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A B S T R A C T   

In seeking novel and potent small molecule hematopoietic prostaglandin D2 synthase (H-PGDS) inhibitors as 
potential therapies for PGD2-mediated diseases and conditions, we explored a series comprising multiple aryl/ 
heteroaryl rings attached in a linear arrangement. Each compound incorporates an amide or imidazole “linker” 
between the pyrimidine or pyridine “core” ring and the “tail” ring system. We synthesized and screened twenty 
analogs by fluorescence polarization binding assay, thermal shift assay, glutathione S-transferase inhibition 
assay, and a cell-based assay measuring suppression of LPS-induced PGD2 stimulation. Amide analogs show ten- 
fold greater shift in the thermal shift assay in the presence of glutathione (GSH) versus the same assay run in the 
absence of GSH. The imidazole analogs did not produce a significant change in thermal shift between the two 
assay conditions, suggesting a possible stabilization effect of the amide linker in the synthase-GSH-inhibitor 
complex. Imidazole analog 23, (KMN-010034) demonstrates superior potency across the in vitro assays and 
good in vitro metabolic stability in both human and guinea pig liver microsomes.   

Introduction 

Prostaglandin D2 (PGD2) is released in large quantities during allergic 
and asthmatic anaphylaxis from activated mast cells, reaching levels 
100–1000 times higher than those produced by platelets, macrophages, 
T-helper and dendritic cells.1 PGD2 also plays a detrimental pro- 
inflammatory role in systemic mastocytosis, rheumatoid arthritis, and 
Duchenne’s muscular dystrophy.2,3 PGD2 synthesis from the cyclic endo
peroxide arachidonic acid (AA) metabolite, prostaglandin H2 (PGH2), is 
catalyzed by two enzymes, lipocalin-type PGD2-synthase (L-PGDS) and 
hematopoietic-type PGD-synthase (H-PGDS) (Scheme 1).4–6 L-PGDS 
expression is largely localized to the brain, whereas H-PGDS expression 
occurs primarily within the peripheral tissues.6 PGD2 is the endogenous 
activating ligand for two prostaglandin receptors, PGD2 receptor 1 (DP1) 
and PGD2 receptor 2 (DP2 or CRTH2), where these receptors mediate 
complex downstream effects which can be pro-inflammatory or anti- 
inflammatory in various instances.7,8 H-PGDS is therefore a central pro
tein target for development of selective, potent inhibitors for therapeutic 
use against PGD2-mediated diseases and conditions. 

H-PDGS is a sigma-type glutathione transferase that catalyzes the bi-bi 
molecular reaction between nucleophilic cofactor glutathione (GSH) and 
electrophilic substrate PGH2. HQL-79 (Fig. 1) was among the first- 

generation human H-PGDS inhibitors identified. HQL-79 inhibits H- 
PGDS competitively with PGH 2 and possesses moderate potency with a Ki 
of 5 μM.9 Surface plasmon resonance (SPR) revealed that HQL-79 bound 
H-PGDS with 12-fold higher affinity in the presence of GSH and Mg2+ than 
in their absence, supporting that HQL-79 binding is stabilized by enzyme- 
cofactor-inhibitor interactions, perhaps by a network of hydrogen bonds.9 

GlaxoSmithKline, Sanofi, Evotec, Pfizer, Asahi Kasei, and AstraZe
neca have investigated H-PGDS as a therapeutic target.3,9–17 Fig. 1 dis
plays some of the compound leads generated from the pharma programs. 
Though potencies have attained the low- to sub-nM IC50 range, none has 
advanced through FDA approval. Structural similarities between the 
program leads are evident with most inhibitors having a high degree of 
aromaticity. The structures mainly comprise three components, an ar
omatic head group, a linker moiety (often an amide), and a tail portion. 
Compound 7, developed by Sanofi, incorporates a 5-(2-hydroxypropan- 
2-yl)-1,2,4-oxadiazol-3-yl)-phenyl tail moiety, wherein the oxadiazole 
ring imparts improved metabolic stability benefits over unsubstituted 
and other substituted phenyl tail group-bearing analogs.16,17 

We sought to optimize the physicochemical and pharmacokinetic 
properties of a series of multiheteroaryl H-PGDS inhibitors disclosed 
from our previous work.18 These predecessor inhibitors bear similarity 
to Pfizer and Sanofi H-PGDS inhibitors 3 and 6, respectively. 
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Compounds of this series comprise a string of covalently linked aromatic 
rings, including sequentially a phenyl or pyridyl “head” ring, a pyrimi
dine or pyridine “core” ring, a “linker” 5-membered heterocyclic ring in 
place of the published amide linker, and a “tail” group typically 
comprising a pyridine, substituted phenyl, or unsubstituted phenyl ring. 
We explored the potential of the 5-membered heterocyclic ring linkers, 
such as imidazole and thiazole, to eliminate the possibility of amidase- 
mediated hydrolytic cleavage pathway of metabolism. We found the 
imidazole linkers in place of amide maintained the high potencies of the 
amide series, though we observed no benefit to solubility or metabolic 
stability.18 In this work we generated a series of 20 new multiheteroaryl 
analogs consisting of various combinations of head-core-linker-tail 
while incorporating or not incorporating the 5-(2-hydroxypropan-2- 
yl)-1,2,4-oxadiazol-3-yl in the tail moiety (Table 1). We prepared amide 
linker-bearing and parallel imidazole linker-bearing analogs to assess 
impact of this difference on activity profiles. 

We constructed the new amide and imidazole analogs using the 
routes illustrated in Schemes 2–8. Various head ring-core ring combi
nations are commercially available as carboxylic acid intermediates, 
including 6-phenylnicotinic acid (9a), 2,2′-bipyridine-5-carboxylic acid 
(10a), 2-pyridin-2-ylpyrimidine-5-carboxylic acid (11a), and 2-phenyl- 
5-pyrimidinecarboxylic acid (12a). We employed two strategies for 
preparing the amide analogs. Direct amide coupling with benzylamine 
provides amide linker-bearing compounds 9–12 (Scheme 2). 

We approached the amide linker-phenyl-oxadiazole-isopropanol-tail 
combination through the synthetic construction of the tail, following a 
published method.16,17 Subsequent amide coupling to the various 
commercially available head groups affords compounds 7, 13, 14, and 

15 (Scheme 3). 
For the imidazoles, Weinreb amide activation of the head-core- 

carboxylic acid intermediates followed by methyl lithium addition 
provided the key ketone intermediates (Scheme 4). The head-core- 
methyl ketone intermediates were subsequently brominated using tet
rabutylammonium tribromide, forming the α-bromo ketone intermedi
ate. Reaction of the α-bromo ketone intermediates with benzamidine 
provided compounds 16, 17, 18, and 19. Phenyl-pyrimidyl intermediate 
(19c) served as the key intermediate for the synthesis of many of the 
compounds in Table 1, including the 3-pyridyl imidazole analog 24, and 
the 3-pyridyl thiazole analog 25. 

Reacting the α-bromo ketones (16c, 17c, and 19c) with 3-cyanoben
zamidine provided a handle for synthesis of the tail region for com
pounds 20, 21, and 23 (Scheme 5). The cyano intermediates were 
converted to N-hydroxybenzimidamides 20b, 21b, and 23b, which were 
subsequently cyclized in a base catalyzed reaction with 2-acetoxyisobu
tyryl chloride, resulting in the formation of the protected 1,2,4-oxadia
zole ring, providing the tail intermediates 20c-23c. Finally, removal of 
the acetyl ester afforded compounds 20–23. 

Formation of the α-bromo ketone was typically very low yielding for 
the pyridyl-pyrimidine head group series when using the method in 
Scheme 5. Consequently, an alternative route towards the α-bromo ke
tone was employed to generate final analog 22 (Scheme 6). Suzuki- 

Fig. 1. Examples of known H-PGDS inhibitors.  

Scheme 1. Arachidonate cyclooxygenase pathway formation of PGD2.  

Scheme 3. Synthesis of analogs 7, 13–15.  

Scheme 2. Synthesis of analogs 9–12.  
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Miyaura coupling between the pyridine-2-boronic acid (22a) and 5- 
bromo-2-iodopyrimidine (22b) provided intermediate 5-bromo-2-(pyri
din-2-yl)pyrimidine (22c). Subjection of 22c to Stille conditions affor
ded the vinyl ether, which is readily brominated with N- 
bromosuccinimide. Formation of the imidazole through reaction with 
benzamidine yields 22f. Likewise, the tail region of 22 is assembled in an 
identical fashion to that which is depicted in Scheme 5. 

Methyl substitution of the imidazole linker ring required alternate 
synthetic routes (Schemes 7 and 8). Commercially available 4-methyl-2- 
phenyl-1H-imidazole (26a) was benzyl-protected at the imidazole N1 
position. Palladium catalyzed direct arylation between imidazole 26b 
and commercially available 5-bromo-2-phenylbromide (26c) affords 
26d. Deprotection of 26d by hydrogenation yielded analog 26. 

Scheme 6. Synthesis of analog 22.  

Scheme 5. Synthesis of analogs 20, 21 and 23.  

Scheme 4. Synthesis of analogs 16–19, 24 and 25.  

Scheme 7. Synthesis of analog 26.  

Scheme 8. Synthesis of analog 27.  
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The synthesis of 1-methyl substituted imidazole analog 27 is shown 
in Scheme 8. 1-Methyl-2-phenyl-1H-imidazole (27b) was obtained via 
direct methylation of 2-phenyl-1H-imidazole (27a) with iodomethane. 
Palladium catalyzed direct arylation between imidazole 27b and 26c 
afforded 27. 

Overall, synthesized analogs in this data set compared individual ef
fects of head-core-linker-tail modifications on activity profiles with the 
goal to develop potent, and metabolically stable lead H-PGDS inhibitor2s. 

Compound screening was performed in a multi-assay format to 
reduce the risk of false positives and negatives, with the results dis
played in Table 1. Overall, the screening paradigm grouped together a 
competitive binding assay (fluorescence polarization binding assay, FP), 
a direct-binding assay (TSA/ThermoFluor), a kinetic inhibition assay 
(GSTase), and a cell-based assay (suppression of LPS-induced PGD2 
stimulation, PGD2 levels measured by ELISA). Rank-order of compounds 
was performed using FP derived IC50, melting temperature shift (ΔTm, 

Table 1 
SAR of compounds 7, 9–27. FP binding assay IC50 and CBA IC50 values were calculated using nonlinear regression in GraphPad Prism 7.02 software and are presented 
as mean ± SEM of (n replicates). ND refers to values that were not determined. Statistical analysis was performed using one-way ANOVA controlling false-discovery 
rate of multiple comparisons using two-stage linear procedure by Benjamini, Krieger, and Yekutieli. Superscripts indicate that P < 0.05 for comparisons with the 
following compounds 9 (a), 10 (b), 11 (c), 12 (d), 13 (e), 14 (f), 7 (g), 15 (h), 16 (i), 17 (j), 18 (k), 19 (l), 20 (m), 21 (n), 22 (o), 23 (p), 24 (q), 25 (r), 26 (s), 27(t). 
Compounds which significantly violated the sphericity assumption were excluded from statistical analysis including 18, 22 from FP statistics and 22 from CBA sta
tistics. Statistics are provided for compounds with > 80% inhibition in GSTase assay as well.

No. X Y R1 Z R2 FP IC50 (nM) ΔTm (◦C) ΔTm (◦C)  
w/ 1 mM GSH 

% GSTase Inhibition CBA IC50 (nM) 

(9) C C C H 122 ± 51.2 (6)c-j,l,m,p,q- 

s 
0.3 ± 0 (3) 3.0 ± 0 (3) 40.4 ± 1.06 (3) 1,234 ± 151 (4)b-n,p,q,s,t 

(10) N C C H 80.7 ± 11.7 (6)c,d,g,h,l,p, 

r 
0.1 ± 0.1 (3) 2.8 ± 0.2 (3) 19.2 ± 1.62 (3) 452.8 ± 118.2 (4)a,c-e,g-n,p,q,s 

(11) N N C H 7.14 ± 2.06 (7)a,b,n,r 0.2 ± 0.1 (3) 4.2 ± 0 (3) 71.3 ± 1.91 (3) 35.71 ± 4.21 (7)a,b,e,f,k,s,t 

(12) C N C H 11.7 ± 1.50 (13)a,b,n,r 0.4 ± 0.1 (3) 4.6 ± 0.1 (3) 82.5 ± 0.51 (3)g,i,l,p 23.91 ± 8.53 (11) a,b,e,f,k,s,t 

(13) C C C 27.7 ± 4.32 (5)a,r 0.2 ± 0.1 (3) 3.3 ± 0 (3) 62.4 ± 0.58 (3) 807.75 ± 84.99 (4)a-d,f-n,p,q,s 

(14) N C C 55.5 ± 17.1 (6)a,p,r 0.1 ± 0.1 (3) 2.8 ± 0.1 (3) 47.2 ± 6.48 (3) 327.75 ± 41.02 (4)a,c-e,g,h,k,n,p, 

s,t 

(7) N N C 7.48 ± 1.53 (5)a,b,n,r 0.5 ± 0.1 (3) 5.1 ± 0 (3) 90.9 ± 1.33 (3)d,h,l,m,s 11.61 ± 1.67 (10)a,b,e,f,k,s,t 

(15) C N C 7.18 ± 1.56 (9)a,b,n,r 0.4 ± 0.1 (3) 4.95 ± 0.15 
(3) 

83.9 ± 0.61 (3)g,l,p,s 9.86 ± 1.54 (16)a,b,e,f,k,s,t 

(16) C C C H 31.6 ± 10.3 (6)a,r 3.2 ± 0.1 (3) 4.4 ± 0.1 (3) 85.2 ± 0.20 (3)d,g,l,m,p,s 40.5 ± 2.1 (4)a,b,e,k,s,t 

(17) N C C H 37.2 ± 6.31 (5)a,r 4.2 ± 0 (3) 5.2 ± 0.1 (3) 73.5 ± 4.26 (3) 44.5 ± 12.7 (4)a,b,e,k,s,t 

(18) N N C H 1,765 ± 1,179 (2) 0.2 ± 0.1 (3) 0.6 ± 0 (3) 18.2 ± 0.47 (3) 5,056 ± 622.7 (4)a-j,l-n,p,q,s,t 

(19) C N C H 8.88 ± 2.9 (9)a,b,n,r 3.6 ± 0 (3) 3.8 ± 0.1 (3) 94.5 ± 0.31 (3)d,g,h,i,m,p, 

s 
59.00 ± 12.16 (6)a,b,e,k,s,t 

(20) C C C 35.4 ± 17.3 (3)a,r 4.3 ± 0.1 (3) 5.2 ± 0.1 (3) 83.5 ± 0.29 (3)g,i,l,p,s 72.0 ± 14.13 (7)a,b,e,k,s,t 

(21) N C C 78.6 ± 18.3 (6)c,d,g,h,l,r 4.8 ± 0 (3) 5.4 ± 0 (3) 76.1 ± 4.62 (3) 23.41 ± 5.68 (7)a,b,e,f,k,s,t 

(22) N N C 3,203 ± 1,214 (3) 0.4 ± 0.1 (3) 0.6 ± 0 (3) 25.5 ± 14.9 (3) ND 

(23) C N C 5.88 ± 1.18 (15)a,b,f,n,r,t 6.9 ± 0.1 (3) 7.1 ± 0.1 (3) 92.1 ± 0.66 (3)d,h,i,l,m 20.67 ± 3.38 (18)a,b,e,f,k,s,t 

(continued on next page) 
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◦C) in the presence/absence of GSH, percent GSTase inhibition, and cell- 
based assay (CBA) derived IC50. 

Analogs bearing the pyrimidine ring core generally excel in H-PGDS 
binding and cellular potencies over their corresponding pyridine ana
logs with pyrimidines 23, 11, 15, 7, 19, and 12 representing the six most 
potent compounds of the twenty tested in the FP binding assay, and all 
these except for 19 representing the five most potent in the CBA 
(Table 1). The phenyl(head)-pyrimidine(core)-linker-5-(2-hydroxypropan- 
2-yl)-1,2,4-oxadiazol-3-yl)-phenyl(tail) combination represented by amide 
linker analog 15 and imidazole linker analog 23 is quite favorable, 
providing two of the most potent compounds in the FP binding assay, CBA, 
and GSTase inhibition assay while demonstrating relatively strong shifts in 
the TSA. 

In one of the most clear and dramatic observations of the series SAR, 
the pyridine-pyrimidine-imidazole-tail group combination as repre
sented by analogs 18 and 22 is detrimental to binding and activity across 
the panel of assays. Simple replacement of any one of the three nitrogen 
atoms of the head group-core ring component with a carbon atom (17, 
19, 21, and 23) restores orders of magnitude to the FP and CBA IC50s 
while also recovering significant activity in both the TSA and GSTase 
assay. The detrimental impact of the pyridine-pyrimidine combination 
on H-PGDS binding and activity is not observed when the linker is the 
amide, as observed across the assay panel for two sets of compounds 10- 
11-12, and 14–17-15. Interestingly, we observed a 10-fold increased 
TSA shift for all eight amide linker analogs when the assay included a 1 
mM concentration of the glutathione cofactor (GSH) over those shifts 
observed when GSH was not added. The amide core displaying a 
dependence upon GSH matches broadly with previously reported work 
showing an enhancement in K i in the presence of GSH.9 We did not 
observe such a change, however, in shift for heterocycle linker analogs. 
The imidazole linked series displayed nearly an equivalent ΔTm in the 
presence or absence of GSH (Fig. 2). This suggests that specific in
teractions (perhaps hydrogen bonding interactions) between the 
cofactor and amide group stabilize the cofactor-inhibitor-synthase 
binding complex. Analog 23 displayed the largest Tm shift in the TSA, 
6.9/7.1 ◦C, in the absence or presence of GSH, relative to all other 
compounds screened. The observed T m shift between the amide and 
imidazole series suggested further study on the mode of inhibition was 
needed. GSH competitive binding (imidazole series) versus non- 
competitive binding (amide series) will be further investigated in an 
upcoming publication. 

Analogs 24-27 test variations of the 5-membered heterocycle linker- 
tail group motif while maintaining the phenyl-pyrimidine head group- 
core ring arrangement. The pyridin-3-yl tail of imidazole analog 24 
imparts binding and activity across the assay panel. Replacing the 
1-nitrogen atom of imidazole analog 24 with a sulfur atom to provide 
thiazole analog 25 results in the significant loss of H-PGDS binding 
potencies and activity, whereas methyl substitutions at various imid
azole ring positions (analogs 26 and 27) slightly diminish binding yet 

still significantly decrease cell activity. 
Lastly, analog 23, KMN-010034 showed good in vitro stability with a 

half-life > 60 min when tested in human liver microsomes. Unfortu
nately, we achieved a maximum aqueous KMN-010034 concentration 
of only 3.3 μM in PBS @ pH 7.4. Replacement of the phenyl head ring 
with 2-pyridyl offers an aqueous solubility benefit. We observed 
improved solubility for the 2-pyridyl head ring analog of 23, compound 
22, for which we achieved a maximum aqueous concentration of 17.5 
μM under the same conditions. 

Fig. 2. A) Change in melting temperature observed in TSA to Apo H-PGDS. (B) 
Change in melting temperature observe in TSA to Apo H-PGDS in the presence 
of GSH. All error bars are SEM. 

Table 1 (continued ) 

No. X Y R1 Z R2 FP IC50 (nM) ΔTm (◦C) ΔTm (◦C)  
w/ 1 mM GSH 

% GSTase Inhibition CBA IC50 (nM) 

(24) C N N  13.2 ± 5.42 (3)a,r 4.9 ± 0.1 (3) 5.7 ± 0 (3) 65.1 ± 1.09 (3) 12.5 ± 4.5 (2)a,b,e,k,s,t 

(25) C N N  257 ± 159 (2)a-j,l-n,p,q,s,t 2.1 ± 0 (3) 2.2 ± 0.1 (3) 29.5 ± 1.41 (3) >5,000 (2) 

(26) C N C H 30.8 ± 10.2 (3)a,r 4.3 ± 0.1 (3) 4.5 ± 0 (3) 81.5 ± 0.98 (3)g,h,i,l,m,p 3,742.5 ± 338.5 (2)a-n,p,q,t 

(27) C N C H 63.1 ± 19.4 (3)p,r 3.1 ± 0.1 (3) 3.4 ± 0.1 (3) 38.4 ± 7.8 (3) 723.5 ± 95.5 (2)a,c,d,f-n,p,q,s  
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