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Svynopsis

This thesis entitled; Stereoselective Synthesis of Sub-structures of Eribulin (C14-C21 and
C22-C28) and Related Macrocyclic Compounds’ contain four chapters.

Chapter 1: Synthesis and Biological Evaluation of @toskeleton (Actin and Tubulin)
Modulators and the Importance of Macrocyclic Naturd Products and Synthetic Analogs

In this chapter, | explored the synthesis and lgiclal evaluation of cytoskeleton (actin and
tubulin) modulators. In tubulin class, | discuss$ked introduction, the structure of a microtuble,
the importance of microtubules in mitosis (celligion process) and microtubules as a target for
anticancer therapy by developing destabilizing atabilizing agents. In the category of
destabilizing agents, | explained the discovery dadelopment of eribulin and the literature
synthesis of its key fragments. In the categorstabilizing agents, | covered the chemistry,
biology, and the synthesis of peloruside A, natpralduct. | have also explained the importance
of actin, various natural products and their analdtgrgeting actin, and the importance of
modulating its dynamics. In addition to this, | ba&lso discussed the importance of protein-
protein interactions as targets for drug discové&igally, | have also discussed the importance
of macrocyclic compounds (natural products as wasllsynthetic compounds) in medicinal
chemistry and their distinct structural featuresewhcompared to their equivalent acyclic

compounds.

Chapter 2: Synthesis of C14-C21 Eribulin Fragment dér Building A Diverse Set of

Macrocycles(submitted for publication).

2.1: Literature Synthesis of C14-C21 Eribulin Fragment
This section covers the literature synthesis of-C24 fragment of eribulin, which is reported in

the literature, during the past several years bipua leading research groups.

2.2: Our Synthesis for the C14-C21 Eribulin Fragment
Eribulin (F1.1) is a non-taxane drug, and first-in-class microteldynamics inhibitor, which
was approved by FDA in 2010 for use in patients wheviously received at least two prior

chemotherapeutic regiments for the metastatic boeaer.

vii



The birth of eribulin originated from the Kishi'sogip while working on the total synthesis of

halichondrin and its various analogs while seamglian better microtubule binding agents.

( 1\
MPMO E
MeQ, E
RO 30 \
MeO, RO - oy |
HO K 35 O | i
CHO |
HO\/k“\.. R=TBS o7 E
® ofH B F1.2 5
2z W 26 |
MsO
ER-076349 |,
Eribulin, 1 20 17 22 1,
0. 14
1
20 17 OPv
F1.1
F1.4

Figure 1: Three Key Fragments According to Kishi

With our continued interest in developing the piadtsynthesis approaches to various sub-
structures of eribulin and other bioactive natysedducts, and their utilization in obtaining
different sets of macrocyclic compounds, we focused attention to the C14-C21 substituted
tetrahydrofuran fragment of eribulin. This key fnagnt was further utilized in developing the
modular synthesis for obtaining two different magaic compounds having 17- and 18-
membered rings. The key scaffdi®.1 was utilized in developing our macrocyclic syntkesi

approach.

OH

HO 0 19 &
P10 N 1917 ‘H o L7 20
L, o COOEt L 070 ol
@/\/ E,'} () (o) o /b o) (0) (e}
19
H H

F2.1

TLin

17-membered 18-membered
F2.2 F23

Figure 2: Two Planned Macrocyclic Targets having 17- andVig8nbered RingsH2.2 and
F2.3) from the Substituted Tetrahydrofuran Moidggg.1
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Our plan was to develop a practical and scalalde, methodology to the synthesis of C14-C21
fragment of eribulin. The retrosynthetic analysisoorr targetF3.1 is shown inFigure 3.
Compound3.1 was obtained from carbon extension, oxidation \ahitig reaction onF3.2. The
tetrahydrofuran ring formation could be achieverbtigh our key, planned iodocyclization of
F3.3. In our synthesis planning, we aimed for accestiegdiol compound from a cheap chiral

starting materiaR,R-tartaric acid, in a few simple transformations.

lodocyclization
P,O
2 OP; 21

p,0” %, _-O .

= "

o 17

HO
F3.2
BnO  OH HQ  OH
\ med oo — j 19\_QO
19\ HOOC COOH
HO RR-Tartaric acid
F3.3 F3.4

Figure 3: Retrosynthesis of C14-C21 Eribulin Fragment

1.2,2 DMP, PTSA e 1. NaH, BnBr 4
0

MeOH, 60 °C, 16 h (0] O THF,5h 0
s e, L
2.LAH,THF,16h HO— s OH 2 PPhgIm I  |— OBn
THF, 6 h
60% 2 steps '
° P 11 70% 2 steps 1.2
1. Cul, vinyIM%Br HO OH /I
HMPA, -30°C, 2 h 10) » I2 NaHCO; " 20@) -
> 7§ 17
N OBn
2.PTSA, THEH,0 // Et20 H,0,
0,
16 h, 58% 2 steps 4h,82%
1.3 1.4 1.5, minor
separable
no nOe nOe
Ha _ Hb
/I:,,Hao ?b A, S WS
BnO ‘\20 17 | BnO 20 17 |
J19 SEE
HO 1.4 HO 1.5

Scheme 1lodocyclization Approach to the Synthesislof and1.5.



As shown inScheme 1R R-tartaric acid £3.4) was converted td.2 via 1.1 in simple steps.
This upon treatment with vinyl MgBr/Cul followed n acetonide removal gave compound
1.3.Our key iodocyclization reaction with3 produced two tetrahydrofuran derivativés} and
1.5 as the major and minor products in a 4:1 ratiohese two diastereomers were easily
separable, and the pure products were then tholpgghjected to the structural analysis by 1D
and 2D NMR studies

The remaining steps for completing the synthesishef Kishi's tetrahydrofuran fragment are
shown inScheme 2 CompoundL.4 having atrans-2,5-disubstituted tetrahydrofuran moiety was
converted to2.1 in three steps, and this was then led to produtiegketo derivative2.2

Finally, the required produ@.4 was obtained fron2.2 in a series of steps that involved (i)
Wittig reaction, and (ii) the -OBn deprotection end.ewis acidic conditions, and this approach

completed our synthesis of the Kishi's fragment.

Synthesis of Kishi's Intermediate:

CO,Et 1.LAH,THF,4h
1. TBDPSCI, Im, DCM, 20 h 2. PivCl, Et;N, DCM, 3 h
20 -
2. NaH, Diethyl malonate 3. TBAF, THF, 2 h
0
TBAI, DMF, 120°C, 16 h TBDPSO . 4. DI\{)IP, DCM, 3 h
3. DMSO, NaCl,160 °C, 8 h : 43% 4 steps
56%, 3 steps
OPiv Methyl triphenyl OPiv OPiv
OBn phosponium bromide TiCl4, DCM  HO 14
|I/ O III/ 12111 O
e n-BuLi, THF, 0°C, 3 h 20 17 2h, 70% 2 17
55% 1o
(0] 2.2 24

Scheme 2:Completion of the Synthesis of Kishi's Fragment.

Having a method for obtaining the sufficient amowfitthe key intermediat@.1, we then
focused our attention to developing a modular apgioto the synthesis of two different
macrocyclic compounds$;2.2(a-e)andF2.3(a-e) Scheme 3hows our approach to the synthesis
of a macrocyclic compounié2.2(a-e) Compound.1 was hydrolyzed for obtaining the free acid
which was further allylated and subjected to thdrbyyl protection removal, giving.1 It was
then coupled with five different amino acids fort@ihing a precurso8.2 for our crucial Ring
Closing Metathesis (RCM). The use of a second geioer Grubbs' catalyst successfully produc-
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1. LiOH, (THF:H,0), 16 h

2. K,COj, Allylbromide O
DMF, 16 h VARRCY EDCI, DMAP
@ - wd N A

\ 0
3. TBAF, DCM, 4 h OH H é‘l—,‘f’g(;ﬁ)f‘ PeM

64%, 3 steps

[O NG}/

L1
U

(0] (0] Grubbs Il BhO

j: 0 K;mmol/o 6872/D 0w O
BT RS
PoT% I
R” N7 Yo
¥ o) o
F2.2

3.2 3_3

H i Pd/C /llu.
2 HO

single olefin geometry
- not assigned yet

Scheme 3:17-Membered Macrocyclic Compounds3(a-e)/F2.2(a-9)from trans-2,5-
Disubstituted Tetrahydrofuran Fragmeat].

single olefin geometry - not assigned yet
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-ed the 17-membered ring macrocycle with a singgérogeometry, giving compoun@,3. The
olefin geometry was not assigned due to overlapg@igmals in NMR. Five macrocyclic
compounds were obtained by this approach, and uhiglated the feasibility of our ring
formation, that is independent of an amino acitizel in the synthesis. As a test case, in three
examples, the hydrogenation conditions led to pcoduthe de-protected compounds and the

removal of the double bond, gave compoufi2 (SeeScheme 3.

In a similar manner, our synthesis approach foaiobtg 18-membered macrocyclic compounds
is shown inScheme 4 All the products were thoroughly purified andliaharacterized by MS
and 1D and 2D NMR.

OTBDPS
1. LIOH, (THF:H,0), 16 h \
@) (THF:H,0) 16h Y\/@/ EDCI, DMAP
2. K,CO3, Allylbromide o Alloc-AA, DCM
DMF, 16 h o OH  75.80%
3. TiCl,, DCM ( 4.1
58%, 3 steps A
OTBDPS OTBDPS OH
H H H H
o ,,, 0 " 1. Hy, PdIC 0 L
Grubbs I EtOAc 16 h o
(o) o o-e
10 mol% j 2 TBAF j/
)/ )J\ j/ DCM_ Lf,ﬂ\ J THF, 2 h, 50- i/\O/U\N o
70-75% 55% 2 steps H

F2.3

Scheme 4: 18-Membered Macrocyclic Compoundgt.3(a-e)/F2.3(a-g) from trans-2,5-
Disubstituted Tetrahydrofuran Fragmentl.
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single olefin geometry - not assigned yet

OTBDPS OTBDPS OTBDPS
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Chapter 3: Synthesis of C22-C28 Eribulin Fragment dér Building A Diverse Set of

Macrocycles(manuscript under preparation).

3.1 Literature Synthesis of C22-C28 Eribulin Fragmaet

This section covers the literature synthesis of-C28 fragment of eribulin, reported over the

years, by several leading research groups.

3.2 Our Synthesis of C22-C28 Eribulin Fragment

35

ER-076349
Eribulin,1

F1.1

Figure 4: Structure of Eribulin

In this chapter, we focused our attention to th@-C28 substituted tetrahydropyran fragment of

eribulin, and further, the use of this fragmentdeveloping a modular synthesis of various

macrocyclic compounds having a 17 membered ringge Koy scaffold5.6 was utilized in

developing this macrocyclic synthesis approach.

0]

Eﬂ)/u\\

233

(0]

'

TBDPSO

5.6

5
1) 28

AN

27

OBn

) 0] HN R
— H H I
O
28 27 O (6]
= OTBDPS

F5.1(a-d)

Figure 5: Macrocyclic Target having 17 Membered rifkgp (1) from the Substituted
Tetrahydropyran Moiety5.6)
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The retrosynthetic analysis of our tar§ét1is shown inFigure 6.

Compoundr6.1 could be obtained from6.2 by a Michael approach, protecting group removal,
oxidation and terminal Wittig reaction. The B unsaturated estdt6.2 was planned from the
lactone derivativel-6.3. The lactond-6.3 could be obtained from cyclization and methylatidén
compound~6.4,and this could be easily accessed from iso-ascad; F6.5as a cheap source

of chiral strating material.

O O
J\ Michael OEt 1%
22
BO™ % — addition
23',</c) O
\\\\“;1\)3,7,/ /OBn \\\\\‘ ~ : \\\\\‘ "’/l /OBn
* TBDPSO  OBn OTBDPS
F6.1 F6.2 F6.3
HO H
\/Lo = OO
26
= 4 N = HO—/F \*®_
TBDPSO  CO,E HO  OH
F6.4 F6.5

Iso-ascorbic acid
Figure 6: Retrosynthesis of C22-C28 Eribulin Fragment

Our synthesis was started with a chiral startindgenia, iso-ascorbic aci#6.5 as shown in
Scheme 5 It was to converted t6.1 in three simple steps. This then lead to productivey
corresponding alcohd.2, which following oxidation was then subjectedcte Wittig reaction
giving cis- (F6.4) andtrans- (5.4) products as two separable geometrical isomess4ri ratio.
Compound~6.4 was then subjected for cyclization under PTSA @w giving theo,p lactone
5.5. The stereoselective conjugate addition &b, produced compoun&6.3 The reduction
reaction followed by Horner-Wadsworth-Wittig reactifurnished two separable diastereomers
5.6 and5.7. Finally, the required produdt6.1 was obtained frons.6 in a series of steps that

involved (i) silyl group removal, (ii) oxidation dr(iii) Wittig reaction.
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J]\ Eto)l\_
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1 TBAF, THF, 2 h 0 Phosponium Bromide o)
27 > 27
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A 50% 2 steps ’ | Buli. THF, 0%C,
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Scheme 5:Synthesis of C22- C28 Fragment of Eribulin.

With having a sufficient amount of the key internaed 5.6 in hand,we then developed a
modular approach to the synthesis of macrocyclimpmunds,F5.1 Scheme 6shows our

approach to the synthesis of a macrocyclic comppolesd..
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Scheme 6: 17-Membered Macrocyclic Compounds=5(1) from

b
X

cis-2,5-Disubstituted
Tetrahydropyran Fragmer{g.6)

e

) o)
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H H
o K o
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The hydrolysis 06.6 produced the free acid which was further allylaed the protecting group
removal gave.2. 1t was then coupled with four different amino acfds obtaining a precursor
6.3 for the crucial Ring Closing Metathesis (RCM). Thge of a second generation Grubbs'

XVii



catalyst successfully produced the 17-memberedmagrocycle with a single olefin geometry,
F5.1 In one case, the olefin geometry was assigneddnyg extensive NMR studies. Four
macrocyclic compounds were obtained by this appr@en this further validated the feasibility

of our ring formation that is independent of an monacid utilized in the synthesis.
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Chapter 4: Synthesis of Isatin-based 13-Membered Maocyclic Diversity

In nature, isatin is found in many plants suchCasanthe discolor, Isatis tinctoria, and in
Couroupita guianensis, and it is a metabolic derivative of adrenaline, cwnly found in

humans.

Figure 7: Structure of Isatin

Isatins have significant importance in medicina¢mistry and are used as a common starting
material in the synthesis of a large variety ofeh@tyclic compounds which are biologically
active. A variety of pharmacological actions arsoagated with isatin and its derivatives include
several compounds having anticancer, antimicrobiantiviral, anti-inflammatory,

anticonvulsant, and analgesic activity.
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Due to the distinct structural features of macréicyompounds, they have less conformational
flexibility than an equivalent acyclic derivativaad so suffer a trivial entropic loss upon binding
to a receptor. In contrast to the smaller cyclistemns, macrocycles are not rigid, and so,
allowing them to potentially mould to a target swwé for achieving an optimal binding. In

addition to this, macrocyclic compounds also offiee possibility for binding across larger

surfaces that are difficult to access with the itradal small molecules. From the chemistry
point of view, macrocyclic compounds can offer vas types of stereochemical complexity and
the diverse functionality in a conformationally treted manner.

With this objective, we were interested in devehgpa synthesis method for obtaining different
types of 13-membered macrocyclic compounds usiatinigas the starting material and this plan
is shown inScheme 7 The introduction of an amino acid moiety in thaamocyclic ring would

allow introducing a chiral diversity site for oltag further analogs.

AN Amino Acid

/Coupling X O
oL 0O
v 5o N H
-~ O |

RCM
F8.1 F8.2 F8.3

Figure 8: Retrosynthesis of Target Macrocycles.

The retrosynthetic analysis of our targ&.1is shown inFigure 8. CompoundF8.1 could be
obtained from the amino acid building block couglifollowed by ring closing metathesis of
compound=8.2 This could be obtained from the commerciallyikde isatin,F8.3

Our synthesis was started with Horner—Wadsworth-Bnswweaction of commercially available
isatin, which gave the Wittig product. The redaotof the double bond with1Pd/C gave us a
racemic mixture, which was further followed by theduction of an ester with lithium
borohydride, protection of primary alcohol withy$igroup furnished compound 1 Allylation

of compound/.1 gavebis-allylated product which on deprotection with TBA&ve compound

F8.2 It was then coupled with five different aminodscfor obtaining a precursor for our crucial
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ring closing metathesis approach. The use of tbergkgeneration Grubbs' catalyst produced the

13-membered ring macrocyles with tihans olefin geometry’.2& 7.3

OTBS Q
? 1. NaH, TEPA, THF, 4 h 1. NaH, Allylbromide OH
2. Hy, Pd/C, MeOH, 6 h THE, 6 h
(0] > _— 0
N 3. LiBH,, THF, 4 h O 2. TBAF,DCM, 4 h N
H 4. TBSCI, Im, DCM N 2% 2 steps
16 h, 60% 4 steps .
F8.3 ° P 71 racemic F8.2 |
X
W
1. EDCI, DVAP, DCM, 3 h @p \|o o
0
2. G-Il cat.,, DCM, 40 °C g g
16 h, 65% 2 steps 1 ~N N 1
>=O \ >=O
Rz R,
7.2 7.3

1:1 separable diastereomers

Scheme 7:Synthesis of Macrocyclic Compounds
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NaBH,4 ; Sodium borohydride

NMR : Nuclear magnetic resonance
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PivCl : pivaloyl chloride

Pd/C : 10% Palladium on Carbon
PPh; : Triphenylphosphene

Rt : Room temperature

Rs : Retardation factor

TBDPSCI ; tert-Butylchlorodiphenylsilane
TBAF : Tetra-n-butylammonium fluoride
TBAI ; Tetrabutylammonium iodide
TFA : Trifluoroacetic acid

THF ; Tetrahydrofuran

TLC : Thin Layer Chromatography
TMSCI : Trimethylsilyl chloride
TiCly : Titanium tetrachloride
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General Information

'H and**C nuclear magnetic resonance (NMR) spectra wexded on Varian 400
MHz NMR spectrometer at the frequency indicated e¥éhndicated, the NMR peak
assignments were made using COSY experiments.h&lingcal shifts are quoted on
the o-scale and were referenced to the residual solaenan internal standard.
Combinations of the following abbreviations areduse describe NMR spectra: s =
singlet; d = doublet; t = triplet; q = quartet; mmultiplet. Mass spectra and LC-MS
were recorded using electron impact, chemical mion or electrospray ionization
techniques, on Agilent-6430 mass spectrometer. -“degformance liquid
chromatography was carried out on Agilent-1200ruraent using X-BRIDGE C-18
150x4.6mm § column. Thin layer chromatography (TLC) was calrieut on
aluminum sheets coated with silica gel 8QfFMerck, 1.05554) and the spots were
visualized with UV light at 254 nm or alternativdby staining with aqueous basic
potassium permanganate or ceric ammonium molyhbatatenhydrin. Flash column
chromatography was performed using silica gel (Mem60A, 230-400 Mesh).
Commercially available reagents were used as =gp@nd some of them were
distilled before use. All reactions were performeadoven dried glassware. DMF,
DCM, MeOH and THF were dried immediately prior teeuaccording to standard
procedures: dimethylformamide, dichloromethane diaslled under N from Cah,
methanol was distilled under,Mver Mg and tetrahydrofuran was distilled under N

over Na. All solvents were removed by evaporatindar reduced pressure.
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Chapter 1

Synthesis and Biological Evaluation of Cytoskeleton (Actin
and tubulin) M odulator s and the Importance of Macrocyclic

Natural Products and Synthetic Analogs

In this section, | am going to discuss about th&lsssis and biological evaluation of
cytoskeleton (actin and tubulin) modulators, an rewsv of protein-protein
interactions (PPIs) and the importance of macrocychtural products and other
related compounds.

1.1) Cytoskeleton

1.2) Tubulin (Microtubules)

1.3) Actin (Microfilaments)

1.4) Protein-Protein Interactions

1.5) Importance of Macrocycles

1.1 Introduction to Cytoskeleton

Cell is the basic structural and functional unitadif the living organisms, which is
composed of many organelles surrounded by a membi@ytoskeleton is a network
of intracellular filaments which is present in tbgtoplasni of the cell and plays a
major role in cell shape, division, and functionlising organisms<. It is present both
in prokaryotes and eukaryotes. In prokaryotes formed not very distinct, while in
eukaryotes, the cytoskeleton is made-up of comptexctures and other accessory
proteins necessary for the gene duplication andiaimation? The cytoskeleton in
eukaryotes is highly motile (i.e. capable of mo}i@md functions according to the
responses of the cell. It is dynafhia nature as it dismantles and rearranges itself
during the course of retaining the cell shape ctting, and also, allows the movement
of cell organelles in the cytoplashmThe functions of cytoskeleton include, the
structural support to the cell, the cell motilithe circulation of materials, and the

regulatory activities within the cell, etc.

Cytoskeleton is structurally made-up of microtululemicrofilaments and
intermediate filaments, which differ in their diatee and the protein sub-unfts.
These filaments are attached to organelles in &gap and plasma membrane with
the help of various accessory proteins.

» Microfilaments, also called as actin filaments, are the thin coments.
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> Intermediate filaments are fibers with diameters in a middle range.

» Microtubules are the thickest of the three components of thaskgleton.

Plasma membrane
Ribosomes

Rough
endoplasmic
reticulum

— Microfilaments

Intermediate = Mitochondrion
filament

A e
Tubulin f-Tubulin o-Tubulin
subunit dimer monomer monomer

@ 2001 Sinauer Associates, Inc.

Figure 1: Eukaryotic Cytoskeletal Element Arrangements
(note: this figure is directly taken from Googld)ne

http://www.sinauer.com/catalog/biology/cell-and-emilar-biology/mechanics-of-
motor-proteins-and-the-cytoskeleton.htmi#table ohtents

1.2 Introduction to Tubulin

Tubulin is a small protein unit of microtubulesdawas isolated in 1967, by Borisy
and Taylof It is an important subunit of microtubules whickaypa key role in
several cellular functions. The term tubulin wasegi by Mohri and co-workefsnd
the purification of the tubulin protein from bramwas carried-out by Weisenberg and
co-workers in 1968.It was obtained from the sperm tails by Shelaaski Taylor®®
Microtubules are present in all eukaryotic cytoskah and participate in several

biological functions.

Tubulin is a globular protein formed by two polypdp units, a-tubulin and p-
tubulin!® Both a- andp-tubulin have an approximate molecular weight of550kilo
dalton®! The arrangement of amino acid in both the unitsléstical with a very
minor changes. The third type of tubulin is knovenyaubulin® and itappears only
at the centrosome. It plays a major role in theeabdy of microtubules, during the
process of the cell division. Apart from these,eotlypes such as delta, zeta and
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epsilon tubulins are also reported in the literatdrAll these collectively are known

as tubulin super family.

1.2.1 Microtubules

These are the principal components of cytoplasragmteall over in the cytoplast.
They are hollow, cylindrical structures presentelydn cytoskeleton, and are formed
by the heterodimers of tubulin. The continuous ddg and disassembly of

microtubules is observed within the cell, whickiimilar to that of actin filaments.

Functions of microtubules:
« Cell shape determination and cell movemgnts
« Intracellular movement of organelfés

» Chromosome separation during mitosis i.e., cellsthwn.

o~ and p-tubulin Microtubule nucleus Microtubule
heterodimers

on
of
00 ® _
oo o0
o f

Figure 2: Polymerization of Microtubules
(note: this figure is taken frolat Rev. CanceR004, 4, 253-265)

1.2.2 Structure of Microtubules

Microtubules are structurally formed by the orgaitian of protofilaments of tubulin
around a hollow rod-like structutéProtofilaments are formed by the polymerization
of dimers of tubulin, in which, the distinct end® aermed as the head and tail. The
protofilaments are also arranged in parallel, whyoke rise to a polar microtubule

with positive (+ve) and negative (-ve) erldsThe growing intensity at the ends
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depend upon the polarity which determines the mavgnof microtubules. The

polarity is more at the plus end than the minus’&nd

Both a- andp-tubulin are homologous to each other and bind T® GGuanosine Tri
phosphate) nucleotide which is hydrolyzed by anyere called as GTPaséThe
GTP nucleotide - bound wtubulin is stable, which is consistent, whilebiading to
B-tubulin is labile and can alter easif{*> As the nucleotide bound @ tubulin is
stable, it is termed as the non-exchangeable $itrems the nucleotide pftubulin is
termed as exchangeable. This immediately convesetf to GDP with the help of an
enzyme, known as, GTPa¥eThe lability of tubulin is due to the presence of lysine
at the end site which is highly hydrolyzable, ansoacomparable to that of the
presence of glutamic acid éntubulin E254%°

In the course of the formation of a protofilamethte heterodimers of tubulin are
associated in such a way that the oppositely chaegels of the monomer units are
attached to each oth&r.These protofilaments further bind laterally, eveiiu
forming a microtubule. The surface of the microtebappears as the 2-dimensional
crystalline structure which grows as long as up2tonm!® Due to the distinct
arrangement of monomers during the formation witlarged ends, they end-up
alternatively with are andp tubulin units® As the tubulins are known as polarized
protein units, such an arrangement of polarizedeprs is also called aslectret

polymer

1.2.3 Dynamic I nstability of Microtubules

Microtubules are said to be highly dynamic polyffeThey are said to be highly
dynamic as there is a co-existence of polymerinatind depolymerizatiolf. The
phase in which the GTP subunits gets added to tite of the microtubule is
commonly termed as polymerizatiGhimmediately after the polymerization, the
bound subunits undergo the hydrolysis with theasdeof a phosphate molecule and
GDP?!® This GDP unit release from the microtubule atstdiarate which is nothing
but the depolymerization phenomen8iThus, the dynamic behavior of microtubules
is said to be a result of hydrolysis of GTP to GDh¥hich weakens the strength
required for the binding of the monomer unit to #wacent unit. Treadmillifg is
the process of continuous loss of tubulin molecaktagched to GDP from the minus

end and the same numbers of tubulin moleculesdatedaat the positive end. The loss

5
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of molecules from the minus end is termed as "ghge" whereas the addition is
called as "growth". Thus, alternate cycles of glowhd shrinkage also lead to the
dynamic instability of microtubules. As the tubuiimolecules attached to the GDP are
lost continuously, only the tubulin molecules thag attached to GTP are present in
the cytoplasm of the cell, which can only get digtto the microtubule at the cap of
GTP tubulins. This cap of GTP tubulins is presenth@ end of the microtubule
whereas the GTP attached tubulin molecules getsletinfor preventing the
disassembly of the molecul&ESNevertheless, thg tubulins can hydrolyze at a faster
rate than the attachment of new tubulins. If the @& hydrolysis is faster than the
attachment, the microtubules gets depolymerizexyltiag in a phenomenon called,

> in which, a

catastroph€ The process of catastrophe can be terminatagdnu
new cap of GTP tubulin is added to the tip. Thd lifd of the microtubules within

the cell is observed to be only few minutes duetheir property of dynamic

instability °
a b Qt,h fg E’Pf
P Lo w]
Lo a0 Sonec
p-Tubuitn )
a-Tubils 0

Tubuiindimer
nound to GTP

Growing microtubule

Paused microtubule {neither palymerizing
nos depoiymerizing]

Figure 3: Microtubule Structure and Dynamic Instability
(note: this figure is taken froiat. Rev. Neurosc008, 9, 309-322)

1.2.4 Microtubules: Rolein Cell Division

The process of cell division undergoes throughoteriphases, such as Interphase, M-

phase, G1 phase, S-phase and G2 phase. In Inteffitthe cell prepares for the
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cell division. The nucleus and the nuclear envelape separate and the chromatin
appears as the thread-like structure. The cell dgpenaximum of its time in the
Interphase. After this phase, it is the M-Phaseackwvis also called the actual dividing
phase and it comprises of Prophase, Metaphasehasapmnd TelophadkThe last

is the cytokinesis, in which, the cell gets divideth two daughter cells:

1.2.4a Organization of Microtubules at the Centrosome

During the process of cell division, the microtutsibre attached at the centrosdfme.
The minus end of the microtubules is attached acdntrosome and the positive end
is left freely’” Thus, the extension of the microtubules is notHing the spindle
fibers which plays a major role in the separatibcivomosomes to daughter céffs.
Therefore, the centrosome, here is, referred tah@snicrotubule organizing center
(MTOC) from which the assembly of microtubules getitiated in forming mitotic

spindles and play a major role in cell division.

Animal cells generally have a pair of centrioles tae centrosome (MTOC),
perpendicular to each other, and are surrounded pgricentriolar materidl. The
MTOC has two main functions, which include:

# organization of cilia and flagella in eukaryotidlse

& organization of mitotic and meiotic spindles

nucleating sites

centrioles

(A) (B) microtubules growing from
nucleating sites on centrosome

Figure4: Representation of Centriole and Microtubules Enmgydrom Centrioles

(note: this figure is directly taken from Googld)ne

During the mitosis as a proof of dynamic instabilif microtubules, they rearrange
completely to form mitotic spindl€$.The microtubules arrangement of the interphase

is disassembled and the tubulin units are furtearranged to form spindlé§This
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formation of spindle fibers lead to the separatdrdaughter chromosomes and the

formation of daughter celfs. The disassembly and reassembly of microtubuleagor

two microtubule organizing centers at the two ojeosnds of the spindle fibers by

the duplication of the centrosorfie.

1.2.4b Phases of Cell Division

S.No

Phase

Explanation

1

Interphase

thread-like chromatin initially but at the end,
actual as well as the sister chromosomes alte

sister chromatids (rod-like structures).

Chromosomes are doubled in number; appea'n]r as

he

S to

M-Phase | Prophasg

p Beginning of cell division. Appaeae of centriole
and the movement to opposite ends. Formatio
spindle fibers.

JJ

h of

Metaphase

Attachment of chromatids to the spindle fibers.

Anaphase

Splitting of sister chromatids and the enwent of
chromosomes to the opposite ends.

Telophase]

Formation of two daughter nuclei and the end

mitotic cell division.

of

Gi-phase

Time gap between the mitosis and the syst

phase

hes

S-Phase

Phase where the synthesis of DNA takes place.

G,-Phase

During this phase, the proteins requiregraared
by the cell along with the cell growth in order
favor the cell division. Time gap between f{
replication of DNA and mitotic phase.

he

Table: Phases of Cell Division

The interphase of the cell division ends with therfation of mitotic spindle$' It is

formed by the duplication of the centrioles andeotbomponents attached at the

centrosome but they all are positioned at one drtiencell?® In the actual mitotic

phase (M-Phase), the actual movement to the ogpesids then gets initiated. In the

prophase, the centrosomes separate and move @paetapposite poled.During the

separation of chromosomes, the chromatin gets cmedé' As discussed earlier, the
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minus ends of the microtubules are anchored whieptus ends are left freelyThe

plus end of the microtubule is the end which intesawith the chromosomes. The
sister chromatids that are formed by the replicatbsingle chromosome are joined
by a common centromere, during the metaphase. dimeefl sister chromatids are
then arranged on a vertical plane leading to tloegss of division which generally

occurs at the anaphase. During this period, the ghals of the microtubules are atta-

l Anaphase

Chromosome

¥inetochore

Microtubule . -.
Metaphase

) .
Sister chromatids

Figure 5. Phases in Mitosis (M-phase) Prophase, Metaphasephfase and
Telophase (note: this figure is taken frofat. Rev. Mol. Cell BioR008, 9, 33-46)

-ched to the centromere of the sister chromatitleccas kinetochoré’ The attached
microtubules are called kinetochore microtubulesictvhpull apart the sister
chromatids, and thus, form a part of the cell dig® Apart from the kinetochore
microtubules, astral and polar microtubules are plesent, which does not attach to
the centromere but strengthen the kinetochore mulbubes by stabilizing them for

helping in the cell division. As the sister chroidare pulled apart, two spindles are
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formed at the opposite ends and further undergisidivinto two daughter cells in

Telophase followed by cytokiness.

The microtubules as discussed earlier are hightgalme, and therefore, stabilized by
a type of special proteins, called as microtubusoaiated proteins (MAP'SY.

Although there are many types of proteins, MAP-1ARM2 and tau are the best
identified from neuronal cell€. MAP-4 is identified from non-neuronal vertebrate
cells?* Phosphorylation is the process associated withattivity of microtubule

associated proteins (MAP’s) and tau protein gaimsdimportance as a major
component in the characteristic lesions in thersraif Alzheimer's patients. As

discussed above, various types of proteins associaith microtubules help in the
movement, hence termed as motor proteins. Theyp&stof motor proteins, namely
are, kinesingtowards + endgand dyeningtowards - endj’ Both are called as the
prototypes of microtubule motor proteins and mavepposite directions along the

microtubule<?

1.2.5Microtubulesas Targetsfor Anti-cancer Therapy

As microtubules play a major role in the cell digrs process, they are considered to
be the targets for anti-cancer therdpshe mechanisms involve with microtubules as
the targets for anti-cancer therapy include thekdde or altering anyone or more
steps of cell division. This shows a direct effentthe multiplication of cells, which
generally depends upon the dividing capacity ofdlés? The crucial involvement of
microtubules in mitosis makes them a prime targefurther developing anti-cancer
agents. Microtubules play a major role in the mogetmand formation of mitotic
spindles; suppressing these activities also inhibi cell divisiort Also, the
inhibition of cell division leads to the destructiof microtubule$. In all the above
cases, microtubules target mitotic division of selHence, the drugs involving
microtubules as targets are generally named asmétotic drugs® In addition, the
microtubule targeted drugs can be effectively usedcombination with other
chemotherapeutic agents such as vinca alkaloidanés etc. Hence, microtubules

are considered as the targets for the study ofecairags.

Microtubule-targeted anti-mitotic drugs are maiclgssified into two group5One
class of anti-mitotic drugs demonstrate their aigtilsy inhibiting the polymerization

of tubulin in forming microtubules and they are ledl microtubule- destabilizing

10
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agents or the polymerization inhibitdrd.he second class of anti-mitotic drugs are
termed as microtubule stabilizing agents or depelymation inhibitors and these

types compounds exhibit their activity by inhibgithe depolymerization of tubulin.

MICROTUBULE DESTABILIZERS MICROTUBULE STABILIZERS
Vinca alkaloids =1 B
Vincristine Halichondrin B * . = ,
Vinblastine Eribulin mesylate L“* o ..-f.Ifa'-'"ma"dﬁ:,(_[ Lﬂ“""“ﬂ_"dﬁ
Vinorelbine Cryptaphycins we binding site Peloruside A
Vinflunine Dolastatins & J'ﬁuﬁb}‘u ~4 Discodermolide [- Cyclostreptin
-._JHJ WS Dictyostatin Eleutherobin
Vinca o j Sarcodictyins A+B
binding site 2 [EFLE
:HJ%J‘-‘ Taxanes
. ) & 9 + Paclitaxel
Ec:élti:hlcmi:ﬁ' : ~ Taxane + Docetaxel
cing S binding site « ABI-007
...»-’n_.} 4-* N Epothilones SRS
Colchicine L Ixabepilone
Patupilone
2-Methoxyestradiol Epothilone D Epothilone B BME-310705
Sulphonamides *KOS-862 ABJ-879
Aspergillus derivatives ~ "KOS5-1584 ZK-EPO
CCR Molecular Pathways A

Figure 6: Microtubule Stabilizers and Destabilizers theinding Sites on Tubulin
(note: this figure is directly taken fro@lin. Cancer Res2008, 14, 7167-7172)

1.2.6 Microtubule Destabilizing Agents

Microtubule destabilizers consist predominantlydofigs that act at the Colchicine-
Vinca binding sites. Colchine and related analogsl o thep-subunit of soluble
tubulin and this leads to the formation of tubdisichine compleX® This complex
undergo polymerization with normal tubulins in rfong the microtubule® The
presence of this complex brings the
conformational change which blocks the tubulin digrfieom further addition.  This
process prevents the growth of the microtubules. ti#es tubulin-colchine complex
slows down the addition of new dimmers, the midoate depolymerizes due to the
structural instability during the Metaphase ofagis® The vinca alkaloids bind to
the B-subunit of tubulin dimers at a separate regiofleddhe vinca-binding domain.
The binding of vinca alkaloids to soluble tubuls reversible and rapid, however,
they induce the conformational change in tubulinconnection with tubulin self-

associatiori. Vinca alkaloidsbinds to tubulin with a high affinity at the micufiule

11
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ends but with low affinity at the tubulin sites pemt along the sides of the
microtubule cylindef. The binding of these drugs at the high affinitesiresults in

the kinetic suppression of tubulin exchange evea ktw drug concentration while
their binding to the low affinity sites in relatlye high drug concentration

depolymerizes microtubulés.

1.2.7 Microtubule Stabilizing Agents

Microtubule stabilizers consist predominantly ougs that act at the taxane-and
laulimalide binding site. Paclitaxel (taxol) is tipeototype preliminary version) of
the taxane family of antitumor drugs, and it is fin&t natural product shown to act as
the microtubule stabilizef. Taxol improves the microtubule polymerization by
enhancing both the elongation and nucleation phak#te polymerization reaction,
and it decreases the critical tubulin subunit coire¢ion. The binding mechanism of
taxol imitate that of the GTP nucleotide with sodifferences’ At one end of the
tubulin dimer, the GTP binds and maintain the ccntath the next dimer along with
the protofilament. Whereas, taxol binds to one siti@-tubulin while keeping the
contact with the next protofilament. Taxol bindisges are also located in the
assembled tubulin while GTP binds to unassembledlitu?’ The hydrolysis of GTP
intiates the disassembly of the microtubule syst&hile the activation of tubulin by
taxol leads to permanent stabilization of the ntidoale?®

Shown below are some of the tubulin destabilizing atabilizing agents along with

their binding domains and structures:

Domain Name Structure

R=Me
Vinblastin

R= CHO
Vincristine

12
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Vinca
domain

Vinflunine

Vinorelbine

Natural :
Cryptophycin
1R=H

Synthetic:
Cryptophycin
52 R = Me

X 0T
O)S,/\N 0 OMe
~ H

Eribulin
mesylate

(Halaven™)

Halichondrin
B
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o)
§ N
Dolastatin 10 \N\/';( N H
olastatin 4 | dve O o
MeO J/\(
N
O N s
H S\/>
Colchicine | o~
\ o) O
B >
A
HN
0
Colchici
ne .
. Combretastati
domain n
2-methoxy
estradiol
Figure 7: Tubulin Destabilizing Agents
R=Me
Peloruside A
laulimali
de R=H
binding Peloruside B
site
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(-)-Laulimalide

Taxane
binding
site

Paclitaxel(taxol)

X=0 R=H
Epothilone A

X=0 R=CH
Epothilone B

X =NH, R =CH3
Ixabepilone
(BMS-247550)

Discodermolide

Dictyostatin

OH OH

Figure 8: Tubulin Stabilizing Agents
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1.2.8 Synthesis of Microtubule Destabilizing Agents

Eribulin: Eribulin mesylate (Halaven®)F(gure 7) is a non-taxane microtubule
dynamics destabilizer, and is approved for theitneat of late-stage metastatic breast
cancer” It is a macrocyclic ketone, non-peptidic, and yfudlynthetic drug that is
derived from the truncated version of halichondBin(F9.1).3° Halichondrins are a
class of polyether macrolides, first isolated frdine marine spongeéialichondria
okadai Kadota?® which is commonly located along the pacific coafstlapan. The
potentin vivo activity of the crude extracts frohtalichondria okadaiKadota, led the
isolation and identification of nor-halichondrin (/&9.2) with the cytotoxicity, 1Gy =

5 ng/mL vs. B16 melanoma as shown by the Uemuma®felater, Uemura and co-
workers collected 600 kg ¢f. Okadaj and further identified seven halichondrfs.

Halichondrin family is having an unusual 2,6,9-tatricyclo [3.3.2.0] decane ring
system, as well as a 22-membered macrolactone timgexocyclic olefins, and, an
array of poly-oxygenated pyran and furan rings tthefine three major classes of
halichondrins A, B and & The detailed isolation and structural elucidatigrthe

halichondrin family is nicely reviewed by Phillig&id co-workers in 2008.

Me

54 Halichondrin B (F9.1)

Figure 9: Halichondrin B and nor-Halichondrin A
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First, the total synthesis of halichondrin and mdidhondrin was achieved by Kishi
and co-workers in 1992 Second, the total synthesis of norhalichondrin Bsw
reported by Phillips and co-workers in 200%ome other groups also worked on the

total synthesis of halichondrin family natural puats Eigure 10).%>%

1.2.8a Discovery and Development of Eribulin

During the biological evaluation of halichondrin Bnd its intermediates, a
macrocyclic macrolactone diéll0.3 was discovered as a more potent compound than
halichondrin B against DLD-1 human colon cancerscél Among these several
derivatives, compounds having the ketone moietyewlee most promising, and, thus,
F10.2 (ER-076349) an#10.1 showed prominence in activity (E7389, previousR-E
086526). Halaven F10.1 is a non-taxane, first-in-class microtubule dynasmi
inhibitor. The FDA approved this compound for thetastatic breast cancer

F10.1 F10.2 ER-076349
Eribulin mesylate (Halaven ™)

HO

F10.3

Figure 10: Chemical Structures of EribulirF10.1), ER-076349 F£10.2) and Diol
(F10.3)

The novel mechanism of action of eribulin is diffiet from other several classes of

tubulin targeted agentFigure 11).>° These known compounds bind to an interdimer
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interface or the tubulin subunit alone and, inlsililie microtubular growth phase of
microtubular dynamics instability in interphaselgekithout causing any effect on
shortenind®*! In addition to this, moreover, it also promotes teatromere spindle

relaxation without affecting the rate of stretchffig

The preclinical studies of eribulin showed a bragectrum of anti-tumor activity
against a wide variety of human cancer tyffeShe phase Il trials of eribulin in
chemotherapy pre-treated advanced breast cancemggsashowed a manageable

tolerability profile with most common drug-relatadverse effect

1. Eribulin suppresses
microtubule polymerization

Tubulin
polymerization
Growing o
microtuble

o) Non-productive
tubulin aggregatives

) Tubulin
Shortening depolymerization
microtubule

2. Eribulin has no significant effect on
microtubule depolymerization
Figure 11: Eribulin Mechanism of Actioff
(note: this figure is drawn fromilol. Cancer Ther2005, 4, 1086)

Peripheral neuropathy is a common toxicity assediatvith tubulin-targeted
chemotherapeutic agents. The phase Il study comphesincidence and severity of
neuropathy associated with eribulin or ixabepilomanetastatic breast cancer was
designed to detect a difference in neuropathysa®5% for eribulin versus 63% for

ixabepilone®* These studies have shown the incidence of neurgany grade) to
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be 33.3 and 48.0% and peripheral neuropathy as &1d444.0% for eribulin and
ixabepilone respectively even though these reswdte not significant. The phase Il
trial, 762 women with LABC (Locally Advanced BreaSancer)or MBC(Metastatic
Breast Cancer) were randomly allotted in 2:1 raieribulin 1.4mg/rhover 2-5 min
on days 1 and 8 of 21-days cycle (n=508). The rreat of the physicians choice
(TPC) (n=254), result showed a significant increasan overall survival for eribulin
(13.1 months) compared with TPQOreatment of Physician’'s Choice10.6
months)* Based on the result, the FDA approved eribulinyiaés as the third-line
treatment for MBC (Metastatic Breast Cancer) rdbgc to anthracyclines and

taxanes.

1.2.8b Key Fragments of Eribulin

The Eisai synthesis of ER-076349 and E7389 utilinedt of the technology that was
adopted from Kishi’'s approaches. ER-076349 wasilseaynthesized from three
fragments, and, they are shownFigure 12. Later, a practical, gram scale synthesis

of eribulin was also reported by Yu and co-work&rs.

MPMO
MeO, H
%, MeQ, 1
RO y 30 HO “,
Ro\)\\“.\ g Ho\/'\ .
35 O | w
CHO 3 10)oH
F1214 7
26
MsO
ER-076349 '/,
"y
, O. 14 R=TBS
(1
20 17 OPv

F10.2

F12.3
Figure 12: Key Fragments of ER-O76349

1.2.8c Synthesis of Eribulin Fragments
Fragment C14-C26: In this section, | am going to discuss the recemithsesis of
C14-C26 fragment, reported by Chandrasekhar andockers?’

The retrosynthetic analysis of target3.1 is shown inFigure 13. CompoundF13.1
obtained from oxidation was followed by the Wittigaction of F13.2. The
tetrahydrofuran ring formation could be achievetigh Sharpless asymmetric di-
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OTBDPS

OAc
A OBn
23
OBn 3 /,,,?@V\)m
14 A
TBDPSO HO
F13.1
OTBS
OTBDPS
+ BnO \
AcO
_ OBn
F13.4 F13.5
U F13.3
R-(+)-Citronellol 1.4-butane diol

Figure 13: Retrosynthesis of C14-C26 Fragment

-hydroxylation followed byin situ SN*-cyclization of alcoholF13.3. Compound
F13.3 could be furnished by the cross-metathesis readietween two moieties,

F13.4 andF13.5, which were easily obtained froR-(+)-citronellol and 1,4-butane
diol, respectively.

OH 3 steps allylMgBr, Cul, THF 26 OTBDPS
e OTBDPS > s
2 -20°C, 30 min, rt, 2h  HO
0 94% pZ
20
1.1 1.2 1.3

R-(+)-Citronellol

Ac,0, Et;N, DMAP =~ OTBDPS
> 23
rt, 12 h, 91% AcO
=
20
F13.4

Scheme 1: Synthesis of Compouri€l3.4

A series of silyl group protection, ozonolysis bétolefinic bond on compouridl
yielded an aldehyd® which was then converted to an epoxy silyl eth@rusing an

organocatalytic reactiof?°®* This upon treatment with allyl MgBr/Cul gavk3.
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Following the secondary alcohol protection, thipra@ach furnishedhe synthesis of
F13.4.

o 1. (S)-BINOL, Ti(OiPr), oH

BnO\/\)L 4 A° MS, reflux, 1 h B O\/\/'\/\
17 H > n 17 AN

14 14
2. allylsnBus, -78 to -20 °C

21 48 h, 80% 2.2
TBSCI, imidazole, DMAP OTBS
>
BnO
DCM, 0 °C-rt, 6 h, 96% ¥ TR
F13.5

Scheme 2: Synthesis of Compouri€l3.5

Grubbs' Il gen catalyst CSA, MeOH

F13.4 + F13.5 > —_—
DCM, CH,Cly, reflux 5 . 0°C-rt, 3 h, 73%
2h, 55%

1. MsCl, TEA, 0°C-rt, 1.5 h

T
2. AD mix-o., CH3SO,NH,
OBn  tBUOH/H,O (1:1), 0 °C-rt

24 h 61% for 2 steps TBDPSO

OTBDPS

Dess-Martin
periodinane
_—_—m—
DCM, 0 °C-rt, 2 h
83%

CH3PPhsBr, 'BuOK

0°C,2h, 76%

3.2 F13.1

Scheme 3: Synthesis of C14-C26 Fragment

An asymmetric Keck allylatiofi of aldehyde2.1 (obtained from 1,4-butane diol)
gave homoallylic alcoha.2 (95% ee). This was further followed by the seconpda

alcohol protection with the silyl group, giving cpoundF13.5.
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The differentially protected tetrol, compourdil was then obtained by a cross-
metathesis reaction betweEh3.4 andF13.5. Selective deprotection of the secondary
silyl group, finally, gave compoun@l3.3. The tetrahydrofuran ring formation could
be achieved through Sharpless asymmetric dihydatioyl followed byin situ SN-
cyclizatiom*® of alcohol, F13.3. Oxidation of compoundF13.2 gave the
corresponding keto compoul®, which upon Wittig reaction producete target as

the exomethylene producil3.1

Fragment C1-C19: Here, | am explaining the recent synthetic stratégyeloped for
the C1-C19 fragment of eribulin/halichondrin by ttishi’s group>®

MeO__1 _ MeO_ MeO_1
H
(o] e} (e} e}
H\“ 0 H\\‘
10 OH
fe) CHO o)
O (0] 4 steps, 69%
Ni/Cr-mediated {—=
coupling, 87%
4.1 Cly,,
+ ,
| cCl Cls, |
Ww |
4.2 o

Scheme 4: Synthesis of C1-C19 Fragment

The Cr-mediated coupling of organic triflates olides with aldehydes is affiliated to
a class of 1,2-carbonyl addition reactiGhd\i-or-Cr-Mediated coupling of alkenyl

triflates or halides were originally reported byykina, Takai, Nozaki and co-workers
in 1983% In this process, the active nucleophiles, RCrte generated from their

corresponding triflates or halidessitu

The researchers first studied the coupling efficyenf p-iodoenone §.1) with an
aldehyde %.4) using 10mol% Cr catalyst prepared from sulfonarBb>® and 1
mol% 5.7. In addition to this, different types of cataly3tsB-bromoenones and
aldehydes were also tested. Moreover, the computdtiexperiments were perfor-
med to study the reactivity betwepibromoenones and vinyl iodid@%*°Finally, the
coupling of4.1 and vinylogous acyl anion d§-bromoenone4.2 with Cr-catalyst
(which was prepared from sulfonamiflé and Ni-comple»6.3) gave good results.
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X n
\n/\/ + OHC\(V);OTBDPS » 07H1s\n/\/x
0
54 5.5

5.2, X=Br  5.1.5.527% (condition A) and 36% (condition B)

5.3;X=Cl 5.2.5.5 57% (condition A) and 81% (condition B)

5.3-5.5 52% (condition A) and 48% (condition B)
OMe
o | OMe

N NH
0=S=0
5.7: (Me),Phen(H), *NiCl,
cl cl R=Me, X=H
5.6

5.8: (Me),Phen(OMe), *NiCl,
R=Me, X=OMe

A: 10 mol% Cr-complex prepared from sulfonamide 5.6 and
1 mol% nickel complex 5.7

B: 10 mol% Cr-complex prepared from sulfonamide 5.6 and
0.05 mol% nickel complex 5.8

Scheme 5: Optimized Conditions

MeO_1 MeO__1
H
o} 0]
I\ 0
H 10 19 ‘\\H
0 CHO 1. p-O,NPhCOCI
0 2. aq.TFA
Ni/Cr-mediated _—
41 <j coupling, 87% 3. aq. Na,CO3
. 4.jon-exchange  Cls,,
| cl resin based
z | 4.4
)\/\/\ﬂ/\/ Br
4.2 o

6.1; n=1
6.2, n=2
6.3; n=3

coupling conditions: 10 mol% Cr-catalyst prepared from
sulfonamide 5.6, 0.05 mol% Ni-complex 6.3, Zr(Cp)2 (1.5 eq),
LiCl (2 eq) and Mn (2 eq) in MeCN (0.4 M) at RT, 3h.

Scheme 6: Applied Reaction Conditions

23



Chapter 1

The furan ring generation was carried-out by arlagion of allylic alcohol as the-
nitrobenzoate which was then followed by an aque®b&# hydrolysis of the
cyclohexilidene group, finally, giving the diol nety. This was then treated with
agueous KCOs; for the p-nitrobenzoate hydrolysis followed by an oxy-Michae
addition of C9-hydroxyl group with am B-unsaturated ketone giving 1:2 mixture. It
was then subjected to an ion exchange resin, tbogleting the synthesis of the

desired polycyclic compound, 4%+

Fragment C27-C35: In this section, | am going to discuss the recgntreesis of

C27-C35 fragment from Chase and co-worlrs.

oy oH o, 0
¢ 30 1.H;S04, acetone-MeCN O 34 3 74 Pd/C, Hy, THF m%
S OH idi 29 © r|d|ne
H O~ 29 2. SOCl,, pyridine, MeCN, H O py

HO' Cl
0°C
741
BnO,
1. DIBAL-H, -20 °C L—L% 1. KHMDS, THF, 25 °C Z—X‘o%
' ' — " o
2. Mg, TMSCH,CI, THF  TMS 2. BnBr, "BuOK, THF N o
-10°C
7.4 7.5
1. (DHQ),AQN, OsO, BnO, . .0 1. allyltrimethylsilane OBBnO”« Y
KoCOs, KsFe(CN)g OBz A_L TiCl,, Ti(Oi-pr), . oo z 5
> BzO\/k . > Bz \/k " '.,
2. BzCl, DMAP, NMM WNNG 0 2. trichloroacetic anhydride WNWING S
DMSO, Et;N
7.6 7.7
1. (E10),P(0)CH,SO,Ph HO, SO,Ph 1. NaBH(OAG)s, HO, SO,Ph
LHMDS, o oBz %3 g/ (n-Bu),NCI OH ™
L BzO\/k “ . HO\)\ " "
2. TMSI, Toulene-MeCN X "™No "'ﬁ 2. K,CO5, MeOH Y ™Ng "'28/§
7.8 7.9
M
1. 2-methoxypropane SO,Ph 1.2 M HCI, MeOH TBSO eo’c,:n SO,Ph
H,SO,, DME > \)\
,,,, 2. TBSCI, imidazole TBSO e oy
2. t-BuONa, Mel, DME 35 0"
-NMP
7.10 7.11
MeO, Ph
Oj, 2-PrOH, BHT in 2-PrOH TBSO %31 S0,
> TBSO\)\
Lindlar's catalyst, H, we
35
27CHO

7.12

Scheme 12: Synthesis of C27-C35 Fragment of Eribulin
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Glucurono-3, 6-lactone acetonitfe7.2 was obtained fronv.1, which was then
subjected to catalytic hydrogenation, giving demetanide7.3. DIBAL-H reduction
and silyl protection of primary alcohol further preced7.4. Treatment of7.4 with
KHMDS induces the reductive elimination of trimegilanol followed by benzyl
protection and this approach yielded the olefib. The Sharpless asymmetric
dihydroxylatiorf>®finally produced the chiral secondary alcohol diastereamatio
of 3:1 and this was then followed by the benzogk@ction giving the dibenzoatet.
C-Glycosidatiofi” of 7.6 with allyltrimethylsilane, followed by a modifieoffat
oxidation, led the synthesis of compound,7. Horner-Wadsworth-Emmons
reaction®® followed by the cleavage of the benzyl ether @mpound7.7 gave7.8.
The hydroxy-directed conjugate reductf8rof 7.8, which upon treatment with base
produced the corresponding trioV.9. The acetonide protection followed by
methylation of compound’.9 furnished the synthesis of.10. Deprotection of
acetonide in acidic medium followed by silylatioroguced7.11. Finally, the target
compound was synthesized by ozonolysis of the teahalefin of7.11, followed by
the reductive workup.

1.2.9 Synthesis of Microtubule Stabilizing Agents

Peloruside A: Peloruside A was isolated by Northcote and cokers in 2000 from
the New Zealand marine spongéycale hentschefi*’® and was identified as a
tubulin-stabilizing agent by Miller and co-workeérs20027* Thein vitro studies with
purified tubulin showed that peloruside directlpmote theubulin polymerization in
the absence of microtubule-associated prot€inBeloruside A binds to the
laulimalide site withp-tubulin, which is different site to the one, tuipubinding to
paclitaxel. It was further indicated that peloresil and laulimalide have a different

binding site from other microtubule-stabilizing atg’

In the laulimalide-tubulin complex, the parts oétmacrocycle and the side chain of
laulimalide are deeply inserted into a pocket faitnty residues GIn293, Phe296,
Pro307, Arg308, Tyr312, Asn339, Val335, Tyr342, &ick343 off —tubulin(Figure

14 b). The 027 atom of dihydropyran moiety in the sidain makes a water-

mediated hydrogen bond with the side chain -OH g@iuTyr312 and the main chain

carbonyl of Phe296. The 020 atom in the side clad the O9 atom of the
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tetrahydropyran ring in the macrocycle make hydnogends with the side chains of
Asp297/Ser298 and Asn339 respectively.

a) R
. ,J R L
O A - 1P
PR -
QY g T
St % 1 4
e~ Laulimalide

: . . "';d.
- -‘.T/ NJSEIII-'I:}_F_?EIE I'. Wi35 -
Fidl o = o ul
;/,. /&"'"W Lavtimalide

¥ ; s
oo | 1H !]

Figure 14: Complex Formed between laulimalide-Tubulin and Bwdoruside A-
tubulin  (note: this figure is directly taken froAngew. Chem. Int. EQ®014, 53
1621-1625)

In the peloruside A-tubulin complex, hydrogen berde formed between the 024,
011, 03, 02, and O1 atoms of peloruside and the sidins of Tyr312, GIn293,
Arg308, Asp297/Arg308, Ser298 @tubulin(Figure 14 c) respectively.

Laulimalide-tubulin complex? and peloruside A-tubulin complé%both shows the
macrocycles as well as the side chains of micrdeubtabilizing agentsuperimpose

well, further demonstrating a common binding m@eigur e 14- d).

1.2.9a Synthesis of Peloruside
Herein, | am going to discuss the recent synthefsigloruside from Evans and co-
workers’* The purpose of discussing this synthesis is tortepconvergent approach

that was developed by the researchers to thisalgitwduct.
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1, 5-anti 1, 5-anti Me OTBS

0] OMe OTBSOMe O OH OMe OPM
< < H < /

Xc v N9y
SMoMm TBSO M€ Me Me
F15.2
O OMe O U
H Me OTBS
Xc 3 5
(=)MOM o] (gMe (EDTBS OMe O o]
F15.5 & x7Y ~ Oy
+ SMom TBSO M€ Me
O OBn OTES F15.3
HT N9
BsoMe” e
F15.6

Figure 15: Retrosynthesis of Peloruside A

The disconnection d¥15.1 relies on the two highlighted aldol disconnectiassit is
illustrated inFigure 15. Target compound~15.1 obtained fromF15.2, which is
obtained from aldol reaction d¥15.4 and F15.3. CompoundF15.3 was obtained
from aldol reaction betwednl5.5 andF15.6.

Imide based aldol reaction betweéhl and 8.2 established the C2-C3yn
stereochemistry with an excellent diastereoselegtiand this approach, ga&3,

which upon methylation followed by an acetal clegajgoroduced synthdh4

O 0 ™\
. O HO 1. Me3OBF, O OMe O
Bu,BOTY, i-Pr,EtN £ 0_ O =
O)LN)H 2 2 - )J\/\>< proton sponge )J\/;\/U\
\—( OMOM )\ X Y Me 5 PPTS acetone < I Me
Bn j\o><o OMOM OMOM
8.1 H Me 8.3 8.4

Scheme 8: Synthesis of Synthog.4
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Compound.2 was obtained from starting materi&)-pantolactone in three steps.

0 .
Me OBn OTES !-Me,C=CHBr, t-BuLi O OBn
o OH 1. BhON(H)CCl,, TfOH [1] 2. Zn(BH,),
f - f 7 9
[, 2.Me,Al, MeON(HMe.HCl  Me© |\j| e 3TBSCL H 4 OTES
Y€ 3.TESCI, Et;N, DMAP O Me Me 4 0, PPh, TB8SO Me' Me
9.1 9.2 9.3
Scheme 9: Synthesis of Synthoa.3
O OMe O O OBn O OMe O OH OBn
Z N 9-BBNOTF, EtsN :
X Y3 Me = HT7TY 9 SOTES —— X~ Y73 v <~ SOTES
OMOM TBSO Me Me OMOM TBSO Me' Me
8.4 9.3 10.1

Me OTBS
1. Me4N(OAC)sBH, AcOH F15.4 0
2. TBSCI, Imidazole 1. 9-BBNOTf, DIPEA z
> F15.3 . ) Y ”
3. Me3OBF,, proton sponge 2. (iPr),SiHCI, DMAP 6MOM TBSC=) Ve Me M
4. Pd(OH),/C, H, e
5. Dess-Martin, pyridine 10.2  R= Si(iPr),H
TBSO
1. 8nCly 1.DDQ 1:1 4 N HCI,
» F152 —>» —» F151
2. 1:1 TBAF, HOAc 2. Hy0,, LIOH
3. Me;OBF,, proton sponge 3. CgH,CI;COCI
DIPEA, DMAP OMe

R1=TBS 10.3
R2=MOM

Scheme 10: Completion of Synthesis

The synthon9.3 was produced fronD.2 in four steps which involved Wittig,
stereoselective borohydride reducfi®(95:5 diastereoslectivity) of carbonyl group,
the protection of alcohol with the silyl group aiglly, the ozonolysis.

Compound10.1 was obtained (dr = 98:02) by aldol reacfiobetween methyl ketone
8.4 and aldehyd®.3. A series of reaction oh0.1 which involved the reduction of C5
carbonyl with triacetoxyborohydrid® (dr = 10:1), silyl group protection of less
hindered C5 hydroxyl group, methylation of C7-hydrogroup, removal of benzyl,

triethylsilyl and oxidation, finally gave compoufd5.3.
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The aldol reaction of aldehydE15.3 with methyl ketoneF15.4 produced the
diastereomers in 20:1 ratio which on protectiorhveityl group gave compouriD.2.
Chemo- and stereo-selectigramolecularnti reductiod® of 10.2 with SnCl, gave
the desired diastereomer with 40:1 selectivity.sTigpon subsequent C11-C13 silyl
protecting group removal, selective methylation Gf3 hydroxyl group, yielded
F15.2. The -OPMB removal of15.2 followed by the hydrolysis and subsequent
Yamaguchi macrocyclizatih produced10.3. Finally, peloruside A(F15.1) was
achieved through the protecting groups removdl0s.

1.3 Introduction to Actin

The leading cytoskeletal protein of all eukaryatigl is actin, and it participates in
many essential cellulgrocesses, including cell motility, cell divisiozell signaling,

muscle contraction, and cytokine&s.

Actin was first isolated by Banga and Szent-Gyorgyi942 from the rabbit’'s muscle
cell, in which, it constitutes approximately 25-3@% total cell proteif¥? Actin have

3 isoforms, and they are:actin, B-actin andy-actin. Within the cell, actin is existing
in two forms. One is the monomeric called G-actiglobular actin, second a double
stranded filamentous polymer called F-aciiine crystal structures of both G-actin
(monomer) and F-actin (polymer) were determined900 by Kabsch, Holmes and

their colleague&®

1.3.1 Microfilaments

Theseare solid rods about 7 nm in diameter and were dasbebecause of their size
and diameter when compared to other componentshefcytoskeletofit These
filaments are made up of a protein called actinicviis present in muscle fibers and
is involved in contractiofi® Apart from the presence in muscles, it also foanmart
of cytoskeleton. These protein units polymerizew ithin filaments, which are

flexible in nature, called as actin filaments ocrofilaments®

Each G-actin (monomer) has binding sites that nediaad to tail interactions with
two other G-actins. This addition of Nig K" or Na& to the G-actin monomer intiates
the polymerization and forms F-actin (filamerits)p which, each monomer is rotated
by 166. Therefore, F-actin threads have the appearancea afouble-helical

structure®™ Polymerization of G-actin to F-actin, depolymetiaa of F-actin to G-
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actin largely depends up on the critical conceitmadf G-actin®> Above the critical
concentration of G-actin, the molecules tend toymerize, and below the critical

concentration, actin filaments depolymeri2&¥.

Due to the orientation of all actin monomers in shene direction, actin filaments (F-
actin) have two distinct ends, which are calledspt) and minus(-) ends differing in
their polarity®” The plus end polymerizes 5-10 faster than the signd. The minus

and plus ends are important because proteins sichyasin move along the actin
filament in only one direction. This process is artant in muscle contractidh.

Actin strongly binds one adenosine nucleotide, #redpolymerization process, from
G-actin to F-actin also activates the ATP3s&he ATPase activity drives the actin
filament treadmilling, in which, the polymerizatioat the one end and de-
polymerization at the other end occurs at the séime. This biological process
happens with the help of humerous accessory psotetich can further influence

several aspects of actin filament dynanifc¥.

The majority of natural products targeting actird anodulating its dynamics are
isolated from sponges, plants, marine and soilrosgas, fungi, algae and bacteria.
These bioactive natural products are classified imio types, depending on their
effect on actin cytoskelet8hand these are: (i) microfilament stabilizing ageand

(i) microfilament destabilizing agents.

1.3.2 Actin Filament Stabilizers

Natural products that stabilize actin filamentsratuce the actin polymerization are
shown to be extremely useful as chemical toolsrtdewstanding the actin filament
assembly and organization, as well as, the actidiared cellular function¥’ The
common chemical features of these actin filamerdbiktzers is the cyclic
depsipeptide, which is a macrocyclic compound daoirtg both amino acids and
hydroxy acids joined by the peptide and ester boredpectively. Some of the natural
products are chondramid®s,doliculide® jasplakinolide’> amphidinolide H?

96,97

seragamided’ hectochlorir®® phalloidin®®®” and bisbromoamid&
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Figure 16: Actin Filament Stabilizers

1.3.2a Amphidinolide H

Amphidinolide H° is a 26-membered potent cytotoxic macrolide isalafrom
Amphidinium sp dinoflagellates that lives off the coasts of Japad the U.S.A.
Virgin Islands. It covalently binds to actin subrdain 4, and further, stabilizes the
actin filament:® The structural features of an amphidinolide H alfglic epoxide
and the vicinally located one-carbon branch. Theohlle stereochemistry of

amphidinolide -H was established on the basis efXkray diffraction analysis and
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the synthesis of the degradation product. Fromsthecture-activity relationship of
amphidinolide-H-type macrolides, it was found ththe presence of an allylic
epoxide, anS-cis-diene moiety, and the ketone at C-20 were impobrfan the
cytotoxic activity.

Amphidinolide-H shows a potent cytotoxicity agaimstirine lymphoma L1210 and

human epidermoid carcinoma KB cells with the piemgrorder 1G values.

In the following section, | described the Fuerstheapproach to the synthesis of
amphidinolide H.

Aldol
o

I K
Cross-coupling |

OR

‘n,

“oH B2 OH
O m, . Esterification
= /\/\)\ﬂ/ OH
F16.4 0 o
e 0

Metathesis

Figure 17: Retrosynthesis of Amphidinolide H

The retrosynthesis for amphidinolide H, it was dragected into four building blocks
which were to be combined by esterification, arobtdaction, metal-catalyzed cross-

coupling, and an olefin metathesis

The synthesis of the “south-eastern” partki6.4 began with the conversion of the
Roche estefl1.1 into an enoaté®® 11.2 followed by reduction and the Sharpless
epoxidation. This approach affordéd.3; DIBAL-H cleanly opened the oxirane ring
by a selective delivery of the hydride to the cartawom distal to the alcohol (dr.
>20:1) and the protecting group manipulations fw#d by Swern oxidation, led the
synthesis of aldehydEl.4. The conversion of an aldehyd#&.4 to 11.6 was achieved
by boron glycolate aldol reaction and the sterepubiy was controlled by the
reliable Evans chiral auxiliaryy. The hydroxyl group was then silylated with TBSOTf
and 2,6-lutidine,and the resulting producl.6 was converted into the thioester,
which was reacted with MEuLi, giving the methyl keton®? 11.7. Finally, the

“south-eastern” part oF16.4 was synthesized by the selective cleavage of 88 T
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moiety with PPTS followed by an esterification betreleased alcohol with acitf,
11.8, thus givingl1.9

1. TBSCI, imidazole, DMF

2. DIBAL-H .
o  3.DMSO,(COCI, BN 1BS0” % 1. DIBAL-H, 86% ™BSO” "
HO™ ) = >
4. (iPr),NEt, LiCl X 2. (+)-DET, Ti(OiPr),,
07 "OMe  (Et0),P(O)CH,COOEt Soogt Cat tBUOCH,
MeCN, 69% for 4 steps MS (4 A), (93% de) OH
1141 11.2 11.3
o o0
N
o~ °N
1. (a) DIBAL-H, (b) tBUOH o7 o \—J,/ OPMB
2. (a) TBDPSCI, imidazole %6\ 1. Bu,0Tf, o1 11.5
> v~ “OTBDPS .
(b) PPTS, EtOH H 2 TBSOTf \—/
o OTES - ’ B

(c) TESCI. |m|dazo!e 2.6-lutidine

3. DMSO, (COClI),, (iPr),NEt
11.4
o)
LOPVB ~OPMB

1. EtSH, nBuLi

1. PPTS, EtOH
~ . > 1BsO“

o

2. Cul, MeLi 2. DCC, DMAP, 2
v NOTBDPS 6 P "~ OTBDPS
5TES =z COOH X 0o
1.7 11.8
Scheme 11: Synthesis of South-Eastern part
p-d 1. BH;.THF
HO O 0] OMe HO 2. TBSCI, imidazol
16 12.2 16 3 DlBAL-H
) > fe) o | 16 OTBDPS
07 NOMe  [Rh(cod),]BF, 0” “OMe 4. TBDPSCI, imidazole
5. PPTS, EtOH
124 12.3 6. DMSO, (COCI),, Et;N 12.4
o 0
MeO—P 1. (a) MesAl, CpzrCl, .
MeO
12.5 N OTBDPS (0) Iz, THF 180
.5 No - // 16 >
NaOMe 12.6 2. TBAF | 12.7

3. DMP, NaHCO;

Scheme 12: Synthesis of North-Western Section
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The synthesis of the “north-western” part 6.4 was started with an asymmetric
hydrogenation of the itaconic acid monoest@rl by using a catalyst which was
freshly prepared from [Rh(codBF, and mono-dentate phosphit.2. The routine
oxidation-state and the protecting-group manipafegi of 12.3 afforded the
corresponding aldehyde2.4 which was then converted into an alkylf#6 using the
Ohira—Bestmann reagelif. 12.5. The treatment 012.6 in a sequence of events that
included zirconium-induced carbo-alumination, iaginduced alkenyl iodide
functionality}°>'%the removal of TBDPS, and finally, the DMP oxidetj gave an
aldehyde]12.7.

?I 0
MeO—/P
= MeO 13.2 Il
" 1.NaOMe N2 s 1. (EtO),P(O)CH,COOEt, NaH
“ 2. 0, then Me,S w, 2. DIBAL-H, 69%
: ‘(11 >
N 3. TBSOTY, Et3N _0 3. (+)-DET, Ti(OiPr),, cat., tBuOOH
4. O, then Me,S ° MS (4 A), , 72%, (98% de)
13.1 13.3 4. TBSCI, imidazole
| | SnBus
13 1. BugSnSiMes, [Pd(PhsP),] 18
‘,, (2mol%) o,
»
0 0
13.4 13.5

Scheme 13: Synthesis of South-Western part

The synthesis of the “south-western” parfd6.4 was prepared from citronell&8.1,

as shown irscheme 13. Conversion of the carbonyl group into an alkynessgjent
chemo-selective ozonolysis of trisubstituted olefave aldehydd3.3. A four steps
sequence which involved the silyl enol ether foiorgtselective ozonolysis, Horner-
Emmons reaction, and a subsequent reduction fotlole Sharpless epoxidation,
give an epoxidel3.4. Tributylstannanel3.5 was then prepared by a regioselective,
palladium-catalyzed silylstannation df3.4 with BusSnSiMe™’ followed by a
cleavage of the C-Si and O-Si bonds with TBAF

The first sub-unit coupling was the connection lod tithium enolate ofl1.9 with

iodine containing an aldehyde.7, followed by the protecting-group manipulations,
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1. LDA WOTES 1. [Pd(Ph3P)4](0.7 equiv)

2. TBSOTY, 2,6-Iutidine CuTC, Ph,PO,NBu,4
11.9+12.7 >

3.DDQ

4.TESCI, imidazole, DMAP

fr—
f

2 2. DMP, NaHCO4
“‘\\\OTBDPS 3. [PhzPCHj3]Br, Na[N(SiMe3)]

26

“*NoTBDPS

F16.4

Scheme 14: Completion of Synthesis

and this approach, gaud.1. Steps towards the completion of the total synthesre
further carried-out by Stille reactibfi of 13.5 and iodide14.1, and this was
performed with a combination of [Pd(P{fp CuTC, and P}¥PONBu, in DMF.
Followed by the conversion of an epoxy alcohol toyl oxirane, RCM and the

removal of silyl protecting groups with TASF affexdl amphidinolide H-16.4

1.3.3 Actin Filament Destabilizers

Natural products that bind to two distinct regia@isan actin monomer, which are the
ATP-biding cleft and the barbed end, results intal@kzing the actin filament or in
inhibiting the filament assembly. Some of actin tdb#izers are bistramide ,&®

110111
A

mycalolide sphinxolides/reidispongiolide ~ A? swinholide A"

aplyronine&'#1>11¢
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Figure 18: Actin Filament Destabilizers

1.3.3a Bistramide A
Bistramides are a unique family of dilactam polgethisolated from the marine

ascidianLissoclinum bistratunthat are responsible for severing actin filamemd a

covalent sequestration of a monomeric actin ircgig™ "8
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Bistramide A was isolated in 1988 by Verbist andaaokers'® Bistramide A blocks
the sodium channels, and induces a highly selecoteration of a single protein

kinase C (PKC) isotype. Kozmin and co-workers regabthe first total synthesis of

bistramide A in 2004.
(0] (0]
1 Y N~ 13 Ee}
= H H H
(0] OH

F18.1
Bistaramide A

U

NHZ WJ\/\
RO\H/'\./\N 13 é O /
= H H H
O OH

F19.2
OP X
H 0 RO s
31 \HJ\E/\NHZ K::(;
X O OH H
F19.3 F19.5 F19.6

Figure 19: Retrosynthesis of Bistramide A

The retrosynthetic analysis is shownFigure 19. It was started from an amide bond
formation of the two fragment$;19.1 andF19.2. The fragmen#19.1 was formed
from the cycloaddition and oxidative cyclizationween aldehyd&19.3 and a diene
compound, F19.4. The fragmentF19.2 was formed from aming19.5 and a
tetrahydropyran-containing carboxylic acid deriyiexin the alcoholF19.6

Synthesis of fragmerf19.1 was started with an oxidation, Brown crotylation, and
silylation of 4-chloro-1-butanol, givin@5.2. Suzuki coupling witH5.3 furnished the
corresponding ketone, which was followed by coneermto the silyloxy diend5.4.
Coupling of15.4 with an aldehydd5.5 in the presence of a cataly$i.6 followed by
DDQ and acid-mediated ring closing, finally gavejreacetal in 58% vyield as a

single stereoisomer. The deoxygenation of the eafbmoiety by Wolff- Kishner re-
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1. (COCl),, DMSO, Et;N

2. trans-2-butene, nBulLi, KOtBu 1. (9-BBN),, THF, 0 °C to RT
OH (-)-(Ipc),BOMe, THF, then BF5 OTES then 15.3, [Pd(dppf)Cl,]
OEt,; then aldehyde, -78 °C H Cl 2. TESOT, Et;N
k/\/CI »; then aldehyde - /Y\/\/ 3
151 3. TESCI, imidazole 15.2
OTES

115.5,15.6, 4 AM.S., then DDQ;
then p-TsOH H,0O
2. p-TsNHNH
o 2P 2 -
3. NaBH,CN, pH>4
4. NaOAc o)
15.4 5. methacrolein, 15.7 15.8

OTES

\\“\\

N3
1. Me,Zn, 15.9
2. NaN,
(0] 15.10
7 H ° N [\
31 0o ~N N‘Mes
N\J Mes
| X cl
OH Ru=
| o’
15.3 15.5 15.9
OiPr NO,

15.7

Scheme 15: Synthesif 15.10

-duction followed by the cross-metathesis with raetblein using Grela-Grubbs
catalyst 5.7), finally furnished the aldehydd5.8. A diastereoselective addition of
MezxZn in the presence af5.9 followed by the chloride to an azide conversion

completed the synthesis ©.10.

Synthesis of the right fragment was started witBrdrpopanediol as following: the
conversion of propanediol into the homoallylic &ob16.2 proceeded through the
selective monosilylation, oxidation, and an asymoetrotylation. Hydroformylation

of 16.2 through rhodium catalysis in the presence of Bse@kceptional DPP on

ligand 16.3, followed by conversion of the lactol moiety into aretaten situ and the
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1.TBSCI, imidazole X 1.[Rh(CO 16.3. H./CO
2. SO; Py, DMSO ' {h (CO),acacl, 16.3, H,
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HO OH > TBSO 2 OH >
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6

Tin
Illl
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Scheme 16: Synthesif 16.7

subsequent addition OE)J-3-pentene-2-one in the presence of TMSOTf andciatic
work up, gavel6.4. Conversion of primary alcohol into acid followég an active
ester formation witiN-hydroxysuccinamide and DCC furnish&gl5. The coupling of
16.5 with 16.6 provided an amide derivative, which was furthenvated into an
activated estel6.7.

1. PMe;, THF, H,O

2.16.7, DMF,
15.10 >

(F18.1)

OH
The reduction 0of15.10 with PMe; in aqueous THF, led the formation of a crude

amine mixture combined with6.7 to complete the synthesis of bistramide A.

1.4 Introduction to Protein-Protein I nteractions

Protein-protein interactions (PPI) are extremelypamant for virtually most
biological processes, for example DNA replicatiomanslation, transcription,
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secretion, splicing, signal transduction, cell eyctontrol, and intermediary
metabolismt?° Thus, targeting specific protein-protein interant has many potential

uses in the broad drug discovery ar&fa.

Many protein-protein interactions interfaces areldmically interesting targets for
drug discovery, but the design of compounds thatadne to interfere with the PPI
surface is highly difficult when compared to desajrsmall molecules for the smaller
deep cavities of enzyméS-'# Unlike enzymes, protein-protein interaction have
multiple smaller areas called as “hotspot” thattaonthe subset of residues which

give the majority of the binding free enerdy.

Functional genomics describes that there are 31M060 disease-transforming
proteins but pharma industry has explored only allsportion yet,~400 proteins to
date, for medically helpful developments. Mostltdge protein targets belongs to few
families, such as nuclear hormone receptors, enzy@eprotein-coupled receptors,
ion channels and other targétd Small-molecule drugs use the endogenous ligand-
binding sites to control the activity of their tatgproteins, because these proteins
normally function through the binding of small molées, which are either substrates
or cofactors. For two main reasons, PPIls are th@ wasagets for small-molecules.
First, the contact area between proteins generalyplve a large number of
hydrophobic and polar interactions distributed asra large interface; second, the

protein-protein interfaces are generally offer fauirfaces.

In general, small molecules that affect proteint@ro interactions function through
three distinct mechanisms: (i) orthosteric inhdmti In this approach, there is a
competition between orthosteric inhibitor and tlaetiper protein for the same binding
site on target protein. Orthosteric inhibitors bitadthe target protein prior to the
partner protein for the same binding site, thugdliy inhibiting the formation of

macromolecular complexes.

(i) Allosteric inhibitors: In this approach, smatiolecule ligands (allosteric
inhibitors) bind to the target protein at the sitlistinct from the partner protein
binding site (used for macromolecular complex). bhmeling of an allosteric inhibitor
on target protein changes tgnamic properties or static conformation of theyea
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protein(s) and withthis, partner protein cannot form theacromolecular comple

with the target protein.

(i) The third category is interfacial binde In this approach, ligals and proteins
form a ternary complex.An interfacial inhibitor binds to a pocket at
macromolealar interface the ligand and proteinghich sometimes is only transien
formed in a transition state, and locks thcomplex into a norproductive

arrangement?'#°

E At the PPl interface

Small molecule
modulator

/‘ ’/ 4 ‘ Allosteric site

) Small molecule binding
\’ to an enzyme active site
é

Caspase-9

Figure 20: (A) Small Molecule Binding to an Enzyme Active SitB) Small
Molecule Modulators of Prote-Protein Interactions via Interface or an Alloste
Site!*’ (note: this is figure is directly taken froa review article from our grou
Chem. Rev2014, 114,464(-4694)

1.5 Introduction to Macrocycles

Macrocycles are defined as cyclic compcs with thering structure containg 12 or
more atoms anthe molecular weigh500-2,000 Da; ofterjo not possesthe drug-
like “rule of five” propertie.*?® Macrocyclic natural products often display inteires
and diverse biological activities. Currer, there are more than 100 appro
macrocycle drugs from natural prodi, for example, anticancer, antifunga
antibiotic and immuneuppressive activities as seen epdhilone E (F21.1),12%1%
131 amphotericin BF21.2),%*%'% erythromycin(F21.3 )*** andrapamycil. (F21.4)*°

Macrocyclic drugs primarilyare originated from two sourcestatural product
provide unique drugssuch as abovementioned compound$F21.1-F21.4); the
secondtraditional source omacrocycles comes from peptidgsnerated drugs fro

synthetic or natural sour¢, some of which also belong to the natural produasily.
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, N .
om
O OH O NH,

Erythromycin (F21.3) Rapamycin (F21.4)

Figure 21: Structures of Naturally Occurring Macrocyclic Drugspothilone B
(F21.1), Amphotericin B(F21.2), Erythromycin(F21.3), and Rapamyci(F21.4)

1.5.1 Importance of Macrocycles

The primary objective in medicinal chemistry is tthesign of small molecules for
selective binding to proteins with a high affinitlfor this approach, one general
strategy is increasing, such as ligand bindingndi#s involve pre-organizing the
ligands into their biologically active conformat®nby introducing further

conformational restriction®

Due to the distinct structural features of macréeycthey have less conformational
flexibility compared to their equivalent acyclic mpounds. In this process, they
suffer a trivial entropic loss upon binding to ttezeptor. In contrast to the smaller
cyclic systems, macrocycles are not rigid and gmwvahg them to potentially mould
to a target surface in achieving optimal bindingatidition to this, macrocycles also
offer the possibility for binding across larger fages that are difficult to access with
the traditional small moleculéd’ From the chemistry point of view, macrocycles can
offer stereochemical complexity and diverse fun@idy in a conformationally
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restricted manner. Shown below are some of maclkesytbat have more potential
than their equivalent linear analogs. More than,th@acrocyclic compounds can
demonstrate several favorable drug-like propertiehjch include an improved
membrane penetration, good solubility, enhancedabwodit stability, good oral

bioavailability, and an increased lipophilicity Wwidesirable pharmacodynamic and
pharmacokinetic propertiédé 139137

OPO(OH), OPO(OH),

O O

O \(‘?)LN O
4 H

HN HN
H
HN_ _oO ~N__O
0 HN” N0 Me 0 HN” 0
H H
N N
O  CONH, O  CONH,

F22.1

Iz

F22.2

Figure 22: MacrocycleF22.1 is 2-fold Greater Affinity than it's Linear Acydi

CompoundF22.2'% for Stabilizing the Biologically Active Conformain of Grb2
SH2 Peptides.

0
HN N HN{
HN
o
NH HN /
HOOC \—Q NH NH HN /
S 00 HOOC \—§ NH
Ph/_ /—s o0 O
PH
F23.1 F23.2

Figure 23. MacrocycleF23.1 is 17-fold More Affinity than it's Acyclic Compouh

F23.2'%in the Inhibition of MMP-8 which Belongs to the Fidynof MMPs needed
for the Maintenance of the Extracellular Matrix.
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acyclic (IC50= 26 nM macrocyclic (IC5o = 10 nM

Figure 23: Acyclic andMacrocyclic CHK1 Inhibitors. X-ray Co4@stal Structure of
Inhibitors in CHK1: (A) Acyclic inhibitor (B) Macroglic inhibitor!** (note: this
figure is taken fronfFuture Med. Che. 2012, 1412)

1.6 Conclusions

As microtubules play a major role in the cell digrs proces, they areconsidered to
be the targets for antiancer therapy. The mechanisms involved for theotibules
as targets for anttancer therapy include blockade or altering any @anmore step
of cell division.This approactshows thalirect effect on the multigcation of cells,
which generally depends upon the dividing capaafythe cells. The crucic
involvement of microtubules in mito: could be combinedadequately withthe
molecularly targeted drugs. With reference to ugm@ the basic knowledge of th
drugs, we requirea deeperunderstanding othe interactions of the microtubt
targeted drugs with mitot-spindle polesor centrosome, as well as the relation:
between the drug inding the mitotic block and thecell death. In this chapter,
discussed some of thnatural products and their analogs wthe mechanisms
involved for microtubule as targets for ~cancer therapyl. have als explained the
importance of actinnatural products and their analogs tting actin andthe
importance oimodulating its dynamic. In addition to this, | havalsodiscussed the
area of proteirprotein interactions athe targets for drug discove Finally, | have
also discussed the importance of naturally as wasllsyntheti macrocycles ir
medicinal chemistry and their distinct structurabturs when compared ttheir

equivalent acyclic compous.
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2.1. Introduction

Eribulin is an approved drug for the treatment aftastatic breast cancef,® and it
resulted from an extensive synthesis efforts thatewnade over the years toward
halichondring! ®> ® In 1992, Kishi's group reported the synthesis @fchondrin B.
During their marathon synthesis program, they wals® working with National
Cancer Institute (NCI), USA and Eisai Researchitust for in vitro andin vivo
antitumor testing. In one of the studies, a maarbhicynacrolactone diol (the structure
is not shown here) was shown to be as potent ashbabrin B against human colon
cancer cells. Both, the diol derivative and halmthin B, showed the blocking of a
cell cycle progression at the G2/M phase, and filnither, caused the microtubule
destabilization. Through several structural anawggheses, eribulin emerged as the
winner and as the first non-taxane, microtubule atyics inhibitor-based drug.
Compared to other anti-cancer drugs (i.e. taxaniesa alkaloids and epothilones
etc), it seems to function through the tubulin lmgdsite that was not established
before’ It has been shown that eribulin binds to an idierer face orf-tubulin
subunit alone, and through this interaction, itiloitls the microtubular growth phase
of the microtubular dynamics instability withoutusing any effect on the shortening

of the microtubuleé.

Figure 1: Eribulin (F1.1) and One of the Key Fragments of Eriby(i.2) Having
2,5trans-Tetrahydrofuran Ring

2.2. Working Hypothesis

With our continued interest in developing practisghthesis approaches to various
sub-structures of eribulin and other bioactive radtproducts, ' and their further

utilization in obtaining different sets of macrotgccompounds, we focused our
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attention to the C14-C21 substituted tetrahydrafufiagment. This type of sub-
structures along with the macrocyclic rings ar® @ismmonly found in several other
bioactive natural products. For example, amphidieE ¢2.2) and amphidinolide F
(F2.3), both belong to the family of amphidinolidEs'? and are also known as highly
potent cytotoxic agents. In the case of amphiditok £2.2), cis-2,5- disubstituted
tetrahydrofuran is embedded in the functionaliz&ntembered macrocyclic ring,
whereas, twdrans-2,5-disubstituted tetrahydrofuran moieties aread pf a densely
functionalized 23-membered ring in amphidinolide (FR2.3). Another family of
natural products that contain this moiety alonghw&é macrocyclic ring is the

haterumalidesH2.1), and they are known for their potent cytotoxictty

( 3

OR, R,

Eribulin Haterumalides
F1.1 F2.1

Amphidinolide E Amphidinolide F

F2.2 F2.3
. J

Figure 2: Eribulin and Other Bioactive Natural Products @Gaming thecis- or trans-

2,5-Disubstituted Tetrahydrofuran Moiety Embeddethie Macrocyclic Rings.

Due to the presence tfans-2,5-disubstituted tetrahydrofuran moiety in eribuand
several other important bioactive natural product® considered this as the
privileged scaffold, and it can serve as a goodistapoint in building a chemical

toolbox with a diverse set of macrocyclic compoundfith this goal in mind, we set
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Synthesis of C14-C21 Eribulin Fragment

three objectives, and these were: (i) to develgpaatical and scalable synthesis of
trans-2,5-disubstituted tetrahydrofuran as the key s@&ff63.1 (note: eribulin
numbering is shown ifrigure 3), (i) to complete the synthesis of Kishi's eribul
fragment having this moiety, and (iii) to developm@dular synthesis for obtaining
two different macrocyclic compounds with 17- andri@mbered rings (seE3.2 and
F3.3). In our approach, the utilization &fans-2,5-disubstitutedgroups at C17 and
C19 leads to a macrocycle with 17-membered ringredgethe use dfans C17 and
C20 functional groups provides an 18-membered fiing incorporation of an amino
acid moiety in both macrocyclic rings allow intramitog a chiral diversity site for
obtaining further analogs. The long-term goal of tetudy is to obtain several
different types of macrocyclic compounds having s thprivileged trans-2,5-
disubstitutedetrahydrofuran moiety.

.
HO o
HO O Nz
\n2d g J
19 = (0] (O]
¢ <|3 0~ _O
g

H
(@)
acrocyclic
Diversity R H (6]
P,0 17-membered 17-membered
I/,,,, 0] COOEt F3.2 F3.4(a-e)
cyY
SEE
on m \\O H 19 \\O H
F3.1 o L1720
EN0)
° ‘ \I\/\
acrocyclic )
N I/ R
H
18-membered 18-membered
F3.3 F3.5(a-e)
\ y,

Figure 3: Two Planned Macrocyclic Targets having 17- andVig8nbered Rings
(F3.2andF3.3) from the Substituted Tetrahydrofuran Moigfga.1

2.3 Literature Synthesis of C14-C21 Eribulin Fragmat

In this section, | have covered some of the liteaBpproaches to the synthesis of the
C14-C21 eribulin fragment.
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2.3.1 Phillips' Approach

In 2009, Phillips and co-workers synthesized thd-C26 fragment of eribuliff and
herein, | have highlighted the synthesis upto C&ban center only. The synthesis
started with Noyori hydrogenation pfketoesterl.1 and the subsequent, Pd-mediated
allylation, which furnished the synthesis©@fallyl esterl.2. The ester derivative was
converted into diazoketorfe4; when treated with Cu(acaanp THF under reflux, the
rearrangement took place, yielding the arfi-tetrahydrofuran derivative. A Wittig
olefination of compound.5 produced the dieng.6, which was further hydroborated
selectively with SiaBK reagent. This was then followed by an oxidationtlod
alcohol with Dess-Martin periodinane, giving theresponding aldehyde 7.

20

o 1. [SybinapRuBr;] EOH A~

50 °C, Hy, 62% 1. (COCI),, DMF, THF
Etozc\)]\/\/omvs - /”\/!7\/\/OTIPS >
17

1 2. Allyl ethylcarbonate, 1 2. C*(')zNz EtsN, Et;O0
11 [Pd(dbay),], dppb, THF 60%

80 °C. 80% |: 1.2, X= EtO
1.3, X=0OH

20
[Cu(acac),], THF . 20,0 s 14 MePPh;, tBuOK, THF
N2MOT|PS - e OTIPS >
17
14 reflux, 91% rt, 99%
0]
1.4 1.5
CHO
22K er
1. Siay,BH, THF then NaOH, H,0,, 84% 14
0 14 2bH, » H20, 10.20,0
,20,0N47 OTIPS > RN OTIPS
2. Dess-martin periodinate, NaHCO,
CH,Cl,, 99%
1.6 1.7

Scheme 1The Synthesis of the C14-C22 Tetrahydrofuran Fragme

2.3.2 Sabitha's Approach

In 2012, Sabitha and co-workers synthesized the @22 fragment of eribulin from a
known homoallyl alcohol. This homoallyl alcofidP.1 was converted int@.2 by a
simple protection approach. After the deprotectbrine PMBgroup, the resulting
alcohol2.3was then oxidized to an aldehy2d. This compound upon treatment with

nitrosobenzene in the presence of L-proline (400)oh DMSO at rt followed byn
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situ Horner—Wadsworth—-Emmons olefination produced annaxyolefinic ester
The cleavage of the O—-N bond in aminoxyolefinic esteing Cu(OAc) gave the
correspondingy-hydroxy unsaturated est&.5 in 52% yield with 98% de. The
absolute stereochemistry of the newly generatethicbenter in compouné.5 was
confirmed at a later stage by NOE studies of trdicyroduct,2.6. The silyl group
removal followed by the cyclization of compouBd, finally, gave the requirednti
2,5 tetrahydrofurar2.6, where thetrans-esterification occurred. The oxidation of
alcohol2.6 with IBX produced?.7

IBX, anhydrous DCM,

DDQ, DCM : H,O (9:1) anhydrous DMSO,
PMBO W > HO /\W -
OR 0 °C, 30 min,78% OTBS 0°C-rt, 10 h, 82%
TBSCI, Im, dry DCM| 24R=H 23
0,
0°C,2h, 92% 22R=TBS
1. PhNO, L-Proline, TEPA 1. TBAF, anh THF,
OHC _~ g~ C8:C03anhDMSO, 1h Eio,c 2 o~ 0°C-1t,80%
; > =z - —_
OTBS 2. Cu(OAc),, EtOH, 1t, 12 h OH OTBS 2. Triton-B, MeOH,
52%, 98% de i, 1h, 78%
24 2.5

IBX, anhydrous DCM,

O 17 20 O 17
Y anhydrous DMSO, i
MeO,C 5_7/\4 » MeOzC/ =7
0°C- rt, 2 days, 70%

HO O
27

2.6

Scheme 2The Synthesis of the C14-C22 Tetrahydrofuran Fragme

2.4 Our Synthesis for the C14-C21 Eribulin Fragment
2.4.1 Retrosynthesis of C14-C21 Eribulin Fragment

Retrosynthetic analysis of our targed.l is shown inFigure 4. CompoundF4.1
obtained from carbon extension, oxidation and \itteaction onF4.2 The
tetrahydrofuran ring formation could be achieveatigh an iodocyclization d¥4.3
This diol compound obtained from the cheap chitaitsng materialR,R-tartaric acid,

in a few simple transformations.

57



Chapter 2

P,0 lodocyclization

14 j 1 20’ ’>/' j
Hot "
Fa.1 F4.2

| OP4 21 \
21 1,20 _Q p O/ n, _O |

19 17

HO OH

llu <_/— \_QO
HOOC COOH

HO RR-Tartaric acid
F4.3 F4.4

Figure 4: Retrosynthesis of C14-C21 Eribulin Fragment

2.4.2 Synthesis of C14-C21 Eribulin Fragment

Our synthesis started with a chiral starting mateR,R- tartaric acid(F4.4), which
was converted int8.1 by using one pot esterification and an acetonit¢eption'’
This was further followed by reduction with LiAlHselective mono-protection of the
diol afforded the monoO-benzyl ethef® and this was then converted to its
corresponding iodo compoundl,2 as a colorless oil. This upon treatment with vinyl
MgBr/Cul followed by an acetonide removal ga@&3!° An iodocyclization
reactiof>* with 3.3 produced trans and cis 2,5-disubstituted tetrahydrofuran
derivatives 3.4and3.5 as the major and minor products in a 4:1 ratio.

1.2,2 DMP, PTSA e 1. NaH, BnBr 4

MeCOH, 60 °C, 16 h (0] O THF, 5 h (@) O
Fa4 = G S
2. LAH, THF, 16h HO—S OH 2.PPhgIml; |— OBn
THF, 6 h
60% 2 steps '
’ P 3.1 70% 2 steps 3.2
1. Cul, vinylMgBr HO OH | BnO |
HMPA, -30°C, 2 h o) " I2 NaHCO; in 2@) /:, 20 o) “\\\/
> 7 & ( 717
N OBn
2 PTSA, THFH,0 // Etzo H,0, 5 5
0,
16 h, 58% 2 steps 4h, 82%
3.3 3.4 3.5, minor
separable
no nOe nOe
Hao Hb Ha . Hb
1, = t,, "
BnO/" 20 17, | BnO/ | §20 17’ “\I
S S
HO 3.4 HO 3.5

Scheme 3i1odocyclization Approach to the Synthesis3ot and3.5.
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These two diastereomeric compounds were easilyragipa and the pure products

were then thoroughly subjected to the structuralyams by 1D and 2D NMR studies.

Structural Analysis

The details of the stereochemical assignments rangded as follows. Based on 2D
nOe analysis, we assigned the stereochemistry @fdadbon in compound3.4 and
3.5.In compound3.5, the H, proton showed nOe with Hvhich indicated that it is
having a 2,5xcis-isomer, whereas in compouBd4, there is no nOe between, And
Hy, indicating this diastereomer as the 2dns-isomer (se&cheme 3

The remaining steps for completing the synthesighef Kishi's tetrahydrofuran

fragment are shown iBicheme 4

Synthesis of Kishi's Intermediate:

BnO CO,Et 1.LAH, THF, 4h
1. TBDPSCI, Im, DCM, 20 h \ 2. PivCl, Et;N, DCM, 3 h
3.4 > 22O >
7
2. NaH, Diethyl malonate P ' 3. TBAF, THF, 2 h
TBAI, DMF, 120°C, 16 h TBDPS(f 4n 4. DMOP, DCM, 3 h
3. DMSO, NaCl,160 °C, 8 h - 43% 4 steps
56%, 3 steps
OPiv Methyl triphenyl OPiv OPiv
OBn phosponium bromide T|CI4 DCM HO
fu n-BuLi, THF, 0 °C, 3 h I"z'o 2 h, 70% "'O

55%
0] 4.2

Scheme 4Completion of the synthesis of Kishi's fragment

The protection followed by the substitution of iddiwith the diethylmalonate and
subsequent decorboxylatfGrf 3.4 gave4.1 as a colorless liquid. A series of simple
reactions steps, such as: (i) reduction, (ii) séaddorotection, (iii) the deprotection
and functional group manipulation, and (iv) oxidati finally, produced the keto
compound4.2. Finally, the required produet.4 was obtained from.2 in a series of
steps that involved (i) Wittig, and the OBn depotiten under Lewis acidic
conditions, and this approach completed the syigidKishi's fragment?
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2.4.3 Synthesis of 17-Membered Macrocyclic Compousd

With this sufficient amount of the key intermedidté, we then developed a modular
approach to the synthesis of two different macrbcyoompoundsF3.4 and F3.5.
Scheme Sshows our approach to the synthesis of a macrgoyampoundr3.4. The
hydrolysis of4.1 produced free acid which was then allylated, amitbwing the
protecting group removal, gave compoumnd. It was then coupled with five different
amino acids for obtaining the precurgo® for the crucial Ring Closing Metathesis
(RCM). The use of the second generation Grubbalystsuccessfully produced the
17-membered ring macrocycle with a single olefinorgetry, 5.3, The olefin
geometry was not assigned due to overlapping Sgn&lMR. Five macrocyclic

1. LiOH, (THF:H,0), 16 h

2. K,CO3, Allylbromide O~
DMF, 16 h /e EDCI, DMAP
a4 > B0 v o —

: 0
3. TBAF, DCM, 4 h SH H Alloc-AA, DCM

75-80%
64%, 3 steps

0 : 2
- O —:
/“Iu . e .
B'O Y™ 0P >0  Grubbsll BnO/ (9 Ha, PdIC /

0o H 0 —»

j: 0 /10moIA: O~__O | 68-72%

DCM
R NJ\O/W 70-75% j[ )l\ /\17
H

5.2 F3.4
5.3 single olefin geometry

- not assigned yet

Scheme 5:17-Membered Macrocyclic Compounds3/F3.4 from trans-2,5-
Disubstituted Tetrahydrofuran Fragmeftl.

compounds were obtained by this approach anduhtisefr validated the feasibility of
our ring formation that is independent of an amaea utilized in the synthesis. As a
test case, in three examples, the hydrogenatiodittams led to producing the de-

protected compounds, and the removal of the ddudohe, finally givingF3.4.
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single olefin geometry - not assigned yet

|;| 5.3¢c

0

H

BnO

lll:

Ph

2.4.4 Synthesis of 18-Membered Macrocyclic Compousd

OTBDPS
1. LIOH, (THF:H,0), 16 h \
o (THF:H,0) oh M, EDCI, DMAP
2. K,COg, Allylbromide © | Alloc-AA, DCM
DMF, 16 h o OH  75.80%
3. TiCl,, DCM ( 6.1
58%, 3 steps A
OTBDPS OTBDPS OH

OY\/O':,,, M 1. H,, PdIC Y\’/@S
o Grubbs | _EoR 180
o o Oxy° o O
10 mol% 2 TBAF
)/ O)J\Nj/'/R DCM (ﬂﬂ\ J\ THF, 2 h, 50- (/\
(\ H 70-75% 55% 2 steps
6.2 F3.5

Scheme 6:18-Membered Macrocyclic Compounds3/F3.9 from trans-2,5-
Disubstituted Tetrahydrofuran Fragmedtl.

In a similar manner, our synthesis approach foaiobtg 18-membered macrocyclic

compounds is shown iBcheme 6 The hydrolysis of4.1 produced free acid which
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was then allylated and the protecting group remogale6.1. It was then coupled
with five different amino acids for obtaining a puesor 6.2 for the crucial ring
closing metathesis. The use of a second gener&@mbbs' catalyst successfully
produced the 18-membered ring macrocycle with glsiolefin geometry6.3. The
olefin geometry was not assigned due to overlapmiggmals in NMR. All the
products were thoroughly purified and well-chardetel by MS and 1D and 2D
NMR

single olefin geometry - not assigned yet

OTBDPS OTBDPS OTBDPS

OTBDPS OTBDPS
o) Hr, 4 o) o, 4
o) o)
o] 070 o] 070
(ﬂf'\ I j/ (ﬂ""\ I j/
NS OJJ\N "/,/ NS O)]\N ",
H
6.3d 6.3e
F3.5a O Fasp  OH
H H H H
o) g o) g2
o) o)

2.4.5 Conclusions

» To summarize, we succeeded in developing a practiod scalable
synthesis otrans-2,5 substituted tetrahydrofuran moiety which isgant
in eribulin as well as in several other bioactiatunal products.

» The privileged scaffoldt.1 was further utilized in obtaining two different
types of i.e. 17- and 18-membered macrocyclic ringsreover, it was also

utilized in completing the synthesis of the KisHragment.




Synthesis of C14-C21 Eribulin Fragment

» The incorporation of an amino acid moiety in bothcnocyclic rings allow
introducing a chiral diversity site for further abting several analogs
having a variation in the chiral side chain pressithin the macrocyclic
ring skeleton.

» The key step involved in our synthesis was an igdiaation. An
advantage of our approach is the use of a cheaal sharting materiaR R-
tartaric acid.

» The biological evaluation of all the compounds gatexl from this
program is ongoing in collaboration with Dr. Satishambi, Karolinska
Institute, Sweden and Dr. Subhadra Dravida, Tramsl ®iologics,
Hyderabad in various patient-derived cancer celdsricer stem cells to
search for novel selective cancer cell killers, ¢l migration, and in
general, as the cytoskeleton modulators.

2.4.6 Experimental Section
2.4.6a Synthesis of Tetrahydrofuran 3.4

HO,  OH ><
% 2 2,2 DMP, MeOH, CgH,, o ©°

'

HooC ~ COOH \—«;
PTSA,60°C, 16 h, 73%  Et0,C— CO,Et

L-(+)- Tartaric acid

F4.4 S
Diethyl 2,2'-((4S, 5S)-2,2-dimethyl-1,3-dioxolane;B-diyl)diacetate (S):

To a solution of L-(+)-tartaric acid (11.5 g, 76 minin a mixture of anhydrous
MeOH (5 mL) and cyclohexane (6 mL) was added 2rRetihoxypropane (21mL,
17.5 mmol, 2.3 eq) and p-toluenesulfonic acid (18g, 0.012 eq) The reaction
mixture was refluxed for 12 h, and then quencheth wplid K,CO; (115 mg, 1
mol%). The resulting reaction mixture was filteddough a celite pad. The solvent
was concentrated under reduced pressure gudified by normal column
chromatography (silica gel 60-120 mesh, 20% EtQAg-hexane, to afford diest8¢
as a colourless oil (12 g) in 73% yield.

Molecular Formula: C;3H220s

Rt (solvent system): 0.2 (20%, EtOAc/hexane).
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o><o LAH, THF, 16 h O\—z’
—> A
& 82% -
EtOZC\\‘\_&COZEt HO OH

S 3.1

((4S, 5S)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)dimaanol (3.1):

A suspension of LiAlH (5.2 g, 13.7 mmol) in dry THF (70 mL) was coolesing ice
bath and a solution &; (12 g, 55 mmol) in dry THF (15 mL) was added drapew
over 30 min. The reaction mixture was stirred férhland completion of the reaction
(TLC), it was cooled to 6C and quenched with 10% ag. NaOH (15 mL), water (10
mL) and EtOAc (50 mL). The white precipitate wdtefied through a pad of silica gel
and washed with a mixture of MeOH/EtOAc (1:3, 20Q)mThe filtrate was
concentrated to give the corresponding acetonidé ab colorless oi8.1 (7.9 g,
82%).

Molecular Formula: C;H1404

Rt (solvent system): 0.2 (50%, EtOAc/hexane).

X X

T P NaH, BnBr, THF e 9
L, mem
HO— OH 5h, 0°C to rt, 78% HO—= OBn
3.1 S,

((4S, 5S)-5-((benzyloxy) methyl)-2,2-dimethyl-1,3tdxolan-4-yl)methanol (S):

To the solution 08.1 (7.9 g, 48 mmol) in THF (20 mL) was added NaH (60% g,
58 mmol) at °C, and stirred for 1 h to this benzyl bromide (5810h 7 mL) was
added and the reaction mixture was stirred farénd was quenched with aqueous
NH4CIl. The mixture was extracted with ethyl acetatel @me organic layer was
washed with water and brine. The resulting mixtwras dried over N&O, and
concentrated under reduce pressure. Purificatiomdiymn chromatography (silica
gel 60-120 mesh, 25% EtOAc in n-hexane, TLE=R.2)provided produc§; (7.5 g,
78%) as a colorless oil.

Molecular Formula: C;4H2004

Rt (solvent system): 0.2 (25%, EtOAc/hexane)

LRMS: (ES+)mz = 253.2 (M+1).

1H NMR (400 MHz,CDCl3) 6 ppm : 7.38-7.25 (m, 5H), 4.58 (s, 2H), 4.09-4.01, (
1H), 3.98-3.91 (m, 1H), 3.76 (td,= 11.32, 4.00 Hz, 1H), 3.67 (td,= 13.22, 6.63
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Hz, 2H), 3.56 (ddJ = 9.87, 5.67 Hz, 1H), 2.41 (d,= 4.59 Hz, 1H), 1.42 (d] = 2.17
Hz, 6H); °C NMR (100MHz, CDC}) 5 ppm : 137.6, 128.4, 127.8, 127.7, 109.3,
79.6, 76.6, 73.7, 70.4, 62.4, 27.0, 26.9.

N ~

o” o PPhs, Im, I, %

L, 2
HO— OBn THF, 6 h, 90% I— OBn

S; 3.2

(4S, 5R)-4-((Benzyloxy) methyl)-5-(iodomethyl)-2,8imethyl-1,3-dioxolane (3.2):
To a solution of the mono-Bn protected product .88 mmol) in THF (100 mL)
was added imidazole (9 g, 133 mmol) P15 g, 57 mmol) and iodine (14.5 g, 57
mmol) at 0°C successively. The resulting mixture was warmedoup3 °C over 2 h
and stirred overnight and then quenched by 10% aqublaS;0s. The mixture was
extracted with ethyl acetate and the organic layes washed with water and brine.
The resulting mixture was dried over 4$&, and concentrated under reduced
pressure. Purification by column chromatographljcésigel 60-120 mesh, 5% EtOAc
in n-hexane, TLC: R= 0.5) provided (12.4 g, 90%) iodid8.2 as a colorless oll
Molecular Formula: Ci4H19103

Rt (solvent system): 0.5 (5%, EtOAc/hexane)

LRMS: (ES+)m/z=363.0 (M+1).

1H NMR (400 MHz,CDCls) 8 ppm : 7.38-7.28 (m, 5H), 4.59 (s, 2H), 4.00-3.62 (
1H), 3.89-3.83 (m, 1H), 3.68-3.62 (m, 2H), 3.35,(dd 10.55, 5.14 Hz, 1H), 3.28
(dd,J = 10.54, 5.29 Hz, 1H), 1.47 (s, 3H), 1.42 (s, 38E NMR (100MHz, CDCH)

o ppm : 137.8,128.4, 127.7, 109.8, 80.1, 77.6,, 7860, 27.3, 27.3, 6.4.

Q0 Cul, vinyIMgBr 0" ©
5 —_— S
— OBn HMPA, -30°C //\‘\ OBn
2h, 68%
3.2 S;

(4S, 5S)-4-Allyl-5-((benzyloxy) methyl)-2, 2-dimetyi-1,3-dioxolane (S):

To a solution of thus obtained iodide (12.4 g, 34at) in THF (40 mL) was added
HMPA (30 mL) and Cul (4.5 g, 23.8 mmol) at 28. The resulting mixture was
cooled to -30C and vinylmagnesium bromide (136 mL, 1M in THF,&L.Bimol) was
added drop wise at that temperature over 1 h. @bglting mixture was stirred at -30
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°C for 2 h and then warmed up to 4D and then quenched with aqueous;8HThe
organic layer was separated and the aqueous lag®rewtracted with ethyl acetate,
the combined organic layer was washed with brineedd over NaSO, and
concentrated in vacuo. Column chromatography ésijel 60-120 mesh, 5% EtOAc
in n-hexane, TLC: R= 0.5)provided producsg; (6.1 g, 68%)

Molecular Formula: C;6H2203

Rt (solvent system): 0.5 (5%, EtOAc/hexane)

LRMS: (ES+)m/z = 263.1 (M+1).

'H NMR (400 MHz,CDCl3) 6 ppm :7.44-7.20 (m, 5H), 5.88-5.76 (m, 1H), 5.18-5.05
(m, 2H), 4.60 (S, 2H), 3.94-3.85 (m, 2H), 3.60-3(6% 2H), 2.43-2.35 (m, 2H), 1.43
(S, 3H), 1.41 (S, 3H)*C NMR (100 MHz, CDCl3) & ppm : 138.0, 133.8, 128.4,
127.6,127.6, 117.6, 108.8, 79.5, 77.3, 73.4, ¥4, 27.3, 27.0.

Q0 PTSA, THF,H,0 HQ  OH
\ — \
s OBn S OBn
- 16 h, 85% /=
S, 3.3

(2S, 3S)-1-(Benzyloxy) hex-5-ene-2,3-diol (3.3):

To the obtained olefis; (6.1 g, 23 mmol) in THF: O (4:1) was added PTSA (6 g,
34 mmol) and the mixture was stirred at 43 for 16 h. The reaction was then
quenched with N&£O; (11.4 g, 108 mmol) and extracted with ethyl acgtalried
over NaSQ, and concentrated in vacuo. Column chromatograpitigd gel 60-120
mesh, 40% EtOAc in n-hexane, TLC; R0.4) provided producB.3 (4.37 g, 85%);
Molecular Formula: C;i3H1503

Rt (solvent system): 0.4 (40%, EtOAc/hexane)

LRMS: (ES+) m/z = 223.1 (M+1)

'H NMR (400 MHz,CDCl3) & ppm :7.39-7.28 (m, 5H), 5.84 (tdd,= 17.23, 10.17,
7.12 Hz, 1H), 5.12 (ddd] = 9.52, 7.15, 1.14 Hz, 2H), 4.61-4.51 (m, 2H), 3.7673
(m, 2H), 3.65 (ddJ = 9.50, 3.32 Hz, 1H), 3.59 (dd,= 9.50, 5.60 Hz, 1H), 2.62 (,

= 6.64 Hz, 1H), 2.56 () = 4.40 Hz, 1H), 2.33 (q] = 6.34 Hz, 2H)*C NMR (100
MHz, CDCl3) 8 ppm :137.6, 134.4, 128.5, 127.9, 127.8, 117.9, 73.@,72..6, 71.5,
38.1.
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BnO | BnO |
HO  OH I,, NaHCO

\_& 2; 3 \,,I“ 0) =+ \'lh, 0 .\“‘/

S 2 5 ; ;

/\\ OBn  Et,0, H,0, 4 h, 82% \ 2 \ °
/ SERK J3 4
HO HO
3.3 34 3.5

4:1 Separable diastereomers

NaHCG; (3.154 g, 38 mmol) and (5.9 g, 23 mmol) were added to a solutiorB«d
(4.3 g, 19 mmol) in EO (400 mL) and KO (160 mL) at 0°C. The mixture was
stirred at (°C for 4 h and quenched with saturatec:$#@; (100 mL). The aqueous
layer was extracted with £ (3 x 50 mL) and the combined organic layers were
dried over MgS@®@ and concentrated. Flash chromatography of thelweson silica
gel (7:3 hexanes/DCM) gave 4.5 g (65%) of iodidR)(S8.4, followed by 1.10 g
(16%) of diastereomer (58)5. The stereochemistry of (5B)4 and (5S)3.5 was
established by 2D & 1D NOESY studies.

Data for(5R)-3.4 :

Molecular Formula: C;3H17103

R¢ (solvent system): 0.4 (30%, DCM/hexane)

LRMS: (ES+)m/z= 349.02 (M+1).

'H NMR (400 MHz,CDCls) & ppm :7.41-7.29 (m, 5H), 4.60 (S, 2H), 4.53 (dd=
7.6, 3.6 Hz 1H), 4.29 (d§,= 14, 4.6 Hz, 1H), 4.19 (dd,= 8.8, 5.2 Hz, 1H), 3.80 (d,
J=5.00 Hz, 2H), 3.32 () = 5.48 Hz, 2H), 3.04 (d] = 3.87 Hz, 1H), 2.22 (dd] =
13.32, 5.82 Hz, 1H), 1.90-1.83 (m, 1HJ€ NMR (100 MHz,CDCl3) 8 ppm :137.3,
128.5, 128.0, 127.8, 80.9, 73.9, 73.9, 68.9, 4P121.

Data for(5S)-3.5 :

Molecular Formula: Ci3H17103

R¢ (solvent system): 0.4 (30%, DCM/hexane)

LRMS: (ES+)m/z = 349.02 (M+1).

'H NMR (400 MHz,CDCls) & ppm : 7.29-7.42 (' m, 5H), 4.61 (s, 2H), 4.47 (bt
9.6, 6.4 Hz, 1H), 4.11 (qd,= 7.88, 5.47 Hz, 1H), 3.99 (dd,= 9.34, 4.91 Hz, 1H),
3.81 (d,J = 5.02 Hz, 2H), 3.42-3.33 (m, 2H), 2.79 (t= 5.50 Hz, 1H), 2.38 (ddd]
= 13.96, 7.90, 6.19 Hz, 1H), 1.88 (ddids 13.81, 5.22, 2.69 Hz, 1H)*C NMR (100
MHz, CDCls) & ppm : 137.5, 128.5, 127.9, 127.8, 81.6, 77.9,,783%0, 69.0, 40.8,
10.6.
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2.4.6b Synthesis of Kishi's Fragment 4.4

Bno\”’ o) | TBDPSCI, Imidazole ., O '
Q) DCM, 20 h, 94% one Q/
HO' TBDPSO
3.4 S,
(((2S,3S,5R)-2-((Benzyloxy)methyl)-5-(iodomethyl)teahydrofuran-3-yl)oxy)
(tert-butyl)diphenylsilane (S,):
To a solution 0f3.4 (4.5 g, 12 mmol) and imidazole (1.75 g, 25 mmolDCM (50
mL) was added tert-butylchlorodiphenylsilane (6.5, 5 mmol) at 0°C. After
stirring overnight at room temperature, hexane (dQ and water (400 mL) were
added. The organic layer was separated and theoasjuayer was extracted with
hexane (50 mL). The combined organic layers wershea with brine (100 mL),
dried over NgSQO,, and concentrated in vacuo. The residue was pdriliy flash
chromatography (silica gel 60-120 mesh, 10% EtQAn-hexane, TLC: R= 0.4)to
afford the title compoun8&, (6 g, 94%) as a colorless oil.
Molecular Formula: CygH3sl03Si
Rt (solvent system): 0.4 (10%, EtOAc /hexane)
LRMS: (ES+)m/z= 587.01 (M+1)
'H NMR (400 MHz,CDCls3) 8 ppm : 7.64 (ddJ = 10.86, 4.00 Hz, 4H), 7.49-7.28 (m,
11H), 4.61 (dJ = 11.89 Hz, 1H), 4.50 (dl = 11.81 Hz, 2H), 4.34-4.26 (m, 1H), 4.15
(dt,J = 5.73, 3.68 Hz, 1H), 3.72 (d,= 5.80 Hz, 2H), 3.27 (dd] = 9.96, 4.06 Hz,
1H), 3.18 (ddJ = 9.92, 7.06 Hz, 1H), 1.98 (ddd= 13.26, 5.86, 1.51 Hz, 1H), 1.55
(ddd, J = 13.50, 9.20, 4.63 Hz, 1H), 1.07 (s, 9¥3c NMR (100 MHz,CDCl3) &
ppm :138.1, 135.8, 135.8, 133.9, 133.0, 129.9, 129.8.312128.0, 127.8, 127.7,
127.6, 82.8, 76.9, 74.4, 73.5, 69.3, 42.0, 27.(8,11°1.3.

EtO,C

E
., O : NaH, Diethyl malonate ., 9 COEt
BnO” L —" BnO~ "’
R TBAI, DMF,120 °C, N
TBDPSO 16 h, 82% TBDPSO
S4 S5

Diethyl 2-(((2S, 4S, 5S)-5-((benzyloxy)methyl)-4tfrbutyldiphenylsilyl)oxy)
tetrahydrofuran-2-yl)methyl)malonate (Ss):
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Sodium hydride (60% suspension in mineral oil, 8 14.3 mmol) was taken in 20
mL dry DMF, then diethyl malonate (2.44 g, 15.3 niyweas added at 8C. After 0.5

h, compounds, (6 g, 10.2 mmol) was added and the reaction mixttae refluxed for
12 h. After that time water was added &0and the reaction mixture was extracted
with EtOAc, the organic layer was successively vedstwith brine and dried
(MgSQy). The organic extract was evaporated in vacuo @unified by silica gel
chromatography (silica gel 60-120 mesh, 10% EtQAn-hexane, TLC: R= 0.4)to
afford the title compound the diethyl malonate dative Ss in 82% yield (5.2 g) as a
clear liquid

Molecular Formula: CzgH460;Si

R¢ (solvent system): 0.4 (10%, EtOAc /hexane)

LRMS: (ES+)m/z=619.3 (M+1)

'H NMR (400 MHz,CDCl3) 8 ppm : 7.64-7.59 (m, 4H), 7.45-7.26 (m, 11H), 487
J=11.83 Hz, 1H), 4.51-4.45 (m, 2H), 4.32-4.24 (m, 144P3-4.08 (m, 4H), 3.99 (td,
J=6.66, 4.71 Hz, 1H), 3.74 (dd,= 9.91, 4.86 Hz, 1H), 3.66 (dd,= 9.88, 6.75 Hz,
1H), 3.51 (ddJ = 8.30, 6.25 Hz, 1H), 2.09-1.94 (m, 2H), 1.83 (ddid, 13.16, 5.97,
1.67 Hz, 1H), 1.42 (ddd] = 13.43, 8.95, 4.85 Hz, 1H), 1.24 (t#i= 9.06, 7.13 Hz,
6H), 1.04 (dJ = 6.04 Hz, 9H);*C NMR (100 MHz,CDCls) 5 ppm : 169.5, 169.3,
138.3, 135.8, 135.8, 133.9, 133.1, 129.8, 129.8,31227.9, 127.7, 127.5, 81.3, 75.2,
74.3,73.4, 69.3, 62.0, 61.4, 61.3, 49.2, 41.1,,36P, 19.3, 14.1, 14.0.

EtO,C

CO,Et
_, (oj)* COE bumso, Nac BnO/IIlM
BnO” ™" _—

R 160 °C, 8 h, 73% 5
TBDPSO TBDPSO
S5 441

Ethyl 3-((2S, 4S, 5S)-5-((benzyloxy)methyl)-4-((tebutyldiphenylsilyl)oxy) tetra
hydrofuran-2-yl)propanoate (4.1):

To a solution of the above compound (5.2 g, 8.4 finmoDMSO (20 mL) were
added water (0.2 mL) and LiCl (2.8 g, 67.2 mmoheTnixture was stirred for 16 h at
160 °C. After cooling to room temperature, the mixturaswpoured into water, and
the aqueous phase was extracted with ethyl acéfthte.combined organic extracts
were washed with water and brine, and dried withS@a. After concentration in
vacuo, the residue was purified by column chronratolgy (silica gel 60-120 mesh,
10% EtOAc in n-hexane, TLC::R 0.4)to afford 3.4 g (73%) of ester
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Molecular Formula: C33H420sSi

Rt (solvent system): 0.4 (10%, EtOAc /hexane)

LRMS: (ES+)m/z = 547.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.63 (t) = 6.61 Hz, 4H), 7.47-7.27 (m, 11H),
4.60 (d,J= 11.89 Hz, 1H), 4.49 (d] = 12.08 Hz, 2H), 4.32-4.22 (m, 1H), 4.10 {q,
= 7.13 Hz, 2H), 4.01 (td) = 6.91, 4.44 Hz, 1H), 3.71 (dd,= 9.87, 5.85 Hz, 2H),
2.26-2.43 (m, 2H), 1.85-1.71 (m, 3H), 1.45-1.38 (rHl), 1.24 (ddJ = 14.14, 7.02
Hz, 3H), 1.05 (s, 9H)**C NMR (100 MHz,CDCls) & ppm : 173.5, 138.2, 135.8,
134.8, 134.0, 133.1, 129.8, 129.7, 129.6, 128.3,9,427.7, 127.6, 127.5, 81.3, 74.3,
73.4, 60.3, 40.9, 30.9, 26.9, 26.5, 19.3, 14.2.

OH

CO,Et
BnO”" ° 2 LAR, THF BnO”” @J_/
n ‘ _— n ’

TBDPSO' 3:10;;02 TBDPSO'

441 Se
-((2S,4S,5S)-5-((Benzyloxy)methyl)-4-((tert-butylgihenylsilyl)oxy)tetrahydro
furan-2-yl)propan-1-ol (Sg):

A suspension of LiAlH (85 mg, 2.19 mmol) in dry THF (5 mL) was cooledhgsice
bath and a solution ef.1(1g, 1.83 mmol) in dry THF (10 mL) was added drapew
over 10 min. The reaction mixture was stirred fdr 8nd completion of the reaction
(TLC), it was cooled to 8C and quenched with 10% ag. NaOH (5 mL), water (5 m
and EtOAc (15 mL). The white precipitate was fitt@rthrough a pad of silica gel and
washed with EtOA@nd dried with NgSOs. After concentration in vacuo, the residue
was purified by column chromatography (silica gétl20 mesh, 30% EtOAc in n-
hexane, TLC: R= 0.4)to affordgive compoundss (720 mg, 78%).

Molecular Formula: C3iH4004Si

R¢ (solvent system): 0.4 (30%, EtOAc /hexane)

LRMS: (ES+)m/z = 505.2 (M+1)

'H NMR (400 MHz,CDCl3) & ppm : 7.63 (ddJ = 7.86, 6.83 Hz, 4H), 7.42 (td,=
7.23, 6.31 Hz, 2H), 7.38-7.25 (m, 9H), 4.59J¢; 11.82 Hz, 1H), 4.52-4.46 (m, 2H),
4.29 (dg,J = 10.09, 5.33 Hz, 1H), 4.06 (td,= 6.85, 4.66 Hz, 1H), 3.77-3.68 (m,
2H), 3.68-3.57 (m, 2H), 1.80 (ddd= 13.07, 5.53, 1.07 Hz, 1H), 1.70 (db; 5.31,
3.37 Hz, 1H), 1.61 (dd) = 13.20, 6.94 Hz, 2H), 1.57-1.49 (m, 2H), 1.46-1.86 (
1H), 1.05 (s, 9H)*C NMR (100 MHz,CDCl3) & ppm :138.2, 135.8, 135.8, 134.0,
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133.1, 129.8, 129.8, 128.3, 128.0, 127.7, 127.7,61281.5, 77.7, 74.2, 73.5, 69.4,
62.9, 41.4, 32.8, 29.7, 26.9, 19.3.

OH OPiv

BnO” " O PivCl, Et;N - @J_/
—>

N DCM, 3 h, 82% <
TBDPSO TBDPSO
Se Sy

3-((2S,4S,5S)-5-((Benzyloxy)methyl)-4-((tert-butyligphenylsilyl)oxy)tetrahydro
furan-2-yl)propyl pivalate (S):

To a solution ofS (720 mg, 1.42 mmol), DMAP (34 mg, 0.28 mmol) and
triethylamine (0.8ml, 5.68 mmol) in GBI, (10 ml) was added PivCl (0.34 ml, 2.84
mmol) at 0°C. The reaction mixture was warmed up to rt ovemid0Oh) before
guenched with saturated aqueous Nah&@ution, extracted with EtOAC (50 mL X
3). The organic layers were combined and dried asthydrous MgSg) filtered, and
concentrated under reduced pressure vacuum. Tioeieesas purified on a silica gel
column chromatography (silica gel 60-120 mesh, 3@A€ in n-hexane, TLC: R=
0.3)to affordS; as a colorless oil (688 mg, 82%).

Molecular Formula: CzgHg0sSi

Rt (solvent system): 0.3 (5%, EtOAc /hexane)

LRMS: (ES+)m/z= 589.3 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.64 (tJ) = 6.88 Hz, 4H), 7.43 (dd] = 12.18,
7.18 Hz, 2H), 7.39-7.28 (m, 9H), 4.61 M= 11.93 Hz, 1H), 4.50 (d] = 11.99 Hz,
2H), 4.27 (tdJ = 11.72, 5.89 Hz, 1H), 4.03 (dd,= 10.78, 4.69 Hz, 3H), 3.77-3.66
(m, 2H), 1.89 (dd,] = 13.2, 9.2 Hz 1H), 1.69 (] = 9.34 Hz, 1H), 1.59 (dd) =
10.05, 5.19 Hz, 2H), 1.47-1.34 (m, 2H), 1.17(s, 9HP6 (s, 9H);*C NMR (100
MHz, CDCl3) 6 ppm :138.2, 135.8, 135.8, 134.0, 133.1, 129.7, 129.8,3,2128.0,
127.6, 127.5,81.3, 77.2, 74.3, 73.4, 69.4, 6413,,48.7, 32.2, 27.2, 26.9, 25.1, 19.3.

(/DB” OPv (/DB” OPv
“, 0O TBAF, THF “, 0O
RN
2h, 90%
TBDPSO' HO
S7 Ss
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3-((2S,4S,5S)-5-((Benzyloxy)methyl)-4-hydroxytetrafdrofuran-2-yl)propyl

pivalate (Sp):

To a solution of5; (688 mg, 1.17 mmol) in THF (15 mL) was added TBARK M in
THF, 2.34 mL, 2.34 mmol,) at 8C. The mixture was allowed to stand at room
temperature for 1 h, then EtOAc (10 mLR@H(5 mL) and saturated aqueous NacCl (5
mL) was added. The layers were separated, andjteoas layer was extracted with
EtOAc (2x20mL). The organic extracts were combirteted (NaSOy), concentrated
under reduced pressure and purified by flash chtognaphy (silica gel 60-120 mesh,
30% EtOAc in n-hexane, TLC:;R 0.2)to give the title compound (360 mg, 90%) as
a colour less ail.

Molecular Formula: CyoH300s

R¢ (solvent system): 0.2 (30%, EtOAc /hexane)

LRMS: (ES+)m/z= 351.2 (M+1)

'H NMR (400 MHz,CDCl3) 8 ppm : 7.34 -7.25 (m, 5H), 4.57 (s, 2H), 4.48)(&
3.95 Hz, 1H), 4.26 (qd] = 11.70, 5.87 Hz, 1H), 4.07 (dd,= 7.40, 5.41 Hz, 3H),
3.76 (d,J = 5.14 Hz, 2H), 2.12-2.05 (m, 1H), 1.81-1.61 (m, 5HE8-1.48 (m, 1H),
1.19 (s, 9H).

(IDB” OPv (I)B” OPv
", _O _DMP, DCM ", _O
‘ 3h, 75%
HOY o)
S 4.2

3-((2S,5S)-5-((Benzyloxy)methyl)-4-oxotetrahydrofuan-2-yl)propyl pivalate

(4.2):

To a solution of alcohabs (360 mg, 1.02 mmol) in dry DCM (15 mL) added DMP
(872 mg, 2.05 mmol) in one portion af® under nitrogen atmosphere. The reaction
mixture was allowed stirred for 2 h at 20 then completion of starting material by
monitoring with TLC, poured a saturated solutiorsoflium thiosulfate (N&,03) (5
mL) and saturated NaHG@olution (10 mL) allowed to stirred for 15 minutdsvo
layers were separated and aqueous layer extradtbdDZM, combined organic
layers were washed with brine and dried ovegpS@, concentrated under reduced
pressure and purified by flash chromatographycgigel 60-120 mesh, 10% EtOAc
in n-hexane, TLC: R= 0.2)give4.2as colourless liquid (268 mg, 75%)

Molecular Formula: CyoH2g0s
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R¢ (solvent system): 0.2 (10%, EtOAc /hexane)

LRMS: (ES+)m/z = 349.1(M+1)

'H NMR (400 MHz,CDCl3) § ppm : 7.32-7.26 (m, 5H), 4.55-4.50 (m. 3H), 4.1064
(m, 3H), 3.75 (ddJ = 10.4, 3.6 Hz, 1H), 3.70 (dd,= 10.4, 3.6 Hz, 1H), 2.61 (dd,
=18, 6.5 Hz, 1H), 2.19 (dd,= 18, 8 Hz, 1H), 1.89-1.67 (m, 4H), 1.19(s, 9H).

OPiv
oBn OPv  Methyl triphenyl OBn
“n, O, Phosponium Bromide
> In,,
o n-BuLi, THF, 0°C, 3 h
55%
4.2 4.3

3-((2S, 5R)-5-((Benzyloxy)methyl)-4-methylenetetrafdrofuran-2-yl)propyl pival

ate (4.3):

A suspension of methyltriphenylphosphonium bron{ié g, 4.62 mmol) in dry THF
(3 mL) was treated with n-BuLi (2.88 mL, 4.62 mmal6 M solution in hexane)
under N at 0 °C. The resulting yellow solution was allowed tor siit room
temperature for 30 min, then cooled to °Z8 A solution of ketond.2 (268 mg, 0.77
mmol) in dry THF (2.5mL) was added slowly and tkaation mixture was allowed to
warm up to room temperature. The stirring was cwd for 4 hr before it was
guenched by saturated aqueous,8H The aqueous layer was extracted withCEt
three times, the combined organics were dried (MgS€ncentrated under reduced
pressure and purified by flash chromatographycgigel 60-120 mesh, 10% EtOAc
in n-hexane, TLC: R= 0.3)gave puret.3 (146 mg, 55%)

Molecular Formula: Cz1H3004

R¢ (solvent system): 0.3 (10%, EtOAc /hexane)

LRMS: (ES+)m/z = 347.2(M+1)

'H NMR (400 MHz,CDCl3) § ppm : 7.37-7.25 (m, 5H), 5.04 (d#i= 3.2, 2.07 Hz,
1H), 4.91 (ddJ = 4.18, 2.09 Hz, 1H), 4.60 (d,= 4.53 Hz, 2H), 4.14-4.04 (m, 3H),
3.53-3.49 (m, 2H), 2.74-2.65 (m, 1H), 2.26 (dd; 15.50, 7.02 Hz, 1H), 1.82-1.62(
m, 4H), 1.57-1.48 (m, 1H), 1.19 (s, 9¥5C NMR (100 MHz,CDCl3) 5 ppm : 178.5,
148.6, 138.3, 128.3, 127.6, 127.5, 106.0, 79.%,78.3, 72.8, 64.2, 38.7, 31.5, 27.2,
25.2.
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OPiv OPiv

T|CI4 DCM HO
o, 2h, 70% i O

4.4

3-((2S,5R)-5-(Hydroxymethyl)-4-methylenetetrahydrofiran-2-yl)propylpivalate
(4.4):

To a solution o#.3 (146 mg, 0.42 mmol) in dry DCM (10 mL) added TiC156 mg,
0.84 mmol) at C under nitrogen atmosphere. The reaction mixtuas allowed
stirred for 2 h at then quenched with saturatedi®Hsolution and two layers were
separated and aqueous layer extracted with DCM,bod organic layers were
washed with brine and dried over 48&4. Then organic layer was evaporated and
obtained4.4 as pure compound (75 mg, 70%).

Molecular Formula: C;4H2404

R¢ (solvent system): 0.35(10%, EtOAc /hexane)

LRMS: (ES+)m/z = 257.1(M+1)

'H NMR (400 MHz,CDCls) 5 ppm : 5.08 (ddJ = 3.2, 2.07 Hz,, 1H), 4.93 (dd,=
4.33,2.17 Hz, 1H), 4.50 (s, 1H), 4.11 (d; 12.73, 4.30 Hz, 3H), 3.64-3.57 (m, 2H),
2.71 (ddddJ = 15.59, 6.06, 3.77, 1.92 Hz, 1H), 2.30 (dd&; 15.58, 5.18, 1.88 Hz,
1H), 2.0 (s, 1H), 1.81-1.74(m, 1H) 1.70-1.61 (m)2H54-1.50 (m,1H), 1.20 (s, 9H);
¥C NMR (100 MHz, CDCl3) & ppm :178.6, 147.8, 106.2, 80.6, 77.5, 64.8, 64.1,
38.9, 38.7, 31.5, 27.2, 25.2.

2.4.6¢ Synthesis of 17-membered Macrocycles, 5.3/43

O i. LIOH, (THF:H,0), 16 h O
5 O/lllu » /lllu
n Y~ 070 i K,CO, Allylbromide B0 . 070

OTBDPS ) DMF, 16 h, OTBDPS H

69% (2 steps)
4.1 Sg

Allyl 3-((2S, 4S, 5S)-5-((benzyloxy)methyl)-4-((tébutyldiphenylsilyl) oxytetra
hydrofuran-2-yl)propanoate (&) :

To a solution of compourndl.1 (600 mg, 1.12 mmol) in THF D mixture (4:1) added
LiOH.H,0 (236 mg, 5.6 mmol) allowed to stirred for 24 hr@m temperature then
added 5% HCI solution (5 mL) and the compound exixh twice with EtOAc. The
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organic phase was dried over 8@, filtered and evaporated solvent afforded the
carboxylic acid product as colourless oil whichsighjected to Allylation reaction

without further purification.

To the solution of above crude compound acid(lireqyy DMF added KCOs(4 eq),
allyloromide (2 eq) at OC then allowed stirred for 12 hours at room temjpeea
under nitrogen atmosphere. Then reaction quenchiédsaturated NaCl and added
cold water extracted twice with EtOAc. Combined amg layers were dried over
NaSQy, filtered and evaporated. Purification of crudenpound by flash column
chromatography over silica gel (10% EtOAc/hexarf@rded the compounés as
light yellow oil (423 mg, 69% for two steps);

Molecular Formula: C34H420sSi

R¢ (solvent system): 0.4(10%, EtOAc /hexane)

LRMS: (ES+)m/z = 559.2(M+1)

'H NMR (400 MHz,CDCls)  ppm : 7.73 (dd) = 7.43, 1.44 Hz, 1H), 7.63 (8, =
6.53 Hz, 4H), 7.43-7.32 (m, 10H), 5.90 (ddds 16.22, 10.92, 5.71 Hz, 1H), 5.34-
5.26 (m, 1H), 5.22 (d] = 10.42 Hz, 1H), 4.63-4.47 (m, 5H), 4.28 (dd; 12.43, 6.18
Hz, 1H), 4.02 (tdJ = 6.57, 4.38 Hz, 1H), 3.72 (dd,= 9.74, 5.99 Hz, 2H), 2.49-2.32
(m, 2H), 1.80 (td,J = 15.17, 6.59 Hz, 3H), 1.41 (ddd~= 13.61, 9.03, 4.74 Hz, 1H),
1.06 (s, 9H)*C NMR (100 MHz,CDCls) & ppm :173.1, 138.2, 135.8, 135.7, 134.8,
134.0, 133.1, 132.2, 129.8, 129.7, 129.6, 128.3,92127.7, 127.6, 127.5, 118.1,
81.3, 76.6, 74.3, 73.4, 69.4, 65.0, 40.9, 30.83,316.9, 26.5, 19.3.

O 0
/" TBAF, THF / '“"m
BnO I 0 Mo —_— BnO oo
OTBDPS H 4h, 92% H H
Sg | 5.1 |

Allyl-3-((2S,4S,5S)-5-((benzyloxy)methyl)-4-hydroxigtrahydrofuran-2-yl)prop
anoate (5.1) :

To a solution o5 (423 mg, 0.75 mmol) in THF (15 mL) was added TBARK M in
THF, 1.89 mL, 1.89 mmol,) at 8C. The mixture was allowed to stand at room
temperature for 4 h, then EtOAc (20 mL)(H(10 mL) and saturated aqueous NaCl
(5 mL) was added. The layers were separated, an@dbeous layer was extracted
with EtOAc (2x20 mL). The organic extracts were tomed, dried (MgSQ),

Olnn
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concentrated under reduced pressure purified Isy fthhromatography (silica gel 60-
120 mesh, 30% EtOAc in n-hexane, TLG:=R0.3)to give the title compound (223
mg, 92%) as a pale yellow oil.

Molecular Formula: C;gH240s5

Rt (solvent system): 0.3(30%, EtOAc /hexane)

LRMS: (ES+)m/z= 321.1(M+1)

'H NMR (400 MHz,CDCl3) & ppm : 7.39-7.27 (m, 5H), 5.96-5.85 (m, 1H), 5.3%75
(m, 1H), 5.22 (ddJ = 10.43, 1.24 Hz, 1H), 4.56 (dd= 6.91, 5.59 Hz, 4H), 4.48 (d,
J=3.91 Hz, 1H), 4.26 (qd] = 9.59, 6.16 Hz, 1H), 4.05 (dd,= 9.11, 5.15 Hz, 1H),
3.75 (t,J= 4.99 Hz, 2H), 2.89 (d] = 4.07 Hz, 1H), 2.55-2.35 (m, 2H), 2.08 (ddd;
13.15, 5.73, 1.14 Hz, 1H), 1.91-1.81 (m, 2H), 11767 (m, 1H);**C NMR (100
MHz, CDCl3) 6 ppm :173.0, 137.5, 132.2, 128.5, 127.8, 118.1, 79.8,7%3.7, 69.0,
65.0, 41.3.

0 N-alloc amino acids O
/.....m EDC.HCI, DMAP . VL
_—m
BnO o 0 (0] (0]

DCM, 0 °C-rt, 3 h

nO >
H H 75-80% Oj':é Q Kf
= 0
| BN

5.1 T 5.2(ae)

(@]l

To the solution 0b6.1 (1 eq) in DCM solution added alloc amino acid ung block

(1 eq) and EDC.HCI (1.5 eq) afG under nitrogen atmosphere and allowed to stirred
for 2 hours. Then added saturated NaHGGlution to this reaction mixture extracted
twice with EtOAc. Combined organic layers were washvith brine solution and
dried anhydrous N&Q,, evaporated the solvent, Purification of crude poond by
flash chromatography over silica gel (40% EtOAcdre) afforded the compound

5.2(a-e)as colourless oil.
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(S)-(2S,3S,5S)-5-(3-(allyloxy)-3-oxopropyl)-2-((beyloxy)methyl) tetrahydro
furan-3-yl 2-(((allyloxy)carbonyl)amino)-3-methylbutanoate (5.2a) :

Molecular Formula: Cy7H37NOg

Rs (solvent system): 0.5 (30%, EtOAc/hexane);

Yield: 78%

LRMS: (ES+)m/z=504.2 (M+1)

'H NMR (400 MHz,CDCls3) & ppm : 7.36-7.27 (m, 5H), 5.90 (td#i= 16.36, 11.04,
5.70 Hz, 2H), 5.41 (d] = 3.64 Hz, 1H), 5.29 (ddl= 17.17, 1.08 Hz, 2H), 5.20 {,

= 9.34 Hz, 3H), 4.56 (d] = 5.64 Hz, 4H), 4.51 (d) = 6.27 Hz, 2H), 4.26 (dd] =
9.06, 4.31 Hz, 1H), 4.24-4.17 (m, 2H), 3.59-3.55 @H), 2.56-2.36 (m, 2H), 2.19-
2.08 (m, 2H), 1.91-1.82 (m, 3H), 0.95 (& 6.83 Hz, 3H), 0.81 (d] = 6.82 Hz, 3H);
3C NMR (100 MHz,CDCl3) & ppm :172.8, 171.3, 156.1, 137.8, 132.5, 132.1, 128.3,
127.7, 127.6, 118.1, 117.9, 79.0, 77.0, 76.0, 78343, 65.8, 65.1, 59.1, 39.0, 31.0,
30.7,30.7, 19.1, 17.0.

(S)-(2S,3S,5S)-5-(3-(allyloxy)-3-oxopropyl)-2-((beyloxy)methyl) tetrahydro
furan-3-yl 2-(((allyloxy)carbonyl)amino)-3-phenylpropanoate (5.2b) :

Molecular Formula: C31H37NOg

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 78%

LRMS: (ES+)m/z=552.2 (M+1)

'H NMR (400 MHz,CDCl3) 8 ppm : 7.34-7.25 (m, 8H), 7.10 (d#l= 7.25, 1.99 Hz,
2H), 5.96-5.82 (m, 2H), 5.36 #,= 3.84 Hz, 1H), 5.34-5.26 (m, 2H), 5.26-5.18 (m,
3H), 4.59-4.48 (m, 7H), 4.19 (di,= 6.02, 3.86 Hz, 1H), 4.09 (qd,= 9.53, 6.16 Hz,
1H), 3.51 (dJ = 5.99 Hz, 2H), 3.08 (dd] = 13.94, 5.74 Hz, 1H), 2.98 (dd= 13.91,
6.48 Hz, 1H), 2.46 (tddl = 32.53, 16.39, 8.08 Hz, 2H), 2.10 (dds 13.97, 5.87 Hz,
1H), 1.88-1.82 (m, 3H)**C NMR (100 MHz,CDCl3) & ppm : 172.8, 170.9, 155.4,
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137.8, 135.4, 132.5, 132.2, 129.2, 128.7, 128.4,4227.7, 127.2, 118.2, 117.9,
78.9, 76.9, 76.3, 73.4, 68.1, 65.8, 65.1, 54.8,388.1, 30.8, 30.7.

I
Hm
BnO/ o 0
° \—
O —
NJLO/W
H |

5.2¢

| J

(2S, 3R)-(2S, 3S, 5S)-5-(3-(allyloxy)-3-oxopropy®-(benzyloxy)methyl)
tetrahydro furan-3-yl 2-(((allyloxy)carbonyl)amino)-3-methylpentanoate (5.2c) :

O

Molecular Formula: CygH3zgNOg

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 78%

LRMS: (ES+)m/z=518.2 (M+1)

'H NMR (400 MHz,CDCl3) § ppm: 7.35-7.25 (m, 5H), 5.96-5.82 (m, 2H), 5.42 Jt

= 7.40, 3.77 Hz, 1H), 5.34-5.25 (m, 2H), 5.24-5.17 8H), 4.59-4.46 (m, 6H), 4.29
(dd,J = 8.86, 4.52 Hz, 1H), 4.20 (td,= 9.39, 5.76 Hz, 2H), 3.57 (dd,= 8.23, 3.13
Hz, 2H), 2.56-2.36 (m, 2H), 2.14 (td,= 12.19, 6.08 Hz, 1H), 1.91-1.80 (m, 4H),
1.43-1.28 (m, 1H), 1.18-1.07 (m, 1H), 0.92Xt 6.44 Hz, 3H), 0.85 (dd] = 12.88,
5.47 Hz, 3H);*C NMR (100 MHz,CDCl3): 172.8, 171.3, 155.9, 137.8, 132.5, 132.1,
128.3, 127.6, 127.6, 118.1, 117.8, 79.1, 76.9,,78314, 68.4, 65.8, 65.1, 58.7, 53.4,
39.0, 37.7, 30.7, 30.7, 24.5, 15.5, 11.5 .

]
Wi\ T

BnO/ ”;:ll o 0
VRS
LE =
WSNT N0
\/ a

5.2d

(R)-1-allyl 2-((2S, 3S, 5S)-5-(3-(allyloxy)-3-oxoppyl)-2-((benzyloxy)methyl)
tetrahydrofuran-3-yl) pyrrolidine-1,2-dicarboxylate (5.2d) :

Molecular Formula: C,7H35NOsg
Rt (solvent system): 0.5 (30%, EtOAc/hexane)
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Synthesis of C14-C21 Eribulin Fragment

Yield: 79%

LRMS: (ES+)m/z = 502.2 (M+1)

'H NMR (400 MHz,CDCl3) 8 ppm : 7.36-7.26 (m, 5H), 5.97-5.79 (m, 2H), 5.43%
(m, 1H), 5.32-5.12 (m, 4H), 4.62-4.47 (m, 6H), 4(88 J = 9.37, 9.10, 3.30 Hz, 1H),
4.23 (dd,J = 9.45, 5.62 Hz, 1H), 4.20-4.10 (m, 1H), 3.61Jd& 5.82 Hz, 1H), 3.57
(d,J = 5.86 Hz, 1H), 3.54-3.39 (m, 2H), 2.54-2.39 (m, 2RP3-2.03 (m, 2H), 1.96-
1.82 (m, 6H);**C NMR (100 MHz, CDCls) & ppm : 172.8, 172.8, 171.9, 171.8,
154.5, 153.9, 138.1, 137.9, 132.9, 132.6, 132.8,3,2128.2, 127.8, 127.6, 127.6,
127.5, 118.1, 118.1, 117.4, 117.3, 79.3, 79.2,, 7869, 75.7, 75.6, 73.4, 68.6, 68.5,
65.9, 65.8, 65.1, 65.0, 59.3, 58.8, 46.8, 46.33,383.7, 30.9, 30.7.
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/lun
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\
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(S)-1-allyl 2-((2S, 3S, 5S)-5-(3-(allyloxy)-3-oxoppyl)-2-((benzyloxy)methyl)

tetra hydrofuran-3-yl) piperidine-1,2-dicarboxylate (5.2e) :

Molecular Formula: CygH3z7NOg

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z=516.2 (M+1).

'H NMR (400 MHz,CDCls) & ppm : 7.35-7.26 (m, 5H), 5.98-5.82 (m, 2H), 5.45 (
1H), 5.33-5.18 (m, 4H), 4.83 (dd,= 45.98, 4.39 Hz, 1H), 4.61-4.48 (m, 6H), 4.27-
4.14 (m, 2H), 4.12-3.95 (m, 1H), 3.60-3.50 (m, 2Bi)5-2.82 (m, 1H), 2.57-2.37 (m,
2H), 2.20-2.06 (m, 2H), 1.87 (dd= 14.24, 6.92 Hz, 3H), 1.70-1.57 (m, 3H), 1.48-
1.33 (m, 1H), 1.17 (dd) = 22.82, 12.56 Hz, 1H)!*C NMR (100 MHz,CDCl3) &
ppm : 172.8, 170.8, 156.2, 137.9, 132.8, 132.1,3,2827.7, 127.6, 127.6, 118.1,
117.4,79.3, 79.2, 75.8, 75.7, 73.4, 68.5, 68.82,686.1, 65.1, 54.5, 54.4, 41.8, 41.7,
41.7, 39.0, 30.7, 30.6, 26.8, 26.7, 24.6, 24.47,220.5.

79



Chapter 2

0 -
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: 070 Grubbs -lI BnO |, o“ o
0-__0 — |

0 — o O O

Jig TR 7
RTON o/m 70-80% R NJ\o
P

5.2(a-e) 5.3(a-e)

To a solution of5.2 (a-e)(1eq) in dry DCM under nitrogen atmosphere added
Grubbs’ 29 generation catalyst (10 mol%) and reaction mixtuas allowed to stirred
for 2 h at 40°C. Then reaction mixture was concentrated aftertistp material
disappeared monitoring with TLC and the crude pobaas purified by flash column
chromatography over silica gel (30% EtOAc/hexari@yded the producs.3(a-e).

Molecular Formula: CysH3z3NOg

Rt (solvent system): 0.3 (40%, EtOAc/hexane)

Yield: 72%

LRMS: (ES+)m/z=476.2 (M+1).

HRMS: (ESI) calcd. for [GsH3aNOg+H]": 476.2284, found: 476.2284.

'H NMR (400 MHz,CDCls) & ppm: 7.37-7.22 (m, 5H), 5.76 (s, 2H), 5.62-5.30 (m
1H), 4.85 (dJ = 3.76 Hz, 3H), 4.41 (d] = 105.43 Hz, 4H), 4.26 (dd,= 9.45, 5.96
Hz, 2H), 4.06-3.87 (m, 1H), 3.58 (d= 5.47 Hz, 2H), 2.81-2.52 (m, 1H), 2.43-2.33
(m, 1H), 2.32-2.18 (m, 1H), 2.01-1.89 (m, 1H), 885 (m, 3H), 0.96 (d] = 6.80
Hz, 3H), 0.90 (dJ = 6.62 Hz, 3H).
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Synthesis of C14-C21 Eribulin Fragment

Molecular Formula: CygH33NOg

Rt (solvent system): 0.3 (40%, EtOAc/hexane)

Yield: 72%

LRMS: (ES+)m/z=524.2 (M+1).

HRMS: (ESI) calcd. for [GoHzaNOg +H]": 524.2284, found: 524.2284.

'H NMR (400 MHz,CDCl3) 8 ppm : 7.36-7.23 (m, 8H), 7.17-7.08 (m, 2H), 5.85)(

= 51.59 Hz, 3H), 4.85 (d] = 7.66 Hz, 3H), 4.51 (dd] = 19.22, 4.98 Hz, 3H), 4.38-
4.15 (m, 4H), 4.06-3.91 (m, 1H), 3.54 (s, 2H), 3(814J = 3.94 Hz, 1H), 3.02-2.80
(m, 1H), 2.80-2.51 (m, 1H), 2.40-2.32 (m, 1H), 164 1H), 1.74 (ddJ = 17.05,
12.06 Hz, 2H):™*C NMR (100 MHz, CDCl3) & ppm: 172.7, 170.4, 155.5, 136.3,
129.1, 128.9, 128.8, 128.3, 128.0, 127.7, 127.8,22126.7, 80.2, 76.4, 75.7, 73.3,
68.4, 64.0, 62.7, 54.8, 39.4, 36.4, 31.4, 29.7.

Molecular Formula: CyeH3zsNOg

Rt (solvent system): 0.3 (40%, EtOAc/hexane)

Yield: 69%

LRMS: (ES+)m/z=490.2 (M+1)

HRMS: (ESI) calcd. for [GeHzsNOg +H]": 490.2441, found: 490.2441.

'H NMR (400 MHz,CDCl3) 8 ppm: 7.43-7.26 (m, 5H), 5.81 (dd= 8.27, 4.28 Hz,
2H), 5.64-5.33 (m, 1H), 5.29-5.07 (m, 1H), 5.0534(&n, 1H), 4.84 (dJ = 8.62 Hz,
1H), 4.62-4.49 (m, 2H), 4.44-4.00 (m, 5H), 3.683(n, 2H), 2.85-2.58 (m, 1H),
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2.41 (ddd,J = 15.23, 7.46, 3.42 Hz, 1H), 2.21-2.09 (m, 1H), 21087 (m, 1H), 1.83-
1.60 (m, 3H), 1.48-1.34 (m, 1H), 1.19 (s, 1H), 1027 (M, 6H).

H

03
BnO/ A%j/oj\o
(@) O I
LA
Yi/”J\O

5.3d

. J

Molecular Formula: CzsH31NOg

Rt (solvent system): 0.3 (40%, EtOAc/hexane)

Yield: 69%

LRMS: (ES+)mz = 474.2 (M+1).

HRMS: (ESI) calcd. for [GsH3:NOg+H]": 474.2128, found: 474.2128.

'H NMR (400 MHz,CDCls) 8 ppm :7.35-7.21 (m, 5H), 5.81-5.73 (m, 2H), 5.55Xt,
= 4.03 Hz, 0.6H), 5.35 (tJ = 4.09 Hz, 0.3H), 5.13-5.06 (m, 0.6H), 4.96 (dds
12.76, 5.17 Hz, 0.3H), 4.83-4.78 (m, 0.5H), 4.620(4¢H), 4.58-4.42 (m, 3H), 4.38-
4.28 (m, 2H), 4.19-4.06 (m, 2H), 3.56-3.45 (m, 2Bi¥1 (t,J = 6.60 Hz, 1H), 2.69-
2.53 (m, 1H), 2.39-2.29 (m, 1H), 2.23-2.11 (m, 2#N8-1.97 (m, 1H), 1.91-1.74 (m,
5H), 1.74-1.63 (m, 1H)**C NMR (100 MHz,CDCls) & ppm : 172.2, 171.4, 154.3,
137.9, 128.3, 128.2, 127.7, 127.6, 126.7, 79.38,7%.4, 73.4, 68.3, 64.3, 62.7, 60.1,
46.3, 39.7, 31.6, 31.2, 30.0, 24.5.
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Molecular Formula: CyeH3z3NOg

Rt (solvent system): 0.3 (40%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z = 488.2 (M+1).

HRMS: (ESI) calcd. for [GeH3aNOg +H]": 488.2284, found: 488.2284.
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (400 MHz,CDCl3) § ppm : 7.38-7.25 (m, 5H), 5.77 (@= 20.94 Hz, 2H),
5.40-5.26 (m, 1H), 4.97 (dd,= 33.82, 13.51 Hz, 1H), 4.88-4.75 (m, 1H), 4.72-4.48
(m, 3H), 4.41-4.22 (m, 3H), 4.17-4.00 (m, 2H), 3B81 (m, 2H), 3.12 (dd) =
18.30, 7.50 Hz, 0.6H), 2.61 (dddl= 36.43, 19.64, 11.29 Hz, 1.5H), 2.41-2.28 (m,
1H), 2.17 (dd,) = 13.47, 4.14 Hz, 1H), 1.95-2.05 (m, 2H), 1.85-1.55 6H), 1.48-
1.38 (m, 1H);**C NMR (100 MHz, CDCls) 5 ppm :171.9, 171.2, 155.6, 137.8,
128.3, 128.2, 127.6, 127.3, 127.2, 79.3, 76.4, 7B, 68.3, 65.0, 62.8, 54.1, 41.6,
39.2, 31.1, 30.7, 26.6, 24.3, 19.8.

H 0O
BnO O H2 Pd/C
EtOAc
I X J s TR

5.3 (a-e) F3.4(a-e)
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O
"
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To a solution 0f5.3 (a-e)(1eq) in ethyl acetate under hydrogen atmosphededd
palladium charcoal (10 mol%) and reaction mixtu@svallowed to stirred for 16 h.
Then reaction mixture was concentrated after s@rtmaterial disappeared
monitoring with TLC and the crude product was padf by flash column
chromatography over silica gel (30% EtOAc/hexari@yded the producE3.4 (a-e)

H

A; JL

F3.4c

(1S,4S,16S,18S)-4-((R)-sec-butyl)-18-(hydroxymeting,7,12,17-tetraoxa-5-azabi
cyclo[14.2.1]nonadecane-3,6,13-trione (F3.4c) :

Molecular Formula: C39H31NOg

Rt (solvent system): 0.3 (5%, MeOH/DCM)

Yield: 70%

LRMS: (ES+)mz = 402.2 (M+1).
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'H NMR (400 MHz,CDCls) & ppm : 5.58-5.34 (m, 1H), 5.05-4.90 (m, 0.4H), 4.89
4.73 (m, 1.5H), 4.62-4.47 (m, 1H), 4.31-4.07 (m,)38199-3.87 (m, 1H), 3.74-3.59
(m, 2H), 2.74-2.55 (m, 1H), 2.43-2.30 (m, 1H), 22688 (m, 3H), 1.90-1.58 (m, 8H),
1.43 (s, 1H), 1.25-1.14 (m, 1H), 1.03-0.91 (m, 6K NMR (100 MHz,CDCls) &
ppm :72.9, 172.0, 156.5, 81.5, 75.9, 64.4, 60.3, 59801,553.4, 39.5, 36.2, 27.0,
26.0,24.9, 22.6, 16.1, 14.1, 11.6.
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Molecular Formula: CigH27NOg

Rt (solvent system): 0.3 (5%, MeOH/DCM)

Yield: 70%

LRMS: (ES+)m/z = 386.1 (M+1).

HRMS: (ESI) calcd. for [GsH2;NOg+Na]': 408.1636, found: 408.1636.

'H NMR (400 MHz,CDCl3) & ppm : 5.53 (t,) = 4.26 Hz, 0.7H), 5.36-5.30 (m, 1H),
4.69 (s, 0.3H), 4.50-4.42 (m, 1H), 4.37 (dd= 8.59, 4.23 Hz, 1H), 4.20 (dd,=
7.60, 3.26 Hz, 1H), 4.16-4.07 (m, 1H), 3.99 Jd; 2.42 Hz, 0.65H), 3.89-3.81 (m,
0.3H), 3.79-3.61 (m, 2H), 3.58-3.41 (m, 3H), 2.63&(m, 1H), 2.35 (ddd} = 15.20,
8.00, 3.41 Hz, 1H), 2.30-2.19 (m, 2H), 1.82-1.92 @hl), 1.66-1.55 (m, 2H)**C
NMR (100 MHz,CDCl3) 6 ppm :172.8, 172.1, 154.6, 110.0, 80.8, 76.3, 75.6, 64.6,
63.8, 61.1, 60.0, 46.3, 39.9, 31.3, 27.1, 25.%,22.6, 14.1.

F3.4b
\_ J

(1S,4S,16S,18S)-4-benzyl-18-(hydroxymethyl)-2,7,12;tetraoxa-5-azabicyclo
[14.2.1]nonadecane-3,6,13-trione (F3.4b) :

Molecular Formula: C,5,H>9NOsg
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Synthesis of C14-C21 Eribulin Fragment

Rt (solvent system): 0.3 (5%, MeOH/DCM);

Yield: 70%;

LRMS: (ES+)mVz = 436.1 (M+1).

HRM S: (ESI) calcd. for [gH2oNOg+Na]': 458.1791, found: 458.1791.

'H NMR (400 MHz,CDCls) 5 ppm : 7.30 (tdJ = 17.15, 5.37 Hz, 3H), 7.16 (d,=
7.02 Hz, 2H), 5.46 (s, 0.6H), 5.27-5.21 (m, 0.251},6-5.05 (m, 0.2H), 4.98-4.89 (m,
0.6H), 4.56-4.23 (m, 3H), 4.11 (dd= 9.50, 5.94 Hz, 1H), 4.06-3.81 (m, 2H), 3.78-
3.70 (m, 1H), 3.71-3.61 (m, 1H), 3.60-3.48 (m, 1Bi)4 (s, 1H), 3.04-2.91 (m, 1H),
2.67-2.53 (m, 1H), 2.32 (d,= 3.20 Hz, 2H), 2.11-1.94 (m, 1H), 1.90-1.79 (m, 1H),
1.78-1.65 (m, 3H), 1.59 (s, 3HC NMR (100 MHz,CDCl3) § ppm :173.3, 171.7,
156.0, 136.1, 129.1, 128.7, 127.3, 81.3, 76.2,,6849, 60.4, 55.1, 39.4, 36.6, 31.4,
29.7, 26.9, 25.8.

2.4.6d Synthesis of 18-membered Macrocycles, 6.3/6

OTBDPS OTBDPS
\ i LIOH, (THFH,0), 16h
) o “y, > o) "/'ll
| ii. K,CO,, Allylbromide
o OBn D2MF,316 hy © OBn
0,
r 69% (2 steps) Q
441 Sg

Allyl 3-((2S, 4S, 5S)-5-((benzyloxy)methyl)-4-((tesbutyldiphenylsilyl)oxy) tetra
hydrofuran-2-yl)propanoate (&) :

To a solution of compourndl.1 (600 mg, 1.12 mmol) in THF 3 mixture (4:1) added
LiOH.H,0 (236 mg, 5.6 mmol) allowed to stirred for 24 hhr@m temperature then
added 5% HCI solution (5 mL) and the compound exixh twice with EtOAc. The
organic phase was dried over 8@, filtered and evaporated solvent afforded the
carboxylic acid product as colourless oil whichsigbjected to allylation reaction
without further purification.

To the solution of above crude compound acid(lireqyy DMF added KCO;(4 eq),
allyl bromide (2 eq) at GC then allowed stirred for 12 hours at room temjeea
under nitrogen atmosphere. Then reaction quenchiédsaturated NaCl and added
cold water extracted twice with EtOAc. Combined amg layers were dried over

NaSQ,, filtered and evaporated. Purification of crudenpound by flash column
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chromatography over silica gel (10% EtOAc/hexarf@rded the compounés as
light yellow oil (423 mg, 69% for two steps)

OTBDPS OTBDPS
(0] ‘y, . 0 K
0" TiCly, DCM, 85% o
—>
0 OBn 0 OH
< Q
Se 6.1

Allyl 3-((2S, 4S, 5S)-4-((tert-butyldiphenylsilyl)oy)-5-(hydroxymethyl)tetra
hydrofuran-2-yl)propanoate (6.1) :

To a solution 0fSy (423 mg, 0.75 mmol) in dry DCM (10 mL) added TyC282 mg,
1.51 mmol) at C under nitrogen atmosphere. The reaction mixtuas allowed
stirred for 2 h at then quenched with saturated,@Glk$olution, and two layers were
separated and aqueous layer extracted with DCM,bowd organic layers were
washed with brine and dried over J$&,. Concentrated under reduced pressure
purified by flash chromatography (silica gel 60-1#@sh, 30% EtOAc in n-hexane,
TLC: R = 0.4)give 6.1 as pure compound (301 mg, 85%);

Molecular Formula: Cy7H3605Si

Rt (solvent system): 0.4 (30%, EtOAc/hexane)

LRMS: (ES+)m/z = 469.2 (M+1)

'H NMR (400 MHz,CDCl3) 8 ppm : 7.67-7.61 (m, 4H), 7.48-7.36 (m, 6H), 5.9845
(m, 1H), 5.33-5.19 (m, 2H), 4.54 (dt= 5.55, 1.2 Hz 3H), 4.26 (qd,= 12.86, 6.27
Hz, 1H), 3.95-3.86 (m, 2H), 3.75 (d,= 8.86 Hz, 1H), 2.48-2.29 (m, 2H), 2.17 (s,
1H), 1.89 (dddJ = 13.12, 6.15, 2.69 Hz, 1H), 1.74 (dii= 14.31, 6.69 Hz, 2H),
1.53-1.43 (m, 1H), 1.08 (s, 9H)*C NMR (100 MHz,CDCls) & ppm: 173.1, 138.2,
135.8, 135.7, 134.7, 134.0, 133.1, 132.2, 129.8,712128.3, 127.9, 127.7, 127.6,
127.5,118.1, 81.3, 76.6, 74.3, 73.4, 69.4, 69(),430.8, 26.9, 26.5, 19.3.
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Synthesis of C14-C21 Eribulin Fragment

OTBDPS
OTBDPS S
N N-alloc amino acids o )
o v, EDC.HCI, DMAP o
4
—_—
(@) | 0

o) o)

0 OH DCM, 0°C-rt, 3 h 0
75-80% P J§

N l/\o N7 R,

\
| )
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\ ,

6.1 6.2(a-€)

To the solution 06.1(1 eq) in DCM solution added alloc amino acid bim¢dblock

(1 eq) and EDC.HCI (1.5 eq) afG under nitrogen atmosphere and allowed to stirred
for 2 hours. Then added saturated NaHGGlution to this reaction mixture extracted
twice with EtOAc. Combined organic layers were wasbhwith brine solution and
dried anhydrous N&Q,, evaporated the solvent, Purification of crude pound by
flash chromatography over silica gel (40% EtOAcd®e) afforded the compound
6.2(a-e)as colourless oll.

4 ~\

OTBDPS

OM “y
oA
I
= OJJ\N "'//)\
o
6.2a

(S)-((2S, 3S, 5S5)-5-(3-(allyloxy)-3-oxopropyl)-31€rt-butyldiphenylsilyl)oxy)
tetrahydrofuran-2-yl)methyl 2-(((allyloxy)carbonyl) amino)-4-methylpentanoate
(6.2a) :

Molecular Formula: C37Hs;NOsSi

Rt (solvent system): 0.5 (40%, EtOAc/hexane)

Yield: 77%

LRMS: (ES+)m/z= 666.2(M+1)

'H NMR (400 MHz,CDCl3) & ppm : 7.66-7.62 (m, 4H), 7.47-7.35 (m, 6H), 6.0085
(m, 2H), 5.29 (ddd) = 17.24, 3.55, 2.00 Hz, 2H), 5.19 {t= 11.66 Hz, 3H), 4.56
(dd,J = 7.55, 6.27 Hz, 4H), 4.50 (d,= 11.24 Hz, 1H), 4.46-4.21 (m, 4H), 4.04-3.97
(m, 1H), 2.47-2.26 (m, 2H), 1.86 (dddi= 13.09, 5.98, 1.91 Hz, 1H), 1.78-1.69 (m,
3H), 1.69-1.58 (m, 1H), 1.55-1.37 (m, 2H), 1.079kl), 0.93 (t,J = 5.99 Hz, 6H);
3C NMR (100 MHz,CDCl3) & ppm : 173.0, 172.9, 135.7, 133.7, 132.8, 132.9,0,3
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129.9, 127.8, 127.7, 118.1, 117.6, 79.4, 74.2,,6560, 64.5, 52.5, 41.8, 40.8, 30.8,
30.7, 26.9, 24.6, 22.9, 21.7, 19.2.

e A

OTBDPS

H,,, H
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/ (\O)J\ N "'//
6.2b

(S)-1-allyl 2-(((2S, 3S, 5S)-5-(3-(allyloxy)-3-oxoppyl)-3-((tert-butyldiphenyl
silyl)oxy)tetrahydrofuran-2-yl)methyl) piperidine-1,2-dicarboxylate (6.2b) :

Molecular Formula: C37H49NOsSi

Rt (solvent system): 0.5 (40%, EtOAc/hexane)

Yield: 73%

LRMS: (ES+)m/z = 664.2 (M+1)

'H NMR (400 MHz, CDCls) & ppm : 7.66-7.61 (m, 4H), 7.48-7.35 (m, 6H), 5.89
(ddd,J = 16.15, 10.90, 5.70 Hz, 2H), 5.34-5.23 (m, 2H), 622 (m, 2H), 4.97 (d]

= 3.20 Hz, 0.5H), 4.87 (dl = 3.20 Hz, 0.4H), 4.60 (dd,= 9.80, 4.95 Hz, 2H), 4.55
(dd,J = 8.68, 7.35 Hz, 2H), 4.47 (d,= 10.68 Hz, 2H), 4.39-4.29 (m, 1H), 4.24 (&,
= 7.80, 7.00 Hz, 1H), 4.07 (dd,= 25.33, 9.26 Hz, 1H), 4.00 (dd= 7.87, 4.05 Hz,
1H), 3.06 (dJ = 33.77 Hz, 1H), 2.46-2.19 (m, 3H), 1.93-1.80 (m, 1HY9-1.59 (m,
5H), 1.49-1.36 (m, 2H), 1.31 (dd,= 17.67, 2.67 Hz, 1H), 1.07 (s, 9HYC NMR
(100 MHz,CDCl3) 6 ppm : 172.9, 171.5, 156.2, 135.7, 135.7, 132.2,.8,3132.2,
129.9, 129.9, 127.8, 127.7, 118.1, 117.1, 79.4,781.2, 65.0, 40.8, 30.9, 30.7, 26.9,
19.2.

4 \

\\OTBDPS
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Y\/Q /I
o] (0] )
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(S)-((2S, 3S, 5S)-5-(3-(allyloxy)-3-oxopropyl)-3i€rt-butyldiphenylsilyl)oxy)
tetrahydrofuran-2-yl)methyl 2-(((allyloxy)carbonyl) amino)-3-phenylpropanoate
(6.2¢c) :

Molecular Formula: CsoHagNOsSI

Rt (solvent system): 0.5 (40%, EtOAc/hexane)

Yield: 73%

LRMS: (ES+)m/z = 700.3(M+1)

'H NMR (400 MHz,CDCl3) § ppm : 7.72-7.62 (m, 4H), 7.52-7.36 (m, 6H), 7.3217
(m, 3H), 7.16 (dJ = 7.6 Hz, 2H), 5.97-5.83 (m, 2H), 5.37-5.17 (m, 54y 1 (ddJ =
13.94, 5.96 Hz, 1H), 4.59-4.53 (m, 4H), 4.48 Jd& 10.59 Hz, 1H), 4.45-4.40 (m,
1H), 4.38 (ddJ = 11.53, 3.82 Hz, 1H), 4.30 (di,= 12.69, 6.16 Hz, 1H), 3.98 (td,

= 7.68, 3.98 Hz, 1H), 3.14 (dd,= 13.94, 5.90 Hz, 2H), 2.50-2.30 (m, 2H), 1.93-1.85
(m, 1H), 1.82-1.74 (m, 2H), 1.49-1.40 (m, 1H), 1(€9 9H);**C NMR (100 MHz,
CDCl3) 8 ppm: 172.9, 171.4, 155.4, 135.8, 135.7, 133.7,8,3232.6, 132.2, 130.0,
130.0, 129.4, 128.5, 127.9, 127.7, 127.0, 118.2,7,.179.4, 74.3, 65.7, 65.1, 65.0,
54.7, 40.9, 38.1, 30.8, 30.7, 26.9, 19.3.

( N

OTBDPS
|
1

OY\/Q K
)/o o oj/o
= OJJ\N “t,,

A

6.2d

(2S, 39)-((2S, 3S, 5S)-5-(3-(allyloxy)-3-oxopropyd)((tert-butyldiphenylsilyl)oxy)
tetrahydrofuran-2-yl)methyl 2-(((allyloxy)carbonyl) amino)-3-methylpentanoate
(6.2d) :

Molecular Formula: C37Hs;NOsSi

Rt (solvent system): 0.5 (40%, EtOAc/hexane)

Yield: 73%

LRMS: (ES+)m/z= 666.2 (M+1)

'H NMR (400 MHz,CDCl3) & ppm : 7.64 (dJ = 7.79 Hz, 4H), 7.46-7.36 (m, 6H),
5.98-5.82 (m, 2H), 5.35-5.24 (m, 3H), 5.22Jt 9.48 Hz, 2H), 4.55 (dd] = 7.61,
6.46 Hz, 4H), 4.49 (s, 1H), 4.40 (dddz 14.07, 11.46, 6.04 Hz, 3H), 4.30-4.21 (m,
1H), 4.00 (td,J = 7.81, 4.00 Hz, 1H), 2.46-2.26 (m, 2H), 1.94-1.82 id), 1.77-1.67
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(m, 2H), 1.47-1.38 (m, 2H), 1.23-1.13 (m, 1H), 1(879H), 0.95-0.89 (m, 6H}*C
NMR (100 MHz,CDCls) & ppm : 172.9, 171.9, 155.8, 135.7, 135.7, 133.2.8,3
132.7, 132.2, 130.0, 129.9, 127.8, 127.7, 118.%,71179.4, 76.6, 74.3, 65.7, 65.0,
64.6, 58.4, 40.8, 38.1, 30.8, 30.7, 26.9, 24.8,155.4, 11.6.

N
\\OTBDPS
OY\/Q "'//l
O O
ST
/ (\OJJ\ "/,/l

N
H

L 6.2e )

allyl3-((2S,4S,5S)-5-((((S)-2-(((allyloxy)carbonydmino)propanoyl)oxy)methyl)-
4-((tert-butyldiphenylsilyl)oxy)tetrahydrofuran-2-y I)propanoate (6.2e) :

Molecular Formula: Cz4H4sNOgSi

Rt (solvent system): 0.5 (40%, EtOAc/hexane)

Yield: 70%

LRMS: (ES+)m/z = 624.2 (M+1)

'H NMR (400 MHz,CDCls3) 8 ppm : 7.66 (ddJ = 11.97, 5.46 Hz, 4H), 7.50-7.34 (m,
6H), 5.99-5.82 (m, 2H), 5.39 (d,= 7.33 Hz, 1H), 5.35-5.18 (m, 4H), 4.56 (did=
7.88, 6.53 Hz, 4H), 4.49 (dd= 5.33, 3.02 Hz, 1H), 4.41 (ddd= 21.57, 11.44, 4.10
Hz, 3H), 4.27 (dtJ = 12.61, 6.16 Hz, 1H), 4.05-3.98 (m, 1H), 2.47-2.88 @H),
1.87 (ddd,J = 13.03, 5.84, 1.87 Hz, 1H), 1.79-1.71 (m, 2H), 1(d1J = 7.15 Hz,
4H), 1.07 (s, 9H)*C NMR (100 MHz,CDCl3) § ppm: 172.9, 172.9, 155.4, 135.7,
135.7, 133.7, 132.8, 132.6, 132.2, 130.0, 129.9,8,227.7, 118.1, 117.7, 79.4, 76.7,
74.2,65.7, 65.1, 64.7, 49.6, 40.8, 30.7, 30.7M,210.3, 18.7.

OTBDPS OTBDPS
H,, H
O, ““, Grubbs' -II @) 2
o 10 mol% 0
o) 0 O —_— o) o0 O
J AT w (AT
70-75% .
Z l/\o N7 R, 07 N7 R,
| | |
6.2(a-e) 6.3 (a-e)

To a solution 06.2(a-e)(1eq) in dry DCM under nitrogen atmosphere addathBs’

2" generation catalyst (10 mol%) and reaction mixtuas allowed to stirred for 2 h
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at 40°C. Then reaction mixture was concentrated aftetistamaterial disappeared
monitoring with TLC and the crude product was padf by flash column

chromatography over silica gel (30% EtOAc/hexariyded the producs.3(a-e)

4 N\
\\OTBDPS
0 ", "
O
e} o) O
L T
NS OJJ\N ‘“y,
H
6.3a
_ J

Molecular Formula: C3sH47NOsSi

Rt (solvent system): 0.2 (60%, EtOAc/hexane)

Yield: 70%

LRMS: (ES+)m/z=638.3 (M+1).

HRMS: (ESI) calcd. for [GsH4NOsSi+H]": 638.3149, found: 638.3149.

'H NMR (400 MHz,CDCls) & ppm : 7.66-7.61 (m, 4H), 7.48-7.35 (m, 6H), 5.86 (
2H), 5.12-5.00 (m, 1H), 4.88-4.73 (m, 1H), 4.6764(Bn, 1H), 4.55-4.43 (m, 2H),
4.42-4.33 (m, 1H), 4.30-4.26 (m, 2H), 4.08-3.98 (Hhi), 2.49-2.19 (m, 2H), 1.99-
1.79 (m, 2H), 1.79-1.68 (m, 2H), 1.53 (fx 13.10, 6.62 Hz, 3H), 1.06 (s, 9H), 0.95
(d, J = 6.44 Hz, 7TH), 0.86 (s, 1H)"*C NMR (100 MHz, CDCl3) & ppm :172.8,
135.7, 133.6, 132.9, 130.0, 129.9, 127.8, 127.%,6,277.2, 64.4, 63.2, 52.9, 41.1,
40.0, 30.2, 26.9, 24.7, 23.0, 21.4, 19.2.

N\

-

\\OTBDPS

o) Ho, :
O

O (0] 0]

6.3b

. J/

Molecular Formula: C3sHasNOsSi

Rt (solvent system): 0.2 (60%, EtOAc/hexane)

Yield: 70%

LRMS: (ES+)m/z= 636.2 (M+1).

HRMS: (ESI) calcd. for [GsH4sNOgSi+H]": 636.2992, found: 636.2992.
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'H NMR (400 MHz,CDCl3) § ppm: 7.66-7.62 (m, 4H), 7.47-7.36 (m, 6H), 5.73(t
= 2.88 Hz, 2H), 4.88 (dd] = 32.49, 8.85 Hz, 2H), 4.60 (s, 1H), 4.57-4.46 (m),2H
4.30 (s, 1H), 4.28-4.14 (m, 2H), 4.10 (ddk 16.34, 9.05 Hz, 2H), 3.15 (s, 1H), 2.42
(d,J = 12.24 Hz, 1H), 2.32-2.21 (m, 1H), 2.15 (s, 1H),4:1986 (m, 1H), 1.86-1.76
(m, 1H), 1.76-1.64 (m, 4H), 1.64-1.56 (m, 1H), 566 (M, 1H), 1.45-1.32 (m, 2H),
1.06 (s, 9H)X*C NMR (100 MHz,CDCl3) § ppm : 172.7, 172.0, 155.6, 135.7, 133.5,
132.9, 130.0, 129.9, 128.1, 127.8, 127.7, 126.09,785.3, 73.6, 64.4, 64.2, 63.3,
54.2, 41.7, 39.7, 30.6, 30.3, 26.9, 26.6, 24.5,210.1.

N\

p
OTBDPS

o 2 :

0

o 00

Lm“\ I j/
NS OJJ\N "/,/
Ho |

Ph

6.3c

. J/

Molecular Formula: CzgHssNOgSi

Rt (solvent system): 0.2 (60%, EtOAc/hexane)

Yield: 71%

LRMS: (ES+)m/z= 672.2 (M+1).

HRMS: (ESI) calcd. for [GsHasNOgSi+H]™: 672.2992, found: 672.2992.

'H NMR (400 MHz,CDCl3) & ppm : 7.68-7.61 (m, 4H), 7.49-7.36 (m, 6H), 7.3237
(m, 3H), 7.17 (dJ = 6.42 Hz, 2H), 5.82-5.66 (m, 2H), 4.61 (s, 4H), 4(ddd,J =
28.37, 14.03, 6.85 Hz, 3H), 4.38-4.24 (m, 2H), 4308 (m, 1H), 3.25-2.81 (m, 2H),
2.52-2.18 (m, 2H), 1.99-1.76 (m, 3H), 1.53 (dd; 12.97, 6.52 Hz, 2H), 1.08 (s, 9H);
3C NMR (100 MHz,CDCl3) & ppm :172.8, 171.1, 135.7, 133.5, 132.9, 130.0, 129.9,
129.2, 129.1, 128.7, 127.8, 127.7, 126.6, 73.R,68.3, 60.3, 53.4, 37.7, 29.7, 26.9,
21.0,19.2, 14.2.
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Molecular Formula: C3sH47NOsSi

Rt (solvent system): 0.2 (60%, EtOAc/hexane)

Yield: 71%

LRMS: (ES+)m/z= 638.3 (M+1).

HRMS: (ESI) calcd. for [GsH4NOsSi+H]": 638.3149, found: 638.3149.

'H NMR (400 MHz,CDCls) § ppm : 7.67-7.61 (m, 4H), 7.42 (q8i= 14.32, 7.11 Hz,
6H), 5.76 (s, 2H), 5.23-5.03 (m, 1H), 4.91-4.76 (iH), 4.69-4.41 (m, 3H), 4.26 (dd,
J=6.71, 4.27 Hz, 3H), 4.19-3.94 (m, 2H), 2.52-2.18 2i), 2.01-1.86 (m, 2H), 1.72
(s, 1H), 1.53 (ddJ = 13.03, 6.67 Hz, 2H), 1.20-1.13 (m, 1H), 1.07 (s),9H96 (d,J

= 6.44 Hz, 3H), 0.91 (dd] = 13.96, 6.57 Hz, 5H)**C NMR (100 MHz,CDCl3) &
ppm : 172.7, 135.6, 133.5, 132.9, 130.0, 129.9,8,2127.7, 59.0, 53.4, 31.9, 29.6,
29.6, 29.3, 26.8, 24.7, 24.7, 22.6, 19.1, 15.71.14.

4 \
\\OTBDPS
o He, "
O
O (0] O
(,_rr'\ I j/
NS O)J\N "/,//
H
L 6.3e )

Molecular Formula: CzHs1NOgSi

Rt (solvent system): 0.2 (60%, EtOAc/hexane)

Yield: 71%

LRMS: (ES+)m/z=596.2 (M+1).

HRMS: (ESI) calcd. for [GoH41NOgSi+H]™: 596.2679, found: 596.2679.

'H NMR (400 MHz,CDCl3) 8 ppm : 7.63 (ddJ = 6.56, 1.41 Hz, 4H), 7.47-7.35 (m,
6H), 5.77 (s, 2H), 5.26-4.60 (m, 3H), 4.55-4.49 (), 4.46 (ddJ = 11.82, 8.06 Hz,
1H), 4.41-4.13 (m, 4H), 4.07-3.98 (m, 1H), 2.5172(in, 2H), 1.98-1.76 (m, 3H),
1.53 (dd,J = 13.56, 6.72 Hz, 2H), 1.39 (s, 3H), 1.06 (s, 9K NMR (100 MHz,
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CDCl3) 6 ppm : 172.9, 171.1, 152.9, 135183.6, 132.9, 130.0, 129.9, 127.8, 127.7,
126.6, 73.7, 64.4, 63.4, 60.4, 53.4, 50.0, 29.9,261.0, 19.2, 14.2.

OTBDPS OTBDPS
H H H H
o) " o) W
0 H,, Pd/C Y
o} o Oio —_— o} o O 0
EtOAc, 16 h (/\ I
_7E50,
GO - JL
| |
6.3 (a-e) Sqo(a-e)

To a solution 0f6.3 (a-e)(1eq) in ethyl acetate under hydrogen atmosphedecdd
palladium charcoal (10 mol%) and reaction mixtu@svallowed to stirred for 16 h.
Then reaction mixture was concentrated after s@rtmaterial disappeared
monitoring with TLC and the crude product was padf by flash column
chromatography over silica gel (30% EtOAc/hexari@®rded the produck,o(a-e).

OTBDPS \\O
M TBAF N M
I 70-75%
Ck OJLT B
S0 (a-e) F3.5 (a-e)

To a solution ofS;g(a-e) (1 eq) in THF (15 mL) was added TBAF (1.0 M in THF
eq) at 0°C. The mixture was allowed to stand at room tentpegafor 4 h, then
EtOAc (20 ml), HO (10 mL) and saturated aqueous NaCl (5 mL) was@ddhe
layers were separated, and the aqueous layer virectexi with EtOAc (2x20 mL).
The organic extracts were combined, dried (MgS@oncentrated under reduced
pressure and purified by flash chromatography boasgel (EtOAc) to give the title
compound~3.5(a-e).
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(1S,5S,17S,19S)-19-((tert-butyldiphenylsilyl)oxy)-sobutyl-3,8,13,20-tetraoxa-6-
azabicyclo[15.2.1]icosane-4,7,14-trione {§a) :

Molecular Formula: C3sHsgNOsSi

Rt (solvent system): 0.2 (60%, EtOAc/hexane)

Yield: 71%

LRMS: (ES+)m/z= 640.3 (M+1)

'H NMR (400 MHz,CDCl3) & ppm : 7.69-7.58 (m, 4H), 7.49-7.34 (m, 6H), 5.1984
(m, 0.6H), 4.75-4.64 (m, 0.3H), 4.42-4.53 (m, 28%3-4.33 (m, 1H), 4.34-4.17 (m,
3H), 4.10-4.02 (m, 1H), 3.97 (dd,= 2.96, 0.76 Hz, 2H), 3.87-3.75 (m, 1H), 2.45-
2.32 (m, 1H), 2.28 (dJ = 7.14 Hz, 1H), 1.85 (ddd] = 12.92, 6.50, 3.27 Hz, 2H),
1.57-1.45 (m, 3H), 1.70 (s, 6H), 1.06 (s, 9H), 0(85J = 6.39 Hz, 6H);"*C NMR
(100 MHz, CDCl3) 6 ppm: 173.5, 172.9, 156.3, 135.7, 133.6, 132.8,0,3029.9,
127.9, 127.7, 79.2, 75.5, 74.2, 64.7, 64.0, 5218,440.1, 30.0, 26.9, 25.4, 24.7, 23.0,
21.5,19.2.
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Molecular Formula: C3sH47NOsSi

Rt (solvent system): 0.2 (60%, EtOAc/hexane)

Yield: 71%

LRMS: (ES+)m/z=638.3 (M+1)

'H NMR (400 MHz,CDCl3) & ppm : 7.63 (dJ = 7.65 Hz, 4H), 7.41 (ddd,= 14.42,
8.27, 4.39 Hz, 6H), 4.86-4.78 (m, 1H), 4.60-4.46 2id), 4.36-4.18 (m, 2H), 4.12 (d,
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J = 12.25 Hz, 2H), 4.05 (s, 2H), 3.95-3.85 (m, 1H),233101 (m, 1H), 2.46-2.33 (m,
1H), 2.32-2.22 (m, 1H), 2.22-2.11 (m, 1H), 1.928L(M, 2H), 1.68 (dJ = 4.37 Hz,
9H), 1.49 (s, 3H), 1.06 (s, 9H)C NMR (100 MHz,CDCl3) & ppm : 173.3, 171.9,
156.1, 135.7, 135.7, 133.6, 132.9, 130.0, 129.9,8,2127.7, 79.3, 75.8, 74.0, 65.3,
64.8, 63.9, 54.3, 41.6, 40.1, 30.9, 30.8, 26.97,286.9, 25.5, 24.6, 20.4, 19.2.

OTBDPS \\O
Y\/D<‘ TBAF _— Y\/O;
L/\O N R E/\ )j\

|
S1o(a-e) F3.5 (a-e)

To a solution ofS;g(a-e) (1 eq) in THF (15 mL) was added TBAF (1.0 M in THF
eq) at 0°C. The mixture was allowed to stand at room tentpegafor 4 h, then
EtOAc (20 ml), HO (10 mL) and saturated aqueous NaCl (5 mL) wag@ddhe
layers were separated, and the aqueous layer vir@stext with EtOAc (2x20 mL).
The organic extracts were combined, dried (MgS@oncentrated under reduced
pressure and purified by flash chromatography boasgel (EtOAc) to give the title

compound~3.5(a-e).

(" N\
OH
o) Ho, d
o) 00
BN
H
F3.5a

. J/

(1S,5S,17S,19S)-19-hydroxy-5-isobutyl-3,8,13,20+txa-6-azabicyclo[15.2.1]
icosane-4,7,14-trione (F3.5a) :

Molecular Formula: C;gH3:NOg

Rt (solvent system): 0.3 (5%, MeOH/DCM)

Yield: 70%

LRMS: (ES+)m/z = 402.2 (M+1)

'H NMR (400 MHz,CDCls) 8 ppm : 5.49-5.30 (m, 0.7H), 5.09-4.97 (m, 0.2HB54.
4.62 (m, 1H), 4.53-4.42 (m, 1H), 4.39-4.18 (m, 3#)18-4.03 (m, 2H), 4.02-3.78 (m,
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2H), 3.76-3.56 (m, 2H), 2.72-2.59 (m, 1H), 2.4422(@n, 1H), 2.12-1.98 (m, 4H),
1.72 (d,J = 2.54 Hz, 5H), 1.64-1.53 (m, 2H), 0.98-0.90 (m, 6} NMR (100

MHz, CDCls) & ppm :173.4, 172.7, 156.2, 81.4, 76.2, 64.1, 60.4, 53227,539.8,

39.5, 31.4, 27.0, 26.0, 23.0, 22.9, 21.5, 21.3.

4 pH )
o o, :
o]
o] 070
o] N~
F3.5b
g J/

Molecular Formula: CigH29NOg

Rt (solvent system): 0.3 (5%, MeOH/DCM)

Yield: 70%

LRMS: (ES+)mVz = 400.1 (M+1)

'H NMR (400 MHz,CDCl3) 5 ppm : 4.98-4.79 (m, 1H), 4.76-4.46 (m, 1H), 4.83)(

= 6.48 Hz, 5H), 4.06 (d) = 6.27 Hz, 6H), 2.93 (s, 1H), 2.48-2.20 (m, 3H), 2(83
2H), 1.97-1.78 (m, 6H), 1.49-1.37 (m, 2H), 1.27J¢; 1.52 Hz, 1H);*C NMR (100

MHz, CDCls) & ppm : 173.4, 172.7, 156.2, 81.4, 79.7, 76.2, 6845], 60.4, 53.2,
52.7,39.7, 39.5, 31.4, 31.3, 27.0, 26.0, 24.71,22.9, 21.5.
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2.4.8 Spectral data
'H NMR (CDCl 3, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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'H- 'H COSY NMR (CDCl3, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

2D NOE (400 MHz, CDCE)
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'H NMR (CDCl 5, 400MHz)
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'H- 'H COSY NMR (CDCl3, 400MHz)

Hh,Hh1 Hg,Hg1
HfHf1
Ha
He Hb M‘ Hd He,He1
A i |
&8
—2.00
(€] i
\—2.50
—3.00
& —3.50
I—4.00
oD == o
QO ec0] = |l-450
I-ppm (t1
[ y \ ! I : | J
3.50 3.00 250 2.00

107



Chapter 2

2D NOE (400 MHz, CDCE)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H- 'H COSY NMR (CDCl3, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H- 'H COSY NMR (CDCl3, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H- 'H COSY NMR (CDCls3, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)

A M{ l R n.JH '
iy o i i LA SR L
ZR : Bh 8 B 0§ = & 3¢
I T 7 7 T rl* T -I L] | T T T 1 T T T T 'I T I
BG 8.0 o 4.0 bit4] 20 i
13C NMR (CDCl3, 100MHz)
) W% WPl
O
BnO/ : o 0
0~__0 K/
T
Ph NJJ\O/W
H I
| | | | J IJ‘ | |
1 i ‘LI _ _ | | \l ]
T L | L] T T I T T 1 T T
150 0 B0

123



Chapter 2

'H NMR (CDCl 3, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Chapter 2

HPLC

gaon proga
17 udte

Sample Name

CPRI @ DRILS

HELC ANATLYSIS REPCORT
Mon, 18%. Jan. 2015 Acqg Operator: VAERMA
ILS-MNK-ERB-C-205 Vial 21
CM15R010 ->Inj. Vol : 5pk
D:\chem32\1\DATA\180115-APT 2015-01-19 18-12-49\APT ->
D:\CHEM32 00Z2\1\METHODS\API CFZ.M
Column ¥-Terra RP18 250*4 _6mm, 5um
Mobile phase: R)0.1%TFA in Water B) ACN (gradient )
T/B%:0/20,3/20,12/95,23/95,25/20,30/20
Flow:1.0 ml/min, 1 Water

*DAD1 A, Sig=210,5 Ref=off (180115-AP| 2015-01-19 18-12-481190115-006.D - 190115-AP| 2015-01-18 18-12
mAU ] §
] o
1750 - 3
1500
1250 |
1000
750
500
250 -]
1 o™
] %ﬁéﬁ %ﬁ
0 @FE T L e Ea"‘..‘r'.+
, . . | . . | . . . .
0 10 20 mi
Signal 1: DAD]1 &, Sig=210,5 Ref=off
| Peak RT | Lrea | Area %
| # [min | | |
R R e [ == |
[ 1 g.874| 45.783| 0.456
| 2 9.886| 5.685) 0.057|
| 3 10.372| 19.718| 0.196|
| 4 10.986 | 21.143)| 0.211
| 5 11.560] 9.252| 0.092]
| (2] 11.624| 147 .255] 1.467|
| 7 11.872] 20.775]| 0.207]
| 8 11.955] 21.265| 0.212]
| g 12.206| 10.371| 0.103|
| 10 12305 6.614| 0.066]
| 11 12 503 3.363)| 0.034|
| 12 12.966| 9386.533| 83.517|
| 13 13.236] 58.029| 0.578]
| 14 13.4058] 85.210| 0.849|
| 15 13.802] 10.689| 0.106]
| 16 13.873) 22.588) 0.225]
| 17 14.500| 5.576] 0.056|
| 18 14.583| §3.792) 0.934)
| 19 14.703| 17.931| B.179]
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

HPLC

->Inj. Vol. ¢ Sul
01.M

01.M
S5u

DCV-0
DCv-0
X-Terra RP18 250*4.6mm,
A)0.1%TFA in Water B) ACN (gradient )
3/20,12/95,23/985,25/20,30/20

1/min, Diluent: ACN:Water (80:20)

m

*DADT A, Sig=210,5 Ref=off (API171214000003.0 - 161214-AF 2014-12-16 17-45-111161214-02.D)
mAU ] 2
o
- o
300
250
200
150
100
50
4 B g T
— : EREns
~ . Eagds
D;MJWWJMMM
; ; ; ; , : : : ; ; ; ;
0 10 20 mi

| Lrea | BArea % |

| | |

| e = |

| E 9.314| 1.2.825| 0.754|
| 2 11.853| 15.241 | 0.896
| 3 11.865] 3.015| 0.177|
| 4 12.412) 4.152| 0.244)|
| 5 12.98¢6| 10.655| 0.627|
6 13 Ba 15 576 1033

| 7 13.386| 1626.521| 95.640]
| 8 13.633| 7.646| 0.450]
| 9 4.274| 3.053| 0.179]

131



Chapter 2

'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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HPLC
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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Chapter 2

HPLC

Inj Date Fri, 16. Jan. 2015 Acqg Operator: VARMA
Sample Name ILS-MNK-ERB-C-2(08 (B} Vial 5

A R Number CM ->»Inj. Vol 15uL
Acg. Method D: DCV.M
Analysis Method : D: DCV.M
Method Info c Sun fire C-8 250*4.6mm Sum
Mokbile phase: A) TFA in Water B) ACN

T/%B:0/10,3/10,12/95,20/85,22/10,25/10.
Flow:1.0ml/min, Diluent: WATER

ELS1A, Vollage (API160115000011.0)
my - E

] &
500 -
400 -
300 -
200
100 &

0 ol
1 T T T T T T T T T T T T T T T T T
0 5 10 15 20 mi
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 5, 400MHz)
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'H NMR (CDCl 5, 400MHz)

Synthesis of C14-C21 Eribulin Fragment
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

HPLC

CPRI @ DRILS
HPL.C ANALYSEIS REPORT
Inj Date Fri, b. Feb. 2015 ey
Sample Name ILS-MNE-ERB-C-223
A R Number 0 Ir
Acg. Method D:\chem32\1\DATANQ50215-API 20
Rnalysis Method : D:\CHEM32_ 002\1\METHODS\API &S
Method Info Column X-Terra RP18 250*%4.6r
Mokile phase: A) 5mm Ammonium Acetate in water B) ACN
A:B: 0/20,2/20,8/60,12/95,23/95,25/20,30/20
Flow:1.0 ml/min, Diluent: ACN:Water(80:20)
"DAD1 A, Sig=210,4 Ref=off (050215-API 2015-02-05 18-08-42\050215-10.D - 050215-API 2015-02-05 18-08-
mAU 2
] 3
wn
2000 —
1500
1000 -
500
%% B8
PR T No
M~ O5
0 ettt
; : . : | |
0 10 20 miny
Signal 1: DADl A, Sig=210,4 Ref=off
|BPeak| RT | Brea hrea &
| # [min] |
il e |- | -
| 1] 15.687| 6.587| 0.219]
| 2| 15.813| 10.848| 0.090|
| 3 15.973| 11889.736| 98.108]|
| 4] 16.151 | 80.107| 0.661]|
| 51 16.593| 50.181] 0.414
| 6 16.700| 17.560 0.145
| 71 16.820] 4 15T 0.039]
| B 17.440] 6.345 0.052|
| 9| 17.488| 10.608| 0.088|
[ Feq 18.508| 10.88¢| 0.090|
[ Elk] 19.027] 11.360] 0.094]
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'H NMR (CDCl 5, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

HPLC

CPRI @ DRILS

HPLC ANALYSIS REPORT
Inj Date > Fri, 6. Egb. 205
Sample Name : ILS-MNK-ERB-C-237
A R Number : CM15B006
Acg. Method : D:\chem32\1\DATA\Q&0215-AP
Analysis Method : D:\CHEM32 002\1\METHODS\AP
Method Info : Column: X-Terra C-18 250%4 . 6mm, Spum

Mobile phase: A) Smm Ammonium Acetate in water B) ACN
A:B: 0/20,2/20,8/60,12/95,23/95,25/20,30/20
Flow:1.0 ml/min, Diluent: ACN:Water (80:20)

*DADT A, Sig=210,4 Ref=off (060215-AP| 2015-02-06 18-22-26\080215-006.0 - 060215-AP| 2015-02-06 18-24
mAU ]

18.291

600

500

400~

300+

200

100+

0 10 20 miny

|Peak| [ Arez Area %

| # | |

| =] [ e
| ] 16.557| 3.224 0.058
| 2| 17.767| 11.888| 0.214
| 3 18.291| 5302.142 95.295
| 4] 18.783| 131.052 2.355
| 5] 19.107| 17.19¢6 0.309]
| 6| 1%.674| 21.494 0.38¢|
| 7| 20.62¢6| 25.032 0.450|
| 8| 21.087| 7.683 0.138]
| 9| 21.385]| 45.369 0.815

149



Chapter 2

'H NMR (CDCl 3, 400MHz)
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Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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Chapter 2

HPLC

Inj Date

Sample Name

A R Number

Acg. Methed
Analysis Method
Method Info

Mobile phase: A)
A:B: 0/20,2/20,8/60,12/95,23/95,25/20,30/20

Flow:1.0 ml/min,

Diluent:

v
Vol. r 5ul,
2-26\API ->

Sum

Smm Ammonium Acetate in water B) ACN

ACN:Water (80:20)

"DADT A, 5ig=2104 Ref=of (060215-AP| 2015-02-06 18-22-26\060215-007.0 - 0B0215-AP] 20715-02-06 18-22
mAU ]
i =
~
j 2
500
400
300
200
100~ 2
4 a
22} o Yo s
. N % k% 53
| o ery igwga
- - -
04———-r iy hus
r . . . | .
0 10 20 min
Signal 1: DAD1 A, Sig=210,4 Ref=off
| Arez Area %
|
|| =i || e R, |
| 1 12.758] 21.218 0.570)
| 2 15.473 30.668|  0.824)|
| 3 15.870 | 7.801 0.212)
| 4 16.731| 3253.234| 87.433|
| 5 16.845]| 195.957| 5.266|
| | 17.182| 54.133 1.455
| 7] 17.800| 14.877|  0.400|
| 8| 17.845| 10.970 0.295|
| 9| 18.472| 24.495|  0.8658]
| 10| 19.100]| 60.032 1.613
| 11 19.804| 47.349| 1.273|
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"H NMR (CDCI 5, 400MHz)
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'H NMR (CDCl 3, 400MHz)

4 N\
\\OTBDPS
o) "o, :
(@)
O o) O

L B s o et N el e et e
[~} (L2 = L B ol - {=] - o - [ =]
R H % HBEHER o ¥ =zz ¥ B
I T T T T I T T I 1 L] L] ] ] 1 L} I T T T I T T F
B.D T.L BED E 24 2, o
PP L
13C NMR (CDCl3, 100MHz)
0 T o o e B e o) mE o e B s E — DU oGS Ew Ty
BEE  E  BHERBERS 2Es 3394 Cgoduadangl
I
4 N\
\\OTBDPS
o) "o, {
(@)
O o) (0]
| (/\ I j/
OJJ\U
\\ J

[=l=a i 2

154




Synthesis of C14-C21 Eribulin Fragment

'H NMR (CDCl 5, 400MHz)
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Chapter 2

'H NMR (CDCl 5, 400MHz)
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Chapter 3

Synthesis of C22-C28 Eribulin Fragment

for Building A Diverse Set of Macrocycles
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Chapter 3

3.1. Introduction

As already discussed about eribulii (1) and its biological importance in the second
chapter, herein, with our continued interest in eleping practical synthesis
approaches to various sub-structures of eribulthather bioactive natural products, |
am going to discuss the synthesis of the C22-CA8 fragment of eribulin. Many
research groups have contributed their efforts tdsvéhe total synthesis of eribulin

and its various key fragments.

4 N\
HO
HO .
35 « Kishi's one of the key fragmnets
: SV VvV
2 |//,,l o) \‘\\\| 28
Eribulin &
25
F1.1 ; F1.2
. J

Figure 1: Eribulin (F1.1) and One of the Key Fragments of Eriby(i.2) Having
2,6 cisTetrahydropyran Ring

3.2. Working Hypothesis

With our continued interest in developing practisghthesis approaches to various
sub-structures of eribulin and other bioactive redtproducts;? and their utilization
in obtaining different sets of macrocyclic composinde focused our attention to the
C22-C28 substituted tetrahydropyran fragment. Type of sub-structure along with
the various types of macrocyclic rings are also mmmly found in several other
bioactive natural products. For example, pelorugidg=2.1),° cis-2,6- disubstituted
tetrahydropyran is embedded in the functionalizédriembered macrocyclic ring,
and it is also known for its microtubule-stabiligirproperties. Another family of
natural products that contain this moiety alonghwihe macrocyclic ring are (+)-
dactylolide £2.2)," and (-)-zampanolide=@.3):” cis-2,6-disubstituted tetrahydropyran
is embedded in the functionalized 18-membered negcha ring in both, and they
are known for their potent cytotoxicity. (-)-Zammdide, in addition to having

cytotoxic effect, it also possesses the potentahitiule—stabilizing propertiés.
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Synthesis of C22-C28 Eribulin Fragment

Eribulin oo W

F1.1 F2.1

(+)-Dactylolide (-)-Zampanolide

F2.2 F2.3

Figure 2: Erbulin and Other Bioactive Natural Products Conite thecis -2,6-
Disubstituted Tetrahydropyran Moiety Embedded mMmacrocyclic Rings.

Due to the presence ofs-2,6-disubstituted tetrahydropyran moiety in eribuind
several bioactive natural products, we consideneids a privileged scaffold, and it
can serve as a good starting point in buildingemabal toolbox with a diverse set of
macrocyclic compounds. With this goal in mind, vet giree objectives, and these
were: (i) to develop a practical and scalable ssith of cis-2,6-disubstituted
tetrahydropyran moiety as the key scaff@l& (note: eribulin numbering is shown,
seeFigure 2), (i) to complete the synthesis of the eribulragment having this
moiety, and (iii) to develop a modular synthesisdbtaining macrocyclic compounds
having al7- membered ring (s€€3.2). In our approach, the utilization ofs-2,6-
disubstitutedgroups at C23 and C27 leads to a macrocycle wighltirmembered
ring. The incorporation of an amino acid moiety macrocyclic rings allow
introducing a chiral diversity site for obtainingrther structural analogs. The long-
term goal of this study is accessing several dffetypes of macrocyclic compounds

having this privilegedis-2,6-disubstitutedetrahydropyran moiety.
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)(T\ Macrocyclic Diversity ] I\O\fo
(@) O
H H

EtO™ % HN_ LR
23% X H o H
O :> 28 27 O — O
. :%7 28 27 O O
W NE ° " NOTBDPS
TBDPSO  OBn : ERO TE0PS
3.8 F3.1 F3.2(a-d)

17-membered
Figure 3: Macrocyclic Target Having 17 Membered Rifi¢g(2) from the Substituted
Tetrahydropyran Moiety3.8)

3.3 Literature Synthesis of C22-C28 Eribulin Fragmaet

In this section, the literature synthesis of C28B@#bulin fragment is covered.

3.3.1 Kishi's Approach

In 1992, Kishi and co-workers reported the synthedithe C22-C28 fragment of
eribulin from the coupling of two key sub-unifisbwith 1.8. This was achieved using
Ni(Il)/Cr(Il)-mediated coupling reaction, followety a base induced cyclization,
leading to an inversion, and this approach, fuemstine synthesis df.7.

In 1997, the same group, further developed anabperoach to the synthesis C22-
C28 fragment. The synthesis was started with an activation obtel 1.1° to its
corresponding triflate derivative and the conversio phosphonoestet.2 This
reaction was carried-out in one pot. The modifieatrtér-Emmons reaction (Roush-
Masamune condition$pf 1.2 with an aldehydé.3® gave C14-C26 fragment as a 3:2
mixture of E:Z isomers. The NHK (Nozaki-Hiyama-Kishi) reactiontweenl.4 and
aldehydel.5® produced the 4:1 diastereomeric mixture at the €&ner. The 4:1
diastereomeric mixture was then converted into 4 Hiastereomeric mixturgia
Dess-martin  oxidatiol followed by the reduction approach with Corey's
oxazaborolidine reagefht.The Michael reaction of.6 gave the cyclization product.
The final step in this synthesis involved two stegsd these were: (i) the hydrolysis
of the methyl ester into the corresponding acideur&\ conditions, and (i) Barton’s

decarboxylatiohfor obtaining the desired produdt?in 75% overall yield.
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Synthesis of C22-C28 Eribulin Fragment

(0]
B__CoM MeO,C >
- blvie €Lz K
(IDH 1. Tf,0, DIPEA, Me?,,ec')\( ~ ’
10,20,/ OX17 DCM, -78 °C 7,20, 0.7 DBU, LiCl, I
3TOPv - : TOPV g ’ 3 OPv
2. n-BuLi, THF-HMPA chZS’:dd 1.3
14 i 1.2 14
MeOLC. P~y E:z=3:2
OMe

OPMB 1. 10% NiCl,, 90%CrCl,

+ THF-DMF-4-t-BuPyr(6:3:1)
TBSO ENe) “y 2. Dess-Martin periodinane
H (IJH o 3. (8)-2-Bu-CBS, catechol borane
72-77% (3 steps)
1.5

1.6
e | N
1. t-BuOK, PhMe OMs
0°C, 85%
" “y
2. Lil, pyr, reflux “w,
3. NaH, pyr, (COCI), ’ 3 OPv
then t-BuSH,
1.8
|\ J

Scheme 1The Synthesis of the C22-C28 Tetrahydropyran Fragme

3.3.2 Phillips' Approach

In 2009, Phillips and co-workers synthesized emuby developing the novel
synthetic routes to the subunits of eribulin andhier their utilization in stitching
technologies. This team synthesized the C22-C2gfeamt of eribulin. The synthesis
was started with an aldehy@el'? (note: the synthesis @f1is discussed iChapter

2) and this was reacted with2 in the presence of oxazoline/sulfonamide lig2n@l
by using Kishi's protocdf This approach furnished the synthesis of the didl
following the silyl group removal.
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CHO 2.2 (2 equiv), 2.3 (0.5 eauiv) ~ OH 1. PvCl. DMAP, DCM MsO
o Co-phthalocyanine, Mn, LiCl “try pyridine, , 87%. ",
iy TN 0TIPS > >
Et;N.HCI, TMSCI, DME, 1t 1, 20,01 2. Ms,0, Et;N, DMAP '7,20,.0.z op
then TBAF, 52%(d.r. = 6: 1) 3OH  pCMm, 99% 3OPv
21 2.4 25
OTBS

1.1 % NiCl,/CrCl,

OPMB >
THF/DMF (4:1) TBSO 2o 22
.o >
I 2. KHMDS, THF, 0 °C o
CHO 59% (d.r.=3.7:1) oy WN
2.6 1,20 O N
| }jy\A OPv
g < 2.7
|
o)
2, Me
v N l}l-Cr(CI)z(THF)
' SO,Me
2.2 2.3
|\ J

Scheme 2The Synthesis of the C22-C28 Tetrahydropyran Fragme

The selective protection of the primary alcoholhagivaloyl chloride followed by
mesylation gave compourl5. The mesylated compound and an aldeh¥dewas
further coupled by an established combination ofao-Hiyama-Kishi reaction and
the subsequent pyran ring formafidsy SN’ reaction. This approach produc2d in

59% yield and the diastereoselectivity of this tescwas~3.7:1.

3.4 Our Synthesis for the C22-C28 Eribulin Fragment
3.4.1 Retrosynthesis of C22-C28 Eribulin Fragment

The retrosynthetic analysis of our targét 1 is shown inFigure 4. Compoundr4.1
could be obtained frork4.2 by an intramolecular oxy-Michael addition, protegt
group removal, oxidation and terminal Wittig reaos. Theo, p unsaturated ester
F4.2 could be easily obtained frof4.3. The lactone derivatives4.3 was planned
from the cyclization and methylation of compourdl.4. The synthesis ofF4.4 was

planned fromso-ascorbic acid in a few simple steps.
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0
o e i
' 0
- :> o ““, /OBn
TBDPSO  OBn OTBDPS
F4.1 F4.2 F4.3
-
— OM —
TBOPSG CO,Et
F4.5

F4.4
Iso-ascorbic acid

Figure 4: Retrosynthesis of C22-C28 Eribulin Fragment

3.4.2 Synthesis of C22-C28 Eribulin Fragment
0} OH

HO_  OH
1. Acetone, CuSOy,, 60 h
Ho/\H)Z:<A\ 2. 30% Hy02, KzCO5, 24 h #\O T #‘
27 26°Q O > O\)\)J\OEt —_— > O\)\ZQ
3. Etl, CH3CN, 70°C, 24 h = 2.LBH, THF, 12 h 7Y
H 58% 2 steps OTBDPS
3.2

HO
Fa.5 80% 3 steps

w Om
-

Iso-ascorbic acid
1. IBX, ACN, 2 h, 90 °C . 1)
2.NaH. THF. -70°C. 2 h separable (4:1) mixture
69% 2 steps #\O 1. PTSA, Benzene, 16 h )
» O 2 4+ trans > 27 OBn
PhO_ _~_ 28 7 N isomer 2. Ag,0, BnBr, Toluene, 2 % ”/g
~ 0,
PhO’ll:: COOEt TBDPSO CO,Et 62% 2 steps OTBDPS
O
3.3 3.4 3.5 3.6
o} 0O
O single diastereomer Et O)J\z EtO
2 233 2
Me,CuLi, TMSCI O 1. Dibal-H, DCM, -78 °C, 2 h 0 o
—_— > +
- 3,7,1 _-0Bn > . 2 ‘ 27
Et,0, -20 °C 28 2. TEPA, NaH, THF, 16 h W ‘N 28 W U g
22 h, 85% OTBDPS 65% 2 steps TBDPSO  OBn TBDPSO  OBn
3.7 3.8 Separable diastereomers 3.9
b I b
EtO 23§ EtO 23§ Methyl triphenyl EtO 23§
0O 1. TBAF, THF, 2 h 0 Phosponium Bromide 0
> 27 > . 27
w e % D'\Q/P’zDCM' e ""’| 5 n-Buli THF,0°C,3h " 26
50% 2 steps ’ ’ ’
TBDPSO OBn o) oBn 55% OBn
3.8 3.10 F3.1

Scheme 3Synthesis of C22- C28 Fragment of Eribulin.
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Our synthesis was started with a chiral startingene from Iso-ascorbic aciB4.5,
and our plan is shown iBcheme 31t was to converted t8.1in three simple step.
This then led to producing the corresponding alt@®3 which following oxidation
was then subjected s Wittig reaction™ thus giving thecis- (3.4) andtrans- (3.5)
products as two separable geometrical isomersdid aatio. Compoun@.4 was then
subjected for cyclization under the PTSA conditmmditions'® and this approach
gave o,f lactone, 3.6. The diastereoselective conjugate additioon 3.6 then
produced compound.7. The reduction followed by Horner-Wadsworth-Wittig
reactiort® furnished the synthesis of two separable diasteees3.8 and3.9.Finally,
the required produdt3.1 was obtained fron3.8 in a series of steps that involved (i)

the silyl group removal, (ii) oxidation and (iii) Xiig reaction.

Structural analysis

cis trans
isomer isomer
WLO Ha VLO "
O BN Hp SN & CO,Et
28 =¥y 28 =%
TBDPSO "¢ CO,Et TBDPSO "¢ Hy
3.4 3.5

Figure 5: Assignment oB.4and3.5

The compound8.4, and3.5were assigned by using coupling constants. Thplocau
constant betweendand H (J = 11.69), upfield of Hchemical shift, downfield of H
chemical shift in3.4 when compared t@.5 which indicated acis relationship;
whereas the coupling constant betweepadd H (J = 15.74), downfield of H
chemical shift, upfield of kichemical shift ir3.5when compared 8.4, indicated the

H, and H, trans relationship ir3.5

H He H
(0] (0]
23 Ha
(0] e
5z = Mo T
' oy~ OBN ey ey ~OBN

28 HC \“,..

OTBDPS Hy, OTBDPS

3.7

b

Figure 6: Assignment 0B.7.
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The structural assignment of compoudd was carried-out by NMR, +H' COSY
experiments; stereochemistry at C25 carbon wagressiby 2D-NMR nOe analysis.
The 1,4 nOe between H, and Hy indicated that it is not in the chair form! The H,
showed nOe with klbut not with H; and that H; showed nOe with methyl protons
of C25 carbon, further indicated that the methglugris below the plane.

OBn
OTBDPS

Figure 7: Assignment 08.8and3.9

The compound$.8, and3.9 were assigned by 2D NMR nOe analysis. In compound
3.8 the protons § H; and H showed nOe with each other. In compo@r@j protons

Ha Hc showed nOe with each other but both protons didshow any nOe with H
proton, further indicating that the,-H. are occupying an axial position whereas the
He proton is present in equatorial orientation.

3.4.3 Synthesis of Macrocyclic Compounds

With this sufficient amount of the key intermediad@e8, we further developed a
modular approach to the synthesis of macrocyclmmaunds,F3.2 The Scheme 4
shows our approach to the synthesis of a macracgoinpound=3.2.
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4
Ve

EtO
~23
1. LIOH, (THF:H,0), 16 h 0 TiCl,, DCM, 2 h
> 27 E—
SN 200w Bbromise Y
) ) o Z Steps
TBDPSO ~ OBn TBDPSO  OBn
3.8
o)
J H / o P
r\o : Grubbs Il
| i _EDCI, DMAP__ rubbs 1l | H
27 AIIoc-AA DCM O 10 mol% H I
w K 28 75-80% o I DCM o) 0

,,,,, o 70-75%
TBDPSO  OH s (JZ OTBDPS
OTBDPS

4.2 4.3(a-d) F3.2(a-d)

Scheme 4:17-Membered Macrocyclic Compounds3(2) from Cis-2,5-Disubstituted
Tetrahydropyran Fragmer(B.8)

A /o >
bk OIO

T

Yy ~OTBDPS v~ YOTBDPS
F3.2a F3.2b
/ o o) / 0._0
/:‘\ O AN Ph
H H
l 0 :\l:\
0~ o 0~ o
v~ YOTBDPS v~ YOTBDPS
F3.2c F3.2d

The hydrolysis 0f3.8 produced free acid which was then allylated anatgating
group removal, finally gavé.2. It was then coupled with four different amino acids
for obtaining a precurso4.3 for the crucial ring closing metathesis. The u$seo
second generation Grubbs catalyst successfully usextl the 17-membered ring

macrocycle with a single olefin geometRA8.2 In one case, The olefin geometry was
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Synthesis of C22-C28 Eribulin Fragment

assigned by using NMR studies. In this study, fouacrocyclic compounds were
obtained by this approach. This further validateel feasibility of our ring formation
that is independent of an amino acid utilized i sgnthesis.

3.4.4Conclusions

» To summarize, we succeeded in developing a practiod scalable
synthesis otis-2,6 substituted tetrahydropyran moiety which issent in
eribulin as well as in several other important btoee natural products.

» The privileged scaffol8.8 was further utilized in obtaining 17-membered
macrocyclic rings, and for completing the synthe$i€22-C28 fragment of
eribulin.

» The incorporation of an amino acid moiety in magalic rings allow
introducing a chiral diversity site for obtainingrther analogs with a
variation in the chiral side chain.

» The key step involved in our synthesis was thetdiasselective conjugate
addition, and Harer-Wadsworth-Wittig reactiomnd an advantage of our
approach is the use of a cheap chiral startingnatéso-Ascorbic acid

» The biological evaluation of all the compounds gatesl from this program
is ongoing in collaboration with Dr. Satish Kitamkidarolinska Institute,
Sweden and Dr. Subhadra Dravida, Trans Cell BiokhgHyderabad in
various patient-derived cancer cells / cancer stelis to search for novel
selective cancer cell Kkillers, for cell migratiomnd in general as

cytoskeleton modulators.
3.4.5 Experimental Section
3.4.5a Synthesis of Key Intermediate 3.8
HO _ OH 4 Acetone, CusO,, 60 h \/Lo 5
o /}é%o 2.30% H,0;, K,CO3, 24 >h J \)\)]\OB

HO 3. Etl, CH;CN, 70°C, 24 h
80% 3 steps

H
Iso-ascorbic acid

s*’ Olln

1

(R)-ethyl 2-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2hydroxyacetate (3.1) :
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A mechanically stirred suspension of Iso-Ascorbadain (25 g, 142 mmol) in
acetone (0.5 L) was treated with anhydrous Cu&32.5 g, 236.5 mmol). After the
reaction was stirred at room temperature for 24 lsecond (37.5 g, 236.5 mmol)
portion of CuSQ was added, and stirring was continued for an et 24 h. The
reaction was then filtered and concentrated, gidangear-quantitative yield of 3,4-
isopropylidene-Iso-ascorbic acid. The iso-propytielederivative was then dissolved
in water (150 mL) containing 39 g ohb&O;. This solution was chilled in an ice bath
and stirred while 30% #D, (35 mL) was added slowly till the color disappeansl if
not, further HO, was added till the color disappears. During thelitazh, the
temperature was maintained below®2D The solution was stirred overnight and then
concentrated in vacuo. The moist solid was extchetéh boiling absolute EtOH
(6x200 mL). After filtration and evaporation, thaltswas dried under vacuum to
provide 30 g of material. Treatment of a mechalycstirred suspension of the salt
with Etl (45 mL) in CHCN (150 mL) at reflux for 24 h gave, after concatitm and
removal of the inorganic salt by filtration gavesthure compoun8.1 (23 g, 80% 3
steps).

Molecular Formula: CgH;1605

Rt (solvent system): 0.3 (30% ethyl acetate hexanes)

LRMS: (ES+)m/z = 205.0 (M+1).

'H NMR (400 MHz,CDCl3) 8 ppm: 4.38-4.25 (m, 4H), 4.04 (dd= 6.07, 3.18 Hz,
2H), 2.99-2.67 (m, 1H), 1.46 (s, 3H), 1.37 (s, 3HB3 (,J = 7.14 Hz, 3H);**C
NMR (100 MHz,CDCl3): 172.0, 77.0, 71.1, 65.0, 61.8, 26.3, 25.0, 14.1

0
\O/LO TBDPSCI, DCM W\“O Q
———a
T OBt im 16h, 80% 2 Ot

OH 5TBDPS
31 S1

(R)-ethyl 2-((tert-butyldiphenylsilyl)oxy)-2-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)
acetate (9) :

To a stirred 0f3.1 (14.25 g, 69.8 mmol) in 80 mL of dry DCM, imidaeo(9.4 g,
139.6 mmol) and TBDPSCI (21.7.mL, 83.76 mmol) wadeed sequentially under N
atmosphere at C. Stirred for 1 h at rt, 50 mL of 4 was added and extracted with
DCM (2x80 mL), combined organic layer was dried roMeSOs, concentrated to get
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Synthesis of C22-C28 Eribulin Fragment

the crude, which was purified by flash column chatography with 5% ethyl acetate
and hexanes ga\® (24.8 g, 80%).

Molecular Formula: CzsH3405Si

Rt (solvent system): 0.4 (5% ethyl acetate/hexanes)

LRMS: (ES+)m/z = 443.2 (M+1).

o)
#bo LBH, THF, 12 h #0 OH
O —_— O\)\zy
OEt o

: 73% I
OTBDPS OTBDPS

S1 3.2

(S)-2-((tert-butyldiphenylsilyl)oxy)-2-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)ethanol
(3.2):

To a solution 0f51(24.8 g, 56.1 mmol) in 80 mL of dry THF at’G and under N
atmosphere, lithium borohydride (3.19 g, 84.1 mm} added portion wise af’C.
After 12 h stirring, quenched carefully with 2 N @Qlld solution, filtered through
celite pad, the filtrate was dried overJS&y, concentrated, purified by flash column
chromatography with 20% ethyl acetate and hexaaes3j2 (16.4 g, 73%).
Molecular Formula: Cy3H3,04Si

Rt (solvent system].3 (20% ethyl acetate/hexanes)

LRMS: (ES+)mVz = 401.2 (M+1).

'H NMR (400 MHz,CDCls) & ppm : 7.74-7.63 (m, 5H), 7.40 (ddi= 8.58, 6.69 Hz,
5H), 4.18 (ddJ = 13.41, 6.42 Hz, 1H), 4.02 (dd~= 8.33, 6.35 Hz, 1H), 3.71 (td,=
8.50, 5.87 Hz, 2H), 3.60 (d,= 4.09 Hz, 2H), 1.31 (s, 3H), 1.28 (s, 3H), 1.079(3);
13C NMR (100 MHz,CDCl3) & ppm : 135.9, 135.6, 134.8, 130.0, 129.6, 127.9,2,0
74.5, 67.5, 64.7, 27.0, 26.5, 25.3, 19.4.

1. IBX, ACN, 2 h, 90 °C .
2 NaH. THF. -70°C. 2 h separable (4:1) mixture

#—o OH  69% 2 steps #O t
d + rans
O\)ﬂ\zy oo > \27\2_6/\' isomer
z ~Spo TN\

28 =
5TBDPS Pho’g COOEt TBDPSO  CO,Et

3.2 3.3 3.4 3.5

The compound3.2 (16.4 g, 40.97 mmol) was dissolved in £ (150 mL) and
added IBX (34.41g, 122.9 mmol), then refluxed at’@Cfor 2 h. After consumption

of total starting material (monitored by TLC) walsefed through celite, organic layer
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washed with sat. ag. NaHGQolution, dried over N&O,, concentrated to get the
crude aldehyde (17g), which was subjected for steq directly.

To the wittig reagen8.3 (20.5 g, 64.07 mmol) in 80 mL of dry THF, NaH (1.§3
64.07 mmol) was added at’G, under N atmosphere. Stirred for 30 minutes &0
then cooled to -78C. The above aldehyde in 20 mL of dry THF was adsledly to
this reaction mixture and stirred for 2 h at °€8 Reaction quenched with 60 mL sat.
ag.NH,Cl solution followed by 50 mL of sat.aq. NaCl sabut was added and
extracted with ethyl acetate (4x60 mL). The combireganic layer dried over
NaSQO,, concentrated, purified by flash column chromaapdy with 5% ethyl
acetate and hexanes gave separable (4:1) mixt3d 0.7 g) an®.5(2.6 g) 69% 2
steps)

Data for 3.4 :

Molecular Formula: C7H360sSi

R¢ (solvent system): 0.2 (5% ethyl acetate/hexanes)

LRMS: (ES+)mVz = 469.2 (M+1).

'H NMR (400 MHz,CDCls) § ppm : 7.72 (ddJ = 8.01, 1.46 Hz, 2H), 7.65 (dd,=
8.04, 1.37 Hz, 2H), 7.44-7.31 (m, 6H), 6.00 (d&; 11.69, 8.72 Hz, 1H), 5.56 (td,

= 6.35, 2.93 Hz, 2H), 4.15 (di,= 6.73, 4.22 Hz, 1H), 3.97 (td,= 13.88, 6.88 Hz,
3H), 3.92-3.86 (m, 1H), 1.39 (s, 3H), 1.35 (s, 3H)L6 (dd,J = 8.99, 5.31 Hz, 3H),
1.10 (s, 9H)*C NMR (100 MHz,CDCl3) & ppm : 165.1, 147.1, 135.9, 133.1, 129.7,
127.4, 120.7, 109.2, 78.8, 69.4, 65.5, 60.0, 26®, 25.4, 19.3, 14.0.

Data for 3.5 :

Molecular Formula: Cy7H3605Si

R¢ (solvent system): 0.2 (5% ethyl acetate/hexanes)

LRMS: (ES+)m/z = 469.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.71-7.68 (m, 2H), 7.65-7.61 (m, 2H), 7.45-
7.35 (m, 6H), 6.76 (dd] = 15.74, 6.54 Hz, 1H), 5.71 (dd,= 15.74, 1.22 Hz, 1H),
4.31 (dt,J = 7.67, 7.30, 3.82 Hz, 1H), 4.17-4.10 (m, 2H), 4.5)(= 6.21 Hz, 1H),
3.94 (td,J = 8.31, 4.85 Hz, 1H), 3.78 (dd,= 8.34, 6.30 Hz, 1H), 1.31 (s, 3H), 1.26
(t, J= 7.13 Hz, 3H,1.13 (s, 3H), 1.10 (s, 9H)**C NMR (100 MHz,CDCl3) & ppm :
165.8, 146.1, 135.9, 133.1, 129.9, 127.6, 122.9,6,078.4, 73.6, 66.2, 60.3, 27.0,
26.4, 25.3, 19.4, 14.2.
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j——o PTSA, Benzene %70
26 —_— '217 OH
XY 16 h, 80% N
TBDPSO  CO,Et OTBDPS
3.4 S,

(5S, 6R)-5-((tert-butyldiphenylsilyl)oxy)-6-(hydroxymethyl)-5,6-dihydro-2H-
pyran-2-one () :

To a solution 0f3.4 (10.7g, 22.8 mmol) in 50 mL of benzene, PTSA (8,922.8
mmol) was added ,After 3 h stirring at 3D, reaction mixture directly extracted with
ethyl acetate (3x40 mL), combined organic layeedirover NaSQ,, concentrated,
purified by flash column chromatography with 20%y&iacetate and hexanes g&ge
(7 g, 80%).

Molecular Formula: CyH2604Si

R¢ (solvent system): 0.2 (20% ethyl acetate/hexanes)

LRMS: (ES+)m/z= 383.1 (M+1).

'H NMR (400 MHz,CDCls) § ppm : 7.72-7.68 (m, 4H), 7.51-7.40 (m, 6H), 6.86,(
J=10.04, 1.95 Hz, 1H), 5.79 (dd,= 10.02, 1.98 Hz, 1H), 4.70 (td,= 9.40, 1.95
Hz, 1H), 4.42 (dddJ = 9.40, 4.05, 2.78 Hz, 1H), 3.92 (diiz 12.51, 2.37 Hz, 1H),
3.81 (dd,J = 12.48, 3.86 Hz, 1H), 1.87 (s, 1H), 1.10 (s, 9HE NMR (100 MHz,
CDCl3) 6 ppm : 162.5, 149.5, 135.7, 132.9, 130.4, 128.9,3,182.9, 64.0, 61.1, 26.8,
19.3.

O
23 (0] 23 (0]
27 Ag,0, BnBr, Toluene 27
N 8/OH - S 8/OBn
2 h, 78%
OTBDPS R OTBDPS
S, 3.6

(5S,6R)-6-((benzyloxy)methyl)-5-((tert-butyldiphenysilyl)oxy)-5,6-dihydro-2H-
pyran-2-one (3.6) :

To a solution of5, (5.1g, 13.3 mmol) in 50 mL of dry Toulene, at@®and under N
atmosphere, A® (9.25g, 40.05 mmol) was added followed by slowitaah of BnBr
(2.36 mL, 19.95 mmol). After 2 h stirring at 30, reaction mixture directly extracted
with ethyl acetate (3x40 mL), combined organic laydried over NgSO,
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concentrated, purified by flash column chromatobyapith 8% ethyl acetate and
hexanes gava.6 (5 g, 78%).

Molecular Formula: CygH3,04Si

R¢ (solvent system): 0.45 (20% ethyl acetate/hexanes)

LRMS: (ES+)m/z=473.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.64 (dJ = 7.90 Hz, 4H), 7.49-7.41 (m, 2H),
7.33 (ddd,J = 16.90, 11.29, 7.10 Hz, 7H), 7.26-7.19 (m, 2H), §&d,J = 9.99, 2.57
Hz, 1H), 5.79 (ddJ = 9.99, 1.52 Hz, 1H), 4.69 (di,= 8, 2 Hz 1H), 4.55-4.47 (m,
1H), 4.46 (s, 2H), 3.71 (dq, = 10.87, 3.58 Hz, 2H), 1.05 (s, 9HYC NMR (100
MHz, CDCl3) 6 ppm : 162.6, 147.9, 137.6, 135.7, 133.0, 132.0,2,3128.3, 128.0,
127.9,127.6, 119.9, 81.9, 73.5, 68.3, 64.0, 2.

0 0
2
28>0 Me,CuLi, TMSCI 0
Z oBh T » . 4 _OBn
% /,28/ Et,0, -20 °C NP 4
OTBDPS 22 h, 85% OTBDPS
3.6 3.7

(4R, 5S, 6R)-6-((benzyloxy)methyl)-5-((tert-butyldohenylsilyl)oxy)-4-methyl
tetrahydro-2H-pyran-2-one (3.7) :

A solution of the Methylithium 1.6 M in ether (35.7nL, 50.8 mmol) was added
dropwise to a slurry of Cul (4.83 g, 25.4 mmol)iethyl ether(45 mL) at O °C under
argon atmosphere. After the mixture was stirredlf@min, the copper reagent was
treated with TMSCI (8.05 mL, 63.5 mmol). After thexture was cooled at -ATC, a
solution of theu,-unsaturate@d-lactone3.6 (3g, 6.35 mmol) in diethyl ether (10 mL)
was added. The reaction mixture was stirred at°@@or 22 h. After this time, the
reaction was quenched by the addition of 30mL NHa/NH,CI solution (pH 8). The
mixture was diluted with diethyl ether, the phas&se separated, the aqueous phase
was extracted with diethyl ether (twice), and tlembined organic extracts were
washed with water and brine and dried oves3@. Evaporation of the solvent gave
the crude material, which was further purified tbgsh chromatography, give pure
compound3.7(2.63 g, 85%).

Molecular Formula: C3oH3z604Si

R¢ (solvent system): 0.43 (20% ethyl acetate/hexanes)

LRMS: (ES+)m/z = 489.2 (M+1).
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'H NMR (400 MHz,CDCl3) § ppm : 7.64 (t) = 7.06 Hz, 4H), 7.45 () = 7.36 Hz,
2H), 7.40-7.27 (m, 7H), 7.20 (d= 6.41 Hz, 2H), 4.36 (t) = 3.45 Hz, 3H), 3.74 (dd,
J = 6.55, 4.56 Hz, 1H), 3.57 (dd,= 10.78, 2.27 Hz, 1H), 3.42 (dd,= 10.78, 4.63
Hz, 1H), 2.71 (ddJ = 15.22, 4.46 Hz, 1H), 2.19-2.10 (m, 2H), 1.03 (s),9H65 (d,J

= 6.87 Hz, 3H);**C NMR (100 MHz,CDCl3) & ppm : 172.0, 137.7, 135.9, 135.8,
133.1, 132.8, 130.1, 130.0, 128.3, 127.8, 127.68,823.3, 72.1, 69.6, 34.5, 34.2,
26.9, 19.3, 18.5.

0 OH
Pt 23
0 Dibal-H, DCM 0
. 2 oph ———> - a
W “, d W ', 28
AP G -78°C. 2 h )
OTBDPS TBDPSO  OBn
3.7 S3

(4R,5S,6R)-6-((benzyloxy)methyl)-5-((tert-butyldiptenylsilyl)oxy)-4-methyltetra
hydro-2H-pyran-2-ol (Sg) :

To a solution 08.7(0.924 g, 1.89 mmol) in 20 mL of dry Toulene at °Z8 under N
atmosphere, 1.7M in toluene DIBAL-H (13.9 mL, 23nnol) was added slowly.
After 1 hour, reaction diluted with 60 mL ethyl &, quenched with 80 mL sat. aq.
Na-K tartrate solution and stirred for 4 hours & g clear separation. The organic
layer dried over N&Q,, concentrated to get the crude, which was purifigdlash

column chromatography with 40% ethyl acetate andhes gave (0.714 g, 77%) of
S;

OH EtoJ\z
23 233

0 0

. TEPA, NaH, THF .+
b R — o by
W 1% 16h, 85% v 1%
TBDPSO  OBn TBDPSO  OBn TBDPSO  OBn
S, 3.8 39

Separable diastereomers

Ethyl-2-((2R,4R,5S,6R)-6-((benzyloxy)methyl)-5-((te-butyldiphenylsilyl)oxy)-4-
methyltetrahydro-2H-pyran-2-yl)acetate (3.8) :

To a suspension of 60% NaH (0.280 g, 11.65 mmolrin THF (10 mL), triethyl
phosphonoacetate (3.26 g, 14.57 mmol) was addedGtand stirred under nitrogen
atmosphere for 30 min. A solution §(0.714 g, 1.457 mmol) in 5 mL THF was then
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added drop wise to the reaction mixture and allowedtir for 12 h at rt. After
completion of the reaction (monitored by TLC), rgac mixture was quenched by
the addition of saturated ammonium chloride sotuti®O mL) and extracted with
ethyl acetate. Combined organic layer was washdd 20 mL brine, dried over
anhydrous sodium sulfate, filtered and concentrateliave a crude oil, which was
purified by flash chromatography (4% ethyl acets®Anes) to give the separable
compounds3.8(0.56 g)& 3.9 (0.14 g) as colourless liquid.

Data for 3.8 :

Molecular Formula: C34H440sSi

R¢ (solvent system): 0.2 (4% ethyl acetate/hexanes)

LRMS: (ES+)m/z=561.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.70 (dtJ = 8.12, 4.00 Hz, 5H), 7.44-7.38 (m,
2H), 7.38-7.27 (m, 7H), 7.24 (s, 1H), 4.40-4.28 @hl), 4.12 (qJ = 7.14 Hz, 2H),
3.80-3.87 (m, 1H), 3.73 (d, = 8.8 Hz 1H), 3.57-3.47 (m, 2H), 3.33 = 8.8 Hz
1H), 2.59 (ddJ = 15.2, 6.8 Hz 1H), 2.34 (dd, = 15.2, 6.8 Hz 1H), 1.81-1.72 (m,
1H), 1.70-1.59 (m, 2H), 1.22 @,= 7.17 Hz, 3H), 0.98 (s, 9H), 0.65 (@= 6.39 Hz,
3H); **C NMR (100 MHz,CDCl3) & ppm : 171.2, 138.6, 136.1, 134.0, 133.5, 129.5,
128.2, 127.6, 127.4, 127.3, 81.6, 74.5, 73.3, 78005, 60.4, 40.9, 39.2, 37.7, 27.0,
20.0, 19.9, 14.2.

Data for 3.9 :

Molecular Formula: C34H440sSi

R¢ (solvent system): 0.2 (4% ethyl acetate/hexanes)

LRMS: (ES+)m/z=561.2 (M+1).

'H NMR (400 MHz,CDCls) & ppm : 7.69 (ddd) = 11.94, 8.00, 1.34 Hz, 4H), 7.45-
7.21 (m, 11H), 4.37-4.27 (m, 3H), 4.12 (o= 7.14 Hz, 2H), 3.76-3.69 (m, 1H), 3.61
(dd,J= 10.41, 2.18 Hz, 1H), 3.53 (dd= 10.42, 5.54 Hz, 1H), 3.39 (d,= 8.30 Hz,
1H), 2.83 (dd,J = 14.52, 7.65 Hz, 1H), 2.56 (dd,= 14.53, 7.04 Hz, 1H), 1.90-1.79
(m, 1H), 1.57 (dtJ = 14, 4 Hz, 1H), 1.49-1.39 (m, 1H), 1.23 Jt= 7.13 Hz, 3H),
0.97 (s, 9H), 0.65 (d] = 6.56 Hz, 3H):"*C NMR (100 MHz,CDCl3) § ppm : 171.3,
138.4, 135.9, 133.9, 133.5, 129.6, 128.1, 127.7,5,2127.3, 74.5, 74.3, 73.0, 70.5,
68.5, 60.5, 37.1, 34.9, 32.7, 27.0, 19.8, 19.82.14.
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3.4.5b Synthesis of C22-C28 Fragment of Eribulin tm 3.8

O O

EtO)J\z Eto)l\z
23 237
o TBAF, THF, 2 h o
w 27
w “ 28 72% w 'I,I/I 28
TBDPSO OBn OH OBn
3.8 S,

Ethyl2-((2R,4R,5S,6R)-6-((benzyloxy)methyl)-5-hydmy-4-methyltetrahydro-
2H-pyran-2-yl)acetate () :

To a stirred solution d3.8(0.072 g, 0.128 mmol) in 5 mL of dry THF, 1M TBAF

(0. 067 g, 0.257 mmol) was added. After 3 h, 10 ofilsat. ag. NaCl solution was
added and extracted with ethyl acetate (2x15 mirplined organic layer dried over
NaSO,, concentrated to get the crude which was purified flash column
chromatography with 20% ethyl acetate and hexaaesSy (0.03 g, 72%).

Molecular Formula: C;gH260s5

R¢ (solvent system): 0.2 (20% ethyl acetate/hexanes)

LRMS: (ES+)mz = 323.1 (M+1).

'H NMR (400 MHz,CDCls3) § ppm : 7.37-7.25 (m, 5H), 4.60-4.52 (m, 2H), 4.63)(
= 7.14 Hz, 2H), 3.90-3.81 (m, 1H), 3.73 (dd= 9.70, 4.52 Hz, 1H), 3.61 (dd,=
9.69, 6.48 Hz, 1H), 3.37 (ddd= 9.01, 6.45, 4.55 Hz, 1H), 3.15 {t= 9.35 Hz, 1H),
2.53 (dd,J = 15.28, 7.32 Hz, 1H), 2.37 (dd,= 15.28, 5.84 Hz, 1H), 1.74 (ddd=
13.24, 4.09, 1.93 Hz, 1H), 1.68-1.60 (m, 1H), 1(24 = 7.13 Hz, 3H), 1.14 (dd] =
15.70, 9.00 Hz, 1H), 1.05 (d,= 6.41 Hz, 3H)*C NMR (100 MHz,CDCl3) 5 ppm :
171.1, 137.6, 128.5, 127.9, 127.8, 78.3, 75.3,,7877, 72.2, 60.4, 40.9, 38.6, 36.9,
18.0, 14.2.

(0] (0]
EtO)l\= EtOJj\z
23% 23%
0 DMP, DCM, 4 h o)
27 —_— > 27
\\\‘“ 'I"ll 28 70% \\\\“ ‘l/// I 28
OH OBn O OBn
S, 3.10
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ethyl 2-((2R,4R,6R)-6-((benzyloxy)methyl)-4-methyb-oxotetrahydro-2H-pyran-
2-yl)acetate (3.10) :

To a solution ofS, (0.03 g, 0.09mmol) in 5 mL of dry DCM and, dtmosphere,
Dess-Martin periodinane (0.8 g, 0.186 mmol) waseaddt 0°C. After 30 minutes
reaction diluted with 20 mL DCM, quenched with 2Q at. aq.NgS,03 solution.
Separated organic layer washed with 20 mL sat.NaddCGQ; solution, dried over
NaSQOy, concentrated to get the crude Ketone, which wagigd by wash column
with 15% ethyl acetate and hexanes gave the K&di50.02 g, 70%).

Molecular Formula: C;gH240s5

R¢ (solvent system): 0.2 (15% ethyl acetate/hexanes)

LRMS: (ES+)mz = 321.1 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.35-7.30 (m, 4H), 7.28-7.25 (m, 1H), 4.6324
(m, 2H), 4.35 (dtdJ = 11.18, 6.61, 1.87 Hz, 1H), 4.15 Jt= 5.44 Hz, 2H), 3.91 (dd,
J=10.99, 3.46 Hz, 1H), 3.63 (dd= 10.99, 6.31 Hz, 1H), 2.72 (dd= 15.65, 6.76
Hz, 1H), 2.59 (td) = 12.65, 6.44 Hz, 1H), 2.49 (dd,= 15.64, 6.39 Hz, 1H), 2.27
(ddd,J = 13.21, 6.29, 1.85 Hz, 1H), 1.70-1.60 (m, 2H), 1(@5J = 7.15 Hz, 3H),
1.10 (d,J = 6.59 Hz, 3H);"*C NMR (100 MHz,CDCl3) 5 ppm : 207.2, 170.7, 138.2,
128.3, 127.7, 127.5, 81.9, 73.5, 73.2, 68.4, 6424, 40.9, 40.5, 14.2.

O O

Eto)j\ EtOJ\

H Methyl triphenyl oz

23=
o Phosponium Bromide o)
27 > ‘ z7
- "//l »s  n-BuLi, THF, 0°C, 3 h w ”'| %
OBn 55% OBn

0]

3.10 F3.1

Ethyl-2-((2R,4R,6S)-6-((benzyloxy)methyl)-4-methyb-methylenetetrahydro-2H-
pyran-2-yl)acetate (F3.1) :

A suspension of Methyltriphenylphosphonium brom(dié6.2 mg, 1.25 mmol) in dry
THF (3 mL) was treated with n-BuLi (0.5 mL, 1 mmdl6 M solution in hexane)
under N at 0 °C. The resulting yellow solution was allowed tor siit room
temperature for 30 min, then cooled to -78 °C. Auson of ketone3.10 (40 mg,
0.125 mmol) in dry THF (2.5mL) was added slowly ahé reaction mixture was
allowed to warm up to room temperature. The stysras continued for 4 hr before it

was quenched by saturated aqueousMHThe aqueous layer was extracted with
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Et,O three times, the combined organics were driedS®iy concentrated under
reduced pressure and purified by flash chromatdyrédgilica gel 60-120 mesh, 15%
EtOAc in n-hexane, TLC: R= 0.3)gave purd=3.1(18 mg, 55%).

Molecular Formula: CigH2604

Rt (solvent system].3 (15% ethyl acetate/hexanes)

LRMS: (ES+)m/z=319.1 (M+1).

'H NMR (400 MHz,CDCl3) § ppm : 7.37-7.26 (m, 5H), 4.89-4.83 (m, 2H), 4.6534
(m, 2H), 4.13 (qJ = 7.11 Hz, 2H), 4.09-4.04 ( m, 1H), 4.00Jt 5.46 Hz, 1H), 3.81
(dd,J = 10.09, 5.28 Hz, 1H), 3.66 (dd,= 10.09, 5.84 Hz, 1H), 2.60 (dd= 15.24,
7.00 Hz, 1H), 2.39 (dd) = 15.23, 6.25 Hz, 1H), 2.35-2.28 (m, 1H), 1.91-1.84 (
1H), 1.25 (d,J = 7.08 Hz, 3H), 1.16 (dd] = 14.07, 9.58 Hz, 1H), 1.09 (d,= 6.48
Hz, 3H); *C NMR (100 MHz,CDCls) & ppm : 171.2, 148.3, 138.2, 128.3, 127.9,
127.6, 105.5, 74.2, 73.4, 70.1, 60.5, 42.1, 41524 317.6, 14.2.

3.4.5c Synthesis of 17-Membered Macrocycles F3.2Mm 3.8

o 0]

EtoJ\z (\0 :
= =23
25 1. LIOH, (THF:H,0), 16 h o
0 - .
- '%Z, 2. K,CO3, Allylbromide - “uy 28
DMF, 16 h, 69% 2 steps
TBDPSO  OBn TBDPSO  OBn
3.8 4.1

Allyl  2-((2R,4R,5S,6R)-6-((benzyloxy)methyl)-5-((te-butyldiphenylsilyl)oxy)-4-
methyltetrahydro-2H-pyran-2-yl)acetate (4.1) :

To a solution of compound.8 (0.4 g, 0.714 mmol) in THF4D mixture (4:1) added
LiOH.H>0 (0.179 g, 4.28 mmol) allowed to stirred for 24throom temperature then
added 5% HCI solution (5 mL) and the compound exixh twice with EtOAc. The
organic phase was dried over 8@, filtered and evaporated solvent afforded the
carboxylic acid product as colourless oil whichsighjected to Allylation reaction
without further purification.

To the solution of above crude compound acid(liredyy DMF added KCOs(4 eq),
allyloromide (2 eq) at 0C then allowed stirred for 12 hours at room temjpeea
under nitrogen atmosphere. Then reaction quenchiédsaturated NaCl and added
cold water extracted twice with EtOAc. Combined amg layers were dried over
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NaSQ,, filtered and evaporated. Purification of crudenpound by flash column
chromatography over silica gel (10% EtOAc/hexarf@rded the compound.1 as
light yellow oil (0.283 g, 69% for two steps)

207 A

TiCly, DCM, 2 h o)
27 —_— 27
o' “u; 08 85% w . 28

TBDPSO OBn TBDPSO OH

41 4.2

Allyl2-((2R,4R,5S,6R)-5-((tert-butyldiphenylsilyl)oxy)-6-(hydroxymethyl)-4-meth
yltetrahydro-2H-pyran-2-yl)acetate (4.2) :

To a solution o#.1 (0.28 g, 0.489 mmol) in dry DCM (10 mL) added TiCl81 mg,
0.97 mmol) a °C under nitrogen atmosphere. The reaction mixtuas allowed
stirred for 2 h at then quenched with saturated,@Gli$olution. and two layers were
separated and aqueous layer extracted with DCM,bowd organic layers were
washed with brine and dried over J8&,. Then organic layer was evaporated.
Purification of crude compound by flash column chadography over silica gel (20%
EtOAc/hexane) afforded the compouh@ (0.2 g, 85%).

Molecular Formula: CpgH3gOsSi

R¢ (solvent system): 0.3 (20% ethyl acetate/hexanes)

LRMS: (ES+)miz = 483.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.72 (ddJ = 7.89, 6.56 Hz, 4H), 7.44-7.36 (m,
6H), 5.96-5.82 (m, 1H), 5.26 (ddd= 13.78, 11.56, 1.28 Hz, 2H), 4.57 U= 5.70
Hz, 2H), 3.92-3.84 (m, 1H), 3.81 (ddl= 10.81, 1.70 Hz, 1H), 3.45 (dd= 11.2, 6
Hz, 1H), 3.41(tdJ = 10.4, 2 Hz, 1H), 3.24 ( = 9.01 Hz, 1H), 2.49 (dd] = 15.30,
7.76 Hz, 1H), 2.37 (dd] = 15.30, 5.35 Hz, 1H), 1.84-1.74 (m, 1H), 1.67 (s),2H00
(s, 9H), 0.71 (dJ = 6.41 Hz, 3H);**C NMR (100 MHz, CDCl3) & ppm : 170.7,
136.0, 136.0, 133.7, 133.1, 132.0, 129.7, 127.8,4,181.5, 74.5, 73.1, 65.2, 63.1,
40.7, 39.2, 37.6, 27.1, 20.0, 19.9.

178



Synthesis of C22-C28 Eribulin Fragment

r\oJ\z | 0 l!l R
| i EDCI, DMAP e I
0 > o O
0" o
H
o

” Alloc-AA, DCM ©
\\\“‘ "/// 28 75-80% H

TBDPSO  OH 28 27
OTBDPS

42 4.3 (a-d)
To the solution o#.2 (1 eq) in DCM solution added alloc amino acid bgiblock
(1 eq) and EDC.HCI (1.5 eq) at room temperatureeumitrogen atmosphere and
allowed to stirred for 2 hours. Then added satdrataHCQ solution to this reaction
mixture extracted twice with EtOAc. Combined orgahayers were washed with
brine solution and dried anhydrous JS&x, evaporated the solvent, Purification of
crude compound by flash chromatography over sitjgh (40% EtOAc/hexane)

afforded the compourndl.3 (a-d)as colourless oil.

( \
;
e
O\"/N

o} 0 o}
o) 0
H H
)

OTBDPS

4.3a

(2S,39)-((2R,3S,4R,6R)-6-(2-(allyloxy)-2-oxoethyB{(tertbutyldiphenylsilyl)oxy)
-4-methyltetrahydro-2H-pyran-2-yl)methyl 2-(((allyl oxy)carbonyl)amino)-3-

methylpentanoate (4.3a) :

Molecular Formula: C3gHssNOsSi

R¢ (solvent system): 0.3 (40% ethyl acetate/hexanes)

LRMS: (ES+)m/z=680.3 (M+1).

'H NMR (400 MHz,CDCls) § ppm : 7.72-7.67 (m, 4H), 7.44-7.36 (m, 6H), 5.9875
(m, 2H), 5.36-5.28 (m, 3H), 5.27-5.19 (m, 2H), 4(68l,J = 11.11, 5.61 Hz, 4H),
4.41 (dd,J = 11.49, 2.06 Hz, 1H), 4.33 (dd,= 8.98, 4.62 Hz, 1H), 4.25 (dd,=
10.27, 5.97 Hz, 1H), 3.99 (dd= 11.49, 7.11 Hz, 1H), 3.76 (dd,= 10.81, 4.56 Hz,
1H), 3.24 (tJ = 7.90 Hz, 1H), 2.76 (dd] = 14.68, 7.51 Hz, 1H), 2.57 (dd~= 14.69,
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6.98 Hz, 1H), 1.86-1.83 (m, 1H), 1.62 (dbz 12.55, 5.39 Hz, 2H), 1.48-1.34 (m,
2H), 1.18-1.08 (m, 1H), 1.02 (s, 9H), 0.90 (dds 7.12, 3.28 Hz, 6H), 0.69 (d,=
6.64 Hz, 3H);™*C NMR (100 MHz, CDCls) & ppm : 171.5, 170.6, 155.8, 135.8,
133.7, 133.0, 132.0, 129.9, 127.7, 118.3, 117.74,743.3, 68.0, 65.7, 65.2, 58.3,
38.2, 37.2, 34.4,32.7, 27.0, 24.7, 19.7, 19.34,1B1.6.

o
C Y

o

OTBDPS

w

4.3b

(S)-((2R,3S,4R,6R)-6-(2-(allyloxy)-2-oxoethyl)- 34grt-butyldiphenylsilyl)oxy)-4-
methyltetrahydro-2H-pyran-2-yl)methyl 2-(((allyloxy )carbonyl) amino) propan
oate (4.3b) :

Molecular Formula: C3sHa7NOsSi

R¢ (solvent system): 0.3 (40% ethyl acetate/hexanes)

LRMS: (ES+)m/z=638.3 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.69 (dddJ = 9.72, 7.89, 1.54 Hz, 4H), 7.47-
7.35 (m, 6H), 5.97-5.85 (m, 2H), 5.45-5.11 (m, 5#pH2-4.55 (m, 4H), 4.37 (td,=
11.02, 5.48 Hz, 2H), 4.32-4.24 (m, 1H), 4.06 (d¢;, 11.51, 6.81 Hz, 1H), 3.80-3.74
(m, 1H), 3.26 (tJ = 7.90 Hz, 1H), 2.82 (dd] = 14.66, 8.36 Hz, 1H), 2.52 (dd,=
14.66, 6.17 Hz, 1H), 1.90-1.80 (m, 1H), 1.61 (dd; 9.87, 4.12 Hz, 1H), 1.48-1.39
(m, 1H), 1.35 (dJ = 7.13 Hz, 3H), 1.01 (s, 9H), 0.68 (@@= 6.64 Hz, 3H);*C NMR
(100 MHz,CDCls) & ppm : 172.5, 170.6, 155.3, 135.9, 133.7, 133.2.0,3129.9,
127.7,118.3, 117.7, 74.3, 73.2, 68.1, 65.3, 49163, 34.5, 32.8, 27.0, 19.7, 19.3.
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0] N
\"/
0] 0]
o) 0]
H

o)

N“

OTBDPS

& i

.3c

(R)-1-allyl 2-(((2R,3S,4R,6R)-6-(2-(allyloxy)-2-oxethyl)-3-((tert-butyldiphenyl
silyl)oxy) -4-methyltetrahydro-2H-pyran-2-yl)methyl) pyrrolidine-1,2-di carbox
ylate (4.3c) :

Molecular Formula: C37H4gNOsSi

R¢ (solvent system): 0.3 (40% ethyl acetate/hexanes)

LRMS: (ES+)m/z = 664.3 (M+1).

'H NMR (400 MHz,CDCls) & ppm : 7.70 (tJ = 6.14 Hz, 4H), 7.45-7.35 (m, 6H),
6.00-5.78 (m, 2H), 5.35-5.27 (m, 1H), 5.26-5.10 @Hi), 4.62-4.51 (m, 4H), 4.50-
4.39 (m, 1H), 4.32 (ddd] = 12.13, 8.51, 2.88 Hz, 1H), 4.04-3.95 (m, 1H), 33769
(m, 1H), 3.62-3.53 (m, 1H), 3.46 (dddi= 17.57, 12.46, 7.31 Hz, 1H), 3.25 (dt=
7.88, 2.55 Hz, 1H), 2.79 (ddd= 14.66, 7.40, 4.42 Hz, 1H), 2.62-2.52 (m, 1H), 2.24-
2.04 (m, 1H), 1.95-1.81 (m, 4H), 1.60 (8= 13.95, 3.90 Hz, 1H), 1.46-1.35 (m,
1H), 1.27 (dJ = 11.09 Hz, 2H), 1.01 (s, 9H), 0.68 (@= 6.55 Hz, 3H);"*C NMR
(100 MHz,CDCl3) 8 ppm : 172.2, 170.7, 170.6, 154.2, 135.8, 133.2.8,3132.0,
129.8, 127.7, 118.3, 117.1, 74.3, 73.3, 68.1, 65428, 58.8, 46.8, 37.2, 34.6, 32.6,
30.9,29.9,27.1,24.1, 23.3,19.7,19.4

OTBDPS
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(S)-((2R,3S,4R,6R)-6-(2-(allyloxy)-2-oxoethyl)- 34grt-butyldiphenylsilyl)oxy)-4-
methyltetrahydro-2H-pyran-2-yl)methyl 2-(((allyloxy )carbonyl)amino)-3-phenyl
propanoate (4.3d) :

Molecular Formula: C41Hs1NOsSi

R¢ (solvent system): 0.3 (40% ethyl acetate/hexanes)

LRMS: (ES+)m/z=714.3 (M+1).

'H NMR (400 MHz,CDCls) § ppm : 7.74-7.64 (m, 4H), 7.46-7.35 (m, 6H), 7.2B67
(m, 3H), 7.11 (dJ = 6.72 Hz, 2H), 5.95-5.81 (m, 2H), 5.32-5.16 (m, 5#H§4 (d,J =
7.39 Hz, 1H), 4.54 (d] = 4.76 Hz, 4H), 4.41 (d] = 10.98 Hz, 1H), 4.30 (s, 1H), 4.00
(dd,J=11.21, 7.38 Hz, 1H), 3.80 @,= 7.03 Hz, 1H), 3.24 (1) = 7.81 Hz, 1H), 3.11
(dd,J =14, 5.2 Hz, 1H), 3.02 (d,= 14.2 5.70 Hz, 1H), 2.81 (dd] = 14.65, 8.07 Hz,
1H), 2.53 (dd,) = 14.65, 6.17 Hz, 1H), 1.86 (d= 6.12 Hz, 1H), 1.45 (dd] = 12.45,
7.83 Hz, 1H), 1.31 (d] = 19.70 Hz, 1H), 1.03 (s, 9H), 0.70 (= 6.61 Hz, 3H);**C
NMR (100 MHz,CDCl3) & ppm : 171.0, 170.6, 155.4, 135.8, 133.7, 133.@.(,3
129.9, 129.5, 128.5, 127.7, 126.9, 118.3, 117.64,743.2, 68.1, 65.6, 65.3, 54.6,
38.1, 37.3, 34.5, 32.8, 27.1, 19.7, 19.3.

y
OH' . T I el FE

H DCM
70-75%

% 7 OTBDPS

OTBDPS

4.3 (a-d) F3.2 (a-d)

To a solution 0of4.3 (a-d) (1eq) in dry DCM under nitrogen atmosphere added
Grubbs’ 29 generation catalyst (10 mol%) and reaction mixtuas allowed to stirred
for 2 h at 40°C. Then reaction mixture was concentrated aftertista material
disappeared monitoring with TLC and the crude pobaas purified by flash column
chromatography over silica gel (30% EtOAc/hexaryded the produde3.2(a-d).
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OTBDPS

F3.2a
\. J

(1R,5S,16R,18R,19S,E)-5-((R)-sec-butyl)-19-((tertabyldiphenylsilyl)oxy)-18-
methyl-3,8,13,20-tetraoxa-6-azabicyclo[14.3.1]icd0-ene-4,7,14-trione (F3.2a) :
Molecular Formula: CzeHagNOgSi

R¢ (solvent system): 0.3 (30% ethyl acetate/hexanes)

LRMS: (ES+)m/z=652.3 (M+1).

'H NMR (400 MHz,CDCls) § ppm : 7.72-7.65 (m, 4H), 7.45-7.34 (m, 6H), 5.8865
(m, 2H), 4.97-4.73 (m, 2H), 4.70-4.56 (m, 1H), 4480 (m, 3H), 3.98 (dd] = 12,
6.4 Hz, 1H), 3.89-3.77 (m, 1H), 3.43-3.26 (m, 18i)1-2.81 (m, 1H), 2.29 (d,= 14
Hz, 1H), 1.90-1.75 (m, 3H), 1.69-1.57 (m, 1H), 2586 (m, 2H), 1.19-1.06 (m, 1H),
1.04-1.00 (m, 9H), 0.93-0.86 (m, 6H), 0.76-0.57 @h); *C NMR (100 MHz,
CDCl3) 6 ppm : 171.1, 170.5, 155.7, 135.9, 133.9, 133.9,8,2127.7, 126.6, 77.2,
74.2,60.4,59.0, 53.4, 37.0, 34.0, 27.1, 27.(8,241.0, 19.6, 15.7, 14.2, 11.4.

Oy

OTBDPS

F3.2b
\. J

(1R,5S,16R,18R,19S,E)-19-((tert-butyldiphenylsilybxy)-5,18-dimethyl-3,8,13,20-
tetraoxa-6-azabicyclo[14.3.1]icos-10-ene-4,7,14dne (F3.2b) :
Molecular Formula: Cz3zHs3NOgSi

R¢ (solvent system): 0.3 (30% ethyl acetate/hexanes)

LRMS: (ES+)m/z=610.2 (M+1).

'H NMR (400 MHz,CDCl3) 8 ppm :7.73-7.64 (m, 4H), 7.47-7.34 (m, 6H), 5.88-5.71
(m 2H), 4.87-4.71 (m, 2H), 4.70-4.62 (m, 1H), 4481 (m, 2H), 4.28-4.17 (m, 1H),
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3.96-3.87 (m, 1H), 3.79 (8,= 6 Hz, 1H), 3.37-3.20 (m, 1H), 3.03-2.85 (m, 1RB3-
2.24 (d,J = 14 Hz, 1H), 1.92-1.80 (m, 1H), 1.69 (s,)3H50-1.41 (m, 1H), 1.31 (d,

= 7.15 Hz, 3H), 1.01 (s, 9H), 0.68 @= 6.11 Hz, 3H):**C NMR (100 MHz,CDCl3)

& ppm : 171.1, 170.5, 155.6, 135.9, 133.9, 133.9,8,2127.7, 126.6, 74.2, 60.4, 59.0,
53.4, 37.0, 34.0, 27.0, 24.8, 21.0, 19.6, 15.72,141 4.

r/jy_jg O

05O N\
H

awn\h

H
0 L
(¢} (¢}

OTBDPS

F3.2¢c
. J/

Molecular Formula: C3sHssNOsSi

R¢ (solvent system): 0.3 (30% ethyl acetate/hexanes)

LRMS: (ES+)m/z= 636.2 (M+1).

'H NMR (400 MHz,CDCls) § ppm : 7.70-7.62 (m, 4H), 7.46-7.33 (m, 6H), 5.857%5
(m, 1H), 5.74 (dtJ = 15.6, 3.2 Hz, 1H), 5.11-5.04 (dd~= 13.2, 1.6 Hz ,1H), 4.58-
4.42 (m, 2H), 4.32 (dd] = 8.8, 3.2 Hz, 2H), 4.23 (dd,= 13.13, 6.81 Hz, 1H), 4.14
(dd,J=11.81, 7.20 Hz, 1H), 3.92 (dd= 13.05, 6.46 Hz, 2H), 3.57 (ddd= 10.51,
7.68, 4.96 Hz, 1H), 3.52-3.43 (m, 1H), 3.11J(t 7.39 Hz, 1H), 2.92 (dd] = 14.21,
11.99 Hz, 1H), 2.32 (dd] = 14.26, 2.78 Hz, 1H), 2.22-2.13 (m, 1H), 1.95-1.89Q (
4H), 1.65 (ddJ = 9.50, 4.65 Hz, 1H), 1.45-1.36 (m, 1H), 1.02 (s, 9®Y7 (d,J =
6.75 Hz, 3H);*C NMR (100 MHz, CDCl3) & ppm : 173.3, 170.3, 153.8, 135.9,
133.4, 133.3, 129.8, 127.6, 127.2, 124.9, 74.3,®&%..6, 66.5, 63.9, 58.6, 46.7, 38.7,
34.4,32.7,30.8, 27.1, 23.5, 19.6, 18.8.

/ﬂ o
O 0] HN
H H I\Ph
O
O O
T oT
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(1R,5S,16R,18R,19S,E)-5-benzyl-19-((tert-butyldipmglIsilyl)oxy)-18-methyl-
3,8,13,20-tetraoxa-6-azabicyclo[14.3.1]icos-10-eAgr, 14-trione (F3.2d) :
Molecular Formula: C3gH47NOsSi

R¢ (solvent system): 0.3 (30% ethyl acetate/hexanes)

LRMS: (ES+)m/z = 686.3 (M+1).

'H NMR (400 MHz,CDCls3) 8 ppm : 7.68 (ddJ = 10.95, 4.46 Hz, 4H), 7.46-7.34 (m,
6H), 7.33-7.25 (m, 3H), 7.16 (d,= 6.82 Hz, 2H), 5.91-5.64 (m, 2H), 4.70 {=
1.00 Hz, 3H), 4.50-4.23 (m, 3H), 4.06-3.92 (m, 1880 (t,J = 5.79 Hz, 1H), 3.42-
3.13 (m, 1H), 3.10-2.98 (m, 1H), 2.34-2.23 (m, 1#),3-2.05 (m, 1H), 2.03-1.96 (m,
1H), 1.94-1.81 (m, 1H), 1.69-1.49 (m, 2H), 1.29,(@¢ 7.82, 6.16 Hz, 1H), 1.03 (d,
J=5.02 Hz, 9H), 0.92-0.82 (m, 1H), 0.69 (& 2.15 Hz, 3H):C NMR (100 MHz,
CDCls) 6 ppm : 172.2, 170.4, 155.0, 136.0, 133.8, 133.9,9,2129.7, 129.1, 128.8,
127.6, 126.7, 77.2, 74.3, 55.3, 37.5, 34.5, 31967,27.0, 25.8, 22.6, 19.7, 14.1, 11.4.
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3.4.7 Spectral Data
'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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Synthesis of C22-C28 Eribulin Fragment

'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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Synthesis of C22-C28 Eribulin Fragment

'H NMR (CDCl 3, 400MHz)
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'H- 'H COSY NMR (CDCl3, 400MHz)
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NOESY
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'H NMR (CDCl 3, 400MHz)

EtO

(0]

\\\\‘\ ., “t,

oo

TBDPSO OBn

N
Y o ot SR R ¥ b L -
B e — = o - = (=3 5] [-S
s == B BREE BB By kE L
T T 1 T L] T L) I T T T T r T T T T ! T T T I T T T T I T T T T T T L] I L] T
50 TD ED {1} 43 20 14
==k
13C NMR (CDCl3, 100MHz)
0
N |
0
\\\‘\‘ K
1 I
i TBDPSO  OBn
! i
I | i 1 | I
| ] ‘ ‘ | ‘ H |
1 I ] ol i - I 1l
L L r Ll L L3 T 1 L] ¥ 1 L] T T T
150 100
Fpm (i1

196



Synthesis of C22-C28 Eribulin Fragment

'H- H! COSY NMR (CDCls, 400MHz)

CH3
Ha, Hg
Hg Hb Hf, Hf Hd, Hd
Ha
JLLLJJ u HE\_A i
= i + B
- L
= L] =D 1.0
- . '
> [ L
E i -
- n = @® g |
20
= - e -
o = =’ = -] -
b an ol E:
=30
o= _? -
l.“ *
- }_ ) = a» =
i E |
# o o = #
e i
Featn
T T l T T I T T 1 T T I T T T r T T I T T ! L T !
£m 380 200 250 200 50 a6 a8

197



Chapter 3

NOESY
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'H NMR (CDCl 3, 400MHz)
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'H- H! COSY NMR (CDCls, 400MHz)
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NOESY
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H- H! COSY NMR (CDCls, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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'H NMR (CDCl 3, 400MHz)
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Chapter 4

Synthesis of | satin-based Diverse Set of

Macrocyclic Compounds
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Chapter 4

4.1 Synthesis of | satin-based 13-Membered Macrocyclic

Compounds

4.1.1 |satin Introduction

Isatin (1H-indole-2, 3-dioneFigure 1) was first synthesized by Erdnfamnd
Laurent in 1841 as a product from the oxidation of indigochromic acid and nitric
acid. It is an indole derivative, and in naturejsitfound in many plants, such as
Calanthe discolor,? Isatis tinctoria,* and in Couroupita guianensis;®> moreoverijt is a

metabolic derivative of adrenalfhimm humans.

Figure 1: Structure of Isatin

Isatins have significant importance in medicinaériistry and are used as a key
starting material in the synthesis of a large \wgreg heterocyclic compounds, which
are biologically activé:?® Several pharmacological actions are associatel igaitin,
and some its derivatives include: anticancer, dotobial, antiviral, anti-

inflammatory, anticonvulsant, and analgesic agents.

H N racemic
0o (0)
\
(0] _N 5
© R NH
” racemic ’}l/
AN
O Was
N
R |
H
2.1a. R=NO, 2.2a. R=CH, 2.3a.R=H
2.1b. R= OCH3 2.2b. R=CSH5 2.3b. R=5-CI
21c.R=H 2.3c. R=5-F
2.3d. R=5-Br
2.3e. R=5-CHj

Figure 2: Isatin Derivatives with Antimicrobial Activity
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Synthesis of | satin-based Macrocycles

The synthesized compoungda, 2.1b, 2.1c reported by Manna and co-work&esd
showed antimicrobial activity. The MICs were foubdlow 10 pg/ml againsP.

aereuginosa (5.0, 10.0, and 9.5F. coli (10.0, 5.0, and 8.0), arfdl aureus (7.5, 8.5
and 2.5).

Abdel-rahman and co-workéfsreported the spiro-indoline—based heterocyelga
and 2.2b which showed a very high activity agairst coli (54.0, 59.0),A. niger
(70.0, 63.0) an&. subtilis (75.0, 66.0).

Bari and co-workers reported some isatin derivatives3(a-e) which showed
antimicrobial activities. Among several compoundbge derivative with 5-Br

substitution showed the most favorable antimicroadivity againstC. albicans, A.

niger.
N
Br /i S
o} o o)
Ri N N N
H \ CH3 R
N—/ 1
Rz H3C\/ \\N\/
Rz
et A
-1b. Ry=H, R,=NO, : =R,= i .4b. R=(CH,),CqHa(p-OCH
31c. R oBr, Fni R;=R,= Morpholinyl 3.4b. R=(CHy);C¢H4(p-OCH3)

Figure 3: Isatin Derivatives with Anticancer Activity

The compounds3.1(a-c)reported by Vine and co-workéfsshowed the greater
selectivity towards lymphoma and leukemia cellsrdweast, colorectal and prostate
carcinoma cell lines.

Solomon and co-workersreported the synthesis of compourgi® and 3.3 which
showed a good anticancer activity. For example,pmmd3.2 showed 10-15 fold a

higher cytotoxic effect on cancer compared to nameer cells.

Wee and co-worket$ synthesized two compound&4a and3.4b, and both of them

were evaluated for antiproliferative activity opanel of human cancer cells.

Shibinskya and co-workers synthesizedd.1(a-€) compounds. They showed the
antiviral activity. The selective index (Sl) valu# antiviral effectiveness was
determined as the ratio of the g@ the 1G (SI =CGy).
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N=
N=—
N N
\R R

4.4a R= CHj

4.1a. R=trimethylamine 4.2a. R1=CONHj, _ 4.3a R=CH, 4.4b R= CH,CH,N(CH;),
4.1b. R=pyrrolidine R,=3,4,5-trimethylisoxazole 4.3b R= CH,CH,N(CHa), 4.4c R=H
4.1c. R=1-methylpiperazine 4.2b. Ry=CN, 4.3c R=H

4.1d. R=1-methylpiperidine R>=3,4,5-trimethylisoxazole,
4.1e. R=morpholine 4.2c. R1=NO,,
R,= 2-methylbenzofuran

o racemic 0
R 0O

/Qi/( /Q j\/OH OBZ

h
N =N Rz

R ! 0BZ
(0]
O R,
N racemic
H

4.5a. R=H
4.5b. R=F

OBz

4.6a. R1=R2=R3=H
4.6b. R1=R3=H, R2=CH3

4.6c. R1=R3=Br, R2=H
OBZ= o-benzoyl-D- ribofuranose

Figure 4: Isatin Derivatives with Antiviral Activity

Chen and co-workel% reported the synthesis ®f-substituted isatin derivatives,
4.2(a-c) and these compounds were found to be as potenseledtive inhibitors
against SARS Coronaviral 3CL Protease witIzalues ranging from 0.95 to 17.50
UM.

Andrien and co-workel$ synthesizedt.3(a-c) and 4.4(a-c) and these compounds
showed antiviral activity and were also shown tteract with the minor groove of
DNA. The synthesized compound$a and4.5b by Sriram and co-workefsshowed

in-vitro anti-retroviral activities.

Oliveira and co-workef€ synthesized the compounds6(a-c), which showed
antiviral activity on HSV-1 infected cells. The oibucleoside derivativé.6¢c showed

66% inhibitory activity with the HIV-1 reverse trseriptase.

Synthesized compoundsl(a-c) reported by Campagna and co-work&msere also
evaluated for their ability to prevent the pentgtatrazole (PTZ) caused seizures in

mice model.
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0
N
N—N Ry /
/ O O X WOH
— N o]

H N
N H
H
5.1a. X=Cl 5.2a. R{=H, Ry,= 4-methylphenyl 5.3a. X=Br
5.1b. X=Br 5.2b. R{=CH3;, R,= 4-Chlorophenyl 5.3b. X=Cl
5.1c. X=H 5.2c. R{=CH3, R,= 1-Naphthyl

Figure5: Isatin Derivatives with Anticonvulsant Activity

The synthesis of compoun8<(a-c) was achieved by Sridhar and co-workerand
they were active in MES (maximal electro shock)t.tésmong several of these
compoundsb.2b was found to be much more active and showed 8%tegtion at
100 mg/kg dose level with an ED50 value of 53.61kgg

Compounds.3a and5.3b were reported by Veerasamy and co-workéstowed the
PTZ (pentylenetetrazol) test and MES (maximal eteshock) test Compourisi3a

was active in PTZ seizure threshold test (PTZ)s thet as a efficient anticonvulsant.

N 0
N A\
R / o}
0 \
” H
R4
6.1a. R=H, R;= CI 6.2a. R=5-F, 6.2b. R=6-CI
6.1b. R=F, R;=OCHj3 6.2c. R=7-Cl, 6.2d. R=4-Br
6.1¢c. R=Cl, R1=NO, 6.2e. R=5-, 6.2f. R=-CHj

6.1d. R=OCH3, R4=OH

Figure5: Isatin derivatives with anti-inflammatory and aredg activity

Compoundss.1(a-d) synthesized by Reddy and co-work&rmwere investigated for
anti-inflammatory (i.e. carrageenan-induced paweosa methodf and analgesic
(tail-immersion method} activity. Compound$.2(a-f) reported by Mathues and co-
workerg® inhibited the cyclooxygenase (COX-2) enzymesRAW 264.7 activated
cells. The effect of isatin derivatives on COX-2tein expression when compared
with vehicle treated groups. The incubation ofgellth isatin derivatives reduced the

COX-2 protein expression.
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N
H

MeO N O N~
F

Figure7: T-0632

The Glucagon-Like Peptide 1 Receptor (GLP-1R) ime@mber of class B GPCR
family, that has been difficult to target by smaiblecule drugs. T-0632a non-
peptide compound binds with the micromolar affinity the human glucagon-like

peptide 1 receptor, and further, blocks the GLReliced cAMP production.

As | discussed irChapter 1, due to the distinct structural features of magctc
compounds, they have less conformational flexipilhan compared with their
equivalent acyclic compounds and so suffer a frigrdropic loss upon binding to a
receptor. In contrast to the smaller cyclic systemacrocyclic compounds are not
rigid and allowing them to potentially mould to ardet surface for achieving an
optimal binding. In addition to this, macrocycletfieo the possibility for binding
across the larger surface areas that are difftouiccess with the traditional small
molecules. From the chemistry point of view, if kg properly, macrocyclic
compounds can offer the stereochemical complexity & diverse functionality in a
conformationally restricted manner. With this oltjge, we were interested in
developing a practical synthesis method for devetppghe synthesis of different
types of 13-membered macrocyclic compounds usiaignigs the privileged starting
scaffold. Our synthesis plan is shownScheme 1. The introduction of an amino
acid moiety in the macrocyclic ring would allowroducing a chiral diversity site for

obtaining further, several structural analogs.

4.1.2 Retrosynthesis

The retrosynthetic analysis of our tar§@&1 is shown inFigure 8. Compoundr8.1
could beobtained from an amino acid building block coupliiojowed by the ring
closing metathesis of compourkB.2. SynthonF8.2 could be obtained from the
commercially available, isatiR8.3
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racemic or enantiopure

X Amino Acid
Coupllng
N O /
N o
[ s L

RCM
F8.1 F8.2 F8.3

Figure 8: Retrosynthesis of Target 13-Membered Macrocycles.

4.1.3 Synthesis

Our synthesis started with the Horner-Wadsworth-Emsneaction ofcommercially
available isatin X) which gave the Wittig product. The reduction loé€ idouble bond
with H,, Pd/C then gave the racemic mixture, followed bgluction of ester with
lithium borohydride, protection of primary alcohwlith silyl group furnished the
synthesis of compoun@. Allylation of compound2 (racemic) gavebis-allylated
product which on deprotection with TBAF producedngmund3. It was then coupled
with five different amino acids for obtaining theepursor for the ring closing
metathesis. The use of the second generation Groatayst produced the 13-
membered ring macrocyles withtrans olefin geometry4 and 4' as two separable
diastereomers (note - the exact stereochemistityeofhiral centre in both compounds

is not known at this stage)

General Experimental Proceduresof M acrocyclic Compounds

OTBS N
@ 1.NaH,TEPA, THF.4h 1. NaH, Allylbromide OH
2. H,, Pd/C, MeOH, 6 h THF. 6 h
N 3. LiBH,, THF, 4 h O 2. TBAF,DCM, 4h N
4.TBSCI, Im, DCM N 52% 2 steps H
) 16 h, 60% 4 steps I

2. G-l cat., DCM, 40 °C
16 h, 65% 2 steps

2
=
1. EDCI, DMAP, DCM, 3h Q\/E\' o
T O
'”R1 l \ N

4(a-e) 4'(a-e)

1:1 separable diastereomers

Scheme 1. Synthesis of 13-Membered Macrocycles
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4.1.4 Conclusion

> Inspired by an active compound-0632, we successfully developed the
synthesis of a new family of 13-membered macrocyclhmpounds using
isatin as the privileged starting sub-structureridMeas compounds obtained in
this approach allow bringing an amino acid moietthim their ring skeleton
and this places various chiral groups on their m@&gtlic ring architecture.

» The biological testing of all these compounds igang in the research
laboratory of Dr. Prasenijit Mitra, Biology Dept, IS, who has established
several assays to search for novel small molecttigadors or inhibitors of
GLP1-R. This study will be made available when ctatg

4.1.5 Experimental Section

(0] EtO,C,
O 1~ PPy
dry DCM,0°Ctort, 16 h
O > O
N N
H 2. H,, Pd/C, MeoH, 16 h H
1 for 2 steps 85% S,

Ethyl 2-(2-oxoindolin-3-yl) acetate (S) :

Isatin (0.068 mol, 10 g) was dissolved in 60 mLdafhloromethane at 8C. Ethyl
(triphenylphosphoranylidene) acetate (0.081 mol,g28n 40 mL dichloromethane
was slowly added at 6C and the reaction was allowed to warm up to room
temperature over night. After the reaction was deteg, the solvent was removed
gave crude product.

The above crude was dissolved in 80 mL of methandlwas allowed to react in the
presence of 10% Pd/C (100mg) under a hydrogen atmeos for overnight. After the
starting material was consumed, the catalyst wa®ved via filtration through celite,
followed by removal of the solvent by vacuum. Thiede product was purified via
flash chromatography on silica gel using (1:4 etmgtate/hexanes) after the solvents
were removed compouri] was obtained (11.91 g) as white solid.

Molecular Formula: Ci2H13NO3

Rt (solvent system): 0.25 (25%, EtOAc/hexane)

LRMS: (ES+)m/z=219.0 (M+1).
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'H NMR (CDCl, 400 MHz)& ppm : 9.17 (s, 1H), 7.27-7.19 (m, 2H), 7.01)&
7.55 Hz, 1H), 6.91 (d] = 7.73 Hz, 1H), 4.14 (ttd] = 10.77, 7.26, 3.68 Hz, 2H), 3.82
(dd,J = 7.48, 4.51 Hz, 1H), 3.08 (dd,= 16.85, 4.49 Hz, 1H), 2.84 (dd,= 16.85,
7.85 Hz, 1H), 1.20 () = 7.13 Hz, 3H);®*C NMR (CDClk, 100 MHz)8 ppm : 179.7,
171.1, 141.8, 128.3, 124.0, 122.4, 110.0, 61.0},4.8, 14.1.

OH OH
EtO,C
LiBH4, THF N\
R o +
N
H 0°C to rt H N
S, S, s,
Major Minor

3-(2-hydroxyethyl) indolin-2-one (S,) :

To a compound; (4.5 g, 0.02mol) in dry THF (120 mL), a’G, LiBH,4 (0.89 g, 0.04
mol) was added, and reaction mixture was allowedstio for 24 h at room
temperature. After completion of the reaction, tieacmixture was quenched by the
addition of ice cold water, and extracted with éthgetate (3 X 100 mL). Combined
organic layer was washed with brine, dried overydnbus sodium sulfate, filtered
and concentrated to give a solid, which was putifitey column chromatography
(7:3ethyl acetate/hexanes) to gave the comp&irfd g, 55.8% yield) and compound
S, (500 mg, 15% vyield).

Molecular Formula: CioH11NO;.

Rt (solvent system): 0.25 (50%, EtOAc/hexane);

LRMS: (ES+)m/z=177.0 (M+1).

'H NMR (CDChk, 400 MHz)8 ppm : 9.38-8.99 (m, 1H), 7.21 @,= 7.65 Hz, 2H),
7.04 (t,J = 7.45 Hz, 1H), 6.90 (d) = 7.74 Hz, 1H), 3.88 (t) = 5.67 Hz, 2H), 3.65-
3.59 (m, 1H), 2.30-2.19(m, 1H), 2.10 (tts 14.33, 6.15 Hz, 1H**C NMR (CDCl,
100 MHz)é ppm : 171.0, 141.7, 128.7, 128.3, 124.0, 122.4,9,681..0, 42.4, 34.8.

Molecular Formula: C;0H11NO

Rt (solvent system): 0.25 (70%, EtOAc/hexane)

LRMS: (ES+)m/z=161.0 (M+1).

'H NMR (CDCl, 400 MHz)8 ppm: 8.14 (s, 1H), 7.64 (d,= 7.83 Hz, 1H), 7.37 (d]
= 8.12 Hz, 1H), 7.23 (dd] = 14.66, 6.74 Hz, 1H), 7.15 @,= 7.46 Hz, 1H), 7.06 (s,
1H), 3.92 (tJ = 6.34 Hz, 2H), 3.05 (1) = 6.35 Hz, 2H), 1.73 (broad singlet, t}fC
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NMR (CDCk, 100 MHz) 6 ppm : 136.4, 127.4, 122.5, 122.2, 119.4, 118.8212.
111.2, 62.6, 28.7.

OH OTBS
Imidazole
—»
N © TBSCI, DCM N ©
H rt,5h H
S, 2

3-(2-((tert-butyldimethylsilyl)oxy)ethyl)indolin-2-one (2) :

To a solution 05, (1.6 g, 0.009mol) and imidazole (0.918 g, 0.0135moDCM (30
mL) was added TBS-Cl (20.3 g, 0.0135mol) af@ After stirring 3 h at room
temperature, water (30 mL) was added. The orgaayerlwas separated and the
aqueous layer was extracted with DCM (50 mL). Tomigined organic layers were
washed with brine (20 mL), dried over #&,, and concentrated in vacuo. The
residue was purified by flash chromatography (108A€ in n-hexane, TLC: R=
0.2) to afford the title compoun® (2.1 g, 83%).

Molecular Formula: Ci6H2sNO,SI

R¢ (solvent system): 0.2 (70%, EtOAc/hexane)

LRMS: (ES+)m/z=292.1 (M+1).

'H NMR (CDCl, 400 MHz)3 ppm : 9.58-9.09 (m, 1H), 7.25-7.19 (m, 2H), 7.QU(t
= 7.49 Hz, 1H), 6.92 (d) = 7.70 Hz, 1H), 3.88.-3.76 (m, 2H), 3.62 Jt= 6.43 Hz,
1H), 2.23 (qdJ = 12.43, 6.17 Hz, 1H), 2.10 (di,= 13.31, 6.54 Hz, 1H), 0.87 (s,
9H), 0.01 (dJ = 4.71 Hz, 6H)

OTBS N
OTBS
NaH, THF o
—_——
. N
O Allylbromide

N 16 h,0°Ctort
" |
2 S;

1,3-diallyl-3-(2-((tert-butyldimethylsilyl)oxy)ethyl)indolin-2-one (Sg) :
To the solution oR (2.1 g, 0.0072 mol) in THF (30 mL) was added N&d%, 0.43
g, 0.018 mmol) and, allyl bromide (0.018 mol, 1r84) was added at 8C and the

reaction mixture was stirred for overnight and waenched with aqueous NEI.
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The mixture was extracted with ethyl acetate amdaitganic layer was washed with
water and brine. The resulting mixture was driedrdvaS0O, and concentrated under
reduce pressure. Purification by column chromatagya(10% EtOAc in n-hexane,
TLC: R = 0.6)provided producs; (1.92 g, 72%).

Molecular Formula: Cy2HzsNO,SI

Rt (solvent system): 0.2 (10%, EtOAc/hexane)

LRMS: (ES+)miz = 372.2 (M+1).

'H NMR (CDCl, 400 MHz)8 ppm : 7.25-7.17 (m, 2H), 7.04 @,= 7.47 Hz, 1H),
6.79 (d,J = 7.76 Hz, 1H), 5.80 (ddd] = 15.6, 10.36, 5.22 Hz, 1H), 5.41 (tdd=
17.35, 10.02, 7.36 Hz, 1H), 5.19 (dddbs= 7.79, 4.90, 1.39 Hz, 2H), 4.94 (ddl=
15.4, 10.2 Hz, 2H), 4.42 (ddd= 16.35, 3.17, 1.74 Hz, 1H), 4.21 (dtks 16.36, 5.48
Hz, 1H), 3.45-3.28 (m, 2H), 2.55 (d= 7.36 Hz, 2H), 2.31-2.18 (m, 1H), 2.09-2.01
(m, 1H), 0.79 (dJ = 6.35 Hz, 9H), -0.11 (s, 6H)*C NMR (CDChk, 100 MHz)

o ppm : 178.7, 142.9, 132.1, 131.7, 131.2, 127.6,3,232.1, 118.9, 117.2, 108.7,
59.3,50.7,42.8,42.1, 39.3, 25.8, 18.2, -5.6

N N
OTBS OH
TBAF, DCM
e} —_— O
N 4h,rt, 72% N
S3 3

1,3-diallyl-3-(2-hydroxyethyl)indolin-2-one (3) :

To a solution ofS; (1.92 g, 0.0051mol) in THF (25 mL) was added TBAFG2 g,
0.0062 mol,) at GC. The mixture was allowed to stand at room tentpegafor 1 h,
then EtOAc (10 mL), KD (5 mL) and saturated aqueous NaCl (10 mL) wagaédd
The layers were separated, and the agueous layeexteacted with EtOAc (2x20
mL). The organic extracts were combined, dried ,8@), concentrated under
reduced pressure and purified by flash chromatdyrg80% EtOAcC in n-hexane,
TLC: R = 0.2)to give the title compoun8 (0.93 g, 70%).

Molecular Formula: Ci6H19NO,

R¢ (solvent system): 0.2 (30%, EtOAc/hexane)

LRMS: (ES+)mz = 258.2 (M+1).
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'H NMR (CDCk, 400 MHz)5 ppm : 7.27 (dJ = 7.55 Hz, 1H), 7.20 (d] = 7.36 Hz,
1H), 7.08 (tJ = 7.48 Hz, 1H), 6.84 (d] = 7.78 Hz, 1H), 5.81 (ddd} = 15.6, 10.38,
5.24 Hz, 1H), 5.48-5.36 (m, 1H), 5.23 (dH= 20.38, 5.00 Hz, 2H), 4.98 (dd,=
15.4, 10.2 Hz, 2H), 4.43-4.34 (m, 1H), 4.30 (dg&; 16.35, 5.29 Hz, 1H), 3.61 (td,
= 11.86, 6.10 Hz, 1H), 3.50-3.40 (m, 1H), 2.60 (@g, 13.30, 7.32 Hz, 2H), 2.26 (td,
J=13.14, 6.49 Hz, 1H), 2.07 (td= 14.10, 6.10 Hz, 1H), 1.67 (s, 1H).

AN
OH Epc, pmaP //S R
— >
o
DCM, t, 3 h
3 Sy(a-e)

To the solution o8 (1 eq) in DCM solution added amino acid buildidgdk (1 eq)
and EDC.HCI (1.5 eq) at room temperature undeogén atmosphere and allowed to
stirred for 3 hours. Then added saturated Naki€@ution to this reaction mixture
extracted twice with EtOAc. Combined organic layevere washed with brine
solution and dried anhydrous 0, evaporated the solvent, Purification of crude
compound by flash chromatography (20% EtOAc/hexBb€: R; = 0.35 afforded

the compound,(a-€) as colourless oil

H

(28)-2-(1,3-d|alIyI-2—oxomdo|in-3-y|)ethy| 2-(N-allylbenzamido)-4-methyl pentan

T%

oate (S4a) :

Molecular Formula: CzH3zgN204

Rt (solvent system): 0.5 (30%, EtOAc/hexane)
Yield: 75%

LRMS: (ES+)m/z=515.2 (M+1).
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'H NMR (400 MHz,CDCl3) & ppm : 7.38 (d,J = 5.04 Hz, 5H), 7.25-7.18 (m, 2H),
7.08 (d,J = 7.43 Hz, 1H), 6.81 (d] = 7.60 Hz, 1H), 6.00-5.70 (m, 2H), 5.43-5.32 (m,
1H), 5.23-5.17 (m, 2H), 5.11-4.90 (m, 4H), 4.4268(6, 7H), 2.57 (dJ = 6.53 Hz,
2H), 2.28-2.38 (m, 1H), 1.40-1.90 (m, 4H), 0.9438), 0.67 (d,J = 75.93 Hz, 3H);
13C NMR (CDCk, 100 MHz)8 ppm : 178.1, 172.3, 171.2, 142.7, 134.0, 131.4,6,29
128.3, 126.6, 123.2, 122.6, 119.3, 117.4, 109.14,781.4, 50.6, 44.3, 42.5, 35.0,
31.9, 29.6, 26.0, 22.6.

O,N

(29)-2-(1,3-diallyl-2-oxoindolin-3-yl)ethyl 2-(N-allyl-4-nitr obenzamido)-3-phenyl
propanoate (S4b) :

Molecular Formula: CzsH3zsN3O0g

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z=594.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.74 (dJ = 7.15 Hz, 1H), 7.55-7.29 (m, 5H),
7.23 (ddd,J = 22.22, 10.38, 6.09 Hz, 5H), 7.12-7.02 (m, 2H), 68m (m, 1H),
5.88-5.67 (m, 1H), 5.49-5.34 (m, 1H), 5.28-5.11 @Hi), 5.06-4.77 (m, 4H), 4.51-
4.21 (m, 2H), 4.18-3.85 (m, 3H), 3.83-3.58 (m, 1Bi%16-3.34 (m, 1H), 3.32-2.96 (m,
2H), 2.64-2.49 (m, 2H), 2.42-2.20 (m, 2HJC NMR (CDCk, 100 MHz)& ppm :
178.3, 171.0, 166.7, 142.8, 135.8, 131.4, 129.9.4,2128.5, 128.3, 127.1, 126.7,
123.2,122.6, 119.5, 117.5, 109.2, 61.9, 60.2,,%8B5, 50.7, 42.3, 37.8, 35.0.
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( )

N 5 o O
S
S

S,c
O,N )

(25)-2-(1,3-diallyl-2-oxoindolin-3-yl)ethyl 2-(N-allyl-4-nitr obenzamido)-4-methyl

pentanoate (S4C) :

Molecular Formula: CzH37N306

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z=560.2 (M+1).

'H NMR (400 MHz,CDCls)  ppm : 8.27 (d,J = 8.44 Hz, 2H), 7.57 (dJ = 10.43
Hz, 2H), 7.26-7.19 (m, 2H), 7.11-7.05 (m, 1H), 6(@4J = 7.2 Hz, 1H), 5.99-5.64
(m, 2H), 5.46-5.32 (m, 1H), 5.10-4.90 (m, 4H), 5(61J = 16.95 Hz, 2H), 4.46-3.82
(m, 7H), 2.57 (dJ = 7.68 Hz, 2H), 2.44-2.32 (m, 2H), 2.29-2.19 (m, 1RN1-1.72
(m, 2H), 0.96 (tJ = 6.13 Hz, 3H), 0.81-0.56 (m, 3HY*C NMR (CDCk, 100 MHz)

o ppm : 178.1, 173.1, 170.1, 148.3, 142.8, 133.3,5,3131.5, 128.2, 127.8, 123.7,
123.2, 122.6, 119.4, 117.5, 117.5, 109.2, 61.4,%2..7, 50.6, 42.3, 37.7, 35.0, 31.9,
29.7, 28.3.

N\

(28)-2—(1,3-d|alIyI-2-ox0|ndolin-3-y|)ethy|2—(N-aIIyI-4—nitrobenzamido)-3—methyl
butanoate (S,d) :

Molecular Formula: CziH3sN306

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 75%
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LRMS: (ES+)mVz = 546.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 8.33-8.19 (m, 2H), 7.63-7.47 (m, 2H), 7.2877
(m, 2H), 7.05 (ddJ = 13.78, 6.48 Hz, 1H), 6.81 (d,= 7.78 Hz, 1H), 5.92-5.58 ( m,
2H), 5.46-5.33 (m, 1H), 5.17 (dd,= 11.18, 5.31 Hz, 2H), 5.12-4.88 (m, 4H), 4.49-
4.34 (m, 1H), 4.31-4.11 (m, 2H), 3.97-3.67 (m, 4BiB1 (t,J = 10.59 Hz, 1H), 2.55
(d, J = 7.17 Hz, 2H), 2.40-2.31 (m, 1H), 2.23-2.16 (m, 1H)3-0.91 (m, 3H), 0.78-
0.65 (m, 3H):**C NMR (CDCk, 100 MHz)$ ppm : 178.0, 170.1, 169.1, 148.2,
142.7, 132.4, 131.3, 130.1, 128.4, 127.6, 123.8,112122.6, 119.7, 117.7, 117.6,
109.2, 67.0, 61.8, 50.5, 45.1, 42.3, 42.2, 34.76,2%7.6, 20.7.

ah
HH

S4e

L

F

(2S,3R)-2-(1,3-diallyl-2-oxoindolin-3-yl)ethyl 2-(N-allyl-4-fluor obenzamido)-3-
methylpentanoate (Ss€) :

J

Molecular Formula: CzH3z7FN2O4

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)mz = 533.2 (M+1).

'H NMR (400 MHz,CDCls) § ppm : 7.51-7.32 (m, 2H), 7.26 (d#i= 12.58, 4.82 Hz,
2H), 7.19-7.03 (m, 3H), 6.84 (d,= 7.75 Hz, 1H), 5.95-5.57 (m, 2H), 5.50-5.34 (m,
1H), 5.21 (dJ= 13.52 Hz, 2H), 5.02 (d] = 16.37 Hz, 4H), 4.51-4.38 (m, 1H), 4.30-
4.16 (m, 1H), 3.99-3.70 (m, 4H), 2.58 (b5 6.41 Hz, 2H), 2.42-2.31 (m, 1H), 2.28-
2.16 (m, 1H), 1.87-1.70 (m, 1H), 1.65-1.36 (m, 1HR2-1.05 (m, 1H), 1.01-0.88 (m,
3H), 0.85-0.59 (m, 4H)*C NMR (CDClk, 100 MHz)8 ppm : 171.5, 164.4, 162.0,
142.7, 131.3, 130.2, 129.2, 129.1, 128.2, 123.2,.5,2119.5, 117.5, 115.6, 115.4,
109.2, 61.3, 50.5, 42.2, 34.8, 33.9, 25.8, 15.8.10
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Jg N QJ@T

Reflux 16 h \//(
\ﬂ/ 65% "R "Ry
(0]
Y >=° >=°
< R?_ Rz
S,(a-e) 4(a-e) 4'(a-e)

1:1 seperable diastereomers

To a solution of5, (a-€) (1eq) in dry DCM under nitrogen atmosphere addetb@s’

"d generation catalyst (10 mol%) and reaction mixtuas allowed to stirred for 16 h
at 40°C. Then reaction mixture was concentrated aftatistpmaterial disappeared
monitoring with TLC and the crude product was padf by flash column
chromatography over silica gel (5% MeOH/DCM) affeddthe productd(a-e) and
4'(a-€)

Lf"*

- J

Molecular Formula: CzoH34N204

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)miz = 487.2 (M+1).

'H NMR (400 MHz,CDCl3) 8 ppm : 7.44-7.27 (m, 5H), 7.21-7.15 (m, 2H), 7.8,13(
= 7.35 Hz, 1H), 6.87 (d] = 7.79 Hz, 1H), 5.90 (dd] = 16, 5.2 Hz, 1H), 5.58 (1] =
13.4 Hz, 1H), 5.43 (dd] = 17.11, 9.92 Hz, 1H), 4.96 d,= 12.54 Hz, 2H), 4.63 (d,
J = 11.90 Hz, 1H), 4.36 (dd] = 16.67, 5.76 Hz, 1H), 4.21 (d,= 14.17 Hz, 1H),
4.01 (dd,J = 16.59, 2.20 Hz, 1H), 3.74 (dd,= 8.56, 5.45 Hz, 1H), 3.52 (dd,=
14.12, 10.17 Hz, 1H), 3.29 @,= 11.98 Hz, 1H), 2.73 (1] = 12.4, 1H), 2.50-2.42 (m,
2H), 1.98 (dd, = 14.15, 9.76 Hz, 3H), 1.79-1.69 (m, 1H), 1.0Q)(t 5.64 Hz, 6H);
3C NMR (CDCl;, 100 MHz)8 ppm : 178.6, 170.4, 143.9, 135.7, 131.5, 129.6,0,29
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128.2, 128.1, 126.8, 123.8, 122.2, 119.3, 107.63,686.0, 53.0, 50.7, 43.9, 38.9,
37.6, 34.8, 25.1, 23.3, 22.2.

L T

- J

Molecular Formula: C3oH34N204

Rt (solvent system): 0.5 (30%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z = 487.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.37 (dJ = 21.22 Hz, 6H), 7.16 (dl= 7.2 Hz,
1H), 7.08 (dJ = 7.2 Hz, 1H), 6.90-6.81 (m, 1H), 6.02 (dds 15.4, 6 Hz, 1H), 5.93
(dd,J = 16, 5.6 Hz, 1H), 5.51-5.36 (m, 1H), 5.04 (dds 18.4, 10.4 Hz, 2H), 4.68
(dd,J = 15.2, 6 Hz, 1H), 4.03-3.94 (m, 2H), 3.92-3.85 (rHl),13.78 (dd,J = 15.2,
4.8 Hz, 2H), 3.51 (dd) = 14.8, 7.2 Hz, 1H), 2.64-2.48 (m, 3H), 2.12 {ds 15.2,
1H), 2.01-1.92 (m, 1H), 1.68-1.57 (m, 2H), 0.98)@&, 5.64 Hz, 6H).

Molecular Formula: Cz3H3i1N306

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z = 566.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.40-7.25 (m, 9H), 7.16 (d= 6.70 Hz, 1H),
7.07 (dd,J = 17.20, 7.04 Hz, 3H), 6.81 (d,= 7.78 Hz, 1H), 5.68 (dd] = 15.6, 6.02
Hz, 1H), 5.35-5.46 (m, 2H), 4.96 (,= 12.53 Hz, 2H), 4.68 (dt] = 11.64, 2.8 Hz,
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1H), 4.26 (dd,) = 16.8, 6.40 Hz, 1H), 3.94 (dd= 16.48, 2.25 Hz, 1H), 3.87 (dd=
11.8, 4.80 Hz, 1H), 3.85 (d,= 16.81 Hz, 1H), 3.41 (f] = 11.65 Hz, 1H), 3.38 (dd),

= 14.01, 4.87 Hz, 1H), 3.29 {d,= 11.65 Hz, 1H), 2.80-2.71 (m, 1H), 2.51-2.39 (m,
3H), 1.97 (d,J = 16.09 Hz, 1H);"*C NMR (CDCk, 100 MHz) & ppm : 178.7,
170.2,169.7, 143.9, 138.7, 135.4, 131.5, 129.9,612929.4, 129.1, 128.4, 128.2,
128.0, 126.9, 126.5, 123.7, 122.3, 119.4, 107.65,639.5, 53.3, 50.7, 43.9, 38.9,
34.7,33.9, 29.6.

Molecular Formula: Cz3H3i1N306

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z = 566.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.44-7.38 (m, 3H), 7.33 (d= 4.69 Hz, 5H),
7.26 (d,J = 6.88 Hz, 2H), 7.23-7.09 (m, 2H), 6.87 (&= 7.60 Hz, 1H), 6.06-5.94 (m,
1H), 5.73 (dtJ = 16.01, 6.4 Hz, 1H), 5.54-5.42 (m, 1H), 5.04 (d&, 18.4, 10.4 Hz,
2H), 4.63 (ddJ = 15.2, 7.6 Hz, 1H), 4.02 (§,= 11.6 Hz, 1H), 3.91 (d] = 12.4 Hz,
1H), 3.76 (dJ= 12.4 Hz, 1H), 3.72 (ddl = 9.6, 4.8 Hz 1H), 3.67(d|= 4.8 Hz, 1H),
3.36-3.21 (m, 2H), 2.69-2.61 (m, 1H), 2.61-2.48 @H), 2.15 (dJ = 15.8 Hz, 1H),
2.09-1.99 (m, 1H).

( )

@
(e} O

N (6]
\\_/Nfo)\

4c
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Molecular Formula: CzoH33N306

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)mz = 532.2 (M+1).

'H NMR (400 MHz,CDCls) & ppm : 8.20 (dJ = 8.59 Hz, 2H), 7.34 () = 7.05 Hz,
3H), 7.17 (ddJ = 19.52, 7.08 Hz, 2H), 6.88 (d,= 7.82 Hz, 1H), 5.82 (dd] = 16,
5.2 Hz, 1H), 5.54 (dd] = 16, 8.4 Hz, 1H), 5.48-5.35 (m, 1H), 5.04 (dd; 18.4, 10.4
Hz, 2H), 4.61 (dJ = 12 Hz, 1H), 4.36 (dd) = 16.2, 6.4 Hz, 1H}4.02 (d,J = 15.32
Hz, 2H), 3.81 (ddJ = 8.0, 5.2 Hz, 1H), 3.54 (dd,= 14.0, 10.0 Hz, 1H), 3.33 {#,=
12.0 Hz, 1H), 2.72 (td) = 12.4, 2.8 Hz, 1H), 2.46 (dd,= 7.6, 2.8 Hz, 2H), 2.06-
1.91 (m, 3H), 1.69 (dJ = 7.17 Hz, 1H), 1.01 (dd] = 6.51, 2.21 Hz, 6H)**C NMR
(CDCl3;, 100 MHz)6 ppm : 178.6, 169.9, 168.3, 148.3, 143.8, 141.7,4,3130.0,
129.8, 128.3, 127.8, 127.0, 123.8, 122.4, 119.5,6,061.6, 56.1, 52.8, 50.7, 43.9,
38.8,37.4,34.5, 25.1, 23.3, 22.1.

e “

@rﬁ
(e} O

N (6]
\\_/Nfo)\

4'c

O,N

. J/

Molecular Formula: CzoH3z3N30s

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z = 532.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm: 8.24 (d,) = 8.55 Hz, 1H), 8.12 (d] = 8.55 Hz,
1H), 7.48 (dJ = 8.53 Hz, 2H), 7.28-7.22 (m, 1H), 7.10Jt 7.23 Hz, 1H), 7.02 (dd,
J=14,7.2 Hz, 1H), 6.77 (d,= 7.6 Hz, 1H), 5.86 (dd] = 15.4, 6 Hz, 1H), 5.51-5.28
(m, 2H), 4.95 (ddJ = 18.4, 10.4 Hz, 2H), 4.52 (dd,= 14.8, 5.6 Hz, 1H), 3.86-3.90
(m, 2H), 3.72-3.80 (m, 2H), 3.60 @,= 13.6 Hz, 1H), 3.45 (dd] = 16, 8 Hz, 1H),
2.61-2.52 (m, 1H), 2.51-2.42 (m, 2H), 2.09-2.02 (Hi), 1.96-1.90 (m, 1H), 1.72-
1.64 (m, 2H), 0.86 (d] = 6.39 Hz, 6H):*C NMR (CDCl, 100 MHz)3 ppm : 179.2,
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170.3, 168.8, 148.2, 142.7, 142.0, 131.6, 130.0,112128.2, 127.5, 124.2, 124.0,
122.6, 119.5, 107.5, 62.4, 58.8, 56.0, 50.5, 4385/, 37.6, 34.4, 25.1, 22.8, 22.2.

( )

@
(@] @]
N (@]

N ,Nf";;<

4d

O,N

. J

Molecular Formula: CygH3z1N306

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yield: 75%

LRMS: (ES+)m/z=518.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 8.21 (dJ = 8.65 Hz, 2H), 7.35 () = 7.42 Hz,
3H), 7.22-7.08 (m, 2H), 6.88 (d,= 7.76 Hz, 1H), 5.91 (dd] = 16.0, 6.42 Hz, 1H),
5.52 (dd,J = 14.82, 4.8 Hz, 1H), 5.46-5.38 (m, 1H), 4.98J(t 12.37 Hz, 2H), 4.65
(d,J=11.79 Hz, 1H), 4.37 (dd,= 16.45, 5.88 Hz, 1H), 4.08-3.97 (m, 2H), 3.52 (dd,
J = 14.40, 10.07 Hz, 1H), 3.40 (d= 9.17 Hz, 1H), 3.29 (1) = 11.61 Hz, 1H), 2.80-
2.61 (m, 2H), 2.48 (dd] = 7.20, 4.30 Hz, 2H), 2.01 (dd,= 15.36, 1.21 Hz, 1H),
1.19 (d,J = 6.52 Hz, 3H), 0.98 (d] = 6.88 Hz, 3H);"*C NMR (CDCk, 100 MHz)

d ppm : 178.5, 168.8, 168.5, 148.2, 143.8, 141.9,4,3129.8, 128.3, 127.6, 127.0,
123.8,122.4,119.4, 107.6, 63.6, 61.1, 53.7, 51B&, 38.8, 34.8, 21.6, 19.2.

( N

@
(@) O
N (@]

\ ,Nf’(ﬂ

4'd

O,N
\ J

Molecular Formula: CygH31N3O04
Rt (solvent system): 0.5 (50%, EtOAc/hexane)
Yield: 75%
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LRMS: (ES+)m/z = 518.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 8.32 (dJ = 8.45 Hz, 1H), 8.24-8.15 (m, 1H),
7.56 (d,J = 8.55 Hz, 2H), 7.45-7.31 (m, 1H), 7.21-7.16 (m, 1THY0 (t,J = 7.59 Hz,
1H), 6.83 (d,J = 7.83 Hz, 1H), 5.98 (dd] = 15.62, 4.8 Hz, 1H), 5.91-5.81 (m, 1H),
5.50-5.41 (m, 1H), 5.01-4.98 (m, 3H), 4.65 (d& 15.62, 6.4 Hz, 1H), 4.01 (td,=
12.0, 4.0 Hz, 2H), 3.95-3.88 (m, 2H), 3.84-3.77 (Hl), 3.42 (dd.J = 14.0, 7.6 Hz
,1H), 2.57 (dd,J = 9.14, 4.62 Hz, 3H), 2.20-2.12 (m, 1H), 0.96 (d& 10.09, 6.83
Hz, 6H); *C NMR (CDCk, 100 MHz)s ppm : 169.1, 169.0, 168.9, 148.3, 142.6,
142.1, 131.6, 130.1, 129.0, 128.1, 127.5, 124.0,612119.5, 107.7, 63.8, 62.2, 53.0,
50.5, 43.6, 38.6, 34.3, 28.2, 21.8,19.3.

r A

Q\%
O O
N (@]
\\_/Nfo/i

4e

\\ F J

Molecular Formula: C31H3zsFN2O4

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yied: 75%

LRMS: (ES+)m/z=519.2 (M+1).

'H NMR (400 MHz,CDCls) & ppm : 7.32 (dtJ) = 7.60, 1.2 Hz 1H), 7.19 (dd, =
13.89, 6.19 Hz, 3H), 7.12 (d= 7.42 Hz, 1H), 7.02 (t) = 8.46 Hz, 2H), 6.87 (d] =
7.72 Hz, 1H), 5.92-5.82 (m, 1H), 5.57-5.48 (m, 16146-5.35 (m, 1H), 4.98 (f =
18.03 Hz, 2H), 4.65 (ddl = 11.68, 2.4 Hz, 1H), 4.39-4.33 (m, 1H), 4.21)(& 12.0
Hz, 1H), 4.01 (dJ = 16.82 Hz, 1H), 3.56-3.48 (m, 1H), 3.44 Jt= 8.75 Hz, 1H),
3.24 (t,J = 12.0 Hz, 1H), 2.74-2.61 (m, 1H), 2.52-2.48 (m, 3HP8 (d,J = 15.10
Hz, 1H), 1.82-1.71 (m, 1 H), 1.64-1.54 (m, 1 H}.2(d,J = 6.29 Hz, 2H), 1.03-0.88
(m, 6H); *C NMR (CDCk, 100 MHz)& ppm :178.6, 164.6, 162.1, 144.0, 131.6,
129.2, 128.3, 127.9, 123.8, 122.4, 119.4, 115.6,4,1107.7, 61.6, 54.2, 50.9, 43.9,
38.9, 34.1, 29.7,25.2,17.7, 15.2, 11.5.
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Molecular Formula: C3;H3zsFN2O4

Rt (solvent system): 0.5 (50%, EtOAc/hexane)

Yidd: 75%

LRMS: (ES+)m/z = 519.2 (M+1).

'H NMR (400 MHz,CDCl3) & ppm : 7.41-7.29 (m, 2H), 7.24 (d,= 7.6 Hz, 1H),
7.18 (d,J = 7.28 Hz, 1H), 7.14-7.03 (m, 3H), 6.84-6.79 (m, 161),3-5.93 (m, 1H),
5.93-5.84 (m, 1H), 5.50-5.40 (m, 1H), 4.99 (d&; 18.4, 10.4 Hz, 2H), 4.77-4.63 (m,
1H), 4.09-3.87 (m, 3H), 3.84-3.72 (m, 1H), 3.4663(@n, 1H), 3.22-3.02 (m, 1H),
2.55 (d,J = 7.94 Hz, 4H), 2.40-2.10 (m, 3H), 1.55-1.43 (m, 1H}3-1.31 (m, 1H),
0.89 (dd,J = 11.67, 4.57 Hz, 6H)**C NMR (CDCk, 100 MHz) & ppm :171.7,
164.4,161.9, 142.7, 132.0, 131.7, 128.6, 128.1,512P19.4, 115.7, 115.5, 107.7,
62.1, 50.5, 43.6, 38.5, 34.2, 28.1, 25.5, 17.@,1HL.5;
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4.1.7 Spectral Data
'H NMR (CDCl3, 400MHz)
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'H NMR (CDCl3, 400MHz)
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'H NMR (CDCl3, 400MHz)
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'H NMR (CDCl3, 400MHz)
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'H NMR (CDCl3, 400MHz)
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'H NMR (CDCl3, 400MHz)
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HPLC

HPLC ANALYSIS REPORT

0
Injection Date vial 51
Sample Name ] . 0
Acg Operator ] . Pl pl
Rcg. Method .M
Aralysis Method M
Method Info Column emm 51
Mobile phase: C) 001% HCOCE ,B) ARCN (gradient)
T/B%:0/60,3/60,12/90,20/98,22/98,23/60,25/60
Flow 1.0ml/min Diluent ACN:WATER(20:10) Temp:2
*Maximum Chromatogram of D:\CHEM32\1\DATAPRBV101212000003.0, Signalld A
maU ] 2
= (=71
] <
1750
1500
1250
1000
750
500
] 2 2 2 B € g 8
2 7 g 3 2 3 @ =
S AL Ty Wb
0 ] T T L J
T T T T T T
0 5 10 15 20 min
| ;8 3585 2L.057 0.089
2 5.051| 46.598 | 0.19%
3 5. 238 11.947| 0.051
4 5.622| 26.005| 0.110]|
5 7.090| 27.079| 0.115
3 10.219] 23.634| 0.100
| 7 10.426] 30.564 | 0.130
8 R e | 12.015) 051
9 12.7686| 19.683| 0.083
10 12.953| 21.989| 0.093
11 13.843| 12040.286| 51.0489
1 13.970| 11120.8%96| 47.151
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Chapter 4

'H NMR (CDCl3, 400MHz)
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Synthesis of | satin-based Macrocycles

'H NMR (CDCl3, 400MHz)
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Chapter 4

HPLC

DISCOVERIES @ ILS
BNALYSIS REPORT
Seg Line 0
Injection Date 2013 Location vial 4
Sample Name -33-B-40 Inj. No. 0
Rcg Cperator Inj. Val 1@ pl
Acg. Method 2\1\METEODS\AMD PRB.M
Analysis Method 32\1\METHODS\AMD PRB.M
1 Zorbax XDB C-1B 150*4.6mm,5u
Mobile phase: 2) 0.1% HCOOE in water,B) ACN (GRADIENT)
T/%B 0/60,5/60,10/75,15/75,20/95,25/%5,27/60,30/60
Flow:1.0 ml/min Diluent: ACN:Water (20:10)
*DAD1 A, Sig=210.4 Ref=off (FRB'220213000003.D - PRB\220213000004.D)
maAU | ik
=
o
1000+
] 3
800
600
400
200
=
ggs g & g 3
T T m o o3 N
0 - mh ‘Gll'h le h‘|'\| J 1r'\' Tor
T T T T T T T T T T | T T T T
9] =) 10 15 20 25 min

Signal 1: DAD1 A, Sig=210,4 Ref=off

| Peak Area | Area %
# [min] |
| 1 1.488| 22513 0D.148
| 2 1.970| 128.313| 0.844
| 3 2.198| 22.36%8| 0.147
| 4 2.386] 15.482 | 0.102
| a 2.540] 12,251 0.081
=) 3374 25.366| 0.187
| 7 3.256| 11.976| 0D.079
| 8 3.420]| 6.707| 0.044
| 9 6.243| 10.048| 0.066|
| 10 8.9%9¢| 225,671 1.484
| Bl 11.841| 6227.802| 40.544
12 12.014 8436.233| 55.46
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'H NMR (CDCl3, 400MHz)
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'H NMR (CDCl3, 400MHz)
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'H-'H COSY NMR (CDCls, 400MHz)
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Chapter 4

'H NMR (CDCl3, 400MHz)
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'H-'H COSY NMR (CDCls, 400MHz)

l He HE  py
2
HE N
=40
Hi Hj g r
el of - o =20
L - -
Hi, HI
pre o & H N
* 1 |—z.0
-
Ha o " 3 I
He Ha s P o 1 R M L
H ]
HaH - L R & <] = A 2.0
- N - i -
Ha (-] o o ' N
L.-] H B
Hh, Hh - - #’ - i 5.0
¥ ! L
Hy . ® s 3: -
Hb o i
HB @ al® g : -
+ el
T L] T T I T T T 1 T T T T I T T T T I L] T T r T T T ' T L] T
B4 5L 40 20 2.0 a

253



Chapter 4

'H NMR (CDCl3, 400MHz)
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Synthesis of | satin-based Macrocycles

'H NMR (CDCl3, 400MHz)
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Chapter 4

HPL C (separation before) (4b & 4'b)

g Line 6]
Injection Date Mon, 17. Dec. 2012 Location Vial 21
Sample Name ILS-MNK-C63/33-B-24 Inj. No. 0
Acqg Operator VARMA Inj. Vol 5 pl
Bcg. Method \1\METHODS\CN-A20B80.M
lysis Method \1\METHODS\XDE A6OB40 GM.M
1 Info ipse XDB
0.1%
T/%B: 0/40,3/40,12/85
Flow:1l.0ml/min Dil: ACH
*DAD1 A, 8ig=200,4 Ref=360,100 (PRB\171212000003.D - 171212-AP|2 2012-12-17 18-47-19\171212-021.D)
mAU ] 2
o
1600 -}
] &>
1400 b
1200
1000
800
600 ]
400 -
200 - - D ~ ! o o 8
3 = oy b o [Ty] o (=} o™ Ty o)
1 & @ 5 o € T 5 P = 0 e
s 28 E EE @,ﬁm;hsze
04— — o
T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 min|
Signal 1: DAD1 A, 35ig=200,4 Ref=360,100
Peak RT Area Area %
4 i
1 1.124| 9.857 0.065
2 2.542 11.856 | 0.078
3 3.169 10.582 0.070
4 4.057 8.217| 0.054
5 4.500 11.278] 0.074
8 7.353] 13.166] 0.087]
7 9.065 8.44¢6| 0.056]
8 10.121| 7:255 0.048
2 11.169 18.426 0.121
10 11.791 6569.448| 43.197
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Chapter 4

'H NMR (CDCl3, 400MHz)
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Synthesis of | satin-based Macrocycles

'H NMR (CDCl3, 400MHz)
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Chapter 4

'H NMR (CDCl3, 400MHz)
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Synthesis of | satin-based Macrocycles

'H NMR (CDCl3, 400MHz)
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'H NMR (CDCl3, 400MHz)
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Synthesis of | satin-based Macrocycles

'H NMR (CDCl3, 400MHz)
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