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. Column Chromatography was performed over silica gel (230-400 mesh).

. TLC analyses were performed over aluminum plates coated with silica gel (5-25 m)

containing UV active G-254 additive.

. IR spectra were recorded on a Perkin-Elmer model 683 B or 1605 FT-IR and

absorptions were expressed in cm™.

. 'H and *C NMR spectra were recorded on Brucker FT AC-200 MHz, Brucker

Avance 500 MHz and JEOL ECX 400 instruments using TMS as an internal
standard. The following abbreviations were used: s = singlet, d = doublet, t =
triplet, g = quartet, m = multiplet, br s = broad singlet, dd = doublet of doublet, dt =
doublet of triplet and ddd = doublet of doublet of doublet, app = apparent.
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sodium D light.
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ABSTRACT

Enantioselective Synthesis of Bioactive Molecules via Organocatalysis

and Synthetic Methodologies on C-C, C-N Bond Formations

Research Student: Anil Maruti Shelke
AcSIR Roll: 10CC11J26092
Research Guide: Dr. Gurunath Suryavanshi

The thesis entitled “Enantioselective Synthesis of Bioactive Molecules via
Organocatalysis and Synthetic Methodologies on C-C, C-N Bond Formations’’ is
divided into four chapters. The title of the thesis clearly reflects the objective, which is to
utilize organocatalyzed reactions for the enantioselective synthesis of bioactive molecules
and develop useful synthetic methodologies which involve new C-C, C-N bond formation
reactions. Chapter | deals with the enantioselective total synthesis of (+)-Oxybiotin, 3-epi-
Jaspine B via intramolecular tandem desilylation oxa-michael addition reaction and
Stagonolide C using organocatalytic a-aminooxylation and Jorgenson’s epoxidation
strategy. Chapter Il describes the total synthesis of Stagonolide F by employing an
organocatalytic a-aminooxylation and asymmetric epoxidation strategy and formal
synthesis of Pinolide via L-proline-catalyzed sequential a-aminooxylation and
Horner-Wadsworth-Emmons olefination-Sharpless asymmetric dihydroxylation
strategy. Chapter 111 deals with the synthesis of 3,3’-spiro-phosphonylpyrazole-oxindole

skeleton via [1,3]-dipolar cycloaddition reaction of Bestmann-Ohira reagent with

vii



Methyleneindolinones. Chapter IV describes the fluoride-assisted synthesis of 1,4,5,6-
tetrahydropyridazines via [4+2] cyclodimerization of in situ-generated azoalkenes followed
by a C-N bond cleavage and synthesis of 1,4-dihydrocinnolines via [4+2]

cycloaddition of in situ-generated 1,2-diaza-1,3-dienes with arynes.

Introduction

In recent years, particularly, in the field of pharmaceuticals, enantiomeric synthesis
is one of the key processes. Over the past decades, enantioselective syntheses of
various bioactive natural and derivatized molecules have been reported using novel
chemical reactions such as organocatalyzed reaction,*? transition metal catalysis,®
chiral epoxidation®® and classical and kinetic resolution.® The present research work
deals with the asymmetric synthesis of various bioactive molecules such as (+)-
Oxybiotin,? 3-epi-Jaspine B,® (+)-Stagonolide C,* (+)-Stagonolide F° and Pinolide®
using organocatalyzed a-aminooxylation, Jorgensens epoxidation of aldehydes,
Sharpless asymmetric dihydroxylation and L-proline catalyzed sequential a-
aminooxylation-HWE olefination reactions as the key reactions. The 3,3'-spiro-
oxindoles are valuable structural cores present in many natural alkaloids and
pharmacological agents and exhibit interesting structural as well as biological
properties.” We have developed a new, one pot methodology for the synthesis of
3,3'-spiro-phosphonylpyrazole-oxindole (3a-n).® 1,4,5,6-Tetrahydropyridazines and
pyridazines are important six-membered aza-heterocycles widely present as core
structures in a large number of natural products.®® We have demonstrated a simple
and facile transformation of a-halo N-acylhydrazones (la-o, 4a-0) into highly

functionalized 1,4,5,6-tetrahydropyridazines (2a-o, 5a-0) in excellent yields.* Also,
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we have developed a very mild method for the synthesis of 1,4-Dihydrocinnoline
derivatives (3a-j) from a-halo N-tosyl hydrazones (1a-j) and arynes.

Statement of Problem

The interesting biological activities of these molecules have attracted many research
groups. However, the reported synthesis of these bioactive molecules suffer from
disadvantages such as lengthy reaction sequences including the protection and deprotection
of various functional groups, use of chiral auxiliaries, enzymatic resolution, expensive
organometallic reagents and poor atom economy, etc. Hence, the need for a short and
catalytic method for their synthesis from commercially available materials with high
diastereo- and enantioselectivity is of current interest.

Methodology used

1. Several biologically important molecules have been synthesized and characterized
by advanced analytical and spectroscopic techniques such as NMR (*H & **C), FT-
IR, LC-MS and HRMS.

2. The structure and regioslectivity of final products were confirmed by Single Crystal
X-ray analysis and NOESY NMR studies. The optical purity of chiral intermediates
and final molecules was determined from chiral HPLC analysis and by comparing

their specific rotation with those reported in the literature.

CHAPTER |

Enantioselective Total Synthesis of (+)-Oxybiotin, 3-epi-Jaspine B and Stagonolide C

In this chapter, total synthesis of (+)-Oxybiotin 1 and 3-epi-Jaspine B 4 is described via

Sharpless asymmetric epoxidation and a novel tendem desilylation oxa-michael addition
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reaction starting from readily available cis-2-butene-1,4-diol with excellent diastereo- and
enantioselectivity. The method comprises operationally simple reactions with fewer steps,

high overall yields with the use of inexpensive & non toxic reagents.
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) < 40,R=H 42 43 44
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50 51
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Scheme 1: (i) TBSCI, imid., dry CHzCl,, 0 °C, 6 h, 73%; (ii) (+)-DET, Ti(O'Pr)s4, anhydrous TBHP (5-6
M in decane), 4 A molecular sieves, dry CHxCly, -10 °C, 12 h, 93%; (iii) TEMPO, PhI(OACc)., dry
CHCly, 25°C, 1 h, 95%; (iv) PhsP=CHCO.Et, dry CH,Cl,, 25 °C, 2 h, 92%; (v) TBAF, THF, 25 °C, 2
h, 93%, de > 99%; (vi) NaN3s, NH4CI, EtOH/H,0 (4:1), 80 °C, 12 h, 91%; (vii) MsCl, NEts, CH.Cl;, 0
°C, 1 h; (viii) NaN3, DMF, 120 °C, 24 h, 75%; (ix) DIBAL-H, toluene, -78 °C, 1 h; (x) KO'Bu,
BnO(CH,)sP*Phsl-, THF, 0 °C, 75%; (xi) H2 (1 atm.), 10% Pd/C, MeOH, 25 °C, 24 h, then (ClsC0O),CO,
EtsN, CH2Cl, 0°C, 2 h, then rt, 20 h, 76%; (xii) TEMPO/BAIB in CH3CN:H,0 (4:1), 25 °C, 4 h, 99%.
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Scheme 2: (i) TBSCI, imid., dry CH2Cls, 0 °C, 6 h, 73%; (ii) (+)-DET, Ti(O'Pr)4, anhydrous TBHP (5-6 M
in decane), 4 A molecular sieves, dry CH,Cl,, -10 °C, 12 h, 93%; (iii) TEMPO, Phl(OAc),, dry CH,Cl,, 25
°C, 1 h, 95%; (iv) PhsP=CHCO:Et, dry CH-Cl,, 25 °C, 2 h, 92%; (v) TBAF, THF, 25 °C, 2 h, 93%, de >
99%; (vi) NaNs, NH4CI, EtOH/H,0 (4:1), 80 °C, 12 h, 91%; (vii) BnBr, Ag-0, dry CHCl,, 0-25 °C, 6 h,
95%; (viii) (a) DIBAL-H, toluene, -78 °C, 1 h; (b) n-BuLi, PPhs*Ci2H2sBr, THF, -78-0 °C, 3 h, 75%; (ix)
H> (1 atm), 10% Pd/C, MeOH, 25 °C, 12 h, 97%.

The second section includes the use of organocatalytic a-aminooxylation and Jorgensen’s
epoxidation strategy for the concise synthesis of important fungal metabolite namely (+)-
Stagonolide C 54 (17% overall yield; 96% ee) The operationally simple reactions with less
number of steps, high overall yields requiring a relatively low amount of inexpensive and
non-toxic proline as catalyst make this approach an attractive and useful route (Scheme 3,

4 &5).
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Scheme 3: (i) TBSCI, imid, CH2Cly, 0-25 °C, 6 h, 76% (ii) ethyl acrylate, Grubbs-I1 (2 mol%), dry CHCly,
reflux, 12 h, 65%; (iii) DIBAL-H, toluene, -78°C, 1lh, 73%; (iv) H,0, CH.Cl,, (10 mol%)
2[bis(3,5histrifluoromethylphenyl)trimethylsilanyloxymethyl]pyrrolidine, 25 °C, 4 h then NaBH4, MeOH, 0
°C,1 h, 53%; (v) (a) Iz, PPhs, imid., Et;O/CHsCN (3:1), 0-25 °C, 2 h; (b) Zn, Nal, MeOH, reflux, 3 h, 90%
(for two steps); (vi) MOMCI, DIPEA, dry CHCl,, 16 h, 90%; (vii) TBAF, THF, 2 h, 82%.

OH
CHO i ‘. _OH i iii
TBso/\é/r3 — TBSO/\M;\/ — TBSO , Y T
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b / \" < VI <
_ <112,R=H 114 115
v
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Scheme 4: (i) (a) PhNO (1 equiv.), D-proline (20 mol %), CH3sCN, -20 °C, 24 h then NaBH,, MeOH, 0 °C,1
h; (b) 10% Pd/C, Hz, MeOH, 24 h, 77% (over two steps); (ii) (a) TsCl, EtsN, Bu,SnO, DMAP; (b) K2COs,
MeOH, 30 min., 92%; (iii) S*(CHs)sl", NaH, DMSO, 25 °C. 2 h, 87%; (iv) MOMCI, DIPEA, dry CH.Cl,, 16
h, 90%; (v) TBAF, THF, 2 h, 88%; (vi) TEMPO, PhI(OAc),, CH3CN: H,O (4:1), 25°C, 4 h, 86%.
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Scheme 5: (i) EDCI'HCI, EtsN, DMAP, CH:Clz, 0-25 °C, 6 h, 86%; (ii) Grubbs-11 (10 mol%), dry CH:Clx,
reflux, 24 h, 62%; (iii) MesSiBr, CHCl;, -40 °C, 6 h, 76%.

CHAPTER I

Total Synthesis of Stagonolide F and Formal Synthesis of Pinolide

This chapter describes a concise and convergant approach for the total synthesis of (+)-
Stagonolide F 1 in a highly stereoselective manner by employing an organocatalytic a-
aminooxylation and asymmetric epoxidation strategy with an enantiomeric excess of 98%
in 10.1% overall yield. The synthetic strategy described herein has significant potential for

further extention to other decanolides-based bioactive molecules (Scheme 6, 7, 8 & 9).

; OH
i
CH;CHO  —— )\/\

15 12

Scheme 6: (i) (-)-B-allyldiisopinocamphenylborane, Et,O-pentane, -78 °C, 1 h, NaOH, aq. 35% H202, 77%,
95% ee.
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Scheme?: (i)H202,CHCl,, (R)-a,a-bis[3,5-bis(trifluoromethyl)phenyl]-2-pyrrolidinemethanol tri-methylsilyl
ether (A), 25 °C, 4 h then NaBH4, MeOH, 0 °C, 10 min, 43%, 99% ee; (ii) I, PPhs, imid., Et,0/CHsCN
(3:1), 0-25°C, 2 h, 90%; (iii) Zn, Nal, MeOH, reflux, 3 h, 90%; (iv) TBSCI, imidazole, CH,Cl,, 0-25 °C, 6 h,
86%; (V) (+)-camphor-10-sulfonic acid, MeOH, 25 °C, 5 min, 63%; (vi) TEMPO, PhI(OAc)2, CH3CN:H.0O
(4:1), 25°C, 4 h, 80%.
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Scheme 8: (i) (a) PhNO (1 equiv.), D-proline (20 mol%), CH3CN, -20 °C, 24 h then NaBH., MeOH, 0 °C, 10
min; (b) 10% Pd/C, Hz, MeOH, 24 h, 77% (over two steps); (ii) (a) TsCl, EtsN, Bu,SnO, DMAP; (b) K2COs,
MeOH, 30 min., 92% (over two steps); (iii) S*Mesl", NaH, DMSO, 0 °C, 2 h, 89%.
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Scheme 9: (i) EDCI'HCI, EtsN, CHxCly, 25 °C, 6 h, 88%; (ii) Grubbs-I1 (10 mol%), dry CH.Cly, reflux, 48 h
(iii) TBAF, THF, 0 °C, 2 h, 80% (iv) Grubbs-11 (10 mol%), dry CHCly, reflux, 24 h, 69%.

In the second section, we have achieved an efficient formal enantioselective synthesis of
Pinolide 34 by employing L-proline catalyzed sequential «-aminooxylation-HWE
olefination reaction of the respective n-valeraldehyde and Sharpless asymmetric
dihydroxylation strategy as the key reactions for the induction of chirality. The
operationally simple reactions with less no. of steps, high overall yields, requiring a
relatively low amount of inexpensive and non-toxic proline as the catalyst make this

approach an attractive and useful route (Scheme 10, 11 and 12).
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Scheme 10: Reagents and conditions: (i) (a) PhNO, L-proline (20 mol%),CH3sCN, -20 °C, 24 h then triethyl
phosphonoacetate, LiCl, DBU, 1 h; (b) CuSO4.5H20 (30 mol%), MeOH, 25 °C, 12 h, 77%, 99% ee; (ii)
TBSCI, imid., CH2Cl;, 0-25 °C, 3 h, 98%; (iii) (DHQ).PHAL, K:COs, KsFe(CN)es, MeSO2NH, t-
BuOH/H,0 (1:1), K20s04.2H,0 (0.2 mol%), 0 °C, 5 h, 86%, (dr=3:1); (iv) 2,2 dimethoxypropane, cat.
CSA, CHCly, rt, 12 h, 96%; (v) LiAlH4, THF, 0-5 °C, 1 h, 93%; (vi) IBX, EtOAc, 80 °C, 2 h, 86%); (vii)
PhsP*CHjsl, n-BuLi, THF, 0 °C, 1 h, 75%; (viii) TBAF, THF, 0-25 °C, 2 h, 82%.
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Scheme 11: Reagents and conditions: (i) (a) PANO, D-proline (20 mol%), CHsCN, -20 °C, 24 h then MeOH,
NaBHy4, 20 min.; (b) CuSO4.5H,0 (30 mol%), MeOH, 0 °C, 12 h, 87% (over two steps), 99% ee; (ii) TBSCI,
imid., CH,Cly, 0-25 °C, 2 h, 96%; (iii) PMB imidate, PTSA (cat), dry CH.Cl,, 0 °C to rt, 8h, 90%; (iv)
CSA, MeOH, 25 °C, 30 min, 63%; (v) TEMPO, Phl(OAc),, CH3sCN: H,O (4:1), 25 °C, 4 h, 86%.
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Scheme 12: Reagents and conditions: (i) EDCI-HCI, EtsN, DMAP, CH,Cly, 0-25 °C, 6 h, 88%.
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CHAPTER 111
Synthesis of 3,3’-Spiro-phosphonylpyrazole-oxindole Skeleton via [1,3]-Dipolar

Cycloaddition Reaction of Bestmann-Ohira Reagent

In this chapter, a simple one pot, highly efficient and completely regioselective synthesis of
3,3'-spiro-phosphonylpyrazole-oxindoles 3a-n has been reported via base mediated 1,3-
dipolar cycloaddition reaction between methyleneindolinones (1a-n) and Bestmann-Ohira

reagent (BOR) (Scheme 13).

OR;
R,00C “R-0R;
O O
J 1 R,00C— il
R o+ IOR;
N N, OR3 R o]
R4 2 N
R4
] BOR
a-n 3a-n ORTEP diagram
f spiro-ph h | le-
14 examples , 76-85% yield o iole pamenen

Scheme 13: (i) 1a-1n (0.1 mmol), BOR (0.2 mmol), KOH (0.2 mmol), MeOH, rt, 10 min., 76-85%.

CHAPTER IV
Synthesis of 1,4,5,6 Tetrahydropyridazines and 1,4-Dihydrocinnolines via [4+2]

Cyclodimerization of in Situ Generated Azoalkenes

This chapter describes an unexpected CsF-assisted C-N bond cleavage to synthesize highly
functionalized and biologically important 1,4,5,6-tetranydropyridazine derivatives 2a-o and
5a-0 from a-halo N-acyl hydrazones 1a-o in excellent yields. The extrusion of nitrogen and
the [4+2] cycloaddition between in situ generated azoalkenes is a key reaction in the

process. The identified methodology is suitable for synthesizing a wide variety of
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analogues of tetrahydropyridazines, which are prevalent in many medicinally important

small molecules. The reaction conditions are mild, high yielding and amenable for the

gram scale (Scheme 14).
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Scheme 14: (i) 1a-0 (0.5 mmol), K2CO3 (1.0 mmol), CsF (1.0 mmol), CH3CN (dry, 3 mL), rt 24 h; (ii) la-
0 (0.5 mmol), 4a-o0 (0.25 mmol), (K2COs3 (1.0 mmol), CsF (1.0 mmol), CHsCN (dry, 3 mL) rt, 24 h.

Further, we have developed a simple and mild method for the synthesis of 1,4-
dihydrocinnoline derivatives (3a-J) from a-halo N-tosyl hydrazones (1a-j) and arynes via

[4+2] cycloaddition of in Situ generated 1,2 diaza-1,3-dienes (Scheme 15).
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Scheme 15: Synthesis of 1,4-Dihydrocinnoline derivatives from a-halo N-acyl hydrazones.
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CHAPTER I

Enantioselective Total Synthesis of (+)-Oxybiotin, 3-epi-Jaspine
B and Stagonolide C

1. “A short enantioselective synthesis of 3-epi-jaspine B and (+)-oxybiotin via an intramolecular
tandem desilylation oxa-Michael addition strategy” Shelke, A. M.; Rawat, V.; Sudalai, A.;
Suryavanshi, G., RSC Advances 2014, 4, 49770.

2. “Asymmetric synthesis of (+)-stagonolide C and (-)-aspinolide A via organocatalysis” Shelke, A.
M.; Rawat, V.; Sudalai, A.; Suryavanshi, G., Tetrahedron: Asymmetry 2012, 23, 1534.




(+)-Oxybiotin and 3-epi-Jaspine B

Section |
A Short Enantioselective Synthesis of (+)-Oxybiotin and 3-epi-Jaspine B

via an Intramolecular Tandem Desilylation Oxa-Michael Addition

1.1.1 Introduction and Pharmacology

Oxybiotin (1), the oxygenated analogue of biotin in which an oxygen atom replaces
sulfur, was synthesized by Hofmann! and shown to exhibit a high biotin-like growth
stimulatory activity towards some microorganisms.? Like biotin (2) itself, oxybiotin
supports the growth of some microorganisms whereupon it has been confirmed that the
analogue is not converted to biotin in vivo. Poly-substituted tetrahydrofurans (THFs)
represents an important class of five-membered heterocycles that can be found as
structural elements of many natural products and pharmaceutically important substances.®
Tri-substituted THFs like 3-epi-jaspine B 4 (Figure 1) and its stereoisomers have shown
remarkable cytotoxic activity against A549 human lung carcinoma cell lines (LDso = 1.50

+0.03 uM) and MCF7 primary breast cancer cells (ICso = 1.50 +0.03 puM).*

H,N OH

)
HN .
O" /)/C02H (—>-'/<;14H29

I/Z
T

O
X ( 4
X = 0; (+)-Oxybiotin (1) Jaspine B (3)
X = S; (+)-Biotin (2)
H,N,  OH
H,N, JOH 2 O‘
" CaqH2g
Fog 'C14H29 0
3-epi-Jaspine B (4) 2-epi-Jaspine B (5)

Figure 1: Structure’s of some of the bioactive molecules
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(+)-Oxybiotin and 3-epi-Jaspine B

It was initially believed that 3-epi-jaspine B 4 and its stereoisomers inhibit sphingomyelin
synthase and thus increases the intracellular ceramide level, inducing apoptotic cell death
by a caspase dependent pathway.* Toxic effects of 4 were investigated by flow cytometry
analysis after double labelling with annexin V (AV) and propidium iodide (PI). The
results on A549 cells cultured in the presence of 4 at different concentrations as well as
control experiments indicated that the percentage of AV-stained cells (2%) was not
significantly increased. Finally, a concentration-dependent increase in the percentage of
PI positive cells were observed in all cases.*® These results demonstrate that apoptosis
only accounts for a minor percentage of cell death and therefore, a different cell
death mechanism must be implicated.®

1.1.2 Review of literature

(a) Review of literature of (+)-oxybiotin

Few approaches have been reported in the literature for the synthesis of (+)-oxybiotin,
most of which are based on the chiral pool strategies. A few interesting and recent
synthesis of (+)-oxybiotin (1) are described below.

Popsavin’s approach (2002)°

Popsavin et al have reported the synthesis of (+)-oxybiotin (1) from known methyl 3,4-
O-isopropylidene-p-D-arabinopyranoside 6 which on treatment with triflic anhydride
followed by a Wittig reaction with 3-(methoxycarbonyl)-2-propenylidene
triphenylphosphorane and catalytic hydrogenation gave the saturated ester 7 as an
inseparable mixture of E- and Z-isomers. Hydrolytic removal of the isopropylidene
protective group in 7 gave an excellent yield of the expected diol which on treatment with

triflic anhydride in pyridine gave the corresponding 3,4-ditriflate 8. Subsequent treatment
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(+)-Oxybiotin and 3-epi-Jaspine B

of 8 with sodium azide in HMPA afforded the corresponding 3,4-diazido derivative 9.
Reduction of diazide derivative 9 over PtO. in dichloromethane followed by in-Situ
carbonyl insertion with triphosgene gave the imidazolidinone 10 in 66% vyields.
Treatment of 10 with an aqueous solution of sodium hydroxide followedby neutralization
with Amberlyst 15, gave an almost quantitative yield of (+)-oxybiotin (1).

O0.__OMe (o)
COOMe 0]
: i / i Q/\/\/COOMe
O\‘ OH e — = B E— \ 3

R )
%O O7< 1O  OTf

6 7 8

© COOM
(o) e
" CoOMe w . 1
—_— — uN. NH —>  (+)-oxybiotin
A Y

O
9 10

Scheme 1: (i) (a) Tf.0, Py, CH.Cl,, -10 °C, 0.5 h; (b) KOBz, DMF, rt, 24 h, 99% from 6; (c) MeONa,
MeOH, rt, 1.5 h; (d) PhsP:CHCH:CHCO2:Me, MeOH, rt, 1.5 h; (€) Ha, PtO2, MeOH, rt, 24 h, 88%. (ii) (a)
9:1 TFA-H,0, rt, 0.5 h, 95%; (b) Tf,0, Py, CH,Cl,, 0 °C, 1.5 h; (iii) NaNs, HMPA, rt, 1.5 h; (iv) Ha, PtO,,
CHCly, rt, 24 h, then (CI3C0O).CO, EtsN, 0 °C, 2 h, rt 22 h, 66%; (v) NaOH, H,0, 100 °C, 1 h, then
Amberlyst 15, rt, 0.5h, 99%.

Popsavin’s second approach (2002)’

Popsavin et al have achieved the synthesis of (+)-oxybiotin (1) starting from D-xylose by
use of 2,5-anhydro-D-xylose ethylene acetal derivative 11 as key intermediate.
Hydrolytic removal of the dioxolane protective group in 1 gave a hydrated form of the
corresponding aldehyde which on treatment with 3-methoxycarbonyl-2-propenylidene
triphenylphosphorane afforded the o,B-unsaturated ester 12 as a mixture of E and Z
isomers. Subsequent catalytic hydrogenation of 12 and solvolysis in wet N,N-

dimethylformamide, in the presence of calcium carbonate followed by O-Debenzoylation
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(+)-Oxybiotin and 3-epi-Jaspine B

with with sodium methoxide in methanol afforded the expected diol. Mesylation of diol
with mesyl chloride in dichloromethane, in the presence of triethylamine, gave the
corresponding di-O-mesyl derivative 13. Reaction of 13 with NaNz in N,N-
dimethylformamide at 150 °C for 20 h, in the presence of ammonium chloride, gave the
key intermediate 9. One-pot catalytic reduction of 9 followed by a subsequent
triphosgene treatment provided the desired intermediate 10 in 68% yield. Compound 10
was finally converted to (+)-oxybiotin (1) by hydrolysis with barium hydroxide in an

almost quantitative yield.

o]
<o/z/\;> ‘ <O/z/\w\/coow|e ) @%coom
| 1 \ /

BZO: OTs BZG OTs Msd OMs

1 12 13

0]

(0]
COOMe
ii © COOMe v v, !
w — HN NH (+)-oxybiotin
N; Ns \‘(
9 10

Scheme 2: (i) (a) TFA, 6 M HCI, rt, 12 h, 60%; (b) [PhsP=CHCH=CHCO;Me]* Br-, CH:Cl,, NaOH, H,0,
rt 1 h, 59%; (ii) (a) H2/PtO2, AcOH, rt, 20 h, 90%; (b) CaCOs, 95% agq. DMF, 150 °C, 10 h, 65%; (c)
NaOMe, MeOH, rt, 1 h, 81%;(d) MsCI, EtsN, CH:Cl,, -10 °C, 0.5 h, 91%. (iii) NaNs;, NH4Cl, DMF, 150
°C, 20 h, 47%; (iv) H2/PtO2, CH.Cly, rt, 6 h, then EtsN, triphosgene, 0 °C, 1 h, rt, 18 h, 68%; (v) Ba(OH)a,
H-0, 100 °C, 1.5 h, 98%.

Popsavin’s third approach (2004)%

In another approach, Popsavin et al have reported the synthesis of (+)-oxybiotin (1) by
chirality transfer from D-arabinose. Treatment of aldehyde 14 (prepared from D-
arabinose) with 3-(carbomethoxy-2-propenylidene) triphenylphosphorane followed by
catalytic hydrogenation over PtO. in methanol furnished the saturated ester 15.

Hydrolytic removal of the isopropylidene protective group in 15 gave expected diol 16 in
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(+)-Oxybiotin and 3-epi-Jaspine B

95% yield. Reaction of 16 with triflic anhydride in pyridine and dichloromethane gave
the corresponding 3,4-ditriflate which on reaction with NaNs in HMPA afforded the
corresponding 3,4-diazido derivative 9. The diazide 9 was then reduced over PtO: in
dichloromethane and reacted with triphosgene which gaves imidazolidinone 10 in 66%
yield. And finally treatment of compound 10 with an agaqueous solution of sodium
hydroxide, followed by neutralization with Amberlyst 15, gave an almost quantitative
yield of (+)-oxybiotin (1).

O _4CHO 0
COOMe O
g i Q/\/\/ . Q/\/\/COOMe
X
14

-

Py

15

+)-oxybiotin

16
o)
0 COOMe
COOMe . 1
11 v K \' (
HN
A Y

o)
9 10

Scheme 3: (i) (@) PhsP=CHCH=CHCO;Me, MeOH, rt, 2 h, 41% (b) H,, PtO,, MeOH, rt, 24 h; (ii) 9:1
TFA-H,0, rt, 0.5 h, 95%j; (iii) (a) Tf.O, Py, CH:Cly, 0 °C, 1.5 h; (b) NaNs;, HMPA, rt, 1.5 h, 68%; (iv) ()
Ha, PtO,, CH,Cly, rt, 22 h, (b) (CIsCO).CO, EtsN, 0 °C, 2 h, then rt, 21 h, 66%; (v) NaOH, H20, rt, 24 h,
then Amberlyst 15, rt, 1 h, 99%.

Shaw’s approach (2008)°

Shaw et al have reported a versatile approach for the synthesis of (+)-oxybiotin 1 starting
from aldehyde 17 (which was prepared from 3,4,6-tri- O-benzyl-D-glucal in 4 steps).

The Wittig olefination of the aldehyde 8 with the freshly prepared 3-(carbomethoxy-2-
propenylidene) triphenylphosphorane gave the ester 18. The catalytic hydrogenation of
the C2 benzyl and two double bonds in the side chain of 18 over Pd(OH). in methanol

furnished the diol 16 in 98% yield. Reaction of diol 16 with Tf,O in presence of pyridine
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(+)-Oxybiotin and 3-epi-Jaspine B

afforded corresponding ditriflate derivative which on treatment with NaNsz in HMPA
gaves diazido derivative 9. diazide 9 was hydrogenated in the presence of catalytic
amount of PtO> to diamine which was subsequently protected with triphosgene to obtain

the methyl ester 10 of the oxybiotin (1). Treatment of 10 with 1 M NaOH followed by
neutralization with properly cleaned Amberlyst 15 resin furnished the target compound 1

in quantitative yield.

O._4CHO 0
g - W\/COOMe ) <OJ/\/\/COOMe
/ i / i -

HO OBn HO OBn HO OH
17 18 16
]
(@] COOMe
i q\/\/COOMe " v 1
NH (+)-oxybiotin
o N i (
0]
9 10

Scheme 4: (i) PhsP=CHCH=CHCO;Me, CHCly, rt, 2 h, 65% (ii) Hz, Pd(OH),, MeOH, rt, 24 h,98%; (iii)
(@) Tf.0, Py, CH.Cl,, 0 °C, 1.5 h; (b) NaNs, HMPA, rt, 1.5 h, 68%; (iv) (a) Hz, PtO2, CHCly, rt, 22 h, (b)
(CIsCO)2CO, Et3N, 0 °C, 2 h, then rt, 21 h, 66%; (v) NaOH, H20, rt, 24 h, then Amberlyst 15, rt, 1 h, 98%.

(b) Review of literature of 3-epi-jaspine B

Various syntheses of 3-epi-jaspine B 4 have been documented in the literature, most of
which are based on chiral pool strategies. Some of the interesting and important synthetic
routes are described below.

Yoshimitsu’s approach (2009)*°

Yoshimitsu et al. have employed a stereoselective synthesis of 3-epi-jaspine B 4 by use
of regio- and stereospecific ring-opening reaction of the oxazolidin-2-one 21 assisted by a
Boc group. This key step gave syn-diol 22. Reaction of 20 with MeC(OMe)s in the

presence of a catalytic amount of BFs OEt> directly afforded the desired oxazolidinone 21
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(+)-Oxybiotin and 3-epi-Jaspine B

in excellent yield, via orthoester formation, followed by regioselective nucleophilic attack
of the Boc oxygen toward C-3. The three stereogenic centers were constructed starting
from Garner’s aldehyde 19 as the sole chiral source; the title compound 4 was obtained in

11 steps with an overall yield of 23.4% (Scheme 5).

TIPSO OH TIPSO ..
O/}/CHO YYCMHZQ i j\/C‘l 29 !
— HN

NB - — > —
% °° BocHN  OH s OAc

@)
19 20 21
TIPSO OH BocHN, OTs
H/'\rC14H29 ||| 4
:O: "'CasH2e g -
BocHN  OH 3-epi-jaspine B
22 23

Scheme 5: (i) MeC(OMe)s, BFsEt,0, CH,Cl,, 25 °C, 96%; (ii) (a) Boc.O, EtsN, DMAP, CH,Cl,, 25 °C;
(b) NaOMe, MeOH, 25 °C, 75% (over two steps); (iii) (a) TsCl, EtsN, CHCl,, 25 °C; (b) TBAF, THF,
25 °C, 70% (over two steps).

Basha’s approach (2010)!!

Basha et al. have described a stereoselective synthesis of 3-epi- jaspine B 4 from D-(-)-
isoascorbic acid 24 as the starting material. The key reaction of the synthesis is the base
catalyzed intramolecular oxa-Michael addition of diol 26, which afforded the
tetrahydrofuran derivative 27 in dr = 10:1. Conversion of alcohol 27 to 28 was done in
two steps: (i) Mesylation and (ii) Azidation. The seven-step conversion from isoascorbic

acid 24 to intermediate 28 was achieved with an overall yield of 55.5% (Scheme 6).
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27 28
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Scheme 6: (i) 80% ag. AcOH, 0 °C, 8 h, 98%; (ii) NaH, THF, 0.5 h, -40 °C, 96%; (iii) (a) MsCI, EtsN,
DMAP, CHCl;, 0 °C, 1 h; (b) NaNs, DMF, 120°C, 8 h, 90% (over two steps).

Castillon’s approach (2011)*2

In Castillon’s approach, butadiene monoepoxide 29 was treated with phthalimide in the
presence of Pd/(S,S)-DACH-naphthyl to afford 2-N-phthalimido-3-buten-1-ol 30 via a
Pd-catalyzed DYKAT process. Compound 30 was treated with an excess amount of 1-
hexadecene in the presence of the second generation Grubbs catalyst to afford compound
31.Substrate-controlled dihydroxylation of olefin 31 by using osmium catalysis provided
diol 32. Diol 32 was converted to cyclic sulfite 33 by a series of known reactions.
Compound 33 was treated with TBAF in THF at room temperature to afford
protected tetrahydrofuran 34 via  desilylative cyclization and  sulfate
hydrolysis in 93% yield over two steps. Finally, removal of the phthalimido group with

methylamine afforded 4 with an overall yield of 24% (Scheme 7).
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NP —
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Scheme 7: (i) Pd/(S,S)-DACH-naphthyl, Na,COs, CH,Cly, 25 °C, 8 h, 94%, 98%ee; (ii) Grubbs’ II,1-
hexadecene, CH,Cly, 12 h, reflux, 99%; (iii) K2OsO., (DHQD).-PYR, KsFe(CN)s, K.CO3, MeSO;NH,
tert-BuOH:H20 (1:1), 25 °C, 24 h, 98%:;(iv) (3) TBAF, THF, 25 °C, 2 h; (b) H2SO4, THF, H,0, 25°C, 2
h, 93% (over two steps); (v) MeNH_, 1h, 50 °C, 85%.

Koskinen’s approach (2011)*3

This route consists of nine steps from the commercially available Garner’s aldehyde 19.
lodide 35, prepared from propargyl alcohol, was coupled with Garner’s aldehyde 19
using n-BuLi as base and ZnCl, as additive giving alcohol 36 (syn/anti = 5.7:1). The
furan framework 38 was obtained from alcohol 37 via an n*-allylpalladium intermediate
using Pd(PPhs)s as catalyst. Cross metathesis between 38 and 1-tetradecene using
Grubbs’ second generation catalyst was used for the introduction of aliphatic side chain.
The final hydrogenation and global deprotection was performed on olefin 39. Firstly, the
double bond and benzyl ether were hydrogenated over Pd/C at an atmospheric pressure of
H> gas. Next the t-butyl carbamate was cleaved off with HCI in MeOH at 0 °C and after

basic work up 4 was obtained in an overall yield of 2% only (Scheme 8).
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Scheme 8: (i) n-BuLi, ZnCly, toluene/Et,0, -95 °C, 72%; (ii) Pd(PPhs)s, PPhs, THF, 1h, 55°C, 8%; (iii)
Grubbs’ 2nd gen., 1-tetradecene, CH,Cl,, 45 °C, 78%; (iv) (a) 10% Pd/C, H, (1 atm.),MeOH, 25°C; (b)
HCI, MeOH, 0 °C.

1.1.3 Present Work

1.1.3.1 Objective

As can be seen from the review section, different synthetic methods involving a chiral
pool approaches like Garner aldehyde,** isoascorbic acid,® D-glucose,'® D-xylose,'’ D-
arabinose,® and 3,4,6-tri-O-benzyl-D-glucal,® as the starting materials and in other cases
asymmetric catalysis® have been developed for the total synthesis of jaspine B (3), its
isomers (4 & 5) & (+)-oxybiotin (1) (Figure 1). However, many of the reported methods
suffer from one or more disadvantages, which include use of chiral pool strategy, 8 % 1418

longer reaction sequence with exotic reagents and low yields.

In view of elucidating the effect of stereochemistry and substitution on the biological
activity as well as study of mode of action of jaspine and its stereoisomers, a useful
synthetic route with high flexibility, yield and stereoselectivity is required. In
continuation of our interest in the asymmetric synthesis of bioactive molecules,'® we
report, herein an efficient synthesis of (+)-oxybiotin 1 and 3-epi-jaspine B 4 by

employing Sharpless asymmetric epoxidation (AE) and diastereoselective tandem
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desilylation oxa-Michael addition reaction as the key reactions for the induction of
chirality.

1.1.3.2 Sharpless asymmetric epoxidation (AE) %

Asymmetric epoxidation of allylic alcohols is one of the leading areas of investigation in
synthetic organic chemistry, mainly due to the fact that very high enantioselective
induction for a wide range of substrates is possible using several classes of reagents. The
Sharpless epoxidation is a popular laboratory and industrial process due to its both
enantioselective and catalytic nature. The reaction mixture includes a titanium
tetraalkoxide, a chiral tartrate diester, an allylic alcohol substrate, and an alkyl
hydroperoxide as the oxidant. The consistency of the reaction is remarkable, excellent
enantiofacial selectivity is realized for allylic alcohol substrates of widely varying
structure. In addition to being able to asymmetrically oxidize prochiral substrates to
products of predictable absolute configuration, the reaction is extremely sensitive to pre-
existing chirality in selected positions of the allylic alcohols. For example, kinetic
resolution of racemic secondary allylic alcohols is very efficient since it can be used for
generating chiral allylic alcohols as well as anti-epoxyalcohols in high enantiomeric
excess. Selection of the proper chirality in the starting tartrate esters and proper geometry
of the allylic alcohols allows one to establish both the chirality and relative configuration

of the product (Scheme 9).
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1 3
(S,S)-D-(-)-tartrate (unnatural) 2 R
"O" HO R2
anhyd. TBHP, Ti(O'Pr),
CH,Cl,, -20 °C R'__R®
o
HO R2
llOll
(R,R)-D-(+)-tartrate (natural) > 90% ee both epoxides

Scheme 9: The Sharpless epoxidation reaction

Since its discovery in 1980, the Sharpless epoxidation of allylic alcohols has become a
benchmark classic method in asymmetric synthesis. One factor that simplifies the
standard epoxidation reaction is that the active chiral catalyst is generated in situ, which
means that the pre-preparation of the active catalyst is not required. It is believed that the
species containing equal moles of Ti and tartrate is the most active catalyst. It promotes
the reaction much faster than Ti (IV) tetraalkoxide alone and exhibits selective ligand-
accelerated reaction.?! Sharpless suggested that epoxidation was catalyzed by a single Ti

center in a dimeric complex with a C, symmetric axis (Figure 2).22

(OR /\7
/Ti ’/\//50/\
2

RO

E = COOR; R = Et, i-Pr; R = alkyl, aryl

Figure 2: Structure of dinuclear Ti-tartrate complex
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1.1.3.3 Results and Discussion

(a) Concise enantioselective synthesis of (+)-oxybiotin via an intramolecular tandem
desilylation oxa-Michael addition

During our initial attempt in the synthesis of (-)-oseltamivir, we came across
unexpectedly a one-pot tandem desilylation oxa-Michael addition reaction for the facile
construction of optically & diastereochemically pure tetrahydrofurans. Because of the
presence of tri-substituted THF ring in (+)-oxybiotin 1 and, 3-epi-jaspine B 4 a common
structural motif present in a large number of bioactive molecules, we envisioned cyclic
epoxide 45 as the key precursor in the synthesis of 3-epi-jaspine B 4 and (+)-oxybiotin 1.
The present synthetic route to (+)-oxybiotin 1 is shown in Scheme 10. Accordingly,
epoxy alcohol 42 was readily prepared from commercially available cis-2-butene-1,4-diol
40 (97% ee confirmed by HPLC analysis of the corresponding 3,5-dinitro benzoate A) in
two steps : (i) monosilylation of diol 40 (TBSCI, imid., 73%) and (ii) AE of allylic
alcohol 41 [Ti(OiPr)4, (+)-DET, anhydrous TBHP, 93%]. The *H NMR spectrum of the
3, 5-dinitro benzoate derivative of alcohol (A) showed signals at 6 9.19 (s, 2H) and 9.24

(s, 1H) which accounted for the three aromatic protons.
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CO,Et
OH O O
f\/ i J}\/OH iii J>\CHO v 10)
—_— —_—
RO TBSO TBSO 1BSG
) < 40,R=H 42 43 44
i
41, R =TBS
N
0 N; OR Ny N3 Ny =78
Hi A\~ , : vi . O CHO

—>V iy AL > iy > "///COZEt X > (0} .II//

o\ o\ o)

CO,Et CO,Et
48 49
45 46,R=H
vii <
47, R = Ms
(0]
O
)J\ HN/U\NH
N3 \N3 HN NH = N
X — Xi A Xii

E—— ~ E—— > ,,(/{COQH

{ 5 5”//\@\ ZO X"(/ﬁ/:OH O 4

2OBn 1
50 51

(+)-oxybiotin

Scheme 10: (i) TBSCI, imid., dry CH2Cl,, 0 °C, 6 h, 73%; (ii) (+)-DET, Ti(O'Pr)4, anhydrous TBHP (5-
6 M in decane), 4 A molecular sieves, dry CHxCly, -10 °C, 12 h, 93%; (iii) TEMPO, Phl(OAc),, dry
CHCly, 25°C, 1 h, 95%; (iv) PhsP=CHCO.Et, dry CH,Cl,, 25 °C, 2 h, 92%; (v) TBAF, THF, 25°C, 2
h, 93%, de > 99%; (vi) NaN3s, NH4CI, EtOH/H,0 (4:1), 80 °C, 12 h, 91%; (vii) MsCl, NEts, CH,Cl, 0
°C, 1 h; (viii) NaNs;, DMF, 120 °C, 24 h, 75%; (ix) DIBAL-H, toluene, -78 °C, 1 h; (x) KO'Bu,
BnO(CH2)sP*Phsl, THF, 0 °C, 75%; (xi) H2 (1 atm.), 10% Pd/C, MeOH, 25 °C, 24 h, then (ClsCO),CO,
EtsN, CH2Cls, 0 °C, 2 h, then rt, 20 h, 76%; (xii) TEMPO/BAIB in CH3CN:H,0 (4:1), 25 °C, 4 h, 99%.

Its 1*C NMR spectrum showed carbon signal at & 162.2 which was attributed to ester
carbonyl, while other peaks at & 122.5, 129.5, 133.3 and 148.7 were indicative of the
aromatic carbons. Its IR spectrum showed a typical carbonyl stretching frequency band at
vmax 1737 cm™* (Figure 3). The multiplets at § 3.26-3.29 (1H) and 3.24-3.44 (1H) in its 'H
NMR spectrum indicated the presence of epoxide protons. Methine and methylene

carbons attached to the oxygen atom gave signals at § 53.2, 56.3, 61.0 and 66.2 in its *C
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NMR spectrum. Its chiral HPLC gave an enantiomeric excess of 97% (Column: Chiracel

OD-H retention time: 46.24 min (-)-isomer, 58.29 min (+)-isomer).
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58.290 30806312 1.69 162754 1.44
Totals 1823559748 100.00 11319481 100.00
Figure 3: 'H & **C NMR spectra and chiral HPLC chromatogram of benzoate A

Oxidation of epoxy alcohol 42 (TEMPO, BAIB, 95%) gave the aldehyde 43 in 64.5%
yield. The *H NMR spectrum of 43 showed a characteristic signal for aldehydic proton at
8 9.47. Other signals at 6 3.34-3.44 (m, 2H) and 3.96-4.00 (m, 2H) were due to methine (-
CH-0O-CH-) and methylene (-CH2-OTBS) protons. Its 3C NMR spectrum showed a
typical signal at 8 197.2 due to aldehyde carbon while other carbon signals at & 57.3, 59.6

and 59.7 were indicative of carbons attached to oxygen atom (Figure 4).
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Figure 4: 'H and 3C NMR spectra of epoxy aldehyde 43
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Wittig olefination of epoxy aldehyde 43 with PhsP=CHCO:Et gave a,B-unsaturated ester
44 in 92% yield. The formation of a,B-unsaturated ester 44 was confirmed by its H, 3C
NMR and IR spectral analysis. Its tH NMR spectrum showed signals at § 3.32-3.35 (m)
and 3.56-3.58 (m) due to methine protons attached to epoxide group. The signals at &
3.72-3.75 (m) and 4.19 (q, J = 7.1 Hz, 2H) were attributed to methylene protons attached
to silyl ether (-CH2-OTBS) and ester (-OCOCH2CHs) groups respectively. Its *C NMR
spectrum showed typical signals at 6 54.6 and 59.1 due to epoxide carbons, while the
signals appearing at 5 60.5 and 60.8 were due to methylene carbons attached to oxygen
(Figure 5). The characteristic carbon signal at & 165.1 accounted for ester carbonyl
function. The IR spectrum of epoxy ester 44 showed a strong absorption band at vmax

1722 cm* for ester carbonyl frequency.
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Carbon teltrachloride
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Figure 5: 'H and*C NMR of epoxy ester 44

The THF core 45 was then constructed as a single diastereomer in 93% yield via a
diastereoselective tandem desilylation-oxa Michael addition reaction of silyl ether 44
mediated by tetrabutylammonium fluoride (TBAF). The stereoselectivity and
diastereoslectivity (dr > 99) of cyclic epoxide 45 was confirmed by *H NMR and 2D
NMR spectra analysis. The disappearance of signals corresponding to olefinic
functionality from its *H NMR and *C NMR spectra provided evidence for a successful
Michael addition reaction. The *H NMR spectrum of 45 showed a triplet at & 4.46 for
methine proton attached to furanyl oxygen. This indicated anti-relationship between the
two adjacent methine protons attached to oxygen of furan (Ha) and epoxide (Hb). This
was further confirmed by its 2D NMR studies, which did not show any correlation
between the two adjacent protons (Haand Hb). The proton signals at & 3.72-3.78 (m, 3H),
3.96 (d, J = 10.5 Hz, 1H) and 4.18 (g, J = 7.0 Hz, 2H) were indicative of methine and
methylene groups attached to oxygen atom. Its **C NMR spectrum showed a typical
signal at & 74.0 corresponding to methine carbon attached to furanyl oxygen,

while a peak at 6 169 was due to ester carbonyl function (Figure 6).
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Figure 6: 'H, ®*C NMR, DEPT, COSY, NOESY, HSQC and HMBC NMR spectra of
epoxy THF 45

Regioselective opening of epoxide 45 with NaNs in presence of NH4Cl was accomplished
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smoothly in a solvent mixture of EtOH/H20 (4:1) giving the azido alcohol 46 in 91%
yield; [a]o® +10.2 (c 0.4, CHCIs). The formation of azido alcohol 46 was proved by its
IR spectrum analysis, which showed the appearance of absorption peaks at vmax 2105 and
3439 cm corresponding to azide and alcohol functionalities. The multiplet at & 3.88-4.03
(m, 5H) was indicative of methine and methylene protons attached to furanyl oxygen
while a broad singlet at 6 3.38 (1H) was due to alcohol functionality, thus confirming the
presence of hydroxyl group. Its 3C NMR spectrum showed typical signals at § 61.2,

67.5, 70.5, 81.2 and 81.5 which was attributed to the presence of carbons attached to

oxygen atom (Figure 7).
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Figure 7: *H and 3C NMR of azido alcohol 46
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The hydroxyl group in 46 was then protected as its mesylate 47 using mesyl chloride and
NEt; as a base which was then subjected to SN2 displacement with azide ion (NaNs,
DMF, 120 0 °C) to produce the diazide 48 in 75% yield with complete stereochemical
inversion. The formation of diazide derivative 48 was confirmed by its IR spectrum,
which showed a strong vibrational band vmax 2105 cm™ due to azide functionality. Its *H
NMR spectrum showed a multiplet at 6 3.96-3.98 (m, 1H) corresponding to methine

proton (-CH-0).
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Figure 8: *H and *3C NMR of diazide 48
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Its structure was further confirmed from *C NMR spectrum, which showed a typical
methine carbon (-CH-O) appearing at & 70.3 (Figure 8). Ester functionality in diazide
derivative 48 was then selectively reduced with DIBAL-H to give diazide aldehyde 49
in situ which was transformed to a inseparable mixture of E and Z olefins 50 under Wittig

reaction conditions (KO'Bu, BnO(CHz)sP*Phal", THF, 0 °C) in 75% yield.
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Figure 9: 'H and 3C NMR of olefin 50
The formation of 50 was confirmed by its *H NMR, which showed two typical proton

signals at 6 4.51 (s, 2H) and 7.34 (s, 5H) for benzylic (-CH2-O) and aromatic protons and
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olefinic proton signals at § 5.46-5.71 (m, 2H). Its 3C NMR spectrum showed a tyical
cabon signal at & 133.9 for aromatic carbon, which confirmed the formation of olefin 50
(Figure 9).

The Pd catalyzed hydrogenation of olefin 50 was carried out in MeOH for 24 h which

generates diamine followed by its in situ protection with triphosgene gave the alcohol 51

in 76% yield.
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Figure 10: *H and *C NMR of alcohol 51
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The 'H NMR spectrum of alcohol 51 showed disappearance of the olefinic proton signals
at o 5.46-5.71 and showed new peak at & 1.40-1.46 (m, 4H) corresponding to methylene
protons (C-CH2-C).The formation of alcohol 51 was confirmed by its IR spectrum, which
showed a strong vibrational band vmax 1700 cm™ due to presence of carbonyl group (-NH-
CO-NH-). lIts structure was further confirmed by 3C NMR spectrum, which showed a
typical carbon signal at 6 163.4 for (-NH-CO-NH-) carbonyl functional group (Figure
10).

The complete oxidation of alcohol 51 under TEMPO/BAIB in CH3CN:H.O (4:1)
conditions was carried out to give final compound (+)-oxybiotin (1) in quantitative yield.
The formation of 1 was confirmed by its *H NMR spectrum, which shows typical proton
signals at 6 2.21 (t, 2H) corresponds to methylene protons (-CH2-) attached to (-COOH)
This finally further confirmed from its 3C NMR spectrum, which showed a typical

carbon signal at 6 174.3 for acid (-COOH) carbonyl carbon (Figure 11).
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Figure 11: 'H and *C NMR of (+)-oxybiotin 1
(a) Concise enantioselective synthesis of 3-epi-jaspine B via an intramolecular
tandem desilylation oxa-Michael addition
The complete synthetic sequence for 3-epi-jaspine B 4 wherein Sharpless asymmetric
epoxidation and a novel tandem desilylation oxa-Michael addition reaction strategy to

construct a tetrahydrofuran core (dr >99%) as the key steps is presented in Scheme 11.
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Scheme 11: (i) TBSCI, imid., dry CH,Cly, 0 °C, 6 h, 73%; (ii) (+)-DET, Ti(O'Pr)4, anhydrous TBHP (5-6
M in decane), 4 A molecular sieves, dry CH,Cl,, -10 °C, 12 h, 93%; (iii) TEMPO, PhI(OAc),, dry
CHCly, 25 °C, 1 h, 95%); (iv) PhsP=CHCOEt, dry CH.Cl,, 25 °C, 2 h, 92%; (v) TBAF, THF, 25°C, 2 h,
93%, de > 99%; (vi) NaN3, NH4CI, EtOH/H,0 (4:1), 80 °C, 12 h, 91%; (vii) BnBr, Ag-0, dry CH,Cl,, 0-25
°C, 6 h, 95%; (viii) (a) DIBAL-H, toluene, -78 °C, 1 h; (b) n-BuLi, PPhs*C1,HssBr", THF, -78-0 °C, 3 h,
75%; (ix) Hz (1 atm), 10% Pd/C, MeOH, 25 °C, 12 h, 97%.

For the synthesis of 3-epi-jaspine B (4), a similar reaction sequence was followed as in
the case of (+)-oxybiotin (1) upto the key azido alcohol intermediate 46. The hydroxyl
group in 46 was then protected (BnBr, Ag20) to give the benzyl ether 52 in 95% vyield.
Benzyl protection was confirmed by the presence of a multiplet at & 7.29-7.40
corresponding to five aromatic protons. The benzylic protons appeared at 6 4.61 (s, 2H)
in its TH NMR spectrum. Its 1*C NMR showed the characteristic ester carbonyl signal at &
170.3 while the other resonance absorptions at & 14.2 and 38.2 were due to methyl

(-CO2CH2CHs3) and methylene (-CH2CO:Et) carbons respectively (Figure 12).
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Figure 12: H and *C NMR of benzyl ether 52

The ester functionality in 52 was selectively reduced with DIBAL-H in dry toluene at -78
°C to produce the corresponding aldehyde, which was used as such without purification
due to its instability on silica gel column. Thus, the crude aldehyde upon Wittig
olefination (n-BuLi, PPh3*C12H2sBr, THF) gave olefin 53 in 75% vyield [a]o® +7.4 (c 1.0,
CHClI3). The formation of olefin 53 was confirmed by the presence of multiplets at 6
5.33-5.35 (1H) and 5.42-5.45 (1H) corresponding to olefinic protons. This was further
substantiated by the appearance of carbon signals at & 127.9 and 133.0 in its *C NMR
spectrum (Figure 13).

The final step in the synthesis was the global reduction which included the reduction of
azide and olefin functions along with benzyl deprotection. Accordingly, compound 53
was subjected to reduction under catalytic hydrogenation condition [10% Pd/C, Hz (1
atm.), 97%] which gave the title compound 3-epi-jaspine B 4 with an overall yield of
34.7%. The formation of 4 was confirmed by the appearance of broad absorption band at

vmax 3359 cm™ and the disappearance of sharp absorption band for azide functionality in

its IR spectrum.
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Figure 13: H and 3C NMR of olefin 53

This was further evidenced by the disappearance of signals corresponding to benzyl and
olefin functionality from its *H and 3C NMR spectra (Figure 14). The spectroscopic data
along with physical properties like specific rotation and melting point of the final product

thus obtained were in agreement with the literature values.'® 1
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Figure 14: *H and 3C NMR of 3-epi-jaspine B 4
1.1.4 Conclusion
In conclusion, we have accomplished a new enantioselective synthesis of (+)-oxybiotin

(1) (21.2% overall yield) and 3-epi-jaspine B (4) (34.7% overall yield) starting from
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readily available cis-2-butene-1,4-diol. This method comprises operationally simple
reactions with fewer steps, high overall yields with the use of inexpensive & non toxic
reagents. The strategy of the diastereoselective tandem desilylation oxa-Michael addition
reaction employed here can be applied to the synthesis of other THF based bioactive
molecules and studies pertaining to that are currently underway.

1.1.5 Experimental section

(2)-4-(tert-Butyldimethylsilyloxy)but-2-en-1-ol (41)

To a solution of alcohol 40 (20 g, 227.27 mmol) in dry CH2Cl> (700 mL) at 0 °C was
added imidazole (23.21 g, 340.91 mmol) and tert-butyldimethylsilyl chloride (37.68 g,
250 mmol). The reaction mixture was then stirred at 0 °C for 6 h. After completion of
reaction (monitored by TLC), it was diluted with CH>Cl>, washed with water, brine and
dried over anhydrous Na>.SO4. Removal of solvent under reduced pressure gave the crude
product which was then purified by column chromatography with petroleum ether/EtOAc
(9:1 v/v) to give 41 (33.57 g) as a colorless liquid.

Yield: 73%; IR (CHCIs): vmax 777, 837, 1033, 1088, 1255, 1471, 2857, 2929, 3354 cm™;
IH NMR (200 MHz, CDCls): § 0.04 (s, 6H), 0.86 (s, 9H), 2.9 (br s, 1H), 4.10-4.20 (m,
4H), 5.57-5.61 (m, 2H); *C NMR (50 MHz, CDCls): 5 -5.3, 18.3, 25.9, 58.6, 59.5,
130.1, 131.1; Anal. Calcd for C10H220,Si requires C, 59.35; H, 10.96; Found: C, 59.38;
H, 10.99%.

(2S,35)-3-((tert-Butyldimethylsilyloxy)methyl)oxirane-2-carbaldehyde (43)

To a solution of alcohol 41 (15.02 g, 69.44 mmol) in dry CH.Cl, was added in one
portion (diacetoxyiodo)benzene (24.34, 75.62 mmol) and TEMPO (1.07 g, 6.91 mmol).

The reaction mixture was then allowed to stir at 25 °C for 1 h. After completion of
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reaction (monitored by TLC), the reaction mixture was quenched by the addition of
saturated solution of ag. sodium thiosulphate. The organic layer was separated, washed
with brine and dried over anhydrous Na>SO4. After evaporation of the solvent, the
residue was purified using coulumn chromatography with petroleum ether/EtOAc (9:1
v/v) as eluent to afford the epoxy aldehyde 43 (14.27 g) as yellow colored liquid.

Yield: Yield: 95%; [a]o® +41.9 (c 3.0, CHCIs); IR (CHCl3): vmax 778, 838, 1099, 1256,
1472, 1720, 2858, 2930 cm™; 'H NMR (200 MHz, CDCls): § 0.08 (s, 6H), 0.89 (s, 9H),
3.34-3.44 (m, 2H), 3.96-4.00 (m, 2H), 9.47 (d, J = 4.2 Hz, 1H); 13C NMR (50 MHz,
CDCls): 6 -5.7, 18.0, 25.5, 57.3, 59.6, 59.7, 197.2; Anal. Calcd for C10H2003Si requires
C, 55.52; H, 9.32; Found: C, 55.60; H, 9.43%.

(E)-Ethyl ((2R,3S)-3-((tert-butyldimethylsilyloxy)methyl)oxiran-2-yl)acrylate (44)

To a stirred solution of aldehyde 43 (10.0 g, 46.22 mmol) in dry CH2Cl, (250 mL) at 25
°C was added PhsP=CHCO:Et (24.0 g, 70.0 mmol) and the reaction mixture was stirred
for 2 h. After completion of reaction (monitored by TLC), solvent was distilled off under
reduced pressure and the crude mass on column chromatographic purification with
petroleum ether/EtOAc (9:1 v/v) gave the a,B-unsaturated ester 44 (12.18 g) as a slightly
yellow colored liquid.

Yield: 92%; [a]p® +13.5 (c 2.0, CHCI3); IR (CHCla): vmax 778, 838, 1035, 1260, 1722,
2858, 2930 cm™; 'H NMR (200 MHz, CDCls): § 0.07 (s, 3H), 0.08 (s, 3H), 0.90 (s, 9H),
1.30 (t, J = 7.1 Hz, 3H), 3.33-3.35 (m, 1H), 3.56-3.58 (m, 1H), 3.72-3.75 (m, 2H), 4.19
(9, J = 7.1 Hz, 2H), 6.11 (d, J = 15.8 Hz, 1H), 6.77-6.82 (m, 1H); 3C NMR (50 MHz,
CDCIs): 6 -5.4, -5.3, 14.1, 18.2, 25.8, 54.6, 59.1, 60.5, 60.8, 125.3, 141.2, 165.1; Anal.

Calcd for C14H2604Si requires C, 58.70; H, 9.15; Found: C, 58.78; H, 9.13%.
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Ethyl 2-((1S, 2S, 5R)-3,6-dioxabicyclo[3.1.0]hexan-2-yl)acetate (45)

To a well stirred solution of silyl ether 44 (6 g, 20.97 mmol) in THF (40 mL) was added
1 M solution of tetrabutylammonium fluoride (30 mL, 41.95 mmol) at 25 °C. The
reaction mixture was stirred at this temperature for 2 h after which the solvent was
removed under reduced pressure and the residue was subjected to column
chromatography purification with petroleum ether/EtOAc (5:5 v/v) to afford furan
derivative 45 (3.34 g) as a single diastereomer.

Yield: 93%; colorless liquid; [a]o® -6.2 (¢ 0.5, CHCI3); IR (CHCl3): vmax 838, 1256,
1719, 2876 cm™’; *H NMR (200 MHz, CDCl3): § 1.28 (t, J = 7.0 Hz, 3H), 2.47 (m, 2H),
3.72-3.78 (m, 3H), 3.96 (d, J = 10.5 Hz, 1H), 4.18 (q, J = 7.0 Hz, 2H), 4.46 (t, J = 6.8 Hz,
1H); C NMR (50 MHz, CDCls): 6 13.8, 36.2, 55.6, 58.2, 60.4, 66.1, 73.7, 169.5; Anal.
Calcd for CgH1204 requires C, 55.81; H, 7.02; Found: C, 55.85; H, 6.94%; HRMS (m/z):
calculated [M+Na]* for CsH1204: 195.0633, found: 195.0636.

Ethyl 2-((2S,3R,4S)-4-azido-3-hydroxytetrahydrofuran-2-yl)acetate (46)

To a solution of epoxide 45 (3 g, 17.43 mmol) in EtOH/H20 (80:20 mL) was added NaN3
(6.83 g, 104.59 mmol) and NH4CI (5.6 g, 104.59 mmol) at 25 °C. The mixture was then
stirred at 80 °C for 12 h. After completion of reaction (monitored by TLC), EtOH was
removed by rotary evaporation. The reaction mixture was extracted with EtOAc (100 mL
x 3). The combined organic layers were washed with H>.O (20 mL x 3), brine (20 mL x 3)
and dried (anhydrous Na>SOa). After evaporation of the solvent, the residue was purified
using coulumn chromatography with petroleum ether/EtOAc (6:4 v/v) to give the azido

alcohol 46 (3.41 g) as yellow colored liquid.
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Yield: 91%; yellow liquid; [a]o® +10.2 (¢ 0.4, CHCIs); IR (CHCls3): vmax 1073, 1725,
2105, 3439 cm™; 'H NMR (200 MHz, CDCls): & 1.29 (t, J=7.0 Hz, 3H ), 2.65 (dd, J =
8.9, 16.8 Hz, 1H), 2.84 (dd, J = 5.3, 16.8 Hz, 1H), 3.38 (br s, 1H), 3.88-4.03 (m, 5H),
4.18 (g, J = 7.2 Hz, 2H); *C NMR (50 MHz, CDCls): 6 14.0, 37.8, 61.2, 67.5, 70.4,
81.2, 81.4, 172.0; Anal. Calcd for CgH13N3O4 requires C, 44.65; H, 6.09; N, 19.53;
Found: C, 44.71; H, 6.13; N, 19.60%; HRMS (m/z): calculated [M+Na]* for CgH13N30a:
238.0803 found: 238.0806.

Ethyl 2-((2S,3S,4R)-3,4-diazidotetrahydrofuran-2-yl)acetate (48)

To a well stirred and cooled solution (0 °C) of azido alcohol 46 (2.0 g, 9.29 mmol) in dry
CHCI (50 mL) was added EtsN (3.8 mL, 27.5 mmol) and MsCI (0.84 mL, 11.15 mmol).
Stirring was continued for 0.5 h and the mixture was diluted with CH2Cl, (30 mL),
washed successively with aq 5% HCI (2x15 mL), satd ag NaHCOs3 (15 mL) and water (15
mL). The organic solution was dried and evaporated to give a crude mesylate 47 as a
yellow syrup which was used as such for the next reaction.

To a stirred solution of crude mesylate 47 (2.2 g, 7.50 mmol) in dry DMF (20 mL) were
added NaN3 (2.92 g, 45.05 mmol) & the resulting suspension was stirred at 120 °C for 24
h. After completion of reaction (monitored by TLC), the solution was extracted with
EtOAc (100 mL x 3). The combined organic layers were washed with brine (20 mL x 3)
and dried (Na2SOa). After evaporation of the solvent, the residue was purified using
column chromatography with petroleum ether/ethyl acetate (7:3 v/v) to give the diazide
48 (1.35 g) as yellow liquid.

Yield: 75%; yellow liquid; [o]p?® +27.70 (c 0.4, CHCIs); IR (CHCIs): vmax 1740, 2105,

cm?; 'H NMR (200 MHz, CDCls): & 1.27-1.30 (t, J = 7.0 Hz, 3H ), 2.57-2.62 (dd, J =
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6, 16 Hz, 1H), 2.65-2.70 (dd, J = 6, 16 Hz, 1H), 3.75-3.78 (dd, J = 6, 16 Hz, 1H), 3.96-
3.98 (m, 1H), 4.10-4.20 (m, 5H); 3C NMR (50 MHz, CDCls): & 14.1, 37.6, 60.8, 62.2,
65.6, 70.3, 169.6; Anal. Calcd for CgH12NeO3 requires C, 40.00; H, 5.04; N, 34.98;
Found: C, 40.10; H, 5.12; N, 35.02%; HRMS (m/z): calculated [M+Na]* for CgH12NgOa:
263.0868 found: 263.0886.
(2S,3S,4R)-3,4-diazido-2-(5-(benzyloxy)pent-2-en-1-yl)tetrahydrofuran (50)

To a stirred solution of ester 48 (1.0 g, 4.16 mmol) in dry toluene (50 mL), a solution of
diisobutylaluminium hydride (4.5 mL, 4.57 mmol, 1M in cyclohexane) was added
dropwise at -78 °C and stirred at this temperature for 1 h. After completion of the reaction
(monitored by TLC), it was diluted with a saturated solution of potassium sodium tartrate
(Rochelle salt) and stirred for further 3 h. The organic phase was separated and the
aqueous phase extracted twice with CH2Cl.. The combined organic phase was then
washed with water, brine and dried over anhydrous Na,SO4. Removal of solvent under
reduced pressure gave crude aldehyde 49 which was used as such for the next reaction.
At 0 °C, a solution of the crude aldehyde 49 (0.500 g, 2.55 mmol) in ether (4 mL) was
treated with a solution of the ylide [generated from BnO(CH.)sP*Phazl- (4.2 g, 7.65 mmol)
using KO'Bu (0.714 g, 6.37 mmol) in THF (5 mL) at 0 °C] and stirred for 30 min. The
reaction mixture was quenched with saturated NH4CIl (5 mL). The organic layer was
separated and the aqueous layer was extracted with ethyl acetate (2 x 10 mL). The
combined organic layer was washed with brine, dried (Na>SOs), and concentrated.
Purification of the crude product by column chromatography (90:10 petroleum

ether/EtOAC) gave olefin 50 (0.627 g, 75%) as colorless liquid.
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Yield: 75%; Colorless liquid; [a]o® +31.33 (¢ 1.0, CHCIs); IR (CHCIs): vmax 698, 737,
1095, 1262, 2106, 2855 cm™; 1H NMR (400 MHz, CDCls): & 2.35-2.49 (m, 4H), 3.42-
3.55 (m, 3H), 3.68-4.07 (m, 4H), 4.51 (s, 2H), 5.46-5.71 (m, 2H), 7.34 (s, 5H); 23C NMR
(100 MHz, CDCls): 6 30.0, 35.2, 61.3, 65.2, 66.5, 73.5, 128.0, 128.7, 131.7, 133.2, 133.9;
Anal. Calcd for Ci6H20NsO2 requires C, 58.52; H, 6.14; N, 25.29; Found C, 58.64; H,
6.20; N, 25.35%; HRMS (m/z): calculated [M+Na]* for C16H20NsO> : 351.1648 found:
351.1650.
(3aS,4S,6aR)-4-(5-hydroxypentyl)tetrahydro-1H-furo[3,4-d]imidazol-2(3H)-one (51)
To a stirred Methanolic solution of olefin 50 (150 mg, 0.45 mmol, 15 mL) was added
Pd/C (10% on carbon, 15 mg) and the reaction mixture stirred under an H, atmosphere at
room temperature for about 24 h. After the completion of reaction it was filtered over
celite plug (MeOH eluent) and solvent evaporated under reduced pressure to give crude
di-amino alcohol as a gummy liquid which was then diluted with dry CH2Clz>. the reaction
mixture was cooled to 0 °C and to it were added EtsN (0.2 mL, 1.47 mmol) and a solution
of triphosgene (47 mg, 0.16 mmol) in dry CH2Cl,. After stirring for 2 h under the same
temperature, the reaction mixture was left for stirring at room temperature. After 20 h, the
catalyst was filtered off and washed thrice with CH2Cl>. Concentration of the filtrate
under vacuum provided the crude residue which on column chromatography with ethyl
acetate/methanol (8:2 v/v) afforded pure 51(73 mg) as a white solid.

Yield: 76%; white solid; m.p. 162-164 °C; [a]p?® +40.35 (c 1.5, MeOH); IR : vmax 1700,
2935, 3445 cm™; 1H NMR (400 MHz, CD30D): & 1.40-1.46 (m, 4H), 1.51-1.63 (m, 3H),
1.69-1.77 (m, 1H), 2.69 (d, J = 13 Hz, 1H), 2.95 (dd, J = 4.8, 13 Hz, 1H), 3.24 (ddd, J =

4.6, 6.1 & 9.0 Hz, 1H), 3.56 (t, J = 6.2 Hz ,2H), 4.33 (dd, J = 5.0, 7.7 Hz, 1H), 4.50, (dd,
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J=4.9, 8.1 Hz, 1H). 1*C NMR (100 MHz, CDs0D): & 26.6, 29.5, 29.9, 33.1, 40.8, 56.9,
61.4, 62.64, 63.2, 163.4; Anal. Calcd for C10H1sN2O3 requires C, 56.06; H, 8.47; N,
13.07; Found C, 56.15; H, 8.52; N, 13.15%; HRMS (m/z): calculated [M+Na]" for
C10H18N203: 237.1317 found: 237.1315.

(+)-Oxybiotin (1)

To a stirred solution of alcohol 51 (60 mg, 0.28 mmol) in CH3CN/H20 (4:1) were added
in one portion (diacetoxyiodo)benzene (196 g, 0.61 mmol) and TEMPO (14 mg, 0.084
mmol). The reaction mixture was then allowed to stir at 25 °C for 4 h. After completion
of the reaction (monitored by TLC), it was quenched by the addition of a saturated
solution of ag. sodium thiosulfate. The combined aqueous solution was evaoprated by co-
distillation with a mixture of 1:1 toluene:EtOH to give crude residue which was then
subjected to column chromatographic purification with MeOH/EtOAc (5:5 v/v) to give 1
as a white powder which on recrystallization from water gave pure (+)-oxybiotin 1 ( 63
mg ) as a silky crystals.

Yield: 99%; White Solid; m.p. 184-187 °C; {lit.%> m.p. 185-187 °C}; [a]p?® +57.5 (c 0.65,
in 1 M NaOH ) {lit.%® [a]p?® +57.7 ( 0.8, in 1 M NaOH)}; IR: vmax 1670, 1705, 3405 cm"
L 1H NMR (400 MHz, Me2SO-ds): § 1.16-1.56 (m, 6H), 2.21 (t, J = 6.0 Hz , 2H), 3.32
(m, 1H ), 3.40 (dd, J = 9.8, 4.6 Hz 1H), 3.66 (d,1H), 4.09 (dd, J = 8.5 Hz, 1H), 4.22 (dd,
1H), 6.35 (br s, 1H) , 6.41 (br s, 1 H); 3C NMR (100 MHz, Me;SO-ds): & 25.3, 26.0,
28.3, 34.4, 57.5, 59.2, 74.4, 82.9, 164.0, 174; Anal. Calcd for C10H1sN204 requires C,
52.62; H, 7.07; N, 12.27; Found: C, 52.67; H, 7.12; N, 12.30%; HRMS (m/z): calculated
[M+Na]+ for C10H16N204 : 251.1008 found: 251.1006.

Ethyl 2-((2S,3R,4S)-4-azido-3-(benzyloxy)tetrahydrofuran-2-yl)acetate (52)
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To a solution of azido alcohol 46 (2.1 g, 9.76 mmol) in dry CH2Cl> (60 mL) was added
Ag20 (3.39 g, 14.64 mmol) followed by BnBr (2.0 g, 11.71 mmol) at 0 °C. The reaction
mixture was stirred for 6 h at 25 °C and then filtered through a pad of Celite. The filtrate
was evaporated to dryness and the residue was purified by column chromatography with
petroleum ether/EtOAC (8:2 v/v) to give 52 (2.82 g) as a yellow colored syrup.

Yield: 95%; yellow syrup; [a]o® +15.8 (¢ 1.0, CHCIs) {lit.°> [a]p?® +15.4 (c 1.1, CHCIl3)};
IR (CHCl3): vmax 747, 1020, 1171, 1436, 1497, 1737, 2105, 3031 cm™; 1H NMR (200
MHz, CDCls): 6 1.26 (t, J = 7.2 Hz, 3H), 2.59 (dd, J = 1.9, 7.1 Hz, 2H), 3.79(d, J= 2.1
Hz, 1H), 3.95-4.27 (m, 6H), 4.61 (s, 2H), 7.29-7.40 (m, 5H); 3C NMR (50 MHz,
CDCls): 6 14.2, 38.2, 60.7, 65.8, 70.8, 72.3, 80.2, 86.9, 127.8, 128.1, 128.6, 137.2, 170.3;
Anal. Calcd for Ci15H19N3O4 requires C, 59.01; H, 6.27; N, 13.76; Found: C, 59.08; H,
6.31; N, 13.80%. HRMS (m/z): calculated [M+Na]* for C1sH19N304 : 328.1259 found:
328.1261.

(2S,3R,4S)-4-Azido-3-(benzyloxy)-2-((Z)-tetradec-2-enyl)tetrahydrofuran (53)

To a stirred solution of ester 52 (1.0 g, 3.27 mmol) in dry toluene (50 mL), a solution of
diisobutylaluminium hydride (3.6 mL, 3.6 mmol, 1M in cyclohexane) was added
dropwise at -78 °C and stirred at this temperature for 1 h. After completion of reaction
(monitored by TLC), it was diluted with a saturated solution of potassium sodium tartrate
(Rochelle salt) and stirred for further 3 h. The organic phase was separated and the
aqueous phase extracted twice with CH2Cl.. The combined organic phase was then
washed with water, brine and dried over anhydrous Na,SO4. Removal of solvent under

reduced pressure gave crude aldehyde which was used as such for the next reaction.
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To a stirred solution of dodecy! triphenylphosphonium bromide (2.05 g, 4.0 mmol) in 20
mL of dry THF at -78 °C was added n-BuL.i (1.6 M solution in hexane 2.5 mL, 3.8 mmol)
dropwise and the resulting solution was stirred for 30 min. The crude aldehyde obtained
above was dissolved in dry THF (5 mL) and added dropwise with stirring to the ylide
solution at -78 °C. The reaction mixture was then brought to 0 °C and stirred for 3 h. The
reaction was quenched with 6 mL of saturated NH4Cl solution at 0 °C, the solvent was
evaporated under reduced pressure; the residue was extracted with EtOAc (2 x15 mL),
and dried with anhydrous Na>SOas. After evaporation of ethyl acetate the residue was
chromatographed (silica gel, 230-400 mesh, petroleum ether/EtOAc (9.5:0.5 v/v) to
obtain 53 (1.02 g) as viscous liquid.

Yield: 75%; Colorless liquid; [a]p?® +6.8 (¢ 2.5, CHCI3) {lit.? [a]o® +6.7 (c 2.8, CHCl3)};
IR (CHCIs): vmax 747, 1081, 1460, 1729, 2853, 2937 cm™; 1H NMR (200 MHz, CDCly):
§ 0.86 (t, J = 7.1 Hz, 3H), 1.31-1.34 (m, 18H), 2.01-2.02 (m, 2H), 2.45-2.47 (m, 2H),
3.63 (dd, J = 3.2, 9.8 Hz, 1H), 3.83-3.85 (m, 2H), 3.97-4.01 (m, 1H), 4.14 (dd, J = 5.7,
9.5 Hz, 1H), 4.52 (d, J = 12.3 Hz, 1H), 4.62 (d, J = 11.1 Hz, 1H), 5.33-5.35 (m, 1H),
5.42-5.45 (m, 1H), 7.29-7.33 (m, 5H); ¥C NMR (50 MHz, CDCls): & 14.8, 22.7, 27.3,
29.3, 29.5, 29.6, 30.9, 31.9, 65.9, 70.6, 72.2, 84.0, 87.1, 123.9, 127.7, 127.9, 128.4,
133.0, 137.2; Anal. Calcd for C2sH39N3O2 requires C, 72.60; H, 9.50; N, 10.16; Found
C, 72.56; H, 9.55; N, 10.21%; HRMS (m/z): calculated [M+Na]* for C2sHz9N3O; :
436.1543 found: 436.1540.

3-epi Jaspine B (4)

To a stirred ethanolic solution of olefin 53 (50 mg, 0.12 mmol, 5 mL) was added Pd/C

(10% on carbon, 5 mg) and the reaction mixture stirred under an H, atmosphere at room
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temperature for about 12 h. After the completion of reaction it was filtered over celite
plug (EtOH eluent) and solvent evaporated under reduced pressure to give 3-epi-jaspine
B 4 (35 mg) as colorless solid.

Yield: 97%; Colorless solid; m.p.75-77 °C; {lit.** m.p. 75-76 °C}; [a]o® -3.4 (c 0.6,
CHCls) {lit.* [0]p®-3.2 (c 0.8, CHCI3)}; IR (CHClIs): vmax 3359, 2924, 2857, 1637, 1435
cm™; IH NMR (200 MHz, CDCls): & 0.88 (t, J = 6.7 Hz, 3H), 1.25 (m, 24H), 1.55-1.67
(m, 2H), 2.12 (br s, 3H), 3.32 (dd, J = 4.9, 6.6Hz, 1H,), 3.60 (dd, J = 4.8, 9.4 Hz, 1H),
3.62-3.64 (m, 2H), 4.01 (dd, J = 5.9, 9.1 Hz, 1H); 3C NMR (50 MHz, CDCl3): § 14.0,
22.7, 26.0, 29.3, 29.57, 29.60, 29.65, 29.67, 31.9, 34.0, 60.5, 73.6, 84.1, 85.2; Anal.
Calcd for C1gH37NO2 requires C, 72.19; H, 12.45; N, 4.68; Found: C, 72.24; H, 12.52; N,

4.71%; HRMS (m/z): calculated [M+Na]" for C1gH37NO> : 322.2722 found: 322.2725.
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Section 11

Asymmetric Synthesis of (+)-Stagonolide C via Organocatalysis

1.2.1 Introduction and Pharmacology

Naturally occurring 10-membered ring lactones generally called decanolides are
abundant substances that represent the core of many natural products.?® This family of
natural products displays a wide range of pharmacologically interesting properties such
as antibacterial, antitumoral, antifungal, antifeedant, plant growth inhibition, and the
inhibition of cholesterol biosynthesis.?* Figure 15 shows the structures of some of the
most important decanolides. For instance, (+)-stagonolide C 54, a new phytotoxic
nonenolide, was recently isolated 2** from Stagonospora cirsii, a fungal pathogen from
Cirsium arvense and was proposed as a potential mycoherbicide by causing necrotic
lesions on leaves, while (-)-aspinolide A 55 was isolated from cultures of Aspergillus
ochraceus.?* Due to their interesting structural features as well as various biological
activities, these macrolides have attracted considerable attention from synthetic organic
chemists.?® The reported synthetic routes to these fungal metabolites mainly involve
asymmetric dihydroxylations, hydrolytic kinetic resolutions, enzymatic hydrolysis, and
chiral pool strategies as the key stereochemistry inducing steps.?®

0]

0

= = A

HO “'OH

OH OH OH OH
Stagonolide C (54) Aspinolide A (55)  Modiolide A (56) Decarestrictine C 2 (57)

Figure 15: Some naturally occurring small ring macrolides
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1.2.2 Review of Literature

Till date six synthetic routes 252" have been documented in the literature for the synthesis
(+)-stagonolide C 54 which is described below.

Yadav’s approach (2009)%%2

Yadav et al. have achieved the synthesis of (+)-stagonolide C 54 starting from
commercially available L-malic acid and 1,4-butane diol. The key reactions involved
were Sharpless asymmetric epoxidation, activated zinc dust mediated reductive

elimination and ring-closing metathesis.

0
H i )
TBDPSO/\/\'>\/O ' . TBDPSO A i

- = —

58 OH g 60 OPMB

OH WL OH OPMB
O OH i 2
Hooc/'\/COOH — B — LA~

A AL =

61 62 63
0]
HO X o)
60 OPMB o
+
HO Z
OH OPMB SH
NF 64 54
63 (+)-stagonolide C

Scheme 12: (i) (a) Iz, PPhs, imid., THF, 0 °C, 15 min.; (b) Zn dust, Nal, MeOH, reflux, 4 h, 76% over 2
steps; (ii) (a) NaH, PMBBr, THF, 0 °C to rt, 4 h, 84%; (b) IBX, THF, DMSO, rt, 3 h; (c) NaCIlO;,
NaH,PO..2H,0, 2-methyl-2-butene, t-BuOH-H;0, 0 °C to rt, 2h, 84% over 2 steps; (iii) (a) NaH,
PMBBr, THF, 0 °C to rt, 4 h, 84%; (b) TSOH, MeOH, 0 °C to rt, 3 h, 90%; (c) TsCl, NEts, CH.Cl,, 0 °C
tort, 6 h, then LAH, THF, 0 °C to rt, 76% over 2 steps; (iv) EDC, DMAP, CH:Cl,, 0 °C, 14 h, 85%); (V)
(a) DDQ, CHCl,-H,0, 0 °C, 40 min.,85%; (b) Grubbs-I1 (10 mol%), dry CHCly, reflux, 30 h, 68%.

The epoxy alcohol 58 was converted to the corresponding allylic alcohol 59 using appel

reaction condition (l2, PPhs, imid., THF, 0 °C) followed by reductive ring opening with
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activated Zn. The completion of acid fragment 60 was achieved in four steps: (i) PMB
protection; (ii) silyl deprotection; (iii) IBX oxidation and (iv) pinnick oxidation of
primary alcohol. The synthesis of alcohol fragment 63 involves a Sharpless asymmetric
epoxidation of allylic alcohol obtained from L-malic acid 61. Alcohol fragment 63 and
carboxylic acid fragment 60 were coupled using 3-(ethyliminomethyleneamino)-N,N-
dimethyl-propan-1-amine (EDCI) followed by PMB deprotection and Ring Closing
Metathesis (RCM) to give (+) stagonolide C 54 in 68% vyield (Scheme 12).

Nanda’s approach (2009)26b

Nanda et al have reported the synthesis of (+)-stagonolide C
by a chemo-enzymatic approach. The alcohol 65 was subjected to DKR (dynamic Kinetic
resolution) reaction by coupling enzyme-catalyzed transesterification reaction with a
metal-catalyzed racemization method to give the corresponding acetate which on
hydrolysis furnished desired enantiomerically pure alcohol 66 in 94% yield. The alcohol
66 was then converted into acid fragment 60 in 72 % vyields in 3 steps: (i) PMB protection
of 66 (PMB acetimidate, CSA, 85%; (ii) TBS deprotection (PPTS) and (iii) oxidation of
primary alcohol. The synthesis of alcohol fragment 63 was achieved from racemic
alcohol 67. Metal-enzyme combined DKR reaction of 67 afforded enantiomerically pure
alcohol which on series of protection-deprotection reaction sequences led to the
formation of compound 68. Silyl deprotection of compound 68 gaves alcohol fragment
63 in 90% vyields Alcohol fragment 63 and carboxylic acid fragment 60 were coupled
using 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline  (EEDQ) followed by PMB
deprotection and Ring Closing Metathesis (RCM) to give (+) stagonolide C 54 in 66%

yield (Scheme 13).
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0
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Schemel3: (i) CAL-B, isopropenyl acetate, chlorodicarbonyl(1-(isopropylamino)-2,3,4,5-
tetraphenylcyclopentadienyl) ruthenium(ll), K,COs;, KO'Bu, 90%; (ii) (a) PMBO-(C=NH)-CCl;, CSA,
85%; (b) PPTS, MeOH, 88%; (c) PDC, DMF, 72%; (iii) TBAF, THF, 90%; (iv) EEDQ, THF, 92%; (v) (a)
DDQ, DCM/H;0 (19:1), 85%; (b) Grubbs-1l, DCM, 66%.

Yadav’s approach (2012)%d

In yet another approach Nanda et al have achieved the synthesis of (+)-stagonolide C
54 involving Prins cyclization and RCM as the key steps. Prins cyclization between the
known homoallylic alcohol 69 and acetaldehyde in the presence of trifluoroacetic acid
resulted in the formation of compound 70. Compound 70 was then converted into
rearranged product 71 in 5 steps: (i) tosylation of 70 (TsCl, EtzN) ; (ii) MOM protection
(MeOCH:CI, 'Pr:EtN) (iii) iodination (Nal) (iv) elimination and (v) rearrangement.
Ozonolysis of 71 followed by treatment with methylenetriphenylphosphorane furnished
the open-chain olefinic acetate which on hydrolysis provided the corresponding alcohol
fragment 72 in 96% vyield. Reductive elimination of iodo derivative 73 promoted by

Zn/EtOH afforded secondary alcohol derivative which was protected as its MOM-ether
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gave compound 74. Subsequent saponification of the ester group with 2N NaOH and
MeOH afforded acid fragment 75 in 85% yield. Coupling of acid fragment 75 with
alcohol fragment 72 using DCC followed by Ring Closing Metathesis (RCM) of coupled

product 76 gave (+) stagonolide C 54 in 76% yield (Scheme 14).

OH OMOM
_ry =
HO —, = S A
OH HO |
(0] (0]
69 70 71 72
0]
\% /\:/\)J\OH
OMOM
75
MOMO  OH
X : 0
+
0 HO =y
SMOM " 76 >4
(+)-stagonolide C
75

Scheme 14: (i) MeCHO, CF3;COOH, CHCl, , then K.CO3 , MeOH, r.t, 5 h; 55%; (ii) (a) TsClI, EtsN,
CH.Cl,, 0 °C to r.t., 3 h; 90%; (b) MeOCH,CI, 'Pr.EtN, CH,Cly, 0 °C to r.t., 3 h; 90%. (c) Nal, acetone,
reflux, 24 h; 95%; (d) NaH, DMF, r.t., 6 h; (&) SiOz, 72%; (iii) (a) Oz, PhsP, CHCIl; , then PhsP=CH; ,
THF, -78 °C to 0 °C, 74%; (b) K.COs, MeQOH, r.t., 2 h, 96%; (iv) (a) Zn, EtOH, reflux, 2 h, 86%; (b)
MeOCH,CI, Pr,EtN, N,N-dimethylpyridin-4-amine DMAP (cat.), CH,Cl,, 0 °C to r.t., 3 h, 82%; (v) 2N
NaOH, MeOH, r.t., 6 h, 85%; (vi) DCC, DMAP, CH,Cl,, 0 °C to r.t.,2 h, 80%; (vi) (a) Grubbs 2nd-gen.
catalyst, CH,Cly, reflux, 24 h, 60%; (b) MesSiBr, CHCl, , -40 °C, 15 min; 76%.

Nagaiah’s approach (2012)%’

Nagaiah et al have described the synthesis of (+)-stagonolide C 54 using Barbier

allylation, chiral-auxiliary mediated acetate aldol addition, a 1,3-anti-reduction, a
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Sharpless kinetic resolution and Yamaguchi macrolactonization and ring-closing
metathesis as the key reactions. The alcohol fragment 79 was prepared from a key
intermediate 77. The compound 77 was then converted into diol 78 in 5 steps. Hydroxyl
group in diol 78 was then protected as its silyl ether to give alcohol 79. The rac-vinyl
carbinol 80 upon Sharpless kinetic resolution afforded enantiomerically pure allylic
alcohol 81. The acid fragment 82 was obtained from alcohol 81 in 4 steps: (i) TBDPS
protection; (ii) benzyl deprotection; (iii) PCC oxidation and (iv) pinnick oxidation.
Coupling of acid fragment 82 with alcohol fragment 79 wusing Yamaguchi
macrolactonization followed by Ring Closing Metathesis (RCM) to give (+) stagonolide

C 54 in 68% yield (Scheme 15).

\8%-0 5 steps OH OH : TBDPSO  OH
A~ Sl s
OH OH
77 78 79
oH ) OH ) OTBDPS
\)\/\/OBn — \/‘\/\/OB” . \)\/\WOH
O
80 81 82
TBDPSO  OH o o
W
0 (o
79 iv v
+ — TBDPSO | ; — HO” N
OTBDPS OH
OTBDPS " 54
X OH (+)-stagonolide C
g2 O

Scheme 15: (i) TBDPSCI, imid., CH.Cl,, 0 °C, 5 h, 90%; (ii) (-)-DET, Ti (Oi-pr)s, TBHP, CH,Cly, -20 °C,
6h, 46%; (iii) (a) TBDPSCI, imid., CH.Cl,, 1t, 8 h, 95%; (b) DDQ, CH.Cl,-H,0, reflux, 4 h.,90%; (c)
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PCC, NaOAC, CHCly, rt, 5 h, 90%; (d) NaClO,, NaH,PO4,2-methyl-2-butene, t-BuOH, H.0, 0 °C to r.t.,
10 h, 92% (iv) 2,4, 6 tribenzoyl chloride, NEts, THF, DMAP 0 °C, 14 h, 86%; (v) (a) HF/pyridine, THF, 0
°C, 8 h, 84%; (b) Grubbs-1I (10 mol%), dry CH,Cl,, reflux, 24 h, 68%.

Qiao’s approach (2012)2¢¢

Qiao et al have reported the synthesis of (+)-stagonolide C 54 using chiral pool approach
as discussed below. The synthesis of sulfone 86 commences from a key intermediate 84

which was prepared from L-glutamic acid in 5 steps.

OH OPMB Ph OH OO0 Ph
“_ Br “_ _S_ _N SN
OMe OMe N-pN OMe N-pN
84 85 86
X X “
0"'"\_.OH ii 0" \_.OPMB iv o) OPMB
e e
.OTBS OTBS
o
87 88 89
OH 00 Ph
= \\// !
S N,
| N
OMe N\N/
o)
o OPMB
86 _~__,OPMB . 0
Y Vi
+ g OH \_.OH — HO” N
H OH
o)
o OPMB 54
90 (+)-stagonolide C
WOTBS
89

Scheme 16: (i) (a) PMBO-(C=NH)-CCls, PPTS, CHCl,, 70%; (b) 1-phenyl-5-mercapto-tetrazole, K,COs,
acetone, 84%; (ii) m-CPBA, CHxCly, 82%; (iii) (a) PMBCI, NaH., 86%; (b) LAH, 96%; (c) TBSOTT, 2,6
lutidine, CH:Cl,, 100%; (iv) (a) 50% TFA, CH.Cl,, 50%:; (b) NalOs, THF/H20; (v) (a) NaHMDS, HMPA,

Chapter | 48



(+)-Stagonolide C

-78 °C, 60%; (b) CSA, MeOH, 68%; (c) LiOH, 98%; (vi) (a) 2,4,6 trichlorobenzoyl chloride, NEt;, THF
then DMAP, benzene, 63%; (b) CAN, CH3CN:H,0,100%.

PMB protection of hydroxyl group in compound 84 and subsequent thianation with N-
Phenyl-5-mercaptotetrazole/K.CO3 gave 85 in 83% yield. Compound 85 then subjected
to m-CPBA oxidation to give sulfone fragment 86. The synthesis of aldehyde fragment
89 began with Mulzer’ epoxide 87, which was prepared from D-glucono-1,5-lactone. The
Mulzer’ epoxide 87 was then converted into acetonide 88 in 3 steps i.e PMB protection,
epoxide ring opening with LAH and TBS protection. Hydrolysis of acetonide 88
followed by subsequent treatment with NalO4/H2.O-THF led to the required aldehyde 89.
The sulfone fragment 86 and aldehyde fragment 89 were then coupled using Julia-
Lythgoe olefination which on TBS deprotection and ester hydrolysis gave the seco acid
90. Yamaguchi esterification of seco acid 90 and cleavage of PMB protecting groups
using CAN afforded (+) stagonolide C 54 in quantitative yield (Scheme 16).

Kumar’s approach (2016)%

Kumar et al have described an organocatalytic approach for the synthesis of (+)-
stagonolide C 54. The synthesis of acid fragment 93 starts with aldehyde 91 which was
subjected to D-proline catalyzed sequential a-aminooxylation followed by reduction with
NaBH; and cleavage of the O-N bond afforded diol 92. Diol 92 was then converted into
acid fragment 93 in six steps: (i) monotosylation of diol; (ii) epoxide formation with
K2COs in MeOH; (iii) epoxide opening with sulphur ylide; (iv) TBS protection; (v) PMB
deprotection and (vi) oxidation to acid. Alcohol fragment 96 was prepared from chiral
intermediate diol 94. Diol 94 was subjected to direct reductive elimination with iodine,

PhsP and imidazole at reflux for 4 h to give olefin 95 in 83 % yield. Cleavage of the PMB
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protecting group with DDQ furnished the target alcohol 96 in 80 % yield. The alcohol 96
was then coupled with acid 93 under the Shiina protocol to give diene 97 in 93 % yield.

Finally, TBDPS deprotection followed by RCM afforded (+) stagonolide C 54 in 78%

yield (Scheme 17).
OH OTBDPS
OHC i i
~"opwg ——= HO A _~_oPMB——~ WCOOH
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PMBO  OTBDPS HO  OTBDPS
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TBDPSO | : T HOT Y
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HO OTBDPS 54
NS 97 (+)-stagonolide C
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Scheme 17: (i) (a) (1) D-proline, PhNO, DMSO; (2) NaBH4, MeOH, rt, 0.5 h; (b) CuSO.-5 H,O, MeOH,
10 h, 78 % (over three steps); (ii) (c) (1) Bu2SnO, TsClI, NEt;, CH.Cly; (2) K.CO3, MeOH, 0.5 h, rt, 80 %
(over two steps); (d) (1) (CHs)sS*I-, nBuLi, THF, —20 °C; (2) TBSCI, imidazole, CH:Cl,, 82 % (over two
steps); (e) (1) DDQ, CHCIl,/H,O (18:1), room temp.,1 h; (2) TEMPO (catalytic), BAIB, CH3CN/H,O
(3:1), rt, 7 h. 75% (over two steps); (iii) PhsP, I, imidazole, THF, reflux, 4 h, 83 %; (iv) DDQ,
CH2CI2/H20 (18:1), room temp.,1 h, 80 %; (v) 2-methyl-6-nitrobenzoic anhydride, NEt;, DMAP, CH.Cl>, 6
h, 93 %,; (vi) (a) (i) NH4F, MeOH, 40 °C, 24 h; (b) second-generation Grubbs catalyst (10 mol%), CH.Cl.,
reflux, 48 h, 78 % (over two steps).
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1.2.3. Present Work

1.2.3.1 Objective

As can be seen from the above discussion, the reported methods for the synthesis of (+)-
stagonoide C 54, either employ chiral starting materials or use of kinetic resolution
protocol for the induction of chirality, apart from employing expensive reagents and
longer reaction sequences. Recently, asymmetric synthesis via organocatalysis has
emerged as one of the most useful method for obtaining chiral materials. In particular,
proline and its derivatives have proven to be practical and versatile organocatalysts in
natural product synthesis.?® In a continuation of our work on the proline-catalyzed
synthesis of bioactive molecules, we herein report a concise synthesis of (+)-stagonolide
C 54 starting from readily available raw materials. Proline catalyzed asymmetric o-
aminooxylation and Jorgensen’s epoxidation of aldehyde are the key reactions employed
in the introduction of chirality.

1.2.3.2 Proline-catalyzed a-Aminooxylation

Optically active a-hydroxyaldehydes and ketones are important intermediates in organic
synthesis as they are direct precursors to 1, 2-diols. Because of this utility many methods
have been developed for their preparation. The more prominent, well-established
methods of enantioselective a-oxygenations include the use of Davis oxaziridine,%

Sharpless dihydroxylation of enol ethers,?®

manganese-salen epoxidation of enol
ethers,®° and Shi epoxidation of enol ethers.?®® It is only rather recently that direct
catalytic, asymmetric variants have been reported.>® Most of these methods, however,

require multiple manipulations and there is no direct method, nor catalytic asymmetric

method for their synthesis from the corresponding aldehyde.
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Recently, proline has been found to be an excellent asymmetric catalyst for a-
aminooxylation of carbonyl compounds. When an aldehyde 98 with