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Graphic Abstract

Substituent and solvent effects in the 1,3-dipolar cycloadditions for synthesis of anti-influenza
agent peramivir and its analog
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ABSTRACT

Influenza remains a health problem to humans. Henaim a FDA approved anti-influenza
drug targeting the virus neuraminidase. The (3+3claaddition reaction of 2-
ethylbutanenitrile oxide with the cyclopentene digoophile derived from Vince lactam is a
key step in the conventional synthesis of peram®ur study showed that conducting the
(3+2) cycloaddition reactions with either aliphaticaromatic nitrile oxide in hexane solution
provided high percentage of the desired regioispmauad theN-substituent having electron-
withdrawing property is also beneficial to the wsglectivity. This study also demonstrated
an alternative synthetic pathway of (-)-peramividahe analog having a phenyl group in

place of the 3-pentyl moiety.
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1. Introduction

Seasonal influenza is a major cause of mortalityraorbidity among patients with acute
upper respiratory diseases [1,2]. Influenza virelhgs to the family Orthomyxoviridae and
has a single-stranded segmented RNA genome, whitiprises eight negative-sense single-
stranded RNA segments to produce at least 11 psotd,4]. Hemagglutinin (HA) and
neuraminidase (NA) are glycoproteins anchored am ¢hbll surface of influenza virus.
Genetic diversity of influenza viruses is due tghhimutation rates and frequent genetic
reassortments which lead to high variable HA andaxfigens.

NA is responsible for cleaving the linkage betwedluenza virus and the sialyl receptor
of host cell. Inhibition of the viral NA will suppss the spread of viruses to other host cells
[5]. There are 11 subtypes of influenza NAs beagdngserved active sites. Therefore, an
effective NA inhibitor may act as a universal anfiuenza drug to all subtypes [6].In
addition to zanamivir (RelenZp[7] and oseltamivir (Tamiflt) [8], peramivir (Repiacta
Fig. 1) [9-12] is a potent NA inhibitor and appradvéor treating influenza infection by

intravenous administration [13].
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Fig. 1. Chemical structures of peramivit)( analoguela), and the synthetic precursors.

Peramivir was first synthesized by Babu and cowsrkea a key step of (3+2)

cycloaddition reaction of 2-ethylbutanenitrile ozida) and cyclopenten8a, which was



readily prepared from (-)-2-azabicyclo[2.2.1]hepts®3-0one (Vince lactam) [9]. As shown
in Eq. 1, the nitrile oxideta was generated in situ from 2-ethyl-1-nitrobutadg (sing
phenyl isocyanate as the dehydrating reagent, tem@3t-2) cycloaddition with cyclopentene
3a in benzene (reflux, 24 h) was promoted byNEto give the major produdda (61%
isolated yield), along with the regioisoméb (11%) and their stereocisomers (5%) [14].
Alternatively, the research teams of Miller and Cheeated 2-ethylbutanal oxime with
NaOCI (bleach) to give the corresponding chlormattompoundba, which produced nitrile
oxide4a in the presence of 8N and underwent the 1,3-dipolar cycloaddition watkene3a

in CH,Cl, solution (reflux or room temperature, 20 h) [19,16

PhN=C=0, Et;N

BocHN/,,Q‘\\COZMe + :>_\ PhH, reflux, 24 h
NO

2
3a 4

BocHN, WwWCO,Me  BocHNu., WwCO,Me
H 'c')'H + B\ + Stereoisomers
N O (5%)

6a (61%) 6b (11%) (Eq. 1)

The (3+2) cycloaddition between nitrile oxide arkleae is an efficient way to prepare
isoxazoline, which can be reduced to provide theetionality of 3-amino alcohol [17-19].
The synthesis of peramivir benefits from the styatihat employs the (3+2) cycloaddition of
2-ethylbutanenitrile oxide for simultaneous formati of two covalent bonds and
implantation of latent amino and hydroxyl groups.this study, we further investigated
various factors, such as the dipolarophile substraf mono- and bicyclic alkenes, nitrile
oxide 1,3-dipoles, solvents and reaction conditionkich may influence the regio- and

stereochemistry of the (3+2) cycloadditions for $lgathesis of peramivir and its analogs [20].

2. Results and discussion

2.1. Method for generation of nitrile oxide



In the synthesis of peramivir, the required 2-dilydnenitrile oxide was either prepared
by dehydration of 2-ethyl-1-nitrobutane [14] or ldehydrochlorination of 2-ethyl-
hydroxybutanimidoyl chloride [15, 16]. In generaitrile oxide is an active species and
easily undergoes self-dimerization to give 1,2,5d&zole 2-oxide [17-20]. In addition to
NaOCI, some other halogenation reagents, such lagaaline-T,N-bromosuccinimide and
(diacetoxyiodo)benzene have been reported for gsiore of oximes to hydroximoyl
chlorides [21-23]. In our study, 2-ethylbutanal aei and benzaldehyde oxime was treated
with N-chlorosuccinimide (NCS) to give relatively stable chlorination compds of
hydroximoyl chlorides5a and 5b, which were isolated and prepared as dilute swmiuin
appropriate solvent for slow injection to a solati@ontaining EN to generate the
corresponding nitrile oxideda or 4b for the in situ (3+2) cycloaddition reactions withe

alkene substrates.
2.2. Cycloaddition reactions of Vince lactam

We speculated that Vince lactam having a [2.2.tydic skeleton might render better
stereochemical control and facilitate the (3+2)legddition by releasing the ring strain. We
first tested the (3+2) cycloaddition by adding hogdmoyl chloride5a to a toluene solution
containing lactam (x and EtN. However, the reaction at 8C for 8 h only resulted in a

complicated mixture containing less than 20% ol@addition products.

R O PhC(=NOH)CI
5 Sb(15equv) 6
Et3N PhMe
2a R'=Boc t,4h Y O O.\?3~Ph

1=
2b R' =Troc Isomera

1 Isomer b
2¢ R'=PhCH,
R'=  Ratio of isomers
Boc 7a/Tb = 57:43
(Eq. 2) Troc 8a/8b = 63:37

PhCH, 9a/9b =37:63




We then investigated the (3+2) cycloaddition reaxgi of N-protected Vince lactam
(2a—2c) with benzonitrile oxide 4b). Thus, N-hydroxybenzimidoyl chloride 5p) was
dissolved in toluene solution and slowly injectad syringe pump into a toluene solution
containingN-Boc lactam (x)2a and E4N (Eq. 2). The desired (3+2) cycloaddition proceede
smoothly at room temperature to give compounds7&t)and (x)7b. The possible
dimerization of reactive nitrile oxide was sign#ittly suppressed by slow addition of
hydroximoyl chloride to EN for controlled generation of nitrile oxide, whietas readily
consumed by excess amount of alkene. Though thHeaddition was much facilitated and
no stereoisomers were formed, the regioselectofifyroducts was pooi7&/7b = 57:43). The
isomers7a and 7b were separated by silica gel chromatography, bhaddesired isomera
(as racemic mixture) was further recrystallizedmr&H.Cl—hexane for X-ray diffraction
analysis (supplementary Fig. S1), thus confirmhmgyregio- and stereochemistry.

On usingN-Troc lactam (x)2b as the dipolarophile, the regioselectivity of oaddition
products (£)8a and (£)8b was slightly increased to 63:37. In contrast, {332)
cycloaddition of lactam (x2c bearing an electron-donating benzyl substituenbried the
product of undesired regioisomer (@)- Nonetheless, the minor isom8a (as racemic
mixture) was isolated and recrystallized from JCH-hexane to verify the regio- and
stereochemistry by X-ray crystallography (suppletagnFig. S2).

On the basis of photoelectron spectroscopic st@dj; Novak and Kové&concluded that
no transannular interaction exists betweenstimoiety and amide group of Vince lactam,
though the electronic effects are prominent in pambdiene system. However, certain
inductive effect might involve in the (3+2) cyclahtion reactions ofN-substituted Vince
lactam because the regioselectivity varies withfed#int electronic properties of the

substituents (e.g. Boc, Troc and benzyl groupsgnZt



2.3. Effects of N-substituents in (3+2) cycloadutitreactions of cyclopentene dipolarophiles

Without success on using bicyclic alkerg#as-2c to establish the desired regiochemistry
in the (3+2) cycloadditions with nitrile oxides, we-examined the possible effects Nf
substituents in the cyclopentene dipolarophBas3g. The substituents include electron-
withdrawing groups, such asrt-butoxycarbonyl (Boc), 2,2,2-trichloroethoxycarbbf(ifroc),
(2-nitrophenyl)sulfonyl (Nosyl), (trifluoromethylygfonyl (Tf), trifluoroacetyl, acetyl and
phthalyl (Phth). The (3+2) cycloaddition reactionsre similarly carried out with either
benzonitrile oxide or 2-ethylbutanenitrile oxidehish were in situ generated from the
corresponding hydroximoyl chlorides (Table 1). Iromparison with the bicyclic
dipolarophile (e.g.2a), the monocyclic dipolarophile (e.ga) was less reactive. The
dimerization of nitrile oxides, once generated frogdroximoyl chlorides, could compete
with the desired (3+2) cycloaddition reactions. $honore amount of hydroximoyl chloride

was applied to ensure good conversion of cyclopentigpolarophiles (Table 1).

Tablel
Substituent effect in the regioselectivity of (3-€%kloaddition reactioris

1R2 1R2
- RiC(=NOH)cl R'R°Nw, wCOMe  R'R°Ns, wCOMe
R'R N:,,Q\\\COZMe 5aor 5b Hro—{nH Heoy—{ioH
T .
RIS O * O, ~#
N N

Et;N, PhMe R3

3a-3g 4
L#°6h 6a, 10a-15a 6b, 10b-15b
16a-22a 16b-22b

R*C(=NOH)CI  conv.

entry alkene (R R) (equiv) (%)’ ratio of isomers
1 3a (Boc, H) 5a (2) 95 6a/6b = 85:15
2 3b (Troc, H) 5a (6) 75 10a/10b = 76:24
3 3c (Nosyl, H) 5a (8) 95  11a/11b = 68:32
4  3d(CRSO, H) 5a (8) 95  12a/12b = 68:32
5 3e (CRCO, H) 5a (7) 95  13a/13b =80:20
6 3f (CHsCO, H) 5a (8) 95  14a/14b = 80:20
7 3g (Phth) 5a (16) 45  15a/15b = 64:36
8 3a (Boc, H) 5b (5) 75  16a/16b = 67:33
9 3b (Troc, H) 5b (4) 90 17a/17b =74:26



10 3c(Nosyl, H) 5b (6) 75  18a/180 = 74:26

11  3d (CRSO, H) 5h (4) 75  19a/19b = 66:34
12 3e(CRCO, H) 5b (4) 90  20a/20b = 87:13
13 3f (CHCO, H) 5b (4) 95  2la/21b = 76:24
14 3g (Phth) 5h (8) 60  22a/22b = 56:44

& The reactions of alken@a—3g with the nitrile oxides generated in situ from hyximoyl
chloridesba and5b at room temperature.

® The conversion was estimated 1y NMR spectral analysis based on the remainingnalke
(3a—3g) in the crude product mixture.

¢ The ratio of regioisomers was calculated basethercharacteristic proton signals, such as
H-3a, H-6a and C&CHs, in the crude product mixture (Table 2).

4 The reaction was conducted at°€Dfor 24 h.

For the 1,3-dipolar cycloaddition & bearing arN-Boc group in this study (Table 1,
entry 1), the nitrile oxid&la was produced by adding hydroximoyl chlorisketo a toluene
solution containing EN, different from the previously reported methodngs2-ethyl-1-
nitrobutane as the precursor4a [9,14]. Nonetheless, both methods gave the cyditiad
products6a and6b at 60°C in a ratio of 85:15. We further found that théared (3+2)
cycloaddition reaction of alkene4-3g) occurred readily at room temperature by slow
injection of hydroximoyl chloride5a or 5b) to the toluene solution containingsHt(Table
1). The conversion of alkenes to cycloadducts veameally good (75-95%) as estimated by
'H NMR spectral analysis, except for the reactiofisalkene 3g carrying phthalimido
substituent£ 60% conversion).

The crude product mixture was subject'tb NMR spectral analysis to determine the
ratio of regioisomers based on their charactergtatons, such as H-3a, H-6a and 83
(Table 2). In general speaking, masteries isomers exhibited the H-6a at a lower fikkh
that ofb-series isomers, presumably because the H-@asaries isomers was deshielded by
the adjacent carboxylate group. The similar dedigl effect was observed for the H-3a of
b-series isomers. Some isomers could be separatedpeated silica gel chromatography,

and 2D NMR spectra were applied to establish themetal structures and assignment of

protons.



Table2
Comparison of chemical shifts of characteristicdgns ina- andb-series regioisomefs.

R'HN.., WwCO,CH;  R'HN, WwCO,CH;
H3an—{nH6a Hba )} —{H3a
3N O (O
RN N

R3

a-series Isomers b-series Isomers
compound isomera isomerb
H-3a H-6a CGQCH;3 H-3a H-6a CGQCH;3
6a/6b 3.58 5.20 3.76 3.89 4.83 3.79
10a/10b 3.64 5.20 3.75 3.88 NA  3.70
11a/11b 3.72 5.19 3.77 3.90 4.80 3.79
12a/12b NA® 5.15 3.78 NA 4.98 3.79

13a/13b 3.60 5.14 3.75 3.69 4.85 3.76
14a/14b 3.60 5.15 3.75 3.69 4.83 3.7§
15a/15b NA" NA" 3.74 NA NA" 3.73
16a/16b 4.20 5.44 3.78 4.48 5.04 3.81
17a/17b 4.28 5.43 3.80 4.46 5.12 3.84
18a/18b 4.36 5.44 3.81 451 5.08 3.87
19a/19b 4.37 5.38 3.82 4.31 5.21 3.88
20a/20b 4.26 5.39 3.82 4.37 5.08 3.86
21a/21b 4.27 5.39 3.80 NA 4.87 3.67
22a/22b NA" NA" 3.76 NA NA" 3.71

2 Adapted from théH NMR spectra (400 MHz) measured in CR€blution.
P NA is not available, due to complication by otsinals.

2.4. Effects of solvent, reaction temperature aadlgst

The regiochemistry in 1,3-dipolar cycloaddition atans of nitrile oxides can be
influenced by several factors such as solvent ti@atemperature, metal catalyst and Lewis
acid [17-19,25,26]. In our present study, the suheffect is most prominent (Table 3). The
cycloaddition reaction appeared to proceed welhampolar solvent, such as hexane and
toluene, to attain high regioselectivity. For exdenphe 1,3-dipolar cycloaddition of alkene
3b (R* = Troc) with benzonitrile oxide in toluene or ax®il toluene—hexane system (Table 3,
entries 7 and 8) showed higher regioselectivity floe desired producl7a than that
conducted in more polar solvent systems (Table3ies 9-12). In agreement with this trend,
the cycloaddition reactions of alkergs(R* = Boc) and3e (R* = CRCO) in hexane solution

also provided higher percentage of the desieeskeries regioisomers than that were



performed in toluene solution. Though a previougore has demonstrated that the 1,3-
dipolar cycloadditions of nitrile oxides with cdriaalkenes can proceed in aqueous solution

[25], we did not test the possibility of using aque solvent in our case.

Table3

Solvent effect in the regioselectivity of (3+2) tyaddition reactiorfs

1 1
1 R3C(=NOH)CI R'HN., WwCO,Me  R'HN4, WwCO,Me
R HN/,,Q\\\COZMe 5aor5b Hoo—{iH Ho—{(niH
—
R3N 0 * O, »
N N

3a, 3b, 3e Et?tNﬁgl\r/]ent R3
' 6a, 13a, 16a 6b, 13b, 16b
17a, 20a 17b, 20b
3 —

entry alkene (B R C((gql\ij?:)d solvent i%\t{ ratio of isomers
1 3a (Boc) 5a (2) PhMe 95’ 6a/6b = 85:15
2 3a (Boc) 5a (4) hexane 97 6a/6b = 91:9
3 3e (CRCO) 5a (7) PhMe 95  13a/13b = 80:20
4 3e (CRCO) 5a (7) hexane 95 13a/13b =90:10
5 3a (Boc) 5b (5) PhMe 75  16a/16b = 67:33
6 3a (Boc) 5b (4) hexane 95 16a/16b =86:14
7 3b (Troc) 5b (4) PhMe 90 17a/17b =74:26
8 3b (Troc) 5b (4) PhMe/hex (1:1) 90 17a/17b = 84:16
9 3b (Troc) 5b (4) DMF 20 17a/17b = 62:38
10 3b (Troc) 5b (4) CHCN 60 17a/17b = 63:37
11 3b (Troc) 5b (4) THF 90 17a/17b =68:32
12 3b (Troc) 5b (4) CHCl, 90 17a/17b = 68:32
13 3e (CRCO) 5b (4) PhMe 90 20a/20b =87:13
14 3e (CRCO) 5b (4) PhMe/hex (1:2) 95 20a/20b =91:9
15 3e (CRCO) 5b (4) hexane 95  20a/20b = 94.6

24 Referring to the footnotes of Table 1.

The reaction temperature was not crucial to retgosigity of the 1,3-dipolar
cycloadditions in the present study. For examphle tycloaddition betweerdb and
benzonitrile oxide in toluene solution (Table 3trgrY) gave the productsra/17b in a ratio
of 74:26, which was not appreciably affected byfgrening the reaction at —78, 0, 25 or 95
°C (supplementary Table S3).

It is well known that 1,3-dipolar cycloadditions witrile oxides with allylic alcohols or
electron-deficient alkenes (e.g,-unsaturated ester) can be facilitated by incopmreof

9



additives, such as metal-catalyst and Lewis addjain good regio- and stereoselectivities
[18,21,27]. Hydroximoyl chloride®a and5b were treated with base J&t to generate the
corresponding nitrile oxides for in situ cycloadalt with non-activated alkene3a—3g,
therefore, Lewis acid catalysis would not be confybatto the basic system in the present
study. Indeed, none of additives MgBTi(O'Pr), Zn(OAc) or Zn(acac) could enhance the
yield of the desired regioisoméra (supplementary Table S3).

As an approach to peramivir and its analogs, the(Re2) cycloadditions o8a (R* =
Boc) were realized in hexane solution to give tlesid product$a and 16a in high
regioselectivity (Table 3, entries 2 and 6). In pamson with the previously reported (3+2)
cycloadditions of3a with nitrile oxide 4a in toluene (or benzene) solution [14-16], our
current method provided the desired isom@aswith somewhat better regioselectivity by
conducting the cycloadditions in hexane solutiono ©Dur satisfaction, the (3+2)
cycloadditions of alken&e (R' = CRCO) with nitrile oxides4a and4b in hexane solution
afforded the desired produci8a and20a in optimized regioselectivity (Table 3, entries 4
and 15). This synthetic procedure could be perfdrinegram scale to providi8a and20a

in ~80% isolated yield after purification by siligal chromatography.

2.5 Rationale for regioselectivity

The 1,3-dipolar cycloadditions of nitrile oxidesdsubstituted alkenes generally lead to
mixtures of regioisomers, unlike the more regiosele reactions with monosubstituted
alkenes and conjugated dipolarophiles, which hageendistinct steric and electronic effects
[28]. Although the regioselectivity has been intetpd by the HOMO, LUMO or combined
HOMO-LUMO controlled modes [28], it is still diffidt to predict the regioselectivity in the

(3+2) cycloaddition of disubstituted alkene by tienorbital theory.

10



In comparison, the (3+2) cycloaddition reactionglkEne3e bearing trifluoroacetamido
substituent tended to attain high percentaga-séries isomerslBa and20a), whereas the
(3+2) cycloaddition reactions of alkeBg carrying phthalimido substituent resulted in low
regioselectivity (Table 1, entries 7 and 14). Wecspate that the high regioselectivity in
(3+2) cycloaddition oBBe might be attributable to the intramolecular hydmodonded form,
which is devoid ir3g. Our preliminary density functional theory (DFTglculation supports
the preferable structure & (Fig. 2) having the trifluoroacetamide and estaigties in
proximity to form intramolecular hydrogen bond (MsHDCO). The intramolecular hydrogen
bonded form also explains why the regioselectivitgreased when (3+2) cycloaddition
reaction was conducted in nonpolar solvent. Asctirdormation of cyclopentene (e3g) is
rigidified by intramolecular bonding, the influenoé electron-withdrawing substituent (e.g.
trifluoroacetyl), either through bonds or througbase, on the C=C double bond would

become substantial [24].

Fig. 2. DFT calculation for the optimized geometry of caapd3e. The functional CAM-
B3LYP and the basis set 6-31G(d) were used in #eulation. The number of imaginary

frequencies = 0. Gibbs free energy = —928.430500r¢ta

2.6. Alternative approach to peramivir (4)and analog (-)1a

In the conventional synthesis of (-)-peramivir [14fe key intermediate (46a is
prepared in 61% yield by the (3+2) cycloadditionatiiene (-)3a with nitrile oxide4a in

refluxing toluene (or benzene) solution for 24 Iy.(&). In this study (Scheme 1), we found

11



that the cycloaddition could be performed in hexaol@tion at room temperature for 4 h to
provide a better yield (66%) of (©a because of the improved regioselectivity (Table 3,

entry 2).

R1HN/,.©‘\\COQMe

(-)-3a R' = t:BuOCO
(-)-3e R'=CF4CO
for (-)-3e | for (-)-3a
+ 5a or 5b, a +

Fsc—/(o 'Buo—/(o
N

,NI:, WCO-Me b, c " -\‘COgMe for 6a
H —_— H — ()1
Hure LiH Hive LiH ref 14
3N O 3N O
RN RN

(+)-13a R® = Et,CH (+)-6a R®=Et,CH
(+)-20a R® = Ph (+)-16a R® = Ph

for 16a
N

NHBoc
BocNsy' BocHN ... ~\1.nCO,Me
O-1a h, i HNn, NoCoMe fi g Hiy3_LuH
‘ HiryS {wH Ph—1" OH

Ph—I" OH H NHAc
H NHAc 23a
(-)-24a

Scheme 1. Synthesis of peramivir (-)-and analog (-}a bearing a phenyl group at C-1
position.Reagents and conditiong&) EtN, hexane, rt, 4 h; isolated yield: (6% 66%; (+)-
13a, 80%; (+)416a, 52%; (+)20a, 83%; (b) HCI in MeOH, reflux, 23 h; (c) Bgo, EgN,
CH.Cl,, 0°C - rt, 1.5 h; isolated yield: (+9a, 74%; (+)16a, 73%; (d) Raney nickel, H
THF, rt, 30 min; (e) AgO, EtN, MeOH, 0°C - rt, 12 h; (f) CECOH, CH,Cl», 0°C - rt,
20 min; (g) 1,3-bidért-butoxycarbonyl)-2-methyl-2-thiopseudourea, Hg@tN, CH,Cly,

14 h; 32% vyield from (+)}6a; (h) NaOH, 30 min; (i) KO, reflux, 1.5 h; 99% vyield.

As shown in Table 3, the (3+2) cycloadditions dfeale3e (R* = CRCO) with nitrile
oxides were conducted in hexane solution to affiwel desired product§3a and 20a in
optimized regioselectivity. We thus explored thesbility in utilizing the isoxazoline$3a
and20a for syntheses of peramivir and its anal@goearing a phenyl group at Cdosition.

Accordingly [14], optically active Vince lactam wasubjected to solvolysis in

methanolic HCI, and the resulting amino ester weaatéd with trifluoroacetic anhydride in

12



the presence of Bl to give (-)3e bearing a trifluoroacetamido substituent. The {3+2
cycloaddition reaction was carried out by slow datign of a hexane solution of hydroximoyl
chloride5a via syringe pump into a mixture of alkene @e-and EtN in hexane to afford
isoxazoline isomerdé3a and13b (90:10). The desired product (£3a was isolated in 80%
yield by silica gel column chromatography. Compoymjtl3a was heated in methanolic
HCI to release the amino group, followed by treatimeith ditert-butyl dicarbonate to give
74% vyield of theN-Boc derivative (+)6a. The physical and spectral properties of as-
synthesized (+pa were in agreement with that prepared by the caiieal procedure [14].
Thus, the formal synthesis of peramivir (t)was realized, though no better yield of
isoxazoline (+)éa was obtained by the two-step preparation via imgeliacy of (+)13a.

For the synthesis of peramivir analdg@, benzonitrile oxide was generated from
hydroximoyl chloride5b in the presence of g and reacted in situ with (3a to form
isoxazoline (+)16a in 52% vyield. Alternatively, isoxazoline (£0a was prepared in high
yield by the (3+2) cycloaddition of alkene (3¢-with benzonitrile oxide. The trifluoroacetyl
group of (+)20a was removed by acid-catalyzed solvolysis, and elosntly converted to
N-Boc group to afford (+}6a. The two-step sequence gave a 61% overall yielg-)p16a
from (-)-3e (R = CRCO), better than that derived from a direct (34®)lcaddition of (-)-
3a (R = Boc).

The isoxazoline ring in (+)6a was subjected to hydrogenolysis over Raney nitkel
furnish N-O cleavage and C=N reduction [14-16,20]. On treatméth acetic anhydride,
the amino group of intermediate product was comdetd acetamide, giving a mixture of
diastereomer&3a and23b (85:15) differing at the C:kenter. I"H NMR spectra, the major
isomer23a with (1'R)-configuration exhibited its H:Isignal ats 5.47, whereas isome3b

displayed the H-1at a higher fieldq 5.24).
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The Boc group irR3a/23b was subsequently removed on treatment with triflaoetic
acid. The resulting aminium salt was treated witthiapseudourea reagem,N’-bis-(tert-
butoxycarbonyl)S-methylisothiourea, to afford the bis-Boc-guanidic@mpound24a/24b.
The desired product (-24a was obtained by column chromatography in 32% dvgield
starting from (+)16a. After saponification of (—p4a, the Boc protecting groups were
successfully removed by heating in water [20,29]yield the peramivir analog (-Ja
bearing a phenyl group at the Cpbsition.

In an attempt to obtain (-24a via a shorter pathway (Scheme 2), 26 was reduced
by Raney nickel under an atmosphere of hydrogen.r€hulting amino alcohol was treated
with pentafluorophenyl acetate to afford compo@dd and its (1S)-diastereomer (85:15).
However, the selective hydrolysis of trifluoroacedenin the presence of acetamide and
methyl ester posed a problem [30]. So far, we haed several reaction conditions for the
hydrolysis of25a in either acidic or basic conditions, includinduging in 1 M HCI aqueous
solution, refluxing in 35% NI methanolic solution, refluxing or stirring with,&O; In

anhydrous or moist MeOH, without success to oliteendesired produ@6a.

0 0
Foc— 1) Ha, Ni, THF,  FoC—{
N/

Nu. WwCOoMe rt, 30 min. N, WwCOsMe
H > H
HUP"M 2) CHyCO,CeFs, DMF, Her 0:'
PR © MeOH, rt, 18 h Ph

NHAc
(+)-20a 25a

BocN NHBoc

HzN:. “l‘fo?'\"e HN .. wCO,Me
Qi

----- - My oo Hin){uH

ph— OH
3 Ph—
H NHAc H NHAcOH

26a (-)-24a

Scheme 2. An attempted conversion of (2Pa to (—)-24a via a short pathway.

3. Conclusion
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We demonstrate in this study that chlorination »xiftes with NCS gave the relatively
stable hydroximoyl chlorideSa and5b as convenient precursors of nitrile oxidiesand4b
for in situ (3+2) cycloadditions with alkenes. Basa our initial plan of using Vince lactam
as a reactive 1,3-dipolarphile could not afford djoegioselectivity, we turned to investigate
the (3+2) cycloaddition reactions of the cyclopestalipolarophiles3a—3g equipped with
various N-substituents. A suitable electron withdrawing siibent (e.g. Boc, Troc and
trifluoroacetyl) on the dipolarophiles was an intpot factor to induce the regioselectivity.
Both aliphatic nitrile oxide4a) and aromatic nitrile oxidedp) showed a similar trend of
regioselectivity in the (3+2) cycloaddition reactso The cycloaddition reactions proceeded
smoothly in nonpolar solvent (e.g. hexane and tali¢o give high percentage of the desired
a-series regioisomers. Up to 94:6 regioselectivityhe (3+2) cycloaddition betweede (R*
= CRCO) and benzonitrile oxide was obtained by stirringhexane solution at room
temperature for 4 h (Table 3, entry 15).

The key intermediate (+ga for the synthesis of (-)-peramivir was obtainedirthe
cycloaddition of (-)3a (R* = Boc) in hexane solution, showing better regiesivity (91:9)
than that performed in toluene solution (comparatties 1 and 2 in Table 3). We also
carried out the 1,3-dipolar cycloadditions of @€-in high regioselectivity to give
isoxazolines (+)t3a and (+)20a, and demonstrated how to convert them into NHBoc
analogs (+)pa and (+)416a as an alternative approach to the syntheses gigrgmivir and

the analog (-)ta having phenyl group in place of the 3-pentyl mypiet

4. Experimental section

4.1. General
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All the reagents and solvents were reagent gradeuaad without further purification
unless otherwise specified. Dichloromethane {Clk) was distilled from Cakl All air or
moisture sensitive experiments were performed uadeatmosphere of argon. Analytic thin-
layer chromatography (TLC) was performed on 0.25 EanMerck silica gel 60 4 glass
plates. TLC plate visualization was performed wilV light, potassium permanganate,
ninhydrin or phosphomolybdic acid (PMA). E. Mergkca gel 60 (0.040-0.063 mm particle
sizes) was used for column chromatography. Higlfiepmance liquid chromatography
(HPLC) was conducted on a Schambeck SFD GmbH SOB#irument equipped with
Schambeck SFD GmbH S-3210 UV/Vis detector set abrtion wavelength of 365 nm.
Dikma column (250 x 10.0 mm) packed with InsPitssilica (10um) was used for HPLC,
and an eluent of hexane/EtOAc (86:14) at a flow cdtl.5 mL/min was applied.

Melting points were recorded on a Yanaco micro ggpa and are uncorrected. Optical
rotations were measured on digital polarimeterapfaih JASCO Co. P-200]f values are
given in the unit of 10 deg cnf g™ Infrared (IR) spectra was recorded on Nicolet lyan
550-II. Nuclear magnetic resonance (NMR) spectreevebdtained on Varian Unity Plus-400
(400 MHz) or Bruker A VIl (500 MHz) NMR. Chemicahifts ¢) are given in parts per
million (ppm) relative to residual CDgkolvent:dy 7.24 anddc 77.0 (the central line of
triplet). Coupling constantsl) are given in hertz (Hz) and the splitting patteane reported
as s (singlet), d (doublet), t (triplet), g (quértem (multiplet), and br (broad). The
electrospray ionization high resolution mass spediESFHRMS) experiments were

conducted on a Bruker Daltonics BioTOF Il highafgion mass spectrometer.

4.2. Representative procedure A: 1,3-dipolar cydtiion of N-protected Vince lactam with

benzonitrile oxide generated in situ from hydroxphehloride
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A solution ofN-Boc lactam (£)2a (418 mg, 2.0 mmol) and triethylamine (0.83 mL, 6.0
mmol) in toluene (2.0 mL) was stirred at room terap@re under an atmosphere of argon. A
solution of hydroximoyl chloridé&b (467 mg, 3.0 mmol) in toluene (12 mL) was injecteal
syringe pump at a rate of 3.0 mL/h. After completaf injection, the mixture was extracted
with EtOAc and brine. The organic phase was drieer dgSQ, filtered, and concentrated
under reduced pressuréi NMR spectral analysis indicated that the crudedpct mixture
contained cycloaddition products (#xand (x)7b in a ratio of 57:43. Compounda and
7b were separated by silica gel chromatography,(@H, and7a was further recrystallized

from CH,Cl—hexane for X-ray diffraction analysis.

4.3. Representative procedure B: 1,3-dipolar cydtiion of N-protected 4-aminocyclopent-

2-ene-1-carboxylate with nitrile oxide generateditu from hydroximoyl chloride

A solution of alkene (£Be (24 mg, 0.1 mmol) and triethylamine (140, 0.8 mmol) in
hexane (1.0 mL) was stirred at room temperature@uad atmosphere of argon. A solution of
2-ethylN-hydroxybutanimidoyl chloride5q, 104 mg, 0.7 mmol) in hexane (8.0 mL) was
injected via syringe pump at a rate of 2.0 mL/hteAfcompletion of injection, the mixture
was extracted with EtOAc and brine. After completad injection, the mixture was extracted
with EtOAc and brine. The organic phase was drieet d1gSQ, filtered, and concentrated
under reduced pressurtd NMR spectral analysis indicated the crude produétture

contained cycloaddition products (£¥a and (+)43b in a ratio of 90:10.

4.4. Representative procedure C: conversion of ifN#iroacetyl protected cycloaddition

product to N-Boc protected analog
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Trifluoroacetamide (+20a (1.02 g, 3.1 mmol) was dissolved in 4 M HCI meitlan
solution and heated at boiling for 23 h. The solutivas concentrated under reduced pressure.
The residue was dissolved in &Fh, added EN (1.3 mL, 9.3 mmol) and Bg® (0.93 mL,

4.0 mmol) at 0°C. The mixture was stirred at room temperature ¥d& h, and then
concentrated under reduced pressure. The residsigeadissolved in C§Cl,, washed with
H,O, dried over MgSQ and filtered. The filtrate was concentrated btatary evaporation
under reduced pressure. The residue was purifiedilya gel column chromatography
(hexane/EtOAc = 10:1) to afford carbamate 163 (819 mg) in 73% overall yield from (+)-

20a.

4.5. Synthetic procedure and compound characteorzat

4.5.1. Tert-Butyl 3-oxo0-2-azabicyclo[2.2.1]hept#ee2-carboxylateda)

To a solution of lactam (}-(307 mg, 3.0 mmol) and DMAP (183 mg, 1.5 mmol) in
acetonitrile (3 mL) was added B2 (687 mg, 3.15 mmol). The mixture was stirredaatn
temperature for 3 h, concentrated under reducedspre, and purified by silica gel
chromatography (hexane/EtOAc = 5:1) to afford thec Blerivative (x)2a (531 mg, 85%
yield). Ci1H15NOsz; white solid; mp 53-54C; TLC (hexane/EtOAc = 5:1% = 0.46; IRvVmax
(neat) 3384, 2980, 2939, 2880, 1790, 1710, 13685,18152, 991, 935 crh ‘H NMR (400
MHz, CDCk) & 6.76 (1 H, ddd,) = 5.6, 2.4, 0.4 Hz), 6.53 (1 H, dd#i= 5.2, 3.2, 1.6 Hz),
4.85-4.79 (1 H, m), 3.27-3.22 (1 H, m), 2.21 (1dH,) = 8.4, 1.6 Hz), 2.02 (1 H, di,= 8.8,
1.6 Hz), 1.36 (9 H, s);°C NMR (100 MHz, CDGCJ) 5 176.1, 150.2, 139.8, 138.0, 82.4, 62.3,
54.8, 54.2, 27.9 (3 x); ESI-HRMS calcd fof;8:sNOsNa: 232.0948, founan/z 232.0944

[M + Na]".
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4.5.2. 2,2,2-Trichloroethyl 3-oxo-2-azabicyclo[Z]Jhept-5-ene-2-carboxylatelf)

To a solution of lactam (£-(109 mg, 1.0 mmol) and triethylamine (0.50 mL, Biéol)
in CH,Cl, (5 mL) was added 2,2,2-trichloroethyl chloroform#b.46 mL, 3.3 mmol) at &C
under an atmosphere of argon. The mixture wasedtiat room temperature for 12 h, and
extracted with EtOAc and brine. The organic phases wried over MgS§) filtered, and
concentrated under reduced pressure. The residsipuvdied by silica gel chromatography
(EtOAc/hexane = 1:10) to afford the Troc derivatig®)-2b (68.0 mg, 24% vyield).
CoHgCl3NOs; white solid; mp 99—108C; TLC (hexane/EtOAc = 5:1 = 0.38; IRvmax (neat)
3007, 2956, 2876, 1803, 1380, 1338, 1276, 11821,1999, 882, 756, 714 ¢ 'H NMR
(400 MHz, CDC}) & 6.88 (1 H, dd,J = 5.2, 2.4 Hz), 6.69-6.61 (1 H, m), 5.10-5.04 (Int),
4.79 (L H, dJ = 12.0 Hz), 4.73 (1 H, dl = 12.0 Hz), 3.44-3.39 (1 H, m), 2.38 (1 H, 3t
8.4, 1.6 Hz), 2.21 (1 H, dfl = 8.8, 1.6 Hz):®*C NMR (100 MHz, CDGJ) & 175.5, 148.4,
139.9, 138.2, 94.5, 74.7, 62.8, 54.5, 53.7; ESI-HRbélcd for GHgCIsNOs: 283.9639,

foundm/z283.9643 [M + HI.

4.5.3. 2-Benzyl-2-azabicyclo[2.2.1]hept-5-en-3-(2E)

Under an atmosphere of argon, sodium hydride (80fray60% suspension in mineral
oil, 2.0 mmol) was placed in a flask, washed witixdme, and added anhydrous THF (4 mL).
A solution of lactam (£2 (109 mg, 1.0 mmol) in anhydrous THF (2 mL) was exdid
dropwise. The mixture was stirred at room tempeeator 30 min, and benzyl bromide (0.24
mL, 2.0 mmol) was added dropwise. After stirring &h, the mixture was extracted with
EtOAc and HO. The organic phase was dried over MgStltered, and concentrated under
reduced pressure. The residue was purified byasgiel chromatography (hexane/EtOAc =
5:1) to afford the benzyl derivative (2¢ (144 mg, 72% yield). GH1sNO; brown oil; TLC

(hexane/EtOAc = 5:1R = 0.22; IRvmax (neat) 3065, 3027, 3005, 2948, 2868, 1719, 1558,

19



1496, 1455, 1391, 1356, 1232, 1075, 930, 836, 99 cm™; *H NMR (400 MHz, CDCJ) &
7.30-7.19 (3 H, m), 7.17-7.13 (2 H, m), 6.62—621#(m), 4.40 (1 H, d) = 14.8 Hz), 4.01—
3.97 (1 H, m), 3.93 (1 H, d,= 14.8 Hz), 3.37-3.32 (1 H, m), 2.25 (1 H, 8t 7.6, 1.6 Hz),
2.03 (1 H, dtJ = 7.6, 1.6 Hz)*C NMR (100 MHz, CDG)) & 179.9, 139.4, 137.1, 136.3,
128.4 (2 x), 128.2 (2 %), 127.4, 62.5, 58.2, 538.8; ESI-HRMS calcd for gH14sNO:

200.1072, founan/z200.1075 [M + H].

4.5.4. Methyl 4-((tert-butoxycarbonyl)amino)cyclaop@-ene-1-carboxylate34)

Lactam ()2 (109 mg, 1.0 mmol) was placed in a flask undeatmosphere of argon,
and hydrochloride in methanol (1.25 M, 3.0 mL) veakled. The mixture was heated under
reflux for 12 h, and then concentrated under redymessure. The residue was dissolved in
CH.Cl, (5 mL), and treated successively with triethylaen{@a70uL, 1.2 mmol) and Bo©
(0.28 mL, 1.2 mmol). The mixture was stirred atmotemperature for 1 h, and extracted with
CHxCly, 1 M HClaq) and water. The organic phase was dried over Mg$ifered, and
concentrated under reduced pressure. The residsi@uvdied by silica gel chromatography
(EtOAc/hexane = 1:20) to afford the Boc derivati{®-3a (190.0 mg, 79% vyield).
C12H19NOQy; colorless oil; TLC (hexane/EtOAc = 5:B) = 0.32; IRvmax (Neat) 3374, 3067,
2978, 2928, 1737, 1521, 1436, 1330, 1157, 1061,c868 'H NMR (400 MHz, CDCJ) §
5.95-5.74 (2 H, m), 4.87 (1L H, br), 4.76 (1 H, %69 (3 H, s), 3.49-3.41 (1 H, m), 2.47 (1
H, dt,J = 14.0, 8.8 Hz), 1.84 (1 H, di,= 14.0, 4.0 Hz), 1.42 (9 H, syC NMR (100 MHz,

CDCls) 6 174.6, 154.9, 134.6, 130.8, 79.0, 55.6, 51.9,,48493, 28.2 (3 x); ESHRMS

calcd for Go>HigNO4Na: 264.1212, foundh/z264.1216 [M + Nal.

4.5.5. Methyl 4-(((2,2,2-trichloroethoxy)carbonyhano)cyclopent-2-ene-1-carboxylatéb]
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By a procedure similar to that f8g, lactam (£)2 (109 mg, 1.0 mmol) was heated with
hydrochloride in methanol (1.25 M) under reflux fi®2 h, and the intermediate product was
treated with 2,2,2-trichloroethyl chloroformate(®.mL, 1.2 mmol) in CkCl;, solution in the
presence of BN to give the Troc derivative (83b (200 mg, 63% vyield). gH12CIsNOy;
white solid; mp 66—67C; TLC (hexane/EtOAc = 8:1 = 0.18; IRvmax (neat) 3345, 3074,
2953, 2844, 1732, 1520, 1436, 1328, 1093, 1052, 829, 727, 569 cit 'H NMR (400
MHz, CDCh) 6 5.80-5.91 (2 H, m), 5.51 (1 H, 3= 9.2 Hz), 4.79 (1 H, td] = 8.8, 3.2 Hz),
4.68 (1L H, dJ=12.0 Hz), 4.64 (1 H, dl = 12.0 Hz), 3.66 (3 H, s), 3.46 (1 H, ddds 8.4,
4.0, 0.8 Hz), 2.47 (1 H, df,= 14.0, 8.4 Hz), 1.90 (1 H, di,= 14.0, 4.0 Hz)*C NMR (100
MHz, CDCk) ¢ 174.7, 153.7, 133.9, 131.9, 95.5, 74.3, 56.4, 52921, 34.3; ESHRMS

caled for GoH12CIsNOsNa: 337.9706, founth/z337.9724 [M + Nd].

4.5.6. Methyl 4-((2-nitrophenyl)sulfonamido)cyclop@-ene-1-carboxylate3¢)

By a procedure similar to that f8a, lactam ()2 (218 mg, 2.0 mmol) was heated with
hydrochloride in methanol (1.25 M) under reflux i@ h, and the intermediate product was
treated with 4-nitrobenzenesulfonyl chloride (48§,.2 mmol) in CHCI, solution in the
presence of BN (0.34 mL, 2.4 mmol) and DMPA (24 mg, 0.2 mmol) gwe the Nosyl
derivative (+)3c (239 mg, 47% vyield). GH14N,OS; white solid; mp 117-11&; TLC
(EtOAc/hexane = 1:3R = 0.15; IRvmax (neat) 3648, 3308, 3098, 2955, 2849, 1732, 1693,
1538, 1442, 1360, 1166, 1061, 1005, 914, 786, 638, 598, 562 cit; *H NMR (400 MHz,
CDCl) 5 8.15-8.08 (1 H, m), 7.84—7.77 (1 H, m), 7.75-7®&, m), 5.89-5.80 (2 H, m),
5.66 (1 H, dtJ = 5.6, 2.4 Hz,), 4.65-4.55 (1 H, m), 3.65 (3 H,3%2-3.34 (1 H, m), 2.28 (1
H, dt,J = 14.4, 8.4 Hz), 1.83 (1 H, df,= 14.0, 3.6 Hz)}*C NMR (100 MHz, CDGJ) &
174.0, 147.7, 134.7, 133.6, 133.1, 132.9, 132.9,413125.2, 59.4, 52.3, 49.0, 34.0; £SI

HRMS calcd for GsH14N2OsSNa: 349.0460, founah/z349.0465 [M + Nadl.
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4.5.7. Methyl 4-((trifluoromethyl)sulfonamido)cypént-2-ene-1-carboxylat8d)

By a procedure similar to that f8a, lactam ()2 (218 mg, 2.0 mmol) was heated with
hydrochloride in methanol (1.25 M) under reflux fi®2 h, and the intermediate product was
treated with trifluoromethanesulfonic anhydridel®mL, 1.1 mmol) in CkCl, solution in
the presence of gl to give the triflate derivative (z3d (164 mg, 60% yield). §410FsNO,S;
colorless liquid; TLC (EtOAc /hexane = 1:B)= 0.20; IRvnax (neat) 3650, 3296, 3233, 3959,
2900, 2851, 1721, 1452, 1384, 1235, 1065, 1009, 928, 741, 613, 572 ¢ 'H NMR
(400 MHz, CDC}) § 6.02-5.95 (2 H, m), 5.91 (1 H, 3= 8.4 Hz), 4.64 (1 H, t] = 8.8 Hz),
3.72 (3 H, s), 3.55-3.48 (1H, m), 2.41 (1 H, 1t 14.4, 8.0 Hz), 2.09 (1 H, di,= 14.4, 1.6
Hz); °C NMR (100 MHz, CDG)) § 175.5, 133.5, 133.2, 119.8)¢ = 319 Hz), 60.1, 52.7,

49.0, 34.97°F NMR (376 MHz, CDGJ) & -78.3 (3 x); ESIHRMS calcd for GHoFsNO,S:

272.0204, founan/z272.0200 [M — H].

4.5.8. Methyl 4-(2,2,2-trifluoroacetamido)cyclop@aene-1-carboxylate3g)

Under an atmosphere of argon, a mixture of lactajp2((1.09 g, 10.0 mmol) and
hydrochloride in methanol (1.25 M, 20 mL) was hdateder reflux for 12 h. The mixture
was then concentrated under reduced pressure.eTesidue were added @E, (10 mL)
and triethylamine (4.66 mL, 33.5 mmol). Trifluoredic anhydride (3.34 mL, 24.0 mmol)
was then added dropwise af®. The mixture was stirred at room temperaturel®mh to
complete the acylation reaction. The mixture wasaeted with CHCI, and brine. The
organic phase was dried over Mgs@iltered, and concentrated under reduced presSine
residue was purified by silica gel chromatographgx@gne/EtOAc = 10:1) to afford (Bg,
1.76 g, 75% vyield). By a similar procedure, oplicahctive lactam (-2 underwent

solvolysis in 4 M HCI methanolic solution for 2.5, liollowed by acylation with
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trifluoroacetic anhydride, to give (e. CH1FaNOs; colorless oil; §]%% = —47.4 ¢ = 2.0,
CHCL): TLC (EtOAc/hexane = 1:8R = 0.15: IRvmax (neat) 3315, 3081, 2958, 2918, 2849,
1720, 1551, 1439, 1349, 1215, 1161°trH NMR (400 MHz, CDCY) § 7.26 (1 H, br), 5.99
(1 H, dd,J = 5.6, 2.8 Hz), 5.94 (1 H, di,= 5.4, 2.0 Hz), 5.06 (1 H, §,= 4.4 Hz), 3.72 (3 H,
s), 3.55 (1 H, dgJ = 8.0, 2.0 Hz), 2.42 (1 H, di,= 14.4, 8.4 Hz), 1.99 (1 H, di,= 14.0, 2.0
Hz):; **C NMR (100 MHz, CDGJ) § 175.2, 156.0%0ce = 37 Hz) , 133.4, 132.9, 1158 =

286 Hz), 54.5, 52.5, 49.2, 33.4F NMR (376 MHz, CDGCJ) § -76.6 (3 x); ESIHRMS

calcd for GH11F3NOs: 238.0691, founan/z238.0696 [M + H].

4.5.9. Methyl 4-acetamidocyclopent-2-ene-1-carleteyf)

By a procedure similar to that f8a, lactam ()2 (218 mg, 2.0 mmol) was heated with
hydrochloride in methanol (1.25 M) under reflux i@ h, and the intermediate product was
treated with acetic anhydride (0.28 mL, 3.0 mmoICiH,Cl, solution in the presence ofst
to give the acetamide derivative (3){234 mg, 64% yield). &413NO3, white solid; mp 59—
60 'C; TLC (EtOAc/hexane = 2:1 = 0.29; IRvmax (neat) 3587, 3378, 3273, 3065, 2953,
2847, 1738, 1652, 1541, 1437, 1375, 1174, 10659,1997, 741, 603 ci 'H NMR (400
MHz, CDCk) § 6.01 (1 H, br), 5.91-5.80 (2 H, m), 5.09-5.01 (InH), 3.69 (3 H, s), 3.53—
3.44 (1 H, m), 2.43 (1 H, df,= 14.0, 8.4 Hz), 1.93 (3 H, s), 1.85 (1 H, 3t 14.0, 3.2 Hz);
¥C NMR (100 MHz, CDGJ) 6 175.4, 169.1, 134.6, 131.6, 54.2, 52.3, 49.2,,3B3; ESt

HRMS calcd for GH13NOsNa: 206.0793, founth/z206.0796 [M + Ndl.

4.5.10. Methyl 4-(1,3-dioxoisoindolin-2-yl)cyclopeéhene-1-carboxylate3q)
Under an atmosphere of argon, lactam4%p18 mg, 2.0 mmol) was placed in a flask,
and hydrochloride in methanol (1.25 M, 2.5 mL) veakled. The mixture was heated under

reflux for 12 h, and then concentrated under redymessure. The residue was dissolved in
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1,2-dichloroethane (5 mL), and phthalic anhydritié3(mg, 1.1 mmol) and DMAP (146 mg,
1.2 mmol) were successively added. The mixture stiied at room temperature for 17 h,
and extracted with Ci€l, and 1 M HClq, and water. The organic phase was dried over
MgSQ,, filtered, and concentrated under reduced pres3ine residue was purified by silica
gel chromatography (hexane/EtOAc = 10:1) to affitvel phthalimide derivative (3¢ (117
mg, 43% yield). GH13NO4; white solid; mp 72—73C; TLC (EtOAc/hexane = 1:3% = 0.37;
IR vmax (Neat) 2953, 1771, 1710, 1467, 1392, 1370, 1208211113, 933, 891, 718, 700 tm
14 NMR (400 MHz, CDCJ) § 7.82-7.76 (2 H, m), 7.71-7.65 (2 H, m), 6.14 (1d4,) =
5.6, 2.4 Hz), 5.78 (1 H, df,= 5.6, 2.4 Hz), 5.38-5.29 (1 H, m), 3.77 (3 H,3§8-3.59 (1 H,
m), 2.66 (1 H, dtJ = 14.0, 9.2 Hz), 2.50 (1 H, di,= 13.6, 6.4 Hz)*C NMR (100 MHz,
CDCly) & 173.3, 167.8 (2 %), 133.8 (2 x), 132.0, 131.8,.632 %), 123.1 (2 %), 54.7, 52.0,

49.5, 31.0; ESIHRMS calcd for GsH14NOg4: 272.0923, foundn/z272.0907 [M + HI.

4.5.11. 2-Ethyl-N-hydroxybutanimidoyl chloridsa)

To a solution of 2-ethylbutanal oxime (575 mg, gthol) in DMF (5.0 mL) was added
N-chlorosuccinimide (800.0 mg, 6.0 mmol) at room penmature. The mixture was stirred for
4 h, and concentrated under reduced pressure. €didue was extracted with EtOAc and
brine. The organic phase was dried over MgSfliered, and concentrated under reduced
pressure to afford hydroximoyl chloridea (566 mg, 76% yield). §11,CINO; colorless
liquid; TLC (EtOAc/hexane = 1:2R = 0.17; IRvmax (Neat) 3440, 3062, 3028, 2981, 2891,
2753, 2602, 1955, 1882, 1811, 1633, 1578, 14935,14304, 1289, 1210, 1074, 967, 869,
756, 692 crit; 'H NMR (400 MHz, CDCJ) § 8.66 (1 H, br), 2.37 (1 H, t§ = 9.2, 5.2 Hz),
1.66-1.44 (4 H, m), 0.85 (6 H,1,= 7.2 Hz);**C NMR (100 MHz, CDCJ) § 145.98, 49.51,

25.26 (2 x), 11.47 (2 x).
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4.5.12. N-Hydroxybenzimidoy! chloridgbj

To a solution of benzaldehyde oxime (605 mg, 5.0omm DMF (5 mL) was addedl-
chlorosuccinimide (730 mg, 5.5 mmol) at room terapge. The mixture was stirred for 4 h,
and concentrated under reduced pressure. The eegids extracted with EtOAc and brine.
The organic phase was dried over MgSfitered, and concentrated under reduced pressure
to afford hydroximoyl chloridésb as a mixture oE- andZ-isomers (713 mg, 92% yield).
C7HeCINO; oily solid; TLC (EtOAc/hexane = 1:33 = 0.57 and 0.61; IRnax (Neat) 3405,
3063, 2972, 2934, 2877, 1766, 1635, 1606, 14613,18379, 1172, 1146, 1089, 1059, 971,
923, 816 cm’; '*H NMR (400 MHz, CDGCJ, containingE-and Z-isomers)s 8.14 (1 H, s),
7.60—7.53/7.96-7.93 (2 H, m), 7.41-7.35/7.45-7388( m); *C NMR (100 MHz, CDG],

containingE-andZ-isomers) 140.6, 132.2, 130.7, 128.4 (2 x), 127.1(2 x).

4.5.13. Tert-Butyl 6-0x0-3-phenyl-3a,6,7,7a-tetidoy4, 7-methanoisoxazolo[4,5-
c]pyridine-5(4H)-carboxylate 7a) and tert-butyl 5-oxo-3-phenyl-4,5,7,7a-tetrahydrd@-
methanoisoxazolo[5,4-c]pyridine-6(3aH)-carboxylétb)

According to the representative procedure A, theaaddition of (x)2a (418 mg, 2.0
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(467 mg, 3.0 mmol), was carried out to give a crpa®luct containing (xfa and (x)7b in
a ratio of 57:43 as shown by tid NMR analysis. Som&a (121 mg, 18% yield) andb (54
mg, 8% yield) were isolated by repeated silicaapebmatography (C¥Cl,). Compound (z)-
7a was further recrystallized from G8Bl,—hexane for X-ray diffraction analysis.

Compound7a: CigH2oN2O4; white solid; mp 174-178C; TLC (CHCI,) R = 0.35; IR
Vmax (N€at) 2975, 2924, 2852, 1793, 1702, 1358, 129861887, 773 cit; *H NMR (400
MHz, CDCk) & 7.83-7.75 (2 H, m), 7.45-7.40 (3 H, m), 5.23 (1dt},) = 8.4, 1.6 Hz), 4.79—

4.74 (1 H, m), 4.24 (1 H, d,= 8.0 Hz), 3.32-3.27 (1 H, m), 2.00 (1 H, &t 11.2, 1.6 Hz),
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1.87 (1L H, dtJ = 11.2, 1.6 Hz), 1.58 (9 H, s)*C NMR (100 MHz, CDG)) § 170.8, 154.7,
149.0, 130.7, 129.0 (2 %), 127.8, 126.7 (2 x), 883.9, 61.1, 58.8, 54.8, 31.8, 28.1 (3 x);
ESI-HRMS calcd for ggH20N-OsNa: 351.1321, founch/z351.1337 [M + N4]

Compound7b: CigH20N,04; white solid; mp 200-204C; TLC (CHCl,) R = 0.57; IR
Vmax (n€at) 3063, 2979, 2931, 1793, 1715, 1349, 129491962, 765 cit;, *H NMR (400
MHz, CDCk) § 7.72-7.67 (2 H, m), 7.44-7.38 (3 H, m), 5.13 (1) = 8.0, 1.6 Hz), 4.74—
4.69 (1 H, m), 4.23 (1 H, d,= 8.0 Hz), 3.06-3.01 (1 H, m), 2.01 (1 H, 3l 11.6, 1.6 Hz),
1.77 (1L H, dtJ = 11.6, 1.6 Hz), 1.52 (s, 9 H)®*C NMR (100 MHz, CDG)) § 172.7, 155.0,
148.5, 130.5, 128.9 (2 x), 127.3, 126.7 (2 x), 883L7, 62.6, 53.1, 49.1, 31.7, 27.9 (3 x);

ESI-HRMS calcd for ggH20N,OsNa: 351.1321, founch/z351.1332 [M + Nal.

4.5.14. 2,2,2-Trichloroethyl 6-oxo0-3-phenyl-3a,Baftetrahydro-4,7-methanoisoxazolo[4,5-
c]pyridine-5(4H)-carboxylate 8a) and 2,2,2-trichloroethyl 5-oxo-3-phenyl-4,5,7,7a-
tetrahydro-4,7-methanoisoxazolo[5,4-c]pyridine-6Bacarboxylate 8b)

According to the representative procedure A, theoaddition of (£)2b (87 mg, 0.31
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(115 mg, 0.74 mmol), was carried out to give a erpbduct containing (xa and (x)8b in
a ratio of 63:37 as shown by thé NMR analysis (partial, 400 MHz, CD&}I5 5.25 (0.63 H,
d,J = 8.0 Hz, H-7)/ 5.21 (0.37 H, d,= 8.0 Hz, H-7), 4.35 (0.63 H, d,= 8.0 Hz, H-4)/ 4.27

(0.37 H, d,J = 8.0 Hz, H-4).

4.5.15. 5-Benzyl-3-phenyl-4,5,7,7a-tetrahydro-4atlranoisoxazolo[4,5-c]pyridin-6(3aH)-

one Qa) and 6-benzyl-3-phenyl-3a,6,7,7a-tetrahydro-4, thaeoisoxazolo[5,4-c]pyridin-

5(4H)-one 9b).
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According to the representative procedure A, theaaddition of (£)2c (62 mg, 0.31
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(102 mg, 0.66 mmol), was carried out to give a erpbduct containing (x9a and (£)9b in
a ratio of 37:63 as shown by tHé NMR analysis. Som@&a (9 mg, 7% yield) an@b (43 mg,
31% vyield) were isolated by repeated silica gebotatography (CkCl,/MeOH = 100:1).
Compound (x©9a was further recrystallized from GHl,—hexane for X-ray diffraction
analysis.

Compound9a: CyoH18N»O5; white solid; mp 136—138C; TLC (hexane/EtOAc = 2:15
= 0.25; IRvmax (Neat) 2947, 2925, 2853, 1707, 1496, 1456, 1439511219, 980, 884, 766,
693 cm™; 'H NMR (400 MHz, CDC})  7.42—7.32 (10 H, m), 5.12 (1 H, dt= 8.0, 1.6 Hz),
452 (1 H, dJ=14.8 Hz), 4.35 (1 H, d = 14.8 Hz), 3.88-3.95 (1 H, m), 3.73-3.68 (1 H, m)
3.32-3.27 (1 H, m), 1.95 (1 H, di,= 10.4, 1.6 Hz), 1.79 (1 H, di, = 10.4, 1.6 Hz)’*C
NMR (100 MHz, CDC}) § 173.4, 155.0, 135.8, 130.3, 129.2 (2 x), 128.8)(2128.7 (2 %),
128.4, 128.0, 126.4 (2 x), 85.2, 61.4, 58.4, 54%,8, 34.7, ESI-HRMS calcd for
CooH19N2O5: 319.1447, foundn/z319.1441 [M + H.

Compounddb: CyoH1gN0»; white solid; mp 160-163C; TLC (hexane/EtOAc = 2:15
= 0.31; IRvmax (Neat) 2971, 2924, 2853, 1705, 1496, 1456, 1489611216, 967, 884, 767,
694 cm®; *H NMR (400 MHz, CDC}) § 7.76—7.67 (2 H, m), 7.43-7.21 (8 H, m), 4.78 (1 H,
dt,J = 8.4, 1.6 Hz), 4.51 (1 H, d,= 14.8 Hz), 4.20 (1 H, dl = 14.8 Hz), 4.10 (1 H, dI =
8.4 Hz), 3.95-3.89 (1 H, m), 3.32-3.27 (1 H, m11(1 H, dt,J = 10.8, 1.6 Hz), 1.68 (1L H,
dt, J = 10.8, 1.6 Hz)*C NMR (100 MHz, CDGJ) § 175.2, 155.5, 136.2, 130.4, 128.9 (2 x),

128.9 (2 x), 128.1 (2 %), 128.0, 127.6, 126.8 (289.8, 63.0, 54.4, 48.3, 45.3, 34.3; ESI

HRMS calcd for GoHigN,Oo: 319.1447, foundm/z 319.1450 [M + HJ. The structural

assignment 0®b was confirmed byH-"H COSY analysis.
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4.5.16. Methyl 4-tert-butoxycarbonylamino-3-(1-dpngpyl)-4,5,6,6a-tetrahydro-3aH-
cyclopentald]isoxazole-6-carboxylatéa) and methyl 6-((tert-butoxycarbonyl)amino)-3-
(pentan-3-yl)-3a,5,6,6a-tetrahydro-4H-cyclopentagdixazole-4-carboxylateéip) [14].

According to the representative procedure B, tletoaddition of (£)3a (750 mg, 3.1
mmol) with 2-ethylbutanenitrile oxide, which washgeated in situ from hydroximoyl
chloride5a (2.77 g, 18.6 mmol), was performed in hexane ¥e @i crude product containing
(+)-6a and (+)6b in a ratio of 91:9 as shown by the NMR analysis (partial, 400 MHz,
CDCls) 8 5.20 (0.83 H, dJ = 8.4 Hz, H-6a)/ 4.83 (0.17 H, d= 8.6 Hz, H-6a), 3.58 (0.83 H,
d,J=9.2 Hz, H-3a)/ 3.89 (0.17 H, m, H-3a), 3.76 @HL s, CQMe)/ 3.79 (0.51 H, s,
CO:Me). Compound (xpa (727 mg, 66% yield) was isolated by silica gelathatography
(EtOAc/hexane 1:9 to 1:6 gradients).

Alternatively, optically active (+pa was prepared from trifluoroacetamide (8a
according to the representative procedure C. Toeretrifluoroacetamide (+)3a (94 mg,
0.27 mmol) was dissolved in 4.6 M HCI methanolituson and heated at boiling for 24 h.
The solution was concentrated under reduced pres$te residue was dissolved in £
(1 mL), added &N (0.12 mL, 0.84 mmol) and Bgo (0.08 mL, 0.36 mmol) at &C. The
mixture was stirred at room temperature for 4 hg éimen concentrated under reduced
pressure. The residue was re-dissolved in@4 washed with KO, dried over MgS@ and
filtered. The filtrate was concentrated by rotatemaporation under reduced pressure. The
residue was purified by silica gel column chromaapyy (hexane/EtOAc = 10:1) to afford
carbamate (+pa (70 mg, 74% vyield).

Compound6a: CigH30N,Os; pale yellow oil; (] = +58.3 ¢ = 2.0, CHCY); 'H NMR
(400 MHz, CDC#) § 5.57 (1 H, dJ = 7.2 Hz), 5.16 (L H, d]= 8.4 Hz ), 4.17 (1L H, br), 3.71

(3H,s),354(1H,d=9.2Hz),3.14 (1 H, d = 7.2 Hz), 2.462.45 (1 H, m), 2.162.03

(1 H, m), 2.081.96 (1 H, m), 1.741.53 (4 H, m), 1.40 (9 H, s), 0.90.83 (6 H, m);*C
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NMR (100 MHz, CDC3) & 174.3,160.4, 154.3, 86.9, 79.4, 63.5, 55.7, 522, 40.7, 33.6,
28.7 (3 x), 25.9, 24.3, 12.5, 11.2; ESI-HRMS cafod.C;gH31N20s: 355.2233, foundm/z

355.2233 [M + H.

45.17. Methyl 3-(pentan-3-y)-4-(((2,2,2-trichl@thoxy)carbonyl)amino)-3a,5,6,6a-
tetrahydro-4H-cyclopenta[d]isoxazole-6-carboxyla(@0a) and methyl 3-(pentan-3-yl)-6-
(((2,2,2-trichloroethoxy)carbonyl)amino)-3a,5,6,6rahydro-4H-cyclopenta[d]isoxazole-4-
carboxylate 10b)

According to the representative procedure B, thdoagdition of (x)3b (16 mg, 0.05
mmol) with 2-ethylbutanenitrile oxide, which wasngeated in situ from hydroximoyl
chloride5a (44 mg, 0.3 mmol), was carried out to give a crpdeduct containing (x}0a
and (+)40b in a ratio of 76:24 as shown by th¢ NMR analysis (partial, 400 MHz, CD§}!

§ 5.20 (0.76 H, dJ = 12 Hz, H-6a), 3.64 (0.76 H, d= 8 Hz, H-3a)/ 3.88 (0.24 H, d,= 8
Hz, H-3a), 3.75 (2.28 H, s, GMe)/ 3.70 (0.72 H, s, CfMe). Attempt to isolatelOa and

10b failed by silica gel chromatography.

45.18. Methyl 4-((2-nitrophenyl)sulfonamido)-3ffen-3-yl)-3a,5,6,6a-tetrahydro-4H-
cyclopentald]isoxazole-6-carboxylatell@) and methyl 6-((2-nitrophenyl)sulfonamido)-3-
(pentan-3-yl)-3a,5,6,6a-tetrahydro-4H-cyclopentagdixazole-4-carboxylatel {b)

By analogy to the representative procedure B, tfeboaddition of (£)3c (33 mg, 0.1
mmol) with 2-ethylbutanenitrile oxide, which wasngeated in situ from hydroximoyl
chloride5a (119 mg, 0.8 mmol), was performed in toluene t@@ crude product containing
(+)-11a and (+)41b in a ratio of 68:32 as shown by the¢ NMR analysis (partial, 400 MHz,
CDCl) 8 5.19 (0.68 H, dJ = 8 Hz, H-6a)/ 4.80 (0.32 H, d,= 8 Hz), 3.72 (0.68 H, d = 8

Hz, H-3a)/ 3.90 (0.32 H, m, H-3a), 3.77 (2.04 HC&Me)/ 3.79 (0.96 H, s, CiMe). The
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samples of (x)tla (10 mg, 22% yield) and (¥1b (3 mg, 8% yield) were isolated by silica
gel chromatography (EtOAc/hexane = 1:3) for chamaxation of their physical and
spectroscopic properties.

Compoundlla: C;gH25N307S; colorless oil; TLC (EtOAc/hexane = 1:B) = 0.15; IR
vmax (Neat) 3313, 3097, 2964, 2927, 2876, 1732, 1542111363, 1166, 1061, 864, 785, 742,
655, 592 crt; *H NMR (400 MHz, CDCY) § 8.16—8.08 (1 H, m), 7.90-7.82 (1 H, m), 7.79—
7.70 (2 H, m), 6.68 (1 H, d,= 8.0 Hz), 5.19 (1 H, d] = 8.8 Hz), 4.05 (1 H, tJ = 7.6 Hz),
3.77 (s, 3 H), 3.72 (L Hd,= 9.2 Hz), 3.22 (1L H, d] = 7.2 Hz), 2.33 (1 H, dgl = 7.6, 6.0
Hz), 2.09-1.91 (2 H, m), 1.73-1.48 (4 H, m), 0.8H( dt,J = 17.2, 7.6 Hz)*C NMR (125
MHz, CDCk) 6 174.8, 160.4, 147.9, 134.5, 133.7, 132.8, 13(28,41, 89.2, 63.6, 58.7, 53.0,

52.0, 40.8, 33.7, 25.7, 24.0, 12.0, 10.8; #HHBRMS (negative mode) calcd for E1,4N30;S:

438.1335, founan/z438.1343 [M — H]. The structural assignment tifa was confirmed by
'H-'H COSY analysis.

Compoundl1lb: CigH2sN30;S; colorless oil; TLC (EtOAc/hexane = 1:B) = 0.19; IR
vmax (neat) 3317, 3098, 2963, 2932, 2875, 1731, 1644011362, 1257, 1168, 854, 742, 655,
592 cm’; *H NMR (400 MHz, CDCJ) 6 8.23-8.15 (1 H, m), 7.88-7.82 (1 H, m), 7.79-7.69
(2 H, m), 6.23 (1L H, dJ = 7.2 Hz), 4.80 (1 H, dd} = 9.0, 1.8 Hz), 4.07-3.97 (1 H, m), 3.90
(1 H, dd,J=9.2, 3.2 Hz), 3.79 (3 H, s), 2.98-2.88 (1 H, ]P5 (1 H, dg, = 8.0, 5.6 Hz),
2.19-2.06 (2 H, m), 1.68-1.48 (4 H, m), 0.86 (&, = 7.2, 4.4 Hz)}*C NMR (125 MHz,
CDCl) 6 175.0, 161.4, 147.9, 133.8, 133.7, 133.0, 131258,41, 90.1, 61.3, 56.8, 53.1, 47.1,

40.8, 33.7, 25.6, 24.0, 12.0, 10.9; EBRMS (negative mode) calcd fori4El24N3O-S:

438.1335, founan/z438.1340 [M — H].

45.19. Methyl 3-(pentan-3-yl)-4-((trifluoromethgdjfonamido)-3a,5,6,6a-tetrahydro-4H-

cyclopenta[d]isoxazole-6-carboxylate  12g) and methyl 3-(pentan-3-yl)-6-
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((trifluoromethyl)sulfonamido)-3a,5,6,6a-tetrahyedi-cyclopenta[d]isoxazole-4-
carboxylate 1{2b)

By analogy to the representative procedure B, tfetoaddition of (x)3d (27 mg, 0.1
mmol) with 2-ethylbutanenitrile oxide, which wasngeated in situ from hydroximoyl
chloride5a (119 mg, 0.8 mmol), was performed in toluene t@@ crude product containing
(+)-12a and (+)42b in a ratio of 68:32 as shown by thé NMR analysis (partial, 400 MHz,
CDCly) § 5.15 (0.68 H, dJ = 12 Hz, H-6a)/ 4.98 (0.32 H, d= 12 Hz, H-6a), 3.78 (2.04 H, s,
COMe)/ 3.79 (0.96 H, s, CiMe). Attempt to separatd2a and 12b failed by silica gel

chromatography.

4.5.20. Methyl 3-(pentan-3-yl)-4-(2,2,2-trifluoraamido)-3a,5,6,6a-tetrahydro-4H-
cyclopentald]isoxazole-6-carboxylate 13a) and methyl 3-(pentan-3-yl)-6-(2,2,2-
trifluoroacetamido)-3a,5,6,6a-tetrahydro-4H-cyclopa[d]isoxazole-4-carboxylatel 8b)

According to the representative procedure B, theoaddition of (x)3e (24 mg, 0.1
mmol) with 2-ethylbutanenitrile oxide, which wasngeated in situ from hydroximoyl
chloride5a (104 mg, 0.7 mmol), was performed in hexane te gixcrude product containing
13a and13b in a ratio of 90:10 as shown by thé¢ NMR analysis (partial, 400 MHz, CD&!

8 5.14 (0.80 H, dJ = 8 Hz, H-6a)/ 4.85 (0.20 H, d,= 8 Hz, H-6a), 3.60 (0.80 H, d,= 12
Hz, H-3a)/ 3.69 (0.20 H, d] = 8 Hz, H-3a), 3.75 (2.40 H, s, G@e)/ 3.76 (0.60 H, s,
CO:Me).

In another experiment, the cycloaddition of 3€){99 mg, 0.42 mmol) witha (440 mg,
2.94 mmol) was performed in hexane solution to gipécally active compound3a and
13b in a ratio of 90:10 as shown by tfté NMR analysis (partial, 400 MHz, CDgI5 5.15
(0.9 H, d,J = 8.7 Hz, H-6a)/ 4.86 (0.1 H, d,= 8.8 Hz, H-6a), 3.77 (2.7 H, s, @®e)/ 3.78

(0.3 H, s, CQMe). A sample of (+}t3a (110 mg, 80% vyield) was isolated by silica gel
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chromatography (EtOAc/hexane = 1:12 to 1:10 grddjeor characterization of their
physical and spectroscopic properties.

Compoundl3a: CisH21F3N20,; light yellow oil; TLC (EtOAc/hexane = 1.6% = 0.20;
[a]?%5 = +94.0 € = 2.0, CHCY): IR vmax (neat) 3319, 2965, 2934, 2877, 2358, 1720, 1558,
1460, 1439, 1374, 1200, 1176, 885, 809°¢ciH NMR (500 MHz, CDCJ) & 8.39 (1 H, br d,
J=6.0 Hz), 5,15 (1L H, d] = 9.0 Hz), 4.49-4.46 (1 H, m), 3.77 (3 H, s), 3(6MH, d,J = 8.8
Hz), 3.39-3.38 (1 H, m), 2.49 (1 H, db= 8.6, 6.1 Hz), 2.13-2.11 (2 H, m), 1.76-1.59 (4 H
m), 0.91 (3 H, tJ) = 7.4 Hz), 0.87 (3 H, t] = 7.5 Hz);"*C NMR (125 MHz, CDGJ) § 176.1,
160.3, 156.6 (ofJcr = 37.0 Hz), 115.7 (dJcr = 285.9 Hz), 87.6, 63.0, 54.9, 53.1, 52.9, 40.8,

31.7, 25.6, 23.9, 12.1, 10.8F NMR (376 MHz, CDGJ) § ~76.3 (3 x); ESIHRMS calcd for

C1sH22F3N20,: 351.1526, foundn/z351.1522 [M — H].

4.5.21. Methyl 4-acetamido-3-(pentan-3-yl)-3a,5a6@étrahydro-4H-
cyclopenta[d]isoxazole-6-carboxylate 14a) and methyl 6-acetamido-3-(pentan-3-yl)-
3a,5,6,6a-tetrahydro-4H-cyclopenta[d]isoxazole-4aaxylate (4b)

By analogy to the representative procedure B, §fedoaddition of (£)3f (18 mg, 0.1
mmol) with 2-ethylbutanenitrile oxide, which wasngeated in situ from hydroximoyl
chloride5a (56 mg, 0.8 mmol), was performed in toluene teegavcrude product containing
(+)-14a and (+)414b in a ratio of 80:20 as shown by th¢ NMR analysis (partial, 400 MHz,
CDCl) § 5.15 (0.8 H, dJJ = 8 Hz, H-6a)/ 4.83 (0.2 H, d,= 8 Hz, H-6a), 3.60 (0.8 H, d,=
12 Hz, H-3a)/ 3.69 (0.2 H, dl = 8 Hz, H-3a), 3.75 (2.4 H, s, GRe)/ 3.76 (0.6 H, s,

CO:Me). Attempt to separatkta and14b failed by silica gel chromatography.
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4.5.22. Methyl 4-(1,3-dioxoisoindolin-2-yl)-3-(pant3-yl)-3a,5,6,6a-tetrahydro-4H-
cyclopentald]isoxazole-6-carboxylate15a) and methyl 6-(1,3-dioxoisoindolin-2-yl)-3-
(pentan-3-yl)-3a,5,6,6a-tetrahydro-4H-cyclopentagdixazole-4-carboxylatel fb)

By analogy to the representative procedure B, gleboaddition of (x)3g (27 mg, 0.1
mmol) with 2-ethylbutanenitrile oxide, which wasngeated in situ from hydroximoyl
chloride5a (238 mg, 1.6 mmol), was performed in toluene t@@ crude product containing
(+)-15a and (+)45b in a ratio of 64:36 as shown by thé NMR analysis (partial, 400 MHz,
CDCl3) 6 3.74 (1.92 H, s, CfMe)/ 3.73 (1.08 H, s, CiMe). Attempt to separatéba and

15b failed by silica gel chromatography.

4.5.23. Methyl 4-((tert-butoxycarbonyl)amino)-3-pkie3a,5,6,6a-tetrahydro-4H-
cyclopentald]isoxazole-6-carboxylatel6q) and Methyl 6-((tert-butoxycarbonyl)amino)-3-
phenyl-3a,5,6,6a-tetrahydro-4H-cyclopenta[d]isoxi@zé-carboxylate 16b)

According to the representative procedure B, thdoagddition of (£)3a (241 mg, 1.0
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(720 mg, 5.0 mmol), was performed in hexane to giweude product containing (pa and
(+)-16b in a ratio of 86:14 as shown by the NMR analysis (partial, 400 MHz, CDgI5
5.44 (0.85 H, dJ = 9.2 Hz, H-6a)/ 5.04 (0.15 H, m, H-6a), 4.20 818, d,J = 9.2 Hz, H-
3a)/ 4.48 (0.15 H, d] = 8.4 Hz, H-3a)/, 3.78 (2.7 H, s, G@e)/ 3.81 (0.3 H, s, CfMe). A
sample of (¥)i6a (189 mg, 52% vyield) was isolated by silica gel athatography
(hexane/EtOAc = 6:1) for characterization of itygibal and spectroscopic properties.

Alternatively optically active (+)t6a was prepared in 73% isolated yield from optically
active trifluoroacetamide (+30a as described in the representative procedure C.

Compoundi6a: CigH24N-Os; white solid; mp 172—173C; TLC (hexane/EtOAc = 4:1)

R = 0.35; 1]*p = +80.7 (CHGJ. ¢ = 1.0); IRvmax (Neat) 3358, 2979, 2955, 2923, 1727, 1683,
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1525, 1438, 1367, 1290, 1168, 976, 894, 764, 692; ¢k NMR (400 MHz, CDCJ) § 7.98—
7.82 (2 H, m), 7.46-7.20 (3 H, m), 5.62 (1 H, 1Br}4 (1 H, ddJ = 9.2, 1.6 Hz), 4.39-4.27
(1 H, m), 4.20 (1 H, dJ = 9.2 Hz), 3.78 (3 H, s), 3.28 (1 HJt= 5.2 Hz), 2.02-2.13 (2 H, m),
1.44 (9 H, s);*C NMR (100 MHz, CDGJ) 5 175.1, 156.9, 155.0, 130.2, 128.8 (2 x), 128.1,

127.4 (2 x), 88.5, 79.6, 60.9, 56.5, 52.6, 33.2428 x); ESHHRMS calcd for GoHsN,Os

361.1763, founan/z361.1763 [M + HJ. The structural assignment ta was confirmed by

'H-'H COSY analysis.

4.5.24. Methyl 3-phenyl-4-(((2,2,2-trichloroethosagibonyl)amino)-3a,5,6,6a-tetrahydro-
4H-cyclopenta[d]isoxazole-6-carboxylate 176) and methyl  3-phenyl-6-(((2,2,2-
trichloroethoxy)carbonyl)amino)-3a,5,6,6a-tetrahge#H-cyclopenta[d]isoxazole-4-
carboxylate {7b)

By analogy to the representative procedure B, tfoboaddition of (x)3b (32 mg, 0.1
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéhb
(62 mg, 0.4 mmol), was performed in toluene to giveude product containing (ya and
(+)-17b in a ratio of 74:26 as shown by th¢ NMR analysis (partial, 400 MHz, CD&I5
5.43 (0.74 H, dJ = 12 Hz, H-6a)/5.12 (0.26 H, d= 8 Hz, H-6a), 4.28 (0.74 H, d= 12 Hz,
H-3a)/ 4.46 (0.26 H, dl = 8 Hz, H-3a), 3.80 (2.22 H, s, G®e)/ 3.84 (0.78 H, s, CiMe).

The crude products obtained from several experisnestre combined and subjected to
silica gel chromatography (hexane/EtOAc = 1:6) &RLC [250 x 10 mm Inspif& silica
column (10um particle size) using an eluent of hexane/EtO/&:18) at a flow rate of 1.5
mL/min] to give (x)47a (20 mg) and (x}t7b (4 mg) for characterization of their physical
and spectroscopic.

Compoundl7a: C;7H;7ClsN2Os; white solid; mp 139—-148C; TLC (hexane/EtOAc = 4:1)

R = 0.31;HPLC tgr = 41.8 min; IRvmax (Neat) 3355, 2954, 1736, 1519, 1438, 1285, 1219,
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1133, 1089, 1044, 891, 818, 765, 693, 570"t NMR (400 MHz, CDC}) § 7.96—7.86 (2
H, m), 7.45-7.38 (3 H, m), 6.38 (1 H, 8= 7.2 Hz), 5.43 (1 H, dd] = 9.2, 0.4 Hz), 4.77 (1
H, d,J = 12.0 Hz), 4.72 (1 H, dl = 12.0 Hz), 4.56-4.39 (1 H, m), 4.28 (1 HJd& 9.2 Hz),
3.79 (3 H, s), 3.36 (1 H, § = 5.2 Hz), 2.18-2.10 (2 H, m)*C NMR (100 MHz, CDG)) §
175.3, 156.4, 153.9, 130.4, 128.9 (2 x), 127.9,327 %), 95.5, 88.6, 74.4, 60.7, 57.2, 52.9,
52.8, 32.8; ESIHRMS calcd for G7H1sClaN»Os: 435.0281, foundn/z435.0291 [M + H].
Compoundl7b: C;7H;7CIsN2Os; white solid; mp 97-98C; TLC (hexane/EtOAc = 4:1)
R = 0.28; HPLCtg = 43.0 min; IRvya (Neat) 3351, 2954, 2918, 2849, 1731, 1518, 1438,
1246, 1094, 910, 877, 814, 767, 693 &H NMR (500 MHz, CDC}) 6 7.81-7.68 (2 H, m),
7.44-7.38 (3H, m), 5.99 (1 H, d= 7.5 Hz), 5.12 (1 H, d = 9.0 Hz), 4.76 (1 H, d] = 12.0
Hz), 4.69 (1 H, dJ = 12.0 Hz), 4.46 (1 H, dd,= 9.0, 1.5 Hz), 4.44-4.38 (1 H, m), 3.84 (3 H,
s), 3.17-3.09 (1 H, m), 2.27-2.16 (2 H, MC NMR (125 MHz, CDGJ) & 175.8, 157.4,
153.8, 130.4, 129.0 (2 x), 128.0, 127.0 (2 %), 9954, 74.5, 59.2, 55.2, 53.2, 48.5, 32.4;

ESI-HRMS calcd for G/H1sClsN,Os: 435.0281, foundm/z 435.0291 [M + H]. The

structural assignment a7b was confirmed by HSQC and HMBC spectral analyses.

4.5.25. Methyl 4-((2-nitrophenyl)sulfonamido)-3-pkk3a,5,6,6a-tetrahydro-4H-
cyclopenta[d]isoxazole-6-carboxylatel8@) and methyl 6-((2-nitrophenyl)sulfonamido)-3-
phenyl-3a,5,6,6a-tetrahydro-4H-cyclopenta[d]isoxi@zé-carboxylate 18b)

By analogy to the representative procedure B, tfedoaddition of (£)3c (33 mg, 0.1
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(93 mg, 0.6 mmol), was performed in toluene to giveude product containing (ga and
(+)-18b in a ratio of 74:26 as shown by the NMR analysis (partial, 400 MHz, CDgI5

5.44 (0.74 H, dJ) = 8 Hz, H-6a)/5.08 (0.26 H, d,= 8 Hz, H-6a), 4.36 (0.74 H, d,= 12 Hz,
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H-3a)/ 4.51 (0.26 H, d] = 8 Hz, H-3a), 3.81 (2.22 H, s, Gde)/ 3.87 (0.78 H, s, CiMe).

Attempt to isolatel8a and18b failed by silica gel chromatography.

4.5.26. Methyl 3-phenyl-4-((trifluoromethyl)sulfonalo)-3a,5,6,6a-tetrahydro-4H-
cyclopenta[d]isoxazole-6-carboxylate 199) and methyl 3-phenyl-6-
((trifluoromethyl)sulfonamido)-3a,5,6,6a-tetrahyeddi-cyclopenta[d]isoxazole-4-
carboxylate 19b)

By analogy to the representative procedure B, ffodoaddition of (£)3d (41 mg, 0.15
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(93 mg, 0.6 mmol), was performed in toluene to givaude product containing (Pa and
(+)-19b in a ratio of 66:34 as shown by the NMR analysis (partial, 400 MHz, CDgI5
5.38 (0.66 H, dJ = 8 Hz, H-6a)/5.21 (0.34 H, d,= 12 Hz, H-6a), 4.37 (0.66 H, d= 8 Hz,
H-3a)/ 4.31 (0.34 H, d] = 8 Hz, H-3a), 3.82 (1.98 H, s, GX@e)/ 3.88 (1.02 H, s, CiMe).
A sample of (x)19a (6.0 mg, 10% vyield) was isolated by silica gel athatography
(hexane/CHCI, = 1:3) for characterization of its physical ane@&poscopic properties.

Compoundl9a: CisH15F3N205S; white solid; mp 137-13%C; TLC (hexane/CkLCl, =
1:3) R = 0.28; IRvmax (neat) 3219, 2957, 2923, 2851, 1784, 1715, 1438311230, 1195,
1147, 1080, 1016, 919, 765, 694, 604 trtH NMR (400 MHz, CDCJ) § 7.80-7.22 (2 H,
m), 7.47-7.41 (3 H, m), 7.41 (1 H, br), 5.38 (1cH, = 8.8 Hz), 4.36 (1 H, d] = 8.8 Hz),
4.32 (L H, tJ = 7.2 Hz), 3.82 (3 H, s), 3.45 (1 H, 3= 8.0 Hz), 2.27-2.07 (2 H, m}°C
NMR (125 MHz, CDC}) 6 176.7, 156.0, 130.8, 129.1, 127.3, 127.2, 1189& € 320 Hz),
88.8, 77.2, 62.6, 60.5, 53.4, 53.0, 33.8, 287;NMR (376 MHz, CDG)) § -77.9 (3 ). The

structural assignment dPa was confirmed byH-'H COSY analysis.
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4.5.27. Methyl 3-phenyl-4-(2,2,2-trifluoroacetamida,5,6,6a-tetrahydro-4H-
cyclopentald]isoxazole-6-carboxylate  20@) and methyl 3-phenyl-6-(2,2,2-
trifluoroacetamido)-3a,5,6,6a-tetrahydro-4H-cyclopa[d]isoxazole-4-carboxylate20b)

By analogy to the representative procedure B, ttoboaddition of (+)3e (120 mg, 0.5
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(329 mg, 2 mmol), was performed in toluene to giverude product containing (2pa and
(+)-20b in a ratio of 87:13 as shown by th¢ NMR analysis (partial, 400 MHz, CDgI5
5.39 (0.87 H, dJ = 8 Hz, H-6a)/5.08 (0.13 H, d,= 8 Hz, H-6a), 4.26 (0.87 H, d,= 8 Hz,
H-3a)/ 4.37 (0.13 H, d] = 12 Hz, H-3a), 3.82 (2.61 H, s, @@e)/ 3.86 (0.39 H, s, CsMe).
When the (3+2) cycloaddition of (8e (120 mg, 0.5 mmol) and benzonitrile oxide was
performed in hexane solution, the desired prodti20a (139 mg) was isolated in 78%
yield by silica gel chromatography (hexane/CH= 1:1).

In another experiment, the cycloaddition reactidf9-3e (1.00 g, 2.11 mmol) withb
(2.62 g, 8.43 mmol) was performed in hexane/tolugk@):1) solution to give optically
active compound (+20a (1.26 g, 83% vyield) after purification by silicalgchromatography
(CH.Cly/hexane gradients, 0:3» 1:2— 1:1).

Compound20a: CigH15FsN2O4; white solid; mp 167—168C; [0]*%, = +244.7 ¢ = 1.0,
CHCl); TLC (EtOAc/hexane = 1:4% = 0.29; IRvmax (neat) 3315, 3102, 2957, 2919, 1731,
1702, 1554, 1440, 1384, 1286, 1177, 980, 900, 688 cm™; *H NMR (500 MHz, CDCJ) &
8.55 (1 H, dJ = 5.0 Hz), 7.99-7.91 (2 H, m), 7.48-7.40 (3 H, B39 (1 H, dJ = 9.0 Hz),
4.69-4.63 (1 H, m), 4.26 (1 H, d= 9.0 Hz), 3.82 (3 H, s), 3.51-3.42 (1 H, m), 2212 (2
H, m); **C NMR (125 MHz, CDGJ) § 176.2, 156.9%0c¢ = 37.5 Hz), 155.8, 130.6, 129.0 (2
x), 127.5, 127.4 (2 x), 115.8J¢ = 286.3 Hz), 88.8, 60.8, 55.9, 53.6, 53.3, 31B;NMR

(376 MHz, CDC}) 6 —76.5 (3 x); ESIHRMS calcd for GgH16F3N20,4: 357.1062, founan/z

357.1073 [M + HI.
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4.5.28. Methyl 4-acetamido-3-phenyl-3a,5,6,6a-teytho-4H-cyclopentald]isoxazole-6-
carboxylate  21a) and methyl 6-acetamido-3-phenyl-3a,5,6,6a-tetdabyiH-
cyclopenta[d]isoxazole-4-carboxylat21p)

By analogy to the representative procedure B, ffaboaddition of (£)3f (92 mg, 0.5
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(311 mg, 2 mmol), was performed in toluene to giverude product containing (2ka and
(+)-21b in a ratio of 76:24 as shown by the NMR analysis (partial, 400 MHz, CDgI$
5.39 (0.76 H, dJ = 8 Hz, H-6a)/ 4.87 (0.34 H, d,= 8 Hz, H-6a),, 4.27 (0.76 H, d= 8 Hz,
H-3a), 3.80 (2.28 H, s, GBIe)/ 3.67 (0.72 H, s, CiMe). A sample of (x1a (70 mg, 46%
yield) was isolated by silica gel chromatographgx@me/EtOA& 1:1) for characterization of
its physical and spectroscopic properties.

Compound2la: CigH1gN,04, White solid; mp 176-177C; TLC (EtOAc /hexane = 2:1)
Rr = 0.40; IRvmax (Neat) 3619, 3298, 3073, 2956, 1728, 1654, 1543611376, 1306, 1199,
974, 895, 766, 693 cth *H NMR (400 MHz, CDC}) § 8.02—7.93 (2 H, m), 7.40-7.31 (3 H,
m), 7.06 (1 H, dJ = 6.8 Hz), 5.34 (1 H, dd,= 9.2, 0.8 Hz), 4.57-4.49 (1 H, m), 4.21 (1 H, d,
J=9.2 Hz), 3.73 (3 H, s), 3.30 (1 H,X= 4.8 Hz), 2.05-1.97 (2 H, m), 1.94 ( 3H, ¥¢
NMR (100 MHz, CDCJ) & 175.6, 169.6, 156.4, 130.1, 128.6 (2 x), 127.9,322 x), 88.6,

60.7, 55.5, 53.2, 52.7, 32.0, 23.2; HSRMS calcd for GgH1oN>O4: 303.1345, foundn/z

303.1343 [M + HJ. The structural assignment @la was confirmed by‘H-‘H COSY

analysis.

4.5.29. Methyl 4-(1,3-dioxoisoindolin-2-yl)-3-ph&fg,5,6,6a-tetrahydro-4H-
cyclopenta[d]isoxazole-6-carboxylate22a) and methyl 6-(1,3-dioxoisoindolin-2-yl)-3-

phenyl-3a,5,6,6a-tetrahydro-4H-cyclopenta[d]isoxiazd-carboxylate Z2b)
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By analogy to the representative procedure B, fledoaddition of (x)3g (41 mg, 0.15
mmol) with benzonitrile oxide, which was generatedsitu from hydroximoyl chloridéb
(186 mg, 1.2 mmol), was performed in toluene tcegivcrude product containing (2¥a
and (+)22b in a ratio of 56:44 as shown by th¢ NMR analysis (partial, 400 MHz, CD§}!

6 3.76 (1.68 H, s, CiMe)/ 3.71 (1.32 H, s, CiMe). A sample of (x22a (6 mg, 21% yield)
was isolated by silica gel chromatography (hexat@€ = 1:4) for characterization of its
physical and spectroscopic properties.

Compound22a: C,,H1gN2Os; colorless oil; TLC (EtOAc/hexane = 1:R) = 0.50; IRvmax
(neat) 2952, 2916, 2848, 1773, 1712, 1376, 1197, BBL cm*; *H NMR (500 MHz, CDCJ)

§ 7.86-7.83 (2 H, m), 7.77-7.73 (2 H, m), 7.50-7281, m), 7.33 (1 H, tt) = 7.5, 1.5 Hz),
7.28-7.24 (2 H, m), 5.81 (1 H, d#i= 10.0, 5.0 Hz), 4.81 (1L H, di= 7.5, 5.5 Hz), 4.75 (1 H,
dd,J = 10.0, 5.0 Hz), 3.76 (3 H, s), 3.14 (1 H, ddd; 10.0, 8.0, 5.0 Hz), 2.60-2.52 (1 H, m),
1.16 (1 H, dtJ = 15.0, 5.5 Hz)}*C NMR (125 MHz, CDG)) § 207.0, 172.3, 167.7 (2 x),
157.4, 134.5 (2 x), 131.5, 130.3, 128.9 (2 x), @2826.9 (2 x), 123.6 (2 x), 88.5, 55.9, 53.9,

52.4,51.6, 33.0; ESHRMS calcd for GHigN,Os: 391.1294, foundn/z391.1308 [M + H].

4.5.30. Methyl (1S,2S,3R,4R)-3-[(1R)-1-acetamigrénylmethyl]-4-((tert-
butoxycarbonyl)amino)-2-hydroxycyclopentane-1-castate @3a) and the isome23b with
(1'S)-configuration

Slurry of 50% Raney nickel in water (4 mL) was wvigasly stirred and then kept
standing still until precipitation of black powdeFhe supernatant was removed, and the
residue was washed with anhydrous THF (freshlyilididt over sodium) for five times
(always soaking Raney nickel in solvent!). Underaamosphere of argon, optically active
isoxazoline (+)16a (300 mg, 0.83 mmol) was added to the above-prédpsuspension of

Raney nickel in THF (15 mL). Hydrogen gas was bathbihto the mixture for 30 min at
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room temperature to furnish the reduction reactibisoxazoline (+)t6a. Upon completion
of reaction, the mixture was filtered through a pddCelite. The filtrate was concentrated
under reduced pressure to give an intermediateuptad amino alcohol.

To a methanolic solution (4 mL) of the above-prepaamino alcohol was added;Rt
(464 pL, 3.33 mmol) and acetic anhydride (1, 2.08 mmol) at C. The mixture was
stirred at room temperature for 16 h, and then glied by addition of ammonium hydroxide
(25% aqueous solution, 100L, 1.5 mmol). The mixture was stirred for 2 h abmo
temperature, and concentrated by rotatory evaporatnder reduced pressure. The residue
was dissolved in EtOAc, and washed successively saturated NaHC and AcOH (30%
aqueous solution). The organic phase was dried Mg&Q,, filtered, and concentrated under
reduced pressure to give a crude product of acdtaaicohol containing optically actia3a
with (1'R)-configuration and the (%)-diastereomer in a ratio of 85:15 as shown by'the
NMR analysisH NMR (400 MHz, CRCOCD;, 23a/23b (85:15))8 7.79 (0.85 H, dJ = 8.2
Hz/ 7.85 (0.15 H, dJ = 8.6 Hz), 7.457.39 (2 H, m), 7.297.26 (2 H, m), 7.247.17 (1 H, m),
6.04 (0.85 H, dJ = 7.6 Hz)/ 5.63 (0.15 H, dl = 8.3 Hz), 5.47 (0.85 H, § = 9.3 Hz/ 5.24
(0.15 H, t,J = 7.4 Hz), 4.364.26 (0.85 H, m/ 4.23.22 (0.15 H, m), 4.01 (1 H, br), 3.58 (3
H, s), 2.792.76 (1 H, m), 2.582.51 (1 H, m), 2.462.40 (1 H, m), 1.91 (3 H, s), 1.79.73

(1 H, m), 1.42 (9 H, s).

4.5.31. Methyl (1S,2S,3R,4R)-3-[(1R)-1-acetamigrénylmethyl]-4-[2,3-bis(tert-
butoxycarbonyl)guanidine]-2-hydroxycyclopentaneatboxylate 4a)

To a solution of the above-prepared acetamido alc@Ba/23b (85:15) (39 mg, 0.1
mmol) in CHCl, (4 mL) was added trifluoroacetic acid (1 mL, 5.9 aijrdropwise at OC.
The mixture was stirred at room temperature fom80, and then concentrated by rotatory

evaporation under reduced pressure. The residuaiassived in ChHCl, (5 mL), and added
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EtN (54 uL, 0.4 mmol), 1,3-bigért-butoxycarbonyl)-2-methyl-2-thiopseudourea (33 mg,
0.12 mmol) and HgGI (31 mg, 0.12 mmol). The mixture was stirred for L2at room
temperature, and then filtered through a pad oft€erlhe filtrate was concentrated under
reduced pressure, and the desired product of bisdmnidine (—@4a (28.7 mg) was
obtained by column chromatography (silica gel, imex&tOAc gradients, 3:1 2:1). The
overall yield of (-)24a starting from (+)16a was 32%. GH4oN4Os; white wax; TLC
(CH2Clo/MeOH= 25:1)R; = 0.45; p]*p = —24.6 € = 2.0, acetone); IRmax (neat) 3314, 3277,
2978, 2929, 1725, 1647, 1615, 1417, 1368, 11550,11857 cm’; 'H NMR (400 MHz,
CD;COCDs) 6 11.43 (1 H, s), 8.38.34 (2 H, m), 7.377.35 (2 H, m), 7.257.22 (2 H, m),
7.18-7.14 (1 H, m), 5.525.48 (1 H, dd,J = 9.6, 5.6 Hz), 4.784.65 (1 H, m), 4.32 (1 H, s),
4.22 (1 H, dJ=4.0 Hz), 3.65 (3 H, s), 2.82.81 (1H, m), 2.632.56 (2 H, m), 1.98 (3 H, s),
1.89-1.87 (1 H, m), 1.49 (9 H, s), 1.47 (9 H, ¥ NMR (100 MHz, CRCOCD;) § 175.5,
170.8, 164.5, 156.8, 154.0, 144.2, 129.%)2127.7 (2%), 84.3, 80.1, 77.3, 56.3, 52.8, 52.7,
51.6, 51.2, 34.9, 29.0 (8), 28.6 (3x%), 24.0, 14.8; ESIHRMS calcd for G7H41N4Og:

549.2919, foundmvz 549.2929 [M + HI.

4.5.32. (1S,2S,3R,4R)-3-[(1R)-1-Acetamido-1-pheetyiyt]-4-guanidino-2-
hydroxycyclopentane-1-carboxylic acithf

To a solution of ester (94a (13.3 mg, 0.024 mmol) in THF (1 mL) and EtOH (1 mL
was added NaOH (1 M aqueous solution, 0.5 mL). irdure was stirred for 40 min at
room temperature, and then acidified by additiodofvax 50Wx8 to pH: 4. The mixture
was filtered, and the filtrate was concentrated enmnekduced pressure. The residue was
dissolved in HO (3 mL) and heated at boiling for 1.5 h. The Solutvas concentrated under
reduced pressure. The residue was purified on ersetsti-phase RP-18 column (MeOkIH

= 1:4) to afford the desired peramivir analog {&8)(8 mg, 99% yield). The purity of product

41



(-)-1a was 95.7% as shown by HPLC on an HC-C18 colummnr¢kiet.6 x 100 mm, 2um
particle size)ir = 7.5 min (gradient of €20% aqueous MeOH in 20 min) at a flow rate of 1
mL/min). CigH2oN4O4; pale yellow solid; mp = 263C (decomposed); TLC (Gi€l,/MeOH=
3:1) R = 0.13; p]*p = -21.7 € = 0.5, HO); IR vmax (film) 3385, 2921, 2850, 1637, 1559,
1397, 1303, 1273, 1113, 1085, 1033, 967, 950"cti NMR (400 MHz, BO) 6 7.46-7.44

(4 H, m), 7.467.37 (1 H, m), 5.21 (1 H, d,= 8.9 Hz), 4.164.05 (L H, m), 3.94 (1 H, d,=
3.7), 2.682.58 (3 H, m), 1.93 (3 H, s), 1.92.87 (1 H, m);**C NMR (100 MHz, BO) §
172.7, 155.7, 140.3, 128.9 g, 128.0, 127.2 (%), 78.5, 75.4, 55.0, 53.7, 53.4, 52.6, 34.3,

22.0; ES+HRMS calcd for GeH23N4O4: 335.1714, foundaz 335.1708 [M + HI.

45.32. Methyl (1S,2S,3R,4R)-3-[(1R)-1-acetamidexfghmethyl)-2-hydroxy-4-(2,2,2-
trifluoroacetamido)cyclopentane-1-carboxylat®5¢) and the isomer25b with (1'S)-
configuration

Slurry of 50% Raney nickel in water (0.6 mL) wagaiously stirred and then kept
standing still until precipitation of black powdeFhe supernatant was removed, and the
residue was washed with anhydrous THF (freshlyilididt over sodium) for five times
(always soaking Raney nickel in solvent!). Underaamosphere of argon, optically active
isoxazoline (+)20a (32 mg, 0.09 mmol) was added to the above-prepavsgension of
Raney nickel in THF (5 mL). Hydrogen gas was buBbifgo the mixture for 30 min at room
temperature to furnish the reduction reaction. Upompletion of reaction, the mixture was
filtered through a pad of Celite. The filtrate wamcentrated under reduced pressure to give
an intermediate product of amino alcohol.

To a DMF solution (3 mL) of the above-prepared amalcohol was added a solution of
pentafluorophenyl acetate (81 mg, 0.36 mmol) in Me@O0 uL, 0.49 mmol). The mixture

was stirred at room temperature for 18 h, conctedraand then extracted with EtOAc and
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saturated agueous NaHg®blution. The organic phase was dried over MgS3idered, and
concentrated under reduced pressure to give a pnadieict of25a and its (15)-diastereomer
25b (85:15) in about 75% vyield. Two diastereomers wsgparated in small quantity by
column chromatography (silica gel, @&,/MeOH gradients, 1:0- 50:1 — 40:1) for*H
NMR analysis. In agreement wit8a/23b, the major isome25a exhibited its H-1signal at
8 5.45, whereas isom@bb displayed the H-1at a higher fieldq 5.12).

25a: *H NMR (400 MHz, acetones) & 8.28 (1 H, d,J = 6.9 Hz), 7.44 (1 H, br),
7.42-7.37 (2 H, m), 7.327.25 (2 H, m), 7.237.19 (1 H, m), 5.45 (1 H, ) = 10 Hz),
4.61-4.53 (1 H, m), 4.434.42 (1 H, d,J = 4.9 Hz), 3.963.94 (1 H, m), 3.59 (3 H, s),
2.72-2.62 (2 H, m), 1.891.83 (1 H, m), 1.80 (3 H, s?5b: 'H NMR (400 MHz, acetonel)
§7.81 (1 H,dJ)=8.0Hz),7.71 (1 H, d = 8.6 Hz), 7.397.36 (2 H, m), 7.297.21 (3 H, m),
5.24 (1 H, br), 5.12 (1 H, § = 8.9 Hz), 4.484.39 (1 H, m), 4.30 (1 H, d,= 3.8 Hz), 3.61 (3

H, s), 2.592.49 (2 H, m), 1.93 (3 H, s), 1.87.80 (1 H, m).
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L egends of Tables, Figuresand Schemes

Table 1. Substituent effect in the regioselectivity of (3-€3kloaddition reactioris

Table 2. Comparison of chemical shifts of characteristiotpns ina- andb-series
regioisomers

Table 3. Solvent effect in the regioselectivity of (3+2)ctyaddition reactiorfs

Fig. 1. Chemical structures of peramivit)( analogueXa), and the synthetic precursors.

Fig. 2. DFT calculation for the optimized geometry of caapd 3e. The functional CAM-
B3LYP and the basis set 6-31G(d) were used in éh®ukation. The number of imaginary
frequencies = 0. Gibbs free energy = -928.430500réta

Scheme 1. Synthesis of peramivir (-)-and analog (—}a bearing a phenyl group at C-1
position.

Scheme 2. An attempted conversion of (2Pa to (—)-24a via a short pathway.
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Substituent and solvent effects in the 1,3-dipolar cycloadditions for synthesis of

anti-influenza agent peramivir and its analog

Research highlights

» Peramivir is an anti-influenza drug targeting tiveis neuraminidase.

» The synthesis involves (3+2) cycloaddition ofifetoxide with alkene derived from Vince

lactam.

» The regioselectivity of cycloaddition is improvbyg conducting in hexane solution.

 The cycloadditiowith N-CF;CO-cyclopentene derivative gives 94% desired regioer.

* Alternative syntheses of (-)-peramivir and themyl analog are demonstrated.



