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Some N-substituted analogues of willardiine suchldsand 13 are selective kainate receptor antagonists.

In an attempt to improve the potency and selectivity for kainate receptors, a range of analofjlesof
13were synthesized with 5-substituents on the uracil ring. An X-ray crystal structure of the 5-methyl analogue
of 13bound to GLUs revealed that there was allowed volume around the 4- and 5-positions of the thiophene
ring, and therefore the 4,5-dibromo and 5-phetdy) (@nalogues were synthesized. Compo6AdACET)
demonstrated low nanomolar antagonist potency on native and recombinang-Ghtdaining kainate
receptors Kg values of 7+ 1 and 5+ 1 nM for antagonism of recombinant human Glsthnd GLUs/

GLUk,, respectively) but displayed kgvalues>100 uM for antagonism of GLW,, GLUks, or GLUke/

GLUka.

Introduction ing kainate receptor antagonistThese antagonists displayed
. . . useful selectivity for GLWs versus AMPA and GLWe-
Kainate receptors are a class of ligand-gated ion channel that ontaining receptors and were therefore used to provide evidence

are expressed in the mammalian central nervous system an - : P
) . ; 0 support the role of GLKs in synaptic plasticity in the moss
are activated by the excitatory neurotransmit@¢dlutamatet fiber Ft)g CA3 region of the hip);/)ocF;mszjs andyin a numberyof

There are three groups of ligand-gated ion channels activated - . - :
- central nervous system disorders such as chronic pain, epilepsy,

Zy. (S)-glut?mate known as dthi)'s/lzl;;mmg- 3-hyd{oxy§égethyl- ischaemia, and migrairf®. Interestingly, an analogue of the

-isoxazolepropanoic acid ( 1, Figure 1), ( 49 hatural product dysiherbaind, has been reported to be a
3-carboxymethyl-4-isopropenyl-pyrrolidine-2-carboxylic acid g0 ciye GLWs receptor antagonigt.However, unlike the
(kainate,2), and N-methylD-aspartic acid (NMDA) receptor decahydroisoquinoline-based antagon&tsyoked brief seizures
subtypeg. Kainate receptors are tetrameric assemblies of ¢, -\ - 4 by unconsciousness when injected into fideside
GLUks-7, GLUks, and GLUk subunits (IUPHAR nomenclature ¢ 1" o i osteric antagonists, recently the first selective non-
of theareceptors that are also known_ as GluR5 .KAl’ and competitive antagonist for GL4d, 7, has been reported.
K.AZ).' AMPA receptors are tetrameric assemblies of a com- Substitution at the 5-position of the uracil ring of the natural
bination of GLUx;—4 subunits (IUPHAR nomenclature of the product willardiine ) led to compounds9( and 10) with

receptors that are also known as GluRllor GIuURA-D).2 The ) : g : :

. . ) S L - selective agonist activity at either AMPA or kainate receptérs.

first antagonists with significant activity at kainate receptors h duced selective G ining kai

were from the quinoxalinedione class of compounds, and theseWe ave produced selective Glsleontaining kainate receptor
' antagonists by adding either a 2-carboxybenzl) (or a

included 6-cyano-7-nitroquinoxaline-2,3-dione (CN@Xand ; ; "
- . . 2-carboxthiophene-3-ylmethyl ) substituent to the Nposition
the potent AMPA receptor antagonist 2,3-dinydroxy-6-nitro-7- - e, a i ring of willardiinet! The racemic mixture and the

i ) : A
B oo Tl o et PUFES EnanomEA Have been usec t show tha he
P P g receptor involved in the induction of long-term potentiation

receptors as they also antagon_lzed .AM_PA receptors. Mo_re (LTP) in the mossy fiber to CA3 pathway in the hippocampus
recently, a series of decahydroisoquinolines, culminating in ins the G buniti112 | additi has b d
compoundb,> have been reported as selective Geidontain- contains the GLs su un'lt.' ~ein a ition, 11 has een use

’ to show that GLWs-containing kainate receptors are involved
in short-term recognition memo#y.We have reported previ-
* To whom correspondence should be addressed. Phewet (0)117 ously that 12, the 5-iodo-substituted analogue @fl, had

9546451. Fax:+44 (0)117 9250168. E-mail: david.jane@bristol.ac.uk. . .
* Department of éh)armacology’ University of Brijstol. enhanced GLKs antagonist potency and selectivity, but re-

* Department of Anatomy, University of Bristol. placement of the thiophene ring ®8 with a furan ring to give
ﬁﬁ:i'_'Li"y and Co. 14 led to a reduction in GLKs receptor antagonist potenty.

a Abbreviations: AMPA, §-2-amino-3-hydroxy-5-methyl-4-isoxazolepro- While 11-14 (F|gure l), were moderately potent kamate.
panoic acid; kainate, §3549-3-carboxymethyl-4-isopropenyl-pyrrolidine- ~ receptor antagonists, there is a need for more potent and selective
2-carboxylic acid; NMDA,N-methyl-o-aspartic acid; CNQX, 6-cyano-7-  antagonists for in vitro and in vivo studies of GLkéJkainate

nitroquinoxaline-2,3-dione; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl- ; ; ; _
benzofquinoxaline: DHPG, $-3.5-dihydroxyphenylglycine: fDR-VRP. receptor function. Herein, we report the synthesis and pharma

fast component of the dorsal root-evoked ventral root potential; ATgE, ( cological characterization of a new series of analogueslof
2-amino-3-[Stert-butyl-3-(phosphonomethoxy)-4-isoxazolyl]propionic acid. ~ and14 in which the 5-subsituent on the uracil ring was varied
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Figure 1. Structures of AMPA and kainate receptor agonists and antagonists.

in an attempt to increase the potency and selectivity for @tU

HCI (aq), gave amino acid84 and 35 with enantiomeric

containing kainate receptors. In addition, the effect of adding excesses 99% as determined by chiral HPLC. Compourid'2
substituents to the thiophene ring was investigated. This novelwas treated with bromine in aqueous acetic acid to obtain the
series of compounds was pharmacologically characterized on5-bromo derivative 36, Scheme 1), which was purified using
both cloned and native AMPA and kainate receptors. We also Dowex 50WX8 ion-exchange resin {Horm) and crystallization

undertook a molecular modeling study to attempt to explain

from water, thereby avoiding the use of strongly basic Dowex

the pharmacological data obtained for the compounds synthe-X18 resin.

sized in this study.

Results

Chemistry. A series of 5-substituted analogues of the
previously reported GLIK5 selective antagonist1 were syn-
thesized, as we had previously observed ttatthe 5-iodo-
substituted analogue dfl (Figure 1), had increased Gk
antagonist potency and selectivifi:

The required 5-substituted protected uracil22'4 was
synthesized from thyminé ). Heating a suspension of thymine
(15 in the presence of hexamethyldisilazane, TMSCI, and
ammonium sulfate catalyst until a clear solution resulted
produced the silylated uracill) (Scheme 1}° The highly
moisture-sensitive silylated uracil®) was then treated with a
large excess of 2-acetoxytetrahydrofur@i)( prepared by a
previously reported routé? Treatment of the resulting mixture
of NI- and N,N3-di-substituted products with ethanol/acetic
acid® resulted in total hydrolysis back to the free uradiby
Therefore, the quantity of 2-acetoxytetrahydrofur2d) (was
reduced to only a slight excess to minimize the formation of
the N N3-di-substituted product. Alkylation o2 with the
substituted benzyl bromid@5!” gave the N-substituted uracil
27. Similarly, alkylation of commercially available ftorufu2)
with the substituted benzyl bromid25) gave the corresponding
5-fluoro-substituted derivative8. Subsequent basic hydrolysis
of the methyl esters2f and 28) afforded the free carboxylic
acids 29 and30), which give the N-substituted uracil deriva-
tives 31 and32) following treatment with TFA to remove the
N protecting group. Treatment of the sodium salts3tbfand
32 with (§-N-Boc-serings-lactone 83)!8 in DMF, followed
by hydrolysis of the N-Boc-protected intermediates with 2 M

The N-protected uracil®2, 23, and 24 were required for
the synthesis of a range of 5-substituted analogues of the sub-
micromolar potent GLs antagonistL3. The 5-trifluoromethyl
derivative @4) was synthesized from the corresponding uracil
(17) by the method used for the preparation2@f In the case
of the 5-bromo derivativ23,'4 the protected uracill@®) was
treated with an excess of 2-acetoxytetrahydrofurat), (and
the resulting M- and N,N3-di-protected products were then
hydrolyzed with a mixture of ethanol/acetic aki#i'®to give
almost exclusively the Nprotected uracil derivative2@) (see
Scheme 1).

The thiophene esteB®)11P19 required for the synthesis of
the Ne-substituted derivatives62—54 was synthesized by
esterification of the carboxylic aci®{) followed by treatment
of the ester38) with NBS under free radical conditions (Scheme
2). The initial attempt at the synthesis of thé-$ubstituted uracil
(54) involved the treatment of the sodium salt &8 with
thiophene ester3Q). However, attempted conversion of the
methyl ester to the corresponding carboxylic acid via base
hydrolysis of the N-substituted intermediate led to hydrolysis
of the 5-trifluoromethyl group to a carboxylic acid. To
circumvent this problem, the commercially available methyl
ester 88) was treated with an excess of potassittbutoxide
in diethyl ether to afford thébutyl ester 40). Treatment o0
with NBS under free radical conditions gave the bromomethyl
derivative @1), and this ester was used for the preparation of
the NE-substituted derivative§2—54 (Scheme 2). Reaction of
the sodium salt oR4 with the t-butyl ester 40) gave the N-
substituted intermediat& () (Scheme 3). Concomitant depro-
tection of thet-butyl ester and the Nprotecting group ob1
was achieved by treatment with TFA to afford thé ibstituted
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a(a) MeOH, HSQy, reflux; (b) NBS, benzoyl peroxide, C£I(c) KOBu, EtO; (d) Br,, AcOH, room temperature.

uracil (54). Similarly, the N-substituted uracils2 and53 were with TFA (Scheme 3). The amino acid5—57 were synthesized
synthesized by alkylation of the correspondind-potected by treatment of the sodium salts of the corresponding uracils
uracils22 and23 with t-butyl ester 40), followed by treatment (52—54) with (S)-N-Boc-serings-lactone 83) in DMF, followed
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temperature, (ii33 (Scheme 1), (i 2 M HCI, 50 °C.
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a(a) (i) NaH, DMF, (ii) 43, 46, or 48 (Scheme 3), 60C; (b) LIOH, dioxane/water (1:1); (c) TFA, room temperature; (d) (i) 2 equiv of NaH, DMF, room

temperature, (i3 (Scheme 1), (il 2 M HCI, 50 °C.

by removal of the Boc protecting group Wwi2 M HCI (aq) and

The amino acid§7) was obtained froné4 by the same method

purification by ion-exchange chromatography and crystallization employed for the synthesis &9 (Scheme 4). The known

from water (Scheme 3).

An analogue o065 in which the thiophene ring is replaced
with a furan ring 69) was synthesized by reacting the bro-
momethylfuran 48) with the sodium salt of the Nprotected
uracil (22) to give the N-substituted intermediat€@) (Scheme
4). The bromomethylfuran4@)?® was synthesized from com-
mercially available furad7 (Scheme 2) by treatment with NBS
under free radical conditions. The esté0) was hydrolyzed
with aqueous lithium hydroxide to givé3, which was treated
with TFA to give the N-substituted uracilg6). The amino acid
(69) was obtained by reacting the sodium salt66fwith (S)-
N-Boc-serinegs-lactone 83) and removal of the Boc group of
the resulting intermediate with TFA (Scheme 4). The phenyl-
substituted thiophenet6) was synthesized starting frod?2

dibromothiophene42)?® was obtained by treatment of the ester
(38) with excess bromine in acetic acid (Scheme 2). Bromination
of 42 with NBS under free radical conditions gave the
bromomethyl derivative43), which was used to alkylate the
sodium salt oR2. The resultant Rsubstituted intermediat&9)
was converted to the amino acié8] using methods similar to
those used for the synthesis ®f and 69 (Scheme 4).
Pharmacology. In Vitro Electrophysiology. Native GLUks
Kainate Receptor Antagonist Activity. Neonatal rat dorsal root
C fibers are a convenient source of Gkd-tontaining kainate
receptord* for the assessment of the antagonist activity f N
substituted willardiines! In this assay, the known AMPA/
kainate receptor antagonist(Figure 1) had low micromolar
potency as an antagonist of kainate-induced depolarizations (see

(Scheme 2), which was prepared by a previously reported Table 1 for data), which is in agreement with a previous refort.

method. Esterification of4 with methanol/HSQO, and treatment
of the resultant estedf) with NBS gave the required bromom-
ethylthiophene46) (Scheme 2). Alkylation of the sodium salt
of 22 with 46 afforded the N-substituted intermediate, which
was hydrolyzed with LiOH, and the INorotecting group was
removed with TFA to give the desired uracd4) (Scheme 4).

We have shown previously thatl and 13 are selective sub-
micromolar potent GLJs receptor antagonists in this assay.
Adding a substituent to the 5-position of the uracil ringldf
improved GLUWs receptor antagonist potency and selectivity
versus AMPA receptors. The rank order of antagonist potency
for the 5-substituted analogues tf was 5-CH > 5-Br > 5-I
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Table 1. Summary of the Activity of Novel R-Substituted Willardiine by AMPA receptors expressed on neonatal rat motoneurSnes,
Analogues at AMPA and Kainate Receptors in Electrophysiological was used as an expeditious method of investigating the relative
Assay$ antagonist potency at AMPA receptors (see Table 1 for data).
o coH o HO,C All of the compounds tested were greater than 13-fold less potent
R 2 R /X as AMPA receptor antagonists than the reference substance
N N = (Figure 1). For the most potent Gy kainate receptor
OO O - |
N o NS0 Re antagonists, appareKp values for the antagonism of depolar-
H.N H N\H izations of neonatal rat motoneurones induce® g selective
H c OH H \\CO " AMPA receptor agonist) were calculated. Appar&gtvalues
2 2 for antagonism of depolarizations induced by for
11,R=H I3 R =R°=R*=H,X=8 compoundsl3, 55, and67 were 71.4+ 8.3, 83.44 4.1, and
108+ 6 uM, respectively. Figure 2B illustrates a concentration
12,R=1 14,R'=R*=R’=H,X=0 response curve foigf-5-fluorowillardiine @)-induced depolar-
34,R = CH, 55 R' =CH;, R*=R*=H, X =S$ izfa;ign of neonatal rat motoneurones in the absence and presence
1 2 3 o .
35,R=F 56,R"=Br,R"=R"=H, X=8 Antagonist Activity on NMDA and Group | Metabotropic
36, R =Br 57,R'=CF;,R*=R*=H, X =S Glutamate Receptors Expressed on Neonatal Rat Motoneu-

67.R' = CH, R*=H,R*=Ph, X =S rones. T\_/vo of the most potent and selective Gkdreceptor
} antagonistsb5 and 67 were tested on NMDA and group |

68,R'=CH;, R*=R’=Br,X=§ (mGlul and mGlu5) metabotropic glutamate receptors
69.R' = CHy, R*=R*=H,X =0 expressed on neonatal rat mot_o_neurones. Compobhd0
uM) and 67 (1 uM) had no activity on NMDA- or §-3,5-
Kp (uM) ICsp (M) dihydroxyphenylglycine (DHPG, a mGlul and mGlu5 receptor
compound vs kainaté vs fDR-VRP f) .
agonist)-induced depolarizations of neonatal rat motoneurones
3 1.38+0.12 (n=3)
4 0.2144 0.043 o .
11 0.4024+ 0.045' 1064 13 Calcium Fluorescence Assays. Recombinant Human AMPA
12 0.209+ 0.019' 741+ 4.3 and Kainate Receptor SubtypesTo further characterize the
ii O-llggi 8-(1)2171 ﬂgi ig selectivity of55 and67, two of the most potent and selective
34 0023 0.001 512186 GLUks receptor antagonists identified in the native ionotropic
35 0.358+ 0.013 185+ 4.4 glutamate receptor assays, they were tested on a range of
36 0.102+ 0.020 63.9+ 16.2 recombinant human AMPA and kainate receptor subtypes (see
gg 8-8;? 8-88‘2‘ ig-i g-‘z‘ Table 2 for data). Compoundss and 67 were highly potent
57 olossi 0010 553196 antagonists of cells expressing GkdJwvith K, values of 10+
67 0.012+ 0.001 16.6f 1.1 1 and 7+ 1 nM, respectively. Similar potencies were observed
68 0.010+ 0.002 2.8£0.8 upon testing55 and 67 on GLUks/GLUk, heteromers where
69 0.080+ 0.008 25.1+3.7 Ky, values of 8+ 2 and 5+ 1 nM, respectively, were obtained.

a All values are from three independent experiments and are expressedNeither of these compounds had significant activity at Gg4,U
as the meant SEM.P ApparentKp values for antagonism of kainate-  GLUyg, or GLUks/GLUk2 receptors (1G values>100 uM).
induced depolarization of neonatal rat dorsal root fibers calculated using Figure 2C illustrates concentration response curves for antago-
the Gaddum-Schild equation¢ Depression of the fast component of the . fal ind d el b5 i
dorsal root evoked ventral root potential (fDR-VRP) in the neonatal rat nismo QUtamate"n uce uorescence b%sin cell lines
spinal cord preparation, a measure of antagonist activity at AMPA receptors €xpressing human GLtd, GLUks/GLUkz, or GLUke.
expressed on motoneuronéd/alues taken from refs 11a,BKp values Modelina Study. To understand the pharmacological data
for inhibition by 13, 55, and 67 of the depolarization of neonatal rat btained fg th y: d P dertook 9 | |
motoneurones induced ®y(a selective AMPA receptor agonist) were 71.4 0 am? or e_neW _compoun S, we undertook a molecular
+ 8.3, 83.4+ 4.1, and 108t 6 uM (n = 3; mean= SEM), respectively. modeling study in which the recently reported X-ray crystal
structures ofl1 and 55 bound to the ligand binding core of
GLUks?! were used as a template. To investigate the reasons
for the low affinity of 67 for AMPA receptors, attempts were

made to dock it into the ligand binding core of GhiJ

> B5-F ~ 5-H. A series of 5-substituted analoguesl® was
synthesized, and again the 5-methyl-substituted analdsf)e (
gave the most potent GL4d receptor antagonist (see Figure . .
2A for a concentrationresponse curve for kainate-induced  Frotein Structures. The crystal structure of the ligand
depolarization of dorsal root C fibers in the absence and presence?inding domain of GLU. in complex with bound antagonist
of 55) with the rank order of potency being 5-GH 5-Br > ligand (S)-2-amino-3-[5tert-butyl-3-(phosphonomethoxy)-4-
5-CFs. We have previously reported that, the analogue of  iS0xazolyllpropionic acid (ATPO) (PDB code: INGTRNd the:
13 with a furan rather than a thiophene ring, was 18-fold less GLUxs ligand binding core in complex with the antagonist
potent as a GLs receptor antagonidt® However, the 5-methyl  igands55 (PDB code: 2F34} and 11 (PDB code: 2F35}
analogue 69 was >20-fold more potent than the parent Were used in this study. Hydrogen atoms for all protein structures
compound14, but 69 was still 4-fold less potent than the and models were added using the program Reétidene
corresponding thiophene ring-containing compo&BdAdding flex_lblllty _of amino at_:ld side cha_uns was modeled by using the
substituents to the thiophene ring  improved potency as ~ &mino acid SIde.—chaln r.otamer librafyncorporated within the
both67 and68 proved to be highly potent antagonists of native BODIL*® modeling environment.
GLUks receptors. Ligand Structures. Ligand structures were optimized quan-
Native AMPA Receptor Antagonist Activity. The ability tum mechanically (QM) with Gaussian $3at the B3LYP/6-
of compounds to reduce the fast component of the dorsal root-31+G* level using a continuum solvent model (water, using
evoked ventral root potential (fDR-VRP), which is mediated the PCM model of Gaussian 03).
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Figure 2. Activity of 55 on native AMPA and kainate receptors expressed on neonatal rat spinal cord and cloned kainate receptor subunits. (A)
Concentratiorresponse curves for kainate on the dorsal root in the absence and presence of 580Tiwel apparenkp value was 18t 4 nM

(n = 3; meant SEM). (B) Concentrationiresponse curves for the AMPA receptor agoBigt the absence and presence of 200 55, obtained

by recording the ventral root response of the spinal cord. The appdgenalue was 83.4t 4.1 uM (n = 3; meant SEM). (C) Inhibition of
glutamate-induced calcium influx g5 in cells expressing human Gib (O), GLUks/GLUkz (A), or GLUks (O) receptors.

Table 2. Summary of the Activity on Recombinant Human AMPA and Kainate Receptors>@&uldstituted Willardiine Analogues as Antagonists of
Glutamate-Stimulated €& Influx

compound GLW> GLUK5 GLUK5/GLUK2 GLUK5/GLUK5 GLUks GLUKG/GLUKZ
42 25+0.3 37+ 9 50+ 10 28+ 8 29+ 14 135+ 91
110 >300 0.6+ 0.1 1.0+ 0.4 0.8+ 0.1 >300 >300
12 >100 0.12+ 0.03 0.18+ 0.02 0.12+ 0.01 >100 >100
550 >100 0.010+ 0.001 0.008+ 0.002 >100 >10C°
67° >100 0.007+ 0.001 0.005+ 0.001 >100 >100

aData for compound represent 1g values M, n = 3, meant SEM) in all assays? Data represer, values M, n = 3, meant SEM) for GLUks,
GLUks/GLUk2, and GLWs/GLUks and 1Go values M, n = 3, meant SEM) for GLUa2, GLUks, and GLWe/GLUk2. € No significant inhibition up to
30 uM, 27 £ 7% inhibition at 100uM.

Ligand Docking. QM optimized ligands were docked flexibly ~ Thus, neither the hydrogen atom1d nor the fluoro group in

into the GLUy; and GLUs receptors with Gold 2.2233 The 35 can form favorable interactions with the surrounding groups.
search area was limited to a 15 A radius sphere centered at thaVhen the hydrogen atom is replaced by an iodo (Figure 3B) or
binding site. bromo group, there is a steric clash between the ligand and the
Figures 3 and 4 were prepared by using B#diand receptor. Therefore, the receptor must adjust itself in this region
Raster3>?* to be able to accommodate those groups, which in turn affects

Effect of Substituent at the 5-Position of the Uracil Ring the intramolecular energy of the receptor (and the ligand binding
on Binding Affinity for GLU gs. The position of the willardiine affinity value). The 5-methyl group 084, however, can be
ring is driven by the interactions with the S2-domain of GdslJ perfectly accommodated by the receptor (Figure 3C). Note that
where the key interactions of the carboxylic acid group attached the 5-iodo, 5-bromo, or 5-methyl group can replace both the
to the phenyl ring ofll are with Ser674 and Thr675. The watl48 and the unorganized water molecule. The rank order of
interaction with Ser674 is via a water molecule, and the potency of 5-substituted analoguesi@fon native GLUs was
carboxylate group attached to the phenyl grouplafalso 5-CHz > 5-Br > 5-Cks. This rank order can be explained in a
interacts with the main-chain amino and side-chain hydroxyl way similar to that for1l (see above and Figure 3). The
group of Thr675, as seen in the crystal structuré@ bbound to additional substituent in this series, 5{f€ompound57), is
the ligand binding core of GLK.2! Thus, the binding of fairly negatively charged due to the electronegative fluorine
5-substituted analogues i can be studied by using the crystal atoms, and thus the environment surrounding the 5-substituent,
structure of GLYs with bound11and by simply replacing the ~ which consists of hydrophobic residues (charge0) and
hydrogen atom at the 5-position to an iod®?), bromo @6), acceptor atoms (negatively charged), is not optimal for favorable
methyl 34), or fluoro (35) group. As seen in the crystal binding.
structure, the hydrogen atom at the 5-position of the uracil ring  Binding Mode of 67 in Ligand Binding Core of GLUs.
of 11 is located next to the oxygen atom of water molecule As67is a derivative ob5 containing an additional phenyl group
148 (numbering from the X-ray structure), and there is an empty at the 5-position of the thiophene ring, it is expected that it
space in between the ligand, wat148, wat201, Glu426, Tyr429, would bind in a very similar way t®5. The better binding
Pro501, and Tyr749 (black spot in Figure 3A). This space is affinity of 67 is due to additional hydrophobic interactions with
large enough to accommodate a water molecule, which, receptor. The QM optimize®7 was docked into the crystal
however, cannot hydrogen bond with any neighboring groups structure of GLWs with bound antagonist ligan85 (55 was
and thus is unorganized and not seen in the crystal structure.removed prior to docking). The docking revealed that the phenyl
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Figure 3. The bulkiness of substituents at the 5-position of the
uracil ring of 11 and its derivatives is crucial for ligand binding
affinity (figure shown in stereo). Whilell (A) leaves an empty
hydrophobic cavity (black spot) that might be filled by a water molecule,
the 5-iodo analogud,2 (B), is too bulky. However, the 5-methyl group

of 34 (C) is a perfect size. The surrounding residues (blue surface),
water molecule (red surface), and the liganid, (green surfacel2,
yellow surface;34, orange surface) are shown in a ball-and-stick
representation.

N705

V670

Figure 4. (A) Interactions of67 with the S1S2 domain of GLLJ.

The a-carboxyl group forms a salt bridge with R508 and a hydrogen
bond with T503, while ther-amino group forms a hydrogen bond with
P501, T503, and E723 (the latter via a water molecule). The carboxylic
acid group attached to the thiophene ring forms hydrogen-bond
interactions with S674 and T675. The 5-methyl grougdfprojects

into a hydrophobic cavity formed by Y429, P501, and the,@kbups

of E426. The thiophene ring 67 forms hydrophobic interactions with
V670 and M722. (B) The higher binding affinity 6f7 as compared to

55 is due to additional hydrophobic interactions with residues V670
and N705.

group can form two favorable hydrophobic interactions with
CH3 of Val670 and @H, of Asn705 (Figure 4), and this
shields them from solvent. The conformation of docl&ds
practically the same as the QM optimized structure, when
measuring both the root-mean-square deviation of all non-

Dolman et al.

hydrogen atoms (0.66 A) and the QM calculated energy (M
— Qmylocked= —2 1 kcal/mol).

Subtype Selectivity of 67.1t was not possible to dock7
into the GLU, binding core conformation adopted when ATPO
binds. The investigation of the binding mode@f in GLUa»
required a receptor model of GlakJin which the conformation
is similar to that of GLWs with 55 bound. It is likely that
GLUaz can adjust itself into a conformation similar to that
observed in the GLI crystal structuré® The crystal structure
of GLUks with bound 55! was used as a template for the
relative positions of the S1S2 domain in the GLW, model,
while the main-chain and amino acid conformations were taken
from the crystal structure of GLAJ with bound antagonist
ligand ATPO?” When the binding mode d7 in the GLUx>
model is studied, it is obvious that the ligand cannot bind in a
way similar to that in GLWs, because if the docked ligand
interacts with the main-chain amino and side-chain hydroxyl
groups of Thr655, there is a steric clash between the ligand
and the receptor, either with Leu650 or with Gly653. In
particular, the bulkier Leu650 in GLAJ does not allow the
thiophene ring and 5-phenyl group to be located in a position
similar to that observed in GLIJ where these groups interact
with Val670. Therefore, the thiopherg@henyl ring system is
forced to bend toward the Sl1l-domain of GAdJ however,
Gly653 still overlaps with the thiophene group, and thus, if this
overlap is removed, the ligand would also lose partially its
interactions with Thr655, which are essential for the high
binding affinity in GLUks. Thus, it is clear that the binding of
67 in GLUa2 would be of much lower affinity than when this
compound binds to GLké.

Discussion

When tested on kainate receptors on rat dorsal root C fibers
and AMPA receptors on neonatal rat motoneuronesNfhg-
carboxybenzyl) derivative of willardiiné,1, was found to be a
potent and selective kainate receptor antagdiis€Replace-
ment of the benzene ring dfl with a thiophene ring to give
13 increased potency and selectivity for kainate receptdrs.
We have previously determined that the selectivity of willardiine
derivatives as AMPA or kainate receptor agonists depended on
the 5-substituent on the uracil ring. Indeed, 5-fluorowillardiine
(9) was a potent and selective AMPA receptor agonist, whereas
5-iodowillardiine (LO) was a potent and selective Gké kainate
receptor agonisfad We therefore synthesized a range of
5-substituted analogues @flL and 13 to investigate whether
5-substitution of the uracil ring has a marked effect on antagonist
potency and selectivity. Inspection of the potencies of a series
of 5-substiuted analogues @&fl on native GLUs-containing
kainate receptors expressed on dorsal root C fibers (see Table
1) showed that the rank order of potency was 5;GHb-Br >
5-1 > 5-F > 5-H, suggesting that a relatively small hydrophobic
substituent was required for optimal activity. This rank order
of potency is different from that observed in the agonist series
of willardiine derivatives where the rank order of potency on
GLUks-containing kainate receptors expressed on dorsal root
ganglion cells was 5-I> 5-Br > 5-Cl > 5-F > 5-H >
5-CHg,10a-d syggesting that the binding pocket with which the
5-substituent interacts in the closed agonist bound form of the
GLUks receptor has different structural requirements from that
of the open antagonist bound form. In addition, in the agonist
series, the 5-substituent increases the acidity of the uracil ring,
and as the ionized form binds with higher affinity, an electron-
withdrawing substituent at the 5-position of the uracil ring is
favorable. However, in the antagonist series, the uracil ring
cannot ionize and so electronic factors are less important.
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All of the 5-substituted analogues @fL. were much more in the binding pocket. The difference in rank order of potency
potent on GLUs-containing kainate receptors than on native for 5-substituted willardiine derivatives in the agonist and
AMPA receptors; nonetheless, it is of interest to compare the antagonist series may be due to the large degree of opening of
rank order of potency in the antagonist series to that of the antagonist bound GLY ligand binding core. We have
5-substituted analogues of willardiine in the agonist series. reported that the GLk4 ligand binding core with eithet1 or

Inspection of the data for 5-substituted derivativeslafas 55 bound is much more open than previously described
antagonists of AMPA receptors expressed on motoneuronesantagonist crystal structures from the AMPA or NMDA receptor
reveals the following rank order of potency: 5-F5-CH; > families?! This large degree of opening in the antagonist bound

5-Br > 5-1 > 5-H, suggesting that a small substituent is preferred structure of GLUs is likely to have altered the geometry of
at the 5-position of the uracil ring. This is similar to that the pocket in which the 5-substituent is incorporated.
observed with the agonist series of willardiines where the rank It was apparent from the X-ray crystal structuredafoound
order of potency was 5-F 5-Br > 5-1 > 5-H > 5-CH.10ad to GLUks that there was a considerable amount of space around
The low agonist potency of the 5-methyl-substituted analogue the 4- and 5-positions of the thiophene ring. To probe the
of willardiine on AMPA receptors is likely due to the reduced volume of this free space in the receptor, the willardiine
ionization of the uracil ring. derivatives67 and68 were synthesized. It was also postulated
Having established that 5-methyl- or 5-bromo-substitution was that the addition of these groups to the thiophene ring would
optimal for GLUks antagonist activity in the series of com- increase the overall lipophilicity of the molecule, making them
pounds based ohl, we synthesized the 5-bromo and 5-methyl more suitable for systemic administration. Bo#f and 68
analogues ofl3. We also synthesized the 5-trifluoromethyl proved to be potent GLk4 receptor antagonists witi7 being
analogue57, as in the agonist series 5-€Bubstitution of more selective for GLWs versus AMPA receptors thaés or
willardiine led to a potent and selective Gkireceptor agonist ~ the parent compoun®5. The ~6-fold increase in AMPA
and in addition the 5-Cfgroup is more hydrophobic than a  receptor antagonist potency 68 as compared to the parent
5-methyl group. The rank order of antagonist potency on native compounds5 is likely due to additional interactions between
kainate receptors for this series of compounds was similar to one or both of the bromo groups and the S1-domain of the
that observed with the compounds basedlLénthat is, 5-CH AMPA receptor. Docking 067 into the GLUks/55 X-ray crystal
> 5-Br > 5-CF; > 5-H. For native AMPA receptors, the rank ~ structure suggested that the small increase in potency as
order of antagonist potency for 5-substituted analoguek3of ~ compared t®5is due to an additional hydrophobic interaction
was 5-CH > 5-H > 5-Br > 5-CR. As in the case of of the phenyl ring of67 with Val670 and the Ckigroup of
5-substituted analogues dfl, a 5-methyl substituent was Asn705 (see modeling section). The small improvement in
preferred to 5-Br; however, in the series of compounds basedselectivity 0f67 as compared t85 for kainate versus AMPA

on 13, 5-Br is less well accommodated than 5-H, although the receptors is likely due to a steric interaction between the
difference is marginal. 5-phenyl substituent and the leucine residue present in all AMPA

Replacement of the thiophene ring of compoufh@snd55 receptor S”b_””'_ts that correspond to Val670 in GbU
with a furan ring reduced GL&4 receptor antagonist potency, Characterization of compoundy, 13, 55, and67 on cloned
but 14 was ~3-fold more potent than the corresponding kainate receptors e.xpress.e'd in HEK293 cells suggests that these
thiophene derivativel3 as an AMPA receptor antagonist. compounds have high affinity for GLid regardiess of whether
However,55 was slightly more potent than the corresponding the tetrameric receptor complex is made up of Gb.Bubunits
furan derivatives9 as an AMPA receptor antagonist. It would &lone or is a combination of GL& with GLUx; or GLUke. A
appear that the oxygen atom in the furan ring can form additional similar result Was_obtamed W|_th the decahyc_irmsoqumollne series
interactions with the ligand binding core of AMPA receptors ©Of GLUks selective competitive antagonistdiowever, the
presumably via hydrogen bonding. The thiophene rind.®f noncompetitive GLWs receptor antagonigt(Figure 1).WI|| only
and55is preferred to a furan ring for interaction with Gig) ~ @ntagonize tetramers comprised of Glstheteromeric GLWs
receptors due to the ability to form better hydrophobic contacts f€ceptors are not blockéd Thus, antagonists such &3 can
with Val670 and Met722 in the GLi ligand binding core (see € used in combination witl7 to help determine whether
modeling section). The greater potency of the 5-methyl deriva- NOmomeric or heteromeric Gl kainate receptors are ex-
tive 69 as compared to the parent compodrtnay be due to ~ Pressed in native tissue.
the favorable 5-methyl group interaction with a hydrophobic ~ The high degree of selectivity &7 for GLUks-containing

pocket in GLWs, which offsets the reduced hydrophobic kainate receptors was demonstrated by the weak activiéy of
interaction with Val670 and Met722. on native AMPA, NMDA, and group | mGlu receptors

expressed on neonatal rat motoneurones and on cloned human
AMPA and GLUkg kainate receptors. Thu6y can be used to

| investigate the role of GLk} kainate receptors in CNS function
such as synaptic plasticity and in models of neuropathic pain,
epilepsy, anxiety, and migraine.

We have recently reported the X-ray crystal structure$lof
and 55 bound to the ligand binding core of Glkl?* This
allowed us to obtain a greater insight into the structura
requirements for the optimal binding offNubstituted willar-
diine derivatives to GLWs. In addition, modeling studies
allowed us to rationalize the rank order of antagonist potencies
for 5-substituted analogues dfl and 13. Inspection of the
crystal structure revealed that the 5-methyl substituerSof We have previously reported that somé-substituted wil-
displaced a water molecule in the GkdJreceptor binding lardiine derivatives are selective GkkJcontaining kainate
pocket and was able to fit into a cavity lined with hydrophobic receptor antagonistsi!ab.12This was particularly so for com-
substituents (Tyr429, Pro501, Tyr749, and LCgtoups of pounds1l and 13, with the latter being the most potent and
Glu426), thus enhancing the binding affinity of the ligand. selective. We have now conducted structuaetivity relation-
Modeling studies suggested that the 5-methyl substituent is theship studies centered around these two compounds and have
optimal size to fit into this pocket as larger substituents can found that by 5-methyl substitution of the uracil ring we can
only be accommodated via structural rearrangement of residuesmprove both potency and selectivity for kainate receptors. In

Conclusion
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addition, through analysis of the X-ray crystal structureg bf s, 1H, NH); 13C NMR (DMSO-ds, 67.94 MHz)0 12.1, 24.0, 31.3,

and55 docked into the ligand binding core of Glk] we were 69.0, 85.5, 109.1, 136.0, 150.4, 163.9; MS (electrospray) 195 [M

able to design even more potent compounds by adding substit-— H]~. ) )

uents to the thiophene ring, thereby producing compoTds ~ Compounds23 and 24 were synthesized using a procedure

(ACET) and68, with the former being one of the most potent similar to that described fo22; see the Supporting Information
S - ng PO for more details.

and selective GLWs-containing kainate receptor antagonists

. . . . Methyl 3-Bromomethyl-5-phenylthiophene-2-carboxylate (46).
identified to date. Compour@7 will be a useful pharmacologi- Benzoyl peroxide (0.04 g) was added to a solution of methyl

cal tool to study the function of GLké-containing kainate  3.methyl-5-phenyithiophene-2-carboxyla#®) (11.6 g, 50.0 mmol)
receptors in the CNS. Further work is in progress to investigate in carbon tetrachloride (500 mL). A 100 W lamp was used to

the usefulness 087 for in vivo studies of CNS disorders. irradiate the mixture, which subsequently heated to reflux, and NBS
(8.01 g, 45.0 mmol) was added to the mixture in four equal portions
Experimental Section over 4 h. The mixture was allowed to react for a further 2 h, cooled

to room temperature, and filtered. The filtrate was concentrated

Chemistry. General Procedures.Proton NMR spectra were  under reduced pressure to a quarter of its original volume, and then
measured on a Jeol NMR spectrometer at either 300.40 or 270.18extracted with water (3 100 mL), and once with saturated brine
MHz. Carbon NMR spectra were run on a 300.40 MHz Jeol NMR solution (50 mL). The organic layer was dried (MggGnd
spectrometer at 75.45 or a 270.17 MHz Jeol spectrometer at 67.94concentrated under reduced pressure to 46/614.76 g, 76-80%
MHz unless otherwise stated. 3-(Trimethylsilyl)propionic-2,2,3,3- pure by'H NMR) as an orange colored oil, and this was used
d4 acid sodium salt in BO, or tetramethylsilane in CDgIDMSO- without further purification in the next steH NMR (CDCls,
ds, or TFA-d were used as internal standards. Elemental analyses399.78 MHz)d 3.91 (s, 3H, €l3Ar), 4.91 (s, 2H, ®&i2Br), 7.37 (s,
were performed by Medac Ltd., Englefield Green, UK. Melting 1H, Ar), 7.34-7.43 (m, 3H, Ph), 7.687.63 (m, 2H, Ph); MS
points were determined in capillary tubes on Electrothermal 1A9100 (electrospray) 334 [M- Na]".
electronic melting point equipment. Determinations of optical ~ Compound#l, 43, and48 were synthesized using a procedure
rotation were carried ouni6 M HCI at room temperature with a  similar to that described fo46; see the Supporting Information
wavelength of 589 nm at the University of Warwick. Thin layer for more details.
chromatography was performed on Merck silica gel 69 plastic 3-(2-Methoxycarbonyl-5-phenyithiophene-3-yl-methyl)-5-meth-
sheets. Silica gel for flash chromatography was silica gel 604220 Yl-1-(tetrahydrofuran-2-yl)pyrimidine-2,4-dione (58). A 60%
440 mesh) from Fluka chemicals, U.K. The eluents for thin layer suspension of sodium hydride in mineral oil (0.67 g, 17 mmol)
chromatography of amino acids included [2 (pyridine:acetic acid: Was added to a solution of 5-methyl-1-(tetrahydrofuran-2-yl)-
water (3:8:11)):31¢-butanol)] and [propan-2-0l:35% aqueous am- PYrimidine-2,4-dione2?) (3.0 g, 15 mmol) in anhydrous DMF (30
monia (70:30)]. Amino acids were detected by spraying plates with ML), and the mixture was stirred at room temperature under a dry
a 2% solution of ninhydrin in 70% ethanol. Purity of amino acids &rgon atmosphere for 18 h. A solution of crude methyl 3-bromom-
was also determined by high voltage paper electrophoresis, using&thyl-5-phenyithiophene-2-carboxylat| (7.0 g, 18 mmol) in dry
pH 4 buffer and an applied voltage of 4 kV. lon-exchange resin PMF (10 mL) was added, and the reaction mixture was stirred at
chromatography was carried out using Dowex 50WX8-400 acid '00m temperature for 48 h. The mixture was concentrated under
form resin and the acetate or hydroxide form of Dowex X18-400 "educed pressure (1 mmHg, 60), and the resulting residue was
obtained from Aldrich Chemical Co., UK, or Biorad AG1X8 from  Suspended in ethyl acetate (100 mL) and washed with water (2
Bio-Rad, UK. Chiral HPLC was carried out using a RSTech, 50 mL)_and saturated_brlne solution (50 mL). The organic extract
Chirosil RCA+, 150 x 4.6 column, flow rate 1.0 mL/min, detection ~ Was dried (MgS@, filtered, and concentrated under reduced
220 nM with a mobile phase consisting of methanol/5 mM pressure. The residue was purified using silica gel chromatography,
perchloric acid (85:15). All solids were dried oves@ in vacuo igjot/'ng with it.hyl a?gtate/ pfgfg%_efne’:“\(ﬂlél)égg&gg %
for 3 days prior to reaction. With the exception of compouBgs MH;)) zgslagvxé ('geJS(i' 1‘ énﬁz 3H HCE:(H )1 95_2 093’(m 3H
and 36, all of the amino acids synthesized were washed with CH.CH + CH CH_) 2'36_2' 42’(m 1H 3é| éH) é92 (s, 3H’
anhydrous ethanol followed by diethyl ether to remove surface COECHZ) 3 942_4 63 (.m 1M CH’O(E|’) 4219_24 > (m "IH.
water. The petroleum ether utilized in each case had a boiling point CHOO—3| ) 556 (é oH (Ei Arj 6 04—6268 ('m 1|_'| G—|OéH2) ’
range of 46-60 °C. All anhydrous reactions were conducted under CAN ! P TS D ' j ’ ’

argon. All reagents and dry solvents were obtained from the Aldrich ?n? 43|(-|S’Plh|_)|’ 7A23; 52)3 ((r?1J 2=|-|l§h)|_1|32é l{l;'ﬂg%gggt)eggz_l\;:g
Chemical Co., UK. 19T L . Rkl , ,67.

o ) 013.5,24.1, 32.9, 40.0, 52.0, 77.0, 87.5, 109.4, 123.7, 126.1, 126.2,
5-Methyl-1-(tetrahydrofuran-2-yl)pyrimidine-2,4-dione (22). 128.7,128.9, 133.2, 133.5, 145.8, 148.9, 150.7, 162.7, 163.4; MS

To a suspension of thymind§) (10.0 g, 79.2 mmol) in hexam-  (electrospray) 449 [M+ Na]*.

ethyldisilazane (72.6 mL, 317 mmol) were added chlorotrimeth- ~ compound€7, 28, 49, 50, 51, 59, and60were synthesized using

ylsilane (10.3 mL, 79.2 mmol) followed by ammonium sulfate (0.10 3 procedure similar to that described 88, see the Supporting
g, 0.7 mmol) under a dry argon atmosphere with vigorous exclusion |nformation for more details.

of moisture. The mixture was heated under reflux conditions for  3.(2.Carboxy-5-phenylthiophene-3-yl-methyl)-5-methyl-1-

18 h and then concentrated under reduced pressure (1 mmHg, 6Qtetrahydrofuran-2-yl)pyrimidine-2,4-dione (61). A solution of

°C) to leave a colorless oil, which was dissolved in dry acetonitrile |ithium hydroxide monohydrate (0.62 g, 15 mmol) in water (30
(50 mL) under a dry argon atmosphere. To this was added mL) was added to a solution of 3-(2-methoxycarbonyl-5-phenylth-
2-acetoxytetrahydrofuran2q) (12.36 g, 95.04 mmol), and the  jophene-3-yl-methyl)-5-methyl-1-(tetrahydrofuran-2-yl)pyrimidine-
mixture was stirred at room temperature for 18 h. The mixture 2 4-dione §8) (2.9 g, 6.7 mmol) in dioxane (30 mL), and the
was concentrated under reduced pressure, and the residue wagixture was stirred at room temperature for 18 h. The solution
purified using silica gel chromatography, eluting with ethyl was acidified to pH 3 wh 2 M aqueous HCI and then evaporated
acetate/petroleum ether on a gradient elution system [{342]})] under reduced pressure. The residue was taken up in dichlo-
to give 22 (8.37 g, 54%) as a white solid, which was further romethane/ethanol (95:5) and washed with water (50 mL) and once
purified by crystallization from methanol to give clear prisms. with a saturated brine solution (50 mL), dried (MggOand

mp 181-182 °C; lit. mp 182-183 °C;* H NMR (DMSO-Us, concentrated under reduced pressure to |€av@.58 g, 93%) as
270.17 MHz)6 1.80 (d,J = 1.0 Hz, HCC®3), 1.89-2.04 (m, a white solid. mp>300°C; *H NMR (CDCl;, 270.17 MHz)d 1.91

3H, CH,CH, + CH,CH,), 2.16-2.28 (m, 1H, G1,CH,), 3.76- (s, 3H, HCCGHs), 1.91-2.22 (m, 3H, G1,CH; + CH,CH,), 2.18-

3.84 (m, 1H, CHOG@l,), 4.13-4.21 (m, 1H, CHOGEl,), 5.93-5.97 2.33 (m, 1H, ®i,CH,), 3.8-3.89 (m, 1H, CHOGEl,), 4.21-4.28

(m, 1H, GHOCH,), 7.41 (d,J = 1.0 Hz, 1H,HCCCH), 11.26 (br  (m, 1H, CHOGH,), 5.29 (s, 2H, EhAr), 5.98-6.01 (m, 1H,
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CHOCH), 7.09 (s, 1H, Ar), 7.357.46 (m, 3H, Ph), 7.56 (s, 1H,
HCCCHg), 7.65-7.69 (m, 2H, Ph), 13.2 (br s, 1H, GB); MS
(electrospray) 411 [M— H]~.

Compound®9, 30, 62, and63 were synthesized by a procedure
similar to that described fd81. The carboxylic acid$2, 53, and
54 were synthesized by hydrolysis of théutyl ester. See the
Supporting Information for more details.

3-(2-Carboxy-5-phenylthiophene-3-yl-methyl)-5-methylpyri-
midine-2,4-dione (64).A solution of 3-(2-carboxy-5-phenylth-
iophene-3-yl-methyl)-5-methyl-1-(tetrahydrofuran-2-yl)pyrimidine-
2,4-dione 61) (2.51 g, 6.09 mmol) in TFA (50 mL) was stirred

for 48 h at room temperature. The mixture was concentrated under
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white needles. mp 195197 °C (dec); p]*> = —8.4 (¢ 0.105, 6
M HCI); ee >99% as determined by chiral HPL&4 NMR (TFA-
d, 270.17 MHz)6 4.66 (dd,Jga = 15.8 Hz,Jgx = 5.9 Hz, 1H,
CHCH,), 4.72 (dd,Jas = 15.8 Hz,Jax = 3.0 Hz, 1H, CH®)),
5.01 (dd,Jax + Jex = 8.3 Hz, 1H, GCH,), 5.81 (s, 2H, Ei,Ph),
7.15 (d,J = 7.6 Hz, 1H, Ph), 7.477.53 (m, 1H, Ph), 7.60 (df]
= 7.6 Hz,J = 1.3 Hz, 1H, Ph), 7.86 (d] = 4.62, 1H,HCCFCO),
8.24 (ddJ= 7.6 Hz,J = 1.3 Hz, 1H, Ph)%3C NMR (D20 + DCI
[pH 1], 67.94 MHz)6 46.9, 52.1, 54.7, 129.1, 130.7, 132.1, 132.3,
132.8, 133.7, 136.0, 138.7, 154.5, 162.1J¢5 25.4 Hz), 171.8,
174.0; MS (electrospray) 352.1 [Mt H]*; 374.1 [M + Na]*.

(S)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxythiophene-3-yl-

reduced pressure to leave a dark residue, which was suspended ifnethyl)-5-methylpyrimidine-2,4-dione (55).Following a proce-

diethyl ether (50 mL) and filtered. The solid was washed with
diethyl ether (2x 50 mL) and air-dried to givé4 (1.94 g, 93%)
as a pink solid. mp>300°C; IH NMR (DMSO-dg, 270.17 MHz)
0 1.84 (s, 3H, HCCE3), 5.26 (s, 2H, E,Ar), 7.06 (s, 1H,
HCCCHg), 7.38-7.46 (m, 4H, Ph), 7.667.69 (m, 2H, Ar+ Ph),
11.06 (d,J = 5.9 Hz, 1H, NH); MS (electrospray) 343 [M- H]*;
341 [M — H].
(9)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxy-5-phenylth-
iophene-3-yl-methyl)-5-methylpyrimidine-2,4-dione (67)A 60%
suspension of sodium hydride in mineral oil (0.42 g, 11 mmol)
was added to a solution of 3-(2-carboxy-5-phenylthiophene-3-yl-
methyl)pyrimidine-2,4-dioneg4) (1.64 g, 4.79 mmol) in dry DMF
(170 mL) and stirred at room temperature for 18 B)-3-(t-
Butoxycarbonylamino)oxetan-2-on83) (0.90 g, 4.8 mmol) was

dure similar to that described 67, a 60% suspension of sodium
hydride in mineral oil (0.33 g, 8.3 mmol), 3-(2-carboxythiophene-
3-yl-methyl)-5-methylpyrimidine-2,4-dion&2) (1.10 g, 4.14 mmol),
and )-3-(t-butoxycarbonylamino)oxetan-2-ond3j (0.77 g, 4.1
mmol) yielded55 (0.56 g, 39%) as a white solid; mp 22@28°C
(dec); ]*p = —7.6 (€ 0.345 6 M HCI); ee>99% as determined
by chiral HPLC;H NMR (D,O [+DCI, pH 1], 399.78 MHz)d
1.92 (d,J = 1.1 Hz, 3H, HCC®l3), 4.35 (dd,Jga = 15.0 Hz,Jgx

= 6.6 Hz, 1H, G1,CH), 4.45 (dd,Jag = 15.0 HZ,Jax = 5.1 Hz,
1H, CH,CH), 4.56 (ddJax + Jsx = 11.7 Hz, 1H, CHCH), 5.40

(s, 2H, H,Ar), 6.82 (d,J = 5.5 Hz, 1H, Ar), 7.58 (dJ = 1.1 Hz,
HCCCH), 7.64 (d,J = 5.5 Hz, 1H, Ar);13C NMR (DO [+DClI,

pH 1], 100.54 MHz)6 29.0, 36.7, 39.8, 98.9, 115.7, 115.6, 120.6,
128.8, 128.9, 132.3, 140.7, 153.2, 153.3, 156.8; MS (electrospray)

added, and the mixture was stirred at room temperature for 48 h.354 (M + H)*; 376 (M + Na)*; 352 (M — H)".

The mixture was evaporated under reduced pressure (1 mmHg,

60 °C), and 2 M aqueous HCI was added (50 mL). The mixture

was evaporated under reduced pressure, and the residue wa

suspended in water (10 mL) and applied to Dowex 50WX8-400
ion-exchange resin (Hform) (0.25 mmol of cation/mL of resin;
100 mL) with stirring for 30 min. The mixture was then applied to
a column containing an equivalent volume of Dowex 50WX8-400
resin and eluted with water until no ninhydrin positive fractions

were observed, THF/water (1:1), until the eluate was colorless, and

then elution was continued witl M aqueous pyridine. The
ninhydrin positive fractions of #hn 1 M aqueous pyridine eluate

were combined and evaporated to dryness under reduced pressur

Crystallization of the residue from water yieldéd (0.84 g, 38%)
as a white solid. To further purify the final product, it was twice
stirred in hot dioxane, filtered, and air-dried. mp 27278°C (dec);
[0]?® = +1.0  0.455 6 M HCI); ee >99% as determined by
chiral HPLC; *H NMR (TFA-d, 270.17 MHz)¢6 2.12 (s, 3H,
HCCCH3), 4.66-4.84 (m, 2H, CHGi,), 5.05-5.02 (m, 1H,
CHCH,), 5.73 (s, 2H, CHAr), 7.09 (s, 1H, Ar), 7.4£7.59 (m,
6H, Ph+ HCCCH); MS (electrospray) 452 [M+- NaJ*.
(9)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxybenzyl)-5-meth-
ylpyrimidine-2,4-dione (34).Following a procedure similar to that
described foi67, a 60% suspension of sodium hydride in mineral
oil (0.44 g, 11 mmol), 3-(2-carboxybenzyl)-5-methylpyrimidine-
2,4-dione 81) (1.43 g, 5.51 mmol), andy}-3-(t-butoxycarbony-
lamino)oxetan-2-one3@) (1.03 g, 5.51 mmol) yielde@4 (1.11 g,
58%) as a white solid. mp 23221 °C (dec); p]®% = =7.2
0.572 6 M HCI); ee >99% as determined by chiral HPLQ
NMR (D20 + NaOD [pH= 12], 270.17 MHz)6 3.60 (dd,Jax +
Jex = 14.2 Hz, 1H, GICH,), 3.89 (dd,Jga = 13.9 Hz,Jgx = 7.6
Hz, 1H, CHHy), 4.05 (dd,Jag = 13.9 Hz,Jax = 5.9 Hz, 1H,
CHCHy), 5.34 (s, 2H, E1,Ar), 6.96-6.99 (m, 1H, Ph), 7.327.35
(m, 2H, Ph), 7.49 (s, 1HACCCH,), 7.53-7.56 (m, 1H, Ph)13C
NMR (DO + NaOD [pH= 12], 67.94 MHz)6 14.9, 46.5, 56.3,

€.

(S)-1-(2-Amino-2-carboxyethyl)-5-bromo-3-(2-carbox-
thiophene-3-yl-methyl)pyrimidine-2,4-dione (56).Following a
%rocedure similar to that described 67, 5-bromo-3-(2-carbox-

ythiophene-3-yl-methyl)-5-pyrimidine-2,4-diong3) (3.00 g, 9.06
mmol), a 60% suspension of sodium hydride in mineral oil (0.72
g, 18 mmol), and9-3-(t-butoxycarbonylamino)oxetan-2-on@s3j
(1.52 g, 8.15 mmol) gavé6 (2.23 g, 59%) as a white solid; mp
192-196 °C (dec); p]?%> = +3.2 (€ 0.538 6 M HCI); ee >98%
as determined by chiral HPLGH NMR (TFA-d, 270.17 MHz)o
4.70 (dd,Jga = 15.8 Hz,Jsx = 6.3 Hz, 1H, CH®,), 4.83 (dd,
Jag = 15.8 Hz,Jax = 3.0 Hz, 1H, CH(Hz), 5.02 (dd,JAX + Jex
= 8.6 Hz, 1H, GICH,), 5.76 (s, 2H, E,Ar), 6.93 (d,J = 5.3 Hz,
1H, Ar), 7.67 (d,J = 5.3 Hz, 1H, Ar), 8.06 (s, 1HHCCBYr); MS
(electrospray) 418 [M- H]™; 420 [M + H]T; 416 [M — H]~; 418
M —H]".
(9)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxythiophene-3-yl-
methyl)-5-trifluoromethylpyrimidine-2,4-dione (57). Following
a procedure similar to that described 3% 3-(2-carboxythiophene-
3-yl-methyl)-5-trifluoromethylpyrimidine-2,4-diones4) (2.00 g,
6.25 mmol), a 60% suspension of sodium hydride in mineral oil
(0.52 g, 13 mmol), andg)-3-(t-butoxycarbonylamino)oxetan-2-one
(33 (1.17 g, 6.25 mmol) gavs7 (1.25 g, 49%) as a white solid.
mp 187-190°C (dec); p]%% = —4.5 (€ 0.51, 6 M HCI); ee>99%
as determined by chiral HPLGH NMR (TFA-d, 270.17 MHz)d
4.77 (dd,Jga = 15.8 Hz,Jgx = 6.3 Hz, 1H, Gi,CH), 4.87 (dd,
Jag = 15.8 Hz,Jax = 3.5 Hz, 1H, CHzCH), 5.05 (dd,JAX + Jex
= 9.6 Hz, 1H CHCH), 5.73 (s, 2H, ®i,Ar), 6.96 (d,J = 5.3 Hz,
1H, Ar), 7.66 (d,J = 5.3 Hz, 1H, Ar), 8.23 (s, 1HHCCCR); MS
(electrospray) 408 [Mt+ H]*; 406 [M — H]~.
(8)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxy-4,5-dibro-
mothiophene-3-yl-methyl)-5-methylpyrimidine-2,4-dione (68).
Following a procedure similar to that described6@r 3-(2-carboxy-
4,5-dibromothiophene-3-yl-methyl)-5-methylpyrimidine-2,4-di-

58.0,112.7,127.5,129.9, 130.6, 132.3, 135.6, 140.7, 144.6, 155.5,0ne 65) (4.67 g, 11 mmol), a 60% suspension of sodium hydride

168.9, 180.0, 182.4; MS (electrospray) 348 fivH]*; HRMS m/z
(M + Na)" calculated for GgH1gN30s, 348.1190; found, 348.1188.
(9)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxybenzyl)-5-fluo-
ropyrimidine-2,4-dione (35).Following a procedure similar to that
described fo67, 3-(2-carboxybenzyl)-5-fluoropyrimidine-2,4-dione
(32 (0.48 g, 1.8 mmol), a 60% suspension of sodium hydride in
mineral oil (0.14 g, 3.6 mmol), an®)-3-(t-butoxycarbonylamino)-
oxetan-2-one 33) (0.34 g, 1.8 mmol) gav&5 (0.22 g, 34%) as

in mineral oil (0.97 g, 24.2 mmol), and¥-3-(t-butoxycarbony-
lamino)oxetan-2-one3@) (2.06 g, 11 mmol) gavé8 as a white
solid (0.68 g, 12%); mp 210213°C (dec); p]*» = +3.8 (c 0.495,
6 M HCI); ee >99% as determined by chiral HPL&H NMR
(TFA-d, 399.78 MHz)6 2.02 (s, 3H, HCCEl3), 4.62-4.70 (m,
1H, HCMHy), 4.79-4.86 (m, 1H, HCEl,), 4.96-5.06 (m, 1H,
HCCH,), 5.71 (s, 2H, ®Ar), 7.50 (s, 1H, HCCCH;); MS
(electrospray) 510 [M— H] .
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(S)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxyfuran-3-yl-meth-
yl)-5-methylpyrimidine-2,4-dione (69). Following a procedure
similar to that described foB7, 3-(2-carboxyfuran-3-yl-methyl)-
5-methylpyrimidine-2,4-dione6@) (1.03 g, 4.12 mmol), a 60%
suspension of sodium hydride in mineral oil (0.33 g, 8.2 mmol),
and §)-3-(t-butoxycarbonylamino)oxetan-2-ong3j (0.77 g, 4.1
mmol) gave69 (0.48 g, 35%) as a white solid; mp 22827 °C
(dec); ]%p = —9.5 (€ 0.595 6 M HCI); ee>99% as determined
by chiral HPLC;H NMR (TFA-d, 399.78 MHz)o 2.10 (s, 3H,
HCCCHy), 4.66 (dd,Jga = 15.6 Hz,Jgx = 6.3 Hz, 1H, G1,CH),
4.78 (dd,Jag =15.6 Hz,Jax = 2.9 Hz, 1H, G4,CH), 5.00 (ddJax
+ Jsgx = 8.8 Hz, 1H, CHCH), 5.60 (s, 2H, El,Ar), 6.50 (s, 1H,
Ar), 7.54 (s, 1H, HCCCH), 7.64 (s, 1H, Ar); MS (electrospray)
336 [M — H]; 337 [M]~; 338 [M + H]*; 360 [M + NaJ'.

(9)-1-(2-Amino-2-carboxyethyl)-5-bromo-3-(2-carboxybenzyl)-
pyrimidine-2,4-dione (36). To a solution of §-1-(2-amino-2-
carboxyethyl)-3-(2-carboxybenzyl)pyrimidine-2,4-diodd)((0.15
g, 0.43 mmol) in water/acetic acid (1:1; 10 mL) was adide2 M

Dolman et al.

(30 min preincubation), to block NMDA receptors. Results are
expressed as meah SEM, n = 3.

To further characterize the AMPA receptor antagonist activity
of compound$5 and67, experiments were performed on AMPA
receptors expressed on motoneurones in the hemisected neonatal
rat spinal cord preparation in the presence of tetrodotoxin (TTX,
10 uM for 2 min, then 0.1uM continuously) to block action-
potential-dependent release. No electrical stimulation was applied,
thus allowing measurement of depolarizations evoked by an
exogenously applied AMPA receptor agorfstNoncumulative
concentratiorresponse curves were obtained for the selective
AMPA receptor agonis® (1 min applications) in the absence and
presence of 20M 55 or 67 (30 min preincubation), allowing
dose ratios to be calculated. TKg values for antagonism &by
55 or 67 were calculated from the dose ratios using the Gaddum
Schild equation.

Characterization of 55 and 67 on NMDA and Group |
Metabotropic Glutamate Receptors Expressed on Neonatal Rat

solution of bromine in acetic acid (0.11 mL), and the mixture was Motoneurones. Experiments performed to investigate the effect
stirred at room temperature for 30 min. The reaction had not gone ©f 55 and 67 on receptors expressed on motoneurones in the
to completion, as deduced by TLC, and a further aliquot of bromine hemisected neonatal rat spinal cord preparation were carried out
solution was added (0.33 mL). The mixture was stirred for a further in the presence of tetrodotoxin (TTX, 1M for 2 min, then 0.1

18 h and then concentrated under reduced pressure. The remainingM continuously) to block action-potential-dependent release. No
residue was suspended in water (5 mL) and applied to Dowex electrical stimulation was applied, thus allowing measurement of

50WX8-400 ion-exchange resin {Horm, 0.25 mmol of cation/
mL of resin; 5 mL) with stirring for 30 min. The mixture was then
applied to a column containing an equivalent volume of Dowex
50WX8-400 resin (F form) and eluted with water until no
ninhydrin positive fractions were observed, THF/water (1:1), until

depolarizations evoked by exogenously applied agoffista.
experiments to determine the antagonist selectivitp®and 67,
medium containing approximately equi-effective concentrations of
eitherl (0.7 uM), NMDA (10 uM), or DHPG (20uM) was applied

for 1 min, in the absence and presence55f(10 «M; 30 min

the eluate was colorless, and then elution was continued with 1 M Preincubation) 067 (1 xM; 30 min preincubation).

aqueous pyridine. The ninhydrin positive fractions of the 1 M

Calcium Fluorescence Assays Using Recombinant Human

aqueous pyridine eluate were combined and evaporated to dryneséMPA and Kainate Receptor Subtypes. AMPA Receptor

under reduced pressure.

Crystallization of the residue from water yield8@(0.11 g, 42%)
as a white solid. mp 184185°C (dec); p]?% =6.9 € 0.11,6 M
HCI); ee 92% as determined by chiral HPL&{ NMR (TFA-d,
270.17 MHz)0 4.72 (dd,Jga = 15.8 Hz,Jgx = 5.9 Hz, 1H, G-
CH), 4.85 (dd,Jag = 15.8 Hz,Jax = 3.0 Hz, 1H, G4,CH), 5.05
(dd, Jax + Jsx = 9.2 Hz, 1H, CHCH), 5.83 (s, 2H, Ei,Ph), 7.14
(d, J = 7.6 Hz, 1H, Ph), 7.627.48 (m, 2H, Ph), 8.08 (s, 1H,
HCCBrCO), 8.24 (ddJ = 1.3 Hz,J = 7.6 Hz, 1H, Ph); MS
(electrospray) 412.3 [M].

Electrophysiology. Antagonism of Kainate Responses on
Dorsal Root C-Fibers by Novel Willardiine Derivatives. Experi-

Assays.HEK293 cells stably expressing human AMPA receptors
were seeded into poly-lysine-coated 96-well plates (Becton
Dickinson Labware, Bedford, MA) 1 or 2 days prior to experiments
at 60 000 cells/well (1 day) or 30 000 cells/well (2 day). Cells were
washed three times with 10Q. of assay buffer composed of Hanks
Balanced Salt Solution without phenol red (Invitrogen) with 20 mM
HEPES and 3.7 mM Caghdded (final [CaG] = 5 mM). Plates
were then incubated for-23 h at room temperature in 4@ of
assay buffer with &M Fluo3-AM dye (Molecular Probes Inc.,
Eugene, OR). Following dye incubation, cells were rinsed once
with 100uL of assay buffer. Finally, 5@L of assay buffer, which
included the AMPA receptor potentiator LY392098 (a¥; to
prevent desensitization of AMPA receptors), was added to wells,

ments to test the antagonist effect of the novel compounds at gnq flyorescence was measured using a fluorometric imaging plate
GLUxs-containing kainate receptors were conveniently carried out reader (FLIPR; Molecular Devices, Sunnyvale, CA). The FLIPR
on kainate-induced responses on isolated dorsal roots from non-aqged a first addition of 5L of LY392098-containing assay

anaesthetized-15-day-old rats, as described in detail previougly.

buffer, followed by a second addition of 1. of LY392098-

To prevent desensitization of kainate receptors, the dorsal root Wascontaining buffer 3 min laters5 or 67 was added in the absence

superfused with 1 mg mit! Concanavalin A for 20 min after a 20

of agonist during the first addition, and in the presence of A0

min exposure to glucose-free superfusion medium. Standard su-gjytamate during the second addition.

perfusion medium was then applied throughout the experiments.

Kainate Receptor Assays.All receptor clones were stably

This allowed measurement of depolarizations evoked by the gypressed in HEK293 cells. The GLMQ)/GLUx, cell line was

exogenously applied agonist, kainate (1 min applications). Non-

cumulative, nonsequential concentratioBsponse curves were

created by retroviral infection of cDNA coding for the human
GLUk, subunit (EAA2; Allelix Biopharmaceuticals) into the

constructed for kainate in the absence and presence of the antagonist | U,(Q)-expressing cell line using the pMNLZRS/IB retroviral

(30 min preincubation). The Egvalues (16-15uM) for kainate-

expression vector. HEK293 cell lines stably expressing a cloned

induced depolarization of the dorsal root determined in assays of G| U,5(Q)*° or GLUks(Q) receptor subunf® or coexpressing

antagonists did not differ significantly from previously reported
values!?24a.25

Characterization of AMPA Receptor Antagonists.Hemisected
spinal cords from non-anaesthetized5tday-old rats killed by

GLUks(R) and GLUg(Q)®¢, or GLUke(Q) and GLLk,,** have been
previously described. Kainate receptor expression levels for all
transfected cell lines have been previously determined in our
laboratory by saturation binding ofHi]kainate to intact cellsBax

cervical dislocation were prepared and used according to the values for specificJH]kainate binding are GLI(Q), 1.7+ 0.5

reported metho@ To assess AMPA receptor antagonist activity,

pmol/mg; GLWUs(R)/6(Q), 8+ 2 pmol/mg; GLUs(Q)/GLUk,, 0.6

the ability of the compounds to block the fast component of the + 0.1 pmol/mg; GLUs(Q), 2.7+ 0.3 pmol/mg; GLUs(Q)/GLUko,
dorsal root-evoked ventral root potential (fDR-VRP) in the neonatal 1.7 4+ 0.3 pmol/mg*? To address the possibility that changes in
rat hemisected spinal cord preparation was measured, as describeteceptor expression levels over time could influence experimentally

in detail previoush#>26 Concentrationr-response curves were

determined |G, values, the E€ value for glutamate and the g

constructed for test antagonists (5 min applications), in the presencevalues for routinely used control antagonists sucH @sigure 1)

of 2 mM MgSQy50 uM (R)-2-amino-5-phosphonopentanoic acid

were continuously monitored, and no significant drift in these values
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was ever observed. Additionally, cells were never passaged more

than 20 times.
Cell growth and ion influx studies using a FLIPR were carried

out exactly as described previously, in the presence of concanavalin

A.12 The antagonisb5 or 67 was added in the absence of agonist
during the first addition, and in the presence of 100 glutamate
during the second addition. Concentratiarsponse curves f&5

and 67 were analyzed using GraphPad Prism 3.02 software (San
Diego, CA), with slope factor fixed at 1, and top and bottom fixed
at 100% and 0% inhibition, respectively. The dissociation constant
(Ky) was calculated according to the ChetRyusoff equatiof? from

the IG5 value for inhibiting 100uM glutamate-induced calcium
influx.
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