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Starting from the structure of the endogenous ligasIu, the
more used molecular manipulation approaches toropiater .
L-Glutamic acid (-Glu, Figure 1) is the main excitatoryand selective ligands are the conformational rigidtion an.’
neurotransmitter in the central nervous system (CM®&ere it the bioisosteric substitution, in particular on trdis*-
is involved in the modulation of many physiologigabcesses carboxylate €.9., phosphonic acid, tetrazol, 3-hydrov:-
such as learning, memory, and synaptic plastici®nce isoxazole/isoxazolin€).

released from the presynaptic neurons into theagiatergic In addition, homologation of the amino acidic chisimormally
synaptic cleftL-Glu activates two main classes of receptors: @ie strategy pursued to turn agonists into antagenbecause |
protein-coupled metabotropic Glu receptors (mGluRs)d prevents the closure of the clamshell like liganishding

Introduction
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ligand-gated ionotropic Glu receptors (iGluRs). fba basis of
the agonist selectivity, iGIuRs have been narieahethylD-

aspartic acid (NMDA) receptorsR-2-amino-3-(3-hydroxy-
5-methyl-4-isoxazolyl)propionic acid (AMPA) recepsop and
kainic acid (KA) receptor§® Each of these receptor classes
in turn composed of several receptor subtypes, ritbpg on
subunit composition.

The availability of highly selective agonists andagonists for
the different receptor subtypes represents a pyintanget to
understand their physiological role and their pheczatogical
relevance. Also from a therapeutic point of viewe tmore
interesting compounds are undoubtedly those cheniaetl by
high selectivity for a specific receptor subtypénce this
feature allows to minimize the possible side eBeaxmicountered
with unselective compounds.
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domain (LBD), thus leaving the channel pore cloSEdally, i

has to be highlighted that, whereas AMPA and KAepto.
ligands are usually characterized bySonfiguration at the:

amino acid stereogenic center, in analogy to therabligand.
NMDA receptors often exhibit a preference ferconfigured
amino acids, as in the case of the prototypicahesgdNMDA

OOH /// +—COOH

HOOC COOH  HO,
\/\'54 ; \ NH2 &
2 Nog N~ ~COOH
L-Glu H
(S)-AMPA Kainic acid
Hooc™ ™0 V\/h'tb NH,
N HOOC COOH Hzozp/\M;'\COOH
NMDA (R-AA (2R)-AP-5 (n=2)

(2R)-AP-7 (n=4)
Figure 1. Structure of representative iGIuR ligands.

A simple chain homologation of glutamic acid leais ar
increase of selectivity and to a switch of the pmarologic:!
profile strictly related to the absolute configumat of the
amino acidic Ca atom. Homologation ofS-Glu leads toS
amino adipic acid, which selectively activates nmi&uana
mMGIuR6, whereas it has no effect on mGIluR1, mGIluB +4,
mGIuR5. On the other hand, while-Glu is inactive, th.. .
enantiomer of amino adipic acid behaves as a catir et
NMDA receptor antagonist, even if with low potencyt vy
interestingly, bioisosteric substitution of the tdlscarboxyiic
group with a phosphonic acid group generates t@miOui .

J. Name., 2013, 00, 1-3 | 1
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selective competitive antagonists for the NMDA raoe, i.e.,
(R)-2-amino-5-phosphonopentanoic  acidR-AP-5). Further
extension of the backbone chain length gives amoplo¢ent
NMDA antagonist, i.e.,
acid R-AP-7) (Figure 1)
On this ground, we planned the synthesis of a sefieinusual
isoxazoline containing dipeptides as higher homoésg of
glutamic acidj.e., compoundda, 1b, 2a and2b (Figure 2), in

which the distal carboxylate of glutamic acid wasndensed to
unconventional isoxazoline-containing beta or gamamano

acids. In this way, we generated partially consdiglutamic
acid homologues, of different length, possessirg ghitable
characteristics to be considered potential selec8iu receptor
antagonists i(e.,
rigidification). Notably, whereas compoun#@a and2b have a
carboxylate function in the distal position, mimimeg that ofL-

Glu, in compoundda and 1b the distal acidic group, which is

one of the essential pharmacophoric groups, isesgmted by
the 3-hydroxy-isoxazoline ring, which has alreadpved to
behave as # COOH bioisostere (Figure 2).

o o
HO. . HO
I \ N NH >/_QN \NH,
N, Do N,
0 COOH O COOH
(-)1a +)-1b
o
HO
>_Q /ZK/Y )j \ /N NH,
N\ I
COOH O COOH
(+)-1a (-)>-1b
o}
HOOC HOOC
>—> NH, >,—QN \NH,
Noo
()2a COOH (+)-2b COOH
0
HOOC HOOC .
N
(+)-2a COOH ()2b COOH

Figure 2. Structure of the target compounds.

Results and discussion

Dipeptides {)-1a, (+)-1a, (-)-1b and (+)4b were synthetized
from the enantiomerically pure compoundg-8 and (+)3,
which were obtained as recently reported by‘uatermediates

(R)-2-amino-5-phosphonoheptanoic

increased chain length and conformational

Page 2 of 7
Br Boc N Boc i
N’ N/ iew Article Ep
N>/ 5 N;/ \..J be, Do 10/'\{0/59%{5%?’0%'
0 0 o " COOEt
(-)-3 r4 = 5_3.23
Br. Boc BnO, B
N, — N,
o] o] COOEt
(+)-3 (+)-4 o gggg

()7a-2%2 ()1
(#7222 (1)1a
()-7b 30, (1 4p
@)-7b-9&b_ 1\ 4p

Scheme 1Reagents and conditions: a) BhOH, NaH 60% in naheil, dry THF:
b) 30% TFA, CHCI, c) Boc-L-Glu-OEt or Boc-D-Glu-OEt, HOBt, H. ="'
DIPEA; CH.Cly; d) 1IN NaOH, EtOH e) K 5% Pd/C, MeOH.

The final dipeptides—)-1a, (+)-1la, (-)-1b and (+)1b were
obtained after deprotection of intermediatesSa, (+)-5a, (-)

5b and (+)5b. In particular, after the hydrolysis of the amniv
acidic ester with 1IN NaOH at room temperature, @hleenz) (
group was removed by catalytic hydrogenation with Bd/C.
Finally, treatment with a 30% trifluoroacetic addlution 1.
CH,CI, gave the final desired compounds. The substitud n
the Br in the C-3 position with the benzyloxy groagprecursoui
of the desired hydroxyl function, was necessargesithe dire :t
substitution with the OH group (treating with 1N ©ld at 60
°C) led to degradation of the dipeptidic structure.

The synthesis of compounds){2a, (+)-2a, (-)-2b and (+)2b
was accomplished starting from cycloadductsq or (+)-7.
which were obtained through resolution of the cgpondina
racemic mixture ()¢, by chiral semi-preparative H - C
Compound ()7 was synthetized in a flow chemistry reacto:
exploiting the 1,3-dipolar cycloaddition reactionf dhe
dipolarophile 6 with ethoxycarbonyl formonitrile oxice,
generated in situ by treatment of ethyl 2-chlorc 2-
(hydroxyimino)acetate with solid potassium carbenat
following a procedure recently reported by us (Scae)®® A
excellent enantiomeric separation (e.e. >99%) oémac ()~
was achieved usingtés-(2-methyl-5-chloro-phenyl)carbamo:!
amylose chiral stationary phase.

(-)-3 and (+)3 were submitted to a nucleophilic substitution at

the C-3, in the presence of benzyl alcohol andwudiydride,
to obtain the desired 3-benzyloxy-substituted imediates )-

4 and (+)4, respectively®'! After N-Boc deprotection with a

30% trifluoroacetic acid solution in dichlorometlearthe free
amines were coupled with the suitable protected-B&du-

EtOOC _Boc

EtOOC\C,CI
Ilil EtOOC

HO” )—Q/N’BW ( 7
OEt or Bocp-Glu-OEt, obtained in good yield and high purity Q 2omn T=g0°¢ (+)7 Et00C N,Boc

following a literature procedurg, using HOBt and HBTU as

coupling reagents (Scheme 1).

2| J. Name., 2012, 00, 1-3

)
6 Boc
(+) -7

Scheme 2a) Semi-preparative HPLC separation; chiral etetry phasetris: -
methyl-5-chloro-phenyl)carbamoyl amylose; eluent3 h-hexanePrOH; 1 w
rate: 15 mL/min.

This journal is © The Royal Society of Chemistry 2012
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Table 1.Receptor binding affinities at native rat iGIuRs.

group was removed under standard conditions todytee  cmpd [CHIAMPA [PHIKAIN [PHICGP39655
. ) . ICso (uM) IC 50 (uM) vidS ApE)online
corresponding free amines that were used for theplow O-1a 43 [4.320.01 37 [4.430.05D1" 101038/ (4 B®BOTEOE
reaction with the protectedGlu or b-Glu derivative (Scheme  (+)-1a > 100 > 100 > 100
3), as described above. Intermediates were firddigrotected (-)-1b >100 > 100 >100
to obtain the desired productg{2a, (+)-2a, (-)-2b and (+)2b. (+)-1b 48 [4.36:0.17 59[4.230.01 41[4.410.09
(-)-2a 46 [4.34:0.02 66 [4.2G:0,17] 24 [4.64:0.10
o (+)-2a > 100 > 100 58[4.24:0.04
EtOOC ()-2b 34 [4.48:0.06] 40 [4.320.01] 21 [4.680.03
(7 20, N NHBoc (+)-2b 67 [4.180.03 56 [4.25:0.03 28 [4.56:0.07
No) COOEt b @Data are given as medplCso meant SEM or pK mean + SENI ot
o (_)'gg (-)-8a L5 (-)-2a three independent experiments each conductedlicéie.
— o (1)-8a - (+)-2a
o (+)-8b chb (+)-2b Unfortunately, pharmacologically investigation atatime
EtOOC (-)-8b b, ().2n iGIuRs did not highlight any ligand endowed withweortl

()7 @b, )—QNM,NHBoc
\N

O ... (+)-8b COOEt
— (+)-8a

Scheme 3 Reagents and conditions. a) 30% TFA,,CH b) Boc-L-Glu-OEt or
Boc-D-Glu-OEt, HOBt, HBTU, DIPEA; CHCI; c) 1N NaOH, EtOH.

Whereas the absolute configuration of derivativeswas
determined by the know configurations of the twadlding

noting affinity or selectivity for a specific iGlteceptor. In fac .,
most compounds showed a mid-micromolar affinity ddrGlu
receptors. As expected, with the only exception(of: -
compounds having aR configuration at thex-amino acii-
center did not interact with AMPA and KA recepto(s)-za
weakly bound to NMDA receptors. Conversely, all gmunds
derived fromL-Glu showed a comparable profile, which was
not significantly affected by the absolute confifion of the

blocks (.., the amine and the amino acidic portion), thicyclic scaffold. Functional studies as well astivily a
absolute configurations of compouritiad to be assigned andNGIURs remain to be investigated.

it was determined by X-ray analysis of the finaimgmund (+)-
2b. Despite the lack of anomalous scatterers in thie aell,
being the absolute configuration at theamino acidic carbon

Conclusions

New unconventional beta and gamma dipeptides, septi®”,

known to besS, it was sufficient to determine the relativ%onformational constrained higher homologues oftaghic

configuration of the three stereogenic centersintequivocally
assign the absolute configuratiorS(2S,8R) to the enantiomer
(+)-2b (Figure 3). Consequently, the absolute configorato

derivatives £)-2b, (+)-2aand ()-2awas assigned

Figure 3. Asymmetric unit of (+)2b, with the atom numbering scheme. A co-
crystallized, ordered water molecule is also pres@hermal ellipsoids at RT
were drawn at the 50 % probability level.

All the new compounds were preliminary submittediading
assays at native iGluRs, using rat brain synaptanbranes
from male Sprague—Dawley rats. Affinities for NMDAMPA,
and KA receptors were determined using 2 AM|CGP39653,
5 nM [PH]JAMPA, and 5 nM PH]KA (Table 1)

This journal is © The Royal Society of Chemistry 2012

acid, have been prepared and tested as new phdogiac .
tools to investigate the iGIuR binding domain, lie &attempt 1.
identify potential selective antagonists. The nadile was bas :d
on the use of classical medicinal chemistry stiategwidely
applied in the design of glutamatergic ligands. Byathe~'_
entailed the use of a flow-chemistry reactor tofqren the 1,o-
dipolar cycloaddition to build the rigid isoxazadinbicyclic
scaffolds, which were then condensed to the destgtboxylat .
of L-Glu or p-Glu. All the new derivatives were obtaine’
enantiomerically pure form and assignment of theohh.
configuration relied on X-ray crystal analysis. Bdson tt .
available pharmacological data, we can speculatg th
conformational constraint imposed by the bicyclizaffold,
which was meant to increase the receptor selegtidid nc.
favour the correct orientation of the pharmacophgrioups fc.
a fruitful interaction with the D1 and D2 lobes @BIuF ..
Alternatively, the distance between theamino acidic gr ‘'in
and the distal carboxylate may not be optimal. €epkn this
particular aspect, shorter derivatives may be desigb -
substituting.-Asp (orp-Asp) forL-Glu (or b-Glu).

Experimental

Materials and methods

All reagents were purchased from Signid. NMR and ! C
NMR spectra were recorded with a Varian Mercury 32 2
MHz) spectrometer. Chemical shift) (are expressed in  ~™
and coupling constan{d) are expressed in Hz. Optical r¢*~* =~

J. Name., 2012, 00, 1-3 | 3
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determinations were carried out using a Jasco B-10G&eneral procedure for the coupling reaction.
spectropolarimeter, coupled with a Haake N3-B tlemtat. a) Boc-protected secondary amide(2.0 mmol) was treated
TLC analyses were performed on commercial silidab@eRs; with a 30% solution of trifluoroacetig, agich{28-0ma)=dt
aluminium sheets; spots were further evidenced pmaysng CH,CI, at 0 °C and the solution was stirred at rt for.4The
with a dilute alkaline potassium permanganate &woiutor volatiles were removed under vacuum, 1N NaOH (5 mb>
ninhydrin. Chiral HPLC analyses were performed wdtasco added and the aqueous layer was extracted wifCGKB x 2u
PU-980 pump equipped with a UV—vis detector Jas¥e9@d5 mL). The organic layer was dried over anhydrous,SG
(wavelength: 220 nm) and a Phenomenex Lux Amylosedfiered, evaporated to dryness and the residue puaified by
column (4.6 x 150 mm, pm) at a flow rate of 1 mL/min using flash chromatography (G&l,/MeOH 9:1).

n-hexanegPrOH 8:2 as eluent. Preparative HPLC was) Boci-Glu-OEt or Bocp-Glu-OEt (1.0 mmol) was dissolved
performed with a 1525 Extended Flow Binary HPLC Bumin CH,CI, (2.0 mL). HOBt hydrate (2.0 mmol), HBTU (2.0
equipped with a Waters 2489 UV-vis detector and rmamol), DIPEA (2.0 mmol) and a solution of the amai#ained
Phenomenex Lux Amylose-2 column (21.2 x 250 mmk atin the previous step (1.0 mmol) in @El, (0.5 mL) were add d
flow rate of 15 mL/min usingh-hexanaPrOH 7:3 as eluent. to the solution. Then the reaction was stirred &mr24 h. The
MS analyses were performed on a Varian 320-MS eripbrogress of the reaction was monitored by T (
quadrupole mass spectrometer with ESI source. Miatyses (cyclohexane/EtOAc 3:7). After removal of the saitethe
(C, H, N) of new compounds were within +0.4% ofdhatical residue was diluted with EtOAc (5 mL) and the oliggrhasc
values. The continuous-flow cycloaddition reactionasw was washed with distilled 4 (5 mL), dried over N&O, ¢ ~
performed using a R2+/R4 flow reactor, commerciallgilable concentrated under vacuum. The crude material weafqu by
from Vapourtec equipped with Omnifit glass columrflash chromatography (cyclohexane/EtOAc 3:7).

Cycloadduct (-)3 and its enantiome¢+)-3 were prepared as (S)-Ethyl 5-((3aR,6aR)-3-(benzyloxy)-3ad-pyrrolo[3,4-

previously reported by u$. dlisoxazol-5(4,6H,6aH)-yl)-2-(tert-butoxycarbonylamino)-
5-oxopentanoate (-)-5a.

General procedure for the nucleophilic substitution Overall yield: 60%; R = 0.30 (cyclohexane/EtOAc * °

To a solution of benzyl alcohol (1.45 mL, 14.0 mjniol dry crystallized fromn-hexane/EtOAc as colourless prisms; r .. -
THF (50 mL), NaH (60% dispersion in mineral oil07mmol) 138-140 °C ¢]*%= — 61.7 ¢ = 0.5 in CHC}); *H-NMR (30!
was added in small portions and the mixture wasestiat rt MHz, CDCk): 1.18-1.34 (m, 3H); 1.40-1.52 (m, 9H); 1 -
under a nitrogen atmosphere for 30 min. A solutwér8-Br- 2.10 (m, 1H); 2.10-2.55 (m, 3H); 3.40-3.73 (m, 2Biy4-4.G~
isoxazoline derivative8 (2.3 mmol) in dry THF (3.7 mL) was (m, 3H); 4.13-4.33 (m, 3H); 5.10-5.14 (m, 2H); 58334 (n,
then added and the mixture was refluxed for 3 te Progress 2H); 7.34-7.42 (m, 5H)}*C-NMR (75 MHz, CDC}): 14.39,
of the reaction was monitored by TLC (cyclohexamn®/&c 27.71; 28.54; 31.01; 47.92; 48.54; 50.10; 53.8768172.8 ;
8:2). The reaction was quenched with 2N HCI (5 rahjl, after 80.10; 84.85; 128.62; 128.90; 129.08; 135.30; 1551%6.92,
evaporation of the solvent, the aqueous layer waaeed with 170.93; 172.55; MS: 476.3 [M+H] Anal. calcd f-.
Et,O (3 x 10 mL). The organic phase was dried ovesS®n C,,H33N30;: C, 60.62; H, 6.99; N, 8.84; found: C, 60.84, '
and concentrated under vacuum. The residue wasptwafied 7.03; N, 8.80.

by flash chromatography (cyclohexane/EtOAc 9:1). (R)-Ethyl 5-((3aS,6aS)-3-(benzyloxy)-3a1-pyrrolo[3,4-
(3aR,6aR)-tert-Butyl 3-(benzyloxy)-6,6a-dihydro-3a1- d]isoxazol-5(4,6H,6aH)-yl)-2-(tert-butoxycarbonylamino)-
pyrrolo[3,4-d]isoxazole-5(4H)-carboxylate (-)-4. 5-oxopentanoate (+)-5a.

Yield: 94%; R = 0.28 (cyclohexane/EtOAc 8:2); crystallizeda]?®%,= + 62.1 £ = 0.5 in CHCY); Anal. calcd for GsH33NzO;
from n-hexane/EtOAc as colourless prisms; m.p.: 152-153 °C, 60.62; H, 6.99; N, 8.84; found: C, 60.80; H,3.M, 8.78.
[0]®%= — 90.1 ¢ = 0.85 in CHC)); 'H-NMR (300 MHz, (S)-Ethyl 5-((3aS,6aS)-3-(benzyloxy)-3ai-pyrrolo[3,4-
CDCly): 1.45 (s, 9H); 3.41 (dd] = 8.3, 12.8, 1H); 3.48-3.62 d]isoxazol-5(H,6H,6aH)-yl)-2-(tert-butoxycarbonylamino)-

(m, 1H); 3.75 (ddd)J = 2.2, 8.3, 8.3, 1H); 3.83 (dd,= 1.9, 5-oxopentanoate (+)-5b.

12.8, 1H); 3.88-4.02 (m, 1H); 5.14 (s, 2H); 5.28dd = 1.9, Overall yield: 58%; R = 0.30 (cyclohexane/EtOAc - :1),
6.1,8.3, 1H); 7.35-7.42 (m, SH},?’C-NMR (75 MHz, CDCY): crystallized fromn-hexane/EtOAc as colourless prisms, m.p
28.60; 48.24; 49.29; 53.87; 72.69; 80.40; 84,818.82;, 45-47 °C p]*%= + 83.7 € = 0.55 in CHCJ); *H-NMR (300
128.86; 128.90; 135.50; 154.23; 166.93; MS: 31%&H]"; MHz, CDCk): 1.20-1.32 (m, 3H); 1.41-1.50 (m, 9H); 1.R1—
Anal. calcd for G;H.)N,O,: C, 64.13; H, 6.97; N, 8.80; found:2.09 (m, 1H); 2.10-2.42 (m, 3H); 3.40-3.70 (m, 281¥%.0-4.1")

C, 63.84; H, 7.03; N, 8.70 (m, 3H); 4.18-4.35 (m, 3H); 5.09-5.20 (m, 2H), 5234 (m
(3aS,6aS)-tert-Butyl 3-(benzyloxy)-6,6a-dihydro-3ad- 2H); 7.32—7.42 (m, 5H)®*C-NMR (75 MHz, CDC)): 14.4."
pyrrolo[3,4-d]isoxazole-5(4)-carboxylate (+)-4. 27.77; 28.54; 30.78; 47.93; 48.57; 50.10; 53.7976172.82?"

[0]*%= + 90.4 € = 0.90 in CHC)); Anal. calcd for 80.16; 84.89; 128.60; 128.91; 129.09; 135.30; 1%51%6.0"

CiH2N,04: C, 64.13; H, 6.97; N, 8.80; found: C, 63.90; H170.85; 172.63; MS: 476.3 [M+H] Anal. calcd for

7.00; N, 8.68. C,.H33N3zO7: C, 60.62; H, 6.99; N, 8.84; found: C, 60.. 8; H
7.06; N, 8.74.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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(R)-Ethyl 5-((3aR,6aR)-3-(benzyloxy)-3a1-pyrrolo[3,4-
dlisoxazol-5(H,6H,6aH)-yl)-2-(tert-butoxycarbonylamino)-
5-oxopentanoate (-)-5b.

[0]?%=—84.0 € = 0.50 in CHCY)); Anal. calcd for GsH33N30+:
C, 60.62; H, 6.99; N, 8.84; found: C, 60.80; H,4.N, 8.72.

[0]?% = = 51.5 ¢ = 0.15 in HO); Anal. calcd for GoHsNzOx
C, 46.69; H, 5.88; N, 16.33; found: C, 46.50; H)5.N, 16.10.

View Article Online
DOI: 10.1039/C5MD00159E

Synthesis of (38,6aR)-5-tert-butyl 3-ethyl 6,6a-dihydro-
3aH-pyrrolo[3,4-d]isoxazole-3,5(4)-dicarboxylate ©)-7
and (3aR,6aS)-5-tert-butyl  3-ethyl 6,6a-dihydro-3aH-
General deprotection procedure 1. pyrrolo[3,4-d]isoxazole-3,5(4#)-dicarboxylate (+)-7.

a) Protected intermediafa or 5b (0.4 mmol) was dissolved in A 0.25 M solution of compoun@ (1.0 mmol) in EtOAc (4 mL)
EtOH (1.2 mL) and treated with 1N aqueous NaOH (@l§. and a 0.37 M solution of ethyl chlorooximinoacetdte »
The mixture was stirred at rt for 1 h and the dgsgrance of mmol) in EtOAc (4 mL) were prepared. The two reatta
the  starting material  was monitored by  TLGtreams were mixed using a simple T-piece and eladd/to a
(cyclohexane/EtOAc 3:7). After evaporation of EtOkhe glass column (6.6 mm i.d.x 100 mm length) filledlwK,COx
aqueous layer was washed with@t(3 mL), made acidic (pH and heated at 80 °C at a total flow rate of 0.16 min™,
= 2) with 2N aqueous HCI and extracted with EtOBcx(10 equating to a residence time of about 20 min. A 130
mL). The organic phase was dried over ,8@, and backpressure regulator was applied to the systdra.sblve it
concentrated under vacuum. was evaporated, and the crude material was purifiegilica
b) The crude acidic product obtained in the presvietep was gel column chromatography (cyclohexane—EtOAc 8o2yieiu
dissolved in MeOH (3 mL) and 10% w/w of 5% Pd/C wasacemic (+)7 in 62% vyield. Yellow oil; R = 0
added. The mixture was stirred at rt for 30 min emét, (cyclohexane/EtOAc 8:2): 0.17H-NMR (300 MHz, CDCI3):
atmosphere and the reaction was followed by TLE35 (t,J=7.2 Hz, 3H), 1.42 (s, 9H), 3.41-3.54 (m, 2H),”= &
(CH,Cl,/MeOH 9:1 + 1% AcOH). The mixture was filtered4.08 (m, 1H), 3.80—4.10 (m, 2H), 4.35 (o5 7.2 Hz, 2H), 5.."
under vacuum on a celite pad to eliminate the gstabnd the (dd,J = 5.4, 9.6 Hz, lH),13C-NMR (75 MHz, CDC}): 14.2¢
solvent was removed under reduced pressure. 28.48; 49.49; 50.75; 53.44; 62.45; 80.59; 87,742.3%,
c) The obtained intermediate was treated with a 30264.28; 160.36; MS: 285.0 [M+H]

trifluoroacetic acid (10 eq.) solution in GEl, at 0 °C. The Enantiomerically pure-{-7 and (+}7 were obtained from (+7
solution was stirred at rt for 3 h and the reactimas followed by preparative chiral HPLC. Column: Lux 2-amyco21l.Q *
by TLC (CHCI,/MeOH 9:1 + 1% AcOH). The volatiles were250 mm, 5um); A = 220 nm; eluent-hexanefPrOH 7:3; flov

removed under reduced pressure and the solid eesichs
taken up with MeOH and filtered.
(5)-2-Amino-5-((3aR,6aR)-3-hydroxy-3aH-pyrrolo[3,4-
dlisoxazol-5(4,6H,6aH)-yl)-5-oxopentanoic acid (-)-1a.
Overall yield: 45%; R= 0.11 @-butanol/HO/AcOH 4:2:1);
white solid; m.p.: T > 60 °C dec.¢f%= — 14.0 ¢ = 0.12 in

rate: 15 mL/min; {(-)-9: 9.58 min; t (+)-9: 13.40 min.
()-7: [0]*% =— 172.4 (c = 0.76 in CHG).
(+)-7: [0])*°5 =+173.0 (c = 0.74 in CHGQ).

(3aS,6aR)-Ethyl 5-((9)-4-(tert-butoxycarbonylamino)-5-
ethoxy-5-oxopentanoyl)-4,5,6,6a-tetrahydro-34d-

H,0); 'H-NMR (300 MHz, BO): 2.02-2.14 (m, 2H); 2.38- pyrrolo[3,4-d]isoxazole-3-carboxylate (-)-8a.

2.62 (m, 2H) 3.44-3.94 (m, 5H); 5.26-5.38 (m, 18E-NMR

Compound (-)8a was obtained following the general

(75 MHz, CDC}): 25.20; 29.95; 46.18; 47.51; 51.88; 52.94rocedure for the coupling reaction reported abaeiplin,

82.99; 161.80; 172.59; 172.96; MS: 258.1 [M¥Hnal. calcd

(-)-7 with Boc1-Glu-OEt.

for C;gH1sN3Os: C, 46.69; H, 5.88; N, 16.33; found: C, 46.550verall yield: 44%; yellow oil; R= 0.30 (cyclohexane/EtO

H, 5.98; N, 16.08.
(R)-2-Amino-5-((3aS,6aS)-3-hydroxy-3aH-pyrrolo[3,4-
dlisoxazol-5(H,6H,6aH)-yl)-5-oxopentanoic acid (+)-1a.
[0]?%= + 14.1 € = 0.15 in HO); Anal. calcd for GgH;15N3Os:
C, 46.69; H, 5.88; N, 16.33; found: C, 46.59; HB6.N, 16.12.
(5)-2-Amino-5-((3aS,6aS)-3-hydroxy-3aH-pyrrolo[3,4-
dlisoxazol-5(H,6H,6aH)-yl)-5-oxopentanoic acid (+)-1b.
Yield: 48%; white solid; R= 0.11 @-butanol/HO/AcOH
4:2:1); m.p.: T > 60 °C dec.p]*’% = +51.9 € = 0.14 in HO);

3:7); [0]%%= — 131.9 ¢ = 0.10 in CHC}); *H-NMR (300 MHz,
CD;0OD): 1.26 (t,J = 7.15, 3H); 1.30-1.38 (m, 3H); 1.42 _,
9H); 1.78-1.96 (m, 1H); 2.02—2.16 (m, 1H); 2.30-62(f, 2H},
3.44-3.62 (m, 1H); 3.68-3.80 (m, 1H) 3.84—4.40 (ih)
4.02-4.24 (m, 5H); 4.26-4.38 (m, 2H); 5.37-5.50 (thi),
6.92-7.02 (m, 1H)**C-NMR (75 MHz, CROD): 13.22; 13 .8;
26.51; 27.57; 49.69; 49.82; 51.31; 52.56; 53.5316162. ‘4:
79.46; 87.48; 152.80; 156.89; 160.31; 171.93; 1F2MS:
442 .4 [M+HT; Anal. calcd for GgH3;N3Og: C, 54.41; H, 7.0

H NMR (300 MHz, BO): 2.00-2.15 (m, 2H); 2.40-2.62 (mN, 9.52; found: C, 54.50; H, 7.05; N, 9.25.

2H); 3.45-3.98 (m, 5H); 5.25-5.40 (m, 1HYC-NMR (75

(3aR,6aS)-Ethyl 5-((R)-4-(tert-butoxycarbonylamino)-5-

MHz, CDCL): 25.20; 29.95; 46.18; 47.37; 51.47; 53.15; 82.3B6thoxy-5-oxopentanoyl)-4,5,6,6a-tetrahydro-34-

163.80; 172.59; 172.96; MS: 258.1 [M+H]Anal. calcd for

pyrrolo[3,4-d]isoxazole-3-carboxylate (+)-8a.

CioH1sN30s: C, 46.69; H, 5.88; N, 16.33; found: C, 46.45; HCompound (+)8a was obtained following the gen:-=!

6.08; N, 16.04.
(R)-2-Amino-5-((3aR,6aR)-3-hydroxy-3aH-pyrrolo[3,4-
dlisoxazol-5(H,6H,6aH)-yl)-5-oxopentanoic acid (-)-1b.

This journal is © The Royal Society of Chemistry 2012

procedure for the coupling reaction reported abamiplirg
(+)-7 with BocD-Glu-OEt.
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[0]*%= + 1325 ¢ = 0.10 in CHCJ); Anal. calcd for [M+H]"; Anal. calcd for GH;sN3Og: C, 46.32; H, 5.30; N.
C,0H31N3Og: C, 54.41; H, 7.08; N, 9.52; found: C, 54.20; H14.73; found: C, 46.52; H, 5.50; N, 14.53.
7.00; N, 9.30.

(3aR,6aS)-5-((R)-4-Amino-4-carboxyb%nw}bﬁ%@i@é&%?
acid

Published on 15 May 2015. Downloaded by Universita Studi di Milano on 26/05/2015 08:10:42.

(3aR,6aS)-Ethyl 5-((9)-4-(tert-butoxycarbonylamino)-5-
ethoxy-5-oxopentanoyl)-4,5,6,6a-tetrahydro-34-
pyrrolo[3,4-d]isoxazole-3-carboxylate (+)-8b.
Compound (+8b was obtained following
procedure for the coupling reaction reported abaeeipling
(+)-7 with BocL-Glu-OEt.

tetrahydro-3aH-pyrrolo[3,4- d]isoxazole-3-carboxylic
(+)-2a.
[0]?%= + 101.2 ¢ = 0.10 in HO); Anal. calcd for GH;sN3Og.

the generalC, 46.32; H, 5.30; N, 14.73; found: C, 46.49; Hi&.N, 14.5¢.

(3aR,6aS)-5-((S)-4-Amino-4-carboxybutanoyl)-4,5,6,6a-

tetrahydro-3aH-pyrrolo[3,4- d]isoxazole-3-carboxylic  ac 1

Overall yield: 48%:; yellow oil; R= 0.30 (cyclohexane/EtOAc (+)-2b

3:7): []*°%= + 120.5 ¢ = 0.10 in CHCY); 'H-NMR (300 MHz,

Overall yield: 62%; white solid; & 0.1 f-butanol/HO/AcOH

CD,0D): 1.26 (t,J = 7.2, 3H); 1.30-1.38 (m, 3H); 1.42 (s, 9H)#:2:1); m.p.: T > 80 °C dec.¢[*%= + 125.7 ¢ = 0.10 in HO);

1.80-1.96 (m, 1H); 2.00-2.18 (m, 1H); 2.30-2.54 @Hi);
3.42-3.62 (m, 1H); 3.68-3.80 (m, 1H); 3.84-4.26 @hi);
4.26-4.40 (m, 2H) 5.38-3.50 (m, 1H); 6.92—7.02 {id); °C-

H-NMR (300 MHz, DO): 1.942.12 (m, 2H); 2.382.62 (n
2H); 3.37-3.52 (m, 1H); 3.623.74 (m, 1H); 3.784.00 (m, 3H):
4.044.20 (m, 1H); 5.285.44 (m, 1H);®*C-NMR (75 MH:

NMR (75 MHz, CBOD): 13.19; 13.34; 26.53; 27.53; 49.71D,0): 25.25; 30.03; 49.34; 50.91; 52.81; 53.89; 87.0%.28
49.83; 51.28; 52.51; 53.57; 61.14; 62.03; 79.46486152.81; 164.04; 172.45; 172.73; MS: 286.0 [M+H]JAnal. calcd 1.

156.94; 160.30; 171.97; 172.81; MS: 442.4 [M¥HAnal.

C1iH1sNzOg: C, 46.32; H, 5.30; N, 14.73; found: C, 46. -* \!

calcd for GgH31N3Og: C, 54.41; H, 7.08; N, 9.52; found: C,5.53; N, 14.48.

54.35; H, 6.98; N, 9.38.
(3aS,6aR)-Ethyl 5-((R)-4-(tert-butoxycarbonylamino)-5-
ethoxy-5-oxopentanoyl)-4,5,6,6a-tetrahydro-34-
pyrrolo[3,4-d]isoxazole-3-carboxylate (-)-8b.
Compound (-8b was obtained following
procedure for the coupling reaction reported abaeeipling
(-)-7 with BocD-Glu-OEt.
[0]®%= - 122.0 ¢ = 0.15

in CHCY); Anal. calcd for

(3aS,6aR)-5-((R)-4-Amino-4-carboxybutanoyl)-4,5,6,6a-
tetrahydro-3aH-pyrrolo[3,4-d]isoxazole-3-carboxylicacid (-
)-2b

[0]%%5= — 124.6 € = 0.10 in HO); Anal. calcd for GH;5N3Os.

the generalC, 46.32; H, 5.30; N, 14.73; found: C, 46.48; Hh®B.N, 14.2°

X-ray diffraction analysis of (+)-2b.
Well-formed colorless crystals of the compound Zb)werr

C,o0H31N30g: C, 54.41; H, 7.08; N, 9.52; found: C, 54.25; Hgrown by slow evaporation=(7 d) from a 1:1 mixture _*

6.94; N, 9.40.

General deprotection procedure 2.

H,O:CH;CN. A transparent thin plate (0.225 x 0.175 x (.0z)

mm) was selected for the analysis and mounted @iass
capillary fiber with perfluorinated oil as glue. pay diffractio «

a) Protected intermedia&a or 8b (0.4 mmol) was dissolved in intensities were collected at room temperature timree-circle

EtOH (1.2 mL) and treated with 1N aqueous NaOH ¢hL2.
The mixture was stirred at rt for 1 h and the dmsgyance of
the  starting material  was monitored by
(cyclohexane/EtOAc 3:7). After evaporation of EtOlthe
aqueous layer was washed with@&t3 mL), made acidic (pH
= 2) with 2N aqueous HCI and extracted with EtO&cx( 10
mL). The organic phase was dried over ,8@, and
concentrated under vacuum.

b) The diacidic product obtained in the previouspstas
treated with a 30% trifluoroacetic acid (10 eq.jusion in
CH,CI, at 0 °C. The solution was stirred at rt for 3 hl dhe
reaction was followed by TLC (Ci€l,/MeOH 9:1 + 1%

Bruker SMART APEX Il diffractometer equipped withG"™
area detector. The data collection consisted af-&cans (U.c

TLQleg/frame, with exposure time ranging from 60 tosffdame)

at different ¢ orientations of the crystal. Graplk'.C
monochromated Mo & radiation § = 0.71073 A) wr_
employed throughout. A 100 % complete dataset up
maximum Bragg angle3®= 55° was obtained, consistin¢ ..
19388 measured reflections (2982 symmetry-indepd) ...
Data reduction and correction for beam anisotrdfsces wel -
performed by SAINT+ and SADABS, respectivél/® Thr
structure was solved by direct methods through SKE.
2013° and refined by the full-matrix least-squares pdr 2

AcOH). The volatiles were removed under reducedsgre
and the solid residue was taken up with MeOH altet&d. for the final least-squares model wé&&(F) = 0.0496 for 1573
(3aS,6aR)-5-((S)-4-Amino-4-carboxybutanoyl)-4,5,6,6a- Fo > 40(F,) and wR(F3)= 0.099 for all the measured a.t
tetrahydro-3aH-pyrrolo[3,4-d]isoxazole-3-carboxylic acid (- whereas the maximum and minimum Fourier residualth.
)-2a. unit cell were as low as +0.20/—-0.19 &°ACrystal data for
Overall vyield: 55%; white solid; R = 0.11 - compound (+R2b at rt: G;H;4JN3Os, M = 284.429 am. !
butanol/HO/AcCOH 4:2:1); m.p.: T > 80 °C dec.p]f%5= — orthorhombic, space group 22, n° 19, acentric,a =
100.8 € = 0.10 in HO); *H-NMR (300 MHz, D20): 1.94-2.12 5.4380(7) Ab = 10.423(2) Ac = 22.933(3) AV = 1299.0//"
(m, 2H); 2.34-2.60 (m, 2H); 3.36-3.52 (m, 1H); 3:B04 (m, A3, Z = 4,7 = 1; peaca = 1.545 g ci¥, g = 0.13 mnt. Tre
1H); 3.78—-4.00 (m, 3H); 4.04—4.20 (m, 1H); 5.3065(sh, 1H); compound is chiral and crystallizes with an orderge er
BC.NMR (75 MHz, D,O): 25.33; 30.09; 48.87; 50.15; 51.72molecule in the asymmetric unit. CCDC 1060015 cimistéhe
52.99; 53.89; 86.95; 156.47; 164.37; 172.61; 17.2\69: 286.0 supplementary crystallographic data for this papéese de .a

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012

implemented in SHELXL—2014/4:'® The agreement fa tors

A


http://dx.doi.org/10.1039/c5md00159e

Page 7 of 7

Published on 15 May 2015. Downloaded by Universita Studi di Milano on 26/05/2015 08:10:42.

can be obtained free of charge from The Cambridge

Crystallographic Data Centre via
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