10

15

20

FUROQ [3,2-B] PYRANE DERIVATIVES USEFUL IN THE SYNTHESIS OF
HALICHONDRIN B ANALOGS

BACKGROUND OF THE INVENTION
The invention relates to compounds useful in the synthesis of analogs of
halichondrin B. _
Eribulin mesylate, a nontaxane microtubule dynamics inhibitor, is a
structurally simplified, synthetic analog of the marine natural product
halichondrin B. Methods for the synthesis of eribulin and other halichondrin B

| analogs are described in International Publication No. WO 2005/118565 and

U.S. Patent No, 6,214,865, New intermediates for the synthesis of

halichondrin B analogs, in particular eribulin, are desirable.

SUMMARY OF THE INVENTION
In general, the invention features compounds useful for the synthesis of
analogs of halichondrin B, such as eribulin, including pharmaceutically
acceptable salts thereof, e.g., eribulin mesylate.

In one aspect, the invention provides a componund having the formula

(D)

Z X O
wherein X is halogen or ox0; 7 is a leaving group; Q is ~-C(O)H, ~
CH=CHC({0)OY, -C(R)H(CH,),0Y;, or -C(RIHCH,(OYOY;; RisHor -
OY,; Y, and Y; are each independently H or a hydroxyl protecting group; and

nis 1 or2. Exemplary compounds have the formula (Ia):

Q

z X (Ia)
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In particular embodiments, Q is —{CH;};0Y, for example wherein Y,
together with the oxygen to which it is bound, i3 an ester, carbonate, carbamate,
sulfonate, or ether hydroxy! protecting group. For example, Y, is pivaloyl,
acetyl, benzoyi, p-bromobenzoyl, p-methoxybenzoyl, 1-naphthoyl, 2-naphthoyl,
o-phthaloyl, benzyl, p-methoxybenzyl, triphenylmethyl, tri(C1-Cé alkyl)silyl,
tri{C6-C10 arvl or C1-C6 heteroaryl)silyl, di(C6-C10 aryl or C1-C6
heteroary(C1-C6 alkyl)silyl, or (C6-C10 aryl or C1-C6 heteroaryl}di(C1-Cé
alkvl)silyl.

In other embodiments, X is halogen, and/or Z 1s halogen or (C1-
Cé6)alkylsulfonate (such as triflate, iodide, or bromide).

In other embodiments, the compounds are of the formula (Ib):

H
Me O

oTf > ! CY1 (Ib), wherein Y, is H, pivaloyl, benzovl, p-
bromobenzoyl, 1-naphthoyl, 2-naphthoyl, p-methoxybenzoyl, or o-phthaloyi or
a salt thereof.

In certain embodiments, Q 18 -C(O)H, -CH=CHC(O)YOY,, or -
CRIHCH,C(OYOY,; X is bromo, chioro, fluoro, or oxo; or Z is halogen, C1-
C12 alkoxy, C2-C12 alkylsulfonate, C2-C12 alkenylsulfonate, carbocyclic C6-
C20 arvisulfonate, C4-C19 heteroarylsulfonate, monocyclic C1-C6
heteroarylsulfonate, (C6-C15}aryi{C1-Chalkylsulfonate, (C4-
C19)heteroarvi(C1-C6)alkylsulfonate, {CI1-Cé)heteroaryl{ C1-Célalkylsulfonate,
or diazonium; &r combinations thereof.

In other embodiments, when Q is -(CH,):0Y;, Z 1s triflate, and X 18
iodide, Y is not pivaloyl; when Q is ~(CH:»);0Y:, Y, is pivaloyl, and Z is
triflate, X is not iodide; or when (@ is (CH;);0Y, Y, is pivaloyl, and X is
iodide, 7 is not triflate. Alternatively, when Z is triflate, and X is iodide, Q is
not (CH,);0Y,

[2*)
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In another aspect, the invention features compounds having the formula

(1)
MeO, S0.Ph

el
Y40 Al

O M

T O Q
Me O
X (In,

wherein X is halogen or oxo; Q is -C(OMH, -

CH=CHC(O)YQY,, -C{RH(CH,),,0Y;, or -C(RYHCH,C(O)OY; RisHor -
OYynis 1 or2; Yy, Yy, Ys, and Yy are cach independently H or a hydroxyl
protecting grouja; T is ox0 or -OYs; and Y5 is H or a hydroxyl protecting group,
or Y, together with the oxygen atom to which it is bound, is a leaving group.

Exemplary compounds have the formula:

MeQ, SO.Ph
sal
Y4O\)\\\“

)

\ H
T Q o
Me O
X {Ha) or
MeQ, S0O,Ph
e
Y4O\/§\‘\\; O {"'II
| H

O
YO a
Me 8] :
X {Iib).

In particular embodiments, Q i1s ~(CH,);0Y,. In these embodiments, Y;,
togcther with the oxygen atom to which it is bound, can be an ester, carbonate,
carbamate, sulfonate, or ether hydroxyl protecting group; Y; and Y, can each,
independently and together with the oxygen atom to which it is bound, be an
ester, carbonate, carbamate, sulfonate, or ether hydroxyl protecting group, or Y
and Y4 together with the oxygen atoms to which they are bound can be a cyclic
carbonate, cyclic boronate, acetal, ketal, or cyclic silylene hydroxyl protecting

group or 1,1,3,3-tetraisopropylsiloxanediyl; T can be -OYs; and/or Y5, together
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with the oxygen atom to which it is bound, can be an ester, carbonate,
carbamate, sulfonate, or ether hydroxyl protecting group. In these
embodiments, Y} is, for example, pivaloyl, acetyl, benzoyl, p-bromobenzoyl, p-
methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, o-phthaloyl, benzyl, p-
methoxybenzyl, triphenylmethyl, ri(C1-C6 alkyDsilyl, ri(C6-C10 aryl or C1-
C6 heteroaryl)silyl, di{C6-C10 aryl or C1-C6 heteroaryl}(C1-Cé alkyl)silyl, or
(C6-C10 aryl or C1-C6 heteroaryl)di(C1-Cé alkyl)silyl; Y3 and Y4 are, for
example, each independently tri(C1-C6 alkyl)silyl, tri(C6-C10 aryl or C1-C6
heteroaryl)sityl, di{C6-C10 aryl or C1-C6 heteroaryl)(C1-C6 alkyl)silyl, or
(C6-C10 aryl or C1-C6 heteroaryl)di(C1-C6 alkylsilyl, or Y; and Y are
together di{C1-Céalkyl}silylene; and/or Ys is, for example, acetyl, benzoyl, p-
bromobenzoyl, p-methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, or o-phthaloyvl.
In other embodiments, X is halogen. These compounds can also have

the formula (Ilc):

MeO, SO4Ph
TBSO (—S’r
TBSO_ Aol .,

)

H
V50" ©
Me O
| Y1 (Iic), wherein Y, and Y5 are

as follows: | '

Y, | Ys

H H

benzoyl benzoyl

p-bromobenzoyl p-bromobenzoyl

pivaloyl H

pivaloyl acetyl

pivaloyl benzoyl

2-naphthoyl H

2-naphthoyl 2-naphthoyl

1-naphthoy! H




1-naphthoyl 1-naphthoyl

p-methoxybenzoyl H

p-methoxybenzoyl p-methoxybenzoyl

o-phthaloyl or salt thereof | H

A specific compound is
MeO, SO,Ph
TBSO Zi«ij;’__
TBSD\/’\N‘
o H
e o’t)—\ﬁ

AD

In another embodiment, the invention features a compound having the

5  formula (1)

MeO, S0,Pn
¥l
Y40\)\‘\\‘ O ty,
YSO“'L%
U

Me

", O

(1D,

T
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wherein Q is -C(O)H, -CH=CHC(O)YOY,, -C{RH(CH;),0Y,, or -
CROHCH,C(OYOY; RisHor-OYynis 1 or 2; Yy, Yo, Y3, and Yy are each
independently H or a hydroxyt protecting group; U is halogen or -OY¢; ¥s is H
or a hydroxyl protecting group or Ys, together with the oxygen atom to which it
is bound, is a leaving group; and Y 1s H or a hydroxyl protecting group or Y,
together with the oxygen atom to which it is bound, is a leaving group,
provided that when Q is —(CH;10Y, U is -OYs, wherein -OY is a leaving
group, and Y, Y3, and Y are protecting groups, Ys is not H. Exemplary

compounds have the formula (I1la):

MeQ, 80,Ph
Yo A oL

O

C._.Q

}_T (Itla).

In particular embodiments, Q is (CH,10Y,. In these embodiments, Y,

together with the oxygen atom to which it is bound, is, for example, an ester,
carbonate, carbamate, sulfonate, or ether hydroxyl protecting group; each of Y
and Y, is, for example, independently and together with the oxygen atom to
which it is bound, an ester, carbonate, carbamate, suifonate, or ether hydroxyl
protecting group, or Yy and Y, together with the oxygen atoms to which they
are bound are, for example, a cyclic carbonate, cyclic boronate, acetal, ketal, or
cyclic silvlene hydroxyl protecting group or 1,1,3,3-tetraisopropyisiloxanediyl;
and/or Y5, together with the oxygen atom to which it is bound, is, for example,
an ester, carbonate, carbamate, sulfonate, or ether hydroxy! protecting group.
In specific examples, Y, is pivaloyl, acetyl, benzoyl, p-bromobenzoyl, p-
methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, o-phthaloyl, benzyl, p-
methoxybenzyl, triphenylmethyl, tri{fC1-C6 alkyl)silyl, tri(C6-C10 aryl or C1-
6 heteroarylsityl, di{C6-C10 aryl or C1-C6 heteroary )} C1-C6 alkyDsilyl, or
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(C6-C10 aryl or C1-C6 heteroaryDdi{C1-C6 alkyDsilyl; Y; and Y, are each
independently tri(C1-C6 alkyDsilyl, tri{C6-C10 aryl or C1-C6 heteroaryl}silyl,
di{C6-C10 aryl or C1-C6 heteroaryl)(C1-C6 alkyl)silyl, or {(C6-C10 aryl or Cl-
C6 heteroaryl)di{C1-Cé6 alkyl)silyl, or Yy and Y, are together di{C1-
C6)alkyisilylene; and/or Ys is acetyl, benzoyl, p-bromobenzoyl, p-
methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, or o-phthaloyl.

In other embodiments, Y; is H or a hydroxyl protecting group; Y is H;
or -OY is a leaving group, such as {C1-C6)alkylsulfonate, (C6-C10 aryl or C1-
C6 heteroaryl)sutfonate, (C6-C15)aryl(C1-Co)alkylsulfonate, or (C1-
Cé)heteroaryl{(C1-Cé6)alkylsulfonate. Specific leaving groups include mesylate,
toluenesulfonate, isopropylsulfonate, phenylsulfonate, or benzylisulfonate.

A specific example has the formula:

MeO, SO,Ph
TBSO ({
1850t L,

O

“ty O .
’ OPiv

Additional compounds of the invention are described herein.

The invention further features use of the compounds of the invention,
e.g., Compounds E-AM, in the manufacture of ER-804028 and analogs of
halichendrin B, such as eribulin, or a pharmaceutically acceptable salt thereof,
e.g- eribulin mesylate.

In one aspect, the invention features a method of synthesizing ER-
804028 by

(i) reacting a compound having the formula (I):

H
e °

O
Z X (D) with 2 compound having the formula (IV):

Q



MeQﬂ S0-Ph
.
Y40\)\\\\‘ ',

O
CHO (IV), wherein Y, amd Yy, are each independently H
or a hydroxyl protecting group, under Nozaki-Hiyvama-Kishi (NHK) coupling

conditions to produce a compound of formula (I}

MEO S0,Ph
Y4O\)\\‘\‘ o,

O H .
T Q
Me O
X (10);

5 (ii) reacting the product of step (i) under Vasella fragmentation conditions to

produce a oompound of formula (ITT):

SO,Ph
Y4O\/J\ 4_{‘

Me
v, O Q
}J (IiI}; and

(iii) reacting the product of step (ii) under conditions for intramolecular

Williamson etherification to produce ER-804028:

Meo SOgPh
T85O

mso\/i\ S s,
- o

7, &
}—f\/\OH
140 (ER-B04028).
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In another aspect, the invention featares a method of synthesizing
eribulin, or a pharmaceutically acceptable salt thereof, by

(i) reacting a compound having the formula (I):

H
e “q
0
Z ¥ (D) with a compound having the formula (IV}):

MeO, S0,Ph
vilad
Y4O\A\“\ "'1

O
CHO  (IV), wherein Y3, and Yy, are each independently H
or a hydroxyl protecting group, under NHK coupling conditions to produce a

compound of formula (II})

MGQ, SOzph
Y30 y
Y40\)\\\\“ O ",
H
T G a
Me O
X (ID;

(it) reacting the product of step (i) under Vasella fragmentation conditions to

produce a compound of formula (111):

MEQ, SO,Ph
s8ad
Y40\)\‘n‘ ~ ey

0._.Q

}j (1),

(iii) reacting the product of step (ii} under conditions for intramolecular

Williamson etherification to produce ER-804028:
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TBSO

L,
;f\/\ Ok
(ER-804028);

(iv) reacting ER-804028 with ER-803896:
OTBS

OTBS (ER-803896)
under conditions to produce ER-804029:
MeQ SO.Ph oTBS

{v) reacting ER-804029 under conditions to produce eribulin, or the
pharmaceutically acceptable salt thereof. The method may include salifying
eribulin to produce the pharmaceutically acceptable salt thereof, e.g., eribulin
mesylate. Additional intermediates and reaction conditions are described
herein.

Asymmetric or chiral centers exist in the compounds of the invention.
The present invention includes the various stereoisomers of the compounds and
mixtures thereof, unless otherwise specified. Individual stereoisomers of the
compounds of the present invention are prepared synthetically from
commercially available starting materials that contain asymimetric or chiral

centers or by preparation of mixtures of compounds followed by resolution as
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is well known in the art. These methods of resolution are exemplified by direct
separation of the mixture of diastereomers on chiral chromatographic columns
or by chiral HPLC methods. Methods of chiral separation have been described
previously (GB. Cox (ed.} in Preparative Enantioselective Chromatography,
2005, Blackwell Publishing). Alternatively, chiral compounds can be prepared
by an asymmetric synthesis that favors the preparation of one diastereomer
over another. Geometric isomers may also exist in the compounds of the
present invention. The present invention includes the various geometric
isomers and mixtures thereof resulting from the arrangement of substituents
around a carbon-carbon double bond, such as isomers of the Z or E
configuration. It is also recognized that for structures in which tautomeric
forms are possible, the description of one tautomeric form is equivalent to the
description of both, unless otherwise specified. In certain embodiments, a
diastereomer of a compound of the invention is present in a mixture at a ratio
of 10:1, 20:1, 30:1, 50:1, or greater as compared to other diastereomers.

Compounds useful in the invention may be isotopically labeled
compounds. Useful isotopes include hydrogen, carbon, nitrogen, and oxygen
{e.g., 7, °H, B, M, PN, 180y, and 17O). Isotopically-labeled compounds can
be prepared by synthesizing a compound using a readily available isotopically-
labeled reagént in place of a non-isotopically-labeled reagent.

For any of the following chemical definitions, a number following an
atormic 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 C2 alky! group has the formula ~CH,CHi. When used with the
groups defined herein, a reference to the number of carbon atoms mcludes 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.

11
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By “acetal” 1s meant >CHR (or —-CHR-), wherein R is H, alkyl, alkenyl,
aryl, or arylalkyl.

By “acyl” is meant —C(O)R, wherein R is H, alkyl, alkenyl, aryl, or
arylalkyl. In exemplary acyl groups, R is H, C1-C12 alkyl {e.g., C1-C8, CI1-C6,
C1-C4, C2-C7, C3-C12, and C3-C6 alkyl), C2-C12 alkenyl (e.g., C2-C8, C2-
C6, C2-C4, C3-C12, and C3-C6 alkenyl), C6-C20 aryl (e.g., C6-C15, C6-C10,
C8-C20, and C&-C!5 aryl), monocyclic C1-C6 heteroaryi (e.g., monocyclic
C1-C4 and C2-C6 heteroaryl), C4-C19 heteroaryl (e.g., C4-C10 hetercaryl),
(C6-C15)aryl(C1-Co)alkyl, (C1-Co)heteroaryl{C1-Co)alkyl, or (C4-
Cl19heteroaryl{C1-Cé)alkyl. As defined herein, any heteroaryl group present
in an acv! group has from 1 to 4 hetercatoms selected independenﬂy from O, N,
and S.

By “alky!” 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 C1-C8, C1-C6, C1-C4,
C2-C7, C3-C12, and C3-C6 alkyl. Specific exampies inclode methyl, ethyl, 1-
propyl, 2-propyl, 2-methyl-1-propyl, 1-butyl, 2-butyl, and the like. Unless
otherwise noted, alkyl groups, used in any context herein, are optionally
substituted with halogen, alkoxy, arvloxy, arylalkyloxy, oxo, alkylthio, |
alkylenedithio, alkylamino, [alkenyljalkylamino, [aryljalkylamino,
[arylalkyllalkylamino, dialkylamino, silyl, sulfonyl, cyano, nitro, carboxyl, or
azido.

By “alkylamine” 1s meant -NHR, wherein R is alkyl. By
“lalkenvilalkylamino” is meant ~NRR’, wherein R is alkyl, and R’ 1s alkenyl.
By “taryijalkylamino” is meant ~-NRR’, wherein R is alkyl, and R’ is aryl. By
“larylalkyl]alkylamino™ is meant ~NRR’, wherein R is alkyl, and R’ 1s
aryialkyl. By “dialkylamino” is meant ~NRj, wherein each R is alkyl, selected
independently.

By “alkylene” is meant a divalent alkyl group. Alkylene groups, used in
any context herein, are optionally substituted in the same manner as alkyl

groups. For example, a Cl alkylene group 15 —~CHs-.
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By “alkylenedithio” is meant —S-alkylene-S-.

By “alkylthio” is meant -SR, wherein R is alkyl.

By “alkenyl” is meant a straight or branched chain cyclic or acyclic
hydrocarbon group of, unless otherwise specified, from 2 to 12 carbons and
contalning one or more carbon-carbon double bonds. Exemplary alkenyl
groups include C2-C8, C2-C7, C2-C6, C2-C4, C3-C12, and C3-C6 alkenyl.
Specific examples include ethenyl (i.e., vinyl), I-propenyl, 2-propenyl (i.c.,
allyl), 2-methyl-1-propenyl, 1-butenyl, 2-buteny! (i.e., crotyl), and the like.
Alkenvl groups, used in any context herein, are 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 “alkoxy” is meant —OR, wherein R is alkylL

By “aryl” is meant a monocyclic or multicyclic ring system having one
or more aromatic rings, wherein the ring system is carbocyclic or heterocyelic.
Heterocyclic aryl groups are also referred to as heteroaryl groups. A heteroaryl
group inchudes 1 to 4 atoms selected independently from O, N, and S.
Exemplary carbocyclic aryl groups include C6-C20, C6-C15, C6-C10, C8-C20,
and C8-C15 aryl. A preferred aryl group is a C6-10 aryl group. Specific
examples of carbocyelic aryl groups include phenyl, indanyl, indenyl, naphthyl,
phenanthryl, anthracyl, and fluoreny!. Exemplary heteroaryl groups include
monocylic rings having from 1 to 4 heteroatoms selected independently from O,
N, and S and from 1 1o 6 carbons (e.g., C1-C6, C1-C4, and C2-C6).
Monocyclic heteroaryl groups preferably include from 5 to 9 ring members.
Other heteroary! groups preferably include from 4 to 19 carbon atoms (e.g.,
C4-C10). Specific examples of heteroaryl groups include pyridinyl, quinolinyl,
dihydroguinolinyl, isoquinolinyl, quinazolinyl, dihydroquinazolyl, and
tetrahydroquinazolyl. Unless otherwise specified, aryl groups, used in any
context herein, are optionally substituied with alkyl, alkenyl, aryl, arylalkyl,
halogen, alkoxy, aryloxy, arylalkyloxy, oxo, alkylthio, alkylenedithio,
alkylamino, [alkenyllalkylamino, [aryijalkyiamino, [arylalkyljalkylamine,

dialkylamino, silyl, sulfonyl, cyano, nitro, carboxyl, or azido.

13
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By “arylalkyl” 1s meant ~R°R”, wherein R’ is alkylene, and R” is aryl.

By “arvialkyloxy” is meant “OR, wherein R ig arylalkyl.

By “aryloxy” is meant -OR, wherein R i3 aryl.

By “carbamate” is meant —OC(O)NR,, wherein each R is independently
H, alkyl, alkenyl, aryl, or arylalkyl.

By “carbonate” is meant ~OC(OJOR, wherein R is alkyl, alkenyl, aryl,
or arylalkyl.

By “carboxyl” 1s meant —~C{Q)OH, in free acid, ionized, or salt form.

By “cyclic boronate” is meant -OBRO-, wherein R is alkyl, alkenvl,
aryl, arylalkyl, alkoxy, or 2,6-diacetamidophenyl.

By “cyclic carbonate” is meant ~OC(Q)0-.

By “cyclic silylene” is meant —-OSiR,0-, wherein each R is
independently alkyl, alkenyl, aryl, aryvialkyl, or alkoxy. By “dialkylsilylene™ is
meant a cyclic silylene, wherein each R is alkyl.

By “ester” is meant —~OC(O)R, where —~C(O)R is an acy! group, as
defined herein, that is bound to the oxygen atom of a protected hydroxyl, as
defined below.

By “ether” is meant —OR, wherein R is alkyl, alkenyl, arylalkyl, silyl, or
2-tetrahvdropyranyl.

By “halogen” is meant fiuoro, chloro, bromo, or 1odo,

By “ketal” is meant >CR; {or - CR;-), wherein each R is independently
alkyl, alkenyl, aryl, or arylalkyl, or both R groups are together alkyiene.

By “oxo” or (O) is meant =0.

By “silyl” 1s meant ~SiR;, wherein each R 1s independently alkyl,
alkeny!, arvl, or arylalkyl. Examples of silyl groups include tri(C1-Cé
alkylysilvl, 1ri(C6-C10 aryl or C1-C6 heteroaryl)silyl, di(C6-C10 aryl or C1-C6
heteroaryl X C1-C6 alkyl)silyl, and (C6-C10 aryl or C1-C6 heteroaryDdi(C1-Cé
alkyDsiiyl. It will be understood that, when a silyl group includes two or more

alkyl, alkenyl, aryl, heteroaryl, or arylaikyl groups, these groups are

14
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independently s.eiected. As defined herein, any heteroaryl group present in a
silyl group has from 1 to 4 heteroatoms selected independently from O, N, and
S.

By “sulfonate” is meant —OS(O )R, wherein R 1s alkyl, alkenyl, aryl, or
arylalkyl. In exemplary sulfonates, R is C1-C12 alkyl (e.g., C1-C8, C1-Cé,
C1-C4, C2-C7, C3-C12, and C3-C6 alkyl), C2-C12 alkenyl (e.g., C2-C8, C2-
C6, C2-C4, C3-C12, and C3-C6 alkenyl}, carbocyclic C6-C20 arvl (e.g., C6-
C13, C6-C10, C8-C20, and C8-C15 aryl), monocychic C1-C6 heteroaryl (e.g.,
C1-C4 and C2-C6 heteroaryl), C4-C19 heteroaryl (e.g., C4-C10 heteroaryl),
(C6-C15)aryl(C1-Cé)alkyl, (C4-Cl9heteroaryl(C1-Co)alkyl, or (C1-
Cé)heteroaryl{C1-Co)alkyl. As defined herein, any heteroaryl group present in
a sulfonate group has from 1 to 4 hetercatoms selected independently from O,
N, and S.

By “sulfonyl” is meant —S(O),R, wherein R is alkyl, alkenyl, arvl,
arylalkyl, or silyl. Preferred R groups for sulfonyl are the same as those
described above for sulfonates.

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 Wuts,
Greene's Profective Groups in Organic Synthesis, Wiley-Interscience, 4"
Editioﬁ, 2006. Exemplary protecting groups (with the oxygen atom to which
they are attached) are independently selected from esters, carbonates,
carbamates, sulfonates, and ethers.

In exemplary ester hydroxyl protecting groups, R of the acyl group is
C1-C12 alkyl (e.g., C1-C8, C1-Ce, C1-C4, C2-C7, C3-C12, and C3-C6 alkyl),
C2-C12 alkenyl (e.g., C2-C8, C2-C6, C2-C4, C3-C12, and C3-C6 alkenyl),
carbocyclic C6-C20 aryl (e.g., C6-C15, C6-C10, C8-C20, and C8-C13 aryl),
monocyclic C1-C6 heteroaryl (e.g., C1-C4 and C2-C6 heteroaryl), C4-C19
heterparyl (e.g., C4-C10 heteroaryl), {C6-C15)aryl(C1-C6)alkyl, (C4-
C19heteroaryl(C1-Co)alkyl, or (C1-Co)heteroaryl{C1-Co)alkyl. Specific

examples of acyl groups for use in esters include formyl, benzoylformyl, acetyl
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(e.g., unsubstituted or chloroacetyl, triflucroacetyl, methoxyacetyl,
triphenyhnethoxyacetyl, 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 hetercatoms selected independently from O, N, and
S.

In exemplary carbonate hydroxy! protecting groups, R is C1-C12 alkyl
(e.g., C1-C8, C1-C6, C1-C4, C2-C7, C3-C12, and C3-C6 alkyl}, C2-C12
alkenyl (e.g., C2-C8, C2-C6, C2-C4, C3-C12, and C3-C6 alkenyl), carbocyclic
C6-C20 arvl (e.g., C6-C15, C6-C10, C8-C20, and C8-C15 aryl), monocyclic
C1-C6 heteroaryl {e.g., C1-C4 and C2-C6 hetercaryl), C4-C19 heteroaryl (e.g.,
C4-C10 heteroaryl), (C6-CIDaryl(C1-Céalkyl, (C4-C19)heteroarvi(Cl-
Cé)alkyl, or (C1-CH&heteroaryl(C1-Co)alkyl. Specific examples include
methyl, 9-fluorenylmethyl, ethyl, 2,2,2-trichloroethyl, 2-(trimethylsilylethyl,
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 sclected independently from O, N, and S.

In exemplary carbamate hydroxyl protecting groups, each R is
independently H, C1-C12 alkyl (e.g., C1-C8, C1-Cs, C1-C4, C2-C7, C3-C12,
and C3-C6 alkyl), C2-C12 alkenyl (e.g., C2-C8, C2-Co6, C2-C4, C3-ClZ, and
C3-C6 alkenyl), carbocyclic C6-C20 aryl (e.g., C6-C15, C6-C10, C8-C20, and
C8-C15 aryl), monocyclic C1-C6 heteroaryl (e.g., C1-C4 and C2-C6
heteroaryl), C4-C19 heteroaryl (e.g., C4-C10 heteroaryl}, (C6-C135aryl(C1-
Cé)alkyl, (C4-C19heteroaryi(C1-Co)alkyl, or (C1-Cé)hetercaryl(C1-Co)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.
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Exemplary ethér hydraxyl protecting groups include C1-C12 allcylethers
(e.g., C1-C8, C1-C6, C1-C4, C2-C7, C3-C12, and C3-C6 alkyl), C2-C12
alkenylethers (e.g., C2-C8, C2-Cé, C2-C4, C3-C12, and C3-C6 alkenyl), (Co-
C15)aryl(C1-Cé)alkylethers, (C4-C19)heteroaryl(C1-Cé)alkylethers, (C1-
Cé)heteroaryl(C1-Co)alkylethers, (C1-Céjalkoxy(Cl-Cé)alkylethers, (C1-
C6ralkylthiof C1-Cé)alkylethers, (C6-C10)aryl(C1-C6)alkoxy(Cl-
Cé)alkylethers, and silylethers (e.g., tri(C1-C6 alkyl)silyl, tri(C6-C10 aryl or
C1-C6 heteroaryDsilyl, di{C6-C10 ary! or C1-C6 heteroaryl)(C1-C6 alkyl)silyl,
and {C6-C10 aryl or C1-C6 heteroaryl)di{C1-C6 alkyDsilyl). Specific
examples of alkylethers include methyl and t-butyl, and an example of an
alkenyl ether is allyl. Examples of alkoxyalkylethers and alkylthioalkylethers
inchude methoxymethyl, methylthiomethyl, (2-methoxyethoxy)methyl, and p-
(trimethylsilylethoxymethyl. Examples of arylalkylethers 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-picolyl ethers. Specific examples of silylethers
include trimethylsilyl (TMS), triethylsilyl (TES), t-butyldimethylsilyi (TBS), t-
butyldiphenyisilyl (TBDPS), triisopropylsily! (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.

Adjacent hydroxyl groups may be protected with a diol protecting group,
such as acetal (e.g., C1-C6 alkyl}, ketal (e.g., C2-C6 alkyl or C3-C6 cycloalkyl),
cyclic silylene, cyclic carbonate, and cyclic boronate. Examples of acetal and
ketal groups include methylene, ethylidene, benzylidene, isopropylidene,
cyclohexylidene, and cyclopentylidene. An example of a cyclic silylene 1s di-t-
butylsilylene. Another diol protecting group is 1,1,3,3-
tetratsopropylsiloxanediyl. 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
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substituted with C1-C6 alkyl, C1-C6 alkoxy, nitro, cvano, carboxyl, or halogen.
Alkyl groups, such as methyl, ethyl, isopropyl, n-propyl, t-butyl, n-butyl, and
sec-butyl, and alkenyl groups, such as vinyl and allyl, can also be substituted
with oxo, arylsulfonyl, halogen, and trialkylsityl 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 “leaving group” is meant a group that is displaced during a chemical
reaction. Suitable leaving groups are well known in the art, e.g., see, Advanced
Organic Chemistry, March, 4th Ed., pp. 351-357, John Wiley and Sons, N.Y.
(1992). Such leaving groups include halogen, C1-C12 alkoxy {(e.g., C1-C8,
C1-C6, C1-C4, C2-C7, and C3-C6 alkoxy), C1-C12 alkylsulfonate (e.g., C1-C&,
C1-C6, C1-C4, C2-C7, C3-C12, and C3-C6 alkylsulfonate), C2-C12
alkenylsulfonate (e.g., C2-C8, C2-C6, C2-C4, C3-C12, and C3-C6
alkenylsulfonate), carbocyclic C6-C20 aryisulfonate (c.g., C6-C15, C6-C10,
C8-C20, and C8-C13 arylsulfonate), C4-C19 heteroarylsulfonate (e.g., C4-C10
heteroarylsulfonate), monocyelic C1-C6 heteroarylsutfonate (e.g., C1-C4 and
C2-C6 heteroarvisulfonate), (C6-C15)aryl(C1-C6)alkylsulfonate, (C4-
C19heteroaryl(C1-Cé6)alkylsulfonate, (C1-C6)heteroaryl(Ci-C6)alkylsulfonate,
and dizzonium. Alkylsulfonates, alkenylsulfonates, arylsulfonates,
heteroarylsulfonates, arylalkylsulfonates, and heteroarylalkylsulionates can be
optionally substituted with halogen (e.g., chloro, iode, bromo, or fluoro),
alkoxy (e.g., C1-C6 alkoxy), aryloxy {e.g., C6-C15 aryloxy, C4-C19
heteroaryloxy, and C1-C6 hetercaryloxy), oxo, alkylthio (e.g., C1-C6
alkylthio) , alkylenedithio (e.g., C1-C6 alkylenedithio}, alkylamino (e.g., CI-
C6 alkylamino), [alkenyllalkylamino (e.g., [(C2-Cé)alkenyl{(C1-
C6)alkylamino), [aryljalkylamino (e.g., [(C6-C10)aryl}(C1-C6)alkylamino,
[(C1-Co)heteroaryl}{C1-C6)alkylamino, and [(C4-C1%heteroaryl]{C1-
Cé)alkylamino), [arylalkylialkylamino (e.g., [{C6-C10)aryl(C1-Cé)alkyl(C1-
Céalkylamino, [(C1-C6heteroaryl{ C1-Co)alkylj(C1-Cé)alkylamino, and
[(C4-C19)heteroaryl(C1-C6)alkyl}(C1-Cojalkylamino), dialkylamino (e.g.,
di(C1-C6 alkylyamino), silyl (e.g., tri(C1-C6 alkyl)silyl, tri(C6-C10 aryl or Cl-

18



10

15

20

25

30

C6 heteroaryl)silyl, di(C6-C10 aryl or C1-C6 heteroaryl(C1-Cé alkyl)silyl,
and {C6-C10 arvl or C1-C6 heteroaryl)di(C1-C6 alleyDsilyl), cvano, nitro, or
azido. Alkenylsulfonates can be optionally substituted with carbocyelic aryl
(e.g., C6-C135 aryl), monocyclic C1-C6 heteroaryl, or C4-C19 heteroaryl (e.g.,
C4-C10 heteroaryl). Aryvlsulfonates can be optionally substituted with alkyl
(e.g., C1-C6 alkyl) or alkenyl (e.g. C2-C6 alkenyl). As defined herein, any
heteroaryl group present in a leaving group has from 1 to 4 heteroatoms
selected independently from O, N,.and S.

Specific examples of suitable leaving groups include chioro, 1odo,
bromo, fluoro, methanesulfonate (mesylate), 4-toluenesulfonate (tosylate),
trifluoromethanesuifonate (triflate, OTI), nitro-phenyllsuifonate {nosylate), and
bromo-phenylsulfonate (brosylate). Leaving groups may also be further
substituted as is known in the art.

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. .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,
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thiocvanate, toluenesulfonate, undecanoate, valerate salts and the like. A
preferred salt is the mesylate salt.
Other features and advantages of the invention will be apparent from the

following description and the claims.

DETAILED DESCRIPTION OF THE INVENTION
“The present invention provides compounds and methods of their use in
the synthesis of halichondrin B analogs. In particular, the compounds are
useful for the synthesis of the C14-C35 portion of halichondrin B analogs. ER-
804028 is a C14-C35 fragment that has been employed in the synthesis of

MeQ, SO»Ph
TBSO ({
850 AL

eribulin:

ER-804028.

Halichondrin B analogs, e.g., eribulin or pharmaceutically acceptable
salts thereof, can be synthesized from the C14-C33 fragment as described in
U.S. Patent No. 6,214,865 and International Publication No. WG 2005/118565.
In one example described in these references, the C14-C35 portion, ¢.g., ER-
804028, of the molecule is coupled to the C1-C13 portion, e.g., ER-803896, to
produce ER-B04029, and additional reactions are carried out to produce

eribulin (Scheme 1):



TBSO

ER-804028

ER-803896

1 s,

QOH

ER-804029

[Ep

T =
irmna B

eribulin

Scheme 1
Lithiation of the C14-C33 sulfone fragment followed by coupling to the
C1-C13 aldehyde fragment furnishes a mixture of diastereomeric alcohols (ER-
804029). Additional protecting group manipulation and oxidation followed by
removal of the sulfonyl group and an intramolecular Nozaki-Hiyama-Kishi

(NHK) reaction affords an intermediate, which, when oxidized and treated with
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tetrabutylammonium fluoride, undergoes intramolecular oxy-Michael ring
closure. Pyridinium p-toluenesulfonate mediated ketal formation and
conversion of the terminal alcohol to an amine furnishes eribulin.
For example, as described in WO 2005/118565 (Example 6), ER-
5 804029:

(ER-804030); ER-804030 is

ulfonylated, to produce ER-118049:

MsQ ., O7BS

m 0L A OTBS
TBSO“§ o~ O ED/{\roms
B H

:
j:ﬁ.‘
_

JJH}OJ/‘\/CHO
10 (ER-118049); ER-118049 is

reacted, e.g., under coupling conditions, to produce mixture ER-
118047/118048:



; the mixture ER-
118047/118048 is reacted, e.g., oxidized, to produce ER-118046:

(ER-118046); ER-118046 1s

(FR-811475); ER-811475 is
reacted to produce ER-076349:
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(ER-076349); and ER-076349 is
reacted, e.g., by converting the primary hydroxyl group to an amine, to produce
eribulin.

Pharmaceutically acceptable salts of eribulin, e.g., eribulin mesylate, can
5 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,O1I1 in water and acetonitrile. The mixture is concentrated.
The residue is dissolved in DCM-pentane, and the solution is added to
10 anhydrous pentane. The resulting precipitate is filtered and dried under high

vacuum to provide ertbulin mesylate, as shown in Scheme 2.

MeQ‘ MeG
....(mﬁ 1) MSOH (0.575 2q)
HO Q7 e, ~ O in NH,OH {4 vol), water {13.4 volj, HO
: H W ACN (12.7 vol)
FiolN o & e /
2 Lo 207 2) Precipitation HoN
1‘ Me 7 “H DCM (10 voli-pantane (100 vol) o
!
" Me—5-OH
eribulin
eribufin mesylate
Scheme 2
15 A scheme for producing one example of a C14-C35 fragment (ER-

804028} is as follows (Scheme 3).
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6H -4} NaIO4, THF*HzO
Stage 13 Stage 14
(-}-Quinic acid A B
9 0.2 mol% Pd-G
MeO)P._ COM mors
(MO} 2Me 1 mol% DIPEA " ¥ o
LECl (A—Pr)zl\!Et AI 1.04 bar Hz J\f/g)_\‘
TTUEHREN NecoMe  EoAc NG © COsMe
20°°C 20°C OH
Stage 15 Stage 16
c D
1} ReCH Imid i
1 ,
DMF o Re B Lo
2) LiBHg, THF Me Zn w0 We
) NG o S o o !
O T . . ,
3 gga%i, EA OR4 OPiv CatT'\'ﬂ_iE;:OH 6 NHy OR; OPiv
E (Ry= TBS, 73%) G (R,=TBS, R= Bn, 74%
= 1= TBS, Ry= Bn. 74%)
E {Ry= TBDPS, 72%) H {R,=TBS, Ro= CHPh,, 67%)
i {(R,= TBDPS, Ry=#-Bu)
1} AcOH Yo
THE-H,0 ” Me ‘T toluene Me g
e A
O
2} PG-—C, HZ OPiv A \{Or OR'; OPiv

EtOAG, (Ro= Bn or CHPhy)
TFA, DCM (Rz= -Buy) J (R.= TBS)

K (R,= TBDPS)

L (R,= TBS, 70% from G, 88% from H)
M (R,= TBDPS, 87%}

1) PANTY,
KHMDS Yo ]
THF-tol We N0 H
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2) HCHPA - oH OPiv N
haeOH C
2} Nal, DMF OBy
R,= TBS) N OTf ]
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MeQ, S05Ph
TRSO (—{
1850 A I, zn

o " ACOH
AsO™ )\/{\/\L{(}_\A\ THF -+
e O 1)
| oPy 83%
AF
MeQ, S0,Ph Med, SO4Ph
1850 d- 1) M8,0 TESC ((
TBSO._ Ao o pyridine teso._h_. o
DCM , :
2} NaDMe “Mie

THE-MeOH |

b, oH
B7% ER-804028
{2 steps}

Scheme 3 (part 2)

AE

Generally, (-)-quinic acid is converted to Compound A through stages 1-13 as
described in International Publication Nos. WO 2009/046308 and WO
2005/118565. As outlined in Scheme 3, oxidation followed by Horner-
Wadsworth-Emmons (HWE) reaction of the resulting lactol, hydrogenation,
and protecting group modification furnishes Compounds E and F. Blaise
reaction followed by methy! ketone formation, dehydration, enolization,
triflation, desilylation, and iodination produces todo-vinyl triflate, Compound
0. NHK coupling of Compound O with ER-806067 furnishes Compound P.
Acetylation followed by Vasella fragmentation, intramolecular Williamson
etherification, and protecting group modification affords C14-C35 fragment
ER-804028. This scheme is advantageous as it results in improved
stereoselectivity at C27, i.e., 67:1 dr compared (0 13:1 dr in previous processes.
The scheme is also advantageous as the C14-C26 starting material and C14-
C35 product of the NHK coupling of this scheme exhibit greater stability than
the starting material and product of previous methods. The C14-C26 starting
material and C14-C35 product of the NTHK coupling are stable indefinitely at
room temperature, allowing for a flexible manufacturing schedule.

Onec skilled in the art would also understand that variations on the above
scheme are possible. For example, the hydroxyl protecting groups employed in

particular reactions may be varied. In other variations, the leaving groups
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employed may be altered; for example, triflate groups can be replaced with
halogens such as iodine or bromine.

In addition, although the scheme depicts Compound C et seq. with
carbons C14-C16, the reactions leading to the addition of carbons C14 and C15
can oceur at any point prior to the synthesis of ER-804028. Synthetic steps for
adding carbons C14 and C15 are disclosed in WO 2009/046308. In specific
examples, Compound A or Compound B can be altered as shown in Scheme 4,

and the product% AG and AH substituted for Compound E or F in Scheme 3.

f—F‘rOAC MeOH

1

H
; O H O+ 43 NalQsy, M 9}
ZNaBH, /\/f\l’ 1 THEHO © \@H
! NC O 8} Y
OQAC 3) KuCOy i 8 :
i

10

Stage 13 : Stage 14
A L B
E 1) 2-methoxypropene 5MPM-OH
;. 2)TBSCI Ve
i t
H o
Me CHO Me Sy
: "‘ NCT"T0T T omei
NG Y -0 J
0TBS
AG AH
Scheme 4
In accordance with the synthetic scheme, the invention provides
compounds having the formula
¥ 0]
Me
: Q
O
zZ X 1, eg., Compound O, Compound Al and
Compound Al,

wherein X is halogen or oxo; Z is a leaving group; Q is -C(O)H, -
CH=CHC(O)OY,, -C(RH(CH;),OY, or -C(RYHCH,;C{O)OY; RisHor -
OY,; Y, and Y, are each independently H or a hydroxyl protecting group; and
nis 1 or 2. When both Y, and Y, are present, they may be the same or different.

In addition, when Y and Y, are on adiacent carbons, e.g., when n=1, they may
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together form a divalent hydroxyl protecting group. Compounds of this

formula include those having the formula:

H
Me ©

~0
OTf l OY(Ib), wherein Y is H, pivaloyl, benzoyl, p-
bromobenzoyl, 1-naphthoyl, 2-naphthoyl, p-methoxybenzoyl, or o-phthaloyl
(including salts such as triethylamine and potassium).

The invention also provides compounds having the formula:

MeO, SO,Ph
el
YO AL P,

C H

O
T a
Me G

X (I, e.g., Compound P, Compound AD,
Compound AF, Compound AK, Compound AL, and Compound AM,
wherein X is halogen or oxo; Q is -C{O)H, -
CH=CHC({O)OY, -C{R)FH(CH21,0Y;, or -CIRHCHC(O)YOY; Ris Hor -
OYy;nislor2; Yy, Yo, Vs, and Y, are each independently H or a hydroxyl
protecting group; T is oxo or -OY5; and Ys is H or a hydroxyl protecting group,
or Ys, together with the oxygen atom: to which it is bound, is a leaving group.
In certain embodiments, Y; and Y, are together a divalent hydroxyl protecting
group. In other embodiments, Y;, Y3, and Y, are protecting groups, and Y is
orthogonal to Y5 and Y,. In further embodiments, Y, Y3, Yy, and Ys are
protecting groups; Y and Yy are orthogonal to Y, and Ys; and Y, is orthogonal

to ¥5. Compounds of this formula include those having the formula:
MeO, SO,Ph
TBSO (—(
1850l
© H
Me *O)H_\“\

] OY1(1Ib), wherein Y; and Y are

as follows:
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Y _ Ys

H H

benzoyl benzoyl
p-bromobenzoyl p-bromobenzoyl
pivaloyl H

pivaloyl acetyl

pivaloyl benzoyl
2-naphthoyl H

2-naphthoyl 2-naphthoyl
1-naphthoyl H

1-naphthoyl 1-naphthoyl
p-methoxybenzoyl H
p-methoxybenzoyl p-methoxybenzoyl
o-phthaloyl H

o-phthaloyl, triethylamine | H

salt

The invention also features compounds having the formula:

MeO, SO,Ph
el
Y40 A O/"f,

4
o

Y50

(111}, e.g., Compound AL,
wherein Q is ~C{(Q)H, -CH=CHC{O)OY,, -C{R)H(CH,),0Y, or -
CROHCH,C(OYOY; RisHor-OYxnisi or2; Yy, Yy, Vs, and Yy are each
independently H or a hydroxyl protecting group; U is halogen or -OYy; Ysis H

or a hydroxy! protecting group or Y s, together with the oxygen atom to which it
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Z5

is bound, is a leaving group; and Yy 1s H or a hydroxyl protecting group or Y,
together with the oxygen atom to which it is bound, is a leaving group,
provided that when  is ~C(R)H{CH,},0Y; (e.g., - (CHy)s0Y ), U is -OY5, -
OY is a leaving group, and Y, Y5, and Y, are protecting groups, Ys is not H.
In certain embodiments, Y5 and Y, are together a divalent hydroxy! protecting
group. In other embodiments, Y, Y3, and Y, are protecting groups, and Y is
orthogonal to Y5 and Y,. In further embodiments, Y;, Y3, Y, and Ys are
protecting groups; Ys and Y, are orthogonal to Y; and Ys; and Y is orthogonal
t0Ys.

As described herein, the compounds of the invention can be used in the
synthesis of ER-804028 and in turn eribulin, or a pharmaceutically acceptable

salt thereof, e.g., eribulin mesylate.

Experimental Procedures
Compound D

The synthesis of Compound D from (-}-quinic acid is described m WO
2009/046308, which is hereby incorporated by reference.

Compound E

g 1) TBSCY, Imid y

' ¥ o DMF e

;"““\9/[ 2) LiBH,, THE /M\B/J’\
Ne © COME evcitEA  © © opi
-, 1Y
OH P oTBS

D E

73% (3 steps)

Compound D (3.05 g, 9.80 mmol, 1 eq) was dissolved in DMF (6.1 mi)
at 22 °C, and irmdazole (1.00 g, 14.7 mmol, 1.5 eq) was added. Upon complete
dissolution of imidazole, the mixture was cooled to 0 °C, and TBSCI (1.55 g,
10.3 mmol, 1.05 eq) was added. The mixture was stirred at 0 °C for 1 h,
allowed to warm to room temperature and stirred for an additional 1 h. The

reaction mixture was diluted with MTBE (37 ml) and washed with water (30
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ml). The organic layer was separated, further washed with water (9.2 ml}), and

concentrated to give Compound S:

NG O?hCOQMe
OTES
S as colorless oil (4.43 g with residual solvents,

theoretical 100% yield assumed). The crude product was used for the next
reaction without purification. 'H NMR (400 MHz, CDCl,): 6 4.20 (1H, m),
3.91 (1H, m), 3.85 (1H, m), 3.64 (3H, s}, 3.50 (1H. d, /= 10.8 Hz) 3.45 (1H, 4,
J=10.8 Hz), 2.90 (1H, m), 2.3 (1H, m)}, 2.31 (1H, m), 2.22 (1H, dd, /= 14.0
Hz, 8.8 Hz), 1.77-1.90 (2H, m), 1.60-1.74 (4H, m}), 1.51 (1H, m), 1.27 (3H, 4,
J= 6.8 Hz), 1.26 (1H, m), 0.86 (9H], s), 0.02 (6H, s); and *C NMR (100 MHz,
CDCly): 6 174.08, 122.93, 84.86, 75.78, 73.45, 66.82, 66.31, 51.77, 41.04,
38.16, 31.44, 31.04, 26.20, 26.06 (3C), 22.51, 22.20, 18.51, 18.48, -5.12, -5.17.
Compound S (4.2 g, 9.8 mmol, 1 eq) was dissolved in THF (21 ml) and
cooled to 0 °C. LiBH, (2.0 M solution in THF, 12.2 ml, 24.5 mmol, 2.5 eq)
was added, and the mixture was allowed to warm to 20 °C. Stirring was
continued at 20-23 °C overnight (16 h). Another reactor was charged with 20
wit% citric acid {(aqueous solution, 25 g, 26 mmol, 2.6 eq) and MTBE (40 ml),
and the mixture was cooled to 0 °C. The reaction mixture was carefully/slowly
poured into the pre-chilled citric acid-MTBE while maintaining T-internal
<10 °C. Upon complete addition, the mixture was stirred at 0-5 °C for 30 min.
The organic layer was separated, sequentially washed with: 1) saturated

NaHCO; (12 g) and 2) 20 wt% WaCl (12 g), and concentrated to give crude

Compound T:
H
Me O\_..\
NC ¢ ™ on
OTBS
T as colorless 011 {3.32 g, 8.3 mmol, 85% vyield in 2

steps). T NMR (400 MTz, CDCly): & 4.20 (1H, m), 3.93 (1H, dd, == 6.4 Hz,
4.8 Hz), 3.80 (1H, m), 3.57 (21, m), 3.47 (11, d, J= 10.4 Hz), 3.42 (1H, 4, J=
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10.4 Hz), 2.88 (1H, m), 2.57 (1H, br), 2.18 (1H, dd, /=7.2 Hz, 14 .4 Hz), 1.68-
1.81 (2H, m), 1.45-1.68 (6H, m}, 1.24 (3H, d, /=7.2 Hz), 1.22 (1H, m), 0.83
(9H, s}, 0.02 (6H, s); and ">C NMR (100 MHz, CDCL): §122.90, 84.72, 76.75,
73.56,67.14, 66.53, 62.87, 40.94, 38.18, 33.58, 29.91, 26.36, 26.04, 22.60,
22.48 (3C), 18,478, 18.43, -5.11, -5.16.

Compound T (2.30 g, 5.78 mmol, 1 eq) was dissolved in CHyCl, (12 ml).
TEA (1.6 ml, 12 mmol, 2.0 eq) was added followed by DMAP (71 mg, 0.58
mmol, 0.10 eq). The mixture was cooled to 0 °C, and pivaloyl chloride (0.747
ml, 6.07 mmol, 1.05 eq) was added. The mixture was allowed to warm to 0 °C,
and stirring was continued at 20-22 °C for an additional 2 h. The reaction
mixture was diluted with MTBE (23 ml), sequentially washed with: 1)} 20 wt%%
citric acid {aqueous solution, 12 g, 12 mmol, 2.1 eq) and 2) saturated NaHCO;
(aqueous solution, 4.6 g, 5.5 mmol, 0.95 eq), and concentrated to give crude
product as pale yellow oil. The crude was purified by Biotage (Uppsala,
Sweden) 40M (heptane-MTBE 7:3 v/v) to give Compound E as pale yellow oil
(2.79 g, 5.04 mmol, 87% yield). 'H NMR (400 MHz, CDCly): § 4.22 (1H, m),
4.04 (1H, d, /=64 Hz),4.03 (1H, d, /6.4 Hz), 493 (1H, dd, /=32 Hz, 6.4
Hz), 3.85 (1H, m), 3.50 (1H, d, /= 10.4 Hz), 3.45 (1H, d, /= 10.4 Hz), 2.92 (1H,
m), 2.21 (1H, dd, /= 8.4 Hz, 13.6 Hz), 1.48-1.85 (7TH, m), 1.43 (1H, m), 1.29
(3H, d, /= 7.6 Hz), 1.25 (1H, m), 1.17 (9H, s), 0.87 (9H, s), 0.02 (6H, s); and
B¢ NMR (100 MHz, CDCl;): §178.78, 122.96, 84.83, 76.25, 73.45, 67.11,
66.53, 64.43, 41.00, 38.94, 37.89, 32.98, 27.42 (3C), 26.47, 26.06 (3C), 25.60,
22.60,22.52,18.51, 18.48, -5.09, -5.15.

Compournd (7

'y
H Br H
h:ﬂe O BﬁOZn “5’1& (\LO
e . ——— v BRO. N T/\'/L\ O,&\\}“\j
OTES OPiv CBTTMSOH O NH OTRS OPiv
HF
E G

T4%
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Zinc duost (876 mg, 13.4 munol, 10.0 ¢q) was suspended in THF (3.9 ml).
MsOH (0.0087 ml, 0.13 mmol, 0.10 eq) was added, and the mixture was heated
at reflux for 20 min. A mixture of Compound E (0.645 g, 1.34 mmol, 1 eq) and
benzyl bromoacetate (0.315 ml, 2.01 mmol, 1.50 eq) in THF (2.6 ml + 1.3 ml}
was added under reflux. Afier 2 h, benzyl bromoacetate {0.10 ml, ¢.67 mmol,
0.50 eq) was added, and heating was continued for an addifional 3 h (total 5 h).
Afier cooling down, the reaction mixture was diluted with MTBE (10 ml) and
cooled to 5 °C. 20 wt% citric acid (agueous solution, 3.2 g, 3.4 mmol, 2.5 eg)
was added, and vigorous stirring was continued at 5-10 °C for 10 min. The
whole mixture was filtered through a pad of Celite (1.3 g). The organic layer
was separated and set aside. The aqueous layer was extracted with MTBE (10
ml). All organic layers were combined, sequentially washed with: 1) saturated
NaHCO- (agueous solution, 3.2 g} and 2) 20 wt% NaCi (aqueous solution, 3.2
g}, and concentrated to give crude product as yellow oil. The crude was
purified by Biotage (Uppsala, Sweden) 25M (heptane-MTBE 3:1 & 3:2 v/¥) (0
give Compound G as pale vellow oil {0.627 g, 0.992 mmol, 74% yield). "
NMR (400 MHz, CDCl;): & 7.95 (1H, br), 7.24-7.37 (511, m), 5.11 (1H, d, /=
12.8 Hz), 5.07 (1H, d, /= 12.8 Hz), 4.58 (1H, 5), 4.10 (1H, m), 4.02 (2H, m},
3.78 (1H, dd, J= 5.6 Hz, 7.2 Hz), 3.56 (1H, m), 3.54 {1H, 4, /= 10.4 Hz}, 3.46
(1H, d, /= 10.4 Hz), 2.46 (1H, m), 2.15 (1H, dd. /= 8.8 Hz, 14.0 Hz), 1.35-1.82
(10H, m), 118 (IH, m), 1.17 (9H, 5), 1.10 (3H, d, /= 6.8 Hz), 0.88 (511, 5), 0.04
{(6H, s); and >C NMR (100 MEz, CDCL): 6178.77, 170.63, 168.91, 137.49,
128.66 (2C), 127.99 (2C), 127.19, 84.27, 81.26, 75.91, 73.63, 67.52, 67.17,
64.71, 64.44, 42.75, 38.94, 37.03, 35.46, 33.22, 27.43 (3C), 26.08, 26.01 (3C),
25.56, 23,50, 20.06, 18.51, -5.09 (2C).
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Compound L

1) AcOH
. THF-HO H
2y Pd-C, H
Q » Tz O
Me EtOAC " Me Y-
Br. o e & o
O NHp 0TES OPiv 3) toluene 0 OTRS OPiv
895 °C
G L

70% (3 steps)

Compound G (0.596 g, 0.943 mmol, 1 eq) was dissolved in THF (3.0
m])}-water (1.0 ml) and cooled to 10 °C. AcOH (2.0 ml, 35 mmol, 37 eq) was
added, and the mixture was allowed 1o warm to room temperature. After 10 h,
the reaction mixture was poured into a pre-chifled (0 °C) mixture of NaHHCO;
(4.8 g, 57 mmol, 60 eq), water (6 ml), and MTBE (20 ml). The organic layer
was separated, washed with water (6 ml), and concentrated to give crude
product. The crude was azeotroped with toluene (20 ml) and purified by
Biotage (Uppsala, Sweden) 25 M (heptane-EtOAc 9:1 v/v) to give Compound
U:

H
W ©
Bnojff\ﬁ/ﬂ\ o —
e} O OPiv

oTes

u (0.493 g, 0.779 mmol, 82% yield) as colorless

An inert flask was charged with 10 wt% Pd-C {wet-type, 15 mg, 0.014
mmol, 0.050 eq). A solution of Compound U (0.182 g, 0.288 mmol, 1 eq) in
EtOAc (3.6 ml) was added under N,. The internal atmosphere was replaced
with FI,, and stirring was continued at room temperature for 2 h. The mixture
was filtered through a pad of Celite (1.0 g). The reactor and the filter cake
were tinsed with EtOAc (3.6 ml). The filtrate was concentrated to give crude
keto-acid Compound J as coloriess film. A portion (10%}) of crude Compound
] was retained for analytical and stability testing. The remaining portion (90%)
of Compound J was dissolved in toluene (3.0 ml). The mixture was heated at

95 °C for 15 min and then concentrated to give crude product as pale yellow oil.
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The crude was purified by Biotage (Uppsala, Sweden) 12M (heptane-EtOAc
95:5 viv) to give Compound L (110 mg, 0.220 mmol, 85% adjusted yield) as
colorless oil. "H NMR (400 MHz, CDCL): & 4.08 (1H, m), 4.00 (1H, d, /= 6.8
Hz), 3.98 (1H, d, /= 6.8 Hz), 3.81 (1H, t, J= 5.6 Hz), 3.49 (1H, m), 3 .44 (1H, d,
J=10.4 Hz), 3.39 (1H, d, J= 10.4 Hz), 2.73 (1H, m), 2.09 (3H, s), 1L.99 (1H, dd,
J=8.8 Hz, 14.0 Hz), 1.32-1.75 (10H, m), 1.16 (1H, m), 1.13 (9H, s), 1.03 (3H,
d, J="7.2 Hz), 0.84 (9H, s}, 0.07 (6H, s); and BC NMR (100 MHz, CDCly): 8
212.79, 178.68, 84.49, 76.03, 73.52, 67.30, 66.67, 64.38, 43.45, 39.79, 39,
37.22,32.98. 28.75, 27.37 (3C), 26.91, 26.04 (3C), 25.53, 22.85, 18.47, 17.26,
-5.15,-5.20.

Compound W

1} PANTE,

H o KHMDS Y

Me THF-tol Me
O otes OPw  2) E[:'ﬁgg‘g’“ OTf OH OPiv
L W
83%

{2 steps}

Compound L (109 mg, 0.218 mmol, 1 eq) was dissoived in THF (1.1
ml), and PhNTT, {117 mg, 0.328 mmol, 1.50 eq) was added. Upon complete
dissotution of PRNTYE, the mixture was cocled to -30 °C. 0.5 M KHMDS
(solution in toluene, 0.590 ml, 0.295 mmol, 1.35 eq) was added, while
maintaining T-internal <-25 °C. Upon complete addition, stiing was
continued at -25 °C for 1 h. 20 wt% NH,Cl (agueous solution, 0.33 g, 1 2
mmol, 5.6 eq) was added while maintaining T-internal <-20 °C, and the
resultant mixture was allowed to warm to 0 °C. The mixture was diluted with
water (0.33 g) and MTBE (2.2 mi) and then further stirred for 5 min. The
organic layer was separated, washed with saturated NaHCO; (agueous solution,

0.54 g), and concentrated to give crude Compound V:



oTf oTBs  OPFiv
v

Compound V was dissolved in MeOH (1.0 mi) and treated with 6 M
HCI (solution in 2-propanol, 0.25 ml, 2 mmol, 7 eq) at 20 °C. After 1 h, the
reaction mixture was cooled to 0 °C, neutralized with saturated NaHCO; (1.6
5 g)and extracted with MTBE (6 ml). The organic layer was separated, washed
with 20 wt% NaCl (0.54 g), and concentrated to give crude product as pale
vellow oil. The crude was purified by Biotage (Uppsala, Sweden) 12M
(heptane-MTBE 1:1 & 3:7 v/v) to give Compound W (94.1 mg, 0.182 mmol,
83% vield) as colorless oil. "H NMR (400 MHz, CDCly): & 5.09 (1H, 4, 3.6
10 Hz),4.87(1H, d, /= 3.6 Hz)}, 4.12 (1H, m), 4.03 (1H, m), 3.84 (I1H, dd, /= 6.4
Hz, 8.8 Hz), 3.59 (1H, m), 3.49 (1H, d, J= 11.2 Hz), 3.45 (1H, &, J= 11.2 Hz),
2.68 (1H, m), 2.19 (1H, dd, /= 8.8 Hz, 14.0 Hz), 2.13 (1H, br), 1.87 (1H, m),
1.40-1.75 (8H, m), 1.35 (1H, dd, /= 5.6 Hz, 14.0 Hz), 1.20 (1H, m), 1.16 (9H,
s), 1.13 (3H, d, J= 6.8 Hz); and C NMR (100 MHz, CDCL): 6 178.73, 160.06,
1S 120.20, 103.03, 83.76, 75.16, 73.41, 68.59, 67.83, 64.25, 40.08, 38.94, 3547,
| 35.21, 33.36, 28.05, 27.39 (3C), 25.51, 24.55, 18.90.

Compound O

H THLO H a
2
w(}—\‘\ pyridine "gﬂm Nal m
o _ N0 , o -
O Om opiy DCM QT ots  Opiv DMF ot | OPiv
W AC B7% 0
{one.pot}
20

Compound W (90.0 mg, 6.174 mmol, 1 eq) was dissolved in CH;Cl; and
cooled to -10 °C. Pyridine (0.042 ml, 0.52 mmol, 3.0 eq) was added, followed
by THO (0.044 ml, 0.26 mmol, 1.5 eq} (T-internal <-3 °C). After stirring at -5
to 0 °C for | h, DMF (0.45 ml) was added, followed by Nal (78 mg, 0.32 mmoi,
25 3.0 eq). Stirring was continued at 2022 °C for 3 h, and then the reaction

mixture was poured into a pre-chilled (0 °C) mixture of MTBE (2.0 ml) and
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water (2.0 ml). The organic layer was separaied and set aside. The aqueous
layer was extracted with MTBE (2.0 ml). All organic layers were combined,
washed with a mixture of water (0.4 ml) and 10 wt% Na,SO; (0.9 g), and
concentrate to give crude product as yellow oil. The crude was purified by
Biotage (Uppsala, Sweden) 12M (heptane-MTBE 85:15 v/v) to give
Compound O (95.6 mg, 0.153 mmol, 87% yield from Compound W) as
colorless oil. "H NMR (400 MHz, CDCly): 6 5.08 (1H, d, J=3.6 Hz), 5.01
(1H, 4, /= 3.6 Hz), 4.18 (1H, m), 4.05 (2H, m), 3.74 (1H, dd, /= 6.4 Hz, 9.2
Hz), 3.53 (1H, m), 3.44 (1H, dd, J= 1.2 Hz, 10.0 Hz), 3.37 (11, d, /= 10.0 Hz),
2.84 (1H, m), 2.32 (1H, dd, J= 8.8 Hz, 14.0 11z}, 1.85 (1H, m), 1.44-1.76 (9H,
m), 1.22 (14, m), 1.17 (91, s, 1.13 (3H, 4, J= 6.8 Hz); and *C NMR (100
MHz, CDCl;): 6 178.75, 159.70, 120.20, 103.21, 81.42, 76.18, 75.51, 68.06,
64.18,39.71, 38.96, 37.69, 35.43, 33.40,27.94, 27.42 (3C), 25.51, 25.10, 20.10,
18.72.

Compound P
NHK coupling

ER-806067 MeQ) S0O,Ph
ER-807363 TBSQ ((
H NiCl,, CiCl teso._A / d’” 67:1
TEA

o f\li'
OTt ~ OPiv THF Me” >0

OPiv
o 82% P
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A solution of ER-807363:

\

l

Mo M= e

MZU‘ Q/O e (ER-807363) (4.10 g, 13.8 mmol, 3.55 eq; WO
2005/118565) in THF (34.2 ml) was purged with N, for 1 h, and CrCl; (1.70 g,
13.8 mmol, 3.55 eq) was added under N,. The mixture was heated to 35 °C,
and TEA (1.93 ml, 13.8 mmol, 3.55 eq) was added while maintaining T-internal
<38 °C. The mixture was heated at 30-35 °C for 1 h and cooled to 0 °C. NiCl,
(75.7 mg, 0.15 eq) was added, and the mixture was purged with N for 3 min.
A previously degassed mixture of Compound O (2.44 g, 3.89 mmol, 1 eq), and

ER-806067:
MeQ
(‘j/‘\sozph
TBSO o,
CHO -
TBSO (ER-806067) (2.57 g, 4.28 mmol, 1.10 eq; WO

2005/118565) in THF (17 mi) was added. The reaction was allowed to warm to
22 °C over 30 min, and stirring was continued at 22-24 °C for 20 h. The
reaction mixture was cooled to 0 °C and diluted with heptane (70 ml). A
solution of ethylenediamine (2.1 ml, 31 mmol, 8.0 eq) in water (12 ml) was
added while maintaining T-internal <5 °C. The resultant mixture was
vigorously stirred at 0 °C for 1 h and filtered through a pad of Celite (2.4 g,
rinsed with 12 ml heptane). The organic layer was separated, washed with
water (12 ml), and concentrated to give a green solid-oil, which was suspended
in heptane (20 m}), filtered for removal of ER-8G7363, and re-concentrated to
give crude product. The crude was purified by Biotage (Uppéala, Sweden)
25M (heptane-MTBE 2:1 & 1:1) to give Compound P (2.64 g, 2.44 mmol, 62%
vield; C27-dr 67:1) as pale yellow oil. 'H NMR (400 MHz, CDCL): & 7.88
(2H, m), 7.64 (1H, m), 7.57 (2H. m), 5.17 (1H, 5), 4.84 (1H, s), 4.12 (2H, m),
4.00 (24, m)}, 3.91 (1H, m), 3.72 (4H, m), 3.53 (1H, dd, J= 5.6 Hz, 10.0 Hz),
3.30-3.50 (4H, m), 3.35 (314, 5), 3.06 (2H, m), 2.55 (1H, m}, 2.34 (1L, dd, /=
8.8 Hz, 13.6 Hz), 2.28 (1H, my), 1.97 (1H, m), 1.88 (1H, m), 1.40-1.83 (13H, m),

38



1.14 (9H, s), 1.03 (3H, d, J= 6.8 Hz), 0.85 (18H, s}, 0.05 (6H, ), 0.01 (6H, s);
and PC NMR (100 MIIz, CDCL): §178.71, 156.78, 139.72, 134.26, 129.74
(2C), 128.06 (2C), 107.98, 85.78, 83.71, 81.19, 79.09, 76.36, 75.43, 73.77,
71.33, 68.86, 67.9.5, 64.22,58.35,57.65,44.46,44.31,41.51, 38.92, 37.39,
33.60, 33.40, 32.31, 28.30, 27.43, 27.19, 26.20 (6C), 26.15 (3C), 25.50, 25.20,
22.65,20.84, 18.58, 18.37, -3.89, -4.49, -5.10 (2C).

Compound AF

MeQ), 50,Ph MaQ, S0,P
TBSO d‘ TBSQ

TBSO. A Ao TESOUA WL

10

b5

2

I~
Ut

0

Ho“‘j/ io “ﬂi‘” Aco“‘i‘)/jk{?_\
M © z OPiv prmene Me © t OPiv
P 84% AF
Compound P (620 mg, 0.574 mimol, 1 eq) was dissolved in pyridine (1.2
mi, 15 mmol, 27 eq). AcyO (0.31 ml, 3.3 mmol, 5.7 eq} was added, followed
by DMAP (7.0 mg, 0.057 mmol, 0.10 eq). After stirring at 20-23 °C for 3 h,
the reaction mixture was diluted with toluene (12 ml) and concentrated. The
same operation was repeated with toluene (12 ml x 2) to give crude product.
The crude was purified by Biotage (Uppsala, Sweden} 25M (heptane-MTBE
7:3 v/v) to give Compound AF (541 mg, 0.482 mmol, 84% vield) as colorless
oil. "H NMR (400 MHz, CDCly): § 7.93 (2H, m), 7.66 (1H, m), 7.58 (2H, m),
5.22 (1H, dd, J=3.2 Hz, 8.0 Hz), 4.98 (1H, s), 4.90 (1H, s}, 4.15 (1H, m), 4.12
(2H, m), 3.82 (2H, m), 3.73 (CH, m), 3.44-3.57 (4H, m), 3.44 (1H, d, /= 104
Hz), 3.38 (1H, d, /= 10.4 Hz), 3.37 (3H, s), 3.12 (1H, dd, /= 4.0 Hz, 14.0 Hz),
2.96 (1H, dd, /= 10.4 Hz, 14.0 Hz), 2.63 (1H, m), 2.46 (1H, dd, /= 8.8 Hz, 13.6
Hz), 2.37 (1H, dd, /= 6.8 Hz, 13.6 Hz), 2.11 (1H. m), 2.04 (3H, s), 1.92 (2H,
m), 1.45-1.85 (12H, m), 1.16 (9H, s), 1.01 (3H, d, /= 6.8 Hz), 0.85 (18H, s),
0.06 (611, s), 0.02 (6H, s); "C NMR (100 MHz, CDCL3): 6 178.74, 170.37,
152.99, 139.98, 134.14, 129.69 (2C), 128.08 (2C), 110.14, 85.58, 81.24, 81.07,
78.42,76.39, 75.54,73.52,71.47, 68.96, 68,01, 64.27, 57.97, 57.56, 43 .88,
43.82,39.94, 38.94,37.83,33.54, 33.40,32.72, 28.13. 27.43 (3C), 26.21 (3C),
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26.17 (3C), 25.51, 25.03, 22.21, 21.56, 20.29, 18.59, 18.38,-3.87, -4 48, -5.09

(20).
Compound AE
Mel, S0,Ph
TBSO 7
Teso._ A .. o Zn
[ AcOH
ACO‘\\ :/J\\§/O
e O/th-\gp‘ THF-H,O
I v 83%
AF

Zinc powder (1.54 g, 23.6 mmol, 50 eq) was suspended in water (1.1
ml) and cooled to 0 °C. AcOH (0.40 ml, 7.1 mmol, 15 eq) was added at 0 °C.
A solution of Compound AF (530 mg, 0.473 mmol, 1 eq) in THF (2.7 ml) was
10 added at 0 °C, and the mixiure was allowed 1o warm to 20 °C. After 3 i, the
reaction mixture was filtered for removal of zinc powder. The reactor was
rinsed with a mixtore of THFE (1.1 mi) and water (1.1 ml). The filtrate wag
diluted with MTBE (10.6 ml), sequentially washed with: 1) 20 wt% Rochelle
salt (aqueous solution, 2.7 g, 4.0 eq), 2) saturated NaHCO; (6.0 g), and 3) 20
15 wit% NaCl (aqueous solution, 2.6 g), and concentrated to give crude product as
colorless oil. The crude was purified by Biotage (Uppsala, Sweden) 25M
(heptane-MTBE 1:1 v/v) to give Compound AE (393 mg, 0.394 mmol, 3%
yield) as colorless oil. 'H NMR (400 MHz, CDCL): § 7.93 (2H, m), 7.66 (1H,
m)}, 7.58 (2H, m), 5.23 (1H, t, /= 6.4 Hz), 5.05 (1H, 8}, 4.95 (IH, 4, /= 1.6 Hz),
20  4.88(1H, s),4.83 (1H, d, /= 1.6 Hz), 4.33 (1H, br), 4.02 (3H, m), 3.83 (2H, m),
3.76 (1H, m), 3.60 (1H, m), 3.54 (1H, dd, /= 5.6 Hz, 10.4 Hz), 3.47 (2H, m),
3.37 (3H, s), 3.15 (1H, dd, /= 4.0 Hz, 14.0 Hz), 2.95 (1H, dd, /= 10.0 Hz, 14.0
Hz), 2.83 (11, d, /= 5.2 Hz), 2.65 (ZH, m), 2.40 (1H, m), 2.23 (1H, m), 2.03
(3H, 5), 1.96-2.03 (ZH, m), 1.81 (1H, m), 1.67-1.80 (3H, m), 1.40-1.67 (TH, m),
25 1.17(9H, s), 1.01 (3H, d, /= 6.8 Hz), 0.86 (18H. s), 0.06 (6H, s), 0.03 (6H, s);
PC NMR (100 MHz, CDCls): & 178.80, 170.77, 15318, 151.49, 139.77,
134,16, 129.67 (2C), 128.16 (2C), 109.77, 105.27, 85.84, 80.92, 80.15, 78.57,
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76.97, 74.59, 71.51, 68.80, 68.05, 64.43, 58.01, 57.56, 45.21, 43.49, 39.78,
38.94, 34.58, 33.55, 32.28, 31.77, 31.74, 27.42 (3C), 26.21 (3C), 26.17 (3C),
25.49,22.78,21.51, 18.60, 18.39, -3.87, -4.51, -5.11 (2C).

ER-804028
Me‘Q" SOLPh MeQ_’ SOzph
TBSO ({ 1) Ms,0 TBSO <{
T80 A b oyridine == NN
. DCM :
ACO' — CU(/
HY 2) NaOMe N e

THF-MeOH [

“Me o
A e s OH
AE }_)/\ OPIv 87% ER-804028 }f\/\
(2 steps)

Compound AE (280 mg, 0.281 mmol, 1 eq) was dissolved in CH,Cl,
and cooled to 0 °C. Pyridine (0.045 ml, 6.56 mmol, 2.0 eq) was added
followed by Ms,0 (58.8 mg, 0.338 mmol, 1.20 eq). The reaction was allowed
to warm to room temperature, and stirring was continued for an additional | h.
The reaction mixture was cooled to 0 °C, diluted with MTBE (5.6 ml), washed
with saturated NaHCO; (0.84 g), and concentrated to give crude product as
colorless film. The crude was azeotropically dried with heptane (3 ml x 2) and
re-dissolved in THF (7.0 ml). The mixture was cooled to 0 °C and treated with |
25 Wf% NaOMe (0.13 ml). Afier 10 min, the reaction was allowed to warm to
room temperature, and stirring was continued for an additional 30 min. The
mixture was treated with additional 25 wt% NaOMe (0.045 ml), and stirring
was continued for an additional 20 min. The reaction mixture was diluted with
heptane (7.0 ml) and washed with water (1.4 ml). The organic layer was
separated, sequentially washed with: 1) 20 wt% NH,CI (0.84 g) and 2) 20 wi%
NaCl (3 g), and concentrated to give crude product as brownish oil. The crude
was purified by Biotage (Uppsala, Sweden) 12M (heptane-MTBE 2:3 v/v) to
give ER-804028 (209 mg, 0.245 mmol, 87%) as pale yellow oil, 'H NMR (400
MHz, CDCL): & 7.89 (2H, m), 7.64 (1H, m), 7.56 2H, m), 4.85 (1H. d, J= 1.6
Hz), 4.80 (1H, 5),4.72 (1H, 5), 4.61 (1H, d, /~ 1.6 Hz), 4.23 (1H, br}, 3.91 (1H,
m), 3.79 (1H, m}, 3.76 (2H, m), 3.63 (1H, m)}, 3.50-3.60 (4H, m), 3.43 (1H, dd,
J= 5.6 Hz, 10.0 Hz), 3.38 (3H, s), 3.32 (1H, m), 2.98 (2H, m), 2.61 (1H, br),
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2.56 (1H, m), 2.50 (1H, m), 2.08-2.22 (3H, m), 1.96 (1H, m), 1.84 (1H, m),
178 (1E, m), 1.70 (1H, m), 1.42-1.63 (6H, m), 1.28-1.42 (2H, m), 1.01 3H, d,
J= 6.8 Hz), 0.84 (18H, ), 0.05 (3H, s), 0.04 (3H, s), 0.00 (3H, s), -0.01 (3H, 5);
and °C NMR (100 MHz, CDCL): & 150.34, 150,75, 139.91, 134.18, 129.73
(2C), 128.14 (2C), 105.10, 85.97, 80.92, 79.72, 78.50, 77 .45, 77.09, 75.53,
71.59, 62.04, 62.88, 58.27, 57.73, 43.51, 42.82, 39.16, 37.68, 35.69, 33.31,
32.41, 31.89, 31.48, 29.79, 26.2] (3C), 26.17 (3C), 18.58, 18.38, 18.13, -3.85, -
4.71,-5.12 2C).

Alternate Route to Compound W

Compound F
1) TBDPSCY, Imid
H o DMF H o
we 2) LiBH,, THF we 1
,/\/)‘\ CO-Me NS
he © 2 3) Piv-Cl, TEA NC © P
iy ')
OH DCM - OTBDPS
s}

T2% (3 steps)

Compound D (0.657 g, 2.11 mmol, 1 eq) was dissolved in DMF (1.3 ml}
and cooled to 0 °C. Imidazole (0.287 g, 4.22 mmol, 2.00 eq) was added,
followed by TBDPSCI (0.576 ml, 2.22 mmol, 1.05 eq). The mixture was
stirred at 0-5 °C for | h and allowed to warm to room temperature. After
stirring overnight (16 h), the reaction mixture was diluted with water (5.2 ml)
and extracted with MTBE (5.2 ml). The organic layer was separated and set
aside. The aqueous layer was extracted with MTBE (5.2 ml). All organic
layers were combined, washed with water (2.6 ml), and concentrated to give

crude Compound X:

M
e =
NC,/‘\N/[D J_‘\"COQME
OTBDPS
X as pale yellow oil. Compound X (2.11 mmol

assumed, 1 eq) was dissolved in toluene (4.6 mi) and cooled to -5 °C. 2.0 M
1iBH; (solution in THE, 2.43 ml, 4.85 mmol, 2.30 eg) was added while
maintaining T-internal <0 °C. A mixture of MeOH (0.196 mi, 4.85 mmol, 2.30
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eq) and toluenc (0.80 ml) was added at <0 °C, and then reaction was allowed to
warm to 20-22 °C, After 22 h, the reaction mixture was carefully/slowly
poured into a pre-chilied (0 °C) mixture of 20 wit% citric acid (aqueous solution,
6.0 g, 6.2 mmol, 3.0 eq) and MTBE (20 ml) while maintaining T-internal

<10 °C. The organic layer was separated, sequentially washed with: 1)
saturated NaHCO; (3.0 g) and 2) water (3.0 g), and concentrated to give crude
Compound Y:

Me ©
NC/\);:ENOH

OTBDPS

Y . Compound Y {2.11 mmo! assumed, 1 eq) was
dissolved in CHQCIZ (2.5 ml) at room temperature. TEA (0.441 mi, 3.16 mmol,
1.50 eq) was added followed by DMAP (26 mg, 0.21 mmol, 0.10 eq). The
mixture was cooled to 0 °C and treated with pivaloyl chloride (0.272 ml, 2.22
mmol, 1.05 eq). The reaction was allowed tc warm to room temperature and
stirring was continued overnight (16 k). The reaction mixture was diluted with
MTBE (10 ml), sequentially washed with: 1) 20 wt% citric acid (aqueous
solution, 3.0 g, 1.5 eq) and 2) saturated NalHCO; (aqueous solution, 3.0 g), and
concentrated to give crude product as orange-colored oil. The crude was
purified by Biotage (Uppsala, Sweden) 25M (heptane-MTBE 7.3 v/v) to give
Compound F (0.520 g, 1.52 mmol, 72% overall yield) as colorless oil.
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NC

Compound M

0
H . ar H
Me O i—BuOZn Me O
oTBDPS 0PV cat MsOH O NH oTEDRS OPIV
THF 2
E i
1) ACOH " B o
THF-H,0 g
e
7 0 .
2) TFA, DCM o oTepps COFlv
3) A "

87% (4 steps)

Zinc dust (982 mg, 15.0 mmol, 10.0 eq) was suspended i THF (1.8 mi),
and MsOH (0.0097 ml, 0.15 mmol, (.10 eq) was added. The resultant mixture
was heated at reflux for 30 min and then cooled to 20 °C. A solution of
Compound F (910 mg, 1.50 mmol, I eq) and -butyl bromoacetate (0.222 ml,
15.0 mmol, 1.00 eq) in THF (4.6 ml) was added, and the mixture was heated at
reflux. After 2 h, t-butyi bromoacetate (0,222 ml, 1.50 mmol, 1.00 eq) was
added, and heating was continued for 4 h. #-Buty! bromoacetate (0.111 mi,
1.50 mmol, 0.50 eq) was added, and heating was continued for an additional 6
h. After cooling down, the reaction mixture was diluted with MTBE (14 ml)
and cooled 10 0 °C. 20 wt% citric acid (aqueous solution, 7.2 g, 7.5 mmol, 5.0
eq) was added at <10 °C, and vigorous stitring was contirued for 10 min. The
whole biphasic mixture was filtered for removal of Zn. The reactor and Zn
were rinsed with MTBE (9 ml}). The organic layer was separated, sequentially
washed with: 1) saturated NaHCO; (aqueous solution, 3.8 g) and 2) 20 wt%
NaCl (2.7 g), and concentrated to give crude Compound I as pale yellow ol
Compound I (1.50 mmol assumed, 1 eq) was suspended in THF (2.5 ml)}-water
(1.5 ml) and treated with AcOH (4.5 ml, 7.9 mmol) at room temperature for 2 h.
The reaction mixture was diluted with toluene (20 mi) and concentrated. The
same operation was repeated with toluene (20 ml x 2} to give crude Compound
Z:
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z . The crude was purified by Biotage (Uppsala,

Sweden) 25M (heptane-MTBE 4:1 v/v} to give Compound Z (1.062 g, 1.47
mmol, 97% vield) as colorless oil.

Compound 7 (1.00 g, 1.38 mmol, 1 eq) was dissolved in CH;Cl, (8.0
mil) and treated with TFA (1.00 ml, 13.0 mmol) at room temperature. After 4 h,
the reaction mixture was diluted with toluene (15 ml) and concentrated. The
same operation was repeated with toluene {15 ml x 2) to give crude Compound
K. Compound K was dissolved in toluene (10 mi), heated at 100 °C for 30 min,
and concentrated to give crude Compound M. The crude was purified by
Biotage (Uppsala, Sweden) 25M (heptane-MTBE 7:3 v/v}) to give Compound
M (775 mg, 1.24 mmol, 90% yield) as colorless oil.

Compound W
1) PNTY,
%o KHMDS Vo
. Me THF-tol Me
e o S N -
iv aq T v
o] OTBDPS ACN OTf QH
i W

84% (2 steps)

Compound M (745 mg, 1.20 mmol, 1 eq) was dissolved in THF (4.5 ml)
and PhNTT, (641 mg, 1.79 mmol, 1.50 eq) was added at 20 °C. Upon complete
dissolution of PhNTT,, the mixture was cooled 1o -23 °C. 0.5 M KHMDS
(solution in toluene, 2,63 ml, 1.32 mmol, 1.10 eq) was added while maintaining
T-internal <~18 °C, and the mixture was stirred at -18 to -20 °C for 1 h. Under
vigorous stirring, 20 wi% NH.Cl (aqueous solution, 0.32 g) was added while
maintaining T-internal <-10 °C, and then the mixture was allowed to warm to
0 °C. The mixture was diluted with MTBE (7.5 ml) and water {0.74 ml), and
vigorous stirring was continued for 5 min. The organic layer was separated,

washed with water (1.5 m]), and concentrated to give crude Compound AA:
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H
e ©

o
oTf oTBOPS OPWV

AA as vellow solid-oil. Compound AA was dissolved in
CH;CN (9.0 ml) and treated with 49 wt% HF (aqueous solution, 2.0 g} at room
temperature for 20 h. The reaction mixture was carefully/slowly poured into a
pre-chilled (0 °C) mixture of MTBE (40 ml}, water (7.5 ml), and NaHCO; (8.5
g) while maintaining T-internal <10 °C. The organic layer was separated and
set aside. The agueous layer was extracied with MTBE (7.5 ml). All organic
layers were combined, washed with 20 wt% NaCl (aqueous solution, 3.7 g},
and concentrated to give crude Compound W as yellow solid-oil. The crude
was purified by Biotage (Uppsala, Sweden) 25M (heptane-MTBE 1:1 & 2:3
viv) to give Compound W (522 mg, 1.01 mmol, 84% yield) as pale yellow oil.

Alternate Route to Compound L

Compound H
o
e ]/\?/O PhZHcoi\/Br " W
NCMO/EﬁH e PRGHCOL A g
otes  OPW RSN O NHp otes  OPW
X H

§7%

Zinc (1.06 g, 16.2 mmol, 10 eq) was suspended in THF (2.3 ml). MSOH
(0.010m}, 0.02 mmol, 0.1 eq) was added at room temperature, and the resultant
slurry was heated at reflux for 30 min. After cooling down, a mixture of |
Compound X (780 mg, 1.62 mmol, 1 eq) and benzhydryl bromoacetate (0.74 g,
2.4 mmol, 1.5 eq; Kume et al., Tetrahedron, 1997, 53, 1635) in THF (3.9 ml)
was added, and the reaction was heated to reflux. After heating for 3h,
benzhydryl bromoacetate (0.74 g, 2.4 mmol, 1.5 eq) was added, and heating
was continued for an additional 7 h. After cooling down, the mixture was
diluted with MTBE (16 ml) and filtered through a pad of Celite (1.6 g). The
filtrate was sequentially washed with: 1) 20 wt% citric acid (agueous solution,

3.9 g), 2) 10 wt% NaHCO; (aqueous solution, 3.9 g), and 3) 20 wt% NaCl
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(aqueous solution, 2.3 g), and concentraled to give crude product as yellow oil.
The crude was purified by Biotage (Uppsala, Sweden) 40M (heptane-MTBE
11 viv) to give Compound H as pale yellow oil (770 mg, 1.08 mmol, 67%

yield).
5
Compound 4B
H H
Me © AcOH Me ©
PhoHEO. A~ o’f)“\ﬁ e PRLHGO : o
5 N otes OP  THERD 5 o oTes  OPiv
H 93% AB
10 Compound H (770 mg, 1.08 mmol, 1 eq) was dissolved m THF (0.77

ml) and cooled to 0 °C. Water ({).3‘8 ml) was added followed by AcOH (1.54
ml). The mixture was allowed Lo warm to room temperature, and stirring was
continued for 8§ h. The reaction mixture was diluted with toluene (15 ml) and
concentrated. The residue was further azeotroped with toluene (15 ml > 2) and
15 purified by Biotage (Uppsala, Sweden) 25M (heptane-MTBE 2:1 v/v} to give
Compound AB {716 mg, 1.01 mmol, 93% yield) as pale yellow oil.

Compound L
H H
Wi ° N we -0
PhyHCO : e HO :
o ~ Et0AS [ o .
o 0 otgs  OFiv 0 0 oTRs  OPiv
AB J
¥ o)
toluene I\Efle ‘
e o .
A el otes  OPW
95% L

20
Compound AB (716 mg, 1.01 mmol, 1 eq) was hydrogenated with 10
wt% Pd-C (wet-type, 0.11 g, 0.050 mmol, 0.05 eq}, H, (balloon), and EtOAc

(7.2 ml) for 2 h. The reaction mixture was filtered, concentrated, and re-



dissolved in toluene (7.2 ml). The mixture was heated at 100 °C for 15 min.
After cooling down, the mixture was concentrated and purified by Biotage
{Uppsala, Sweden) 25M (heptane-MTBE 2:1 v/v) to give Compound L (476
mg, $.954 mmol, 95% yield) as colorless oil.

5
Compound Al
HO OTf
NIS iy 's)
“Me Me
w, O OH acetonitrile o o
OTf 1
 ER-806730 Al
H
H 0 Me 0
ie Q ~
¥ O WO
) O pyridine, rt OoT | °Q
OTf | OH- ’ o OH
Al 85% aJ
10 Compound Al was synthesized from ER-806730 (WO 2005/1185635,

Example 2) by iodo-etherification with N-iodoesuccinimide in acetonitrile.
Compound Al (2.95 g, 5.44 mmol, | eq) was dissolved in pyridine (3.0
ml, 36 mmol, 6.7 eq) and treated with phthalic anhydride (0.846 g, 5.71 mol,
1.05 2q) at room temperature for 18 h. The reaction mixture was diluted with
15  MTBE (200 mi), sequentially washed with: 1} 20 wt% citric acid (35 g); 2) 20
wi% citric acid (35 g); 3) water (9 g); and 4) water (9 g), and concentrated to
give crude product as pale yellow oil. The crude was purified-by Biotage
{Uppsala, Sweden) 25M (heptane-MTBE 1:1 & MTBE 100%) to give
Compound AJ as colorless oil (3.20g, 4.63 mmol, 85% vield). "H NMR (400
20  MHz, CDClL): 8 7.83 (1H, m), 7.71 (1H, m), 7.53-7.59 (ZH, m), 5.08 (1H, d, /=
3.6 Hz), 5.01 (1H, d, /= 3.6 Hz), 451 (1H, m), 4.27 (1H, m), 4.20 (1H, m),
3.87 (1H, dd, J= 6.0 Hz, 9.2 Hz), 3.54 (1H, m), 3.50 (14, d, /= 10.8 Hz), 3.48
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(1H, d, J= 10.8 Hz), 2.84 (1H, m), 2.33 (111, dd, J= 8.8 Hz, 13.6 Hz), 1.83-
1.04 (21, m), 1.46-1.80 (8H, m), 1.22 (1H, m), 1.13 (3H, d, J~ 6.8 Hz).

Compound AK
MeO SC4Ph Mel, SO,Ph
TBSO (( TBSO {‘
TBso._ A o T880._H . (
. H NaOMe-MeOH
HO“’\/ 2 e HO' \m’
Me o o THRR Me ‘01\\}—\'\
| OPv . i oM
5 P 72% AK

Compound P (0.050 g, 0.046 mmol, 1 eq) was dissolved in THF (0.30
mL) and treated with NaOMe (25 wt% solution in MeOIH, 0.10 ml, 0.44 mmol,
9.4 eq) at room temperature for 1 b. The reaction mixture was diluted with
10 MTBE (3.0 ml), sequentially washed with: 1) water (0.30 g}; 2) water (0.30 g);
and 3) 20 wt% NaCl (0.30 g), and concentrated to give crude product as
colorless oil. The crude product was purified by preparative TLC (MTBE
100%) to give Compound AK as colorless film (33mg, 0.033 mmol, 72% vield).

15 Compounds AL and AM

e SOoPh
TBSO ({
TBSO\,/)K o OM
Q H &
o*‘l\f/(\%o\m\ 72
Met) S0O,Ph 0 M ™ I~ e =
7880 (—( 2 iLC] € OT\I o
Tasa. A . Med o
HO'
‘f)\/ Me( S0O.Ph
pyticing, TRSD 2
OH Teso._h .-

i

Compound AK (0.175 g, 0.176 mmol, 1 eq) was dissolved in pyridine
(0.56 ml, 6.9 mmol, 39 eq). 4-methoxybenzoly chloride (0.066 g, 0.39 mmol,
2.2 eq) was added al room temperature, and the mixture was stirred for 15 h.
20 The reaction mixture was diluted with MTBE (7 ml) and washed with 20 wt%

citric acid (7 g). Lhe organic layer was separated and set aside. The agueous



layer was extracted with MTBE (7 ml). All organic layers were combined,
sequentially washed with 20 wit% citric acid (3 g) and water (3 g), and
concentrated to give crude product as pale yellow oil. The crude product was
purified by Biotage (Uppsala, Sweden) 12M KP-Sil (heptane-MTBE 7:3 &
5 1:1)to give Compound AL (0.02 g, 0.02 mmol, 9% yield, colorless film) and
- Compound AM (0.14 g, .12 mmol, 70% yield, colorless oil). Compound AM:
'H NMR (400 MHz, CDCl;) 8 7.95 (2H, 4, /= 8.8 Hz), 7.89 (2H, d, /= 7.2 Hz),
7.65 (1H, m), 7.57 (2H, m), 6.87 (2H, d, /= 8.8 Hz), 5.18 (1H, s), 4.85 (1H, s),
4.26 (2H, m), 4.20 (1H, m), 4.12 (1H, m), 3.92 (1H, m), 3.83 (3H, s), 3.70-3.80
16 (3H, m), 3.53 (1, m), 3.40-3.50 (4H, m), 3.36 (3H, s). 3.08 (2H. m)., 2.57 (1H,
m), 2.38 (1H, dd, /=9.2 H?, 14 Hz), 2.29 (1H, m), 1.98 (1H, m), 1.71-1.92 (7H,
m), 1.52-1.68 (7H, m), 1.48 (1H, m), 1.18 (1H, m), 1.04 (3H, 4, J= 7.2 Hz),
0.86 (9H, s), 0.84 (9H, s), 0.05 (6H, s), 0.02 (3H, s). 0.01 3H, 5).

15 Synthesis of Compound AD and Synthesis of Compound P from

Compound AD
Compound AD
Mel, 50,2h MeQ, S0P
TBSO L—E/‘ TBSO [—f
1880._H L. Teso._ AL S,
o H Dess-Martin G 1
Wi 2 , e o \‘—"\
| ORlv i OPiv
P AD

20

Compound AD was prepared in the process of producing a mixture of
Compound P with its C27 diastereomer. Compound P (50.2 mg, 0.0465 mmol,
1 eq) was dissolved in CH,Cl; (0.50 ml). Dess-Martin periodinane (23.6 mg,
25 0.0556 mol, 1.2 eq) was added at room temperature. After 10 min, NaHCO;
(40 mg, 0.5 mmol) was added followed by isopropyl alcohol (0.014 ml, 0.19
mol, 4 eq), and stirring was continied for an additional 1h. The mixture was
diluted with MTBE (2 ml), washed with water {0.5 m!), and concentrated to

give crude product as a colorless oil. The crude was purified by Biotage
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{Uppsala, Sweden) 12M (heptane-MTBE 7:3 & 1:1} to give Compound AD (42
mg, 0.039 mmol, 84% yield) as a colorless oil. ' NMR (400 MHz, CDClL): 6
7.92 (2H, m), 7.63 (1H, m), 7.56 (ZH, m), 5.96 (1H, s), 5.74 (1, s), 4.15 (1H,
m), 4.04 (2H, m), 3.94 (1H, d, J=3.2 Hz), 3.89 (2H, m), 3.75 (2H, m), 3.54
(2H, m), 3.39 (3H, s), 3.44 (1H, m), 3.43 (1H, d, /= 104 Hz), 334 (1H, d, =
10.4 Hz), 3.19 (1H, m), 3.02 (1H, dd, /= 10.8 Hz, 14 Hz}, 2.98 (1H, dd, /=8.0
Hz, 17.2 Hz), 2.81 (1H, m), 2.42 (1H, m), 2.31 (1H, dd, /=8.8 Hz, 14 Hz),
1.98 (1H, m), 1.45-1.85 (12H, m), 1.17 (9H, s, 1.02 (3H, d, /=7.2 Hz), 0.87
(9H, s), 0.86 (9H, s), 0.07 (3H, s), 0.06 (3H, s), 0.03 (3H, s), 0.02 (3H, s5). .

Compound P

MEO,_ S0,Ph MBQ SOQPP‘I
TBSO K TBSO 4{
1850t S .y 850 _A L o,

15

20

25

o

H LiBH, 0 9
——— o
Om toluene-THF HO /i\\)._\
fWle' (8] Me 8] N
| opv 2% | OPiv

AD P

Compound P can also be obtained from reduction of Compound AD,
made by any means. Compound AD (33 mg, 0.031 mmol) was dissolved in
toluene {0.50 mi) and cooled to 0 °C. 2.0 M LiBH, (solution in THE, 8 ul) was
added at 0 °C, and stirring was continued at 0 °C for 10 min. 2.0 M LiBH,
(solution in THE, 8 ul} was added, and stirring was continued for an additional
10 min. The reaction mixture was diluted with MTBE (1.0 ml), sequentially
washed with 20 wt% citric acid (aqueous solution, 0.20 g) and saturated
NalCO; (agueous solution, 0.20 g), and conecentrated to give crude product.
The crude was purified by preparative TLC (heptane-MTBE 2:3) to give
Compound P (24mg, 72% vield, C27-dr 5:1). |

Other Embodiments
All publications, patents, and patent application publications mentioned
herein are hereby incorporaied by reference. Various modifications and

variations of the described compounds 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
certain embodiments, it should be understood that the invention as claimed
should not be unduly limited to such embodiments. Indeed, various
modifications of the described modes for carrying out the invention that are
obvious to those skilled in the relevant art are intended to be within the scope
of the invention.

What is claimed is:
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CLAIMS

1. A compoend having the formula (I):

wherein X is halogen or oxo; Z is a leaving group; Q is ~C(O}H, -
CH=CHC{OYOY, -C(R)H{CH,},OY, or -C(RYHCH,C(O)OY,; RisHor -
0Y,;Y; and Y, are each independently H or a hydroxyl protecting group;

andnis i or 2.

2. The compound of claim 1 having the formula (Ia):

H
Me | %
WO
A X (Ia).

3. The compound of claim I, wherein 15 -{CH,)»:0Y .

4. The compound of claim 3, wherein Yy, together with the oxygen to
which it is bound, 1s an ester, carbonate, carbamate, sulfonate, or ether

hydmx}’l protecting group.

5. The compound of claim 4, wherein Y, is pivaloyl, acetyl, benzoyl, p-
bromobenzov], p-methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, o-
phthaloyl, benzyl, p-methoxybenzyl, triphenyimethyl, tri{C1-Cé
allkyDisilyl, tri(C6-C10 aryl or C1-C6 heteroaryl)sityl, di(Ce-C10 aryl or
C1-C6 heteroaryl)(C1-Co alkybsilyl, or (C6-C10 aryl or C1-C6
heteroaryl})di{C1-C6é alkyi)silylL

6. The compound of claim [, wherein X is halogen.
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7. The compound of claim 1, wherein Z is halogen or (C1-

Céjalkyisulfonate.
8. The compound of claim 7, wherein Z is triflate, lodide, or bromide.

9. The compound of claim | having the formula (Ib):

f\sﬂe /\/p—L\
WO 5

OTf ! Y+ (Ib), wherein Yy is H, pivaloyl, benzovl, p-
bromobenzoyl, 1-naphthovl, Z2Z-naphthoyl, p-methoxybenzoyl, or o-
phthaloyl or a salt thereof.

10. A compound having the formula:

MeQ, S0.Ph
Y30 (‘{v
Y4O\)\‘\“ O/”',i
H
T)f/(\bo 5
Ms OH

X (I,
wherein X is halogen or oxo; Q is -C(O)H, -CH=CHC(O)OY,,
~C(R)H{CH,),0Y, or -C(RJHCH,C(O)OYy; RisHor-OYy;nis or 2, Yy,
Y5, Ys, and Y, are each independently H or a hiydroxyl protecting group; T

is oxo or -OYs; and Ys is H or 2 hydroxyl protecting group, or Y, together

with the oxygen atom fo which it is bound, is a leaving group.
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11. The compound of claim 10 having the formula:

MeO, SOsPh
;e
Y40 Aol I,

(8] t H .
T Q
Me O
X (Ha).

12. The compound of cleim 10 having the formula:

MeO, ~SOsPh
LUl
Y4O\)\m“ ey

0
Y50™ "

Me (@]
X {(ITb).

Q

- 13. The compound of claim 10, wherein Q is -(CH,);0Y .

14. The compound of claim 13, wherein Y}, together with the oxygen atom
to which it is bound, is an ester, carbonate, carbamate, sulfonate, or sther
hydroxyl protecting group; |
each of Y5 and Yy is, independently and together with the oxygen atom
to which it is bound, an ester, carbonate, carbamate, sulfonate, or ether
hydroxyl protecting group, or Y3 and Y, together with the oxygen aioms
to which they are bound are a cyclic carbonate, cyclic boronate, acetal,
ketal, or cyclic silylene hydroxyl protecting group or 1,1,3,3-
tetraisopropylsiloxanediyl; |
Tis-0Ys; and
Y., together with the oxygen atomn to which it 1s bound, is an ester,

carbonate, carbamate, sulfonate, or ether hydroxyl protecting group.
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15. The compound of claim 14, wherem Y, is pivaioyi, acetyl, benzovi, p-
bromobenzovl, p-methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, o-
phthaloyl, benzyl, p-methoxybenzyl, iriphenylmethyl, tri(C1-C6
alkylsilyl, tri(C6-C10 aryl or C1-C6 heteroaryl)silyl, di(C6-C10 aryl or
C1-C6 heteroaryl)(C1-C6 alkyhsilyl, or (C6-C10 aryl or C1-C6
heteroaryl)di(C1-C6 aikyl)silyl.

(W43

16. The compound of claim 14, wherein Y and Y, are each independently
tri{C1-C6 alkybsilyl, tri{(C6-C10 aryl or C1-C6 heteroaryl)sityl, di(C6-
10 C10 aryl or C1-C6 heteroaryl)(C1-C6 alkyDsilyl, or (C6-C10 aryl or Cl-
| C6 heteroaryDdi(C1-Cé6 alkyDsilyl, or Yg and Y, are together di(C1-
Coéalkylsilylene.

17. The compound of claim 14, wherein Y is acetyl, benzoyl, p-
15 bromobenzoyl, p-methoxybenzoyl, I-naphthoyl, 2-naphthoyl, or o-
phthaloyl.

18. The compound of claim 10, wherein XX is halogen.

20 19. The compound of claim 10 having the formula:

MeQ, SO5Ph
TBSO (—(
TBSO_ A

0" ’
YSO“‘MO
e O’E)—\‘\
| OY4(IIc), wherein Y; and Y are as

fotlows:

[
L]
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Y Ys
H H
benzoyl benzoyl

p-bromobenzoyl

p-bromobenzoyi

pivaloyl H
pivaloyl acetyl
pivaloyl benzoyl
2-naphthoyl H
2-naphthoyl Z-naphthoyl
1-naphthoyl H

| 1-naphthoyl 1-naphthoyl

p-methoxybenzoyl

H

p-methoxybenzoyl

p~methoxybénzoyl

o-phthaloyl or salt thereof

H.

20. The compound of claim 10 having the formula:

MeQ, SOsPh
TBSO [—S’-
TBSO\)\“\" e, |

O
Me O

AD




L .

30

2
A

21. A compound having the formula:

MEO,’ SOZPh
suaf
. Ydo\)\\\‘\ "f-

(@) ’1
Y5O
U

“"Me
O

Q
5_7/ (I,

wherein Q is -C(O)H, -CH=CHC(O)OY;, ~-C(R)H{CH,),0Y,, or -
CROHCHCOWOY; RisHor-OYy:inis Lor2; Yy, Y, Y, and Yy are
each independently H or a hydroxy! protecting group; U is -OY¢; Ysis Hor
a hydroxyl protecting group or Y, together with the oxygen atom to which
it is bound, is 2 leaving group; and Y, is H or a hydroxyl protecting group
or Y, together with the oxygen atom to which it is bound, is a leaving
group, provided that when Q is ~(CH,);0Y), -OY is a leaving group, and

Y1, Ys, and Y, are protecting groups, Y5 is not H.

22. The compound of claim 21 having the formula (IIa):

MeO,
Y40 e ,F{—SOQPh
Y4O\/l\\\“L A,

9]
Y50
Y50
"‘Me
., 0_Q
(111a).

23. The compound of claim 21, wherein Q is —(CH;y);0Y .
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24. The compound of claim 23, wherein Y, together with the oxygen atom
to which it is bound, is an ester, carbonate, carbamate, sulfonate, or ether
hydroxy! protecting group,

Y, and Y, are each, independently and together with the oxygen atom to
.which it is bound, an ester, carbonate, carbamate, sulfonate, or ether
hydroxy! protecting group, or Ys and Y, together with the oxygen atoms
to which they are bound are a cyclic carbonate, cyclic boronate, acetal,
ketal, or cyclic silylene hydroxyl protecting group or 1,1,3,3-
ietraisopropylsiloxanediyl; and

Y's, together with the oxygen atom to whach it is bound, 18 an ester,

carbonate, carbamate, sulfonate, or ether hydroxyl protecting group.

25. The compound of claim 24, wherein Y, is pivaloyl, acetyl, benzoyi, p-
bromobenzoyl, p-methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, o-
phthaloyl, benzyl, p-methoxybenzyl, triphenyimethyl, tri(C1-Cé
alkyDsilyl, tri(C6-C10 aryl or C1-C6 heteroaryl)silyl, di{C6-C10 aryl or
C1-C6 heteroary }(C1-C6 alkyDsilyl, or (C6-C10 aryl or C1-C6
heteroary)di(C1-Cé alkyl)silyl.

26. The compound of claim 24, wherein Y and Y, are each independently
tri{C1-C6 alkyDsilyl, tri{C6-C10 aryl or C1-C6 heteroaryl}silyl, di(C6-
C10 aryl or C1-C6 heteroary)(C1-Cé alkylsilyl, or (C6-C10 aryi or Cl-
C6 heteroaryDdi{C1-C6 alkyl)silyl, or Y, and Y, are together di(C1-
Cé6jalkylsilylene.

27.The compound of claim 24, wherein Y is acetyl, benzoyl, p-
bromobenzoyl, p-methoxybenzoyl, 1-naphthoyl, 2-naphthoyl, or o-

phthaloyl.

28.The compound of claim 21, wherein Ys is H or a hydroxyl protecting
group.
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29. The compound of claim 21, wherein Y is H.

30. The compound of claim 21, wherein -OYj is a leaving group.

5
31. The compound of claim 30, wherein -OY is {C1-Cé)alkylsulfonate,
{C6-C10 aryl or C1-C6 heteroaryl)sulfonate, (C6-C15}aryl{(Cl-
Cé)alkylsulfonate, or (C 1-C6)hetercaryl(C1-C6)alkylsulfonate.
10 32. The compound of claim 31, wherein -OY is mesylate, toluenesulfonate,

isopropylsulfonate, phenylsulfonate, or benzylsulfonate.

33.The compound of claim 21 having the formula:

MeC S0,Ph
TBSO [—{‘
15 B50._A LI,

O’!

NS
AcQ”
HO

“Me
. 0 ' .
OPiy
AE

34. A method of synthesizing ER-804028:

MeD), 50;Pn

20

\\“

TB3O

TBSO

o s
e o 7 s

O

e
=
&
's".

\\"\\

25 "’ ;—7&’\/\
(ER-8G4028), said method

comprising the steps of:
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(i) reacting the compound of ¢laim 1 with a compound having the formula
(Iv):

MeO, SO,Ph
YSO ’[_f
Y4O\//g\\“‘ }“’: ‘

O
CHC  (IV), wherein Y3, and Y, are each independently

H or a hydroxy! protecting group, under NHK coupling conditions to
produce the compound of ¢laim 10; |

(11} reacting the product of step (i) under Vasella fragimentation conditions to
produce the compound of claim 21; and

(i) reacting the product of step (i) under conditions for intramolecular

Williamson etherification to produce ER-804028.
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