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Abstract 
 
The glutamatergic mGlu5 receptor and the purinergic P2Y12 receptor are two important 
targets in the development of novel treatments of gastroesophageal reflux disease 
(GERD) and thrombosis, respectively. 
   Synthesis was developed to investigate the structure-activity relationships (SAR) of a 
novel series of 2-alkynylpyridine derivatives as mGluR5 antagonists. This led to the 
discovery of antagonists with potency in the low-nanomolar range. High microsomal 
metabolism, possibly due to high lipophilicity, remained an issue.  
   Further, SAR development for a series of ethyl 6-piperazinylnicotinates, featured by a 
urea linker, as antagonists of the P2Y12 receptor showed the 3-ethoxycarbonyl substituent 
as central to binding. The low aqueous solubility was addressed by variation of the linker 
which led to the discovery of sulfonylureas as P2Y12 antagonists. The chemical stability of 
the sulfonylurea compounds during prolonged storage in solution was found to be related 
to the sulfonyl urea linker and depended on the type of solvent and the substitution pattern 
of the sulfonyl urea functionality. 
   Synthesis was developed to facilitate the replacement of the 2-methyl substituent on 
pyridine with more electron donating substituents and of the 3-ethoxycarbonyl substituent 
with 5-ethyl-oxazoles. Both strategies led to compounds with higher metabolic stability, but 
also with lower potency. 
   Pair-wise comparison of compounds showed that a correctly positioned alkyl group, like 
in an ethyl ester or a 5-ethyl-oxazole, and a correctly positioned strong hydrogen bond 
acceptor both were required for binding. 
   Chemical design was used to study how the regioselectivity Rsel for the 2-position 
depended on the character of the 3-substituent in the reaction of 3-substituted 2,6-
dichloropyridines with 1-methylpiperazine. It was found that Rsel depended on neither of 
the parameters PI, MR, or σp, but showed a statistically significant correlation with the 
Verloop steric parameter B1 (R2: 0.45, p = 0.006). This implied that 3-substituents that are 
bulky close to the pyridine ring directed the regioselectivity towards the 6-position.  
   With R3 = -CO2CH3 a study of the solvent effect showed that Rsel could be predicted by 
the Kamlet-Taft equation: Rsel = 1.28990 + 0.03992α - 0.59417β - 0.46169π* (R2 = 0.95;   
p = 1.9 x 10-10). The dependency on the solvatochromic β parameter meant that the 16:1 
regioselectivity for the 2-isomer in DCM (β = 0.10) could be switched to a 2:1 selectivity for 
the 6-isomer in DMSO (β = 0.76). 
 
Keywords: mGluR5, P2Y12, gastroesophageal  reflux disease (GERD), thrombosis, ethyl 
nicotinates, ureas, sulfonylureas, oxazoles, bioisosteres, regioselectivity, solvent effect. 
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1. Introduction 
 
1.1 Use of pyridine derivatives as drug molecules 
 
Pyridines represent a large group of compounds with applications as polymers, dyes, 
antioxidants, agrochemicals, and pharmaceuticals.1 This overview will focus on the 
pyridines (excluding hydropyridines) that are pharmaceuticals in frequent therapeutic 
use or with special structural features.  
   The pyridine structure is found in natural compounds like nicotinic acid (vitamin B3) 
and pyridoxine (vitamin B6). Nicotinic acid is required for the biosynthesis of the redox 
coenzyme nicotine adenine dinucleotide (NAD+), while pyridoxine is a coenzyme in 
transaminases.2 Nicotinic acid has been in use for 50 years3 as a therapeutic agent to 
increase the relative levels of high-density lipoprotein and thereby reduce the risk of 
cardiovascular disease.4 Nicotine, whose toxicity has a defensive function in nature,5 is 
widely used for smoking cessasion.  
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N

OH

OHOH
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nicotinic acid
(vitamin B3)

pyridoxine
(vitamin B6)

nicotine

 
 
The pyridine moiety is also found in structurally simple drugs like isoniazid6 and 
ethionamide7 (both prodrugs for inhibitors of inter alia enoyl-acyl carrier protein 
reductase; tuberculosis), amrinone (phosphodiesterase 3 inhibitor; heart failure) and 

bupicomide (dopamin β-hydroxylase inhibitor; hypertension). Sulphapyridine 
(dihydropteroate synthetase inhibitor) was launched in 1938 and decreased the death 
rate in pneumococcal pneumonia from 25% to about 6%.8 It has since been replaced 
with other sulfonamide antibacterials. 
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Pyridine derivatives used as blockers of ion channels include pinacidil (racemic, K-ATP 
activator; hypertension), torasemide (inhibitor of the Na+/K+/2Cl- carrier system; 
diuretics), and flupirtine maleate (Kv7 activator; multiple sclerosis).  
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Further examples of pyridines as drug molecules include omeprazole and its S-
enantiomer esomeprazole (H+/K+-ATPase inhibitors, also known as proton pump 
inhibitors (PPIs), peptic ulcer disease) and tazarotene (ornithine decarboxylase 
inhibitors; psoriasis).  
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   Many drug molecules contain a pyridine moiety as part of a more complex structure. 
Examples include loratadine, an antagonists of the histamine H1 receptor, that is widely 
used for the treatment of allergic rhinitis. Amlexanox (cysteinyl leukotriene receptor 1 
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antagonist) is an antiinflammatory and antiallergic agent, while enoxacin (topoisomerase 

II inhibitor) belongs to the therapeutically important class of quinolones as antibacterials. 
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1.2 7-Transmembrane G-protein coupled receptors as drug targets 
 
7-Transmembrane (7TM or heptahelical) receptors9 are cell-membrane-bound receptors 

that are featured by a transmembrane domain of seven anti-parallel α-helices connected 
by extra- and intracellular loops. 7TM receptors play a central role in the communication 
to and between cells. The majority10 of 7TM receptors, of which >800 have been 
identified,11, 12 couple to G-proteins which elicits further intracellular signalling.    
   Of these, approximately 83 G-protein coupled receptors (GPCRs) have been 
succesfully targeted with drugs (2009),13 and at least 27% of the drugs approved by the 
FDA (U.S. Food and Drug Administration) target a GPCR (2006).14    
   Both the mGlu5 and the P2Y12 receptors belong to this therapeutically important class 
of targets.  
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2. Aims of the Thesis 
 

• To investigate structure-activity relationships starting from high-throughput 
screening hits of antagonists of the mGluR5 and P2Y12 receptors, respectively, in 
order to identify compounds with increased binding affinity and potency. 
 

• To increase the aqueous solubility of compounds in the urea series of P2Y12 
receptor antagonists by structural modifications. 

 

• To identify factors that influence the chemical stability of certain sulfonylurea 
compounds during prolonged storage in solution. 
 

• To develop synthesis of ethyl nicotinate derivatives with increased microsomal 
stability of the 3-ethoxycarbonyl functionality.  
 

• To develop synthesis of 5-ethyl-oxazoles to replace the 3-ethoxycarbonyl 
functionality of ethyl nicotinate derivatives in order to increase the microsomal 
stability of the compounds. 
 

• To use chemical design in order to identify factors that govern the regioselectivity 
in the reaction of 3-substituted 2,6-dichloropyridines with 1-methylpiperazine. 
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3. The mGlu5 receptor 
 
   The neurotransmission of (S)-glutamate molecules is mediated through the G-protein-
coupled metabotropic glutamate receptors (mGluR) and the voltage-gated ionotropic 
glutamate receptors (iGluR). Eight mGluR subtypes have been cloned. Based on their 
sequence homology, pharmacology, and preferred signal transduction pathways these 
have been divided into three groups of receptors: mGlu1 and mGlu5 form Group I, 
mGlu2 and mGlu3 form Group II, and mGlu4, mGlu6, mGlu7, and mGlu8 form Group III.  
   Particular to glutamate receptors is the large extracellular N-terminal domain 
(consisting of about 560 amino acid moieties) that contains the orthosteric binding site of 
the natural agonist (S)-glutamate. Binding of an agonist is described by the “venus fly 
trap” model15 (inspired by the insect capture mehanism of this plant) and leads to a 
conformational change in the 7TM domain that elicits the intracellular activation of the G-
protein trimer and the subsequent signalling events.  
   The signalling of mGlu5 receptors is mainly mediated by Gq-proteins. This activates 
phospholipase C (PLC) that catalyses the hydrolysis of phosphatidyl-inositol-4,5-
bisphosphate (PIP2) to diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3), 
resulting in elevation of intracellular Ca2+ levels and activation of protein kinases C 

(PKC).16 There are at least ten isotypes of PKC, and activation of the classical PKCs (α, 

βI, βII, and γ) require that both DAG and Ca2+ be elevated. PKCs function by 
phosphorylating (and thereby activating) proteins that regulate very diverse cellular 
processes including downregulation of intracellular Ca2+ signalling, proliferation, 
differentiation, apoptosis, autophagy, and remodelling of the actin cytoskeleton.17  
   mGlu5 receptors are expressed extensively in humans, both in the CNS18 and in the 
periphery.19  
 
 
3.1 GERD and its connection to the mGluR5 receptor 
 
Gastroesophageal reflux disease (GERD)20, 21 is a condition where stomach content 
refluxes back into the esophagus (food pipe). The lower esophageal sphincter (LES) and 
the crural diaphragm are the major antireflux barriers. Reflux by transcient LES 
relaxations (TLESRs)22 is a normal phenomenon for the venting of gas after meals, 
however in patients with GERD the TLESRs are more likely to be associated with acid 
reflux.23 The LES relaxations are coordinated by the dorsal vagal complex of the 
hindbrain. This is composed of two parts, the nucleus tractus solitarius, that receives the 
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nerve signal (vagal afferent) from the LES, and the dorsal motor nucleus, from where the 
nerve signal (vagal efferent) for the LES to relaxate is submitted.24  
   Typical symptoms of GERD are heartburn and regurgitation. However, GERD may 
lead to the development of more severe disease states like gastroesophagitis.25 Current 
treatments26 of GERD, in addition to changes in alimentary habits, include drugs that 
lower the acidity of the stomach content, including inorganic antacids (e.g. magnesium 
trisilicate), PPIs (e.g. omeprazole), and histamine H2 inhibitors (e.g. ranitidine). 
However, even with the prevalent PPIs up to 50% of patients still experience GERD 
symptoms.27 The GABAB agonist baclofen and the, now withdrawn, CB1 agonist 
rimonabant inhibit reflux, but both show (severe) side effects due to their CNS activity 
which limit their use.28  
   The mGluR5 antagonist MPEP (Figure 1) was shown to effect a decrease in TLESRs 
in ferret29 and dog.30 The localization of the mGlu5, GABAA, GABAB, CB1, and CB2 
receptors along the vago-vagal31 reflex pathway responsible for TLESRs was recently 
established in humans by immunohistochemical methods.32  

 
 
3.2 Modulators of mGluR5 and their therapeutic potential 
 
Apart from treatment of GERD,33 the potential therapeutic applications34 of mGluR5 
modulators cover a broad range of indications including pain,35 smoking cessation,36 
and psychiatric/CNS disorders37 like anxiety,38 schizophrenia,39 depression,40 

addiction,41 epilepsy,42 memory dysfunction,43 and fragile X syndrome (FXS),44 the latter 
being the most common single-gene cause of autism. The critical role of mGluR5 in the 
function of neural circuits, that are required for inhibitory learning mechanisms, that is 
extinction of previously acquired memories, makes mGluR5 a potential target in the 
treatment of e.g. post-traumatic stress syndrome.45 
   Given the large number of mGluR5 modulators in the public domain, only a few key 
compounds from representative structural classes will be highlighted here, with 
emphasis on those compounds that have progressed into or failed clinical trials46 since 
this area was reviewed by the author in 2007.47 
   In 1999 the first subtype selective,48 non-competitive mGluR5 antagonists, SIB-1757 
and SIB-1893 (Figure 1), were reported.49 These antagonists are structurally unrelated 
to (S)-glutamate and function as negative allosteric modulators (NAMs)50 by binding to 
an allosteric site within the 7TM region. Allosteric binding means binding to a site 
different from the binding site of the natural ligand, also known as the orthosteric binding 
site. This can be an advantage when aiming for subtype selectivity, since the homology 
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between the mGluRs is lower outside the orthosteric binding site.51 Subsequent 
optimisation led to the discovery of 2-methyl-6-(phenylethynyl)pyridine (MPEP)52 and 3-
[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP),53 however their further development 
was hampered by low metabolic stability. Positron electron topography (PET) ligands,54 
that are based on the MPEP and MTEP core structures, have become tool compounds 
to study receptor occupancy and help guide dosing of mGluR5 modulators in CNS 
disorders.  

 

N
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N N
N N

N

S

N

SIB-1757 SIB-1893 MPEP MTEP

IC50 = 0.37 µM IC50 = 0.29 µM IC50 = 0.002 µM
Ki = 0.012 µM

IC50 = 0.005 µM
Ki = 0.016 µM  

 
Figure 1. Early examples of subtype selective negative allosteric modulators of the mGlu5 receptor.     
IC50: Ca2+ fluorescence assay (Fura 2-loaded cells); Ki: Displacement of [3H]-3-methoxy-5-(pyridin-2-
ylethynyl)pyridine from rat cortical membranes. 
 
   In 2005 fenobam (Figure 2), a lead structure at McNeil Laboratories in the 1970’s with 
a then unknown target, was reported55 to be a potent, subtype-selective NAM of 
mGluR5. Soon after, SAR studies were published with fenobam as lead structure.56 A 
phase II study of fenobam for the treatment of FXS was initiated by Neuropharm Ltd57 
(now Autism Therapeutics), however no progress has been reported.58  
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dipraglurant (ADX-48621) 

IC50 = 0.021 µM
CL = 13 mL/min/kg (rat)
F = 45% (rat)

IC50 = 0.058 µM
fenobam mavoglurant (AFQ-056)

IC50 = 0.030 µM

 
Figure 2. Examples of most advanced mGluR5 antagonists in clinical development. IC50 values were 
determined in a Ca2+ flux assay. 
 
   Dipraglurant (ADX-48621) from Addex Therapeutics showed in vivo activity in different 
anxiety models in rat50 and is currently in phase II for the treatment of dyskinesia in 
Parkinson's disease. Mavoglurant (AFQ-056)59 is under active development by Novartis 
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for the treatment of FXS (phase II-III), Parkinson’s disease (phase II), and Huntington’s 
disease (phase II).    
   Also under active development, but with no structures in the public domain, are STX-
107 (FXS, phase I, Seaside Therapeutics), RO-4917523 (depression and FXS, phase II, 
Roche), and RG-7090 (depression, phase II, Chugai). ADX-10059, which showed a 
significant reduction of reflux episodes in GERD in a proof-of-concept clinical study,60 
was discontinued after phase I in 2010, while AZD2066 (GERD, phase II, AstraZeneca) 
was discontinued in 2011. Our study of a novel series of mGluR5 antagonists is 
presented in the following. 
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4. Identification and SAR of a new lead series of mGluR5 
antagonists (papers I/II)61 
 
The 6-methyl-2-alkynylpyridine derivative (±)-1 (Figure 3) was a quite potent mGluR5 

antagonist (racemate, IC50 = 0.30 µM, FLIPR assay) that resulted from an HTS (high-
throughput screening) of the AstraZeneca compound collection. The compound with its 
two aryl groups joined by an alkyne containing linker had a clear structural resemblance 
to MPEP and MTEP. One feature that set compound (±)-1 apart from MPEP and MTEP 
was the extended linker. The SAR of this hit structure was studied by varying both the 
two aryl groups and the methylenoxy (-CH2O-) moiety of the linker.62 
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OMe
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2

3
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5

6
1

 
 
Figure 3. 2-Alkynyl-6-methylpyridine hit (±)-1 from HTS (racemate, IC50 = 0.30 µM, FLIPR) with the 
extended linker highlighted. 
 
 
4.1 Synthesis 
 
Sonogashira coupling63 of 2-bromo-6-methylpyridine 2 (Scheme 1) with propargylic 
alcohol, followed by mesylation produced 3 that was treated with anilines or thiols to 
form amines 4a-c and thioethers 5a-b, respectively.64 The ethers 6b-l were prepared in 
a similar fashion by reaction with phenols (designated ROUTE 1) in 11-49% yields (see 
Table 1 for all ether variations). ROUTE 2, i.e. treatment of a phenol 7a-l with 
propargylic bromide 8 to give terminal alkynes 9a-l,65 followed by Sonogashira coupling 
with 2, was used for synthesis of 6a (R = H),66 scale-up of 6b-l and for Sonogashira 
coupling of 9 with other heteroaryl halogenides than 2 to replace the 6-methylpyridine 
with alternative heterocycles. 
   The full-carbon analogs 11a-c were prepared by Sonogashira coupling of the terminal 
alkynes 10a-c with 2. The sulfoxide 12 was obtained by simple oxidation of the thioether 
5a with m-CPBA. Further oxidation with m-CPBA to provide the sulfone was not possible 
due to the concomittant formation of the N-oxide. 
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4b: R = 3-Cl, R' = H (21%)
4c: R = H, R' = CH3 (8%)
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h

10a: R = R' = H
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(±)-10c: R = H, R' = CH3
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Scheme 1. Reagents and conditions: (a) HC ≡ CCH2OH, (PPh3)2PdCl2, CuI, TEA, 60 °C, 3.5 h (61%); (b) 
MsCl, TEA, DCM, - 20 °C, 1 h (98%); (c) e.g. 4a: PhNH2, TEA, rt, 1.5 h; (d) e.g. 5a: PhSH, TEA, THF, rt, 1 
h; (e) e.g. 6e: 3-Cl-PhOH, K2CO3, acetone, 60 °C, 5 h (40%); (f) e.g. 9a (R = H): K2CO3, acetone, 60 °C, 
17 h (78%); (g) e.g. 6a (R = H): (PPh3)2PdCl2, CuI, TEA, 60 °C, 2 h; (h) e.g. 11b: 2, 10b, (PPh3)2PdCl2, 
CuI, TEA, 60 °C, 12 h; (i) m-CPBA, DCM, - 50 °C to 0 °C, 1.5 h. 
 
A method was developed to provide the terminal alkyne 10b (Scheme 2), which contrary 
to 10a and (±)-10c was not commercially available. Thus, coupling by the procedure of 
Jeffery67 of 3-chloro-iodobenzene 13 with allyl alcohol 14 gave the aldehyde 15. 
Conversion by the Corey-Fuchs68 method to the corresponding 4,4-dibromoalkene, 
followed by elimination of HBr and halogen-lithium exchange69 provided 10b. The 

product was of high purity and no chromatography was needed in this sequence. 
 

I Cl
OH

O Cl Cl
+

a b-d

10b13 14 15  
 
Scheme 2. Reagents and conditions: (a) Pd(OAc)2, (n-Bu)4NCl, NaHCO3, DMF, rt, 16 h, then 50 °C, 16 h 
(59%); (b) CBr4, PPh3, Zn, DCM, rt, 14 h (87%); (c) LiN(Si(CH3)3)2, 1.5 equiv, THF, -78 °C, 0.5 h; (d) add 
n-BuLi, 2.5 equiv, -78 °C, 1 h, then rt, 1 h; quench with H2O (96%). 
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Analogs with branching β to the phenyl group in the thioether sub-series were prepared 
as shown in Scheme 3. While (±)-17 was prepared in analogy to 5a-b, an alternative 
method was developed to attain (±)-20. This included a two-step conversion of 2 to the 
terminal alkyne 19, followed by reaction with methylpropanal to give a secondary 
alcohol, which was mesylated in situ and treated with 3-chlorothiophenol. The low yield 
was ascribed to instability of the intermediary mesylate which would be prone to 
elimination to provide a trisubstituted, conjugated alkene.  

N Br N O
S

O

O N S Cl

N
Si

N S ClN

a, b c

2 (±)-16 (±)-17

d

e

(±)-20
18 19

f-h

 
Scheme 3. Reagents and conditions: (a) HC≡CCH(CH3)OH (rac.), (PPh3)2PdCl2, CuI, TEA, 60 °C, 4 h 
(67%); (b) MsCl, TEA, DCM, -20 °C, 1 h (quant.); (c) 3-Cl-PhSH, TEA, rt, 16 h (34%); (d)                        
HC ≡ C(Si(CH3)3), (PPh3)2PdCl2, CuI, TEA, 60 °C, 2 h then rt, 16 h (56%); (e) K2CO3, DCM/MeOH, rt, 2 h 
(97%); (f) LiN(Si(CH3)3)2, 2-methylpropanal, THF, -78 °C to rt; (g) then add MsCl, TEA, DCM, rt, 3 h; (h) 
then add 3-Cl-PhSH, TEA, DCM, rt, 16 h (4%, 3 steps). 
 
 
4.2 Results and discussion of SAR 
 
Findings prior to this study from variation of the 6-methylpyridine moiety of compound 6i 
(Table 1; IC50 = 0.46 µM) had shown that replacement of the 6-methyl substituent with a 
6-hydrogen led to a six-fold lower potency in the FLIPR assay. The 5-methyl analog 
showed a 20-fold reduction in potency, while the 4-methyl and 3-methyl analogs had no 
activity. Replacement of the 6-methylpyridine with other heterocycles like pyrazine or 
1,3-thiazole also led to inactive compounds. Thus, given the superiority of the 6-
methylpyridines (which was also observed in MPEP analogs), this group was retained in 
further SAR studies. 
   Variation of the substitution pattern of the phenyl group (Table 1) was made for the 
propargylic ether sub-series. The remarkable lack of potency for the unsubstituted 
phenyl compound 6a70 compared to the substituted phenyls beared no resemblance in 
the MPEP series. The 2-position was unfavourable for substitution (6b) compared to the 
3- and 4-position where lipophilic substituents like chlorine or methyl (6c-f) led to 

compounds with comparatively high potency (0.10-0.20 µM).  The  lower  potency  of tert-  
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Table 1. Effects on potency in the FLIPR assay of the propargylic ether sub-series by variation of the 
phenyl substituents (R).71  
 

ON

R6a-6m
 

 
Cpd 
No 

R FLIPRa 

IC50 
(µM) 

ACD 
logD72 

LLEb  Cpd 
No 

R FLIPR 
IC50 
(µM) 

ACD 
logD 

LLE 

6a -H >10c 3.7 <1.3  6g 4-tert-Bu 0.45 5.4 0.9 

6b 2-CH3 2.4 4.2 1.4  6h 3-NO2 0.42 3.7 2.7 

6c 3-CH3 0.20 4.2 2.5  6i 4-OCH3 0.46 3.7 2.6 

6d 4-CH3 0.11 4.2 2.5  6j 2,3-di-Cl 0.15 5.0 1.8 

6e 3-Cl 0.10 4.5 2.5  6k 3,4-di-Cl 0.015 5.1 2.7 

6f 4-Cl 0.10 4.4 2.6  6l 4-Cl, 3,5-di-CH3 0.015 5.3 2.5 
aGq coupled signalling leads to mobilization of intracellular calcium. In the FLIPR assay the effect of an antagonist in 
suppressing the mobilization of intracellular calcium was measured by using the acetoxymethyl ester of the 
fluorescent calcium indicator fluo-3. bLLE = lipophilic ligand efficiency = pIC50-ACDlogD. cMaximum concentration 
tested was 900 µM. 
 
butyl compound 6g may be explained by steric reasons, by comparison with compound 
6l of similar lipophilicity.  
   The stability of compounds exposed to liver microsomes in vitro is used as a model for 
metabolic stability in vivo. Although few compounds were tested, it appeared that low in 
vitro stability in liver microsomes was an issue. This could be a consequence of the 
compounds having a comparatively high lipophilicity.73 However, attempts to lower the 
lipophilicity failed; for instance led the introduction of substitutents like nitro and methoxy 
(6h/i) in the 3- and 4-position, respectively, to lower potency and the replacement of the 
phenyl with 2-, 3-, or 4-pyridines gave inactive compounds (not shown). It was notable 
that both the replacement of lipophilic substituents (Cl, CH3) in the 3-or 4-position with 
less lipophilic substitents (OCH3, NO2) and the introduction of additional lipophilic 
substituents (Cl, CH3) as in 6k-l left the Lipophilic Ligand Efficiency74 (LLE; here defined 
as pIC50-ACDlogD) unchanged, which indicated that lipophilicity is the driving force in 
the 3-, 4-, and 5-positions as provider of potency.  
   Replacement of the linker oxygen (Table 2) gave an increase in potency in the order  
N < O < S < C, as exemplified by the 3-Cl phenyl compounds 4b, 6e, 5b, and 11b, thus 

replacement of oxygen with carbon led to a 20-fold increase in potency (to 0.005 µM; 

11b vs 6e). While the introduction of a methyl substitution α to the phenyl group gave 
unchanged potency in the carbon sub-series ((±)-11c vs 11a)  a  detrimental  lowering  of  
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   Replacement of the linker oxygen (Table 2) gave an increase in potency in the order  
N < O < S < C, as exemplified by the 3-Cl phenyl compounds 4b, 6e, 5b, and 11b, thus 

replacement of oxygen with carbon led to a 20-fold increase in potency (to 0.005 M; 

11b vs 6e). While the introduction of a methyl substitution  to the phenyl group gave 
unchanged potency in the carbon sub-series ((±)-11c vs 11a) a detrimental lowering of  
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Table 2. Effects on potency by variation of both the linker (R’ and X-R’’) and the phenyl substituents (R). 

                                        

XN

R'

R''

R
 

 
Cpd 
No 

R’ X-R’’ R Potency 
IC50 ( M) 

FLIPR 

ACD logD LLEa 

4a H NH H 0.22 3.1 3.6 

4b H NH 3-Cl 0.17 4.3 2.5 

4c H N(CH3) H 6.7 4.5 0.67 

5a H S H 0.59 3.7 2.5 

5b H S 3-Cl 0.043 4.9 2.5 

6e H O 3-Cl 0.10 4.5 2.5 

11a H C H 0.078 4.1 3.0 

11b H C 3-Cl 0.005 4.9 3.4 

(±)-11c H C(CH3) H 0.059 4.6 2.6 

12 H S(=O) H >10b 3.3 <1.7 

(±)-17 CH3 S 3-Cl 0.16 5.2 1.6 

(±)-20 i-Pr S 3-Cl 0.46 6.1 0.23 
aLLE = lipophilic ligand efficiency = pIC50-ACDlogD. bMaximum concentration tested was 900 M.        
 
potency from 0.22 M to 6.7 M was observed in the amine sub-series (4a vs 4c). S-

Oxidation of thioether 5a gave sulfoxide 12 which showed no potency. Branching  to 

the phenyl group gave a 4-10 fold lowering of potency (from 0.043 M) in the thioether 
sub-series (compare (±)-17 and (±)-20 with 5b).75 
   The SAR of the 2-alkynyl-pyridines are summarized in Figure 4 with the (usually made, 
seldomly challenged) assumption that the substituent effects are additive which requires 
that the ligands bind in a similar fashion. 
 

 
Figure 4. Summary of SAR for the series of 2-alkynyl-pyridines as antagonists of the mGlu5 receptor. 
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   The two lead compounds with highest potencies in the ether sub-series (6e) and the 
carbon sub-series (11b) were screened for metabolic stability in rat liver microsomes 
(RLM); both had high clearance (CLint > 100 mL/min/mg). This was ascribed to the high 
lipophilicity (ACDlogD 4.5-4.9) of these compounds and prevented further development 
of the series. The compounds had acceptable levels of aqueous solubility,76 for example 

23 µM for 11b in buffer at pH7.4. Competitors successfully replaced the phenyl group in 
the carbon sub-series by a heterocycle which (combined with a left-side pyridine) 
resulted in the structurally similar Phase II-compound dipraglurant (Figure 2 above) 
which had lower lipophilicity (ACDlogD 3.3) and high metabolic stability in vivo. 
   Lead compound 11b was tested in vivo in dog (N = 4) and showed a 31% reduction of 

TLESR at dose 3.9 µmol/kg/h (1.0 mg/kg/h) given as an infusion. This was an 
encouraging result as a starting point for a lead compound in comparison to MPEP 
which in dog (N = 3) showed a 59% reduction of TLESR at the higher iv dose 

8.7 µmol/kg.30 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



16 
 
   The two lead compounds with highest potencies in the ether sub-series (6e) and the 
carbon sub-series (11b) were screened for metabolic stability in rat liver microsomes 
(RLM); both had high clearance (CLint > 100 mL/min/mg). This was ascribed to the high 
lipophilicity (ACDlogD 4.5-4.9) of these compounds and prevented further development 
of the series. The compounds had acceptable levels of aqueous solubility,76 for example 

23 µM for 11b in buffer at pH7.4. Competitors successfully replaced the phenyl group in 
the carbon sub-series by a heterocycle which (combined with a left-side pyridine) 
resulted in the structurally similar Phase II-compound dipraglurant (Figure 2 above) 
which had lower lipophilicity (ACDlogD 3.3) and high metabolic stability in vivo. 
   Lead compound 11b was tested in vivo in dog (N = 4) and showed a 31% reduction of 

TLESR at dose 3.9 µmol/kg/h (1.0 mg/kg/h) given as an infusion. This was an 
encouraging result as a starting point for a lead compound in comparison to MPEP 
which in dog (N = 3) showed a 59% reduction of TLESR at the higher iv dose 

8.7 µmol/kg.30 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

17 
 

5. The role of platelets and purinergic receptors in 
primary hemostasis77 
 
Hemostasis78 is a way for the human organism to repair the vasculature and prevent 
blood loss. Primary hemostasis ultimately leads to the formation of a platelet plug while 
secondary hemostasis results from the activation of the coagulation cascade that leads 
to formation of thrombin, which is the catalyst for the conversion of fibrinogen to the 
fibrin strands that stabilize the platelet plug. 
   Human platelets are subcellular fragments with a 2–5 μm diameter that are derived 
from the cytoplasm of megakaryocytes. Structural features of human platelets include 
granules (dense, lysosomal and α-granules; containing different cocktails of signalling 
molecules), mitochondria, a cytoskeleton, a surface-connected canalicular system and a 
dense tubular system, but no nucleus.79 Platelets play a crucial role in hemostasis and 
thrombosis.  
   Activation of platelets can occur by vessel rupture, for example of an atherosclerotic 
plaque, whereby platelets become exposed to subendothelial proteins like collagen or 
von Willebrand factor.80 This leads to adhesion of the platelets to the subendothelium, 
which is mediated by integrin and glucoprotein receptors, and to release of ADP and 
ATP from the platelets’ dense granules and of fibrinogen, factor V, and P-selectin from 
their α-granules.81 These primary adherent platelets recruit further platelets from the 
blood stream and the aggregation is in part mediated by fibrinogen that links together 
transmembrane-bound glycoproteins on adjacent platelets.82 
   Under high shear stress conditions (i.e. under high flow) the released ADP activates 
the purinergic P2Y1 and P2Y12 receptors. Activation of the Gq-coupled83 P2Y1 receptors 

leads to increased levels of PLCβ, which catalyzes the hydrolysis of phosphatidylinositol 
4,5-bisphosphate to release inositol triphosphate (IP3).84 Binding of IP3 to the IP3 
receptor mobilizes intracellular calcium ions, which together with an influx of calcium 
ions (through the P2X1 ion channel) and actin polymerization results in a platelet shape-
change from discoid to spherical.85 Activation of the Gi-coupled P2Y12 receptors inhibits 
adenylyl cyclase (AC) activity, thereby lowering the formation of cAMP.86 The dual 
activation of P2Y1 and P2Y12, i.e. signalling via both the Gq and Gi pathways, which 
leads  to increased Ca2+ signalling and decreased cAMP levels, respectively, is required 
for platelet aggregation.87  
   The platelet P2Y1 and P2Y12 receptors belong to the P2 purinergic receptors,88 that 
include two major families of receptors in humans; the G-protein coupled or 
metabotropic P2Y receptors and the ligand-gated ion channels or ionotropic P2X 
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receptors. Eight subtypes of P2Y receptors and seven subtypes of P2X receptors have 
been found in human. These include the P2Y receptors P2Y1, P2Y2, P2Y4, P2Y6, and 
P2Y11-14 and the ion channels P2X1-7.89 Of these, P2Y1, P2Y12, P2Y14 and P2X1 are 
expressed on platelets. The cation channel P2X1 is activated by ATP90 (that is released 
from the dense granules). This leads to an influx of sodium and calcium ions, and thus to 
an amplification of the intracellular calcium signal. Signalling via P2X1 is the fastest 
activation response of platelets, thus P2X1 receptors play a priming role in platelet 
activation.91 The possible role of the P2Y14 receptor in hemostasis is not clarified.92  
   The purinergic signalling on platelets also include two of the four human adenosine 
GPCRs, namely the Gs-coupled A2A and A2B adenosine receptors, where binding of 
adenine has an anti-aggregatory effect.  
   It is remarkable how adenine and its derivatives cAMP, AMP, ADP, and ATP play 
central roles in both intercellular signalling, storage of energy (ATP) and 
storage/transmission of information (structural motifs of DNA/RNA). 

 
 
5.1 Signalling events leading to platelet aggregation 
 
 For the initial activation of platelets to be followed by aggregation and formation of a 
platelet plug both a reduction in cAMP levels and prolonged calcium signalling are 
required.  
   High levels of cAMP make platelets remain in the quiescent state. This is achieved by 
adenosine, PGI2 (prostacyclin), and NO (nitroxide) signalling.93 Adenosine and PGI2 bind 
to the adenosin receptor A2A and the prostanoid TP receptor, respectively. Both these 
receptors are Gs coupled, thus their activation leads to increased adenyl cyclase activity 
and consequently to raised levels of cAMP. NO activates sGC (soluble guanyl cyclase) 
which leads to increased cGMP levels. cGMP is an inhibitor of PDE3 (platelet 
phosphodiesterase 3), and since PDE3’s function is to hydrolyze cAMP to AMP its 
inhibition also leads to increased levels of cAMP. 
   In addition to the purinergic signalling by P2Y1 and P2Y12 elicited by the released ADP, 

platelet activation by increased or sustained calcium concentration via the Gq/PLC-β 
pathway is also triggered by binding of thrombin to the protease-activated receptors94 
PAR1 and PAR4 and by binding of thromboxane A2 (TXA2) to the prostanoid TP receptor 
(= TXA2 receptor)95 (Figure 5). When platelets become exposed to ADP, the coordinated 

signaling96 through integrin α11bβ3 (mediated by exposure to the subendothelium) and 
P2Y1/P2Y12 leads to formation of TXA2 from arachidonic acid by two oxidation steps 
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involving the enzymes cyclooxygenase 1 (COX-1) and TXA2 synthase. The formed TXA2 
binds to the TP receptor, thereby further increasing the calcium signalling. 

 

 
 
Figure 5. The cellular Ca2+ concentration is regulated by multiple input stimuli. The adhesion of platelets 
to the subendothelium (e.g. collagen and von Willebrand factor) and to other platelets is mediated by 
glycoprotein (GPIb/V/IX and GPVIFcRγ)  and integrin (α11bβ3 and α2β1) receptors. Activation of the P2Y12 
receptor by ADP potentiates the effect of increased cellular Ca2+ concentration, thereby enhancing the 
platelet activation. © John Wiley and Sons. Reprinted with permission. 
  
 
5.2 Antagonists of the P2Y12 receptor  
 
The central role of the P2Y12 receptor in platelet function together with its restricted 
tissue distribution97 (on platelets and in certain brain tissues,98 glial and microglial cells 
and in vascular smooth muscular cells99) makes it an attractive target for the 
development of novel antiplatelet therapies for the treatment of cardiovascular diseases 
like thrombosis.79 Since such therapies also impair normal platelet function, a central 
concern is to improve the therapeutic window by separating antithrombotic effect and 
bleeding risk. 
   Ticlopidine (Figure 6) was the first oral 4,5,6,7-tetrahydrothieno[3,2,c]pyridine 
derivative (commonly termed a “thienopyridine”) for antithrombotic treatment when 
introduced in 1995, the target at that time being unidentified.98 Due to side effects, 
ticlopidine has largely been replaced by clopidogrel,100 prasugrel,101 and ticagrelor. 
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While the thienopyridines are pro-drugs that require metabolic activation to form the 
active compounds, which bind irreversibly to the P2Y12 receptor, ticagrelor is a direct-
acting, reversibly binding antagonist. Ticagrelor was developed from ATP as lead 
structure.102 Preclinical data103 suggested that reversible binding104 would not only lead 
to a faster off-set of effect, but also improve the separation of anti-thrombotic effect and 
bleeding risk. The clinical benefits of ticagrelor in comparison to clopidogrel were 
demonstrated in a phase III trial.105 
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Figure 6. Examples of antagonists of the P2Y12 receptor in therapeutic use. Due to side effects ticlopidine 
has been largely replaced by the other drugs. 
 
Examples of other structural classes of P2Y12 antagonists106 are benzothiazolo[2,3-
c]thiadiazines like 21107 and the sulfonylurea 22 (elinogrel potassium, Figure 7). The 
latter was abandoned in 2012 after an unsuccesful phase III trial.108 Parlow et al. have 
reported several series of piperazinyl-glutamate-pyridines (e.g. 23),109 featured by the 
acidic side chain of the glutamic acid moiety. Other examples include anthroquinones 
(e.g. 24),110 thienopyrimidines (e.g. 25),111 and series of adenosine analogs featured by 
one or more lipophilic substituents on the ribose moiety (e.g. 26).112 



20 
 
While the thienopyridines are pro-drugs that require metabolic activation to form the 
active compounds, which bind irreversibly to the P2Y12 receptor, ticagrelor is a direct-
acting, reversibly binding antagonist. Ticagrelor was developed from ATP as lead 
structure.102 Preclinical data103 suggested that reversible binding104 would not only lead 
to a faster off-set of effect, but also improve the separation of anti-thrombotic effect and 
bleeding risk. The clinical benefits of ticagrelor in comparison to clopidogrel were 
demonstrated in a phase III trial.105 

N

S Cl

OO

N

S F

O

O
O

N

S Cl

NN

N N
N

NH

F

F

OHOH

O
OH

S

clopidogrel prasugrelticlopidine ticagrelor
 

Figure 6. Examples of antagonists of the P2Y12 receptor in therapeutic use. Due to side effects ticlopidine 
has been largely replaced by the other drugs. 
 
Examples of other structural classes of P2Y12 antagonists106 are benzothiazolo[2,3-
c]thiadiazines like 21107 and the sulfonylurea 22 (elinogrel potassium, Figure 7). The 
latter was abandoned in 2012 after an unsuccesful phase III trial.108 Parlow et al. have 
reported several series of piperazinyl-glutamate-pyridines (e.g. 23),109 featured by the 
acidic side chain of the glutamic acid moiety. Other examples include anthroquinones 
(e.g. 24),110 thienopyrimidines (e.g. 25),111 and series of adenosine analogs featured by 
one or more lipophilic substituents on the ribose moiety (e.g. 26).112 

21 
 

 

K
+

S
N
H

N

O
S Cl

N

N
H

O

O

N
H

F O O N

N

O

N
H

OH O

N

O

N

O

O

O

N

N

S

N

N

O

N OH
O

OH

O

O

NH2

NH

N
H

N

OH

O

S
O

O ONa

OO

O
N

N

N

N

NH

O

N
H

OHO

S

N
N
H

S
O

O

O S N
H

O
O

O

N
S

O

22 elinogrel potassium
IC50 = 0.020 µM (binding assay) IC50 = 3.9 µM (PRP)

CL= 3 mL/min/kg (rat)

23

25

IC50 = 4 µM (PRP)IC50 = 0.021 µM (binding assay)

24
26

IC50 = 0.040 µM (WPA)

21

IC50 = 0.017 µM (binding assay)
IC50 = 0.018 µM (WPA) F = 89% (rat)

 
 
Figure 7. Examples of other structural classes of P2Y12 antagonists. WPA = washed platelet assay,  
PRP = human platelet-rich plasma assay. 
 
 
5.3 Other antagonists for the treatment of arterial thrombosis 
 
Acute arterial thrombosis is accountable for most cases of myocardial infarction and ca. 
80% of strokes, which collectively are the most common causes of death in the 
developed world.79 Thrombi (= blood clots) that form in the arterial circulation are 
platelet-rich and are formed under high-shear stress conditions (i.e. under high flow) 
while thrombi in the venous circulation are fibrin-rich and are formed under low-shear 
stress conditions.113 This is reflected in the different ways in which thrombosis is treated 
since antiplatelet drugs are primarily effective in the arterial circulation and 
anticoagulants, i.e. drugs that target blood factors in the coagulation cascade, in the 
venous circulation. However, there is clinical evidence that the combination of 
antiplatelet and anticoagulant therapy is more effective than either treatment alone.114   
   Apart from P2Y12 antagonists, other antiplatelet agents are in current use. The weak 
COX-1 inhibitor, aspirin,115 is widely used for secondary prevention of cardiovascular 
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events (that is in patients with known cardiovascular disease). Abciximab, eptifibatide, 

and tirofiban are antagonists of the integrin α11bβ3 receptor. Dipyridamole is an 
adenosine reuptake inhibitor and thus increases the concentration of adenine which has 
an anti-aggregatory effect by binding to the platelet A2A and A2B adenosine receptors. 
Cilostazol is a PDE3 inhibitor and thus increases the levels of cAMP (vide supra). No 
antagonists of the PAR1/PAR4 nor the TP (TXA2) receptors have so far reached the 
market. 
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6. Ethyl 6-amino nicotinate derivatives as P2Y12 
antagonists116  
 
We identified series of ethyl 6-amino nicotinates (Scheme 4), exemplified by the urea 27, 
the sulfonylurea 28, and the acyl sulfonamide 29, as antagonists of the P2Y12 receptor. 
These compounds shared the feature of being composed of chemically tractable 
building blocks, which meant that some SAR investigations could be made efficiently by 
using parallel synthesis.  
   In the following, the synthesis development, the SAR, and the improvements in 
properties (including potency, solubility, stability in solution, and metabolic stability) that 
resulted from specific variations of the linker, the type of central ring (B) and the 
substituents on the pyridine (A) and aryl/benzyl (C) rings, respectively, will be described 
for the urea and the sulfonyl urea series. The acyl sulfonamides will not be treated per 
se, but will be used as a reference series to describe the effects on e.g. metabolic 
stability by introduction of electron donating substituents in the pyridine 2-position and 
replacement of the 3-ethoxycarbonyl substituent with other functionalities. 
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Scheme 4. Progression in the development of ethyl nicotinates as P2Y12 antagonists, exemplified by urea 
27, sulfonylurea 28, and acyl sulfonamide 29. 
 
 
6.1 Identification of a new lead series of ureas as P2Y12 
antagonists (paper III) 
 

The urea derivative 27 (Scheme 4; binding affinity: IC50 = 0.33 µM, potency in GTPγS 

assay117: IC50 = 0.68 µM) resulted from an HTS of the AstraZeneca compound collection 
against the human P2Y12 receptor. Synthesis was developed to vary the substitution 
patterns of the A- and C-rings in order to study the SAR of the urea series. 
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6.1.1 Synthesis    
 
   Nucleophilic aromatic substitution (SNAr) reaction of commercially available ethyl 5,6-
dichloronicotinate 30 (Scheme 5) with piperazine produced 31, which was treated with 
phenylisocyanate to provide 32. Derivatization of 32 by hydrolysis of the ethyl ester 
under alkaline conditions gave nicotinic acid derivative 33 while simple N-methylation of 
the linker-nitrogen of 32 gave 34.  
   The nicotinic acid derivative 35 was esterified and the product was reacted in analogy 
to 30 to give 36 which was subjected to Pd-catalyzed cyanation118 to give 37. 
Compounds 38 and 39 (Table 3) were  prepared in analogy to 32, starting from 
commercially available ethyl 6-chloronicotinate and 2-chloro-6-trifluoromethyl-

nicotinonitrile, respectively.  
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Scheme 5. Reagents and conditions: (a) Piperazine, TEA, EtOH, MW, 120 °C, 10 min. (61%); (b) PhNCO, 
MeCN, rt, 20 h (94%); (c) LiOH, THF, rt, 16 h (91%); (d) NaH, MeI, DMF, 0 °C, 5 min. (38%); (e) H2SO4, 
EtOH, reflux, 5 h (78%); (f) piperazine, TEA, EtOH, MW, 120 °C, 10 min. (66%); (g) PhNCO, MeCN, rt,   
16 h (95%); (h) KCN, Pd(OAc)2, 1,5-bis(diphenylphosphino)pentane (DPPPE), TMEDA, toluene, 120 °C, 
16 h (26%). 
 
Ethyl 6-chloro-5-cyano-2-trifluoromethylnicotinate 43 (Scheme 6) was needed as starting 
material to make analogs of 27 with variations of the C-ring, prepared by consecutive 
treatment with piperazine and different isocyanates. Initially, methods like 5-
carboxylation119 of the 5-anion of 2-chloro-6-trifluoromethylnicotinonitrile, followed by 
esterification were tested, however it soon became clear that a Hantzsch-type 

procedure120 was the method-of-choice. Thus, reaction of the β-keto-ester 40 with 
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triethyl orthoformiate produced 41 (as an E/Z mixture, however both isomers reacted in 
the next step). Condensation of 41 with 2-cyanoacetamide gave the pyridone 42 which 
was treated with oxalyl chloride to provide the 6-choropyridine 43. Although the 
Hantzsch-type of synthesis did not allow for variation of the pyridine 4-position (which 
could be interesting from a SAR perspective), it did allow for variation of the 2-position 
(vide infra). 
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Scheme 6. Synthesis of ethyl 6-chloro-5-cyano-2-trifluoromethylnicotinate. Reagents and conditions: (a) 
HC(OEt)3, Ac2O, 120 °C, 2 h, then 140 °C, 5 h (64% of E/Z mixture); (b) H2NC(O)CH2CN, NaOEt, EtOH, 
rt, 16 h (83%); (c) (COCl)2, DMF (cat.), DCM, reflux, 14 h (91%). 
 
 
6.1.2 Results and discussion of SAR 
 
Initially it was investigated how the activity depended on the substitution pattern of the 
pyridine (A) ring. This was done by comparing  compounds with identical B- and C-rings 
(Table 3). Replacement of the pyridine 2-CF3 substituent of 27 with hydrogen (as in 37) 
or of both the 2-CF3 and 5-CN substituents with hydrogen (as in 38) led to a 4-6 fold 
decrease in potency. The 5-Cl substituent could be replaced with 5-Br or 5-CN without 
affecting the affinity or potency (36 and 37 vs 32). Replacement of the 3-ethoxycarbonyl 
substituent of 27 with hydrogen led to an inactive compound (39).  
   The importance of the 3-ethoxycarbonyl substituent was further underlined when 
noticing the lack of activity for the corresponding nicotinic acid derivative 33. 
Replacement of the 3-ethoxycarbonyl with either 3-methoxycarbonyl or 3-isopropyloxy-
carbonyl lowered the potency 5-fold while replacement with structurally simple 
carboxamides (CONH2, CONHEt, CONH(Et)2) or methyl acylsulfonamide gave inactive 
compounds (not in table).121 N-Methylation of the urea linker of 32 (to give 34) led to an 

11-fold reduction in binding affinity and a 6-fold reduction in potency in the GTPγS 
assay. 
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Table 3. SAR of the urea series as function of the pyridine substituents R2, R3, R5 and the urea substituent 
R7.a 

N N
N

O

N

R3 R5

R2 R7

 
Cpd 
No 

R2  R3 R5 R7 Binding  
 IC50 (µM) 

GTPγS  
IC50 (µM) 

27 CF3 COOEt CN H 0.32 0.68 

32 H COOEt Cl H 0.88 1.7 

33 H COOH Cl H >33b >33b 

34 H COOEt Cl CH3 9.6 9.7 

36 H COOEt Br H 1.8 2.2 

37 H COOEt CN H 0.92 2.6 

38 H COOEt H H 4.1 3.8 

39 CF3 H CN H >33b >33b 

aThe GTPγS functional assay is based on the principle that activation of P2Y12 by an agonist (ADP) leads to 
conformational changes that favors binding of the receptor to a G-protein. This leads to formation of a agonist-
receptor-G-protein ternary complex which induces GDP bound on the G-protein α-subunit to exchange with GTPγ35S. 
The effect of an added antagonist can thus be determined by the fraction of unbound GTPγ35S. bMaximum 
concentration tested was 33 µM. 
 
A diverse122 compound library, based on the ethyl 6-piperazinylnicotinate scaffolds of 
compounds 27 and 32, provided a set of 141 ureas with variation of the C-ring.123 In 
brief, aromatic C-rings with high lipophilicity contributed significantly to increasing the 

potency. Of highest potencies were the 1-naphthyl (IC50 = 0.10 µM) in the ethyl 5-chloro-

6-piperazinylnicotinate sub-series and the 2-naphthyl (IC50 = 0.083 µM) in the ethyl 5-
cyano-6-piperazinyl-2-trifluoromethylnicotinate sub-series. A summary of the SAR of the 
urea series is shown in Figure 8. 

 
Figure 8. Summary of SAR for ethyl 6-piperazinylnicotinate urea derivatives as antagonists of the P2Y12 
receptor.    
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   The solubility of the ureas was generally low; for example had compound 27 less than 

0.1 µM solubility in aqueous buffer at pH 6.8. Lipophilicity (logD)124 data was available 

for 28 of the 41 compounds that had both binding affinity and GTPγS potency lower than 

1.0 µM; their logD was in the high range 6.7 ≥ logD ≥ 4.9. The high logD may be a 
reason for the low aqueous solubility and was a risk factor in the further development of 
the compounds into orally available drugs.125  
   A selection of compounds were screened for in vitro clearance in rat liver microsomes 
(RLM) and human liver microsomes (HLM). All showed high clearance (CLint >100 

µM/min/mg) which may also be related to the high lipophilicity of the compounds. 
Metabolite studies of compound 27 showed the corresponding carboxylic acid as the 
only metabolite.126  
   Attempts to solve the issues with low solubility and high lipophilicity led to the 
discovery of the sulfonylurea series while the issue with low microsomal stability was 
addressed by introduction of electron donating substituents in the pyridine 2-position and 
by replacement of the ethoxycarbonyl with other functionalities. 

 
6.2 Sulfonylureas as P2Y12 antagonists (paper IV) 
 
The SAR of the linker region was investigated. By this strategy, sulfonylureas with 
increased solubility and potency compared to the matched-pairs ureas were discovered. 
Structural variations of the A-, B-, and C-rings were made to understand the scope of the 
sulfonyl ureas.  

 
6.2.1 Synthesis    
 
Compounds 44-47 (Table 4) with variation of the urea linker of 32 were prepared by 
treatment of the piperazinylpyridine 31 with commercially available iso(thio)cyanates. 
The sulfonylureas 28 and 48-52 were synthesized from 31 as exemplified in Scheme 7. 
Compound 53 (Table 5) was prepared from 43 by analogous procedures. 
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Scheme 7. Synthesis of sulfonamide derivatives. Reagents and conditions: (a) e.g. 51: 4-Cl-PhSO2NCO, 
THF, 0 °C to rt, 18 h. 
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Treatment of 54127 (Scheme 8) with piperazine gave 55, which was reacted with 
benzenesulfonyl isocyanate to give 56. Benzylsulfonamide was activated with CDI and 
then treated with 55 to give 57. The sulfonylurea 58 was prepared in three steps from 30 
by reaction with tert-butyl azetidin-3-ylcarbamate, followed by Boc-deprotection, and 
coupling of the formed amine with benzenesulfonyl isocyanate. Compounds 59 (Table 5) 
was prepared by a similar method.128 
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Scheme 8. Synthesis of sulfonamide derivatives. Reagents and conditions: (a) Piperazine, TEA, EtOH, 
MW, 160 °C, 25 min. (100%); (b) PhSO2NCO, DCM, rt, 18 h (13%); (c) CDI, BnSO2NH2, DCE, rt, 16 h, 
then add 55, DIPEA, rt, 16 h (58%); (d) tert-butyl azetidin-3-ylcarbamate, DIPEA, DMA, reflux, 16 h (50%); 
(e) HCl, DCM, rt, 16 h; (f) PhSO2NCO, TEA, DCM, rt, 16 h (31%, 2 steps). 
 
 
6.2.2 Results and discussion of SAR 
 
Replacement of the urea linker in 32 (Table 4) with a thiourea linker (44) gave a 

significant lowering (from 0.88 to 12 µM) of the binding affinity. This could mean that a 
strong hydrogen bond acceptor like a urea129 was needed in this position, however the 
acylurea/acylthiourea pair 45/46 showed the reverse effect. The replacement of one of 
the linker carbonyls of 45 with a methylene to give 47 resulted in higher binding affinity. 
Thus, from the SAR of these few compounds it appeared that one (and not two) strong 
hydrogen bond acceptors are required in the linker region. Considering that the 
diphosphate side chain of ADP (the natural agonist of the P2Y12 receptor) was acidic 
and that sulfonylureas like 22 (Figure 7, vide supra) had been reported as P2Y12 
antagonists, an acidic linker was introduced. 
   This was done by lowering the pKa of the urea linker of 32 with a sulfone moiety to 
give sulfonylureas like 48; the linker being a carboxylic acid bioisostere.130 The lead 

compound 48 showed an 8-fold higher GTPγS potency and a 2.5-fold higher aqueous 
solubility than the matched-pair urea 32. 
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Table 4.131 Binding affinity, potency, aqueous solubility, and lipophilicity of compounds leading from ureas 
27 and 32 to sulfonylurea 48. 
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Cpd No Binding 
IC50 (µM) 

GTPγS 
IC50 (µM) 

Solubility pH6.8 
(µM) 

logDa  pH6.8 clogP 

27 0.32 0.68 <0.1 4.0 4.0 

32 0.88 1.7 40 - 3.3 

44 12 3.7 - - 4.1 

45 9.9 5.3 - - 3.0 

46 2.4 0.99 - - 4.2 

47 2.4 1.7 - - 3.5 

48 0.18 0.22 100 - 3.3 
alogD was determined by a chromatographic method. 

 
    
   The higher solubility of 48 compared to 32 was likely due to its acidity (pKa = 3.8) 
which made the compound negatively charged at the pH (6.8) where solubility was 
determined. Other urea-sulfonylurea matched-pairs showed the same trend.  
   Substitution in the phenyl 2-position with chlorine or methyl (49 and 50, Table 5) led to 

lower or similar binding affinity and GTPγS potency compared to unsubstituted phenyl 
(48). A similar observation was made for substitution in the phenyl 4-position (51, 28, 
52), irrespective of the character of the substituent (Cl, F, or CH3). Like in the urea sub-
series, the 2-CF3/5-CN pyridines had higher or similar affinity and potency than the 
comparable 5-Cl pyridine derivatives (53 vs 52). The 2-CH3/5-CN pyridine 56 had affinity 
and potency on level with the comparable 2-H/5-Cl pyridine 48 (both being benzene 
sulfonylureas). 
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Table 5. Effects on binding affinity, potency, lipophilicity (logD), aqueous solubility, permeability in Caco-2 
monolayers in the apical (A) to basolateral (B) direction, and intrinsic clearance, CLint, in rat liver 
microsomes (RLM) and human liver microsomes (HLM) by structural variations in the sulfonylurea series.a  
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Cpd 
No 

R2 R5 R7 Binding 
IC50 
(µM) 

GTPγS 
IC50  
(µM) 

WPA 
IC50 
(µM) 

logD  
pH7.4 

 

Solu-
bility 
(µM) 

pH6.8 

Caco-2 
A to B  

(10-6 cm/s) 

CLint 
RLM 

CLint 
HLM 

 

48 H Cl Ph 0.18 0.22 1.1 - - M (0.28) H H 

49 H Cl 2-Cl-Ph 0.87 0.99 1.1 0.6 - - - - 

50 H Cl 2-CH3-Ph 0.15 0.26 ND 0.7 - - H H 

51 H Cl 4-Cl-Ph 0.52 0.38 - 1.3 - H (1.2) H H 

28 H Cl 4-F-Ph 0.37 0.47 ND 0.6  M (0.54) H H 

52 H Cl 4-CH3-Ph 0.30 0.30 0.19 0.9 87 H (2.5) H H 

53 CF3 CN 4-CH3-Ph 0.12 0.090 0.16 1.3 92 M (0.22) H H 

56 CH3 CN Ph 0.14 0.13 - - - M (0.30) - - 

57 CH3 CN Bn 0.033 0.054 0.020 0.9 90 M (0.37) H L 

58 - - - 0.43 0.38 . 0.8 - H (38) - - 

59 - - - 4.8 3.2 . 1.5 - - - - 
a The washed-platelet assay measured the ability of the compounds to inhibit fibrinogen-induced aggregation of 
platelets. logD was determined by a shake-flask method. The Caco-2 assay measured the permeability of the 
compounds in the apical to the basolateral direction in Caco-2 cell monolayers and is an in vitro model of the 
absorption in vivo. Microsomal clearance (CLint) in RLM and HLM has been reported as L/M/H = low, moderate or 
high by applying the following limits in RLM: high > 104 and low < 19 mL/min/kg and in HLM: high > 70 and low < 13 
mL/min/kg. 
 
The phenylsulfonylureas 58 and 59 had similar or lower potency than 48 while the 
benzylsulfonylurea 57 was the most promising in this series, showing a high potency in 
the WPA assay and being the only sulfonylurea with low clearance in HLM. 
Nonetheless, the high to moderate levels of intrinsic clearance, together with the 
moderate levels of permeability, observed for most compounds remained a general 
concern. 
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6.2.3 Stability of the sulfonylureas during prolonged storage in 
solution   
 
It was observed that prolonged storage of solutions of some sulfonylureas in acetonitrile, 
DMSO or mixtures of acetonitrile and ammonium formiate buffer (pH4) led to 
decomposition. To study this further, separate solutions of 51, 52, 58, and 59 (Figure 9) 
in a nucleophilic solvent, ethanol (EtOH), and a less nucleophilic solvent, acetonitrile 
(MeCN), respectively, were stored during 21 days at room temperature and the 
decomposition was followed by LC/MS.132  
The piperazines 51 and 52 were the least stable, particularly in EtOH. During 21 days, 
the purity of 51 in EtOH decreased from 95% to 32% and in MeCN from 95% to 74%, 
while the purity of 52 in EtOH decreased from 89% to 9% and in MeCN from 89% to 
80%. Notably, the azetidine 58 was stable in both EtOH and MeCN while the piperidine 
59 was stable in MeCN and slightly unstable in EtOH, showing a decrease from 97% to 
89% purity.  
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Figure 9. Stability of solutions of two piperazines, 51 and 52, one azetidine, 58, and one piperidine, 59,  
in ethanol (EtOH) and acetonitrile (MeCN), respectively, during 21 days at room temperature. 
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Detected degradation products by LC-HRMS (mass detection limit < 200 D) were the 
piperazinyl-, azetidinyl-, and piperidinylpyridines, respectively, and, for solutions in 
EtOH, the ethyl sulfonyl carbamates. No degradation of the nicotinic esters was 
observed.  
   The lower stability of piperazines 51 and 52 compared to azetidine 58 and piperidine 
59 mirrored the difference in stabillity for the pair of sulfonylureas 60 (tolbutamide) and 
61 (Figure 10), as reported by Bottari et al.133 Separately heating of 60 and 61 in EtOH 

at 80 °C for 1 h gave 59% recovery of 60, while nothing remained of 61. A similar result 

was obtained by Hutchby et al.134 when heating the ureas 62 and 63 in MeOH at 70 °C; 
while 62 showed no conversion after 18 h, 63 was completely converted to methyl N-
phenyl carbamate in less than 5 minutes. It thus seemed that the stability in solution of 
both ureas and sulfonylureas depended on their substitution pattern. 
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Figure 10. Literature examples of pairs of sulfonylureas and ureas whose stability in solution is dependent 
on the substitution pattern.  
 
   The 13C NMR chemical shifts (Table 6) of the linker carbonyls of the piperazines 51 
and 52 were shifted downfield in both d3-MeCN and d6-EtOD compared to azetidine 58 
and piperidine 59. This likely infered that 51 and 52 were (somewhat) better 
electrophiles,135 however the small differences in chemical shift seemed unlike to 
explain why 51 and 52 were much less stable.136  

 
Table 6. 13C NMR chemical shifts of the linker carbonyls in piperazines 51 and 52, azetidine 58, and 
piperidine 59.137 
 

 
 
 
 
 
 
 

 

a The signal was broad which was likely due to the change  
in pH of the solution during partial decomposition.  
 

Cpd No δ (linker-C) in d3-
MeCN 

δ (linker-C) in d6-
EtOD 

51 153.17 ND 

52 156.03 158.17a 

58 151.82 154.99 

59 151.27 152.85 
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   The different electronic characters of the phenyl substituent of 51 (4-Cl, electron 
withdrawing) and 52 (4-CH3, electron donating) makes 51 more acidic, and thus more 
easily deprotonated than 52. Delocalization of the formed anion protects the carbonyl 
against nucleophilic attack by EtOH, in analogy to reports on sulfonylureas in aqueous 
solutions,138 which may explain why 51 is more stable in EtOH than 52. 

 
 
6.3 Potential issue: microsomal stability of the nicotinic esters 
 
Many of the nicotinic ester compounds showed high microsomal clearance in vitro 
(Table 5), and identification of metabolites by LC/MS showed the corresponding nicotinic 
acids to be the main metabolites. These had no or low P2Y12 potencies in all three series 
of ureas, sulfonylureas and acyl sulfonamides. It was not clear whether the low in vitro 
metabolic stability would translate to the in vivo situation,139 hence different strategies 
were pursued to stabilize or replace the ethyl ester functionality. 
   One strategy was to increase the electron density of the pyridine ring. It was assumed 
that the electron donating effect of the 6-amino substituent (azetidinyl, piperidinyl, or 
piperazinyl) already provided stabilization of the ethyl ester and that additional 
stabilization could be attained by introduction of electron donating groups in the pyridine 
2-position. 
   Further, it was investigated if the 3-ethoxycarbonyl (ethyl ester) functionality could be 
replaced by either branched esters,140 non-cyclic isosteres like ether/amide/ketone or 5-
membered heterocycles as non-classical isosteres.141 
   Synthesis of compounds with variation in the pyridine 2-position and of 5-ethyl-1,3-
oxazole derivatives was developed by the author and is presented here. This was made 
by using the piperidinyl-pyridine scaffold of the acyl sulfonamide series (exemplified by 
compound 29 in Scheme 4) that appeared from our later efforts to improve the 
properties of sulfonyl ureas. To give perspective, other compounds not synthesized by 
the author have been included in the discussion of the SAR and the binding model for 
the 3-ethoxycarbonyl region.  
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6.3.1 Development of synthetic routes to facilitate variation of the 
pyridine 2-substituent142 
 
A novel synthetic route (Scheme 9) was developed that included the use of a 2-pyridone 
intermediate which made a late derivatization of the pyridine 2-position possible.  
   Commercially available 64 was converted in three steps into 65. A protective group on 
the linker nitrogen was considered necessary to prevent side-reactions in subsequent 
steps. In addition, it made 65 easier to handle (extractable into an organic phase). An 
allyl protective group was chosen since its removal with Pd(0)/sulfinic acid was unlikely 
to jeopardize the ethyl ester.143 However, this was a considered risk, since alkylation 
(and thus probably also allylation) of acyl sulfonamides make them prone to 
hydrolysis.144 Step-wise condensation of 65 with ethyl 2-cyanoethanimidoate145 and 
diethyl (ethoxymethylene)malonate produced the 2-pyridone 67. Although yields were 
un-optimized, this presented a fast method to produce sufficient amounts of this 
pyridone for further derivatization.  
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Scheme 9. Reagents and conditions: (a) TBTU, TEA, THF, rt, 45 min., then add BnSO2NH2, LiCl, rt, 22 h 
(78%); (b) 3-bromoprop-1-ene, DIPEA, DMF, rt, 21 h; (c) TFA, DCM, rt, 4 h; (d) DIPEA, EtOH,16 h; (e) rt, 
18 h (13%, 4 steps); (f) MeI, Ag2CO3, DCM, DMSO, MW, 100 ˚C, 10 min. (68%); (g) Pd(PPh3)4,                
4-CH3PhSO2Na, rt, 2 h (34%); (h) FSO2CF2COOH, MeCN, MW, 80-100 ˚C, 25 min.; (i) Pd(PPh 3)4,           
4-CH3PhSO2Na, DCM, rt, 20 h (22%, 2 steps); (j) Tf2O, TEA, DCM, 0 oC, 1 h; (k) CH3NH2, THF, rt, 16 h, 
then add DIPEA, MW, 100-120 ˚C, 1 h; (l) 4-CH3PhSO2Na, Pd(PPh3)4, DCM, rt, 16 h (45%, 3 steps). 
 
Treatment of 67 with methyl iodide146 or fluorosulfonyldifluoroacetic acid,147 followed by 
allyl deprotection produced 68 and 69, respectively, while conversion into a triflate, 
followed by reaction with methylamine and allyl deprotection gave 70. As an alternative 
procedure (Scheme 10), condensation of 2-cyanoacetamide 71 with diethyl 
(ethoxymethylene)malonate produced a 6-hydroxy-pyridin-2-one148 that was reacted 
with oxalyl chloride to give ethyl 5-cyano-2,6-dichloronicotinate 72. SNAr with 
dimethylamine was regioselective for the pyridine 2-position. Subsequent treatment with 
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piperidine-4-carboxylic acid and coupling of the carboxylic acid functionality with 
benzylsulfonamide gave 74.  
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Scheme 10. Reagents and conditions: (a) NaOEt, EtOH, 80 °C, 20 min., add diethyl 
(ethoxymethylene)malonate, reflux, 16 h; (b) (COCl)2, DMF, toluene, 85-100 °C, 20 h; (c) (CH3)2NH, 
MeCN, 0 °C -> rt, 16 h; (d) piperidine-4-carboxylic acid, TEA, EtOH/water, MW, 120 °C, 20 min. (42%,      
4 steps); (e) BnSO2NH2, TBTU, DIPEA, rt, 28 h (23%). 
 
Assignment of regiochemistry was made by comparison with the regioisomer of 73 
(obtained by treatment of 72 with the nucleophiles in opposite order). Only in the non-

desired regioisomer is NOE observed between γ-protons (N-C-H) of the piperidine and 
methylene protons of the ethyl ester. 2-Aminopyridine 75 (Table 7) was prepared by 
similar procedures149 which showed the same regioselectivity. The observed 
regioselectivity in the reaction of 2,6-dichloropyridines like 72 with an amine nucleophile 
gave inspiration to a more systematic study (vide infra, resulting in paper VI). 
 

6.3.2 Development of synthetic routes to 5-ethyl-oxazoles (paper V) 
 
The 5-ethyl-oxazole derivative 77 (Scheme 11) was prepared from 54 by an eight-step 
procedure. Thus, the ethyl ester functionality of 54 was hydrolyzed and the formed 
nicotinic acid derivative was coupled with (±)-1-aminobutan-2-ol to provide the 2-hydroxy 
amide (±)-76, which was oxidized by Swern oxidation to the corresponding 2-keto 
amide. While cyclization (Robinson-Gabriel oxazole synthesis) failed with PPh3/I2/TEA150 
and DBU/Pyridine/PPh3 /CCl4,151 treatment with Cl3CCOCl152 provided the cyclized 
material in 46% yield (POCl3 was not tested, because of the acid-sensitive Boc-group). 
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Scheme 11. Synthesis of 5-ethyl-oxazole derivative. Reagents and conditions: (a) piperazine, TEA, EtOH, 
MW, 170 °C, 20 min. (84%); (b) Boc2O, K2CO3, THF/H2O, rt, 16 h (94%); (c) LiOH, THF/H2O, 60 °C, 5 h 
(75%); (d) EDC·HCl, HOBT, (±)-1-aminobutan-2-ol, DIPEA, rt, 14 h (96%); (e) (COCl)2, DMSO, DCM,        
-78 °C, 5 min., add (±)-76 in DCM, -78 °C, 30 min., add TEA, -78 °C to rt (96%); (f) pyridine, DMA, 
Cl3CCOCl, DCM, 0 °C, 2 h, then rt, 16 h (46%); (g) TFA, DCM, rt, 40 min.; (h) 5-chlorothiophene-2-
sulfonamide, CDI, DIPEA, DCM, rt to 50 °C, 18 h (37%, 2 steps). 
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Boc-deprotection with TFA followed by treatment with CDI-activated 5-chlorothiophene-
2-sulfonamide finalized the synthesis of compound 77. Similar procedures applied to 78 
and 80 (Scheme 12) provided the 6-chloropyridines 79 and 81, respectively. These were 
to be used as starting materials for exploration of alternative B- and C-rings.  
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Scheme 12. Synthesis of the 6-chloropyridine derivatives 79 and 81. Reagents and conditions: (a) EDC, 
HOBT, (±)-1-aminobutan-2-ol, DCM, rt, 18 h; (b) (COCl)2, DMSO, DCM, -78 °C, 10 min., add (±)-5,6-
dichloro-N-(2-hydroxybutyl)nicotinamide in DCM/DMSO (3:1), -78 °C, 30 min., add TEA, -78 °C, 30 min., 
then rt, 3 h; (c) POCl3, 90° C, 30 min (38%, 3 steps); (d) LiOH, THF/H2O, MW, 100 °C, 20 min. (98%); (e) 
POCl3, 120 °C, 3 h; concentrate; add (±)-1-aminobutan-2-ol, TEA, THF, rt, 0 °C to rt, 5 h; (f) (COCl)2, 
DMSO, DCM,  -78 °C, <5 min., add (±)-6-chloro-5-cyano-N-(2-hydroxybutyl)-2-methylnicotinamide in 
DCM, -78 °C, 1 h, add TEA, -78 °C, 15 min., then rt, 15 min.; (g) POCl3, 100 °C, 1.5 h (51%, 3 steps). 
 
The ester hydrolysis product of 80 was difficult to handle due to low solubility in organic 
solvents and the sequence leading to 81 was difficult to reproduce. Thus, an alternative 
method (Scheme 13) was developed in which 82 (the sodium salt of 80) was protected 
with a SEM-group to give the regioisomers 83 and 84 (94:6 ratio). The O-SEM 
regioisomer 83 was isolated by chromatography, however the subsequent treatment of 
83 under alkaline condition to hydrolyze the ethyl ester led to migration of the SEM 
group such that the O-SEM and N-SEM regioisomers 85 and 86 were formed in a 1:1 
ratio. The mixture was used in the subsequent amide coupling, in which only 85 reacted, 
to give (±)-87, while 86 was recovered from the reaction mixture. Swern oxidation of the 
secondary alcohol of (±)-87, followed by cyclization using Burgess’ reagent,153 SEM-
deprotection with TFA, and treatment with oxalyl chloride provided the 6-chloropyridine 
building block 81.154 Compounds 79 and 81 were employed in synthetic procedures 
similar to those of the ethyl 6-chloronicotinates 30 and 54, as exemplified with the two-
step synthesis of 89 from 81 (Scheme 13).  
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The ester hydrolysis product of 80 was difficult to handle due to low solubility in organic 
solvents and the sequence leading to 81 was difficult to reproduce. Thus, an alternative 
method (Scheme 13) was developed in which 82 (the sodium salt of 80) was protected 
with a SEM-group to give the regioisomers 83 and 84 (94:6 ratio). The O-SEM 
regioisomer 83 was isolated by chromatography, however the subsequent treatment of 
83 under alkaline condition to hydrolyze the ethyl ester led to migration of the SEM 
group such that the O-SEM and N-SEM regioisomers 85 and 86 were formed in a 1:1 
ratio. The mixture was used in the subsequent amide coupling, in which only 85 reacted, 
to give (±)-87, while 86 was recovered from the reaction mixture. Swern oxidation of the 
secondary alcohol of (±)-87, followed by cyclization using Burgess’ reagent,153 SEM-
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Scheme 13. Alternative route to the 6-chloropyridine building block 81 followed by synthesis of 89 in two 
steps. Reagents and conditions: (a) SEM-Cl, DIPEA, DCM, MW, 120 °C, 20 min. (58%, ratio 83/84 96:4); 
(b) LiOH, THF/H2O, rt, 4 h (96%, ratio 85/86 1:1); (c) EDC·HCl, HOBT, (±)-1-aminobutan-2-ol, DIPEA, 
DCM, rt, 18 h (35%); (d) (COCl)2, DMSO, DCM, -78 °C, <5 min., add (±)-87 in DCM, -78 °C, 1 h, add TEA, 
-78 °C, 15 min., then rt, 15 min. (88%); (e) (CH3CH2)3N+SO2N-CO2CH3 (= Burgess’ reagent), THF, MW,  
80 °C, 2 min. (67%); (f) TFA, DCM, 4 h (82%); (g) (COCl)2, DCM, rt, 16 h, then 50 °C, 2 h (56%); (h) 
piperidine-4-carboxylic acid, EtOH, MW, 120 °C, 20 min. (100%); (i) BnSO2NH2, HATU, DIPEA, 18 h, then 
add EDC, HOBT, rt, 28 h, then add extra BnSO2NH2, 64 h (64%). 
 
 
6.3.3 Results and discussion 
 
As the only compounds that resulted from the variation of the pyridine 2-position, the 2-
aminopyridines 70, 74, and 75 (Table 7) showed low to moderate intrinsic clearance in 
both RLM and HLM. Introduction of alkyl substituents on the 2-amino substituent of 75 

had marked effects on the potency in the GTPγS assay, giving a 200-fold increase (to 

0.044 µM) by replacement with a 2-methylamino substituent (70) and a 27-fold increase 
with 2-dimethylamino substituent (74). This was contrasted by the potency pattern of the 
triad of compounds 2-methyl, 2-ethyl- and 2-i-propyl pyridine derivatives 29, 90, and 

91155 that showed no differences in their potencies in the GTPγS assay.  

Compounds with high potency in the GTPγS assay were also tested in the residual 
platelet count (RPC) assay.156 This is a whole blood assay and is thus closer to the 
physiological conditions. Addition of the agonist ADP to whole blood induces platelet 
aggregation, however a number of platelets remain unaggregated, known as the 
residual platelets count. Co-addition of an antagonist leads to an increase in the residual 
platelets count, from which the potency of the antagonist is determined.  



38 
 
Table 7. Effects on binding affinity, potency, logD, permeability in Caco-2 monolayers, and intrinsic 
clearance CLint in RLM and HLM by variation of the pyridine 2-substituent.a 

  

N

O

O
N

N

O

N
H

S

R2

OO  
 

Cpd 
No 

R2 σp(R2) 157 Bin-
ding 
IC50 
(µM) 

GTPγS 
IC50 
(µM) 

RPC 
IC50  
(µM) 

LogD  
pH 6.8 

Caco-2  
A to B 
(10-6 
cm/s) 

CLint  
RLM 

(µl/min 
/mg) 

CLint  
HLM 

(µl/min/ 
mg) 

29 -CH3 -0.17 0.011 0.025 3.2 2.8 H (18) H L 

68 -OCH3 -0.27 0.005 0.008 0.56 1.9 M (0.30) H M  

69 -OCHF2 - 0.009 0.016 0.48 2.9 L (<0.01) - H 

70 -NHCH3 -0.70 0.013 0.044 12 3.3 - L M 

74 -N(CH3)2 -0.83 0.32 0.31 - 2.6 - L M 

75 -NH2 -0.66 2.5 8.9 - - L (0.12) L L 

90 -CH2CH3 -0.15 0.028 0.022 5.8 3.3 H (38) H H 

91 -i-Pr -0.15 0.061 0.041 5.9 3.9 H (31) H H 
a The RPC (residual platelet count) assay determines the number of single platelets that remain after induction of 
platelet aggregation in whole blood using ADP as agonist. Thus the effect of an antagonist is determined by an 
increase in the residual platelets count. Microsomal clearance (CLint) in RLM and HLM has been reported as L/M/H = 
low, moderate or high by applying the following limits in RLM: high > 104 and low < 19 mL/min/kg and in HLM: high > 
70 and low < 13 mL/min/kg. 
 
   The comparatively high potency of the 2-aminopyridine derivative 70 in the GTPγS 
assay was regrettably not retained in the RPC assay. The (mesomerically) electron 
donating 2-methoxy group of 68 seemed to stabilize the 3-ethoxycarbonyl against 
metabolism in HLM, in comparison to the electron withdrawing 2-difluoromethoxy group 
of 69. 
   Replacement of the ethyl ester functionality of 92 (Table 8) with an i-propyl ester (94) 

gave a moderate, five-fold lowering (to 0.53 µM) of GTPγS potency. Unfortunately, the 
clearance in both RLM and HLM remained high which showed that introduction of esters 
with branched alkyl substituents, which has been utilized successfully with other 
chemical series,158 was not a viable strategy to reduce metabolism in the present case.  

   The ethyl amide 96a showed a 200-fold lower GTPγS potency (5.2 µM) than the 
comparable ethyl ester 29 while the methyl amide 96b showed no potency.159 Low 
potency of amide analogs was also observed in the urea sub-series (vide supra). The n- 

propyl ketone 97 had a 4-fold lower potency in the GTPγS assay than 29 and was stable  
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Table 8.160 Effects on binding affinity, potency and metabolic stability in rat liver microsomes (RLM) and 
human liver microsomes (HLM) by replacement of the 3-ethoxycarbonyl substituents of scaffolds D1-D4 
with non-cyclic analogs and oxazoles.a  
 

N
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S
OO

S
Cl

O
N

NN

Cl

N
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S
OOO

NN

N

N
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OOO

N
NN

Cl

N
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OOO

N
NN

N

S
Cl

D1 D2

D3 D4
 

 
Cpd 
No 

R-X Scaf-
fold 
(R) 

Binding 
IC50 
(µM) 

GTPγS 
IC50 

(µM) 

WPA 
IC50  
(µM) 

RLM 
H/M/L 

HLM 
H/M/L 

logD 
pH7.4 

Hydrogen bond  
acceptor strength 

Vmin (kcal/mol) 

92 R-CO2Et D1 0.090 0.10 0.27 H H - (=O): -45, -45 
 

93 R-CO2CH3 D1 0.65 3.2 - - - 0.90 - 
94 R-CO2-i-Pr D1 0.25 0.53 - H H 1.5 - 

29 R-CO2Et D2 0.011 0.025 0.009 H L 1.4 (=O): -41, -38 

95 R-CO2-n-Pr D2 0.065 0.014 0.018 H M/H 3.2 - 

96a R-C(O)NHEt D2 1.5 5.2 - - - -0.10 (=O): -50, -50 

96b R-C(O)NHCH3 D2 13 >33b - - - -0.30 (=O): -51, -49 
 
 
 

97 R-C(O)-n-Pr D2 - 0.10 - L L - (=O): -41, -38 

48 R-CO2Et D3 0.18 0.22 - - - - (=O): -45, -44 

98 R-O-n-Pr D3 21 >33b - - - - (O): NVc 

99 
R

N

O  
D1 6.7 5.7 - - M - (=N): -50, (O): -15  

100 
R

N

O  
D1 20 20 - H L 1.6 (=N): -51, (O): -17 

101 
R

N

O  
D1 0.32 0.87 2.5 H M 0.80  (=N): -54, (O): -15 

102 
R

N

O  
D1 0.40 0.73 1.0 H H 2.3 (=N): -54, (O): -15 

89 
R

N

O  
D2 0.18 0.11 0.20 L L 2.3 (=N): -54, (O): -15 

77 
R

N

O  
D4 0.097 0.31 0.24 - H - - 

 

103 R-CO2Et D4 0.042 0.034 0.18 H H 2.3 - 
 

a L/M/H = low/moderate/high. logD was determined by a shake-flask method. Vmin (see references for exact definition) 
was calculated by quantum mechanical methods and is a predictor of hydrogen bonding acceptor strength; the lower 
the Vmin, the stronger is the hydrogen bond acceptor. bMaximum concentration tested was 33 µM. cNo minimum found.  
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in both RLM and HLM, and the ketone sub-series was investigated further (not reported 
here). Shape and electrostatic matching of 5-membered heterocycles with the 
ethoxycarbonyl functionality presented 5-methyl-oxazole as a possible replacement.161 
An oxazole has been used previously as a bioisosteric replacement for a carboxylic 
ester,162 however its introduction is non-trivial.163 
   The 5-methyl-oxazole 101 showed a similar affinity (0.32 µM), and a moderately lower 

potency in GTPγS (0.87 µM) than the comparable ethyl ester 92. The unsubstituted 
oxazole 99 and the 4-methyl-oxazole 100 had notably lower affinity and potency. 
Extension of the side-chain to give 5-ethyl-oxazole 102 led to a 2.5-fold higher potency 

in WPA (to 1.0 µM), but also increased the clearance in HLM from moderate to high.  
   Following a project decision to further investigate the most potent compounds, the 5-
ethyl-oxazole moiety was combined with scaffolds D2 and D4 to give 89 and 77, 
respectively. Compound 89 showed low metabolism in both RLM and HLM, a clear 
improvement of the metabolic profile in comparison to the matched-pair n-propyl ester 

95. However, the potency of 89 in the GTPγS assay was 8-fold lower, and in the WPA 
assay 11-fold lower than for 95.  
   Compound 77 showed high clearance in HLM. No matched-pair n-propyl ester was 
available for comparison. The corresponding ethyl ester 103 showed high metabolism in 
both RLM and HLM. It appeared unlikely that the homologous n-propyl ester should 
have lower metabolic stability; the ethyl/n-propyl pair of esters 29/95 seemed to indicate 
an increased metabolism by elongation of the unbranced alkyl group of the ester. By this 
reasoning, replacement of an ethyl ester (and probably also of an n-propyl ester) with a 
5-ethyl-oxazole did not increase the metabolic stability in this case.  
   Further analysis164 showed that the metabolism of the oxazoles (with 89 as a notable 
exception) was CYP450-dependent. A similar dependency was not observed for the 
ethyl esters.  
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6.4 Binding model of ethoxycarbonyl substituent and isosteres 
 
   The lack of structural information for the P2Y12 receptor165 made it difficult to draw 
definite conclusions about the nature of the bioactive conformation, in particular which 
specific binding interactions between the ligand and the receptor were required in the 
region of the ethyl ester and its bioisosteres to provide high affinity and potency. Pair-
wise comparison of compounds in particular gave some hints along these lines and will 
be presented in the following. 
   The difference in binding affinity was 7-fold for ethyl/methyl ester 92/93, 8-fold for 
ethyl/methyl amide 96a/96b and 21-fold for 5-methyl-oxazole/oxazole 101/99. This 
highlighted the importance of the alkyl substituent being ethyl rather than methyl (or 5-
methyl rather than 5-hydrogen for the oxazoles). The 63-fold lower affinity of the 4-
methyl-oxazole 100 compared to the 5-methyl-oxazole 101 underlined the importance of 
the alkyl substituent being correctly positioned. 
   The hydrogen bond acceptor (HBA) strengths (Table 8) of the esters and their 
replacements were quantified by quantum mechanical calculations166 of the electrostatic 
potential at a minimum (Vmin)167 with the lowest values corresponding to the strongest 
HBAs. The nitrogens of the oxazoles and the carbonyls of the esters, the ketone, and 
the amides, respectively, were all strong HBAs, as confirmed by literature.168 Of these, 
the ethyl amide 96a had a surprisingly low binding affinity and potency. This may be 
explained by unfavourable interactions of the amide nitrogen or hydrogen, the higher 
hydrophilicity of the ethyl amide in comparison to the ethyl ester, or by a non-optimal 
positioning of the alkyl group. 
   The >115-fold lower affinity and potency of the n-propyl ether 98, which is lacking a 
strong HBA, compared to the corresponding ethyl ester 48 also indicated that a strong 
HBA was required in this region. In the low affinity compound 4-methyl-oxazole 100 the 
oxazole ring must flip for the 4-methyl group to overlay with the alkyl group of the ethyl 
ester, which means that only the oxygen of the oxazole, which is a weak HBA, becomes 
available for hydrogen bonding.           
   Assuming that similar compounds bind in a similar fashion169 it appeared that a 
correctly positioned alkyl group and a correctly positioned strong HBA both were 
required for binding. Density functional theory (B3LYP) calculations170 showed that 
planarity between the pyridine ring and the ethoxycarbonyl of 92 was the preferred 
conformation. A similar result was obtained for the 5-ethyl-oxazole 102. This is 
summarized in Figure 11 for compound 102. 
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Figure 11. Suggested interactions for the 5-ethyl-oxazole moiety of 102. It appeared that a correctly 
positioned alkyl group and a correctly positioned strong hydrogen bond acceptor both were necessary 
structural motifs for binding. HBD = hydrogen bond donor. 
 
 
6.5 Pharmacokinetic evaluation in vivo  
 
A selection of the sulfonylurea P2Y12 antagonists (Table 9) were tested in vivo in rat for 
determination of pharmacokinetic properties.171 The moderate to high clearance (CL) 
values and the low levels of bioavailability (F) showed that further improvements in 
properties were needed. This was addressed subsequently by investigating the acyl 
sulfonamide series of P2Y12 antagonists.172 
 
Table 9. Pharmacokinetic data in vivo in rat for a selection of compounds.a  
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Cpd 
No 

N, 
iv 

CL  
(mL/min/kg) 

± SEM 

t1/2 iv 
(h)  

N, 
po  

F (%)b  
± SEM 

t1/2 po 
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GTP S 
IC50  

M) 

WPA 
IC50 
(µM) 

Caco-2 
A to B  

(10-6 cm/s) 

CLint  
RLM 
L/M/H 

53 2 89 (±2) 1.5 2 20 (±10) 0.65 0.30 0.16 M (0.22) H 

58 2 29 (±2) 0.2 3 20 (±1) 2.1 0.38 ND H (3.9) - 

77 1 71 0.85 2 8.9 (±0.8) 2.0 0.73 1.0 M (0.19) H 
a In vitro data are included for reference. L/M/H = low/moderate/high.  b The compounds were administered as 
solutions in TEG/EtOH/H2O 50:5:45. CL = clearance, F = bioavailability. 

 



42 
 

 
Figure 11. Suggested interactions for the 5-ethyl-oxazole moiety of 102. It appeared that a correctly 
positioned alkyl group and a correctly positioned strong hydrogen bond acceptor both were necessary 
structural motifs for binding. HBD = hydrogen bond donor. 
 
 
6.5 Pharmacokinetic evaluation in vivo  
 
A selection of the sulfonylurea P2Y12 antagonists (Table 9) were tested in vivo in rat for 
determination of pharmacokinetic properties.171 The moderate to high clearance (CL) 
values and the low levels of bioavailability (F) showed that further improvements in 
properties were needed. This was addressed subsequently by investigating the acyl 
sulfonamide series of P2Y12 antagonists.172 
 
Table 9. Pharmacokinetic data in vivo in rat for a selection of compounds.a  
 

N N
H

O
S

OO

NN
O

O N

F

FF
N
H

NN

O

O

N
H

O
S

O

O

Cl

N N

N

N

O

N
H

S
O O

S

Cl
O

N

53 58 77

  
Cpd 
No 

N, 
iv 

CL  
(mL/min/kg) 

± SEM 

t1/2 iv 
(h)  

N, 
po  

F (%)b  
± SEM 

t1/2 po 
(h) 

GTPγS 
IC50  
(µM) 

WPA 
IC50 
(µM) 

Caco-2 
A to B  

(10-6 cm/s) 

CLint  
RLM 
L/M/H 

53 2 89 (±2) 1.5 2 20 (±10) 0.65 0.30 0.16 M (0.22) H 

58 2 29 (±2) 0.2 3 20 (±1) 2.1 0.38 ND H (3.9) - 

77 1 71 0.85 2 8.9 (±0.8) 2.0 0.73 1.0 M (0.19) H 
a In vitro data are included for reference. L/M/H = low/moderate/high.  b The compounds were administered as 
solutions in TEG/EtOH/H2O 50:5:45. CL = clearance, F = bioavailability. 

 

43 
 

 
7. Regioselectivity in the reaction of 3-substituted 2,6-
dichloropyridines with 1-methylpiperazine (paper VI) 
 
The findings in the synthesis of the 2-dimethylaminopyridine 74 (vide supra, Scheme 10) 
gave inspiration to a chemical design study of the regioselectivity in the SNAr reaction of 
3-substituted 2,6-dichloropyridines with 1-methylpiperazine (Scheme 14).  

N
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Cl Cl N
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Cl N
N

H H

N
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N Cl
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Scheme 14. The two possible regioisomers formed in the reaction of a 3-substituted 2,6-dichloropyridine 
with 1-methyl piperazine. NOE between the piperazine hydrogens and the 5-hydrogen of pyridine can be 
observed in the 6-isomer only. 
  
   In the literature, examples of regioselectivity for the 2-position in the SNAr reactions 
between 3-substituted 2,6-dihalogenopyridines and amine nucleophiles included the 
treatment of 2,6-dibromo-3-trifluoroacetylaminepyridine with benzylamine in the 
presence of 0.1 equiv CuI and 0.2 equiv L-proline in DMSO which gave the 2-
regioisomer solely.173 Likewise, the 2-isomers were isolated as the sole products in the 
reaction of ammonia with 2,6-dichloro-3-hydroxymethylpyridine174 (in EtOH) and 2,6-
dichloronicotinic acid175 (in water), respectively, however no further analysis of the 
regioselectivity outcomes was provided. Also the treatment of 2,6-dichloronicotinamides 
with amines was reported to give selectivity for the 2-isomer, exemplified by the reaction 
of phenethylamine with 2,6-dichloro-N-(2-phenoxyethyl)nicotinamide in THF.176 Reaction 
of 2,6-dichloro-3-nitropyridine with ammonia in i-PrOH,177 methylamine in EtOH,178 
allylamine in DCM,179 diethylamine in MeCN,180 i–BuNH2, tert-BuCH2NH2, or i-PrSO2NH2 

in EtOH,181 4-ethoxycarbonyl-1-piperazine in CHCl3,182 or N-tert-butoxycarbonyl-aniline 
in DMF183 gave primarily or solely the 2-isomer. Hirokawa et al.184 reported the reaction 
of methyl 2,6-dichloronicotinate with methylamine to give moderate selectivity for the 2-
isomer (49:12 in THF at 5 ºC), while reaction with benzylamine increased the selectivity 
for the 2-isomer (86:14 in THF at – 20 ºC). 
   With 2,6-dichloro-3-trifluoromethylpyridine, the regioselectivity was biased towards the 
6-isomer. Thus, treatment with methylamine in EtOH gave the 2-isomer and the 6-
isomer in a 1:4 ratio, while treatment with the sterically more demanding N,N-
bisbenzylamine in N-methyl-2-pyrrolidone gave solely the 6-regioisomer.185 DABCO 
reacted selectively in the 6-position of methyl 2,6-dichloronicotinate in DMF-d7 or THF to 
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form a reactive intermediate that was reacted further by treatment with phenols.186         
A number of other reports187 described the reaction of N-nucleophiles with 3-substituted 
2,6-dichloropyridines without mentioning the regiochemical outcome.  
   Given the differences in nucleophiles and reaction conditions, including solvents, in 
these literature reports it was difficult to draw general conclusions about the factors that 
are controlling the regioselectivity.  
   In the present study, three parameters that expressed different aspects of the 
character of the pyridine 3-substituent (R3) were varied systematically: lipophilicity (PI), 

size (MR; molar refractivity) and inductive effect (σp).188 While the size and inductive 
effects are usual in this context, it was decided also to include the lipophilicity as a way 
to represent and study the effect of the polar character of the 3-substitutent. 1-
Methylpiperazine was selected as nucleophile since the products could be easily 
detected by LC/MS. 

   Each value of PI, MR and σp were categorized as low (L), medium (M), or high (H), 
thus each starting material could be assigned a three letter code, e.g. LLH. Fifteen 
starting materials were selected, based on letter codes and synthetic feasibility, such 
that the starting materials 104-111 (Table 10) included the eight possible combinations 
of extreme (either low or high) values of the three variables, while seven other starting 
materials 112-117 included at least one medium value. The secondary amine 118 was 
included to facilitate comparison with primary amine 104 and secondary amine 107. 
Reaction of starting materials 104-118 with 1-methylpiperazine (MP) would produce the 
2-MP regioisomers 119a-133a and the 6-MP regioisomers 119b-133b, such that 
compound 104 would give 119a and 119b, compound 105 would give 120a and 120b 
etc.  
   Reaction of 1-methylpiperazine with reactive starting materials (i.e. those having an 
electron withdrawing 3-substituent) were run in acetonitrile at a concentration of 0.1M 
with three equivalents of N,N-diisopropylethylamine (DIPEA) as base. The reactions 
were run at room temperature or with single node heating in a microwave oven. Less 
reactive starting materials (i.e. those having an electron donating 3-substituents) reacted 
insufficiently under those conditions, and were instead reacted in neat 1-
methylpiperazine (54 equivalents) as a solvent-base with single node heating in a 
microwave oven. To reveal any effect of the reaction medium, a selection of the reactive 
starting materials were also reacted in neat 1-methylpiperazine. These reactions were 
performed at 0 °C and to prevent formation of bis-addition products the reactions were 
quenched with formic acid after 20-30 seconds of reaction time. 
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Table 10. Chemical design of starting materials with variation of lipophilicity (PI), size (MR), and inductive 
effect (σp).  
 

 a The letter code refers to the combination (PI, MR, σp) with each value being either L = low, M = medium, or H = high. 

 
The regioselectivity Rsel for the pyridine 2-position was determined by 1H NMR as the 
integral of the two aromatic pyridine hydrogens in the 2-isomer to the total integral of the 
four aromatic pyridine hydrogens in the 2-isomer and the 6-isomer. Only in the 6-MP 
regioisomers (Scheme 14) could NOE between the pyridine 5-hydrogen and hydrogens 
in MP be observed, and this was used as a diagnostic tool to identify the 6-MP 
regioisomers. The spectra of the pure regioisomers were compared with the spectrum of 
the reaction mixture, and thereby Rsel could be determined.  
   To study any effect of the solvent, the synthetically useful compound 112 was treated 
with 1-methylpiperazine in 21 different and separate solvents. These were selected 
based on differences in e.g. polarity, hydrogen bond donor and acceptor ability, 

molecular dipolar momentum µ, and relative static permittivity (dielectricity constant) ε.  

 
7.1 Synthesis 
 
Oxidation of 2-chloro-3-methylpyridine 134 (Scheme 15) to N-oxide 135 followed by 
chlorination provided a 6:1 mixture of 2,6-dichloro-3-methylpyridine 105 and by-product 
2,4-dichloro-3-methylpyridine 136. Separation of the products by chromatography was 

Cpd No 

N

R3

Cl Cl

R3 =  

PI MR σp Letter codea 

 

104 -NH2 -1.23 5.4 -0.66 LLL 

105 -CH3 0.56 5.67 -0.17 HLL 

106 -p-N(CH3)2Ph 2.06 39.9 -0.56 HHL 

107 morpholino -0.77 24.6 -0.50 LHL 

108 -CN -0.57 6.3 0.66 LLH 

109 -CF3 0.88 5.0 0.54 HLH 

110 -COOPh 1.46 30.2 0.44 HHH 

111 -SO2N(CH3)2 -0.78 21.9 0.65 LHH 

112 -COOCH3 -0.01 12.9 0.45 MMH 

113 -OCH2CH3 0.38 12.5 -0.24 MML 

114 -COO- -4.36 6.0 0 LLM 

115 -CONH2 -1.49 9.8 0.36 LMH 

116 -Br 0.86 8.9 0.23 HMH 

117 -SCH2CH3 1.06 18.1 0.03 HHM 

118 -NHPh 1.37 30.0 -0.56 HHL 
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not possible.189 This was solved by treating the mixture with Zn which selectively 
reduced the 4-chlorine of by-product 136 to give 134, and compound 105 could be 
separated from 134 by chromatography. 
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Scheme 15. Synthesis of 2,6-dichloro-3-methylpyridine 105. Reagents and conditions: (a) m-CPBA, 
CHCl3, 0 °C to rt, 18 h (86%); (b) POCl3, DCM, 0 °C, 2 h, then rt, 3 h (18%); (c) Zn, NH4Cl, THF/MeOH, 
MW, 120 °C, 1 h (62% of 105).  
 
Derivatization of 2,6-dichloro-3-iodopyridine 137 (Scheme 16) by Suzuki190 and 
Buchwald-Hartwig191 reactions produced 106 and 118, respectively. 2,6-Dichloro-3-
morpholinopyridine 107 was synthesized from 104 in three steps. 
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Scheme 16. Derivatizations leading to introduction of 4-dimethyaminophenyl group to give 106, of N-
phenyl group to give 118 and of morpholino group to give 107. Reagents and conditions: (a) 4-
[N(CH3)2]PhB(OH)2,Pd(Ph3P)4, LiCl, BaOH·8H2O,1,4-dioxane/H2O 1:3, 95 °C, 2 h (12%); (b) PhNH2, tert-
BuONa, Pd2(dba)3, BINAP, 1,4-dioxane, 100 °C, 18 h (46%); (c) 1,4-dioxane-2,6-dione, MeCN, MW,     
100 °C, 2 h; (d) T3P (propylphosphonic anhydride), TEA, EtOAc, rt, 16 h; (e) BH3, THF, 60 °C, 4 h (38%, 3 
steps).    
 



46 
 
not possible.189 This was solved by treating the mixture with Zn which selectively 
reduced the 4-chlorine of by-product 136 to give 134, and compound 105 could be 
separated from 134 by chromatography. 

NCl N
+

Cl
O

NCl Cl NCl

Cl

NCl Cl NCl
105

105134
135

136

+

134

+

a b

c

 
 
Scheme 15. Synthesis of 2,6-dichloro-3-methylpyridine 105. Reagents and conditions: (a) m-CPBA, 
CHCl3, 0 °C to rt, 18 h (86%); (b) POCl3, DCM, 0 °C, 2 h, then rt, 3 h (18%); (c) Zn, NH4Cl, THF/MeOH, 
MW, 120 °C, 1 h (62% of 105).  
 
Derivatization of 2,6-dichloro-3-iodopyridine 137 (Scheme 16) by Suzuki190 and 
Buchwald-Hartwig191 reactions produced 106 and 118, respectively. 2,6-Dichloro-3-
morpholinopyridine 107 was synthesized from 104 in three steps. 

NCl Cl

I NCl Cl

N

NCl Cl

NH

NCl Cl

NH2

NCl Cl

N
O

137

118

106

104

107

a

b

c-e

 
 
Scheme 16. Derivatizations leading to introduction of 4-dimethyaminophenyl group to give 106, of N-
phenyl group to give 118 and of morpholino group to give 107. Reagents and conditions: (a) 4-
[N(CH3)2]PhB(OH)2,Pd(Ph3P)4, LiCl, BaOH·8H2O,1,4-dioxane/H2O 1:3, 95 °C, 2 h (12%); (b) PhNH2, tert-
BuONa, Pd2(dba)3, BINAP, 1,4-dioxane, 100 °C, 18 h (46%); (c) 1,4-dioxane-2,6-dione, MeCN, MW,     
100 °C, 2 h; (d) T3P (propylphosphonic anhydride), TEA, EtOAc, rt, 16 h; (e) BH3, THF, 60 °C, 4 h (38%, 3 
steps).    
 

47 
 

Treatment of 2,6-dichloronicotinic acid 114 (Scheme 17) with oxalyl chloride produced 
the acid chloride 138.192 This was treated with aqueous ammonia to give primary amide 
115 which could be dehydrated to provide 2,6-dichloronicotinonitrile 108. In addition, 
acid chloride 138 was treated with phenol or methanol to give the phenyl and methyl 
esters 110 and 112,193 respectively.  
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Scheme 17. Derivatization of 2,6-dichloronicotinic acid 114 to give primary amide 115, nitrile 108, phenyl 
ester 110, and methyl ester 112. Reagents and conditions: (a) (COCl)2, DMF (cat.), toluene, reflux, 2 h; (b) 
NH3 (aq); 1,4-dioxane, 0 °C, 75 min., 54% (2 steps); (c) POCl3, THF, 100 °C, 18 h (30%); (d) PhOH, 
pyridine, DMAP, DCM, reflux, 18 h (67%, 2 steps); (e) MeOH, rt, 18 h (65%, 2 steps). 
 
Dimethyl sulfonamide 111 (Scheme 18) was made by treatment of commercially 
available sulfonyl chloride 139 with dimethylamine. 3-Hydroxy compound 140, prepared 
by the method of Voisin et al.,194 was O-ethylated with ethyl bromide to provide 113. 
Deprotonation of 2,6-dichloropyridine 141 with LDA,195 followed by reaction with 
elemental sulfur gave a mixture of thiols that was ethylated swiftly to avoid disulfide 
formation and provided 117. 
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Scheme 18. Synthesis of dimethyl sulfonamide 111, ethyl ether 113, and ethyl thioether 117. Reagents 
and conditions: (a) HN(CH3)2,TEA, THF, 0 °C to rt, 18 h (67%); (b) EtBr, K2CO3, DMF, rt, 16 h (89%); (c) 
LDA, THF, -78 °C, 3 h; add S(0), THF, -78 °C to rt, 1.5 h; (d) EtI, K2CO3, DMF, rt, 16 h (15%, 2 steps). 
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7.2 Results and discussion 
 
The outcomes in regioselectivity by treatment of starting material 104-118 with 1-
methylpiperazine are presented in Table 11.  

 
Table 11. Regioselectivity Rsel for the 2-isomer in the reaction of 3-substituted 2,6-dichloropyridines with 1-
methylpiperazine (MP). 
      

Cpd No 3-substituent B1 2-isomer 
Cpd 
 No 

 

6-isomer 
Cpd 
 No 

 

Reaction conditionsa 

a 
 

Rsel 

b 
 

Rsel 

c 
 

Rsel 

104 -NH2 1.65 119a 119b - 0.96 - 

105 -CH3 1.7 120a 120b 0.52 0.26 - 

106 -p-N(CH3)2Ph 1.65 121a 121b - 0.17 - 

107 morpholino 1.76 122a 122b - 0.43 - 

108 -CN 1.7 123a 123b 0.11  0.15 

109 -CF3 2.1 124a 124b 0.09  0.02 

110 -COOPh 2.03 125a 125b 0.67  0.40 

111 -SO2N(CH3)2 1.95 126a 126b 0.37  0.20 

112 -COOCH3 1.74 127a 127b 0.75  0.56 

 113 -OCH2CH3 1.42 128a 128b - 0.96 - 

114 -COO- 1.7 129a 129b 0.95 0.93 - 

115 -CONH2 1.7 130a 130b 0.91 0.94 - 

116 -Br 1.82 131a 131b 0.75 0.66 - 

117 -SCH2CH3 1.85 132a 132b 0.42 0.26 - 

118 -NHPh 1.85 133a 133b - 0.71 - 
 
 

a Reaction conditions a-c: (a) 0.1M in MeCN, MP, 1.0 equiv, DIPEA, 3.0 equiv, stirring at rt or heating in microwave 
oven. (b) 0.1M in neat MP, 54 equiv, heating in microwave oven. (c) 0.1M in neat MP, 54 equiv, 0 °C, 20-30 s, quench 
with HCOOH.         

 
   Single variable data analysis showed no correlation between Rsel and the parameters 
used in the chemical design, however further analysis using 2D and 3D-based 
descriptors196 showed a statistically significant correlation between Rsel and the Verloop 
steric parameter B1 (R2: 0.45, p=0.006),197 as illustrated in Figure 12. Since B1 
describes the smallest width of the 3-substituent, as measured perpendicular to the axis 
of the bond between the first atom of the substituent and the parent molecule, this 
implied that 3-substituents that are bulky close to the pyridine ring directed the 
regioselectivity towards the 6-position. The lack of correlation between Rsel and the 

inductive effect (σp) of the R3 substituent was very surprising.  
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Figure 12. Relationships between the regioselectivity Rsel and the Verloop steric parameter B1 for the 
pyridine 3-substituent. Labels indicate compound numbers of the starting materials. 
 
    
The observed differences in regioselectivities with 2,6-dichloronicotinic acid and its 
derivatives could be useful in the planning of synthesis. Thus, 3-carboxylate (114) and 3-
amide (115) substituents were preferred to obtain the 2-isomer (9:1 ratio with the 6-
isomer), while the 3-cyano (108) and 3-trifluoromethyl (109) substitutents were preferred 
to obtain the 6-isomer (9:1 ratio with the 2-isomer). The 3-NH2 substituent (104) gave a 
high selectivity for the 2-isomer (Rsel = 0.96), however to avoid prolonged heating at high 
temperatures, an electron withdrawing 3-substitutent would be preferred in synthesis.  
   For a given starting material, it appeared that Rsel was higher with MeCN than with 1-
methylpiperazine as reaction medium (Table 11, compare columns (a) and (c)). This 
apparant effect of the solvent was investigated further by reaction of 112 with 1-
methylpiperazine in 21 different and separate solvents (Table 12).198  
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Table 12.199 Solvent effect on the regioselectivity Rsel for the 2-position in the reaction of methyl 2,6-
dichloronicotinate (112) with 1-methylpiperazine.a  

a Reaction conditions: 0.1M solution of 112, add 1-methylpiperazine, 1.0 equiv, and DIPEA, 3.0 equiv, rt, 4 h or 20 h. b 

As percentage of total 1H NMR intensity in aromate region from starting material 112, 2-isomer 127a, and 6-isomer 
127b. 

 
   Data analysis of the reaction outcomes showed that Rsel was correlated with the 

solvatochromic β parameter (R2 = 0.75; p = 4.6 x 10-7), as illustrated in Figure 13. Rsel 
was also correlated with the boiling point Bp (R2 = 0.72) and Gutmann’s donor number 
DN (R2 = 0.68), which is a measure for the tendency to donate electron pairs to 

acceptors, however both Bp and DN were cross-correlated with β (R2 = 0.46 and R2 = 
0.68, respectively).200   

 

Solvent 
No 

Solvents Rsel Unre-
acted 
112  
(%)b 

Reac-
tion 
time 
(h) 

β Bp 
(oC) 

DN α n ε µ π∗ ET(30) 

S1 DMSO 0.34 0 20 0.76 189 29.8 0 1.479 46.71 3.96 1 45.1 
S2 DMF 0.47 0 20 0.69 153 26.6 0 1.430 37.06 3.79 0.88 43.8 
S3 MeCN 0.74 <1 20 0.40 81 14.1 0.19 1.344 35.94 3.95 0.75 45.6 
S4 Acetone 0.72 <1 20 0.43 56 17.0 0.08 1.359 21.36 2.88 0.71 42.2 

S5 N-(CH3)-
pyrrolidone 0.40 <1 20 0.77 203 27.3 0 1.469 32.58 3.75 0.92 42.2 

S6 1,2-DCE 0.91 <1 20 0 84 0 0 1.445 10.74 1.36 0.81 41.3 

S7 CH3NO2 0.82 1 20 0.06 101 2.7 0.22 1.381 36.16 3.50 0.85 46.3 

S8 DCM 0.93 6 20 0.10 40 1.0 0.13 1.424 9.02 1.60 0.82 40.7 

S9 THF 0.78 21 20 0.55 66 20.0 0 1.406 7.47 1.69 0.58 37.4 
S10 O=P(OEt)3 0.44 14 4 0.77 215 26.0 0 1.405 13.01 2.86 0.72 41.7 

S11 N-(CH3)-
imidazole 0.32 5 4 0.82 198 - 0 1.496 - 3.80 - - 

S12 Triethylamine 0.82 0 20 0.71 89 61.0 0 1.401 2.45 0.72 0.14 32.1 
S13 Pyridine 0.57 3 20 0.64 115 33.1 0 1.509 13.22 2.21 0.87 40.5 
S14 DMA 0.39 5 4 0.76 165 27.8 0 1.438 38.30 3.78 0.88 43.7 

S15 Methyl 
formamide 0.48 7 4 0.80 199 27.0 0.62 1.432 182.4 3.83 0.90 54.1 

S16 EtOAc 0.81 11 20 0.45 77 17.1 0 1.372 6.03 1.78 0.55 38.1 
S17 1,4-dioxane 0.80 5 20 0.37 101 14.3 0 1.422 2.27 0.46 0.55 36.0 

S18 Tetra-
methylurea 0.43 5 4 0.80 177 29.6 0 1.450 24.46 3.47 0.83 41.0 

S19 1,2-DME 0.73 10 20 0.41 84 20.0 0 1.380 7.20 1.61 0.53 38.2 
S20 Toluene 0.94 30 20 0.11 111 1 0 1.497 2.43 0.38 0.54 33.9 
S21 MeOH 0.62 13 20 0.66 65 30.0 0.98 1.326 33.0 1.70 0.60 55.4 
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Figure 13. Regioselectivity Rsel for the pyridine 2-position as function of the solvatochromic  parameter in 
the reaction of methyl 2,6-dichloronicotinate (112) with 1-methylpiperazine in 21 different solvents (S1-
S21). Labels indicate solvent numbers. Selected solvents frequently used in synthesis are highlighted. 
 
Combination of ,  and * in a linear free energy relationship, as originally described by 

Kamlet and Taft, 201 gave accurate predictions of Rsel = 1.28990 + 0.03992  - 0.59417  

- 0.46169 *  (RMSE = 0.047; R2 = 0.95; p = 1.9 x 10-10), as shown in Figure 14. 

 

 
Figure 14. Prediction of the regioselectivity Rsel for the pyridine 2-position in the reaction of methyl 2,6-
dichloronicotinate (112) with 1-methylpiperazine in 21 different solvents (S1-S21) based on the Kamlet-
Taft equation: Rsel = 1.28990 + 0.03992  - 0.59417  - 0.46169 * (R2 = 0.95; p = 1.9 x 10-10). 
 
   This meant that Rsel could be controlled by choosing a solvent with either low or high 

solvatochromic  parameter. Thus, solvents with low  like 1,2-DCE and DCM gave the 

selectivity 16:1 for the 2-isomer while solvents with high  like DMSO gave the selectivity 



52 
 
2:1 for the 6-isomer, indicating that selectivity for the 2-isomer was most easily 
attained.202 It was notable that common solvents frequently employed in synthesis like 
MeCN, EtOAc, acetone and ethers (1,4-dioxane, 1,2-DME, THF) gave only moderate 
regioselectivity. 

   Solvents that are the weakest hydrogen bond acceptors have the lowest β values. The 

regioselectivity for the 2-position in solvents with a low β parameter (like DCM) could be 
tentatively explained by formation of a hydrogen bond between the 3-methoxycarbonyl 
substituent on pyridine and the hydrogen of the secondary amine of 1-methylpiperazine. 
This could guide the nucleophile to reaction in the 2-position. A similar effect would be 

less effective in solvents (like DMSO) with a high β parameter, i.e. solvents that are 
strong hydrogen bond acceptors, where hydrogen bonds between the hydrogen of the 
secondary amine of 1-methylpiperazine and the solvent could compete with a hydrogen 
bond to the 3-methoxycarbonyl substituent. 
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8. Conclusions 
 
Synthesis was developed to investigate the SAR of a novel series of 2-alkynylpyridine 
derivatives as mGluR5 antagonists. A two-step method efficiently provided terminal 
alkynes for use in Sonogashira coupling. It was shown that replacement of the linker 
oxygen changed the potency in the order N < O < S < C. Variation of substituents on the 
right-side phenyl group indicated that lipophilicity was the driving force in providing 
potency. The high lipophilicity was the likely cause of the high microsomal metabolism 
which prevented further development of the series. Nevertheless, testing of one lead 
compound in dog showed a 31% reduction of TLESRs which was a promising starting 
point compared to the standard mGluR5 antagonist MPEP. 
   SAR investigations was made for a series of ethyl 6-amino nicotinates featured by a 
urea linker as antagonists of the P2Y12 receptor. Most importantly it was shown that the 
3-ethoxycarbonyl substituent was central to binding, since both replacement with 3-
carboxylate and 3-hydrogen led to lower or no binding affinity. N-Methylation of the urea 
linker led to a significant lowering in binding affinity. The low aqueous solubility of the 
urea compounds was addressed by variation of the linker which led to the discovery of 
sulfonylureas as P2Y12 antagonists with increased solubility compared to the matched-
pair ureas.  
   The chemical stability of the sulfonylurea compounds during prolonged storage in 
solution was found to be related to the sulfonyl urea linker and depended on the type of 
solvent (acetonitrile or ethanol) and the substitution pattern of the sulfonyl urea 
functionality. 
   The 3-ethoxycarbonyl functionality was the main site of microsomal metabolism in both 
the urea, sulfonylurea, and acyl sulfonamide series. In order to stabilize the 3-
ethoxycarbonyl functionality synthesis was developed to replace the 2-methyl 
substituent with more electron donating substituents. In addition, different strategies 
were pursued for making 5-ethyl-oxazoles as alkyl ester bioisosteres. 
   The 2-aminopyridines showed low to moderate microsomal clearance, however the 
potency in higher-order assays was generally lower than for the matched-pair 2-
methylpyridine and 2-methoxypyridine. One 5-ethyl-oxazole showed low clearance in 
both rat and human liver microsomes, but also showed lower potency, compared to the 
matched-pair n-propyl ester.  
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   Pair-wise comparison of compounds led to the conclusion that a correctly positioned 
alkyl group like in ethyl ester or in 5-methyl/ethyl oxazole and a correctly positioned 
strong hydrogen bond acceptor both were required for binding. 

   Chemical design based on the parameters PI, MR, and σp for the 3-substituent R3 was 
used to model the factors that govern the regioselectivity Rsel for the 2-position in the 
reaction of 3-substituted 2,6-dichloropyridines with 1-methyl piperazine. Data analysis 
showed no correlation between Rsel and any of these parameters but showed a 
statistically significant correlation with the Verloop steric parameter B1 (R2: 0.45, p = 
0.006). This implied that 3-substituents that are bulky close to the pyridine ring directed 
the regioselectivity towards the 6-position. 
With R3 = -CO2CH3, the regioselectivity Rsel found by reaction in 21 different solvents 
was predicted by the Kamlet-Taft equation: Rsel = 1.28990 + 0.03992α - 0.59417β - 
0.46169π* (R2 = 0.95; p = 1.9 x 10-10). Thus Rsel was mainly correlated with the 

solvatochromic β parameter, and the 16:1 regioselectivity for the 2-isomer in DCM (β = 

0.10) could be switched to a 2:1 selectivity for the 6-isomer in DMSO (β = 0.76). 
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Appendix 
 
Compounds with experimentals not reported in publications or patent 
applications: 
 

N-Methyl-N-(3-(6-methylpyridin-2-yl)prop-2-yn-1-yl)aniline (4c). Compound 
3 (0.042 g, 0.15 mmol) was dissolved in TEA (0.20 mL) and N-methylaniline 
(0.040 g, 0.37 mmol) was added. The reaction mixture was stirred at rt for 21 h. 
The mixture was concentrated and the crude material was purified by reverse-
phase chromatography on a Kromasil C8 column (250 mm length, 20 mm ID, 
flow 25 mL/min.) using a gradient 0->100% of MeCN in 0.1M ammonium 

acetate/MeCN 95:5 over 11 min. Yield: 0.004 g (8%). 1H NMR (400 MHz, CDCl3): δ 2.53 (3H, s), 3.05 (3H, 
s), 4.30 (2H, s), 6.81 (1H, app t, J = 7.2 Hz), 6.91 (2H, app d, J = 8.4 Hz), 7.06 (1H, app d, J = 7.9 Hz), 
7.16 (1H, app d, J = 7.7 Hz), 7.25-7.31 (2H, m), 7.48 (1H, app d, J = 7.8 Hz). 13C NMR (101 MHz, CDCl3) 
δ 158.7, 149.1, 142.2, 136.2, 129.1, 124.4, 122.5, 118.1, 114.1, 84.9, 83.7, 43.1, 38.7, 24.5. MS m/z: 237 
(M+1). 
 

2-Methyl-6-(3-phenoxyprop-1-yn-1-yl)pyridine (6a). A solution of phenol 
(0.941 g, 10.0 mmol) in acetone (15 mL) was cooled to 0 °C and anhydrous 
K2CO3 (1.382 g, 10.0 mmol) was added, followed by 3-bromoprop-1-yne (1.190 
g, 1.34 mL, 10.0 mmol). The reaction mixture was allowed to reach rt and then 
heated at 50 °C for 17 h. The mixture was cooled and concentrated. The crude 
was extracted with DCM (3 x 15 mL) from K2CO3 (15 mL, saturated, aq 

solution). Combined organic phases were dried (Na2SO4) and concentrated. Yield: 1.026 g (78%) of (prop-
2-yn-1-yloxy)benzene. 1H NMR (MHz, CDCl3): δ 2.48 (1H, t, J = 2.4 Hz), 4.64 (2H, d, J = 2.4 Hz), 6.92-
7.01 (3H, m), 7.23-7.32 (2H, m). 13C NMR (75 MHz, CDCl3) δ 157.3, 129.3, 121.4, 114.8, 78.6, 75.4, 55.7. 
   A reaction mixture of 6-methyl-2-bromopyridine (2, 1.055 g, 6.13 mmol), (prop-2-yn-1-yloxy)benzene 
(0.851 g, 6.44 mmol), Pd(PPh3)2Cl2 (0.129 g, 0.184 mmol), and CuI (0.035 g, 0.184 mmol) in TEA (3.5 mL) 
was heated at 60 °C for 2 h. Phosphate buffer (0.20 M, pH7, 10 mL) was added and the mixture was 
extracted with DCM (3 x 10 mL). Combined organic phases were dried (MgSO4), concentrated, passed 
through a silica plug while rinsing with Et2O/pentane 1:1, and concentrated to give 1.491 g of a crude 
material which was purified by flash chromatography on silica gel (heptane/ethyl acetate 9:1, then 3:1). 
Yield: 1.008 g (74%). 1H NMR (500 MHz, CDCl3) δ 2.55 (3H, s), 4.93 (2H, s), 6.96-7.06 (3H, m), 7.10 (1H, 
app d, J = 7.7 Hz), 7.24 (1H, app d, J = 7.7 Hz), 7.28-7.34 (2H, m), 7.52 (1H, app t, J = 7.7 Hz). 13C NMR 
(126 MHz, CDCl3) δ 158.2, 157.1, 141.0, 135.8, 128.9, 123.8, 122.5, 120.9, 114.3, 85.9, 83.2, 55.7, 23.9. 
MS m/z: 224 (M+1). 
 

Ethyl 2-amino-6-(4-((benzylsulfonyl)carbamoyl) piperidin-1-
yl)-5-cyanonicotina-te (75). To compound 72203 (1.45 mmol, 
0.572 g) was added ammonia (5.0 mL, saturated solution in THF) 
and the reaction mixture was stirred at rt for 2 h. LC/MS showed 
complete reaction. A part of the mixture was taken out, 
concentrated, co-concentrated twice with THF, and continued in 
the next step.  

   To crude ethyl 2-amino-6-chloro-5-cyanonicotinate (0.047 g, 0.21 mmol)  in ethanol (1.0 mL) in a 
microwave vial was added N-(benzylsulfonyl)piperidine-4-carboxamide204 (0.089 g, 0.32 mmol) and TEA 
(0.140 mL, 0.106 g, 1.05 mmol). The reaction mixture was heated in a microwave oven, single node 
heating, at 80 °C for 5 minutes and then at 120 °C for 20 minutes. The mixture was concentrated and the 
crude was purified by preperative HPLC. Yield: 0.022 g (22%, 3 steps). 1H NMR (400 MHz, CDCl3) δ 1.35 
(3H, t, J = 7.10 Hz), 1.74-1.83 (4H, m), 2.34-2.46 (1H, m), 2.90-3.02 (2H, m), 3.91-4.00 (2H, m), 4.27 (2H, 
q, J = 7.10 Hz), 4.65 (2H, s), 7.30-7.40 (5H, m), 8.12 (1H, s). MS m/z: 472 (M+1). 
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