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ABSTRACT: Here we report adamantyl cyanoguanidine compobaded on hybrids of the adamantyl amide
scaffold reported by AstraZeneca and cyanoguanisiéaéfold reported by Abbott Laboratories. Compodiid
displayed five-fold greater inhibitory potency thiéwe lead compoun® in both pore-formation and interleukin-
1B release assays, whik&-treated mice displayed an antidepressant phendtypehavioral studies. This SAR
study provides a proof of concept for hybrid compdss which will help in the further developmentRZX;R
antagonists.
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INTRODUCTION

The purinergic P2Xreceptor (P2XR) is a ligand-gated ionotropic receptor activatgchigh concentrations of
extracellular ATP. Activation of the P2R by ATP opens a pore allowing”kefflux associated with the
processing and secretion of pro-inflammatory cyteki interleukin (IL)-f and IL-18"% P2X,R is highly
expressed on immune cells including microglia, reésdent macrophages of the central nervous sy&idN®).
Secretion of IL-B by activated microglia is linked to neurodegerieratassociated with multiple sclerosis,
Parkinson’s, Alzheimer’s, and Huntington's dise4$k.Patients with increased levels of inflammatory
cytokines also exhibit behavioral patterns consistéth depressive mood disorders, and studiesguBR¥%;R-
KO mice demonstrate an anti-depressant phenotypeiimal models of stre§s® Given the role of P2)R in
inflammation, IL-1B processing and secretion, there has been a lacgs bn developing P2R antagonists for
the treatment of neurodegenerative and psychidisierderd? Despite favorable preclinical evidence for the
P2X;R as a drug target, there have been no-;R2xntagonists that have entered clinical trials #0ENS
indication to daté® Additionally, the Pfizer drug CE-224,535 and AZaeca’s AZD9056 both failed to
display significant efficacy in phase Il clinicalals for the treatment of a peripheral inflammgtdisorder—
rheumatoid arthriti§*%

P2X;R antagonists featuring the polycyclic adamantyletyohave been extensively studied. High potenay an
selectivity for the P2YR subtype was reported for aryl carbohydrazidesmaohtyl isoquinolinones, and
adamantyl benzamid&4:*®! Inclusion of the adamantyl group increases blo@drbbarrier penetration through
optimization of lipophilic properties of polar comynds, and adamantane has proven to be one ofdse m
potent hydrophobic groups in SAR studies of FRXantagonists’*® Adamantyl amide derivatives
incorporating substituted phenyl moieties are higidtent, but their poor pharmacokinetic properpiesclude
their usein vivo.** > 20 2lowever, the inclusion of a heterocyclic aryl gpauch as the indazolereported
by AstraZenecaHigure 1) affords adamantyl amide derivatives which exhibduced intrinsic clearance (&l

= 47 mL/min/kg) and a reasonable half-lifgx(t 1.0 h) in rats when compared to the correspangimenyl
analogue$§:¥



FIGURE 1

An alternative class of P2R antagonists developed by Abbott Laboratories rime@tes a cyanoguanidine
motif. These compounds demonstrate potent andteade2XR inhibition with minimal difference in activity
across specid¥) Compound3 (A-740003) inhibitedn vitro human P2XR activity with G values ranging
from 44-155 nM for IL-B release, calcium flux, and YO-PRQ dye uptake assa{d More recently, the
truncated analogu2 (A-804598) was reported with and(®f 9—11 nM at the mouse, rat, and human fR3Xn

a calcium flux assay, with comparable potencies alsserved in IL-f release and YO-PRGL dye uptake
assay$® These cyanoguanidine derivatives exhibit acceptphrmacokinetic properties that have allowed for
their usen vivo, and the high potency and selectivity2dior the P2XR over other P2X receptors has led to the
use of fH]A-804598 as a high affinity radioligand in raty®R binding studie&”

In an effort to retain the favorable pharmacokingtioperties of the truncated cyanoguanidines tegdoy
Abbott Laboratories, but produce enhanced potencthé inclusion of the adamantyl moiety, in thisrivave
describe an exploratory SAR study of adamantyl-ogaanidine hybrid compound$ (Figure 2). They
incorporate adamantane (pink) as the hydrophobitigmoof the molecule connected to variously subtd
aryl groups (green) through the cyanoguanidineelinfred). We investigated the optimal distance raf t
cyanoguanidine linker to the adamantyl & 0—2, orange) and aryl {I= 0-2, blue) groups. These compounds
were investigated as a proof-of-concept for essabig whether two distinct, promising classes oXfR
antagonists can be combined to form hybrid molecwhich retain desirable features from each categor
order to further explore the pharmacophore of fRXhibition.

FIGURE 2
RESULTS AND DISCUSSION

Chemistry. Phenyl N-adamantyIN'-cyanocarbamimidaté was prepared from the corresponding adamantyl
amine5 and the commercially available dipheMN#cyanocarbonimidate in 2-propan@dheme 1. Subsequent
reaction of6é with commercially available aryl amines, followbg removal of solvenin vacuo and trituration
with diethyl ether yieldedN-adamantyIN'-cyanoguanidines of typé, with high purity forin vitro analysis. For
less nucleophilic aryl amines such as 5-aminoqineolit was necessary to couple the aryl porBowith
diphenyl N-cyanocarbonimidate first to givg followed by the reaction with adamantyl amib¢o yield N-
adamantylN’-cyanoguanidines of typé.

P2X;R Inhibition Assay. The adamantyl cyanoguanidine compoud@s-36 were assayed for inhibition of
P2X;R activity by measuring the inhibition of(2)-O-(4-benzoylbenzoyl) ATP (BzATP)-induced uptake of
YO-PRO®-1 dye in human THP-1 cell$ables 1, 2 and 3). Further experimental details are provided in the
supporting information.

SCHEME 1

The effects of the linker length of both the adatylafl ;) and aryl portion (k) of the molecule were explored
whilst retaining the unsubstituted phenyl rifigable 1). Exploring linker Ly showed that compound$-12 (L,

= 0) were all weakly potent with a maximum poteréy-2.5 uM, while the ethylene linker {l= (CH,),, 16—
17) was also poorly tolerated, only yielding high mimolar potency.

TABLE 1

The methylene linker (L= CH,) proved to be ideal for the adamantyl portionha tnolecule (compounds3-
15), with sub-micromolar potency achieved fb8 and 14 (100 and 407 nM, respectively). In comparison,
greater tolerance was observed for the aryl lifjkgr. Compoundd 3 and14 showed thaho linker (L, = 0), or

a methylene linker (L= CH,) afforded reasonable potency in combination whith preferred adamantylmethyl
(L1 = CH,) substituent. Extending the linker furthek5( L, = (CH,),) was poorly tolerated, with potency
decreasing 10-fold (4070 nM) compared to the metig/llinker. Following identification of the optimia] and

L, linker lengths, further studies were conductedh@naromatic portion of the molecule to exploreéffect of
aryl substitution on antagonist potendable 2).

The effect of electron-donating, electron-withdnagyi and heteroaromatic aryl derivatives were testhie
varying the L linker length to determine if the directly attadh@, = 0) anilide-like derivatives were still
superior to the methylene linker when the ring stili®ns were altered. First examining when nkéinwas
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present (L = 0), the addition of an electron-donating methexpstituent in positions 28§ and 3 (9) gave
compounds which were twice as potent as the unsutest analoguel3 (51 and 58 nM vs 100 nM,
respectively). The 4-methoxy derivati®® was an order of magnitude less potent (562 nM tie other
methoxy regioisomers with a five-fold reduction potency compared td3. Addition of an electron-
withdrawing fluoro substituent in positions 3 andcdmpound22-23) gave compounds of slightly reduced
potency (186 and 174 nM, respectively) compared 3owhile the 2-fluoro analogu2l displayed similar
potency (58 nM) to the 2- and 3-methoxy analoguésand 19 respectively). The pyridyl derivative®-26
were all less potent thalB, with the 2-pyridyl analogu24 showing a complete loss of activitsf.(214 and 417
nM for 25 and26, respectively). The high potency of theho-substituted (L = 0) derivatives may be due to a
steric clash with the cyanoguanidine linker, legdio a twisted conformation of the aryl ring whiictieracts
more favorably with residues in the active sitehas been suggested for 2-substituted benzamidetiees™

With the extended methylene(E CH,) linker, both electron-donating methoxy derivasiv@8-30; 562, 851
and >10000 nM) and electron-withdrawing fluoro datives 81-33; 501, 708 and 2399 nM) were at least an
order of magnitude less potent than the directigchied (L = 0) analogues. Interestingly, there was a reversa
in activity for the heteroaromatic derivative34(36), exhibiting equivalent (4-pyridyl; 447 vs 417 n\y
higher (2- and 3-pyridyl; 234 vs >10000 nM, andw%214 nM) potency with the methylene linkep & CH,)
than for the directly attached f{I= 0) pyridines. The substantial potency increalsseoved in the 2-pyridyl
derivative with the methylene link&4 compared t@4 (L, = 0) may potentially result froi?4 favoring inactive
tautomers Z4aand24b) which benefit from an intramolecular hydrogen-timy interaction Figure 3), which

is not possible with the alternative regiomericigiyres (see supporting information for further comfiational
analysis of selected cyanoguanidine compounds).

FIGURE 3
TABLE 2

The 5-quinolinyl27, which is the adamantylmethyl analogue?ofias found to be more potent than any of the
compounds tested (18 nM), with five times highetepoy than2 in both the dye uptake and II3-Telease
assaysTable 3).?® An interesting feature of the 5-quinoline is thpi@alent nitrogen positioning to that of the
most potent regiomeric pyridir@5 (Figure 4). This increase in potency compared to the pyedimnght be due

to the rigidification of the methylene linker witlhe bioisosteric quinoline, resulting in a more daable
restricted conformation in the binding site. Altatimely, the phenyl portion of quinoline may resualincreased
potency through cation-interactions with a positively charged amino amdidue, as well as acting as a
hydrogen-bond acceptor through the nitrogen atothéradjoined fused ring.

FIGURE 4

An IL-1pB release assay was performed on selected compaonddidate the results obtained from the dye
uptake assayT@able 3). The I1G, values from the IL-§ assay showed consistently stronger potency than th
ICso values for dye uptake across all compounds tegtednteresting observation can be made wherein the
quinoline derivativesZ and27) exhibited a ~10-fold increase in potency wheret the IL-PB release assay,
the phenyl derivativeslé and32) showed a ~5-fold increase in activity, and theicpy derivatives 84-36) all
demonstrated a ~1.5-fold increase in activity. Whihe sample set is small, the consistency ofntfi@d
potency increase suggests that the nature of thaadic group is a determining factor in the appapatency
increase observed when tested with the plrdlease assay. The II3hssay is conducted with preincubation of
the antagonist compounds, followed by a wash €lempounds with the more lipophilic aromatic systeersd

to exhibit the highest increase inskQvith the IL-1B assay, potentially due to cell permeability effeair by
having a slow rate of dissociatiok.f) from the receptor. Slowly dissociating antagomisinpounds give a
higher receptor occupancy due to their increassideace time, so the wash step which effectivefyaees any
unbound ligand will favor slowly dissociating comymis?*2®

TABLE 3

Despite the higher potency of the quinol2% the lower calculated logP of the 3-pyridyl detiva 35 yielded a
compound with a higher LIPE value than the quirmlisuggesting that it was likely to be a betteugdlike’
candidate based on its calculated physicochemioapeties. Furthermore, the calculated pharmactkine
properties of35 were predominantly within the recommended valueswggested by Schrédinger, and with
similar values to 95% of known drugtable 4). Due to the combination of desiralfesilico physicochemical
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and pharmacokinetic propertied§ was chosen as an illustrative compound from ttarehtyl cyanoguanidine
series for furthein vivo biological studie&” In vivo pharmacokinetic studies were conducted in micé @4
administered intravenously as a bolus dose (2 mg/igth further details provided in the supporting
information. The compound was rapidly cleared (Ql1F mL/min-kg), had a short half-life ft= 0.22 h), and a
low overall exposure (AUE, = 0.88 uM-h). Despite the far from ideal pharmawetic properties of35,
compounds with short half-lives are still able tspthy activity through the forced-swim test (FSIE)a result
of the short duration of the procedure (6 nfif1)?? While the pharmacokinetic profile &5 would make it
unsuitable for clinical development, and is by neams a viable lead candidate itself, we believe sufficient
for proof-of-concept studies in the FST.

TABLE 4

To examine whether these compounds were able tetga¢e the BBB, act on centrally expressed f&Xand
induce a behavioral resporisevivo, the 3-pyridyl analogu85 (highest LiPE valueTable 2) was tested in the
FST. The FST is a model of behavioral despair inemlmmobility time in the FST is considered aabkle
indicator of depressive activity as mice stop emygagin escape-oriented behavior when placed in an
inescapable environment, hence the FST is a conymusield paradigm for testing the efficacy of antréspant
drugst®® * In addition, previous studies have demonstratat B2X%R-KO mice display decreased immobility
time compared to wild-type mice, validating the o§¢he FST as a model for PAX antagonism in the CNS.
After intraperitoneal administration of vehicle 8b, the tests were conducted by placing mice in arcle
Plexigla$ cylinder filled with water, with the immobility e being defined as the time in seconds in whieh th
mouse was passively floating in the chamber. Furtheerimental details are included in the suppgrti
information. P2XR-KO mice and mice treated with analog8® showed reduced immobility time when
compared to wild-type (WT) micé-jgure 5).

One-way repeated measures ANOVA on the third datesting revealed that P2R-KO mice displayed a
significantly reduced immobility time compared toTwhice [F(1,31) = 24.04& < 0.05], while35-treated mice
revealed a treatment by time interaction wheregy thehaved similarly to vehicle-treated mice infih& three
minutes of the test, but showed a significant deseein immobility time in the final three minutektbe test
[F(5,115) = 3.45P < 0.01]. These data are consistent with an amfelsant phenotype as the induced
behavioral despair response has diminished. That® gtovide evidence to suggest tBatis able to act
centrally and produce comparable reduction in degive symptoms as genetic knock-down of the /X
presumably through P2R-mediated inhibition of IL-g releasé® 2

CONCLUSION

In summary, we demonstrate that the adamantyl magetn effective bioisostere for the hydrophobigl a
portion of the cyanoguanidine scaffold in RRXantagonists. The SAR study revealed featureshisf t
compound series required for PE&Xinhibition. The methylene linker to adamantanesssential for high
inhibitory activity, while the aryl portion benedifrom direct attachment {l= 0) of the guanidino nitrogen for
benzene derivatives. Interestingly a methylene elinkl, = CH,) is more favorable for heteroaromatic
analogues, which we have suggested to result fromectty attached (L = 0) electron deficient pyridyl
analogues being unable to effectively participatecations interactions in the active site. The adamantane
analogue?7 is highly potent in both functional assays, digplg approximately 5-fold greater inhibitory
activity than the lead compourtd Compound35 demonstrated the ability to act centrally to pralan anti-
depressant phenotype in the FST. The high potemty @omisingin vivo results for the adamantyl-
cyanoguanidine compounds imply great potentialdiveloping an effective CNS-penetrant PRXantagonist,
and the SAR studies reported here will help guidedesign of additional analogues which retainngorove
upon the potency @5, with enhanced pharmacokinetic properties.

Supporting Information
Full synthetic details, and experimental protodotsbiological assays are listed in the supporiifgrmation.
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ABBREVIATIONS USED

BzATP, 2'(3)0-(4-Benzoylbenzoyl)adenosine-5'-triphosphate teiftrylammonium) salt; DMSO, Dimethyl
sulfoxide; FBS, Fetal bovine serum; HBSS, HankslaBeed Salt Solution; rhIFN; Recombinant human
interferon gamma,; LPS, Lipopolysaccharide
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Figure Captions:

Figure 1. The adamantyl indazole amidereported by AstraZeneca, and the cyanoguanidineatizes 2—3
developed by Abbott Laboratories.

Figure 2. Adamantyl-cyanoguanidine hybrids investigated Fairt potency of inhibition at the human RPRX

Figure 3. Potential tautomers &4 resulting from the energetically favorable intrdesmlar hydrogen-bonding
interactions.

Figure 4. The equivalent nitrogen positioning of the 5-quimgd and 3-pyridyl derivatives.

Figure 5. The immobility time of mice as a function of time vehicle-treated P2)R-KO (n = 18), vehicle-
treated WT (n = 15) an85-treated WT (1 mg/kg; n = 15) mice on Day 3 of cangive daily repeated forced
swim tests. Data are expressed as the mean + SigMfiGnt genotype effects per minute are indiddty * P

< 0.05, **P < 0.01, ** P < 0.001, and significant treatment effects perutgrindicated by P < 0.05, which
were analyzed using Studentsest.
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Scheme Captions:
Scheme 1Synthesis of adamantyl cyanoguanidine derivatives

% Reagents and conditions: (a) diphehlytyanocarbonimidate;PrOH, 22 °C; (b) aryl aming;PrOH ori-
PrOH/EtOACc/CHCI,, reflux; (c) diphenylN-cyanocarbonimidate, MeCN, reflux; (d) adamantylireab, i-
PrOH, reflux.
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Table Captions:

Table 1. The 1G, values of adamantyl cyanoguanidine derivativesrsg@P2%R using the YO-PR®1 dye
uptake functional assay in human THP-1 cells.

#1Cso values are the mean of three experiments, witluticertainty reported as the standard error ofrtean.
Table 2. The IG, values of adamantyl cyanoguanidine derivatives wirying aryl groups.

2 |Cqo values are the mean of three experiments, withitioertainty reported as the standard error ofrtan”
Calculated in ChemDraw Ultra v. 12.0.2 using Crippdragmentation method Lipophilic efficiency: LIiPE =
plCso— cLogP.

Table 3.1Cs, values of adamantyl cyanoguanidine derivativesoith YO-PRO-f dye uptake and ILfirelease
assays.

#1Cs values are the mean of three experiments.
Table 4. Calculated physicochemical and pharmacokinetipg@riies, andn vivo pharmacokinetics d5.

% Physicochemical properties (molecular weight, Mligpphilicity, log P; polar surface area, PSA) were
calculated with ACD/Lab v12 softwar8.Pharmacokinetic properties (Oral Absorption; Peesti Apparent
Caco-2 Permeability, QPPCaco; Predicted apparentCKiDcell permeability, QPPMDCK; Predicted
Brain/Blood Partition Coefficient, QPlogBB) were loalated with QikProp, Schrédinger v4 software.
Pharmacokinetic parameters3§ in mice after 2 mg/kg IV dose. Further details previded in the supporting
information.
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Tables:

Table 1:
Y s
NC”
compound L L, glé;ﬁ/l E(rj])'(/le)a uptake) mean =+
10 - - 2455 £ 57
11 - —CH— >10000
12 - —(CHy)~ >10000
13 —CH— - 1005
14 —CH,— —CH~— 407 £ 28
15 —CH— —(CH)— 4070 + 380
16 —(CHy)~ - >10000
17 —(CHy)~ —CH— 3020 + 350
Table 2:
H H
@\/NTN\%R
ne N
Compound L, R ICs0(dye uptake) cLogP’ LiPE®
mean + SEM(nM)?
18 - 2-CHO-CgH, 51+5 4.48 2.81
19 - 3-CHO-CeHa 58 +3 4.48 2.76
20 - 4-CHO-CgHy 562 + 39 4.48 1.77
21 - 2-F-GH,4 58+1 4.76 2.48
22 - 3-F-GH, 186 + 13 4.76 1.97
23 - 4-F-GH, 174 +8 4.76 2.00
24 - 2-pyridyl >10000 3.98 N/A
25 - 3-pyridyl 214+5 3.27 3.40
26 - 4-pyridyl 417 + 38 3.27 3.11
27 - 5-quinolinyl 18+2 4.69 3.06
28 —CH—~  2-CHO-CH4 562 + 26 4.69 1.56
29 —CH—~  3-CHO-CH4 851 + 20 4.69 1.38
30 —CH~  4-CHO-CH, >10000 4.69 N/A
31 —CH  2-F-GH, 501 + 81 4.97 1.33
32 —CH  3-F-GH, 708 + 33 4.97 1.18
33 —CH,— 4-F-GH, 2399 £ 277 4.97 0.65
34 —CH~  2-pyridyl 234 +22 3.90 2.73
35 —CH~  3-pyridyl 69 +3 3.48 3.68
36 —CH—  4-pyridyl 447 +10 3.48 2.87
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Table 3:

IC5o (dye uptake)

ICs50 (IL-1B) mean +

n-fold increase in activity

Number Compound mean + SEM(nM)?  SEM (nM)? (dye uptake/IL-1p release)
2 (A-804598) @Yn g f/ I 93:2 9+2 103
|
NC’N
27 JO A Cl 18%2 2+1 9.0
NC’IN
14 jlel: 1 ) 407+28 79 +17 5.2
|
NC’N
32 -4 1 L, 708:33 1326 5.4
NC’N
34 @VH | H \/N | 234 + 22 138+3 1.7
NC’N
35 Hor L 69+3 40 +4 1.7
@\/N T N AN
NC~
36 hon L) 44710 389 + 27 1.2
@VN T N\/O
NC”
Table 4:
Calculated MW psa O QPPCaco  QPPMDCK
; b
properties (g/mol)? el (A2 ,(Oc\J/k;S'iorptlon (nm/secy (nm/secy QPlogBB
Recommended Values Range for 95% of known drudg@8mger)
< 25% poor < 25 poor <25poor _ —
< 450 <5 <70 0 p p p 132.0 to
> 80% high > 500 great >500 great
35 323.44 3.41 78.33 100 839 409 —0.905
Experimental (Cen e to AUC., MRT .. () Cl Vyq
pharmacokinetics’ (nM) (min) (h) (uM-h) 0= (mL/min-kg)  (mL/kg)
35 3.65 25 0.22 0.88 0.31 117 2202
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HIGHLIGHTS:

e An SAR study of adamantyl cyanoguanidines was conducted for P2X-R inhibition.
»  Compounds were tested for activity using dye uptake and IL-1p release assays.

»  Adamantyl derivatives displayed up to a 5-fold increase in potency over the lead.

e 35-treated mice displayed an antidepressant phenotype in aforced swim test.

e Thisstudy will guide development of aviable lead candidate for P2X+R inhibition.



