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Nonsteroidal anti-inflammatory drugs (NSAIDs), which function 

as cyclooxygenase (COX) inhibitors, are known for their 

analgesic, antipyretic, and anti-inflammatory actions; however, 

chronic treatment causes severe GI disorders.1,2 Two enzymes, 

COX-1 and COX-2, convert arachidonic acid to prostaglandin H2 

(PGH2), with COX-1 generating prostaglandins (PGs) for 

homeostatic regulation and COX-2 generating pro-inflammatory 

stimuli. Thus, selective COX-2 inhibitors were developed to 

maintain anti-inflammatory efficacy, while sparing mucosal 

integrity.  Although, these inhibitors alleviated GI distress, they 

resulted in increased cardiovascular events.3,4 

Downstream of the COX pathway, PGH2 is converted into other 

PGs by various synthases during the inflammatory response.5,6 

One of these PGs, prostaglandin D2 (PGD2), is produced by 

hematopoietic prostaglandin D synthase (H-PGDS) and/or 

lipocalin prostaglandin D synthase (L-PGDS).  H-PGDS derived 

PGD2, signaling through two G-protein coupled receptors, d-type 

prostanoid receptor DP1/DP2, has been implicated in allergic 

diseases.7 Therefore, selective H-PGDS inhibitors could serve as 
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potential anti-allergic and anti-inflammatory drugs with fewer 

side effects than COX inhibition.   

 

Figure 1.  Examples of H-PGDS inhibitors 

In recent years, inhibitors of H-PGDS have been disclosed by 

several organizations,8 including Evotec,9 AstraZeneca,10 Sanofi-
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Through an internal virtual screen at GlaxoSmithKline a distinct class of 2-

phenylimidazo[1,2-a]pyridine-6-carboxamide H-PGDS inhibitors were 

discovered. Careful evaluation of crystal structures and SAR led to a novel, 

potent, and orally active imidazopyridine inhibitor of H-PGDS, 20b. Herein, 

describes the identification of 2 classes of inhibitors, their syntheses, and their 

challenges.  
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Aventis,11 and Pfizer12 (see Figure 1); several of these 

compounds demonstrated efficacy in animal models. Recently, 

Taiho has entered the clinic with TAS-205.13 Although the 

structure has not been disclosed, the inhibitor shown is a 

representative structure.13,14   

An internal, knowledge-based virtual screening afforded hit 

molecule 1a (H-PGDS IC50 = 2.8 μM), identified from a 5,6-

fused cluster, as a weak, competitive, reversible inhibitor of 

human H-PGDS in a fluorescence polarization (FP) assay.15 This 

compound possesses good drug-like properties, including 

reasonable solubility (Fasted State-Simulated Intestinal Fluid 

(FaS-SIF)16 = 0.552 mg/mL), high artificial membrane 

permeability17,18 (PAPP = 650 nm/sec), and high ligand efficacy19 

(LE = 0.41).  

 

Figure 2.  Hit molecule 1a (yellow) bound to H-PGDS and GSH (cyan) 

illustrating two key protein/ligand interactions: 1) partial π- π stacking with 
104Trp and 2) a dual water-mediated hydrogen bonding network among the N2 

of the dihydropyrazolepyridine, the β-hydroxy group of 122Thr and the 

backbone carbonyl of 13Glu.  

As shown in Figure 2, a soaked crystal structure of molecule 1a 

bound to the H-PGDS active site showed two key interactions.  

First, a partial face to face π-π stacking interaction occurs 

between the core 5,6-ring system and the indole of 104Trp. 

Second, a hydrogen bonding interaction was observed between 

N2 of the core ring to the hydroxy side chain of 159Thr through a 

network of waters to protein backbone. These key interactions 

are consistent with those observed for other H-PGDS inhibitors 

described in the literature,20,21 however, the minimalist hit 

molecule is missing interactions characteristic of more advanced 

compounds as outlined in Figure 2. In particular, molecule 1a 

does not make a hydrogen bond to the glutathione co-factor, nor 

does it exploit a hydrophobic surface en route to the bulk solvent 

region beyond the ethyl substituent. Achieving these interactions 

provides an opportunity for improved potency.  

Employing SAR from other series,21 we appended a cyclohexyl 

amine derivative to yield urea 1b (see Figure 3).  All compounds 

herein were screened in a functional RapidFireTM mass 

spectrometry assay, measuring the inhibition of the conversion of 

PGH2, generated in situ by COX-2 from arachidonic acid, to 

PGD2 by H-PGDS. Compound 1b exhibits good inhibitory 

potency (IC50 = 45 nM), as shown in Table 1. It is also active in a 

rat basophilic leukemia (RBL) cell PGD2 production assay (IC50 

= 510 nM). Furthermore, compound 1b is stable in S9 liver 

fractions (t1/2 > 180 min). Given the promising in vitro results, the 

drug metabolism and pharmacokinetics (DMPK) of inhibitor 1b 

were evaluated in mice.  It’s modest oral exposure (DNAUC = 

426 ng•hr/mL) may reflect both its moderate half-life (t1/2 = 2 hr) 

and its poor FaS-SIF solubility (0.004 mg/mL).  

 

Figure 3.  Elaboration from fragment 1a to inhibitor 1b 

In order to maximize the likelihood of in vivo efficacy in future 

molecules, we set goals to improve cellular inhibitory activity 

(IC50 ≤ 100 nM), increase FaS-SIF solubility (≥ 0.05 mg/mL), 

enhance oral exposure (DNAUC ≥ 1000 ng•hr/mL) and lengthen 

the terminal half-life, t1/2 ≥ 2 hr). In parallel, we explored the 

SAR of the phenyl region and the urea amine region.   

The synthesis of the desired targets is outlined in Scheme 1.  

First, commercially available protected piperidone 2 was 

thermally condensed with Brederick’s reagent 322 neat at 110 oC 

to afford dimethylaminomethylenopiperdinone 4. Subsequent 

condensation of 4 with appropriate hydrazines 5a-5c, followed 

by cyclization, and elimination resulted in  6,7-dihydro-1H-

pyrazolo[4,3-c]pyridines 6a-6c. Then, acid-catalyzed cleavage of 

the protecting group gave the amines 7a-7c as their hydrochloride 

salts.  Ureas and carbamates were prepared from these 

hydrochloride salts, using one of the following methods.  

Activation via triphosgene, carbonyl diimidazole, or p-

nitrophenyl chloroformate, then coupling with amines 8a-8c or 

alcohols 8d to form the desired ureas/carbamates 1b-1i.   

Alternatively, Curtius rearrangement of carboxylic acids 8e-8f & 

8h also afforded amines.  Coupling with substrates 7a-7c 

afforded ureas 1e-1f & 1h.   

Scheme 1.  Synthesis of 1,4,6,7-tetrahydro-5H-pyrazolo[4,3-

c]pyridine-5- carboxamide analogs 

 

a) 3, 110 °C, 70-80%; b) 5a-5c, Na2CO3, HOAc, MeOH:H2O (2:1), 45-89%; 

c) 4M HCl in dioxane, CH2Cl2, 80-100%; d) triphosgene, NaHCO3, K2CO3, 

8a,8c  (X = NH), CH2Cl2; 28-41%; e) CDI, iPr2NEt, 8g (X = NH), CH2Cl2, 

57%;  f) p-NO2-C6H4-COCl, NEt3, 8d,8i (X = O, NH), CH2Cl2 or MeCN, 43-

60%; g) 8e-8f & 8h (X = CO2), NEt3, DPPA, MePh, 100 °C, 51-72%.   

Screening data for the substituted 1,4,6,7-tetrahydro-5H-

pyrazolo[4,3-c]pyridine-5-carboxamide analogues is summarized 



in Table 1.  As an initial starting point for the examination of the 

SAR, fluorine substituents were explored at various positions on 

the phenyl ring.  As shown above by inhibitor 1b, the meta 

position tolerates fluoro substitution.  In contrast, the ortho and 

para fluoro analogs 1c and 1d result in a significant loss in 

enzymatic activity. Simultaneous investigation of the urea was 

performed in the meta-fluoro analog. Despite this region 

extending toward bulk water, the SAR is relatively tight. We 

focused on cyclic aliphatic amine targets, rather than aromatic 

ones, to maintain more sp3 character, in an effort to potentially 

disrupt crystal packing and improve intestinal dissolution. 

Utilizing internal SAR21, a small array of aliphatic analogs, with 

hydrogen bond donor/acceptor moieties, were prepared, with the 

aim of improving inhibitory activity and/or solubility. No 

significant improvement in enzymatic potency was observed for 

this set of analogs. Analogs 1g and 1h display comparable 

potency to compound 1b, yet exhibit poor metabolic stability 

(e.g. 1g microsomes t1/2= 15 min).   

Based on the environment of the glutathione cysteine in the 

crystal structure, we suspected that it can exist as either the thiol 

or the thiolate, thus acting as either a donor or acceptor. To probe 

the necessity of the urea NH for potential hydrogen bonding to 

the glutathione cofactor, it was replaced with an oxygen, as in 

carbamate 1i. Surprisingly, the carbamate analog retains similar 

potency to the parent urea.  While consistent with our hypothesis 

of the thiol/thiolate equilibrium, it is equally possible that the N-

H of the urea does not participate in hydrogen bonding or the 

interaction is weak and the carbamate pays a lower desolvation 

penalty versus the urea.   

Table 1. Screening data for substituted 1,4,6,7-tetrahydro-5H-

pyrazolo[4,3-c]pyridine-5- carboxamide analogs 

 

# R1 R2 

 

5a 

R3 

 

5b 

R4 

 

5c 

IC50
a  

± SD 
nM 

FaS-
SIFb 

mg/mL 

1b  
 

 

H F H 45  
± 21 

0.004 

1c F H H 380  
± 

220 

0.19 

1d H H F 1700  
± 

1100 

N/A 

1e 

 

H F H 160  
± 

100 

0.054 

1f 

 

H F H 230  
± 

130 

0.90 

1g 

 

H F H 20c  
± 10 

0.036 

1h 

 

H F H 37  
± 18 

0.010 

1i 

 

H F H 46  
± 19 

N/A 

aIC50 = concentration that inhibits 50% of the conversion of in situ generated 

PGH2 to PGD2 by human H-PGDS and SD = standard deviation with 

replicates of N ≥ 4 unless otherwise noted.   
bFaS-SIF = fasted state simulated intestinal fluid solubility with N=1 
cN = 2.   
 
Desiring to improve the π-π stacking interactions between the 

central core and the indole of 104Trp, the core was fully 

aromatized. The synthesis of indazole 12 is outlined in Scheme 2. 

N-Arylation of commercially available 5-carboxyindazole methyl 

ester 9 with iodide 10 under Hartwig-Buchwald copper-mediated 

coupling conditions gave phenylindazole 1123, after ester 

hydrolysis. Amide coupling of the acid 11 with amine 8a 

provided the desired product 12.   

 

Scheme 2.  Synthesis of indazole and indole 

 

 

 
a) 9 or 14, 10, CuI, K3PO4, (1R,2R)-N1, N2-dimethylcyclohexane-1,2-

diamine, PhMe, 110 °C (9-99%) b) LiOH, MeOH, THF, H2O, (95-99%) c) 11 

or 13, HATU, 8a, iPr2NEt, DMF (13-100%).   
 

Gratifyingly, compound 12 achieves the desired improvement in 

potency with a ~7-fold increase in enzymatic potency (Figure 4). 

The preference for a fully aromatic bicyclic core encouraged us 

to consider alternative heterocycles. In particular, we wished to 

challenge the necessity of the putative hydrogen bond interaction 

between the pyrazole N2 and a structural water, identified in the 

crystal structure of the original fragment 1a. The indole analog 

15 was therefore synthesized, as outlined in Scheme 2.  

Commercially available 5-carboxyindole acid 13 was coupled 

with amine 8a using a common amide coupling protocol to give 

amide 14. Subsequent Hartwig-Buchwald copper-mediated N-

arylation with iodide 10 gave compound 15.23 Interestingly, the 

indole 15 had similar potency relative to the indazole 12, 

suggesting that the aforementioned hydrogen bond to water is no 

longer relevant for enzymatic potency. A possible explanation is 

the lower desolvation penalty upon indole binding compensates 

for the loss of the hydrogen bond. 

 



 
Figure 4.  Comparison of 1,4,6,7-tetrahydro-5H-pyrazolo[4,3-

c]pyridine 1b, indazole 12, and indole 15 

 

The discrepant trends in the SAR between this series and 

literature8 suggests some uniqueness to 1b binding mode.  

Specifically, the fact that the potency of 15 is equivalent to 12, 

which coordinates the structural water, is compelling. As a result, 

we endeavored and ultimately obtained a cocrystal structure of 

hH-PGDS (human H-PGDS) bound to 1b, which revealed a 

distinct rearrangement of the water network relative to 

compounds such as 20a (see Figure 5). The modifications that 

evolved compound 1b to 15 raise concerns that potency in this 

binding mode is predominantly hydrophobic in nature, and the 

hazards of developing molecules with entropy-driven potency are 

well-documented.24,25 We therefore considered a strategy to 

modify the core to specifically target the previously reported 

through-water hydrogen-bonding network, and thereby provide 

greater enthalpic balance to the affinity. As an initial test, a series 

of substituted 2-phenylimidazopyridines were prepared. We 

rationalized that shifting the phenyl ring of inhibitor 15 one atom, 

and providing a basic nitrogen capable of hydrogen bonding to 

water, would together more closely mimic both the shape and 

polar interactions of  previously reported inhibitors.11,12As shown 

in Scheme 3, two routes were employed for the synthesis of the 

imidazopyridines. In route one, condensation of an appropriate 

aryl α-bromo-ketone with commercially available 2-amino-5-

bromo-pyridine provided the desired 2-phenyl-5-

bromoimidazopyridines 18a-18b. Then, conversion of the 

bromides 18a-18b to the corresponding esters, employing 

palladium-catalyzed carbonylation conditions, followed by 

subsequent base-promoted hydrolysis afforded the carboxylic 

acids 19a-19b. Finally, amide formation using standard 

conditions with various amines yielded the desired targets 20a-

20i. To overcome low yields in the carbonylation reaction, an 

alternative synthetic route was also developed. Commercially 

available 2-bromoimidazopyridine-5-methyl ester 21 was 

saponified, and the resulting carboxylic acid 21 was coupled to 

various amines, under standard conditions, yielding amides 21a-

21d. Finally, the aryl moieties were installed, employing standard 

Suzuki conditions, resulting in the desired targets 20a-20i.   

 

Scheme 3.  Synthesis of imidazopyridines 

 
a) 16, 17a or 17b, EtOH, 80 °C (77%); b) iPr2NEt, CO, Pd(dppf)Cl2, EtOH, 
90 °C (16-92%); c) LiOH, EtOH, THF, H2O (78-99%); d) 8a, 8g, 8h, or 8i, 

HATU, iPr2NEt, DMF (32-99%); e) 22a, 22b, 22c, or 22d, 2M Na2CO3, 

Pd(dppf)Cl2•CH2Cl2, 1,4-dioxane. 80 °C (11-51%). 

 
Inhibition data for the substituted imidazopyridine analogs are 

summarized in Table 2. Gratifyingly, the phenyl imidazopyridine 

20a improves enzymatic inhibitory potency with a corresponding 

increase in cellular activity relative to pyrazole 1b. Moreover, 

this inhibitor 20a (LE = 0.40) also has a similar ligand efficiency 

to starting fragment 1a. To gain greater insight into the binding 

mode of this analog, a co-crystal structure of 20a with hH-PGDS 

and glutathione was obtained, as shown in Figure 5. Similar to 

the previously reported quinoline class of inhibitors, the 

imidazopyridine core participates in a π- π stacking interaction 

with the indole side chain of 104Trp.  Also, the imidazopyridine 

nitrogen adjacent to the phenyl ring forms a hydrogen bond with 

the conserved water molecule held in place by hydrogen bonds to 
159Thr and backbone carbonyl of the N-terminal 122Leu and an 

additional water molecule. Furthermore, the amide nitrogen 

donates its hydrogen to the sulfur of the glutathione cofactor 

retaining this key interaction. This structure provided validation 

that the design principles had been achieved.   

 

 

Table 2. Screening data for substituted imidazopyridine analogs 

 
 

# R1 R
2 

R
3 

R
4 

H-PGDS 
IC50

a  
± SD 
nM 

RBL 
IC50

b  
± SD 
nM 

FaS-
SIFc 
mg/
mL 

S9d 

t1/2 

min 

20a  
 

 
 

H H H 9  
± 6 

100  
± 92 

0.001 >180 

20b H F H 18  
± 10 

160  
± 

140 

0.002 >180 

20c F H H 8  
± 0.4 

120  
± 76 

N/A >180 

20d H H F 270  
± 130 

190
0  

± 31 

N/A N/A 

20e 

 

H H H 1100  
± 240 

430
0  
± 

140 

1.6 N/A 

20f 

 

H H H 67  
± 24 

84  
± 48 

0.004 120 



20g 

 

H H H 30c  
± 15 

460  
± 30 

0.058 >180 

20h 

 

H F H 45  
± 21 

710e N/A >180 

20i 

 

F H H 12  
± 5 

190  
± 40 

0.002 >180 

aH-PGDS IC50 = concentration that inhibits 50% of the conversion of in situ 

generated PGH2 to PGD2 by human H-PGDS and SD = standard deviation 

with replicates of N ≥ 4 unless otherwise noted.   
bRBL IC50 = concentration that inhibits 50% of the conversion of PGH2 to 

PGD2 by rat basophilic leukemia cells and SD = standard deviation with 

replicates of N ≥ 2 unless otherwise noted.   
cFaS-SIF = fasted state simulated intestinal fluid solubility with N =1 
dS9 = S9 liver slice in vitro metabolism half-life in minutes 
eN = 1.  

 

 
Figure 5.  Comparison of co-crystal structures of compounds 1b (left panel, 

green) and 20a (right panel, magenta) bound to H-PGDS and GSH (cyan). 
Compounds 1b and 20a both exhibit a π- π stacking with 104Trp and a 

hydrogen bond to GSH. Compound 20a shows one additional ligand/protein 
interaction- a through-water mediated hydrogen bond between the N1 of the 

imidazopyrdine and the N-terminal backbone carbonyl of 199Leu.  
 
Compound 20a exhibits poor exposure (DNAUC = 75 ng-hr/mL) 

in an oral mouse pharmacokinetic study, despite having excellent 

in vitro stability in both mouse liver microsomes (t1/2 > 90 min) 

and S9 liver fraction (t1/2 > 180 min). We speculated that the 

unsubstituted  phenyl ring could be subject to metabolism, 

therefore fluorophenyl analogs were made 20b-20d. Despite the 

phenyl ring of the imidazopyridines being slightly displaced in 

the binding pocket relative to the previous series, similar SAR 

was observed nonetheless. The o-fluorophenylimidazopyridine 

20c and the m-fluorophenyl imidazopyridine 20b has similar 

enzyme potency to the des-fluorophenyl analogue 20a with a 

slight drop in cellular potency. In contrast, the p-fluorophenyl 

imidazopyridine 20d loses significant enzymatic potency. 

Analogues 20b-20d were all found to be stable with similar 

results in the S9 liver fraction metabolic stability assay (t1/2 > 180 

min). Of those analogues compound 20b was selected for an oral 

mouse DMPK study, the results are summarized in Table 3. 

Compound 20b provides desirable oral exposure (DNAUC = 

2200 ng/hr/mL) and reasonable terminal half-life (t1/2 = 2 hr). We 

achieved improvement in both enzymatic potency and cellular 

activity with the imidazopyridines, as well as demonstrated a 

reasonable oral pharmacokinetic profile. However, poorly soluble 

molecules have significant development risks, so the low FaS-

SIF solubility of 20b limited its progression and warranted 

further optimization of this series  

 

Table 3. Pharmacokinetic Results (p.o.) for H-PGDS Inhibitors 

# S9a 

t1/2 

CMax
b 

 

DNAUCc 

 

t1/2
d 

 

min ng/mL ng•hr/mL hr 

1b >180 350 430 2.2 

20a >180 120 49 1.1 

20b >180 1300 2200 2.1 

20g >180 810 260 1.1 

20i >180 430 130 0.5 
aS9 = S9 liver slice in vitro metabolism half-life in minutes 
bCMax = maximum concentration of inhibitor after oral dose of 3 mg/kg p.o. 
cDNAUC = oral dose normalized area under the curve in nghr/mL 
dt1/2 = terminal half-life after oral dosing at 3 mg/kg 

 

In an effort to improve solubility, we focused our attention on 

optimizing the amide linked solvent exposed region employing a 

similar strategy explored earlier using various amines. Piperdine 

analogues 20e-20f were incorporated to introduce solubilizing 

groups in the form of a hydrogen bond acceptor with attenuated 

basicity through the ring nitrogen. The more basic ethyl 

piperidine compound 20e unfortunately provides >100-fold loss 

in enzymatic potency in comparison to compound 20a, whereas 

incorporating the less basic trifluoroethyl piperidine reported by 

Pfizer12 (compound 20f) resulted in an approximately 8-fold loss 

in enzymatic potency. However, compound 20f was found to be 

slightly less metabolically stable in vitro (S9 t1/2 = 120 min).   

We also focused efforts on the trans-cyclohexyl-tertiary alcohol 

amine found in compound 20a where we envisioned placing a 

solubilizing heteroatom in the cyclohexyl ring, achieved by 

changing the cyclohexyl ring to a tetrahydropyran ring resulting 

in analogues 20g-20i. Gratifyingly, compound 20g (H-PGDS 

IC50= 30 nM) retained similar enzymatic potency compared to 

compound 20a, but more importantly gave an increase in FaS-

SIF solubility (0.058 mg/mL). Compound 20g also exhibited 

good in vitro metabolic stability (S9 t1/2 > 180 min) and was 

therefore dosed orally in a mouse DMPK study. Compound 20g 

showed a 3-fold improvement in oral absorption (DNAUC = 260 

ng-hr/mL) relative to compound 20a, and interestingly, did so 

with an unsubstituted phenyl that was previously inferred to be 

metabolically labile. Based upon our earlier hypothesis that the 

unsubstituted phenyl group could be a metabolic liability and the 

results we observed with compounds 20a-20d, we progressed the 

o-fluorophenyl analogue 20i into an oral mouse DMPK study. 

Disappointingly, 20i has less than desirable exposure 

(DNAUC=125 ng-hr/mL), perhaps related to poor solubility 

(FaS-SIF = 0.002 mg/mL) and resultant poor absorption, or 

possibly related to metabolism occuring elsewhere.  

Unfortunately, the alternatively m-substituted fluorophenyl (20h) 

was not sufficiently potent to progress.  

 

Conclusions 

We have described the discovery of a novel class of H-PGDS 

inhibitors originating from an internal virtual screen-based drug 

discovery effort. Initial optimization led to potent compounds 

with a unique binding characteristic, whereby the through-water 

hydrogen-bonding network that is commonly seen in previously 

disclosed ligands, is not required for potency. The discovery of 

this binding mode may benefit design of future H-PGDS 

inhibitors. The deliberate reintroduction of  features that do 

exploit the through-water interactions and a focus on physical 

properties in subsequent design cycles led to the identification of 

compound 20b. Compound 20b represents a quality tool 

molecule for H-PGDS studies, characterized by good oral mouse 

PK, but carrying a high risk for clinical development due to its 

poor FaS-SIF solubility.   

 

 

Animal Welfare: 



All studies were conducted in accordance with the GSK Policy 

on the Care, Welfare and Treatment of Laboratory Animals and 

were reviewed the Institutional Animal Care and Use Committee 

either at GSK or by the ethical review process at the institution 

where the work was performed.  
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Scheme 3.  Synthesis of imidazopyridines 

 
 
a) 16, 17a or 17b, EtOH, 80 °C (77%); b) iPr2NEt, CO, Pd(dppf)Cl2, EtOH, 

90 °C (16-92%); c) LiOH, EtOH, THF, H2O (78-99%); d) 8a, 8g, 8h, or 8i, 

HATU, iPr2NEt, DMF (32-99%); e) 22a, 22b, 22c, or 22d, 2M Na2CO3, 
Pd(dppf)Cl2•CH2Cl2, 1,4-dioxane. 80 °C (11-51%). 
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