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1. INTRODUCTION AND AIMS

Thanks to their useful biological properties, alicyclic B-amino acids have attracted
considerable interest during the past twenty years. They are present in many natural products.
Some naturally occurring derivatives, such as the antifungal cispentacin and icofungipen and
the antibacterial oryzoxymycin, are interesting bioactive members of this class of
compounds. Cyclic B-amino acids are also of paramount importance in peptide chemistry,
since they can be used as building blocks for the preparation of modified biologically active
peptide analogues. Carbocyclic -amino acids are additionally used as starting substances for
the synthesis of heterocyclic compounds, potential pharmacons and natural product
analogues. Their enantiomerically pure forms can serve as chiral auxiliaries in asymmetric
transformations.' >

One of the main research topics at the Institute of Pharmaceutical Chemistry,
University of Szeged, is the synthesis of highly functionalized cyclic B-amino acids. A
number of scientific articles have been published in recent years on the selective formation of
new functional groups (hydroxy, dihydroxy, amino, azido and fluoro) on cyclic B-amino
acids.”>* 1,3-Dipolar cycloaddition is a powerful technique for the functionalization of a
C-C double bond. The C-C double bond in protected cyclic f-amino acids may be utilized as
a dipolarophile in a 1,3-dipolar cycloaddition in order to synthetize different functionalized
derivatives.

Accordingly, my PhD work focused on the regio- and stereoselective 1,3-dipolar
cycloaddition of nitrile oxides to cyclic 3-amino acid derivatives. The aim was to study the
regio- and stereoselectivity of the cycloaddition of nitrile oxides to protected five- or six-
membered cyclic B-amino esters, and N-O cleavage of the isoxazoline ring for the synthesis

of highly functionalized cyclic B-amino acids. Moreover, cycloadducts were prepared in

enantiomerically pure form through appropriate enzymatic resolution of bicyclic B-lactams.



2. LITERATURE BACKGROUND
2.1. 1,3-Dipolar cycloaddition

The idea of 1,3-dipolar cycloaddition was suggested by Smith in 1938, but this
possibility became widely applicable only after 1960, when the reaction was generalized by
Huisgen.***  [4ns+2ms]  Cycloaddition is achieved between a  dipolarophile
(e.g. alkenes, alkynes, carbonyls and nitriles) and a 1,3-dipolar agent (Scheme 1).

_b©
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Scheme 1. General scheme of 1,3-dipolar cycloaddition.

The 1,3-dipoles form a three-atom n-electron system, with four n-electrons
delocalized over the three atoms. Some important 1,3-dipoles are: nitrile oxides, nitrones,
azides, nitrile imines, diazoalkanes, carbonyl ylides and nitrile ylides.*
1,3-Dipoles can be divided into two types: the allyl type, e.g. nitrones, azomethine ylides,
azomethine imines, carbonyl ylides and carbonyl imines, and the propargyl-allenyl type, e.g.
nitrile oxides, nitrile imines, nitrile ylides, diazoalkanes and azides. The allyl type contains
four electrons in three parallel p, orbitals perpendicular to the plane of the dipole.
1,3-Dipoles of the allyl type are bent, whereas a double bond orthogonal to the delocalized
n-system in the propargyl-allenyl type confers linearity on the dipole (Scheme 2).

(t?\@ @(k? ® (E) 00
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allyl type propargyl-allenyl type

Scheme 2. Classification of 1,3-dipoles.

The dipolarophiles may contain double or triple bond functionalities such as C=C,
C=C, C=N, C=N, C=0 and C=S. The n-bond may be isolated, conjugated or part of a
cumulene system. The presence of functional groups on the dipolarophile can influence the

reactivity of 1,3-dipolar cycloaddition. For example, a combination of electron-withdrawing



and electron-donating groups in one molecule results in a dipolarophile of low reactivity. The
presence of only one type of group (electron-withdrawing or electron-donating) leads to
higher reactivity with 1,3-dipoles.*”*® The cycloaddition of 1,3-dipoles to dipolarophiles may
occur in a synchronous, concerted process, as suggested by Huisgen, or in a stepwise,

diradical pathway, which was preferred by Firestone (Scheme 3).*
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Scheme 3. Alternative mechanisms of 1,3-dipolar cycloaddition.

2.2. 1,3-Dipolar cycloaddition of nitrile oxides

The 1,3-dipolar cycloaddition of nitrile oxides to alkenes is a typical, well-adaptable

-3¢ which are important heterocyclic compounds in

method for the synthesis of isoxazolines,
medicinal chemistry, since a number of substituted isoxazolines exhibit anti-influenza
activities and antifungal properties.””’ Nitrile oxides are usually not stable dipoles, and they
are therefore synthetized in situ in the reactions. They can be generated from hydroximoyl
halides (X = Br, Cl) (3), from aldoximes (2)*® or from primary nitroalkanes (4).* Stable,
non-dimerizing nitrile oxides can often rearrange to isocyanates at high temperature (5), and

non-stable dipoles can dimerize to furoxans (6)’° (Scheme 4).
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Scheme 4. Generation and transformations of nitrile oxides.

Accordingly, through the dehydrohalogenation of hydroximoyl chlorides, known as
the Huisgen procedure, nitrile oxides can be prepared from oximes in two steps: halogenation
of the aldoxime to furnish a hydroximoyl halide, followed by a dehydrohalogenation with
base. In the presence of electron-withdrawing groups, aldoximes can additionally be oxidized
to nitrile oxides. This reaction is carried out with MnO,. Another method that is frequently
used for the in situ generation of nitrile oxides is the dehydration of nitroalkanes, introduced
by Hoshino and Mukaiyama in 1960, which is performed in the presence of a catalytic
amount of base. The dehydration agents used are phenyl isocyanate (PhNCO), di-tert-butyl
dicarbonate (Boc,0), ethyl chloroformate, dimethylaminosulfur trifluoride (DAST), Ac,0O,
etc. In general, the base is Et;N, but in some cases 4-dimethylaminopyridine (DMAP) is also
used under milder conditions. A possible mechanism for the generation of a nitrile oxide

from a primary nitroalkane is shown in Scheme 5.

N H
B H H /L\/o@ . ® o
W _0© Ph—N=C=0 — R™ “Ng €O, | R-c=N-0° + NHPh
R Ne 00 _N=C-
Ph—N=C=0
NHPh ‘jt
PhHN™ “NHPh

Scheme 5. Mechanism of preparation of nitrile oxides from primary nitroalkanes in the

presence of PANCO.



Cycloaddition of a nitrile oxide to a substituted olefin can lead to two regioisomers,
either the 3,4-disubstituted or the 3,5-disubstituted cycloadduct (Scheme 6); steric and
electronic effects influence the regioselectivity. In the presence of strong electron-

withdrawing substituents, the 3,4-disubstituted isoxazoline is favoured.

® O
R-C=N-0 R MNo  R—No
. —_— \<_‘< + \S,J
ZR, Ri Ri
3,5-disubstituted 3,4-disubstituted
isoxazoline isoxazoline

Scheme 6. 1,3-Dipolar cycloaddition of nitrile oxides to substituted olefins.

When electron-rich and conjugated alkenes are used in the cycloaddition, the
regioselectivity is dipole-LUMO-controlled. Accordingly, the carbon atom of the nitrile
oxide attacks the terminal carbon atom of the alkene and results in the 3,5-disubstituted
isoxazoline alone. Cycloaddition to electron-deficient dipolarophiles yields a mixture of
regioisomers, and both the dipole-HOMO and dipole-LUMO interactions are significant.
In general, mixtures of regioisomers are formed during the 1,3-dipolar cycloaddition of
nitrile oxides to disubstituted alkenes.*’

Isoxazolines are of considerable importance in synthetic chemistry since they are

precursors of iminoalcohols, hydroxyketones, aminoalcohols and amino acids

(Scheme 7)."'7®

NH OH

Ri Ry
iminoalcohol

NH, OH R1\</i\g
R1)\)\R2

O OH
R, R1M Ra

aminoalcohol hydroxyketone

Scheme 7. Some useful transformations of isoxazolines.



2.3. Synthetic applications of 1,3-dipolar cycloaddition of nitrile
oxides for the functionalization of a-and y-amino acid

derivatives

The applications of 1,3-dipolar cycloaddition in organic synthesis, and in particular
the use of nitrile oxides as dipolarophiles, have undergone continuous development in recent
years. A number of research groups have published interesting results and some of the major
developments are summarized below. Quadrelli and co-workers have recently published a
number of articles on this topic.””*® They have developed the synthesis of isoxazoline-
carbocyclic nucleosides via the 1,3-dipolar cycloaddition of nitrile oxides. The nucleoside

precursors 12 were prepared from cyclopentadiene 7 (Scheme 8).%*

@ 1,3-dipolar _C
[R-NH=CH,] % cycloaddition b\ oxidation
N a N

ADA \ Polonovski \
cycloaddition R rearrangement R
7 9
e . _reduction . HQ
b F——
\a N SO/VO/ySIS NCHO \\Q/NHZ
COR COR A~ ©
10 11 12
b N. N
a’ c=RC” 0 or 0" “CR
\ \ \

Scheme 8. Synthesis of isoxazoline-fused carbocyclic amino alcohols 12.

2-Azanorborn-5-enes 8 were prepared via the Grieco cycloaddition of
cyclopentadiene 7 to iminium salts generated in situ under Mannich-like conditions, in an
aza-Diels-Alder reaction (ADA). These adducts are quite reactive dipolarophiles and in
1,3-dipolar cycloadditions give exclusively exo adducts 9. The synthetic steps outlined in
Scheme 8 were followed for the preparation of the target aminols 12 through intermediates
10 and 11. Benzonitrile oxide was generated in situ from benzhydroximoyl chloride 14 in

dichloromethane (DCM) solution in the presence of EtsN (Scheme 9).



Ph
; N-©
N + Ph—C=N-OH EtsN \ + N7

‘ Cl N o}
CH,Ph DCM o N
13 14 rt, 48 h 15 CHPh 16 CH,Ph
(49%) (43%)
Scheme 9. 1,3-Dipolar cycloaddition of benzonitrile oxide to N-benzyl-2-azanorborn-

5-ene 13.

The cycloaddition reaction of 14 to 13 resulted in two regioisomeric isoxazoline
cycloadducts, 15 and 16, in a regioisomeric ratio of close to 1:1. It was reported that the

regioselectivity is higher in protic alcohols than in other dipolar and polarizable solvents.

/ 7 steps
N o— 5 §
CH2Ph
7a 17b
% 7 steps

CH,Ph
16

Scheme 10. Synthesis of isoxazoline-carbocyclic amino alcohols.

Finally, three regio- and stereoisomeric amino alcohols, 17a, 17b and 18, were
synthetized in good yields through the exo-selective 1,3-dipolar cycloaddition of benzonitrile
oxide to N-benzyl-2-azanorborn-5-ene; these derivatives are useful precursors for nucleoside
preparation (Scheme 10). The isoxazoline-carbocyclic nucleosides have been tested as
potential antiviral agents against herpes simplex virus types 1 and 2.5

The same research group also applied isoxazoline-2-azanorbornanes (15, 16) for the
preparation of lactam derivatives as precursors of peptidomimetic y-amino acids, by

RuOg-catalysed oxidation.** The oxidation was performed by using the catalytic system

RuO,/NalO4 under H,O/EtOAc biphasic conditions (Scheme 11).



RuQ4/NalO, o
15 _H2O/ACOEt H,O/AcOEt
r.t. overnight N

COPh Ph CH,Ph
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( 3%) (35% (17%)
RuO,/NalO, Ph
H,O/ACOEt P P

R e
r.t. overnight 0] N (0]
H COPh CH,Ph
22 23 24
(12%) (33%) (15%)

Scheme 11. Oxidation of compounds 15 and 16 to isoxazoline-fused lactams.

Compounds 20 and 23 were the major products obtained by oxidation of the more
reactive benzylic group. Oxidation of C3 in the azanorbornene moiety furnished N-benzyl
lactams 21 and 24 and lactams 19 and 22, which were also isolated. The desired y-amino
acids 25 and 26 were prepared by the hydrolysis of lactams 19 and 22 in the presence of
methanesulfonic acid (MSA) (Scheme 12).

O wmsa, HZO N© COH
"
NH3*CH3S03”

100%
N ~ N7
S MSA, H20 \ COH
o NH;*CH;SO05
22
(100%)

Scheme 12. Preparation of y-amino acids 25 and 26.

Glutamate is an important neurotransmitter in the mammalian central nervous system
and is significant for learning and memory. Overactivation of the glutamatergic synapses
causes neurotoxicity, typically associated with acute and chronic neurodegenerative disease,
e.g. cerebral ischaemia, epilepsy, amyotrophic, lateral sclerosis, and Parkinson’s and

Alzheimer’s diseases. One of the main research topics of Conti and co-workers is the



synthesis of novel homologues of glutamic acid.*””' The key step in the synthesis of target
compounds 34 and 35 is the 1,3-dipolar cycloaddition of ethoxycarbonylformonitrile oxide,

generated in situ by the treatment of 29 with base (Scheme 13).*’

EtO,C H R EtOC 4 R
D EtO,C NaHCO 7 N 7 N
[<bBoe - FNOH o N o N L o
CO,Et Cl o) ) 2 o) ! 2
27:R=H 29 (£)-30: R = H (84%) (£)-32: R=H (16%)
28: R = Boc (£)-31: R = Boc (33%) (£)-33: R = Boc (67%)
HO,C HO,.C
4 ~NH, N NH;
o CO,H bo) "“CO,H
H H
34 35

Scheme 13. 1,3-Dipolar cycloaddition of nitrile oxide 29 to cyclic a-aminocarboxylates 27

and 28.

The reaction of 27 gave two stereoisomers, (+)-30 and (+)-32, in a ratio of 84:16.
The selectivity of this reaction was explained by the H-bonding interaction between the
carbamate and the nitrile oxide (Figure 1).”

N_O/H\ Boc
ot N7
1

Et0,Cc~ ° q

CO,Et

Figure 1. Transition state stabilized by an intermolecular H-bond in 1,3-dipolar

cycloaddition.

This explanation was supported by determination of the structure of the major product
(+)-30 by X-ray analysis and theoretical calculations. When 28 was used as dipolarophile, the
selectivity of the 1,3-dipolar cycloaddition (31/33) was 33:67. In this case, the selectivity was

due to both the steric effect and the absence of the H-bonding interaction. Finally, amino



acids 34 and 35 were obtained by removal of the protecting groups (Scheme 13). The
products were tested in vitro by means of receptor-binding techniques, second messenger
assays and electrophysiological studies; they proved to behave as anticonvulsant agents."’

In other work, 1,3-dipolar cycloaddition of ethoxycarbonylformonitrile oxide to
methyl  N-(fert-butoxycarbonyl)-1-aminocyclopent-3-enecarboxylate =~ was  achieved

(Scheme 14).

@<C02Me
NHBoc EtO,C H

EtO.C
36 NaHCO;
. ACOEt NGIH GypCOMe LCoaMe
EtO,C 01~ 'NHBoc 0 NHBoc
)=NOH H H
< 3 (+)-37 (82%) ()-38 (18%)

Scheme 14. Preparation of racemic cycloadducts 37 and 38.

The synthesis of cycloadducts (£)-37 and (+)-38 was extended to their preparation in

enantiomerically pure form by enzymatic kinetic resolution (Scheme 15).

EtO,C | EtO,C | EtO,C |
N/ CO,Me CALB 7 COH | (T \(COMe
0 “NHBoc phosphatate 0 “NHBoc 0— NHBoc

H buffer/ acetone H A
(£)-37 (-)-(3aS,5S,6aS)-39 (+)-(3aR,5R,6aR)-37
EtO,C EtO,.C EtO,.C
.CO,M : H CO,M
IO e T8 0
O phosphate 0= ¢
H buffer/ acetone
(+)-38 (+)-(3aR,58,6aR)-40 (-)-(3aS,5R,6aS)-38
(£)-38 papain (--(3aS,5R,6aS)-40 + (+)-(3aR,5S,6aR)-38

phosphate
buffer/ acetone

Scheme 15. Kinetic resolution of compounds (+)-37 and (+)-38.
Diesters (+)-37 and (+)-38 were subjected to hydrolysis with catalysis by lipase B

from Candida antartica (CALB). Papain catalysed the hydrolysis of diester (+)-38 to

monoacid (-)-40, whereas proleather converted (£)-38 into enantiomer (-)-38 and (+)-40.

10



All stereoisomers were isolated and were then transformed into the related final amino acids
(-)-34 and (-)-35 by standard reactions (Scheme 13).**

Conti and co-workers synthetized novel isoxazoline-containing glutamate derivatives
(41a-44b) with increased conformational rigidity of the pharmacophoric groups

(Scheme 16).*

o NH

R= COZH +)-41a R= COZH +) -41b R
R = OH; (+)-42a R = OH; (+)-42b R
R

Z

H; (5R,8S)-43a
O,H; (5R,85)-44a

%COZ >_—bn\COZ Ni /:ROF\\J\\002H
@)
NH

R = OH; (5S,85)-43b R = OH; (5S,8R)-43a R = OH; (5R,8R)-43b
R = CO,H; (5S,85)-44b R = CO,H; (5S,8R)-44a R = CO,H; (5R,8R)-44b

0]
C

W

Scheme 16. Isoxazoline-containing glutamate analogues.

In the first set of compounds (41a,b and 42a,b) the amino acidic moiety is attached to
a cyclopropane ring, whereas in the second set of derivatives (43a,b and 44a,b) a spirocyclic
3-hydroxyisoxazoline ring is linked to a proline skeleton. Racemic isoxazoline-containing
compounds (+)-46a and (£)-46b were synthetized by 1,3-dipolar cycloaddition between
compound 31 and dipolarophile (£)-45 (Scheme 17).

%/C \\CozEt

H NHBoc N -0 o
(+)-45 NaHCO; EtO,C—” . . EtO,C—
AcOEt /\ COEL CO,Et
’ H NHBoc Hy NHBoc
EtOzC>:NOH (+)-46a (14%) (+)-46b (23%)
Cl 44

Scheme 17. Synthesis of compounds (+)-46a,b.

Cycloaddition with compound 47 as nitrile oxide precursor furnished two

stereoisomers, (+)-48a and (£)-48b (Scheme 18).

11



— \\COZEt
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()-45 N N
. NaHCO;  Br—< . Br—¢ §
B AcOEt NA\GCOEL  + CO,Et
I 3 .
>:NOH H NHBoc Hy, NHBoc
Br 47 (+)-48a (65%) (+)-48b (25%)

Scheme 18. Preparation of compounds (+)-48a,b.

The synthetic strategy described above was also applied for the preparation of
enantiomerically pure spirocyclic derivatives 50a,b and S1a,b. The 1,3-dipolar cycloaddition
was performed between ethoxycarbonylformonitrile oxide or bromonitrile oxide and (S5)-49.
In the course of the reaction, a mixture of stereoisomers was formed in a ratio of 1:3

(50a:50b) or 1:4 (51a:51b) (Scheme 19).

EtO,C

o’]\/é—coztsu
N6H003, pC Boc
Yg_ CoyB (5R,85)-50a
N

@
¢
©
&
Ny
S/
el
>
o/ ¥
m
/Z
oj/
@]
o}
N
o
C
+

\BOC
(5R,8S)-51a (5S,85)-51b

Scheme 19. Syntheses of spirocyclic isoxazoline-containing compounds.
The reactions were also performed by starting from the R enantiomer [(R)-49] with

ethoxycarbonylformonitrile oxide or bromonitrile oxide, when two stereoisomers, 50a,b and

51a,b, were isolated (Scheme 20).
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EtO,C EtO,C

A / =
N, R N A
EtO,C Cl o S " CO,tBU + o”|R R',"COQI‘BU
nCcO N N
Nao"c’& Boc Boc
ﬁ\\/y?ncoztau Ao (6S,8R)-50a (5R,8R)-50b
N
Boc Br
(R)-49 =
N\ R R
* o) "1COLtBU
! N
Boc Boc
(5S,8R)-51a (5R,8R)-51b

Scheme 20. Syntheses of enantiomerically pure spiro derivatives 50a,b and S1a,b.

The resulting cycloadducts were transformed into the target amino acids
(Scheme 16) by deprotection of the amino group, transformation of the halogen to the
hydroxy group and hydrolysis of the ester function.®

Kurth and co-workers prepared hydantoin-containing isoxazoline derivatives.”** The
hydantoin nucleus is an important motif in medicinal and agrochemistry. For the preparation
of the dipolarophile, cyclopentenecarboxylate 52 was used, which was treated with aqueous
HCI in THF, followed by aqueous NaOH to afford amino ester 53. Reaction of 53 with aryl
nitrile oxides yielded 54-56 (Scheme 21).”
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R?HN
p-BrCgH,HC=N CO,Et H,N CO,Et =0

1.1 N HCI, THF _REN=c=0_ FIN COH
2.1 N NaOH DME
52 53 (83%) 54: R2 = GgHs (90%)
55: R2= p-CICqH, (88%)
56: R2 = p-FCqH, (92%)
Et;N, DME
SN — RPHN RZHN -

Y T

HN COEt  HN_CO,Et

O\N/ R1 O\N/ R1
59 (82%) 58 (0%) 57 (51%)
R'= nPr - -
R'=Ph

Scheme 21. Preparation of hydantoin-containing heterocycles 59.

In order to prepare hydantoin derivatives 59, the 1,3-cycloaddition of nitrile oxides to
dipolarophiles 54-56 was performed. The nitrile oxides were generated by Mukaiyama’s
method from primary nitroalkanes in the presence of Et;N. The reactions gave only one
cycloadduct 57, and cyclization to hydantoins 59 can be achieved without intermediate
isolation.

The diastereoselective cycloaddition of cyclopentenyl ureas with nitrile oxides can be
understood in terms of the on H-bonding-directing effect in the cycloaddition step

(Figure 2).”?

Figure 2. H-bonding-controlled cycloaddition.
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In view of the biological activities of the spirohydantoins and spiroisoxazolines,
strategies were developed for the synthesis of hydantoin- and izoxasoline-containing

heterocycles with a central cyclobutane core (Figure 3).”

R o
N
it
= éNH
\‘\\ p

—N
R1

60

Figure 3. Spiroisoxazoline derivative 60.

For the generation of nitrile oxides, different aldoxime derivatives were used in the

presence of bleach, in CH,ClI, (Scheme 22).

EtO,C_ NHBoc  EtO,C_NHBoc

EtOZC,/’ NHBoc R'CH=NOH

bleach, DCM

O
—N
R1
61 62a-c 3:1
3stei),7
R o
N
M
0=*, NH
V=
R1

60a-f R?=Ph, PhCH,, p-CICgH,, m-CICgH,4, nBu

Scheme 22. Synthesis of hydantoin- and isoxazoline-containing derivatives from cyclic

amino acids.
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The exo-methylene cyclobutane system induced some diastereoselectivity: the
H-bond-directed product 62 was obtained with 3:1 selectivity relative to the non-H-bond-
directed product 63. After the preparation of isoxazoline-containing derivatives 62a-c,
neutralization with Et;N afforded free amines, treatment of which with various isocyanates
furnished the corresponding urea derivatives. Treatment of these urea derivatives with base

afforded dispirocyclobutanoids 60.”

2.4. Synthesis of highly functionalized bioactive amino acids by 1,3-

dipolar cycloaddition of nitrile oxides as key step

The influenza virus is one of the most dangerous known to humans. Over the past two
decades, a number of classes of neuraminidase inhibitors have been developed and shown to

. . . . . . . 94-101
be somewhat effective in controlling influenza infections in humans.

Zanamivir (64) and
Oseltamivir (65)°* **'°! (Figure 4) have been approved for the treatment and prevention of
influenza. Both are effective inhibitors of the A and B forms of neuraminidase, but as a
highly polar compound Zanamivir requires administration by oral inhalation, and Oseltamivir
has been reported to cause nausea and vomiting. A more recent agent, Peramivir (66),”” has

been shown to be a potent neuroaminidase inhibitor.

OH
OH OH NHCOMe NHCOMe HCOMe NH

A N__NH, o - N OH

g HO( H
OH O~ NH, (0) (0]

>~N )—COM

CO,H COgR CO,H H \

HO
Zanamivir Oseltamivir Peramivir DANA

67

Figure 4. Structures of highly functionalized cyclic amino acid derivatives as neuraminidase

inhibitors.

A number of other modified derivatives of Zanamivir, Oseltamivir and Peramivir are

also potent neuroaminidase inhibitors.”® A number of publications have appeared from the
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94,95,98.

Chand laboratories on neuroaminidase inhibitors, the aim being the synthesis of

multisubstituted cyclopentane derivatives, analogues of Peramivir (Figure 5), which can

serve as potential influenza neuroaminidase inhibitors.”**

HN < NH2 \H
HN 2
HN.., .wCO,H
HN.., .wCO,H
H
NHAC H
R~ NHAc
R
68 69a: R = Et 70a: R = Et
69b: R = nPr 70b: R = nPr

Figure 5. Some Peramivir analogues.
The target molecule 68 was synthetized from 3-cyclopentene-1-carboxylate 71.”* The

1,3-dipolar cycloaddition of 71 to valeronitrile oxide (generated in situ from CsH;NO,,

PhNCO and Et;N) gave both isomers (72 and 73) in a ratio of 4:1 (Scheme 23).
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CsH41NO, Jol jo)
@ COMe PhNCO N COMe N CO,Me
EtsN

nBu nBu
71 72 (45%) 73 (11%)
4:1

BocN NHBoc
R .wCO,Me R, wCO,Me
1. NaN; MeS-C(=NBoc)(NHBoc) ~ HN»¢\..COMe
nBu 2.Pd/C,H, nBu hoCl, ;
NHAc NHAc nbu
a: R=0H (61%) a: R = N3 (86%) 76 (64%)
b: R = 0OSO,Me (41%) b: R = NH, (50%)
. o
)
,\.Oq/ $ao‘3‘
HN NH,
HN.., wCO,R
nBu
NHAc
68
a: R =Me (70%)
b: R=H (68%)

Scheme 23. Syntheses of multisubstituted cyclopentane derivatives.

Isoxazoline 72 was first reducted with PtO,/H,, and then acetylated to give 74a.
Transformation of the hydroxy group to an azide or amino function afforded 75. 75b was
converted to the target compound 68 via 76 by treatment with
1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea.

In compound 72, the isoxazoline ring was fused with C-3 and C-4 with respect to the
carboxyl function. A compound was planned with the isoxazoline ring fused with C-2 and
C-3. In this case, the hydroxy group would be attached to C-2; thus, an amino group is
required at C-4 on the cyclopentane ring for conversion into a guanidino group. Compounds
69a,b (Figure 5), with a double bond between C-2 and C-3, were subjected to nitrile oxide
addition.”* Cycloadduct 79 was prepared from the commercially available
2-azabicylco[2.2.1]hept-5-en-3-one 77 (Vince lactam), which was first transformed to

protected amino ester 78.°*”> This compound underwent 1,3-dipolar cycloaddition with
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nitrile oxides (derived from 2-ethyl-1-nitrobutane or 2-propyl-1-bromopentane) to give four
cycloadducts, 79a,b, 80a, 81a and 82a (Scheme 24). The main adduct, 79, was isolated by

column chromatography in a yield of 60%; the total yield of the other three isomers was
15%.

O
v
HN _:/ 1. HCl/MeOH BOCHN'I/@\\‘COZMG

@ 2. (Boc),0, EtsN

77 78 (86%)

Et Pr

Et Pr
PhNCO, Et;N

| |

R R 3

O. 7 )
N TN
R R
79a: R = Et (61%) 80a: R = Et (11%) 81a: R = Et (4%) 82a: R = Et (1.3%)
79b: R = nPr (62%) 80b: R = nPr (0%) 81b: R = nPr (0%) 82b: R = nPr (0%)

Scheme 24. Syntheses of isoxazoline-fused cyclic y-amino acid derivatives 79-82.
In the major products 79a,b, the isoxazoline ring was opened by hydrogenolysis in

MeOH in the presence of PtO, and one equivalent of HCI to give 83a,b (Scheme 25). The

desired target compounds (69a,b and 70a,b) were next prepared in 4 or 6 steps.
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BocHNu, CO,Me BocHNu, wCOyMe
wCO,Me thiocarbonyl- f’\
1. PtO,, Hy, HCIL diimidazole N~

SN C 2. Ac20, EtN NHAc NHAc
79a: R = Et 83a: R = Et (67%) BusSnH 84a: R = Et (60%)
79b: R = nPr HCI, Et,0 83b: R = nPr (61%) 84b: R = nPr (74%)
HoN.., .wCO,Me BocHN.,, CO,Me 2N:,, CO,Me
R HCI, Et,O
— <
OH
R NHAc NHAc NHAc
89a: R = Et (67%) 85a: R = Et (95%) 86a: R = Et (100%)
89b: R = nPr (98%) 85b: R = nPr (91%) 86b: R = nPr (100%)

H3CS-C(=NBoc)(NHBoc) H3CS-C(=NBoc)(NHBoc)

BOCN§\/NHBOC BocN NHBoc BocN NHBoc
HN.., .wCO,Me NaOH HN.., .wCO,H HN., wCO,Me
R —_— R R
OH OH
R NHAc R NHAc R NHAc
90a: R = Et (74%) 91a: R = Et (90%) 87a: R = Et (78%)
90b: R = nPr (72%) 91b: R = nPr (91%) 87b: R = nPr (76%)
1. NaOH
CF3COzH 2. CF3CO,H
HN<NH2 HN< N2
HN., wCO,H HN.., .wCO,Me
R R
OH
R NHAc R NHAc
69a: R = Et (68%) 70a: R = Et (78%)
69b: R = nPr (28%) 70b: R = nPr (26%)

Scheme 25. Syntheses of Peramivir analogues 69a,b and 70a,b.

Biological analysis revealed that structures such as 69a,b and 70a,b have similar or
better efficacy in vivo in comparison with Zanamivir and Oseltamivir when administered
orally or intranasally. These compounds are of great promise as potential drugs if

administration routes other than oral are chosen, and prodrugs will be investigated.”**
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3. RESULTS AND DISCUSSION
3.1. Synthesis of racemic and enantiomerically pure starting

materials

C-C double bond-containing B-amino esters as dipolarophiles were prepared as
starting materials for planned 1,3-dipolar cycloaddition with nitrile oxides. These
B-amino ester carboxylates 94a-d were prepared by well-known methods, starting from
cyclopentadiene and cyclohexadienes (92a-c).'"* ' In the first step, bicyclic p-lactams 93a-c
were synthetized by N-chlorosulfonyl isocyanate (CSI) addition to dienes 92a-c (Scheme 26).
The reactions were carried out at 0 °C in dry diethyl ether, the [2+2] cycloaddition resulting
in the formation of the corresponding sulfonamide. The SO,Cl group was removed by
hydrolysis with Na,SOs3, which led to the desired B-lactams 93a-c¢. The products were
purified by crystallization from diisopropyl ether.

1. CSlI CO,Et
addition 1. HCV/EtOH @
NH NHR

2 hydroly3|s 2. N-Boc or
COPh protection  94a n=0. R = Boc
92a,n=0 93a,n=0 -0 R =
_ 94b, n =0, R = COPh
92b,n =1 93b,n=1 - =
92 =1 93 =1 94c,n=1,R=Boc
c,n= c,n= 94d,n =1, R=Boc

Scheme 26. Preparation of protected aminocyclopentane- or cyclohexane carboxylates

94a-d.

The lactam ring in azetidinones 93a-¢ was opened at 0 °C in dry EtOH with
HCI/EtOH solution. After 1 h, the ester hydrochloride had crystallized out from the solution
and the pure product was filtered off from the reaction mixture. Finally, the amino group was
protected with the Boc or COPh protocol (Scheme 26). N-Boc protection was carried out
with Boc,O in THF at 0 °C in the presence of Et;N, while COPh protection was achieved
with benzoyl chloride in the presence of NaHCOs in toluene, likewise at 0 °C. The protected
amino esters 94a-d were purified by crystallization from n-hexane.

Our research group has developed a method for translocation of the C-C double bond

in the carbocycle of the B-amino acid, starting from bicyclic p-lactam 93b.'” The reaction is
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based on regio- and stereoselective iodolactonization in the presence of I,/KI (Scheme 27).
The iodolactonization of cis and trans N-protected B-amino acids 95 and 99 was performed
in DCM at room temperature, in the presence of aqueous NaHCOj; solution. The reaction
sequence was followed by dehydroiodination with 1,8-diazabicyclo[5.4.0Jundec-7-ene in
THF under reflux. The desired cis- and frans-lactones 96 and 100 were purified by

crystallization from n-hexane.

O
NH
93b HO CO,Et
1. HCI/H,0 K:E
\2. Boc protection NHBoc
97
CO,H ° [
rin
EI 27 1 iodolactonization § open?ng
NHBoc 2. elimination
NHBoc
95 96 HO COEt
NHBoc
98
_//O HO CO,Et
@COZH 1. iodolactonization O : ring opening w2
NHBoG 2. elimination @ NHBoc
NHBoc
99 100 101

Scheme 27. Preparation of cis- and trans-lactones 96 and 100, and hydroxylated amino esters

97,98 and 101.

Lactone opening with NaOEt furnished three hydroxylated amino ester stereoisomers,
97, 98 and 101 (Scheme 27).'” Epimerization was also observed in the case of cis-lactone
96, because of the presence of base in the reaction mixture (NaOEt, see section 3.3).
Stereoisomers 97 and 98 were separated and purified by column chromatography on silica
gel, with n-hexane/EtOAc as eluent, while compound 101 was isolated by crystallization.

For the preparation of enantiomerically pure starting compound (+)-102 and
(-)-93, racemic P-lactam 93a was subjected to enzymatic resolution.'® The protocol was

based on the lipase-catalysed enantioselective ring opening of racemic -lactam 93a. The
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commercially available CAL-B was used as enzyme. The reaction, carried out in iPr;0,
afforded the desired amino acid enantiomer (+)-102 and the B-lactam (-)-93a enantiomer in
excellent enantiomeric excess (ee > 99%, Scheme 28).'” Both enantiomers were then
transformed to the required dipolarophiles, (+)-94a and (-)-94a, by esterification and
N-Boc protection in the case of (+)-94a, and by azetidinone ring opening (-)-93a, followed

by N-Boc protection (Scheme 28).'%

O 1R.COH s, A
@( lipolase Q’ 2 + @’/
NH iPr,0, 70 °C 25 2 sNH
Ha
rac-93a (+)-102 (-)-93a
1. SOCI,/EtOH, 0 °C to 78 °C 1. HCI/EtOH, 0 °C, 1 h
2. Boc,0, Et3N, THF, 0 °C to 20 °C 2. Boc,0, Et3N, THF, 0 °C to 20 °C

IR.CO,Et @13\\\002&
2S | 2R
NHBoc ‘NHBoc

(+)-94a (-)-94a

Scheme 28. Preparation of N-Boc-protected aminocyclopentene carboxylate enantiomers

(+)-94a and (-)-94a.

3.2. Synthesis of isoxazoline-fused cispentacin and transpentacin

derivatives

For the synthesis of isoxazoline-fused cispentacin and transpentacin derivatives, the
starting material used as dipolarophile was ethyl 2-aminocyclopentenecarboxylate (94a,b)
bearing different protecting groups, such as Boc or COPh moieties. The nitrile oxide as
1,3-dipolar agent for construction of the isoxazoline ring system was generated in situ from
EtNO;, or nPrNO; in the presence of Boc;O and DMAP, according to the methodology of
Mukaiyama. The reactions were carried out in THF at room temperature, for 15 h
(Scheme 29). Unfortunately, a significant amount of starting material was also detected by
TLC monitoring, but this was recovered after purification by column chromatography on

silica gel (n-hexane/EtOAc).
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(I) EtNOz or I’lPI’NOz, BOCzo

NHR

94a: R = Boc
94b: R = COPh

(ii) chromatography

DMAP, THF, 20 °C, 15 h

|

| f

CO.Et R R' COEt
O § CO,Et co,et ©
N \\\\‘ / / NS
] NHR N.ge N, NHR
R' O NHR o NHR R'
103a: R = Boc, 61% 104a: R = Boc, 14% 105a: R = Boc, 7% 106 (0%)
R'=Me . R =Me R'=Me
103b: R = COPh, 68%  104b: R= COPh, 12%  105b: R = COPh, 7%
R'=Me R =Me R' = Me
103c: §'= BEct)c, 35% 104c: R = Boc, 15% 105c: R = Boc, 0%
= R'=Et R'=Et
103d: R = COPh, 40%  104d: R=COPh, 10%  105d: R = COPh, 5%
R'= Et R = Et R = Et

Scheme 29. Syntheses of isoxazoline-fused f-amino ester regio- and stereoisomers from cis-

2-aminocyclopentenecarboxylates 94a,b.

The cycloadditions resulted in three of the four possible regio- and stereoisomers,
103a-d, 104a-d and 105a-d, in a ratio of 70:20:10. Although the cycloaddition was not
selective, three novel isoxazoline-fused cispentacin derivatives could be isolated and
characterized.

When amino esters 94a,b underwent cycloaddition, EtNO, being used for the
generation of nitrile oxide, two trans- and one cis-isoxazoline-fused regio- and stereoisomers
(103a,b, 104a,b and 105a,b) were obtained in good overall yield (82-87%). The
cycloadducts were separated and purified by column chromatography on silica gel
(n-hexane/EtOAc) instead of crystallization, since the latter proved difficult through the
presence of the starting material and the three products. The structures of the products were
confirmed by 'H NMR, "*C NMR and 2D NMR spectroscopic data (such as COSY, NOESY,
HSQC and HMBC in DMSO or CDCls), acquired with a 400 or 500 MHz spectrometer. For
determination of the regiochemistry, COSYand HSQC spectra were used. For the main

product (103a,b), the CH, group (H-6) from the cyclopentane skeleton gave a well-visible
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cross-peak with H-6a, which is next to the O-atom of the isoxazoline ring. This cross-peak

was not found for the two minor products (104 and 105) (Figure 6).

COosy

R, H H
| 3a

103 104 105

Figure 6. The visible cross-peaks in the COSY and NOESY spectra.

NOESY NMR spectroscopy was used to establish the stereochemistry of the
cycloadducts. For the two regioisomers (103a,b and 104a,b), cross-peaks were not observed
between H-6a and H-5, or H-3a and H-4, or between H-3a and H-5 or H-6a and H-6, and it
may therefore be assumed that the isoxazoline ring is frans to the carbamate and ester
functions. In contrast, the cross-peak was present for the very minor product, demonstrating
that the ester and carbamate functions are cis to the isoxazoline ring. The structure of 103b

was also determined by X-ray analysis (Figure 7).

Figure 7. Ortep diagram of compound 103b.

The cycloadditions of nitrile oxides generated from nPrNO, to Boc- or benzoyl-

protected ethyl 2-aminocyclopentencarboxylates (94a-b) were performed under similar
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conditions as described earlier for EtNO,. Similar results were obtained in these reactions
too: three cycloadducts (103¢,d, 104¢,d and 105d) (Scheme 29, Figure 8) were detected and
isolated in overall yields of 50-55%. In the case of the Boc-protected amino ester
carboxylate, the third cis-fused stereoisomer, 105¢, could not be isolated (Scheme 29). For
the separation of these products, column chromatography purification on silica gel
(n-hexane/EtOAc) was also used, and the unreacted starting material was recovered during
the purification. The structures of the compounds were confirmed by 'H NMR, *C NMR and
the 2D techniques: COSY, NOESY, HSQC and HMBC. Visible cross-peaks in the COSY
and NOESY spectra proved the structures of the cycloadducts. For compounds 103d and
104d, the X-ray diffraction data confirmed the structures (Figure 8).

Figure 8. Ortep diagrams of compounds 103d and 104d.

In all cases, the “frans” isoxazoline derivatives 103a-d were formed as major
products, with the O-atom of the isoxazoline unit farther from the carbamate or amide group.
The substituent on the nitrile oxide did not affect the selectivity of the cycloaddition
dramatically, and we therefore continued an experimental search for synthetic routes with
higher selectivity for the preparation of isoxazoline-fused cispentacins.

The dehydration of primary nitroalkanes to generate nitrile oxides may be attained not
only with Boc;O and DMAP (Scheme 29), but also with PANCO and Et;N. Compounds
94a.b were subjected to 1,3-dipolar cycloaddition under these conditions, using RNO;

(R =Me or Et), PANCO and Et3;N in THF at 65 °C for 15 h (Scheme 30).
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CO,Et
COEt EtNO, or nPrNO,, PhANCO Np Q
\

EtsN, THF S NHR
NHR 65°C, 15 h va
94a: R = Boc 103a: R = Boc; R' = Me; 50%
94b: R = COPh 103b: R = COPh; R' = Me; 38%

103c: R = Boc; R' = Et; 30%
103d: R = COPh; R' = Et; 40%

Scheme 30. Regio- and stereoselective syntheses of isoxazoline-fused f-amino esters 103a-d

from ethyl cis-2-aminocyclopentenecarboxylates 94a,b.

The reactions resulted 100% selectively in 103a-d, which were isolated from the
crude reaction mixture by column chromatography on silica gel (n-hexane/EtOAc).
Unfortunately, only low conversions were achieved and if the reaction time was prolonged,
polymerization of the nitrile oxide was also observed. Besides the polymerization product,
diphenylurea was detected, which was removed by filtration. In the products, the isoxazoline
ring was trans to the carbamate and ester groups, and the O-atom of the isoxazoline skeleton
was farther from the carbamate. The structure was confirmed by '"H NMR, >C NMR and 2D
spectroscopicy. The explanation of the unexpected selectivity under these reaction conditions
is not yet clear. The mechanism of the generation of nitrile oxide with PANCO and Et;N is
similar to that for Boc,O and DMAP (see Scheme 5). We are not aware of any similar
example in the literature.

The results of nitrile oxide cycloaddition to ethyl #rans-2-aminocyclopentene-
carboxylates 107a,b proved interesting (Scheme 31). Whereas the addition of nitrile oxide to
the corresponding cis isomers 94a,b gave three cycloadduct isomers, 103a-d, 104a-d and
105a-d (Scheme 29), under the same experimental conditions (RNO,, Boc,O and DMAP) the
trans counterparts 107a,b 100% selectively furnished only one isoxazoline-fused
cycloadduct isomer, 108a-d (Scheme 31). The structures of the new products were proved
not only by means of the spectroscopic data, but also experimentally. We presumed that the
cycloadduct formed is one of the diastereomers of the earlier-prepared cycloadduct
(see Scheme 29), which can be synthetized by epimerization at C-5 in the presence of NaOEt
in EtOH (see section 3.3). This expectation proved successful, for compounds 108a-d could
also be prepared by epimerization of the very minor products 105a,b (Scheme 31) of
cycloaddition to 94a.b.
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EtNO, or nPrNO»

DMAP 0" ) mCOEL R’> WCOEt 9 nCOEt
N\ B N o /“”Q N «
Boc,0, THF, 20 °C

" NHR N, o NHR
109 110 111
Rl Rl
EtNO5 or nPrNO, CO,Et CO,Et
CO5Et DMAP N/ NaOE m
Boc,0, THF, 20 °C Ne) NHR EtOH,20°C,12h QO NHR
NHR 20 h, (27-46%) (31-39%)
107a: R = Boc 100% selective 108a: R = Boc; R' = Me, 46% 105a: R = Boc; R' = Me
107b: R = COPh 108b: R = COPh; R' = Me, 42% 105b: R = COPh; R' = Me
108c: R = Boc; R' = Et, 22% 105d: R = COPh; R' = Et

108d: R = COPh; R' = Et, 44%

Scheme 31. Regio- and stereoselective syntheses of isoxazoline-fused -amino esters 108a-d

from trans-2-aminocyclopentenecarboxylates 107a,b.

Since both Boc,O and PhNCO in combination with RNO; reacted with the protected
cis amino ester 94a,b 100% regio- and stereoselectively, it appeared interesting to vary the
substrate too. Accordingly, the Boc-diprotected cis amino ester 112 was reacted with nitrile
oxide under the conditions given in Scheme 29. This transformation led selectively only to
the "trans" isoxazoline-fused derivatives 113a,b (Scheme 32), in which the O-atom of the
isoxazoline is farther from the carbamate. The product was readily separated from the
unreacted starting material by column chromatography, with n-hexane/EtOAc as eluent.
Unfortunately, the isolated yields were quite low (113a: 18%, 113b: 15%), a large quantity

of starting material 112 being recovered during purification.

CO,Et EtNO, or nPrNO, O CO,Et
Boc,O, DMAP ’\i
NSO
N(Boc), THF, 20 °C, 15 h 3 N(Boc),
R
112 113a: R = Me; 18%

113b: R = Et; 15%

Scheme 32. Regio- and stereoselective syntheses of isoxazoline-fused f-amino esters 113a,b

from 112.

To confirm that the dipolarophile may affect the selectivity of the 1,3-dipolar

cycloaddition of the nitrile oxide, ethyl 2-(fert-butoxycarbonylamino)cyclohex-3-
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enecarboxylate (114) and its regioisomer ethyl 2-(fert-butoxycarbonylamino)cyclohex-4-

enecarboxylate (116) were next used as dipolarophiles in the cycloaddition (Scheme 33).

1. EtNO,, Boc,O COEt
COEt DMAP, THF, r.t., 12 h, 25%
2. EtNO,, PANCO o NHBoc
NHBoc  Et;N, THF, reflux, 15 h N=
114 115, 23%

1. EtNOZ, BOCZO

COEt  DMAP, THF, rt, 12h .
no transformation
2. EtNO,, PhNCO

NHBoc Et3N, THF, reflux, 15 h
116

Scheme 33. Cycloaddition of the nitrile oxide to aminocyclohexenecarboxylates 114 and

116.

In the case of amino ester 114 both the EtNO, and PhNCO and the EtNO, and Boc,O
systems were used as dehydrating agents for the generation of nitrile oxide. The reactions
were carried out in THF solution for 15 h. The crude product was purified by column
chromatography on silica gel (n-hexane/EtOAc) and the cycloaddition 100% selectively gave
only one cycloadduct, 115. The structure of the product was identified via the '"H NMR,
C NMR and 2D spectra (COSY, NOESY, HSQC and HMBC), which clearly confirmed
that the isoxazoline ring is cis to the ester and amide functions and the O-atom of the
isoxazoline ring is farther from the carbamate. Unfortunately, the yield of the reaction was
low, and a large quantity of starting material was recovered during purification. The
dipolarophile 116 proved inactive in the 1,3-dipolar cycloaddition, probably because the C-C
double bond is distant and more isolated from the carbamate and ester functions.

Next, hydroxylated aminocarboxylates 97 and 98 (for the preparations, see Scheme
29) were subjected to the 1,3-dipolar cycloaddition of nitrile oxide through their olefinic
bond. Although the reaction was attempted under different conditions, such as the Huisgen
(from aldoximes) and Mukayama (from primary nitroalkanes) methodologies in different
solvents, the required cycloadduct could not be prepared: only the starting material was
detected on TLC. The reason for this is probably the reduced reactivity of the isolated ring
double bond in 97 and 98 (Scheme 34).
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Further, in order to investigate the possibility of the preparation of novel isoxazoline-
fused cycloadducts, unsaturated cis-lactone 96, derived from azetidinone 93b (Scheme 27),
was subjected to nitrile oxide cycloaddition. The nitrile oxide was generated from the
reaction of EtNO,, Boc,O and DMAP in THF for 48 h at room temperature. Addition to 96
(Figure 9) furnished isoxazoline-fused aminolactone 117 regio- and stereoselectively, as the
sole cycloaddition product, which was isolated from the crude reaction mixture by column

chromatography on silica gel, using n-hexane/EtOAc as eluent (Scheme 34).

96
HO CO,Et EtNO
EtNO, 2 )
HO COEt Byc,0, DMAP NSOEL. E{OH Boc,0, DMAP
X NHBoc -— THF, 48 h, r.t.
\ 0°C,1h
NHBoc THF, r.t. N-O 750, @)
97 ° o
118
HO ~COEt EtNO, HO “CO,Et 4 NHBoc
\Q\ Do VA \p N2OEL EIOH]  N°© (31%)
(o]
NHBoc NHBoc rt,8h
THF, r.t. \ A7

98 N-O
119

Scheme 34. Syntheses of isoxazoline-fused f-amino carboxylates 118 and 119.

In the cycloadduct, the isoxazoline ring and the carbamate group display cis relative
stereochemistry, while the O-atom of the isoxazoline ring is closest to the carbamate
(Scheme 34). This stereochemistry was determined from the 2D NMR spectroscopic data.
PhNCO was not used for the generation of nitrile oxide because a large amount of
diphenylurea is formed during the cycloaddition, and 100% selectivity was achieved with
Boc,0 as dehydrating agent.

Next, compound 117 was subjected to lactone opening with NaOEt. The reaction at 0
°C in EtOH for 1 h afforded hydroxylated isoxazoline-fused aminocyclohexanecarboxylate
118 in a yield of 75% (Scheme 34). The product was crystallized from n-hexane/EtOAc.
Lactone opening with NaOEt at 20 °C for 8 h involved epimerization at C-8 to give a
hydroxylated amino ester 119, a diastereoisomer of 118, in a yield of 47% (Scheme 34). This

rather modest yield is probably a result of the formation of various polymer materials.
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Figure 9. Ortep structure of 96.

The reason why isoxazolines 118 and 119 could not be prepared by the addition of
nitrile oxide to the C-C double bond of hydroxylated amino ester 97 or 98 (Figure 10) is
unclear. The explanation of the unexpected difference in the reactivity of bicyclic lactone 96
(Figure 9) and hydroxylated esters 97 and 98 in nitrile oxide dipolar cycloadditions is not yet
known. We postulated that it is related to the length of the C-C double bond in their

structures.

Figure 10. Ortep structures of 97 and 98.

We initially presumed that in consequence of the rigidity in the structure of lactone
96, the C3-C4 (C=C) distance is higher in comparison with the C3-C4
(C23-C24 in Ortep, Figure 10) distance in 97, and C3-C4 in 98. Unfortunately, X-ray studies
did not support this assumption. The C-C double bond distance measured in 96 was 1.323 A,
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while that in 97 was 1.325 A, i.e. there was no relevant difference in length. However, the
difference in the reactivity of the C-C double bond in these two types of molecules may be
attributed to stereochemical reasons: our experimental results indicate that the rigid ring
framework in 96 determines the much higher reactivity of its olefinic bond, in contrast with
the C-C double bond in 97 or 98, which do not contain constrained systems.

Following similar experiments, other novel highly-substituted
B-aminocyclohexanecarboxylates were prepared by 1,3-dipolar cycloaddition of nitrile

oxides to trans-lactone 100.'%

Again, the cycloaddition to hydroxylated ester 101 failed,
leading to no isoxazoline-fused products; only the presence of starting material was found on
TLC. The addition of nitrile oxide (derived EtNO,, Boc,O and DMAP in THF) to lactone
100 was then effected (Scheme 35). The reaction resulted 100% regio- and stereoselectively
in isoxazoline derivative 120, which was isolated by column chromatography on silica gel
(n-hexane/EtOAc). In this product, as a result of the H-bonding interaction, the isoxazoline

ring is cis to the carbamate, while the O-atom of the heterocycle is closest to this group

(NHBoc). This finding was confirmed by the 2D spectroscopic data.

o o)
o—<¢ EtNO,
@;‘002"' see NG Boc,O, DMAP
g THF, 48 h
NHBOCScheme 27 NHBoc i NHBoc
99 100 -

120 (32%)

%e Scheme 27 /NaOEt, EtOH
rt,1h

.CO,Et nitroethane HO.,, wCO,Et

H ’
O /,Q BOCzo, DMAP
—X—
NHBoc

THF, r.t. ¢
101 N-O
121 (88%)

NHBoc

Scheme 35. Synthesis of isoxazoline-fused -aminocarboxylate 121.
On treatment with NaOEt at room temperature for 1 h, 120 underwent lactone ring

opening to result in the corresponding hydroxylated ester 121, which was purified by

crystallization from an n-hexane/EtOAc solvent system.
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3.3. Regio- and stereoselectivity of 1,3-dipolar cycloaddition to

protected cis-and trans-amino ester carboxylates

In order to support our experimental results regarding the regio- and stereoselectivity
of the 1,3-dipolar cycloaddition of nitrile oxides, theoretical calculations were made.
1,3-Dipolar cycloaddition to protected cis-2-aminocyclopent-3-enecarboxylates (94a,b)
resulted in three cycloadducts, 103a-105d (Scheme 29), whereas with PANCO as dehydrating
agent only one cycloadduct was detected, 103a-d (Scheme 30). In all cases, the main product
was the compound in which the carbamate and ester groups on the isoxazoline ring are in the
trans arrangement, and the O-atom of the isoxazoline skeleton is farthest from the carbamate.
The regioselectivity can probably be explained in terms of electronic factors: because of the
electron-withdrawing effect of the N-atom of the carbamate, the negatively charged O-atom
of the dipolar agent attacks at C-4 of amino ester 94a,b, farthest from the carbamate or amide
group. Similar regioselectivities were observed earlier in the reactions of nitrile oxides with

y-aminocarboxylates with a cyclopentene skeleton’*?>7

, though the selectivity of the
cycloaddition was not analysed. These two reactions differ (see Schemes 29 and 30) only in
the dehydrating agent, and we are not aware of any similar example in the literature. DFT
calculations'”” were carried out on the reaction of 94 and MeNCO by using the G03'®
program; the reaction enthalpies and Gibbs free energies of the transition states (AH* and

AG*) and products (AH and AG) are listed in Table 1.

Table 1. Enthalpies (in kJ mol™") and Gibbs free energies (in kJ mol ") of the transformations
of 1b to 103b—106b in vacuo, with the implicit solvent and the explicit solvent model

in vacuo in implicit solvent (THF) with explicit co-solvent
AH' | AG* AH AG AH? AG* AH AG AH? AG* AH AG
103b 55.8 | 114.1 -169.5 -104.3 59.1 118.2 -165.7 | -100.0 | 67.3 126.1 -164.1 -100.1
104b 75.1 | 1283 -159.1 -97.2 79.3 132.5 -154.1 | -92.0 70.1 129.3 -1534 | -92.0
105b 49.8 | 109.5 -164.1 -101.5 54.2 113.8 -160.3 | -98.1 75.8 135.5 -160.2 | -97.7
106b 549 | 113.7 -166.7 -100.9 58.2 117.9 -161.9 | -96.3 95.4 153.9 -161.3 | -96.5

Surprisingly, from a kinetic aspect, 105b was predicted to be the main product of the
reaction, due to its lowest activation Gibbs free energy (AG*). Compounds 103b and 106b
exhibited practically equal AG* values, but the significantly higher energies

(ca. 4 kJ mol™") suggest predicted concentrations of only a few per cent. The formation of
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104b is least favourable. A possible explanation of the lowest-energy transition state of 105b
is an intermolecular H-bond between MeNCO and the amide in 94b. The same results were
obtained at each level of computation [HF/3-21G, B3LYP/6-31G(d,p) and B3LYP/6-
311++G(2d,2p)], irrespective of the solvent model applied [IEFPCM(THF)]. It was earlier
demonstrated that an explicit consideration of some selected solvent molecules or other
components in the solvent provided a much more accurate picture of the mechanism.'®
However, an EtNO; excess can be regarded as a co-solvent, strongly H-bonded to the amide
in 94b. The lowest AG* was computed for 103b (Figure 11), but the value for 104b was very
close, in agreement with experiment, where 104b was also detected in a significant amount
beside the main component 103b. For 105b and 106b, the AG* values were in all cases

higher than those calculated in vacuo, because the nitro compound occupied the reactive zone

to some extent and hindered the attack of MeNCO (Figure 11).

in vacuo or implicit solvent model:

R
N
\/ o~ R H R
l‘ \,O "' \\/ BOC\NA/V\Q/N\\/R N\
i / 1 7 EtO\C | y BocHN. .« 0
A : j EOYC ! /
BocHN BocHN
EtO,C
2 103 BOL 1104 T105 T106
explicit solvent model:
R
\/N /N R /R R
= o) ©) @
~ % I ¥ =
4 / eq eo\
BocN\ BocN\ H H l‘l R
CO,Et CO,Et ~.—N P T W
Ho - Ho 2 o Boc——n\«>0 \\/R l /N\
[NV o {7 el p
O\N @ \N\® / ] //
\R .
T103' T104' T105' T106'

Figure 11. Transition states T103, T104 and T105 in the formation of cycloadducts
103-106; steric repulsions between CO;Et and the nitrile oxides in T103 and T104, and
between NHBoc and the nitrile oxide and CO,Et and the nitrile oxide in T106, and

H-bonding interaction between NHBoc and the nitrile oxide in T105.
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The selectivity of formation of 108a-d from 107a,b is probably explained by: steric
and H-bonding interactions, as presented in Figure 12, i.e steric repulsion in the transition
state (T108) between the nitrile oxide and the ester group and a H-bonding interaction

between the carbamate and the nitrile oxide (Scheme 31, Figure 12).*

S /
Boc N/ ? \\’/R
\ //

Figure 12. Transition state T108 stabilized by H-bonding interactions during formation of

cycloadducts 108a-d.

The stereoselectivity in the reactions of 94 with nitrile oxides (generated from RNO,
and Boc,O; Scheme 29) can probably be explained analogously. Steric repulsion between the
ester moiety and the nitrile oxide determines the stereochemistry of 103 and 104 (Figure 12).
An  H-bonding interaction  between the nitrile oxide and  carbamate
(cis to CO,Et) may be neglected in these cases (T103 and T104). The regioselectivity is
probably determined by the electron-withdrawing effect of the N-atom of the NHBoc group,
favouring attack of the nitrile oxide O-atom on C-4, distant from the carbamate. These two
phenomena lead to the major products 103 and 104 (Scheme 29). Formation of the very
minor product 105 is an indication that the H-bonding interaction between the carbamate and
nitrile oxide in the transition state can just overcome the steric repulsion between the ester
and the nitrile oxide (Figure 12). The regioselectivity of the formation of 105 may also be
explained on the basis of H-bonding interactions. The postulated transition state T106
involves highly unfavourable steric hindrance not only between the ester and the nitrile
oxide, but also between the carbamate and the alkyl moiety (R) of the nitrile oxide. This

explains why isomer 106 was never formed (Figure 13, Scheme 29).
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T104 T105 T106

Figure 13. Transition states T103, T104 and T10S in the formation of cycloadducts
103-105; steric repulsions between CO,Et and the nitrile oxides in T103 and T104 and
between NHBoc and the nitrile oxide and between CO,Et and the nitrile oxide in T106,

and H-bonding interaction between NHBoc and the nitrile oxide in T105.

The results of calculations at different levels ([B3LYP/6-31++G(d,p), B3LYP/6-
311++G(d,p) and B3LYP/6-311++G(2d,2p)] agreed well with the experimental finding that
the preferred product in the transformation of 107b was 108b (Table 2, Figure 14).

Table 2. Enthalpy (in kJ mol ") and Gibbs free energy (in kJ mol ") of the transformation of
107b to 108b, 109b, 110b and 111b.

107b — TS 107b — products
AH" AG" AH AG
108 47.76 102.21 -170.02 -106.24
109 6532 11990 -154.35 -92.50
110  76.83 130.31 -152.22 -90.46
111 55.36 113.99 -163.44 —100.12
150
] _110b TS |- 108b
1254 109b_TS =— 111b_TS 1106
100 4 e 108D TS| 111b
; LT T - 109b
75 4
501 i
25 ] i 5
{2 []..]L?b\\}“ ........... ......
25 RN
_50_-
'75'_ _ _ i 100b
-1004 5 5 111b =
195 ] | | imsb

Reaction coordinate

Figure 14. Energy diagram for the transformation of 107b to 108b.
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These computations furnished eloquent proof that the selectivity of nitrile oxide
addition to trams-2-aminocyclopentenecarboxylate is largely determined by the

H-bonding effect in the transition state (Figure 15).

z-~

KR \“COZEt
= 0

\O\\ N

H

x 108b TS
o™

Figure 15. H-bonding stabilization of TS 108b in the formation of 108b.

The reactions of compound 112 illustrated in Scheme 32 gave only one cycloadduct,
as expected from the electron-withdrawing effect of the N-atom of the carbamate, in which
the isoxazoline ring is trans relative to the carbamate and ester function, and the O-atom of
the isoxazoline skeleton is farthest from the carbamate. Moreover, H-bonding interactions
were not possible between the diprotected amino function and the nitrile oxide. The same
regioselectivity was found in the cycloaddition to ethyl 2-(tert-butoxycarbonyl-
amino)cyclohex-3-enecarboxylate (114, Scheme 33). The cycloaddition reactions of cis- and
trans-lactones 96 and 100 selectively furnished only one cycloadduct 117 and 120 (Schemes
34 and 35), in which the H-bonding interaction leads to the isoxazoline ring being cis to the

carbamate, while the O-atom of the heterocycle is closest to this group (NHBoc) (Figure 16).

Figure 16. H-bonding interaction between nitrile oxide and carbamate.
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3.4. Isomerization of isoxazoline-fused cycloadducts

The CH group next to the ester function in the B-aminocarboxylate is an active
methyne and its H' can readily be abstracted with base, the generated anion being highly
resonance stabilized. The hydrogen abstraction can be performed with Na-alcoholates
(e.g. NaOMe or NaOEt).”**!'% The isomerization in the presence of a base is an equilibrium
process, which the equilibrium is shifted towards the thermodynamically stable trans ester.
The isomerization of the cis cyclic B-aminocarboxamide derivatives was carried out with
NaOH, which provided the corresponding #rans isomer in almost quantitative yield.'"

The earlier synthetized isoxazoline-fused cispentacin derivatives (Scheme 29) offered
an opportunity for the preparation of new isoxazoline-fused transpentacin derivatives, regio-
and stereoisomers of 108. Accordingly, 103a-d and 104a-d were epimerized at C-5 with
NaOEt in EtOH to give izoxazoline-fused amino esters 122a-d and 123a-d, in which the
amino and carboxylate functions were trans. Unfortunately, the yields were low and a
relatively large quantity of unreacted starting material was recovered during the column
chromatography purification of the products (Scheme 36). Polymers were also detected as

byproducts by TLC monitoring.

(A C02Et T \\‘COZEt
N,O Q’ NaOEt, EtOH Np Q
3 20°C, 12 h o

7 ONHR T NHR
R R
103a-d 122a: R = Boc; R' = Me; 75%

122b: R = COPh; R' = Me; 37%
122c: R = Boc; R' = Et; 30%
122d: R = COPh; R' = Et; 45%

R' R'
§ CO,Et » CO,Et
l NaOEt, EtOH )/
N\ \‘\ o N\ \\\
o NHR  20°C12h O WHR
104a-d 123a: R = Boc; R' = Me; 20%
123b: R = COPh: R’ = Me; 30%

123c: R = Boc; R' = Et; 28%
123d: R = COPh; R' = Et; 10%

Scheme 36. Syntheses of isoxazoline-fused -amino esters 122a-d and 123a-d by
epimerization of 103a-d and 104a-d.
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3.5. Preparation of enantiomerically pure isoxazoline-fused

cispentacin and transpentacin derivatives

The synthesis of enantiomerically pure Boc-protected ethyl-2 aminocyclopentene-
carboxylate (-)-94a was achieved by enzymatic resolution of the corresponding bicyclic
B-lactam (discussed in section 3.1). Analogously to its racemic counterpart, compound
(-)-94a was submitted to nitrile oxide cycloaddition (see Scheme 29), which resulted in the
enantiomerically pure isoxazoline-fused cispentacin derivatives (+)-103a,c and (-)-104a,c

and (+)-105a,c (Scheme 37).

{B.CO,Et
2S
NHBoc
(-)-94a
|see Scheme 29

l | l

6aS~\3..CO,Et R R
% 2 38R \58,CO,Et >.3:.a.3 8S.CO,Et
Ny et N, N 6S
NHBoc N £S N =
R 0”25 "NHBoc 0" %R "NHBoc
(+)-103a: R = Me, 62% (--104a: R = Me, 10% (+)-105a: R = Me, 7%
(+)-103c: R = Et, 24% (--104c: R = Et, 9% (+)}-105¢: R = Et, 0%

Scheme 37. Syntheses of isoxazoline-annelated ethyl -aminocyclopentanecarboxylate

enantiomers (+)-103a,c (-)-104a,c and (+)-105a,c.

The ee values of the products were determined by means of gas chromatography,
using a Chromopack Chiralsil-Dex CB chiral column; in all cases, ee > 99% was found. The
regio- and stereoselective syntheses of 103a and 103c¢ (Scheme 30) and 108a and 108c
(Scheme 31) were also extended to their preparation in enatiomerically pure form through the
earlier-mentioned procedures (section 3.1), when the other enantiomer (+)-94a was used as a

dipolarophile (Scheme 38).
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p,?, 58.CO,Et pﬁa 58.CO,Et
AR o NaOEt Ny wap\s
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IR COzEt (-)-103a, 53% (+)-122a, 22%
s see Scheme 30
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(+)-94a L NG NaOEt NQwsam Vs
J NHBoc  giom 200 J NHBoc
(-)-103c, 40% 12h (+)123c, 25%

Scheme 38. Syntheses of isoxazoline-fused f-amino ester enantiomers (-)-103a, (-)-103c,

(+)-122a and (+)-122c.

Compounds (-)-103a and (-)-103¢ were epimerized in the presence of NaOEt in EtOH
to give the enantiomerically pure isoxazoline-fused transpentacin derivatives
(+)-122a and (+)-122¢ (Scheme 38). Next, Boc-protected amino ester (+)-94a was
isomerized to its trans derivative (+)-107a, which was then subjected to cycloaddition with
nitrile oxide (generated from EtNO, or PrNO,, Boc,O and Et;N), providing the

enantiomerically enriched isoxazoline-fused cispentacin derivatives (+)-108a and

(+)-108c in yields of 52% and 34% (Scheme 39).
see »ﬁ‘%\COZEt
Scheme 31 //
0 6aS

NHBoc
. (+)-108a, 52%
QCOZE _NaOEt EtOH (Ot
2S 20°C, 12 h, 58% 2S
NHBoc NHBoc 3aR ~\8S,,CO,Et
(+)-94a (+)-107a see /
65% S N Z5s\OR
Scheme 31 (@) NHBoc
(+)-108¢, 34%

Scheme 39. Syntheses of isoxazoline-fused f-amino ester enantiomers (+)-108a,c.

The ee values of the products (-)-103a, (+)-122a and (+)-108a were determined by
GC on a Chromopack Chiralsil-Dex CB chiral column, and that for (-)-103¢ by GC on a
CP-Chiralsil L-Val chiral column. The ee value for (+)-108¢c was determined by HPLC on
ChiralcelR OD, and that for (+)-123¢ by HPLC on Chiral Pak IA.
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3.6. Reductive opening of the isoxazoline ring

The isoxazoline ring formed by the 1,3-dipolar cycloaddition nitrile oxide to the
cyclopentene or cyclohexene skeleton can be transformed further by reductive ring opening
to B-hydroxy ketones, aminoalcohols or amino acids, etc.”'™ Our aim was to synthetize
highly functionalized B-aminocyclopentanecarboxylate regio- and stereoisomers from the
earlier-prepared izoxazoline-fused cyclopentane or cyclohexane carboxylates by N-O
cleavage of the isoxazoline ring.

From among the earlier-prepared isoxazoline-fused cispentacin stereoisomers, we
selected a model compound 103a to perform the reduction under different reaction
conditions. One of the common reagents applied for reduction of the isoxazoline ring is
NaBH4. When the reaction was carried out with this reagent in EtOH at room temperature,
three products were obtained: the epimerized izoxazoline-fused amino carboxylate 122a and
amino alcohols 124 and 125, which were separated by chromatography on silica gel

(n-hexane/EtOAc) (Scheme 40).

" CO Et N \“CO Et XK (XKl
o Q’ 2= NaBH, O Q =, 0 Q/\OH o Q/\OH
o EtOH No o Nao + HN o

/
N N N NS R
j NHBoc r., 16 h W NHBoc W NHBoc j NHBoc
103a 122a 124 125
5% 48% 12%

Scheme 40. Treatment of isoxazoline-fused amino ester 103a with NaBH,.

Unfortunately, this reaction did not lead to the formation of a highly functionalized
isoxazoline ring-opened B-amino ester. When the reaction in EtOH in the presence of Pd/C
with HCO,NH4 was investigated for the reduction of 103a, the reaction resulted in compound
126 in rather modest yield. The product was isolated from the crude reaction mixture by
column chromatography (n-hexane/EtOAc). The 'H NMR spectrum did not clearly identify
the structure of the product, but following the evaluation of the *C NMR and 2D spectra
(COSY, NOESY and HSQC) the detected and isolated product proved to be a carbonyl
compound, formed through the corresponding hydroxyimine intermediate, followed by

elimination and saturation (Scheme 41).
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Scheme 41. Reduction with Pd/C in the presence of HCO,NH,.

Combinations of NaBH4 (as a mild and selective reducing agent) with cobalt, nickel,
iridium or rhodium halide have previously been employed for cleavage of the isoxazoline
ring system, which is otherwise inert to NaBH4 without such metal halide additives.”
Accordingly, we investigated the reduction of isoxazoline-fused amino ester stereoisomers

103a with NaBHy, in the presence of NiCl, (Scheme 42).

9"'Q’ COEt  NaBH,, NiCl,*6H,0 HO”'Q’CC’?B
AN Boc,0, EtOH/THF (3:1) BocHN ¢

NHBoc rt. 6h Me>\H NHBoc
103a 127, 80%

Scheme 42. Transformation of isoxazoline-fused cispentacin stereoisomer 103a into

multifunctionalized B-amino acid derivative 127.

The reduction, carried out by adding NaBH4 to a mixture of NiCl, and isoxazoline
derivative 103a in EtOH/THF, followed by amino group protection with Boc,O,
stereoselectively afforded only one isoxazoline-opened product, 127, as a single
diastereomer, in good yield. The reaction was exothermic and deposited a black granular
precipitate, reflecting the presence of metal boride. This black precipitate was filtered off on
a cellite pad, followed by isolation of the product by column chromatography
(n-hexane/EtOAc). The structure of 127 was proved by the 'H NMR, *C NMR and 2D
spectroscopic data, but the stereochemistry of the new stereocentre remained unsolved. The
quality of the crystal permitted the preparation of a crystal suitable for X-ray analysis, and
the Ortep diagram confirmed the correct structure (Figure 17).
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Figure 17. Ortep diagram of compound 123.

Isoxazoline ring opening occurred with the formation of a new stereocentre at a
one-carbon distance from C-3. The hydrogenation of the isoxazoline proceeded through
hydrogen attack from the carbamate side (cis to NHBoc) of the cyclopentane skeleton, in
accordance with literature data.”>****1%2 This procedure appeared to be a convenient method
for the preparation of other multifunctionalized amino ester stereoisomers, and we therefore
examined the reduction of several isoxazoline-fused -cispentacin and transpentacin

stereoisomers (104a, 108a, 122a and 123a; Scheme 43).
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Scheme 43. Syntheses of multifunctionalized $-amino acid derivatives 128-131.

The ring-opening reactions carried out similarly with NaBHj, in the presence of NiCl,
in EtOH/THF led selectively to the corresponding multifunctionalized amino esters 128-131
in good yields, as single diastereoisomers containing a new stereogenic centre. The products
were isolated from the metal boride by filtration, followed by purification of the product by
column chromatography on silica gel (n-hexane/EtOAc).

Starting  from the available isoxazoline-fused fB-amino  carboxylates
(118, 119 and 121), multisubstituted B-amino esters were synthetized selectively by reductive
ring opening with NaBH4 in the presence of NiCl, via the above-mentioned procedure

(Scheme 44).
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Scheme 44. Syntheses of highly functionalized B-amino carboxylates 132-134.

The products of the transformation were purified by column chromatography on silica
gel (n-hexane/EtOAc). Unfortunately, the preparation of a crystal suitable for X-ray analysis
was not succesful, and hence the stereochemistry of the new stereocentre could not be
determined, but it most probably corresponds with the earlier experiments where the H attack
occurred from the side of the carbamate (with the formation of a new stereocentre at a one-

carbon distance from C-4) (Figure 17).
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4. SUMMARY

e Novel isoxazoline-fused cis-2-aminocyclopentanecarboxylate regio- and stereoisomers
103a-d, 104a-d and 105a-d were synthetized by the 1,3-dipolar cycloaddition of nitrile oxide
(generated from EtNO;, or nPrNO,, with Boc,O as dehydrating agent in the presence of
DMAP) to cis-2-aminocyclopentenecarboxylates (94a,b) in good or moderate overall yields
(Scheme 29).

e On change of the dehydrating agent Boc,O to PhNCO, high selectivity was observed in
the cycloaddition reaction, but the previously detected major product 103a-d was formed and
isolated in only moderate yield (Scheme 30). The stereoselectivity of these reactions can be
explained by H-bonding steric interactions between the carbamate moiety and the nitrile
oxide. The regioselectivity is determined by the electron-withdrawing effect of the N-atom of
the amide or carbamate group, favouring attack of the nitrile oxide O-atom on C-4, distant
from the carbamate.

e The 1,3-dipolar cycloaddition of nitrile oxide (derived from EtNO, or nPrNO, with
Boc,O and DMAP) to frans-2-aminocyclopentenecarboxylates (107a,b) resulted 100%
regio- and stereoselectively in only one cycloadduct 108a-d, which could also be prepared in
moderate  yield by epimerization of the very minor product 105a-d
(Scheme 29) at C-5 with NaOEt in EtOH (Scheme 31). The selectivity in the formation of
108a-d is explained by steric and H-bonding interactions. Steric repulsion in the transition
state (T108) between the nitrile oxide and the ester function group and a
H-bonding interaction between the carbamate and the nitrile oxide are responsible for the
observed selectivity, but it is determined by an H-bonding effect in the transition state of the
reaction.

e High selectivity was observed in the dipolar cycloaddition of nitrile oxide when
Boc-diprotected cis amino ester 112 was used as starting material (Scheme 32).
Unfortunately, the yield was rather low: together with the product 113a,b, unreacted starting
material 112 was also isolated and recovered during the purification.
The selectivities are explained by electronic and steric factors; moreover, H-bonding

interactions did not arise between the diprotected amino function and the nitrile oxide.
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e On 1,3-dipolar cyloaddition to ethyl cis-2-aminocyclohex-3-enecarboxylate (114),
following the use of EtNO, for the generation of nitrile oxide, with Boc,O and PhNCO as
dehydrating agent in the presence of base, only one isoxazoline derivative 115 was
selectively formed and isolated. When compound 116 was applied as a dipolarophile in the
1,3-dipolar cycloaddition of nitrile oxide, no cycloaddition product was detected
(Scheme 33), probably because the C-C double bond is more isolated from the carbamate and
ester functions.

e C(ycloaddition to hydroxylated aminocarboxylates 97, 98 and 101 was unsuccessful
(Scheme 34). The reactions were carried out under different reaction conditions, such as the
Huisgen (from aldoxime) and Mukayama (from primary nitroalkanes) methodologies, but
only the starting material was recovered. The reason for this is probably the reduced
reactivity of this isolated ring C-C double bond. In contrast, 100% regio- and
stereoselectivity was found for the cycloaddition of nitrile oxide (generated from EtNO,,
Boc,0O and DMAP) to cis and trans lactones 96 and 100. Only one product (117 and 120)
was detected and isolated (Schemes 34 and 35), in which, as a result of the H-bonding
interaction, the isoxazoline ring is cis to the carbamate, while the O-atom of the heterocycle
is closest to the NHBoc. Next, these compounds were subjected to lactone opening with
NaOEt in EtOH, whereby the hydroxylated isoxazoline-fused aminocyclohexanecarboxylates
118, 119 and 121 were prepared.

e The isoxazoline-fused cis-2-aminocyclopentanecarboxylates 103a-d, 104a-d were then
transformed by epimerization with NaOEt in EtOH to the corresponding trans compounds
122a-d, 123a-d (Scheme 36).

e The isoxazoline-fused B-aminocyclopentenecarboxylates 103a,¢c, 104a,c, 105a,c, 108a,c,
122a and 123a  were prepared in enantiomerically pure form from the
Boc-protected ethyl-2-aminocyclopentenecarboxylate enantiomers [(-)-94a and (+)-94a],
which were synthetized by the enzymatic resolution of racemic B-lactam (£)-94a with
CAL-B (Schemes 37, 38 and 39).

e Highly functionalized B-amino acid derivatives 127-134 were synthetized by reductive
ring opening of the isoxazoline ring with NaBH,4 in the presence of NiCl,, starting from
isoxazoline-fused P-amino acid derivatives 103a, 104a, 122a, 123a, 108a and 118-121
(Schemes 42, 43 and 44).
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New isoxazoline-fused cispentacins were prepared by the 1,3-dipolar cycloaddition of nitrile oxides to B-
amino esters containing a cyclopentene skeleton. This synthetic procedure gave regio- and diastereoiso-
mers of the cispentacins. The synthetic route was extended to the synthesis of these compounds in enan-
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Isoxazolines, are versatile intermediates for the synthesis of a
variety of bioactive compounds.!? Substituted isoxazolines dis-
play, for example, anti-influenza activity> and antifungal
properties.*

The 1,3-dipolar cycloaddition of nitrile oxides to alkenes is a
widely used, efficient method for the synthesis of isoxazolines.? Ni-
trile oxides can be generated in situ by either (i) base-induced
dehydrohalogenation of hydroximoyl chlorides® (Huisgen method-
ology), or (ii) dehydration of primary nitroalkane derivatives’
(Mukaiyama methodology). Isoxazole carboxylic acids such as con-
formationally constrained aspartate and glutamate analogs were
recently synthesized via the 1,3-dipolar cycloaddition of nitrile
oxides to oi-amino esters with a cyclopentene skeleton.® These
derivatives proved to be inhibitors of excitatory amino acid trans-
porters with neuroprotective activity.® Nitrile oxide cycloaddition
to o-amino esters with a cyclopentene framework furnished isox-
azoline-substituted diketopiperazines.® The 1,3-dipolar cycloaddi-
tion of nitrile oxides to y-amino acids with a cyclopentene
skeleton is the key step in the stereoselective synthesis of novel
multisubstituted cyclopentene derivatives (BCX-1812, BCX-1827,
etc.) which possess antiviral activity.!® A novel approach to isoxaz-
oline-carbocyclic nucleosides involves the regio- and stereoselec-
tive 1,3-dipolar cycloaddition of nitrile oxides to 2-
azanorbornenes, followed by ring opening and a purine or pyrimi-
dine base construction strategy.’

* Corresponding author. Tel.: +36 62 545564; fax: +36 62 545705.
E-mail address: fulop@pharm.u-szeged.hu (F. Fiilop).

0040-4039/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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Alicyclic B-amino acids have received significant interest in re-
cent years as a consequence of their pharmacological potential.'?
The naturally occurring B-amino acid cispentacin (1R,25-2-amino-
cyclopentanecarboxylic acid), an antifungal antibiotic, is a very
important member of this class of compounds. (1R,2S)-2-Amino-
4-methylenecyclopentanecarboxylic acid (Icofungipen), is for
example, a strong antifungal agent.'?® Many cyclic, conformation-
ally restricted B-amino acids have been used as building blocks for
the synthesis of peptides.'

To our knowledge, cispentacin derivatives fused with a hetero-
cyclic ring have not been prepared. Our present aim was to synthe-
size novel, isoxazoline-fused B-aminocyclopentanecarboxylate
regio- and stereoisomers in racemic or enantiomerically pure form,
starting from the corresponding N-protected ethyl 2-amino-3-
cyclopentenecarboxylates 1a-b as dipolarophiles. The nitrile oxide
was generated using nitroethane in the presence of Boc,0 and 4-
dimethylaminopyridine (DMAP). When amino ester 1a (R =Boc)
was submitted to the cycloaddition in THF at 20 °C for 15 h, two
regioisomers 2a and 3a (in which the isoxazoline ring is trans rel-
ative to the ester and amino functions) were formed in good over-
all yield (67%) in a ratio of 10:1. A third isomer 4a, in which the
isoxazoline ring is cis arranged relative to the ester and amino moi-
eties, was isolated from the reaction mixture, but only in low yield
(6%) (Scheme 1). When the reaction was performed under similar
conditions with the benzoyl-protected derivative 1b, the overall
yield increased (87%) and two trans-products, 2b (Fig. 1) and 3b,
and a cis-derivative 4b were isolated (Scheme 1). The ratio of
2b:3b (5.7:1) was lower in comparison with that of 2a:3a. The re-
gio- and stereoisomers were separated and isolated by column
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Scheme 1. Synthesis of isoxazoline-fused ethyl 2-aminocyclopentanecarboxylates:
(i) nitroethane, Boc,0, DMAP, THF, 20 °C, 15 h; (ii) column chromatography.

Figure 1. ORTEP diagram of compound 2b.

chromatography on silica gel, and their structures were elucidated
by X-ray and 2D NMR analysis.

In all cases, the trans-isoxazoline derivatives 2a,b were formed
as major products, with the oxygen atom of the isoxazoline unit
furthest from the carbamate or amide group. This regioselectivity
is probably best explained by electronic factors, the negatively
charged oxygen of the dipolar agent prefers to attack the carbon
atom of amino ester 1a,b most distant from the carbamate or
amide group because of the electron-withdrawing effect of the
nitrogen atom at position 4 of the cyclopentane skeleton. Similar
regioselectivities were observed in the reactions of nitrile oxides
with y-amino carboxylates with a cyclopentene skeleton.'®

Experiments were next performed with a primary nitroalkane
homolog. The cycloadditions of 1-nitropropane to 1a,b were per-
formed under similar conditions as previously described for nitroe-
thane. As expected the main products formed in the cycloaddition
of Boc-protected derivative 1a were the trans-isoxazoline deriva-
tives 5a and 6a in 50% overall yield, the major product being reg-
ioisomer 5a (Scheme 2). The cis-isomer was not detected in the
reaction mixture. It is noteworthy that the ratio of the two trans-
isomers (5a and 6a) in this case was only 2.3:1, that is, much lower
than that was found for nitroethane.

With the benzoyl-protected p-amino ester 1b under the same
conditions, the cis-stereoisomer 7b (5%) was isolated together with
the main trans-derivatives 5b in 40% yield (Fig. 2) and 6b in 10%
yield (Fig. 3).

QCOOEt

NHR
1a,b

(D), (ii)

O COOEt
: . COOEt
Naw /

o' NHR Y NHR
5a,b 6a,b 7a,b

5a: R =Boc; 35% 6a: R =Boc; 15% 7a: R =Boc; 0%
5b: R = COPh; 40% 6b: R = COPh; 10% 7b: R = COPh; 5%

COOEt

S

L/
Z
T
P
4

Scheme 2. Synthesis of isoxazoline-fused ethyl B-aminocyclopentanecarboxylates:
(i) 1-nitropropane, Boc,O, DMAP, THF, 20 °C, 15 h; (ii) column chromatography.

The synthetic route was next applied to synthesize enantiome-
rically pure isoxazoline-fused B-aminocyclopentane carboxylates
(Scheme 3). The enantiomerically pure Boc-protected amino ester
(-)-1a'* was transformed (without affecting the stereocenters) in
reactions with both nitrile oxide species (derived from nitropro-
pane or nitroethane) into the corresponding isoxazoline-fused B-
aminocyclopentanecarboxylate enantiomers (Scheme 3).

In summary, novel, regio-, and stereoisomers of isoxazoline-
fused cispentacin derivatives have been synthesized via 1,3-dipolar
cycloadditions of nitrile oxides to ethyl 2-amino-3-cyclopentene-
carboxylates. This synthetic pathway was also applied for the prep-
aration of these new compounds in enantiomerically enriched
form. Although, the cycloaddition was not completely selective, it
permitted preparation of three different regio- and diastereoiso-
mers of isoxazoline-fused cispentacin derivatives.

The ee values of 2a-6a were determined by gas chromatogra-
phy using a chiral column: Chromopack Chiralsil-Dex CB column
(25 m) [190°C; 140 kPa]; retention times (min), (+)-2a: 20.48
(antipode: 20.16); (—)—3a: 32.97 (antipode: 30.88); (+)—4a:
24.69 (antipode: 25.88); (+)—6a: 42.11 (antipode: 40.16); Chromo-
pack L-Val column (25 m) [190 °C; 140 kPa]; retention times (min),
(+)—5a: 9.43 (antipode: 8.95).

co

Figure 2. ORTEP diagram of compound 5b.
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Figure 3. ORTEP diagram of compound 6b.

see Scheme 1 p S%.COOEt 3aR 53, COOEt 3as 9%.COOEt
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@13.\\0005 (+)-2a (62%) }-3a (10%) (+)-4a (7%)
/2R
NHBoc
()-1a 3aR 35 .COOEt
—_— + ! 65
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o NHBoc
(+)-6a (9%)
Scheme 3. Synthesis of the isoxazoline-fused ethyl B-aminocyclopentanecarboxylate enantiomers (+)-2a, (—)-3a, (+)-4a, (+)-5a, and (+)-6a.

General procedure for the synthesis of isoxazoline-fused g-
aminocyclopentanecarboxylates

To a solution of amino ester 1a-b (3 mmol) in THF (20 mL), nit-
roalkane (3.2 mmol), DMAP (0.6 mmol, 20 mol %), and Boc,0
(9 mmol, 3 equiv) were added and the mixture was stirred at
20 °C for 15 h. The reaction mixture was then diluted with water
(50 mL) and extracted with EtOAc (3 x 15 mL). The combined or-
ganic layer was washed with 5% HCl (15mL) and brine
(2 x 20 mL), dried (Na,SO,4) and concentrated under reduced pres-
sure. The crude residue was purified by column chromatography
on silica gel (hexane-EtOAc).

Characterization of enantiomeric products.

Ethyl (3aS,4R,5S,6aS)-4-(tert-butoxycarbonylamino)-3-methyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(+)-2a]

Yield: 62%; white solid; R¢= 0.65 (hexane-EtOAc); mp 80-82 °C;
[#)3 +10.9 (c 0.34, EtOH), ee >99%. 'H NMR (400 MHz, CDCls):
5=1.29 (t, 3H, CHs, J=7.15Hz), 1.44 (s, 9H, CHs), 2.08 (s, 3H,
CH3), 2.23-2.39 (m, 2H, CH;), 2.90-2.99 (m, 1H, H-5), 3.63-3.67
(m, 1H, H-3a), 4.13-4.22 (m, 3H, OCH, and H-4), 5.06-5.11 (m
1H, H-6a), 5.22 (br s, 1H, N-H). '3C NMR (100 MHz, CDCl5):
0=12.6, 14.8, 29.0, 37.6, 45.5, 57.2, 61.9, 64.5, 80.4, 84.2, 152.0,
155.3, 155.8. MS: (ES, pos) m/z=313 (M+1). Anal. Calcd for
Ci5H24N50s: C, 57.68; H, 7.77; N, 8.97. Found: C, 57.22; H, 7.45;
N, 8.50.

Ethyl (3aR,5S,6S,6aS)-6-(tert-butoxycarbonylamino)-3-methyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(-)-3a]

Yield: 10%; white solid; R¢=0.45 (hexane-EtOAc); mp 104-
106 °C; [¢)5 —7.5 (c 0.41, EtOH), ee > 99%. 'H NMR (400 MHz,
CDCl5): 6= 1.27 (t, 3H, CHs, J = 7.15 Hz), 1.44 (s, 9H, CH3), 1.95 (s,
3H, CH3), 1.99-2.03 (m, 1H, CH,), 2.25-2.33 (m, 1H, CH,), 2.94-
2.98 (m, 1H, H-5), 3.63-3.67 (m, 1H, H-3a), 4.12-4.20 (m, 2H,
OCH,), 4.28-4.30 (m, 1H, H-6), 4.89 (br s, 1H, N-H). 4.90-4.94
(m, 1H, H-6a). '3C NMR (100 MHz, DMSO): §=12.0, 14.8, 29.0,
29.9, 46.3, 54.3, 60.5, 60.8, 79.0, 89.4, 155.0, 158.1, 171.7. MS:
(ES, +) m/z =647 (2M+Na). Anal. Calcd for C;5H,4N,0s5: C, 57.68;
H, 7.77; N, 8.97. Found: C, 57.24; H, 7.43; N, 8.52.

Ethyl (3as$,5S,6S,6aR)-6-(tert-butoxycarbonylamino)-3-methyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(+)-4a]

Yield: 7%; white solid; R¢= 0.40 (hexane-EtOAc); mp 82-85 °C;
[#)2 +430 (c 0.07, EtOH), ee > 99%. 'H NMR (400 MHz, DMSO):
§=1.18 (t, 3H, CHs, J=7.15Hz), 1.41 (s, 9H, CH;), 1.89-1.98 (m
1H, CH,), 2.00 (s, 3H, CH3), 2.19-2.24 (m, 1H, CH,), 2.97-3.05 (m,
1H, H-5), 3.56-3.62 (m, 1H, H-3a), 3.92-4.05 (m, 2H, OCH,),
4.10-4.15 (m, 1H, H-6), 4.78-4.83 (m, 1H, H-6a), 6.03 (br s, 1H,
N-H). 3C NMR (100 MHz, DMSO): é =11.9, 14.7, 28.6, 29.0, 44.5,
54.2, 57.6, 60.9, 83.8, 155.6, 158.1, 172.1. MS (ES, +) m/z=647
(2M+Na). Anal. Calcd for Cy5H,4N,0s5: C, 57.68; H, 7.77; N, 8.97.
Found: C, 57.20; H, 7.46; N, 8.54.
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Ethyl (3aS,4R,5S,6aS)-4-(tert-butoxycarbonylamino)-3-ethyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(+)-5a]

Yield: 24%; white solid; R¢=0.53 (hexane-EtOAc); mp 105-
107 °C; [«)® +2 (c 0.325, EtOH), ee>99%. 'H NMR (400 MHz,
CDCl3): 6=1.23 (t, 3H, CHs, J=8.20Hz), 1.29 (t, 3H, CHs,
J=7.10Hz), 1.44 (s, 9H, CH3), 2.26-2.41 (m, 3H, CH;), 2.50-2.56
(m, 1H, CH,), 2.92-2.98 (m, 1H, H-5), 3.67-3.71 (m, 1H, H-3a),
4.14-4.23 (m, 3H, OCH, and H-4), 5.05-5.11 (m, 1H, H-6a), 5.19
(br s, 1H, N=H). '3C NMR (100 MHz, DMSO): ¢ = 11.5, 14.8, 20.5,
28.9, 35.8, 46.9, 56.9, 60.8, 62.3, 78.9, 84.3, 155.5, 159.2, 171.6.
MS (ES, +) m/z=675 (2M+Na). Anal. Calcd for CygHasN20s5: C,
58.88; H, 8.03; N, 8.58. Found: C, 58.48; H, 7.87; N, 8.20.

Ethyl (3aR,5S,6S,6aS)-6-(tert-butoxycarbonylamino)-3-ethyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(+)-6a]

Yield: 9%; white solid; R¢=0.35 (hexane-EtOAc); mp 78-81 °C;
[0)2 +77 (c 0.295, EtOH), ee >99%. 'H NMR (400 MHz, DMSO):
5=1.18 (t, 3H, J=7.10Hz), 1.23 (t, 3H, J=7.15Hz), 1.44 (s, 9H,
CHs), 1.90-1.99 (m, 1H, CH,), 2.18-2.41 (m, 3H, CH,), 2.64-2.77
(m, 1H, H-3a), 3.60-3.72 (m, 1H, H-5), 3.97-4.08 (m, 2H, OCH,),
4.21-4.31 (m, 1H, H-6), 6.59-4.70 (m, 1H, H-6a), 7.08-7.17 (br s,
1H, N-H). 3C NMR (100 MHz, DMSO): é = 11.4, 14.8, 20.0, 29.0,
30.1, 46.4, 53.1, 60.5, 60.8, 79.0, 89.4, 155.6, 162.2, 171.7. MS:
(ES, +) m/z=675 (2M+Na). Anal. Calcd for C;gH,6N,05: C, 58.88;
H, 8.03; N, 8.58. Found: C, 58.51; H, 7.84; N, 8.12.

X-ray crystallographic studies

Crystallographic data for 2b, 5b, and 6b were collected at 173 K
with a Nonius-Kappa CCD area detector diffractometer, using
graphite-monochromatized MoK radiation (Z=0.71073 A). The
structures were solved by direct methods by use of the sir-97 pro-
gram, and full-matrix, least-squares refinements on F?> were per-
formed by use of the sHeLx1-97 program. The CH hydrogen atoms
were included at fixed distances with fixed displacement parame-
ters from their host atoms. The NH hydrogen atoms were refined
isotropically with fixed displacement parameters. The deposition
numbers CCDC 707421 (2b), 707422 (5b), and 707423 (6b) contain
the supplementary crystallographic data for this Letter.!®
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1. Introduction

The 1,3-dipolar cycloaddition of nitrile oxides to alkenes has
become widely used as a highly efficient method for the synthesis of
isoxazolines.! Nitrile oxides can be generated in situ by either the
base-induced dehydrohalogenation of hydroximoyl chlorides
(methodology of Huisgen?), or the dehydration of primary nitro-
alkane derivatives (methodology of Mukaiyama?). The 1,3-dipolar
cycloaddition of nitrile oxides is a powerful technique to function-
alize olefins since the isoxazoline ring formed may be regarded as
amasked iminoalcohol, hydroxyketone or aminoalcohol.! A number
of nitrile oxide cycloadditions to cyclic a- or y-amino acid derivatives
have been performed in recent years with the aim of the synthesis of
different biologically active compounds. For example, isoxazole
carboxylic acids, such as conformationally constrained aspartate and
glutamate analogues have been synthesized via addition to a-amino
cyclopentene esters.* The derivatives prepared proved to be in-
hibitors of excitatory amino acid transporters with neuroprotective
activity.* Cycloaddition to y-amino cyclopentene acids was applied
for the stereoselective synthesis of novel multisubstituted cyclo-
pentene derivatives, which were described as antiviral agents.’
A novel route to isoxazoline/carbocyclic nucleosides involved the
regio- and stereo-selective 1,3-dipolar cycloaddition of nitrile oxides
to 2-azanorbornenes, followed by ring opening and a purine or py-
rimidine base construction strategy.® Alicyclic B-amino acids have
acquired great interest in recent years because of their pharmaco-
logical potential.” The naturally occurring B-amino acid cispentacin
(1R,2S-2-aminocyclopentanecarboxylic acid), an antibiotic and
(1R,2S)-2-amino-4-methylenecyclopentane-carboxylic acid (Ico-
fungipen), a strong antifungal agent, for instance, are important
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examples of this class of compounds.” A number of cyclic, con-
formationally restricted B-amino acids have been used as building
blocks for the synthesis of new peptides.®

2. Results and discussion

We recently reported novel isoxazoline-fused cispentacin regio-
and stereo-isomers via a strategy of 1,3-dipolar cycloaddition of
nitrile oxides to protected cis-2-aminocyclopent-3-ene carboxyl-
ates.” The nitrile oxides were generated from primary nitroalkanes
(RNO3) in the presence of tert-butoxycarbonyl anhydride (Boc,0)
and 4-dimethylaminopyridine (DMAP) according to the method-
ology of Mukaiyama. The cycloadditions to cis-amino esters 1
resulted in three of the four possible regio- and stereo-isomers 2, 3
and 4. Although the cycloaddition was not selective, three
isoxazoline-fused cispentacin derivatives 2, 3 and 4 could be iso-
lated (Scheme 1).

COOEt

NHR
1

(i) EtNOZ or PrNO,, Boc,0O | DMAP, THF, 20 °C, 15 h
(i) chromatography| (lit. 9)

me/COOEt R»HQ’COOB RWCOOEt p\ﬁcooa
N I 7 N
T NHR NI No NHR

R' R'

0 NHR 0 NHR
4.(07%) 5(0%)

2 (35-68%) 3 (6-15%)

Scheme 1. Synthesis of isoxazoline-fused B-amino esters from cis-2-amino-
cyclopentenecarboxylates 1 (R=Boc, COPh; R'=Me, Et)°.
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Since the above procedure was not selective, we continued our
experiments to search for other synthetic routes for the preparation
of isoxazoline-fused cispentacins with higher selectivity. De-
hydration of primary nitroalkanes to generate nitrile oxides may be
accomplished not only with Boc;0 and DMAP (Scheme 1), but also
with phenyl isocyanate (PhNCO) and triethylamine (Et3N). Com-
pounds 1a,b were subjected to 1,3-dipolar cycloaddition under these
conditions, using RNO,, PhNCO, Et3N in THF at 65 °C (Scheme 2).

COOEt EtNO, or PrNO,, PhNCO o COOEt
N
NHR EtN, THF 3 NHR
65°C,15h R
1a: R = Boc
1b' R = COPh

2a: R= Boc; R'= Me; 50%
2b: R = COPh; R = Me; 38%
2c: R= Boc; R' = Et; 30%
2d: R = COPh; R' = Et; 40%

Scheme 2. Regio- and stereo-selective synthesis of isoxazoline-fused f-amino esters
2a—d from cis-2-aminocyclopentenecarboxylates 1a,b.

The reactions with the nitrile oxides derived from EtNO, or
PrNO; in the presence of PhNCO resulted selectively in 2a—d, in
which the isoxazoline ring is trans to the carbamate and ester
groups, and the O-atom of the isoxazoline skeleton is farthest from
the carbamate (Scheme 2). The explanation of the unexpected se-
lectivity in this reaction is not yet clear. We are not aware of any
similar example in the literature.

To clarify matters, DFT calculations!® were carried out on the
reaction of 1 and MeNCO by using the G03!! program; the reaction
enthalpies and Gibbs free energies of the transition states (AH?;
AGY) and products (AH; AG) are listed in Table 1. Surprisingly, from
a kinetic aspect, 4 was predicted to be the main product of the
reaction, due to its lowest activation Gibbs free energy (AGY).
Compounds 2 and 5 exhibited practically equal AG* values, but the
significantly higher energies (ca. 4 k] mol~!) suggest predicted
concentrations of only a few per cent. The formation of 3 is least
favourable, its formation being practically hindered. A possible
explanation of the lowest-energy transition state of 4 is an in-
termolecular H-bond (HB) between MeNCO and the amide in 1, as
shown in Fig. 1. The same results were obtained at each level of
computation [HF/3-21G, B3LYP/6-31G(d,p) and B3LYP/6-
311++G(2d,2p)], irrespective of the solvent models applied
[IEFPCM(THF)], and the theoretical model was therefore extended
to a more complex description. It was earlier demonstrated that an
explicit consideration of some selected solvent molecules or other
components in the solvent provided a much more accurate picture
of the mechanism.!? In this particular case, the solvent is THF,
which does not require the exact consideration of any THF mole-
cule. However, excess EtNO, can be regarded as a cosolvent,
strongly H-bonded to the amide in 1. When the study of the ring
closure mechanism included one explicit EtNO», the result altered.
The lowest AG* was computed for 2 (Fig. 1), but the value for 3 was
very close, in agreement with experiment, where 3 was also
detected in a significant amount beside the main component (2).
For 4 and 5, the AG! values were in all cases higher than those
calculated in vacuo, because the nitro compound occupied the re-
active zone to some extent and hinders the attack of MeNCO (Fig. 1).

0

Table 1
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The result of cycloaddition of the nitrile oxide to trans-2-ami-
nocyclopentenecarboxylate 6a,b proved interesting (Scheme 3).
Whereas the addition to the corresponding cis isomer (1) gave the
three isomers 2, 3 and 4 (Scheme 1), under the same experimental
conditions (RNO3, Boc;0 and DMAP) the trans counterparts 6a,b
furnished selectively only one cycloadduct isomer (7a—d) (Scheme
3). Compounds 7a—d could also be prepared by the epimerization
of 4a—c at C-5 in the presence of NaOEt in EtOH, 4a—c were pre-
pared as very minor isomers by cycloaddition to 1 (Scheme 1).

The selectivity of formation of 7a—d from 6a,b is probably
explained by: steric and H-bonding interactions, as presented in
Fig. 2, i.e, steric repulsion in the transition state (T7) between the
nitrile oxide and the ester group and an H-bonding interaction
between the carbamate and the nitrile oxide (Scheme 3, Fig. 2).44

The stereoselectivity in the reaction of 1 with the nitrile oxides
(generated from RNO, and Boc;0; Scheme 1) can probably be
explained analogously. Steric repulsion between the ester moiety
and the nitrile oxide determines the stereochemistry of 2 and 3
(Fig. 2). H-bonding interaction between the nitrile oxide and car-
bamate (cis to —COOEt) may be neglected in these cases (T2 and
T3). The regioselectivity is probably determined by the electron-
withdrawing effect of the N-atom of the —NHBoc group, favour-
ing attack of the nitrile oxide O-atom on C-4, distant from the
carbamate. These two phenomena lead to the major products 2 and
3 (Scheme 1). Formation of the very minor product 4 is an in-
dication that the H-bonding interaction between the carbamate
and nitrile oxide in transition state can just overcome the ester/
nitrile oxide steric repulsion (Fig. 2). The regioselectivity of the
formation of 4 may also be explained on the basis of H-bonding
interactions. The postulated transition state T5, which would lead
to the fourth possible isomer in this reaction, involves highly
unfavourable steric hindrance not only between the ester and the
nitrile oxide, but also between the carbamate and the alkyl moiety
(R) of the nitrile oxide. This explains why isomer 5 was never
formed (Fig. 3, Scheme 1).

The results of calculations at different levels [B3LYP/6-
31++G(d,p), B3LYP/6-311++G(d,p) and B3LYP/6-311+-+G(2d,2p)]
relating to interpretation of the selectivity agreed well with the
experimental finding that preferred product in the transformation
of 6b was 7b (Table 2, Fig. 4).

These computations furnished eloquent proof that the selec-
tivity of nitrile oxide addition to trans-2-amino-
cyclopentenecarboxylate is largely determined by the H-bonding
effect in the transition state (Fig. 5).

The earlier synthesized isoxazoline-fused cispentacin de-
rivatives (Scheme 1)° afforded an opportunity for the preparation
of new transpentacin derivatives, regio- and stere-oisomers of 7.
Accordingly, 2a—d and 3a—d were epimerized at C-5 with NaOEt in
EtOH to give izoxazoline-fused amino esters 8a—d and 9a—d, in
which the amino and carboxylate functions were trans. Un-
fortunately, the yields were low and a relatively large amount of
starting material was recovered during column chromatography
purification of the products (Scheme 4).

The 100% regio- and stereo-selective synthesis of 2a and 2c
(Scheme 2) and 7a and 7c (Scheme 3) was extended to their
preparation in enantiomerically pure form. The starting material

Enthalpy (in k] mol~") and Gibbs free energy (in k] mol~!) of the transformation of 1b to 2b—5b in vacuo, with implicit solvent and with explicit solvent model

In vacuo In implicit solvent (THF) With explicit cosolvent

AH! AG* AH AG AH} AG* AH AG AH! AG* AH AG
2b 55.8 1141 -169.5 -104.3 59.1 118.2 -165.7 —-100.0 67.3 126.1 -164.1 -100.1
3b 75.1 1283 —159.1 -97.2 79.3 1325 —154.1 -92.0 70.1 129.3 -1534 -92.0
4b 49.8 109.5 —164.1 -101.5 54.2 113.8 -160.3 -98.1 75.8 135.5 -160.2 -97.7
5b 54.9 113.7 -166.7 —100.9 58.2 117.9 -161.9 -96.3 95.4 153.9 -161.3 -96.5
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in vacuo or implicit solvent model:
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Fig. 1. Transition states T2, T3 and T4 in the formation of cycloadducts 2—5; steric repulsions between —COOEt and nitrile oxides in T2 and T3, and between —NHBoc and nitrile
oxide and —COOEt and nitrile oxide in T5 and hydrogen bonding interaction between —NHBoc and nitrile oxide in T4.

nitroethane or nitropropane,
DMAP o WCOOEt R 0 WWCOOEt
x , } COOEt §
N !/ N&

Boczo,z'l(')HhF, 20°C NHR N\O‘\ NHR
R' NHR R'
8 9 5

nitroethane or nitropropane, R COOEt R COOEt
COOEt DMAP I NaOEt /
N<
Boc,0, THF, 20 °C o) EtOH, 20 °C,12h o
NHR 20 h, (27-46%) NHR (31-39%) NHR

6a: R =Boc 7a: R =Boc; R' = Me 4a: R =Boc;R'=Me

6b: R = COPh 7b: R = COPh; R' = Me 4b: R = COPh; R = Me
7c: R=Boc;R'=Et 4c: R= COPh; R'= Et
7d: R=COPh; R' = Et

Scheme 3. Regio- and stereo-selective synthesis of isoxazoline-fused f-amino esters 7a—d from trans-2-aminocyclopentenecarboxylates 6a,b.

the racemic bicyclic lactam 10 was subjected to enzymatic ring
. opening reaction with Lipolase in i-Pr,0,'> which afforded the de-
/ \O/ \\/ sired amino acid enantiomer (+)-11 in excellent enantiomeric ex-
1
\ /
1 /
/

R cess (ee >99%).1% Compound (+)-11 was then transformed by
known procedures to the corresponding protected amino ester

(+)-1a.® Compound (+)-1a was next submitted to nitrile oxide

(generated from EtNO; or PrNO; and PhNCO and Et3N) cycloaddi-

tion, which resulted in the enantiomerically pure isoxazoline-fused

EtOOC T7 cispentacin derivatives (—)-2a and (—)-2c in yield of 53% and

40% (Scheme 5).

Fig. 2. Transition state T7 stabilized by hydrogen bonding interactions during for- Compounds (—)-2a and (—)-2¢c were epimerized in the presence
mation of cycloadducts 7a—d. of NaOEt in EtOH to the enantiomerically pure isoxazoline-fused
transpentacin derivatives (+)-8a and (+)-8c (Scheme 5).

H
s / Et0dC p {BocHN \/
ho [l
i/ “e@gc | P
/
BocHN BocHN

EtOOC EtOOC
T2 T3 T4 TS

Fig. 3. Transition states T2, T3 and T4 in the formation of cycloadducts 2—5; steric repulsions between —COOEt and nitrile oxides in T2 T3 and between —NHBoc and the nitrile
oxide and between —COOEt and the nitrile oxide in T5 and H-bonding interaction between —NHBoc and the nitrile oxide in T4.
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Table 2
Enthalpy (in kj mol~') and Gibbs free energy (in kJ mol~) of the transformation of
6b to 7b, 8b, 9b and 5'b

6b—TS 6b— products
AH* AG* AH AG
7b 47.76 102.21 —~170.02 —106.24
8b 65.32 119.90 15435 —-92.50
9b 76.83 130.31 ~152.22 -90.46
5'b 55.36 113.99 ~163.44 ~100.12
150 -
9b_TS -
122 8b_TS, = sip_75 9b
100 Jprm=lTb_TS --—-5'b
75] g b
50 i
251 g
'@ 0 B
< ]
-251
501 R
15 ab Y i
-100 4 10—
] =1
-125 T T T

Reaction Coordinate

Fig. 4. Energy diagram for the transformation of 6b to 7b.

7b TS

Fig. 5. H-bonding stabilization of TS 7b in the formation of 7b.
o wCOOEt
2a-d NaOEt, EtOH [\i
a- B et
20°C,12h j NHR
R'

8a: R =Boc; R' = Me; 75%
8b: R = COPh; R'= Me; 37%
8c: R=Boc; R' = Et; 30%

8d: R = COPh; R' = Et; 45%
R
» wCOOEt
3a-d NaOEt, EtOH N/ A
20°C,12h Ne) NHR
9a: R = Boc; R' = Me; 20%
9b: R = COPh; R' = Me; 30%
9c: R =Boc; R' = Et; 28%

9d: R = COPh; R' = Et; 10%

Scheme 4. Synthesis of isoxazoline-fused B-amino esters 8a—d and 9a—d by epime-
rization of 2a—d and 3a—d.

Boc-protected amino ester (+)-1a was isomerized to its trans de-
rivative (+)-6a, which was then subjected to nitrile oxide (gener-
ated from EtNO or PrNO, and Bocy;O and Et3N) cycloaddition,
giving the enantiomerically enriched isoxazoline-fused cispentacin
derivatives (+)-7a and (+)-7c in yield of 52% and 34% (Scheme 6).

Lipolase
NH iPr0, 70 °C

rac-10

R.cooH @(
*INH

(+)11 (-)-10

2. Bocy0, EtsN, THF, 0 °Cto 20 °C

R.COOEt
2S

NHBoc
(+)-1a

J 1. SOClp, EtOH, 70 °C, 3 h

| see Scheme 2

e ~3B.cooEt e SB.COOEt
/ /
Na 4S Na 4S
W 3aR ‘NHBoo j 3aR HBoc
(-)-2a (53%) (-)-2c (40%)
NaOEt, EtOH, 20 °C NaOEt, EtOH, 20 °C
12 h,22% 12 h,25%
o2aB R .COOEL 0738 SR COOE
N —4s NS
T 3aR ‘NHBoc 3aR ‘NHBoc
(+)-8a (+)-8¢

Scheme 5. Synthesis of the isoxazoline-fused B-amino ester enantiomers (—)-2a,
(—)-2¢, (+)-8a and (+)-8c¢

3aR™98.COOEt

6R

O 6aS ‘NHBoc
(+)-7a (52%)

see
Scheme 3 //

Q’COOE‘ NaOEt, EtOH S \COOEt
2S 20 °C, 12 h, 58% 2S

NHBoc NHBoc 3a

83.COOEt
(+)-1a (+)-6a

7

saremzs NS oR

cheme 0 6aS ‘NHBoc
#)-Tc (34%)

Scheme 6. Synthesis of the isoxazoline-fused -amino ester enantiomers (+)-7a and
(+)-7c.

In conclusion, isoxazoline-fused cispentacin derivatives were
synthesized regio- and stereo-selectively via the 1,3-dipolar cy-
cloaddition of nitrile oxides to cis- and trans-ethyl 2-amino-3-
cyclopentenecarboxylates. This synthetic pathway was also applied
for the preparation of these compounds in enantiomerically pure
form.

3. Experimental
3.1. General

The chemicals were purchased from Aldrich. Melting points
were determined with a Kofler apparatus. NMR spectra were
recorded on a Bruker DRX 400 spectrometer. Chemical shifts are
given in parts per million relative to TMS as internal standard, with
CDCl3 or DMSO as solvent. The solvents were used as received from
the supplier. Optical rotations were measured with a Perkin—Elmer
341 polarimeter. Mass spectra were recorded on a Finnigan MAT
95S spectrometer. Elemental analyses were performed with a Per-
kin—Elmer CHNS-2400 Ser II Elemental Analyzer.

The ee values for (—)-2a, (+)-14a and (+)-7a were determined
by GC on a Chromopack Chiralsil-Dex CB column (25 m) [190 °C;
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140 kPa; retention times (min): (—)-2a: 19.82 (antipode: 20.02);
(+)-7a: 16.99 (antipode: 15.79); (+)-8a: 19.46 (antipode: 20.01)],
while ee for (—)-2¢ was determined by GC on a CP-Chiralsil 1-Val
column (25 m) [190 °C; 100 kPa; retention time (min): 17.61 (an-
tipode: 17.86)]. The ee value for (+)-7c was determined by HPLC on
a Chiralcel® OD 5 column (0.46 cmx25 cm) [mobile phase: n-
hexane/2-propanol (95:5); flow rate 5 mLmin~'; detection at
205 nm; retention time (min): 25.06 (antipode: 32.39)], and ee for
(+)-8c was determined by HPLC on a Chiral Pak IA 5 p column
(0.4 cmx1cm) [mobile phase: n-heaxane/2-PrOH (90:10); flow
rate 5 mLmin~!; detection at 205 nm; retention time (min): 21.86
(antipode: 18.46)].

3.2. Computational methods

All computations were carried out with the Gaussian03 program
package (G03),'®! using standard convergence criteria, at B3LYP/6-
31G(d,p), B3LYP/6-311++G(d,p) and B3LYP/6-311++G(2d,2 p)
levels of theory. The vibrational frequencies were computed at the
same levels of theory as used for geometry optimization in order to
confirm all structures as residing at minima on their potential en-
ergy hypersurfaces. Thermodynamic functions U, H, G and S were
computed at 298.15 K, using the quantum chemical, rather than the
conventional, thermodynamic reference state.

3.3. General procedure for the synthesis of isoxazoline-fused-
B-aminocyclopentanecarboxylates

Method A: To a solution of amino ester 1a or 1b (3.92 mmol) in
THF (15 ml), RNO; (2 equiv), PhNCO (2 equiv) and Et3N (2 equiv)
were added and the mixture was stirred under reflux for 15 h. The
reaction mixture was then diluted with EtOAc (50 ml), washed with
H;0 (3x15 ml), dried (NaySO4), and concentrated under reduced
pressure. The crude residue was purified by column chromatogra-
phy on silica gel (n-hexane/EtOAc), giving 2a—d.°

Method B: To a solution of amino ester 6a or 6b (3 mmol) in THF
(20 mL), RNO; (3.2 mmol), DMAP (0.6 mmol, 20 mol %) and Boc,0
(9 mmol, 3 equiv) were added and the mixture was stirred at 20 °C
for 15 h. The reaction mixture was then diluted with H,0 (50 mL)
and extracted with EtOAc (3x15 mL). The combined organic layer
was washed with 5% HCl (15 mL) and brine (2x20 mL), dried
(NazS04) and concentrated under reduced pressure. The crude
residue was purified by column chromatography on silica gel (n-
hexane/EtOAc), giving 7a—d.

3.3.1. Ethyl (3aR+55%6R*6aS+)-6-(tert-butoxycarbonylamino)-3-meth-
yl-4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
(7a). A white solid; yield: 431 mg, 46%; mp 63—65 °C; R=0.25 (n-
hexane/EtOAc 2:1); 'H NMR (400 MHz, CDCl3): 6=1.28 (t, 3H, CHs,
J=7.1Hz), 1.46 (s, 9H, CHs3), 1.97—1.99 (s, 3H, CHs), 2.00—2.05 (m, 1H,
CH,), 2.13—2.26 (m, 1H, CH,), 2.38—2.48 (m, 1H, H-5), 3.63 (m, 1H, H-
3a), 4.11—4.34 (m, 3H, H-6 and OCH,), 4.89—4.94 (m, 1H, H-6a), 5.21
(br s, 1H, N—H); '3C NMR (100 MHz, DMSO): 6=11.5, 14.8, 29.0, 30.7,
36.8, 45.7, 53.6, 60.4, 61.2, 83.9, 157.6,172.7,173.4; MS: (ESI) m/z=335
(M+Na). Anal. Calcd for C15H24N50s5: C, 57.68; H, 7.74; N, 8.97. Found:
C, 5741; H, 7.58; N, 8.82.

3.3.2. Ethyl (3aR*5S+6R*6aS*)-6-benzamido-3-methyl-4,5,6,6a-tet-
rahydro-3aH-cyclopenta[dJisoxazole-5-carboxylate (7b). A white
solid; yield: 398 mg, 42%; mp 172—174 °C; R=0.15 (n-hexane/EtOAc
2:1); 'TH NMR (400 MHz, CDCl3): =116 (t, 3H, CHs, J=7.1 Hz),
1.98—2.00 (s, 3H, CHs), 2.03—2.10 (m, 1H, CHj), 2.24—2.34 (m, 1H,
CH,), 2.51-2.59 (m, 1H, H-5), 3.69 (m, 1H, H-3a), 4.10—4.17 (m, 2H,
OCH,), 4.77—4.84 (m, 1H, H-6), 4.97—5.01 (m, 1H, H-6a), 6.70 (br s,
1H, N—H), 7.41-7.53 (m, 3H, Ar—H), 7.77—7.81 (m, 2H, Ar—H); *C
NMR (100 MHz, DMSO): 6=11.6, 14.9, 30.8, 45.1, 53.9, 59.3, 61.0,

83.0,128.4,129.0,132.1,135.0,157.7,167.1,173.3; MS: (ESI) m/z=317
(M+1). Anal. Calcd for Ci7H9N204: C, 64.54; H, 6.37; N, 8.86.
Found: C, 64.38; H, 6.27; N, 8.75.

3.3.3. Ethyl (3aR+5S+6R*6aS+)-6-(tert-butoxycarbonylamino)-3-ethyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d[isoxazole-5-carboxylate (7c). A
white solid; yield: 215 mg, 22%; mp 105—106 °C; R=0.36 (n-hexane/
EtOAc 2:1); "H NMR (400 MHz, DMSO): 6=1.07 (t, 3H, CH3, J=7.4 Hz),
117 (t, 3H, CHs, J=7.2 Hz), 1.39 (s, 9H, CH3), 1.85—2.03 (m, 2H, CHa),
2.15-2.27 (m, 1H, CH), 2.29—2.37 (m, 1H, CH>), 2.38—2.47 (m, 1H, H-
5), 3.71 (m, 1H, H-3a), 3.97—4.13 (m, 3H, OCH, and H-6), 4.71—4.76
(m, 1H, H-6a), 6.74 (br s, 1TH, N—H);'> C NMR (100 MHz, CDCl):
0=114, 14.9, 19.5, 29.0, 30.9, 45.8, 52.3, 60.3, 61.0, 78.8, 83.1, 155.8,
161.9,173.4; MS: (ESI) m/z=227 (M+1). Anal. Calcd for C1gH26N205: C,
58.88; H, 8.03; N, 8.58. Found: C, 58.62; H, 7.92; N, 8.44.

3.3.4. Ethyl (3aR+5S*6R*6aS*)-6-benzamido-3-ethyl-4,5,6,6a-tetra-
hydro-3aH-cyclopenta[d]Jisoxazole-5-carboxylate  (7d). A white
solid; yield: 436 mg, 44%; mp 127-129°C; R=0.15 (n-hexane/
EtOAc 2:1); 'H NMR (400 MHz, CDCl3): 6=1.19, (t, 3H, CHs,
J=71Hz), 126 (t, 3H, CHs, J=71Hz), 2.06—212 (m, 1H, CHy),
2.23—2.37 (m, 2H, CH3), 2.44—2.63 (m, 2H, CH, and H-5), 3.77 (m,
1H, H-3a), 412—4.21 (m, 2H, OCH;), 4.80—4.87 (m, 1H, H-6),
4.98—5.03 (m, 1H, H-6a), 6.75 (b rs, 1H, N—H), 7.44—7.49 (m, 2H,
Ar—H), 7.51-7.56 (m, 1H, Ar—H), 7.77—7.85 (m, 2H, Ar—H); 1>C NMR
(100 MHz, CDCl3): 6=11.1,14.4,19.9, 30.7, 47.1, 52.4, 59.0, 61.6, 83.5,
127.5, 129.0, 132.1, 134.5, 162.3, 167.5, 172.6; MS: (ESI) m/z=331
(M+1). Anal. Calcd for CigH22N204: C, 65.44; H, 6.71; N, 8.48.
Found: C, 65.23; H, 6.63; N, 8.29.

3.4. General procedure for the synthesis of isoxazoline-fused-
B-amino esters 8a—d and 9a—d by epimerization of 2a—d and
3a—d

To a solution of isoxazoline-fused p-aminocyclopentane-
carboxylate 2a—d and 3a—d (1 mmol) in EtOH (10 ml), NaOEt
(1.2 mmol) was added and the mixture was stirred at room temper-
ature for 12 h. The mixture was then concentrated under reduced
pressure, and the residue was then diluted with CHCl; (30 ml),
washed with HyO (3x10 ml), dried (NaSO4) and concentrated under
reduced pressure. The crude residue was purified by crystallization
(n-hexane/EtOAc) or column chromatography on silica gel (n-hexane/
EtOAc 5:1).

3.4.1. Ethyl (3aR+,4S5+,55+,6aRx)-4-(tert-butoxycarbonylamino)-3-
methyl-4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxyl-
ate (8a). A white solid; yield: 234 mg, 75%; mp 92—94 °C; R=0.63
(n-hexane/EtOAc 1:2); "TH NMR (400 MHz, CDCls): 6=1.28 (t, 3H,
CHs, J=7.1 Hz), 1.48 (s, 9H, CH3), 2.1 (s, 3H, CH3), 2.25—2.34 (m, 1H
CH,), 2.42—2.50 (m, 1H, CHa), 2.82—2.91 (m, 1H, H-5), 3.49—3.57
(m, 1H, H-3a), 4.10—4.22 (m, OCH;), 4.34—4.40 (m, 1H, H-4), 4.82
(br s, 1H, N—H), 5.06—5.13 (m, 1H, H-6a); '>C NMR (100 MHz,
CDCl3): 6=12.2, 14.5, 28.7, 36.8, 49.7, 58.1, 61.6, 63.3, 83.9, 98.0,
106.9, 155.2, 172.1; MS: (ESI) m/z=313 (M+1). Anal. Calcd for
Ci5H24N205: C, 57.68; H, 7.74; N, 8.97. Found: C, 57.43; H, 7.61;
N, 8.90.

3.4.2. Ethyl (3aRx4S+5S*6aR*)-4-benzamido-3-methyl-4,5,6,6a-tet-
rahydro-3aH-cyclopenta[dJisoxazole-5-carboxylate (8b). A white
solid; yield: 117 mg, 37%; mp 142—144 °C; R=0.3 (n-hexane/EtOAc
1:1); 'TH NMR (400 MHz, CDCl3): 6=1.22—1.3 (t, 3H, CH3, J=7.1 Hz),
2.16 (s, 3H, CH3), 2.26—2.36 (m, 1H, CHj), 2.50—2.61 (m, 1H, CH>),
3.05—3.13 (m, 1H, H-5), 3.69—3.76 (m, 1H, H-3a), 4.12—4.20 (m, 2H,
OCHy), 4.72—4.79 (m, 1H, H-4), 5.12—5.21 (m, 1H, H-6a), 6.47—6.69
(brs, 1H, N—H), 7.43—7.50 (m, 2H, Ar—H), 7.52—7.58 (m, 1H, Ar—H),
7.76—7.80 (m, 2H, Ar—H); 3C NMR (100 MHz, CDCl3): =12.3, 14.5,
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30.1,36.9,49.4,57.5,61.7,63.0,126.3,127.3,129.1,132.4,134.3,156.3,
172.1; MS: (ESI) m/z=317 (M+1). Anal. Calcd for C;7H9N204: C,
64.54; H, 6.37; N, 8.86. Found: C, 64.41; H, 6.21; N, 8.70.

3.4.3. Ethyl (3aR*,4S5+,55*,6aR+)-4-(tert-butoxycarbonylamino )-3-
ethyl-4,5,6,6a-tetrahydro-3aH-cyclopenta[dJisoxazole-5-carboxylate
(8¢c). A white solid; yield: 98 mg, 30%; mp 119—121 °C; R=0.42 (n-
hexane/EtOAc 2:1); 'H NMR (400 MHz, DMSO): 6=1.07 (t, 3H, CHs,
J=7.47 Hz),1.14 (t, 3H, CH3, J=7.1 Hz), 1.38 (s, 9H, CH3), 1.87—1.96 (m,
1H, CHy), 2.23-2.46 (m, 3H, CH,), 2.48-2.51 (m, 1H, H-5),
2.72—-2.79 (m, 1H, H-3a), 3.45 (dd, 1H, H-4, J=5.0 and 5.1 Hz),
3.96—4.06 (m, 2H, OCH>), 4.10—4.17 (m, 1H, H-6a), 4.89—4.96 (br s,
1H, N—H); 13C NMR (100 MHz, CDCl3): 6=11.3,14.8, 20.2, 29.0, 36.7,
49.7, 58.5, 61.2, 61.7, 79.1, 83.9, 155.7, 160.7, 172.7; MS: (ESI)
m/z=327 (M+1). Anal. Calcd for C;6H26N20s5: C, 58.88; H, 8.03; N,
8.58. Found: C, 58.71; H, 7.85; N, 8.30.

3.4.4. Ethyl (3aR+4S+5S+6aR*)-4-benzamido-3-ethyl-4,5,6,6a-tetra-
hydro-3aH-cyclopenta[dJisoxazole-5-carboxylate  (8d). A white
solid; yield: 149 mg, 45%; mp 136—137 °C; R=0.46 (n-hexane/
EtOAc 1:1); 'H NMR (400 MHz, DMSO): 6=1.05 (t, 3H, CHs,
J=715Hz), 1.07 (t, 3H, CHs, J=7.2 Hz), 1.93—2.01 (m, 1H, CHy),
2.23-2.34 (m, 1H, CHy), 2.36—2.53 (m, 2H, CH,), 2.91—-2.99 (m, 1H,
H-5), 3.63 (dd, 1H, H-3a, J=5.0 and 5.1 Hz), 3.93—4.01 (m, 2H,
OCHy), 4.57—4.64 (m, 1H, H-4), 4.95—5.02 (m, 1H, H-6a), 7.42—7.54
(m, 3H, Ar—H), 7.77—7.81 (m, 2H, Ar—H), 8.66 (br s, 1H, N—H); 3C
NMR (100 MHz, DMSO): 6=11.4, 14.7, 20.3, 36.9, 49.6, 57.4, 61.2,
61.5, 84.1,128.1,129.2, 132.3, 134.0, 136.5, 158.0, 171.8; MS: (ESI) m/
z=331 (M+1). Anal. Calcd for C1gH23N,04: C, 65.44; H, 6.71; N, 8.48.
Found: C, 65.21; H, 6.80; N, 8.30.

3.4.5. Ethyl  (3aS+5S+6R*,6aR+)-6-(tert-butoxycarbonylamino)-3-
methyl-4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxyl-
ate (9a). A white solid; yield: 62 mg, 20%; mp 113—115 °C; R=0.47
(n-hexane/EtOAc 1:2); 'H NMR (400 MHz, CDCls): 6=1.26 (t, 3H,
CHs, J=7.2 Hz), 1.44 (s, 9H, CH3), 1.97—1.98 (s, 3H, CH3), 2.03—2.12
(m, 1H, CHy), 2.24—2.34 (m, 1H, CH,), 3.08—3.20 (m, 1H, H-5),
3.54—3.62 (m, 1H, H-3a), 3.93—4.04 (m, 1H, H-6), 4.11—4.18 (m, 2H,
OCH,), 4.83 (br s, 1H, N—H), 5.00—5.10 (m, 1H, H-6a); >*C NMR
(100 MHz, CDCl3): 6=11.8,14.5, 28.7, 28.8, 30.8, 53.7,59.9, 61.5, 63.6,
101.3, 139.9, 155.4, 157.8; MS: (ESI) m/z=335 (M+Na). Anal. Calcd
for C15H24N205: C, 57.68; H, 7.74; N, 8.97. Found: C, 57.41; H, 7.63; N,
8.92.

3.4.6. Ethyl (3aS+5S+6R*,6aR*)-6-benzamido-3-methyl-4,5,6,6a-tet-
rahydro-3aH-cyclopenta[dJisoxazole-5-carboxylate (9b). A white
solid; yield: 95 mg, 30%; mp 181183 °C; R=0.23 (n-hexane/EtOAc
1:1); 'H NMR (400 MHz, CDCl3): 6=1.23 (t, 3H, CHs, J=7.2 Hz), 1.42
(s, 3H, CH3), 2.05-2.12 (m, 1H, CHjp), 2.44—2.55 (m, 1H, CH,),
3.49—-3.58 (m, 1H, H-5), 3.71-3.79 (m, 1H, H-3a), 4.13—4.20 (m, 2H,
OCHj), 4.21—4.29 (m, 1H, H-6), 540 (dd, 1H, H-6a, J=5.0 and
5.2 Hz), 6.65 (br s, 1H, N—H), 7.44—7.49 (m, 2H, Ar—H), 7.52—-7.57
(m, 1H, Ar—H), 7.76—7.80 (m, 2H, Ar—H); >C NMR (100 MHz,
CDCl3): 6=11.86,14.52, 27.56, 31.29, 47.26, 53.91, 61.59, 63.88, 88.26,
122.64, 126.92, 127.33, 129.05, 132.20, 148.00, 182.23; MS: (ESI)
m/z=317 (M+1). Anal. Calcd for Cy7Hy9N204: C, 64.54; H, 6.37; N,
8.86. Found: C, 64.39; H, 6.25; N, 8.69.

3.4.7. Ethyl (3aS+,55+,6R+,6aRx)-6-(tert-butoxycarbonylamino)-3-
ethyl-4,5,6,6a-tetrahydro-3aH-cyclopenta[dJisoxazole-5-carboxylate
(9¢c). A white solid; yield: 75 mg, 23%; mp 113—115 °C; R=0.61
(n-hexane/EtOAc 1:1); 'H NMR (400 MHz, CDCl3): 6=1.21 (t, 3H,
CH3, J=7.5 Hz), 1.26—1.32 (t, 3H, CHs, J=7.4 Hz), 1.47 (s, 9H, CH3),
2.03—2.14 (m, 1H, CHy), 2.24—2.38 (m, 2H, CH,), 2.44—2.55 (m, 1H,
CH>), 3.11-3.25 (m, 1H, H-5), 3.62—3.70 (m, 1H, H-3a), 4.95—4.07
(m, 1H, H-6), 4.14—4.20 (m, 2H, OCH,), 4.82—4.93 (m, 1H, H-6a),

5.08 (br's, 1H, N—H); >C NMR (100 MHz, CDCl3): 6=11.0, 14.5, 20.2,
28.7,30.1, 31.1, 52.4, 61.5, 63.4, 117.5, 119.5, 124.4, 155.4, 162.3; MS:
(ESI) m/z=349 (M+Na). Anal. Calcd for C;6H26N205: C, 58.88; H,
8.03; N, 8.58. Found: C, 58.73; H, 7.85; N, 8.31.

3.4.8. Ethyl (3aS+5S*6R*,6aR*)-6-benzamido-3-ethyl-4,5,6,6a-tetra-
hydro-3aH-cyclopenta[dJisoxazole-5-carboxylate  (9d). A white
solid; yield: 33 mg, 10%; mp 192—194 °C; R=0.39 (n-hexane/EtOAc
1:1) and 'H NMR (400 MHz, DMSO): 6=1.05 (t, 3H, CH3, J=7.2 Hz),
1.10 (t, 3H, CHs,J=7.2 Hz), 1.94—2.05 (m, 1H, CH>), 2.21-2.43 (m, 3H,
CHj), 2.90—2.98 (m, 1H, H-5), 3.72—3.80 (m, 1H, H-3a), 3.92—4.05
(m, 2H, OCH,;), 4.40—4.47 (m, 1H, H-6), 4.92 (dd, 1H, H-64a, J=4.8 and
7.7 Hz), 7.44—7.57 (m, 3H, Ar—H), 7.83 (d, 2H, Ar—H, J=7.5 Hz), 8.65
(br s, 1H, N—H); 3C NMR (100 MHz, DMSO): 6=11.3,14.7,19.9, 30.9,
48.7, 52.4, 61.2, 61.9, 89.1, 1281, 129.2, 132.2, 135.1, 162.7, 1671,
172.7; MS: (ESI) m/z=331 (M+1). Anal. Calcd for Ci;gH22N204: C,
65.44; H, 6.71; N, 8.48. Found: C, 65.20; H, 6.56; N, 8.28.

3.5. Characterization of the enantiomers

The 'H NMR spectra of the enantiomeric substances were the
same as those of the corresponding racemic compounds.

3.5.1. Ethyl (1S,2S)-2-(tert-butoxycarbonylamino)cyclopent-3-ene-
carboxylate [(+)-6a]. A white solid; yield: 58%; mp=58—60 °C;
[]3° +121.7 (c 0.38, EtOH).

3.5.2. Ethyl (3aR4S,5R 6aR)-4-(tert-butoxycarbonylamino)-3-methyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(—)-2a]. A white solid; yield: 53%; mp 80—82 °C; [¢]3° —8.3 (c 0.4,
EtOH).

3.5.3. Ethyl (3aR4S,5R,6aR)-4-(tert-butoxycarbonylamino)-3-ethyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(—)-2c]. A white solid; yield: 40%; mp 105—107 °C; [0]% —2 (c 0.1,
EtOH).

3.5.4. Ethyl (3aR4S,5S,6aR)-4-(tert-butoxycarbonylamino)-3-methyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(+)-8a]. A white solid; yield: 22%; mp 90—93 °C; [oc]%)5 +20(c0.28,
EtOH).

3.5.5. Ethyl (3aRA4S,5S,6aR)-4-(tert-butoxycarbonylamino)-3-ethyl-
4,5,6,6a-tetrahydro-3aH-cyclopentald]isoxazole-5-carboxylate
[(+)-8c]. A white solid; yield: 25%; mp 119-121°C; @&’ +20
(c 0.37, EtOH).

3.5.6. Ethyl (3aR,5S,6R,6aS)-6-(tert-butoxycarbonylamino)-3-methyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(+)-7a]. Yellow oil; yield: 52%; [0]%° +105 (c 0.39, EtOH).

3.5.7. Ethyl (3aR5S,6R,6aS)-6-(tert-butoxycarbonylamino)-3-ethyl-
4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-5-carboxylate
[(+)-7c]. A white solid; yield: 34%; mp 105—107 °C; [a}%s +136 (c
0.30, EtOH).
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A rapid and simple procedure was devised for the synthesis of multifunctionalized cyclic f-amino esters and y-amino alcohols via

the 1,3-dipolar cycloaddition of nitrile oxides to f-aminocyclopentenecarboxylates. The opening of the isoxazoline reductive ring to

the corresponding highly functionalized 2-aminocyclopentanecarboxylates occurred stereoselectively with good yields.

Introduction

Isoxazoline-fused amino acids are important bioactive deriva-
tives in organic and medicinal chemistry (e.g., conformation-
ally restricted aspartate and glutamate analogues) [1-6]. As a
consequence of their ability to undergo reductive ring opening,
isoxazolines are of interest as precursors for the synthesis of
highly functionalized molecules such as -hydroxyketones
[7-10], amino alcohols or amino acids [11-17], etc. The multi-
functionalized cyclic amino acids — e.g., the antibiotic
Oryzoxymycin [18-21], the antiviral agents Tamiflu [22-33],
Zanamivir and 2,3-didehydro-2-deoxy-N-acetylneuraminic acid
(DANA) [34-38] — are bioactive derivatives of great signifi-
cance for medicinal chemistry. A promising neuraminidase
inhibitor, BCX-1812 (Peramivir), is currently under evaluation

in clinical trials [39-45] (Figure 1). A series of Peramivir
analogues has recently been investigated as potential antiviral
agents [46,47].

Results and Discussion

We recently reported a regio- and stereoselective procedure for
the formation of a series of isoxazoline-fused cispentacin and
transpentacin regio- and stereoisomers (2—6) from bicyclic
B-lactam 1 [48,49] (Scheme 1). The syntheses consisted of a
dipolar cycloaddition of nitrile oxide (generated with Boc,0,
Et;N and DMAP) to the olefinic bond of cis-ethyl 2-amino-
cyclopent-3-enecarboxylate derived from 1, during which the

isoxazoline-fused amino ester regio- and stereoisomers (2 and
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Oryzoxymycin Tamiflu Zanamivir
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Peramivir DANA
Figure 1: Structures of neuraminidase inhibitors.
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Scheme 1: Isoxazoline-fused B-aminocyclopentanecarboxylate regio- and stereoisomers [8].

4) were formed, then separated and isolated. The cycloaddition
of nitrile oxide to trans-ethyl 2-aminocyclopent-3-enecarboxy-
late under similar conditions proceeded selectively with the for-
mation of 6. Epimerization of 2 and 4 afforded trans deriva-
tives 3 and 5 [48,49].

Since isoxazoline-functionalized molecules are excellent
precursors for the construction of different functional groups
through reductive ring cleavage, our recent aim was to synthe-
size highly functionalized B-aminocyclopentanecarboxylate
regio- and stereoisomers from the earlier prepared isoxazoline-

fused cispentacin and transpentacin derivatives.

A number of methods are known for the reductive opening of
the isoxazoline ring: Catalytic hydrogenation or reduction with
Fe in the presence of NH4Cl, NaBHy, LiAlH4, Raney Ni,
BHj3 THF, or Sml,/B(OH)3/H,0 [7-17].

For the reduction, we selected model compound 2 from earlier
prepared isoxazoline-fused cispentacin stereoisomers to execute

the reduction under different conditions. The isoxazoline-fused

derivative was treated with the above-mentioned reducing
agents. Unfortunately, neither transformation nor isoxazoline
opening with ester reduction was observed. When the reduction
was carried out with NaBH, in EtOH, three products were
obtained: The epimerized isoxazoline-fused amino carboxylate
7 and amino alcohols 8 and 9 which were separated by chroma-
tography and isolated (Scheme 2).

Thus, this reaction did not lead to the formation of highly func-
tionalized isoxazoline ring-opened -amino ester either. When
ammonium formate in EtOH in the presence of Pd/C was
investigated for the reduction of 2, the ring opening resulted in
carbonyl compound 10 in rather low yield through the corres-
ponding hydroxyimine intermediate, followed by elimination

and saturation (Scheme 3).

Combinations of NaBHy (as a mild and selective reducing
agent) with cobalt, nickel, iridium or rhodium halide have
previously been employed for cleavage of the isoxazoline ring
system, which is otherwise inert to NaBH, without such metal

halide additives [50]. Accordingly, we investigated the reduc-
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Scheme 2: Treatment of isoxazoline-fused amino ester 2 with NaBHj.
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Scheme 3: Reduction with Pd/C in the presence of HCOoNH,.

tion of isoxazoline-fused amino ester stereoisomers 2 [48,49]
with NaBHy in the presence of NiCl, (Scheme 4), which was
found to be a suitable reducing system.

The reduction carried out by adding NaBH,4 to a mixture of
NiCl, and isoxazoline derivative 2 in EtOH/H,O, followed by
amino group protection with Boc,0O, selectively afforded only
isoxazoline-opened product 12 as a single diastereomer in good
yield. The reaction was exothermic and deposited a black gran-
ular precipitate, reflecting the presence of metal boride. The
product was purified by column chromatography and the struc-
ture of 12 was certified by X-ray analysis (Figure 2).

The isoxazoline opening occurred with the formation of a new
stereocenter at a one-carbon distance from C-3. In accordance
with earlier results [39-47], the hydrogenation of the isoxazo-
line proceeded through hydrogen attack from the carbamate side
(cis to —NHBoc) of the cyclopentane skeleton. This was
confirmed by X-ray analysis of 12.

In order to increase the number of multifunctionalized amino
ester stereoisomers, we next examined the reductions of isoxa-
zoline-fused cispentacin and transpentacin stereoisomers (3—6)

Figure 2: ORTEP diagram of 12 showing the atomic labeling scheme.
The thermal ellipsoids are drawn at the 20% probability level.

[49]. Reactions were carried out similarly with NaBHy4 in the
presence of NiCl, in EtOH/H,O and led selectively to the
corresponding multifunctionalized amino esters 13—16 in good

yields (Scheme 5) as single diastereoisomers.

Conclusion

The present work has furnished a facile and efficient stereose-
lective reduction of isoxazoline-fused cyclic B-amino esters to
multifunctionalized 2-aminocyclopentanecarboxylates through
the use of NaBH4/NiCl, as reducing agent. As Peramivir related
derivatives, highly functionalized cyclic amino esters may be
regarded as promising bioactive compounds.

O COoEt NaBHy,, NiCly, Boc,O HO.., COAEt
Ny . BocHN_ ¢
w\ NHBoc EtOH/THF (3:1),rt, 6 h < NHBoo
Me H
2 12
(80%)

Scheme 4: Transformation of isoxazoline-fused cispentacin stereoisomer 2 into multifunctionalized B-amino acid derivative 12.
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Scheme 5: Synthesis of multifunctionalized -amino acid derivatives
13-16. Reaction conditions: NaBHy4, NiCly, Boc,0, EtOH/H0, rt, 6 h.

Experimental

The chemicals were purchased from Aldrich. The solvents were
used as received from the supplier. Melting points were deter-
mined with a Kofler apparatus. NMR spectra were recorded on
a Bruker DRX 400 MHz spectrometer in deuterated DMSO or
CDClj3. Chemical shifts are expressed in ppm (8) from the
signal of internal tetramethylsilane. Mass spectra were recorded
on a Finnigan MAT 958 spectrometer. Elemental analyses were
recorded on a Perkin-Elmer CHNS-2400 Ser II Elemental
Analyzer. FTIR spectra were recorded on a Perkin-Elmer Spec-
trum 100 instrument. Cycloadducts 2—6 were synthesized

according to previously published procedures [8].

General procedure for the synthesis of com-
pounds 8 and 9

To a solution of izoxazoline-fused B-aminocyclopentane-
carboxylate 2 (0.96 mmol) in dry EtOH (15 mL) NaBHy4
(2.88 mmol) was added and the reaction mixture was stirred
under reflux for 16 h. The reaction was quenched by the addi-
tion of HyO (10 mL) and then, the mixture was concentrated
under reduced pressure. The reaction mixture was diluted with
H,0 (20 mL), washed with EtOAc (3 x 15 mL), dried
(NapS0Oy4) and concentrated under reduced pressure. The crude
residue was purified by column chromatography on silica gel
(n-hexane/EtOAc) giving 8 and 9.

Beilstein J. Org. Chem. 2012, 8, 100-106.

General procedure for the synthesis of 10

To a stirred solution of isoxazoline-fused f-aminocyclopentane-
carboxylate 2 (1.6 mmol) in dry EtOH (15 mL), HCOONH,4
(3.2 mmol) and Pd/C (0.10 g) were added and the reaction mix-
ture was stirred under reflux for 24 h. The mixture was filtered
through a celite pad and the filtrate was evaporated in vacuo.
The crude residue was diluted with EtOAc (30 mL), washed
with H,O (3 x 15 mL), dried over Na,SO,4 and concentrated
under reduced pressure. The residue was purified by column
chromatography on silica gel (n-hexane/EtOAc), giving 10.

General procedure for isoxazoline ring
opening

To a stirred solution of isoxazoline-fused f-aminocyclopentane-
carboxylates 2—6 (0.96 mmol) in 8§ mL of EtOH/THF (viv =
3:1), NiCl, (1.92 mmol) and Boc,O (1.92 mmol) were added.
After stirring for 10 min, NaBHy4 (1.92 mmol) was added in
portions. The reaction mixture was further stirred for 6 h at
room temperature and the reaction was quenched by the addi-
tion of HyO (5§ mL). The reaction mixture was filtered through a
celite pad and the filtrate was evaporated in vacuo. The crude
residue was diluted with EtOAc (30 mL), washed with H,O
(3 x 15 mL), dried over Na;SQOy, and concentrated under
reduced pressure. The residue was purified by column chroma-
tography on silica gel (n-hexane/EtOAc), giving the corres-
ponding reduced product.

tert-Butyl (3aR*,4R*,5R*,6aR*)-[5-(hydroxymethyl)-3-
methyl-4,5,6,6a-tetrahydro-3aH-cyclopenta|d]isoxazol-4-
yllcarbamate (8): Light-yellow oil; yield 48% (124 mg); Ry
0.35 (n-hexane/EtOAc); IR (KBr) viem™!: 3344, 3265, 2979,
1678, 1563, 1184; 'H NMR (400 MHz, CDCl3) & 1.45 (s, 3H,
CHj3), 1.56 (s, 9H, CH3), 1.65-1.72 (m, 2H, CH,), 2.19-2.25
(m, 1H, H-5), 2.75-2.81 (m, 1H, H-3a), 3.19-3.25 (m, 1H,
H-6a), 3.59-3.71 (m, 1H, H-4), 3.63-3.72 (m, 2H, CH>), 5.42
(br s, 1H, N-H), OH group not observed — exchanged;
13C NMR (100 MHz, CDCls) & 16.0, 28.6, 30.2, 32.5, 43.0,
44.4,59.2, 63.9, 78.0, 155.2, 155.6; MS (ESI) m/z: 293 [M +
Na]*; Anal. caled for C13H»,N,04: C, 57.76; H, 8.20; N, 10.36;
found: C, 57.60; H, 8.07; N, 10.23.

tert-Butyl (3S*,3aR*,4R*,SR*,6aR *)-[5-(hydroxymethyl)-3-
methylhexahydro-2H-cyclopenta|d]isoxazol-4-yl|carbamate
(9): Colorless oil; yield 12% (31 mg); R¢ 0.29 (n-hexane/
EtOAc); IR (KBr) viem™!: 3460, 3331, 2978, 1683, 1531, 1174;
TH NMR (400 MHz, CDCl3) & 0.98-1.05 (m, 3H, CH3), 1.36 (s,
9H, CHj3), 1.55-1.75 (m, 2H, CH,), 2.22-2.27 (m, 1H, H-5),
2.38-2.47 (m, 1H, H-3a), 2.78-2.86 (m, 1H, H-3), 3.17-3.24
(m, 1H, H-6a), 3.59-3.69 (m, 1H, H-4), 3.36-3.68 (m, 2H,
CH,), 5.32 (br s, 1H, N-H), 6.12 (br s, 1H, N-H), OH group not
observed — exchanged; '13C NMR (100 MHz, CDCl3) & 15.0,
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27.1,29.0, 35.8,42.4, 51.7, 57.2, 62.6, 77.4, 80.4, 155.6; MS
(ESI) m/z: 295 [M + Na]™; Anal. calcd for C;3Hp4N,Oy: C,
57.33; H, 8.88; N, 10.29; found: C, 57.20; H, 8.71; N, 10.42.

Ethyl (1R*,25%,35%*)-3-acetyl-2-(fert-butoxycarbonyl-
amino)cyclopentanecarboxylate (10): White solid; yield 32%
(153 mg); mp 109-110 °C; Ry 0.62 (n-hexane/EtOAc); IR (KBr)
v/iem™!: 3354, 2978, 1716, 1684, 1531, 1171; 'H NMR (400
MHz, CDCl3) & 1.29 (t, J = 7.54 Hz, 3H, CH3), 1.41 (s, 9H,
CH3), 1.59-1.71 (m, 2H, CH,), 1.74-1.95 (m, 2H, CH,), 2.05
(s, 3H, CH3), 2.83-2.97 (m, 1H, H-1), 3.01-3.15 (m, 1H, H-3),
4.18-4.29 (m, 2H, OCH,), 4.31-4.44 (m, 1H, H-2), 5.76 (br s,
1H, N-H); 13C NMR (100 MHz, CDCls) & 13.98, 20.05, 25.76,
29.31, 31.21, 43.97, 46.01, 52.70, 82.01, 155.67, 176.01,
206.52; MS (ESI) m/z: 322 [M + Na]*; Anal. calcd for
C15HpsNOs: C, 60.18; H, 8.42; N, 4.68; found: C, 60.05; H,
8.35; N, 4.54.

Ethyl (1R*,25%,35*,4R*)-2-(tert-butoxycarbonyl)-3-((S*)-1-
(tert-butoxycarbonyl)ethyl)-4-hydroxycyclopentanecarboxy-
late (12): White solid; yield 80% (320 mg); mp 120-121 °C; R¢
0.22 (n-hexane/EtOAc 1:1); IR (KBr) v/em™': 3457, 3348,
2982, 1720, 1698, 1531, 1160; 'H NMR (400 MHz, DMSO) &
0.96 (t, J = 7.34 Hz, 3H, CH3), 1.27-1.33 (m, 3H, CH3),
1.45-1.50 (m, 18H, CH3), 1.94-2.02 (m, 2H, CHj), 2.07-2.16
(m, 1H, H-4), 3.30-3.39 (m, 1H, H-1), 3.80-3.89 (m, 1H, CH),
4.13-4.23 (m, 2H, OCHy), 4.24-4.30 (m, 1H, H-2), 4.44-4.56
(m, 1H, H-3), 5.28-5.35 (m, 1H, NH), 5.61-5.72 (m, 1H, NH),
OH group not observed — exchanged; 13C NMR (100 MHz,
CDCl3) & 11.7, 14.6, 28.8, 28.9, 29.3, 30.1, 31.8, 37.3, 44.6,
51.1, 54.6,61.2,73.7, 80.1, 80.4, 155.0, 156.5, 172.0; MS (ESI)
m/z: 418 [M + 2H]*; Anal. calcd for CogH36N,O7: C, 57.67; H,
8.71; N, 6.73; found: C, 57,44; H, 8.86; N, 6.58.

Ethyl (1R*,2R*,3R*,45%)-2-(tert-butoxycarbonyl)-4-((R*)-1-
(tert-butoxycarbonyl)ethyl)-3-hydroxycyclopentanecarboxy-
late (13): White solid; yield 72% (288 mg); mp 129-130 °C; R¢
0.59 (n-hexane/EtOAc 1:1); IR (KBr) viem™l: 3479, 3347,
3353, 1725, 1685, 1662, 1531, 1163; 'H NMR (400 MHz,
CDCl3) 6 1.17-1.29 (m, 6H, CH3), 1.40-1.46 (m, 18H, CH3),
1.79-1.91 (m, 1H, CHj), 2.05-2.19 (m, 2H, CH,, H-1),
3.26-3.34 (m, 1H, H-4), 3.86-4.01 (m, 2H, H-2, CH),
4.08-4.19 (m, 3H, OCH,, H-3), 4.53 (br s, 1H, N-H), 5.05 (brs,
1H, N-H), OH group not observed — exchanged; 13C NMR (100
MHz, CDCl3) 3 14.6, 21.1, 28.4, 28.7, 28.8, 44.0, 46.6, 60.5,
61.2,67.5,77.6,80.2, 86.4, 156.1, 156.4, 174.8; MS (ESI) m/z:
418 [M + 2H]*; Anal. calcd for CooH3¢N,07: C, 57.67; H, 8.71;
N, 6.73; found: C, 57.50; H, 8.98; N, 6.39.

Ethyl (15%,25%,35%,4R*)-2-(tert-butoxycarbonyl)-3-((S*)-1-
(tert-butoxycarbonyl)ethyl)-4-hydroxycyclopentanecarboxy-
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late (14): White solid; yield 75% (300 mg); mp 144-145 °C; R¢
0.3 (n-hexane/EtOAc 1:1); IR (KBr) viem™1: 3420, 3363, 2980,
1692, 1537, 1185; 'H NMR (400 MHz, CDCl3) § 1.26-1.33 (m,
6H, CH3), 1.43-1.48 (m, 18H, CH3), 1.82-1.93 (m, 1H, CH,),
1.98-2.15 (m, 1H, H-1), 2.24-2.36 (m, 1H, CHj), 2.76-2.89
(m, 1H, H-3), 3.58-3.72 (m, 1H, H-4), 3.93-4.05 (m, 1H, H-2),
4.15-4.25 (m, 3H, OCH,, CH), 4.87 (br s, 1H, N-H), 5.09 (br s,
1H, N-H), OH group not observed — exchanged; 13C NMR (100
MHz, CDCl3) 6 14.5, 21.4, 28.8, 28.9, 35.9, 45.7, 49.1, 52.3,
54.5, 58.3, 73.4, 80.1, 152.5, 156.8, 172.6; MS (ESI) m/z: 418
[M + 2H]*; Anal. caled for CogH34N,07: C, 57.67; H, 8.71; N,
6.73; found: C, 57.41; H, 8.37; N, 6.59.

Ethyl (15*,2R*,3R*,45*)-2-(tert-butoxycarbonyl)-4-((R*)-1-
(tert-butoxycarbonyl)ethyl)-3-hydroxycyclopentanecarboxy-
late (15): White solid; yield 85% (340 mg); mp 141-142 °C; R¢
0.46 (n-hexane/EtOAc 1:1); IR (KBr) viem™!: 3426, 3378,
3333, 2979, 1688, 1718, 1703, 1522, 1176; 'H NMR (400
MHz, CDCl3) 6 1.21-1.30 (m, 6H, CH3), 1.40-1.46 (m, 18H,
CH3), 1.84-1.97 (m, 2H, CH,, H-4), 2.03-2.20 (m, 2H, CH>,
H-1),2.54 (q, J=9.10 Hz, 1H, H-2,), 3.73-3.82 (m, 1H, H-3),
3.87-4.04 (m, 2H, N-H, CH), 4.10-4.22 (m, 2H, OCH), 4.83
(br s, 1H, N-H), OH group not observed — exchanged;
13C NMR (100 MHz, CDCls) § 14.1, 20.0, 27.5, 28.7, 28.8,
45.6, 46.1, 46.8, 60.9, 62.5, 78.1, 80.1, 80.3, 154.0, 156.4,
174.6; MS (ESI) m/z: 418 [M + 2H]"; Anal. calcd for
CyoH36N,07: C, 57.67; H, 8.71; N, 6.73; found: C, 57.91; H,
8.46; N, 6.58.

Ethyl (1.5%,2R*,35*,4R*)-2-(tert-butoxycarbonyl)-4-((S*)-1-
(tert-butoxycarbonyl)ethyl)-3-hydroxycyclopentanecarboxy-
late (16): White solid; yield 82% (328 mg); mp 166-167 °C; R¢
0.32 (n-hexane/EtOAc 1:1); IR (KBr) v/em™': 3485, 3368,
3353, 2975, 1733, 1681, 1667, 1533, 1167; 'H NMR (400
MHz, CDCl3) 6 1.17-1.31 (m, 6H, CHj3), 1.38-1.46 (m, 18H,
CHj), 1.79-2.15 (m, 3H, CH,, H-1, H-4), 2.72-2.87 (m, 1H,
CHy), 3.77-4.03 (m, 1H, CH), 4.06-4.23 (m, 4H, H-2, H-3,
OCHy;), 4.37-4.48 (m, 1H, N-H), 4.88 (br s, |H, N-H), OH
group not observed — exchanged; '3C NMR (100 MHz, CDCls)
14.6, 21.6, 28.7, 28.8, 47.2, 49.0, 59.9, 61.2, 61.6, 69.4, 74.7,
80.0, 85.9, 117.5, 156.1, 158.8, 171.3; MS (ESI) m/z: 418 [M +
2H]*; Anal. caled for CooH3¢N,0O7: C, 57.67; H, 8.71; N, 6.73;
found: C, 57.43; H, 8.40; N, 6.95.

X-ray crystallographic study of 12: Crystallographic data
were collected at 123 K with a Nonius-Kappa CCD area
detector diffractometer, using graphite-monochromatized
Mo K, radiation (A = 0.71073 A) as reported earlier [51].
Crystal data for 12, CyoH36N,07, M, = 416.51, triclinic, space
group P—1 (no. 2), a = 9.3765(2), b = 13.7078(4), ¢ =
18.7792(4) A, a.= 96.609(2), B = 95.261(1), y = 100.965(1), V' =
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2337.9(1) A3, T=123 K, Z =4, p(Mo K,) = 0.089 mm!, 9120
unique reflections (R;,; = 0.034) which were used in calcula-
tions. The final RI (for the data with F? > 25(F2) was 0.042 and
wR2(F?) (all data) was 0.111.

The SHELXL-97 program [52] was used to solve the structure
by direct methods and to perform full-matrix, least-squares
refinements on F2. The unit cell of 12 contains two molecules
with slightly different conformations. The CH hydrogen atoms
were included at fixed distances from their host atoms with
fixed displacement parameters. The NH and OH hydrogen
atoms were refined isotropically. The deposition number CCDC
845835 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge at http://

www.ccdc.cam.ac.uk/conts/retrieving.html [or from the

Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: (internat.) +44-1223-336-033;
Email: deposit@ccdc.cam.ac.uk].
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Magyar Kémiai Folyoirat 1

Izoxazolin gyiriivel kondenzalt ciszpentacin szarmazékok

szintézise
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1. Bevezetés

Az izoxazolin gylrlt tartalmazé vegylletek szamos
képviseldje  kiilonb6zé  bioldgiai  (influenzaellenes,
antifungalis)  hatassal  rendelkezik'.  Izoxazolinvaz
kiépitésére alkalmazhatdé egyik moddszer a nitril-oxidok
alkénekre torténé 1,3-dipolaros cikloaddicioja®. Nitril-
oxidok in situ generalasara legismertebb eljarasok a
Mukaiyama modszer, amely primer nitroalkdnok
dehidratacidjan alapszik’, illetve a Huisgen modszer, a
hidroximoil-kloridok bézis indukalt dehidrohalogénezése”.
A ciklusos o- vagy vy-aminosavszarmazékokra nitril-
oxidokkal végrehajtott cikloaddiciok biologiailag aktiv
vegyiiletek szintéziséhez vezettek’. Ciklopenténvazas y-
aminosavakra torténd sztereoszelektiv cikloaddicioval
kiilonb6z6 multiszubsztitualt antiviralis hatast szarmazékot
allitottak el6°. Farmakologiai hatisuknak koszonhetSen a
ciklusos B-aminosavakra az elmult években egyre nagyobb
figyelem iranyult’. A természetben eléfordulé ciszpentacin
[(1R,25)-2-amino-1-ciklopentankarbonsav], valamint az
icofungipen [(1R,2S)-2-amino-4-metilénciklopentankarbon-
sav], baktériumellenes és antifungalis hatast vegyiiletek™.
A ciklusos [B-aminosavakat széles korben alkalmazzik
ujtipusu peptidek szintézisére. Ezen kiviil, a f-aminosavak
kiilonb6z6 természetes vegyliletek komponensei, valamint
potencialis  gyogyszervegyiiletek  és  heterociklusok
épitéelemeiként is szolgalnak®. Szamos multifunkcios
ciklusos aminosavszarmazék (Oseltamivir, Zanamivir,
Peramivir) kiilsnbozé bioldgiai hatassal rendelkezik’® A
cikloalkénvazas [B-aminosavak kettés kotése lehetdséget
nyujt Gjabb funkcidos csoportok szelektiv kialakitasara.
Kutatdocsoportunkban kiilonb6z6 szelektiv funkcionalizalasi
technikdkat alkalmazva hidroxi, fluor, dihidroxi, amino
vagy azid funkciokat alakitottak ki B-aminosavak vazan.
Kutatomunkank célja a nitril-oxidok 1,3-dipoléros

srr

B-aminosav szdrmazékok regio- és sztereoszelektiv

szintézise volt.

2. Eredmények

2.1. Izoxazolin gyiiriivel kondenzailt ciszpentacin
szarmazékok eléallitasa

Munkank els6 részében a ferc-butoxikarbonil (Boc), illetve
benzoil (COPh) csoporttal védett etil-cisz-2-
aminociklopent-3-énkarboxilatra  (1a, 1b) terveztiik
végrehajtani a cikloaddiciot. Nitril-oxid generalasara
nitroetant, vizelvondszerként terc-butoxikarbonil-anhidridet
(Boc,0), bazisként pedig 4-dimetilaminopiridint (DMAP),
alkalmaztunk. E reakciokat szobahdmérsékleten végeztiik,
THF oldo6szerben (1. abra).

COOEt

NHR
1a: R =Boc
1b: R = COPh

nitroetan, Boc,O, DMAP, THF
20 °C, 15 6ra

0" \~COOEt \/WQCOOH \/_Q,COOEto COOE
N 3
. N N NHR

N
1 NHR NHR 0" “NHR

2a: R = Boc; 61% 3a: R=Boc; 14% 4a: R =Boc; 7% 5a: R = Boc; 0%
2b: R =COPh; 68% 3b: R=COPh; 12% 4b: R = COPh; 7% 5b: R = COPh; 0%

1. Abra. Nitroetanbol generalt nitril-oxid 1,3- dipolaros cikloaddiciéja
etil-cisz-2-aminociklopent-3-énkarboxilatra

A reakciokban a lehetséges négy regio- €s sztereoizomerbdl
harom  izoxazolingylriivel = kondenzélt  szarmazék
keletkezett (2a, 2b; 3a, 3b; 4a, 4b). Az izomereket
kromatografias modszerrel valasztottuk el. A vegyiiletek
szerkezetét 'H-NMR, "*C-NMR, COSY, NOESY, HSQC
spektroszkopiai modszerekkel ~allapitottuk meg. A
legnagyobb termeléssel képzodd 2b termék szerkezetét
rontgendiffrakcios méréssel is igazoltuk (2. abra).

" Fiilop Ferenc. Tel.: (36)-62-545-462; fax: (36)-62-545-705; e-mail: fulop@pharm.u-szeged.hu
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2. Abra. A 2b vegyiilet rontgendiffrakcios képe

A 2a, 2b és 3a, 3b vegyiiletek esetében az izoxazolin gylrQ
az észter, illetve amino funkcidkhoz viszonyitva transz,
mig a minor termékben (4a, 4b) cisz térallasi. A major
termékben (2a, 2b) az izoxazolingytriiben 1év6 oxigénatom
tavolabb esik a karbamat, illetve amid funkcioktol. Ez a
szelektivitas a  nitrogén  elektronszivd  hatasaval
magyarazhatd, mely szerint a 4-es szénatomon lecsdkken
az elektronstlirliség, és a dipol reagens oxigénje erre a
szénatomra tdmad. A nitril-oxid képzését a homolog 1-
nitropropannal  is  elvégeztik, majd a korabbi
reakciokorilményeket  alkalmazva  végrehajtottuk  a
cikloaddiciot mikdzben szintén harom izoxazolinvazas
izomer képzédott (3. és 4. abra). A termékek aranya
megkozelitéleg hasonld volt, mint a korabbi reakcidban.

COOEt

NHR
1a:R=Me
1b: R = COPh

nitropropan, Boc,0, DMAP, THF
20°C, 15 h

| | J
o“QrCOOEt Q Qcooa g_g,cooa o

j NHR O 'NHR

7a: R =Boc; 15%
7b: R = COPh; 10%

COOEt

8a: R = Boc; 0%
8b: R = COPh; 5%

9a: R = Boc; 0%

6a: R = Boc; 35%
9b: R = COPh; 0%

6b: R = COPh; 40%

3. Abra. Nitropropanbol képzett nitril-oxid 1,3-dipoléros cikloaddicidja
etil-cisz-2-aminociklopent-3-énkarboxilatra

4. Abra. A 6b vegyiilet rontgendiffrakcids képe

Ebben az esetben is a legnagyobb termeléssel képz6dd 6
termékben az izoxazolin gylirli transz térallasu az észter,
illetve amino funkciokhoz viszonyitva, valamint az

izoxazolin gylrii oxigénatomja tavolabb esik a karbamat,
illetve amid funkciotol. E cikloaddicidés termékeket
enantiomertiszta formaban is eldallitottuk az optikailag
aktiv etil-cisz-2-aminociklopent-3-énkarboxilatbol [(-)-1]
kiindulva, amit a racém B-laktam Candida antartica B-
Lipaz altal katalizalt enantioszelktiv —gytliriinyitasaval
allitottunk el6. Az 1. és 3. dabran bemutatott
reakciokoriilményeket alkalmazva a (-)-1 enantiomertiszta
vegyiiletre megkaptuk az optikailag aktiv
izoxazolingytrtivel kondenzalt p-aminosavkarboxilatokat
[(-)-2a, (-)-3a, (-)-4a, (-)-6a, (-)-7a](5. abra)’.

1abra O 33%005 \ﬁﬁ’scooa N 5$c00Et
3a

S'NHBoc 0'6aS’NHBoc No GaR NHBoc
1S
@uCOOEt ()-2a (-)-3a (-)-4a

/2R

NHBoc
(1 g2 9SCOOE! 3_933'? S8COOEt

N AR+ 6S
Isd 2 g
3. Sabra 3aS'NHBoc N (@) 63s’NHBOC
(-)-6a (-)-7a

5. Abra. Enantiomertiszta izoxazolingyiirivel kondenzalt ciszpentacin
szarmazékok szintézise

2.2 Izoxazolingyiiriivel kondenzalt ciszpentacin
szarmazékok szelektiv szintézise

Az elobbi reakciok soran — annak ellenére, hogy
kiilonbdz6  izoxazolingylrlivel kondenzalt ciszpentacin
szarmazékok  regio- és  sztereoizomerjeit  sikeriilt
eléallitanunk — nem értiink el 100%-os regio- ¢és
sztereoszelektivitast. Ezért a cikloaddicios reakciokat
elvégeztik fenilizocianat (PhNCO) vizelvonoszer ¢s
trietilamin (TEA) bazis jelenlétében, THF olddszerben, 65
°C-on (6. abra).

nitroetan/nitropropan Q.. COOEt
COOEt PANG

- e ot
EtsN, THF 3 NHR
NHR 65 °C,15 6ra R’

2a: R = Boc; R' = Me; 50%
2b: R = COPh; R' = Me; 38%
6a: R = Boc; R' = Et; 30%
6b: R = COPh; R' = Et; 40%

1a: R =Boc
1b: R = COPh

6. Abra. Izoxazolingytriivel kondenzalt ciszpentacin szarmazékok regio-
és sztereoszelektiv szintézise

Meglepé modon e koriilmények kozott egyetlen termék
(2a, 2b, illetve 6a, 6b) képzddott, jollehet az irodalomban
nem talaltunk arra példat, hogy a két modszer kozotti
kiilonbség befolyasolhatja a reakcid szelektivitasat.
Mindkét eljarasban a nitril-oxid hasonlé mechanizmus
szerint képzodik (7. abra).

° H o H o
B - K -B: ) ~
“«Hg;@o N-C-0 —~ RJ\No —Ee g A0 )OL €92 phNH,
R o 0.0 0,0 HO™ “NHPh
e ®
phN_HB pnrNH N-C:0
Ph
t-Bu /O H
oX @5 0
o) R N @ 9 AL
,O% 0_0 R-C=N-O PhHN" "NHPh
tBi O Y
t—Bu’o
@
B-H B
O%\e —=— 'tBUOH + CO,

t-B

7. Abra. Nitril-oxid generdlsa a Mukaiyama moédszer alapjan, primer
nitroalkanbol Boc,0 vagy PANCO vizelvonoszer jelenlétében
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A reakcid szelektivitdsanak alatdmasztasaira DFT
szamitasokat'® végeztink az la vegyilet és MeNCO
reakcidja kozott GO3 program felhasznalasaval. Az
atmeneti allapotok (AH'; AG') és a termékek (AH; AG)
reakcio entalpia valtozasait valamint a Gibbs féle szabad
energia valtozasait az 1. tdblazat tartalmazza. Kinetikus
szempontbol a cikloaddicios reakcid fotermékének a 4a
vegyiilet javasolt, mivel ennek a legalacsonyabb a Gibbs
féle szabad energidja (AG¥). Ezen szempont alapjan a 3a
vegyiilet kialakulasa a legkedvez6tlenebb. Ezen kiviil azt is
megallapitottuk, hogy a 2a és Sa vegyiiletek gyakorlatilag
azonos AG* értékeket mutattak (1 Tablazat). A 4a
komponens legalacsonyabb AG* értékének magyarazataul
szolgal az, hogy intermolekularis H-kotés alakulhat ki a
MeNCO és az etil-cisz-2-aminociklopent-3-énkarboxilat
(1a) amid funkcidja kozott (8. dbra). Hasonlo eredményeket
kaptunk HF/3-21G; B3LYP/6-31G(d,p) és B3LYP/6-
311++G(2d,2p) szamitasok esetében is, fliggetleniil az

alkalmazott olddszermodelltél [IEFPCM(THF)] és az
elméleti modellt6l, ezért kiterjesztettik komplexebb
leirasra. Az irodalomban ismert, hogy néhany kivalasztott
oldoészer molekula vagy méas komponens az olddszerben
tobb informacidt adhat a mechanizmusrél, ezért az altalunk
kivalasztott oldészer THF volt. Azonban a nitroalkan
feleslege masodik oldoszerként (koszolvens) szolgalhat,
erds hidrogénkdotést alakitva ki a kiindulasi vegyiilet amid
funkciojaval. Ebben az esetben az eredmények
megvaltoztak. A legalacsonyabb AG* értéket a 2a vegyiilet
mutatta (8. abra), valamint a 3a termék AG* értéke nem
sokban kiillonbozott az elobbitél, ami alatdmasztja a
kisérleti eredményeket. A 4a ¢és 5Sa cikloaddicios
termékeknél AG* értékei minden esetben alacsonyabbak
voltak, mint azok szamitott AG* értékei vakuumban, mivel
a nitro vegyiilet bizonyos mértékben elfoglalja a reaktiv
teriiletet és megakadalyozva ezaltal a MeNCO tamadasat
(8. abra).

1. T4blazat. A 2b, 3b, 4b és 5b cikloaddiciés termékek entalpia véltozasai (kJ mol™) és Gibbs féle szabad energia véltozasai (kJ mol™ ) vakuumban, elméleti

oldoszer modell, illetve alkalmazott oldészermodell hasznalataval

vakuumban oldoszerben (THF) koszolvenssel
AH! AGH AH AG AH? AG* AH AG AH AG AH AG
2b 55,8 114,1 -169,5 -104,3 59,1 118,2 -165,7 -100,0 67,3 126,1 -164,1 -100,1
3b 75,1 128,3 -159,1 -97,2 79,3 132,5 -154,1 -92,0 70,1 129,3 -1534 -92,0
4b 49,8 109,5 -164,1 -101,5 54,2 113,8 -160,3 -98,1 75,8 135,5 -160,2 -97,7
5b 54,9 113,7 -166,7 -100,9 58,2 117,9 -161,9 -96,3 954 153,9 -161,3 -96,5
vakuumban vagy elméleti oldészer modell esetében
R o
N N { \
\/ \ o\ R AN LR
| O i / Boc / o R T N
L L/ Pl NS B'ocHN/A/'\;/ S
\ Vi Etodc | 7
BocHN ; BocHN E\b
EtOOC T EtOOC T4 Ts
alkalmazott oldészer modell esetében
R
\/N\ o N R ® /R ® g
% TN o= =
' ‘ ©0 o0 N ..
BocN BocN H\ WiR 4
\ COOEt \ COOEt  NC R N
H o H, BOC\N/Q {Boct} =\
o NIy E0QC | e i 0
O\N/{B o/ BOQG |
\ \
R R
T2 T3' T4 T5'

8. Abra. A 2a, 3a, 4a és 5a cikloaddicios termékek T2, T3, T4 és T5 atmeneti allapotai; sztérikus kolcsonhatasok kialakulasai a ~COOEt ¢és a nitril-oxid
kozott a T2 és T3 atmeneti allapotban, valamint -NHBoc és a nitril-oxid, valamint —COOEt és nitril-oxid kozotti kolesonhatas a TS atmeneti allapotban és a
H-kotéses kolesonhatas kialakulasa az -NHBoc és a nitril-oxid kozott a T4 atmeneti allapotban

Tovabbi kisérleteinkben az etil-(transz-2-aminociklopent-
3-énkarboxilat)-ot hasznaltuk dipolarofil-ként, melyet a
megfeleld cisz aminoészter NaOEt-os epimerizaciojaval
allitottunk eld. Nitril-oxid el6allitasara az 1. abran leirt
moddszert alkalmaztuk. Mig a cisz vegyiilet esetén a
reakcid6 nem volt teljesen szelektiv, addig a transz
szarmazékkal végzett kisérlet soran reakcid teljes
szelektivitassal egy terméket (11) eredményezett,
melyben az izoxazolin gylrli cisz térallasti a karbamat,
illetve amid funkcidhoz képest, és transz térallasu az

észter csoporthoz viszonyitva. A heterociklusban 1évd
oxigénatom pedig kozelebb esik az amino funkcidhoz (9.
Abra). Ezt az izomert korabban mér sikeriilt el6allitanunk,
mégpedig a minor (4) termék NaOEt-tal torténd
izomerizacidjaval.
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nitroetan vagy
nitropropan

DMAP COOEt R
O R 0 COOEt
i +COOEt %
moco T 200 NS g r} Q NﬁﬁNHR
20h R O NHR R'
12 13 14

nitroetan vagy

COOEt nitropropan R wCOOEt R COOEt
Q DMAP N NaOEt N
Boc,0, THF, 20 °C 0 EtOH, 20 °C, 12 h ()
NHR 202h, (27-46%) NHR (31-39%) NHR
10a: R =Boc 11a: R=Boc; R'= Me

4a: R=Boc; R'=Me
10b: R = COPh 11b: R = COPh; R' = Me

4b: R = COPh; R' = Me

11c: R=Boc; R'=Et 8b: R = COPh; R' = Et

9d: R = COPh; R' = Et

9. Abra. Etil-transz-2-aminociklopent-3-énkarboxilatra végrehajtott 1,3-
dipolaros cikloaddicié

A reakciok szelektivitasa feltehetden sztérikus ¢és
hidrogén-kotéses  kolcsonhatassal magyarazhatd. Az
atmeneti allapotban sztérikus taszitd hatas alakul ki a
nitril-oxid és az észter csoport kozott, valamint hidrogén-
kotéses kolcsonhatds jon létre a karbamat hidrogénje,
illetve a nitril-oxid kozott™® (10. dbra).

R\/N\ _—N
. L N
| 0 i /
1 7’ 1 /
I, I,
BocHN ; BocHN ;
EtOOC EtOOC

Ho-N
Boc—N % \>—R

EtOOC T11
10. Abra. T11 atmeneti allapot

A 2. és 3. abran bemutatott cikloaddicidés reakciok
szelektivitasa hasonloképpen magyarazhato. A két
fotermeék sztereokémiajat az észter funkcio és a nitril-oxid
kozott kialakult sztérikus taszitas hatiarozza meg (10.
abra). A hidrogén-kotéses kolcsonhatas ez esetben
elhanyagolhat6. A minor termékek esetében (5a, 5b és
9b) az atmeneti allapotban a H-kotéses kolcsonhatas a
nitril-oxid és a karbamat funkcid kozott erdteljesebb lehet,
mint az észter és a nitril-oxid sztérikus taszitdé hatasa. A
lehetséges negyedik izomer azért nem képzddhetett, mivel
nem csak az észter és a nitril-oxid kozott alakulhat ki
sztérikus taszitds, hanem a karbamat funkcié és a nitril-
oxid alkil funkcidja  kozott is  (11.  abra).

T4 TS

11. Abra. A 2, 3, 4 és 5 cikloaddicids termékekhez vezetd reakciok dtmeneti allapotai (T2, T3, T4, T5); sztérikus taszito kolcsonhatas az észter és a nitril-
oxid kozott a T2 és T3 allapotban, a karbamat és nitril-oxid kozott, valamint az €szter és a nitril-oxid kozott a TS atmeneti allapotban; és H-kotéses

kolcsonhatas a karbamat és nitril-oxid kozott a T4 allapotban

A kilonbozé  szinteken  elvégzett  szamitasaink
[(B3LYP/6-31++G(d,p), B3LYP/6-311++G(d,p) és
B3LYP/6-311++G(2d,2p)] az etil-transz-2-aminociklo-
pent-3-énkarboxilat és a nitril-oxid kozott ugyanazon
eredményeket mutatta, mint amiket a kisérletek soran
tapasztaltunk. A reakciok sordn a legkedvezdbb
terméknek a 11a, 11b, 11c és 11d transzpentacin
szarmazék bizonyult (2. tablazat és 12. abra).

2. Tablazat. A 10a vegyiiletb6l keletkezd transzpentacin szarmazékok
(11a, 12, 13 és 14) entalpia valtozasai (AH?) (kJ mol™), illetve Gibbs féle
szabad energia valtozasai (AG”) (kJ mol™)

10a —» TS 10a — termékek
AH* AG? AH AG
11a 47,76 102,21 -170,02 -106,24
12 65,32 119,90 -154,35 -92,50
13 76,83 130,31 -152,22 -90,46
14 55,36 113,99 —163,44 -100,12

150
1254
1004
754
504
254 i

-—-11a

13a
--—-14a
--—--12a

-254 R
-A0 4
754
-1004

125 :
Reakcié koordinata

12. Abra. A 10a vegyiilet atalakulasanak energiadiagramja

Ezek  alapjan  megallapithaté, hogy  nitril-oxid
addicidjanak szelektivitasa az etil-transz-2-aminociklo-
pent-3-énkarboxilatra nagymértékben hidrogén-kotéses
kolcsonhatassal magyarazhato (13. abra).

a2 T

92 @
1 TS 1a
@ &
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13. Abra. A 11a vegyiilethez vezet reakci6 atmeneti allapotanak H-
kotéssel stabilizalt szerkezete

Az eléallitott izoxazolinvazas B-aminoésztereket (2a, 2b;
3a, 3b; 6a, 6b; 7a, 7b) NaOEt-tal reagaltatva
epimerizacid6 soran a  megfeleld  transzpentacin
szarmazékokhoz jutottunk (12a, 12b, 12¢, 12d, 13a, 13b,
13c, 13d) (14. abra).

o Q \COOEt
2a,b _NaOEt, EtOH
6ab 20°C,12h T‘\ NHR

R'
12a: R = Boc; R' = Me; 75%
12b: R = COPh; R' = Me; 37%
12c: R = Boc; R' = Et; 30%
12d: R = COPh; R' = Et; 45%
R
\ wCOOEt
3a,b _NaOEt, EtOH N/
7 o PR
ab  20°C,12h (0) NHR
13a: R = Boc; R' = Me; 20%
13b: R = COPh; R' = Me; 30%
13c: R = Boc; R' = Et; 28%
13d: R = COPh; R' = Et; 10%

14. Abra. Izoxazolingyiirtivel kondenzélt transzpentacin szarmazékok
szintézise a 2a, 2b; 6a, 6b; 3a, 3b és 7a, 7b vegyiiletek
epimerizacidjaval

Erdemesnek tartottuk megvizsgalni a cikloaddicios
reakciot a szubsztrat valtoztatasaval. A Boc-csoporttal
kétszeresen védett cisz aminoészterrel (15) — mely
esetében nem alakulhat ki hidrogénkdtéses kolcsonhatas
— is elvégeztiik a reakciot (15. abra).

COOEt nitroetan vagy nitropropan, COOEt
Boc,0, DMAP O
N(Boc),  THF,20°C,15h ¥ N(Boc),
15 R’

16a: R' = Me; 18%
16b: R'=Et; 15 %

15. Abra. Izoxazolin gyfiriivel kondenzélt ciszpentacin szarmazékok
szintézise kétszeresen Boc- védett cisz aminoészterbdl kiindulva

A reakcidban regio- és sztercoszelektiven egy termék
(16a, 16b) képzodott. A keletkezett termékben az
izoxazolin gylrll transz térallasu a karbamat és az észter
csoporthoz viszonyitva (taszitdé sztérikus kolcsonhatas),
valamint a gytriiben levé oxigénatom tavolabb esik a
karbamat csoporttdl.

Ezutén az izoxazolin gytirivel kondenzalt B-aminosavakat
enantiomertiszta  formaban is  eldallitottuk. Az
enantiomertiszta kiindulasi anyagot a racém B-laktam (17)
enzimes rezolvalasaval allitottuk eld, az igy keletkezett
enantiomertiszta [-aminosavat [(+)-18] a (+)-1 védett
aminoészterré alakitottuk 4at. Nitril-oxid generalasat
nitroetanbol, illetve 1-nitropropanbol végeztik, PANCO
¢s DMAP jelenlétében (16. &bra). A keletkezett
termékeket [(-)-2a, (-)-6a] NaOEt-tal izomerizaltuk,
melynek  soran  megkaptuk az  enantiomertiszta
transzpentacin szarmazékokat [(+)-12a, (+)-12¢] (16.
abra).

O
0 Lipolase COOI—: @S“ ‘/K
NH iPr,0, 70 °C S saNH
rac-17 N H2
(+)-18 ()17

1. SOCl,, EtOH, 70 °C, 3 h
2.Boc,0, E;N, THF, 0 °C to 20 °C

COOEt

S
NHBoc
(+)-1a

| 1asd 6. abra

! l

O 8BCOOEt oﬁﬁﬁﬁcooa
N oS N

o 4S
%R NHBoc j 3aR NHBoc

()-2a (53%) (-)-6a (40%)
l NaOEt, EtOH, 20 °C NaOEt, EtOH, 20 °cl
12 h, 22% 12 h, 25%
OB COOEt o‘?i’@ﬁcooa
s

N N —as
%R NHBoc 32k NHBoc

(+)-12a (+)-12¢

16. Abra. Enantiomertiszta izoxazolingyfiriivel kondenzalt
transzpentacin szarmazékok szintézise etil cisz-2- aminociklopent-3-
énkarboxilatbol

A cikloaddicios reakciokat az enantiomertiszta etil transz-
2-aminociklopent-3-énkarboxilatra [(H)-10a] is
elvégeztiik (17. dbra.)".

lasd \ 3aR~5$,COOEt

9.Abra T
. SR
0'as NHBoc
COOE! Naokt, Eton QjCOOEt (-1 (52%)
S 20°C, 12 h, 58% S
120 NHBoc 3aR~E5,COOE

(+)-1a (+)-10a \asd

” . 6R
9. abra O"6as NHBoc
(+)-11c (34%)

17. Abra. Enantiomertiszta izoxazolingytirivel kondenzalt
transzpentacin szarmazékok szintézise etil-transz-2- aminociklopent-3-
énkarboxilatbol

3. Osszefoglal6

Kisérleti munkank soran 1j, izoxazolingytriivel
kondenzalt ciszpentacin szarmazékokat allitottunk el6. A
nitril-oxid kiilonb6z6 moddon torténd generalasaval,
valamint a dipolarofil valtoztatdsaval teljes regio- és
sztereoszelektivitast értiink el. A szelektivitast kémiai
szamitasokkal is alatamasztottuk. Enantiomertiszta f3-
laktambol  kiindulva az ixoxazolinvazas termékek
enantiomerjeit is sikeriilt eloallitanunk.
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Synthesis of isoxazoline-fused cispentacin derivatives

The 1,3-dipolar cycloaddition of nitrile oxides to alkenes has
become widely used as a highly efficient method for the
synthesis of izoxazolines> A number of nitrile oxide
cycloadditions to cyclic a- or y-amino acid derivatives have
been performed in recent years with the aim of the synthesis of
different biologically active compounds. Alicyclic B-amino acids
have acquired great interest in recent years because of their
pharmacological potential.”

Our aim was to synthetize novel, isoxazoline-fused -
aminocyclopentanecarboxylates regio- and stereoisomers in
racemic and enantiomerically pure form.

When amino ester 1a (with Boc amino protecting group) was
submitted to the cycloaddition reactions in THF at 20 °C for 15
h two regioisomers and a diastereomer 2a, 2b, 3a, 3b, 4a, 4b
were detected and isolated in moderate yields (Scheme 1,
Scheme 3). The regioselectivity can probably be explained in
terms of electronic factors: because of the electron-withdrawing
effect of the nitrogen atom of the carbamate, the negatively
charged oxygen atom of the dipolar agent attacks at C-4 of
amino ester 1a, 1b, farthest from the carbamate or amide group.

The synthetic routes have also been applied for the synthesis of
enantiomerically pure isoxazoline-fused B-aminocyclopentane
carboxylates (Scheme 5).

Sunjic, V. Tetrahedron: Asymmetry 2007, 18, 635-644. (e)
Yang, D.; Zhang, D-W.; Hao, Y.; Wu, Y-D.; Luo, S-W_;
Zhu, N-Y. Angew. Chem. Int. Ed. 2004, 43, 6719-6722. (f)
Rathore, N.; Gellman, S. H.; Pablo, J. J. Biophys. J. 2006,
91,3425-3435. (g) Kiss. L.; Fiilop, F. Synlett 2010, 1302.

8. (a) Porter, E. A.; Weisblum, B.; Gellman, S. H. J. Am.
Chem. Soc. 2005, 127, 11516-11529. (b) Roy, O.; Faure, S.;
Aitken, D. J. Tetrahedron Lett. 2006, 47, 5981-5984. (c)
Chandrasekhar, S.; Sudhakar, A.; Kiran, M. U.; Babu, B. N.;
Jagadeesh, B. Tetrahedron Lett. 2008, 49, 7368-7371. (d)
Rua, F.; Boussert, S.; Parella, T.; Diez-Perez, I.;
Branchadell, V.; Giralt, E.; Ortuno, R. M. Org. Lett. 2007,
9, 3643-3645. (e) D’Elia, V.; Zwicknagl, H.; Reiser, O. J.
Org. Chem. 2008, 73, 3262-3265. (f) Hetényi, A.; Szakonyi,
Zs.; Mandity, 1. M.; Szolnoki, E.; Toth, G. K.; Martinek, T.
A:; Filop, F. Chem. Commun. 2009, 177-179. (g) Fiilop, F.;
Martinek, T. A.; Toth, G. K. Chem. Soc. Rev. 2006, 35, 323-
334. (h) Martinek, T. A.; Téth, G. K.; Vass, E.; Hollosi, M.;
Filop, F. Angew. Chem. Int. Ed. 2002, 41, 1718-1721. (i)
Hetényi, A.; Méandity, [. M.; Martinek, T. A.; Toth, G. K.;
Filop, F. J. Am. Chem. Soc. 2005, 127, 547-553. (j)
Martinek, T. A.; Filop, F. Eur. J. Biochem. 2003, 270,
3657-3666. (k) Torres, E.; Acosta-Silva, C.; Rua, F.;
Alvarez-Larena, A.; Parella, T.; Branchadell, V.; Ortuno, R.
M. Tetrahedron 2009, 65, 5669-5675. (1) Fernandez, D.;
Torres, E.; Aviles, F. X.; Ortuno, R. M.; Vendrell, J. Bioorg.
Med. Chem. 2009, 17,3824-3828. (m) Fernandes, C.;
Pereira, E.; Faure, S.; Aitken, D. J. J. Org. Chem. 2009, 74,
3217-3220. (n) Kiss, L.; Forrd, E.; Fiilop, F. Synthesis of
carbocyclic f-amino acids. Amino Acids, Peptides and
Proteins in Organic Chemistry. Vol. 1, Ed. A. B. Hughes,
Wiley, Weinheim, 2009, 367-409.

9. Kiss, L.; Nonn, M.; Forrd, E.; Sillanpéi, R.; Fiilop, F.
Tetrahedron Lett. 2009, 50, 2605-2608.

10. Nonn, M.; Kiss, L.; Forrd, E.; Mucsi, Z.; Fiilop, F.;
Tetrahedron 2011, 67, 4079-4085.

Since the above procedure was not selective, we continued our
experiments to search for other synthetic routes for the
preparation of isoxazoline-fused cispentacins with higher
selectivity. 1a, 1b were subjected to 1,3-dipolar cycloaddition
under the conditions, using RNO,, PhNCO, Et;N in THF at 65
°C (Scheme 6). The reactions resulted 100% selectively in 2a,
2b, 2¢, 2d. The explanation of the unexpected selectivity under
these reaction conditions is not yet clear. The mechanism of the
generation of nitrile oxide with PANCO and Et;N is similar to
that for Boc,0O and DMAP (see Scheme 7). We are not aware of
any similar example in the literature.

Whereas the addition to the corresponding cis isomer (1a, 1b)
gave three isomers (Scheme 1 and 3), under the same
experimental conditions (RNO,, Boc,O and DMAP) the trans

counterparts (10a, 10b) furnished selectively only one
cycloadduct isomer (11a, 11b, 11¢, 11d) (Scheme 9), which can
be synthetized by epimerization of very minor product (4a, 4b,
4c, 4d) in the presence of NaOEt in EtOH. The selectivity is
probably explained by steric and H-bonding interactions
(Scheme 10).

The synthetized isoxazoline-fused cispentacin derivatives
(Scheme 1 and 3) offered an opportunity for the preparation of
new isoxazoline-fused transpentacin derivatives. Accordingly,
2a, 2b, 3a, 3b, 6a, 6b, 7a, 7b were epimerized at C-5 with
NaOEt in EtOH to give izoxazoline-fused amino esters (Scheme
14), in which the amino and carboxylate functions were trans.
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Next, the diprotected cis amino ester 17 was reacted with nitrile
oxides under the conditions given in Scheme 1 and 3 and the
transformation led to only the #rans isoxazoline-fused
derivatives (18a and 18b) (Scheme 15). This selectivity can be
explained with electron-withdrawing effect of the nitrogen atom
of the carbamate, H-bonding interactions were not possible
between the diprotected amino function and the nitrile oxide.

The regio- and stereoselectivity of the nitrile oxide 1,3-dipolar
cycloadditon were confirmed by theoretical calculations too (see
Table 1, 2 and Scheme 12).

The 100% regio- and stereoselective synthesis of 2a and 6a
(Scheme 6) and 11a and 11c¢ (Scheme 9) was extended to their
preparation in enatiomerically pure form starting from tha
racemic B-lactam (rac-17)(Scheme 16).

In conclusion, isoxazoline-fused cispentacin derivatives were
synthetized regio- and stereoselectively via the 1,3-dipolar
cycloaddition of nitrile oxides to cis- and trans-ethyl 2-amino-3-
cyclopentenecarboxylates. The cycloadducts were also prepared
in enantiomerically pure form.
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Abstract: Highly functionalized B-aminocyclohexanecarboxylate regio- and stereoisomers
were synthesized from a bicyclic B-lactam by successive regioselective iodolactonization,
stereo- and regioselective nitrile oxide cycloaddition, lactone ring opening and isoxazoline

ring opening.

Introduction

As important bioactive derivatives, highly functionalized cyclic amino acids have been at the
focus of organic and medicinal chemistry interest during the past ten years.
Multifunctionalized cyclohexane amino acids such as the antibiotic Oryzoxymycin' and the
antiviral agents Tamiflu,” Zanamivir and 2.3-didehydro-2-deoxy-N-acetylneuraminic acid
(DANA)’® (Figure 1) are important derivatives with high pharmacological potential. Their
modified derivatives® and other functionalized derivatives® exhibit strong antiviral, antifungal

or antibacterial activities.
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Figure 1. Several bioactive highly functionalized cyclic amino acids

The dipolar cycloaddition of nitrile oxides to unsaturated cyclic amino acid derivatives has
been efficiently applied for the preparation of substituted cyclic amino acids or amino
alcohols® and for the selective synthesis of highly functionalized bioactive cyclopentane
amino acid derivatives, e.g. Peramivir’ (Figure 1) and its analogues.8 Among the large family
of B-amino acids with high pharmacological potential,'*” the highly substituted derivatives are
an interesting class of compounds which have received considerable attention in recent years.
Isoxazoline-fused cispentacin stereo- and regioisomers were recently prepared via a nitrile
oxide cycloaddition.'"” Our current aim was the synthesis of highly functionalized 2-
aminocyclohexanecarboxylate stereoisomers from bicyclic B-lactam 1 through nitrile oxide

cycloaddition.

Results and Discussion
The synthetic procedure consisted of a modified regio- and stereoselective iodolactonization

and dehydroiodination, lactone opening, regio- and stereoselective nitrile oxide cycloaddition



to the hydroxylated cyclohexene amino esters formed and finally the reductive opening of the
isoxazoline ring.

Amino acid 2 derived from lactam 1 was subjected to a slightly modified procedure in
comparison with earlier presented method;'' iodolactonization procedure by treatment at room
temperature with 1.5 equiv of NaHCO; and 1.5 equiv of KI, followed by the addition of 1.5
equiv of I, in portions during 20 min with stirring for 24 h, which gave iodolactone 3 in high
yield (Scheme 1). Modified dehydroiodination with the addition of 2.1 equiv of DBU as base
and stirring at 40 °C for 8 h resulted in unsaturated lactone 4 (91%). Lactone ring opening
with NaOEt under different reaction conditions furnished hydroxylated amino ester
stereoisomers: 5 (74%) at -10 °C to 0 °C for 1 h and its epimer 6 (76%) at 0 °C to 20 °C for

20 h (Scheme 1)."!

0 Co,H Kl (1.5 equiv), I (1.5 equiv) O

E:_l—(/ Ref. 11 (I NaHCO5 (1.5 equiv)
NH NHBoc CHaCly , HO I NHBoc

1 2 20 °C, 24 h, 89% 3

DBU (2.1 equiv), THF, 40 °C
0 8 h, 91%
HO CO,Et  NaOEt (1.2 equiv) O NaOEt (1.2 equiv) HO COZEt
0°Cto20°C NHBoc
5 6

NHBoc 1h, 74% NHB
4 °C " 20h, 76%

Scheme 1. Synthesis of bicyclic lactone 4 and hydroxylated f-amino carboxylates 5 and 6

Hydroxylated aminocarboxylates 5 and 6 were subjected to the attempted 1,3-dipolar
cycloaddition ~with acetonitrile N-oxide (generated from nitroethane, di-tert-
butoxycarbonylanhydride (Boc,O) and dimethylaminopyridine (DMAP) in THF). Although
the reaction was tried under different conditions, such as the Huisgen (from aldoximes)'? and

Mukayama (from primary nitroalkanes)'® methodologies in different solvents, the required



cycloadduct could not be prepared. The reason is probably the low reactivity due to the

sterical and electronical reasons of the isolated ring double bond in 5 and 6 (Scheme 2).

4
nitroethane (2 equiv)
HO COOEt hitroethane (2 equiv) HO COOEt NaOEt Boc,0 (3 equiv?
Boc,0 (3 equiv) (1.2 equiv) DMAP (0.1 equiv)
X NHBoc THF, 48 h, rt
NHBoc DMAP (0.1 equiv) \ -0 EtOH, 0 °C 0
THF, rt N 8 1h, 75% o)
HO ~COOEt nitroethane (2 equiv) HO “COOEt  NaOEt ¢ NHBoc
Boc,0 (3 equiv) (1.2 equiv) N-O
NHB X P 7 (31%)
OC DMAP (0.1 equiv) ¢ NHBoc  EtOH, rt, 8 h
6 THF, rt N-O 47%
9

Scheme 2. Unsuccessful and successful routes for the synthesis of isoxazoline-fused B-amino

carboxylates 8 and 9

However, unsaturated cis-lactone 4 (Figure 1),11 derived from azetidinone 1, underwent the
cycloaddition of the acetonitrile N-oxide to furnish the isoxazoline-fused aminolactone 7
regio- and stereoselectively as the sole cycloaddition product, in which the isoxazoline ring
and the carbamate group have cis relative stereochemistry, while the oxygen atom of the
isoxazoline ring is closest to the carbamate (Scheme 2).

Face of attack of the nitrile oxide on the C=C bond of lactone 4 can be explained by a

hydrogen-bonding directing effect,'®'* from the carbamate, leading to the all-cis derivative 7.



Figure 2. Ortep structure of 4
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Figure 3. H-bonding interaction between nitrile oxide and carbamate

Next, 7 was subjected to lactone ring opening with NaOEt. When performed at 0 °C for 1 h,
the reaction afforded hydroxylated isoxazoline-fused aminocyclohexanecarboxylate 8 in 75%
yield. In contrast, at 20 °C for 8 h, epimerization occurred at C-8 to give hydroxylated amino
ester 9, a diastereoisomer of 8, in 47% yield (Scheme 2). The rather modest yield was

probably a result of the formation of various polymeric materials in the latter reaction.
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Figure 4. Ortep structure of §

The reason why isoxazolines 8 and 9 could not be prepared by the addition of nitrile oxide to
the C-C double bond of hydroxylated amino ester 5 (Figure 4) or 6 (Figure 5) is unclear. We
initially assumed that it might be due to a difference length of the C-C double bond in the
structures of 4 (Figure 1) and 5 and 6. We supposed that the rigidity in the structure of lactone
4 would lead to a longer (C3-C4 C=C) bond distance than that in § (C23-C24 in ORTEP,
Figure 4) or 6. Unfortunately, X-ray studies did not support this assumption. The C-C double
bond distance in 4 was 1.3230 A, while that in 5 was 1.325 A, i.e. no relevant difference.
Thus, the difference in reactivity of the C-C double bond in these two types of molecules
appears to be attributable to stereochemical reasons: our experimental results indicated that
the rigid ring framework in 4 results in a much higher reactivity of the C-C olefinic bond than

in 5 or 6, without such a constrained system.



Figure 5. Ortep structure of 6

Next, in order to synthesize the desired multisubstituted f-amino esters, the isoxazoline-fused
esters 8 and 9 were submitted to reductive ring-opening. Catalytic hydrogenation over Pd/C in
MeOH with drops of HCI at 10 bar led to the desired ring-opened products (10 and 11) in
rather low isolated yields. With NaBHj4 in the presence of NiCl,, the stereochemistry of the
new stereocentre could not be determined, but it most probably corresponded with the earlier
experiments where the H attack occurred from the same side as the carbamate, (with the

formation of a new stereocentre at 1 C distance from C-4) (Scheme 3).”"
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HO COOEt NaBH, (2 equiv) HO ~COZEt

NICl, (2 equiv) g 4o
NHBoc Boc,0 (2 equiv) NHBoc
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Scheme 3. Synthesis of highly functionalized B-amino carboxylates 10 and 11

The successful synthetic procedures presented above were next attempted for the synthesis of
other novel highly substituted p-aminocyclohexanecarboxylates. Hydroxylated cyclohexene
amino ester 14, a stereoisomer of 5 and 6, was synthesized from 1 via frans-lactone 13'' by
applying the modified iodolactonization and dehydroiodination presented in Scheme 1.
Cycloaddition to hydroxylated ester 14 again failed, leading to no isoxazoline-fused products.
However, the addition of the nitrile oxide derived from nitroethane to lactone 13 (Scheme 4)
resulted regio- and stereoselectively in isoxazoline 15, in which (as a result of the H-bonding)
the isoxazoline ring is cis to the carbamate, while the oxygen atom of the heterocycle is

closest to this group (NHBoc).'"!
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Scheme 4. Synthesis of highly functionalized f-amino carboxylate 17

On the treatment of 15 with NaOEt, lactone ring-opening resulted in the corresponding
hydroxylated ester 16, isoxazoline ring-opening with NaBH4/NiCl, gave the corresponding
highly functionalized amino ester 17 (Scheme 4).

In conclusion, three highly functionalized cyclohexane B-amino ester stereoisomers were
prepared by regio- and stereoselective cycloaddition of nitrile oxides to unsaturated bicyclic
amino lactones, followed by reductive opening of the isoxazoline ring. These
multifunctionalized cyclic aminocarboxylates with multiple stereocenters may be regarded as

promising f-amino acid analogues of bioactive compounds e.g. Tamiflu and Zanamivir.

Experimental

The chemicals were purchased from Aldrich. Melting points were determined with a Kofler
apparatus. NMR spectra were recorded on Bruker DRX 400 and 500 MHz spectrometers.
Chemical shifts are given in ppm relative to TMS as internal standard, with CDCl3; or DMSO
as solvent. The solvents were used as received from the supplier. Mass spectra were recorded
on a Finnigan MAT 95S spectrometer. Elemental analyses were performed with a Perkin-
Elmer CHNS-2400 Ser II Elemental Analyzer.

General procedure for iodolactonization

To a solution of N-Boc-protected amino acid (36 mmole, 2) in CH,Cl, (150 mL), H,O (200
mL) was added, followed by NaHCOs (1.5 equiv) and KI (1.5 equiv). To this mixture, I, (1.5
equiv) was added in portions during 20 min. After stirring for 24 h at room temperature, the
mixture was taken up in CH,Cl, (300 mL), and washed with saturated aqueous Na;SOs
solution. The organic layer was then dried (Na,SO,) and concentrated under reduced pressure,

giving 3."



General procedure for dehydroiodination

To a solution of iodolactone (12 mmole, 3) in THF (60 mL), DBU (2.1 equiv) was added and
the mixture was stirred at 40 °C for 8 h. The solution was then concentrated under reduced
pressure and the residue was taken up in EtOAc (140 mL). The organic layer was washed
with H,O (3 x 70 mL), dried (Na,SO4) and concentrated under vacuum. The residue was
crystallized from n-hexane—EtOAc, giving 4 (a similar procedure for 13)."!

General procedure for lactone ring-opening reactions

To a solution of lactone 4 (10.5 mmole) in EtOH (15 mL), NaOEt (12.6 mmole) was added
and the mixture was stirred at -10 °C for 1 h. The mixture was concentrated under reduced
pressure, and the residue was then diluted with CHCl; (50 mL), washed with H,O (3X 20
mL), dried (Na,SO4) and concentrated under reduced pressure. The product 5 was purified by
crystallization (n-hexane-EtOAc). When the reaction was carried out at r.t. under the same
reaction conditions the epimerized diastereomer 6 was obtained.

General procedure for synthesis of isoxazoline-fused lactones

To a solution of lactone (4 or 15) (12.55 mmole) in THF (20 mL), EtNO, (25.1 mmole),
Boc,0 (37.6 mmole) and DMAP (1.3 mmol) were added and the mixture was stirred at 22 °C
for 48 h. The reaction mixture was then diluted with EtOAc (75 mL) and extracted with HO
(3 x 20 mL), dried (Na,SO4) and concentrated under reduced pressure. The crude residue was

purified by column chromatography on silica gel (n-hexane—EtOAc), giving 7 and 15.

Tert-butyl-(15*,25%,65*,7R* ,8 R*)-(3-methyl-9-0x0-5,10-dioxa-4-azatricyclo-
[6.2.1.02’6]undec-3-en-7-yl)-carbamoate (7)

A yellowish-white solid; yield 31% (1.15 g); Mp: 160-161 °C; Ry = 0.32 (n-hexane—EtOAc
1:2); '"H NMR (500 MHz, DMSO): 6= 1.39 (s, 9H, CH3), 1.69 (d, 1H, H-8, J = 12.0 Hz), 1.92
(s, 3H, CHs3), 2.38-2.45 (m, 1H, CH,), 2.59-2.64 (m, 1H, CH3), 3.49-3.56 (m, 1H, H-7), 3.86

(d, 1H, H-2, J = 10.0 Hz), 4.66-4.73 (m, 1H, H-6), 5.02-5.07 (m, 1H, H-1), 7.38 (d, 1H, N-H,

10



J=17.4 Hz). ”C NMR (100 MHz, DMSO): §= 11.0, 28.2, 31.2, 40.8, 53.9, 54.9, 59.8, 75.3,
78.4,79.3, 155.3, 174.8. Anal. Calcd. For C4H;0N,0s: C, 56.75; H, 6.80; N, 9.45. Found: C,
56.50; H, 6.99; N, 9.11.
Tert-butyl-(3-methyl-9-0x0-5,10-dioxa-4-azatricyclo[6.2.1.0*°|undec-3-en-7-yl)-
carbamoate (15)

A yellowish-white solid; yield 32% (1.18 g); Mp: 147-148 °C; Ry = 0.38 (n-hexane—EtOAc
1:2); '"H NMR (400 MHz, CDCl): 6= 1.50 (s, 9H, CH3), 2.11 (s, 3H, CHs), 2.17, (d, 1H, H-
8, J =12.6 Hz), 2.26-2.35 (m, 1H, CH,), 2.92-3.00 (m, 1H, CH), 3.52 (d, 1H, H-7, J = 9.1
Hz), 4.30-4.39 (m, 1H, H-2), 4.70 (d, 1H, H-6, J= 5.3 Hz), 491 (t, 1H, H-1, J= 8.2 Hz), 5.42
(brs, 1H, N-H). >C NMR (100 MHz, DMSO): 6= 12.4, 27.3, 29.0, 43.3, 53.8, 75.9, 119.1,
122.7, 140.6, 153.4, 156.5, 177.3. Anal. Calcd. For C14HN,Os: C, 56.75; H, 6.80; N, 9.45.
Found: C, 56.52; H, 6.63; N, 9.27.

General procedure for the synthesis of hydroxylated isoxazoline-fused -
aminocarboxylates. Synthesis of compounds 8, 9 and 16

To a solution of isoxazoline-fused lactones (7 or 15) (2.66 mmole) in EtOH (10 mL), NaOEt
(15 mmole) was added and the mixture was stirred at 22 °C for the time indicated in the text.
The mixture was concentrated under reduced pressure, and the residue was then diluted with
CHCIl; (30 mL), washed with H;O (3 x 15mL), dried (Na,SO4) and concentrated under
reduced pressure. The crude residue was purified by column chromatography on silica gel (n-
hexane—EtOAc), giving diastereoisomers 8 and 9 in 1:3 ratio or 16. When the reaction
mixture was stirred at 0 °C for 1 h, only the all-cis diastereoisomer (8) was detected. The
product was purified by crystallization (n-hexane—EtOAc).

Ethyl (3aS8*,45*,6R*,TR*,TaS*)-7-(tert-butoxycarbonylamino)-4-hydroxy-3-methyl-

3a,4,5,6,7,7a-hexahydrobenzo|d]isoxazole-6-carboxylate (8)

11



A white solid, yield 75% (670 mg); Mp: 123-124 °C; R = 0.30 (n-hexane—EtOAc 1:3); 'H
NMR (400 MHz, CDCls): 6=1.26 (t, 3H, CHs, J= 7.1 Hz), 1.44 (s, 9H, CH3), 1.68 (t, 1H, H-
6,J=12.8 Hz), 2.02 (s, 3H, CH3), 2.02-2.10 (m, 1H, CH,), 2.41-2.56 (m, 1H, CH>), 3.17-3.30
(m, 1H, H-7), 3.38 (d, 1H, H-3a, J = 9.3 Hz), 3.44-3.54 (m, 1H, H-7a), 4.09-4.22 (m, 2H,
OCH,), 4.24-4.32 (m, 1H, H-4), 491 (brs, 1H, N-H), 5.08 (brs, 1H, O-H). *C NMR (100
MHz, CDCl3): 6=12.3, 14.6, 28.7, 32.6, 39.8, 52.7, 56.7, 58.8, 61.4, 64.7, 80.6, 155.7, 157.2,
173.9. Anal. Calcd. For C;sHsN>Og: C, 56.13; H, 7.65; N, 8.18. Found: C, 55.90; H, 7.96; N,
8.40.

Ethyl (3a8%,45%,65%,7R*,7aS*)-7-(tert-butoxycarbonylamino)-4-hydroxy-3-methyl-
3a,4,5,6,7,7a-hexahydrobenzo|d]isoxazole-6-carboxylate (9)

A white solid, yield 47% (220 mg); Mp: 140-141 °C; R = 0.58 (n-hexane—EtOAc 1:3); 'H
NMR (400 MHz, CDCl3): 6= 1.26 (t, 3H, CHs, J = 7.2 Hz), 1.43 (s, 9H, CH3), 1.54-1.76 (m,
2H, CH,), 1.99-2.08 (m, 4H, CHs, H-6), 3.18-3.30 (m, 1H, H-3a), 3.38 (d, 1H, H-7, /= 8.9
Hz), 3.43-3.54 (m, 1H, H-7a), 4.09-4.20 (m, 2H, OCH,), 4.23-4.29 (m, 1H, H-4), 4.90 (brs,
1H, N-H), 5.08 (brs, 1H, O-H). >C NMR (100 MHz, CDCls): 5= 12.4, 14.6, 32.6, 38.9, 52.7,
56.7, 61.4, 64.8, 80.3, 90.9, 113.2, 153.1, 157.1, 165,8. Anal. Calcd. For C;sH26N,O¢: C,
56.13; H, 7.65; N, 8.18. Found: C, 55.92; H, 7.87; N, 8.32.

Ethyl (3aS*,4R*,68*,7TR*,7TaS*)-7-(tert-butoxycarbonylamino)-4-hydroxy-3-methyl-
3a,4,5,6,7,7a-hexahydrobenzo|d]isoxazole-6-carboxylate (16)

A white solid, yield 88% (790 mg); Mp 118-119 °C; R = 0.29 (n-hexane—EtOAc 1:3); 'H
NMR (400 MHz, CDCl3): 6= 1.30 (t, 3H, CH3, J = 7.1 Hz), 1.46 (s, 9H, CH3), 1.89-2.00 (m,
2H, CH»), 2.09 (s, 3H, CHs), 2.65-2.75 (m, 1H, H-6), 2.89-3.05 (m, 1H, H-7), 3.09-3.17 (m,
1H, H-3a), 3.77-3.85 (m, 1H, H-7a), 4.11-4.29 (m, 2H, OCHy), 4.45-4.57 (m, 1H, H-4), 4.61

(dd, 1H, N-H, J = 3.1 Hz), 5.00 (d, 1H, O-H, J = 9.2 Hz). *C NMR (100 MHz, CDCl3): 5=

12



13.4, 144, 28.6, 33.6, 42.5, 49.7, 56.8, 61.7, 67.9, 80.2, 81.2, 155.5, 161.4, 174.6. Anal.
Calcd. For CisHxN,Og: C, 56.13; H, 7.65; N, 8.18. Found: C, 56.32; H, 7.46; N, 8.39.
General procedure for isoxazoline ring opening. Synthesis of compounds 10, 11 and 17
To a solution of 8 or 9 or 15 (1.16 mmole) in 8§ mL of EtOH/THF (3:1), NiCl; (2.32 mmole)
and Boc,0O (2.32 mmole) were added. After stirring for 10 min, NaBH4 (2.32 mmole) was
added in portions, the reaction mixture was stirred at room temperature for 6 h and the
reaction was then quenched with H;O (5 mL). The reaction mixture was filtered through a
silica pad and the filtrate was evaporated in vacuo. The crude residue was diluted with H,O
(30 mL), washed with EtOAc (3 x 15 mL), dried over Na,SO,4, and concentrated under
reduced pressure. The residue was then purified by column chromatography on silica gel (n-
hexane—EtOAc), giving 10, 11 or 17.

Ethyl (1R*,2R*,35%,45%,55%)-2-(tert-butoxycarbonylamino)-4-(1-(zert-butoxycarbonyl-
amino)ethyl)-3,5-dihydroxycyclohexanecarboxylate (10)

A white solid, yield 58% (300 mg); Mp 70-71 °C; Ry = 0.29 (n-hexane—EtOAc 1:3); 'H NMR
(400 MHz, CDCl3): 6= 1.25-1.32 (m, 3H, CH3), 1.37 (d, 3H, CH3, J = 7.0 Hz), 1.47 (s, 9H,
CH3), 1.49 (s, 9H, CH3), 2.32-2.40 (m, 1H, CHa), 2.76-2.83 (m, 1H, CH,), 3.81-4.00 (m, 3H,
H-4, H-1, CH), 4.1-4.3(m, 4H, OCH,, H-2, H-5), 4.34-4.41 (m, 1H, H-3), 4.60-4.69 (m, 1H,
N-H), 4.95 (brs, 1H, N-H). °C NMR (100 MHz, CDCls): = 14.4, 18.7, 28.7, 28.8, 30.1,
39.5, 44.6, 52.1, 61.6, 63.0, 67.0, 70.7, 80.1, 80.6, 157.7, 173.6, 174.1. (ESI) m/z = 469
(M+Na). Anal. Calcd. For C,;H33N,Os: C, 56.48; H, 8.58; N, 6.27.Found: C, 56.30; H, 8.38;
N, 6.40.

Ethyl (18%,2R*,35%,45%,55%)-2-(tert-butoxycarbonylamino)-4-(1-(zert-butoxycarbonyl-
amino)ethyl)-3,5-dihydroxycyclohexanecarboxylate (11)

A white solid, yield 78% (400 mg); Mp: 72-73 °C; Ry = 0.23 (n-hexane—EtOAc 1:2); 'H

NMR (400 MHz, CDCls): 6= 1.21-1.35 (m, 6H, CH3), 1.41-1.47 (m, 18H, CHj3), 1.50-1.62
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(m, 3H, CH,, H-1), 2.27-2.37 (m, 1H, H-4), 2.72-2.78 (m, 1H, CH), 3.82 (brs, 1H, N-H),
3.89-3.95 (m, 1H, H-5), 4.06-4.25 (m, 3H, OCH,, H-2), 4.30-4.37 (m, 1H, H-3), 4.61 (brs,
1H, N-H). *C NMR (100 MHz, CDCls): = 13.9, 22.6, 28.1, 28.3, 31.7, 42.3, 48.2, 51.9,
60.1, 65.1, 72.4, 77.0, 80.6, 92.2, 115.4, 121.0, 161.3. Anal. Calcd. For C,;H3sN,O5 C, 56.48;
H, 8.58; N, 6.27.Found: C, 56.36; H, 8.68; N, 6.30.

Ethyl (15*,2R*,35*,45%,5R*)-2-(tert-butoxycarbonylamino)-4-(1-(zert-butoxycarbonyl-
amino)ethyl)-3,5-dihydroxycyclohexanecarboxylate (17)

A white solid, yield 87% (450 mg); Mp: 75-76 °C; Ry = 0.63 (n-hexane—EtOAc 1:5); 'H
NMR (400 MHz, CDCls): 6= 1.21-1.31 (m, 6H, CHj3), 1.43-1.46 (m, 18H, CH3), 1.61-1.78
(m, 3H, CH,, H-1), 2.27-2.37 (m, 1H, H-4), 2.73-2.82 (m, 1H, CH), 3.51-3.60 (m, 1H, H-5),
4.06-4.19 (m, 3H, OCH,, H-2), 4.23 (brs, 1H, N-H), 4.29-4.32 (m, 1H, H-3), 4.88 (brs, 1H, N-
H). °C NMR (100 MHz, CDCl;): 5= 13.9, 22.6, 28.3, 28.3, 31.7, 42.3, 48.2, 51.9, 60.1, 65.0,
70.2,77.0, 80.3,92.2, 115.4, 121.0, 161.3. Anal. Calcd. For C,;H3sN,Og C, 56.48; H, 8.58; N,

6.27; Found: C, 56.40; H, 8.68; N, 6.22.
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Abstract: The present account illustrates the syntheses of isoxazo-
line-based amino acids by the cycloaddition of 1,3-dipolar nitrile
oxides to the C—C double bond of unsaturated amino acid deriva-
tives, with focus on the regio- and stereoselectivities of the transfor-
mations. Emphasis is also placed on the syntheses of highly
functionalized amino acids by means of isoxazoline ring opening.
The syntheses of various pharmacologically active compounds and
their analogues via the above strategies are described.

1 Introduction

2 1,3-Dipolar Cycloadditions of Nitrile Oxides
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3.3 Syntheses of Isoxazoline -Amino Acids

3.3.1 Syntheses of Highly Functionalized Cyclic B-Amino Acids
by 1,3-Dipolar Cycloaddition of Nitrile Oxides

4 Cycloaddition of Nitrile Oxides to Amino Acid Precursors
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Key words: amino acids, amino alcohols, cycloaddition, diastereo-
selectivity, heterocycles, ring opening, stereoselective synthesis

1 Introduction

The syntheses and applications of the isoxazoline-based
amino acids comprise a relatively new topic in amino acid
chemistry. In consequence of their important pharmaco-
logical potential, these types of derivatives have been at
the focus of interest in synthetic and medicinal chemistry
during the past ten years. The aim of the present account
is to provide an insight into the most relevant results relat-
ing to synthetic investigations of isoxazoline-based amino
acids, with the focus mainly on the conformationally rigid
analogues, and their transformation into highly function-
alized derivatives with pharmacological potential.

Isoxazolines are versatile intermediates for the syntheses
of'a number of bioactive compounds. Substituted isoxazo-
lines exhibit, for example, anti-influenza activity or anti-
fungal properties.! 1,3-Dipolar cycloaddition is a method
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that is widely used for the construction of heterocycles,
among them isoxazolines, or for the syntheses of various
highly functionalized molecules.
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The cycloaddition proceeds between a dipolarophile (e.g.,
alkenes, alkynes, carbonyls, or nitriles) and a 1,3-dipolar
agent (Scheme 1).

®
b
ANKQ)
1,3-dipole  a?c LN
N
dipolarophile d=e

Scheme 1 General scheme of 1,3-dipolar cycloaddition

1,3-Dipoles involve three-atom m-electron systems, with
four m-electrons delocalized over the three atoms. Some
important 1,3-dipoles are nitrile oxides, nitrones, azides,
nitrile imines, diazoalkanes, carbonyl ylides, and nitrile
ylides. The 1,3-dipoles can be divided into two types: the
allyl type, such as nitrones, azomethine ylides, azometh-
ine imines, carbonyl ylides, and carbonyl imines, and the
propargyl-allenyl type, such as nitrile oxides, nitrile im-
ines, nitrile ylides, diazoalkanes, and azides (Figure 1).

®

®
b b o
o O > Oy e

) ®
a=p—C -=-—>» a—p—c

allyl type propargyl-allenyl type

Figure 1 Classification of 1,3-dipoles

The dipolarophile can be almost any compound contain-
ing a double or triple bond, such as C=C, C=C, C=N,
C=N, C=0, or C=S. The cycloaddition of 1,3-dipoles to
dipolarophiles may occur in a synchronous, concerted
process, as proposed by Huisgen, or via a stepwise, dirad-
ical pathway, as favored by Firestone (Scheme 2).2

/C Huisgen mechanism
e

Firestone mechanism

d=e \d—
NS
Yo

Scheme 2 Mechanisms of the 1,3-dipolar cycloaddition

2 1,3-Dipolar Cycloadditions of Nitrile Oxides

The 1,3-dipolar cycloaddition of nitrile oxides to alkenes
is a powerful and efficient method for the synthesis of
isoxazolines.? Nitrile oxides are 1,3-dipoles of propargyl-
allenyl type and their additions to yield isoxazolines may
follow a concerted or a diradical mechanism.?

As nitrile oxides are reactive, relatively unstable dipoles,
they are generated in situ in the reaction, mainly by two
different routes: from hydroximoyl halides (X = Br or CI,
Huisgen methodology), or from primary nitroalkanes
(Mukaiyama methodology) [Scheme 3 (a)].>*

According to the Huisgen procedure, nitrile oxides are
generated from oximes in two steps: the halogenation of
an aldoxime to give a hydroximoyl halide, followed by
dehydrohalogenation with a base. The halogenation of ox-
imes may be carried out, in general, with N-bromo- or N-
chlorosuccinimide or sodium hypochlorite solution.?
Novel halogenating agents have recently been used effi-
ciently for the generation of hydroximic acid halides:
chloramine-T, silica gel,* (diacetoxyiodo)benzene, and
trifluoroacetic acid.*® The bases most commonly applied
for the dehydrohalogenation are tertiary amines such as
triethylamine [Scheme 3 (b)].2°

The other method (that of Mukaiyama) for the in situ gen-
eration of nitrile oxides is the dehydration of primary ni-
troalkanes. The transformation is accomplished in the
presence of a base. The dehydration agents used are phe-
nyl isocyanate, di-tert-butyl dicarbonate, ethyl chlorofor-
mate, benzenesulfonyl chloride, dimethylaminosulfur
trifluoride, acetic anhydride, etc.; in general, the base is
triethylamine. A possible mechanism for the preparation
of a nitrile oxide from a primary nitroalkane is shown in
Scheme 3 (c).2

The cycloadditions of nitrile oxides to symmetrical al-
kenes are stereospecific transformations leading from Z-
alkenes to cis-isoxazolines, and from E-alkenes to trans-
isoxazolines [Scheme 4 (a)].?

R ® o
>—_—N—0H — > | R=c=N-0 | =—— r" o, @)
X .
hydroximoy! halide nﬁﬂ,rgﬁgne
NBS or base
R (tertiary amine) ®
NCS y C
\=N—OH —————= Y=N—OH R—C=N-0 (b)
orNaOCl ¥ —HX
X =Cl, Br
7N\ H
B H H R)%N,O —-CO, 2.0 ©
)X 0@ Ph—N=C=0 —> N R—C=N—0" | 1 NHPh ()
R N ® O (0]
N i Ph—N=C=0
NHPh
X
PhHN NHPh

Scheme 3 Generation of nitrile oxides
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N\
E-alkene - 0
> / (a)

trans-
isoxazoline

R2 N N
o \— PRL o R~ o
RI-CEN—0~ ———> + ()
R? R?

3,4-disubstituted
isoxazoline

(€]

[—CEN—O

3,5-disubstituted
isoxazoline

Scheme 4 Additions of nitrile oxides to alkenes

The cycloaddition of a nitrile oxide to a monosubstituted
olefin can lead to two regioisomers, either the 3,4-disub-
stituted or the 3,5-disubstituted cycloadduct [Scheme 4
(b)], the regioselectivity being determined by steric and
electronic effects. The 3,4-disubstituted isoxazoline is fa-
vored when strongly electron-withdrawing substituents
are present on the dipolarophile; in the case of electron-
donating substituents, formation of the 3,5-disubstituted
isoxazoline is observed.?

When electron-rich and conjugated alkenes are applied in
the cycloaddition, the regioselectivity is dipole-LUMO-
controlled. Accordingly, the carbon atom of the nitrile ox-
ide attacks the terminal carbon atom of the alkene, result-
ing exclusively in the 3,5-disubstituted isoxazoline
(Figure 2). In cycloadditions to electron-deficient dipola-
rophiles, both dipole-HOMO and dipole-LUMO interac-
tions are significant, and mixtures of regioisomers are
formed. In general, the 1,3-dipolar cycloadditions of ni-
trile oxides to disubstituted alkenes lead to mixtures of re-
gioisomers.?®

dipole dipolarophile dipole dipolarophile
LU LU
LU
LU
HO HO
HO
HO
HO-controlled LU-controlled

Figure 2 Frontier molecular aspects of nitrile oxide cycloaddition

EtO,C

==+, [\ CORE

H NHBoc NaHCO3
1 EtOAc

Isoxazolines are of considerable importance in synthetic
chemistry, since they are precursors of imino alcohols, hy-
droxy ketones, and amino alcohols (Scheme 5).

N (o] OH
NHz - OH reduction R~¢ o reduction
-
R (LiAIH4 or (Hp, RaNi, H,0)
Hy, Pd/C)

amino alcohol

hydroxy ketone
(Nreg::c;lo’r/ wuchon
aBH,

NH OH

isoxazolidine imino alcohol

Scheme 5 Reductive transformations of isoxazolines

A wide range of reducing agents are applied in these trans-
formations, such as LiAlH,, NaBH,, or catalytic hydroge-
nation in the presence of noble metals (Pd or Pt) or Raney
nickel.’®" Mild agents, such as Sml, or Fe/NH,Cl, which
tolerate different functional groups, have also been de-
scribed for reduction of the isoxazoline ring.>*¢ Asymmet-
ric versions of the above reductions for the syntheses of
enantiomerically pure amino alcohols or amino acids have
been performed using borane/chiral ligand systems or
through the reduction of readily available chiral isoxazo-
lines.>h

3 Syntheses of Isoxazoline-Based Amino Acids

3.1 Syntheses of Isoxazoline a-Amino Acids

Various isoxazoline-containing cyclopropane a-amino
acid derivatives have been synthesized via the dipolar cy-
cloaddition of nitrile oxides and investigated as conforma-
tionally constrained homologues of glutamic acid.®

When cyclopropane a-amino acid 1, with a vinylic C=C
bond, was subjected to dipolar cycloaddition with a nitrile
oxide generated from ethyl 2-chloro-2-(hydroxyimino)ac-
etate in the presence of sodium hydrogen carbonate as a
base, the reaction resulted regioselectively in isoxazoline-
containing stereoisomers 2 and 3 with an ester group on
the isoxazoline ring, in a ratio of approximately 1.5:1
(Scheme 6).

N

>=NOH EtO,C E0,C— G
COME _COsEt
+ H

NHBoc NHBoc
14% 3 (23%)

1.1 M NaOH
EtOH, r.t.
2.30% TFA
CH,Cl,

HO.C HO,C
COH COH

Scheme 6
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>: NOH
=, \.COgEt

4>

H NHBoc NaHCO,
1 EtOAc

/
o

Scheme 7

Ester hydrolysis and N-Boc deprotection of 2 and 3 pro-
duced the isoxazoline-based cyclopropane amino acids 4
and 5 as conformationally restricted glutamate analogues.

In contrast, when the nitrile oxide was generated from di-
bromoformaldoxime and reacted with 1, the cycloaddition
proceeded regioselectively with inverse stereoselectivity,
furnishing isoxazoline-containing amino acid stereoiso-
mers 6 and 7 in a ratio of 2.6:1 (Scheme 7).

N-Deprotection of stereoisomers 6 and 7 with trifluoro-
acetic acid and hydrolysis in the presence of sodium hy-
droxide with replacement of the bromine on the
isoxazoline skeleton afforded amino acid derivatives 8
and 9 (Scheme 7).

Conformationally restricted spiroisoxazoline-containing
glutamate analogues have been synthesized by the addi-
tion of nitrile oxides [derived from ethyl 2-chloro-2-
(hydroxyimino)acetate or dibromoformaldoxime] to en-
antiomerically pure proline derivative (S)-10, in which
there is an extracyclic olefinic bond. In both cases, the re-
action took place regioselectively, giving two stereoiso-
mers, 11/12 and 13/14, in a ratio of 1:3 and 1:4,
respectively (Scheme 8).°

EtO,C EtOZC EtO,C

>:NOH
c (G s
o COgtBu ¥ o COgtBu
NaHCO3
EtOAc, 57%
S COtB Boc Boc
t_
N 2tBu (5R,85)-11 1:3 (55,89)-12

Boc

NOH >7
(S-10 >:
Ncho3 /E>‘002? Bu N o COzt Bu

EtOAc, 92%

Boc Boc
(5R,89)-13 1:4 (55,89)-14

Scheme 8

These derivatives, 11/12 and 13/14, underwent easy trans-
formation to the corresponding enantiomerically pure spi-
roisoxazoline amino acid derivatives.®

The counterpart enantiomers could be prepared via the
same route, starting from enantiomerically pure (R)-10.°

Another proline derivative, (—)-S-15, with the olefinic
bond in the ring, was transformed by the cycloaddition of

Synthesis 2012, 44, 1951-1963

M OLEt

M CO,Et

NHBoc NHBoc

6 (65%) 7 (25%)

1.1 M NaOH
dioxane, 60 °C
2.30% TFA
CHCly
w CO.H

nitrile oxides to isoxazoline-fused cyclic amino acids as
conformationally constrained aspartate or glutamate ana-
logues, inhibitors of excitatory amino acid transporters.
The cycloaddition of bromonitrile oxide to (-)-S-15 pro-
duced three of the four possible stereoisomers 16-18, in
13%, 25%, and 27% yields, respectively. Compound 16
could be separated from 17 and 18 by chromatography
(Scheme 9).7

CNBOC 1.1 M NaOH, dioxane )
NH

2.30% TFA, CHCl»

CO Me
CO,Me 2 COQH
NaHCO, (-)-16 (13%) 19
| NBoc “Cioae
(-)-5-15 Br COsMe Br
+ > 4
Br,C=NOH N EENBOC + N%I)Boc
o o B
17 (25%) CO-Me
18 (27%)
Scheme 9

Isoxazoline-containing amino acid enantiomer 19 was
prepared from 16 by standard deprotection methodology
(Scheme 9).

The mixture of isomers 17 and 18 was transformed to a
mixture of 20 and 21, treatment of which with (-)-(15)-
2,10-camphorsultam yielded diastereoisomers 22 and 23,
which were separated by chromatography. N-Deprotec-
tion with trifluoroacetic acid, hydrolysis, and bromine re-
moval with sodium hydroxide gave the corresponding
enantiomerically pure isoxazoline-fused proline deriva-
tives 24 and 25 (Scheme 10).’

Br CO-H . NaOH COH
>/ dioxane > EE
NBoc — >
A 2.30% TFA \
(-)-(15)-2,10-cam CHCl,

20 phorsultam
Br + DMAP, HBTU

CH,Cly, 80% Br, HO
) 1.1 M NaOH
N NBoc 72 dioxane 7
N —— N NBoc ——— > N NH
(e) ! \
- 0] ! /
2

/ 2.30%TFA O
toRr  CHLCl COH
23 25

Scheme 10
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Novel acyclic isoxazoline-containing glutamate ana-
logues that behave as N-methyl-D-aspartic acid (NMDA)
receptor antagonists, were successfully synthesized by the
addition of nitrile oxide [derived from ethyl 2-chloro-2-
(hydroxyimino)acetate] to unsaturated acyclic aminocar-
boxylate 26. The reaction, carried out under microwave ir-
radiation conditions, led regioselectively to four
isoxazoline-based amino ester stereoisomers 27-30,
which were separated and isolated by chromatography
(Scheme 11).

..... el NHB
Et0,C | * > ¢

N N\O EtO,C
— NHBoc oH 27 (12%) 28 (24%)
—_—
CosEt NasOs EIoAe NHBoo
26 EtO.C
Et0,C. :  COgEt h N
| S NHBoc
N~q EtOZC
29 (11%) 30 (23%)

Scheme 11

These isoxazoline amino esters 27-30 were converted by
hydrolysis and N-Boc deprotection into the corresponding
amino acids.®

The cyclopentene a-amino ester 31 was a suitable starting
compound for the preparation of conformationally con-
strained homologues of glutamic acids, which act as neu-
roprotective agents. On treatment with ethyl 2-chloro-2-
(hydroxyimino)acetate in the presence of base by the
Huisgen method, the ethoxycarbonylformonitrile oxide
generated by cycloaddition stereoselectively afforded
isoxazoline-fused aminocyclopentanecarboxylates 32 and
33 in a ratio of approximately 5:1, with the carbamate and
isoxazoline skeleton in a cis relationship in the major ste-
reoisomer 32 (Scheme 12); these products were separated
and isolated by chromatography.

EtO.C G EtO.C 4
N 74 \“NHBoc 7 NHBoc
EtO.C N +
COEt N E
NOH 0 2 0 CO,Et
cl H H
32 (84%) 33 (16%)
NaHCO3
E><NHBOC EtOAC ' |
CO,Et ¢ ¢
31 HO.C HOC
\NH NH
N 74 - 2 N 74 2
% COH \ COH
H H
34 35

Scheme 12

The cis selectivity of the cycloaddition is explained by the
H-bond directing effect in the transition state of the reac-
tion. The intermolecular H-bonding interaction between
NHBoc and the nitrile oxide in the transition state (Figure

© Georg Thieme Verlag Stuttgart - New York

3) led to isoxazoline-fused derivative 32 as the major
product.

Figure 3

Through ester and N-deprotection under standard condi-
tions, the conformationally constrained isoxazoline car-
boxylates 32 and 33 yielded amino acids 34 and 35
(Scheme 12).°

Cycloaddition to the di-N-Boc-protected cyclopentene-
carboxylate ester 36 could be achieved with opposite se-
lectivity. Because of the absence of the H-bond directing
effect, the reaction was controlled by steric factors. It pro-
ceeded with inverse stereoselectivity to give isoxazoline-
fused carboxylates 37 and 38 in a ratio of 1:2, the major
product being that in which the carbamate and isoxazoline
ring were in the trans steric arrangement (Scheme 13).°

EIO.C EtO.C o
74 ~NBoc, 73 NBoc,
N 3 + 7,
EtO,C % CO,Et e ‘COLEt
J=NOH & !
cl
37 (33%) 38 (67%)
<o Eowe”
COLE 30% TFA, CHzCl,
36 E0:C 4 EtO.C
NH. NH,
N 4 NH2 N v / 2
% CO,Et % ‘CO,Et
H H
39 40

Scheme 13

Although amino esters 37 and 38 could not be separated,
N-deprotection of their mixture led to the earlier prepared
amino ester 39 and a new stereoisomer 40, which were
successfully separated and isolated by column chroma-
tography.

Enantiomerically pure derivatives were synthesized by
the same group of authors through the use of enzymatic
resolution methods.

EtO,C
NOH EtO,C H EtO.C H
[ : CO.,Me Cl N/ CO,Me N/ ~COsMe
. + N
NHBoC  NaHCO,, EtOAC o ‘NHBoc o NHBoc

a1

rac-42 (82%) rac-43 (18%)

Scheme 14

The racemic cycloadducts rac-42 and rac-43 were ob-
tained by the stereoselective cycloaddition of nitrile oxide
to 41 (Scheme 14). When they were subjected to hydroly-
sis catalyzed by lipase B from Candida antarctica (CAL-
B), the isoxazoline ester in rac-42 was transformed to the
carboxylic function to furnish chemoselectively enantio-
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E0,.C HO.C EO.C
N2 CO,Me CAL-B y CO,Me 5 .COzMe
o "NHBoc  phosphate buffer o ""NHBoc o NHBoc
acetone
rac-42 (-)-44 (+)-42
Et0.C o EtO:C EtO.C
N 7 “‘COZMe proleather N 7 3 CO,H N/ “‘COZMe
o NHBoc  phosphate buffer o~/ "NHBoc * \o NHBoc
acetone :
rac-43 (+)-45 (-)-43
EO.C 4 E0.C o E0,C
N COxMe papain NG ~COH N)iycogMe
o NHBoc  phosphate buffer % NHBoc o~/ "NHBoc
acetone H A
rac-43 (-)-45 (+)-43

Scheme 15

mer (—)-44 and unreacted enantiomerically pure ester (+)-
42. Hydrolysis of the alicyclic ester rac-43 by means of
proleather chemoselective catalysis afforded amino acid
enantiomer (+)-45 and unreacted ester enantiomer (—)-43,
while papain catalyzed the hydrolysis of racemic diester
rac-43 to the opposite monoacid enantiomer, (—)-45
(Scheme 15).1°

These enantiomerically pure isoxazoline-fused mono-
acids and esters 42—45 were then converted by ester hy-
drolysis and N-deprotection into the corresponding
optically pure bicyclic amino diacids.

In contrast with the Huisgen method, the Mukaiyama ni-
trile oxide generation technique provided isoxazoline-
fused a-aminocyclopentanecarboxylates with higher ste-
reoselectivity. Park and co-workers applied the Mukaiyama
methodology to carry out the cycloadditions of nitrile ox-
ides to a-aminocyclopentenecarboxylates, the 1,3-dipolar
reagents being generated from primary nitroalkanes. The
nitrile oxide derived from 1-nitrobutane using phenyl iso-
cyanate and triethylamine react with cis selectivity with
urea derivative 47 under the control of the H-bond direct-
ing effect of the urea moiety to furnish stereoisomers 49
and 48 in a ratio of 20:1 (5:1 by the Huisgen method), the
major stereoisomer being that in which the isoxazoline
and the urea displayed cis stereochemistry (Scheme 16).!!

PhHN PhHN
PhHN 0 o)
o HN CO,Et HN CO,Et
HoN_ COEt HN  CO,Et g N
PhNCO n-BuNG,
e —_—
DME PhNCO
EtsN, DME
46 a7
48 (3%) 1:220 49 (60%)
Scheme 16

The isoxazoline-fused a-aminocyclopentanecarboxylate
48, in which the amino group and the heterocycle are
trans, was obtained in only a very low amount from an N-
monoprotected (e.g., carbamate) amino ester, but this type
of stereoisomer could be synthesized in a larger quantity

Synthesis 2012, 44, 1951-1963

by dipolar cycloaddition to an imino ester. Because of the
absence of the H-bonding directing effect, the addition of
the nitrile oxide (generated from nitrobutane/PhNCO/
Et;N) to imino ester 50 furnished isoxazoline-containing
stereoisomers 51 and 52 in a ratio of 1:1 (Scheme 17).
Since these isomers could not be separated, they were sub-
jected to imine hydrolysis and treatment with phenyl iso-
cyanate to give urea derivatives 55 and 56, which were
separated and isolated (Scheme 17). Such compounds
were subsequently transformed to cyclopentanes with hy-
dantoin and isoxazoline moieties."!

CeHap-Br—HC=N_ CO.Et  CgHap-Br—HC=N_ COEt
+

O, ~
1:1 N

52
1.1 M HCI, THF
2.1 M NaOH, EtOAc

n-BuNO,
PANCO

Et;N, DME | H2N  COoEt HoN  COEt
p-BrCgHs;—HC=N CO,Et % X
O, »
50 N
54
PhNCO, DME
PhHN PhHN
o

HN CO,Et

55 (16%)

Scheme 17

Interestingly, in comparison with the additions of nitrile
oxides to a-aminocyclopentenecarboxylates (Schemes 12
and 14), addition to an N-Boc-protected cyclic a-amino
ester 57 possessing an extracyclic C=C bond furnished the
corresponding spiroisoxazoline cyclobutane amino esters
with rather low stereoselectivity (3:1). The resulting spi-
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roisoxazolines 58 and 59 (R =4-BrC¢H,, Bu, Ph) were
separated by chromatography (Scheme 18) and trans-
formed into isoxazoline-substituted cyclobutanes.!?

EtO,C, NHBoc  EtO,C. NHBoc

EtO.C  NHBoc
y R-CH=NOH
—_— o
bleach ,O *
CH,Cl, =N
R
57 58a—c
Scheme 18

Addition of the nitrile oxide generated from nitrobutane,
phenyl isocyanate, and triethylamine by the Mukaiyama
method to N-Boc-protected ethyl a-aminocyclopentene-
carboxylate 31 led exclusively by cis-selective addition to
isoxazoline-fused N-Boc-amino ester 60, which was N-
deprotected to give amino ester 61 (Scheme 19). On cou-
pling with a Boc-protected a-aminocyclopent-3-enecar-
boxylic acid, 61 gave the dipeptidic derivative 62, which
was subjected to nitrile oxide cycloaddition. Somewhat
surprisingly, cycloaddition under the Mukaiyama condi-
tions was not selective and afforded the corresponding cy-
cloadducts 63 and 64 in a ratio of 1:1 (Scheme 19)."3

3.2 Syntheses of Isoxazoline y-Amino Acids and
Their Transformation into Bioactive Deriva-
tives

Intensive research investigations have been performed on
the cycloaddition of various nitrile oxides to cyclopentane
y-aminocarboxylates. Since the isoxazoline-fused deriva-
tives formed are precursors of the anti-influenza agent
Peramivir (72) and its analogues,'* such syntheses are of
great importance in synthetic and medicinal chemistry.

The nitrile oxide suitable for the synthesis of anti-influen-
za agent 72 was generated from 3-(nitromethyl)pentane,
phenyl isocyanate, and triethylamine. Although the cyclo-
addition of this nitrile oxide was performed to an N-Boc-
protected amino ester (—)-65, in contrast with the earlier
presented cycloadditions (e.g., to N-Boc-protected a-ami-
nocyclopentenecarboxylates), in this case the H-bond di-

[©]

NO.
E><002Et i N
—_—
NHBoc  phNCO, EtsN 3

31 THF, 65 °C
24 h

AT
BocHN' '
63 (31%) 11 64 (31%)

Scheme 19
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60 (62%)

recting effect was not observed. The reaction afforded
four regio- and stereoisomers 66—69, the major isomer be-
ing that one in which the isoxazoline ring and the carba-
mate group are frans in 66, while the oxygen atom of the
heterocycle is farthest from the carbamate (Scheme 20).'%
This result may be explained by steric factors: due to the
large alkyl chain of the nitrile oxide, steric repulsions
overcome the H-bond directing effect in the transition
state.

..+COo,Me BocHN.,,

o} o
\)\/ e 67 (11%)
BocHN-,,@.uCOQMe NO»
_— >
PhNCO
(-)-65 EtsN

BocHN'.,Q‘.‘COZMe BocHN'.,Q‘.‘COZMe
d\N//—\C j/\\N/b

68 (4%) 69 (1.3%)

Scheme 20

The major isoxazoline-based amino ester 66 was separat-
ed from the other isomers by chromatography, and subse-
quent reductive isoxazoline opening, N-Boc deprotection,
guanidinylation, and ester hydrolysis gave the target neur-
aminidase inhibitor Peramivir enantiomer (—)-72 (Scheme
21).

The isoxazoline ring-opened intermediate 70 was trans-
formed by reductive removal of the cyclopentane hydroxy
group to give 74, followed by deprotection and guanidi-
nylation to give 76, to yield Peramivir analogue 77
(Scheme 22).142

While the additions of nitrile oxides to a-aminocyclopen-
tenecarboxylates were only selective under Mukaiyama
conditions (cf. Schemes 13 and 19), for the corresponding
v-analogues the Huisgen method proved to be 100%
regio- and stereoselective. Addition of the nitrile oxide
generated from 2-ethylbutanal oxime and sodium hypo-

COEt 1. TFA
NHBoc 2 Et;N, 72%

61 (72%)

COH | pcc, DMAP
NHBoc | CH2Cla, 72%

COzEt
PO NH
-
PANCO, EtsN

o~
BocHN

62 (72%)

THF, 65 °C
24 h
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.CO,Me BocHN.,, .«CO,Me
1. PtOy, Hyp, HCI
_—
2. Ac,0, EtsN OH
NHAc
70 (67%)
1. HCI, Et,0
2. MeS-C(=NBoc)(NHBoc)
HgCl,
N BocN NHBoc
HN:,, CO.H N,
2 o 1NaOH_ ' +++COoMe
2 TFA
OH
NHAc NHAc
(-)-72 (90%) (74%)
BCX-1812
(Peramivir)

Scheme 21

chlorite in the presence of triethylamine to the cyclopen-
tene cis-y-amino ester 65 resulted completely regio- and
stereoselectively in exclusively isoxazoline-fused amino
ester 66 (Scheme 23).

Compound 66 was then transformed by standard methods
to racemic Peramivir rac-72.1

Peramivir analogues with a modified side chain have been
prepared by the addition of the nitrile oxide generated
from 4-(nitromethyl)heptane to amino ester 65. The major
product 78 was purified by chromatography from the mi-
nor isomers (Scheme 24), and was next converted effi-
ciently into Peramivir analogues 79 and 80 (Figure 4).!¢

Dipolar cycloadditions of nitrile oxides have likewise
been applied in the syntheses of other Peramivir ana-
logues. The nitrile oxide generated from nitropentane by
addition to cyclopentenecarboxylate 81 resulted in isoxa-
zoline derivatives 82 and 83 in a ratio of approximately
4:1, the major product 82 being favored for steric reasons
(Scheme 25).

H
.wCOsMe
BocHN‘.,Q..‘COZMe N-OH
—_—
NaOCI, EtzN o)
65 CHCl,
66 (61%)
1. Hp, PtO,
HCI, MeOH
2. Ac,0, Et;N
CHClp
BocHN.,, .COo2Me
Lo -
Peramivir B
(72) OH
NHAc
70 (82%)
Scheme 23

.+COsMe

BocHN..,Q‘NCOgMe NO,
65

—_—
PhNCO
EtsN
Scheme 24
N N
HN.,, \++COH HN.,, COzH
NHAc NHAc
BCX-1923 (79) BCX-1898 (80)
Figure 4

nltropentane

2lvle e
TEN o >J:>_C°2Me
81 nBu

2(45%) 4 (11%)
The major isomer 82 was subjected to isoxazoline reduc- g opome2s
tive opening, followed by hydroxy-amino interconver-
sion, guanidinylation, and deprotection to afford finally
88 (Scheme 26).'4
BocHN.,, .COoMe thiocarbonyl- BocHN.,, .COoMe BocHN.., ..\CO,Me
diimidazole s n-BuzSnH
—_— —_—
OH (e}
NHAc NHAc N} NHAC
70 7360%) W 74 (95%)
HCI, Et,O
HN~_NH2 BocN.NHBoc
HN-., GO N aoH HN.., ~COMe 5 MeS-C(=NBoc)(NHBoc)  HoN.., \COsMe
- -
2. TFA HgCly
NHAc NHAc NHAc
77 (78%) 76
BCX-1827 75

Scheme 22
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o HO
N/\ oMo - P02 Ha HO
2. Ac,0, EtgN
n-Bu
82
NH NHBoc
HNﬁ/ 2 BocN
HN.., . \COLH
1. TFA, 70%
- TR %
/ 2. NaOH /
NHAc NHAG
88 (47%) 87 (64%)
Scheme 26
33 Syntheses of Isoxazoline B-Amino Acids

In view of their valuable pharmacological properties, [3-
amino acids are an important class of compounds in ami-
no acid chemistry, and have become a hot topic in synthet-
ic and medicinal chemistry in the past 15 years.!”
Cycloadditions of nitrile oxides to cycloalkene B-amino
acids have been efficiently applied for their functionaliza-
tion.

Addition ethyl cis-2-aminocyclopentenecarboxylate (89)
and methyl- or ethyl-substituted nitrile oxides, derived
from nitroethane or nitropropane and di-zert-butyl dicar-
bonate and 4-(dimethylamino)pyridine, gave, of the four
possible isoxazoline-fused regio- and stereoisomers, three
derivatives 90-92; the major stereoisomer 90 was that in
which the carbamate function and isoxazoline skeleton
are trans and the oxygen atom of the isoxazoline ring is
farthest from the carbamate (Scheme 27).'® The selectivi-
ty was explained and supported by theoretical calculations
in terms of the H-bond directing interaction in the transi-
tion state of the reaction (Figure 5)."°

CO,Et

NHBoc
89

(i) EINO, or nPrNO,, Boc,O
(if) chromatography

COzEt R R CO,Et
o : N COEt CO.Et O 2
N n N/ ! N

j NHBoc o N NHBoc

R NHBoc S NHBoc R

a: R=Me (61%) 91a: R =Me (14%) 92a: R = Me (7%) 93 (0%)
b: R =Et (35%) 91b: R =Et (15%) 92b: R = Et (0%)

DMAP, THF, 20 °C, 15 h

Scheme 27
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.:COzMe MsO ..CO,Me
MsCl, EtsN
—_—
NHAC NHAc
84 (61%) 85 (41%)
1. NaN3
2. Pd/C, Hy
«COzMe HoN-., .wCOsMe

MeS-C(=NBoc)(NHBoc)

HgCl,

NHAc
86 (48%)

He N
Boc—N Q N—R

EtO,C

Figure 5

Interestingly, when the nitrile oxide was generated from
the primary nitroalkane and phenyl isocyanate in the pres-
ence of triethylamine, the cycloadditions gave cycload-
duct 90 (which was the major product under the previous
conditions) with 100% regio- and stereoselectivity
(Scheme 28).'° The reason for this unexpected experimen-
tal observation was not clarified.

COLE o COLEt
\ EtNOj or n-PiNO,, PANCO  §
N
NHBoc EtgN, THF 3 NHBoc
8o 65°C, 15h R
90a: R = Me (50%)
90b: R = Et (30%)
Scheme 28

The addition to cis-amino ester 89 was not totally selec-
tive when the nitrile oxide was generated from nitro-
alkane, di-fert-butyl dicarbonate, and 4-(dimethyl-
amino)pyridine, however, a very surprising result was
found when the addition was carried out with trans B-ami-
nocyclopentenecarboxylate 94 under similar conditions.
The reaction yielded, with complete regio- and stereose-
lectivity, isoxazoline-fused aminocyclopentanecarboxyl-
ate 95 (Scheme 29)."

In contrast to the reactions of 89, the addition of nitrile ox-
ides generated from nitroalkane, phenyl isocyanate, and
triethylamine to di-N-Boc-protected ester 99 selectively
furnished, but with the opposite selectivity, low yields of
isoxazoline-fused B-aminocyclopentanecarboxylates 100
(Scheme 30).1°
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EtNO, or n-PrNO,

DMAP o
R
Boc,0, THF, 20 °C ﬁ
20h R

EtNO; or n-PrNO, R COEt COWE
Y 2!
COEt DMAP m _NeOEt >_Q’
Boc,0, THF, 20 °C ~o NHR EtOH 20 °C N

NHBoc 20h

9 95a: R = Me (46%)

R COEt
, .COEt

=
/

NG o NHBoc
o NHBoc

97

jus]

NHBoc
92a: R =Me

95b: R = Et (22%)

Scheme 29

CO,Et EtNO, or n-PrNO, O CO,Et

Boc,0, DMAP 7
Nao
N(Boc), THF,20°C,15h ﬁ N(Boc)z
99 R

100a: R = Me (18%)

100b: R = Et (15%)
Scheme 30

3.3.1 Syntheses of Highly Functionalized Cyclic j-
Amino Acids by 1,3-Dipolar Cycloaddition of
Nitrile Oxides

Dipolar cycloadditions of nitrile oxides have been effi-
ciently applied to produce highly functionalized cyclic -
amino acid derivatives. Although attempts to prepare
isoxazoline-fused hydroxylated B-aminocyclohexanecar-
boxylates 105 or 106 by the addition of nitrile oxides to
the olefinic bond of hydroxylated cyclohexenecarboxyl-
ates 101 or 102 proved unsuccessful, these compounds
were prepared in an alternative way, by means of the cis-
selective addition of nitrile oxide to the unsaturated lac-
tone 103, followed by lactone ring opening with sodium

EtNO, HO

\C[COOB Boc,0, DMAP
NHBoc THF, rt. \

N—O
.COOEt EtNO, HO.
\Q\ Boc20 DMAP
NHBoc THF, rt. §
N—O

Scheme 31
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105 (75%)

ethoxide. Lactone ring opening at 0 °C furnished the all-
cis amino ester 105, while at 20 °C epimerization occurred
to give stereoisomer 106 (Scheme 31).2°

Highly functionalized cyclopentane B-amino esters have
been synthesized by reductive isoxazoline ring cleavage.
On treatment with sodium borohydride and nickel(II)
chloride, the reaction of amino ester 90a proceeded with
cis selectivity to give 107 (Scheme 32).

COE HO.., CO,Et
o 2Bt NaBH,, NiCly, Boc,0
Ny EtOH-THF (3:1), rt, 6 h BocHN: NHBoc
w NHBoc \
90a 107 (80%)
Scheme 32

Other multisubstituted cispentacin stereoisomers 108—
111 were prepared by the same protocol from isoxazoline-
fused 2-aminocyclopentanecarboxylates (Figure 6).%!

0
o)
NHBoc
103
COOEt EtNO,
Boc,O, DMAP
NHBoc ~—2CEt EtOH_ THF, 48 h, rt.
0°C,1h o
o)
.COOEt ¢ NHBoc
NaOEt, EtOH N—O
< 0
NHBoc Leh 104 (31%)

106 (47%)
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HO.., +COEt

CO,Et

BocHN BocHN:« \ NHBoc

HO  'NHBoc
108 109

o, . «CO,Et p . «COzEt
BocHN BocHN

HO NHBoc HO NHBoc
110 111

Figure 6

4 Cycloaddition of Nitrile Oxides to Amino
Acid Precursors

Next the syntheses of isoxazoline-containing derivatives,
which may be regarded as cyclic amino acid precursors,
were investigated. Addition of the nitrile oxide obtained
from benzhydroximoyl chloride (113) and triethylamine
to azabicyclic derivative 112 stereoselectively furnished
isoxazoline-fused cycloadduct regioisomers 114 and 115
in a ratio of approximately 1:1. After separation by chro-
matography, these compounds were transformed via isox-
azoline amino alcohols 116 and 117, with purine and
pyrimidine base construction, to a series of isoxazoline-
fused carbocyclic nucleosides (Scheme 33).2?

Ph

N/O
\ N + -
N

N
o
Ph CHPh p
2
114 115 CHePh
EtsN (49%) (43%)
7 1. oxidation
N\ rC;HfI%lfw 2. solvolysis
CHzPh "' 3. reduction
112
. HO NH;  HO NH;
Ph—(IJ=N—OH
Cl o d
\ —
113 Ph N/ \N Ph
116 % 117
isoxazoline-fused
carbocyclic nucleosides
Scheme 33

Isoxazoline y-lactams, as precursors of y-amino acids, are
readily accessible from azacyclic derivatives 114 and 115.
Oxidation of these two compounds with ruthenium tetrox-
ide and sodium periodate afforded y-lactam derivatives
118/120 and 121/123, respectively, in rather low yields.
Oxidation at the benzylic position led to 119 and 122
(Scheme 34).2

On treatment with methanesulfonic acid, isoxazoline -
lactams 118 and 121 underwent ready conversion into the
corresponding isoxazoline y-amino acid derivatives 124
and 125 (Scheme 35).%3

© Georg Thieme Verlag Stuttgart - New York

RuO;, Nalo
o 4 4 (o) 0.
N HoO—-EtOAC N\’ o N
\ —_—
N\ r.t., overnight N\ * N\
Ph CH,Ph Ph H Ph COPh
114 e "
(13%) (35%)
n© 0
\
+ N
AY
Ph CHgPh
120
(17%)
Ph RuO,, NalO, Fh ph
. % HoO-EtOAG w%o N%
—_—
\
6 N r.t., overnight 0] N * (6] N
\ Ay AY
H
s CHoPh 124 122 COPh
(12%) (33%)
Ph
”%O
+
o N
A
CH,Ph
123
(15%)
Scheme 34

.0
N O MsOH, H,0 N\’o COH
—_—
N THF NH*CHSO3~
PH

H Ph
118 124 (100%)
Ph
Ph
NZ o) NF
(\3 N MsOH, H,0 N COH
o) N _
Y THF NHz*CH3SO3
121 125 (100%)
Scheme 35

In order to increase the amount of the isoxazoline y-lac-
tam, isoxazoline-based azacyclic regioisomers 127 and
128 were first prepared analogously to the process shown
in Scheme 34, by changing the N-substituent from benzyl
to methyl, ethyl, isopropyl, or fert-butyl (Scheme 36).24

Ph
® o 0,
Ph—C=N-0 N NF
4 N T N + \O
A PH \ N\
R R R
126 127 128
R =Me (28%) (21%)
R=Et (34%) (32%)
R = i-Pr (38%) (36%)
R = tBu (45%) (48%)

Scheme 36

Both isoxazoline regioisomers 127 and 128 were then
subjected to the oxidation reaction. Though the com-
pounds bearing an N-ethyl or N-isopropyl group gave only
poor yields of the corresponding lactam, the ferz-butyl de-
rivatives of both 127 and 128 resulted selectively in only
the isoxazoline y-lactams 129 and 132 in high yields
(Schemes 37 and 38).2
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RuOy, NalO, o o 0
nC H,0—EtOAc N\’ 0o N\’ N 0
\ —_—
N r.t., overnight N * N * N\
PH R PH R PH tome PN H
127 129 130 131
R=Et  (14%) (32%) (14%)
R=iPr  (11%) (12%) (15%)
R=tBu (85%)
Scheme 37
Ph RuO,, NalO, m "
—_—
é) N r.t., overnight (e} e N
A \
R COMe H
128 133 134
R =Et (14%) (32%) (14%)
R=iPr  (11%) (12%) (15%)
R=tBu  (84%)
Scheme 38
5 Summary and OQutlook Med. Chem. Lett. 2001, 11, 1997. (h) Basappa, M.;

Highly functionalized cyclic amino acids are valuable
bioactive substances and, therefore, potentially extremely
important in synthetic and medicinal chemistry. The re-
gio- and stereoselective dipolar cycloaddition of nitrile
oxides is a powerful technique for construction of the
isoxazoline ring, and is a widely applicable method for the
functionalization of various amino acid derivatives con-
taining an olefinic bond. Moreover, reductive isoxazoline
ring cleavage offers an opportunity for access to a number
of highly functionalized cyclic amino acid derivatives
with the generation of new stereogenic centers, which is

Sadashiva, P.; Mantelingu, K.; Swamy, N. S.; Rangappa, K.
S. Bioorg. Med. Chem. 2003, 11, 4539. (i) Lam, P. Y. S.;
Adams, J. J.; Clark, C. G.; Calhoun, W. J.; Luettgen, J. M.;
Knabb, R. M.; Wexler, R. R. Bioorg. Med. Chem. Lett. 2003,
13, 1795. (j) Barbachyn, M. R.; Cleek, G. J.; Dolak, L. A.;
Garmon, S. A.; Morris, J.; Seest, E. P.; Thomas, R. C.;
Toops, D. S.; Watt, W.; Wishka, D. G.; Ford, C. W.;
Zurenko, G. E.; Hamel, J. C.; Schaadt, R. D.; Stapert, D.;
Yagi, B. H.; Adams, W. J.; Friis, J. M.; Slatter, J. G.; Sams,
J.P.; Oien, N. L.; Zaya, M. J.; Wienkers, L. C.; Wynalda, M.
A.J. Med. Chem. 2003, 46, 284. (k) Pirrung, M. C.; Tumey,
L. N.; Raetz, C. R. H.; Jackman, J. E.; Snchalatha, K.;
McClerren, A. L.; Fierke, C. A.; Gantt, S. L.; Rusche, K. M.
J. Med. Chem. 2002, 45, 4359.

likely to have a considerable impact in medicinal chemis- (2) (a) Najera, C.; Sansano, J. M. Org. Biomol. Chem. 2009, 7,

try.
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