0 (CON), 160.9 (C6), 150.1 (CO), 150.0 (CO), 87.7 (C5),
44.1 (Ccyclopentyl), 30.1 (2C, Ccyclopentyl), 26.6 (CH3), 25.9 (2C,

Ccyclopentyl). IR (cm−1): ṽ= 3,328 (w), 3,173 (w), 2,967 (w), 2,951
(w), 2,872 (w), 1,720 (s), 1,651 (s), 1,633 (s), 1,552 (s), 1,497 (s),
1,456 (s), 1,380 (w), 1,302 (w), 1,211 (m), 1,170 (w), 1,120 (w),
1,024 (w), 996 (w), 961 (w), 945 (w), 755 (s), 711 (m), 662 (m),
592 (s), 549 (m), 512 (s), 471 (m), 417 (s). HRMS (ESI-QTOF)
calculated for C11H16N4O3 [M+H]+: 253.1295; found: 253.1294.

(E)-N-(6-amino-1,3-diethyl-2,4-dioxo-
1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3,4-
dimethoxyphenyl)acrylamide (27)
Yield: 70% (white solid); mp 108–112◦C; 1H NMR (500 MHz,
DMSO-d6) δ 8.49 (s, 1H, CONH), 7.39 (d, J = 15.8Hz, 1H, CH),
7.18 (d, J = 1.9Hz, 1H, Harom), 7.15 (dd, J = 8.3, 1.9Hz, 1H,
Harom), 7.01 (d, J = 8.4Hz, 1H, Harom), 6.71 (d, J = 15.8Hz,
1H, CH), 6.62 (s, 2H, NH2), 3.93 (q, J = 6.9Hz, 2H, N1-CH2

or N3-CH2), 3.80 (d, J = 6.3Hz, 8H, N1-CH2 or N3-CH2 and 2
× OCH3 ), 1.14 (t, J = 7.0Hz, 3H, CH3 ), 1.07 (t, J = 7.0Hz, 3H,
CH3). 13C NMR (DMSO, 126 MHz) δ 165.6 (CON), 158.8 (C6),
151.0 (Carom), 150.1 (CO), 149.8 (CO), 148.9 (Carom), 138.8 (CH),
127.8 (Carom), 121.1 (Carom), 120.4 (Carom), 111.9 (Carom), 110.2
(CH), 87.8 (C5), 55.5 (OCH3), 55.4 (OCH3), 37.6 (N1-CH2), 35.4
(N3-CH2), 13.2 (2C, CH3). IR (cm−1): ṽ = 3,370 (w), 3,197 (w),
2,987 (w), 2,939 (w), 2,840 (w), 1,705 (s), 1,661 (m), 1,644 (m),
1,581 (s), 1,509 (s), 1,464 (s), 1,419 (m), 1,374 (w), 1,325 (w),
1,267 (s), 1,238 (s), 1,185 (s), 1,161 (s), 1,139 (s), 1,024 (m), 974
(m), 848 (w), 794 (m), 760 (m), 671 (m), 554 (s), 529 (s), 448
(s). HRMS (ESI-QTOF) calculated for C19H24N4O5 [M+H]+:
389.1819; found: 389.1812.
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(E)-N-(6-amino-2,4-dioxo-3-(prop-2-yn-1-
yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3-
methoxyphenyl)acrylamide (28)
Yield: 83% (white solid); mp 295–298◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.59 (s, 1H, N1-H), 8.67 (s, 1H, CONH), 7.44 (d, J
= 15.8Hz, 1H, CH), 7.35 (t, J = 7.9Hz, 1H, Harom), 7.17 (d, J =
7.7Hz, 1H, Harom), 7.15–7.12 (m, 1H, Harom), 6.98–6.95 (m, 1H,
Harom), 6.82 (d, J = 15.8Hz, 1H, CH), 6.13 (s, 2H, NH2), 4.44 (d,
J = 2.4Hz, 2H, N3-CH2), 3.80 (s, 3H, OCH3), 3.03 (t, J = 2.4Hz,
1H, Hpropargyl).

13C NMR (DMSO, 126 MHz) δ 165.0 (CON),
159.6 (C6), 150.3 (CO), 149.1 (CO), 138.8 (Carom or CH), 136.4
(Carom or CH), 130.0 (Carom), 122.7 (Carom), 119.7 (Carom), 115.2
(Carom), 112.7 (CH), 86.9 (C5), 79.9 (Cpropargyl), 72.4 (Cpropargyl),

55.1 (OCH3), 28.9 (N3-CH2). IR (cm−1): ṽ = 3,393 (w), 3,290
(w), 3,252 (w), 3,120 (w), 1,727 (s), 1,707 (m), 1,650 (s), 1,625
(m), 1,598 (s), 1,550 (s), 1,508 (s), 1,492 (s), 1,447 (s), 1,410 (w),
1,388 (w), 1,340 (m), 1,313 (m), 1,295 (m), 1,250 (s), 1,187 (m),
1,159 (m), 1,038 (w), 1,016 (w), 976 (s), 944 (w), 930 (w), 903 (w),
885 (w), 836 (w), 778 (m), 759 (s), 698 (s), 643 (s), 564 (s), 456
(s). HRMS (ESI-QTOF) calculated for C17H16N4O4 [M+H]+:
341.1244; found: 341.1241.

N-(6-amino-1,3-dimethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)-2-phenyl–
acetamide (29)
Yield: 85% (white solid); mp 258–261◦C; 1H NMR (500 MHz,
DMSO-d6) δ 8.58 (s, 1H, CONH), 7.38–7.33 (m, 2H, Harom),
7.32–7.27 (m, 2H, Harom), 7.21 (tt, J = 6.4, 1.1Hz, 1H, Harom),
6.54 (s, 2H, NH2), 3.59 (s, 2H, CH2), 3.31 (s, 3H, CH3), 3.11 (s,
3H, CH3). 13C NMR (DMSO, 126 MHz) δ 170.7 (CON), 159.3
(C6), 152.0 (CO), 150.5 (CO), 136.5 (Carom), 129.2 (Carom), 128.0
(Carom), 126.1 (Carom), 87.5 (C5), 42.0 (CH2), 30.0 (CH3), 27.5
(CH3). IR (cm−1): ṽ = 3,322 (w), 3,190 (w), 1,699 (m), 1,667 (s),
1,643 (m), 1,583 (s), 1,496 (s), 1,421 (w), 1,381 (w), 1,344 (w),
1,322 (w), 1,225 (m), 1,164 (w), 1,153 (m), 1,057 (w), 1,028 (w),
979 (w), 954 (w), 935 (w), 903 (w), 837 (w), 756 (m), 728 (s),
693 (m), 557 (s), 535 (m), 487 (s), 438 (m). HRMS (ESI-QTOF)
calculated for C14H16N4O3 [M+H]+: 289.1295; found: 289.1296.

N-(6-amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-
tetrahydropyrimidin-5-yl)benzamide (30)
Yield: 85% (off-white solid); mp. 121–124◦C; 1HNMR (600MHz,
chloroform-d1) δ 8.19 (s, 1H, CONH), 7.93 (d, J = 7.4Hz, 2H,
Harom), 7.52 (t, J = 7.1Hz, 1H, Harom), 7.43 (t, J = 7.5Hz, 2H,
Harom), 5.71 (s, 2H, NH2), 3.83 (dt, J = 14.3, 7.8Hz, 4H, 2 ×

NCH2), 1.72 (q, J = 7.4Hz, 2H, CH2), 1.61 (q, J = 7.4Hz, 2H,
CH2), 0.99 (t, J = 7.3Hz, 3H, CH3), 0.91 (t, J = 7.4Hz, 3H, CH3).
13C NMR (CDCl3, 151 MHz) δ 166.9 (CON), 160.2 (C6), 150.2
(CO), 148.0 (CO), 133.4 (Carom), 132.3 (Carom), 128.8 (Carom),
127.6 (Carom), 92.3 (C5), 44.9 (NCH2), 43.6 (NCH2), 21.6 (CH2),
21.3 (CH2), 11.4 (CH3), 11.3 (CH3). IR (cm−1): ṽ = 3,364 (w),
3,216 (w), 2,963 (w), 2,931 (w), 2,874 (w), 1,696 (m), 1,664 (m),
1,578 (s), 1,508 (s), 1,463 (s), 1,414 (m), 1,278 (m), 1,160 (w),
1,073 (w), 1,000 (w), 900 (w), 842 (w), 764 (m), 689 (m), 543
(s), 456 (m). HRMS (ESI-QTOF) calculated for C17H22N4O3

[M+H]+: 331.1765; found: 331.1767.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)cinnamamide (31)
Yield: 80% (off-white solid); mp > 320◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.43 (s, 1H, N1-H), 8.68 (s, 1H, CONH), 7.58 (d, J
= 7.4Hz, 2H, Harom), 7.50–7.37 (m, 4H, Harom +Hvinyl), 6.83 (d,
J = 15.9Hz, 1H, Hvinyl), 5.99 (s, 2H, NH2), 3.74 (q, J = 6.5Hz,

2H, CH2), 1.06 (t, J = 6.7Hz, 3H, CH3). 13C NMR (DMSO, 126
MHz) δ 164.9 (CON), 160.3 (C6), 149.7 (CO), 149.5 (CO), 138.8
(Cvinyl or Carom), 135.0 (Cvinyl or Carom), 129.4 (Cvinyl or Carom),
129.0 (2C, Carom), 127.4 (2C, Carom), 122.4 (Cvinyl or Carom), 87.4

(C5), 34.4 (N3-CH2), 13.2 (CH3). IR (cm−1): ṽ= 3,315 (w), 3,166
(w), 3,065 (w), 3,026 (w), 2,976 (w), 2,940 (w), 2,913 (w), 1,723
(s), 1,646 (s), 1,617 (s), 1,557 (s), 1,490 (s), 1,427 (m), 1,381 (w),
133 (m), 1,291 (w), 1,192 (m), 1,161 (w), 1,047 (w), 999 (m),
741 (s), 713 (m), 586 (s), 543 (s), 505 (s), 487 (s), 450 (w), 433
(w). HRMS (ESI-QTOF) calculated for C15H16N4O3 [M+H]+:
301.1295; found: 301.1294.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)-3-
phenylpropanamide (32)
Yield: 90% (white solid); mp > 320◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.38 (s, 1H, N1-H), 8.39 (s, 1H, CONH), 7.28 (t,
J = 7.4Hz, 2H, Harom), 7.24 (d, J = 6.9Hz, 2H, Harom), 7.18 (t,
J = 7.1Hz, 1H, Harom), 5.82 (s, 2H, NH2), 3.73 (q, J = 6.9Hz,
2H, N3-CH2), 2.91–2.80 (m, 2H, CH2), 2.53 (dd, J = 9.2, 7.0Hz,
2H, CH2), 1.04 (t, J = 7.0Hz, 3H, CH3). 13C NMR (DMSO, 126
MHz) δ 171.7 (CON), 160.4 (C6), 149.9 (CO), 149.6 (CO), 141.5
(Carom), 128.3 (2C, Carom), 128.1 (2C, Carom), 125.8 (Carom), 87.2
(C5), 36.8 (CH2), 34.3 (N3-CH2), 30.9 (CH2), 13.2 (CH3). IR
(cm−1): ṽ= 3,341 (w), 3,290 (w), 3,180 (w), 3,066 (w), 3,029 (w),
2,913 (w), 1,725 (m), 1,637 (s), 1,552 (s), 1,486 (s), 1,382 (m),
1,333 (m), 1,301 (m), 1,192 (w), 1,157 (m), 1,124 (w), 1,044 (w),
970 (w), 921 (w), 799 (w), 78 (w), 760 (s), 730 (m), 695 (m), 662
(m), 571 (s), 501 (s), 481 (s). HRMS (ESI-QTOF) calculated for
C15H18N4O3 [M+H]+: 303.1452; found: 303.1454.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)-2-phenylcyclo–
propanecarboxamide (33)
Yield: 89% (white solid); mp 302–305◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.35 (s, 1H, N1-H), 8.68 (s, 1H, CONH), 7.29 (t,
J = 7.5Hz, 2H, Harom), 7.19 (d, J = 7.7Hz, 1H, Harom), 7.14 (d,
J = 7.9Hz, 2H, Harom), 5.90 (s, 2H, NH2), 3.72 (q, J = 6.9Hz,
2H, N3-CH2), 2.28 (dt, J = 9.5, 6.0Hz, 1H, CH), 2.09 (dt, J = 8.8,
4.7Hz, 1H, CH), 1.37 (dt, J = 9.0, 4.5Hz, 1H, CH), 1.26–1.20 (m,
1H, CH), 1.04(t, J = 6.9Hz, 3H, CH3). 13C NMR (DMSO, 126
MHz) δ 171.5 (CON), 160.4 (C6), 149.9 (CO), 149.5 (CO), 141.2
(Carom), 128.2 (2C, Carom), 125.9 (3C, Carom), 87.4 (C5), 34.4 (N3-
CH2), 25.6 (Ccyclopropyle), 24.3 (Ccyclopropyle), 16.1 (Ccyclopropyle),

13.2 (CH3). IR (cm−1): ṽ= 3,355 (w), 3,312 (w), 3,186 (w), 3,082
(w), 3,032 (w), 3,011 (w), 2,978 (w), 2,941 (w), 1,726 (s), 1,650
(s), 1,628 (s), 1,555 (s), 1,497 (s), 1,454 (s), 1,427 (m), 1,382 (w),
1,334 (m), 1,300 (m), 1,199 (m), 1,160 (w), 1,080 (w), 1,026 (w),
957 (w), 760 (s), 693 (m), 662 (m), 592 (m), 543 (m), 518 (s), 499
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(m). HRMS (ESI-QTOF) calculated for C16H18N4O3 [M+H]+:
315.1452; found: 315.1460.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)-2-phenoxyacet-
amide (34)
Yield: 88% (off-white solid); mp 289–293◦C; 1H NMR (500MHz,
DMSO-d6) δ 10.45 (s, 1H, N1-H), 8.53 (s, 1H, CONH), 7.31 (td,
J = 7.4, 2.0Hz, 2H, Harom), 7.05–6.99 (m, 2H, Harom), 6.97 (t, J
= 7.3Hz, 1H, Harom), 6.07 (s, 2H, NH2), 4.57 (s, 2H, COCH2),
3.73 (q, J = 7.0Hz, 2H, N3-CH2), 1.05 (t, J = 7.0Hz, 3H,
CH3). 13C NMR (DMSO, 126 MHz) δ 167.9 (CON), 160.3 (C6),
157.9 (Carom), 150.2 (CO), 149.6 (CO), 129.4 (2C, Carom), 121.0
(Carom), 114.7 (2C, Carom), 85.9 (C5), 66.9 (COCH2), 34.4 (N3-
CH2), 13.2 (CH3). IR (cm−1): ṽ= 3,364 (w), 3,321 (w), 3,273 (w),
3,170 (w), 1,716 (m), 1,689 (m), 1,643 (m), 1,574 (s), 1,487 (s),
1,458 (m), 1,379 (w), 1,339 (w), 1,279 (w), 1,249 (w), 1,221 (s),
1,167 (w), 1,111 (w), 1,084 (w), 1,065 (w), 924 (w), 830 (w), 791
(w), 753 (s), 6,966 (w), 635 (m), 578 (w), 534 (s), 508 (m), 440
(w). HRMS (ESI-QTOF) calculated for C14H16N4O4 [M+H]+:
305.1244; found: 305.1253.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)-2-methyl-3-
phenylpropanamide (35)
Yield: quantitative (white solid); mp 265–267◦C; 1H NMR (500
MHz, DMSO-d6) δ 10.37 (s, 1H, N1-H), 8.42 (s, 1H, CONH), 7.28
(t, J = 7.4Hz, 2H, Harom), 7.25–7.21 (m, 2H, Harom), 7.18 (t, J =
7.2Hz, 1H, Harom), 5.51 (s, 2H, N3–NH2), 3.72 (q, J = 6.9Hz, 2H,
CH2), 2.98 (dd, J = 13.4, 6.2Hz, 1H, CH), 2.78–2.68 (m, 1H, CH),
2.57–2.51 (m, 1H, CH), 1.04 (t, J = 7.0Hz, 3H, CH3), 1.00 (d, J =
6.8Hz, 3H, CH3). 13C NMR (DMSO, 126 MHz) δ 175.4 (CON),
160.3 (C6), 149.6 (CO), 149.5 (CO), 140.1 (Carom), 128.9 (2C,
Carom), 128.1 (2C, Carom), 125.9 (Carom), 87.5 (C5), 41.0 (CCH3),
34.4 (N3-CH2), 16.8 (CH3), 13.2 (CH3). IR (cm−1): ṽ= 3,354 (w),
3,318 (w), 3,178 (w), 3,082 (w), 3,022 (w), 3,002 (w), 2,975 (w),
2,938 (w), 2,875 (w), 1,723 (s), 1,632 (s), 1,552 (s), 1,492 (s), 1,457
(s), 1,426 (s), 1,378 (m), 1,331 (w), 1,299 (m), 1,226 (w), 1,181
(w), 1,160 (w), 1,116 (w), 1,044 (w), 948 (w), 759 (s), 745 (m), 698
(s), 659 (m), 543 (s), 505 (s). HRMS (ESI-QTOF) calculated for
C16H20N4O3 [M+H]+: 317.1608; found: 317.1617.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)benzamide (36)
Yield: 87% (off-white solid); mp > 320◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.38 (s, 1H, N1-H), 8.86 (s, 1H, CONH), 7.99–7.91
(m, 2H, Harom), 7.56–7.51 (m, 1H, Harom), 7.47 (t, J = 7.5Hz, 2H,
Harom), 6.06 (s, 2H, NH2), 3.75 (q, J = 7.0Hz, 2H, N3-CH2), 1.06
(t, J = 7.0Hz, 3H, CH3). 13C NMR (126 MHz, DMSO) δ 166.4
(CON), 160.5 (C6), 150.4 (CO), 149.7 (CO), 134.5 (Carom), 131.1
(Carom), 128.0 (Carom), 127.8 (Carom), 87.1 (C5), 34.4 (N3-CH2),
13.3 (CH3). IR (cm−1): ṽ= 3,302 (w), 3,166 (w), 3,061 (w), 2,976
(w), 1,718 (m), 1,627 (m), 1,552 (s), 1,504 (s), 1,481 (s), 1,456
(s), 1,426 (s), 1,381 (m), 1,334 (w), 1,299 (m), 1,165 (w), 1,047
(w), 926 (w), 883 (w), 797 (m), 760 (m), 692 (m), 657 (m), 544

(s), 503 (m), 473 (m), 445 (w). HRMS (ESI-QTOF) calculated for
C13H14N4O3 [M+H]+: 275.1139; found: 275.1142.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)-2-
phenylacetamide (37)
Yield: 80% (white solid); mp > 320◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.39 (s, 1H, N1-H), 8.58 (s, 1H, CONH), 7.35–7.31
(m, 2H, Harom), 7.28 (m, 2H, Harom), 7.23–7.19 (m, 1H, Harom),
5.90 (s, 2H, NH2 ), 3.71 (q, J = 7.0Hz, 2H, N3-CH2), 3.56 (s,
2H, CH2), 1.03 (t, J = 7.0Hz, 3H, CH3). 13C NMR (DMSO,
126 MHz) δ 170.6 (CON), 160.5 (C6), 150.1 (CO), 149.7 (CO),
136.6 (Carom), 129.4 (Carom), 128.2 (Carom), 126.3 (Carom), 87.5
(C5), 42.1 (COCH2), 34.5 (N3-CH2), 13.4 (CH3). IR (cm−1): ṽ
= 3,349 (w), 3,297 (w), 3,184 (w), 3,065 (w), 2,980 (w), 2,909
(w), 2,885 (w), 1,729 (m), 1,638 (s), 1,547 (s), 1,483 (s), 1,421 (s),
1,331 (m), 1,294 (m), 1,216 (w), 1,180 (m), 1,155 (m), 1,031 (w),
963 (w), 926 (w), 793 (w), 758 (s), 694 (s), 661 (m), 599 (s), 488
(s). HRMS (ESI-QTOF) calculated for C14H16N4O3 [M+H]+:
289.1295; found: 289.1304.

N-(6-amino-3-ethyl-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-yl)-6-
methylheptanamide (38)
Yield: 81% (white solid); mp 278–281◦C; 1H NMR (500 MHz,
DMSO-d6) δ 10.34 (s, 1H, N1-H), 8.24 (s, 1H, CONH), 5.82 (s,
2H, NH2), 3.70 (q, J = 7.0Hz, 2H, N3-CH2), 2.24–2.12 (m, 2H,
COCH2), 1.55–1.45 (m, 3H, CH2 and CH), 1.34–1.23 (m, 2H,
CH2), 1.19–1.11 (m, 2H, CH2), 1.03 (t, J = 7.0Hz, 3H, CH3),
0.85 (d, J = 6.6Hz, 6H, 2 × CH3). 13C NMR (DMSO, 126 MHz)
δ 172.7 (CON), 160.6 (C6), 150.0 (CO), 149.7 (CO), 87.6 (C5),
38.5 (CH2), 35.4 (CH2), 34.5 (N3-CH2), 27.4 (CH2), 26.7 (CH),
25.4 (CH2), 22.7 (2 × CH3), 13.4 (CH3). IR (cm−1): ṽ = 3,341
(w), 3,302 (w), 3,186 (w), 3,075 (w), 2,957 (w), 2,915 (w), 2,875
(w), 2,851 (w), 1,728 (m), 1,637 (s), 1,551 (s), 1,488 (s), 1,424 (s),
1,379 (m), 1,333 (m), 1,294 (m), 1,200 (w), 1,159 (m), 1,111 (w),
1,048 (w), 967 (w), 925 (w), 760 (s), 729 (w), 664 (m), 580 (s),
500 (s), 444 (m). HRMS (ESI-QTOF) calculated for C14H24N4O3

[M+H]+: 297.1921; found: 297.1924.

(3aS,4S,5S,7aR)-N-(6-amino-3-ethyl-2,4-
dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)
–octahydro-1H-2,5-methanoindene-4-
carboxamide (39)
Filtrate was extracted with Et2O, dried over MgSO4 and the
solvent removed in vacuo. Yield: 75% (off-white solid); mp >

320◦C; 1H NMR (500 MHz, DMSO-d6) δ 10.33 (s, 1H, N1-H),
7.77 (s, 1H, CONH), 5.64 (s, 2H, NH2), 3.71 (q, J = 7.0Hz,
2H, N3-CH2), 1.97 (s, 3H, Hnoradamantane), 1.87 (d, J = 2.7Hz,
6H, Hnoradamantane), 1.69–1.63 (m, 6H, Hnoradamantane), 1.04 (t,
J = 7.0Hz, 3H, CH3). 13C NMR (DMSO, 126 MHz) δ 177.3
(CON), 160.2 (C6), 149.7 (CO), 149.6 (CO), 87.6 (C5), 38.6
(CH2noradamantane), 36.2 (CH2noradamantane), 34.3 (N3–CH2), 27.7
(4C, CHnoradamantane), 13.2 (CH3). IR (cm−1): ṽ = 3,478 (w),
3,428 (w), 3,289 (w), 3,165 (w), 3,067 (w), 2,984 (w), 2,909 (w),
2,853 (w), 1,718 (m), 1,622 (s), 1,545 (s), 1,507 (s), 1,486 (s),
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FIGURE 2 | N1-Mono- and N1,N3-disubstituted 5,6-diaminouracil derivatives

synthesized as starting materials for amide formation (for details see

Supporting Material Data Sheet 1).

1,446 (s), 1,372 (w), 1,330 (w), 1,291 (m), 1,244 (w), 1,184 (w),
1,161 (w), 1,110 (w), 1,042 (w), 989 (w), 927 (w), 760 (s), 701
(w), 653 (m), 542 (s), 499 (m). HRMS (ESI-QTOF) calculated for
C17H24N4O3 [M+H]+: 333.1921; found: 333.1922.

RESULTS AND DISCUSSION

Disadvantages of irritant and hazardous coupling procedures,
long reaction times and moderate yields encouraged us to
search for a new method to yield the desired 6-amino-5-
carboxamidouracil derivatives. After initial experiments with
various procedures, the coupling reagent COMU showed
the most promising results. COMU, which was developed in
2009, does not contain a potentially explosive benzotriazole
moiety, and is therefore safer than classical coupling reagents
such as, for example, 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate
(HATU). COMU shows high solubility, is stable in typically used
solvents, can be easily removed due to the water-solubility of
its products, and may be used for a broad range of carboxylic
acids and amines yielding the corresponding amides ((El-
Faham et al., 2009; El-Faham and Albericio, 2010, 2011);
Hjørringgaard et al., 2012).

The synthetic procedure which led to differently substituted
6-amino-5-carboxamidouracils is shown in Scheme 2.
Diaminouracil derivatives and carboxylic acids were used
as starting materials and subjected to amide coupling using
COMU. N1-mono- and N1,N3-disubstituted 5,6-diaminouracil
derivatives (14–20, Figure 2) were individually prepared (for
details see Supporting Material Data Sheet 1) according to
previously described procedures and (Maxwell and Salivar,
1952; Müller et al., 1993; Hockemeyer et al., 2004), while
the employed carboxylic acid derivatives were in most cases
commercially available.

Amide Coupling Reaction
Amide formation with the coupling reagent required the
adjustment of different parameters, including solvent, reaction
time, temperature and base. With DMF, DIPEA and COMU the
optimal conditions were found (Scheme 2). The reaction may

also be performed in other solvents, such as CH2Cl2, ethyl acetate
or tetrahydrofurane (MacMillan et al., 2013), however, DMF is
preferred resulting in short reaction times, and, importantly, the
product can easily be precipitated in high purity by the addition
of water. This renders a tedious isolation and purification
procedure dispensable.

Scheme 3 depicts the proposed reaction mechanism, which
is based on the mechanism proposed for the synthesis of esters
using COMU (Twibanire and Grindley, 2011). The first step
is the nucleophilic attack of the carboxylic acid (A) at the
uronium moiety of COMU (B) resulting in intermediate C.
Decomposition of C, followed by addition of the resulting anion
E to the carbonyl group of D and subsequent elimination of
the urea derivative F leads to the activated carboxylic acid
G. Finally, the corresponding amide derivative is formed by
nucleophilic attack of an amine and elimination of the water-
soluble side productH.

According to the proposed reaction mechanism, the
carboxylic acid was converted to its active ester after dissolving
it (1.0 equiv) together with COMU (1.1 equiv) in a minimum
of DMF (mixture A, Scheme 2). Then, a solution of the 5,6-
diaminouracil derivative (1.2 equiv) and diisopropylethylamine
(DIPEA, 1.1 equiv) as a base dissolved in a minimum of DMF
(mixture B) was added, followed by 5–10min of stirring at
room temperature (Scheme 2). Upon addition of cold water, the
product precipitated. It was filtered off, washed with cold water,
and dried under reduced pressure yielding the target compounds
21–39 (Table 1) in high purity and with yields ranging from
62 to 99%. Due to our interest in AR antagonists, we prepared
various precursors for 8-substituted xanthines, which we
could obtain in high yields and isolate by simple precipitation
as shown for various examples (22–29). The 1,3-dipropyl
derivatives 23 and 30 were formed in 87 and 85% yield, with
98 and 99% purity, respectively. Compound 23 is a precursor
of the dual-acting A1 AR-opioid receptor ligands, such as 9.
Compound 22 was obtained in 78% yield and provides access
to the A3 AR antagonists PSB-11 (8b). Compound 24, the key
compound for the synthesis of highly potent and selective A2B

AR antagonists, was successfully condensed and precipitated.
The carboxylic acid for the synthesis of 24 was not commercially
available and was therefore prepared according to a literature
procedure (Borrmann et al., 2009). To gain a purity of over 95%
for 24, an additional chromatographic purification procedure
was required. Compound 25, the precursor of the A1 AR
antagonist rolofylline (4), which contains an 8-noradamantanyl
substituent, and propyl residues on N1 and N3, precipitated in
high purity (99%); fractional precipitation after cooling to 0◦C
was required to give a final yield of 79%. The less bulky and
less hydrophobic cyclopentanecarboxylic acid was reacted with
5,6-diamino-3-methyluracil to obtain amide 26 as a precursor
for 8-cyclopentyltheophylline (CPX), and was isolated in 69%
yield with 99% purity. The additional substituent on N1 can
be easily introduced subsequently by alkylation according to
literature procedures (Hockemeyer et al., 2004). The precursor
29 of the A1 AR antagonist bamifylline (11), with methyl groups
at both uracil nitrogen atoms, precipitated immediately in
85% yield and 99% purity. Compound 27, the precursor of the
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TABLE 1 | Formation of 6-amino-5-carboxamidouracil derivatives.

Precursors for xanthines with known bioactivity

Compounds R1 Precursor for (target) R2 R3 Isolated yield (%) Purity after precipitation (%)

21 13

(DPP-4 inhibitor)

H Me 62 99

22 8b

(A3 antagonist)

Me H 78 96

23 9

(A1 antagonists)

Pr Pr 87 98

24b 7a, 7b, 7c

(A2B antagonists)

H Et 78 99a

25c 4

(A1 antagonist)

Pr Pr 79 99

26 CPX

(A1 antagonist)

H Me 69 99

27d 5

(A2A antagonist)

Et Et 70 97

28e 6a–c

(A2A antagonists)

H Propargyl 83 98

29 11

(A1 antagonists)

Me Me 84 99

Precursors for xanthines with various 8-substituents

30f – Pr Pr 85 99

31 – H Et 80 94

32 – H Et 90 99

(Continued)
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TABLE 1 | Continued

Compounds R1 Precursor for (target) R2 R3 Isolated yield (%) Purity after precipitation (%)

33 – H Et 89 98

34 – H Et 88 99

35 – H Et 99 99

36g – H Et 87 99

37 – H Et 80 90

38 – H Et 81 99

39 – H Et 78 87

aPurity after additional column chromatography. b(Borrmann et al., 2009); c(Moore et al., 1999); d(Rabasseda et al., 2001); e(Hockemeyer et al., 2004); f (Daly et al., 1985);
g(Rodríguez-Borges et al., 2010).

A2A AR antagonist and anti-Parkinson drug istradefylline (5),
precipitated in 70% yield with 97% purity. Amide formation
with 3-methoxycinnamic acid, carrying the styrene moiety,
which is required for the preparation of the potent and selective
A2A AR antagonists of the MSX series (6a-c), gave the 6-
amino-5-carboxamidouracil precursor 28 in 83% isolated yield
after precipiation.

To investigate the impact of different carboxylic acid
derivatives regarding precipitation of the product, we used
3-ethyldiaminouracil and various carboxylic acids as a
test system for the formation of differently substituted 6-
amino-5-carboxamidouracils (Table 1). Compound 32, with
a phenylpropionyl residue, was isolated in 90% yield. The
analogous compound 33 containing a rigidified cyclopropyl
ring gave a similar yield of 89%, as did the ether analog 34. The
presence of an α-methyl group in compound 35 resulted in
quantitative product formation and precipitation. The 6-amino-
5-carboxamidouracil 38 bearing an alkyl residue was isolated in
81% yield with 99% purity.

Comparing all reactions, we observed the following trends:
1,3-disubstituted uracils could be formed best in case of a
bulky, hydrophobic carboxylic acid derivative, which favors
precipitation from the DMF/H2O solution. Reactions of

N1-unsubstituted diaminouracils generally gave higher product
yields, and the products were easily precipitated. The melting
points of those products were high indicating the formation of
intermolecular hydrogen bonds in the solid state, which was
confirmed by the crystal structure of 32 (see below).

Structural Studies and Regioselectivity
Since 5,6-diaminouracil carries two amino groups, the question
arises, which one forms the amide bond (Yang et al., 2015). Due
to literature reports, the 5-amino group is proposed to react
(Sauer et al., 2000; Hayallah et al., 2002; Hockemeyer et al.,
2004). We checked this assumption by NMR and small single
molecule X-ray crystallography, comparing the NMR signals
of 6-aminouracil, 6-amino-5-nitrosouracil, 5,6-diaminouracil,
and 5-amino-6-carboxamidouracil. We additionally applied
2-dimensional NMR spectroscopy, namely heteronuclear
multiple bond correlation (HMBC) and nuclear Overhauser
enhancement spectroscopy (NOESY), for determining the
structure of amide 25.

In literature, the product of the first reaction step has
been described as a 5-nitroso derivative. Based on our NMR
experiments, the 5-(hydroxyimino)-6-imino derivative is the
tautomer that is present in chloroform employed as a solvent
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SCHEME 4 | NMR signals of 6-aminouracil derivatives with various substituents in the 5-position, and NOESY cross correlation for structure/tautomer analysis

determined in chloroform-d1.

FIGURE 3 | (A) Crystal structure of 6-amino-5-carboxamidouracil 32. (B) Structure of 32. (C) Intermolecular interactions building the crystal structure of 32. (D) Most

important intermolecular hydrogen bonds of 32. Supporting Material Data Sheet 2.

(Scheme 4). The chemical shift of the 5-amino group in
compound 16 indicates a magnetic shielding of the hydrogen
atoms giving the nitrogen atom a more nucleophilic character,
which is in accordance with our regioselectivity studies.

Finally, we tried to obtain a crystal structure of 25.
Different crystallization experiments were performed but the
crystallization of 25 has not been successful. Fortunately,
compound 32, crystallized from DMSO solution at room
temperature, yielding a crystal of the size 0.4 × 0.2 × 0.08mm.

Measurement and analysis of the resulting crystal structure
using a Bruker X8-KappaApexII instrument showed a monocline
crystal system within the space group P21. In accordance with
the NMR experiment of 25 the crystal structure of 32 confirmed
a regioselective amide coupling of the carboxylic acid with
the 5,6-diaminouracil derivative in position 5. The crystal is
mainly formed by intermolecular hydrogen bonds. π-Stacking
or interaction with the solvent could not be observed. The most
important intermolecular hydrogen bonds are summarized in
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Figure 3. All NH groups showed a donor functionalization and
all oxygen atoms showed acceptor properties to surrounding
molecules. Figure 3 visualizes these intermolecular interactions.
The surrounding molecules are shaded while the intermolecular
interactions are shown in turquoise. All bond lengths were in the
expected range.

CONCLUSIONS

In summary, we report on a new regioselective amide formation
of 5,6-diaminouracil derivatives with carboxylic acids using the
coupling reagent COMU which leads to the preparation of
important precursors for xanthine derivatives. The reaction is
completed after only 5–10min of stirring at room temperature
in DMF, followed by straightforward isolation of the formed
amides by precipitation through the addition of water. After
filtration, the 6-amino-5-carboxamidouracils were obtained
in high isolated yields and showed in most cases purities
of 90% or higher requiring no further chromatographic
purification. The new procedure is advantageous with regard
to reaction time and yields, and it avoids hazardous coupling
or chlorinating reagents. In addition to several new derivatives,
we synthesized the 6-amino-5-carboxamidouracil precursors of
important, biologically active and literature-known xanthines
utilizing the new method. The regioselectivity of the amide
formation with the 5- rather than the 6-amino group of the
uracil derivatives was proven by 2D-NMR spectroscopy and
X-ray crystallography. The new regioselective amide coupling
procedure allows the preparation of a variety of xanthine

precursors. Moreover, the procedure will be well-suitable for
automated and parallel synthesis.
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Synthesis of diaminouracil derivatives 

Different N1- and N3-substituted uracil derivatives required as precursors were synthesized according 

to literature procedures (Maxwell, et al., 1952; Müller et al., 1993; Hockemeyer et al., 2004). Due to 

the therapeutic potential of A2A and A2B adenosine receptor antagonists, we synthesized various 6-

amino-5-carboxamidouracil precursors for xanthine derivatives containing ethyl and propargyl 

substituents at the uracil N1 atom, which are known to be beneficial for interaction with those 

adenosine receptor subtypes. 

Scheme S1. Preperation of symmetrical N1,N3-dialkyl-5,6-diaminouracil derivatives. 
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Reagents and conditions: (a) Ac2O, 60 °C, 3 h; (b) aq. AcOH, HNO2, 50-60 °C; (c) sodium dithionite, 

NH3/H2O, 60 °C. 

Scheme S2. Preperation of N1- or N3-substituted 5,6-diaminouracil derivatives. 
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18 R2 = H; R3 = 
ethyl

19 R2 = H; R3 = 
propargyl

20 R2 = methyl; R3 = 
H (starting from the commercially available 1-methyl-6-aminouracil)

17 R2 = H; R3 = 
methyl 17-20

 

Reagents and conditions: (a) 2.1 equiv. of hexamethyldisilazane (HMDS), reflux, 60–70 °C, 1.7 

equiv of methyl iodide for (17), ethyl iodide for (18) or 3-bromopropyne for (19); (b) aq. AcOH, 

HNO2, 50-60 °C; (c) sodium dithionite, NH3/H2O, 60 °C.  
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3 

Analytical data were in accordance with published data. For details see (Maxwell, et al., 1952; Müller 

et al., 1993; Hockemeyer et al., 2004). 

Crystallographic data 

CCDC 1878798 contains the supplementary crystallographic data for this paper. The data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/structures. 

 

Table S1. Crystal data and structure refinement for compound 32. 

N

N
H

O

O

NH2

H
N

O 32

 

Identification code  GPHARM62, 32 // GXray5353f  

Crystal Habitus  clear colourless plate  

Device Type  Bruker X8-KappaApexII  

Empirical formula  C15H18N4O3  

  
Moiety formula  C15 H18 N4 O3  

Formula weight  302.33  

Temperature/K  100  

Crystal system  monoclinic  

Space group  P21  

a/Å  4.6833(3)  

b/Å  28.2023(18)  

c/Å  5.4732(4)  

Į��� 90  

ȕ��� 98.690(3)  
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Ȗ��� 90  

Volume/Å3  714.60(8)  

Z  2  

ȡcalcg/cm3  1.405  

ȝ�PP-1  0.101  

F(000)  320.0  

Crystal size/mm3  0.4 × 0.2 × 0.08  

Absorption correction  multi-scan  

  
Tmin; Tmax  0.6046; 0.7460  

  
Radiation  0R.Į��Ȝ� ���������� 

�Ĭ�UDQJH�IRU�GDWD�FROOHFWLRQ��� 7.532 to 60.124°  

Completeness to theta  0.995  

Index ranges  -����K������-�����N�������-����O����� 

Reflections collected  11797  

Independent reflections  4180 [Rint = 0.0380, Rsigma = 0.0471]  

Data/restraints/parameters  4180/1/201  

Goodness-of-fit on F2  1.026  

)LQDO�5�LQGH[HV�>,! �ı��,�@� R1 = 0.0441, wR2 = 0.1014  

Final R indexes [all data]  R1 = 0.0569, wR2 = 0.1097  

Largest diff. peak/hole / e Å-3  0.32/-0.23  

Flack parameter 0.2(5) 
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Table S2. Bond lengths for compound 32. 

Atom Atom Length/Å   Atom Atom Length/Å 

O7 C2 1.214(3)   C5 C6 1.375(3) 

O10 C4 1.244(3)   C8 C9 1.523(4) 

O13 C12 1.237(3)   C12 C14 1.511(3) 

N1 C2 1.381(3)   C14 C15 1.522(3) 

N1 C6 1.369(3)   C15 C16 1.515(3) 

N3 C2 1.383(3)   C16 C17 1.381(4) 

N3 C4 1.396(3)   C16 C21 1.386(4) 

N3 C8 1.485(3)   C17 C18 1.391(4) 

N11 C5 1.420(3)   C18 C19 1.355(5) 

N11 C12 1.351(3)   C19 C20 1.384(5) 

N22 C6 1.351(3)   C20 C21 1.387(4) 

C4 C5 1.425(3)         
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Table S3 Bond angles for compound 32. 

Atom Atom Atom $QJOH�Û   Atom Atom Atom $QJOH�Û 

C6 N1 C2 124.5(2)   N22 C6 C5 124.6(2) 

C2 N3 C4 123.6(2)   N3 C8 C9 112.4(2) 

C2 N3 C8 116.5(2)   O13 C12 N11 122.4(2) 

C4 N3 C8 119.9(2)   O13 C12 C14 123.2(2) 

C12 N11 C5 123.2(2)   N11 C12 C14 114.4(2) 

O7 C2 N1 121.0(2)   C12 C14 C15 114.0(2) 

O7 C2 N3 123.5(2)   C16 C15 C14 112.8(2) 

N1 C2 N3 115.5(2)   C17 C16 C15 120.5(3) 

O10 C4 N3 120.1(2)   C17 C16 C21 117.7(3) 

O10 C4 C5 123.0(2)   C21 C16 C15 121.7(2) 

N3 C4 C5 116.9(2)   C16 C17 C18 121.2(3) 

N11 C5 C4 119.5(2)   C19 C18 C17 120.8(3) 

C6 C5 N11 119.8(2)   C18 C19 C20 118.9(3) 

C6 C5 C4 120.6(2)   C19 C20 C21 120.7(3) 

N1 C6 C5 118.5(2)   C16 C21 C20 120.6(3) 

N22 C6 N1 116.8(2)           
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Table S4. Hydrogen bonds for compound 32. 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N1 H1 O101 0.88 1.90 2.717(3) 153.7 

N11 H11 O132 0.88 2.39 2.975(3) 123.7 

N22 H22A O101 0.86 2.18 2.875(3) 137.5 

N22 H22B O132 0.86 2.14 2.994(3) 170.5 

C9 H9B O73 0.98 2.31 3.276(3) 168.6 

1-1+X,+Y,-1+Z; 2-1+X,+Y,+Z; 3+X,+Y,1+Z 
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1H- and 13C-NMR spectra of compounds 21-

39
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Figure S1. 1H-NMR spectrum of 21 in (CD3)2SO at room temperature.  
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Figure S2. 13C-NMR spectrum of 21 in (CD3)2SO at room temperature 
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Figure S3. 1H-NMR spectrum of 22 in (CD3)2SO at room temperature. 
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Figure S4. 13C-NMR spectrum of 22 in (CD3)2SO at room temperature. 
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Figure S5. 1H-NMR spectrum of 23 in (CD3)2SO at room temperature.  
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Figure S6. 13C-NMR spectrum of 23 in (CD3)2SO at room temperature.  
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Figure S7. 1H-NMR spectrum of 24 in (CD3)2SO at room temperature.  
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Figure S8. 13C-NMR spectrum of 24 in (CD3)2SO at room temperature.  
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Figure S9. 1H-NMR spectrum of 25 in (CD3)2SO at room temperature.  
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Figure S10. 13C-NMR spectrum of 25 in (CD3)2SO at room temperature.  
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Figure S11. 1H-NMR spectrum of 26 in (CD3)2SO at room temperature.  
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Figure S12. 13C-NMR spectrum of 26 in (CD3)2SO at room temperature.  
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Figure S13. 1H-NMR spectrum of 27 in (CD3)2SO at room temperature.  
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Figure S14. 13C-NMR spectrum of 27 in (CD3)2SO at room temperature.  
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Figure S15. 1H-NMR spectrum of 28 in (CD3)2SO at room temperature.  
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Figure S16. 13C-NMR spectrum of 28 in (CD3)2SO at room temperature.  
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Figure S17. 1H-NMR spectrum of 29 in (CD3)2SO at room temperature.  
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Figure S18. 13C-NMR spectrum of 29 in (CD3)2SO at room temperature.  

CDCl3

N

NO

O

NH2

H
NH3C

CH3

O

 

Figure S19. 1H-NMR spectrum of 30 in (CD3)2SO at room temperature.  
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Figure S20. 13C-NMR spectrum of 30 in (CD3)2SO at room temperature.  
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Figure S21. 1H-NMR spectrum of 31 in (CD3)2SO at room temperature.  
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Figure S22. 13C-NMR spectrum of 31 in (CD3)2SO at room temperature.  
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Figure S23. 1H-NMR spectrum of 32 in (CD3)2SO at room temperature.  
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Figure S24. 13C-NMR spectrum of 32 in (CD3)2SO at room temperature.  
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Figure S25. 13C-NMR spectrum of 33 in (CD3)2SO at room temperature.  
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Figure S26. 13C-NMR spectrum of 33 in (CD3)2SO at room temperature.  
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Figure S27. 1H-NMR spectrum of 34 in (CD3)2SO at room temperature.  
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Figure S28. 13C-NMR spectrum of 34 in (CD3)2SO at room temperature.  
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Figure S29. 1H-NMR spectrum of 35 in (CD3)2SO at room temperature.  
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Figure S30. 13C-NMR spectrum of 35 in (CD3)2SO at room temperature.  
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Figure S31. 1H-NMR spectrum of 36 in (CD3)2SO at room temperature.  
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Figure S32 13C-NMR spectrum of 36 in (CD3)2SO at room temperature.  
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Figure S33. 1H-NMR spectrum of 37 in (CD3)2SO at room temperature.  
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Figure S34. 13C-NMR spectrum of 37 in (CD3)2SO at room temperature.  
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Figure S35. 1H-NMR spectrum of 38 in (CD3)2SO at room temperature.  
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Figure S36. 13C-NMR spectrum of 38 in (CD3)2SO at room temperature.  
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Figure S37. 1H-NMR spectrum of 39 in (CD3)2SO at room temperature.  
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Figure S38. 13C-NMR spectrum of 39 in (CD3)2SO at room temperature.  
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IR-spectra of compounds 21-

39  

Figure S39. IR-spectrum of 21. 

 

Figure S40. IR-spectrum of 22.  
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Figure S41. IR-spectrum of 23.  

 

Figure S42. IR-spectrum of 24. 
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Figure S43. IR-spectrum of 25. 

 

 

Figure S44. IR-spectrum of 26 
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Figure S45. IR-spectrum of 27. 

 

Figure S46. IR-spectrum of 28. 
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Figure S47. IR-spectrum of 29. 

 

Figure S48. IR-spectrum of 30. 
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Figure S49. IR-spectrum of 31. 

 

 

Figure S50. IR-spectrum of 32. 
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Figure S51. IR-spectrum of 33. 

 

Figure S52. IR-spectrum of 34. 
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Figure S53. IR-spectrum of 35. 

 

Figure S54. IR-spectrum of 36. 
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Figure S55. IR-spectrum of 37. 

 

Figure S56. IR-spectrum of 38. 
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Figure S57. IR-spectrum of 39. 
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2. Article II: Structural and Conformational Studies on Carboxamides of 

5,6-Diaminouracils—Precursors of Biologically Active Xanthine Derivatives 

Daniel Marx, Gregor Schnakenburg, Stefan Grimme and Christa E. Müller*  

 

The 5-amido-6-aminouracil derivatives represents important intermediates in the xanthine 

synthesis. If these compounds are examined by NMR spectroscopy, a duplication of the signals 

is noticeable, which was analyzed in some detail in the following article. Different analytical 

experiments such as dynamic and two-dimensional NMR spectroscopy, density functional 

theory (DFT) calculations, X-ray analysis and dynamic high-performance liquid 

chromatography (HPLC) were performed in order to explain these unexpected properties of the 

6-amino-5-carboxamidouracil derivatives.  

 

The data indicated a low rotational barrier of the Csp2–N bond of the described amides. Thus, 

rotation around the amide bond is slow on the NMR timescale and the observation of two 

conformers is permitted. If this rotation is accelerated e.g. by temperature increase, a 

coalescence of the two NMR signals can be observed. This effect varies depending on the 

substituent on the carboxamide residue.    

  

Geometry-optimized
trans-conformer

Geometry-optimized
cis-conformer

8a 8d
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Abstract: 8-Arylethynylxanthine derivatives are potent, selective adenosine A2A receptor antagonists,
which represent (potential) therapeutics for Parkinson’s disease, Alzheimer’s dementia, and the
immunotherapy of cancer. 6-Amino-5-amidouracil derivatives are important precursors for
the synthesis of such xanthines. We noticed an unexpected duplication of NMR signals in
many of these uracil derivatives. Here, we present a detailed analytical study of structurally
diverse 6-amino-5-carboxamidouracils employing dynamic and two-dimensional NMR spectroscopy,
density functional theory calculations, and X-ray analysis to explain the unexpected properties of
these valuable drug intermediates.

Keywords: amide; DFT calculation; dynamic NMR; rotamers/conformers; uracil; xanthine; X-ray
crystallography

1. Introduction

The nucleoside adenosine is an important (patho)physiological modulator in the brain as well
as in peripheral tissues and organs [1]. It activates G protein-coupled adenosine receptors (ARs)
which comprise A1–, A2A–, A2B–, and A3AR subtypes. The A2AAR subtype has become a major
(potential) drug target. A2AAR antagonists have been developed for neurodegenerative diseases such as
Parkinson’s [2] and Alzheimer’s disease [3], and, recently, their great potential for the immunotherapy
of cancer has been discovered [4]. The first identified AR antagonists were the natural alkaloids ca↵eine
(1,3,7-trimethylxanthine, 1) and theophylline (1,3-dimethylxanthine, 2) (Figure 1) [5]. After discovering
these alkylxanthines as moderately potent, non-selective AR antagonists, several groups tried to modify
the xanthine sca↵old to obtain more potent and selective compounds. N7-methylation, as in ca↵eine,
combined with coplanar aromatic substitution at the C8-position of xanthines as in the styrylxanthines
3 and 4 (Figure 1) led to high a�nity and selectivity for the A2AAR [6–8]. A disadvantage of the
styrylxanthine structure is its photosensitivity in solid form as well as in dilute solutions [9].
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F�g��eȱ ŗǯȱ E¡amplesȱ ofȱ adenosineȱ recep�orȱ an�agonis�sȱ  i�hȱ aȱ ¡an�hineȱ scaffoldǯȱ Sho nȱ isȱ �heȱ
de�elopmen�ȱ ofȱ �heȱ ¡an�hineȱ deri�a�i�esȱ caffeineȱ andȱ �heoph¢llineȱ �o ardsȱ po�en�ȱ andȱ selec�i�eȱ
adenosineȱAŘAȱrecep�orȱan�agonis�sǯȱ

Replacemen�ȱofȱ�heȱs�¢r¢lȱmoie�¢ȱpresen�ȱinȱřȱandȱŚǰȱb¢ȱanȱar¢le�h¢n¢lȱresid�eǰȱasȱinȱŜǰȱres�l�edȱ
inȱ aȱ ne ȱ classȱ ofȱ pho�ochemicall¢ȱ s�ableȱ AŘAARȱ an�agonis�sȱ ǻFig�reȱ ŗǼȱ ǽŗŖǾǯȱ Theirȱ ŜȬaminoȬśȬ
carbo¡amido�racilȱprec�rsorsȱǻeǯgǯǰȱcompo�ndȱśǰȱFig�reȱŗǼȱ ereȱof�enȱno�ȱf�ll¢ȱcharac�eri£edǰȱb��ȱ
direc�l¢ȱcon�er�edȱ�oȱ�heȱfinalȱ¡an�hineȱderi�a�i�esȱǽŗŗǾǯȱUponȱcloseȱe¡amina�ionȱofȱŗHȬȱandȱŗřCȬNMRȱ
spec�raȱ ofȱ ŜȬaminoȬśȬar¢le�h¢n¢lcarbo¡amido�racilȱ Şaȱ ǻSchemeȱ ŗǼǰȱ ob�ainedȱ b¢ȱ co�plingȱ ofȱ śǰŜȬ
diaminoȬřȬe�h¢lȱ�racilȱŝȱ i�hȱphen¢le�h¢n¢lȱcarbo¡¢licȱacidǰȱ eȱobser�edȱaȱd�plica�ionȱofȱalmos�ȱallȱ
signalsȱǻseeȱFig�reȱŘǼǯȱHo e�erǰȱ�hisȱphenomenonȱ asȱno�ȱobser�edȱforȱi�sȱs�¢r¢lȱanalogȱcon�ainingȱ
aȱdo�bleȱbondȱins�eadȱofȱ�heȱ�ripleȱbondȱinȱŞaǯȱTh�sǰȱ eȱperformedȱaȱcomprehensi�eȱanal¢�icalȱs��d¢ȱ
ofȱ ŜȬaminoȬśȬar¢le�h¢n¢lcarbo¡amido�racilȱ ǻŞaǼȱ inȱ orderȱ �oȱ ra�ionali£eȱ �heseȱ �ne¡pec�edȱ
obser�a�ionsǯȱ Addi�ionall¢ǰȱ differen�ȱ NŗǰNřȬs�bs�i���edȱ ŜȬaminoȬśȬcarbo¡amido�racilȱ deri�a�i�esȱ
 ereȱs¢n�hesi£edȱandȱanal¢£edǯȱ

Figure 1. Examples of adenosine receptor antagonists with a xanthine sca↵old. Shown is the
development of the xanthine derivatives ca↵eine and theophylline towards potent and selective
adenosine A2A receptor antagonists.

Replacement of the styryl moiety present in 3 and 4, by an arylethynyl residue, as in 6, resulted
in a new class of photochemically stable A2AAR antagonists (Figure 1) [10]. Their 6-amino-5-
carboxamidouracil precursors (e.g., compound 5, Figure 1) were often not fully characterized,
but directly converted to the final xanthine derivatives [11]. Upon close examination of 1H- and
13C-NMR spectra of 6-amino-5-arylethynylcarboxamidouracil 8a (Scheme 1), obtained by coupling of
5,6-diamino-3-ethyl uracil 7 with phenylethynyl carboxylic acid, we observed a duplication of almost
all signals (see Figure 2). However, this phenomenon was not observed for its styryl analog containing
a double bond instead of the triple bond in 8a. Thus, we performed a comprehensive analytical study
of 6-amino-5-arylethynylcarboxamidouracil (8a) in order to rationalize these unexpected observations.
Additionally, di↵erent N1,N3-substituted 6-amino-5-carboxamidouracil derivatives were synthesized
and analyzed.
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Scheme 1. Potential products obtained by coupling of 5,6-diamino-3-ethyluracil 7 with
phenylethynylcarboxylic acid. (A) Possible regioisomers 8a and 9 that could result from an amide
coupling reaction of 7 with phenylethynylcarboxylic acid. (B) Possible formation of tautomers 8b, 8c,
and 8d of 8a. (C) Possible cis- and trans-amide bond conformers 8a and 8e.
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Figure 2. 1H-NMR spectra of compound 8a in DMSO-d6.

Di↵erent explanations for the duplication of peaks in the NMR spectra of
6-amino-5-arylethynylcarboxamides are conceivable. A mixture of regioisomers 8a and 9 appeared to
be likely due to possible amide coupling with the 5- or the 6-amino group of 5,6-diamino-3-ethyluracil (7,
Scheme 1A). On the other hand, the presence of amide–iminol tautomers might be possible (Scheme 1B,
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structures 8a, 8b, 8c, and 8d). Moreover, amides can exist as di↵erent stereoisomers with s-cis (cisoid) or
s-trans (transoid) conformation (see Scheme 1C), a phenomenon that is well known for peptides [12–16].

In the present study, we performed dynamic and 2D-NMR studies and X-ray crystallography,
and additionally employed computational methods to elucidate the structures of 5/6-amino-5/6-
carboxamidouracil derivatives such as 8/9 (Scheme 1). Di↵erent analogs of compound 8a were
synthesized and analyzed in detail in order to explore if di↵erent N1,N3-substituents or di↵erent
linkers a↵ect the structures leading to a duplication of NMR signals, as observed for compound 8.

2. Results and Discussion

2.1. Chemistry

Condensation of 5,6-diaminouracil derivatives 7, 10, and 11 with di↵erent carboxylic
acid derivatives in the presence of (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-
morpholinocarbenium hexafluorophosphate (COMU) yielded the desired 6-amino-5-carboxamido
derivatives 8 and 12–17 (Scheme 2). The amide coupling reaction was performed by the
recently described optimized procedure using COMU as a coupling reagent in the presence of
diisopropylethylamine (DIPEA) as a base in dimethylformamide (DMF) at room temperature [17].
The products were precipitated by the addition of water, filtered o↵, and dried; no further purification
was required. These precursors can be further converted to the corresponding xanthine derivatives by
a dehydrative cyclization reaction [9,18,19].
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Scheme 2. Synthesis of 6-amino-5-carboxamidouracil derivatives. Reagents and conditions:
(i) R3-COOH, COMU, DIPEA, DMF, rt, 5 min, H2O (79%–90%). The synthesis of the starting material
was performed according to procedures described in the literature (Scheme S1 and S2, Supplementary
Information) [9].

2.2. Analytical Studies

In order to explain the duplication of signals in the NMR spectra of compound 8a (Figure 2)
di↵erent analytical experiments were performed. Yang et al. [20] described the formation of two
regioisomers during the condensation reaction of 5,6-diamino-1,3-dimethyluracil with 2-hydroxyacetic
acid. Furthermore, Poulsen et al. [21] proposed the formation of a 6-carboxamidouracil derivative
during the condensation reaction of 5,6-diamino-1,3-dimethyluracil with glutamic anhydride. However,
unambiguous evidence for the acylation of the 6-amino group was not provided by these authors.

High performance liquid chromatography (HPLC) of 8a pointed to only a single product, a first
indication that di↵erent regioisomers were likely not present, and the formation of 9 could be excluded
(Scheme 1A). Additionally, compound 12 was selected for dynamic HPLC (DHPLC) experiments to
explore the compound’s behavior at di↵erent temperatures. DHPLC measurements were performed at
5, 15, 25, and 40 �C, but in all cases one single peak was observed. Only a slight shift in the retention
times and peak broadening was visible upon decreasing of the temperature (Figure S16, Supporting
Information). To further elucidate whether regioisomers, tautomers, or conformational isomers were
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responsible for the signal duplication in the NMR spectra, dynamic NMR and 2D-NMR experiments
were performed.

2.2.1. Dynamic NMR Experiments of 8a at High Temperatures

The most deshielded signal, that of the N1-H, resonates as a broad singlet at 10.43 ppm measured
in DMSO-d6, and the second signal of the corresponding isomer is slightly shifted downfield to
10.48 ppm. The amide proton resonates at 9.17 ppm as a broad singlet, and the second signal shows a
large upfield shift to 8.50 ppm. The amino group at position six resonates as a broad singlet at 6.14 ppm
with an integration of two, while the corresponding second signal is shifted downfield to 6.39 ppm,
showing an integration of 0.67. Dynamic NMR experiments were performed to study whether di↵erent
tautomers of 8a were present. The temperature should have a measurable influence on the ratio
between tautomers. At a higher temperature, a higher percentage of the thermodynamically more
stable tautomer would be expected [22]. 1H- and 13C-NMR spectra were recorded in DMF-d7 and
DMSO-d6 from 223 to 378 K with 5–10 K intervals. The ratio of the isomers determined by integration
of the 1H-NMR signals was found to be 73:27. Unexpectedly, in both solvents, no change in the ratio
between the two species could be observed upon raising of the temperature (Figure 3). Since the
dynamic NMR experiments showed that the existence of two tautomers next to each other in solution
could be excluded (Scheme 1B), a third explanation was investigated in more detail. To confirm the third
hypothesis of di↵erent conformers, 2D-NMR experiments in DMSO-d6 and DMF-d7 were performed.
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Figure 3. Dynamic NMR experiments of carboxamidouracil 8a at high temperatures. The 1H-NMR
spectra from 5.0 to 12.0 ppm of 8a were measured in DMSO-d6 at di↵erent temperatures, between 298
and 373 K, to analyze the signals of the 6-amino group, the amide NH, and the N1-H in detail.

2.2.2. Two-Dimensional NMR Studies

Nuclear Overhauser enhancement and exchange spectroscopy (NOESY and EXSY) experiments,
showed the presence of cross peaks with the same phase as the diagonal peaks (experimental
mixing time D8 of 300 ms, Figure 4) for almost all 1H signals, which points to a chemical exchange
mechanism [12,23]. This takes place if a nucleus is transferred from one magnetic environment to
another. As an example, the EXSY cross peaks of the cis-amide NH at 8.50 ppm and the trans-amide
NH at 9.20 ppm are shown in Figure 4 in the same sign of the diagonal peaks (shown in red). Chemical
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exchange with the solvent could be excluded by the fact that we observed a cross-correlation also
for non-exchangeable protons. Cross-correlation in phase of the signal of one conformer with the
corresponding signal from the other conformer was observed as a proof for conformer equilibrium
(Figure 4).
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ŗřǼǯȱ
 ȱ

ciV aPLdH-NH (8e)

WUanV aPLdH-NH (8a)

ciV aPLdH-NH (8e)WUanV aPLdH-NH (8a)

Figure 4. Exchange spectroscopy (EXSY)-NMR spectrum of 8a in DMSO-d6 indicating cross-correlation
in phase between the two amide-NH protons of conformer 8a and 8e. EXSY cross peaks of the cis-amide
NH at 8.50 ppm and the trans-amide NH at 9.20 ppm are shown.

These results clearly showed that the duplication of peaks in the NMR spectra of 8a (and related
amidouracil derivatives) was due to the presence of di↵erent conformational isomers, such as 8a and
8e (Scheme 1C).

2.2.3. Analysis of Di↵erently Substituted 5-Amino-6-Carboxamidouracil Derivatives

We subsequently synthesized and investigated di↵erent 6-amino-5-carboxamidouracil derivatives
with various carboxylic acid residues (Table 1) by dynamic and multidimensional NMR experiments.
The equilibrium of their conformers and the energy of their rotational barrier were analyzed. In order
to explore if the N1-substitution or the N3-substitution has any influence on the conformer equilibrium,
compounds 12 (3-propargyl) and 13 (1,3-dimethyl) were synthesized (Table 1). Neither the change
of the substitution pattern at the N1- or N3-position nor diethoxy substitution at the phenylethynyl
residue changed the cis–trans ratio significantly (Table 1; compare 8a, 12, and 13).
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Table 1. Synthesized 6-amino-5-carboxamidouracil derivatives, yields, and experimental trans/cis ratios
from 1H-NMR in DMSO-d6.

Compound Structure Yield a trans/cis % Ratio b
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a Isolated yields of the amide coupling reaction of 5,6-diaminouracil derivatives (7, 10, and 11) with di↵erent
carboxylic acid derivatives. b The ratio of the cis- and trans-amide conformers of 8a and 12–17 were determined by
integration of their 1H-NMR signals.

Finally, derivatives containing di↵erent linkers were prepared and analyzed. In the case of
8-arylethynyl derivatives the amount of the less stable conformer was between 20% and 30% in all three
investigated cases (8a, 12, and 13). Mainly a single conformer was observed for the styryl-substituted
derivative 14, while with a single-bond linker in phenylethyl derivative 15 the ratio of trans- and
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cis-amide was approximately 89:11. A shorter linker shifted the equilibrium to a single conformer (16,
17). However, this might also be due to a fast equilibrium between these two isomers, which cannot be
distinguished by NMR spectroscopy. Due to the crystal structure and density functional theory (DFT)
calculation of compound 8a and the NOESY spectra of compound 17, the trans-amide conformer is
concluded to be the more stable rotational conformer.

2.2.4. NMR Studies at Low Temperature

When further dynamic NMR experiments were performed for amide 8 at low temperature
(213–283 K), a di↵erent conformer equilibrium was observed. NOESY spectra at 223 K showed the
separation of the amino groups of both amide conformers 8a and 8e (Figure 5). A cross-correlation for
the amino group of conformer A (compound 8a) was found between two peaks at 6.76 and 7.89 ppm.
The same cross peak was found for the amino group of conformer B (compound 8e) at 6.58 and
7.58 ppm. The peak corresponding to the amino group of conformer B could only be observed with
NOESY NMR because it was covered by the aromatic signals. The latter was expected to slow rotation
of the Csp2–N bond [24]. The coalescence temperature of this amino group could be observed between
228 and 233 K (Figure 6). Using the simplified Eyring equation (Equation (4)), compound 8a showed a
rotational barrier for the amino group, DG# = 46.4 ± 0.42 kJ·mol�1.
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Figure 5. EXSY cross-correlation in DMSO-d6 suggesting a low rotational barrier of the Csp
2–N bond

in amide 8a and 8e. Cross-correlations for the amino groups of conformer A and conformer B were
found at 6.76 and 7.89 ppm, and at 6.58 and 7.58 ppm, respectively.
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Figure 6. Proton dynamic NMR experiments of the carboxamidouracil isomers 8a and 8e in DMF-d7
at low temperature. Di↵erent NMR spectra for amide 8 were recorded from 213–283 K, with 5–10 K
intervals. Coalescence of the 6-amino group was detected between 228 K and 233 K.

However, the Eyring equation to calculate DG# can only be used if the thermodynamic stability
of the two conformers is equal. To determine DG#, quantum chemical calculations are required.
A line-shape analysis was not possible due to the fact that the coalescence temperature was above
105 �C (see Figure 3). In order to predict the 3D structures of these conformers, density functional
theory (DFT) calculations in liquid phase and X-ray crystallography for the solid state of 8a were
subsequently performed (Figures 7 and 8).

2.2.5. DFT Calculations

The DFT computed free energy di↵erence between the two conformers is DG# = �1 kcal, which
corresponds to a ktrans/kcis ratio of 84:16 (Figure 7) at room temperature. This is consonant with
the NMR results, which showed a ratio of 73:27 both indicating a higher stability of the s-trans
conformer. The rotational barrier in DMSO solution is calculated to be DG# = 20.0 kcal·mol�1, which is
in accordance with the results from the NMR experiments.

M���c����ȱŘŖŗşǰȱŘŚǰȱ¡ȱFORȱPEERȱREVIEWȱ ŗŝȱ�fȱŗŝȱ

 

ȱ

F�g��eȱŜǯȱP����nȱd¢namicȱNMRȱe¡�e�imen��ȱ�fȱ�heȱca�b�¡amid���acilȱi��me��ȱŞaȱandȱŞeȱinȱDMFȬdŝȱ
a�ȱl� ȱ�em�e�a���eǯȱDiffe�en�ȱNMRȱ��ec��aȱf��ȱamideȱŞȱ e�eȱ�ec��dedȱf��mȱŘŗřȮŘŞřȱKǰȱ i�hȱśȮŗŖȱKȱ
in�e��al�ǯȱC�ale�cenceȱ�fȱ�heȱŜȬamin�ȱg����ȱ a�ȱde�ec�edȱbe� eenȱŘŘŞȱ ȱKȱandȱŘřřȱ ȱKǯȱ

H� e�e�ǰȱ�heȱE¢�ingȱe��a�i�nȱ��ȱcalc�la�eȱǻGǛȱcanȱ�nl¢ȱbeȱ��edȱifȱ�heȱ�he�m�d¢namicȱ��abili�¢ȱ
�fȱ �heȱ� �ȱc�nf��me��ȱi�ȱe��alǯȱT�ȱde�e�mineȱǻGǛǰȱ��an��mȱchemicalȱcalc�la�i�n�ȱa�eȱ�e��i�edǯȱAȱ
lineȬ�ha�eȱanal¢�i�ȱ a�ȱn��ȱ����ibleȱd�eȱ��ȱ�heȱfac�ȱ�ha�ȱ�heȱc�ale�cenceȱ�em�e�a���eȱ a�ȱab��eȱŗŖśȱ
ǚCȱǻ�eeȱFig��eȱřǼǯȱInȱ��de�ȱ��ȱ��edic�ȱ�heȱřDȱ����c���e�ȱ�fȱ�he�eȱc�nf��me��ǰȱden�i�¢ȱf�nc�i�nalȱ�he��¢ȱ
ǻDFTǼȱ calc�la�i�n�ȱ inȱ li��idȱ �ha�eȱ andȱ XȬ�a¢ȱ c�¢��all�g�a�h¢ȱ f��ȱ �heȱ ��lidȱ ��a�eȱ �fȱ Şaȱ  e�eȱ
��b�e��en�l¢ȱ�e�f��medȱǻFig��e�ȱŝȱandȱŞǼǯȱ

ŘǯŘǯśǯȱDFTȱCalc�la�i�n�ȱ

TheȱDFTȱc�m���edȱf�eeȱene�g¢ȱdiffe�enceȱbe� eenȱ�heȱ� �ȱc�nf��me��ȱi� ǻGǛȱƽȱƺŗȱkcalǰȱ hichȱ
c���e���nd�ȱ��ȱaȱk��an�Ȧkci�ȱ�a�i�ȱ�fȱŞŚǱŗŜȱǻFig��eȱŝǼȱa�ȱ���mȱ�em�e�a���eǯȱThi�ȱi�ȱc�n��nan�ȱ i�hȱ�heȱ
NMRȱ�e��l��ǰȱ hichȱ�h� edȱaȱ�a�i�ȱ�fȱŝřǱŘŝȱb��hȱindica�ingȱaȱhighe�ȱ��abili�¢ȱ�fȱ�heȱ�Ȭ��a��ȱc�nf��me�ǯȱ
Theȱ ���a�i�nalȱ ba��ie�ȱ inȱ DMSOȱ ��l��i�nȱ i�ȱ calc�la�edȱ ��ȱ beȱ ̇GǛȱ ƽȱ ŘŖǯŖȱ kcalȉm�lƺŗǰȱ  hichȱ i�ȱ inȱ
acc��danceȱ i�hȱ�heȱ�e��l��ȱf��mȱ�heȱNMRȱe¡�e�imen��ǯȱ

ȱ

F�g��eȱ ŝǯȱGe�me��¢Ȭ���imi£edȱ amideȱ b�ndȱ ���a�i�nalȱ c�nf��me��ȱ Şaȱ andȱ Şeǯȱ Theȱ c�nf��me��ȱ a�eȱ
�h� nȱinȱ��ickȱm�del�ȱǻca�b�nȱa��m�ȱc�l��edȱg�e¢ǰȱ�¡¢genȱa��m�ȱinȱ�edǰȱ�heȱni���genȱa��m�ȱinȱbl�eǰȱ
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Figure 7. Geometry-optimized amide bond rotational conformers 8a and 8e. The conformers are shown
in stick models (carbon atoms colored grey, oxygen atoms in red, the nitrogen atoms in blue, and the
hydrogen atoms connected to nitrogen in white).
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2.2.6. X-ray Crystal Structure

Several solvents were tried to obtain single crystals, but finally we only obtained suitable crystals
(triclinic space group P1) of compound 8a from DMSO solution. The resulting crystal structure showed
exclusively the more stable regioisomer 8a (Figure 8). No intramolecular hydrogen bonding and no
⇡-stacking between the molecules was observed. The crystals were found to be mainly formed by
intermolecular hydrogen bonding as shown in Figure 8.
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Figure 8. Results of the single X-ray crystallography of compound 8. X-ray crystal structure (A)
and chemical structure (B) of compound 8a. (C) Intermolecular hydrogen bond interactions in the
crystal (colored in cyan). (D) Crystal unit cell of the P1 space group. (E) Distances of intermolecular
interactions in the crystal structure. For color coding see Figure 7.

3. Conclusions

6-Amino-5-carboxamidouracil derivatives, which are important intermediates in the synthesis of
pharmaceutically important 8-substituted xanthine derivatives, were observed to show a more or less
pronounced duplication of NMR signals, depending on their carboxylic acid residue. In order
to understand this phenomenon, selected 6-amino-5-carboxamidouracils were analyzed using
dynamic and 2D NMR-experiments, DFT calculations, and single-molecule X-ray crystallography.
The duplication of NMR signals could be correlated with a partial double bond character of the amide
bond and a low rotational barrier of this bond depending on the carboxylic acid residue. According to
DFT calculations, in the case of 5-ethynylcarboxamidouracils, the triple bond appears to stabilize the
thermodynamically less stable cis conformer. This could be observed in solution, while the obtained
crystal structure consisted solely of the more stable trans conformer.
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4. Materials and Methods

Chemicals were purchased from Merck (Darmstadt, Germany), ABCR (Karlsruhe, Germany),
or TCI (Eschborn, Germany). Thin layer chromatography (TLC) was performed on TLC plates F254
(Merck) and analyzed using UV light. High-resolution mass spectra (HR-MS) were recorded on a
micrOTOF-Q mass spectrometer (Bruker, Billerica, MA, USA), further mass spectra were performed on
an API 2000 (Applied Biosystems, Foster City, CA, USA) mass spectrometer. 1H- and 13C-NMR spectra
were recorded in CDCl3, DMSO-d6, or DMF-d7 on a Bruker Ascend 600 MHz NMR-spectrometer
(Bruker) operating at 600.18 MHz (1H) or 150.93 MHz (13C), respectively. Chemical shifts (�) are
reported in ppm and are referenced to the chemical shifts of the residual solvent proton(s) present
in CHCl3 (7.26 ppm for the 1H-NMR spectra and 77.16 ppm for the 13C-NMR spectra), in DMSO
(2.50 ppm for the 1H-NMR spectra and 39.52 ppm for the 13C-NMR spectra), and in DMF (2.75 ppm
for the 1H-NMR spectra and 29.76 ppm for the 13C-NMR spectra). Multiplicity: s, singlet; d, doublet;
q, quartet; m, multiplet. Coupling constants (J) are shown in Hertz (Hz). Dynamic HPLC analyses
were performed on “Knauer GmbH” (Berlin, Germany) systems of the “PLATINblue” series with a P-1
pump, a column oven, a PDA-1 diode array UV-detector, and a Knauer Eurospher II 100-2 C18, (2 mm,
100 ⇥ 2.0 mm; number 19040303147) column. The solvents were of HPLC grade.

4.1. Eyring Equation

If rotation around an amide bond is slow on the NMR timescale, and the rotational barrier is
between 3 and 19 kcal/mol, the observation of two conformers is permitted due to the partial double
bond character of the amide C–N bond [25]. Under this assumption, one sharp peak for the duplicated
signals of 8 should be observed at the coalescence temperature in the 1H-NMR spectrum [12,26–28].
Thus, the rotational barrier could be determined using the Eyring equations. Before the coalescence
temperature is reached, the interconversion rate constant corresponds to the following equation:

k =
1
t
⌧ ⇡

D⌫p
2

(1)

where k is interconversion rate constant (s�1), t is interconversion time (s), and D⌫ is the NMR shift
(Hz) separation of the signals at low temperatures when exchange does not occur.

Heating leads to a faster exchange rate relative to the NMR timescale and only one averaged
signal becomes detectable. At the coalescence temperature, the equation of the interconversion rate
constant is

kTc= ⇡
D⌫p

2
(2)

where kTc is the rate constant (s�1).
The free Gibbs activation energy DG# of rotation can be calculated using the following

Eyring equations:

� DG# = K
kB⇥T

h
e
�DG#

RT (3)

DG#= 4.57 ⇥ 10�3 T (9.972+ log
Tc
D⌫

) (4)

where R is the universal gas constant ( 1.0872 cal
K·mol ), kB is the Boltzmann constant (3.2998 ⇥ 10�24 cal

K ), h is
the Planck constant (1.584 ⇥ 10�34 cal·s), and TC is the coalescence temperature (K) [12].

4.2. DFT Calculation

Most of the quantum chemical calculations were carried out with the TURBOMOLE and ORCA
programs [29,30]. All structures were fully optimized at the dispersion-corrected DFT level using the
PBEh-3c DFT [31]. This composite method contains a modified Perdew–Burke–Ernzerhof (PBE)-based
hybrid function together with an e�cient valence double-zeta AO basis set. The method also involves
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an approximate counterpoise correction for basis set superposition errors (BSSE), as well as three-body
dispersion e↵ects [31]. Conformational searches [32], pre-optimizations, as well as the calculation
of the Hessian to start transition state searches were conducted at the semi-empirical tight-binding
level (GFN-xTB method) [33]. The GFN-xTB-optimized structures were used as input for subsequent
full PBEh-3c optimizations. Reaction paths were obtained with the growing-string method (GSM)
of Zimmerman [34] which was interfaced to our in-house XTB code [35]. Single-point gas phase
energies were computed with the large polarized triple-zeta (def2-TZVPP) sets by Weigend et al. [36]
in combination with the very accurate DSD-BLYP double hybrid functional [37]. The atom pairwise
D3 correction with Becke–Johnson (BJ) damping to account for intra- and intermolecular London
dispersion interactions was included in all treatments [38]. Note, that the original D2 treatment
in DSD-BLYP is replaced by the D3 version (with damping parameters s6 = 0.57, a1 = 0, s8 = 0,
a2 = 5.4) [39]. This functional performs excellently on the huge GMTKN55 thermochemical database
(i.e., is practically the best out of 200+ tested DFT approximations) [40]. The combined level of theory
used for electronic gas phase energies is denoted DSD-BLYP/TZ//PBEh-3c in standard notation. In all
DFT treatments, the resolution-of-the-identity approximation [41] has been used for the two-electron
integrals to speed up the computations. The numerical quadrature grid m4 (grid 5 in ORCA) was
employed for the integration of the exchange-correlation contribution. Gibbs free energies at 298.15 K
in DMSO were reported as a solvent (termed DG). The ro-vibrational corrections to the free energy
are obtained from a modified rigid rotor, harmonic oscillator statistical treatment [42] based on scaled
harmonic frequencies obtained at the (gas phase) HF-3c [43] level. For the entropy, all frequencies
with wavenumbers below 100 cm�1 were treated as mixed rigid rotors and harmonic oscillators.
Solvent e↵ects on the thermochemical properties have been obtained by the COSMO-RS method [44]
(COSMOtherm software package [44], parametrization from 2016) based on BP86/TZVP [36,45]
single-point calculations. The PBEh-3c as well as GFN-xTB optimizations were run consistently in a
continuum solvent. For GFN-xTB the built-in GBSA solvation model 23 is employed; while for PBEh-3c,
the DCOSMO-RS method is used [46]. The solvation contributions to free energies at 298.15 K in DMSO
solution are computed at those structures (i.e., PBEh-3c[DCOSMO-RS]) The computed free energies
are obtained by DG = DE + DGRRHO + D�GCOSMO-RS, where the last two terms refer to the above
mentioned ro-vibrational/translational and solvation contributions, respectively, to the free energy.
The final theory level is denoted as DSD-BLYP/TZ[COSMO-RS(BP86/TZVP)]//PBEh-3c[DCOSMO-RS]
where the abbreviations in square brackets denote the level of the solvation treatment.

4.3. General Procedures

4.3.1. Synthesis of 5,6-Diaminouracil Derivatives

The di↵erent N-substituted 5,6-diaminouracils where synthesized in analogy to procedures
described in the literature [9].

4.3.2. General Procedure for Amide Formation

To a solution of the respective carboxylic acid (1.0 equiv.) and COMU (1.1 equiv.), dissolved in a
minimum amount of DMF, a mixture of diaminouracil derivative (1.1 equiv.) and DIPEA (2.0 equiv.),
dissolved in a minimum amount of DMF, was added dropwise. The reaction was stirred for 5–10 min
at room temperature. Then, water was added, and the resulting precipitate was filtered o↵, washed
with water, and dried under reduced pressure.

4.3.3. NMR Spectra

N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-3-phenylpropiolamide (8). Yield: 85%
(white solid); mp = 270–272 �C. Major isomer: 1H-NMR (600 MHz, DMSO-d6) � 10.45 (s, 1H, N1-H),
9.16 (s, 1H, CONH), 7.62–7.56 (m, 2H, Harom), 7.53–7.45 (m, 3H, Harom), 6.14 (s, 2H, NH2), 3.79–3.67
(m, 2H, N1-CH2), 1.04 (t, J = 7.0 Hz, 2H, CH2CH3). 13C-NMR (126 MHz, DMSO-d6) � 160.0 (CON),
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152.7 (C6), 150.2 (CO), 149.5 (CO), 132.0 (2C, Carom), 130.2 (Carom), 129.0 (2C, Carom), 120.0 (Carom), 85.7
(C5 or Calkyne), 84.9 (C5 or Calkyne), 83.6 (C5 or Calkyne), 34.4 (N1-CH2), 13.2 (CH2CH3). Minor isomer:
1H-NMR (600 MHz, DMSO-d6) � 10.49 (s, 1H, N1-H), 8.51 (s, 1H, CONH), 7.54–7.51 (m, 1H, Harom),
7.43–7.39 (m, 2H,Harom), 7.35–7.32 (m, 2H, Harom), 6.40 (s, 2H, NH2), 3.74–3.78 (m, 2H, N1-CH2), 1.01 (t,
J = 7.0 Hz, 3H, CH2CH3). 13C-NMR (151 MHz, DMSO-d6) � 162.3 (CON), 157.6 (C6), 151.5 (CO), 149.5
(CO), 132.0 (2C, Carom), 130.3 (Carom), 129.0 (2C, Carom), 120.0 (Carom), 87.5 (C5 or Calkyne), 85.8 (C5 or
Calkyne), 83.2 (C5 or Calkyne), 34.4 (N1-CH2), 13.3 (CH2CH3). High resolution mass spectra (HRMS)
(electrospray ionization-quadrupole-time-of-flight) (ESI-QTOF)) calculated for C15H14N4O3 [M + H]+:
299.1139; found: 299.1139.

N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3,4-diethoxyphenyl)
propiolamide (12). Yield: 79% (white solid); mp = 185–183 �C. Major isomer: 1H-NMR (600 MHz,
DMSO-d6) � 10.64 (s, 1H, N1-H), 9.09 (s, 1H, CONH), 7.14 (dd, J = 8.4, 1.9 Hz, 1H, Harom), 7.09 (d,
J = 2.1 Hz, 1H, Harom), 7.02 (d, J = 8.3 Hz, 1H, Harom), 6.25 (s, 2H, NH2), 4.41 (d, J = 2.4 Hz, 2H,
Hpropargyl), 4.09–4.01 (m, 4H, 2 ⇥ OCH2), 3.02 (t, J = 2.4 Hz, 1H, Hpropargyl), 1.34–1.31 (m, 6H, 2 ⇥
OCH2CH3). 13C-NMR (151 MHz, DMSO-d6) � 159.3, 153.0, 150.7, 150.2, 149.1, 147.9, 125.8 (Carom),
116.2 (Carom), 113.1 (Carom), 111.5 (Carom), 85.5 (C5 or Calkyne), 84.7 (C5 or Calkyne), 83.7 (C5 or Calkyne),
79.9 (Cpropargyl), 72.5 (Cpropargyl), 63.8 (2C, OCH2), 28.9 (N1-CH2), 14.6 (2C, OCH2CH3). Minor isomer:
1H-NMR (600 MHz, DMSO-d6) � 10.72 (s, 1H, N1-H), 8.45 (s, 1H, CONH), 6.97–6.90 (m, 2H, Harom),
6.82 (d, J = 1.8 Hz, 1H, Harom), 6.50 (s, 2H, NH2), 4.51–4.44 (m, 2H, Hpropargyl), 4.05–4.02 (m, 2H, OCH2)
3.98 (q, J = 7.4 Hz, 2H, OCH2), 3.02–3.01 (m, 1H, Hpropargyl), 1.32–1.28 (m, 6H, OCH2CH3). 13C-NMR
(151 MHz, DMSO-d6) � 160.3, 157.8, 157.8, 151.9, 150.2, 149.1, 147.8, 126.0 (Carom), 116.2 (Carom), 113.0
(Carom), 111.4 (Carom), 87.4 (C5 or Calkyne), 87.1 (C5 or Calkyne), 81.8 (C5 or Calkyne), 79.9 (Cpropargyl),
72.4 (Cpropargyl), 63.9 (2C, OCH2), 28.9 (N1-CH2), 14.5 (2C, OCH2CH3). HRMS (ESI-QTOF) calculated
for C20H20N4O5 [M + H]+: 397.1504; found: 397.1506.

N-(6-Amino-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3,4-diethoxyphenyl)
propiolamide (13). Yield: 88% (white solid); mp = 220–223 �C. Major isomer: 1H-NMR (600 MHz,
DMSO-d6) � 9.08 (s, 1H, CONH), 7.16 (dd, J = 8.3, 2.0 Hz, 1H, Harom), 7.11 (d, J = 1.9 Hz, 1H, Harom),
7.03 (d, J = 8.8 Hz, 2H, Harom), 6.76 (s, 2H, NH2), 4.07 (dq, J = 16.9, 7.0 Hz, 4H, 2 ⇥ OCH2), 3.31 (s, 3H,
CH3), 3.12 (s, 3H, CH3), 1.34 (td, J = 7.0, 2.7 Hz, 6H, 2 ⇥ OCH2CH3). 13C-NMR (151 MHz, DMSO-d6) �
158.9, 153.3, 152.1, 150.5, 150.2, 147.9, 125.8 (Carom), 116.2 (Carom), 113.1 (Carom), 111.6 (Carom), 86.1 (C5
or Calkyne), 84.5 (C5 or Calkyne), 83.9 (C5 or Calkyne), 63.9 (2C, OCH2), 30.0 (CH3), 27.5 (CH3), 14.6 (2C,
OCH2CH3). Minor isomer: 1H-NMR (600 MHz, DMSO-d6) � 8.46 (s, 1H, CONH), 7.04 (s, 1H, Harom),
6.96 (d, J = 8.4 Hz, 1H, Harom), 6.85 (dd, J = 8.3, 1.9 Hz, 1H, Harom), 6.75 (s, 2H, NH2), 4.07–4.05 (m,
2H, OCH2), 3.95 (q, J = 6.9 Hz, 2H, OCH2), 3.34 (s, 3H, CH3), 3.15 (s, 3H, CH3), 1.32–1.28 (m, 6H, 2 ⇥
OCH2CH3). 13C-NMR (151 MHz, DMSO-d6) � 160.0, 158.0, 153.2, 150.5, 150.2, 147.9, 125.8 (Carom),
116.1 (Carom), 113.1 (Carom), 111.5 (Carom), 88.1 (C5 or Calkyne), 86.9 (C5 or Calkyne), 82.1 (C5 or Calkyne),
63.8 (2C, OCH2), 30.1 (CH3), 27.6 (CH3), 14.5 (2C, OCH2CH3). HRMS (ESI-QTOF) calculated for
C19H22N4O5 [M + H]+: 387.1663; found: 387.1668.

N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)cinnamamide (14). Yield: 80%
(o↵-white solid); mp > 320 �C; 1H-NMR (500 MHz, DMSO-d6) � 10.43 (s, 1H, N1-H), 8.68 (s, 1H, CONH),
7.58 (d, J = 7.4 Hz, 2H, Harom), 7.50–7.37 (m, 4H, Harom + Hvinyl), 6.83 (d, J = 15.9 Hz, 1H, Hvinyl), 5.99
(s, 2H, NH2), 3.74 (q, J = 6.5 Hz, 2H, CH2), 1.06 (t, J = 6.7 Hz, 3H, CH3). 13C-NMR (DMSO-d6, 126 MHz)
� 164.9 (CON), 160.3 (C6), 149.7 (CO), 149.5 (CO), 138.8 (Cvinyl or Carom), 135.0 (Cvinyl or Carom), 129.4
(Cvinyl or Carom), 129.0 (2C, Carom), 127.4 (2C, Carom), 122.4 (Cvinyl or Carom), 87.4 (C5), 34.4 (N3-CH2),
13.2 (CH3). HRMS (ESI-QTOF) calculated for C15H16N4O3 [M + H]+: 301.1295; found: 301.1294.

N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-3-phenylpropanamide (15). Yield:
90% (white solid); mp > 320 �C; 1H-NMR (500 MHz, DMSO-d6) � 10.38 (s, 1H, N1-H), 8.39 (s, 1H,
CONH), 7.28 (t, J = 7.4 Hz, 2H, Harom), 7.24 (d, J = 6.9 Hz, 2H, Harom), 7.18 (t, J = 7.1 Hz, 1H, Harom),
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5.82 (s, 2H, NH2), 3.73 (q, J = 6.9 Hz, 2H, N3-CH2), 2.91–2.80 (m, 2H, CH2), 2.53 (dd, J = 9.2, 7.0 Hz,
2H, CH2), 1.04 (t, J = 7.0 Hz, 3H, CH3). 13C-NMR (DMSO-d6, 126 MHz) � 171.7 (CON), 160.4 (C6),
149.9 (CO), 149.6 (CO), 141.5 (Carom), 128.3 (2C, Carom), 128.1 (2C, Carom), 125.8 (Carom), 87.2 (C5), 36.8
(CH2), 34.3 (N3-CH2), 30.9 (CH2), 13.2 (CH3). HRMS (ESI-QTOF) calculated for C15H18N4O3 [M +H]+:
303.1452; found: 303.1454.

N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)benzamide (16). Yield: 87% (yellowish
solid; mp > 320 �C; 1H-NMR (500 MHz, DMSO-d6) � 10.38 (s, 1H, N1-H), 8.86 (s, 1H, CONH), 7.99–7.91
(m, 2H, Harom), 7.56–7.51 (m, 1H, Harom), 7.47 (t, J = 7.5 Hz, 2H, Harom), 6.06 (s, 2H, NH2), 3.75 (q,
J = 7.0 Hz, 2H, N3-CH2), 1.06 (t, J = 7.0 Hz, 3H, CH3). 13C-NMR (126 MHz, DMSO-d6) � 166.4 (CON),
160.5 (C6), 150.4 (CO), 149.7 (CO), 134.5 (Carom), 131.1 (Carom), 128.0 (Carom), 127.8 (Carom), 87.1 (C5),
34.4 (N3-CH2), 13.3 (CH3). HRMS (ESI-QTOF) calculated for C13H14N4O3 [M + H]+: 275.1139; found:
275.1142.

N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-2-phenylacetamide (17). Yield: 80%
(white solid); mp > 320 �C; 1H-NMR (500 MHz, DMSO-d6) � 10.39 (s, 1H, N1-H), 8.58 (s, 1H, CONH),
7.35–7.31 (m, 2H, Harom), 7.28 (m, 2H, Harom), 7.23–7.19 (m, 1H, Harom), 5.90 (s, 2H, NH2 ), 3.71
(q, J = 7.0 Hz, 2H, N3-CH2), 3.56 (s, 2H, CH2), 1.03 (t, J = 7.0 Hz, 3H, CH3). 13C-NMR (DMSO-d6,
126 MHz) � 170.6 (CON), 160.5 (C6), 150.1 (CO), 149.7 (CO), 136.6 (Carom), 129.4 (Carom), 128.2 (Carom),
126.3 (Carom), 87.5 (C5), 42.1 (COCH2), 34.5 (N3-CH2), 13.4 (CH3). HRMS (ESI-QTOF) calculated for
C14H16N4O3 [M + H]+: 289.1295; found: 289.1304.

Supplementary Materials: The following data are available online. Figure S1–S15: NMR spectra, Figure S16:
DHPLC analyses of 12 at 205 nm, Figure S17: UV-spectrum of compound 12. Table S1–S3: Crystal data and
structure refinement for compound 8. Scheme S1–S2: Synthesis of diaminouracil derivatives.
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Synthesis of diaminouracil derivatives 

N1- and N3-substituted 5,6-diaminouracils were used as starting materials for the 

preparation of the corresponding 6-amino-5-carboxamidouracil derivatives and 

synthesized according to literature procedures [1-4].  
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Scheme S1. Synthesis of 5,6-diamino-1,3-dimethyluracil. Reagents and conditions: (a) 

Ac2O, 60 °C, 3 h; (b) aq. AcOH, HNO2, 50-60 °C; (c) sodium dithionite, NH3/H2O, 60 °C. 
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Scheme S2. Synthesis of N3-substituted 5,6-diaminouracil derivatives 7 and 10. 

Reagents and conditions: (a) 2.1 equiv of hexamethyldisilazane (HMDS), reflux, 60–

70 °C, 1.7 equiv of ethyl iodide for (7) or 3-bromopropyne for (10); (b) aq AcOH, HNO2, 

50-60 °C; (c) sodium dithionite, NH3/H2O, 60 °C.  

Analytical data were in accordance with published data. For details see [1, 2, 4].  

 

 

104



Crystallographic data 

 

Table S1. Crystal data and structure refinement for compound 8. 

N

N
H

O

O

NH2

H
N

H3C
O

8  

 

Identification code GPHARM63, 8 // GXray5352 

Crystal Habitus clear colourless block 

Device Type STOE IPDS-2T 

Empirical formula C15H14N4O3 

  

Moiety formula C15 H14 N4 O3 

Formula weight 298.30 

Temperature/K 123(2) 

Crystal system triclinic 

Space group P1 

a/Å 4.6523(3) 

b/Å 5.5387(4) 

c/Å 13.7337(9) 

΅Ȧǚ 82.818(5) 

ΆȦǚ 89.265(5) 

·Ȧǚ 80.921(6) 

Volume/Å3 346.70(4) 

Z 1 

Εcalcg/cm3 1.429 
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μ/mm-1 0.103 

F(000) 156.0 

Crystal size/mm3 0.32 × 0.3 × 0.24 

Absorption correction none 

  

Radiation ��
΅ȱǻΏȱƽȱŖǯŝŗŖŝřǼ 

Ř̋ȱ�����ȱ���ȱ����ȱ����������Ȧǚ 5.98 to 50.498° 

Completeness to theta 0.999 

Index ranges -śȱǂȱ�ȱǂȱśǰȱ-Ŝȱǂȱ�ȱǂȱŜǰȱ-ŗŜȱǂȱ�ȱǂȱŗŜ 

Reflections collected 8705 

Independent reflections 2406 [Rint ƽȱŖǯŖŝřŜǰȱ�sigma ƽȱŖǯŖŚŝřǾp 

Data/restraints/parameters 2406/3/201 

Goodness-of-fit on F2 1.070 

�����ȱ�ȱ����¡��ȱǽ�ǁƽŘΗȱǻ�ǼǾ R1 ƽȱŖǯŖŘŞŗǰȱ �2 ƽȱŖǯŖŝ30 

Final R indexes [all data] R1 ƽȱŖǯŖŘşŝǰȱ �2 ƽȱŖǯŖŝřś 

Largest diff. peak/hole / e Å-3 0.16/-0.15 

Flack parameter 0.5(6) 

 
 

  

Table S2 Bond Lengths for compound 8. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C3 1.214(3)   C1 C4 1.415(3) 
O2 C4 1.249(3)   C5 C6 1.449(3) 
O3 C5 1.231(3)   C6 C7 1.201(3) 
N1 C2 1.367(3)   C7 C8 1.436(3) 
N1 C3 1.375(3)   C8 C9 1.392(3) 
N2 C3 1.384(3)   C8 C13 1.394(3) 
N2 C4 1.401(3)   C9 C10 1.387(3) 
N2 C14 1.475(3)   C10 C11 1.373(4) 
N3 C1 1.419(3)   C11 C12 1.381(4) 
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N3 C5 1.347(3)   C12 C13 1.388(3) 
N4 C2 1.339(3)   C14 C15 1.518(3) 
C1 C2 1.375(3)         

  

Table S3 Bond Angles for compound 8. 
Atom Atom Atom �����ȦɃ   Atom Atom Atom �����ȦɃ 
C2 N1 C3 124.8(2)   N2 C4 C1 117.38(19) 
C3 N2 C4 122.84(17)   O3 C5 N3 123.72(19) 
C3 N2 C14 116.45(18)   O3 C5 C6 122.2(2) 
C4 N2 C14 120.6(2)   N3 C5 C6 114.1(2) 
C5 N3 C1 122.34(19)   C7 C6 C5 177.1(2) 
C2 C1 N3 120.22(18)   C6 C7 C8 179.0(2) 
C2 C1 C4 120.75(18)   C9 C8 C7 119.9(2) 
C4 C1 N3 119.03(19)   C9 C8 C13 120.1(2) 
N1 C2 C1 118.26(18)   C13 C8 C7 120.0(2) 
N4 C2 N1 116.4(2)   C10 C9 C8 119.6(2) 
N4 C2 C1 125.34(19)   C11 C10 C9 120.1(2) 
O1 C3 N1 120.9(2)   C10 C11 C12 120.7(2) 
O1 C3 N2 123.25(18)   C11 C12 C13 120.1(2) 
N1 C3 N2 115.87(18)   C12 C13 C8 119.4(2) 
O2 C4 N2 119.22(19)   N2 C14 C15 112.32(19) 
O2 C4 C1 123.40(19)           

 

1H- and 13C-NMR spectra of compounds 8, 12-17. 
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Figure S1. 1H-NMR spectra of 8 in (CD3)2SO at room temperature. 

 

 

Figure S2. 13C-NMR spectra of 8 in (CD3)2SO at room temperature. 
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Figure S3. NOESY-NMR spectra of 8 in (CD3)2SO at room temperature. 

 

 

Figure S4. 1H-NMR spectra of 12 in (CD3)2SO at room temperature. 
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Figure S5. 13C-NMR spectra of 12 in (CD3)2SO at room temperature. 

 

 

Figure S6. 1H-NMR spectra of 13 in (CD3)2SO at room temperature. 
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Figure S7. 13C-NMR spectra of 13 in (CD3)2SO at room temperature. 

 

Figure S8. 1H-NMR spectra of 14 in (CD3)2SO at room temperature. 
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Figure S9. 13C-NMR spectra of 14 in (CD3)2SO at room temperature. 

 

Figure S10. 1H-NMR spectra of 15 in (CD3)2SO at room temperature. 
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Figure S11. 13C-NMR spectra of 15 in (CD3)2SO at room temperature. 

 

 

Figure S12. 1H-NMR spectra of 16 in (CD3)2SO at room temperature. 
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Figure S13. 13C-NMR spectra of 16 in (CD3)2SO at room temperature. 

 

 

Figure S14. 1H-NMR spectra of 17 in (CD3)2SO at room temperature. 
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Figure S15. 13C-NMR spectra of 17 in (CD3)2SO at room temperature. 

 

125130135140145150
f1 (ppm)

0102030405060708090100110120130140150160170180
f1 (ppm)

13
.2

34
.3

34
.5

38
.3

41
.9

87
.3

88
.0

12
5.

9
12

6.
1

12
7.

8
12

8.
0

12
9.

2
12

9.
5

13
6.

0
13

6.
4

14
9.

5
14

9.
6

14
9.

9
15

1.
0

16
0.

3
16

0.
9

17
0.

4

17
4.

4

115



DHPLC analyses of 12 

 
Figure S16: DHPLC analyses of 12 at 205 nm. Compound 12 (2.1 mg) was dissolved in 4.2 ml MeCN and 0.1 μl 
injected for the DHPLC measurements. A mixture of 40% MeCN and 60% H2O was used as eluent with a flow rate 
out of 0.2 ml/min. The pressure increased from 358 bar (25 °C) to 583 bar (5 °C). HPLC chromatogram at 40 °C is 
shown in black, at 25 °C in red, at 15 °C in green and at 5 °C in pink. The corresponding retention times shifted 
from 2.60 min at 40 °C to 3.01 min at  5 °C.     
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Figure S17: UV-spectra of compound 12 
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4 Medicinal Chemistry of Primate-Specific Mas-Related G Protein-

Coupled Receptors (MRGPRX) 

4.1 G protein-coupled receptors  

The receptor family of G protein-coupled receptors (GPCRs) represent the largest class of 

transmembrane proteins. The first GPCR, bovine rhodopsin, was discovered in 1983 and since 

then GPCRs play an increasingly important role in drug research and development.1 To date, 

more than 800 GPCRs are known, which have in common that they cross the cell membrane 

with 7 Į helices and are therefore also called as 7 transmembrane receptors (7TM). Another 

important characteristic of GPCRs is that they are able to interact with heterotrimeric guanine 

nucleotide-binding proteins (G proteins) which are composed of three distinct subunits, Į-, ȕ- 

and Ȗ-subunit.2-4 GPCRs are involved in almost all physiological and pathophysiological 

processes in the body, including hearing5, smelling6, tasting7, or even our pain sensation is 

controlled by GPCRs.8 These receptors are able to receive a signal from outside the cell in the 

form of light9, mechanical stress10, lipids11, hormones or peptides and transmitted it into the cell 

interior in order to address various effector proteins (enzymes, ion channels) and trigger an 

intracellular signal cascade.12 The activation of GPCRs can initiate G protein controlled 

reactions on the one hand, but also arrestin or GPCRkinases (GRKs) on the other hand. Many 

ligands stimulate the G protein and arrestin pathway simultaneously, but independent activation 

of these two signal transduction pathways is also possible. Ligands that activate only one of the 

two signal transduction pathways are called biased ligands.13  

 

Figure 1: Illustration of GPCR activation. The activation of GPCR can trigger different signalling 
pathways, either via G proteins (a) or arrestin controlled (b) signal transduction pathways (according 
to Shimada et al.).13    
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The activation via the G protein signaling pathway proceeds as follows. Activation of the 

receptor by a corresponding signaling molecule leads to an exchange of GDP with GTP and the 

inactive GĮȕȖ-GDP-complex dissociated into a GĮ-GTP and a GȕȖ-VXbXQLW. The UeVXOWLQg GĮ-

GTP and GȕȖ-subunits subsequently bind to various enzymes such as adenylyl cyclase (AC), 

phospholipase C (PLC) or various ion channels, thus activate or deactivate them. This can 

promote the formation of secondary messengers such as cyclic adenosine monophosphate 

(cAMP), inositol-1,4,5-triphosphate (IP3) or diacylglycerol (DAG), which allows the 

regulation of ion concentrations within the cell. Depending on the GĮ subunit different effector 

systems are addressed.14  

 

Figure 2: GPCR signaling pathway. Ligand binding changes the GPCR conformation and triggers the 
interaction with heterotrimeric G proteins and exchange of GDP with GTP binding (2).  This leads to a 
separation of the Gαβγ-GDP-complex (3) and subsequent binding to numerous enzymes (4). 
Phosphorylation of GPCR is triggered by a GRK and lead to β-arrestin binding (5+6). Removing of the 
ligand is reactivation the GPCR cycle.15     

The GĮs subunit activates the (AC) and after its activation, the enzyme catalyzes the synthesis 

of cAMP from adenosine triphosphate (ATP). cAMP is a second messenger which transfers the 

extracellular signal by activating, for example, protein kinase A (PKA). PKA phosphorylates 

numerous kinds of proteins leading to different physiological effects. GĮ0 is important for 

olfactory receptors and activates also the AC which induces the depolarization of smelling cells. 
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Transmission to the bulbus olfactorius, a vertebrate structure of the forebrain, leads to odor 

perception. GĮi are inhibitor proteins so that conversion of ATP to cAMP will be blocked. 

Furthermore, the GȕȖ-VXbXQLW caQ acWLYaWe Whe LVReQ]\PeV ȕ2 and ȕ3
2 of the PLC. These soluble 

enzymes are attached to the cell membrane where they catalyze the reaction of 

phosphatidylinositol-4,5-bisphosphate (PIP2) to the second messenger DAG and IP3. Receptors 

of endoplasmic reticulum (ER) are activated by these second messengers which leads to influx 

of Ca2+ into the cytosol out of the ER. GĮq and GĮ11 acWLYaWe Whe LVReQ]\PeV ȕ1 aQd ȕ4 which 

also result in mobilization of Ca2+ out of the ER. Calmodulin binds Ca2+ and starts cellular 

reactions, for example muscle contraction. GĮ12 and GĮ13 activate the small GTP-binding 

protein Rho. Rho is important for phosphorylation of myosin consequently also for muscle 

work. The OaVW Į-subunit GĮt is necessary for the eyes photosensitivity by stimulating 

phosphorylation of phosphodiesterase 6 (PDE 6).4  

 

Table 1: Most important Gα protein families and their effector systems4, 14  

G protein family Effector System GPCR examples 

Gαs Ĺ Adenylate cyclase 

Ļ Ca2+ channels 

Ļ Na+ channels 

 

A2A- and A2B-adenosine 

receptors, dopamine 

receptor D1 and D5  

Gαi/o Ļ Adenylate cyclase 

Ļ Ca2+ channels 

Ĺ K+ channels 

Ĺ Phospholipase A2 and C 

Ĺ cGMP-specific phosphodiesterase 

P2Y12, P2Y13, P2Y14, D2, 

D3 receptor 

G α q/11 Ĺ Phospholipase C (PLC) Æ cleaves 
membrane-bound phosphatidylinositol 4,5-
bisphosphate into inositol trisphosphate (IP3) 
and diacylglycerol (DAG) 

P2Y1, P2Y2, P2Y4, P2Y6, 

A2B adenosine receptor 

Gα 12/13 Ĺ Rho guanine-nucleotide-exchange factors 
(GEFs) Æ activates Rho 

GPR35 

Ĺ VWLPXOaWLQg, Ļ LQhLbLWLQg 
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Due to their diversity, the GRAFS classification system was designed and all GPCRs were 

assigned to one of five subgroups named Glutamate (G, 15 members), Rhodopsin (R, 701), 

Adhesion (A, 24), Frizzled/Taste2 (F, 24) and Secretin (S, 15) based on phylogenetic analysis.16-

18 The rhodopsin family is by far the largest of the five GPCR families and can be further 

divided into four subgroups Į-į.19-20 Most of the receptors belonging to this group have 

characteristic transmembrane motifs such as the NSxxNPxxY motif in TMVII or the DRY 

PRWLf beWZeeQ TMIII aQd IL2. The Į gURXS Rf Whe UhRdRSVLQ faPLO\ caQ be fXUWheU dLYLded LQWR 

five subgroups, prostaglandin receptors, amine receptors, opsin receptors, melatonin receptors, 

aQd MECA UeceSWRUV. The ȕ-group contains 36 receptors. All known ligands of these receptors 

aUe SeSWLdeV. The Ȗ-group of rhodopsin GPCRs can also be divided into the three subgroups 

named SOG receptors, MCH receptors, and the chemochine receptors. The į-group of the 

rhodopsin family can as well be divided into four subgroups, the MAS-related G protein-

coupled receptors, glycoprotein receptors, purine receptors, and the olfactory receptors.18       

GPCRs are among the most important targets in drug development and in 2017, 134 GPCRs 

were targets for FDA or EU approved drugs. Almost 35% (approx. 700) of all approved drugs 

exert their effect via GPCRs.21 However, the potential of this class of substances is far from 

exhausted. Currently there are still more than 130 orphan GPCRs whose natural ligand is 

unknown and therefore the (patho)physiological role of the receptor is not yet understood.22 

These orphan receptors represent a high potential for future drug research. 

4.2 Primate specific Mas-related G protein-coupled receptor 

In 2001, Dong et al. discovered a set of orphan receptors with over 50 rodent and human 

GPCRs, called as Mas-related gene receptors (MRGPRs).23 Later in 2002, Lembo et al. 

discovered the same GPCR family during a search in the RNA isolated from a primary culture 

of rat dorsal root ganglia (DRG) and named as sensory neuron-specific receptors (SNSRs).24 In 

general, the receptor family can be classified into nine distinct subfamilies (MRGPRA±H and 

-X) and belRQgV WR Whe į-branch of class A GPCR family. The International Union of Basic and 

Clinical Pharmacology (IUPHAR) classify all members as orphan receptors and most of these 

receptors are expressed in the sensory neurons of the small-diameter DRG. The primary sensory 

neurons in the DRG play a role in nociception and itching. Due to their expression in the DRG, 

MRGPRs are therefore considered to be involved in somatosensory functions including pain or 

itch.23-26 Among the nine subfamilies of MRGPRs, four members (MRGPRX1±4) are primate-

specific. Cloning of MRGPRX members from other primates like crab-eating macaque 

(Macaca fascicularis) and rhesus monkey was possible, which enables development of animal 
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models for this subfamily.27 The MRGPRX sub-types have sequence identities from 45.0% to 

83.2% and sequence similarities between 58.4% and 88.5% (Table 1). Although the human 

MRGPRX2 and the mouse MRGPRB2 receptor have only a 50% sequence identity, several 

publications suggest that MRGPRB2 could be the orthologous receptor to MRGPRX2.28-30  In 

order to investigate this further, the new investigated MRGPRX2 antagonists presented in this 

thesis were also tested at the mouse MRGPRB2 (see unpublished results).  

Tabelle 2: Sequence identities (blue) and similarities (orange) between the MRGPRX sub-types.29 The 
numbers describe the identical amino acids (blue) and similar amino acids (orange) between two 
receptors. The identity is the percentage of identical matches between the two sequences over the 
reported aligned region. Similarity indicate functional, structural and/or evolutionary relationships 
between two biological sequences.  

  MRGPRX1 MRGPRX2 MRGPRX3 MRGPRX4 MRGPRB2 

MRGPRX1 - 213/331 (64.4%) 268/322 (83.2%) 254/322 (78.9%) 164/341 (48.1%) 

MRGPRX2 240/331 (72.5%) - 207/337 (61.4%) 206/331 (62.2%) 171/342 (50.0%) 

MRGPRX3 285/322 (88.5%) 235/337 (69.7%) - 264/322 (82.0%) 160/344 (46.5%) 

MRGPRX4 274/322 (85.1%) 238/331 (71.9%) 285/322 (88.5%) - 159/353 (45.0%) 

MRGPRB2 218/341 (63.9%) 212/342 (62.0%) 209/344 (60.8%) 206/353 (58.4%) - 
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Figure 3: Phylogenetic tree of the MRGPR family. GORGO= Western lowland gorilla; PONPY= 
Bornean orangutan; HOOHO= Western hoolock gibbon; MACMU= Rhesus macaque; MACFA= Crab-
eating macaque; TRAFR= Trachypithecus francoisi; RHIBE= Black snub-nosed monkey   

Burstein et al. reported Gi- and Gq-coupled pathways for this receptor.26 It was suggested that 

this receptor could play a role in neuropathic pain. Acute and chronic pain become a critical 

health problem and is a major reason for the intake of medicaments.31 Approximately 100 

million people in the USA have problems with chronic pain every day.32 Drugs of choice are 

typical opioids like morphine, codeine, fentanyl or oxymorphone, which trigger their effect via 

the opioid receptors.33 However, the use of opioids is controversial due to their causing 

addiction and other side effects including sedation, dizziness, and, most importantly, respiratory 

paralysis.34 The number of opioid abusers in the United States has increased rapidly in the last 

years and is known as ³opioid epidemic´.35 In 2014, around 60.9% of the 47,055 reported drug 
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overdose deaths were opioid-related.31 The discovery of opioid alternatives as painkillers is of 

great interest. Current nonopioid analgesic drugs like, e.g., nonsteroidal anti-inflammatory 

drugs (NSAIDs) or acetaminophenon are not as effective as opioids for the treatment of acute 

and especially chronic pain.36  

4.2.1 MRGPRX1  

The MRGPRX1 represents a promising non-opioid dependent alternative for treating pain. The 

first agonist found for MRGPRX1 was the proenkephalin A degradation product bovine adrenal 

medulla peptide 22 (BAM22).24 Proenkephalin A is an opioid peptide precursor that can be 

degraded to several natural opioid ligands, including [met]enkephalin, [leu]enkephalin and 

prodynorphin the endogenous OLgaQdV Rf Whe ȝ, į aQd ț RSLRLd UeceSWRUV. The other degradation 

products of proenkephalin A resulting from proteolytic cleavage include peptide F, peptide E, 

BAM22, BAM20 and BAM12. BAM22 also binds with high affinity to all three known opioid 

receptors due to the Met-enkephalin motif YGGFM. Thus, a connection between BAM22 and 

pain transmission in humans is suspected.24, 37 It could be shown that BAM22 can activate the 

MRGPRX1 receptor and its closest rodent orthologues, mouse MRGPRC11 and rat MRGPRC, 

independently of its YGGFM motif and a significantly increase of its proportion is observed in 

the spinal cord after tissue inflammation and nerve injury. Thus, it is assumed that there is 

another receptor system besides the opioid system which might play a role in pain perception 

and transmission in humans. Since MRGPRX are only found in humans and therefore the 

investigation of the physiological properties of these receptors is difficult, the research group 

around Li et al. expressed the receptor in a humanized mouse model.37 It was shown in the 

transgenic MrgprX1 mouse model that BAM8-22, a modification of BAM22 lacking to typical 

opioid motif, thus unable to activate opioid receptor but acting as a fully MRGPRX1 agonist, 

could alleviate persistent pain, including persistent pain after nerve injury. The results suggested 

that pain inhibition by BAM8-22 was MRGPRX1-dependent and probably due to a reduction 

in calcium-dependent neurotransmitter release from primary sensory neurons.37 To learn more 

about the physiological properties of the receptor Chen et al. expressed the MRGPRX1 in rat 

superior cervical ganglion (SCG), dorsal root ganglion (DRG), and hippocampal neurons using 

nuclear injection or recombinant adenoviruses. They were able to show that MRGPRX1 

heterologously expressed in rat neurons can be activated by BAM8-22 and acts via a Gq- and 

Gi/o-coupled signaling pathway and modulates neuronal Ca2+- and K+-channels.38   

Besides the expression of MRGPRX1 in small-diameter DRG neurons, the receptor could also 

be detected at mRNA level in connective tissue mast cells (CTMC), although to a lesser extent 
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than MRGPRX2,39 and in leukaemia-derived human mast cell line (LAD)-2.39 MRGPRX1 

induces the release of the chemokine receptor 2 (CCR2) agonist chemokine ligand 2 (CCL2) in 

LAD-2 mast cells (MC) after activation by BAM8-22. Activation of the CCR2 receptors is 

expected to be responsible for the sensation of pain and therefore the inhibition of these 

receptors is a promising approach for the development of new analgesics. The MRGPRX1 

receptor could play a crucial role in this process.40   

The expression in MC is not only an interesting approach for the development of new pain 

medication, but also for the treatment of pruritus. Basically, two forms of pruritus can be 

distinguished: histamine-dependent and histamine-independent pruritus, the latter being 

extremely difficult to treat so far. It has been shown in human volunteers that BAM8-22 causes 

non histaminergic itching. Since BAM8-22 is an MRGPRX1 agonist, this receptor could be a 

novel target for the treatment of pruritus.41 Furthermore, a correlation between the MRGPRX1 

activation triggered by BAM8-22 and cholestatic pruritus was described in an obstructive 

cholestasis model named bile duct ligation (BDL) mice.42 Several ligands have already been 

synthesized for MRGPRX1, which facilitates the investigation of the physiological properties 

at this receptor.  

Wroblowski et al. synthesized pyridazinone derivatives as potent agonists for the human 

MRGPRX1.43 Also, a docking study was reported for the most potent pyridazinone derived 

agonists based on the homology model of the human MRGPRX1 using bovine rhodopsin 

crystal structure (PDB ID: 1f88) as a template that showed an overall sequence identity of 

18.6%.43 Liu et al. was able to prove that chloroquine activates the human MRGPRX1, thus 

might function as itch receptor. Chloroquine-induced pruritus is one of the most common side 

effects of this widely used anti-malarial drug. Malaria is caused by protozoa of the genus 

plasmodium and can be spread to humans by the bite of female mosquitoes. Chloroquine caps 

hemozoin molecules to prevent further bio crystallization of heme. A chloroquine-heme 

complex that is highly toxic for the malaria cell is formed.25  
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Figure 4: Structure of chloroquine, one of the most important antimalarial drugs and MRGPRX1 
agonist.  

 

In 2006, Kunapuli et al. identified 2,3-disubstituted quinuclidine derivatives as MRGPRX1 

antagonists that have a putative role in pruritus (Figure 5A).25, 44 Later in 2011, Bayrakdarian 

et al. reported 2,4-diaminopyrimidine derivatives as another scaffold with antagonistic potency 

for MRGPRX1 (Figure 5B).45 However, the exact physiological functions of the receptor are 

still not completely understood. 

 

Figure 5: Reported antagonists for the human MRGPRX1.44-45 (BLA Assay = Cell-based beta-

lactamase (BLA) reporter gene assay) 

In addition, new highly potent benzamidine- and 1-aminoisoquinoline-based MRGPRX1 

agonists have recently been developed by Prchalová et al. The agonists will be further tested in 

humanized mouse models for their physiological properties in connection with chronic pain.46  

4.2.2 MRGPRX2 and its role in human mast cells 

Due to a proliferation assay Burstein et al. suggested a Gi- and Gq-coupled pathway for 

126



 
 

MRGPRX2 both in human and rhesus monkey.26 MRGPRX2, like the other receptor subtypes, 

was initially detected in DRG.23 Furthermore, it was shown that the receptor is expressed in 

human skin mast cells (MCs), cord blood±derived MCa, CD34+ cell-derived MCs, and in 

human mas cell line LAD2 (Laboratoy of Allergic Diseases 2) but not in lung MCs (HLMCs).47 

In addition, an expression of the receptor in peripheral blood basophils and eosinophils but not 

neutrophils has recently been demonstrated by Wedi et al.48 In basophils the upregulation of 

the receptor of allergic subjects upon a tricolor granulocyte activation test using grass pollen 

has been shown.48  MRGPRX2 mRNA could be further detected in the skin, fatty tissue, bladder 

and colon.49  

Due to an increased expression of the receptor in human MCs, targeting of MRGPRX2 is 

mainly associated with allergic diseases.50 MCs are present in connective tissues throughout the 

body, and activation and degranulation of MCs leads to non-IgE-mediated (so-called 

pseudoallergic or anaphylactoid) hypersensitivity reactions. MC´s are involved in physiological 

processes such as vasodilation, vascular homeostasis, innate and adaptive immune response, 

angiogenesis and toxin detoxification, as well as pathophysiological processes such as allergy, 

asthma, anaphylaxis, gastrointestinal disorders, many types of malignancies and cardiovascular 

diseases.51  

Mast cells are located in close proximity to nociceptors and pruriceptors on sensory nerve fibers 

in the periphery so that they can communicate with each other. In the brain, mast cells interact 

either directly with nociceptive neurons or indirectly with micro- and astroglia in 

pathophysiological diseases.52-55 Due to these cross-links, mast cells contribute to neuronal 

sensitization56, increased vascular permeability57, chronic pain58, itching and 

neuroinflammation.58-59 In patients with chronic urticaria, in the lungs of asthma patients and 

in human glandular cells of patients with allergic rhinitis an upregulation of the receptor could 

be observed.60-62  Although the receptor subtypes of the MRGPRX family have so far only been 

found in primates, there are several scientific papers suggesting that MRGPRB2 is the murine 

orthologue of MRGPRX2.63-64 

A large number of compounds has been reported to activate the MRGPRX2. A distinction can 

be made between peptides and small molecule MRGX2 receptor agonists.  

4.2.2.1 Peptide derived MRGPX2 agonists 
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Robas et al. identified CST-14 (Figure 3) as the first putative ligand for MRGPRX2 that showed 

an EC50 value of 25 nM in calcium assay in HEK cells. Cortistatin is a cyclic peptide that is able 

to activate five somatostatin receptors (SSTR1-5) with a potency comparable to that of 

somatostatin. It has been shown to play a role in the induction of slow-wave sleep, inhibition 

of motor activity and inhibition of cell proliferation. Cortistatin-14 is very similar to 

somatostatin-14, but despite this high similarity they are products of different genes. Many of 

the effects attributed to cortistatin are due to the activation of somatostatin receptors. 

Nevertheless, there are other modes of action that indicate a specific type of receptor. Moderate 

expression levels of MrgX2 in subgroups of neurons in the CA2, CA3 and CA4 regions of the 

hippocampus might indicate an effect mediated by cortistatin.65  

Another neuropeptide activating MRGPRX2 is substance P (SP). SP is considered an 

inflammatory neuropeptide and a powerful endogenous pruritic agent whose action is mediated 

by the neurokinin-1 receptor (NK-1R). Antagonists developed for this receptor to inhibit the 

nociceptive and proinflammatory properties of SP have been effective in animal models for 

various diseases, but surprisingly not in humans. SP is believed to activate MRGPRX2 in 

humans and not NK-1R to induce pruritus.15   

Further ligands that were able to activate MRGPRX2 are proadrenomedullin N-terminal 20 

peptide (PAMP-20) and PAMP-9-20/PAMP-12.66 The proadrenomedullin N-terminal 20-

peptide (PAMP-20) is produced from the adrenomedullin (AM) precursor and induced a strong 

hypotensive effect when injected intravenously into anesthetized rats. Furthermore, PAMP-20 

inhibits carbachol-induced catecholamine synthesis and secretion in cultured bovine adrenal 

medulla cells, which may lead to vasodilating activity caused by PAMP-20. This suggests that 

PAMP-20 may play a key role in cardiovascular control.67 Therefore, MRGX2 receptor could 

regulate catecholamine secretion from adrenal glands.66  

The next class of compounds that are able to activate MRGPRX2 are antimicrobial host defense 

peptides (HDPs).68 The main function of HDPs is to promote innate immunity against various 

pathogens and further to maintain the homeostasis of the immune system. BRWh hXPaQ ȕ-

defensins, an HDP released from epithelium, and cathelicidin LL-37 from neutrophils can 

induce chemotaxis and initiate mast cell degranulation through the activation of MRGPRX2.  

It was found that the expression of HDPs in the gingiva and saliva of patients with periodontitis 

is upregulated compared to that of healthy subjects, suggesting host defense by MRGPRX2-

mediated mast cell activation.69 
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In addition, it could be shown for various alkaloids and peptiderdic or non peptiderdic drugs 

such as morphine70, complanadine A5, 71, TAN-6772, ciprofloxacin30 as well as the Bradykinin 

B2 Receptor Antagonist icatibant that they activate MRGPRX2 to a greater or lesser extent. 

Mast cell degranulation was also caused by compound 48/80 in RBL-2H3 and LAD2 mast cell 

lines expressing MRGPRX1 and MRGPRX2. Furthermore, this compound utilizes Ca2+ 

mobilization in HEK293 cells expressing MRGPRX2.73   

Small chemokine (C-X-C motif) ligand 14 (CXCL14) is able to activate the MRGX2 receptor 

in a dose-dependent manner using cellosaurus CHEM1 cell line recombinantly expressing 

MRGPRX2.74  

4.2.2.2 Small-molecule MRGPRX2 modulators 

Lansu et. al. identified the opioid-related MRGPRX2 agonists including the drugs morphine, 

hydrocodone and dextromethorphan and subsequently generated a homology model of the 

human MRGPRX2 based on the X-Ua\ VWUXcWXUe Rf Whe hXPaQ ț-opioid receptor in complex 

with a selective antagonist, JDTic (PDB 4DJH) as a template and searched for novel agonists 

using a structure-based virtual screening approach.75 

Recently, the first two small molecule competitive antagonists for MRGPRX2 have been 

described, on the one hand 1-(phenazin-5(10H)-yl)ethan-1-one and on the other hand 3-

(pyridin-2-ylmethyl)-2-thioxo-2,3-dihydroquinazolin-4(1H)-one with IC50 values of 1.6 and 

2.5 µM respectively, in Ca2+-mobilization assay against 1 µM of CST-14. Both compounds were 

able to block icatibant-induced hCMC degranulation and completely inhibited the 

degranulation of human cord blood-derived MCs (hCMCs), which suggests, that MRGPRX2 

antagonists are suitable therapeutics for IgE-independent inflammatory diseases and drug-

induced pseudoallergies.76  

In a compound screening, Alnouri and Müller found three hits as MRGPRX2 antagonists. One 

of these compounds, CB8 (Figure 6), was taken as a lead compound for the development of 

more potent derivatives in collaboration with Professor Herdewijn and his coworkers.77    
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Figure 6: Structure and activation values of the MRGPRX2 agonist CST-14 and the 

MRGPRX2 antagonist CB8. 

After several CB8 analogues from the Chembridge database had been screened for their 

antagonistic activity at the MRGPRX2 and MRGPRB2 (Chapter 7, unpublished results), the 

aim was to obtain highly potent compounds of this substance class. Although the activity of the 

compounds could be increased into the low nanomolar range by various chemical modifications 

in collaboration with Prof. Herdewijn and his coworkers, the compounds showed a very poor 

water solubility, which was an obstacle to the development of a drug. Further optimization of 

these molecules in order to increase the solubility are in progress and still unpublished.  

4.2.3 MRGPRX3 

Very little is known about MRGPRX3, the third receptor in the MRGPRX subfamily. Burstein 

et al. predicted a Gq coupled pathway, but a direct agonist is needed to confirm this suggestion.26 

Transient epidermal desquamation and disruption of the cell differentiation process was 

observed by overexpressing of MRGPRX3 in transgenic rats.78 The MRGPRX3 gene was 

further discovered as a marker for corneal endothelial cells (CECs) to discriminate CECs in the 

human body. CECs are crucial for maintaining corneal transparency and have a limited ability 

to proliferate. The loss of a significant number of CECs leads to corneal edema, a condition 

known as bullous keratopathy, and can result in severe vision loss.79 Another publication 

describes a potential sexual dimorphism for MRGPRX3 gene regulation, since increased 

methylation in the MRGPRX3 gene with increasing age could only be detected in men.80 

Furthermore, a reduced gene expression of the MRGPRX3 gene was reported upon the 

exposure of electronic cigarettes.81  

4.2.4 Role of MRGPRX3 and MRGPRX4 in keratinocytes 

MRGPRX3 and -X4 expression was detected in DRG as well as in human keratinocytes.23, 68 

Keratinocytes are epithelial cells that serve to protect the body from foreign bodies and germs. 

The cells mainly produce keratin and involucrin to build up the cornea and the keratin 
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intermediate filaments. Keratinocytes play further an important role in wound healing37, in 

protecting the skin from UV radiation82 and against dehydration.38 Wound healing is a 

complicated process which include several successive mechanisms such as haemostasis, 

inflammation, proliferation and maturation.83 The first step after injury is the coagulation and 

haemostasis in order to prevent exanguination.84-85 In the inflammation phase first neutrophils, 

then macrophages and afterwards lymphocytes begin phagocytosis to destroy and remove 

bacteria, foreign particles and damaged tissue, as infected wounds do not heal.2, 86 The 

proliferation phase starts about three days after the injury and includes several mechanisms such 

as fibroblast migration,17 collagen synthesis,84 angiogenesis,20 epithelialization and granulation 

tissue formation.16 In the final phase of remodeling synthesis of collagen and of the extracellular 

matrix takes place.18, 83, 87 Keratinocytes produce antimicrobial peptides also known as host 

defense peptides (HDPs). On the one hand, HDPs are effective against microorganisms such as 

bacteria, fungi or viruses, but are also involved in immunomodulatory functions including 

chemotaxis, cytokine/chemokine production, cell differentiation and apoptosis as well as in the 

acceleration of angiogenesis. The HDP angiogenic peptide AG-30 regulated the expression of 

angiogenesis-related cytokines and growth factors in human aortic endothelial cells.88 AG-30 

showed similar angiogenic properties to those of LL37 or PR39. In order to further increase the 

angiogenic and antimicrobial properties of AG-30 Nakagami et al. modified the peptide 

sequence of AG-30 by the substitution of five amino acids yielding AG30/5C (Figure 2). Since 

both epidermal cell growth and angiogenesis are responsible for accelerating the time course of 

wound healing, AG30/5C is proposed as a possible drug to improve wound healing.89 

 

Figure 4: Amino acid sequences of AG30 and AG30/5C.89 The letters stand for the different amino 
acids. 

In 2016 Kiatsurayanon et al. could show that the activation of keratinocytes triggered by AG-

30/5C is controlled by MRGPRX3 and MRGPRX4. There is evidence these receptors can 

mediate not only AG-30/5C-induced cytokine/chemokine production, but also keratinocyte 

migration and proliferation, because the ability of AG-30/5C to promote both keratinocyte 

migration and proliferation is significantly suppressed in keratinocytes transfected with 

MRGPRX3 or -X4 siRNAs. TLR ligands such as PGN, flagellin, LPS, and 

polyinosinic:polycytidylic acid (poly I:C) increased MRGPRX3 mRNA expression 3- to 36-

fold and both hBD-2 and LL-37 are able to stimulate keratinocytes via MRGPRX3 and -X4. 

Furthermore, a connection between MRGPRX3 and -X4 with the MAPK and NF-țB pathways 
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is assumed, since both receptors in keratinocytes reduce AG30/5C-induced MAPK and IțB 

phosphorylation.68, 90 In order to describe more precise physiological and pathophysiological 

effects of MRGPRX3, agonists and antagonists for this receptor are urgently needed.     

4.2.5 MRGPRX4 

MRGPRX4, the fourth member of the MRGPRX4 family, primarily stimulates Gq-regulated 

pathways.26 The expression of the MRGPRX4 receptor could be upregulated by poly I:C. Poly 

I:C is a toll-like receptor 3 (TLR3) agonist which accelerated wound closure in patients.39 TLRs 

support the innate immune system in the coordination of inflammatory signal transduction and 

the functions of these receptors are discussed and explored in wound healing41, chronic pain91 

and itch92. Both AG-30/5C and other host defense peptides (HDPs) such as hBD-2 and LL-37 

are able to activate keratinocytes via MRGPRX3 and ±X4, which suggests that these receptors 

play a crucial role in HDP-induced regulation of skin immunity. Furthermore, the 

cytokine/chemokine production and keratinocyte migration and poliferation initiated by AG-

30/5C is mediated by MRGPRX3 and -X4.68 Recently, Roy et al. confirmed that AG-30/5C 

acts as an MRGPRX2 biased agonist in mast cells and as an MRGPRX4 biased agonist in 

keratinocytes. In this publication it was proved, that the diabetes type 2 drug nateglinide, the 

first described MRGPRX4 agonist, activates both the ȕ-arrestin and the Ca2+-mediated 

signaling pathway of MRGPRX4.90, 93A frequently observed side effect of nateglinide is 

pruritus, which may be a first indication that MRGPRX4 could be an itch receptor.94 Itching is 

also a frequently observed phenomenon in wound healing.49 Therefore, it is reasonable to 

assume that if MRGPRX4 is involved in wound healing, itching could also be mediated by this 

receptor. This question was investigated by the research group of Yu et al. and Meixiong et 

al.47-48, 95 First, bilirubin was found as a possible ligand for MRGPRX4. Bilirubin is a yellowish 

bile acid, which is formed when the heme portion of the red blood pigment is degradet and is 

responsible for the yellowing of jaundice. Basically, a distinction can be made between two 

types of itch. On the one hand histminergic or acute itch and nonhistaminergic or chronic itch. 

In nonhistaminergic itch a communication between keratinocytes, the immune system and the 

nonhistaminergic sensory nerves is responsible for the occurrence of itching. In non-

histaminergic itching, as the name suggests, histamine is not involved, so that antihistamine 

therapies are often unsuccessful and therefore this type of itching in particular requires new 

therapies..67 Nonhistaminergic itch is frequently observed in jaundice which could be triggered 

by bilirubin. However, the observed EC50 value of bilirubin at MRGPRX4 was only 61.9 µM.48 

Later, the scientists were able to identify other bile acids that additionally activated MRGPRX4 

132



 
 

and induce itching in a humanized mouse model as well as in human subjects.47, 95 These bile 

acid derivatives such as DCA, CDCA and also bilirubin show increased plasma levels in case 

of cholestatic itch, which can precipitate in the skin and then presumably activate the 

MRGPRX4 receptor and thus trigger itching. EC50 values for DCA and CDCA are much higher 

than those of bilirubin and are 2,7 µM and 2,6 µM, respectively.47, 94 A first homology model of 

this receptor was published in a doctoral thesis by Lansu using the ț-opioid receptor (PDB code 

4DJH) as a template. Several phenylalanine derivatives as well as different glinides were further 

described as MRGPRX4 agonists and their SAR evaluated by various docking studies in the 

published MRGPRX4 homology model. Mutagenesis studies revealed a potential interaction 

of the agonists with R86 and R95.96  

 

Figure 5: Summary of the proposed (patho)physiological roles of MRGPRX subtypes.97  

In summary, the MRGPRX family represents interesting opportunities for research into 

potential pain therapeutics, drugs against histamine-independent itching and for the 

development of anti-allergic drugs. Significant experiments have already been conducted for 

MRGPRX1, which propose this receptor as a non-opioid-dependent pain target. Due to the 

expression of MRGPRX2 preferably in mast cells, the activation of this receptor represents an 

interesting new treatment option especially in the field of allergies. So far, little is known about 

MRGPRX3, but the receptor can at present be associated with eye diseases and wound healing. 

MRGPRX4 is also associated with wound healing due to its expression in keratinocytes. A 

number of publications also show that this receptor can be associated with non-histamine-

dependent itching.    
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Advances have been made in medicinal chemistry of MRGPRX over the last years, but the 

knowledge about these primate-specific receptors is still sparse. Highly potent and selective 

agonists and antagonists are urgently needed for the investigation of the physiological and 

pathophysiological roles of these receptors. Therefore, the aim of the present work was to 

design, synthesize and analyze the structure-activity relationship of (i) MRGPRGX2 

antagonists, and (ii) MRGPRX4 agonists as well as antagonists.  

  

134



 
 

4.3 References 

  (1) George, B.; Janis, J. E.; Attinger, C. E. The basic science of wound healing. Plast. Reconstr. Surg. 
2006, 117 (7), 12S±34S. 

 
  (2) Robson, M. C.; Steed, D. L.; Franz, M. G. Wound healing: biologic features and approaches to 
maximize healing trajectories. Curr. Probl. Surg. 2001, 2 (38), 72±140. 

 
  (3) Giulian, D.; Chen, J.; Ingeman, J.; George, J.; Noponen, M. The role of mononuclear phagocytes 
in wound healing after traumatic injury to adult mammalian brain. J. Neurosci. 1989, 9 (12), 4416±4429. 

 
  (4) Hepler, J. R.; Gilman, A. G. G proteins. Trends. Biochem. Sci. 1992, 17 (10), 383±387. 

 
  (5) Sun, J.-P.; Li, R.; Ren, H.-Z.; Xu, A.-T.; Yu, X.; Xu, Z.-G. The very large G protein coupled 
receptor (Vlgr1) in hair cells. J. Mol. Neurosci. 2013, 50 (1), 204±214. 

 
  (6) Spehr, M.; Munger, S. D. Olfactory receptors: G protein-coupled receptors and beyond. J. 
Neurochem. 2009, 109 (6), 1570±1583. 

 
  (7) Di Pizio, A.; Behrens, M.; Krautwurst, D. Beyond the flavour: the potential druggability of 
chemosensory G protein-coupled receptors. Int. J. Mol. Sci. 2019, 20 (6), 1402. 

 
  (8) Li, H.; Wang, R.; Lu, Y.; Xu, X.; Ni, J. Targeting G protein-coupled receptor for pain management. 
Brain Circ. 2017, 3 (2), 109±113. 

 
  (9) Masseck, O. A.; Rubelowski, J. M.; Spoida, K.; Herlitze, S. Light and drug activated G protein-
coupled receptors to control intracellular signalling. Exp. Physiol. 2011, 96 (1), 51±56. 

 
  (10) Iliff, A. J.; Xu, X. S. A mechanosensitive GPCR that detects the bloody force. Cell 2018, 173 (3), 
542±544. 

 
  (11) Yin, H.; Chu, A.; Li, W.; Wang, B.; Shelton, F.; Otero, F.; Nguyen, D. G.; Caldwell, J. S.; Chen, 
Y. A. Lipid G protein-cRXSOed UeceSWRU OLgaQd LdeQWLfLcaWLRQ XVLQg ȕ-aUUeVWLQ PaWhHXQWeU� aVVa\. J. 
Biol. Chem. 2009, 284 (18), 12328±12338. 

 
  (12) Culhane, K. J.; Liu, Y.; Cai, Y.; Yan, E. C. Transmembrane signal transduction by peptide 
hormones via family BG protein-coupled receptors. Front. Pharmacol. 2015, 6, 264. 

 
  (13) Shimada, I.; Ueda, T.; Kofuku, Y.; Eddy, M. T.; Wüthrich, K. GPCR drug discovery: integrating 
solution NMR data with crystal and cryo-EM structures. Nat. Rev. Drug Discov. 2019, 18 (1), 59±82. 

 
  (14) Young, A.; McNaught, C.-E. The physiology of wound healing. Surgery 2011, 29 (10), 475±479. 

 

135



 
 

  (15) Hanlon, C. D.; Andrew, D. J. Outside-in signaling ± a brief review of GPCR signaling with a focus 
on the Drosophila GPCR family. J. Cell. Sci. 2015, 128 (19), 3533±3542. 

 
  (16) Witte, M. B.; Barbul, A. General principles of wound healing. Surg. Clin. North Am. 1997, 77 (3), 
509±528. 

 
  (17) Schreier, T.; Degen, E.; Baschong, W. Fibroblast migration and proliferation during in vitro 
wound healing. Res. Exp. Med. 1993, 193 (1), 195±205. 

 
  (18) O'Kane, S. Wound remodelling and scarring. J. Wound Care 2002, 11 (8), 296±299. 

 
  (19) Kojima, K.; Okamato, Y.; Kojima, K.; Miytake, K.; Fujise, H.; Shigemasa, Y.; Minami, S. Effects 
of chitin and chitosan on collagen synthesis in wound healing. J. Vet. Med. Sci. 2004, 66 (12), 1595±
1598. 

 
  (20) Eming, S. A.; Brachvogel, B.; Odorisio, T.; Koch, M. Regulation of angiogenesis: wound healing 
as a model. Prog. Histochem. Cytochem. 2007, 42 (3), 115±170. 

 
  (21) Beall, R. F.; Hwang, T. J.; Kesselheim, A. S. Pre-market development times for biologic versus 
small-molecule drugs. Nat. Biotechnol. 2019, 37 (7), 708±711. 

 
  (22) G de la Torre, B.; Albericio, F. The pharmaceutical industry in 2018. An analysis of FDA drug 
approvals from the perspective of molecules. Molecules 2019, 24 (4), 809. 

 
  (23) Dong, X.; Han, S.-k.; Zylka, M. J.; Simon, M. I.; Anderson, D. J. A diverse family of GPCRs 
expressed in specific subsets of nociceptive sensory neurons. Cell 2001, 106 (5), 619±632. 

 
  (24) Lembo, P. M. C.; Grazzini, E.; Groblewski, T.; O'Donnell, D.; Roy, M.-O.; Zhang, J.; Hoffert, C.; 
Cao, J.; Schmidt, R.; Pelletier, M.; Labarre, M.; Gosselin, M.; Fortin, Y.; Banville, D.; Shen, S. H.; 
Ström, P.; Payza, K.; Dray, A.; Walker, P.; Ahmad, S. Proenkephalin A gene products activate a new 
family of sensory neuron±specific GPCRs. Nat. Neurosci. 2002, 5, 201±209. 

 
  (25) Liu, Q.; Tang, Z.; Surdenikova, L.; Kim, S.; Patel, K. N.; Kim, A.; Ru, F.; Guan, Y.; Weng, H.-
J.; Geng, Y. Sensory neuron-specific GPCR Mrgprs are itch receptors mediating chloroquine-induced 
pruritus. Cell 2009, 139 (7), 1353±1365. 

 
  (26) Burstein, E. S.; Ott, T. R.; Feddock, M.; Ma, J.-N.; Fuhs, S.; Wong, S.; Schiffer, H. H.; Brann, M. 
R.; Nash, N. R. Characterization of the Mas-related gene family: structural and functional conservation 
of human and rhesus MrgX receptors. Br. J. Pharmacol. 2006, 147 (1), 73±82. 

 
  (27) Zhang, L.; Taylor, N.; Xie, Y.; Ford, R.; Johnson, J.; Paulsen, J. E.; Bates, B. Cloning and 
expression of MRG receptors in macaque, mouse, and human. Mol. Brain 2005, 133 (2), 187±197. 

 

136



 
 

  (28) Subramanian, H.; Gupta, K.; Ali, H. Roles of Mas-related G protein-coupled receptor X2 on mast 
cell±mediated host defense, pseudoallergic drug reactions, and chronic inflammatory diseases. J. Allergy 
Clin. Immunol. 2016, 138 (3), 700±710. 

 
  (29) Kanz, C.; Aldebert, P.; Althorpe, N.; Baker, W.; Baldwin, A.; Bates, K.; Browne, P.; van den 
Broek, A.; Castro, M.; Cochrane, G. The EMBL nucleotide sequence database. Nucleic Acids Res. 2005, 
33 (suppl_1), D29±D33. 

 
  (30) Porebski, G.; Kwiecien, K.; Pawica, M.; Kwitniewski, M. Mas-Related G protein-coupled 
receptor-X2 (MRGPRX2) in drug hypersensitivity reactions. Front. Immunol. 2018, 9, 3027-3027. 

 
  (31) Vadivelu, N.; Kai, A. M.; Kodumudi, V.; Sramcik, J.; Kaye, A. D. The opioid crisis: a 
comprehensive overview. Curr. Pain Headache Rep. 2018, 22 (3), 16. 

 
  (32) Nicol, A. L.; Hurley, R. W.; Benzon, H. T. Alternatives to opioids in the pharmacologic 
management of chronic pain syndromes: a narrative review of randomized, controlled, and blinded 
clinical trials. Anesth Analg 2017, 125 (5), 1682±1703. 

 
  (33) Smith, H. S. Opioid metabolism. Mayo Clin. Proc. 2009, 84 (7), 613±624. 

 
  (34) Ricardo Buenaventura, M.; Rajive Adlaka, M.; Nalini Sehgal, M. Opioid complications and side 
effects. Pain physician 2008, 11, S105±S120. 

 
  (35) Jones, M. R.; Viswanath, O.; Peck, J.; Kaye, A. D.; Gill, J. S.; Simopoulos, T. T. A Brief history 
of the opioid epidemic and strategies for pain medicine. Pain Ther. 2018, 7 (1), 13±21. 

 
  (36) Kaye, A. D.; Cornett, E. M.; Hart, B.; Patil, S.; Pham, A.; Spalitta, M.; Mancuso, K. F. Novel 
Pharmacological Nonopioid Therapies in Chronic Pain. Curr. Pain Headache Rep. 2018, 22 (4), 31. 

 
  (37) Pastar, I.; Stojadinovic, O.; Tomic-Canic, M. Role of keratinocytes in healing of chronic wounds. 
Surg. Technol. Int. 2008, 17, 105±112. 

 
  (38) Siefken, W.; Carstensen, S.; Springmann, G.; Wittern, K.-P.; Wenck, H.; Stäb, F.; Sauermann, G.; 
Schreiner, V.; Doering, T.; Janeke, G. Role of taurine accumulation in keratinocyte hydration. J. Invest. 
Dermatol. 2003, 121 (2), 354±361. 

 
  (39) Lin, Q.; Wang, L.; Lin, Y.; Liu, X.; Ren, X.; Wen, S.; Du, X.; Lu, T.; Su, S. Y.; Yang, X. Toll-
like receptor 3 ligand polyinosinic: polycytidylic acid promotes wound healing in human and murine 
skin. J. Invest. Dermatol. 2012, 132 (8), 2085±2092. 

 
  (40) Lacagnina, M. J.; Watkins, L. R.; Grace, P. M. Toll-like receptors and their role in persistent pain. 
Pharmacol Ther. 2018, 184, 145±158. 

 
  (41) Chen, L.; DiPietro, L. A. Toll-like receptor function in acute wounds. Adv. Wound Care 2017, 6 
(10), 344±355. 

137



 
 

 
  (42) Taves, S.; Ji, R.-R., Itch control by Toll-like receptors. In Handb. Exp. Pharmacol., Springer: 
2015; pp 135±150. 

 
  (43) Wroblowski, B.; Wigglesworth, M. J.; Szekeres, P. G.; Smith, G. D.; Rahman, S. S.; Nicholson, 
N. H.; Muir, A. I.; Hall, A.; Heer, J. P.; Garland, S. L. The discovery of a selective, small molecule 
agonist for the MAS-related gene X1 receptor. J. Med. Chem. 2009, 52 (3), 818±825. 

 
  (44) Kunapuli, P.; Lee, S.; Zheng, W.; Alberts, M.; Kornienko, O.; Mull, R.; Kreamer, A.; Hwang, J.-
I.; Simon, M. I.; Strulovici, B. Identification of small molecule antagonists of the human mas-related 
gene-X1 receptor. Anal. Biochem. 2006, 351 (1), 50±61. 

 
  (45) Bayrakdarian, M.; Butterworth, J.; Hu, Y.-J.; Santhakumar, V.; Tomaszewski, M. J. Development 
of 2, 4-diaminopyrimidine derivatives as novel SNSR4 antagonists. Bioorg. Med. Chem. Lett. 2011, 21 
(7), 2102±2105. 

 
  (46) Roy, S.; Ganguly, A.; Haque, M.; Ali, H. Angiogenic Host Defense Peptide AG-30/5C and 
Bradykinin B2 Receptor Antagonist Icatibant Are G Protein Biased Agonists for MRGPRX2 in Mast 
Cells. The Journal of Immunology 2019, 202 (4), 1229±1238. 

 
  (47) Yu, H.; Zhao, T.; Liu, S.; Wu, Q.; Johnson, O.; Wu, Z.; Zhuang, Z.; Shi, Y.; Peng, L.; He, R. 
MRGPRX4 is a bile acid receptor for human cholestatic itch. eLife 2019, 8. 

 
  (48) Meixiong, J.; Vasavda, C.; Green, D.; Zheng, Q.; Qi, L.; Kwatra, S. G.; Hamilton, J. P.; Snyder, 
S. H.; Dong, X. Identification of a bilirubin receptor that may mediate a component of cholestatic itch. 
eLife 2019, 8, e44116. 

 
  (49) Lerner, E. Why Do Wounds Itch? Wounds 2018, 30 (1), 1±3. 

 
  (50) Motakis, E.; Guhl, S.; Ishizu, Y.; Itoh, M.; Kawaji, H.; de Hoon, M.; Lassmann, T.; Carninci, P.; 
Hayashizaki, Y.; Zuberbier, T. Redefinition of the human mast cell transcriptome by deep-CAGE 
sequencing. Blood 2014, 123 (17), e58±e67. 

 
  (51) Meixiong, J.; Vasavda, C.; Snyder, S. H.; Dong, X. MRGPRX4 is a G protein-coupled receptor 
activated by bile acids that may contribute to cholestatic pruritus. Proc. Natl. Acad. Sci 2019, 116 (21), 
10525±10530. 

 
  (52) Hendriksen, E.; van Bergeijk, D.; Oosting, R. S.; Redegeld, F. A. Mast cells in neuroinflammation 
and brain disorders. Neurosci. Biobehav. Rev. 2017, 79, 119±133. 

 
  (53) Silver, R.; Curley, J. P. Mast cells on the mind: new insights and opportunities. Trends Neurosci. 
2013, 36 (9), 513±521. 

 
  (54) McKay, D. M.; Bienenstock, J. The interaction between mast cells and nerves in the 
gastrointestinal tract. Immunol. Today 1994, 15 (11), 533±538. 

138



 
 

 
  (55) Gupta, K.; Harvima, I. T. Mast cell‐neural interactions contribute to pain and itch. Immunol. Rev. 
2018, 282 (1), 168±187. 

 
  (56) Zhang, X.-C.; Strassman, A. M.; Burstein, R.; Levy, D. Sensitization and activation of intracranial 
meningeal nociceptors by mast cell mediators. J. Pharmacol. Exp. Ther. 2007, 322 (2), 806±812. 

 
  (57) Boesiger, J.; Tsai, M.; Maurer, M.; Yamaguchi, M.; Brown, L. F.; Claffey, K. P.; Dvorak, H. F.; 
Galli, S. J. Mast cells can secrete vascular permeability factor/vascular endothelial cell growth factor 
and exhibit enhanced release after immunoglobulin E±deSeQdeQW XSUegXOaWLRQ Rf Fcİ UeceSWRU I 
expression. J. Exp. Med. 1998, 188 (6), 1135±1145. 

 
  (58) Graziottin, A.; Skaper, S. D.; Fusco, M. Mast cells in chronic inflammation, pelvic pain and 
depression in women. Gynecol. Endocrinol. 2014, 30 (7), 472±477. 

 
  (59) Cohen, E. P.; Russell, T. J.; Garancis, J. C. Mast cells and calcium in severe uremic itching. Am. 
J. Med. Sci. 1992, 303 (6), 360±365. 

 
  (60) Fujisawa, D.; Kashiwakura, J.-i.; Kita, H.; Kikukawa, Y.; Fujitani, Y.; Sasaki-Sakamoto, T.; 
Kuroda, K.; Nunomura, S.; Hayama, K.; Terui, T. Expression of mas-related gene X2 on mast cells is 
upregulated in the skin of patients with severe chronic urticaria. J. Allergy Clin. Immunol. 2014, 134 
(3), 622-633. e9. 

 
  (61) Manorak, W.; Idahosa, C.; Gupta, K.; Roy, S.; Panettieri, R.; Ali, H. Upregulation of Mas-related 
G Protein coupled receptor X2 in asthmatic lung mast cells and its activation by the novel neuropeptide 
hemokinin-1. Respiratory research 2018, 19 (1), 1. 

 
  (62) Le, D. D.; Schmit, D.; Heck, S.; Omlor, A. J.; Sester, M.; Herr, C.; Schick, B.; Daubeuf, F.; 
Fähndrich, S.; Bals, R. Increase of mast cell-nerve association and neuropeptide receptor expression on 
mast cells in perennial allergic rhinitis. Neuroimmunomodulation 2016, 23 (5-6), 261±270. 

 
  (63) Takamori, A.; Izawa, K.; Kaitani, A.; Ando, T.; Okamoto, Y.; Maehara, A.; Tanabe, A.; 
Nagamine, M.; Yamada, H.; Uchida, S. Identification of inhibitory mechanisms in pseudo-allergy 
involving Mrgprb2/MRGPRX2-mediated mast cell activation. J. Allergy. Clin. Immunol. 2019, 143 (3), 
1231±1235. 

 
  (64) Green, D. P.; Limjunyawong, N.; Gour, N.; Pundir, P.; Dong, X. A mast-cell-specific receptor 
mediates neurogenic inflammation and pain. Neuron 2019, 101 (3), 412±420. 

 
  (65) Robas, N.; Mead, E.; Fidock, M. MrgX2 is a high potency cortistatin receptor expressed in dorsal 
root ganglion. J. Biol. Chem. 2003, 278 (45), 44400±44404. 

 
  (66) Kamohara, M.; Matsuo, A.; Takasaki, J.; Kohda, M.; Matsumoto, M.; Matsumoto, S.-i.; Soga, T.; 
Hiyama, H.; Kobori, M.; Katou, M. Identification of MrgX2 as a human G-protein-coupled receptor for 
proadrenomedullin N-terminal peptides. Biochem. Biophys. Res. Commun. 2005, 330 (4), 1146±1152. 

 

139



 
 

  (67) Yosipovitch, G.; Rosen, J. D.; Hashimoto, T. Itch: from mechanism to (novel) therapeutic 
approaches. J. Allergy Clin. Immunol. 2018, 142 (5), 1375±1390. 

 
  (68) Kiatsurayanon, C.; Niyonsaba, F.; Chieosilapatham, P.; Okumura, K.; Ikeda, S.; Ogawa, H. 
Angiogenic peptide (AG)-30/5C activates human keratinocytes to produce cytokines/chemokines and 
to migrate and proliferate via MrgX receptors. J. Dermatol. Sci. 2016, 83 (3), 190±199. 

 
  (69) Gupta, K.; Idahosa, C.; Roy, S.; Lee, D.; Subramanian, H.; Dhingra, A.; Boesze-Battaglia, K.; 
Korostoff, J.; Ali, H. Differential regulation of Mas-related G protein-coupled receptor X2-mediated 
mast cell degranulation by antimicrobial host defense peptides and porphyromonas gingivalis 
lipopolysaccharide. Infect. Immun. 2017, 85 (10), e00246-17. 

 
  (70) Akuzawa, N.; Obinata, H.; Izumi, T.; Takeda, S. Morphine is an exogenous ligand for MrgX2, a 
G protein-coupled receptor for cortistatin. J. Cell. Animal Biol. 2007, 2 (1), 004±009. 

 
  (71) Johnson, T.; Siegel, D. Complanadine A, a selective agonist for the Mas-related G protein-coupled 
receptor X2. Bioorg. Med. Chem. Lett. 2014, 24 (15), 3512±3515. 

 
  (72) Southern, C.; Cook, J. M.; Neetoo-Isseljee, Z.; Taylor, D. L.; Kettleborough, C. A.; Merritt, A.; 
BaVVRQL, D. L.; Raab, W. J.; QXLQQ, E.; WehUPaQ, T. S. ScUeeQLQg ȕ-arrestin recruitment for the 
identification of natural ligands for orphan G protein-coupled receptors. J. Biomol. Screen. 2013, 18 (5), 
599±609. 

 
  (73) Kashem, S. W.; Subramanian, H.; Collington, S. J.; Magotti, P.; Lambris, J. D.; Ali, H. G protein-
coupled receptor specificity for C3a and compound 48/80-induced degranulation in human mast cells: 
roles of Mas-related genes MrgX1 and MrgX2. Eur. J. Pharmacol. 2011, 668 (1-2), 299±304. 

 
  (74) Golz, S. Mrg receptor modulators. EP3011340B1 2017. 

 
  (75) Lansu, K.; Karpiak, J.; Liu, J.; Huang, X.-P.; McCorvy, J. D.; Kroeze, W. K.; Che, T.; Nagase, 
H.; Carroll, F. I.; Jin, J.; Shoichet, B. K.; Roth, B. L. In silico design of novel probes for the atypical 
opioid receptor MRGPRX2. Nat. Chem. Biol. 2017, 13 (5), 529±536. 

 
  (76) Ogasawara, H.; Furuno, M.; Edamura, K.; Noguchi, M. Novel MRGPRX2 antagonists inhibit IgE 
independent activation of human umbilical cord blood derived mast cells. J. Leukocyte. Biol. 2019, 106 
(5), 1069±1077. 

 
  (77) Müller, C. E. MrgX2 Antagonists. UBN0004(US) 2019. 

 
  (78) Kaisho, Y.; Watanabe, T.; Nakata, M.; Yano, T.; Yasuhara, Y.; Shimakawa, K.; Mori, I.; Sakura, 
Y.; Terao, Y.; Matsui, H. Transgenic rats overexpressing the human MrgX3 gene show cataracts and an 
abnormal skin phenotype. Biochem. Biophys. Res. Commun. 2005, 330 (3), 653-657. 

 
  (79) Yoshihara, M.; Ohmiya, H.; Hara, S.; Kawasaki, S.; Hayashizaki, Y.; Itoh, M.; Kawaji, H.; 
Tsujikawa, M.; Nishida, K.; Consortium, F. Discovery of molecular markers to discriminate corneal 
endothelial cells in the human body. PloS One 2015, 10 (3), e0117581. 

140



 
 

 
  (80) Hsu, Y.-H.; Liu, Y.; Hannan, M. T.; Maixner, W.; Smith, S. B.; Diatchenko, L.; Golightly, Y. M.; 
Menz, H. B.; Kraus, V. B.; Doherty, M. Genome-wide association meta-analyses to identify common 
genetic variants associated with hallux valgus in Caucasian and African Americans. J. Med. Genet. 
2015, 52 (11), 762±769. 

 
  (81) Solleti, S. K.; Bhattacharya, S.; Ahmad, A.; Wang, Q.; Mereness, J.; Rangasamy, T.; Mariani, T. 
J. MicroRNA expression profiling defines the impact of electronic cigarettes on human airway epithelial 
cells. Sci. Rep. 2017, 7 (1), 1±10. 

 
  (82) Ishida, T.; Sakaguchi, I. Protection of human keratinocytes from UVB-induced inflammation 
using root extract of lithospermum erythrorhizon. Biol. Pharm. Bull. 2007, 30 (5), 928-934. 

 
  (83) Velnar, T.; Bailey, T.; Smrkolj, V. The wound healing process: an overview of the cellular and 
molecular mechanisms. J. Int. Med. Res. 2009, 37 (5), 1528-1542. 

 
  (84) Pool, J. Normal hemostatic mechanisms: a review. Am. J. Med. Technol. 1977, 43 (8), 776±780. 

 
  (85) George Broughton, I.; Janis, J. E.; Attinger, C. E. The basic science of wound healing. Plast. 
Reconstr. Surg. 2006, 117 (7S), 12S±34S. 

 
  (86) Giulian, D.; Chen, J.; Ingeman, J.; George, J.; Noponen, M. The role of mononuclear phagocytes 
in wound healing after traumatic injury to adult mammalian brain. J. Neurosci. Res. 1989, 9 (12), 4416-
4429. 

 
  (87) Young, A.; McNaught, C.-E. The physiology of wound healing. Ann. Emerg. Med. 2011, 29 (10), 
475-479. 

 
  (88) Nishikawa, T.; Nakagami, H.; Maeda, A.; Morishita, R.; Miyazaki, N.; Ogawa, T.; Tabata, Y.; 
Kikuchi, Y.; Hayashi, H.; Tatsu, Y. Development of a novel antimicrobial peptide, AG‐30, with 
angiogenic properties. J. Cell Mol. Med. 2009, 13 (3), 535-546. 

 
  (89) Nakagami, H.; Nishikawa, T.; Tamura, N.; Maeda, A.; Hibino, H.; Mochizuki, M.; Shimosato, T.; 
Moriya, T.; Morishita, R.; Tamai, K.; Tomono, K.; Kaneda, Y. Modification of a novel angiogenic 
peptide, AG30, for the development of novel therapeutic agents. J. Cell Mol. Med. 2012, 16 (7), 1629±
1639. 

 
  (90) Roy, S.; Ganguly, A.; Haque, M.; Ali, H. Angiogenic host defense peptide AG-30/5C and 
bradykinin B2 receptor antagonist icatibant are G protein biased agonists for MRGPRX2 in mast cells. 
J. Immunol. 2019, 202 (4), 1229±1238. 

 
  (91) Lacagnina, M. J.; Watkins, L. R.; Grace, P. M. Toll-like receptors and their role in persistent pain. 
Pharmacol. Ther. 2018, 184, 145-158. 

 
  (92) Taves, S.; Ji, R.-R. Itch control by Toll-like receptors. Handb. Exp. Pharmacol. 2015, 226, 135±
150. 

141



 
 

 
  (93) Kroeze, W. K.; Sassano, M. F.; Huang, X.-P.; Lansu, K.; McCorvy, J. D.; Giguère, P. M.; Sciaky, 
N.; Roth, B. L. PRESTO-Tango: as an open-source resource for interrogation of the druggable human 
GPCR-ome. Nat. Struct. Mol. Biol. 2015, 22 (5), 362±369. 

 
  (94) Yu, H.; Zhao, T.; Liu, S.; Wu, Q.; Johnson, O.; Wu, Z.; Zhuang, Z.; Shi, Y.; Peng, L.; He, R.; 
Yang, Y.; Sun, J.; Wang, X.; Xu, H.; Zeng, Z.; Zou, P.; Lei, X.; Luo, W.; Li, Y. MRGPRX4 is a bile 
acid receptor for human cholestatic itch. eLife 2019, 8, 1±27. 

 
  (95) Meixiong, J.; Vasavda, C.; Snyder, S. H.; Dong, X. MRGPRX4 is a G protein-coupled receptor 
activated by bile acids that may contribute to cholestatic pruritus. PNAS 2019, 116 (21), 10525-10530. 

 
  (96) Lansu, K. Ligand discovery and functional characterization of MRGPRX family orphan GPCRs. 
University of North Carolina at Chapel Hill, 2017. 

 
  (97) Ali, H., Emerging roles for MAS-related G protein-coupled receptor X2 in host defense peptide, 
opioid, and neuropeptide-mediated inflammatory reactions. In Adv. Immunol., Elsevier: 2017; Vol. 136, 
pp 123±162. 

 

 

 

142



  

Marx, D.; Müller, C.; Alnouri, W.; Riedel, Y.; Namasivayam, V.; Pillaiyar, T.; Thimm, D.; 

Hockemeyer, J. 

In a compound screening campaign of the internal, proprietary compound library, MSX-3 was 

discovered to show an agonistic effect on the rare natural variant L83S of the MRGPRX4 

receptor, which represents an orphan G protein-coupled receptor which is only expressed in 

primates. In order to increase its activity and to additionally identify agonists for the wild-type 

(WT) MRGPRX4 as well, a variety of chemical modifications was performed. Since the 

phosphate group is expected to be enzymatically unstable, it was replaced by a phosphonate 

group as well as other bioisosteric functions. To further increase the stability of MSX-3 

derivatives, the photosensitive double bond linker between C8 of the xanthine core and the 

aromatic residue attached to it via a linker was to be replaced by a more stable linker. Since no 

synthetic procedure was known in literature for this kind of target compounds, a broad array of 

chemical methods had to be studied in order to finally obtain the desired target compounds in 

6 to 9 steps synthetic procedures. 

Through these modifications we were able to increase the stability of the agonists on the one 

hand, and to increase the agonistic activity at the natural variant of the MRGPRX4 receptor on 

the other hand. We were able to obtain the first potent xanthine derivative with agonistic activity 

on the WT MRGPRX4 (H-1). Through the synthesis of more than 50 xanthine derivatives by 

substitution of the different side groups, the most active MRGPRX4 receptor agonist described 

so far could be synthesized showing an EC50 value of 26 nM in a β-arrestin assay and of 4 nM 

in a G protein-coupled Ca2+ mobilization assay (B-19). The final compounds were characterized 

by 1H-, 13C- and 31P-NMR and by high-resolution mass spectrometry (HRMS), and analyzed 

by HPLC-UV proving their high purity of more than 95%, which is required for subsequent 

biological studies. 
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For selectivity studies, selected MRGPRX4 agonists were tested for their potential agonistic 

and antagonistic activity on the other MRGPRX subtypes (MRGPRX1 to -X3). The new 

developed compounds show only agonistic activity at the MRGPRX4 receptor and were 

inactive at the other MRGPRX subtypes due to their different binding pockets. Homology 

Modeling and docking studies of selected MRGPRX4 agonists was performed in order to 

explain their structure-activity relationships and the most important amino acids involved in 

ligand binding.  

In addition to an adequate activity at the target protein and an acceptable safety profile, drug 

candidates must demonstrate a balanced ratio of gastrointestinal absorption, distribution, 

clearance and elimination (ADME), the so-called Drug Metabolism and Pharmacokinetic 

(DMPK) properties. Selected MRGPRX4 agonists were tested in in vitro ADME studies 

performed by Pharmacelsus and showed excellent water solubility and good metabolic stability 

in liver microsomes for example for compound B-16 t1/2 = 53.7 min. Furthermore B-16 showed 

a clearance of 25.8 µl/min/mg protein and a plasma protein binding of 91.20 % ± 0.03 %.  

Since a weak, non-selective MRGPRX4 agonist  has been described to activate human 

keratinocytes to produce cytokines and chemokines and to induce their migration and 

proliferation via MRGPRX4, the newly synthesized MRGPRX4 agonists were protected in the 

following patent application and will further investigated for their wound healing properties. 

Some of the synthesized derivatives showed (weak) partial agonistic activity and may be further 

optimized as antagonists, which are of high interest as novel drugs for the treatment of pain and 

inflammation. Furthermore, the newly synthesized compounds can be used as tool compound 

to find out more about the pharmacology of the so far sparsely investigated MRGPRX4 

receptor.     

144



1 UBN0005(EP)

_________________________________________________________________________________

MRGPRX4 Agonists and Antagonists

__________________________________________________________________________________

The invention relates to MRGPRX4 receptor agonists an# antagonists $se%$l %or treating& alleviating 

an#'or preventing #iseases an# #isor#ers relate# to MRGPRX4 receptor %$nction as (ell as phar)ace$*

tical co)positions co)prising s$ch co)po$n#s an# )etho#s %or preparing s$ch co)po$n#s+ The inven*

tion is %$rther #irecte# to the $se o% these co)po$n#s& alone or in co),ination (ith other therape$tic 

agents& %or alleviating& preventing an#'or treating #iseases an# #isor#ers& especiall- the $se as (o$n# 

healing )e#ica)ents or )e#ica)ents %or #i%%erent t-pes o% pain incl$#ing itching+

MRGPRX4 (in the literat$re also re%erre# to as .M/0*relate# G protein*co$ple# receptor X41& 

MRGX4)& is a )e),er o% the MRGX receptor %a)il- (in the literat$re also re%erre# to as .M/0*relate# 

G protein*co$ple# receptor X1& MRGX& MRGPRX& an# the li2e)+

M/0*relate# gene receptors (MRG receptors& MRGPR) %or) a large %a)il- o% G protein*co$ple# re*

ceptors+ The MRGPRX (MRGX) s$,%a)il- o% MRGPRs is e3presse# in s)all*#ia)eter sensor- ne$rons 

o% #orsal root ganglia& in 2eratinoc-tes an# %e( other tiss$es+ The MRGPRX %a)il- consists o% 4 s$,*

t-pes (MRGPRX1*X4) (hich are e3presse# in pri)ates incl$#ing h$)ans& ,$t not %o$n#& e+g+& in ro*

#ents+ Non*pri)ate orthologs o% MRGPRX4 have not ,een i#enti%ie# to #ate+ Proli%erative responses 

)e#iate# ,- h$)an MRGPRX4 are pert$ssis to3in* (PTX*) insensitive MRGPRX4 an# pri)aril- )e*

#iate# ,- the sti)$lation o% G4*reg$late# path(a-s (E+ 0+ B$rnstein et al+& Br 5 Phar)acol+ 6007 

5an8149(1):9;*<6+ #oi: 10+10;<'s=+,=p+090744<)+ Besi#es& GP>Rs in#$ce �*arrestin recr$it)ent %ol*

lo(e# ,- internali?ation o% the receptor& an# in %act& �*arrestin recr$it)ent (as sho(n to ,e in#$ce# ,- 

MRGPRX4 activation+

@t is 2no(n that angiogenic pepti#e (/G)*;0'5> activates h$)an 2eratinoc-tes to pro#$ce c-to*

2ines'che)o2ines an# to )igrate an# proli%erate via MRGX receptors+ There is evi#ence that /G*;0'5> 

)a- ,e a $se%$l therape$tic agent %or (o$n# healing ,- activating h$)an 2eratinoc-tes (>h+ Aiats$ra*

-anon et al+& 5 Ber)atol 0ci+ 6017 0ep8<;(;):1C0*C+ #oi: 10+1017'=+=#er)sci+6017+05+007)+

The h$)an MRGPRX4 receptor represents a %$n#a)entall- ne( #r$g target& an# the #evelop)ent o% 

potent MRGPRX4 receptor agonists& partial agonists& an# antagonists'inverse agonists to ,e $se# %or the

treat)ent o% MRGPRX4*associate# con#itions& #isor#ers or #iseases re4$ires the #esign o% novel #r$gs 

targeting the MRGPRX4 receptor+ 
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@t is an o,=ect o% the invention to provi#e co)po$n#s that have a#vantages co)pare# to the co)po$n#s 

o% the prior art+ The co)po$n#s sho$l# act as potent an# selective agonists or antagonists o% the 

MRGPRX4 receptor& in partic$lar o% the h$)an (il#t-pe MRGPRX4 receptor& an# th$s )a- ,e $se%$l 

as #r$gs or %or the prevention or treat)ent o% MRGPRX4*associate# con#itions& #isor#ers or #iseases+ 

Moreover& it (as an o,=ect o% the invention to provi#e )etho#s %or preparing sai# co)po$n#s+ @t (as 

%$rther)ore an o,=ect o% the invention to provi#e co)po$n#s an# phar)ace$tical %or)$lations %or the 

treat)ent& alleviation an#'or prevention o% MRGPRX4*associate# con#itions& #isor#ers or #iseases+ @t 

(as a %$rther o,=ect o% the invention to provi#e the $se o% these co)po$n#s %or alleviating& preventing 

an#'or treating con#itions& #iseases an# #isor#ers connecte# to MRGPRX4 %$nction& partic$larl- %or& 

,$t not li)ite# to the $se %or treating open or close# (o$n#s& e+g+ %or (o$n# healing& an# %or the treat*

)ent o% #i%%erent t-pes o% pain an# itch+

This o,=ect has ,een solve# ,- the s$,=ect*)atter o% the patent clai)s+

The invention is #irecte# to MRGPRX4 receptor agonists or antagonists& respectivel-& that are $se%$l 

%or preventing or treating MRGPRX4*associate# con#itions& #isor#ers or #iseases+

/ %irst aspect o% the invention relates to a co)po$n# accor#ing to general Dor)$la 1

(herein 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8

R� represents *>1*10*al2-l*P(GF)(F>1*10*al2-l)6& *>1*10*al2-l*P(GF)(FE)(F>1*10*al2-l)& *>1*10*

al2-l*0(GF)6(FE)& *>1*10*al2-l*0(GF)6(NE6)& *>1*10*al2-l*>(GF)(FE)& or *>1*10*al2-l*

P(GF)(FE)68

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*F*ar-l& *>;*7*c-cloal2-l*ar-l& *>;*7*

c-cloal2-l*heteroar-l& *>1*10*al2-l*heteroar-l& or *>1*10*al2-l*F*heteroar-l8
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(herein in each case H>1*10*al2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise 

sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *

>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case H>;*10*c-cloal2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other*

(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) 

*>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case Har-lH is a 7*14*)e),ere# ar-l )oiet- (hich )a- ,e $ns$,stit$te#& )ono*

or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& *>Br;& *>@;& 

*>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *

N;& *D& *>l& *Br& an# *@8

(herein in each case Hheteroar-lH is a 5*14*)e),ere# heteroar-l )oiet- (hich )a- ,e $ns$,sti*

t$te#& )ono* or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& 

*>Br;& *>@;& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*

10*al2-l)6& *N;& *D& *>l& *Br& an# *@8

or a ph-siologicall- accepta,le salt thereo%8

(ith the proviso that the co)po$n# is not a co)po$n# selecte# %ro) the gro$p consisting o% 

co)po$n#s 5*1 to 5*;:

����

����
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����

+

The co)po$n#s accor#ing to the invention are #erivatives o% 3anthine (6&7*#ih-#ro3-p$rine)+ The n$)*

,ering o% s$,stit$ents R�& R�& R� an# R� correspon#s to the n$),ering o% ring ato)s o% the 3anthine 

sca%%ol#+

The co)po$n#s accor#ing to the invention )a- re%lect t(o s$,stit$tion patterns& %or the p$rpose o% the 

speci%ication in#icate# as (i) an# (ii)& respectivel-+

/ccor#ing to s$,stit$tion pattern (i)&

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8

R� represents *>1*10*al2-l*P(GF)(FE)68

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8 an#

R� represents *>;*7*c-cloal2-l*ar-l& *>;*7*c-cloal2-l*heteroar-l& *>1*10*al2-l*ar-l or *>1*10*al2-l*

heteroar-l ((herein in case o% *>6*al2-l*ar-l& the al2-l*)oiet- is sat$rate#)+

/ccor#ing to s$,stit$tion pattern (ii)& 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8

R� represents *>1*10*al2-l*P(GF)(F>1*10*al2-l)68 *>1*10*al2-l*P(GF)(FE)(F>1*10*al2-l)8 *>1*10*al*

2-l*0(GF)6(FE)8 *>1*10*al2-l*0(GF)6(NE6)8 or *>1*10*al2-l*>(GF)(FE)8 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l+
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Jithin the a,ove #e%initions o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& in each 

case H>1*10*al2-lH in#epen#entl- )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise sat$rate# 

or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *>I>E& *>(GF)FE& *

>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# 

*@+

Unless e3pressl- state# other(ise& Hal2-lH pre%era,l- re%ers to an aliphatic h-#rocar,on incl$#ing 

straight chain& or ,ranche# chain gro$ps+ Pre%era,l-& the al2-l gro$p has 1 to 10 car,on ato)s (>1*>10

al2-l)& )ore pre%era,l- 1 to 7 car,on ato)s (>1*>7 al2-l) an# )ost pre%era,l- 1 to 4 car,on ato)s (>1*

>4 al2-l)& e+ g+& )eth-l& eth-l& n*prop-l& isoprop-l& n*,$t-l& iso*,$t-l& sec*,$t-l& tert*,$t-l an# the li2e+ 

The aliphatic h-#rocar,on )a- ,e sat$rate# or $nsat$rate#+ Jhen it is $nsat$rate#& it )a- contain one 

or )ore $nsat$rations& i+e+& *>G>*#o$,le an#'or *>I>*triple ,on#s+ @% there is )ore than one $nsat$ra*

tion& the $nsat$rations )a- ,e con=$gate# or isolate#+ Th$s& %or the p$rpose o% the speci%ication the ter) 

Hal2-lH enco)passes sat$rate# h-#rocar,ons as (ell as al2en-l& al2-n-l an# al2en-n-l resi#$es+ 

H/l2en-lH pre%era,l- re%ers to an al2-l gro$p& as #e%ine# a,ove& consisting o% at least t(o car,on ato)s 

an# at least one car,on*car,on #o$,le ,on# e+g+& ethen-l& propen-l& ,$ten-l or penten-l an# their str$c*

t$ral iso)eric %or)s s$ch as 1* or 6*propen-l& 1*& 6*& or ;*,$ten-l an# the li2e+ H/l2-n-lH pre%era,l- 

re%ers to an al2-l gro$p& as #e%ine# a,ove& consisting o% at least t(o car,on ato)s an# at least one car,on*

car,on triple ,on# e+ g+& acet-lene& eth-n-l& prop-n-l& ,$t-n-l& or pent-n-l an# their str$ct$ral iso)eric 

%or)s as #escri,e# a,ove+ /l2-l )a- ,e s$,stit$te# or $ns$,stit$te#+ Jhen s$,stit$te#& the s$,stit$ent 

gro$p(s) is one or )ore& %or e3a)ple one or t(o gro$ps& in#ivi#$all- selecte# %ro) the gro$p consisting 

o% *>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al*

2-l)6& *N;& *D& *>l& *Br& an# *@+

Jithin the a,ove #e%initions o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& in each

case H>;*10*c-cloal2-lH in#epen#entl- )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise sat*

$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *>I>E& *

>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *

>l& *Br& an# *@+

Unless e3pressl- state# other(ise& Hc-cloal2-lH pre%era,l- re%ers to c-clic h-#rocar,on resi#$e that con*

tains no heteroato)s as ring )e),ers an# that is not aro)atic+ H>-clo*al2-lH )a- enco)pass a single 

c-cle or )ore than one c-cle+ Pre%era,l-& c-cloal2-l has ; to < car,on ato)s (*>;*>< c-cloal2-l)+ >-*

cloal2-l )a- ,e sat$rate#& e+g+& c-clopropane& c-clo,$tane& c-clopentane& c-clohe3ane& c-cloheptane& 

a#a)antane8 or $nsat$rate# (e+g+& c-cloal2en-l& c-cloal2-n-l)& e+g+& c-clo,$ten-l& c-clopenten-l& c-clo*

he3en-l& c-clo*he3a#iene& c-cloheptatriene an# the li2e+ >-cloal2-l )a- ,e s$,stit$te# or $ns$,stit$te#+ 

Jhen s$,stit$te#& the s$,stit$ent gro$p(s) is one or )ore& %or e3a)ple one or t(o gro$ps& in#ivi#$all- 
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selecte# %ro) *>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *

N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# *@+

Jithin the a,ove #e%initions o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& in each 

case Har-lH in#epen#entl- is a 7*14*)e),ere# ar-l )oiet- (hich )a- ,e $ns$,stit$te#& )ono* or #i*

s$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& *>Br;& *>@;& *>(GF)FE& 

*>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# 

*@+

Unless e3pressl- state# other(ise& Har-lH pre%era,l- re%ers to an aro)atic all*car,on )onoc-clic or 

%$se#*ring pol-c-clic gro$p (i+e+& rings (hich share a#=acent pairs o% car,on ato)s) o% 7 to 14 ring ato)s 

an# having a co)pletel- con=$gate# pi*electron s-ste)+ E3a)ples& (itho$t li)itation& o% ar-l gro$ps 

are phen-l& naphthalen-l an# anthracen-l+ The ar-l gro$p )a- ,e s$,stit$te# or $ns$,stit$te#+ Jhen 

s$,stit$te#& the s$,stit$te# gro$p(s) is one or )ore& %or e3a)ple one& t(o& or three s$,stit$ents& in#e*

pen#entl- selecte# %ro) the gro$p consisting o% *>I>E& *>D;& *>>l;& *>Br;& *>@;& *>(GF)FE& *>(GF)F*

>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# *@+

Jithin the a,ove #e%initions o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& in each 

case Hheteroar-lH in#epen#entl- is a 5*14*)e),ere# heteroar-l )oiet- (hich )a- ,e $ns$,stit$te#& 

)ono* or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& *>Br;& *>@;& 

*>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& 

*>l& *Br& an# *@+

Unless e3pressl- state# other(ise& Hheteroar-lH pre%era,l- re%ers to a )onoc-clic or %$se# aro)atic ring 

(i+e+& rings (hich share an a#=acent pair o% ato)s) o% 5 to 10 ring ato)s in (hich one& t(o& three or %o$r 

ring ato)s are selecte# %ro) the gro$p consisting o% N& F an# 0 an# the rest ,eing car,on+ E3a)ples& 

(itho$t li)itation& o% heteroar-l gro$ps are p-ri#-l& p-rrol-l& %$r-l& thien-l& i)i#a?ol-l& o3a?ol-l& iso3*

a?ol-l& thia?ol-l& isothia?ol-l& p-ra?ol-l& 1&6&;*tria?ol-l& 1&6&4*tria?ol-l& 1&6&;*o3a#ia?ol-l& 1&6&4*o3a#i*

a?ol-l& 1&6&5*o3a#ia?ol-l& 1&;&4*o3a#ia?ol-l& 1&;&4*tria?in-l& 1&6&;*tria?in-l& ,en?o%$r-l& iso,en?o%$r-l& 

,en?othien-l& ,en?otria?ol-l& iso,en?othien-l& in#ol-l& isoin#ol-l& ;E*in#ol-l& ,en?i)i#a?ol-l& ,en?o*

thia?ol-l& ,en?o3a?ol-l& 4$inoli?in-l& 4$ina?olin-l& pthala?in-l& 4$ino3alin-l& cinnnolin-l& napth-ri#i*

n-l& 4$inol-l& iso4$inol-l& tetra?ol-l& 5&7&9&<*tetrah-#ro4$inol-l& 5& 7& 9& <*tetra*h-#roiso4$inol-l& p$ri*

n-l& pteri#in-l& p-ri#in-l& p-ri)i#in-l& car,a?ol-l& 3anthen-l or ,en?o4$inol-l+ The heteroar-l gro$p 

)a- ,e s$,stit$te# or $ns$,stit$te#+ Jhen s$,stit$te#& the s$,stit$te# gro$p(s) is one or )ore& %or e3*

a)ple one or t(o s$,stit$ents& in#epen#entl- selecte# %ro) the gro$p consisting o% *>I>E& *>D;& *>>l;& 

*>Br;& *>@;& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al*

2-l)6& *N;& *D& *>l& *Br& an# *@+
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@% not e3pressl- state# other(ise& an- resi#$e& gro$p or )oiet- #e%ine# herein that can ,e s$,stit$te# is 

pre%era,l- s$,stit$te# (ith one or )ore s$,stit$ents in#epen#entl- selecte# %ro) the gro$p consisting 

o% *>I>E& *>D;& *>>l;& *>Br;& *>@;& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*

>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# *@+

The invention also relates to the stereoiso)ers o% the co)po$n#s accor#ing to general %or)$la 1 e+g+ the 

enantio)ers or #iastereo)ers in race)ic& enriche# or s$,stantiall- p$re %or)+

@n pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& R� represents 

*>1*10*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*10*al2-l*>;*10*c-cloal2-l8 

pre%era,l- *>1*7*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*7*al2-l*>;*7*c-cloal2-l8 

)ore pre%era,l- *>E6>E;& *>E6>E6>E;& *>E6>I>E& or *>E6*c-clo,$t-l+

@n pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& R� represents 

*>;*5*al2-l*P(GF)(FE)68 *>;*5*al2-l*P(GF)(F>1*7*al2-l)68 *>;*5*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>;*5*al*

2-l*0(GF)6(FE)8 *>;*5*al2-l*0(GF)6(NE6)8 or *>;*5*al2-l*>(GF)(FE)8

pre%era,l- *>;*5*al2-l*P(GF)(FE)68 )ore pre%era,l- *>4*al2-l*P(GF)(FE)6+

@n pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& R� represents 

*E8 *>1*10*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*10*al2-l*>;*10*c-cloal2-l8 or *>1*10*al2-l*ar-l8

pre%era,l- *E8 *>1*7*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*7*al2-l*>;*7*c-cloal2-l8 or *>1*7*al2-l*

ar-l8

)ore pre%era,l- *E& *>E;& *>E6>E;& *>E6>E6*FE& *>E6>E6>E;& *>E6*c-cloprop-l& or *>E6*phen-l+

@n pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& R� represents 

*>;*10*c-cloal2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *ar-l& *>1*10*al2-l*ar-l& *>;*7*c-cloal2-l*ar-l& or *>1*10*al*

2-l*F*ar-l8

pre%era,l- *phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6*phen-l& optionall- 

s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6>E6*phen-l& optionall- s$,stit$te# (ith one or 

t(o s$,stit$ents in#epen#entl- o% one another selecte# %ro) *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>EG>E*

phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6*F*phen-l& optionall- s$,sti*

t$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *c-cloprop-l*phen-l& optionall- s$,stit$te# (ith *D& *Br& *

>l& *>E;& *>D;& *F>E;8 or *>;*7*c-cloal2-l8

)ore pre%era,l- *phen-l& optionall- s$,stit$te# (ith *F>E;8 *>E6*phen-l& optionall- s$,stit$te# (ith *

>l8 *>E6>E6*phen-l& optionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another 
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selecte# %ro) *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *F>E;8 *

>E6*F*phen-l8 *c-cloprop-l*phen-l8 or *c-clopent-l+

@n pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion pattern (i) 

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& or *>1*7*al2-l*heteroar-l8 

or 

R� represents *>1*7*al2-l*P(GF)(FE)68

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& or *>1*7*al2-l*heteroar-l8 

an#

R� represents *>;*7*c-cloal2-l*phen-l or *>1*7*al2-l*phen-l ((herein in case o% *>6*al2-l*phen-l& 

the al2-l*)oiet- is sat$rate#)+

@n pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion pattern (ii)& 

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l8

R� represents *>1*7*al2-l*P(GF)(F>1*7*al2-l)68 *>1*7*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>1*7*al2-l*

0(GF)6(FE)8 *>1*7*al2-l*0(GF)6(NE6)8 or *>1*7*al2-l*>(GF)(FE)8 

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l8 an# 

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l+

@n )ore pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion pattern (i)&

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& or *>1*7*al2-l*heteroar-l8

R� represents *>4*al2-l*P(GF)(FE)68

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& or *>1*7*al2-l*heteroar-l8 

an#

R� represents *>;*c-cloal2-l*ar-l or *>1*7*al2-l*phen-l ((herein in case o% *>6*al2-l*phen-l& the 

al2-l*)oiet- is sat$rate#)+

@n )ore pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion pattern (ii)&

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l8
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R� represents *>4*al2-l*P(GF)(F>1*7*al2-l)68 *>4*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>4*al2-l*

0(GF)6(FE)8 *>4*al2-l*0(GF)6(NE6)8 or *>4*al2-l*>(GF)(FE)8 

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l8 an#

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l+

@n still )ore pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion pattern (i)&

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& or *>1*7*al2-l*heteroar-l8

R� represents *>E6>E6>E6>E6*P(GF)(FE)68

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& or *>1*7*al2-l*heteroar-l8 

an#

R� represents *c-cloprop-l*ar-l& *>E6*phen-l or *>E6>E6*phen-l+

@n still )ore pre%erre# e),o#i)ents o% the co)po$n#s accor#ing to s$,stit$tion pattern (ii)&

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l8

R� represents *>E6>E6>E6>E6*P(GF)(F>1*7*al2-l)68 *>E6>E6>E6>E6*P(GF)(FE)(F>1*7*al2-l)8 

*>E6>E6>E6>E6*0(GF)6(FE)8 *>E6>E6>E6>E6*0(GF)6(NE6)8 or *>E6>E6>E6>E6*

>(GF)(FE)8 

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l8 an#

R� represents *E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *

>;*7*c-cloal2-l& *>1*7*F*ar-l& or *>1*7*F*heteroar-l+

Jithin an- o% the a,ove #e%initions o% the pre%erre#& )ore pre%erre# an# still )ore pre%erre# e),o#i*

)ents o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& in each case H>1*7*al2-lH )a- ,e 

linear or ,ranche#& $nless e3pressl- state# other(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or )ono*

s$,stit$te# (ith a s$,stit$ent selecte# %ro) *>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*

al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# *@+

Jithin an- o% the a,ove #e%initions o% the pre%erre#& )ore pre%erre# an# still )ore pre%erre# e),o#i*

)ents o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& in each case H>;*7*c-cloal2-lH 

)a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or 
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)onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*

10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# *@+

Jithin an- o% the a,ove #e%initions o% the pre%erre#& )ore pre%erre# an# still )ore pre%erre# e),o#i*

)ents o% the co)po$n#s accor#ing to s$,stit$tion patterns (i) an# (ii)& in each case Har-lH an# Hhet*

eroar-lH are as #e%ine# a,ove+

Partic$larl- pre%erre# co)po$n#s accor#ing to s$,stit$tion pattern (i) are co)po$n#s B*1 to B*6;: 

����

����

����

��4�
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�����

an# the ph-siologicall- accepta,le salts thereo%+

Partic$larl- pre%erre# co)po$n#s accor#ing to s$,stit$tion pattern (ii) (here R� represents *>1*10*al2-l*

P(GF)(F>1*10*al2-l)6 are co)po$n#s >*1 to >*10:

 ���

 ���

 ���

 �4�
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an# the ph-siologicall- accepta,le salts thereo%+

159



17 UBN0005(EP)

Partic$larl- pre%erre# co)po$n#s accor#ing to s$,stit$tion pattern (ii) (here R� represents *>1*10*al2-l*

P(GF)(FE)(F>1*10*al2-l) are co)po$n#s B*1 to B*;:

!���

!���

!���

an# the ph-siologicall- accepta,le salts thereo%+

Partic$larl- pre%erre# co)po$n#s accor#ing to s$,stit$tion pattern (ii) (here R� represents *>1*10*al2-l*

0(GF)6(FE) are co)po$n#s E*1 to E*;:

"���

"���
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"���

an# the ph-siologicall- accepta,le salts thereo%+

/ partic$larl- pre%erre# co)po$n# accor#ing to s$,stit$tion pattern (ii) (here R� represents *>1*10*

al2-l*0(GF)6(NE6) is co)po$n# D*1:

#���

an# the ph-siologicall- accepta,le salts thereo%+

Partic$larl- pre%erre# co)po$n#s accor#ing to s$,stit$tion pattern (ii) (here R� represents *>1*10*al2-l*

>(GF)(FE) are co)po$n#s G*1 an# G*6:

G���

G���

an# the ph-siologicall- accepta,le salts thereo%+

/nother aspect o% the invention relates to a co)po$n# o% general %or)$la 1
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(herein

R� represents *>1*10*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*10*al2-l*>;*10*c-cloal2-l8 pre%*

era,l- *>1*7*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*7*al2-l*>;*7*c-cloal2-l8 )ore pre%era,l- *

>E6>E;& *>E6>E6>E;& *>E6>I>E& or *>E6*c-clo,$t-l8

R� represents *>;*5*al2-l*FE& *>;*5*al2-l*F*>(GF)>1*7*al2-l& *>;*5*al2-l*P(GF)(FE)68 *>;*5*al2-l*

P(GF)(F>1*7*al2-l)68 *>;*5*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>;*5*al2-l*0(GF)6(FE)8 *>;*5*al2-l*

0(GF)6(NE6)8 or *>;*5*al2-l*>(GF)(FE)8 pre%era,l- *>;*5*al2-l*P(GF)(FE)68 )ore pre%era,l- *>4*al2-l*

P(GF)(FE)68

R� represents *E8 *>1*10*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*10*al2-l*>;*10*c-cloal2-l8 or *>1*

10*al2-l*ar-l8 pre%era,l- *E8 *>1*7*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*7*al2-l*>;*7*c-cloal2-l8 or 

*>1*7*al2-l*ar-l8 )ore pre%era,l- *E& *>E;& *>E6>E;& *>E6>E6*FE& *>E6>E6>E;& *>E6*c-cloprop-l& 

or *>E6*phen-l8 

R� represents *>;*10*c-cloal2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *ar-l& *>1*10*al2-l*ar-l& *>;*7*c-cloal*

2-l*ar-l& or *>1*10*al2-l*F*ar-l8 pre%era,l- *phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& 

*F>E;8 *>E6*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6>E6*phen-l& 

optionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another selecte# %ro) *D& *Br& 

*>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 

*>E6*F*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *c-cloprop-l*phen-l& op*

tionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 or *>;*7*c-cloal2-l8 )ore pre%era,l- *phen-l& 

optionall- s$,stit$te# (ith *F>E;8 *>E6*phen-l& optionall- s$,stit$te# (ith *>l8 *>E6>E6*phen-l& op*

tionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another selecte# %ro) *D& *Br& *

>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *F>E;8 *>E6*F*phen-l8 *c-clo*

prop-l*phen-l8 or *c-clopent-l8

an# the ph-siologicall- accepta,le salts thereo%+

/nother aspect o% the invention relates to a co)po$n# o% general %or)$la 1
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(herein

R� represents *>1*10*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*10*al2-l*>;*10*c-cloal2-l8 pre%*

era,l- *>1*7*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*7*al2-l*>;*7*c-cloal2-l8 )ore pre%era,l- *

>E6>E;& *>E6>E6>E;& *>E6>I>E& or *>E6*c-clo,$t-l8

R� represents *>;*5*al2-l*FE& *>;*5*al2-l*F*>(GF)>1*7*al2-l& *>;*5*al2-l*P(GF)(FE)68 *>;*5*al2-l*

P(GF)(F>1*7*al2-l)68 *>;*5*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>;*5*al2-l*0(GF)6(FE)8 *>;*5*al2-l*

0(GF)6(NE6)8 or *>;*5*al2-l*>(GF)(FE)8 pre%era,l- *>;*5*al2-l*P(GF)(FE)68 )ore pre%era,l- *>4*al2-l*

P(GF)(FE)6+

R� represents *>6*10*al2-l& optionall- s$,stit$te# (ith *FE8 *>6*10*al2-l*>;*10*c-cloal2-l8 or *>6*10*

al2-l*ar-l8 pre%era,l- *>6*7*al2-l& optionall- s$,stit$te# (ith *FE8 *>6*7*al2-l*>;*7*c-cloal2-l8 or *>6*7*

al2-l*ar-l8 )ore pre%era,l- *>E6>E;& *>E6>E6*FE& or *>E6>E6>E;8

R� represents *>;*10*c-cloal2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *ar-l& *>1*10*al2-l*ar-l& *>;*7*c-cloal*

2-l*ar-l& or *>1*10*al2-l*F*ar-l8 pre%era,l- *phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& 

*F>E;8 *>E6*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6>E6*phen-l& 

optionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another selecte# %ro) *D& *Br& 

*>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 

*>E6*F*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *c-cloprop-l*phen-l& op*

tionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 or *>;*7*c-cloal2-l8 )ore pre%era,l- *phen-l& 

optionall- s$,stit$te# (ith *F>E;8 *>E6*phen-l& optionall- s$,stit$te# (ith *>l8 *>E6>E6*phen-l& op*

tionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another selecte# %ro) *D& *Br& *

>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *F>E;8 *>E6*F*phen-l8 *c-clo*

prop-l*phen-l8 or *c-clopent-l8

an# the ph-siologicall- accepta,le salts thereo%+

/nother aspect o% the invention relates to a co)po$n# o% general %or)$la 1
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(herein

R� represents *>E6>I>E8

R� represents *>;*5*al2-l*FE& *>;*5*al2-l*F*>(GF)>1*7*al2-l& *>;*5*al2-l*P(GF)(FE)68 *>;*5*al2-l*

P(GF)(F>1*7*al2-l)68 *>;*5*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>;*5*al2-l*0(GF)6(FE)8 *>;*5*al2-l*

0(GF)6(NE6)8 or *>;*5*al2-l*>(GF)(FE)8 pre%era,l- *>;*5*al2-l*P(GF)(FE)68 )ore pre%era,l- *>4*al2-l*

P(GF)(FE)68

R� represents *E8 *>1*10*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*10*al2-l*>;*10*c-cloal2-l8 or *>1*

10*al2-l*ar-l8 pre%era,l- *E8 *>1*7*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*7*al2-l*>;*7*c-cloal2-l8 or 

*>1*7*al2-l*ar-l8 )ore pre%era,l- *E& *>E;& *>E6>E;& *>E6>E6*FE& *>E6>E6>E;& *>E6*c-cloprop-l& 

or *>E6*phen-l8

R� represents *>6*10*al2-l*>;*10*c-cloal2-l& *>6*10*al2-l*ar-l& *>;*7*c-cloal2-l*ar-l& or *>1*10*al2-l*

F*ar-l8 pre%era,l- *>E6>E6*phen-l& optionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- 

o% one another selecte# %ro) *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6*F*phen-l& optionall- s$,stit$te# 

(ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 or *c-cloprop-l*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *

>E;& *>D;& *F>E;8 )ore pre%era,l- *>E6>E6*phen-l& optionall- s$,stit$te# (ith one or t(o s$,stit$*

ents in#epen#entl- o% one another selecte# %ro) *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6*F*phen-l8 or *

c-cloprop-l*phen-l8

an# the ph-siologicall- accepta,le salts thereo%+

/nother aspect o% the invention relates to a co)po$n# o% general %or)$la 1

(herein

R� represents *>I>E8 
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R� represents *>;*5*al2-l*FE& *>;*5*al2-l*F*>(GF)>1*7*al2-l& *>;*5*al2-l*P(GF)(FE)68 *>;*5*al2-l*

P(GF)(F>1*7*al2-l)68 *>;*5*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>;*5*al2-l*0(GF)6(FE)8 *>;*5*al2-l*

0(GF)6(NE6)8 or *>;*5*al2-l*>(GF)(FE)8 pre%era,l- *>;*5*al2-l*P(GF)(FE)68 )ore pre%era,l- *>4*al2-l*

P(GF)(FE)6+

R� represents *>6*10*al2-l& optionall- s$,stit$te# (ith *FE8 *>6*10*al2-l*>;*10*c-cloal2-l8 or *>6*10*

al2-l*ar-l8 pre%era,l- *>6*7*al2-l& optionall- s$,stit$te# (ith *FE8 *>6*7*al2-l*>;*7*c-cloal2-l8 or *>6*7*

al2-l*ar-l8 )ore pre%era,l- *>E6>E;& *>E6>E6*FE& or *>E6>E6>E;8

R� represents *>;*10*c-cloal2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *ar-l& *>1*10*al2-l*ar-l& *>;*7*c-cloal*

2-l*ar-l& or *>1*10*al2-l*F*ar-l8 pre%era,l- *phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& 

*F>E;8 *>E6*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6>E6*phen-l& 

optionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another selecte# %ro) *D& *Br& 

*>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 

*>E6*F*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *c-cloprop-l*phen-l& op*

tionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 or *>;*7*c-cloal2-l8 )ore pre%era,l- *phen-l& 

optionall- s$,stit$te# (ith *F>E;8 *>E6*phen-l& optionall- s$,stit$te# (ith *>l8 *>E6>E6*phen-l& op*

tionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another selecte# %ro) *D& *Br& *

>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *F>E;8 *>E6*F*phen-l8 *c-clo*

prop-l*phen-l8 or *c-clopent-l8

an# the ph-siologicall- accepta,le salts thereo%+

/s $se# herein& the ter)s Hph-siologicall- accepta,le saltH re%er to those salts (hich retain the ,iological 

e%%ectiveness an# properties o% the co)po$n# accor#ing to general %or)$la 1+ 0$ch salts incl$#e& ,$t are 

not restricte# to: (1) an aci# a##ition salt (hich is o,taine# ,- reaction o% the %ree ,ase o% the co)po$n# 

accor#ing to general %or)$la 1 (ith inorganic aci#s s$ch as h-#rochloric aci#& h-#ro,ro)ic aci#& nitric 

aci#& phosphoric aci#& s$l%$ric aci#& an# perchloric aci# an# the li2e& or (ith organic aci#s s$ch as acetic 

aci#& o3alic aci#& (B)* or (K)* )alic aci#& )aleic aci#& )ethanes$l%onic aci#& ethanes$l%onic aci#& p*

tol$enes$l%onic aci#& salic-lic aci#& tartaric aci#& citric aci#& s$ccinic aci# or )alonic aci# an# the li2e& 

pre%era,l- h-#rochloric aci# or (K)*)alic aci#8 or (6) salts %or)e# (hen an aci#ic proton present in the 

co)po$n# accor#ing to general %or)$la 1 either is replace# ,- a )etal ion& e+ g+& an al2ali )etal ion& 

s$ch as so#i$) or potassi$)& an al2aline earth ion& s$ch as )agnesi$) or calci$)& or an al$)in$) ion8 

or coor#inates (ith an organic ,ase s$ch as ethanola)ine& #iethanola)ine& triethanola)ine& tro)etha)*

ine& N*)eth-lgl$ca)ine& an# the li2e+

The co)po$n# o% general Dor)$la 1 )a- also act as a pro#r$g+ / Hpro#r$gH pre%era,l- re%ers to an 

agent (hich is converte# into the parent #r$g in vivo+ Pro#r$gs are o%ten $se%$l ,eca$se& in so)e sit$a*

tions& the- )a- ,e easier to a#)inister than the parent #r$g+ The- )a-& %or instance& ,e ,ioavaila,le ,- 
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oral a#)inistration (hereas the parent #r$g is not& or the- )a- penetrate into the central nervo$s s-ste) 

(>N0) (hile the parent #r$g #oes not+ The pro#r$g )a- also have i)prove# sol$,ilit- in phar)ace$tical 

co)positions over the parent #r$g or other(ise increase# lipophilicit- to sho( ,etter sol$,ilit- in #er)al 

oint)ents& to penetrate ,etter into the s2in& or to per)eate into the >N0+ /n e3a)ple& (itho$t li)itation& 

o% a pro#r$g (o$l# ,e a co)po$n# o% the present invention (hich is a#)inistere# as an ester (the Hpro*

#r$gH) to %acilitate trans)ittal across a cell )e),rane (here (ater sol$,ilit- is #etri)ental to )o,ilit- 

,$t then is )eta,olicall- h-#rol-?e# e+g+ to the car,o3-lic aci# or phosphonic aci#& the active entit-& 

once insi#e the cell (here (ater sol$,ilit- is ,ene%icial+ / pro#r$g )a- ,e converte# into the parent 

#r$g ,- vario$s )echanis)s& incl$#ing en?-)atic processes an# )eta,olic h-#rol-sis+

/ %$rther e3a)ple o% a pro#r$g )ight ,e a short pol-pepti#e& %or e3a)ple& (itho$t li)itation& a 6*10 

a)ino aci# pol-pepti#e& ,on#e# thro$gh a ter)inal a)ino gro$p to a car,o3- gro$p o% a co)po$n# o% 

this invention (herein the pol-pepti#e is h-#rol-?e# or )eta,oli?e# in vivo to release the active )ole*

c$le+ The pro#r$gs o% co)po$n#s o% general %or)$la 1 are (ithin the scope o% this invention+ 

/##itionall-& it is conte)plate# that co)po$n#s o% general %or)$la 1 (o$l# ,e )eta,oli?e# ,- en?-)es 

in the ,o#- o% the organis) s$ch as a h$)an ,eing to generate a )eta,olite that can )o#$late the activit- 

o% the MRGPRX4 receptor+ 0$ch )eta,olites are (ithin the scope o% the present invention+

/nother aspect o% the invention relates to a phar)ace$tical co)position co)prising an- o% the co)*

po$n#s or salts o% the present invention an#& optionall-& a phar)ace$ticall- accepta,le carrier or e3cip*

ient+ This co)position )a- a##itionall- co)prise %$rther co)po$n#s or )e#ica)ents& s$ch as& %or e3*

a)ple& ne$roprotective or antinociceptive& anti*in%la))ator- or anti,iotic agents ,esi#es the co)*

po$n#s accor#ing to general %or)$la 1+

HPhar)ace$tical co)positionH pre%era,l- re%ers to a )i3t$re o% one or )ore o% the co)po$n#s #escri,e# 

herein& or ph-siologicall-'phar)ace$ticall- accepta,le salts or pro#r$gs thereo%& (ith other che)ical 

co)ponents& s$ch as ph-siologicall-' phar)ace$ticall- accepta,le carriers an# e3cipients+ The p$rpose 

o% a phar)ace$tical co)position is to %acilitate a#)inistration o% a co)po$n# to an organis)+

/s $se# herein& a Hph-siologicall-'phar)ace$ticall- accepta,le carrierH re%ers to a carrier or #il$ent that 

#oes not ca$se signi%icant irritation to an organis) an# #oes not a,rogate the ,iological activit- an# 

properties o% the a#)inistere# co)po$n#+

/ Hphar)ace$ticall- accepta,le e3cipientH re%ers to an inert s$,stance a##e# to a phar)ace$tical co)*

position to %$rther %acilitate a#)inistration o% a co)po$n#+ E3a)ples& (itho$t li)itation& o% e3cipients 
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incl$#e calci$) car,onate& calci$) phosphate& vario$s s$gars an# t-pes o% starch& cell$lose #erivatives& 

gelatin& vegeta,le oils an# pol-eth-lene gl-cols+

Ph-siologicall- or phar)ace$ticall- accepta,le carriers an# e3cipients are 2no(n to the s2ille# person+ 

@n this regar# it can ,e re%erre# to& e+g+& E+P+ Die#ler& Ke3i2on #er Eil%ssto%%e %Lr Phar)a?ie& Aos)eti2 

$n# angren?en#e technische Ge,iete& E#itio >antor /$len#or%& 6001+

The phar)ace$tical co)position accor#ing to the invention can ,e& e+g+& soli#& li4$i# or past-+

/ %$rther aspect o% the invention relates to a phar)ace$tical #osage %or) co)prising the phar)ace$tical 

co)position accor#ing to the invention+

The phar)ace$tical #osage %or) accor#ing to the invention )a- ,e a#apte# %or vario$s ro$tes o% a#*

)inistration (e+g+ s-ste)ic& parenteral& s$,c$taneo$s& topic& local)& s$ch as oral a#)inistration& in%$sion& 

in=ection an# the li2e+ The phar)ace$tical #osage %or) is pre%era,l- a#apte# %or oral& local or s$,c$ta*

neo$s a#)inistration& or co),inations thereo%+

Phar)ace$tical #osage %or)s that are a#apte# %or oral a#)inistration incl$#e ta,lets& pellets& caps$les& 

po(#ers& gran$les an# the li2e+

The phar)ace$tical #osage %or) is pre%era,l- a#apte# %or a#)inistration once #ail-& t(ice #ail- or 

thrice #ail-+ The phar)ace$tical #osage %or) )a- release the co)po$n# accor#ing to general %or)$la 

1 i))e#iatel- (i))e#iate release %or)$lation) or over an e3ten#e# perio# o% ti)e (retar#e# release& 

#ela-e# release& prolonge# release& s$staine# release& an# the li2e)+

/nother aspect o% the invention relates to the co)po$n#s accor#ing to the invention as #escri,e# a,ove 

%or $se as a )e#ica)ent+

/nother aspect o% the invention relates to the co)po$n#s accor#ing to the invention as #escri,e# a,ove

%or $se in the prevention or treat)ent o% a con#ition& #isease or #isor#er that is associate# (ith the 

MRGPRX4 receptor& pre%era,l- that can ,e prevente# or treate# ,- )o#$lating& pre%era,l- agoni?ing 

the MRGPRX4 receptor& pre%era,l- the h$)an (il#t-pe MRGPRX4+

/nother aspect o% the invention relates to the $se o% the co)po$n#s accor#ing to the invention as #e*

scri,e# a,ove %or the )an$%act$re o% a )e#ica)ent %or the prevention or treat)ent o% a con#ition& #is*

ease or #isor#er that is associate# (ith the MRGPRX4 receptor& pre%era,l- that can ,e prevente# or 
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treate# ,- )o#$lating& pre%era,l- agoni?ing the MRGPRX4 receptor& pre%era,l- the h$)an (il#t-pe

MRGPRX4+ 

/nother aspect o% the invention relates to a )etho# %or preventing or treating a con#ition& #isease or 

#isor#er that is associate# (ith the MRGPRX4& pre%era,l- that can ,e prevente# or treate# ,- )o#$lat*

ing& pre%era,l- agoni?ing the MRGPRX4& pre%era,l- the h$)an (il#t-pe MRGPRX4& the )etho# co)*

prising the step o% a#)inistering an e%%ective a)o$nt o% a co)po$n# accor#ing to the invention as #e*

scri,e# a,ove to a s$,=ect in nee# thereo%+

Pre%era,l-& the #isease or #isor#er that is associate# (ith the MRGPRX4 receptor is selecte# %ro)

* open (o$n#s& e+g+ incisions or incise# (o$n#s& lacerations& a,rasions (gra?es)& av$lsions& p$nc*

t$re (o$n#s& penetration (o$n#s an# g$nshot (o$n#s8 an#

* close# (o$n#s& e+g+ he)ato)as an# crash in=$ries8 an#

* pain%$l states& itching& ne$ropathic pain& chronic pain+

Pre%era,l-& the #isease or #isor#er that is associate# (ith the MRGPRX4 receptor is associate# (ith the 

(il#t-pe o% the MRGPRX4 receptor (not its )$tant K<;0)+

Pre%era,l-& the co)po$n#& the phar)ace$tical co)position or the phar)ace$tical #osage %or) is a#*

)inistere# topicall- an#'or locall-+

The co)po$n#s accor#ing to the invention sho( agonistic or antagonistic e%%ects at the MRGPRX4

receptor+ 

@n another aspect& the invention relates to the $se o% the co)po$n#s accor#ing to general %or)$la 1 %or 

activating or ,loc2ing MRGPRX4 %$nction+ @n a %$rther aspect& the co)po$n#s accor#ing to general 

%or)$la 1 )a- th$s also ,e $se# %or the prevention& alleviation an#'or treat)ent o% a con#ition& #isease 

or #isor#er relate# to MRGPRX4 receptor activit-+

HTreatH& HtreatingH an# Htreat)entH pre%era,l- re%er to a )etho# o% alleviating or a,rogating an 

MRGPRX4 receptor relate# #isease or #isor#er an#'or its atten#ant s-)pto)s+ HPreventH& HpreventingH 

an# HpreventionH pre%era,l- re%er to a )etho# o% hin#ering an MRGPRX4 receptor relate# #isease or 

#isor#er %ro) occ$rring& i+e+ a proph-lactic )etho#+

The co)po$n#s accor#ing to the invention are $se%$l %or treating vario$s organis)s+ HFrganis)H pre%*

era,l- re%ers to an- living entit- co)prise# o% at least one cell+ / living organis) can ,e as si)ple as& 

%or e3a)ple& a single e$2ar-otic cell or as co)ple3 as a )a))al& incl$#ing a h$)an ,eing+
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The co)po$n#s accor#ing to the invention are $se# in therape$ticall- e%%ective a)o$nts+ HTherape$ti*

call- e%%ective a)o$ntH pre%era,l- re%ers to that a)o$nt o% the co)po$n# ,eing a#)inistere# (hich (ill 

relieve to so)e e3tent one or )ore o% the s-)pto)s o% the #isor#er ,eing treate#+

Pre%era,l-& the s$,=ect a%%licte# ,- a #isease treate#& alleviate# or prevente# accor#ing to the invente# 

$se is a h$)an+

/nother aspect o% the invention relates to a co)po$n# accor#ing to general Dor)$la 1

(herein 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8

R� represents *>1*10*al2-l*P(GF)(F>1*10*al2-l)6& *>1*10*al2-l*P(GF)(FE)(F>1*10*al2-l)& *>1*10*al*

2-l*0(GF)6(FE)& *>1*10*al2-l*0(GF)6(NE6)& *>1*10*al2-l*>(GF)(FE)& or *>1*10*al2-l*P(GF)(FE)68

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*F*ar-l& *>;*7*c-cloal2-l*ar-l& *>;*7*c-cloal2-l*

heteroar-l& *>1*10*al2-l*heteroar-l& or *>1*10*al2-l*F*heteroar-l8

(herein in each case H>1*10*al2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise sat$rate# 

or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *>I>E& *>(GF)FE& *

>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *>l& *Br& an# 

*@8

(herein in each case H>;*10*c-cloal2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise 

sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *>I>E& *

>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *

>l& *Br& an# *@8
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(herein in each case Har-lH is a 7*14*)e),ere# ar-l )oiet- (hich )a- ,e $ns$,stit$te#& )ono* or 

#is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& *>Br;& *>@;& *

>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& *

>l& *Br& an# *@8

(herein in each case Hheteroar-lH is a 5*14*)e),ere# heteroar-l )oiet- (hich )a- ,e $ns$,stit$te#& 

)ono* or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& *>Br;& *>@;& 

*>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *N;& *D& 

*>l& *Br& an# *@8

or a ph-siologicall- accepta,le salt thereo%&

%or $se in the prevention or treat)ent o% a con#ition& #isease or #isor#er that is associate# (ith the 

MRGPRX4 receptor& pre%era,l- associate# (ith the (il#t-pe o% the MRGPRX4 receptor+

The a,ove co)po$n#s %or $se accor#ing to the invention )a- again re%lect t(o s$,stit$tion patterns& %or 

the p$rpose o% the speci%ication in#icate# as (iii) an# (iv)& respectivel-+

/ccor#ing to s$,stit$tion pattern (iii) o% the co)po$n#s %or $se accor#ing to the invention& 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8

R� represents *>1*10*al2-l*P(GF)(FE)6 8 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8 an#

R� represents *>;*7*c-cloal2-l& *ar-l& *heteroar-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*heteroar-l 

((herein in case o% *>6*al2-l*ar-l& the al2-l*)oiet- is $nsat$rate#)8

/ccor#ing to s$,stit$tion pattern (iv) o% the co)po$n#s %or $se accor#ing to the invention& 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8

R� represents *>10*al2-l*FE8 or *>1*10*al2-l*F*>(GF)>1*10*al2-l8

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l+
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Jithin the a,ove #e%initions o% the co)po$n#s %or $se accor#ing to s$,stit$tion patterns (iii) an# (iv)& 

in each case H>1*10*al2-lH& H>;*10*c-cloal2-lH& Har-lH& an# Hheteroar-lH in#epen#entl- have the sa)e 

)eaning as #e%ine# a,ove+

@n pre%erre# e),o#i)ents o% the co)po$n#s %or $se accor#ing to s$,stit$tion pattern (iii)&

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8

R� represents *>1*7*al2-l*P(GF)(FE)68

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8 an#

R� represents *>;*7*c-cloal2-l& *ar-l& *heteroar-l& *>1*7*al2-l*ar-l& or *>1*7*al2-l*heteroar-l ((herein 

in case o% *>6*al2-l*ar-l& the al2-l*)oiet- is $nsat$rate#)+

@n pre%erre# e),o#i)ents o% the co)po$n#s %or $se accor#ing to s$,stit$tion pattern (iv)&

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8

R� represents *>1*7*al2-l*FE8 or *>1*7*al2-l*F*>(GF)>1*7*al2-l8

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l+

@n )ore pre%erre# e),o#i)ents o% the co)po$n#s %or $se accor#ing to s$,stit$tion pattern (iii)&

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8

R� represents *>E6>E6>E6>E6*P(GF)(FE)68

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*het*

eroar-l8 an#

R� represents *c-clopent-l& *phen-l& or *>EG>E*phen-l+

@n )ore pre%erre# e),o#i)ents o% the co)po$n#s %or $se accor#ing to s$,stit$tion pattern (iv)&

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8
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R� represents *>E6>E6>E6*FE8 or *>E6>E6>E6*F*>(GF)>1*7*al2-l8

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l+

Jithin an- o% the a,ove #e%initions o% the pre%erre# an# )ore pre%erre# e),o#i)ents o% the co)po$n#s 

%or $se accor#ing to s$,stit$tion patterns (iii) an# (iv)& in each case H>1*7*al2-lH& H>;*7*c-cloal2-lH& 

Har-lH& an# Hheteroar-lH have the sa)e )eaning as #e%ine# a,ove+

Partic$larl- pre%erre# co)po$n#s %or $se accor#ing to s$,stit$tion pattern (iii) are co)po$n#s 5*1 to 5*

;:

����

����

����

an# the ph-siologicall- accepta,le salts thereo%+

Pre%era,l-& the #isease or #isor#er that is associate# (ith the MRGPRX4 receptor is selecte# %ro)
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* open (o$n#s& e+g+ incisions or incise# (o$n#s& lacerations& a,rasions (gra?es)& av$lsions& p$nc*

t$re (o$n#s& penetration (o$n#s an# g$nshot (o$n#s8 an#

* close# (o$n#s& e+g+ he)ato)as an# crash in=$ries8 an#

* pain%$l states& itching& ne$ropathic pain& chronic pain+

Pre%era,l-& the #isease or #isor#er that is associate# (ith the MRGPRX4 receptor is associate# (ith the 

(il#t-pe o% the MRGPRX4 receptor (not its )$tant K<;0)+

Pre%era,l-& the co)po$n# is a#)inistere# topicall- an#'or locall-+

The inventions ill$strativel- #escri,e# herein )a- s$ita,l- ,e practice# in the a,sence o% an- ele)ent 

or ele)ents& li)itation or li)itations& not speci%icall- #isclose# herein+ Th$s& %or e3a)ple& the ter) Hin*

cl$#esH shall ,e rea# e3pansivel- an# (itho$t li)itation+ /##itionall-& the ter)s an# e3pressions e)*

plo-e# herein have ,een $se# as ter)s o% #escription an# not o% li)itation& an# there is no intention in 

the $se o% s$ch ter)s an# e3pressions o% e3cl$#ing an- e4$ivalents o% the %eat$res sho(n an# #escri,e# 

or portions thereo%& ,$t it is recogni?e# that vario$s )o#i%ications are possi,le (ithin the scope o% the 

invention clai)e#+ Th$s& it sho$l# ,e $n#erstoo# that altho$gh the present invention has ,een speci%i*

call- #isclose# ,- pre%erre# e),o#i)ents an# optional %eat$res& )o#i%ication an# variation o% the in*

ventions e),o#ie# therein herein #isclose# )a- ,e resorte# to ,- those s2ille# in the art& an# that s$ch 

)o#i%ications an# variations are consi#ere# to ,e (ithin the scope o% this invention+

The invention has ,een #escri,e# ,roa#l- an# genericall- herein+ Each o% the narro(er species an# 

s$,generic gro$pings %alling (ithin the generic #isclos$re also %or) part o% the invention+ This incl$#es 

the generic #escription o% the invention (ith a proviso or negative li)itation re)oving an- s$,=ect )at*

ter %ro) the gen$s& regar#less o% (hether or not the e3cise# )aterial is speci%icall- recite# herein+

Fther e),o#i)ents are (ithin the %ollo(ing clai)s an# non*li)iting e3a)ples+ @n a##ition& (here %ea*

t$res or aspects o% the invention are #escri,e# in ter)s o% Mar2$sh gro$ps& those s2ille# in the art (ill 

recogni?e that the invention is also there,- #escri,e# in ter)s o% an- in#ivi#$al )e),er or s$,gro$p o% 

)e),ers o% the Mar2$sh gro$p+

The present inventions (ill ,e e3plaine# in )ore #etail in the %ollo(ing e3a)ples+ Eo(ever& the e3a)*

ples are onl- $se# %or ill$stration an# #o not li)it the scope o% the present invention+
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"$%&'i(&nta) Pa't

0-nthesis o% Re%erence >o)po$n#s /*1 an# E*1 M E*C):

Reagents an# con#itions: (i) 6+1 e4$iv o% he3a)eth-l#isila?ane (EMB0)& re%l$3& 70M90 N>& @6& al2-l 

halogeni#e& 160 o>& 6 h& sat$rate# a4+ NaE>F; sol$tion& 90*95O8 (ii)  a4+ /cFE& ENF6& 70*75 o>& 7<*

95O8 (iii) a4 NE; (15O or 65O)& Na606F;& 90 o>& 50*90 O8 (iv) R6*>FFE& EB>PE>l& )ethanol& 64 h& 
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rt& 90*<5O8 (v) ;*io#oprop-l acetate& A6>F;& BMD& rt& 64 h& 70*90O8 (vi) P6F5& BMD& 100 o>& 10*;0 

)in& 90*<<O8 (vii) P#'> (10O)& E6(g)& )ethanol& 5 h& C5O8 (vii) >E;@& A6>F;& BMD& rt& 64 h& 96*C0O8 

(viii) AFE')ethanol'E6F& 97*100O 8 (i3) PF(FMe);'PF>l;& rt& ;0 )in& E6F& 41*<0O+

0-nthesis o% @nventive co)po$n#s G�� M G��:

Reagents an# con#itions: (i) eth-l 5*io#opentanoate& A6>F;& BMD& 55 N>& 16 h& (ii) 6N NaFE& C0 N>& 

70 )in& E>l& CM16O over 6 steps+
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0-nthesis o% @nventive >o)po$n#s B*1 M B*6;& >*1 M >*10& B*1 M B*; an# 5*1 M 5*;):

N

N
H

O

O
R1

NH2

NH2

8-10

N

N
H

O

O
R1

NH2

H
N R2

O

20a-s

R3

a (R1 = �r��ar���� R3 = H�
� (R1 = �r��ar���� R3 = m-O�H3�
� (R1 = �r��ar���� R3 = m-��
� (R1 = �r��ar���� R3 = m-Br�
� (R1 = �r��ar���� R3 = m-�H3�
 (R1 = �r��ar���� R3 = m-��3�
� (R1 = �r��ar���� R3 = o-O�H3�
! (R1 = �r��ar���� R3 = o-Br�
" (R1 = �r��ar���� R3 = o-���
# (R1 = �r��ar���� R3 = o/p-O�H3�
$ (R1 = �r��ar���� R3 = m/p-O�H3�
� (R1 = �%!��� R3 = m-O�H3�
& (R1 = &�%!��������'%��� R3 = m-O�H3�
( (R1 = �%!��� R3 = p-��

� (R1 = �r����� R2 = �������(%���
� (R1 = �r����� R2 = �!�(���

) (R1 = �%!���

O
r (R1 = �%!���

R2 =

"� N

NO

O
R1

NH2

H
N R2

O

21a-s

""�

P O*%
O*%

O

"""� N

NO

O
R1

N

H
N

R2

P O*%
O*%

O

"+� N

NO

O
R1

N

N
R2

P O*%
O*%

O

N

NO

O
R1

N

N
R2

P OH
OH

O

R,

R,

+� +�

22a-s:
22g = C-1
22d = C-3
22e = C-4
22b = C-6
22m = C-7
22k = C-8
22q = C-9
22r = C-10

25a = B-1 (R, = H�
25b = B-2 (R, = H�
25c = B-3 (R, = H�
25d = B-4 (R, = H�
25e = B-5 (R, = H�
25f = B-6 (R, = H�
25g = B-7 (R, = H�
25h = B-8 (R, = H�
25i = B-9 (R, = H�
25j = B-10 (R, = H�
25k = B-11 (R, = H�
25l = B-12 (R, = H�
25m = B-13 (R, = H�
25# = B-14 (R, = H�
25$ = %-2 (R, = H�
25& = %-3 (R, = H�
25s = %-1 (R, = H�

24g = C-2 (R, = �H3�
24f = C-5 (R, = �H3�

+"�

N

NO

O
R1

N

N
R2

P OH
O*%

O

R,

23h = '-1 (R, = �H3�
23g = '-2 (R, = H�
23b = '-3 (R, = H�

+�

R3 - (R1 = �r��ar���� R2 = m-O�H3�

26b = B-15 (R, = �H3�
26f = B-16 (R, = �H3�
26i = B-17 (R, = �H3�
26h = B-18 (R, = �H3�
27h = B-19 (R, = *%�
28h = B-20 (R, = �H2�H3OH�

29h = B-21 R, =

30h = B-22 R, = Pr

31h = B-23 R, = B(

Reagents an# con#itions: (i) car,o3-lic aci#& >FMU& B@PE/& BMD& rt& E6F8 96O M CCO (ii) #ieth-l (4*

io#o,$t-l)phosphonate& A6>F;& BMD& 70 N>& 16 h8 64M76O (iii) 6N NaFE& C0 N>& ;0 )in& E>l8 <M47O 

(iv) al2-l io#i#e& BMD& rt& 16 h8 79MCCO (v) TM0Br& >E6>l6& rt& 64 h8  4CM<6O (vi) EMB0& (NE4)60F4& 

150 N>& 17 h& MeFE& 11M64O+
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0-nthesis o% >o)po$n#s E*1 M E*; an# D*1):

Reagents an# con#itions: (i) 1&4*,$tane s$ltone& A6>F;& BMD& 55 N>& 16 h& (ii) 6N NaFE& C0 N>& ;0 

)in& <M15O over 6 steps8 (iii) 1+ 0F>l6& BMD& 0 N> to rt& 6+ 65O a4+ NE;& 0 N>& 1 h& 1<O+   

General Proce#$res:

The s-nthesis o% ;*s$,stit$te# 5&7*#ia)ino$racil #erivatives (�M��) (as per%or)e# accor#ing to litera*

t$re proce#$res (Ma3(ell& K+>+E+& an# 0alivar& >+5+ Metho# o% preparing 4*a)ino$racils+ U06915765/& 

1C56& MLller et al+& 5+ Me#+ >he)+ 1CC;& ;7: ;;41*;;4C)  

General procedure A: Amide couplin� reac�ion �o produce ����u���i�u�ed ��amino���car�o�amidoura�

cil deri�a�i�e� �11a-h, 17a-b, ��a-
�

To a sol$tion o% the appropriate car,o3-lic aci# (1+0 e4$iv) an# >FMU (1+1 e4$iv) #issolve# in a )in*

i)$) a)o$nt o% #i)eth-l%or)a)i#e (BMD) a )i3t$re o% the s$,stit$te# #ia)ino$racil (�*��& 1+1 e4$iv) 

an# �&�*Biisoprop-leth-la)ine B@PE/ (1+1 e4$iv) #issolve# in BMD (as a##e# #rop(ise+ The )i3t$re 

(as stirre# at roo) te)perat$re %or 5 M 10 )in+ /%ter co)plete conversion o% the starting )aterial (ater 

(;0 )l) (as a##e# an# the res$lting precipitate (as %iltere# o%%& (ashe# (ith (ater an# #rie# $n#er 

re#$ce# press$re to -iel# the p$re 7*a)ino*5*car,o3a)i#o$racil #erivatives 11a-h, 17a-b, ��a-
 in high 

isolate# -iel#s (95*CCO)+ 
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General procedure  : Al!"la�ion o# �$ o# �%e ���u���i�u�ed ��amino���car�o�amidouracil deri�a�i�e�

�1�a-h& 1�a-b and �1a-
, ��b, �, h, ��

7*/)ino*5*car,o3a)i#o$racil #erivative (11a-h, 17a-b, ��a-
, 1+0 e4$iv)& 1+1 e4$iv o% #ieth-l (4*io#o*

,$t-l)phosphonate or 1&4*,$tans$ltone or eth-l 5*,ro)opentanoate an# A6>F; (1+6 e4$iv) (ere #is*

solve# in a )ini)$) a)o$nt o% BMD (1*6 )l)+ /%ter stirring %or 16 h at 55 N>& BMD (as re)ove#& 

(ater (15 )l) (as a##e#& an# the res$lting )i3t$re e3tracte# (ith #ichloro)ethane (; 3 15 )l)+ The 

co),ine# organic phases (ere (ashe# (ith ,rine (60 )l)& #rie# over Mg0F4 an# the solvent (as re*

)ove# in �acuo+ The resi#$e (as p$ri%ie# ,- %lash col$)n chro)atograph- on silica gel 70 (el$ent: 

#ichloro)ethane')ethanol& C:1) to -iel# the #esire# s$,stit$te# $racil #erivatives �1�a-h& 1�a-b and 

�1a-
, ��b, �, h, ��+  

General procedure ': (in� clo�ure reac�ion �o �%e corre�pondin� �an�%ine� u�in� �a)* �1�a-h& �-1, 

�-�, �-�, �-� �o �-1�& �-1 �o �-�& �-1 �o �-��

The 1&;*#is$,stit$te#*7*a)ino*5*car,o3a)i#o$racil #erivatives (ere #issolve# in a )ini)$) a)o$nt 

o% NaFE (6N) an# stirre# at C0 N> $ntil co)plete conversion o% the starting )aterial (TK>: #ichloro*

)ethane')ethanol& C:1) (as o,serve# (60*;0 )in)+ The )i3t$re (as coole# to 0 N> in an ice ,ath& an# 

the #esire# pro#$ct (as precipitate# ,- the a##ition o% concentrate# E>l sol$tion+ The precipitate (as 

%iltere# o%% an# (ashe# (ith (ater to -iel# the 3anthine #erivatives as o%%*(hite soli#s+ 

General procedure +: Al!"la�ion o# �%e �an�%ine �,�po�i�ion �1�a-�& ��h, �, b, ���, �, �-�, �-��

The 3anthine #erivatives (1�a-h& ��a-
, �-�, �-�, 1+0 e4$iv)& A6>F; (1+6 e4$iv) an# al2-l io#i#e'or 

al2l- ,ro)i#e (1+1 e4$iv) (ere #issolve# in a )ini)$) o% BMD (1*6 )l) an# stirre# at roo) te)pera*

t$re overnight+ /%ter co)plete conversion o% the starting )aterial (TK>: #ichloro)ethane')ethanol& 

C:1) BMD (as re)ove#& (ater (as a##e#& an# e3tracte# three ti)es (ith EtF/c (5M10 )l)+ The co)*

,ine# organic phases (ere (ashe# (ith ,rine& #rie# over Mg0F4& %iltere#& an# the solvent (as re)ove# 

in �acuo to -iel# the N9*al2-late# 3anthine #erivatives �1�a-�& ��h, �, b, ���, �, �-�, �-�)+

General procedure -: 'epro�ec�ion o# �%e p%o�p%onic acid e��er� u�in� �rime�%"l�il"l �romide ��-1& �-

1 �o �-��& �-1 �o �-� and �-1 �o �-1��

The phosphonic aci# ester #erivatives (ere #issolve# in #ichloro)ethane (5*10 )l)& TM0Br (; e4$iv) 

(as a##e#& an# the res$lting sol$tion (as stirre# %or 16 h at rt+ The solvent (as re)ove# in �acuo an# 

the resi#$e (as #issolve# in 6N NaFE (6*; )l)& the pro#$ct (as then precipitate# ,- a##ition o% a 

)ini)$) a)o$nt o% concentrate# E>l sol$tion an# (ashe# (ith (ater (; 3 5 )l) to -iel# the %inal 

3anthine #erivatives ��-1& �-1 �o �-��& �-1 �o �-� and �-1 �o �-1��+

A��� ;*(<*(;*Metho3-phen-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l)prop-l #ih-#rogen phosphate: Jhite soli#8 Qiel# 97O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 
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9+4C M 9+44 ()& 1E& Earo))& 9+;; (#& . G 9+7 E?& 1E& Earo))& 9+;1 M 9+69 ()& 1E+ Earo))& 9+15 M 9+0< ()& 

1E& Earo))& 4+71 (#& . G 6+4 E?& 6E& N1*>E6)& 4+10 (t& . G 9+; E?& 6E& N;*>E6)& ;+C9 (s& ;E& F>E;)& 

;+<9 ()& 6E& F>E6)& )& ;+<6 (s& ;E& N9*>E;)& ;+11 M ;+0; ()& 1E& Eproparg-l)& 6+00*1+C< ()& 6E& Eal2-l)+
1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+44 (>aro)*F>E;)& 15;+<1 (><)& 151+75 (>7)& 14C+C< 

(>6)& 149+76 (>4)& 1;0+17 (>aro))& 16C+4< (>aro))& 16<+1< (>aro))& 165+77 (>aro))& 161+76 (>aro))& 10<+00 

(>5)& 9C+99 (>proparg-l)& 96+C7 (>proparg-l)& 7;+1; (F>E6)& 55+59 (F>E;)& 40+4C (N;*>E6)& ;;+<< (N1*>E6)& 

;0+61 (N9*>E;)& 6<+C; (>E6)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 0+69+ 

���� (4*(6&7*Bio3o*<*pheneth-l*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$t-l)phos*

phonic aci#: Qiel# 59O8 1E NMR (500 ME?& BM0F*d7) R 1;+69 (,r s& 1E& N9*E)& 9+;0 M 9+66 ()& 6E& 

Earo)) 9+16 M 9+11 ()& ;E& Earo))& 4+5< (#& . G 6+5 E?& 6E& N1*>E6)& ;+C9 (t& . G 9+6 E?& 6E& N;*>E6)& 

;+09 (t&  . G 6+1 E?& 1E& Eproparg-l)& ;+05 M 6+C5 ()& 4E& ><*>E6>E6)& 1+9;*190 ()& 6E& Eal2-l)& 1+56*1+49

()& 4E& Eal2-l)+ 1;> NMR (167 ME?& BM0F*d7) R 154+14 (><)& 15;+06 (>7)& 150+16 (>6)& 14<+14 (>4)& 

140+5< (>aro))& 16<+45 (>aro))& 16<+46 (>aro))& 167+66 (>5)& 9C+<C (>proparg-l)& 96+<1 (>proparg-l)& 46+C1

(N;*>E6)& ;;+;7 (><*>E6>E6)& ;0+60 (><*>E6>E6)& 6<+9<& 6<+77& 6<+16 (1>& P>E6>E6)& 69+04 1>& 

P>E6)& 60+6< (>al2-l)+ ;1P NMR (64; ME?& BM0F) R 67+9;+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 

67+9;+ ERM0 (E0@*UTFD) calc$late# %or >60E6;N4F5P SMVETV: 4;1+14<48 %o$n#: 4;1+14<0)+  

���� (4*(<*(;*Metho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#8 )+p+ 640M646 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+6< 

(,r s& 1E& N9*E)& 9+17 (t&  . G 9+< E?& 1E& Earo))& 7+9C M 7+91 ()& ;E& Earo))& 4+7 (#&  . G 1+7 E?& 6E& N1*

>E6)& ;+C9 (t&  . G 9+6 E?& 6E& N;*>E6)& ;+90 (s& ;E& F>E;)& ;+05 (t&  . G 6+1 E?& 1E& Eproparg-l)& 6+CC (s& 

4E& ><*>E6>E6)& 1+97 M 1+90 ()& 6E& Eal2-l)& 1+5< M 1+44 ()& 4E& Eal2-l)+ 1;>*NMR (151 ME?& 

BM0F*d7) R Spp)T G 15C+4 (>aro)*F>E;)& 15;+0 (><)& 150+6 (>6 or >7)& 14<+6 (>6 or >7)& 146+6 (>4)& 

16C+5 (>aro))& 160+9 (>aro))& 119+5 (>aro))& 114+1 (>aro))& 111+< (>aro))& 107+0 (>5)& 9C+C (>proparg-l)& 96+C 

(>proparg-l)& 55+0 (F>E;)& 46+C (N;*>E6)& ;;+4 (>E6)& ;0+6 (>E6)& ;0+1 (N1*>E6) 6<+9 (#& 6./&0 G 14+C E?& 

1>& P>E6>E6)& 69+5 (#& 1./&0 G 1;<+< E?& 1>& P>E6)& 60+; (>al2-l)+ ;1P*NMR (64; ME?& BM0F*d7) R 

Spp)T G 69+0+ ERM0 (E0@*UTFD) calc$late# %or >61E65N4F7P SMVETV: 471+15<48 %o$n#: 471+15<9+

���� (4*(<*(;*Dl$oropheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#: )+p+ 154M157 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+;6 

(,r s& 1E& N9*E)& 9+6C (4&  . G 9+< E?& 1E& Earo))& 9+09 (#&  . G 10+1 E?& 1E& Earo))& 9+0; (#&  . G 9+7 E?& 

1E& Earo))& 7+CC (t#&  . G <+9& 6+4 E?& 1E& Earo))& 4+5< (#&  . G 6+1 E?& 6E& N1*>E6)& ;+C7 (t&  . G 9+1 E?& 

6E& N;*>E6)& ;+07 (t&  . G 6+4 E?& 1E& Eproparg-l)& ;+05 M 6+CC ()& 4E& ><*>E6>E6)& 1+96 (p&  . G 9+5 E?& 

6E& Eal2-l)& 1+5< M 1+51 ()& 6E& Eal2-l)& 1+49 (#p&  . G 15+7& C+0& 9+C E?& 6E& Eal2-l)+ 1;>*NMR (151 ME?& 

BM0F*d7) R Spp)T G 176+4 (#& 1./&- G 640+5 E?& 1>& >aro)*D)& 154+0 (>3anthine)& 15;+0 (>3anthine)& 150+6 

(>3anthine)& 14<+6 (>3anthine)& 14;+7 (#& ;./&- G 9+5 E?& 1>& >aro))& 1;0+4 (#& ;./&- G <+C E?& 1>& >aro))& 164+9 
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(#& 4./&- G ;+0 E?& 1>& >aro))& 115+; (#& 6./&- G 60+9 E?& 1>& >aro))& 11;+0 (#& 6./&- G 60+9 E?& 1>& >aro))& 

107+0 (>5)& 9C+C (>proparg-l)& 96+C (>proparg-l)& 46+C (N;*>E6)& ;;+0 (>E6)& ;0+; (>E6)& 6C+< (N1*>E6)& 6<+< 

(#& 6./&0 G 17+1 E?& 1>& P>E6>E6)& 69+4 (#& 1./&0 G 1;5+9 E?& 1>& P>E6)& 60+6 (#& ;./&0 G 4+4 E?& 1>& 

P>E6>E6>E6)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 69+6+ ERM0 (E0@*UTFD) calc$late# %or 

>60E66DN4F5P SMVETV: 44C+1;<58 %o$n#: 44C+1;<C+

��4� (4*(<*(;*Bro)opheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#8 )+p+ 640M646 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+;1 

(s& 1E& N9*E)& 9+45 (s& 1E& Earo))& 9+;9 (#&  . G 9+4 E?& 1E& Earo))& 9+66 (#t&  . G 16+7& 9+5 E?& 6E& Earo))& 

4+5C (s& 6E& N1*>E6)& ;+C< (t&  . G 7+C E?& 6E& N;*>E6)& ;+05 (s& 1E& Eproparg-l)& ;+06 (s& 4E& ><*>E6>E6)& 

1+9< M 1+7< ()& 6E& Eal2-l)& 1+59 (#t&  . G 17+<& 9+7 E?& 6E& Eal2-l)& 1+56 M 1+44 ()& 6E& Eal2-l)+ 1;>*NMR 

(151 ME?& BM0F*d7) R Spp)T G 15;+9 (>3anthine)& 156+C (>3anthine)& 150+0 (>3anthine)& 149+C (>3anthine)& 14;+; 

(>3anthine)& 1;1+6 (>aro))& 1;0+5 (>aro))& 16C+0 (>aro))&  169+5 (>aro))& 161+7 (>aro))& 105+C (>5)& 9C+9 (>pro*

parg-l)& 96+9 (>proparg-l)& 46+9 (>al2-l)& ;6+7 (>al2-l)& ;0+1 (>al2-l)& 6C+7 (>al2-l)& 6<+5 (#& 6./&0 G 15+C E?& 1>& 

P>E6>E6)& 69+6 (#& 1./&0 G 1;7+9 E?& 1>& P>E6)& 60+0 (#& ;./&0 G 4+1 E?& 1>& P(>E6)6>E6)+ ;1P*NMR 

(64; ME?& BM0F*d7) R Spp)T G 69+6+ ERM0 (E0@*UTFD) calc$late# %or >60E6;BrN4F5P SMVETV: 

50C+05<48 %o$n#: 50C+059<+ 

���� (4*(<*(;*Meth-lpheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#8 )+p+ 644M647 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+6C 

(s& 1E& N9*E)& 9+14 (t&  . G 9+5 E?& 1E& Earo))& 9+04 (s& 1E& Earo))& 7+C< (#&  . G 9+5 E?& 6E& Earo))& 4+5C 

(#&  . G 6+6 E?& 6E& N1*>E6)& ;+C9 (t&  . G 9+6 E?& 6E& N;*>E6)& ;+05 (t&  . G 6+4 E?& 1E& Eproparg-l)& 6+C< 

(s& 4E& ><*>E6>E6)& 6+67 (s& ;E& >E;)& 1+94 (p&  . G 9+5 E?& 6E& Eal2-l)& 1+71 M 1+54 ()& 6E& Eal2-l)& 1+51 

M 1+45 ()& 6E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 154+1 (>3anthine)& 156+C (>3anthine)& 150+0 

(>3anthine)& 14<+0 (>3anthine)& 140+; (>aro))& 1;9+; (>aro))& 16C+0 (>aro))& 16<+6 (>aro))& 167+< (>aro))& 165+; 

(>aro))& 105+< (>5)& 9C+< (>proparg-l)& 96+9 (>proparg-l)& 46+9 (>al2-l) & ;;+6 (>al2-l)& ;0+1 (>al2-l)& ;0+0 (>al2-l)& 

6<+7 (#& 6./&0 G 15+; E?& 1>& P>E6>E6)& 69+;  (#& 1./&0 G 1;7+; E?& 1>& P>E6)& 61+0 (>E;)& 60+0 (#& 
;./&0 G ;+C E?& 1>& P(>E6)6>E6)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 69+6+ ERM0 (E0@*UTFD) 

calc$late# %or >61E65N4F5P SMVETV: 445+17;58 %o$n#: 445+1750+ 

���� (4*(6&7*Bio3o*1*(prop*6*-n*1*-l)*<*(;*(tri%l$oro)eth-l)pheneth-l)*1&6&7&9*tetrah-#ro*;E*p$rin*

;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 66;M667 N>+ 1E*NMR (500 ME?& BM0F*d7) R Spp)T 

G 1;+6C (,r s& 1E& N9*E)& 9+55 (s& 1E& Earo))& 9+51 (4&  . G 7+< E?& ;E& Earo))& 4+59 (#& 6E& N1*>E6)& 

;+C5 (t& 6E& N;*>E6)& ;+14 M ;+10 ()& 6E& ><*>E6)& ;+05 M ;+06 ()& ;E& ><*>E6>E6 an# Eproparg-l)& 1+91 

(#4&  . G 1;+1& 7+< E?& 6E& Eal2-l)& 1+55 M 1+45 ()& 4E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T 

G 15;+< (><)& 15;+6 (>6 or >7)& 150+1 (>6 or >7)& 14<+1 (>4)& 146+1 (>aro))& 1;6+< (>aro))& 16C+5 (>aro))& 

16C+6 (4& 6./&- G ;6+< E?& 1>& >aro)*>D;)& 165+1 (>aro))& 164+4 (4& 1./&- G 696+1 E?& 1>& >D;)& 166+C 
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(>aro))& 16;+1 (>5)& 9C+C (>proparg-l)& 96+C (>proparg-l)& 4;+0 (N;*>E6)& ;;+0 (>E6)& ;0+; (N1*>E6)& 6C+< 

(>E6)& 6<+< (#& 6./&0 G 15+; E?& 1>& P>E6>E6)& 69+9 (#& 1./&0 G 1;<+1 E?& 1>& P>E6)& 60+4 (#& 
;./&0 G 4+5 E?& 1>& P>E6>E6>E6)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 67+;+ ERM0 (E0@*

UTFD) calc$late# %or >61E66D;N4F5P SMVETV: 4CC+16<08 %o$n#: 44C+16<;+

���� (4*(<*(6*Metho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#8 )+p+ 17CM196 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+65 

(,r s& 1E& N9*E)& 9+1C M 9+15 ()& 1E& Earo))& 9+0< (#&  . G 9+; E?& 1E& Earo))& 7+C4 (#&  . G <+1 E?& 1E& 

Earo))& 7+<6 (t&  . G 9+; E?& 1E& Earo))& 4+5< (#&  . G 6+0 E?& 6E& N1*>E6)& ;+C7 (t&  . G 9+6 E?& 6E& 

N;*>E6)& ;+99 (s& ;E& F>E;)& ;+04 (t&  . G 6+; E?& 1E& Eproparg-l)& 6+C; M 6+C9 ()& 4E& ><*>E6>E6)& 1+96 

(p&  . G 9+4 E?& 6E& Eal2-l)& 1+4C M 1+5; ()& 4E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 159+; 

(>aro)*F>E;)& 154+5 (>3anthine)& 15;+0 (>3anthine)& 150+1 (>3anthine)& 14<+6 (>3anthine)& 16C+< (>aro))& 16<+; 

(>aro))& 169+< (>aro))& 160+4 (>aro))& 110+< (>aro))& 107+0 (>5)& 9C+C (>proparg-l)& 96+< (>proparg-l)& 55+4 

(F>E;)& 46+C (N;*>E6)& ;0+6 (N1*>E6)& 6<+9 (>E6)& 6<+9 (#& 6./&0 G 17+1 E?& 1>& P>E6>E6)& 6<+7 

(>E6)& 69+5 (#& 1./&0 G 1;7+7 E?& 1>& P>E6)& 60+; (#& ;./&0 G 4+; E?& 1>& P>E6>E6>E6)+ ;1P*NMR (64; 

ME?& BM0F*d7) R Spp)T G 67+C+ ERM0 (E0@*UTFD) calc$late# %or >61E65N4F7P SMVETV: 471+15<48 

%o$n#: 471+15<7+

���� (4*(<*(6*Bro)opheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#8 )+p+ 60CM616 N>8 1E*NMR (500 ME?& BM0F*d7) R Spp)T G 1;+;; 

(s& 1E& N9*E)& 9+5< (#&  . G <+0 E?& 1E& Earo))& 9+6C (#&  . G 4+4 E?& 6E& Earo))& 9+15 (#t&  . G <+9& 4+7 E?& 

1E& Earo))& 4+5C (#&  . G 6+4 E?& 6E& N1*>E6)& ;+14 (t&  . G 9+7 E?& 6E& *>E6)& ;+09 M 6+CC ()& ;E& *>E6

an# Eproparg-l)& 1+94 (p&  . G 9+5 E?& 6E& *>E6)& 1+74 M 1+4; ()& 4E& *>E6>E6)+ 1;>*NMR (167 ME?& 

BM0F*d7) R Spp)T G 15;+4 (>< or >4)& 156+C (>< or >4)& 150+0 (>F)& 14<+0 (>F)& 1;C+; (>aro))& 1;6+5 

(>aro))& 1;0+9 (>aro))& 16<+4 (>aro))& 169+C (>aro))& 16;+9 (>aro))& 107+0 (>5)& 9C+9 (>proparg-l)& 96+9 (>pro*

parg-l)& 46+9 (N*>E6)& ;;+5 (N*>E6)& ;0+1 (*>E6)& 6<+5 (#& 6./&0 G 15+7 E?& 1>& P>E6>E6)& 6<+; (*>E6)& 

69+6 (#& 1./&0 G 1;7+6 E?& 1>& P>E6)& 60+0 (#& ;.>&P G 4+; E?& P>E6>E6>E6)+ ;1P*NMR (64; ME?& 

BM0F*d7): R Spp)T G 69+;+ ERM0 (E0@*UTFD) calc$late# %or >60E6;BrN4F5P SMVETV: 50C+05<48 

%o$n#: 50C+0577+

���� (4*(<*(6*>hloropheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#8 )+p+ 609M60C N>8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+51 M

16+C4 ()& 1E& N9*E)& 9+41 (##& . G 9+0& 6+1 E?& 1E& Earo))& 9+6C (##& . G 9+0& 6+4 E?& 1E& Earo))& 9+64 

(tt& . G 9+4& 5+; E?& 6E& Earo))& 4+5C (#& . G 6+5 E?& 6E& N1*>E6)& ;+C9 (t& . G 9+6 E?& 6E& N;*>E6)& ;+14 

(t& . G 9+7 E?& 6E& >E6)& ;+0C M ;+04 ()& 1E& Eporoparg-l)& ;+06 (t& . G 9+7 E?& 6E& >E6)& 1+9; (p& . G 9+; 

E?& 6E& >E6)& 1+56 ()& 4E& 6 3 >E6)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+5 (>< or >4)& 

156+C (>< or >4)& 150+0 (>F)& 14<+0 (>F)& 1;9+7 (>aro))& 1;6+C (>aro))& 1;0+9 (>aro))& 16C+6 (>aro))& 
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16<+6 (>aro))& 169+; (>aro))& 105+C (>5)& 9C+9 (>proparg-l)& 96+9 (>proparg-l)& 46+9 (*>E6)& ;1+1 (*>E6)& ;0+1 

(*>E6)& 6<+5 (#& 6./&0 G 15+7 E?& 1>& P>E6>E6)& 6<+6 (*>E6)& 69+; (#& 1./&0 G 1;9+0 E?& 1>& P>E6)& 60+0 

(#& ;.>&P G 4+6 E?& P>E6>E6>E6)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 69+0+ ERM0 (E0@*UTFD) 

n+#+

����� (4*(<*(6&4*Bi)etho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 655M659 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T 

G 9+06 (#&  . G <+1 E?& 1E& Earo))& 7+50 (#&  . G 6+; E?& 1E& Earo))& 7+;C (##&  . G <+;& 6+; E?& 1E& Earo))& 

4+5< (#&  . G 1+C E?& 6E& N1*>E6 )& 4+01 M ;+C6 ()& 6E& N;*>E6)& ;+99 (s& ;E& F>E;)& ;+91 (s& ;E& 

F>E;)& ;+0; (t&  . G 6+; E?& 1E& Eproparg-l)& 6+C; M 6+<; ()& 4E& ><*>E6>E6)& 1+99 M 1+7< ()& 6E& Eal2-l)& 

1+59 M 1+4< ()& 6E& Eal2-l)& 1+40 (#t&  . G 14+5& 7+9 E?& 6E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R 

Spp)T G 17;+< (>aro)*F>E;)& 170+0 (>aro)*F>E;)& 15<+C (>3anthine)& 159+C (>3anthine)& 154+7 (>3anthine)& 

14C+C (>3anthine)& 16C+< (>aro))& 161+; (>aro))& 105+4 (>5) 104+; (>aro))& C<+; (>aro))& <0+4 (>proparg-l)& 96+6 

(>proparg-l)& 55+6 (F>E;)& 55+0; (F>E;)& 4;+5 (N;*>E6)& ;6+1 (*>E6) 6C+< (N1*>E6)& 6C+4 (*>E6)& 69+9 

(P>E6>E6)& 61+0 (P>E6)& 17+9 (P(>E6)6>E6)& 15+< (PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R 

Spp)T G 67+C+ ERM0 (E0@*UTFD) calc$late# %or >66E69N4F9P SMVETV: 4C1+17C08 %o$n#: 4C1+17C0+

����� (4*(<*(;&4*Bi)etho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 654M657 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T 

G 9+06 (#&  . G <+1 E?& 1E& Earo))& 7+51 (#&  . G 6+; E?& 1E& Earo))& 7+;< (##&  . G <+;& 6+; E?& 1E& Earo))& 

4+5< (#&  . G 1+C E?& 6E& N1*>E6 )& 4+06 M ;+C; ()& 6E& N;*>E6)& ;+99 (s& ;E& F>E;)& ;+91 (s& ;E& 

F>E;)& ;+06 (t&  . G 6+; E?& 1E& Eproparg-l)& 6+C; M 6+<; ()& 4E& ><*>E6>E6)& 1+99 M 1+7< ()& 6E& Eal2-l)& 

1+59 M 1+4< ()& 6E& Eal2-l)& 1+40 (#t&  . G 14+5& 7+9 E?& 6E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R 

Spp)T G 17;+7 (>aro)*F>E;)& 170+6 (>aro)*F>E;)& 15<+C (>3anthine)& 159+C (>3anthine)& 154+7 (>3anthine)& 

14C+C (>3anthine)& 16C+< (>aro))& 161+; (>aro))& 105+4 (>5) 104+; (>aro))& C<+; (>aro))& <0+4 (>proparg-l)& 96+6 

(>proparg-l)& 55+6 (F>E;)& 55+0; (F>E;)& 4;+5 (N;*>E6)& ;6+1 (*>E6) 6C+9 (N1*>E6)& 6C+4 (*>E6)& 69+9 

(P>E6>E6)& 61+0 (P>E6)& 17+9 (P(>E6)6>E6)& 15+< (PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R 

Spp)T G 67+9+ ERM0 (E0@*UTFD) calc$late# %or >66E69N4F9P SMVETV: 4C1+17C08 %o$n#: 4C1+17C0+

����� (4*(1*Eth-l*<*(;*)etho3-pheneth-l)*6&7*#io3o*1&6&7&9*tetrah-#ro*;E*p$rin*;*-l),$t-l)phos*

phonic aci#: Jhite soli#8 )+p+ 64;M645 N>+  1E*NMR (700 ME?& BM0F*d7) R Spp)T G 9+15 (t&  . G 9+< 

E?& 1E& Earo))& 7+9< M 7+95 ()& 6E& Earo))& 7+9; M 7+7C ()& 1E& Earo))& ;+C; (t&  . G 9+7 E?& 6E& N1*>E6)& 

;+<C M ;+<7 ()& 6E& N;*>E6)& ;+7C (s& ;E& F>E;)& 6+C7 (s& 4E& ><*>E6>E6)& 1+7C (#4&  . G 15+6& 9+C& 

7+C E?& 6E& Eal2-l)& 1+51 M 1+44 ()& 6E& Eal2-l)& 1+40 (#t&  . G 15+<& 9+4 E?& 6E& Eal2-l)& 1+09 (t&  . G 9+0 E?& 

;E& >E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+4 (>aro)*F>E;)& 154+0 (>3anthine)& 15;+; 

(>3anthine)& 150+5 (>3anthine)& 149+0 (>3anthine)& 146+; (>aro))& 16C+4 (>aro))& 160+9 (>aro))& 114+0 (>aro))& 111+< 

(>aro))& 107+9 (>5)& 55+0 (F>E;)& 4;+0 (N;*>E6)& ;5+7 (>E6) ;;+5 (>E6)& ;0+1 (N1*>E6)& 6C+0 (#& 
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6./&0 G 15+1 E?& 1>& P>E6>E6)& 6<+< (#& 1./&0 G 1;5+9 E?& 1>& P>E6)& 61+1 (#& ;./&0 G 4+1 E?& 1>& 

P>E6>E6>E6)& 1;+; (N1*>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 6;+<+ ERM0 (E0@*

UTFD) calc$late# %or >60E69N4F7P SMVETV: 451+19418 %o$n#: 451+194;+

����� (4*(1*(>-clo,$t-l)eth-l)*<*(;*)etho3-pheneth-l)*6&7*#io3o*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 605M609 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T 

G 1;+17 (,r s& 1E& N9*E)& 9+19 (t&  . G <+0 E?& 1E& Earo))& 7+99 (#&  . G 7+0 E?& 6E& Earo))& 7+94 M 7+96 

()& 1E& Earo))& ;+C5 (#&  . G 9+1 E?& 6E& N1*>E6)& ;+C6 (#&  . G 9+6 E?& 6E& N;*>E6)& ;+7C (s& ;E& F>E;)& 

6+C< (s& 4E& ><*>E6>E6)& 6+76 (#t&  . G 15+0& 9+5 E?& 1E& Eal2-l)& 1+C1 M 1+<7 ()& 6E& Eal2-l)& 1+96 M 1+97 

()& 7E& Eal2-l)& 1+55 (#t&  . G 17+<& 9+< E?& 6E& Eal2-l)& 1+50 M 1+46 ()& 6E& Eal2-l)+ 1;>*NMR (151 ME?& 

BM0F*d7) R Spp)T G 15C+4 (>aro)*F>E;)& 154+6 (>3anthine)& 15;+< (>3anthine)& 151+0 (>3anthine)& 149+< (>3an*

thine)& 146+6 (>aro))& 16C+5 (>aro))& 160+9 (>aro))& 114+0 (>aro))& 111+< (>aro))& 107+6 (>5)& 55+0 (F>E;)& 

45+6 (N1*>E6)& 46+7 (N;*>E6)& ;4+6 (>al2-l)& ;;+5 (>al2-l)& ;0+1 (>al2-l)& 6<+9 (#& 6./&0 G 17+6 E?& 1>& 

P>E6>E6)& 69+4 (#& 1./&0 G 1;7+5 E?& 1>& P>E6)& 65+9 (6>& >c-clo,$t-le)& 60+6 (#& ;./&0 G ;+C E?& 1>& 

P(>E6)6>E6)& 19+C (>c-clo,$t-le)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 69+;+ ERM0 (E0@*UTFD) 

calc$late# %or >6;E;1N4F7P SMVETV: 4C1+60548 %o$n#: 4C1+607<+

���4� (4*(1*Eth-l*<*(4*%l$oropheneth-l)*6&7*#io3o*1&6&7&9*tetrah-#ro*;E*p$rin*;*-l),$t-l)phosphonic 

aci#: Jhite soli#8 )+p+ 657M670 N>+  1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+1C (,r s& 1E& N9*E)& 

9+67 M 9+1< ()& 6E& Earo))& 9+10 M 9+0; ()& 6E& Earo))& ;+C5 M ;+C1 ()& 6E& N1*>E6)& ;+C0 M ;+<5 ()& 

6E& N;*>E6)& ;+00 M 6+C4 ()& 4E& ><*>E6>E6)& 1+9; M 1+77 ()& 6E& Eal2-l)& 1+56 M 1+46 ()& 4E& Eal2-l)& 

1+0< (t&  . G 5+< E?& ;E& >E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 171+6 (#& 1 . G 645 E?& 

1>& >aro)*D)& 154+1 (>3anthine)& 15;+<(>3anthine)& 150+< (>3anthine)& 1;9+0 (#& 4./&- G ;+0 E?& 1>& >aro))& 1;0+7 

(#& ;./&- G 9+< E?& 6>& >aro))& 115+5 (#& 6./&- G 60+7 E?& 6>& >aro))& 107+9 (>5)& 4;+0 (N;*>E6)& ;7+1 

(>E6)& ;6+C (>E6)& ;0+5 (N1*>E6)& 6C+1 (#& 6./&0 G 17+0 E?& 1>& P*>E6>E6)& 6<+0 (#& 1./&0 G 1;5+5 E?& 

1>& P>E6)& 60+9 (#& ;./&0 G 4+5 E?& 1>& P>E6>E6>E6)& 1;+7 (N1*>E6>E;)+ ;1P*NMR (64; ME?& 

BM0F*d7) R Spp)T G 67+;+ ERM0 (E0@*UTFD) calc$late# %or >1CE64DN4F5P SMVETV: 4;C+15418 

%o$n#: 4;C+154;+

����� (4*(<*(;*Metho3-pheneth-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$*

rin*;*-l),$t-l)phosphonic aci#: (hite soli#8 )+p+ n+#+8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 7+<6 

M 7+9C ()& 6E& Earo))& 7+97 M 7+94 ()& 1E& Earo))& 7+77 M 7+76 ()& 1E& Earo))&& 4+5< (#& 6E& N1*>E6)& 

;+C9 (t&  . G 9+0 E?& 6E& N;*>E6)& ;+91 (s& ;E& F>E; or N>E;)& ;+90 (s& ;E& F>E; or N>E;)& ;+07 M

;+04 ()& 6E& ><*>E6)& ;+04 M ;+06 ()& 1E& Eproparg-l)& 6+CC M 6+C7 ()& 6E& ><*>E6>E6)& 1+94 M 1+7C ()& 

6E& Eal2-l)& 1+5< M 1+56 ()& 6E& Eal2-l)& 1+51 M 1+45 ()& 6E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R 

Spp)T G 191+7 (>F>E;)& 15C+4 (><)& 154+; (>6 or >7)& 15;+4 (>6 or >7)& 14C+C (>4)& 149+5 (>aro))& 

146+1 (>aro))& 16C+5 (>aro))& 160+< (>aro))& 114+6 (>aro))& 111+C (>aro))& 107+4 (>5)& 9C+< (>proparg-l)& 96+C 
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(>proparg-l)& 55+0 (F>E;)& 46+5 (N;*>E6)& ;6+< (>E6)& ;1+4 (>E6)& ;0+0 (N1*>E6)& 6<+9 (#& 
6./&0 G 14+C E?& 1>& P>E6>E6)& 69+C (N9*>E;) 69+4 (#& 1./&0 G 1;9+6 E?& 1>& P>E6)& 60+6 (#& ;./&0 G ;+C 

E?& 1>& P>E6>E6>E6)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 69+0+ ERM0 (E0@*UTFD) calc$*

late# %or >66E6<N4F7P SMVETV: 495+471<8 %o$n#: 495+4760+

����� (4*(9*Meth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*<*(;*(tri%l$oro)eth-l)pheneth-l)*1&6&7&9*tetrah-#ro*

;E*p$rin*;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ n+#+ N>8 1E*NMR (700 ME?& BM0F*d7) R 

Spp)T G 9+7; (s& 1E& Earo))& 9+5< (#&  . G 9+5 E?& 1E& Earo))& 9+54 (#&  . G 9+< E?& 1E& Earo))& 9+50 (t&  . 

G 9+7 E?& 1E& Earo))& 4+5< (#&  . G 6+; E?& 6E& N1*>E6)& ;+C5 (t&  . G 9+1 E?& 6E& N;*>E6)& ;+97 (s& ;E& 

N9*>E;)& ;+11 (#&  . G ;+4 E?& 4E& ><*>E6>E6)& ;+05 (t&  . G 6+4 E?& 1E& Eproparg-l)& 1+91 (p&  . G 9+4 E?& 

6E& >al2-l)& 1+5< M 1+56 ()& 6E& >al2-l)& 1+50 M 1+4; ()& 6E& >al2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R 

Spp)T G 154+0 (>3anthine)& 15;+5 (>3anthine)& 150+0 (>3anthine)& 149+5 (>4)& 146+1 (>aro))& 1;;+1 (>aro))& 16C+5 

(>aro))& 16C+6 (4& 6.>&D G ;6+C E?& 1>& >>D;)& 165+4 (4& ;.>&D G ;+4 E?& 1>& >E>D;)& 164+5 (4& 
1.>&D G 696+0 E?& 1>& >D;)& 16;+1 (4& ;.>&D G ;+9 E?& 1>& >E>D;)& 107+5 (>5)& 9C+C (>proparg-l)& 96+C (>pro*

parg-l)& 46+5 (N1*>E6)& ;6+6 (>al2-l)& ;1+7 (>al2-l)& ;0+1 (>al2-l)& 6<+9 (#& 6./&0 G 17+5 E?& 1>& P>E6)& 69+7 

(N9*>E;)& 69+4 (#& 1./&0 G 1;7+7 E?& 1>& P>E6)& 60+6 (#& ;./&0 G 4+9 E?& 1>& P>E6>E6>E6)+ ;1P*NMR 

(64; ME?& BM0F*d7) R Spp)T G 69+;+ ERM0 (E0@*UTFD) calc$late# %or >66E65D;N4F5P SMVETV: 

51;+150C8 %o$n#: 51;+14C1+

����� (4*(<*(6*>hloropheneth-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$rin*

;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ n+#+ N>8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 9+46 

(##& . G 7+7& 6+5 E?& 1E)& 9+;7 (##& . G 7+9& 6+9 E?& 1E)& 9+6< M 9+6; ()& 6E)& 4+5C (#& . G 6+9 E?& 6E)& 

;+C7 (t& . G 9+1 E?& 6E)& ;+94 (s& ;E)& ;+1; (t& . G 9+4 E?& 6E)& ;+10 M ;+0; ()& ;E)& 1+91 (p& . G 9+4 E?& 

6E)& 1+5C M 1+50 ()& 6E)& 1+51 M 1+4; ()& 6E)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+7 (>< 

or >4)& 15;+; (>< or >4)& 14C+9 (>F)& 149+; (>F)& 1;9+7 (>aro))& 1;;+0 (>aro))& 1;1+0 (>aro))& 16C+6 

(>aro))& 16<+;(>aro))& 169+; (>aro))& 107+4 (>5)& 9C+9 (>proparg-l)& 96+9 (>proparg-l)& 46+4 (*>E6)& ;1+; (*>E6)& 

;0+4 (*>E6)& 6C+C (*>E6)& 6<+5 (#& 6./&0 G 15+7 E?& 1>& P>E6>E6)& 69+; (#& 1./&0 G 1;7+5 E?& 1>& P>E6)& 

67+1 (*>E6)& 60+0 (#& ;.>&P G ;+7 E?& P>E6>E6>E6)+ ERM0 (E0@*UTFD) n+#+

����� (4*(<*(6*Bro)opheneth-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$rin*

;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ n+#+8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 9+5C (##&  

. G 9+C& 1+6 E?& 1E& Earo))& 9+;5 (##&  . G 9+9& 1+< E?& 1E& Earo))& 9+;1 (t#&  . G 9+4& 1+; E?& 1E& Earo))& 

9+19 (t#&  . G 9+7& 1+< E?& 1E& Earo))& 4+5C (#&  . G 6+5 E?& 6E& N1*>E6)& ;+C7 (t&  . G 9+1 E?& 6E& N;*

>E6)& ;+94 (s& ;E& N9*>E;)& ;+1; (t&  . G 9+1 E?& 6E& *>E6)& ;+10 M ;+06 ()& ;E& *>E6 an# Eproparg-l)& 

1+97 M 1+79 ()& 6E& *>E6)& 1+5C M 1+51 ()& 6E& *>E6)& 1+51 M 1+4; ()& 6E& *>E6)+ 1;>*NMR (151 ME?& 

BM0F*d7) R Spp)T G 15;+5 (>< or >4)& 15;+; (>< or >4)& 14C+< (>F)& 149+; (>F)& 1;C+; (>aro))& 1;6+5 
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(>aro))& 1;1+0 (>aro))& 16<+7 (>aro))& 169+C (>aro))& 16;+9 (>aro))& 107+4 (>5)& 9C+9 (>proparg-l)& 96+9 (>pro*

parg-l)& 46+4 (N*>E6)& ;;+0 (N*>E6)& ;1+; (N9*>E;)& 6C+C (>E6)& 6<+5 (#& 6./&0 G 15+7 E?& 1>& P>E6>E6)& 

69+6 (#& 1./&0 G 1;9+5 E?& 1>& P>E6)& 67+; (>E6)& 60+0 (#& ;.>&P G 4+4 E?& P>E6>E6>E6)+ ;1P*NMR (64; 

ME?& BM0F*d7) R Spp)T G 69+1+

����� (4*(<*(6*Bro)opheneth-l)*9*eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;E*p$rin*;*

-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 1C6 M 1C5 N>8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 

9+5C (#&  . G 9+C E?& 1E& Earo))& 9+;7 (#&  . G 9+5 E?& 1E& Earo))& 9+;0 (t&  . G 9+4 E?& 1E& Earo))& 9+17 (t&  

. G 9+5 E?& 1E& Earo))& 4+5C (#&  . G 6+5 E?& 6E& N1*>E6)& 4+1< (4&  . G 9+1 E?& 6E& N9*>E6)& ;+C7 (t&  . 

G 9+6 E?& 6E& N;*>E6)& ;+15 (t&  . G 9+7 E?& 6E& *>E6)& ;+0C M ;+05 ()& ;E& *>E6 an# Eproparg-l)& 1+96 (p&  

. G 9+4 E?& 6E& *>E6)& 1+5< M 1+44 ()& 4E& *>E6>E6)& 1+66 (t&  . G 9+1 E?& ;E& N9*>E6>E;)+ 1;>*NMR 

(151 ME?& BM0F*d7) R Spp)T G 156+C (>< or >4)& 156+9 (>< or >4)& 14C+< (>F)& 149+9 (>F)& 1;C+; 

(>aro))& 1;6+5 (>aro))& 1;1+1 (>aro))& 16<+7 (>aro))& 169+C (>aro))& 16;+< (>aro))& 105+5 (>5)& 9C+9 (>propar*

g-l)& 96+< (>proparg-l)& 46+5 (N*>E6)& ;C+5 (N*>E6)& ;;+; (N*>E6)& ;0+0 (*>E6)& 6<+7 (#& 6./&0 G 15+9 E?& 

1>& P>E6>E6)& 69+5 (#& 1./&0 G 1;7+1 E?& 1>& P>E6)& 67+1 (*>E6)& 60+6 (#& ;.>&P G 4+6 E?& 

P>E6>E6>E6)& 15+C (N9*>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7): R Spp)T G 67+7+ ERM0 (E0@*

UTFD) calc$late# %or >66E67BrN4F5P SMVETV: 5;9+0<C98 %o$n#: 5;9+0<<<+ 

����� (4*(<*(6*Bro)opheneth-l)*9*(6*h-#ro3-eth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*

;E*p$rin*;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 159M170 N>8 1E*NMR (700 ME?& BM0F*d7) 

R Spp)T G 9+5C (#&  . G 9+9 E?& 1E& Earo))& 9+;< (##&  . G 9+7& 1+9 E?& 1E& Earo))& 9+;; M 9+6< ()& 1E& 

Earo))& 9+19 (t#&  . G 9+9& 1+< E?& 1E& Earo))& 4+5C (#&  . G 6+5 E?& 6E& N1*>E6)& 4+1C (t&  . G 5+; E?& 6E& 

N*>E6)& ;+C< (t&  . G 9+6 E?& 6E& N*>E6)& ;+79 M ;+77 ()& 1E& *>E6FE)& ;+1< M ;+1; ()& 6E& *>E6)& 

;+14 M ;+0C ()& 6E& *>E6)& ;+07 (4&  . G 6+7 E?& 1E& Eproparg-l)& 1+9; (p&  . G 9+; E?& 6E& *>E6)& 1+71 M

1+5; ()& 6E& *>E6)& 1+5; M 1+45 ()& 6E& *>E6)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 154+; (>< 

or >4)& 15;+0 (>< or >4)& 14C+< (>F)& 149+9 (>F)& 1;C+7 (>aro))& 1;6+5 (>aro))& 1;1+0 (>aro))& 16<+5 

(>aro))& 169+C (>aro))& 16;+< (>aro))& 105+9 (>5)& 9C+9 (>proparg-l)& 96+< (>proparg-l)& 70+1 (*>E6FE)& 49+; 

(N9*>E6)& 46+4 (N*>E6)& ;;+1 (N*>E6)& ;0+0 (*>E6)& 6<+5 (#& 6./&0 G 15+< E?& 1>& P>E6>E6)& 69+6 (#& 
1./&0 G 1;7+5 E?& 1>& P>E6)& 67+5 (*>E6)& 60+0 (#& ;.>&P G 4+1 E?& P>E6>E6>E6)+ ;1P*NMR (64; ME?& 

BM0F*d7): R Spp)T G 69+6+ ERM0 (E0@*UTFD) calc$late# %or >66E67BrN4F7P SMVETV: 55;+0<478 

%o$n#: 55;+0<6C+

����� (4*(<*(6*Bro)opheneth-l)*9*(c-cloprop-l)eth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-*

#ro*;E*p$rin*;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 1<1M1<4 N>8 1E*NMR (700 ME?& BM0F*

d7) R Spp)T G 9+5C (##&  . G <+1& 1+6 E?& 1E& Earo))& 9+;C (##&  . G 9+9& 1+9 E?& 1E& Earo))& 9+;1 (t#&  . G 

9+4& 1+6 E?& 1E& Earo))& 9+17 (t#&  . G 9+7& 1+9 E?& 1E& Earo))& 4+5C (#&  . G 6+4 E?& 6E& N1*>E6)& 4+0< (#&  

. G 9+1 E?& 6E& N9*>E6)& ;+C< (t&  . G 9+6 E?& 6E& N;*>E6)& ;+1< (t&  . G 9+5 E?& 6E& *>E6)& ;+10 (##&  . 
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G <+0& 7+7 E?& 6E& *>E6)& ;+07 (t&  . G 6+4 E?& 1E& Eproparg-l)& 1+94 (p&  . G 9+4 E?& 6E& *>E6)& 1+71 M 1+47 

()& 4E& *>E6>E6)& 1+6; M 1+14 ()& 1E& N9*>E6>E)& 0+45 M 0+41 ()& 6E& *>E6 c-cloprop-l)& 0+40 M 0+;7 ()& 

6E& *>E6 c-cloprop-l)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+1 (>< or >4)& 15;+0 (>< or >4)& 

14C+< (>F)& 149+9 (>F)& 1;C+4 (>aro))& 1;6+5 (>aro))& 1;1+1 (>aro))& 16<+7 (>aro))& 169+C (>aro))& 16;+< 

(>aro))& 105+< (>5)& 9C+9 (>proparg-l)& 96+< (>proparg-l)& 4<+; (N*>E6)& 46+5 (N*>E6)& ;;+1 (N*>E6)& ;0+0 (*

>E6)& 6<+7 (#& 6./&0 G 15+9 E?& 1>& P>E6>E6)& 69+; (#& 1./&0 G 1;7+9 E?& 1>& P>E6)& 67+; (*>E6)& 60+1 

(#& ;.>&P G 4+0 E?& P>E6>E6>E6)& 11+9 (*>E c-cloprop-l)& ;+; (*>E6 c-cloprop-l)+ ;1P*NMR (64; ME?& BM0F*

d7) R Spp)T G 69+6+ ERM0 (E0@*UTFD) calc$late# %or >64E6CBrN4F5P SMVETV: 57;+105;8 %o$n#: 

57;+10;<+

����� (4*(<*(6*Bro)opheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*9*prop-l*1&6&7&9*tetrah-#ro*;**p$rin*

;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 19<M1<1 N>8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 

9+5C (#&  . G 9+C E?& 1E& Earo))& 9+;9 (#&  . G 9+7 E?& 1E& Earo))& 9+;0 (t&  . G 9+4 E?& 1E& Earo))& 9+17 (t&  

. G 9+5 E?& 1E& Earo))& 4+5C (#&  . G 6+4 E?& 6E& N1*>E6)& 4+0C (t&  . G 9+4 E?& 6E& N*>E6)& ;+C< (t&  . G 

9+1 E?& 6E& N*>E6)& ;+60 M ;+14 ()& 6E& *>E6)& ;+10 M ;+04 ()& ;E& *>E6 an# Eproparg-l)& 1+94 (p&  . G 

9+; E?& 6E& *>E6)& 1+77 M 1+5; ()& 4E& 6 3 *>E6)& 1+5; M 1+45 ()& 6E& *>E6)& 0+<1 (t&  . G 9+4 E?& ;E& *

>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+0 (>< or >4)& 156+C (>< or >4)& 14C+< (>F)& 

149+9 (>F)& 1;C+; (>aro))& 1;6+5 (>aro))& 1;1+1 (>aro))& 16<+7 (>aro))& 169+C (>aro))& 16;+< (>aro))& 105+< 

(>5)& 9C+9 (>proparg-l)& 96+< (>proparg-l)& 47+0 (N*>E6)& 46+4 (N*>E6)& ;;+; (N*>E6)& ;0+0 (*>E6)& 6<+5 (#& 
6./&0 G 15+< E?& 1>& P>E6>E6)& 69+; (#& 1./&0 G 1;7+< E?& 1>& P>E6)& 67+6 (*>E6)& 6;+7 (*>E6)& 60+1 (#& 
;.>&P G 4+1 E?& P>E6>E6>E6)& 10+7 (*>E;)+ ;1P*NMR (64; ME?& BM0F*d7): R Spp)T G 69+6+ ERM0 

(E0@*UTFD) calc$late# %or >6;E6CBrN4F5P SMVETV: 551+105;8 %o$n#: 55;+10;<+

����� (4*(9*Ben?-l*<*(6*,ro)opheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*

;*-l),$t-l)phosphonic aci#: Jhite soli#8 )+p+ 167M16C N>8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 

9+55 (#&  . G 9+C E?& 1E)& 9+;6 (t&  . G 9+4 E?& 6E)& 9+6C M 9+65 ()& ;E)& 9+19 M 9+10 ()& ;E)& 5+50 (s& 

6E)& 4+5C (#&  . G 6+5 E?& 6E)& 4+00 (t&  . G 9+6 E?& 6E)& ;+0< M ;+04 ()& ;E)& ;+01 (##&  . G <+6& 5+< E?& 

6E)& 1+95 (p&  . G 9+4 E?& 6E)& 1+76 M 1+47 ()& 4E)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+7 

(>< or >4)& 15;+; (>< or >4)& 14C+< (>F)& 149+9 (>F)& 1;C+6 (>aro))& 1;7+4 (>aro))& 1;6+5 (>aro))& 1;0+C 

(>aro))& 16<+< (6>& >aro))& 16<+7 (>aro))& 169+C (>aro))& 169+9 (>aro))& 167+7 (6>& >aro))& 16;+9 (>aro))& 

107+0 (>5)& 9C+7 (>proparg-l)& 96+< (>proparg-l)& 49+6 (N9*>E6)& 46+5 (N*>E6)& ;6+C (N*>E6)& ;0+0 (*>E6)& 

6<+5 (#& 6./&0 G 15+5 E?& 1>& P>E6>E6)& 69+6 (#& 1./&0 G 1;9+1 E?& 1>& P>E6)& 67+; (*>E6)& 60+1 (#& 
;.>&P G 4+6 E?& P>E6>E6>E6)+ ;1P*NMR (64; ME?& BM0F*d7): R Spp)T G 69+6+ ERM0 (E0@*UTFD) 

calc$late# %or >69E6<BrN4F5P SMVETV: 5CC+105;8 %o$n#: 5CC1051+

 ��� Bieth-l (4*(<*(6*Metho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*

;*-l),$t-l)phosphonate: Jhite soli#8 )+p+ 104M107 N>+ 1E*NMR (500 ME?& BM0F*d7) R Spp)T G 
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1;+67 (s& 1E& N9*E)& 9+1< (t#&  . G 9+<& 1+9 E?& 1E& Earo))& 9+0C (##&  . G 9+5& 1+9 E?& 1E& Earo))& 7+C7 

(##&  . G <+;& 1+0 E?& 1E& Earo))& 7+<; (t#&  . G 9+4& 1+1 E?& 1E& Earo))& 4+5C (#&  . G 6+5 E?& 6E& N1*>E6)& 

4+00 (t&  . G 7+< E?& 6E& N;*>E6)& ;+C< M ;+C0 ()& 4E& PF>E6)& ;+9< (s& ;E& F>E;)& ;+05 (t&  . G 6+4 E?& 

1E& Eproparg-l)& ;+01 M 6+C1 ()& 4E& >E6>E6)& 1+<; M 1+9; ()& 4E& >E6>E6)& 1+4< ()& 6E& >E6)& 1+1C (t&  

. G 9+0 E?& 7E& PF>E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 159+1 (>aro)*F>E;)& 154+4 

(><)& 156+C (>F)& 150+0 (>F)& 14<+1 (>4)& 16C+5 (>aro))& 16<+1 (>aro))& 169+7 (>aro))& 160+6 (>aro))& 110+7 

(>aro))& 105+C (>5)& 9C+9 (>proparg-l)& 96+7 (>proparg-l)& 70+9 (#& 6./&0 G 7+9 E?& 1>& PF>E6)& 55+6 (F>E;)& 

46+4 (N;*>E6)& ;0+0 (N1*>E6)& 6<+4 (>E6)& 6<+; (>E6)& 6<+6 (#& 6./&0 G 15+1 E?& 1>& P>E6>E6)& 64+1 

(#& 1./&0 G 1;<+< E?& 1>& P>E6)& 1C+; (#& ;./&0 G 5+6 E?& 1>& P(>E6)6>E6)& 17+6 (#& ;./&0 G 5+7 E?& 6>& 

PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G ;6+<+ ERM0 (E0@*UTFD) calc$late# %or 

>65E;;N4F7P SMVETV: 519+6610 8 %o$n#: 519+661;+

 ��� Bieth-l (4*(<*(6*)etho3-pheneth-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*

;**p$rin*;*-l),$t-l)phosphonate: Jhite soli#8 )+p+ 164M147 N>+ 1E*NMR (700 ME?& BM0F*d7) R 

Spp)T G 9+60 (###&  . G <+6& 9+4& 1+9 E?& 1E& Earo))& 9+11 (##&  . G 9+4& 1+9 E?& 1E& Earo))& 7+C5 (##&  . G 

<+;& 1+1 E?& 1E& Earo))& 7+<4 (t#&  . G 9+;& 1+1 E?& 1E& Earo))& 4+59 (#&  . G 6+4 E?& 6E& N1*>E6)& 4+00 M

;+<C ()& 7E& N;*>E6& PF>E6)& ;+99 (s& ;E& F>E;)& ;+90 (s& ;E& N9*>E;)& ;+05 (t&  . G 6+4 E?& 1E& 

Eproparg-l)& 6+CC M 6+C6 ()& 4E& >E6>E6)& 1+<1 M 1+91 ()& 4E& >E6>E6)& 1+51 M 1+46 ()& 6E& >E6)& 1+1< 

(t&  . G 9+0 E?& 7E& PF>E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 159+; (>aro)*F>E;)& 154+5 

(><)& 15;+4 (>F)& 150+0 (>F)& 149+7 (>7)& 1;0+0 (>aro))& 16<+1 (>aro))& 16<+0 (>aro))& 160+4 (>aro))& 110+< 

(>aro))& 107+4 (>5)& 9C+< (>proparg-l)& 96+< (>proparg-l)& 70+C (#& 6.>&P G 7+4 E?& 6>& PF>E6) & 55+4 (F>E;)& 

46+; (N;*>E6)& ;1+4 (N9*>E;)& ;0+0 (N1*>E6)& 6<+; (#& 6./&0 G 15+; E?& 1>& P>E6>E6)& 6<+0 (>E6)& 

67+7 (>E6)& 64+6 (#& 1./&0 G 1;<+C E?& 1>& P>E6)& 1C+4 (#& ;./&0 G 4+9 E?& 1>& P(>E6)6>E6)& 17+4 (#& 
;.>&P G 5+7 E?& PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G Spp)T G ;6+<+ ERM0 (E0@*

UTFD) calc$late# %or >67E;5N4F7P SMVETV: 5;1+6;798 %o$n#: 5;1+6;71+

 ��� Bieth-l (4*(<*(;*,ro)opheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l),$t-l)phosphonate: Jhite soli#8 )+p+ 1;;M1;5 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+6< 

(,r s& 1E)& 9+45 (s& 1E& Earo))& 9+;< (#&  . G 9+< E?& 1E& Earo))& 9+6; (t&  . G 9+9 E?& 1E& Earo))& 9+60 (#&  

. G 9+9 E?& 1E& Earo))& 4+5C (s& 6E& N1*>E6)& 4+01 M ;+C0 ()& 7E& N;*>E6 an# 6 3 F>E6)& ;+05 (t&  . G 

6+4 E?& 1E& Eproparg-l)& ;+05 M 6+C5 ()& 4E& ><*>E6>E6)& 1+<6 M 1+94 ()& 4E& Eal2-l)& 1+56 M 1+46 ()& 6E& 

Eal2-l)& 1+1C (t&  . G 9+0 E?& 7E& 6 3 >E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+9 (><)& 

156+C (>F)& 150+0 (>F)& 14<+0 (>7)& 14;+; (>aro))& 1;1+1 (>aro))& 1;0+4 (>aro))& 16C+0 (>aro))& 169+4 

(>aro))& 161+7 (>aro))& 107+0 (>5)& 9C+9 (>proparg-l)& 96+9 (>proparg-l)& 70+< (#& 6.>&P G 7+7 E?& PF>E6)& 46+4 

(N;*>E6) & ;6+9 (>E6)& ;0+1 (N1*>E6)& 6C+9 (>E6)& 6<+1 (#& 6.>&P G 17+4 E?& 1>& P>E6>E6)& 64+1 (#& 
1.>&P G 1;C+6 E?& 1>& P>E6)& 1C+; (#& ;.>&P G 5+0 E?& 1>& P(>E6)6>E6)& 17+6 (#& ;.>&P G 7+5 E?& 
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PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G ;6+<+ ERM0 (E0@*UTFD) calc$late# %or 

>64E;0BrN4F5P SMVETV: 575+16108 %o$n#: 575+1667+

 �4� Bieth-l (4*(<*(;*)eth-lpheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l),$t-l)phosphonate: Jhite soli#8 )+p+ 111M11; N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+;1 

(,r s& 1E& N9*E)& 9+15 (t&  . G 9+5 E?& 1E& Earo))& 9+04 (s& 1E& Earo))& 7+C< (t&  . G 9+9 E?& 6E& Earo))& 

4+5C (#&  . G 6+6 E?& 6E& N1*>E6)& 4+06 M ;+C< ()& 6E& N;*>E6)& ;+C9 M ;+C1 ()& 4E& 6 3 F>E6)& ;+07 

(t&  . G 6+4 E?& 1E& Eproparg-l)& 6+C< (s& 4E& ><*>E6>E6)& 6+67 (s& ;E& >aro)>E;)& 1+<; M 1+94 ()& 4E& 

Eal2-l)& 1+5; M 1+4; ()& 6E& Eal2-l)& 1+1C (t&  . G 9+0 E?& 7E& 6 3 F>E6>E;)+ 1;>*NMR (151 ME?& BM0F*

d7) R Spp)T G 154+1 (><)& 156+C (>F)& 150+0 (>F)& 14<+1 (>4)& 140+; (>aro))& 1;9+; (>aro))& 16<+C (>aro))& 

16<+6 (>aro))& 167+< (>aro))& 165+6 (>aro))& 105+< (>5)& 9C+9 (>proparg-l)& 96+9 (>proparg-l)& 70+< (#& 6.>&P G 

7+1 E?& PF>E6)& 46+4 (N;*>E6)& ;;+6 (>E6)& ;0+0 (N1*>E6)& 6<+1 (#& 6.>&P G 15+4 E?& 1>& P>E6>E6)& 

64+1 (#& 1.>&P G 1;<+5 E?& 1>& P>E6)& 61+0 (>E6)& 1C+; (#& ;.>&P G 4+4 E?& 1>& P(>E6)6>E6)& 17+; (#& 
;.>&P G 5+7 E?& PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G ;6+<+ ERM0 (E0@*UTFD) cal*

c$late# %or >65E;;N4F5P SMVETV: 501+66718 %o$n#: 501+6676+

 ��� Bieth-l (4*(9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*<*(;*(tri%l$oro)eth-l)pheneth-l)*1&6&7&9*tet*

rah-#ro*;**p$rin*;*-l),$t-l)phosphonate: (hite soli#8 )+p+ 161M164 N>+ 1E*NMR (700 ME?& BM0F*

d7) R Spp)T G 9+76 (t&  . G 1+9 E?& 1E& Earo))& 9+5C M 9+4C ()& ;E& Earo))& 4+59 (#&  . G 6+5 E?& 6E& 

N1*>E6)& ;+CC M ;+<< ()& 7E& N;*>E6& PF>E6)& ;+97 (s& ;E& N9*>E;)& ;+1; M ;+10 ()& 4E& >E6>E6)& 

;+05 (t&  . G 6+4 E?& 1E& Eproparg-l)& 1+<1 M 1+7C ()& 4E& >E6>E6)& 1+50 M 1+41 ()& 6E& >E6)& 1+1< (t&  . G 

9+0 E?& 7E& PF>E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+9 (><)& 15;+; (>F)& 14C+< 

(>F)& 149+; (>7)& 141+C (>aro))& 1;6+< (>aro))& 16C+6 (>aro))& 16C+0 (4& 6.>&D G ;6+1 E?& 1>& >aro)*>D;)& 

165+1 (4& ;.>&D G ;+C E?& 1>& >aro))& 164+; (4& 1.>&D G 696+; E?& 1>& >D;)& 166+C (4& ;.>&D G ;+< E?& 1>& 

>aro))& 107+; (>5)& 9C+7 (>proparg-l)& 96+9 (>proparg-l)& 70+< (#& 6.>&P G 7+6 E?& 6>& PF>E6)& 46+0 (N;*>E6)& 

;6+0 (N9*>E;)& ;0+< (N1*>E6)& 6C+C (>E6)& 6<+1 (#& 6./&0 G 17+5 E?& 1>& P>E6>E6)& 69+; (>E6)& 64+1 

(#& 1./&0 G 1;9+< E?& 1>& P>E6)& 1C+6 (#& ;./&0 G 4+9 E?& 1>& P(>E6)6>E6)& 17+6 (#& ;.>&P G 5+C E?& 

PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G ;6+<+ ERM0 (E0@*UTFD) calc$late# %or 

>67E;;D;N4F5P SMVETV: 57C+61;58 %o$n#: 57C+610;+

 ��� Bieth-l (4*(<*(;*)etho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l),$t-l)phosphonate: Jhite soli#8 )+p+ 1;5M1;9 N>8 1E*NMR (500 ME?& BM0F*d7) R Spp)T G 1;+6C 

(s& 1E& N9*E)& 9+1< (t&  . G 9+< E?& 1E& Earo))& 7+9C M 7+96 ()& ;E& Earo))& 4+5C (#&  . G 6+5 E?& 6E& 

N1*>E6)& 4+01 M ;+C< ()& 6E& N;*>E6)& ;+C< M ;+C0 ()& 4E& PF>E6)& ;+91 (s& ;E& F>E;)& ;+05 (t&  . G 

6+4 E?& 1E& Eproparg-l)& ;+00 (s& 4E& >E6>E6)& 1+<4 M 1+90 ()& 4E& >E6>E6)& 1+54 M 1+40 ()& 6E& >E6)& 

1+1C (t&  . G 9+0 E?& 7E& PF>E6>E;)+ 1;>*NMR (167 ME?& BM0F*d7) R Spp)T G 15C+6 (>aro)*F>E;)& 

154+0 (><)& 156+< (>F)& 150+0 (>F)& 14<+1 (>4)& 146+0 (>aro))& 16C+; (>aro))& 160+4 (>aro))& 11;+C (>aro))& 
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111+7 (>aro))& 105+< (>5)& 9C+9 (>proparg-l)& 96+7 (>proparg-l)& 70+9 (#& 6./&0 G 7+; E?& 1>& PF>E6)& 54+< 

(F>E;)& 46+4 (N;*>E6)& ;;+6 (>E6)& ;0+0 (N1*>E6)& 6C+C (>E6)& 6<+6 (#& 6./&0 G 15+4 E?& 1>& 

P>E6>E6)& 64+1 (#& 1./&0 G 1;<+C E?& 1>& P>E6)& 1C+; (#& ;./&0 G 4+9 E?& 1>& P(>E6)6>E6)& 17+6 (#& 
;./&0 G 5+9 E?& 6>& PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G ;6+<+ ERM0 (E0@*UTFD) 

calc$late# %or >65E;;N4F7P SMVETV: 519+66108 %o$n#: 519+6661+

 ��� Bieth-l (4*(1*(c-clo,$t-l)eth-l)*<*(;*)etho3-pheneth-l)*6&7*#io3o*1&6&7&9*tetrah-#ro*;**p$*

rin*;*-l),$t-l)phosphonate: Jhite soli#8 )+p+ <6M<4 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T 

G 1;+19 (,r s& 1E& N9*E)& 9+19 (t&  . G <+0 E?& 1E& Earo))& 7+99 M 7+96 ()& ;E& Earo))& ;+C9 (t&  . G 9+0 E?& 

6E& N1*>E6)& ;+C7 M ;+C; ()& 6E& N;*>E6)& ;+C; M ;+C1 ()& 4E& PF>E6)& ;+7C (s& ;E& F>E;)& 6+CC M

6+C5 ()& 4E& ><*>E6>E6)& 6+77 M 6+5< ()& 1E& Eal2-l)& 1+C1 M 1+<5 ()& 6E& Eal2-l)& 1+9C M 1+91 ()& <E& 

Eal2-l)& 1+44 (#4&  . G 15+0& <+6& 7+6 E?& 6E& Eal2-l)& 1+19 (t&  . G 9+0 E?& 7E& Eal2-l)+ 1;>*NMR (151 ME?& 

BM0F*d7) R Spp)T G 15C+4 (>aro)*F>E;)& 154+6 (><)& 15;+9 (>F)& 151+0 (>F)& 149+C (>4)& 146+6 

(>aro))& 16C+5 (>aro))& 160+7 (>aro))& 114+0 (>aro))& 111+< (>aro))& 107+6 (>5)& 70+C (#& 6.>&P G 7+5 E?& 

PF>E6)& 55+0 (F>E;)& 45+1 (N;*>E6)& 46+4 (>al2-l)& ;4+6 (>al2-l)& ;;+5 (>al2-l)& ;0+1 (N1*>E6)& 6<+4 (#& 
6./&0 G 17+4 E?& 1>& P>E6>E6)& 65+9 (6>& >c-clo,$t-le)& 64+; (#& 1./&0 G 1;<+7 E?& 1>& P>E6)& 1C+4 (#& 
;./&0 G 5+4 E?& 1>& P(>E6)6>E6)& 19+C (>c-clo,$t-le)& 17+4 (#& ;.>&P G 5+C E?& PF>E6>E;)+ ;1P*NMR (64; 

ME?& BM0F*d7) R Spp)T G ;6+<+ ERM0 (E0@*UTFD) calc$late# %or >69E;CN4F7P SMVETV: 549+67<08 

%o$n#: 549+679<+

 ��� Bieth-l (4*(<*(;&4*#i)etho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$*

rin*;*-l),$t-l)phosphonate: Jhite soli#8 )+p+ n+#+ 1E NMR (700 ME?& BM0F*d7) R 1;+69 (s& 1E& N9*

E)& 7+<; (#& . G <+6 E?& 1E& Earo))& 7+9< (#& . G 6+0 E?& 1E& Earo))& 7+7C (##& . G <+6& 6+0 E?& 1E& Earo))& 

4+5C (#& . G 6+5 E?& 6E& N*>E6)& 4+00 (t& . G 7+C E?& 6E& N*>E6)& ;+C9 M ;+C1 ()& 4E& 6 3 F>E6)& ;+90 

(s& 7E& 6 3 F>E;)& ;+07 (t& . G 6+4 E?& 1E& Eproparg-l)& 6+CC M 6+C; ()& 4E& >E6*>E6)& 1+<6 M 1+94 ()& 4E& 

Eal2-l)& 1+56 M 1+44 ()& 6E& Eal2-l)& 1+1C (t& . G 9+0 E?& 7E& 6 3 F>E6>E;)+ 1;> NMR (151 ME?& BM0F) 

R 154+6 (>3anthine)& 156+< (>3anthine)& 150+0 (>3anthine)& 14<+7 (>3anthine)& 14<+1 (>3anthine)& 149+6 (>3anthine)& 

1;6+< (>aro))& 160+0 (>aro))& 116+6 (>aro))& 111+C (>aro))& 105+< (>5)& 9C+9 (>proparg-l)& 96+7 (>proparg-l)& 70+< 

(#& 6.>&P G 7+7 E?& PF>E6)& 55+5 (6 3 F>E;)& 46+4 (>al2-l)& ;6+C (>al2-l)& ;0+; (>al2-l)& ;0+0 (>al2-l)& 6<+6 (#& 
6./&0 G 17+1 E?& 1>& P>E6>E6)& 64+0 (#& 1./&0 G 1;<+4 E?& 1>& P>E6)& 1C+; (#& ;./&0 G 4+< E?& 1>& 

P(>E6)6>E6)& 17+6 (#& ;.>&P G 5+7 E?& PF>E6>E;)+ ;1P NMR (64; ME?& BM0F) R ;6+<+

 ��� Bieth-l (4*(1*eth-l*6&7*#io3o*<*(6*phen-lc-cloprop-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$*

t-l)phosphonate: F%%*(hite soli#8 )+p+ 164*167 N>+ 1E NMR (700 ME?& BM0F*d7): R Spp)T G 1;+10 

(s& 1E& N9*E)& 9+;1 M 9+67 ()& 6E& Earo))& 9+61 M 9+17 ()& ;E& Earo))& ;+CC M ;+C5 ()& 6E& N1*>E6 or 

N;*>E6)& ;+C5 M ;+<9 ()& 7E& 6 3 F>E6 an# N1*>E6 or N;*>E6)& 6+65 M 6+60 ()& 1E& >Ec-cloprop-le)& 

1+<4 M 1+79 ()& 5E& >Ec-cloprop-le an# 6 3 Eal2-l)& 1+76 M 1+54 ()& 1E& >Ec-cloprop-le)& 1+4< M 1+;9 ()& 6E& 
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Eal2-l)& 1+17 (t#& . G 9+0& 6+9 E?& 7E& 6 3 F>E6>E;)& 1+10 (t& . G 9+0 E?& ;E& >E;)+ 1;> NMR (151 ME?& 

BM0F): R Spp)T G 154+9 (>3anthine)& 15;+5 (>3anthine)& 150+7 (>3anthine)& 14<+1 (>3anthine)& 140+9 (>3anthine)& 

16<+7 (>aro))& 167+; (>aro))& 165+C (>aro))& 107+1 (>5)& 70+C (#& 6.>&P G 7+1 E?& PF>E6)& 46+6 (>al2-l)& ;5+9 

(>al2-l)& 6<+; (#& 6./&0 G 17+1 E?& 1>& P>E6>E6)& 69+1 (>c-cloprop-le)& 64+1 (#& 1./&0 G 1;C+0 E?& 1>& P>E6)& 

61+4 (>c-cloprop-le)& 1C+4 (#& ;./&0 G 5+1 E?& 1>& P(>E6)6>E6)& 19+5 (>c-cloprop-l)& 17+4 (#& ;.>&P G 7+6 E?& 

PF>E6>E;)& 1;+; (>E;)+ ;1P NMR (64; ME?& BM0F): R Spp)T G;6+C+ K>*M0: positive )o#e S)'?TG 

4C0+6 (SMVETV)+ E0@*M0 p$rit-: C;+5O+

 ���� Bieth-l (4*(1*eth-l*6&7*#io3o*<*(pheno3-)eth-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$t-l)phos*

phonate: F%%*(hite soli#8 )+p+ n+#+ 1E NMR (700 ME?& BM0F*d7) R 1;+<0 (s& 1E& N9*E)& 9+;4 M 9+6C 

()& 1E& Earo))& 9+09 M 9+0; ()& 1E& Earo))& 9+00 M 7+C7 ()& 1E& Earo))& 5+1; (s& 6E& ><*>E6)& 4+00 (t& . G 

7+C E?& 6E& N*>E6)& ;+C< M ;+C0 ()& ;E& Eproparg-l)& 1+<1 M 1+9; ()& 4E& Eal2-l)& 1+56 M 1+44 ()& 6E& Eal2-l)& 

1+1< (t& . G 9+0 E?& 7E& 6 3 F>E6>E;)& 1+16 (t& . G 9+0 E?& ;E& >E6>E;)+ 1;> NMR (151 ME?& BM0F) 

R 159+9 (>3anthine)& 15;+C (>3anthine)& 150+4 (>3anthine)& 14<+7 (>3anthine)& 149+5 (>3anthine)& 16C+5 (6>& >aro))& 

161+; (>aro))& 114+< (6>& >aro))& 76+9 (F>E6)& 70+9 (6 3 F>E6)& 46+; (>al2-l)& ;5+9 (>al2-l)& 6<+; (>al2-l)& 

6<+6 (#& 6./&0 G 15+7 E?& 1>& P>E6>E6)& 64+0 (#& 1./&0 G 140+0 E?& 1>& P>E6)& 1C+; (#& ;./&0 G 4+< E?& 

1>& P(>E6)6>E6)& 17+6 (#& ;.>&P G 5+9 E?& PF>E6>E;)& 1;+1 (>al2-l)+ ;1P NMR (64; ME?& BM0F) R 

;6+<+

0-nthesis o% co)po$n#s class B (!��� M !���) 

!��� Eth-l h-#rogen (4*(<*(6*,ro)opheneth-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-*

#ro*;**p$rin*;*-l),$t-l)phosphonate: Jhite soli#8 )+p+ n+#+8 1E*NMR (700 ME?& BM0F*d7) R Spp)T 

G 9+70 (##& . G 9+C& 1+6 E?& 1E& Earo))& 9+;5 (##& . G 9+9& 1+< E?& 1E& Earo))& 9+;1 (t#& . G 9+4& 1+6 E?& 

1E& Earo))& 9+60 M 9+14 ()& 1E& Earo))& 4+5C (#& . G 6+5 E?& 6E& N1*>E6)& ;+C9 (t& . G 9+0 E?& 6E& N;*

>E6)& ;+C6 M ;+<5 ()& 6E& PF>E6)& ;+94 (s& ;E& N9*>E;)& ;+1; (t& . G 9+6 E?& 6E& *>E6)& ;+0C M ;+04 

()& ;E& *>E6 an# Eproparg-l)& 1+99 M 1+90 ()& 6E& *>E6)& 1+75 (###& . G 1<+0& C+;& 7+5 E?& 6E& *>E6)& 1+56 

M 1+41 ()& 6E& *>E6)& 1+1< (t& . G 9+0 E?& ;E& PF>E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T 

G 15;+5 (>< or >4)& 15;+; (>< or >4)& 14C+< (>F)& 149+4 (>F)& 1;C+; (>aro))& 1;6+5 (>aro))& 1;1+0 (>aro))& 

16<+7 (>aro))& 169+C (>aro))& 16;+9 (>aro))& 107+4 (>5)& 9C+7 (>proparg-l)& 96+9 (>proparg-l)& 5C+< (#& 
6./&0 G 7+6 E?& 1>& PF>E6>E;)& 46+6 (N*>E6)& ;6+C (N*>E6)& ;1+; (N9*>E;)& 6C+C (*>E6)& 6<+; (#& 
6./&0 G 15+< E?& 1>& P>E6>E6)& 67+; (*>E6)& 65+4 (#& 1./&0 G 1;<+6 E?& 1>& P>E6)& 1C+7 (#& ;.>&P G 

4+4 E?& P>E6>E6>E6)& 17+4 (#& ;.>&P G 7+1 E?& PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F) R Spp)T G 

6C+9+ 

!��� Eth-l h-#rogen (4*(<*(6*)etho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**

p$rin*;*-l),$t-l)phosphonate: Jhite soli#8 )+p+ 196M194 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T 
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G 1;+67 (,r s& 1E& N9*E)& 9+61 M 9+19 ()& 1E& Earo))& 9+17 M 9+1; ()& 1E& Earo))& 7+C7 (#&  . G <+6 E?& 

1E& Earo))& 7+<4 (t&  . G 9+4 E?& 1E& Earo))& 4+5< (#&  . G 6+5 E?& 6E& N1*>E6)& 4+19 (4&  . G 9+1 E?& 6E& 

PF>E6)& ;+C7 (t&  . G 9+1 E?& 6E& N;*>E6)& ;+99 (s& ;E& F>E;)& ;+05 (t&  . G 6+; E?& 1E& Eproparg-l)& 6+C7 

(#t&  . G 11+4& 5+9 E?& 4E& ><*>E6>E6 )& 1+9; (p&  . G 9+4 E?& 6E& Eal2-l)& 1+5C M 1+56 ()& 6E& Eal2-l)& 

1+51 M 1+45 ()& 6E& Eal2-l)& 1+6; (t&  . G 9+1 E?& ;E& PF>E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R 

Spp)T G 159+; (>aro)*F>E;)& 15;+< (>3anthine)& 15;+0 (>3anthine)& 150+0 (>3anthine)& 149+C (>3anthine)& 1;0+1 

(>aro))& 16<+1 (>aro))& 16<+0 (>aro))& 160+4 (>aro))& 110+< (>aro))& 105+7 (>5)& 9C+C (>proparg-l)& 96+C (>pro*

parg-l)& 55+4 (6>& PF>E6 an# F>E;)& 46+7 (N;*>E6)& ;C+7 (PF>E6)& ;0+1 (N1*>E6)& 6<+9 (#& 
6./&0 G 17+5 E?& 1>& P>E6>E6)& 6<+7 (>E6)& 69+4 (#& 1./&0 G 1;7+0 E?& 1>& P>E6)& 67+4 (>E6)& 60+6 (#& 
;./&0 G 4+6 E?& 1>& P>E6>E6>E6)& 17+0 (PF>E6>E;)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 69+1+ 

ERM0 (E0@*UTFD) calc$late# %or >6;E;0N4F7P SMVETV: 4<C+1C0;8 %o$n#: 4<C+1C04+

!��� Eth-l h-#rogen (4*(<*(;*)etho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**

p$rin*;*-l),$t-l)phosphonate: Jhite soli#8 )+p+ 11<M160 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T 

G 9+1C (t&  . G 9+< E?& 1E& Earo))& 7+<5 M 7+<6 ()& 6E& Earo))& 7+97 (##&  . G <+6& 6+; E?& 1E& Earo))& 4+70 

(#&  . G 6+6 E?& 6E& N1*>E6)& 4+1< (4&  . G 9+1 E?& 4E& PF>E6)& 4+00 (t&  . G 9+1 E?& 6E& N;*>E6)& ;+91 

(s& ;E& F>E;)& ;+10 M ;+0< ()& 1E& Eproparg-l)& ;+0< M ;+07 ()& 6E& ><*>E6)& ;+06 (t&  . G 9+4 E?& 6E& ><*

>E6>E6)& 1+9C M 1+9; ()& 6E& Eal2-l)& 1+76 M 1+55 ()& 6E& Eal2-l)& 1+51 (#4&  . G 15+5& <+7& 9+; E?& 6E& 

Eal2-l)& 1+60 (t&  . G 9+1 E?& ;E& >E6>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+< (>aro)*

F>E;)& 15;+C (>3anthine)& 15;+; (>3anthine)& 150+; (>3anthine)& 14<+6 (>3anthine)& 146+5 (>aro))& 16C+< (>aro))& 

161+6 (>aro))& 114+7 (>aro))& 116+6 (>aro))& 105+C (>5)& <0+6 (>proparg-l)& 9;+6 (>proparg-l)& 55+4 (F>E;)& 46+C 

(N;*>E6)& ;C+7 (PF>E6)& ;;+5 (>E6)& ;0+4 (N1*>E6)& 6C+0 (#& 6./&0 G 15+4 E?& 1>& P>E6>E6)& 6<+0 

(>E6)& 69+9 (#& 1./&0G 1;5 E?& 1>& P>E6)& 60+5 (#& ;./&0 G 4+9 E?& 1>& P>E6>E6>E6)& 17+; (PF>E6>E;)+ 
;1P*NMR (64; ME?& BM0F*d7) R Spp)T G 69+6+ ERM0 (E0@*UTFD) calc$late# %or >6;E;0N4F7P 

SMVETV: 4<C+1C0;8 %o$n#: 4<C+1C05+

"��� 4*(<*(6*Bro)opheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$tane*

1*s$l%onic aci#: 1E NMR (500 ME?& BM0F*d7) R 9+5< (#& . G 9+C E?& 1E& Earo))& 9+;1 M 9+6C ()& 6E& 

Earo))& 9+15 (#t& . G <+0& 4+5 E?& 1E& Earo))& 4+70 (#& . G 6+5 E?& 6E& >E6)& ;+C9 (t& . G 9+6 E?& 6E& >E6)& 

;+1C M ;+10 ()& 6E& >E6)& ;+09 M ;+00 ()& ;E& >E6 an# Eproparg-l)& 1+<0 M 1+7C ()& 6E& Eal2-l)& 1+74 M 1+54 

()& 6E& Eal2-l)+ 1;> NMR (167 ME?& BM0F) R 15;+; (>3anthine)& 156+C (>3anthine)& 14C+C (>3anthine)& 149+C 

(>3anthine)& 1;C+; (>aro))& 1;6+5 (>aro))& 1;0+9 (>aro))& 16<+4 (>aro))& 169+C (>aro))& 16;+9 (>aro))& 107+0 

(>5)& 9C+9 (>proparg-l)& 96+9 (>proparg-l)& 51+1 (>al2-l)& 4;+0 (>al2-l)& ;;+5 (>al2-l)& ;0+0 (>al2-l)& 6<+; (>al2-l)& 

67+C (>al2-l)& 66+6 (>al2-l)+

"��� 4*(1*Eth-l*<*(;*)etho3-pheneth-l)*6&7*#io3o*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$tane*1*s$l*

%onic aci#: Jhite soli#8 )+p+ 19CM1<1 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 9+19 (t&  . G 9+< 

E?& 1E& Earo))& 7+<1 M 7+99 ()& 6E& Earo))& 7+94 (##&  . G <+6& 6+5 E?& 1E& Earo))& ;+C5 (t&  . G 9+1 E?& 6E& 
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N1*>E6)& ;+C1 (4&  . G 9+0 E?& 6E& N;*>E6)& ;+91 (s& ;E& F>E;)& ;+06 M 6+C7 ()& 4E& >E6>E6)& 6+4C M

6+44 ()& 6E& >E6)& 1+9< M 1+79 ()& 6E& >E6)& 1+5< (4&  . G 9+9& 9+1 E?& 6E& >E6)& 1+11 (t&  . G 9+0 E?& 

;E& >E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+4 (>aro)*F>E;)& 15;+< (><)& 15;+7 (>F)& 

150+5 (>F)& 149+9 (>7)& 146+6 (>aro))& 16C+5 (>aro))& 160+9 (>aro))& 114+0 (>aro))& 111+< (>aro))& 107+4 

(>5)& 55+0 (F>E;)& 51+; (>E60F;E)& 4;+0 (N;*>E6)& ;5+< (>E6)& ;;+5 (>E6)& ;0+1 (>E6)& 69+6 (>E6)& 

66+5 (>E6)& 1;+4 (>E;)+ ERM0 (E0@*UTFD) calc$late# %or >60E69N4F70 SMVETV: 451+17478 %o$n#: 

451+17;C+

"��� 4*(<*(;*Metho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$*

tane*1*s$l%onic aci#: Jhite soli#8 )+p+ 195M199 N>+ 1E*NMR (500 ME?& BM0F*d7) R Spp)T G 9+60 M

9+15 ()& 1E& Earo))& 7+<1 M 7+97 ()& 6E& Earo))& 7+97 M 7+96 ()& 1E& Earo))& 4+70 (#&  . G 6+5 E?& 6E& 

N1*>E6)& ;+C9 (t&  . G 9+6 E?& 6E& N;*>E6)& ;+91 (s& ;E& F>E;)& ;+04 (t&  . G 6+4 E?& 1E& Eproparg-l)& ;+06 

M 6+CC ()& 4E& >E6>E6)& 6+50 M 6+4< ()& 6E& >E6)& 1+9< M 1+7< ()& 6E& >E6)& 1+74 M 1+54 ()& 6E& >E6)+ 
1;>*NMR (167 ME?& BM0F*d7) R Spp)T G 15C+4 (>aro)*F>E;)& 154+1 (><)& 15;+0 (>F)& 150+1 (>F)& 

14<+1 (>7)& 146+6 (>aro))& 16C+5 (>aro))& 160+9 (>aro))& 114+0 (>aro))& 111+< (>aro))& 107+0 (>5)& 9C+C 

(>proparg-l)& 96+< (>proparg-l)& 55+0 (F>E;)& 51+6 (>E60F;E)& 4;+6 (N;*>E6)& ;;+4 (>E6)& ;0+6 (>E6)& ;0+1 

(>E6)& 69+1 (>E6)& 66+4 (>E6)+ ERM0 (E0@*UTFD) calc$late# %or >61E65N4F70 SMVETV: 571+14<C8 

%o$n#: 471+14<6+ 

#��� 4*(<*(6*Bro)opheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$tane*

1*s$l%ona)i#e: Jhite soli#8 )+p+ 617M61C N>8 1E*NMR (500 ME?& BM0F*d7) R Spp)T G 9+5C (#&  . G 

9+C E?& 1E& Earo))& 9+;1 M 9+6< ()& 6E& Earo))& 9+1C M 9+1; ()& 1E& Earo))& 7+96 (s& 6E& NE6)& 4+70 (#&  . 

G 6+5 E?& 6E& N*>E6)& 4+00 (t&  . G 9+0 E?& 6E& N*>E6)& ;+15 (##&  . G <+5& 7+9 E?& 6E& >E6)& ;+0C M 6+C9 

()& 5E& Eproparg-l& >E6)& 1+<5 M 1+95 ()& 6E& >E6)& 1+97 M 1+75 ()& 6E& >E6)+ 1;>*NMR (167 ME?& 

BM0F*d7) R Spp)T G 15;+9 (>< or >4)& 15;+1 (>< or >4)& 150+6 (>F)& 14<+6 (>F)& 1;C+5 (>aro))& 1;6+7 

(>aro))& 1;0+< (>aro))& 16<+7 (>aro))& 16<+0 (>aro))& 16;+< (>aro))& 107+; (>5)& 9C+C (>proparg-l)& 96+< (>pro*

parg-l)& 54+1 (>E6)& 46+7 (>E6)& ;;+9 (>E6)& ;0+6 (>E6)& 6<+5 (>E6)& 67+4 (>E6)& 60+C (>E6)+ 

G��� 5*(<*(6*Metho3-pheneth-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l)pen*

tanoic aci#: Jhite soli#8 )+p+ 1C7M1C< N>8 1E*NMR (500 ME?& BM0F*d7) R Spp)T G 9+1< (t#&  . G 9+C& 

1+< E?& 1E& Earo))& 9+0< (##&  . G 9+4& 1+9 E?& 1E& Earo))& 7+C5 (##&  . G <+;& 1+1 E?& 1E& Earo))& 7+<6 (t#&  

. G 9+4& 1+1 E?& 1E& Earo))& 4+5C (#&  . G 6+5 E?& 6E& N1*>E6)& ;+C< (t&  . G 9+1 E?& 6E& N;*>E6)& ;+04 

(t&  . G 6+4 E?& 1E& Eproparg-l)& ;+01 M 6+C0 ()& 4E& >E6>E6)& 6+67 (t&  . G 9+; E?& 6E& >E6)& 1+95 M 1+7; 

()& 6E& >E6)& 1+57 M 1+45 ()& 6E& >E6)+ 1;>*NMR (167 ME?& BM0F*d7) R Spp)T G 194+6 (>FFE)& 

159+1 (><)& 154+; (>F)& 156+< (>F)& 150+0 (>7)& 14<+0 (>aro))& 16C+7 (>aro))& 16<+1 (>aro))& 169+7 (>aro))& 

160+6 (>aro))& 110+7 (>aro))& 105+C (>5)& 9C+< (>proparg-l)& 96+7 (>proparg-l)& 55+6 (F>E;)& 46+7 (N;*>E6)& 
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;;+6 (>E6)& ;0+0 (>E6)& 6<+4 (>E6)& 6<+; (>E6)& 69+0 (>E6)& 61+7 (>E6)+ ERM0 (E0@*UTFD) calc$late# 

%or >66E65N4F5 SMVETV: 465+1<1C8 %o$n#: 465+1<;0+ 

G��� 5*(1*(>-clo,$t-l)eth-l)*6&7*#io3o*<*(;*(tri%l$oro)eth-l)pheneth-l)*1&6&7&9*tetrah-#ro*;**p$*

rin*;*-l)pentanoic aci#: F%%*(hite soli#8 )+p+ 610M616 N>+ 1E*NMR (700 ME?& BM0F*d7) R Spp)T 

G 1;+04 (,r s& 1E& >FFE)& 9+4< M 9+56 ()& 4E& Earo))& ;+C9 M ;+<C ()& 4E& N1*>E6& N;*>E6)& ;+11 (t&  

. G 9+7 E?& 6E& >E6)& ;+06 (t&  . G 9+5 E?& 6E& >E6)& 6+76 ()& 1E& N1*>E6>E)& 6+6; (t&  . G 9+4 E?& 6E& 

Eal2-l)& 1+<< (t#&  . G <+0& 9+4& ;+4 E?& 6E& Eal2-l)& 1+9; M 1+99 ()& 7E& Eal2-l)& 1+75 (p&  . G 9+; E?& 6E& 

Eal2-l)& 1+49 (p&  . G 9+5 E?& 6E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 194+4 (>FFE)& 154+6 

(><)& 15;+; (>F)& 151+0 (>F)& 149+< (>7)& 146+1 (>aro))& 1;6+9 (>aro))& 16C+4 (>aro))& 16C+1 (4& 
6./&- G ;1+5 E?& 1>& >aro)*>D;)& 164+4 (4& 1./&- G 695 E?& 1>& >D;)& 165+1 (4& ;./&- G 4+0 E?& 1>& >aro))& 

16;+0 (4& ./&- G 4+1 E?& 1>& >aro))& 107+; (>5)& 45+1 (N1*>E6)& 46+7 (N;*>E6)& ;4+6 (>al2-l)& ;;+; (>al2-l)& 

;;+0 (>al2-l)& 6C+< (>al2-l)& 69+1 (>al2-l)& 65+9 (6>& >c-clo,$t-le)& 61+7 (>al2-l)& 19+C (>al2-l)+ ERM0 (E0@*

UTFD) calc$late# %or >64E69D;N4F4 SMVETV: 4C;+60598 %o$n#: 4C;+6099+  

*��� ;*(<*(;*Metho3-pheneth-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*

;*-l)prop-l #ih-#rogen phosphate: Jhite soli#8 Qiel# 70O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 

9+1< (t& 5 G 9+< E?& 1E& Earo))& 7+<9 M 7+70 ()& ;E& Earo))& 4+59 (#& 5 G 6+5 E?& 6E& N1*>E6)& 4+16 M ;+C5 

()& 6E& N;*>E6)& ;+<< (s& ;E& N<*>E;)& ;+91 ()& 5E& F>E6& F>E;)& ;+0< M 6+C< ()& 4E& ><al2-l)& 6+C9 

()& 1E& Eproparg-l)& 1+C7 ()& 6E& Eal2-l))+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+47 (>aro)*

F>E;)& 154+;6 (><)& 15;+46 (>7)& 14C+C5 (>6)& 149+40 (>4)& 146+1; (>aro)) 16C+50 (>aro))& 160+<7

(>aro))& 114+19 (>5)& 111+C9 (>aro))& 107+4< (>aro))& 9C+<; (>proparg-l)& 96+<C (>proparg-l)& 7;+6C (N9*>E;)& 

55+0C (F>E;)& ;6+C; (N1*>E;)& ;1+47 (N6*>E;)& ;0+07& 6<+<C& 69+C6 (>al2-ls)+ ;1P*NMR (64; ME?& 

BM0F*d7) R Spp)T G 0+01+ (ERM0 (E0@*UTFD) calc$late# %or >61E65N4F9P SMVETV: 4CC+1;5C8 %o$n#: 

4CC+1;5;)+

*��� ;*(<*(;*Metho3-pheneth-l)*9*)eth-l*6&7*#io3o*1*prop-l*1&6&7&9*tetrah-#ro*;**p$rin*;*-l)pro*

p-l #ih-#rogen phosphate: Jhite soli#8 Qiel# 74O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 9+19 (t& 

5 G <+0 E?& 1E& Earo))& 7+<4 M 7+9< ()& 6E& Earo))& 7+9C M 7+5; ()& 1E& Earo))& 4+0; (t& 5 G 9+; E?& 6E& 

N1*>E6)& ;+<7 (4& 5 G 7+7 E?& 6E& N;*>E6)& ;+<4 (s& ;E& N<*>E;)& ;+90*;<7 ()& 5E& Eal2-l& F>E;)& ;+06 

()& 6E& Eal2-l)& 6+C5*6+C4 ()& 6E& Eal2-l)& 1+C5*1+C; ()& 6E Eal2-l)& 1+54 ()& 6E& Eal2-l)& 0+<4 (t& 5 G 9+4 

E?& ;E& >E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+99 (>aro)*F>E;)& 154+90 (><)& 154+15

(>7)& 150+<6 (>6)& 149+46 (>4)& 146+51 (>5)& 16C+<0& 161+19& 114+47& 116+69& 107+C6 (>aro))& 7;+51 (N9*

>E;)& 55+;C (F>E;)& 46+;1& ;;+67& ;1+7<& 6C+69& 6<+66& 61+6<& 11+74 (>al2-l)+ ;1P*NMR (64; ME?& 

BM0F*d7) R Spp)T 0+66+ (ERM0 (E0@*UTFD) calc$late# %or >61E6CN4F9P SMVNaTV: 50;+17968 %o$n#: 

50;+1777)+
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*��� (E)*;*(<*(;*Metho3-st-r-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l)pro*

p-l #ih-#rogen phosphate: Jhite soli#8 Qiel# 41O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+99 

(,r s& NE)& 9+75 (#& . G 17+4 E?& 1E& >EG>E)& 9+;6*9+;0 ()& 1E& Earo))& 9+66 M 9+17 ()& 6E& Earo)& 

>EG>E)& 9+16 (#& . G 17+4 E?& 1E& >EG>E)& 7+C7 M 7+C0 ()& 1E& Earo))& 4+71 (#& . G 6+5 E?& 6E& N1*

>E6)& 4+14 M 4+0< ()& 6E& N;*>E6)& ;+C6 (4& 5 G 7+9 E?& 6E& F>E6)& ;+<0 (s& ;E& F>E;)& ;+0C (t& . G 6+4 

E?& 1E& Eproparg-l)& 6+06 (p& . G 7+< E?& 6E& Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+<4

(>aro))& 15;+07 (><)& 150+60 (>7)& 1;7+C< (>6)& 1;5+7< (>4)& 1;0+15 (>G>)& 1;0+10 (>G>)& 11C+<7

(>aro))& 117+65 (>aro))& 115+;7 (>aro))& 116+1< (>aro))& 9C+<4 (>proparg-l)& 9;+00 (>proparg-l)& 7;+4; (F>E6)& 

51+6; (F>E6)& ;0+;7& 6<+C0 (>al2-l)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 0+0;+  ERM0 (E0@*UTFD) 

calc$late# %or >60E61N4F9P SMVETV: 471+16678 %o$n#: 471+1661)+

*�4� (E)*;*(6&7*Bio3o*1*prop-l*<*st-r-l*1&6&7&9*tetrah-#ro*;**p$rin*;*-l)prop-l #ih-#rogen phos*

phate: Jhite soli#8 Qiel# 71O8 1E NMR (500 ME?& BM0F*#7) R 1;+57 (s& 1E& 9*NE)& 9+<6 M 9+57 ()& 

;E& Earo)& >EG>*)& 9+;< (#t& . G ;1+0& 9+; E?& ;E& Earo))& 9+04 (#& . G 17+4 E?& 1E& >G>E)& 4+1; M 4+04 

()& 6E& N1>E6)& ;+C1 (4& . G 7+9 E?& 6E& N;>E6)& ;+<9 M ;+<1 ()& 6E& F>E6)& 6+01 (p& 5 G 7+9 E?& 6E& 

Eal2-l)& 1+77 M 1+;5 ()& 6E& Eal2-l)& 0+<7 (t& 5 G 9+4 E?& ;E& >E;)+ 1;> NMR (167 ME?& BM0F*d�) R 

154+06 (><)& 150+97 (>7)& 14C+76 (>6)& 14<+69 (>4)& 1;5+57 (>G>)& 1;5+;7 (>G>)& 16C+6; (>5)& 16C+10

(>aro))& 169+69 (>aro))& 115+C; (>aro))& 109+46 (>aro))& 7;+;< (F>E6)& 40+6; (N1al2-l)& 6<+C5 6; (N;al2-l)& 

6<+<C& 60+C<& 11+;; (>al2-l)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 0+0;+  ERM0 (E0@*UTFD) calc$*

late# %or >1CE6;N4F7P SMVETV: 459+165;8 %o$n#: 459+1649)+

*��� (E)*;*(9*Meth-l*6&7*#io3o*1*prop-l*<*st-r-l*1&6&7&9*tetrah-#ro*;**p$rin*;*-l)prop-l #ih-#rogen 

phosphate: Jhite soli#8 46O8 1E NMR (700 ME?& BM0F*d�) R 9+91 (#& . G 9+5 E?& 6E& Earo))& 9+5< (#& 

. G 15+9 E?& 1E& >EG>E)& 9+40 M 9+;0 ()& ;E& Earo))& 9+6; (#& . G 15+9 E?& 1E& >EG>E)& 4+05 (t& . G 

9+5 E?& 6E& N1*>E6)& ;+C9 (s& ;E& N*>E;)& ;+<5 (4& 5 G 7+7 E?& 6E& N;*>E6)& ;+9; (#& 5 G 6+5 E?& 6E& 

F>E6)& 1+C9*1+C5 ()& 6E& Eal2-l)& 1+51*1+4C ()& 6E)& 0+<6 (t& . G 9+4 E?& ;E& >E;)+ 1;> NMR (167 ME?& 

BM0F*d�) R 154+06& (><) 150+97 (>7)& 14C+76 (>6)& 14<+69 (>4)& 1;5+57 (>EG>E)& 1;5+;7 (>EG>E)& 

16C+6; (>5)& 16C+10& 169+69& 115+C;& 109+40 (>aro))& 7;+;< (N*>E;)& 7;+;4& (F>E6) 6<+C5& 6<+<C& 60+C<& 

11+;; (>al2-l)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 0+7<+ ERM0 (E0@*UTFD) calc$late# %or 

>60E65N4F7P SMVNaTV: 491+140C8 %o$n#: 491+1404)+  

*��� (E)*;*(<*(;*Metho3-st-r-l)*9*)eth-l*6&7*#io3o*1*prop-l*1&6&7&9*tetrah-#ro*;**p$rin*;*-l)pro*

p-l #ih-#rogen phosphate: Jhite soli#8 Qiel# 56O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1E NMR 

(700 ME?& BM0F*d�) R 9+7; (#& . G 15+1 E?& 1E& >EG>E)& 9+;4*9+;1 ()& 4E& Earo)& >EG>E)& 9+00 M

7+<< ()& 1E& Earo))& 4+16*4+11 ()& 6E& N1*>E6)& 4+0; (s& ;E& N9*>E;)& ;+C1+;+C0 ()& 6E& N;>E6)& ;+<1 

(s& ;E& F>E;)& 6+06*6+00 ()& 6E& Eal2-l)& 1+57*1+55 ()& 6E& Eal2-l)& 0+<7 (t& . G 9+5 E?& ;E& >E;)+ 
1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15C+<1 (>aro))& 154+;7 (><)& 150+5C (>7)& 14C+<0 (>6)& 
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149+9< (>4)& 1;9+1; (> G>)& 1;7+<9 (> G>)& 16C+C5 (>5)& 160+46 (>aro))& 115+;9 (>aro))& 11;+64 (>aro))& 

116+74 (>aro))& 109+57 (>aro))& 7;+44 (N*>E;)& 55+;C (F>E;)& ;1+71& 60+C<& 11+;5 (>al2-l)+ ;1P*NMR (64; 

ME?& BM0F*d7) R Spp)T 0+06+ ERM0 (E0@*UTFD) calc$late# %or >61E69N4F9P SMVNaTV: 501+15158 

%o$n#: 501+1510)+

*��� (E)*;*(1*Eth-l*<*(;*)etho3-st-r-l)*6&7*#io3o*1&6&7&9*tetrah-#ro*;E*p$rin*;*-l)prop-l #ih-#ro*

gen phosphate: Jhite soli#8 Qiel# 47O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G  1E NMR (700 ME?& 

BM0F*d�) R 9+74 (#& . G 15+9 E?& 1E& >EG>E)& 9+40 M 9+;7 ()& 6E& Earo))& 9+;5 M 9+6C ()& 6E& Earo)& 

>EG>E)& 7+C; (#& . G 9+9& 1E& Earo))& 4+14 M 4+07 ()& 6E& N1>E6)& ;+C1*;C0 ()& 4E& N;*>E6& F>E6)& 

;+<1 (s& ;E& F>E;)& 6+06*6+01 ()& 6E& Eal2-l)& 1+16 (t& 5 G 9+0 E?& ;E& >E;)+ 1;>*NMR (151 ME?& 

BM0F*d7) R Spp)T G 15C+<6 (>aro))& 154+19 (><)& 150+40 (>7)& 14C+<1 (>6)& 1;9+14 (>4)& 1;7+C0

(>G>)& 16C+C5 (>G>)& 160+4; (>5)& 115+40 (>aro))& 11;+6< (>aro))& 116+7; (>aro))& 109+76 (>aro))& 7;+47

(F>E6)& 55+46 (F>E;)& ;5+96& ;1+75& 1;+;1 (>al2-l)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 0+60+ 

ERM0 (E0@*UTFD) calc$late# %or >1CE6;N4F9P SMVNaTV: 49;+16068 %o$n#: 49;+11C9)+

*��� ;*(<*(;*Metho3-,en?-l)*6&7*#io3o*1*prop-l*1&6&7&9*tetrah-#ro*;**p$rin*;*-l)prop-l #ih-#rogen 

phosphate: Jhite soli#8 Qiel# 47O8 1E NMR (700 ME?& BM0F*#7) R 9+16 (#& . G <+1 E?& 6E& Earo))& 

7+<4 (#& . G <+1 E?& 6E& Earo))& 4+0< (s& 6E& ><>E6)& 4+01 (t& . G 9+5 E?& 6E& N1*>E6)& ;+9; (s& N9*>E;)& 

;+79*;+76 ()& 9E& N;*>E6& F>E;& F>E6)& 1+5C M 1+;< ()& 6E& Eal2-l)& 1+1; (t& . G 9+1 E?& 6E& >E6)& 

0+<0 (t& . G 9+5 E?& ;E& >E;)+ 1;> NMR (151 ME?& BM0F) R 15<+1< (>aro))& 154+;C (><)& 15;+0< (>7)& 

150+41 (>6)& 149+14 (>4)& 16C+57 (><)& 169+<1 (>aro))& 114+6; (>aro))& 107+C1 (>5)& 55+14 (F>E6)& 

45+5C (F>E;)& ;1+95 (N9*>E;)& ;1+;9& 60+C1& 11+6C (>al2-ls)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 

0+0<+ ERM0 (E0@*UTFD) calc$late# %or >60E69N4F9P SMVNaTV: 4<C+15158 %o$n#4<C+1510)+

*���: ;*(<*(4*>hloro,en?-l)*9*)eth-l*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*

-l)prop-l #ih-#rogen phosphate: Jhite soli#8 Qiel# 51O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G  

9+;5 (#& . G <+0 E?& 6E& Earo))& 9+;0 (#& . G <+; E?& 6E& Earo))& 4+55 (s& ;E& N9*>E;)& 4+06 (t& . G 9+4 

E?& 6E& N1*>E6 )& ;+<;*;<6 ()& 6E& N;*>E6)& ;+0; (t& 5 G 6+4 E?& 1E& Eproparg-l)& 1+C;*1C6 ()& 6E& 

Eal2-l)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15;+1C (><)& 156+54 (>7)& 150+0C (>6)& 14<+ 61 

(>4)& 1;7+06 (>aro))& 1;1+54 06 (>aro))& 1;0+5C 06 (>aro))& 16<+7; (>aro))& 9C+<; (>proparg-l)& 96+<6 (>pro*

parg-l)& 76+97 (F>E6)& ;;+75 (N9*>E;)& ;0+66& 6<+C5& 6<+C4 (>al2-l)+ ;1P*NMR (64; ME?& BM0F*d7) R 

Spp)T 0+;9+ ERM0 (E0@*UTFD) calc$late# %or >1<E1<>lN4F7P SMVETV: 495+05508 %o$n#: 495+0545+  

����: (E)*(4*(<*(;*Metho3-st-r-l)*6&7*#io3o*1*(prop*6*-n*1*-l)*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$*

t-l)phosphonic aci#: Jhite soli#8 Qiel# 5<8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 16+0 (s& 1E& NE)&  

9+76 (#& 1E& Evin-l)& 9+6C*9+;; ()& 1E)& 9+15*9+64 ()& 6E)& 9+09 (#& . G 17+;5 E?& 1E& Evin-l)& 7+C; ()& 

1E& Earo))& 4+70 (#& 5 G 6+4 E?& >proparg-l)& 4+06 (t& . G 7+76& 9+14 E?& 6E& N>E6)& ;+<0 (#& . G <+60& ;E& 
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F>E;)& ;+09 (t& . G 6+40& 1E& Eproparg-l)& 1+9C ()& 6E& P>E6)& 1+5C ()& 6E)& 1+5; ()& 6E)+ 1;>*NMR (151 

ME?& BM0F*d7) R Spp)T G 15C+<& 15;+0& 150+1& 150+0& 14<+9& 1;7+C& 1;5+9& 1;0+1& 11C+<& 117+6& 115+4& 

116+1& 109+1& 9C+<& 96+C& 55+;& 4;+0& ;0+;& 6<+<& 6<+0& 67+C& 60+;& 60+6+ ;1P*NMR (64; ME?& BM0F*d7) R 

Spp)T 69+19+ 

����: (4*(<*>-clopent-l*6&7*#io3o*1*prop-l*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$t-l)phosphonic aci#: 

Jhite soli#8 Qiel# 1;O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1;+09 (,r s& 1E& 9*NE)& ;+C5 (t& . G 

9+1 E?& 6E& N1*>E6)& ;+<1 (#& . G 7+; E?& 6E& N;*>E6)& ;+16 ()& 1E& Ec-clopent-l)& 6+0; M 1+<C ()& 6E& 

Eal2-l)& 1+<; M 1+74 ()& 7E& Eal2-l& Ec-clopent-l)& 1+5;*1+51 ()& <E& Eal2-l& Ec-clopent-l)& 0+<4 (t& 5 G 9+4 E?& ;E& 

>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 15<+06 (><)& 154+00 (>7)& 150+97 (>6)& 149+<; (>4)& 

107+6; (>5)& 46+57 (N1*>E6)& 46+16 (N;*>E6)& ;6+0< (>c-clopent-l)& 6<+<1& 6<+00& 69+0C& 65+1C& 60+CC& 

60+61& 11+;1 (>*al2-l& >c-lopent-l)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 6C+61+ ERM0 (E0@*UTFD):  

n+#+

���� (4*(6&7*Bio3o*<*phen-l*1*prop-l*1&6&7&9*tetrah-#ro*;**p$rin*;*-l),$t-l)phosphonic aci#: Jhite 

soli#8 Qiel# 19O8 1E*NMR (700 ME?& BM0F*d7) R Spp)T G 1E NMR (700 ME?& BM0F*d�) R 1;+<6 

(,r s& 1E& 9*E)& <+65 M 9+<7 ()& 6E& Earo))& 9+50*9+4< ()& ;E& Earo))& 4+6; M ;+CC ()& 6E& N1*>E6)& ;+C6 

M ;+9C ()& 6E& N;*>E6)& 1+C7 M 1+95 ()& 6E& Eal2-l)& 1+7; M 1+49 ()& 7E& Eal2-l))& 1+0< M 0+90 ()& ;E& 

>E;)+ 1;>*NMR (151 ME?& BM0F*d7) R Spp)T G 1;> NMR (151 ME?& BM0F*d7) R 154+66 (><)& 

150+9< (>7)& 150+07 (>6)& 14<+40 (>4)& 1;0+;9 (>5)& 16C+0C& 167+75& 109+C1 (>aro))& 6<+<0& 69+<<& 67+C<& 

61+00& 60+61& 11+;4 (>al2-l)+ ;1P*NMR (64; ME?& BM0F*d7) R Spp)T 69+61+ ERM0 (E0@*UTFD) calc$*

late# %or >1<E6;N4F5P SMVNaTV: 46C+1;048 %o$n#: 46C+16C<)+  

The potenc- o% the 3anthine #erivatives (as #eter)ine# at the h$)an (il#*t-pe MRGPRX4 (Ta,le 1) 

an#& in a##ition& at its rare variant K<;0 (containing a single point )$tation& see Ta,le 6)& in W*arrestin

recr$it)ent as (ell as calci$) )o,ili?ation assa-s+ Dor �*arrestin recr$it)ent assa-s& reco),inant >hi*

nese ha)ster ovar- (>EF) cells e3pressing the h$)an (il#t-pe MRGPRX4 (ere $se# (BiscoverX'E$*

ro%ins) (hich allo(e# to )eas$re �*galactosi#ase co)ple)entation $pon �*arrestin recr$it)ent+ Dor 

calci$) )o,ili?ation assa-s& reco),inant >EF cells e3pressing the (il#t-pe MRGPXR& or KN66C gli*

o,lasto)a cells nativel- e3pressing the MRGPRX4 K<;0 )$tant (ere $se#+

The assa-s (ere per%or)e# as previo$sl- #escri,e# %or other rho#opsin*li2e GP>Rs (MLller& >+E+8 <*

Ben?a)i#ochro)en*4*one*6*car,o3-lic aci#s: potent an# selective agonists %or the orphan G protein*

co$ple# receptor GPR;5+ 5+ Me#+ >he)+ 601;& 57:51<6*C98 MLller& >+E+ Molec$lar Recognition o% /g*

onists an# /ntagonists ,- the N$cleoti#e*/ctivate# G Protein*>o$ple# P6Q 6 Receptor+ 5+ Me#+ >he)+ 

6019& 70:<465*<440)+
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(able 1) P�%�(�� �  -����%�� ��&��'(�- "( a�%"+a%"(� %!� !'&a( .R/PR0,

�-arres*i# assa+
,C-. �-arres*i#

/0121-3r$4i#k(1 2
h5ma# 1063074

8ild *+&e9

Calci5m assa+
,h5ma# 1063074

8ild *+&e9

:C50 ; 2:1
,<19a

:ma=b ,>9 ?C50 ; 2:1 
,<19a@c

:C50 ; 2:1
,<19a

:ma=d ,>9 ?C50 ; 2:1 
,<19a@e

/-19 112 (3�3 112 112 (3�3 112 
B-19 112 (3�3 112 3)25 4 2351 112 (3�3
B-29 5)71 4 1323 61 (3�3 0)435 4 

23278
122 (3�3

B-39 7)94 4 13,9 86 (3�3 0)601 4 
23123

112 (3�3

B-49 2)14 4 2389 123 (3�3 0)0808 4 
232158

122 (3�3

B-59 15)2 4 2392 66 (3�3 0)492 4 
23238

61 (3�3

B-69 11)9 4 138 11, (3�3 0)267 4 
23255

66 (3�3

B-79 3)12 4 1322 123 (3�3 0)397 4 
23232

128 (3�3

B-89 0)243 4 
232,9

68 (3�3 0)0227 4 
232272

11, (3�3

B-99 1)26 4 2327 127 (3�3 0)0552 4 
2322172

127 (3�3

B-109 14)5 4 23, 122 (3�3 0)425 4 
23187

113 (3�3

B-119 112 (3�3 50)5 4 13, 28)0 4 333 122 (3�3

B-129 112 (3�3 112 (-27 4 
6�

3)80 4 2316 12, (3�3

B-139 48)3 4 1,31 65 (3�3 1)60 4 23,5 6, (3�3
B-149 112 (3�3 112 (3 4 

19�
9)45 4 3323 66 (3�3

B-159 6)28 4 1338 1,1 (3�3 0)333 4 
23227

113 (3�3

B-169 0)370 4 
23292

122 (3�3 0)0324 4 
232295

122 (3�3

B-179 0)169 4 
23252

11, (3�3 0)00223 4 
2322213

126 (3�3

B-189 0)0935 4 
23229,

132 (3�3 0)00635 4 
2322157

112 (3�3

B-199 0)0259 4 
232276

1,, (3�3 0)00426 4 
2322295

119 (3�3

B-209 0)0329 4 
232279

12, (3�3 0)00186 4 
23222,9

123 (3�3

B-219 0)0898 4 
232226

153 (3�3 0)00202 4 
2322252

126 (3�3
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B-229 0)208 4 
232,6

175 (3�3 0)0178 4 
232252

116 (3�3

B-239 0)0599 4 
232128

15, (3�3 0)00503 4 
2322196

123 (3�3

C-19 112 (3�3 112 112 (3�3 112
C-29 112 (3�3 112 112 (3�3 112 
C-39 112 (3�3 112 112 (3�3 112 
C-49 112 (3�3 112 112 (3�3 112 
C-59 112 (3�3 112 112 (3�3 112 
C-69 112 (3�3 112 112 (3�3 112 
C-79 112 (3�3 112 112 (3�3 112 
C-89 112 (3�3 112 112 (3�3 112 
C-99 112 (3�3 112 112 (3�3 112 

C-109 112 (3�3 112 112 (3�3 112 
'-19 0)395 4 

23125
128 (3�3 0)0555 4 

232262
119 (3�3

'-29 0)113 4 
23233

122 (3�3 3)32 4 2351 123 (3�3

'-39 0)407 4 
2371

112 (3�3 0)0363 4 
232218

11, (3�3

:-19 112 (3�3 112 112 (3�3 112
:-29 112 (3�3 112 112 (3�3 112 
:-39 112 (3�3 112 112 (3�3 112
A-19 112 (3�3 112 112 (3�3 112
6-19 112 (3�3 112 112 (3�3 112 
6-29 112 (3�3 112 112 (3�3 112 
--19 13)0 4 ,31 67 (3�3 0)574 4 

23176
127 (3�3

--29 112 (3�3 112 2)50 4 2373 113 (3�3
--39 112 (3�3 112 112 (3�3 112 
--49 (3�3 (3�3 (3�3 (3�3 (3�3 (3�3
--59 (3�3 (3�3 (3�3 (3�3 (3�3 (3�3
--69 (3�3 (3�3 (3�3 (3�3 (3�3 (3�3
--79 (3�3 (3�3 (3�3 (3�3 (3�3 (3�3
--89 (3�3 (3�3 (3�3 (3�3 (3�3 (3�3
--99 (3�3 (3�3 (3�3 (3�3 (3�3 (3�3

--109 (3�3 (3�3 (3�3 (3�3 (3�3 (3�3
%-19 112 (3�3 "(!"�"%"�( 112 (3�3 "(!"�"%"�(
%-29 112 (3�3 112 192 (3�3 192 
%-39 112 (3�3 112 112 (3�3 112 

aThe res$lts represent )eans o% ;*4 in#epen#ent e3peri)ents+
,E%%icacies are ,ase# on the )a3i)al e%%ect o% 100 nM B*17 (set as 100O)+
c@nhi,ition o% the e%%ect o% 6+7 XM B*17 (correspon#ing to its E><0 val$e)
#E%%icac- ,ase# on the )a3i)al e%%ect o% 1 XM B*17 (set as 100O)+ 
e@nhi,ition o% the e%%ect o% 100 nM B*17 (correspon#ing to its E><0 val$e)
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+a,)& �- E%%ects o% co)po$n#s on MRGPRX4 nat$ral variant receptor K<;0 #eter)ine# in �*arrestin 
recr$it)ent an# calci$) )o,ili?ation assa-s+

�-arres*i# assa+ ,C-. �-arres*i# h5-
ma# 1063074

#a*5ral Baria#* 48329

Calci5m assa+ 
,h5ma# gli$blas*$ma 4C229 cells e=-

&ressi#g *he 1363074 #a*5ral Baria#*
48329

:C50 ; 2:1 
,<19a

:ma=b

,>9
?C50 ; 2:1 

,<19a@c :C50 ; 2:1 
,<19a :ma= ,>9d

?C50 ,>9a@e

/-19 (3�3 (3�3 112 112 
B-19 0)399 4 

23119 8, (3�3 0)134 �
23217 

62 (3�3

B-29 0)0320 4 
232112 68 (3�3 0)0112 4  

232213 66 (3�3

B-39 0)0339 4 
232291 63 (3�3 0)0631 4 

232185 118 (3�3

B-49 0)00324 4 
2322115 112 (3�3 0)00469 4 

2322198 126 (3�3

B-59 0)0343 4 
232275 123 (3�3 0)0181 4 

232219 65 (3�3

B-69 0)0205 4 
23222, 122 (3�3 0)0382 4 

232126 192 (3�3

B-79 0)00894 4 
2322138 121 (3�3 0)0103 4 

232213 132 (3�3

B-89 0)00315 4 
2322282 1,3 (3�3 (3�3 (3�3 (3�3

B-99 0)00345 4 
2322228 115 (3�3 (3�3 (3�3 (3�3

B-109 0)0714 4 
232163 87 (3�3 0)0306 4 

232231 
82 (3�3

B-119 (3�3 (3�3 9)72 4 1329 (3�3 (3�3 (3�3
B-129 1)19 4 2329 122 (3�3 0)214 4 

23291 6, (3�3

B-139 0)0689 4 
232172 63 (3�3 0)0599 4 

232127 61 (3�3

B-149 0)735 4 
23131 81 (3�3 0)500 4 

23113 7, (3�3

B-159 0)0300 4 
232298 1,2 (3�3 0)0192 4 

232239 132 (3�3

B-169 0)00228 4 
2322215 122 (3�3 0)00317 4 

2322252 137 (3�3

B-189 0)000296 4 
23222233 128 (3�3 0)000501 4 

23222275 128 (3�3

C-19 112 (3�3 (3�3 (3�3 (3�3 (3�3
C-29 112 (3�3 (3�3 (3�3 (3�3 (3�3
C-39 112 (3�3 (3�3 (3�3 (3�3 (3�3
C-49 112 (3�3 (3�3 (3�3 (3�3 (3�3
C-59 112 (3�3 (3�3 (3�3 (3�3 (3�3
C-69 112 (3�3 (3�3 (3�3 (3�3 (3�3
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C-79 112 (3�3 (3�3 (3�3 (3�3 (3�3
C-89 112 (3�3 (3�3 (3�3 (3�3 (3�3
C-99 112 (3�3 (3�3 (3�3 (3�3 (3�3

C-109 112 (3�3 (3�3 (3�3 (3�3 (3�3
'-19 0)114 4 

23223 122 (3�3 0)134 4 
23212 129 (3�3

'-29 0)000493 4 
2322212, 1,1 (3�3 (3� (3� (3�

'-39 0)00580 4 
23221,1 112 (3�3 0)00265 4 

2322272 111 (3�3

:-19 112 (3�3 (3�3 (3�3 (3�3 (3�3
:-29 112 (3�3 (3�3 (3�3 (3�3 (3�3
:-39 112 (3�3 (3�3 (3�3 (3�3 (3�3
A-19 112 (3�3 (3�3 (3� (3�3 (3�3
6-19 112 (3�3 (3�3 (3� (3�3 (3�3
6-29 112 (3�3 (3�3 (3� (3�3 (3�3
--19 0)374 4 

23111 85 (3�3 0)238 4 
23211 68 (3�3

--29 0)674 4 
23292 (3�3 (3�3 0)801 �

23233
88 (3�3

--39 112 (3�3 (3�3 112 (3�3 112 
%-19 0)200 4 

23296 59 (3�3 0)0116 4 
232213 (3�3

%-29 6)36 4 1353 75 (3�3 112 4)45 � 2358
%-39 112 112 112 112

aThe res$lts represent )eans o% ;*4 in#epen#ent e3peri)ents+
,E%%icac- ,ase# on 100 nM B*17 (set as 100O)
c@nhi,ition o% the e%%ect o% 7 nM B*17 (correspon#ing to its E><0 val$e) or o% 500 nM E*1 (correspon#ing to its E><0

val$e)+
#E%%icac- ,ase# on ;0 XM E*1 (set as 100O)
e@nhi,ition o% 1 XM E*1 (correspon#ing to its E><0)+ 
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Patent clai)s:

1+ / co)po$n# accor#ing to general Dor)$la 1

(herein 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8

R� represents *>1*10*al2-l*P(GF)(F>1*10*al2-l)6& *>1*10*al2-l*P(GF)(FE)(F>1*10*al2-l)& *>1*10*

al2-l*0(GF)6(FE)& *>1*10*al2-l*0(GF)6(NE6)& *>1*10*al2-l*>(GF)(FE)& or *>1*10*al2-l*

P(GF)(FE)68

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*F*ar-l& *>;*7*c-cloal2-l*ar-l& *>;*7*

c-cloal2-l*heteroar-l& *>1*10*al2-l*heteroar-l& or *>1*10*al2-l*F*heteroar-l8

(herein in each case H>1*10*al2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise 

sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *

>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case H>;*10*c-cloal2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other*

(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) 

*>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case Har-lH is a 7*14*)e),ere# ar-l )oiet- (hich )a- ,e $ns$,stit$te#& )ono*

or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& *>Br;& *>@;& 

*>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *

N;& *D& *>l& *Br& an# *@8
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(herein in each case Hheteroar-lH is a 5*14*)e),ere# heteroar-l )oiet- (hich )a- ,e $ns$,sti*

t$te#& )ono* or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& 

*>Br;& *>@;& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*

10*al2-l)6& *N;& *D& *>l& *Br& an# *@8

or a ph-siologicall- accepta,le salt thereo%8

(ith the proviso that the co)po$n# is not a co)po$n# selecte# %ro) the gro$p consisting o%

co)po$n#s 5*1 to 5*;:

����

����

����

+

6+ The co)po$n# accor#ing to clai) 1& (herein 

(i) R� represents *>1*10*al2-l*P(GF)(FE)6 an# R� represents *>;*7*c-cloal2-l*ar-l& *>;*7*c-*

cloal2-l*heteroar-l& *>1*10*al2-l*ar-l or *>1*10*al2-l*heteroar-l ((herein in case o% *>6*al*

2-l*ar-l& the al2-l*)oiet- is sat$rate#)8 

an# (herein in each case R� an# R� in#epen#entl- %ro) one another are selecte# %ro) *E& 

*>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& an# *>1*10*al2-l*heteroar-l8 or

(herein

(ii) R� represents *>1*10*al2-l*P(GF)(F>1*10*al2-l)68 or
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R� represents *>1*10*al2-l*P(GF)(FE)(F>1*10*al2-l)8 or

R� represents *>1*10*al2-l*0(GF)6(FE)8 or

R� represents *>1*10*al2-l*0(GF)6(NE6)8 or

R� represents *>1*10*al2-l*>(GF)(FE)8

an# (herein in each case R�& R�& an# R� in#epen#entl- %ro) one another are selecte# %ro) 

*E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*heteroar-l& *>;*

10*c-cloal2-l& *>1*10*al2-l*F*ar-l& an# *>1*10*al2-l*F*heteroar-l+

;+ The co)po$n# accor#ing to clai) 1 or 6& (herein

R� represents *>1*10*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*10*al2-l*>;*10*c-cloal2-l8 

pre%era,l- *>1*7*al2-l& optionall- s$,stit$te# (ith *>I>E8 or *>1*7*al2-l*>;*7*c-cloal2-l8

)ore pre%era,l- *>E6>E;& *>E6>E6>E;& *>E6>I>E& or *>E6*c-clo,$t-l8

an#'or

R� represents *>;*5*al2-l*P(GF)(FE)68 *>;*5*al2-l*F*P(GF)(FE)68 *>;*5*al2-l*P(GF)(F>1*7*

al2-l)68 *>;*5*al2-l*P(GF)(FE)(F>1*7*al2-l)8 *>;*5*al2-l*0(GF)6(FE)8 *>;*5*al2-l*

0(GF)6(NE6)8 or *>;*5*al2-l*>(GF)(FE)8

pre%era,l- *>;*5*al2-l*P(GF)(FE)68

)ore pre%era,l- *>4*al2-l*P(GF)(FE)68

an#'or

R� represents *E8 *>1*10*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*10*al2-l*>;*10*c-cloal2-l8 

or *>1*10*al2-l*ar-l8

pre%era,l- *E8 *>1*7*al2-l& optionall- s$,stit$te# (ith *FE8 *>1*7*al2-l*>;*7*c-cloal2-l8 or

*>1*7*al2-l*ar-l8

)ore pre%era,l- *E& *>E;& *>E6>E;& *>E6>E6*FE& *>E6>E6>E;& *>E6*c-cloprop-l& or 

*>E6*phen-l8 

an#'or

R� represents *>;*10*c-cloal2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *ar-l& *>1*10*al2-l*ar-l& *>;*7*c-*

cloal2-l*ar-l& or *>1*10*al2-l*F*ar-l8

pre%era,l- *phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6*

phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>E6>E6*phen-l& 

optionall- s$,stit$te# (ith one or t(o s$,stit$ents in#epen#entl- o% one another selecte# 

%ro) *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>EG>E*phen-l& optionall- s$,stit$te# (ith *D& *

Br& *>l& *>E;& *>D;& *F>E;8 *>E6*F*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *
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>E;& *>D;& *F>E;8 *c-cloprop-l*phen-l& optionall- s$,stit$te# (ith *D& *Br& *>l& *>E;& *

>D;& *F>E;8 or *>;*7*c-cloal2-l8

)ore pre%era,l- *phen-l& optionall- s$,stit$te# (ith *F>E;8 *>E6*phen-l& optionall- 

s$,stit$te# (ith *>l8 *>E6>E6*phen-l& optionall- s$,stit$te# (ith one or t(o s$,stit$ents 

in#epen#entl- o% one another selecte# %ro) *D& *Br& *>l& *>E;& *>D;& *F>E;8 *>EG>E*

phen-l& optionall- s$,stit$te# (ith *F>E;8 *>E6*F*phen-l8 *c-cloprop-l*phen-l8 or *c-*

clopent-l+

4+ The co)po$n# accor#ing to an- o% the prece#ing clai)s& 

(herein

(i) R� represents *>1*7*al2-l*P(GF)(FE)6 an# R� represents *>;*7*c-cloal2-l*phen-l or *>1*7*

al2-l*phen-l ((herein in case o% *>6*al2-l*phen-l& the al2-l*)oiet- is sat$rate#)8 

an# (herein in each case R� an# R� in#epen#entl- %ro) one another are selecte# %ro) *E& 

*>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& an# *>1*7*al2-l*heteroar-l8 or

(herein

(ii) R� represents *>1*7*al2-l*P(GF)(F>1*7*al2-l)68 or

R� represents *>1*7*al2-l*P(GF)(FE)(F>1*7*al2-l)8 or

R� represents *>1*7*al2-l*0(GF)6(FE)8 or

R� represents *>1*7*al2-l*0(GF)6(NE6)8 or

R� represents *>1*7*al2-l*>(GF)(FE)8

an# (herein in each case R�& R�& an# R� in#epen#entl- %ro) one another are selecte# %ro) 

*E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *>;*7*c-*

cloal2-l& *>1*7*F*ar-l& an# *>1*7*F*heteroar-l8

(herein in each case H>1*7*al2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise 

sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *

>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case H>;*7*c-cloal2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other*

(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) 

*>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

or a ph-siologicall- accepta,le salt thereo%+
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5+ The co)po$n# accor#ing to an- o% the prece#ing clai)s& 

(herein

(i) R� represents *>4*al2-l*P(GF)(FE)6 an# R� represents *>;*c-cloal2-l*ar-l or *>1*7*al2-l*

phen-l ((herein in case o% *>6*al2-l*phen-l& the al2-l*)oiet- is sat$rate#)8 

an# (herein in each case R� an# R� are in#epen#entl- %ro) one another are selecte# %ro) 

*E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& an# *>1*7*al2-l*heteroar-l8 or

(herein

(ii) R� represents *>4*al2-l*P(GF)(F>1*7*al2-l)68 or

R� represents *>4*al2-l*P(GF)(FE)(F>1*7*al2-l)8 or

R� represents *>4*al2-l*0(GF)6(FE)8 or

R� represents *>4*al2-l*0(GF)6(NE6)8 or

R� represents *>4*al2-l*>(GF)(FE)8

an# (herein in each case R�& R�& an# R� in#epen#entl- %ro) one another are selecte# %ro) 

*E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *>;*7*c-*

cloal2-l& *>1*7*F*ar-l& an# *>1*7*F*heteroar-l8

(herein in each case H>1*7*al2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise 

sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *

>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case H>;*7*c-cloal2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other*

(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) 

*>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

or a ph-siologicall- accepta,le salt thereo%+

7+ The co)po$n# accor#ing an- o% the prece#ing clai)s& 

(herein

(i) R� represents *>E6>E6>E6>E6*P(GF)(FE)6 an# R� represents *c-cloprop-l*ar-l& *>E6*

phen-l or *>E6>E6*phen-l ((herein in case o% *>E6>E6*phen-l& the eth-l*)oiet- is sat$*

rate#)8 

an# (herein in each case R� an# R� in#epen#entl- %ro) one another are selecte# %ro) *E& 

*>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& an# *>1*7*al2-l*heteroar-l8 or
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(herein

(ii) R� represents *>E6>E6>E6>E6*P(GF)(F>1*7*al2-l)68 or

R� represents *>E6>E6>E6>E6*P(GF)(FE)(F>1*7*al2-l)8 or

R� represents *>E6>E6>E6>E6*0(GF)6(FE)8 or

R� represents *>E6>E6>E6>E6*0(GF)6(NE6)8 or

R� represents *>E6>E6>E6>E6*>(GF)(FE)8

an# (herein in each case R�& R�& an# R� in#epen#entl- %ro) one another are selecte# %ro) 

*E& *>1*7*al2-l& *>1*7*al2-l*>;*7*c-cloal2-l& *>1*7*al2-l*ar-l& *>1*7*al2-l*heteroar-l& *>;*7*c-*

cloal2-l& *>1*7*F*ar-l& an# *>1*7*F*heteroar-l8

(herein in each case H>1*7*al2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise 

sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *

>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case H>;*7*c-cloal2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other*

(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) 

*>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

or a ph-siologicall- accepta,le salt thereo%+

9+ The co)po$n# accor#ing an- o% the prece#ing clai)s (hich is selecte# %ro) co)po$n#s

(@) B*1 to B*6; an# the ph-siologicall- accepta,le salts thereo%:

����

����
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�����

�����

�����

an#

(@@) >*1 to >*10 an# the ph-siologicall- accepta,le salts thereo%:

 ���

 ���
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 ���

 ����

an#

(@@@) B*1 to B*; an# the ph-siologicall- accepta,le salts thereo%:

!���

!���

N

NO

O

N

H
N

P
*%O OH

O

.�O

!���

an#

(@Y) E*1 to E*; an# the ph-siologicall- accepta,le salts thereo%:
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"���

"���

"���

an#

(Y) D*1 an# the ph-siologicall- accepta,le salts thereo%:

#���

an#

(Y@) G*1 an# G*6 an# the ph-siologicall- accepta,le salts thereo%:

G���
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G���

<+ The co)po$n# accor#ing to an- o% the prece#ing clai)s %or $se as a )e#ica)ent+

C+ The co)po$n# accor#ing to an- o% clai)s 1 to 9 %or $se in the prevention or treat)ent o% a con*

#ition& #isease or #isor#er that is associate# (ith the MRGPRX4 receptor& pre%era,l- associate# 

(ith the (il#t-pe o% the MRGPRX4 receptor+

10+ / co)po$n# accor#ing to general Dor)$la 1

(herein 

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8

R� represents *>1*10*al2-l*P(GF)(F>1*10*al2-l)6& *>1*10*al2-l*P(GF)(FE)(F>1*10*al2-l)& *>1*10*

al2-l*0(GF)6(FE)& *>1*10*al2-l*0(GF)6(NE6)& *>1*10*al2-l*>(GF)(FE)& or *>1*10*al2-l*

P(GF)(FE)68

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*F*ar-l& or *>1*10*al2-l*F*heteroar-l8 an#

R� represents *E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*het*

eroar-l& *>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*F*ar-l& *>;*7*c-cloal2-l*ar-l& *>;*7*

c-cloal2-l*heteroar-l& *>1*10*al2-l*heteroar-l& or *>1*10*al2-l*F*heteroar-l8

(herein in each case H>1*10*al2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other(ise 

sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) *

>I>E& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8
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(herein in each case H>;*10*c-cloal2-lH )a- ,e linear or ,ranche#& $nless e3pressl- state# other*

(ise sat$rate# or $nsat$rate#& $ns$,stit$te# or )onos$,stit$te# (ith a s$,stit$ent selecte# %ro) 

*>I>E& *>(GF)FE& *>(GF)F*>1*7*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*

al2-l)6& *N;& *D& *>l& *Br& an# *@8

(herein in each case Har-lH is a 7*14*)e),ere# ar-l )oiet- (hich )a- ,e $ns$,stit$te#& )ono*

or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& *>Br;& *>@;& 

*>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*10*al2-l)6& *

N;& *D& *>l& *Br& an# *@8

(herein in each case Hheteroar-lH is a 5*14*)e),ere# heteroar-l )oiet- (hich )a- ,e $ns$,sti*

t$te#& )ono* or #is$,stit$te# (ith a s$,stit$ent in#epen#entl- selecte# %ro) *>I>E& *>D;& *>>l;& 

*>Br;& *>@;& *>(GF)FE& *>(GF)F*>1*10*al2-l& *FE& *F*>1*10*al2-l& *NE6& *NE*>1*10*al2-l& *N(>1*

10*al2-l)6& *N;& *D& *>l& *Br& an# *@8

or a ph-siologicall- accepta,le salt thereo%&

%or $se in the prevention or treat)ent o% a con#ition& #isease or #isor#er that is associate# (ith the 

MRGPRX4 receptor& pre%era,l- associate# (ith the (il#t-pe o% the MRGPRX4 receptor+

11+ The co)po$n# %or $se accor#ing to clai) 10& (herein the co)po$n# is accor#ing to an- o% clai)s 

6 to 9+

16+ The co)po$n# accor#ing to clai) 10& (herein 

(iii) R� represents *>1*10*al2-l*P(GF)(FE)6 an# R� represents *>;*7*c-cloal2-l& *ar-l& *het*

eroar-l& *>1*10*al2-l*ar-l& or *>1*10*al2-l*heteroar-l ((herein in case o% *>6*al2-l*ar-l& the 

al2-l*)oiet- is $nsat$rate#)8

an# (herein in each case R� an# R� in#epen#entl- %ro) one another are selecte# %ro) *E& 

*>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& an# *>1*10*al2-l*heteroar-l8 or

(herein

(iv) R� represents *>1*10*al2-l*FE8 or

R� represents *>1*10*al2-l*F*>(GF)>1*10*al2-l8

an# (herein in each case R�& R�& an# R� in#epen#entl- %ro) one another are selecte# %ro) 

*E& *>1*10*al2-l& *>1*10*al2-l*>;*10*c-cloal2-l& *>1*10*al2-l*ar-l& *>1*10*al2-l*heteroar-l& *>;*

10*c-cloal2-l& *>1*10*al2-l*F*ar-l& an# *>1*10*al2-l*F*heteroar-l8

%or $se in the prevention or treat)ent o% a con#ition& #isease or #isor#er that is associate# (ith 

the MRGPRX4 receptor& pre%era,l- associate# (ith the (il#t-pe o% the MRGPRX4 receptor+
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14+ The co)po$n# %or $se accor#ing to an- o% clai)s < to 1;& (herein the #isease or #isor#er that is 

associate# (ith the MRGPRX4 receptor& pre%era,l- associate# (ith the (il#t-pe o% the 

MRGPRX4 receptor& is selecte# %ro)

* open (o$n#s8 pre%era,l- selecte# %ro) the gro$p consisting o% incisions or incise# (o$n#s& 

lacerations& a,rasions (gra?es)& av$lsions& p$nct$re (o$n#s& penetration (o$n#s an# g$nshot 

(o$n#s8 an#

* close# (o$n#s8 pre%era,l- selecte# %ro) the gro$p consisting o% he)ato)as an# crash in=$ries8 

an#

* pain%$l states& itching& ne$ropathic pain& chronic pain+

15+ The co)po$n# %or $se accor#ing to an- o% clai)s < to 14& (herein the co)po$n# is a#)inistere# 

topicall- an#'or locall-+
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/,stract:

The invention relates to MRGPRX4 receptor agonists an# antagonists $se%$l %or treating& alleviating 

an#'or preventing #iseases an# #isor#ers relate# to MRGPRX4 receptor %$nction as (ell as phar)ace$*

tical co)positions co)prising s$ch co)po$n#s an# )etho#s %or preparing s$ch co)po$n#s+ The inven*

tion is %$rther #irecte# to the $se o% these co)po$n#s& alone or in co),ination (ith other therape$tic 

agents& %or alleviating& preventing an#'or treating #iseases an# #isor#ers& especiall- the $se as (o$n# 

healing )e#ica)ents an# %or the treat)ent o% chronic pain an# itch+
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To elucidate the binding modes of the newly synthesized xanthine derivatives which act as 

agonists for the human MRGPRX4 and their interactions with the receptor, a homology model 

of the human MRGPRX4 was generated using Modeller9.16 (see Figure 1).1-2 Among the 

different available crystal structures of GPCRs, the same G-branch of the class A family and 

activation of pathway (Gq) justified the selection of the P2Y1 receptor as template for generating 

the homology model of the receptor. From the available two crystal structures of P2Y1 receptor, 

the high resolution (2.2 Å) receptor in complex with the antagonist 1-(2-(2-(tert-

butyl)phenoxy)pyridin-3-yl)-3-(4-(trifluoromethoxy)phenyl)urea (BPTU, PDB 4XNV) was 

selected.3 The sequence of the human MRGPRX4 and P2Y1 receptor was aligned using 

EMBOSS Needle.4 The gaps in the transmembrane and loop regions were adjusted on the basis 

of motifs identified for GPCRs.5 The manual alignment was necessary for improving the quality 

of the homology models. The final sequence alignment between both receptors is depicted in 

Figure 2. Among the 500 generated models, the best model was selected on the basis of Discrete 

Optimized Protein Energy (DOPE) score and visual inspection of the receptor. The selected 

homology model was verified using the Ramachandran plot assessment called RAMPAGE 

(Figure 3). The number of residues in the favored region was 223 (84.5%) and in the allowed 

region 35 (13.3%). There were 6 residues in the outlier region (2.3%).6 

6. Homology Modeling and Docking Studies of the MRGX4 receptor

6.1 Homology model of the human MRGPRX4
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Figure 1: Homology model of MRGPRX4. The homology model of the human MRGPRX4 based on 

the P2Y1 crystal structure (PDB 4XNV) is shown in cartoon representation and in spectrum colors. The 

important amino acids in the putative orthosteric binding site is represented in stick model and colored 

in grey. The oxygen atoms are colored in red, the nitrogen atoms in blue and sulfur atoms in yellow.  
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Figure 2: Manual sequence alignment of MrgX-4 and P2Y1. 

sp|Q96LA9|MRGX4_HUMAN      -----------------------MDPTVPVFGTKLTPI-NGREETPCYNQTLSFTVLTCI 
sp|P47900|P2RY1_HUMAN      MTEVLWPAVPNGTDAAFLAGPGSSWGNSTVASTAAVSSSFKCALTKTGFQFYYLPAVYIL 
                   *              *    *         *   
sp|Q96LA9|MRGX4_HUMAN      ISLVGLTGNAVVLWLLGYRMRR-NAVSIYILNLAAADFLFLSFQIIRLPLRLINISHLI- 
sp|P47900|P2RY1_HUMAN      VFIIGFLGNSVAIWMFVFHMKPWSGISVYMFNLALADFLYVLTLPALIFYYFNKTDWIFG 
           *  ** *        *      *    *** ****                    
       GX3N         LX3DX7P 
 
sp|Q96LA9|MRGX4_HUMAN      --R-KILVSVMTFPYFTGLSMLSAISTERCLSVLWPIWYRCRRPTHLSAVVCVLLWGLSL 
sp|P47900|P2RY1_HUMAN      DAMCKLQRFIFHVNLYGSILFLTCISAHRYSGVVYPLKSLGRLKKKNAICISVLVWLIVV 
          *                *  **  *   *  *     *          ** *        

SX3LX2IX2DRY 
           
sp|Q96LA9|MRGX4_HUMAN      LFSMLEWRFCDFLFSGADSSW-C-E-TSDFIPVAWLIF-LCVVLCVSSLVLLVRIL 
sp|P47900|P2RY1_HUMAN      VAISPIL-FYSGTGVRKNKTITCYDTTSDEYLRSYFIYSMCTTVAMFCVPLVLILG 
               *             *    ***       *   *         *      
      WX7,8P           FX2PX7Y 
sp|Q96LA9|MRGX4_HUMAN      CGSRKMPLTRL------------YVTILLTVL-VFLLCGLPFGILGALIYRMHL-N----- 
sp|P47900|P2RY1_HUMAN      CYGLIVRAL-IYKDLDNSPLRRKSIYLVIIVLTVFAVSYIPFHVMKTMNLRARLDFQTPAM 
                           *          *                  ** **     **        *       
                FX2CWXP 
 
sp|Q96LA9|MRGX4_HUMAN      --L-EVLYCHVYLVCMSLSSLNSSANPIIYFFVGSFRQRQNRQNLKLVLQR--A-LQDKPE 
sp|P47900|P2RY1_HUMAN      CAFNDRVY-ATYQVTRGLASLNSCVDPILYFLAGDTFRRRLSRATRKASRRSEANLQSKSE 
                                  *   * *     ****   *****  *    *                ** * * 
                             LX5NPX2Y 
 
sp|Q96LA9|MRGX4_HUMAN      VDKGEGQLPEESLELSGSRLGP 
sp|P47900|P2RY1_HUMAN      -DMTLNILPEFKQNG-DTSL-- 
           *     ***             
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Figure 3: Ramachandran Plot of the MRGPRX4 homology model. 

 

 

 

  

In order to explore the ligand-receptor interactions of the new xanthine derivatives as 

MRGPRX4 agonists, compound B-16 and D-2 were selected for molecular docking 

experiments using AutoDock.7  The putative orthosteric binding pocket of the receptor was 

identified using the SiteFinder module implemented in Molecular Operating Environment 

(MOE) 2018.01.8 The selected binding pose from docking simulations suggests that the 

6.2 Docking studies of MRGPRX4 agonists
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xanthine derivatives anchored inside the putative orthosteric binding pocket through the strong 

electrostatic interactions between the phosphonate group and the amino acid residues Arg82 

and Arg86 (TM2) of the receptor. Furthermore, the phosphonate group of B-16 possibly 

introduces an additional weak electrostatic interaction with Met258 (TM7) located at a distance 

of 3.5 Å which is not present in the case of D-2 due the distance is increased to 4.9 Å.  The 

mono-ester substitution (ethoxy) at the phosphonate group resulted in dramatic improvement 

in the activity. Whereas the di-ester substitution (diethoxy) resulted in complete loss of activity 

against the receptor (C-1 to C-10). Additionally, bioisosteric replacements of the phosphonate 

by carboxylic acid (G-1 and G-2) or sulfonic acid (E-1 to E-3) resulted in complete loss of 

activity.  

The xanthine core moiety is surrounded by hydrophobic residues include Phe104, Trp158, 

Phe163, Leu184, Tyr240, and Met258 and possibly provide a strong hydrophobic interaction. 

The compounds are further stabilized by hydrogen bond interactions formed between the 

carbonyl group (C2) of the xanthine moiety and the residue Arg82. The keto group at position 

6 of the xanthine moiety might introduce a water-mediated interaction with Ser100 or Thr103 

which located at a distance of 4-5 Å.  

The electron rich propargyl moiety fits inside the binding pocket surrounded by polar amino 

acids Arg82 (TM2), Ser100 (TM2) and Thr103 (TM2) in distances less than 3 Å. The 

N1-propargyl substitution was highly preferable in comparison to a methylcyclobutyl (B-13) 

and other inactive substitutions include ethyl (B-14). The larger non-polar methylcyclobutyl 

moiety which reduces the activity which resulted in complete loss of activity are due to clashes 

with the amino acids residues in the binding pocket of the receptor. Alternatively, an ethyl group 

seems to be too small for tight binding of the molecule in the pocket and resulted inactive 

against the receptor. The size, the angle and the electronic properties of the propargyl group 

makes a well-tolerated side chain at the N1-position.  

The N7-methyl group of B-16 is directed towards a hydrophobic subpocket formed by Leu184 

(TM5), Trp158 (TM4) and Phe104 (TM3). This is supported by the increase in potency for 

B-16 (EC50 = 0.540 µM) compared to B-6 (EC50 = 9.63 µM). 

The docked pose of D-2 and B-16 shows that the phosphonic acid ester (D-2) or phosphonate 

group (B-16) and the xanthine core moiety of both derivatives positioned in the same orientation 

in the binding pocket. However the substituted phenyl group at position C8 of the xanthine core 

positioned in the subpocket formed by residues Thr175, Asp177, Val181, Leu184, Ile239, 
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Tyr240, His 243 and Tyr250. As shown in Figure 4 (A) and (B), the position of the phenyl 

group in the subpocket is depend on the different substituents o-OCH3 (B-16) or m-CF3 (D-2). 

The activity can be greatly improved with the optimal substitution at the phenyl group and the 

N3- or N7- position of the xanthine core.  

In order to explore the selectivity of the MRGPRX4 agonists against other MRGPRX subtypes 

(X1-X3) a multiple sequence alignment using Clustal Omega9 was prepared (See Figure 6). The 

important amino acids inside the MRGPRX4 binding pocket were analyzed and compared to 

other receptor subtypes. The amino acid Arg82 which forms a hydrogen bond interaction with 

the phosphonate moiety is only present in the MRGPRX4. Additionally the three tyrosine amino 

acids from the transmembrane region 7 (Tyr240, Tyr250 and Tyr254) that stabilized the 

aromatic group of the MRGPRX4 agonists are also not present in other MRGX receptor 

subtypes (X1-X3). Arg86 which forms a hydrogen bond with the phosphonate group in our 

model is only present in the MRGX3 receptor subtype but not in MRGPRX1 or –X2. These 

differences of amino acids inside the binding pocket explains the selectivity of the new 

synthesized MRGPRX4 agonists.  
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Figure 4: A: The docked pose of (A) B-16 (carbon colored dark green) and (B) D-2 (carbon colored 

cyan) in the homology model of the human MRGPRX4. The oxygen atoms are colored in red, the 

nitrogen atoms in blue, the fluorine atoms in light green and the phosphorus atoms in orange. The ligands 

are shown in stick models and the receptors as cartoon representation. (C) Structure of B-16, (D) 

structure of D-2. 

  

 

TM1

TM2 TM3

TM4

TM5

TM6

TM7

BTM1

TM2 TM3

TM4

TM5

TM6

TM7

A

224



A B 

  

Figure 5: The putative binding pose of (A) B-16 and (B) D-2 with the important amino acids in the 

binding pocket of the human MRGPRX4 model. The electrostatic interactions between the xanthine 

derivatives and the receptor are depicted as dashed red lines. For representation and color coding see 

Figure 4.  

 

Figure 6: Multiple sequence alignment of MRGPRX1-X4 

sp|Q96LB1|MRGX2_HUMAN      MDPTTPAWGTESTTVNGNDQALLLLCGKETLIPVFLILFIALVGLVGNGFVLWLLGFRMR 
sp|Q96LA9|MRGX4_HUMAN      MDPTVPVFGTKLTPINGREET---PCYNQTLSFTVLTCIISLVGLTGNAVVLWLLGYRMR 
sp|Q96LB2|MRGX1_HUMAN      MDPTISTLDTELTPINGTEET---LCYKQTLSLTVLTCIVSLVGLTGNAVVLWLLGCRMR 
sp|Q96LB0|MRGX3_HUMAN      MDSTIPVLGTELTPINGREET---PCYKQTLSFTGLTCIVSLVALTGNAVVLWLLGCRMR 
                            
           82  86        92  96 
sp|Q96LB1|MRGX2_HUMAN      RNAFSVYVLSLAGADFLFLCFQIINCLVYLSNFFCSISINFPSFFTTVMTCAYLAGLSML 
sp|Q96LA9|MRGX4_HUMAN      RNAVSIYILNLAAADFLFLSFQIIRLPLRLI----NISHLIRKILVSVMTFPYFTGLSML 
sp|Q96LB2|MRGX1_HUMAN      RNAFSIYILNLAAADFLFLSGRLIYSLLSFI----SIPHTISKILYPVMMFSYFAGLSFL 
sp|Q96LB0|MRGX3_HUMAN      RNAVSIYILNLVAADFLFLSGHIICSPLRLI----NIRHPISKILSPVMTFPYFIGLSML 
                            
              
sp|Q96LB1|MRGX2_HUMAN      STVSTERCLSVLWPIWYRCRRPRHLSAVVCVLLWALSLLLSILEGKFCGFLFSDGDSGWC 
sp|Q96LA9|MRGX4_HUMAN      SAISTERCLSVLWPIWYRCRRPTHLSAVVCVLLWGLSLLFSMLEWRFCDFLFSGADSSWC 
sp|Q96LB2|MRGX1_HUMAN      SAVSTERCLSVLWPIWYRCHRPTHLSAVVCVLLWALSLLRSILEWMLCGFLFSGADSAWC 
sp|Q96LB0|MRGX3_HUMAN      SAISTERCLSILWPIWYHCRRPRYLSSVMCVLLWALSLLRSILEWMFCDFLFSGANSVWC 
                            
           
sp|Q96LB1|MRGX2_HUMAN      QTFDFITAAWLIFLFMVLCGSSLALLVRILCGSRGLPLTRLYLTILLTVLVFLLCGLPFG 
sp|Q96LA9|MRGX4_HUMAN      ETSDFIPVAWLIFLCVVLCVSSLVLLVRILCGSRKMPLTRLYVTILLTVLVFLLCGLPFG 
sp|Q96LB2|MRGX1_HUMAN      QTSDFITVAWLIFLCVVLCGSSLVLLIRILCGSRKIPLTRLYVTILLTVLVFLLCGLPFG 
sp|Q96LB0|MRGX3_HUMAN      ETSDFITIAWLVFLCVVLCGSSLVLLVRILCGSRKMPLTRLYVTILLTVLVFLLCGLPFG 
                            
            240     250 254 
sp|Q96LB1|MRGX2_HUMAN      IQWFLILWIWKDSDVLFCHIHPVSVVLSSLNSSANPIIYFFVGSFRKQWRLQQPILKLAL 
sp|Q96LA9|MRGX4_HUMAN      ILGALIYRMHLNLEVLYCHVYLVCMSLSSLNSSANPIIYFFVGSFRQRQN--RQNLKLVL 
sp|Q96LB2|MRGX1_HUMAN      IQFFLFLWIHVDREVLFCHVHLVSIFLSALNSSANPIIYFFVGSFRQRQN--RQNLKLVL 
sp|Q96LB0|MRGX3_HUMAN      IQWALFSRIHLDWKVLFCHVHLVSIFLSALNSSANPIIYFFVGSFRQRQN--RQNLKLVL 
                            
sp|Q96LB1|MRGX2_HUMAN      QRALQDIAEVDHSEGCFRQGTPEMSRSSLV- 
sp|Q96LA9|MRGX4_HUMAN      QRALQDKPEVDKGEGQLPEESLELSGSRLGP 
sp|Q96LB2|MRGX1_HUMAN      QRALQDASEVDEGGGQLPEEILELSGSRLEQ 
sp|Q96LB0|MRGX3_HUMAN      QRALQDTPEVDEGGGWLPQETLELSGSRLEQ 
                            
Numbering is based on MRGPRX4 
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Müller, C.; Alnouri, W.; Riedel, Y.; Thimm, D.; Marx, D.; Namasivayam, V.; Gattner, S.; 

Herdewyn, P.; De Jonghe, S.; Leonczak, P.; Verdonck, S. 

The MRGPRX2 (also designated MRGX2), as well as the other MRGPRX receptor subtypes, 

are expressed in small diameter sensory neurons of the dorsal root ganglia (DRG). MRGPRX2 

is further expressed in human mast cells. Therefore, it is assumed that the activation and 

blockade of the receptor may have an effect on pain sensation and transmission, and may also 

be involved in itching and allergic reactions. Since no highly potent antagonists for this receptor 

is known to date, the design and synthesis of such compounds is essential to explore their 

potential for replacing opioid analgesics, and to treat itching and (pseudo)allergic reactions via 

this receptor.  

       

    

    

     

      

    

    

   

     

     

  

Selected MRGPRX2 antagonists were tested for their potential agonistic and antagonistic 

activity on the other MRGPRX subtypes (MRGPRX1, -X3 and -X4). The newly developed 

antagonists were exclusively active at MRGPRX2 and inactive at the other MRGPRX subtypes. 

 

  

7. Patent II: MRGX Receptor Antagonists – US 16/670,149

We therefore screened our purine-based compound library of more than 20,000 compounds in a 

!-arrestin enzyme complementation assay to characterize (potential) MRGPRX2 agonists, and, 

in particular, to identify new antagonists. A tricyclic benzimidazole derivative could be 

identified as MRGPRX2 antagonist with moderate potency (IC 5011.6 µM, A-8). In order to 

increase its potency, numerous tricyclic benzimidazole derivatives were synthesized in 

cooperation with the group of Prof. Herdewijn (Medicinal Chemistry and Director of the 

Laboratory of Medicinal Chemistry at the Rega Institute for Biomedical Research at the 

Katholieke Universiteit Leuven, Belgium). Thereby I was largely involved in the development of 

the regioisomeric derivatives. This led to a dramatic improvement of the potency. The best 

MRGPRX2 antagonists synthesized in the present thesis, compound B-40, displayed an IC 

50value of 23 nM determined in a β-arrestin assay, and 1 nM in a calcium mobilization assay.
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In vitro ADME studies were performed by Pharmacelsus for the newly investigated MRGPRX2 

antagonists. The antagonists showed poor water solubility, moderate metabolic stability in liver 

microsomes (t1/2 between 5 to 15 min), high clearance (130 to 217 µl/min/mg protein), a high 

plasma protein binding of over 99% and good prospects to cross the blood-brain barrier. 

The physicochemical properties of the patented compounds could be improved by introducing 

a nitrogen atom, which is discussed in the unpublished part of this thesis (chapter 8).  
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This chapter describes the optimization of the patented MRGPRX2 antagonists (chapter 7). A 

major drawback of the previously described compounds (Patent II) is their low water solubility, 

which complicates their further development into an orally bioavailable drug. This is an 

important factor, since up to 85% of the most top-selling drugs in the USA and Europe are 

administered orally. If a compound is poorly water-soluble, the applied dose must be increased, 

and large variabilities in intestinal absorption and thus in bioavailability are typically observed. 

Water solubility is also important for other routes of administration, e.g. intravenous or 

bronchial application. Water solubility is therefore an important parameter in the development 

of new drugs, which poses severe problems for pharmaceutical companies.1  

 

   

To improve the water solubility of MRGPRX2 antagonists, the benzene ring in the 

benzo[4,5]imidazo[1,2-a]pyrimidin-4(10H)-one derivatives (chapter 7) were to be substituted 

by a pyridine moiety. Different positions for the introduction of the nitrogen atom can be 

considered, leading on the one hand to pyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one 

derivatives, and on the other hand to pyrido[3',4':4,5]imidazo[1,2-a]pyrimidin-4(1H)-one 

derivatives (Figure 1).  

 

Figure 1: Chemical structures of new proposed MRGPRX2 antagonists 

 

The synthesis of the proposed compounds is similar to the synthetic route already presented in 

chapter 7. Starting material can be differently substituted diaminopyridine derivatives with 

adjacent amino groups. This is followed by two successive ring-closure reactions, first with 

cyanogen bromide to form 1H-imidazo[4,5-b]pyridin-2-amine or 1H-imidazo[4,5-c]pyridin-2-

amine and then the final cyclization reaction using an appropriate 3-oxocarboxylic ester to 

produce the final products shown in Figure 1. The non-commercially available 3-oxocarboxylic 

esters 7±10 were synthesized by an Į-alkylation of different ȕ-ketoesters (1±6, Scheme 1).  

 

8. Enhancement of the water solubility of MRGPRX2 antagonists

 8.1. Synthesis
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aReagents and conditions: (i) alkyl iodide, K2CO3, DMF, 60 °C, 12 h, 45±69%    

Scheme 1: Synthesis of different 2-substituted 3-oxoesters 7±10. 

 

The first reaction was tested with the commercially available 1H-imidazo[4,5-c]pyridin-2-

amine (11) and ethyl 2-ethyl-4-methyl-3-oxopentanoate (7) to yield compound 12 as the first 

pyrido-annelated MRGPRX2 antagonist. The final compounds were tested on both human 

MRPGRX2 and mouse MRGPRB2. Compound 12 Zas inactive in the ȕ-arrestin assay up to 10 

µM at the human MRGPRX2 but showed a weak antagonistic potency at the murine MRGPRB2 

with an IC50 value of 3.49 ± 0.37 µM determined in a calcium mobilization assay in recombinant 

1321N1 astrocytoma cells.  

 

aReagents and conditions: (i) DMF, DIPEA, 160 °C, 18 h, 9%    

Scheme 2: Synthesis of 3-ethyl-2-isopropylpyrido[3',4':4,5]imidazo[1,2-a]pyrimidin-4(1H)-one (12) 

 

Since 6-chloropyridine-3,4-diamine (13) was commercially available, this compound was used 

as starting material in order to explore the role of a chloro substitution in position 7 of the 

corresponding MRGPRX2 antagonist 15.  
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aReagents and conditions: (i) BrCN, MeOH/H2O, 90 °C, 1 h, 80%; ii) 7, DIPEA, DMF, 160 °C, 7%   

Scheme 3: Synthesis of 7-chloro-3-ethyl-2-isopropylpyrido[3',4':4,5]imidazo[1,2-a]pyrimidin-4(1H)-
one (15). 

 

In order to increase the potency at MRGPRX2, it was considered useful to design the target 

compounds and their substitution pattern based on the structure-activity relationships observed 

for the  analogous compounds described in Chapter 7 lacking the additional nitrogen atom. For 

this purpose, the nitrogen atom had to be shifted by one position to obtain the appropriate 

substitution profile. Different commercially available 5- and 6-substituted 2,3-diaminopyridine 

derivatives (16±21) were used as starting material for the synthesis of the potential MRGPRX2 

antagonists 28±34.  

 

aReagents and conditions: (i) BrCN, MeOH/H2O, 90 °C, 1 h; ii) 7 or 10, DIPEA, DMF, 160 °C, 3±34% over two 

steps.  

Scheme 3: Synthesis of pyrido[2',3':4,5]imidazo[1,2-a]pyrimidin 6(9H)-one derivatives (28±34). 
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However, the substitution pattern of the most potent MRGPRX2 antagonist obtained to date 

(RMC40) required a fluorine atom for R4.  

 

Figure 2: Structure and potency of RMC40, the most potent MRGPRX2 antagonist to date.  

 

The required 6-fluoro-2,3-diaminopyridine (39) was not commercially available and needed to 

be synthesized from 6-fluoropyridin-3-amine (35). In the next steps the second amino group 

was introduced by a selective aromatic nitration in the second position after protection of the 

3-amino moiety as a carbamate group (36, 37). The deprotection of the amino group was carried 

out under basic conditions, and the reduction of the nitro group using hydrogen and palladium 

on charcoal as a catalyst yielded the diaminopyridine derivative 39 as an important building 

block for the synthesis of pyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one derivatives 41±

43 (Scheme 5).  

 

 

aReagents and conditions: (i) Propyl chloroformate, NaHCO3, THF, 0 °C, 30 min, 92%; ii) H2SO4, HNO3, 0 °C to 

rt, 43%; iii) Ba(OH)2, 2N NaOH, acetonitrile, 90 °C, overnight, 48%; iv) H2, 10% Pd/C, MeOH, rt, 95%  (v) BrCN, 

MeOH/H2O, 90 °C, 1 h; vi) 7±9, DIPEA, DMF, 160 °C, 3±34% over two steps.   
378



Scheme 5: Synthesis of F-substituted (R4) potential MRGPRX2 antagonists 41±43. 

 

All synthesized compounds were tested in ȕ-arrestin assays at MRGPRX2, and most of the 

finale compounds were additionally tested in calcium assays at MRGPRB2 (Table 1). Screening 

of the compounds in calcium assays at MRGPRX2 is currently in progress. The following 

results SARs were observed: The first synthesized compound, 12, showed no potency at 

MRGPRX2 but moderate antagonistic activity at MRGPRB2 with an IC50 value of 3.49 ± 0.37 

µM. Substitution of the hydrogen atom in position R3 by a chlorine atom (15) increased potency 

at both MRGPRX2 and MRGPRB2 the compound showing IC50 values of 2.27 ± 0.39 µM and 

0.222 ± 0.084 µM, respectively.  Shifting of the nitrogen atom by one position and inserting of 

a fluorine substituent in position R3 (28) resulted in an MRGPRX2 antagonist with an IC50 value 

of 2.53 ± 0.85 µM. Substitution of the fluorine atom by a methyl group (31) yielded an 

MRGPRX2 antagonist with similar potency displaying an IC50 value of 2.25 ± 0.42 µM at 

MRGPRX2, and 0.585 ± 0.215 µM at MRGPRB2. A disubstituted compound with two chlorine 

atoms in ortho- and meta-position with respect to the nitrogen atom as in compound 34 was 

similarly active as 28 (IC50 = 2.38 ± 0.67 µM for the MRGPRX2 and IC50 = 0.370 ± 0.073 µM 

for the MRGPRB2). Shifting the fluorine substituent into the ortho-position with respect to the 

nitrogen atom as in compound 41 decreased the potency at MRGPRX2 (IC50 = 4.94 ± 1.36 µM) 

but resulted in good inhibitory activity at the mouse MRGPRB2 with an IC50 value of 0.276 ± 

0.169 µM (n = 2). Based on the results of the previously described compounds described in 

Patent II, a substitution of the ethyl moiety did not seem to be useful. A substitution of the 

isopropyl group also promised only little improvement but was nevertheless tested for the 

substitution pattern of 41. Substitution of the isopropyl moiety by nBu and nPr group resulted 

in two inactive compounds, 42 and 43. Substitution of the fluorine atom in compound 41 by 

chlorine (compound 29) could not significantly improve the IC50 value at MRGPRX2 (4.66 ± 

0.28 µM). A substitution of the isopropyl linker by cyclobutyl also resulted in an inactive 

derivative, compound 30. Compound 40 with R3 = Br and R4 = methyl, decreased the IC50 value 

in both MRGPRX2 (51% inhibition at 10 µM) and MRGPRB2 (0.837 ± 0.162 µM). Until now, 

the inhibitors did not yet show nanomolar potencies, but the water solubility of the compounds 

has been significantly improved. The water solubility of the compounds presented in Patent II 

were <5 µM for all tested compounds. In contrast, the new nitrogen-containing compound 28 

showed an aqueous solubility of 47 ± 3 µM. Thus, the new aza-analogs represent a promising 

class of compounds for the development of new MRGPRX2 antagonists with improved 

solubility.  
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Table 1: Potency of antagonists 12, 15, 28±34 and 41±43 at the human MRGPRX2 and murine MRGPRB2.  

      
     MRGPRX2 MRGPRB2 

Cmpd R1 R2 R3 R4 

ȕ-arrestin assa\ (CHO ȕ-arrestin cells recombinantly expressing MRGPRX2) 
calcium assay (1321N1 astrocytoma cells 

recombinantly expressing MRGPRB2) 

% effect ± SEM IC50 ± SEM [µM]a 
(% inhibitionb ± SEM) 

IC50 ± SEM [µM]a 
(% inhibitiond ± SEM) 

12 - - H - > 10 (0%) > 10 (23%) 3.49 ± 0.37 

15 - - Cl - n.d. 2.27 ± 0.39 0.222 ± 0.084 

28 iPr Et F H > 10 (-3%) 2.53 ± 0.85 n.d 

29 iPr Et H Cl n.d. 4.66 ± 0.28 n.d. 

30 Cyclobutyle Et H Cl > 10 (1%) > 10 (33%) n.d. 

31 iPr Et CH3 H n.d. 2.25 ± 0.42 0.585 ± 0.215 

32 iPr Et H CH3 n.d. 9.68 ± 1.04 1.54 ± 0.50 (n = 2) 

33 iPr Et Br CH3 n.d. (51 ± 3) (10 µM) 0.837 ± 0.162 

34 iPr Et Cl Cl n.d. 2.38 ± 0.67 0.370 ± 0.073 

41 iPr Et H F n.d. 4.94 ± 1.36 0.276 ± 0.169 (n = 2) 

42 nBu Et H F > 10 (1%) > 10 (5%) n.d. 

43 nPr Et H F > 10 (0%) > 10 (34%) 0.179 ± 0.048 
aThe results are the means of three to four independent effects. bInhibition of the effect of 1 µM CST-14 (corresponding to its EC80 value). cInhibition of the effect of 0.7 µM CST-14 (corresponding to its EC80 value).  
dInhibition of the effect of 2 µM CST-14 (corresponding to its EC80 value). Screenings were performed at a concentration of 10 µM. The results were obtained from, Yvonne RiedelY and Susanne GattnerS.   



 

  

 Crystal structure of 41 

Compound 41 cr\stalli]ed from THF solution at room temperature in clear colorless plates of 

the si]e 0.18 î 0.1 î 0.05 mm. Measurement and anal\sis of the resulting cr\stal structure using 

a Bruker X8-KappaApe[II instrument shoZed a triclinic cr\stal s\stem Zithin the space group 

P-1. The cr\stal is mainl\ formed b\ intermolecular h\drogen bonds.  

 

Figure 3: A: Crystal structure of 41. B: Molecular structure of 41 

 

 Materials and Methods 

Melting points Zere determined Zith a B�chi-545 melting point apparatus. Chemicals Zere 

purchased from Sigma Aldrich, ABCR, Alfa Aesar or TCI. Anal\tical thin la\er 

chromatograph\ (TLC) Zas performed on TLC plates F254 (Merck) and anal\]ed using UV 

light. High resolution mass spectra (HR-MS) Zere recorded on a micrOTOF-Q mass 

spectrometer (Bruker), loZ resolution mass spectra (LR-MS) on an API 2000 (Applied 

Bios\stems) mass spectrometer. 1H-NMR, 13C-NMR and 31P NMR spectra Zere recorded in 

(CD3)2SO on a Bruker Ascend 600 MH] NMR-spectrometer operating at 600.18 MH] (1H), 

and 150.93 MH] (13C). Chemical shifts (į) are reported in ppm and are referenced to the 

chemical shift of the residual solvent proton(s) present in dimeth\lsulfo[ide į ((CH3)2SO) = 

2.50 ppm for the 1H-NMR spectra and į ((CD3)2SO) = 39.52 ppm for the 13C-NMR spectra. 

Multiplicit\: s, singlet; d, doublet; q, quartet; m, multiplet. Coupling constants (J) are shoZn in 

hert] (H]). The infrared spectra Zere recorded as solid samples on an ALPHA-T (Bruker) Zith 

a Platinum ATR Module using Opus softZare. Column chromatograph\ Zas performed on 

silica gel 60 (35±70 m). Thin la\er chromatograph\ Zas carried out using precoated silica gel 

A B
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F-254 plates (thickness 0.25 mm). All final compounds reported Zere anal\]ed using one of 

these anal\tical methods and Zere at least 95% pure. Final compounds Zere purified using 

reversed phase HPLC (C18, ĳ250 [ 20 mm, Eurospher 100-10, 60% - 100% aqueous MeOH).  

General procedure A: Preparation of 2-substituted 3-oxoesters (7-10).  

The ȕ-keto ester (1.0 equiv), K2CO3 (0.75 equiv) and ethyl iodide (1.1 equiv) were dissolved in 

a minimum amount of DMF (1-2 ml) and stirred at 60 °C overnight. After complete conversion 

of the starting material (TLC: petroleum ether/ethyl acetate, 9:1) water (5±10 ml) was added 

and extracted three times with ethyl acetate (5 ml). The combined organic phases were dried 

over MgSO4 and the solvent removed under reduced pressure. The crude product was purified 

by silica gel flash chromatography (eluent: 7% ethyl acetate in petroleum ether) yielding the 

final 2-substituted 3-oxoester derivatives as colorless oils.   

General procedure B: Preparation of 1H-imidazo[4,5-b]pyridin-2-amine (14 22±27).  

The diamino substituted pyridine derivatives and BrCN (3.0 equiv) were dissolved in a mixture 

of MeOH/Water (1:1) and heated to 90 °C for 4±6 h. After complete conversion of the starting 

material (TLC: 20% MeOH in dichloromethane) the solvent was removed in vacuo and the 

residue purified by automated flash chromatography (gradient, 0-20% MeOH in CH2Cl2) to 

yield the 1H-imidazo[4,5-b]pyridin-2-amine derivatives as brown solids. 

General procedure C: Preparation of pyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one (12, 

32±41, 44).  

The 1H-imidazo[4,5-b]pyridin-2-amine derivatives (12, 15, 28±34 and 41±43) and DIPEA (2.0 

equiv) were dissolved in a minimum amount of DMF (2±3 ml) and the 2-substituted 3-oxoester 

derivative (7±10, 2.0 equiv) was added in portions. The resulting mixture was heated to 165 °C 

for 18 h until complete conversion of the starting material (TLC: 5% MeOH in CH2Cl2). The 

solvent was removed, and the residue purified by automated flash chromatography (gradient, 

0-10% MeOH/CH2Cl2 over 20 min). An additional reversed phase HPLC separation (60-100% 

MeOH/H2O, 20 min) was required to yield the final products as white solids with at least 95% 

purity.   

Synthesis of ethyl 2-ethyl-4-methyl-3-oxopentanoate (7) 
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Yield: 45% (colorless oil); 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 4.09 (q, J = 7.1 Hz, 2H, 

OCH2CH3), 3.75 (t, J = 7.2 Hz, 1H, H-2), 2.78 (h, J = 6.8 Hz, 1H, H-4), 1.70 (tdd, J = 13.7, 7.2, 

5.6 Hz, 2H, CHCH2), 1.16 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.01 (dd, J = 6.9, 5.9 Hz, 6H, (CH3)2-

4), 0.83 (t, J = 7.4 Hz, 3H, OCH2CH3). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 209.1 (C3), 

169.4 (C1), 60.6 (OCH2), 57.3 (C2), 40.0 (C4), 21.2 (CHCH2), 17.9 (C5), 17.9 (C5), 13.9 

(OCH2CH3), 11.6 (CHCH2CH3). LC-MS (m/z): 186.8 [M + H]+. 

Synthesis of ethyl ethyl 2-ethyl-3-oxoheptanoate (8) 

 

Yield: 65% (colorless oil); 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 4.10 (qd, J = 7.1, 1.7 Hz, 

1H, OCH2CH3), 3.53 (dd, J = 7.8, 6.6 Hz, 1H, H-2), 2.54 ± 2.50 (m, 2H, CH2), 1.78 ± 1.65 (m, 

2H, CH2), 1.48 ± 1.40 (m, 2H, CH2), 1.23 (dqd, J = 9.2, 7.5, 6.2 Hz, 2H, CH2), 1.17 (t, J = 7.1 

Hz, 3H, OCH2CH3), 0.83 (dt, J = 9.2, 7.4 Hz, 6H, 2 x CH3). 13C-NMR (151 MHz, DMSO-d6) 

į [ppm] = 205.4 (C3), 169.4 (C1), 60.6 (OCH2), 59.4 (C2), 41.0 (CH2), 25.0 (CH2), 21.5 (CH2), 

21.0 (CH2), 14.0 (CH3), 13.7 (CH3), 11.6 (CH3). LC-MS (m/z): 200.7 [M + H]+. 

Synthesis of ethyl 2-ethyl-3-oxohexanoate (9) 

 

Yield: 61% (colorless oil); 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 4.10 (qd, J = 7.1, 1.5 

Hz, 2H, OCH2CH3), 3.53 (dd, J = 7.9, 6.6 Hz, 1H, H-2), 2.52 ± 2.50 (m, 2H, CH2), 1.81 ± 1.65 

(m, 2H, CH2), 1.48 (h, J = 7.3 Hz, 2H, CH2), 1.17 (t, J = 7.1 Hz, 3H, CH3), 0.83 (td, J = 7.4, 

1.1 Hz, 6H, 2 x CH3). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 205.4 (C3), 169.4 (C1), 60.6 

(OCH2), 59.4 (C2), 43.2 (CH2), 20.9 (CH2), 16.4 (CH2), 14.0 (CH3), 13.3 (CH3), 11.6 (CH3). 

LC-MS (m/z): 186.8 [M + H]+. 

Synthesis of ethyl 2-(cyclobutanecarbonyl)butanoate (10) 
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Yield: 69% (colorless oil); 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 4.09 (q, J = 7.1 Hz, 2H, 

OCH2CH3), 3.50 (dd, J = 7.9, 6.6 Hz, 1H, CH), 3.45 (pd, J = 8.6, 1.2 Hz, 1H, CH), 2.16 ± 2.02 

(m, 4H), 1.91 (dp, J = 11.0, 8.8 Hz, 1H), 1.77 ± 1.65 (m, 3H), 1.17 (t, J = 7.1 Hz, 3H, OCH2CH3), 

0.82 (t, J = 7.4 Hz, 3H, CH3). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 205.9 (C3), 169.4 

(C1), 60.6 (OCH2), 57.5 (C2), 44.3 (CH), 24.0 (CH2), 21.0 (CH2), 17.1 (CH2), 14.0 (CH3), 11.6 

(CH3). LC-MS (m/z): 198.8 [M + H]+. 

Synthesis of 3-ethyl-2-isopropylpyrido[3',4':4,5]imidazo[1,2-a]pyrimidin-4(1H)-one (12) 

 

 

Compound 12 was synthesized as described in the general procedure C using commercially 

available 1H-imidazo[4,5-c]pyridin-2-amine (11, 70 mg, 0.522 mmol) as starting material. 

Yield: 12 (12 mg, 9%), white solid. 1H-NMR (500 MHz, DMSO-d6) į [ppm] = 12.83 (s, 1H, 

NH, ), 9.40 (s, 1H, Harom), 8.45 (d, J = 5.7 Hz, 1H, Harom), 7.49 (d, J = 5.6 Hz, 1H, Harom), 3.23 

± 3.21 (m, 1H, CH), 2.62 (q, J = 7.4 Hz, 2H, CH2), 1.25 (d, J = 6.8 Hz, 6H, 2 x CH3), 1.08 (t, J 

= 7.4 Hz, 3H, CH2CH3).  

Synthesis of 6-fluoro-1H-imidazo[4,5-b]pyridin-2-amine (22) 

 

Compound 22 was synthesized as described in the general procedure B. Yield: 63%, brown 

solid. 1H-NMR (500 MHz, DMSO-d6) į [ppm] = 8.01 (m, 1H, Harom), 7.78 (s, 2H, NH2), 7.52 

(dd, J = 9.0, 2.6 Hz, 1H, Harom). 13C-NMR (126 MHz, DMSO-d6) į [ppm] = 156.1 (d, 1JC,F = 

240.7 Hz, Carom-F), 155.2 (C-NH2), 145.1 (Carom), 128.2 (d, 3JC,F = 9.7 Hz, Carom), 127.6 (d, 2JC,F 

= 27.9 Hz, Carom), 106.79 (d, 2JC,F = 25.0 Hz, Carom). LC-MS (m/z): 152.8 [M + H]+. ESI-MS 

purity: 97.3%. 

Synthesis of 5-chloro-1H-imidazo[4,5-b]pyridin-2-amine (23) 
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Compound 23 was synthesized as described in the general procedure B. Yield: 99%, brown 

solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 8.29 (s, 2H, NH2), 7.69 ± 7.62 (m, 1H, Harom), 

7.23 ± 7.16 (m, 1H, Harom). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 153.2 (Cq), 147.1 (Cq), 

142.0 (Cq), 124.1 (Cq), 120.8 (C-Harom), 117.0 (C-Harom). LC-MS (m/z): 169.0 [M + H]+. ESI-

MS purity: 99.2%. 

Synthesis of 3-ethyl-7-fluoro-2-isopropylpyrido[3',4':4,5]imidazo[1,2-a]pyrimidin-4(1H)-one 

(28) 

 

Compound 28 was synthesized as described in the general procedure C. Yield: 10%, white 

solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 12.91 (br s, 1H, NH), 8.43 (t, J = 2.4 Hz, 1H, 

Harom), 8.41 (dd, J = 8.3, 2.9 Hz, 1H, Harom), 3.27 ± 3.20 (m, 1H, CH-(CH3)2), 2.59 (q, J = 7.5 

Hz, 2H, CH2), 1.26 (d, J = 6.7 Hz, 6H, 2 x CH3), 1.07 (t, J = 7.4 Hz, 3H, CH3). 13C-NMR (151 

MHz, DMSO-d6) į [ppm] = 159.53, 154.63, 149.15, 149.11, 133.41, 120.01, 119.95, 110.31, 

110.19, 30.18, 21.08, 17.79, 14.63. HRMS (ESI-QTOF) calculated for C14H15FN4O [M+H]+: 

275.1303; found: 275.1320. m.p. 212 ± 215 °C. 

Synthesis of 2-chloro-7-ethyl-8-isopropylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one 

(29) 

 

Compound 29 was synthesized as described in the general procedure C. Yield: 12% over 2 

steps, white solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 12.81 (s, 1H, NH), 8.54 (d, J = 

8.1 Hz, 1H, Harom), 7.32 (d, J = 8.2 Hz, 1H, Harom), 3.29 ± 3.24 (m, 1H, -CH(CH3)2), 2.59 (q, J 

= 7.4 Hz, 2H, -CH2), 1.28 (d, J = 6.8 Hz, 6H, -CH(CH3)2), 1.06 (t, J = 7.4 Hz, 3H, -CH2CH3). 
13C-NMR (151 MHz, DMSO-d6) į [ppm] = 159.2, 148.7, 145.7, 124.6 (Harom), 119.5, 116.0 

(Harom), 29.6, 20.6, 17.6 (CH2), 14.4 (2 x CH3). HRMS (ESI-QTOF) calculated for 

C14H15ClN4O [M+H]+: 291.1002; found: 291.1003. m.p. > 300 °C.  
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Synthesis of 2-chloro-8-cyclobutyl-7-ethylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-

one (30) 

 

Compound 30 was synthesized as described in the general procedure C. Yield: 13% over 2 

steps, yellowish solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 8.54 (d, J = 8.2 Hz, 1H), 7.31 

(d, J = 8.3 Hz, 1H), 6.51 (s, 2H), 3.84 (p, J = 8.8 Hz, 1H), 2.53 (q, J = 7.5 Hz, 2H), 2.46 (qd, J 

= 9.6, 2.8 Hz, 2H), 2.20 (dtd, J = 11.3, 8.5, 2.7 Hz, 2H), 2.02 (h, J = 9.6 Hz, 1H), 1.84 (q, J = 

9.7 Hz, 1H), 1.03 (t, J = 7.4 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 159.1, 148.7, 

145.6, 124.7, 119.4, 115.9, 111.3, 36.7, 27.1, 17.7, 17.7, 14.4. HRMS (ESI-QTOF) calculated 

for C15H15ClN4O [M+H]+: 303.1007; found: 303.1021. m.p. > 300 °C.   

Synthesis of propyl (6-fluoropyridin-3-yl)carbamate (36) 

 

6-Fluoropyridine-3-amine (35, 5 g, 44.60 mmol, 1.0 equiv) and NaHCO3 (11.24 g, 

133.80 mmol, 3.0 equiv) was dissolved in dry THF (25 ml) and propyl chloroformate (16.40 g, 

133.80 mmol, 3.0 equiv) was added slowly. Reaction was completed after 30 min (TLC: 

petroleum ether/ethyl acetate = 8:2) and the solvent evaporated in vacuo. Then water was added 

and extracted with ethyl acetate (3 x 10 ml) and the combined organic phases were washed with 

brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The crude 

product was purified by flash column chromatography (10% ethyl acetate in petroleum ether) 

to yield compound 36 (7.15 g, 81%) as yellowish solid. 1H-NMR (600 MHz, DMSO-d6) į 

[ppm] = 9.87 (s, 1H, NH), 8.31 ± 8.20 (m, 1H, Harom), 8.07 ± 7.95 (m, 1H, Harom), 7.12 (dd, J = 

8.9, 3.2 Hz, 1H, Harom), 4.05 (t, J = 6.7 Hz, 2H, OCH2), 1.64 (sext, J = 7.2 Hz, 2H, CH2), 0.92 

(t, J = 7.4 Hz, 3H, CH3). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 158.2 (1C, 1JC,F = 231.4 

Hz, Carom-F), 153.8 (CO), 136.6 (1C, 3JC,F = 15.2 Hz, Carom), 134.3 (1C, 4JC,F = 4.4 Hz, Cq), 

131.6 (Carom), 109.3 (1C, 2JC,F = 39.5 Hz, Carom), 66.1 (OCH2), 21.8 (CH2), 10.2 (CH3). LC-MS 

(m/z): 198.7 [M + H]+. ESI-MS purity: 97.1%. 
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Synthesis of propyl (6-fluoro-2-nitropyridin-3-yl)carbamate (37) 

 

Compound 36 (2.0 g, 10.09 mmol, 1.0 equiv) was dissolved in conc. HNO3 (2 ml) and cooled 

to 0 °C. Than conc. H2SO4 (2 ml) was added dropwise over 30 min and stirred for further 5 h 

at rt. After complete conversion (TLC: ethyl acetate/ petroleum ether, 1:5) the mixture was 

basified by the addition of NaOH, extracted with ethyl acetate and the combined organic phases 

dried over MgSO4. The solvent was removed under reduced pressure and purified by flash 

column chromatography (50% ethyl acetate in petroleum ether) to yield compound 37 (1.996 

g, 81%) as yellowish solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 10.02 (s, 1H, NH), 8.35 

(dd, J = 8.7, 6.5 Hz, 1H, Harom), 7.69 (dd, J = 8.7, 3.3 Hz, 1H, Harom), 4.06 (t, J = 6.7 Hz, 2H, 

OCH2), 1.63 (sext, J = 7.4, 2H, CH2), 0.92 (t, J = 7.4 Hz, 3H, CH3). 13C-NMR (151 MHz, 

DMSO-d6) į [ppm] = 155.5 (1C, 1JC,F = 231.4 Hz, Carom-F), 153.5 (CO), 144.8 (1C, 3JC,F = 12.7 

Hz, Cq-NO2), 141.0 (1C, 3JC,F = 7.6 Hz, Carom), 126.3 (1C, 4JC,F = 4.0 Hz, Cq), 116.4 (1C, 2JC,F 

= 37.8 Hz, Carom), 67.0 (OCH2), 21.7 (CH2), 10.1 (CH3). LC-MS (m/z): 243.9 [M + H]+. ESI-

MS purity: 73.3%. 

Synthesis of 6-fluoro-2-nitropyridin-3-amine (38) 

 

Compound 37 (1.4394 g, 5.919 mmol, 1.0 equiv) and Ba(OH)2 (1.8 g, 10.654 mmol, 1.8 equiv) 

were suspended in acetonitrile (10 ml). 2N NaOH was added in portions over 8 h until complete 

conversion of the starting material (TLC, CH2Cl2). The acetonitrile was removed in vacuo and 

the residue neutralized with saturated aq. NH4Cl (10 ml), extracted with ethyl acetate (3 x 5 ml) 

and the combined organic phases were washed with brine, dried over MgSO4 and the solvent 

removed under reduced pressure. The crude product was purified by automated flash column 

chromatography (0-60% ethyl acetate in petroleum ether) to yield 38 (445 mg, 48%) as 

yellowish solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 7.73 (dd, J = 8.9, 6.8 Hz, 1H, Harom), 

7.49 (s, 2H, NH2), 7.41 (dd, J = 8.9, 3.7 Hz, 1H, Harom). 13C-NMR (151 MHz, DMSO-d6) į 

[ppm] = 149.6 (1C, 1JC,F = 234.0 Hz, Cq-F), 140.4 (1C, 4JC,F = 1.5 Hz, Cq-NH2), 135.9 (1C, 3JC,F 
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= 6.6 Hz, Carom), 132.8 (1C, 3JC,F = 13.0 Hz, Cq-NO2), 119.1 (1C, 2JC,F = 42.1 Hz, Carom). LC-

MS (m/z): 157.8 [M + H]+. ESI-MS purity: 97.5%. 

Synthesis of 6-fluoropyridine-2,3-diamine (39) 

 

To a solution of 38 (352.0 mg, 2.241 mmol, 1.0 equiv) in MeOH (5 ml), were added 10% 

palladium of charcoal (238.4 mg, 1.0 equiv). The reaction mixture was stirred for 1 h under 

hydrogen atmosphere (1 atm) at rt. After complete conversion of the starting material monitored 

by TLC (10% MeOH in CH2Cl2) the catalyst was filtered over celite and washed with MeOH. 

The solvent was removed in vacuo and the crude product purified by flash column 

chromatography (10% MeOH in CH2Cl2) to yield the diamino derivative 39 (270 mg, 95%) as 

yellowish solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 6.86 (t, J = 7.7 Hz, 1H, Harom), 5.98 

(dd, J = 7.9, 2.9 Hz, 1H, Harom), 5.73 (br s, 2H, NH2), 5.13 (br s, 2H, NH2). 13C-NMR (151 

MHz, DMSO-d6) į [ppm] = 155.1 (1C, 1JC,F = 222.7 Hz, Cq-F), 147.1 (1C, 3JC,F = 17.9 Hz, 

Carom), 125.2 (1C, 4JC,F = 3.1 Hz, Cq-NH2), 124.0 (1C, 3JC,F = 6.9 Hz, Cq-NH2), 93.7 (1C, 2JC,F 

= 38.6 Hz, Carom). LC-MS (m/z): 127.8 [M + H]+. ESI-MS purity: 97.6%. 

 

Synthesis of 5-fluoro-1H-imidazo[4,5-b]pyridin-2-amine (40) 

 

Compound 39 (265 mg, 2.085 mmol, 1.0 equiv) was dissolved in a mixture of MeOH (2 ml) 

and H2O (2 ml) and cyanogen bromide (662.3 mg, 6.254 mmol, 3.0 equiv) added in portions. 

The reaction mixture was heated at reflux for 3 h until complete conversion of the starting 

material (TLC, 15% MeOH in CH2Cl2). The solvent was evaporated under reduced pressure 

and the residue purified by flash column chromatography (20% EtOH in CH2Cl2) to yield 

compound 40 as yellowish solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 7.62 (dd, J = 8.2, 

7.2 Hz, 1H, Harom), 7.49 (s, 2H, NH2), 6.68 (d, J = 8.2 Hz, 1H, Harom). 13C-NMR (151 MHz, 

DMSO-d6) į [ppm] = 158.7 (1C, 1JC,F = 228.9 Hz, Cq-F), 155.4 (Cq-NH2), 148.9 (1C, 3JC,F = 

20.2 Hz, Carom), 123.9 (1C, 4JC,F = 2.6 Hz, Carom), 121.1 (1C, 3JC,F = 9.6 Hz, Carom), 99.3 (1C, 
2JC,F = 39.8 Hz, Carom). LC-MS (m/z): 152.9 [M + H]+. ESI-MS purity: 97.5%. 
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Synthesis of 7-ethyl-2-fluoro-8-isopropylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one 

(41) 

 

Compound 41 was synthesized as described in the general procedure C. Yield: 14% over 2 

steps, yellowish solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 12.73 (br s, 1H), 8.65 (t, J = 

7.9 Hz, 1H, Harom), 6.97 (d, J = 8.4 Hz, 1H, Harom), 3.30 ± 3.25 (m, 1H, CH(CH3)2), 2.59 (q, J 

= 7.4 Hz, 2H, CH2CH3), 1.28 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.07 (t, J = 7.4 Hz, 3H, CH2CH3). 
13C-NMR (126 MHz, DMSO) į [ppm] = 160.6 (1C, 1JC,F = 233.2 Hz, Cq-F), 159.0, 126.7, 100.8 

(1C, 2JC,F = 40.7 Hz, Carom), 29.5, 20.5, 17.6 (CH2), 14.4 (2 x CH3). HRMS (ESI-QTOF) 

calculated for C14H15FN4O [M+H]+: 275.1303; found: 275.1320. m.p. > 300 °C. 

  

Synthesis of 8-butyl-7-ethyl-2-fluoropyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one (42) 

 

Compound 42 was synthesized as described in the general procedure C. Yield: 30% over 2 

steps, off-white solid. 1H-NMR (600 MHz, DMSO-d6) į 13.00 (br s, 1H, NH), 8.64 (t, J = 8.0 

Hz, 1H, Harom), 6.95 (d, J = 8.4 Hz, 1H, Harom), 2.66 (dd, J = 9.2, 6.7 Hz, 2H, CH2), 2.54 (q, 2H, 

CH2), 1.63 (tt, J = 8.0, 6.4 Hz, 2H, CH2), 1.40 (h, J = 7.4 Hz, 2H, CH2), 1.09 (t, J = 7.4 Hz, 3H, 

CH3), 0.93 (t, J = 7.4 Hz, 3H, CH3). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 160.8, 159.2, 

126.6, 119.1, 100.7, 100.4, 31.0, 22.1, 18.1, 14.2, 13.9. HRMS (ESI-QTOF) calculated for 

C15H17FN4O [M+H]+: 289.1459; found: 289.1479. m.p. > 300 °C. 
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Synthesis of 7-ethyl-2-fluoro-8-propylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one 

(43) 

 

Compound 43 was synthesized as described in the general procedure C. Yield: 34% over 2 

steps, off-white solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 12.95 (br s, 1H, NH), 8.64 (t, 

J = 7.9 Hz, 1H, Harom), 6.96 (d, J = 8.4 Hz, 1H, Harom), 2.67 ± 2.63 (m, 2H, CH2), 2.53 (q, J = 

8.2, 7.8 Hz, 2H, CH2), 1.73 ± 1.64 (m, 2H, CH2), 1.09 (t, J = 7.3 Hz, 3H, CH3), 0.98 (t, J = 7.3 

Hz, 3H, CH3). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 160.6, 159.0, 148.8, 126.5, 118.9, 

110.3, 100.7, 32.4, 22.0, 17.9, 14.0, 13.6. HRMS (ESI-QTOF) calculated for C14H15FN4O 

[M+H]+: 275.1303; found: 275.1327. m.p. > 300 °C. 

 

 

Synthesis of 7-ethyl-8-isopropyl-3-methylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one 

(31) 

 

Compound 31 was synthesized as described in the general procedure C. Yield: 3% over two 

steps (off-white solid). 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 13.00 (s, 1H, NH), 8.44 (d, 

J = 2.7 Hz, 1H, Harom), 8.24 (d, J = 2.4 Hz, 1H, Harom), 3.22 (m, J = 6.9 Hz, 1H, CH(CH3)2), 

2.59 (q, J = 7.4 Hz, 2H, CH2CH3), 2.43 (s, 3H, Ar-CH3), 1.23 (d, J = 6.7 Hz, 6H, CH(CH3)2), 

1.07 (t, J = 7.4 Hz, 3H, CH2CH3). 13C-NMR (151 MHz, DMSO-d6) į [ppm] = 159.5, 147.6, 

145.8, 126.1, 122.7, 119.5, 30.4, 21.2, 18.0, 17.7, 14.5. HRMS (ESI-QTOF) calculated for 

C15H18N4O [M+H]+: 271.1553; found: 271.1575. m.p. 224 ± 227 °C.   
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Synthesis of 7-ethyl-8-isopropyl-2-methylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-one 

(32) 

 

Compound 32 was synthesized as described in the general procedure C. Yield: 8% over two 

steps, off-white solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 13.05 (br s, 1H, NH), 8.46 (d, 

J = 8.0 Hz, 1H, Harom), 7.15 (d, J = 8.0 Hz, 1H, Harom), 3.26 ± 3.18 (m, 1H, CH(CH3)2), 2.59 (q, 

J = 7.5 Hz, 2H, CH2), 2.55 (s, 3H, Ar-CH3), 1.23 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.07 (t, J = 

7.4 Hz, 3H, CH2CH3). 13C-NMR (151 MHz, DMSO) į [ppm] = 159.3, 154.7, 147.4, 122.6, 

117.6, 116.2, 30.3, 24.0, 21.3, 17.7, 14.5. HRMS (ESI-QTOF) calculated for C15H18N4O 

[M+H]+: 271.1553; found: 271.1571. m.p. 263 ± 266 °C.   

Synthesis of 3-bromo-7-ethyl-8-isopropyl-2-methylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-

6(9H)-one (33) 

 

Compound 33 was synthesized as described in the general procedure C. Yield: 9%, off-white 

solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 13.26 (s, 1H, NH), 8.61 (s, 1H, Harom), 3.24 

(m, J = 8.8 Hz, 1H, CH(CH3)2), 2.65 (s, 3H, Ar-CH3), 2.58 (q, J = 7.4 Hz, 2H, CH2CH3), 1.25 

(d, J = 7.2 Hz, 6H, CH(CH3)2), 1.07 (t, J = 7.4 Hz, 3H, CH2CH3). 13C-NMR (151 MHz, DMSO) 

į [ppm] = 159.1, 152.4, 125.0, 111.2, 30.2, 24.9, 21.0, 17.6, 14.4. HRMS (ESI-QTOF) 

calculated for C15H17BrN4O [M+H]+: 349.0658; found: 349.0685. m.p. 271 ± 274 °C.   
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Synthesis of 2,3-dichloro-7-ethyl-8-isopropylpyrido[2',3':4,5]imidazo[1,2-a]pyrimidin-6(9H)-

one (34) 

 

Compound 34 was synthesized as described in the general procedure C. Yield: 3% over two 

steps, off-white solid. 1H-NMR (600 MHz, DMSO-d6) į [ppm] = 12.87 (s, 1H, NH), 8.64 (s, 

1H, Harom), 2.59 (q, J = 7.5 Hz, 3H, CH2CH3), 1.33 ± 1.26 (m, 6H, CH(CH3)2), 1.07 (t, J = 7.4 

Hz, 3H, CH2CH3). CH-signal under water peak. 13C-NMR (151 MHz, DMSO) į [ppm] = 159.1, 

142.8, 123.8, 120.6, 29.5, 20.4, 17.6, 14.4. HRMS (ESI-QTOF) calculated for C14H14Cl2N4O 

[M+H]+: 325.0617; found: 325.0637. m.p. 254 ± 257 °C.   

Synthesis of 7-chloro-3-ethyl-2-isopropylpyrido[3',4':4,5]imidazo[1,2-a]pyrimidin-4(1H)-one 

(15) 

 

Compound 15 was synthesized as described in the general procedure C. Yield: 7%, off-white 

solid. 1H-NMR (500 MHz, DMSO-d6) į [ppm] = 9.17 (s, 1H), 7.57 (s, 1H), 2.61 (q, J = 7.5 Hz, 

2H), 1.28 (d, J = 6.7 Hz, 6H), 1.08 (t, J = 7.4 Hz, 3H). CH-signal under water peak. 13C-NMR 

(126 MHz, DMSO) į [ppm] = 159.0, 145.1, 134.6, 29.6, 20.6, 17.6, 14.3, 11.7. HRMS (ESI-

QTOF) calculated for C14H15ClN4O [M+H]+: 291.1007; found: 291.1006. m.p. > 300 °C. 
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The G protein-coupled receptor (GPCR) superfamily with more than 800 members is one of 

the most important target classes for drug development. After an agonist binds to the receptor, 

it induces a conformational change leading to the activation of a heterotrimeric guanine 

nucleotide-binding protein (G protein). G proteins play a key role in signal transduction from 

GPCRs activated by extracellular signals to intracellular second messenger systems. GPCRs 

are involved in almost all physiological and pathophysiological processes. About 100 of the 

more than 800 human GPCRs are so-called orphan receptors, whose endogenous ligands remain 

to be identified or confirmed.  

In 2001, Dong et al. discovered a subfamily of orphan GPCRs comprising over 50 rodent and 

human receptors, which were termed Mas-related gene receptors (MRGs). Later, in 2002, 

Lembo et al. discovered the same GPCR family to be expressed in rat primary cultures of dorsal 

root ganglia (DRG) and designated them sensory neuron-specific receptors (SNSRs). The 

current nomenclature declared by the International Union of Pharmacology (IUPHAR) of these 

orphan receptors is Mas-related G protein-coupled receptors (MRGPR).  

This receptor family can be divided into nine distinct subfamilies (MRGPRA-H and -X). They 

belong to the δ-branch of class A, rhodopsin-like GPCR subgroup. Among the nine subfamilies 

of MRGPRs, four members (MRGPRX1-4) are primate-specific. Due to their expression 

profile, they are supposed to be involved, e.g., in pain transmission, immune responses, itching 

and wound healing.  

A proprietary compound library was used to identify a potential lead compound that activates 

MRGPRX4. Both the MRGPRX4 wild type (WT) receptor as well as the rare natural variant 

L83S were employed for compound screening. The xanthine derivative MSX-3 ((E)-phosphoric 

acid mono-[3-[8-[2-(3-methox-yphenyl)vinyl]-7-methyl-2,6-dioxo-1-prop-2-ynyl-1,2,6,7-tetra-

hydropurin-3-yl]propyl] ester disodium salt), a prodrug of the A2A antagonist MSX-2 ((E)-3-(3-

hydroxypropyl)-8-[2-(3-methoxyphenyl)vinyl]-7-methyl-1-prop-2-ynyl-3,7-di-hydropurine-2,6-

dione), was discovered to activate as the rare natural variant L83S of MRGPRX4. In order to 

increase the agonist’s potency on the rare natural variant L83S, and to identify an agonist for 

the MRGPRX4 wild type receptor, various side group modifications were performed. Since the 

phosphate group of MSX-3 is metabolically unstable due to hydrolysis by phosphatases, the 

phosphate group was to be replaced by a phosphonate or other bioisosteric functional groups. 

To further increase the stability of MSX-3 derivatives, the photosensitive double bond linker 
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between C8 and the aromatic moiety should be replaced by a single bond linker. Since there 

was no synthesis known in the literature for this kind of compounds, various chemical 

procedures were investigated to obtain the desired target compounds by a 6- to 9-step synthetic 

procedure. 

The synthesis of the xanthine derivative is complex and involves several synthetic steps. The 

synthesis usually starts with 6-aminouracil, which can be selectively substituted at the 3-

position by a previously developed silylation-alkylation method. Nitrosylation at the 5-position 

and subsequent reduction enables the synthesis of the corresponding 3-substituted 5,6-

diaminouracil derivatives, which can subsequently be subjected to a selective amide coupling 

reaction in the 5-position (see figure 1).  

 

Figure 1: General synthetic procedure for xanthine derivatives 

 

The resulting 6-amino-5-carboxamidouracil derivatives are key intermediates in the synthesis 

of the targeted xanthine derivatives. They show high thermodynamic stability, and can thus be 

stored for long time at room temperature. Different substitutions in the C8-position of the 

xanthine core were explored. For amide formation, hazardous coupling reagents are typically 

used, which often result in only moderate yields requiring long reaction times. With COMU as 

a novel coupling reagent for this reaction, the reaction time could be reduced to less than 10 

min, and quantitative yields could be achieved. No complex column chromatographic 

purification was necessary to obtain the products in high purity of over 95%, simply by 

precipitation with water. This optimization of the synthesis was published in the journal 

Frontiers in Chemistry (Marx, D., Wingen, L.M., Schnakenburg, G., Müller, C.E., Scholz, M.S. 
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Synthesis of 6-amino-5-carboxamidouracils as precursors for 8-substituted xanthines. Front. 

Chem., 2019, 7, 56, 1–15).  

NMR analyses of some of these intermediate compounds showed an unexpected duplication of 

peaks, which was dependent on the substitution pattern of the carboxylic acids used for the 

coupling reaction. This phenomenon was investigated by dynamic NMR experiments, 2D NMR 

spectroscopy and density-function theory (DFT), and the results were published in the journal 

Molecules (Marx, D., Schnakenburg, G., Grimme, S., Müller, C.E. Structural and 

conformational studies on carboxamides of 5,6-diaminouracils–precursors of biologically 

active xanthine derivatives. Molecules 2019, 24, 2168). 

This optimization of the xanthine synthesis sequence enabled the preparation of many different 

xanthine derivatives which were evaluated for their agonistic activity at the orphan receptor 

MRGPRX4.  

Using the 3-substituted 6-amino-5-carboxamidouracil derivatives described above as starting 

points, a polar phosphonate residue, or bioisosteric analogs, respectively, can be introduced in 

the 1-position (which later becomes the 3-position in the final xanthine) by an alkylation 

reaction introducing the desired linker length . The phosphonate group was found to be the best 

moiety resulting in MRGPRX4 agonists with nanomolar potencies.  The diethyl-(4-

iodobutyl)phosphonate required for the alkylation could be obtained by an Arbuzov reaction of 

1,4-dibromobutane and subsequent Finkelstein reaction with NaI. Alkylation with 1,4-

dibromobutane and subsequent Arbuzov reaction was not possible because an intramolecular 

ring-closure reaction with the 6-amino group takes place instead. The subsequent ring-closure 

reaction with hexamethyldisilazane (HMDS) to obtain the corresponding xanthine derivative 

leads to a mixture of the desired double-deprotected phosphonic acid derivative, the single-

protected phosphonate ester and the double-protected phosphonate ester, which was difficult to 

separate by HPLC. Instead of HMDS, NaOH was therefore used as a reagent for the ring-closure 

reaction leading to the double-protected xanthine derivatives in good yields. Optimized 

reacition conditions were 80 °C for 30 min resulting in the best yields. These compounds have 

the decisive advantage that the N7-position can subsequently be alkylated using various 

alkylating reagents. Different N7-substitutions showed a dramatic improvement in the agonistic 

activity. If the reaction time of 30 min is exceeded, and the temperature is increased, a cleavage 

of the side group at the N3-position can be observed. After alkylation of the N7-position, which 

in many cases showed quantitative yields, the phosphonic acid ester could be deprotected using 
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trimethylsilyl bromide yielding the desired xanthine derivative bearing a phosphonic acid 

moiety attached via an alkyl (optimally a butyl) linker to the 3-position of the xanthine scaffold 

(see figure 2).  

 

 

Figure 2: Synthetic route for the newly developed highly potent and selective MRGPRX4 agonists.  

The design and synthesis of 56 different xanthine derivatives and the analysis of their structure-

activity relationships employing computer-based docking studies (see figure 3) enabled the 

preparation of the most potent MRGPRX4 agonist currently available with an EC50 value of 

25.9 nM in β-arrestin assays and 4.26 nM in Ca2+-assay. The new compounds have been 

protected in a patent application (Marx, D.; Müller, C.; Alnouri, W.; Riedel, Y.; Namasivayam, 

V.; Pillaiyar, T.; Thimm, D.; Hockemeyer, J. MRGPRX4 agonists and antagonists. 

UBN0005(EP) 2020). The newly synthesized highly potent and selective MRGPRX4 agonists 

will be useful as tool compounds to study the (patho)physiological roles of the so far sparsely 

investigated MRGPRX4.    
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Figure 3: Docking pose and concentration-response curve of one of the most active and selective 
MRGPRX4 agonist 

Moreover, a further orphan receptor from the MRGPRX family was investigated. MRGPRX2, 

like the other MRGPRX subtypes, is expressed in the dorsal root ganglia of the spinal cord, and 

also in mast cells. Antagonists of this subclass of receptors are therefore promising potential 

therapeutics for the treatment of pseudoallergic reactions and itching, as well as chronic pain. 

In fact, they might be used to replace opioids which have led to the opioid crisis in the USA. 

The new compounds were synthesized in collaboration with the research group of Prof. 

Herdewijn, and a modification to increase their water solubility, is described in the last chapter 

of this thesis.  

The synthesis of the tricyclic benzimidazole derivatives, disclosed in the second patent 

application, usually starts with the corresponding phenylenediamine derivatives. However, the 

corresponding pyridine derivatives are commercially available only to a very limited extent. In 

many cases, they had to be synthesized from the corresponding aminopyridines. The amino 

function was initially protected as a carbamate function. Subsequently, nitration can be carried 

out via an electrophilic aromatic substitution in the ortho-position to the carbamate function. 

The protective group can then be removed using Ba(OH)2 under basic conditions, and after 

reduction over palladium, the corresponding o,o-diamines can be obtained. The subsequent 

ring-closure reaction was performed using an excess of BrCN. A further ring-closure reaction 

with a β-keto ester allows the synthesis of the final target compounds. By introducing the 
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nitrogen atom, the water solubility of the subsequent compound was increased from 5 µM to 

59 µM (12-fold). 

  

 

Figure 4: Synthetic procedure of new MRGPRX2 antagonists with improved physicochemical 
properties.  

 

In summary, the optimization of the synthesis of xanthine derivatives with substituents in 

various positions, including polar phosphonate groups, was achieved, which enabled the 

preparation of a large number of MRGPRX4 agonists. The most potent MRGPRX4 agonist 

described to date with low nanomolar potency could be synthesized, which is currently under 

investigation for its pharmacological and therapeutic potential. Furthermore, I not only was a 

leading author on the patent application of the first highly potent and selective MRGPRX2 

antagonists, but, in addition, I was also able to further improve the water solubility of the 

patented compounds, which constitutes a significant improvement of the physicochemical 

properties of these MRGPRX2 antagonists.  

The synthesis and structure-activity relationship of the most active and selective MRGPRX4 

agonists and MRGPRX2 antagonists so far has been described. These data represent an 

important basis for further research to better understand the sparsely known pharmacological 

properties of these receptors.  

Since clinical tool compounds must not only be potent, but also have other important 

physicochemical properties the moderate water solubility of the disclosed MRGPRX2 

antagonists was further addressed. By the synthesis of a completely new compound class, the 

water solubility and other physicochemical properties could be considerably improved. The 

compounds display low micromolar potencies at present and need to be further optimized to 
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gain nanomolar IC50 values. However, with the optimization of their water solubility, a crucial 

step has already been taken to develop a potential clinical candidate for stopping mast cell 

degranulation and thus, the possibility of treating itching and allergic reactions via this receptor. 
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1. Synthesis of intermediates 

 

Scheme S1. Synthesis of 4-iodobutylphosphonic acid diethyl ester. 

 
aReagents and conditions: (i) 0.25 eq. P(OEt)3, reflux, 30 min (ii) NaI, acetone, 70 °C, 1 h, 21% over two steps.1 

 

5,6-diamino-3-(prop-2-yn-1-yl)pyrimidine-2,4(1H,3H)-dione (DM027) 

Synthesis of compound DM027 was done as described in the literature.2 

Yield: 86%, yellowish solid (Lit.: 67% 2). 1H NMR (500 MHz, DMSO-

d6) δ 5.69 (s, 2H, NH2), 4.43 (d, J = 2.5 Hz, 2H, N3-CH2), 2.97 (t, J = 

2.4 Hz, 1H, Hpropargyl). 13C NMR (126 MHz, DMSO-d6) δ 159.4 (CO), 

148.7 (CO), 143.3 (C5), 95.3 (C6), 80.3 (Cpropargyl), 72.3 (Cpropargyl), 29.0 (N3-CH2). LC-MS 

(m/z): 181.0 3+. Purity (LC-MS): 99.3%. 

 

5,6-diamino-3-ethylpyrimidine-2,4(1H,3H)-dione (DM065) 

Synthesis of compound DM065 was done as described in the literature. 

Yield: 58%, brown solid. 1H NMR (500 MHz, DMSO-d6) δ 5.54 (s, 

2H, NH2), 3.73 (q, J = 7.0 Hz, 2H, N3-CH2), 1.03 (t, J = 7.0 Hz, 3H, 

CH3). 13C NMR (126 MHz, DMSO-d6) δ 160.2 (CO), 149.0 (CO), 

142.5 (C5), 95.7 (C6), 34.5 (N3-CH2), 13.4 (CH3). LC-MS (m/z): 171.0 [M + H]+. Purity (LC-

MS): 94.5%. 

 

5,6-diamino-3-(cyclobutylmethyl)pyrimidine-2,4(1H,3H)-dione (DM063) 

Synthesis was done as described in the literature. Yield: 95%, 

yellowish solid. 1H NMR (500 MHz, DMSO-d6) δ 5.54 (s, 2H, 

NH2), 3.75 (d, J = 7.2 Hz, 2H, N3-CH2), 2.58 (dt, J = 15.5, 7.7 

Hz, 1H, 8-CH), 1.89 ± 1.83 (m, 2H, 10-CH2), 1.77 ± 1.69 (m, 4H, 

9-CH2, 9¶-CH2). 13C NMR (126 MHz, DMSO-d6) δ 160.6 (C4), 149.5 (C2), 142.4 (C5), 95.5 

(C6), 44.2 (C7), 34.1 (C8), 25.6 (C9, C9¶), 17.8 (C10).  
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N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)1,2,3,4tetrahydropyrimidin-5-yl)-3-(3-methoxy-

phenyl)propanamide (DM028) 

Yield: 90%, brown solid. 1H NMR (500 MHz, DMSO-

d6) δ 10.57 (s, 1H, N1-H), 8.41 (s, 1H, CONH), 7.22 ± 

7.16 (m, 1H, Harom), 6.81 (dd, J = 4.3, 1.9 Hz, 2H, 

Harom), 6.75 (dd, J = 8.3, 2.0 Hz, 1H, Harom), 5.97 (s, 

2H, NH2), 4.42 (d, J = 2.4 Hz, 2H, N3-CH2), 3.74 (s, 3H, OCH3), 3.01 (t, J = 2.4 Hz, 1H, 

Hpropargyl), 2.83 (dd, J = 9.1, 7.0 Hz, 2H, CH2), 2.53 (dd, J = 9.2, 7.1 Hz, 2H, CH2). 13C NMR 

(126 MHz, DMSO-d6) δ 171.8 (CONH), 159.6 (C6), 159.3 (Carom), 150.4 (CO), 149.1 (CO), 

143.1 (Carom), 129.3 (Carom), 120.4 (Carom), 113.7 (Carom), 111.4 (Carom), 86.9 (C5), 80.0 

(Cpropargyl), 72.3 (Cpropargyl), 54.9 (OCH3), 36.8 (N3-CH2), 30.9 (CH2), 28.8 (CH2). LC-MS (m/z): 

343.1 [M + H]+. Purity (LC-MS): 98.5%. 

N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3-

fluorophenyl)propanamide (DM048) 

 The crude product was used for the next step without 

further purification. LC-MS (m/z): 331.1 [M + H]+. Purity 

(LC-MS): 78.2%. 

 

N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3-

(trifluoromethyl)phenyl)propanamide (DM052) 

 Yield: 72%, off-white solid. 1H NMR (600 MHz, 

DMSO-d6) δ 10.64 (s, 1H, N3-H), 8.43 (s, 1H, CONH), 

7.60 - 7.56 (m, 2H, Harom), 7.55 ± 7.50 (m, 2H, Harom), 

6.04 (s, 2H, NH2), 4.42 ± 4.40 (m, 2H, NCH2), 3.00 (s, 

1H, Hpropargyl), 2.95 (t, J = 7.8 Hz, 2H, COCH2), 2.61 ± 2.53 (m, 2H, COCH2CH2). 13C NMR 

(151 MHz, DMSO-d6) δ 171.8 (CONH), 159.8 (C6), 150.7 (C4 or C2), 149.4 (C4 or C2), 143.2 

(Carom), 132.7 (Carom), 129.5 (Carom), 129.2 (q, 2JC,F = 31.1 Hz, 1C, CCF3) , 125.0 (3JC,F = 4.0 

Hz, 1C, CHCCF3), 124.5 (q, 1JC,F = 273.0 Hz, 1C, CF3) 122.8 (q, 3JC,F = 4.1 Hz, 1C, CHCCF3), 

87.0 (C5), 80.2 (Cpropargyl), 72.5 (Cpropargyl), 36.6 (COCH2), 30.7 (NCH2 or COCH2CH2), 29.0 

(NCH2 or COCH2CH2). LC-MS: positive mode [m/z] = 380.9 ([M+H]+). ESI-MS purity = 97%. 
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N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(2-

methoxyphenyl)propanamide (DM054) 

Yield: quantitative, white solid. 1H NMR (500 MHz, 

DMSO-d6) δ 10.58 (s, 1H, N1-H), 8.35 (s, 1H, CONH), 

7.18 (ddd, J = 14.2, 7.5, 1.6 Hz, 2H, Harom), 6.97 ± 6.93 

(m, 1H, Harom), 6.87 (td, J = 7.4, 1.0 Hz, 1H, Harom), 5.99 

(s, 2H, NH2), 4.42 (d, J = 2.4 Hz, 2H, N3-CH2), 3.80 (s, 3H, OCH3), 3.01 (t, J = 2.4 Hz, 1H, 

Hpropargyl), 2.81 (dd, J = 9.5, 6.8 Hz, 2H, CH2), 2.49 ± 2.46 (m, 2H, CH2). 13C NMR (126 MHz, 

DMSO-d6) δ 172.1 (CONH), 159.6 (C6), 157.0 (Carom), 150.4 (CO), 149.1 (CO), 129.3 (Carom), 

127.2 (Carom), 120.3 (Carom), 110.6 (Carom), 86.9 (C5), 80.0 (Cpropargyl), 72.3 (Cpropargyl), 55.2 

(OCH3), 35.1 (N3-CH2), 28.8 (CH2), 25.5 (CH2). LC-MS: positive mode [m/z] = 343.0 

([M+H]+). ESI-MS purity = 96.6%. 

N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(m-

tolyl)propanamide (DM090) 

Yield: quantitative, off-white solid. 1H NMR (500 

MHz, DMSO-d6) δ 10.58 (s, 1H, N1-H), 8.40 (s, 1H, 

CONH), 7.17 (t, J = 7.5 Hz, 1H, Harom), 7.06 (s, 1H, 

Harom), 7.02 (d, J = 7.6 Hz, 1H, Harom), 6.99 (d, J = 7.4 

Hz, 1H, Harom), 5.96 (s, 2H, NH2), 4.42 (d, J = 2.4 Hz, 2H, N3-CH2), 3.01 (t, J = 2.4 Hz, 1H, 

Hpropargyl), 2.82 (dd, J = 9.2, 6.9 Hz, 2H, CH2), 2.54 ± 2.50 (m, 2H, CH2), 2.28 (s, 3H, CH3). 13C 

NMR (126 MHz, DMSO-d6) δ 171.9 (CONH), 159.6 (C6), 150.4 (CO), 149.1 (CO), 141.4 

(Carom), 137.3 (Carom), 128.8 (Carom), 128.2 (Carom), 126.4 (Carom), 125.2 (Carom), 86.9 (C5), 80.0 

(Cpropargyl), 72.3 (Cpropargyl), 36.8 (N3-CH2), 30.8, (CH2) 28.8 (CH2), 21.0 (CH3). LC-MS: 

positive mode [m/z] = 327.1 ([M+H]+). ESI-MS purity = 97.6%. 

N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3-

bromophenyl)propanamide (DM089) 

Yield: 98%, brown solid. 1H NMR (500 MHz, DMSO-

d6) δ 10.59 (s, 1H, N1-H), 8.41 (s, 1H, CONH), 7.47 ± 

7.43 (m, 1H, Harom), 7.38 (dt, J = 6.7, 2.1 Hz, 1H, Harom), 

7.28 ± 7.23 (m, 2H, Harom), 6.00 (s, 2H, NH2), 4.42 (d, J 

= 2.4 Hz, 2H, N3-CH2), 3.01 (t, J = 2.4 Hz, 1H, Hpropargyl), 2.88 ± 2.83 (m, 2H, CH2), 2.54 (dd, 

J = 8.9, 7.1 Hz, 2H, CH2). 13C NMR (126 MHz, DMSO-d6) δ 171.6 (CONH), 159.6 (C6), 150.4 
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(CO), 149.1 (CO), 144.5 (Carom), 131.0 (Carom), 130.4 (Carom), 128.7 (Carom), 127.3 (Carom), 121.6 

(Carom), 86.8 (C5), 80.0 (Cpropargyl), 72.3 (Cpropargyl), 36.4 (N3-CH2), 30.4 (CH2), 28.8 (CH2). LC-

MS: positive mode [m/z] = 391.1 ([M+H]+). ESI-MS purity = 96.2%. 

N-(6-amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(2-

chlorophenyl)propanamide (DM442) 

Yield: 82%, white solid. 1H NMR (600 MHz, DMSO-d6) į 

10.61 (s, 1H, N1-H), 8.44 (s, 1H, CONH), 7.42 (dd, J = 7.7, 

1.4 Hz, 1H, Harom), 7.40 ± 7.37 (m, 1H, Harom), 7.29 (td, J = 

7.3, 1.4 Hz, 1H, Harom), 7.26 ± 7.22 (m, 1H, Harom), 6.06 (s, 

2H, NH2), 4.42 (d, J = 2.4 Hz, 2H, N3-CH2), 3.02 (t, J = 2.4 Hz, 1H, Hpropargyl), 2.96 (dd, J = 

9.5, 6.7 Hz, 1H, CH2), 2.55 (dd, J = 9.5, 6.7 Hz, 1H, CH2). 13C NMR (151 MHz, DMSO-d6) į 

171.5 (CONH), 159.6 (C6), 150.5 (CO), 149.2 (CO), 138.8 (Carom), 132.8 (Carom), 130.4 (Carom), 

129.1 (Carom), 127.9 (Carom), 127.3 (Carom), 86.8 (C5), 80.0 (Cpropargyl), 72.4 (Cpropargyl), 34.7 (N3-

CH2), 28.8 (CH2), 28.5 (CH2). LC-MS: positive mode [m/z] = 347.1 ([M+H]+). ESI-MS purity 

= 98.5%. 

N-(6-Amino-2,4-dioxo-3-(prop-2-yn-1-yl)-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(2,4-

dimethoxyphenyl)propanamide (DM091) 

Yield: 88%, offwhite solid. 1H NMR (600 MHz, 

DMSO-d6) δ 10.59 (s, 1H, N1-H), 8.34 (s, 1H, 

CONH), 7.05 (d, J = 8.3 Hz, 1H, Harom), 6.52 (d, J = 

2.3 Hz, 1H, Harom), 6.44 (dd, J = 8.2, 2.4 Hz, 1H, 

Harom), 5.99 (s, 2H, NH2), 4.42 (d, J = 2.2 Hz, 2H, N3-CH2), 3.78 (s, 3H, OCH3), 3.73 (s, 3H, 

OCH3), 3.02 (t, J = 2.4 Hz, 1H, Hpropargyl), 2.73 (dd, J = 9.5, 6.8 Hz, 2H, CH2), 2.44 (dd, J = 9.5, 

6.9 Hz, 2H, CH2). 13C NMR (151 MHz, DMSO-d6) δ 172.2 (CONH), 159.7 (C6), 158.9 (Carom), 

157.9 (Carom), 150.5 (CO), 149.2 (CO), 129.6 (Carom), 121.4 (Carom), 104.4 (Carom), 98.3 (Carom), 

86.9 (C5), 80.0 (Cpropargyl), 72.4 (Cpropargyl), 55.3 (OCH3), 55.1 (OCH3), 35.4 (N3-CH2), 28.8 

(CH2), 24.9 (CH2). LC-MS: positive mode [m/z]= 373.2 ([M+H]+). ESI-MS purity: 97.4%. 
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N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(4-

fluorophenyl)propanamide (DM070) 

 Yield: 98%, brown solid. 1H NMR (600 MHz, DMSO-d6) δ 

10.37 (s, 1H, N3-H), 8.37 (s, 1H, CONH), 7.30 ± 7.23 (m, 

2H, Harom), 7.12 ± 7.05 (m, 2H, Harom), 5.82 (s, 2H, NH2), 

3.71 (q, J = 6.9 Hz, 2H, NCH2), 2.86 ± 2.81 (m, 2H, COCH2), 

2.54 ± 2.50 (m, 2H, COCH2CH2), 1.03 (t, J = 7.0 Hz, 3H, CH2CH3). 13C NMR (126 MHz, 

DMSO-d6) δ 171.8 (CONH), 160.8 (d, 1JC,F = 242 Hz, 1C, CaromF), 160.5 (C6), 150.0 (C4 or 

C2), 149.7 (C4 or C2), 137.7 (Carom), 130.1 (d, 2JC,F = 7.9 Hz, 2C, CHCF), 115.1 (Carom), 115.0 

(Carom), 87.4 (C5), 37.0 (NCH2), 34.5 (NCH2CH or COCH2CH2), 30.2 (NCH2CH or 

COCH2CH2), 13.4 (CH2CH3). LC-MS: positive mode [m/z] = 321.1 ([M+H]+). ESI-MS 

purity = 98%. 

N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3-methoxyphenyl)-

propanamide (DM068) 

Yield: 99%, brown solid. 1H NMR (600 MHz, DMSO-d6) 

δ 10.38 (s, 1H, N3-H), 8.39 (s, 1H, CONH), 7.18 (t, J = 

8.0 Hz, 1H, Harom), 6.79 (s, 2H, Harom), 6.74 (d, J = 8.1 

Hz, 1H, Harom), 5.83 (s, 2H, NH2), 3.73 (s, 3H, OCH3), 

3.68 ± 3.72 (m, 2H, NCH2 ) 2.84 ± 2.77 (m, 2H, COCH2 ), 2.53 ± 2.50 (m, 2H, COCH2CH2), 

1.03 (t, J = 6.9 Hz, 3H, CH2CH3). 13C NMR (151 MHz, DMSO-d6) δ 171.9 (CONH), 160.6 

(C6), 159.5 (COCH3), 150.1 (C4 or C2), 149.7 (C4 or C2), 143.3 (Carom), 129.5 (Carom), 120.6 

(Carom), 113.9 (Carom), 111.6 (Carom), 87.4 (C5), 55.0 (OCH3), 37.0 (NCH2), 34.5 (COCH2) , 31.2 

(COCH2CH2), 13.4 (CH2CH3). LC-MS: positive mode [m/z] = 333.0 ([M+H]+). ESI-MS purity 

= 99%. 

N-(6-Amino-3-(cyclobutylmethyl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3-(tri-

fluoromethyl)phenyl)propanamide (DM074) 

Yield: 90%, brown solid. 1H NMR (600 MHz, DMSO-

d6) δ 10.36 (s, 1H, N3-H), 8.41 (s, 1H, CONH), 7.60 ± 

7.56 (m, 2H, Harom), 7.54 ± 7.50 (m, 2H, Harom), 5.85 

(s, 2H, NH2), 3.73 (d, J = 7.1 Hz, 2H, NCH2), 2.94 (t, 

J = 7.8 Hz, 2H, COCH2 ), 2.58 ± 2.54 (m, 2H, COCH2CH2), 1.90 ± 1.85 (m, 2H, Hcyclobutyle), 

1.76 (dd, J = 8.6, 4.8 Hz, 2H, Hcyclobutyle), 1.73 ± 1.69 (m, 2H, Hcyclobutyle). 13C-NMR (151 MHz, 

DMSO-d6) δ 171.6 (CONH), 161.0 (C6), 150.3 (C4 or C2), 150.1 (C4 or C2), 143.2 (Carom), 
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132.7 (Carom), 129.5 (Carom), 129.2 (q, 2JC,F = 31.7 Hz, 1C, CCF3), 125.0 (q, 3JC,F = 3.8 Hz, 1C, 

CHCF3), 123.9 (q, 1JC,F = 272.9 Hz, 1C, CF3), 122.8 (q, 3JC,F = 3.8 Hz, 1C, CHCF3), 87.2 (C5), 

44.1 (NCH2), 36.7 (COCH2), 34.2 (NCH2CH or COCH2CH2), 30.7 (NCH2CH or COCH2CH2), 

25.6 (2C, Ccyclobutyle), 17.9 (Ccyclobutyle). LC-MS: positive mode [m/z] = 411.3 ([M+H]+). ESI-

MS purity = 89%. 

N-(6-Amino-3-(cyclobutylmethyl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-3-(3-me-

thoxyphenyl)propanamide (DM067) 

Yield: 95%, brown solid. 1H NMR (600 MHz, 

DMSO-d6) δ 10.36 (s, 1H, N3-H), 8.38 (s, 1H, 

CONH), 7.18 (t, J = 8.0 Hz, 1H, Harom), 6.82 ± 6.77 

(m, 2H, Harom), 6.76 ± 6.71 (m, 1H, Harom), 5.82 (s, 2H, 

NH2), 3.74 (s, 2H, NCH2), 3.72 (s, 3H, OCH3), 2.84 ± 2.78 (m, 2H, COCH2 ), 2.59 ± 2.53 (m, 

1H, NCH2CH), 2.52 (s, 2H, COCH2CH2), 1.92 ± 1.84 (m, 2H, Hcyclobutyle), 1.79 ± 1.74 (m, 2H, 

Hcyclobutyle), 1.73 ± 1.69 (m, 2H, Hcyclobutyle). 13C-NMR (151 MHz, DMSO-d6) δ 171.9 (CONH), 

161.0 (C6), 159.5 (COCH3), 150.2 (C4 or C2), 150.0 (C4 or C2), 143.3 (Carom), 129.5 (Carom), 

120.6 (Carom), 113.9 (Carom), 111.6 (Carom), 87.3 (C5), 55.0 (OCH3), 44.1 (NCH2), 37.0 

(COCH2), 34.2 (NCH2CH or COCH2CH2), 31.2 (NCH2CH or COCH2CH2), 25.6 (2C, 

Ccyclobutyle), 17.9 (Ccyclobutyle). LC-MS: positive mode [m/z] = 373.3 ([M+H]+). ESI-MS purity = 

95%. 

N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-2-phenylcyclopropane-

1-carboxamide (DM119) 

Yield: 89%, white solid. 1H NMR (500 MHz, DMSO-d6) δ 

10.35 (s, 1H, N1-H), 8.68 (s, 1H, CONH), 7.29 (t, J = 7.5 Hz, 

2H, Harom), 7.19 (d, J = 7.7 Hz, 1H, Harom), 7.14 (d, J = 7.9 Hz, 

2H, Harom), 5.90 (s, 2H, NH2), 3.72 (q, J = 6.9 Hz, 2H, N3-CH2), 

2.28 (dt, J = 9.5, 6.0 Hz, 1H, CH), 2.09 (dt, J = 8.8, 4.7 Hz, 1H, CH), 1.37 (dt, J = 9.0, 4.5 Hz, 

1H, CH), 1.26 ± 1.20 (m, 1H, CH), 1.04(t, J = 6.9 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-

d6) δ 171.5 (CONH), 160.4 (C6), 149.9 (CO), 149.5 (CO), 141.2 (Carom), 128.2 (2C, Carom), 

125.9 (3C, Carom), 87.4 (C5), 34.4 (N3-CH2), 25.6 (Ccyclopropyle), 24.3 (Ccyclopropyle), 16.1 

(Ccyclopropyle), 13.2 (CH3). LC-MS: positive mode [m/z]= 315.2 ([M+H]+). ESI-MS purity: 

95.9%. 
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N-(6-Amino-3-ethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-2-methyl-3-

phenylpropanamide (DM120) 

Yield: quantitative, white solid. 1H NMR (500 MHz, DMSO-

d6) δ 10.37 (s, 1H, N1-H), 8.42 (s, 1H, CONH), 7.28 (t, J = 7.4 

Hz, 2H, Harom), 7.25 ± 7.21 (m, 2H, Harom), 7.18 (t, J = 7.2 Hz, 

1H, Harom), 5.51 (s, 2H, N3-NH2), 3.72 (q, J = 6.9 Hz, 2H, CH2), 

2.98 (dd, J = 13.4, 6.2 Hz, 1H, CH), 2.78 ± 2.68 (m, 1H, CH), 2.57 ± 2.51 (m, 1H, CH), 1.04 (t, 

J = 7.0 Hz, 3H, CH3), 1.00 (d, J = 6.8 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) δ 175.4 

(CONH), 160.3 (C6), 149.6 (CO), 149.5 (CO), 140.1 (Carom), 128.9 (2C, Carom), 128.1 (2C, 

Carom), 125.9 (Carom), 87.5 (C5), 41.0 (CCH3), 34.4 (N3-CH2), 16.8 (CH3), 13.2 (CH3). LC-MS: 

positive mode [m/z]= 317.0 ([M+H]+). ESI-MS purity: 98.3%.  

Diethyl (4-(6-amino-5-(3-(3-methoxyphenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-

3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM031) 

Yield: 42%, colorless oil. 1H-NMR (600 MHz, 

DMSO-d6) δ 8.39 (s, 1H, CONH), 6.83 ± 6.78 (m, 2H, 

Harom), 6.75 (td, J = 8.1, 3.4 Hz, 1H, Harom), 6.62 ± 6.66 

(m, 1H, Harom), 6.64 (s, 2H, NH2), 4.47 (d, J = 2.2 Hz, 

2H, N3-CH2), 4.01 ± 3.94 (m, 4H, 2 x OCH2), 3.88 ± 

3.82 (m, 2H, N1-CH2), 3.73 (s, 3H, OCH3), 3.01 (t, J 

= 2.4 Hz, 1H, Hpropargyl), 2.85 ± 2.81 (m, 2H, COCH2), 2.56 ± 2.51 (m, 2H, COCH2CH2), 1.80 

± 1.73 (m, 2H, Calkyl), 1.62 (dt, J = 15.1, 7.7 Hz, 2H, Calkyl), 1.57 ± 1.48 (m, 2H, Calkyl), 1.22 (t, 

J = 7.0 Hz, 6H, CH2CH3). 13C-NMR (151 MHz, DMSO-d6) δ 172.3 (CONH), 162.5 (OCH3), 

159.5 (C6), 151.9 (C4 or C2), 149.8 (C4 or C2), 143.4 (Carom), 129.5 (Carom), 120.5 (Carom), 

113.9 (Carom), 111.6 (Carom), 87.4 (C5), 80.1 (Cpropargyl), 72.6 (Cpropargyl), 61.0 (d, 2JC,P = 6.6 Hz, 

2C, POCH2), 55.0 (OCH3), 42.3 (N1-CH2), 37.0 (N3-CH2), 30.0 (COCH2), 28.2 (d, 2JC,P = 15 

Hz, 1C, PCH2CH2) 24.2 (d, 1JC,P = 134.2 Hz, 1C, PCH2), 19.3 (Calkyl), 16.4 (d, 3JC,P = 5 Hz, 2C, 

POCH2CH3). 31P-NMR (243 MHz, DMSO-d6) į 32.7. LC-MS: positive mode [m/z]= 535.0 

([M+H]+). ESI-MS purity: 85.2%. 
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Diethyl (4-(6-amino-5-(3-(3-fluorophenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-

3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM050) 

Compound DM050 was used for the next step without 

further purification. LC-MS: positive mode [m/z]= 523.2 

([M+H]+). ESI-MS purity: 83.5%. 

 

 

 

Diethyl (4-(6-amino-2,4-dioxo-3-(prop-2-yn-1-yl)-5-(3-(3-(trifluoromethyl)phenyl)prop-

anamido)-3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM056)  Yield: 51%, 

colorless oil. 1H-NMR (600 MHz, DMSO-d6) δ  

8.41 (s, 1H, CONH), 7.61 ± 7.57 (m, 2H, Harom), 

7.55 ± 7.51 (m, 2H, Harom), 6.68 (s, 2H, NH2), 4.47 

(d, J = 2.2 Hz, 2H, N3-CH2), 3.99 ± 3.95 (m, 4H, 2 

x OCH2), 3.87 ± 3.83 (m, 2H, N1-CH2 ), 3.00 (t, J 

= 2.4 Hz, 1H, Hpropargyl), 2.96 (d, J = 7.7 Hz, 2H, 

COCH2), 2.60 ± 2.57 (m, 2H, COCH2CH2), 1.79 ± 

1.74 (m, 2H, Halkyl), 1.64 ± 1.60 (m, 2H, Halkyl), 1.52 (td, J = 12.6, 7.8 Hz, 2H, Halkyl), 1.21 (d, 

J = 6.9 Hz, 6H, CH2CH3). 13C-NMR (151 MHz, DMSO-d6) δ 172.0 (CONH), 158.2 (C6), 151.9 

(C4 or C2), 149.8 (C4 or C2), 143.3 (Carom), 132.7 (Carom), 129.5 (Carom), 129.2 (q, 2JC,F = 30.8 

Hz, 1C, CCF3), 125.0 (q, 3JC,F = 3.5 Hz, 1C, Carom), 124.4 (q, 1JC,F = 272.2 Hz, 1C, CF3), 122.8 

(q, 3JC,F = 3.3 Hz, 1C, Carom), 87.3 (C5), 80.1 (Cpropargyl), 72.6 (Cpropargyl), 61.0 (d, 2JC,P = 6.7 Hz, 

2C, POCH2), 42.3 (N1-CH2), 36.7 (N3-CH2), 35.9 (COCH2), 30.9 (COCH2CH2), 28.3 (d, 2JC,P 

= 15.2 Hz, 1C, PCH2CH2), 24.2 (d, 1JC,P = 138.7 Hz, 1C, PCH2), 19.3 (d, 3JC,P = 4.2 Hz, 1C, 

P(CH2)2CH2), 16.4 (d, 3JC,P = 5 Hz, 2C, POCH2CH3). 31P-NMR (243 MHz, DMSO-d6) δ 32.5. 

LC-MS: positive mode [m/z]= 573.0 ([M+H]+). ESI-MS purity: 91.2%. 
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Diethyl (4-(6-amino-5-(3-(2-methoxyphenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-

3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM066) 

Yield: 37%, colorless oil. 1H-NMR (600 MHz, DMSO-

d6) δ 8.34 (s, 1H, CONH), 7.19 ± 7.15 (m, 2H, Harom), 

6.95 (d, J = 8.1 Hz, 1H, Harom), 6.86 (t, J = 7.4 Hz, 1H, 

Harom), 6.65 (s, 2H, NH2), 3.98 ± 3.95 (m, 6H, 2 x OCH2, 

N3-CH2), 3.87 ± 3.83 (m, 2H, N1-CH2), 3.79 (s, 3H, 

OCH3), 3.00 (t, J = 2.3 Hz, 1H, Hpropargyl), 2.82 ± 2.79 (m, 

2H, COCH2), 2.48-2.52 (m, 2H, COCH2CH2) 1.79 ± 1.73 

(m, 2H, Halkyl), 1.59-1.63 (m, 2H, Halkyl), 1.50-1.54 (m, 2H, Halkyl), 1.21 (t, J = 6.7 Hz, 6H, 

CH2CH3). 13C-NMR (151 MHz, DMSO-d6) δ 172.6 (CONH), 158.3 (C6), 157.2 (COCH3), 

151.9 (C4 or C2), 149.8 (C4 or C2), 129.5 (Carom), 129.4 (Carom), 127.4 (Carom), 120.4 (Carom), 

110.7 (Carom), 87.4 (C5), 80.1 (Cpropargyl), 72.6 (Cpropargyl), 61.1 (d, 2JC,P = 6.6 Hz, 2C, POCH2), 

55.4 (OCH3), 42.3 (N1-CH2), 35.3 (N3-CH2), 30.0 (COCH2), 28.3 (d, 2JC,P = 15.4 Hz, 1C, 

PCH2CH2), 25.6 (COCH2CH2), 24.2 (d, 1JC,P = 137.8 Hz, 1C, PCH2), 19.3 (d, 3JC,P = 4.1 Hz, 

1C, P(CH2)2CH2), 16.4 (d, 3JC,P = 4.9 Hz, 2C, POCH2CH3). 31P-NMR (243 MHz, DMSO-

d6) δ 32.8. LC-MS: positive mode [m/z]= 535.2 ([M+H]+). ESI-MS purity: 92.7%. 

Diethyl (4-(6-amino-2,4-dioxo-3-(prop-2-yn-1-yl)-5-(3-(m-tolyl)propanamido)-3,4-di-

hydropyrimidin-1(2H)-yl)butyl)phosphonate (DM098) 

Yield: 70% (colorless oil); 1H-NMR (600 MHz, 

DMSO-d6) δ 8.39 (s, 1H, CONH), 7.16 (t, J = 7.5 Hz, 

1H, Harom), 7.06 (s, 1H, Harom), 7.02 (d, J = 7.6 Hz, 1H, 

Harom), 6.99 (d, J = 7.5 Hz, 1H, Harom), 6.62 (s, 2H, 

NH2), 4.47 (d, J = 2.3 Hz, 2H, N3-CH2), 4.01 ± 3.95 

(m, 4H, 2 x OCH2), 3.88 ± 3.82 (m, 2H, N1-CH2), 3.00 

(t, J = 2.4 Hz, 1H, Hpropargyl), 2.85 ± 2.77 (m, 2H, CH2CH2), 2.54 ± 2.51 (m, 2H, COCH2CH2), 

2.28 (s, 3H, CH3), 1.80 ± 1.72 (m, 2H,, Halkyl), 1.62 (dt, J = 15.1, 7.6 Hz, 2H, Halkyl), 1.52 (dp, 

J = 19.9, 7.5 Hz, 2H, Halkyl), 1.22 (t, J = 7.1 Hz, 6H, 2 x OCH2CH3). 13C-NMR (126 MHz, 

DMSO-d6) δ 172.3 (CONH), 158.2 (C6), 151.9 (C4 or C2), 149.8 (C4 or C2), 141.6 (Carom), 

137.5 (Carom), 129.0 (Carom), 128.4 (Carom), 126.6 (Carom), 125.3 (Carom), 87.4 (C5), 80.1 

(Cpropargyl), 72.6 (Cpropargyl), 61.0 (d, 2JC,P = 6.2 Hz, 2C, POCH2), 42.3 (N1-CH2), 37.1 (Calkyl), 

30.9 (Calkyl), 30.0 (Calkyl), 28.3 (d, 2JC,P = 15.1 Hz, PCH2CH2), 24.2 (d, 1JC,P = 136.4 Hz, PCH2), 

21.2 (Calkyl), 19.3 (d, 3JC,P = 5.5 Hz, P(CH2)2CH2), 16.5 (Calkyl), 16.4 (d, 3JC,P = 5.3 Hz, 2C, 
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POCH2CH3). 31P-NMR (243 MHz, DMSO-d6) δ 32.7. LC-MS: positive mode [m/z]= 519.2 

([M+H]+). ESI-MS purity: 83.2%. 

Diethyl (4-(6-amino-5-(3-(3-bromophenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-

3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM097) 

Compound DM050 was used for the next step without 

further purification. LC-MS: positive mode [m/z]= 583.1 

([M+H]+). ESI-MS purity: 74.7%. 

 

 

 

Diethyl (4-(6-amino-5-(3-(2-chlorophenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-

3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM444) 

 Yield: 80% (colorless oil); 1H NMR (600 MHz, DMSO-d6) 

į 8.43 (V, 1H, CONH), 7.42 (dd, J = 7.8, 1.5 Hz, 1H, Harom), 

7.39 (dd, J = 7.7, 1.8 Hz, 1H, Harom), 7.31 ± 7.26 (m, 1H, 

Harom), 7.26 ± 7.22 (m, 1H, Harom), 6.71 (s, 2H, NH2), 4.48 (d, 

J = 2.4 Hz, 2H, N3-CH2), 4.02 ± 3.94 (m, 6H, 2 x OCH2, N1-

CH2), 3.02 (t, J = 2.4 Hz, 1H, Hpropargyl), 2.99 ± 2.93 (m, 2H, 

CH2), 2.59 ± 2.55 (m, 2H, CH2), 1.79 ± 1.74 (m, 2H, CH2), 1.69 ± 1.59 (m, 2H, CH2), 1.58 ± 

1.49 (m, 2H, CH2), 1.23 (t, J = 7.0, 2.0 Hz, 6H, 2 x OCH2CH3). 13C NMR (151 MHz, DMSO-

d6) į 171.8 (CONH), 158.1 (C6), 151.8 (C4 or C2), 149.6 (C4 or C2), 138.9 (Carom), 132.8 

(Carom), 130.4 (Carom), 129.1 (Carom), 127.9 (Carom), 127.3 (Carom), 87.1 (C5), 79.9 (Cpropargyl), 

72.4 (Cpropargyl), 60.9 (d, 2JC,P = 6.4 Hz, 2C, 2 x POCH2), 42.1 (N1-CH2), 35.7 (Calkyl), 34.7 

(Calkyl), 30.7 (Calkyl), 28.1 (d, 2JC,P = 15.6 Hz, PCH2CH2), 24.0 (d, 1JC,P = 138.5 Hz, PCH2), 19.1 

(d, 3JC,P = 4.9 Hz, P(CH2)2CH2), 16.3 (d, 3JC,P = 5.6 Hz, 2C, 2 x POCH2CH3). 31P NMR (243 

MHz, DMSO-d6) į 32.6.  
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Diethyl (4-(6-amino-5-(3-(2,4-dimethoxyphenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-

yl)-3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM103) 

Compound DM103 was used for the next step 

without further purification. LC-MS: positive mode 

[m/z]= 565.1 ([M+H]+). ESI-MS purity: 77.1%. 

 

 

 

Diethyl (4-(6-amino-3-ethyl-5-(3-(4-fluorophenyl)propanamido)-2,4-dioxo-3,4-dihydro-

pyrimidin-1(2H)-yl)butyl)phosphonate (DM072) 

Compound DM072 was used for the next step without 

further purification. LC-MS: positive mode [m/z]= 513.2 

([M+H]+). ESI-MS purity: 67.0%. 

 

 

Diethyl (4-(6-amino-3-ethyl-5-(3-(3-

methoxyphenyl)propanamido)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)butyl)phosphonate (DM076) 

Compound DM076 was used for the next step without 

further purification. LC-MS: positive mode [m/z]= 

525.2 ([M+H]+). ESI-MS purity: 68.8%. 
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Diethyl (4-(6-amino-3-(cyclobutylmethyl)-5-(3-(3-methoxyphenyl)propanamido)-2,4-di-

oxo-3,4-dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM075) 

Yield: 41%, yellowish oil.  1H NMR (600 MHz, 

DMSO-d6) δ 8.36 (s, 1H, CONH), 7.18 (t, J = 8.0 Hz, 

1H, Harom), 6.83 ± 6.78 (m, 2H, Harom), 6.76 ± 6.72 (m, 

1H, Harom), 6.47 (s, 2H, NH2), 4.00 ± 3.92 (m, 4H, 

P(OCH2)2), 3.84 (t, J = 7.5 Hz, 2H, N1-CH2), 3.80 (d, 

J = 7.2 Hz, 2H, N3-CH2), 3.73 (s, 3H, OCH3), 2.84 ± 

2.79 (m, 2H, CH2), 2.59 ± 2.51 (m, 3H, CH2, CH), 

1.91 ± 1.83 (m, 2H, CH2), 1.79 ± 1.68 (m, 6H, CH2), 1.63 ± 1.56 (m, 2H, CH2), 1.53 ± 1.45 (m, 

2H, CH2), 1.22 (t, J = 7.0 Hz, 6H, P(OCH2CH3)2). 13C NMR (151 MHz, DMSO-d6) δ 172.2 

(CONH), 159.5 (Carom-OCH3), 159.4 (C6), 151.4 (CO), 150.7 (CO), 143.4 (Carom), 129.4 

(Carom), 120.5 (Carom), 113.9 (Carom), 111.6 (Carom), 87.6 (C5), 61.0 (d, 2JC,P = 6.6 Hz, 2C, 

POCH2), 55.0 (OCH3), 45.0 (N3-CH2), 42.0 (N1-CH2), 37.0 (CH2), 34.1 (CH), 31.1 (CH2), 28.3 

(d, 2JC,P = 15.8 Hz, PCH2CH2), 25.7 (CH2), 24.2 (d, 1JC,P = 139.0 Hz, PCH2), 19.3 (d, 3JC,P = 

5.1 Hz, P(CH2)2CH2), 17.9 (CH2), 16.4 (d, 3JC,P = 5.6 Hz, 2C, POCH2CH3). 31P-NMR (243 

MHz, DMSO-d6) δ 32.7. LC-MS: positive mode [m/z]= 565.3 ([M+H]+). ESI-MS purity: 

92.7%. 

Diethyl (4-(2,6-dioxo-1-(prop-2-yn-1-yl)-8-(3-(trifluoromethyl)phenethyl)-1,2,6,7-tetra-

hydro-3H-purin-3-yl)butyl)phosphonate (DM216) 

Compound DM216 was used for the next step without 

further purification. LC-MS: positive mode [m/z]= 555.3 

([M+H]+). ESI-MS purity: 82.8%. 
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Diethyl (4-(8-(3-methoxyphenethyl)-7-methyl-2,6-dioxo-1-(prop-2-yn-1-yl)-1,2,6,7-tetra-

hydro-3H-purin-3-yl)butyl)phosphonate (DM253) 

Yield: 97%, colorless oil. 1H NMR (600 MHz, DMSO-d6) 

δ 7.18 (t, J = 7.8 Hz, 1H, Harom), 6.82 ± 6.78 (m, 2H, 

Harom), 6.78 ± 6.74 (m, 1H, Harom), 4.58 (d, J = 2.4 Hz, 2H, 

N1-CH2), 3.99 (t, J = 6.9 Hz, 2H, N3-CH2), 3.97 ± 3.90 

(m, 4H, POCH2), 3.72 (s, 3H, OCH3), 3.70 (s, 3H, 

N7-CH3), 3.06 ± 3.05 (m, 1H, Hpropargyl), 3.05 ± 3.02 (m, 

2H, CH2), 3.00 ± 2.95 (m, 2H, CH2), 1.82 ± 1.72 (m, 4H, 

CH2CH2), 1.51 ± 1.42 (m, 2H, CH2), 1.18 (t, J = 7.0 Hz, 6H, POCH2CH3). 13C NMR (151 MHz, 

DMSO-d6) δ 159.5 (Carom-OCH3), 154.3 (C8), 153.4 (CO), 150.0 (CO), 147.6 (C6), 142.1 

(Carom), 129.5 (Carom), 120.8 (Carom), 114.2 (Carom), 111.9 (Carom), 106.4 (C5), 79.8 (Cpropargyl), 

72.8 (Cpropargyl), 60.9 (d, 2JC,P = 6.4 Hz, 2C, POCH2), 55.1 (OCH3), 42.2 (N3-CH2), 32.8 (CH2), 

31.4 (N7-CH3), 30.0 (N1-CH2), 28.3 (d, 2JC,P = 16.0 Hz, 1C, PCH2CH2), 27.9 (CH2), 24.2 (d, 
1JC,P = 139.3 Hz, 1C, PCH2), 19.4 (d, 3JC,P = 4.9 Hz, 1C, P(CH2)2CH2), 16.4 (d, 3JC,P = 6.1 Hz, 

POCH2CH3). 31P-NMR (243 MHz, DMSO-d6) δ 32.8. LC-MS: positive mode [m/z]= 531.0 

([M+H]+). ESI-MS purity: 96.0%. 

4-(6-Amino-5-(3-(3-methoxyphenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-3,4-

dihydropyrimidin-1(2H)-yl)butane-1-sulfonic acid (DM277) 

Compound DM277 was used for the next step without 

further purification.  
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4-(6-Amino-5-(3-(2-methoxyphenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-3,4-

dihydropyrimidin-1(2H)-yl)butane-1-sulfonic acid (DM257) 

Compound DM257 was used for the next step without 

further purification.  

 

 

 

 

4-(6-Amino-3-ethyl-5-(3-(3-methoxyphenyl)propanamido)-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)butane-1-sulfonic acid (DM131) 

Compound DM131 was used for the next step without 

further purification.  

 

 

 

 

Ethyl 5-(6-amino-5-(3-(2-methoxyphenyl)propanamido)-2,4-dioxo-3-(prop-2-yn-1-yl)-

3,4-dihydropyrimidin-1(2H)-yl)pentanoate (DM256) 

Compound DM256 was used for the next step without 

further purification. 

 

 

 

 

 

 

416



Ethyl 5-(6-amino-3-(cyclobutylmethyl)-2,4-dioxo-5-(3-(3-(trifluoromethyl)phenyl)prop-

anamido)-3,4-dihydropyrimidin-1(2H)-yl)pentanoate (DM079) 

Compound DM079 was used for the next step 

without further purification. 

 

 

 

 

 

Diethyl (4-(6-amino-3-ethyl-2,4-dioxo-5-(2-phenylcyclopropane-1-carboxamido)-3,4-

dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM127) 

Compound DM127 was used for the next step without further 

purification. 

 

 

 

 

Diethyl (4-(6-amino-3-ethyl-5-(2-methyl-3-phenylpropanamido)-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)butyl)phosphonate (DM129) 

Compound DM129 was used for the next step without further 

purification. 
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Diethyl (4-(1-ethyl-2,6-dioxo-8-(2-phenylcyclopropyl)-1,2,6,7-tetrahydro-3H-purin-3-

yl)butyl)phosphonate (DM191) 

Yield: 38% over two steps, off-white solid; m.p. 124-126 °C. 
1H NMR (600 MHz, DMSO-d6): į [ppm] = 13.10 (s, 1H, N7-

H), 7.31 ± 7.26 (m, 2H, Harom), 7.21 ± 7.16 (m, 3H, Harom), 3.99 

± 3.95 (m, 2H, N1-CH2 or N3-CH2), 3.95 ± 3.87 (m, 6H, 2 x 

OCH2 and N1-CH2 or N3-CH2), 2.25 ± 2.20 (m, 1H, 

CHcyclopropyle), 1.84 ± 1.67 (m, 5H, CHcyclopropyle and 2 x Halkyl), 

1.62 ± 1.54 (m, 1H, CHcyclopropyle), 1.48 ± 1.37 (m, 2H, Halkyl), 

1.16 (td, J = 7.0, 2.7 Hz, 6H, 2 x OCH2CH3), 1.10 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (151 

MHz, DMSO): į [ppm] = 154.7 (Cxanthine), 153.5 (Cxanthine), 150.6 (Cxanthine), 148.1 (Cxanthine), 

140.7 (Cxanthine), 128.6 (Carom), 126.3 (Carom), 125.9 (Carom), 106.1 (C5), 60.9 (d, 2JC,P = 6.1 Hz, 

POCH2), 42.2 (Calkyl), 35.7 (Calkyl), 28.3 (d, 2JC,P = 16.1 Hz, 1C, PCH2CH2), 27.1 (Ccyclopropyle), 

24.1 (d, 1JC,P = 139.0 Hz, 1C, PCH2), 21.4 (Ccyclopropyle), 19.4 (d, 3JC,P = 5.1 Hz, 1C, 

P(CH2)2CH2), 17.5 (Ccyclopropyl), 16.4 (d, 3JC,P = 6.2 Hz, POCH2CH3), 13.3 (CH3). 31P NMR (243 

MHz, DMSO): į [ppm] =32.9. LC-MS: positive mode [m/z]= 490.2 ([M+H]+). ESI-MS purity: 

93.5%. 

Diethyl (4-(1-ethyl-2,6-dioxo-8-(1-phenylpropan-2-yl)-1,2,6,7-tetrahydro-3H-purin-3-

yl)butyl)phosphonate (DM196) 

Yield: 11% over 2 steps, off-white solid. 1H NMR (600 MHz, 

DMSO-d6) į 13.12 (s, 1H, N7-H), 7.26 ± 7.22 (m, 2H, Harom), 

7.18 ± 7.14 (m, 1H, Harom), 7.12 (dd, J = 7.9, 1.4 Hz, 2H, Harom), 

4.01 ± 3.88 (m, 8H, 4 x CH2), 3.23 ± 3.16 (m, 1H, CH), 3.07 

(dd, J = 13.4, 7.7 Hz, 1H, CH(CH2)), 2.84 (dd, J = 13.4, 7.3 Hz, 

1H, CH(CH2)), 1.82 ± 1.72 (m, 4H, CH2CH2), 1.50 ± 1.41 (m, 

2H, CH2), 1.24 (d, J = 7.0 Hz, 3H, CHCH3), 1.18 (t, J = 7.0 Hz, 

6H, 2 x -OCH2CH3), 1.10 (t, J = 7.0 Hz, 3H, -NCH2CH3). 13C NMR (151 MHz, DMSO-d6) į 

157.7 (C8), 153.6 (C4), 150.4 (CO), 147.6 (CO), 139.4 (Carom), 128.8 (2C, Carom), 128.2 (2C, 

Carom), 126.1 (Carom), 106.0 (C5), 60.7 (d, 2JC,P = 6.4 Hz, P(OCH2)2), 42.1 (CH2), 41.1 (CH2), 

35.6 (CH2), 35.6 (CH), 28.2 (d, 2JC,P = 15.5 Hz, 1C, PCH2CH2), 24.1 (d, 1JC,P = 139.3 Hz, 1C, 

PCH2), 19.2 (d, 3JC,P = 4.6 Hz, POCH2CH3), 19.0 (CH2), 16.2 (d, 3JC,P = 5.8 Hz, POCH2CH3), 

13.1 (NCH2CH3). 31P-NMR (243 MHz, DMSO-d6): į [ppm] =32.6. LC-MS: positive mode 

[m/z]= 491.2 ([M+H]+). ESI-MS purity: 84.1%. 
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Diethyl (4-(8-(2-chlorophenethyl)-2,6-dioxo-1-(prop-2-yn-1-yl)-1,2,6,7-tetrahydro-3H-

purin-3-yl)butyl)phosphonate (DM447) 

Yield: 37%, colorless oil; 1H NMR (600 MHz, DMSO-d6) į 

13.35 (s, 1H, N7-H), 7.44 ± 7.41 (m, 1H, Harom), 7.29 (dd, J 

= 7.1, 2.4 Hz, 1H, Harom), 7.25 (m, 2H, Harom), 4.59 (d, J = 2.4 

Hz, 2H, CH2), 4.01 ± 3.97 (m, 2H, CH2), 3.97 ± 3.92 (m, 4H, 

2 x OCH2), 3.18 ± 3.11 (m, 2H, CH2), 3.06 (t, J = 2.4 Hz, 1H, 

Hpropargyl), 3.01 (dd, J = 8.5, 6.8 Hz, 2H, CH2), 1.82 ± 1.73 (m, 

4H, 2 x CH2), 1.51 ± 1.43 (m, 2H, CH2), 1.19 (t, J = 7.0 Hz, 

6H, 2 x OCH2CH3). 13C NMR (151 MHz, DMSO-d6) į 153.5 (Cxanthine), 152.9 (Cxanthine), 150.0 

(Cxanthine), 148.1 (Cxanthine), 137.7 (Carom), 132.9 (Carom), 130.6 (Carom), 129.2 (Carom), 128.2 

(Carom), 127.3 (Carom), 105.9 (C5), 79.7 (Cpropargyl), 72.7 (Cpropargyl), 60.7 (d, 2JC,P = 6.4 Hz, 2 x 

OCH2), 42.4 (CH2), 39.9 (CH2), 31.1 (CH2), 30.0 (CH2), 28.2 (CH2), 28.1 (CH2), 24.0 (d, 
1JC,P = 138.7 Hz, 1C, PCH2), 19.2 (d, 3JC,P = 4.8 Hz, POCH2CH3), 16.2 (d, 3JC,P = 5.4 Hz, 2 x 

OCH2CH3). 31P NMR (243 MHz, DMSO-d6) į 32.8. 

Diethyl (4-(8-(2-chlorophenethyl)-7-methyl-2,6-dioxo-1-(prop-2-yn-1-yl)-1,2,6,7-

tetrahydro-3H-purin-3-yl)butyl)phosphonate (DM450) 

Yield: 98%, white solid; 1H NMR (600 MHz, DMSO-d6) į 

7.45 ± 7.41 (m, 1H, Harom), 7.37 ± 7.34 (m, 1H, Harom), 7.30 

± 7.23 (m, 2H, Harom), 4.59 (d, J = 2.5 Hz, 2H, N1-CH2), 4.00 

± 3.92 (m, 6H, 2 x OCH2 and N3-CH2), 3.75 (s, 3H, N7-CH3), 

3.17 (d, J = 5.2 Hz, 1H, Hpropargyl), 3.13 (t, J = 7.2 Hz, 2H, 

CH2), 3.07 (dd, J = 5.4, 2.9 Hz, 2H, CH2), 1.82 ± 1.70 (m, 

4H, 2 x CH2), 1.51 ± 1.41 (m, 2H, CH2), 1.19 (t, J = 7.0 Hz, 

6H, 2 x OCH2CH3). 13C NMR (151 MHz, DMSO-d6) į 153.6 (Cxanthine), 153.3 (Cxanthine), 149.8 

(Cxanthine), 147.4 (Cxanthine), 137.6 (Carom), 133.0 (Carom), 130.9 (Carom), 129.2 (Carom), 128.3 

(Carom), 127.3 (Carom), 106.3 (C5), 79.6 (Cpropargyl), 72.7 (Cpropargyl), 60.7 (d, 2JC,P = 6.5 Hz, 2 x 

OCH2), 42.1 (CH2), 31.3 (CH2), 30.4 (CH2), 29.9 (CH2), 28.1 (d, 2JC,P = 16.0 Hz, 1C, 

PCH2CH2), 26.1 (CH2), 24.0 (d, 1JC,P = 138.9 Hz, 1C, PCH2), 19.2 (d, 3JC,P = 4.6 Hz, 

POCH2CH3), 16.2 (d, 3JC,P = 5.6 Hz, 2 x OCH2CH3). 31P NMR (243 MHz, DMSO-d6) į 32.8. 
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Synthesis of diethyl (4-(8-(2-bromophenethyl)-7-ethyl-2,6-dioxo-1-(prop-2-yn-1-yl)-

1,2,6,7-tetrahydro-3H-purin-3-yl)butyl)phosphonate (DM351) 

 

Yield: 86% (colorless oil); 1H NMR (600 MHz, DMSO-d6) į 7.60 (dd, J = 8.0, 1.2 H], 1H, 

Harom), 7.37 (dd, J = 7.7, 1.7 Hz, 1H, Harom), 7.31 (td, J = 7.4, 1.2 Hz, 1H, Harom), 7.17 (td, J = 

7.6, 1.8 Hz, 1H, Harom), 4.59 (d, J = 2.5 Hz, 2H, N1-CH2), 4.20 (q, J = 7.1 Hz, 2H, N7-CH2CH3), 

4.01 ± 3.98 (m, 2H, N3-CH2), 3.97 ± 3.91 (m, 4H, P(OCH2CH3)2), 3.18 ± 3.14 (m, 2H, -CH2), 

3.09 ± 3.05 (m, 3H, -CH2 and -CH), 1.82 ± 1.73 (m, 4H, -CH2CH2), 1.52 ± 1.43 (m, 2H, -CH2), 

1.23 (t, J = 7.1 Hz, 3H, N7-CH2CH3), 1.19 (t, J = 7.0 Hz, 6H, P(OCH2CH3)2). 13C NMR (151 

MHz, DMSO-d6) į 152.9 (Cxanthine), 152.7 (Cxanthine), 149.8 (Cxanthine), 147.8 (Cxanthine), 139.3 

(Carom), 132.5 (Carom), 131.0 (Carom), 128.6 (Carom), 127.9 (Carom), 123.7 (Carom), 105.5 (C5), 79.7 

(Cpropargyl), 72.7 (Cpropargyl), 60.8 (d, 2JC,P = 6.1 Hz, P(OCH2)2), 42.1 (N-CH2), 40.1 (N7-CH2), 

33.3 (N-CH2), 30.0 (-CH2), 28.1 (d, 2JC,P = 16.3 Hz, 1C, PCH2CH2), 26.1 (-CH2), 24.1 (d, 
1JC,P = 138.8 Hz, 1C, PCH2), 19.3 (d, 3JC,P = 4.8 Hz, PCH2CH2CH2), 16.3 (d, 3JC,P = 5.7 Hz, 

POCH2CH3), 15.9 (N7-CH2CH3). 31P-NMR (243 MHz, DMSO-d6): į [ppm] = 32.8. LC-MS: 

positive mode [m/z] = 593.2 ([M+H]+). ESI-MS purity = 99.0%.  

Synthesis of diethyl (4-(8-(2-bromophenethyl)-7-(cyclopropylmethyl)-2,6-dioxo-1-(prop-

2-yn-1-yl)-1,2,6,7-tetrahydro-3H-purin-3-yl)butyl)phosphonate (DM352) 

 

Compound DM352 was used for the next step without further purification. LC-MS: positive 

mode [m/z] = 619.2 ([M+H]+). ESI-MS purity = 89.4%; yellowish oil. 
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Synthesis of diethyl (4-(8-(2-bromophenethyl)-2,6-dioxo-1-(prop-2-yn-1-yl)-7-propyl-

1,2,6,7-tetrahydro-3H-purin-3-yl)butyl)phosphonate (DM353) 

 

Compound DM353 was used for the next step without further purification. LC-MS: positive 

mode [m/z] = 607.0 ([M+H]+). ESI-MS purity = 88.5%; colorless oil. 

Synthesis of diethyl (4-(7-benzyl-8-(2-bromophenethyl)-2,6-dioxo-1-(prop-2-yn-1-yl)-

1,2,6,7-tetrahydro-3H-purin-3-yl)butyl)phosphonate (DM360) 

 

Yield: 87% (white solid); 1H NMR (600 MHz, DMSO-d6) į 7.55 (dd, J = 8.0, 1.1 Hz, 1H, 

Harom), 7.35 ± 7.31 (m, 2H, Harom), 7.30 ± 7.25 (m, 3H, Harom), 7.17 ± 7.11 (m, 3H, Harom), 5.51 

(s, 2H, N7-CH2), 4.59 (d, J = 2.5 Hz, 2H, N1-CH2), 4.02 (t, J = 6.9 Hz, 2H, N3-CH2), 3.98 ± 

3.90 (m, 4H, P(OCH2CH3)2), 3.08 ± 3.04 (m, 3H, -CH2 and Hpropargyl), 3.02 ± 2.98 (m, 2H, -

CH2), 1.83 ± 1.74 (m, 4H, -CH2-CH2), 1.54 ± 1.45 (m, 2H, -CH2), 1.18 (t, J = 7.0 Hz, 6H, 

P(OCH2CH3)2). 13C NMR (151 MHz, DMSO-d6) į 153.5 (Cxanthine), 153.3 (Cxanthine), 149.8 

(Cxanthine), 147.7 (Cxanthine), 139.2 (Carom), 136.4 (Carom), 132.5 (Carom), 130.8 (Carom), 128.8 (2C, 

Carom), 128.6 (Carom), 127.9 (Carom), 127.7(Carom), 126.6 (2C, Carom), 123.7 (Carom), 106.0 (C5), 

79.6 (Cpropargyl), 72.8 (Cpropargyl), 60.8 (d, 2JC,P = 6.1 Hz, P(OCH2)2), 47.2 (N7-CH2), 42.2 (N-

CH2), 32.9 (N-CH2), 30.0 (-CH2), 28.2 (d, 2JC,P = 16.3 Hz, 1C, PCH2CH2), 26.3 (-CH2), 24.1 

(d, 1JC,P = 138.5 Hz, 1C, PCH2), 19.3 (d, 3JC,P = 4.6 Hz, PCH2CH2CH2), 16.3 (d, 3JC,P = 5.7 Hz, 

POCH2CH3). 31P-NMR (243 MHz, DMSO-d6): į [ppm] = 32.8. LC-MS: positive mode 

[m/z] = 657.2 ([M+H]+). ESI-MS purity = 99.4%. 
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Synthesis of diethyl (4-(8-(2-bromophenethyl)-7-(2-hydroxyethyl)-2,6-dioxo-1-(prop-2-

yn-1-yl)-1,2,6,7-tetrahydro-3H-purin-3-yl)butyl)phosphonate (DM361) 

 

Yield: 65% (off-white solid); 1H NMR (600 MHz, DMSO-d6) į 7.60 (dd, J = 8.0, 1.2 H], 1H, 

Harom), 7.38 (dd, J = 7.7, 1.7 Hz, 1H, Harom), 7.34 ± 7.29 (m, 1H, Harom), 7.17 (td, J = 7.6, 1.8 

Hz, 1H, Harom), 4.96 (t, J = 5.4 Hz, 1H, -OH), 4.59 (d, J = 2.4 Hz, 2H, N1-CH2), 4.20 (t, J = 5.3 

Hz, 2H, N7-CH2), 4.02 ± 3.91 (m, 6H, P(OCH2)2 and ±CH2), 3.67 (q, J = 5.3 Hz, 2H, -CH2OH), 

3.18 ± 3.14 (m, 2H, -CH2), 3.13 ± 3.09 (m, 2H, -CH2), 3.07 (t, J = 2.4 Hz, 1H, Hpropargyl), 1.83 ± 

1.72 (m, 4H, -CH2CH2), 1.53 ± 1.44 (m, 2H, -CH2), 1.19 (t, J = 7.0 Hz, 6H, P(OCH2CH3)2). 13C 

NMR (151 MHz, DMSO-d6) į 154.3 (Cxanthine), 153.0 (Cxanthine), 149.8 (Cxanthine), 147.7 

(Cxanthine), 139.6 (Carom), 132.5 (Carom), 130.9 (Carom), 128.5 (Carom), 127.9 (Carom), 123.7 (Carom), 

105.7 (C5), 79.7 (Cpropargyl) 72.7 (Cpropargyl), 60.8 (d, 2JC,P = 6.1 Hz, P(OCH2)2), 60.1 (-CH2OH), 

47.3 (N-CH2), 42.1 (N-CH2) , 33.1 (-CH2), 29.9 (-CH2), 28.2 (d, 2JC,P = 16.1 Hz, 1C, 

PCH2CH2), 26.5 (-CH2), 24.1 (d, 1JC,P = 138.3 Hz, 1C, PCH2), 19.3 (d, 3JC,P = 4.7 Hz, 

PCH2CH2CH2), 16.3 (d, 3JC,P = 5.7 Hz, POCH2CH3). 31P-NMR (243 MHz, DMSO-d6): į [ppm] 

= 32.8. LC-MS: positive mode [m/z] = 609.2 ([M+H]+). ESI-MS purity = 77.2%. 

Diethyl (4-bromobutyl)phosphonate (DM014) 

1,4-Dibromobutane (10.9 ml, 92.62 mmol, 1 equiv.) in P(OEt)3 (4.01 ml, 

23.16 mmol, 0.25 equiv.) stirred under reflux for 30 min. After cooling 

to rt, excess of 1,4-dibromobutane and P(OEt)3 were removed under reduced pressure at 70 °C. 

The oily colorless residue was purified by flash column chromatography with 

dichloromethane/methanol (9.5:0.5, colored with AgNO3 solution) to yield the desired product 

DM014 (5.23 g, 21%) as colorless oil.  

1H-NMR (600 MHz, CDCl3): į [ppm] = 4.12 ± 4.03 (m, 4H, 2 x OCH2), 3.38 (t, J = 6.6 Hz, 

2H, BrCH2), 1.96 ± 1.90 (m, 2H, Calkyl), 1.77 ± 1.68 (m, 4H, Calkyl), 1.30 (t, J = 7.1 Hz, 6H, 2 x 

CH2CH3). 13C-NMR (151 MHz, CDCl3): į [ppm] = 61.5 (d, 2JC,P = 6.3 Hz, 2C, POCH2), 33.1 
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(d, 2JC,P = 15.0 Hz, 1C, PCH2CH2) 32.7 (Br-CH2),24.7 (d, 1JC,P = 142.1 Hz, 1C, PCH2), 21.2 

(d, 3JC,P = 6.2 Hz, 1C, PCH2CH2CH2), 16.4 (d, 3JC,P = 6.5 Hz, 2C, POCH2CH3). 31P-NMR (243 

MHz, CDCl3): į [ppm] = 31.73. LC-MS: positive mode [m/z] = 272.8 ([M+H]+).  

Diethyl (4-iodobutyl)phosphonate (DM033) 

For the Finkelstein reaction of DM014 (8.2 g, 30.02 mmol, 1 equiv.) and 

NaI (9 g, 60.05 mmol, 2 equiv.) was dissolved in acetone (30 ml) and 

stirred for 1 h at 65 °C. After removing the solvent under reduced pressure, water (50 ml) and 

dichloromethane (50 ml) were added and the phases were separated. The water layer was 

extracted three times with dichloromethane (20 ml) and the combined organic phases filtered 

over celite and dried over MgSO4. The solvent was removed in vacuo to yield DM033 (9.13 g, 

28.52 mmol, 95%) as an yellow oil.  

1H-NMR (600 MHz, Chloroform-d): į [ppm] = 4.13 ± 4.01 (m, 4H, 2 x OCH2), 3.15 (t, J = 6.9 

Hz, 2H, I-CH2), 1.88 (p, J = 6.9 Hz, 2H, Calkyl), 1.73 ± 1.67 (m, 4H, Calkyl), 1.29 (t, J = 7.0 Hz, 

6H, 2 x CH2CH3). 13C-NMR (151 MHz, CDCl3): į [ppm] = 61.6 (d, 2JC,P = 6.7 Hz, 2C, POCH2), 

33.8 (d, 2JC,P = 15.2 Hz, 1C, PCH2CH2), 24.6 (d, 1JC,P = 140.9 Hz, 1C, PCH2), 25.1 (d, 3JC,P = 

5.4 Hz, 1C, PCH2CH2CH2) 16.5 (d, 3JC,P = 4.7 Hz, OCH2CH3), 5.5 (ICH2). 31P-NMR (243 MHz, 

CDCl3): į [ppm] = 31.7. LC-MS: positive mode [m/z] = 320.9 ([M+H]+). ESI-MS purity = 

96%.  
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2. 1H-, 13C- and 31P-NMR spectra of final compounds 

 

Figure S1: 1H-NMR of compound B-2 

 

 Figure S2: 13C-NMR of compound B-2
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Figure S3: 31P-NMR of compound B-2

Figure S4: 1H-NMR of compound B-3
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1JC,F = 240.5 Hz

1JC,P = 135.7 Hz

Figure S5:    13C-NMR of compound B-3

Figure S6: 31P-NMR of compound B-3
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Figure S7: 1H-NMR of compound B-6
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1JC,F = 272.1 Hz
2JC,F = 32.8 Hz

Figure S8: 13C-NMR of compound B-6
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Figure S10: 31P-NMR of compound B-6
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Figure S11: 1H-NMR of compound B-7
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 Figure S12: 13C-NMR of compound B-7
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 Figure S12: 31P-NMR of compound B-7
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 Figure S13: 1H-NMR of compound B-10
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Figure S14: 13C-NMR of compound B-10
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 Figure S15: 31P-NMR of compound B-10
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 Figure S16: 1H-NMR of compound B-14
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 Figure S17: 13C-NMR of compound B-14
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 Figure S18: 31P-NMR of compound B-14
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 Figure S19: 1H-NMR of compound B-12
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 Figure S20: 13C-NMR of compound B-12
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 Figure S21: 31P-NMR of compound B-12
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        Figure S22: 1H-NMR of compound D-3
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 Figure S23: 13C-NMR of compound D-3
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 Figure S24: 31P-NMR of compound D-3
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 Figure S25: 1H-NMR of compound D-2
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 Figure S26: 13C-NMR of compound D-2
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 Figure S27: 31P-NMR of compound D-2
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 Figure S28: 1H-NMR of compound C-6
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 Figure S29: 13C-NMR of compound C-6
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 Figure S30: 31P-NMR of compound C-6
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 Figure S31: 1H-NMR of compound C-1

451



 

 Figure S32: 13C-NMR of compound C-1
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 Figure S33: 31P-NMR of compound C-1
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 Figure S34: 1H-NMR of compound C-4
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 Figure S35: 13C-NMR of compound C-4
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 Figure S36: 31P-NMR of compound C-4
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 Figure S37: 1H-NMR of compound C-3
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 Figure S38: 13C-NMR of compound C-3
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 Figure S39: 31P-NMR of compound C-3
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 Figure S40: 1H-NMR of compound C-7
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 Figure S41: 13C-NMR of compound C-7
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 Figure S42: 31P-NMR of compound C-7
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DMF

Figure S43: 1H-NMR of compound C-5
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DMF

Figure S44: 13C-NMR of compound C-5

464



 

 Figure S45: 31P-NMR of compound C-5
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 Figure S46: 1H-NMR of compound C-2
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 Figure S47: 13C-NMR of compound C-2
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 Figure S48: 31P-NMR of compound C-2
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 Figure S49: 1H-NMR of compound B-5
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1JC,P = 136.3 Hz

2JC,P = 15.3 Hz

Figure S50: 13C-NMR of compound B-5
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 Figure S51: 31P-NMR of compound B-5
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 Figure S52: 1H-NMR of compound B-4
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 Figure S53: 13C-NMR of compound B-4
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 Figure S54: 31P-NMR of compound B-4
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 Figure S55: 1H-NMR of compound B-13
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 Figure S56: 13C-NMR of compound B-13
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 Figure S57: 31P-NMR of compound B-13
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 Figure S58: 1H-NMR of compound B-16
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 Figure S59: 13C-NMR of compound B-16
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 Figure S60: 31P-NMR of compound B-16
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N7-CH3

C5

Figure S61: HMBC of compound B-16
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 Figure S62: 1H-NMR of compound E-3
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 Figure S63: 13C-NMR of compound E-3
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 Figure S64: 1H-NMR of compound E-2
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 Figure S65: 13C-NMR of compound E-2
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 Figure S66: 1H-NMR of compound G-1
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 Figure S67: 13C-NMR of compound G-1
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 Figure S68: 1H-NMR of compound G-2
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 Figure S69: 13C-NMR of compound G-2
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 Figure S70: 1H-NMR of compound DM195
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 Figure S71: 13C-NMR of compound DM195
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 Figure S72: 31P-NMR of compound DM195
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 Figure S73: 1H-NMR of compound DM234
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Figure S74: 13C-NMR of compound DM234
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Figure S75: 31P-NMR of compound DM234
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