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Synopsis

This thesis entitled “Synthesis of Allylic Alcohotnd their Application in Natural
Products Synthesis” comprises five chapters.

Chapter 1

Review on the Synthesis of Allylic Alcohols or their Derivatives using Atom

Economic Reactions

This chapter is a brief literature survey on sysih®f allylic alcohols or derivatives
using atom economic reactions with a representaxample on their application in

natural product synthesis.
Chapter 2

A Stereoselective Formal Synthesis of Migrastatin Macrolide Core using

Intramolecular Asymmetric Allylic C-H Oxidation.

Migrastatinl (Fig. 1) is a glutarimide side chain containingridmber macrocylic
natural product, isolated from a cultured brothSoptomyces sp.Mk 929-43F by
Imoto and co-workers. Migrastatin analogues likecrobde 2 are even more potent
than migrastatin and thdynd to one of the actin binding sites on fascimntabit its

activity consequently suppressing metastasis.

6 OMe OMe
Migrastatin 1 Macrolide 2

Figure 1. Migrastatin and macrolide.

In our approach for the synthesis of macrolide cwé# migrastatin, major focus is
being given on generating the three contagiousachenters (C8, C9, C10) ad

olefin (C11- C12) in the key allylic alcohol inteedtiate8. Initially C9, C10 centers
were built using aldol reaction, (C11-12Jolefin using Ando’s Wittig protocol and



finally C-8 chiral center was installada a Pd(Il) catalyzed stereoselective allylic C-

H oxidation (Scheme 1).

0O 9 oW
U e O\)x:l — 1. Ando's Wittig
3 :

Bn 2. LIOH.H,0
4
0
Pd(ll) 05\ DIBAL -,
\ &tes

Scheme 1
Chapter 3

Synthetic Studies towards a Unified Strategy for All Family Members of
Migrastatin

OMe Dorrigoain A (13R) (9)
. . orrigocin
Migrastatin (1) epi-Dorrigocin A (13S) (10)

Isomigrastatin (11) Dorrigocin B (12)
Figure 2. Migrastatin family members.

Dorrigocin A, epi-dorrigocin A, Isomigrastatin ambrrigocin B are the members of
migrastatin family of natural products (Fig. 2).l Ahese compounds are potential
cancer cell migration inhibitors. In this chaptex have demonstrated the synthesis of
chiral trisubstituted butyrolactorie} from 13 using Pd(ll)-catalyzed asymmetric C-H

oxidation. A common synthetic protocol was devetbpe convert the butyrolactone



14 to the key building blocks of Migrastatin, Isormagtatin, and C1-C13 fragment of

Dorrigocin A (scheme 2).

@]
o~ com  Pd s
/ —
PMBO

13
OMe
J C1-C13 fragmnent of
Dorrigocin A (15)

OPMB

= OTBS

OH

key intermediate to

macrolide 2
Scheme 2

Chapter 4

Design and Synthesis of Hybrid M olecules based on the Fragments Derived from
Amphidinolide T1, Rhizoxin D and Migrastatin family

Key intermidate of Z

amphidinolide T1 (17) ﬁﬁ;’oigitsf(qnse)diate of

O )
o] \F +
— HO o HO Y
Z 17 OPMB

Key intermediate of
| — L
+
— HO
17

isomigrastatin (20)
Figure 3. Designed hybrid molecules and their retrosynthesis

Key intermediate of
migrastatin (22)

This chapter decribes our hypothesis, design anthsgis of hybrid moleculeks, 19
and21 as potential anticancer agents. The key fragsrzhand 22 synthesised



earlier (chapter 2& 3) for accessing cyclic coremrastatin and isomigrastatin were
used to prepare the desinged hybrid molecules.oftier key intermediate partngr
and18 for the hybrid molecules of interest were synithesd using known protocols
developed earlier in our research group. A Stegéisterification followed by ring
closing metathesis are the key reactions usedtahisty the key fragments to access

the hybrid molecules (Fig. 3).
Chapter 5

IBX Mediated Oxidative Annulation of Allylic Alcohols with Enamines. A
Versatile Synthesis of Functionalized Pyridines and its Application to the
Pyridine Cor e of Cyclothiazomycin

HO R?
R® R?
3
R” 23 IBX an
+ T N/

HoN CO,Et R! 25 CO-Et

R' 24

0 0
N X
BocN | + o N IBX BocN || P \
NH - COQEt N = CO-Et
? S\/)/ S\/)/ 2
26 27 Pyridine core of
cyclothiazomycin (28)
Scheme 3

This chapter describes the new IBX mediated doroxidative annulation reaction of
allylic alcohols23 and enamine24 to functionalized pyridine&5 and its application

in the synthesis of pyridine core of cyclothiazomy28 (scheme 3)
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Chapter 1

1.1. Introduction

Allylic alcohols are important and versatile buildi blocks for organic synthesis.
There are several methods available for synthesgiailylic alcohols. However, very
few methods afford these compounds in an atom-eumab fashion. This chapter
reviews the atom-economic reactions used thusfdarthe synthesis of asymmetric
allylic alcohols and/or their derivatives involvad natural product synthesis with a

representative example for each one.
1.2. Morita-Baylis-Hillmann reaction

The Morita—Baylis—Hillman (MBH) reaction is one tife powerful atom-economic
C-C bond-forming reactiorfsThis process involves coupling of an acceptonvated
alkene 2 with a carbonyl electrophild catalyzed mostly by tertiary amines or
phosphine$ Aldehydes and ketones have been widely used asrapéiles, thus
allowing the formation of secondary and tertiaryylad alcohols 3 respectively
(Scheme 1.1). Since all MBH reactions of carbongimpounds generate allylic

alcohols, it can be considered as a general métndHeir synthesis.

2
ji EWG Catalyst HF?1 R ewe
R RZ % ﬂ
1 2 3
Scheme 1.1.
" OH O
CHO Q )C\Fe’
N OMe
W 0~ > CF,
NHR | NHR
4 Rer 5 DMF, -55 °C, 48 h 2
=Fmoc 2. NaOMe, MeOH

70% (99% ee)+ 2% diastereomer

OH OH

Steps \(\/\/\)J\ /g‘/

Epopromycin B 8

Scheme 1.2
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S. Hatekayama and co-workers developed a highlgtenand stereo controlled route
to 7, the key precursor of the novel plant cell inhibiggropromycin B3, by Baylis-
Hillman reaction of N-Fmoc leucind catalyzed bya cinchona alkaloid (Scheme
1.2)4

1.3. Allylic C-H oxidation reactions

Allylic C-H Oxidation is a very attractive approach for accessing allglicohol
derivatives from simple alkenes as no pre activatid the substrate would be
required for the process. Simple alke®esan be transformed to the corresponding
allylic building blocks10 or 11 in a single step (Scheme 1.3). Allylic C-H oxidati
process is most economic when compared to classligdic substitution reactions.

Most of these processes are catalyzed either bgdoai or copper.

H 2
Pd or Cu OCOR
R1J\/ 2 2 R1J\/ + RTN"N0oc0R?
R2CO,H or RZCOzH
9 10 1
Scheme 1.3

1.3.1. Palladium catalyzed allylic C-H oxidation

White group has identified the appropriate condsidor preparing both branched
allylic acetates and linear allylic acetates framtinal alkenel2 and carboxylic acid
13. Linear (E)-allylic acetatesl5 can be obtained using Pd(OA®MSO/BQ
(benzoquinone), whereas bis-sulfoxide/Pd(QMRY) vyields the branched allylic
acetated4 (Scheme 1.49.

o, /0 Branched allyllic C-H oxidation
Ph—S + S-Ph  Q

Pd(OAc), R')J\o
<~ [ Ba
R12> Q . )\/
o — 14
Q Pd(OAc), Linear allylic C'HOOXIdatlon
P'S DMSO il
RTOH — “ |
13 BQ R/\/\O R
15
Scheme 1.4

Intramolecular variant of this reaction is appliedmacrocyclization, also used in

total synthesis of 6-deoxy erythronolide 'BAn asymmetric version of both

4



Chapter 1

intermolecular and intramolecular reaction has disen developed by the same
group using chiral Lewis acid promotérsAn intramolecular variant of this
asymmetric reaction was also applied in the prejeraf key intermediat&9 for the
synthesis of SCH 351448 (Scheme $%).

0/ \2
T bS_Ph O 1) LiHMDS
N Pd(OAc) i ,
TIPSO 07 COH Goade, TIPSO 9/\(«? TMSCIEtN TIPSO\\fj\
A BQ, dioxane 2) Mel, KoCO;4 2072 CO,Me
H 65 °C, 72 h, 83% (3:1) — H H
16 17 18
1) Pd/C, H,
2) LiAlH, TIPSO
A_OBn T SCH351448
3) NaH, BnBr a°4q
4) 3M HCl 19

Scheme 1.5

Even though allylic C-H oxidation has been an avéh growing research interest in
the recent past, these reactions are limited byrégeirement of excess oxidant.
However, S. S. Stalat al. demonstrated the synthesis of linear allyl aestasing @
as the stoichiometric oxidant in Pd-catalyzed all{3-H acetoxylation. Use of 4,5-
diazafluorenone as an ancillary ligand for Pd(QAephables the conversion of
terminal alkenes to linear allylic acetoxylationo@ucts 20 in good yields and

selectivity under 1 atm §Scheme 1.6¥

5% Pd(OAc),
H (4.5-diazofluorenone)

+AcOH +1/2 0 1N
RIS 2 20% NaOAc R OAc+ H0
9 dioxane, 60 °C 20
Scheme 1.6

1.3.2. Copper catalyzed reactions (Kharasch—Sosndysreaction)

Allylic C-H oxidation using copper and cobalt wiger esters were reported in late
1950s by Kharasch and Sosnovék$ome of the recent developments in the
asymmetric allylic C-H oxidation of alkenes werepaged by PfaltZ’ Andrus™
Singh!? Katsuki’® and Kim* groups but satisfactory enantiomeric excess was
reported to be obtained only in the case of symmeyrclic alkenes. Although this
methodology was not directly used in total syntheisiwas applied in the synthesis of
a formal intermediat@2 for the synthesis of leukotriene B4 (Scheme £.7).
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OBz
Cu catalysed O3, MeOH OBz O
C-H oxidation NaHCO3; H
- - OMe
Ac,O, P
21 22 C22FY O 23
OBz
CO,H
- . | 27 CeHy
- NS %
24 OH
Scheme 1.7

1.4. Addition of O-nucleophiles tortsystems

1.4.1. Redox-neutral coupling of alkynes

Breit and co-workers developed a remarkable metloggoto synthesize branched
allylic ester27 starting from alkyne&5 and carboxylic acid26. Reactioremployed a

rhodium(l)/DPEphos catalyst and proceeils a redox-neutral propargylic C-H activation

(Scheme 1.8). An asymmetric version of this reactiso has been developed by the same

group?®
H [{Rh(cod)Cl},] OCOR?
2
R1J\\ + R2CO,H DPEphos or DIOP R1J\/ + RV\WOCOR
05 2 DCE, 70 °C 27 28
Scheme 1.8

1.4.2. Enantioselective coupling reaction with allees

Breit and co-workers also applied the same conlitmn alleneg9 to get branched
allyl acetate80 (Scheme 1.9)’

[{Rh(cod)Cl},]

R,R- DIOP OCOR? ><0~CPth
1 + R2CO,H R .
R /x 2 Cs,CO; cat. RIS o PPh,
29 26 DCE, -3°C, 48 h 30 R,R- DIOP
Scheme 1.9

1.5. Reductive coupling reactions

Allylic alcohols 33 can be accessed either by reductive coupling oylalike

reductive coupling reactions of alkyn@s and aldehyde32 (Scheme 1.10). After the

6
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pioneering work of Ojimat al.,'® catalytic reductive coupling reactions using nicke

and rhodium based catalysts have drawn considerablest.

OH
. j\ Ni or Rh
R'——R? H” O R3 _ RITX RS
R2
31 32 33
Scheme 1.10

1.5.1. Nickel catalyzed reductive coupling reaction

Montgomery® and Jamisof have made significant contributions in this atest &lso

included a few enantioselective processes. In 20@&jison and co-workers used
phosphine as a chiral ligand for the asymmetrigioselective nickel-catalyzed
reductive coupling of alkynes and aldehydes. Thistqeol allows access to
trisubstituted secondary allylic alcoh@8 with moderate to excellent enantiomeric

excesses and excellent regioselectivity (Scherd 121

Ni(COD)2 (10 mol%)

1 , j\ (+)-NMDPP (20 mol%) OH H
R — R + 3J\H\ 3 .
H™ RS Et,B (200 mol%) R® YR W .

. . 2 z
31 32 EtOAc:DMI (1:1) 333 PPh,
NMDPP

Scheme 1.11

However, a drawback of this method was the requergnof two equivalents of
triethylborane as a terminal reductant. Jamisoncargorkers used this methodology
in macrocylzation step for the preparation of keteimediate35 in total synthesis of
amphidinolide T1 (Scheme 1.1%).

Ni(COD), (20 mol%)
BusP (40 mol%)

Et3B, toluene, 60 °C

34 35 44%,>10:1dr

Scheme 1.12
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1.5.2. Rhodium catalyzed reductive coupling reactits

0]

y TBSO
=
TBSO [Rh(cod),]OTf
Me Me O (R)-Tol-BINAP o QTBDPS
36 Ph3CCO,H Me 0
+ j’ ><Me
H,, DCE, 65 °C 3 e 0 Me

77%, d.r.=7:1

TBDPSO j’o Me
e} Me

Brayostatin 40

Scheme 1.13

Krische and co-workers developed an interestirmgnaeconomic process for the
reductive coupling under hydrogenation conditioniBhis rhodium catalyzed
asymmetric reductive coupling reactions of 1,3-@i411,3-enyne$? and acetylerfé
with various carbonyl compounds (aldehydes, glyoatiylglyoxylatea-ketoesters)
allows preparation of structurally diverse allyéitcohols. Cyclic allylic alcohols can
be obtained in excellent enantiomeric excess usingmolecular variant of reductive
coupling of acetylenic aldehydes under hydrogenationditions’®> The potential of
this hydrogenative C-C coupling atom economic pssdeas been demonstrated in the
synthesis of bryostati#0 ( Scheme 1.13f

1.6. Conclusions

This chapter reviewed the atom-economic reactibasdre used for the synthesis of
asymmetric allylic alcohols or their derivativegp@ication of Pd(ll) catalyzed allylic
C-H oxidation for the preparation of key intermeadgof migrastatin family members

and their hybrid molecules will be discussed inrikg&t 3 chapters.
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Chapter 2

2.1. Introduction

Migrastatinl (Fig. 2.1) is a glutarimide side chain containiy member macrocylic
natural product, isolated from a cultured brothSueptomyces sp.Mk 929-43F by
Imoto and co-workerS.Since its isolation it has attracted lot of ati@mtbecause its
cell migration inhibition propertyDanishefsky and co-workers have reported the first
total synthesis of migrastatinfollowed by their diverted total synthesis apptoac
showing that the simple analogues are more potert the natural product (Fig.
2.1)356b

1 OCH; 2 OCHg 3 OCH; 4 OCH,
Migrastatin Migrastatin core 2,3-dihydro-migrastatin core Migrastatin ether
IC50=29 UM IC50=22 nM ICs6=24 nM IC50=0.3 uM

OCH OCH
5 3 6 8 7 OCHj g OCH;
Migrastatin lactam Migrastatin Ketone (R)-isopropyl-migrastatin  (S)-isopropyl-migrastatin
IC5,=255 nM IC5,=100 nM IC5=146 uM IC5,=277 uM

Figure 2.1.I1Csq values of migrastatin and its analogues towardstdmor cells

In 2005 Danishefskyt al. reported their initial studies on mechanism of actof
migrastatin analogu&sand showed that migrastatin analogues block Réaion,
formation of lamellopodia, cell migration and th@rolvement in invasion step of
the metastasis proce35.In 2010, Chen and co-workers reported that migtist
analogues bind to one of the actin binding sitedasgin to inhibit its activity (Fig.
2.2). Evidently actin cytoskeletal proteins suchfascin can be explored as new

molecular targets for cancer treatment similautmutin®

The presence of novel cyclic structure and promgidiological activity associated

with migrastatin and its analogues prompted usxigoge a novel strategy for the
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synthesis of its macrolide core. This chapter coviee couple of previous approaches

and our synthetic studies to the migrastatin mateatore.
2.2. Previous approaches to migrastatin macrolideotce
2.2.1. Danishefksy’s approach

An important feature of Danishefksy’s approachhis ise of the chelation controlled
Lewis acid catalyzed diene-aldehyde cyclocondemsgtiACDAC) to build the three
contiguous chiral centres C8, C9, and C10 includimgC11-C124)-olefin (Scheme
2.1)* The synthesis commenced with chiral aldeh9dehich can be prepared from
readily available dimethyl 2,8-isopropylidene-I-tartrate in few steps. This sensi
aldehyde was used directly for the LACDAC sequerfgecordingly, under Lewis
acidic conditions, the diene and aldehyde furniskieel corresponding chelation
controlled dihydropyrone produdO which formed as a single diastereoisomer. The
process also enabled proper presentation of tlee ttontiguous stereo centers (C8,
C9 and C10) of the macrolide. A few chemical transfations on dihydropyrone
yielded the C7-C13 core fragmehB, which is the key precursor required for the
synthesis of migrastatin macrolide core and itslagues. Subsequently, the
esterification of 2,6-hepta-dienoicacid with altyllcohol13 afforded14, which on

ring closing metathesis afforded the macrocyliecar

f@s OH

MeO
O I) TIC|4, CH2C|2, (o) AN I) NaBH4, CeC|37H20 o)
| 78°C MeOH, 0 °C |
~ ii) TFA, CH,CI ~ © ii) CSA, H,0, THF Z
OMe A OMe reflix OMe
9 10 11

i) Ac,O, DMAP, Py

.t . CH,Cl, i) Yamaguchiacylation
H,O, THF “'OH ii) TBSOTH, 2,6-lutidine , ii) Et;N, DMAP
OM CH,Cl, “OTBS  2,6-heptenoylchloride
12 e III) K2C03, Hzo, MeOH OMe
13
0O
@)k
i) G-Il, Toluene
= reflux
“OTBS ii) HF pyridine, THF
OMe
14
Scheme 2.1
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2.2.2.Cossy'’s approach

Cossy and co-workers have used RCM approach to oeydization similar to
Danishefksy’s method (Scheme 2°2ynthesis of allylic alcohol8 started from
chiral aldehydel5, which was obtained from readily availableethyl-©)-2,2-
dimethyl-1,3-dioxolane-4-carboxylate. The chelaticontrolled diastereoselective
crotylation on chiral aldehyd#5 yielded olefin16 with three contigous chiral centres
(C8, C9, and C10). The oxidative cleavage of olétnafforded aldehydéd7. Still-
Gennari olefination on aldehyde afforded the product withZj geometry at C11—
C12 and the later on reduction afforded the comedmg allylic alcoholl8. The
esterification of allylic alcohol8 with 2,6-hepta-dienoicacid affordd®, whichupon
TBDPS deprotection followed by oxidation gave didde Subsequent ring closing
alkene metathesis di followed by TBS deprotection afforded the macrdicycore

2 of migrastatin.

i) TBSOTf
o E;AﬂB(rﬁ . (_)e%tgoc OH ii) OsO4, NMO
| 2Ll2, t-BuOH/H,O
TBDPSO - TBDPSO N
L /\/\SnBug OMe i) NalO4
15 16
0 O O cl
i) >7P—OCHZCF3
TBSO O E0,C  OCH,CF, > °
cl Cl
TBDPSO KHMDS, 18-crown-6
OMe THF, -78 °C TBDPSO Pyridine
17 ii) DIBAL-H Toluene, rt

67%

. N
"0 i) NH4F, MeOH 0 i) G-II, Toluene
P ‘,, reflux, 77% = ‘., reflux, 47%
ii) DMP ii) HF. Pyr
TBDPSO OTBS iy Zn, PbCly, CHl, OTBS TI-%F, ft, 67%
OMe Ti(Qi-Pr),. THF OMe
19 63% 14

Scheme 2.2
2.2.3.Igbal’'s approach

Igbal’s group has also used esterification and R&Mhe key steps in synthesizing
the macrolide core of migrastatin (Scheme ¥3®owever, the synthesis of allylic
alcohol 26 followed a different approach from earlier ones. ¢@dter was generated

using substrate controlled Lewis acid mediatedestlective vinylation on aldehyde

17
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23. The C9, C10 centers were constructed initialingigEvan’s aldol reaction on
acrolein20 and theZ-olefin geometry or25 at C11-C12 was achieved using Ando’s
Wittig reaction on aldehyd@4.'* The reduction of este25 to alcohol afforded the
allylic alcohol 26, which was converted to macroli@eby Yamaguchi lactonization

followed by ring closing metathesis.

(o] i OMe
NUENP
- OH 0 ©O .
NO B \/H)J\ )k i) LiBH,4, 98 %
= N O
n-Bu,BOTH, -/ i) 1-(dimethoxymethyl) o ©
20 i-ProNEt, DCM, 84% B -4-methoxybenzene S
21 CSA, DCM, 70%
22
o |
. OPMB R COsEt
i) DIBAL-H o OPMB i) 2 MgBr 72% . PhO™ \9pp
i) TBSOTf OTBS ii) DTBMP, MeOTf o ©
i) OsOy4, NalO4 iii) TBAF 90% e Nal, DBU, THF
3 steps 69% 23 iv) DMP 90% 24 -78-0°C, 2 h, 65%
. i) (E)-hepta-2,6-dienoic acid,
i) DIBAL-H Yamaguchi, 64%
90% ii) G-II, Toluene, 50%
ii) DDQ, 72%
2
Scheme 2.3

2.3. Retrosynthesis of migrastatin macrolide coreFhe present approach

Yamaguchi lactonization

-

o .-
. Ando's Wittig olefination
| /O/\/ e
ring closing metathesis----+ Q) //\/f\\\
\ = OH Evan's aldol
2 OMe\\

N

Pd(Il) mediated C-H oxidation
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30 31

Scheme 2.4

In the present approach, for the synthesis of ntidercore2 of migrastatin, the major
focus is being given on generating the three comszgchiral centers (C8, C9 and
C10) andZ-olefin (C11-C12) for the key allylic alcohol inteediate 27. We
envisioned the installation of C9, C10 using aldpproach, C11-12 olefin geometry
using Wittig protocol and finally introduction of -& chiral centervia a Pd(ll)

catalyzed asymmetric C-H oxidation (Scheme 2.4).
2.4. Results & Discussion

According to our retrosynthetic plan, the C9, Clénters were installed using
titanium mediated Evans aldol reaction on 3-but&fa(Scheme 2.5 The TBS
protection of aldol addu@®2 was carried out using TBSOTHf, followed by reductio
gave the corresponding alcol®d. The C11-C12 olefin geometry)(was achieved
following Ando’s protocol using ethyl 2- (diphenylpsphono)acetate on aldehygte
However, our initial efforts to promote intermolénu asymmetric allylic C-H
oxidation on esteB6 with Pd(ll) catalyst developed by Whige al.>*resulted in two
regioisomers7 and38in almost equal ratio (Scheme 2.6).
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O o
o)wg
TiCly, (- tein, -
iCly, (-) spartein %N

i) TBSOTf, DIPEA

2 )

O 0OTBS

LA

. AN
O - (0] :
DCM, 0 °C, 1h, 83 % : DCM, 0 °C, 90% :
31 \/an 32 o A 33
Bn
oL
_R” CO,Et
NaBH, THFH,0  ¢H OTBS DMP, DCM O OTBS PhO™ \opp 2
X
90 h, 80% : S 2h, 90% : Nal, DBU,
= 34 - 35 -78 - 0 °C,THF,
3h, Z:E, 95:5, 60%
oTBS
M
EtO,C - 36
Scheme 2.5
A/ \.2
Ph—S - S-Ph
Pd(OAc
N 2 Co,E éQ )2 A Z >CO,Et R'O ‘ 7 "CO,Et
+
HO p-NO,BzOH, Dioxane, R'O™ ™ H
H 45°C, 72 h, OTBS OTBS
36 OTBS 13:14 (1.2:1), 68% 37 R'=p-NOBz 38
Shceme 2.6

The mechanistic rational for the formation of proucan be explaineda the first

step involving electrophilic allylic C-H cleavagd the olefin via a L/Pd(OAg)

complexA to afford Pdr—allyl intermediate B). Under the reaction conditiond)

reacts directly with BQ (present in high concembrat) to give C) that is activated

towards nucleophilic functionalization from anyaettion to give linear and branched

products (Scheme 2.7).
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Re-Oxidation

O, ./ \.0
Ph—S L SZPh + 2 equiv. AcOH%/

Pd°(BQ
L%C"QE‘ o
R1

ACOH+ 37 OTBS

/\‘\/5\0023

OTBS

R'OH

i

Chapter 2

X = ~CO,Et
H 36 C-H Cleavage

OTBS

0, //\_0
Ph—-S * SZPh
Pd(OAC),

A

O,/ \ O
AcOH+ Ph—S | S~Ph

2 CO,Et
(AcO)PM 2

OTBS B

/F‘,(Ro Ac)OTBS

Functionalization
O;GO
C

Scheme 2.7

Table 2.1 Summary of the Pd(ll) catalyzed intramoleculaH@xidation of acid39

o /0
- §-Ph Q
 Pd(OAC),

BQ o

additive
solvent, temp, \\
72h

Solvent/additive

TemperatureConversion Isolated yield

CH.Cl,
DCE
CH.Cl,

CH,CI,/DIPEA
CH,CI,/Cr(ll)salenCl

Dioxane/Cr(lll)salenCl

45°C 5 % 4%
65-70°C 5% -

50°Ciin 5% -

sealed tube

45°C 40 % 20 %
45 C 50 % 35 %
48C 50 % 40 %
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We then shifted our focus to intramolecular C-Hdaion on the aci®9 derivable
from ester36 (Table 2.1). The aci@9 was subjected to macrocyclization conditions
reported by Whiteet al.** to give lactoned0 as a single diastereomer in low yields
(<5%) (Table 2.1). A literature search guided usattempt intramolecular C-H
oxidation of 39 in the presence of chiral Lewis acidR)-Cr(lll)salenCl) as
promoter (Table 2.1% Gratifyingly, White’s oxidation on aci@9 under chiral Lewis
acid promoter afforded the seven-member lac#thes single diastereomer 40%
yield (80% brsm) as an exclusive product. Mechamally, the lactonization
proceedsvia a serial ligand catalysis mechanism (Scheme 2y7pib additional
coordination of oxophilic Lewis acid to carbonylogp of BQ which promotes inner
sphere C-O bond formation from a templateallylPd carboxylate intermediate
(Scheme 2.8).

LA*
PhO\\S S//OPh ] o Q 3
§ XD
HO.C Pd(OAC), 07 N\ | d N
_Paonde | ¢ - S N I
H BQ, Dioxane AN “Pd N
OTBS Cr(lll)(salen)Cl 5TBS H \\ OTBS
39 D O g OTBS 40

LA*= Chiral Lewis acid

Scheme 2.8

We envisioned installing different functional groop39 (on C9 hydroxyl adjacent to
allylic C-H) to study its effect on intramolecul&-H oxidation. Accordingly, the
corresponding PMB protected aclé was prepared from aldol addug2 in 6 steps
(Scheme 2.9). The intramolecular C-H oxidation wasgied out on acid6, which
resulted decrease in desired diastereoselectify).(The stereochemistry of the C8
center in lactond0 and47 was established using NOESY experiments which stlowe
a correlation between C8 proton and C10 methyl gi@ig. 2.3) which was further
confirmed by elaboration of lactod®to a known compounii3 (Scheme 2.9j.
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PMP
NaBH, OH OH p-anisaldehyde
32 z dimethyl acetal, (o)
THF:H,0, 2 h _ X
2 : CSA v'u,/\
1 24 h, 90% :
42
o L.

. _R” CO,Et
DIBAL-H, OH QPMB DMP, DCM O| ?PMB PhO \OF’h 2
-78-0 °C, _ X . X

DCM, 2 h, 96% : 2h H Nal, DBU,
43 44 -78 - 0 °C,THF,
3h, Z:E, 95:5, 70%
PhO\\S S//OPh PMBO g
OPMB OPMB S ST ~
: LIOH.H,0 : Pd(OAc),
Z X W/\ 10 “ 0
: MeOH:THF:H,0 : BQ, Dioxane
EtO,C 45 50 °C, 4 h, 99%. HO.C 46 Cr(Ill)(salen)Cl, o
45°C, 72 h, 40%, 47 Major

(80% brsm), (5:1)

Scheme 2.9

H

40 47 major 47 minor

Figure 2.3.Key NOE correlations

The key intermediatd3 was prepared frontactone40 in four steps. Thug0 was
treated with DIBAL-H to afford diallylic alcoho#8 which upon selective protection
of primary alcohol as silyl ether and secondaryrbygl as methyl ether with MeOTf
afforded the intermediat&0. The primary hydroxyl orb60 was unmasked using
CSA/MeOH to afford the intermediafie8. The key intermediate3lhas already been
used for the preparation of macrocy@eby our group and others and thus this
approach constitutes a formal synthesis of maaatiore2 of migrastatin (Scheme
2.10).
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™850 \
8 OTBS OTBS
DIBAL-H, S8 =
TBSCI, 8
Sl 78-0°C 7Y TS 7Y YN
M o h o = OH Imidazole, ERS
o DCM,2h,90% HO DME S FOS5%  TBSO OH
40 48 49
OTBS
DTBMP, DCM : CSA, MeOH
. DC B CSAMeOH | _ref 5,
MeOTf, 6 h, ER 2 h, 90%
reflux, 70%  TBSO OMe
50

Scheme 2.10

2.5. Conclusions

In conclusion, we have successfully installed th& €hiral centre of migrastatin

using Pd(Il) catalyzed intramolecular asymmetricHCexidation leading to a

stereoselective synthesis of migrastatin key ingeliatel3 (C6-C13 fragment).
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2.6. Experimental section
2.6.1. General experimental information for all thework presented in this thesis

Unless otherwise noted, all the reagents and imdiates were obtained
commercially and used without purification. Coluetiromatography was carried out
on silica gel using flash techniques (eluants arergin parentheses). Analytical thin-
layer chromatography was performed on precoatechsgel kss aluminum plates
with visualization under UV light or by staininging either KMnQ spray reagent.
'H and™*C NMR spectra were recorded in CRGblution by using 400 and 100 MHz
spectrometers (VARIAN 400 MR), respectively. Protohemical shifts ) are
relative to tetramethylsilane (TMS, = 0.00) as internal standard and expressed in
ppm. Spin multiplicities are given as s (singlad),(doublet), t (triplet) and m
(multiplet) as well as br (broad). Coupling conssa@) are given in hertz. Infrared
spectra were recorded on a FT-IR spectrometer 4200, JASCO)Melting points
were determined by using melting point apparatusciB melting point B-540) and
are uncorrected. MS spectra were obtained on a spesdrometer (AGILENT 6430
triple quardrupole LC-MS). High resolution massapmpewere done on a Waters LCT
premier XE instrument. Optical rotations were meeduby using HORIBA high
sensitive polarimeter SEPA-300.

2.6.2. Materials

Evan’s chiral auxiliary? ethyl (diphenylphosphono)acetafe,and 3-butenaf were
prepared according to the respective literatureguare. Analytical and spectral data

of all those known compounds are exactly matchiih the reported values.

2.6.3.Experimental procedure, spectral and analytical dead

Ag
Bn (0] 0] OH |
U TiCly, (-) sparteine, )X\NJ\/\)
) 32

DCM, 0 °C, 1h, 83 % O\/g
31 Bn

(9)-4-Benzyl-3-((5, 3R)-3-hydroxy-2-methylhex-5-enoyl)oxazolidinon-2-on€32).
A solution of Evan’s auxiliary (2.66 g, 11.42 mmot)dichloromethane (60 mL) was
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cooled to 0 °C. Titanium tetrachloride (1.3 mL, 99.mmol) was added drop wise
and the solution was allowed to stir for 5 min. the yellow slurry was added (-)-
sparteine (6.6 mL, 28.5 mmol) drop wise. The dak enolate was stirred for 20 min
at 0 °C. To this, a solution of 3-buter&l (0.88 g, 12.56 mmol) in dichloromethane
(5 mL) was added drop wise and the reaction mixiae stirred at 0 °C for 30 min.
The reaction was quenched by the addition of sedragueous ammonium chloride
solution and stirred at room temperature for 10.nReaction mixture was diluted
with dichloromethane, washed successively with watel brine. The organic layer
was dried over anhydrous p&O, and rotary evaporated under reduced pressure. The
residue was purified on silica gel (100-200 meshpgu20% ethyl acetate in
petroleum ether as eluent to aff@d as colorless oil (2.87 g, d.r= 20:1, 83%). Rf =
0.30 (20% ethyl acetate in petroleum ethaf)pT° = +62.4 (c 1.0, CHG); *H NMR
(400 MHz, CDCY) & 7.36-7.26 (m, 2H), 7.29-7.26 (m,1H), 7.22-7.19 @Hl), 5.89-
5.78 (m, 1H), 5.18-5.10 (m, 2H), 4.73- 4.67 (m, 1#p5-4.17 (m, 2H), 4.03-4.01(m,
1H), 3.85-3.79 (m, 1H), 3.26 (dd,= 13.3, 3.4 Hz, 1H), 2.79 (dd,= 13.2, 9.7 Hz,
2H), 2.38-2.22 (m, 2H), 1.28 (d,= 7.0 Hz, 3H);**C NMR (100 MHz, CDCI3) &
177.0, 152.8, 134.8, 134.3, 129.3, 128.8, 127.3,7,170.7, 66.0, 54.9, 41.6, 38.3,
37.6, 10.5; IR (Neat): 3509, 2925, 1779, 1694, 13840 cm'; MS(ES) m/z 304.0
(M+1); HRMS m/z found 304.1543, calcd fogAH2,NO, 304.1549.

o 9 oH o O OTBS
)N J\/\) i) TBSOTY, DIPEA N
N : N Y X
OVQ : DCM, 0 °C, 90% O\/g :
32 o 33

Bn

Bn

(9)-4-Benzyl-3-((&5,3R)-3-(tert-butyldimethylsilyloxy)-2-methylhex-5-
enoyl)oxazolidin-2one (33)To an ice cooled solution of compou8d (1.08 g, 3.56
mmol) in dichloromethane (10 mL) was added N-ethstghropylamine (1.5 mL,
8.91 mmol) drop wise followed biert-butyldimethylsilyltrifluoromethanesulfonate
(2.2 mL, 5.35 mmol) and stirred at room temperafore2 h. Reaction mixture was
diluted with dichloromethane, washed successivatir wqueous NaHC{solution,
water, and brine. The organic layer was dried augnydrous Nz5O, and rotary
evaporated under reduced pressure. The residupwidied over silica gel (100-200
mesh) using 5% ethyl acetate in petroleum ethexl@nt to afford33 as a gummy
material (1.34 g, 90%). Rf = 0.58 (10 % ethyl ateta petroleum ether)u]p® =
+49.0 (c 1.0, CHG); *H NMR (400 MHz, CDCJ) § 7.35-7.31 (m, 2H), 7.29-7.27 (m,
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1H), 7.25-7.20 (m, 2H), 5.90-5.79 (m, 1H), 5.04%@n, 2H), 4.62-4.57 (m, 1H),
4.18-4.13 (m, 2H), 4.12-4.07 (m, 1H), 3.83 (@t 12.8, 6.8 Hz, 1H), 3.27 (dd,=
13.6, 3.2 Hz, 1H), 2.77 (dd,= 13.4, 9.8 Hz, 2H), 2.32 (d1,= 6.0, 1.6 Hz, 2H), 1.22
(d, J = 10.4 Hz, 3H), 0.89 (s, 9H), 0.06(s, 3H), 0.023H); *C NMR (100 MHz,
CDCls) § 175.3, 152.9, 135.3, 134.7, 129.4, 128.9,127.8,9.72.2, 65.9, 55.6, 42.9,
40.6, 37.7, 25.7, 18.0, 12.4, -4.1, -4.8; IR (KB®60, 2929, 2858, 1765, 1702, 1391,
1209 cm’; MS (ES) m/z 418.2 (M+1); HRMS m/z found 418.24X%icd for
Co3H3eNO,Si 418.2414.

O O OTBS
W A _NaBH, THFH;0 OH OTBS
N7 X
0\/§ : 90 h, 80% : o
Bn 33 T 34

(2R,3R)-3-tert-butyldimethylsilyloxy)-2-methylhex-5-en-1-ol (34). To an ice
cooled solution of compouré3 (4.55 g, 10.91 mmol) in THF (350 mL) was added a
solution of sodium borohydride (8.25 g, 218.22 mnw$solved in cold water (115
mL) drop wise and stirred at room temperature h9 The reaction was quenched
by the addition of saturated ammonium chloride tsatu The organic volatiles were
removed in vacuo. The residue was diluted with letltgtate, washed successively
with water and brine. The organic layer was drigdranhydrous N&O, and rotary
evaporated under reduced pressure. The residupwidied over silica gel (100-200
mesh) using 10% ethyl acetate in petroleum ethezlgent to afford34 as colorless
oil (2.13 g, 80%). Rf = 0.55 (10% ethyl acetateg@troleum ether):of p*°> = -5.6 (C
1.0, CHC}); *H NMR (400 MHz, CDC})  5.83-5.73 (m, 1H), 5.10-5.02 (m, 2H),
3.87-3.83 (m, 1H), 3.67 (4 = 9.0 Hz, 1H), 3.55-3.50 (m, 1H), 2.38-2.34 (Likt),
2.26(t,J = 1.1 Hz, 2H), 1.97-1.91 (m, 1H), 0.89 (s, 9HBD(d,J = 7.0 Hz, 3H),
0.08 (s, 3H), 0.07 (s, 3H}’*C NMR (100 MHz, CDGJ) & 135.4, 116.9, 74.7, 65.9,
39.5,37.8,25.8,17.9, 11.4, -4.3, -4.7; IR (Ne2BB2, 3078, 2968, 2930, 2858, 1472,
1255, 1046 cit; MS (ES): m/z 245.2 ( M+1); HRMS: m/z found 245409 calcd for
Ci13H200,Si 245.1937.
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o L
OH OTBS k oTes
= DMP, DCM o OTBS Pho™ ", CO2E! :
« . OPh = N
z z \ £
: 2 h, 90% : Nal, DBU, EtO,C =
24 35 -78 - 0 °C,THF, 36

3 h, Z:E, 95:5, 60%

(4R,5R,2)-ethyl 5-(tert-butyldimethylsilyloxy)-2,4-dimethylocta-2,7-dienode (36).

To an ice cooled solution of compourg# (0.35 g, 1.43 mmol) in C¥l» (5 mL) and
H,O (0.1 mL) was added Dess-Martin periodinane (@,78.72 mmol) and stirred at
the same temperature for 2 h. Reaction mixture diased with additional CECI,
and quenched with saturated sodium thiosulphatgtienl To this saturated sodium
bicarbonate solution was added and stirred at reemmperature for 30 min. The
organic layer was separated and was washed sucagssith water and brine, and
dried over anhydrous N8O, and rotary evaporated to afford the corresponding
yellow colored crude aldehydgs (0.31g, 90% vyield). A separate round bottomed
flask was charged a solution of ethyl 2- (diphehghphono)acetate (0.535g, 1.60
mmol) in THF (3 mL) was treated with Nal (0.2681g79 mmol) and DBU (0.243 g,
1.60 mmol) at O °C and stirred for 10 min. Afteetmixture was cooled to -78 °C,
above prepared aldehyd@5 (0.31g, 1.28 mmol) was added. After 10 min, the
resulting mixture was warmed to 0 °C stirred fdr. Z'he reaction was quenched with
saturated NECI solution, followed by extracted with ethyl adetaThe extract was
washed with brine and organic layer was dried amrydrous NgO, and rotary
evaporated under reduced pressure. The residupwidied over silica gel (230-400
mesh) using 2% ethyl acetate in hexane to affotdriess liquid36 (0.251g, 60%,
Z:E, 95:5). Rf = 0.83 (10% ethyl acetate in hexang);F= -35.2 (c 1.05, CHG) *H
NMR (400 MHz, CDC}) § 5.86-5.72 (m, 2H), 5.06-4.98 (m, 2H), 4.18J¢ 7.1 Hz,
2H), 3.65 (ddJ = 11.1, 5.6 Hz, 1H), 3.26-3.14 (m, 1H), 2.31-2.15 @Hl), 1.90 (s,
3H), 1.27 (tJ = 7.1 Hz, 3H), 0.99-0.93 (dl = 6.4 Hz, 3H), 0.89 (s, 9H), 0.03 (s,
3H), 0.003 (s, 3H)**C NMR (100 MHz, CDGJ) § 168.0, 145.9, 135.0, 126.0, 116.6,
75.1, 60.0, 40.0, 37.6, 25.8, 20.8, 18.1, 14.7),4.6; IR (Neat): 3076, 2957, 1716,
1643, 1461, 1375, 1256, 1171, 1095, 1026'cMS (ES): m/z 327.2 (M+1); HRMS:
m/z found 327.2345, calcd for §13505Si 327.2355.
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- Y
OTBS Pd(OAC), QTBS oTBS

BQ 2 N . NSNS

EO,C  © 36 p-NO,BzOH, Dioxane, ~ EtO,C -  OR! EtO,C 33  OR'
45°C, 72 h, 37
13:14 (1.2:1), 68% R'=p-NO,Bz

Intermolecular C—H  Oxidation: To a stirred solution of 1,2-
bis(phenylsulfinyl)ethane palladium (Il) acetate.0@® g, 0.153 mmol), 1,4-
benzoquinone (0.33 g, 3.06 mma#nitrobenzoic acid (0.384 mg, 2.3 mmol), in 1.3
mL 1,4- dioxane was adde2b (0.5 g, 1.53 mmol) in 10 mL Rb with stopper was
stirred at 45 °C for 72 hrs. At this time, the Wagolution was cooled to room
temperature and transferred in to a separatoryelumashing with CHCl,. A 5%
K2CO; solution was added and the layers were separatesl.aqueous layer was
extracted with CHCI, (3 x 30 mL) and the combined organic layers weestved
with a 5% KCO; solution (2 x 20 mL). The organic layer was thered over
NaSQ,, filtered, and concentrated under reduced pregsugeve yellow oil. residue
was purified over silica gel (230-400 mesh) usifg &hyl acetate in hexane to afford
yellow colored gel (0.18 g &7 and 0.15 g 088, 67% + 10% r.s.m)

Compound 87). Rf = 0.6 (10% ethyl acetate in hexan®):NMR (400 MHz, CDC})

8 8.32-8.23 (m, 4H), 6.08-5.98 (m, 1H), 5.85 (d& 10.2, 1.44 Hz, 1H), 5.50 (dd,

= 7.0, 3.7 Hz, 1H), 5.36-5.3 (m, 2H), 4.19 (o5 7.1 Hz, 2H), 3.88 (dd] = 6.3, 3.7
Hz, 1H), 3.47-3.36 (m, 1H), 1.93 (d= 1.4 Hz, 3H), 1.31-1.27 (f] = 7.1 Hz, 3H),
1.07 (d,J = 6.7 Hz, 3H), 0.91-0.89 (s, 9H), 0.02 (s, 3 H), 0($13 H);"*C NMR (100
MHz, CDCk) & 167.7, 164.0, 150.5, 144.3, 135.8, 132.3, 13®8,1], 123.5, 119.4,
79.0, 60.2, 36.6, 25.9, 20.8, 18.2, 15.9, 14.38,-3..2; IR (Neat): 3085, 2957, 2931,
1723, 1646, 1531, 1462, 1348, 1270, 1220, 11058 10a@"; MS (ES): m/z 492.2
(M+1); HRMS: m/z found 492.2414, calcd fopsH3sNO;Si 492.2418.

Compound38). Rf = 0.5 (10% ethyl acetate in hexan®);NMR (400 MHz, CDC})
6 8.31-8.27 (m, 2H), 8.22-8.18 (m, 2H), 5.87-5.84 1), 5.81-5.77 (dd]) = 6.0,1.6
Hz 1H), 4.86-4.83 (m, 2H), 4.21-4.14 (m, 3H), 3238 (m, 1H), 1.88 (d] = 1.4 Hz,
3H), 1.31-1.27 (tJ = 7.0, 3H), 0.97 (dJ = 6.8 Hz, 3H), 0.91-0.88 (s, 9H), 0.003 (s,
3H), -0.02 (s, 3H)**C NMR (100 MHz, CDGJ) § 167.9, 164.3, 145.3, 137.9, 135.6,
130.6, 126.7, 123.5, 123.4, 75.5, 65.8, 60.1, 363, 20.7, 18.2, 14.4, 14.2, -4.2, -
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4.9; IR (Neat): 3086, 2956, 2929, 2857, 1727, 14MR1, 1461, 1348, 1270, 1102,
1061 cnt; MS (ES): m/z 492.1 (M+1).

OTBS OTBS
- LiOH.H,0 :
: MeOH: THF:H,0 :
Et0.C  ~ 36 50°C, 4h, 99%  HOL =39

(4R,5R,Z)-5-(tert-butyldimethylsilyloxy)-2,4-dimethylocta-2,7-dienoc acid (39).
To a solution of este36 (0.326 g, 1.0 mmol) in THF/MeOHA® (18 mL, 2:1:1) was
added LiOH. HO (63 mg, 1.5 mmol).The resultant mixture was &tirfor 4 h at 55
°C then cooled to 0 °C and then acidified with 1M@IFnd extracted five times with
EtOAc. The combined organic extracts were driedr cawehydrous NgO, and
concentrated under reduced pressure to 3dvas pale yellow color crude acid (0.269
g, 90%). Rf = 0.45 (10% ethyl acetate in hexand);?f = -38.9 (c 1.09, CHG); *H
NMR (400 MHz, CDC}) § 5.98 (dd,J = 10.2, 1.0 Hz, 1H), 5.84-5.04 (m, 1H), 5.07-
5.0 (m,2H), 3.68 (m, 1H), 3.39-3.27 (m, 1H), 2.33-2.16 @ni), 1.93 (s, 3H), 0.98
(d, J = 6.7 Hz, 3H), 0.89 (s, 9H), 0.04 (s, 3H), 0.01 (8);3*C NMR (100 MHz,
CDCl3) 6 173.0, 149.3, 134.8, 125.2, 116.7, 75.2, 39.9,35.8, 20.7, 18.1, 14.2, -
4.1, -4.6; IR (Neat): 3425, 2957, 2929, 2856, 171470, 1361, 1252, 1128, 1083,
1070 cm'; MS (ES): m/z 299.2 (M+1); HRMS: m/z found 299.20Zalcd for
C16H3103Si 299.2042.

o /0
PhY - §oph  TBSQ |\
oTBS Pd(OAC), 98
Y\/\/\ BQ 10 e}
HO.C = 49 additive X
solvent, temp, 40 o
72 h

Intramolecular C-H Oxidation: To solution of 1,2-bis(phenylsulfinyl)ethane
palladium (1) acetate (0.051 g, 0.1 mmoR,R)-Cr(salen)Cl) (0.063 g 0.1mmolp-
benzoquinone (0.216 g, 2.0 mmol) in 1,4- dioxanen(3 was added acig9 ( 0.3 g,
1.0 mmol) in 10 mL flask with stopper was stirr@d45 °C for 72 h. The reaction
was allowed to cool to room temperature and trarexfleto a separatory funnel with
EtOAc (50 mL). The organic phase was washed wslatarated agueous solution of
sodium metabisulfite and brine. The organic layaswlried (NgSQy), filtered and
concentrated under reduced pressure. Residue wiiegpby flash chromatography
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eluting with 5% EtOAc in Hexane afforded the lacaas a single diastereomer as

colorless liquid (0.119 g, 40% + 0.148 g s.m wasvered).

(5R,6S,79)-6-(tert-butyldimethylsilyloxy)-3,5-dimethyl-7-vinyl-6,7-
dihydrooxepin-2(5H)-one (40) Rf = 0.5 (10% ethyl acetate in hexane}pf’= -67.8
(c 1.09, CHGJ); *H NMR (400 MHz, CDCJ) & 6.05-5.88 (m, 2H), 5.30 (dd,= 26.6,
13.9 Hz, 2H), 4.73 (ddl = 6.6, 1.2 Hz, 1H), 3.73 (dd,= 7.9, 1.8 Hz, 1H), 2.58-2.48
(m, 1H), 1.97 (s, 3H), 1.18 (d,= 7.0 Hz, 3H), 0.90 (s, 9H), 0.06 (s, 6HJC NMR
(100 MHz, CDC}) 6 170.0, 140.4, 133.7, 129.7, 117.8, 81.9, 79.51,4%5.8, 20.1,
18.5, 18.1, -3.3, -4.1; IR (Neat): 3083, 2957, 292857, 1725, 1472, 1361, 1253,
1128, 1088, 1073 cm MS (ES): m/z 297.1 (M+1); HRMS: m/z found 297.787
calcd for GgH2905Si 297.1886.

The relatstereochemistry gf0 was established based on
NOESY stesli NOEs between C10 methyl groddl(18)
and He4(73) clearly showing the trans

of C8 virgloup and C10 methyl group

0 PMP
NaBH, OJ( OH OH p-anisaldehyde
32 NH W dimethy! acetal U
THF:H,0, 2 h \\< .
2 B T CSA 7S
n 24 h, 90% : 42

(4R,5R)-4-allyl-2-(4-methoxyphenyl)-5-methyl-1,3-dixane (42):To a solution of
32(0.303 g, 1 mmol) in 4:1 THFA® (10 mL) added NaBH0.095 g, 2.5 mmol), the
reaction was stirred at room temperature for 2 daddon was quenched by the
addition of 1N HCI (5 mL), and extracted with EtO&& x 10 mL), dried (Ng&Qy),
and concentrated under reduced pressure, to gitre dol 41 and oxazolidinone
crude product which was without further purificati¢0.3 g) in 10 mL CKECl, was
added CSA (23 mg, 0.1 mmol, 10 mol %), granisaldehyde dimethyl acetal (0.227
g, 1.25 mmol). The reaction was stirred at roompterature for 24 h, and quenched
by the addition of saturated sodium bicarbonateatgol. The layers were separated,
and the aqueous phase was further extracted witlCIgkB x 5 mL), dried (Ng5Qy)
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and concentrated wunder reduced pressure. Flash matography (2%
EtOAc/Hexanes) provided the prodd& as clear oil (0.225 g, 90%). Rf = 0.65 (20%
ethyl acetate in petroleum etherjf** = +25.8 (c 2.1, CHG); *H NMR (400 MHz,
CDCl) & 7.42 (d,J = 8.4 Hz, 2H), 6.88 (d) = 8.6 Hz, 2H), 5.88-5.74 (m, 1H), 5.45
(s, 1H), 5.11 (ddJ = 27.7, 13.6 Hz, 2H), 4.08-3.92 (m, 3H), 3.78 (s, 3H%#9-2.39
(m, 1H), 2.26-2.16 (m, 1H), 1.61-1.51 (m, 1H), 1(89J = 7.0 Hz, 3H):"*C NMR
(100 MHz, CDC}) 6 159.8, 134.0, 131.4, 127.3, 117.2, 113.6, 1002,7/3.8, 55.2,
37.2, 31.1, 10.9; IR (Neat): 2963, 2838, 1616, 19462, 1441, 1395, 1356, 1338,
1301, 1212, 1160 cm MS (ES) m/z 271.1(M+Na).

PMP
le) (e} DIBAL-H, OH OPMB
AN -78-0°C, P
z 0, z
. DCM, 2 h, 96% 43

(2R,3R)-3-(4-methoxybenzyloxy)-2-methylhex-5-en-a+ (43): To a solution o2
(0.373 g, 1.5 mmol) in 10 mL CRElI,. The flask was cooled to -78 °C, and to this was
added drop wise DIBAL-H (1M solution in hexane, #k, 4.5 mmol). The reaction
was warmed to room temperature after 2 h and qeehdly the addition of a
saturated aqueous solution of Rochelle's salt.rAdtering 12 h, the layers were
partitioned, and the aqueous layer further extthetgh EtOAc (3 x 5 mL). The
organic layer was dried (MaO,) and concentrated under reduced pressure. Flash
chromatography (20% EtOAc/hexanes) provid&ds clear oil (0.360 g, 96%). Rf =
0.25 (20% ethyl acetate in petroleum ether)pf = -31.0 (c 1.5, CHG); *H NMR
(400 MHz, CDC}) 6 7.26 (d,J = 8.4 Hz, 2H), 6.88 (d] = 8.4 Hz, 2H), 5.89-5.75 (m,
1H), 5.09 (dd,) = 24.5, 13.6 Hz, 2H), 4.55 (d,= 11.2 Hz, 1H), 4.45 (d] = 11.2 Hz,
1H), 3.79 (s, 3H), 3.69-3.51 (m, 3H), 2.5-2.45 (fHl), 2.38-2.21 (m, 2H), 2.05-1.94
(m, 1H), 0.90 (t,J = 8.1 Hz, 3H):**C NMR (100 MHz, CDG) § 159.2, 135.2, 130.4,
129.4, 128.6, 116.9, 113.9, 113.8, 80.8, 71.3,,688012, 37.3, 35.0, 11.2; IR (Neat):
3404, 2932, 1735, 1639, 1612, 1586, 1513, 14631,14@52, 1301, 1170 cm MS
(ES) m/z 273.1(M+Na).

O‘ J\
A < Ph B
" N 2h . N N YN
= z al, , z
- 44 -78 - 0 °C, THF, EtO,C - 45

3 h, Z:E, 95:5, 70%
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(4R,5R,Z)-ethyl 5-(4-methoxybenzyloxy)-2,4-dimethyicta-2,7-dienoate (45):To
an ice cooled solution of compoudd (0.25 g, 1 mmol) in CkCI, (10 mL) and HO
(0.1 mL) was added Dess-Matrtin periodinane (0.53.85 mmol) and stirred at the
same temperature for 2 h. Reaction mixture wadeatilwvith additional CECl, and
guenched with saturated sodium thiosulphate solufi@ this was added saturated
sodium bicarbonate solution and stirred at roompmature for 30 min. The organic
layer was separated and was washed successivélyvader and brine, and dried over
anhydrous Ng50Qy, and rotary evaporated to afford the correspongeipw colored
crude aldehydd4 (0.24 g, 100% vyield). A separate round bottomeskflmas charged
with a solution of ethyl (diphenylphosphono)aceté®.420g, 1.25 mmol) in THF
(3mL) was treated with Nal (0.208g, 1.5 mmol) an8iuD(0.190 g, 1.25 mmol) at O
°C for 10 min. After the mixture was cooled to 8, above prepared aldehyde (0.24
g, 1 mmol) was added. After 10 min, the resultingtare was warmed to 0 °C over 2
h. The reaction was quenched with saturated@olution, followed by extracted
with ethyl acetate. The extract was washed witinéband organic layer was dried
over anhydrous N&Q, and rotary evaporated under reduced pressurerédgue
was purified over silica gel (230-400 mesh) usifg éthyl acetate in hexane to afford
45 as color less liquid (0.232 g, 70%, Z:E, 95:5)R0D.52 (10% ethyl acetate in
hexane); §]o>' = -44.0 (c 2.0, CHG); *H NMR (400 MHz, CDCJ) § 7.25 (d,J = 8.6
Hz, 3H), 6.86 (d,J = 8.6 Hz, 2H), 5.91-5.76 (m, 2H), 5.06 Jt= 14.0 Hz, 2H), 4.51
(d,J=11.2 Hz, 1H), 4.40 (d] = 11.1 Hz, 1H), 4.18 (g] = 7.1 Hz, 2H), 3.80 (s, 3H),
3.4-3.3 (m, 2H), 2.34-2.28 (m, 2H), 1.88 (s, 3HB2t1.24 (m, 3H), 1.03 (dl = 6.5
Hz, 3H); *C NMR (100 MHz, CDG)) & 168.0, 159.0, 144.4, 135.2, 130.8, 129.3,
126.7, 116.7, 113.6, 81.9, 71.5, 60.1, 55.2, 38@4, 20.9, 15.3, 14.2; IR (Neat):
3074, 2977, 2959, 1714, 1642, 1586, 1455, 1372812472, 1094, 1034 chn MS
(ES) m/z 333.1(M+1).

OPMB OPMB
: LiIOH.H,0 :
ZS XX A X
: MeOH:THF:H,O :
EtO,C  ~ 45 50°C, 4h, 99%,  HOC =46

(4R,5R,Z)-5-(4-methoxybenzyloxy)-2,4-dimethylocta-Z-dienoic acid (46). To a
solution of ested45 (.180 g, 0.54 mmol) in THF/MeOHA® (18 mL, 2:1:1) was
added LiOH. HO (.045 mg, 1.08 mmol).The resultant mixture wasest for 3 h at
50 °C and then acidified with 1M HCI and extractedh EtOAc (5x4 mL). The
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combined organic extracts were dried £§81@;) and concentrated under reduced
pressure to give the crude acid (.163 g, 99%)0RX6 (20% ethyl acetate in hexane);
'H NMR (400 MHz, CDC}) § 7.28-7.24 (m, 2H), 6.87 (d,= 8.4 Hz, 2H) 5.91-5.79
(m, 2H), 5.15-5.02 (m, 2H), 4.49 (ddl= 46.4, 11.0 Hz, 2H), 3.79 (s, 3H), 3.45-3.31
(m, 2H), 2.36-2.3 (m, 2H), 1.93 (s, 3H), 1.05 Jd= 6.0 Hz, 3H):;**C NMR (100
MHz, CDCk) 6 171.5, 159.2, 135.1, 130.0, 129.6, 128.6, 11613.71, 82.1, 71.8,
55.2, 37.3, 35.7, 20.8, 16.0; IR (Neat): 3425, 298831, 2869, 1689, 1640, 1512,
1458, 1301, 1248, 1174, 1077, 1034%MS (ES) m/z 303.2 (M-1).

o, /0 PMBQ

Pd(OAC), \
\,/\:/\/\ - N 0
2 46 , Dioxane
HO,C Cr(llly(salen)Cl, 0

45 °C, 72 h, 40%, 47 Mai
(80% brsm), (5:1) aor

Intramolecular C-H Oxidation: To a solution of 1,2-bis(phenylsulfinyl)ethane
palladium (Il) acetate 1 (0.025 g, 0.05 mmolRER)-(-)-[1,2-cyclohexanediamine-
N,N’-bis(3,5-di-tertbutylsalicylidine)] chromium(lll) chloride (R R)-Cr(salen)ClI)
(0.032 mg, 0.05 mmok-benzoquinone (0.1 g, 0.92 mmol) in 1.5 mL 1,4-xdive
added acidt6 ( 0.140 g, 0.46 mmol) in 5 mL round bottom flasithastopper, stirred
at 45 °C in an oil bath for 72 h. The Rb was reaethvallowed to cool to room
temperature and transferred to a separatory funiikl ethyl acetate; organic phase
was washed with a saturated aqueous solution aofirsotheta-bisulfite (2 x 15 mL)
and brine (2 x 15mL). The organic layer was driageroNaSQO,, filtered and
concentrated under reduced pressure. Purificatofladsh chromatography eluting
with 10% EtOAc in hexane afforded the lactone atedeomeric mixture (0.055 g

40%, major: minor (5:1) +.07 g s.m recovered).

(5R,6S,7S)-6-(4-methoxybenzyloxy)-3,5-dimethyl-74wl-6,7-dihydrooxepin-
2(5H)-one (47 minor): Rf = 0.33 (20% ethyl acetate in hexarje]»*'= -70.0 (c 2.0,
CHCL); *H NMR (400 MHz, CDC)) § 7.25 (d,J = 9.4 Hz, 2H), 6.87 (dJ = 8.6 Hz,
2H), 6.19-6.06 (m, 1H), 5.92 (d,= 4.2 Hz, 1H), 5.40 (ddj = 48.1, 14.0 Hz, 2H),
4.84 (d,J = 3.4 Hz, 1H), 4.63 (dJ = 10.8 Hz, 1H), 4.42 (d] = 10.8 Hz, 1H), 3.80 (s,
3H), 3.55 (ddJ = 9.1, 3.0 Hz, 1H), 2.74-2.63 (m, 1H), 1.97 (s, 3H),8 (d,J = 7.2
Hz, 3H); *C NMR (100 MHz, CDG)) & 170.1, 159.3, 140.1, 133.0, 130.3, 129.8,
129.5, 117.9, 113.7, 85.9, 81.2, 73.1, 55.2, 37926, 17.9; IR (Neat): 3080, 2956,
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2873, 1719, 1611, 1512, 1458, 1331, 1174, 1027 t¥6 (ES): m/z 303.1 (M+1);
HRMS: m/z found 303.1586, calcd fordEl,:04 303.1596.

The relatistereochemistry @7 major was established
basedNMOESY studies; NOEs between C10 methyl

PMBO  \\ .
HyC S da groupl(.18) and Had 4.84) clearly showing
8
g O the trangeatation of C8 vinyl group and C10 methyl group.
@]
47 major

(5R,6S,7R)-6-(4-methoxybenzyloxy)-3,5-dimethyl-7-uyl-6,7-dihydrooxepin-
2(5H)-one (47 major) Rf = 0.4 (20% ethyl acetate in hexanejf* = +36.0 (c 0.9,
CHCL); *H NMR (400 MHz, CDCJ) 6 7.23 (d,J = 8.4 Hz, 2H), 6.88 (dJ = 8.5 Hz,
2H), 6.28 (dJ = 7.8 Hz, 1H), 6.09-5.95 (m, 1H), 5.47 5 17.3 Hz, 1H), 5.30 (d]

= 10.7 Hz, 1H), 4.72 (Y = 6.8 Hz, 1H), 4.47 (s, 2H), 3.82 (s, 3H), 3.44 (34, 8.0,
3.7 Hz, 1H), 2.75-2.65 (m, 1H), 1.97 (s, 3H), 1(d5J = 7.5 Hz, 3H);"*C NMR (100
MHz, CDCk) & 169.8, 159.4, 139.9, 134.0, 129.6, 129.4, 11718.8, 85.4, 80.3,
72.2, 55.2, 37.7, 20.0, 19.7; IR (Neat): 3074, 29884, 2870, 1722, 1612, 1512,
1458, 1330, 1248, 1117, 1066 ¢nMS (ES): m/z 303.1.

The relatistereochemistry @7 minor was established
based onBRY studies; NOEs between HbZ.70)

and He4(72) clearly showing the cis
orientatiohC8 vinyl group and C10 methyl group.

O .
47 minor

TBSO
Z 8\\ oTBS

DIBAL-H 8
0] ZZ N
N\ -78-0°C H 6H
o) DCM,2h,90% Ho
40 48

(4R,5S,6S,2)-5-(tert-butyldimethylsilyloxy)-2,4-dimethylocta-2,7-diened,6-diol
(48): To a stirred solution of lactor& (0.148 g, 0.5 mmol) in Cl, was added
DIBAL-H (1M in THF, 2 mL) at -78 °C. After being isted for 1h reaction

temperature increased to 0 °C. After 1h, the reactixture was quenched with

saturated aqueous potassium sodium tartarate. hitgethe addition reaction, mixture
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was warmed to room temperature and stirred for H.5Then the layers were
separated, aqueous layer was extracted with Et@Ambined organic extracts was
washed with brine, dried over p&0, and concentrated under reduced pressure. The
residue was purified by column chromatography eutivith 10% ethyl acetate in
hexane to afford diod8 as a colorless semi solid (0.135 g, 90%). Rf =(0@®% ethyl
acetate in hexane)p]p?’= +18.0(c 0.95, CHGJ); *H NMR (400 MHz, CDCJ) §
5.87-5.78 (m, 1H), 5.33-5.26 (m, 1H), 5.22-5.08 @hi), 4.36-4.31 (m, 1H), 4.20-
4.16 (m, 1H), 3.8-3.75 (m, 1H), 3.38 (di= 8.2, 1.8 Hz, 1H), 2.83-2.76 (m, 1H),
1.83 (d,J = 1.2 Hz, 3H), 1.00 (dJ = 6.7 Hz, 3H), 0.92 (s, 9H), 0.09 (s, 3H), 0.05 (s,
3H); *C NMR (100 MHz, CDGJ) & 139.4, 135.7, 130.6, 115.3, 79.4, 72.9, 61.6,,36.3
26.1, 22.2, 18.3, 18.3, -3.1, -3.7; IR (Neat): 338956, 2982, 2857, 1643, 1456,
1253, 1128, 1088, 1073 ¢mMS (ES): m/z 301.2 (M+1); HRMS: m/z found
301.2210 calcd for £gH3303Si 301.2199.

OTBS OTBS
< 8 :
N N TBSCI PN _8 ~
= OH Imidazole ER-
HO 48 DMF,2h,90% TBSO 49 OH

(3S,4S,5R,2)-4,8-bistert-butyldimethylsilyloxy)-5,7-dimethylocta-1,6-dien-3ol

(49): To a stirred solution of dio#8 (0.08 g, 0.27 mmol) in 2 mL DMF, imidazole
(0.036 g, 0.522 mmol) was added and stirred forif then the mixture was cooled
to 0 °C .To the cooled solution TBSCI ( 0.081 22 mmol) was added, stirred for 2
h at room temperature. Reaction mixture was quehchigh saturated aqueous
NH4CI; the agueous layer was extracted with EtOAc. Bioed organic layers was
washed with brine and dried over 488, and concentrated under reduced pressure.
The residue was purified by flash column chromadphgy using eluent 1.5% EtOAc
in hexane to afford9 as colorless liquid (0.1 g, 90%). Rf = 0.5 (2%\yéthcetate in
hexane); §]p>>= -6.0(c 0.85, CHCJ); *H NMR (400 MHz, CDC}) 55.92-5.80 (m,
1H), 5.30 (dJ = 17.2 Hz, 1H), 5.17 (d] = 10.5 Hz, 1H), 5.08 (d] = 10.1 Hz, 1H),
4.21-4.01 (m, 3H), 3.42-3.34 (m, 1H), 2.75-2.65 (Hl), 2.36 (dJ = 7.7 Hz, 1H),
1.74 (s, 3H), 0.96 (d) = 6.7 Hz, 3H), 0.94-.88 (m, 18H), 0.09-.04 (m, 12t
NMR (100 MHz, CDC}) 6 139.1, 135.1, 129.7, 115.5, 79.0, 73.4, 61.9, ,3%5026,
26.0, 25.8, 21.3, 18.3, 17.0, -3.7, -3.9, -5.33;-1R (Neat): 3365, 2956, 2982, 2857,
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1643, 1456, 1253, 1128, 1088, 1073 trivS (ES): m/z 415.3 (M+1); HRMS: m/z
found 415.3073 calcd for&H470sSi, 415.3064.

OTBS OTBS
8 DTBMP, DCM .8
Za X _— ZS >N
: = MeOTf, 6 h H =
= OH : OMe
TBSO 49 reflux, 70% TBSO 50

(8R,9S,2)-9-((S)-1-methoxyallyl)-2,2,3,3,6,8,11,11,12,12-decamebi#y10-dioxa-
3,11-disilatridec-6-ene (50):To a stirred solution of compourtb (0.062 g, 0.15
mmol) in dry CHCIl, at room temperature were added 4-methyl-2,6di-
butylpyridine ( 0.31 g, 1.51 mmol) and methyl @i (0.12 g, 0.73 mmol)
sequentially. The reaction mixture was stirred@f@- for 6 h. Then reaction mixture
was diluted with CHCIl, washed with 3N HCI solution, saturated NaHC$lution
followed by brine. Then the organic layer was dreacr NaSO, and concentrated
under reduced pressure. The resulting residueigairfy column chromatography
using 1% ethyl acetate in hexane to affé@cas pale yellow liquid (0.044 g, 70%). Rf
= 0.75 (2% ethyl acetate in hexane)lof>= -6.2(c 0.8, CHC}); *H NMR (400 MHz,
CDCl) 8 5.72-5.60 (m, 1H), 5.36-5.20 (m, 3H), 4.19-4.0 @H), 3.52-3.32 (m, 2H),
3.25 (s, 3H), 2.65-2.55 (m, 1H), 1.72 (s, 3H), @.86 (br, 21H), 0.15-0.04 (br, 12H);
3%C NMR (100 MHz, CDGJ) § 135.4, 133.2, 131.4, 118.4, 86.1, 78.6, 61.9, ,56.1
33.8, 30.4, 29.6, 26.1, 25.9, 20.9, 18.5, 18.31,148.8, -4.8, -5.3; IR (Neat): 2957,
2930, 2853, 1472, 1460, 1250, 1127, 1080, 10286 10"; MS (ES): m/z 446.3
(M+NHy4); HRMS: m/z found 446.3506 calcd fopdEs5,NO3Si; 446.3486.

oTBS
A 2N CSA, MeOH
S OMe 2h, 90%
TBSO 50

13 OMe

(4R,5S,6S,2)-5-(tert-butyldimethylsilyloxy)-6-methoxy-2,4-dimethylocta2,7-dien-
1-ol (13):

To a stirred solution of compouriD (0.04 g, 0.09 mmol) in MeOH 5 mL, CSA (
0.002 g 0.005 mmol) was added and stirred at rommpeérature for 2 h. Then the
reaction mixture was quenched with saturated Nap€dution, the aqueous layer

was extracted with Ci€l,. The combined organic layers were dried on9@ and
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concentrated under reduced pressure. The residug puaified by column
chromatography using eluent 6% ethyl acetate irahexto affordl3 as colorless
liquid® (.025 g, 90%). Rf = 0.5 (10% ethyl acetate iname); ]p>'= +4.4 (c 0.17,
CHCly); "H NMR (400 MHz, CDCJ) 8 5.73-5.66 (m, 1H), 5.30-5.24 (m, 3H), 4.12
(dd,J = 11.8, 4.9 Hz, 1H), 4.00 (dd,= 11.7 Hz, 6.5 Hz, 1H), 3.49-3-43(m, 2H), 3.23
(s, 3H), 2.69-2.66 (m, 1H), 1.78 (s, 3H), 1.6851(M, 1H), 0.91 (m, 12H), 0.06 (s,
3H), 0.04 (s, 3H)*C NMR (100 MHz, CDGJ) & 135.1, 133.0, 118.5, 85.8, 78.2,
61.7, 56.1, 34.2, 26.1, 21.5, 18.4, 15.3, -3.8;-R (Neat): 3352, 2956, 2930, 2857,
1472, 1462, 1250, 1127, 1081, 1028,1006"cMS (ES): m/z 337.2 (M+Na).
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2.8. NMR spectra
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'H-H COSY of compound 40
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'H-'H NOESY of compound 40
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47 minor
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'H-'H NOESY of compound 47 minor
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'H-'H NOESY of compound 47 minor
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3.1. Introduction

Cancer metastasis, a major cause for canceroubsgdas elicited keen interest
among researchers to combat it using small moleddeved cell migration
inhibitors. Migrastatin family of natural produc(sig. 3.1) are important class of
molecules possessing cell migration inhibitory @mies’ Structurally, migrastatin
(2) is a 14-membered macrolide, while its relatedags dorrigocin A 2) and 13-epi
dorrigocin A @) are acyclic variants witk-olefin geometry at C11-C12. Similarly,
isomigrastatin4) is a 12-memberd macrocycle and dorricoinSi§ acyclic variant
of isomigrastatin (Fig. 3.1). All these compoundssgess a common C1-C10
skeleton. Danishefksy’s pioneering work on the Bgats of family of migrastatin
and its analogues has shown the importance of dl@iss and they have also
demonstrated that analogous skeleletons presetiese natural products could be
derived by applying a diverted total synthesis apph® Thus, the structural
complexity and biological activity of migrastatimnhily prompted many scientific
groups to work on the synthetic and biological aspef these moleculé$.In spite
of several synthetic studies known for these natpraducts and their analogues,
there still is a need to develop a common and cawially viable new strategies to
access these pharmaceutically important class déaules. This chapter deals with
our synthetic efforts to access migrastatin anaegua an asymmetric C-H oxidation

reaction as the key step.

OMe
Dorrigocin A (13R) (2)
epi-Dorrigocin A (13S) (3)

Isomigrastatin (4) Dorrigocin B (5)

Figure 3.1. Migrastatin family members
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3.2. Proposed synthetic plan

Based on the reported literatfif@nd our previous studié$’ we envisioned thaf-
hydroxy-jbutyrolactone7 could be a common intermediate for accessing hedl t
family members of migrastatin (Scheme 3.1). An esiee literature search revealed
that the S-hydroxy-y+butyrolactones ar@rivileged substructures present in several
biologically important natural produétsr used as intermediates in natural product
syntheis and many synthetic methodologies have been deselap access them.
The syntheses of 5-membered vinyl lactones usity@idation methods have been
reported® however, stereoselective syntheseg3dfydroxy-ybutyrolactones is not
known as yet. So, we envisioned that the allyliei @xidation of fragments like 2-
methyl-3-hydroxy-hex-5-enoic acidé leading to 7 can serve as a versatile
methodology for accessing the fully substitutedalhvinyl lactones (Scheme 3.1). It
is noteworthy that lactoné is characterized by three important features;régnce

of the alk-1-en-3,4-didl system (numbering given based on olefin), 2) doirtg
three contagious chiral centers (very common patimesent in tedanolidé®

amphidinolides® bafilomycins:®®? thuggacing®® and benzoquinone ansamycin

antibiotics™ etc.), and 3) most importantly presence of botitgal olefin and ester
orthogonal functionalities, which can be used asdla to install the further

functionalities required in natural products syssike

"coH cH 00
4 2 Lhox. /'Q;/( bt Migrastatin
PO\C Pd(Il) / : family and analogues
6 PO -
Scheme 3.1

3.3. Results & Discussion

In the current approach t6-hydroxy-j+butyrolactones (Fig. 3.2, eq. 1), we have
utilized a regio and stereoselective Pd(ll)/sule<catalyzed allylic C-H oxidation
reaction developed by White and co-workers fordipethesis of anti-1,4-dioxan-2-
one from the homoallylic oxygenates (Fig. 3.2, 2" Accordingly, we prepared
racemic3-hydroxy-hex-5-enoic acidi0 (Scheme 3.2), fror which was derived from
ethyl cyanoacetat® using Barbier reactioff. Thus, Bketo ester was reduced to the

corresponding alcohol which upon PMB protect{emMBOC(=NH)CC}, CSA) followed
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by ester hydrolysis afforded the desired racemid #2.*% The acidl0 was subjected
to White’s oxidatiorconditions to afford a diastereomeric mixture (%fl)lactonell
in 60% vyield. The relative stereo chemistry of thmajor diastereomefdl was

confirmed by conversion to the known compodgd*

0/ \.0 OP
oP Ph—S * S-Ph R =
H Pd(OAc), ””// (eq 1)

R AN (White's catalyst)
o O

0~ "OH B-hydroxy-y-butyrolactone
Oy _OH 0,0 0
j/ Ph—S - S-Ph o ¢
0 Pd(OAc), = 0 (eq 2)

: R

1,4-dioxan-2-one
Figure 3.2. Application of White’s oxidation in synthesis ofwil lactones

A literature search revealed the versatility oftéae 12 which has been used in the
synthesis of (+)-cardiobutanolid®, Hagen’s gland lactonég, and the benzyl
protected lactone lik&l was used in the synthesis of all brevicomins,yfiaetones,
cardiobutanolide, cardiobutanolide, and goniofufied Also, the saturated lactone
was used in the formal synthesis of (-)-isolaureadin and (+)-rogioloxepart& and

the corresponding acid was used in the total sgighe decarestrictine-£.

Zn/AIClI3
/\/Br () 1. NaBH4
EtO,C._CN Z EtOzC\)J\/\
8 THF, 0 °C to RT N 2.PMBTCA
16 h, 90% 9 CSA, THF, 24 h
3. LiOH.H,0
75% for 2 steps
OPMB White Catalyst, BQ OPMB o
- Cr(lll)(salen)Cl CAN
Cg:/\ Dioxane, 45 °C QI\\ /I/f(}l\\
) ) o) MeCN: H,O
®10  gh 60%, dr. 1:5 @11 3h, 80% © (H12

Scheme 3.2.

In order to access the trisubstituted asymmeinydroxy-ybutyrolactones (Scheme
3.3), we started from aldol addutB followed by silyl protection gavd4.>" Silyl
ether14 was subjected to hydrolysis to get the correspandiidl5, and later was

subjected to White’s oxidation, however, no despeatuctl6 was obtained and the
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starting materials remained largely intact evearaf® h. We then applied the White’s
reaction conditions (6 h) on acid resulting in the lactone intermediate which was
treated with TBSOTf to afford a separable diastereric mixture (55:45) 016.%°

o O OH o © OTBS . O OTBS
WM ) msomoeen | I A AL oM H0; 7
o N7 : o N ~ HO™ ™ X
\/k : CH,Cly, 0 °C. 90% \/g : THF:H,0 (4:1) :
Bn B, 0°C,2h, 15
99%

13

White Catalyst, BQ
Cr(lll)(salen)Cl
Dioxane, 45 °C

72h
1. White Catalyst, BQ, OTBS
(o) ?H | Cr(lll)(salen)Cl p//
HO : Dioxane, 45°C,6 h o
: 2. TBSOTY, DIPEA 0
17 CH,Cl,, 2 h 16

55% for 2 steps (55:45)

Scheme 3.3

In order to improve the poor diastereoselectivitg, envisioned creating a facial bias
around the double bond during the White’s oxidatreaction by protecting the
hydroxyl group as PMB ether in aci® (Scheme 3.4). Thus, aldol addud@& was
converted to PMB ethel8 (PMBOC(=NH)CC}, Sc(OTfy) which was hydrolyzed to give
acid 19 in good vyields. Gratifyingly, the White’s oxidaticon acid19, afforded the
desired lacton0 in 65% yield with good dia-stereoselectivity. THmastereomers
were easily separated by flash chromatography ngath a ratio of 9:1. Relative

stereochemistry of diastereomers was assigned D studies (Scheme 3.4).

PMBOC(=NH)CCI 2 o oPMB LiOH.H,0, H,O. i ?PMB
= 3 Z 10A.120, 1207
13 VN N HO™ S
Sc(OTf)s, CH,Cly 0 : THF:H,0 (4:1) -
RT, 0.5 h, 85% Bn 4g 0°C. 3 h, 99% 19
NOE H
Me
White Catalyst, BQ Q PM/B H Me (¢} ]?PMB
Cr(lll)salencl
(1) = 8> H = 07
Dioxane, 45 °C, o” © _ H S
0, .
12 h, 65%, d.r. 9:1 20 OPMB NOE U
Scheme 3.4

Thus the valuable chiral lacto28 in hand, we embarked upon the synthesis of C1-
C13 fragment of dorrigocin A (Scheme 3.5), by firstducing DIBAL) it to the

corresponding lactol21 and the reaction of resulting lactol with stalatiz
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phosphorilidene22 afforded theE-olefin 23 in good yields. Subsequently, the
hydroxyl group in23 was transformed to methyl eth#&t (veOTf), and it was reduced
to the desired corresponding allylic alcoh2b having a C6-C13 fragment of
dorrigocin A; also found in bafilomycin subclass oétural products (C12-C19

fragment)**
PMBO PMBQ EtO,C OPMB O
. PPh,
o DIBAL * 22
/ 2 | - ¢ OEt
7 o o -78 °C,0CHzCI2 O7 ™oy  Toluene, reflux OH
0,
2 1h, 95% 21 6 h, 80% 23
OPMB 0 OPMB OH
MeOTf, DTBMP DIBAL
~ OBt gec chycl ~ h
CH,Cl, reflux, 6 h -78°C, CH,Cl
60§A; , reflux, 6 OMe 1h, 98% OMe
24 25
Scheme 3.5
OPMB  OAc
OPMB O pigaL QPMB — OH s cci, 2,6-Lutidine
= AN a A = =
OBt _78°C, CH,Cl, CH,Cly, 0 °C-RT OH
OH 1h, 98% OH 3 h, 90%
23 26 27
OPMB
Me;OBF,, proton sponge
A OAc
CHyCly, 1 h, 90% OMe
28
Scheme 3.6

Our initial attempts on cross metathesi2bfwith olefin partner [)-2,6-hept-denoic
acid 29%% or the corresponding est80® using Grubbs’ second generation catalyst
were not successful (Table 3.1, entry 1, 2), howetee corresponding acetyl
protected compoun@8 (synthesized fron23 in three steps; Scheme 3.6) underwent
smooth cross metathesis reaction with the ether86taffording the desired product
32 (Table 3.1, entry 3, 4) in moderate yields. Thetiea proceeded slightly better in
toluene as compared with dichloromethane as thetiomamedium for the cross
metathesis reaction. Thus, we have demonstrated thiega C1-C13 fragment of
dorrigocin A can be synthesized starting from thg kactone20 via simple synthetic

steps.
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Table 3.1. Attempts at the olefin cross metathésis

|
WCO

2R?
(3eq)
OPMB OR1 R3= H (29)
OMe G-Il (3 mol%), Solvent
R'=H (25) ., OMe
= Ac (28) R'=H (31)

= Ac (32)

entry R,R° solvent time Isolated yield
1° H,H CHCl, 4h -
2 H, Et CHCI, 4 h -
2 Ac, Et CH.CI, 2h 15%

3 Ac,Et Toluene 2h 20%

%all reactions were carried out on 0.06 mmol scal¢ a
Preaction conducted at 40 °C

Our attempts to access the migrastatin macrolide 3® from lactone20 (Scheme
3.7) via a Wittig olefination on the corresponditagtol 21 did not lead to the
expectedZ-olefin product as it would have given direct access to the migtiskey
intermediate. So we resorted to a complete reduatiolactone20. Accordingly,
lactone22 was reduced to did@3 using 3eq. DIBAL at -78 °C for 3 h in 98% yield.
The primary alcohol i83 was protected as silyl eth84 which has already been
converted earlier by our group to the macrolideeooir migrastatir8é (Scheme 3.7,
eq. 1)*? A similar intermediate37 was also used by Dias and co-workers in their
synthesis of isomigrastatin analogues (Schemee®;72)>" So the synthesis &4
constitutes a formal synthesis of macrolide coremifrastatin and isomigrastatin

analogues.
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OPMB PMBO  oH OPMB
IB ) DBAL@Eeq) /\‘)\‘) TBSCI, CH,Cly /\‘/H/\
— ~ OTBS
G 78 °9(38,0/CH20I2 OH Imid., RT OH
, 98% 12 h, 85 %
20 33 ° 34

1. MeOTf OPMB
34 2. TBAF ref. 3d
Z eq 1
. 3d OH _— (eq 1)
OMe
35 36 OMe
Migrastatin Macrolide Core
OTBS ref. 3h \OH
Z OH - (eq 2)
OMe “'OMe
37 38

Isomigrastain analogue

Scheme 3.7

3.4. Conclusions

We have shown the synthesis of a versatile chiigulistituted butyrolacton20 for
the firsttime using Pd(ll)/sulfoxide catalyzed asymmetri¢ci@xidation. A common
synthetic protocol was developed to convert thegolactone20 to the key building

blocks of migrastatin, isomigrastatin, and C1-CrEgyiment of dorrigocin A.
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3.5. Experimental section
3.5.1 Materials

4-Methoxybenzyl-2,2,2-trichloroacetimidateMBTCcA),* (E)-2,6-hept-denoic acid
29,%% ester 30.2 were prepared according to the respective liteeatorocedure.
Analytical and spectral data of all those knownyalls are exactly matching with the
reported values. For preparation of aldol add3cind silyl ethed4 (see chapter 2)

3.5.2. Experimental procedure, spectral and analytical data

Zn/AIC,
/\/Br 0O
Et0,C._CN
Et0,C
o THF, 0 °C to RT 2 M
16 h, 90% 9

[Fketo ester 9

To a suspension of zinc powder (1.31 g, 20 mmolanhydrous THF (10 mL), a
solution of ethyl cyanoaceta8(0.565 g, 5 mmol) in anhydrous THF (30 mL) and
allyl bromide (0.907 g, 7.5 mmol) were added undgatmosphere. The mixture was
cooled to 0 °C. Aluminum trichloride (0.266 g, 2 milnwas dissolved in cold
anhydrous THF and then slowly added to the reaatmixture. Then the reaction
mixture allowed to warm to room temperature andegdifor 16 h. After the reaction
was completed HCI (2M aqueous solution, 25 mL) wadsled, and the reaction
mixture was stirred at room temperature for 5 mime mixture was passed through a
short silica gel column. The phases were separaed, the aqueous layer was
extracted with ethyl acetate (3X25 mL). The combineganic layers were dried with
sodium sulfate, and the solvent was removed uretinced pressure using a rotary
evaporator. The product wa&® yellow oil and was used without further purificati
(0.7 g, 90%).R; = 0.5 (20% ethyl acetate in hexanéd NMR (400 MHz,
CDCls) 55.98-5.85 (m, 1H), 5.27-5.15 (m, 2H), 4.21 {g= 7.2 Hz, 2H), 3.48 (s,
2H), 3.32 (dJ = 6.9 Hz, 2H), 1.29 (t) = 7.2 Hz, 3H)
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0 1. NaBH, OPMB

EtO,C HO,C_
2 M 2. PMBOC(=NH)CCls N
9 CSA, THF, 24 h ()10
3. LIOH.H,0
THF:H,0:MeOH
0°CtoRT,2h

Acid 10:

To a solution ofketo este® (156 mg, 1 mmol) in methanol (5 mL) was added
sodium borohydride (23.5 mg) at 0 °C and the mixtwas stirred at the same
temperature for 1 hour. The mixture was partitiobetiween 1N hydrochloric acid
and ethyl acetate. The organic layer was separatadhed with water and brine,
dried over sodium sulfate, and evaporated. The ymtodias yellow oil (160 mg,
crude). Crude oil was dissolved in solution of C&8 mg, 0.1 mmol) in ChCl, (10
mL) and added 4-methoxybenzyl 2,2,2-trichloroacetate (562 mg, 2 mmol) stirred
for 24 h. Reaction mixture was quenched by adding_Ssaturated NaHC£{>solution,
and the aqueous layer was extracted with@H(3X5 mL). The combined organic
layers were dried with sodium sulfate, and the esaiwas removed under reduced
pressure using a rotary evaporator. To a solutibrPEIB ether (208 mg) in
THF/MeOH/HO (10 mL, 2:1:1) was added LiOH.,@ (0.024 mg, 1.08 mmol) at O
°C. The resultant mixture was stirred for 2 h aimotemperature and then acidified
with 1M HCI and extracted with EtOAc (5x4 mL). Tlvembined organic extracts
were dried (Ng5Q,) and concentrated under reduced pressure to havadid10?’
(187 mg, for 3 steps 75%R: = 0.5 (25% ethyl acetate in hexan&)t NMR (400
MHz, CDCk) 6 7.30-7.21 (m, 2H), 6.88 (dd,= 11.0, 5.2 Hz, 2H), 5.80 (m, 1H),
5.21-5.07 (m, 2H), 4.51 (m, 2H), 3.99-3.88 (m, 1BIgO (s, 3H), 2.63-2.51 (m, 2H),
2.26-2.31 (m, 2H).

OPMB
QF’MB White Catalyst, BQ s

Cr(lll)(salen)Cl p -
M 5 g \\

CO,H Dioxane, 45 °C
ZPD10 g1 60% 15 M

Lactone 11

To a solution of 1,2-bis(phenylsulfinyl)ethane pdium (1) acetate 1 (25 mg,
0.05 mmol), (R 2R)-(-)-[1,2-cyclohexanediaminB;N’-bis(3,5-di-
tertbutylsalicylidine)] chromium(lll) chloride RR)-Cr(salen)Cl) (32 mg, 0.05
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mmol, p-benzoquinone (108 mg, 1.0 mmol) in 1.5 mL 1,4xdite added aciti0
(125 mg, 0.5 mmol) in 5 mL round bottom flask wittopper, stirred at 45 °C in
an oil bath for 6 h. The Rb was removed, alloweddol to room temperature and
transferred to a separatory funnel with ethyl aeetarganic phase was washed
with a saturated agueous solution of sodium metaHite (2 x 10 mL) and brine
(2 x 10mL). The organic layer was dried over,81@,, filtered and concentrated
under reduced pressure. Purification by flash clatography eluting with 10%
EtOAc in hexane afforded the lactohk as distereomeric mixture (75 mg, 60 %,
major: minor (5:1))Major isomer 11, R = 0.25 (20% ethyl acetate in hexane);
'H NMR (400 MHz, CDCJ) 8 7.28-7.20 (m, 2H), 6.89 (d,= 8.6 Hz, 2H), 5.86-
5.78 (m, 1H), 5.40 (d) = 17.2 Hz, 1H), 5.28 (d] = 10.7 Hz, 1H), 4.97-4.90 (m,
1H), 4.50 (s, 2H), 4.08-4.02 (m, 1H), 3.81(s, 3MY5-2.67 (m, 1H), 2.55 (dd,=
17.8, 3.4 Hz, 1H)*C NMR (100 MHz, CDGJ) 5 174.8, 159.5, 133.1, 129.4,
128.8, 117.9, 114.0, 84.6, 71.2, 55.3, 34.3; IRaflN8082, 2955, 2922, 1770,
1611, 1512, 1247, 1019 &mMS (ES) m/z 249.2 (M+1).

Minor isomer 11, Ry = 0.28 (20% ethyl acetate in hexan#);NMR (400 MHz,
CDCls) 6 7.22 (d,J = 8.6 Hz, 2H), 6.88 (dJ = 8.6 Hz, 2H), 6.12-6.02 (m, 1H),
5.44 (dd,J = 22.1, 13.9 Hz, 2H), 4.92-4.86 (m, 1H), 4.47 J&5 11.6 Hz, 2H),
4.27 (9, = 4.7 Hz, 1H), 3.81 (s, 3H), 2.66 (d= 4.6 Hz, 2H); IR (Neat) 3080,
2955, 2924, 1771, 1604, 1510, 1242, 1010'cMS (ES) m/z 249.2 (M+1).

OPMB OH
p' CAN Y
o7 0 \ MeCN: H,0 (9:1) O/l/fo> A\
3h, 80% 12
®HMNM @

Lactone 12

To a solution of the above compourdd (25 mg, 0.01 mmol) in a mixture of
CH3CN/H,0 (9:1, 4 mL), was added CAN (109 mg, 0.02 mmoloaim temperature.
After 1h of stirring, the reaction mixture was diled and concentrated under reduced
pressure. BD (5 mL) and CHCI, (5 mL) were added, the organic phase was dried
over NaSQ, filtered and concentrated undeacuo. The residue was purified by
column chromatography (1:1 EtOAc/Hexane), gaveldotonel2*? as colorless oil
(11 mg, 80%)R; = 0.2 (40% ethyl acetate in hexan#);NMR (400 MHz, CDC}) &
5.95-5.82 (m, 1H), 5.50-5.42 (m, 1H), 5.37-5.32 (Hi), 4.88-4.80 (m, 1H), 4.44-
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4.35 (m, 1H), 2.87-2.79 (s, 1H), 2.57-2.49 (m, 1IR)neat) 3446, 2934, 1770, 1639,
1430, 1413, 1333, 1309, 1203, 1158, 1080, 1015 dviS (ES) m/z 129.2 (M+1).

o O OTBS O OTBS
SRS QLTINS N
o N N T HO" =
\/K H THF:H,0 (4:1) :
Bn 0°C,2h,
14 99% 15

Acid 15

Silylether 14 (417 mg, 1.0 mmol) in 5 mL of four parts THF to opart distilled
water is added to the flask, the solution was cotded °C in an ice/water bath. To
the cooled, stirring solution added 4 equivalerft8@% hydrogen peroxide and a
solution of lithium hydroxide (42 mg, 1mmol) in 2ofL distilled water via syringe.
The reaction flask was kept in an ice bath andestifor one hour. Then septum was
then removed, and a solution of sodium sulfite ¢).; 3 mL water was added. THF
was removed on the rotary evaporator (careful ohfing with aqueous THF). The
remaining solution (mostly aqueous) was extractétl dichloromethane (6 mLX3)
to remove the free oxazolidinone. The aqueous lagataining the carboxylate salt
of the desired product was cooled in an ice batth lammught to pH 1 with 6 N
hydrochloric acid. The aqueous solution is thenramtéd with ethyl acetate (5
mLX4). The combined ethyl acetate layers were doeer anhydrous sodium sulfate,
and then concentrated vacuo and passed through shot pad of silica gel yielddd p
yellow liquid 15 (256 mg, 99%)R; = 0.3 (10 % ethyl acetate in petroleum etht);
NMR (400 MHz, CDC}) 6 5.82-5.71 (m, 1H), 5.15-5.03 (m, 2H), 4.11 (d&; 10.8,
6.1 Hz, 1H), 2.66-2.51 (m, 1H), 2.28 §t= 6.7 Hz, 2H), 1.14 (dJ = 7.0 Hz, 3H),
0.87 (s, 9H), 0.06 (d) = 10.8 Hz, 6H); IR (Neat) 3425, 3078, 2968, 2930, 3885
1756, 1472, 1255, 1046 ¢imMS (ES) m/z 259.1 (M+1).

o OH 1. White Catalyst, BQ oTBS
J\/\J Cr(lll)(salen)Cl p//
HO : Dioxane, 45 °C, 6 h oZ O
2. TBSOT, DIPEA
17 CH,Cly, 2 h 16

Lactone 16

To a solution of 1,2-bis(phenylsulfinyl)ethane pdium (Il) acetate 1 (10.5 mg, 0.02
mmol), (IR,2R)-(-)-[1,2-cyclohexanediaminkkN'-bis(3,5-di-tertbutylsalicylidine)]
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chromium(lll) chloride (RR)-Cr(salen)Cl) (12 mg, 0.02 mmol);benzoquinone (44
mg, 2.0 mmol) in 2.5 mL 1,4-dioxane added atid(30 mg, 0.2 mmol) in 5 mL
round bottom flask with stopper, stirred at 45 iCaih oil bath for 6 h. The Rb was
removed, allowed to cool to room temperature aadsfierred to a separatory funnel
with 10 mL ethyl acetate; organic phase was washéd a saturated aqueous
solution of sodium meta-bisulfite (2 x 5 mL) andnler (2 x 5mL). The organic layer
was dried over N&O,, filtered and concentrated under reduced pres<tinede
material was dissolved in 5 mL of dichloromethabd¢P?EA (0.2 mL) treated with
TBSOTf (0.1 mL) at O °C for 2 h. After completiof reaction, mixture was washed
with saturated sodium bicarbonate solution; aquetayer was washed with
dichloromethane (2X4 mL). Combined organic layeeyevdried on sodium sulfate
and concentrated undeacuo. The residue was purified by flash chromatography
using 2% EtOAc in hexane as eluent afforded thiiterl6 as distereomeric mixture
(30 mg, 60 %, major: minor (55:45)). Relative stetgemistry of products was not
assigned. Major isomdR; = 0.7 (25 % ethyl acetate in petroleum eth&r);NMR
(400 MHz, CDC}) 6 ppm 6.01-5.92 (m, 1H), 5.38 (ddl= 19.3, 13.9 Hz, 2H), 4.88-
4.82 (m, 1H), 4.17-4.12 (m, 1H), 2.59-2.51 (m, 1HP6 (d,J = 7.4 Hz, 3H), 0.89 (s,
9H), 0.08 (d,J = 4.1 Hz, 6H); IR (neat) 2956, 2931, 2858, 1788, 14388, 1254,
1135, 1004 ci; MS (ES) m/z 257.2 (M+1).

minor isomerR; = 0.75 (25 % ethyl acetate in petroleum ethf)NMR (400 MHz,
CDCl) 5 5.87-5.76 (m, 1H), 5.40 (dd,= 40.1, 13.8 Hz, 2H), 4.44 (§ = 7.0 Hz,
1H), 3.81-3.74 (m, 1H), 2.62-2.54 (m, 1H), 1.28 {&& 7.2 Hz, 3H), 0.89 (s, 9H),
0.07 (d,J = 13.2 Hz, 6H); MS (ES) m/z 257.2 (M+1).

0 0 OH e} (e} C:)PMB
)\\ W PMBOC(=NH)CCY, >¥ -
N7 A o N A
O\/k H Sc(OTf)s, CH,Cly NS
Bn 13 RT,0.5h Bn 18
PMB ether 18

To a stirred solution of alcohdB (610 mg, 2 mmol) and PMBOC(=NH)C{1.4 g,

5 mmol) in dry toluene (15 mL), Sc(O%ff30 mg, 0.06 mmol) was added at room
temperature. The reaction was allowed to stir f&r 10, and then concentrated in
vacuo. In order to precipitate trichloroacetamide, tksidual oil was taken up in n-

pentane/ChKCl, mixture (5/1, 50 mL) and filtered. The filtrate svaoncentrated and
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purified by flash chromatography (8% EtOAc in hexpgave PMB ethei8 (721
mg, 85%) as a colorless g&.= 0.67 (10 % ethyl acetate in petroleum ethedsT
+37.8 (c 1.15, CHG); *H NMR (400 MHz, CDC}) 8 7.34-7.24 (m, 5H), 7.19 (d,=
7.2 Hz, 2H), 6.85 (dJ = 8.4 Hz, 2H), 5.94-5.80 (m, 1H), 5.13-5.04 (m, 2456-
4.39 (m, 3H), 4.09 (dd] = 9.0, 0.9 Hz, 1H), 4.04-3.95 (m, 2H), 3.82-3.71 @Hl),
3.26 (dd,J = 13.4, 2.7 Hz, 1H), 2.73 (dd,= 13.3, 9.7 Hz, 1H), 2.44-2.34 (m, 2H),
1.27 (d,J = 6.9 Hz, 3H);**C NMR (100 MHz, CDGJ) 5 175.0, 159.1, 153.0, 135.3,
134.9, 130.5, 129.7, 129.4, 128.9, 127.3, 117.8,6,178.6, 71.6, 65.9, 55.6, 55.2,
41.4, 37.7, 36.7, 12.5; IR (neat) 3066, 2955, 22856, 1779, 1695, 1511, 1381,
1350, 1245, 1210, 1034 EMHRMS m/z found 424.2121, calcd for,483NOs
424.2124.

o O OPMB
O}kNJ\:/'\/\ LIOH.H,0, H,0; j\/?i'\f\
: _ N
\)\Bn THF:H,0 (4:1) oY
0°C, 4h
18 19

Acid 19

Acid 19 was prepared using previous procedure used folatixe cleavage df4 by
taking 18 (425 mg, 1 mmol), yielded pale yellow oil (252 n®$%).R; = 0.25 (20%
ethyl acetate in petroleum ether}]4*’ -5.2 (c 1.04, CHG); 'H NMR (400 MHz,
CDCl) & 7.28-7.21 (m, 2H), 6.86 (d,= 8.6 Hz, 2H), 5.87-5.74 (m, 1H), 5.15-5.08
(m, 2H), 4.52 (ddJ = 30.3, 11.0 Hz, 2H), 3.84-3.76 (m, 4H), 2.75-2.66 (H),
2.45-2.26 (m, 2H), 1.20 (d| = 7.5 Hz, 3H);**C NMR (100 MHz, CDGJ) 5 179.6,
159.3, 133.9, 129.9, 129.5, 118.0, 113.8, 78.9,A5.2, 42.5, 36.1, 11.2; IR (Neat)
3404, 2932, 1735, 1639, 1612, 1586, 1513, 14631,14352, 1301, 1170 cln MS

(ES) m/z 265.2 (M+1).
. OPMB
O OPMB White Catalyst, BQ s
)K/?\/\ Cr(lll)salencl pl//
: Di ,45°C o~ O
19 |oxa1néah

20
Lactone 20

Lactone20 was prepared using previous procedure used for @Xitiation reaction
for 11 by taking acidl9 (200 mg, 0.76 mmol). After purification using flasolumn
chromatography, yielded (130 mg, 65%, major: mifot). Major isomer R; = 0.65
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(20 % ethyl acetate in petroleum ethet)of’ -72.1 (c 1.4, CHG); *H NMR (400
MHz, CDCk) & 7.28-7.20 (m, 2H), 6.89 (d,= 8.7 Hz, 2H), 6.05-5.97 (m, 1H), 5.42
(dd,J = 21.2, 13.9 Hz, 2H), 4.95 (1,= 6.3 Hz, 1H), 4.55-4.45 (m, 2H), 3.98-3.92 (m,
1H), 3.81 (s, 3H), 2.75-2.67 ( m, 1H), 1.26 Jd; 7.3 Hz, 3H);**C NMR (100 MHz,
CDCls) 6 176.5, 159.5, 131.3, 129.4, 129.0, 119.6, 113.%,80.2, 71.9, 55.3, 39.6,
13.1; IR (neat) 3080, 2922, 2854, 1777, 1611, 13459, 1247, 1175, 1113, 1022
cm’; HRMS m/z found 263.1274, calcd fors81004 263.1283.

NOE
HC
O } H
O a
Hy

OPMB
20 Major 20 Major

—

The relative stereochemistry @ major was established based on NOE studies;
NOEs between methyl grou (.26) and H (0 4.95) clearly showing the trans
orientation of vinyl group and methyl group. Anathkey NOE between Hd 2.7)
and vinylic group § 6.0) further confirmed the trans relationship wfyt and methyl
group.

Minor isomer R; = 0.62 (20 % ethyl acetate in petroleum eth#f)NMR (400 MHz,
CDCl) & 7.23 (d,J= 8.5 Hz, 2H), 6.90 (dJ = 8.5 Hz, 2H), 5.94-5.83 (m, 1H), 5.49
(d,J=17.2 Hz, 1H), 5.34 (d) = 10.5 Hz, 1H), 4.68 () = 6.4 Hz, 1H), 4.61-4.51
(m, 2H), 3.82 (s, 2H), 3.69 (,= 6.9 Hz, 1H), 2.76-2.67 (m, 1H), 1.29 (tk 7.3 Hz,
3H); **C NMR (100 MHz, CDGJ) 8 176.5, 159.5, 134.2, 129.4, 129.1, 119.2, 113.9,
85.0, 83.0, 72.3, 55.3, 42.1, 13.9; IR (neat) 30822, 2853, 1777, 1611, 1512,
1459, 1247, 1175, 1114, 1019 ¢nMS (ES) m/z 263.2 (M+1).

Hy The relative stereamistry of20 minorwas established based on

Me
0 OPMB
% NOE studies; Key NO&ween H(d 2.72) and H(d 4.68)
Hch . . . . .
NOEU confirmed the cisate@dnship of vinyl and methyl group

20 minor
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PMBO PMBO EtO,C

DIBAL )szPhs QPMB O
0 = ~ OEt
7 o 0 173 C.CHLL /o OH Toluen6e,hreflux OH
20 21 23
Alcohol 23

Diisobutylaluminum hydride (1.0 M) in cyclohexan@4 mL, 0.4 mmol) was added
drop wise to a stirred solution of lactor#® (100 mg, 0.38 mmol) in dry
dichloromethane (5 mL) at -78 °C. The reaction om&twas stirred for 1 h at -78 °C
under an atmosphere of nitrogen. The reaction washahed with methanol and
allowed to warm to bring it at room temperatureugsted aqueous sodium/potassium
tartrate solution (2 mL) was added and the resyitmxture was stirred for 4 h after
which the product was extracted with EtOAc (2x5 mIhe combined organic
extracts were dried over B0, concentrated imacuo. The crude lacta2l (100 mg,
98%) was directly used in next reaction withoutHer purification. To the solution
of lactol in 5 mL toluene triphenyl(1-[ethoxycarholethylidene)phosphoran&2
(206 mg, 57 mmolyvas added under Nitmosphere and the reaction refluxed for 6 h.
After completion of reaction toluene was removed #me residue was purified by
flash column chromatography yield@8 as a colorlessliquid (106 mg, 80%)R; =
0.65 (20 % ethyl acetate in petroleum ethar)p{’ -1.0 (c 1.05, CHG); *H NMR
(400 MHz, CDC}) 6 7.29-7.22 (m, 2H), 6.88 (d,= 8.63 Hz, 2H), 6.64 (ddl = 10.3,
1.3 Hz, 1H), 5.97-5.89 (m, 1H), 5.37 (©z 17.2 Hz, 1H), 5.23 (d] = 10.5 Hz, 1H),
4.55 (s, 2H), 4.19 (gl = 7.1 Hz, 2H), 4.07-4.01 (m, 1H), 3.81 (s, 3H), 3224 (m,
1H), 2.96-2.85 (m, 1H), 1.86 (d,= 1.3 Hz, 3H), 1.30 (tJ = 7.1 Hz, 3H), 1.10 (d)

= 6.7 Hz, 3H);**C NMR (100 MHz, CDGJ) 5 168.2, 159.4, 143.5, 138.8, 130.0,
129.7, 128.2, 116.0, 113.8, 84.8, 75.1, 72.9, 6853, 35.7, 15.8, 14.3, 12.6; IR
(neat) 3491, 3080, 2979, 2962, 2932, 2875, 170¥3,18513, 1462, 1249, 1175, 1033
cm’; HRMS m/z found 349.2001, calcd fopdBl2d0s 349.2015.
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OPMB O OPMB (0]
MeOTf, DTBMP
= N OEt = N OEt
CH,Cl, reflux
OH 6 b 60% OMe

23 24

Ethyl ester 24

To a stirred solution of compourz8 (52 mg, 0.15 mmol) in dry Ci&l, at room
temperature were added 4-methyl-2,Gait-butylpyridine (310 mg, 1.51 mmol) and
methyl triflate (120 mg, 0.73 mmol) sequentialjhelreaction mixture was stirred at
40 °C for 6 h. Then reaction mixture was dilutedmCH,Cl, washed with 3N HCI
solution, saturated NaHGGolution followed by brine. Then the organic layeas
dried over NaSQO, and concentrated under reduced pressure. Theingsuoéisidue
was purified by column chromatography using 5% le#utgtate in hexane to afford
24 as pale yellow liquid (32 mg, 60%lr; = 0.6 (10 % ethyl acetate in petroleum
ether); p]p>°-17.0 (c 1.1, CHG); *H NMR (400 MHz, CDG)) & 7.31-7.25 (m, 2H),
6.86 (d,J = 8.6 Hz, 2H), 6.67 (dd) = 10.4, 1.3 Hz, 1H), 5.84-5.75 (m, 1H), 5.34-
5.24 (m, 2H), 4.66 (d) = 10.8 Hz, 1H), 4.49 (d) = 10.8 Hz, 1H), 4.20 (q) = 7.1
Hz, 2H), 3.80 (s, 3H), 3.52-3.51 (m, 1H), 3.303(&, 4H), 2.97-2.85 (m, 1H), 1.85-
1.82 (m, 3H), 1.31 () = 7.1 Hz, 3H), 1.04 () = 7.2 Hz, 3H);"*C NMR (100 MHz,
CDCl;) 6 168.3, 159.1, 144.4, 135.8, 130.6, 129.8, 1271@,4, 113.6, 84.6, 84.5,
75.0, 60.5, 56.6, 55.2, 35.3, 15.3, 14.3, 12.4(ri&at) 3074 2978, 2931, 2876, 1708,
1611, 1512, 1462, 1250, 1123, 1017 triRMS m/z found 385.1987, calcd for
C21H3z00sNa (M+N4d) 385.1990.

OPMB o) OPMB OH
DIBAL-H
= X OFEt _— = X
OMe CHyCl,, -78 °C OMe
24 Th 25

Allyllic alcohol 25

To a stirred solution of est@d (91 mg, 0.25 mmol) in C¥Cl, was added DIBAL-H
(AM in THF, 0.5 mL) at -78 °C. After being stirrddr 1h reaction temperature
increased to 0 °C. After 1h, the reaction mixtueswuenched with saturated aqueous
potassium sodium tartarate solution. After the @oldireaction, mixture was warmed
to room temperature and stirred for 4 h. Then éyells were separated, aqueous layer

was extracted with EtOAc. Combined organic extracs washed with brine, dried
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over NaSQO, and concentrated under reduced pressure. Thaueesids purified by
column chromatography eluting with 10% ethyl aeetat hexane to afford allyl
alcohol 25 as a colorless liquid (78 mg, 98%3 = 0.25 (25 % ethyl acetate in
petroleum ether);f o>°-28.0 (c 0.8, CHG); *H NMR (400 MHz, CDC}) 8 7.27 (d,J

= 8.6 Hz, 2H), 6.85 (dJ = 8.6 Hz, 2H), 5.86-5.74 (m, 1H), 5.27 (diF 11.6, 4.4
Hz, 3H), 4.65 (d,J = 11.0 Hz, 1H), 4.49 (d) = 11.0 Hz, 1H), 3.95 (s, 2H), 3.79 (s,
3H), 3.61 (ddJ= 7.7, 4.6 Hz, 1H), 3.23 (s, 3H), 3.18 (dds 6.4, 4.7 Hz, 1H), 2.85-
2.73 (m, 1H), 1.65 (s, 3H), 0.97 &= 7.7 Hz, 3H);"*C NMR (100 MHz, CDG) &
159.0, 136.1, 134.0, 131.0, 129.7, 129.1, 118.8,5185.3, 84.6, 74.7, 68.8, 56.6,
55.2, 34.0, 29.7, 16.1, 13.7; IR (neat) 3383, 291881, 1609, 1512, 1463, 1247,
1118, 1077, 1037 cth HRMS m/z found 343.1876, calcd ford,d0s (M+Na")
343.1885.

OPMB O . OPMB  OH OPMB  OAc _ OPMB  OAc
= N OEt > A X - 2 NS e o X
OH OH OH OMe
23 26 27 28

i) DIBAL, -78 °C, CH,Cl,, 1 h ii) Me;OBF,4, proton sponge, CH,Cl,, 1 hiiii) AcCl, 2,6-Lutidine, CH,Cl,, 0 °C-RT, 3 h
Acetylated allylic alcohol 28

Step i) Experiment was carried out using same experimgmtaledure as mentioned
above for the reduction of est&t, Ester23 (0.5 mmol) and taking 2 eq. of DIBAL-H
yielded diallylic alcohol6 was taken directly to next step without furtherification
(152 mg, 98%)R; = 0.5 (50% ethyl acetate in petroleum eth#)NMR (400 MHz,
CDCl) & 7.29-7.22 (m, 2H), 6.88 (d,= 8.5 Hz, 2H), 6.02-5.89 (m, 1H), 5.40-5.18
(m, 3H), 4.58-4.50 (m, 2H), 4.13-4.09 (m, 1H), 3(892H), 3.81 (s, 3H), 3.20-3.15
(m, 1H), 2.85-2.75 (m, 1H), 1.67 (s, 3H), 1.05 Jd= 6.7 Hz, 3H); MS (ES) m/z
323.1 (M+NH).

Step ii) To a solution o6 (152 mg, 0.46 mmol) in 5 mL GiEl,, added 2,6-lutidine
(64 mg (0.07 mL), 0.6 mmol). Then acetyl chloridé& (mg, 0.6 mmol) was added
drop wise under Nat 0 °C. Upon the addition, the mixture was keptisg for 3
hours, the reaction was quenched by adding satlejaeous ammonium chloride
solution. Then the layers were separated and agquéorer was extracted with
dichloromethane (3 mLx3). The combined organic layas washed with brine and
dried over anhydrous sodium sulfate, and concetrgave27 as a colorless oil used
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in next step without further purification (156 n@)%).'H NMR (400 MHz, CDC})

0 7.27- 7.24 (m, 2H), 6.88 (d,= 8.6 Hz, 2H), 6.0-5.9 (m, 1H), 5.40-5.19 (m, 3H),
4.60-4.50 (m, 2H), 4.49-4.39 (m, 2H), 4.13-4.09 {H), 3.81 (s, 3H), 3.20-3.16 (m,
1H), 2.83-2.74 (m, 1H), 2.36 (d,= 7.9 Hz, 1H), 2.07 (s, 3H), 1.68 (s, 3H), 1.04](t,
= 6.4 Hz, 3H); MS (ES) m/z 365.2 (M+NMNH

Step iii) To a stirred solution of allylic alcoh@7 (70 mg, 0.2 mmol) in 5 mL C}&l,
added proton sponge (171 mg, 0.8 mmol) andQ#d, (120 mg, 0.8 mmol) at room
temperature. After stirring 1 h, reaction mixtureasvquenched with saturated
NaHCQ; solution, aqueous layer was extracted with,ClkEl The combined organic
layers were washed with brine and dried over ardysisodium sulfate, concentrated
and then purified by column chromatography (7% EtG@AHexane) gave a colorless
oil 28 (65 mg, 90%)R; = 0.25 (20 % ethyl acetate in petroleum ethfmj)jzf’-18.0 (c
0.5, CHC}); *H NMR (400 MHz, CDCY) & 7.27 (d,J = 8.0 Hz, 2H), 6.86 (d) = 8.6
Hz, 2H), 5.87-5.74 (m, 1H), 5.38-5.24 (m, 3H), 4(66J = 10.9 Hz, 1H), 4.51-4.38
(m, 3H), 3.80 (s, 3H), 3.63-3.54 (m, 1H), 3.243K), 3.18 (dd,J = 6.6, 4.6 Hz, 1H),
2.85-2.75 (m, 1H), 2.06 (s, 3H), 1.66 (s, 3H), (@ = 6.7 Hz, 3H):*C NMR (100
MHz, CDCk) 6 171.0, 159.1, 136.1, 132.6, 131.0, 129.6, 12918.11 113.6, 85.3,
84.5, 74.9, 70.2, 56.6, 55.3, 34.3, 21.0, 15.90;1kR (neat) 3068, 2977, 2932, 1738,
1613, 1513, 1372, 1247, 1121, 1080 gcrRMS m/z found 385.1985, calcd for
C21H3005 (M+Na') 385.1985.

|
WCOQEt

OPMB OAc 30 (3 eq.)

= X

OMe G-Il (3 mol%),
Toluene

28

32

To the compoun@8 (21 mg, 0.06 mmol),H)-ethyl hepta-2,6-dienoate (36 mg, 0.18
mmol) was added in 0.5 mL toluene and Grubbs csttdy generation (1.5 mg, 3
mol%) at room temperature. After reaction mixturaswstirred for 1h, solvent was
removed invacuo to give crude products. The residue was purifigdlésh column
chromatography using (10% ethyl acetate in hexgaeg32 as colorless oil (6 mg,
20%). R = 0.30 (25 % ethyl acetate in petroleum ethefs ¥ +6.0 (c 0.25, CHG);

'H NMR (400 MHz, CDCY) 6 7.28-7.26 (m, 2H), 7.00-6.92 (m, 1H), 6.87 Jd; 8.7
Hz, 2H), 5.85 (ddJ = 14.7, 2.9 Hz, 1H), 5.70-5.61 (m, 1H), 5.50-5.40 (H), 5.34
(dd,J = 10.0, 1.0 Hz, 1H), 4.62 (d,= 11.0 Hz, 1H), 4.54-4.40 (m, 3H), 4.21-4.16
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(m, 2H), 3.81 (s, 3H), 3.55-3.51 (m, 1H), 3.2038), 3.17-3.17-3.12 (m, 1H), 2.85-
2.76 (M, 1H), 2.34-2.23 (m, 4H), 2.07 (s, 3H), 1(66) = 1.1 Hz, 3H), 1.29-1.26 (m,

3H), 0.99 (d,J = 6.7 Hz, 3H):**C NMR (100 MHz, CDCJ) 5 171.0, 166.5, 159.1,

148.0, 132.9, 132.7, 131.0, 129.7, 129.3, 129.1,992113.6, 85.6, 83.8, 74.9, 70.2,
60.2, 56.3, 55.3, 34.4, 31.7, 30.7, 21.0, 15.92,144.0; IR (neat) 3068, 2978, 2929,
1735, 1721, 1655, 1512, 1370, 1248, 1078, 1033; ¢4#RMS m/z found 511.2666,

calcd for GgH4007 (M+Na") 511.2666.

PMBO  OH
DIBAL-H (3eq.) _
b // /A‘)\‘)
-78 °C, CH,Cl,
3h, 98% 02'3

Diol 33

To a stirred solution of lactorid (65.5 mg, 0.25 mmol) in Ci€l, was added DIBAL
(M in THF, 0.75 mL) at -78 °C. After being stirrédr 3 h reaction temperature
increased to 0 °C. After 1h, the reaction mixtueswuenched with saturated aqueous
potassium sodium tartarate solution. After the @oldireaction, mixture was warmed
to room temperature and stirred for overnight. Thbe layers were separated,
aqueous layer was extracted with EtOAc. Combineghmic extracts was washed
with brine, dried over N&O, and concentrated under reduced pressure. Theueesid
was purified by column chromatography eluting with% ethyl acetate in hexane to
afford diol 33 as a colorless liquid (65 mg, 98%3: = 0.30 (40 % ethyl acetate in
petroleum ether):ofp>>-2.5 (c 0.6, CHG); *H NMR (400 MHz, CDC}) 6 7.27 (d,J

= 8.6 Hz, 2H), 6.89 (dJ = 8.6 Hz, 2H), 5.98-5.87 (m, 1H), 5.35 (s 17.2 Hz, 1H),
5.21 (d,J = 10.5 Hz, 1H), 4.61-4.52 (m, 2H), 4.26-4.21 (m, 1BIB1 (s, 3H), 3.72
(dd,J = 11.1, 3.9 Hz, 1H), 3.52 (dd,= 11.0, 6.6 Hz, 1H), 3.44 (8 = 4.8 Hz, 1H),
2.91-2.74 (brs, 1H), 2.03-1.95 (m, 1H), 0.98 Jd&= 7.0 Hz, 3H);**C NMR (100
MHz, CDCk) 6 159.3, 138.5, 130.2, 129.6, 116.2, 113.8, 82./,7R2.2, 64.1, 55.3,
36.9, 12.3; IR (neat) 3423, 2919, 2881, 1612, 134%3, 1247, 1118, 1077 &n
HRMS m/z found 289.1410, calcd foi48,,0, (M+Na") 289.1410.
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PMBO  OH OPMB
TBSCI, CH,Cl,
= - = OTBS
Imidazole, 0 °C-RT OH
OH 12 h, 85 %
33 34

TBSEther 34

To an ice cooled solution of compou&8 (50 mg, 0.19 mmol) in dichloromethane (4
mL) was added imidazole (25 mg, 0.38 mnmetj-butyldimethylsilylchloride (36 mg,
0.23 mmol) and stirred at room temperature for 1Réaction mixture was diluted
with dichloromethane, washed water, and brine. @fganic layer was dried over
anhydrous Nz50O, and rotary evaporated under reduced pressure. @hdue was
purified over silica gel (100-200 mesh) using 20%ykacetate in petroleum ether as
eluent to afford34 as a gummy material (61 mg, 85%).= 0.30 (20 % ethyl acetate
in petroleum ether);o o*>-2.0 (c 0.6, CHG); *H NMR (400 MHz, CDC}) & 7.28 (d,
J= 8.1 Hz, 2H), 6.88 (d) = 8.5 Hz, 2H), 5.95-5.85 (m, 1H), 5.36 @z 17.2 Hz,
1H), 5.21 (d,J = 10.5 Hz, 1H), 4.63-4.53 (m, 2H), 4.21-4.14 (m, 1BiB1 (s, 3H),
3.66-3.60 (m, 1H), 3.58-3.48 (m, 2H), 3.01 Jds 4.3 Hz, 1H), 1.96-1.87 (m, 1H),
0.95-0.89 (m, 12H), 0.06 (s, 6HJC NMR (100 MHz, CDGJ) 5 159.2, 138.2, 130.7,
129.4, 116.3, 113.8, 82.4, 74.2, 73.1, 65.1, 55/, 25.8, 18.2, 11.8, -5.4, -5.5; IR
(neat) 3455, 2955, 2930, 2857, 1613, 1514, 14686,12118, 1030 cih HRMS m/z
found 403.2275, calcd forsgHsz60,4Si (M+Na') 403.2275.
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CHAPTER 4

DESIGN AND SYNTHESIS OF HYBRID MOLECULES
BASED ON THE FRAGMENTS DERIVED FROM
AMPHIDINOLIDE  T1, RHIZOXIN D  AND
MIGRASTATIN FAMILY
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4.1. Introduction

Cancer is a most complicated disease and a globblgm to be addressed. The basic
problem associated with the cancer cells is unotiatt growth, invasion and tumor
metastasi$.Chemotherapy is one way of treating cancer witigsithat can destroy
cancer cells. It interferes with cell division imnous possible ways, e.g. with the
duplication of DNA or the separation of newly fordnehromosomes. Many natural
products play a pivotal role in curing cancer biyding to the tubulin protein, so that
they can interfere in microtubule dynamfashich is essential for cell division. Many
macrocylic natural products have been identifiedras cancer agents, e.g. epitholone
D (1), laulimalide @), dictyostatin 8) and peloruside4j (Fig. 4.1)° It is generally
observed that in cancer chemotherapy, cytotoxiceoués inhibit tumor cell
proliferation and cause cell death. But cell migmat{metastasis) is a major problem
to be solved along with cell prolifiration. This agiter deals with our hypothesis,
design and synthesis of hybrid molecules posseaingial property of cell growth
inhibition and cell migration to address the chiafje of motility and mobility in

cancerous cells.

OH O

0]

Epithilone D (1)

Dictyostatin (3) Peloruside (4)

Figure 4.1. Macrolide natural products with anti cancer atyivi

Natural products often posses highly potent anécteke bioactivity. But
often they do not undergo evolutionary processetwes as human therapeutics but
require structural fine tuning to obtatain the pote selectivity, and pharmacokinetic

properties desired in a clinically useful drug. Maltly this fine tuning process
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involves the modification, removal, or introductiosf functional groups and
stereocenters or more drastic remodeling of thelsasffold. Since the biosynthetic
methods to obatin diveristy based on availablehyays is limited in scope, synthetic
chemistry can be used as a powerful tool to actlkesmaximum number of

modifications and structural diverstty.

Halichondrin B (5) Eribulin (6)

Figure 4.2. Halichondrin B and eribulin

OCH3 OCH3 OCH3 OCH3
Migrastatin (7) Migrastatin core (8)  2,3-dihydro-migrastatin core (9) Migrastatin ether (10)
IC50=29 UM IC5p=22 nM IC50=24 nM IC5,=0.3 uM

OCH; OCH, OCHs

OCH,

Migrastatin lactam (11)  Migrastatin Ketone (12)  (R)-isopropyl-migrastatin(13)

S)-isopropyl-migrastatin (14
|C50=255 nM |C50=100 nM |Cso=146 IJM ( ) propy 9 ( )

|050=277 uM
Figure 4.3. ICg values of migrastatin and its analogues towardstdmor cells

Diverted total synthesis apporach is often usefat the identfication of
pharmacophores, which are the substurctural patadrthe molecule possessing the
required features for activity. The pharmacophae be an advanced intermediate
containing lesser complexity than the target natypaoduct. The resulted
pharmacophore sometimes may exhibit similar orebetictivity than the natural

product. Halichondrin BY) is a remarkable example, where the total synghesi
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studies led to find out the more potent pharmacopleribulin @) (Fig. 4.2), is
currently marketed anti cancer dru@anishefsky’s pioneering work in the area of
diverted total synthesis has also shown that singslalogues of migrastatin are more
potent than the natural produ@) (Fig. 4.3)°

OH

=

selected fragment
of rhizoxin (17)

Rhizoxin (15) Rhizoxin D (16)
Figure 4.4. Rhizoxin family and selected fragment

lwasaki and co-workers isolated a new class of ol@as in 1984 from the fungus
Rhizopus chinensisRhizoxin D (16) is believed to be the biogenetic precursor of
rhizoxin (15) (Fig. 4.4) Shows potenh vitro cytotoxicity andin vivo anti-tumor
activity through binding t@-tubulin, leading to cell death.

HO
“'OH
OH OH
selected fragment selected fragment
OCH3 of isomigrastatin (20) of migrastat% 1)

Isomigrastatin (18) migrastatin (19)
Figure 4.5. Migrastatin, isomigrastatin and selected fragments

Migrastatin (9) actually a shunt metabolite of isomigrastatit8)( (Fig. 4.5),
produced byStreptomycestrains. Isomigrastatin transforms in to migrastéty a
strain relief driven [3,3]-sigmatropic rearrangernémt does not need any enzyme
catalysis® Independent biochemical and biophysical studie hidentified fascin as
the primary target of migrastatin and congenersus]fiascin plays a pivotal role in
regulating the assembly of the actin cytoskeletwh lzence in cell motility and active

cell movement.
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Amphidinolde T2 (23) Amphidinolde T3 (12R) (24)

Amphidinolde T4 (12S) (25)

(@)
P%
(@)
Vs

selected fragment of
amphidinolide T (27)

O
Amphidinolde T5 (26)

Figure. 4.6. Amphidinolide T family and selected fragment

Amphidinolides have been isolated from marine dag#llates of the genus
Amphidinium sp.amphidinolides T1-T5 22-26) (Fig. 4.6) are somewhat less
cytotoxic than some of the other amphidinolides diilt possess activities with g
values from 7-18 pg/mL against murine leukemiascaiid from 10-35 pg/mL against
KB human epidermoid carcinoma ceffs.

4.2. Design & Hypothesis

In light of information regarding anti cancer drugs single molecule with both
properties of supression of tumor growth and cdnikeer the cell migration is an
ideal solution to cancer. So we hypothesised ihabrporating two pharmacophores
in a single molecule may offer an opportunity ta@s$s the problem of cytotoxicity

as well as cell migration.

Macrocyclic natural products have the profound pteological properties, diverse
functionalities and stereo chemical complexity ianformationally pre-organized
ring structure attracting the attention of synthetiedicinal chemists- Migrastatin
(19) has proven to be an attractive molecule possgggipressive cell migration
inhibition properties. Therefore, a designed mdiecomprising of structural features
present in migrastatin and a cytotoxic moleculenpses to be a viable strategy to
access hybrid new chemical entities possessinguamtparmacological properties of
combating cell mobility and maotility. This hypothess also based on the premise

that the designed hybrid structures should be tikegand easily synthesizable. Thus,
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any design based on this assumption must incomaraly the “critical structural
features” present in the parent natural productxder for the hybrid structure to be
compliant with the requirement of drug-likeness atdctural simplicity. Therefore,
identification of the “critical structural featureis the parent natural products may be
based on a pharmacophore like attribute inheretti@rstereo-electronic architecture
of the molecule. It is likely that the three-dimemal chiral backbone present in the
macrocyclic part of migrastatii9), amphidinolide T122) and rhizoxin D 16) may
have the stereo-electronic compatibility in orderind with the target proteins
responsible for the observed pharmacological behaei these natural products.
Thus, in the absence of any clear understandintg@pharmacophore responsible for
the activitiy of these natural products, it was isaged that by stitching together a
combination of different fragments, derived frone tthiral segment, present in the
macrocycles, may provide a good starting pointHiersynthesis of hybrid molecules.
Thus, hybrid molecules synthesized, by stitchinggfnents from different chiral
segments of these natural products, may yield asct# new chemical entities
possessing unique pharmacological properties &edlylito act as a good probe to
study cancer cell migration and motility. Accordpngwe have designed hybrid
macrocyclic products by sticthing, via covalent denfew selceted fragments present

in rhizoxin, migrastatin, isomigrastatin and antgpholide T.

Thus, for the present studies, we have identifragrhentsl7 (Fig.4.4),20 and21
(Fig. 4.5)present in rhizoxin D, isomigrastatin and migrastagspectively whereas
the fragmen7 (Fig. 4.6) was identified from amphidinolides T1-TAccordingly,
the hybrid structure28-30 (Scheme 4.1) were designed based on the fragrénts
20, 21 and27

Amphdinolide T1-Rhizoxin Amphdinolide T1-Isomigrastatin Amphdinolide T1-Migrastatin
hybrid (28) hybrid (29) hybrid (30)

Scheme 4.1
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4.3. Results & Discussions

Scheme 4.2

To initiate the synthesis of hybrid molecules, avigaged in the synthetic plan
(Scheme 4.2), we prepared the required fragmenpeiaghe protocols developed in
our laboratory. The fragments were then convenmed designed hybrid macrolides
by a standard procedure of esterification followsdthe ring closing metathesis.
Accordingly the &lactone32 was synthesized from aldehy@ using the known

protocol? in 4 steps. A stereoselective 1,4-addition of lrirggnesium bromide

followed by benzyl deprotection gave the desirexladl 17 in good yields (Scheme
4.3).

i) Cul, /\MgBr H
Ho o THF-70°C,2h : 0.0
BnO\/L ref. 12 : 80%
CHO oBn L~ o
3 ii) TiCls, CH,Cl, :
32 2h, 80% N
17
Scheme 4.3
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The tetrahydrofuran moiety in amphidinolide T waspgared starting from 3-butenal
33 in 9 steps using literature prototalvhich yielded the inseparable diastereomeric
mixture (4:1) of aci®7 (Scheme 4.4).

/\j ref. 13 LiOH.H,0
= . o\ THF:MeOH:H,0 0
. . 2
33 = aa COMe U T h. 96% _— 97 COMH
Scheme 4.4

The fragment21 and20 were prepared from 3—buter8 in 8 steps (for details see
chaprter 2, page no. 24) and 5 steps (for detats chapter 3, page no. 73)
respectively (Scheme 4.5).

o)
B
7 steps DIBAL OTBS
> //II-- / \
-78-0°C, OH
o TBSO CH,Cly, 2 h, 90% , OH
|
N 35
3 PMBQ PMBO  oH
4 steps \ o M
78 °C, CH,Cl, Z

0" %0 4h, 90% OH

36 20
Scheme 4.5

H
2 o
o HO -0 EDCI, DMAP
= HO\A\ o : CH,Cly, 0 °C- rt
> 3 h, 90%
27 7 b
G-Il (3 mol%) o s
minor iIsomer 4+ = ot ’Ck N
CH,Cl,, rt,2 h, 90% ““‘rg&\ &(L :

(1:6)

28 major

Scheme 4.6
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After synthesizing the key fragments, the a&rdwas coupled with alcohdl7 using
Steglich esterificatiofEDCI-DMAP) conditions to afford the corresponding es3@ér
which was subjected to ring closing metathésésading to an inseparable mixture of
diastereomers as colorless solid which after réalymation yielded the major isomer
28 as colorless needlg$Scheme 4.6). The structure 28 was also confirmed by
single crystal X-ray spectra. Similarly, the amphadide T1 and isomigrastatin
hybrid synthesis was carried out by Steglich efstation followed by ring closing
metathesis as the key steps, to afford a sepachastereomeric mixture (4:1) of
hybrid 39 and 40. The major diastereome39 was subjected to hydrogenation
affording the desired hybri2b in very good yields (Scheme 4.7).

o)
}\)\OH /\:E>MN
27 ¢ EDCI, DMAP Z 0 \FO G-l (3 mol%)
—°> O
N OH CHQSCrl]z 8009- rt o~ CH,Cl, reflux
) o HO 10 h, 80% (4:1)

10% Pd/C, H,,
MeOH, 2 h, 90%

Scheme 4.7

However, our attempts to get migrastatin-amphidd®IT1l hybrid30 (Scheme 4.8)
by ring closing metathesis for longer duration (n41 yielded a dimeric product
42 and cyclopentene derivati¥i@. On the other hand, by subjectifiyto ring closing
metathesis reaction for a short duration (1 h)rd#d the cyclopentene derivati4ad
along with truncated produdd. Thus, several attempts to access the desireddhybr
molecule 30 by conducting ring closing metathesis followingfelient reaction
conditions resulted in a product mixture mainly @uised of42, 43 and 44 along
with intractable polymeric material. It is, therego clear that the participation of the
internal double bond with one of the terminal alefiictates the course of the ring

closing metathesis reaction dh. Studies are currently underway in our laboratory
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access30 by following different catalyst and conditions fong closing metathesis

reaction.

4.4. Conclusions

41

EDCI, DMAP

CH20|2 0°C-rt

“'OTBS 4 h, 99%

O
pes
HO

oTBS
41

G-Il (3 mol%), CH,Cl,

reflux, 10 h \
°
.
a2 )
\/(O
. O
G-Il (3 mol%) o )\ N Ho’©\
CH,Cly, rt, 1 h OTBS
, 44 43
Scheme 4.8

In conclusion, we have synthesized hybrid molecB8and29 as probes to study the

cancer cell mobility and mortality. These studies aspired by natural products

endowed with unique properties of cytotoxity (erpizoxin and amphidinolide) and

cell migration inhibition (e.g., migrastatin famjilyThe hybrid molecules have been

synthesized by identifying certain pharmacophorignatures in rhizoxin D,

amphidinolide T and migrastatin family based on #ssumption that structural

features present in the hybrid molecules may reptethe pharmacological behavior

exhibited by the parent natural product therebydegimg unique dual properties of

cytotoxicity and cell migration inhibition in theyhrid molecules28 and 29.

Biological evaluation of these hybrid moleculescigrently under progress in our

laboratory.
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4.5, Experimental section

4.5.1. Experimental procedure, spectral and analytical data

\ LiOH.H,0
(0] CO?_Me 0O \CO H
THF:H,0:MeOH 2
V4 0°Ctort,2h 7
34

27

To a solution of methyl est&4 (100.0 mg, 0.5 mmol) in THF/MeOHA (10 mL,
2:1:1) was added LiOH. 1@ (24.0 mg, 1.08 mmol) at 0 °C. The resultant nrixtu
was stirred for 1 h at room temperature and thefhfed with 1M HCI and extracted
with EtOAc (3x4 mL). The combined organic extragisre dried (Ng&SOQ;) and
concentrated under reduced pressure to give tlie2dc{92.0 mg, 99%)R; = 0.2
(30% ethyl acetate in hexanéjd NMR (400 MHz, CDCJ) 55.91-5.75 (m, 1H),
5.18-5.08 (m, 2H), 4.55-4.46 (m, 1H), 4.27-4.18%, 0.28H), 4.02 (dd) = 12.7, 6.3
Hz, 1H), 3.94* (dd,J = 13.6, 6.7 Hz, 0.28H), 2.74-2.57 (m, 1H), 2.51 (dd; 15.5,
5.6 Hz, 1H), 2.38-2.28 (m, 2H), 2.27-2.15 (m, 1HRP6-1.79 (m, 2H), 0.99 (§,=7.9
Hz, 3H); MS (ES) m/z 185.2 (M+1). Ratio of isoméss4:1 (based orH NMR).

*corresponds to minor isomer.

H H
=0._0 :

cul, 7 “MgBr 020
Bi _——

OBn \~ THF,-70°C,2h OB

~

32A

32

A stirred suspension of copper (1) iodide (10.0 @5 mmol) in anhydrous THF (10
mL) was cooled to —78 °C undep nd treated with TMEDA (0.35 mL, 2.33 mmol).
After 5 min, vinylmagnesium iodide (2.0 mL, 1 MTmHF, 2.0 mmol) was added drop
wise, and stirring was continued for 10 min. A $iolo of 30 (125.0 mg, 0.5 mmol) in
anhydrous THF (5 mL) was added drop wise, andrgginvas continued for 2 h. The
reaction mixture was quenched with saturated,@lFolution (10 mL), warmed to rt,
and extracted with ether (3x15 mL). The combinetlaets were washed with water
and brine. The combined extracts were dried oveiSNa and the solvent was
evaporated under reduced pressure to leave a eethdtl was purified by column
chromatography on silica gel (elution with 40% ethyl acetate in hexanes) to
furnish 32A as colorless oil (110.0 mg, 80%). R0.2 (30% ethyl acetate in hexane);
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'H NMR (400 MHz, CDC}) 5 7.40-7.26 (m, 5H), 5.88-5.78 (m, 1H), 5.12 (dds
19.9, 13.8 Hz, 2H), 4.56-4.45 (m, 2H), 4.45-4.37 {H), 3.52 (dJ = 5.6 Hz, 2H),
2.81-2.71 (m, 1H), 2.62-2.47 (m, 2H), 2.17-2.08 {H), 1.95-1.85 (m, 1H), 1.76 (td,
J=14.1, 4.3 Hz, 1H), 1.00 (d,= 7.0 Hz, 3H);*C NMR (100 MHz, CDGJ) 5171.9,
139.5, 138.3, 128.4, 127.6, 115.3, 78.1, 73.2,,7380, 34.1, 32.6, 29.8, 12.9; MS
(ES) m/z 275.1(M+1).

R 1 The relative stereockstry of 32A was established based on
H . NOESY studies; Key BOetween H(d 4.49) and vinyl group
_ :g O | 5(5.83) confirmed the cis relationship of vinyl group ard
NOE

K'\q TiCl,, CH,Cl,
Bn

32A 1 7

To a stirred solution of benzyl ethg2A (28.0 mg, 0.1mmol) in dry dichloromethane
(5 mL), TiCl, (0.05 mL) was added at room temperature. Theigeaetas allowed to
stir for 2 h, and then quenched with saturatedwsuodbicarbonate solution (2 mL).
Aqueous layer was extracted with dichloromethane3 (L), combined organic
layers were washed with brine and dried ovepS@. Solvent was removed under
reduced pressure, the residue was purified by aolehromatography using 40%
ethyl acetate in hexane eluent gadveas colorless oil (15.0 mg, 80%); R0.2 (40%
ethyl acetate in hexané}d NMR (400 MHz, CDC}) §5.90-5.72 (m,) = 20.7, 10.4,
6.2 Hz, 1H), 5.16-5.05 (m, 2H), 4.38-4.31 (m, 1Bl);6-3.64 (m, 3H), 2.82-2.72 (m,
1H), 2.63-2.46 (m, 2H), 2.0.1.8 (m, 4H), 0.97 Jd= 6.8 Hz, 3H) :*C NMR (100
MHz, CDCk o 171.7, 139.4, 115.4, 79.2, 64.5, 40.1, 34.1, 33065, 12.9; MS (ES)
m/z 185.1(M+1).

o
H
- O (6] Y
HO -0 EDCI, DMAP
o) / o
_ J 8 5 :

CH,Cly, 0 °C- 1t .

7
37

To a mixture of acid®27 (19.0 mg, 0.1 mmol), 4-(dimethylamino)pyridine Q@ng,
0.05 mmol) and N-(3-dimethylaminopropyl)-sthylcarbodiimide hydrochloride
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(28.0 mg, 0.15 mmol) at 0 °C a solution of alcoi@l (19.0 mg, 0.1 mmol) in
dichloromethane (1 mL) was added undervid syringe. Reaction mixture was then
stirred at room temperature for additional 3 h. A % saturated solution of
ammonium chloride (5 mL) was added to the yellolod solution followed by
dichloromethane (5 mL). The aqueous layer was etedawith dichloromethane (3x3
mL) and the organic layers were combined, driedr dN@&SO, and concentrated
under reduced pressure. Purification by flash calehromatography (10% EtOAc in
Hexane) gave the compouf3@ as clear colorless oil (31.5 mg, 90%).= 0.3 (20%
ethyl acetate in hexané}d NMR (400 MHz, CDCJ) 8 ppm 5.91-5.74 (m, 2H), 5.20-
5.01 (m, 4H), 4.54-4.43 (m, 1H), 4.38-4.29 (m, 14p6-4.18 (m, 1H), 4.15-4.07 (m,
1H), 4.0- 3.96 (m, 1H), 2.85-2.10 (m, 12H), 1.984L(m, 4H), 1.69-1.48 (m, 3H),
1.05-0.94 (m, 7H)MS (ES)m/z 351.2(M+1).

O
J Y
(0]
/

37

1. G-Il (3 mol%)

minor isomer +
CH,Cly, rt, 2 h,
(1:6)
2. recrystaliszation
CH,Cl,: Hexane (1:5)

28 major

To a stirred solution 087 (18.0 mg, 0.05 mmol) was dissolved in dichloromatha
(25 mL). Grubbs %' generation catalyst (1.2 mg, 3 mol%) was addecufd and

the reddish reaction mixture stirred 2 h at rt. Tieaction mixture was then
concentrated under reduced pressure. Purificatoflash column chromatography
(10% EtOAc in Hexane) gave the inseparable diasteegic mixture of28 as

colorless solid (14.5 mg, 90%) (minor: major (1b@)sed on LC-MS). Then the solid
was subjected to recrystallization using 3 mL ofhtbromethane: Hexane (1:5)
turned major isomer as crystalline needles, aneroibomer remained as white
precipitate. Compoun@8 Major: m.p: 100-103 °C; R= 0.25 (20% ethyl acetate in
hexane);'H NMR (400 MHz, CDC}) 8 ppm 5.56-5.49 (m, 1H), 5.42-5.32 (m, 1H),
4.83-4.77 (m, 1H), 4.41-4.30 (m, 1H), 4.07-3.96 @hi), 3.93-3.87 (m, 1H), 2.92-
2.85 (m, 1H), 2.75-2.59 (m, 2H), 2.47-2.40 (m, 2B1B7-2.29 (m, 2H), 2.11-2.02 (m,
2H), 1.84-1.74 (m, 2H), 1.70-1.60 (m, 3H), 0.96®1, 6H); *C NMR (100 MHz,

CDCl36172.0,171.6, 134.2, 127.8, 79.3, 75.5, 73.2, 61271, 39.8, 36.1, 36.0, 33.4,

122



Chapter 4

32.7, 30.9, 26.4, 14.5, 10.6; HRMS m/z found 34%2l6calcd for GgH2sNaGs
345.1672.

” 3. >
}\
27 o7 OH EDCI, DMAP y o \FO
o
~ * OH CH,Cl, 0 °C- 1t A
5h
HO

OPMB
20 38

Same procedure was used as mentioned above foarptem of37 by taking 27
(25.0 mg, 0.14 mmol) an2D (37.0 mg, 0.14 mmol) gav@8 as colorless liquid (55.0
mg, 90%, ratio of isomers is 4:1(based'shNMR). R; = 0.5 (25% ethyl acetate in
hexane);'H NMR (400 MHz, CDGCJ) § 7.32-7.25 (m, 2H), 6.93-87 (m, 2H), 5.95-
5.75 (m, 2H), 5.39 (d] =17.2 Hz, 1H), 5.24 (d] = 10.4 Hz, 1H), 5.16-5.01 (m, 2H),
4.59 (s, 2H), 4.55-4.52 (m, 1H), 4.26-4.15 (m, 14)1,5-4.04 (m, 2H), 3.98 (dd,=
12.60, 6.44 Hz, 1H), 3.82 (s, 4H), 3.44 (dd= 5.79, 3.74 Hz, 1H), 2.74-2.58 (m,
1H), 2.55-2.42 (m, 1H), 2.38-2.25 (m, 2H), 2.24@ (i, 4H), 1.93-1.78 (m, 2H),
1.02-0.94 (m, 6H); MS (ES) m/z 433.2(M+1).

/\)\/O>MN>:O G-Il (3 mol%)
o
= CH,Cl, reflux
10 h
HO

10% Pd/C, H,
MeOH, 2 h

HO

OPMB
39 29

OH

To a stirred solution a38 (44.0 mg, 0.1 mmol) was dissolved in dichloromethés0
mL). Grubbs ¥ generation catalyst (2.5 mg, 3 mol%) was addedeuid and the
reddish reaction mixture refluxed for 10 h. The ctem mixture was then
concentrated under reduced pressure. Purificatoflash column chromatography
(15 % EtOAc in Hexane) gave colorless liq8&1(26.0 mg) andiO (6.5 mg).
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To a solution of macrocyclg9 (21 mg, 0.05 mmol) in the methanol (3 mL), 10 %
palladium on carbon (3.0 mg) was added and theessspn was stirred under an
atmosphere of hydrogen (using a single balloon)2fdr. The reaction mixture was
then passed through a plug of celite and elutet efthyl acetate (approx. 25 mL).
The solvent was removed under reduced pressure.rdsidue was purified by
column chromatography gaw8 as colorless solid (13.0 mg, 90%)

Compound40: R; = 0.25 (20% ethyl acetate in hexan&t NMR (400 MHz,
CDCl3) 6 7.29 (d,J = 8.6 Hz, 2H), 6.90 (d) = 8.6 Hz, 2H), 5.65-5.56 (m, 1H), 5.38-
5.28 (m, 1H), 4.78 (dd] = 10.7, 2.9 Hz, 1H), 4.63(dd) = 28.3, 10.7 Hz, 2H), 4.40-
4.31 (m, 1H), 4.03 (m, 1H), 3.82 (s, 3H), 3.77( 9.1 Hz, 1H), 3.55 (d) = 9.5 Hz,
1H), 3.36 (t,J = 10.8 Hz, 1H), 2.60 (dd] = 13.2, 3.1 Hz, 1H), 2.56-2.46 (m, 1H),
2.28-2.12 (m, 3H), 1.96-1.78 (m, 3H), 1.01 Jds 6.90 Hz, 3H), 0.94 (d] = 7.5 Hz,
3H); *C NMR (100 MHz, CDGJ) 5171.9, 159.5, 132.7, 132.2, 130.1. 129.6, 114.0,
82.9, 78.9, 76.1, 75.1, 74.1, 67.9, 55.3, 43.18,387.1, 36.5, 35.6, 29.7, 13.4, 10.7;
MS (ES) m/z 405.1(M+1).

Compound29: m.p.: 155-158 °C; R= 0.25 (50% ethyl acetate in hexaré); NMR
(400 MHz, CDC}) 54.52-4-38 (m, 1H), 4.27 (dd, = 11.2, 3.1 Hz, 1H), 4.05-3.97
(m, 1H), 3.95-3.83 (m, 2H), 3.65-3.57 (m, 1H), 2(6€,J = 12.8, 4.8 Hz, 1H), 2.34
(dd,J =12.8, 5.8 Hz, 1H), 2.30-2.18 (m, 4H), 2.09-2.00 {H), 1.82-1.36 (m, 9H),
0.99 (d,J = 7.0 Hz, 3H), 0.89 (dJ = 7.1 Hz, 3H);**C NMR (100 MHz, CDG)) &
171.8, 80.4, 73.8, 72.7, 70.2, 66.6, 40.3, 38.9,335.1, 31.0, 29.9, 20.0, 14.1, 12.0;
HRMS m/z found 309.1672, calcd foi48,6NaQ; 309.1672.

The relativerstochemistry 029 was established based on
NOESY studiggy NOE between Kb 4.45) and C5 methyl
group @.89) confirmed the cis relationship of methyl group

and Ha
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NO
EDCI, DMAP /ﬁ 0
CH,Cl, 0 °C- 1t / "/

“OTBS 4h

21 M
Same procedure was used as mentioned above farptiem of37 by taking27 (9.5
mg, 0.1 mmol) an@1 (15.0 mg, 0.1 mmol) gaw4l as clear colorless oil (23.0 mg,
99%, ratio of isomers is 4:1 (based Bh NMR). R = 0.4 (25% ethyl acetate in
hexane)"H NMR (400 MHz, CDCJ) 8 5.91-5.74 (m, 3H), 5.34-5.25 (m, 3H), 5.20-
5.01 (m, 4H), 4.68-4.43 (m, 4H), 4.08-4.02 (m,18198-3.92 (m, 1H), 3.84* (d] =
7.76 Hz, 0.25H), 3.39 (dd] = 6.3, 3.4 Hz, 1H), 2.79-2.68 (m, 2H), 2.68-2.60 (m,
1H), 2.52-2.40 (m, 1H), 2.34-2.22 (m, 3H), 2.22€2(In, 2H), 1.90-1.78 (m, 2H),
1.74 (s, 4H), 0.95 (dd), = 10.8, 6.9 Hz, 8H), 0.93-0.89 (m, 12H), 0.06Jd; 8.6 Hz,
8H); MS (ES) m/z 467.1(M+1).

=
(0] (0] /
j G-Il (3 Mol%), CH,Cl, 76\ g
/ <~/ HO™™\. + 4, 7
/ reflux, 10 h OTBS 0 \»\
HO C
OTBS 43 o
41
(0]
42

To a stirred solution o1 (10.0 mg, 0.02 mmol) was dissolved in dichloromatha

(25 mL). Grubbs %' generation catalyst (0.5 mg, 3 mol%) was addectuhd and
the reddish reaction mixture refluxed for 10 h. Tieaction mixture was then
concentrated under reduced pressure. Purificatoflash column chromatography
(8-20 % EtOAc in Hexane). Yields were not calcullate

Compound43: R = 0.35 (10% ethyl acetate in hexan#jt NMR (400 MHz,
CDCl3) 6 5.76-5.58 (m, 2H), 4.59-4.55 (m, 1H), 3.67Jt= 4.8 Hz, 1H), 2.55-2.46
(m, 1H), 1.10 (dJ = 7.1 Hz, 3H), 0.92 (s, 9H), 0.12 @ = 8.0 Hz, 6H); MS (ES) m/z
229.1(M+1).

Compound42: 5.54-5.42 (m, 2H), 4.95 (d,= 23.6 Hz, 4H), 4.58-4.43 (m, 6H), 3.91
(d,J =5.2 Hz, 2H), 2.66 (dd] = 15.0, 6.8 Hz, 2H), 2.46 (dd,= 15.0, 6.6 Hz, 2H),
2.35-2.06 (m, 8H), 1.91-1.77 (m, 4H), 1.75 (s, 6094 (d,J = 7.2 Hz, 6H);MS (ES)
m/z 446.1(M+1).
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HO
41

O

0}

it

/

oTBS

G-Il (3 mol%)

CH,Cly, 1t, 1 h

o
O~ S
oTBS §\ >\
43
| a4

To a stirred solution o1 (10.0 mg, 0.02 mmol) was dissolved in dichloromatha

(25 mL). Grubbs %' generation catalyst (0.5 mg, 3 mol%) was addectuhd and

the reddish reaction mixture stirred for 1 h atmo@mperature. The reaction mixture

was then concentrated under reduced pressure.icatiah by flash column

chromatography (5-8% EtOAc in Hexane). Yields wawe calculated. Compouryt:
R = 0.5 (10% ethyl acetate in hexan#j);NMR (400 MHz, CDCJ) 5 5.88-5.72 (m,
1H), 5.14-4.90 (m, 4H), 4.57-4.45 (m, 3H), 4.0123@n, 1H), 3.89-3.83 (m, 1H),
2.72-2.62 (m, 1H), 2.79-2.72 (m, 1H), 2.52-2.46 (Hi), 2.34-2.12 (m, 4H), 1.88-
1.80 (m, 2H), 1.76 (s, 3H), 0.95 @z 7.2 Hz, 3H); MS (ES) m/z 239.1(M+1).
45.1.1. LC-MSreport of 28 mixture

Data Filename 210314LM022.d Sample Name GNR-4-110
Sample Type Sample Position Vial 21
User Name Radha Acq Method AMDmc.m
Acquired Time 3/21/2014 3:58:55 PM Comment Symmetry C18 75%4.6mm 3.5um
Inj Vol (pl) 7
Sample Group Info.
Acquisition SW 6400 Series Triple
Version Quadrupole B.06.00 (B6025.2
User Chromatograms
x10 2 |DAD1 - EWC:Sig=195,5 210314LM022.d
*4.4

24

°-~ﬂf~~%%~%

24 \;\\\

~—
-4 ~
-67 \\\ - —
1 2 3 4 5 6 7 8 9 0 1M
mAU vs. Acquisition Time (min)
Integration Peak List
Peak RT Area %% Area
1 4.4 1772.75 85.21
2 4.9 307.764 14.79
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x10 6 |+ Scan (4.3-4.6 min, 46 Scans) 210314LM022.d
2 345.1
1.5
1
0.5
121.0 161.0 199.0 2270 245.0 269.1 287.0 305.1 3934
0
120 140 160 180 200 220 240 260 280 300 320 340 360
Counts vs. Mass-to-Charge (m/z)
x10 6 |* Scan (4.9-5.0 min, 25 Scans) 210314LM022.d
12 345.1
1
0.8
0.6
0.4
0.2
121.0 161.0 199.0 245.1 26?-0 23‘7-0 30|5-1 323.1 |
0 ; | I L ; 1 L ;
120 140 160 180 200 220 240 260 280 300 320 340 360

Counts vs. Mass-to-Charge (m/z)

4.5.2. X-ray Crystallographic data

X-ray reflections on the compour28 major were collected on an Xcalibur Gemini
EOS CCD diffractometer (Oxford Diffraction, YarntodK) using Cu-Ki, radiation

at 298K. Data reduction was performed using Cryaip (version 1.171.33.55).
OLEX2-1.0 and SHELX-TL 9% were used to solve and refine the reflections.data

Non hydrogen atoms were refined anisotropicallyl 8HH atoms were fixed
geometrically using HFIX command in SHELX-TEA check of the final CIF file

using PLATON did not show any missed

Tableb5.1. Crystal data foR8 major

symmetry.

Identification code 28

Formula Ci8H2605

Fw 322.39

T (K) 298

A (R) 1.54184
Crystal system Monoclinic
Space group Cl21

a(A) 16.0890 (14)
b (A) 5.4322 (4)
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c(A)

a(°)

B

y()

V (A%

Z

Peaicd (Mg m—3)
(mm™)

F (000)

Crystal Size (mm)
Reflections collected
Unique reflections
Completeness t082(%)
Tmax Tmin
Parameters

GOF (P)

R1 wR2[I>2 o(l)]

R1, wR2(all data)
Largest diff. Peak
and hole (e- &)

20.0116 (17)
90
91.202 (8)
90
1748.6 (3)
4
1.225
0.72
696
0.46 x 0.34 x 0.26
3024
2076
69.99 (99.0)
0.8345, 0.7325
211
1.040
0.0469, 0.1219
0.0543, 0.1320

0.274 and -0.169
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IBX MEDIATED OXIDATIVE ANNULATION OF
ALLYLIC ALCOHOLS WITH ENAMINES: A
VERSATILE SYNTHESIS OF FUNCTIONALIZED
PYRIDINES AND ITS APPLICATION TO THE
PYRIDINE CORE OF CYCLOTHIAZOMYCIN
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5.1. Introduction

Pyridine is simple and important structural motii@ang the knowrN-heterocycles
and is present in several natural products, pheaeuoimals and materials. It has
received considerable attention from scientific ommity over the last centuhp
few representative molecules bearing the pyridketeton are shown in (Fig. 5.1).

Fluorescent probe (5)

Figure 5.1 Few important pyridine derivatives

The pyridine nucleus containing drug moleculesvamy common such as etoricoxib
(1) (MK-0663), a novel orally active agent that sélesy inhibits cyclooxygenase-2
(COX-2)? Similarly, lavendamycin2) is an antitumor antibiotic isolated from the
fermentation broth oftreptomyces lavendulae in 19812 Fuzanin D ) is cytotoxic
natural product isolated from the culture supemiatéd Kitasatospora sp. IFM10917.
Fuzanin D showed cytotoxicity against DLD-1cell€4), ~ 40 uM) and moderate
inhibition of Wnt signal transcription at 25 mfCalpin inhibitor @) is potent and
orally bioavailable water-soluble calpain inhibitoA near-neutral pH near-infrared
fluorescent probebf used in imaging living HepG2 and HL-7702 cells filoonitoring
minor pH change8. Dimethyl sulfomycinamate 6], an important molecule
comprising of the oxazole—thiazole—pyridine prodisagjenerated in the methanolysis

of the thiopeptide antibiotic sulfomycinAs a result, there is considerable interest
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among synthetic chemists to develop several rofdeshe synthesis of pyridine
derivatives. This chapter covers the earlier reppand our approach to the substituted

pyridine derivatives starting from enamino estarganalogues.
5.1.1 Precedents on synthesis of substituted pyrités

In 1882, Hantzsch prepared symmetrical dihydropyeidScheme 5.1) by condensing
two moles of ethyl acetoacetate with one mole eftaldehyde and ammorflaThe
1,4-dihydropyridine products thus formed are spoedbaisly oxidized to the
corresponding substituted pyridines, however, endhse of stable dihydropyridines,
the use of an oxidizing agent [e.g., HNBGINOs;, (NH4).Ce(NG;)s, MNO,, Cu(NG;)]

is necessary.Unsymmetrical dihydropyridines can be prepared gisinodified
methods like 1) treating-keto ester and a nitrogen source witi-unsaturated
carbonyl compound (alkylidene), derived by condéosaof one equivalent of A-
keto ester with an aldehyde of choice, 2) gprunsaturated carbonyl compound
(prepared from the condensation of active methylmmapounds and aldehydes) is
condensed with an enaminé? and 3) reaction of substituted 1,5-dicarbonyl

compound with a nitrogen source (usually ammonicetate-acetic acid}.

RS
A o R O O R O
[ %" i P (O] 1 X 1
R . R solvent (alcohol)  R! B R’ R | R
NH RZ N7 OR? RZTONT OR?
R?" ™0 3 07 R? H
7 8 7 10 1"
R'= alkyl, O-alkyl substituted substituted
R?, R® = alky, aryl 1,4-dihydropyridine pyridine
Scheme 5.1

The initial steps of the reaction involve a Knoeagel condensation of the 1,3-
dicarbonyl compound7 with the aldehyde9 to give a,p-unsaturated carbonyl
compoundl3 and a condensation of ammonia with another eqeimvabf the 1,3-
dicarbonyl compound to give an enamit® The rate determining step is the Michael
addition of the enamine to thef-unsaturated carbonyl compound. Subsequently, the
addition productl4 undergoes an intramolecular condensation of thenarand
carbonyl groups to afford the desired substitutettdlhydropyridinel6 (Scheme
5.2).
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0}
0 NH, OH S 0
R2 NH fRQ f\Rz R®’g H R
R1 HQO o R1 o R1 HQO R3 R2
o7 o}
enamine 12 13

o,B-unsaturated
carbonyl compound

CONw 3 ) 9 Ry OH R® o O R O
1
SEDL GRS G QL oo AR o 0
pr— ~ @ .
2
R0 Rs 4 R HoN RQRQO r\{-;\R?O -H,0 R? H R2
2
14 15 16
Scheme 5.2

Dondoni and co-workers applied this strategy totlsysize heterocyclic-amino

acids (Scheme 5.3%.Initially diastereomeric 1,4-dihydropyridin€9 was prepared
by treating the enantiopure oxazolidinyl keto est@rwhich was condensed with
benzaldehydel8 and tert-butyl amino crotonatel9 in the presence of molecular
sieves in 2-methyl-2-propanol.The removal of aceterafforded the corresponding

amino alcohoR0 which was oxidized to the desired 2-pyridy&lanine derivativ®l.

O‘é Ph 1.4AMS Ph Ph
o EHo 4 tBUOH  FBUOC CO,tBu tBuO,C CO,t-Bu
o 0
o + 18 | CO,t-Bu 70°C, 24 h, 85% TEMPO/PIDA
o} J/\ 2. ACOH.H,0
N/% HN o RT,3h
Boc
17 19 OH 5 OH 21

Scheme 5.3

Tsudaet al. reported a piperidine catalyzed reaction of acrol@i crotonaldehyde
with ethyl f-aminocrotonate to synthesize pyridine or 1,4-dibpgridine derivatives
(Scheme 5.4 A mechanistic rational for the formation of thesgigines could be
explained by assuming that, acrolein may undergoh®hl addition with enamine
leading to the intermediate30 which on intramolecular cyclization gives
dihydropyridine31. The dihydropyridine81 converts to pyridin€2 under oxidation

conditions.
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(Nj CO,Et E
( CO2Et : (I i + (\/[CO2 t (ICO2Et (\/C:O2Et
+ _—
X Jl/\ EtOH, 40-50 °C H

O hN 3h 0
23 57 % 15%
24 25 28%

(e 1
0
CO.Et CO,Et! EtO,C EtO,C
HN N R
29

| COzEt
; 30
| R=HMe

Scheme 5.4

Ravina and co-workers have used similar strategydostruct pyridine ring in
synthesis of potent CNS ager#4 (Scheme 5.5§ by treating cyclic enaminon@3
with acrolein32 in methanol followed by application of differentidation conditions

leading to the aromatic intermedi&4é

0] 0]

0 1. MeOH/ACOH
N %H overnight | N
HoN OMe | N OMe

2. Pd(PPhs),, DMF
33 22 10% Pd/C, K,CO3 34
reflux, 70%

\

Scheme 5.5

Bohlmann and Rahtz have reported the two-step egiglof trisubstituted pyridines
by the reaction of enamin&8 and ethynyl ketones or aldehyd&(Scheme 5.6

0
EtOZCj\ J\ _EtOH EtOZCI\)LR' vacoum £102C | X
X R” NH, 150 °C R™ N R
37 38
Scheme 5.6

The products formation can be explained by Michaddition of enamine35 to

unsaturated ketone or aldehy8eto give an aminodiene intermedis&8é that can be
isolated and purified in high yield (Scheme 5.Afetmediate87 is kinetically stable
and didn’t undergo hetero annulation to give présludue theE-geometery of the

enone. Howevelt/Z iso-merization could be achieved by heating intdiate37 to
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high temperatures (120-170 °C) leading to sponiaeaxyclodehydration to give
2,3,6-trisubstituted pyridine3s.

step 1

(N2 Et0,C i

)\/002Et 2 ?C Q((C_) Etoch\)LR,
HN R R
ﬂ& N HN" R 5
step 2
Et0,C. Et0,0-_ Et0,C ~
o T

Rms R | N (rz'H HO R NWR

2 H 38

Scheme 5.7

Bagley and his group have pioneered this reactiom fconvenient one-pot method to
substituted pyridines (Scheme 5'8)They have achieved a one-pot synthesis of
pyridines using Brgnsted or Lewis acid promotedjwgate addition followed by
double-bond isomerization of aminodiene to giveermtediate which undergoes
spontaneous cyclodehydration to pyridine (eq. 1)e Ppresence of an acid also
enabled the reaction to proceed at a lower temyeratvhich is a substantial
improvement over existing methods by involving themmponent reactions between
1,3-dicarbonyl compounds, alkynones and ammoniuetaée (eq. 2). They further
improved the method by introducing domino approaciethis reaction vian situ
preparation of enamine or alkynones (eq. 3).

R3
\/L Yb(OTf)5 or ZnBr, RL_A 0
HoN or Bronsted acid R? |N/ R
M
R3

R1
NH,OAc, EtOH N
j/\ 4 . | — @
R? reflux R?2” °N” "R*
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R Rl

NH; source 1 R3
0" "R? H,N" R R'
42 V39 | X -
R® R? R2” N7 R
|| IBX or || M
Mn02
HO™ R O~ "R
43 40
Scheme 5.8

In 2008, Cacchi and co-workers reported a transitietal catalyzed conversion lgf
propargylic enaminone#4 to substituted pyridine45in one step (Scheme 5X)The
pyridine ring formation frond4 can be explained by the coordination of the alkyne
moiety with copper to give intermediatd6 and subsequent intramolecular
nucleophilic attack of the carbon adjacent to thdaonyl carbon to the activated C-C
triple bond in 6-endo-dig fashion leading4@. The intermediatd?7 on protonation
affords intermediatel8, which on oxidation under the reaction conditiaf®ords
pyridine derivative45.

: R —_—
R’ RO o Hx\\)m RN
| 46 Cu 47 ' -
CuBr AN R2 ! / H Br
/\N X DMSO | : Bro
R H . N"RT o R
07 R2 60-80 °C :
1 2
44 45 | —- R Jj\)j oxidation ¢
X~ ——
| R' N
! CuBr 48
Scheme 5.9

In 2011, S. Kantaveri and co-workers developed gaamt of Bohlmann-Rahtz
reaction to substituted pyridines usin@N,N-dimethyl vinyl ketones49, 1,3-
dicarbonyl compounds50 and ammonium acetate in presence of catalytic
CeCk.7H,O-Nal, in isopropanol (Scheme 5.16).

o]
o o o NH,OAc
CeCI3.7H20-NaI = R2
TG SR O 9
Me 2-propaanol R” "N” "R
49 50 80 °C 51
R=aryl/heteroaryl
Scheme 5.10
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Apart from the few known methods for pyridine syegls most of methodologies
often suffer from drawbacks like longer route, loweelds etc. Thus the synthesis of
substituted pyridines offers challenges to desigd develop simple and efficient
strategies. Since the multiple transformations peaower the same conditions in a
single pot, domino processes avoids the isolatibnintermediates and further
purification steps. Evidently, domino reactionsypde suitable solutions and increase

the efficiency of the synthetic methots.

5.1.2. Background for oxidative annulation of ready accessible eanamine and
allylic alcohols

The oxidative annulation between eanamine andi@ltohols is a direct and ideal
process for the preparation of pyridines. Thesegsses do not need the pre oxidized

substrateghereby enhancing the efficiency of the method.

0O O
OH O
N IBX R! 07
R1 O/\ + RZ__ _ =
N CH4CN, reflux “ \H
52 5 4 =
R'= aryl, alkyl \//
R2
Scheme 5.11

Yadav and co-workers have reported one such exarmplene-pot oxidative
conjugate addition of Baylis—Hillman adducts witidoles, in the presence of 2-
iodoxybenzoicacid (IBX) under neutral conditionsafford a new class of substituted

indoles in good yields (Scheme 5.%%).

In 2010, Y. Guet al. reported on one-pot oxidative oxo Diels—Alder teac of
Baylis—Hillman adducts with olefins (eq. 1), Michagaction with Sdicarbonyl
compounds (eq. 2) or less-reactive indoles (egar®) aza-Michael reaction with
benzamide (eq. 4) to develop an efficient routesfarthetically important compounds
(Scheme 5.14"
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OH 0O
A~ o™ Bx " O| M
RT™S H,0, 90 °C o~
55
56 57 O
o o™
OH O
A\ PN BX O O )
0
mEWG * H,0, 90 °C \
H
s s 59 g~ NH
LP 9
OH O

o)
o 0 A~ IBX R® @3)
R3J\/U\O/\ + o °
o H,0, 90 °C o o
o] OH O o~
e IBX @
+
NH; © H,0, 90 °C NH
62 56

Scheme 5.12

5.1.3.Challenges in the synthesis of pyridine derivatives

Though the annulation between enamine and unsaturaldehydes or ketones
provides pyridine derivatives with ease, a detaslervey of the literature reveals that
the one-step synthesis of substituted pyridinemfreadily available enamines and

stable allylic alcohols has so far remained elusivll 2013 (Scheme 5.13).

: R? 5

1 NHy oH R . CO2Et

L1 COEt + - |

R R3 RS > R!
Scheme 5.13

Therefore oxidative annulations of enamine andliallglcohols to synthesize the
pyridine derivatives is a considerable challenge.
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R¥ "N” "R’
! R3 H
enamine should ;
: bry unsaturated aldehydes often requires extenal
surwv%gggi(teizgéldatlve or ketones are prone to oxidising agents to
polymerise aromatize 1,4-dihydropyridines

Figure 5.2.Cumulative challenges

The reactivity pattern of starting materials preésdallowing challenges

1) Enamines should survive under oxidative condgio

2) Unsaturated carbonyl compounds are very muchept@ polymerize

3) 1,4-dihydropyridines often requires externaldixng agents to aromatize

Based on these problems we envisioned that a doremaion betweep-enamino
esters and allylic alcohols can afford substityggddines in the presence of suitable
oxidising agent. Despite these cumulative challenge developed a one pot domino
approach for substituted pyridine derivatives usitBX mediated oxidative
annulation of readily accessible eanamines andiakycohols and the subsequent
part of this chapter describes our attempts indhesction.

5.2. Results & Discussion

5.2.1. Initial results and optimization of reactionconditions

IBX (2-iodoxybenzoic acid), a versatile reagénhave found wide applications in
organic synthesis and was chosen as an oxidiziegtag our study. Initially, the
reaction of E)-ethyl 3-amino-3-phenylacrylaté4a and allyl alcohol 65 was
performed in DMSO to establish the optimized reacttonditions. After assessing
various reaction conditions (Table 5.1) it was obse that the best result is obtained
when the reaction is performed using enantde(0.2 mmol), allyl alcoholb5 (2
equiv.) and IBX (1.2 equiv.) in DMSO (3 mL) at 7C For 3h to give the desired
ethyl 2-phenylnicotinaté6ain good yield (entry 3, Table 5.1). The reactiod dot
proceed in the absence of IBX indicating the kdg played by the oxidant (entry 4,
Table 5.1). The use of lower quantity of IBX (en&yand 6, Table 5.1) or alcoh?l
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(entry 7, Table 5.1) decreased the product yielcere#s increase in reaction

temperature to 90 °C did not improve the yiel®6& (entry 8, Table 5.1).

Table 5.1.Optimization of reaction conditiofhs

NH, ~COEt
o OOt 4 SNy X @
. DMSO N “Ph

64a 66a

Entry Temp (°C) TimeH) Yield® (%)

1 30 24 h 0
2 50 24 h 25
3 70 3h 74
4 70 24 h b

5 70 10 h 16
6 70 10 h 49
7 70 10 h 50
8 90 3h 68

2 All reactions were performed using the enaniae(0.2 mmol), allyl alcohoP (2 equiv.) and IBX
(1.2 equiv.) in DMSO (3 mL) isolated yields® The reaction was performed in the absence of IBX,

0.05 equiv. IBX was usedp.5 equiv. of IBX was used1.2 equiv. of allyl alcohol was used.

5.2.2. Scope of the reaction

With the optimized reaction conditions in hand wert examined the scope and
generality of this method. Thus, a wide rangg-@namino esters (aryl/ hetero aryl/
benzyl/ cinnamyl/ aliphatic) were reacted with bBiicohol in the presence of IBX to
give various 2-substituted nicotinic acid derivasv(Table 5.2). All the reactions
were performed either at 76Ga-66f Table 5.2) or 90 °G56g-66n Table 5.2) except
in one case@bq Table 5.2). Notably, all the nicotinic acid detiives synthesized
(Table 5.2, entry66a-66) can be converted to azafluorenones in a singlp?3t
Azafluorenones, a common skeleton in many naturadiycts and useful agents in
medicinal chemistry, are generally accesse multistep sequences using metal

mediated reactiorfs.
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Table 5.2.Synthesis of 2-substituted nicotinic &tid

NH,
RPN COEt . AN OH  1BX (0.24 mmol) @0025
0.2 mmol 0.4 mmol DMSO (3 mL) N~ OR!
64 65 66
CO,Et
A CO,Et
| Z l >z N/ “
N N N
cl cl
cl
66a, 74%, A 66b, 75%, A 66c, 74%, A 66d, 73%, A
P L EI/Ph N7
N N N
Br Br
66e. 72 66f, 74%, A 669, 70%, B
& 72%. A 66h, 68%, B
Br
CO,Et
| COEt
7
N
MeO 66k, 80%, B 661, 85%, B \
OMe » FE0 » E970
66i, 72%, B
CO,Et
| X | ~CO2Et «COEt
Z |
N 0 N” Z (N:(
66m, 69%, B O 66n, 73%, B 660, 76%, C

& Reaction conditions A: 70 °C, 3 h ; conditionsIB:°C, 5 h; conditions C: 110 °C, 12 h
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Table 5.3.Synthesis of substituted pyridifies

R2

NH,
OH IBX
NS COzEt + )\/
R A DMSO, 24h

szf\/[cozEt
RS ON7

N~ "R!
64 68
entry enamine allyl alcohol product
CO,Et
1 o - COZEt NP Ph” N” “Ph
64a 67a 68a, 70%, A
CO,Et
NH, OH |
W g SRAS
2
Br 64t ON 67b ON" ™ g8, 65%,A B
- CO2Et
NH2 | —
, ~_CO,Et 67a Ph™ N
640 68c, 72%, B
OH Etozcﬁcoza
CO.Et
A s4a Ph)ﬁ( 2 Ph” N” “Ph
67c 68d, 68%, A
NH, Etozcmcoza
x_CO,Et
5 Py)_\/ 2 67c Ph” N” Py
64j 68e, 60%, A
OH EtO,C._~_-CO-Et
CO.E
6 64a oEt | P
N~ Ph
O,N 67d
O:N 68f, 70%, A
EtO,C._ -~ -COEt
|
64j 67d =
7 j /@IN\/[Py
O:N 68f, 62%, A
EtO,C CO,Et
NH,
67d
\ oSN COEt
64n O5N Ph

68f, 60%, A

@ Reaction conditions A: enamine (0.1 mmol), allydiicohol (0.1 mmol), IBX (1.2 equiv.) in 3 mL
DMSO at 30 °C; conditions B: enamine (0.1 mmollylal alcohol (0.1 mmol), IBX (1.2 equiv.) in 3

mL DMSO at 50 °C.
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To expand the scope of this reaction further, weliep this methodology on
substitted allylic alcohols. Thus various allyllaicohols 67 were treated withp-
enamino ester64 in the presence of IBX to give the correspondiggdines 68 in
good yields (Table 5.3). Surprisingbfenamino esters were smoothly converted to
products even at 30 °C with subtstituted allylicodlols. This method therefore
provides a facile entry to unsymmetrical tetrasiistd pyridines (Table 5.%8d-
68f) and seemed to have advantages over the traditiBlaatzsch pyridine
synthesi$:® which affords symmetrical pyridines. However, thethodology was
not successful in the preparation of 4-substityggddines from the corresponding

allylic alcohols which appeared to be the limitatwf this methodology.

2

HN._R' 0 o2 K R

]i) )R R:@ 0 HN—?
R2

EtO,C —
64 R1H CO,Et R' 5 COaEt
A
IBX Air
65 or 67 66 or 68
Scheme 5.14

Mechanistically, the reaction seems to proceedd®eh5.14)ia (i) IBX mediated
conversiorf® of the alcohoB5 or 67 to the corresponding carbonyl compound which
upon (i) Michael addition with3-enaminoestet4 followed by (iii) intra molecular

cyclization givesB that (iv) aromatizes t66 or 68in the presence of aif’.
5.3. Application to pyridine core of cyclothiazomymn

The potential of this methodology was demonstrateitie synthesis of pyridine core
of cyclothiazomycif® i.e. one of76 structually distinct actinomycete thiopeptide
antibiotics®® Many thiopeptides contains the 2,3,6-trisubstitupsgidine core and
several groups have developed different synthetites to this moiet§” Our strategy
was mainly based on bringing the correspondingicyriamine/1 and allylic alcohol
74 togather by applying the newly developed methaghpld hus, the required cyclic
enamine/1was prepared frorN-Boc alanine in 3 steps (Scheme 5.15) and duriag th

course of amination giketo amide70,* racemic enamin@l was obtained.
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o)
1. EDC, DMAP Q
Meldrum's acid NH4OAc, MeOH
BocHN™ “CO.H BocN BocN |
27 2 EtOAc, reflux NI reflux, 12 h NH,
y 0,
69 <70 70% 1
Scheme 5.15

The allylic alcohol74 was preparedrom ethyl 2-methylthiazole-4-carboxylafe in
2 steps (Scheme 5.18).Gratifyingly, the critical annulation reaction wassily
acheived by a IBX mediated oxidative annulatioralbflic alcohol 74 and enamine

71leading to the pyridine core of cyclothiazomygmin good yields( Scheme 5.17).

X
N /\
SF S-CoEt _ Se0 BrMg N
)2 K( CO,Et HO™ N2
sj j T CO,Et

AcOH, reflux, THF, -70 °C
72 6 h, 50% 1h, 80%
73 74

Scheme 5.16

0 A\ 0
HO SN
BOCN;\IL . IBX, DMSO BocN;jL/j\(N
o N =
NH, S\/\CO £t 50°C.4h T/ COLEt

70%

Pyridine core of
cyclothiazomycin 75

Scheme 5.17
5.4. Conclusions

In conclusion, a direct, one-pot and metal freetlsssis of functionalized pyridines
have been developed for the first tini@ the IBX mediated reaction of readily
available g-enamino estersind allylic alcohols. This tandem method afforded 2
substituted nicotinic acids, tetra substituted omsyetrical pyridines and precursors of
azaflurenones in addition to the recemic pyridimeecof cyclothiazomycin. The
limitations and advantages of this methdology heenbdiscussed. The methodology
may find wide applications in the construction ofrigine based library of small

molecules useful for medicinal uses or natural povbgdynthesis.
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5.5. Experimental section
5.5.1. Materials

1.BI’CH2002Et NH2
Zn, THF, reflux, 1-2 h
2.50% aqg. K,CO3 64

[-enamino ester84 were synthesized based on the procedure given b&dtv

To activated zinc dust (1.31 g, 20 mmol) was addedthylsilylchloride (3 drops) in
anhydrous THF (10 mL). After 10 min of reflux, nligr (10 mmol) was added all at
once. While maintaining reflux temperature, ethgdrboacetate (1.65 mL, 15 mmol
in 5 mL THF) was added over 1h using addition fupnaed the reaction mixture was
further heated at reflux for 1 h. After completeneersion of nitrile, the reaction
mixture was cooled to room temperature and quenealithdsaturated aqueous®O;

at room temperature and extracted with ethyl aeetatx 30 mL). The combined
organic layers was dried with anhydrous,8l@;, filtered, and concentrated under
reduced pressure. The residue was purified by thsbmatography to g¢gtenamino

ester.

Sketo amide 70 aldehyde 733* and I1BX* were prepared according to the
respective literature procedure. Analytical andcspé data of all those known

compounds are exactly matching with the reportédesa
5.4.2. Experimental procedurespectral and analytical data

General Procedure for Synthesis oR—substituted nicotinic esters 66.

NH, IBX (\/ECozEt
R1J\/COZE’[+ P el

N~ "R’
64 65 66

A mixture of f-enamino este64 (0.2 mmol), allyl alcohob5 (2 equiv.) and IBX (1.2
equiv.) in DMSO (3 mL) was stirred at 70-110 °C 842 h (see Table 5.2). After
completion of the reaction (monitored by TLC), tirexture was cooled to room
temperature, quenched with sat. NaHGGlution (1.5 mL) and extracted with EtOAc
(3 x 5 mL). The combined organic layers were dogdr anhydrous N&O,, filtered
and concentrated under low vacuum. The crude contpauas purified by using flash
chromatography (EtOAc/Hexane).
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General procedure for the synthesis of substituteghyridines from substituted

allylic alcohols.

NH2 /{\(OH IBX RA_~COEt
R1TN A coqEt DMSO, 24h »

64

A mixture of f-enamino este64 (0.1 mmol), allyl alcohob7 (1.1 equiv.) and IBX
(1.2 equiv.) in DMSO (3 mL) was stirred at room parature for 24h (see Table 5.3).
After completion of the reaction (monitored by TL.@)e mixture was quenched with
sat. NaHC@solution (1.5 mL) and extracted with EtOAc (3 x 4)mThe combined
organic layers were dried over anhydrous®@, filtered and concentrated under
low vacuum. The crude compound was purified by gisilash chromatography
(EtOAc/Hexane).

Ethyl 2-phenylnicotinate (66a):

Yellow oil, &£ 0.5 (20% EtOAc in hexane¥d NMR (400 MHz,
CDCl3) 68.77 (dd,J = 4.8, 1.7 Hz, 1H), 8.10 (ddl = 7.8, 1.7 Hz,
1H), 7.57-7.52 (m, 2H), 7.47-7.40 (m, 3H), 7.34,(@¢ 7.8, 4.8 Hz, 1H), 4.15 (4}
= 7.2 Hz, 2H), 1.04 (&) = 7.1 Hz, 3H)*C NMR (100 MHz,CDCl3) 5 168.1, 158.8,
151.1, 140.2, 137.8, 128.5, 128.5, 128.0, 127.20,5, 61.4, 13.6; IR (c): 3053,
2982, 1721, 1565, 1433, 1368, 1053, 754; MS (ES)matz: 228.1[M + 1].

Ethyl 2-(2-chlorophenyl)nicotinate (66b):
_~| Dark yellow oil, R = 0.4 (10% EtOAc in hexane} NMR (400 MHz,
SN | CDCl3) 68.82 (ddJ= 4.8, 1.7 Hz, 1H), 8.34 (dd,= 7.9, 1.7 Hz, 1H),
Cl 7.47-7.32 (m, 5H), 4.15 Jo= 7.1 Hz, 2H), 1.04 (tJ = 7.1 Hz, 3H);
¥C NMR (100 MHz,CDCl3) 3 165.9, 157.4, 151.7, 139.9, 138.1, 132.2, 13®90,3,
128.8, 127.3, 126.6, 122.5, 61.3, 13.4; IR"®n3053, 2980, 1721, 1562, 1431, 1368,
1138, 1052, 774; MS (ES mass) m/z: 262.0 [M + 1].
Ethyl 2-(3-chlorophenyl)nicotinate (66¢):
EtO,C._~ Dark yellow oil,;R 0.35 (10% EtOAc in hexané}i NMR (400
SN | MHzCDCl3) 6 8.77 (ddJ = 4.8, 1.7 Hz, 1H), 8.14 (dd,= 7.8, 1.7
) Hz, 1H), 7.54 (s, 1H), Z-4.35 (m, 4H), 4.19 (4l = 7.1 Hz, 2H),
1.10 (t,J = 7.1 Hz, 3H);**C NMR (100 MHz,CDCls) 3 167.5, 157.3, 151.2, 141.8,
138.0, 134.0, 129.2, 128.7, 128.6, 127.2, 126.2,0051.6, 13.6;

EtO,C
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IR (cm?): 3053, 2982, 1723, 1585, 1433, 1368, 1050, 77& (&S mass) m/z:
262.1[M + 1].
Ethyl 2-(4-chlorophenyl)nicotinate (66d):
Brownish yellow gum; R0.45 (10% EtOAc in hexané}i NMR
(400 MHZLDCI3) 68.76 (ddJ = 4.8, 1.6 Hz, 1H), 8.12 (dd,= 7.8,
1.6 Hz, 1H), 7.48 M5 8.5 Hz, 2H), 7.41 (dJ = 8.5 Hz, 2H), 7.35
(dd,J = 7.8, 4.8 Hz, 1H), 4.19 (d,= 7.1 Hz, 2H), 1.11 (t) = 7.1 Hz, 3H);"*C NMR
(100 MHz, CDCl3) & 167.6, 157.5, 151.1, 138.5, 137.9, 134.7, 1298,2, 127.1,
121.8, 61.5, 13.6; IR (cth): 3052, 2981, 1724, 1584, 1434, 1282, 1136, 1G8B1;
MS (ES mass) m/z: 262.1[M + 1].
Ethyl 2-(2-bromophenyl)nicotinate (66e):
Pale yellow solid, m.p-55 °C; R = 0.33 (10% EtOAc in hexane);
'H NMR(400 MHz,CDCl5) 5 8.82 (ddJ = 4.8, 1.7 Hz, 1H), 8.35
(ddl= 7.9, 1.7 Hz, 1H), 7.61 (d,= 7.9 Hz, 1H), 7.45-7.35 (m, 3H),
7.26 (ddJ = 6.7, 2.4 Hz, 1H), 4.2-4.07 (m, 2H), 1.03J& 7.1 Hz, 3H); *C NMR
(100 MHz, CDCl3) & 165.9, 159.0, 151.7, 142.0, 138.3, 132.1, 1299,4, 127.1,
127.1, 122.6, 122.0, 61.3, 13.5; IR (§m3052, 2982, 1722, 1585, 1430, 1388, 1060,
764; MS (ES mass) m/z: 306.0[M + 1].
Ethyl 2-(4-bromophenyl)nicotinate (66f):
EtO,C._~ I Pale yellow oil;R 0.3 (10% EtOAc in hexane)t NMR (400 MHz,
“N7|CDCl3) 8 8.76 (ddJ = 4.8, 1.6 Hz, 1H), 8.13 (dd,= 7.8, 1.6 Hz, 1H),
B 7.57 (d,= 8.4 Hz, 2H), 7.41 (dJ = 8.4 Hz, 2H), 7.36 (dd] = 7.8,
4.8 Hz, 1H), 4.19 (q) = 7.1 Hz, 2H), 1.12 (t) = 7.1 Hz, 3H);"*C NMR (100 MHz,
CDCl3) 6 167.6, 157.7, 151.3, 139.1, 138.0, 131.2, 13®@Z,11, 123.0, 121.8, 61.6,
13.7; IR (cnm"): 3050, 2981, 1723, 1583, 1429, 1393, 1132, 1068; MS (ES mass)
m/z: 306.0[M + 1].
Ethyl 2-benzylnicotinate (669):
Yellow oil, R= 0.2 (10% EtOAc in hexaned NMR (400 MHz,

CDCl3) 68.68 (ddJ= 4.7, 1.7 Hz, 1H), 8.16 (dd,= 7.9, 1.7 Hz, 1H),
7.27-7.21 (m, 5H), 7.18-7.14, @H), 4.59 (s, 2H), 4.32 (4,= 7.2 Hz,
2H), 1.33 (d,J = 7.1 Hz, 3H);**C NMR (100 MHz,CDCl5) 5 166.5, 161.1, 151.8,
139.6, 138.5, 128.9, 128.2, 126.1, 126.0, 121.24,642.3, 14.1; IR (cfh): 3053,

2982, 1721, 1565, 1433, 1368, 1052, 728; MS (ES)matz: 242.1[M + 1].
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Ethyl 2-(4-bromobenzyl)nicotinate (66h):

BOL__~ | Pale yellow oil; R 0.23 (10% EtOAc in hexanét NMR (400
N" | MHzCDCls) 5 8.68 (ddJ = 4.7, 1.6 Hz, 1H), 8.19 (dd,= 7.9, 1.6 Hz,

1H), 7.36 (d,= 8.4 Hz, 2H), 7.25 (dd] = 7.7, 4.6 Hz, 1H), 7.15 (d,

Br = 8.3 Hz, 2H), 4.52 (s, 2H), 4.33 (§,= 7.1 Hz, 2H), 1.34 (tJ = 7.1
Hz, 3H); **C NMR (100 MHz,CDCls) & 166.3, 160.7, 152.0, 138.7, 138.6, 131.2,
130.7, 125.9, 121.4, 120.0, 61.4, 41.7, 14.1; W *{c 3056, 2980, 1722, 1573, 1482,
1368, 1273, 1079, 762; MS (ES mass) m/z: 320.0[M. +
Ethyl 2-(3,4-dimethoxybenzyl)nicotinate (66i):

BOL ~ | Yellow oil, &= 0.35 (20% EtOAc in hexane€}d NMR (400 MHz,
N” |CDCl3) 5 8.68 (dd,J = 4.8, 1.7 Hz, 1H), 8.16 (dd,= 7.9, 1.7 Hz, 1H),
7.23 (dd,= 7.9, 4.8 Hz, 1H), 6.87 (s, 1H), 6.82-6.73 (m, 252 (s,

OMe ove 2H), 4.34 (4= 7.1Hz, 2H), 3.82 (s, 6H), 1.35 (@,= 7.1 Hz, 3H):**C
NMR (100 MHz,CDCl3) & 166.5, 161.4, 151.8, 148.6, 147.3, 138.5, 13228.0,
121.1, 120.9, 112.4, 111.0, 61.4, 55.8, 55.7, 41471; IR (cn1): 3050, 2982, 1721,
1565, 1493, 1368, 1050, 1078, 754; MS (ES mass)302.1[M + 1].

Ethyl 2,4'-bipyridine-3-carboxylate (66j):

Brown oil, & 0.2 (50% EtOAc in hexane¥d NMR (400 MHz,
CDCl3) 5 8.80 (ddJ = 4.6, 1.3 Hz, 1H), 8.68 (d,= 5.5 Hz, 2H), 8.20
(dd] = 7.9, 1.2 Hz, 1H), 7.43 (dd,= 6.6, 2.5 Hz, 3H), 4.18 (d} =
7.1 Hz, 2H), 1.08 () = 7.1 Hz, 3H);**C NMR (100 MHz,CDCl3) 5 166.9, 156.5,
151.5, 149.4, 147.9, 138.3, 127.1, 123.2, 122.87,613.5; IR (crif): 3044, 2982,
1723, 1574, 1434, 1368, 1057, 777; MS (ES mass)282.1[M + 1].
Ethyl 2-(furan-2-yl)nicotinate (66Kk):
Dark brown oil, R= 0.5 (20% EtOAc in hexane}d NMR (400
MHzCDCl3) & 8.68 (dd,J = 4.8, 1.6 Hz, 1H), 7.89 (dd,= 7.8, 1.7
Hz, 1H), 7.53 (@7= 0.9 Hz, 1H), 7.24 (dd] = 7.8, 4.8 Hz, 1H), 7.05
(d,J = 3.4 Hz, 1H), 6.54 (dd] = 3.4, 1.7 Hz, 1H), 4.38 (§,= 7.2 Hz, 2H), 1.31 (1)
= 7.1 Hz, 3H);**C NMR (100 MHz,CDCl3) & 168.2, 152.3, 150.7, 146.7, 143.7,
136.8, 126.0, 121.3, 111.9, 111.1, 61.7, 14.1; dR™}: 3128, 3047, 2982, 1728,
1584, 1487, 1287, 1052, 776; MS (ES mass) m/z:12¥8+ 1].

NS

NS
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Ethyl 2-(1-methyl-1H-indol-5-yl)nicotinate (66l):

Et0,.C._~~_| Yellow oil, R= 0.42 (20% EtOAc in hexane} NMR (400 MHz,
|
@I,\,j CDCl3) 68.77 (ddJ = 4.8, 1.7 Hz, 1H), 8.04 (dd,= 7.8, 1.7 Hz,
N

/ 1H), 7.84 (d=1.1 Hz, 1H), 7.46 (dd] = 8.5, 1.6 Hz, 1H), 7.37 (d,

= 8.5 Hz, 1H), 7.32-7.27 (m, 1H), 7.08 @z 3.1 Hz, 1H), 6.53 (t) = 4.2 Hz, 1H),
4.16 (g,J = 7.1 Hz, 2H), 3.83 (s, 3H), 1.03 (t= 7.1 Hz, 3H);**C NMR (100 MHz,
CDCl3) & ppm 159.6, 150.8, 137.5, 136.9, 131.3, 129.4,42R7.5, 122.5, 121.5,
120.5, 108.8, 101.7, 61.3, 32.9, 13.7; IR'@nBlOO, 3044, 2970, 1721, 1574, 1430,
1368, 1285, 1093, 775; MS (ES mass) m/z: 281.2[M. +
Ethyl 2-(1-oxo-1,3-dihydroisobenzofuran-5-yl)nicothate (66m):
Colorless semisolid, {% 0.43 (50% EtOAc in hexané} NMR

(400 MHEDCI3) 5 8.81 (dd,J = 4.8, 1.6 Hz, 1H), 8.24 (dd,=
7.9, 1.6 Hz, 1H), 7.97 (d,= 7.9 Hz, 1H), 7.71 (s, 1H), 7.65-7.59

o (m, 1H), 7.45 (dbi= 7.9, 4.8 Hz, 1H), 5.38 (s, 2H), 4.21 (b=

7.14 Hz, 2H), 1.12 () = 7.1 Hz, 3H);*C NMR (100 MHz,CDCl3) § 170.7, 166.9,
157.7, 151.5, 146.5, 146.3, 138.4, 129.9, 127.3,6l2A25.2, 122.6, 122.3, 69.6, 61.7,
13.7; IR (le): 3059, 2977, 1762, 1727, 1570, 1437, 1358, 12842, 771; MS (ES
mass) m/z: 284.1[M + 1].

EtO,C

(E)-ethyl 2-styrylnicotinate (66n):

HOC | Yellow oil, Re 0.2 (10% EtOAc in hexanef:i NMR (400 MHz,

/

| N |CDCl3) 8.75 (dd,J = 4.6, 1.7 Hz, 1H), 8.23 (dd,= 7.9, 1.8 Hz, 1H),
8.18 (d, = 15.7 Hz, 1H), 7.96 (d) = 15.7 Hz, 1H), 7.67 (dJ = 7.2

Hz, 2H), 7.41 (t) = 7.4 Hz, 2H), 7.34 (d) = 7.3 Hz, 1H), 7.24 (dd] = 7.9, 4.7 Hz,
1H), 4.46 (q,J = 7.1 Hz, 2H), 1.47 (tJ = 7.1 Hz, 3H);**C NMR (100 MHz,
CDCl3) 8 166.5, 155.2, 151.9, 138.7, 136.8, 135.9, 12886,5], 127.5, 125.0, 124.3,
121.3, 61.5, 14.3; IR (cth): 3031, 2981, 1777, 1572, 1428, 1367, 1263, 1G78;
MS (ES mass) m/z: 254.1[M + 1].
Ethyl 2-methylnicotinate (660):
Et0,C._~| Colorless liquidsR 0.5 (10% EtOAc in hexane}d NMR (400 MHz,

INJ CDCl3) 58.61 (dd,J = 4.8, 1.62 Hz, 1H), 8.19 (dd,= 7.9, 1.7 Hz, 1H),
7.21 (dd,J = 7.9, 4.8 Hz, 1H), 4.39 (d,= 7.2 Hz, 2H), 2.84 (s, 3H), 1.41 @t= 7.1
Hz, 3H); **C NMR (100 MHz,CDCls) & 166.5, 159.7, 151.6, 138.4, 125.7, 120.9,
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61.3, 24.7, 14.2 ; IR (c): 3020, 2979, 1724, 1572, 1461, 1368, 1293, 11884;
MS (ES mass) m/z: 166.2[M + 1].
Ethyl 2,6-diphenylnicotinate (68a):
~_CO:Et | Yellow oil,{R 0.2 (10% EtOAc in hexane}l NMR (400
| N7 MHZEDCI3) 6 8.20-8.10 (m, 3H), 7.77 (d,= 8.2 Hz, 1H),

O O 7.64 (d#i=7.4, 2.0 Hz, 2H), 7.52-7.41 (m, 6H), 4.18 (o
7.1 Hz, 2H), 1.07 () = 7.1 Hz, 3H):"*C NMR (100 MHz,CDCl3) 5 168.2, 158.7,
158.3, 140.4, 138.8, 138.2, 129.7, 128.8, 128.8.512127.9, 127.2, 125.3, 117.8,
61.3, 13.6; IR (cnl): 3060, 3031, 2980, 1729, 1586, 1435, 1379, 128011052,
1017; MS (ES mass) m/z: 304.3[M + 1].

Ethyl 2-(4-bromophenyl)-6-(4-nitrophenyl)nicotinate (68b):
EtO,C._~ Colorless solid, m.p: 150-152 °C; R0.3 (10% EtOAc in
hexart#);NMR (400 MHz,CDCl3) 8 8.35 (d,J = 9.0

Br NG| Hz, 218)31-8.25 (m, 3H), 7.87 (d,= 8.1 Hz, 1H), 7.62
(d,J = 8.5 Hz, 2H), 7.52 (d) = 8.5 Hz, 2H), 4.23 (q) = 7.1 Hz, 2H), 1.16 ()= 7.1
Hz, 3H); *C NMR (100 MHz,CDCl3) & 167.4, 158.0, 155.9, 148.6, 143.7, 139.5,
138.8, 131.3, 130.4, 128.1, 126.5, 124.0, 12B18,9, 114.0, 61.8, 13.8; IR (€
3079, 2980, 2853, 1723, 1581, 1445, 1343, 12787,11053;MS (ES mass) m/z:
427.1[M + 1].

Ethyl 2-methyl-6-phenylnicotinate (68c):

Colorless liquid,3R0.7 (10% EtOAc in hexane¥d NMR (400
| \/ MHZDCI3) 6 8.27 (d,J = 8.2 Hz, 1H), 8.09-8.03 (m, 2H), 7.63

" (d,= 8.2 Hz, 1H), 7.52-7.43(m, 3H), 4.40 @= 7.2 Hz, 2H),
2.92 (s, 3H), 1.42 () = 7.1 Hz, 3H);"*C NMR (100 MHz,CDCl3) 5 166.6, 159.9,
159.0, 139.3, 138.5, 129.6, 128.8, 127.3, 123.6,31161.1, 25.3, 14.3; IR (cht
3063, 2980, 2872, 1721, 1583, 1452, 1381, 12662,11675; MS (ES mass) m/z:
242 .2[M + 1].

Diethyl 2,6-diphenylpyridine-3,5-dicarboxylate (68d:

Et0,C._~_ COsEt Colorless solid, m.p: 61-63 °C; R 0.7 (10% EtOAc in
hexan&t NMR (400 MHz,CDCls) 8 8.55 (s, 1H), 7.67-7.61
(m, 4H), 7.46-Y .@m, 6H), 4.20 (¢J = 7.1 Hz, 4H), 1.10 (1) =
7.1 Hz, 6H):**C NMR (100 MHz,CDCl3) 5 167.4, 159.7, 140.3, 139.3, 129.1, 128.9,

Et0,C
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128.0, 124.8, 61.6, 13.7; IR (& 3059, 2981, 2872, 1725, 1590, 1447, 1365, 1251,
1105, 1030; MS (ES mass) m/z: 376.3[M + 1].
Diethyl 6-phenyl-2,4'-bipyridine-3,5-dicarboxylate (68e):

E10,C._~_CO,Et Color less solid, m.p: 63-65 °C; Rf = 0.2 (40% EtOA

@J'\/N:(@ hexan#); NMR (400 MHz,CDCls) 5 8.69 (d,J = 4.1 Hz,

N~ 2H), 8.61 1#J), 7.63-7.58 (m, 2H), 7.50 (d= 5.7 Hz, 2H),
7.47-7.42 (m, 3H), 4.25-4.18 (m, 4H), 1.15-1.07 @h]); °*C NMR (100 MHz,
CDCl3) 6 167.1, 166.1, 160.2, 157.5, 149.4, 147.2, 14(88,8, 129.5, 128.9, 128.2,
126.2, 124.7, 123.4, 62.0, 61.9, 13.7; IR ®ynB060, 3030, 2981, 2855, 1726, 1590,
1447, 1367, 1249, 1105, 1024; MS (ES mass) m/z33/ + 1].

Diethyl 2-(4-nitrophenyl)-6-phenylpyridine-3,5-dicarboxylate (68f):
EtO,C B CORE Pale Yellealid, m.p: 88-90 °C; R= 0.25 (10% EtOAc in
hexang);NMR (400 MHz,CDCls) & 8.65 (s, 1H), 8.31 (d,
NO2| 3 = 8.8 Hz, 2H), 7.77 (d) = 8.8 Hz, 2H), 7.67-7.58 (m, 2H),
7.50-7.43 (m, 3H), 4.3-4.2 (m, 4H), 1.18Jt 7.1 Hz, 3H), 1.11 (t) = 7.2 Hz, 3H);
¥C NMR (100 MHz,CDCl3) 3 167.1, 166.0, 160.1, 157.9, 148.0, 145.7, 14(88,7],
130.0, 129.6, 128.9, 128.2, 126.1, 124.5, 123.20,6@2.0, 13.8, 13.7; IR (chx
3031, 2981, 1720, 1570, 1428, 1379, 1249, 11057;105 (ES mass) m/z: 421.3[M
+1].
Diethyl 6-(4-nitrophenyl)-2,4'-bipyridine-3,5-dicarboxylate (689):
EtO,C - CO2Et Yellow oolsolid, m.p: 89-91 °C; R= 0.3 (50% EtOAc in
@IN/IQ\ hexan®).NMR (400 MHz,CDCl3) 5 8.76-8.70 (m, 3H),
" NO,|  8.32 (ik 8.6 Hz, 2H), 7.77 (dJ = 8.7 Hz, 2H), 7.50 (dJ
= 5.6 Hz, 2H), 4.30-4.21 (m, 4H), 1.21-1.13 (m, 6HE NMR (100 MHz,CDCls) &
165.8, 165.7, 158.3, 157.9, 149.6, 148.2, 146.6,014141.2, 130.0, 126.0, 126.0,
123.3, 123.2, 62.3, 13.8, 13.6; IR (&m3031, 2981, 1725, 1572, 1428, 1367, 1263,
1078; MS (ES mass) m/z: 422.3[M + 1].
(E)-diethyl 2-(4-nitrophenyl)-6-styrylpyridine-3,5-dicarboxylate (68h):
EtO,C Pale yellow solid, m.p: 127-129 °C; R0.3 (10% EtOAc in
hexan#).NMR (400 MHz,CDCl3) 8 8.75 (s, 1H), 8.37-8-
32 (m, 2H)28 (d,J = 15.6 Hz, 1H), 8.09 (d] = 15.6 Hz,

1H) 7.79 (dJ = 8.7 Hz, 2H), 7.65 (d] = 7.0 Hz, 2H), 7.43-7.33 (m, 3H), 4.49 (=
7.1 Hz, 2H), 4.23 (@) = 7.1 Hz, 2H), 1.48 (&) = 7.1 Hz, 3H), 1.16 (1) = 7.2 Hz,

CO,Et

NO,
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3H); *C NMR (100 MHz,CDCl5) & 166.1, 165.4, 158.6, 156.7, 148.0, 146.1, 141.9,
139.1, 136.2, 129.9, 129.3, 128.8, 127.9, 123.8,202122.6, 62.0, 61.8, 14.3, 13.8;
IR (cm™): 3050, 2981, 1719, 1573, 1448, 1347, 1236, 108S; (ES mass) m/z:
447.3[M + 1.
tert-Butyl 3-amino-2-methyl-5-ox0-2,5-dihydro-1H-pyrrole-1-carboxylate (71):

o)

0
NH,OAc N
OC
BocN MeOH, 5 h,
0 reflux NH,
70

71
To a stirred solution ofert-butyl 2-methyl-3,5-dioxopyrrolidine-1-carboxyla@®®*

(213 mg, 1 mmol) in dry MeOH (15 mL) was added /AAc (385 mg, 5 mmol)

under nitrogen. The mixture was heated to reflud atirred overnight at the same

temperature. After completion of the reaction thétume was cooled to room
temperature and evaporated under vacuo. The residaedissolved in EtOAc (10
mL) and washed with saturated NaHC€blution. The aqueous layer was further
extracted with EtOAc (3 x 3 mL). The combined orgalayers were collected,
combined, washed with brine, dried over anhydroasSR), filtered and evaporated
undervacuo. The residue was purified by flash chromatograpsing EtOAc to give
the desired compouril (0.171 g, 80% yield) as a pale yellow solid; mp®8°C; R

= 0.2 (5% MeOH in DCM);’H NMR (400 MHz,CDCls) 3 5.26 (brs, 2H), 4.79 (s,
1H), 4.39 (gJ = 6.5 Hz, 1H), 1.52 (s, 9H), 1.50 (@= 6.6 Hz, 3H) **C NMR (100
MHz, CDCls) & 171.1, 167.2, 149.5, 89.6, 81.8, 56.1, 28.2, 1BR0(cmi‘): 3345,
3271, 2981, 1745, 1672, 1597, 1349, 1255, 11586;10IS (ES mass) m/z: 235.2[M
+ Nal.

Ethyl 2-(1-hydroxyallyl)thiazole-4-carboxylate (74)

/ v
73 2h 74

To a stirred solution of ethyl 2-formylthiazole-drboxylate 73*? (0.093 g, 0.05

mmol) in THF (5 mL) at -78 °C was added vinyl maginen bromide (0.75 mL, 1.5
eq., 1M solution in THF). The mixture was stirremt 2 h and then quenched with
saturated ammonium chloride solution. Aqueous layas further extracted with

EtOAc (3 x 5 mL). The organic layers were collecteombined, washed with brine,
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dried over anhydrous N8O, and filtered. After removal of EtOAc under reduced
pressure, the residue was purified by flash chrography using 8% EtOAc in
hexane to give the desired compouidd0.081 g, 76% vyield) as a yellow color oilf R
= 0.5 (20% EtOAc in hexane)d NMR (400 MHz,CDCl3) 5 8.15 (s, 1H), 6.22-6.08
(m, 1H), 5.60 (d,) = 5.6 Hz, 1H), 5.54 (dJ =17.1 Hz, 1H), 5.33 (dJ = 10.4 Hz,
1H), 4.41 (9,J = 7.1 Hz, 2H), 1.39 (tJ = 7.1 Hz, 3H);**C NMR (100 MHz,
CDCl3) 5 174.4, 161.3, 146.9, 137.1, 127.8, 117.3, 72.4,6M4.3. IR (crit): 3450,
3113, 2981, 1723, 1589, 1482, 1368, 1215, 110, ;1d3(ES mass) m/z: 214.2[M +
1].

Ethyl 2-(6-(tert-butoxycarbonyl)-7-methyl-5-ox0-6, #dihydro-5H-pyrrolo[3,4-
b]pyridin-2-yl)thiazole-4-carboxylate (75):

0
=
N NBoc |BX, DMSO \ I NBoc
g 50°C,4h  EtO,c— | N
Etozc/K/S  \s
75

A mixture of enamin&4 (22 mg, 0.1 mmol), allyl alcohdll (23 mg, 0.1 mmol) and
IBX (1.2 equiv.) in DMSO (2 mL) was stirred at 50 for 4h. After completion of the
reaction (monitored by TLC), the mixture was quetthvith sat. NaHC®@solution
and extracted with EtOAc (3 x 3 mL). The combinedamic layers were dried over
anhydrous NgB5O,, filtered and concentrated under low vacuum. Thade
compound was purified by flash chromatography uS8@% EtOAc in Hexane to give
the desired compouritb (0.029 g, 70% vyield) as a colorless solid; mp 163-1C; R
= 0.3 (30% EtOAc in hexaneJH NMR (400 MHz,CDCls) & 8.47 (d,J = 8.0 Hz,
1H), 8.34 (s, 1H), 8.27 (d,= 8.0 Hz, 1H), 5.13 (q) = 6.6 Hz, 1H), 4.47 (q) = 7.1
Hz, 2H), 1.75 (d,J = 6.6 Hz, 3H), 1.63 (s, 9H), 1.45 (t,= 7.1 Hz, 3H);"*C NMR
(100 MHz,CDCl3) 6 168.2, 165.8, 164.2, 161.1, 154.9, 149.7, 14834,.3, 130.5,
125.0, 120.4, 83.6, 61.6, 57.8, 28.1, 18.8, 14&3(dm?): 2979, 2926, 2851, 1780,
1740, 1721, 1595, 1369, 1208, 1159, 1099, 1015(BESmass) m/z: 404.3[M + 1].
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5.7. NMR Spectra
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