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Abstract — An advanced intermediate in the synthesis of themac Neuraminidase inhibitéteramivir
was synthesised in a new and versatile manneirngtdrom a stereoselective 1,3-dipolar cycloadditio
reaction between the nitrile oxide deriving fromet®ylbutanal and the commercially available and
inexpensive bicyclo[2.2.1]hepta-2,5-diene. The tieacmainly afforded the@xoisoxazolino-norbornene
derivative from which the oxidative cleavage of tt&bon-carbon double bond followed by subsequent
dehydration led to the corresponding anhydride rinégliate. Amines and alcohols were used as
nucleophiles for opening the anhydride, with amipesviding the better results. Both the monoester-
monoacid and the monoester-monoamide were transtbino the monoester-monoamino intermediate
from which the synthesis continued using previoysiplished methods. In the best protocol, the total

yield of this key intermediate was increased up#® from bicyclo[2.2.1]hepta-2,5-diene.

Keywords:Peramivir; Neuraminidase inhibitor; Bicyclo[2.2.1éipta-2,5-diene; 1,3-Dipolar cycloaddition.

1. Introduction
Influenza viruses infect an enormous number of [Eeepch yeat,and the resulting epidemics lead to
substantial costs for the community and a high atitytrate? The infection is particularly dangerous for

children, the elderly, and people with immunosupgien’
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Vaccination remains the primary preventive measalthough it provides limited control, partially
because influenza viruses mutate very rapidly dnsdet is a continuous emergence of new strains to
which even previously vaccinated subjects remansisiee?

The target of the compounds that have most recérgn used in influenza prophylaxis is influenza
Neuraminidase, a viral surface enzyme belonginpédfamily of Glycoside HydrolasésNeuraminidase
catalyses the cleavage of the glycosidic bond batwee terminal sialic acid and Hemagglutinin, thus
allowing the virion to escape from infected hodtscand spread the infection in the respiratorgttra

The first Neuraminidase inhibitors, which prevehe tvirus from reproducing and therefore slow the

spread of the infection, weEanamivif 1 andOseltamivif 2 (Fig. 1).
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The clinical use oZanamiviris hampered by the fact that its limited oral bai&bility means that it
must be administered by oral inhalation, whereas $lecond-generation Neuraminidase inhibitor
Oseltamivirhas good oral activity as a pro-drug. Both proslinztve side effects: headache and diarrhoea
in the case oZanamivir and nausea and vomiting in the caseOskltamivit The newPeramivif®
Neuraminidase inhibito8 has recently proved to be very potent againstrigtyaof strains of influenza,
and more effective thalianamivir or Oseltamivir® but its poor bioavailability has aroused consiblkra
interest in designing and synthesising analogougtsires=’ Finding new, versatile and efficient means
of synthesis could promote the structure-activiglationship (SAR) studies necessary for the
development of new inhibitors.

A number of studies oPeramivir synthesis have been publisHédlhe starting material in the first
studiest®®® and in a recent improvemert was (-)-(1R,4S)-2-azabicyclo[2.2.1]hept-5-en-3-ote

(Vince's lactam)™? which is commercially available as an expensiveemnantiomer. Using a different



approach, Millel*® started with the racemic 2-oxa-3-aza-bicyclo[i2ept-5-ene-3-carboxylic acid tert-
butyl ester 5 obtained from the hetero-Diels-Alder cycloadditionetween N-Boc-protected
hydroxylamine and cyclopentadiene. Both synthesa® hthe bicyclic isoxazolinéa as a common key
intermediate (Scheme 1).
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Given our interest in the stereoselective synthestsaghly functionalised heterocycles using 1,palar

cycloaddition reaction§’ we here describe a new approach to the synthégteramivir in which the

isoxazoline ring of intermediata was generated by a 1,3-dipolar cycloaddition betwee suitable nitrile
oxide and the commercially available and inexpensicyclo[2.2.1]hepta-2,5-dier(@,5-norbornadiene-
NBD) 7, as outlined in Scheme 2.
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The cycloaddition reaction does not pose any problef regioselectivity, only stereoselectivity. @nl
the exaadduct has the cyclopentane ring with the corséatic relationships of the four substituents of
Peramivir. Furthermore, published data concerning 1,3-dipolcloaddition reactions between 2,5-
norbornadiene and nitrile oxides have always shetg@neo-selectivity in favour of thexoisomer, thus
predicting a similar result in our ca¥eThe next norbornene opening takes advantage qgiréeence of
the carbon-carbon double bond: the two carboxytmugs can be introduced by means of oxidative

cleavage, and appropriately transformed into the aed substituted amino groups on intermedbatef



Peramivir. This approach should provide greater versatilitysynthesising structural analogues of
Peramivir, particularly in relation to the substitution#8H(CH,CHy),).

2. Results and discussion
The synthetic scheme was developed for the rac@miamivir. Oxime 8, the precursor of the nitrile
oxide, was prepared from the corresponding commakgravailable 2-ethylbutanal and hydroxylamine at
reflux in MeOH (Scheme 3}, and then transformed into the corresponding 1p®!di by means of
treatment with NaOCI and TEA in a biphasic systanihe presence of an excess of 2,5-norbornadiene
The reaction gave a mixture of tlego and endeadducts9 and 10 in a 95:5 ratioregardless of the
observed yield, which depends on the ratio betvw&&morbornadien& and oximeB is used: total yield
was 42% with a ratio of 2:1, but up to 75% withatio of 4:1 (the excess 2,5-norbornadiene can be
recovered at the end of the reaction by meansstilldiion). A mixture of the two regioisometd and
12 was also obtained fromaxcadduct9 as a result of a double 1,3-dipolar cycloadditiéro-adduct9

was easily separated from the other products byneneachromatography on silica gel (Scheme 3).
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NMR spectroscopy was used to assexo and endoto mono-adduct® and 10. In excadduct9, the
coupling constant of the bridgehead protons H-3h4#¥a with the adjacemndcprotons H-4 and H-7
was 0 Hz (Jsans= h7a7= 0 Hz) whereas, iendeadductl10, the corresponding coupling constant of
protons H-3a and H-7a with the adjacertprotons H-4 and H-7 was 4.0 Hzy{dna= Ji7a7= 4.0 Hz).

These values are in line with published findingaagrning analogous compound&®and supported by



calculations based on théarplus equation and molecular geometrtésAdducts11 and 12 were also
isolated, and their exact regiochemistry attributgccomparison of the relative NMR spectroscopitada
with those of analogous compourtdd®®

The synthetic approach considered the oxidativavelge of the carbon-carbon double bond with the
insertion of two carboxylic groups, so tegcadduct9 was transformed into the dicarboxylic adi@ by

treating it with KMnQ under controlled conditions (Scheme 4).

Scheme 4
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A key point of the synthesis was expected to ber¢iggoselective differentiation of the two carbagyl
groups. We decided to synthesise the intermediatiBccanhydridel4, which could be opened by a
suitable nucleophile to obtain a dicarboxylic asidno-acyl azide or mono-amide from which to obtain
an amino group usin@urtius or Hoffmannrearrangements. We verified both possibilitieshydride 14
was prepared in quantitative yield by heating tiaeid 13 with acetic anhydride, then turned into a 50:50
mixture of the two mono-ester, mono-acid regioistai® and16 by heating with MeOH (Scheme 4).
This mixture was inseparable, therefore it was wseduch in the next step. Numerous ways of caryin
out Curtius rearrangement were testédbut only activation of the carboxylic group withGQD,Et
followed by treatment with sodium azide and heatingtoluenetBuOH'®® led to a mixture of the

unreacted compounds and16 and the regioisomeric produda andéb,**

and then with a total yield
of only 13% (Scheme 5).
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Considering these results unsatisfactory, we tumedattention tdHoffmannrearrangement for which it
was necessary to prepare the mono-ester, mono-atartdative. A THF solution of anhydridet was
first treated with gaseous ammonia in methanolthed with TMSICHN to yield a mixture of the two
regioisomeric compounds/aand18ain a ratio of 60:40, as estimated by integrating peaks of proton
H-6a in the'H NMR spectra of the crude reaction mixture (Schéne

Scheme 6
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The exact regiochemistry of the two products waskdéished by comparing them with the amides
obtained from deprotecting the correspondiNgtBu-amides, as described below. The observed
regioselectivity of the opening of the anhydrideswasatisfactory, and it was not possible to sépdhe
two mono-amides by means of flash chromatograpbtyewen as mono-acid intermediates. With the aim
of improving regioselectivity, anhydridet was treated with the more sterically hindered a&tu-NH..
Although regioselectivity remained poor, it was §ibke to separate the mono-amide/mono-ester
regioisomersl7b and18b by means of flash chromatography and confirm thiuctures on the basis of
analytical and spectroscopic data (HSQC, HMBC a@b¥ experiments). Structuré3b and18b were
respectively assigned to the regioisomers haviegHtba proton signal at 5.31 and 5&Iinally thet-
butyl group was removed by treating compourd with trifluoroacetic acid, thus obtaining amid@a
(Scheme 7).

Scheme 7
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Unsuccessful attempts were made to develofimannrearrangements df7a using aqueous NaOH/Br
or CH;ONa/Br, in methanof-” The protocol that provided the best results waatihg amidel7a with
lead tetracetate in a mixture tbutanol and DME®® Under these conditions, the reaction directly
afforded the amin®-Boc protected derivativea (Scheme 7). The synthesisRéramivirwas completed
from 6a using previously reported procedures and withlsinesults:'"

By means of this sequence, the isoxazoline intelaiefa was obtained from 2,5-norbornadiene in six
steps, with a total yield of about 11.5%, whiclc@nparable with that obtained by Miller (10.8% from
hydroxylamine hydrochloride in seven step$§)put lower than that reported by Chand (52% from
Vinces lactam in two steps)® This was mainly due to the lack of regioselecyivitbserved when
opening the anhydrid&4 with tBu-NH,.

With the aim of testing regioselectivity when openithe anhydride with other nucleophildsgl was
treated with the sterically hindered alcohol bemizbl The reaction required a long time at high
temperatures, but provided a mixture of the twerestgioisomergd9 and20in a 70:30 ratio (Scheme 8).
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Compoundl9 was easily separated from the other product bynsiedchromatography on silica gel, but
the yield was only 23%.

Given the difficulty in obtaining the regiosele@iwpening of anhydrid&4 with alcohols or sterically
hindered amines, we reconsidered using ammonia. idermediate 6a can be separated
chromatographically from its regioisoméb,lllo the anhydride was opened with ammonia, and the
subsequent reactions were carried out on the nexdbfithe two amide4¢7a and18a In this way, the
desired bicyclic isoxazolinéa was isolated, from 2,5-norbornadiene five steps, with an overall yield

of 17% (Scheme 9).

Scheme 9
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3. Conclusions

We describe new strategy for obtaining raceRecamivir, a potent Neuraminidase inhibitor approved by
FDA as an anti-influenza drug. In order to syntbesthe tricyclic system from which to obtain the
cyclopentane nucleus, we used a 1,3-dipolar cyditiad reaction of the appropriate nitrile oxide /-
norbornadiene. In this way, intermedi&® was synthesised using inexpensive, commercial@ylale
reagents, and simple reactions. This approach gepte an improvement of the previously reported
processes, and makes it possible to obtain pokéhdiaraminidase inhibiting analogueséramivir by
varying the alkyl group of the nitrile oxide used.

4. Experimental Section
4.1. General methods
Melting points were determined onBdichi B-540 apparatus*H and**C NMR spectra were recorded
using aVarian-Gemini 200 MHzapectrometer. Chemical shiftd) @re given in ppm in relation to TMS;
the solvent was CDglunless otherwise specified. All of the couplingnstants J) are in Hertz.
Elemental analyses were performed by the Microaitaly Laboratory of the Department. The MS
spectra were recorded with Bhermo-Finnigan LCQadvantage AP electrospray/ion traguipped
instrument using a syringe pump device to direicligct sample solutions. Bicyclo[2.2.1]hepta-2,8+th
and 2-ethylbutanal were obtained from commercialrees. Oxime8™ was prepared following the

reported method.



4.2. 1,3-Dipolar cycloaddition of 2,5-norbornadiene7 with 2-ethyl-butanenitrile oxide. A 4.5%
aqueous solution of NaClO (229.4 mL) was addedwlisgto a solution of bicyclo[2.2.1]hepta-2,5-diene
7 (25.61 g, 278.4 mmol, 4 equiv.), oxirBg8.0 g, 69.6 mmol, 1 equiv.) and TEA (0.64 mL,4r&mol,
0.06 equiv.) in CKCI, (100 mL). The mixture was stirred for 20 h at 45&0d then cooled to room
temperature, the phases were separated and theusgplease was extracted using,CH (3x30 mL).
The combined extracts were dried over anhydrougsS@aand concentrated at reduced pressure.
Compounds9, 10, 11 and 12 were separated by means of column chromatographsilica gel (from

hexane/ethyl acetate=95/5 to hexane/ethyl acetat2sy.

4.2.1 (#)-exo-Cycloaddudf9): Colorless oil (R 0.55,hexane/ethyl acetate=90/19), (10.1 g, 71%)H
NMR: 50.90 (t,J=7.3, 6H, 2CH)); 1.43-1.79 (m, 6H, 2H-8 + 2G} 2.16-2.28 (m1H, CH); 2.98 (broad
s, 1H, H-4); 3.17 (broad s, 1H, H-7); 3.26 (8.1, 1H, H-3a); 4.75 (d}=8.1, 1H, H-7a); 6.00-6.05,
6.20-6.24 (2m, 2H, H-5 + H-6}°C NMR: § 11.6, 12.3 (2Ch); 24.7, 26.1 (2Ch); 41.7 (CH); 43.4 (C-
8): 44.9, 49.7 (C-4, C-7); 59.3 (C-3a); 87.9 (C:785.9, 140.1 (C-5, C-6); 160.2 (C-3). IR (nujaips
(.1, CH=CH), 1604 \(c=n, C=N), 1706 {c=c, C=C). Anal. Calcd for GH:NO: C, 76.06; H, 9.33; N,

6.82. Found: C, 76.01; H 9.29: N, 6.78. MS-E@h/z): 206 [M+H], 228 [M+Na].

4.2.2 (H-endo-Cycloaddudl0): Colorless oil (R0.40,hexane/ethyl acetate=90/19), (0.57 g, 4%)H
NMR: 0.88, 0.89 (2t)=7.4, 6H, 2CH); 1.44-1.69 (m, 6H, 2H-8 + 2G} 2.07-2.17 (m1H, CH); 3.10
(broad s, 1H, H-4); 3.29 (broad s, 1H, H-7); 3.84,(0=9.5, 4.0, 1H, H-3a); 5.20 (dd=9.5, 4.0, 1H, H-
7a); 6.02-6.13, 6.15-6.20 (2m, 2H, H-5 + H-BC NMR: J 11.4, 12.3 (2Ch); 23.8, 25.2 (2CH); 41.3
(CH); 43.4 (C-8); 46.6, 47.7 (C-4, C-7); 58.5 (©:385.9 (C-7a); 134.3, 135.3 (C-5, C-6); 160.9 (C-3
IR (nujol): 726 @.n, CH=CH), 1602 \{c=n, C=N), 1727 Yc-c, C=C). Anal. Calcd for GH;NO: C,

76.06; H, 9.33; N, 6.82. Found: C, 76.02; H 9.286N'7. MS-ESI (m/z): 206 [M+H], 228 [M+Na.



4.2.3 (1)-Cycloadduc(1l): Colorless amorphous glass: (®20,hexane/ethyl acetate=90/19), (0.7 g,
6.4%).'"H NMR: J0.86 (t,J=7.3, 12H, 4CH); 1.46-1.60 (m, 10H, 2H-9 + 4GM 2.22-229 (m2H,
2CH); 2.69 (broad s, 2H, H-4, H-8); 3.00 (&8.4, 2H, H-3a, H-7a); 4.47 (d78.1, 2H, H-4a, H-8a):°C
NMR:  11.5, 12.2 (4Ch); 24.7, 26.1 (4Ch); 27.0 (C-9); 41.5 (2CH); 45.5 (C-4, C-8); 54.4-38, C-
7a); 85.1 (C-4a, C-8a); 160.0 (C-3, C-7). IR (nujdb14 {c-n, C=N). Anal. Calcd for &H3oN-O,: C,

71.66; H, 9.50; N, 8.80. Found: C, 71.62; H 9.458N'1. MS-ESI (m/z): 319 [M+H], 341 [M+NaJ.

4.2.4 (1)-Cycloadduc{12): Colorless amorphous glass: (R10,hexane/ethyl acetate=90/19), (0.62 g,
5.6%).'H NMR: 4 0.91 (t,J=7.3, 12H, 4CH); 1.53-1.69 (m, 10H, 2H-9 + 4GH 2.22-2.29 (m2H,
2CH); 2.46 (broad s, 1H, H-4); 2.94 (broad s, 1FB)H3.13 (d,J=8.1, 2H, H-3a + H-4a); 4.46 (d78.1,
2H, H-7a + H-8a)°C NMR: J 11.4, 12.3 (4CH); 24.6, 26.0 (4Ch); 27.2 (C-9); 41.2 (2CH); 41.3 (C-4);
50.3 (C-8); 58.4 (C-3a, C-4a); 82.1 (C-7a, C-8&9.9 (C-3, C-5). IR (nujol): 160%d-n, C=N). Anal.
Calcd for GgH3gN»O,: C, 71.66; H, 9.50; N, 8.80. Found: C, 71.59; B79N, 8.68. MS-ESI(m/z): 319

[M+H] ", 341 [M+NaJ.

4.3. (B-3-(1-Ethyl-propyl)-4,5,6,6a-tetrahydro-3atyclopentad]isoxazole-4,6-dicarboxylic acid.3).

A solution of () exacycloadduct9 (4.3 g, 21.0 mmol) in acetone (38 mL) was addezpwise to a
solution of KMnQ (11.0 g, 69.6 mmol) in ¥ (38 mL) and cooled to 0°C, while maintaining the
temperature between 0 and 5° C. The mixture wagdtfor 3 h at room temperature, cooled to 0°C and
treated with Ng5,0s (13.22 g, 69.6 mmol), stirred for 0.5 h at roormperature, and then acidified to pH

2 with concentrated HCI and extracted using etlogtate. The organic phase was separated and dried
over anhydrous N&Q,, and the solvent was evaporaiadvacuo Compound+)-13 was obtained as a
colourless solid, (5.6 g, 99%); {B.25,toluene/dioxane/AcOH=4.5/1/0.1, bromocresol greemp. 133-

35 °C (diisopropyl etherfH NMR (CDs;OD): 4 0.89, 0.93 (2tJ=6.9, 6H, 2CH); 1.53-1.70 (m, 4H,
2CH,); 2.17-2.42 (m3H, CH + 2H-5); 2.89-3.01 (m, 2H, H-4 + H-6); 4.08d, J=9.9, 5.5, 1H, H-3a);

5.21 (dd,J=9.9, 4.8, 1H, H-6a)-°C NMR (CD;OD): ¢ 10.2, 11.4 (2CH); 24.0, 25.4 (2Ch); 32.2 (C-5);

10



40.9 (CH); 48.0, 52.3 (C-4, C-6); 57.2 (C-3a); 81@6a); 162.8 (C-3); 173.8, 174.9 (2C=0). The
assignments of the signals was made based on tRECHEMR spectra. IR (nujol): 297Wd.1, O-H),
1726 {c=0, C=0), 1612 \c=n, C=N). Anal. Calcd for GH;gNOs: C, 57.98; H, 7.11; N, 5.20. Found: C,

57.92; H 7.05; N, 5.11. MS-ES{m/z): 270 [M+H], 292 [M+Na].

4.4. (9-5-(1-Ethyl-propyl)-3,9-dioxa-4-aza-tricyalb.3.1.G-"qundec-4-ene-8,10-dion@4). A solution of
diacid (x}13 (1.0 g, 3.72 mmol) in acetic anhydride (8 mL) vsisred for 18 h at 90°C. The acetic
anhydride was evaporatéa vacuoto afford the compoun(t)-14 as a light brown solid that was used
without further purification, (0.92 g, 99%); m.24:26 °C.*H NMR: 00.92 (t,J=7.3, 6H, 2CH); 1.59-
1.68 (M, 4H, 2Ch); 1.92-2.09 (m1H, CH); 2.28-2.36 (m, 2H, 2H-11); 3.31 (3.2, 1H, H-7); 3.58 (d,

J=3.2, 1H, H-1): 3.88 (d}=8.2, 1H, H-6); 5.13 (d}=8.2, 1H, H-2).

4.5. (3)-3-(1-Ethyl-propyl)-4,5,6,6a-tetrahydro-3atyclopenta[d]isoxazole-4,6-dicarboxylic acid 6-
methyl ester 15) and (3)-3-(1-Ethyl-propyl)-4,5,6,6a-tetrahydro-Bacyclopentad]isoxazole-4,6-
dicarboxylic acid 4-methyl estel). A solution of anhydride (14 (0.92 g, 3.67 mmol) in anhydrous
CH3OH (5 mL) was stirred for 18 h at 65°C. The solvevds evaporatedh vacuo to afford an
inseparable 50:50 mixture of the two mono-estemaracid regioisomergt)-15 and(+)-16 as shown by
the '"H NMR spectrum, (1.03 g, 99%); {R.5, CHCIly/CHsOH/AcOH=97/2/1, bromocresol greertH
NMR: 50.89, 0.90 (2t)=6.9, 6H, 2CH); 1.54-1.67 (m, 4H, 2C§); 2.27-2.37 (m3H, CH + 2H-5); 2.91-
2.95, 3.08-3.14 (m, 2H, H-4 + H-6); 3.70, 3.72 (24, OCHy); 4.08 (dd,J=9.2, 4.0, 1H, H-3a); 5.29 (dt,
J=9.5, 3.3, 1H, H-6a); 8.40 (broad s, 1H, COOHEL NMR: J 11.1, 12.3 (2CH); 24.2, 25.7 (2CH);
32.0 (C-5); 40.9 (CH); 47.9, 52.3 (C-4, C-6); 525Q2,7 (OCH); 56.9, 57.1 (C-3a); 87.1, 87.3 (C-6a);
161.9, 162.0 (C-3); 173.1, 173.5 (C=0); 177.5, 8AC=0). IR (nujol): 2964\, O-H), 1737 {c-o,

C=0), 1612 Yc=n, C=N). MS-ESI (m/z): 284 [M+HT.
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4.6. (¥)-4-Carbamoyl-3-(1-ethyl-propyl)-4,5,6,6at@hydro-3aH-cyclopenta[d]isoxazole-6-carboxylic
acid methyl ester 1fa) and (¥)-6-Carbamoyl-3-(1-ethyl-propyl)-4,5,6,6attahydro-3aH-
cyclopenta[d]isoxazole-4-carboxylic acid methyleeqfl8a). NH3 (7N in CHOH) (3.0 mL, 21.0 mmol)
was added to a solution of anhydride-1#)(0.92 g, 3.67 mmol) in anhydrous THF (10 mL). Thixture
was stirred for 18 h at room temperature, and thersolvent was evaporatadvacuo The residue was
treated with HO, acidified to pH 2 with concentrated HCI, andragted using ethyl acetate. The organic
phase was dried over anhydrous,8l@&, and the solvent was evaporated off. The residas then
dissolved in anhydrous THF (10 mL) and treated WikhSiCHN, 2N in hexane (5.5 mL, 11.0 mmol).
The mixture was stirred for 18 h at room tempegrgtaifter which CBOH (3.0 mL) was added and the
solvent was evaporated vacuoto afford an inseparable 60:40 mixture of the twono-ester, mono-
amide regioisomerét)-17a and (+)-18a, as shown by théH NMR spectrum, (1.02 g, 99%):; (R.35,
hexane/ethyl acetate =25/75). 'H NMR: 0.89, 0.91 (2t)=7.6, 6H, 2CH); 1.52-1.82 (m, 4H, 2CH;
2.2-2.34 (M3H, CH + 2H-5); 2.74- 3.12 (m, 2H, H-4 + H-6); 3,374 (2s, 3H, OCH); 4.12 (dd J=9.9,
5.9, 1H, H-3a); 5.07 (dd=10.3, 5.5, 1H (40%), H-6a); 5.31 (di:10.3, 4.4, 1H (60%), H-6a); 5.61-5.86

(broad m, 2H, NBE). The products were fully characterised aftenbabtained pure (see below).

4.7. (1)-4-tert-Butylcarbamoyl-3-(1-ethyl-propyl)5l6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole-6-
carboxylic acid methyl estefi{b) and (¥)-6-tert-Butylcarbamoyl-3-(1-ethyl-propy)5,6,6a-tetrahydro-
3aH-cyclopentald]isoxazole-4-carboxylic acid metlegter (8b). tertBuNH, (1.6 mL, 14.9 mmol) was
added to a solution of anhydride {3 (1.87 g, 7.43 mmol) in anhydrous THF (15 mL). Thixture was
stirred for 18 h at room temperature, after which $olvent was evaporatedvacuo The residue was
treated with HO, acidified to pH 2 with concentrated HCI, andragted using ethyl acetate. The organic
phase was dried over anhydrous,8l@&, and the solvent was evaporated off. The residas then
dissolved in anhydrous THF (10 mL) and treated WithSiCHN, 2N in hexane (11.15 mL, 22.3 mmol).
The mixture was stirred for 18 h at room tempegrgtaifter which CBOH (6.0 mL) was added and the

solvent was evaporateth vacuo to give a 50:50 mixture of the two mono-ester, oramide
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regioisomers(z)-17b and (£)-18b, as shown by the NMR spectrum. The products weparated by
means of flash chromatography (silica gel, hexahg/ecetate =65/35), and their exact regiochemistr
was assigned by HSQC, HMBC and COSY experiments.

(+)-17b (1.0 g, 40%); colourless solid, m.p. 108-111 °R; @.35,hexane/ethyl acetate =65/3%). ['H
NMR: §0.90, 0.92 (2t)=7.3, 6H, 2CH); 1.36 (s, 9H, C(CHJ3); 1.50-1.65 (m, 4H, 2C#); 2.18-2.29 (m,
3H, C-H + 2H-5); 2.53-2.60 (m, 1H, H-4); 2.96-3.06, 1H, H-6); 3.73 (s, 3H, OG 4.09 (dd,J=10.2,
6.4, 1H, H-3a); 5.31 (ddi=10.2, 4.6, 1H, H-6a); 5.53 (broad s, 1H, NBE& NMR: § 11.4, 12.5 (2CH);
24.3, 25.7 (2Ch); 29.1 (CCHa)3); 34.9 (C-5); 41.3 (CH); 51.1 (C-4); 51.8(CHs)s); 52.6 (OCH); 53.1
(C-6); 57.1 (C-3a); 87.8 (C-6a); 162.7 (C-3); 171R-C=0); 173.0 (O-C=0). Anal. Calcd for
CigH30N204: C, 63.88; H, 8.93; N, 8.28. Found: C, 63.81; B58N, 8.19. MS-ESI(m/z): 339 [M+HT,
361 [M+Na]".

(+)-18b (1.0 g, 40%): colourless solid, m.p. 85-88 °C; (F5,hexane/ethyl acetate =65/35). fH NMR:
00.86, 0.89 (2tJ=7.3, 6H, 2CH); 1.32 (s, 9H, C(Chjs); 1.47-1.68 (m, 4H, 2CH}; 2.20, 2.21 (2t)=7.8,
2H, 2H-5); 2.28-2.35 (m, 1H, C-H); 2.55-2.63 (m,, HH#6); 2.78-2.89 (m, 1H, H-4); 3.73 (s, 3H, OgH
4.10 (dd,J=10.1, 5.9, 1H, H-3a); 5.01 (dd=10.1, 5.5, 1H, H-6a); 5.60 (broad s, 1H, NHL NMR: &
11.2, 12.5 (2CH); 24.3, 25.7 (2Ch); 29.1 (CCHa)3); 32.4 (C-5); 40.9 (CH); 47.7 (C-4); 51.8(CHs)3);
52.7 (OCH); 54.4 (C-6); 57.4 (C-3a); 87.9 (C-6a); 162.8 (CB71.0 (N-C=0); 173.5 (O-C=0). Anal.
Calcd for GgH3gN,O4: C, 63.88; H, 8.93; N, 8.28. Found: C, 63.79; B48 N, 8.18. MS-ESI(m/z): 339

[M+H] ", 361 [M+NaJ.

4.8. (¥)-4-Carbamoyl-3-(1-ethyl-propyl)-4,5,6,6athydro-3aH-cyclopenta[d]isoxazole-6-carboxylic
acid methyl esterl{a.) A solution of (x}17b (0.2 g, 0.6 mmol) in anhydrous TFA (3 mL) was le€katio
80°C for 24 h. The mixture was cooled on ice, asatarated solution of NE@O; was added until pH=7.
The solution was extracted using ethyl acetateer afthich the extracts were dried over anhydrous
NaSO, and the solvent was evaporated off to give comgdttjr17a as an amorphous glass (0.125 g,

75%).'H NMR: §0.89, 0.90 (2tJ=7.3, 6H, 2CH); 1.48-1.62 (m, 4H, 2C}); 2.20-2.31 (m3H, CH +
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2H-5); 2.74-2.84 (m, 1H, H-4); 3.01-3.11 (m, 1HBN- 3.73 (s, 3H, OCH); 4.12 (dd,J=9.9, 5.5, 1H, H-
3a); 5.31 (ddJ=10.3, 4.4, 1H, H-6a); 5.61 (broad s, 2H, )NHC NMR: J 11.1, 12.3 (2Ch); 24.1, 25.6
(2CHy); 34.1 (C-5); 41.0 (CH); 49.2 (C-4); 52.5 (OgJH52.9 (C-6); 56.9 (C-3a); 87.5 (C-6a); 162.3 (C-
3); 173.0 (N-C=0); 174.7 (O-C=0). Anal. Calcd fo148,,N.0,4: C, 59.56; H, 7.85; N, 9.92. Found: C,

59.48; H 7.76; N, 9.84. MS-ES(m/z): 305 [M+Nal].

4.9. (»-6-Carbamoyl-3-(1-ethyl-propyl)-4,5,6,6a+@hydro-3aH-cyclopenta[d]isoxazole-4-carboxylic
acid methyl ester 18a). Compound (x)-18a was obtained as described for compou@g-17a
Amorphous glass (80%JH NMR: 50.88, 0.91 (2t)=7.3, 6H, 2CH); 1.52-1.66 (m, 4H, 2C); 2.24 (t,
J=8.4,2H, 2H-5); 2.29-2.35 (miH, CH); 2.74-2.95 (m, 2H, H-4 + H-6); 3.74 (s, 3DICH;); 4.06-4.16
(m, 1H, H-3a); 5.07 (dd=10.3, 5.5, 1H, H-6a); 5.85 (broad s, 2H, MIC NMR: J 11.0, 12.3 (2CH);
24.1, 25.5 (2Ch); 32.3 (C-5); 40.8 (CH); 47.6 (C-4); 52.7 (O§H53.0 (C-6); 57.2 (C-3a); 87.7 (C-6a);
162.6 (C-3); 173.4 (N-C=0); 174.3 (O-C=0). Anal.l&hfor Ci4H.,N,04: C, 59.56; H, 7.85; N, 9.92.

Found: C, 59.46; H 7.79; N, 9.88. MS-E$Qh/z): 305 [M+Na].

4.10. (1)-4-tert-Butoxycarbonylamino-3-(1-ethyl-jd)-4,5,6,6a-tetrahydro-3aH-
cyclopenta[d]isoxazole-6-carboxylic acid methyleezg6a). A solution of (x}17a (0.244 g, 0.77 mmol)

in a mixture oftBUOH (4 mL) and DMF (2 mL) was heated to 40°C. Aftee addition of Pb(OAg)(1.7

g, 2.31 mmol), the mixture was heated to 80°C ftw Fhe solvent was evaporated, and the residue was
treated with water and extracted using ethyl aeg@t15 mL). The combined organic layers were dried
over anhydrous N&Q,, filtered and concentrated by means of rotary eketpon. The resulting residue
was purified by means of column chromatographyicgsilgel, hexane/ethyl acetate =85/15) to give
compound+)-6a as a white solid (0.169 g, 55%), m.p. 108-109'+CNMR: 50.88, 0.91 (2t)=7.3, 6H,
2CHy); 1.43 (s, 9HBU); 1.57-1.73 (m, 4H, 2Cht 2.02-2.11 (m2H, 2H-5); 2.43-2.53 (m]H, CH);

3.18 (broad d, 1HJ=6.6,H-6); 3.57 (d, 1H,)=9.2, H-38)3.75 (s, 3H, OCH); 4.21 (m, 1H, H-4); 5.19 (d,
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J=9.2, 1H, H-6a); 5.58 (broad &7.7,1H, NH). Anal. Calcd for gH3oN2Os: C, 61.00; H, 8.53; N, 7.90.

Found: C, 60.89; H 8.47; N, 7.8@S-ESI' (m/z): 377 [M+Na].

4.11. (¥-3-(1-Ethyl-propyl)-4,5,6,6a-tetrahydro-Hacyclopenta[d]isoxazole-4,6-dicarboxylic acid 6-
benzhydryl esterl@). Benzhydrol (0.68 g, 3.67 mmol) and DMAP (0.05 ¢g70mmol) were added to a
solution of anhydride (¥)14 (0.92 g, 3.67 mmol) in anhydrous toluene (10 ndyd the mixture was
stirred at reflux temperature for 10 h. After trevent had been distilled, the residue was treatitl
brine and extracted using ethyl acetate (3x10 niltje combined organic layers were dried over
anhydrous Nz50Q,, filtered, and then concentrated by means of yotaaporation. Distillation of the
solvent afforded a 70:30 mixture of the two monteesmono-acid regioisomefg)-19 and (x)-20, as
shown by the'H NMR spectrum. Compoun@)-19 was purified by means of column chromatography
(silica gel, hexane/ethyl acetate =65/35). Its exagiochemistry was assigned by HMBC and COSY
experiments. Colourless solid (0.37 g, 23%), m30-133 °C; (R 0.55, hexane/ethyl acetate =50/50,
bromocresol greenfH NMR: ¢ 0.90, 0.92 (2tJ=7.3, 6H, 2CH); 1.51-1.72 (m, 4H, 2C}); 2.28-2.40
(m, 3H, C-H + 2H-5); 2.89-2.99 (m, 1H, H-4); 3.21-3.@6, 1H, H-6); 4.08 (ddJ=9.7, 5.0, 1H, H-3a);
5.30 (dd,J=9.7, 3.9, 1H, H-6a); 6.90 (s, 1H, CH{Ph7.36 (s, 10H, 2Ph); 8.7 (broad s, 1H, OHL
NMR: d 11.3, 12.5 (2CH); 24.4, 25.9 (2CH); 32.2 (C-5); 41.1 (CH); 48.0 (C-4); 52.5 (C-6).5 (C-
3a); 78.1 (CPJ); 87.5 (C-6a); 127.4-140.1 (Ph); 162.1 (C-3); 87(0-C=0); 178.2 (HO-C=0). Anal.
Calcd for GeH2oNOs: C, 71.70; H, 6.71; N, 3.22. Found: C, 71.58; B66.N, 3.15. MS-ESI(m/z): 458

[M+Na]".
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Caption Figure 1

Figure 1. Structure of three Neuraminidase inhibitors.
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