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ABSTRACT

The invention provides methods for the synthesis of eribulin or a pharmaceutically acceptable
salt thereof (e.g., eribulin mesylate) through a macrocyclization reaction of a non-macrocyclic
intermediate to a carbon-carbon bond-forming reaction (e.g., an olefination reaction (e.g.,
Horner-Wadsworth-Emmons olefination), Dieckmann reaction, catalytic Ring-Closing Olefin
Metathesis, or Nozaki-Hiyama-Kishi reaction) to afford a macrocyclic intermediate. The
invention also provides compounds useful as intermediates in the synthesis of eribulin or a
pharmaceutically acceptable salt thereof and methods for preparing the same, such as

intermediate TA.
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MACROCYCLIZATION REACTIONS AND INTERMEDIATES AND OTHER FRAGMENTS USEFUL IN
THE SYNTHESIS OF ANALOGS OF HALICHONDRIN B

Background
The invention relates to intermediates useful in the synthesis of pharmaceutically active macrolide
compounds and methods of synthesizing macrolide compounds. Halichondrin B is a potent anticancer
agent originally isolated from the marine sponge Halichondria okadai, and subsequently found in Axinella
sp., Phakellia carteri, and Lissodendoryx sp. A total synthesis of halichondrin B was published in 1992
(Aicher, T. D. et al., J. Am. Chem. Soc. 114:3162-3164). Eribulin mesylate (also called Halaven®, E7389,
and the mesylate salt of B1939), a nontaxane microtubule dynamics inhibitor, is a structurally simplified,
synthetic analogue of halichondrin B. Methods and intermediates for the synthesis of eribulin mesylate
and other halichondrin B analogues are described in International Publication Nos. WO 2005/118565,
WO 2009/046308, WO 2009/064029, and WO 2009/124237; U.S. Patent No. 6,214,865; Austad et al,,
Synlett 24(3):333-337, 2013; Austad et al., Synlett. 24(3):327-332, 2013; and Chase et al., Synlett
24(3):323-326, 2013, New methods for

the synthesis of halichondrin B analogs, in particular eribulin, are desirable.

Summary of the Invention
In general, the present invention provides methods for macrocyclization of intermediates in the synthesis
of eribulin or a pharmaceutically acceptable salt thereof (e.g., eribulin mesylate). The invention also

provides intermediates that can be employed in the macrocyclization reactions described herein.

In a first aspect, the invention provides a method of preparing an intermediate in the synthesis of eribulin,
the method including performing a macrocyclization reaction on a non-macrocyclic intermediate, the
macrocyclization reaction producing the intermediate in the synthesis of eribulin by forming a C.15-C.16,
C.2-C3,C.3-C4,6C19-C.20, C.0-C.1, or C.26-C.27 bond in the structure of eribulin.

In some embodiments of the first aspect, performing the macrocyclization reaction can involve contacting
the non-macrocyclic intermediate (e.g., a compound of formula (IA)) with an olefin metathesis catalyst
(e.g., a ruthenium-carbene complex). The non-macrocyclic intermediate can be a compound of formula
(IA) or a salt thereof:

Date Regue/Date Received 2021-05-07
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where

Ry is H or -CHoX{CH-CH=CH,, where X, is O, —C(Rq)o—, or NPs, and where each Rg is
independently H or -COOR;,, P5 is an N-protecting group, and Ryq is Cy.¢ alkyl;

(@1)
(@2)
or

(02)
(c1)
or

(c2)

Rqis H or a hydroxyl protecting group, Rs is Cq¢ alkyl ether, and R, is H;
R.is H or a hydroxyl protecting group, and R; and R4 combine to form a double bond;

R and R; combine to form a bond, and R, is H;
Rsis H or a hydroxyl protecting group, and Rg and R; combine to form a double bond,

Rs and Re combine to form a bond, and Ry is H;
Rsis H, and P4 is H or a hydroxyl protecting group;

Rg and P, combine to form a double bond;

each P; is independently H or a hydroxyl protecting group; and

Xis O, and
each of P, and P, is independently H or a hydroxyl protecting group,
or
P, and Py, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and

where the intermediate in the synthesis of eribulin can be a compound of formula (IB) or a salt

thereof:

(IB).

In formula (IA) or (IB), each P; and P4 can be independently a hydroxyl protecting group (e.g., a silyl). In

formula (I1A) or (IB), P, can be a hydroxyl protecting group (e.g., a silyl). In formula (I1A) or (I1B), X can be

2
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O. Informula (IA) or (IB), Pz is a hydroxyl protecting group (e.9., a silyl). In formula (I1A) or (I1B), X can be
N, and P; and P, together with the atoms to which each is attached, can combine to form an aminal. In
formula (IA) or (IB), R, and R3 can combine to form a bond, and R4 can be H. In formula (IA) or (IB), Rs
and R can combine to form a bond, and R; can be H. In formula (IA) or (IB), Rs can be H, and P4 can be
a hydroxy! protecting group (e.g., a silyl).

In particular embodiments of the first aspect, performing the macrocyclization reaction involves reacting
the non-macrocyclic intermediate (e.g., a compound of formula (IlA)) with an organic base (e.g., an
organic base having a pKa of 11 £ 2 (e.g., DBU or trialkylamine (e.g., triethylamine))) and a Lewis acid
(e.g., a salt of Li, Mg, or Zn (e.g., lithium chloride or zinc trifluoromethanesulfonate)). In particular, the
method can involve performing a Horner-Wadsworth-Emmons reaction on the compound of formula (11A)
to afford the compound of formula (11B). The non-macrocyclic intermediate can be a compound of
formula (IIA) or a salt thereof:

(I1A),

where

each R is independently optionally substituted alkyl or optionally substituted aryl;

(i) R is H or a hydroxyl protecting group, and R, and R3 combine to form a double bond;
or
(i) R and R, combine to form a bond, and Rj is H;

each P; is independently H or a hydroxyl protecting group, and X is oxo; or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and
each of P, and P, is independently H or a hydroxyl protecting group,
or
Py and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
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P. and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
where the intermediate in the synthesis of eribulin can be a compound of formula (II1B) or a salt
thereof:

(I1B).

In formula (llA), each R can be optionally substituted alkyl. In formula (I1A) or (lIB), P, can be a hydroxyl
protecting group (e.g., a silyl). In formula (l1A) or (I1B), P, can be a hydroxy! protecting group (e.g., a

10 silyl). Informula (lIA) or (1IB), both P; groups and X,, together with the atoms to which each is attached,
can combine to form ketal. In formula (II1A) or (IIB), Ry and Rs can form a bond, and Rs can be H. In
formula (IIA) or (1IB), P4 can be a hydroxyl protecting group (e.g., a silyl).

In some embodiments of the first aspect, performing the macrocyclization reaction involves contacting the

15 non-macrocyclic intermediate (e.g., a compound of formula (IllA)) with an olefin metathesis catalyst (e.g.,
a ruthenium-carbene complex). The non-macrocyclic intermediate can be a compound of formula (l11A)
or a salt thereof:

X3
MeOu,
PO
(lA),
20 where

(i) R, is H or a hydroxyl protecting group, and R, and R; combine to form a double bond;
or
(i) R and R. combine to form a bond, and Rj is H;

X3 is 0x0, or X3 combine with the carbon atom to which it is attached to form a ketal, a thioketal,
25  or —(CH(OPs))—, where P5 is H or a hydroxyl protecting group;

4
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each P3 is independently H or a hydroxyl protecting group, and X is oxo; or both P groups and
Xo, together with the atoms to which each is attached, combine to form ketal;
P4 is H or a hydroxyl protecting group; and
Xis O, and
each of P, and P is independently H or a hydroxyl protecting group,
or
P, and Py, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P1is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
where the intermediate in the synthesis of eribulin can be a compound of formula (l1I1B) or a salt

thereof:

(1B).

In formula (H11A) or (IIB), P4 can be a hydroxyl protecting group (e.g., a silyl). In formula (I1IA) or (111B),
both P; groups and Xs, together with the atoms to which each is attached, can combine to form ketal. In
formula (IHIA) or (11IB), Ry and R, can form a bond, and R; can be H. In formula (I11A) or (11IB), X5 can
combine with the carbon atom to which it is attached to form —(CH(OPs))—. In particular, in formula (111A)
or (llIB), Ps can be H. In formula (llIA) or (11IB), P, can be a hydroxyl protecting group (e.g., silyl). In
formula (I11A) or (IlIB), P» can be a hydroxyl protecting group.

In certain embodiments of the first aspect, performing the macrocyclization reaction includes contacting
the non-macrocyclic intermediate (e.g., a compound of formula (IVA)) with a Cr(I1) salt and a Ni(ll) salt. In
particular, the method can involve subjecting a compound of formula (IVA) to Nozaki-Hiyama-Kishi
reaction conditions. The non-macrocyclic intermediate can be a compound of formula (IVA) or a salt

thereof:
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PO XPy
(IVA),

where

Y is iodide, bromide, or trifluoromethanesulfonate;

a can designate R stereogenic center, and Z is a sulfonate, chloride, bromide, or iodide; or a can
designate S stereogenic center, and Z is ORy, where R is a hydroxyl protecting group;

(i) R, is H or a hydroxyl protecting group, and R; and R, combine to form a double bond;
or
(ii) R» and R; combine to form a bond, and Ry is H;

each P; is independently H or a hydroxyl protecting group, and X is 0xo; or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
each of Py and P is independently H or a hydroxyl protecting group,
or
P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
where the intermediate in the synthesis of eribulin can be a compound of formula (IVB) or a salt

thereof:
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(IVB),

where
adesignates H stereogenic center, b designates S stereogenic center, and Z is a
sulfonate, chloride, bromide, or iodide;
or
adesignates S stereogenic center, b designates R stereogenic center, and Z is ORy,
where R, is a hydroxyl protecting group.

In formula (IVA) or (IVB), Y can be bromide. In formula (IVA) or (IVB), R and R; can combine to form a
bond, and R, can be H. In formula (IVA) or (IVB), both P5 groups and X,, together with the atoms to
which each is attached, can combine to form ketal. In formula (IVA) or (IVB), P, can be a hydroxyl
protecting group (e.g., a silyl). In formula (IVA) or (IVB), P> can be a hydroxyl protecting group (e.g., a
silyl). In formula (IVA) or (IVB), Z can be a sulfonate. In formula (IVA) or (IVB), Z can be OR;, where R
can be a hydroxyl protecting group (e.g., Z can be an ester, carbonate, or carbamate (e.g., Z can be an

ester)).

In some embodiments of the first aspect, performing the macrocyclization reaction involves contacting the
non-macrocyclic intermediate (e.g., a compound of formula (VA)) with a base (e.g., a tertiary C4¢ alkoxide
(e.g., an alkali tertiary C4¢ alkoxide)). In particular, the method can involve subjecting a compound of
formula (VA) to the Dieckmann reaction conditions. The non-macrocyclic intermediate can be a

compound of formula (VA) or a salt thereof:

Me;__‘tg RZOW

P10_§ O ‘

P,X 0

Me

where



5

10

15

20

25

30

CA 02929084 2016-04-28

WO 2015/066729 PCT/US2014/063960

Y is SOzR; or COOR;, where, when Y is SO2R;, R is optionally substituted aryl or optionally
substituted non-enoclizable alkyl, and when Y is COOR;, R; is optionally substituted alkyl, optionally
substituted aryl, or optionally substituted arylalkyl;

each P; is independently H or a hydroxyl protecting group, and X, is oxo, or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal;

Ry is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted aryl; and

Xis O, and

gach of P, and P; is independently a hydroxyl protecting group,

or

P, and P,, together with the atoms to which each is attached, combine to form a cyclic
protected diol;

or

Xis N, and

P, is H or a hydroxyl protecting group, and X and P, combine to form optionally masked
amino;

or

P, and P,, together with the atoms to which each is attached, combine to form an aminal
or 1,3-oxazolidin-2-one-5-yl; and

where the intermediate in the synthesis of eribulin can be a compound of formula (VB) or a salt

thereof:
(VB),
where
() Rsis H, R4 is optionally substituted C,¢ alkyl ether, and Rs is H;
(ii) Rsis H, and Rs and R4 combine to form a double bond;
or

(iii) Rsis H, and R4 and Rs combine to form a bond.

In formula (VA) or (VB), Y can be SO.R; (e.g., Ry can be optionally substituted aryl). In formula (VA) or
(VB), both P5 groups and X, together with the atoms to which each is attached, can combine to form
ketal. In formula (VA) or (VB), Rz can be optionally substituted alkyl (e.g., unsubstituted C,¢ alkyl). In
formula (VA) or (VB), R; can be H, and R4 and Rs can combine to form a bond.
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In other embodiments of the first aspect, performing the macrocyclization reaction includes contacting the
non-macrocyclic intermediate (e.g., a compound of formula (VIA)) with a Cr(l!) salt and a Ni(ll) salt. In
particular, the method can involve subjecting a compound of formula (VIA) to Nozaki-Hiyama-Kishi
reaction conditions. The non-macrocyclic intermediate can be a compound of formula (VIA) or a salt

thereof:
MeOu,
PO xp,
(VIA),
where

Y is iodide, bromide, or trifluoromethanesulfonate;

(a1)  Rgsis H or a hydroxyl protecting group, R4 and Rs combine to form a double bond, each
Ps is independently H or a hydroxyl protecting group, and X,, together with the carbon to which it is
attached, form a carbonyl or —(CH(ORg))—, where Rg is H or a hydroxyl protecting group;

or

(a2) R3 and R, combine to form a bond, Rsis H, and

each P3 is independently H or a hydroxyl protecting group, and X,, together with
the carbon to which it is attached, form a carbonyl or —(CH(ORg))—;

or

both P5 groups and Xe, together with the atoms to which each is attached,
combine to form ketal;

(o1) Z is chloride, bromide, or iodide, and Ry and R, combine to form a bond;

or

(b2) Z and R, combine to form a double bond, and R; is a hydroxyl protecting group;

and

Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;

or
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P. and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
where the intermediate in the synthesis of eribulin is a compound of formula (VIB) or a salt
thereof:

>\\ Me OR,

(ViB),
where P, is H or a hydroxyl protecting group.

In formula (VIA), Z can be iodide, and R, and R, can combine to form a bond. In formula (VIA), Y can be

10 trifluoromethanesulfonate. In formula (VIA) or (VIB), R; can be H, or O and R, can combine to form a
sulfonate. In formula (VIA) or (VIB), P, can be a hydroxyl protecting group (e.g., a silyl). In formula (VIA)
or (VIB), P, can be a hydroxyl protecting group (e.g., a silyl). In formula (VIA) or (VIB), Rzcanbe Hor a
hydroxyl protecting group, R4 and Rs can combine to form a double bond, each P; can be independently
H or a hydroxyl protecting group, and X,, together with the carbon to which it is attached, can form a

15 carbonyl or -(CH(ORg))—, where Rg can be H or a hydroxyl protecting group. In formula (VIA) or (VIB), Rs
can be a hydroxyl protecting group (e.g., a silyl), R4 and Rs can combine to form a double bond, each P;
can be independently a hydroxyl protecting group, and Xo, together with the carbon to which it is attached,
can form a carbonyl or —(CH(ORg))—, where Rg can be H or a hydroxyl protecting group (e.g., O can
combine with Rg to form an ester). In formula (VIB), P4 can be a hydroxyl protecting group (e.g., O and Py

20  can combine to form an ester).

Preparation of the compound of formula (VIB) from the compound of formula (VIA) can further involve

In a second aspect, the invention provides a method of preparing:

25 or
eribulin eribulin mesylate

10
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In some embodiments of the second aspect, the method involves:

(A) producing a compound of formula (IB) from a compound of formula (1A), the compound of

formula (I1A) having the following structure:

where

(1A),

Ry is H or -CH2X;CH-CH=CH,, where X; is O, —C(Rg)2—, or NP5, and where each Rgis
independently H or -COORy,, Ps is an N-protecting group, and Ryq is C1.¢ alkyl;

(@1)
(a2)
or

(a3)
(b1)

or

(c2)

Rsis H or a hydroxyl protecting group, Rs is Gy alkyl ether, and R, is H;
R. is H or a hydroxyl protecting group, and R; and R4 combine to form a double bond;

R, and R; combine to form a bond, and R4 is H;
Rsis H or a hydroxyl protecting group, and Rg and Rz combine to form a double bond;

Rs and Rg combine to form a bond, and R is H;
Rs is H, and P4 is H or a hydroxyl protecting group;

Rg and P, combine to form a double bond;

each P; is independently H or a hydroxyl protecting group; and

Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,
or
Py and P», together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P;is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and Py, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl;

the compound of formula (IB) having the following structure:

11
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(1B),
where each variable is as defined for formula (lA).

5  The method can involve (B) producing a compound of formula (IC) from the compound of formula (IB),
the compound of formula (IC) having the following structure:

P
H H{?

>_\ Me

(IC),
where each variable can be as defined for formula (IB).
10
The method can involve (C) producing a compound of formula (ID) from the compound of formula (IC),
the compound of formula (ID) having the following structure:

P
H |;|O3

>_\ Me

(ID),
15 where each Pj is independently H or a hydroxyl protecting group, and X; is oxo; or both Pg
groups and X, together with the atoms to which each is attached, combine to form ketal; and each of the

remaining variables is as defined for formula (IC).
12
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The method can further involve (D) producing eribulin or eribulin mesylate from the compound of formula
(ID).

In formula (IA) or (IB), P, can be a hydroxy! protecting group (e.g., a silyl). In formula (I1A) or (I1B), R, and
Rs can combine to form a bond, and R, can be H. In formula (I1A) or (IB), Rs and Re can combine to form
abond, and R; can be H. In formula (lA) or (IB), Rg can be H, and P, can be a hydroxyl protecting group

(e.g., a silyl).

In formula (lA) or (IB), each P; can be independently a hydroxyl protecting group (e.g., a silyl). In formula
(IC), P5 can be H or a hydroxyl protecting group (e.g., a silyl).

In formula (1A), (IB), (IC), or (ID), P, can be a hydroxyl protecting group (e.g., a silyl). In formula (1A) or
(1B), X can be O. In formula (IA), (1B}, (IC), or (ID), P, is a hydroxyl protecting group (e.g., a silyl). In
formula (1A), (1B), (IC), or (ID), X can be N, and P, and P,, together with the atoms to which each is

attached, can combine to form an aminal.

The method can further involve oxidizing the compound of formula (IB) (e.g., when Rg is H) with an olefin
metathesis catalyst, e.g., by reacting with an oxidizing agent capable of oxidizing an alcohol to a carbonyl
group (e.g., Dess-Martin periodinane). If, P, is a hydroxyl protecting group (e.g., a silyl) in the compound
of formula (IB), this compound can be reacted with a hydroxyl protecting group removing agent prior to
oxidizing the compound of formula (1B).

Producing the compound of formula (1B) from the compound of formula (IA) can involve reacting the
compound of formula (IA) with an olefin metathesis catalyst.

Producing the compound of formula (IC) can include oxidizing the compound of formula (IB), where, in
the compound of formula (IB), Rg is H, and P4 is H, e.g., by reacting the compound of formula (IB) with an
oxidizing agent capable of oxidizing an alcohol to a carbonyl group (e.g., Dess-Martin periodinane).

Producing the compound of formula (ID) can include reacting the compound of formula (IC) with a 1,4-
reducing agent. The compound of formula (ID), in which each P3 is independently a hydroxyl protecting
group, can be reacted with a hydroxyl protecting group removing agent to afford tej compound of formula
(ID), in which each P3is H or both P3 groups and X, together with the atoms to which each is attached,
combine to form ketal.

In formula (ID), both P; groups and X,, together with the atoms to which each is attached, can combine to
form ketal. In formula (ID), P; can be H. In formula (ID), X can be O, and P, can be H. Producing
eribulin or eribulin mesylate from the compound of formula (ID) can include aminating the compound of

formula (1D).

13
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In formula (ID), X and P, can combine to form a masked amino. Producing eribulin or eribulin mesylate
from the compound of formula (ID) can involve reacting the compound of formula (ID) with an amino

unmasking agent.

Eribulin mesylate can be produced by salifying eribulin with methanesulfonic acid.

In certain embodiments of the second aspect, the method involves:
(A) producing a compound of formula (11B) from a compound of formula (llA) or a salt thereof:

o oP
I H S
RO, PR o 0 R, Rs
ozP
P4O x2
@)
MeOu, ot
\\\ o
Me
PO Xxp,
(I1A),

where

each R is independently optionally substituted alkyl or optionally substituted aryl;

(i) R is H or a hydroxyl protecting group, and Ry and Rs combine to form a double bond;
or
(i) R and R, combine to form a bond, and Rj is H;

each P; is independently H or a hydroxyl protecting group, and X; is oxo; or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and
each of Py and P is independently H or a hydroxyl protecting group,
or
Py and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
the compound of formula (lI1B) having the following structure:
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(11B);
(B) producing a compound of formula (ID) from the compound of formula (I1B), the compound of

formula (ID) having the following structure:

(ID);

and
(C) producing eribulin or eribulin mesylate from the compound of formula (ID).

In formula (llA), each R can be optionally substituted alkyl. In formula (l1A) or (1iB), P, can be a hydroxyl
protecting group (e.g., a silyl). In formula (l1A) or (lIB), P2 can be a hydroxyl protecting group (e.g., a
silyl). In formula (lIA) or (lIB), Ry and R, can form a bond, and R; can be H. In formula (lIA) or (11B), P4
can be a hydroxyl protecting group (e.g., a silyl). In formula (l1A), (11B), or (ID), both P3 groups and Xs,
together with the atoms to which each is attached, can combine to form ketal.

Producing the compound of formula (l1B) can involve reacting the compound of formula (ll1A) with an
organic base (e.g., an organic base having a pKa of 11 + 2 (e.g., DBU or trialkylamine (e.g.,
triethylamine))) and a Lewis acid (e.g., a salt of Li, Mg, or Zn (e.g., lithium chloride or zinc
trifluoromethanesulfonate)).

Producing the compound of formula (ID) can involve reacting the compound of formula (11B) with a
hydroxyl protecting group removing agent.

In formula (ID), both P; groups and X,, together with the atoms to which each is attached, can combine to
form ketal. In formula (ID), P; can be H. In formula (ID), X can be O, and P, can be H. Producing
15
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eribulin or eribulin mesylate from the compound of formula (ID) can include aminating the compound of
formula (ID).

In formula (ID), X and P, can combine to form a masked amino. Producing eribulin or eribulin mesylate
from the compound of formula (ID} can involve reacting the compound of formula (ID) with an amino
unmasking agent.

Eribulin mesylate can be produced by salifying eribulin with methanesulfonic acid.
In certain embodiments of the second aspect, the method involves:

(A) producing a compound of formula (I11B) from the compound of formula (lll1A), the compound
of formula (ll1A) having the following structure:

/ \/"l,
X3
MeOu, AN
Ral®
P10 Xp,
(A},
where
() R is H or a hydroxyl protecting group, and R, and Rs combine to form a double bond;
or
(i) R and R, combine to form a bond, and Rs is H;

X3 i8 0x0, or X3 combines with the carbon atom to which it is attached to form a ketal, a thioketal,
or —(CH(OPs))—, where Ps is H or a hydroxyl protecting group; each P; is independently H or a hydroxyl
protecting group, and X is oxo; or both P53 groups and X, together with the atoms to which each is
attached, combine to form ketal;

P, is H or a hydroxyl protecting group; and

Xis O, and
each of P, and P, is independently H or a hydroxyl protecting group,
or
Py and P», together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;

or
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P. and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl;
the compound of formula (l1IB) having the following structure:

5 (nBy;
(B) producing a compound of formula (ID) from the compound of formula (111B), the compound of
formula (ID) having the following structure:

PO XP,
(ID);

10 and
(C) producing eribulin or eribulin mesylate from the compound of formula (ID).

In formula (H1A) or (11IB), P, can be a hydroxyl protecting group (e.9., a silyl). In formula (Il1A) or (11IB), R,
and R, can form a bond, and Rz can be H. In formula (Il1A) or (l1IB), X3 can combine with the carbon

15 atom to which it is attached to form —(CH(OPs))-. In particular, in formula (Il1A) or (IlIB), Ps can be H. In
formula (IHIA) or (11IB), P4 can be a hydroxyl protecting group (e.g., silyl). In formula (ll1A) or (l1I1B), P, can
be a hydroxyl protecting group. In formula (I1lA), (11IB), or (ID), both P; groups and X, together with the
atoms to which each is attached, can combine to form ketal.

20 Producing the compound of formula (llI1B) can involve reacting the compound of formula (I1lA) with an

olefin metathesis catalyst.

Producing the compound of formula (ID) can involve oxidizing (e.g., by reacting with an oxidizing agent
capable of oxidizing an alcohol to a carbonyl group) the compound of formula (I11B), where, in the
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compound of formula (l11B), Xz, together with the carbon to which it is attached, forms —(CH(OPs))—,
where Psis H.

Producing the compound of formula (ID) can also involve reacting the compound of formula (11IB), where,
5 in the compound of formula (llIB), P, is a hydroxyl protecting group, and R, and Rs combine to form a
double bond, with a hydroxyl protecting group removing agent.

In formula (ID), both P3 groups and X, together with the atoms to which each is attached, can combine to
form ketal. In formula (ID), Py can be H. In formula (ID), X can be O, and P, can be H. Producing

10 eribulin or eribulin mesylate from the compound of formula (ID) can include aminating the compound of
formula (ID).

In formula (ID), X and P, can combine to form a masked amino. Producing eribulin or eribulin mesylate
from the compound of formula (ID) can involve reacting the compound of formula (ID) with an amino
15 unmasking agent.

Eribulin mesylate can be produced by salifying eribulin with methanesulfonic acid.
In certain embodiments of the second aspect, the method includes:

20 (A) producing a compound of formula (IVB) from a compound of formula (IVA), the compound of
formula (IVA) having the following structure:

(IVA),

where
25 Y is iodide, bromide, or trifluoromethanesulfonate;
adesignates R stereogenic center, and Z is a sulfonate, chloride, bromide, or iodide; or a
designates S stereogenic center, and Z is OR;, where R; is a hydroxyl protecting group;

(i) Rois H or a hydroxyl protecting group, and R; and R4 combine to form a double bond;
or
30 (ii) R, and R; combine to form a bond, and R, is H;

each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P groups and
Xo, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
18
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each of P, and P» is independently H or a hydroxyl protecting group,

or

P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

5 or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
10 P and P,, together with the atoms to which each is attached, combine to form an aminal

or 1,3-oxazolidin-2-one-5-yl;
the compound of formula (IVB) having the following structure:

P,0 XP,
(IVB),

15 where

adesignates R stereogenic center, bdesignates S stereogenic center, and Z is a

sulfonate, chloride, bromide, or iodide;

or

adesignates S stereogenic center, b designates R stereogenic center, and Z is ORy,
20 where R; is a hydroxyl protecting group;

(B) producing a compound of formula (ID) from the compound of formula (IVB), the compound
of formula (ID) having the following structure:

25 and
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(C) producing eribulin or eribulin mesylate from the compound of formula (ID).

In formula (IVA) or (IVB), Y can be bromide. In formula (IVA) or (IVB), R, and R; can combine to form a
bond, and R, can be H. In formula (IVA) or (IVB), Py can be a hydroxyl protecting group (e.g., a silyl). In
formula (IVA) or (IVB), P, can be a hydroxyl protecting group (e.g., a silyl). In formula (IVA) or (IVB), Z
can be a sulfonate. In formula (IVA) or (IVB), Z can be OR4, where R, can be a hydroxyl protecting group
(e.g., Z can be an ester, carbonate, or carbamate (e.g., Z can be an ester)). In formula (IVA), (IVB), or
(ID), both P5 groups and X,, together with the atoms to which each is attached, can combine to form
ketal.

Producing the compound of formula (IVB) can involve reacting the compound of formula (IVA) with a
Cr(ll) salt and a Ni(ll) salt. Producing the compound of formula (IVB) can involve subjecting the
compound of formula (IVA) to Nozaki-Hiyama-Kishi reaction conditions.

Producing the compound of formula (ID) can involve the step of nucleophilic ring-closing of the compound
of formula (IVB).

In formula (ID), both P groups and X;, together with the atoms to which each is attached, can combine to
form ketal. In formula (ID), Py can be H. In formula (ID), X can be O, and P, can be H. Producing
eribulin or eribulin mesylate from the compound of formula (ID) can include aminating the compound of
formula (ID).

In formula (ID), X and P, can combine to form a masked amino. Producing eribulin or eribulin mesylate
from the compound of formula (ID) can involve reacting the compound of formula (ID) with an amino
unmasking agent.

Eribulin mesylate can be produced by salifying eribulin with methanesulfonic acid.

In particular embodiments of the second aspect, the method includes:
(A) producing a compound of formula (VB) from a compound of formula (VA):

MeQ Y RZO\[m/\
/ O O~

P10_§ o ",

P,X 0

Me

where
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Y is SOsR; or COOR;, where, when Y is SO2R;, R is optionally substituted aryl or optionally
substituted non-enoclizable alkyl, and when Y is COOR;, R; is optionally substituted alkyl, optionally
substituted aryl, or optionally substituted arylalkyl;

each P; is independently H or a hydroxyl protecting group, and X, is oxo, or both P5 groups and

5 X, together with the atoms to which each is attached, combine to form ketal;
Ry is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted aryl; and
Xis O, and
gach of P, and P; is independently a hydroxyl protecting group,
or
10 P and P,, together with the atoms to which is each is attached, combine to form a cyclic
protected diol;

or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally masked
15 amino;

or
P, and P,, together with the atoms to which each is attached, combine to form an aminal
or 1,3-oxazolidin-2-one-5-yl;

the compound of formula (VB) having the following structure:

MeQ
P,0
P>X
20
where
() Rsis H, R4 is ether, and Rs is H;
(i) Rsis H, and Rs and Ry, together with the bond connecting the atoms to which each is

25  attached, combine to form a double bond;
or

(iii

(B

(

formula (ID) having the following structure:

) Rsis H, and R4 and Rs combine to form a bond;
)

producing a compound of formula (ID) from the compound of formula (VB), the compound of
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and
(C) producing eribulin or eribulin mesylate from the compound of formula (ID).

In formula (VA) or (VB), Y can be SO:R; (e.g., Ry can be optionally substituted aryl). In formula (VA) or
(VB), Rz can be optionally substituted alkyl (e.g., unsubstituted Cy alkyl). In formula (VB), R; can be H,
and R4 and Rs can combine to form a bond. [n formula (VA), (VB), or (ID), both P groups and Xo,
together with the atoms to which each is attached, can combine to form ketal.

Producing the compound of formula (VB) can involve reacting the compound of formula (VA) with a
strong base (e.g., a tertiary C,¢ alkoxide).

Producing the compound of formula (ID) can involve reacting the compound of formula (VB), in which Y is
SOsR4, and R is optionally substituted aryl, with an electron-transferring reducing agent (e.g., Sml,,
Mg(0), or Cr(lll)y with Mn(Q)).

In formula (ID), both P3 groups and X, together with the atoms to which each is attached, can combine to
form ketal. In formula (ID), P can be H. In formula (ID), X can be O, and P, can be H. Producing
eribulin or eribulin mesylate from the compound of formula (ID) can include aminating the compound of

formula (1D).

In formula (ID), X and P, can combine to form a masked amino. Producing eribulin or eribulin mesylate
from the compound of formula (ID) can involve reacting the compound of formula (ID) with an amino
unmasking agent.

Eribulin mesylate can be produced by salifying eribulin with methanesulfonic acid.

In other embodiments of the second aspect, the method includes:

(A) producing a compound of formula (VIB) from a compound of formula (VIA), the compound of
formula (VIA) having the following structure:
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)

Meoll, Z
\"\ O
>\\ Me ORq
PO Xxp,
(VIA),

where
Y is iodide, bromide, or trifluoromethanesulfonate;
(a1) Rgsis H or a hydroxyl protecting group, R4 and Rs combine to form a double bond, each

Ps is independently H or a hydroxyl protecting group, and X,, together with the carbon to which it is
attached, forms a carbonyl or -(CH(ORg))—, where Rg is H or a hydroxyl protecting group;

or
(a2) Rs and R, combine to form a bond, Rsis H, and
each P3 is independently H or a hydroxyl protecting group, and X,, together with
the carbon to which it is attached, forms a carbony! or —(CH(ORg))—;
or
both P53 groups and Xo, together with the atoms to which each is attached,
combine to form ketal;
(b1) Z is chloride, bromide, or iodide, and Ry and R, combine to form a bond;
or
(b2) Z and R, combine to form a double bond, and R is a hydroxyl protecting group;
and
Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
the compound of formula (VIB) having the following structure:
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>‘\\ Me OR,

(ViB),
where P4 is H or a hydroxyl protecting group;
(B) producing a compound of formula (VIC) from the compound of formula (VIB), the compound
5 of formula (VIC) having the following structure:

MeOu,

T

(VIC);
(C) producing a compound of formula (ID) from the compound of formula (VIC), the compound of

formula (ID) having the following structure:

10 P,0 XPy
(ID);
and
(D) producing eribulin or eribulin mesylate from the compound of formula (ID).

15 Producing the compound of formula (VIB) can include reacting the compound of formula (VIA) with a
Cr(Il) salt and a Ni(ll) salt.
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Producing the compound of formula (ID) can include reacting the compound of formula (VIB) with a
hydroxyl! protecting group removing agent.

In formula (ID), both P3 groups and X,, together with the atoms to which each is attached, can combine to
form ketal. In formula (ID), P, can be H. In formula (ID), X can be O, and P, can be H. Producing
eribulin or eribulin mesylate from the compound of formula (ID) can include aminating the compound of
formula (ID).

In formula (ID), X and P, can combine to form a masked amino. Producing eribulin or eribulin mesylate
from the compound of formula (ID) can involve reacting the compound of formula (ID) with an amino

unmasking agent.

Eribulin mesylate can be produced by salifying eribulin with methanesulfonic acid.

In a third aspect, the invention provides a method of preparing an intermediate in the synthesis of eribulin,
the method including performing a Prins reaction by contacting a compound of formula (VIIA) with a
compound of formula (VIIB) and R3OH,

where Rz can be an optionally substituted acyl;

where the compound of formula (VIIA) can have the following structure:

Y1/I” OMe XP2

-

OP,

(VIIA),

where
Y, is SOzR; or COOR;, and R is optionally substituted alkyl, optionally substituted aryl, or
optionally substituted arylalkyl;
Xiis O, or X4, together with the carbon to which it is attached, forms a cyclic acetal; and
Xis O, and
each of P, and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an

aminal or 1,3-oxazolidin-2-one-5-yl;
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where the compound of formula (VIIB) can have the following structure:

OH

Me R2
(VIIB),
where

OP,
;u,,}y\/\o% 51,,,}?\/0& ;:,,,,}i\//\\\,&
Rp is ~CH,—0OPs, , ,or ,

where P; is H or a hydroxyl protecting group; each P, is independently a hydroxyl
protecting group, or both P, groups, together with the atoms to which each is
attached, combine to form a cyclic protected diol; and R, isis H or -
CHoX,CH,CH=CH,, where X, is O, -CHy-, or NPg, where Ps is sulfonyl;

and where the intermediate is a compound of formula (VIIC):

Y1/”; OMe XP2

”

Menn
R40

R

(VIIC).

Performing a Prins reaction can involve reacting the compound of formula (VIIA) with a Lewis acid (e.g.,

boron trifluoride or a solvate thereof).

In a fourth aspect, the invention provides a method of preparing an intermediate in the synthesis of

eribulin, the method can involve:

(A) cleaving the double bond in a compound of formula (VIIIA) to afford a compound of formula

(VI11B), the compound of formula (VIIIA) having the structure:

where

x1 OP2

o)
R OP,
(VIIIA),

X, can be oxo, or X;, together with the carbon atom to which it can be attached, forms a
ketal or

—(CH(OP3))—, where P3 can be H or a hydroxyl protecting group;

R, can be H or -CHxOPy;

each of Py, Po, and P4 can be independently a hydroxyl protecting group, or
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P, and P4, together with the atoms to which each can be attached, can combine to form a
cyclic protected diol; and
the compound of formula (VIIIB) having the structure:
X OP,

o 0
R OP4
5 (VIIB);
(B) reacting the compound of formula (VIIIB) with a compound of formula (VIII1B-a) to afford a
compound of formula (VIIIC):

X;  OP,
OH

== O
\ (¢}

R OP;
Ry

(VIIC),
10 where R, can be H or —-CH,CH-OPs, and Ps can be a hydroxyl protecting group;
and the compound of formula (VIIIB-a) has the following structure:
RS
!
Rz
(VIIIB-a);
(C) reacting the compound of formula (VIIIC) with a dehydrating agent to afford a compound of
15 formula (VIID):
Xy 0P,

XX 0O
\0
R4 OP;
R2
(VIIDY;
(D) reacting the compound of formula (VIIID) with a dihydroxylating agent to afford a compound

of formula (VIIIE):

20

(VIHE);
(E) preparing a compound of formula (VIIIF) through a reaction sequence including reacting the

compound of formula (VIIIE) with N-bromosuccinimide to afford a first intermediate, reacting the first
intermediate with an acylating agent (e.g., a carboxylic acid anhydride) to afford a second intermediate,
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and (a), when R, can be —CH>CH>OPs, contacting the second intermediate with a reducing agent, or (b),
when R can be H, allylating the second intermediate compound of formula (VIIIF):

0 X1 OPZ

(VIIIF),

where Z can be an ester or —OP-, where P; can be H or a hydroxyl protecting group, and R; can
be —CH,CH,OPs or -CH,CH=CH,;

(F) reacting the compound of formula (VIIIF) with a 1,4-reducing agent to afford a compound of
formula (VIIIG):

10 (VING); and
(G) forming a compound of formula (VIIIH) through a reaction seguence including reacting the
compound of formula (VIIIG) with a Bransted acid and Y-H, where Y can be optionally substituted G5
alkyl, the compound of formula (VIIIH) having the following structure:

15 (VIIIH),
where Y can be optionally substituted C,.¢ alkyl ether; R can be —CH.CH»>OPs; X can be oxo, or

Xp, together with the carbon to which it can be attached, forms a ketal or -(CH(OP))—, where Pg can be a
hydroxyl protecting group.

20 In some embodiments of the fourth aspect, the method further includes:

(H) replacing P in the compound of formula (VIIIH) with —Si(R,)-H to afford a compound of
formula (VIIIJ):

Ry
H-si"R4

(VIIIY),

where each R, is independently optionally substituted alkyl, optionally substituted aryl, or
optionally substituted arylalkyl;

25
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(I) reacting the compound of formula (VII1J) with a Lewis acid to afford a compound of formula

(VIIIK):

5 where Y is fluoro, chloro, or bromo; and
(J) reacting the compound of formula (VIIIK) with a hydroxyl protecting group removing agent
and then reacting with a hydroxyl protecting agent to afford a compound of formula (VIIIL):

H u PP

10 where P; is a hydroxyl protecting group.

In a fifth aspect, the invention provides compounds of formulas (I1A), (IB), (IC), (IIA), (11B), (IIA), (111B),
(IVA), (IVB), (IVE), (VA), (VB), (VIA), (VIB), (VIIB), and (VIIC). The invention also provides compounds of
formulas (VIIC), (VIIID), (VIIE), (VIIIF), (VIIIG), (VIIIH), (VIIIJ), (VHIK), and (VIIIL).

15
A compound of the fifth aspect can be a compound of formula (1A) or (IB):
or a salt thereof,
20 where

R, is H or -CH;X;CH.CH=CH,, where X, is O, —C(Rgq)o—, or NP5, and where each Rg is
independently H or -COORy,, Ps is an N-protecting group, and Ryg is C1.¢ alkyl;

(at) Re is H or a hydroxyl protecting group, R; is Ci.¢ alkyl ether, and Ry is H;

(a2) R. is H or a hydroxyl protecting group, and R; and R4 combine to form a double bond;

29



CA 02929084 2016-04-28

WO 2015/066729 PCT/US2014/063960

or
(a3) R» and R; combine to form a bond, and Ry is H;
(b1) Rsis H or a hydroxyl protecting group, and Re and R; combine to form a double bond,

5 (02) Rs and Rg combine to form a bond, and R is H;

(c1) Rgis H, and P4 is H or a hydroxy! protecting group;

or

(c2) Rs and P, combine to form a double bond;

each P;is independently H or a hydroxyl protecting group; and

10 Xis O, and

each of Py and P is independently H or a hydroxyl protecting group,
or
P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

15 or
Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
20 P, and P,, together with the atoms to which each is attached, combine to form an

aminal or 1,3-oxazolidin-2-one-5-yl.

A compound of the fifth aspect can be a compound of formula (IC):

P
H |;|O3

o
MeO:s,
3 o)
\>_\ Me
PO XP,
25 (IC),

or a salt therecf,
where
each P; is independently a hydroxyl protecting group; and
Xis O, P, is a hydroxyl protecting group, and P, is H or a hydroxyl protecting group;
30 or
P, is a hydroxyl protecting group, and X and P, combine to form optionally masked
amino.
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A compound of fifth aspect can be a compound of formula (11A) or (11B):

9 oP
| H 3
ro, PR L., ol R
o=P. 3
P40 Xz “p,0
© 0
MeOu, et MeOl:, uw
Ram® &0
>'\\ Me >ﬁ
P10 XP, o 19 Xp,
(11A) (11B)

or a salt thereof,
where
each R is independently optionally substituted alky! or optionally substituted aryl;

(i) Ry is H or a hydroxyl protecting group, and R, and R; combine to form a double bond;
or
(ii) Ry and R, combine to form a bond, and Rs is H;

each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P groups and

Xo, together with the atoms to which each is attached, combine to form ketal;

P4 is H or a hydroxyl protecting group; and

Xis O, and
each of P, and P is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P;is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

A compound of the fifth aspect can be a compound of formula (111A) or (11IB):
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(A

or a salt thereof,
where
(i) R is H or a hydroxyl protecting group, and Ro and R; combine to form a double bond;
or
(i) R, and R, combine to form a bond, and R; is H;
X3 is 0x0, or X3 combines with the carbon atom to which it is attached to form a ketal, a thioketal,
or —(CH(OPs))—, where Ps is H or a hydroxyl protecting group;
each P; is independently H or a hydroxyl protecting group, and Xz is oxo; or both P3 groups and
X5, together with the atoms to which each is attached, combine to form ketal,
P4 is H or a hydroxyl protecting group; and
Xis O, and
each of Py and P is independently H or a hydroxyl protecting group,
or
P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

A compound of the fifth aspect can be a compound of formula (IVA) or (IVB):
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or a salt thereof,
where
Y is iodide, bromide, or trifluoromethanesulfonate;
(a1) adesignates A stereogenic center, b designates S stereogenic center, and Zis a
sulfonate, chloride, bromide, or iodide;
or
(a2) adesignates S stereogenic center, b designates R stereogenic center, and Z is ORy,
where R, is a hydroxyl protecting group;
(o1) R, is H or a hydroxyl protecting group, and Rg and R, combine to form a double bond;
or
(02) R, and R; combine to form a bond, and R, is H;
each P3 is independently H or a hydroxyl protecting group, and X, is oxo; or both P groups and
Xz, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
each of P, and P is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and Py, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl

A compound of the fifth aspect can be a compound of formula (VA) or (VB):
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P4 O% o "
PoX O
Me

or a salt thereof,
where
5 Yis SO.R; or COOR;, where, when Y is SO2R,, Ry is optionally substituted aryl or optionally
substituted non-enoclizable alkyl, and when Y is COOR;, R; is optionally substituted alkyl, optionally
substituted aryl, or optionally substituted arylalkyl;
each P; is independently H or a hydroxyl protecting group, and X; is oxo, or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal;
10 R, is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted aryl; and
Xis O, and
each of P, and P is independently a hydroxyl protecting group,
or

P, and P, together with the atoms to which is each is attached, combine to form a cyclic

15 protected diol;
or
Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally masked
amino;
20 or

P, and P,, together with the atoms to which each is attached, combine to form an aminal
or 1,3-oxazolidin-2-one-5-yl.

A compound of formula (VIA) or (VIB):
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or a salt thereof,
where
Y is iodide, bromide, or trifluoromethanesulfonate;

P4 is H or a hydroxyl protecting group;

(a1)  Rsis Hor a hydroxyl protecting group, R4 and Rs combine to form a double bond, each
P is independently H or a hydroxyl protecting group, and Xs, together with the carbon to which it is
attached, forms a carbonyl or -(CH(ORg))—, where Rg is H or a hydroxyl protecting group;

or

(a2) Rs and R, combine to form a bond, Rs is H, and

each P3 is independently H or a hydroxyl protecting group, and X,, together with
the carbon to which it is attached, forms a carbonyl or —(CH(ORg))—;

or

both P3 groups and X,, together with the atoms to which each is attached,
combine to form ketal;

(b1) Z is chloride, bromide, or iodide, and R, and R, combine to form a bond;

or
(b2) Z and R, combine to form a double bond, and R is a hydroxyl protecting group;
and
Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

A compound of the fifth aspect can be a compound of formula (VIIC):

Y']/”’ OMe XPZ

v

or a salt thereof,
where
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adesignates R stereogenic center or S stereogenic center;
Y, is SOzR; or COOR;, and R is optionally substituted alkyl, optionally substituted aryl, or
optionally substituted arylalkyl;
OP,4

.. O e OP
;:“}j\/\op3 5,,, 4
Rz is =CHo~OP3, <CH=CH,, , . or
5"::;_7/\/R4

where P is H or a hydroxyl protecting group; each P4 is independently a hydroxyl
protecting group, or both P, groups, together with the atoms to which each is attached,
combine to form a cyclic protected diol; and R, is is H or -CH.X,CH.CH=CH,, where X is
0, -CHs-, or NPs, where Ps is sulfonyl;
Rs is an optionally substituted acyl; and
Xis O, and
each of P, and P is independently H or a hydroxyl protecting group,
or
Py and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

A compound of the fifth aspect can be a compound of formula (VIIB):

OH
Me’ R3
(VIIB),
where
oP,
;";Of\/\op3 ;’lu}y\/op4 ;”I“}Oj\/ R4
Rsz is ~CH,—OP3, ; , OF ;
where

P is a hydroxyl protecting group; each P4 is independently a hydroxyl protecting group,
or both P, groups, together with the atoms to which each is attached, combine to form a
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cyclic protected diol; and R4 is is H or -CHoX,CH>CH=CHs, where X, is O, -CH»-, or NPs,
where Ps is sulfonyl.

A compound of the fifth aspect can be a compound of formula (IVE):

(IVE),

where

Y is iodide, bromide, or trifluoromethanesulfonate;

Zis an ester, a sulfonate, chloride, bromide, or iodide;

each P; is independently H or a hydroxyl protecting group, and X is 0x0; or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal; and

(a1) R2is H or a hydroxyl protecting group, Rs and R4 combine to form a double bond;

or

(a2) R, and R; combine to form a bond, and R, is H;

(o1) R; and Rg combine to form a bond, and Rg is H;

(02) R is H or a hydroxyl protecting group, and Rg and Rg combine to form a double bond;
(c1) X3 is oxo and Ry is H or —OP;5, where Ps is H or an ether hydroxyl protecting group;

(c2) X3 and R, together with the carbon atom to which they are attached form —CH,OPg, wherein Pg
is H or a hydroxyl protecting group, and Ry is H.

Definitions

Compounds useful in the invention may be isotopically labeled compounds. Useful isotopes include
hydrogen, carbon, nitrogen, and oxygen (e.g., °H, °H, °C, "C, °N, "0, and " 0). Isotopically-labeled
compounds can be prepared by synthesizing a compound using a readily available isotopically-labeled
reagent in place of a non-isotopically-labeled reagent.

For any of the following chemical definitions, a number following an atomic symbol indicates that total
number of atoms of that element that are present in a particular chemical moiety. As will be understood,
other atoms, such as hydrogen atoms, or substituent groups, as described herein, may be present, as
necessary, to satisfy the valences of the atoms. For example, an unsubstituted C, alkyl group has the
formula —CHoCHs;. When used with the groups defined herein, a reference to the number of carbon
atoms includes the divalent carbon in acetal and ketal groups but does not include the carbonyl carbon in
acyl, ester, carbonate, or carbamate groups. A reference to the number of oxygen, nitrogen, or sulfur
atoms in a heteroaryl group only includes those atoms that form a part of a heterocyclic ring.
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By “acetal” is meant —-O—(CHR)-O—-, where R is H, optionally substituted alkyl, optionally substituted
alkenyl, optionally substituted aryl, or optionally substituted arylalkyl.

By “acyl” is meant —C(O)R, where R is H, alkyl, alkenyl, aryl, or arylalkyl. In exemplary acyl groups, R is
H, Ciip alkyl (e.9., Cis, Ci6, Ci1a, Cozy Cao, Or Ca alkyl), Coyp alkenyl (e.9., Cos, Cos, Cos, Caiyn, OF Cag
alkenyl), Ce.o0 aryl (e.g., Ce 15, Ce.10, Ca.on, OF G415 aryl), monocyclic C1 heteroaryl (e.g., maonocyclic Gy
or G, heteroaryl), Csq9 heteroaryl (e.g., C4.10 heteroaryl), (Ce_i5)aryl(Gye)alkyl, (G ¢)heteroaryl(Cyg)alkyl,
or (C49)heteroaryl(Cqg)alkyl. As defined herein, any heteroaryl group present in an acyl group has from
1 to 4 heteroatoms selected independently from O, N, and S. An acyl group can be unsubstituted or
substituted (e.g., optionally substituted acyl). In the optionally substituted acyl group, the substituent R is
H, optionally substituted alkyl, optionally substituted alkenyl, optionally substituted aryl, or optionally
substituted arylalkyl.

By “acylating agent’ is meant a compound that reacts with an amine or a hydroxyl group to produce an
amide or an ester, respectively. An acylating agent has a formula R-LG, where R is acyl, and LG is
halogen, carbonate, or —OR’, where R’ is acyl.

By “alkoxide” is meant an anionic compound RO, where R is alkyl. A counterion for alkoxide can be an
alkali metal cation, an alkali earth metal cation, or a tetraalkylammonium cation. Alkoxide can be
optionally substituted in the same manner as alkyl.

By “alkoxy” is meant —OR, where R is alkyl. Alkoxy can be optionally substituted in the same manner as
alkyl.

By “alkoxyalkyl” is meant —OR, where R is alkyl substituted by alkoxy. Each portion of the alkoxyalkyl can
be optionally substituted in the same manner as alkyl.

By “alkyl” is meant a straight or branched chain saturated cyclic (i.e., cycloalkyl) or acyclic hydrocarbon
group of from 1 to 12 carbons, unless otherwise specified. Exemplary alkyl groups include Cq.g, Ci.6, C1.4,
Cs.7, Ca12, and Gs5 alkyl. Specific examples include methyl, ethyl, 1-propyl, 2-propyl, 2-methyl-1-propyl,
1-butyl, 2-butyl, and the like. Alkyl group can be optionally substituted with 1, 2, 3, or 4 substituents
selected from the group consisting of halogen, alkoxy, aryloxy, arylalkyloxy, oxo, alkylthio, alkylenedithio,
alkylamino, [alkenyl]lalkylamino, [aryl]alkylamino, [arylalkyl]alkylamino, dialkylamino, silyl, sulfonyl, cyano,
nitro, carboxyl, and azido.

By “alkylamino” is meant —-NHR, where R is alkyl. By “[alkenyl]alkylamino” is meant -NRR’, where R is
alkyl, and R’ is alkenyl. By “[aryl]lalkylamino™ is meant -NRR’, where R is alkyl, and R’ is aryl. By
“[arylalkyllalkylamino” is meant —NRR’, where R is alkyl, and R’ is arylalkyl. By "dialkylamino” is meant —
NR,, where each R is alkyl, selected independently.
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By “alkylene” is meant a divalent alkyl group. Alkylene groups can be optionally substituted in the same
manner as alkyl groups. For example, a G alkylene group is —CHo-.

By “alkylenedithio” is meant —S-alkylene-S-. Alkylenedithio can be optionally substituted in the same
manner as an alkylene group.

By “alkylthio” is meant —SR, where R is alkyl. Alkylthio can be optionally substituted in the same manner
as an alkyl group.

By “alkenyl” is meant a straight or branched chain cyclic or acyclic hydrocarbon group of, unless
otherwise specified, from 2 to 12 carbons and containing one or more carbon-carbon double bonds.
Exemplary alkenyl groups include Cog, Co7, Cos, Co4, Ca.12, and Cae alkenyl. Specific examples include
ethenyl (i.e., vinyl), 1-propenyl, 2-propenyl (i.e., allyl), 2-methyl-1-propenyl, 1-butenyl, 2-butenyl (i.e.,
crotyl), and the like. Alkenyl group can be optionally substituted in the same manner as alkyl groups.
Alkenyl groups, used in any context herein, may also be substituted with an aryl group.

By “amido” is meant -NHR, where R is acyl. Amido can be optionally substituted in the same manner as

acyl.

By "aminal” is meant —-O—CR,—NR’—, where each R is independently H, optionally substituted alkyl,
optionally substituted alkenyl, optionally substituted aryl, or optionally substituted arylalkyl, or both R
groups are together optionally substituted alkylene, and R’ is H or an N-protecting group. In particular, R’
can be an N-protecting group (e.g., Boc).

By “amino” is meant -NR,, where N and R, combine to form azido, or each R is independently H or an N-
protecting group, or both R combine to form an N-protecting group. Amino can be unmasked, when each
R is H, or masked, when at least one R is not H. Thus, optionally masked amino can be masked or

unmasked amino.

By “aryl” is meant a monocyclic or multicyclic ring system having one or more aromatic rings, where the
ring system is carbocyclic or heterocyclic. Heterocyclic aryl groups are also referred to as heteroaryl
groups. A heteroaryl group includes 1 to 4 atoms selected independently from O, N, and S. Exemplary
carbocyclic aryl groups include Cg20, Ce.15, Ce-10, Ce-20, and Cg.15 aryl. A preferred aryl group is a C6-10
aryl group. Specific examples of carbocyclic aryl groups include phenyl, indanyl, indenyl, naphthyl,
phenanthryl, anthracyl, and fluorenyl. Exemplary heteroaryl groups include monocylic rings having from 1
to 4 heteroatoms selected independently from O, N, and S and from 1 to 6 carbons (e.g., C16, G14, and
Cs). Monocyclic heteroaryl groups preferably include from 5 to 9 ring members. Other heteroaryl
groups preferably include from 4 to 19 carbon atoms (e.g., C..10). Specific examples of heteroaryl groups
include pyridinyl, quinolinyl, dihydroquinolinyl, isoquinolinyl, quinazolinyl, dihydroquinazolyl, and
tetrahydroquinazolyl. Aryl group can be optionally substituted with 1, 2, 3, 4, or 5 substituents selected
from the group consisting of alkyl, alkenyl, aryl, arylalkyl, halogen, alkoxy, aryloxy, arylalkyloxy, alkylthio,
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alkylenedithio, alkylamino, [alkenyl]alkylamino, [aryl]alkylamino, [arylalkyllalkylamino, dialkylamino, silyl,
sulfonyl, cyano, nitro, carboxyl, and azido.

By “arylalkyl” is meant -R'R”, where R’ is alkylene, and R” is aryl. Arylalkyl can be optionally substituted
in the same manner as defined for each R’ and R” group.

By “arylalkyloxy” is meant —OR, where R is arylalkyl. Arylalkyloxy can be optionally substituted in the
same manner as defined for arylalkyl.

By “aryloxy” is meant —OR, where R is aryl. Aryloxy can be optionally substituted in the same manner as
aryl.

By "azido” is meant -N,.

By “boronate” is meant -OBRO—-, where R is alkyl, alkenyl, aryl, arylalkyl, alkoxy, or 2,6-
diacetamidophenyl. Boronate can be substituted, when R is a substituted alkyl, substituted alkenyl,
substituted aryl, substituted arylalkyl, or substituted alkoxy. Alternatively, boronate can be unsubstituted,
when R is unsubstituted alkyl, unsubstituted alkenyl, aryl, unsubstituted arylalkyl, unsubstituted alkoxy, or
2,6-diacetamidophenyl.

By “carbamate” is meant a group, when a hydroxyl protecting group, having the formula ~OC(O)NRy, or,
when an amine protecting group, having the formula -NR’-C(O)OR, where each R and R’ is
independently H, optionally substituted alkyl, optionally substituted alkenyl, optionally substituted aryl, or

optionally substituted arylalkyl.

By “carbonate” is meant -OC(O)OR, where R is optionally substituted alkyl, optionally substituted alkenyl,
optionally substituted aryl, or optionally substituted arylalkyl.

By “carbonyl” is meant —C(O)-.

By “carboxyl” is meant —C(O)OH, in free acid, ionized, or salt form.

By “carboxylic acid” is meant R-OH, where R is optionally substituted acyl.

By “carboxylic acid anhydride” is meant R-O-R, where each R is independently optionally substituted acyl.

By “dicarbonyl” is meant —G(O)-C(O)-.

By “ester” is meant —OC(O)R, where —C(O)R is an optionally substituted acyl group.
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By “ether” is meant —OR, where R is alkyl, alkenyl, arylalkyl, silyl, or 2-tetrahydropyranyl. Ether can be
optionally substituted as defined for each R group.

By “halogen” is meant fluoro, chloro, bromo, or iodo.

By “hydroxyl protecting group” is meant any group capable of protecting the oxygen atom to which it is
attached from reacting or bonding. Hydroxyl protecting groups are known in the art, e.g., as described in
Wouts, Greene's Protective Groups in Organic Synthesis, Wiley-Interscience, 4th Edition, 20086.
Exemplary protecting groups (with the oxygen atom to which they are attached) are independently
selected from the group consisting of esters, carbonates, carbamates, sulfonates, and ethers. In
exemplary ester hydroxyl protecting groups, R of the acyl group is G112 alkyl (€.9., C15, Ci6, G4, Co7, Ca.
12, and Gz alkyl), Co.10 alkenyl (e.g., Caog, Cos, Co4, Ca12, and Cs alkenyl), carbocyclic Ceog aryl (e.g., Ce.
15, Ge10, G0, and Cg 5 aryl), monocyclic Gy heteroaryl (e.g., Cy.4 and G, heteroaryl), C..i9 heteroaryl
(e.g., Cyqp heteroaryl), (Ce.15)aryl(Cqg)alkyl, (Ca.ig)heteroaryl(Cqs)alkyl, or (Cqg)heteroaryl(C,¢)alkyl.
Specific examples of acyl groups for use in esters include formyl, benzoylformyl, acetyl (e.g.,
unsubstituted or chloroacetyl, trifluoroacetyl, methoxyacetyl, triphenylmethoxyacetyl, and p-
chlorophenoxyacetyl), 3-phenylpropionyl, 4-oxopentanoyl, 4,4-(ethylenedithio)pentanoyl, pivaloyl (Piv),
vinylpivaloyl, crotonoyl, 4-methoxy-crotonoyl, naphthoyl (e.g., 1- or 2-naphthoyl), and benzoyl (e.g.,
unsubstituted or substituted, e.g., p-methoxybenzoyl, phthaloyl (including salts, such a triethylamine and
potassium), p-bromobenzoyl, and 2,4,6-trimethylbenzoyl). As defined herein, any heteroaryl group
present in an ester group has from 1 to 4 heteroatoms selected independently from O, N, and S. In
exemplary carbonate hydroxyl protecting groups, R is Cy.;» alkyl (e.g., Cis, Cig, C14, Co7, Cayo, and Cgg
alkyl), Cs.12 alkenyl (e.g., Cog, Cos, Coa, Caip, and Cyg alkenyl), carbocyclic Cepp aryl (e.g., Ce.15, Ca10, Cs.
20, and Cg.45 aryl), monocyclic Cy¢ heteroaryl (e.g., Ci.4 and C,¢ heteroaryl), C4.19 heteroaryl (e.g., Caq0
heteroaryl), (Cs.15)aryl(Cig)alkyl, (C4.19)heteroaryl(C,g)alkyl, or (Cqs)heteroaryl(Cg)alkyl. Specific
examples include methyl, 9-fluorenylmethyl, ethyl, 2,2,2-trichloroethyl, 2-(trimethylsilyl)ethyl, 2-
(phenylsulfonyl)ethyl, vinyl, allyl, t-butyl, p-nitrobenzyl, and benzyl carbonates. As defined herein, any
heteroaryl group present in a carbonate group has from 1 to 4 heteroatoms selected independently from
O, N, and S. In exemplary carbamate hydroxyl protecting groups, each R is independently H, C,_» alkyl
(e.9., C1.5, Ci, Ci4, Cozy Cap, and Cyg alkyl), Co.qp alkenyl (€.9., Cog, Cokg, Cog, Caqz, and Cag alkenyl),
carbocyclic Ce.o0 aryl (€.9., Ce.15, Ce 10, Cs.00, and Cg 15 aryl), monocyclic Cy¢ heteroaryl (e.g., Ci4 and Cog
heteroaryl), C41¢ heteroaryl (e.g., C4.10 heteroaryl), (Ces 1s)aryl{Cq.¢)alkyl, (C41o)heteroaryl(Cy.s)alkyl, or (Cy.
e)heteroaryl(Cqg)alkyl. Specific examples include N-phenyl and N-methyl-N-(o-nitrophenyl) carbamates.
As defined herein, any heteroaryl group present in a carbamate group has from 1 to 4 heteroatoms
selected independently from O, N, and S. Exemplary ether hydroxyl protecting groups include Gy.12 alkyl
(e.g., Cis, Ci, Ciay Caz, Caya, and Csg alkyl), Coyp alkenyl (e.9., Cog, Cos, Co4, Caqs, and Cag alkenyl),
(Ce15)aryl(Cyg)alkyl, (Cyq9)heteroaryl(Cyg)alkyl, (Cig)heteroaryl(Cqg)alkyl, (Cqg)alkoxy(Cyg)alkyl, (Cs.
e)alkylthio(Cqe)alkyl, (Ce.1p)aryl(Cqe)alkoxy(Cy¢)alkyl, and silyl (e.g., tri(Cy¢ alkyl)silyl, tri(Ce.q0 aryl or Gy
heteroaryl)silyl, di(Ce_1o aryl or Gy heteroaryl)(C,¢ alkyl)silyl, and (Ce 1 aryl or C,¢ heteroaryl)di(C,¢
alkyl)silyl). Specific examples of alkylethers include methyl and t-butyl, and an example of an alkenyl
ether is allyl. Ether hydroxyl protecting groups can be used to protect a carboxyl group (e.g., with a Gy.y2
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alkyl (e.g., C1.8, Cis, Gi4, Co7, Ca12, and Cae alkyl), (Ce.15)aryl(Cqs)alkyl, (Cis)alkoxy(Cqe)alkyl, (Cq.
e)alkylthio(Cq¢)alkyl, or (Ce.10)aryl(C+.s)alkoxy(Ci.g)alkyl). Examples of alkoxyalkyls and alkylthioalkyls that
can be used as ether hydroxyl protecting groups include methoxymethyl, methylthiomethyl, (2-
methoxyethoxy)methyl, and B-(trimethylsilyl)ethoxymethyl. Examples of arylalkyl groups that can be used
as ether hydroxyl protecting groups include benzyl, p-methoxybenzyl (MPM), 3,4-dimethoxybenzyl,
triphenylmethyl (trityl), o-nitrobenzyl, p-nitrobenzyl, p-halobenzyl, 2,6-dichlorobenzyl, p-cyanobenzyl,
naphthylmethyl, and 2- and 4-picoly! ethers. Specific examples of silylethers include trimethylsilyl (TMS),
triethylsilyl (TES), t-butyldimethylsilyl (TBS), t-butyldiphenylsilyl (TBDPS), triisopropylsilyl (TIPS), and
triphenylsilyl (TPS) ethers. An example of an arylalkyloxyalkylether is benzyloxymethyl ether. As defined
herein, any heteroaryl group present in an ether group has from 1 to 4 heteroatoms selected
independently from O, N, and S. Vicinal or 1,3-diols may be protected with a diol protecting group (e.g.,
to produce a “cyclic protected diol”), such as acetal (e.g., containing G4 alkylene), ketal (e.g., containing
Cs¢ alkylene or Ca4 cycloalkyl), cyclic silylene, cyclic carbonate, and cyclic boronate. Examples of acetal
and ketal groups include methylene-dioxo, ethylidene-dioxo, benzylidene-dioxo, isopropylidene-dioxo,
cyclohexylidene-dioxo, and cyclopentylidene-dioxo. An example of a cyclic silylene is di-t-butylsilylene.
Another diol protecting group is 1,1,3,3-tetraisopropylsiloxanediyl. Examples of cyclic boronates include
methyl, ethyl, phenyl, and 2,6-diacetamidophenyl boronates. Protecting groups may be substituted as is
known in the art; for example, aryl and arylalkyl groups, such as phenyl, benzyl, naphthyl, or pyridinyl, can
be substituted with C,¢ alkyl, Gy alkoxy, nitro, cyano, carboxyl, or halogen. Alkyl groups, such as
methyl, ethyl, isopropyl, n-propyl, t-butyl, n-butyl, and sec-butyl, and alkeny! groups, such as vinyl and
allyl, can also be substituted with oxo, arylsulfonyl, halogen, and trialkylsilyl groups. Preferred protecting
groups are TBS and Piv. Protecting groups that are orthogonal are removed under different conditions,

as in known in the art.

By “imido” is meant ~NR,, where each R is independently optionally substituted acyl.

By “ketal” is meant -O—-CRo—O—, where each R is independently optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted aryl, or optionally substituted arylalkyl, or both R groups are
together optionally substituted alkylene.

By “macrocyclization” is meant a reaction converting a non-macrocyclic compound into a compound
containing at least one n-membered ring, where nis equal to or greater than 16.

By “non-enolizable” is meant a group that, either alone or in combination with a group to which it is
attached, cannot form an enol through a deprotonation/reprotonation sequence. For example, a “non-
enolizable alkyl” can be bonded to a sulfone group or to a carbonyl group through a quaternary carbon
atom (i.e., the carbon atom that is not bonded to a hydrogen atom).

By “non-macrocyclic” is meant a compound not containing rings or containing one or more m-membered
rings, where mis less than or equal to 15.
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By “N-protecting group” is meant a group protecting a nitrogen atom in a molecule from participating in
one or more undesirable reactions during chemical synthesis (e.g., oxidation reactions, or certain
nucleophilic and electrophilic substitutions). Commonly used N-protecting groups are disclosed in Wuts,
Greene's Protective Groups in Organic Synthesis, Wiley-Interscience, 4th Edition, 2006. Exemplary N-
protecting groups include acyl (e.g., formyl, acetyl, trifluoroacetyl, propionyl, pivaloyl, t-butylacetyl, 2-
chloroacetyl, 2-bromoacetyl, trifluoroacetyl, trichloroacetyl, phthalyl, o-nitrophenoxyacetyl, a-chlorobutyryi,
benzoyl, 4-chlorobenzoyl, and 4-bromobenzoyl); sulfonyl-containing groups (e.g., benzenesulfonyl, p-
toluenesulifonyl, o-nitrobenzenesulfonyl, and p-nitrobenzenesulfonyl); carbamate forming groups (e.g.,
benzyloxycarbonyl, p-chlorobenzyloxycarbonyl, p-methoxybenzyloxycarbonyl, p-nitrobenzyloxycarbonyl,
2-nitrobenzyloxycarbonyl, p-bromobenzyloxycarbonyl, 3,4-dimethoxybenzyloxycarbonyl,
3,5-dimethoxybenzyl oxycarbonyl, 2,4-dimethoxybenzyloxycarbonyl, 4-methoxybenzyloxycarbonyl, 2-
nitro-4,5-dimethoxybenzyloxycarbonyl, 3,4,5-trimethoxybenzyloxycarbonyl, 1-(p-biphenylyl)-1-
methylethoxycarbonyl, a,a-dimethyl-3,5-dimethoxybenzyloxycarbonyl, benzhydryloxy carbonyl, t-
butyloxycarbonyl, diisopropylmethoxycarbonyl, isopropyloxycarbonyl, ethoxycarbonyl, methoxycarbonyl,
allyloxycarbonyl, 2,2,2,-trichloroethoxycarbonyl, phenoxycarbonyl, 4-nitrophenoxy carbonyl, fluorenyl-9-
methoxycarbonyl, cyclopentyloxycarbonyl, adamantyloxycarbonyl, cyclohexyloxycarbonyl, and
phenylthiocarbonyl), arylalkyl (e.g., triphenylmethyl); silyl groups (e.g., trimethylsilyl); and imine-forming
groups (e.g., diphenylmethylene). Preferred N-protecting groups are acetyl, benzoyl, phenylsulfonyl, p-
toluenesuifonyl, p-nitrobenzenesulfonyl, o-nitrobenzenesulfonyl, t-butyloxycarbonyl (Boc), and
benzyloxycarbonyl (Cbz).

By “1,3-oxazolidin-2-one-5-yl” is meant 1,3-oxazolidin-2-one-5-yl, in which the nitrogen atom is
substituted with H or an N-protecting group (e.g., Boc).

By "ox0” or (O) is meant =O.

By “pharmaceutically acceptable salt” is meant a salt within the scope of sound medical judgment,
suitable for use in contact with the tissues of humans and animals without undue toxicity, irritation, allergic
response and the like and commensurate with a reasonable benefit/risk ratio. Pharmaceutically
acceptable salts are well known in the art. For example, pharmaceutically acceptable salts are described
in: Berge et al., J. Pharmaceutical Sciences 66:1-19, 1977 and in Pharmaceutical Salts: Properties,
Selection, and Use, (Eds. P.H. Stahl and C.G. Wermuth), Wiley-VCH, 2008. Representative acid addition
salts include acetate, adipate, alginate, ascorbate, aspartate, benzenesulfonate, benzoate, bisulfate,
borate, butyrate, camphorate, camphorsulfonate, citrate, cyclopentanepropionate, digluconate,
dodecylsulfate, ethanesulfonate, fumarate, glucoheptonate, glycerophosphate, hemisulfate, heptonate,
hexanoate, hydrobromide, hydrochloride, hydroiodide, 2-hydroxy-ethanesulfonate, lactobionate, lactate,
laurate, lauryl sulfate, malate, maleate, malonate, methanesulfonate, 2-naphthalenesulfonate, nicotinate,
nitrate, oleate, oxalate, palmitate, pamoate, pectinate, persulfate, 3-phenylpropionate, phosphate, picrate,
pivalate, propionate, stearate, succinate, sulfate, tartrate, thiocyanate, toluenesulfonate, undecanoate,
valerate salts and the like. A preferred salt is the mesylate salt.
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By “silyl” is meant —SiR3, where each R is independently alkyl, alkenyl, aryl, or arylalkyl. Examples of silyl
groups include tri(C 1. alkyl)silyl, tri(Ce.10 aryl or Ci¢ heteroaryl)silyl, di(Ce.10 aryl or Ci6 heteroaryl)(Ci ¢
alkylysilyl, and (Ge.1o aryl or Gy heteroaryl)di(Cy.¢ alkyl)silyl. It will be understood that, when a silyl group
includes two or more alkyl, alkenyl, aryl, heteroaryl, or arylalkyl groups, these groups are independently
selected. As defined herein, any heteroaryl group present in a silyl group has from 1 to 4 heteroatoms
selected independently from O, N, and S. Silyl can be optionally substituted in the same manner as
defined for each R group.

By “silylene” is meant —SiR.—, where each R is independently alkyl, alkenyl, aryl, arylalkyl, or alkoxy. By
“dialkylsilylene” is meant a silylene, where each R is alkyl. Silylene can be optionally substituted in the
same manner as defined for each R group.

By “strong base” is meant a Brensted base, the conjugate acid of which has pKa that is greater than or
equal to 13. Non-limiting examples of strong bases include alkyl alkali metals (e.g., butyl lithium or
Schlosser’s base), Grignard reagents (e.g., alkyl magnesium halide), alkoxides (e.g., tertiary alkoxides,
such as tbutoxide), amides (e.g., diisopropylamide, tetramethylpiperidide, or bis(trimethylsilyl)amide),
and phosphazene bases (e.g., Schwesinger base).

By “sulfonamide” is meant —-NR, where R is sulfonyl.

By “sulfonate” is meant ~OS(O);:R, where R is optionally substituted alkyl, optionally substituted alkenyl,
optionally substituted aryl, or optionally substituted arylalkyl. In exemplary sulfonates, R is Cy.1» alkyl
(e.9., Ci.s, Cis, Cius, Coz, Cauyp, OF Gy alkyl), Coyp alkenyl (e.9., Cos, Cos, Cou, Cauz, O Ca alkenyl),
carbocyclic Ce.op aryl (€.9., Ce1s, Co10, Cazo, OF Cgy5 aryl), monocyclic Cy heteroaryl (e.g., Ci4 and Cog
heteroaryl), C4g heteroaryl (e.g., C4qo heteroaryl), (Ce.15)aryl(Cig)alkyl, (C4 19)heteroaryl(C,s)alkyl, or (C+.
e)heteroaryl(Cis)alkyl. As defined herein, any heteroaryl group present in a sulfonate group has from 1 to
4 heteroatoms selected independently from O, N, and S.

By “sulfonyl” is meant —S(O),R, where R is optionally substituted alkyl, optionally substituted alkenyl,
optionally substituted aryl, optionally substituted arylalkyl, or silyl. Preferred R groups for sulfonyl are the

same as those described above for sulfonates.

By “thioacetal” is meant —-S—(CHR)-S—, where R is H, optionally substituted alkyl, optionally substituted
alkenyl, optionally substituted aryl, or optionally substituted arylalkyl.

By “thioketal” is meant —S—(CR,)—S—, where each R is independently optionally substituted alkyl,
optionally substituted alkenyl, optionally substituted aryl, or optionally substituted arylalkyl.

By “triflate” is meant trifluoromethanesulfonate.
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The pKa values recited herein refer to the pKa values of a conjugate Brgnsted acid in water at room
temperature, unless stated otherwise.

Brief Description of the Drawings
Figure 1 is a scheme showing preparation of eribulin through a C.15-C.16 bond-forming macrocyclization.

Figure 2 is a scheme showing preparation of eribulin through a C.2-C.3 bond-forming macrocyclization.

Figure 3 is a scheme showing preparation of eribulin through a C.3-C.4 bond-forming macrocyclization.

Figure 4 is a scheme showing preparation of eribulin through a C.19-C.20 bond-forming macrocyclization.

Figure 5 is a scheme showing preparation of eribulin through a C.0-C.1 bond-forming macrocyclization.

Figure 6 is a scheme showing preparation of eribulin through a C.26-C.27 bond-forming macrocyclization.

Figure 7 is a depiction of a co-crystal of 2-((2R,35,3aS,4aS,7R,8aR,9S,9aS)-2-((2,2-dimethyl-1,3-
dioxolan-4-ylymethyl)-3,9-dihydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate and its C3-
epimer.

Detailed Description
The present invention provides methods for the synthesis of eribulin or a pharmaceutically acceptable salt
thereof (e.g., eribulin mesylate) through a macrocyclizations. The macrocyclizations of the present
invention involve subjecting a non-macrocyclic intermediate to a carbon-carbon bond-forming reaction
(e.g., catalytic Ring-Closing Olefin Metathesis, an olefination reaction (e.g., Horner-Wadsworth-Emmons
olefination), Nozaki-Hiyama-Kishi reaction, or Dieckmann reaction) to afford a macrocyclic intermediate
(e.g., a compound of formula (1B), (11B), (IlIB), (IVB), (VB), or (VIB)). The carbon-carbon bond forming
reaction provides a C.0-C.1, C.2-C.3, C.3-C .4, C.15-C.16, C.19-C.20, or C.26-C.27 bond in the structure
of eribulin or a pharmaceutically acceptable salt thereof. The carbon-atom numbering scheme for eribulin
and pharmaceutically acceptable salts thereof is shown in Chart 1.

Chart 1
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The invention also provides intermediates in the synthesis of eribulin and methods of preparing the same,
as described herein.

C.15-C.16 Bond-forming Macrocyclization

The macrocyclization reaction of the invention can be a carbon-carbon bond-forming reaction (e.g.,
catalytic Ring-Closing olefin Metathesis (RCM)) that provides a C.15-C.16 bond in eribulin or a
pharmaceutically acceptable salt thereof (e.g., eribulin mesylate). The general synthetic sequence
including RCM that can be used to prepare eribulin or a pharmaceutically acceptable salt thereof (e.g., a
mesylate salt) is shown in Figure 1. As shown in Figure 1, the non-macrocyclic intermediate in the
synthesis of eribulin can be a compound of formula (I1A):

(1A),

where

Ry is H or -CH2X;CH.CH=CH,, wherein X, is O, —C(Rs)—, or NPs, and where each Rg is
independently H or -COORy,, Ps is an N-protecting group, and Ryq is Gy alkyl;

(at) Reis H or a hydroxyl protecting group, R is Ci.¢ alkyl ether, and R4 is H;

(a2) R, is H or a hydroxyl protecting group, and Rz and R, combine to form a double bond;

or

(a3) R, and R; combine to form a bond, and R, is H;

(b1) Rsis H or a hydroxyl protecting group, and Rg and R; combine to form a double bond;

(b2) Rs and Re combine to form a bond, and Ry is H;
(c1) Rgis H, and P4 is H or a hydroxy! protecting group;
or
(c2) Rg and P, combine to form a double bond;
each P;is independently H or a hydroxyl protecting group; and
Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
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P1is H or a hydroxyl protecting group, and X and P, combine to form optionally

masked amino;

or

P, and Py, together with the atoms to which each is attached, combine to form an
5 aminal or 1,3-oxazolidin-2-one-5-yl.

An intermediate in the synthesis of eribulin can be a compound of formula (IB), which can be produced by
reacting the compound of formula (IA) with an olefin metathesis catalyst (e.g., a ruthenium-carbene
complex). The compound of formula (IB) has the following structure:

10
(1B),
where all variables are as defined for compound of formula (lA).

The catalysts that can be used to convert the compound of formula (l1A) to the compound of formula (1B)
15 can be those known in the art. Olefin metathesis catalysts include Ru-carbene complexes (e.g., Grubbs
and Hoveyda-Grubbs catalysts).

The compound of formula (IB) can be reacted with a hydroxyl protecting group removing agent and,
optionally, an oxidizing agent (e.g., when Rgis H in the compound of formula (IB)) capable of converting

20  analcohol to a carbonyl group (e.g., capable of converting an allylic alcohol to an encne) to afford the
compound of formula (IC):

(1C),
where Py, P,, P35, and X are as defined for compound of formula (IB).

25
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The hydroxy! protecting group removing agent used in the step forming the compound of formula (IC) can

be a Brgnsted acid (e.g., a carboxylic acid, such as a carboxylic acid having a pKaof4 + 1).

The compound of formula (ID) can be prepared from the compound of formula (IC) by a synthesis
involving reacting the compound of formula (IC) with a 1,4-reducing agent to afford a compound of

formula (ID):

(ID),
where P4, P, and X are as defined for compound of formula (IC); and

each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P; groups and

X, together with the atoms to which each is attached, combine to form ketal.

The 1,4-reducing agents include copper (1) hydrides, which can be isolated (e.g., Stryker's reagent) or
prepared in situ (e.g., from a copper (I) or copper (Il) salt and a hydride source). Catalytic quantities of a
copper salt (either copper (1) or copper (Il) salt) in combination with stoichiometric or superstoichiometric
quantities of a hydride source (e.g., a borohydride salt, borane, PMHS, or a hydrosilane (e.g., Ph,SiH,)).
A non-limiting example of the reaction conditions that can be used for conversion of the compound of
formula (IC) to the compound of formula (ID) are described, e.g., in Baker et al., Org. Lett., 10:289-292,
2008. Other metals can be used to catalyze
1,4-reduction of the compound of formula (IC) to afford the compound of formula (ID), e.g., Ru, Pd, and Ir

compounds.

If P4 is a hydroxyl protecting group in the compound of formula (ID), the compound of formula (ID) can be

i1 Qs

Me

reacted with a hydroxyl protecting group removing agent to afford: P10 XP;

(ID),
48
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where
both P5 groups and Xo, together with the atoms to which each is attached, combine to form ketal;
and
X is O, and each of Py and Py is H,
or
P, is H, and X and P, combine to form optionally masked amino.

The compound of formula (ID) (e.g., the compound of formula (ID), in which X is O, P, is H, and both P4
groups and X, together with the atoms to which each is attached, combine to form ketal) can be
aminated to afford eribulin, e.g., using sulfonylation followed by the treatment with a nitrogen source (e.g.,
ammonia (e.g., aqueous ammonia) or sulfamic acid). When the nitrogen source is not ammaonia or
sulfamic acid, further contacting with an amino unmasking agent may be used to afford eribulin. The
compound of formula (ID), in which P4 is a hydroxyl protecting group, can be reacted with a hydroxyl
protecting group removing agent prior to the amination reaction. Alternatively, the compound of formula
(ID) (in which Py is H, X and P, combine to form a masked amino, and both P groups and X,, together
with the atoms to which each is attached, combine to form ketal) can be reacted with an amino
unmasking agent to afford eribulin, as described herein. Eribulin mesylate can then be produced by
salification of eribulin with methanesulfonic acid. The details of the amination and salification reactions
are described below.

The compound of formula (IA) can be prepared from a compound of formula (IE):

(IE),

where

Ry is H or -CH,X;CH,CHCH,, wherein X, is O, =G(Rg)>—, or NP5, and where each Ry is
independently H or -COORyy, Ps is an N-protecting group, and Ry is Ci¢ alkyl;

(a1) R, is H or a hydroxyl protecting group, R; is C;¢ alkyl ether, and R, is H;

(a2) Rz is H or a hydroxyl protecting group, and Rz and R4 combine to form a double bond;

or

(al3) R, and R; combine to form a bond, and Ry is H;

(o1) Rsis H or a hydroxyl protecting group, and Re and R; combine to form a double bond;

(02) Rs and Rg combine to form a bond, and R is H;
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(c1) Rgis H, and P4 is H or a hydroxy! protecting group;
or
(c2) Rs and P, combine to form a double bond;
each P;is independently H or a hydroxyl protecting group;
Y is SO.R;; and Ry, is optionally substituted aryl or optionally substituted non-enolizable alkyl; or
Y is COOR;4, and Ry is optionally substituted alkyl, optionally substituted aryl, or optionally substituted
arylalkyl;
X3 is oxo, or X, together with the carbon atom to which it is attached, forms —(CGH(OH))—; and
Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
Py and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

In some embodiments, the preparation of the compound of formula (IA) from the compound of formula
(IE) involves a decarboxylation reaction (when X; is 0x0, and Y is COOR;;) or a desulfonylation (when X,
is ox0, and Y is SO,R ;) reaction. The conditions for the decarboxylation or desulfonylation reaction can
be those described herein. The preparation of the compound of formula (I1A) from the compound of
formula (IE) can further involve oxidizing the compound of formula (IE) (e.g., the compound of formula
(IE), in which X3, together with the carbon atom to which it is attached, forms —(CH(OH))-), e.g., by
contacting with an oxidizing agent capable of oxidizing an alcohol to a carbonyl group.

C.2-C.3 Bond-forming Macrocyclization

The macrocyclization reaction of the invention can be a carbon-carbon bond-forming reaction (e.g.,
Horner-Wadsworth-Emmons reaction) that provides a C.2-C.3 bond in eribulin or a pharmaceutically
acceptable salt thereof (e.g., eribulin mesylate). The general synthetic sequence including the Horner-
Wadsworth-Emmons reaction that can be used to prepare eribulin or a pharmaceutically acceptable salt
thereof (e.g., a mesylate salt) is shown in Figure 2. As shown in Figure 2, the non-macrocyclic
intermediate can be a compound of formula (11A):
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PO Xp,
(I1A),

where

PCT/US2014/063960

each R is independently optionally substituted alkyl or optionally substituted aryl;

(i) R is H or a hydroxyl protecting group, and Ro and R; combine to form a double bond;
or
(i) R and R, combine to form a bond, and R; is H;

each P3 is independently H or a hydroxyl protecting group, and X, is oxo; or both P groups and

X5, together with the atoms to which each is attached, combine to form ketal;

P, is H or a hydroxyl protecting group; and
Xis O, and

each of P, and P is independently H or a hydroxyl protecting group,

or

Py and P, together with the atoms to which each is attached, combine to form a

cyclic protected diol;
or
Xis N, and

P, is H or a hydroxyl protecting group, and X and P, combine to form optionally

masked amino;

or

P, and P, together with the atoms to which each is attached, combine to form an

aminal or 1,3-oxazolidin-2-one-5-yl.

The intermediate in the synthesis of eribulin can be a compound of formula (1IB), which can be produced
from the compound of formula (l1A) using Horner-Wadsworth-Emmons reaction. The compound of

formula (1IB) has the following structure:
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(1B),
where all variables are as defined for the compound of formula (l1A).

5  The reaction conditions that can be used to convert the compound of formula (I1A) into the compound of
formula (11B) include those known in the art for Horner-Wadsworth-Emmons reaction, e.g., Masamune-
Roush conditions or Helquist protocol. In particular, the compound of formula (llA) can be reacted with an
organic base (e.g., an organic base, the conjugate acid of which has a pKa of from 11 +2) and a Lewis
acid (e.g., a salt of Li, Mg, or Zn). Non-limiting examples of an organic base that can be used in the

10  Horner-Wadsworth-Emmons reaction include trialkylamines (e.g., triethylamine or Hiinig's base), DBU,
and DBN. Non-limiting examples of Lewis acids that can be used in the Horner-Wadsworth-Emmons
reaction include LiCl, Zn(OTf),, and MgCla.

The compound of formula (1B} can be converted to a compound of formula (ID):

oy QP

o)
MeO: .,
R o]
}_\ Me
15 P,0 XP,

where
each P3 is independently H or a hydroxyl protecting group, and X is oxo; or both P groups and
Xz, together with the atoms to which each is attached, combine to form ketal; and
20 Xis O, and
each of P, and Py is independently H or a hydroxyl protecting group,
or
P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
25 or
b2



10

15

20

25

30

CA 02929084 2016-04-28

WO 2015/066729 PCT/US2014/063960

Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

In a non-limiting example, the synthesis of the compound of formula (ID) from the compound of formula
(I1B) can involve reacting the compound of formula (11B) (e.g., the compound of formula (11B), in which P4
is a protecting group, R, and R, form a bond, and R; is H) with a hydroxyl protecting group removing
agent.

The compound of formula (ID) (in which X is O, P, and P, are H, and both P; groups and X,, together with
the atoms to which each is attached, combine to form ketal) can be aminated to afford eribulin, as
described herein. Alternatively, the compound of formula (ID) (in which P, is H, X and P, combine to form
a masked amino, and both Ps groups and Xs, together with the atoms to which each is attached, combine
to form ketal) can be reacted with an amino unmasking agent to afford eribulin, as described herein.
Eribulin mesylate can be produced by salification of eribulin, as describen herein.

The compound of formula (lIA) can be prepared from a compound of formula (IIC):

Rs
R4Ar H OP;

I'l,

PO Xp, Me
(nc),
where
() Ry is H or a hydroxyl protecting group, and R» and Rz combine to form a double bond;
or
(i) R, and R, combine to form a bond, and Ry is H;

R4 is OH, and Rsis H, or R, and Rs combine to form a double bond;

Rs is —OP5 or CH,P(O)(ORg),, where Ps is an ether hydroxyl protecting group, and each Rg is
independently optionally substituted alkyl or optionally substituted aryl;

each P; is independently H or a hydroxyl protecting group, and Xz is oxo; or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal,

P4 is H or a hydroxyl protecting group; and
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Xis O, and
each of P, and P: is independently H or a hydroxyl protecting group,
or
P, and Py, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P; and P», together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

In some embodiments, the preparation of the compound of formula (l1A) from the compound of formula
(IC) can involve performing hydroboration/oxidation reaction on the compound of formula (IIC) (e.g., the
compound of formula (lIC), in which R, and Rs combine to form a double bond; R and R, combine to
form a bond; and Rz is H). The preparation may involve subjecting the compound of formula (IIC) (e.g.,
the compound of formula (1IC), in which Re is —OPs) to a phospha-Claisen reaction with CHzP(O)(OR)e.
Phospha-Claisen reaction conditions can be those known in the art. In a non-limiting example,
CH3P(O)(ORe)2 can be deprotonated (e.g., by a contact with a strong base) and subsequently contacted
with the compound of formula (1IC). The preparation may also involve oxidizing the compound of formula
(IIC) (e.g., the compound of formula (IC), in which R4 is OH, Rs is H, and Rg is CH,P(O)(ORe),), €.9., by
contacting this product with an oxidizing agent capable of oxidizing an alcohol to a carbonyl! group.

The compound of formula (lIC) can be prepared from a compound of formula (VIIE), the compound of
formula (VIIE) having the following structure:

Rz (VIIE),

where

Y, is SO:R; and R; is optionally substituted non-enolizable alkyl or optionally substituted aryl, or
Y is COOR;, and Ry is optionally substituted alkyl, optionally substituted aryl, or optionally substituted
arylalkyl;

oy, A . O AR
Eé WM éé “}_7/\/ 4
Rsis or , where X, is oxo, and R4 is CHO; and

Xis O, and
each of P, and P- is independently H or a hydroxyl protecting group,

or
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P. and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

In a non-limiting example, the compound of formula (lIC) is prepared by reacting the compound of formula

. O
; I“}ij1
(VIIE) (e.g., the compound of formula (VIIE), in which Ry is , and X, is oxo) with a

compound of formula (1ID), the compound of formula (l1D) having the following structure:

R
"

¢
’
‘e

OP3

P40

OP;
(IID),

where

R4 is OH or OPs, and Rs is H, or Ry and Rs combine to form a double bond;
each Pj, P4, and Ps is independently a hydroxyl protecting group; and

Y is chloro, bromo, iodo, or trifluoromethanesulfonate.

The compound of formula (VIIE), in which X, is oxo, can be reacted with the compound of formula (IID)
under the Nozaki-Hiyama-Kishi reaction conditions, as described herein.

C.3-C.4 Bond-forming Macrocyclization

The macrocyclization reaction of the invention can be a carbon-carbon bond-forming reaction (e.g.,
catalytic Ring-Closing olefin Metathesis (RCM)) that provides a C.3-C.4 bond in eribulin or a
pharmaceutically acceptable salt thereof (e.g., eribulin mesylate). The general synthetic sequence
including RCM that can be used to prepare eribulin or a pharmaceutically acceptable salt thereof (e.g., a
mesylate salt) is shown in Figure 3. As shown in Figure 3, the non-macrocyclic intermediate in the
synthesis of eribulin can be a compound of formula (ll1A):
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/ \\\/'n,
P40
X3
MeOu, K1
\‘\ O
Me
PO Xp,
(I1A),
where
(i) R is H or a hydroxyl protecting group, and Ry and R; combine to form a double bond;
or
(i) R: and R, combine to form a bond, and R; is H;

X3 is 0x0, or X5 combines with the carbon atom to which it is attached to form a ketal, a thioketal,
or —(CH(OPs))—, wherein Ps is H or a hydroxyl protecting group;
each P; is independently H or a hydroxyl protecting group, and X; is oxo; or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and
each of Py and P is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an aminal
or 1,3-oxazolidin-2-one-5-yl.

An intermediate in the synthesis of eribulin can be a compound of formula (IlIB), which can be produced

by reacting the compound of formula (IlIA) with an olefin metathesis catalyst (e.g., a ruthenium-carbene
complex). The compound of formula (ll1IB) has the following structure:
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(niB)
where all variables are as defined for formula (ll1A).

The catalysts that can be used to convert the compound of formula (Il1A) to the compound of formula
(I1B) can be those known in the art. Olefin metathesis catalysts include Ru-carbene complexes (e.g.,
Grubbs and Hoveyda-Grubbs catalysts).

The compound of formula (ll1IB) can be converted to a compound of formula (ID), from which eribulin or
eribulin mesylate can be prepared as described herein. A non-limiting example of the preparation of the
compound of formula (ID) from the compound of formula (I1IB) is provided below.

The compound of formula (l11B), in which X3, together with the carbon to which it is attached, forms —
(CH(OPs))-, where P5 is H, can be oxidized to afford the compound of formula (ll1B), in which X3 is oxo.

Oxidation of the —(CH(OH))— in the compound of formula (111B) to give the compound of formula (llIB), in
which Xs is 0x0, can be performed using methods known in the art for oxidation of alcohols to carbonyl
groups, e.g., by contacting the compound of formula (111B) with an oxidizing agent capable of converting
an alcohol to a carbonyl group.

The compound of formula (l11B) (e.g., the compound of formula (I11B), in which X3 is oxo, and P4 is a
hydroxyl protecting group) can be reacted with a hydroxyl protecting group removing agent to afford a
compound of formula (ID):
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where
each Psis H, and X is 0x0; or both P3 groups and Xs, together with the atoms to which each is
attached, combine to form ketal; and
Xis O, and P, and P, are H;
5 or
P, is H, and X and P, combine to form optionally masked amino.

The conditions for the reaction used in preparing the compound of formula (ID) from the compound of
formula (1[IB) can be those allowing for isomerization of a B,y-enone to an a,B-enone (e.g., including basic

10 or acidic compounds). For example, a hydroxyl protecting group removing agent, such as a fluoride
source (e.g., TBAF), can mediate the isomerization of a B,y-enone to an a,p-enone, while unmasking
hydroxyl groups protected with optionally substituted silyl groups.

The compound of formula (ID) (in which X is O, Py and P, are H, and both P groups and X,, together with

15 the atoms to which each is attached, combine to form ketal) can be aminated to afford eribulin, as
described herein. Alternatively, the compound of formula (ID) (in which P4 is H, X and P, combine to form
a masked amino, and both P groups and Xs, together with the atoms to which each is attached, combine
to form ketal) can be reacted with an amino unmasking agent to afford eribulin, as described herein.
Eribulin mesylate can be produced by salification of eribulin, as describen herein.

20
The compound of formula (ll1IA) can be prepared from a compound of formula (HC):
(1C),
where
25 (i) R is H or a hydroxyl protecting group, and R, and R3 combine to form a double bond;
or
(i) R, and R, combine to form a bond, and Rs is H;

Xz is oxo and R4 is H or OPg, or X3 and R4 combine with the carbon atom to which they are
attached to form an acetal, a thioacetal, or -CH.OPs; where Ps is H or a hydroxyl protecting group, and Pg
30 is an ether hydroxyl protecting group;
each P is independently H or a hydroxyl protecting group, and X is oxo; or both Ps groups and
Xo, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
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Xis O, and
each of P, and P: is independently H or a hydroxyl protecting group,
or
P, and Py, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an aminal
or 1,3-oxazolidin-2-one-5-yl.

In some embodiments, the preparation of the compound of formula (I11A) from the compound of formula
(NC) involves allylating the compound of formula (IlIC) (e.g., the compound of formula (I1IC), in which R,
is H, and X3 is oxo, or X3 and R4 combine with the carbon atom to which they are attached to form a
thioacetal). Allylation of the compound of formula (IlIC) can be performed using conditions known in the
art. In a non-limiting example, when X3 is oxo, and R, is H, allylation of the compound of formula (l11C)
can be a nucleophilic allylation (e.g., by contacting the compound of formula (HIC) with a nucleophilic
allylating agent (e.g., allylboron reagent (e.g., allyl boronate or allyl borang), allylstannane, allyl Grignard
reagent, allylsilane, or allyl indium). Alternatively, allylation of the compound of formula (IliC) can be
performed using electrophilic allylation (e.g., when X3z and R, combine with the carbon to which they are
attached to form a thioacetal). In a non-limiting examples of electrophilic allylation, the compound of
formula (I1IC), in which X5 and R4 combine with the carbon to which they are attached to form a thioacetal,
can be contacted with a strong base followed by an allylic electrophile (e.g., allyl halide or allyl sulfonate).

The preparation of the compound of formula (Il11A) from the compound of formula (IliC) can also involve
reducing the compound of formula (111C), in which Xg is oxo and Ry is OPg, with a 1,2-reducing agent to
afford a compound of formula (11IC), in which X3 is oxo or -(CH(OH))—, and R, is H. Formation of the
compound of formula (I1IC), in which X3 is 0x0, and R, is H, can be direct (e.g., by treating with DIBAL at
a temperature between about -70 °C and about -80 °C) or indirect via the compound of formula (IlIC), in
which X3 combines with the carbon atom to which it is attached to form —(CH(OH))—, and Ry is H. The
indirect route to the compound of formula (I1IC), in which X3 is oxo, and R4 is H, thus involves first
reducing the compound of formula (11IC), in which X3 is 0x0, and R. is OPg, with a 1,2-reducing agent to
give the compound of formula (111C), in which X3 combines with the carbon atom to which it is attached to
form —(CH(OH))—, and R4 is H. The latter compound can be reacted with an oxidizing agent capable of
oxidizing an alcohol to a carbonyl group to furnish the compound of formula (I1IG), in which X3 is oxo, and
R, is H.

Throughout the oxidation, reduction, and allylation reactions described above, the sensitive functional
groups present in the compound of formula (IIIC) can be protected (e.g., Ry and each Ps is independently
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a hydroxyl protecting group) or can be present in an unreactive form (e.g., both P; groups and X,
together with the atoms to which each is attached, combine to form ketal).

C.19-C.20 Bond-forming Macrocyclization
5  The macrocyclization reaction of the invention can be a carbon-carbon bond-forming reaction (e.g.,
Nozaki-Hiyama-Kishi reaction (NHK)) that provides a C.19-C.20 bond in eribulin or a pharmaceutically
acceptable salt thereof (e.g., eribulin mesylate). The general synthesis sequence including NHK that can
be used to prepare eribulin or a pharmaceutically acceptable salt thereof (e.g., a mesylate salt) is shown
in Figure 4. As shown in Figure 4, the non-macrocyclic intermediate in the synthesis of eribulin can be a
10 compound of formula (IVA):

PO XP;
(IVA),

where
Y is iodide, bromide, or trifluoromethanesulfonate;
15 adesignates R stereogenic center, and Z is a sulfonate, chloride, bromide, or iodide; or a
designates S stereogenic center, and Z is OR;, wherein R; is a hydroxyl protecting group;

() R is H or a hydroxyl protecting group, Rz and R4 combine to form a double bond;
or
(i) R2 and R; combine to form a bond, and Ry is H;
20 each P; is independently H or a hydroxyl protecting group, and X; is oxo; or both P5 groups and

X5, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
each of P, and P, is independently H or a hydroxyl protecting group,
or
25 Py and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
30 masked amino;

or
P, and P», together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.
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An intermediate in the synthesis of eribulin can be a compound of formula (IVB), which can be produced
by subjecting the compound of formula (IVA) to Nozaki-Hiyama-Kishi reaction conditions (e.g., by reacting
with a Cr(ll) salt and a Ni(ll) salt). The compound of formula (IVB) has the following structure:

P,O XP,
(IVB),
where Py, P, P, X, and X; are as defined for compound of formula (IVB);

a designates R stereogenic center, b designates S stereogenic center, Z is a sulfonate,
chloride, bromide, or iodide;

or

adesignates S stereogenic center, b designates R stereogenic center, and Z is ORy,
wherein R, is a hydroxyl protecting group.

Nozaki-Hiyama-Kishi reaction conditions that may be used to prepare the compound of formula (IVB)
from the compound of formula (IVA) can be those known in the art. Nozaki-Hiyama-Kishi reaction on the
compound of formula (IVA) can include reacting the compound of formula (IVA) with a Cr(ll) salt and a
Ni(ll) salt. Ancillary ligands can be used in combination with the metal salts. In a non-limiting example, a
substituted 1,10-phenanthroline can be used in combination with a Ni(ll) salt. Chiral ancillary ligands can
be used to render the reaction stereoselective. In a non-limiting example, chiral N-(dihydrooxazolyl-
phenyl)-sulfonamides can be used with a Cr(ll) salt to control the stereochemistry of the carbonyl carbon,
to which a vinyl nucleophile is added in the course of Nozaki-Hiyama-Kishi reaction.

The compound of formula (IVB) can be converted to a compound of formula (ID), from which eribulin or
erinulin mesylate can be prepared, as described herein. A non-limiting exemplary reaction sequence
from the compound of formula (IVB) to the compound of formula (ID) is provided below.

The compound of formula (IVB) can be converted to a compound of formula (ID) directly or via an
intermediate of formula (IVC). Thus, the compound of formula (IVB), in which Z is an ester, a designates
S stereogenic center, b designates R stereogenic center, can be converted to the compound of formula
(IVC), e.g., by reacting with a sulfonyl electrophile, such as a sulfonyl chloride or a sulfonyl anhydride.
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where
adesignates S stereogenic center;
bdesignates R stereogenic center;
Zis an ester;
(i) Rz is H or a hydroxyl protecting group, Rz and R4 combine to form a double bond;
or
(i) R» and R; combine to form a bond, and Ry is H;
Rs is sulfonyl;
each P;is independently a hydroxyl protecting group, and X; is oxo; or both P5 groups and X,
together with the atoms to which each is attached, combine to form ketal;
and
Xis O, and
each of Py and P is independently a hydroxyl protecting group,
or
P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
P, is a hydroxyl protecting group, and X and P, combine to form optionally masked
amino.

The preparation of the compound of formula (ID) from the compound of formula (IVC) can involve

reacting the compound of formula (IVC) with a G alkoxide. The compound of formula (ID) has the
following structure:
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where
each P is independently H or a hydroxyl protecting group, and X; is oxo; or both Ps groups and
Xo, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
each of P, and P is independently a hydroxyl protecting group,
or
Py and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
P, is a hydroxyl protecting group, and X and P, combine to form optionally masked
amino.

The compound of formula (IVB) (in which Z is a sulfonate, chloride, bromide, or iodide, a designates R
stereogenic center, b designates S stereogenic center, R, and Ry combine to form a bond, and R, is H)
can be converted to the compound of formula (1D) directly, e.g., upon isolation from the Nozaki-Hiyama-
Kishi reaction mixture (e.g., by treatment with a base) or by contacting a mixture containing the product of
the Nozaki-Hiyama-Kishi reaction with silica gel.

The compound of formula (ID) (e.g., the compound of formula (ID) in which P, is a hydroxyl protecting
group) can be reacted with a hydroxyl protecting group removing agent to afford:

P
H |;|O3

0]
MeO:,,
N O
> Me
P,0 XP5

where
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each P3 is independently H or a hydroxyl protecting group, and X is oxo; or both P groups and
Xz, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
each of P, and P is independently H or a hydroxyl protecting group,
5 or
P; and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
10 P;is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.
15
The compound of formula (ID) (in which X is O, Py and P are H, and both P3 groups and X,, together with
the atoms to which each is attached, combine to form ketal) can be aminated to afford eribulin, as
described herein. Alternatively, the compound of formula (ID) (in which P4 is H, X and P, combine to form
a masked amino, and both P; groups and X;, together with the atoms to which each is attached, combine
20 to form ketal) can be reacted with an amino unmasking agent to afford eribulin, as described herein.
Eribulin mesylate can be produced by salification of eribulin, as describen herein.

The compound of formula (IVA) can be prepared from the compound of formula (IVD):

PO  XP,
25 (IVD),

where

Y is iodide, bromide, or trifluoromethanesulfonate;
Y, is H, COORg, or SO,Re, where, when Y, is COORg, Rg is optionally substituted alkyl, optionally
substituted aryl, or optionally substituted arylalkyl, and, when Y, is SO2Rs, Re is optionally substituted aryl
30 or optionally substituted non-enolizable alkyl;
Zis an ester, a sulfonate, chloride, bromide, or iodide;
() R. is H or a hydroxyl protecting group, R; and R, combine to form a double bond;
or
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(i) R, and R; combine to form a bond, and R, is H;
each P; is independently H or a hydroxyl protecting group, and Xz is oxo; or both Ps groups and
Xo, together with the atoms to which each is attached, combine to form ketal,
X3 is 0x0, or X5 combines with the carbon atom to which it is attached to form —(CH(OH))—; and
Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
P, and P, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

In some embodiments, the preparation of the compound of formula (IVA) involves oxidizing the
compound of formula (IVD), in which X3 is —(CH(OH))—, and/or P4 is H, e.g., by reacting with an oxidizing
agent capable of oxidizing an alcohol to a carbonyl group. The preparation of the compound of formula
(IVA) can also involve performing a decarboxylation or desulfonylation reaction on the compound of
formula (IVA), in which Y, is COORg (decarboxylation) or SO,Re (desulfonylation).

In certain embodiments, the compound of formula (IVD) can be prepared from a compound of formula
(IVE) and the compound of formula (VIIE):

Y1/r” OMe XP2

Me

(VIIE),

or a salt thereof,
where all variables are as defined in formula (IVD).

The compound of formula (IVE) can have the following structure:
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(IVE),
where
(a1) R7 and Rg combine to form a bond, and Ry is H;
or
(a2) R is H or a hydroxyl protecting group, and Rs and Rg combine to form a double bond;
X3 is 0x0, and Ryg is H or —OPs, where P is H or an ether hydroxy! protecting group; and
the remaining variables are as defined in formula (VD).

In particular embodiments, the compound of formula (IVD) is prepared by reacting the compound of
formula (IVE) (e.g., the compound of formula (IVE), in which X is oxo) with the compound of formula
(VIIE) which was pretreated with a strong base.

C.0-C.1 Bond-forming Macrocyclization

The macrocyclization reaction of the invention can be a carbon-carbon bond-forming reaction (e.g.,
Dieckmann reaction) that provides a C.0-C.1 bond in eribulin or a pharmaceutically acceptable salt
thereof (e.g., eribulin mesylate). The general synthetic sequence including the Dieckmann reaction that
can be used to prepare eribulin or a pharmaceutically acceptable salt thereof (e.g., a mesylate salt) is
shown in Figure 5. As shown in Figure 5, the non-macrocyclic intermediate in the synthesis of eribulin

can be:
Me?jKY RZO\H/Y\
P»]O O "
PoX 0]
Me
(VA),
where

Y is SO.R; or COOR;, where, when Y is SO,R;, R, is optionally substituted aryl or optionally
substituted non-enoclizable alkyl, and when Y is COOR;, R; is optionally substituted alkyl, optionally
substituted aryl, or optionally substituted arylalkyl;

each P;is independently H or a hydroxyl protecting group, and Xz is oxo, or both P5 groups and
X5, together with the atoms to which each is attached, combine to form ketal;

R2 is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted aryl; and

Xis O, and

gach of P, and P; is independently a hydroxyl protecting group,

or

P, and P,, together with the atoms to which each is attached, combine to form a cyclic
protected diol;

or

Xis N, and
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P+ is H or a hydroxyl protecting group, and X and P, combine to form optionally masked
amino;

or

P, and Py, together with the atoms to which each is attached, combine to form an aminal
or 1,3-oxazolidin-2-one-5-yl.

An intermediate in the synthesis of eribulin can be a compound of formula (VB), which can be produced
from the compound of formula (VA) using Dieckmann reaction. The compound of formula (VB) has the
following structure:

(VB),
where Py, Py, P3, X, X5, and Y are as defined for compound of formula (VA); and

(i) Rsis H, Ry is optionally substituted C, alkyl ether, and Rs is H;
(i) Rsis H, and R; and R4 combine to form a double bond;
or

iii) Rsis H, and R4 and Rs combine to form a bond

The reaction conditions that can be used to convert the compound of formula (VA) into the compound of
formula (VB) include those known in the art for the Dieckmann reaction or Claisen condensation. In
particular, the compound of formula (VA) can be contacted with a strong base (e.g., a C.¢ alkoxide) to
afford the compound of formula (VB). The compound of formula (VB)(i) or (VB)(ii) can be converted to
the compound of formula (VB)(iii) prior to the next step by contacting the compound of formula (11B)(i) or
(VB)(ii) with agueous bicarbonate (e.g., during a work up of the Dieckmann reaction mixture) or with silica
gel (e.g., by purification of the compound of formula (VB) by silica gel chromatography).

The compound of formula (VB) can be converted to the compound of formula (ID), from which eribulin or
eribulin mesylate can be produced as described herein. For example, the reaction sequence from the
compound of formula (VB) to the compound of formula (ID) can include (i) a desulfonylation or a
decarboxylation reaction and (ii) reactions with hydroxyl protecting group removing agent or an amino
unmasking agent. The conditions for the decarboxylation reaction can be those known in the art, e.g.,
Krapcho decarboxylation or a sequence including deprotection (converting R, to H) and
protodecarboxylation. The conditions for the desulfonylation reaction can be those known in the art. For
example, the desulfonylation reaction can include contacting the compound of formula (l1B), in which Y is
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SO.R;, with an electron-transferring reducing agent (e.g., Smly; Cr{lll) salt and Mn(0); or Mg(0)). For
exemplary desulfonylation conditions, see WO 2009/064029.

The compound of formula (ID) (e.g., the compound of formula (ID) in which P, is a hydroxyl protecting
group) can be reacted with a hydroxyl protecting group removing agent to afford:

P
H H{e

O
MeO:.,
0
Me
P,O XPy
(ID),

where
both P; groups and X,, together with the atoms to which each is attached, combine to form ketal;
and
Xis O, and each of Py and Py is H,
or
P, is H, and X and P, combine to form optionally masked amino.

The compound of formula (ID) (in which X is O, Py and Pz are H, and both P3 groups and X,, together with
the atoms to which each is attached, combine to form ketal) can be aminated to afford eribulin, as
described herein. Alternatively, the compound of formula (ID) (in which P4 is H, X and P, combine to form
a masked amino, and both P groups and X;, together with the atoms to which each is attached, combine
to form ketal) can be reacted with an amino unmasking agent to afford eribulin, as described herein.
Eribulin mesylate can be produced by salification of eribulin, as describen herein.

The compound of formula (VA) can be prepared from the compound of formula (VIIE):

Y/’», OMe XP2

Me

where
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Y is SOzR, or COOR;, where, when Y is SO2R;4, Ry is optionally substituted aryl or optionally
substituted non-enoclizable alkyl, and when Y is COOR;, R; is optionally substituted alkyl, optionally
substituted aryl, or optionally substituted arylalkyl;

P5is H or a hydroxyl protecting group; and

Xis O, and
each of P, and P is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a cyclic
protected diol;
or
Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

The preparation of the compound of formula (VA) from the compound of formula (VIIE) can involve
oxidizing the compound of formula (VIIE), in which P; is H, and subjecting the product to the Nozaki-
Hiyama-Kishi reaction with a compound of formula (VC):

e

OP,
(VC),

where

R» is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted aryl;
Y, is chloro, bromo, iodo, or trifluoromethanesulfonate; and

each P; and P, is independently a hydroxyl protecting group.

Further reaction with a hydroxyl protecting group removing agent and a reaction with a Brensted acid can
provide the compound of formula (VA).

C.26-C.27 Bond-forming Macrocyclization

The macrocyclization reaction of the invention can be a carbon-carbon bond-forming reaction (e.g.,
Nozaki-Hiyama-Kishi reaction (NHK)) that provides a C.26-C.27 bond in eribulin or a pharmaceutically
acceptable salt thereof (e.g., eribulin mesylate). The general synthesis sequence including NHK that can
be used to prepare eribulin or a pharmaceutically acceptable salt thereof (e.g., a mesylate salt) is shown
in Figure 6. As shown in Figure 6, the non-macrocyclic intermediate in the synthesis of eribulin can be a
compound of formula (VIA):
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)

Meoll, Z
\"\ O
>\\ Me ORq
PO Xxp,
(VIA),

where
Y is iodide, bromide, or trifluoromethanesulfonate;
(a1) Rgsis H or a hydroxyl protecting group, R4 and Rs combine to form a double bond, each

Ps is independently H or a hydroxyl protecting group, and X,, together with the carbon to which it is
attached, forms a carbonyl or -(CH(ORg))—, where Rg is H or a hydroxyl protecting group;

or
(a2) Rs and R, combine to form a bond, Rsis H, and
each P3 is independently H or a hydroxyl protecting group, and X,, together with
the carbon to which it is attached, forms a carbony! or —(CH(ORg))—;
or
both P53 groups and Xo, together with the atoms to which each is attached,
combine to form ketal;
(o1) Z is chloride, bromide, or iodide, and Ry and R, combine to form a bond;
or
(b2) Z and R, combine to form a double bond, and R, is H or a hydroxyl protecting group;
and
Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.
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An intermediate in the synthesis of eribulin can be a compound of formula (VIB), which can be produced
by subjecting the compound of formula (VIA) to Nozaki-Hiyama-Kishi reaction conditions (e.g., by reacting
with a Cr(ll) salt and a Ni(ll) salt). The compound of formula (VIB) has the following structure:

>\\ Me OR1

5 (VIB),
where all variables are as defined for compound of formula (VIA); and
P4 is H or a hydroxyl protecting group.

Nozaki-Hiyama-Kishi reaction conditions are as described above.

10
The compound of formula (VIG) can be prepared from the compound of formula (VIB):
(VIC)
where all variables are as defined for compound of formula (VIB).
15

The synthesis of the compound of formula (VIC) can involve Vasella fragmentation, reaction(s) with one
or more hydroxy! protecting agents, a nucleophilic cyclization reaction, and oxidation reactions, e.g.,
before or after the NHK step (i.e., the reaction affording the compound of formula (VIB)).

20  The compound of formula (VIC) can be converted to the compound of formula (ID), from which eribulin or
eribulin mesylate can be prepared as described herein. In a non-limiting example, the compound of
formula (VIC) (e.g., the compound of formula (VIC) in which each of P4, Ps, P3, and Rs is a hydroxyl
protecting group, X» is oxo, and R, and Rs combine to form a double bond) can be converted to a
compound of formula (ID) through a synthesis involving reacting the compound of formula (VIC) with a
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hydroxyl protecting group removing agent. The synthesis may further involve a reaction with a Brgnsted
acid (e.g., a Bransted acid having a pKa of 5 £ 3) after the reaction of the compound of formula (VIC) with

a hydroxyl protecting group removing agent.

The compound of formula (ID) (e.g., the compound of formula (ID) in which P, is a hydroxyl protecting
group) can be reacted with a hydroxyl protecting group removing agent:

where
both Ps groups and X,, together with the atoms to which each is attached, combine to form ketal;
and
Xis O, and each of P, and P, is H,
or
P;is H, and X and P, combine to form optionally masked amino.

The compound of formula (ID) (in which X is O and P, and P, are H) can be aminated to afford eribulin,
as described herein. Alternatively, the compound of formula (ID) (in which P4 is H and X and P, combine
to form a masked amino) can be reacted with an amino unmasking agent to afford eribulin, as described
herein. Eribulin mesylate can be produced by salification of eribulin, as describen herein.

The compound of formula (VIA) can be prepared from the compound of formula (VID):
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where

Y is iodide, bromide, or trifluoromethanesulfonate;

Y, is H, SOzR;, or COOR5, where, when Y, is COOR7, R is optionally substituted alkyl, optionally
substituted aryl, or optionally substituted arylalkyl, and, when Y, is SO2R7, R; is optionally substituted aryl
or optionally substituted non-enolizable alkyl;

X3 is 0x0, or Xz combines with the carbon to which it is attached to form —(CH(ORg))—;

Psis H or a hydroxyl protecting group;

(a1)  Rgsis H or a hydroxyl protecting group, R4 and Rs combine to form a double bond, each
P; is independently H or a hydroxyl protecting group, and Xp, together with the carbon to which it is
attached, forms a carbonyl or —(CH(ORe))—;

or

(a2) Rs and R, combine to form a bond, Rsis H, and

each Pg is independently H or a hydroxyl protecting group, and X,, together with
the carbon to which it is attached, forms a carbonyl or -(CH(ORg))—;

or

both Ps groups and Xs, together with the atoms to which each is attached,
combine to form ketal,

(o1) Z is chloride, bromide, or iodide, and Ry and R, combine to form a bond;

or

(02) Z and R, combine to form a double bond, and R is a hydroxyl protecting group;

and

Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl,

where each Rg is independently H or a hydroxy! protecting group.

The preparation of the compound of formula (VIA) can involve oxidizing the compound of formula (VID)
(e.g., the compound of formula (VID), in which Pg is H or a hydroxyl protecting group, and/or X3 combines
with the carbon to which it is attached to form —(CH(ORg))-), e.g., by reacting with an oxidizing agent
capable of oxidizing hydroxyl to a carbonyl group. The mixture ontaining the oxidizing agent can also act
as a hydroxyl protecting removing agent. The preparation may further involve a desulfonylation reaction
(when Y, is COOR5) or a desulfonylation (when Y, is SO2R;), as described herein.
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The compound of formula (VID) can be formed by reacting the compound of formula (VIE) with the
compound of formula (VIF). The compound of formula (VIE) can have the following structure:
OP3; Rs

H o H

where
Rg is H or —ORg, where Rq is H or an ether hydroxyl protecting group; and
the remaining variables are as defined in formula (VID).

The compound of formula (VIF) can have the following structure

(VIF),
where all variables are as defined in formula (VID).

Allene-Prins Reaction in the Preparation of C.20-C_35, C.16-C.35, and C.14-C35 Fragments of
Eribulin
The invention further features a method of preparing a fragment of eribulin (e.g., C.20-C.35, C.16-C.35,
and C.14-G35 fragments), which can be an intermediate in the synthesis of eribulin or a pharmaceutically
acceptable salt thereof (e.g., eribulin mesylate). The advantages of the process relative to the current
synthesis of C.14-C.35, C.16-C.35, and C.20-C.35 fragments of eribulin include non-metal mediated
assembly that does not employ a C.23 leaving group. Additionally, the process obviates the need for a
chiral ligand. The method involves performing an allene-Prins reaction on a compound of formula (VIIA),
a compound of formula (VIIB), and R;OH to afford the intermediate in the synthesis of eribulin,

where Rj is an optionally substituted acyl,

where the compound of formula (VIIA) has the following structure:
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(VIIA),

where
Y, is SOsR; or COOR;, and R; is optionally substituted alkyl, optionally substituted aryl, or
optionally substituted arylalkyl;
X, is O, or X4, together with the carbon to which the X, groups are attached, forms a cyclic acetal;
Xis O, and
each of Py and P» is independently H or a hydroxyl protecting group,
or
Py and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P; and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
where the compound of formula (VIIB) has the following structure:

OH

Me R>
(VIIB),

where
OP,4

;“”}if\ﬂopg §ru, O OP4
Ry is =CHo~OP3, -CH=CH,, , . or
5”“()}_7/\/&1

where
P; is H or a hydroxyl protecting group; each P, is independently a hydroxyl protecting
group, or both P4 groups, together with the atoms to which each is attached, combine to
form a cyclic protected diol; and Ry is is H or -CHoXoCH.CH=CH., where Xz is O, -CHo-,
or NPs, where Ps is sulfonyl;

and where the intermediate in the synthesis of eribulin is a compound of formula (VIIC):
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(VIIC),
where a designates R stereogenic center or S stereogenic center.

The reaction conditions that can be used to prepare the compound of formula (VIIC) using allene-Prins
reaction are those known in the art for Prins reaction and can include reacting the compound of formula
(VIIA), the compound of formula (VIIB), and R;OH with a Lewis acid (e.g., boron trifluoride or a solvate

thereof).

The compound of formula (VIIC) can be subjected to allylic reducing conditions to afford a compound of
formula (VIID):

Y1/”, OMe XPZ

Me R,
(VIID),
Y, is SOR; or COORy, and Ry is optionally substituted alkyl, optionally substituted aryl, or
optionally substituted arylalkyl;
OP,4

;““}WO% $0, O OP;
Rs is -CH>—OP3, -CH=CHo,, , , or
;'"uo}j\/&

where
Psis H or a hydroxyl protecting group; each P, is independently a hydroxyl protecting
group, or both P4 groups, together with the atoms to which each is attached, combine to
form a cyclic protected diol; and Ry is is H or -CHoXoCHo.CH=CH,, where Xz is O, -CHo-,
or NPs, where Ps is sulfonyl;
Xis O, and
each of P, and P is independently H or a hydroxyl protecting group,
or
P, and Py, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
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or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to form an

aminal or 1,3-oxazolidin-2-one-5-yl.

The compound of formula (VIIB) can be prepared from the compound of formula (VIIF):

Y
OH

Me R2
(VIIF),

where
Y is chloro, bromo, iodo, or sulfonate; and
OP4

;“ﬁ/\/\opg 0,0 OP;
RQ is _CHE_OPS, —CH=CH2, , , or
5'":1()}_7/\/R4

where

P3 is a hydroxyl protecting group; each P, is independently a hydroxyl protecting group,
or both P4 groups, together with the atoms to which each is attached, combine to form a
cyclic protected diol; and R4 is is H or -CHoXoCH.CH=CH,, where Xz is O, -CHy-, or NPs,
where Ps is sulfonyl.

The compound of formula (VIIF) can be reacted with a Pd(0) complex, which can be prepared in situ, and
a base to afford the compound of formula (VIIB). Alternatively, the compound of formula (VIIB) can be

reacted with a base directly (e.g., N-methylimidazole) to afford the compound of formula (VIIB).

The compound of formula (VIIB) can be prepared from a compound of formula (VIIG):

Y
OH
A
R
(VIIG),
where

Y is chloro, bromo, iodo, or sulfonate; and
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oP,

R2 |S —CHQ—Opg, —CH=CH2, 3 H or
5"’:1()}_7/\/R4

where

P is a hydroxyl protecting group; each P4 is independently a hydroxyl protecting group,
or both P4 groups, together with the atoms to which each is attached, combine to form a
cyclic protected diol; and Ry is is H or -CH2X,CH>CH=CHo, where X, is O, -CHz-, or NP5,
where Ps is sulfonyl.

The compound of formula (VIIG) can be reacted with a methylcuprate (1) salt (e.g., lithium methyl-
cyanocuprate) to form the compound of formula (VIIB).

The compound of formula (VIIB) can be prepared from a compound of formula (VIIH):

where

5“;_0_7/\/\0% §u, O OP;4
R2 |S —CHZ—OP3, —CH=CH2, y or
5"::}37/\\/R4

where

P is a hydroxyl protecting group; each P4 is independently a hydroxyl protecting group,
or both P, groups, together with the atoms to which each is attached, combine to form a
cyclic protected diol; and Ry is is H or -CH.X,CH,CH=CH,, where X, is O, -CHy-, or NPs,
where Ps is sulfonyl.

The compound of formula (VIIH) can be reacted with a sulfonyl hydrazide (e.g., mesitylsulfonyl hydrazide)
and a base (e.g., an organic base having a pKa from 10 to 14).

C.1-C.15 Fragment

The invention also features a C.1-C.15 fragment of eribulin, which can be used in the synthesis of
eribulin. The C.1-C.15 fragment can be prepared from the waste stream in the synthesis or eribulin
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disclosed in WO 2005/118565 (see preparation of the intermediate ER-806055). The C.1-C.15 fragment
can be a compound of formula (VIIIL):

(VHIL),
where

Ry is H or —CH>OPy;

X, is 0X0, or Xo, together with the carbon to which it is attached, forms a ketal or —-(CH(OPg))—;

each of Py and P4, when present, is independently H or a hydroxyl protecting group, or Py and Py,
when present, together with the atoms to which each is attached, combine to form a cyclic protected diol;
and

each of Py, Ps, and Pg is independently H or a hydroxyl protecting group.

The method of preparing the C.1-C.15 fragment can involve:
(A) cleaving the double bond in a compound of formula (VIIIA) to afford a compound of formula
(VIIIB), the compound of formula (VIIIA) having the structure:

x1 OP2

(@)
R OP,
(VIHA),
where
X, is oxo, or Xy, together with the carbon atom to which it is attached, forms a ketal or
—(CH(OP3))—-, wherein P3 is H or a hydroxyl protecting group;
R, is H or -CH,0Py,;
each of Py, Po, and P4 is independently a hydroxyl protecting group, or
P, and P4, together with the atoms to which each is attached, combine to form a cyclic
protected diol; and
the compound of formula (VIIIB) having the structure:
X OP,

9] 0
Ry OP,
(VIIB);

(B) reacting the compound of formula (VIIIB) with a compound of formula (VIIIB-a) to afford a
compound of formula (VIIIC):
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X; OP,
OH

@)

X
\0
R OP,
Ro
(VING) ,
where Ry is H or —-CH.CH»0OPs, and Ps is a hydroxyl protecting group;

and the compound of formula (VIIIB-a) has the following structure:

~
\ 0
5 Ra
(VIlIB-a);
(C) reacting the compound of formula (VIIIC) with a dehydrating agent to afford a compound of

formula (VIIID):
X1 OPZ
T X O
\0
R
10 (VIIDY;

(D) reacting the compound of formula (VIIID) with a dihydroxylating agent to afford a compound
of formula (VIIIE):

R OP;

(VILE);
15 (E) preparing a compound of formula (VIIIF) through a reaction sequence comprising reacting
the compound of formula (VIIIE) with N-bromosuccinimide to afford a first intermediate, and (a), when R,

is —-CH.CH,0OPs, contacting said first intermediate with a reducing agent (e.g., a hydrosilane and a
Bransted or Lewis acid), or (b), when R, is H, reacting said first intermediate with an acylating agent (e.g.,
carboxylic acid anhydride) to afford a second intermediate, and allylating said second intermediate to

20  afford a compound of formula (VIIIF):

0

z R ~OP,
(VIIIF),

where Z is an ester or —OP, where P is H or a hydroxyl protecting group, and Rs is —
CHQCHQOPs or _CHQCH=CH2;
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(F) reacting the compound of formula (VIIIF) with a 1,4-reducing agent to afford a compound of
formula (VIIIG):

R =
z Ry “OP,
(VIIG);
5 (G) forming a compound of formula (VIIIH) through a reaction seguence comprising reacting the

compound of formula (VIIIG) with a Bregnsted acid and Y-H, wherein Y is optionally substituted G, ¢ alkyl,
the compound of formula (VIIIH) having the following structure:

Y H OP

R3
X2 PO Ry
(VIIIH),
10 where Y is optionally substituted Ci¢ alkyl ether; R is -CH2CH-OPs; X5 is 0x0, or Xo, together

with the carbon to which it is attached, forms a ketal or -(CH(OP))—, where Pg is a hydroxyl protecting
group;

(H) replacing P» in the compound of formula (VIIIH) with —Si(R4)-H to afford a compound of
formula (VIIIJ):

15
(VIIIY),

where each Ry is independently optionally substituted alkyl, optionally substituted aryl, or
optionally substituted arylalkyl;
(I) reacting the compound of formula (VIIlJ) with a Lewis acid to afford a compound of formula
20  (VIIK):

where Y, is fluoro, chloro, or bromo;

and
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(J) reacting the compound of formula (VIIIK) with a hydroxyl protecting group removing agent
and then reacting with a hydroxyl protecting agent to afford a compound of formula (VIIIL):

where Py is a hydroxyl protecting group.

Compounds

The present invention also provides compounds that can be used in the synthesis of eribulin or a
pharmaceutically acceptable salt thereof (e.g., eribulin mesylate), e.g., the compounds of formula (l1A),
(1B), (IC), (ID), (IE), (IIA), (11B), (IIC), (IHA), (I1IB), (IIIC), (IVA), (IVB), (IVC), (IVD), (VA), (VB), (VIA), (VIB),
(VIC), (VID), (VIIB), (VIIC), (VIIF), (VIIG), (VIIH), or (VIIIL), or a salt thereof. The present invention also
includes a compound of formula (VIIE):

Y OMe _XP,

-

A

Me Rz

or a salt thereof,
where
Y, is SOzR; or COOR;, and R is optionally substituted alkyl, optionally substituted aryl, or
optionally substituted arylalkyl;
H OP,

;u,, O X1 ;:,,’ 0 OP4 ;’r,uC)}f\/R4
R; is -CH,-0OP;, -CH=CH,, , Or

where X, is oxo, or X; combines with the carbon atom to which it is attached to form —
(CH(OPg))—; each P; is independently H or a hydroxyl protecting group; each P, is
independently H or a hydroxyl protecting group, or both P, groups, together with the
atoms to which each is attached, combine to form a cyclic protected diol; R, is H, CHO,
or -CHoX,CH-CH=CH,, where X, is O, -CHo-, or NPs, where Ps is sulfonyl; and
Xis N, and P4 is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino; or Py and Py, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

The present invention includes a compound of formula (IVE):
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(IVE),

where
Y is iodide, bromide, or trifluoromethanesulfonate;
5 Z is an ester, a sulfonate, chloride, bromide, or iodide;

PCT/US2014/063960

each P3 is independently H or a hydroxyl protecting group, and X is oxo; or both P groups and

Xo, together with the atoms to which each is attached, combine to form ketal;

(a1) R» is H or a hydroxyl protecting group, R; and R4 combine to form a double bond;

or

10 (a2) R, and R; combine to form a bond, and Ry is H;
(b1) R7 and Rg combine to form a bond, and Ry is H;
or

(02) R+ is H or a hydroxyl protecting group, and Rg and Rg combine to form a double bond,

and

15 (c1) X3 is 0x0, and Ry is H or —OPs, where Ps is H or an ether hydroxyl protecting group;

or

(c2) X3 and Ry, combine with the carbon atom to which they are attached to form an acetal or

—CH.OPg, where Pg is H or a hydroxyl protecting group.

20  The present invention includes a compound of formula (VIE):
OP3 Rs

H o H

Me ORi

(VIE),
where
Y is iodide, bromide, or trifluoromethanesulfonate;

25 (a1) Rsis H or a hydroxyl protecting group, R4 and Rs combine to form a double bond, each

Ps is independently H or a hydroxyl protecting group, and X,, together with the carbon to which it is

attached, forms a carbonyl or —(CH(ORe))—;
or
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(a2) R3 and R, combine to form a bond, Rsis H, and
each Ps is independently H or a hydroxyl protecting group, and Xs, together with
the carbon to which it is attached, forms a carbonyl or -(CH(ORe))—;
or
both P; groups and X, together with the atoms to which each is attached,
combine to form ketal;

(o1) Z is chloride, bromide, or iodide, and Ry and R, combine to form a bond;

or
(02) Z and R, combine to form a double bond, and R, is H or a hydroxyl protecting group;
(c1) X3 is 0x0, and Rg is H or —ORg, where Ry is H or a hydroxyl protecting group;

(c2) X3 and Rg combine with the carbon to which they are attached to form an acetal;

(c3) X3 and Rg combine with the carbon to which they are attached to form —CH,ORg;

or

(c4) X3 and Rg combine with the carbon to which they are attached to form —CN;
and
Xis O, and
each of Py and P» is independently H or a hydroxyl protecting group,
or
Py and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P; and P, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl;
where each Rg is independently H or a hydroxyl protecting group.

Amination

Amination conditions can be those known in the art. In a non-limiting example, C.35 hydroxyl in the
compound of formula (IC) (e.g., a compound of formula (IC) in which each of Py and P, is H and X is O)
can be sulfonylated (e.g., by a reaction with a sulfonyl anhydride or a sulfonyl chloride) and reacted with a
nitrogen source (e.g., ammonia, azide, sulfamic acid, urea (H-NCONHy), or thiourea (HoNCSNH,)) to
afford eribulin or a pharmaceutically acceptable salt thereof upon optional unmasking of the amino group
(if the nitrogen source was azide, urea, or thiourea). In another non-limiting example, C.35 hydroxyl in
the compound of formula (IC) (e.g., a compound of formula (IC) in which P, is a hydroxyl protecting
group, and P, is H and X is O) can be halogenated (e.g., by Appel reaction or a reaction with thionyl
chloride, sulfuryl chloride, phosphorus(lll) chloride, or phosphorus(V) oxychloride) and reacted with a
nitrogen source (e.g., ammonia, azide, sulfamic acid, a phthalimide salt, urea (H.NCONH.), or thiourea
(H:NCSNHy)) to afford eribulin or a pharmaceutically acceptable salt thereof upon optional unmasking of
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the amino group (if the nitrogen source was azide, a phthalimide salt, urea, or thiourea). In yet another
non-limiting example, C.35 hydroxyl in the compound of formula (IC) (e.g., a compound of formula (IC) in
which Py is a hydroxyl protecting group, and X and P, combine to form optionally masked amino) can be
reacted with a hydroxy! protecting group removing agent to afford eribulin (when X and P, combine to
form unmasked amino) or, when X and P, combine to form a masked amino, either before or after the
treatment with the hydroxyl protecting group removing agent, the compound of formula (IC) can be
reacted with an amino unmasking agent to afford eribulin. Amino unmasking agents are further described
herein. The amination reaction can provide a pharmaceutically acceptable salt of eribulin directly.
Alternatively, the amination reaction can provide eribulin in a free base form. A pharmaceutically
acceptable salt of eribulin can be prepared from eribulin through a salification reaction as described
herein.

Salification

Salification reaction conditions are known in the art. Salification of eribulin can afford a pharmaceutically
acceptable salt of eribulin (e.g., eribulin mesylate). In particular, salification reaction can involve
contacting eribulin with a Brgnsted acid (e.g., a pharmaceutically acceptable Brensted acid (e.g.,
methanesulfonic acid)) to afford a pharmaceutically acceptable salt of eribulin (e.g., Handbook of
Pharmaceutical Salts: Properties, Selection and Use, ed.: Stahl and Wermuth, Wiley-VCH/VHCA,
Weinheim/Zurich, 2002). Pharmaceutically acceptable salts of eribulin, e.g., eribulin mesylate, can be
formed by methods known in the art, e.g., in situ during the final isolation and purification of the
compound or separately by reacting the free base group with a suitable organic acid. In one example,
eribulin is treated with a solution of MsOH and NH,OH in water and acetonitrile. The mixture is
concentrated. The residue is dissolved in DCM-pentane, and the solution is added to anhydrous
pentane. The resulting precipitate is filtered and dried under high vacuum to provide eribulin mesylate

Oxidizing Agents Capable of Converting an Alcohol to a Carbonyl Group

Oxidizing agents capable of converting an alcohol to a carbonyl group are known in the art. Non-limiting
examples of these oxidizing agents include Dess-Martin periodinane, TEMPO (in the presence of bleach
or BAIB), a dimethylsulfonium compound (e.g., dimethylchlorosulfonium chloride), aluminum trialkoxide
with an excess of a ketone (e.g., acetone), and catalytic tetrapropylammonium perruthenate (TPAP) (in
the presence of N-methylmorpholine oxide). The dimethylsulfonium compound can be prepared in situ
under the conditions known for Parikh-Doering oxidation, Swern oxidation, Corey-Kim oxidation, or
Pfitzner-Moffatt oxidation. An oxidation reaction of an alcohol to a carbonyl group (e.g., a ketone) can be
performed using aluminum trialkoxide and an excess of a ketone (e.g., acetone) under the conditions
known in the art for Oppenauer oxidation. Allylic and benzylic alcohols can also be oxidized with MnOs.

Reducing Agents

Reducing agents that can be used in the methods of the invention are those known in the art. A reducing
agent can be an electron-transfer reducing agent, a metal hydride, or a metalloid hydride. Non-limiting
examples of electron-trannsfer reducing agent include alkali metals in oxidation state (0), alkali earth
metals in oxidation state (0), alkali arenides, lanthanide (I1) salts (e.g., Smly), Zn(0), Fe(0), and Mn(0).
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Non-limiting examples of metal hydrides and metalloid hydrides include boron hydride compounds (e.g.,
NaBH,, LiBH,4, LiB(Et)sH, selectrides (e.g., L-selectride), and boranes (e.g., 9-BBN and alpine borane)),
aluminum hydride compounds (e.g., LiAIH,, Red-Al®, and alanes (e.g., DIBAL)), hydrosilanes (e.g.,
PMHS and Ph,SiH,), hydrostannanes (e.g., BusSnH), copper hydride complexes (e.g., Stryker’s reagent),
palladium hydride complexes, platinum hydride complexes, iridium hydride complexes, rhodium hydride
complexes, and ruthenium hydride complexes. Reducing agents can be formed in situ, e.9., a copper
hydride complex can be formed by a reaction of a copper salt with, e.g., a boron hydride compound or a
hydrosilane. Thus, some reducing reagents (e.g., boron hydride compounds, hydrosilanes, and
hydrostannanes) can be used in combination with a catalytic quantity of a metal salt (e.g., Cu, Pd, Pt, Ir,
Rh, or Ru salt). Alternatively, catalytic reducing agents can be metal salts (e.g., aluminum isopropoxide
or a ruthenium complex) in combination with an alcohol, which undergo transfer hydrogenation of
carbonyl-containing compounds without intermediacy of a metal hydride. Non-limiting examples of
transfer hydrogenation reactions include Meerwein-Ponndorf-Verley reduction (e.g., using aluminum
isopropoxide/isopropanol) and Ru-catalyzed transfer hydrogenation (e.g., Hashiguchi et al., J. Am. Chem.
Soc., 117:7562-7563, 1995).

When a substrate is an a,B-unsaturated carbonyl compound (e.g., an a,B-enone), a reducing agent can
be a 1,2-reducing agent or a 1,4-reducing agent. For example, a reaction between an a,B-unsaturated
carbonyl compound and a 1,2-reducing agent can afford, e.g., an allylic alcohol (or an allylic amine, if the
starting compound is an enamide), whereas a reaction between an a,B-unsaturated carbonyl compound
and a 1,4-reducing agent can afford an a,B-saturated compound and can leave the carbonyl group intact
after work up of the reaction mixture. Non-limiting examples of 1,2-reducing agents include metal
hydrides and metalloid hydrides, e.g., aluminum hydride compounds, boron hydride compounds (e.g.,
CeCls with NaBH,), and ruthenium hydride complexes. Non-limiting examples of 1,4-reducing agents
include boron hydride compounds, hydrostannanes, copper hydride complexes (e.g., Stryker’s reagent),
palladium hydride complexes, platinum hydride complexes, iridium hydride complexes, rhodium hydride
complexes, and ruthenium hydride complexes.

A compound having an allylic leaving group (e.g., a carboxylate, a halide, or a sulfonate) can be treated
with an allylic reducing agent to replace the leaving group with a hydrogen atom. A non-limiting example
of allylic reducing agent is a palladium salt in combination with a formic acid salt (e.g., trialkylammonium

formate).

Masked Amines and Amine Unmasking Agents

The compounds used in the methods of the invention can contain a masked or unmasked amine (e.g., at
C.35 carbon of the structure of eribulin). An unmasked amine is -NH,. Amine can be masked using
methods known in the art, e.g., by protecting amine with an N-protecting group. Alternatively, amine can
be masked as a nitrogen-containing moiety, which can be reacted with an amine unmasking agent to
afford an amine. Non-limiting examples of the nitrogen-containing moieties include azide, an imide (e.g.,
phathalimide), Amine unmasking agents can be those known in the art for removing N-protecting groups

from amines. In a non-limiting example, a Boc group can be removed using amine unmasking agents
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known in the art, e.9., a Brgnsted acid (e.g., HCI in 1,4-dioxane or trifluoroacetic acid). When amine is
masked as azide, the amine can be unmasked by subjecting the compound containing the masked amine
to Staudinger reaction conditions (e.g., by contacting with a phosphine, such as trialkylphosphine,
dialkylarylphosphine, alkyldiarylphosphine, or triarylphosphine) or by reacting the compound containing
the masked amine with a reducing agent (e.g., LiAlH,). When amine is masked as an imide (e.g.,
phthalimide), the amine can be unmasked by reacting with an amine unmasking agent known in the art,
e.g., hydrazine.

Hydroxyl Protecting Groups and Hydroxyl Protecting Group Removing Agents

Hydroxyl protecting groups can be as defined herein. In particular, a hydroxyl protecting group ¢an be an
acyl, a sulfonyl, an arylalkyl (e.g., benzyl or p-methoxybenzyl), an aryl (e.g., p-methoxyphenyl), or an
optionally substituted silyl (e.g., TMS, TES, TBS, TIPS, TBDPS, or TPS). Hydroxyl protecting groups,
hydroxyl protecting agents, and hydroxyl protecting reaction conditions can be selected to protect
selectively certain hydroxyl groups in a compound, while leaving other hydroxy! groups unprotected. The
choice of hydroxyl protecting groups for a compound can facilitate subsequent deprotection strategies, as
some hydroxyl protecting groups can be removed in the presence of others using appropriate hydroxyl
protecting group removing agents. Some of these strategies involving the choice of silyl hydroxyl
protecting groups are discussed in, e.g., Silicon-Based Blocking Agents, Gelest, Inc., 2011.

Hydroxyl protecting group removing agents are those agents that can react with a compound having a
protected hydroxyl group to afford the compound with a deprotected hydroxyl group. Hydroxyl protecting
group removing agents and deprotection reaction conditions can be those known in the art. In a non-
limiting example, hydroxyl masked as silyl ether can be unmasked by a reaction with a fluoride source
(e.g., a fluoride salt, such as KF or TBAF). Alternatively, hydroxyl protected as TMS or TES ether can be
deprotected by a reaction with a Brgnsted acid (e.g., a carboxylic acid). In another non-limiting example,
hydroxyl protected as an ester can be deprotected by a reaction with a G5 alkoxide (e.g., alkali C¢
alkoxide or alkali earth C¢ alkoxide). In yet another non-limting example, hydroxy! protected as an
arylalkyl ether (e.g., 1-arylalk-1-yl ether) can be deprotected using a reduction reaction, e.g., with Pd/C
and H, or with Na/NH;. Alternatively, hydroxyl protected as an alkoxy-arylalkyl ether (e.g., MPM ether)
can be deprotected by a reaction with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). In still another
non-limiting example, hydroxyl protected as alkoxyalkyl ether (e.g., 1-alkoxyalk-1-yl) or THP ether can be
deprotected by a reaction with a Brgnsted acid. Cyclic protected diols, such as acetals or ketals (e.g., as
2-alkyl-1,3-dioxolane, 2,2-dialkyl-1,3-dioxolane, 2-alkyl-1,3-dioxane, or 2,2-dialkyl-1,3-dioxane), can be
deprotected by a reaction with a Brgnsted acid (e.g., a carboxylic acid).

Dihydroxylation and Oxidative Carbon-Carbon Bond Cleavage

Dihydroxylation reaction produces diols from olefins. The reaction conditions can be those known in the
art. Dihydroxylation reaction may be direct (e.g., Sharpless dihydroxylation, Upjohn dihydroxylation, or
Milas dihydroxylation) or indirect (e.g., through epoxidation/hydrolysis, diborylation/oxidation, or
carboxylation/hydrolysis (e.g., Woodward reaction or Prévost reaction)). A direct dihydroxylation reaction
can be performed using an osmium complex (e.g., OsO, or osmate salt). A catalytic quantity of the
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osmium complex can be used in the dihydroxylation reactions in combination with an additional oxidizing
agent (e.g., N-methylmorpholine N-oxide or hydrogen peroxide). The dihydroxylation reaction can be
rendered stereoselective by including a chiral ligand (e.g., in AD-mix, which is a mixture of osmate and a
chiral ligand).

When a dihydroxylation reaction is performed with an osmium complex and a periodate salt as oxidizing
agent, the carbon-carbon double bond of an olefin can be cleaved to afford two carbonyl groups. The
transformation of an olefin to two carbonyl groups is referred to herein as a cleavage reaction. Cleavage
reaction conditions can be those known in the art. Non-limiting examples of cleavage reaction conditions
can be ozonolysis reaction conditions or a reaction with an osmium complex (e.g., OsO,4 or osmate salt)
and a periodate salt. A vicinal diol can be cleaved by sodium periodate or potassium permanganate.

Epimerizations

Epimerization reactions can be used to invert a stereogenic center having an undesired stereochemical
identity. For example, through epimerization, R stereogenic center can be converted to S stereogenic
center and vice versa. Epimerization of a stereogenic sp’-carbon bonded to one hydrogen atom and to
one hydroxyl group can be achieved through a reaction sequence involving oxidation of the hydroxyl
group to a carbonyl group followed by a 1,2-reduction reaction. The 1,2-reduction reaction can provide
the desired stereochemical identity diastereoselectively, or the reaction can be carried out using a chiral
catalyst, chiral auxiliary, or a chiral reducing agent. Non-limiting examples of chiral reducing agents
include alpine borane and prapine borane. Non-limiting examples of 1,2-reduction reactions involving
chiral catalysts are Corey-Bakshi-Shibata reduction, Noyori hydrogenation, and Noyori transfer
hydrogenation, The oxidation/reduction reaction sequence can be carried out in sifu using dynamic
kinetic resolution. A dynamic kinetic resolution can further involve a reaction with a hydroxyl protecting
agent, which removes the desired stereoisomer from the reduction/oxidation equilibrium. In a non-limiting
example, a dynamic kinetic resolution of chiral secondary alcohols can involve reduction/oxidation
equilibration using n°-PhsCpRu(CO).H in combination with enantioselective esterification using
isopropenyl acetate catalyzed by a lipase enzyme (e.g., lipase B from Candida Antarctica, see, e.g.,
Martin-Matute et al., J. Am. Chem. Soc., 127:8817-8825, 2005).

Epimerization can also be carried out on a compound containing a tetrahydropyran-2-yl-acetaldehyde
moiety, in which carbon 2 of the pyran ring exhibits an undesired sterecchemical identity. Contacting this
compound with L-proline can provide equilibrium between two sterecisomers. If other, non-equilibrating
stereogenic centers are present in the compound, the most stable stereoisomer will be present in a larger
quantity relative to other sterecisomer(s) in equilibrium with the most stable stereoisomer.

The following examples are meant to illustrate the invention. They are not meant to limit the invention in

any way.
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Examples

Example 1 - Preparation of the C.1-C.15 Fragment

HO, OBn 1. mpmcl| MPMO, OBn

(D)-Glucurony, . KO-fBu 1. BuLi, Furan
lactone */ 1. KGO b —
” 0 2. (PhO);PMel
C.27-C.35 2.2.2-DMP 2. 0sQy (PhO)3PMe
Halaven

1. "1y
BF5-OFEt,
2. DDQ
3. Dess-Martin
1. PvCl
2. Hy, PdIC
—
3. (pr),SiHCI
OAc
-Pr
MeOQ-Si
0
OMe H 1. BF3OEt H oy O 1. Dess-Martin H y OTBDPS
2. Mg(OMe), z Periodane z
—_— —_—
3. 2,2-DMP, 2. NaBH,
o PPTs 3. TBAF
v OAc OPiv O, ¢ 4 TBDPSOTY
Me)(
Me

(25,3S,4R,5R)-2-allyl-4-(benzyloxy)-5-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)tetrahydrofuran-3-ol
HO OBn

v
v
”’

HO OBn

/ 1. K2C03
OBZ 2,2-DMP - 31
Z H,S0
OBz 2o L o
%Me
Me

A 3:1 diasteremeric mixture (600 g) of (R)-3-((2R,3R,4S,53)-5-allyl-3-(benzyloxy)-4-
hydroxytetrahydrofuran-2-yl)propane-1,2-diyl dibenzoate and (S)-3-((2R,3R,4S,5S5)-5-allyl-3-(benzyloxy)-
4-hydroxytetrahydrofuran-2-yl)propane-1,2-diyl dibenzoate was dissolved in methanol (1800 mL) at
ambient temperature. Potassium carbonate (241 g, 1742 mmol) was added, and the resulting mixture
was stirred between 55 and 60 °C for 4 h. Water (1500 mL) was added, and the resulting mixture was
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extracted four times with n-heptane (2400 mL each time). The aqueous layer was diluted with water
(1200 mL) and extracted twice with ethyl acetate (3000 mL each time). The combined organic layers
were concentrated in vacuo and azeotroped twice with toluene (1200 mL, each time). Upon addition of
the acetone (1200 mL), white insoluble materials were generated. The mixture was filtered through 200 g
of silica gel pad, which was then rinsed with acetone (1200 mL). The combined filtrate was concentrated
in vacuo to give 216 g of brown oil, which was dissolved in acetone (864 mL) at ambient temperature.
2,2-Dimethoxypropane (103 mL, 841 mmol) and sulfuric acid (1.8 mL, 35 mmol) were added. The
resulting mixture was stirred for 4h and then treated with saturated aqueous NaHCO; (8%) (216 mL) and
water (540 mL). The resulting mixture was extracted twice with MTBE (864 mL each time). The
combined organic layers were washed twice with 30% aqueous NaCl (430 mL each time) and then three
times with water (450 mL each time). The resulting organic layer was concentrated in vacuo and
azeotroped twice with toluene (864 mL) to give 219 g of the target product as a brown oil. "H NMR (3:1
diastereomeric mixture, 400 MHz, CDCl3) d ppm 1.31 (s, 3 H (minor)) 1.36 (s, 3 H (major)) 1.40 (s, 3 H)
1.93 (1, J=6.4 Hz, 2 H) 1.96 - 2.09 (M, 1 H) 2.32 - 2.41 (m, 1 H) 2.42 - 2.52 (m, 1 H) 3.53 - 3.62 (M, 1 H)
3.66 (td, J=6.7, 4.7 Hz, 1 H) 3.79 (dd, J=4.7, 2.1 Hz, 1 H (major)) 3.81 (dd, J=4.7, 2.1 Hz, 1 H (minor))
3.97-4.04 (m, 1 H)4.06-4.12 (m, 1 H) 4.12-4.17 (m, 1 H) 4.24 (dt, J=13.1, 6.5 Hz, 1 H) 4.51 (d, J=12.0
Hz, 1 H (minor)) 4.54 (d, J=12.0 Hz, 1 H (major)) 4.65 (d, J=11.7 Hz, 1 H (major)) 4.66 (d, J=12.0 Hz, 1 H
(minor)) 5.05 - 5.18 (m, 2 H) 5.77 - 5.93 (m, 1 H) 7.28 - 7.41 (m, 5 H).

4-(((2R,3S,4S,5S5)-5-allyl-3-(benzyloxy)-4-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)methyl)-2,2-
dimethyl-1,3-dioxolane

HO, ,OBn MPMO, ~ OBn
MPMCI (1.15 eq)
3:1
t-BUOK (1.1 eq) e
o TBAI(0.20 eq) o
DMF/THF (1.5/4.5V
Me Me

A 3:1 diastereomeric mixture of (25,3S,4R,5R)-2-allyl-4-(benzyloxy)-5-(((R)-2,2-dimethyl-1,3-dioxolan-4-
ylymethyl)tetrahydrofuran-3-ol and (2S,3S,4R,5R)}-2-allyl-4-(benzyloxy)-5-(((S)-2,2-dimethyl-1,3-dioxolan-
4-ylymethyl)tetrahydrofuran-3-ol (219 g, 629 mmol) was azeotroped with anhydrous THF (329 mL). The
resulting oil was added into a reactor with DMF (329 mL). TBAI (46.4 g, 126 mmol) was added, and the
resulting mixture was cooled to a temperature ranging from 0to 5 °C. 1.0 M tert-Butyl alcohol, potassium
derivative (691 mL, 691 mmol) was added at such rate to maintain the internal temperature below 10 °C.
Upon addition, the reaction was allowed to stir for 15 minutes. alpha-Chloro-4-methoxytoluene (98 mL,
720 mmol) was then added at such rate to maintain internal temperature below 15 °C. Upon addition,
the reaction was stirred between 0-5 °C. After complete consumption of the starting material, the reaction
was quenched with MeONa (25 %) in MeOH solution (21.6 mL, 84.3mmol) diluted in anhydrous methanol
(288 mL) at such a rate that internal temperature remained below 10 °C. The mixture was then allowed to
warm to 20-25 °C and then concentrated in vacuo to remove volatiles. The remaining solution was

partitioned between water (1095 mL) and MTBE (1643 mL). The organic layer was washed twice with
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30% aqueous NaCl (876 mL), dried over MgSQy,, filtered and concentrated in vacuo. The resulting
residue was diluted with MTBE (219 mL), and remaining solid was filtered off. The filtrate was
concentrated in vacuo to give 295 g of the target product as a reddish brown oil. 'H NMR (3:1
diastereomeric mixture, 400 MHz, CDClI3) & ppm 1.31 (s, 3 H (minor)) 1.35 (s, 3 H (major)) 1.37 - 1.42 (m,
3 H)1.87 -2.03 (m, 2 H) 2.26 - 2.52 (m, 2 H) 3.57 (t, J=7.9 Hz, 1 H) 3.72 (dd, J=7.3, 3.5 Hz, 1 H (major))
3.74 (d, J=3.2 Hz, 1 H (minor)) 3.78 - 3.86 (M, 5 H) 3.98 - 4.14 (m, 2 H) 4.15 - 4.30 (m, 1 H) 4.33 - 4.41
(m, 2 H) 4.42-4.46 (m, 1 H) 457 (d, J=12.0 Hz, 1 H) 5.00 - 5.10 (M, 2 H) 5.73 - 5.91 (m, 1 H) 6.85 - 6.91
(m, 2 H) 7.19 - 7.24 (m, 2 H) 7.27 - 7.39 (m, 5 H)

2-((25,35,4S,5R)-4-(benzyloxy)-5-((2,2-dimethyl-1,3-dioxolan-4-y)methyl)-3-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)acetaldehyde

MPMO,  OBn
O “

(0]
0
\MiMe

0
o~/\Me
Me
3:1 diastereomeric mixture of 2-((28,3S,4S5,5R)-4-(benzyloxy)-5-(((R)-2,2-dimethyl-1,3-dioxolan-4-

ylymethyl)-3-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)acetaldehyde and 2-((2S,3S,4S,5R)-4-
(benzyloxy)-5-(((S)-2,2-dimethyl-1,3-dioxolan-4-ylymethyl)-3-((4-methoxybenzyl)oxy)tetrahydrofuran-2-

yl)acetaldehyde (100g, 213 mmol) was dissolved in 1,4-dioxane (600 mL) and water (200 mL). 2,6-
Lutidine (49.7 mL, 427 mmol) and a solution of osmic acid (2.5 wt%, 25 mL, 2.458 mmol) in t-BuOH were
added. The resulting mixture was cooled to a temperature below 20 °C and sodium metaperiodate (137
g, 640 mmol) was added. After being stirred for 5 h at ambient temperature, the reaction mixture was
treated with water (1250 mL). The resulting mixture was exiracted twice with toluene (1000 mL each
time). The combined organic layers were washed sequentially with a solution of sodium sulfite (40.3 g,
320 mmol) in water (200 mL), 1.0 M hydrochloric acid in water (500 mL, 500 mmol), saturated agueous
NaHCOs (8%) (200 mL), and 30% aqueous NaCl (200 mL). The organic layer was concentrated in
vacuo, and the residue was filtered through a silica-gel pad (150 mL), which was rinsed with n-
heptane/ethyl acetate (1/1 = 1000 mL). Concentration in vacuo provided 102 g of the target product as
dark brown oil. "H NMR (3:1 diastereomeric mixture, 400 MHz, CDCls) & ppm 1.31 (s, 1 H(minor)) 1.35
(s, 3 H(major)) 1.39 (s, 3 H) 1.87 - 2.14 (m, 2 H) 2.66 (dd, J=5.8, 1.8 Hz, 1 H) 2.70 - 2.78 (m, 1 H) 3.55
(dd, J=8.2, 7.3 Hz, 1 H) 3.76 (dd, J=2.9, 0.8 Hz, 1 H(major)) 3.77 (dd, J=2.7, 0.6 Hz, 1 H(minor)) 3.79 -
3.84 (m, 4 H) 4.00 (dd, J=7.8, 6.0 Hz, 1 H(major)) 4.06 (dd, J=8.2, 5.8 Hz, 1 H(minor)) 4.12 (dt, J=8.9, 3.8
Hz, 1 H) 4.17 - 4.24 (m, 1 H) 4.28 (ddd, J=7.3, 5.6, 2.9 Hz, 1 H) 4.36 - 4.50 (m, 3 H) 4.54 (d, J=12.2 Hz, 1
H) 4.55 (d, J=11.9 Hz, 1 H) 6.85 - 6.91 (m, 2 H) 7.15- 7.39 (M, 7 H) 9.73 (t, J=2.0 Hz, 1 H)

2-((2S,3S,45,5R)-4-(benzyloxy)-5-(((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)-1-(furan-2-yl)ethan-1-ol
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MPMO, OBn
MPMO,, OBn HO ’
O y n-BulLi
I Furan
- >
074 O‘7LMe
Me Me
Me

Furan (22.40 mL, 308.0 mmol) and THF (800 mL) were added into a reactor and cooled down to 0 °C.
n-BuLi (1.6 M, 110 mL, 276 mmol) was added while keeping the internal temperature below 15 °C. After
being stirred for 1 h at a temperature between 10 and 20 °C, the resulting solution was cooled to a
temperature below -20 °C. A solution of a 3:1 diastereomeric mixiure of 2-((2S,3S,4S,5R)-4-(benzyloxy)-
B-(((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)acetaldehyde
and 2-((2S,3S,4S,5R)-4-(benzyloxy)-5-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)acetaldehyde (102 g, 212 mmol) in THF (300 mL) was added
while keeping the internal temperature below -10 °C. The resulting reaction mixture was stirred at a
temperature between -5 and -15 °C for 1h. Saturated agueous NH,CI (27 wt %) (500 mL) and water (200
mL) were added, and the mixture was allowed to warm to ambient temperature. The layers were
separated, and the organic layer was washed twice with 30% aqueous NaCl (400 mL) and concentrated
in vacuo. The residue was filtered through a silica gel pad (300 mL), rinsing with n-heptane/ethyl acetate
(3/2, 1300 mL). Concentration of the filtrate afforded 94 g of the target product as a brown oil.

4-(((2R,3S,48,5S)-3-(benzyloxy)-5-((E)-2-(furan-2-yl)vinyl)-4-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)methyl}-2,2-dimethyl-1,3-dioxolane

MPMO,  OBn MPMO,  OBn
HO g ]

(PhO)sPMel
- 31

Ve
O (@]
O7L|V|e O%Me

2-((28,3S,4S,5R)-4-(benzyloxy)-5-(((R)-2,2-dimethyl-1,3-dioxolan-4-ylymethyl)-3-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)-1-(furan-2-yl)ethan-1-ol (94 g) was dissolved in

3:1

dimethylacetamide (893 mL). Methyltriphenoxyphosphonium iodide (99 g, 218 mmol) was added while
keeping the internal temperature below 25 °C. The resulting reaction was kept stirring between 20-25 °C
in dark for 2.5h. The reaction mixture was diluted with MTBE (1410 mL) and cooled down below 10 °C.
A solution of KOH (88 g, 1571 mmol) in water (1128 mL) was added while keeping the internal
temperature below 30 °C. The aqueous layer was separated out and extracted twice with MTBE (940
mL). The combined organic layers were washed three times with 30% aqueous NaCl (1128 mL) and
concentrated in vacuo. The residue was filtered through a silica gel pad (200 mL), which was then rinsed
with n-heptane/ethyl acetate (2/1, 1500 mL). Concentration of the filtrate gave 87.9 g of the target
product as brown oil. 'H NMR (3:1 diastereomeric mixture, 400 MHz, CDClg) 6 ppm 1.31 (s, 3 H(minor))
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1.35 (s, 3 H(major)) 1.40 (s, 3 H) 1.87-2.20 (m, 2 H) 3.58 (t, J=7.3 Hz, 1 H) 3.78 - 3.81 (m, 3 H) 3.88 (d,
J=3.4 Hz, 1 H(major)) 3.89 (d, J=3.7 Hz, 1 H(minor)) 4.03 (dd, J=7.8, 6.0 Hz, 1 H(minor)) 4.09 (dd, J=8.2,
6.1 Hz, 1 H(major)) 4.17 (dt, J=9.5, 3.7 Hz, 1 H) 4.22 - 431 (m, 1 H) 4.36 (dd, J=7.3, 3.4 Hz, 1 H) 4.42 -
4.51 (m, 3 H)4.59 (d, J=12.5 Hz, 1 H(major)) 4.60 (d, J=11.9 Hz, 1 H(minor)) 6.15-6.26 (m, 2 H) 6.37
(dd, J=3.2,2.0Hz,1H)6.39-6.49(m,1H)6.84-6.89(M,2H)7.19-7.24 (m,2 H) 7.26 - 7.38 (M, 5 H)

(2R)-1-((2S,3R,4S,5R)-4-(benzyloxy)-5-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)-2-(furan-2-yl)ethane-1,2-diol

MPMO,  OBn

AD-u

tBUOH-H,0

o\ﬁMe

Me
To a reactor were added (DHQ).PHAL (1.267 g, 1.627 mmol), potassium osmium(VI) oxide (0.216 g,
0.651 mmol), potassium carbonate (67.5 g, 488 mmol), and potassium ferricyanide(lll) hydrate (161 g,

488 mmol). Water (847 mL) and 2-methylpropan-2-ol (424 mL) were added. The resulting mixture was
cooled below 7 °C. Methane sulfonamide (18.57 g, 195 mmol) followed by a solution of a 3:1
diastereomeric mixture of (R)-4-(((2R,3S,4S,58)-3-(benzyloxy)-5-((E)-2-(furan-2-yl)vinyl)-4-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)methyl)-2,2-dimethyl-1,3-dioxolane and (S)-4-(((2R,3S,48,5S)-3-
(benzyloxy)-5-((E)-2-(furan-2-yl)vinyl)-4-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)methyl)-2,2-dimethyl-
1,3-dioxolane (84.7 g, 162.693 mmol) in tert-butanol (424 mL) was added. The resulting mixture was
stirred for 3 days between 13-18 °C. Sodium sulfite (103 g, 813 mmol) and water (339 mL) were added,
and the resulting mixture was stirred for 30-60 min while warming to ambient temperature. The mixture
was extracted twice with ethyl acetate (2100 mL). The combined organic layers were washed with 2M
aqueous KOH (296 mL) and 30% aqueous NaCl (424 mL). Concentration in vacuo followed by silica gel
plug purification using a 25 - 66% gradient of ethyl acetate in n-heptane as eluent provided 71.6 g of the
target product as a brown oil. 'H NMR (3:1 diastereomeric mixture, 400 MHz, CDCl5) 3 ppm
1.33-138(m,3H)1.39-1.42(m,3 H)1.85-2.09(m, 2 H) 3.57 (t, J=7.8 Hz, 1 H) 3.78 (d, J=3.1 Hz, 1
H) 3.81 (s, 3 H) 3.83-3.87 (m, 1 H) 3.89 (br.s., 1 H) 4.04 - 4.12 (m, 3H) 4.16 - 4.24 (m, 1 H) 4.34 - 4.49
(m, 3 H) 4.62 (d, J=11.6 Hz, 1 H(major)) 4.63 (d, J=11.6 Hz, 1 H(minor)) 4.73 (d, J=7.0 Hz, 1 H(major))
4.76 (d, J=6.1 Hz, 1 H(minor)) 6.34 - 6.37 (M, 2 H) 6.86 - 6.91 (M, 2 H) 7.16 - 7.24 (m, 2 H) 7.27 - 7.44
(M, 6 H).

3-((2R,3S,4R,55)-3-(benzyloxy)-5-((2R)-2-(furan-2-yl)-1,2-dihydroxyethyl)-4-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)propane-1,2-diol
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Me
3:1 diastereomeric mixture of (2R)-1-((2S,3R,4S,5R)-4-(benzyloxy)-5-(((R)-2,2-dimethyl-1,3-dioxolan-4-
ylymethyl)-3-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)-2-(furan-2-yl)ethane-1,2-diol and (2R)-1-
((28,3R,48,5R)-4-(benzyloxy)-5-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3-((4-
methoxybenzyl)oxy)tetrahydrofuran-2-yl)-2-(furan-2-yl)ethane-1,2-diol (71.6 g, 129 mmol) was dissolved

in acetic acid (501 mL). Water (125 mL) was added, and the resulting mixture was stirred at ambient
temperature overnight. The reaction mixture was concentrated in vacuo and azeotroped with toluene
(500 mL). The residue was filtered through silica-gel pad (200 mL), which was then rinsed with n-
heptane/ethyl acetate (1/1, 1 L) and ethyl acetate (3.5 L). Concentration of the filtrate gave 69.4 g of the
target product as brown oil.

3-((2R,3S,4R,5R)-5-((1S)-acetoxy((2R)-6-acetoxy-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-
(benzyloxy)-4-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)propane-1,2-diyl diacetate

1) NBS, NaHCO5
NaOAc , THF/\Water

2) Ac,0O, Pyr
H

OAc

A 3:1 diastereomeric mixture of (R)-3-((2R,3S,4R,5S)-3-(benzyloxy)-5-((1R,2R)-2-(furan-2-yl)-1,2-
dihydroxyethyl)-4-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)propane-1,2-diol and (8)-3-((2R,3S,4R,5S)-
3-(benzyloxy)-5-((1R,2R)-2-(furan-2-yl)-1,2-dihydroxyethyl)-4-((4-methoxybenzyl) oxy)tetrahydrofuran-2-
yl)propane-1,2-diol (69.4 g) was dissolved in THF (989 mL) and water (247 mL) and cooled down below
5 °C. Sodium bicarbonate (21.53 g, 256.3 mmol) and sodium acetate (10.51 g, 128.1 mmol) were added.
NBS (23.94 g, 134.5 mmol) was added while keeping the internal temperature below 5 °C. After being

stirred for 1 h at a temperature between 0 and 5 °C, the reaction mixture was treated with a solution of
potassium iodide (10.63 g, 64.06 mmol) in water (165 mL) and diluted with EtOAc (2000 mL). The
organic layer was washed with a solution of sodium thiosulfate (16.21 g, 102.5 mmol) in water (198 mL)
followed by 30% aqueous NaCl (132 mL). Solvents were removed in vacuo. The resulting residue (71 g)
was dissolved in dichloromethane (613 mL) and cooled down to 0 °C. Pyridine (198 mL, 2444 mol), acetic
anhydride (121 mL, 1285 mol) and 4-dimethylaminopyridine (1.57 g, 12.8 mmol) were added. After being
stirred overnight at a temperature between 0 and 15 °C, the reaction mixture was treated with saturated
aqueous NH,CI (27 wt %) (545 mL) and water (136 mL). The layers were separated, and the aqueous
layer was extracted with dichloromethane (341 mL). The combined organic layers were washed twice
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with 0.5 M aqueous hydrochloric acid (409 mL) followed by 30% aqueous NaCl (477 mL). Concentration
followed by filtration through a silica gel pad (60 mL), which was then rinsed with heptane/ethyl acetate
(1/1, 1500 mL), provided 92 g of the target product as a brown ail.

3-((2R,3S,4R,5R)-5-((1S)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-
(benzyloxy)-4-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)propane-1,2-diyl diacetate

AlYTMS (2.5 eq) 5.4
BF3+*OEt, (1.3 eq)

MeCN, -10 °C

OAc OAc
3-((2R,3S,4R,5R)-5-((1S)-Acetoxy((2R)-6-acetoxy-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-
(benzyloxy)-4-((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)propane-1,2-diyl diacetate (92 g, 129 mmol)
was dissolved in acetonitrile (902 mL) and cooled to -15 °C. Allyltrimethylsilane (51.3 mL, 323 mmol)
followed by BF5-OEt, (21.26 mL, 167.7 mmol) was added while keeping internal temperature below -10
°C. The resulting solution was stirred at a temperature between -10 and 0 °C until the reaction was
complete. Saturated agueous NaHCO; (8%) (902 mL) and MTBE (721 mL) were then added, and the
resulting mixture was allowed to warm to ambient temperature. The layers were separated, and the
aqueous layer was extracted with MTBE (721 mL). The combined organic layers were washed twice with
30% aqueous NaCl (721 mL) and concentrated in vacuo. The residue was diluted with MTBE (1500 mL)
and washed sequentially with 1M HCI (250 mL), saturated agueous NaHCO; (8%) (250 mL), and 30%
aqueous NaCl (250 mL). Concentration followed by filtration through a silica gel pad (100 mL), which was
then rinsed with n-heptane/ethyl acetate (2/3, 1200 mL), provided 54.2 g of the target product as a brown
oil.

3-((2R,3R,4R,5R)-5-((1S)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-
(benzyloxy)-4-hydroxytetrahydrofuran-2-yl)propane-1,2-diyl diacetate

HO
0 = OBn
3:1\ 7
DDQ (1.4 eq) / 31
DCMMANVater e
T OAC OAC

31
3-((2R,3S,4R,5R)-5-((1S)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3- (benzyloxy)-4-
((4-methoxybenzyl)oxy)tetrahydrofuran-2-yl)propane-1,2-diyl diacetate (54.2 g) was dissolved in
dichloromethane (542 mL) and treated with water (136 mL) and DDQ (25.3 g, 111 mmol). After being
stirred for 2 h at ambient temperature, the reaction mixture was diluted with dichloromethane (700 mL)
and water (700 mL). Saturated aqueous NaHCO; (8%) (870mL) and sodium thiosulfate (35.2 g, 223
mmol) were added, and the resulting mixture was stirred at ambient temperature for 10 min. The layers

were separated, and the aqueous layer was extracted with dichloromethane (271 mL). The combined
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organic layers were washed with saturated aqueous NaHCO; (8%) (325 mL) and 30% aqueous NaCl
(217 mL). Concentration in vacuo and purification by silica gel column chromatography using a 20 - 60%
gradient of ethyl acetate in n-heptane as eluent afforded 31.2 g of the target product as a brown oil.

1TH NMR ( a 9:3:3:1 mixture of 4 diastereomers, 400 MHz, CDClI3) & ppm 1.84 - 1.98 (m, 2 H) 2.04 (d,
J=12.9 Hz, 9 H) 2.43 (d, J=8.2 Hz, 2 H) 3.89 (dt, J=7.6, 2.1 Hz, 1 H) 3.98 - 4.06 (m, 2 H) 4.07 - 418 (m, 2
H) 4.34 (dd, J=11.9, 3.3 Hz, 1 H) 4.43 (d, J=5.1 Hz, 1 H) 4.55 (d, J=11.7 Hz, 1 H) 4.60-4.65 (m, 1 H) 4.66
-4.73(m, 1 H)5.12-5.23 (m, 3 H) 5.51 (dd, J=6.6, 5.1 Hz, 1 H (major)) 5.55 (dd, J=5.9, 4.7 Hz, 1
H(minor)) 5.75 - 5.88 (m, 1 H) 6.12 (dd, J=10.6, 2.3 Hz, 1 H) 6.90 (dd, J=10.4, 1.4 Hz, 1 H(minor)) 6.95
(dd, J=10.6, 2.3 Hz, 1 H(major)) 7.27 - 7.40 (m, 5 H)

3-((2R,3S,5S5)-5-((1R)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-(benzyloxy)-4-
oxotetrahydrofuran-2-yl)propane-1,2-diyl diacetate

diQ 0Bn
SN Dess-Martin [O]
K - 31
OAc OAc

To 3-((2R,3R,4R,5R)-5-((1S)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-(benzyloxy)-
4-hydroxytetrahydrofuran-2-yl)propane-1,2-diyl diacetate (27.4 g, 48.9 mmol) was added
dichloromethane (219 mL) at ambient temperature. Sodium bicarbonate (12.32 g, 146.6 mmol), Dess-
Martin periodinane (30.1 g, 70.872 mmol) and water (0.176 mL, 9.78 mmol) were added. The resulting
mixture was stirred at ambient temperature until all starting material was consumed. It was then diluted
with water (301 mL) and MTBE (301 mL). Sodium bicarbonate (12.32 g, 146.6 mmolj and sodium
thiosulfate (19.32 g, 122.2 mmol) were added, and the resulting mixture was stirred at ambient
temperature over 10 min. The layers were separated, and the aqueous layer was extracted with MTBE
(219 mL). The combined organic layers were washed with saturated aqueous NaHCO; (8%) (137 mL)
and 30% aqueous NaCl (137 mL). Concentration in vacuo followed by azeotroping with toluene provided
33.1g of the target product as a dark brown oil.

3-((2R,38,5S)-5-((1R)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-(benzyloxy)-4-
hydroxytetrahydrofuran-2-yl)propane-1,2-diyl diacetate

NaBH,, -78 °C
DCM/MeOH (1/1);

MnOZ

OAc OAc
3-((2R,3S,55)-5-((1R)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-ylymethyl)-3-(benzyloxy)-4-
oxotetrahydrofuran-2-yl)propane-1,2-diyl diacetate was dissolved in dichloromethane (406 mL) and
MeOH (406 mL) and cooled to a temperature below -75 °C. Sodium borohydride (2.75 g, 72.3 mmol) was
added portionwise while keeping the internal temperature below -75 °C. After 1 h, acetone (95 mL, 1290
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mmol) was added while keeping the internal temperature below -75 °C. Saturated aqueous NH,CI (27 wt
%) (216 mL), water (108 mL) and MTBE (325 mL) were added. The resulting mixture was allowed to
warm up to ambient temperature. The layers were separated and the aqueous layer was extracted with
MTBE (271 mL). The combined organic layers were washed twice with 30% aqueous NaCl (189 mL) and
dried over MgSQ,. Filtration followed by concentration in vacuo provided 30.8 g of brown thick oil, which
was dissolved in dichloromethane (271 mL). To the resulting solution was added manganese dioxide
(42.1 g, 484 mmol). The resulting slurry was vigorously stirred at ambient temperature overnight. 40 g of
Celite® was then added, and the resulting slurry was stirred at ambient temperature for 20 min. Filtration
through a Celite® pad, concentration in vacuo, and purification by silica gel column chromatography using
n-heptane/ethyl acetate (1/2) as eluent gave 23.8 g of the target product as a foam solid.

3-((2R,3S,55)-5-((1R)-acetoxy((2R)-6-allyl-3-oxotetrahydro-2H-pyran-2-yl)methyl)-3-(benzyloxy)-4-
hydroxytetrahydrofuran-2-yl)propane-1,2-diyl diacetate

31 o §H osn Stryker's
N\ reagent
o (0.23 eq)
k 3:1
X toluene, rt

OAc
3-((2R,3S,558)-5-((1R)-acetoxy((2R)-6-allyl-3-0x0-3,6-dihydro-2H-pyran-2-yl)methyl)-3-(benzyloxy)-4-
hydroxytetrahydrofuran-2-yl)propane-1,2-diyl diacetate (20 g, 35.7 mmol) was dissolved in deoxygenated
toluene (460 mL) at ambient temperature. The resulting solution was purged with nitrogen for 1 h and
deoxygenated (purged with nitrogen for 40 min) water (1.22 mL, 67.8 mmol) was added.
Hydrido(triphenylphosphine)copper(l) hexamer (16.0 g, 8.16 mmol) was added in 3 portions. The
resulting red slurry was stirred over 4 h. Upon completion, the reaction was exposed to air. Copper-
containing decomposition products precipitated out. The resulting brown slurry was filtered through a
Celite pad, which was then rinsed with toluene until no product was observed in eluent. Concentration in
vacuo followed by purification by column chromatography using a 20 - 66% gradient of ethyl acetate in n-
heptane as eluent gave 18.07 g of the target product as a brown oil.

3-((2R,3S,3aS,8aR,9S5,9aR)-9-acetoxy-7-allyl-3-(benzyloxy)-4a-methoxydecahydrofuro[3,2-
b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate

OH OBn 3:1 OMe |;| OBn

1) CSA, MeOH\\

OAc OAc
3-((2R,38,55)-5-((1R)-acetoxy((2R)-6-allyl-3-oxotetrahydro-2H-pyran-2-yl)methyl)-3-(benzyloxy)-4-
oxotetrahydrofuran-2-yl)propane-1,2-diyl diacetate (23.4 g, 41.6 mmol) was dissolved in methanol (281
mL). ((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonic acid (1.1 g, 5.0 mmol) was
added, and the resulting solution was stirred at 60 °C until all starting material was consumed. The

97



10

15

20

25

30

35

CA 02929084 2016-04-28

WO 2015/066729 PCT/US2014/063960

mixture was cooled to ambient temperature and treated with TEA (0.870 mL, 6.24 mmol). Solvents were
removed, and the residue was dissolved in ethyl acetate (468 mL). The resulting solution was washed
with 30% aqueous NaCl (70.2 mL), dried over MgSQOy, filtered, and concentrated in vacuo. The residue
was dissolved in dichloromethane (140 mL) and pyridine (46.8 mL) at ambient temperature. Acetic
anhydride (23.59 mL, 249.6mmol) and 4-dimethylaminopyridine (0.508 g, 4.16 mmol) were added, and
the resulting solution was stirred at ambient temperature for 1 h. The reaction mixture was treated with
saturated aqueous NH,CI (27 wt %) (140 mL), water (46.8 mL) and MTBE (281 mL). The organic layer
was separated and washed sequentially with 1M aqueous hydrochloric acid (94 mL), saturated aqueous
NaHCOs; (8%) (70.2 mL), and 30% aqueous NaCl (70.2 mL). Drying over MgSQy, filtration, concentration
and purification by silica gel column chromatography using a 25 - 40% gradient of ethyl acetate in n-
heptane as eluent provided 12.3 g of the target product as a pale brown oil.

"H NMR (9:3:3:1 mixture of 4 diastereomers, CDCls) & ppm 1.29 - 1.48 (m, 1 H) 1.54 - 1.78 (m, 3 H) 1.93
-2.16 (m, 11 H) 2.17 - 2.40 (m, 2 H) 3.25 (s, 3H (minor 1)) 3.29 (s, 3H(minor 2)) 3.30 (s, 3H (major)) 3.55
(d, J=11.1 Hz, 1 H (major)) 3.56 (d, J=11.4 Hz, 1 H (minor)) 3.62-3.75 (m, 1 H) 3.98 - 4.26 (m, 4 H) 4.29 -
4.38 (m, 1 H) 4.39-4.45(m, 1 H) 4.50 (d, J=11.7 Hz, 1 H (minor 2)) 4.52 (d, J=12.0 Hz, 1 H (major)) 4.57
(d, J=12.0 Hz, 1 H (minor 3)) 4.59 (d, J=12.3 Hz, 1 H (minor 1)) 4.73 - 4.83 (m, 1 H) 4.96 - 5.09 (M, 2 H)
5.18 -5.27 (m, 1 H) 5.26 (dd, J=11.3, 6.0 Hz, 1 H) 5.37 (dd, J=11.4, 5.9 Hz, 1 H (major)) 5.72 (dd, J=17.1,
10.1 Hz, 1 H (minor)) 7.27 - 7.40 (m, 5 H)

3-((2R,3S,3aS,7R,8aR,95,9aR)-9-acetoxy-3-(benzyloxy)-7-(2-hydroxyethyl)-4a-
methoxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate
OBn

OMe H

OMe ., OBn 1) 0sO,, NalO,,
7 2,6-lutidine, dioxane

2) L-Proline (0.3 eq)
OAc MeOH, 0 °C to room
temperature; NaBH,

3-((2R,38,3a8,8aR,9S,9aR)-9-acetoxy-7-allyl-3-(benzyloxy)-4a-methoxydecahydrofuro[3,2-b]pyrano[ 2, 3-
e]pyran-2-ylpropane-1,2-diyl diacetate (13.5 g, 23.4 mmol) was dissolved in 1,4-dioxane (176 mL) and
water (68.1 mL). 2,6-Lutidine (8.18 mL, 70.2 mmol), 4.0% osmic acid in water (3.27 mL, 0.515 mmol),
and sodium metaperiodate (25.04 g, 117.1mmol) were added. The resulting solution was stirred at
ambient temperature until all starting material was consumed. Upon completion, water (203 mL) and
toluene (203 mL) were added. The aqueous layer was separated and extracted with toluene (135 mL).
The combined organic layers were washed sequentially with 1M hydrochloric acid (67.5 mL, 67.5 mmol),
saturated aqueous NaHCO; (8%) (54.0 mL), 10% aqueous Na,S;03 (40.5 mL), and 30% aqueous NaCl
(81 mL). The resulting solution was dried over MgSO, and concentrated in vacuo. The residue (15.6 g)
was dissolved in methanol (201 mL) at ambient temperature. The resulting solution was cooled to a
temperature below 10 °C, and L-proline (0.801 g, 6.96 mmol) was added in one portion. The resulting
solution was stirred overnight while warming to ambient temperature. After being stirred for additional 6 h
at ambient temperature, the reaction mixture was diluted with MTBE (335 mL), and saturated aqueous
NaHCOs; (8%) (201 mL) and water (108 mL) were added. The layers were separated, and the aqueous
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layer was extracted twice with MTBE (201 mL each time). The combined organic layers were washed
twice with 30% aqueous NaCl (107 mL), dried over MgSO,, and concentrated in vacuo. The residue (21
g) was dissolved in methanol (201 mL) and cooled to 0 °C. Sodium borohydride (1.14 g, 30.1 mmol) was
added in 5 portions. Once the reaction was complete, saturated aqueous NH4CI (27 wt %) (134 mL) and
water (67.1 mL, 3723.506 mmol) were added. The mixture was extracted twice with ethyl acetate (470
mL). The combined organic layer was washed with 30% aqueous NaCl (107 mL), dried over MgSQ,,
filtered, and concentrated in vacuo. The residue was filtered through a silica gel pad (200 mL), which was
then rinsed with n-heptane/ethyl acetate (1/1, 400 mL) and ethyl acetate (1200 mL). The combined
filtrate was concentrated in vacuo to give 10.75 g of the target product.

3-((2R,3S,3aS,7R,8aR,95,9aR)-9-acetoxy-3-(benzyloxy)-4a-methoxy-7-(2-
(pivaloyloxy)ethyl)decahydrofuro[3,2-blpyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate

OMe - OBn OMe ,; OBn

PivCl, pyridine,

DMAP

OH OAc
3-((2R,35,3a5,7R,8aR,98,9aR)-9-acetoxy-3-(benzyloxy)-7-(2-hydroxyethyl)-4a-
methoxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate (10.6 g, 18.3 mmol) was
dissolved in dichloromethane (106 mL) at 17-22 °C. Pyridine (10.60 mL, 131 mmol), pivaloyl chloride
(6.74 mL, 54.8mmol), and 4-dimethylaminopyridine (0.446 g, 3.65 mmol) were added. After 2 h at
ambient temperature, saturated aqueous NaHCO; (8%) (106 mL), water (31.8 mL), and MTBE (159 mL)
were added. After 10 min of being stirred at ambient temperature, the layers were separated, and the
organic layer was washed with saturated aqueous NaHCO; (8%) (53.0 mL) and 30% aqueous NaCl (53.0
mL). Drying over MgSO,, concentration in vacuo, and purification by silica-gel column chromatography
using a 33 - 50% gradient of ethyl acetate in n-heptane as eluent provided 12.1 g of the target product as
a pale brown oil.

"H NMR (major isomer only, 400 MHz, CDCls)  ppm 1.14-1.20 (m, 9 H) 1.43-1.88 (m, 6 H) 1.93-2.14
(m, 1 H) 2.02 (s, 3H) 2.03 (s, 3 H) 2.05 (s, 3 H) 2.16 - 2.28 (m, 1 H) 3.26 (s, 3 H) 3.32 - 3.42 (M, 1 H)
3.76 (s, 1 H) 4.01-4.20 (m, 6 H) 4.24 (t, J=4.0 Hz, 1 H) 4.36 (dd, J=12.0, 2.9 Hz, 1 H) 458 (d, J=12.3 Hz,
1 H) 4.80 (dd, J=12.0, 3.8 Hz, 1 H) 5.02 (s, 1 H) 5.13 -5.29 (m, 2 H) 7.30 - 7.39 (m, 5 H)

3-((2R,3S,3aS,7R,8aR,95,9aR)-9-acetoxy-3-hydroxy-4a-methoxy-7-(2-
(pivaloyloxy)ethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate

OMe H OBn

Hy, Pd/C
o

31
OPiv OAc AcO OAC

3-((2R,38,3a8,7R,8aR,9S,9aR)-9-acetoxy-3-(benzyloxy)-4a-methoxy-7-(2-
(pivaloyloxy)ethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate (12.08 g, 18.17

(@)
MeOH

mmol) was dissolved in methanol (121 mL) and EtOAc (60.4 mL). 10% Palladium on carbon (4.8 g) was
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added, and the resulting mixture was treated with hydrogen using a hydrogen balloon at ambient
temperature until all starting material was consumed. The resulting mixture was purged with nitrogen and
filtered through a Celite® pad (20g), which was then rinsed with EtOAc until no target product remained in
the pad. The filtrate was concentrated in vacuo and azeotroped with toluene (72.5 mL). The residue was
filtered through a silica-gel pad (200 mL), which was then rinsed with n-heptane/ethyl acetate (50% to
100%). Concentration of the combined filtrate provided 9.5g of the target product.

3-((2R,3S,3aR,7R,8aR,9S5,9aR)-9-acetoxy-3-((diisopropylsilyl)oxy)-da-methoxy-7-(2-

(pivaloyloxy)ethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate

(i-Pr),SiHCI,
imidazole,

DMAP, DCM

opv  OA° OAc
3-((2R,35,3a8,7R,8aR,9S,9aR)-3-acetoxy-3-hydroxy-4a-methoxy-7-(2-
(pivaloyloxy)ethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate (9.5 g, 16.5
mmol) was dissolved in dichloromethane (95 mL, 1480 mmol) at ambient temperature. Imidazole (3.49 g,
51.3 mmol), diisopropylchlorosilane (5.64 mL, 33.1 mmol), and 4-dimethylaminopyridine (0.202 g, 1.65
mmol) were added. After being stirred for 2 h at ambient temperature, the reaction was quenched with
saturated aqueous NH,Cl (27 wt %) (95 mL). The resulting mixture was extracted with MTBE (143 mL),
and the organic layer was washed with 30% aqueous NaCl (47.5 mL) and dried over MgSQ,. Filtration,
concentration in vacuo, and purification by silica gel column chromatography using 180 g silica gel
pretreated with n-heptane/EtOAC/TEA (500/50/1 mL) provided 9.5 g of the target product as a colorless
oil. "H NMR (3:1 diastereomeric mixture, 400 MHz, CDCl;) d ppm 0.99 - 1.10 (m, 14 H) 1.18 (s, 9 H) 1.44
-2.00 (M, 7 H) 2.01 -2.07 (m, 9 H) 2.08 - 2.19 (m, 1 H) 3.26 (s, 3 H) 3.33 - 3.43 (m, 1 H) 3.72 (t, J=3.2
Hz, 1 H(minor)) 3.76 (t, J=3.8 Hz, 1 H(major)) 3.98 - 4.19 (m, 5 H) 4.28 (s, 1 H) 4.35 (dd, J=12.2, 2.8 Hz,
1 H) 4.47 (dd, J=6.9, 4.5 Hz, 1 H) 4.96 (t, J=2.9 Hz, 1 H(minor)) 5.01 (t, J=3.4 Hz, 1 H(major)) 5.12 - 5.32
(m, 1 H)

3-((2R,38,3aR,7R,8a8S,9R,9aR)-9-acetoxy-3-((fluorodiisopropylsilyl)oxy)-7-(2-
(pivaloyloxy)ethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate

i-Pr

\_i-Pr
OMe :SI\ BF3+OEt, (2.5 eq),
2 DCM,
3:1
—~o" \/ 25 t0-10 °C
T OAc AcO”
OPiv OAc

3-((2R,3S,3aR,7R,8aR,9S,9aR)-9-acetoxy-3-((diisopropylsilyl) oxy)-4a-methoxy-7-(2-
(pivaloyloxy)ethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate (9.50 g, 13.8
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mmol) was dissolved in dichloromethane (143 mL, 2215 mmol) and cooled below -25°C. BF3-OEt, (2.55
mL, 20.7 mmol) was added, and the resulting pale yellow solution was stirred for 5 h while warming to -10
°C. Saturated aqueous NaHCOjg (8%) (95 mL) and dichloromethane (47.5 mL) were added. The layers
were separated, and the aqueous layer was extracted with dichloromethane (28.5 mL). The combined
organic layers were washed with 30% aqueous NaCl (47.5 mL) and dried over MgSO,. Concentration in
vacuo and purification by silica gel column chromatography using a 20 - 100% gradient of ethyl acetate in
n-heptane as eluent provided 5.24 g of the target product.

"H NMR (4:1 diastereomeric mixture, 400 MHz, CDCls) d ppm 1.12-1.16 (m, 14 H) 1.18 (s, 9 H) 1.23 -
1.47 (m,2H) 1.64-1.77(m, 3 H) 1.78 - 1.88 (m, 1 H) 1.91 - 2.03 (m, 2 H) 2.04 (s, 3 H) 2.05 (s, 3 H) 2.09
(s, 3H)2.92 (dd, J=10.3, 9.4 Hz, 1 H) 3.29 - 3.40 (m, 1 H) 3.84 - 3.97 (m, 2 H) 3.98 - 4.19 (m, 4 H) 4.29
(dd, J=12.0, 3.2 Hz, 1 H) 4.38 - 4.49 (m, 2 H) 513 - 5.25 (m, 1 H) 5.32 (dd, J=10.5, 7.9 Hz, 1 H).

2-((2R,3S,3aR,4aS,7R,8aR,9R,9aS)-2-(2,3-dihydroxypropyl)-3-((diisopropyl(methoxy)silyl)oxy)-9-
hydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate

-Pr i-Pr
\ _i-Pr \ _i-Pr
Fsi Me0Osi{
0

Mg(OMe), (2 eq)

MeOH, rt

opiv O AOL OPiv o
3-((2R,38,3aR,4a8S,7R,8a8,9R ,9aR)-9-acetoxy-3-((fluorodiisopropyisilyl)oxy)-7-(2-
(pivaloyloxy)ethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)propane-1,2-diyl diacetate (297 mg, 0.439
mmol) was dissolved in methanol (4.46 mL) at ambient temperature. 0.5 M Magnesium methoxide in
MeOH (1.573 mL, 0.878 mmol) was added and the resulting solution was stirred overnight. Additional the
magnesium methoxide solution (0.5 M, 1.57 mL, 0.878 mmol) was added, and the resulting solution was
stirred at ambient temperature for 10 h before quenching by saturated aqueous NH,CI (27 wt %) (5.0 mL).
EtOAc (10 mL) and water (2.0 mL) were added, and the resulting white mixture was stirred at ambient
temperature for 20 min. The layers were separated, and the aqueous layer was extracted twice with
EtOAc (16 mL). The combined organic layers were washed twice with 30% aqueous NaCl (4.0 mL) and
dried over MgSO,. Filtration and concentration in vacuo provided 0.211 g of the target product as an off-
white foam solid.

2-((2R,3S,3aR,4aS,7R,8aR,9R,9aS)-3-((diisopropyl(methoxy)silyl)oxy)-2-((2,2-dimethyl-1,3-dioxolan-
4-yl)methyl)-9-hydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate

2,2-DMP
acetone, PPTS
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2-((2R,38,3aR,4a8,7R,8aR,9R,9a8)-2-(2,3-dihydroxypropyl)-3-((diisopropyl(methoxy)silyl)oxy)-9-
hydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (0.190 g, 0.338 mmol) was dissolved
in acetone (2.280 mL). 2,2-Dimethoxypropane (0.570 mL, 4.641 mmol) and pyridinium p-
toluenesulfonate (0.017 g, 0.068 mmol) were added. The resulting solution was stirred at ambient
temperature over 1h and treated with saturated aqueous NaHCO; (8%) (3.80 mL). The resulting mixture
was extracted twice with MTBE (10 mL), and the combined organic layers were washed with 30%
aqueous NaCl (1.900 mL, 33.299 mmol) and dried over MgSO,. Filtration and concentration gave 0.214
g of the target product.

2-((2R,3S,3aR,4aS,7R,8aS,9aR)-3-((diisopropyl(methoxy)silyl)oxy)-2-((2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)-9-oxodecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate

’ Dess-Martin [O]

2-((2R,38,3aR,4a8S,7R,8aR,9R,9a8)-3-((Diisopropyl(methoxy)silyl)oxy)-2-((2,2-dimethyl-1,3-dioxclan-4-
yl)methyl)-9-hydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (0.214 g) was dissolved in
dichloromethane (4.07 mL). Sodium bicarbonate (0.113 g, 1.349 mmol) and Dess-Martin periodinane
(0.286 g, 0.674 mmol) were added. After being stirred at ambient temperature overnight, the reaction
mixture was diluted with MTBE (10.17 mL, 85.34 mmol) and water (4.07 mL, 225.7 mmol). A saturated
aqueous NaHCO; (8%) (2.033 mL) and sodium thiosulfate (0.213 g, 1.349 mmol) were then added, and
the resulting mixture was stirred at ambient temperature for 30 min. The layers were separated, and the
aqueous layer was extracted with MTBE (6.10 mL). The combined organic layers were washed with 30%
aqueous NaCl (2.033 mL) and dried over MgSQ,. Filtration followed by concentration gave 206 mg of the
target product.

2-((2R,3S,3aR,4aS,7R,8aR,95,9a5)-3-((diisopropyl(methoxy)silyl)oxy)-2-((2,2-dimethyl-1,3-dioxolan-
4-yl)methyl)-9-hydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate

2-((2R,38,3aR,4a8,7R,8a8S,9aR)-3-((diisopropyl(methoxy)silyl)oxy)-2-((2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)-9-oxodecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (206 mg) was dissolved in
methanol (4.04 mL) and cooled to 0 °C. Sodium borohydride (0.019 g, 0.504 mmol) was then added.
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The reaction was stirred for 30 min at 0 °C and quenched with saturated aqueous NH4C! (27 wt %) (4.0
mL). The resulting mixture was extracted twice with MTBE (8.0 mL). The combined organic layers were
washed with 30% aqueous NaCl (2.0 mL) and dried over MgSO,. Filtration followed by concentration in
vacuo provided 216 mg of the target product.

2-((2R,3S,3aS,4aS,7R,8aR,95,9a8)-2-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3,9-
dihydroxydecahydrofuro[3,2-b]lpyrano[2,3-e]pyran-7-yl)ethyl pivalate

2-((2R,38,3aR,4aS,7R,8aR,9S,9aS)-3-((diisopropyl(methoxy)silyl)oxy)-2-((2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)-9-hydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (216 mg) was dissolved in
THF (4.0 mL) at ambient temperature and cooled below 10 °C. 1.0 M TBAF in THF (0.500 mL, 0.50
mmol) was added. Once all starting material was consumed, saturated agueous NH,CI (27 wt%) (4.0
mL) was added, and the resulting mixture was extracted twice with MTBE (10.04 mL). The combined
organic layers were washed with 30% aqueous NaCl (2.0 mL) and dried over MgSO,. Filtration followed
by concentration and purification by silica gel column chromatography using a 33 - 80% gradient of ethy!
acetate in n-heptane as eluent gave 117mg of the target product as a white solid.

'H NMR (3:1 diastereomeric mixture, 400 MHz, CDCls)  ppm 1.19 (s, 9 H) 1.35 (s, 3 H(minor)) 1.36 (s, 3
H(major)) 1.40 (s., 3 H(minor)) 1.41 (s, 3 H(major)) 1.70-2.01 (m, 7 H) 2.13-2.21 (m, 1 H) 3.00 (dd,
J=9.7, 2.1 Hz, 1 H(major)) 3.01 (dd, J=9.7, 2.1 Hz, 1 H(minor)) 3.46 - 3.54 (m, 1 H) 3.59 (dd, J=8.2, 7.3
Hz, 1 H(major)) 3.61 (dd, J=8.1, 7.2 Hz, 1 H(minor)) 4.00 - 4.22 (m, 8 H) 4.22 - 4.31 (m, 1 H) 4.43 (dd,
J=8.9, 4.5 Hz, 1 H)

A co-crystal of the desired product and the G3-epimer was obtained, and the structure was confirmed by
single crystal X-ray analysis (see Figure 7).

2-((2R,3S,3aR,4aS,7R,8aS5,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2,3-
dihydroxypropyl)decahydrofuro[3,2-b]lpyrano[2,3-e]pyran-7-yl)ethyl pivalate
H H OH H OTBDPS

1) TBDPSCI
Imidazole, DMAP

0

OH O
OPi
v Me><Me

2-((2R,38,3a8,4a8,7R,8aR,95,9a8)-2-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3,9-
dihydroxydecahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (110 mg, 0.24 mmol) was dissolved

OPiv

in DMF (2.200 mL) at ambient temperature. Imidazole (131 mg, 1.92 mmol), tert-
butyldiphenylchlorosilane (308 ul, 1.20 mmol), and 4-dimethylaminopyridine (14.65 mg, 0.12 mmol) were

added. The resulting mixture was stirred at 45 °C overnight. Additional imidazole (163 mg, 2.40 mmol),
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TBDPS-CI (308 pl, 1.199 mmol), and 4-dimethylaminopyridine (29.3 mg, 0.24 mmol) were added. After
being stirred at a temperature between 60 and 70 °C for 10 h, the reaction mixture was treated with
MTBE (15 mL) and a saturated NH,CI solution (8 mL). The aqueous layer was separated and extracted
with MTBE (10 mL). The combined organic layers were washed twice with 30% aqueous NaCl (3mL
each) and dried over MgSQ,. Filtration followed by purification by silica gel column chromatography
provided 0.75 g of 2-((2R,3S,3aR,4aS,7R,8a8,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-((2,2-
dimethyl-1,3-dioxolan-4-yl)methyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate of 10 wt %
purity along with mono silyl ether (81 mg) and the starting material (19 mg). The mono silyl ether (81 mg,
0.116 mmol) and the recovered starting material (19 mg, 0.041 mmol) were dissolved in dichloromethane
(1.5 mL) and cooled to 0 °C. 2,6-Lutidine (0.068 mL, 0.581 mmol) and tert-butyldiphenylsilyl
trifluoromethanesulfonate (0.097 mL, 0.314 mmol) were added. After being stirred overnight at ambient
temperature, the reaction mixture was treated with saturated NH,Cl solution (5 mL). The resulting mixture
was extracted twice with MTBE (12 mL). The combined organic layers were washed with 1M aqueous
hydrochloric acid (3 mL), saturated NaHCO; (2 mL) and 30% agueous NaCl (2 mL). Drying over MgSO,
and concentration in vacuo provided 0.215 g of thick oil, which was combined into the previously isolated
product. To the combined crude product were added acetic acid (8.0 mL) and water (2.0 mL) at ambient
temperature. The resulting mixture was stirred at 25-30 °C overnight. Additional acetic acid (5 mL) and
water (1 mL) were added, and the reaction mixture was stirred at a temperature between 35 and 40 °C for
4h. Concentration in vacuo followed by purification by silica gel column chromatography using a 20 -
60% gradient of ethyl acetate in n-heptane as eluent provided 0.171 g of the target product as a film oil.
'H NMR (3:1 diastereomeric mixture, 400 MHz, CDCl,) 8 ppm 1.05 - 1.12 (m, 18 H) 1.18 (s, 9 H) 1.28 -
1.68 (m, 5 H) 1.82-1.93 (m, 2 H) 1.95-2.10 (m, 1 H) 2.63 (d, J=4.7 Hz, 1 H(major)) 2.75 (d, J=5.6 Hz, 1
H(minor)) 3.00 (dd, J=9.7, 4.1 Hz, 1 H(major)) 3.15 (dd, J=10.3, 4.7 Hz, 1 H(minor)) 3.23 - 3.30 (m, 1 H)
3.31-3.38 (m, 1 H)3.43-3.51(m, 1 H)3.61(dd, J=6.7,4.7 Hz, 1 H) 3.70 (t, J=5.0 Hz, 1 H) 3.79 - 3.84
(m, 1 H) 3.87 (ddd, J=9.3, 6.2, 3.2 Hz, 1 H) 3.95 (t, J=6.6 Hz, 2 H) 4.06 - 4.14 (m, 1 H) 4.23 (t, J=5.3 Hz, 1
H) 4.30 (dd, J=6.3, 5.1 Hz, 1 H(major)) 4.33 (dd, J=6.6, 4.2 Hz, 1 H(minor)) 7.28 - 7.45 (m, 12 H) 7.62 -
7.79 (m, 8 H)

2-((2R,3S,3aR,4aS,7R,8a8,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-
oxoethyl)decahydrofuro[3,2-b]lpyrano[2,3-e]pyran-7-yl)ethyl pivalate

OTBDPS OTBDPS
31
/ NalO,

H o H

O

HO  OH
TBDP
opy OTBDPS OPiv

To 2-((2R,38,3aR,4a8,7R,8a3,9S,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2,3-
dihydroxypropyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (143 mg, 0.16 mmol) were

otepps ©

added THF (2.9 mL) and water (1.4 mL) at ambient temperature. The resulting mixture was cooled to 0
°C and treated with sodium periodate (180 mg, 0.842 mmol). After being stirred at ambient temperature
for 2 h, the reaction mixture was diluted with MTBE (12 mL). The mixture was washed with saturated
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aqueous NaHCO3 (8%) (3.0 mL) and 30% aqueous NaCl (2.0 mL) and dried over MgSQ,. Filtration
followed by concentration in vacuo provided 136 mg of the target product.

2-((2R,3S,3aR,4aS,7R,8aS,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-hydroxybut-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate
OTBDPS OTBDPS

H o H H _H

vinyl Grignard

otepPs ©

OPiv
2-((2R,35,3aR,4aS,7R,8aS8,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-oxoethyl)decahydrofuro[3,2-
blpyrano[2,3-e]pyran-7-yl)ethyl pivalate (136 mg) was dissclved in THF (2.72 mL, 33.2 mmol) and cooled
to -80 °C. Vinyl magnesium bromide (1.0 M in THF, 0.394 mL, 0.394 mmol) was added and the
resulting solution was stirred at a temperature between -30 and -35 °C for 20 min. Saturated agqueous
NH,CI (27 wt %) (4.0 mL) was added, and the resulting mixture was warmed to ambient temperature.
The mixture was extracted with MTBE (10 mL), and the organic layer was washed with 30% aqueous
NaCl (2.0 mL) and dried over MgSQ,. Filtration and concentration of the filtrate provided 129 mg of the
target prdouct as a white foam solid.

2-((2R,3S,3aR,4aS,7R,8a8,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-
en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate
OTBDPS OTBDPS

H o

TESCI, Im

—_—

o
OPiv opiy  OTBDPS Mo

2-((2R,3S,3aR,4a8S,7R,8a8,9S,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-hydroxybut-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (129 mg) was dissolved in dichloromethane
(3.0 mL) at ambient temperature. Imidazole (39.4 mg, 0.579 mmol), chlorotriethylsilane (0.048 mL, 0.289
mmol), and 4-dimethylaminopyridine (0.884 mg, 7.24 umol) were added. After being stirred at ambient
temperature for 2 h, the reaction was quenched with saturated aqueous NH,CI (27 wt %, 5.0 mL). The
resulting mixture was extracted with MTBE (15 mL). The organic layer was washed with 30% aqueous
NaCl (3.0 mL), dried over MgSQ,, filtered, and concentrated in vacuo to give 0.155 g of the desired
product as an oil.

2-((2R,3S,3aR,4aS,7R,8aS,9S,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-
en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethanol
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OTBDPS
H H
H H OTBDPS :
= 1:1
¢ DIBAL o

)

s \ oTBDPS @ \
oTBDPS TES
TES

OPiv
2-((2R,38S,3aR,4a8,7R,8a8,9S,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethyl pivalate (155 mg, 0.145 mmol) was dissolved in
dichloromethane (2.91 mL) and cooled to -78 °C. DIBAL in toluene (1.0 M, 0.724 mL, 0.724 mmol) was
added, and the resulting solution was stirred for 1 h. Methanol (0.1 mL, 2.5 mmol) and a solution of
Rochelle's salt (613 mg, 2.173 mmol) in water (2.9 mL) were added, and the resulting mixture was
allowed to warm to ambient temperature. The layers were separated, and the aqueous layer was
extracted with dichloromethane (2.91 mL). The combined organic layers were washed with 30% aqueous
NaCl (1.457 mL) and dried over MgSO,. Filtration, concentration and purification by silica gel column
chromatography using a 20 - 33% gradient of ethyl acetate in n-heptane as eluent provided 107 mg of the
target product as a white foam. 'HNMR (1:1 diatereomeric mixture, 400 MHz, CDCIs) 6 ppm 0.48 - 0.57
(m, 3 H) 0.58-0.67 (M, 3 H) 0.83-0.93 (m, 4.5H)0.94-1.02(m, 45 H) 1.06 -1.18 (m, 18 H) 1.28 - 1.72
(m,6.5H) 1.85-1.94(m, 1 H) 1.95-2.04 (m, 05 H) 2.12 (dd, J=10.3, 4.4 Hz, 1 H) 2.98 (dd, J=9.7, 3.2
Hz, 0.5 H) 3.11 (dd, J=8.7, 6.2 Hz, 0.5 H) 3.30 (1, J=5.1 Hz, 0.5 H) 3.33 - 3.40 (m, 0.5 H) 3.41 - 3.57 (m,
2.5H) 3.568-3.70(m, 2 H) 3.84-3.90 (m, 0.5 H) 3.92 -4.02 (m, 0.5 H) 4.03-4.25 (m, 2.5 H) 4.32 (dd,
J=5.9,3.2 Hz, 0.5 H) 4.34 - 4.41 (m, 0.5 H) 4.93-5.16 (M, 2 H) 5.59 - 5.80 (M, 1 H) 7.24 - 7.46 (m, 12 H)
757 -7.83 (m, 8 H).

2-((2R,3S,3aR,4aS,7R,8aS5,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-
en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)acetaldehyde

OTBDPS H preors

H
H o H z

Dess-Martin [O]

oteoPs &
0 TES

2-((2R,3S,3aR,4a8S,7R,8a8,98,9aR)-3,9-bis((tert-butyldiphenylsilyljoxy)-2-(2-((triethylsilyl)oxy)but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)ethanol (80 mg, 0.087 mmol) was dissolved in
dichloromethane (1.60 mL, 24.9 mmol) at ambient temperature. Sodium bicarbonate (36.5 mg, 0.434
mmol) and Dess-Martin periodinane (110 mg, 0.26 mmol) were added. After being stirred for 3h, the
reaction mixture was treated with MTBE (10 mL), saturated agueous NaHCO; (8%) (2.0 mL), water (1.0
mL}, and sodium thiosulfate (137 mg, 0.868 mmol). The resulting mixture was stirred at ambient
temperature over 30 min. The layers were separated, and the organic layer was washed with 30%
aqueous NaCl (2.0 mL) and dried over MgSQ,. Filtration, concentration, and filtration through silica gel
plug with n-Heptane/EtOAc (2/1, 20 mL) provided 76 mg of the target product as a colorless film.

'H NMR (1:1 diastereomeric mixture, 400 MHz, CDCl3) & ppm 0.45 - 0.56 (m, 3 H) 0.56 - 0.65 (m, 3 H)
0.79—1.00 (m, 9 H) 1.06 - 1.17 (m, 18 H) 1.27 - 1.40 (m, 4.5 H) 1.59 - 1.67 (m, 1 H) 1.77 (m, 0.5 H) 1.85

-1.99(m, 1 H)2.04-2.09 (m, 1 H) 2.14 (br.s., 0.5 H) 2.16 - 2.20 (m, 0.5 H) 2.23 (dd, J=4.5, 1.9 Hz, 0.5
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H) 2.30 (dd, J=7.9, 2.1 Hz, 0.5 H) 2.97 (dd, J=9.7, 3.2 Hz, 0.5 H) 3.03 (m, J=9.8, 5.7 Hz, 0.5 H) 3.47 (dd,
J=6.3, 4.5 Hz, 0.5 H) 3.54 - 3.76 (m, 2.5 H) 3.92 (dd, J=7.0, 5.6 Hz, 0.5 H) 3.98 - 4.29 (m, 3.5 H) 4.37 (dd,
J=6.2,3.2 Hz, 1 H) 4.94 (dt, J=10.3, 1.4 Hz, 0.5H) 4.99 - 5.07 (m, 1 H) 5.09 - 5.18 (M, 0.5 H) 5.58 - 5.78
(M, 1 H) 7.27 - 7.44 (m, 12H) 7.63 - 7.82 (m, 8 H) 9.43 (t, J=2.1 Hz, 0.5 H) 9.51 (t, J=1.9 Hz, 0.5 H)

Example 2: Preparation of the Substrate for C.15-C.16 Macrocyclization
(E)-3-((2R,5S)-5-(2-((2S,4R,6R)-6-(((25,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-
4-methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-
methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)acrylaldehyde

HO
PhO,S PhO,S

MeO::,&‘\%)/\ IBX MeO/l,&\\“%j\

TBSO OTBS TBSO OTBS

To a stirred solution of 3-((2S,5S)-5-(2-((2S,4R,6R)-6-(((2S,35,4R,5R)-5-((8)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-ylymethyl)-4-methyl-
5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propan-1-ol (2.5 g, 2.9
mmol) in DMSO/Toluene (20/40 mL) was added IBX (4.11g, 14.7 mmol), benzoic acid (1.79 g, 14.7
mmol), and sodium bicarbonate (0.42 g, 5.0 mmol) at ambient temperature. After degassing, the reaction
mixture was stirred for 6 h at 75 °C (reaction flask was wrapped with aluminum-foil to protect from light).
Additional IBX (2 g after 5 h, 3 g after 10 h) was added, and the mixture was stirred for additional 6 h at
77 °C. 150 mL MTBE was added, and the resulting mixture was washed twice with saturated NaHCO;
solution. The organic layer was dried over MgSQ., filtered, and purified by silica gel column
chromatography to give 1.5 g of the target product. 'H NMR (400 MHz,CDClgz) & ppm -0.03 - 0.02 (m, 12
H) 0.79-0.82 (m, 18 H) 1.01 (d, J=6.6 Hz, 3 H) 1.38 - 1.341 (m, 1 H) 1.42-1.54 (m, 3 H) 1.58 - 1.85 (m
4H)1.90-1.95(m, 1 H)1.97-2.16 (m, 3 H) 2.35-2.45 (m, 2 H) 2.46 - 2.49 (m, 2 H) 2.76 - 2.81 (m, 1 H)
2.91 -3.00 (M, 2 H) 3.34 (s, 3H) 3.35 -3.42 (m, 2 H) 3.46 - 3.62(m, 2 H) 3.56 - 3.62 (M, 1 H) 3.65 —
3.68(m,2H)3.70-3.77 (M, 2 H) 4.07 - 428 (m, 1 H) 4.66 — 4.70 (m, 2 H) 4.78 (br s, 1 H) 4.84 - 4.90
(m,1H)6.17 (ddd, d = 15.6, 7.8, 1.6 Hz, 1H) 6.70 (dd, J = 15.6, 4.6 Hz, 1H) 7.50 - 7.55 (m, 2 H) 7.60 -
7.64(m,1H)7.87(d, J=9.9Hz, 2H) 9.49 (d, J =7.8 Hz, 1 H)

(E)-3-((2R,55)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-

4-methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-
methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)prop-2-en-1-ol
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HO.
PhO,S
PhO,S =
MeO:,, e 0 0]
MeO.., _ DIBAL \_d
%JA TBSO>\\OTBSMe

TBSO OTBS
(E)-3-((2R,5S9)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl) oxy) propyl)-4-
methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-ylymethyl)-4-methyl-5-methylenetetrahydro-2H-
pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)acrylaldehyde (3.4 g) was dissclved in THF (70 mL)
and cooled to -70 °C. DIBAL in toluene (1.0 M, 5.42 mL) was added at this temperature, and the resulting
solution was slowly warmed to -50 °C over a period of 2h. At this time, the reaction was quenched with
methanol, followed by the addition of aqueous ammonium chloride and MTBE. The resulting mixture was
stirred for 2 h at room temperature. Extractive workup of this mixture furnished a crude product, which
was purified by flash silica gel chromatography with hexanes/ethyl acetate (3:1 to 1:1) as eluentto afford
2.4 g of the desired product as an oil. '"H NMR (400 MHz, CDCls) & ppm -0.03 - 0.05 (m, 12 H) 0.80 -
0.86 (m, 18 H) 0.94-1.03 (m,4 H)1.31-1.41 (m,2H)1.42-1.53 (m,3 H) 1.61-1.88(m,3 H)1.92-
1.98 (M, 2 H)2.10 -2.17 (M, 2 H) 2.20 - 2.33 (M, 1 H) 2.46 - 2.49 (m, 1 H) 2.50 - 2.66 (M, 1 H) 2.92 —
3.01 (m,2H)3.38(s,3H)3.39-3.43(m,2H) 3.47- 3.59(m,1H)3.61-3.63(m,1H)3.64-3.78(m
3 H)4.07-4.08(m,1H)4.02-4.05(m, 1H) 4.36 —4.41 (m, 1 H) 4.60—-4.63 (brs, 1 H)4.71 (brs, 1 H)
485-4.89(m,1H)5.62-568 (m, 1H)5.79—-5.81 (m, 1H) 7.52 - 7.56 (m, 2 H) 7.60 -7.64 (m, 1 H)
7.87 —=7.89 (m, 1 H).

(S)-5-(((2R,3R,45,55)-5-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-3-
methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-2,2,3,3,8,8,9,9-octamethyl-4,7-
dioxa-3,8-disiladecane

HO, PhO,S
PhO,S
/
Meol:, wy
|\/|eOu, aa NaH, "W
%/7/\ allyl bromide ‘
TBSO OTBS

TBSO OTBS

To a solution of (E)-3-((2R,5S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((8)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-ylymethyl)-4-methyl-
5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)prop-2-en-1-ol (0.42 g, 0.50
mmol) indry THF (5 mL) at 5 °C was added sodium hydride (60% in oil, 30 mg, 0.74 mmol)), and the
resulting slurry was aged at ambient temperature for 20 min. Allyl bromide (0.060 mL, 0.62 mmol) and

TBAI (0.018 mg, 0.049 mmol) were added. The resulting mixture was stirred for 16 h at ambient
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temperature. The reaction was quenched by addition of saturated aqueous NH,CI. Extraction with ethyl
acetate, concentration in vacuo, and purification by silica gel column chromatography gave 0.28 g of the
target product as an ail.

'H NMR (400 MHz, CDClg) 8 ppm 0.037 (s, 3 H) 0.044 (s, 3 H) 0.09 (s, 3 H) 0.10 (s, 3 H) 0.87 - 0.89 (m,
18 H) 1.06 (d, J=6.6 Hz, 3H) 1.22-1.32(m, 1 H) 1.37 - 1.48 (m, 2 H) 1.52-1.62 (m, 2 H) 1.71 - 1.78 (m, 1
H) 1.79-1.93 (m, 2 H) 1.96 - 2.07 (m, 1 H) 2.13 - 2.26 (m, 2 H) 2.31 - 2.42 (m, 1 H) 2.52 - 2.60 (m, 1 H)
2.63-2.74 (m,1H)2.96-3.08(m, 2H) 3.35-3.41 (m, 1 H) 3.43 (s, 3 H) 3.48 (m, J=5.5 Hz, 1 H) 3.54 -
3.62(m,2H)3.64-371(m,1H)3.76-3.87 (m, 3H) 3.94-4.00(m,4H)426-434(m, 1H)4.43(q,
J=6.6 Hz, 1 H) 4.63-4.72 (m, 1 H) 4.77 (d, J=1.6 Hz, 1 H) 4.85 (s, 1 H) 4.89 - 4.96 (m, 1 H) 5.17 (dq,
J=10.5,1.3 Hz, 1 H) 5.27 (dq, J=17.2, 1.6 Hz, 1 H) 5.65 - 5.82 (m, 2 H) 5.84 - 5.98 (m, 1 H) 7.61 (d, J=7.8
Hz, 2 H) 7.65 - 7.73 (m, 1 H) 7.90 - 8.01 (m, 2 H).

(18)-1-((28,3S,4R,5R)-2-(((2R,4R,65)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-

((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)-3-
((2R,3S,3aR,4aS,7R,8aS,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-
en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-1-(phenylsulfonyl)propan-2-ol

R=TBDPS

H iy OTBDPS

0 TES BulLi PhO,S
>
0 THF/n-Hexane
PhO.S == -78°9C MeO:.,,

TBSO oTBS
2-((2R,3S,3aR,4a8S,7R,8a8,98,9aR)-3,9-bis((tert-butyldiphenylsilylyoxy)-2-(2-((triethylsilyl)oxy)but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)acetaldehyde (76 mg, 0.083 mmol) was dissolved in THF
(0.760 mL, 9.275 mmol) and cooled to 0 °C. n-Buty! lithium (1.6 M, 0.108 mL, 0.174 mmol) was added,
and the resulting solution was stirred at 0 °C for 30 min and then cooled to -78 °C. A solution of (S)-5-
(((2R,3R,48,59)-5-(((2R 4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-3-methoxy-
4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-
disiladecane (147 mg, 0.165 mmol) in n-hexane (1.52 mL) was added, and the reaction mixture was
stirred at -78 °C for 1h. Saturated aqueous NH,CI (27 wt %) (3.0 mL), water (1.0 mL), and MTBE (8.0
mL) were added, and the resulting mixture was warmed up to ambient temperature. The organic layer
was separated, washed with 30% aqueous NaCl (2.0 mL), and dried over MgSO,. Filtration,
concentration in vacuo, and purification by silica gel column chromatography using a 20 - 50% gradient of

ethyl acetate in n-heptane as eluent provided 152 mg of the target product.
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(1S)-1-((2S,3S,4R,5R)-2-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-
((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)-3-
((2R,3S,3aR,4aS,7R,8a8,9S,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-
en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-1-(phenylsulfonyl)propan-2-one

R= TBDPS R= TBDPS

O Dess-Martin [O] PhO,S

§) \
MeQ:., wit 1) O MeO:., wh o
B Q o R 0 e

TBSO OTBSMe TBSO OTBSMe
(18)-1-((28,3S,4R ,5R)-2-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-((S)-2,3-

bis((tert-butyldimethylsilyl) oxy)propyl)-4-methoxytetrahydrofuran-3-yl)-3-
((2R,38,3aR,4aS,7R,8a8S,98,9aR)-3,9-bis((tert-butyldiphenylsilyl) oxy)-2-(2-({triethylsilyl)oxy) but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-1-(phenylsulfonyl)propan-2-ol (152 mg, 0.084 mmol) was
dissolved in dichloromethane (3.04 mL) at ambient temperature. Sodium bicarbonate (35.3 mg, 0.42
mmol) and Dess-Martin periodinane (88 mg, 0.21 mmol) were added, and the resulting mixture was
stirred at ambient temperature overnight. MTBE (7.600 mL), water (1.52 mL), saturated aqueocus
NaHCO; (8%) (3.04 mL), and sodium thiosulfate (133 mg, 0.84 mmol) were added. After stirring at
ambient temperature for 1 h, the layers were separated. The organic layer was washed with 30%
aqueous NaCl (3.0 mL) and dried over MgSQ,. Filtration, concentration, and purification by silica gel
column chromatography using a 12 - 25% gradient of ethyl acetate in n-heptane as eluent provided 77
mg of the target product.

1-((2S,3S,4R,5R)-2-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-
((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)-3-
((2R,3S,3aR,4aS,7R,8aS,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-
en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)propan-2-one
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Sml2
- . e

o]
MeOH, -78 °C ..
o0
A = TBDPS

TBSO  OTBS TBSO  OTBS

(1S)-1-((28,3S,4R,5R)-2-(((2R, 4R, 6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-y)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-ylymethyl)-5-((S)-2,3-
bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)-3-
((2R,3S,3aR,4a8,7R,8a8,98,9aR)-3,9-bis((tert-butyldiphenylsilyl) oxy)-2-(2-((triethylsilyl)oxy)but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl}-1-(phenylsulfonyl)propan-2-one (77 mg) was dissolved in
THF (1.2 mL) and MeOH (0.77 mL). The resulting solution was cooled to -78 °C and treated with 0.1M
samarium diiodide (1.28 mL, 0.128 mmol) for 1h. The reaction was quenched with a mixture of Rochelle’s
salt (385 mg, 1.36 mmol), potassium carbonate (385 mg, 2.79 mmol), and water (3.85 mL). MTBE (5.0
mL) was added, and the resulting mixture was warmed to ambient temperature. The layers were
separated, and the aqueous layer was extracted with MTBE (5.0 mL). The combined organic layers were
washed with 30% aqueous NaCl (2.0 mL) and dried over MgSOQ,. Filtration, concentration, and
purification by silica gel column chromatography using a 25 - 33% gradient of ethyl acetate in n-heptane
as eluent provided 46 mg of the target product. 'H NMR (1:1 diastereomeric mixture, 400 MHz,CDClg) &
ppm -0.01 - 0.13 (M, 12 H) 0.46 - 0.65 (M, 6 H) 0.84 - 0.99 (M, 27 H) 1.02 - 1.16 (m, 21 H) 1.22 - 1.36 (m
1 H)1.45-1.82(m, 10 H) 1.87 - 2.29 (m, 9 H) 2.32 - 2.45 (m, 2 H) 2.65 - 2.77 (m, 1 H) 2.98 (dd, J=9.5
3.1 Hz, 0.5 H) 3.04 (dd, J=9.7, 5.3 Hz,0.5 H) 3.20 (t, J=4.0 Hz, 1 H) 3.30 (s, 1.5H) 3.34 (m, 1.5 H) 3.39 -
3.90(m,12H) 3.92-4.03(m, 4 H)4.06-4.24(m,3H)4.31-439(m,1H)4.39-451(m,2H)4.73 -
4.86 (m,3H) 4.91-5.06(m,3H)5.16 (d, J=1.2 Hz, 1 H) 522 - 5.30 (m, 1 H) 5.58 - 5.82 (m, 3 H) 5.84 -
5.97 (m, 1 H) 7.26 - 7.43 (m, 12 H) 7.62 - 7.80 (m, 8 H)

Example 3: Preparation of a Compound of Formula (ID) through C.15-C.16 Macrocyclization

MesN NMes

Cl Hoveyda-Grubbs
OTBDPS =

— 2nd gen.
$as
_Qo

toluene, 70 °C

.

TBSO OTBS TBSO OTBS
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1-((28,3S,4R,5R)-2-(((2R.4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-ylymethyl)-5-((S)-2,3-
bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)-3-
((2R,38,3aR,4a8,7R,8a8,98,9aR)-3,9-bis((tert-butyldiphenylsilyl) oxy)-2-(2-((triethylsilyl)oxy) but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-ylipropan-2-one (32 mg, 0.019 mmol) was dissolved in
toluene (7.0 mL). Hoveyda-Grubbs o generation catalyst (1.448 mg, 2.304 umol) was added, and the
resulting solution was heated to 70 °C. After being stirred at 70 °C overnight, the reaction mixture was
coaled to ambient temperature and concentrated in vacuo. Silica gel column chromatography of the
residue using a 10 - 50% gradient of ethyl acetate in n-heptane as eluent afforded 9.3 mg of the target
product. MS m/z1591.1 [M+Na]". "HNMR (1.5:1 diastereomeric mixture, 400 MHz,CDCI3) & ppm 0.01 -
0.10 (m, 12 H) 0.58 (id, J=7.8, 5.7 Hz, 6 H) 0.81 - 0.97 (m, 30 H) 1.00-1.12 (m, 18 H) 1.17 - 2.80 (m, 24
H) 2.88 (t, J=9.1 Hz, 1 H(major)) 2.97 (t, J=9.4 Hz, 1 H(minor)) 3.29 - 3.35 (m, 1 H) 3.37 (s, 3 H(major))
3.42 (s, 3 H(minor)) 3.42-3.85 (m, 10H), 3.96 - 4.15 (M, 3 H) 4.34 (m, 2 H) 4.40 - 4.48 (m, 1 H) 4.54 -4.70
(m, 1H) 4.78 - 4.82 (m, 1 H) 4.85 (br. s., 1 H) 4.90 - 4.92 (m, 1 H) 4.96 - 5.01 (m, 1 H) 5.51 (dd, J=15.2,
7.0 Hz, 1 H(minor)) 5.81 (ddd, J=15.4, 7.6, 1.3 Hz, 1 H(major)) 6.32 (dd, J=15.2, 3.5 Hz, 1 H(major)) 6.59
(dd, J=15.4, 8.9 Hz, 1 H(minor)) 7.28 - 7.45 (m, 12 H) 7.52 - 7.78 (m, 8 H)

OTBDPS OTBDPS

H

0
MeQin,
Me
TBSO OTBS TBSO OTBS
1 2

Compound 1 (4.6 mg, 2.9 umol) was dissolved in THF (1.1 mL) at ambient temperature. To the solution
was added acetic acid (0.5 mL) and water (0.3 mL). After being stirred for 3 h at ambient temperature,
the resulting mixture was concentrated in vacuo. The residue was purified by silica gel column
chromatography using a 10 - 33% gradient of ethyl acetate in n-heptane as eluent to give 4.0 mg of
compound 2. "H NMR (major isomer, 400 MHz,CDCIs;) & ppm -0.02 - 0.09 (m, 12 H) 0.88 (s, 9 H) 0.89 (s,
9 H) 1.03 (s, 9 H) 1.05 (d, J=6.4 Hz, 3 H) 1.07 (s, 9 H) 1.25 - 2.81 (m, 24 H) 2.95 (t, J=9.1 Hz, 1 H) 3.33
(d, J=3.5Hz, 1 H) 3.40 (s, 3 H) 3.44-3.53 (m, 2 H) 3.53 - 3.61 (m, 2 H) 3.66 - 3.85 (m, 8 H) 4.08 (dd,
J=8.6,3.7 Hz, 1 H) 4.29 - 4.40 (m, 2 H) 4.42 - 4.48 (m, 1 H) 4.60 - 4.69 (m, 2 H) 4.79 (s, 1 H) 4.86 (br. 5.,
1 H) 4.90 (s, 1 H) 4.99 (br. s., 1 H) 5.79 (ddd, J=15.7, 7.9, 1.6 Hz, 1 H) 6.54 (dd, J=15.4, 3.7 Hz, 1 H) 7.28
-7.45(m, 12 H) 7.52 - 7.76 (M, 8 H)
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OTBDPS OTBDPS

Dess-Martin [O]

TBSO OTBS TBSO OTBS
2 3

Compound 2 (4.0 mg, 2.751 pmol) was dissolved in dichloromethane (1.0 mL) at ambient temperature.
Sodium bicarbonate (1.4 mg, 0.017 mmol) and Dess-Martin periodinane (3.5 mg, 8.3 umol) were added,
and the resulting mixture was stirred at ambient temperature overnight. MTBE (3.0 mL), water (1.0 mL),
saturated aqueous NaHCO; (8%) (1.0 mL), and sodium thiosulfate (2.174 mg, 0.014 mmol) were added.
The resulting mixture was stirred at ambient temperature over 30 min. The organic layer was separated,
washed with 30% aqueous NaCl (0.5 mL) and dried over MgSO,. Filtration followed by concentration in
vacuo provided 3.3 mg of compound 3.

TBDP OTBDPS
Hy QTBOPS

Stryker's reagent

o) tyrers reagent o
MeO' " N N Meol "
\0 -0
Me Me
TBSO OTBS TBSO OTBS
3 4

Compound 3 (3.3 mg, 2.3 umol) was dissolved in deoxygenated toluene (0.5 mL) at ambient temperature.
Deoxygenated (purged with nitrogen for 40 min) water (2 uL, 0.11 mmol) followed by Stryker’s reagent
(4.5 mg, 2.3 umol) was added. After 1 h, additional Stryker's reagent (~2 mg) was added. After being
stirred for additional 1 h, the reaction mixture was treated with air. A precipitate formed. Concentration
followed by purification by column chromatography using a 10 - 20% gradient of ethyl acetate in n-
heptane as eluent afforded 2.5 mg of compound 4.

'H NMR (400 MHz, CDCl3) & ppm 0.03 - 0.10 (m, 12 H) 0.88 (s, 9 H) 0.90 (s, 9 H) 1.00 (s, 9 H) 1.05 (d,
J=6.4 Hz, 3H) 1.08 (s, 9 H) 1.20 -2.20 (m, 21 H) 2.25 - 2.35 (m, 1 H) 2.46 - 2.81 (m, 6H) 2.90-2.99 (m, 1
H) 3.05 (t, J=11.7 Hz, 1 H) 3.09 (t, J=9.1 Hz, 1 H) 3.32 (d, J=2.3 Hz, 1 H) 3.42 (s, 3 H) 3.48 (dd, J=4.5,
3.7 Hz, 1 H) 3.51 (dd, J=10.5, 5.0 Hz, 1 H) 3.58 (dd, J=10.4, 5.7 Hz, 1 H) 3.69 - 3.92 (m, 7 H) 4.05 (dd,
J=8.8,32Hz, 1 H)4.11-420 (m,1 H)4.35(m, 1 H) 4.37-4.44 (m, 1 H) 4.78 (s, 1 H) 4.86 (d, J=1.5 Hz,
1 H) 4.90 (s, 1 H) 4.98 (d, J=1.8 Hz, 1 H) 7.27 - 7.46 (M, 12 H) 7.58 - 7.69 (M, 8 H)
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To compound 4 (2.5 mg, 1.719 umol) in a vial was added THF (230 pl) and N,N-dimethylacetamide (88
pl) at ambient temperature. A mixture of TBAF (34 ul, 0.034 mmol) and imidazole hydrochloride (1.8 mg,
0.017 mmol) was added, and the resulting mixture was stirred over 20 h at ambient temperature. A
mixture of acetonitrile (60 uL) and water (20 uL) was added, and the resulting mixture was stirred at
ambient temperature for 2 days. 30% aqueous NaCl (0.13 mL) and toluene (0.7 mL) were added. The
layers were separated, and the aqueous layer was extracted twice with a mixture of THF (1.4 mL) and
toluene (1.4 mL). The combined organic layer was concentrated under a stream of nitrogen. The residue
was dissolved in dichloromethane (0.2 mL) at ambient temperature, and PPTS (0.80 mg, 3.2 umol) was
added. After 1 h and after 4 h, additional PPTS (0.4 mg and 3 mg, respectively) was added. Once all
starting material was consumed, the reaction mixture was purified by silica gel column chromatography
using heptane/ethyl acetate (1/1), ethyl acetate, and MTBE/MeCN (1/1) as eluent to give 1.6 mg of
compound 6. The structure was confirmed by comparison of the 'H NMR spectrum with the reported
spectrum.

'H NMR (500 MHz, methanol-ds) & ppm 1.01 - 1.10 (m, 2 H) 1.14 (d, J=6.6 Hz, 3 H) 1.30 - 1.64 (m, 7 H)
1.70-2.54 (m, 17 H) 2.67 - 2.81 (m, 2 H) 2.87 - 2.94 (m, 1 H) 2.96 - 2.98 (m, 1 H) 3.38 - 3.41 (m, 1 H)
3.45 (s, 3 H) 3.50 (dd, J=11.4, 6.2 Hz, 1 H) 3.54 (dd, J=11.0,4.4 Hz, 1 H) 3.69 - 3.80 (m, 2 H) 3.84 - 3.94
(m, 3 H) 4.01(t, J=10.6 Hz, 1 H) 4.10 - 4.18 (m, 2 H) 4.21 (dd, J=6.4, 4.6 Hz, 1 H) 4.27 - 4.39 (m, 2 H)
451 (d, J=10.6 Hz, 1 H) 4.64 (t, J=4.4 Hz, 1 H) 4.74 (t, J=4.6 Hz, 1 H) 4.86 (br. s., 1 H) 4.92 (s, 1 H) 5.06
(s,1H)5.17 (d, J=1.8 Hz, 1 H)
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(S)-3-((2R,3R,4S,55)-5-(((2R,4R,65)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-3-
5 methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)propane-1,2-diol

MeO SO,Ph Meo_ $O2Ph
TBSO
(n Bu)sN*F -§
TBSO
To a stirred solution of (S ((2R,3R,48,5S8)-5-(((2R,4R,68)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-

yI)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-S-methylenetetrahydro-2H-pyran-2-yl)methyl)-S-
methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-ylymethyl)-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-

10 disiladecane (3.8 g, 4.27 mmol) in THF (50 mL) at 5 °C was added 1M THF solution of TBAF (12.8 mL,
12.8 mmol). The reaction was warmed to room temperature. After aging for 16h at this temperature, the
reaction was quenched by addition of aqueous ammonium chloride (10 mL). After dilution with ethyl
acetate (30 mL), the phases were separated. The aqueous layer was back-extracted with ethyl acetate
(2x 50 mL), and the organic layers were combined. The combined organic layers were dried over

15 MgSQO,4. Removal of the solvent under reduced pressure and flash silica gel chromatography of the
residue with heptanes-ethyl acetate (2:1 to 1:2) as eluent afforded 2.3g (81%) of desired product as an oil.
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"H NMR (400 MHz, CDCls) 8 ppm 1.34 - 1.41 (m, 2 H) 1.47 - 1.54 (m, 4 H) 1.67 - 1.77 (m, 3 H) 1.86 -
1.96 (m, 8 H)2.10-2.17 (m, 2 H) 2.28 - 2.33 (m, 1 H) 2.51 - 2.55 (m, 1 H) 2.56 - 2.66 (m, 1 H) 2.99 —
3.08 (m, 2 H) 3.29—3.34 (m, 2 H) 3.38 (s, 3 H) 3.39 —3.59 (m, 4 H)3.73- 3.78 (m, 1 H) 3.84 - 3.90
(m, 3 H) 3.90 —3.92 (M, 4 H) 4.20 — 4.28 (M, 1 H), 4.37 - 4.39 (m, 1 H) 4.63 - 4.64 (M, 1 H) 4.73 (br s, 1
H), 4.78 (brs, 1 H) 4.86 (m, 1 H) 5.10 = 5.13 (m, 1 H) 5.19 — 5.23 (M, 1 H) 5.66 — 5.73 (m, 1H) 5.81 —
5.88 (m, 1 H) 7.53—7.57 (m, 2 H) 7.62 -7.67 (m, 1 H) 7.86 — 7.90 (m, 2 H).

(S)-1-((2R,3R,4S,55)-5-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-3-
methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)-3-aminopropan-2-ol

MeQ SO,Ph MeQ SO,Ph

p-Ts,0; Ho—§ o (
(0]
X

%

Ho—g 0"
NH,OH HzN 0

HO (0]
Me s

1, O
Me ! x

\E\Lﬁ\

To a stirred solution of (S)-3-((2R,3R,4S5,5S)-5-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-
yl)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylene-tetrahydro-2H-pyran-2-ylymethyl)-3-
methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)propane-1,2-diol (1.05 g, 1.59 mmol) in
methylene chloride (30 mL) was added 2,4,6-collidine (0.84 mL, 6.35 mmol) and pyridine (7 pl, 0.08
mmol). The resulting mixture was cooled to -10 °C, and Ts,0 (1.1 g, 1.75 mmol) was added in two
portions. The reaction was stirred for 3h at a temperature between -10 and -5 °C and at 0 °C for 2h. The
reaction then was warmed to room temperature, and isopropanol (75 mL) and ammonium hydroxide (85
mL) were added. After aging 16h at room temperature, additional ammonium hydroxide (20 ml) was
added, and stirring was continued for 6h at a temperature between 26 and 30 °C. After removal of
organic solvents under reduced pressure, the residue was extracted with methylene chloride (3x 40 mL).
The combined organic layers were washed with brine and dried over MgSO,. Removal of the solvent and
silica gel chromatography of the residue with hexanes/ethyl acetate (2:1 to pure ethyl acetate) as eluent
afforded the desired product as a foam. Since the product was contaminated with small amount of 2,4,6-
collidine, it was further purified by precipitation of product from cyclohexane or n-heptane (740 mg,
70.6%). 'H NMR (400 MHz, CDCl;) & ppm 0.95 - 1.11 (m, 3 H) 1.22 - 1.37 (m, 2 H) 1.46 - 1.50 (M, 2 H)
1.78-1.84 (m, 3 H)2.04-2.19 (m, 3 H) 2.26 - 2.37 (m, 2 H) 2.50 - 2.59 (M, 2 H) 2.63 - 2.90 (M, 2 H)
2.92-3.04 (m, 2 H)3.12-3.22 (m, 1 H) 3.26 (s, 3H) 3.36 —3.39 (m, 2 H) 3.44- 3.49 (m, 1 H)3.54-
3.56 (m, 1 H)3.60-3.68 (m, 1 H) 3.78 -3.94 (m, 4 H), 4.03-4.06 (m, 1 H) 407 -4.19(m, 1 H) 4.36 -
4.38(m,1H),4.58-4.86(m, 4H)508—-516 (m,2H)563—-568(m,2H)566—-583(m, 1H) 7.48 —
7.62 (m, 3 H) 7.84 — 7.89 (m, 2 H).

tert-butyl ((S)-3-((2R,3R,4S,55)-5-(((2R,4R,65)-6-(2-((25,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-3-
methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)-2-hydroxypropyl)carbamate
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To a stirred solution of (8)-1-((2R,3R,45,55)-5-(((2R,4R,6S5)-6-(2-((25,5R)-5-((E)-3-(allyloxy)prop-1-en-1-
yI)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-S-methylene-tetrahydro-QH-pyran-2-yl)methyl)-3-

A

(@]

methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)-3-aminopropan-2-ol (0.7g, 1.06 mmol) and
triethylamine (0.22 mL, 1.6 mmol) in methylene chloride (20 mL) was added di-tert-butyl dicarbonate
(290mg, 1.34 mmol) at room temperature. The mixture was aged for 14h at room temperature under
nitrogen with a vent for CO, release. After quenching with ag. sat ammonium chloride (15ml), phases
were separated. The aqueous layer was extracted with methylene chloride (15 mL), and the combined
organic layers were washed with brine and concentrated to dryness. The resulting crude product was
purified by silica gel column chromatography using hexanes-ethyl acetate (3:1 to 1:1) to give the product
as an oil (0.69, 74%). 'H NMR (400 MHz, CDClz) 8 ppm 1.15-1.25 (m, 7 H) 1.30 — 1.42 (m, 2 H) 1.37
(ors, 9H) 1.43-1.56(m,3H)1.67—1.72(m,2H) 1.81 —1.93(m, 2 H) 2.09-2.19 (m, 2 H) 2.27 - 2.33
(m, 1 H)2.40 =250 (m, 1 H) 2.51 —2.59 (m, 1 H) 2.61 —2.65 (m, 1 H) 3.00 - 3.10 (m, 2 H) 3.20 - 3.30
(m, 1 H)3.33-3.39 (m, 1 H)3.36 (s, 3H) 3.51 —=3.53 (m, 1H)3.65- 3.74 (m, 1H)3.79-3.86 (m, 2 H)
3.90-3.91(m,3H)4.24-4.34 (m,1H)4.36-4.38(m, 1H) 462 (d,J=1.9Hz 1H)4.72(brs, 1 H)
477 (brs,1H)4.85(d,J=19Hz,1H)4.93 (brs,1H)5.12(dd,J=10.5,15Hz, 1 H),5.18-5.23 (m, 1
H) 5.65 —5.72 (m, 2 H)5.80 -5.87 (m, 1 H) 7.52 = 7.56 (m, 2 H) 7.61 —7.65 (m, 1 H) 7.845 -7.89 (m, 2
H).

(S)-tert-butyl 5-(((2R,3R,4S,5S)-5-(((2R,4R,65)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-3-
methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-2,2-dimethyloxazolidine-3-
carboxylate

Meo  SOzPh Meg SO

llu(f Meo OMe ””(Y
o " (
p-TsOH, BOC
acetone

To a stirred solution of tert-butyl (( ((2R,3R,48,58)-5-({((2R,4R,6S3)-6-(2-((2S,5R)- )-3-
(allyloxy)prop-1-en-1 -yI)-3-methylenetetrahydrofuran-2-yl)ethy1)-4-methyl-3-methylene-tetrahydro-2 H-

o]

BocHN

pyran-2-ylymethyl)-3-methoxy-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)-2-hydroxypropyl)carbamate

(0.50 g, 0.66 mmol) in acetone (10 mL) was added 2,2-dimethoxypropane (1.0 mL, 8.16 mmol) and p-

toluenesulfonic acid monohydrate (15 mg, 0.08 mmol). The reaction mixture was stirred for 1.5h at room

temperature. After adding sodium bicarbonate (200 mg), the reaction was stirred for additional 10 min.
117



10

15

20

25

30

CA 02929084 2016-04-28

WO 2015/066729 PCT/US2014/063960

After dilution with ethyl acetate (40 mL) and saturated agueous NaHCQO3; (20 mL), the resulting mixture
was phase separated. The organic layer was back-extracted with ethyl acetate (25 mL). The combined
organic layers were washed with brine and concentrated to dryness. The resulting crude product was
further purified by silica gel column chromatography using a gradient from 4:1 to 2:1 of heptanes/ethyl
acetate as eluent to give 400mg of the desired product as an oil (76%). 'H NMR (400 MHz, CDCl;) &
ppm 1.15—-1.29 (m, 4 H) 1.3 1.5 (m, 4 H), 1.40 (or s 9H) 1.49 (s, 6 H) 1.66 — 1.69 (m, 1 H) 1.78 — 1.83
(m,1H)1.89-1.98 (m, 1 H)2.03-2.12(m, 3 H) 227 —2.32 (m, 1 H) 251 —=2.59 (m, 1 H) 2.61 —2.64
(m, 1 H) 2.97 -3.08 (m, 3 H) 3.20 -3.33 (m, 1 H) 3.37 (s, 3H) 3.46 —3.53 (m, 1 H) 3.61- 3.67 (M, 3 H)
3.80-3.91 (M, 4 H)4.07—4.11 (m, 1 H) 420 - 4.25 (m, 1 H) 4.34 —4.37 (m, 1 H) 4.65 (d,d = 2.0 Hz, 1
H) 4.71 (brs, 1 H) 4.78 (ors, 1 H) 4.84 (d J = 2.0 Hz, 1 H) 5.10 - 5.23 (m, 2 H) 5.61 —5.72 (m, 2 H) 5.80
-587(m, 1H)753-757(m,2H)7.61-7.65(m, 1 H)7.89—7.90 (m, 2 H).

1-((55)-5-(((2R,3R,4S,55)-5-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-4-
((1S)-3-((2R,3S,3aR,4aS,7R,8a$S,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-
((triethylsilyl)oxy)but-3-en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-2-hydroxy-1-
(phenylsulfonyl)propyl)-3-methoxytetrahydrofuran-2-yl)methyl)-2,2-dimethyloxazolidin-3-yl)-2,2-
dimethylpropan-1-one

H _n OTBDPS

0 TES BulLi PhO,S
—
0 THF/n-Hexane
PhO,S = -78°C MeO-.,

2-((2R,3S,3aR,4a8S,7R,8a8,9S,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)acetaldehyde (100 mg, 0.109 mmol) was dissolved in THF
(1.0 mL) and cooled to 0 °C. n-Butyl lithium (1.6 M, 0.109 mL, 0.174 mmol) was added, and the resulting
solution was stirred at 0 °C for 30 min and then cooled to -78 °C. A solution of 1-((S)-5-(((2R,3R,4S,5S)-
5-(((2R,4R,65)-6-(2-((28,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-
methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-3-methoxy-4-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-2,2-dimethyloxazolidin-3-yl)-2,2-dimethylpropan-1-
one (0.128 g, 0.163 mmol) in n-heptane (2.0 mL), and the reaction mixture was stirred at -78 °C for 1h.
Saturated aqueous NH,Cl (27 wt %) (4.0 mL), water (1.3 mL), and MTBE (10.5 mL) were added, and the
resulting mixture was warmed to ambient temperature. The organic layer was separated, washed with
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30% aqueous NaCl (2.6 mL), and dried over MgSQ,. Filtration, concentration in vacuo, and purification
by silica gel column chromatography using a 20 - 66% gradient of ethyl acetate in n-heptane as eluent
provided 142 mg of the target product.

(5S)-tert-butyl 5-(((2R,3R,4S,55)-5-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-4-
((15)-3-((2R,3S,3aR,4aS,7R,8aS,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-
((triethylsilyl)oxy)but-3-en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-2-oxo-1-
(phenylsulfonyl)propyl)-3-methoxytetrahydrofuran-2-yl)methyl)-2,2-dimethyloxazolidine-3-
carboxylate

R= TBDPS R= TBDPS

O Dess-Martin [0] PhO3S

Meolu
-0 w
>\\ Me Me
OXNBOC O__-NBoc
Me” ‘Me Me™ ‘Me

(5S)-tert-butyl 5-(((2R,3R,4S,58)-5-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-ylymethyl)-4-((1S)-3-
((2R,3S8,3aR,4a8S,7R,8a8S,98,92aR)-3,9-bis((tert-butyldiphenylsilyl) oxy)-2-(2-((triethylsilyl)oxy) but-3-en-1-
yl)decahydrofuro[3,2-blpyrano[2,3-e]pyran-7-yl)-2-hydroxy-1-(phenylsulfonyl)propyl)-3-
methoxytetrahydrofuran-2-ylymethyl)-2,2-dimethyloxazolidine-3-carboxylate (0.142 g, .083 mmol) was
dissolved in dichloromethane (5.0 mL) at ambient temperature. Sodium bicarbonate (35 mg, 0.41 mmol)
and Dess-Martin periodinane (105 mg, 0.248 mmol) were added, and the resulting mixture was stirred at
ambient temperature overnight. MTBE (14.2 mL), water (7.1 mL), and sodium thiosulfate (131 mg, 0.83
mmol) were added. After stirring at ambient temperature for 1 h, the layers were separated. The organic
layer was washed with saturated aqueous NaHCO3 (8%) (2.84 mL), 30% aqueous NaCl (2.8 mL) and
dried over MgSO,. Filtration, concentration, and filtration through silica gel plug, which was then rinsed
with 33% ethyl acetate in n-heptane, provided 120 mg of the target product as a colorless film.

(5S)-tert-butyl 5-(((2R,3R,4S,55)-5-(((2R,4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-4-(3-
((2R,3S,3aR,4aS,7R,8aS,95,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-((triethylsilyl)oxy)but-3-
en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-2-oxopropyl)-3-methoxytetrahydrofuran-2-
yl)methyl)-2,2-dimethyloxazolidine-3-carboxylate

119



10

15

20

CA 02929084 2016-04-28

WO 2015/066729 PCT/US2014/063960

CR
N o =N
/  °
Smi, Et;SiO
OR 3
(0) 0]
O A
MeOH, -78 °C p1o0... NGO .
0
Me R = TBDPS
Me
o NBoc OXNBOC
Me™ Me Me Me

(56S)-tert-butyl 5-(((2R,3R,48,55)-5-(((2R 4R,6S)-6-(2-((2S,5R)-5-((E)-3-(allyloxy)prop-1-en-1-yl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-ylymethyl)-4-((1S)-3-
((2R,38,3aR,4a8,7R,8a8,98,2aR)-3,9-bis((tert-butyldiphenylsilyl) oxy)-2-(2-({triethylsilyl)oxy) but-3-en-1-
yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-2-oxo-1-(phenylsulfonyl)propyl)-3-
methoxytetrahydrofuran-2-yl)methyl)-2,2-dimethyloxazolidine-3-carboxylate (0.120 g, 0.07 mmol) was
dissolved in THF (1.2 mL) and MeOH (1.2 mL). The resulting solution was cooled to -78 °C and treated
with 0.1M samarium diiodide (2.1 mL, 0.21 mmoal) for 30 min. Additional 0.1M samarium diiodide (2.1 mL,
0.21 mmol) was added, and the resulting mixture was stirred for 30 min at -78 °C. The reaction was
quenched with saturated Rochelle’s salt solution (8 mL). Water (4 mL) and MTBE (7.2 mL) were added,
and the resulting mixture was warmed to ambient temperature. The layers were separated, and the
aqueous layer was extracted with MTBE (7.2 mL). The combined organic layers were washed with 30%
aqueous NaCl (2.4 mL) and dried over MgSQ,. Filtration, concentration, and purification by silica gel
column chromatography using a 20 - 50% gradient of ethyl acetate in n-heptane as eluent provided 74
mg of the target product as a white foam. "H NMR (1:1 diastereomeric mixture, 400 MHz, CDCl3) & ppm
0.45 - 0.65 (m, 6 H) 0.82 - 1.00 (M, 9 H) 1.03 (d, J=7.0 Hz, 1.5 H) 1.04 (d, J=7.0 Hz, 1.5 H) 1.06 - 1.17
(m, 18 H) 1.27 - 1.82 (m, 14 H) 1.47 (br.s., 12 H) 1.85 - 2.47 (m, 10 H) 2.67 - 2.77 (m, 1 H) 2.95 - 3.07
(m, 1 H)3.08-3.18 (m, 1 H) 3.23 (br.s., 1 H) 3.29 (s, 1.5 H) 3.31 (s, 1.5 H) 3.36 - 3.82 (m, 10 H) 3.87 (4,
J=6.3 Hz, 0.5 H) 3.96 (d, J=5.5 Hz, 4 H) 3.99 - 4.25 (m, 5 H) 4.33 (dd, J=6.3, 3.1 Hz, 1 H) 4.41 (br. s., 1
H) 4.44 - 452 (m, 1 H) 4.73 - 4.82 (m, 2 H) 4.83 (s, 1 H) 4.91 - 5.15 (m, 2 H) 4.97 (d, J=2.0 Hz, 1 H) 5.16
(br.s., 0.5 H) 5.18 (s, 0.5 H) 5.24 (d, J=1.6 Hz, 0.5 H) 5.28 (d, J=1.6 Hz, 0.5 H) 5.61 - 5.81 (m, 3 H) 5.84 -
597 (m,1H)7.27-7.43(m, 12 H) 7.62 - 7.81 (m, 8 H)
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MesN NMes
OTBDPS Cl Hoveyda-Grubbs H H OTBDPS

Ru= 2nd gen.
c’h
/O
-Pr
O
Toluene MeOn, R0 0] S
0

H o H

Me
0] NBoc

O NBoc
Me><lvle Me>(IVIe

To a solution ofHoveyda-Grubbs 2nd Generation Catalyst (11.8 mg, 0.019 mmol) in toluene (50 mL) at 70
°C was added a solution of (5S8)-tert-butyl 5-(((2R,3R,48,53)-5-(((2R,4R,69)-6-(2-((25,5R)-5-((E)-3-

5  (allyloxy)prop-1-en-1-yl)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-
pyran-2-ylymethyl)-4-(3-((2R,3S,3aR,4a8,7R,8a8,9S,9aR)-3,9-bis((tert-butyldiphenylsilyl)oxy)-2-(2-
((triethylsilyl)oxy)but-3-en-1-yl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-7-yl)-2-oxopropyl)-3-
methoxytetrahydrofuran-2-yl)methyl)-2,2-dimethyloxazolidine-3-carboxylate (74 mg, 0.047 mmol) in
toluene (10 mL) over 4h. After stirring at 80 °C for 10h, the reaction mixture was cooled to ambient

10  temperature and concentrated in vacuo. Silica gel column chromatography of the residue using a 10 -
33% gradient of ethyl acetate in n-heptane as eluent afforded 35 mg of the target product. 'HNMR (1.411
diastereomeric mixture, 400 MHz, CDCls) & ppm 0.45 - 0.66 (m, 6 H) 0.83 - 0.96 (m, 9 H) 0.99 - 1.16 (m,
21 H) 1.27 - 3.03 (m, 31 H) 1.47 (br. s., 9 H) 3.10 - 3.20 (m, 1 H) 3.28 - 3.91 (m, 12 H) 3.35 (s, 3
H(major)) 3.40 (s, 3 H(minor)) 3.99 - 4.09 (m, 1 H) 4.11 -4.17 (m, 1 H) 429-4.38 (m, 1 H) 441 - 4.49

15 (m,1H)4.56-4.70 (m, 1 H)4.77-4.82(m, 1 H) 485 (br.s., 1 H) 4.89 - 493 (m, 1 H) 4.97 -5.01 (m, 1
H) 5.51 (dd, J=15.4, 7.6 Hz, 1 H(minor)) 5.81 (ddd, J=15.4, 7.8, 1.4 Hz, 1 H(major)) 6.33 (d, J=15.6 Hz, 1
H(major)) 6.58 (dd, J=15.4, 9.2 Hz, 1 H(minor)) 7.27 - 7.45 (m, 12 H) 7.58 - 7.79 (m, 8 H)

OTBDPS OTBDPS

H H H o H
s OSiEt; z

1. aq. AcOH/THF

(@) > 0
MeO' L] MeO' ]
O 0
Me Me
OXNBOC O>(NBOC
Me' Me Me Me
7 8

Compound 7 (35 mg, 24 umol) was dissolved in THF (3.9 mL) at ambient temperature. To the solution
20 was added acetic acid (1.8 mL) and water (1.1 mL). After being stirred for 3.5 h at ambient temperature,
the resulting mixture was concentrated in vacuo. The residue was purified by silica gel column
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chromatography using a 20 - 50% gradient of ethyl acetate in n-heptane as eluent to give 32 mg of
compound 8.

OTBDPS OTBDPS

Dess-Martin [O]

O NBoc
Me Me
8

Compound 8 (32 mg, 23 umol) was dissolved in dichloromethane (1.9 mL) at ambient temperature.
Sodium bicarbonate (11.8 mg, 0.141 mmol) and Dess-Martin periodinane (30 mg, 0.070 mmol) were
added, and the resulting mixture was stirred at ambient temperature for 5h. MTBE (10 mL), water (5 mL),
saturated agueous NaHCO; (8%) (2.0 mL), and sodium thiosulfate (56 mg, 0.35 mmol) were added. The
resulting mixture was stirred at ambient temperature over 30 min. The organic layer was separated,
washed with 30% aqueous NaCl (2 mL) and dried over MgSQO,. Filtration followed by concentration in
vacuo and purification by silica gel column chromatography using a 20 - 50% gradient of ethyl acetate in
n-heptane as eluent provided 17 mg of compound 9 as a colorless film. 'H NMR (400 MHz, CDCl;) &
ppm 0.98 (s, 9 H) 1.04 - 1.10 (m, 12 H) 1.26 (br. s., 3 H) 1.29-1.84 (m, 8 H) 1.47 (br. s., 9H) 1.55 (s, 3 H)
1.90-1.98 (m, 2 H) 2.03-2.11 (m,3H) 213 -2.24 (m, 2 H) 2.46 - 2.56 (m, 3 H) 2.61 (dd, J=16.0, 7.4 Hz,
2 H) 2.74-2.83 (dd, J=16.2, 5.7 Hz, 2 H) 3.06 - 3.21 (m, 2 H) 3.25 - 3.33 (m, 1 H) 3.37 (d, J=3.9 Hz, 1 H)
3.38 (s, 3 H) 3.44 - 3.52 (m, 1 H) 3.63 - 3.93 (m, 8 H) 4.06 (dd, J=8.4, 3.7 Hz, 1 H) 4.12 - 4.21 (m, 1 H)
435 (t, J=6.4 Hz, 1 H) 4.46 - 454 (m, 1 H) 4.70 (g, J=6.8 Hz, 1 H) 4.79 (s, 1 H) 4.87 - 4.95 (m, 2 H) 5.03
(d, J=2.0 Hz, 1 H) 6.58 (dd, J=16.0, 7.8 Hz, 1 H) 6.79 (dd, J=16.0, 5.5 Hz, 1 H) 7.28 - 7.44 (m, 12 H) 7.56
-7.70 (M, 8 H)

OTBDPS OTBDPS

Stryker's reagent o
—_—

MeOr+,
Nel®
> Me
O7<NBoc
me Me 11
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Compound 10 (17 mg, 0.012 mmol) was dissolved in deoxygenated toluene (2.6 mL) at ambient
temperature. Deoxygenated (purged with nitrogen for 40 min) water (10 uL, 0.57 mmol) followed by
Stryker’s reagent (24.5 mg, 12 umol) was added. After 1 h, additional Stryker's reagent (~20 mg) was
added. After being stirred for additional 1 h, the reaction mixture was treated with air. A precipitate
formed. Purification by column chromatography using a 10 - 50% gradient of ethyl acetate in n-heptane
as eluent afforded 14.7 mg of compound 11 as a colorless film. "H NMR (400 MHz, CDCls) & ppm 1.00
(s, 9 H)1.06 (d, J=6.3 Hz, 3 H) 1.08 (s, 9 H) 1.23 - 1.33 (m, 6 H) 1.47 (br s, 12H), 1.50 - 2.00 (m, 11 H)
2.06-2.23(m, 4 H)226-2.34 (m,1H)2.46-254(m,1H)254-282(m,5H)289-3.00(m,1H)3.03
-3.12(m, 2 H) 3.13-3.20 (m, 1 H) 3.36 (d, J=3.1 Hz, 1 H) 3.41 (s, 3 H) 3.47 - 3.51 (m,1 H) 3.63 - 3.85
(m, 7 H) 3.92 (ddd, J=10.9, 7.4, 3.5 Hz, 1 H) 4.05 (dd, J=8.8, 3.3 Hz, 1 H) 4.11 - 4.22 (m, 2 H) 4.31 - 4.42
(m, 2 H) 4.79 (s, 1 H) 4.85 (s, 1 H) 4.90 (s, 1 H) 4.98 (d, J=1.6 Hz, 1 H) 7.26-7.48 (m, 12 H) 7.57 - 7.71
(m, 8 H)

O NBoc 1 HO NHBoc

13

Me Me
To a solution of compound 11 (14.7 mg, 10.8 umol) in methanol (1 mL) was added p-toluenesulfonic acid
monohydrate (2.05 mg, 10.8 umol) at ambient temperature. The resulting solution was stirred for 3h and
treated with saturated aqueous NaHCO; (8%) (3 mL). The resulting mixture was extracted twice with
MTBE (12 mL). The combined organic layers were washed with 30% aqueous NaCl (2 ml) and dried
over MgSQ,. Filtration followed by concentration in vacuo provided 14.7 mg of compound 13 as colorless
oil.

TBAF,
imidazole*HCI
_— O
THF/DMA
MeO MeOr
Me
ud NHBoc e HBoG HO NHBoc
13 14

Compound 13 (14.7 mg, 10.7 umol) was dissolved in THF (1.3 mL) and N,N-dimethylacetamide (0.5 mL)
at ambient temperature. 1.0 M TBAF in THF (0.22 mL, 0.022 mmol) and imidazole hydrochloride (11.3

mg, 0.108 mmol) were added, and the resulting mixture was stirred for 20 h at ambient temperature. 30%
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aqueous NaCl (2 mL) and toluene (3 mL) were added. The layers were separated, and the aqueous
layer was extracted twice with a mixture of THF (3 mL) and toluene (3 mL). The combined organic layer
was concentrated in vacuo. The residue was dissolved in dichloromethane (1.5 mL) at ambient
temperature, and pyridinium p-toluenesulfonate (27 mg, 0.107 mmol) was added. After 3 h, the reaction
mixture was purified by silica gel column chromatography using ethyl acetate as eluent to give 6.5 mg of
compound 14 as a white foam. 'H NMR (400 MHz, CDCls) & ppm 1.10 (d, J=6.6 Hz, 3 H) 1.28 - 1.79 (m,
11H) 1.44 (s, 9 H) 1.89 - 2.51 (m, 15 H) 2.71 (dd, J=16.0, 10.2 Hz, 1 H) 2.85 (dd, J=6.6, 2.0 Hz, 1 H) 2.89
(dd, J=7.4, 2.3 Hz, 1 H) 3.08 - 3.17 (m, 1 H) 3.26 (d, J=3.1 Hz, 1 H) 3.42 (s, 3 H) 3.55 (br. s., 1 H) 3.58 -
3.66 (M, 2 H) 3.81 (dt, J=9.4, 3.3 Hz, 1 H) 3.87 - 3.99 (m, 3 H) 4.03 (dd, J=6.3, 4.3 Hz, 1 H) 4.09 - 4.16
(m, 1 H) 4.19 (dd, J=6.4, 4.5 Hz, 1 H) 4.29 (dd, J=10.6, 4.3 Hz, 1 H) 4.31 - 4.38 (m, 2 H) 4.60 (t, J=4.5 Hz,
1H)4.69 (1, ==4.7Hz, 1 H) 481 (d, J=1.2Hz,1 H) 4.89 (s, 1 H) 4.93 (br.s, 1 H) 498 - 5.05 (m, 1 H) 5.07
(d, J=2.0Hz, 1 H)

TMSOTf

—>» MeO,

2,6-lutidine, 0
DCM N

Me
HO NHBoc

HO NH,
14 15

To a solution of compound 14 (3.2 mg, 3.9 umol) in dichloromethane (0.5 mL) at 0 °C were added 2,6-
lutidine (4.9 pL, 0.042 mmol) and trimethylsilyl trifluoromethanesulfonate (5.9 pL, 0.083 mmol) was
added, and the resulting solution was warmed to ambient temperature. After 1 h and 3 h, additional 2,6-
lutidine (5 pl) and trimethylsilyl trifluoromethanesulfonate (6 pl) were added each time. After additional
1.5 h stirring, the reaction was quenched with water (3 mL). The resulting mixtue was extracted twice with
dichloromethane (5 mL each time). The combined organic layers were dried over MgSQ,, filtered, and
concentrated in vauo. The residue was dissolved in methanol (0.5 mL), and potassium carbonate (1 mg,
7 pumol) was added at ambient temperature. The resulting mixture was stirred overnight and then
concentrated in vacuo. The residue was purified by silica gel column chormatography using ethyl
acetate, DCM/methanol (9/1), and DCM/methancl/NH,OH (9/1/0.1) as eluent to give 1.6 mg compound
15. The structure was confirmed by comparison of the "H NMR spectrum with the reported spectrum.

"H NMR (400 MHz, CD;0D) & ppm 0.97 — 1.07 (m, 1 H) 1.11 (d, J=6.3 Hz, 3 H) 1.30 - 1.62 (m, 6 H) 1.67
-2.26 (M, 13 H) 2.27 - 2.42 (m, 3 H) 2.42 - 2,51 (m, 2 H) 2.62 - 2.78 (m, 2 H) 2.83 - 2.96 (m, 3 H) 3.04
(dd, J=12.7, 3.3 Hz, 1 H) 3.37 (d, J=3.1 Hz, 1 H) 3.43 (s, 3 H) 3.74 (d, J=11.7 Hz, 1 H) 3.82 - 4.02 (m, 5
H) 4.08-4.14 (m, 2 H) 4.18 (dd, J=4.7, 6.6 Hz, 1 H) 4.26 - 4.35 (m, 2 H) 4.48 (d, J=10.9 Hz, 1 H) 4.62 (t,
J=4.3Hz, 1 H) 4.71 (t, J=4.3 Hz, 1 H) 4.82 - 484 (m, 1 H) 4.86 - 4.87 (m, 1 H) 5.02 (br. s, 1 H) 5.14 (d,
J=1.6Hz, 1 H)

124



WO 2015/066729

CA 02929084 2016-04-28

PCT/US2014/063960

Example 4: Preparation of a Compound of Formula (ID) through C.3-C.4 Macrocyclization

n 9% o M
AcQ,, O.G: OAc 1) Aliyl TMS s, OE z OH 1) DMP, acetone X, SO OH
BF4°OFt, ,[(\(\/ TsOH 1) NalO,
BzO 0 .
2) NaOMe HO 0 2) BzCl, pyr “ ! 2) CrCly, NiCl
O@ 3) 80% aq AcOH Br,
solid ‘—\TMS
1) 50% aq AcOH N NG
TMS 950 (76%) _ NS
BzO toluene/MeCN BzO
2) TBSOTf 30°C, 85%
2 6-lutidine,
MTBE Et;SiO
OH
1) TESCI
L CO,Me
PhO;S o imidazole, PhO,S 0 1) Mg, MeOH
. DCM o ‘
MeO: nBuli MO 2) TESCI,
CICO,;Me 5 imidazole
Me
TB8SO OTBS TBSO OTBS
0
OSiEts 2
CO,Me . COuMe
; o)
o o oxalyl chloride o
MeO:n X - » s
MeOr
N DMSO, TEA, DCM
) \ Me
TBSO OTBS Bsd OTBS
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N " + B2 OTBS  CrCl, THF-MeCN, 45h  MeOw,” Nwrs__q
)ﬂ\ e OTBS e
TBSO  OTBS &0
TBSOHOTBS'V'e
H
X, SOZ
1) NaOMe =
1) Dess-Martin [O] MeOH OH
2) TBAF, 2) TESCI, TESO 1) Dess-Martin
imidazole-HCI imidazole oxidation
THF/DMA DMF
T MeOs, 2) AllyIMgCl
3) DBU; PPTS 3) LAH d ) AllyiMg
>
TESO OTES ©
H
X AONE
2 Hoveyda-Grubbs "D Marti
TESO 2nd gen. cat. ). ess-viartin
HO (0.2 eq) oxidation
—_—
toluene MeOy, 2) TBAF MeO:,,
MeOu, an 0 @] (1 mM)
0 70°C, 3 h
HO
M TESO
TESO OTES ©

(R)-1-((3aR,48,6S,7S,7aR)-7-acetoxy-6-allyltetrahydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-
cyclohexan]-4-yl)ethane-1,2-diyl diacetate
OAc

~ OAc

OAc
H H
AcO,, O

Allyl TMS

BF;*OFEt
0 f 3 2

To a solution of (3aR,48,6S,7R,7aR)-4-((R)-1,2-diacetoxyethyl)tetrahydro-3aH-spiro[[1,3]dioxolo[4,5-
Clpyran-2,1'-cyclohexane]-6,7-diyl diacetate (10 g, 21.812 mmol) in acetonitrile (70.0 mL) was added

allyltrimethylsilane (10.40 mL, 65.44 mmol). The resulting solution was cooled to 0 °C, and BF;-OEt,
(5.53 mL, 43.6 mmol) was added, while the internal temperature was maintained below 10 °C. After
being stirred for 6 h at a temperature between 0 and 10 °C, the reaction mixture was treated with
saturated aqueous NaHCO; (8%) (100 mL). The resulting mixture was extracted with toluene (200 mL).
The combined organic layers were washed twice with water (200 mL) and concentrated in vacuo to give
11 g of the target product as a white solid.

"H NMR (400 MHz, CDCls) & ppm 1.23 - 1.85 (m, 10 H) 2.07 (s, 3 H) 2.10 (s, 3 H) 2.14 (s, 3 H) 2.21 -
2.33(m, 2 H) 3.74 (dd, J=7.6, 1.8 Hz, 1 H) 4.11 (ddd, J=9.7, 6.6, 5.1 Hz, 1 H) 4.25 (dd, J=12.6, 4.4 Hz, 1
H) 4.32 (dd, J=7.9, 1.8 Hz, 1 H) 4.46 (dd, J=12.6, 2.6 Hz, 1 H) 4.59 (dd, J=7.9, 2.6 Hz, 1 H) 4.92 (dd,
J=9.7,2.6 Hz, 1 H) 5.07 (1, J=1.2 Hz, 1 H) 5.09 - 5.16 (m, 1 H) 5.22 (ddd, J=7.5, 4.8, 2.6 Hz, 1 H) 5.69 -

5.90 (m, 1 H).
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(R)-1-((3aR,45,6S,7S,7aS)-6-allyl-7-hydroxytetrahydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-
cyclohexan]-4-yl)ethane-1,2-diol
OAc

OH

H
X, ONE

To a solution of (R)-1-((3aR,4S,6S,7S,7aR)-7-acetoxy-6-allyltetrahydro-3aH-spiro[[ 1,3]dioxolo[4,5-
c]pyran-2,1'-cyclohexan]-4-ylyethane-1,2-diyl diacetate (11.0 g, 21.7 mmol) in methanol (12 mL) and
MTBE (57 mL) was added sodium methoxide solution in MeOH (25 wt %, 7.45 mL, 32.6 mmol) at
ambient temperature. After 2.5 h, the reaction mixture was cooled to 10-15 °C. Acetic acid (2.0 mL, 35
mmol) was added while keeping the internal temperature below 20 °C. The resulting mixture was
concentrated in vacuo. Saturated aqueous NaHCO; (8%) (38.3 mL) was added and the resulting mixture
was extracted four times with EtOAc (191 mL). The combined organic layers were washed with 30%
aqueous NaCl (19 mL) and dried over MgSO,. Filtration, concentration in vacuo, and purification by silica
gel column chromatography using a 50-100% gradient of ethyl acetate in n-heptane as eluent provided
6.75 g of the target product as a yellow solid.

"H NMR (400 MHz, CDClg) & ppm 1.33 - 1.80 (m, 10 H) 2.29 - 2.39 (m, 1 H) 2.47 - 2.56 (m, 1 H) 3.58 -
3.67 (m, 2 H) 3.73 (dd, J=11.7, 4.1 Hz, 1 H) 3.78 (dd, J=12.0, 3.8 Hz, 1 H) 3.83 - 3.95 (m, 2 H) 4.43 (dd,
J=8.1,1.6 Hz, 1 H) 4.54 (dd, J=7.9, 3.5 Hz, 1 H) 5.03 - 5.30 (m, 2 H) 5.78 - 5.99 (m, 1 H).

2,2-dimethoxypropane,
acetone, TsOH

(R)-1-((3aR,48,6S,78,7a8)-6-allyl-7-hydroxytetrahydro-3aH-spiro[[1,3]dioxolo[4,5-¢c]pyran-2,1'-
cyclohexan]-4-yl)ethane-1,2-diol (1.0 g, 3.18 mmol) was dissolved in acetone (5.0 mL, 68.1 mmol) at
ambient temperature. 2,2-Dimethoxypropane (1.369 mL, 11.13 mmol) and p-toluenesulfonic acid
monohydrate (0.061 g, 0.318 mmol) were added, and the resulting mixture was stirred for 30 min.
Saturated aqueous NaHCO; (10 mL) were added, and the resulting mixture was extracted three times
with EtOAc (12 mL each time). The combined organic layers were washed with brine (bmL) and dried
over MgSQ,. Filtration followed by concentration in vacuo gave 1.09 g of the target product as a white
solid.

(3aR,4S,65,7S,7aR)-6-allyl-4-((R)-1,2-dihydroxyethyl)tetrahydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-
2,1'-cyclohexan]-7-yl benzoate
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1) BzClI, pyr

(@]

o f 2) 80% aq AcOH

To a solution of (3aR,4S,6S,7S,7a8)-6-allyl-4-((R)-2,2-dimethyl-1,3-dioxolan-4-yl) tetrahydro-3aH-
spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-cyclohexan]-7-0 (1.09 g, 3.075 mmol) in pyridine (5.45 mL) at ambient

temperature were added benzoyl chloride (0.714 mL, 6.151 mmol) and 4-dimethylaminopyridine (0.019 g,
0.154 mmol). After complete consumption of the starting material, saturated aqueous NH,CI (27 wt %)
(15 mL), MTBE (40 mL), and water (5.0 mL) were added. The layers were separated, and the organic
layer was washed seguentially with 1M aqueous hydrochloric acid (10 mL, 10.00 mmol), saturated
aqueous NaHCO; (8%) (5.0 mL), and 30% aqueous NaCl (5.0 mL). The resulting organic layer was dried
over MgSQy, filtered and concentrated in vacuo. The residue (1.1g) was dissolved in acetic acid (16 mL)
and water (4 mL). The resulting mixture was stirred at ambient temperature overnight and then at a
temperature between 35 and 40 °C for 24 h. The mixture was then concentrated in vacuo and azeotroped
twice with toluene. The residue was purified by silica gel plug purification to give 1.1 g of the target
product as a pale yellow solid

(3aS,4R,65,7S,7aR)-6-allyl-4-formyltetrahydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-cyclohexan]-
7-yl benzoate

(3aR,4S8,68,78,7aR)-6-allyl-4-((R)-1,2-dihydroxyethyl)tetrahydro-3aH-spiro[[1,3]dioxolo[4,5-¢c]pyran-2,1 -
cyclohexan]-7-yl benzoate (1.1 g, 2.629 mmol) was dissolved in ethyl acetate (11.00 mL) and water
(11.00 mL) and cooled to 0 °C. Sodium periodate (0.843 g, 3.943 mmol) was added, and the resulting
mixture was stirred for 2.5h at ambient temperature. Additional sodium periodate (0.2 g) was then added.
After additional stirring for 2.5h, the layers were separated. The agueous layer was extracted twice with
EtOAc (11.00 mL), and the combined organic layers were washed with 30% aqueous NaCl (5.50 mL) and
dried over MgSQO,. Filtration followed by concentration in vacuo provided 0.98 g of as a foam solid.

(3aR,4S,6S,7S,7aR)-6-allyl-4-((S,E)-1-hydroxy-3-(trimethylsilyl)allyl)tetrahydro-3aH-
spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-cyclohexan]-7-yl benzoate
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H
N O CrCl,, NiCl,
S
BzO @] Br

O@ %‘;TMS

To a solution of (3aS,4R,6S,7S,7aR)-6-allyl-4-formyltetrahydro-3aH-spiro[[1,3]dioxolo[4,5-C]pyran-2,1'-
cyclohexan]-7-yl benzoate (0.98 g) in acetonitrile (7 mL) was added (2-bromovinyl)trimethylsilane (1.941
mL, 12.68 mmol). The resulting solution was degassed for 0.5h. To another reactor were added
chromium(ll) chloride (3.12 g, 25.36 mmol), nickel(ll) chloride (0.033 g, 0.254 mmol), DMSO (6.86 mL),
and MeCN (6.86 mL), and the resulting mixture was cooled to 0-5 °C. The aldehyde and vinyl bromide
solution was added to the chromium and nickel mixture. The reaction mixture was stirred overnight at a
temperature between 5 and 15 °C and then treated with methanol (20.42 mL), water (20.58 mL), and
MTBE (24.50 mL). The layers were separated, and the aqueous layer was extracted twice with MTBE
(34.3 mL). The combined organic layers were washed twice with 30% aqueous NaCl (19.60 mL) and
dried over MgSQ,. Filtration followed by concentration in vacuo provided 0.521 g of the target product as
white foam solid.

"H NMR (400 MHz, CDClg) 8 ppm 0.07 (s, 9 H) 1.21 - 1.87 (m, 10 H) 2.24 - 2.33 (m, 1 H) 2.34 - 2.43 (m,
1 H) 2.59 - 2.68 (m, 1 H) 3.49 (dd, J=6.6, 2.0 Hz, 1 H) 4.28 - 4.37 (m, 2 H) 4.54 (dd, J=8.0, 1.8 Hz, 1 H)
4.72(dd, J=7.8,2.7 Hz, 1 H) 5.02 - 5.08 (m, 2 H) 5.13 (dd, J=9.8, 2.7 Hz, 1 H) 5.77 - 5.93 (m, 1 H) 6.07
(dd, J=18.7, 1.6 Hz, 1 H) 6.23 (dd, J=19.1, 4.3 Hz, 1 H) 7.43 - 7.48 (m, 2 H) 7.57 (d, J=7.4 Hz, 1 H) 8.07
(dd, J=8.4, 1.4 Hz, 2 H)

(2S,3R,4R,55,6S)-2-allyl-4,5-dihydroxy-6-((S,E)-1-hydroxy-3-(trimethylsilylallyl)tetrahydro-2H-
pyran-3-yl benzoate

™S .
50% aq AcOH X"

_—

95 °C BzO

OH

To (3aR,4S,68,78,7aR)-6-allyl-4-((S,E)-1-hydroxy-3-(trimethylsilyl)allyl)tetrahydro-3aH-
spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-cyclohexan]-7-yl benzoate (0.521 g, 1.071 mmol) were added acetic
acid (7.8 mL) and water (7.8 mL). The reaction mixture was heated to 90-97 °C for 100 min and
concentrated in vacuo. The residue was azeotroped with toluene and purified by silica gel plug to give
0.33 g of the target product as a white foam solid.

(28,35,4S,5R,6S)-2-allyl-4,5-bis((tert-butyldimethylsilyl)oxy)-6-((S,E)-1-((tert-
butyldimethylsilyl)oxy)-3-(trimethylsilyl)allyl)tetrahydro-2H-pyran-3-yl benzoate
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X T™™s  TBSOTf

OH 2,6-Iutidine,
OH MTBE

BzO

(2S,3R,4R,58,6S)-2-allyl-4,5-dihydroxy-6-((S,E)-1-hydroxy-3-(trimethylsily)allyl)tetrahydro-2H-pyran-3-yl
benzoate (0.33 g) was dissolved in MTBE (4.95 mL) and cooled to 0 °C. 2,6-Dimethylpyridine (0.95 mL,
8.1 mmol) and tert-butyldimethylsilyl trifluoromethanesulfonate (0.84mL, 3.7 mmol) were added. The
resulting mixture was stirred at ambient temperature overnight. Saturated agueous NH4Cl (27 wt%) (4.95
mL), MTBE (9.90 mL), and water (3.30 mL) were added. The organic layer was separated and dried over
MgSQ,. Filtration, concentration, and purification by silica gel column chromatography using a 0 - 10%
gradient of ethyl acetate in n-heptane as eluent afforded 0.619 g of the target product as an oil.

(25,35,45,5R,6S)-2-allyl-4,5-bis((tert-butyldimethylsilyl)oxy)-6-((S,E)-1-((tert-
butyldimethylsilyl)oxy)-3-iodoallyl)tetrahydro-2H-pyran-3-yl benzoate

NIS

Toluene/MeCN
30°C

(2S,3S,45,5R,6S5)-2-allyl-4,5-bis((tert-butyldimethylsilyl)oxy)-6-((S, E)-1-((tert-butyldimethylsilyl)oxy)-3-
(trimethylsilyl)allyl)tetrahydro-2H-pyran-3-yl benzoate (0.510 g, 0.681 mmol) was dissolved in toluene
(2.295 mL) and MeCN (4.59 mL) at ambient temperature. To the solution were added tert-
butyldimethylsilyl chloride (7.69 mg, 0.051 mmol) and NIS (0.919 g, 4.08 mmal). The reaction mixture
was stirred at 28-31°C for 20h and cooled to ampient temperature. Toluene (24.29 mL), sodium
thiosulfate (1.076 g, 6.806 mmol) and saturated aqueous NaHCOj; (8%) (5.10 mL) were added, and the
resulting mixture was stirred over 2h at ambient temperature. The layers were separated, and the
organic layer was washed twice with 30% aqueous NaCl (7.29 mL) and dried over MgSO,. Filtration
followed by concentration and purification by silica gel column chromatography using a 0 - 10% gradient
of ethyl acetate in n-heptane as eluent provided 467mg of the target product as a pale yellow oil.

"H NMR (400 MHz, CDCl3) 8 ppm -0.04 - 0.27 (m, 18 H) 0.89 (br. s., 9 H) 0.90 (br. s., 9 H) 0.96 (s, 9 H)
2.22-253(m, 2 H)3.24-3.69 (m, 1 H) 3.76 - 4.50 (M, 4 H) 4.95-5.35 (m, 3 H) 5.71 - 5.90 (M, 1 H) 6.36
(d, J=14.9 Hz, 1 H) 6.50 - 6.73 (m, 1 H) 7.33- 7.46 (m, 1 H) 7.48 - 7.60 (m, 2 H) 7.96 - 8.15 (m, 2 H).

(8)-5-(((2R,3R,45,5S)-3-methoxy-5-(((2R,4R,6S)-4-methyl-3-methylene-6-(2-((2S,5S)-3-methylene-5-
(3-((triethylsilyl)oxy)propyl)tetrahydrofuran-2-yl)ethyl)tetrahydro-2H-pyran-2-yl)methyl)-4-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-
disiladecane
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3-((2S,59)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy) propyl)-4-
methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-
pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propan-1-ol (1.00 g, 1.175 mmol) was dissolved in
dichloromethane (7.00 mL) at ambient temperature. Imidazole (0.240 g, 3.52 mmol) and
chlorotriethylsilane (0.300 mL, 1.76 mmol) were added, and the resulting mixture was stirred at ambient
temperature for 1h., at which timea saturated aqueous NH,CI (27 wt%) (12.00 mL, 64.205 mmol) was
added, and the resulting mixture was extracted with MTBE (15.00 mL, 125.924 mmol). The combined
organic layers were washed with 30% aqueous NaCl (10.00 mL, 52.578 mmol) and dried over MgSQO,.
Concentration and azeotroping with toluene provided 1.177 g of the target product as an oil.

Methyl (R)-2-((25,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-2-
(((2R,4R,6S5)-4-methyl-3-methylene-6-(2-((2S,5S)-3-methylene-5-(3-
((triethylsilyl)oxy)propyDhtetrahydrofuran-2-yl)ethyl)tetrahydro-2H-pyran-2-
yl)methyl)tetrahydrofuran-3-yl)-2-(phenylsulfonyl)acetate

I,I’
I
1,

OSiEt; OSiEt;
PhO,S o PhO,5—“O2Me o
0 . n-BulLi 0 .
MeQ ot MeOQ: ot
e 2)/\ CICOMe e jd/;]/\
Me
TBSO OTBS TBSO OTBS

(8)-5-(((2R,3R,48,58)-3-methoxy-5-(((2R 4R,6S)-4-methyl-3-methylene-6-(2-((2S,5S)-3-methylene-5-(3-
((triethylsilyl)oxy)propyl)tetrahydrofuran-2-yl)ethyl)tetrahydro-2H-pyran-2-yl)methyl)-4-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methy)-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-
disiladecane (1.177 g, 1.17 mmol) was dissolved in THF (11.3 mL) and cooled to 0 °C. n-BuLi (1.6 M,
0.95 mL, 1.5 mmol) was added. The resulting solution was stirred for 20 min at 0 °C and cooled to -78
°C. Methyl chloroformate (0.14 mL, 1.8 mmol) was added, and the resulting solution was stirred for 1.5 h
with warming to -40 °C. Saturated aqueous NH,CI (27 wt %) (10 mL), water (5 mL) and MTBE (11 mL)
were added, and the resulting mixture was warmed to ambient temperature. The layers were separated,
and the organic layer was washed with saturated aqueous NaCl (4 mL) and dried over MgSO,. Filtration
followed by concentration in vacuo provided 1.267 g of the target product as colorless oil.

methyl 2-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-2-
(((2R,4R,6S5)-4-methyl-3-methylene-6-(2-((2S,5S)-3-methylene-5-(3-
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((triethylsilyl)oxy)propyl)tetrahydrofuran-2-yl)ethyl)tetrahydro-2H-pyran-2-
yl)methyl)tetrahydrofuran-3-yl)acetate

OSiEt, OSiEt,
CO,Me
PhO,S CO,Me o o
“~ .0 . 1) Mg, MeOH e
MeQr1 A MeO
0 2) TESCI, imi 0
Me Me

> ~

>,_\

TBSC?_—\OTBS TBSO OTBS

(S)-methyl 2-((2S,3S,4R,5R)-5-((8)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-
4-methyl-3-methylene-6-(2-((2S,5S)-3-methylene-5-(3-((triethylsilyl)oxy)propyl)tetrahydrofuran-2-
yl)ethyl)tetrahydro-2H-pyran-2-yl)methyl)tetrahydrofuran-3-yl)-2-(phenylsulfonyl)acetate (1.267 g, 1.176
mmol) was dissolved in methanol (36.1 mL) at ambient temperature. Magnesium (0.286 g, 11.8 mmol)
was added, and the resulting mixture was stirred at ambient temperature. Additional magnesium (0.56 g)
and methanol (32 mL) were added over 20h. Once the starting material was consumed, the reaction
mixture was cooled below 10 °C and treated with sodium phosphate, monobasic (4.66 g, 38.8 mmol).
The resulting mixture was concentrated in vacuo. To the residue were added MTBE (36.1 mL), saturated
aqueous NH,CI (27 wt %) (18.0 mL), and water (12.0 mL). The resulting mixture was stirred at ambient
temperature and filtered through a Celite® pad. The layers were separated, and the agueous layer was
extracted with MTBE (24.0 mL). The combined organic layers were washed with 30% aqueous NaCl
(12.0 mL), dried over MgSQy, filtered, and concentrated in vacuo. The residue was dissolved in
dichforomethane (12.0 mL) at ambient temperature and treated with imidazole (0.400 g, 5.88 mmol) and
chlorotriethylsilane (0.59 mL, 3.53mmol). After 2h at ambient temperature, the reaction was quenched
with saturated aqueous NH,CI solution (10 mL). The resulting mixture was extracted with MTBE (30 mL).
The organic layer was washed with 30% aqueous NaCl (10 mL), dried over MgSQ,, and concentrated in
vacuo. The residue was purified by silica gel column chromatography using a 5-20% gradient of ethyl
acetate in n-heptane as eluent to give 0.42 g of the target product as colorless oil.

'H NMR (400 MHz, CDCls) & ppm 0.03 (s, 3 H) 0.04 (s, 3 H) 0.06 (s, 3 H) 0.07 (s, 3 H) 0.55 - 0.62 (m, 6
H) 0.87 - 0.88 (m, 9 H) 0.88 (s, 9 H) 0.92 - 0.97 (m, 9 H) 1.07 (d, J=6.6 Hz, 3 H) 1.43-1.70 (m, 8 H) 1.79
(s,2H)1.92-2.02 (m, 2 H)2.09 - 2.19 (m, 1 H) 2.20 - 2.45 (m, 6 H) 2.59 - 2.69 (m, 1 H) 3.29 (s, 3 H)
3.41(d, J=3.9Hz, 1 H) 3.46 - 3.65 (M, 5 H) 3.67 - 3.73 (m, 1 H) 3.69 (s, 3 H) 3.74 - 3.81 (m, 2 H) 3.83 -
3.91(m, 1 H) 3.95-4.06 (m, 1 H) 4.34- 443 (m, 1 H) 4.79 (d, J=1.6 Hz, 1 H) 4.82 (d, J=2.0 Hz, 1 H) 4.87
(s, 1 H)4.96 (d, J=2.0 Hz, 1 H).

methyl 2-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-2-

(((2R,4R,6S)-4-methyl-3-methylene-6-(2-((25,5S)-3-methylene-5-(3-oxopropyl)tetrahydrofuran-2-
ylethyl)tetrahydro-2H-pyran-2-yl)methyljtetrahydrofuran-3-yl)acetate
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A solution of oxalyl chloride (0.2 M, 0.10 mL, 0.20 mmol) in dichloromethane was diluted with
dichioromethane (1.0 mL) and cooled to -78 °C. A solution of DMSO (0.030 mL, 0.419 mmol) in
dichloromethane (0.300 mL, 4.66 mmol) followed by a solution of methyl 2-((2S,3S,4R,5R)-5-((S)-2,3-
bis((tert-butyldimethylsilyl) oxy)propyl)-4-methoxy-2-(((2R,4R,8S)-4-methyl-3-methylene-6-(2-((2S,5S)-3-
methylene-5-(3-((triethylsilyl)oxy)propyl)tetrahydrofuran-2-yl)ethyl)tetranydro-2H-pyran-2-
yl)methyl)tetrahydrofuran-3-yl)acetate (0.10 g, 0.113 mmol) in dichloromethane (0.500 mL) was added.
The resulting solution was stirred for 30 min at -50 °C, cooled to -78 °C and treated with triethylamine
(0.095 mL, 0.679 mmol). The mixture was warmed to ambient temperature over 1h, diluted with MTBE
(15 mL), and washed with saturated agueous NH,CI solution (5 mL) and 30% aqueous NaCl (3mL). The
organic layer was dried over MgSQy, filtered, and concentrated in vacuo. The residue was filtered
through a silica gel plug with MTBE. Concentration of the filtrate in vacuo provided 89 mg of the target
product as an oil.

"H NMR (400 MHz, CDCl3) & ppm 0.04 (s, 3 H) 0.04 (s, 3 H) 0.06 (s, 3 H) 0.07 (s, 3 H) 0.88 (s, 9 H) 0.89
(s,9H)1.08(d, J=6.3Hz,3H)1.42-169(m,5H)1.74-1.85(m,4H)1.83-2.03(m,2H)2.10-2.19
(m, 1 H) 2.22-2.32 (m, 3 H) 2.34-2.46 (M, 2 H) 2.47 - 2.62 (m, 2 H) 2.63 - 2.73 (m, 1 H) 3.29 (s, 3 H) 3.42
(d, J=3.5 Hz, 1 H) 3.50 (d, J=5.1 Hz, 2 H) 3.56 (d, J=5.9 Hz, 1 H) 3.67 - 3.73 (m, 1 H) 3.70 (s, 3 H) 3.78
(d, J=5.5 Hz, 2 H) 3.84 - 3.91 (m, 1 H) 4.04 (quin, J=6.4 Hz, 1 H) 4.34 (d, J=6.6 Hz, 1 H) 4.79 - 4.81 (m, 1
H) 4.84 (d, J=2.3 Hz, 1 H) 4.88 (s, 1 H) 4.98 (d, J=2.3 Hz, 1 H) 9.79 (1, J=1.4 Hz, 1 H)

(25,35,45,5R,6S)-2-allyl-6-((1S,E)-6-((25,55)-5-(2-((2S,4R,6R)-6-(({25,35,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-3-(2-methoxy-2-oxoethyl)tetrahydrofuran-2-yl)methyl)-4-
methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-1-((tert-
butyldimethylsilyl)oxy)-4-hydroxyhex-2-en-1-yl)-4,5-bis((tert-butyldimethylsilyl)oxy)tetrahydro-2H-
pyran-3-yl benzoate

=0 |

CO,Me . " "
\ . = e
OTBS AN Cl I_Pr“IIQ/O NHMs

\/ | B
wdy gr Poeaha
OTBS  Grcl, THF-MeCN, 4.5h
OTBS
TBSO OTBS

TBSO OTBS

(8)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)-6-methylphenylymethanesulfonamide (688 mg, 2.32 mmol)
was dissolved in acetonitrile (4 mL) and purged with nitrogen for 30 min. Chromous chloride (285 mg,
2.32 mmol) and triethylamine (320 pL, 2.32 mmol) were added, and the resulting dark green mixture was

stirred at 35 °C for 1h. In another reactor, methyl 2-((28,3S,4R,5R)-5-((S)-2,3-bis((tert-
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butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(2-((28,5S)-3-
methylene-5-(3-oxopropyl)tetrahydrofuran-2-yl)ethyltetrahydro-2H-pyran-2-yl)methyl)tetrahydrofuran-3-
yl)acetate (89 mg, 0.116 mmol) and (2S,38,4S,5R,6S)-2-allyl-4,5-bis((tert-butyldimethylsily))oxy)-6-((S,E)-
1-((tert-butyldimethylsilyl)oxy)-3-iodoallyl)tetrahydro-2H-pyran-3-yl benzoate (107 mg, 0.133 mmol) were
dissolved in THF (870 L) and acetonitrile (680 pL) and purged with nitrogen for 10 min.

Nickel(ll) chloride complex with 2,9-dimethyl-1,10-phenanthroline (7.84 mg, 0.023 mmol) followed by the
sulfonamide complex solution prepared above was added. The resulting mixture was stirred vigorously
for 5h at 15-23 °C and diluted with n-heptane (6.5 mL). The resulting mixture was filtered through a
Celite® pad, which was then rinsed with n-heptane (10 mL) and acetonitrile (10 mL). The layers were
separated, and the bottom acetonitrile layer was extracted twice with n-heptane (7 mL each). The
combined n-heptane layers were washed twice with acetonitrile (5 mL each) and concentrated in vacuo.
The residue was purified by silica gel column chromatography using a 10-33% gradient of ethyl acetate in
n-heptane as eluent to give 99 mg of the target product as white foam solid.

(2S,3S,45,5R,6S)-2-allyl-6-((S,E)-6-((2S,5S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-3-(2-methoxy-2-oxoethyl)tetrahydrofuran-2-yl)methyl)-4-
methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-1-((tert-
butyldimethylsilyl)oxy)-4-oxohex-2-en-1-yl)-4,5-bis((tert-butyldimethylsilyl)oxy)tetrahydro-2H-
pyran-3-yl benzoate

TBSO Yrgs. TBSO

To a solution of (28,38,4S,5R,68)-2-allyl-6-((1S,E)-6-((2S,58)-5-(2-((28,4R,6R)-6-(((2S,3S,4R,5R)-5-
((8)-2,3-bis((tert-butyldimethylsilyl) oxy)propyl)-4-methoxy-3-(2-methoxy-2-oxoethyl)tetrahydrofuran-2-
yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-1-((tert-
butyldimethylsilyl)oxy)-4-hydroxyhex-2-en-1-yl)-4,5-bis((tert-butyldimethylsilyl)oxy)tetrahydro-2H-pyran-3-
yl benzoate (0.284 g, 0.197 mmol} in dichloromethane (5.7 mL) at ambient temperature were added
sodium bicarbonate (83 mg, 0.98 mmol) and Dess-Martin periodinane (250 mg, 0.59 mmol). After being
stirred over 2h at ambient temperature, the reaction mixture was diluted with MTBE (8.5 mL). Water (2.8
mL), sodium thiosulfate (0.155 mg, 0.983 mmol), and saturated aqueous NaHCO; (8%) (2.84 mL) were
added, and the resulting mixture was stirred for 30 min. The layers were separated, and the organic layer
was washed twice with 30% aqueous NaCl (1.4 mL each time) and dried over MgSO,. Filtration and
concentration in vacuo provided 270 mg of the target product as white foam.
'H NMR (400 MHz, CDCl;) & ppm -0.13 - 0.23 (m, 30 H) 0.87 (s, 9 H) 0.88 (br. s, 18 H) 0.90 - 0.91 (m, 9
H) 0.96 (s, 9 H) 1.07 (d, J=6.3 Hz, 3H) 1.41-1.70 (m, 6 H) 1.72-1.86 (m, 4 H) 1.93-2.03 (m, 2 H) 2.09
-2.19 (m, 1 H) 2.20 - 2.56 (m, 7 H) 2.57 - 2.80 (m, 3 H) 3.29 (s, 3 H) 3.41 (d, J=3.5 Hz, 2 H) 3.43 - 3.55
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(M, 4 H) 3.56 (M, J=5.5 Hz, 1 H) 3.65 - 3.73 (M, 1 H) 3.69 (s, 3 H) 3.74 - 3.82 (m, 2 H) 3.84 - 3.90 (m, 1
H) 8.92 - 415 (m, 4 H) 4.30 - 4.41 (m, 1 H) 4.59 - 4.70 (m, 1 H) 4.79 (d, J=1.2 Hz, 1 H) 4.81 - 4.85 (m, 1
H) 4.87 (s, 1 H) 4.95-5.00 (m, 1 H) 5.05 - 5.29 (m, 2 H) 5.62 - 5.83 (m, 1 H) 6.27 (d, J=15.2 Hz, 1 H)
6.65 - 6.85 (M, 1 H) 7.34 - 7.48 (m, 2 H) 7.50 - 7.60 (m, 1 H) 7.92 - 8.14 (m, 2 H)

(25,3aR,4aR,5R,6S,75,8aR,8bS)-7-allyl-2-(2-((2S,55)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-
dihydroxypropyl)-4-methoxy-3-(2-methoxy-2-oxoethyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-
methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)ethyl)octahydro-2H-
2 5-epoxyfuro[2’,3":4,5]furo[3,2-b]pyran-6-y| benzoate

1) TBAF,
imidazole*HCI,
THF/DMA

2) DBU; PPTS

TBSO  OTBs
(2S,38,45 5R,68)-2-allyl-6-((S,E)-6-((2S,58)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-3-(2-methoxy-2-oxoethyl)tetrahydrofuran-2-ylymethyl)-4-methyl-
5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-1-((tert-
butyldimethylsilyl)oxy)-4-oxohex-2-en-1-yl)-4,5-bis((tert-butyldimethylsilyl)oxy)tetrahydro-2H-pyran-3-y!
benzoate (0.270 g, 0.187 mmol) was dissolved in N,N-dimethylacetamide (4.3 mL), and THF (10.8 mL)
at ambient temperature. A mixture of tetrabutylammonium fluoride (1.0 M, 1.9 mL, 1.9 mmol) and
imidazole hydrochloride (0.098 g, 0.936 mmol) was added, and the resulting solution was stirred at
ambient temperature for 20 h. Water (5.4 mL) and toluene (11 mL) were added and the layers were
separated. The aqueous layer was extracted twice with a mixture of toluene (11 mL) and THF (11 mL).
The combined organic layers were washed with 30% aqueous NaCl (5.4 mL), dried over MgSQ,, filtered,
and concentrated in vacuo. The residue was azeotroped with a mixture of acetonitrile (3.2 mL) and water
(1.1 mL) three times to give 0.26 g of brown oil. The crude product was dissolved in dichloromethane
(5.0 mL) and treated with DBU (0.050 mL, 0.332 mmol) for 1h at ambient temperature. Pyridinium p-
toluenesufonate (496 mg, 1.98 mmol) was added, and the resulting mixture was stirred for 3h at ambient
temperature. The reaction mixture was purified by silica-gel column chromatography using a 0 - 100%
gradient of acetonitrile in ethyl acetate as eluent to afford 44 mg of the target product.

"H NMR (400 MHz, CDCl;) § ppm 1.08 (d, J=6.6 Hz, 3 H) 1.43 - 2.49 (m, 23 H) 2.68 (ddd, J=15.7, 6.5, 1.6
Hz, 1 H) 3.32 (s, 3 H) 3.46 - 3.57 (m, 3 H) 3.61 - 3.66 (M, 1 H) 3.69 (s, 3 H) 3.76 (dd, J=9.0, 3.9 Hz, 1 H)
3.83 (dt, J=7.7, 5.3 Hz, 1 H) 3.90 - 4.01 (m, 2 H) 4.03 (d, J=7.0 Hz, 1 H) 4.21 (dd, J=6.6, 4.3 Hz, 1 H) 4.30
(dd, J=6.4, 4.5 Hz, 1 H) 4.35- 4.40 (m, 1 H) 4.64 (dd, J=4.1, 2.1 Hz, 1 H) 4.66 - 4.69 (m, 1 H) 4.70 - 4.80
(m, 3 H) 4.81 (d, J=1.6 Hz, 1 H) 4.85 (d, J=1.6 Hz, 1 H) 4.86 (s, 1 H) 4.97 (d, J=2.0 Hz, 1 H) 5.00 - 5.04
(m, 1 H) 5.06 (d, J=1.6 Hz, 1 H) 5.80 - 5.99 (m, 1 H) 7.41 - 7.46 (m, 2 H) 7.54 - 7.59 (m, 1 H) 8.04 (dd,
J=8.4,1.4 Hz, 2 H).
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methyl 2-((25,3S,4R,5R)-2-(((2R,4R,6S)-6-(2-((2S,5S)-5-(2-((3aR,4aR,5R,6S,7S,8aR,8bS)-7-ally|-6-
((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2’,3':4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-
((S)-2,3-bis((triethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)acetate

\/
)NaOMe o o o0
MeOH 2
2) TESCI, MeO:,, o 0
imidazole 3 o
DMF &
>\\ Me
TESO OTES

(3aR,4aR,5R,68,7S,8aR,8bS)-7-allyl-2-(2-((28,58)-5-(2-((28,4R,6R)-6-(((2S,3S,4R,5R)-5-((5)-2,3-
dihydroxypropyl)-4-methoxy-3-(2-methoxy-2-oxoethyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-
methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)ethyl)octahydro-2H-2,5-
epoxyfuro[2',3":4,5]furo[3,2-blpyran-6-yl benzoate (48.7 mg, 0.057 mmol) was dissolved in THF (1.5 mL)
and cooled to 0 °C. A solution of sodium methoxide in methanol (25 wt %, 17 pL, 0.074 mmol) was
added, and the resulting solution was stirred at ambient temperature for 1h. Acetic acid (6.54 L, 0.114
mmol) was added, and solvents were removed with a stream of nitrogen. The residue was azeotroped
with toluene and dissolved in DMF (1.5 mL) at ambient temperature. To the resulting solution were
added imidazole (58.4 mg, 0.857 mmol), chlorotriethylsilane (0.096 mL, 0.572 mmol), and 4-
dimethylaminopyridine (7.0 mg, 0.057 mmol). The resulting mixture was stirred at ambient temperature
for 2 days and then treated with saturated aqueous NaHCO; (8%) (3.0 mL). The resulting mixture was
extracted twice with MTBE (12 mL). The combined organic layers were washed with 30% aqueous NaCl
(4.0 mL) and dried over MgSQ,. Filtration followed by concentration and purification by silica gel column
chromatography using a 10 - 33% gradient of ethyl acetate in n-heptane as eluent provided 110 mg of the
target product.

2-((2S,3S,4R,5R)-2-(((2R,4R,6S)-6-(2-((2S,5S)-5-(2-((2S,3aR,4aR,5R,6S,7S,8aR,8bS)-7-allyl-6-
((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2’,3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-
((S)-2,3-bis((triethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)ethan-1-ol
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H
X OE

OH TESO

MeQO:,, o

TESO>\\ Me TESO>\\ Me

OTES OTES
methyl 2-((2S,3S,4R,5R)-2-(((2R,4R,63)-6-(2-((25,58)-5-(2-((3aR,4aR,5R,6S,7S,8aR,8bS)-7-allyl-6-
((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-

methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-ylYmethyl)-5-((S)-2,3-
bis((triethylsily)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)acetate (110 mg) was dissolved in THF
(3.0mL) and cooled to 0 °C. A solution of lithium aluminum hydride in THF (1.0 M, 0.11 mL, 0.11 mmol)
was added, and the resulting solution was stirred for 30 min. Saturated aqueous NH4ClI (27 wt%) (3.0
mL) and water (1 mL) were added, and the resulting mixture was extracted twice with MTBE (6mL each
time). The combined organic layers were washed with 30% aqueous NaCl (4.0 mL) and dried over
MgSQ,. Filtration followed by concentration and purification by silica gel column chromatography using a
25 - 50% gradient of ethyl acetate in n-heptane as eluent provided 26. 6 mg of the target product.

'H NMR (400 MHz, CDCl3) § ppm 0.56 - 0.65 (m, 18 H) 0.91 - 0.99 (m, 27 H) 1.07 (d, J=6.2 Hz, 3 H) 1.46
-1.83(m, 12 H) 1.89-2.17 (m, 8 H) 2.20 - 2.31 (m, 2 H) 2.51 - 2.59 (m, 1 H) 2.60 - 2.69 (m, 1 H) 3.22
(dd, J=9.4, 2.3 Hz, 1 H) 3.30 (s, 3 H) 3.45 (dd, J=4.3, 3.1 Hz, 1 H) 3.50 - 3.62 (m, 3 H) 3.68 - 3.78 (m, 3
H) 3.78 - 3.84 (m, 1 H) 3.84 - 3.90 (m, 1 H) 3.90 - 3.96 (m, 1 H) 3.97 - 4.05 (M, 2 H) 4.18 (dd, J=6.6, 4.7
Hz, 1 H) 4.29 (dd, J=4.1, 2.1 Hz, 1 H) 4.30 - 4.36 (M, 1 H) 4.37 - 4.43 (M, 1 H) 4.58 (t, J=4.5 Hz, 1 H) 4.66
(t, J=4.7 Hz, 1 H) 4.79 - 480 (m, 1 H) 4.83 (d, J=2.0 Hz, 1 H) 4.88 (s, 1 H) 4.96 (d, J=2.0 Hz, 1 H) 5.07 (d,
J=10.2 Hz, 1 H) 5.14 (d, J=1.2 Hz, 1 H) 5.91 (dddd, J=17.3,10.1, 7.7, 5.9 Hz, 1 H)

2-((2S,3S,4R,5R)-2-(((2R,4R,6S)-6-(2-((2S,5S)-5-(2-((3aR,4aR,5R,6S,7S,8aR,8bS)-7-allyl-6-
((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2’,3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-
((S)-2,3-bis((triethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)acetaldehyde
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To a solution of 2-((28,3S,4R,5R)-2-(((2R,4R,65)-6-(2-((2S,58)-5-(2-((3aR,4aR,5R,6S,7S,8aR,8bS)-7-
allyl-6-((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-((S)-2,3-
bis((triethylsilyhoxy)propyl)-4-methoxytetrahydrofuran-3-yljethanol (13.3 mg, 0.013 mmol) in
dichloromethane (1.0 mL) at ambient temperature were added sodium bicarbonate (10.5 mg, 0.125
mmol) and Dess-Martin periodinane (26.5 mg, 0.063 mmol). After being stirred for 40 min, the reaction
mixture was treated with MTBE (6.0 mL), water (3.0 mL) and sodium thiosulfate (15.82 mg, 0.10 mmol).
After 10 min of being stirred, the layers were separated, and the organic layer was washed twice with
30% aqueous NaCl (2.0 mL) and dried over MgSO,. Concentration in vacuo provided 12 mg of the target
product.

1-((2S,3S,4R,5R)-2-(((2R,4R,6S)-6-(2-((25,5S)-5-(2-((3aR,4aR,5R,6S,75,8aR,8bS)-7-allyl-6-
((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2’,3':4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-
((8)-2,3-bis((triethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)pent-4-en-2-ol

H
X O p o, O
TESO TESO
o= HO
AllylMgCl
MeOu, st - Meo": nt
0 0
Me Me
TESO OTES TESO OTES

2-((28,3S,4R,5R)-2-(((2R 4R,6S)-6-(2-((2S,5S)-5-(2-((3aR,4aR,5R,68,7S,8aR,8b3)-7-allyl-6-
((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-
methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-((S)-2,3-
bis((triethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)acetaldehyde (12 mg, 0.011 mmol) was
dissolved in THF (1.0 mL) and cooled to 0 °C. A solution of allyimagnesium chloride in THF (2.0 M, 0.017
mL, 0.034 mmol) was added. The resulting solution was stirred for 20 min and then treated with
saturated aqueous NH,CI (27 wt %) (3.0 mL). The resulting mixture was extracted with MTBE (10 mL).
The organic layer was washed twice with 30% agueous NaCl (2.0 mL), dried over MgSQOy, filtered, and
concentrated in vacuo. The residue was purified by silica gel column chromatography using a 20 - 33%
gradient of ethyl acetate in n-heptane as eluent provided 11.7 mg of the target product.
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/ \/"1,
Hoveyda-Grubbs
TESO 2nd gen. cat. (0.2 eq)
HO

toluene (1 mM), MeO.,

MeQ:., 70°C, 3h

\\\ O \\\\
Me TESO Me
TESO OTES OTES

1-((28,3S,4R,5R)-2-(((2R,4R,6S)-6-(2-((2S,58)-5-(2-((3aR,4aR,5R,6S,7S,8aR,8bS)-7-allyl-6-
((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-
methylenetetrahydrofuran-2-yljethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-5-((S)-2,3-
bis((triethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)pent-4-en-2-ol (11.7 mg, 10.60 umol) was
dissolved in toluene (10 mL) and heated to 50 °C. Hoveyda-Grubbs 2nd Generation Catalyst (1.333 mg,
2.12 umol) was added, and the resulting solution was stirred for 3h at a temperature between 68-73 °C.
The reaction mixture was cooled to ambient temperature and purified by silica gel column
chromatography using a 20 - 33% gradient of ethyl acetate in n-heptane as eluent to provide 7.7 mg of
the target product. 'H NMR (400 MHz, CDCl,) 8 ppm 0.56 - 0.68 (m, 18 H) 0.85 - 1.02 (m, 27 H) 1.08 (d,
J=6.2 Hz, 3H) 1.28 - 2.35 (m, 23 H) 2.39 - 2.84 (m, 3 H) 3.17 (ddd, J=9.5, 5.6, 2.1 Hz, 1 H) 3.31 (s, 3 H)
3.41-3.64(m,4H)3.65-4.07(m,6H)4.17(d, J=6.6 Hz, 1 H) 4.28 (dd, J=4.1, 2.1 Hz, 1 H) 4.31 - 4.41
(m, 3 H) 4.56 - 4.69 (M, 2 H) 4.79 (s, 1 H) 4.83 (br. s., 1 H) 4.92 (s, 1 H) 4.96 (d, J=2.3 Hz, 1 H) 5.45 -
561 (m,1H)562-5.76(m,1H)

Me Me
TESO OTES TESO OTES

The starting material (7.7 mg, 7.158 umol) was dissolved in dichloromethane (0.70 mL) and treated with
sodium bicarbonate (6.01 mg, 0.072 mmol) and Dess-Martin periodinane (12.14 mg, 0.029 mmol). After
being stirred at ambient temperature for 1h, the reaction mixture was diluted with MTBE (5.0 mL) and
water (3.0 mL). Sodium thiosulfate (11.32 mg, 0.072 mmol) was added and the resulting mixture was
stirred at for 20 min. The layers were separated and the organic layer was washed wit 30% aqueous
NaCl (1.0 mL) and dried over MgSQ,. Filtration followed by concentration and purification by silica gel
column chromatography using n-neptane/ethyl acetate (2/1) as eluent afforded 6.8 mg of the target
product as a film.

"H NMR (400 MHz, CDCl,) 8 ppm 0.55 - 0.65 (m, 18 H) 0.91 - 1.02 (m, 27 H) 1.08 (d, J=6.6 Hz, 3 H) 1.40
-2.33(m, 20 H) 2.49 - 2.67 (m, 4 H) 3.03 (dd, J=15.6, 7.8 Hz, 1 H) 3.08 - 3.14 (m, 1 H) 3.16 (dd, J=9.4,
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2.0 Hz, 1 H) 3.30 (d, J=3.1 Hz, 1 H) 3.35 (s, 8 H) 3.44 - 3.57 (m, 3 H) 3.73-3.87 (M, 3 H) 3.87 - 3.94 (m, 1
H) 3.97 - 4.00 (m, 1 H) 4.18 (dd, J=6.6, 4.3 Hz, 1 H) 4.29 (dd, J=4.1, 2.1 Hz, 1 H) 4.32-4.44 (m, 3 H) 4.59
-4.66 (M, 2 H) 4.79 (s, 1 H) 4.83 (s, 1 H) 4.91 (s, 1 H) 4.98 (s, 1 H) 5.57 (dt, J=15.2, 7.0 Hz, 1 H) 5.69 (d,
J=14.8, 6.2 Hz, 1 H)

TESO
© TBAF, THF
MEOII, ot ' Meo’ll
\‘\ O ‘\\\
Me
Me HO>j
TESC  OTES 7 OH ER-076349

To a solution of compound 7 (3.4 mg, 3.167 umol) in THF (0.5 mL) at ambient temperature was added
TBAF (1.0 M, 0.025 mL, 0.025 mmol). The resulting solution was stirred for 25 h at ambient temperature
and then purified by silica gel column chromatography using a 0 - 100% gradient of acetonitrile in ethyl
acetate as eluent to provide 1.6 mg of the target product. The structure was confirmed by comparison of
10 the "H NMR spectrum to that of an authentic sample.
'H NMR (400 MHz, CDClg) 8 ppm 1.10 (d, J=6.6 Hz, 1 H) 1.19- 1.83 (m, 8 H) 1.92 - 2.36 (m, 12 H) 2.39
-2.58 (m, 3 H) 2.72 (dd, J=16.0, 9.8 Hz, 1 H) 2.82 - 2.92 (m, 2 H) 2.94 - 3.02 (m, 1 H) 3.29 (d, J=3.1 Hz,
1 H) 3.44 (s, 3 H) 3.51 - 3.69 (M, 4 H) 3.86 (dt, J=9.0, 3.1 Hz, 1 H) 3.89 - 3.99 (M, 3 H) 4.03 (dd, J=6.3,
43Hz, 1 H)4.08-4.16 (m, 1 H) 4.19 (dd, J=6.6, 4.7 Hz, 1 H) 4.26 - 4.41 (m, 3 H) 4.61 (t, J=4.7 Hz, 1 H)
15 4.69 (t, J=4.3 Hz, 1 H) 4.82 (d, J=1.6 Hz, 1 H) 4.89 (br. s., 1 H) 4.93 (br. s, 1 H) 5.07 (d, J=2.0 Hz, 1 H)

Example 5: Preparation of a Compound of Formula (ID) through C.2-C.3 Macrocyclization
Methyl 2-((2S,3S,4R,5R)-5-((S)-2,3-bis((triethylsilyl)oxy)propyl)-2-(((2R,4R,6S)-6-(2-((2S,5S)-5-(2-
((28,3aR,4aR,5R,6S8,7S5,8aR,8bS)-7-(3-hydroxypropyl)-6-((triethylsilyl)oxy)octahydro-2H-2,5-

20  epoxyfuro[2',3':4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-
methylenetetrahydro-2H-pyran-2-yl)methyl)-4-methoxytetrahydrofuran-3-yl)acetate

Sia,BH(@B eq)  MeO:
THF, 0 °C:

H2027 NaOH

. Me Et;SiO
Et3SiO OSiEty

To a solution of methyl 2-((2S,38,4R,5R)-2-(((2R,4R,6S3)-6-(2-((2S,58)-5-(2-
((3aR,4aR,5R,68,75,8aR,8bS)-7-allyl-6-((triethylsilyl)oxy)octahydro-2H-2,5-epoxyfuro[2',3":4,5]furo[3,2-

25  blpyran-2-yl)ethyl)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-
140



10

15

20

25

30

CA 02929084 2016-04-28

WO 2015/066729 PCT/US2014/063960

ylymethyl)-5-((S)-2,3-bis((triethylsilyl)oxy)propyl)-4-methoxytetrahydrofuran-3-yl)acetate (10 mg, 9.16
umol) in THF (0.2 mL) was added the freshly prepared solution of disiamylborane in THF (0.45 M, 0.041
mL, 0.018 mmol) at 0 °C. The resulting solution was warmed to ambient temperature. After 1h, 2h, and
4h, additional diisoamylborane solution was added (each time 40 uL). After being stirred for 2h, the
reaction mixture was diluted with MTBE (1.0 mL) and cooled down to 0 °C. 3M Sodium hydroxide (0.10
mL, 0.30 mmol) and 30% hydrogen peroxide (0.10 mL, 0.979 mmol) were added. The resulting mixture
was stirred at ambient temperature for 2h and treated with saturated aqueous NH,ClI solution (2 m) and
MTBE (2 mL). The layers were separated, and the aqueous layer was extracted with MTBE (3 mL). The
combined organic layers were washed with saturated agueous NaHSO; (1 mL) and 30% aqueous NaCl
(1 mL) and dried over MgSQO,. Filtration followed by concentration in vacuo and purification by silica gel
column chromatography using a 20 - 33% gradient of ethyl acetate in n-heptane as eluent provided 3.6
mg of the target product.

'H NMR (400 MHz, CDCl3) & ppm 0.53 - 0.66 (m, 18 H) 0.91 - 0.99 (m, 27 H) 1.08 (d, J=6.6 Hz, 3 H) 1.17
-1.24 (m, 1 H)1.36 (M, 2 H) 1.65-1.85 (M, 9 H) 1.88-2.03 (m, 6 H) 2.14 (d, J=12.9 Hz, 2 H) 2.21 - 2.32
(m, 3 H) 2.35(m, 1 H) 2.40 (m, 1 H) 2.59 - 2.69 (m, 1 H) 3.19 (dd, J=9.6, 2.1 Hz, 1 H) 3.29 (s, 3 H) 3.43
(d, J=3.5 Hz, 1 H) 3.49 (dd, J=10.2, 5.1 Hz, 2 H) 3.56 (dd, J=10.9, 6.6 Hz, 1 H) 3.62 - 3.69 (m, 2 H) 3.69 -
3.72(m, 4 H) 3.78 (dd, J=9.0, 4.7 Hz, 1 H) 3.80 - 3.90 (m, 3 H) 3.97 - 4.06 (m, 2 H) 4.18 (dd, J=6.8, 4.5
Hz, 1 H) 4.24 - 4.31 (M, 2 H) 4.34 - 4.41 (m, 1 H) 4.57 (1, J=4.7 Hz, 1 H) 4.68 (t, J=4.7 Hz, 1 H) 4.80 (s, 1
H) 4.82 (s, 1 H) 4.87 (s, 1 H) 4.96 (d, J=2.0 Hz, 1 H).

dimethyl (3-((25,3S,4R,5R)-5-((S)-2,3-bis((triethylsilyl)oxy)propyl)-2-(((2R,4R,6S)-6-(2-((2S,5S)-5-(2-
((28,3aR,4aR,5R,65,7S,8aR,8bS)-7-(3-hydroxypropyl)-6-((triethylsilyl)oxy)octahydro-2H-2,5-
epoxyfuro[2',3':4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-
methylenetetrahydro-2H-pyran-2-yl)methyl)-4-methoxytetrahydrofuran-3-yl)-2-
oxopropyl)phosphonate

OH
Meo OMe K/”/,
OMe o” Et,SiO
MeO_ 7™ n_BulLi 3
0% \THF, -78 °C
|V|eOu, Wy
0

: Me
Et;SiO OSiEty

To a solution of dimethyl methylphosphonate (11 pL, 0.097 mmol) in THF (0.50 mL) was added n-BuLi
(1.6 M, 0.081 mL, 0.097 mmol) at -78 °C, and the resulting solution was stirred for 40 min at-78 °C. A
solution of methyl 2-((2S,3S,4R,5R)-5-((S)-2,3-bis((triethylsilyl)oxy)propyl}-2-(((2R,4R,6S)-6-(2-((2S,5S)-
5-(2-((3aR,4aR,5R,6S,7S,8aR,8bS8)-7-(3-hydroxypropyl)-6-((triethylsilyl)oxy)octahydro-2H-2,5-
epoxyfuro[2',3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-methylenetetrahydrofuran-2-ylyethyl)-4-methyl-3-
methylenetetrahydro-2H-pyran-2-yl)methyl)-4-methoxytetrahydrofuran-3-yl)acetate (3.6 mg, 3.244 pmol)
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in THF (0.50 mL) was then added. The reaction mixture was stirred for 1.5h at -78 °C and treated with
saturated aqueous NH,Cl solution (2 mL). The resulting mixture was diluted with ethyl acetate (2 mL) and
warmed to ambient temperature. The layers were separated, and the aqueous layer was extracted with
ethyl acetate (5 mL). The combined organic layers were dried over MgSQy, filtered, concentrated, and
purified by silica gel column chromatography using Heptane/EtOAc (1/1), EtOAc, EtOAc/MeCN (1/1), and
DCM/MeOH (10/1) as eluents to provide 1 mg of the target product.

MS m/z 1202.2 [M+H]*, 1203.2, 1204.2. 'H NMR (400 MHz, CDCly) & ppm 0.55 - 0.66 (m, 18 H) 0.92 -
0.99 (m, 27 H) 1.07 (d, J=6.6 Hz, 3 H) 1.15 - 2.18 (m, 22 H) 2.20 - 2.30 (M, 1 H) 2.64 - 2.70 (m, 1 H) 3.07
(d, J=9.8 Hz, 1 H) 3.13 (d, J=9.8 Hz, 1 H) 3.16 - 3.24 (m, 1 H) 3.33 (dd, J=10.2, 3.5 Hz, 1 H) 3.33 (s, 3 H)
3.48-3.59 (m, 4 H)3.63-3.72 (m, 2 H) 3.73-3.88 (M, 4 H) 3.77 - 3.79 (m, 3 H) 3.81 (s, 3 H) 3.99 - 4.06
(m,2 H)4.16 - 4.21 (M, 1 H) 4.26 - 4.31 (m, 2 H) 4.34 - 4.40 (m, 1 H) 4.57 (t, J=4.3 Hz, 1 H) 4.68 (t, J=4.7
Hz, 1 H) 4.79 (s, 1 H) 4.84 (br. s, 1 H) 4.86 (s, 1 H) 4.97 (br. s, 1 H)

=
ELSIO bty
1) Dess-Martin [O] 0
2)Zn(OTf),, TEA MeOx,
TMEDA, MeCN
& (@]
. Me
. Me Et3SiO OSiEty
EthIO OSiEt3
H _H
(ONE]
WH
O E O'O
H O
TBAF, THF
rt

0
MeO:., N0 0
e %/7’\
HO>\\OH Me
Dimethyl(3-((2S,3S,4R,5R)-5-((S)-2,3-bis((triethylsilyl)oxy)propyl)-2-(((2R,4R,6S)-6-(2-((2S ,5S)-5-(2-
((3aR,4aR,5R,6S,7S,8aR,8bS)-7-(3-hydroxypropyl)-6-((triethylsilyl)oxy) octahydro-2H-2,5-
epoxyfuro[2',3":4,5]furo[3,2-b]pyran-2-yl)ethyl)-3-methylenetetrahydrofuran-2-yl)ethyl)-4-methyl-3-
methylenetetrahydro-2H-pyran-2-ylymethyl)-4-methoxytetrahydrofuran-3-yl)-2-oxopropyl)phosphonate (1
mg, 0.832 umol) was dissolved in dichloromethane and treated with sodium bicarbonate (1.4 mg, 0.017
mmol) and Dess-Martin periodinane (3.5 mg, 8.3 umol) at ambient temperature. After 2h, the reaction
mixture was diluted with MTBE (1 mL) and water (0.5 mL). Sodium thiosulfate (3 mg) was added, and the
resulting mixture was stirred for 20min at ambient temperature. The layers were separated, and the
aqueous layer was extracted with EtOAc (2 mL). The combined organic layers were dried over MgSO,
and concentrated in vacuo. The residue was diluted with toluene and filtered through a silica gel plug,
which was then rinsed with EtOAc. The filtrate was concentrated in vacuo, and the resulting residue was
dissolved in THF(1.0 mL). A slurry mixture of zinc trifluoromethanesulfonate (2.4 mg, 0.0067 mmol), TEA

(3 pL, 0.020 mmol), and TMEDA (0.5 L, 0.0033 mmol) in THF (2 mL) was added. The resulting reaction
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mixture was stirred at ambient temperature for 1 day and treated with MTBE (6 mL) and 30% aqueous
NaCl (2 mL). The organic layer was separated and washed with 30% aqueous NaCl (1.5 mL). Drying,
filtration, and concentration in vacuo gave the target product. MS m/z 1073.6 [M+H]*. The crude
macrocyclic product was dissolved in THF (0.5 mL) at ambient temperature and treated with 1.0 M TBAF
in THF (0.020 mL, 0.02 mmol). After stirring at ambient temperature overnight, formation of the target
product was confirmed by LCMS analysis with an authentic sample (retention time and MS data). MS m/z
731.6 [M+H]", 753.6 [M+Na]".

Example 6: Preparation of a Compound of Formula (ViIB)

OMe OMe
TE,NPh
TBEC')\I Me NaBH, TBé)/J: P TBE)/\I venige!  TBso _KHUDS _
TBSO oTf TBSO ¢
Me Me
Pd,(dba)s, Hunig's base oPv
OPv
5 oTHP OTHP 050, Nal0s 110 oTHP | o,
0 n-Buli, BF5-OEt, 2,6-lutidine OTHP NaBH4 QH _z 2,4,6-collidine
—_— Q —_— = = —_—
= i A
OH
OTHP OH  mtscl, BnEt;NCI OMts y I
_PTSOH, MeOH _ oH toluene/15% NaOH oH MeCu(CN)Li oH 4
~7 ~7 Me
OPv OPv OPv
O!
yN NHMs
Ac,0, EtsN i-Pr Me TsNHNH,;
HO  Br 20, Ets AcO  Br TBSCI 2
H DMAP H CrCI2 Et:N |m|dazole TBSO EtN TBSO
OTBDPS OTBDPS ~pMe
OTBDPS OTBDPS OTBDPS

(4 R)-4~((tert-butyldimethylsilyl)oxy)-7-hydroxy-N-methoxy- N,2-dimethylheptanamide

CI)Me OMe
|
0O N.
TBSO Me NaBH,4 TBSOO N\Me
—_—
Me Me
OH

CHO
A solution of (4R)-4-((tert-butyldimethyisilyl)oxy)-N-methoxy-N,2-dimethyl-7-oxoheptanamide (27 g, 81.4
mmol) in methanol (203 mL) was cooled to 0 °C and treated with NaBH, (1.54 g, 40.7 mmol), which was
added portion wise over 30 min, while maintaining the internal temperature below 10 °C. The reaction
mixture was stirred at 0 °C for 2 h and quenched with saturated aqueous NH,CI (67.5 mL). After stirring
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at room temperature for 20 min, the mixture was diluted with MTBE (189 mL). The organic layer was
separated, and the aqueous layer was extracted with MTBE (50 mL). The organic layers were combined,
washed with brine (47.3 mL), and concentrated in vacuo. The residue was filtered through silica gel pad
(ca. 40 g), which was rinsed with ethyl acetate/n-heptane=1/1 (300 mL). The filtrate was concentrated in
vacuo to give the title compound (26 g, 96%). "HNMR (400 MHz, CDCl3) 8 0.02 (s, 6H), 0.86 (s, SH),
1.12 (d, 3H), 1.42-1.68 (m, 6H), 1.96 (m, 1H), 3.18 (s, 3H), 3.62 (m, 2H), 3.69 (s, 3H), 3.75 (m, 1H).

(4 R)-4-((tert-butyldimethylsilyl)oxy)-7-(methoxy(methyl)amino)-6-methyl-7-oxoheptyl pivalate

(I)Me OMe
|
O N. 0 N.
TBSO Me PVCl TBSO Me
Me Me
OH OPv

A solution of (4R)-4-((ter-butyldimethylsilyl)oxy)-7-hydroxy-N-methoxy-N,2-dimethylheptanamide (26 g,
78.0 mmol} in CHCl, (130 mL) was cooled to O °C and treated with triethylamine (19.56 mL, 140.3
mmol), TMEDA (1.18 mL, 7.80 mmol), and pivaloyl chloride (PvCl) (10.6 mL, 85.8 mmol). After stirring at
room temperature for 15 h, the mixture was treated with PvCl (0.96 mL, 7.8 mmol) and triethylamine (5.43
mL, 39.0 mmol) and stirred at rt for another 5 h. The reaction was quenched with water (260 mL). The
organic layer was separated, and the aqueous layer was extracted with MTBE (260 mL). The organic
layers were combined, washed with brine, and dried over MgSQ, to give the title compound (32.07 g,
99%). 'H NMR (400 MHz, CDCl3) § 0.02 (s, 6H), 0.86 (s, 9H), 1.12 (d, 3H), 1.18 (s, 9H), 1.40-1.55 (m,
4H), 1.68 (m, 2H), 1.92 (m, 1H), 3.17 (s, 3H), 3.69 (m, 4H), 4.03 (t, 2H).

(4R)-4-((tert-butyldimethyisilyl)oxy)-6-methyl-7-oxooctyl pivalate
QMe

~

Os _Me

MeMgcl ~ 1BSO

TBSO © Me

Me

Me OPv

OPv
A solution of (4R)-4-((tert-butyldimethylsilyl)oxy)-7-(methoxy(methyl)amino)-6-methyl-7-oxoheptyl pivalate
(82.07 g, 76.79 mmol) in THF (96 mL) was cooled to -20 °C and treated with 3 M MeMgCl in THF (30.7
mL, 92.1 mmol) over 10 min, while maintaining the internal temperature below -10 °C. The mixture was
warmed up to 0 °C over 2 h and stirred at 0 °C for 13 h. Additional 3 M MeMgCl in THF (5.12 mL, 15.4
mmol) was added and stirring was continued at 0 °C for another 5 h. The reaction was quenched with
saturated squeous NH.CI (80 mL) and extracted twice with MTBE (96 mL). The organic layers were
combined, dried over MgSO, and concentrated in vacuo to give the title compound (28.64 g, 100%). 'H
NMR (400 MHz, CDCls) 8 0.02 (s, 6H), 0.86 (s, 9H), 1.10 (d, 3H), 1.19 (s, 9H), 1.34 (m, 1H), 1.50 (m, 2H),
1.64 (m, 2H), 1.88 (m, 1H), 2.13 (s, 3H), 2.68 (m, 1H), 3.68 (m, 1H), 4.03 (t, 2H).

(4R)-4-((tert-butyldimethylisilyl)oxy)-6-methyl-7-(((trifluoromethyl)sulfonyl)oxy)oct-7-en-1-yl
pivalate
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oTf
850 O Me Tf,NPh TBSO
KHMDS
Me E— Me
OPv OPv

A mixture of (4R)-4-((tert-butyldimethylsilyl)oxy)-6-methyl-7-oxooctyl pivalate (15.0 g, 40.3 mmol) and
1,1,1-trifluoro-N-phenyl-N-(trifluoromethyl)sulfonyl methanesulfonamide (21.6 g, 60.4 mmol) in THF (150
mL) was cooled to -20 °C and treated with 0.5 M KHMDS in toluene (105 mL, 52.3 mmol) over 20 min,
while maintaining the internal temperature below -20 °C. The mixture was stirred at -20 °C for 1 h.
Additional 0.5 M KHMDS in toluene (8.05 mL, 4.03 mmol) was added, and stirring was continued at -20
°C for another 1 h. The reaction was quenched with saturated aqueous NH,CI (105 mL) and extracted
twice with n-heptane (105 mL). The organic layers were combined, washed with brine, and concentrated
in vacuo. The residue was treated with n-heptane (80 mL) and aged in a freezer (- 20 °C) overnight. The
precipitate was filtered and rinsed with n-heptane. The filtrate was concentrated in vacuo and purified by
column chromatography (ethyl acetate/n-heptane=1/20 to 1/10) to give the title compound (14.25 g, 70%).
"H NMR (400 MHz, CDCl3) § 0.02 (d, 6H), 0.86 (s, 9H), 1.15 (d, 3H), 1.18 (s, 9H), 1.40-1.55 (m, 4H), 1.6-
1.71 (m, 2H), 254 (m, 1H), 3.74 (m, 1H), 4.03 (t, 2H), 4.90 (d, 1H), 5.09 (d, 1H).

(R)-4-((tert-butyldimethylsilyl)oxy)-6-methylocta-6,7-dien-1-yl pivalate

.,
n, PPh,
99 l

oT TBSO
TBSO Pd,(dba)s, Hunig's base

Me

Me

OPv OPv

A mixture of Pdy(dba)s (7.3 mg, 7.9 umol) and (S)-(-)-(diphenylphosphino)-2'-methoxy-1,1'-binaphthyl
(0.015 g, 0.032 mmol) was purged with nitrogen and treated with n-heptane (2.0 mL). The mixture was
stirred at 50 °C for 4.5 h.  After cooling to room temperature (rt), the mixture was filtered through Celite®
pad to remove catalyst, and the Celite® pad was rinsed with n-heptane. After concentration, the residue
was purified by column chromatography (ethyl acetate/n-heptane=1/20 to 1/10) to give the title compound
(130 mg, 93%). 'H NMR (400 MHz, CDCls) § 0.02 (s, 6H), 0.84 (s, 9H), 1.18 (s, 9H), 1.40-1.75 (m, 4H),
1.68 (t, 3H), 2.02-2.17 (m, 2H), 3.80 (m, 1H), 4.03 (t, 2H), 4.55 (m, 2H).

(55)-9-((tetrahydro-2 H-pyran-2-yl)oxy)non-1-en-7-yn-5-ol

=~ OTHP
\\‘O

n-BuLi, BF3-OEt,
C

A solution of tetrahydro-2-(2-propynyloxy)-2H-pyran (27 g, 192.6 mmol) in THF (270 mL) was cooled to -

78 “C and treated with 2 M n-BuLi in cyclohexane (99 mL, 198.4 mmol) over 30 min, while maintaining

the internal temperature below -65 °C. After stirring for 40 min at -78 °C, to the mixture was added
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BF;-OEt: (25.1 mL, 198.4 mmol) over 5 min, the resulting mixture was stirred at -78 °C for 15 min. A
solution of (S)-2-(but-3-en-1-yl)oxirane (20.79 g, 211.9 mmol) in THF (54.0 mL) was added over 30 min,
while maintaining the internal temperature below -65 °C, and stirring was continued at-78 °C for 1 h. The
reaction was quenched with saturated aqueous NH4CI (270 mL) and warmed to rt. The organic layer was
separated and the agueous layer was extracted with MTBE (270 mL). The organic layers were
combined, washed with saturated aqueous NaHCO; (81 mL) and brine (80 mL), and dried over MgSQO, to
give the title compound (40.1 g, 87%). 'H NMR (400 MHz, CDCly) & 1.45-1.88 (m, 7H), 2.00-2.30 (m,
3H), 2.34-2.50 (m, 2H), 3.51 (m, 1H), 3.70-3.88 (M, 2H), 4.25 (m, 2H), 4.80 (m, 1H), 5.00 (M, 2H), 5.81
(m, 1H).

(4 S)-4-hydroxy-8-((tetrahydro-2 H-pyran-2-yljoxy)oct-6-ynal

OTHP 0sOy, NalO, HO

2 6-lutidine OTHP

Mo}
AN

A mixture of (565)-9-((tetrahydro-2 H-pyran-2-yl)oxy)non-1-en-7-yn-5-0l (38 g, 159.4 mmol), 1,4-dioxane
(798 mL), and water (266 mL) was treated with sodium periodate (136 g, 637.8 mmol) and 2,86-lutidine
(37.1 mL, 319.0 mmol). The mixture was coocled with an ice-bath and treated with OsO, (0.020 g, 0.08
mmol); the ice-bath was removed, and the mixture was stirred at room temperature (rt) for 20 min.
Additional OsO, (0.020 g, 0.08 mmol) was added, and stirring was continued at rt for another 6 h. The
mixture was diluted with water (1824 mL) and CH,CI, (836 mL). The organic layer was separated, and
the aqueous layer was extracted with CH,Cl, (836 mL). The organic layers were combined, dried over
MgSQ,, and concentrated in vacuo to give the title compound (55 g, 144%).

(45)-8-((tetrahydro-2H-pyran-2-yl)oxy)oct-6-yne-1,4-diol

HO OTHP
OTHP NaBH, (:)H

—_—

mQ
AN

OH
A solution of (45)-4-hydroxy-8-((tetrahydro-2 H-pyran-2-yl)oxy)oct-6-ynal (55 g, 160 mmol) in methanol
(308 mL) was cooled to 0 °C and treated with sodium borohydride (1.818 g, 48.066 mmol), which was
added portion wise. After stirring at 0 °C for 1 h, additional sodium borohydride (0.606 g, 16.0 mmol) was
added in two portions with a 0.5 h interval, and stirring was continued at 0 °C for another 0.5 h. The
reaction was quenched with saturated aqueous NH,CI (308 mL) and stirred at room temperature (rt) for
0.5 h. The mixture was extracted sequentially with MTBE (308 mL x2) and ethyl acetate (308 mL x2).
The organic layers were combined and washed with brine (116 mL). After concentration, the residue was
loaded on silica gel pad and eluted with MTBE (ca. 600 mL). The filtrate was concentrated in vacuo to
give the title compound (33.66 g, 87%). 'H NMR (400 MHz, CDCls) & 1.48-1.86 (m, 10H), 2.34-2.50 (m,
2H), 3.51 (m, 1H), 3.60-3.72 (m, 2H), 3.72-3.88 (M, 2H), 4.25 (m, 2H), 4.80 (m, 1H).

(4 S)-4-hydroxy-8-((tetrahydro-2H-pyran-2-yl)oxy)oct-6-yn-1-yl pivalate
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OTHP L. OTHP
?H = 2 4 6-collidine ?H y
OH OPv

A solution of (48)-8-({tetrahydro-2H-pyran-2-yl)oxy)oct-6-yne-1,4-diol (15.0 g, 61.9 mmol) in CH.CI, (120
mL) was treated with 2,4,6-collidine (34.4 mL, 260 mmol) and cooled to 0 °C. After addition of pivaloyl
chloride (8.38 mL, 68.094 mmol) and DMAP (0.378 g, 3.095 mmol), the mixture was stirred at 0 °C for 4.5
h. The reaction was quenched with water (105 mL) and extracted twice with MTBE (105 mL). The
organic layers were combined, washed with 1 N HCI (105 mL) and brine (45.0 mL), and concentrated in
vacuo to give the title compound (22 g, 109%). "H NMR (400 MHz, CDClg) 8 1.21 (s, 9H), 1.48-1.86 (m,
10H), 2.30-2.50 (m, 2H), 3.52 (m, 1H), 3.72-3.86 (m, 2H), 4.06 (M, 2H), 4.16-4.32 (m, 2H), 4.79 (m, 1H).

(S)-4,8-dihydroxyoct-6-yn-1-yl pivalate
OTHP OH

H pTsOH, MeOH OH
4 :

mQ

Z

OPv OPv
A solution of (45)-4-hydroxy-8-((tetrahydro-2 H-pyran-2-yl)oxy)oct-6-yn-1-yl pivalate (22 g, 67.4 mmol) in
methanol (110 mL) was treated with p-TsOH (0.641 g, 3.37 mmol). After being stirred at rt for 5.5 h, the
mixture was treated with saturated aqueous NaHCO; (56.6 mL) and concentrated in vacuo. The residue
was sequentially extracted with MTBE (154 mL) and ethyl acetate (154 mL x2). The organic layers were
combined and washed with brine. After concentration, the residue was purified by silica gel column
chromatography (ethyl acetate/n-heptane=1/10 to 3/2) to give the title compound (7.2 g, 37% for 5 steps).
'H NMR (400 MHz, CDClg) § 1.19 (s, 9H), 1.55-1.63 (m, 2H), 1.63-1.83 (m, 2H), 2.35 (m, 1H), 2.47 (m,
1H), 3.77 (m, 1H), 4.08 (t, 2H), 4.25 (m, 2H).

(S)-4-hydroxy-8-((mesitylsulfonyl)oxy)oct-6-yn-1-yl pivalate

OH MtsCl, BnEtzNCI OMts
H ) H
4 toluene/15% NaOH

mQ
®)

F

OPv OPv

A0 °C, a mixture of (S)-4,8-dihydroxyoct-6-yn-1-yl pivalate (6.67 g, 27.527 mmol),
benzyltriethylammonium chloride (0.313 g, 1.38 mmol), toluene (66.7 mL), and 15% aqueous NaOH (66.7
mL., 250 mmol) was treated with 2-mesitylenesulfonyl chloride (MtsCl) (3.61 g, 16.5 mmol) in toluene
(40.0 mL) over 20 min, while maintaining the internal temperature below 5 °C. The mixture was stirred at
0 °C for another 1 h. The organic layer was separated, and the aqueous layer was extracted with MTBE
(74.1 mL). The organic layers were combined and dried over MgSQ,. After concentration, the residue
was purified by silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 5/3) to give the title
compound (2.49 g, 21%). "H NMR (400 MHz, CDCls) § 1.19 (s, 9H), 1.45-1.55 (m, 2H), 1.55-1.83 (m,
4H), 2.30 (s, 3H), 2.62 (s, 6H), 3.65 (m, 1H), 4.08 (t, 2H), 4.69 (M, 2H), 6.99 (s, 2H).
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(S)-4-hydroxy-6-methylocta-6,7-dien-1-yl pivalate

OMts ”
H

|||o
mQ
I

F MeCu(CN)Li

- Me
OPv OPv

A suspension of copper(l) cyanide (0.788 g, 8.80 mmol) in THF (21.4 mL) was cooled to -78 °C and
treated with 1.6 M Meli in diethyl ether (5.50 mL, 8.80 mmol) over 20 min, while maintaining the internal
temperature below -60 °C. The mixture was stirred -78 °C for 20 min and warmed to 0 <C over 40 min.
The mixture was cooled to -78 °C, stirred for another 10 min, and treated with a solution of (S)-4-hydroxy-
8-((mesitylsulfonyl)oxy)oct-6-yn-1-yl pivalate (2.49 g, 5.87 mmol) in THF (10.7 mL) over 20 min, while
maintaining the internal temperature below -65 °C. After stirring at -78 °C for 1 h, the reaction was
quenched with a mixture of saturated aqueous NH4CI (37.4 mL) and 28% aqueous NH,OH (4.98 mL),
and warmed to room temperature (rt). The organic layer was separated, and the aqueous layer was
extracted twice with MTBE (24.30 mL). The organic layers were combined and washed with brine. After
concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/10 to 1/3) to give the title compound (1.136 g, 81%). 'H NMR (400 MHz, CDCls) § 1.28 (s,
9H), 1.48-1.56 (m, 2H), 1.65-1.75 (m, 3H), 1.75-1.85 (m, 2H), 2.00-2.13 (m, 2H), 3.78 (m, 1H), 4.08 (m,
2H), 4.68 (m, 2H).

(S)-2-bromo-7-((tert-butyldiphenyisilyl)oxy)hept-1-en-4-yl acetate

HO Br ACZO, Et3N AcO Br
= DMAP =

OTBDPS OTBDPS
A solution of (8)-2-bromo-7-((tert-butyldiphenylsilyl)oxy)hept-1-en-4-o! (6.0 g, 13.408 mmol) in CH,Cl,
(48.0 mL) was treated with triethylamine (3.74 mL, 26.8 mmol), acetic anhydride (1.52 mL, 16.1 mmol),
and DMAP (0.164 g, 1.34 mmol). After stirring at room temperature (rt) for 20 h, the reaction was
quenched with water (30.0 mL) and diluted with MTBE (30.0 mL). The organic layer was separated and
washed with brine. After cancentration, the residue was purified by silica gel column chromatography
(ethyl acetate/n-heptane=1/20 to 1/8) to give the title compound (5.254 g, 80%). 'H NMR (400 MHz,
CDCly) § 1.05 (s, 9H), 1.52-1.70 (m, 3H), 1.76 (m, 1H), 2.02 (s, 3H), 2.60 (dd, 1H), 2.73 (dd, 1H), 3.68 (m,
2H), 5.19 (m, 1H), 5.49 (s, 1H), 5.63 (s, 1H), 7.39 (m, 6H), 7.65 (M, 4H).

(S)-8-((tert-butyldiphenylsilyl)oxy)-5-hydroxy-3-methyleneoctan-2-one
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0 ] Me
N NHMs
i-Pr Oy -Me

CrClzj Et3N

I
|||O

AcO  Br

OTBDPS S Me OTBDPS
ZN, ¢

A\
% Me
A solution of (S)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)-6-methylphenyl)methanesulfonamide (2.44 g,
8.23 mmol) in a degassed THF (26.0 mL) was treated with chromium(ll) chloride (1.01 g, 8.23 mmol),
purged with nitrogen for 5 min, and heated to 30 °C. After addition of triethylamine (1.15 mL, 8.23 mmol),
the mixture was stirred at 30 - 35 °C for 1 h. The mixture was cooled to 0 °C, treated with nickel(ll)
chloride 2,9-dimethyl-1,10-phenanthroline complex (0.080 g, 0.27 mmol), purged with nitrogen for 5 min,
and then treated with a solution of (S)-2-bromo-7-((tert-butyldiphenylsilyl)oxy)hept-1-en-4-yl acetate (1.3
g, 2.7 mmol) in THF (10 mL) (8 mL+ 2 mL rinse). The mixture was stirred at 0 °C for 10 min and at rt for 2
h. The reaction mixture was treated with florisil® (5.8 g) and stirred at rt for 30 min. The mixture was
diluted with n-heptane (19.5 mL), filtered through florisil pad and rinsed with MTBE (19.5 mL). The filtrate
was washed with water (13 mL) and brine (6.50 mL). After concentration, the residue was purified by
column chromatography (ethyl acetate/n-heptane=1/10 to 1/2) to give the title compound (613 mg, 56%).
'H NMR (400 MHz, CDCl3) & 1.01 (s, 9H), 1.42-1.70 (m, 4H), 2.32 (dd, 1H), 2.36 (s, 3H), 2.55 (m, 1H),
3.69 (m, 3H), 5.90 (s, 1H), 6.11 (s, 1H), 7.39 (m, 6H), 7.65 (m, 4H).

(S)-5-((tert-butyldimethylsilyl)oxy)-8-((tert-butyldiphenylisilyl)oxy)-3-methyleneoctan-2-one

M M
o Ox-Me  TBSCI TBSo Ox-Me
H imidazole z
———
OTBDPS OTBDPS

A solution of (S)-8-((tert-butyldiphenylsilyl)oxy)-5-hydroxy-3-methyleneoctan-2-one (0.643 g, 1.57 mmol)
in DMF (5.14 mL) was treated with TBSCI (0.283 g, 1.88 mmol) and imidazole (0.213 g, 3.13 mmol). The
mixture was stirred at rt for 4.5 h. The reaction was quenched with water (12.86 mL) and extracted twice
with MTBE (19.29 mL). The organic layers were combined, and washed with water (12.9 mL) and brine
(6.43 mL). After concentration, the residue was purified by column chromatography (ethyl acetate/n-
heptane=1/10 to 1/8) to give the title compound (456 mg, 56%). 'H NMR (400 MHz, CDCls) & 0.00 (s,
6H), 0.88 (s, 9H), 1.03 (s, 9H), 1.42-1.70 (m, 4H), 2.31 (s, 3H), 2.32 (dd, 1H), 2.44 (dd, 1H), 3.63 (1, 2H),
3.79 (m, 1H), 5.81 (s, 1H), 6.04 (s, 1H), 7.39 (m, 6H), 7.66 (m, 4H).

(5)-2,2,3,3,11,11-hexamethyl-5-(2-methylbuta-2,3-dien-1-yl)-10,10-diphenyl-4,9-dioxa-3,10-
disiladodecane
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PCT/US2014/063960

TBSO

Me
OTBDPS

((tert-butyldimethylsilyl) oxy)-8-((tert-butyldiphenylsilyl)oxy)-3-methyleneoctan-2-one

(0.20 g, 0.381 mmol) in ethanol (2.0 mL) was treated with p-toluenesulfonyl hydrazide (0.078 g, 0.42
mmol) and stirred at rt for 59 h. The resulting mixture was treated with ethanol (2.000 mL), triethylamine
5 (0.11 mL, 0.76 mmol), and molecular sieves 4A (500 mg). After being stirred at 85 °C (bath) for 1 d, the
mixture was filtered through Celite® pad to remove molecular sieves and rinsed with MTBE (20.0 mL).
The filtrate was washed with water (5 mL) and brine (5 mL) and concentrated in vacuo. The residue was
purified by silica gel column chromatography (ethyl acetate/n-heptane=1/20 to 1/10) to give the title
"H NMR (400 MHz, CDCl3) 8 0.01 (s, 3H), 0.02 (s, 3H), 0.87 (s, 9H), 1.04 (s,
10 9H), 1.42-1.66 (m, 4H), 1.68 (t, 3H), 2.00-2.20 (M, 2H), 3.63 (t, 2H), 3.79 (M, 1H), 452 (m, 2H), 7.39 (m
6H), 7.66 (m, 4H).

compound (68 mg, 35%).

Example 7: Preparation of a Compound of Formula (VIIC)

OH =&
MeOQ, MeO, MeOQ, ~

2 SO,Ph ., SO.Ph ., SO,Ph M
; 2 pTSOH B ; 2 ©

- " pyridine OPv

0" '\ —>
TBSO CHO HO' OMe BzO' OMe BFa- OEtg

TBSO BzO MeO\)LOH

S0,Ph SO,Ph SO-Ph
“~ O Pd(PPhg)s, PPh; Mg(OMe),
MeOrni A HCOZH Et;N MeOH/THF
N 0 5 OPv OPv Pv
) Me O
Bzd OBz 0=A_ome HO OH
SOsPh SO.Ph 30,Ph
TBSCI
|m|dazole DIBAL TESCI, Eth MeOrr
OPv OTES
Me Me
TBSO OTBS TBSO OTBS TBSO OTBS

15
(5)-3-((2R,3R,45,58)-5-(2,2-dimethoxyethyl)-3-methoxy-4-((phenylsulfonyl)methyl) tetrahydrofuran-
2-yl)propane-1,2-diol

MeO, SO,Ph MeQ, SO,Ph
pTsOH, MeOH .
A O [

\

TBSO CHO

TBSO

HO OMe

HO

A solution of 2-((25,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-
20 ((phenylsulfonyl)methyl) tetrahydrofuran-2-yl)acetaldehyde (20.0 g, 33.28 mmol) in methanol (100 mL)
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was treated with CSA (0.773 g, 3.33 mmol) and stirred at rt for 3 d. The reaction was quenched with
saturated aqueous NaHCO; (50 mL) and extracted with MTBE (100 mL) and ethyl acetate (100 mL x3).
The organic layers were combined, dried over MgSQ,, and concentrated in vacuo to give the title
compound (19.79 g). 'HNMR (400 MHz, CDClg) 8 1.80 (m, 1H), 1.85-2.00 (m, 3H), 2.56 (m, 1H), 3.12
(m, 2H), 3.28 (s, 3H), 3.31 (s, 3H), 3.42 (s, 3H), 3.55 (m, 1H), 3.62-3.71 (m, 2H), 3.90-3.98 (m, 3H), 4.43
(m, 1H), 7.60 (m, 2H), 7.69 (m, 1H), 7.98 (M, 2H).

(S)-3-((2R,3R,45,55)-5-(2,2-dimethoxyethyl)-3-methoxy-4-((phenylsulfonyl)methyl) tetrahydrofuran-
2-yl)propane-1,2-diyl dibenzoate

MeO, SO,Ph e, 50PN
BzCl, pyridine . '
vt 0 'll)\ - ' O )\
OMe
Ho’g Voo OMe BzO MeO
HO

BzO

A solution of (8)-3-((2R,3R,45,5S)-5-(2,2-dimethoxyethyl)-3-methoxy-4-((phenylsulfonyl)methyl)
tetrahydrofuran-2-yl)propane-1,2-diol (18.79 g, 47.29 mmol) in pyridine (99 mL, 1223.429 mmol) was
cooled to 0 °C and treated with benzoyl chloride (12.08 mL, 104.0 mmol). The mixture was stirred at rt for
20 h. Additional reagents were added and stirring was continued for 3 d. The reaction was quenched
with water (400 mL) and extracted with MTBE (200 mL x3). The organic layers were combined, washed
with 1 N HCI (100 mL) and then with saturated aqueous NaHCO; (50 mL), dried over MgSQO,, and
concentrated in vacuo.

The residue was dissolved in CH»Cl, (297 mL) and treated with triethylamine (26.4 mL, 189.2 mmol),
benzoyl chloride (10.98 mL, 84.58 mmol), and DMAP (0.289 g, 2.364 mmol). The mixture was stirred at
rt for 24 h. More triethylamine (23.2 mL, 166.3 mmol), benzoyl chloride (7.74 mL, 66.6 mmol), and DMAP
(0.578 g, 4.72 mmol) were added and stirring was continued at rt for 7 d. The reaction was quenched
with water (300 mL). The organic layer was separated, and the aqueous layer was extracted with CHCl,
(150 mL). The organic layers were combined and concentrated in vacuo. The residue was purified by
silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 1/1) to give the title compound (17.82
g, 85% for two steps). "HNMR (400 MHz, CDCl3) 8 1.89 (m, 2H), 2.25 (m, 2H), 2.55 (m, 1H), 3.09 (m,
2H), 3.22 (s, 3H), 3.24 (s, 3H), 3.42 (s, 3H), 3.59 (m, 1H), 3.89 (M, 1H), 3.92 (m, 1H), 4.39 (m, 1H), 4.57
(d, 2H), 5.63 (m, 1H), 7.44 (m, 4H), 7.56 (m, 4H), 7.68 (m, 1H), 7.92 (d, 2H), 8.04 (m, 4H).

(S5)-3-((2R,3R,4S,55)-3-methoxy-5-(((2 R4 R,6 S)-4-(2-methoxyacetoxy)-4-methyl-3-methylene-6-(3-

(pivaloyloxy)propyl)tetrahydro-2 H-pyran-2-yl)methyl)-4-((phenyl sulfonyl)methyl)tetrahydrofuran-
2-yl)propane-1,2-diyl dibenzoate
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MeQ, SO,Ph
| o) MeOre” N
H o BF3*OEt,, MeOLA gy 4
Ve RS OPv
BzO OMe
OPv gk/
oBz O OMe

BzO BzO

SO,Ph

0
W

nQ

A mixture of (S)-4-hydroxy-6-methylocta-6,7-dien-1-yl pivalate (1.14 g, 4.73 mmol) and (S)-3-
((2R,3R,48,55)-5-(2,2-dimethoxyethyl)-3-methoxy-4-((phenylsulfonyl)methyl) tetrahydrofuran-2-
yl)propane-1,2-diyl dibenzoate (3.41 g, 5.44 mmol) was dissolved in CH,Cl, (47.7 mL) and cooled to -40
°C. The mixture was sequentially treated with methoxyacetic acid (5.44 mL, 70.9 mmol) and BF;-OEt,
(1.80 mL, 14.2 mmol). The mixture was warmed to -30 °C over 1 h and stirred at -30 <C for 0.5 h. The
reaction was quenched with saturated aqueous NaHCO; (119 mL) and extracted twice with ethyl acetate
(100 mL). The organic layers were combined, dried over MgSQO,, and concentrated in vacuo. The
residue was purified by silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 2/3) to give
the title compound (3.61 g, 86%). 'H NMR (400 MHz, CDCls) § 1.14 (m, 1H), 1.24 (s, 9H), 1.40-1.55 (m
3H), 1.65 (m, 1H), 1.72 (s, 3H), 1.81 (m, 1H), 1.95 (m, 2H), 2.25 (m, 2H), 2.71 (m, 1H), 3.02 (dd, 1H),
3.11(dd, 1H), 3.38 (m, 1H), 3.42 (s, 6H), 3.63 (m, 1H), 3.70 (m, 1H), 3.90-4.00 (m, 3H), 4.02 (d, 2H), 4.15
(m, 1H), 4.54 (d, 2H), 4.59 (d, 1H), 4.72 (d, 1H), 5.59 (m, 1H), 7.42 (m, 4H), 7.56 (m, 4H), 7.65 (m, 1H),
7.90 (d, 2H), 8.01 (m, 4H).

(S)-3-((2R,3R,45,5S)-3-methoxy-5-(((2R,4 R,6 S)-4-methyl-3-methylene-6-(3-
(pivaloyloxy)propyl)tetrahydro-2 H-pyran-2-yl)methyl)-4-((phenylsulfonyl)methyl) tetrahydrofuran-
2-yl)propane-1,2-diyl dibenzoate

SO,Ph SO,Ph
Pd(PPhs),, PPhs \
BzO OBz Oﬁl\/OMe BzO OBz

A mixture of Pd(Ph;P),4 (0.467 g, 0.404 mmol) and triphenylphosphine (0.424 g, 1.62 mmol) in a
degassed THF (36.1 mL) was heated to 60 °C and stirred for 5 min. The mixture was treated with a
mixture of (S)-3-((2R,3R,4S8,55)-3-methoxy-5-(((2 R,4R,6S)-4-(2-methoxyacetoxy)-4-methyl-3-methylene-
6-(3-(pivaloyloxy)propyl)tetrahydro-2 H-pyran-2-yl)methyl)-4-((phenyl sulfonyl)methyl)tetrahydrofuran-2-
yl)propane-1,2-diyl dibenzoate (3.61 g, 4.04 mmol), formic acid (0.775 mL, 20.2 mmol), and triethylamine
(2.82 mL, 20.2 mmol) in a degassed THF (36.1 mL). The mixture was stirred at 60 <C for 52 h. After
cooling to rt, the mixture was diluted with MTBE (36.1 mL) and washed with water (18.1 mL) and then
with brine. After concentration, the residue was purified by silica gel column chromatography (ethyl
acetate/n-heptane=1/10 to 1/2) to give the title compound (2.8 g, 74% for 2 steps from allene). 'H NMR
(400 MHz, CDCls) & 1.00 (m, 1H), 1.05 (d, 3H), 1.14 (s, 9H), 1.38 (m, 3H), 1.61 (m, 1H), 1.72 (m, 1H),
1.91 (m, 1H), 2.1-2.32 (m, 4H), 2.62 (m, 1H), 3.02 (dd, 1H), 3.06 (dd, 1H), 3.36 (m, 1H), 3.42 (s, 3H), 3.66
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(m, 1H), 3.72 (m, 1H), 3.81 (M, 1H), 8.84-3.96 (M, 3H), 4.56 (d, 2H), 4.77 (s, 1H), 4.83 (s, 1H), 5.59 (m,
1H), 7.40 (m, 4H), 7.52 (m, 4H), 7.62 (m, 1H), 7.90 (m, 2H), 8.01 (m, 4H).

3-((25,4R,6 R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-dihydroxypropyl)-4-methoxy-3-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-

yl)propyl pivalate
O,Ph

S
MeO'ué‘“‘ O
0
s OPv
Me

—

BzO OBz

SO,Ph
Mg(OMe), w 0
MeOH/THF MeQ:, '
O
s OPv
Me
HO  OH

A solution of (9)-3-((2R,3R,45,55)-3-methoxy-5-(((2R,4R,6 S)-4-methyl-3-methylene-6-(3-(pivaloyloxy)
propyl)tetrahydro-2H-pyran-2-yl)methyl)-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)propane-1,2-diyl

dibenzoate (2.8 g, 3.5 mmol) in a mixture of THF (2.80 mL) and methanol (56.0 mL) was treated with 6-

10% Mg(OMe). in methanol (18.5 g, 13.9 mmol). After stirring at rt for 22 h, the reaction was quenched
with saturated aqueous NH,Cl (22.4 mL) and extracted with MTBE (56.0 mL) and ethyl acetate (42.0 mL.
x2). The organic layers were combined and dried over MgSO,. After concentration, the residue was

azeotroped with methanol and toluene to give a crude product, which was used for the next step without
further purification. "H NMR (400 MHz, CDCls) § 1.02 (m, 1H), 1.05 (d, 3H), 1.30 (s, 9H), 1.38 (m, 3H),
1.61 (m, 1H), 1.72 (m, 1H), 1.85 (m, 1H), 1.90-2.03 (M, 2H), 2.05-2.27 (m, 2H), 2.67 (m, 1H), 3.05 (bd,
1H), 3.23 (dd, 1H), 3.42 (s, 3H), 3.45 (m, 1H), 3.60 (m, 1H), 3.70 (m, 1H), 3.75 (m, 1H), 3.80-4.01 (m,
5H), 4.10 (m, 1H), 4.80 (s, 1H), 4.88 (s, 1H), 7.60 (m, 2H), 7.62 (m, 1H), 7.95 (m, 2H).

3-((2S,4R,6R)-6-(((2S,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-

yl)propyl pivalate
O,Ph

S
MeO'::&““ O
-0
s OPv
Me

-

HO OH

O,Ph

S
0
TBSCI, imidazole MeOmé\
O
N OPv
Me

-

TBSO OTBS

A solution of 3-((25,4R,6 R)-6-(((25,35,4R,5 R)-5-((S5)-2,3-dihydroxypropyl)-4-methoxy-3-
((phenylsulfonyl)methyl) tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2 H-pyran-2-

yl)propyl pivalate (2.07 g, 3.468 mmol) in DMF (16.56 mL, 213.871 mmol) was treated with imidazole
(0.945 g, 13.9 mmol) and TBSCI (1.20 g, 7.98 mmol). The mixture was stirred at rt for 1 h. Additicnal
imidazole (0.945 g, 13.9 mmol) and TBSCI (1.20 g, 7.98 mmol) were added, and stirring was continued at

rt for another 18 h. The reaction was quenched with water (41.4 mL) and extracted with MTBE (41.4 mL

x2). The organic layers were combined and dried over MgSO,. After concentration, the residue was

purified by silica gel column chromatography (1/10 to 1/5) to give the title compound (3.115 g, 109%). 'H
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NMR (400 MHz, CDCls) §0.03 (s, 6H), 0.09 (s, 6H), 0.91 (s, 18H), 1.02 (m, 1H), 1.05 (d, 3H), 1.15 (s,
9H), 1.40 (m, 3H), 1.61 (m, 1H), 1.72 (m, 1H), 1.82 (m, 1H), 1.90 (m, 1H), 1.99 (m, 1H), 2.15-2.27 (m,
2H), 2.58 (m, 1H), 3.02 (M, 2H), 3.39 (m, 1H), 3.40 (s, 3H), 3.45 (m, 1H), 3.55 (m, 1H), 3.65 (M, 2H),
3.75-3.85 (M, 3H), 3.85-4.0 (M, 2H), 4.79 (s, TH), 4.88 (s, 1H), 7.60 (M, 2H), 7.62 (M, 1H), 7.92 (M, 2H).

3-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-
yl)propan-1-ol

0,Ph 0,Ph

S S
MeO'ué‘\\\ o DIBAL MeO:..é“‘\ o
N © OPv N © OH
Me Me

% —

TBSO OTBS TBSO OTBS
A solution of 3-((2S,4R,6R)-6-(((2S,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethyisilyl)oxy)propyl)-4-
methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-

pyran-2-yl)propyl pivalate (3.11 g, 3.77 mmol) in CH,Cl, (31.1 mL) was cooled to -78 °C and treated with
1M DIBAL in toluene (8.29 mL, 8.29 mmol). The mixture was stirred at -78 °C for 1 h. Additional 1M
DIBAL in toluene (1.507 mL, 1.507 mmol) was added, and stirring was continued for another 1.5 h. After
quenching the reaction with methanol (1.53 mL, 37.7 mmol), the mixture was treated with 1 N HCI (37.7
mL) and stirred at rt for 1 h. The mixture was extracted with MTBE (31.1 mL x2). The organic layers
were combined, washed with saturated aqueous NaHCO; (15.6 mL), dried over MgSQOy, and
concentrated in vacuo to give the title compound (2.9 g, 104%). "H NMR (400 MHz, CDClg) 6 0.03 (s,
6H), 0.09 (s, 6H), 0.88 (s, 18H), 1.08 (m, 1H), 1.08 (d, 3H), 1.48 (m, 3H), 1.63 (m, 1H), 1.72 (m, 1H), 1.82
(m, 1H), 1.88-2.02 (m, 2H), 2.12-2.27 (m, 2H), 2.58 (m, 1H), 3.03 (dd, 1H), 3.10 (dd, 1H), 3.40 (s, 3H),
3.42-3.50 (m, 2H), 3.55 (M, 3H), 3.68 (m, 2H), 3.80 (M, 3H), 4.79 (s, 1H), 4.88 (s, 1H), 7.60 (m, 2H), 7.62
(m, 1H), 7.97 (m, 2H).

(S)-5-(((2R,3R,4S,5S)-3-methoxy-5-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-

((triethylsilyl)oxy)propyDhtetrahydro-2H-pyran-2-yl)methyl)-4-((phenylsulfonyl)

methyl)tetrahydrofuran-2-yl)methyl)-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-disiladecane
O,Ph O5Ph

S S
W O ‘\\‘ O
Meom&\ TESCI, EtzN MeO"'&
- . 0O
O OH \: OTES
Me Me

— —

TBSO OTBS TBSO oTBS
A solution of 3-((2S,4R,6R)-6-(((2S,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy) propyl)-4-
methoxy-3-((phenylsulfonyl)methyljtetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-

¢
',

pyran-2-yl)propan-1-ol (2.9 g, 3.9 mmol) in CHxCl, (29.0 mL) was treated with triethylamine (1.09 mL,
7.83 mmol) and chlorotriethylsilane (0.799 mL, 4.70 mmol). After stirring at rt for 17 h, the reaction was
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quenched with water (29.0 mL) and extracted twice with MTBE (29.0 mL). The organic layers were
combined and washed with brine. After concentration, the residue was purified by silica gel column
chromatography (ethyl acetate/n-heptane=1/20 to 1/5) to give the title compound (2.95 g, 88%). 'H NMR
(400 MHz, CDClg) & 0.03 (s, 6H), 0.04 (s, 6H), 0.56 (q, 6H), 0.82-1.00 (m, 27H), 1.02 (m, 1H), 1.06 (d,
3H), 1.30-1.52 (m, 4H), 1.74 (m, 1H), 1.78-1.90 (m, 2H), 2.00 (m, 1H), 2.15-2.23 (m, 2H), 2.56 (M, 1H),
2.96-3.10 (M, 2H), 3.35 (m, 1H), 3.43 (s, 3H), 3.43-3.62 (m, 5H), 3.68 (m, 1H), 3.79 (m, 2H), 3.83 (m, 1H),
4.78 (s, 1H), 4.85 (s, 1H), 7.60 (m, 2H), 7.62 (m, 1H), 7.96 (m, 2H).

Example 7: Preparation of a Compound of Formuia (VD)

BzOH
OTBDPS PPhs, DEAD OTBRDPS HF OH  Swern ox. CHO
Br OH Br OBz Br OBz Br OBz

DIBAL, toluene; CHO
| NaBH,, MeOH TESCI, EtzN Br OBz
—_—m —_—m
n-BuLi
MgBr,-OEty

Dess-Martin

periodinane TBAF

NaHCO3 imidazole-HCI
—_— e ——

PPTS

Dess-Martin
" OBz penodlnane K(@

(R)-2-bromo-7-((tert-butyldiphenylsilyl)oxy)hept-1-en-4-yl benzoate

BzOH
: oTBDPS ~ PPhs, DEAD N Y T oteoes
Br OH Br OBz

A solution of (8)-2-bromo-7-((tert-butyldiphenylsilyl)oxy)hept-1-en-4-ol (25.0 g, 55.9 mmol) in toluene (200
mL) was treated with benzoic acid (8.18 g, 67.0 mmol) and triphenylphosphine (17.58 g, 67.0 mmol).
After cooling to 0 °C, the mixture was treated with DEAD (24.32 mL, 61.46 mmol) over 20 min, while
maintaining the internal temperature below 6 °C and stirred at 0 °C for 2 h. The mixture was treated with
n-heptane (83 mL) and stirred at 0 °C for 30 min. The precipitate was filtered and washed with n-heptane
(83 mL). The filtrate was concentrate in vacuo to give the title compound (46.6 g).

(R)-2-bromo-7-hydroxyhept-1-en-4-yl benzoate

OTBDPS  HF.MeON Sy "on
Br OBz Br OBz
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A solution of (R)-2-bromo-7-((tert-butyldiphenylsilyl)oxy)hept-1-en-4-yl benzoate (30.8 g, 55.8 mmol) in
acetonitrile (200 mL) was treated with 48% HF in water (10.1 mL, 279 mmol) and stirred at rt for 13 h.
The reaction was quenched with saturated aqueous NaHCQO; (308 mL) and diluted with MTBE (154 mL).
The organic layer was separated, and the aqueous layer was extracted with MTBE (154 mL). The
organic layers were combined and washed with brine. After concentration, the residue was purified by
silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 1/2) to give the title compound (14.67
g, 84%). 'HNMR (400 MHz, CDCl5) § 1.29 (m, 1H), 1.61-1.71 (m, 2H), 1.75-1.90 (m, 2H), 2.73 (dd, 1H),
2.90 (dd, 1H), 3.69 (t, 2H), 5.46 (m, 1H), 5.48 (s, 1H), 5.69 (s, 1H), 7.41 (m, 2H), 7.58 (m, 1H), 8.02 (m,
2H).

(R)-2-bromo-7-oxohept-1-en-4-yl benzoate
OH Swern [O] CHO

—_—

Br OBz Br OBz
A solution of 2 M oxalyl chloride in CH,Cl, (.96 mL, 13.9 mmol) in CH,CI, (21.80 mL) was cooled to -78
°C and treated with DMSO (1.976 mL, 27.843 mmol), while maintaining the internal temperature below -
60 °C. After stirring at -78 °C for 10 min, a solution of (R)-2-bromo-7-hydroxyhept-1-en-4-yl benzoate
(2.18 g, 6.961 mmol) in CH,Cl, (10.90 mL) was added, and stirring was continued at -78 °G for 30 min.
Triethylamine (9.70 mL, 69.6 mmol) was added, while maintaining the internal temperature below -60 °C.
Then, the mixture was stirred at -78 °C for 10 min and 0 °C for 30 min. The mixture was treated with
water (21.80 mL) and extracted twice with MTBE (32.7 mL). The organic layers were combined, and
washed with water (21.80 mL) and brine. After concentration, the residue was purified by silica gel
column chromatography (ethyl acetate/n-heptane=1/10 to 1/3) to give the title compound (1.477 g, 68%).
"H NMR (400 MHz, CDCly) § 2.04 (m, 1H), 2.14 (m, 1H), 2.60 (m, 2H), 2.73 (dd, 1H), 2.92 (dd, 1H), 5.45
(m, 1H), 5.50 (s, 1H), 5.70 (s, 1H), 7.43 (m, 2H), 7.58 (m, 1H), 8.02 (M, 2H), 9.79 (s, 1H).

2-((2R,4aS,6S,7R,8S,8aS)-7,8-bis((tert-butyldimethylsilyl)oxy)-6-((S,E)-1-((tert-
butyldimethylsilyl)oxy)-3-iodoallyl)octahydropyrano[3,2-b]pyran-2-yl)ethanol

oTBS
H  H DIBAL, toluene;

NaBH4, MeOH

Methyl 2-((2R,4a8S,6S,7R,8S,8aS)-7,8-bis((tert-butyldimethylsilyl)oxy)-6-((S,E)-1-((tert-
butyldimethylsilyl)oxy)-3-iodoallyl)octahydropyrano[3,2-b]pyran-2-yl)acetate (90.0 g, 31.5 mmol, a solution
in toluene, ca. 27%) was diluted with toluene (316 mL) and cooled to -78 °C. The mixture was treated
with 1M DIBAL in toluene (37.8 mL, 37.8 mmol) and stirred at -78 °C for 1 h. After removing the cold
bath, the reaction was quenched with methanol (7.65 mL, 189 mmol) and treated with 1 N HCI (243 mL,
243 mmol) and MTBE (170 mL). After stirring at rt for 30 min, the organic layer was separated, and the
aqueous layer was extracted with MTBE (170 mL). The organic layers were combined, washed
sequentially with 1 N HCI (122 mL), water (122 mL), saturated aqueous NaHCO3 (122 mL), and brine
(120 mL).
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After concentration, the residue was dissolved in methanol (194 mL), cooled to 0 °C, and treated with
sodium borohydride (0.596 g, 15.8 mmol). The reaction mixture was stirred at 0 °C for 1 h and quenched
with 1 N HCI (63.0 mL, 63.0 mmol). After dilution with MTBE (365 mL), the organic layer was separated
and washed sequentially with 1 N HCI (63.0 mL) and saturated agueous NaHCO3; (122 mL) (with brine).
The organic layer was dried over MgSQO, and concentrated in vacuo to give the title compound (23.44 g,
100%).

(((2S,3R,4S,4aS,6R,8aS)-2-((S,E)-1-((tert-butyldimethylsilyl)oxy)-3-iodoallyl)-6-(2-
((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane)
OTBS OTBS

H H

A solution of 2-((2R,4aS,6S,7R,88,8aS)-7,8-bis((tert-butyldimethylsilyl)oxy)-6-((S,E)-1-((tert-
butyldimethylsilyl)oxy)-3-iodoallyl) octahydropyrano[3,2-b]pyran-2-yl)ethanol (23.44 g, 31.548 mmol) in
CH,Cl> (211 mL) was treated with chlorotriethylsilane (6.44 mL, 37.9 mmol) and triethylamine (8.79 mL,
63.1 mmol), and stirred at rt for 3 h. Additional chlorotriethylsilane (1.06 mL, 6.31 mmol) and
triethylamine (1.32 mL, 9.46 mmol) were added, and stirring was continued at rt for another 8 h. The
reaction was quenched with water (117 mL). The organic layer was separated, and the aqueous layer
was extracted with MTBE (117 mL). The organic layers were combined, and dried over MgSO,. After
concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/20 to 1/10) to give the title compound (23.7 ¢, 95%). 'HNMR (400 MHz, CDCIg) 6 0.02 (s,
3H), 0.03 (s, 3H), 0.10 (s, 3H), 0.11 (s, 3H), 0.12 (s, 3H), 0.14 (s, 3H), 0.59 (g, 6H), 0.86 (s, 9H), 0.9-1.0
(m, 27 H), 1.25-1.35 (m, 2H), 1.60-1.72 (m, 3H), 1.92 (m, 1H), 2.84 (d, 1H), 3.45 (m, 2H), 3.58 (m, 1H),
3.73 (m, 1H), 3.83 (dd, 1H), 3.89 (dd, 1H), 4.09 (m, 1H), 4.91 (m, 1H), 6.29 (d, 1H), 6.85 (dd, 1H).

(4R,10S,E)-10-((2S,3R,4S,4aS,6R,8a8)-3,4-bis((tert-butyldimethylsilyl)oxy)-6-(2-
((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-2-yl)-2-bromo-10-((tert-
butyldimethylsilyl)oxy)-7-hydroxydeca-1,8-dien-4-yl benzoate

n-BulLi
CHO MgBr2°OEt2

Br OBz

A solution of (((2S, 3R,48,4a8,6R,8aS)-2-((S,E)-1-((tert-butyldimethylsilyl)oxy)-3-iodoallyl)-6-(2-

((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) (4.48 g,

5.22 mmol) in THF (32.5 mL) was cooled to -78 °C and treated with 1.6 M n-BulLi in n-hexane (3.26 mL,

5.22 mmol), while maintaining the internal temperature below -65 °C. After stirring at -78 °C for 20 min,

the mixture was treated with a solution of magnesium bromide diethyl etherate (1.35 g, 5.22 mmol) in
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THF (16.25 mL}, while maintaining the internal temperature below -65 °C, and stirred at -78 °C for 30 min.
A solution of (R)-2-bromo-7-oxohept-1-en-4-yl benzoate (1.477 g, 4.747 mmol) and magnesium bromide
diethyl etherate (1.35 g, 5.22 mmol) in THF (18.3 mL) was added, and the resulting mixture was stirred at
-78 °C for 10 min, slowly warmed to -25 °C over 4 h and stirred at -25 °C for 1 h. The reaction was
qguenched with saturated agueous NH,CI (29.5 mL) and extracted twice with MTBE (29.5 mL). The
organic layers were combined and washed with brine. After concentration, the residue was purified by
silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 1/5) to give the title compound (3.35
g, 68%).

(4R,10S,E)-10-((2S,3R,4S,4aS,6R,8aS)-3,4-bis((tert-butyldimethylsilyl)oxy)-6-(2-
((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-2-yl)-2-bromo-10-((tert-

butyldimethylsilyl)oxy)-7-oxodeca-1,8-dien-4-yl benzoate
OTBS

Dess-Martin periodinane
NaHCO3

A solution of (4R,108,E)-10-((28,3R,4S ,4a8,6R,8aS)-3,4-bis((tert-butyldimethylsilyl)oxy)-6-(2-
((triethylsilyl)oxy) ethyl)octahydropyrano[3,2-b]pyran-2-yl)-2-bromo-10-((tert-butyldimethylsilyl)oxy)-7-
hydroxydeca-1,8-dien-4-yl benzoate (3.35 g, 3.213 mmol) in CH,CI, (33.5 mL) was treated with sodium
bicarbonate (0.540 g, 6.43 mmol) and Dess-Martin periodinane (1.64 g, 3.86 mmol). The mixture was
stirred at rt for 1 h. The reaction was quenched with saturated aqueous NaHCOg (25.1 mL) and 20%
Na,SO; (25.1 mL) and extracted twice with MTBE (26.8 mL). The organic layers were combined and
washed with brine (16.75 mL). After concentration, the residue was purified by silica gel column
chromatography (ethyl acetate/n-heptane=1/20 to 1/8) to give the title compound (2.26 g, 68%). 'H NMR
(400 MHz, CDCl3) § 0.07 (s, 3H), 0.02 (s, 3H), 0.11 (s, 6H), 0.12 (s, 3H), 0.13 (s, 3H), 0.60 (g, 6H), 0.82
(s, 9H), 0.88 (t, 9H), 0.92 (s, 9H), 0.94 (s, 9H), 1.05-1.25 (m, 3H), 1.48-1.60 (m, 3H), 1.70 (m, 1H), 2.00-
2.20 (m, 2H), 2.69 (m, 2H), 2.72 (dd, 1H), 2.82 (d, 2H), 2.91 (dd, 1H), 3.29 (m, 1H), 3.42 (m, 1H), 3.63 (m,
1H), .72 (m, 1H), 3.91 (m, 2H), 4.10 (bs, 1H), 5.11 (m, 1H), 5.43 (m, 1H), 5.49 (d, 1H), 5.68 (s, 1H), 6.29
(d, 1H), 7.08 (dd, 1H), 7.41 (m, 2H), 7.52 (m, 1H), 8.01 (m, 2H).

(R)-2-bromo-8-((2R,3S,3aS,4a8,7R,8aR,9S,9aS)-3,9-dihydroxy-7-(2-hydroxyethyl)
decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)-7-oxooct-1-en-4-yl benzoate

TBAF
imidazole-HCI
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A mixture of imidazole hydrochloride (0.704 g, 6.73 mmol) and 1 M TBAF in THF (14.12 mL, 14.1 mmol)
in THF (45.2 mL) was treated with a solution of (4R,10S,E)-10-((2S,3R,4S,4aS,6R,8aS)-3,4-bis((tert-
butyldimethylsilyl)oxy)-6-(2-((triethylsilyl)oxy)ethyl) octahydropyrano[3,2-b]pyran-2-yl)-2-bromo-10-((tert-
butyldimethylsilyl)oxy)-7-oxodeca-1,8-dien-4-yl benzoate (2.26 g, 2.17 mmol) in THF (31.6 mL). The
mixture was stirred at rt for 7 d. The mixture was treated with toluene (566.5 mL) and water (56.5 mL).
The organic layer was separated, and the aqueous layer was extracted twice with a mixture of toluene
(38.4 mL) and THF (38.4 mL). The organic layers were combined, concentrated in vacuo and then
azeotroped three times with acetonitrile (18.1 mL) to give the title compound (1.4 g).

(R)-5-bromo-1-((2S,3aR,4aR,5S5,5a8,7R,9aS,10aR,10bS)-7-(2-hydroxyethyl) dodecahydro-2,5-
epoxyfuro[2’,3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)hex-5-en-3-yl benzoate

PPTS

Br OBz

A solution of (R)-2-bromo-8-((2R,3S,3a8,4aS5,7R,8aR,9S,9a8)-3,9-dihydroxy-7-(2-
hydroxyethyl)decahydrofuro[3,2-b]pyrano[2,3-e]pyran-2-yl)-7-oxooct-1-en-4-yl benzoate (1.27 g, 2.17
mmol) in CH,Cl, (68.4 mL) was treated with PPTS (3.00 g, 11.9 mmol) and stirred at rt for 23 h. After
concentration, the residual solid (PPTS) was treated with ethyl acetate (50.7 mL), stirred at rt for 10 min,
filtered, and rinsed with ethyl acetate. The filtrate was concentrated, treated again with ethyl acetate
(10.14 mL), and stirred at rt for 2 h. The precipitate was filtered, washed with ethyl acetate (3 mL), and
dried under N, purge to give the title compound (1 crop, 495 mg, contaminated with 14% PPTS).

The filtrate was treated with ethyl acetate (ca. 3 mL) at 40 °C and stirred at ambient temperature for 2 h.
The precipitate was filtered, washed with ethyl acetate (1 mL), and dried under N, purge to give the title
compound (2™ crop, 175 mg, total 47% (15 and 2™ crops combined) for 2 steps). 'H NMR (400 MHz,
CDCls) § 1.30-1.50 (m, 2H), 1.65-2.16 (m, 10H), 2.79 (m, 1H), 2.86-2.94 (m, 2H), 3.61 (m, 1H), 3.70-3.84
(M, 2H), 4.05 (dd, 1H), 4.19 (dd, 1H), 4.27 (m, 1H), 4.42 (m, 1H), 4.60 (dd, 1H), 4.68 (dd, 1H), 5.40 (m,
1H), 5.47 (s, 1H), 5.68 (s, 1H), 7.41 (m, 2H), 7.57 (m, 1H), 8.03 (m, 2H).

(R)-5-bromo-1-((25,3aR,4aR,55,5aS,7R,9aS8,10aR,10bS)-7-(2-oxoethyl)decahydro-2,5-
epoxyfuro[2',3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-2(3H)-yl)hex-5-en-3-yl benzoate

(ONE: 0.-

o OBz Dess-Martin periodinane

CHO 0
Br Br

OH

A mixture of (R)-b-bromo-1-((2S,3aR,4aR,58,5a8,7R,9aS,10aR, 10bS)-7-(2-hydroxyethyl)dodecahydro-
2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)hex-5-en-3-yl benzoate (0.49 g, 0.87 mmol) and
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sodium bicarbonate (0.182 g, 2.17 mmol) in GH.Cl, (4.9 mL) was treated with Dess-Martin periodinane
(0.551 g, 1.30 mmol), and stirred at rt for 2 h. The reaction was quenched with 20% Na»SO; (2.5 mL) and
saturated aqueous NaHCO; (2.5 mL). The mixture was extracted three times with MTBE (4.9 mL) and
ethyl acetate (4.9 mL). The combined organic layers were dried over MgSO,4 and concentrated in vacuo.

The residue was dissolved in ethyl acetate (ca. 3 mL) with heating and slowly cooled to rt over 20 h. The
precipitate was filtered, washed with ethyl acetate (1 mL), and dried under N, purge for 2 h to give the title
compound (216 mg, 44%) along with 200 mg from the filtrate. 'H NMR (400 MHz, CDCls) & 1.40 (m, 2H),
1.77 (m, 1H), 1.86 (M, 1H), 1.92-2.16 (m, 6H), 2.48 (M, 1H), 2.73 (m, 1H), 2.78 (m, 1H), 2.87-2.95 (M,

10 2H), 3.89 (m, 1H), 4.08 (dd, 1H), 4.20 (dd, 1H), 4.28 (m, 1H), 4.43 (m, 1H), 4.51 (dd, 1H), 4.69 (dd, 1H),
5.46 (m, 1H), 5.48 (s, 1H), 5.68 (s, 1H), 7.43 (m, 2H), 7.55 (m, 1H), 8.03 (m, 2H), 9.79 (s, 1H).

SOsPh

Meo..,6-“‘ O

(o]
5 OTES
> Me

TBSO  OTBS n-Buli
THF/n-heptane

. - .
H _H
O=
T 0
A " OBZ
07z
cHo T o
Br
H
ot
0

(o] (9]
Smly H (o]
THF/MeOH o
_— . Br

TBESC  OTBS TBSO  OTBS TBSO  OTBS

o OTS
Swern [C]
—
Br

Dess-Martin
periodinane
NaHCO3

—_—

TBSO OTBS TBSO OTBS

TESCI
2,8-lutidine

MeOr

TsCl, DMAP
_

TBSO OTBS

TB30 OTBS

NHK silica gel
—_—

TBSO OTBS TBSO OoTBS
(3R)-1-((2S,3aR,4aR,5S,5aS,7R,9a$5,10aR,10bS)-7-(3-((2S,35,4R,5R)-5-((S)-2,3-bis((tert-
15 butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyl)tetrahydro-2H-pyran-2-yl)methyl) tetrahydrofuran-3-yl)-2-hydroxy-3-
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(phenylsulfonyl)propyl)dodecahydro-2,5-epoxyfuro[2’,3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-
bromohex-5-en-3-yl benzoate

SO,Ph H o H
O T o n-BuLi
Meo"'g;“ m . ﬂ@ OBz THF/n-heptane  HO
SO OTES H o
>_\ Me Br s

CHO MeQ:i,

TBSO OTBS

TBSO OTBS
A solution of (8)-5-(((2R,3R,48,58)-3-methoxy-5-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyl)tetrahydro-2H-pyran-2-ylymethyl)-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-
ylymethyl)-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-disiladecane (0.478 g, 0.559 mmol) in THF (4.2 mL)
was cooled to -5 °C. The mixture was treated with 1.6 M n-BuLi in n-hexane (0.349 mL, 0.559 mmol) and
stirred at -5 °C for 30 min. After cooling to -78 °C, the mixture was treated with a solution of (R)-5-bromo-
1-((28,3aR,4aR,58,5a8,7R,9a8,10aR,10bS)-7-(2-oxoethyl) dodecahydro-2,5-epoxyfuro[2',3":4,5]furo[3,2-
blpyrano[2,3-e]pyran-2-yl)hex-5-en-3-yl benzoate (0.21 g, 0.373 mmol) in a mixture of n-heptane (1.1 mL)
and THF (3.2 mL}, while maintaining the internal temperature below -65 °C. After stirring at -78 °C for 4
h, the reaction was quenched with saturated aqueous NH,CI (5 mL) and extracted three times with MTBE
(10 mL). The organic layers were combined, dried over MgSO, and concentrated in vacuo to give the title
compound (690 mg, 130%).

(R)-1-((28,3aR,4aR,5S,5a8,7R,9aS,10aR,10bS)-7-(3-((28,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyltetrahydro-2H-pyran-2-yl)methyl) tetrahydrofuran-3-yl)-2-oxo-3-
(phenylsulfonyl)propyl)dodecahydro-2,5-epoxyfuro[2’,3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-
bromohex-5-en-3-yl benzoate

Dess-Martin periodinane
NaHCO,

TBSO OTBS TBSO OTBS

A solution of (3R)-1-((2S,3aR,4aR,5S,5a5,7R,9a5,10aR,10bS)-7-(3-((28,35,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,63)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyl)tetrahydro-2H-pyran-2-yl)methyltetrahydrofuran-3-yl)-2-hydroxy-3-
(phenylsulfonyl)propyl)dodecahydro-2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-
bromohex-5-en-3-yl benzoate (0.69 g, 0.49 mmol) in CH.Cl; (6.9 mL) was treated with sodium
bicarbonate (0.061 g, 0.73 mmol) and Dess-Martin periodinane (0.248 g, 0.584 mmol). The reaction
mixture was stirred at rt for 1 h, quenched with saturated aqueous NaHCO; (6.9 mL) and 20% Na,SO4
(6.9 mL), and extracted twice with MTBE (10.35 mL, 86.888 mmol). The organic layers were combined
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and washed with brine. After concentration, the residue was purified by silica gel column chromatography
(ethyl acetate/n-heptane=1/10 to 1/2) to give the title compound (366 mg, 69% for 2 steps).

(R)-1-((2S,3aR,4aR,5S,5a8,7R,9aS,10aR,10bS)-7-(3-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyl)tetrahydro-2H-pyran-2-yl)methyl) tetrahydrofuran-3-yl)-2-
oxopropyl)dodecahydro-2,5-epoxyfuro[2’,3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-bromohex-5-
en-3-yl benzoate

OBz OBz
Smlz

THF/MeOH

TBSO OTBS TBSO OTBS

A solution of (R)-1-((2S,3aR,4aR,58,5a8,7R, 9aS8,10aR,10bS)-7-(3-((28,3S,4R,5R)-5-((8)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyl)tetrahydro-2H-pyran-2-yl)methyl)tetrahydrofuran-3-yl)-2-0x0-3-
(phenylsulfonyl)propyl)dodecahydro-2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyrano[2,3-e] pyran-2-yl)-b-
bromohex-5-en-3-yl benzoate (0.366 g, 0.258 mmol) in a mixture of THF (2.9 mL) and methanol (1.8 mL)
was cooled to - 78 °C and treated with 0.1M Smly in THF (5.55 mL, 0.555 mmol). After stirring at -78 °C
for 1 h, the cold bath was removed, and the mixture was treated with a mixture of potassium sodium
tartrate (1.83 g, 6.48 mmol) and potassium carbonate (1.7 g, 13 mmol) in water (18.3 mL). The mixture
was vigorously stirred at rt for 10 min and extracted twice with MTBE (7.32 mL). The organic layers were
combined and washed with brine. After concentration, the residue was purified by silica gel column
chromatography (ethyl acetate/n-heptane=1/10 to 1/2) to give the title compound (289 mg, 88%). 'H
NMR (400 MHz, CDClg) 8 0.15 (s, 9H), 0.30 (s, 3H), 0.58 (g, 6H), 0.88 (s, 9H), 0.89 (s, 9H), 0.95 (t, 9H),
0.98-1.05 (m, 2H), 1.06 (d, 3H), 1.20-1.72 (m, 7H), 1.72-1.84 (m, 3H), 1.84-2.16 (m, 9H), 2.25 (m, 1H),
2.42 (m, 2H), 2.55 (dd, 1H), 2.72-2.86 (m, 2H), 2.92 (m, 2H), 3.34 (dd, 1H), 3.52 (s, 3H), 3.44-3.68 (m,
6H), 3.75 (m, 2H), 3.85 (m, 2H), 4.04 (m, 1H), 4.19 (dd, 1H), 4.24 (m, 1H), 4.39 (m, 1H), 4.59 (M, 1H),
4.67 (m, 1H), 4.78 (s, 1H), 4.84 (m, 1H), 5.45 (m, 1H), 5.48 (s, 1H), 5.68 (s, 1H), 7.41 (m, 2H), 7.58 (m,
1H), 8.02 (m, 2H).

1-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-2-(((2R,4R,6S)-6-(3-
hydroxypropyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-4-methoxytetrahydrofuran-
3-yl)-3-((2S,3aR,4aR,5S,5aS,7R,9aS,10aR, 10bS)-2-((R)-5-bromo-3-hydroxyhex-5-en-1-
yl)dodecahydro-2,5-epoxyfuro[2’,3":4,5]furo[3,2-b]pyrano[2,3-e]pyran-7-yl)propan-2-one
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H L H H H

i OBz i OH
O Mg(OMe), [0
Br — Br
MeO::, -~ o MeQ::, - o
SO OTES SO OH
Me Me
TBSO 0TBS TBSO OTBS

A solution of (R)-1-((2S,3aR,4aR,58,5a8, 7R,9aS3,10aR,10bS)-7-(3-((28,3S,4R,5R)-5-((8)-2,3-bis((tert-
butyldimethylsilyl)oxy) propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyl) tetrahydro-2H-pyran-2-yl)methyl)tetrahydrofuran-3-yl)-2-oxopropyl)jdodecahydro-
2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-bromohex-5-en-3-yl benzoate (0.285 g, 0.223
mmol) in a mixture of methanol (5.7 mL) and THF (0.29 mL) was treated with 6-10% Mg(OMe), in
methanol (1.29 g, 0.893 mmol) and stirred at rt for 5 d. Potassium carbonate (0.093 g, 0.67 mmol) was
added, and stirring was continued at rt for another 1 d. The reaction was quenched with saturated
aqueous NH,CI (4.28 mL) and brine (4.28 mL) and extracted three times with MTBE (11.40 mL). The
organic layers were combined, dried over MgSOy, and concentrated in vacuo to give the title compound
(280 mg, 119%).

1-((25,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R, 6S)-4-
methyl-3-methylene-6-(3-((triethylsilyl)oxy)propyltetrahydro-2H-pyran-2-yl)
methyl)tetrahydrofuran-3-yl)-3-((25,3aR,4aR,55,5a5,7R,9a5,10aR, 10bS)-2-((R)-5-bromo-3-
hydroxyhex-5-en-1-yl)dodecahydro-2,5-epoxyfuro [2',3":4,5]furo[3,2-b]pyrano [2,3-e]pyran-7-
yl)propan-2-one

OH OH
TESCI
2.6-lutidine
0
S © >//\|)/\LOH
Me
TBSO OTBS TBSO OTBS

A solution of 1-((28,38, 4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-2-(((2R,4R,6S)-6-(3-
hydroxypropyl)-4-methyl-3-methylenetetrahydro-2H-pyran-2-yl)methyl)-4-methoxy tetrahydrofuran-3-yl)-3-
((28,3aR,4aR,58,5a8,7R,9aS,10aR, 10bS)-2-((R)-5-bromo-3-hydroxyhex-5-en-1-yl)dodecahydro-2,5-

epoxyfuro[2',3":4,5]furo[3,2-b]pyrano[2,3-e] pyran-7-yl)propan-2-one (0.28 g, 0.265 mmol) in CH.Cl, (5.6
mL) was cooled to -78 °C and treated with 2,6-lutidine (0.123 mL, 1.06 mmol) and chlorotriethylsilane
(0.054 mL, 0.32 mmol). The reaction mixture was stirred at -78 °C for 2 h. The reaction was quenched
with methanol (0.107 mL, 2.65 mmol) and stirred at -78 °C for 10 min. After removing the cold bath, the
mixture was treated with water (5.6 mL) and warmed to rt. The mixture was extracted twice with MTBE
(11.20 mL). The organic layers were combined, washed with 0.1 N HCI (6.09 mL, 0.608 mmol) and
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saturated aguecus NaHCO; (2.80 mL), dried over MgSQO,, and concentrated in vacuo to give the title
compound (327 mg, 105%).

(R)-1-((2S,3aR,4aR,55,5a5,7 R,9aS,10aR,10b S)-7-(3-((2S,3S,4 R,5R)-5-(( S)-2,3-bis ((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4 R,6 S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyhtetrahydro-2 H-pyran-2-yl)methyl) tetrahydrofuran-3-yl)-2-
oxopropyl)decahydro-2,5-epoxyfuro[2',3':4,5]furo[3,2-b] pyrano[2,3-e]pyran-2(3 H)-yl)-5-bromohex-
5-en-3-yl 4-methylbenzenesulfonate

TsCl, DMAP

_

e e
SO J//\|)/\L0TES SO l|J/\LOTES

TBSO OTBS TBSO OTBS

1-((25,38,4R,5R)-5-((S)-2,3-bis((tert-butyldimethyisilyl)oxy) propyl)-4-methoxy-2-(((2R,4 R, 6 S)-4-methyl-3-
methylene-6-(3-((triethylsilyl)oxy)propyl)tetrahydro-2 H-pyran-2-yl) methyl)tetrahydrofuran-3-yl)-3-
((25,3aR,4aR,55,5a5,7R,9a5,10aR,10bS5)-2-(( A)-5-bromo-3-hydroxyhex-5-en-1-yl)dodecahydro-2,5-
epoxyfuro[2',3":4,5]furo[3,2-b]pyranc [2,3-e]pyran-7-ylipropan-2-one (0.327 g, 0.279 mmol) was dissolved
in GHzCl, (4.9 mL) and treated with DMAP (0.102 g, 0.837 mmol) and p-TsClI (0.064 g, 0.34 mmol). The
mixture was stirred at rt for 16 h. Additional DMAP (0.020 g, 0.17 mmol) and p-TsCl (0.016 g, 0.084
mmol) were added, and stirring was continued at rt for another 24 h. The reaction mixture was diluted
with MTBE (20 mL) and sequentially washed with 0.1 N HCI (8.4 mL x2), saturated aqueous NaHCO; (3.3
mL), and brine (3.3 mL). After concentration, the residue was purified by column chromatography (ethyl
acetate/n-heptane=1/10 to 2/3) to give the title compound (215 mg, 72% for 3 steps). 'H NMR (400
MHz, CDCl3) O 0.03 (2s, 9H), 0.60 (s, 3H), 0.59 (g, 6H), 0.85 (s, 9H), 0.87 (s, 9H), 0.94 (t, 9H), 0.96-1.10
(m, 2H), 1.06 (d, 3H), 1.28-1.60 (M, 5H), 1.60-1.84 (M, 6H), 1.84-2.16 (M, 8H), 2.24 (m, 1H), 2.42 (m,
2H), 2.51 (dd, 1H), 2.64 (dd, 1H), 2.72 (dd, 1H), 2.82 (dd, 1H), 2.90 (d, 1H), 3.26 (m, 1H), 3.52 (s, 3H),
3.44-3.68 (M, 6H), 3.75 (M, 2H), 3.84 (m, 2H), 4.04 (m, 1H), 4.19 (m, 1H), 4.35 (m, 1H), 4.58 (m, 1H),
4.66 (m, 1H), 4.67 (m, 1H), 4.78 (s, 1H), 4.85 (m, 1H), 4.84 (s, 1H), 5.35 (m, 1H), 5.58 (s, 1H), 7.35 (d,
2H), 7.80 (d, 2H)

(R)-1-((25,3aR,4aR,55,5a5,7R,9aS5,10aR,10bS)-7-(3-((25,3S5,4R,5 R)-5-(( S)-2,3-bis(( tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4 R,6 S)-4-methyl-3-methylene-6-(3-
oxopropyl)tetrahydro-2 H-pyran-2-yl)methyl)tetrahydrofuran-3-yl)-2-oxopropyl)dodecahydro-2,5-
epoxyfuro[2',3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-bromohex-5-en-3-yl 4-
methylbenzenesulfonate
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H H o

ni OTS i OTS
0] Swern [O] 0)
Br —_— Br
MeO:., MeOQO:.,
0 -0
N OTES S CHO
Me Me
TBSO oTBS TBSO oTBS

A solution of 2 M oxalic chloride in CH,Cl, (0.810 mL, 1.62 mmol) in CHCl, (4.30 mL) was cooled to -78
°C and treated with DMSO (0.230 mL, 3.24 mmol). After stirring for 10 min at -78 °C, a solution of (R)-1-
((28,3aR,4aR,5S8,5aS8,7R,9a8,10aR, 10bS)-7-(3-((2S,38,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
((triethylsilyl)oxy)propyl)tetrahydro-2H-pyran-2-yl)methyl) tetrahydrofuran-3-yl)-2-oxopropyl)dodecahydro-
2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyrano [2,3-e]pyran-2-yl)-5-bromohex-5-en-3-yl 4-
methylbenzenesulfonate (0.215 g, 0.162 mmol) in CH,Cl, (2.2 mL) was added. The mixture was stirred
at -78 °C for 10 min and at -40 °C for 1 h. After cooling back to -78 °C, the mixture was treated with
triethylamine (1.13 mL, 8.10 mmol) and stirred at -78 °C for 10 min and at 0 °C for 20 min. The resulting
mixture was treated with water (4.3 mL) and diluted with MTBE (21.5 mL). The organic layer was
separated and washed with brine. After concentration, the residue was purified by silica gel column
chromatography (ethyl acetate/n-heptane=1/10 to 1/1) to give the title compound (166 mg, 85%).

BisTBS ether

A
silica gel
—_—

OTs N NHMs
i-Pr

° CrCly, EtaN

O Br —

MeOue: a Y Me
0 CHO 2N, ¢l
N |

[N

N
Me AN Cl
1]

M

TBSO oTBS e

Chromous chloride (0.520 g, 4.23 mmol) was added to a 3-necked flask, which was purged with No for 5
min, and to the flask was added a solution of (R)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)-6-
methylphenyl)methanesulfonamide (1.25 g, 4.23 mmol) in a degassed THF (7.5 mL). The mixture was
heated to 30 °C, treated with triethylamine (0.590 mL, 4.23 mmol), and stirred at 33 °C for 1 h. After
cooling to 0 °C, the mixture was treated with nickel(ll) chloride 2,9-dimethyl-1,10-phenanthroline complex
(0.023 g, 0.069 mmol) and purged with N, for 5 min. After removing the ice-bath, a solution of (R)-1-
((28,3aR,4aR,58,5a8,7R,9a8,10aR, 10bS)-7-(3-((28,38,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,68)-4-methyl-3-methylene-6-(3-oxopropyl)tetrahydro-
2H-pyran-2-yl)methyl)tetrahydrofuran-3-yl)-2-oxopropyl)dodecahydro-2,5-epoxyfuro[2',3":4,5]furo[3,2-
b]pyrano[2,3-e]pyran-2-yl)-5-bromohex-5-en-3-yl 4-methylbenzenesulfonate (0.083 g, 0.069 mmol) in a
degassed THF (4.98 mL) was added over 2 h by syringe pump. The mixture was stirred at rt for another

2 h. After cooling to 0 °C, the reaction was quenched with ethylenediamine (0.826 mL, 13.7 mmol), while
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maintaining the internal temperature below 10 °C, and stirred at rt for 10 min. The mixture was treated
with water (9.96 mL) and extracted twice with MTBE (9.96 mL). The organic layers were combined, dried
over MgSQ,, and concentrated in vacuo.

The residue was dissolved in isopropanol (IPA) (4.98 mL), treated with silica gel (166 mg), and stirred at
rt for 23 h. The precipitate was filtered and washed with IPA (3 mL) and heptane (3 mL). The filtrate was
aged in a freezer for 2d. The resulting precipitate was filtered and washed with IPA (5 mL). The filtrate
was concentrated and purified by silica gel column chromatography (ethy! acetate/n-heptane=1/10 to 3/2)
to give the title compound (33 mg, 50%), the structure of which was confirmed by comparison of its H
NMR spectrum with that of an authentic sample. "HNMR (400 MHz, C¢Dg) 8 0.05 (s, 6H), 0.14 (s, 3H),
0.16 (s, 3H), 0.77 (d, 3H), 0.94 (s, 9H), 0.99 (s, 9H), 1.05-1.30 (m, 2H), 1.30-1.46 (m, 3H), 1.20-1.72 (m,
2H), 1.50-1.70 (m, 3H), 1.84-2.00 (m, 4H), 2.05-2.20 (m, 3H), 2.28-2.40 (m, 4H), 2.50 (m, 2H), 2.60 (m,
2H), 2.70 (m, 2H), 2.86 (m, 1H), 3.50 (m, 1H), 3.52-3.72 (M, 4H), 3.58 (s, 3H), 3.74-3.84 (m, 2H), 3.95 (m,
1H), 4.00-4.22 (m, 7H), 4.04 (m, 1H), 4.38 (m, 1H), 4.56 (om, 1H), 457 (s, 1H), 4.74 (s, 1H), 4.98 (m,
2H).

Dess-Martin
WOTBDPS BzCl W\/\OTBDPS HF WOH periodinane Y\/\/CHO
A - H _— H _ H
Bron Br OBz Br OBz Br OBz

DIBAH, toluene; y CHO
NaBH,, MeOH TESCI, Et;N Br OBz
_— ——-
n-Buli
MgBr,-OEt,

Dess-Martin

periodinane TBAF

NaHCO; imidazole-HCI
_—mm

H o H
T o} Dess-Martin Mol
PPTS 2 o 0Bz Periodinane 0

O ¥ \: - e pBZ

H d 0" $
OH CHO d
Br
Br

All compounds were prepared following the same procedures shown above starting from (8)-2-bromo-7-
((tert-butyldiphenylsilyl)oxy)hept-1-en-4-yl benzoate.
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(S)-1-((2S,3aR,4aR,5S,5a5,7R,9aS,10aR,10bS)-7-(3-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,6S)-4-methyl-3-methylene-6-(3-
5  oxopropyhtetrahydro-2H-pyran-2-yl)methyl)tetrahydrofuran-3-yl)-2-oxopropyl)dodecahydro-2,5-

epoxyfuro[2’,3":4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-bromohex-5-en-3-yl benzoate
O,Ph

S
Meo,.,é\“‘ ©
\—0
g OTES
Me

—

TBSO OTBS

TBSO OTBS

The compound was prepared following the same procedures shown above for (3R)-1-
10 ((28,3aR,4aR,55,5a8,7R,9aS,10aR,10bS)-7-(3-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R,4R,63)-4-methyl-3-methylene-6-(3-

((triethylsilyl)oxy)propyl)tetrahydro-2H-pyran-2-yl)methyl) tetrahydrofuran-3-yl)-2-hydroxy-3-
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(phenylsulfonyl)propyl)dodecahydro-2,5-epoxyfuro[2',3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-2-yl)-5-
bromohex-5-en-3-yl benzoate with the exception that (S)-5-bromo-1-
((28,3aR,4aR,55,56aS,7R,9aS,10aR, 10bS)-7-(2-oxoethyl)decahydro-2 5-epoxyfuro [2',3":4,5]furo[3,2-
blpyrano[2,3-e]pyran-2(3H)-yl)hex-5-en-3-yl benzoate was used as a starting material.

NHK macrocyclization

O, Me

OBz S/N NHMs
i-Pr
CrCI2, Eth

- Me

=N, ¢l
,Nl
2N Cl

|
TBSO  OTBS N"Me TBSO  OTBS 16

Chromous chloride (0.636 g, 5.18 mmol) was added to a 3-necked flask, which was purged with N, for 5
min, and to the flask was added a solution of (S)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)-6-
methylphenyl)methanesulfonamide (1.535 g, 5.18 mmol) in a degassed THF (6.80 mL). The resulting
mixture was heated to 30 °C, charged with triethylamine (0.722 mL, 5.18 mmol), and stirred at 33 °C for 1
h. After cooling to 0 °C, the mixture was treated with nickel(ll) chloride 2,9-dimethyl-1,10-phenanthroline
complex (0.040 g, 0.12 mmol) and purged with N, for 5 min. After removing the ice-bath, a solution of
(8)-1-((2S,3aR,4aR,58,5a8,7R,9aS,10aR,10bS)-7-(3-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(((2R, 4R,6S5)-4-methyl-3-methylene-6-(3-
oxopropyl)tetrahydro-2H-pyran-2-yl)methyl) tetrahydrofuran-3-yl)-2-oxopropylydodecahydro-2,5-
epoxyfuro[2',3":4,5]furo[3,2-blpyrano[2,3-e]pyran-2-yl)-5-bromohex-5-en-3-yl benzoate (compound 8;
0.136 g, 0.117 mmol) in a degassed THF (6.80 mL) was added over 1.5 h by syringe pump. The mixture
was stirred at rt for another 2 h. The reaction was cooled to 0 °C, quenched with ethylenediamine (1.045
mL, 15.47 mmol), while maintaining the internal temperature below 10 °C, and stirred at rt for 10 min.
The mixture was treated with water (16.3 mL) and extracted with n-heptane (8.2 mL) and then twice with
MTBE (16.3 mL). The organic layers were combined, dried over MgSO,, and concentrated in vacuo. The
residue was treated with n-heptane (20 mL) and stirred at rt for 20 min. The precipitated ligand was
filtered off and rinsed with heptane (20 mL) and IPA (10 mL). The filtrate was aged in a freezer (-20 °C)
for 20 h. The precipitate was filtered and rinsed with IPA. The filtrate was concentrated and purified by
silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 1/1) to give compound 16 (88 mg,
69%). 'H NMR (400 MHz, CDCls) 8 0.02 (s, 9H), 0.6 (s, 3H), 0.86 (s, 18H), 1.10 (m, 4H), 1.42 (m, 3H),
1.64-2.00 (M, 8H), 2.06-2.30 (m, 8H), 2.45 (m, 2H), 2.64 (M, 2H), 2.94 (m, 2H), 3.11 (m, 1H), 3.19 (M,
1H), 3.36 (s, 3H), 3.48 (m, 1H), 3.56 (m, 1H), 3.64-3.90 (m, 5H), 3.80-4.30 (m, 4H), 4.41 (m, 1H), 4.59 (m,
1H), 4.68 (m, 1H), 4.79 (m, 1H), 4.92 (s, 1H), 5.06 (s, 1H), 5.28 (s, 1H), 5.40 (m, 1H), 7.41 (m, 2H), 7.58
(m, 1H), 8.02 (m, 2H).

Mesylation of NHK product
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A solution of Compound 16 (0.084 g, 0.078 mmol) in THF (2.94 mL) was cooled to 0 °C and treated with
triethylamine (0.043 mL, 0.31 mmol) and methanesulfonyl chloride (0.018 mL, 0.23 mmol). After stirring
at 0 <C for 30 min, the reaction was quenched with water (3.36 mL) and extracted three times with MTBE
(5.04 mL). The organic layers were combined, dried over MgSO,, and concentrated to give compound 17
(88 mg).

Cyclization with KOMe

)

KOMe

~
~
~
~

Me

TBSO OTBS 17 TBSO OTBS 18
A solution of compound 17 (0.080 g, 0.063 mmol) in THF (4.0 mL) was cooled to 0 °C and treated with
25% potassium methoxide in methanol (0.068 g, 0.24 mmol). The mixture was slowly warmed to rt over
20 h. The reaction was quenched with saturated aqueous NH,CI (2.4 mL) and extracted three times with
MTBE (6.4 mL). The organic layers were combined and dried over MgSO,. After concentration, the
residue was purified by silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 2/1) to give
compound 18 (45 mg, 68% for 2 steps). 'H NMR (400 MHz, CeDg) 8 0.05 (s, 6H), 0.14 (s, 3H), 0.16 (s,
3H), 0.77 (d, 3H), 0.94 (s, 9H), 0.99 (s, 9H), 1.05-1.30 (m, 2H), 1.30-1.46 (m, 3H), 1.20-1.72 (m, 2H),
1.50-1.70 (M, 3H), 1.84-2.00 (m, 4H), 2.05-2.20 (m, 3H), 2.28-2.40 (m, 4H), 2.50 (m, 2H), 2.60 (m, 2H),
2.70 (m, 2H), 2.86 (m, 1H), 3.50 (M, 1H), 3.52-3.72 (m, 4H), 3.58 (s, 3H), 3.74-3.84 (m, 2H), 3.95 (M, 1H),
4.00-4.22 (m, 7H), 4.04 (M, 1H), 4.38 (m, 1H), 4.56 (bm, 1H), 4.57 (s, 1H), 4.74 (s, 1H), 4.98 (m, 2H).
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Example 8: Preparation of a Compound of Formula (ID) through C.26-C.27 Macrocyclization
OTBS

TESO_-, 0N A_0TBS
(\OH Dess-Martin r .

TfO Me 3 - periodinane TfO Me =
/; \....f:g ) ‘\“” P o) n-BuLi
"H ’—,H MgBr,-OEt,

BzCl Swern [O]
—_— —_—

(R)-4-((2S,3aS,5R, 7a8)-2-(3-hydroxypropyl)-3a-(iodomethyl)hexahydro-2H-furo [3,2-b]pyran-5-yl)-3-
methylbut-1-en-2-yl trifluoromethanesulfonate

OPv
DIBAL TfO

A solution of 3-((2S,3a8,5R,72a8)-3a-(iodomethyl)-5-((R)-2-methyl-3-(((trifluoromethyhsuifonyl)oxy)but-3-
en-1-yl)hexahydro-2H-furo[3,2-blpyran-2-yl)propyl pivalate (6.80 g, 10.9 mmol) in CH,CI, (68.0 mL) was
cooled to -78 °C and treated with 1 M DIBAL in toluene (23.88 mL, 23.88 mmol) over 20 min, while
maintaining the internal temperature below -70 °C. The reaction mixture was stirred at -78 °C for 30 min.
The reaction was quenched with methanol (4.39 mL), while maintaining the internal temperature below -
60 °C. After removing the cold bath, the mixture was treated with 1 N HCI (109 mL) and MTBE (102 mL)
and stirred at ambient temperature for 20 min. The organic layer was separated, and the agueous layer
was extracted with MTBE (102 mL). The organic layers were combined, dried over MgSQOy,, and
concentrated to give the title compound (8.8 g, contaminated with toluene). 'H NMR (400 MHz, CDCl,) &
1.14 (d, 3H), 1.22 (m, 1H), 1.45-1.70 (m, 8H), 1.72-1.90 (m, 2H), 2.42 (m, 1H), 2.83 (m, 1H), 3.40 (d, 1H),
3.46 (d, 1H), 3.55 (m, 1H), 3.65 (m, 2H), 3.79 (m, 1H), 4.22 (m, 1H), 5.03 (d, 1H), 5.10 (d, 1H).

(R)-4-((2S,3aS,5R,7aS)-3a-(iodomethyl)-2-(3-oxopropyl)hexahydro-2H-furo[3,2-b]pyran-5-yl)-3-
methylbut-1-en-2-yl trifluoromethanesulfonate

CHO
| OH  Dess-Martin

TQ  Me ™= periodinane TIO  Me I
2 S ok : .
nn O o
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A solution of (R)-4-((2S,3a8,5R,7aS)-2-(3-hydroxypropyl)-3a-(iodomethyl)hexahydro-2H-furo[3,2-b]pyran-
5-yl)-3-methylbut-1-en-2-y! trifluoromethanesulfonate (2.64 g, 4.87 mmol) in CH.Cl, (26.4 mL) was treated
with Dess-Martin periodinane (3.10 g, 7.30 mmol) and stirred at rt for 1 h. The reaction was quenched
with saturated aqueous NaHCO; (20 mL) and 20% NapSOs (20 mL) and extracted three times with MTBE
(20 mL). The organic layers were combined and washed with brine. After concentration, the residue was
purified by silica gel column chromatography (ethyl acetate/n-heptane1=/10 to 1/3) to give the title
compound (970 mg, 56% for 2 steps). 'H NMR (400 MHz, CDClg) & 1.14 (d, 3H), 1.15-1.30 (m, 2H), 1.45-
1.70 (m, 5H), 1.72-1.90 (m, 2H), 2.32 (dd, 1H), 2.52 (m, 2H), 2.83 (m, 1H), 3.37 (d, 1H), 3.43 (d, 1H), 3.52
(m, 1H), 3.72 (m, 1H), 4.19 (M, 1H), 5.01 (d, 1H), 5.09 (d, 1H), 9.76 (s, 1H).

(3R)-4-((2S,3aS,5R,7aS)-2-((6S,E)-6-((2S,3R,4S,4aS,6R,8aS)-3,4-bis((tert-butyldimethylsilyl)oxy)-6-
(2-((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-butyldimethylsilyl)oxy)-3-
hydroxyhex-4-en-1-yl)-3a-(iodomethyl) hexahydro-2H-furo[3,2-b]pyran-5-yl)-3-methylbut-1-en-2-yl
trifluoromethanesulfonate

CHO  pBuLi
|/ MgBr,-OEt,

A solution of (((2S,3R,48,4a8,6R,8a8)-2-((S,E)-1-((tert-butyldimethylsilyl)oxy)-3-iodoallyl)-6-(2-
((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) (1.295
g, 1.51 mmol) in THF (10.20 mL) was cooled to -78 °C and treated with 1.6 M n-BuLi in hexane (0.944
mL, 1.51 mmol), while maintaining the internal temperature below -60 °C. After stirring at -78 °C for 15
min, the mixture was treated with a solution of magnesium bromide diethyl etherate (0.390 g, 1.51 mmol)
in a mixture of THF (6 mL) and toluene (1 mL), while maintaining the internal temperature below -60 °C,
and stirred at -78 °C for 30 min. A solution of (R)-4-((2S,3aS8,5R,7a8)-3a-(iodomethyl)-2-(3-
oxopropyl)hexahydro-2H-furo[3,2-b]pyran-5-yl)-3-methylbut-1-en-2-yl trifluoromethanesulfonate (0.68 g,
1.258 mmol) in THF (6.80 mL) was added, and the resulting mixture was stirred at -78 °C for 3 h and
slowly warmed to rt over 14 h. The reaction was quenched with saturated aqueous NH,CI (6.80 mL) and
extracted twice with MTBE (0.150 mL). The organic layers were combined and washed with brine. After
concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/10 to 1/3) to give the title compound (455 mg, 28%).

(6S,E)-6-((25,3R,45,4aS,6 R,8aS)-3,4-bis((tert-butyldimethylsilyl)oxy)-6-(2-
((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-2-yl)-6-((fert-butyldimethylsilyl)oxy)-1-
((2S,3aS,5R,7aS)-3a-(iodomethyl)-5-(( B)-2-methyl-3-(((trifluoromethyl)sulfonyl)oxy)but-3-en-1-
yl)hexahydro-2 H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl benzoate
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—

TfO,  Me I— TfO,  Me I—
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100k - O 1 - O
H H

A solution of (3R)-4-((2S,3a8,5R,7aS)-2-((6S,E)-6-((2S,3R,4S3,4aS,6R,8a8)-3,4-bis((tert-
butyldimethylsilyl)oxy)-6-(2-((triethylsilyl)oxy)ethyl) octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-
butyldimethylsilyl)oxy)-3-hydroxyhex-4-en-1-yl)-3a-(iodomethyl)hexahydro-2H-furo[3,2-b]pyran-5-yl)-3-
methylbut-1-en-2-yl trifluoromethanesulfonate (0.455 g, 0.358 mmol) in CH,Cl, (4.55 mL) was treated with
benzoyl chloride (0.083 mL, 0.72 mmol), triethylamine (0.15 mL, 1.1 mmol) and DMAP (4.4 mg, 0.036
mmol). The mixture was stirred at ambient temperature for 40 h. The reaction was quenched with water
(4.6 mL) and extracted twice with MTBE (8.1 mL). The organic layers were combined and washed with
brine. After concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/10 to 1/5) to give the title compound (316 mg, 64%). 'H NMR (400 MHz, CDCl;) & -0.08-0.12
(multiple s, 18H), 0.55 (m, 6H), 0.81 (2s, 9H), 0.85-1.00 (m, 27H), 1.05-1.30 (m, 2H), 1.12 (d, 3H), 1.40-
1.90 (m, 16H), 2.29 (m, 1H), 2.80 (m, 2H), 3.30-3.45 (M, 3H), 3.53 (m, 2H), 3.65 (m, 1H), 3.72 (M, 1H),
3.83 (m, 2H), 4.08 (m, 1H), 4.19 (m, 1H), 4.98 (m, 1H), 5.02 (m, 1H), 5.07 (m, 1H), 5.60 (m, 1H), 5.77 (m,
1H), 6.05 (m, 1H), 7.40 (m, 2H), 7.52 (m, 1H), 8.02 (m, 2H).

(6S,E)-6-((2S,3R,4S,4aS,6R,8aS)-3,4-bis((tert-butyldimethylsilyl)oxy)-6-(2-oxoethyl)
octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-butyldimethylsilyl)oxy)-1-((2S5,3a8,5R, 7aS)-3a-
(iodomethyl)-5-((R)-2-methyl-3-({(trifluoromethyl)sulfonyl)oxy)but-3-en-1-yl)hexahydro-2H-furo[3,2-
b]pyran-2-yhhex-4-en-3-yl benzoate

H QTBS H QTBS

TESO._ -, O~ OTBS

A solution of oxalyl chloride (0.141 mL, 1.81 mmol) in CH,Cl, (6.32 mL) was cooled to -78 °C and treated
with DMSO (0.228 mL, 3.22 mmol). After stirring for 10 min at -78 °C, the mixture was treated with a
solution of (6S,E)-6-((2S,3R,45,4a 5,6 R,8a8)-3,4-bis((tert-butyldimethylsilyl) oxy)-6-(2-
((triethylsilyl)oxy)ethyl)octahydropyrano[3,2-b]pyran-2-yl)-6-((fert-butyldimethylsilyl)oxy)-1-
((28,3aS,5R,7aS)-3a-(iodomethyl)-b-(( R)-2-methyl-3-(((trifluoromethyl)sulfonyl)oxy)but-3-en-1-
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yl)hexahydro-2 H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl benzoate (0.316 g, 0.230 mmol) in CH.CI, (3.8 mL).
The mixture was stirred at -78 °C for 20 min and at -40 °C for 1 h. After cooling to -78 °C, the mixture was
treated with triethylamine (1.12 mL, 8.04 mmol) and stirred at -78 °C for 10 min and at 0 °C for 20 min.
The reaction mixture was treated with water (6.3 mL) and diluted with MTBE (6.32 mL). The organic layer
was separated and washed with brine. After concentration, the residue was purified by silica gel column
chromatography (ethyl acetate/n-heptane=1/10 to 1/2) to give the title compound (284 mg).

Meq  §O2Ph oHE” ™

TBSO [¢] ’L + n-BuLi
TBSO OTES
TfQ Me Dess-Martin
\ pericdinane
TBSO
TBSO
Swern [O]

Nozaki-Hiyama-Kishi TBSO

KOMe

Dess-Martin
periodinane
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(6S,E)-6-((2S,3R,4S,4aS,6R,8aS)-6-(3-((2S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethyisilyl)oxy)propyl)-
4-methoxy-2-(2-((triethylsilyl)oxy)ethyl) tetrahydrofuran-3-yl)-2-hydroxy-3-(phenylsulfonyl)propyl)-
3.,4-bis((tert-butyldimethylsilyl)oxy)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-
butyldimethylsilyl)oxy)-1-((25,3aS,5R,7aS)-3a-(iodomethyl)-5-((R)-2-methyl-3-
(((trifluoromethyl)sulfonyl)oxy)but-3-en-1-yl}hexahydro-2H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl

benzoate
o (E)TBSOTBS Meq SO,Ph
OHC/ “ N n
Meo  SO-Ph OTBS ., OH
2 n-BuLi TBSO ° L
THF/n-hept
. e, TBsd OTES

TBSO o,

TBSG LOTES TIO,  Me == TIO,  Me I ~
S 0% S ok
//\ N\ —O //\ AW O
H H

A solution of (S)-5-(((2R,3R,4S3,58)-3-methoxy-4-((phenylsulfonyl)methyl)-5-(2-
((triethylsilyl)oxy)ethyl)tetrahydrofuran-2-yl)methyl)-2,2,3, 3,8,8,9,9-octamethyl-4,7-dioxa-3,8-disiladecane
(0.214 g, 0.298 mmol) in THF (3 mL) was cooled to -5 °C. The mixture was treated with 1.6 M n-BuLi in
hexane (0.186 mL, 0.298 mmol) and stirred at -5 °C for 20 min. After cooling to -78 °C, the mixture was
treated with a solution of (6S,E)-6-((2S,3R,45,4aS,6R,8a8)-3,4-bis((tert-butyldimethylsilyl)oxy)-6-(2-
oxoethyl)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-butyldimethylsilyl)oxy)-1-((2S,3aS,5R,7aS)-3a-
(iodomethyl)-5-((R)-2-methyl-3-(((trifluoromethylsulfonyl)oxy)but-3-en-1-yl)hexahydro-2H-furo[3,2-

blpyran-2-yl)hex-4-en-3-yl benzoate (0.150 g, 0.119 mmol) in n-heptane (4.2 mL). The mixture was
stirred at -78 °C for 4 h. The reaction was guenched with saturated aqueous NH,CI (7.5 mL) and
extracted twice with MTBE (15 mL). The organic layers were combined and washed with brine. After
concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/20 to 1/2) to give the title compound (177 mg, 75%).

(6S,E)-6-((2S,3R,4S,4aS,6R,8aS)-6-(3-((25,35,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(2-((triethylsilyl)oxy)ethyl) tetrahydrofuran-3-yl)-2-oxo-
3-(phenylsulfonyl)propyl)-3,4-bis((tert-butyldimethylsilyl)oxy)octahydropyrano[3,2-b]pyran-2-yl)-6-
((tert-butyldimethylsilyl)oxy)-1-((2S,3aS,5R,7aS)-3a-(iodomethyl)-5-((R)-2-methyl-3-
(((trifluoromethyl)sulfonyl)oxy)but-3-en-1-yl}hexahydro-2H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl

benzoate
MeO SOsPh MeQ SO,Ph
""(j)Y Dess Martin ""W
., OH ., O
TBSO-g o "L periodinane TBSO 0 L
TBSO OTES w TBSO OTES

O,  Me I O, Me ™
2 N 2 S -z
—O —O
H H
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A solution of (6S,E)-6-((2S,3R,4S,4a8,6R,8aS8)-6-(3-((2S,4R,5R)-5-((8)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(2-((triethylsilyl)oxy)ethyl)tetrahydrofuran-3-yl)-2-hydroxy-3-
(phenylsulfonyl)propyl)-3,4-bis((tert-butyldimethylsilyl) oxy)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-
butyldimethylsilyl)oxy)-1-((28,3a8,5R,7aS)-3a-(iodomethyl)-5-((R)-2-methyl-3-
((¢trifluoromethyl)sulfonyl)oxy)but-3-en-1-yl)hexahydro-2H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl benzoate
(0.177 g, 0.09 mmol) in CH,CI, (3.54 mL) was treated with sodium bicarbonate (0.011 g, 0.13 mmol) and
Dess-Martin periodinane (0.057 g, 0.13 mmol) and stirred at rt for 1 h. Additional Dess-Martin
periodinane (0.019 g, 0.045 mmol) was added, and stirring was continued at rt for another 1 h. The
reaction was quenched with saturated aqueous NaHCO; (3.5 mL) and 20% NapSO; (3.5 mL) and
extracted twice with MTBE (3.5 mL). The organic layers were combined and washed with brine. After
concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/10 to 1/3) to give the title compound (170 mg, 96%).

(6S,E)-6-((2S,3R,45,4aS,6R,8aS)-6-(3-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(2-((triethylsilyl)oxy)ethyl)tetrahydrofuran-3-yl)-2-
oxopropyl)-3,4-bis((tert-butyldimethylsilyl)oxy)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-
butyldimethylsilyl)oxy)-1-((2S,3aS,5R,7aS)-3a-(iodomethyl)-5-((R)-2-methyl-3-
(((trifluoromethyl)sulfonyl)oxy)but-3-en-1-yl)hexahydro-2H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl

benzoate
Meo  SOzPh , 0T8S MeQ ,
m 0 A_.0TBS W !
L., O
., O L oT8S TBSO o
TBSO"é (0] ’/L B Sml, L
THF/MeOH TBSO OTES

TBSO OTES

0O  Me Im—

IO Me ™= }—\ oX T
} N _0
nn ,”H ’H

A solution of (6S,E)-6-((25,3R,45,4aS,6R,8aS8)-6-(3-((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)
oxy)propyl)-4-methoxy-2-(2-((triethylsilyl)oxy)ethyl)tetrahydrofuran-3-yl)-2-oxo-3-(phenylsulfonyl)propyl)-

3,4-bis((tert-butyldimethylsilyl)oxy)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-butyldimethylsilyl)oxy)-1-
((28,3a8,5R,7a8)-3a-(iodomethyl)-5-((R)-2-methyl-3- (((trifluoromethyl)sulfonyl)oxy)but-3-en-1-
yl)hexahydro-2H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl benzoate (0.17 g, 0.086 mmol) in a mixture of THF
(1.4 mL) and methanol (0.85 mL) was cooled to -78 °C and treated with 0.1 M Sml, in THF (1.29 mL,
0.129 mmol). After stirring at -78 °C for 1 h, additional 0.1 M Sml, in THF (0.86 mL, 0.086 mmol) was
added, and stirring was continued at -78 °C for another 2 h. The reaction was quenched with a mixture of
Rochelle's Salt (510 mg, 1.807 mmol), potassium carbonate (509 mg, 3.69 mmol), and water (5.1 mL)
and extracted twice with MTBE (8.5 mL). The organic layers were combined and dried over MgSO, to
give the title compound (127 mg, 80%).

(6S,E)-6-((2S,3R,4S,4aS,6R,8aS)-6-(3-((25,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-2-(2-oxoethyl)tetrahydrofuran-3-yl)-2-oxopropyl)-3,4-
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bis((tert-butyldimethylsilyl)oxy)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-butyldimethylsilyl)oxy)-
1-((2S,3aS,5R,7aS)-3a-(iodomethyl)-5-((R)-2-methyl-3-(((trifluoromethyl)sulfonyljoxy)but-3-en-1-
yDhexahydro-2H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl benzoate

MeQ y 98BS MeQ
(‘]/\”/ﬂ,, o ~OTBS (\/(\r( "
TBSO o) "',Lo oTBS TBSO—g
TBSC OTES Swern ox TBSC
OBz

T Mel—, .~ O, Me l— .«
2 S 0% 2 S o
et 4 O e ” O
H H

A solution of oxalyl chloride (0.061 mL, 0.69 mmol) in CH,Cl, (2.54 mL) was cooled to -78 °C and treated
with DMSO (0.098 mL, 1.4 mmol). After stirring at -78 °C for 10 min, a solution of (6S,E)-6-
((28,3R,48,4a8,6R,8aS)-6-(3-((25,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-
methoxy-2-(2-((triethylsilyl)oxy)ethyl)tetrahydrofuran-3-yl)-2-oxopropyl)-3,4-bis((tert-butyldimethyisilyl)
oxy)octahydropyrano[3,2-b]pyran-2-yl)-6-((tert-butyldimethylsilyl)oxy)-1-((2S,3aS,5R, 7aS)-3a-
(iodomethyl)-5-((R)-2-methyl-3-(((trifluoromethyl)sulfonyl)oxy)but-3-en-1-yl) hexahydro-2H-furo[3,2-
b]pyran-2-yl)hex-4-en-3-yl benzoate (0.127 g, 0.069 mmol) in CH.Cl, (2.5 mL) was added. The resulting
solution was stirred at -78°C for 10 min and at -40 °C for 1 h. After cooling to -78 °C, the mixture was
treated with triethylamine (0.5 mL, 3.6 mmol) and stirred at -78 °C for 10 min and at 0 °C for 20 min. The
mixture was treated with water (5 mL) and extracted twice with MTBE (10 mL). The organic layers were
combined and washed with brine. After concentration, the residue was purified by silica gel column
chromatography (ethyl acetate/n-heptane=1/10 to 1/5) to give the title compound (86 mg, 72%).

NHK macrocyclization

MeQ M
/ o) !
. 0 S»N NHMs
TBSO O ',, i-Pr TBSO
CHO CrCl,, EtzN; NiCl
TBSO M2 B 2 TBSO
TO,  Me I,

\ O

iy

(S)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)-6-methylphenyl) methanesulfonamide (0.829 g, 2.797
mmol) was dissolved in a degassed acetonitrile (7.12 mL) and treated with chromous chloride (0.346 g,
2.82 mmol). After purging with nitrogen gas for 5 min, the mixture was heated to 30 °C and treated with
EtzN (0.39 mL, 2.8 mmol). The mixture was stirred at 34 °C for 1 h. After cooling to 0°C, the mixture was
treated with nickel chloride (6.7 mg, 0.052 mmol) and purged with nitrogen gas for 5 min. After removing
the ice-bath, the mixture was treated with a solution of (6S,E)-6-((2S,3R,4S,4aS,6R,82a8)-6-(3-
((28,38,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy) propyl)-4-methoxy-2-(2-
oxoethyl)tetrahydrofuran-3-yl)-2-oxopropyl)-3,4-bis((tert-butyldimethylsilyl)oxy)octahydropyrano[3,2-
b]pyran-2-yl)-6-((tert-butyldimethylsilyl)oxy)-1-((2S,3aS,5R,7aS)-3a-(iodomethyl)-5-((R)-2-methyl-3-

(((trifluoromethyl)sulfonyl)oxy) but-3-en-1-yl)hexahydro-2H-furo[3,2-b]pyran-2-yl)hex-4-en-3-yl benzoate
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(0.089 g, 0.052 mmol) in a mixture of THF (3.1 mL) and acetonitrile (1.4 mL) over 40 min via syringe
pump. The mixture was stirred at 20 °C for another 2 h. The mixture was diluted with n-heptane (8.90
mL), filtered to remove insoluble residue, and washed with n-heptane (8.90 mL). The heptane layer was
separated, and the acetonitrle layer was extracted with n-heptane (8.9 mL). The heptane layers were
combined and washed twice with acetonitrile (8.90 mL). After concentration, the residue was purified by
silica gel column chromatography (ethyl acetate/n-heptane=1/10 to 1/2) to give the compound 19 (18 mg
and 11 mg of two products epimeric at C.14, total 36%). Mass [M+NH,] = 1587.0 and 1586.9,
respectively for two products (calc. 1586.8).

Acetylation

MeQO

TBSO o™ ™,

TBSO IKOH
M |

ACQO, EtsN

A solution of compound 19 (0.029 g, 0.018 mmol) in CH,CI, (3 mL) was treated with acetic anhydride
(0.012 mL, 0.13 mmol), triethylamine (0.026 mL, 0.19 mmol) and DMAP (0.226 mg, 1.85 umol). After
stirring for 1 h at rt, additional triethylamine (0.026 mL, 0.19 mmol), acetic anhydride (0.012 mL, 0.13
mmol), and DMAP (0.226 mg, 1.85 pumol) were added, and stirring was continued at rt for another 3 h.
The reaction was quenched with water and extracted twice with MTBE. The organic layers were
combined and dried over MgSO,. After concentration, the residue was filtered through silica gel pad, and
the filtrate was concentrated in vacuo to give compound 20 (30 mg).

Vasella fragmentation

MeQ

MeQ
TBSO 07 Zn, AcOH TBSO

THF /water
TBSG j\:LOAc TBSO
M | M

H 0
o, ©O
_— OAc
T e
EONS
-0
i 20

A solution of compound 20 (0.030 g, 0.019 mmol) in THF (1.2 mL) was treated with water (0.3 mL), zinc
dust (0.036 g, 0.56 mmol), and acetic acid (0.021 mL, 0.37 mmol). The mixture was stirred at rt for 2 h.
Additional zinc dust (0.036 g, 0.56 mmol) and acetic acid (0.021 mL, 0.37 mmol) were added, and stirring
was continued at rt for 15 h. The mixture was diluted with MTBE (30 mL) and filtered through a Celite®

‘
’,
‘"

pad to remove insoluble solid. The filtrate was washed twice with saturated aqueous NaHCO; (5 mL),
dried over MgSO4, and concentrated in vacuo to give compound 21 (27 mg).
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Mesylation

MeO

A solution of compound 21 (0.027 g, 0.018 mmol) in THF (2 mL) was cooled to 0 °C and treated with
MsCI (5.7 pL, 0.073 mmol) and triethylamine (0.020 mL, 0.15 mmol). The mixture was stirred at 0 °C for 1
h. The reaction was quenched with water (4 mL) and extracted twice with MTBE (8 mL). The organic
layers were combined, dried over MgSO,, and concentrated in vacuo to give compound 22 (27 mg).

Cyclization with KOMe

Meq
TBSO m(
TBSO OAc
Me
MsO i

23

A solution of compound 23 (0.027 g, 0.017 mmol) in THF (3 mL) was cooled to 0 °C and treated with 25%
potassium methoxide in methanol (0.025 mL, 0.086 mmol). The mixture was stirred at 0 °C for 3 h and
slowly warmed to 15 °C over 14 h. The reaction was guenched with saturated aqueous NH,CI (2.70 mL)
and extracted with MTBE (8.10 mL). The organic layer was separated, dried over MgSO,, and
concentrated in vacuo to give compound 24 (23 mg).

Oxidation to a conjugate ketone

MeQ y 9TBS Me

mlu' (0} ~ \\\OTBS m
i ) 5 OTBS i 5
M

Q
, (o)
TBSO O i Dess-Martin TBSO O ‘r
o
e
25

periodinane
A solution of compound 24 (0.023 g, 0.017 mmol) in CHxCl, (2 mL) was treated with Dess-Martin

TBSO 0]

- TBSO

Me

24

periodinane (0.015 g, 0.035 mmol) and stirred at rt for 30 min. The reaction was quenched with saturated
aquoues NaHCO; (2 mL) and 20% Na,SO; (2 mL) and extracted with MTBE (2 mL). The organic layer
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was dried over MgSO,. After concentration, the residue was purified by silica gel column chromatography
(ethyl acetate/n-heptane=1/10 to 1/5) to give compound 25 (1 mg). The structure was confirmed by
comparison of the '"H NMR spectrum with that of an authentic sample. 'H NMR (400 MHz, C¢D¢) & -0.08
(s, 3H), 0.02 (s, 12H), 0.03 (s, 3H), 0.04 (s, 3H), 0.11 (s, 3H), 0.13 (s, 3H), 0.18 (s, 3H), 0.85 (s, 27H),
5 0.92(s, 9H), 0.95 (s, 9H), 1.01 (m, 1H), 1.05 (d, 3H), 1.20-1.45 (m, 4H), 1.53 (m, 3H), 1.60-1.85 (m, 7H),

1.92 (m, 2H), 2.03 (m, 1H), 2.25 (m, 2H), 2.48 (m, 2H), 2.60-2.78 (m, 4H), 2.84 (dd, 1H), 2.93 (dd, 1H),
3.29 (s, 3H), 3.39 (m, 2H), 3.48 (m, 1H), 3.53 (m, 2H), 3.66 (m, 1H), 3.77 (m, 1H), 3.70-3.80 (m, 4H), 4.01
(d, 1H), 4.05 (s, 2H), 4.22 (m, 1H), 4.75 (s, 1H), 4.82 (s, 1H), 4.88 (s, 1H), 4.98 (s, 1H), 4.99 (m, 1H), 6.33
(d, 1H), 7.25 (dd, 1H).

10
Example 9: Preparation of a Compound of Formula (ID) through a C.0-C.1 Macrocyclization

PhO.S—, OMe PhO,S—, TESQ TESQ I
; oH ; OPNB H
: PNBCI
" ALOH —— o o OPNB (\)L Me
oTEs  Pda(dbals, 0, O, OTES
MeO” “OMe MeO” “OMe %)"\,/ Hunig's base )\)"\,_/
ol QCOZH PNag | HO I
1-methylimidazole OaN LiOH ~ Me

_——

DEAD, PPh;

_—

. KA, A
)J—u Jo JoaWa

PnO,S—,
OPNB
OPNB
BF3*OEty Pd(PPh3)s
MeQCH,CO,H HCO,H, TEA
—_—

+

o,
)j\/'\/u, O
We ;j\/\op

Mg(OMe),

(5)-3-((2R,3R,4S,55)-5-(2,2-dimethoxyethyl)-3-methoxy-4-((phenylsulfonyl)methyl) tetrahydrofuran-
15  2-yl)propane-1,2-diyl bis(4-nitrobenzoate)
PhO,S

-
v
”
”

MeO”™ "OMe
A solution of (8)-3-((2R,3R,4S8,55)-5-(2,2-dimethoxyethyl)-3-methoxy-4-((phenylsulfonyl)methyl)
tetrahydrofuran-2-yl)propane-1,2-diol {(1.90 g, 4.54 mmol) was dissolved in CHoCl, (19 mL) and treated
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with pyridine (2.203 mL, 27.24 mmol) and 4-nitrobenzoyl chloride (2.53 g, 13.6 mmol). The mixture was
stirred at rt for 20 h and at 40 °C for 20 h. Additional 4-nitrobenzoyl chloride (0.842 g, 4.54 mmol) and
pyridine (0.734 mL, 9.08 mmol) were added, and stirring was continued at 40 °C for another 1 d. The
reaction was quenched with water (25 mL), filtered to remove insoluble solid, and extracted twice with
MTBE (25 mL). The organic layers were combined, washed with 1 N HCI (20 mL) and with saturated
aqueous NaHCO; (15 mL), and dried over MgSQ,. After concentration, the residue was purified by silica
gel column chromatography (ethyl acetate/n-heptane=1/10 to 1/1) to give the title compound (2.05 g, 77%
for 2 steps). 'H NMR (400 MHz, CDCl5) 3 1.85 (t, 2H), 2.19 (m, 1H), 2.30 (m, 1H), 2.55 (m, 1H), 3.02 (dd,
1H), 3.09 (dd, 1H), 3.19 (s, 3H), 3.21 (s, 3H), 3.41 (s, 3H), 3.58 (g, 1H), 3.88 (M, 1H), 3.96 (M, 1H), 4.32
(m, 1H), 4.62 (m, 2H), 5.69 (M, 1H), 7.57 (M, 2H), 7.66 (m, 1H), 7.89 (m, 2H), 8.13 (d, 2H), 8.18 (d, 2H),
8.25 (m, 4H).

Triethyl(((S)-5-methyl-1-((2S,5S)-3-methylene-5-(3-((triethylsilyl)oxy)propyl) tetrahydrofuran-2-

ylh)hepta-5,6-dien-3-yl)oxy)silane
SO

O P PP
Tf
TESO © X TESO |.|

""Me Pd,(dba),, Hunig's base Me

‘r,, QO

)/\7-_\// PTES %\JOTES

A mixture of Pdy(dba); (5.7 mg, 6.2 umol) and (S)-(-)-(diphenylphosphino)-2'-methoxy-1,1'-binaphthyl
(0.012 g, 0.025 mmol) was purged with nitrogen for 5 min, treated with n-heptane (1 mL), and stirred at rt
for 10 min. After addition of HUnig's base (0.11 mL, 0.62 mmol) and a solution of (3R,5R)-3-methyl-7-
((28,58)-3-methylene-5-(3-((triethylsilyl)oxy)propyhtetrahydrofuran-2-yl)-5-((triethylsilyl)oxy) hept-1-en-2-yl
trifluoromethanesulfonate (0.20 g, 0.31 mmol) in n-heptane (2 mL), the mixture was stirred at rt for 20 h,
at 35 °C for 2 d, and at 50 °C for 1 d. The mixture was cooled to rt, filtered through a Celite® pad to
remove the catalyst, and the pad was rinsed with n-heptane. The colorless filtrate was concentrated in
vacuo to give the title compound (a 1:1 mixture of SM and the allene).

3-((28,5S5)-5-((R)-3-hydroxy-5-methylhepta-5,6-dien-1-yl)-4-methylenetetrahydrofuran-2-yl)propyl
pivalate

oH Yy OTf OH |

‘Me 1-methylimidazole Me

3-((28,5S8)-5-((3R,5R)-3-hydroxy-5-methyl-6-(((trifluoromethyl)sulfonyl)oxy)hept-6-en-1-yl)-4-
methylenetetrahydrofuran-2-yl)propyl pivalate (90.0 g, 180 mmol) was dissolved in 1,2-dichloroethane

(900 mL) and treated with 1-methylimidazole (25.8 mL, 323.632 mmol). The mixture was stirred at 85°C
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for 5 h. After cooling to rt, the mixture was diluted with MTBE (1.8 L), sequentially washed with 1.0 M HCI
in water (500 mL), water (200 mL), saturated aqueous sodium bicarbonate (150 mL), and brine (150 mL),
and dried over Na,SO,. After concentration, the residue was purified by column chromatography (ethyl
acetate/n-heptane=3/7) to give a mixture of the allene and acetylene. The mixture was further purified by
prep. HPLC to give the title compound (20 g, 31%). 'H NMR (400 MHz, CDCls) § 1.10 (s, 9H), 1.40-1.80
(m, 8H), 1.72 (s, 3H), 2.10 (m, 2H), 2.27 (dd, 1H), 2.46 (bs, 1H), 2.70 (dd, 1H), 3.80 (m, 1H), 4.08 (m,
3H), 4.39 (bm, 1H), 4.66 (M, 2H), 4.87 (s, 1H), 5.00 (s, 1H).

(S)-5-methyl-1-((2S,5S8)-3-methylene-5-(3-(pivaloyloxy)propylitetrahydrofuran-2-yl)hepta-5,6-dien-3-
yl 4-nitrobenzoate

OH OCOZH PNBO
‘/'\)LMG O,N (\)LMG
0 1, O

"’)/'/\)_\’/OPV DIAD, PPhs ")/\NOPV

3-((28,58)-5-((R)-3-hydroxy-5-methylhepta-5,6-dien-1-yl)-4-methylenetetrahydrofuran-2-yl)propyl pivalate
(6.94 g, 19.8 mmol) was dissolved in toluene (35.4 mL) and treated with 4-nitrobenzoic acid (4.30 g, 25.7
mmol) and triphenylphosphine (6.75 g, 25.7 mmol). After cooling to 0 °C, the mixture was charged with
DIAD (4.62 mL, 23.7 mmol) and stirred at 0 °C for 2.5 h. The mixture was diluted with MTBE (156 mL)
and washed with saturated aqueous NaHCO; (39.0 mL). After concentration, the residue was purified by
silica gel column chromatography (ethyl acetate/n-heptane=1/9) to give the title compound (2.8 g, 100%).
'H NMR (400 MHz, CDClg) § 1.19 (s, 9H), 1.49 (m, 1H), 1.53-1.80 (m, 5H), 1.73 (s, 3H), 1.88 (m, 2H),
2.28 (m, 2H), 2.41 (m, 1H), 2.68 (M, 1H), 4.02 (m, 1H), 4.08 (M, 2H), 4.40 (m, 1H), 4.45 (m, 1H), 4.52 (m,
1H), 4.81 (s, 1H), 4.99 (s, 1H), 5.34 (m, 1H), 8.20 (m, 2H), 8.30 (M, 2H).

3-((28,55)-5-((S)-3-hydroxy-5-methylhepta-5,6-dien-1-yl)-4-methylenetetrahydrofuran-2-yl)propyl

pivalate

Me LiOH Me

(8)-5-methyl-1-((28,58)-3-methylene-5-(3-(pivaloyloxy)propyl)tetrahydrofuran-2-yl)hepta-5,6-dien-3-yl 4-
nitrobenzoate (9.90 g, 19.8 mmol) was dissolved in a mixture of THF (100 mL) and water (50 mL) and
treated with lithium hydroxide monohydrate (2.50 g, 59.4 mmol). The mixture was stirred at rt for 16 h.
The reaction mixture was diluted with brine (118 mL) and extracted with MTBE (470 mL). The organic
layer was concentrated and purified by silica gel column chromatography (ethyl acetate/n-heptane=
15/85) to give the title compound (5.55 g, 80%). "HNMR (400 MHz, CDCl3) § 1.20 (s, 9H), 1.40-1.80 (m,
9H), 1.65 (s, 3H), 2.10 (M, 2H), 2.25 (dd, 1H), 2.68 (dd, 1H), 3.79 (m, 1H), 4.05 (m, 2H), 4.40 (m, 1H),
4.62 (m, 2H), 4.85 (s, 1H), 5.00 (s, 1H).
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(S)-3-((2R,3R,4S,55)-3-methoxy-5-(((2R,4R,6S)-4-(2-methoxyacetoxy)-4-methyl-3-methylene-6-(2-
((2S,55)-3-methylene-5-(3-(pivaloyloxy)propyl)tetrahydrofuran-2-yl)ethyl)tetrahydro-2H-pyran-2-
yl)methyl)-4-((phenylsulfonyl)methyl) tetrahydrofuran-2-yl)propane-1,2-diyl bis(4-nitrobenzoate)

PhO,S— OMe

-
.
v
-

BF3'OEt2
MeOCHchQH

—_—

|,

JJ\/l\/'" O
" }f\/\ OPv
5

A mixture of 3-((2S,53)-5-((S)-3-hydroxy-5-methylhepta-5,6-dien-1-yl)-4-methylenetetrahydrofuran-2-
ylpropyl pivalate (0.200 g, 0.571 mmol) and (8)-3-((2R,3R,48,58)-5-(2,2-dimethoxyethyl)-3-methoxy-4-
((phenylsulfonyl)methyhtetrahydrofuran-2-yl)propane-1,2-diyl bis(4-nitrobenzoate) (0.573 g, 0.799 mmol)

was dissolved in CH,Cl, (8.0 mL) and cooled to -30 °C. The mixture was sequentially treated with

10 methoxyacetic acid (0.657 mL, 8.56 mmol) and then BF;-OEt, (0.217 mL, 1.71 mmol) and stirred between
-30 °C and -20 °C for 7 h. The reaction was quenched with saturated agueous NaHCO3; (14.4 mL) and
extracted twice with MTBE (10 mL). The organic layers were combined and washed with brine. After
concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/10 to 2/3) to give the title compound (518 mg, 83%). 'H NMR (400 MHz, CDCls) § 1.18 (s,

15 9H), 1.40-1.74 (m, 8H), 1.70 (s, 3H), 1.76-1.96 (m, 4H), 2.16-2.34 (m, 3H), 2.60-2.70 (m, 2H), 3.00 (dd,
1H), 3.16 (dd, 1H), 3.34 (m, 1H), 3.42 (s, 3H), 3.45 (s, 3H), 3.61 (M, 1H), 3.82 (M, 1H), 3.94-3.46 (M, 7H),
4.26 (m, 1H), 4.52 (d, 1H), 4.58-4.69 (M, 3H), 4.73 (s, 1H), 4.92 (s, 1H), 5.66 (M, 1H), 7.58 (M, 2H), 7.62
(m, 1H), 7.90 (m, 2H), 8.1-8.3 (m, 8H).

20  (S)-3-((2R,3R,4S,5S5)-3-methoxy-5-(((2R,4R,6S)-4-methyl-3-methylene-6-(2-((285,55)-3-methylene-5-
(3-(pivaloyloxy)propyl)tetrahydrofuran-2-yl)ethyl)tetrahydro-2H-pyran-2-yl)methyl)-4-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)propane-1,2-diyl bis(4-nitrobenzoate)

PhQ,S— OMe

”
’l
v

OPNB
~. _OPNB
Pd(PPhs),
HCO,H, TEA
Me"('; l“;b/\/\opv
\Fo

OMe
A mixture of Pd(PhsP)4 (0.024 g, 0.021 mmol) and triphenylphosphine (0.022 g, 0.084 mmol) in THF (2.3
25 mL) (in a vial with a cap) was heated to 60 °C and stirred for 5 min. The mixture was treated with a

mixture of (S)-3-((2R,3R,4S8,55)-3-methoxy-5-(((2R,4R,6S)-4-(2-methoxyacetoxy)-4-methyl-3-methylene-
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6-(2-((2S,58)-3-methylene-5-(3-(pivaloyloxy)propyl)tetrahydrofuran-2-yl)ethyl)tetrahydro-2H-pyran-2-
ylymethyl)-4-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)propane-1,2-diyl bis(4-nitrobenzoate) (0.230 g,
0.21 mmol), formic acid (0.040 mL, 1.1 mmol) and triethylamine (0.147 mL, 1.05 mmol) in THF (3.4 mL).
The mixture was stirred at 60 °C (bath) for 46 h. After cooling to rt, the mixture was treated with water
(10.5 mL) and extracted twice with MTBE (10.5 mL). The organic layers were combined and washed with
brine (10 mL). After concentration, the residue was purified by silica gel column chromatography (ethyl
acetate/n-heptane=1/10 to 1/2) to give the title compound (148 mg, 70%). 'H NMR (400 MHz, CDCls) &
1.06 (d, 3H), 1.18 (s, 9H), 1.24-1.68 (m, 8H), 1.68-1.80 (m, 2H), 1.86 (M, 1H), 2.04-2.28 (m, 4H), 2.56 (M,
1H), 2.58-2.68 (m, 2H), 3.05 (m, 2H), 3.36 (M, 1H), 3.46 (s, 3H), 3.58 (dd, 1H), 3.73 (m, 1H), 3.85 (m,
1H), 3.95 (m, 1H), 4.01 (m, 1H), 4.06 (m, 2H), 4.23 (m, 1H), 4.60-4.72 (m, 3H), 4.78 (s, 2H), 4.92 (s, 1H),
5.72 (m, 1H), 7.62 (m, 2H), 7.70 (m, 1H), 7.97 (m, 2H), 8.1-8,3 (m, 8H).

3-((2S,5S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-dihydroxypropyl)-4-methoxy-3-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-
yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propyl pivalate

PhO,S

”
”
-
”

Mg(OMe),
THF/MeOH

A solution of (8)-3-((2R,3R,4S,563)-3-methoxy-5-(((2R 4R,6S)-4-methyl-3-methylene-6-(2-((2S,53)-3-
methylene-5-(3-(pivaloyloxy)propyl)tetrahydrofuran-2-yl)ethyltetrahydro-2H-pyran-2-yl)methyl)-4-
((phenylsulfonyl)methyltetrahydrofuran-2-yl)propane-1,2-diyl bis(4-nitrobenzoate) (1.90 g, 1.89 mmol) in
a mixture of THF (1.9 mL) and methanol (38 mL) was treated with 6-10% Mg(OMe). in methanol (2.07
mL, 1.13 mmol). The mixture was stirred at rt for 2 h. The reaction was quenched with saturated
aqueous NH,CI (19 mL), concentrated to remove methanol, and extracted three times with ethyl acetate
(19 mL). The organic layers were combined and dried over MgSO,. After concentration, the residue was
purified by column chromatography (ethyl acetate/n-heptane=1/10 to 2/1) to give the title compound (934
mg, 70%). 'H NMR (400 MHz, CDCls) & 1.08 (d, 3H), 1.20 (s, 9H), 1.34-1.84 (m, 11H), 1.90-2.06 (m,
2H), 2.14-2.26 (m, 3H), 2.58-2.68 (m, 2H), 3.04-3.16 (m, 2H), 3.41 (m, 1H), 3.46 (s, 3H), 3.56 (dd, 1H),
3.60 (m, 1H), 3.66 (dd, 1H), 3.83 (m, 1H), 3.92 (s, 2H), 3.92-4.00 (m, 2H), 4.07 (m, 2H), 4.26 (bm, 1H),
4.68 (d, 1H), 4.80 (d, 1H), 4.85 (s, 1H), 4.92 (s, 1H), 7.62 (m, 2H), 7.70 (m, 1H), 7.99 (m, 2H).

3-((2S,55)-5-(2-((2S,4R,6R)-6-(((2S,35,4R,5R)-5-((5)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-

methoxy-3-((phenylsulfonyl)methyl) tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-
2H-pyran-2-yl) ethyl)-4-methylenetetrahydrofuran-2-yl)propyl pivalate
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PhO,S—, OMe PhO,5— OMe

”
”
7,
”

TBSCI

‘, O
Me ;j\/\ow

A solution of 3-((2S,5S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-dihydroxypropyl)-4-methoxy-3-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-
yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propyl pivalate (0.040 g, 0.057 mmol) in DMF (1 mL) was
treated with imidazole (0.019 g, 0.28 mmol) and TBSCI (0.026 g, 0.17 mmol), and stirred at rt for 3 h.
Additional TBSCI (0.026 g, 0.17 mmol) and imidazole (0.019 g, 0.28 mmol) were added, and stirring was
continued at rt for 3 d. The reaction was quenched with water (4 mL) and diluted with MTBE (5 mL). The
organic layer was separated, washed twice with water (4 mL), and dried over MgSO, to give the title
compound (40 mg).

3-((28,58)-5-(2-((2S,4R,6R)-6-(((2S,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl) oxy)propyl)-4-
methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-
2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propan-1-ol

PhOgS—,,’/ OMe PhOgS—,,c OMe

DIBAL

‘, O
Me ;j\/\om

A solution of 3-((28,5S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-
butyldimethylsilyl)oxy)propyl)-4-methoxy-3-((phenylsulfonyl)methyl) tetrahydrofuran-2-ylymethyl)-4-methyl-
5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propyl pivalate (0.040 g,
0.043 mmol) in toluene (1.5 mL) was cooled to -78 °C and treated with 1.5 M DIBAL in toluene (0.114 mL,
0.171 mmol). The mixture was stirred at -78 °C for 30 min. Additional 1.5 M DIBAL in toluene (0.057 mL,
0.086 mmol) was added and stirring was continued at -78 °C for another 1 h. The reaction was quenched
with 1 N HCI (1 mL) and MTBE (10 mL) and stirred at rt for 1 h. The organic layer was separated and
sequentially washed with water (5 mL), saturated aqueous NaHCOj; (5 mL), and brine (3 mL). After
concentration, the residue was purified by silica gel column chromatography (ethyl acetate/n-
heptane=1/10 to 2/3) to give the title compound (13 mg, 60% for 3 steps). "H NMR (400 MHz, CDCl3) &
0.02 (s, 6H), 0.04 (s, 6H), 0.88 (s, 18H), 1.02 (d, 3H), 1.34-1.48 (m, 2H), 1.48-1.70 (m, 6H), 1.76 (m, 1H),
1.80-1.94 (m, 3H), 2.02 (m, 1H), 2.14-2.28 (m, 3H), 2.56 (m, 1H), 2.64 (m, 1H), 3.20 (m, 2H), 3.40 (m,
1H), 3.43 (s, 3H), 3.48 (dd, 1H), 3.65-3.72 (m, 5H), 3.76-3.86 (m, 3H), 3.98 (m, 1H), 4.30 (m, 1H), 4.68 (s,
1H), 4.78 (s, 1H), 4.86 (s, 1H), 4.92 (s, 1H), 7.60 (m, 2H), 7.70 (m, 1H), 8.21 (M, 2H).
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OH

o) MeO,C, H
0 H OTBS
0— :
PhO,S 3 _
2 0 DMP  PhO,S H
Vo e o % TBSO OTBS |
eQun, b w \ O .
DCM .,
\—0 MeQ: NHK
$ -0
Me N
>_\ Ne
TBSO OTBS 26 27
TBSO  OTBS
MeOQC

1. TBAF, imid-HCI

DMP
, THF, DMAC
DCM -
PhO,S 2. EtOH, imid-HCI
0
28 Me
TBSO OTBS TBSO OTBS 29

03 o}
MeO,C o E| o
PhO,S KO-{Bu

PO OoP

E30,P=H

32,P=TBS

3-((25)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-
methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-
2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propan-1-al

Dess-Martin Periodane

DCM

26
27

3-((28)-5-(2-((25,4R,6R)-6-(((28,3S,4R ,5R)-5-((8)-2,3-bis((tert-butyldimethylsilyl) oxy)propyl)-4-methoxy-
3-((phenylsulfonyl)methyl)tetrahydrofuran-2-ylymethyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-

yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propan-1-ol 26 (5.72 g, 6.721 mmol) was dissolved in DCM
(43.3mL, 673.711 mmol) and water (0.036 mL, 2.016 mmol) was added. Dess-Martin Periodinane

(DMP) (3.60 g, 8.488 mmol) was added in portions over 4 minutes, while maintaining the temperature
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below 25 °C, and the reaction was monitored by TLC (MTBE and silica gel). Additional DMP (2.550 g,
5.012 mmol) was added, and the reaction was stirred until compound 26 was consumed. Saturated
aqueous sodium bicarbonate (50 mL) was added followed by 10% aqueous sodium thiosulfate (50 mL).
The mixture was partitioned and the agueous layer extracted twice with dichloromethane (DCM). The
combined DCM extracts were washed with water, and the solution was dried over sodium sulfate and
concentrated to provide 27 (5.63 g, 99% yield) as an orange oil that was used as is in the next step.

Methyl 2-((2R,4aS,6S,7R,8S,8aS)-6-((1S,E)-6-((2S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-
bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-((phenyisulfonyl)methyl)tetrahydrofuran-2-
yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-
1-((tert-butyldimethylsilyl)oxy)-4-hydroxyhex-2-en-1-yl)-7,8-bis((tert-
butyldimethylsilyl)oxy)octahydropyrano[3,2-b]pyran-2-yl)acetate

OTBS
NHMs MeO
+ Me
CrCl,, EtsN, CHLCN,
@\ o Ve TBSO
S7 [\
6] TBSO
/N\ ./CI
/NI\
= I\l Cl
X Me

(8)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)-6-methylphenyl)methanesulfonamide (3.84 g, 12.94 mmol)
was added to a three-neck flask fitted with 3-way stopcock, septum, and solid addition pistol.
Chromium(lly chloride (1.59 g, 12.94 mmol) was added to the solid addition pistol, and the apparatus was
purged with nitrogen (3 x vacuum/ No-back-flush through the 3-way stopcock). Tetrahydrofuran (17.58
mL) was added. CrCl, was added in portions to the vigorously stirred solution. The resulting suspension
was warmed to 30 °C, and TEA (1.85 mL, 12.94 mmol) was added. The solution was stirred for 60
minutes before cooling to 0 °C. [(2,9-dimethyl-1,10-phenanthroline)dichloronickel(l1)] complex (0.224 g,
0.663 mmol) in tetrahydrofuran (2.5 mL) was added followed by a mixture of 3-((2S)-5-(2-((2S,4R,6R)-6-
(((25,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-
yl)ethyl)-4-methylenetetrahydrofuran-2-yl)propanal 27 (2.198 g, 2.588 mmol) and methyl 2-
((2R,4a8,6S,7R,88,8aS8)-7,8-bis((tert-butyldimethyisilyl)oxy)-6-((S,E)-1-((tert-butyldimethylsilyl)oxy)-3-
iodoallyl)octahydropyrano[3,2-blpyran-2-yl)acetate (2.394 g, 3.106 mmol) in THF (4.4 mL) was added.
The reaction was warmed to RT and monitored by TLC and HPLC. Upon completion, the reaction was
cooled to 5-10 °C and ethylenediamine (2.184 mL, 25.88 mmol) was added. The mixture was stirred for 1
hour, and then n-heptane (25 mL) and water (25 mL) were added. The layers were separated and the
aqueous layer was extracted twice with n-heptane (25 mL). The combined organic layers were combined
and washed with aqueous hydrogen chloride (1.0N, 25 mL), water (25 mL), saturated agueous sodium
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bicarbonate (25 mL), and saturated aqueous sodium chloride (25 mL). The solution was dried with
sodium sulfate, filtered, and partially concentrated in vacuo. The precipitate of (S)-N-(2-(4-isopropyl-4,5-
dihydrooxazol-2-yl)-6-methylphenyl)methanesulfonamide was filtered, and the cake was washed with
heptane (20 mL). The filtrate and wash were concentrated to dryness, and the crude product was purified
on Biotage® Snap KP-Sil 100 g cartridge conditioned with heptane (4CV). The crude product was loaded
with heptane and eluted with heptane/ethyl acetate (9:1, 4:1, 7:3, and 1:1 heptane/ethyl acetate, 5 CV
each). The fractions containing product were pooled to provide 28 (2.773 g, 72%) as a pale yellow oil

upon removal of volatiles in vacuo.

Methyl 2-((2R,4aS,6S,7R,8S,8aS)-6-((1S,E)-6-((2S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-5-((S)-2,3-
bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-((phenyisulfonyl)methyl)tetrahydrofuran-2-
yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-
1-((tert-butyldimethylsilyl)oxy)-4-oxohex-2-en-1-yl)-7,8-bis((tert-
butyldimethylsilyl)oxy)octahydropyrano[3,2-b]pyran-2-yl)acetate

Dess-Martin periodinane

Me
CH,Cl, TBSO
o)

TBS

Methyl 2-((2R,4aS,6S,7R,8S,8a8)-6-((1S,E)-6-((2S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R 5R)-5-((S)-2,3-
bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-
4-methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-1-((tert-
butyldimethylsilyl)oxy)-4-hydroxyhex-2-en-1-yl)-7,8-bis((tert-butyldimethylsilyl)oxy)octahydropyrano[3,2-
blpyran-2-yl)acetate 28 (2.773 g, 0.1.856 mmol) was dissolved in DCM (13.4 mL), and water (1.67 L,
0.093 mmol) was added. Dess-Martin periodinane (0.944 g, 2.227 mmol) was added in portions, while
maintaining the temperature below 22 °C. When the reaction was deemed complete, 25 mL saturated
aqueous sodium bicarbonate was added followed by 10% aqueous sodium thiosulfate (25 mL). The
mixture was stirred for 20 minutes, and the layers partitioned. The aqueous layer was extracted with
dichloromethane (DCM) (2 x 40 mL). The combined organic layers were concentrated in vacuo to
provide 29 (2.688 g, 1.8 mmol, 97% yield). 'H NMR (400MHz, CDCl) &: 7.92 (dd, 2H), 7.68 (t,1H), 7.60
(t, 2H), 7.55-7.63 (m, 2H), 7.08 (dd, 1H), 6.29 (d, 1H), 5.08-5.14 (m, 1H), 4.85-4.89 (M, 1H), 4.83 (s, 1H),
4.76 (s, 1H), 4.62 (d, 1H), 4.17-4.24 (m, 1H), 4.07 (s, 1H), 3.87-4.02 (m, 1H), 3.83 (s, 4H), 3.65-3.66 (m,
3H), 3.65 (s, 3H), 3.62-3.69 (m, 2H), 3.52-3.61 (M, 2H), 3.47 (dd, 1H), 3.41-3.42 (m, 3H), 3.41 (s, 3H),
3.25-3.43 (m, 6H), 2.95-3.06 (m, 1H), 2.90 (dd, 1H), 2.44-2.73 (m, 4H), 2.30-2.37 (M, 1H), 2.12-2.24 (m,
2H), 1.95-2.02 (m, 1H), 1.63-1.92 (m, 6H), 1.13-1.58 (m, 5H), 1.02-1.08 (m, 3H), 1.05 (d, 3H), 0.98-1.10
(m, 3H), 0.93-0.95 (m, 2H), 0.94 (s, 9H), 0.92 (s, 9H), 0.87 (s, 18H), 0.89-0.85 (m, 2H), 0.85 (s, 9H), 0.12
(s, 3H), 0.11 (s, 3H), 0.08 (s, 3H), 0.08 (s, 3H), 0.03 (s, 3H).
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Methyl 2-((2S,3aR,4aR,5S,5aS,7R,9a$S,10aR, 10bS)-2-(2-((2S,5S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-
5-((S)-2,3-dihydroxypropyl)-4-methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-ylymethyl)-4-
methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-
ylethyl)dodecahydro-2,5-epoxyfuro[2',3':4,5]furo[3,2-b]pyrano[2,3-e]pyran-7-yl)acetate

1. TBAF,
imidazole*HCI,
THF, DMAC
2. EtOH, imid-HCl MeOn” SN0
0
yo e
HO  OH

30

29

TBSO OTBS

Methyl 2-((2R,4aS,6S,7R,85,8aS)-6-((1S,E)-6-((2S)-5-(2-((2S,4R,6R)-6-(((25,3S,4R,5R)-5-((5)-2,3-
bis((tert-butyldimethylsilyl) oxy)propyl)-4-methoxy-3-((phenylsulfonyl)methyljtetrahydrofuran-2-ylymethyl)-
4-methyl-5-methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)-1-((tert-
butyldimethylsilyl)oxy)-4-oxohex-2-en-1-yl)-7,8-bis((tert-butyldimethylsilyl)oxy) octahydropyrano[3,2-
blpyran-2-yl)acetate 29 (4.26 g, 2.854 mmol) was dissolved in THF (63.9 mL, 779.855 mmol) and N,N-
dimethylacetamide (21.30 mL, 227.375 mmol). Imidazole hydrochloride (0.880 g, 8.421 mmol) was
added followed by TBAF in THF (18.55 mL, 18.554 mmol). The reaction was monitored by TLC (silica
gel; 1:1 MTBE/heptane and 9:1 EtOAc/MeOH) and stirred for 10 d. When the reaction was deemed
complete, the reaction mixture was concentrated in vacuo at RT, and the residue was dissolved in
ethanol (90 mL). 1H-imidazole hydrochloride (2.510 g, 24.007 mmol) and water (42.6 mL, 2364.659
mmol) were added, and the reaction was monitored by TLC for the formation of compound 30. After 24 h,
an additional portion of imidazole hydrochloride (2.5 g) was added, and the solution was stirred for 72 h.
Agueous saturated sodium bicarbonate was added followed by toluene, and the mixture was
concentrated in vacuo to remove EtOH. The residue was diluted with 30 volumes of 2:1 (v/v)
THF/toluene, and the phases separated. The aqueous layer was extracted with 10 volumes of 1:1 (v/v)
THF/toluene. The combined organic layers were washed with water (2 x 10 volumes), dried with sodium
sulfate, and concentrated in vacuo. The residue was purified on Biotage® with 300 g HP-Sil cartridge
using 2:1 toluene/acetonitrile (1L}, 1:1 toluene/acetonitrile (2L), and 9:1 acetonitrle/MeOH. Fractions
containing compound 30 were pooled and concentrated in vacuo to provide 1.8 g product. 'HNMR
(400MHz, CDCl3) § 7.93 (d, 2H), 7.68 (t, 1H), 7.60 (t, 2H), 4.89 (d, 1H), 4.82 (s, 1H), 4.77 (s, 1H), 4.68 -
4.65 (m, 2H), 4.60 - 4.57 (m, 1H), 4.42 - 4.40 (m, 1H), 4.29 - 4.22 (m, 2H), 4.18 (dd, 1H), 4.05 (dd, 1H),
3.98 - 3.88 (m, 4H), 3.80 (id, 2H), 3.64 (s, 3H), 3.70 - 3.49 (m, 1H), 3.42 (s, 3H), 3.38 - 3.28 (m, 2H), 3.15
-3.00 (M, 2H), 2.91 (dd, 1H), 2.65 - 2.54 (m, 3H), 2.38 (d, 1H), 2.34 (d, 1H), 2.24 - 2.12 (m, 6H), 2.11 -
1.84 (m, 5H), 1.84 - 1.57 (m, 6H), 1.56 - 1.45 (m, 2H), 1.44 - 1.26 (m, 4H), 1.09 - 0.97 (m, 4H).
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Methyl 2-((2S,3aR,4aR,5S,5aS,7R,9a$S,10aR, 10bS)-2-(2-((2S,5S)-5-(2-((2S,4R,6R)-6-(((2S,3S,4R,5R)-
5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-
((phenylsulfonyl)methyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-
ylhethyl)-4-methylenetetrahydrofuran-2-yl)ethyl)dodecahydro-2,5-epoxyfuro[2’,3":4,5]furo[3,2-
blpyrano[2,3-e]pyran-7-yl)acetate

TBSOTH,
0] _— O
MeO'u \\‘\ o \\‘\ 2,6']utidine, Meo"l \\‘\ O \\‘\
\ 4 CH,Cl, \ ¢
Me Me
HO OH TBSO OTBS
30 31

Methyl 2-((2S,3aR,4aR,58,5aS,7R,9aS,10aR,10bS)-2-(2-((2S,5S)-5-(2-((2S,4R 6 R)-6-(((2S,3S,4R,5R)-5-
((S)-2,3-dihydroxypropyl)-4-methoxy-3-((phenylsulfonyl)methyl)tetrahydrofuran-2-ylymethyl)-4-methyl-5-
methylenetetrahydro-2H-pyran-2-yl)ethyl)-4-methylenetetrahydrofuran-2-yl)ethyl)dodecahydro-2,5-
epoxyfuro[2',3":4,5]furo[3,2-blpyrano[2,3-elpyran-7-yl)acetate 30 (0.734 g, 0.813 mmol) was dissolved in
dichloromethane (DCM) (7.34 mL, 114.076 mmol). 2,6-Lutidine (0.568 mL, 4.877 mmol) was added the
solution, which was then cooled to 0 °C. tert-Butyldimethylsilyl triflucromethanesulfonate (0.467 mL,
2.032 mmol) was added, and the reaction was stirred and monitored for completion by TLC. Upon
completion of the reaction, agueous saturated sodium bicarbonate was added, and the mixture was
stirred for 15 minutes. The layers were separated, and the aqueous layer was extracted with DCM. The
combined organic layers were washed seguentially with water, 0.1N HCI, water, and agueous saturated
sodium bicarbonate. The combined organic layers were concentrated in vacuo to provide a yellow oil.
The product was purified by suction silica gel column chromatography (14 g SiOg, 230-400 m). The crude
reaction mixture was loaded with DCM/heptane, and the column was eluted with heptane/MTBE (1:1

(v/v), 150 mL) followed by MTBE (2 x 150 mL). The fractions containing the product were pooled and
concentrated in vacuo to provide 31 (848 mg) of white foam. 'H NMR (400MHz, C¢Dg) 8 = 7.96 - 7.90 (m,
2H), 7.08 - 7.02 (m, 3H), 4.88 - 4.84 (m, 1H), 4.82 - 4.78 (M, 1H), 4.76 - 4.71 (m, 1H), 4.66 - 4.62 (m, 1H),
4.52-4.42 (m,1H), 4.39 - 4.29 (m, 2H), 4.15 - 4.04 (m, 4H), 4.03 - 3.84 (m, 5H), 3.81 - 3.60 (m, 6H), 3.45
(s, 3H), 3.27 (s, 3H), 3.16 - 3.08 (m, 1H), 2.94 (s, 2H), 2.58 - 2.48 (M, 3H), 2.48 - 2.34 (m, 2H), 2.30 - 1.87
(m, 12H), 1.00 (s, 9H), 0.94 (s, 9H), 0.96 - 0.90 (m, 2H), 0.93 (d, J=2.0 Hz, 1H), 0.93 (d, J=1.6 Hz, 1H),
0.89-0.81 (m, 8H), 0.19 (s, 2H), 0.17 (s, 3H), 0.06 (s, 3H), 0.06 (s, 3H)

Bis-TBS Ether Phenylsulfone 32
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H o H

KOtBu  PhO,S O
_I_H F NleO' 1
0
Me Me
TBSO  OTBS TBSO  OTBS
31 32

Treat methyl 2-((28,3aR,4aR,58,5a8,7R,9a8,10aR,10bS)-2-(2-((28,58)-5-(2-((2S,4R,6R)-6-
(((25,35,4R,5R)-5-((S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl)-4-methoxy-3-
((phenylsulfonylymethyl)tetrahydrofuran-2-yl)methyl)-4-methyl-5-methylenetetrahydro-2H-pyran-2-
yl)ethyl)-4-methylenetetrahydrofuran-2-yl)ethyl)dodecahydro-2,5-epoxyfuro[2',3":4,5]furo[3,2-b]pyrano[2,3-
elpyran-7-yl)acetate 31 in a solvent (e.g., THF, 2-methyltetrahydrofuran, MTBE, DME, toluene,
chlorobenzene, fert-butanol, isopropanol, or another solvent) (30-100 voumes) with a base (e.g.,
potassium tbutoxide, KHMSA, potassium pentoxide, or a similar base) (1-5 equiv.). The resulting
mixture is stirred at at a temperature between -20 °C and reflux and is monitored for consumption of
starting material. The reaction can be quenched by addition of 0.1N HCI (10 volumes). The mixture can
be extracted with MTBE or other suitable organic solvent. The organic layers can be combined and
washed sequentially with water, saturated aqueous sodium bicarbonate, and water. The resulting organic
solution can be dried over Na-SOy, filtered, and concentrated in vacuo to provide 32. The product can be
purified by chromatography if necessary.

Bis TBS-Ether 18

Smly, THF, MeOH

-78 °C

TBSO OTBS TBSO OTBS
32 18

Compound 32 was dissolved in THF (0.35 mL) and MeOH (0.25 mL), and the solution was cooled to -
78°C. Samarium (Il) iodide (1.0 M in THF, 0.12 mL, 2.5 eq) was added, and the reaction was monitored
by TLC. The reaction progressed to approximately 50% completion. Additional samarium (II) iodide was
added (1.0M in THF, 0.6 mL, 12.5 eq) in portions over 1h. The reaction conversion remained at 50%.
The reaction mixture was worked up by the addition of Rochelle salt/potassium carbonate/water (1:1:10
ratio; 20 mL) and extracted with EtOAc (3 x 20 mL). The combined extracts were sequentially washed
with saturated sodium bicarbonate, water, and brine before drying with sodium sulfate. After filtering, the
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filtrate is concentrated in vacuo to provide a residue of 18 and 32. 'H NMR analysis against an authentic

sample of 18 confirmed the structural assignment.

Other Embodiments
5  Various modifications and variations of the described device and methods of use of the invention will be
apparent to those skilled in the art without departing from the scope and spirit of the invention. Although
the invention has been described in connection with specific embodiments, it should be understood that
the invention as claimed should not be unduly limited to such specific embodiments. Indeed, various
modifications of the described modes for carrying out the invention that are obvious to those skilled in the

10 art are intended to be within the scope of the invention.
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THE EMBODIMENTS OF THE INVENTION FOR WHICH AN EXCLUSIVE PROPERTY OR
PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1.

A method of preparing an intermediate in the synthesis of eribulin, said method

comprising performing a macrocyclization reaction on a non-macrocyclic intermediate, said

macrocyclization reaction producing said intermediate in the synthesis of eribulin by forming a

C.15-C.16 bond in the structure of eribulin, said performing said macrocyclization reaction

comprises contacting said non-macrocyclic intermediate with an olefin metathesis catalyst, and

wherein said non-macrocyclic intermediate is a compound of formula (lA) or a salt thereof:

(1A),

wherein
R; is H or -CH>X;CH,CH=CH,, wherein X; is O, =C(Rg)>—, or NP5, and wherein each Rg
is independently H or —-COOR;,, Ps is an N-protecting group, and Ryq is Cy¢ alkyl;

(al)
(a2)
bond;
or
(a3)
(b1)
bond;
or
(b2)
(c1)
or
(c2)

R. is H or a hydroxyl protecting group, Rz is C; ¢ alkyl ether, and R, is H;
R. is H or a hydroxyl protecting group, and Rz and R, combine to form a double

R. and R; combine to form a bond, and R, is H;
Rs is H or a hydroxyl protecting group, and Rg and R; combine to form a double

Rs and Rgs combine to form a bond, and Ry is H;
Rs is H, and P, is H or a hydroxyl protecting group;

R; and P, combine to form a double bond;

each P; is independently H or a hydroxyl protecting group; and
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Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl; and

wherein said intermediate in the synthesis of eribulin is a compound of formula (I1B) or a

salt thereof:
OP; R;
PO  XP,
(1B).
2. The method of claim 1, wherein each P; and P, is independently a hydroxyl
protecting group.
3. The method of claim 1 or 2, wherein at least one of P; and P; is a hydroxyl
protecting group.
4. The method of any one of claims 1 to 3, wherein R, and Rz combine to form a
bond, and R, is H.
193

Date Regue/Date Received 2021-05-07



5. The method of any one of claims 1 to 4, wherein Rs and Rg combine to form a
bond, and Ry is H.

6. A method of preparing an intermediate in the synthesis of eribulin, said method
comprising performing a macrocyclization reaction on a non-macrocyclic intermediate, said
macrocyclization reaction producing said intermediate in the synthesis of eribulin by forming a
C.2-C.3 bond in the structure of eribulin, wherein said performing said macrocyclization reaction
comprises contacting said non-macrocyclic intermediate with an organic base and a Lewis acid,

and wherein said non-macrocyclic intermediate is a compound of formula (l1A) or a salt thereof:

wherein
each R is independently optionally substituted alkyl or optionally substituted aryl;
(i) R; is H or a hydroxyl protecting group, and R, and R; combine to form a double
bond;
or
(i) R; and R, combine to form a bond, and R; is H;
each P is independently H or a hydroxyl protecting group, and X, is oxo; or both P
groups and X,, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
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P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl; and

wherein said intermediate in the synthesis of eribulin is a compound of formula (1IB) or a

salt thereof:
7. The method of claim 6, wherein each R is optionally substituted C,. alkyl.
8. The method of claim 6 or 7, wherein at least one of P; and P, is a hydroxyl

protecting group.

9. The method of any one of claims 6 to 8, wherein both P; groups and X,, together

with the atoms to which each is attached, combine to form ketal.

10. The method of any one of claims 6 to 9, wherein P, is a hydroxyl protecting

group.

11. The method of any one of claims 6 to 10, wherein said organic base is DBU or

triethylamine.

12. The method of any one of claims 6 to 11, wherein said Lewis acid is a salt of Li or

Zn.
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13. A method of preparing an intermediate in the synthesis of eribulin, said method
comprising performing a macrocyclization reaction on a non-macrocyclic intermediate, said
macrocyclization reaction producing said intermediate in the synthesis of eribulin by forming a
C.3-C.4 bond in the structure of eribulin, wherein said performing said macrocyclization reaction
comprises contacting said non-macrocyclic intermediate with an olefin metathesis catalyst, and
wherein said non-macrocyclic intermediate is a compound of formula (111A) or a salt thereof:

X3
MeOu,
P,0
(1A),
wherein
(i) R is H or a hydroxyl protecting group, and R, and R; combine to form a double
bond;
or

(i) R: and R, combine to form a bond, and Rj is H;
Xa is oxo0, or X3 combines with the carbon atom to which it is attached to form a ketal, a
thioketal, or —(CH(OPs))—, wherein Ps is H or a hydroxyl protecting group;
each P is independently H or a hydroxyl protecting group, and X, is oxo; or both P
groups and X,, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form

optionally masked amino;
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or
P, and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl; and
wherein said intermediate in the synthesis of eribulin is a compound of formula (llIB) or a
salt thereof:

(1IB).

14. The method of claim 13, wherein P, is a hydroxyl protecting group.

15. The method of claim 13 or 14, wherein both P; groups and X, together with the

atoms to which each is attached, combine to form ketal.

16. The method of any one of claims 13 to 15, wherein at least one of P; and P, is a
hydroxyl protecting group.

17. The method of any one of claims 13 to 16, wherein X; combines with the carbon
atom to which it is attached to form —(CH(OP5))—.

18. The method of any one of claims 13 to 17, wherein R, and R, combine to form a
bond, and R; is H.

19. The method of any one of claims 1-5 and 13-18, wherein said olefin metathesis
catalyst is a ruthenium-carbene complex.

20. A method of preparing an intermediate in the synthesis of eribulin, said method

comprising performing a macrocyclization reaction on a non-macrocyclic intermediate, said
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macrocyclization reaction producing said intermediate in the synthesis of eribulin by forming a
C.19-C.20 bond in the structure of eribulin, wherein said performing said macrocyclization
reaction comprises contacting said non-macrocyclic intermediate with a Cr(ll) salt and a Ni(ll)
salt, and wherein said non-macrocyclic intermediate is a compound of formula (IVA) or a salt

thereof:
OP; R,

PO  XP,
(IVA),

wherein
Y is iodide, bromide, or trifluoromethanesulfonate;
a designates R stereogenic center, and Z is a sulfonate, chloride, bromide, or iodide; or

a designates S stereogenic center, and Z is OR;, wherein R, is a hydroxyl protecting group;

(i) R is H or a hydroxyl protecting group, and R; and R4 combine to form a double
bond;
or

(ii) R: and R; combine to form a bond, and R, is H;

each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P;
groups and Xj, together with the atoms to which each is attached, combine to form ketal; and

Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;

or
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P, and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl; and
wherein said intermediate in the synthesis of eribulin is a compound of formula (IVB) or a

salt thereof:

(IVB),

wherein
a designates R stereogenic center, b designates S stereogenic center, and Z is a
sulfonate, chloride, bromide, or iodide;
or
a designates S stereogenic center, b designates R stereogenic center, and Z is
OR;, wherein R; is a hydroxyl protecting group.

21. The method of claim 20, wherein Y is bromide.

22. The method of claim 20 or 21, wherein R, and R; combine to form a bond, and
R, is H.

23. The method of any one of claims 20 to 22, wherein both P; groups and Xa,
together with the atoms to which each is attached, combine to form ketal.

24. The method of any one of claims 20 to 22, wherein at least one of P; and P, is a

hydroxyl protecting group.

25. The method of any one of claims 20 to 24, wherein Z is a sulfonate.
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26. The method of any one of claims 20 to 24, wherein Z is OR;, wherein R, is a
hydroxyl protecting group.

27. The method of claim 26, wherein Z is an ester, carbonate, or carbamate.

28. A method of preparing an intermediate in the synthesis of eribulin, said method
comprising performing a macrocyclization reaction on a non-macrocyclic intermediate, said
macrocyclization reaction producing said intermediate in the synthesis of eribulin of forming a
C.0-C.1 bond in the structure of eribulin, wherein said performing said macrocyclization reaction
comprises contacting said non-macrocyclic intermediate with a base, and wherein said non-

macrocyclic intermediate is a compound of formula (VA) or a salt thereof:

MeQ Y RQO\H/\/\
g O O~

P10_§ O //'/

P,X o)

Me

(VA),

wherein

Y is SO2R; or COOR;, wherein, when Y is SO2R;, R; is optionally substituted aryl or
optionally substituted non-enolizable alkyl, and when Y is COOR;, R; is optionally substituted
alkyl, optionally substituted aryl, or optionally substituted arylalkyl;

each P; is independently H or a hydroxyl protecting group, and X, is oxo, or both P;
groups and X,, together with the atoms to which each is attached, combine to form ketal;

R. is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted

aryl; and

Xis O, and
each of P; and P, is independently a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol;

or

Xis N, and
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P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl; and
wherein said intermediate in the synthesis of eribulin is a compound of formula (VB) or a
salt thereof:

(VB),

wherein

() Rsis H, R4 is C,¢ alkyl ether, and Rs is H;

(i) Rs is H, and R; and R, combine to form a double bond;
or

(iii) R; is H, and R, and Rs combine to form a bond.

29. The method of claim 28, wherein Y is SOzR;.

30. The method of claim 28 or 29, wherein R; is optionally substituted aryl.

31. The method of any one of claims 28 to 30, wherein both P; groups and Xa,
together with the atoms to which each is attached, combine to form ketal.

32. The method of any one of claims 28 to 31, wherein R is optionally substituted C;.

s alkyl.

33 The method of any one of claims 28 to 32, wherein Rj is H, and R, and Rs
combine to form a bond.
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34. The method of any one of claims 28 to 33, wherein said base is a tertiary C46
alkoxide.

35. A method of preparing an intermediate in the synthesis of eribulin, said method
comprising performing a macrocyclization reaction on a non-macrocyclic intermediate, said
macrocyclization reaction producing said intermediate in the synthesis of eribulin by forming a
C.26-C.27 bond in the structure of eribulin, wherein said performing said macrocyclization
reaction comprises contacting said non-macrocyclic intermediate with a Cr(ll) salt and a Ni(ll)
salt, and wherein said non-macrocyclic intermediate is a compound of formula (VIA) or a salt
thereof:

(VIA),

wherein
Y is iodide, bromide, or trifluoromethanesulfonate;

(a1) Rs;is H or a hydroxyl protecting group, R, and Rs combine to form a double bond,
each P; is independently H or a hydroxyl protecting group, and X,, together with the carbon to
which it is attached, forms a carbonyl or —(CH(ORg))—, wherein Rg is H or a hydroxyl protecting
group;

or

(a2) Rjand R, combine to form a bond, Rs is H, and
each P; is independently H or a hydroxyl protecting group, and Xa,
together with the carbon to which it is attached, forms a carbonyl or
—(CH(ORe))-;
or
both P; groups and X,, together with the atoms to which each is attached,
combine to form ketal;
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(b1)  Zis chloride, bromide, or iodide, and R; and R, combine to form a bond;
or
(b2) Z and R, combine to form a double bond, and R; is a hydroxyl protecting group;
and
Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl; and
wherein said intermediate in the synthesis of eribulin is a compound of formula (VIB) or a

salt thereof:

>\\ Me OR1

(VIB),

wherein P, is H or a hydroxyl protecting group.

36. The method of claim 35, wherein Z is iodide.

37. The method of claim 35 or 36, wherein Y is trifluoromethanesulfonate.

203

Date Regue/Date Received 2021-05-07



38. The method of any one of claims 35 to 37, wherein R is H or a hydroxyl
protecting group, R4 and Rs combine to form a double bond, each P; is independently H or a
hydroxyl protecting group, and X,, together with the carbon to which it is attached, forms a

carbonyl or —(CH(ORg))—, wherein Rg is H or a hydroxyl protecting group.

39. The method of any one of claims 35 to 38, wherein at least one of Ry, Py, P», Ps,
and P, is a hydroxyl protecting group.

40. The method of any one of claims 35 to 38, wherein Z is chloride, bromide, or
iodide, and R; and R, combine to form a bond.

41, The method of any one of claims 1-10, 13-18, 20-33, and 35-40, wherein X is O.

42, The method of any one of claims 1-10, 13-18, 20-33, and 33-40, wherein X is N.

43. The method of claim 42, wherein X and P, combine to form optionally masked

amino.

44, A method of preparing:

or ,
eribulin eribulin mesylate
said method comprising:
(A) producing a compound of formula (IB) from a compound of formula (1A), the
compound of formula (IA) having the following structure:
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(IA),

wherein

R; is H or -CH2X;CH,CH=CH,, wherein X; is O, —C(Rg)>—, or NP5, and wherein each Rg
is independently H or —-COOR;,, Ps is an N-protecting group, and Ryq is Cy alkyl;

(a1)  Rais Hor a hydroxyl protecting group, Rs is Ci alkyl ether, and R, is H;

(a2) Rqis H or a hydroxyl protecting group, and R; and R, combine to form a double
bond;

(a3) R, and R; combine to form a bond, and R, is H;
(b1)  Rsis Hor a hydroxyl protecting group, and Rg and R; combine to form a double
bond;
or
(b2) Rs and Rg combine to form a bond, and R; is H;
(¢1) Rgis H, and P, is H or a hydroxyl protecting group;
or
(c2) Rgand P, combine to form a double bond;
each P; is independently H or a hydroxyl protecting group; and
Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
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or
P, and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl;

the compound of formula (I1B) having the following structure:

PO XP,
(1B);
(B) producing a compound of formula (IC) from the compound of formula (IB), the

compound of formula (IC) having the following structure:

’ OP;

H

(IC);
(C) producing a compound of formula (ID) from the compound of formula (IC), the

compound of formula (ID) having the following structure:
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P,O  XP,
(ID),

wherein

each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P;
groups and Xs, together with the atoms to which each is attached, combine to form ketal;

and

(D) producing eribulin or eribulin mesylate from the compound of formula (ID).

45. The method of claim 44, wherein said producing said compound of formula (IB)
comprises reacting the compound of formula (IA) with an olefin metathesis catalyst.

46. The method of claim 44 or 45, wherein said producing said compound of formula
(IC) comprises oxidizing the compound of formula (IB), wherein, in the compound of formula

(IB), Rg is H, and P, is H.

47. The method of any one of claims 44 to 46, wherein said producing the compound
of formula (ID) comprises reacting the compound of formula (IC) with a 1,4-reducing agent.

48. The method of claim 47, wherein said producing the compound of formula (ID)
further comprises reacting with a hydroxyl protecting group removing agent after said reacting

the compound of formula (IC) with said 1,4-reducing agent.

49. The method of claim 48, wherein, in the compound of formula (ID), X is O, and P,
is H.
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50. A method of preparing:
MeO

or
eribulin

said method comprising:

eribulin mesylate

(A) producing a compound of formula (1IB) from a compound of formula (l1A) or a salt
thereof:

O oP
| H 3
RO PR I\/’l,, z Ry
_P. Rs
O/
P4O X2
O
MeOu, wh!
&) O l“l
>\\ Me
PO Xp,
(HA),
wherein
each R is independently optionally substituted alkyl or optionally substituted aryl;
(i) R is H or a hydroxyl protecting group, and R, and R; combine to form a double
bond;
or
(ii)

R; and R, combine to form a bond, and Rj is H;

each P; is independently H or a hydroxyl protecting group, and X; is oxo; or both P,

groups and X,, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and

each of P; and P, is independently H or a hydroxyl protecting group,
or
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P, and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl; and

the compound of formula (l1B) having the following structure:

(11B);
(B) producing a compound of formula (ID) from the compound of formula (1IB), the

compound of formula (ID) having the following structure:

H oy OPs

P,O  XP,
(ID);
and
(C) producing eribulin or eribulin mesylate from the compound of formula (ID).
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51. The method of claim 50, wherein the compound of formula (l1B) is produced by

reacting the compound of formula (llA) with an organic base and a Lewis acid.

52. The method of claim 50 or 51, wherein producing said compound of formula (ID)
comprises reacting the compound of formula (11B) with a hydroxyl protecting group removing

agent.

53. The method of any one of claims 50 to 52, wherein both P; groups and Xa,
together with the atoms to which each is attached, combine to form ketal.

54. A method of preparing:

or
eribulin eribulin mesylate

said method comprising:

(A) producing a compound of formula (11IB) from the compound of formula (Ill1A), the

compound of formula (l11A) having the following structure:

wherein
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(i) R is H or a hydroxyl protecting group, and R, and R; combine to form a double
bond;
or

(i) R: and R, combine to form a bond, and Rj is H;

X3 is oxo, or X3 combines with the carbon atom to which it is attached to form a ketal, a
thioketal, or -(CH(OPs))—, wherein P5 is H or a hydroxyl protecting group; each P is
independently H or a hydroxyl protecting group, and X; is oxo; or both P3 groups and X,
together with the atoms to which each is attached, combine to form ketal;

P, is H or a hydroxyl protecting group; and

Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl;

the compound of formula (l11B) having the following structure:

(1IB);

(B) producing a compound of formula (ID) from the compound of formula (111B), the

compound of formula (ID) having the following structure:
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P,O  XP,
(ID);

and
(C) producing eribulin or eribulin mesylate from the compound of formula (ID).

55. The method of claim 54, wherein said producing the compound of formula (11IB)
comprises reacting the compound of formula (IlIA) with an olefin metathesis catalyst.

56. The method of claim 54 or 55, wherein said producing said compound of formula
(ID), comprises oxidizing the compound of formula (l11B), wherein, in the compound of formula
(11B), Xs, together with the carbon to which it is attached, forms —(CH(OPs))—, wherein Ps is H.

57. The method of any one of claims 54 to 56, wherein said producing said
compound of formula (ID), comprises oxidizing the compound of formula (llIB), wherein, in the
compound of formula (1IB), P, is a hydroxyl protecting group, and R, and Rs combine to form a
double bond.

58. A method of preparing

or

eribulin eribulin mesylate
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said method comprising:
(A) producing a compound of formula (1IVB) from a compound of formula (IVA), the
compound of formula (IVA) having the following structure:

o1 QPs R

P,O  XP,
(IVA),
wherein

Y is iodide, bromide, or trifluoromethanesulfonate;

a designates R stereogenic center, and Z is a sulfonate, chloride, bromide, or iodide; or

a designates S stereogenic center, and Z is OR;, wherein R, is a hydroxyl protecting group;

(i) R. is H or a hydroxyl protecting group, and Rz and R, combine to form a double

bond;
or
(i) R. and R; combine to form a bond, and R, is H;
each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P;
groups and X, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,

or

P, and P,, together with the atoms to which each is attached, combine to

form a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;

or

P, and P,, together with the atoms to which each is attached, combine to form an

aminal or 1,3-oxazolidin-2-one-5-yl;
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the compound of formula (IVB) having the following structure:

PO  XP,
(IVB),

wherein
a designates R stereogenic center, b designates S stereogenic center, and Z is a
sulfonate, chloride, bromide, or iodide;
or
a designates S stereogenic center, b designates R stereogenic center, and Z is
OR;, wherein R; is a hydroxyl protecting group;

(B) producing a compound of formula (ID) from the compound of formula (IVB), the

compound of formula (ID) having the following structure:

H g §P

P,O  XP,
(ID);
and
(C) producing eribulin or eribulin mesylate from the compound of formula (ID).

59. The method of claim 58, wherein said producing said compound of formula (IVB)
comprises reacting the compound of formula (IVA) with a Cr(ll) salt and a Ni(ll) salt.
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60. The method of claim 58 or 59, wherein said producing said compound of formula
(ID) comprises the step of nucleophilic ring-closing of the compound of formula (1VB).

61. A method of preparing:

or
eribulin eribulin mesylate

said method comprising:

(A) producing a compound of formula (VB) from a compound of formula (VA):

Me?j)’ Rzo\ﬂ/\/\:

P,0 0",

P,X @]
Me

(VA),
wherein
Y is SO2R; or COOR;, wherein, when Y is SO2R;, R; is optionally substituted aryl or
optionally substituted non-enolizable alkyl, and when Y is COOR;, R; is optionally substituted
alkyl, optionally substituted aryl, or optionally substituted arylalkyl;
each P; is independently H or a hydroxyl protecting group, and X, is oxo, or both P;
groups and Xs, together with the atoms to which each is attached, combine to form ketal;
R; is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted
aryl; and
Xis O, and
each of P; and P, is independently a hydroxyl protecting group,
or
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P, and P,, together with the atoms to which is each is attached, combine to form
a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl;

the compound of formula (VB) having the following structure:

(VB),

wherein

() R;is H, R, is ether, and Ry is H;

(i) Rs is H, and R; and R,, together with the bond connecting the atoms to which
each is attached, combine to form a double bond;

or

(iii) R, is H, and R, and Rs combine to form a bond;

(B) producing a compound of formula (ID) from the compound of formula (VB), the

compound of formula (ID) having the following structure:
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P,O  XP,
(ID);

and

(C) producing eribulin or eribulin mesylate from the compound of formula (ID).

62. The method of claim 61, wherein said producing said compound of formula (VB)
comprises reacting the compound of formula (VA) with a base.

63. The method of claim 61 or 62, wherein said producing said compound of formula
(ID) comprises reacting the compound of formula (VB) with an electron-transferring reducing
agent; and wherein Y is SO;R;, and R; is optionally substituted aryl.

64. The method of any one of claims 61 to 63, wherein, in the compound of formula
(VB), Rz is H, and R, and Rs combine to form a bond.

65. A method of preparing:

or
eribulin eribulin mesylate
said method comprising:
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(A) producing a compound of formula (VIB) from a compound of formula (VIA), the
compound of formula (VIA) having the following structure:

OP; R
H|:|35

(VIA),

wherein
Y is iodide, bromide, or trifluoromethanesulfonate;

(a1) Rsis Hor a hydroxyl protecting group, R4 and Rs combine to form a double bond,
each P; is independently H or a hydroxyl protecting group, and X,, together with the carbon to
which it is attached, forms a carbonyl or -(CH(ORg))—, wherein Rg is H or a hydroxyl protecting
group;

or

(a2) Rj;and R, combine to form a bond, Rs is H, and
each P; is independently H or a hydroxyl protecting group, and Xa,
together with the carbon to which it is attached, forms a carbonyl or
—(CH(ORe))—;
or
both P; groups and X,, together with the atoms to which each is attached,
combine to form ketal;

(b1)  Zis chloride, bromide, or iodide, and R; and R, combine to form a bond;

or

(b2) Zand R, combine to form a double bond, and R; is H or a hydroxyl protecting
group;

and

Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,

or
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P, and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl; and

the compound of formula (VIB) having the following structure:

4 QP R

MeO//,
\‘\ O
>\\ Me OR1
PO Xxp,

(ViB),
wherein P, is H or a hydroxyl protecting group;
(B) producing a compound of formula (VIC) from the compound of formula (VIB), the

compound of formula (VIC) having the following structure:

(VIC);
(C) producing a compound of formula (ID) from the compound of formula (VIC), the

compound of formula (ID) having the following structure:

219

Date Regue/Date Received 2021-05-07



P,O  XP,
(ID);

and

(D) producing eribulin or eribulin mesylate from the compound of formula (ID).

66. The method of claim 65, wherein said producing said compound of formula (VIB)
comprises reacting the compound of formula (VIA) with a Cr(ll) salt and a Ni(ll) salt.

67. The method of claim 65 or 66, wherein said producing said compound of formula
(ID) comprises reacting the compound of formula (VIB) with a hydroxyl protecting group

removing agent.

68. The method of any one of claims 44 to 67, wherein, in the compound of formula
(ID), both P5 groups and X,, together with the atoms to which each is attached, combine to form
ketal.

69. The method of any one of claims 44 to 68, wherein, in the compound of formula
(ID), Py is H.

70. The method of any one of claims 44 to 69, wherein, in the compound of formula
(ID), Xis O, and Py is H.

71. The method of claim 70, wherein said producing eribulin or eribulin mesylate
from the compound of formula (ID) comprises aminating the compound of formula (ID).

72. The method of any one of claims 44 to 69, wherein, in the compound of formula
(ID), X and P, combine to form a masked amino.
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73. The method of claim 72, wherein said producing eribulin or eribulin mesylate
from the compound of formula (ID) comprises reacting the compound of formula (ID) with an

amino unmasking agent.

74. The method of any one of claims 44 to 73, wherein eribulin mesylate is produced
by salifying eribulin with methanesulfonic acid.

75. A method of preparing an intermediate in the synthesis of eribulin, said method
comprising performing a Prins reaction by contacting a compound of formula (VIIA) with a
compound of formula (VIIB) and R;OH,

wherein R; is an optionally substituted acyl;

wherein the compound of formula (VIIA) has the following structure:

XP,

OP;

(VIIA),

wherein
Y, is SO:R; or COOR;, and R; is optionally substituted alkyl, optionally substituted aryl,
or optionally substituted arylalkyl;
Xy is O, or Xy, together with the carbon to which it is attached, forms a cyclic acetal; and
Xis O, and
each of Py and P, is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl;

wherein the compound of formula (VIIB) has the following structure:
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J\/(I)i/\
Me R

(VIIB),

2

wherein

OP,
;,,ﬁ/\ﬁo% §,,,,}i\/)\/op4
Rg is —CH2—0P3, —CH=CH2, y s
5'"/,}5/\/’?4
or

wherein P3 is H or a hydroxyl protecting group; each P, is independently a
hydroxyl protecting group, or both P4 groups, together with the atoms to
which each is attached, combine to form a cyclic protected diol; and R, is
H or -CH»-X,CH,CH=CH., wherein X, is O, -CH»-, or NP5, wherein Ps is
sulfonyl;

and wherein said intermediate is a compound of formula (VIIC):

XP,

(VIIC).

76. The method of claim 75, wherein said performing a Prins reaction comprises
reacting the compound of formula (VIIA) with a Lewis acid.

77. A method of preparing an intermediate in the synthesis of eribulin, said method
comprising:

(A) cleaving the double bond in a compound of formula (VIIIA) to afford a compound of
formula (V111B), the compound of formula (VIIIA) having the structure:
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(VIIA),
wherein
Xy is oxo, or Xy, together with the carbon atom to which it is attached, forms a
ketal or
—(CH(OP3))—, wherein P3 is H or a hydroxyl protecting group;
R: is H or —CH,OPy;
each of P4, P,, and P, is independently a hydroxyl protecting group, or
P, and P,, together with the atoms to which each is attached, combine to form a
cyclic protected diol; and
the compound of formula (VIIIB) having the structure:
X OP,

o 0
Ry OP;
(VIIB);

(B) reacting the compound of formula (VIIIB) with a compound of formula (VIIIB-a) to
afford a compound of formula (VIIIC):

X; OP,
OH

0
R 0P,

~
\-0
Ry
(VIIC),
wherein R; is H or -CH,CH,OPs, and Ps is a hydroxyl protecting group;
and the compound of formula (VIIIB-a) has the following structure:
=
=
Ro
(VIlIB-a);

(C) reacting the compound of formula (VIIIC) with a dehydrating agent to afford a
compound of formula (VIIID):
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\_0
Ry

Ry OP,

(VIID);
(D) reacting the compound of formula (VIIID) with a dihydroxylating agent to afford a

compound of formula (VIIIE):

(VIIE);

(E) preparing a compound of formula (VIIIF) through a reaction sequence comprising
reacting the compound of formula (VIIIE) with N-bromosuccinimide to afford a first intermediate,
reacting said first intermediate with an acylating agent to afford a second intermediate, and (a),
when R; is —-CH,CH,OPs, contacting said second intermediate with a reducing agent, or (b),

when Ry is H, allylating said second intermediate compound of formula (VIIIF):
0 X1 OPZ

(VIIF),
wherein Z is an ester or —OP-, wherein P; is H or a hydroxyl protecting group, and Rs is

—CHQCH20P5 or —CHQCH=CH2;
(F) reacting the compound of formula (VIIIF) with a 1,4-reducing agent to afford a

compound of formula (VIIIG):

(VIIIG); and
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(G) forming a compound of formula (VIIIH) through a reaction sequence comprising
reacting the compound of formula (VIIIG) with a Bransted acid and Y-H, wherein Y is optionally

substituted C1 alkyl, the compound of formula (VIIIH) having the following structure:

(VIIR),
wherein Y is optionally substituted C, ¢ alkyl ether; R, is —CH,CH,OPs; X, is oxo0, or Xs,
together with the carbon to which it is attached, forms a ketal or —(CH(OPg))—, wherein P is a
hydroxyl protecting group.

78. The method of claim 77, further comprising:
(H) replacing P, in the compound of formula (VIIIH) with —Si(R,4).H to afford a compound
of formula (VII1J):

Vi),
wherein each R, is independently optionally substituted alkyl, optionally substituted aryl,
or optionally substituted arylalkyl;
(I) reacting the compound of formula (VIIIJ) with a Lewis acid to afford a compound of
formula (VIIIK):

(VIIK);

wherein Y» is fluoro, chloro, or bromo; and
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(J) reacting the compound of formula (VIIIK) with a hydroxyl protecting group removing
agent and then reacting with a hydroxyl protecting agent to afford a compound of formula
(VIIL):

(VIIIL),

wherein P, is a hydroxyl protecting group.

79. A compound of formula (IA) or (I1B):

or a salt thereof,

wherein

R; is H or -CH2X;CH,CH=CH,, wherein X; is O, —C(Rg)>—, or NP5, and wherein each Rg
is independently H or —-COOR;,, Ps is an N-protecting group, and Ryq is Cy alkyl;

(a1) Rz is Hor a hydroxyl protecting group, Rs is Ci6 alkyl ether, and R, is H;

(a2) Rqis H or a hydroxyl protecting group, and R; and R, combine to form a double
bond;

or

(a3) R, and R; combine to form a bond, and R, is H;

(b1)  Rsis Hor a hydroxyl protecting group, and Rg and R; combine to form a double
bond;

or

(b2) Rs and Rg combine to form a bond, and R; is H;
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(c1) Rsgis H, and P, is H or a hydroxyl protecting group;
or
(c2) Rg and P, combine to form a double bond;
each P; is independently H or a hydroxyl protecting group; and
Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to

form an aminal or 1,3-oxazolidin-2-one-5-yl.

80. A compound of formula (IC):

or a salt thereof,
wherein
each P; is independently a hydroxyl protecting group; and
Xis O, P, is a hydroxyl protecting group, and P, is H or a hydroxyl protecting

group;
or
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Xis N, Py is a hydroxyl protecting group, and X and P, combine to form optionally

masked amino.

81. A compound of formula (l1A) or (11B):

MeOu . w

(I1A)

or a salt thereof,
wherein
each R is independently optionally substituted alkyl or optionally substituted aryl;
(i) R is H or a hydroxyl protecting group, and R, and R; combine to form a double
bond;
or
(i) R: and R, combine to form a bond, and Rj is H;
each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P;
groups and X, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and
each of Py and P; is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;

or
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P, and P,, together with the atoms to which each is attached, combine to

form an aminal or 1,3-oxazolidin-2-one-5-yl.

82. A compound of formula (Il1A) or (11IB):

H OP;
/ N T Rs |
P,O Xz =e)
X3 Xq
MeO.,, MeO.,,
&0 w &0
- -
PO Xxp, ve or 119  XP, e ,
(11A) (11B)
or a salt thereof,
wherein
(i) R; is H or a hydroxyl protecting group, and R, and R; combine to form a double
bond;
or
(ii) R and R, combine to form a bond, and R is H;

Xa is oxo0, or X3 combines with the carbon atom to which it is attached to form a ketal, a
thioketal, or -{(CH(OPs))—, wherein Ps is H or a hydroxyl protecting group;
each P; is independently H or a hydroxyl protecting group, and X; is oxo; or both P;
groups and Xs, together with the atoms to which each is attached, combine to form ketal;
P, is H or a hydroxyl protecting group; and
Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;

or
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P, and P,, together with the atoms to which each is attached, combine to

form an aminal or 1,3-oxazolidin-2-one-5-yl.

83. A compound of formula (IVA) or (1VB):

M OP; R,

(IVA)

or a salt thereof,
wherein
Y is iodide, bromide, or trifluoromethanesulfonate;
(a1) adesignates R stereogenic center, b designates S stereogenic center, and Z is a
sulfonate, chloride, bromide, or iodide;
or
(a2) adesignates S stereogenic center, b desighates R stereogenic center, and Z is
OR;, wherein R; is a hydroxyl protecting group;
(b1) R is H or a hydroxyl protecting group, and R; and R, combine to form a double
bond;
or
(b2) Rs and R; combine to form a bond, and R, is H;
each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P;
groups and Xj, together with the atoms to which each is attached, combine to form ketal; and
Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;

or
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Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to

form an aminal or 1,3-oxazolidin-2-one-5-yl.

84. A compound of formula (VA) or (VB):

(VA)

or a salt thereof,

wherein

Y is SOzR; or COOR;, wherein, when Y is SO2R;, R; is optionally substituted aryl or
optionally substituted non-enolizable alkyl, and when Y is COOR;, R; is optionally substituted
alkyl, optionally substituted aryl, or optionally substituted arylalkyl;

each P; is independently H or a hydroxyl protecting group, and X; is oxo, or both P;
groups and X,, together with the atoms to which each is attached, combine to form ketal;

R. is optionally substituted alkyl, optionally substituted arylalkyl, or optionally substituted
aryl;

(i) R, is H, R, is optionally substituted C, alkyl ether, and Rs is H;

(i) Rs is H, and R; and R, combine to form a double bond;

or

(iii) R; is H, and R, and Rs combine to form a bond;

and

Xis O, and

each of Py and Py is independently a hydroxyl protecting group,

or
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P, and P,, together with the atoms to which is each is attached, combine to form
a cyclic protected diol;

or

Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form optionally
masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to form an
aminal or 1,3-oxazolidin-2-one-5-yl.

85. A compound of formula (VIA) or (VIB):

or a salt thereof,

wherein
Y is iodide, bromide, or trifluoromethanesulfonate;

P, is H or a hydroxyl protecting group;

(a1) Rs;is H or a hydroxyl protecting group, R, and Rg combine to form a double bond,
each P; is independently H or a hydroxyl protecting group, and X,, together with the carbon to
which it is attached, forms a carbonyl or —(CH(ORg))—, wherein Rg is H or a hydroxyl protecting
group;

or

(a2) Rjand R, combine to form a bond, Rs is H, and
each P; is independently H or a hydroxyl protecting group, and Xa,
together with the carbon to which it is attached, forms a carbonyl or
—(CH(ORg))-;
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or
both P; groups and X,, together with the atoms to which each is attached,
combine to form ketal;
(b1)  Zis chloride, bromide, or iodide, and R; and R, combine to form a bond;
or
(b2) Z and R, combine to form a double bond, and R; is a hydroxyl protecting group;
and
Xis O, and
each of P; and P, is independently H or a hydroxyl protecting group,
or
P; and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P, and P,, together with the atoms to which each is attached, combine to

form an aminal or 1,3-oxazolidin-2-one-5-yl.

86. A compound of formula (VIIC):

or a salt thereof,

wherein

Y, is SO:R; or COOR;, and R; is optionally substituted alkyl, optionally substituted aryl,
or optionally substituted arylalkyl;
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0P,
fl,ﬁ\ﬁops j,;i\/)\/oa
Rg is —CH2—0P3, —CH=CH2, s ’
or

wherein P3 is H or a hydroxyl protecting group; each P, is independently a

hydroxyl protecting group, or both P, groups, together with the atoms to which
each is attached, combine to form a cyclic protected diol; and R, is H or -
CH2X>,CH,CH=CHp,, wherein X, is O, -CH»-, or NP5, wherein Ps is sulfonyl;
Rs is an optionally substituted acyl; and
Xis O, and
each of P, and P; is independently H or a hydroxyl protecting group,
or
P, and P,, together with the atoms to which each is attached, combine to
form a cyclic protected diol;
or
Xis N, and
P, is H or a hydroxyl protecting group, and X and P, combine to form
optionally masked amino;
or
P; and P,, together with the atoms to which each is attached, combine to
form an aminal or 1,3-oxazolidin-2-one-5-yl.

87. A compound of formula (VIIB):

J\)Oi/\
Me R

3

(VIIB),
where
oP,
;U;,}OI\/\OPB §'lu}y\/OP4 ;II”/}OI\/R“
R3 is —CHQ—OP?,, y , Or ;
where
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88.

Ps is a hydroxyl protecting group; each P, is independently a hydroxyl protecting
group, or both P4 groups, together with the atoms to which each is attached,
combine to form a cyclic protected diol; and R, is H or -CH>X,CH,CH=CH,,
where X; is O, -CHz-, or NP5, where Ps is sulfonyl.

A compound of formula (IVE):

(IVE),

wherein

Y is iodide, bromide, or trifluoromethanesulfonate;

Z is an ester, a sulfonate, chloride, bromide, or iodide;

each P; is independently H or a hydroxyl protecting group, and X, is oxo; or both P;

groups and Xj, together with the atoms to which each is attached, combine to form ketal; and

bond;

group;

(a1)
or
(a2)
(b1)
or
(b2)

(c1)

or
(c2)

R. is H or a hydroxyl protecting group, R; and R4 combine to form a double bond;

R, and R; combine to form a bond, and R, is H;
R; and Rg combine to form a bond, and Ry is H;

R; is H or a hydroxyl protecting group, and Rg and Ry combine to form a double

X3 is oxo and Ry, is H or —OPs, where Ps is H or an ether hydroxyl protecting

X3 and R;, together with the carbon atom to which they are attached form
—CH,OPg, wherein Pg is H or a hydroxyl protecting group, and Ry, is H.
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