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The asymmetric synthesis and receptor pharmacology of
(1S,2R,3R,5R,65)-2-amino-3-Hydroxy-bicyclo[3.1.0]hexane-2,6-di-

carboxylic Acid (+)-9 (HYDIA) and a few of its O-alkylated deriva-
tives are described. The key step of the synthesis utilizes Sharp-
less’” asymmetric dihydroxylation (AD-[3) for the kinetic resolution
of a bicyclic racemic precursor olefin. In contrast to the bicyclic

Introduction

Among all excitatory amino-acids (EAA) L-glutamic acid (L-Glu) is
the major neurotransmitter in the mammalian central nervous
system (CNS). L-Glu activates two major classes of glutamate re-
ceptors termed ionotropic (iGIuR) and metabotropic (mGIuR)
glutamate receptors.” Whereas iGIuRs mediate fast synaptic
transmission through ligand-gated ion channels, the G-protein
coupled mGluRs play a more modulatory role. The family of
mGIuRs consists of at least eight subtypes, grouped according
to their sequence homology, agonist pharmacology, and second
messenger coupling.” The primary transduction mechanism of
group | receptors (MGIURT and mGIuR5) is the stimulation of
phosphoinositide (Pl) hydrolysis, whereas group Il (mGIuR2 and
mGIluR3) and group lll (mGluR4, mGIuR6, mGIluR7, and mGIuR8)
receptors evoke an inhibition of forskolin-stimulated cyclic AMP
accumulation.” In recent years the mGIuRs were recognized as
valuable therapeutic targets mainly in psychiatric disorders.”
Conformationally restricted L-glutamate analogues have
been synthesized and used to determine and alter the biologi-
cal function of these receptors. Within the group of (carboxy-
cyclopropyl)glycines (CCG), the first generation monocyclic L-
Glu analogues such as (25,1'S,2'S)-2-(2'-carboxycyclopropyl)gly-
cine 1 (L-CCG-I),"”! (25,2'R,3'R)-2-(2',3'-dicarboxycyclopropyl)gly-
cine 2 (DCG-IV),” and (25,1'S,2'S,3'R)-2-(2'-carboxy-3"-methoxy-
methylcyclopropyl)glycine 3 (cis-MCG-)”" were further devel-
oped to the second generation bicyclic L-Glu analogues, with
(15,2R,5R,65)-2-amino-bicyclo[3.1.0]hexane-2,6-dicarboxylic acid
(4)-4 (LY354740)® and its 4-oxygen and 4-sulfur derivatives 5
(LY379268), 6a (LY389795),” and 6b (LY404039)"" being the
most prominent examples of potent and selective group Il
mGIuR agonists (Scheme 1). Selectivity and agonistic biological
properties are also the main features of 7 and (+)-8
(MGS0008), the corresponding 3-fluoro derivatives of 4.
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glutamate analogue LY354740, which is a potent and selective
agonist for the group Il metabotropic glutamate receptors
(mGluRs), these new conformationally restricted and also hy-
droxylated or alkoxylated glutamate analogues are potent and
selective antagonists for the group Il mGluRs.

The very rigid bicyclo[3.1.0]hexane system fixes the two car-
boxylates in an extended conformation—beneficial for binding
to the mGIuR2/3 receptors as demonstrated by its selectivity
versus the group | mGluRs and the iGluRs, where a more hair-
pin-type arrangement of the carboxylates is required for high-
affinity binding.'”

Thus, this ring system appeared to be a good starting point
in our quest to find selective ligands of mGIuR2/3. We have
based our initial structural considerations on a 3D model of
the essential amino acid residues involved in the interaction of
(+)-4 (LY354740) with mGIuR2/3 generated using site directed
mutagenesis. We especially wanted to explore the effect(s) of
the substitution at the 3-position in the cyclopentane-ring,
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Scheme 1.
L-Glutamate (L-Glu) and conformationally restricted analogues prepared as li-
gands for the group Il metabotropic glutamate receptors.

which is proximal to the region of the molecule interacting
with amino acid residues common to all mGluRs and possibly
responsible for receptor activation (Y168-Y216 and D295 in
mGluR2).M"¥

From our ongoing effort to identify new ligands for the
mGluR2/3 receptors, we report herein the asymmetric synthe-
sis of the selective mGIuR2/3 antagonist (1S,2R,3R,5R,6S)-2-
amino-3-hydroxy-bicyclo[3.1.0]lhexane-2,6-dicarboxylic acid (+)-
9 (HYDIA) and a few of its O-alkylated derivatives.'

Chemistry

The synthesis started from the known ketoester (+/—)-10"
which was converted to the vinyl triflate (+/—)-11 by genera-
tion of the enolate with LDA at —78°C and reacting it with
PhNTf,. The vinyl triflate (+/—)-11 was converted to the a,p3-
unsaturated ester (+/—)-12 in high yield by a Palladium cata-
lyzed carboxybenzylation reaction using only 2 equiv benzyl al-
cohol and CO at atmospheric pressure and ambient tempera-
ture (Scheme 2).

The key step of the synthesis used the Sharpless asymmetric
dihydroxylation (AD-B)"'® to kinetically resolve the racemic pre-
cursor (+/—)-12. The preferred top face addition in bicyclo-
[3.1.0]-systems together with the use of the f-ligand
(DHQD),PHAL are the matched combination to produce the
desired enantio-enriched product (63% ee) in good yield
(46 %), which could be easily recrystallized to give the enantio-
pure diol (—)-13 (Scheme 3).

Treatment of (—)-13 with thionyl chloride in DCM at reflux
and subsequent oxidation of the intermediate cyclic sulfite
(not shown) with RuCl;/NalO, furnished the cyclic sulfate (—)-
14 in excellent yield The ring opening of the tricy-
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H
EtO,C a) EtO,C by EtO,C
H H H
o} oTf CO,Bn
(+-10 (+1-)-11 (+-)-12

Scheme 2. Synthesis of the precursor (+/—)-12 for the asymmetric dihy-
droxylation. a) LDA, PhNTf,, —78 to 23°C, 87 %; b) BnOH, Et;N, CO (1 atm),
cat. Pd(OAC),, PPh,, DMF, 23°C, 75%.

EtO,C a)

H
CO,Bn

(+1-)-12

Scheme 3. The key step: kinetic resolution of the racemic (+/—)-12 by
Sharpless asymmetric dihydroxylation to the chiral diol (—)-13. a) cat.
(DHQD),PHAL, cat. K,[0sO,(OH),], K;Fe(CN),, MeSO,NH,, tBuOH/H,0, 4°C,
46% (63 % ee); after two recrystallizations from EtOAc/Et,0/hexane, 26 %,
>99% ee.

clo[4.3.0.02,4]-system 6 with sodium azide had to come from
the concave side of the bicyclo[3.1.0]-system, but was over-
ruled with 3:1 selectivity by the convex side of the bicyclo-
[3.3.0]-system and the a-directing electronic effect of the ben-
zyloxycarbonyl-group."® The intermediate sulfate (not shown)
was hydrolyzed with aqueous sulfuric acid to the 2-azido-3-hy-
droxy diester (—)-15. This sequence has been described by
Shao and Goodman for the preparation of 2-amino-3-hydroxy
acids.™

The final steps towards the desired amino acid (Scheme 4)
made use of concomitant catalytic hydrogenation of the
benzyl ester and the azide, acid hydrolysis of the ethyl ester by
simple refluxing in 10% HCl and isolation of the acid free
(15,2R,3R,5R,65)-2-amino-3-hydroxy-bicyclo[3.1.0]hexane-2,6-di-

X e
BnO.C b—go,

()-14

)15 (+)-9 HYDIA

Scheme 4. Final steps for the synthesis of (+)-9 HYDIA: a) SOCl,, DCM, 40°C;
b) cat. RuCl;, NalO,, CCl,/MeCN/H,0, 23°C, 98% over two steps; c) NaN;, aq.
acetone, 50°C; d) H,SO,, Et,0, 23°C, 62% over two steps; e) H,, Pd/C, aq.
AcOH, 23°C; f) 10% HCI, reflux; g) propylene oxide, EtOH, reflux, 87 % over
three steps.
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carboxylic acid (+)-9 (HYDIA) by treatment with propylene
oxide as HCl scavenger in refluxing EtOH. Using this methodol-
ogy (+)-9 HYDIA was obtained as a white powder, mp
>250°C; [a]¥=+7.4 (c=1.01 in H,0).

To obtain a full picture regarding the influence of the newly
introduced 3-hydroxy group, we also wanted to gain insight
on the influence of the configuration at this center. Therefore
the S-configured epimer at this position was prepared by first
oxidizing the free OH-group of (—)-15 with PCC on silica gel
and then reducing the newly formed ketone (+)-16 with
NaBH, at low temperature (—50°C). Although only moderate
yield (51%, residual starting material could not be recovered
and other products could not be identified) was achieved, the
hydride delivery occurred exclusively from the top face of the
bicyclo[3.1.0]system giving rise to a single diastereomer. De-
protection followed the same sequence as described before
yielded the desired S-configured 3-hydroxy amino acid (+)-18
(Scheme 5).

)-17

Scheme 5. Inversion of 3-hydroxy configuration of HYDIA: a) PCC, DCM, 23°C, 67 %; b) NaBH,, EtOH/THF, —50°C,
51%; c) H,, Pd/C, ag. AcOH, 23°C; d) 10% HCl, reflux; e) propylene oxide, EtOH, reflux, 86 % over three steps.

The intermediate 2-azido-3-
hydroxy diester (—)-15 also
served as starting material to ex-
plore the activity of some O-al-
kylated HYDIA-derivatives. Either
acid catalyzed etherification
with trichloroacetimidates®®”
(allyl or benzyl) or alkylation
with methyl triflate in the pres-
ence of a sterically very hin-
dered base produced the de-
sired O-alkyl products (—)-19, (+)-20 and (—)-21 in moderate
to good yields. To obtain the O-propyl and the O-methyl deriv-
atives (4+)-26 and (—)-27 the final transformations followed the
same protocols as for (+)-9 HYDIA itself. For the O-allyl and
the O-benzyl derivatives (—)-24 and (—)-25 azide reduction
was performed under Staudinger conditions with trimethyl
phosphine?" in aqueous THF and subsequently both esters
were saponified with LiOH to give the desired amino acids (—)-
24 and (—)-25 (Scheme 6).

Finally the introduction of a second amino group was estab-
lished by transforming the OH-group of the very versatile inter-
mediate (—)-15 into the corresponding triflate (4)-28 under
standard conditions. The S\2 reaction with sodium azide in
DMF was accompanied by the elimination side product, which
could be easily removed by simple dihydroxylation with OsO,/
NMO producing the pure diazide (—)-29 in moderate yield
(49%) as a single diastereomer. The final deprotection se-
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(-19 R=allyl (14%)  via(9—=22t0 (-)-24 R = allyl (60%)

(+)-20 R = benzyl (27%)
(9-21 R = methyl (63%)

via (+)-23to  (-)-25 R = benzyl (73%)
(+)-26 R = methy! (83%)

(927 R = n-propyl (73%)

Scheme 6. Synthesis of O-alkylated HYDIA derivatives: a) ROC(=NH)CCl;, cat.
TfOH, cyclohexane/DCM, 23°C; b) MeOTf, 2,6-di-tBu-pyridine, DCM, 23 °C;

c) H,, Pd/C, aq. AcOH, 23°C; d) 10% HCl, reflux; e) propylene oxide, EtOH,
reflux; f) Me,P, ag. THF, 23°C; g) LiOH-H,0, THF/MeOH/H,0, 23°C.

quence as described before for (+)-9 revealed the diamino-
diacid (+)-30 (Scheme 7).

We also developed a synthesis of the stably tritiated 38 [*H]-
HYDIA (Scheme 8). As the face-selective reduction of the azido-
ketone (+)-16 with NaBH, only
occurred from the convex side
and therefore gave the epimeric
azido-a-alcohol (—)-17
(Scheme 5), we had to alter the
substrate to affect hydride de-
livery from the concave side.
The azido group in ketone (+)-
16 was reduced and concomi-
tantly acetylated by thioacetic

HO,C NH,

(+)-18

(+)-30

Scheme 7. Introduction of a 3-amino group: a) Tf,O, pyridine, —78 to 0°C, 86 %; b) NaN;, DMF, 80°C, 49%; c) H,,
Pd/C, ag. AcOH, 23°C; d) 10% HCI, reflux; e) propylene oxide, EtOH, reflux, 79% over three steps.

acid yielding the N-acetamidoketone (4)-31.”2 Using the
newly introduced acetamido group as a potential coordination
site for the hydride reagent, the ketone (+)-31 could be re-
duced with either LiBH, or NaBD, in good yield to the easily
separable epimeric alcohols (—)-32 and (+)-34, respectively
(—)-33 and (+4)-35, wherein at least half of the reduction took
place from the concave side. LiBT(OMe);—prepared from reac-
tion of nBuLi, TMEDA with tritium gas to obtain LiT, then react-
ed with B(OMe);—was used for the tritiation of ketone (+)-31
which afforded alcohol 36 (and its epimer 37). Final deprotec-
tion was effected by refluxing 36 in aqueous HCl and after pu-
rification by ion exchange chromatography and HPLC 38 [*H]-
HYDIA was obtained in 98 % radiochemical purity.

Results and Discussion

(+)-9 HYDIA concentration-dependently inhibited the binding
of [*H]-LY354740 to rat mGlu2 and mGlu3 receptors® with K
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EtO,C

b) or ¢)

o) —_—

BnO,C  NHAc

(+)-31

EtO,C

“NHAC

36 + epimer 37

Scheme 8. Synthesis of [*H]-HYDIA: a) thioacetic acid, neat, 70°C, 71%; b) LiBH, EtOH/THF, —50°C, 88 %; c) NaBD,,
EtOH/THF, —50°C, 90%; d) LiBT(OMe); from nBuLi, TMEDA, T,, B(OMe);, THF, —60°C; e) 10% HClI, reflux.

values of 52 and 80 nwm, respectively (Table 1, Figure 1). All the
O-alkylated derivatives (—)-24, (—)-25, (+)-26, and (—)-27 also
exhibited moderate to good affinity in binding to the rat

Table 1. [*H]-LY354740 binding study: indirect measurement of the affini-
ties of synthesized glutamate analogues and reference compounds (+)-4
and 39 for mGIuR2/3.
compound mGluR2 binding K; [nm] mGIuR3 binding K; [nm]
(+)-9 HYDIA 52 80
(+)-18 48 NT®
(—)-24 65 NT®
(-)-25 20 NT®!
(+)-26 80 NT®
(—)-27 55 NT®
(+)-30 155 NTE
(H)-4 (LY354740) 13" 511
9 (LY341495) 9! 10®!
[a] Not tested. [b] see also Schweitzer et al.**

mGlu2 receptor with K; values of 65 nm, 20 nm, 80 nm, and
55 nwm, respectively (Table 1).

These compounds were tested for functional activities at
mGlu2 receptor using GTPy*S binding. Interestingly, (+)-9
HYDIA and its O-alkylated derivatives (—)-25, (+)-26, and (—)-
27 appeared to be antagonists with 1Cs, values of 1000 nm,
120 nm, 580 nm, and 200 nm, respectively (Figure 2) when
tested in cells expressing the recombinant mGIuR2 in the pres-
ence of 10 um (15,3R)-ACPD.

The competitive nature of the antagonism was demonstrat-
ed for (+)-9 HYDIA by binding studies (Figure 1B, Schild analy-
sis) and efficacy studies evaluating its effect on the maximal re-
sponse of 15,3R-ACPD on the native mGluRs using measure-
ments of forskolin-stimulated cAMP production in adult rat
striatal slices (Figure 3).2%

The antagonist properties of (+)-9 HYDIA were also evaluat-
ed electrophysiologically in CHO cells stably expressing the
human Kir3.1 and Kir3.2c GIRK subunits and transiently trans-
fected with either rat mGlu2 or rat mGlu3 receptors. In these
cells, glutamate induced an inward K* current that was reversi-
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ble and dependent on the glu-
tamate concentration (Figure 4).
The pECs, values for glutamate
were 5.70+0.17 (n=5) and
7214+0.03 (n=6) for the rat
mGlu2 and mGlu3 receptor, re-
spectively. Glutamate concentra-
tion-response curves were also
generated in the presence of
M0um (+)-9 HYDIA (Figur-
e4CD). The pECy, values for
glutamate in the presence of
(+)-9 HYDIA were smaller, being
4294+0.11 (n=4) and 525+
0.03 (n=4) for the rat mGlu2
and mGlu3 receptor expressing
cells, respectively.

38 [°H-HYDIA
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Figure 1. Displacement of [BHI-LY354740 binding to rat mGlu2 and mGlu3.
A) Concentration dependent effect of (4+)-9 HYDIA (ll: mGIuR2; Hill coeff.
0.98; @: mGIuR3). In analogue experiments carried out using [*H]-2 DCGIV
as ligand to the mGlu2 receptor the K; was 0.6 um (data not shown). B) Par-
allel shift to the right of the [*H]-LY354740 specific binding curve in the pres-
ence of increasing concentrations of (+)-9 HYDIA (Il: control; @: + 100 nm
(+)-9 HYDIA; A: +1 um (4+)-9 HYDIA).
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Figure 2. Concentration dependent effect of (+)-9 HYDIA on the maximal

GTPY*S binding induced by 15,3R-ACPD (10 um) (membranes from cells ex-
pressing rat mGluR2).
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Figure 3. Shild plot analysis of (+)-9 HYDIA's antagonism on the concentra-
tion dependent effect of (15,3R)-ACPD on forskolin stimulated cAMP levels
in adult rat striatal slices (Hl: (15,3R)-ACPD, n=9; @: (15,3R)-ACPD + (+)-9
HYDIA 100 nm, n=3; A: (153R)-ACPD + (+)-9 HYDIA 300 nm, n=4; V¥:
(15,3R)-ACPD + (+)-9 HYDIA 1 um, n=2).

In rat hippocampal slices, (+)-4 (LY354740) inhibited fEPSPs
evoked by stimulation of the medial perforant path input and
recorded in the dentate gyrus mid-moleculare (mainly mGlu2
receptors are expressed in the terminal fields of the perforant
path). The inhibition by (+)-4 (LY354740) was antagonized
competitively by (4)-9 HYDIA with a pK; value of 6.04
(Figure 5). In the same assay the pK; of 39 (LY341495)* was
7.92 (data not shown).

(+)-9 HYDIA (10 um) was also tested in freshly dissociated
Golgi cells from rat cerebellum (these cells express both
mGIuR2 and mGIuR3 mRNA) and the antagonistic properties
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were compared to those of 39 (LY341495—1 um). Both com-
pounds shifted the (+)-4 (LY354740) inhibition curve to the
right in a parallel fashion suggestive of competitive antago-
nism. Measured pKg values were 7.0 for 39 (LY341495) and 6.3
for (+)-9 HYDIA, respectively. The difference in potency (about
5.6-fold) between these two antagonists in Golgi cells is consis-
tent with that observed in displacement studies at the mGlu2
receptor (Table 1) whereas the difference in potency detected
in hippocampal slices is larger and possibly suggestive of the
involvement of additional receptors.

The selectivity of (+)-9 HYDIA was further assessed and
tested at a final concentration of 100 um. This compound did
not activate or inhibit glutamate-stimulated rat mGlula,
mGlu5a, and mGlu7a receptors in a Ca®" mobilization function-
al assay. However, it concentration-dependently inhibited the
binding of [*H]-.-AP4 to rat mGlu4a and mGlu8a receptors
with K; values of 22 and 15 um, respectively (Figure 6). Finally,
it was devoid of any affinity at the ionotropic glutamate recep-
tors (Table 2). No clear evidence of specific interaction with
other receptors was obtained during a specificity screening
with indirect affinity studies on mainly monoaminergic recep-
tors (data not shown).

The antagonist properties of (4+)-9 HYDIA were also demon-
strated in vivo in mice. (+)-4 (LY354740) produces a dose-de-
pendent decrease of the horizontal activity after intraperito-
neal (1-30 mgkg™") and intracerebroventricular (3-100 nmol/
2 yL/mouse) administration in mice. The experimental condi-
tions of this test have been validated for the contribution of
mGlu2 receptor using mGlu2 null mutant mice.”® The i.c.v. ad-
ministration of (4+)-9 HYDIA (30-300 nmol/2 uL/mouse) was
able to completely antagonize the hypoactivity caused by the
administration of (+)-4 (LY354740) (Figure 7).

The 3S-configurated epimer of (+)-9 HYDIA—(+)-18—as
well as the 3S-configurated diamino acid (+)-30 both inhibited
[*H]-LY354740 binding to rat mGlu2 receptor with K; values of
48 and 155 nwm, respectively (Table 1). However, when these
compounds were tested for functional activities at mGlu2 re-
ceptors using GTPyS* binding they appeared to be agonists
with (4+)-18 showing an ECs, value of 98 nm and (+)-30 an
ECs, value of 200 nwm, respectively. Interestingly (+)-18 and (+)-
30 exhibit partial agonist activity and weak partial agonist ac-
tivity, respectively when compared to (+)-4 (LY354740) (data
not shown).

The enantiomer of (+)-9 HYDIA, that is, (1R,2S,35,55,6R)-2-
amino-3-hydroxy-bicyclo[3.1.0]hexane-2,6-dicarboxylic acid,
also exhibited partial agonist properties causing only 28%
stimulation when tested at 100 um concentration in the
GTPyS* binding assay.

In summary, the addition of a simple hydroxy group could
allow the potent agonist (+)-4 (LY354740) to turn into the
competitive antagonist (+)-9 HYDIA. The 3R-configuration of
the newly introduced OH-group appears to be crucial for func-
tional activity, as the 3S-configurated epimer (+)-18 still exhib-
its agonist properties. By etherification of the 3S-hydroxy func-
tion a small set of ethers, which are all potent mGlu2 receptor
antagonists, was generated with the most lipophilic benzyl
ether (—)-25 being the most potent one (K;=20 nwm).
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Figure 4. (+)-9 HYDIA competitively antagonizes the glutamate-induced current in CHO cells stably expressing GIRKs and transiently co-transfected with
mGlu2 or mGlu3 receptors. Glutamate was applied at the indicated concentrations and for the time indicated by the bars in the A) absence and B) presence
of 10 um (+)-9 HYDIA to a cell expressing mGlu3 receptors. Glutamate concentration-response curves were generated in the absence and presence of 10 um

(+)-9 HYDIA for ¢) mGluR2 and D) mGIuR3. (l: control; @: + 10 pum (4)-9 HYDIA). Data points are mean £ SE maximum current amplitude, the curves were
generated with the Hill equation.
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Figure 5. Concentration-dependent inhibition of fEPSPs evoked by stimula- 0 & '75 ! ~
tion of the medial perforant path input and recorded in the dentate gyrus 10 10 10
mid-moleculare by (+)-4 (LY354740) in the presence ([J) and absence (@) [HYDIA] / m
of (4)-9 HYDIA. Data points are mean =+ SE fEPSP amplitudes expressed as a
percentage of the predrug control value. Fitted curves yielded ICs, values of Figure 6. Displacement of *H-LAP4 binding to rat mGlu4 and mglu8a Con-
0.077 um and 0.92 um for LY354740 alone (@) and LY354740 + 10 um (+)-9 centration dependent effect of (4)-9 HYDIA (M: rat mGIuR4 K; 22 um; @: rat
HYDIA, respectively. mGluR8a K; 15 um).

328 www.chemmedchem.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2008, 3, 323 - 335


www.chemmedchem.org

HYDIA—a mGIuR2 antagonist

FULL PAPERS

Table 2. Selectivity of (+)-9 HYDIA towards other glutamate receptors.
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Figure 7. Effect of (4+)-9 HYDIA on (+)-4 LY354740-induced decrease of Hori-
zontal Activity in mice. A) (+)-9 HYDIA and (+)-4 LY354740 were adminis-
tered i.c.v. simultaneously. B) (4)-9 HYDIA and (+)-4 LY354740 were adminis-
tered i.c.v. and i.p., respectively but simultaneously. Bar graphs represent the
cumulative values for 120 min and 20 min, respectively. Eight mice were
used per group. © P <0.05 compared to vehicle + vehicle-treated mice and
* P<0.05 compared to vehicle + (4)-4 LY354740-treated mice (Anova fol-
lowed by Dunnett’s t-test).

These new ligands represent very useful tools to establish
the molecular mechanisms responsible for the selective activa-
tion of group Il mGIuR. Our group has indicated in the past
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PHI-HYDIA to obtain more in-
formation about the molecular
events associated with response
to stimuli in metabotropic glutamate receptors 2 and 3.

Conclusions

We were able to stereoselectively introduce a 3-hydroxy func-
tion into the well-known scaffold of the 2-amino-bicyclo-
[3.1.0]hexane-2,6-dicarboxylic acid by an asymmetric synthesis
and also show the feasibility of further alkylation of the newly
generated OH-group to produce the corresponding ethers.

Surprisingly, the introduction of the R-configured 3-hydroxy-
group turned the mGIuR2/3 agonist into an mGIluR2/3 antago-
nist, and attachment of more lipophilic residues onto the
oxygen further enhanced the affinity of these antagonists. This
knowledge was further developed and transferred to the 6-
fluorinated derivative and led eventually to the very potent
mGluR2/3 antagonist (—)-40 (MGS0039) (Figure 8).*"

Cl

H
cl
HO,C™s o
F

H i COH
NH,

39 (LY341495)

(-)-40 (MGS0039)

Figure 8. Structures of 39 (LY341495) and (—)-40 (MGS0039).

In contrast, the S-configured 3-hydroxy-group—as well as an
S-configured 3-amino-group—did not affect the agonist prop-
erties, as both corresponding compounds are still mGlu2/3 ag-
onists, albeit with reduced intrinsic activity.

The described molecules and the 38 [*H]-HYDIA in particular
may serve as very useful tools for the study of the molecular
determinants of activity in the glutamate binding pocket of
mGIluR2 possibly further supporting the definition of the struc-
tural changes required for the signal transduction mechanism
of these receptors. The possibility to use these ligands in drug
development is also currently under assessment (Figure 9).

Experimental Section
Chemistry:

General methods and materials: 'H NMR spectra were recorded
on a Bruker AC-250 spectrometer at 25°C with TMS (tetramethylsi-
lane) or residual 'H of the given deuterated solvents as internal
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Figure 9. In vitro radioautography of 38 [*H]-HYDIA (50 nm) in sagittal sec-
tion of Roro rat brain. Regional distribution consistent with binding to both
mGIuR2 and mGIuR3 and high density binding sites in hippocampus - lacu-
nosum moleculare (LMol) and caudate putamen (CPu).

standards. Mass spectra (MS) were measured either with ion spray
positive or negative (ISP or ISN) method on a Perkin—-Elmer SCIEX
API 300 or with electron impact method (El, 70 eV) on a Finnigan
MAT SSQ 7000 spectrometer. High resolution mass spectra (HRMS)
were measured with nanospray positive (ISP) method on a Finni-
gan LTQ-FTMS spectrometer (7 Tesla) and the average of 7 scans is
reported. Optical rotations were measured with a Perkin-Elmer 341
polarimeter. Melting points were taken on a Bichi 510 melting
point apparatus and are uncorrected. Enantiomeric excess was de-
termined by chiral HPLC using a Chiralpak AS (250x4.6 mm)
column with 10% EtOH in hexane as eluent. Elemental analysis
was done by Solvias AG, Basel, Switzerland. Column chromatogra-
phy was performed on Merck silica gel 60 (230-400 mesh). Analyti-
cal thin-layer chromatography was performed using Merck silica
gel 60 F,;, precoated glass-backed plates and visualized by cer-
ium(IV)molybdophosphate or ninhydrin. Solvents and reagents
were purchased from Fluka AG, Merck KGaA, Aldrich or Acros Or-
ganics and used without further purification.

(1RS,5SR,6RS)-2-Trifluoromethanesulfonyloxy-bicyclo[3.1.0]hex-2-ene-
carboxylic acid ethyl ester (+/—)-11: nBuLi (47.6 mL, 76.1 mmol,
1.6 M solution in hexane) at 0°C was added dropwise to a solution
of diisopropylamine (11.94 mL, 84.6 mmol) in THF (77 mL) and
stirred for 10 min at 0°C. After cooling to —78°C a solution of
(1RS,55R,6RS)-2-oxo-bicyclo[3.1.0lhexane-6-carboxylic acid ethyl
ester (+/—)-10 (11.86 g, 70.5 mmol) in THF (39 mL) was added
dropwise within 25 min. Stirring was continued at —78°C for 1 h,
whereupon a solution of N-phenyl-bis(trifluoromethylsulfonyl)imine
(27.7 g, 77.5 mmol) in THF (83 mL) was added and then stirred for
90 min at 23°C. Aqueous workup with ether, sat. NaHCO; solution,
brine, drying over Na,SO,, removal of the solvent under vacuum
left an orange-brown oil, which was purified by silica gel column
chromatography with hexane/ethyl acetate 9:1 to give (+/-)-11
(18.47 g, 87%) as a slightly brown oil. '"H NMR (250 MHz, CDCl,):
0=1.27 (t, *J(HH)=7.1 Hz, 3H), 1.46 (m, 1H), 2.28 (m, TH), 2.55 (m,
2H), 2.79 (m, 1H), 4.15 (q, *J(HH)=7.1 Hz, 2H), 5.41 ppm (m, TH);
MS(EI): m/z 300 [M™].

(1RS,5SR,6RS)-Bicyclo[3.1.0]hex-2-ene-2,6-dicarboxylic acid 2-benzyl
ester 6-ethyl ester (+/—)-12: A solution of (1RS,55R,6RS)-2-trifluoro-
methanesulfonyloxy-bicyclo[3.1.0]hex-2-ene-carboxylic acid ethyl
ester (+/—)-11 (14.48 g, 48.2 mmol), Pd(OAc), (326 mg, 1.45 mmol),
PPh; (760 mg, 2.9 mmol), benzyl alcohol (10.0 mL, 96.5 mmol), and
Et;N (13.5 mL, 96.5 mmol) in DMF (195 mL) was purged with CO
for 10 min and then stirred for 5 h at 23°C under a balloon with
CO. Aqueous workup with ether, 1N HCI solution, sat. NaHCO; so-
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lution and brine was followed by drying over MgSO,. Removal of
the solvent under vacuum left a dark brown oil, which was purified
by silica gel column chromatography with hexane/ethyl acetate
9:1 to yield (+/-)-12 (10369, 75%) as a yellow oil. '"H NMR
(250 MHz, CDCly): 6=1.13 (m, 1H), 1.26 (t, *J(H,H)=7.1 Hz, 3H),
2.25 (m, TH), 2.64 (m, 1H), 2.79-2.91 (m, 2H), 4.10 (q, *J(HH)=
7.1Hz, 2H), 5.18 (d, 2(H,H)=12Hz, 1H), 5.24 (d, 2J(H,H)=12 Hz,
1H), 6.58 (bs, 1H), 7.30-7.40 ppm (m, 5H); MS(EI): m/z 286 [M™].
(1S,2S,3R,65)-2,3-Dihydroxy-bicyclo[3.1.0]hexane-2,6-dicarboxylic acid
2-benzyl ester 6-ethyl ester (—)-13: A solution of (+/—)-12 (11.69 g,
40.4 mmol), K,[0sO,(OH),] (99 mg, 0.27 mmol), (DHQD),PHAL
(1.05 g, 1.35 mmol), K;Fe(CN), (26.6 g, 80.8 mmol), K,CO; (11.2 g,
80.8 mmol), and MeSO,NH, (11.53 g, 121.2 mmol) in tert-butanol
(140 mL) and H,0 (140 mL) was stirred vigorously at 4°C for 24 h.
After addition of Na,SO; (40.4 g) and stirring for 30 min at 23°C
the mixture was diluted with water (300 mL) and extracted with
ethyl acetate (3x300 mL). The combined organic layers were
washed with 2N NaOH solution (200 mL) and brine (200 mL) fol-
lowed by drying over Na,SO,. Removal of the solvent under
vacuum left a dark brown solid (13.51 g), which was subjected to
silica gel column chromatography with hexane/ethyl acetate 2:1—
3:2—1:1 to yield the residual starting material as a yellow oil
(3.589, 31%, 65% ee), the undesired diastereomeric diol as a
yellow oil (1.30g, 10%) and the crystalline diol (—)-13 (5919,
45.7%, 63% ee) as a pale yellow solid. The latter material was
twice recrystallized from ethyl acetate/ether/hexane to give enan-
tiopure (—)-13 (3.36 g, 26 %, >99% ee) as white needles. mp: 112-
114°C; [0]®=—73.35 (c=1.17 in CHCl); 'H NMR (250 MHz, CDCl,):
0=1.24 (t, >J(HH)=7.1 Hz, 3H), 1.80-1.92 (m, 2H), 1.99 (m, 1H),
2.08 (dd, *J(H,H)=6.9, 2.9 Hz, 1H), 2.30-2.38 (m, 2H), 3.82 (s, TH),
4.10 (q, *J(HH)=7.1 Hz, 2H), 5.20 (d, 2J(H,H)=12.3 Hz, 1H), 5.34 (d,
2JHH)=123Hz, TH), 7.36 ppm (bs, 5H); MS(ISP): m/z 321 [M*
+HJ; ISP HRMS [M*+Na]: calcd. 343.11521; found 343.11525; Anal.
(—)-13 (Cy,H,00q) C calcd. 63.74%, found 63.50%, H calcd. 6.29%,
found 6.09%, H,0 found <0.1%.
(1S,1aS,1bS,4aR,5aR)-3,3-Dioxo-tetrahydro-2,4-dioxa-6-thia-cyclopro-
palajpentalene-1,1b-dicarboxylic acid 1b-benzyl ester 1-ethyl ester
(—)-14: SOCI, (1.21 mL, 16.64 mmol) was added to a solution of
(—)-13 (2.66 g, 8.32 mmol) in CH,Cl, (14 mL) at 0°C and stirring
was continued at 40 °C until TLC indicated complete conversion to
the cyclic sulfite. The solvent and excess SOCI, were removed
under vacuum, the residual oil was dissolved in CCl, (8.3 mL),
CH,CN (8.3 mL), and H,0 (12.5mL) and cooled to 0°C. NalO,
(2.67 g, 12.5 mmol) and RuCl; hydrate (33 mg) were added and the
mixture was stirred at 23°C for 30 min. Aqueous workup with
ether, water, and brine was followed stirring of the organic phase
with MgSO, and a spatula tip of activated carbon. After filtration
through celite the solvent was removed under vacuum to yield the
crude cyclic sulfate as a brown oil (3.31 g). An analytical sample
was obtained by silica gel column chromatography with hexane/
ethyl acetate 2:1 to yield (—)-14 (98%) as a colorless oil. [a]d’=
—36.08 (c=1.13 in CHCl;); "H NMR (250 MHz, CDCl,): 6 =1.25 (t, *J-
(HH)=7.2 Hz, 3H), 1.67 (t, *J(HH)=3.5 Hz, TH), 2.28 (m, 1H), 2.52—-
2.62 (m, 3H), 4.11 (m, 2H), 5.32 (s, 2H), 7.38 ppm (s, 5H); MS(ISP):
m/z 400 [M*+NH,].

(1S,2R, 3R, 5R,65)-2-Azido-3-hydroxy-bicyclo[3.1.0]Jhexane-2,6-dicarbox-
ylic acid 2-benzyl ester 6-ethyl ester (—)-15: The crude (—)-14 was
dissolved in acetone (45 mL) and H,O (4.5mL), NaN; (720 mg,
11.1 mmol) was added and the mixture was stirred at 50°C until
TLC indicated complete conversion of the cyclic sulfate. The sol-
vent was removed under vacuum, the residue partitioned between
ether (160 mL) and water (4.5 mL), cooled to 0°C, whereupon 20%
H,SO, (13.5 mL) was added dropwise. The mixture was stirred vigo-
rously at 23°C for 37 h, the layers were separated, the organic
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layer washed with sat. NaHCO; solution and brine, dried over
MgSO,. After removal of the solvent under vacuum, the residual oil
(2.78 g, 97%) was purified by silica gel column chromatography
with hexane/ethyl acetate 9:1—5:1 to give (—)-15 (1.79 g, 62%) as
a colorless oil. [a]?=—48.43 (c=1.09 in CHCl;); 'H NMR (250 MHz,
CDCly) 0=1.26 (t, *J(H,H)=7.1 Hz, 3H), 1.81 (t, *J(H,H)=3.1 Hz, 1H),
2.04-2.20 (m, 3H), 2.25 (dd, *J(H,H)=6.9, 2.9 Hz, 1H), 2.34 (dd, *)-
(HH)=7.7, 39 Hz, 1H), 3.80 (bg, *J(HH)=9Hz, TH), 412 (q, *-
(HH)=7.1Hz, 2H), 5.27 (d, 2J(H,H)=12.2 Hz, 1H), 5.34 (d, 2J(HH)=
12.2 Hz, 1H), 7.36-7.40 ppm (m, 5H); MS(ISN): m/z 404 [M~4+OAc];
ISP HRMS [M*+Nal: calcd. 368.12169; found 368.12149.
(1S,2R,3R,5R,65)-2-Amino-3-hydroxy-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid (+)-9 HYDIA: A solution of (—)-15 (1.55 g, 4.49 mmol) in
HOAc (20 mL) and H,O (5 mL) was hydrogenated in the presence
of Pd/C (100 mg, 10% Pd/C) at 23°C for 18 h. The catalyst was re-
moved by filtration, the filter cake washed with 50% aqueous
acetic acid. After removal of the solvent in vacuum, the beige resi-
due was refluxed in 10% HCI (55 mL) for 4 h. The solution was
cooled to 23°C, filtered, washed with water, and evaporated to
dryness. The remaining pale yellow solid was dissolved in EtOH
(45 mL) and propylene oxide (24 mL) and refluxed for 15 min,
whereupon the amino acid precipitated. After cooling to 23°C, the
product was filtered off, washed with ether, and dried to give (+)-
9 HYDIA (784 mg, 87%) as a white solid. mp: >250°C; [a]d=
+741 (c=1.01 in H,0); 'HNMR (250 MHz, D,0): 6=1.87 (t,
3J(HH)=3.1Hz, 1H), 2.15-2.26 (m, 3H), 2.38 (dd, *J(H,H)=13.0,
7.6 Hz, 1H), 3.97 ppm (dd, 3J(HH)=8.6, 7.4 Hz, 1H); MS(ISP): m/z
202 [M*4H]; ISP HRMS [M*+H]: calcd. 202.07100; found
202.07097; Anal. (+)-9 (CgH,;NO5:1.04H,0) C calcd. 43.69%, found
43.64%, H calcd. 5.99%, found 5.86%, N calcd. 6.37%, found
6.35%, H,0 found 8.55 %.
(1S,2R,5R,6S)-2-Azido-3-oxo0-bicyclo[3.1.0]hexane-2,6-dicarboxylic acid
2-benzyl ester 6-ethyl ester (+)-16: PCC (2.40 g, 50% on silica gel) at
0°C was added to a solution of (—)-15 (960 mg, 2.78 mmol) in
DCM (18 mL) and stirring was continued at 23 °C for 20 h. The reac-
tion mixture was placed on a silica gel column and the product
was eluted with DCM to yield (+)-16 (746 mg, 78%) as a white
solid. mp: 46-48°C; [al®=+210.91 (c=1.07 in CHCL); 'H NMR
(250 MHz, CDCly): 0=1.27 (t, *J(H,H)=7.2 Hz, 3H), 1.62 (t, *J(HH)=
3.4 Hz, TH), 229 (m, 1H), 2.44 (dd, *J(HH)=7.7, 3.1 Hz, T1H), 2.55
(d, 2J(HH)=19.2 Hz, 1H), 2.98 (dd, **J(HH)=19.2, 5.6 Hz, TH), 4.13
(. YJ(HH)=7.2Hz, 2H), 5.29 (s, 2H), 7.36-7.40 ppm (m, 5H); MS-
(ISP): m/z 361 [M*+NH,].
(1S,2R,3S,5R,65)-2-Azido-3-hydroxy-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid 2-benzyl ester 6-ethyl ester (—)-17: NaBH, (22 mg,
0.58 mmol) at —50°C was added to a solution of (+)-16 (100 mg,
0.29 mmol) in EtOH (1.7 mL) and THF (0.5 mL) and stirring was con-
tinued at —50°C for 4 h. The reaction mixture was poured on ice,
acidified with 1~ HCl, and extracted with ether. After washing with
sat. NaHCO; solution, brine, and drying over MgSO, the crude
product was purified by silica gel column chromatography with
hexane/EtOAc 5:1 to give (—)-17 (51 mg, 51%) as a colorless oil.
[a]é°:0.61 (c=0.54 in CHCl); "H NMR (250 MHz, CDCl,): 6=1.26 (t,
3J(HH)=7.2 Hz, 3H), 2.03-2.18 (m, 3H), 2.31-2.48 (m, 2H), 2.53 (t,
3J(HH)=4 Hz, 1H), 4.13 (q, *J(HH)=7.2 Hz, 2H), 421 (bs, 1H), 5.26
(s, 2H), 7.36-7.40 ppm (m, 5H); MS(El): m/z 300 [M* —OEt].
(1S,2R,3S,5R,65)-2-Amino-3-hydroxy-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid (+)-18: A solution of (—)-17 (50 mg, 0.145 mmol) in HOAc
(4 mL) and H,0O (1 mL) was hydrogenated in the presence of Pd/C
(11 mg, 10% Pd/C) at 23°C for 23 h. The catalyst was removed by
filtration, the filter cake washed with 50% aqueous acetic acid.
After removal of the solvent in vacuum, the beige residue was re-
fluxed in 10% HCI (6.75 mL) for 4 h. The solution was cooled to
23°C, filtered, washed with water, and evaporated to dryness. The
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remaining pale yellow solid was dissolved in EtOH (5 mL) and pro-
pylene oxide (2mL) and refluxed for 15 min, whereupon the
amino acid precipitated. After cooling to 23°C, the product was fil-
tered off, washed with ether, and dried to give (+)-18 (24 mg,
86%) as a white solid. mp: 208°C (dec.); [a]3=+27.52 (c=1.03 in
H,0); '"HNMR (250 MHz, D,0): 6=2.05 (d, *J(H,H)=15Hz, 2H),
2.10-2.20 (m, 2H), 2.12 (m, TH), 2.61 (m, 1H), 4.20 ppm (d, 3/-
(H,H)=7.2 Hz, 1H); MS(ISP): m/z 202 [M"+H]; ISP HRMS [M*+H]:
calcd. 202.07100; found 202.07095.
(1S,2R,3R,5R,65)-3-Allyloxy-2-azido-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid 2-benzyl ester 6-ethyl ester (—)-19: TfOH (29 L) was added
to a solution of (—)-15 (200 mg, 0.58 mmol) and allyl 2,2,2-trichlor-
oacetimidate (0.18 mL, 1.16 mmol) in cyclohexane (0.7 mL), where-
upon the solution became hot and stirring was continued at 23°C
for 1 h. The reaction mixture was poured on ice, diluted with ether,
washed with sat. NaHCO; solution, brine, and dried over MgSO,.
The crude product was purified by silica gel column chromatogra-
phy with hexane/EtOAc 4:1 to give (—)-19 (31 mg, 14%) as a
yellow oil. [a]=-17.85 (c=0.50 in CHCl); 'HNMR (250 MHz,
CDCly): 6=1.26 (t, *J(HH)=7.1Hz, 3H), 1.76 (t, *J(HH)=3.5 Hz,
1H), 2.03-2.26 (m, 3H), 2.32 (dd, *J(H,H)=12, 7 Hz, TH), 3.58 (dd, /-
(HH)=9, 7 Hz, 1H), 3.92 (m, TH), 402 (m, 1H), 4.13 (q, *J(HH)=
7.1 Hz, 2H), 5.10-5.22 (m, 2H), 5.25 (d, 2J(H,H)=12 Hz, 1H), 5.34 (d,
2J(HH)=12Hz, 1H), 5.75 (m, TH), 7.30-7.42 ppm (m, 1H); MS(EI):
m/z 284 [M*—CO,Et—N,]; ISP HRMS [M*+Na]: calcd. 408.15299;
found 408.15301.

(7S,2R, 3R, 5R,65)-2-Azido-3-benzyloxy-bicyclo[3.1.0]hexane-2,6-dicar-
boxylic acid 2-benzyl ester 6-ethyl ester (+)-20: TfOH (0.05 mL) was
added to a solution of (—)-15 (305 mg, 0.88 mmol) and benzyl
2,2,2-trichloroacetimidate (0.2 mL, 1.06 mmol) in cyclohexane
(2.4 mL) and DCM (1.2 mL) , whereupon the solution became hot
and stirring was continued at 23°C for 5 h. The reaction mixture
was poured on ice, diluted with ether, washed with sat. NaHCO,
solution, brine, and dried over MgSO,. The crude product was puri-
fied by silica gel column chromatography with hexane/EtOAc 4:1
to give (4)-20 (102 mg, 27 %) as a yellow oil. [a]®=+2.03 (c=0.99
in CHCL,); 'HNMR (250 MHz, CDCly): 6=1.25 (t, J(H,H)=7.1 Hz,
3H), 1.75 (t, 3J(HH)=3.5Hz, TH), 2.06 (m, 1H), 2.17-2.31 (m, 3H),
3.60 (bt, ¥J(H,H)=8 Hz, 1H), 4.12 (q, ¥J(H,H)=7.1 Hz, 2H), 4.42 (d, -
(HH)=12Hz, 1H), 457 (d, 2J(HH)=12Hz, 1H), 5.23 (d, 2J(HH)=
12 Hz, 1H), 5.34 (d, Y(H,H)=12Hz, 1H), 7.15-7.42 ppm (10H, m);
MS(ISP): m/z 408 [MT+H—N,]; ISP HRMS [M*+Nal: calcd.
458.16864; found 458.16861.

(1S,2R, 3R, 5R,65)-2-Azido-3-methoxy-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid 2-benzyl ester 6-ethyl ester (—)-21: A solution of (—)-15
(345 mg, 1.0 mmol), 2,6-di-tert-butylpyridine (1.35 mL, 6.0 mmol)
and methyl triflate (0.55 mL, 5.0 mmol) in DCM (2 mL) was stirred
at 23°C for 4 days. The reaction mixture was poured on ice, acidi-
fied with 1N HCl and extracted with ether. After washing with sat.
NaHCO; solution, brine, and drying over MgSO, the crude product
was purified by silica gel column chromatography with hexane/
EtOAc 4:1 to give (—)-21 (226 mg, 63%) as a yellow oil. [a]®=
—48.02 (c=1.11 in CHCl;); "H NMR (250 MHz, CDCl;): 6 =1.26 (t, *J-
(HH)=7.1Hz, 3H), 1.77 (t, *J(H,H)=3.5 Hz, 1H), 2.05-2.18 (m, 2H),
2.25 (dd, *J(H,H)=7, 3.5 Hz, 1H), 2.34 (dd, *J(HH)=12, 7 Hz, TH),
3.28 (s, 3H), 3.42 (bt, 3J(H,H)=8 Hz, TH), 4.12 (q, *J(HH)=7.1 Hz,
2H), 5.25 (d, 2J(H,H)=12 Hz, 1H), 5.34 (d, Y(H,H)=12 Hz, 1H), 7.30-
7.40 ppm (m, 5H); MS(EI): m/z 258 [M* —CO,Et—N,]; ISP HRMS [M*
+Nal: calcd. 382.13734; found 382.13715.
(1S,2R,3R,5R,65)-3-Allyloxy-2-amino-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid 2-benzyl ester 6-ethyl ester (—)-22: MesP (0.29 mL,
0.29 mmol, 1M sol. in THF) was added to a solution of (—)-19
(101 mg, 0.262 mmol) in THF (3.9 mL) and H,0 (0.4 mL) and stirring
was continued at 23°C for 3 h. The reaction mixture was diluted
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with ether, washed with sat. NaHCO; solution, brine, and dried
over Na,SO,. The crude product was purified by silica gel column
chromatography with hexane/EtOAc 1:1 (4 small amount of Et;N)
to give (—)-22 (47 mg, 50%) as a light brown oil. [a]®=-10.67
(c=1.00 in CHCl,); 'H NMR (250 MHz, CDCl,): 6=1.24 (t, 3J(HH)=
7.1 Hz, 3H), 1.76 (t, *J(H,H)=3.5 Hz, TH), 1.93 (bs, 2H), 1.99 (m, 1H),
2.07-2.18 (m, 2H), 2.31 (dd, ¥J(HH)=12.5, 7 Hz, 1H), 3.45 (bt, *J-
(HH)=8Hz, 1H), 3.93 (bd, *J(HH)=6Hz, 2H), 412 (q, ¥J(HH)=
7.1 Hz, 2H), 5.10-5.35 (m, 4H), 578 (m, 1H), 7.28-7.38 ppm (m,
5H); MS(ISP): m/z 360 [M* +H].

(15,2R, 3R, 5R,65)-2-Amino-3-benzyloxy-bicyclo[3.1.0]hexane-2,6-dicar-
boxylic acid 2-benzyl ester 6-ethyl ester (4)-23: Me;P (0.30 mL,
0.30 mmol, 1™ sol. in THF) was added to a solution of (+)-20
(120 mg, 0.276 mmol) in THF (4 mL) and H,O (0.4 mL) and stirring
was continued at 23°C for 4 h. The reaction mixture was diluted
with ether, washed with sat. NaHCO; solution, brine, and dried
over Na,SO,. The crude product was purified by silica gel column
chromatography with hexane/EtOAc 1:1 (+ small amount of Et;N)
to give (+)-23 (58 mg, 51%) as a yellow oil. [a]2=+3.54 (c=0.90
in CHCl;); 'HNMR (250 MHz, CDCly): 6=1.23 (t, *J(H,H)=7.1 Hz,
3H), 1.72 (t, *J(H,H)=3.5 Hz, TH), 1.93 (bs, 2H), 2.00 (m, 1H), 2.10
(dd, J(HH)=7, 3.5Hz, 1H), 2.19 (m, 1H), 2.27 (dd, *JHH)=12,
7 Hz, 1H), 3.46 (dd, *J(HH)=8, 7 Hz, TH), 4.10 (g, >J(HH)=7.1 Hz,
2H), 447 (s, 2H), 5.20 (d, *J(HH)=12Hz, 1H), 530 (d, J(HH)=
12 Hz, 1H), 7.18-7.42 ppm (m, 10H); MS(ISP): m/z 410 [M* +H]; ISP
HRMS [M*+H]I: calcd. 410.19620; found 410.19603.

(1S,2R, 3R, 5R,65)-3-Allyloxy-2-amino-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid (—)-24: A solution of (—)-22 (47 mg, 0.131 mmol) and
LiOH-H,0 (15mg, 0.357 mmol) in THF (4 mL), H,O (2 mL), and
MeOH (0.4 mL) was stirred at 23 °C for 36 h. The solution was acidi-
fied with conc. HCl and evaporated to dryness. The remaining pale
yellow solid was suspended in EtOH, filtered, washed with more
EtOH, and the filtrate was evaporated to dryness. The residue was
dissolved in EtOH (1 mL) and propylene oxide (1 mL) and refluxed
for 3 min, whereupon the amino acid precipitated. After cooling to
23°C, the product was filtered off, washed with ether, and dried to
give (—)-24 (19 mg, 59%) as a white solid. mp: >250°C; [a]®=
—10.62 (c=0.40 in H,0); 'HNMR (250 MHz, D,0) 6=1.48 (t, )
(HH)=3.5Hz, 1H), 1.78 (m, 2H), 1.98 (ddd, *J(HH)=12.5, 8, 3.5 Hz,
TH), 2.27 (dd, *J(HH)=125, 7Hz, TH), 3.44 (bt, >J(HH)=7.5Hz,
TH), 3.97 (m, 2H), 5.13-5.26 (m, 2H), 5.82 ppm (ddt, >*J(H,H)=18,
11, 6 Hz, TH); MS(ISN): m/z 240 [M™—H].
(15,2R,3R,5R,6S)-2-Amino-3-benzyloxy-bicyclo[3.1.0]hexane-2,6-dicar-
boxylic acid (—)-25: A solution of (+)-23 (50 mg, 0.122 mmol) and
LiOH-H,0 (13 mg, 0.30 mmol) in THF (4 mL), H,O (2 mL) and MeOH
(0.4 mL) was stirred at 23°C for 36 h. The solution was acidified
with conc. HCl and evaporated to dryness. The remaining pale
yellow solid was suspended in EtOH, filtered, washed with more
EtOH, and the filtrate was evaporated to dryness. The residue was
dissolved in EtOH (1 mL) and propylene oxide (1 mL) and refluxed
for 3 min, whereupon the amino acid precipitated. After cooling to
23°C, the product was filtered off, washed with ether, and dried to
give (—)-25 (26 mg, 72%) as a white solid. mp: >250°C; [a]d=
—5.69 (c=0.25 in H,0); '"HNMR (250 MHz, D,0): =1.57 (t, -
(HH)=Hz, TH), 1.97 (m, 2H), 2.13 (ddd, *J(HH)=12.5, 8, 3.5 Hz,
TH), 2.35 (dd, *J(HH)=12.5, 7 Hz, 1H), 3.73 (dd, *J(HH)=8, 7 Hz,
1H), 4.51 (s, 2H), 7.36 ppm (bm, 5H); MS(ISN): m/z 290 [M~—H].
(15,2R, 3R, 5R,65)-2-Amino-3-methoxy-bicyclo[3.1.0]hexane-2,6-dicar-
boxylic acid (—)-26: A solution of (—)-21 (214 mg, 0.56 mmol) in
HOAc (8 mL) and H,O (2 mL) was hydrogenated in the presence of
Pd/C (35mg, 10% Pd/C) at 23°C for 18 h. The catalyst was re-
moved by filtration, the filter cake washed with 50% aqueous
acetic acid. After removal of the solvent in vacuum, the beige resi-
due was refluxed in 10% HCI (15 mL) for 4 h. The solution was
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cooled to 23°C, filtered, washed with water, and evaporated to
dryness. The remaining pale yellow solid was dissolved in EtOH
(10 mL) and propylene oxide (5.6 mL) and refluxed for 15 min,
whereupon the amino acid precipitated. After cooling to 23°C, the
product was filtered off, washed with ether, and dried to give (—)-
26 (100 mg, 74%) as a white solid. mp: >250°C; [a]2’=—13.84
(c=1.01 in H,0); '"HNMR (250 MHz, D,0): 6=1.86 (t, *J(H,H)=
3.5 Hz, TH), 2.04-2.23 (m, 3H), 2.50 (dd, *J(H,H)=12, 7 Hz, 3H), 3.29
(s, 3H), 3.62 ppm (bt, *J(H,H) =8 Hz, 1H); MS(ISN): m/z 214 [M~—H];
ISP HRMS [M™*+H]: calcd. 216.08665; found 216.08661; Anal. (—)-26
(CoH{3NOs0.41 H,0) C calcd. 48.56%, found 48.46%, H calcd.
6.26%, found 6.17%, N calcd. 6.29%, found 6.22%, H,O found
3.22%.
(1S,2R,3R,5R,6S)-2-Amino-3-propoxy-bicyclo[3.1.0lhexane-2,6-dicar-
boxylic acid (—)-27: A solution of (—)-19 (28 mg, 0.073 mmol) in
HOAc (0.75 mL) and H,0 (0.25 mL) was hydrogenated in the pres-
ence of Pd/C (3 mg, 10% Pd/C) at 23°C for 18 h. The catalyst was
removed by filtration, the filter cake washed with 50% aqueous
ethanol. After removal of the solvent in vacuum, the beige residue
was refluxed in 10% HCI (1.25 mL) for 4 h. The solution was cooled
to 23°C and evaporated to dryness. The remaining pale yellow
solid was dissolved in EtOH (1 mL) and propylene oxide (0.5 mL)
and refluxed for 10 min, whereupon the amino acid precipitated.
After cooling to 23°C, the product was filtered off, washed with
ether, and dried to give (—)-27 (13 mg, 72%) as a white solid.
mp:>250°C; [a]®=-3.72 (c=0.19 in H,0); 'HNMR (250 MHz,
D,0): 6=0.81 (t, *J(H,H)=7.5Hz, 1H), 1.48 (m, 2H), 1.84 (m, 1H),
2.16 (m, 3H), 226 (dd, *JHH)=12, 7Hz, TH), 343 (m, 2H),
3.73 ppm (bt, *J(H,H)=8 Hz, 1H); MS(ISN): m/z 242 [M~—H]; ISP
HRMS [M*+H]: calcd. 244.11795; found 244.11789.

(1S,2R, 3R, 5R,65)-2-Azido-3-trifluoromethanesulfonyloxy-bicyclo[3.1.0]-
hexane-2,6-dicarboxylic acid 2-benzyl ester 6-ethyl ester (—)-28: Tri-
fluoromethanesulfonic anhydride (0.37 mL, 2.25 mmol) in DCM
(1.4 mL) was added to a solution of (—)-15 (518 mg, 1.5 mmol) and
pyridine (0.36 mL, 4.5 mmol) in DCM (19 mL) at —78°C and the
mixture was allowed to reach 0°C. The reaction mixture was dilut-
ed with ether, poured on ice, extracted with sat. CuSO, solution,
and brine, followed by drying over Na,SO,. After removal of the
solvent in vacuum, the crude product was purified by silica gel
column chromatography with hexane/EtOAc 4:1 to give (—)-28
(574 mg, 86%) as a colorless oil. [a]¥=—17.30 (c=1.09 in CHCL,);
"HNMR (250 MHz, CDCl,): 6§ =1.27 (t, *J(HH)=Hz, 3H), 1.84 (t, *J-
(HH)=3.5Hz, 1H), 2.17 (m, TH), 2.34 (dd, 3J(H,H)=7, 3.5 Hz, TH),
2.53 (m, 2H), 4.15 (q, *J(H,H)=7.1 Hz, 2H), 4.58 (bt, *J(H,H)=8 Hz,
1H), 526 (d, 2(HH)=12Hz, 1H), 541 (d, 2J(HH)=12Hz, 1H),
7.39 ppm (s, 5H); MS(ISP): m/z 495 [M*+NH,]; ISP HRMS [M™*+Na]:
calcd. 500.07098; found 500.07070.
(1S,2R,3S,5R,65)-2,3-Diazido-bicyclo[3.1.0]hexane-2,6-dicarboxylic acid
2-benzyl ester 6-ethyl ester (—)-29: NaN; (187 mg, 2.88 mmol) was
added to a solution of (—)-28 (200 mg, 0.48 mmol) in DMF (0.8 mL)
and the mixture was stirred at 80°C for 1 h. After cooling to 23°C,
the reaction was poured onto ice, extracted with ethyl acetate,
washed with brine, and dried over MgSO,. Removal of the solvent
in vacuum left the crude (—)-29, contaminated with ca. 12% of
(15,2R,5R,65)-2-azido-bicyclo[3.1.0]hex-3-ene-2,6-dicarboxylic acid 2-
benzyl ester 6-ethyl ester, which was removed by reacting the mix-
ture with OsO, (3 drops of a 2.5% solution in tBuOH), NMO
(18 mg, 0.162 mmol) in acetone (1.5 mL), and H,0 (3 mL) at 23°C
for 24 h. After quenching with sodium sulfite (approximately
150 mg) the reaction was poured onto ice, extracted with EtOAc
(3x50 mL), and dried over MgSO,. After removal of the solvent in
vacuum, the residue was purified by silica gel column chromatog-
raphy with hexane/ethyl acetate 4:1 to give (—)-29 (81 mg, 49%)
as a colorless oil. [a]X¥=-56.71 (c=1.11 in CHCl;); 'HNMR
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(250 MHz, CDCly): 6=1.27 (t, *J(HH)=7.2 Hz, 3H), 1.97 (m, 1H),
2.02 (d, ¥J(HH)=15.2Hz, 1H), 2.32-2.40 (m, 2H), 2.48 (ddd, *)-
(HH)=15, 7.5, 5 Hz, 1H), 4.14 (q, *J(HH)=7.2 Hz, 2H), 4.20 (d, *J-
(HH)=7.4Hz, 1H), 5.28 (s, 2H), 7.39 ppm (s, 5H); MS(ISP): m/z 388
[M*4+NH,]; ISP HRMS [M*+Na]: calcd. 393.12817; found 393.12805.
(1S,2R,3S,5R,65)-2,3-Diamino-bicyclo[3.1.0]hexane-2,6-dicarboxylic
acid (+)-30: A solution of (—)-29 (45 mg, 0.122 mmol) in HOAc
(3.8 mL) and H,0 (0.95 mL) was hydrogenated in the presence of
Pd/C (12mg, 10% Pd/C) at 23°C for 18 h. The catalyst was re-
moved by filtration, the filter cake washed with water. After remov-
al of the solvent in vacuum, the brown residue was refluxed in
10% HCI (8.9 mL) for 4 h. The solution was cooled to 23°C, filtered,
washed with water, and evaporated to dryness. The remaining
beige solid was dissolved in EtOH (7.1 mL) and propylene oxide
(3.8 mL) and refluxed for 15 min, whereupon the amino acid pre-
cipitated. After cooling to 23°C, the product was filtered off,
washed with ether, and dried to give (+)-30 (19 mg, 79%) as a
beige solid. mp: >250°C; [a]®¥=+9.50 (¢=0.29 in H,0); 'H NMR
(250 MHz, D,0): 6=1.80 (t, *J(H,H)=3 Hz, 1H), 2.00 (dd, *J(HH)=
15, 5Hz, 1H), 2.10 (m, 1H), 2.15 (dd, *J(HH)=5, 3 Hz, 1H), 2.82
(ddd, *J(H,H)=15, 10, 5 Hz, 1H), 4.07 ppm (dd, *J(H,H)=10, 5 Hz,
1H); MS(ISN): m/z 199 [M~—H].
(1S,2R,5R,65)-2-Acetylamino-3-oxo-bicyclo[3.1.0]hexane-2,6-dicarbox-
ylic acid 2-benzyl ester 6-ethyl ester (+)-31: A solution of (+)-16
(974 mg, 2.84 mmol) in thioacetic acid (6.5 mL) was stirred at 70°C
for 2 days. The reaction mixture was concentrated in vacuum and
subjected to silica gel column chromatography with hexane/ethyl
acetate 3:2—1:1 to yield (+)-31 (726 mg, 71%) as a pink oil.
[a]°=+44.33 (c=0.97 in CHCly); '"HNMR (250 MHz, CDCly): 6=
1.25 (t, *J(HH)=7.1 Hz, 3H), 1.63 (t, *J(HH)=3.5Hz, TH), 2.05 (s,
3H), 2.32 (ddd, *J(HH)=7, 6, 3.5Hz, TH), 2.54 (d, *J(H,H)=19 Hz,
1H), 2.90 (dd, 3J(H,H)=19, 6 Hz, 1H), 3.06 (dd, *J(HH)=7, 3.5 Hz,
TH), 412 (m, 2H), 5.16 (d, J(HH)=12Hz, 1H), 525 (d, J(H,H)=
12 Hz, 1H), 7.24-7.35 ppm (m, 5H); MS(ISP): m/z 360 [M*+H].
(1S,2R, 3R, 5R, 65)-2-Acetylamino-3-hydroxy-bicyclo[3.1.0]hexane-2,6-di-
carboxylic acid 2-benzyl ester 6-ethyl ester (—)-32 and
(1S,2R,3S,5R,65)-2-Acetylamino-3-hydroxy-bicyclo[3.1.0]hexane-2,6-di-
carboxylic 2-benzyl ester 6-ethyl ester (+)-34: LiBH, (5mg,
0.23 mmol) at —50°C was added to a solution of (+)-31 (77 mg,
0.214 mmol) in EtOH (2 mL) and THF (1 mL) and the mixture was
stirred at —50°C for 45 min. The reaction was quenched by addi-
tion of 1N HCl (approximately 0.5 mL), warmed to 23°C, and
stirred for 10 min. After dilution with ethyl acetate and extraction
with sat. NaHCO; solution, brine, and dried over MgSO, the crude
product was purified by silica gel column chromatography with
toluene/acetone 3:1 to give (—)-32 (33 mg, 43 %, less polar prod-
uct) as a colorless oil and (+)-34 (35 mg, 45 %, more polar product)
as a white solid. (—)-32: [a]¥=—11.24 (c=1.18 in CHCl;); 'H NMR
(250 MHz, CDCl,): 6=1.26 (t, *J(H,H)=7.2 Hz, 3H), 1.76 (t, *J(H,H)=
3.5 Hz, TH), 2.07 (m, 1H), 2.10 (s, 3H), 2.16 (dd, *J(H,H)=6.1, 3.0 Hz,
1H), 2.30-2.41 (m, 3H), 3.97-4.13 (m, 3H), 5.24 (bs, 2H), 6.19 (bs,
TH), 7.26-7.38 ppm (m, 5H); MS(ISP): m/z 362 [M*+H]. (+)-34:
mp: 145-147°C; [a]l=+4244 (c=1.01 in CHCl); 'HNMR
(250 MHz, CDCly): 6=1.25 (t, *J(H,H)=7.1 Hz, 3H), 1.98 (m, 1H),
2.05-2.11 (m, TH), 2.06 (s, 3H), 2.18 (t, 3J(HH)=.5 Hz, 1H), 2.27-
241 (m, 2H), 2.59 (ddd, **J(HH)=13, 7, 5Hz, TH), 412 (m, 2H),
4.68 (dd, *J(HH)=7, 5Hz, 1H), 5.17 (s, 2H), 6.30 (bs, 1H), 7.26-
7.40 ppm (m, 5H); MS(ISP): m/z 362 [M ™ +H].

(1S,2R 3R, 5R, 6S)-2-Acetylamino-3-deutero-3-hydroxy-bicyclo[3.1.0]hexane-
2,6-dicarboxylic acid 2-benzyl ester 6-ethyl ester (—)-33 and
(1S,2R,3S,5R,65)-2-Acetylamino-3-deutero-3-hydroxy-bicyclo[3.1.0]-
hexane-2,6-dicarboxylic 2-benzyl ester 6-ethyl ester (4)-35: Sodium
borodeuteride (NaBD,) (24.5 mg, 0.584 mmol) at —50°C was added
to a solution of (+)-31 (105 mg, 0.292 mmol) in EtOH (1.9 mL) and
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THF (1.0 mL) and the mixture was stirred at —50°C for 90 min. The
reaction was quenched by addition of AcOH (ca. 0.5 mL), warmed
to 23°C, and stirring for 10 min. After dilution with ethyl acetate,
1N HCl was added, followed by washings with sat. NaHCO; solu-
tion, brine, and dried over MgSO,. After removal of the solvent in
vacuum the crude product was purified by silica gel column chro-
matography with toluene/acetone 3:1 to give (—)-33 (45 mg, 43 %,
less polar product) as a colorless oil and (+)-35 (50 mg, 47 %, more
polar product) as a white solid. (—)-33: [a]=—11.18° (c=0.90,
CHCI,); "H NMR (250 MHz, CDCL,): 6=1.26 (t, *J(H,H)=7.2 Hz, 3H),
1.98 (m, 1H), 1.74 (t, *J(H,H)=3.5 Hz, TH), 2.04-2.10 (m, 1H), 2.09
(s, 3H), 2.17 (dd, 3J(H,H)=7, 2.9 Hz, 1H), 2.35-2.40 (m, 3H), 4.10 (m,
2H), 5.24 (s, 2H), 6.33 (bs, 1H), 7.26-7.37 ppm (m, 5H); MS(ISP): m/
z 363 [MT+H]. (+)-35: mp: 145-146°C; [a]¥=+44.33 (c=1.03 in
CHCl,); "H NMR (250 MHz, CDCL,): 6=1.24 (t, *J(H,H)=7.1 Hz, 3H),
1.97 (ddd, *J(H,H)=8, 6.5, 3 Hz, 1H), 2.04 (s, 3H), 2.06 (dd, *J(H,H)=
13.5, 3.7 Hz, 1H), 2.17 (t, *J(HH)=3.1 Hz, 1H), 2.32 (dd, *J(HH)=
6.6, 3.0 Hz, TH), 2.56 (dd, *J(H,H)=13.5, 5 Hz, 1H), 2.58 (s, 1H), 4.09
(m, 2H), 5.23 (s, 2H), 6.42 (bs, 1H), 7.28-7.40 ppm (m, 5H); MS(ISP):
m/z 363 [M*+H].
(1S,2R,3R,5R,65)-2-Acetylamino-3-hydroxy-3-tritio-bicyclo[3.1.0]hexane-
2,6-dicarboxylic acid 2-benzyl ester 6-ethyl ester 36 and (15,2R,3S,5R,65)-
2-Acetylamino-3-hydroxy-3-tritio-bicyclo[3.1.0]hexane-2,6-dicarboxylic
2-benzyl ester 6-ethyl ester 37: Radiochemical samples were counted
in a wallac WinSpectral 1414 Liquid Scintillation Counter using Op-
tiPhase “HiSafe”3 as scintillation cocktail. n-Butyllithium (200 pL,
0.312 mmol, 1.56 M in n-hexane) and N,N,N',N'-tetramethylethylene-
diamine (52 pL, 0.347 mmol) were transferred into a 7.5 mL two-
necked-flask mounted to the tritiation apparatus under argon. The
stopcock of the side neck was closed and the mixture was stirred
under an atmosphere of tritium gas for 2 h 43 min, while the triti-
um gas pressure dropped from 646 mbar to 559 mbar. Excess triti-
um gas was reabsorbed onto the uranium bed and the volatile
components were lyophilized off. The residue was dried at
1072 mbar for about 5 min. The flask was filled with dry nitrogen
and the LiT was suspended in THF (250 pL), which was added by
syringe through the silicon septum (Hamilton #76005) of the side
neck. Then trimethyl borate (35 pL, 0.314 mmol) was added and
the mixture was stirred for 10 min. The two-necked-flask was dis-
connected from the tritiation apparatus and equipped with a bal-
loon filled with argon. (+)-31 (1187 mg, 0.33 mmol) in THF
(250 pL) was added at —60 °C. After stirring for 30 min the reaction
was quenched by adding 1~ HCI (0.31 mL). The reaction mixture
was partitioned between EtOAc and H,O. The organic phase was
washed once with saline and dried over Na,SO,. The total *H-activi-
ty of the crude product was 5.18 Ci. Column chromatography
using 15 g of Lichroprep Si60 25-40 pm (Merck Art.1.09390) with
toluene/acetone 5:1 afforded 1.152 Ci of 36 with 99% radiochemi-
cal purity according to TLC (toluene/acetone 3:1). The specific ac-
tivity was 23.9 Cimmol™' according to mass spectrometry. In addi-
tion about 2 Ci of 37 were isolated.
(1S,2R,3R,5R,65)-2-Amino-3-hydroxy-3-tritio-bicyclo[3.1.0]hexane-2,6-
dicarboxylic acid 38 PH]-HYDIA: 36 (576 mCi) was refluxed in 10%
HCl (5 mL) for 6 h. The reaction mixture was diluted with H,O
(5 mL) and applied onto a Dowex 50WX8 100-200 mesh cation ex-
change column (7.5x70 mm). The column was rinsed with H,O
(20 mL). Elution with 2N NH,OH (20 mL) afforded 38 (280 mCi).
The radiochemical purity was 91.7% according to TLC (nBuOH/
HOAc/H,0 3:1:1). The crude product (56 mCi) was purified by HPLC
on a uBondapak C18 column (3.9%300 mm) using H,O/acetonitrile
95:5 (v/v) as mobile phase with a flow rate of 0.8 mLmin~" and UV-
detection at 220 nm. The total *H-activity obtained was 43 mCi
and the radiochemical purity was 98.1 % according to TLC (nBuOH/
HOAc/H,0 3:1:1).
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Materials: Six day old and adult Sprague Dawley rats were ob-
tained from Biological Research Laboratories (BRL) (Fullinsdorf,
Switzerland). L-2-amino-4-phosphonobutanoate (L-AP4), (1S,3R)-1-
aminocyclopentane-1,3-dicarboxylic acid ((15,3R)-ACPD), and (S)-
3,5-dihydroxyphenylglycine ((S)-DHPG), were all obtained from
Tocris Cookson (Bristol, U.K.). LY354740 ((15,2S,5R,6S5)-2-aminobicy-
clo-[3.1.0]-hexane-2,6-dicarboxylate) was synthesized in our labora-
tory by Dr. G. Adam. [*H]-LY354740 (s.a. 35 Cimmol~') was synthe-
sized by Dr. P. Huguenin at the Roche chemical and isotope labora-
tories according to a procedure developed by Dr H. Stadler. *H]-L-
AP4 was purchased from Tocris Cookson (Bristol, U.K.). [*H]-MK801
and [*H]-Kainate were purchased from NEN Radiochemicals; [*HI-
RO0488587 was synthesized at Amersham International. Glycine, N-
[4-[6-[(acetyloxy)methoxy]-2,7-dichloro-3-oxo-3H-xanthen-9-yl]-2-[2-
[2-[bis[2-[(acetyloxy)methoxy]-2-oxyethyllamino]-5-methylphenoxy]-
ethoxy]phenyl]-N-[2-[(acetyloxy)methoxy]-2-oxyethyl]-(acetyloxy)-
methyl ester, (Fluo-3 AM) was purchased from Molecular Probes,
Inc. (Eugene, OR, USA). The cAMP measurement kit (RPN 225) was
purchased from Amersham (Zurich, Switzerland). Forskolin 7[3-de-
acetyl-7p-[y-(N-methyl-piperazino)-butyryl] ~ dihydrochloride, a
highly water-soluble form of forskolin, was obtained from Calbio-
chem (Lucerne, Switzerland).

Methods: Transfections: cDNAs encoding for rat mGlula, mGlu2,
mGlu3, mGlu4, mGlu5a, and mGlu7a receptors were generously
provided by Prof. S. Nakanishi (Kyoto, Japan). cDNA encoding for
rat mGlu8a was cloned by C. Kratzeisen at Hoffmann La-Roche.
cDNA for mGlu2, mGlu3, mGlu4, and mGlu8a receptors was sub-
cloned into the Semliki Forest Virus (SFV) expression vector and
in vivo packaging of recombinant SFV particles carried out. CHO
cells were infected with the virus and the cells were harvested
after overnight incubation. cDNA encoding for rat mGlula and 5a
receptors was transiently transfected into HEK-293 cells using RO
1539, a transfection reagent developed at Hoffmann La-Roche.
HEK-293 cells coexpressing rat mGlu7a and the promiscuous G-
protein Ga15 were developed for Hoffmann La-Roche at Aurora
Bioscience Corporation. For electrophysiological experiments, the
1537 bp hGIRK1 cDNA (corresponding to nt. 1343 to 2880 of
AC:U39196)and the 1450 bp hGIRK2C ¢DNA (corresponding to nt.
582 to 2032 of AC:L78480) were amplified by PCR from a super-
script human adult brain cDNA library (Life-Technologies). PCR re-
actions were performed using the Expand high fidelity PCR system
(Roche Molecular Biochemicals, RMB). To construct hGIRK1-GIRK2
dimer, two unique restriction enzyme sites were introduced by
site-directed mutagenesis as follows (the nucleotide numbering
starts with initial ATG=1 to 3): hGIRK1, 3’ Nhel, introduced by
T1489—G, G1492—A, A1493 -G, T1494—C and hGIRK2C, 5’ Avrll,
introduced by G4—C, C6—T, A8—G. The dimer hGIRK1-GIRK2 was
generated by ligation of the 3'-end Nhel of hGIRK1 to the 5-end
Avrll of hGIRK2C (Avrll and Nhel have compatible overhangs) The
translation of the concatenated hGIRK1-GIRK2 cDNAs produces a
protein in which the amino acid Asn496 of hGIRK1 (5 amino acids
removed) is connected to Leu4 of hGIRK2 (3 amino acids removed)
through two new amino acids Ala-Arg. The hGIRK1-GIRK2 dimer
was subcloned into the expression vector pcDNA3.1/Hygro (Invitro-
gen). Chinese Hamster Ovary (CHO) cells were co-transfected with
a 1:1:1 (w/w/w) mixture of cDNAs encoding the rat mGlu2 and
mGlu3 receptors in pBlueScript Il : GIRK1-GIRK2 : EGFP (enhanced
green fluorescent protein) plasmids using FUGENE™6 transfection
reagent (RMB).

Membrane preparation: Membranes from cells infected with mGlu2,
mGlu3, mGlu4, and mGlu8a receptors containing SFV were pre-
pared by homogenization of the cells with a polytron (Kinematica
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AG, Littau, Switzerland) for 10s at 10000 rpom in a HEPES-NaOH
20 mm, EDTA 10 mm pH 7.4 buffer. After centrifugation at 48.000 g
for 30 min at 4°C the pellet was washed once in a HEPES-NaOH
20 mm, EDTA 0.1 mm pH 7.4 buffer and then resuspended in a Tris-
HCI 50 mm, MgCl, 2 mm pH 7.4 buffer for mGlu2 and mGlu3 recep-
tor containing membranes or in a HEPES-NaOH 30 mm, MgCl,
1.2 mm, NaCl 110 mm, CaCl, 2.5 mm, cystine 100 pm, pH 8 buffer
for mGlu4 and mGlu8 receptor containing membranes. The mem-
brane suspension was frozen at —80°C before use.

Binding experiments: [*H]-LY354740 binding on mGlu2 and mGlu3
receptor have been performed according to Schweitzer et al.” *H-
L-AP4 binding on mGlu4 and mGlu8a was performed according to
Malherbe et al.?® H-MK 801 (NMDA),[’H]-R00488587 (AMPA), and
3H-kainate binding were performed according to Mutel et al.*”

2" messenger measurements: (15,3R)-ACPD-stimulated GTPyS®
binding was performed using mGlu2 receptor transfected cell
membranes according to Cartmell et al.®” [Ca?"]i measurement
were performed on mGlula, 5a, and 7a transfected HEK-293 cells
after incubation of the cells with Fluo-3 AM for 1h and four
washes with assay buffer (DMEM supplemented with Hank’s salt
and 20 mm HEPES). [Ca’*]i measurement were done using a fluo-
rometric imaging plate reader (FLIPR, Molecular Devices Corpora-
tion, La Jolla, CA, USA). cAMP accumulation in adult rat striatal
slices was measured according to Cartmell et al’***' cAMP levels
were quantified using a commercially available enzyme immunoas-
say kit (RPN 225, Amersham). Pl hydrolysis in 6 day old rat cerebel-
lar slices was performed according to Schaffhauser et al.*® Protein
concentration was measured after solubilization with 1% of SDS
using the Pierce method. Concentration effect curves analysis were
carried out using a four parameter logistic equation fitting with
the computer program Origin (Microcal software Inc., Northamp-
ton, MA, USA). The experiments were performed in triplicate, three
times.

Electrophysiology: Experiments were performed with the whole-cell
configuration of the patch-clamp technique. Pipettes were filled
with a solution containing (in mm): KCI 130, HEPES 10, K-BAPTA 5,
MgCl, 1, Na,-GTP 0.3, Na,-ATP 3, pH 7.2 with KOH, osmolarity ad-
justed to 310 mOsm/L with sucrose. The cells were superfused
with a solution that contained (in mm): NaCl 122.25, KCI 30, CaCl,
2, MgCl, 2, HEPES 10, p-Glucose 11, pH 7.4 with NaOH, osmolarity
adjusted to 340 mOsm/L with sucrose. The pipette resistances
ranged from 2 to 3 MQ. Currents were amplified with an Axopatch
200 A amplifier, filtered at 5 KHz and digitized at 10 KHz with a
Digidata 1200 A acquisition board for subsequent storage on a
Dell Optiplex PC. The data acquisition and analysis were performed
with the pClamp 8 software package.

Hippocampal slices (400 um) were cut from the brain of 90-140 g
male Roro rats, placed in a submerged chamber and perfused with
a solution containing (in mm): NaCl 124, KCI 2.5, MgSO, 2, CaCl,
2.5, KH,PO, 1.25, NaHCO;, 26, p-Glucose 10, sucrose 4, gassed with
95% 02/5% CO2 (pH 7.4, 307 mOsm) with sucrose at a rate of
2 mLmin~" and maintained at 35 °C. fEPSPs were evoked by stimu-
lation of the medial perforant path input to the dentate gyrus
(0.033 Hz, 100 ps, 40% relative maximum amplitude) and recorded
in the dentate gyrus mid-moleculare. Drugs were applied by bath
perfusion. LY354740 was synthesized at F. Hoffmann-La Roche. In-
hibition curves were fitted according to the Hill equation.?”
Radioligand binding to tissue sections:*? Brains were rapidly dissect-
ed from anesthetized (5% Fluothane for 30s) Roro rats (a Wistar
strain bred at RCC Ltd., Itingen, Switzerland) and immediately
frozen in dry ice. Parasagittal cryostat-cut sections (10 um thick)
were mounted on precleaned slides and stored at —20°C until use.
Assay buffer: 50 mm Tris-HCl buffer, pH 7.0. Binding conditions:
Preincubation in assay buffer + 10 mm EDTA (22°C, 10 min), fol-
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lowed by a further preincubation in assay buffer alone (10 min). In-
cubation with 50 nm 38 [*H]-HYDIA in assay buffer + 2 mm CaCl,
+ 2mmMm MgCl, (22°C, 60 min). Nonspecific binding was deter-
mined in the presence of 10 um (25,2'R,3'R)-2-(2',3"-dicarboxycyclo-
propyl)glycine 2 (DCG-IV). The incubation was followed by three
washes (2x30s + 1min) in ice cold assay. The sections were
dipped in ice cold distilled water to remove buffer salts before
being dried in an air stream (4°C).

Spontaneous locomotor activity studies in mice were carried out
following the experimental conditions described by Spooren
et al.” The experimental procedures used in the present investiga-
tion received prior approval from the City of Basel Cantonal Animal
Protection Committee based on adherence to federal and local
regulations.

Acknowledgements

Thanks to N. Benedetti, M. Burn, A. Maier, and H. Schdr for their
skillful assistance in the preparation of the compounds. The ex-
cellent technical assistance of J. Beck, D. Buchy, S. Chaboz, M.
Dellenbach, J.-M. Ducarre, M. Fogetta, C. Kratzeisen, C. Kristensen,
J. Messer, V. Metzler, and A. Nilly is warmly acknowledged.

Keywords: asymmetric  synthesis - dihydroxylation -
LY354740 - metabotropic glutamate receptors - mGIluR2

11 G. L. Collingridge, R. A. Lester, Pharmacol. Rev. 1989, 40, 143.

2] P.J. Conn, J.-P. Pin, Annu. Rev. Pharmacol. Toxicol. 1997, 37, 205.

3] J.-P. Pin, R. Duvoisin, Neuropharmacology 1995, 34, 1.

4] a) M. Recasens, J. Guiramand, R. Aimar, A. Abdulkarim, G. Barbanel, Curr.

Drug Targets 2007, 8, 651; b) C. J. Swanson, M. Bures, M. P. Johnson, A.-

M. Linden, J. A. Monn, D. D. Schoepp, Nat. Rev. Drug Discovery 2005, 4,

131; ) G. A. Higgins, K. A. Miczek, Psychopharmacology 2005, 179, 1;

d) V. Mutel, Expert Opin. Ther. Pat. 2002, 12, 1845; e) D. D. Schoepp, J.

Pharmacol. Exp. Ther. 2001, 299, 12.

a) K. Shimamoto, Y. Ohfune, Synlett 1993, 919; b) Y. Hayashi, Y. Tanabe, 1.

Aramori, M. Masu, K. Shimamoto, Y. Ohfune, S. Nakanishi, Br. J. Pharma-

col. 1992, 107, 539.

a) M. Ishida, T. Saitoh, K. Shinamoto, Y. Ohfune, H. Shinozaki, Br. J. Phar-

macol. 1993, 109, 1169; b)J. Wichmann, G. Adam, Eur. J. Org. Chem.

1999, 3131; c) J. Wichmann, P. Huguenin, G. Adam, J. Labelled Compd.

Radiopharm. 2000, 43, 1; d) V. Mutel, G. Adam, S. Chaboz, J. Kemp, A.

Klingelschmidt, J. Messer, J. Wichmann, T. Woltering, J. G. Richards, J.

Neurochem. 1998, 71, 2558.

a) l. Collado, C. Pedregal, A. Mazon, J. Felix Espinosa, J. Blanco-Urgoiti,

D. D. Schoepp, R. A. Wright, B. G. Johnson, A. E. Kingston, J. Med. Chem.

2002, 45, 3619; b) K. Shimamoto, Y. Ohfune, J. Med. Chem. 1996, 39,

407; c) M. Ishida, T. Saitoh, Y. Nakamura, K. Kataoka, H. Shinozaki, Eur. J.

Pharmacol. Mol. Pharmacol. 1994, 268, 267.

[8] J. A. Monn, M. J. Valli, S. M. Massey, R. A. Wright, C. R. Salhoff, B. G. John-
son, T. Howe, C. A. Alt, G. A. Rhodes, R. L. Robey, K. R. Griffey, J. P. Tizza-
no, M. J. Kallman, D. R. Helton, D. D. Schoepp, J. Med. Chem. 1997, 40,
528.

[9] J. A. Monn, M. J. Valli, S. M. Massey, M. M. Hansen, T.J. Kress, J. P. Wep-
siec, A.R. Harkness, J. L. Grutsch Jr. , R. A. Wright, B. G. Johnson, S. L.
Andis, A. Kingston, R. Tomlinson, R. Lewis, K.R. Griffey, J. P. Tizzano,
D. D. Schoepp, J. Med. Chem. 1999, 42, 1027.

[10] L. M. Rorick-Kehn, B.G. Johnson, J. L. Burkey, R. A. Wright, D. O. Calli-
garo, G.J. Marek, E.S. Nisenbaum, J.T. Catlow, A.E. Kingston, D.D.
Giera, M. F. Herin, J. A. Monn, D. L. McKinzie, D. D. Schoepp, J. Pharma-
col. Exp. Ther. 2007, 321, 308.

[11] a) K. Takamori, S. Hirota, S. Chaki, M. Tanaka, Life Sci. 2003, 73, 1721;

b) A. Nakazato, T. Kumagai, K. Sakagami, R. Yoshikawa, Y. Suzuki, S.

[
[
[
[

&)

)

[7

Chaki, H. Ito, T. Taguchi, S. Nakanishi, S. Okuyama, J. Med. Chem. 2000,
43, 4893; c) C. Pedregal, W. Prowse, Bioorg. Med. Chem. 2002, 10, 433.

[12] a) H.-O. Bertrand, A.-S. Bessis, J.-P. Pin, F. C. Acher, J. Med. Chem. 2002,
45, 3171; b) N. Jullian, I. Brabet, J.-P. Pin, F. C. Acher, J. Med. Chem. 1999,
42, 1546; c) P. Malherbe, F. Knoflach, C. Broger, S. Ohresser, C. Kratzeisen,
G. Adam, H. Stadler, J. A. Kemp, V. Mutel, Mol. Pharmacol. 2001, 60, 5.

[13] T. Muto, D. Tsuchiya, K. Morikawa, H. Jingami, Proc. Natl. Acad. Sci. USA
2007, 104, 3759.

[14] a) G. Adam, P-N. Huguenin-Virchaux, V. Mutel, H. Stadler, T. J. Woltering
(F. Hoffmann-La Roche AG), DE19941675A, 1999 [Chem. Abstr. 2000,
132, 166520]; b) reviewed by: M. L. Gelmi, D. Pocar, Org. Prep. Proced.
Int. 2003, 35, 141.

[15] a) D.R. Helton, J. A. Monn, D.D. Schoepp, J.P. Tizzano (Eli Lilly Co.),
EP696577, 1995 [Chem. Abstr. 1996, 124, 317874]; b) O. M. Rasmy, R. K.
Vaid, M. J. Semo, E. C. Chelius, R.L. Robey, C. A. Alt, G. A. Rhodes, J.T.
Vicenzi, Org. Process Res. Dev. 2006, 10, 28.

[16] reviews: a)A.B. Zaitsev, H. Adolfsson, Synthesis 2006, 1725; b)H. C.
Kolb, K. B. Sharpless in Transition Metals for Organic Synthesis, 2" ed.
(Eds.: M. Beller, C. Bolm), Wiley-VCH, Weinheim, 2004, pp. 275-298; c) K.
Muniz-Fernandez in Transition Metals for Organic Synthesis, 2" ed. (Eds.:
M. Beller, C. Bolm), Wiley-VCH, Weinheim, 2004, pp.298-307; d)G.
Drudis-Sole, G. Ujaque, F. Maseras, A. Lledos, Top. Organomet. Chem.
2005, 12, 79; e) H. C. Kolb, M. S. VanNieuwenhze, K. B. Sharpless, Chem.
Rev. 1994, 94, 2483.

[17] Y. Gao, K. B. Sharpless, J. Am. Chem. Soc. 1988, 110, 7538.

[18] B. B. Lohray, Synthesis 1992, 1035.

[19] H. Shao, M. Goodman, J. Org. Chem. 1996, 61, 2582.

[20] H.-P. Wessel, T. Iversen, D. R. Bundle, J. Chem. Soc. Perkin Trans. 1 1985,
568.

[21] B. M. Trost, S. R. Pulley, Tetrahedron Lett. 1995, 36, 8737.

[22] T. Rosen, I. M. Lico, D. T. W. Chu, J. Org. Chem. 1988, 53, 1580.

[23] a) C. Schweitzer, C. Kratzeisen, G. Adam, K. Lunstrom, P. Malherbe, S. Oh-
resser, H. Stadler, J. Wichmann, T. Woltering, V. Mutel, Neuropharmacolo-
gy 2000, 39, 1700; b)H. Schaffhauser, J. G. Richards, J. Cartmell, S.
Chaboz, J. A. Kemp, A. Klingelschmidt, J. Messer, H. Stadler, T. Woltering,
V. Mutel, Mol. Pharmacol. 1998, 53, 228.

[24] a)J. Cartmell, G. Adam, S. Chaboz, R. Henningsen, J. A. Kemp, A. Klin-
gelschmidt, V. Metzler, F. Monsma, H. Schaffhauser, J. Wichmann, V.
Mutel, Br. J. Pharmacol. 1998, 123, 497; b) J. Cartmell, H. Schaffhauser, J.
Wichmann, V. Mutel, Br. J. Pharmacol. 1997, 121, 1263.

[25] a) P.L. Ornstein, T.J. Bleisch, M. B. Arnold, J. H. Kennedy, R. A. Wright,
B. G. Johnson, J. P. Tizzano, D. R. Helton, M. J. Kallman, D. D. Schoepp, J.
Med. Chem. 1998, 41, 346; b)P.L. Ornstein, T.J. Bleisch, M. B. Arnold,
R. A. Wright, B. G. Johnson, D. D. Schoepp, J. Med. Chem. 1998, 41, 358.

[26] W. Spooren, F. Gasparini, H. van der Putten, M. I. S. Koller, S. Nakanishi,
R. Kuhn, Eur. J. Pharmacol. 2000, 397, R1-R2.

[27] a) T. Yoshimizu, T. Shimazaki, A. Ito, S. Chaki, Psychopharmacology 2006,
186, 587; b) A. Yasuhara, M. Nakamura, K. Sakagami, T. Shimazaki, R.
Yoshikawa, S. Chaki, H. Ohta, A. Nakazato, Bioorg. Med. Chem. 2006, 14,
4193; c) A. Yasuhara, K. Sakagami, R. Yoshikawa, S. Chaki, M. Nakamura,
A. Nakazato, Bioorg. Med. Chem. 2006, 14, 3405; d) A. Nakazato, K. Saka-
gami, A. Yasuhara, H. Ohta, R. Yoshikawa, M. Itoh, M. Nakamura, S.
Chaki, J. Med. Chem. 2004, 47, 4570.

[28] P. Malherbe, C. Broger, C. Kratzeisen, G. Adam, H. Stadler, J. A. Kemp, V.
Mutel, Mol. Pharmacol. 2001, 60, 944.

[29] V. Mutel, G. Trube, A. Klingelschmidt, J. Messer, Z. Bleuel, U. Humbel
M. M. Clifford, G. J. Ellis, J. G. Richards, J. Neurochem. 1998, 71, 418.

[30] H. Schaffhauser, J. Cartmell, R. Jakob-Rotne, V. Mutel, Neuropharmacolo-
gy 1997, 36, 933.

[31] J.N.C. Kew, J.-M. Ducarre, T. J. Woltering, G. Adam, V. Mutel, J. A. Kemp,
Abstr. Pap. 29" Annu. Meet. Soc. Neurosci,, Miami, FL, 1999, p. 494.10.

[32] G. Richards, J. Messer, P. Malherbe, R. Pink, M. Brockhaus, H. Stadler, J.
Wichmann, H. Schaffhauser, V. Mutel, J. Comp. Neurol. 2005, 487, 15.

Received: August 30, 2007
Published online on November 30, 2007

ChemMedChem 2008, 3, 323 -335

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

335

www.chemmedchem.org


http://dx.doi.org/10.1146/annurev.pharmtox.37.1.205
http://dx.doi.org/10.1016/0028-3908(94)00129-G
http://dx.doi.org/10.2174/138945007780618544
http://dx.doi.org/10.2174/138945007780618544
http://dx.doi.org/10.1007/s00213-005-2246-y
http://dx.doi.org/10.1517/13543776.12.12.1845
http://dx.doi.org/10.1055/s-1993-22652
http://dx.doi.org/10.1002/(SICI)1099-0690(199911)1999:11%3C3131::AID-EJOC3131%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1099-0690(199911)1999:11%3C3131::AID-EJOC3131%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1099-1344(200001)43:1%3C1::AID-JLCR285%3E3.0.CO;2-N
http://dx.doi.org/10.1002/(SICI)1099-1344(200001)43:1%3C1::AID-JLCR285%3E3.0.CO;2-N
http://dx.doi.org/10.1021/jm0110486
http://dx.doi.org/10.1021/jm0110486
http://dx.doi.org/10.1021/jm9502908
http://dx.doi.org/10.1021/jm9502908
http://dx.doi.org/10.1016/0922-4106(94)90198-8
http://dx.doi.org/10.1016/0922-4106(94)90198-8
http://dx.doi.org/10.1021/jm9606756
http://dx.doi.org/10.1021/jm9606756
http://dx.doi.org/10.1021/jm980616n
http://dx.doi.org/10.1124/jpet.106.110809
http://dx.doi.org/10.1124/jpet.106.110809
http://dx.doi.org/10.1016/S0024-3205(03)00509-5
http://dx.doi.org/10.1021/jm000346k
http://dx.doi.org/10.1021/jm000346k
http://dx.doi.org/10.1016/S0968-0896(01)00296-6
http://dx.doi.org/10.1021/jm010323l
http://dx.doi.org/10.1021/jm010323l
http://dx.doi.org/10.1021/jm980571q
http://dx.doi.org/10.1021/jm980571q
http://dx.doi.org/10.1073/pnas.0611577104
http://dx.doi.org/10.1073/pnas.0611577104
http://dx.doi.org/10.1021/op049829e
http://dx.doi.org/10.1021/cr00032a009
http://dx.doi.org/10.1021/cr00032a009
http://dx.doi.org/10.1021/ja00230a045
http://dx.doi.org/10.1055/s-1992-26295
http://dx.doi.org/10.1021/jo960141c
http://dx.doi.org/10.1016/0040-4039(95)01898-R
http://dx.doi.org/10.1021/jo00242a051
http://dx.doi.org/10.1016/S0028-3908(99)00265-8
http://dx.doi.org/10.1016/S0028-3908(99)00265-8
http://dx.doi.org/10.1038/sj.bjp.0701647
http://dx.doi.org/10.1038/sj.bjp.0701266
http://dx.doi.org/10.1021/jm970497w
http://dx.doi.org/10.1021/jm970497w
http://dx.doi.org/10.1021/jm970498o
http://dx.doi.org/10.1016/S0014-2999(00)00269-7
http://dx.doi.org/10.1007/s00213-006-0390-7
http://dx.doi.org/10.1007/s00213-006-0390-7
http://dx.doi.org/10.1016/j.bmc.2006.01.060
http://dx.doi.org/10.1016/j.bmc.2006.01.060
http://dx.doi.org/10.1016/j.bmc.2005.12.061
http://dx.doi.org/10.1021/jm0400294
http://dx.doi.org/10.1016/S0028-3908(97)00079-8
http://dx.doi.org/10.1016/S0028-3908(97)00079-8
http://dx.doi.org/10.1002/cne.20538
www.chemmedchem.org

