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The key steps in the enantioselective synthesis of Tamiflu include an asymmetric Diels—Alder reaction,
Mitsunobu inversion using Fukuyama modified Weinreb reagent, carbamate directed epoxidation. Ep-
oxide opening with trimethylsilyl azide furnished a 3:1 mixture of regioisomers that converged to afford
the same aziridine. Attempted preparation of the unsaturated ester regioselectively using 2-iodoxy-
benzoic acid (IBX) following Nicolaou’s protocol failed. The unsaturated ester was prepared by phenyl-
selenylation followed by selenoxide elimination.
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1. Introduction

Oseltamivir phosphate (Tamiflu) 1, is an approved orally effec-
tive neuraminidase inhibitor used for the treatment of human in-
fluenza! and H5N1 avian flu.? Numerous people have fallen victim
to human influenza and H5N1 avian flu and it still continues to be
a threat. A ready stock of Tamiflu is desirable to protect people from
a future outbreak. Currently, Tamiflu is manufactured from
(—)-shikimic acid or (-)-quinic acid,> however the limited avail-
ability of the chiral raw materials is a major drawback. This has
propelled synthetic chemists worldwide to design alternate routes
from non-natural readily available chemicals. Many interesting and
ingenious laboratory scale syntheses,h'b'd'4 of which at least some
can be adapted to commercial scale, have been reported. Herein we
report an enantioselective synthesis of Tamiflu taking advantage of
the Diels—Alder reaction.

2. Results and discussion

The retrosynthetic analysis is depicted in Scheme 1. The in-
stallation of the alkoxy group was envisaged by opening of the
aziridine 2 towards the end of the synthesis. The aziridine 2 was
envisioned to be obtained via regioselective opening of the epoxide
3. The epoxide was traced down to allylic alcohol 4, which is readily
obtained from cyclohexene-3-carboxylic acid 5.
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Scheme 1. Retrosynthetic analysis of oseltamivir phospahate 1.

The synthesis began with (R)-cyclohexene carboxylic acid 5
(>99% ee) obtained readily in large scale by an asymmetric Diels—
Alder reaction following a reported procedure.’ lodolactonization
of 5 and dehydroiodination of 6 following Trost’s protocol® yielded
unsaturated lactone 7, Scheme 2. Base catalyzed opening of 7 with
ethanol furnished allylic alcohol 4. The amino group at C5 (Tamiflu
numbering) was introduced using the Fukuyama’ modification of
the Weinreb reagent® to furnish sulfonamide 8.° Deprotection of
the p-nosyl group under mild conditions using 2-thio ethanol'®
yielded allylic carbamate 9. Stereoselective epoxidation directed
by the carbamate moiety!! furnished compound 3 as the sole
product, Scheme 2.
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Scheme 2. Stereoselective preparation of epoxy carbamate 3.

A regioselective opening of the epoxide at C3 was expected to
furnish azido alcohol 10 via conformer ‘a’. The carboethoxy group
was expected to preferentially occupy the equatorial position as in
conformer ‘a’ rather than the axial position as in ‘b’ and selectively
yield compound 10. Treatment of 3 with ammonium azide in aq
methanol'? yielded a 2:1 mixture of azido alcohols 10 and 11, re-
spectively. Since epoxide opening was attempted at 60 °C, it is
probable that compound 3 exists as conformer ‘b’ too and thus
leads to the formation of 11. Exploring other reagents it was
eventually found that with trimethylsilyl azide in the presence of Ti
(O'Pr)4," the epoxide could be opened at 5 °C to rt. However, the
ratio of 10 to 11 was only slightly better (3:1) under these condi-
tions, Scheme 3.14
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Scheme 3. Regioselective opening of epoxide 3.

It remained to introduce the double bond and the aziridine ring
in 10 to secure compound 2. Toward this goal, the regioselective
introduction of the double bond was envisaged using IBX oxidation
of 10, following Nicolaou’s protocol,’® to obtain 12 followed by
a stereoselective reduction to 13, Scheme 4. The expectation was
not reduced to practice. Attempted direct oxidation of alcohol 10
with an excess of IBX or attempted dehydrogenation of the in-
termediate ketone with IBX led to a complex mixture of products
even in the presence of 4-methoxypyridine N-oxide.'®
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Scheme 4. Attempted preparation of unsaturated ketone 12.

The double bond was introduced by selenoxide elimination.
Protection of 10 as its trimethylsilyl ether 14 followed by treat-
ment with excess of LDA and quenching with PhSeBr!” yielded
selenide 15,'® which suffered elimination on treatment with hy-
drogen peroxide in the presence of pyridine!’ to afford un-
saturated esters 16 and 17 in a 1:1.5 ratio, respectively.!>?? The
unsaturated esters could be separated with difficulty and there-
fore the mixture was isomerized with DBU in toluene to furnish 16
in 65% yield, Scheme 5.%!

CO,Et
LDA, PhSeBr, EtO,C_ SePh H,0,, Pyr,
THF, 74% CH,Cly, 76%
PO “"NHBoc HO" “"NHBoc
N3 N3
10,P=H TMS-CI, EtzN, 15
14, P = TMS <’ CH,Cl,, 95%
CO,Et CO,Et
+
HO" “’NHBoc HO" “’NHBoc
N3 T DBU, Toluene N3
16 65% 17

Scheme 5. Preparation of unsaturated ester 16.

The azido alcohol 16 was readily converted to aziridine 18 by
treatment with triphenylphosphine in toluene.?? Acetylation fur-
nished aziridine 2, a known intermediate, which was converted to
Tamiflu following reported conditions, Scheme 6.
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Scheme 6. Stereoselective synthesis of tamiflu.
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The regioisomeric azido alcohol 11 was transformed separately
into aziridine 18 as depicted in Scheme 7. Protection of the hydroxy
group as its silyl ether 20 followed by selenylation?® and thermal
elimination afforded a mixture of esters 22 and 23 in a 1:3 ratio,
respectively, that proved difficult to separate. The mixture was
subjected to treatment with triphenylphosphine to furnish azir-
idines 18 and 24 that could be readily separated. The latter was

isomerized to 18 using DBU in toluene.?*
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Scheme 7. Stereoselective preparation of aziridine 18.

3. Conclusion

In conclusion, we have achieved a new stereoselective synthesis
of Tamiflu from cyclohexene carboxylic acid. The regioisomeric
azido alcohols 10 and 11 converged to yield the same aziridine 18.
Attempts to introduce a double bond regioselectively using IBX as
an oxidant following Nicolaou’s protocol afforded a mixture of
products. The regioisomeric unsaturated esters could be prepared
by selenenylation followed by elimination of selenoxide to afford
isomeric esters that were isomerized to the desired product. The
overall yield was 4.31%.

4. Experimental
41. General remarks

All air or moisture sensitive reactions were carried out under
nitrogen atmosphere. Solvents were distilled over Na/benzophenone
ketyl for THF, over P,0s5 followed by CaH; for DCM, and over P,0s5 for
toluene. Commercially available reagents were used without purifi-
cation thin layer chromatography was performed on precoated silica
gel plates. Column chromatography was carried out using silica gel
(60—120 mesh). NMR spectra were recorded on a 200, 300 or
400 MHz spectrometer. 'H and 3C NMR samples were internally
referenced to TMS (0.00 ppm). Melting points are uncorrected.

4.1.1. (R)-Cyclohex-3-enecarboxylic acid [5]. Under nitrogen,
acryloyl chloride (1.52 mL, 18.75 mmol) was added over 30 min

period to a stirred cold (—24 °C) solution of (S)-(+)-pantolactone
(1.95 g, 15 mmol) and triethylamine (4.15 mL, 30 mmol) in anhy-
drous dichloromethane (150 mL). After stirring at —24 °C for 6 h
dicloromethane (100 mL) was added and the organic layer was
successively washed with 1 N HCI, saturated NaHCOs3 solution,
water, brine, and dried over NaySO4. The solvent was removed
under reduced pressure to afford the crude compound that was
purified by column chromatography (eluent 8% EtOAc/hexane) to
afford the acrylate ester (2.4 g, 87%) as a colorless liquid. Ry (10%
EtOAc/hexane) 0.3; oy (300 MHz, CDCl3) 6.51 (dd, J=174, 1.3 Hz,
1H), 6.20 (dd, J=17.4,10.4 Hz, 1H), 5.96 (dd, J=10.4, 1.3 Hz, 1H), 5.40
(s, TH), 4.03 (s, 2H), 1.21 (s, 3H), 1.11 (s, 3H). To a cold (—20 °C)
solution of an excess of butadiene (3.54 mL) in a mixture of
dichloromethane and hexane (7:1, 10 mL) was added a solution of
the acrylate (1.84 g, 10 mmol) in a mixture of dichloromethane and
hexane (7:1,10 mL). A solution of TiCl4 (1 mL, 1 M/petroleum ether)
was added to the above mixture and stirred for 48 h at —20 °C. The
reaction was quenched by addition of finely pulverized
NaCO3-10H,0 (1.2 g). The temperature was allowed to rise to rt
when solid pellets formed. Filtration followed by evaporation of the
filtrate afforded the crude compound that was purified by column
chromatography (eluent 10% EtOAc/hexane) to afford the Diels—
Alder adduct (1.71 g, 72%) as a solid. Mp 37—38 °C; Rf(20% EtOAc/
hexane) 0.3; [a]# +38 (c 1, CHCl3); vmax (KBr) 2966, 2927, 1791,
1745,1152,1096 cm ™~ '; 6y (300 MHz, CDCl3) 5.74—5.59 (m, 2H), 5.32
(s, 1H), 3.99 (s, 2H), 2.77—-2.64 (m, 1H), 2.35—-2.25 (m, 2H),
2.17—2.00 (m, 3H), 1.84—1.66 (m, 1H), 1.18 (s, 3H), 1.08 (s, 3H); dc
(75 MHz, CDCl3) 173.6,171.8,126.2,124.1,75.3, 74.0, 39.5, 38.2, 26.8,
24.1, 23.4, 22.0, 19.1; m/z (MS-ESI) 239 [M+H]". A mixture of the
Diels—Alder adduct (1.71 g, 7.2 mmol) and LiOH.H,0 (0.81 g,
21.7 mmol) in THF/water (5:4 38 mL) was vigorously stirred at rt for
26 h. THF was removed in vacuo, the aq solution acidified to pH 2
and extracted with n-pentane/DCM (98:2). After drying the organic
layer over NaySOg4, the solvent was evaporated under reduced
pressure. The residue was purified through column chromatogra-
phy (eluent 15% EtOAc/hexane) to afford the acid 5 (0.86 g, 94%) as
aviscous liquid. Rr(15% EtOAc/hexane) 0.3; []% +93.7 (c 1, MeOH);
(Reported [a]& +95 (c 7, MeOH)); ymax (KBr) 2968, 2932, 1720, 1624,
1224, 802 cm™!; 6y (300 MHz, CDCl3) 5.80—5.60 (m, 2H), 2.67—2.51
(m, 1H), 2.37—2.22 (m, 2H), 2.21-1.97 (m, 3H), 1.80—1.61 (m, 1H); éc
NMR (75 MHz, CDCls): 6 182.5,126.6,124.9,39.1,27.1,24.7,24.2; m|z
(MS-ESI) 149 [M+Na]*.

4.1.2. (1R4R,5R)-4-lodo-6-oxa-bicyclo[3.2.1]octane-7-one [6]. The
acid 5 (0.86 g, 6.8 mmol) was added to a solution of NaHCO3 (1.7 g,
20.4 mmol) in water (18 mL) and the mixture stirred until it became
homogenous. The flask was then protected from light and the
mixture was treated in one portion with a solution of a mixture of
KI (6.7 g, 40.8 mmol) and iodine (1.81 g, 7.14 mmol) in water
(18 mL). The reaction mixture was stirred at rt for 20 h and then
extracted with CHCl; thrice. The combined organic extracts were
washed successively with 10% aq NayS,03, 10% aq NaHCOs3, water,
and then dried over Na,SO4. The solvent was removed under re-
duced pressure to afford the crude compound that was purified by
column chromatography (eluent 10% EtOAc/hexane) to afford the
iodolactone 6 (1.6 g, 93%) as a yellow solid. Mp 135—136 °C; [a]%
+37.2 (c 1, CHCl3); (Reported [a]3* +37.6 (¢ 2.03, CHCl3));® vmax
(KBr) 2961, 2926, 1773, 1262, 1105, 1078, 802 cm™!; dy (300 MHz,
CDCl3) 4.77 (t, J=5.4 Hz, 1H), 4.48 (t, J=4.3 Hz, 1H), 2.76 (d,
J=12.3 Hz, 1H), 2.66—2.57 (m, 1H), 2.51-2.29 (m, 2H), 2.09 (dd,
J=16.6, 4.3 Hz, 1H), 1.95—1.74 (m, 2H); dc (75 MHz, CDCl3) 1774,
79.8, 38.3, 34.2, 29.4, 23.8, 22.8; m/z (MS-ESI) 275 [M+Na]™.

4.1.3. (1R5R)-6-Oxabicyclo[3.2.1]oct-3-en-7-one [7]. The above
iodolactone 6 (1.6 g, 6.32 mmol) was dissolved in dry toluene (19 mL)
containing freshly distilled 1,8-diazabicyclo[5.4.0Jundec-7-ene
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(DBU) (1.44 g, 9.48 mmol) and the reaction mixture was heated at
reflux for 6 h, cooled, filtered, and filtrate was concentrated under
reduced pressure. The residue was purified through column chro-
matography (eluent 10% EtOAc/hexane) to afford the unsaturated
lactone 7 (0.72 g, 92%) as a pale yellow liquid. Ry (15% EtOAc/hexane)
0.3; [«]8 +178.7 (c 1, CHCl3); (Reported [«]3 +179.2 (c 9.76,
CHCL3)):® vmax (KBr) 2964, 2932, 1776, 1612, 1105, 802 cm™'; oy
(300 MHz, CDCl3) 6.28—6.17 (m, 1H), 5.88—5.78 (m, 1H), 4.73 (t,
J=5.4 Hz, 1H), 2.92—2.83 (m, 1H), 2.53—2.41 (m, 3H), 2.07 (d,
J=11.1 Hz, 1H); 6c (75 MHz, CDCl3) 179.3,130.2,129.2, 73.2, 37.9, 34.3,
29.0; m/z (MS-ESI) 147 [M+Na]*.

4.1.4. (1R5R)-Ethyl-5-hydroxycyclohex-3-enecarboxylate [4]. To a
stirred solution of the unsaturated lactone 7 (0.72 g, 5.81 mmol) in
ethanol (12 mL) was added K;COs3 (160 mg, 1.16 mmol) at rt and the
mixture stirred at the same temperature for 5 h. The reaction
mixture was filtered through a Celite pad. Removal of ethanol un-
der reduced pressure afforded the crude product that was purified
by column chromatography (eluent 20% EtOAc/hexane) to afford
the allylic alcohol 4 (0.89 g, 90%) as a yellow liquid. Ry (22% EtOAc/
hexane) 0.3; [a]% +37 (c 1, CHCl3); vmax (KBr) 3422, 2923, 2852,
1728, 1303, 1246, 1179, 1028 cm™!; 6y (300 MHz, CDCl3) 5.73—5.60
(m, 2H), 4.21-4.12 (m, 1H), 4.07 (q, J=7.5 Hz, 2H), 2.66—2.52 (m,
1H), 2.24—2.10 (m, 3H), 1.74—1.58 (m, 1H), 1.21 (t, J=7.5 Hz, 3H); dc
(75 MHz, CDCl3) 174.9,130.9, 126.2, 65.9, 60.4, 38.0, 34.0, 27.2,13.8;
mfz (MS-ESI) 193 [M+Na]"; HRMS(ESI) calcd for CgHi403Na
[M+Na]* 193.0847, found 193.0840.

4.15. (1R5S)-Ethyl-5-(N-(tert-butoxycarbonyl)-4-nitrophenylsulfon-
amido )cyclohex-3-enecarboxylate [8]. A mixture of allylic alcohol 4
(0.89 g, 523 mmol), triphenylphosphine (137 g, 5.23 mmol),
BocNHNS-p (1.54 g, 5.23 mmol) was dissolved in toluene (26 mL).
The solution was cooled at —20 °C, diethyl azodicarboxylate
(0.89 mL, 5.23 mmol) was added dropwise over 10 min and stirred
further at the same temperature for 6 h. Removal of toluene under
reduced pressure afforded a residue that was purified by column
chromatography (eluent 15% EtOAc/hexane) to afford sulfonamide 8
(2.11 g, 89%) as a pale yellow solid. Mp 113—114 °C; Ry (20% EtOAc/
hexane) 0.3; [a]3° —39 (c 1, CHCl3); ymax (KBr) 2980, 2924, 1729, 1532,
1356, 1149, 741 cm™'; 0y (200 MHz, CDCls) 8.35 (d, J=8.8 Hz, 2H),
8.10 (d, J=8.8 Hz, 2H), 5.81-5.71 (m, 1H), 5.54—5.43 (m, 1H),
5.25—-5.12 (m, 1H), 4.30—4.08 (m, 2H), 2.99—2.90 (m, 1H), 2.51-2.22
(m, 4H), 1.37 (s, 9H), 1.31 (t, J=6.9 Hz, 3H); dc (75 MHz, CDCl3) 174.0,
150.0, 149.9, 145.9, 128.9, 127.1, 127.0, 123.8, 84.9, 60.6, 53.4, 37.5,
29.4, 27.6, 25.3, 13.9; m/z (MS-ESI) 477 [M+Na]"; HRMS(ESI) calcd
for CoH2608N2NaS [M+Na]* 477.1321, found 477.1307.

4.1.6. (1R,5S)-Ethyl-5-(tert-butoxycarbonylamino)cyclohex-3-ene-
carboxylate [9]. To a stirred solution of sulfonamide 8 (2.11 g,
4.65 mmol) in acetone (14 mL) was added DBU (1.4 mL, 9.3 mmol)
followed by 2-mercapto ethanol (0.64 mL, 9.3 mmol). The reaction
mixture was stirred for 3 h at rt. Acetone was distilled off under
reduced pressure, the resulting residue was purified by column
chromatograohy (eluent 12% EtOAc/hexane) to afford the carbamate
9 (113 g, 91%) as a white solid. Mp 77—78 °C; Rr(18% EtOAc/hexane)
0.3; [a]8’ —101.5 (¢ 1, CHCl3); ymax (KBr) 3365, 2974, 2927, 1714, 1518,
1247, 1169, 1055, 1027 cm ™ ; 6y (300 MHz, CDCl3) 5.63 (d, J=9.8 Hz,
1H), 5.46 (dd, J=9.8, 4.1 Hz, 1H), 4.93 (d, J=5.8 Hz, 1H), 4.08—3.97 (m,
1H),3.92 (q,J=7.2 Hz, 2H), 2.50—2.29 (m, 1H), 2.15—1.76 (m, 3H), 1.58
(td,J=13.0, 4.9 Hz, 1H), 1.22 (s, 9H), 1.03 (t, J=7.2 Hz, 3H); 6¢ (75 MHz,
CDCl3) 174.6,154.5,128.4,126.1, 78.5, 59.9, 43.6, 34.8, 31.4, 27.9, 26.9,
13.9; m/z (MS-ESI) 292 [M+Na]"; HRMS(ESI) calcd for C14H3NO4Na
[M+Na]* 292.1533, found 292.1524.

4.1.7. (1R,3S,5S,6S)-Ethyl-5-(tert-butoxycarbonylamino)-7-ox-
abicyclo[4.1.0]heptane-3-carboxylate [3]. To a solution of carbamate

9 (1.13 g, 4.23 mmol) in CHyCl (21 mL), mCPBA (0.81 g, 4.65 mmol)
was added at 0 °C. After stirring for 6 h, CH,Cl, (10 mL) was added
and the organic layer washed successively with aq saturated NaHCO3
solution, water, brine, dried over Na;SQy4, and filtered. Concentration
under reduced pressure, afforded the crude product that was puri-
fied through column chromatography (eluent 15% EtOAc/hexane) to
afford the epoxy ester 3 (1.01 g, 84%) as a white solid. Mp
101102 °C; Rf(20% EtOAc/hexane) 0.3; [oc]ZD5 —43.5(c 1, CHCI3); Ymax
(KBr) 3365, 2978, 2931, 1714, 1507, 1367, 1244, 1171, 1051 cm*]; oy
(300 MHz, CDCl3) 5.03 (d, J=8.1 Hz, 1H), 4.21—4.12 (m, 1H), 4.08 (q,
J=7.2 Hz, 2H), 3.36—3.29 (m, 1H), 3.24 (t, J=3.7 Hz, 1H), 2.57—2.43
(m, 1H),2.17 (dd, J=15.2, 4.5 Hz, 1H), 2.01-1.87 (m, 1H), 1.77—1.53 (m,
2H), 1.39 (s, 9H), 1.20 (t, J=7.2 Hz, 3H); dc (75 MHz, CDCl3) 174.5,
155.0, 79.4, 60.6, 53.9, 53.1, 43.7, 33.7, 30.3, 28.3, 26.3, 14.1; m/z (MS-
ESI) 308 [M+Na]"; HRMS(ESI) calcd for Ci4Hp3NOsNa [M+Na]*
308.1471, found 308.1473.

4.1.8. (1S,3S,4R,5R)-Ethyl-4-azido-3-(tert-butoxycarbonylamino)-5-
hydroxycyclohexanecarboxylate [10] and (1S,3S,4S,5S )-ethyl-3-azido-
5-(tert-butoxycarbonylamino )-4-hydroxycyclohexanecarboxylate
[11]. To a stirred solution of epoxy ester 3 (584 mg, 1.78 mmol) in
anhydrous benzene (10 mL) cooled at 5 °C was added TMSN;
(0.81 mL, 6.15 mmol), followed by Ti(OPr)4 (0.73 mL, 2.46 mmol).
The reaction mixture was stirred for 2 h gradually allowing the
temperature to rise to rt. The reaction mixture was diluted with
diethyl ether (10 mL) followed by addition of 5% H,SO4 (5 mL). The
reaction mixture was stirred vigorously for 1 h. The layers were
separated and the aq layer extracted with diethyl ether twice. The
combined organic layers were washed successively with aq satu-
rated NaHCOs3, water, brine, dried over Na;SOyg, filtered, and con-
centrated to furnish the crude product. The crude product was
purified by column chromatography (eluent 20% EtOAc/hexane) to
afford the regioisomeric azido alcohols 10 and 11 in a 3:1 ratio,
respectively, in 86% yield.

Compound 10. White solid; mp 126—127 °C; Ry (30% EtOAc/
hexane) 0.3; [a]3’ —37 (c 1, CHCl3); vmax (KBr) 3352, 2981, 2107,
1723, 1689, 1531, 1203, 1171, 1019 cm™'; oy (300 MHz, CDCl3)
5.39-5.19 (m, 1H), 4.11 (q, J=7.2 Hz, 2H), 3.84—3.59 (m, 2H),
3.44—3.25 (m, 1H), 2.85—2.75 (m, 1H), 2.32—2.07 (m, 2H), 1.81-1.57
(m, 2H), 1.42 (s, 9H), 1.23 (t, J=7.2 Hz, 3H); dc (75 MHz, CDCl3) 174.1,
155.1,79.8, 69.0, 68.1, 60.9, 49.6, 35.7, 32.5, 31.2, 28.3,14.1; m/z (MS-
ESI) 351 [M+Na]*; HRMS(ESI) calcd for Ci4H24N40sNa [M+Na]*
351.1635, found 351.1644.

Compound 11. White solid; mp 125-126 °C; Ry (30% EtOAc/
hexane) 0.4; [a]3 —44 (c 1, CHCl3); vmax (KBr) 3352, 2981, 2107,
1725, 1683, 1206, 1171, 1019 cm™!; 6y (300 MHz, CDCl3) 5.14—4.90
(m, 1H), 411 (q, J=7.2 Hz, 2H), 4.05—3.95 (m, 1H), 3.93—3.75 (m,
1H), 3.64—3.49 (m, 1H), 2.68—2.50 (m, 1H), 2.25—2.06 (m, 2H),
1.77—-1.52 (m, 2H), 1.43 (s, 9H), 1.25 (t, J=7.2 Hz, 3H); dc (75 MHz,
CDCl3) 174.1,157.2, 80.7, 73.5, 69.4, 61.2, 50.6, 36.6, 31.5, 30.9, 28.7,
14.4.

4.1.9. (1S,3S,4R,5R)-Ethyl-4-azido-3-(tert-butoxycarbonylamino)-5-
(trimethylsilyloxy )cyclohexanecarboxylate [14]. To a solution of
azido alcohol 10 (432 mg, 1.32 mmol) in CH,Cl, (6.6 mL) EtsN
(0.36 mL, 2.65 mmol) followed by TMS—CI (0.17 mL, 1.32 mmol)
were added at 0 °C. After 30 min the reaction mixture was diluted
with CHyCl; (5 mL), washed with with water, brine, and dried over
Na,SO4. Filtration and concentration furnished the crude product
that was purified by column chromatography (eluent 10% EtOAc/
hexane) to afford the silyl ether 14 (500 mg, 95%) as a white solid.
Mp 117—118 °C; Rf(10% EtOAc/hexane) 0.3; []&’ —50 (c 1, CHCl3);
vmax (KBr) 3361, 2968, 2104, 1723, 1523, 1253, 1172, 844 cm™!; oy
(300 MHz, CDCl3) 5.32—5.08 (m, 1H), 4.14 (q, J=6.9 Hz, 2H),
3.90-3.77 (m, 1H), 3.73—-3.55 (m, 1H), 3.38-3.27 (m, 1H),
2.83—-2.70 (m, 1H), 2.22—2.01 (m, 2H), 1.78—1.57 (m, 2H), 1.44 (s,
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9H), 1.25 (t, J=6.9 Hz, 3H), 0.16 (s, 9H); dc (75 MHz, CDCl3) 174.1,
154.9,79.5, 70.3, 66.6, 60.8, 48.8, 35.0, 32.8,30.7,28.3,14.2, —-0.2; m/
z (MS-ESI) 423 [M+Na]"; HRMS(ESI) calcd for Ci7H3;N405NaSi
[M+Na]* 423.2033, found 423.2039.

4.1.10. (1S5,3S,4S,5S)-Ethyl-3-azido-5-(tert-butoxycarbonylamino )-4-
(trimethylsilyloxy )cyclohexanecarboxylate [20]. The silyl ether 20
was prepared following the procedure detailed above for the
preparation of 14. The crude product was purified through column
chromatography (eluent 8% EtOAc/hexane) to afford the compound
20 (166 mg, 94%) as a white solid. Mp 116—117 °C; Rf (8% EtOAc/
hexane) 0.3; [a]% —58 (¢ 1, CHCl3); vmax (KBr) 3361, 2968, 2104,
1723, 1523, 1253, 1172, 844 cm™!; 0y (300 MHz, CDCl3) 4.59 (d,
J=4.7 Hz, 1H), 4.13 (q, J=7.2 Hz, 2H), 3.90—3.82 (m, 1H), 3.60 (dd,
J=8.7, 4.3 Hz, 1H), 3.42 (td, J=10.7, 4.3 Hz, 1H), 2.62—2.49 (m, 1H),
2.36—2.23 (m, 1H), 2.19—2.06 (m, 1H), 1.70—1.50 (m, 2H), 1.46 (s,
9H), 1.27 (t, J=7.2 Hz, 3H), 0.18 (s, 9H); éc (75 MHz, CDCl3) 173.8,
155.9, 79.6, 73.9, 61.4, 60.7, 50.8, 36.0, 31.4, 30.4, 28.3, 14.1, —0.1.

4.1.11. (3S,4R,5R)-Ethyl-4-azido-3-(tert-butoxycarbonylamino)-5-
hydroxy-1-(phenylselanyl)cyclohexanecarboxylate [15]. To a solution
of diisopropylamine (0.43 mL, 3.13 mmol) in THF (7.5 mL) was added
n-Buli (1.25 mL, 2.5 M/hexanes) at 0 °C under nitrogen. The reaction
mixture was stirred at same temperature for 15 min, then cooled to
—78°C. A solution of silyl ether 14 (500 mg, 1.25 mmol) in THF (2 mL)
was added dropwise and the reaction mixture stirred for 45 min at
the same temperature. To a solution of diphenyl diselenide (0.49 g,
1.56 mmol) in THF (3 mL) in another round bottomed flask was
added bromine (0.08 mL, 1.56 mmol) while vigorously stirring at rt.
After 10 min the resultant phenyl selenyl bromide was transferred
via canula to the enolate solution at —78 °C. Immediately decol-
ourisation was observed. After stirring for 30 min at —78 °C the re-
action mixture was poured into an aq solution of 1 N HCl (50 mL) and
50% ether:pentane mixture(50 mL). This was stirred for 30 min. The
layers were separated and the aq layer extracted with ether, the
combined organic extracts were successively washed with water, aq
saturated NaHCOs, brine, dried over Na;SQOy, filtered, and concen-
trated to furnish the crude product. The crude product was purified
by column chromatography (eluent 15% EtOAc/hexane) to afford the
selenyl compound 15 (448 mg, 74%) as a gummy liquid. Ry (22%
EtOAc/hexane) 0.3; [a]% —48 (c 1, CHCl3); vmax (KBr) 3366, 2975,
2930, 2104, 1697, 1521, 1259, 1171, 1021, 744 cm™'; 6y (300 MHz,
CDCl3) 7.55 (d, J=6.9 Hz, 2H), 7.42 (t, J=6.9 Hz, 1H), 7.32 (t, J=6.9 Hz,
2H), 4.62 (d, J=7.9 Hz, 1H), 417—4.03 (m, 2H), 3.41-3.13 (m, 3H),
2.61-2.48 (m, 2H), 1.95—1.78 (m, 1H), 1.78—1.61 (m, 1H), 1.44 (s, 9H),
1.20 (t, J=7.2 Hz, 3H); ic (75 MHz, CDCl3) 171.1, 154.9, 137.9, 129.7,
128.9,125.8, 80.0, 70.1, 69.9, 61.5, 51.0, 45.1, 40.8, 39.6, 28.2,13.8; m/z
(MS-ESI) 507 [M-+Na]™; HRMS(ESI) calcd for CpoHgN4OsNaSe
[M-+Na]* 507.1114, found 507.1122.

4.1.12. (35,4S,5S)-Ethyl-3-azido-5-(tert-butoxycarbonylamino )-4-hy-
droxy-1-(phenylselanyl)cyclohexanecarboxylate [21]. The compound
21 was prepared from 20 following the procedure detailed above for
the preparation of 15. The crude product was purified by column
chromatography (eluent 15% EtOAc/hexane) to afford the compound
21 (116 mg, 58%) as a gummy liquid. Rr(18% EtOAc/hexane) 0.3; [a.]%
—39 (c 1, CHCI3); ¥max (KBr) 3366, 2975, 2930, 2104, 1697, 1521, 1259,
1171,1021, 744 cm™'; 6y (300 MHz, CDCl3) 7.48 (d, J=6.8 Hz, 2H), 7.35
(t,J=6.8 Hz, 1H), 7.25 (t, J=6.9 Hz, 2H), 5.21-5.12 (m, 1H), 4.13—3.90
(m, 3H), 3.52 (dd, J=9.8, 4.5 Hz, 1H), 3.44—3.28 (m, 1H), 2.60—2.42
(m, 2H), 1.94—-1.83 (m, 1H), 1.69—1.53 (m, 1H), 1.36 (s, 9H), 1.20 (t,
J=7.5 Hz, 3H); dc (75 MHz, CDCl3) 1714, 151.5, 137.9, 129.4, 1291,
124.7, 80.4, 74.9, 62.7, 59.5, 50.3, 47.6, 40.0, 38.9, 28.0, 13.9.

4.1.13. (3S,4R,5S)-Ethyl-4-azido-5-(tert-butoxycarbonylamino)-3-
hydroxycyclohex-1-enecarboxylate [16] and (3S,4R5R)-ethyl-4-

azido-3-(tert-butoxycarbonylamino)-5-hydroxycyclohex-1-ene-
carboxylate [17]. To a stirred solution of compound 15 (300 mg,
0.62 mmol) in CHyCl; (3 mL) was added pyridine (0.13 mlL,
1.48 mmol), followed by 30% H;0; (0.21 g, 1.8 mmol) at rt. After
30 min the reaction mixture was diluted with CH,Cl, (6 mL)
washed with aq 10% Na,COs solution, water, 10% HCl solution,
brine, and dried over Na;SO4. The solvent was removed under re-
duced pressure to furnish the crude product, that was purified by
column chromatography (eluent 20% EtOAc/hexane) to afford an
inseparable mixture of unsaturated esters 16 and 17 in a 2:3 ratio,
respectively (152 mg, 76%). Rr (23% EtOAc/hexane) 0.3; o0y
(300 MHz, CDCl3) 6.78—6.72 (m, 1H), 6.69—6.61 (m, 1H), 4.99 (d,
J=79 Hz, 1H), 4.65—4.27 (m, 2H), 4.19 (q, J=7.2 Hz, 3H), 3.90—3.70
(m, 2H), 3.59—3.46 (m, 2H), 2.93—2.75 (m, 2H), 2.42—2.24 (m, 2H),
1.47 (s, 18H), 1.28 (t, J=7.2 Hz, 6H).

4.1.14. (3S,4R,5S)-Ethyl-4-azido-5-(tert-butoxycarbonylamino)-3-
hydroxycyclohex-1-enecarboxylate [16]. To a solution of the mixture
of unsaturated esters 16 and 17 (152 mg, 0.47 mmol) in toluene
(3.1 mL) was added DBU (20 pL, 0.09 mmol) at rt. After 24 h of
stirring at rt, toluene was removed under reduced pressure and the
residue was purified by column chromatography (eluent 20%
EtOAc/hexane) to afford the unsaturated ester 16 (97 mg, 65%) as
a white solid. Mp 133—134 °C; 10% of aromatized compound was
observed; Ry (23% EtOAc/hexane) 0.3; [oc]%5 —59 (c 1, CHCI3); ¥max
(KBr) 3361, 2929, 2856, 2106, 1697, 1529, 1368, 1254, 1165,
703 cm™!; 6y (300 MHz, CDCl3) 6.77—6.65 (m, 1H), 4.95—4.81 (m,
1H), 4.33—4.25 (m, 1H), 4.19 (q, J=7.2 Hz, 2H), 3.78—3.64 (m, 1H),
3.51(dd, J=10.5, 7.9 Hz, 1H), 2.82 (dd, J=18.1, 5.2 Hz, 1H), 2.41-2.25
(m, 1H), 1.46 (s, 9H), 1.30 (t, J=7.2 Hz, 3H); éc (75 MHz, CDCl3) 165.8,
155.4, 138.1, 129.1, 80.2, 70.8, 67.3, 61.2, 49.2, 30.9, 28.3, 14.1; m/z
(MS-ESI) 349 [M+Na]™; HRMS(ESI) caled for Ci4H22N40sNa
[M+Na]* 349.1483, found 349.1487.

4.1.15. (35,4S,5S)-Ethyl-3-azido-5-(tert-butoxycarbonylamino )-4-hy-
droxycyclohex-1-enecarboxylate [22] and (3S,4S,5S)-ethyl-5-azido-3-
(tert-butoxycarbonylamino )-4-hydroxycyclohex-1-enecarboxylate
[23]. The compound 22 and 23 were prepared from 21 following
the procedure detailed above for the preparation of 16 and 17. The
crude product was purified by column chromatography (eluent 18%
EtOAc/hexane) to afford an inseparable mixture of unsaturated
esters 22 and 23 in a 1:3 ratio, respectively (52 mg, 68%). Ry (21%
EtOAc/hexane) 0.3; dy (300 MHz, CDCl3) 6.77—6.68 (m, 1H),
6.66—6.59 (m, 1H), 5.02—4.88 (m, 2H), 4.33—4.16 (m, 4H),
412—4.00 (m, 2H), 3.99-3.86 (m, 2H), 3.63—3.45 (m, 2H),
2.85—2.63 (m, 1H), 2.60—2.40 (m, 1H), 2.39—2.18 (m, 1H), 2.10—1.92
(m, 1H), 1.46 (s, 18H), 1.31 (t, J=7.2 Hz, 6H).

4.1.16. (1S,5S,6R)-Ethyl-5-(tert-butoxycarbonylamino)-7-azabicy-
clo[4.1.0]hept-2-ene-3-carboxylate [18]. To a solution of azido al-
cohol 16 (97 mg, 0.3 mmol) in toluene (3 mL) was added
triphenylphosphine (79 mg, 0.3 mmol) at rt and the reaction
mixture was refluxed for 3 h. After removal of the solvent under
reduced pressure, ether (5 mL) was added, and the mixture
cooled to 0 °C. The precipitated triphenylphosphine oxide was
removed by decantation and the filtrate evaporated. This pro-
cedure was repeated twice to remove any traces of triphenyl-
phosphine oxide. The residue obtained after removal of ether was
purified by column chromatography (eluent 40% EtOAc/hexane)
to afford aziridine 18 (70 mg, 83%) as a gummy liquid. Ry (50%
EtOAc/hexane) 0.3; [a]3° —44.9 (¢ 1, CHCl3); vmax (KBr) 3259, 2977,
2929, 1706, 1437, 1176, 1119, 722 cm™ % 0y (300 MHz, CDCl3)
7.25—713 (m, 1H), 4.52—4.32 (m, 2H), 4.17 (q, J=6.8 Hz, 2H),
2.89—2.70 (m, 1H), 2.68—2.47 (m, 2H), 2.44—2.24 (m, 1H), 1.42 (s,
9H), 1.28 (t, J=6.8 Hz, 3H); dc (75 MHz, CDCl3) 166.6, 155.0, 137.6,
132.9, 79.4, 60.5, 42.7, 36.8, 28.2, 26.3, 25.4, 14.0; m/z (MS-ESI)
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305 [M+Na]t; HRMS(ESI) calcd for Ci4H3N;04Na [M+Na]™*
305.1604, found 305.1610.

4.1.17. (1S,5S,6S)-Ethyl-5-(tert-butoxycarbonylamino )-7-azabicyclo
[4.1.0]hept-3-ene-3-carboxylate [24]. The inseparable mixture of
azido alcohols 22 and 23 upon treatment with triphenylphosphine
as detailed above for the preparation of 18 yielded a separable
mixture of compounds 18 and 24. The crude product was purified
by column chromatography (eluent 40% EtOAc/hexane) to afford
initially compound 18 and then compound 24 (23 mg, 71%) isolated
yield as a gummy liquid. Ry (60% EtOAc/hexane) 0.3; [a]%’ —38 (c 1,
CHCl3); vmax (KBr) 3259, 2977, 2929, 1706, 1437, 1176, 1119,
722 cm™'; 6y (300 MHz, CDCl3) 6.74—6.64 (m, 1H), 4.70—4.59 (m,
1H), 4.56—4.47 (m, 1H), 4.16 (q, J=6.8 Hz, 2H), 2.91-2.79 (m, 1H),
2.54-2.33 (m, 3H), 1.45 (s, 9H), 1.28 (t, J=6.8 Hz, 3H); ¢ (75 MHz,
CDCl3) 166.6, 155.1, 139.2, 132.8, 79.9, 60.7, 45.4, 37.2, 28.3, 241,
22.6, 14.1.

4.1.18. Compound 18 from 24. To a solution of the aziridine 24
(23 mg, 0.08 mmol) in toluene (1 mL) was added DBU (5 pL,
0.02 mmol) at rt. After 24 h of stirring at rt, toluene was removed
under reduced pressure and the residue was purified by column
chromatography (eluent 40% EtOAc/hexane) to afford aziridine 18
(13 mg, 58%) as a gummy liquid. 15% of aromatized compound
observed; Ry (50% EtOAc/hexane) 0.3; [OL]ZDS —44.9 (c 1, CHCI3); ¥max
(KBr) 3259, 2977, 2929, 1706, 1437, 1176, 1119, 722 cm’l; 0y
(300 MHz, CDCl3) 7.25—7.13 (m, 1H), 4.52—4.32 (m, 2H), 4.17 (q,
J=6.8 Hz, 2H), 2.89—2.70 (m, 1H), 2.68—2.47 (m, 2H), 2.44—2.24 (m,
1H), 1.42 (s, 9H), 1.28 (t, J=6.8 Hz, 3H); dc (75 MHz, CDCl3) 166.6,
155.0, 137.6, 132.9, 79.4, 60.5, 42.7, 36.8, 28.2, 26.3, 25.4, 14.0.

4.1.19. (1S,5S,6R)-Ethyl-7-acetyl-5-(tert-butoxycarbonylamino)-7-
azabicyclo[4.1.0]hept-2-ene-3-carboxylate [2]. To a solution of the
aziridine 18 (70 mg, 0.25 mmol) in anhydrous CH,Cl, (1.25 mL)
cooled at 0 °C were added Et3N (67 pL, 0.5 mmol), DMAP (1 mg),
and acetic anhydride (28 pL, 0.28 mmol) successively and the
mixture was stirred for 30 min at ambient temperature. The re-
action mixture was diluted with CH;Cl; (3 mL) and washed with
10% aq citric acid solution, water, brine, and dried over NaySO4.
Evaporation of the solvent under reduced pressure afforded the
crude product, which was purified by column chromatography
(eluent 1% Et3N, 19% EtOAc, 80% hexane) to afford 2 (71 mg, 87%) as
a pale yellow liquid. R£ (30% EtOAc/hexane) 0.3; [a]% —101.2 (c 1,
CHCl3): (Reported [a]5’ —102.4 (c 0.92, CHCl3));* ymax (KBr) 3346,
2977,2927,1708, 1524, 1367, 1253, 1169 cm™1; oy (300 MHz, CDCl3)
7.23—7.14 (m, 1H), 4.58—4.47 (m, 1H), 4.41 (d, J=8.3 Hz, 1H), 4.20 (q,
J=17.5 Hz, 2H), 3.15—3.03 (m, 2H), 2.79—2.67 (m, 1H), 2.42—2.28 (m,
1H), 2.14 (s, 3H), 1.43 (s, 9H), 1.31 (t, J=7.5 Hz, 3H); ¢ (75 MHz,
CDCl3) 181.2, 165.7, 154.9, 133.6, 130.2, 79.9, 60.9, 41.9, 40.9, 31.8,
28.2, 26.6, 23.0, 14.1; m/z (MS-ESI) 325 [M+H]"; HRMS(ESI) calcd
for C1gH25N205 [M+H]* 325.1772, found 325.1763.

4.1.20. (3R4R,5S)-Ethyl-4-acetamido-5-(tert-butoxycarbonylamino)-
3-(pentan-3-yloxy)cyclohex-1-enecarboxylate [19]. To a stirred so-
lution of 2 (71 mg, 0.22 mmol) in 3-pentanol (4.2 mL), a solution of
BF3-Et;0 in 3-pentanol (1 M, 0.32 mL, 0.32 mmol) was added at
—20 °C. After 30 min, the reaction was diluted with EtOAc and
quenched with saturated NaHCOs solution. The aq layer was
extracted with EtOAc. The combined organic layers were washed
with brine, dried over Na;SO4 and filtered. After removal of the
solvent under reduced pressure the crude product was purified
through column chromatography (eluent 40% EtOAc/hexane) to
afford 19 (62 mg, 70%) as a colorless solid. Mp 139—140 °C; R¢(50%
EtOAc/hexane) 0.3; [«]& —95.8 (¢ 1, CHCl3); (Reported [2]5° —97.1 (¢
0.92, CHCl3));* vnax (KBr) 3422, 2925, 1715, 1688, 1658, 1248 cm ™ 1
0p (300 MHz, CDCl3) 6.74 (m, 1H), 6.17 (d, J=8.1 Hz, 1H), 5.30 (d,

J=9.5 Hz, 1H), 4.19 (q, J=7.3 Hz, 2H), 4.07—3.94 (m, 2H), 3.80—3.68
(m, 1H), 3.40—3.31 (m, 1H), 2.72 (dd, J=17.6, 5.1 Hz, 1H), 2.35—2.23
(m, 1H), 1.96 (s, 3H), 1.55—1.45 (m, 4H), 1.41 (s, 9H), 1.29 (t, ]=7.3 Hz,
3H), 0.92—0.84 (m, 6H); dc (75 MHz, CDCl5): 6 170.7, 165.7, 156.3,
137.6, 129.3, 82.1, 79.4, 75.7, 60.8, 54.4, 49.2, 30.9, 28.4, 26.2, 25.8,
23.3,14.3, 9.6, 9.3; m/z (MS-ESI) 413 [M+H]*; HRMS(ESI) calcd for
C16H25N205 [M+H]+ 413.2666, found 413.2651.

4.1.21. Ethyl-(3R,4R,5S)-4-acetamide-5-amino-3-(1-ethylpropoxy)
cyclohexene-1-carboxylate phosphate [1]. To a stirred solution of 19
(62 mg, 0.15 mmol) in CH,Cl; (1 mL), TFA (0.22 mL) was added at rt.
The resulting solution was stirred for 1 h at the same temperature.
After removing solvent under reduced pressure, the residue was
dissolved in CH,Cl; (3 mL), and saturated NaHCO3 aq solution was
added at 4 °C. The aq layer was extracted with CH>Cl; (10 mL) and
the combined organic layers were washed with brine, dried over
NaySQy, filtered, and concentrated. To a stirred solution of crude
product in EtOH (2.4 mL), a solution of H3PO4 in EtOH (1 M, 0.3 mL,
0.3 mmol) was added at room temperature. After the resulting
solution was warmed to 50 °C, crystallization commenced. The
mixture was slowly cooled down to 4 °C. The crystals were col-
lected and washed with acetone and hexane to afford 1 (32 mg, 71%
yield) as white crystals. Mp 205—206 °C; [«]& —26.4 (c 1, H20);
(Reported [a]3” —27.1 (c 0.97, H20));*9 vy (KBr) 3422, 2362, 2342,
1715,1658,1248 cm ™ '; 011 (400 MHz, CDCl3) 6.81 (m, 1H), 4.33—4.26
(m, 1H), 4.26—4.17 (m, 1H), 4.06—3.98 (m, 1H), 3.60—3.47 (m, 2H),
2.97-2.88 (m, 1H), 2.54—2.42 (m, 1H), 2.04 (s, 3H), 1.58—1.46 (m,
3H), 1.45—-1.36 (m, 1H), 1.24 (t, J=7.3 Hz, 3H), 0.84 (t, J=7.7 Hz, 3H),
0.80 (t, J=7.7 Hz, 3H); é¢c (75 MHz, CDCl3) 175.9, 168.0, 138.5, 128.2,
84.9, 75.7, 63.0, 53.2, 49.7, 28.8, 26.1, 25.6, 23.0, 13.9, 9.1, 9.0; m/z
(MS—ESI) 313 [M+H]+; HRMS(ES]) calcd for CigHa9N204 [l\/I—I—H]Jr
313.2132, found 325.2127.
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